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CHAPTER I 
 

 

INTRODUCTION 

 

 

Heart valve diseases affect more than 5 million Americans each year
1
. Heart valve 

disease is the situation in which the valve does not function properly; it can develop before birth 

or during life as a result of a variety of diseases
2
. One of the treatments for heart valve diseases is 

to replace the afflicted valve with a prosthetic heart valve (PHV). Almost 60,000 patients in the 

United States undergo heart valve replacement surgery each year
3
.  

The most commonly used PHVs are mechanical heart valves (MHVs) and bioprosthetic 

heart valves (BHVs). MHVs in general have long term mechanical durability
4
. The major 

limitations of  MHVs include its high chance of thrombosis and the requirement of life long 

anticoagulation treatment
4
. On the other hand, bioprosthetic heart valves are made of chemically 

treated animal tissue and have lower likelihood of eliciting a thrombogenic response
4
. However, 

they have a shorter life time due to structural changes such as leaflet wear and calcification 

(deposition of calcium on the heat valve tissue)
4
.  

St. Jude Medical bileaflet heart valves are the most commonly used mechanical heart 

valves in the US market, with more than 1.3 million valves implanted in patients. The bileaflet 
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heart valves are composed of three parts: two leaflets attached to a valve ring by small hinges. 

These leaflets can open almost parallel to the mainstream flow, hence presenting a minimum 

obstruction of flow. Monoleaflet heart valves are not as popular, due to an increased potential in 

flow obstruction and higher pressure drop
5;6

. However, it has been demonstrated that monoleaflet 

heart valves can actually have better hemodynamic performance compared to bileaflet heart 

valves by employing an optimum valve orientation and opening angle for the leaflet
7-12

. Bjork 

Shiley monoleaflet heart valves, composed of a leaflet secured to the valve ring through a strut, 

are one of the most successful monoleaflet valves with the lowest occurrence of complications
13

. 

The opening angle for bileaflet valves usually ranges from 75
o
 to 90

o
; and that for monoleaflet 

valves is from 60
o 
to 80

o14
.  

To design a mechanical heart valve, several aspects should be considered, including the 

tendency to cause hemolysis (destruction of red blood cells) and thrombosis, durability, and other 

biochemical responses. Hemodynamic performance of a valve reveals its potential to cause 

hemolysis and platelet activation in short and long terms. Hemodynamic performance can be 

evaluated by the obstruction of forward flow, flow separation, regions of high velocity flow 

(squeeze flow), high shear stress regions, cavitation (formation of low pressure bubbles), and 

turbulence.  

Under physiological conditions, the opening of a heart valve is very fast (in order of 25 to 

35 msec) and the valve reaches its fully opened position when the peak flow through the valve 

reaches less than 75% of its maximum
15

. This will result in the minimum obstruction of the 

forward flow and less energy loss. Nerem et al.
16

 reported that under normal conditions, the fluid 

flow in the valve region remains laminar most of the time, but the Reynolds number might reach 

up to 4500 at peak flow. The physiological range of shear stress on heart valve tissues is 0.3 - 8 

Pa, with the maximum shear stress occurring at peak systole
17

. 
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 The hemodynamic performance of an artificial heart valve can be tested using different 

methods. In vivo studies can provide the most physiologically relevant data on the performance of 

PHVs. But these experiments are very complicated since they require the implantation of heart 

valves into living animals. In vitro experiments are relatively easier and they usually require an 

experimental set up which can mimic the flow environment of the heart. Left ventricular assist 

device (LVAD) is well suited for this purpose; however, it is very expensive to be widely used in 

basic science research
40

. In order to reduce the costs of in vitro experiments with PHVs, a flow 

chamber with similar properties of a LVAD was developed by Ngwe
18

. Besides in vitro 

experiments, computational fluid dynamics (CFD) methods have been used by Ngwe to evaluate 

flow conditions in the flow chamber with the presence of PHVs. However, like most of the CFD 

models, his model did not simulate the valve motion and did not have sufficient temporal 

resolution
19

. A Fluid Structure Interaction (FSI) approach will be used in this study to simulate 

flow through monoleaflet and bileaflet MHVs in the flow chamber.   

The major goal of this thesis was to develop a high resolution numerical model to 

simulate the diaphragm motion of the flow chamber and corresponding valve leaflet motions, to 

provide a more accurate estimation of the flow conditions in the Ngwe’s flow chamber design
18

, 

using the FSI modeling approach. 

  The specific aims of this study were as the following:  

Specific Aim 1: to develop two dimensional and three dimensional numerical models to 

simulate the diaphragm motion and corresponding bileaflet valve motions using a FSI 

modeling approach, and evaluate flow dynamics around the valve area during systole and 

diastole. 

Specific Aim 2: to develop two dimensional and three dimensional numerical models to 

simulate the diaphragm motion and corresponding monoleaflet valve motions using a FSI 
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modeling approach, and evaluate flow dynamics around the valve area during systole and 

diastole. 

Specific Aim 3: to investigate the optimum opening angle for the monoleaflet mechanical 

heart valve and compare its hemodynamic performance to that of bileaflet heart valves. 

In this study complete 2D and 3D FSI models were developed to simulate the opening and 

closing behavior of monoleaflet and bileaflet mechanical valves, as well as associated dynamic 

flow conditions. The FSI model used the arbitrary Lagrangian-Eulerian (ALE) method for 

moving boundaries, and coupled with dynamic equations for leaflets and diaphragm motion. 

Valve motion was determined by fluid dynamics inside the flow chamber; and the diaphragm 

motion was controlled by a pulsatile pump, simulating the setup in Ngwe’s in vitro experiments. 

This model was developed based on the flow chamber’s geometrical parameters and proper 

boundary conditions. Therefore, it can be used as a numerical tool to assist in vitro studies to 

analyze hemodynamic performance of various heart valve designs. 
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CHAPTER II 
 

 

BACKGROUND 

 

 

 

 

 

2.1 ANATOMY OF THE HEART 

 The major function of the heart is to circulate blood throughout the body. Blood 

circulation is responsible for the transferring of the nutrients and oxygen to organs and tissues and 

simultaneously removing waste materials and carbon dioxide generated by cells.  The proper 

operation of the heart is vital for the healthy performance of all body tissues
20

.  

 The human heart has four chambers: the right atrium, the left atrium, the right ventricle 

and the left ventricle. The right and left atrium are separated from the right and left ventricle by 

coronary sulcus. Posterior interventricular sulcus separates the right side of the heart from the left 

side
21

. The right atrium receives deoxygenated blood through superior and inferior vena cava. The 

right ventricle pushes deoxygenated blood through the pulmonary arteries into the lungs where it 

becomes oxygenated. The oxygen rich blood goes to the left side of the heart, and it is then 

pumped by the left ventricle through the aorta to the rest of the body
22

. 
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The heart has four valves: tricuspid A-V valve, pulmonary valve, mitral valve and the 

aortic valve. Each heart valve acts as a one way valve, and it directs the blood flow in the right 

direction. Each valve has two or three cusps of tissue which are called leaflets. The blood 

pressure changes within each chamber controls the opening and closing behavior of each valve. 

The tricuspid AV valve is located between the right atrium and the right ventricle. The 

pulmonary valve is located between the right ventricle and the pulmonary artery. The mitral valve 

separates the left atrium from the left ventricle. The aortic valve separates the left ventricle from 

the aorta
22

. Figure 2.1 illustrates the location of individual heart valves as well as different 

chambers. 

 

Figure 2.1 Location of different valves and heart chambers
23

. 

A cardiac cycle is the interval between two subsequent heartbeats. The cardiac cycle has 

two different periods: systole and diastole. Systole is the phase in which the ventricles contract 

and push blood out of the heart. During diastole, the heart is relaxed, and the ventricles are filled 
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with blood
22

. Blood pressure reaches its highest and lowest during systole and diastole 

respectively. The cardiac output can be defined as the volume of blood which is pushed out of the 

heart per minute. Cardiac output is dependent on stroke volume (SV) and heart rate (HR). Stroke 

volume is the volume of blood which is pushed out of the heart at each heartbeat, which is about 

70 to 80 mL. Stroke volume is dependent on the end diastolic volume and end systolic volume. 

End diastolic volume (EDV) is the volume of blood in the ventricle before the ventricular 

contraction (at the end of ventricular diastole).  The end systolic volume (ESV) is the amount of 

blood in the ventricle right after the ventricular contraction (at the end of ventricular systole). 

Stroke volume can be calculated as the difference between EDV and ESV. The product of stroke 

volume and the heart rate gives the cardiac output which is about between 5 and 6 L/min for an 

average adult. 
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2.2 HEART VALVE DISEASE 

Heart valve disease affects more than 5 million Americans each year and can be defined 

as the situation in which heart valves do not work properly
24

. Heart valve diseases can be divided 

in two main classes: stenosis (narrowing) and incompetence (regurgitation). The stenotic heart 

valve occurs when the valve tissue is stiffened and prevents the valve to open fully. Incompetence 

occurs when a valve does not close properly and blood can flow backwards across the valve
25

. 

Heart valve disease can develop before birth (congenital valve disease) or can be 

developed sometime during the lifetime (acquired valve disease). Congenital valve disease mostly 

affects the aortic or pulmonic valve. In case of acquired valve disease, a variety of diseases or 

infections such as rheumatic fever and endocarditis may change the structure of the valve
25

.  

Finally, other heart diseases such as heart attack, coronary artery disease, heart muscle 

disease, connective tissue disease, and high blood pressure may also result in a heart valve 

disease
24

. In any of these conditions, the pupillary muscles which support the heart valves can be 

injured, so that the valve does not close tightly. Some heart valve diseases are caused by tumors, 

radiation, and some types of drugs
24

. 
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2.3 PROSTHETIC HEART VALVES 

Nowadays prosthetic heart valves (PHVs) are commonly used for the replacement of the 

diseased heart valves. Almost 60,000 patients in the United States are undergoing heart valve 

replacement surgery each year
3
. PHVs are made of synthetic materials (mechanical or polymeric 

heart valves) or biological tissue (bio prosthetic heart valves). Mechanical heart valves (MHVs) 

are commonly used in the heart valve replacement surgeries (nearly half of the replacement 

valves
26

). Dr. Charles Hufnagel implanted the first MHV in 1952
27

. Figure 2.2 shows the 

evaluation of mechanical heart valve since 1952. 

 

 

Figure 2.2 Prosthetic heart valve evaluations since 1952
20

. 
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Three main designs of MHVs include ball and cage valve, tilting disc valve, and the 

bileaflet valve (Figure 2.3). All these MHV designs are made of three main components including 

occluder, housing, and sewing ring. The occluder is usually a rigid body such as a ball (as in the 

caged ball valves), a disc (as in the Bjork-Shiley monoleaflet valves) or a hinged leaflet (as in the 

St. Jude bileaflet valves). The housing may include a cage-like structure and a ring structure. The 

function of the housing is to guide and restrict the occludar’s movement (cage-like structure) and 

to provide a seat for the occludar (ring structure). The sewing ring is for the implantation of the 

valve
28

. 

 

Figure 2.3 Three main designs of MHVs include the caged ball valve (A), the tilting disc 

valve (B), and the bileaflet valve (C)
28

. 

 

The first commercially available MHV was the Starr-Edwards ball in cage valve, which 

was presented in 1960
28

. So far about 200,000 of these valves have been implanted, and they have 

the longest clinical usage history compared to other MHV designs
28

. The original Starr-Edwards 

MHV was made of a ball, a sewing ring, and a cage-like structure. The valve is closed when the 

ball is seating in the sewing ring, and it opens when the ball moves forward into the cage (Figure 

2.3A)
29

. Some of the complications of the Starr-Edwards MHVs were reported as ball damage 

(cracks) and thrombus formation due to the central flow obstruction by the ball
25

. 

In late 1969 the Bjork Shiley monostrut valve was introduced which was the first 

successful tilting disk valve. Tilting disc valve models include the Medtronic Hall valve, the 

A B C 
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Omnicarbon valve, the Sorin Allcarbon tilting disc valve, and the Bjork-Shiley monostrut valve. 

Monoleaflet valves are composed of a single disk and a strut (Figure 2.3B). The function of the 

strut is to guide and restrict the occludar movement and to prevent its loss into the bloodstream
25

. 

Monoleaflet valves provide better hemodynamic performance due to a better central flow
26

. Some 

of the complications of the monoleaflet valves are strut fracture and thrombus formation
26

. 

Nowadays the majority (about 80%) of the implanted MHVs are bileaflet mechanical 

heart valves. Bileaflet valves include the ATS valve, ST. Jude valve, and Sorin Bicarbon valve. 

The St. Jude Medical (SJM) bileaflet valve has acceptable hemodynamic performance and is 

usually considered as the “golden standard”, among all mechanical heart valves
30

.  It is composed 

of two leaflets which are held by butterfly hinges (Figure 2.3C). Bileaflet valves provide a 

symmetric flow through the valve (if aligned properly) which reduces the possibility of flow 

separation. Due to the results of a study by Butany et al.
26

, bileaflet valves provide more central 

flow compared to the monoleaflet valves. However, further progress should be made with 

bileaflet mechanical heart valves in terms of durability and thrombogenicity. 

To overcome the disadvantages of MHVs, Bioprosthetic heart valves (BHV) were 

presented. BHVs are made from porcine valves or bovine pericardium. Porcine valves are most 

commonly used, and they usually fall into two categories: Hancock valves (Figure 2.4A) and 

Carpentier-Edwards valves (Figure 2.4B). Since BHVs are natural valves they provide a better 

hemodynamic performance and less thrombogenicity
31

. However, they come with the risk of 

calcification and possible immune responses. Calcification could result in stiffened leaflet cusps 

and stenotic heart valve
31

. In late 1976 Carpentier-Edwards valve was introduced to improve the 

BHV design. However, the Carpentier-Edwards valve is only a reliable choice as a tissue valve in 

the mitral position and for patients more than 60 years old
31

. More recently (1992), stentless 

porcine valves were introduced (Figure 2.4C). Stentless valves do not have any frame in their 

structure. Removing the stent from the valve reduces the resistance against the flow and lowers 
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the transvalvular pressure gradient.  Therefore, stentless valves have better hemodynamic 

performance compared to previous stented designs
32

. 

 

 

 

Figure 2.4 Different designs of BHVs including: the Hancock valve (A), the Carpentier-Edwards 

valve (B), and the Toronto SPV valve (C)
32;33

. 

 

 There is an ongoing need to improve the currently available PHV designs due to some 

major limitations. Mechanical heart valves are vulnerable to thrombosis and thromboembolism 

and require long-term anticoagulation treatment
30

. On the other hand, bioprosthetic valves have a 

limited life time due to structural changes such as leaflet wear and calcification
30

. 

