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Abstract  

 

Valve prostheses are obtained through a design process involving in-vitro behavioural 

analysis with pulse duplicators that mimic the human heart and cardiac cycle. The pulse 

duplication device therefore plays an essential role during the in vitro analysis of a valve, 

which requires careful design. This last aspect is the focus of this thesis, in which 

supporting analyses were carried out for the creation of a new pulse duplicator model 

(currently under development at the Tissue Engineering Laboratory of the Rimed 

Foundation), which will be used to test a new mitral valve model in vitro. The 

customised pulse duplicator model aims to replicate left-sided chambers of the heart, 

consisting of atrial and ventricular chambers and offers the possibility to accommodate 

both the mitral valve (the main object of investigation) and the aortic valve.  

Computational fluid dynamics (CFD) was used to evaluate the current design, adopting 

finite volume-based solver. Specifically, three models were investigated:  

- a simplified model with the atrium, ventricle and mitral valve; 

- two models based on the original complete design of the pulse duplicator and 

representing its preliminary and final versions, respectively, which differ in 

dimensions; 

Once the CAD models were created, they were discretized by creating a mesh of 

quadrilateral elements, which reduced the error rate in the analysis phase. 

Simulations were then carried out with the aim of reproducing the cardiac cycle in 

its systole and diastole phases. The dynamic mesh method was used to take into 

account the movement of the mitral and aortic valves.  

From the results obtained, velocity fields in two regions located before and after the 

mitral valve were analyzed to assess the prototype's ability to reproduce an environment 

suitable for the in-vitro analysis of a mitral valve. 

Currently, the new pulse duplicator model can reproduce accurately the diastolic phase 

of cardiac cycle, while the obtainment of adequate behavior in the systolic phase is still 

object of research activity. To date, there is no work in the literature in which CFD has 
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been used to support the design phase of a pulse duplicator. This therefore turns to be 

an innovative work aimed at increasing the efficiency and effectiveness of the design 

cycle. 
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Chapter 1 

Introduction 

 

1.1 Cardiovascular disease: epidemiology 

Cardiovascular disease (CVD) occurs due to the improper functioning of cardiovascular 

system's components, which affects its normal activity. These cardiovascular disorders 

are the leading causes of morbidity and mortality in the world, particularly in developed 

countries1. The onset of these diseases is related to the presence of cardiovascular risk 

factors. This subsequently lead to vascular damage to the target organ, terminal organ 

failure and death. Risk factors include hypertension, smoking, obesity, and low physical 

activity2. The incidence of these diseases is rising even among young people due to an 

increased unhealthy risk profile3. According to statistics in the United States, 57 million 

people are affected by cardiovascular diseases, resulting in treatment costs of around 

260 billion. These disorders include heart valve disease, for which an estimated 60,000 

operations are performed, of which 15,000 are related to congenital problems4. 

According to data published by the American Heart Association, in 2003 there were 

19,989 deaths whose primary cause was heart valve (HV) disease and 42,590 ones for 

which it was a contributing factor5.  

 

1.2 Prosthetic valves and pulse duplicator for in-vitro testing 

Heart valve diseases can affect all four valves, leading to their incorrect functioning 

related to stenosis or regurgitation problems. These disorders also alter the normally 

present hemodynamics6, which considerably influence the functioning mechanisms of 

the valves. Therefore, it is essential to know the interactions that occur between valves 

and local haemodynamics in order to understand the functioning of valves and their 

pathologies5. Among valvular heart diseases, those affecting mitral valve are the most 

common, especially in older people, with an estimated 10% for people over 75 years of 

age7. Their treatment involves surgery in which the compromised valve is repaired or 
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replaced with a heart valve prosthesis8. However, all valves in use today experience flows 

that differ from those physiologically present in the cardiovascular system, with regions 

of high velocity values and shear stresses. These are all factors that are unsuitable for 

blood constituents and contribute to the formation of recirculation regions and clots. 

Due to the complex environment in which heart valves operate, their design requires a 

synergy between experimentation and computational techniques 9. With regard to in 

vitro testing, standards indicate that valves should be subjected to pulsatile flow testing. 

For this purpose, pulse duplicators devices are used to analyse the hydrodynamic 

behavior of the valve, taking into account parameters such as heart rate and pressure 

values. Several models of these devices have been produced over the years10. The use of 

computational fluid dynamics (CFD) to simulate the pulse duplicator could allow 

important information such as velocity profiles to be obtained11. Indeed, CFD appears 

to be a valuable tool that, alongside experimentation, can lead to important information 

that will enable the development of ideal valve prostheses, including tissue prostheses9. 

Specifically, in this thesis, CFD will be used as a tool for the design cycle of a new Pulse 

duplicator model. 

 

1.3 Outline of the Thesis 

The aim of this thesis is to support the design phase of a new Pulse duplicator model 

developed by the Cardiovascular Tissue Engineering Laboratory operating within the 

Ri.MED Foundation, which will then be used to conduct in vitro analyses on a new 

mitral valve model currently under development with the Biomitral project. To this end, 

innovative research has been carried out, in which computational fluid dynamics has 

been used as a tool to support the evaluation of the pulse duplicator prototype design. 

To conduct the analysis, the numerical solver Ansys Fluent 2022 R2 was used, which is 

based on the finite volume method. 

The thesis is structured as follows: 

Chapter 1 – Introduction: an overview will be given of the anatomy and physiology of 

the cardiovascular system, the heart valves that make it up, and in particular mitral valve 

disorders and the treatments currently in use 
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Chapter 2 - Background: Computational fluid dynamics and its applications in the 

biomedical sector will then be presented, followed by an overview of pulse duplicator 

models presented in the literature; 

Chapter 3 - Materials and Methods: The Finite Volumes method and the pulse 

duplicator experimentation conducted on Ansys Fluent will be presented; 

Chapter 4 - Results and discussion: the results obtained in the investigation carried out 

will be shown and commented on; 

Chapter 5 - Conclusion; 

 

 

1.4 An insight into the heart 

The heart has a trapezoidal shape; its position can be easily identified within the rib 

cage by means of landmarks [Figure 1]: 

- At the level of the fifth intercostal space, on the mid-clavicular line, is the apex 

of the heart; 

- The lower edge is positioned between the sixth left and right ribs; 

- The upper edge is located at the second and third and behind the sternum; 

- On the right, between the sixth and third cartilage, the right edge is placed12; 

 

Figure 1 – Position of the heart in the rib cage 12 
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The heart is formed by 4 chambers divided into 2 atria and 2 ventricles. The first collect 

blood from the body, specifically the left atrium collects blood from the lungs, while the 

right atrium receives blood from the rest of the body. The ventricles direct blood to the 

body, more precisely the right ventricle to the lungs, while the left one pumps blood 

throughout the rest of the body. 

The blood flows unidirectionally due to the presence of four valves: pulmonary, aortic 

and the valves separating the atria and ventricles, which are the tricuspid and mitral13. 

The cardiovascular system deals with the nutritional and immunological needs of 

various cells through what can be considered a closed circuit; blood from the left heart, 

through the aorta, reaches the arterial system, then returns through the venous system 

to the vena cava, which carries it to the right heart. From there, through the pulmonary 

artery, the blood goes to the lungs and, through the pulmonary vein, returns to the left 

side of the heart14. [Figure 2].  

 

 

Figure 2 – Organization of cardiovascular system14 
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The heart chambers are characterised by different shapes and thicknesses, as they adapt 

to the volume of blood they must accommodate and to the pressures they are subjected 

to. In fact, the right side of the heart is generally subject to less pressure than the left 

side. For this reason, the walls that make up the right atrium are thinner, undergoing 

an average pressure of 2-6 mmHg, and are able to accommodate about 60 ml of blood. 

The shape of its walls facilitates flow towards the tricuspid valve, which opens when the 

ventricular pressure is lower than the atrial pressure, allowing blood to flow into the 

right ventricle. Pressure values are also lower than the left counterpart, with values 

around 8-12 mmHg. From the right ventricle, blood is pumped by contraction to the 

pulmonary valve, which is called the semilunar valve. Then the blood reaches the 

pulmonary artery, which is the only artery in the body that carries deoxygenated blood.  

The left atrium generally collects about 60-70 ml of blood, which is conveyed to the left 

ventricle through the mitral valve. This is composed of two leaflets, papillary muscles 

and chordae tendineae that enable it to be attached to the walls of the ventricle. This 

one has a thickness of 8-10 mm and collects 100-120 cc of blood. From here, the blood 

passes through the aortic valve, to the aorta and then to the subclavian, 

branchicepphalic and carotid arteries, and into the systemic circulation15.  

Within the walls of the heart, three layers can be distinguished; starting from the inside 

and going outwards there are: endocardium, myocardium and epicardium. The walls of 

the heart are supplied with blood through the coronary arteries, which are classified 

into the right coronary artery, the left anterior descending artery and the left circumflex 

artery13. 

In order to distribute the right supply of blood to all cells, pumping action is required, 

which occurs through the heartbeat, which consists of two phases: systole and diastole. 

Diastole is identified by the passive passage of blood from the atria to the ventricles 

(which corresponds to what is called the E wave) and atrial contraction (which 

corresponds to the A wave), while in systole it is the ventricles that contract in order to 

send blood to the corresponding arteries. The inverse of the duration of a heartbeat is 

the heart rate (HR) which identifies the number of beats per minute. Another key 

parameter is the cardiac output, which indicates the volume of oxygenated blood 
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supplied by the left ventricle in one minute. Under resting conditions, physiological HR 

values are around 60-100 bpm (beats per minute) [Figure 3].  

 

 

Figure 3 - Electrocardiographic signal of a heart in a normal state and trends in blood pressure and flow14 

 

When HR values are below 60 bpm a bradycardia occurs, where the decrease in beats 

leads to a reduction of blood flow and thus oxygen to the various organs, as a result of 

which symptoms such as fatigue and fainting may occur. When HR is greater than 100 

bpm, tachycardia is associated with an increase in inflammatory molecules and 

mechanical stress on the heart, resulting in an increased risk of mortality 16 [Figure 4]. 
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Figure 4 - Electrocardiographic signal related to a brachycardial, normal and tachycardiac state16 

 

1.4.1 Heart valves: anatomy and fisiology 

Heart valves (HV) play a complex biomechanical role. Their main task is to allow blood 

to flow in a single direction, reacting passively to the forces applied by the blood. Based 

on their function, valves can be classified into:  

 Semilunar valves: pulmonary and aortic valves, which obstruct the passage of 

backward blood flow during diastole; 

 Atrioventricular valves: tricuspid and mitral valves prevent the passage of 

backward flow from the ventricles to the atria during the period of systole; 

These actions are performed for each heartbeat, so considering the entire lifespan, it is 

possible to estimate an opening and closing of the HV of about 3 x 109 times17. The four 

heart valves are positioned in a plane that can be considered the base of the heart and 

constitutes its fibrous skeleton. It’s in fact composed mainly of collagen fibers that 

enable its stability. [Figure 5]. 
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Figure 5 – The positioning of the four valves18 

 

Each valve can be considered connected to the others, but at the same time has its own 

anatomical and physiological characteristics specific to the context in which it must 

work18 [Figure 6]. 

