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ABSTRACT

Human aortic valve, one of the four valves in the
heart, is made of thin collagen type tissue. The three
valve leaflets open and close under fluid forces exerted
upon them to prevent blood once it is in the aorta from
returning to the heart. The dysfunctions of the aortic
valve compromises cardiovascular regulation and may
severely affect quality of life. To solve these diseases,
we need to consider the effect of the blood flow on the
wall and the valve leaflets. To simulate the
hemodynamics characteristics of the blood flow,
ANSYS CFX10.0 software was utilized to analyze the
three-dimensional Reynolds-averaged Navier-Stokes
equation. With a quasi-steady analysis model, the
author predicts values of the blood velocity and the wall
shear stress both over the valve leaflets and the
endothelial lining. Analysis results highlight that the
shear stress distribution and vortex flow regime are
serious affected by the leaflet opening situation and
valve geometry. Maximum shear stress takes place
near the center of leaflet trailing edge and near the
aortic root where jet impingement takes place. The
analysis results can be wused to specify the
requirements of crucial criteria of prosthesis aortic valve
and to optimize the prosthesis aortic design.

Keywords : aortic valve, hemodynamic characteristics,
wall shear stress

INTRODUCTION

The viscous drag (shear stress) provided by flowing
blood exerts a potent atheroprotective effect [1]. This is
evidenced by the finding that atherosclerotic lesions
preferentially develop in areas with turbulent flow,
whereas regions with uniform laminar flow are
protected ([2]). The endothelial lining is the primary
sensor of wall shear stresses, and functions as a
transducer of these biomechanical stimuli into biological
responses within the vessel wall ([2],[3],[4]). The shear
stress is highly dependent upon the direction of blood
issuing through the orifice of human aortic valve and
the location of blood jet impingement.

Problems of thrombosis, hemolysis and endothelial
lining damage are highly related to hemodynamic
analysis of the aortic valves flow regime. Although a
number of in vitro techniques are used for studying
aortic valve flow and extracting information from the
flow ([5], [6]), each has its own special difficulties as

well as advantages and each can give only certain data.

It is therefore necessary to use several techniques in a
complementary manner to gain more aspects of
hemodynamic through heart valves. On the other hand,
the numerical simulation of flow through heart valves
provides an entirely noninvasive method for obtaining
quantitative data for velocity and shear stress

distributions in the regime. Computational fluid
dynamics (CFD) have become popular to determine
areas of high fluid stress in the vicinity of heart valves
and to improve upon existing artificial valve designs [7].
It is noted that CFD techniques can provide full domain
information about flow properties including those
yielded by in vitro setup and those cannot. CFD has
become a more powerful tool not only for heart valve
analysis but also for prosthetic heart valve design with
recent improvements in computer hardware and
software.

There exists a requirement to setup a three-
dimensional numerical model for the analysis to
comprehend the complex flow pattern through human
aortic valves, for example prior to development and
fabrication of a prosthetic valve. This is mainly because
that a prosthetic aortic valve with poor geometry design
can form a substantial flow obstruction at the ventricle.
Since aortic valve geometry affects the flow velocity, it
also affects the shear stresses across the leaflets and
aortic root. The present work utilizes a quasi-steady
three dimensional CFD model to understand the
complex flow pattern through human aortic valves and
concentrates on the analysis of the wall shear stress
over the leaflets and endothelial lining.

MATERIALS AND METHODS
Human aortic valve geometry

The valve structure consists of thin flexible sheets
(the leaflets) freely suspended between the
attachments, forming inter-leaflet seals along the
coaptation zone. Swanson and Clark [8] developed an
approximate numerical-graphical solution for the motion
of a human aortic valve leaflet in a meridional plane
through the center of the sinus of valsalva. In this study,
we extend the motion to a 3D surface motion model.

The leaflet geometry design in this study is
essentially developed by using the partial differential
equation (PDE) method [9]. The PDE method

generates a surface, X in Euclidean 3D space, which
is a mapping function of two parameters, for
example X = (x(u,v), y(u,v),z(u,v)) . The surface

is obtained by solving a partial differential equation in
parametric u, v-space, subject to conditions on the
boundary. The PDE may be written as:

L. (X)=0 (1)

Where L;nv is a partial differential operator of

order m in the independent variables v and v.