 Some of the main design factors to be considered in the future heart valve designs include 

short and long term hemodynamic performance, durability, and biological response to the 

implant. Hemodynamic performance of the valve can be improved by valve designs which 

provide higher orifice area. A large orifice area will decrease the pressure gradients across the 

valve which leads to less energy loss
25

. It can also lower chances of flow transitioning into the 

turbulent region and reduce the blood cell damage in the valve area. High durability can be 

achieved by use of materials which are resistant to mechanical and structural wear and are non-

degradable in the physiological environment. The new design needs to also minimize trauma to 

A B C 
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the endothelial tissue of the cardiovascular structure and risks of platelet and thrombus 

deposition
34

.         

2.4 VENTRICULAR ASSIST DEVICE 

The testing of prosthetic heart valves and analysis of flow characteristics in a 

physiologically relevant replication of the human heart is necessary.   

Different experimental set ups have been introduced to test the hemodynamic 

performance of prosthetic heart valves. Dual chamber pulse duplicators, ventricular assist devices 

(VADs), and different mock loop systems are employed in different experimental studies. Dual 

chamber pulse duplicators can replicate ventricular and atrial muscle contraction and relaxation 

with independent hydraulic systems. These test devices can be used to investigate flow 

parameters such as pressure gradient, orifice area, leakage level, and velocity profiles in the valve 

area
35

. Mock loop systems are simplified hydraulic simulators of the cardiovascular system that 

have been employed to test heart valves. In vitro mock loops can provide reliable and quantitative 

data about the performance of heart valve implants
36-38

. Ventricular assist device (VAD) can also 

be used along with laser doppler velocimetry (LDV) and digital particle image velocimetry 

(DPIV) to reveal flow patterns downstream of the valves
39

. 

The first VADs were developed for short-term use until a donor heart could be found. 

VADs are particularly well suited to assess the hemodynamic performance of aortic and mitral 

prosthetic heart valves since they can provide a similar flow environment as a normal heart
40

. 

However, the high cost for the VAD prevents it from being widely used for research purposes
40

.  

In this context, a flow chamber with similar properties of a VAD and lower cost was developed 

by Ngwe et al.
18

. This system was composed of two compartments. The top compartment was 

designed for heart valve testing and the bottom compartment was a water chamber, which could 

be connected to a reciprocating pump. In the present study, flow conditions in the top flow 

chamber were investigated, where the heart valves were placed. 
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2.5 COMPUTATIONAL FLUID DYNAMICS 

 Besides in vitro, ex vivo and in vivo studies, computational fluid dynamics (CFD) is an 

effective alternative to study the hemodynamic performance of heart valves. The advantages of 

using CFD to study the performance of artificial heart valves include: relatively low cost, high 

speed, and ability to simulate real conditions. CFD simulations can be performed in a short period 

of time and provide engineering data early in the design process. Some of the flow processes in a 

MHV cannot be easily measured by experiments (e.g. high speed jet flow during the valve 

closure); however, CFD is capable of theoretically simulating any physical condition.  

In the early 1970s (almost a decade after the introduction of the first mechanical heart 

valve) the first CFD model was developed to study the flow dynamics of MHVs. The primary 

CFD models of prosthetic heart valves were two dimensional models, focusing mainly on 

simulating the large scale flow parameters in mechanical heart valves
41-45

. They were also used to 

assess the efficiency of diverse numerical methods and to compare the results with experimental 

fluid mechanics outcomes
42;45

. More CFD models were developed in the early 1990s with the 

invention of more powerful computer units. It was in this period that Gill-Jeong and Chandran
42

 

studied the transient closing behavior of Bjork-Shiley monoleaflet MHV. They employed the 

governing equations of motion with fluid pressure and gravitational force to calculate the position 

of the leaflet at each time step.  They reported a closing time of 10-15 msec and a maximum 

backflow velocity of about 1.5-2.5 m/sec. Their results were in agreement with an experimental 

study conducted by Chandran et al.
46

 They assumed that the flow was laminar and one-

dimensional in the axial direction.  

Krafczyk et al.
45

 simulated 3D transient physiological flow in bileaflet MHVs with 

different opening angles. They used a Lattice–Boltzmann scheme with nearly 6 million nodes to 

predict the flow pattern. They studied three dimensional flow parameters when the valve was kept 



15 

 

 

stationary at each specific opening angle. They estimated a maximum forward velocity of 0.3 m/s 

at the center of the tube and a peak shear stress magnitude of 10 N/m
2 
in the gap between the 

leaflets. The shear stress values estimated in this study were in agreement with the experimental 

results reported by Lee and Chandran
47

. The limitation of this study was that it neglected the 

effects of leaflet fluid interaction and the elasticity of the artery.  

King et al.
43 

used CFD to study the effect of opening angle on the flow dynamics through 

a carbomedics bileaflet MHV. In their study, they employed a commercial package called FIDAP 

(Fluid Dynamics International Applications Package) which was based on the Galerkin form of 

weighted residuals method. This study demonstrated that variation in the opening angle 

significantly affected the downstream flow and that opening angles greater than 80
o
 were 

preferable for the bileaflet valves. The weakness of this study was the use of steady laminar 

simulation without considering the leaflet motion. Later in 1997, King et al.
25 

studied the same 

problem of the optimal opening angle for a bileaflet MHV by employing a three dimensional 

transient CFD model. This time their results demonstrated that the maximum shear rate and the 

maximum velocity increased with an increase in the opening angle from 78
o 
to 80

o
. The 

maximum shear rate was 42000 Sec
-1

 and 38000 Sec
-1

 for the 85 and 78 degrees of opening angle 

respectively and occurred on the edge of the leaflet adjacent to the valve ring. The maximum 

velocity was 1.6 m/s and 1.5 m/s for the 85 and 78 degrees of opening angle respectively. In the 

valve with 85 degrees of opening angle the gap between the leaflets was smaller in they fully 

opened position and as a result the maximum velocity was increased. They concluded that the 

geometry of the central flow also needs to be taken into the consideration.  

 Aluri and Chandran
41

 studied cavitation possibility during the closure of a typical 

bileaflet MHV in the mitral position. They used grids with 2048 and 56,192 nodes in 2D and 3D 

models respectively. Their model solved conservation of mass and Navier–Stokes equations to 

capture the pressure and flow patterns during the valve closure. They reported a maximum 
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velocity of 13 m/s and 4.73 m/s and a maximum shear stress of 4000 Pa and 725 Pa in the gap 

between the leaflet and the wall at the instant of valve closure in the 3D and 2D models 

respectively. They also reported a maximum pressure difference of 130,389 Pa and 13,332 Pa 

across the valve in the 3D and 2D models respectively. The shear stress values reported in this 

study were above the physiological range (0.3 – 8 Pa) for heart valve tissue
58

. The major 

weakness of this study was avoiding the leaflet fluid interaction during the valve closure.  

Lai et al.
48

 presented a computational model to study a typical bileaflet MHV closure 

process. They used a grid of 9830 nodes with an arbitrary Lagrange-Euler solver to study the 

effect of leaflet geometry on the pressure in the valve region during closure. This study has 

established that the arbitrary Lagrange-Euler solver modeling can serve in CFD modeling of 

valve designs. They reported that, for a valve closure time of 33.156 msec, the maximal velocity 

in the gap between the leaflet and the wall at the instant of valve closure was 13 m/s. Limitation 

of this study was the use of a simplified 2D geometry for the leaflets and avoiding the leaflet fluid 

interaction during the valve closure.  

Rosenfeld et al.
49

 numerically studied the flow across a tilting disk MHV. They used a 2D 

grid with 20,000 nodes to investigate the flow parameters near the leaflet. They utilized both 

moving and fixed mesh grids for the valve. In the moving mesh case, the maximum pressure drop 

at the valve fully open position was 2130 Pa, while the mean was 400 Pa. They pointed out that 

leaflet motion had a significant effect on flow characteristics when the valve was fully open. The 

major limitation of this study was that only simplified 2D geometry was used. 

 Krishnan et al
50

 numerically studied the relationship between shear stress and platelet 

activation in a Medtronic bileaflet mechanical valve during the valve closure phase. They 

employed 2D Navier–Stokes Equations in the non-dimensional form. Due to the results of this 

study, the maximum velocity and shear stress were 20 m/s and 11000 Pa in the gap between the 
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leaflet and the wall at the instant of valve closure. Results from this study showed that the jet flow 

through the gap between the leaflet and the wall was the main cause of platelet activation in this 

region. Estimated shear stress values in this study were also higher than physiological range of 

shear stress in case of heart valve tissues (0.3 – 8 Pa)
58

. The weakness of this study was the use of 

fixed grid Cartesian mesh and the 2D geometry for the leaflets.  

 Yin et al.
51

 compared the relationship between shear stress and the platelet activation in 

bileaflet and monoleaflet MHVs. They used Wilcox k − ω turbulence method and a platelet 

activation model to study the effect of shear stress on platelet activation in these two different 

valve designs. The 2D grid consisted of 89,000 nodes and 23,000 elements. This study indicated 

that the bileaflet mechanical valves induced higher shear stress compared to the monoleaflet 

valves, which resulted in higher tendency for platelet activation. The limitation of the 

computational model was neglecting the effect of leaflet motion and the flow dynamics in the 

valve hinge regions.  

 Simon et al
52

 studied the 3D flow parameters in the valve hinge regions of a bileaflet 

MHV in the aortic position. They employed Cartesian sharp interference immersed boundary 

approach combined with a second-order accurate fraction step method. Their results demonstrated 

that the flow fields in the valve hinge area were highly prone to platelet aggregation and 

thrombosis. This model was not able to simulate the flow dynamics at the instant of valve closure, 

and blood was also modeled as an incompressible Newtonian fluid. 

 Most recent models tried to numerically couple the motion of heart valve leaflets with the 

fluid flow to improve model accuracy. In addition, these studies used more realistic three 

dimensional valve leaflet geometries and improved the assumption criteria by including important 

local flow properties such as turbulence and cavitation. de Hart
53

 studied the effect of fluid 

structure interaction (FSI) for the aortic valve opening and closing phases. He used a Lagrange 
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multiplier based fictitious domain method coupled with a finite element method for the fluid. 

Results from this study showed that the combined fictitious domain and arbitrary Lagrange-Euler 

method is a useful numerical tool for FSI analyses of the aortic valve.  

 Govindarajan et al.
54

 conducted a 2D FSI simulation of the closing behavior of a Bjork-

Shiley monostrut MHV in the mitral position. The leaflet motion was calculated based on the 

external forces and momentum applied on the leaflet surfaces from the surrounding fluid. They 

estimated that it took the leaflet 35 s to reach the closed position (a 70
o
 movement). The 

maximum shear stress and fluid velocity in the gap between the leaflet and the wall at the fully 

closed position was 7536 Pa and 41.8 m/s. The major limitation of this study was that they 

initialized the simulation with fluid being stationary and the valve being at the fully open 

position. The opening motion of the mitral valve during diastole and the corresponding flow 

conditions could have affected the closing characteristics of the valve. Cheng et al.
55

 studied the 

three dimensional unsteady flow in a typical bileaflet MHV in the mitral position during the valve 

closure phase by employing the FSI method.  Arbitrary Lagrangian–Eulerian method was used in 

the FSI model. The forces exerted by the fluid on the leaflets were computed and applied to the 

leaflet equation of motion to predict the leaflet position. The 3D geometry was consisted of a total 

number of 226090 nodes with 210000 elements. In this model, the pressure was assumed to be 

constant at zero in the arterial side of the valve while the ventricular pressure was increasing at a 

rate of 266644 Pa/s. Such initial conditions for the pressure resulted in development of significant 

local positive and negative pressures around the leaflet surface. At the instant of valve closure, 

the maximum negative pressure in the valve region was −79593 Pa with the corresponding 

maximum positive pressure of 81592 Pa. The maximum velocity and shear stress were 28 m/s 

and 18 kPa respectively in the gap between the leaflet and the wall. The weakness of this study 

was the use of an unrealistic and simplified geometry for leaflets.  
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 Nobili et al.
56

 numerically studied the flow dynamics in a St. Jude bileaflet MHV using 

the FSI method. They used Arbitrary Lagrangian-Eulerian method in their model. They reported 

that it took 0.04 seconds for the valve leaflets to reach their fully opened position (85
o
). The 

maximum transvalvular pressure measured during systole was 2933 Pa and the maximum 

velocity was 1.4 m/s at the peak systole. They conducted validation experiments using a mock 

loop. Since their model was not able to model the contact between the leaflet and the wall, they 

had to model the leaflets smaller than their actual size. This resulted in a smaller moment of 

inertia for the leaflets and consequently higher opening velocities in the numerical simulation 

compared to the experimental results. Also, compliance of the aortic root and the friction forces 

due to the presence of the hinge mechanism were neglected in their numerical simulation.  

 According to Sotiropoulos
57

, recent development of FSI capabilities gives us the ability to 

simulate the monoleaflet and bileaflet MHV flows under physiologic conditions and with high 

resolutions. 

 The present project followed Ngwe’s
18

 study to evaluate three dimensional flow patterns 

induced by different MHVs in a flow chamber. In his study, numerical simulation was conducted 

under steady conditions without considering the movement of valve leaflets. He demonstrated 

that flow was prominently laminar in the flow chamber during one cardiac cycle. The 

transvalvular pressure across the outlet valve during systole was 57.2 Pa, that across the inlet 

valve during diastole was 37.8 Pa. The maximum velocity was reported as 0.35 m/s in both 

valves. The major goal of the present study was to develop a high resolution numerical model to 

simulate the diaphragm motion and corresponding valve leaflet motions, to provide a more 

accurate estimation of the flow conditions in the flow chamber, using the FSI modeling approach.      
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CHAPTER III 
 

 

MODELING PROCEDURE 

 

3.1 GEOMETRY 

3.1.1 FLOW CHAMBER GEOMETRY 

The flow chamber was designed to provide a physiologically relevant mechanical 

environment to evaluate the performance of artificial heart valves. It followed the original design 

of a left ventricular assist device (LVAD)
59

. The whole system was composed of two 

compartments, separated by a diaphragm (Figure 3.1). The top compartment was designed for 

heart valve testing and the bottom compartment was a water chamber, which could be connected 

to a reciprocating pump. Two artificial heart valves can be placed on each side of the top flow 

chamber to control the direction of flow, driven by a reciprocating pump through the diaphragm 

at the bottom of the chamber (Figure 3.1)
60

. To generate the physiological flow conditions of a 

normal heart, the stroke volume was set at 80 mL, stroke rate at 72 min
-1

, and systole/diastole 

ratio at 3/8. Since the bottom flow chamber was not in direct contact with the heart valves, flow 

condition in this chamber was not simulated.  The focus of the present study is the flow 

conditions in the top flow chamber, where the heart valves were placed. The geometry of the flow 

chamber was constructed in ANSYS ICEM CFD 13.0, in both 2D and 3D. 
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For the 2D model, the cross section of the flow chamber was constructed as a segment (of 

a circle) with a base of 0.093 m and a height of 0.031 m. The centers of the inlet and outlet 

channels (0.0254 m in diameter, where the valves were placed) were 0.05 m apart, on each side of 

the chamber
60

. The height of the inlet and outlet channels was 0.072 m. The details of the 2D 

geometry are shown in Figure 3.2. 