 

 

Figure 6 – Valve position in relation to the heart chambers18 
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1.4.1.1 Mitral valve 

The mitral valve's name comes from its resemblance to the liturgical headdress used by 

Bishops and called ‘mitre’. As explained above, it is housed in the left side of the heart 

and precisely between the atrium and ventricle.   

Compared to the other left valve, it has a greater extension and is also subject to greater 

pressure. Its apparatus is composed by the annulus and the chordae tendineae that bind 

the leaflets to the papillary muscles19 [Figure 7,8].  

 

 

Figure 7 – Mitral valve apparatus20 

 

The mitral annulus (MA) is composed of parallel-oriented collagen fibers and has a so-

called saddle shape. It consists of an anterior and a posterior section that is less attached 

to the surrounding tissue, making it capable of movement in relation to the cycle of 

contraction and relaxation21. Regarding leaflets, two areas can be distinguished: the 

translucent zone and the rough zone. 

 



   

 

17 

 

 

Figure 8 - Mitral valve explanted from a pig heart19 

 

The posterior leaflet is connected to the annulus and covers about 2/3 of its perimeter, 

although it is the anterior leaflet that contributes almost entirely to the closure of the 

orifice18 [Figure 9]. 

 

 

Figure 9 – MItral valve’ s anterior and posterior leaflets18 
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Based on the composition of the leaflets, three layers can be distinguished: fibrosa, 

spongiosa and atrialis21;  

Their connection to the papillary muscles is enabled by the presence of the chordae 

tendineae that also transmit their contraction. The chordae can attach to the leaflets in 

the portion connected to the annulus, or in the case of the commisural chordae the 

attachment occurs in the interleaflet area18 . 

The mitral valve leaflets, in comparison to those of other valves, must withstand higher 

pressure values, this condition can lead to degeneration of the valve. This also occurs 

under other circumstances related to infection and old age. In severe cases of diseased 

valve, its repair or replacement is necessary22 . 

 

1.4.1.2 Aortic valve 

The aortic valve is a part of the aortic root, which conveys blood to the systemic 

circulation and controls its perfusion18. By opening, the aortic valve allows 

unidirectional flow of blood to the systemic circulation, while by closing it prevents 

reverse flow to the ventricle. The most important components that form the valve are 

the three sinuses of Valsalva, three interleaflet triangles and three aortic leaflet. Valve 

closure is enabled by the overlapping of the free edges of the three leaflets23 [Figura 10], 

the size of which varies between individuals. Moreover the leaflets are not completly 

symmetrical24. The three sinuses of Valsalva represent protusions located between the 

leaflets and the walls of the aortic root, near them are also the 3 interleaflet triangles. 

The sinuses also form a ring-shaped structure called the sinotubular junction that 

identifies the transition point to the aorta23 .  
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Figure 10 - Aortic valve in closed position23 

 

 

1.4.1.3 Pulmonary valve 

The pulmonary valve is located on the right side of the heart. It has the task, during 

systole, of allowing blood to flow from the ventricle to the pulmonary trunk, while 

during diastole, it must prevent backward flow by closing25. Like the aortic valve, the 

pulmonary valve must also be considered together with the structure to which it is 

connected, which is the pulmonary root. The elements that characterise this complex 

are the sinus trunci pulmonalis, the structure of the annulus, three leaflets and their 

respective commissure, and the sinotubular junction18 [Figure 11]. It is separated from 

the other valves by a muscular sleeve26 and no chordae tendineae or papillary muscles 

are present. 

 

Figure 11 – Pulmonary valve’s leaflets25 
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1.4.1.4 Tricuspid valve 

The tricuspid valve is located on the right side of the heart and is an atrioventricular 

valve. The most important components are the annulus, chordae tendineae, leaflets 

(anterior, posterior, and septal), and papillary muscles, which may be in different 

numbers18,26. Usually, the large anterior papillary muscle is connected to both the 

anterior and posterior leaflets, while the posterior papillary muscle only to the posterior 

leaflet and a to a portion of septal one; moreover, its structure can take on a 

bi/trifurcated form [Figure 12]. 

 

 

Figure 12 – Tricuspid valve image showing the septal leaflet (X), the chorda tendinae, inferior papillary 

muscle (IPM) and anterior papillary muscle (APM)18 

 

 

The annulus has a lack of fibrous tissue and collagen that makes it dynamically active 

in the passage of blood from the atrium to the ventricle. In fact, a conformational change 

occurs in which its structure assumes a flat shape and returns to its original saddle shape 

during distole27.  

 

1.4.2 Mitral valve disease 

Heart valve dysfunction is a condition that is largely present in the ageing part of the 

population, with a correlated risk of morbidity and mortality.  
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This is clear from a study conducted on two population samples of which 

echocardiographic reports were analysed. The first sample consisted of 11911 randomly 

subjects, and the second one consisted of 16501 people, for whom echocardiography had 

been clinically indicated. In the first sample, the results show the presence of valvular 

disease in 5.1% of cases. This percentage varies when the various age groups are analyzed 

separately. In particular, the highest percentage (13%), is found with people over 75 

years of age.  

In the second sample, the highest percentage (11.7%) also correlates with individuals in 

the same age group. Furthermore, this study showed that the valve most frequently 

affected was the mitral valve (9.3%) with the problem of mitral regurgitation (MR)28,29 

[Figure 13].  

 

 

Figure 13 – Diagram of heart valve disease based on age   

for the first group (A) and for the second one (B)29 

 

The disorders affecting the heart valves can be divided into two main types:  
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  Stenosis: manifested by the difficulty for the blood to flow through the valve; 

  Regurgitation: occurs as an imperfect closure of the valve, which therefore fails 

to prevent backward flow26;  

Regurgitation is caused by misalignment of the leaflets due to the degeneration of their 

tissue and termed ‘myxomatous’ [Figure 14]. In other cases, abnormalities of the 

ventricle may be involved. 

Statistics predict that the number of mitral valve cases will roughly double in 2030 

compared to 2000.6,7. 

 

 

 

Figure 14 - Morphological analysis of normal and myxomatous mitral valves (Movat pentachrome and 

Picrosirius red staining)30 

 

It is possible to distinguish 3 types of MR [Figure 15]:  

 The first type involves a still functional leaflets mobility, but there is a lack of 

coaptation due to dilatation of the atrium and annulus or perforation of the 

leaflets; 

 The second type is due to chordal rupture; 
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 The third type is associated with reduced leaflet motion21; 

  

 

 

Figure 15 - Classification of mitral regurgitation.  

Type I: normal leaflet motion. Type II: high mobility of leaflets. Type III: limitade leaflet motion during 

systole and diastole (type a) and  during systole only (type b)31 

 

Depending on the degree of severity of mitral insufficiency, the size of the ventricle may 

increase32. 

Therefore, this pathology leads to significant consequences such as arrhythmia, 

endocarditis, heart failure and ultimately death30.  

The other pathology affecting the mitral valve is stenosis. This is related to an increase 

in the level of fibrosity of the commisure, an increase in the thickness of the leaflets and 

a reduction in the length of the chordae tendineae.  

Stenosis is a common consequence of acute rheumatic fever [Figure 16], which develops 

an inflammatory state due to infection by the bacterium Streptococcus pyogenes, which 

mimics cardiac proteins31,33. 
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Figure 16 - mortality rate due to rheumatic heart disease from 1990 to 201033 

 

A study of 1,000 people with rheumatic fever showed that 2/3 of them had asymptomatic 

stenosis in the first 10 years, followed by a reduction in the size of the valve orifice with 

consequences such as increased pressure, breathing difficulties and death32,34 [Figure 

17].   

Stenosis can also be caused by factors such as calcification of the annulus, radiation or 

anatomical abnormalities due to congenital malformations related to the surrounding 

haemodynamics31,35. 
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Figure 17 - various grade of severity of mitral stenosis. 

(CO = cardiac output; Exer = exercise: LA = left atrial pressure: N = normal; PA = pulmonary arterial 

pressure)32 

 

 

1.4.2.1 Treatments and future perspective 

A malfunctioning mitral valve can be repaired or replaced using various surgical 

techniques, including the percutaneous approach, minimally invasive surgery, 

transcatheter replacement and sternotomy36. 

When the valve is replaced with a prosthetic one, the haemodynamic environment is 

compromised with flow regions separation, high shear stresses and pressure drops. 

These conditions can induce clotting and red blood cell injury, especially when 

biomechanical prosthetic valves are used (the most commonly used model is the 

bileaflet valve). Consequently, patients must follow anti-coagulant therapy37,38,39. 

Thrombotic risk is closely linked to high shear stress, which causes damage to blood 

components and hyperactivation of platelets. According to the study conducted by 

Harker and Slichter, this context was already present in early ball-and-cage and 

tiltingdisc valve designs. Furthermore, Skoularigis et al. found elevated blood 
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haemoglobin levels, serum concentrations of LDH and haptoglobin in patients with 

Jude Medical and Medtronic-Hall valves 9,40,41.  

Alternatively, bioprosthetic valves can be used. However, this type of valve has a 

relatively short lifespan of about 10 years. This is related to the high stresses to which 

the leaflets are subjected, leading to structural degradation over time37.  

The limitations of the two types of valves presented, have increased the interest of the 

scientific community in creating new valves through tissue engineering. This category 

of valves involves the use of biomaterials and cells that interact with the native tissue in 

a biocompatible manner, allowing reactivation of proper function42,43. Both success and 

failure cases have been encountered, but integration with computational techniques 

could allow the creation of new models capable of achieving this vision42.  
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Chapter 2 

Background 

 

2.1 Computational Fluid Dynamics  

Computational fluid dynamics (CFD) is a technique that allows the equations governing 

fluid dynamics to be solved using numerical methods by means of computer 

simulations.  

Its applications are many and cover different areas of engineering, including aerospace, 

chemical, construction and architectural, environmental, energy and biomedical 

sectors. Its potential is used during the design phase of new devices and in their 

optimization process44,45. 

In particular, in the biomedical field, with reference to the cardiovascular context 

[Figure 18], it is exploited for the production of biomedical devices such as heart valves, 

stents, but also in the study of diseases such as atherosclerosis.  

 

 

Figure 18 – Example of CFD application to the cardiovascular context44 

 



   

 

29 

 

Underlying the power of this methodology is its ability to solve the laws that describe 

fluid behaviour, i.e. the principles of conservation of mass and momentum, which are 

incorporated into the Navier-Stokes equations: 

 

 ∇ ⋅ 𝑉⃗ =  0                  (2.1)                                                      

 𝜌
𝜕𝑉⃗⃗ 

𝜕𝑡
+  𝜌(𝑉 ⃗⃗  ⃗ ⋅  ∇)𝑉⃗ =   − ∇𝑝 + ∇ ⋅ 𝜏                   (2.2) 

 

Where:  

▫ 𝜌: fluid density; 

▫ 𝜏: viscous stress tensor; 

▫ 𝑝: pressure; 

▫ 𝑉⃗ : velocity vector; 

 

These constitute a system of non-linear partial differential equations, which cannot be 

solved analytically, but whose solution can be obtained numerically46,47 by means of 

approximations, in which the integrals are calculated as a sum of finite small elements 

or volumes (finite element method and finite volume method). These form a mesh that 

allows the continuous system to be discretized [Figure 19]. 
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Figure 19 - (a) Numerical processign (b) Example of mesh created with a finite volume method for  

haemodynamics analysis of  pulmonary root mesh. (BC: boundary conditions;  IC: initial conditions)46 

 

 

Among the necessary conditions to be imposed, in order to obtain solutions, are 

boundary conditions in which the velocity and pressure values, corresponding to certain 

temporal and spatial instants, are usually defined [Figure 20]. It is thus possible to 

iteratively arrive at the result46.  
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Figure 20 – Example of identification of boundary conditions to the inlet and outlet regions 

(AO: aorta; DA: descending aorta; IA: innominate artery; LCA: left carotid artery; LSA : left subclavian 

arteries; RCA: right carotid artery; RSA: right subclavian artery) 46 

 

 

 

2.1.1 Biomedical applications: state of the art 

Numerical simulations are an important tool during the design phase of a biomedical 

device, such as a heart valve prosthesis, as they can lead to significant advantages in 

terms of time and cost, obtaining information not easily attainable through classic 

experimentation, and possibly allowing modifications to the design to improve 

performance and reduce associated risks. The data obtained on the flow can be used to 

confirm the effectiveness of the device and obtain regulatory approval, with the support 

of a verification and validation process48,49.  

