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Abstract  
 
 
 

 

 Fluid structure interaction (FSI) is one of fundamental phenomena encountered 

everywhere in nature or in industrial systems as well as one of the most studied and the 

most challenging topics in the fluid mechanics. Its research presents the core objective 

of this dissertation, along with experimental study of artificial heart devices. Better 

understanding of FSI could turn the still unexploited phenomenon into a powerful tool 

for resolving wealthy of multi-physics problems. Recently computational fluid 

dynamics community has been putting enormous efforts to uncover, make clear and 

answer yet numerous issues related to this developing topic. In addition, the FSI is often 

followed by the vortex formation, one more phenomena that could be both powerful 

driving force as well as distracting, disturbing occurrence.  Consequently, this 

dissertation will begin with addressing some open issues related to the fluid-structure 

interaction associated with the simple system made of movable rigid leaflet and an 

unsteady viscous fluid flow. Such two-dimensional model, even if it appears extremely 

simple, is able to produce fairly rich flow features which deserve careful analytical and 

accurate numerical solution. Thus, we have performed a significant number of 

numerical experiments with the objective to uncover the role of the structure inertia in 

the overall behavior of the fluid-leaflet system, under the different flow recurrences. For 

that purpose, we have constructed a strong-coupling code and resolved the fluid and 

structure dynamics simultaneously, paying particular care of solution accuracy around 

the moving boundary. The complex problem of large fluid deformation in response to 
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the rapid structure movements has been resolved by the time-dependent conformal 

mapping, exclusively developed for this specific physical arrangement. The numerical 

findings, even if theoretical in nature,  allowed for the classification and characterization 

of body’s and fluid dynamics in functionality of different structure inertia and Strouhal 

numbers, which have been used as free parameters in all numerical experiments. 

The study is completed by a brief analysis of the more realistic system of actual 

prosthetic heart valves. Besides many problems that follow the performance of 

mechanical heart valve prosthesis, the complications related to the complex blood-

leaflet interaction are a key factor. The intraventricular flow is characterized by large 

vortical structures, without significant turbulence, in a smooth circulatory pattern that, 

in presence of pathological conditions or mechanical devices, could be disturbed. Thus, 

among the criteria for the assessment of mitral valve functionality and mechanical valve 

design are the proper vortical features inside the left ventricle. Until nowadays the 

standard mechanical valves, designed originally for the aortic replacement and without 

exceptions symmetrical, have never satisfied the regularity of natural vortical dynamics. 

Thus, we have been motivated to investigate the flow features downstream of 

asymmetrical prototypes, exclusively designed for the mitral replacement with attempt 

to better mimic the natural intraventricular flow. Experimental outcomes allowed for 

preliminary conclusions that the break of symmetry in the novel prosthesis creates the 

asymmetrical vortical flow in the left ventricle, which is more similar to the natural one, 

although the concept introduced by this prototype has to undergo deeper testing and 

careful improvements before querying in the real hearts.  
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Sommario 

 

 L’interazione fluido-struttura (Fluid-Structure Interaction, FSI) è uno dei 

fenomeni fondamentali che si incontra ovunque in natura o in applicazioni industriali, 

ed è uno degli argomenti più studiati e più ostici nello studio della meccanica dei fluidi. 

Il suo studio rappresenta l’obbiettivo principale di questa tesi, assieme allo studio 

sperimentale del flusso in ventricolo sinistro artificiale con valvola meccanica in 

posizione mitralica. Una miglior comprensione della FSI potrebbe trasformare questo 

fenomeno ancora inspiegato nella chiave di lettura di molti problemi multi - fisici. In 

particolare, la è FSI è talvolta seguita dalla formazione di un vortice, un fenomeno che 

può essere allo stesso tempo una potente forza motrice e una perturbazione. Questa tesi 

inizierà a rispondere ad alcuni problemi irrisolti relativi all’interazione fluido-struttura 

associata ad un sistema semplice composto da una struttura rigida mobile e da un flusso 

viscoso non-stazionario. Tale modello bidimensionale, anche se appare estremamente 

semplice, è capace di produrre un considerevole numero di strutture nel flusso che 

meritano un attento studio analitico e accurate simulazioni numeriche. Si sono condotto 

numerosi esperimenti numerici  in varie condizioni di flusso al fine di chiarire il ruolo 

dell’inerzia della struttura nel comportamento complessivo del sistema fluido-cuspide. 

A questo scopo si è sviluppato un codice che permette un accoppiamento fluido 

struttura. In oltre si è risolto sia la dinamica del fluido che della struttura, ponendo 

particolare attenzione all’accuratezza della soluzione attorno alla struttura mobile. Il 

complesso problema di grandi deformazioni del fluido come risposta al rapido 
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movimento della struttura, è stato risolto tramite la trasformazione conforme, applicato 

esclusivamente a questa particolare configurazione fisica. I risultati numerici, seppure di 

natura teorica, hanno permesso di classificare e caratterizzare la dinamica del corpo e 

del fluido in funzione di differenti strutture inerziali e numeri di Strouhal, che sono stati 

usati come parametri liberi in tutti gli esperimenti numerici. 

Lo studio è completato da una breve analisi di un sistema più realistico di valvole 

cardiache prostetiche. Rispetto a i numerosi problemi che riguardano le prestazioni della 

valvola cardiaca meccanica, in questa tesi sono state affrontate le problematiche relative 

alla complessa interazione sangue-cuspide. Il flusso intraventricolare è caratterizzato da 

grandi strutture vorticose senza notevole turbolenza, in presenza di condizioni 

patologiche o dispositivi meccanici, possono risultare disturbate. Quindi, le strutture 

vorticose all’interno del ventricolo sinistro risultavano essere il criterio accettato per la 

valutazione della funzionalità della valvola mitralica e del design della valvola 

meccanica. Fino ad oggi la valvola meccanica standard è stata senza eccezioni una 

valvola simmetrica, progettata per essere sostituta alla valvola aortica. Tale valvola 

meccanica non ha mai soddisfatto la naturale dinamica delle strutture vorticose nel 

ventricolo sinistro. Quindi abbiamo incentrato lo studio sulle caratteristiche del flusso a 

valle di prototipi asimmetrici, progettati esclusivamente  per il rimpiazzo della valvola 

mitrale, in quanto essi riproducono meglio il flusso naturale intraventricolare. Anche i 

risultati sperimentali hanno portato alla conclusione preliminare che la rottura della 

simmetria nelle nuove protesi crea un flusso vorticoso asimmetrico nel ventricolo 

sinistro, molto più vicino al flusso naturale. Tuttavia il concetto introdotto da questi 

prototipi di nuova collezione  devono essere testato approfonditamente e ancora 

migliorati prima di essere inseriti in una sperimentazione clinica. 
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General Introduction       

Despite the fact that the fluid-structure interaction (FSI) phenomenon is one of the 

most studied topics in the fluid mechanics, even nowadays there are still many aspects 

which remain uncovered. The missing clues in the complete knowledge of FSI 

phenomena cause the significant limits in the exploitation of some natural resources, 

prediction of undesirable occurrences in nature or engineering as well as optimization of 

processes, and finally prevent solution of some major problems recently identified at the 

fundamental level of various cardiovascular diseases (CVDs) [1-4]. The statistical data 

for the death caused by CVDs has reached the alarming proportions, which signifies the 

cardiovascular diseases as the absolute leading cause of death in the entire world 

society. Predicted scenario is around 25 million deaths by 2020 with prospective to 

reduce the age limits [5]. For that purpose, the medical doctors, physicists and 

engineers, being aware of the importance and urgency to unite their interdisciplinary 

experience and knowledge, are recently putting enormous efforts to discover and 

provide the new methods for early recognition of diseases and their more accurate 

diagnosis, as well as to the optimization of devices [2-4].    

Indeed, the work on this dissertation was originally inspired and motivated by the 

desire to improve the understanding of basic fluid dynamics phenomena involved in the 

performance of mechanical heart valves. Moreover, the fact that every year, around 

300.000 patients worldwide, undergo to the open-heart surgery for replacing their 

diseased heart valves by mechanical device attributed with considerable disadvantages 

related to their performance [6], encouraged us additionally to experimentally march 

toward the fundamental answers and improvements.  
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Due to the extreme complications which inevitably follow the numerical 

simulation of realistic mechanical or natural mitral valve performance, we have turned 

the attention to basic aspects of the interaction between flow and mechanical elements 

in the introduced, simplified fluid-leaflet system. Thus, we have carried out the 

numerical study, attempting to discover the importance of the leaflet inertia in the 

overall behavior of the fluid and a movable leaflet arrangement. The study has now 

reached broader perspective of being applied to more general environments and has 

been more undertaken to contribute in the theoretical advancement of the FSI 

phenomenon and consequent vortical motion involved in widespread problems. The 

principal part of the thesis has thus centered on the numerical simulation and theoretical 

analysis of the interaction between the flow and an idealized structure that moves with 

just one degree of freedom. In particular, the analysis has been focused on the relevance 

of structure inertia, thus, in a loose sense of its material. In fact, it is expected that 

inertia introduces a natural (inertial) time scale that may compete with the time scale of 

the external unsteady flow and give rise to specific fluid-structure interaction outcomes. 

Conversely, a conclusive experimental study remained focused on the initial idea 

of the possibility that structurally asymmetric artificial mitral valves could produce 

more natural flow patterns in the left ventricle [3-4, 7-8]. At the beginning of the 

experimental investigation, we have visualized the flow patterns of the standard bi-

leaflet valve implanted in the simple cylindrical model of heart contained in the 

primitive apparatus. It has been used for getting an idea about the impact of the changes 

that we have undertaken on the standard valves and regarding the role of the leaflet 

asymmetry. This preliminary experimentation has undergone the testing of 

asymmetrical prototypes in the already calibrated and validated experimental setting [8] 

in the laboratory of collaborating group at “La Sapienza”, University of Roma and will 

not be discussed herein. However, experimental results acquired for the novel heart 
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valve prototypes have been observed with Feature tracking technique and confronted to 

those of standard mono-leaflet and bi-leaflet mechanical heart valves [7, 8].  

Thesis organization  

The doctoral thesis is divided into two main parts: numerical study of FSI 

phenomena on the specific model of the movable leaflet and oscillatory flow as a main 

focus, along with the experimental investigation of the mechanical heart valves 

prototypes. The previous work linked to the current numerical study, as well as the main 

goals and objectives related to the computational process, are reviewed in Chapter 1. In 

this chapter we have also presented the theoretical background related to the problem by 

introducing the mathematical model and basic assumptions, which are included in the 

solution procedure. The detailed description of numerical techniques, used to build the 

efficient algorithm, is given in Chapter 2. The first set of numerical results has been 

obtained by keeping the flow parameters constant in order to discover how change of 

the structure characteristics, in particular, the leaflet inertia, could contribute to the 

overall behavior of fluid-leaflet system. These are presented and discussed in Chapter 3. 

The results of extended numerical tests are given in Chapter 4, where we have exposed 

the numerical outcomes performed with an attempt to discover the mode of leaflet 

opening and follow up effects in functionality of both the flow frequency and different 

leaflet inertia within a single flow pulsation. The part where we have discussed the 

experimental study is introduced in Chapter 5. Within this part we gave the explanation 

of the current problems following the standard valve performance including the recent 

work already done in this field, thus we have described the experimental set up and 

discuss the acquired results, which allow for preliminary conclusions and directions of 

the future work.  In Appendix A we have described the functionality of heart and its 

basic anatomy.  



