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Computational Fluid Dynamics Simulation of the 
dynamics of a tilting disc heart valve prosthesis 

during the opening and fully open phases 
Ranjith G and Muraleedharan C V 

 

Abstract— The study of the hemodynamics is an important component in the design and validation of artificial heart valves. The removal 
of natural valves and their replacement by artificial valves may considerably alter the physiological flow. This necessitates an extensive 
verification and validation process involving in-vivo, in-vitro and in-silico models. The pulse duplicator is an in-vitro setup used to validate 
the performance of the valve dynamics. Physiological pressure and flow waveforms across the valve can be simulated using this setup 
using lumped impedances representing the systemic resistances and compliances. The use of Computational Fluid Dynamics(CFD) 
models to simulate the pulse duplicator allows access to parameters like velocity profiles, shear stresses and areas of separation and 
recirculation which are critical in the design of a heart valve prosthesis. A CFD analysis of the dynamics of a 25 mm sized tilting disc aortic 
valve was done with geometry and flow waveforms as in the in-vitro pulse duplicator setup. Two phases of the flow were simulated –the 
opening phase and the fully open phase. The results of the simulation were validated with results from the in-vitro experimental setup.. 

. 

Index Terms— Computational Fluid Dynamics, Heart Valve Prosthesis, Immersed Boundary Method,Leaflet movement  ,Pulse Duplicator,  

Shear stress,Tilting Disc Valve  

——————————      —————————— 

1 INTRODUCTION                                                                     
Natural heart valve dysfunction is a common disease which 
may be caused by a variety of pathologies. The dysfunctional 
valve fails to function as a unidirectional check valve, it be-
comes too leaky in the closed state(regurgitation) or very nar-
row and offer a higher resistance to blood flow in the open 
state(stenosis). There are many modes of management feasible 
for valve dysfunctions depending on the state of the valve and 
the patient. These include valve corrections using a catheter 
balloon expansion in case of a stenosis or use of an annulo-
plasty ring in cases of regurgitation. But correction methods 
cannot be used in all cases. Depending on the severity of the 
dysfunction a surgical removal of the natural valve and its 
replacement by a prosthetic heart valve might be necessary. 
The performance of mechanical heart valves is in several ways 
related to valve design and the structural mechanics. The 
structural design and the choice of materials determine the 
load distribution on the valve, the dynamics of valve motion 
and thus the performance and durability of the valve. The de-
sign of the valve also determines the blood flow patterns of 
which flow separation and high shear regions are issues of 
concern. Regions of flow stagnation, which may cause local-
ized thrombosis, may in turn restrict occluder movement. 
The mechanical stresses induced by the flow of blood across 
the valve prosthesis have been linked to blood damage and 
activation of formed elements (red blood cells, white blood 
cells and platelets) resulting in the deposition of thrombi in 
regions of relative stasis in the vicinity of the valve. The 
thrombi thus formed may dislodge and travel in the blood-
stream leading to thromboembolic episodes. Direct impinge-
ment of blood stream jets formed during opening or closing of 
the valve on the heart walls may lead to endothelial damage. 
The study of the velocity profiles becomes important consider-

ing this aspect. 
The earlier approach in the numerical simulation of the cardi-
ac prosthesis was to focus on the peak systole phase of the 
cardiac cycle. This neglects the movement of the leaflets and 
their interplay with blood. With the advent of new algorithms 
and capabilities in numerical methods recent studies provide a 
more indepth insight into the dynamics of leaflet motion and 
the associated hemodynamics.  
Computational Fluid Dynamics simulation of artificial heart 
valves was initiated by Peskin[1] with the immersed boundary 
method. The immersed boundary method allows the use of a 
separate non conforming solid mesh in addition to the fluid-
mesh. This was a huge improvement over the use of an adap-
tive mesh considering the large excursions of the disc (occlud-
er) while opening or closing. King[2],[3] et al and Mcqueen[4] 
et al conducted two dimensional parametric design studies 
aimed at arriving at an optimum opening angle of a bileaflet 
valve. Lei[5] et al in his study demonstrated the limitations of 
two dimensional simulations by comparing them with exper-
imental results. In the experimental studies vortex shedding 
was observed from the tip of the disc in a tilting disc valve, 
which could not be captured in the two dimensional numeri-
cal simulations. It was postulated that a full 3D numerical 
simulation is necessary to capture such effects. King[6],[7] et 
al. later conducted a  3 dimensional study under laminar con-
ditions using one-quarter of the valve geometry assuming 
symmetry on both planes. A time varying sinusoidal velocity 
profile was used at the inlet to simulate the systolic phase of 
the cardiac cycle. 
Most of the recent work has been on Fluid Structure Interac-
tion models involving moving leaflets and pulsatile flow.  
Dasi[8] et al conducted a  direct numerical simulation (DNS) 
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of pulsatile flow through a bileaflet valve in an idealized ax-
isymmetric aorta geometry  by prescribing leaflet motion from  
experimental data. But a prescribed kinematics of leaflet mo-
tion does not capture the complex phenomena of fluid–leaflet 
interaction required for an accurate simulation of the valve 
function. Nobili[9] et al carried out a Fluid Structure Interac-
tion model for a bileaflet valve using the commercial code Flu-
ent and the results were validated with an ultrafast cinemato-
graphic technique.  
The current study aims to simulate the flow dynamics of a 
tilting disc valve. The dynamics involves a pulsatile velocity 
profile and moving leaflets. Different flow parameters like the 
pressure drop, velocity profiles, shear stresses, areas of stagna-
tion and recirculation were studied. The study  was validated 
by experimental results from the in-vitro pulse duplicator set-
up 