Its potential is not only limited to the design process, but also finds applications in the 

field of imaging diagnostics, as its haemodynamic analysis capability can allow factors 

such as wall shear stress and regions of stagnation to be assessed, making predictions 

about thrombus formation and any associated diseases. In fact, their recognition in 

adequate time makes it possible to reduce the risks to which the patient is subjected50. 

The earliest studies using CFD in the analysis of heart valve prostheses date back to 

around 1970, where simplified axisymmetric or two-dimensional models were used, 
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while 3D analyses were not implemented until two decades later, thanks to 

technological advances that allowed the development of suitable workstations.  

To find simulations with less simplified analyses, one has to look at more recent times, 

such as the study conducted by Ge et al.11 where no symmetry assumptions were made 

to investigate the geometry of a bileaflet valve with open flaps37,51.  

Another interesting study, where CFD has been used in the analysis of heart valves, is 

the one carried out by McQueen and Peskin52 on a bileaflet valve in mitral position, 

coming to the conclusion that an optimal situation in terms of velocity and pressure 

drop is represented by a curved leaflets shape [Figure 21]. 

 

 

Figure 21 – Bileaflet valve model in opened configurarion, with (a) flat and (b) curved leaflets 52 

Computational fluid dynamics also finds advantageous use in investigating the opening 

and closing movements of valves, which normally at an experimental level yields not 

much information in addition to high cost and time consumption. An example is the 

research conducted by Lai et al. which demonstrates the usefulness and effectiveness of 

CFD, which was applied in the examination of six different leaflets geometries in order 

to assess their effect on flow during valve closure53. Also of interest is the study 

presented by King et al.54, where a bileaflet valve in aortic position was investigated 

using a 2D computational model, the results of which were compared with those 

obtained by laser Doppler velocimetry on a 3D experimental model. Despite some 
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differences, both analyses led to the identification of the same optimal valve opening 

angle.  

Computational fluid dynamics can also be used to study mitral regurgitation, as was 

done by Collia et al. by coupling CFD with clinical imaging55 [Figure 22]. 

 

Figure 22 – Flow analysis for the identification of mitral regurgitation for different case: (a) and (d) healthy 

valve; (b),(c),(e),(f) prolapsed valve. 55 

 

 

2.2 Cardiac Pulse Duplicator: state of art 

Advances in heart valves and the need to test them in an environment that mimics the 

one physiologically present in the heart led to the development of the Cardiac Pulse 

Duplicator56,57. This is a device capable of replicating the left side of the heart and the 

systemic circulation, using lumped resistances and compliances11. The first models were 

developed around 1950 with the aim of studying haemodynamics and the circumstances 

that can induce pathology. A decade later they proved essential in the field of valve 

prostheses. In addition, the recent development of numerical techniques such as CFD 
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or FSI (fluid-structure interaction), which have enabled a better understanding of the 

valve context, has once again highlighted the need to create devices capable of bridging 

the differences between physiologically present conditions and those currently 

reproducible in vitro58. Bjork et al.56 proposed a pulse duplicator model on the basis of 

certain characteristics considered essential for the correct testing of a valve prosthesis, 

such as a variable frequency and end-volume, and a pressure pattern similar to the 

physiological one. 

 

 

Figure 23 – Pulse duplicator model proposed by Bjork et al. and composed by L.A.: left atrium; M.V:mitral 

valve; L. V :left ventricle; A. V :aortic valve; A: elastic container; B: rigid container; P:pump; P.R.:peripheral 

resistance. 56 

 

As can be seen from the figure [Figure 23], there is a pumping system and a system that 

constitutes the left heart chambers, the aorta and the peripheral resistors. The 

frequency and waveform of the pulses depend on a roller pump, driven by a motor. The 

liquid used for experimentation is water (or alternatively a glycerine solution), which is 

passed from reservoir A (atrium) to reservoir B (ventricle), and then back to A via the 

peripheral circuit of the aorta, formed by a rubber tube 28 cm long and approximately 

3 cm in diameter.  

In this system, mitral and aortic test valves can be placed in the respective inflow and 

outflow positions of B (in which a check valve is placed in the first instance). The 
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pressures within the ‘heart chambers’ are regulated by means of a clamp, which manages 

the voltage at the head of the peripheral resistors.  

In the presented study, atrial pressure values of 10 mmHg and pressure differences of 

100/45 mmHg for systole and 300/150 mmHg for diastole were used in the aorta.  

The pulse duplicator thus realised was functional and met the expectations set by its 

creators, although it did have some limitations such as the use of water or a glycerine 

solution instead of blood and the lack of instrumentation components capable of 

imitating the movement of the annulus.  

Haaf et al.59 tested a new model of stent valved by means of a pulse duplicator that had 

been calibrated using a human aortic valve, and with which they then tested various 

commercially available prosthetic valves and others of new design.   

The device, developed by the Institute of Experimental and Applied Physics at Kiel 

University (Germany), consists of a drive complex capable of reproducing the cardiac 

impulse through a piston, whose movement is regulated by a screw connected to a 

computer-controlled motor. As can be seen from the figure [Figure 24], a reduction in 

cross-section at the point where the valve should be placed has been realised in order 

to obtain a flow velocity profile similar to the physiological one.  
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Figure 24 – Pulse duplicator used by Haaf et al. 59 

 

There are also four piezoresistive sensors whose function is to detect the pressure to 

which the valve is subjected during the simulation of the cardiac cycle, which was 

reproduced using a frequency of 60 beats/min and an ejection volume of 73 ml, while 

the pressure is regulated by means of a butterfly valve. No blood was used as fluid, but 

distilled water.   

A simpler pulse duplicator model used to test an aortic prosthetic valve is the one 

presented by J. Fredrick Cornhill and D.Phil.60 [Figure 25]. It consists only of the 

chamber representing the ventricle and the peripheral pathway. The fluid used is air 

contained in a pexiglass box, and it enters the ventricular chamber (when the pressure 

is about 0 mmHg) through the opening of an inlet valve. It then passes through the 

aortic valve into the peripheral circulation, which is realised by means of a resistance, a 

capacitance and another resistance, which model the aorta, the arterial system and the 

peripheral resistance respectively.  
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The air finally passes into two reservoirs. This device has a frequency range of 40 to 240 

bpm. 

 

Figure 25 – Pulse duplicator scheme used by J. Fredrick Cornhill and D.Phil60 

 

Pulse duplicator models used to test prosthetic valves in the mitral position can also be 

found in the literature, as in the case of the work by P. R. Verdonck et al.61 who tested 

St. Jude Medical, CarboMedics, ATS Medical and Medtronic Parallel valves. 

Their pulse duplicator model [Figure 26] consists of two chambers (atrium and 

ventricle) surrounded by a chamber connected to the reservoir, and a circuit 

representing the pulmonary veins and aortic arch.  

The fluid used is an aqueous solution consisting of 30% glycerol. The cardiac cycle is 

electronically controlled and is at a rate of 70 bpm, with a flow rate of 4 l/m and 

maintaining aortic pressure values around 120 mmHg for systole and 70 mmHg for 

diastole. 
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Figure 26 – Scheme of Pulse duplicator used by P. R. Verdonck et al.61 

 

Mashari et al.62 tested a patient-specific mitral valve model made using 3D printing, 

using a pulse duplicator [Figure 27]. It consists of a circuit comprising an atrial reservoir 

and a chamber representing the ventricle connected via rings to a piston controlled by 

an Arduino device, which allows them to control the contractility of the system and the 

passage of ultrasound fluid into the ventricle via the mitral valve. 
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Figure 27 – Pulse duplicator used by Mashari et al. 62 

 

The device made it possible to obtain pressure values similar to those found in reality, 

but it has limitations. It is only capable to reproduce the ventricular diastole phase, as 

it does not have an apparatus that models the aortic section.  

Instead, Manzoni et al.8 present in their study a more complete and customizable pulse 

duplicator [Figure 28], which is currently used in the Healing Research Laboratory at 

the University of Padua, and whose components can be adapted according to the type 

of experimentation to be performed. The fluid is set in motion by a computer-controlled 

piston. The frequency and heart rate are managed by an electronic unit and human 

control. There are three chambers with fluid inlets and outlets: atrial, ventricular and 

aortic. The atrial one is maintained at a pressure of 10 mmHg and houses a constant 

fluid level, while the aortic chamber contains pressure transducers.  

Next there is the model of the aortic arch and the peripherals schematized through 

compliance and resistance. 
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Figure 28 – Scheme of pulse duplicator used by Manzoni et al. 8 

 

C. G. Duran et al.57 propose a pulse duplicator model [Figure 29] that exhibits a number 

of features that, in their opinion, distinguish it from other prototypes currently in use. 

These include its simplicity and cost-effectiveness, the possibility of using both water 

and gas as fluid, and the presence of two removable viewing chambers of the same size.  

The latter are connected to the systemic circuit and to the cardiac chamber in which, in 

addition to the holes that allow the passage of fluid, there is also an opening to 

accommodate a ventricular cannula. There are also the mitral and aortic cannulas, and 

two solenoid valves which, with their opening and closing, allow the chamber to be 

filled by gravity, with flow rates of 3 L/min.  

The configuration of the cannulas and observation chambers can be modified in the 

case of insertion of a prosthetic valve to be tested and the flow rates can reach values of 

6 L/min in this case. 
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Figure 29 – Pulse duplicator model proposed by C. G. Duran et al 57 

 

There are also studies in the literature where the pulse duplicator has been associated 

with the use of numerical techniques for the analysis of valve prostheses. As in the 

research published by Jae H. Lee et al.48 and by G. Ranjith and C. V. Muraleedharan.11 

In the case of the first research, the developers analysed bioprosthetic valves made from 

pig and bovine tissue (aortic valves) by combining the potential of the FSI with the 

ViVItro pulse duplicator and a customised pulse duplicator [Figure 30]. In both pulse 

duplicators, no blood was used as it was considered temperature-influenced, instead 

saline was used48.  