17 
 

NOTE: The numerical technique and the principal results of the first numerical study (Chapter 3 and Chapter 4) have been 

summarized in a recently published paper [1]. The results of the extensive numerical simulations have been synthesized in a 

manuscript that is currently under revision [2]. The initial experimental results (Chapter 5) will be presented in a conference; a 

manuscript based on the extension of such results is in preparation.   

[1] Vukicevic M, Pedrizzetti G. Role of inertia in the interaction between oscillatory flow and a wall-mounted leaflet. Phys Rev E 

2011; 83 (1):016310. 

[2] Vukicevic M, Pedrizzetti G. On the opening of a wall-mounted leaflet by a single flow pulse. Phys Rev E Submitted. 

[3] Vukicevic M, Fortini S, Querzoli G, Cenedese A, Pedrizzetti G. Experimental study of the asymmetric heart valve prototype. 

Extended abstract for Euromech 529 (CardioVascular Fluid Mechanics – CVFM2011).  
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Chapter 1 

Numerical Study 

 

The motion of a leaflet under the action of an oscillatory flow is studied here in an ideal 

system made of a rigid door, initially vertical, mounted on a horizontal wall. The 

dependence of the fluid-structure interaction on the leaflet inertia and flow parameters 

has been analyzed. The system has been solved by numerical integration of the Navier-

Stokes equations coupled with the body dynamics. Sadden displacement of movable 

boundaries cause the large deformation of the surrounding mesh, which has been 

resolved by time-dependent conformal mapping.  
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1.1. Introduction in numerical study  

 In the last decades the fluid-structure interaction (FSI) has been studied and 

recognized as the basic phenomena fundamentally involved in many events occurring in 

the nature, such as engineering and environmental surroundings, as well as one of the 

key problems in the biological systems. In nature, the interaction of blowing turbulent 

wind and canopies is a part of the environmental equilibrium that should be better 

understood to be properly managed, similarly with an oscillatory flow over underwater 

elements or vegetation [9].  Recently, particular effort is coming from the field of 

biological fluid mechanics related to the role of vortex formation in the animal motion 

[10-15], as well as in the blood-tissue interaction found in the cardiovascular system 

[16-31]. The understanding of blood swirling motion and its interaction with vessels in 

the hart as well as in the overall circulatory system could have an extremely important 

role for an early recognition of cardiovascular diseases and tissue parameters, which are 

usually very difficult or almost inaccessible for in vivo or in vitro measurements.  

Following the fact that determination of all parameters and phenomena pursuing 

the FSI and vortical motion could help resolving significant number of problems, we 

have performed the numerical simulations of the simple system based on the 

fundamental phenomena of FSI. Thus, within this dissertation we have modeled and 

numerically investigated an oversimplified system, constructed from the movable leaflet 

mounted at the horizontal wall and allowed to freely rotate due to the motion of the 

external flow. The following chapters are dedicated to the numerical study of this 

simple system which could mimic the basic phenomena present in the motion of bird 

wing, airfoil, hydrofoil and also that of a heart valve leaflet. Thus, even if the numerical 

investigation was initially motivated by the significant number of problems following 

the mechanical heart valve performance, actually the computational results herein is 
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rather theoretical and adopted such as could be applicable in various multi-physics 

problems. The mathematical model and numerical techniques used in the procedure are 

chosen upon comprehensive analysis of previous works related to the FSI and vortex 

formation, with an attempt to improve the accuracy of the solution, decrease the 

computational costs and include the phenomena related parameters which have not been 

yet observed.  

The first scientist, who has studied the fluid-structure interaction and following 

vortical motion in nature, particularly occupied by the swirling motion in the 

cardiovascular system of human body, was Renaissance genius Leonardo da Vinci [32]. 

While he was fascinated with a fluid dynamics and vortical patterns in the 

cardiovascular system of human body, he paid particular attention to the vortical flow 

through the natural heart valves, whereas he recognized for the first time the importance 

of the vortices on the valve dynamics and made initial flow visualizations. The existing 

pages of his work, carried out in two phases (around 1508 – 1509 and 1513), and 

dedicated to the blood circulation, affirm his genial vision of the flow visualization and 

the accuracy of his observations. His work emphasized the importance of the FSI 

interaction and inspired scientists much later to deeper understand current phenomena. 

The outstanding Leonardo’s drawings of the blood motion through the aortic valve 

attracted Gharib et al. (2002) to compare the Leonardo’s observations with his own 

experimental outcomes of the vortical flow behind the aortic valve, which amazingly 

matched and clarified the correctness of Leonardo’s illustrations [32].  

After Leonardo, nothing was further done in this field of fluid mechanics for the 

few centuries, until 60’s of the last one, when many pioneering works has been done 

and many analytical theories has been derived. With advance of the computational 

technology and the numerical techniques, many problems related the solution of the 

equations found to govern the fluid and structure motion have been resolved. 
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Unfortunately, even nowadays, despite the huge work done in this field there still exists 

a wealth of uncovered issues whose illumination has potential to turn over the FSI from 

the challenging research topic into the real development tool. 

One of the first studies dedicated to the flow separation and vortex formation from 

a diffracting wedge has been performed by Rott (1956), who emphasized the 

dependence of vortex circulation and strength on the forcing pulse [33]. Considering the 

two dimensional vortex sheet, Pullin (1978) studied the rolling up effect from the semi 

infinite plate and summarized some basic concepts related to the analytical and 

computational issues of the vortical flow around the flat plate [34].  The analysis of the 

force induced by separation and vortex shedding has been described by Graham (1979) 

in [37]. Using the conformal mapping Graham tackled the fluid motion near the solid 

boundary, afterwards he progress his work investigating the initial development of lift 

and drug on an impulsively started aerofoil in an inviscid and incompressible flow, 

clarifying that the vortex separation strongly depends to the stream velocity change or 

the trailing edge separation [38]. The formation of vortex pare from the orifice is 

studied by Blondeaux et al. (1983), who provided a discrete-vortex model which 

governs the process of vortex pair formation and also confirmed that the vortex 

separation and further interaction of separated vortices strongly depend upon the time 

history of supply current. They pointed out that the details of the flow near the sharp 

edge and the growing vortex are not properly represented in the works of previously 

listed authors, introducing the Schwarts-Christofel transformation for representation of 

the fluid domain around the complex or movable boundaries [39], which was adopted 

by Tutty and Pedley (1992) and reference therein [40], for the flow simulation in the 

stepped channel, calculating the vorticity at the wall. They suggested that although the 

geometry of the problem is not complicated, it provides rich and complex flow patterns, 

which should be studied with particular care, giving the successful and detailed 
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procedure for tracking the flow around the complex boundary and the singularity in the 

physical domain [40]. Pioneering study related to the motion of the heart valves and 

vortex shedding from their leaflets was performed by Peskin (1972) who outlined the 

coupling effects of heart valve and blood motion, introducing the famous method of 

immersed boundaries [35], which has been latter improved in successive studies by 

Peskin and Mc Queen (1983), and it has been further refined and in use for solving the 

FSI problem up today [36]. 

Even though, the first studies on the leaflet motion and vortex formation, briefly 

summarized above,  are methodologically advanced, the poor special resolution caused 

by limited computer resources, prevent them to acquire the realistic image of vortical 

generation and further evolution, as well as to determine the role of different parameters 

which are involved in the phenomena. Thus, with improvement of computational 

technology, the information related to the vortical motion and FSI are quickly updated. 

Several groups wide world approached the FSI problem numerically and tackled 

the flow near static and moving boundary in diverse manners. In the problem of moving 

leaflet the major challenge issues to be solved is the rapid response of the leaflet to the 

flow action and thus equally rapid mesh deformation, which is still the problem under 

development. Baccani et al. (2002) investigated the intraventricular flow through the 

fixed mitral orifice, with conceptual model introduced to simulate the presence of the 

moving mitral leaflet [41]. The real movement of the leaflet is avoided, and its motion is 

simulated by imposing the boundary conditions at the leaflet, which force the growth of 

the boundary layer and its further separation from the trailing edge that transforms 

quickly in the rolling vortex structure. Similarly Russell et al. (2003) modeled multiple 

moving objects in 2D incompressible viscous flow, where instead of imposing a direct 

no-slip boundary conditions, he has simulated the vortex formation by inducing a 

certain amount of vorticity which could shed from the trailing edge [42]. Lai et al. 
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(2002) examined the bi-leaflet mechanical heart valve closure and influence of the tip 

geometry on its dynamics [43]. He simulated the closing of fully opened leaflet, 

formerly specifying the leaflet closing path obtained in the experimental trials, which 

means that every angular position of the structure was not modeled, but based on the 

experimental measurements. His numerical outcomes, reviewed in [43], showed that 

negative pressure quickly develops at the atrial side of the leaflet tip and progresses as 

the leaflet nearing the final closure, while the flow dynamics during the leaflet shutting 

strongly depends on its velocity during the closing time. The numerical results for the 

opening of a rigid leaflet within a channel were progressed by Pedrizzetti et al. in [27], 

whose study, limited to the case of a mass-less solid element, showed that the initial 

opening phase follows an asymptotic irrotational regime [28]; shortly after the 

formation of a vortex from the sharp trailing edge modifies the dynamics that eventually 

tends to a vortex-dominated self-similar regime. A similar analysis [29], performed for 

a channel closed by two unequal mass-less leaflets, demonstrated the role of symmetry 

break in the emergence of qualitatively different behaviors.  

The motion of the structure and fluid around could be simulated using two main 

code arrangements: monolithic or partitioned approach. In the monolithic arrangement, 

the flow equations and structural equations are solved simultaneously such that their 

mutual influence can be taken into account directly which is favorable for the stability 

of the calculation. On the other hand, the partitioned approach serves to solve the flow 

equations and the structural equations separately, which means that the flow does not 

change while the solution of the structural equations is calculated and vice versa. The 

partitioned approach thus requires a coupling algorithm to allow for the interaction and 

to determine the solution of the coupled problem, whereas the software modularity is 

preserved and different, possibly more efficient solution techniques can be used for the 

flow equations and structural equations [22-26]. Kuhl et al. (2003) compared the 



24 
 

coupling of governing equations for the FSI problem by means of both monolithic and 

partitioned approach applied to the same problem. Completed comparison showed that 

the computationally attractive partitioned solution allows for use of different temporal 

and spatial discretization of each element in the system, which makes the method 

suitable for the large and complex real life problems. Oppositely, the monolithic 

solution is suitable to resolve simple geometry problems [22], and less sensitive to the 

value of time step, which has potential to be computationally more efficient [23].   

In order to obtain more accurate solution and proper coupling of the solid and 

fluid elements, there have been introduced many different methods, based on the mesh 

dynamics, wherein the governing equations are discretized weather on moving or fixed 

grid. Some authors [44-49] handled motion of movable body immersed in the fluid, 

using moving mesh, such as arbitrary Lagrangian - Eulerian (ALE) method, introduced 

for the first time by Donea et al. in [44]. This method allows a coupled solution of the 

FSI and works well as long as the structure and fluid deformation remain within a 

certain limits. In the case when the rapid motion of the structure induces large 

deformations of the fluid elements and consequent mesh conforming around the moving 

boundary, could occur that some mesh elements become ill-shaped, which introduce 

inaccuracy and ALE method is not sufficient by itself any more. Thus, Cheng et al. 

