Aktualne Problemy Biomechaniki, nr 8/2014

57

Institute of Turbomachinery, Lodz University of
Technology, Lodz, Poland

ANGULAR POSITION DETERMINATION OF HEART VALVES IN
THE PEDIATRIC VENTRICULAR ASSIST DEVICE WITH USE OF
COMPUTATIONAL FLUID DYNAMICS
Abstract: This study shows a method than can be used to determine the best
angular position of heart valves installed at the inlet and the outlet of a blood
chamber during the diastolic phase with use of Computational Fluid Dynamics
(CFD). Steady state simulations of the blood flow through the blood chamber of
Pediatric Ventricular Assist Device (PVAD) have been performed with ANSYS
CFX 14.0. Main assumptions in the present paper have included: motionless discs,
rigid walls, non-Newtonian model of blood. The obtained results show that areas
of blood stagnation in the blood chamber are smallest for one particular angular
position of the inlet valve and are not significantly dependent on the angular
position of the outlet valve.
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1. INTRODUCTION
A Ventricular Assist Device (VAD) can be used in the treatment of patients with serious
heart diseases awaiting transplantation or even as the destination therapy for patients with
total heart failure [1, 2]. The presented VAD is a 45 cubic centimeter device designed at the
Prof. Z. Religa Foundation for Cardiac Surgery Development in Zabrze and investigated at
the Institute of Turbomachinery, Lodz University of Technology with use of Computational
Fluid Dynamics (CFD) methods. The CFD play a significant role in the design process of
similar devices all over the world nowadays.
The VAD is a pneumatic pump with a diaphragm, separating blood and pneumatic
chambers. The diaphragm motion is forces by air sucked out and pushed into the pneumatic
chamber. This study is devoted to determination of the best angular position of single disc
mechanical heart valves installed in the inlet and the outlet of a blood chamber during the
diastolic phase, when the membrane reaches its highest position. Steady state simulations of
the blood flow through the blood chamber have been carried out with ANSYS CFX 14.0.
Main assumptions have included: stationary boundary conditions, motionless discs, rigid
walls, and non-Newtonian rheological model of blood. The obtained results allow one to find
areas of low velocity of blood, which is considered to be a cause of thrombus deposition in
the inner wall of the device. An influence of the angular position of the inlet valve on the
magnitude of the low velocity area (area of stagnation zone, ASZ) is significant and the best
position of this valve has been confirmed in further experiments with use of more advanced
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numerical procedures. It has been shown that the position of the outlet valve does not affect
substantially the blood behavior inside the blood chamber.

2. NUMERICAL INVESTIGATIONS
2.1. Computational domain
The computational fluid domain represents the volume occupied by the blood flowing
through the investigated device at the moment when membrane reaches its highest position.
The angular valve position is defined by an angle between the plane passing through the axis

cases have been investigated within present study. The inlet valve is assumed to be fully
opened and the outlet valve is open at 5°. This allows one to converge the mass equation and
does not influence significantly the flow inside the blood chamber of the VAD during
diastole. Long cylinders have been used to minimize an influence of the boundary conditions
onto the flow behavior in the blood chamber.

Fig. 1. Computational domain (volume of the flowing blood) - left; angular position of the inlet valve ( )
and the outlet valve ( ) observed in Solid Works 2012 (in this case
=
) - right

The virtual geometry of the internal volume of the investigated VAD for each case has
been meshed using a hybrid mesh with tetrahedral elements inside channels and prismatic
elements near the walls in the boundary layer (Fig. 2). In the elongated cylinders the
hexahedral mesh was used. Mesh elements were refined in region of discs and rings for the
valves. The number of elements in the whole domain is close to 11 million for each case.
2.2. Numerical simulation assumptions
The main aim of this study has been to find the best angular position of the inlet and outlet
valve installed in the pneumatic VAD with use of steady-state numerical simulations.
Although, currently non-steady state simulations can be performed with use of Immersed
Body techniques [3] and Fluid Structure Interaction methods, one has to remember that they
are still high time consuming. The use of stationary boundary conditions has allowed us to
determine the best valve position for 144 combinations of setting the inlet and outlet valves.
All calculations have been performed with the ANSYS CFX solver that solves the NavierStokes equations using Finite Volume Method. A HP ProLinat BL460 server blade equipped
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with 4-core processor Intel Xeon and 16.0 GB RAM has been employed for calculations and
allowed to carry out of each particular simulation during the time of 8 hours. The time needed
to generate the mesh has been approximately 50 minutes for each case.

Fig. 2. Example of the mesh used for computations

For the boundary conditions, a Prandtl velocity profile (equation (1)) with the maximum
velocity value equal to 1.07 m/s (Fig. 3) and the static pressure averaged at the outlet equal to
13.65 kPa were used. Rigidity of walls has been assumed, thus mesh deformation has not
been observed.