In the second research mentioned earlier11, CFD (specifically the Ansys CFX 13.0 solver) 

was used to simulate the behaviour of a tilting disc aortic valve. with the aim of 

obtaining values for velocity profiles, stagnation zones and pressure drops, which were 

then validated through in-vitro experimentation with the pulse duplicator.  
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Figure 30 - Jae H. Lee et al. ‘s customized pulse duplicator 48 

 

The latter [Figure 31] consists of an atrium modelled by a reservoir, a chamber 

corresponding to the ventricle and two balloons performing the pumping action. The 

peripheral circuit is modelled by compliance and resistance.  

The experimentation was conducted at a frequency between 40-150 bpm. The valve 

during the numerical simulations was considered as a rigid hinged body whose 

movements were restricted. Values obtained from the pulse duplicator were used as 

boundary conditions for the numerical simulation, while the rheological characteristics 

of blood were set for the definition of the fluid. 
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Figure 31 - G. Ranjith and C. V. Muraleedharan ‘s pulse duplicator setup11 
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Chapter 3 

Materials and methods 

 

3.1  The theory of Computational Fluid Dynamics 

In a CFD analysis, the study of a physical problem is achieved through its idealisation 

and modelling in a mathematical model.63  This process consists of several steps [Figure 

32]: 

1. Model definition: the analysed system’s geometry is realised;64,65 

 

2. Discretization: this consists in subdividing the domain under examination into 

small elements or volumes, called ‘cells’. These can take the form of tetragonal, 

hexagonal, polyhedral, quadragonal etc.. The set of cells and their nodes form 

the ‘mesh’. A well-designed mesh allows for more conformal and accurate results. 

The degree of discretization must be high enough to allow for adequate 

processing of the model, but without increasing the computational costs. It is up 

to the user to design the mesh following a proper compromise. A mesh can also 

present a uniform appearance when it is made up of rectangular elements, 

equally dimensioned and realised following a second-order accuracy criterion. 

Alternatively, a non-uniform mesh can be created, consisting of cells whose size 

varies according to the area of the geometry in which it is positioned, for example 

with a smaller size in the vicinity of sudden and complex changes in the 

geometry;47,64,65,66    

 

3. Definition of boundary conditions, physical and chemical characteristics: The 

properties of the fluid under investigation are expressed, the physical limits of 

the model, such as the inlet and outlet regions, are identified and conditions are 

applied to these ones to define the state of the system; 

4. Simulation: Given the initial conditions, the transport equations governing the 

fluid-dynamic system are solved. These equations cannot be solved analytically, 
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so it is necessary to use numerical methods which can be explicit, implicit 

(iterative process). In the latter case, the process is slower but also more robust 

and it allows convergence of residuals, representing the conservation of 

properties;  

 

5. Post-processing: the information obtained, such as velocity and pressure, is 

processed; it is possible to represent the results in graphic form with 2D or 3D 

visualizations, analysis of the vector fields, the motion of the particles and the 

distribution of the quantities under investigation (such as pressure and 

velocity);47,64,65   

 

6. Validation: A comparison is made with reference data, which can be obtained 

through in-vitro experimentation, in order to demonstrate validity; 47 

 

The above steps are carried out by 3 components: pre-processor, solver and post-

processor. The pre-processor takes care of the processing of the first 3 steps, the solver 

is responsible for obtaining solutions and is therefore associated with step 4, the post-

processor takes care of step 5. 44,64,65,66 

 

Figure 32 – CFD process scheme66 
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3.1.1 The Navier-Stokes equations 

CFD allows the equations of fluid dynamics, which are partial differential equations, to 

be solved using numerical techniques that consist of discretizing the domain of interest 

into small elements and applying boundary conditions to the system, thus allowing the 

values of pressure and velocity of the system to be obtained. 

The system can thus be represented as the volume in the figure [Figure 33], where u, v 

and w represent the velocities along the 3 directions, which together with the pressure 

constitute 4 unknowns, for the solution of which the same number of equations are 

needed. 

 

Figure 33 -Fluid-dynamic domain66 

The first one is found by the principle of conservation of energy, according to which the 

increase in mass is given by the difference between the inflow and outflow66 [Figures 

34,35]: 

 

Figure 34 - principle of mass conservation64 
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Figure 35 – Flow through control volume66 

 

-  
𝜕𝜌

𝜕𝑡
+ 

𝜕(𝜌𝑢)

𝜕𝑥
+ 

𝜕(𝜌𝑣)

𝜕𝑦
+ 

𝜕(𝜌𝑤)

𝜕𝑧
= 0                   (3.1) 

 

From the conservation of momentum (Newton's second law), considering one equation 

for each vector component, it’s possible to obtain the 3 missing equations: 

- 𝜕(𝜌𝑢)

𝜕𝑡
+ 

𝜕(𝜌𝑢2)

𝜕𝑥
+ 

𝜕(𝜌𝑢𝑣)

𝜕𝑦
+

𝜕(𝜌𝑢𝑤)

𝜕𝑧
= − 

𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑥
(𝜆𝑉̅ ⋅ 𝑉⃗ + 2𝜇

𝜕𝑢

𝜕𝑥
) +

𝜕

𝜕𝑦
[𝜇 (

𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
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𝜕
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𝜕𝑢

𝜕𝑧
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𝜕𝑤

𝜕𝑥
)] + 𝜌𝑓𝑥  

- 𝜕(𝜌𝑣)

𝜕𝑡
+ 

𝜕(𝜌𝑢𝑣)

𝜕𝑥
+ 

𝜕(𝜌𝑣2)

𝜕𝑦
+

𝜕(𝜌𝑣𝑤)

𝜕𝑧
=  − 

𝜕𝑝

𝜕𝑦
+

𝜕

𝜕𝑥
[𝜇 (

𝜕𝑣

𝜕𝑥
+

𝜕𝑢

𝜕𝑦
)] +

𝜕

𝜕𝑦
(𝜆𝑉̅ ⋅ 𝑉⃗ + 2𝜇

𝜕𝑣

𝜕𝑦
) +

𝜕

𝜕𝑧
[𝜇 (

𝜕𝑢

𝜕𝑧
+

𝜕𝑤

𝜕𝑥
)] + 𝜌𝑓𝑦 

- 𝜕(𝜌𝑤)

𝜕𝑡
+ 

𝜕(𝜌𝑢𝑤)

𝜕𝑥
+ 

𝜕(𝜌𝑣𝑤)

𝜕𝑦
+

𝜕(𝜌𝑤2)

𝜕𝑧
=  − 

𝜕𝑝

𝜕𝑧
+

𝜕

𝜕𝑥
[𝜇 (

𝜕𝑢

𝜕𝑧
+

𝜕𝑤

𝜕𝑥
)] +

𝜕

𝜕𝑦
[𝜇 (

𝜕𝑤

𝜕𝑦
+

𝜕𝑣

𝜕𝑧
)] +

𝜕

𝜕𝑧
(𝜆𝑉̅ ⋅ 𝑉⃗ + 2𝜇

𝜕𝑤

𝜕𝑧
) + +𝜌𝑓𝑧 

(3.2) 

 

The all equations presented above constitute the Navier-Stokes equations.  

These, together with the law of conservation of energy, constitute the three 

fundamental conservation laws, which can be reformulated into the following 

equations: 

- Continuity equation:   
𝐷𝜌

𝐷𝑡
+ 𝜌

𝜕𝑈𝑖

𝜕𝑥𝑖
= 0              (3.3) 

in the case of compressible fluid:   
𝜕𝑈𝑖

𝜕𝑥𝑖
= 0             (3.4) 

 

- Momentum equation:    𝜌
𝜕𝑈𝑗

𝜕𝑡
+ 𝜌𝑈𝑖

𝜕𝑈𝑗

𝜕𝑥𝑖
= −

𝜕𝑃

𝜕𝑥𝑗
−

𝜕𝜏𝑖𝑗

𝜕𝑥𝑖
+ 𝜌𝑔𝑗           (3.5) 

if the fluid is compressible:     𝜌
𝜕𝑈𝑗

𝜕𝑡
+ 𝜌𝑈𝑖

𝜕𝑈𝑗

𝜕𝑥𝑖
= −

𝜕𝑃

𝜕𝑥𝑗
− 𝜇

𝜕2𝑈𝑗

𝜕𝑥𝑖
2 + 𝜌𝑔𝑗          (3.6) 

Where:    𝜏𝑖𝑗 = −𝜇 (
𝜕𝑈𝑗

𝜕𝑥𝑖
+

𝜕𝑈𝑖

𝜕𝑥𝑗
) +

2

3
𝛿𝑖𝑗𝜇

𝜕𝑈𝑘

𝜕𝑥𝑘
                (3.7) 

 

- Energy equation:   𝜌𝑐𝜇
𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝜇𝑈𝑖

𝜕𝑇

𝜕𝑥𝑖
= −𝑃

𝜕𝑈𝑖

𝜕𝑥𝑖
+  𝜆

𝜕2𝑇

𝜕𝑥𝑖
2 − 𝜏𝑖𝑗

𝜕𝑈𝑗

𝜕𝑥𝑖
            (3.8) 

 

where the first term at first member represents the local variation in time, the 

second term at first member is the momentum convection, the first term at 
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second member is the surface force, the second term at second member is the 

momentum exchange and the last term constitutes the mass force. 

 

The Navier-Stokes equations can be rewritten in one form: 

- 𝜕(𝜌Φ)

𝜕𝑥
+

𝜕

𝜕𝑥𝑖
(𝜌𝑈𝑖Φ − ΓΦ

𝜕Φ

𝜕𝑥𝑖
) = 𝑞Φ          (3.9)  

 

Substituting Ф = 1, Uj, T, we return to the 3 equations just described, which constitute a 

set of coupled, non-linear partial differential equations that cannot be solved 

analytically. For this reason, numerical techniques are used, such as CFD, which 

discretizes them into algebraic equations.  

Different methods can be used for this purpose: finite difference method (FDM), finite 

element method (FEM), finite volume method (FVM).66 

 

3.1.2 Methods for solving partial differential equations 

In the FDM method, partial differential equations (PDEs) are solved using polynomials 

and Taylor series, while the FEM and FVM techniques are based on the integration of 

PDEs. The FEM method is characterized by the division of the domain into finite 

elements, and the equations are reworked using a weak formulation.  In FVM, the 

integral form of the equations is calculated on each volume into which the domain is 

divided.67 FDM is the simplest technique, but is not suitable for use with complex 

geometries and conditions, unlike FEM, which, however, entails higher computational 

costs, whereas the FVM technique can be used with complex geometries and is 

particularly effective when using a structured mesh, which is a mesh organized in rows 

and columns, within which points are identified by index [Figure 36].  

Distinguished from these are the unstructured meshes, which are not characterized by 

a particular organization, which allows them a better adaptation to complex shapes, but 

are less efficient than the previous ones from a computational point of view.68  
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Figure 36 – a) FEM and b) FVM applied to a structured mesh 

 

Jeong and Seong67 carried out a study in which they compared FEM and FVM methods, 

using software based on these methods for analysing the same model. In particular, 

Ansys CFX, Ansys Fluent and ADINA were used. The first two are based on the FVM 

method, but CFX involves the use of a scheme in which the flow information is 

calculated at the cell vertices, whereas in Fluent this process takes place in the centre of 

the cell. With Fluent it is possible to choose between different calculation techniques 

based on density or coupled pressure, whereas CFX offers only one option.  ADINA uses 

the FEM method instead.  Meshes with different types of elements were used for the 

analysis. It turned out that in contrast to the FVM method, which led to the same 

solutions regardless of the mesh type, the FEM method only provided optimal flow 

information in the case of meshes with hexahedral elements, whereas it showed 

limitations with tetrahedral elements. This method also led to higher computational 

costs and was more time-consuming than the FVM.  