(2004) tried to resolve this task proposing the application of the ALE combined with 

remeshing of the fluid domain.  In order to obtain the mesh at the current time step i.e. 

for every position of movable structure, the previous two meshes have to be interpolated 

[46], but generation of such a smooth grid is an extremely time consuming task and 

almost impossible performance [48]. Whereas, the fictitious domain is the method used 

for treating the FSI based on the fixed grid, described in [47, 54], and has been applied 

for the simulation of the heart valve behavior in [47-55]. Stijnen et al. (2004) has 

investigated the motion of the heart valve by means of the moving rigid leaflet in the 
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sinus cavity, applying the fictitious domain on the block-structured grid. They examined 

the velocity field of the flow around the leaflet for a few sets of Reynolds and Strouhal 

numbers without taking into account the inertia of the leaflet, comparing the numerical 

results with experimental outputs of the same model [54]. This method allows the 

arbitrary motion of the structure through the fluid domain, where the fluid-structure 

interface coupling is achieved through the local body force, loses some accuracy of the 

solution at the interface, and can be improved applying adaptive mesh refinement or 

increasing the resolution around the moving boundary, but this could be 

computationally non-economical. Also previously mentioned immersed boundary 

method introduced by Peskin, has been established at the fixed background, where the 

FSI problem was only first order accurate, whose precision has been raised including 

the adaptive mesh refinement around the moving boundary [54].    

Definition of the problem and goals to be achieved  

The numerical study of this dissertation has been devoted to illuminate some 

fundamental phenomena related to the FSI and consequent vortical dynamics. Through 

the numerical simulations, we shall show how different structures with range of diverse 

inertia relate and respond to the change of the flow frequency and vice versa.  Even 

though that some factors associated with described phenomena are already determined, 

there are still wealthy of features, which should be addressed in order to be useful for 

device design or help resolving the real life problems in nature. Believing that the 

structure inertia could have the large impact on the overall behavior of the fluid-leaflet 

system, and expecting a diverse events related to the changes of the flow or the structure 

characteristics, this specific problem, even if appears simple,  needs to be resolved 

carefully, in order to obtain the reliable and accurate solution, in computationally 

efficient way. In that purpose, concerning the simplicity of the model but even large 

displacement of movable leaflet and consequent large fluid deformation, we have 



26 
 

resolved the problem through the partitioned approach with a strong-coupling 

algorithm, where the time dependent fluid-structure elements are resolved 

simultaneously and interactively as a parts of single dynamics system [24, 26]. 

Expecting that the absence of geometrical intricacy does not mean even the absence of 

the flow richness around the boundary, upon a comprehensive analysis of proposed 

mathematical and numerical methods, we have chosen the combination of the numerical 

techniques that will yield a highly accurate solution, preserving the computational 

efficiency. Thus, we resolve the governing equations on the structured orthogonal grid, 

which will permit an easy spatial and temporal discretization, allowing the matrices of 

the governing equations to have a regular structure [56]. In order to acquire the good 

resolution around the movable boundary, but avoid unnecessary high concentration of 

nodes in the region of domain where the flow complexity is not likely to occur, we have 

introduced the logarithmic stretching of the grid in the cross flow coordinate direction. 

Using the time dependent conformal mapping we transformed the physical domain with 

moving boundary onto the computational one. This procedure permits that the whole 

solid boundary continuously coincides with a coordinate line in the computational 

space. Having the boundary as a coordinate line, makes the computational method 

highly accurate, with no need of a remeshing procedure, thus excludes the additional 

artificial dissipation due to the interpolation of variables at the remeshed grid points. 

That using method where the wall corresponds to a coordinate line gives always the 

most accurate solution [40]. It is certainly not general, but the method adequate to be 

chosen for theoretical advances of this specific case. In the following sections within the 

computational approach of the problem, we shall introduce the mathematical model and 

explain in details the numerical technique used to attain the solution.     
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1.2. Mathematical model  

 Formulation 

The numerical study of this dissertation deals with the simple case of the 

interaction between an oscillatory flow and a single wall-mounted leaflet, outlined in 

figure 1. The numerical solution of the fluid-solid interaction problems are based on the 

equations of fluid mechanics for the flow, those of solid mechanics for the solid 

elements and the proper coupling relations. All of these tackle the problem of the 

solution to the resulting system. Mathematically, that between fluids and structures 

represents an example of strong coupling where the influence of any small change in the 

solid motion is not limited to the region of fluid in the immediate vicinity, but extends 

to the whole fluid flow, and vice versa.  Techniques for the general solution of fluid-

solid interactions are still under development [22, 25]. 

The fluid and structure characteristics in this specific case are chosen regarding 

typical problems encountered in nature. The movable leaflet is assumed to be perfectly 

rigid without elastic properties, having an infinitesimal thickness and length H. The 

leaflet rotates around the frictionless hinge with a single degree of freedom, whose 

position during the opening and closing time, is defined by angle θ(t), and corresponds 

to the leaflet distance from the horizontal wall at every time step. The initial position of 

the leaflet has been set at θ(0)=/2.  

The fluid motion around the movable leaflet is specified as that of an 

incompressible, Newtonian, viscous fluid with constant density ρ and kinematic 

viscosity ν. Far away from the lower wall the fluid moves parallel with an oscillatory 

velocity profile V(t)=V0sin(2πt/T) that gives rise to a length scale V0T, which competes 



28 
 

with the geometric scale H. In dimensionless terms, the system is characterized by the 

Strouhal number defined by the ratio St=H/V0T, and by the Reynolds number 

Re=HV0/ν, where the kinematic viscosity of the fluid characterizes the ratio between the 

input energy and dissipative capability of the specific flow [57]. From now on, all 

variables will be expressed in dimensionless terms normalized with the length H and the 

velocity scale V0.  

 
Figure 1: Schematic description of the fluid-solid interaction model. 

 
The present study aims to uncover the general behavior of the described ideal system 

contributed to different flow frequencies and structure inertia. Therefore, we have 

examined the fluid-leaflet interaction varying the leaflet inertia in functionality of the 

flow frequencies. The first numerical tests are performed for the constant fluid 

parameters, keeping the St=1 while changing the leaflet inertia. Afterwards we have 

exposed the same structures to the oscillatory flow characterized by the range of 

different Strouhal numbers. All results have been obtained within the limits of laminar 

flow at Re=200, which ensures the development of a vortex formation behind the leaflet 

and a wall boundary layer of thickness proportional to (StRe)-½, much smaller than the 

leaflet size. The analysis is thus oriented to verify the sole role of inertia, defined 

parametrically below, in the fluid-solid interaction.  
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The fundamental equations for two-dimensional incompressible flow of Newtonian 

viscose fluid, with no body forces and constant properties, are the Navier-Stokes and 

continuity equations written in Cartesian coordinates [58, 59]:  
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The equations above (1-3) are written in the primitive variables of velocity 

components u and v, and pressure p. Although it is possible to obtain the numerical 

solution with these equations, the most successful solutions have been utilizing the 

rearranged vorticity-streamfunction formulation [58]. The variable of pressure 

encountered in equations (1) and (2) has been eliminated by cross-differentiation of 

those equations with respect to y and x, respectively. Defining the vorticity ω(x,y,t) as  

 
x
v

y
u








 ; (4) 

and expressing the velocity components through the streamfunction ψ(x,y,t) as u=∂ψ/∂y 

and v=–∂ψ/∂x [58, 59]. Thus, the moment equations are rearranged in the single 

vorticity transport equation  
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where corresponding streamfunction ψ(x,y,t) is related to vorticity by the Poisson 

equation  

   2 . (6) 
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Equations (5) and (6) are completed by the boundary conditions. Far away from the 

body, at y→∞, the velocity assumes its undisturbed horizontal profile with a 

streamfunction ψ∞= sin(2πStt)y; far upstream and downstream, at x→±∞, flow is 

assumed as horizontal and independent from x. At the rigid walls, the natural 

impermeability and no-slip conditions are satisfied, i.e. the velocity vector is equal to 

the material wall velocity. Tangential and normal velocity components relative to the 

wall are equal to zero at the horizontal wall. At the surface of the body, the tangential 

velocity component vanishes and the normal velocity component is equal to the leaflet 

rotation velocity –rStdθ/dt, where dθ/dt is the angular velocity and r is the length along 

the movable body that ranges from r=0 at the hinge, to r=1 at the edge. These boundary 

conditions have to be transformed into conditions for the streamfunction and the 

vorticity. Impermeability conditions immediately becomes a boundary conditions for 

the streamfunction that is assumed to be equal zero at the horizontal wall while at the 

movable body it is  

 
dt
drStb


2

2

 ;  (7) 

The no-slip condition is employed to specify the value of the wall vorticity during the 

numerical integration procedure as we shall explain later in the numerical methods. 

 Body dynamics is described, by assuming an inertial leaflet with no forces acting 

on it other than those exerted by the fluid [60]: 
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 ;  (8) 

where 2

2

dt
d  is the angular acceleration of the leaflet, τ(t) is the torque made by the fluid 

onto the body and Ic is the inertial coefficient. The Ic coefficient is the leaflet’s moment 

of inertia expressed in dimensionless terms. The dimensional moment of inertia is 

defined I=qH3/3, where q is the mass density of the leaflet per unit surface, has the 
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dimension of a mass times a length [61]. The dimensionless inertial coefficient is 

obtained after normalization with the unit mass (ρH3, where ρ is the fluid density) and 

unit length (H) as Ic=I/ρH4=q/3ρH [61]. The torque exerted by the fluid at the surface of 

the leaflet has been evaluated by the integral of infinitesimal contribution due to the 

pressure difference between the front and rear faces of the leaflet [27], 
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where pf and pr  are the pressure values at fore and rear side of the leaflet. The tangential 

pressure gradient in (9) could be derived from the Navier-Stokes equations written in 

terms of primitive variables [58], which by including the boundary conditions for 

vanishing tangential velocity and its normal derivative at the fore and rear side of 

movable leaflet, yields its proportionality to the deference of normal vorticity 

derivatives at the respective leaflet’s sides 
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Thus, using the relation (10) in the equation (9), the torque can be evaluated as 
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where it is used the fact that the front and rear pressures take the same value outside the 

leaflet, at r=1. Following [27], after the exchange of integration, and using the equality 

between  
1
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dsdrsfrg , with f(r)=r, one integral can be made 

analytically and the expression of torque (11) simplifies into a single integral 
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that is further employed in the computational procedure. 
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1.3. Conformal mapping 

The physical domain comprises the fluid flow around a moving element that 

exhibits large displacements. The phenomena represents critical aspects of numerical 

solution methods based on the definition of a discrete mesh about the boundary since it 

is subjected to extreme deformations. It is therefore necessary to devise a strategy to 

properly handle the large deformation of the fluid domain. Previous works that have 

been using moving finite elements or volumes [19, 20], introduce the special remeshing 

strategies to handle the large distortions of the numerical grid; other studies [25, 27, 28, 

61] use the method of immersed elements that avoid any of such problems but may 

suffer of a reduced accuracy near the moving boundary. In the present analysis, which 

has a theoretical nature, the geometry is followed by using a time-varying conformal 

transformation; this approach ensures a high accuracy near the boundary, and makes the 

problem of fluid-structure interaction more tractable since the whole solid boundary is 

tackled along the coordinate line, although it not may be optimal in terms of 

computational efficiency [40].  

The physical complex plane z=x+iy, is transformed into the new plane ζ=ξ+iη, 

where the lower boundary η=0, corresponds to the whole solid boundary going from the 

upstream wall, running along the leaflet, and ending downstream along the wall. 