The method in general is not confined to any
particular form of partial differential equation, but so far
only elliptic PDEs have been considered, as they



produce smooth surfaces for boundary value problems.
The order of the PDE is chosen with regard to the
number of conditions required of the function and its
derivatives at the boundary. In the leaflet considered in
the study both function and first derivative conditions
are specified on the boundary, so a fourth order PDE is
needed. The PDE that generates the

surface X = (x(u,v), y(u,v),z(u,v)) is solved

separately for each of the x, y, z components.
Essentially, based on the following PDEs
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Where ‘a’ is a parameter can be interpreted as a
smoothing parameter in the sense that it controls the
relative smoothing of the dependent variables between
the u and v directions.
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Figure 1 Coordinate system and boundary conditions for a
basic model of a valve leaflet

Figure 1 shows the coordinate system and boundary
conditions for the leaflet model. The u,v-domain is
defined with a region by 0=u=1; 0=v=1. Here the
boundary u=0 and u=1 map to the trailing edge of the
leaflet, v=0 maps to the leading edge and v=71 maps to
the middle point of the trailing edge. The x direction is
that of the main blood flow, the x-z plane is a meridional
plane through the center of the sinus of valsalva. The
associated boundary conditions are illustrated in Table1.
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Table1: Dirichlet and Neumann boundary
condition of a valve leaflet design
Dirichlet boundary condition
Boundary
X y z
u=0 x2 +y2 i approximate
¥ +yt= numerical-
(leaflet (leaflet radius)? graphical solution
radius)? (]
2 +y2 i approximate
x?+y? = numerical-
u=1 . '
(leaflet (leaflet radius)? graphical solution
radius)? (8]
yi+zi= | yP4zP=
v=0 0 (ventricular tract (ventricular tract
radius)? radius)?
leaflet 0 A
v=1 )
radius
Neumann boundary condition
Boundary
X y z
u=0 Kisin Kisin26 KicosB
u=1 -Kzsin® -Kzsin26 KacosB
v=0 Ks 0 0
v=1 Ks 0 0

Essentially the leaflet leading edge is designed to be

a circular arc with arc angle of 2713 radian. A valve
shape must be shaped that allows a transition between
the valve diameter and the aortic root diameter. This is
achieved by using the approximate numerical-graphical
solution for the motion of a human aortic valve leaflet in
a meridional plane through the center of the sinus of
valsalva [8].

Neumann boundary conditions are defined as
trigonometric functions with 8measured from the y axis
in a clockwise direction in the x-y plane (refer to Figure
1) multiplied by the constants K, K,, K3 and K, such
that they can be used as interactive parameters to
provide quick geometry changes, although the
boundary conditions of individual point may be changed
as well. The Neumann boundary conditions are defined
in the way that the leaflet surface ‘leaves’ the leading
edge boundary (v=0) and ‘reaches’ the middle of the
trailing edge (v=1) through the x direction. The tangent
vectors around the trailing edge (u=0 and u=1) are
defined with a ‘smooth’ transition from that of along z
direction at the tip of the leading edge to that of along x
direction at the middle of the trailing edge by utilizing
the trigonometric functions of sinB, cosb and sin26. The
developed leaflet geometry has been confirmed
carefully with the dimensions and geometric studies of
the human aortic valve of Swanson and Clark [10].



Flow analysis model

We utilize three-dimensional geometry model to
simulate blood flows from the left ventricle through
the aortic valve into the aorta.

Governing equations

To simulate the hemodynamic characteristics of
the blood flow, ANSYS CFX10.0 software with the
finite volume method of analyzing the three-
dimensional  Reynolds-averaged  Navier-Stokes
equations is adopted. Blood is treated as Newtonian
fluid with a viscosity of 3.9cP [11]. The governing
equations used for present viscous flow-field are
Reynolds-averaged  equations  of  Cartesian
rectangular coordinate. The tensor forms of the
Reynolds-averaged continuity and momentum are as
follows

Continuity equation:

0
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where

u; is velocity component in the x; direction,
p is static pressure,
p is fluid density,

Merr is viscosity ( 4, = g+ 4, ; W is the laminar
viscosity; p is the turbulent viscosity).

Turbulent mode

In the present research, the turbulence model
proposed by Launder and Spalding [12] is adopted.
The k-¢ turbulence model along with wall function is
employed to solve important parameters including
Reynolds stress, turbulent energy flux, and
fluctuating viscous work.

