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KEYWORDS Abstract. In this study, hemodynamic analysis of a complete coronary bypass graft

Hemodvnamics: with elastic walls and different percentages of stenosis was carried out numerically. Blood

BypaSS'y ’ flow was considered Newtonian and unsteady. The objective of this study was to deal
] . .. - .

Atherosclerosis; with the effect of the wall elasticity, flow pulsatility, and stenosis percentage on the flow

configuration, Wall Shear Stress (WSS), and rotational flows. By comparing the rigid
and elastic wall results of WSS, it was found that WSS had lower values for the toe,
heel, and bed of the host vessel under bifurcation in the elastic mode, which was closer to
reality. Moreover, it was found that upon increasing the stenosis percentage, the occurrence
possibility of rotational flow would increase. The maximum and minimum values for WSS
were observed at a stenosis of T0%. From the pulsatility of flow, unsteady flow exhibited
more accurate results and also, velocity and WSS were of lower values than the steady
state results.

Coronary artery;
Fluid-solid
interaction;
Pulsatile blood flow.
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1. Introduction enlargement of blood platelets. In general, atheroscle-

) ) rotic lesions in the coronary arteries are related to low
Many researchers have, thus far, investigated artery and oscillating Wall Shear Stresses (WSS) [2]. Once
stenosis as the result of atherosclerosis [1]. Atheroscle- the magnitude of the WSS exceeds 400 dynes/cm?,
rosis means arterial stiffness due to the growth of the endothelium surface is irreversibly damaged [3].
blood platelets. In general, arteries must have flat and Moreover, a number of studies have suggested that

soft walls for easy transfer of red blood cells, oxygen, much Intimal Thickening (IT) occurs when the mean
white blood cells, and nutrients so that vital materials WSS is less than about 10 dynes/cm? [4,5].

can be provided for the body. The growth of blood
platelets makes artery walls rigid and ultimately, causes
vessels to narrow. The exact cause of atherosclerosis is
unknown; however, it can be concluded that there has
been a direct relationship between diet and the disease
so far. A certain amount of cholesterol leads to the

This disease in the important arteries of the body
such as coronary, carotid, femoral, and abdominal
causes disturbance in blood to downstream regions and,
finally, it is possible to cause lesion in downstream areas
due to anemia [6,7].

Based on a review of previous studies on the
arterial stenosis, researchers have investigated stenosis
. Corresponding author. quite well [8-12], but none of them have simulated

E-mail address: human.fallahi7@gmail.com (H. Fallahi) the complete bypass graft considering elasticity of the
vessel wall and pulsatility of flow simultaneously. Blood
doi: 10.24200/s¢i.2020.53378.3211 flow is assumed Newtonian here, as has been confirmed
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Figure 1. A full-frontal view of the bypass.

by many researchers [13-15]. This study considers the
impacts of wall elasticity on fluid flow.

Hemodynamics play a critical role in the develop-
ment and progression of plaques that are prone to sites
of arterial curvatures and branch bifurcations. The
occurrence of atherosclerosis at curvatures of coronary
arteries and at the bifurcation sites of their branches is
of medical importance [16,17].

In 1996, assuming the Newtonian nature of blood,
He and Ku [18] examined blood flow in the bifurcation
area of coronary artery. They concluded that high
spatial fluctuations in the values of shear stress and the
low value of shear stress exerted on the vessel walls were
heavily associated with the onset of atherosclerosis
disease and the stenosis of arteries. Other studies
conducted in this field include Rindt and Steenhoven
[19], Weston et al. [20], Loudon and Tordesillas [21],
Wentzel et al. [22], and Leuprecht et al. [23].

In this study, the elasticity of vessel wall is
considered and blood flow is pulsatile. Another dif-
ference between this study and previous ones [24-
26] lies in considering complete bypass. This means
that both distal and proximal anastomoses are mod-
eled. Moreover, three different percentages of stenosis
(30%, 50%, and 70%) are considered to determine
the differences between the hemodynamic parameters
of blood that might result in further stenosis by
changing the stenosis percentages. Figure 1 shows
the graft and complete bypass of the geometric model
schematically.