Graphical illustration of the conformal transformation between z and ζ planes is shown 

in Figure 2. The solid boundary of z-plane is identified by a set of rectilinear segments 

connecting the points A, B, C, D and E, shown in Figure 2a. The vertices B and D 

corresponds to the points on the two sides at the base of rotating leaflet, and C is the 

leaflet trailing edge, while points A and E are eventually extended to infinity up and 

downstream, respectively. These points are the vertices of the transformation and they 

are transformed into the points A’, B’, C’ and D’ in the ζ-plane at η = 0 (see Figure 2b). 
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The instantaneous conformal transformation z=F(ζ) is constructed from the 

general Schwarz–Christoffel formula [62] that in this case reads 

 








)(
1

)(

)()(
tt

qp
d
dz 

 ; (13) 

where the real constants p(t) and q(t), the poles of the transformation, are the length of 

the segments B’C’ and C’D’ in the ζ-plane.  

Figure 2: Schematic illustration of the conformal mapping of the model domain. 

 

An explicit formula for the transformation F(ζ) cannot be found for an arbitrary angle 

θ(t), therefore the parameters p(t) and q(t) are determined at each instant by an iterative 

procedure that was previously introduced in [62] and is being specifically applied here. 

The calculation of the poles starts by entering the tentative values of p and q, and by 

integrating the equation (13), along the at η=0 boundary in the ζ-plane from the origin 

(point C) backward and forward to the points B and D, respectively. The integration 

gives the corresponding increments in the z-plane  
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and the same for Dẑ , where the hat indicates that these are estimates that do not coincide 

with the effective vertices until the value of the poles p and q are the correct ones. A 

rapidly convergent procedure is defined by updating the poles at each step with new 

values pn  and qn as [59, 62] 
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in terms of the previous ones and the ratio between the length of the effective and the 

estimated intervals. Such a process is rapidly converging and it is continued until the 

error in the poles is below a tolerance that is taken here as equal to 10-7. 

This procedure presents a critical point in the numerical integration of equation 

(14) that can be singular at the poles [62]. However, this singularity is integrable 

(exponent larger than -1) and a technique must be included to ensure an accurate 

numerical integration. To this aim, the general interval of integration, say [a, b], is 

divided into N-1 sub-intervals of size Δζ=(b−a)/(N-1) defined by the points ζk=a+(k-

1)Δζ, with k=1…N. The integral (14) can be written as the sum of N-1 sub-integrals [62] 
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when the sub-integrals are sufficiently small, every term under the integral sign can be 

replaced by its mean value to give the approximation  
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that is increasingly accurate as N increases. Now, each individual integral in the formula 

(17) can be performed analytically clearing out its singular character. A number of sub-

intervals, N=1024, is used here; however differences have remained below the tolerance 

of the iterative procedure when half this value has been used. 
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Once the parameters of the transformation are known for any given θ(t), 

introducing the relations of transformation [59]: 
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allows the equation of motion (5) and (6) to be rewritten in the transformed space
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where J(ξ,η,t) is the Jacobian of the transformation defined by 
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and the over-bar is used to indicate complex conjugate [59]. It is worth to remark that in 

the second term of (21) presents the relative velocity between that of the flow (given by 

the cross-derivatives of the streamfunction) and that of the underline coordinate system, 

dζ/dt=dξ/dt+idη/dt. A velocity that changes along with the unique degree of freedom 

θ(t) and can be expressed in terms of the leaflet velocity 
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The relative velocity term in (21), in addition to the time dependence of the Jacobian, 

plays a fundamental role near the obstacle where it allows a proper account of the 

convection relative to it.  
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Chapter 2 

Numerical Techniques 

 

In this chapter, we have presented the specific computational techniques used to resolve 

simultaneously the governing equations of the fluid and solid dynamics, within the 

strong-coupling algorithm. The equations have been discretized at the stretched 

computational grid using the standard numerical techniques. The computational 

procedure has been tested for different grid resolutions and domain dimensions, 

varying the time step as well, which has clarified the independence of solution from the 

numerical choice. In addition, the overall computational procedure is outlined.    
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                    2.1. Numerical methods 

The evolutionary fluid system (5, 6) is defined now in the half-plane transformed 

domain, whose regular geometry allows using standard numerical solution procedures. 

The complete system is integrated with the equation for the solid element (8) and the 

coupling condition (9). The Navier-Stokes and the Poisson equations (5, 6) are 

discretized by a centered second-order finite difference method [58]. Constant grid 

spacing is used along the stream-wise (ξ) direction and a log-stretched grid is used in 

the transversal (η) direction to ensure a finer resolution close to the solid wall [56], 

consequently we have approximated the normal and miscellaneous derivatives by finite-

difference scheme applied to the stretched grid. Care is employed to position the grid 

symmetrically across the leaflet sharp edge where the transformation is singular. The 

physical and computational grids are shown in figure 3.  

 
Figure 3: Physical grid (z-plane) and computational grid (ζ-plane). 

 

In order to improve the application of the uniform boundary condition away from 

the walls, the streamfunction is divided into the irrotational and rotational contributions. 

The former ψ0=sin(2πStt)η is the exact irrotational solution about the leaflet, valid until 

no vorticity is generated or far away from the body. The later is the correction due to the 

generation of vorticity, and the streamfunction is derived from the Poisson equation (22) 
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with homogeneous conditions at all boundaries with the exception of the points 

corresponding to the leaflet walls where the value (7) is imposed. The vorticity at the 

wall is computed during the numerical procedure using the Poisson equation written at 

the wall, and applying the no-slip condition in evaluation of the streamfunction 

derivatives [27,58], which in generalized coordinates reads  
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where Δψw = ψw+1- ψw represents the difference in the streamfunction between its value 

at the wall and at the first node, and Δηw represents the distance between these nodes.  

The vorticity values at the far boundaries (typically null) are obtained by extrapolation 

of the vorticity values inside the domain. 

The time marching of equations (21) and (8) is performed by an explicit second-

order Runge-Kutta method, starting from an initial condition with zero flow and 

vertically positioned leaflet at θ(0)=π/2. Since equation (8) is a second order non-linear 

differential equation, it is rewritten as a system of two first order ordinary differential 

equations [25]. The result of the system yields the information about the body position 

θ(t), the angular velocity dθ/dt and the acceleration d2θ/dt2. The torque entering in the 

calculation of acceleration is described through formula (12) with a Simpson method 

after the linear interpolation of vorticity values at the wall and next to the wall of the 

movable structure.  

A preliminary check of the numerical code has been done by comparing with the 

immersed elements code described in run under analogous conditions [27]. Some 

numerical tests have been performed also for Re=500, and the flow patterns have been 

compared with those obtained at Re=200. It has been found that the topology of vortical 

structures around the movable leaflet, at the lower Reynolds number was not 

conceptually different from those at the larger one, which has been clarified also by 
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Dong et al. (2006) on the motion of flopping foil and by Taira et al. (2009) in the 

numerical examination of flat-plate wings [64, 65]. Then, the independence of the results 

from the numerical settings has been carefully verified by modification of the grid size 

in both ξ and η directions and by variation of the extension of the computational 

domain. The number of nodes in ξ direction was checked in the range from 66 to 256 

and in η direction from 46 to 192. The dimension of the computational domain has been 

varied in the range from  ξ=[-3,3] to ξ=[-6,6], and from η=[0,4] to η=[0,8].  

Finally, the choice of the coordinates for ξ= [-5, 5] and η= [0, 5] with a 

resolution of 192 nodes in the ξ-direction and 128 in the η-direction, was found to 

achieve grid-independent results with feasible computational costs. The presence of a 

fluid-structure interaction requires the verification of the accuracy in terms of time 

resolution as well; eventually a time step ∆t=4×10-5 is selected. It ensures the Courant-

Friedrichs-Lewy (CFL) stability criteria at the sharp edge [58], where the physical grid 

resolution is minimal, and the reliability of the coupled numerical solution as well. 

2.2. Outline of the computational procedure 

Now, when we have explained the basic techniques used to resolve the specific 

numerical issues related to the solution of the system and before discussing the first 

numerical results, we shall outline the overall computational procedure that we have 

performed to obtain the accurate solution for the fluid-leaflet interaction [58].  

Firstly, we have laid down the mesh and made a discretization of the equations on 

the structured grid, where at the mesh intersections or “nodes” the finite-difference 

solution has been defined [58].     

Since the system at the beginning is at rest, the velocity components, 

streamfunction and vorticity initial values are initially equal to zero everywhere.  By 

incorporating such initial conditions into the vorticity transport equation (21) we have 
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got the vorticity value at the points inside domain. The new value of vorticity is 

evaluated at the new time step, by marching the equation (21) forward in time with an 

increment of Δt.  Thus, new interior values of voticity will enter the Poisson equation 

(22), which including the boundary condition will give the rotational solution of the 

streamfuction at every point of the domain, including the boundaries. When the 

streamfunction is composed of both the rotational and irrotational contributions, we can 

resolve the velocity components, while including the values of the stream function in 

the equation (25) we can get the value of the vorticity at the wall. Finally, we can 

calculate the torque and evaluate the structure position by means of θ(t), which will 

enter in the function of conformal transformation and define the grid map at the 

successive time step.  
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Chapter 3 

Numerical Results I 

 

The FSI is primarily influenced by the vortex formation process and by the interaction 

between vortices generated during the sequential flow oscillations. We have examined 

these phenomena involved in the fluid-leaflet performance within twenty periods of 

motion, keeping the flow parameters constant at Re=200 and St=1, while we have been 

changing the value of inertial coefficients Ic from 0.1 to 10, with the objective to better 

clarify the relevance of inertia. The acquired numerical results illustrate that the 

structure motion as well as that of surrounding fluid are fatefully influenced by the 

leaflet inertia. Careful analysis of the solid behavior through different cases of inertia 

and their comparison, allows for the classification of leaflets into a three distinctive 

groups. The first group, made of relatively heavy leaflets, terminates their motion within 

the few initial oscillations with an impact on the horizontal wall. The second group 

comprises the bodies within a wide range of intermediate inertia, exhibiting the 

oscillatory motion without any impact, whereas their motion is possibly non periodical. 

The third group represents the other extreme, made of relatively light bodies, which are 

oscillating periodically with the flow without impacts. The generated vortices have been 

recognized as an occurrence, which depends on leaflet inertia and affects the mode of 

leaflet motion.  
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3.1. Results of numerical tests with constant flow parameters 

The first outcome evidenced by the numerical experiments is the emergence of 

two different phenomena of fluid-structure interaction depending on the inertia of the 

leaflet. When fluid motion starts, the rigid leaflets begin to rotate under the action of the 

flow; in the case of heavy leaflets, the fluid energy, transformed into structure inertia, 

cannot be efficiently transferred back to the fluid and eventually the leaflet terminates 

its motion impacting on the wall. Differently, in the case of lighter structures, the body 

inertia remains below a critical threshold and the leaflet moves in time under the action 

of the oscillatory flow, and of the separated vortices, without ever impacting on the 

wall. These different behaviors are individually analyzed below.  