O'Callaghan et al.69 performed a blood flow analysis in a femoral artery, using both 

methods, specifically using FLUENT and ADINA. They concluded that the FVM method 

led to results that were more in line with those expected on the basis of the theoretical 

data [Figure 37].  
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Figure 37 – velocity profile in a femoral artery according to theory and from data obtained with FEM and 

FVM, in the study conducted by O'Callaghan et al. 69 

 

Juretic and Gosman70 carried out a study centred on the analysis of the error produced 

by the truncation that occurs during the discretization process conducted with the FVM 

method, in the case of meshes with quadrangular, triangular and hexagonal elements, 

in a 2D environment. They came to the conclusion that the coupling between the faces 

of each cell reduces the error generated, making the quadrangular meshes the most 

accurate.  

Comparisons of the two methods can also be found in the literature with applications 

not related to the biomedical environment, such as the study conducted by Molina-Aiz 

et al.71 about natural ventilation in greenhouses using CFD in two dimensions. Their 

research showed that the FVM method used with the Fluent software enabled 

information to be obtained in half the time and with 10 times less memory than when 

using the FEM method.  

 

3.1.2.1 The finite volume method (FVM) 

If we consider the flow through a volume V enclosed by a surface S described by the 

vector n, we can write the surface equilibrium [Figure 38]: 
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- ∫ (Φ𝑣 ⋅ 𝑛⃗ )𝑑𝑆
𝑆

                (3.10)  

 

 

Figure 38 – A control volume72 

 

And the volumetric equilibrium72:   

- ∫ (Φ)𝑑𝑉
𝑉

             (3.11) 

 

The same principle can be applied to conservation laws and written in the form of an 

integral: 

- 𝑑

𝑑𝑡
∫ 𝑢(𝑥, 𝑡)𝑑𝑉 + ∫ 𝑓(𝑢) ⋅ 𝑛 𝑑𝐴 − ∫ 𝑆(𝑢, 𝑥, 𝑡)𝑑𝑉 = 0

𝑉𝐴𝑉
            (3.12) 

 

Where u(x,t) represents the variation of the quantity under consideration within the 

volume V, which when added to the flow occurring at the boundary A, yields the 

production rate S(u, x, t).  If a constant volume is considered, it is possible via Gauss's 

theorem to arrive at the formulation: 

- ∫ ∇ ∙ 𝑓 𝑑𝑉 = ∫ 𝑓 ∙ 𝑛 𝑑𝐴
𝐴𝑉

                (3.13) 

 

- ∫ (
∂u

∂t
+ ∇ ∙ 𝑓(𝑢) − 𝑆)𝑑𝑉 = 0

𝑉
                    (3.14) 
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For the integral to be zero:  

- ∂u

∂t
+ ∇ ∙ 𝑓(𝑢) − 𝑆 = 0                    (3.15) 

 

This is defined as the strong form of the equation. There is also the weak form, which is 

obtained via the weighted residue method: 

- ∫ [(
𝜕𝑢

𝜕𝑡
− 𝑆)𝜔(𝑥) − 𝑓(𝑢) ∙ ∇𝜔(𝑥)] 𝑑𝑉 + ∫ 𝑓 ∙ 𝑛 𝜔(𝑥) 𝑑𝐴 = 0

𝐴𝑉
                   (3.16) 

 

As explained above, to solve PDEs it is therefore necessary to discretize them, with the 

creation of a mesh. Consider a function of a variable u(x), whose domain is constituted 

by the points xi (i = 1, . . . , N), for simplicity considered equidistant from each other, 

then the solution will be given by the approximation of the discrete value assumed by 

this variable at the points ui ≈ u(xi); i = 1, . . . N and considering the distance ratios 

between the points ui+1 ≈ u(xi+1) = u(xi + ∆x) [Figure 39].  

 

 

Figure 39 – Division of the domain in xi points63 

 

In the FVM method we work with the integrated form of the PDEs just seen, in 

particular, starting from their strong form and considering a control volume ‘i’, we 

obtain: 
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- ∫   𝑢𝑡  𝑑𝑥
𝑥
𝑖+

1
2

𝑥
𝑖−

1
2

+ ∫    𝑓𝑥(𝑢)𝑑𝑥 = 0
𝑥
𝑖+

1
2

𝑥
𝑖−

1
2

                 (3.17) 

 

Where: 

- ∫    𝑓𝑥(𝑢)𝑑𝑥 = 𝑓(𝑢
𝑖+(

1

2
)
) − 𝑓(𝑢

𝑖−(
1

2
)
)

𝑥
𝑖+

1
2

𝑥
𝑖−

1
2

                  (3.18) 

 

While the first term can be rewritten via the midpoint rule, arriving at: 

- 𝑢𝑡|𝑖 (𝑥𝑖+
1

2

− 𝑥
𝑖−

1

2

) + 𝑓 (𝑢
𝑖+

1

2

) − 𝑓 (𝑢
𝑖−

1

2

) = 0                     (3.19) 

 

If the flux between adjacent cells is equal, a conservative pattern is obtained.  

The same result can also be reached by starting from the weak form of PDEs and 

considering the weight w(x) = 1 for xi- 1/2≤ x ≤ xi+1/2 , otherwise w(x) = 0.63  

 

3.1.2.2 FVM: algorithms for resolution 

To solve the equations, it is necessary to proceed iteratively. There are various schemes 

for doing this, among them SIMPLE (Semi-Implicit Method for the Pressure Linked 

Equations) is an algorithm created by Patankar and Spalding used for systems based on 

the pressure-velocity coupling. SIMPLEC is a variation of the previous algorithm, while 

PISO (Pressure Implicit with Splitting of Operators) is an algorithm that involves a non-

iterative time-marching procedure. 

Writing the equation 3.9 as follows: 

- 𝜕

𝜕𝑡
(𝜌𝜙) + ∇ ∙ (𝜌𝑉𝜙) = ∇ ∙  Γ𝜙∇ 𝜙 + 𝑆𝜙                     (3.20) 

 

Where, if we substitute 𝜙 with the velocity component 𝑢𝑖 , or with a unit value, we 

obtain the momentum and continuity equation respectively: 
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- 𝜕

𝜕𝑦
(𝜌𝜙) + ∇ ∙ (𝜌𝑉𝑢𝑖) = −∇𝑝 + ∇ ∙ (𝜇 ∇ 𝑢𝑖) + 𝑆𝑐 + 𝑆𝑝𝑢𝑖                    (3.21) 

- 𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑉) = 0                    (3.22) 

 

Where 𝑝 and 𝜇 are respectively the pressure and the dynamic viscosity and 𝑆𝑐 + 𝑆𝑝𝑢𝑖 is 

the linearised source term. Using a staggered mesh [Figure 40], the equations are 

reformulated as follows: 

- (𝑎𝑒 +
𝜌∆𝑉

∆𝑡
) 𝑢𝑒 = ∑ 𝑎𝑛𝑏𝑢𝑛𝑏 + 𝐴𝑒(𝑝𝑃 − 𝑝𝐸) + 𝑆𝑐∆𝑉 +

𝜌𝑜Δ𝑉

Δ𝑡𝑛𝑏  𝑢𝑒
𝑜                     (3.23) 

- (𝑎𝑛 +
𝜌∆𝑉

∆𝑡
) 𝑣𝑛 = ∑ 𝑎𝑛𝑏𝑣𝑛𝑏 + 𝐴𝑛(𝑝𝑃 − 𝑝𝑁) + 𝑆𝑐∆𝑉 +

𝜌𝑜Δ𝑉

Δ𝑡𝑛𝑏  𝑣𝑛
𝑜                     (3.24) 

 

where subscripts 𝑛, 𝑒, 𝑠, 𝑤 represent neighbouring cells (𝑛𝑏).73,74 

 

 

Figure 40 – Staggered-mesh scheme for: a) pressure; b) x-component of velocity; c) y-component of 

velocity74 
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They represent the non-stationary momentum equations calculated for a finite volume, 

their stationary equivalents can be calculated using the time-marching technique. The 

equations can be reformulated as follows73,74: 

- 𝑎̅𝑒𝑢𝑒 = ∑𝑎𝑛𝑏𝑢𝑛𝑏 + 𝐴𝑒(𝑝𝑝 − 𝑝𝐸) + 𝑏𝑒                     (3.25) 

- 𝑎̅𝑛𝑣𝑛 = ∑𝑎𝑛𝑏𝑣𝑛𝑏 + 𝐴𝑛(𝑝𝑝 − 𝑝𝑁) + 𝑏𝑛                    (3.26) 

 

 

3.1.2.2.1 SIMPLE algorithm 

If we subtract a guessed pressure field p*, velocities u* and v* from the equations seen, 

we obtain: 

- 𝑎̅𝑒𝑢′𝑒 = ∑𝑎𝑛𝑏𝑢′𝑛𝑏 + 𝐴𝑒(𝑝′𝑃 − 𝑝′𝐸)                          (3.27) 

- 𝑎̅𝑛𝑣′𝑛 = ∑𝑎𝑛𝑏𝑣′𝑛𝑏 + 𝐴𝑛(𝑝′𝑃 − 𝑝′𝑁)                         (3.28) 

 

With:  

- 𝑢′ = 𝑢 − 𝑢 ∗                     (3.29) 

- 𝑣′ = 𝑣 − 𝑣 ∗                     (3.30) 

- 𝑝′ = 𝑝 − 𝑝 ∗                      (3.31) 

 

if we substitute: 

-   𝑑𝑒 =
𝐴𝑒

𝑎̅𝑒
                        (3.32) 

and      

- 𝑑𝑛 =
𝐴𝑛

𝑎̅𝑛
                        (3.33) 

 

The velocity correction equations are obtained: 

- 𝑢𝑒 = 𝑢𝑒
∗ + 𝑑𝑒(𝑝

′
𝑃
− 𝑝′

𝐸
)                          (3.34) 
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- 𝑣𝑛 = 𝑣𝑛
∗ + 𝑑𝑛(𝑝

′
𝑃
− 𝑝′

𝑁
)                          (3.35) 

 

Substituting this equation into the continuity equation: 

- (𝜌𝑝−𝜌𝑝
𝑜)∆𝑉

∆𝑡
+ 𝜌𝑒𝑢𝑒𝐴𝑒 − 𝜌𝑤𝑢𝑤𝐴𝑤 + 𝜌𝑛𝑢𝑛𝐴𝑛 − 𝜌𝑠𝑢𝑠𝐴𝑠 = 0                        (3.36) 

 

The pressure correction is obtained: 

- 𝑎𝑝𝑝′𝑝 = 𝑎𝐸𝑝′𝐸 + 𝑎𝑤𝑝′𝑤 + 𝑎𝑁𝑝′𝑁 + 𝑎𝑆𝑝′𝑆 + 𝑏                       (3.37) 

 

The velocity and pressure correction equations can then be solved iteratively, updating 

the new pressure and velocity values at each iteration until convergence is achieved.73,74 