 

 

Figure 3.1 3D CAD model of the flow chamber. (A) The top surface of the fluid 

chamber, where the heart valves would be placed. (B) The bottom surface of the fluid chamber. It 

served as a water chamber to drive the movement of the diaphragm. (C) Assembled flow 

chamber. Picture from reference 18 with modification.
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Figure 3.2 2D geometry of flow chamber constructed using ICEM CFD. 

 

For the 3D model (Figure 3.3), the geometry was considered as a dome. The diameter of 

the base was 0.09398 m and the height was 0.03175 m. Similar to the 2D model, the inlet and 

outlet channels were placed on each side of the chamber, and the centers of the two channels were 

0.05 m apart. The height of the channels was 0.072 m. The total volume of the flow chamber was 

127 mL.  
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Figure 3.3 3D geometry of flow chamber constructed using ICEM CFD 
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3.1.2 THE BILEAFLET HEART VALVE GEOMETRY 

Two St. Jude bileaflet mechanical heart valves were used in the numerical model as the 

control valves.  The external diameter of the St. Jude bileaflet heart valve used in this study was 

25 mm (without the suture ring) and its geometry is shown in Figure 3.4. When fully open, the 

valve leaflet was set at 5
o
 with respect to the y axis; and when fully closed, the valve leaflet was 

set at a 25
o
 angle, reference to the x axis. Therefore, the leaflet moved 60 from the fully closed 

position to the fully open position. In Figure 3.4, the direction of flow during diastole is shown by 

the thin blue arrow and that during systole by the thick red arrow.  In the 2D simulation, the 

cross-section of the leaflet was close to a rectangle (shown in Figure 3.4) with a width of 

0.000899 m and a length of 0.0139 m. The leaflet rotated around rotation center O, which was 

located on the rectangle centerline and 0.0014 m away from the leaflet inner edge.  For the 3D 

model, the leaflet was defined as half of a disk, with a diameter of 0.0139 m and a thickness of 

0.000899 m. The axis of rotation was defined as a line passing through the leaflet, 0.0014 m away 

from the leaflet inner edge
61

. Figure 3.5 shows the constructed 2D and 3D geometries of the valve 

leaflets at the fully closed position in ICEM CFD.  
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Figure 3.5 St. Jude Medical bileaflet heart valve geometry in 2D and 3D, constructed in ICEM 

CFD 
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3.1.3 THE MONOLEAFLET HEART VALVE GEOMETRY 

A monoleaflet heart valve was designed based on the geometry of a 25 mm Bjork Shiley 

tilting disc valve, and its hemodynamic performance was evaluated in the present study. For the 

2D model, the leaflet geometry was defined as a rectangle with a width of 0.0015 m and a length 

of 0.024 m. The leaflet rotated around the rotation center O, which was located 0.006 m off the 

center on one side of the leaflet
62

. For the 3D model, the leaflet was defined as a disk with a 

diameter of 0.024 m and a thickness of 0.0015 m.  The axis of rotation was defined as a line 

passing through the leaflet, 0.006 m away from the leaflet edge. There was a 0.00005m- gap 

between the leaflet and the wall when the valve was fully closed
62

. The geometry specifications 

of the monoleaflet valve are shown in Figure 3.6. In the present study, we wanted to investigate 

the effect of monoleaflet heart valve opening angle on flow conditions, therefore,  in our CFD 

simulations, the valve opening angle, Ө (valve inclination angle with respect to x axis), was 

defined to range from 45
o
 to 85

o
. The fully closed position for the valve was set to be 0 (to x 

axis). In Figure 3.6, the direction of flow during diastole is shown by the thin blue arrow and that 

during systole by the thick red arrow. Figure 3.7 shows the constructed 2D and 3D geometries of 

the valve leaflet at the fully closed position in ICEM CFD. 
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Figure 3.7 The monoleaflet valve geometry in 2D and 3D, constructed in ICEM CFD 
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3.2 NUMERICAL MODEL 

3.2.1 MESHING 

3.2.1.1 TWO-DIMENSIONAL MODEL 

The 2D monoleaflet and bileaflet heart valve models were meshed with robust mesh 

method using tetrahedral/mixed mesh elements in ANSYS ICEM CFD 13.0.1. Robust 

tetra/mixed mesh method generated tetra volume mesh with prism layers. The meshing 

parameters were defined by surface meshing. The maximum surface mesh size differed from one 

surface to another depending on the complication of the fluid flow in that region and the 

possibility of mesh motion.  

 

3.2.1.1.1 THE BILEAFLET HEART VALVE 

Due to the simplicity of the 2D model, both valves had a uniform fine mesh throughout 

the whole geometry. All results from the simulation were tested for mesh independency. Figure 

3.8 shows the meshing of the bileaflet heart valve and the fluid chamber. Table 3.1 summarizes 

the maximum mesh size, and number of nodes and elements in the model for each surface.  
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Table 3.1 Mesh information of each individual surface for SJM heart valve 

Part Name 
Mesh 

Motion 

Maximum 

Mesh Size 

Number of 

Elements 

Number of 

Nodes 

Diaphragm Yes 0.1 115 78 

Housing No 0.1 72 54 

Inlet No 0.1 152 102 

Outlet No 0.1 48 34 

Inlet Interface No 0.1 39 26 

Outlet Interface No 0.1 38 26 

Inlet Right Leaflet Yes 0.01 352 174 

Inlet Left Leaflet Yes 0.01 352 174 

Outlet Right Leaflet Yes 0.01 352 174 

Outlet Left Leaflet Yes 0.01 352 174 

Inlet Symmetry No 0.02 32685 174 

Outlet Symmetry No 0.02 32685 21204 

Housing Symmetry No 0.02 10332 21204 

Inlet Wall No 0.05 1279 828 

Outlet Wall No 0.05 1279 298 

 

 

Figure 3.8 Two dimensional surface meshing of bileaflet heart valve along with the fluid chamber   
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3.2.1.1.2 The MONOLEAFLET HEART VALVE 

Table 3.2 summarizes the maximum mesh size, and number of nodes and elements in the 

monoleaflet heart valve model for each surface. Figure 3.9 shows the meshing of monoleaflet 

heart valve and the fluid chamber.  

Table 3.2 Mesh information of each individual surface for the monoleaflet heart valve 

Part Name 
Mesh 

Motion 

Maximum 

Mesh Size 

Number of 

Elements 

Number of 

Nodes 

Diaphragm Yes 0.1 142 78 

Housing No 0.1 82 54 

Inlet No 0.1 156 102 

Outlet No 0.1 48 34 

Inlet Interface No 0.1 41 26 

Outlet Interface No 0.1 38 26 

Inlet Valve Yes 0.01 2304 1330 

Outlet Valve Yes 0.01 2304 1330 

Inlet Symmetry No 0.02 23877 12232 

Outlet Symmetry No 0.02 23867 12225 

Housing Symmetry No 0.02 18744 9636 

Inlet Wall No 0.05 452 828 

Outlet Wall No 0.05 448 268 
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Figure 3.9 Two dimensional surface meshing of monoleaflet heart valve along with the fluid 

chamber.   
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 3.2.1.2 THREE-DIMENSIONAL MODEL 

The 3D models of the monoleaflet and bileaflet valves were meshed with a similar robust 

mesh method, using tetrahedral/mixed mesh element type in ANSYS ICEM CFD 13.0.1. Due to 

the computational memory limitation (Intel 3.2 GHz dual processor, 12 Gb RAM), the 3D model 

geometry was simplified. During systole, since the inlet valve remained closed, the model 

contained only the flow chamber and the outlet channel with the valve; while during diastole, 

since the outlet valve remained closed, the model contained only the flow chamber and the inlet 

channel with the valve. The 3D models were meshed with different mesh density for different 

volumes, based on the required resolution and region of interest. The areas around the valves and 

the diaphragm were finely meshed because of their motion. Meshing for the 3D simulation was 

checked for mesh independency. Tables 3.3 to 3.6 demonstrate the maximum mesh size and 

number of nodes and elements in each model for each volume. Figures 3.10 and 3.11 show the 

3D meshing for the bileaflet and monoleaflet heart valves and the fluid chamber.  

Table 3.3 Mesh information of each individual volume for the bileaflet heart valve during 

systole 

Part Name 
Mesh 

Motion 

Maximum 

Mesh Size 

Number of 

Elements 

Number of 

Nodes 

Diaphragm Yes 0.1 3574 1878 

Housing No 0.1 8876 4751 

Outlet No 0.05 4362 2182 

Inlet Interface No 0.02 6925 3570 

Outlet Interface No 0.02 6919 3578 

Outlet Right Leaflet Yes 0.01 27813 13615 

Outlet Left Leaflet Yes 0.01 27813 13593 

Outlet Tube No 0.05 131450 26825 
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Table 3.4 Mesh information of each individual surface for the bileaflet heart valve during 

diastole 

Part Name 
Mesh 

Motion 

Maximum 

Mesh Size 

Number of 

Elements 

Number of 

Nodes 

Diaphragm Yes 0.1 3574 1878 

Housing No 0.1 8876 4751 

Inlet No 0.05 4362 2182 

Inlet Interface No 0.02 6925 3570 

Outlet Interface No 0.02 6919 3578 

Inlet Right Leaflet Yes 0.01 27813 13615 

Inlet Left Leaflet Yes 0.01 27813 13593 

Inlet Tube No 0.05 131450 26825 
 

Table 3.5 Mesh information of each individual surface for the monoleaflet heart valve 

during systole 

Part Name 
Mesh 

Motion 

Maximum 

Mesh Size 

Number of 

Elements 

Number of 

Nodes 

Diaphragm Yes 0.1 3574 1873 

Housing No 0.1 8876 4738 

Outlet No 0.05 4331 2152 

Inlet Interface No 0.02 6918 3564 

Outlet Interface No 0.02 6899 3562 

Outlet Valve Yes 0.01 455 204 

Outlet Tube No 0.05 222368 
45088 

 

Table 3.6 Mesh information of each individual surface for the monoleaflet heart valve 

during diastole 

Part Name 
Mesh 

Motion 

Maximum 

Mesh Size 

Number of 

Elements 

Number of 

Nodes 

Diaphragm Yes 0.1 3574 1873 

Housing No 0.1 8876 4738 

Inlet No 0.05 4331 2152 

Inlet Interface No 0.02 6918 3564 

Outlet Interface No 0.02 6899 3562 

Inlet Valve Yes 0.01 455 204 

Inlet Tube No 0.05 222368 
45088 
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Figure 3.10 Three dimensional volume meshing of bileaflet heart valve along with the fluid 

chamber at the beginning of systole (A) and diastole (B).  
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Figure 3.11 Three dimensional volume meshing of the monoleaflet heart valve along with the 

fluid chamber. Systolic model (A), diastolic model (B). 
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3.2.2 DIAPHRAGM AND VALVE LEAFLET MOTION 

3.2.2.1 DIAPHRAGM MOTION 

In the current model the movement of the diaphragm caused the two valves to open and 

close. The volume change induced by the diaphragm in one cardiac cycle was 80 mL, matching 

the stroke volume. The equation for the diaphragm motion was developed in 2D and 3D forms 

using MATLAB R2011a.  

Here, we assumed that the diaphragm was in the shape of a spherical cap at each time 

step during systole and diastole (Figure 3.12). Volume covered by this spherical cap was equal to 

the amount of water pushed in by the pump, and the amount of blood pushed out of the chamber 

by the diaphragm.  

 

Figure 3.12 The volume occupied by the diaphragm at each time step is considered as the volume 

of a spherical cap. a is the initial radius of the diaphragm at t=0, h is the height, and R is the 

radius of the base sphere. 
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Knowing the stroke volume (SV = 80 mL) and the durations of systole and diastole 

(0.2454 s for systole and 0.6546 s for diastole), two different scalar coefficients were derived to 

describe the relationship between the accumulated simulation time and the spherical cap volume. 

These coefficients could be determined by the average flow rate moving out or into the flow 

chamber, which were derived by dividing the maximum volume (80 mL) by the duration of 

systole (0.2454 sec) and diastole (0.6546 sec) respectively. At each time step, the spherical cap 

volume was calculated by Equations 3.1 and 3.2 during systole and diastole respectively: 

V = 3.26E-4 * t          (Equation 3.1) 

V = 1.22E-4 * t          (Equation 3.2) 

where V was the volume under the spherical cap in m
3
 and t was accumulated time in seconds. 

The volume of a spherical cap can be approximated using Equation 3.3. 

