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ABSTRACT 

According to the United States Department of Health and Human Services, 27.1 million 

non-institutionalized adults were diagnosed with heart disease in 2010. The number of deaths 

associated with heart disease in 2009 was reported to be 599,413, claiming the lives of 195 out of 

every 100,000 people, which makes heart disease the number one killer in the U.S. Even though 

mechanical heart valves (MHVs) have proven to save lives in many of these cases, they are still 

not perfect, and complications arising from their design have reduced their application. To better 

understand the important factors and pursue remedies, numerous experimental investigations 

have been conducted; however, despite impressive improvements, small-scale studies suffer 

from lower levels of accuracy and sometimes are very costly to conduct. As in many other areas 

of research, numerical simulations can be helpful in reducing costs and supplementing such 

experimental work. 

The computational effort in this thesis focused on the numerical analysis of current 

tilting-disk MHVs. In this work, an implicit fluid-structure interaction (FSI) simulation of the 

Bjork-Shiley design was carried out using in-house codes implemented in the commercial code 

software FLUENT™. In-house codes in the form of journal files, schemes, and user-defined 

functions (UDFs) were integrated to automate the inner iterations and enable communication 

between the fluid and the moving disk at the interfaces. Based on the investigation of the current 

simulations, a new design aiming at improving the hemodynamic performance is suggested. The 

hemodynamics of flow in current tilting-disk valves was compared with the suggested design, 

and it is concluded that the suggested design has a better hemodynamic performance in terms of 

shear stress values and residence times. 



 

ix 

TABLE OF CONTENTS 

Chapter                                                                                                                                       Page 

1. INTRODUCTION .............................................................................................................. 1 

1.1 Background ............................................................................................................. 1 
1.1.1 Definitions .................................................................................................. 1 

1.1.2 Types of Valves .......................................................................................... 6 
1.1.2.1 Bioprosthetic Heart Valves .......................................................... 8 
1.1.2.2 Mechanical Heart Valves ............................................................. 8 

1.1.2.2.1 Ball and Cage Valves ................................................. 9 
1.1.2.2.2 Tilting-Disk Valves .................................................. 10 
1.1.2.2.3 Bileaflet Valves ........................................................ 11 

1.1.2.2.4 Polymeric Valves ..................................................... 12 
1.2 Literature Review ................................................................................................. 13 

1.3 Objectives ............................................................................................................. 21 

 

2. METHOD ......................................................................................................................... 23 

2.1 Models .................................................................................................................. 23 

2.1.1 Two-Dimensional Model .......................................................................... 23 
2.1.2 Three-Dimensional Model ........................................................................ 24 

2.2 Solution Procedure ................................................................................................ 26 

2.2.1 Governing Equations ................................................................................ 26 

2.2.2 Material Properties .................................................................................... 27 
2.2.3 Solver Type ............................................................................................... 27 
2.2.4 Relaxation and Convergence Criteria ....................................................... 27 

2.2.5 Implementation of FSI Scheme ................................................................ 27 
2.2.5.1 Calculation of Moment .............................................................. 30 

2.2.5.2 Calculation of      .................................................................. 33 
2.2.5.3 Extrapolation of Angular Acceleration ...................................... 34 

2.2.6 Stress-Accumulation Model ..................................................................... 35 

 

3. NUMERICAL SIMULATIONS ....................................................................................... 37 

3.1 Two-Dimensional Geometry (Bjork-Shiley Design) in Mitral Position .............. 37 
3.2 Two-Dimensional Geometry (Proposed Design) in Mitral Position .................... 38 
3.3 Three-Dimensional Geometry (Bjork-Shiley Design) in Aortic Position ............ 39 

3.4 Three-Dimensional Geometry (Proposed Design) in Aortic Position .................. 40 

 

4. GRID GENERATION ...................................................................................................... 42 

4.1 Two-Dimensional Model ...................................................................................... 42 
4.2 Three-Dimensional Model .................................................................................... 43 



 

x 

TABLE OF CONTENTS (continued) 

Chapter                                                                                                                                       Page 

5. INDEPENDENCY TESTS ............................................................................................... 45 

5.1 Two-Dimensional Grid ......................................................................................... 45 
5.2 Three-Dimensional Grid ....................................................................................... 47 

 

6. RESULTS ......................................................................................................................... 48 

6.1 Two-Dimensional Geometry (Bjork-Shiley Design) with Fixed Inlet ................. 48 
6.2 Two-Dimensional Geometry (Bjork-Shiley Design) in Mitral Position .............. 50 
6.3 Two-Dimensional Geometry (Proposed Design) in Mitral Position .................... 51 

6.4 Three-Dimensional Geometry in Aortic Position ................................................. 58 

 

7. CONCLUSIONS .............................................................................................................. 75 

REFERENCES ............................................................................................................................. 82 

 

 

 

 

 

 

 

 

 

 

 

 



 

xi 

LIST OF TABLES 

Table                                                                                                                                           Page 

1 Comparison of Bioprosthetic and Mechanical Heart Valves ...............................................8 

2 Types of Bioprosthetic Heart Valves ...................................................................................8 

3 Density of Grids Generated for Grid Independency Tests of Two-Dimensional  

 Models............................................................................................................................... 43 

 

4 Grid Information for Three-Dimensional Model .............................................................. 47 

5 Comparison of Shedding Frequency and Strouhal Numbers ............................................ 50 

  



 

xii 

LIST OF FIGURES 

Figure Page 

1. Schematic of circulatory system [2] ................................................................................... 1 

2. Blood components [3] ......................................................................................................... 2 

3. Veins, capillaries, and arteries [4] ....................................................................................... 2 

4. Lymphatic system [6] ......................................................................................................... 3 

5. The heart [9] ........................................................................................................................ 4 

6. Hufnagel artificial heart valve kept at National Museum of Health and Medicine [1] ...... 6 

 

7. Increase in BHV data from 6,648 patients treated at Providence St.Vincent Hospital,  

 Portland, Oregon, USA [2] ..................................................................................................7 

 

8. Ball and cage valve [19] ..................................................................................................... 9 

9. Kay-Shiley valve [21] ....................................................................................................... 10 

10. Tilting-disk Bjork-Shiley valve [23] ................................................................................. 11 

11. Tilting-disk MHV [26] ...................................................................................................... 12 

12. Trileaflet polymeric MHV [28] ........................................................................................ 12 

13. Two-dimensional model ................................................................................................... 24 

14. Three-dimensional model  ................................................................................................ 25 

15. Details of three-dimensional model  ................................................................................. 25 

16. Flow chart illustrating workflow ...................................................................................... 30 

17. Calculation of moment ...................................................................................................... 30 

18. Period of injection ............................................................................................................. 34 

19. Physiological mitral flow and fixed inlet velocities ......................................................... 36 

20. Proposed design ................................................................................................................ 37 



 

xiii 

LIST OF FIGURES (continued) 

Figure Page 

21. Aortic waveform ............................................................................................................... 38 

22. Overall geometry of suggested valve ................................................................................ 39 

23. Close-up of proposed valve .............................................................................................. 39 

24. Typical grid generated for two-dimensional model .......................................................... 41 

25. Typical surface grid for three-dimensional model ............................................................ 41 

26. Typical grid on cross section in middle of artery ............................................................. 42 

27. Close-up of typical grid generated for 3 D model ............................................................ 42 

28. Axial velocity profile on line located 2.8 D from inlet ..................................................... 43 

29. Location of control point .................................................................................................. 44 

30. Vertical velocity at control point ...................................................................................... 45 

31. Typical plot of drag coefficient for low Reynolds number simulations ........................... 46 

32. Close-up of typical plot of drag coefficient for low Reynolds number simulations ......... 47 

33. Typical shedding frequency plot ....................................................................................... 48 

34. Comparison stream lines at various times during forward flow ....................................... 51 

35. Comparison of contours of vorticity magnitude at various times ..................................... 52 

36. Comparison of valve dynamics ......................................................................................... 51 

37. Top 100 particle paths experiencing largest amounts of shear accumulation .................. 52 

38. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.1 sec ........ 53 

39. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.15 sec ...... 54 

40. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.20 sec ...... 54 

41. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.25 sec ...... 55 



 

xiv 

LIST OF FIGURES (continued) 

Figure Page 

42. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.30 sec ...... 55 

43. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.35 sec ...... 56 

44. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.40 sec ...... 56 

 

45. Comparison of valve dynamics (black line represents Bjork-Shiley design) ................... 58 

46. Velocity vectors on plane located 0.04 m from inlet (valve with no gaps) ...................... 59 

47 Velocity vectors on plane located 0.04 m from inlet (valve with gaps) ........................... 59 

48. Velocity vectors on plane at z = -0.0026667 (valve with no gaps)................................... 60 

49. Velocity contours on plane at z = -0.0026667 (valve with no gaps) ................................ 61 

50. Velocity vector on plane at z = -0.0026667 (valve with gaps) ......................................... 61 

51. Velocity contours on plane at z = -0.0026667 (valve with gaps) ..................................... 62 

52. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 62 

53 Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 63 

54. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 63 

55. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 64 

56. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 64 

57. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 65 

58. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 65 

59. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 66 

60. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 66 

61. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 67 

62. Streamlines and contours of velocity magnitude on symmetry plane—no gaps .............. 67 



 

xv 

LIST OF FIGURES (continued) 

