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Abstract: In this paper, according to the PISO algorithm in Fluent, the biomechanical
analysis of the bioprosthetic heart valve model was carried out, and the deformation of the
bioprosthetic valve was obtained. The simulation results show that the deformation of the
bioprosthetic valve mainly occurs in the free edge of each leaflet, and the deformation of
the abdomen is small, and the free edge will appear curl during the valve opening. In this
paper, the same environment was used to simulate the pulsatile flow in the bioprosthetic
valve, and the same result was obtained. The simulation and experimental results show that
this method can be used in the fluid-solid coupling analysis of bioprosthetic valves, and
provides a reference for the further optimization of bioprosthetic heart valve.

1. Introduction

Heart valve disease is fatal to the patient. The main treatment of it is artificial heart valve
replacement!™). In recent years, the study of artificial heart valves focused on hemodynamics. The
purpose of it is to find the blood and leaflet coupling mechanism>?'. For the fluid-solid coupling,
the researchers have proposed many solutions, such as the finite element method,a classical method.
When the valve leaflets are coupled with the blood, the valve leaflets have large deformation,
because of the small elastic modulus. Moreover, the valve leaflet deformation occurs in a cardiac
cycle in a very short period of time, so it can be applied to the use of ALE method for analysis'.
PISO method is used to solve the pressure-velocity relation in the unsteady compressible or
incompressible flow field, and the accuracy of the two-step correction is high. Therefore, this paper
will combine ALE method and PISO algorithm to derive the valve leaflet, derive constitutive
equation leaflets coupled with blood, and get the coupling speed iterative equation”®. By the
software of FLUENT, you can use the integrated PISO algorithm module leaflet deformation
analysis.

2. PISO algorithm

In order to establish the mapping relationship between the coupling, PISO algorithm is used to
discrete the momentum equation”). PISO is the improvement of SIMPLE algorithm. It uses a
prediction step and two correction steps to calculate which could better meet the momentum
equation and continuity equation.



The discretization process is as follow:

(1) The step of prediction. Predicted pressure field is set as P . Then, the velocity components
u” and V' could be gotten by solving the discrete form of momentum equation.

ai,.]ul,.]* = Z anbu:b +( pr_u - pT,J YA, Dby, (1)

aI,JVI,J* = Zanbv:b +( pT,H - pT,J A a7 bI,J (2)

(2)The first step of modification. Velocity field, which is gotten by the predicted pressure field,
generally doesn’t satisfy the continuity equation. Therefore, the step of prediction is used, and it

asked the velocity components u" and V' to meet:

pr=p+p, 3)
Vo=V 4V, (4)
ut=u" +u’, (5)

The velocity components after the first step of modification are

Uu*j :ui*,j +d, (P — P ) (6)
VI**] :Vi*,j+di,j(pi’—l,j_pi,,j) (7
(3) The second step of modification. Momentum dispersion equations of U and vV are:
ai,jui,j** = Zanbu:b +(pi*—*1,j - pI**J)A] +bi,j’ (8)
ai,jvi,j** :Zanbv:;b—i_(pii*j_l_ p.**J)AiJ +Db, 5, )

According to the solution of momentum dispersion equations, u~ and v~ after the second
step of modification, are gotten:

ai,jui,j*** = Z BppUgp + ( pI*jTJ - p.**J*)A.J +b, ;, (10)
vy = Zanbv:; +( pi*,*j*_l - p;k*,*)A., +b 5, (11)
If the equations aren’t convergence, the next iteration need to be done.

3. Model and the boundary condition

In this paper, the classical ellipsoidal bioprosthetic valves™ were used, in which the leaflets and

aortic sinuses of the heart valves were modeled separately, and then assembled in ANSYS.Carried
out in the assembly model in ANSYS Workbench, and Boolean operations were used to remove the
solid portions (leaflets) which were contained int he fluid portions (blood). Then, bioprosthetic
valve model from the Fluent (see Fig. 1) was gotten.

In a cardiac cycle, the heart valve is constantly open and closed. The key to coupling blood and
leaflet analysis is to analyze the valve opening or closing process, which is a very short process.
When the aortic pressure is greater than the pressure of the ventricle, the valve opens; and when the
ventricular pressure is greater than the aorta,the valve closes. In this paper, the following blood inlet
velocity curve (see Fig. 2) was established to simulate cardiac pressure changes.



Fig. 1 Bioprosthetic valve model from the Fluent
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Fig. 2 The following blood inlet velocity curve

In addition to the entry speed, the other parameters are defined as follows:The blood was
regarded as the uncompressed viscous fluid, the blood density was 1.105 g/cm3, the blood viscosity
was 0.00466 Pa « s, the elastic modulus is 3 x 108 N/m2, the temperature was defined according to
the human body normal temperature is 309.15K"). Meanwhile, the density of the bioprosthetic
valve was set to 1.2 g/cm3, the Poisson's ratio was 0.3, and the elastic modulus was set to 15 MPa.

In Fluent, one-way coupling can be achieved. This coupling method is to calculate the fluid (the
blood in this article) flow field firstly, and then the results passed to the solid (bioprosthetic valve)
for calculation. In this paper, Fluent module was wused for simulation, and ANSYS
WORKBENCH platform was used to build a framework for coupling calculation.

The parameters of the blood and the parameters of the bioprosthetic valve are set according to
section 2.2. SIMPLE, SIMPLER and PISO algorithms are used to calculate the fluid fraction in the
Fluent. In this paper, the same PISO algorithm as the theoretical partial discretization method is
used to calculate the fluid fraction. The results are transferred to the structural part for leaflet
analysis. And finally get the bioprosthetic valve of the deformation process, the process of
interception of the valve open in the screenshot ( see Fig. 3).
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Fig. 3 The Opening Process of Bioprosthetic Valve under Fluent Simulation

From the simulation results can be drawn: (1) In 0.8s, the bioprosthetic valve is gradually opened,
the effective opening area gradually increased until the bioprosthetic valve is completely open; in
the valve opening process, the valve leaflet deformation is mainly concentrated in the bioprosthetic
valve valve leaf free edge; you can see the orange part of the deformation of the largest, in the valve
leaflets and leaflets between the junction and the valve leaflets of the lower abdomen deformation.
(2) In the process of valve leaf opening, the free edge of the valve leaf near the central part of the
part of the curl; the valve is fully open after the opening area of the shape of the approximate
triangular.

4. Conclusions

In this paper, the coupling equations of bioprosthetic valve and blood were deduced, and the
momentum equation of blood was discretized . The velocity iteration equation of coupling process
was obtained. Meanwhile, the three-dimensional model of bioprosthetic valve was established. The
coupling process between bioprosthetic valve and blood was simulated by using PISO algorithm
integrated in Fluent, and the deformation of bioprosthetic valve under blood impact was
obtained.From the simulation results can be drawn: (1) The deformation of the bioprosthetic valve
mainly occurs in the free edge of each leaflet, and the deformation of the abdomen is small. (2)the
free edge will appear curl during the valve opening.
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