In accordance with the k-¢ model of Launder and
Spalding [12], turbulent viscosity . is represented as
follows:

c, pk?
u, =22 (5)

&

where k is the turbulent kinetic energy, ¢ is the
dissipation rate of turbulent kinetic energy, and can
be individually solved from the equations of turbulent
kinetic energy and dissipation rate of turbulent kinetic
energy, respectively. Equations of turbulent kinetic
energy and dissipation rate of turbulent kinetic
energy are listed as bellow.
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standard values of constants of Launder and Spalding [12]
are adopted as follows:

c, = 0.09, ¢, =144,
o, =10, o,=13

The no-slip condition or the zero relative velocity
between fluid and wall, on the rigid wall is imposed due to
the fluid viscosity. The comparative dense grid resolution is
usually needed for an accurate prediction inside this region
of large velocity gradient. The multi-block grid calculation
of ANSYS Workbench 10.0 software is utilized to generate
the non-uniform grid system. For fewer computational time
and data storage consuming, the wall function is adopted
for the simulation of near wall flow region with large
velocity gradient. The velocity flow field near the wall can
thus be accurately predicted using the log-law wall function
with fewer grids used.

The finite volume method performs well on the physical
conservation and is adopted in the present study. Taking
the volume integral on Egs. (3), (4) and transforming
equations into the surface integral forms using Gauss’s
theorem, the governing equations are as follows.
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Where subscriptions v and s represent the
volume and surface integrations respectively, n; is
the outward normal surface vector. Egs. (8), (9) are
descritized as follows,
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Where the subscript “ip” denotes an integration point,
the summation is over all the integration points of the
surface and Anj is the discrete outward surface vector. The
solver used to solve the discritized algebra equations is the



Incomplete Lower Upper Factorization Solver with the
residuals of 10™.

Non-Staggered grid

In solving the incompressible flow field, the solved
velocity field may fulfill the continuity equation, which
involves no pressure term. However, the pressure
oscillation can be observed inconsistent with practical
physical phenomena. Two approaches are available to
solve the decoupling of pressure and velocity. One of
these methods is adopting the staggered grid, which
locates the pressure on the node and velocity on the
intersection of the surface of the control volume and the
gridline. Patankar [13] has addressed this methodology in
detail.

In the present study, the decoupling of pressure and
velocity is according to the pressure-based fourth order
pressure redistribution method and combined with the non-
staggered grid. The advantage of using the non-staggered
grid is that all required variables locate on the same node,
as compared with that by the staggered grid. The same
location of both pressure and velocity facilitates that the
solution procedure is carried out using definite boundary
conditions on cell faces of boundary. Besides, the solution
iterations are comparatively decreased for the problem
with complex geometries, when the problem arisen from
the staggered grid is eliminated [14].

Boundary conditions

To specify the velocity distribution at the inlet plane is
not an easy work since experimental data are not available
at this time. To simplify the analysis, we setup a quasi-
steady model for the numerical simulation. Any moment
during heart beat, the leaflet opening is set along with the
associated inflow rate and outlet aortic pressure.
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Figure 2: Physiological flow rate

We assume uniform velocity distribution at inlet plane.
Only axial velocity is considered and its magnitude is
determined to accord with the physiological flow-rate
(Figure 2). The physiological state of heart rate 72 beats
per minute and stroke volume 70 ml is simulated. The
peak systole volume flow rate is 380 ml per second. The
infow rate and the aortic pressure for the three cases
demonstrated in the following sections are shown in Table
2.
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Table 2 Three cases of simulation of the quasi-
steady model:

Inflow rate | Inflow velocity | Aortic pressure
(ml/s) V(m/s) (mmHg)
Case1 | 50 0.0189 90
Case2 | 175 0.0663 110
Case3 | 290 0.1098 120

At the outlet plane, physiological pressure at the
moment is specified. No slip and no-flux boundary
conditions are imposed on all solid surfaces.

RESULTS
Physical models of human aortic heart valve

We refer the work of King et al [15] and the physical
dimensions of ventricle, sinus and aorta are utilized in the
study as shown in Figure 3. The left ventricular entrance
radius is 29.50mm and the ventricular tract radius is
13.28mm. The largest radius of sinus is 16.76mm. Aortic
exit radius is 14.50mm.

