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Abstract

This article aims to present a numerical analysis of blood flow in the aortic valve using
fluid-structure interaction simulation. The finite element method is employed both for fluid
and solid domains, and the monolithic scheme is used for the strong fluid-structure
interaction coupling to solve well the two challenges: add-mass and large deformation
problems. The Navier-Stokes equations are solved using the integrated method based on the
unstructured grid on Arbitrary Lagrangian-Eulerian (ALE) framework with the total
Lagrangian formulation is used for the non-linear behavior of the aortic valve. A smoothing
technique based on the Laplace equation is employed to improve the mesh quality for both
2D and 3D geometries. The fluid characteristics, such as the velocity and pressure in the
valve, are evaluated and analyzed in detail. The results show that velocity and pressure
reach their maximum values when the valve is at its maximum opening. On the other hand,
more vortices appear behind the valve during the closing phases. The simulation results can
be used to help fully to predict and treat cardiovascular diseases.
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1. Introduction

Nowadays, aortic valve diseases are among the most common cardiovascular
defects. Therefore, transcatheter aortic valve implantation (TAVI) has been carried out
as an alternative for patients with severe aortic stenosis who are at high risk for surgical
therapy. The biomechanical environment of TAVI1 is closely related to the interaction of
the motion of the aorta and leaflets with blood flow. Therefore, fluid-structure
interaction (FSI) simulation and an accurate blood prediction are essential for predicting
and treating cardiovascular diseases. However, FSI simulation of a blood flow
interacting with an aortic valve remains a big challenging problem.

B. Su et al. [1] studied the intraventricular flow in a patient-specific left ventricle in
two-dimensional space (2D) integrated with mitral and aortic valves. Ventricular wall
deformation was predefined based on MRI data while leaflet dynamics were predicted
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numerically by FSI. They have found that the 2D approach can qualitatively predict the
intraventricular flow. An FSI modelling methodology for aortic valve hemodynamics using
the commercial modelling software ANSYS was employed in [2]. The authors simulated
the problem using fluid flow solver FLUENT and structural solver MECHANICAL APDL
under ANSYS and coupled the solutions using System Coupling Module to enable FSI.
Based on that, the influence of leaflet calcification on hemodynamic stresses and flow
patterns was investigated. A study of the aortic valve motion was also reported in [3] that
used an immersed boundary method to avoid the mesh deformed in the fluid domain. The
blood flow through the aortic and heart valve was researched using the FSI algorithm in 2D
and 3D space [4, 5]. We can see that the FSI approach is a widespread and robust tool to
study the dynamic parameter of blood flow in a valve.

Although many publications on the aortic blood flow through the aortic valve, the
problem has still been challenged and more research is needed. Because the fluid
density is close to that of solid in the aortic artery/valve, the add-mass effect is strong
and plays an important role in the numerical method. Moreover, due to the large
deformation, the grid of fluid part is big distorted. These challenging problems are now
open issues for numerical research. This article presents a numerical analysis of blood
flow in an aortic valve using fluid-structure interaction simulation. The ALE framework
with an unstructured grid in 2D/3D space using the finite element method for both fluid
and solid domains is employed for the present numerical method.

2. Numerical method
2.1. Equations for incompressible blood flow

The fluid domain is denoted by Q' with the boundary T'". The incompressible

Navier-Stokes equations can be written in the arbitrary Lagrangian-Eulerian form as
follows [6, 7]:

V.v=0 in Q' (1a)
p' [%HV_ Vm)-Vv} =-Vp+V-[u(Vv+(VV)N] in Q' (1b)
where p', v, v, x and p denote the fluid density, the fluid velocity, the grid velocity, the

dynamic fluid viscosity, and the pressure of fluid, respectively. The Dirichlet (Eq. 2a)
and Neumann (Eq. 2b) boundary conditions are described as follows:
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on Ty, (2a)
f on th (2b)

where n' is the outer unit normal vector of the fluid boundary, o' is the fluid stress

v=V on
o' -nf=t
tensor, and I'! and T/ are the boundaries on which the velocity (V) and traction (th)

are defined, respectively. The equations (1a), (1b) with conditions (2a), (2b) is the
governing equation for fluid dynamics. Solving this equation to obtain the velocity and
pressure field by the finite element method (FEM) is described in the later sections.