     3.2. Structure that terminate its motion impacting on the wall 

This set of numerical experiments have been acquired for the constant flow 

parameters set at Re=200 and St=1, while the fluid-leaflet behavior has been examined 

in functionality of different structure characteristics varied by means of different leaflet 

inertia, i.e. ranging Ic from 0.1 to 10.  What has been found is that when the inertia 

coefficient Ic is larger than about 0.91 (in the present configuration and choice of 

parameters), the leaflet does not develop a perpetual motion responding to the external 

oscillatory forcing, and terminates its activity with an impact on the wall within a few 

time periods. The leaflet dynamics, in terms of angle θ(t), is shown in figure 4a for 

various inertia coefficients Ic. It is evident that the leaflet (starting from θ=π/2 at t=0) 

presents a drift towards the front side of the wall (at θ=0) or towards the rear side (at 

θ=π) from the very beginning. This drift is further evidenced by figure 4b where the 

value of the angle θ(t) is shown for various inertia after one, two and three oscillations 

of the external flow. This behavior has a counterpart explanation in terms of vortex 

dynamics. In presence of a large inertia, when Ic≥1.85, the heavy leaflet is initially 
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pushed ahead by the flow and, from rest, it responds with a little forward displacement. 

The slow response gives rise to the shedding of a positive (clockwise) vortex, as it is 

evidenced from the flow pattern reported in figure 5 for Ic=10 and Ic=2. 

 
Figure 4: Rotation angle θ(t) in all cases 0.91≤Ic≤10 when the motion terminates with 
the leaflet impacting on the front (θ=0) or the rear (θ=π) side of the wall. (a) Rotation 
angle as a function of time for various Ic; (b) Rotation angle as a function of inertia 
coefficient Ic evaluated at the end of the first, the second and the third period of motion. 

 

The initially generated vortex increases the backward facing pressure during the 

following reversed motion that is able to move the leaflet backwards with more ease. 

This first vortex dominates on the following one and causes a drift motion toward the 

back side of the wall. Such vortex-effect is larger when inertial is larger (see figure 5) 

and is progressively reduced when the inertia decrease. 

When the inertia is further reduced the vortex-effect becomes small enough, such 

that the first clockwise vortex is very weak because the leaflet follows more closely the 

starting forward flow. As it is shown in figure 6abc, for Ic=1, vortex shedding is absent 

in the forward phase and becomes more significant during the reverse flow when the 

moving leaflet is decelerating before reversal. Thus, here for 0.91≤Ic≤1.72, the 
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dominating vortex is the positive, counter-clockwise one, generated during the first flow 

reversal and associated with forward facing pressure, which gives a drift on the right 

and eventually terminates with an impact to the forward side of the wall.  

 
Figure 5: Vorticity field around the body with Ic=10 (a,b,c) and Ic=2 (d,e,f); the color-
bar shown in figure represents the vorticity scales from -20 to 20. 

 

It can be seen, from figure 4ab that the threshold between the forward and 

backward impact is close to Ic≈1.72, in this case the first clockwise vortex is rather 

weak and the following counter-clockwise separation during the flow reversal is of 

comparable strength. Thus the structure oscillates for a few periods about a central 

position to eventually turn toward the forward wall. This suggests the existence of a 

sharp separation between the two behaviors without an intermediate stable behavior. 
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3.3. Structure that oscillates without impacting on the wall 

When inertia is reduced below Ic≈0.9, the leaflet is light enough to follow with 

more ease the external flow dynamics without ever impacting on the wall. Figure 6def 

shows the flow pattern corresponding to Ic=0.1, to allow its comparison with the 

solution with substantially different inertia, reported in figure 6abc for Ic=1. The torque 

acting on the light leaflet let it shortly reach a velocity that is higher than that of the 

flow at the sharp edge. Therefore, after the very start-up where some positive vorticity is 

present around the body, a negative vortex (clockwise) is shed shortly after (figure 6d), 

and a positive vortex is generated again about flow reversal (the previously generated 

positive vortex visible on the right in figure 6e).  

 

Figure 6: Vorticity field around the body with Ic=1 (a,b,c), and Ic=0.1 (d,e,f); the color-
bar shown in figure represents the vorticity scales from -20 to 20. 
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Figure 6f shows that the process continues during the following cycles, the main feature 

is that of a leaflet that becomes rapidly faster than the flow and a backward vortex 

formation that acts as a “brake” to reduce the leaflet motion. This is opposite to what 

was found in the case of Ic=1 when the little positive vorticity around the body is 

generated in the starting motion (figure 6a) and a negative vortex is shed only when 

flow reverses (the previously generated vortex visible on the left in figure 6b) leading 

eventually to the drift and impact on the wall (figure 6c). 

 
Figure 7: Rotation angle θ(t) for various values of Ic=0.83, 0.8, 0.67, 0.5, 0.1 (top to 
bottom). The thick line corresponds to the same signal after subtraction of the 
fundamental harmonics at the forcing frequency. The inset shows the power spectral 
density for the corresponding signal. 

 In all performed tests the simulations have been continued for twenty periods 

showing a fairly regular behavior. The results in terms of the leaflet motion is reported 
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in figure 7, for 0.1≤Ic≤0.83, the actual θ(t) time history is shown superposed with the 

same signal after subtraction of the fundamental harmonic at the forcing frequency; the 

power spectral density (PSD) is shown as the inset on each graph. For the inertial values 

little below Ic=0.83 the flow presents a long time modulation that is related to the 

changes in the nearby vortical structure from a single vortex to a dipolar element when 

the current shed vortex couples with the previously shed one. As the inertia further 

decreases, the modulation changes its period and, principally, reduces its intensity, such 

that the lighter the structure the more it is dominated by the background forcing. If we 

look at the PSD plot, we can distinguish the sharp peak at the unit frequency (forcing) 

and a second significant one at lower frequency that corresponds to the long time 

modulation. 

The long time modulation is due to the progressive exchange in the sign of the 

dominating vortex about the body. In fact, as it was shown in the previous section, the 

starting flow is characterized by the dominance of the first backward shed vortex 

(Figure 5abc). During flow oscillation, the presence of a nearby vortex of one sign gives 

a tendency to a slightly increase of the generation of opposite sign vortices and 

reduction in the generation of the following vortex of the same sign.  

Therefore, there is a progressive weakening of the previously dominating vorticity 

and strengthening of the opposite one. Given the underlying symmetry, this 

phenomenon progresses until the system reaches the symmetric solution, at that time the 

behavior reverses in the long time periodic modulation. This behavior can be somehow 

appreciated from figure 8. Figure 8a-d shows, in the case of Ic=0.8, the transition across 

the maximum (on the right) leaflet displacement: the flow is initially dominated by the 

negative vorticity (on the left of the sharp edge in figure 8a) and exhibits a progressive 

transition, (figure 8b-d at roughly the same phase) of the negative vorticity to the 
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positive one (on the right of the sharp edge in figure 8d) that will slowly lead the leaflet 

to the left side. Figure 8e-h shows the transition across the central leaflet position in the 

case of Ic=0.1. 

 
Figure 8: Vorticity field around the body with Ic=0.8 (a-d), and Ic=0.1 (e-h); the color-
bar shown in figure represents the vorticity scales from -20 to 20. 

3.4. Conclusions I  

The role of inertia in fluid-structure interaction has been studied for the model of a 

rigid leaflet mounted on a flat surface subjected to an oscillatory external flow. The 

numerical study has been focused on the role of inertia only, excluding from 

consideration the elasticity effects or structural damping, while the domain limits set to 

be far away from the leaflet, ensure the absence of any interaction with the 

inflow/outflow or upper boundary.  
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The analysis has been conducted with a numerical solution technique based on a 

time-dependent conformal mapping that ensures an accurate solution about the sharp 

edge and an intrinsic coupling between the solid element and the flow in the time 

varying computational domain. The conformally transformed grid allows getting the 

whole solid boundary along a single coordinate line, which gives the highly accurate 

and efficient discretization, and accordingly reliable solution.  

For the first time to the authors knowledge, in this study has been examined the 

role of the leaflet inertia on the free motion of the leaflet and the behavior of the 

surrounding fluid, incorporating the conformal mapping into the computational 

procedure. The recent works related to the motion of the leaflet and vorticity generation 

induced by an unsteady fluid flow, have been performed by Stijnen et al. [53] and 

Pedrizzetti et al. [27, 28] who restricted the numerical simulation to the mass-less leaflet 

motion.  Taira et al. [65] studied the generation of the vortices at low-aspect-ration flat 

plate for comparable Reynolds number as it was used in this study, while comparing the 

results with experimental work performed in similar condition by Ringuette et al. [14].  

Lai et al. [43] have been studied the effect of tip geometry on the performance of the 

mechanical valve, as it was mentioned in the introduction, limited the motion of the 

leaflet to the certain rotating range, which has been done also by Diniz Dos Santos et al.  

who has been limited the motion of the rigid leaflet between the angles of 20° and 90°, 

while the leaflet in this study is allowed to rotate freely without any other limits than 

this of horizontal wall [66].  

From the spectral analysis of the time history of motion, we could draw the 

general conclusions that inertia introduces an additional scale of the motion; this gives 

rise to low frequency periodic modulation whose amplitude and whose period, increases 

with increase of inertia. In consequence of this general phenomenon the leaflet motion 
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follows the fluid oscillation with an additional slower modulation whose entity is 

possibly larger than the fundamental one. When inertia is above a certain threshold, the 

modulations are large enough such that they lead the structure to impact at the wall. 

This behavior is caused by difficulty of the flow to accelerate or decelerate a solid 

element with relatively significant inertia. The mismatch between solid and fluid motion 

gives rise to the generation of vortices from the leaflet sharp edge which further 

influence the dynamics of the moving leaflet. From those analyses we have also 

determined the critical value of leaflet inertia by means of inertia coefficient Ic, that in 

this specific system forced by the flow at frequency St=1,  is around 0.91.  

This observation evidences the relevance of a proper evaluation of inertia in those 

fluid-structure interaction systems where the body motion is expected to properly follow 

the flow, or in those elements (like cardiac valves, in particular mechanical prostheses) 

where the opening is expected to be both about complete and without impacts. Since 

that value of structure inertia influences even the formation of vortical structures, that 

could be important in the systems where the proper vortex generation could prevent 

from the energy dissipation (like intraventricular flow), or oppositely the presence of 

vortices could induce the undesirable effects such as the cavitation found to be related to 

the vortices generation, which could cause a damages of pumps or valves in the 

industrial systems [67], as well as in the mechanical valves when the tip vortices could 

contribute to the drop pressure below the vapor pressure [68]. In general, experiments 

and simulations testing systems with moving elements should consider, when 

appropriate, the presence and the entity of slow long wave-period modulations. 
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Chapter 4 

Numerical Results II 

 

In this chapter we shall present the results obtained in the examination of the same 

ideal system made of rigid leaflet and an oscillatory flow.  The dependence of the fluid-

structure interaction on the leaflet inertia and flow parameters has been analyzed 

within a single flow pulsation. Using the same mathematical model and numerical 

techniques utilized for the previously presented results, the behavior of the movable 

leaflet and related vortex system has been conditioned through the range of Strouhal 

numbers and body inertia. The aim of the analysis was to understand the relation of the 

flow parameters with the leaflet opening characteristics. Therefore, it has been 

observed that when inertia is relatively large the flow pulsation is unable to move the 

leaflet significantly. When inertia is relatively low, the degree of opening smoothly 

increases with the lowering of the Strouhal number (that corresponds, for example, with 

either a longer pulsation period or higher flow velocity). The analysis has also 

demonstrated the existence of a critical intermediate range where the body opens 

completely and makes an impact onto the lower wall at high speed. The results have 

been commented in their phenomenological relevance for cardiac valve opening. 
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4.1. Correlation between leaflet inertia and different flow frequencies 

 In the second set of numerical experiments we have utilized the same physical 

model of movable leaflet which moves freely with a single flow pulsation. The problem 

is characterized by three free parameters: Re, St, and Ic. In the all numerical tests the 

Reynolds number has been kept at constant value Re=200, ensuring the development of 

the boundary layer at the leaflet surface; while the effects of the flow frequency and 

structure inertia are tested by means of different Strouhal numbers ranging from 0.05 to 

1, and varying the inertial coefficient Ic from 0.1 to 10.  