      
 

 
     (       )         (            ) 

where a is the initial radius of the diaphragm (at equilibrium), and h is the height of the spherical 

cap at each time step (Figure 3.12), and h can be solved as:  

   (
   

  
   )

 
   

  

 
  
 
  

  

 (
   

  
   )

 
  

  
  

 
 

         (            ) 

For the base sphere (Figure 3.12), 

                        (Equation 3.5) 

where X, Y, and Z are the coordinates of any node located on the surface of the sphere and R is 

the base sphere radius. A secondary coordinate system (x, y, and z) was created at the center of 

the diaphragm (Figure 3.12). For nodes on the sphere surface X and Z coordinates were the same 
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as x and z, but for Y and y coordinates, they follow the relationship descripted in Equation 3.6, 

as:  

                 (Equation 3.6) 

Substituting Y in Equation 3.5, we could determine the coordinates of each mesh node on the 

diaphragm in the (x, y, z) coordinate system:  

   (     )                 (            ) 

Since        (   )  (from the Pythagorean Theorem), R in the above equation can be 

replaced by R (      )   ; and y was solved as:  

  
(                       )

 
       

  
           (            ) 

where h was defined by Equation 3.4. By inputting a (initial radius of the diaphragm), h (height of 

the spherical cap), and x and y coordinates of each node in the above equation, the displacement 

(y) was calculated in MATLAB for all time steps. The displacement of the diaphragm during 

systole (0-0.2454s) is shown in Figure 3.13 (plotted in Matlab). During diastole, the diaphragm 

moved from the location with the maximum displacement to the initial equilibrium position 

(Figure 3.14, which is opposite from Figure 3.13).  
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Figure 3.13 Diaphragm displacement calculation during systole using MATLAB software 

 

 

 

Figure 3.14 Diaphragm displacement calculation during diastole using MATLAB software 

 

t = 0.04 t = 0.08 

t = 0.12 t = 0.16 

t = 0.20 t = 0.245 

t = 0.245 t = 0.37 

t = 0.4 t = 0.53 

t = 0.9 t = 0.66 
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3.2.2.1.1 2D DIAPHRAGM MOTION 

To simulate the diaphragm motion in the 2D model, z value was set at 0. Therefore, 

by solving Equation 3.8 when z = 0, the diaphragm motion for the 2D models can be 

described using Equation 3.9: 

  
(                 )

 
       

  
          (            ) 

The diaphragm motion during systole and diastole in 2D models are shown in Figure 3.15 and 

Figure 3.16 (taken from ANSYS). 
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Figure 3.15 (a-f) contours of total mesh displacement during the systole for 2D models 

 

Figure 3.16 (a-f) contours of total mesh displacement during the diastole for 2D models 

 

 

 

 

 

t = 0.04 t = 0.08 

t = 0.12 t = 0.16 

t = 0.20 t = 0.245 

t = 0.245 t = 0.37 

t = 0.4 t = 0.53 

t = 0.79 t = 0.66 
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3.2.2.1.2 3D DIAPHRAGM MOTION 

For 3D simulations, the displacement equation (3.8) was directly imported to ANSYS 

CFX to calculate diaphragm motion. At each time step this equation was solved to calculate the 

value of diaphragm displacement in y direction. Figures 3.17 and 3.18 show the contours of 

diaphragm displacement during systole and diastole respectively (taken from ANSYS). 
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Figure 3.17 (a-f) contours of total mesh displacement during the systole for 3D models 

 

 

Figure 3.18 (a-f) contours of total mesh displacement during the diastole for 3D models 

 

t = 0 

t = 0.245 

t = 0.12 

t = 0.04 

t = 0.08 

t = 0.2 

t = 0.245 t = 0.37 

t = 0.4 t = 0.53 

t = 0.9 t = 0.79 
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3.2.2.1.3 DIAPHRAGM MESH DIFFUSION 

  The motion of all the other nodes in the flow chamber was determined by the 

displacement diffusion method. Using this method, the displacement of the mesh nodes on the 

diaphragm was diffused to the mesh nodes of the flow chamber (Figure 3.19 and 3.20). The 

equation used for this purpose is as the following: 

  (         )             (             ) 

where 𝛅 is the relative displacement of the flow chamber mesh and       is the mesh stiffness. 

Mesh stiffness was defined as the ability of the mesh nodes to move together without being 

skewed
63

. To prevent negative mesh volume during the mesh movement, we used the mesh 

displacement diffusion option with a mesh stiffness value of 1.0 (m^5 s^-1)/volcvol. The variable 

volcvol (volume of finite volumes) is a predefined variable related to the local mesh element 

volume. The mesh stiffness was defined as inversely proportional to the mesh element size
63

. 

Therefore, the regions of smaller elements (regions which were prone to experience mesh 

folding) had higher stiffness.  
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Figure 3.19 (a-f) diffusion of diaphragm mesh displacement to the flow chamber mesh 

nodes in the 2D model. 

 

Figure 3.20 (a-f) diffusion of diaphragm mesh displacement to the flow chamber mesh 

nodes in the 3D model. 

t = 0.04 t = 0.08 

t = 0.12 t = 0.16 

t = 0.20 t = 0.245 

t = 0.04 t = 0.08 

t = 0.12 t = 0.16 

t = 0.20 t = 0.245 
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3.2.2.2 VALVE LEAFLET MOTION  

For valve motion, since the movement of the valve leaflet was very fast (0.016-0.022 

sec), we were not able to model it with the mesh displacement method employed to describe the 

diaphragm motion. In here, a fluid structure interaction method was employed using an ANSYS 

CFX feature called “six degrees-of-freedom Rigid Body Solver”. A rigid body was defined as a 

solid domain which can move through a fluid domain without any deformation. A rigid body 

could be modeled in two different ways. The first method was to define the 2D regions of the 

rigid body as different faces and apply mesh motion criteria to each face. Alternatively, the whole 

rigid body could be modeled as an immersed solid. Using this method, the motion of the 

immersed solid was calculated by solving the rigid body motion equations. These motion 

equations are known as Euler’s laws which include the following two laws: 

∑  
 

  
 ( )       (             ) 

∑    
 

  
 (  )         (             ) 

where F is the force exerted on the rigid body, G is the translational motion of the rigid body, Mo 

is the moment force applied on the body around the rigid body center of rotation (O), and Ho is 

the angular momentum of the rigid body around its center of rotation. The first law describes how 

the sum of forces applied on the rigid body affects the rigid body translational motion and the 

second law defines how the rigid body angular momentum is affected by the exerted moment 

forces and couples.     

In this study, the leaflet was defined as an immersed solid. The leaflet motion was 

determined by solving the interaction force between fluid and the leaflet. The leaflet had one 

degree of freedom, rotating around the Z-axis in the local coordinate frame (Figure 3.21).  
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Figure 3.21 The Z-axis of the local coordinate frame was passing throw the rotation axis 

of each leaflet. 

The other parameters that were defined include: leaflet mass, center of gravity, gravity 

magnitude, moment of inertia, initial velocities and accelerations, and orientation. The center of 

gravity was calculated by ANSYS CFX-Solver automatically; the initial velocities and 

accelerations were all set to zero. Other parameters were calculated using the geometrical 

measurements presented in the geometry section (refer to Table 3.1 through 3.6) and they are 

listed in Table 3.7 and Table 3.8 for the bileaflet and monoleaflet valves respectively. The same 

parameters were used in 2D and 3D models. The ANSYS rigid body solver calculated the 

moments acting on the leaflet, which were induced by the fluid pressure (Mp), frictional shear 

stress (Mf), and gravitational force (Mg) over the leaflet surface (M = Mp + Mf + Mg). The rigid 

body solver was able to calculate these forces and moments to determine the leaflet angle, 

velocity, and position.  

Starting with the initial local coordinates (XYZ) defined for each leaflet (Figure 3.21), a 

composition of three intrinsic rotations can be used to reach and determine the new orientation of 

the valve leaflet frame during the rigid body rotation. The values for these rotations are known as 

Euler Angles and they are shown by α, β, and γ
63

. The position of the leaflet was determined 

using these angles as follows: First, Euler angle α rotates the XYZ-system about the Z-axis and 
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modifies the initial orientation; Euler angle β then further modifies the orientation by a rotation 

about the (modified) Y-axis; finally, Euler Angle γ further modifies the orientation by a rotation 

about the (twice modified) X-axis (Figure 3.22). 

 

Table 3.7 Physical properties of the bileaflet valve leaflet (one leaflet) 

Parameter Value 

Moment of Inertia (I) 
8.1 E-9 kg m

2
 

Mass 
4.38786E-4 Kg 

Volume (V) 
2.19393E-7 m

3
 

Density (ρ) 
2000 kg/m

3
 

 

Table 3.8 Physical properties of monoleaflet valve leaflet 

Parameter Value 

Moment of Inertia (I) 
1.21E-7 kg m

2 

Mass 
1.682E-3 kg 

Volume (V) 
6.7824E-7 m

3
 

Density (ρ) 
2000 kg/m

3
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Figure 3.22 Rectangular coordinate (xyz) (A) and Euler angles (X,Y and Z) after 

reorientation (B)
63

. 



52 

 

One major limitation of the rigid body solver is that it cannot model a collision. 

Therefore, the rotating motion of the valve leaflet would not stop even when the leaflet touched 

the vessel wall (i.e., at its fully open position). To solve this problem, we defined an expression in 

ANSYS CFX PRE to monitor the leaflet angle; when the leaflet reached a specified angle (e.g., 

85
o 

for the bileaflet valve) the motion would be stopped.  This expression was defined by the 

following CFX command: “rbstate(Euler Angle X)@RigidBody”. As soon as the value returned 

by this expression exceeded a specified value, (e.g., 85
o
 for the maximum valve opening for the 

bileaflet valve) the rigid body solver was turned off and the leaflet was kept stationary. 

Another problem associated with defining valves as immersed solids was that, due to the 

low momentum of the leaflet, the leaflet could be mildly permeable to the flow. This generally 

means that the motion of the fluid nodes which lie inside the immersed solid might not match the 

immersed solid mesh motion. ANSYS CFX treats an immersed solid as a general momentum 

source. A momentum source was defined as a momentum value per unit volume in a specific 

direction. In order to make the fluid (within the immersed solid) velocity match the immersed 

solid velocity, the solver applied the same momentum source to the fluid nodes that lie inside the 

immersed solid, by defining a momentum source scalar coefficient (this coefficient can control 

how close the immersed solid velocity matches the fluid velocity). By applying a scaling factor to 

the momentum sources scalar coefficient, we were able to accurately match the velocity of the 

fluid within the immersed solid to that of the immersed solid.  In the 3D model, the momentum 

source coefficient was increased by 30% without causing any problem. However, for the 2D 

model, any slight increase in the momentum source caused serious robustness problems that 

resulted in diverging solutions. Therefore, no scaling factor was defined in the 2D model, which 

may have slightly reduced the accuracy of the leaflet motion calculation in 2D simulations 

compared to the 3D models.  
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3.2.3 COMPUTATIONAL FLUID DYNAMICS 

3.2.3.1 BASIC THEORY 

ANSYS CFX was used to solve the unsteady Navier-Stokes equations in their 

conservation form (i.e. conservation of mass, conservation of momentum, and conservation of 

energy). The instantaneous mass, momentum, energy conservation equations are listed below
63

.  

The continuity equation: 

  

  
     (   )             (             ) 

Conservation of momentum equation: 

   

 (  )

  
     (    )                      (             ) 

where   is defined by the following equation: 

       (   (  )   
 

 
       )       (             ) 

The total energy equation: 

 (     )

  
  
  

  
     (      )      (   )      (   )              (             ) 

where         
 

 
  ,    (   ) represents viscous stress work, and       represents the work 

due to external momentum source. In these equations   is fluid density (density of water in this 

case which is 997 kg/m
3
),   is fluid viscosity (1 cP in this case),   is pressure, T is the 

temperature, λ = - 
 

 
        is the external source of energy, and U is the velocity.   
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The continuity and momentum equations were used in the numerical model for the 

calculation of the fluid motion. For the interaction between the fluid domain and the solid 

domain, ANSYS used the Euler method for the fluid domain and the Lagrange method for the 

structural domain, and the Euler-Lagrange method for fluid-structure interaction (FSI) for the 

interaction between the two. The Lagrange method used a flexible mesh which could deform due 

to the forces applied to it from the neighboring elements. This enabled the solver to model the 

motion of the structure using a neighboring fluid element. On the other hand, the Euler method 

used a fixed mesh and it was suitable for the fluids due to their relatively large movement. The 

Euler-Lagrange method could be used to simulate a variety of fluid dynamics problems. It used 

both flexible mesh vertices as in the Lagrange method and fixed mesh vertices as in the Euler 

method. This method also employed mesh vertices that would move in any prescribed manner
64

.  

3.2.3.2 BOUNDARY CONDITIONS 

The boundary conditions were defined as the following: 

 Opening: The flow inlet and outlet surfaces were defined as opening boundaries. The 

opening boundary condition was defined using the mass and momentum option. The 

relative pressure was set at 12665.8 Pa and 10665.8 Pa for the outlet and inlet 

respectively (Fig 3.23).  

 Wall: The diaphragm, boundary of the flow chamber, valve leaflet and the outlet/inlet 

tubes were defined as wall.  

 Immersed Solid: The two valves were defined as immersed solid domains and their 

motion was defined using the rigid body solver. 

 Symmetry: In order to import a 2D mesh in ANSYS CFX PRE, the mesh needs to have a 

thickness. This left the 2D model with two separate surfaces on the front and back sides 
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of the model. These faces were then defined as symmetry boundaries in order for the 

ANSYS CFX SOLVER to solve the 2D models properly. 

Boundary conditions were defined the same for the bileaflet valve models and the 

monoleaflet valve models.  
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Figure 3.23 Boundary conditions for the 2D (a) and 3D (b) models 
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3.2.4 FLOW ANALYSIS 

The geometry of the flow chamber with valves was first constructed and then meshed 

using ANSYS ICEM CFD 13.0. The meshed geometries were then imported to ANSYS CFX-Pre 

13.0 for boundary setup and surface definition. The models were solved using ANSYS CFX-

Solver 13.0 and the results were exported to ANSYS CFD-Post 13.0 for post processing.  

3.2.4.1 ASSUMPTIONS  

 Fluid Medium: water was used from the ANSYS CFX material database as our 

fluid medium.  

 Flow Chamber Initial Relative Pressure: The initial relative pressure inside the 

flow chamber was set at 5 Pa, to prevent overflow complications in the model.  

 Leaflet Initial Velocity and Acceleration: the leaflet initial velocity and 

acceleration were set at zero.  

 Leaflet Degrees of Freedom: it was assumed that each leaflet had only one 

degree of freedom – rotating around the rotational axis (Z-axis) and all other 

degrees were fixed by the hinges.  

 No Slip Boundary Condition: for all the wall boundaries in this simulation, the 

no-slip boundary condition was applied. 

 The flow was assumed to be laminar at the beginning of each simulation. If 

during the simulation CFX SOLVER found any signs of turbulent flow, the 

simulation would restart using the shear stress transport method. This method can 

reduce the over flow possibility during the simulation. For all the 2D models the 

turbulent method (shear stress transport method) was activated. Results from the 
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2D models revealed that there was no significant increase in turbulent kinetic 

energy which revealed that the flow was prominently laminar. The preliminary 

3D analysis also revealed that the flow was laminar. Therefore, 3D models were 

simulated utilizing the laminar method. 

3.2.4.2 ANALYSIS TYPE  

The analysis was run as a transient model with a total time of 0.2454s for systole and 

0.6546s for diastole. For the 2D mode, the time step was 0.002 sec, and that for the 3D mode was 

0.0005 sec to aid the convergence of the simulation.  

3.2.4.3 SOLVER CONTROL  

The maximum number of iterations per time step was set to 10 and the minimum number 

of iterations to 2. Thus, the solver would at least complete 2 but no more than 10 iterations during 

each time step. The CFX solver was set to update the rigid body solver every iteration. In order to 

aid the convergence of our models, the solver at each time step was initialized using the values 

from the previous time step. RMS (root mean square) residual type and a residual target of 1E-4 

were used for the governing equation residuals (i.e., momentum, continuity, energy, and 

turbulent). 
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3.3 DATA ANALYSIS 

Results from this study included the velocity profile, pressure distribution, turbulence 

kinetic energy (TKE) distribution, valve effective orifice area, and the valve opening and closing 

time in systole and diastole for bileaflet and monoleaflet valves.  

The intensity of turbulent flow was measured by assessing the TKE values throughout the 

fluid domain, which demonstrated the degree of turbulence. The TKE per unit mass equation is 

given in Equation 3.17. 