Figure Page 

63. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 68 

64. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 68 

65. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 69 

66. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 69 

67. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 70 

68. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 70 

69. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 71 

70. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 71 

71. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 72 

72. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 72 

73. Streamlines and contours of velocity magnitude on symmetry plane—with gaps ........... 73 

 

  



 

xvi 

LIST OF ABBREVIATIONS/NOMENCLATURE 

ALE  Arbitrary Lagrangian Eulerian 

AV  Atrioventricular 

BHV  Bioprosthetic Heart Valves 

CFD   Computational Fluid Dynamics 

DNS  Direct Numerical Simulations 

FE  Finite Element 

FSI  Fluid-Structure Interaction 

LDA  Laser Doppler Anemometry 

LES  Large Eddy Simulation 

MHV  Mechanical Heart Valve 

PISO  Pressure Implicit Split Operator 

PIV  Particle Image Velocimetry 

RBC   Red Blood Cell 

SIMPLE Semi-Implicit Method for Pressure-Linked Equations 

SL  Semilunar 

UDF  User Defined Function 

  



 

xvii 

LIST OF SYMBOLS 

ᵒ  Degree 

cm  Centimeter 

∆t  Time-Step 

Hz  Hertz 

k-ε  k-Epsilon Turbulence Model 

kg  Kilogram 

μ  Viscosity 

m  Meter 

mm  Millimeter 

N  Newton 

p  Static Pressure 

Pa  Pascal 

ρ  Density 

r  Radius 

Re  Reynolds number 

s  Second 

sec  Second 

Sr  Strouhal Number 

τ  Shear Stress 

t  Time  

U  Velocity 

V  Velocity



 

1 

CHAPTER 1 

INTRODUCTION 

1.1 Background 

1.1.1 Definitions 

Each different component in the cardiovascular system plays a vital role in human 

survival. These components can be divided into four categories: blood, blood vessels, lymphatic 

system, and heart [3]. A schematic of the circulatory system can be seen in Figure 1. 

 

 

Figure 1. Schematic of circulatory system [4] 
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 Human blood, as show in Figure 2, is composed of two basic parts, blood plasma and 

blood cells that float in the plasma. Plasma is a liquid that is mostly water but also contains some 

proteins, minerals, glucose, hormones, etc. Blood cells, on the other hand, are referred to as red 

blood cells (RBCs) and white blood cells, both of which include leukocytes and platelets. As will 

be discussed later, platelets play a significant role in this research.  

 

Figure 2. Blood components [5] 

 Blood vessels can be divided in three categories: arteries, veins, and capillaries, as shown 

in Figure 3. Arteries are the muscular tubes that carry oxygen-rich blood away from the heart to 

the tissues. Capillaries are vessels that actually allow for the exchange of materials, including 

water, with tissues, and veins return blood back to the heart.  

 
 

Figure 3. Veins, capillaries, and arteries [6] 
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 The lymphatic system, Figure 4, is a network of blood vessels responsible for the 

balancing of homeostasis using a clear fluid called lymph [7]. This circulatory system is an open 

system receiving excess fluid and proteins from the tissues.  

 

Figure 4. Lymphatic system [8] 

 The heart is located in the thoracic cavity with other organs such as the trachea and the 

esophagus [9]. It starts beating in a fetus around three weeks, reaching a heartbeat of 100,000 a 

day in adults [10]. The heart, a hollow muscular organ, acts as a pump to create the needed 

pressure for blood to circulate in the body. As shown in Figure 5, the heart is composed of four 

chambers, two on the left (left ventricle and left atrium) and two on the right (right ventricle and 

the right atrium). The left and right sides are isolated from each other and not connected. The 

heart could be thought of as two separate pumps, one on each side [10]. The ventricles are 

located lower with respect to the atriums, and generally have a thicker muscle definition because 

they pump blood. As can be seen in Figure 5, there are four valves in the heart, each of them 

very important in creating a unidirectional flow and preventing leakage. The circulation of blood 
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in the body begins in the right ventricle, where blood is pumped to the lungs via the pulmonary 

artery during systolic contraction. While the heart is in a diastole phase, the oxygen-rich blood 

then flows back to the heart, but this time to the left atrium via the mitral valve, and is then 

pumped to different parts of the body via the aorta. After delivering chemicals and collecting 

waste from the tissues, the deoxygenated blood flows back to the right side of the heart and 

stacks up in the right atrium.  

  
Figure 5. The heart [11] 

  The circulatory motion of the heart is regulated with precise contractions and dilations 

that coordinate blood flow.  For the heart to be able to deliver adequate amounts of blood, the 

contractions need to be controlled. This task is accomplished with the help of a chain of cells [9] 

that deliver an electrical spontaneous impulse [12] to the myocardium, stimulating a sequence of 

synchronized contractions. The number of heartbeats can vary, depending on the state of health 
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of the person. For a healthy adult at rest, the heart rate is 70 bpm which could potentially 

increase up to 190 bpm when exercising [10].   

As discussed previously, the four valves of the heart provide a one-way gateway from 

each phase to the next and not allowing regurgitant flow. The two valves that connect the atriums 

to the ventricles are atrioventricular (AV) valves, and those that connect the ventricles to the 

arteries leaving the heart are semilunar (SL) valves. The dynamics of these valves is governed by 

forces exerted on them by their environment, namely pressure changes in their vicinity. This 

rigorous task of opening and closing is repeated at least       times during a lifetime [13]. 

As any other organ in the human body, the heart is subject to disease. This research is 

concerned with defects of the heart valves. Two primary complications usually encountered with 

valve defects are stenosis and incompetence. In patients suffering from stenosis, the heart valves 

do not fully open due to their obstruction. This places more load on the heart to pump blood 

through these valves, which in return increases blood pressure and causes the heart muscle to 

thicken. Some reasons for this malfunction are rheumatic fever, endocarditis, and ankylosing 

spondylitis [13]. In patients diagnosed with incompetence, the valves do not fully close, allowing 

for regurgitant flow and leakage. This is very common in the mitral valve and is usually caused 

by rheumatic fever and congenital abnormalities.  

As is the case for many other diseases, the simplest and safer treatment for valve 

problems would be medication; however, in some cases, the damage is sufficiently severe and 

requires replacement surgery. It has been reported that approximately 120,000 valve 

implantations are performed in the U.S.A. annually [14]. As shown in Figure 6, the first heart 

valve was designed by a surgeon named Dr. Hufnagel and implanted in 1952. This rudimentary 

design included a very small plastic ball inside a tube. During the following years, there have 
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been numerous designs of valves that have resulted from the work of many researchers and 

scientists from different fields of engineering and science.  

 

Figure 6. Hufnagel artificial heart valve kept at the  

National Museum of Health and Medicine [1] 

1.1.2 Types of Valves  

In general, prosthetic heart valves can be categorized into two groups: bioprosthetic heart 

valves (BHVs) and mechanical heart valves (MHVs). MHVs used to be dominant, but 

bioprosthetic heart valves are as common nowadays because of their useful features. With the 

advent of bioprosthetic heart valves, there was a large inclination towards their usage because 

mechanical heart valves were known to cause coagulation issues for the patient and required life-

long usage of shear-thinning medication. With the many cases of tissue degeneration and failure 

in bioprosthetic heart valves, this preference decreased to some extent but again resurged due to 

advancements in their production and increased durability. Today, the choice between 

mechanical and biological heart valves is very much dependent on the patient [15, 16].  
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As can be seen in Figure 7, the number of implanted heart valves has increased for both 

MHVs and BHVs, but more MHVs are being implanted each year based on patient needs.   

 

Figure 7. Increase in BHVs data from 6,648 patients treated at Providence St. Vincent Hospital, 

Portland, Oregon, USA [2] 

 While MHVs are made of rigid material and generally more durable than BHVs, their 

hemodynamic performance is worse and mandates life-long use of medication. BHVs are 

typically less prone to coagulation, and therefore, patients do not need to receive daily doses of 

shear-thinning medication. On the other hand, they have a shorter life span and must be replaced 

after about 10 to12 years because of their leaflet calcification and tissue failure [13]. These 

factors make MHVs a better choice for younger patients, while BHVs are mostly recommended 

for patients 65 years of age or older. It should be mentioned that these are general guidelines, and 

case-specific decisions must be made with the help of the patient’s physician based on the 

recipient’s background, life expectancy, and needs. This information is summarized in Table 1.  
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TABLE 1 

COMPARISON OF BIOPROSTHETIC AND MECHANICAL HEART VALVES 

 

 
Bioprosthetic Valves Mechanical Heart Valves 

Advantages 
Minimal need for anticoagulation 

medication 

Life-long need for anticoagulation 

medication 

Disadvantages Shorter life-span compared to MHVs Longer life-span compared to BHVs 

 

1.1.2.1 Bioprosthetic Heart Valves 

Bioprosthetic valves are obtained by transferring cells, organs, or tissues from one 

person/animal to another part of the same person/animal or another individual/animal. The 

transferred tissue or organ is called a transplant or graft. Based on these different methods, there 

are four types of grafts: autograft, isograft (syngraft), allograft (homograft), and xenograft 

hHeterograft). The different types and characteristics of BHVs are summarized in Table 2. 