2. Materials and methods

2.1. Fluid-Solid Interaction (FSI) coupling

According to the terms of the issue and its complexity,
selecting the right approach to simulation can be
different. In fact, this approach depends on the extent
to which the fluid flow and solid body are affected by
each other. According to this view, F'SI problem can be
divided into two types (Figure 2) [27]. First, the fluid
flow field and solid body are highly interconnected,
physically. In this case, the problem is too difficult to
solve and the coupling between two fields is completely
two-way. Second, the fluid flow and the solid body are
almost independent of each other. In this case, there
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Figure 2. Solution algorithm for one-way and strong
two-way coupling.

is a weak two-way coupling between the two fields and,
even, a one-way coupling can be used.

Figure 3 shows what approach must be used in
FSI issues. Given the above-mentioned issues, a two-
way fully-coupled approach must be used to solve
biomechanics issues [28].

2.2. Formulation

The governing equations for blood flow simulation are
mass conservation equation (Eq. (1)) and momentum
equation (Eq. (2)).

—
V.U =0, (1)
aui T 6u16u]
Pat TP\ o,
ap 0 (Ou; Ou; 20uy
= — — ———b: ). (2
ox; +n8x]- (833]- Jdx; 30z ]> (2)

Laminar flow is considered fully developed in artery
[29]. For this purpose, the Cartesian coordinates are
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Figure 3. Division of Fluid-Solid Interaction (FSI) issues.

used. Since flow in the circular cross-section has axial
symmetry, a differential ring as volume control is used.

2.3. Boundary conditions

The structure of the arterial wall is built in such a
way that the elastic curve slope of the wall increases
at high strains. This phenomenon gives nonlinear
properties to arterial wall mechanic parameters, but
the elastic behavior is suitable in the systolic-diastolic
pressure range. Furthermore, the structural domain of
an FSI problem typically exhibits nonlinear structural
behavior. Such behavior can be classified as follows:

e Material nonlinearity: The stress-strain relationship
is non-linear, e.g., for materials that exhibit plastic-
ity;

e Geometric nonlinearity: The displacements and ro-
tations are large and strains are either large or small.

In the current research, it is assumed that the struc-
tural material is homogeneous, isotropic, and linear
elastic and is characterized by its Young’s modulus,
E, and Poisson ratio, v (Eq. (3)). Elastic artery
wall is assumed isotropic, which has been verified by
researchers [30].

D:F i }E o

0 0 iz

The boundary conditions for wall displacement areset
such that in input and outlet flows, displacements are
considered zero in the perpendicular direction. In
the border areas of fluid, the solid-fluid interaction
condition is used.

The boundary conditions of solid-fluid region
state that solid and fluid displacements are equal.
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Figure 4. Flow Reynolds number according to time in
unsteady flow.

Moreover, the fluid follows the non-slip condition.
These conditions are shown in Egs. (4) to (6) [31]:

dy =dy, (4)
n-0s =m0y, (5)
d, = dy, (6)

where d is displacement, o is the stress tensor, n is
perpendicular to the border, and subscripts f and s
are related to the properties of the fluid and solid,
respectively.

In the coronary input, the inlet velocity com-
ponent along the z-axis is considered according to
coronary pulse LAD [32], as depicted in Figure 3.
In the steady state, the average velocity of pulsatile
blood flow is considered as 0.217 m/s according to
average Reynolds number = 234.6 [33]; moreover, the
unsteady state is obtained, as given in Figure 4, and
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the average velocity of blood is obtained with respect
to time. Finally, zero pressure gradients are used in the
outlet.

2.4. Numerical method

The flow is considered three-dimensional and unsteady.
The velocity pulse is used as the vessel input condition
and artery wall elasticity. Moreover, blood is con-
sidered to be a Newtonian fluid. Blood density 1056
kg/m?, dynamic viscosity 3.4186 CP, and linear elastic
model are considered for the artery wall. To solve
the mentioned equations, numerical methods of finite
volume elements and ANSYS CFX software are used.
The convergence criterion for the continuity equation is
considered at 10™*. To eliminate the transition state,
10 cycles are used at the outset.

2.5. Geomelry

Geometry of the problem consists of a straight pipe
as the host vessel and a curve pipe as the connective
vessel. Figure 5 shows the geometry and dimensions of
the desired geometry with a bend angle.