       
 

 
(  

 
   

 
    )         (             ) 

TKE is directly related to the velocity fluctuations and can be used as a turbulent flow indicator 

(i.e. TKE increases when the boundary layer becomes more turbulent; and it decreases as the 

boundary layer becomes less turbulent).  

For the 3D simulation, values for effective orifice area (EOA) were calculated. EOA was a 

measure of how efficient a valve used its internal orifice area. The higher the EOA the more 

efficient the valve would be, and it would be less likely for the valve leaflet to obstruct blood 

flow through the valve. EOA was calculated using the following equation
65

: 

    
    

    √  
          (             ) 

where Qrms is the root-mean-square forward flow rate in cm
3
/s and ∆P is the forward flow 

pressure drop in mm Hg. In order to calculate ∆P, two planes in a distance of 0.02 m were placed 

before and after the valve. ∆P was then defined as the difference between the average pressures 

on these planes.
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CHAPTER IV 
 

 

RESULTS 

 

 

 

 

4.1 2D MODEL 

4.1.1 THE BILEAFLET VALVE 

4.1.1.1 THE BILEAFLET OUTLET VALVE OPENING 

Flow conditions in the flow chamber with the bileaflet heart valve during systole were 

calculated with the valve opening and closing angles being at 85
o 
and 25

o
 respectively. Table 4.1 

contains the maximum axial velocity, as well as mean and maximum transvalvular pressure 

across the outlet valve during systole. Transvalvular pressure was defined as the difference 

between the average pressure on two planes 0.02 m apart, before and after the valve. Figure 4.1 

shows the velocity stream line during systole. Figure 4.2 shows velocity vectors in the vicinity of 

the valve. Figure 4.3 depicts pressure distribution through systole.  It took 0.16 sec for the valve 

to reach its fully opened position. When the valve was open, flow separated around the valve 

leaflet, rushing into three orifices. A recirculation zone developed approximately 10 mm in the 

outlet channel before the valve (t=0.16 sec), due to the velocity gradient. Most of the flow passed 

through the left lateral orifice with a skewed flow profile (Figure 4.1). The maximum velocity
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was 0.3099 m/sec, occurring at the end of systole (t = 0.2454 s, Figure 4.4). The mean 

transvalvular pressure was 91.60 Pa (Figure 4.5), which is less than the in vivo mean pressure 

gradient across St. Jude Medical bileaflet valves in the aortic position (∆p mean = 586.61 Pa) 

reported by Laske et al.
66

. The maximum transvalvular pressure was 3500 Pa (Figure 4.5), which 

occurred right before valve opening (t = 0.001 s). Laske et al
66

. reported that the maximal 

pressure gradient at the moment of valve opening was 2199.81 Pa. No significant increase in 

turbulent kinetic energy (TKE) was observed (the average TKE = 8.12e-6 s
-1

, maximum TKE = 

4.53e-3 s
-1

 and minimum TKE = 3.066e-9 s
-1

), indicating that the flow was prominently laminar.  

Table 4.1 The bileaflet outlet valve opening behavior. 

Parameter Value 

Maximum Axial Velocity 0.3099 m/s 

Maximum Pressure Drop Across the 

Valve 3500 Pa 

Average Pressure Drop Across the Valve 91.60 Pa 

Valve Opening Time 0.16 s 
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Figure 4.1 Velocity streamline during systole when the bileaflet valve opens. 

0.015 s 0.03 s 

0.045 s 0.06 s 0.08 s 

0.12 s 0.16 s 0.245 s 
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Figure 4.2 Velocity vectors in the bileaflet valve region during systole. 

0.015 s 0.03 s 

0.045 s 0.06 s 0.08 s 

0.12 s 0.16 s 0.245 s 
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     Figure 4.3 Pressure distribution during systole when the bileaflet outlet valve opens. 

0.015 s 0.03 s 

0.045 s 0.06 s 0.08 s 

0.12 s 0.16 s 0.245 s 



65 

 

 

 

Figure 4.4 Maximum axial velocity versus time for the bileaflet outlet valve opening measured on 

XY plane in the outlet tube. 

 

 

Figure 4.5 Transvalvular pressure versus time for the bileaflet outlet valve opening measured as 

the difference between average pressures on two planes 0.02 m apart before and after the valve. 
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4.1.1.2 THE BILEAFLET OUTLET VALVE CLOSING 

Table 4.2 lists the maximum backflow velocity and pressure conditions during the outlet 

valve closing (from the 85
o 
opened position to the 25

o 
closed position). In this table, transvalvular 

pressure was defined as the difference between average pressure on two planes 0.02 m apart 

before and after the valve. Figure 4.6 depicts velocity distribution through the valve closing 

phase. Figure 4.7 shows velocity vectors in the vicinity of the valve and Figure 4.8 demonstrates 

pressure distribution. It took 0.042 sec for the valve to reach the fully closed position (25°). The 

maximum backflow velocity was 0.745 m/sec before the valve closure (t = 0.2834 s, Figure 4.9). 

Two recirculation zones developed at the tip of each leaflet as they were moving towards the 

outlet wall. Low pressure regions developed around these recirculation zones as the valve closed. 

The mean transvalvular pressure was 3034.97 Pa. The maximum transvalvular pressure was 

15500 Pa and it occurred at t = 0.25 s (Figure 4.10). No big change in the turbulent kinetic energy 

was observed (the average TKE = 1.152e-11 s
-1

, maximum TKE = 9.289e-1 s
-1

 and minimum 

TKE = 3.093e-13 s
-1

), indicating that the flow was prominently laminar.  
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Table 4.2 Flow parameters related to the bileaflet outlet valve closing, when the opening and 

closing angles were 85
o
 and 25

o
 respectively.  

Parameter Value 

Maximum Backflow Velocity -0.745 m/s 

Maximum Pressure Drop Across the Valve 15500 Pa 

Average Pressure Drop Across the Valve 3034.97 Pa 

Valve Closing Time 0.042 s 
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 Figure 4.6 Velocity streamline during diastole when the bileaflet outlet valve closes. 
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Figure 4.7 Velocity vectors around the bileaflet outlet valve region at the end of systole. 
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Figure 4.8 Pressure distribution during diastole when the bileaflet outlet valve closes 
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Figure 4.9 Maximum backflow velocity versus time for the bileaflet outlet valve closing 

measured on XY plane in the outlet tube. 

 

 

Figure 4.10 Transvalvular pressure versus time for the bileaflet outlet valve closing measured as 

the difference between average pressures on two planes 0.02 m apart before and after the valve. 
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4.1.1.3 THE BILEAFLET INLET VALVE OPENING 

During diastole, the outlet valve remained closed and the inlet valve opened. The opening 

angle of the inlet valve was 85 (closed angle was 25). Table 4.3 lists the maximum axial 

velocity and pressure conditions during the inlet valve opening. Again, transvalvular pressure was 

defined as the difference between the average pressure on two planes 0.02 m apart before and 

after the valve. Figure 4.11 depicts velocity distribution through diastole. Figure 4.12 shows 

velocity vectors in the vicinity of the valve; and Figure 4.13 depicts pressure distribution through 

diastole. It took 0.106 sec for the valve to reach the fully opened position (from 25°
 
to 85°). The 

maximum velocity was 2.5 m/sec, occurring at the beginning of the inlet valve opening in the gap 

between the right leaflet and the wall (t = 0.293 s, Figures 4.12 and 4.14). A region of high 

velocity jet flow developed in the gap between the two leaflets when the valve reached its fully 

opened position. Figure 4.15 shows the pressure gradient across the valve as a function of time 

during inlet valve opening. The mean transvalvular pressure was 227.436 Pa. The maximum 

negative transvalvular pressure of 3071 Pa (average pressure on the lower plane minus average 

pressure on the upper plane) occurred at t = 0.393 s and initiated the valve opening process. The 

value for mean transvalvular pressure agrees with the data reported by Zoghbe et al.
67

, that the 

mean pressure gradient across the mitral valve during diastole was less than 666.6 Pa.  No big 

difference in the turbulent kinetic energy was observed (the average TKE = 6.06e-10 s
-1

, 

maximum TKE = 5.02e-5 s
-1

 and minimum TKE = 7.12e-12 s
-1

), indicating that the flow was 

prominently laminar.  
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Table 4.3 The bileaflet inlet valve opening behavior. 

Parameter Value 

Maximum Axial Velocity -2.5 m/s 

Maximum Pressure Drop Across the 

Valve 3071 Pa 

Average Pressure Drop Across the Valve 227.436 Pa 

Valve Opening Time 0.106 s 
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  Figure 4.11 Velocity streamline for the bileaflet inlet valve opening. 
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Figure 4.12 Velocity vectors for the bileaflet inlet valve opening. 
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Figure 4.13 Pressure distribution during the opening of the bileaflet inlet valve. 
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Figure 4.14 Maximum backflow velocity versus time for the bileaflet inlet valve opening 

measured on XY plane in the inlet tube. 

 

 

. 

 

 

 

Figure 4.15 Transvalvular pressure versus time for the bileaflet inlet valve opening measured as 

the difference between average pressures on two planes 0.02 m apart before and after the valve. 
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4.1.1.4  THE BILEAFLET INLET VALVE CLOSING 

 

Table 4.4 lists the maximum axial velocity and pressure conditions during the inlet valve 

closing, from the 85°
 
opened position to the 25°

 
closed position. Figure 4.16 depicts velocity 

distribution through late diastole. Figure 4.17 shows velocity vectors in the vicinity of the valve 

and Figures 4.18 demonstrates pressure distribution through late diastole. It took 0.182 sec for the 

valve to reach its fully closed position. The maximum axial velocity was 1.13 m/sec at the instant 

of valve closure (t = 0.9 s) in the gap between the leaflet and the wall (Figure 4.19). The mean 

transvalvular pressure was 72.65 Pa. The maximum transvalvular pressure was 462 Pa, which 

occurred at the end of valve closing process (t = 0.9, Figure 4.20). No big change in the turbulent 

kinetic energy was observed (the average TKE = 8.58e-5 s
-1

, maximum TKE = 1.95e-4 s
-1

 and 

minimum TKE = 1.59e-8 s
-1

), indicating that the flow was prominently laminar.  

 

Table 4.4 The bileaflet inlet valve closing behavior. 

Parameter Value 

Maximum Axial Velocity 1.13 m/s 

Maximum Pressure Drop Across the 

Valve 462 Pa 

Average Pressure Drop Across the Valve 72.65 Pa 

Valve Closing Time 0.182 s 
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Figure 4.16 Velocity streamline during early systole when the bileaflet inlet valve closes. 
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Figure 4.17 Velocity vectors in the bileaflet valve region during late diastole. 
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Figure 4.18 Pressure distribution during late diastole when the bileaflet inlet valve closes. 

 

0.72 s 

0.744 s 

0.77 s 

0.796 s 0.822 s 

0.848 s 0.874 s 0.9 s 



82 

 

 

Figure 4.19 Maximum backflow velocity versus time for the bileaflet inlet valve closing 

measured on XY plane in the inlet tube. 

 

 

 

 

 

 

Figure 4.20 Transvalvular pressure versus time for the bileaflet inlet valve closing measured as 

the difference between average pressures on two planes 0.02 m apart before and after the valve. 
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4.1.2 THE MONOLEAFLET VALVE 

4.1.2.1 THE OUTLET VALVE OPENNING BEHAVIOR 

Using the 2D model, flow parameters around the outlet valve were calculated when the 

valve opening angle was 75°. Table 4.5 lists the maximum axial velocity and pressure conditions 

during the outlet valve opening. In this table, transvalvular pressure was defined as the difference 

between average pressure on two planes 0.02 m apart before and after the valve. Figure 4.21 

depicts velocity distribution through systole. Figure 4.22 shows velocity vectors in the vicinity of 

the valve. Figure 4.23 shows pressure distribution through systole. It took 0.107 sec for the valve 

to reach the opening position (from 0°
 
to 75°). The maximum velocity was 0.35 m/sec when the 

valve reached its maximum opening angle (t = 0.107 sec, Figure 4.24). At this moment, flow 

separated around the valve leaflets with high velocity. A recirculation zone developed 

approximately 20 mm in the outlet channel before the valve, due to the velocity gradient. Figure 

4.25 shows the changes in pressure distribution in the model during systole. The mean 

transvalvular pressure was 64.68 Pa and the maximum transvalvular pressure was 266.64 Pa, 

which occurred right before the valve opening (t = 0.015 s). This value agrees with what reported 

by Zoghbe et al.
67

, that the mean pressure gradient across the aortic valve during systole was less 

than 2666.44 Pa. In addition, no significant increase in turbulent kinetic energy was observed (the 

average TKE = 4.56e-6 s
-1

, maximum TKE = 1.878e-3 s
-1

 and minimum TKE = 2.683e-9 s
-1

) near 

the open valve which reveals that the flow was prominently laminar.  
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Table 4.5 Flow parameters related to the monoleaflet outlet valve opening when the opening 

angle was 75
o
.  

Parameter Value 

Maximum Axial Velocity 0.35 m/s 

Maximum Pressure Drop Across the 

Valve 266.44 Pa 

Average Pressure Drop Across the Valve 64.68 Pa 

Valve Opening Time 0.107 s 
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Figure 4.21 Velocity streamline during systole when the monoleaflet outlet valve opens. 
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Figure 4.22 Velocity vectors in the outlet monoleaflet valve region during systole. 
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Figure 4.23 Pressure distribution for the monoleaflet outlet valve opening during the systole. 
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Figure 4.24 Maximum axial velocity versus time for the monoleaflet outlet valve opening 

measured on XY plane in the outlet tube. 

 

 

Figure 4.25 Transvalvular pressure versus time for the monoleaflet outlet valve opening measured 

as the difference between average pressure on two planes 0.02 m apart before and after the valve. 
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4.1.2.2 THE OUTLET VALVE CLOSING BEHAVIOR 

Table 4.6 lists the maximum axial velocity and pressure conditions during the outlet 

valve closing. Figure 4.26 depicts velocity distribution and Figure 4.27 shows velocity vectors in 

the vicinity of the valve. Figure 4.28 demonstrates pressure distribution during the valve closing 

phase. It took 0.1046 sec for the valve to reach the fully closed position (0
o
). The maximum 

backflow velocity was 0.78 m/sec and it occurred at the beginning of valve closure process (t = 

0.26 s, Figure 4.29). The mean transvalvular pressure was 148.79 Pa and the maximum 

transvalvular pressure was 1500 Pa, shown in Figure 4.30.  No significant increase in turbulent 

kinetic energy was observed (the average TKE = 4.56e-6 s
-1

, maximum TKE = 1.878e-3 s
-1

 and 

minimum TKE = 2.683e-9 s
-1

) near the open valve which reveals that the flow was prominently 

laminar.  

 Table 4.6 Flow parameters related to the monoleaflet outlet valve closing, when the opening 

angle was 75
o
.  