2. MATERIALS AND METHODS 
 

2.1 Pulse Duplicator Experimental Setup 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
The pulse duplicator is a model of the left heart of humans. It 
simulates the entire systemic circulation using lumped re-
sistances and compliances to model the flow through the vas-
cular system.   Fig. 1 shows the schematic setup of the pulse 
duplicator.The pulse duplicator is a device which simulates 
the function of the left heart by generating pulsatile flow 

through the heart valve prosthesis. It consists of the following 
compo 
nents: an atrial reservoir, a ventricular chamber, compliance 
chambers, two unidirectional valves (aortic and mitral), and a 
pair of collapsible rubber balloons. The upper balloon B1 acts 
as a compliance element and is used for adjusting the rise time 
of the ventricular pressure wave. The  lower balloon(B2) pro-
duces the pumping action as it is inflated by a supply of com-
pressed nitrogen and deflated by venting to the atmosphere. 
The inflation and deflation cycles are controlled by a three 
way solenoid valve. In order to simulate the systemic imped-
ance the circuit also includes additional hydraulic elements –a 
compliance chamber(CC) and resistance(SR). The experi-
mental setup enables simulation of a pulse rate ranging from 
40 beats per minute to 150 beats per minute and a systolic du-
ration from 20% of the cardiac cycle to 50% of the cardiac cycle 
. 

2.2 CFD Simulation 
The flow dynamics of the aortic valve was simulated with the 
proper geometry and housing as in the in–vitro model. The 
 geometry consisted of a cylindrical pipe of 300mm length 
with the valve placed at its centre as shown in Fig 3. The aortic 
sinuses were modeled as a circular axisymmetric groove ra-
ther than as individual sinuses, as in the in-vitro setup. A full 
Fluid Structure Interaction model was not used but rather a 
provision in the flow solver to simulate rigid body motion of a 
solid was used. The disc (occluder) was modeled as a rigid 
body hinged at a point on the tip of minor strut of the valve 
cage. All translations of the disc were arrested and all rota-
tions except around an axis which is perpendicular to and 
passes through the tip of the minor strut were arrested. Since 
the flow solver does not support contact the simulation was 
done in two phases the opening phase and the fully open 
phase. During the opening phase the disc starts from the fully 
closed position and gradually opens(as driven by the flow) 
until it reaches the design opening angle of 75 degrees. Once 
the disc reaches the design opening angle the simulation is 
stopped and a new simulation with the disc remaining static 
in the fully open state is modeled. The second simulation 
starts with initial conditions  extracted at the end of the first 
simulation. 
A commercial solver Ansys CFX 13.0(Ms. Ansys Inc ) was 
used for the simulation. A mesh was generated for the bulk of 
the fluid(including the cylindrical pipe and the housing and 
the valve cage) and a separate mesh was generated for the 
solid disc. Inorder to simulate the  movement of the disc  an 
immersed solid model was used  which allows the solid mesh 
and the fluid mesh to be non-conforming. The immersed solid 
model is based on a mathematical framework   developed by 
Peskin called the immersed boundary method[1] in which a 
rigid or elastic structure is immersed in a fluid and the struc-
ture may be in motion.  
A transient simulation was defined with a total time period of 
136ms which corresponds to the time period in which the 
valve is either opening or in the fully open state. A time step 
of 1ms was chosen for the simulation. At the inlet boundary a 