Flow field analysis

ANSYS Work bench 10.0 is utilized to construct the
computational mesh and ANSYS CFX10.0 to analyze the
flow velocity field and shear stress distribution. In
evaluating mesh density accuracy, we choose grid lengths
1.0mm with total 40,380 elements, 1.1 mm of 37,522
elements, and 1.2 mm of 36,546 elements respectively for
the case at peak systole to compare the results. The
analysis shows that the flow velocity results are
approximately the same. We then compare calculated
axial velocity at the A-A section that is located at the
ventricular tract (A-A section at Figure 3).

{l

A

N

23,50

Figure 3: Physical geometry model

As can be seen in Figure 4, the calculated speeds are
almost the same (‘w’ for mesh length 1.0mm, ‘A’ for mesh
length 1.1mm and ‘¥’ for mesh length 1.2mm). We
therefore adopt mesh density with mesh length 1.0 mm as
an index in considering the simulation accuracy.
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Figure 4: Calculated Velocity at A-A with different grid
lengths

In this research, three cases with different inlet velocity,
volume flow rate and leaflet opening are carried out. Here
case 1 with the inlet velocity 0.0189 m/s and volume flow
rate of 50 ml/s is the state at very beginning of the systolic
phase (the more detailed information of each case is
demonstrated in Table 2). Shedding vortex is found
between the leaflet and the sinus (Figure 5(a)). Flow
velocity around aortic valve lies between 0.6175 m/s and
1.235 m/s. The largest velocity distributes around the
leaflet trailing edge. It is also the area of violated velocity
change happens (Figure 5(b)).

3.08Be-001

0.000e+000
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Figure 5a: Flow field streak lines at case 1
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Figure 5b: Velocity distribution at x-z plane for case 1

In case 2, the leaflets are further opening. Flow velocity
around aortic valve lies between 0.4872 m/s and 0.9744
m/s. The largest velocity distributes around the area near
the leaflet trailing edge. Trailing edge vortex (Figure 6(a))
and jet impingement (Figure 6(b)) have been found for the
case. High velocity changes take place in the endothelial
lining near the regime of jet impingement. The
phenomenon is highly dependent upon the direction of
blood issuing through the orifices of the aortic valve.

Case 3 with inlet velocity 0.1098 m/s is the state
approaching peak systole when volume flow rate of 290
ml/s. Flow velocity around aortic valve lies between 0.501
m/s and 1.002 m/s (Figure 7). Two areas at which large
change of velocity happens are that near the jet
impingement regime and that near the leaflet trailing edge.
These large changes of flow velocity at leaflet trailing edge
may induce trailing vortex and lead to the phenomenon of
“down-wash” on the leaflet trailing edge.

2.4362-001

0.000e+000

[m sr-1]

Figure 6a: Flow field streak lines at case 2
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Figure 6b: Velocity distribution at x-z plane for case 2
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Figure 7a: Flow field streak lines at case 3
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Figure 7b: Velocity distribution at x-z plane for case 3
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Wall shear stress analysis

Flow field analyses of the aortic valve pointed out the
corresponding velocity distribution trends and changes at
different leaflet opening. Once the leaflets begin to open,
shedding vortex appears obviously right behind the leaflets
(Figure 5). These vortexes affect the factors on blood
coagulation. Once the leaflets completely open, the
distribution of the flow field is smooth and the flow roughly
along the wall geometric appearance. Pressure near leaflet
under surface is greater than that near the upper surface.
This leads flow rolling up and forms a trailing vortex
(Figure 7). Blood flow velocity changes dramatically for the
location of leaflet trailing edge and sinus wall where the jet
impingement happens.

5.171e+000

3.879e+000

2.586e+000
1.293e+000

0.000e+000
[Pa]

Figure 8a: Wall shear stress of aortic root
at systolic phases for case 1

Figure 8 shows wall shear stress of aortic root at
systolic phases for the case 1, 2 and 3. Figure 9 shows the
wall shear stress around the leaflet surface. Wall shear
stress is the tangential stress acting on the surface. The
wall shear stress is given by [16]:

Tw =Meff (du/dr) (12)

Here petr =+t is the effective viscosity; du/dr is gradient of
tangential velocity u, in the normal direction r. The
maximum wall shear stress of the aortic root distributes
somewhere near the jet impingement.
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Figure 8b: Wall shear stress of aortic root
at systolic phases for case 2
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Figure 8c: Wall shear stress of aortic root
at systolic phases for case 3