TABLE 2 

TYPES OF BIOPROSTHETIC HEART VALVES [15, 17] 

Type of Valve Definition Characteristics 

Autograft   Harvested from recipient 

-Good hemodynamic properties                             

-Low degeneration rates                                              

-Compatible with growing environment              

-Undocumented rates of failure 

Isograft 

Harvested from tissue of genetically 

identical individual 

(twin sibling of patient) 

-Usually only possible between twins                  

-Not very common due to availability                     

-Also called syngraft or syngenic graft  

Allograft 
Taken from another person 

(post mortem) 

-Must be treated before use (with 

antibiotics) 

-Usually used in patients with endocarditis         

-Limited in availability 

Xenograft Taken from animals 

-Most common BHVs                                                        

-Made of porcine aortic valves or bovine 

pericardium                                                                        

-Used with or without stents 
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1.1.2.2 Mechanical Heart Valves 

Many designs of MHVs have been introduced during the last 50 years, almost all of 

which can be categorized into four groups: ball and cage, tilting-disk, bileaflet, and trileaflet. 

1.1.2.2.1  Ball and Cage Valves 

The main components of the ball and cage valve, introduced in 1962 [18], can be seen in  

Figure 8. The restraining cage guides and limits the motion of the ball, and the suture ring 

provides the housing that is mounted inside the body. The concept of this valve was taken from 

the industrial applications where flow in only one direction is needed. When pressure on one side 

of the valve builds up, it pushes the ball to the other side, thus allowing the flow to pass from the 

sides of the ball. Even though this concept is ideal for many practical uses in the industry, the use 

of this valve for medical and valve replacements is not recommended because the hemodynamics 

of it is very poor. The flow in this sort of valve is forced to follow the sides of the ball, unlike 

natural valves,  have central flows. The flow dynamics in this case not only puts considerable 

load on the heart to pump a certain volume of blood but also damages the blood cells as the 

result of severe impact against the ball.  

 
 

Figure 8. Ball and cage valve [19]  
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1.1.2.2.2  Tilting-disk valves 

After realizing the shortcomings of ball and cage valves, such as their poor hemodynamic 

performance and slow dynamics, a new design of valve composed of a flat disk was introduced. 

One type of this kind of valve introduced during 1965–1967 [20] is the Kay–Shiley valve, as 

shown in Figure 9.  

 

Figure 9. Kay-Shiley valve [21] 

These valves included a single leaflet that is guided and constrained using two parallel struts on 

top of the opening. When pressure on the bottom of the valve builds up, it pushes the valve up, 

and in this state, the blood needs to move to the sides of the disk and flow peripherally. This 

design makes these valves very inefficient, and is similar to ball and cage valves in that they put 

considerable load on the heart to pump blood pass the valves. Due to their obstruction of flow, 

back flow, and poor hemodynamics, these valves were abandoned shortly [22].  

An improvement in this design was made by the introduction of the tilting-disk Bjork-

Shiley valves in 1967 [20]. These valves promised a better performance, enhancing the dynamics 

of the valve and lowering cell damage. As shown in Figure 10, the main difference in this design 

and the single-leaflet designs is the shape and position of the struts. These struts are positioned in 

a way that will allow the rotation of the valve in response to pressure forces on one side. When 
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the tiling disk moves away from the entrance, two orifices form on each side of the valve— 

minor and major orifices. A stronger jet forms in the major orifice, and as will be discussed later, 

this causes areas of large shear stress followed by areas of circulation that will help already-

activated platelets to form clots.  

 

Figure 10. Tilting-disk Bjork-Shiley valve [23] 

 

1.1.2.2.3  Bileaflet Valves 

Another type of mechanical heart valve is the bileaflet MHV. The first bileaflet MHVs 

were introduced in 1978 by St. Jude Medical Inc. [20]. These valves were designed to improve 

hemodynamic performance and allow for a more natural and smoother flow of blood past 

leaflets. As shown in Figure 11, these valves are comprised of two semicircular leaflets made of 

pyrolytic carbon hinged to the housing. This design allows for a central flow that was missing in 

previous valves. Also, two peripheral jets are formed between the housing and the leaflets. Most 

of the flow passes these side jets and merges with the central flow downstream of the valve. 

Even though these valves create a smooth jet of flow, they are prone to backflow and leakage in 

their closing phase. A large part of leakage occurs in the hinge area, but there is some regurgitant 

flow occurring from the line where the two leaflets meet after closing. Many designs of the 

bileaflet MHV have been introduced by different manufacturers during the last two decades, and 
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more information about them can be found in the work of  Riberio et al. [24]. Despite 

improvements in the new designs of bileaflet MHVs, it has been made clear by plenty of data 

that these valves suffer from similar issues as tilting-disk valves, and patients still require life-

long use of anticoagulation medication [25].   

 

Figure 11. Tilting-disk MHV [26] 

 

1.1.2.2.4  Polymeric Valves 

Polymeric valves have recently been receiving attention because of their structure and 

shape. They geometrically very similar to natural aortic valves, as can be seen in Figure 12. 

Synthetic flexible material is used in their manufacture, giving them the ability to best 

accommodate flow and changes in the root. Even though there have been cases of short-term use 

of this material in assistive devices [27], their long-term application is still under investigation 

due to material properties [22]. 

 

Figure 12. Trileaflet polymeric MHV [28] 
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1.2 Literature Review 

Fluid-structure interaction (FSI) simulations are increasing in popularity and use, as 

computers become more powerful, and new methods of application are developed. FSI 

simulations involve the coupling of equations governing the motion of a fluid and a solid. In 

essence, the motion of the fluid influences the dynamics of the solid, and the motion of the solid 

influences the fluid flow. In any scheme attempting to solve a FSI simulation, one of the 

challenges is to transfer data between the solid and fluid domains. Different solutions to this 

challenge and other case-specific conditions have given rise to different FSI schemes. 

 FSI simulations have many applications in the biomechanical engineering research field. 

They are frequently used in investigations of the cardiovascular system, vocal cords, and fluid 

mechanics of the eye. FSI simulations involving blood flow are faced with different challenges 

that need to be considered before choosing a method. For instance, at larger scales of blood flow 

analysis, the added mass effects and the inertia of the blood itself makes the problem unsteady 

and more challenging, and in smaller-scale investigations, such as the hinge area of a MHV, 

viscous forces and non-Newtonian features of blood come into play and must be considered to 

increase the accuracy of the work. What follows is a summary of some of the prominent research 

studies in the field of cardiovascular engineering and the application of FSI methods to 

bioengineering research.    

One of the pioneering studies in this area was conducted by Charles Peskin [29] in 1972, 

where he studied a viscous incompressible flow surrounding an immersed boundary that would 

move with the flow of blood. In this work, an implicit method was used to calculate the forces on 

the boundary, which in turn would create displacements. This method was used to study blood 

flow around a natural mitral valve. He then extended his previous work to include the muscular 
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heart wall [30]. He used a fixed topology for the boundaries when solving equations that defined 

the boundary forces, and he incorporated a fast Laplace solver to investigate blood flow in 

natural and prosthetic heart valves. In many ways, this work opened many doors for other 

investigations, because, as Peskin concluded, it could be applied to different heart and valve 

combinations of different complexities, even though, due to computing power restrictions of 

time, the simulations had to be limited to only two-dimensional flows with very low Reynolds 

numbers. In a later study by McCracken and Peskin [31], a vortex grid method was used to solve 

incompressible Navier Stokes equations in two dimensions. They claimed at the time that this 

method could be used with moderately high Reynolds numbers with complicated elastic 

boundaries. Using this method, blood flow in a mammalian heart valve was investigated, and the 

results supported their previous speculation that the Reynolds number does not influence 

mammalian heart valve behavior.  

De Hart et al. [32] used a fictitious domain method based on Lagrange multipliers to 

study a two-dimensional fluid-structure interaction problem. In this study, the motion of a 

flexible leaflet (one of the three aortic leaflets) with the sinus cavity in a pulsatile flow was 

investigated. Blood flow was assumed to be laminar, incompressible, and Newtonian.  The 

results of the work were compared and validated with experimental results. In the experiments, a 

geometry similar to the numerical study was created, and laser Doppler anemometry (LDA) and 

high-speed cameras were used in the setup to investigate the velocity field and to record leaflet 

motions, respectively. The predicted motion of the leaflet against camera recordings, axial 

velocity profiles at different locations, and vector plots were compared. The results were 

reported to be similar, and the predictions of the numerical scheme were successful, with some 
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differences. Discrepancies were attributed to buoyancy forces acting on the leaflet, and the 

vortex in the sinus area was underpredicted in the numerical model.   

 Avrahami et al. [33] investigated cavitation following tilting-disk mechanical heart 

valves during valve closure. In this work, a simplified two-dimensional geometry of a tilting-disk 

MHV in the mitral position was modeled. Navier Stokes equations for unsteady, laminar, 

incompressible, and Newtonian flow were solved under physiological mitral waveforms. The 

minimum and maximum Reynolds numbers were 800 and 4700, respectively, at a constant beat 

rate of 75 bpm. It was demonstrated that vortices could form in the inflow side of the valve, 

which would eventually roll up as a result of valve tip shear layers. A large pressure drop at the 

center of these vortices was observed. This pressure drop, which was added to the pressure 

changes in the closing phase of the valve movement, could potentially drive the blood pressure 

below vapor pressure. It was also observed that the pressure drop on the upper side of the valve 

exceeded that of the lower tip, making the upper tip the preferred location for cavitation 

inception. 