In this study, three geometrical models are con-
sidered. The stenosis percentages of 30, 50, and 70
are taken into consideration. The stenosis length from
the start to the end is considered 7 mm and the angle
of 45° is intended for the graft. The length of the
entrance is chosen so that the fully developed blood
flow reaches the stenosis. All geometrical properties
in this study have been selected in line with available
standards [34,35].

2.6. Meshing and grid study

To select a good meshing, the mesh convergence graph
has been used. In this study, four different mesh
configurations have been examined. The mesh conver-
gence criterion is shear stress. The reason for choosing
shear stress in the bed of the host vessel is its great
significance and its role in stenosis. Chart data have
been taken from the bed of the host vessel. The reason
for choosing this area of the vessel is that it is just below
the output bypass vessel, which is very important (see
Figure 6).

In Figure 6, four different configurations are
investigated. According to numbers 1 and 2, there is a
very slight difference in shear stress. Grids smaller than
meshing number 2 make almost no difference in the
value of WSS and therefore, the meshing with 611156
elements (no. 2) is used in this study.
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Figure 5. Complete coronary artery bypass graft
geometry.
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Figure 6. Wall Shear Stress (WSS) along the artery wall
for different grid configurations.
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Figure 7. Computational grid using inflation.

In this type of meshing for geometry, the orthog-
onal parameter is 0.87. This parameter shows the
optimization of the placement of elements next to each
other. The value of this parameter ranges between
0 and 1 and if this value is larger, the reticulation
geometry will be better. To ensure a better analysis
of the areas of the boundary layer, the grid with a
dimension of 8 microns that can cover these areas
is used, and for the grid setting of the boundary
layer area, the inflation grid is used to obtain more
accurate results. The computational grid is shown in
Figure 7.

2.7. Validation of results

Figure 8 shows the WSS along the artery length. In
this figure, the result obtained by Ko et al. [33] is
also shown. As shown earlier, very good agreement
is obtained.
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Figure 8. Examining shear stress in the bed of coronary
artery: Two rigid bodies with stenosis 70%.
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3. Results and discussion 3.1. Steady state case
Figure 9 shows the streamlines in distal and proximal

In this section, the effects of the elasticity of the areas for the three geometric models (30%, 50%, and

artery wall and unsteady flow case on WSS, streamline, 70%) for two cases: rigid and elastic artery walls.
and blood velocity in different stenosis percentages are The reason for investigating the streamlines is the
examined. importance of rotational flow. It is noteworthy that

Velocity = Velocity
Vector 1 3 7 Vector 1

Velocity
Vector 1 [ms"]

%

Velocity
Vector 1

Velocity Velocity
Vector 1 3 Z Vector 1

Figure 9. Streamlines in the distal and proximal areas: (a) 30% stenosis-rigid wall, (b) 30% stenosis-elastic wall, (c) 50%
stenosis-rigid wall, (d) 50% stenosis-elastic wall, (e) 70% stenosis-rigid wall, and (f) 70% stenosis-elastic wall.
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Figure 10. Wall Shear Stress (WSS) at the bed of the

host artery for rigid and elastic walls with 30% stenosis.
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Figure 11. Wall Shear Stress (WSS) at the bed of the

host artery for rigid and elastic walls with 50% stenosis.

rotational flow causes endothelial cells to accumulate
and ultimately, leads to stenosis. It is observed that
streamlines under the toe of distal and proximal areas
are non-uniform.

Figure 10 shows WSS in the bed of the host vessel
for two cases, rigid and elastic artery walls, with 30%
stenosis. The amounts of shear stress in the bed of the
host vessel just below the distal anastomosis region are
0.49 Pa and 0.591 Pa for the elastic artery wall and the
vessel with a rigid wall, respectively. Therefore, WSS
is 17% lower when the FSI, is considered, whereas the
shear stress in the bed of the host vessel between rigid
and elastic cases in the presence of 50% stenosis has just
2% differences. Such a stress occurs following the distal
anastomosis (see Figure 11). Based on a comparison
of shear stress in the bed of the host vessel between
rigid and elastic cases with 70% stenosis, Figure 12,
maximum shear stresses in the elastic and rigid artery
walls are 1.582 Pa and 1.807 Pa. In other words,
the wall stress in this region was reduced by 12.5%.
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Figure 12. Wall Shear Stress (WSS) at the bed of artery
for the rigid and elastic walls with 70% stenosis.
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Figure 13. Wall Shear Stress (WSS) at the toe and heel
for rigid and elastic cases with 30% stenosis.