2.2. Equation for elastic solid of the aortic valve
The solid domain is denoted by Q° with the boundary I'"®. The deformation of the
valve in the Lagrangian form is written by:

S azu S 3 S
P ? =V-o’In Q (3)
with boundary conditions:
u=t onTl}, (4a)
c'-n°=t° onT} (4b)

where p°, U, and o denote the solid density, the displacement of structure, and the solid
stress tensor, respectively. The constitutive equations of the solid domain in large
deformation are written as [8]:

o’=J'FSF'; T=SF'; S=C:E (5)
where C is the fourth-order tensor related to stiffness of material; E is the Green strain

tensor; T and S are the first and second Piola-Kirchhoff stress tensors, respectively; and
F and J are the deformation gradient tensor and its Jacobian.
The Green strain tensor E is determined nonlinear with deformation by the
following expression:
1 1

EZE(C—I):E[(VXU)T+VXU +(Vu) - Vyu | (6)

where C is the right Cauchy deformation tensor.
The deformation gradient tensor F and its Jacobian J are given as follows:
determined by the following expressions:
F=1+V,u; J=det(F) (7)
For a simple case, the Saint Venant-Kirchhoff model is usually used, and C is
expressed by:
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C=A(1®1)+2nI1 (8)
where 1 and 7 are the Lamé constants, and IT is the fourth-order unit tensor.

The Lamé constants A and # can be computed from Young’s modulus E and
Poison ratio v as follows:

vE E

A=—————— = 9
Cna-2v) T 2@+ ®)
The fourth-order unit tensor IT is calculated by:
1
Hijkl = E(é‘iké‘jl +5i| 5jk) (10)

where ¢ denotes the Dirac delta function.
2.3. FSI equation for strong coupling
Let denote the interface between the fluid domain and solid domain (FS interface)
by I''s, T™ =T"" AI". In the implicit coupling method, the velocity and traction need
to satisfy the balance conditions. When a no-slip condition is applied, the velocity of
the fluid is similar to that of solid on T''*, and the balance condition can be written
as follows:
v=Xl ot (11)
ot
Due to the force equilibrium condition, the traction should also be continued along
the FS interface:
o' -n"+5°-n°=00nT" (12)

The direction of the unit normal vector of solid n® is opposite to that of fluid nf

when the grids of fluid and solid domain along the FS interface are conformed.

For the simulation of large deformation, the strong coupling [7, 9] by using a
monolithic approach is used to improve the convergence of the FSI problem. When the
deformation is large, a smoothing technique based on the Laplace equation is employed
to avoid the bad quality of the fluid mesh. The Total Lagrangian method is applied for
nonlinear problems arising from the large deformation of the solid. The detailed
expression of the FSI method is available in [9]. The obtained linear system can be
solved by multigrid method to reduce the simulation time [10]. It should be noted that
the present method using strong coupling and smoothing techniques has successfully
treated the problems of the add-mass issue arising from the similarity of the density of
fluid and solid as well as the large deformation problem of the solid wall.
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3. Results and discussions
3.1. Validation code

A pulsatile flow in a 2D circular channel with an elastic wall [9, 11] is considered
to validate the accuracy of the code. Fig. 1 shows the schematics and boundary
conditions of the pulsatile flow in a circular channel. A rigid body is set at the inside of
the circular channel, and the curved elastic wall is fixed at the two ends. Pressure at the
outlet is set to zero, and a parabolic profile of velocity is set at the inlet. The mean
velocity vo is changed over time as follows:

Vo (t) =V, (1—cos(rt)) (13)