 
Fig. 1. Schematic diagram of Pulse duplicator. The different 
hardware components of the pulse duplicator system are, the 
left ventricular chamber (VC), Collapsible rubber balloons (B1 
and B2), Mitral and Aortic valves (MV and AV respectively), Atrial 
reservoir (AR), Systemic resistance (SR), Heat exchanger (HE), 
Compliance chamber (CC), Ultrasonic flow probe (UFP), Ma-
nometer cuff (MC) for regulating the pressure in the balloon B1, 
Three way solenoid valve (SV), Air reservoir (AR), Pressure 
regulator (PR), and Compressed nitrogen (CN)for driving the 
balloon B2.  
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profile exported from the in-vitro pulse duplicator setup was 
used as the boundary condition (Fig 2). The applied profile  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
corresponds to an average flow rate of 9 liters/minute. A con-
stant static pressure was applied at the outlet. A Newtonian 
blood analogous fluid with density 1080 kg/m3 and viscosity 
3.5 centipoise was used for the simulation. A k-ɛ turbulence 
model was used to model turbulence. The no-slip condition 
was applied at all the walls. Mesh Independence and time step 
independence was ensured using multiple iterations. 
 
3  RESULTS AND DISCUSSION 
The simulation of the dynamics was done in two phases the 
opening phase and the fully open phase. The opening phase  
 

lasted for a duration of 75 milliseconds during which period 
the disc starts from the fully closed position and gradually  

opens to the design opening angle(75 degrees) as driven by 
the flow. When the disc reaches the fully open position an in-
terrupt condition is triggered and the simulation was stopped. 
A new simulation was started with the disc remaining static in 
the fully open position with initial conditions exported from 
the end of the previous simulation. The valve was in the fully 
open position for a period of 61 milliseconds. The simulations 
were validated by comparing with the pressure drop across 
the valve in the in-vitro pulse duplicator setup. The drop was 
calculated by taking the difference in the average pressure 
measurements between two planes, one 1 TAD upstream and 
another 5 TAD downstream of the valve (TAD- Tissue Annu-
lus Diameter- 25mm for the chosen valve).  Fig 4. and Fig 5.  
show the comparison of the pressure drops in the experi-
mental and numerical simulations.  
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Fig 2. Flow profile applied at the inlet 
.  

 

 

Fig 3. Geometry modeled for the CFD simulation.  
 

 

Fig 4. Comparison between experimental and numerical trans-
valvular pressure gradients  when the disc is in the open-
ingphase( Red-Numerical,Blue- Experimental) 

 

 
  

 

 

Fig 5. Comparison between experimental and numerical trans-
valvular pressure gradients when the disc is in the fully open 
phase (Red-Numerical,Blue- Experimental) 
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There is a good degree of correspondence between the exper-
imental and numerical transvalvular pressure drops. The dif-
ferences between them can be ascribed to the role played dur-
ing the experiments by the systemic and the ventricular com-
pliance, which have not been taken into account in the in silico 
model. Fig 6  shows  the temporal evolution of  the velocity 
contours on a longitudinal plane perpendicular to the disc. 
Four different phases in the evolution are illustrated-the open-
ing phase (40 milliseconds), fully open phase(75 milli se-
conds), peak velocity(100 milliseconds) and retarding 
phase(136 milliseconds). The peak velocities obtained where 
around 1.67 m/s which corresponds with the in-vitro peak 
velocity values. Fig 7 shows the shear strain rates at the peak 
velocity point in the inlet profile (100 milliseconds)on the cage 
and disc of the valve. The shear strain rates were found to be 
largest on the cage of the valve (5240 s-1). The peak shear 
strain rates on the disc were about 3930 s-1. 

 
 

. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4   CONCLUSION 
The availability of affordable computational power 

and improvements in numerical algorithms has enabled more 
realistic studies of cardiac valve hemodynamics. Fluid Struc-
ture Interaction (FSI) studies capture the complex interplay 
between valve leaflets and surrounding blood stream. Several 

approaches in FSI have been tried out in the area of cardiac 
valve hemodynamics including prescribed leaflet motion, Lat-
tice Boltzmann methods and Arbitrary Lagrangian Euleri-
an(ALE) methods. The current study uses the Immersed 
Boundary Method developed by Peskin to simulate the leaflet 
dynamics. The numerical results were validated by experi-
mental results from an in-vitro pulse duplicator setup. A good 
correspondence between the experimental and numerical re-
sults was observed. As in any tilting disc valve the flow is di-
vided into two streams at the juncture of the valve. Even as the 
bulk of the flow happens through the major orifice there is a 
considerable amount of flow through the minor orifice at near 
peak and peak systole. Flow separation downstream of the 
valve was minimal and no major vortices were seen in the 
close vicinity of the valve.  

The use of numerical methods can greatly reduce the design 
costs of prosthetic heart valves. They can to a large extend 
replace more costly in-vitro experiments since they provide 
access to more parameters than experimental setups. 
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Fig 6 Temporal Evolution of velocity profiles 

 

Fig 7 Shear Strain rate profiles on the valve surface 
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