Moreover, before proximal bifurcation, the shear stress
of rigid artery wall was increased by 40%.

By comparing the WSS at toe and heel in the
presence of 30% stenosis as shown in Figure 13, it is
observed that for the rigid artery wall compared to the
elastic artery wall at the toe of distal anastomosis, WSS
increased by 19%. Moreover, as depicted in Figure 14,
in the presence of 50% stenosis, it can be concluded
that at the toe of the distal area, WSS was reduced by
16% for the elastic artery wall compared to the rigid
artery wall. Moreover, by comparing the WSS at the
toe and heel areas between rigid and elastic artery walls
with the presence of 70% stenosis, the elastic WSS was
reduced by 12% compared to the rigid artery wall in
the stenosis region. Moreover, elastic WSS at the toe
of proximal bifurcation was 32% lower than that at the
rigid artery wall (see Figure 15).

Figure 16 shows the WSS in the bed of the
vessel for different percentages of stenosis for the rigid
artery wall. It can be concluded that the WSS



H. Fallahi et al./Scientia Iranica, Transactions B: Mechanical Engineering 28 (2021) 773-784 779

1.2
FSI body

1.0l | = = — Rigid body

0.8+
=
=¥
— 06+
192}
w0
=

0.4}

[
0.2} ,
0.0 ' ' : :
0.00 0.02 0.04 0.06 0.08 0.10

Length (m)
Figure 14. Wall Shear Stress (WSS) at the toe and heel

for rigid and elastic cases with 50% stenosis.
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Figure 15. Wall Shear Stress (WSS) at the toe and heel

for rigid and elastic cases with 70% stenosis.
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Figure 16. Wall Shear Stress (WSS) at the bed of the

host vessel for three stenoses with the rigid wall.

for 50% stenosis is 55% compared to that for 70%
stenosis. It was shown that with a 20% increase in
the stenosis, an 80% increase in the maximum WSS
was observed. Further, for a comparison of 50% and
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Figure 17. Wall Shear Stress (WSS) at the bed of the

host vessel for three stenoses with the elastic wall.
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Figure 18. Wall Shear Stress (WSS) at the toe and heel

of the host vessel for three stenoses with the rigid wall.

30% rates of stenosis, it was concluded that WSS for
50% stenosis was almost twice as much as that for
30%. Minimum WSS between these three cases is
0.03 Pa, which occurs in the vessel bed right below the
distal anastomosis for the 70% stenosis. In Figure 17,
there is a significant difference in WSS in the stenosis
region, which indicates that if the stenosis percentage
increases, the minimum and maximum of WSS occur
at the maximum stenosis percentage.

By comparing WSS with different stenosis per-
centages in toe and heel regions with a rigid artery
wall, it can be concluded that as stated in the previous
sections, minimum WSS may occur in case of 70%
stenosis with its value being 16% that of 30%. In
regions between stenosis and distal heel, the WSS
decreases drastically. In the heel of distal anastomosis,
the value of WSS for 30% stenosis is four times more
than that of 70% stenosis; however, this difference is
not very significant when 30% and 50% rates of stenosis
are compared. Moreover, the shear stress for 30%
stenosis has 10% less than that for 50% (see Figure 18).
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Figure 19. Wall Shear Stress (WSS) at the toe and heel
of the host vessel for three stenoses with the elastic wall.
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Figure 20. Blood velocity for different stenoses for the
rigid wall.

Figure 19 shows the WSS for different stenosis
percentages in the toe and heel regions for elastic and
solid artery walls. In the proximal heel, the WSS for
30% stenosis is four times more than that for 70%.
However, the differences are not significant between
30% and 50% cases.

In Figure 20, based on a comparison of the blood
velocity for different percentages of stenosis at the
rigid artery wall, one can conclude that velocity in the
region between distal anastomosis and 50% stenosis
is twice more than that for 70% stenosis. For 30%
stenosis, this value increases three times. In the
stenosis region where the maximum velocity occurs, the
velocity increases by 22% for 70% stenosis compared to
that for 50% and increases by 72% compared to that for
30% stenosis. By comparing blood velocity at different
percentages of stenosis (30%, 50%, and 70% stenosis) at
the elastic artery wall, it can be concluded that in the
stenosis region for 70% stenosis, the velocity increases
by 10% compared to that for 50%. This amount is 10%
less than that at the rigid artery wall.