 

 

3.1.2.2.2 SIMPLEC algorithm 

The SIMPLEC algorithm works in the same way as SIMPLE, but in this case the 

correction factor takes the form: 

- 𝑑𝑒 =
𝐴𝑒

𝑎̅𝑒−∑𝑎𝑛𝑏
                      (3.38) 

And  

- 𝑑𝑛 =
𝐴𝑛

𝑎̅𝑛−∑𝑎𝑛𝑏
                      (3.39) 

 

 

3.1.2.2.3 PISO algorithm 

The PISO algorithm works by making predictions and corrections at each time step. By 

indicating the previous step with the superscript n, the current step with *, the first 

correction with ** and the third correction with ***, it is possible to rewrite the 

equations seen above as: 
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- 𝑎̅𝑒𝑢𝑒
∗ = ∑𝑎𝑛𝑏𝑢𝑛𝑏

∗ + 𝐴𝑒(𝑝𝑃
𝑛 − 𝑝𝐸

𝑛) + 𝑏𝑒
𝑛                       (3.40) 

 

and subsequently: 

- 𝑎̅𝑒𝑢𝑒
∗∗ = ∑𝑎𝑛𝑏𝑢𝑛𝑏

∗ + 𝐴𝑒(𝑝𝑃
∗ − 𝑝𝐸

∗ ) + 𝑏𝑒
𝑛                      (3.41) 

 

Subtracting the two equations: 

- 𝑢𝑒
∗∗ = 𝑢̂𝑒− 𝑑𝑒(𝑝𝑃

∗ − 𝑝𝐸
∗ )                       (3.42) 

Where: 

- 𝑢̂𝑒 = 𝑢𝑒
∗− 𝑑𝑒(𝑝𝑃

𝑛 − 𝑝𝐸
𝑛)                     (3.43) 

 

Substituted into the continuity equation, the predictive pressure equation is obtained: 

- 𝑎𝑝𝑝𝑝 = 𝑎𝐸𝑝𝐸 + 𝑎𝑤𝑝𝑤 + 𝑎𝑁𝑝𝑁 + 𝑎𝑆𝑝𝑆 + 𝑏                          (3.44)     

           

Subtracting instead the previous equation: 

- 𝑎̅𝑒𝑢𝑒
∗∗ = ∑𝑎𝑛𝑏𝑢𝑛𝑏

∗ + 𝐴𝑒(𝑝𝑃
∗ − 𝑝𝐸

∗ ) + 𝑏𝑒
𝑛                        (3.41) 

And 

- 𝑎̅𝑒𝑢𝑒
∗∗∗ = ∑𝑎𝑛𝑏𝑢𝑛𝑏

∗∗ + 𝐴𝑒(𝑝𝑃
∗∗ − 𝑝𝐸

∗∗) + 𝑏𝑒
𝑛                         (3.45) 

 

The corrective equation for velocity is obtained: 

- 𝑢𝑒
∗∗∗ = 𝑢̂𝑒− 𝑑𝑒(𝑝𝑃

∗∗ − 𝑝𝐸
∗∗)                          (3.46) 

 

Where: 

- 𝑢̂𝑒 = 𝑢𝑒
∗∗+

{∑𝑎𝑛𝑏(𝑢𝑛𝑏
∗∗ −𝑢𝑛𝑏

∗ )}

𝑎̃𝑒
− 𝑑𝑒(𝑝𝑃

𝑛 − 𝑝𝐸
𝑛)                           (3.47) 

Substituting into the continuity equation gives the corrective equation for pressure. 
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In summary, through the previous time step, the coefficients for writing the predictive 

equations for velocity are obtained. The coefficients for the pressure predictive equation 

are then calculated. The velocity correction is made and with the new values, the 

pressure correction is obtained and then it’s possible to move on to the next step.73,74 

 

 

3.1.2.2.4 Biomedical applications: case study 

Examples of their applications can be found in the literature, such as the research of 

Hodis et al.75 who conducted numerical modelling of cerebral aneurysms, using 

geometries obtained through clinical imaging and segmented using Mimics software. 

Simulations were conducted with the Ansys Fluent 13 software, which uses the FVM 

method. The setup involved a pressure-based solver with velocity coupling realised with 

the SIMPLE algorithm, the use of the QUICK scheme for spatial discretization, while 

Least Squares Cell Based was used for gradient estimation and a second-order scheme 

was chosen for pressure interpolation.   

Cito et al.76 used CFD to analyse the flow within the giant aneurysm of the internal 

carotid artery. The simulations were performed using Ansys Fluent 12, choosing a 

pressure-velocity coupling given by the SIMPLE algorithm and a second-order scheme 

for discretization. In order to achieve convergence, residual analysis was performed, 

with the condition of obtaining the value 10-5. With regard to fluid characterisation, 

laminar motion was assumed and Newtonian blood was considered, with viscosity and 

density values of 0.04 Poise and 1.0 g/cm3 respectively. 

Bressloff and Hameed77 used the Ansys Fluent 12.1.4 solver for the design of vascular 

stents using a pressure-based method, a PISO scheme, least-squares cell-based 

gradients for spatial discretization, used the STANDARD method for pressure and 

second-order upwind for momentum.  
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3.2 The custom made pulse duplicator: experimental section 

In this section, the experimental investigation conducted on a new pulse duplicator 

model will be presented. The customised pulse duplicator was developed as a result of 

the need to create a system capable of testing a new mitral valve prototype, which is 

currently being developed at the Ri.MED foundation working on the Biomitral project. 

The aim of the pulse duplicator is therefore to reproduce the cardiac cycle and the 

physiological environment of mitral valve. This is what was analysed in this thesis 

project, by subjecting the design of the new pulse duplicator model, realized by Post-

Doc. Joan D. Laubrie, to CFD analysis and evaluating the preliminary and final design. 

To this purpose, the Ansys Fluent 2022 R2 software was used, which operates through 

the finite volume method, as seen previously. The simulations were conducted with a 

computer running Windows 10 Pro 64-bit operating system and Intel(R) Xeon(R) E-

2174G CPU at 3.80 GHZ.  

 

The pulse duplicator design was realised in parallel with its circuit equivalent, which 

was built using the model presented by Lanzarone et.al78 as a reference [Figure 41], 

making modifications and revising it. 
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Figure 41 – Pulse duplicator model realized by Lanzarone et.al A) schems of mock loop; B) lumped model.78 

 

The custom-made pulse duplicator consists of a pumping system formed by a hydraulic 

cylinder with a piston, an area that mimics the atrium, the mitral valve housing, a 

chamber representing the ventricle, the aortic valve housing and the afterload circuit 

[Figures 42]. 

 

Figure 42 – Mock loop of the custom-made pulse duplicator 

 

Its circuit equivalent, consisting of resistors, inductors and capacitors, is shown in the 

figure below [Figure 43]: 
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Figure 43 – Circuit model of custom-made pulse duplicator 

 

Where: 

• 𝑃𝑓𝑟𝑒𝑒 : pressure due to the geodetic contribution of the atrial reservoir; 

• 𝑅𝑣𝑝 : resistance of the venous suction pipe connecting the reservoir with the     

chamber; 

• 𝑅𝑚𝑣 : resistance of the mitral valve; 

• 𝑅𝑒 : resistance of the cross-sectional variation at the ventricular chamber inlet; 

• 𝑅𝑐ℎ, 𝐿𝑐ℎ : resistance and inertance of the ventricular chamber; 

• 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 : pressure in the ventricular chamber; 

• 𝑅𝐼 : resistance due to the cross-sectional variation at the ventricular chamber 

outlet; 

• 𝑅𝑎𝑣 : resistance of the aortic valve; 

• 𝑅𝑎𝑝 : resistance of the arterial pipe connecting the chamber with the afterload 

circuit; 

• 𝑅𝑐𝑠, 𝑅𝑐𝑝, 𝐿𝑐𝑠, 𝐶𝑐𝑝 : resistances, inertance and compliance of the afterload circuit; 
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A 2D CFD analysis was conducted, analysing 3 different pulse duplicator designs [Figure 

44]: 

1. Model No. 0: a simplified version, consisting of the atrium, ventricular chamber 

and mitral valve.   

2. Model No. 1: preliminary version of the pulse duplicator, comprising the atrial 

chamber, ventricle, mitral and aortic valve and afterload pathway; 

3. Model No. 2: final version of the pulse duplicator, comprising atrium, ventricle, 

mitral and aortic valve and afterload pathway; differs from model No. 1 in its 

measurements and the assumptions made about the mitral valve; 
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Figure 44 – The custom mad pulse duplicator CAD; A) model No.0  ; B) Model No.1; C) Model No.2 

 

The first step of the analysis was the creation of the CAD models, which was followed 

by the discretization through the creation of the mesh. 

For each model, simulations were then conducted, in which the cardiac cycle was 

reproduced in its systole and diastole phases, considering a flow rate of 9L and 60 bpm, 

and the rotational and translational motion of the mitral valve within the pulse 

duplicator was analysed under the relevant conditions, using the dynamic mesh 

technique. This technique makes it possible to study systems in which moving bodies 

cause a change in the shape of the domain and its boundaries.79 

All the steps will be shown in the following paragraphs. 

 

3.2.1 Model No. 𝟎: a simplified model of pulse duplicator 

In any CFD analysis, the first step is to identify the problem and convert it into a model 

capable of representing its characteristics (physical, chemical, etc.). Considering the 

complexity of the system under study, it is necessary for its resolution to make 
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assumptions and simplifications. To this end, it is necessary to have the appropriate 

knowledge and skills to make choices that do not compromise the quality of the 

results.64 A simplified model of the pulse duplicator was therefore first studied in order 

to establish which criteria and parameters are most suitable for conducting optimal 

simulations, and then on the basis of these, to move on to the analysis of the complete 

pulse duplicator model. 

Model no. 0 is therefore presented in this section.  

Ansys Workbench 2022 R2 was used to create the CAD model and mesh. Two separate 

CADs were designed: one for the mitral valve and the other for the chambers. In fact, in 

order to use the dynamic mesh technique, it is necessary that the regions where relative 

movement is expected between zones of the domain, are modelled separately and that 

their contact occurs through interfaces.79 

In this simplified case study, it was decided to work only on the atrium and part of the 

ventricle, leaving out the aortic valve, as the main purpose of creating the pulse 

duplicator is to identify an environment that is physiologically appropriate for the mitral 

valve. Therefore, a CAD drawing was created for the simplified model that respected the 

measurements of the complete original model as closely as possible. In the figure below, 

the CAD for the atrial and ventricular chamber is shown with the corresponding 

measurements in [cm] [Figure 45]. 

 

 

Figure 45 – Model No.0 : CAD design chambers and measurements [cm]. 
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A simplified CAD model of the mitral valve was then created considering only the 

anterior leaflet, since it is this that makes a greater contribution to valve closure during 

systole than the posterior leaflet18.  [Figure 46]. In anticipation of the use of dynamic 

mesh, the CAD was realised by considering the valve as a rigid structure, and creating a 

domain around it, that will serve to create the interface region with the chamber 

domain. 