Lai et al. [34] also focused on the closing phase of MHVs. This work evaluated the 

capabilities of a numerical FSI model to simulate the movement of the leaflet, and used the 

developed scheme to investigate closure fluid dynamics and valve tip designs. Their method was 

based on a computational fluid dynamics (CFD) code called       , previously developed by 

Lai [35], which uses unstructured grid data structure with arbitrary elements. Six different 

geometries of the leaflet tip and gap width were investigated. Results confirmed negative 

pressures during closure, with minimum values just before the valve stops. It was also pointed 

out that the hemodynamics at closure time were very dependent on the closing speed of the 

leaflet, where any change in the closing speed could dramatically change the pressure drops.  
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Bluestein et al. [36] conducted numerical simulations of the St. Jude Medical bileaflet 

MHV in turbulent pulsatile flow. The geometry was very closely mimicked, including a 

modified aortic sinus to count for the native valve excision and the suturing on the annulus. The 

Wilcox     model was used to simulate the turbulent flow past the valve using the CFD 

package FLUENT™ with the flow corresponding to 72 bpm. To evaluate and compare the 

performance of the valve in a misaligned configuration versus an aligned valve, the platelet shear 

histories were calculated and compared. Comparisons of the quantified platelet activation 

demonstrated that valve alignment and suture pledgets can impact valve performance, and 

misalignment could potentially increase the risk of thromboembolism. 

De Hart et al. [37] conducted a fluid-structure interaction analysis of a fiber-reinforced 

stentless aortic valve. The interaction was incorporated using a fictitious domain/arbitrary 

Lagrange-Euler scheme, integrated with the Galerkin finite element. Three-dimensional fully 

coupled FSI analysis was implemented in the SEPRAN software package [38]. Blood flow was 

assumed to be laminar, incompressible, and isothermal. Results demonstrated that the root 

compliance impacts the valve opening and closing dynamics, and that stress in some parts of the 

leaflet could be reduced if fiber reinforcement was applied. 

In other works De Hart et al. [39] conducted an FSI simulation to investigate the 

dynamics of aortic valves during systole. They used the same methods as in their previous work 

[37] to implement the FSI scheme, and results of this study revealed much information about the 

dynamics of the leaflets of stented valves during systole. 

Cheng et al. [40] studied valve closure in a three-dimensional FSI simulation, 

investigating the shear stress induced by leaflet motion. Using the arbitrary Lagrangian-Eulerian 

method, an unsteady simulation past the bileaflet valve prosthesis in the mitral position was 
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conducted. In this method, the authors took advantage of the fact that the leaflet is a rigid non-

deforming (under current loadings) moving object, and the FSI simulation was simplified to only 

count the movement of the valve and not its deformation. In this method, the forces exerted on 

the leaflet were calculated, and their influence on the motion of the leaflet was considered. The 

motion of the leaflet is governed by the second Newtonian law, where the moment resulting from 

the viscous, pressure, and gravitational/buoyancy forces cause its rotation. A mechanism for the 

rebound of the leaflet (after impact with the housing at closing time) was incorporated in the FSI 

scheme where the rebound angular velocity is proportional to the angular velocity just before the 

impact, and where the proportionality factor was adopted from previous literature [41] due to the 

lack of experimental results. The results revealed areas of large negative pressures on the inflow 

side during the closing phase, with negative pressures even dropping more during the impact and 

rebound of the leaflet, giving rise to the risk of pressure levels lower than the vapor pressure of 

blood and hence cavitation. A comparison of their three-dimensional (3D) study with previous 

two-dimensional (2D) work [42] revealed that pressure and velocity fields are comparable, even 

though the rebound dynamics are exaggerated in the 2D work. 

 Dumont et al. [43] used the same FSI scheme (as mentioned above [40]) with the 

dynamic mesh feature of FLUENT™ (CFD package) to investigate the dynamics of the aortic 

valve in two dimensions during the ejection phase of the cardiac cycle. The results of the 

numerical work were then compared with experimental data obtained from in vitro studies using 

charge-coupled device cameras. In this work, user-defined functions (UDFs) were used to 

describe the motion of the leaflet in a geometry resembling the valve configuration in the aortic 

position with a Valsalva sinus. Results of the numerical scheme were very promising, and the 

leaflet dynamics obtained from the FSI simulation were validated with experimental data. It was 
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concluded that the FSI scheme developed had been successful and could be potentially used for 

future studies. 

 As mentioned previously, there are different methods for integration of fluid-structure 

interaction in a numerical simulation. The method used by Carmody et al. [44] took advantage of 

finite element models. In this study, a pair of finite element models was used, where structures 

were discretized into a large number of small elements, with each element including a number of 

nodes. The nodes were the base for exertion of loads whether external or internal. The first 

model represented the left ventricle, where the numerical simulation was meant to capture the 

circulation and flow dynamics created as a result of wall movements. The obtained velocity 

profile was used as the inlet condition for the second model, which includes the aortic valve. The 

results of this work suggest the following: (1) the motion of the ventricle wall (representing 

contraction) creates a circulatory flow inside the chamber, resulting in a flow through the aortic 

orifice; this flow has been described as mostly axial; (2) the aortic valve does not open 

symmetrically when pushed by the flow; and (3) the application of spatially uniform, time-

varying pressure differences across the valve is acceptable. 

Krishnan et al. [45] conducted a two-dimensional FSI simulation of the closing phase of a  

bileaflet MHV in the mitral position. In this work, the leaflet was considered to be rigid and non-

deforming, with pressure, friction, and gravitational forces dominating the movement of the 

valve. A fixed rectangular grid was used, and modifications were made in the discretization 

scheme to count for the presence of the leaflet. Platelets were tracked by a Lagrangian method, 

and a simple platelet activation model was utilized to quantitatively investigate the risk of 

platelet activation. It was concluded in this study that the interaction of the shear layers, starting 
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at the leaflet tips and the boundary layer of the housing, draws the boundary layer inward, 

causing a circulation area with a potentially high risk of platelet activation.       

Other studies have aimed to quantitatively investigate platelet activation. Alemu and 

Bluestein [46] conducted a three-dimensional CFD simulation of flow past a bileaflet MHV in 

the aortic position with a 15-degree misalignment, aiming to quantify activation risks. Blood 

flow was assumed to be non-Newtonian, transient, and turbulent, where blood is a two-phase 

fluid with spherical solid particles suspended in the flow. Then two models were applied to 

investigate damage to blood cells represented by the particles. One model was a preliminary 

shear accumulation representation that integrated instantaneous values of shear stress along the 

particle trajectories. The second model was more detailed and was intended to evaluate 

accumulative damage, taking into account sustained damage from previous passages through the 

valve. The numerical investigation predicted the flow “fairly accurately” due to simplifications 

made during modeling, and low-pressure regions above the leaflet (due to misalignment) causing 

separation were observed, confirming the findings in previous literature [47].      

Kunzelman et al.[48] created a detailed mitral valve model in the finite element (FE) 

program LS-DYNA (Livermore Soft-ware Technology Corporation, Livermore, CA), and 

conducted FSI simulation of blood flow through normal and abnormal mitral heart valves. Their 

three-dimensional FE model included non-constant tissue thickness and anisotropic non-linear 

material properties. Pressure loads obtained from porcine in vivo experiments were applied to the 

surfaces of the fluid domain. In this study, an Eulerian formulation was used to describe the 

blood domain, modeling blood as a compressible and Newtonian fluid. The results of the study 

revealed that “pathological material changes that altered the anisotropy of the valve” adversely 
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affected functionality, while material changes preserving the anisotropy of the valve did not 

negatively impact valve function.  

In other works of FSI, Hron and Mádlík [49] created a formulation for the interaction of 

incompressible fluid with an elastic solid. In many cases, the common preference for describing 

solid parts is Lagrangian and for describing fluid domains is Eulerian. In this work, a mixed 

description of the entire domain was chosen, known as arbitrary Lagrangian-Eulerian (ALE) 

formulation. The formulation was tested on different simplified practical applications, such as 

flow in an ellipsoidal cavity, flow in an elastic channel, and a three-dimensional model of a 

breathalyzer.  

In a more recent study [50], FSI simulations of tissue heart valves were investigated. In 

this work, two approaches based on a locally refined Cartesian mesh sharp interface method 

were compared. Material properties were based on experiments and incorporated using a finite 

element solver to calculate the dynamics and deformation of the valve based on exerted forces 

from the fluid domain. It was suggested that a strongly coupled, partitioned method, where 

subiterations are performed at each time-step, can overcome numerical stiffness and convergence 

issues, and yield accurate solutions needed in similar bio-applications.   

The diversity of use and capabilities of FSI simulations in this area is beyond the 

dynamics of the leaflets alone. DeTullio et al. [51] investigated the influence of two different 

geometries of a Dacron prosthesis on the dynamics of a bileaflet MHV implanted downstream of 

the grafts—one for a straight graft and the other for a Valsalva graft.  For each of the two 

geometries, five complete cycles were considered with the typical physiological blood flow rate 

of an adult male under 70 bpm. Since the simulation was in a large artery, as opposed to 

capillaries, the flow of blood was assumed to be Newtonian [52]. The incompressible viscous 
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flow of blood was solved in the three-dimensional domain using ANSYS Multiphysics (2008), 

where the immersed boundary method was used to incorporate the deformation and movement of 

the boundaries. It was concluded that even though the geometry of the graft upstream of the 

leaflets does not have a significant impact on the dynamics of the leaflets, it does influence the 

amount of  stress experienced near the coronary-root anastomoses, with the Valsalva geometry 

causing almost half the amount of stress created by the straight graft.  