 In order to clarify and better understand the overall effect of the leaflet inertia on 

the behavior of the surrounding fluid and vortex formation, we have extended the 

previous numerical examinations, performing seventy numerical tests among which 

every simulation has been characterized by different parametrical pairs, i.e. Strouhal 

number and inertial coefficient. Among examined cases four typical behaviors could be 

extracted, regarding the leaflet motion and vortical structures formed around it.  These 

overall FSI phenomena can be preliminarily described with reference to figure 9, where 

one snapshot of streamlines and vorticity field during the evolution are being reported 

for four cases with different parameters.   

 When the leaflet inertia is large enough, the body cannot start up quickly, thus it 

moves slower than the fluid. This delay in motion and the flow deviation gives rise to 

the boundary layer separation from the trailing edge, which moves the roll-up further in 

the well defined vortex downstream that enhances the pressure drop and influences the 

torque acting on the leaflet. The typical case from this group of bodies is shown in 

figure 9a, for the parameters pair Ic=3.3 and St=0.1. In this case the opening remains 

largely incomplete (this snapshot is taken when St×t=0.33, bear in mind that the entire 

pulsation terminates when St×t=0.5). When, with the same inertia, the Strouhal number 
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increases the degree of opening is found to decrease further as shown in figure 9b, for 

St=0.6. In this case the flow is weaker (because either the flow velocity decreases, or 

the pulsation is briefer, or the leaflet is longer), and the leaflet dynamics is closer to that 

of a fixed obstacle with minor departure from it (the opening angle reaches a minimum 

θ≈0.46 only). 

 

Figure 9: Instantaneous vorticity fields in four selected cases evidencing differences in 
the vortex formation patterns: a) St=0.1, Ic=3.3; b) St=0.6, Ic=3.33; c) St=0.2, Ic=1.67; 
c) St=0.85, Ic=0.33. the time indicated here is normalized and should be intended as 
St×t; the color-bar shown in figure represents the vorticity scales from -10 to 10. 
 

However, this picture can be substantially replaced when the leaflet inertia is reduced. 

In the case reported in figure 9c (Ic=1.67, St=0.2) the flow strength is large (small 

Strouhal number) and the light leaflet is rapidly opened by the flow. It gives rise to a 

backward vortex shedding, further increasing upstream pressure; the leaflet accelerates 
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progressively and completes its opening in a very short time impacting at high speed on 

the lower wall. Figure 9d shows an intermediate phenomenology (Ic=0.33, St=0.85) 

when neither forward nor backward shedding develops. A special fluid dynamics 

condition, previously found in [29] in a similar problem, that leads to a relatively large 

opening that remains incomplete without an impact onto the lower wall. 

Figure 10: Time history of the leaflet oppening with a single flow pulsation; (a) St=0.1 
and Ic from 0.1 to10;  (b) St=0.5 and Ic from 0.1 to10. 

 Described differences between heavier and lighter bodies, especially for the 

Strouhal numbers lower than 0.5, are outlined in figure 10, which illustrates the time 

history of leaflet opening within the single pulse. In figure 10a we could notice that 

heavier leaflet is moving slowly, while at the certain point the light bodies finished the 

motion in few moments, which is less distinguishable in figure 10b for the larger 

Strouhal number.    
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 A synthesis of the dependence of the interaction on the leaflet inertia Ic and the 

flow pulsation strength, measured by St, is presented in figure 11 in the form of two-

dimensional color map of the opening angle at the peak of the flow pulsation. The map 

is constructed using the outcomes of seventy numerical simulations (indicated by a 

small white circle on the same picture). On top of the same map, the total opening time 

is also reported, by iso-level contours, in the region where the leaflet effectively reaches 

a complete opening. The map shows that leaflets with inertia large enough (here larger 

than about Ic≈2) just slightly shift forward and remain close to the initial position θ=/2 

during the entire pulsation. Similarly, when the flow is weak (for large St, here larger 

than about 0.7) the leaflet does not reach a complete opening whatever its inertia is. On 

the further extreme of negligible inertia, the leaflet dynamics is bounded by the 

massless limit [27, 29].  

 For example, the approximation that the leaflet moves with the horizontal 

velocity, )(sin tVdtd  , results in a smooth variation of the angle dynamics with 

Strouhal (that becomes just a time scale) and in a limiting St about 0.3 above which the 

opening cannot be complete. 

 The nonlinearity of the inertial FSI reveals itself in the map of figure 11 by the 

presence of an intermediate region of parameters where the body reaches a rapid and 

complete opening. The range, below the red region that is noticeable in map of figure 

11, includes relatively inertial leaflets, which being pushed by the flow that is strong 

enough to move them forward, are not able to slow down after the rapid acceleration 

with decelerating background, which leads them to make rapid impact onto the 

horizontal wall. By a FSI perspective, the flow in the impacting region is characterized 

by little or reverse vortex shedding from the leaflet sharp edge (see figure 9c) and an 
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absence of the large vortex downstream that would eventually prevent the impact. This 

intermediate region of parameters space smoothly merges, from below to lower values 

of Ic, into regimes that present a nearly complete opening with little shedding (by means 

of fluid dynamics similar to that of Figure 9d). 

 On the opposite side, the map reveals a sharp transition from above (about Ic≈2) 

with those inertia-dominated regimes witnessing the criticality that emerges in the role 

on inertia. A criticality that appears imputable to the development or its absence of the 

downstream vortex. 

Figure 11: Color map of leaflet angular position θ(t) at the peak of the flow pulsation 
(St×t=0.25). The white lines are iso-levels of the time, normalized as St×t, required for 
complete opening. The white dots indicate the (seventy) simulations effectively 
performed to build the map, where the larger circles correspond to the cases in figure 9. 
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4.2. Conclusions II 

 Presented results allows for final conclusion that the FSI, due to a leaflet opening 

by a fluid pulsation, reveals a variety of behaviors strongly depending on the leaflet 

inertia and the strength of the relative flow pulse, with critical transitions between 

different regimes. These outcomes, although developed in an ideal model, highlight the 

relative relevance of solid and fluid parameters in reaching the desired fluid-driven 

motion.  

 The previous works dedicated to the vortical motion around the leaflet have 

recognized the influence of tip vortices on the overall behavior of the leaflet-fluid 

system [14, 27-29, 41, 53]. Those studies, even if consequently different from this one 

due to the focus on diverse leaflet characteristics than the inertia, figured out the basic 

phenomena concerning very few or just a pair of flow parameters. Finding it important, 

because of the approval that the minor changes in the leaflet inertia could cause the 

huge differences in flow structure and overall system behavior, we have offered the 

correlation among relatively wide range of parameters, giving the clear characterization 

of the flow patterns and mode of motion related to the structure inertia in presence of 

certain flow pulsation.   

 We have defined the critical value of inertia that by means of inertia coefficient Ic 

is found to be around 1.67. The structures with coefficient of inertia larger than the 

critical threshold, moves accompanied by generated vortices. Increase of Strouhal 

number causes decrease of  the size of vortices, whose rolling-up more close to the tip, 

makes kind of barrier for forward progress of leaflets. Oppositely the structures with 

inertia lower of critical one, move with no-vorticity shedding from the trailing edge; the 

light bodies forced by flow with Strouhal number ranging from 0.1 to 0.5 make an 

impact at the horizontal wall, while others forced by the flow with  larger Strouhal 
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number, open until a certain angular position without making contact with horizontal 

boundary. 

From the analysis of numerical simulations we have made an ample classification 

of bodies and flow behaviors upon an inertia that is inherent to them and the flow 

background to which they are exhibited. This could be a significant record which 

possibly may help users to choose the adequate material, by gaining the proper idea of 

what kind of flow characteristics and system behavior could be expected from a given 

pair of fluid-structure parameters applied in a specific arrangement. Given structure 

classification could also prevent from loss of energy and resources in manufacturing 

inadequately designed devices, such as an over-waited or insufficient valves, as well as 

presence of undesirable vortex formation which could cause the noise or extra 

vibrations. In addition, the recognition of certain flow patterns in a real life situations, 

which are documented as characteristic for a given range of parameters, could enable to 

transmit this knowledge into the assessment of structure parameters which in various 

cases are very difficult or even inaccessible for measurements (like in the case of tissues 

in human body, whose characteristics are very hard to investigate).   
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Chapter 5 

Experimental Study 

 

Recent clinical studies of the left ventricular flow revealed that the blood motion is 

significantly modified after the implant of mechanical mitral prosthesis. Indeed, natural 

mitral valve is characterized by asymmetric leaflet. On the opposite, standard 

mechanical prostheses are symmetric, and despite of the long time of use and 

continuous model improvements, the mechanical heart valves are not ideal. Moreover 

there is no artificial heart prosthesis which is originally designed and thus completely 

suitable to substitute the mitral valve performance and consequently mimic the natural 

flow patterns in left ventricle. Thus, we have been inspired to design the original (home-

made) asymmetric mechanical valves made of two unequal leaflets. In addition, we have 

experimentally examined corresponding flow fields and compared them with those of 

standard valves. The results show that the symmetry-breaking gives rise to a fluid 

dynamics behavior closer to that of natural valves. 
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5.1. Introduction in experimental study 

Since 1952, when the first mechanical heart valve was implanted by Dr. Charles 

Hufnagel to alleviate the aortic insufficiency [1], the replacement of diseased heart 

valves has become a regular surgical procedure [1, 69]. The majority of later improved 

models have been designed originally for the aortic replacement, while they are also 

used to replace diseased mitral valves [72]. Despite extremely complex anatomy and 

decidedly asymmetrical geometry of mitral valve, shown in image 12, in the current 

clinical practice, the mitral valves are being replaced by symmetrical mechanical 

prosthesis [72, 73], even though it is acknowledged that the natural architecture of 

valves is essential for the maintenance of normal left ventricle size, geometry, and 

function [74, 75]. Mitral valvular complex is made of several individual parts, which 

includes annulus, two leaflets, the larger (anterior) and the smaller (posterior) leaflet 

(see figure 12ab), tendinous cordaes and papillary mussels [76]. The mitral annulus that 

supports the leaflets is more kidney-shaped or D-shaped, which also deviates from 

standard circular form of artificial implants [76].  

 

  

(a) Healthy mitral valve                (b)  Healthy mitral valve when is opened 

Figure 12: Mitral apparatus; the healthy mitral valve, copyright 2005, Anatomical 
Travelogue, Inc. All rights reserved. 
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The normal mitral valve regulates oxygenated blood flow from the left atrium to 

the left ventricle, without a significant movement of gradient during diastole or 

regurgitation during systole. Proper functionality requires not only normal performance 

of leaflets but their coordinated interaction with the annulus, chordae tendineae, and 

papillary muscles as well [74]. Left ventricular flow is already very complex due to its 

anatomical intricacy, thus the presence of pathological conditions, such as unhealthy or 

mechanical heart valves, increases further complication of flow patterns [73].  