At very beginning of the systolic phase, the maximum
shear stress is around 12.93 N/m® and locates
somewhere near the center of leaflet trailing edge (Figure
9). The location of the maximum shear stress area shifts to
endothelial lining area of jet impingement (Figure 8) as
leaflet further opening. The maximum shear stress is 5.7
N/m? for case2 and 5.93 N/m? for case3. In view of the
shear stress value, the possibility of endothelial lining
damage which occur at shear stress around 40N/m? [17]
will be very low for the human aortic valve.
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Figure 9a Wall shear stress of leaflet surface
at systolic phases for case 1
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Figure 9b: Wall shear stress of leaflet surface
at systolic phases for case 2

DISCUSSION

Maximum axial velocities of the human aortic valve
take place somewhere near the leaflet trailing edge.
The effect however is relatively obvious at peak systole
when valves are fully opened. It has also been found
that the tail flow patterns are altered appreciably by the
tilting of the relative inlet flow (along with different
leaflet opening) due to the large downward induced
velocity components. These ‘down-wash’ velocities tend
to induce lift and hence its own moment acting on the
leaflet. This provides effect for the leaflet to open.

With the flow field analysis, we can get some
conclusions from above study:

During a heart beat cycle, the leaflet opening/closing
affects the variation of flow velocity. When the valve
leaflets are in the state of totally opened, the flow field



along geometry of the model is relatively smooth. And
when the valve leaflets are in the state of initial opening,
the obstacle effect increases. There exists a recirculation
vortex somewhere between the leaflet and the sinus. That
is a stasis regime with a lower shear rate.
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Figure 9c: Wall shear stress of leaflet surface
at systolic phases for case 3

In this study, computational fluid dynamics is utilized to
simulate the blood flow velocity and shear stress through
aortic valve with different opening situation by a quasi-
steady numerical model. On the cardiac cycle, the
maximum flow velocity takes place somewhere near the
central orifice among the three leaflets. Blood flow owns
dramatic changes in velocity and shear stress for all the
cases in the central entrance regime. As blood flows
toward the leading edge of the leaflet, the pressure in the
fluid particle rises from the free stream pressure to the
stagnation pressure. The high fluid pressure near the
leading edge impels the developing boundary layer.
However, the pressure force is not sufficient to force the
boundary layer around the back side of the leaflet at high
Reynolds numbers. Since the pressure increases in the
direction of flow, the fluid elements experience a net
pressure force opposite to its direction of motion. At some
point around the leaflet the movement of the fluid in the
boundary layer is insufficient to carry the element further
into to the region of increasing pressure. The fluid layer
adjacent to the solid surface will be brought to rest and the
flow will separate from the surface. The boundary layer
separation forms shear layer that trails aft in the flow and
bounds the wake. Since the innermost portion of the free
shear layer moves much more slowly than the outermost
portion of the layer which is in contact with the free stream,
the free shear layer tends to roll up into discrete, swirling,
vortices. A regular pattern of vortices is formed in the wake
that interacts with the leaflet motion and is the source of
the effects called vortex-induced vibration. As the flow
velocity is increased or decreased so that the vortex
shedding frequency approaches the natural frequency of
the structure, the vortex shedding suddenly locks into the
structure frequency. The lock-in resonant oscillation of the
near wake, input energy to the structure so that large
amplitude vibrations can be produced. This mechanism
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would induce the fluttering motion when the leaflets are at
the fully open position.

At the state of initial valve opening (say case 1), the
largest shear stress happens somewhere near the center
of the leaflet trailing edge with a value of 12.93 N/m?. As
the leaflets further opening (say case2 and 3), a central
flow pattern yields along with a lower shear stress. The
largest shear stress happens in the endothelial lining
where jet impingement takes place. The jet impingement is
highly dependent on the opening of the leaflets. The
phenomena are obvious when the opening angle
increases. While the induced shear stress is not big
enough to damage endothelial lining.

The large change of velocity of flow may lead to a
phenomenon called “down-wash”. This phenomenon
generates a lift effect on valve leaflets. When the heart
valve opens, this aids the movement of leaflets. While
when the heart valve closes this lift plays a role to ease the
impact among the leaflets.
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