1.3 Objectives 

In this work, an arbitrary Lagrangian-Eulerian (ALE) method has been used, taking 

advantage of the remeshing functionality of FLUENT™. User-defined functions (UDFs) were 

used to create an iterative process to find the angular velocity and location of the leaflet as the 

result of blood pushing it open or closed. Journal files were used to automate and facilitate the 

execution of the algorithm.  

First, a two-dimensional model of the tilting-disk mechanical heart valve was 

investigated to validate the model. This part of the study also sets the tone for future changes 

implemented in the design and explored in later sections of the work.  

After investigation of the first model, a new design aimed at improving the characteristics 

of the flow has been suggested and investigated. At this time, the valve dynamics were compared 

with the current design for changes, and flow features were analyzed. 

It is understood that many properties of this flow make it innately three-dimensional and 

that a more detailed 3D study is necessary to better study the effects of implemented changes. At 

this level, a more detailed three-dimensional model of the Bjork Shiley tilting-disk mechanical 

heart valve was constructed in the aortic position and investigated. Features of the flow were 

validated with other works, and the code was tested. 
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At this level, a simplified version of the changes in two dimensions was applied to the 

three-dimensional model. It should not be left unnoticed that the cuts and gaps in the two-

dimensional model translate into overall cuts from one side to the other in three dimensions. 

Since this execution of the changes in three dimensions is not realistic, two circular holes were 

integrated and studied. 
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CHAPTER 2 

METHOD 

2.1 Models 

Two main models were used in this research work. First, a preliminary 2D model of the 

Bjork Shiley tilting-disk valve was created. In this simple model of the MHV in the mitral 

position, the geometry was simplified into a straight tube. The purpose of this preliminary model 

was to evaluate the performance of the created code with more ease and also to better understand 

the dynamics of the valve and the flow. The basic geometry of the tilting disk was obtained from 

the work of Avrahami et al. [33]. As will be seen in the results section of the study, the flow 

around tilting-disk MHVs included vortices and circulation areas which are 3D by nature. To 

obtain more realistic and accurate results, a three-dimensional model was also utilized in this 

study to investigate the movement of the valve and performance of the code. The 3D model 

represents the tilting-disk valve in the aortic position and is more detailed than the 2D model. 

2.1.1 Two-Dimensional Model 

A two-dimensional study was carried out with both the current design (Bjork-Shiley) and 

a suggested design aimed at improving the performance of current leaflets. The geometry was 

simplified as a channel, and the simulation corresponded to the valve configuration and 

physiological flow of a Bjork-Shiley valve in the mitral position. The hinge was located one third 

of the diameter above the lower surface. The diameter of the channel was 2.5 cm, with the hinge 

located a diameter away from the inlet. The length of the valve was set equal to the diameter of 

the channel with a thickness of 0.65 mm. A snapshot of the domain can be seen in Figure 13. 
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Figure 13. Two-dimensional model 

 The domain was extended lengthwise sufficiently to minimize the effects of the outlet on 

the flow within the domain. Figure 13 depicts the valve open midway. In the simulations that 

have been conducted and explained later, the valve starts at an open angle of 8 degrees, and the 

valve opens for another 49 degrees to the fully open position of 57 degrees. The open angle of 8 

degrees was necessary, due to the dynamic mesh restrictions of FLUENT™ [53], which was 

used in this research. The simulations were all begun with an initial inlet velocity that would 

approximately correspond to this initial opening. It should also be mentioned that this opening 

did not impact the results of the current study, since the dynamics of the opening and closing 

phases of the valve were primarily being investigated.   

2.1.2 Three-Dimensional Model 

To better capture the vortical flow following the leaflet, a more detailed 3D model was 

chosen and utilized in the current study. In this work, the geometry was obtained from the 

pioneering work of Shim and Chang [54].  Since more data on the geometry of the aortic position 

was available, the 3D study considered the tilting-disk valve in this configuration. As can be seen 

in Figure 14 andFigure 15, this geometry includes the sinus of Valsalva to more resemble the 

actual geometry of the valve in the aortic position. This geometry also allows for the examination 

of the circulatory motions in the sinus area. 
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Figure 14. Three-dimensional model 

 

 

 
 

Figure 15. Details of three-dimensional model 

 

 As in the case of the two-dimensional mode, the figures in this section represent the 

overall geometry of the model. In the numerical simulation, the valves began with an initial open 

angle, which increased as flow pushed the valve open to its fully open position. In the case of the 

3D geometry, the initial opening angle was 8 degrees and the final opening angle was 60 

degrees. The initial opening must be incorporated into the geometry to satisfy the restrictions of 

the software used. As was noted previously, this opening did not influence the procedure or 

results of the current study since this work focused on the opening and closing phases.  
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2.2 Solution Procedure  

2.2.1 Governing Equations 

The commercial software FLUENT™ [53] was used to solve for flow in the fluid 

domain, and in-house codes were created to facilitate the FSI procedure. In what follows, the 

governing equations and solution procedure undertaken in FLUENT™ are explained, and a 

detailed description of the FSI scheme follows.  

For the fluid domain, the unknown variables solved for are the velocity components 

      in the           directions, respectively, and the pressure forces. In the absence of an 

energy equation (ignoring the impact of thermal work) and body forces (ignoring gravity), the 

governing equations are the continuity and momentum equations. These equations in the 

conservative format for an incompressible flow can be written as 

    ⃗    (2.1) 

  (   ⃗  ( ⃗   ) ⃗ )           (2.2) 

where p represents pressure,  ⃗  is the velocity vector, and   is the stress tensor. The stress tensor 

is given by equation (2.3).  
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(2.3) 

Pressure and viscous forces calculated in the flow dominate the movement of the valve. The 

moment created by these forces will rotate the leaflet about its axis, and the movement of the 

valve is governed by  

      ̈ (2.4) 
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where M is the total moment, and   in this case is the opening angle of the leaflet with respect to 

the initial opening angle. In this equation,   represents moment of inertia, and in each case, it has 

been calculated according to the geometry of the leaflet used. The continuity and momentum for 

laminar incompressible flow have been solved for each grid cell using the FLUENT™ package, 

and equation (2.4) has been enforced using the generated codes, as will be explained later.  

2.2.2 Material Properties 

Blood is composed of blood plasma and other particles suspended in it. The viscosity of 

blood depends on the plasma and, for the current study, has been set to         
   

   . In this 

work, blood was assumed to be Newtonian, which is an acceptable assumption considering that 

blood will only act non-Newtonian in very small-length scales that will render this assumption 

inadequate, such as the blood flow analysis in capillaries and orifices. 

The density of blood is about             , which represents the density of the entire 

mixture of plasma—red and white blood cells and platelets. The leaflets are primarily made of 

pyrolytic carbon with a density of             . 

2.2.3 Solver Type 

A first-order discretization scheme for pressure and first-order upwind scheme for 

momentum with SIMPLE coupling was used for all cases. 

2.2.4 Relaxation and Convergence Criteria 

Default values from the solver were used for relaxation and convergence criteria. Under 

relaxation factors, 0.3, 1, 1, and 0.7 were used for pressure, density, body forces, and 

momentum, respectively. Convergence criterion of 10E-05 was used in all cases for all variables. 

2.2.5 Implementation of FSI Scheme 

A flow diagram of the FSI scheme used can be seen in Figure 16.  



 

28 

 

 
 

Figure 16. Flow chart illustrating workflow 

 

Several journal files and UDFs were developed and implemented in FLUENT™. While 

journal files are mainly responsible for interactions with the FLUENT™ user interface, such as 
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setting up the dynamic mesh features and running simulations, the UDF files handle calculations 

related to the movement of the leaflet. The user-defined-functions integrated into the software 

are capable of accessing solution variables that will be used for calculations of each subiteration. 

In what follows, different parts of the scheme have been described in more detail. 

As explained earlier the motion of the rigid leaflet rotating about the hinge axis is 

governed by the moment equation: 

      ̈ (2.5) 

This law states that the total moment about the point of rotation must equal the product of the 

moment of inertia and its angular acceleration. Since there is very little data available on the 

friction forces in the hinge area, these forces have been ignored in this study. Therefore, the total 

moment about the hinge is comprised of the moments from pressure and viscous forces. 

To obtain faster convergence and more accurate results, an implicit scheme has been 

utilized. This is in accordance with the schemes used in FLUENT™ as well. The implicitness of 

the scheme comes into play mainly in equation (2.6), which is the linearized format of equation : 

 
       

  

  ̈
( ̈         ̈     )     ̈        

(2.6) 

This equation relates the moment calculated at one subiteration to the values of angular 

acceleration at two subsequent subiterations. From this equation we can find  ̈        to be: 

 

 ̈        
       

  

  ̈
   ̈      

   
  

  ̈
 

 

(2.7) 

To solve the above equation for  ̈       , the values of moment and 
  

  ̈
 must be known.  
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2.2.5.1 Calculation of Moment 

As explained previously, there is little data available on the frictional forces in the hinge 

area of tilting-disk MHVs; therefore, these forces are neglected in the rotation of the valve in the 

current study. In the absence of these forces, the moment that pushes the valve open during the 

opening phase or drives the valve to its closing state is comprised of viscous and pressure forces. 