 

 

Figure 46 - Model No.0 : CAD of mitral valve 

 

The mesh for both CAD models [Figure 47,48] was then realised, using quadrangular 

elements because they allow a lower error at higher accuracy.70  

 

 

Figure 47 –  Model of atrial and ventricle chambers discretized with quadrangular mesh 
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In both the chambers model and the mitral valve model, the mesh obtained has an 

element discretization quality of 99%. 

 

 

Figure 48 – Mitral valve model discretized with quadrangular mesh 

 

At this point, the boundaries of the domain were identified, establishing the inlet and 

outlet regions, the walls and the fluid domain. The two models were then imported into 

Ansys Fluent 2022 R2, where they were overlaid to form a single system, through the 

identification of the interface region, referred to on Fluent as ‘overset’ [Figure 49]. 

 

 

Figure 49 – Boundary regions of Model No.0 
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With regard to fluid characteristics, a density and dynamic viscosity value of ρ = 1060 

Kg/m3 and µ = 3.4∙10-3 Pa*s were used to model the blood, which fall within the range 

found in the literature80,81,82,83. The k-ε model, which has also been used in other studies 

of flow analysis with prosthetic valves, was used as the viscous model11,84. In such, the 

flow is modelled following the transport equations for the kinetic energy of turbulence 

and its dissipation rate:  

- 𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝐾                (3.47) 

- 𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜖

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜖2

𝑘
+ 𝑆𝜀  (3.48) 

 

Where 𝐺 is a factor that takes into account average velocity gradients, 𝑌𝑀 takes into 

account the fluctuating dilatation, 𝜎𝑘and 𝜎𝜀rappresent the Prandtl number, 𝑆𝐾 and 𝑆𝜀 

express the source and the 𝐶 terms are costants79. 

The boundary conditions were then imposed, which were calculated by applying the 

equation of conservation of mass and energy between two points within the circuit used 

to model the pulse duplicator [Figure 43] and taking into account the dissipative 

components present in the pulse duplicator model: 

- 𝐶
𝑑𝑃

𝑑𝑡
+ 𝑄2 − 𝑄1 = 0                         (3.49) 

- 𝐿
𝑑𝑄

𝑑𝑡
+ 𝑅𝑄 + 𝑃2 − 𝑃1                        (3.50) 

 

Where C, R and L represent the capacitances, resistances and inductances of the circuit 

and Q and P are the pressure and flow values between two different points in the circuit. 

The values obtained are shown in the following figure, where P_free represent the 

reservoir pressure values given as input to the inlet region of the atrium, while 

P_chamb_systole and P_chamb_diastole represent the pressure values applied to the 

outlet region of the ventricular chamber during the period of systole and diastole 

respectively [Figure 50]: 
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Figure 50 – Pressure values obtained numerically from the pulse duplicator circuit 

The numerically obtained values were compared with the values physiologically present 

in the heart85 [Figure 51] and then scaled by a factor chosen so as to obtain values close 

to the physiological ones [Figure 52]: 

 

Figure 51 – Wiggers diagram;85 
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Figure 52 – Boundary conditions applied to the inlet and outlet region 

No-slip boundary conditions were used for the walls. 

To simulate the motion of the mitral valve, the 6DOF method was used, which allows 

the translational and rotational motion of a body to be calculated through the 

equations: 

- 𝑣 𝐺 =
1

𝑚
∑𝑓𝐺̅                        (3.51) 

- 𝜔⃗⃗ 𝐵 = 𝐿−1(∑ 𝑀⃗⃗ 𝐵 − 𝜔⃗⃗ 𝐵  × 𝐿𝜔⃗⃗ 𝐵)                    (3.52) 

 

Where the outputs correspond to the translational motion of the centre of gravity and 

the rotational motion, while the inputs represent the mass, the force of gravity in the 

first equation, and tensor of inertia, momentum and angular velocity, in the second 

one79. 

Finally, algorithms were selected to solve the problem. The SIMPLE method was used 

for the velocity-pressure coupling, while for the spatial discretization, the Least Squares 

Cell Based scheme was used for the gradient, the Second Order method for the pressure 

and Second Order Upwind for the momentum, turbulence and dissipation rate. The 

latter method allows for second-order accuracy, achieved through a Taylor Series 

expansion where the value associated with each cell is calculated by: 

- 𝜙𝑓 = 𝜙 + ∇𝜙 ∙ 𝑟̅                       (3.53) 
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where the first and third terms at the second member represent the value associated 

with the centroid and its displacement vector respectively, and the second term is the 

gradient. The latter using Least Squares Cell Based method is calculated through the 

following equation which considers the gradient between two cells and 𝐶0 and 𝐶1 along 

the vector  ∆𝑟𝑖 
79: 

- (∀𝜙)𝐶𝑜
∙ ∆𝑟𝑖 = (𝜙𝐶𝑖

− 𝜙𝐶0
)                         (3.54) 

  

3.2.2 Model No. 𝟏 and Model No.2: the preliminary and final design of 

pulse duplicator 

After elaborating a simplified model, the relative CAD of the original pulse duplicator 

was realised for 2 different configurations developed by the designer: 

 Model No.1, which constitutes the preliminary version; 

 Model No. 2, which represents its final version; 

 

Again, Ansys Workbench was used for CAD design and mesh creation, and as in the 

previous case, separate models were built for chambers and valves in order to be able to 

use the dynamic mesh method. 

The CAD for model no. 1 includes a chamber that mimics the atrium, a chamber for the 

ventricle, a region representing the connection to the pumping system and an area 

representing the afterfload circuit, as shown in the following figures along with the 

releted measurements in [cm][Figure 53]. 
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Figure 53 – Model No.1: a) chambers component CAD and b) related measures in [cm] 

 

For the CAD of the mitral valve, the same considerations were made as for the previous 

model, representing only the anterior leaflet. 

The model of the aortic valve has also been simplified [Figure 54], considering a single 

leaflet, since this valve is not the main object of investigation, and its presence is mainly 

linked to a better reproduction of the environment with which the mitral valve 

interacts. 
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Figure 54 – Model No.1: aortic valve CAD 

 

The CAD of model no. 2 is formed by the same chambers as the model just seen, which 

are the atrium, the ventricle, the region connected to the pumping system and the 

afterload area, but this design differs from the previous one in terms of measurements, 

as shown in the figure below [Figure 55]. For the aortic valve, the same considerations 

were made as for the previous model, while for the mitral valve, the posterior leaflet was 

also included. Its design was made taking into account the fact that its radial length is 

shorter than that of the anterior leaflet21. Furthermore, taking into account the fact that, 

as explained above, it contributes less to the closure of the valve, it was decided to 

consider it as a fixed element and not a movable one, which will therefore be 

incorporated into the design of the chamber [Figure 55]. 
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Figure 55 – Model No.2: CAD images of a) chambers with mitral valve posterior leaflets; b) related misures 

in [cm]; c) mitral valve 

 

For both model no. 1 and model no. 2, a mesh with quadrangular elements was created, 

achieving a mesh quality of 99% in both cases [Figures 56,57]. 
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Figure 56 – Model n.1: a) chambers, b) mitral valve and c) aortic valve mesh 

 

 

Figure 57 – Model n.2: a) chambers, b) mitral valve and c) aortic valve mesh 

 

The inlet regions were then identified, corresponding for both models to the atrium and 

the area connected to the pumping system and the ventricle. The aortic region 

connected with the afterload area was selected as the outlet region. On Fluent, the valve 

models were then overlaid on the chamber models via the overset regions [Figure 58]. 
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Figure 58 – boundary regions for a) model no.1 and b) model no.2 

 

The boundary conditions were then calculated as in the previous case by applying the 

equations (3.49) and (3.50) to the pulse duplicator equivalent circuit and scaling the 

values obtained by a factor such that physiologically similar values were obtained 

[Figure 59]. The pressure values obtained were then used as boundary conditions 

assigned to the corresponding regions in the following manner: 

- P_free was given as input to the atrium inlet region; 
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- P_chamb_systole and P_chamb_diastole were assigned to the inlet region 

located at the pumping system connected to the ventricular chamber during 

systole and diastole, respectively; 

-  P_E systole and P_E systole were used as boundary conditions for the outlet 

region; 

 

 

Figure 59 – Boundary conditions for model n0.1 and model no.2 

 

For both models, as for model no.0 seen above, the k-epsilon model was used to model 

the fluid and dynamic density and viscosity values equal to: ρ = 1060 Kg/m3 and µ = 

3.4∙10-3  Pa*s.  

The simulations were then conducted using the SIMPLE method and using the Second 

Order Upwind and Least Squares Cell Based schemes, as in the previous case, 

reproducing the overall cardiac cycle with a duration of 1s, considering the systole 

period of 0,31s and diastole for the remainder of the time, respectively. The motion of 

the mitral and aortic valves was allowed for using the 6DOF method. 
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Chapter 4 

Results and discussion 

 

4.1 General presentation of the analysis conducted 

All three models shown above were investigated by means of CFD simulation, in which 

the cardiac cycle was reproduced in its phases of systole and diastole, considering a total 

duration of 1 s, of which 0.31 s for systole and 0.69 s for diastole respectively, for flow 

rates of 9L.  

The movement obtained for the mitral valve in the respective conditions within the 

pulse duplicator was then analysed. In particular, both its rotational and translational 

movement were investigated, as it was shown that the mitral valve, and in particular its 

annulus, during the cardiac cycle not only changes its size, but also performs a 

translational movement that increases the efficiency of blood flow in the cardiac 

chambers86,87.  

The simulations were conducted using the pressure values obtained by considering the 

equivalent pulse duplicator circuit as boundary conditions and then scaled to approach 

the physiological values. Other possible boundary conditions were also studied, 

including pressure values obtained without a scaling factor; in other cases, velocity 

values were used as input instead of pressure. Only the results obtained with the first 

conditions just described will be shown below, as the investigations conducted led to 

the conclusion that these were the most appropriate conditions to use.  

Finally, the velocity values obtained near the mitral valve and in the ventricular chamber 

were analysed. In addition, in order to evaluate the influence of the location of the 

pumping system in relation to the ventricular chamber, a different configuration of its 

position in model No.2 was also examined.  

Ansys Fluent 2022 R2 and Matlab R2021a were used to perform the post-processing of 

the obtained data.  
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4.2  Model N0. 𝟎: results for rotational movement 

The cardiac cycle in the two phases of systole and diastole in model no. 0 was 

reproduced by means of fluid-dynamic simulation. The pressure values obtained with 

the pulse duplicator circuit model (and scaled by a factor to approximate the pressure 

values physiologically present in the corresponding chambers of the heart) were used 

as boundary conditions (boundary conditions shown in figure 52 in chapter 3). Using 

the dynamic mesh method, the mitral valve was allowed to make a rotational 

movement. The analysis was conducted by means of a fluid-dynamic simulation, which 

achieved convergence, with values of the residuals shown in Table 1. 