Parameter Value 

Maximum Backflow Velocity 0.78 m/s 

Maximum Pressure Drop Across the Valve 1500 Pa 

Average Pressure Drop Across the Valve 148.79 Pa 

Valve Closing Time 0.1046 s 
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Figure 4.26 Velocity streamline during diastole when the monoleaflet valve closes. 
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Figure 4.27 Velocity vectors in the valve region during diastole when the monoleaflet valve 

closes. 
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Figure 4.28 Pressure distribution for the monoleaflet outlet valve closing. 
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Figure 4.29 Maximum backflow velocity versus time for the monoleaflet outlet valve closing 

measured on XY plane in the outlet tube. 

 

 

 

 

 

Figure 4.30 Transvalvular pressure versus time for the monoleaflet outlet valve closing 
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4.1.2.3 THE MONOLEAFLET INLET VALVE OPENING BEHAVIOR 

In here, flow parameters around the inlet valve were calculated when the valve opening 

angle was kept at 75
o
. Table 4.7 lists the maximum axial velocity and pressure conditions during 

the inlet valve opening. Figures 4.31, 4.32 and 4.33 depict velocity streamline, velocity vectors 

around the valve area and pressure distribution through diastole. It took 0.04 sec for the valve to 

reach the fully opened position and the maximum velocity was 2.5 m/sec (Figure 4.34). The mean 

transvalvular pressure was 291.82 Pa and the maximum transvalvular pressure was 5311 Pa, 

occurring at the moment of valve opening (t = 0.35s, Figure 4.35). The value for the mean 

transvalvular pressure agrees with what reported by Zoghbe et al.
67

, that the mean pressure 

gradient across the mitral valve during diastole was less than 666.66 Pa. Moreover, no significant 

increase in the turbulent kinetic energy was observed (the average TKE = 6.84e-6 s
-1

, maximum 

TKE = 6.845e-3 s
-1

 and minimum TKE = 2.607e-11 s
-1

) in the model which reveals that the flow 

was prominently laminar.  

 

Table 4.7 The monoleaflet inlet valve opening behavior. 

Parameter Value 

Maximum Axial Velocity -2.5 m/s 

Maximum Pressure Drop Across the Valve 5311 Pa 

Average Pressure Drop Across the Valve 291.82 Pa 

Valve Opening Time 0.04 s 
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Figure 4.31 Velocity streamline during the inlet valve opening. 
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Figure 4.32 Velocity vectors in the valve region during the inlet valve opening. 
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Figure 4.33 Pressure distribution for the monoleaflet inlet valve opening during diastole. 
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Figure 4.34 Maximum axial velocity versus time for the monoleaflet inlet valve opening 

measured on XY plane in the inlet tube. 

 

 

 

Figure 4.35 Transvalvular pressure versus time for the monoleaflet inlet valve opening measured 

as the difference between average pressures on two planes 0.02 m apart before and after the 

valve. 
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4.1.2.4 THE MONOLEAFLET INLET VALVE CLOSING BEHAVIOR 

Table 4.8 lists the maximum axial velocity and pressure conditions during the inlet valve 

closing. In this table, transvalvular pressure was defined as the difference between average 

pressure on two planes 0.02 m apart, before and after the valve. Figures 4.36 and 4.39 depict 

velocity distribution through late diastole. Figure 4.37 shows velocity vectors in the vicinity of 

the valve. Figure 4.38 depicts pressure distribution through late diastole. It took 0.063 sec for the 

valve to reach the closed position (to reach from 75
0 
to 0

o
). During the valve closure the valve 

area was divided into a major and a minor area on each side of the leaflet. The maximum velocity 

in the gap between the leaflet and the wall in the minor area reached 0.98 m/s (t = 0.054 s) while 

the maximum velocity was 1.114 m/sec in the major area which occurred at the end of valve 

closure (t= 0.063s). Figure 4.38 shows the pressure distribution in the model during the valve 

closure. Due to Figure 4.40, the mean transvalvular pressure was 245.56 Pa. The maximum 

transvalvular pressure was 446.115 Pa which occurred as the valve was approaching the fully 

closed position (t = 0.893 s). In addition, no significant increase in turbulent kinetic energy was 

observed (the average TKE = 3.6 e-4 s
-1

, maximum TKE = 7.288e-4 s
-1

 and minimum TKE = 

7.56e-8 s
-1

) near the open valve which reveals that the flow was prominently laminar.  
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 Table 4.8 Flow parameters related to the monoleaflet inlet valve closing, when the opening angle 

was 75
o
.  

Parameter Value 

Maximum Axial Velocity 1.114 m/s 

Maximum Pressure Drop Across the Valve 446.115 Pa 

Average Pressure Drop Across the Valve 245.56 Pa 

Valve Opening Time 0.063 s 
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Figure 4.36 Velocity streamline during late diastole when the monoleaflet inlet valve closes. 
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Figure 4.37 Velocity vectors in the valve region during late diastole when the monoleaflet inlet 

valve closes. 
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Figure 4.38 Pressure distribution for the monoleaflet inlet valve closing. 
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Figure 4.39 Maximum backflow velocity versus time for the monoleaflet inlet valve closing 

measured on XY plane in the inlet tube.  

 

 

 

Figure 4.40 Transvalvular pressure versus time for the monoleaflet inlet valve closing measured 

as the difference between average pressures on two planes 0.02 m apart before and after the 

valve. 
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4.2 3D MODEL 

4.2.1 THE BILEAFLET VALVE 

4.2.1.1 THE BILEAFLET OUTLET VALVE OPENING 

Flow conditions in the flow chamber with the bileaflet heart valve during systole were 

calculated with the valve opening and closing angles being at 85°
 
and 25° respectively. Table 4.9 

lists the maximum velocity, and mean and the maximum transvalvular pressures across the outlet 

valve during systole. Transvalvular pressure was defined as the difference between average 

pressure on two planes 0.02 m apart, before and after the valve. Figure 4.41 depicts velocity 

distribution through systole. Figure 4.42 shows velocity vectors in the vicinity of the valve. 

Figures 4.43 and 4.44 depict pressure distribution through systole. Figure 4.45 shows the 

computed leaflet position as a function of time for the 3D simulation. Euler Angle (Z), as it was 

explained in chapter III, was a representative for the opening angel (Ө) in radians. It took 0.022 

sec for the valve to reach its fully opened position. When the valve was open, flow separated 

around the valve leaflets, rushing into three orifice areas.  A recirculation zone developed 

approximately 10 mm in the outlet channel before the valve, due to the velocity gradient. Most of 

the flow passed through the left lateral orifice due to the skewed flow profile (Figure 4.41). The 

maximum velocity was 1.391 m/sec, occurring at the instant of valve opening (t = 0.004 s, Figure 

4.42). Figure 4.43 shows the changes in pressure distribution in the model during systole. The 

mean transvalvular pressure was 117.716 Pa (Figure 4.43) which is less than the in vivo mean 

pressure gradient across the St. Jude Medical valves in aortic position (∆p mean = 586.61 Pa) 

measured by Laske et al.
66

. The maximum transvalvular pressure was 12000 Pa (Figure 4.21) 

which occurred right before valve opening (t = 0.001 s). In the study by Laske et al, the maximal 

pressure gradient at the moment of valve opening was 2199.81 Pa. In here, the calculated EOA 

was equal to 1.96 cm
2
.  
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Table 4.9 the bileaflet outlet valve opening behavior for 85 degrees of opening angle  

Parameter Value 

Maximum Velocity 1.391  m/s 

Maximum Pressure Drop Across the Valve 12000 Pa 

Average Pressure Drop Across the Valve 117.716 Pa 

Valve Opening Time 0.022 s 

EOA 1.96 cm
2 
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Figure 4.41 Velocity streamline during systole when the bileaflet valve opens.  
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Figure 4.42 Velocity vectors during systole when the bileaflet valve opens. 
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Figure 4.43 Pressure distribution during systole when the bileaflet valve opens (opening angle = 

85
o
) 
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Figure 4.44 Transvalvular pressure versus time for the bileaflet outlet valve opening measured as 

the difference between average pressure on two planes 0.02 m apart, before and after the valve. 

 

 

Figure 4.45 The bileaflet outlet valve opening angle (in terms of Euler angle (z)) versus time. 
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4.2.1.2 THE BILEAFLET OUTLET VALVE CLOSING 

 

Table 4.10 lists the maximum velocity and pressure conditions during the outlet valve 

closure, when the opening and closing angles were 85
° 
and 25

°
 respectively. In this table, 

transvalvular pressure was defined as the difference between average pressure on two planes 0.02 

m apart, before and after the valve. Figure 4.46 depicts velocity distribution through diastole. 

Figure 4.47 shows velocity vectors in the vicinity of the valve. Figures 4.48 and 4.49 depict 

pressure distribution through systole.  It took 0.038 sec for the valve to reach the closing position 

(to reach from 85° to 25°). The maximum backflow velocity was 2.315 m/sec at the beginning of 

valve closure (t = 0.25 s). A region of high velocity flow (squeeze flow) developed in the gap 

between the right leaflet and the wall. The mean transvalvular pressure was 1251.29 Pa. All 

figures reveal the nonsymmetric closing behavior of the leaflets (i.e. the left leaflet stayed at the 

maximal opening angle at the beginning of the diastole while the right leaflet closed early). 

 

 

Table 4.10 the bileaflet outlet valve closing behavior for 85 degrees of opening angle  

Parameter Value 

Maximum backflow Velocity -2.315 m/s 

Maximum Pressure Drop Across the Valve 63790 Pa 

Average Pressure Drop Across the Valve 1251.29 Pa 

Valve Closing Time 0.038 s 
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Figure 4.46 Velocity streamline for the bileaflet outlet valve closing (opening angle = 85
O
) 
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Figure 4.47 Velocity vectors in the bileaflet valve region during valve closure. 
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Figure 4.48 pressure distribution for the bileaflet outlet valve closing (opening angle = 85
O
) 
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Figure 4.49 Transvalvular pressure versus time for the bileaflet outlet valve closing measured as 

the difference between average pressure on two planes 0.02 m apart, before and after the valve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-80000

-60000

-40000

-20000

0

20000

40000

60000

0.24 0.245 0.25 0.255 0.26 0.265 0.27 0.275

Tr
an

sv
al

vu
la

r 
P

re
ss

u
re

 [
P

a]
 

Time [s] 



120 

 

4.2.1.3 BILEAFLET INLET VALVE OPENING BEHAVIOR 

 

Table 4.11 lists the maximum velocity and pressure conditions during the inlet valve 

opening. Transvalvular pressure was defined as the difference between average pressure on two 

planes 0.02 m apart, before and after the valve. Figure 4.50 depicts velocity distribution through 

diastole. Figure 4.51 shows velocity vectors in the vicinity of the valve. Figures 4.52 and 4.53 

depict pressure distribution through diastole. It took 0.03 sec for the valve to reach the opening 

position (to reach from 0
 
to 85

o
). Maximum velocity was 2.158 m/s in downward direction, at 

the end of diastole (t=0.85). The mean transvalvular pressure was 506.273 Pa. The value for mean 

pressure gradient was in agreement with what reported by Zoghbe et al.
67

, that the mean pressure 

gradient across the mitral valve during diastole was less than 666.61 Pa. Figure 4.53 shows that 

the maximum transvalvular pressure was 2200 Pa, occurring at the instant of valve opening.  

Table 4.11 the bileaflet inlet valve opening behavior with 85 opening angle  

Parameter Value 

Maximum Velocity -2.158 

Maximum Pressure Drop Across the Valve -2200 

Average Pressure Drop Across the Valve -506.273 

Valve Opening Time 0.03 
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Figure 4.50 Velocity streamline for the bileaflet outlet valve closing (opening angle = 85
O
) 

0.425 s 0.285 s 

0.85 s 0.625 s 
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Figure 4.51 Velocity vectors in the bileaflet valve region during valve closure. 
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Figure 4.52 pressure distribution for the bileaflet outlet valve closing (opening angle = 85
O
) 

0.425 s 0.285 s 

0.85 s 0.625 s 
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Figure 4.53 Transvalvular pressure versus time for the bileaflet outlet valve closing measured as 

the difference between average pressure on two planes 0.02 m apart, before and after the valve. 
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4.2.1.4 BILEAFLET INLET VALVE CLOSING BEHAVIOR 

Table 4.12 lists the maximum velocity and pressure conditions during the inlet valve 

closing. In this table, transvalvular pressure was defined as the difference between average 

pressure on two planes of 0.02 m apart, before and after the valve. Figure 4.54 depicts velocity 

distribution through late diastole. Figure 4.55 shows velocity vectors in the vicinity of the valve. 

Figures 4.56 and 4.57 depict pressure distribution through late diastole. It took 0.04 sec for the 

valve to reach the fully closed position (to reach from 85°
 
to 0°). The maximum velocity in the 

valve region reached 1.28 m/s at the instant of valve closure (t = 0.9 s). Figure 4.57 shows the 

pressure distribution in the model during the valve closure. The mean transvalvular pressure was 

473.548 Pa. The maximum transvalvular pressure was 700 Pa which occurred at the end of valve 

closure process (t = 0.9 s).  

  

 Table 4.12 Flow parameters related to the bileaflet inlet valve closing, when the opening angle 

was 85
o
.  

Parameter Value 

Maximum Velocity m/s 1.28 

Maximum Pressure Drop Across the Valve 

Pa 700 

Average Pressure Drop Across the Valve Pa 473.548 

Valve closing Time m/s 0.04 
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Figure 4.54 Velocity streamline for the bileaflet outlet valve closing (opening angle = 85
O
) 
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0.895 s 0.9 s 
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    Figure 4.55 Velocity vectors in the bileaflet valve region during valve closure. 
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Figure 4.56 pressure distribution for the bileaflet outlet valve closing (opening angle = 85
O
) 

0.885 s

  

 0.76 s 

0.89 s

  

 0.76 s 

0.895 s

  

 0.76 s 

0.9 s

 
 0.76 s 



133 

 

 

 

Figure 4.57 Transvalvular pressure versus time for the bileaflet outlet valve closing measured as 

the difference between average pressure on two planes 0.02 m apart, before and after the valve. 
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4.2.2 THE MONOLEAFLET VALVE 

4.2.2.1 MONOLEAFLET OUTLET VALVE OPENING BEHAVIOR 

  In order to optimize the performance of monoleaflet heart valve, an optimum opening 

angle should be employed in the valve design. In this study, hemodynamic performance of 

monoleaflet valve with different opening angles including: 45, 60, 75, 80, and 85 degrees was 

investigated. The hemodynamic performance was evaluated based on effective orifice area 

(EOA), transvalvular pressure gradient, flow separation, and turbulence. 