These values are solved for in the CFD solver and can be accessed by the user-defined-functions. 

The calculation of the moment is shown in Figure 17. 

 

Figure 17. Calculation of moment 

To calculate the moment resulting from these forces about the hinge, the following 

mathematical definitions have been used: 

The force vector is expressed in its x, y, and z components as 

                  ⃗  (2.8) 

The position vector (relative to any origin) of the point of exertion of the force is 

              ⃗  (2.9) 

The position vector for the hinge (the point where the moment is taken about, point A) is 

   ⃗⃗  ⃗               ⃗  (2.10) 

At this point, the moment about the hinge can be expressed as 

  ⃗⃗               (2. 11) 
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This cross product can be expanded to  

  ⃗⃗   [                         ⃗ ]  [             ⃗ ] (2.12) 

  |

   
                  

      

| 

 {                 }   {                 }   {                 } ⃗  

Using equation (2.13) the moment of pressure and viscous forces can be calculated and later 

added to provide the overall moments: 

          (2.13) 

where   and    are the summations of the moments from each cell-face on the leaflet:  

    ∑  
 

 

 
(2.14) 
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(2.15) 

2.2.5.2 Calculation of 
  

  ̈
 

To solve for the value of angular acceleration in each step, 
  

  ̈
 must be known. Finite 

difference methods can be used to calculate this value. In this work, three steps were taken to 

determine 
  

  ̈
. At the beginning of each time-step, an angular acceleration derived from previous 

time-steps (via extrapolation, as will be explained later in the section) was used. The dynamic 

mesh was set up using this value of angular acceleration, and the solver solved for the variables 

in the domain. At the end of this subiteration, convergence was checked, and if another 

subiteration was needed, a perturbation ( ) was added to the previous  ̈ to obtain the angular 

acceleration for the new subiteration. The value of   must be chosen in a way that will not cause 

failure of the dynamic mesh, and at the same time, it must be larger than a minimum to inflict 
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measurable change in the domain variables. At the end of this step, the total moment was 

calculated, at which point 
  

  ̈
 can be found from the following expression: 

   

  ̈
 

  

  ̈
 

               

 ̈         ̈     
 

               

 
 

(2.16) 

At this point, angular accelerations can be calculated. If the calculated value of  
  

  ̈
 fails to result 

in convergence after two subiterations, then a flag will be set off to impose another perturbation 

in the next subiteration, and a new 
  

  ̈
 will be calculated. This cycle will be repeated until 

convergence is achieved according to  

 |          ̈     |    (2.17) 

If convergence is achieved, meaning that the calculated moment about the axis of rotation is only 

larger than the product of the moment of inertia and the angular acceleration for that time-step by 

an amount smaller than epsilon (which has been set proportional to the calculated moment so 

that it is not off in terms of order of magnitude), then the UDF sets off a flag to issue the journal 

file permission to save this data as the final solution for that time-step and moves on to the next 

time-step. 

The values of angular position and velocity must be calculated based on angular 

acceleration. Since FLUENT™ uses a backward Euler scheme, this method was chosen to 

determine   and  ̇, as shown in the following equations: 

  ̇         ̇      ̈        (2. 18) 

                 ̇       ̈        (2. 19) 
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2.2.5.3 Extrapolation of Angular Acceleration 

At the beginning of each time-step, an angular acceleration value is needed. This value, 

as mentioned previously, will be derived from previous time-steps via quadratic extrapolation. 

Based on this work’s experiments, convergence will accelerate in each time-step. 

The strategy of calculating  
  

  ̈
 and subsequently angular acceleration in each subiteration 

has been summarized below: 

a. At the beginning of each time-step, an angular acceleration value is extrapolated from 

previous time-steps (k = 0), and convergence is examined. 

b. A perturbation ( ) is added to previous angular acceleration.  

c. A new value for 
  

  ̈
 is calculated, and the next subiteration is set up using this value. 

d. If  
  

  ̈
 fails to results in convergence after two subiterations, then steps 2–4 are repeated. 

2.2.6 Stress-Accumulation Model  

With the increase in capacity and performance of current computers, CFD simulations of 

flow in arteries and around MHVs have multiplied both in quantity and quality. Current 

simulations shed much light on the features of flow, such as levels of shear stress, stagnation 

areas, and flow patterns. Although this information is very valuable in terms of comparing and 

analyzing different designs, having a numerical measure of the performance of these valves 

would make comparisons much more systematic. Several efforts have been conducted in this 

area, and different mathematical models have been developed. These formulations have been 

tested against experimental work to evaluate their success in describing the level of damage 

inflicted on particles [55-57]. 

The current study used shear accumulation (SA) as the measure of performance. This 

formulation accounts for levels of shear stress and residence times, both crucial in the platelet 
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activation process. Higher values of SA indicate that the platelets are more prone to be activated 

in the flow. In this formulation, laminar shear stress is calculated using the following relation: 

 
     (

  

  
 

  

  
) 

(2.20) 

And their values are integrated over time: 

 
    ∫      

(2.21) 

As can be seen in Figure 18, injection started at time 0.1 (s), corresponding to an inlet velocity of 

0.24 (m/s). A quantity of 62,000 particles were injected at the inlet during 3,100 injections until 

the time of 0.41 (s), where the inlet velocity was 0.24 (m/s) again.  

The inlet plane is chosen as the reference plane of injection for both simulations for 

consistency. The simulation was continued until the particles left the domain. A Lagrangian 

method was used to track the particles in the flow individually, and the values of shear stress at 

different locations on the path were recorded and eventually numerically integrated over time. 

 

Figure 18. Period of injection  

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Time(sec)

V
e

lo
c
it
y
(m

/s
)

 

 

Injection starts

Injection ends



 

35 

CHAPTER 3 

NUMERICAL SIMULATIONS 

In this work, four cases were studied, each of them bearing significance in accuracy, 

understanding, and preparation of the next step. These four cases have been described in what 

follows, and more details on the results of each model and its contribution to the entire research 

have been discussed in the results section. 

3.1 Two-Dimensional Geometry (Bjork-Shiley Design) in Mitral Position  

In this case, two different situations were examined. First, a stationary leaflet was 

investigated to verify the model and conduct grid and time-step independency tests. As explained 

previously, this model was taken from the work of  Nejadmalayeri [58], and for consistency 

purposes, the boundary conditions for the first test are set to be the same. In the second case, the 

written code has been integrated in FLUENT™ to calculate the dynamics of the valve when 

exposed to the incoming flow. The results of this simulation have been investigated for flow 

features important in clot formation. The results of this case were later utilized to suggest a 

design aimed at improving the thrombogenicity of current valves. 

In the first case, two different inflows corresponding to relatively high and low Reynolds 

numbers were imposed at the inlet. To be consistent with previous work, these velocities were 

chosen to be 11.137 and 59.4 cm/s, equivalent to Reynolds numbers of 795 and 4242. General 

flow features and vortex shedding frequencies were used to validate the model. 

In the second case, a pulsatile physiological inflow corresponding to that of the mitral 

valve has been set as the inlet flow. It should be noticed that the actual inflow has been slightly 

modified to allow for the complete and uninterrupted closure of the valve. MATLAB™’s [59] 

pchip functionality was utilized to create smooth and curve-fitting matrices of coordinates 
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approximating the pulsatile flow. These coordinates were later added to a user-defined-function 

describing the inlet flow. The profile of this flow alongside the constant velocity flows of the 

previous case can be seen in Figure 19. The particle shear accumulation model explained in 

section 2.2.6 has been utilized here to quantify improvements.  

 

Figure 19. Physiological mitral flow and fixed inlet velocities 

3.2 Two-Dimensional Geometry (Proposed Design) in Mitral Position 

Based on the results of the previous case presented and analyzed later on in Chapter 6, a 

new design was suggested and investigated. The proposed design, incorporating four gaps in the 

leaflet at equal distances from each other, can be seen in Figure 20. At the initial time, the 

openings have a very small length of 0.008 cm, 312 times smaller than the length of the leaflet 

itself. As the leaflet begins rotating, the gaps start growing, reaching their full size exactly when 
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the leaflet attains its final position, and they remain open throughout the opening phase of the 

leaflet. These gaps start to close with a constant velocity only after the leaflet starts rotating back 

to its initial position, thus returning to their initial size at the time of closure. In this case, the 

same physiological pulsatile flow of mitral position was used and the results compared to the 

previous case.  

 

Figure 20. Proposed design 

UDFs and journal files outlined in previous sections were incorporated to calculate the 

valve dynamics and flow features, and the results were visually and numerically compared. The 

particle shear accumulation model explained earlier was utilized here to quantify improvements.  

3.3 Three-Dimensional Geometry (Bjork-Shiley Design) in Aortic Position 

As will be discussed in the results section, vortices in the flow downstream of the valve 

in the forward-flow phase are formed and shed from the valve tips. This and other features of the 

flow, discussed later, make the overall flow innately three-dimensional, lessening credibility of 

the two-dimensional analysis. Even though the two-dimensional work offers great insight and 

understanding into the workings of the valve movement and flow properties, the need for a more 

detailed simulation is obvious. 