Diseases of mitral valve 

Although the valvular heart diseases (VHDs) are not as frequent as coronary 

diseases, heart failure, or hypertension, they should be carefully monitored since they 

are still common and require an intervention, otherwise could lead to progressive 

cardiac changes and secondary involvement of other organs in the body [70, 78].  From 

four valves present in the heart, the most often failures occur on an aortic or a mitral 

valve, since they are exhibited to fairly higher pressure than a tricuspid and pulmonary 

one [1]. Normally, closed mitral valve must withstand the pressure of closely 150 

mmHg, aortic 100mmHg, while the pulmonary and tricuspid valve are exhibited to the 

pressure of 30mmHg, and thus the aortic and mitral valves are more often damaged, and 

their repair or replacement are more frequent in the clinical practice [1]. The most 

common diseases of the mitral valve are: mitral insufficiency and stenosis [1, 69]. 

Mitral insufficiency is failure on the valve leaflets, which are not closing properly and 

thus the blood flows backwards (regurgitation) [1, 78]. The second, less common 

disease is mitral stenos where the leaflet does not open properly, thus the narrowing of 

the valve increases the pressure drop across the leaflets due to increased resistance 

against the blood flow [1, 78].  
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Artificial prosthetic valves  

When the repair of mitral valve is not possible, surgeons practice the replacement 

of diseased valve by prosthetic one.  Since the first artificial valve has been developed, 

more than fifty models have been designed afterwards, while many of which are not in 

use anymore [1, 69]. Heart valve implants are generally classified as mechanical heart 

valves, those made of solely non-biological elements, and bioprosthesis whose leaflets 

are constructed from the tissue, while merely supportive elements are synthetic [69]. 

Both types of prosthetic valves which are currently in use have significant 

disadvantages and the choice between them depends on many factors [69, 70]. The 

patients with implanted mechanical heart valves are obligated to the life-long anti-

coagulation therapy to prevent a thrombus formation, but this could cause bleeding 

problems and limit the activity of patients [69, 78]; on the opposite side the patients 

usually do not need more than one intervention and mechanical implants are good 

choice for younger patients. In the case of replacement with biological valve, the 

patients do not need the anti-coagulation, but since the leaflets are exposed to the long 

time high pressure, which usually create a damages and calcification on the tissue 

leaflets, the longevity of valves is just between 10-12 years, afterwards the new 

operation is inevitable [1]. Thus, neither of artificial prosthesis is completely ideal, but 

there are four types which are most commonly used: caged ball, bi-leaflet, tilting disc 

(mono-leaflet) and bioprosthesis (tissue or biological valve), shown in figure 13. 

Depending on various parameters which influence the choice of valves, surgeon’s or 

patient’s preferences, thus among all valves implanted annually in the Unites States, 

approximately 55% are mechanical and 45% are biological, while in other developed 

countries the percentage is opposite [69]. The use of mechanical heart valves increase 

annually for 3-5%, while the biological valves are becoming even more interesting with 

an increase of 8-11% per year [69]. Consequently, the scientific research is very 
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actively oriented towards development of new materials and geometries with attempts 

to improve the function and duration of bioprosthetic valves. 

            (a) caged ball        (b) bi-leaflet               (c) tilting disc           (d) bioprosthesis 
 

Figure 13: Standard heart valve prosthesis. 
 

The analysis of biological implants, however, is outside the scope of this thesis 

work and will not be discussed further herein. We will consider bi-leaflet mechanical 

valves only with an objective of assessing whether a simple geometric change, that 

appears natural for mitral valve, may affect the fluid mechanics in the left ventricle. The 

analysis is performed at a very preliminary level, on an experimental model. It therefore 

needs to be highlighted that results would require a much deeper and extensive study 

before they can be extrapolated to the real clinical use. 

Previous experimental work on mitral heart prosthesis  

In the previous decades pieces of extensive experimental research have been 

carried out on the artificial heart prosthesis and flow developed downstream. Even 

though numerous experiments have been performed on the aortic valve or the prosthesis 

located in the aortic position [79, 82], the performance of mitral valve, in particular the 

flow patterns in the left ventricle, has been investigated fairly less than its importance 

requires. Probably it happened so because of extreme complexity involved in the 

intraventricular hemodynamics and lack of the precise quantitative indicators [80]. One 

of the first experimental works done on the mitral valve has been performed by Yellin 

and Frater, who have investigated the flow dynamics in the left ventricle with implanted 

artificial valves in the hearts of animals [81]. Yellin et al. (1981) described the 
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mechanism of mitral valve motion in mid-diastole and at closure, after recording the 

intraventricular flow by echocardiogram or cineangiogram [83, 81]. They have been 

found that the mitral valve is closed at the end of systole when the ventricular pressure 

reduces, while the closed valve moves towards the ventricle. The valve opening and 

rapid filling occurs when the pressure of ventricle crosses over the atrial pressure at the 

beginning of diastole, while the valve opening always precedes the peak flow, thus the 

conclusion was that the closing of valve during the mid diastole does not occur caused 

due to the flow deceleration or vortex formed behind the valvular leaflets. Instead they 

have elucidated the cordae tendaes tension as a major reason. Tsakiris et al. (1971) 

provided the information about the leaflet positions during the opening and closing 

time, obtained from an in vivo experiments acquired by suturing the radiopaque markers 

on the valve leaflets and mitral annulus [84]. His latter in vivo experiments on dogs 

have shown that the mitral annulus is changing the size of diameter by linking the 

phenomena with a change of atria dimensions and variations of aortic pressure [85]. 

Taylor and Wade (1973) have been determined the flow patterns in the left and right 

ventricle by injecting the fine indicator in the hearts of animals and recording its 

movement by the cineangiography [86]. They have characterized the intraventricular 

flow as a stabile, without large scale mixing and lateral dissipation. They have noted 

that the turbulence, even though it appears instantaneously, dissipates rapidly with 

reflect on the amplifying laminar flow in the shape of minor disturbances and 

distinguished the dominant vortical structures by emphasizing their importance for the 

normal heart function [86].  

Experiments previously done by in vivo technique have been limited by, at that 

moment, insufficiently developed technical equipment, which made researchers unable 

to quantitatively identify the flow profiles. Thus, in vitro experimentation has been 

conducted in order to better understand the follow-up effects of the presence of 
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mechanical valves, such as the thrombus formations, the tromoboembolisam 

occurrences or deformation of the left ventricle. It has linked them with vortical 

structures separated from the leaflets, appearance of turbulence and shear stress [87]. 

Some earlier experimentation has been performed in the rigid physical models of 

ventricle. Chandran et al. (1989) have been studied the pulsatile flow dynamics in the 

rigid ventricle with implanted caged ball prosthesis, bi-leaflet and mono-leaflet 

mechanical valves, as well as the porcine and pericardial bioprosthesis [78]. Observing 

the dependence of the flow patterns to the different valve orientation, they have 

concluded that the mono-leaflet prosthesis, placed with a major flow orifices oriented 

towards the posterior wall, resulted in the clockwise vortex. It smoothly washed the 

ventricular wall, while for the bi-leaflet valve he suggested the anti-anatomical position 

(tilt axis perpendicular to the posterior wall, shown also in figure 14c) as more 

preferable than the anatomical one, since the pair of vortices formed from the bi-leaflet 

valve in the anatomical position are counter-rotating, which has excluded the smooth 

washout of the ventricle wall [78]. Anatomical and anti-anatomical valve positions, are 

illustrated in figure 14b and 14c respectively, as well as the anatomical allocation of all 

valves in the heart (see figure 14a).  

       
                                 (a)                                         (b)                                     (c) 
Figure 14: (a) Anatomical valves allocation (copyright 2005, Anatomical Travelogue 
Inc.); (b) anatomical possition of bi-lealfet prosthesis; (c) anti-anatomical possition of 
bi-lealfet prosthesis; 
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Woo and Yoganathan (1989) have been investigating the most commonly used 

mechanical valves implanted in the rigid cylindrical model of heart [88]. They have 

acquired the results by laser Doppler Velocimetry (LDV) technique and thus they have 

identified that all types of mechanical valves have been creating disturbed flow, 

elevated turbulent shear stress and separation or stagnation of the flow, which lead to 

the thrombus formation and tissue overgrowth on the valvular structure [88].    

Bellhose et al. (1973) have performed the experiments with tri-cusp valve 

implanted in the mitral position of the transparent and flexible ventricle made of silicon 

rubber [89]. Afterwards he has tested the bi-leaflet mitral valve in the same model of 

ventricle [79].  Lim et al. (1994) have been among the first who used particle image 

velocimetry (PIV) to analyze the flow patterns downstream the artificial heart valves 

[90], while Bluestein et al. (2000) have been using digital particle image velocimetry 

(DPIV) to study the role of vortex shedding in the tromboembolic complications in 

mechanical heart prosthesis [91]. Gritey et al. (1995) have been reconstructed the 

velocity field in the flexible ventricle using pulsed ultrasound Doppler Velocimetry. He 

has found that the very small variations in the valve geometry or its orientation can 

result in large differences in downstream flow including vortex formation, stagnation 

regions and flow disturbances [92, 73].  Pierrakos et al. (2004) have been the first to use 

time-resolved digital particle image velocimetry (TRDPIV) for research of 

intraventricular flow patterns and influence of the anatomical vs. anti-anatomical 

orientation of bi-leaflet mechanical prosthesis, finding the anti-anatomical orientation as 

more favorable [73]. In their further research it has been revealed that the vortex 

formation in the healthy heart conditions is a part of energy-preservation in the left 

ventricle which efficiently redirects the flow towards the aortic tract [82].  

Cenedese et al. (2005) have been investigating the tilting-disc performance in 

terms of vortical motion inside the left ventricle, using feature tracking for analysis of 
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acquired results that will eventually be used in this study as well [7]. Kheradvare and 

Gharib (2008) have been making research on the mitral valve dynamics in terms of 

early diastole, linking the trans-mitral trust during the diastole filing and recoil of the 

annulus through the vortex time formation as an index to assess diastolic ventricular 

function [93]. Their further works have been devoted to the in vivo studies of the flow 

patterns in left ventricle using echocardiographic particle image velocimetry  (EPIV), 

which they have compared with DPIV, finding EPIV technique suitable for 

distinguishing the large scale flow structures while its spatial resolution limited the 

recognition of small scale features [94]. Hong et al. (2008) have been applying vector 

particle image Velocimetry to assess qualitatively and quantitatively vortical flow in the 

human left ventricle by contrast echocardiography [95]. They characterized the vortex 

formation in the healthy left ventricle and in the ventricle with systolic dysfunction. 

Their outcomes have been used within this study as the reference towards the attempt to 

reproduce the intraventricular flow as it is in natural one [95].  

5.2. Fluid mechanics of natural mitral valve  

Large and strong vortical structures in the left ventricle, following the flow 

passing behind the leaflets of mitral valve, have been established as one of the main 

criteria for the assessment of mitral valve behavior as well as for the mechanical valve 

performance and one of standards for their design [97, 95, 94]. In this experimental 

study’s attempt to reconstruct the geometry of the mechanical mitral valve which will 

produce the most natural flow patterns in the left ventricle we have followed the 

theoretical characterization of the fluid mechanics of natural mitral valve in the healthy 

subjects, which has been outlined by Reul et al. (1981) from their in vitro experiments. 

We have also followed the assessment of vortical flow obtained by Hong et al. (2008) 
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who have extracted these information  from their in vivo experimentation by contrast 

echocardiography [97, 95].     

The estimations of Reul et al. have revealed the gradual evolution of vortical 

structures and the mitral valve motion from the beginning to the end of the cardiac cycle 

[97]. They have found that at the start of diastole both valves are closed and the 

ventricular flow is at standstill.  At that instant the pressure in the left atria is superior to 

the one in the left ventricle [97]. Following the rapid opening of the mitral valve the 

fluid jet progresses behind the leaflets towards the ventricular apex, this at the peak flow 

rolled up in two vortical structures. During the ventricular filling the pressure rises in 

the ventricle while it decreases in the left atrium, consequently the driving flow force by 

means of atrio-ventricular pressure difference decreases as well [97].  