After comparing blood velocity at the rigid and
elastic artery walls with 30% stenosis, it is concluded
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0.35} r eesecee 30% stenosis
] 50% stenosis

0.30% \ — . — . 70% stenosis

Velocity (m/s)
=)
)
=)

0.051

0.00 + + + '
0.00 0.02 0.04 0.06 0.08 0.10

Length (m)

Figure 21. Blood velocity for different stenoses for the
elastic wall.

that in the toe region of proximal bifurcation and distal
anastomosis, the velocity is 10% higher at the rigid
artery wall than that at the elastic artery wall. Based
on a comparison of the velocity at the rigid and elastic
artery walls for 70%, it can be observed that for the
rigid artery wall at the toe of proximal bifurcation, the
velocity is 10% greater than that at the elastic artery
wall. This difference reaches 12% in the stenosis region
(see Figure 21).

3.2. Unsteady case

The results for the unsteady case for 70% stenosis are
given here when the input blood velocity is pulsatile,
as stated earlier. The flow does not follow a uniform
pattern in the distal and proximal areas. It is shown
that rotational flow occurs under the heel of distal
anastomosis. Because of considering the pulsatile blood
flow, the results are closer to reality than that of the
steady case. The results are shown in different time
zones (see Figure 22).

As shown in Figure 23, by comparing the blood
velocity at the host vessel in the steady and unsteady
cases, one can observe that in the proximal and distal
toe regions, the velocity is higher than 10% in the
steady state case. The highest difference can be seen
in the stenosis region in which the velocity for steady
flow has increased by 34%.

Figure 24 shows the vessel bed WSS in the
unsteady and steady cases. As shown earlier, the
WSS in the unsteady case in the stenosis region is
41.3% higher than that in the steady case, while
WSS percentages are about the same in other regions.
Similarly, as shown in Figure 25, for the host vessel, the
differences between the unsteady and steady solutions
are calculated at 41.3% in the middle of the host vessel.

4. Conclusion

The obtained results of this study indicated that the
application of Fluid-Solid Interaction (FSI) condition
considering pulsatility of flow had significant effect on
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Figure 22. Streamlines in different time zones.

flow hemodynamics. Moreover, using velocity pulse for
flow demonstrated fluctuations and using steady flow
assumption caused errors in the stenosis region.

By examining the Wall Shear Stress (WSS) values
of the vessel bed in 30% and 50% stenosis cases, there
was not a significant difference between the rigid and
elastic cases; however, the difference was more pro-
nounced for 70% stenosis in the proximal bifurcation
and stenosis regions. Furthermore, much blood flow
entered the graft from the proximal region in higher
percentages of stenosis and the streamlines of the flow
became non-uniform and affected WSS values. In FSI

consideration, as mentioned before, changes are more
obvious. It can be concluded that upon decreasing the
stenosis percentage, the difference of WSS values at the
distal toe between the rigid and elastic cases became
more obvious.

For the blood velocity values at the host vessel,
there is no significant difference between rigid and
elastic cases in the steady state flow. Therefore, the
rigid artery wall assumption is acceptable for the steady
state condition to investigate velocity magnitude.

By considering velocity pulse as an input bound-
ary condition (unsteady state), there are significant
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Figure 23. Blood velocity in the host vessel with 70%
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Figure 24. Wall Shear Stress (WSS) for unsteady and
steady cases on host vessel bed.
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differences between the WSS values and velocity mag-
nitudes in the stenosis region as a result of pulsatility.
Therefore, the most effective part of velocity pulse is
in the stenosis region. It is not very influential in
analyzing proximal and distal areas and one can use
steady flow for considering these regions.

Nomenclature

ds Solid displacement

dy Fluid displacement

D Deformation rate tensor

FSI Fluid-Solid Interaction

P Pressure

U Velocity vector

O Solid shear stress
oy Fluid shear stress
P Density

n Dynamic viscosity
E Young’s modulus
v Poisson ratio
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