4.2.2.1.1 75 DEGREES OF OPENING ANGLE 

Flow parameters around the outlet valve were calculated when the valve opening angle 

was kept at 75°. Table 4.13 lists the maximum velocity and pressure conditions during the outlet 

valve opening. Figure 4.58 depicts velocity distribution through systole. Figure 4.59 shows 

velocity vectors in the vicinity of the valve. Figures 4.60 and 4.61 depict pressure distribution 

through systole. Figure 4.62 shows the computed leaflet position as a function of time for the 3D 

simulation. Euler Angle (Z), as it was explained in chapter III, was a representative for the 

opening angel (Ө) in radians. It took 0.017 sec for the valve to reach the fully opened position (to 

reach from 0°
 
to 75°). The maximum velocity was 1.058 m/sec at the end of systole (t = 0.2454 

s). At t = 0.017 s, flow separated around the valve leaflet, forming a region of high velocity flow. 

A recirculation zone developed approximately 20 mm in the outlet channel before the valve, due 

to the velocity gradient (Figure 4.58). Due to Figure 4.61, the mean transvalvular pressure was 

124.13 Pa. The value for mean pressure gradient agrees with what reported by Zoghbe et al.
67

, 

that the mean pressure gradient across the aortic valve during systole was less than 2666.44 Pa. 

The maximum transvalvular pressure was 19700 Pa which occurred right before opening of the 

valve (t = 0.001 s). In here, the calculated EOA was equal to 1.91 cm
2
. 
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Table 4.13 The monoleaflet outlet valve opening behavior for 75 degrees of opening angle  

Parameter Value 

Maximum Velocity 1.058 m/s 

Maximum Pressure Drop Across Valve 19700 Pa 

Average Pressure Drop Across the Valve 124.13 Pa 

Valve Opening Time 0.017 s 

EOA 1.91cm
2
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Figure 4.58 velocity stream line during systole when the monoleaflet valve opens (opening angle 

= 75°) 
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  Figure 4.59 Velocity vectors in the outlet monoleaflet valve region during systole when the 

valve opens. 
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Figure 4.60 Pressure distribution for the monoleaflet outlet valve opening at t = 0.2454 s (opening 

angle = 75°) 
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Figure 4.61 Transvalvular pressure versus time for the monoleaflet outlet valve opening measured 

as the difference between average pressure on two planes 0.02 m apart, before and after the valve. 

(opening angle = 75
O
) 

 

 

Figure 4.62 The monoleaflet outlet valve opening angle (in terms of Euler angle (z)) versus time 

(maximum opening angle = 75
O
) 

-10000

-5000

0

5000

10000

15000

20000

25000

0 0.05 0.1 0.15 0.2 0.25

T
ra

n
sv

al
v
u
la

r 
P

re
ss

u
re

 [
P

a]
 

Time [s] 

0.00E+00

5.00E-01

1.00E+00

1.50E+00

2.00E+00

2.50E+00

3.00E+00

3.50E+00

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26

Eu
le

r 
A

n
gl

e 
(Z

) 
(r

ad
) 

Time [Sec] 



142 

 

4.2.2.1.2 45, 60, 80, AND 85 DEGREES OF OPENING ANGLE 

In order to find the optimal opening angle for the monoleaflet outlet valve, the 

hemodynamic performance of monoleaflet valves with 45°, 60°, 75°, 80°, and 85° opening angle 

were studied. In Table 4.14 compared flow parameters when the opening angle of the monoleaflet 

outlet valve was 45, 60, 75, 80, and 85 degrees.  In Figures 4.63 to 4.65, maximum flow velocity, 

transvalvular pressure and effective orifice area (EOA) are depicted as a function of valve 

opening angle. Figure 4.66 depicts the velocity streamline in the valve region for different 

opening angles at t=0.2454 s. 

  As it can be seen from Table 4.14 that as the opening angle approached 75, the 

maximum velocity and transvalvular pressure decreased and the EOA increased. With the 80° 

opening angle, the maximum velocity and transvalvular pressure were almost the same as that at 

75°.
 
Increasing the opening angle further to 85

o 
caused a slight increase in the maximum velocity; 

however the transvalvular pressure decreased resulting in higher EOA. Figure 4.66 shows that 

increasing the maximum opening angle causes lower disturbance to the main flow. 

Table 4.14 Comparison between flow conditions of the monoleaflet outlet valve opening with 

different opening angles 

PARAMETER 45
O 

60
O 

75
O 

80
O 

85
O 

Maximum Velocity m/s 1.342 1.155 1.058 1.057 1.065 

Average Pressure Difference Across the Valve Pa 320 254.95 124.13 101.26 46.28 

Valve Opening Time s 0.015 0.016 0.017 0.018 0.02 

EOA cm
2 1.19 1.33 1.91 2.13 3.16 
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Figure 4.63 Relationship between the maximum flow velocity and the valve opening angle 

 

 

 

 

 

 

  

Figure 4.64 Relationship between the mean transvalvular pressure and the valve opening angle  
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Figure 4.65 Relationship between EOA and the valve opening angle 

 

 

Figure 4.66 Stream line plot for 45°, 60°, 75°, 80°, and 85° degrees of opening angle at the end of 

valve opening. 
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4.2.2.2 THE MONOLEAFLET OUTLET VALVE CLOSING BEHAVIOR 

4.2.2.2.1 75 DEGREES OF OPENING ANGLE 

Table 4.15 lists the maximum velocity and pressure conditions during the outlet valve 

closure, when the opening angle was 75°. Figure 4.67 depicts velocity distribution through late 

systole. Figure 4.68 shows velocity vectors in the vicinity of the valve. Figures 4.69 and 4.70 

depict pressure distribution.  It took 0.036 sec for the valve to reach the fully closed position 

(from 75° to 0°). The maximum backflow velocity was 1.846 m/sec at t = 0.27 s, in a region of 

high velocity flow (squeeze flow) developed in the gap between the right side of the leaflet and 

the wall. The maximum and mean transvalvular pressures were 1460 Pa and 440.35 Pa 

respectively.  

 

 

Table 4.15 The monoleaflet outlet valve closing behavior for 75 degrees of opening angle 

Parameter Value 

Maximum Backflow Velocity 1.846 m/s 

Maximum Pressure Drop Across Valve 17600 Pa 

Average Pressure Drop Across the Valve 440.35Pa 

Valve Closing Time 0.036 s 
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    Figure 4.67 Velocity streamline for the monoleaflet outlet valve closure (opening angle = 75°) 

0.27 s  0.265 s 

 0.275 s 0.281 s 
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    Figure 4.68 Velocity vectors in the valve region during diastole when the monoleaflet valve 

closes. 
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Figure 4.69 Pressure distribution for the monoleaflet outlet valve closing (opening angle = 75°) 

0.27 s  0.265 s 
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Figure 4.70 Transvalvular pressure versus time for the monoleaflet outlet valve closing measured 

as the difference between average pressure on two planes 0.02 m apart, before and after the valve. 

(opening angle = 75
O
) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-20000

-15000

-10000

-5000

0

5000

0.24 0.245 0.25 0.255 0.26 0.265 0.27 0.275 0.28 0.285
T

ra
n

sv
al

v
u

la
r 

P
re

ss
u

re
 [

P
a]

 

Time [s] 



152 

 

4.2.2.1.2 45, 60, 80, AND 85 DEGREES OF OPENING ANGLE 

            In Table 4.16 compared flow parameters when the opening angle of the monoleaflet outlet 

valve was 45, 60, 75, 80, and 85 degrees.  In Figure 4.71, maximum flow velocity is depicted as a 

function of valve opening angle. As it can be seen in Table 4.15 and Figure 4.71, 75
o 
opening 

angle has the lowest flow velocity. Results here demonstrated the closing complications of the 

valve with 85
o 
opening angle (i.e. the valve was not able to close due to the big opening angle). 

Table 4.16 Comparison between flow conditions of the monoleaflet outlet valve closing with 

different opening angles 

PARAMETER 45
O 

60
O 

75
O 

80
O 

85
O 

Maximum Velocity m/s 14.13 5.35 1.846 4.197 5.076 

Valve Closing Time s 0.005 0.01 0.036 0.022 N/A 

 

 

Figure 4.71 Relationship between the maximum flow velocity and the valve opening angle 
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4.2.2.3 THE MONOLEAFLET INLET VALVE OPENING BEHAVIOR  

Based on the valve opening behavior described before, the monoleaflet valve with  75 or 

larger opening angles seemed to have better hemodynamic performance (i.e., lower maximum 

velocity, lower transvalvular pressure, larger EOA, etc.). Therefore, to investigate the flow 

conditions around the inlet monoleaflet valve, a 75 opening angle was chosen for the numerical 

simulation. Table 4.17 lists the maximum velocity and pressure conditions during the inlet valve 

opening. Transvalvular pressure was defined as the difference between average pressure on two 

planes 0.02 m apart, before and after the valve. Figure 4.72 depicts velocity distribution through 

diastole. Figure 4.73 shows velocity vectors in the vicinity of the valve. Figures 4.74 and 4.75 

depict pressure distribution through diastole. It took 0.016 sec for the valve to reach the opening 

position (to reach from 0
 
to 75°). A region of high velocity flow (squeeze flow) was developed 

in the gap between the leaflet and inlet wall with a maximum velocity of 6.446 m/s in downward 

direction, at the beginning of valve opening process (t=0.283s). The mean transvalvular pressure 

was 304.075 Pa. Figure 4.75 shows that the maximum transvalvular pressure was 60901 Pa, 

occurring at the instant of valve opening. The value for mean pressure gradient was in agreement 

with what reported by Zoghbe et al.
67

, that the mean pressure gradient across the mitral valve 

during diastole was less than 666.61 Pa. 

Table 4.17 the monoleaflet inlet valve opening behavior for 75 opening angle  

Parameter Value 

Maximum Velocity -6.446 m/s 

Maximum Pressure Drop Across the Valve 60901 Pa 

Average Pressure Drop Across the Valve 304.07 Pa 

Valve Opening Time 0.016 s 
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Figure 4.72 Velocity streamline for the monoleaflet inlet valve opening (opening angle = 75
O
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  Figure 4.73 Velocity vectors in the valve region during the inlet valve opening. 
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Figure 4.74 Pressure distribution for the monoleaflet inlet valve opening (opening angle = 75°) 
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Figure 4.75 Transvalvular pressure versus time for the monoleaflet inlet valve opening measured 

as the difference between average pressure on two planes 0.02 m apart, before and after the valve. 

(opening angle = 75
O
) 
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4.2.2.4 THE MONOLEAFLET INLET VALVE CLOSING BEHAVIOR 

Table 4.18 lists the maximum velocity and pressure conditions during the outlet valve 

closing. In this table, transvalvular pressure was defined as the difference between average 

pressure on two planes of 0.02 m apart, before and after the valve. Figure 4.76 depicts velocity 

distribution through late diastole. Figure 4.77 shows velocity vectors in the vicinity of the valve. 

Figures 4.78 and 4.79 depict pressure distribution through late diastole. It took 0.042 sec for the 

valve to reach the fully closed position (to reach from 75°
 
to 0°). During the valve closure the 

valve area was divided into a major and a minor area on each side of the leaflet. The maximum 

velocity in the gap between the leaflet and the wall in the major area reached 1.57 m/s at the 

instant of valve closure (t = 0.9 s) while the maximum velocity was 1.256 m/sec in the minor area 

(t= 0.893s). Figure 4.80 shows the pressure distribution in the model during the valve closure. 

The mean transvalvular pressure was 565.93 Pa. The maximum transvalvular pressure was 

918.23 Pa which occurred at the end of valve closure process (t = 0.9 s).  

  

 Table 4.18 Flow parameters related to the monoleaflet inlet valve closing, when the opening 

angle was 75
o
.  

Parameter Value 

Maximum Velocity 1.570 m/s 

Maximum Pressure Drop Across the Valve 918.23 Pa 

Average Pressure Drop Across the Valve 565.93 Pa 

Valve closing Time 0.042 s 
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Figure 4.76 Velocity streamline during early systole when the monoleaflet inlet valve closes. 
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Figure 4.77 Velocity vectors in the valve region during early systole when the monoleaflet inlet 

valve closes. 
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Figure 4.78 Pressure distribution for the monoleaflet inlet valve closing. 
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Figure 4.79 Transvalvular pressure versus time for the monoleaflet inlet valve closing measured 

as the difference between average pressures on two planes 0.02 m apart, before and after the 

valve.
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CHAPTER V 
 

 

DISCUSSION 

 

In this study 2D and 3D Fluid Structure Interaction (FSI) models were developed to 

simulate the opening and closing behavior of monoleaflet and bileaflet mechanical heart valves, 

and to help to optimize the monoleaflet valve design. The FSI models were developed using the 

arbitrary Lagrangian-Eulerian (ALE) method for moving boundaries, coupled with user-defined 

functions to describe leaflet and diaphragm motion. Valve motion was determined by fluid 

dynamics inside the flow chamber; and the diaphragm motion was controlled by a pulsatile pump, 

following the experimental setup in Yin et al. in vitro studies
60

. 
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5.1 COMPARISON BETWEEN 2D AND 3D MODELING RESULTS 

The comparison between velocity profiles of 2D and 3D models for the bileaflet valves 

demonstrated that the two models had similar flow patterns (Table 5.1). The maximum flow 

velocities estimated using the 3D model of the bileaflet valves were closer to those reported in 

experimental studies
68, 69

 (Table 5.1). The simplified geometry used in 2D models might have 

resulted in less accurate velocity estimations. Similarly, the 3D models of the monoleaflet valve 

produced more accurate estimation of flow velocities, compared to the 2D models (Figure 5.1). 

However, in case of the monoleaflet inlet valve opening, the estimated maximum flow velocity 

was higher than the measured value for prosthetic valves with echocardiography and Doppler 

ultrasound methods. One reason could be a minor error in the simulation convergence and also 

the different design of the flow chamber needs to be taken into consideration.   

Table 5.1 Comparison between 2D and 3D maximum flow velocities and corresponding 

in vivo measurements 

Maximum Velocity (m/s) in: 2D Model 3D Model 

Experimental 

Measurements 

Outlet Bileaflet Valve Opening 0.3099 1.391 3
67 

Outlet Bileaflet Valve Closing 0.745 2.315 1.5 - 2.5
68 

Inlet Bileaflet Valve Opening 2.5 2.158 1.9
67 

Inlet Bileaflet Valve Closing 1.13 1.28 1.9
67 

Outlet Monoleaflet Valve Opening 0.35 1.058 3
67 

Outlet Monoleaflet Valve Closing 0.78 1.846 1.5 - 2.5
68

 

Inlet Monoleaflet Valve Opening 0.64 6.446 1.9
67 

Inlet Monoleaflet Valve Closing 1.114 1.570 1.9
67 
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The average transvalvular pressures across the valve during the leaflet closing and 

opening process for the 2D and 3D simulations are listed in Table 5.2. 2D and 3D models 

generated quite different results on transvalvular pressures. In general, the 3D models generated 

higher transvalvular pressures compared to 2D models, except the case for the bileaflet outlet 

valve closing.  When compared to experimental results obtained from ultrasound measurements, 

data obtained from the bileaflet outlet valve closing seemed to be the least accurate. The 

geometry difference between the flow chamber and the real heart may have contributed greatly to 

the difference we observed in the transvalvular pressure.  Also, as it was mentioned in the Results 

section, during systole flow separated in the outlet tube and flow was skewed to the outside. Such 

a flow pattern resulted in an unsymmetrical closure of the outlet bileaflet valve. In a numerical 

study by Borazjani and Sotiropoulos
74

,
 
the asymmetric closing behavior of the aortic bileaflet 

valve was investigated as a function of valve orientation. They have reported that a valve which is 

oriented in the direction of the left ventricular outflow tract provided the minimum asymmetric 

closure of the leaflets. The asymmetric closure of the bileaflet valve can cause regurgitation 

(backward flow of blood to the left ventricle) and complex flow patterns in the valve area. 