The 3D model represents the tilting-disk valve in the aortic position. For this reason, the 

physiological inflow corresponding to that of the aortic position has been imposed at the inlet 
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(Figure 21). Pchip functionality of MATLAB™ has been used to interpolate data from the given 

coordinates. The data was later incorporated ito the UDF defining the inlet velocity. 

 

Figure 21. Aortic waveform 

3.4 Three-Dimensional Geometry (Proposed Design) in Aortic Position 

Careful investigation of the 2D numerical simulation of the tilting-disk mechanical heart 

valve revealed features, discussed in the results, which could potentially be improved with the 

insertion of gaps in the design. This 3D model, although different from its 2D counterpart, aims 

at investigating the observed improvements in the 2D simulations. For this reason, two identical 

holes, each with a diameter of 0.0008 m, were inserted in the valve disk, as shown in Figures 22 

and 23.  

Due to the restrictions of the methods used, the valves were open during the movement of 

the valve, unlike the 2D case, which involved gaps that change in size. This modification can be 

neglected because the forward phase of the flow, with the holes fully open, is the most 
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significant period of the cycle, since it includes the highest gradients of velocity, shear stress, and 

therefore platelet damage.    

 

 

Figure 22. Overall geometry of suggested valve 

 

 

 

Figure 23. Close-up of proposed valve 
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CHAPTER 4 

GRID GENERATION 

Multiple grids were generated in each case for grid independency tests. In all cases, 

Gambit™ [60] was used to discretize the domain. 

4.1 Two-Dimensional Model 

As can be seen in Figure 24, the grid in the two-dimensional model is denser around the 

leaflet in order to capture the important features of the flow in this region, such as vortex 

shedding and rapid changes in pressure (high pressure gradients). Tetrahedral discretization of 

the spatial domain was carried out according to the requirements of the computational fluid 

dynamics package for dynamic grids. The quality of mesh was very carefully monitored to result 

in a fine mesh capable of capturing the flow features with the least amount of error. To account 

for the clearance between the leaflet and the housing, and also in accordance with the restrictions 

imposed by the CFD package, the starting angle in the simulations was 8 degrees.  

Four different grids, similar to a typical grid shown in Figure 24, were created for the 

purpose of independency tests. Table 3 summarizes the density of the girds. 

 

Figure 24. Typical grid generated for two-dimensional model 
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TABLE 3 

DENSITY OF GRIDS GENERATED FOR GRID INDEPENDENCY TESTS OF  

TWO-DIMENSIONAL MODEL 

 

 

4.2 Three-Dimensional Model 

The grid for this case was also created using Gambit™. Due to limitations of the solver, 

an unsctructured mesh was utilized. A typical grid used in this case for grid independency tests 

can be seen in Figures 25, 26 , and 27. Grids were generated with the same quality and density as 

in previous work [58]. 

 

 

Figure 25. Typical surface grid for three-dimensional model  

 

 

Figure 26. Typical grid on cross section in middle of artery 

Grid Number of cells Number of faces Number of nodes

1 59,234 80,260 31,630

2 50,568 72,530 25,800

3 44,101 65,372 22,830

4 35,268 60,280 18,250
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Figure 27. Close-up of typical grid generated for 3D model 
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CHAPTER 5 

INDEPENDENCY TESTS 

5.1 Two-Dimensional Grid 

To be consistent with previous similar work [58, 61], the velocity profiles in the x 

direction,   , on a line located a distance of 2.8 D from the inlet was compared for different 

grids. The valve was rotated to its fully open position before running the tests. The Reynolds 

number of the incoming flow was set to 795. The plot comparing these velocity profiles can be 

seen in Figure 28.  

 

Figure 28. Axial velocity profile on line located 2.8 D from the inlet 

Since the closing and opening of the tilting-disk valve is of significant interest in this study, it is 

very important that a time-step allowing for accurate capturing of the valve dynamics was 

chosen. Also, multiple tests of the code with different time-steps prove that time-steps larger than 
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independency tests were only carried out for time-steps of 0.0001 second and smaller, which 

confirmed the adequacy of a time-step of 0.0001 second. The vertical component of velocity at a 

specific point shown in Figure 29 was monitored in the time-step independency tests, as shown 

in Figure 30. 

 

Figure 29. Location of control point 

 

 

Figure 30. Vertical velocity at control point 
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5.2 Three-Dimensional Grid 

An in-depth discussion of the grid and time independency tests for the 3D case can be 

found in the previous work of Nejadmalayeri, section 5.1.2 [58]. Based on the results of that 

investigation, a gird with the properties shown in Table 4 was generated, and a time-step of 

0.0001 second was used. It should be noted that higher time-steps were potentially adequate for 

this case, but stability of the code and capturing the motion of the leaflet required the lower time-

step of 0.0001 second.  

TABLE 4 

GRID INFORMATION FOR THREE-DIMENSIONAL MODEL 

 

  

Grid Number of cells Number of faces Number of nodes

1 9,126,988 22,065,987 3,944,528
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CHAPTER 6 

RESULTS 

6.1 Two-Dimensional Geometry (Bjork-Shiley Design) with Fixed Inlet 

This part of the study was conducted to validate the model that was used in this case and 

the next case studied. The Strouhal number and frequency of vortices shed from the top of the 

valve was measured and compared with previous work. 

 To obtain more accurate values, the simulation was conducted long enough for the flow 

to stabilize. Values of drag coefficient over the valve were monitored to measure stability of the 

run. Closer investigation of the drag coefficient values over the valve confirms existence of shed 

vortices, as can be seen in Figures 31and 32. 

 

Figure 31. Typical plot of drag coefficient for low Reynolds number simulations  
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Figure 32. Close-up of typical plot of drag coefficient for low Reynolds number simulations 

 

 

 After stabilization of the run, values of the vertical velocity at the control point shown in 

Figure 29 were monitored, and shedding frequency and Strouhal numbers were calculated. A fast 

Fourier transform was used to calculate the frequency of shedding, and the Strouhal number was 

calculated using equation (6.22).  

 
   

   

 
 

(6.22) 

where Sr is the Strouhal number, f is the shedding frequency, D is the characteristic length (in 

this case, the diameter of the tube), and U is the inlet velocity. Values obtained from this case 

compared with the literature and previous work are summarized in Table 5. A typical shedding 

frequency plot is shown in Figure 33. 
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TABLE 5 

COMPARISON OF SHEDDING FREQUENCY AND STROUHAL NUMBERS 

  Reynolds Number Shedding Frequency [Hz] Strouhal Number 

This work 795; 4242        4.847; 20.35 1.088; 0.856 

Nejadmalayeri [58] 795; 4242 5.245; 21.100 1.177; 0.888 

Rosenfeld et al. [61] 795; 4242 5.5; 23 1.18; 1.15 

 

 

Figure 33. Typical shedding frequency plot 

6.2 Two-Dimensional Geometry (Bjork-Shiley Design) in Mitral Position 

It is obvious from the results of the current study that the tilting-disk valve design results 

in a separation area, beginning at the lower side of the leaflet, which is maintained during the 

time that the valve is in its open position and occupies a larger area as the velocity increases. 

This provides the already-activated platelets with an opportunity to form clots. These separation 

areas can easily be identified in Figures 34 and 35. Later, the separation region starts growing 

from the lower side of the leaflet. It can be seen that the separation area continues to grow until 
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peak inlet velocity. The stagnant area behind the valve is clearly visible in the last two frames of 

Figure 34. 

 

 

 
Figure 34. Comparison stream lines at various times during forward flow 

 

 

Figure 35. Comparison of contours of vorticity magnitude at various times  
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6.3 Two-Dimensional Geometry (Proposed Design) in Mitral Position  

Based on results from the previous section, a new design was suggested and investigated. 

The purpose of the gaps was to disturb the separation region observed with the current design. In 

the proposed design, as the wake started taking over the region behind the leaflet, the flow 

coming through the gaps washed them away, replacing them with a stream of flow.  

Another difference observed in the flow fields surrounding these leaflets was the initial 

vortex that formed on top of the valves during opening. As the valve opened, a vortex on the 

upper side of the valve developed and was shed when the valve reached its open position. It is 

clear from Figure 35 that this vortex is weaker in the proposed design and is being washed away 

earlier due to the stream of flow coming toward it from the gap closest to it. This phenomenon 

can be observed in the second and third frames of Figure 34.   

The dynamics of the valves are compared in Figure 36. It is observed in the plot that the 

existence of gaps in the valve, due to their small size compared to the overall leaflet, does not 

change the valve motion significantly. It was expected that the valve opening would be delayed 

because of the gaps, since flow in this case is passing through the gaps and less pressure is 

exerted on the leaflet to push it open. This can be seen in Figure 36. 