Table 1 shows the dimension and physical property of the material for this
benchmark problem. A grid independent test is performed with three grid resolutions
employed, and the movement of point M in a short time is shown in Fig. 2. From the
results, the medium grid with the number of nodes for fluid and solid domains are 4,961
and 1,089 as shown in Fig. 3 is used. It is noted that the quadratic element with 6 nodes is
used for vector variables (displacement and velocity), and a linear element is adopted for
the pressure of fluid (P2P1 element). The flow is simulated for 3.6 seconds with time step

At =2.0 x 107%s. The solid wall is largely deformed under the traction of fluid flow into

a soft wall. Fig. 4 illustrates the revolution of deformation of point M. The results agree
well with the proposed literature [9, 11]. Fig. 5 demonstrates the velocity field together
with the deformation of the channel wall at different instant times.

Table 1. Dimension of the simulation geometry

Dimension Symbol Value
Width of circular channel H 0.02m
Thickness of circular channel T 0.005m
Radius of rigid body R 0.02m
Fluid density pf 1.18 kg/m®
Dynamic fluid viscosity U 14.3 x 10* N-s/m?
Density of solid P 1.13 x 10% kg/m®
Young’s modulus E 2.0 x 10* Pa
Poisson ratio v 0.4
Maximum velocity at the inlet Vimax 0.2 m/s
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Fig. 1. Schematic of the flow in a circular channel [9]. Fig. 2. Grid independent test.
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Fig. 3. Grids fluid and solid used for simulation. Fig. 4. Revolution of deformation of point M.
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Fig. 5. Velocity field at different instant time [cm/s].
3.2. Blood flow through 2D aortic valve

The proposed code validated in section 3.1 has been applied to simulate the blood
flow through an aortic valve. Based on geometries of the aortic valve in [3, 4], we have
created a simple aortic valve in 2D space, as shown in Fig. 6. The width of D is set by
0.02 m and the length of L = 0.022 m, the fluid is incompressible with the density of
p' =10% kg/m® and dynamic viscosity of x =4 x 10 Ns/m? as the property of human
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blood. For the aortic valve domain, the linear elastic described by Saint - Kirchhof
model with Young’s modulus of E = 1 x 10° Pa and the Poisson ratio of v = 0.4 is
employed. A zero pressure is set at the outlet, and a full development blood flow at the
inlet with the mean velocity v(t) is changed over time as follows:

v(t) =V, sin(zt) (14)
where Vmax = 0.1 m/s.

After the grid-dependent test, the grid shown in Fig. 7 is used for this simulation
since it is enough to get accurate results. The grid includes 9,910 nodes and 4,847
elements (4,767 for fluid and 80 for solid domain), and a higher resolution is placed
around the valve. The time step is set to At = 1.0 x 10, and the simulation is handled
for 2.2 seconds.

The velocity field and pressure contours are demonstrated in Fig. 8 for different
time instants. In the systolic phase, the blood enters to the valve (time t = 0.55 s) by
high pressure from the front of the valve, and flow is straight along with the valve.
When the flow rate reached the maximum value, the valve is maximum opened. The
vortices appear on the backside of the valve when the valve is opened. In the diastole
phase, flow is reversed, and the valve is closed (t = 2.2 s). In this period, the pressure is
negative, and many vortices of fluid flow in the valve.

Figure 9 shows the vorticity corresponding to the instant time in Fig. 8. In all
cases, the vorticity reached a big value at the interface of the valve where the direction
of blood is changed. This vorticity affects the shear force of the valve into the blood and
may be a cause related to blood clotting problems. The results can be used to predict the
TAVI for treating cardiovascular disease patients.

L A D2
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= 45J/!
D N_ 3D
Fig. 6. Schematic of the flow in a 2D heart valve. Fig. 7. Grid for fluid domain.
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Fig. 8. Velocity field (left) and pressure contour (right) of flow
through aortic valve in difference instant time.
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Fig. 9. Vorticity of flow through aortic valve in difference instant time.