Fig. 3. Velocity profile used as boundary condition at the inlet cross-section; V velocity in the node In
the distance r from the axis of the channel, Vmax = 1.07 m/s maximum velocity, R radius of the channel,
r distance between an axis and the node where velocity is calculated

(1)
Blood density values fall within the range 1030-1070 kg/m3 [4], and the constant value of
blood density equal to 1045 kg/m3 has been assumed. Blood is considered a non-Newtonian
fluid and its viscosity depends not only on a kind of liquid but also on a blood velocity
gradient. Thus, numerous rheological models of blood can be found in the literature. For the
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need of this simulation, a modification [5, 6] of the Power Law was employed where the
dynamic viscosity ( ) is defined as

(2)

where:

The

Shear Stress

Transport (SST) model of turbulence has been applied.
2.3. Results
The obtained results show flow patterns (streamlines) and it is clearly visible that the flow
direction inside the blood chamber is significantly influenced by the disc of the inlet valve. In
figure 4 two representative cases are compared for different position of the inlet valve
( = 30° and = 270°) and the same position of the outlet valve ( = 0°) - the colour scale
corresponds to the magnitude of velocity. The highest velocity is observed just downstream
the outlet valve. It has been expected because the valve is almost closed and there is only
a small gap left for the blood flowing out. A large swirl is observed in the central part of the
blood chamber in each case. Additional vortices appear near the diaphragm for higher than
210°.
The distance equal to 0.001 mm offset from the wall was chosen to determine region of
velocity lower than 0.01 m/s (ASZ) and the percentage of those regions designated on the
entire inner surface has been calculated for different angles and and listed in Table 1. This
procedure allowed to quantify the results and compare the cases one to the other. As
a criterion indicating which position could be assessed the best, the smallest regions of low
blood velocity was considered.

Fig. 4. Comparison of the blood velocity, the flow patterns shown in 3D as streamlines and the ASZ in the
vicinity of the membrane: = 30 , = 0 (left) and =270 , =0 (right)

Figure 5 illustrates velocity fields depicted in the plane cutting the VAD. Two cases, in
which the inlet valve is set in the same position ( = 0°) but the outlet valve is set to = 30°
and = 270° are compared. It can be noticed that the only visible difference in the flow is in
the outlet connector, downstream the flow. This illustrates conclusion that no significant
influence of the angular positon of outlet valve on flow inside the blood chamber is observed.
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Fig. 5. Comparison of the 2D blood velocity fields:

=0

,

= 30

(left) and

=0

,

= 270
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(right)

Tab. 1. Stagnation in the blood chamber

Stagnation defined as a percentage of ASZ regions designated on the entire inner surface

Position
relative to
plane

Positio
n of the
inlet
valve

Position of the outlet valve
Average

0

30

60

90

120 150 180 210 240 270 300 330

0

7.29

7.50

8.14

7.20

7.29

7.13

7.13

7.07

7.24

7.19

7.22

7.44

30

6.34

6.57

6.44

6.18

5.90

5.40

5.44

5.48

5.58

5.78

6.04

6.28

60

8.58

9.33

9.23

8.77

7.67

7.29

7.07

7.04

7.21

7.49

7.72

8.21

90

9.85

9.86

9.87

9.23

9.13

9.19

9.32

9.37

9.46

9.53

9.66

9.76

120

10.70 11.03 10.96 10.33 10.03 10.01

9.77

10.03 10.16 10.38 10.58 10.73

150

13.22 13.57 13.23 12.36 11.84 11.72 11.48 11.55 11.72 11.84 12.46 12.82

180

11.14 11.29 11.72 10.96

210

10.59 12.76 12.47 12.14 12.30 12.22 12.13 12.24 12.25 13.08 13.29 13.56

240

13.10 12.44 11.61

270

14.51 14.67 14.79 14.78 15.06 14.91 14.96 14.75 14.79 14.89 14.61 14.46

300

9.87

10.00

9.89

9.75

9.62

9.59

9.78

9.77

9.99

10.00

9.80

9.92

330

8.52

8.79

8.92

8.86

8.07

8.28

8.10

8.04

8.16

8.17

8.21

8.25

9.56

9.69

9.08

8.52

8.45

8.64

9.05

9.05

10.53

10.05 10.60 10.79 10.84 10.42 10.21 10.27 12.85

7.32
5.95
7.97
9.52
10.39
12.32
9.84
12.42
11.06
14.77
9.83
8.36

3. CONCLUSSION
The results show that the angular position of the inlet valve strongly influences the blood
behavior inside the blood chamber. For the angle in the region 210° < < 270° the blood
stream is moved to the center of the blood chamber and reversed flow is observed near the
diaphragm. This study shows no significant influence of the outlet valve angular positon onto
the flow patterns inside the blood chamber. Flow behavior is similar for different values of the
smallest stagnation zones close to the diaphragm inside the blood chamber. In this case risk of
the thrombus formation is significantly decreased.
It was shown that CFD methods can be employed in the design and development of the
Ventricular Assist Device. Although, in this study only steady-state simulations have been
carried out and back flows have not been observed around the valves that normally occur, it
must be emphasized that the obtained results can be treated as a starting point in further
investigations concerning positioning heart valves in the pneumatic VAD. Presented method
is very efficient in research done on large number of cases, but the results must be validated
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by more advanced numerical procedures with implementation of motion of diaphragm and
disc.
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