 

 VALUE ABSOLUTE 

CRITERIA 

CONVERGENCE 

STATUS 

CONTINUITY 2.875 × 10-6 0.001 converged 

X-VELOCITY 1.559 × 10-4 0.001 converged 

Y-VELOCITY 1.397 × 10-4 0.001 converged 

K 3.105 × 10-4 0.001 converged 

ε 2.203 × 10-4 0.001 converged 

Table 1 - model no. 0: convergence of residuals in the simulation of rotational motion of the mitral valve 

 

The following figure shows two images of the pulse duplicator relating to two different 

instants of the simulation [Figure 60]. The first image corresponding to the instant 0.26 

s shows the mitral valve correctly closed during the period of systole, while the second 

image represents the instant 0.75 s corresponding to the period of diastole, in which the 

mitral valve is correctly open and the flow from the atrial chamber to the ventricular 

chamber is flowing. It is important to point out that during the construction phase of 

the model, it was not possible to place the valve in a completely closed position with 

respect to the passage orifice between the chambers, as the dynamic mesh method does 

not allow this88. This limitation of the method results in the valve not being able to close 

completely during systole and thus in the passage of a limited amount of flow between 

the chambers. For the reproduction of diastole, on the other hand, there are no 
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limitations as the valve rotates appropriately around the fixed centre of rotation, 

allowing the flow to pass correctly. There is also a ring vortex near the mitral valve in 

the vicinity of the ventricle, the formation of which has been demonstrated to be 

physiologically present in the heart.89 

 

 
Figure 60 – Model no. 0: velocity flow line in the rotational valve model for A) systole (time instant 0.25 s) 

and B) diastole (time instant 0.75). Lines drawn in dark red indicate out-of-scale velocity values 

 

The following figure shows the velocity profiles calculated near the mitral valve 

(before and after the mitral valve, respectively) for the period of systole and diastole 

[Figure 61]. 
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Figure 61 – Model No. 0: graphs showing velocity , in case of rotational motion, at the mitral valve as a 

function of channel length y, for A) the period of systole and B) diastole. In green are the velocity values 

located before the mitral valve and in magenta the velocity values after the valve. 

 

From the graphs in Figure 61, it can be noted that during systole, the mitral valve is 

subjected to significantly high velocity gradients, whereas during diastole, velocity 

values are within the physiological range of 0.5- 1.7 m/s.17,86 It is conceivable that the 

high velocity values during systole may be related to the valve not closing completely 

and thus the non-physiological passage of blood through a very small opening, which 

causes the velocity to increase. 

 

 

4.3  Model N0. 𝟎: results for traslational movement 

In addition to the rotational movement of the mitral valve, its translational movement 

within the pulse duplicator was also investigated, using the same boundary conditions. 

[Figure 52, Chapter 3]. The simulation conducted achieved convergence, with the value 

of residuals shown in Table 2. 
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 VALUE ABSOLUTE 

CRITERIA 

CONVERGENCE 

STATUS 

CONTINUITY 4.153 × 10-4 0.001 converged 

X-VELOCITY 3.152 × 10-4 0.001 converged 

Y-VELOCITY 3.125 × 10-4 0.001 converged 

K 3.972 × 10-4 0.001 converged 

ε 6.617 × 10-4 0.001 converged 

Table 2 - model no. 0: convergence of residuals in the simulation of traslational motion of the mitral valve 

 

As can be seen in the figure below [Figure 62], during systole the mitral valve moved 

correctly in the direction of the orifice that connects the atrium and ventricle and a 

correct overlap and therefore excellent closure was achieved. During diastole, the valve 

moved in the direction of the ventricle, allowing the orifice to open and the flow to pass.  

 

 

Figure 62 – Model no. 0: velocity flow line in the traslational valve model for A) systole (time instant 0.25 

s) and B) diastole (time instant 0.75) 
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It is possible to make a comparison with the rotational case seen previously, where it 

was not possible to obtain a complete closure of the valve, as it was only allowed a 

movement around the centre of rotation (corresponding to its upper right-hand corner) 

and its closure configuration corresponded to the position realised during the CAD 

construction phase, where it was not possible to carry out a perfect overlap with the 

orifice and therefore a closure, as this was not compatible with the subsequent use of 

the dynamic mesh method, as explained previously.  

In the case of translational movement, on the other hand, starting from the same initial 

configuration of the valve separated from the orifice, by reproducing its translational 

movement it was possible to achieve perfect closure. 

It is important to note that in this case, physiological velocity values are present in the 

proximity of the mitral valve even during the systolic phase [Figure 63]. This could be 

considered a factor supporting the hypothesis previously made about the high velocity 

values obtained during the systolic phase in relation to imperfect valve closure. 
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Figure 63 – Model No. 0: graphs showing velocity profiles, in case of translational motion, at the mitral 

valve as a function of channel length y, for A) the period of systole and B) diastole. In green are the velocity 

values located before the mitral valve and in magenta the velocity values after the valve. 

 

4.4  Model N0. 𝟏 𝐚𝐧𝐝 𝐌𝐨𝐝𝐞𝐥 𝐍𝐨. 𝟐 : results  

Once the analysis on the simplified model had been carried out, the investigation was 

performed on models no.1 and no.2, taking into account the information acquired. For 

both models, the simulations conducted by simulating the rotational movement of the 

mitral valve will be shown, as this is the main movement performed physiologically and 

therefore the main object of investigation. Below are shown in Table 3 and Table 4, the 

values of the residuals obtained for the simulations concerning model no.1 and model 

no.2 respectively. 

 

 VALUE ABSOLUTE 

CRITERIA 

CONVERGENCE 

STATUS 

CONTINUITY 9.985 × 10-5 0.001 converged 

X-VELOCITY 2.297 × 10-4 0.001 converged 

Y-VELOCITY 1.689 × 10-4 0.001 converged 

K 3.332 × 10-4 0.001 converged 

ε 4.338 × 10-4 0.001 converged 

Table 3 - model no. 1: convergence of residuals in the simulation of rotational motion of the mitral valve 
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 VALUE ABSOLUTE 

CRITERIA 

CONVERGENCE 

STATUS 

CONTINUITY 3.870 × 10-5 0.001 converged 

X-VELOCITY 4.829 × 10-4 0.001 converged 

Y-VELOCITY 4.502 × 10-4 0.001 converged 

K 5.602 × 10-4 0.001 converged 

ε 9.029 × 10-4 0.001 converged 

Table 4 - model no. 1: convergence of residuals in the simulation of rotational motion of the mitral valve 

 

Using the pressure values previously shown in figure 59 of chapter 3 as boundary 

conditions for both models, the following results were obtained, which are shown in 

figure 64 where it is possible to observe the mitral valve closed and the aortic valve 

opened during systole, and vice versa the mitral valve correctly opened and the aortic 

valve closed during diastole. 

 
Figure 64 –Velocity flow line in the rotational valve model for A-B) Model no. 1 , systole (time instant 0.25) 

and diastole (time instant 0.75) and for C-D) Model no.2 , systole (time instant 0.25) and diastole (time 

instant 0.75) Lines drawn in dark red indicate out-of-scale velocity values 
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As in the case of the simplified rotational model, also with model no.1 and model no.2 

during systole, high velocity values are present in the pulse duplicator, whereas during 

diastole, physiological values return. [Figures 65,66]. 

 

 

 

Figure 65 – Model No. 1: graphs showing velocity profiles, in case of rotational motion, at the mitral valve 

as a function of channel length y, considering A) the velocity values located before the mitral valve and B) 

after the mitral valve, for systole (green lines) and diastole (magenta lines). 
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Figure 66 – Model No. 2: graphs showing velocity profiles, in case of rotational motion, at the mitral valve 

as a function of channel length y, considering A) the velocity values located before the mitral valve and B) 

after the mitral valve, in the ventricular chamber, for systole (green lines) and diastole (magenta lines). 
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Until now, it has been assumed that the high values present during systole were related 

to imperfect valve closure. Other hypotheses were also made, investigating other factors 

as well, making further investigations in which the boundary conditions were modified, 

or changing the position of the inlet connected to the pumping system to see if its 

location affected the values obtained in any way. In particular, its position was modified 

in model no.2 as this constitutes the final design of the pulse duplicator and therefore 

the model in which it is most important to obtain good haemodynamics. To this end, 

the area connected to the pumping system was positioned at the top of the ventricular 

chamber as shown in figure 67.  

 

Figure 67 - New configuration of model no.2 with pumping system inlet positioned at the top of the 

ventricle 
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Figure 68 – Model No. 2: graphs showing velocity profiles, in case of rotational motion, at the mitral valve 

as a function of channel length y, considering A) the velocity values located before the mitral valve and B) 

after the mitral valve, in the ventricular chamber, for systole (green lines) and diastole (magenta lines). 



   

 

91 

 

Despite the modification implemented, high velocity values still occur during systole, 

only to return to physiological values during diastole as in the previous model [Figure 

68]. Other configurations of the inlet were analysed with the same results, so these 

results are most likely to be attributable to the limitations of the dynamic mesh method. 

In order to confirm this hypothesis and thus ultimately exclude the incorrect 

functioning of the design, a greater depth of investigation could be achieved by using a 

3D model and another analysis technique. To this end, the CAD of the 3D model based 

on the final design was prepared [Figure 69], the investigation of which is beyond the 

scope of this thesis and is left to the members of the Cardiovascular Tissue Engineering 

Laboratory who will subsequently continue their investigation of the pulse duplicator.  

 

Figure 69 – 3D model 3d model of the final pulse duplicator design A) front and B) side view. 
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Chapter 5 

Conclusion 

 

A new Pulse Duplicator model was analysed with CFD analysis. This model was 

developed by Cardiovascular Tissue Engineering Laboratory (Ri.MED Foundation) and 

will be used as the environment in which to analyse a new mitral valve model currently 

being developed by the Biomitral project. The aim of this thesis was therefore to study 

the new pulse duplicator model consisting of the atrium and ventricle chamber and 

capable of housing both the mitral and aortic valves. In particular, the aim was to 

investigate its function from a fluid-dynamic point of view. To this end, the potential of 

Computational Fluid Dynamics was exploited and simulations were conducted using 

the Ansys Fluent 2022 R2 numerical solver based on the finite-volume method, in which 

the preliminary and final design of the pulse duplicator was examined and a simplified 

model used as the basis for the investigation was created. As a first step, CAD models of 

each design were produced for each component, which were then subjected to domain 

discretization by creating a mesh composed of quadrangular elements. The discretized 

CAD drawings were then imported into the Fluent environment where, through the 

creation of overset interfaces, it was possible to overlap the components and construct 

the complete model. At this point, the cardiac cycle was reproduced in its systole and 

diastole phases, using as boundary conditions the pressure values obtained by applying 

the laws of conservation of mass and energy to two points of the pulse duplicator's 

equivalent circuit consisting of resistors, inductances and capacitances modelling the 

various zones. The pressure values obtained were then scaled in accordance with the 

physiological values and used as input for the boundary conditions. Using the dynamic 

mesh method, it was possible to investigate the behaviour of the mitral valve under the 

conditions described, and in particular by reproducing translational and rotational 

motion in different phases. From the results obtained, it is possible to state that the 

pulse duplicator is able to correctly reproduce the period of diastole and thus the 

physiologically suitable environment for the mitral valve in this phase, while it presents 

difficulties during systole, in which high velocity values occur. However, these values 
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could be related to some limitations of the dynamic mesh method, so it is recommended 

that lab members (who will continue the study) investigate this further in order to 

exclude the incorrect performance of the pulse duplicator. A more in-depth 

investigation using a 3D model of the pulse duplicator is therefore suggested, of which 

the CAD model is provided, and a method other than the dynamic mesh is 

recommended for analysis, perhaps using the FSI method, bearing in mind that in vitro 

experimentation must always be added to the computational investigation. 
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