3.3. 3D problem

Lastly, a 3D problem of blood flow interacting with three leaflets of an aortic
valve is simulated. The geometry is shown in Fig. 10, and the dimension is set similarly
to those in [12]. A time-dependent velocity, as shown in Fig. 11, is set at the inlet while
a zero pressure is set at the outlet for all simulation time. This flow rate is from the left
ventricle with the systolic phase (opened valve) and the diastole phase (closed valve) in
a period of T = 1.0 s. Fig. 12 shows the streamline and velocity field when the valve is
at maximum opening. In addition to the results of the 2D case in section 3.2, the 3D
effect is appeared by many vortices after the valve since the geometry is not completely
symmetrical. The deformation of the valve is large, and its movement in several instants
time is illustrated in Fig. 13. This movement is helpful for the prediction of the TAVI in
the real case.

LT &
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scale time
Fig. 10. Geometry of a 3D aortic valve. Fig. 11. Boundary condition on inlet [13].
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a) Streamline b) Velocity field
Fig. 12. Blood flow through the valve at opening phase.

a) 0.05T b) 0.2T ¢) 0.8T

Fig. 13. Deformation of valve at different phases.

4. Conclusion

The study employed the finite element method to discrete the fluid and solid
domains for the FSI problem of a complex geometry aortic valve in 2D/3D space. The
strong coupling approach with smoothing technique is used to improve the mesh quality
of a fluid region. The large deformation model is adopted for elastic solid. The program
is validated by simulating a fluid flow in a circle channel, and then it is applied to
simulate the blood flow interacting with an aortic valve in 2D and 3D cases. A pulsatile
flow at the inlet moves the valve according to the systolic and diastole phase. The
results show that the code can simulate the FSI problem with an efficient performance.
The simulation results can be used to predict the movement of the valve in the aorta and,
therefore, can be helpful in biomechanical problems, especially for the TAVI, such as
the prediction of blood clotting problems in the valve.
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PHUONG PHAP SO NGHIEN CUU DONG MAU CHUYEN PONG
QUA VAN PONG MACH CHU

Ha Truong Sang, Nguyén Trung Pinh, Vii Vin Chién,
Nguyén Manh Hung, Vii Pirc Quyén, Nguyén Manh Piic

Tém tit: Bai béo trinh bay viéc phdn tich tinh todn dong mdu chuyén dong qua van dong
mach chii sir dung mé phong twong tac chdt long va cdu triic. Phwong phdp phan tir hitu han
duwoc s dung cho ca mién chat long va cdu triic, Va mé hinh don khéi dwoc dung cho sy két hop
ciia pha cdu tric va long dé giai quyét tot hai thir thach dé la hiéu img céng khéi va van dé bién
dang I6n cia twong vat ran. Phwong phdp tich phdan dya trén hedi di dong khong cau tric
Euler-Lagrange duoc dp dung dé gidi hé phwong trinh Navier-Stokes cho dong chdt long khéng
nén dwoce va cong thirc tong hop Lagrange dwoc ding cho trang thdi phi tuyén cia van.
K§ thudt lam min ludi dwa trén phuong trinh Laplace dwoc vmg dung dé ning cao chdt hrong
lu6i cia vimg chat long trong ca khong gian 2 va 3 chiéu. Cac dai lwong ddc trung cho dong
chdy nhur van toc va dp sudt dwoge danh gid va phan tich cu thé. Két qua mé phéng cho thdy vin
toc va dp sudt dat gid tri I6n nhat tai thoi diém van mé 16n nhat. Mdt khdc, c6 thém nhiéu xody
xudt hién phia sau van trong giai doan dong. Két qud mé phong cé thé givip ich cho viéc chin
dodn va diéu tri cac bénh hé tim mach.

Tiur khéa: Dong mach mau; van tim; tuong tac chét léng—céu trac; FEM; ALE.
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