 Results of the particle injection analysis reveal that the maximum value of shear 

accumulation in the case of Bjork-Shiley leaflet is 21.544Pa.s, which is larger than the maximum 

value of 6.47Pa.s obtained for the proposed design. Closer investigation of paths with the largest 

values of shear accumulation, as shown in Figure 37, reveal that, as expected, these paths are 

associated with particles that cross the flow jet at the bottom of the leaflet and get trapped in the 

recirculation area behind it. These particles are subsequently washed away from the leaflet, and 

their circulatory motion is diffused as they travel downstream. Such tracks expose particles to 
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high deformation and stress rates in the flow jets and high residence times in the separation 

areas, thus providing sufficient time and impact between these already-activated particles to 

aggregate and form clots. Also, the mean SA value for the Bjork-Shiley valve (0.0458Pa.s) is 

higher than the mean SA for the proposed design (0.03642Pa.s). According to the criterion of 

Hellums et al. [62],  particles are activated when their SA exceeds the threshold of 3.5Pa.s. A 

comparison of SA values shows that the number of paths in the simulation of the Bjork-Shiley 

design that causes a SA number larger than 3.5Pa.s is 8 times the number of corresponding paths 

in the proposed design.    

 

Figure 36. Comparison of valve dynamics (black line represents Bjork-Shiley design) 
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Figure 37. Top 100 particle paths experiencing largest amounts of shear accumulation 

 

 

Figures 38 to 44 are plots of vorticity magnitude along a vertical line passing through the 

control point just downstream of the leaflet. Closer investigation of these plots shows that the 

magnitude of vorticity, especially at the beginning of the opening phase and in general, is lower 

in the suggested design. 

 

 



 

53 

 
 

Figure 38. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.1 sec 

 

 
 

Figure 39. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.15 sec 
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Figure 40. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.20 sec 

 

 

 
 

Figure 41. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.25sec 
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Figure 42. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.30 sec 

 

 
 

Figure 43. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.35 sec 
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Figure 44. Vorticity magnitude profile on line located 4.25 cm away from inlet at t = 0.40 sec 

 

6.4 Three-Dimensional Geometry in Aortic Position  

The three-dimensional study was aimed at testing the generated code for stability and 

investigating the flow features in three dimensions. As was expected in the two-dimensional 

study, the vortical features are exaggerated. Considering the fact that in two dimensions the 

geometry does not represent a circular tube and the valve covers all the outlets except the top and 

bottom orifices, it is reasonable that the flow in two dimensions, especially in the two jets, is 

more intense. This creates larger shear values, gradients of velocity, and increases the chances of 

vortex formation. In the three-dimensional geometry, flow is free to pass the valve on the sides 

and is limited not only to the lower and upper flow jets. In this case, flow wraps around the 

leaflet from all directions and results in a more composed flow downstream of the valve. It has 

also been observed that the two flows start resembling each other more when the velocity picks 

up, resulting in almost similar flow features in higher Reynolds numbers. 
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Since the three-dimensional simulation also confirms the existence of recirculation areas 

downstream of the valve, the need for improving the design is verified. Even though the gaps in 

two dimensions do not translate to circular holes in three dimensions, the combination of the 

circular holes explained earlier has been used. The fluid-structure interaction code was capable 

of handling the movement of the leaflet, but due to restrictions of the solver, the holes are 

considered open from the start. The difference in valve dynamics were negligible, similar to the 

two-dimensional cases. A comparison of valve dynamics is shown in Figure 45. 

 

Figure 45. Comparison of valve dynamics (black line represents Bjork-Shiley design) 
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shown in Figure 46. 
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Figure 46. Velocity vectors on plane located 0.04 m from inlet (valve with no gaps) 

 

 Since the gaps inserted in the valve are located on the top and the bottom, they were 

expected to weaken the upper and lower jets and redirect them away from the incoming flow 

from the sides of the leaflet, in order to decrease the size of the impact and potentially reduce the 

areas of recirculation. As can be seen in Figure 47, the attempt was not very successful, and these 

areas  still exist.  

 

Figure 47. Velocity vectors on plane located 0.04 m from inlet (valve with gaps) 
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This could be attributed to the fact that despite the existence of a gap on the top, the strong jet on 

the top orifice is not redirected in the fully open position, because at this angle, the way that the 

gap is oriented creates a flow very similar to the jet flow, which does not redirect the flow 

through the orifice.  

Meanwhile the lower gap seems to be creating the expected effect. Figures 48 to 51 show 

velocity vectors on a plane at z = -0.0026667, in both valves with no gaps and valves with gaps. 

As shown in Figures 48 and 49, the lower jet is well redirected in the suggested design, and its 

flow towards the middle section of the domain is restricted by the jet coming through the lower 

gap. Figures 48 and 50 show the vectors of velocity on a plane located at z = -0.0026667. While 

the upward flow of blood from the lower jet just downstream of the valve is evident in the 

current design, it is non-existent in the proposed valve configuration.  

 

 

Figure 48. Velocity vectors on plane at z = -0.0026667 (valve with no gaps) 
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Figure 49. Velocity contours on plane at z = - 0.0026667 (valve with no gaps) 

 

 

Figure 50. Velocity vectors on plane at z = -0.0026667 (valve with gaps) 
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Figure 51. Velocity contours on a plane at z = - 0.0026667 (valve with gaps) 

 Figures 52 to 62 show streamlines and contours of velocity magnitude on the symmetry 

plane of the geometry with no gaps. 

 

Figure 52. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 
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Figure 53. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 

 

 

Figure 54. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 



 

63 

 

Figure 55. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 

 

 

Figure 56. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 
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Figure 57. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 

 

 

Figure 58. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 
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Figure 59. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 

 

 

Figure 60. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 
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Figure 61. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 

 

 

Figure 62. Streamlines and contours of velocity magnitude on symmetry plane of geometry with 

no gaps 
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Figures 63 to 73 show streamlines and contours of velocity magnitude on the symmetry plane of 

the geometry with gaps. 

 

Figure 63. Streamlines and contours of velocity magnitude on symmetry plane of geometry  

with gaps 

 

 

Figure 64. Streamlines and contours of velocity magnitude on symmetry plane of geometry  

with gaps 
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Figure 65. Streamlines and contours of velocity magnitude on symmetry plane of geometry  

with gaps 

 

 

Figure 66. Streamlines and contours of velocity magnitude on symmetry plane 

of geometry with gaps 
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Figure 67. Streamlines and contours of velocity magnitude on symmetry plane of geometry  

with gaps 

 

 

Figure 68. Streamlines and contours of velocity magnitude on symmetry plane of geometry  

with gaps 
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Figure 69. Streamlines and contours of velocity magnitude on symmetry plane of geometry  

with gaps 

 

 

Figure 70. Streamlines and contours of velocity magnitude on symmetry plane of geometry  

with gaps 
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Figure 71. Streamlines and contour of velocity magnitude on symmetry plane of geometry  

with gaps 

 

 

Figure 72. Streamlines and contours of velocity magnitude on symmetry plane of geometry  

with gaps 
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Figure 73. Streamlines and contours of velocity magnitude on symmetry plane of geometry  

with gaps 
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CHAPTER 7 

CONCLUSION 

Because of the thrombogenic properties of MHVs, recipients of these devices must 

consume anticoagulation medication on a daily basis, which if not administered properly could 

lead to hemorrhage. Several investigations have associated this property with high levels of shear 

stress followed by high residence times and separation areas produced by these MHVs. 

 Both the two- and three-dimensional studies conducted here verify the existence of 

separation and recirculation areas behind current tilting-disk MHVs. It has been long 

debated that these features could contribute to the growth of clots.  

 Application of the FSI code to the two-dimensional model of the tilting-disk MHV in the 

mitral position was successful and confirmed that areas of large velocity gradients 

followed by recirculation areas are existent. Jets forming on the top and lower part of the 

leaflet would be the perfect environment for platelet activation, and the separation zones 

downstream of the leaflet created enough time for the already-activated platelets to 

aggregate. 

 The proposed design performs as expected, disturbing the forming jets and causing 

separation. Also the shedding vortices forming on the valve tips were weakened by the 

stream of blood through the gaps next to them. The valve dynamics were not altered 

significantly as a result of this change in the leaflet design, but the evaluated performance 

in terms of shear accumulation shows great improvement. It was also noted that because 

of the flow properties, a more detailed three-dimensional study is required to evaluate 

these conclusions. 
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 A three-dimensional study of the tilting-disk MHV in the aortic position was conducted. 

The geometry of the three-dimensional model was more detailed and included the sinus 

of Valsalva. This part of the study confirmed the orifices forming on the upper and lower 

sides of the leaflet, but it was also observed that since flow, in this case, is not limited to 

just these two jets and can flow from the sides of the leaflet, these jets are weaker and 

their impact downstream of the valve creates a smaller separation area. Two vortices on 

the sides of the domain were also observed as previously reported in the literature.    

 The proposed design in two dimensions translates to a valve in three dimensions with 

overall cuts, which would be unrealistic from a design viewpoint. Therefore, a different 

interpretation—two holes on the top and the bottom of the valve—was implemented and 

investigated. As in the two-dimensional case, the valve dynamics does not alter 

significantly. In this case, the results are mixed:  even though the overall flow features 

seem to have improved, the other design should be investigated for an optimum 

comparison. The lower hole serves well to disturb the lower jet but, as explained in the 

results, the same effect is not observed from the upper hole, due to its orientation. Also 

the two side vortices are still existent. 

 It should be noted that the work performed here was limited in the number of cases 

studied. The written code and algorithm were successful in practice, and they can be used 

to study more cases. Based on the results of this work, it is suggested that more FSI 

simulations be conducted with valves of different designs, such as a circular pattern of 

gaps with a gap in the center of the valve. It should also be noted that the applicability of 

these preliminary designs in real life is another path for research. 
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