Enchinger et al.
75

, in an in vitro study, showed the asymmetric closure of a prosthetic bileaflet 

valve and corresponding regurgitation problem. Subsequently, in vivo studies have confirmed the 

asymmetric leaflet closure in bileaflet mechanical heart valves
76; 77

.  
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Table 5.2 Comparison between 2D and 3D mean transvalvular pressure and 

corresponding experimental measurements 

Mean Transvalvular Pressure (Pa) 

in: 2D Model 3D Model 

Experimental 

Measurements 

Outlet Bileaflet Valve Opening 91.60 117.716 586.61
69

 

Outlet Bileaflet Valve Closing 3034.97 1251.29 586.61
69 

Inlet Bileaflet Valve Opening 227.436 506.273 666.61
67 

Inlet Bileaflet Valve Closing 72.65 473.548 666.61
67

 

Outlet Monoleaflet Valve Opening 64.68 124.13 1466
67 

Outlet Monoleaflet Valve Closing 148.79 440.35 1466
67 

Inlet Monoleaflet Valve Opening 177.14 1970.21 666.61
67 

Inlet Monoleaflet Valve Closing 245.56 440.80 59,995
70 

 

The valve opening and closing times for different cases are compared in Table 5.3 

between 2D and 3D simulations. In all cases, estimation  from 2D simulations were much higher 

than that from 3D simulations, which are very close to results reported from experimental studies.  

The simplified geometry of the leaflets in 2D model had a lower momentum source compared to 

the 3D geometry. Due to the low momentum of the leaflet, the leaflet could be mildly permeable 

to flow. Therefore, when the movement of the fluid elements within the leaflet did not match the 

leaflet motion exactly, the movement of the leaflet would be retarded, resulting in longer opening 

and closing time.  
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Table 5.3 Comparison between the 2D and 3D models for valve opening and closing 

times and corresponding experimental measurements 

Valve Opening/Closing Time (s) 

in: 2D Model 3D Model 

Experimental 

Measurements 

Outlet Bileaflet Valve Opening 0.16 0.022 0.025 - 0.035
71 

Outlet Bileaflet Valve Closing 0.042 0.038 0.035
72

 

Inlet Bileaflet Valve Opening 0.106 0.03 - 

Inlet Bileaflet Valve Closing 0.182 0.04 - 

Outlet Monoleaflet Valve Opening 0.107 0.017 0.025 - 0.035
71 

Outlet Monoleaflet Valve Closing 0.104 0.036 0.05
73 

Inlet Monoleaflet Valve Opening 0.09 0.03 - 

Inlet Monoleaflet Valve Closing 0.063 0.043 0.062
73 

 

Prosthetic heart valve opening and closing time has a significant effect on hemodynamic 

performance of the valve. During systole, longer opening time can cause higher resistance to the 

main flow. On the other hand, during diastole, higher closing velocities, or short closing time can 

intensify the cavitation possibility in the valve region
70

.  

Using the same computational source for 2D and 3D models (Intel 3.2 GHz dual 

processor, 12 Gb RAM), the CPU time was significantly lower for 2D simulations of the bileaflet 

valve compared to 3D ones. The results from 2D models were also easier to interpret. 3D models 

of the bileaflet valve used more CPU time and results from these models enabled us to estimate 

the three dimensional structure of flow across the valve and provided more detailed flow 
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information compared to 2D models. Similarly, the 3D models of the monoleaflet valve required 

more CPU time utilizing the same computational source as the 2D models and they were able to 

produce a more accurate estimation of the 3D flow patterns. Our results demonstrated that, in 

general, 2D flow analysis was able to capture the valve opening and closing dynamics but 3D 

models were required for high quality quantitative analysis.      
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5.2 THE OPTIMAL OPENING ANGLE FOR THE MONOLEAFLET OUTLET VALVE 

 

 In order to find the optimal opening angle for the monoleaflet outlet valve, the 

hemodynamic performance of monoleaflet valves at the opening angle of 45, 60, 75, 80, and 

85 was compared. The hemodynamic performance was evaluated based on the effective orifice 

area (EOA), transvalvular pressure gradient, flow separation, and turbulence. 

  As it can be seen in Table 5.4, as the opening angle increased from 45 to 75 the 

maximum velocity and transvalvular pressure decreased and the EOA increased, indicating the 

improved hemodynamic performance. For an opening angle of 80, the maximum velocity stayed 

about the same and the transvalvular pressure dropped slightly; but the EOA increased, indicating 

the further improvement of the valve performance. As the opening angle was further increased to 

85
 
, there was a slight increase in the maximum velocity, while the decrease in transvalvular 

pressure and the increase in EOA were significant.   

 Table 5.4 Comparison between monoleaflet outlet valve opening behavior with different 

opening angles  

PARAMETER 45
O 

60
O 

75
O 

80
O 

85
O 

Maximum Velocity m/s 1.342 1.155 1.058 1.057 1.065 

Average Pressure Difference Across the Valve Pa 320 254.95 124.13 101.26 46.28 

Valve Opening Time s 0.015 0.016 0.017 0.018 0.02 

EOA cm
2 

1.19 1.33 1.91 2.13 3.16 
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For all the opening angles, as the leaflet reached its fully opened position, flow separated 

around the valve leaflet and a region of high velocity flow was formed on one side of the leaflet. 

On the other side, flow separated from the outlet wall and recirculation zones developed. As the 

opening angle increased, velocity fluctuation in the high velocity flow region decreased, 

producing a lower turbulent energy, which lowered the chance of flow transitioning into 

turbulence. In addition, as the opening angle increased, the area of the wake region behind the 

leaflet decreased.  

Moreover, when the opening angles were less than 75 the jet flow in the high velocity 

region followed the inclination of the leaflet and then impinged on the outlet wall, which could 

increase the wall shear stress at the impingement region. When the opening angle was 75, 80 or 

85, the fluid flow was more centralized and did not impinge on the outlet wall. 

During the outlet valve closure, the monoleaflet valve with 75 of opening angle had the 

lowest maximum backflow velocity while the valve with the 85 opening angle was not able to 

close properly due to the big opening angle. At 80, the valve was able to close but the maximum 

backflow velocity increased compared to the case with 75 of opening angle. These results 

demonstrated that the optimal opening angle should fall between 75 and 80. As the opening 

angle further increased, even though the calculated flow parameters (i.e., transvalvular pressure 

and EOA) continued to improve, the large angle would prevent the valve to close properly, which 

would lead to the failure of the heart valve.  
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5.3 COMPARISON BETWEEN BILEAFLET AND MONOLEAFLET MECHANICAL HEART 

VALVES 

 The advantages of mechanical heart valves include good hemodynamic performance and 

high durability. Hemodynamic performance can be evaluated by measuring the following 

parameters: transvalvular pressure, flow recirculation regions, turbulent flow, stagnation and flow 

separation zones.  In this study, using computational fluid dynamics (CFD) models, these 

parameters were estimated for bileaflet and monoleaflet MHVs during opening and closing 

processes. The St. Jude bileaflet valve had an opening angle of 85
o
, while the optimal opening 

angle for the monoleaflet valve should be between 75
o 
and 80. In the following discussion, the 

monoleaflet performance at its optimal opening angle was compared to that of the St. Jude 

bileaflet heart valve. Our simulation results demonstrated that the flow in the monoleaflet valve 

design had a lower maximum velocity compared to the bileaflet design during both opening and 

closing phases. Lower flow velocity lowered the chance for flow to transition to turbulence.  

The mean and peak transvalvular pressures across the monoleaflet valve design were 

slightly higher than that of the bileaflet valve during the opening process. Higher pressure drop at 

the instant of valve opening for the monoleaflet design could be attributed to the higher moment 

of inertia of the leaflet in this design (1.21E-7 kg m
2
) compared to the moment of inertia for the 

bileaflet valve design (8.1 E-9 kg m2). The similar pressure gradients across the monoleaflet and 

bileaflet valves resulted in an analogous EOA of 1.91 cm
2
 and 1.96 cm

2 
for these valves 

respectively, very similar. 

Results for the bileaflet valve during closure showed nonsymmetrical closing behavior of 

the leaflets in this design (i.e. the left leaflet stayed at the maximal opening angle at the beginning 

of the diastole while the right leaflet closed early). The delayed closure of the bileaflet valve and 

its nonsymmetrical closing behavior could cause higher valve regurgitation compared to 

monoleaflet valve.  
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Our computational results also showed that there was no impingement region in both 

valve designs at their fully opened position. This would reduce the chance of high shear stress 

and shear stress gradient regions on the outlet wall.  During valve closure, cavitation could be a 

big issue when the hemodynamic performance of a valve is considered. Cavitation is the 

formation of vaporous cavities due to large pressure drops resulting in fluid regions with lower 

pressure than vapor pressure of the blood. The major cause of cavitation is the regions of high 

velocity (squeeze flow) in the gap between the leaflet and the wall. Previous studies have 

revealed a direct link between the valve closing velocity and cavitation intensity in the valve 

region
70

. According to the results of this study during the valve closure phase, the maximum 

pressure drop for the bileaflet valve (-60000 Pa) was much bigger than the pressure drop for the 

monoleaflet valve (-17500 Pa), the bileaflet valve had higher chance of developing cavitation 

bubbles, especially when the leaflet tip velocity was also higher in the bileaflet design.  

Due to the turbulent kinetic energy values from the two dimensional models, presented in 

the results section, the flow was maintained laminar in the whole model. This was in agreement 

with results from Ngwe numerical model
18

. Laminar flow condition was utilized in all three 

dimensional models without causing any convergence issues. The major limitation of this study 

was ignoring the diaphragm elasticity in all models. Considering the elasticity for the diaphragm 

could result in a better prediction of pressure and velocity distribution in the flow chamber. 

Another limitation of this study was lack of experimental results on flow conditions in the flow 

chamber and valve regions. Due to lack of an experimental study, results from this study were 

validated using physiological flow conditions for normal prosthetic heart valves extracted from 

different in vivo and in vitro studies. Further discussion on the verification and validation of 

results is provided in the next section.        
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5.4 VERFICATION AND VALIDATION OF THE RESULTS 

 The iterative convergence of all simulations in this study and consistency of the results 

were monitored. In all simulations, the solutions were converged at each time step (0.0005 s for 

the 3D models and 0.002 s for the 2D models) until the final time (t = 0.9 s) was reached. The 

results were independent from mesh density and mass conservation was maintained throughout 

the whole simulation.  

  Yin et al.
60

 presented the maximum pressure drop and velocity for outlet and inlet valves 

during systole and diastole. Results from her study were comparable to 2D results of this 

research. However, results extracted from 3D models were showing higher values for pressure 

drop and velocities compared to Yin et al.
60

. Since there were no experimental studies on this 

kind of flow chamber, numerical results from this study were compared to experimental studies 

of similar prosthetic valves in different experimental setups (Table 5.1 – Table 5.3). These 

comparisons show that results from this study were within the range of other studies. Along with 

other numerical studies on prosthetic heart valves
28-32

, this study contributed to our knowledge in 

mechanical heart valve performance under physiologically relevant dynamic environment, and 

brought new insight to optimal valve design.
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CHAPTER V 
 

 

CONCLUSION 

 

The major goal of this study was to develop a high resolution numerical model to 

simulate the diaphragm motion and corresponding valve leaflet motions, to provide a more 

accurate estimation of the flow conditions in the Ngwe’s flow chamber design
18

. The specific 

aims of this study were to develop two dimensional and three dimensional FSI models to simulate 

the diaphragm motion and corresponding bileaflet and monoleaflet valve motions, and evaluate 

flow dynamics around the valve area during systole and diastole. Also, it was an objective of this 

study to investigate the optimum opening angle for the monoleaflet mechanical heart valve and 

compare its hemodynamic performance to that of bileaflet heart valves. 

Due to the results of this study, 2D flow analysis was able to capture the valve opening 

and closing dynamics but 3D models were required for high quality quantitative analysis. Results 

from this study demonstrated that the optimal opening angle should fall between 75 and 80. As 

the opening angle further increased, even though the calculated flow parameters continued to 

improve, the large angle could prevent the valve to close properly, which might lead to the failure 

of the heart valve.  

Furthermore, the hemodynamic performance of bileaflet and monoleaflet heart valves 

following the design of St. Jude bileaflet valve with 85 of opening angle and Bjork-Shiley
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monoleaflet valve with 75 of opening angle was compared. Results demonstrated that 

monoleaflet mechanical heart valve has comparable hemodynamic performance to that of a 

bileaflet mechanical heart valve. 
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In this study, opening and closing behavior of monoleaflet and bileaflet prosthetic heart 

valves was simulated using 2D and 3D Fluid Structure Interaction (FSI) models. The FSI models 

were based on the arbitrary Lagrangian-Eulerian (ALE) method for moving boundaries. Leaflet 

and diaphragm motions were described by means of user-defined functions following the 

experimental setup in a previous study. The hemodynamic performance of monoleaflet valves at 

the opening angle of 45, 60, 75, 80, and 85 was compared and results from this study 

demonstrated that the optimal opening angle should fall between 75 and 80. As the opening 

angle further increased, even though the calculated flow parameters continued to improve, the 

large angle could prevent the valve to close properly, which might lead to the failure of the heart 

valve. Furthermore, the hemodynamic performance of bileaflet and monoleaflet heart valves 

following the design of St. Jude bileaflet valve with 85 of opening angle and Bjork-Shiley 

monoleaflet valve with 75 of opening angle was compared. Results demonstrated that the flow in 

the monoleaflet valve design had a lower maximum velocity compared to the bileaflet design 

during both opening and closing phases which resulted in lower chance for flow to transition to 

turbulence. The mean pressure gradients across the monoleaflet and bileaflet valves were similar 

and resulted in an analogous EOA for these valves. According to the results of this study, the 

bileaflet valve had higher chance of developing cavitation bubbles during the valve closure 

because of higher pressure drops across the valve.  