 

Figure 15: Schematic representation of the flow patterns at a natural mitral valve. 

 During the first decelerating phase the pair of strong vortices is developed, like it is 

sketched in figure 15, and both leaflets are fully opened [97]. When the vortices 

separate from the leaflets, the valve starts its closing. In mid-diastole the leaflets are 
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partially closed and the flow is near zero. During this phase the local pressure at the 

back surface of the leaflets is elevated, which may move them towards complete closure 

[97]. In the phase of second filling, which stands for the atrial contraction, the valve 

begins with reopening and fluid enters the ventricle with smaller velocity. After the 

peak of the second filling period there is no-vortex shedding, the atrio-ventricular 

pressure is reversed and the flow is in decelerating stage, while both leaflets start the 

closure. When the mitral valve is closed, the flow departs through the aortic annulus 

[97]. Integrating the ecocardiografic assessment of the heart flow with PIV technique,  

Hong et al. have extracted the qualitative and quantitative information about a vortex, 

faced as the main flow feature in the left ventricle [95].   

 
Figure 16: Quantitative vortex paramiters along with velocity field and vorticity map in 
the healthy left ventricle. A-vertical position of center of vortex relative to the left 
ventricle long axis; B-vortex transverse position; C-vortex lenghth; D-horizontal vortex 
lenghth; (Copyright 2008 Hong et al.). 
 
They have defined the vortex depth (the position of vortex core regarding the left 

ventricular long axis) shown in image 16A, vortex transverse position (see 16B), as well 

as the vortex longitudinal length and width, relative to the ventricle size, shown 
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respectively in images 16C and 16D [95]. The background snapshots represent the 

velocity vector field reconstructed from the Doppler representation, while the color map 

represents the vorticity (scaled from -1 to 1) and top draw of stream lines [95].  

We have extracted from their findings only the qualitative description of dominant 

vortical structure in the healthy left ventricle, analyzed at different instants of cardiac 

cycle, which are shown in image 17, taken from [95].  

 

 

Figure 17: Velocity vector field during different instants of cardiac cycle: A-early 
diastole (filling phase); B-diastazes (formed appical vortex); C-second filling phase; D-
E motion of the vortex towards the aortic tract and final flow ejection through the aortic 
annulus; (Copyright 2008 Hong et al.). 
 

The early filling phase is characterized by the irrotational flow in the left ventricle 

(see figure 17A), afterwards the strong appicaly located vortex is formed (see figure 

17B). During late diastole, i.e. second filling phase, the flow is mostly irrotational, 

liberated from the new vortex formation (see 17C); the entering flow advected the 

vortex formed during the diastole towards the anterior mitral lealfet, marked by arrow in 
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figure 17D, which during the late isovolumetric contraction directs the flow towards the 

aortic tract (see figure 17E) and finaly ejects through the open aortic valve at the 

sucessive instant (see figure 17F) [95].  

5.3. Prototype design  

Since the all mechanical prosthesis, which are being currently used for mitral 

replacement, have been originally devised to substitute the aortic valve, thus the 

requirements for the mitral position have never been reached and considered [96]. 

Consequently, we have been inspired to discover the role of different valve geometry 

inserted in the mitral position, with an attempt to adapt the mitral valve prototype and 

mimic the natural flow dynamics. We have paid particular attention on the vortex 

formation in the left ventricle when the valve is implanted in a mitral annulus. 

Recognizing the clear need for additional studding of asymmetry breaking effect in the 

mitral prosthesis, we have designed and experimentally examined the performance of 

four asymmetrical valve prototypes. Intraventricular flow dynamics in the presence of 

novel implants has been compared with the flow patterns acquired when the standard bi-

leaflet and mono-leaflet prosthesis have been mounted.   

Our design of new implants has been significantly inspired by geometry of natural 

mitral valve (see figure 18). Thus the key characteristics common to all new prototypes, 

examined herein, are the broken symmetry of the leaflets and the amplified central 

orifice of the valve with location of hinges of both leaflets more aside than it has been 

common for standard bi-leaflet prosthesis. During the construction of the asymmetrical 

bi-leaflet implant we have also been making attempts to avoid the extremely 

asymmetrical geometry presents in the mono-leaflet valve that is dissimilar to those of 

natural mitral control device.   
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Therefore, the prototype N°1, shown in figure 18b, includes the circular ring and 

two asymmetrical leaflets made of relatively light material (aluminum), hinged more 

laterally leaving wider central orifice when the leaflets are fully open.  

Prototype N°2 is made of circular housing as well, with two asymmetrical leaflets, 

where the posterior leaflet is brass rounded while the posterior one is more half moon-

shaped. The material which has been used for the leaflets is heavier metal than 

aluminum, and the pivots that support the leaflets are also located to some extent more 

laterally than in the previous one. The prototype N°2 is shown in figure 18cd, mounted 

in the root of ventricle, where image 18d shows the leaflets in fully open position.  

Prototype N°3, shown in figure 18e, has the same geometry as the prototype N°1, 

although it has been made of heavier metal, with a purpose to understand the effect of 

choice of material in the mitral valve dynamics and consequent effect on the vortex 

formation downstream.   

Prototype N°4 has a slightly different design than all previously introduced 

prototypes. It has been made of circular ring whose approximately one quarter at the left 

side has been plugged, making the effective mitral orifice D-shaped and more like the 

natural one (see figure 18fg).  The anterior leaflet is rounded and the hinge is located at 

its left margin, while posterior leaflet is smaller than anterior one and half-moon shaped 

like at Prototype N°2. The same material has been used for both prototype N°2 and 

prototype N°3. The fluid dynamics downstream of all described prototypes has been 

compared to the one of a standard bi-leaflet valve shown in figure 18a and mono-leaflet 

valve shown in figure 18hl.  
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(a) Standard bi-leaflet valve                          (b) Prototype N°1 
 
 

          
(c) Prototype N°2                                           (d) Open Prototype N°2 
 
 

 
                                                        (e) Prototype N°3                                             
 
 
 



74 
 

   
(f) Prototype N° 4                                           (g) Open Prototype N°4 
 
 

    
(h) Standard valve mono-leaflet                       (l) Open Standard valve mono-leaflet 
 

Figure 18: Six models of valves that have been experimentally examined.  
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5.4. Experimental set up and materials  

All the experimental tests have been performed in the apparatus shown in figure 

19, already used for the previous investigations [7, 8]. The flexible ventricle model, 

made of a transparent silicon rubber, is placed into the plexiglas chamber filled with 

distilled water and connected to the linear motor. The motor movement is controlled by 

the computer software and it drives the change of volume inside the ventricle, resulting 

with given stroke volume and chosen frequency, which are listed in table 1 for each 

experimental test. The hydraulic circuit, that includes the ventricle connected to the 

reservoir by pipes, mounted on the valvular orifices, is separated from the plexiglas 

chamber, but the flow inside the system is directly influenced by the motor motion that 

forces the fluid to enter the ventricle through the mitral mechanical valve during 

diastole and to leave it through the aortic orifice during the systole.  

 
 

               
Apparatus (right image) with schematic order of the aortic (AV) and mitral (MV) 
valve’s allocation (right upper image) in the root of silicon model of ventricle (right 
lower image) 

  AV     MV 
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Figure 19: Experimental set up: A - Plexiglas chamber, B - laser, C - linear motor D - 

piston; E - lens; F - reservoir; G - high-speed camera; H - ventricle silicon model.  
 

During the test the physiological law of ventricular volume variations has been 

applied. The swirling motion of the fluid inside the ventricle was seeded by the micro 

glass particles of 30µm, illuminated by the laser sheet and recorded by high speed 

camera of 250 frames/sec. The experimental outputs have been analyzed by the image 

analysis technique called Feature tracking, whose details are given in [7]. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1: The parameters used in each experimental test. 
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The simulation of real flow dynamics, synchronized with valve opening and closing 

along with ventricular walls dynamics, proves extremely difficult in mimicking the real 

conditions. Thus the most accurate reconstruction of the real life condition could be 

simulated using the model scaled 1:1. Having imposed the variation of the ventricle we 

have controlled the motion of its walls, while dimensions of its size and dimensions of 

the valve are like natural ones [7]. We have also introduced the non dimensional 

parameters which characterize the pulsating flow, respectively Reynolds number 


UD

Re and Womersley number 
T

DWo
2

 , where D indicates the length scale, ν is 

kinematic viscosity of the fluid and U the peak average velocity through the mitral 

orifice [7]. Definition of cardiac output and stroke volume, along with explanation of 

whole cardiac cycle including diastole and systole, are given in Appendix A.  

 
Figure 20: The Flow rate through the ventricle during one cardiac cycle. 
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The volume of the ventricle has been changed in agreement with its physiological law 

of volume variation. Its time derivative represents the flow rate during one cardiac 

cycle, denoted by Q(t). It has been non-dimensionalized by the stroke volume and 

period T of cardiac cycle. The flow rate during the diastole which lasts for 60% of 

cardiac cycle representing mitral flow rate (shown in figure 20), while in terms of other 

40% of cardiac cycle, it represents the systole, during which the curve in figure 20 

marks the aortic flow rate.  

5.5. Methods of data analysis  
 
 Images taken from the camera embed information about the fluid-dynamics of the 

flow: the proposed data analysis starts by providing Lagrangian data velocity extraction 

from the image sequence and is followed by their transformation on a regular Eulerian 

grid [7]. The former step is performed by means of a Feature tracking tool: gridding of 

the Lagrangian data is then obtained using a distance-weighted, bilinear interpolation 

method. Described experimental setup is able to reproduce the flow inside an elastic 

cavity by means of controlling few parameters, seeing that different runs of the linear 

motor can lead to slightly different fluid-dynamic behaviors [7]. Each cycle produces a 

sequence of images that represents a sample of the whole aggregate of runs. We have 

acquired 20-100 cycles for each condition depending on the experiments, making 

afterwards a phase average [3, 7]. 

 
5.6. Results from the experimental study 

Experimental results acquired for the novel asymmetrical prototypes are analyzed 

and compared with experimental outputs obtained for the standard bi-leaflet and mono-

leaflet mechanical valves, under the same experimental simulations. Vortical structures 

obtained with prototypes have also been qualitatively compared with in vivo 
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experimental outputs of Reul et al. and Hong et al. which we have been previously 

mentioned.  

The first experiments are performed with asymmetrical prototype N°1, which has 

been mounted with the side of the short leaflet near the wall and the longer leaflet at the 

central position that was supposed to mimic the asymmetric arrangement of the natural 

mitral valve, which we previously mentioned with regards to the anatomical position 

shown in figure 14b. The flow behind the prototype N°1 has been studied for the stroke 

volume 64ml, while the frequency has been chosen at 0.425Hz and 0.145Hz.  

 We have found that changing the model of mitral device influences both the 

velocity distribution and the direction of the fluid jet entering the ventricle during the 

diastole. These inflow variations, in turn, influence the nature of the vortical structures 

which are generated during the diastolic filling.   

In figure 21abc we have shown the two-dimensional velocity map and vorticity 

fields, at different instants of diastole, acquired in experiment with the prototype N°1, 

for stroke volume 64ml and frequency 0.145Hz that corresponds to the period of cardiac 

cycle T=6s. It has been observed that the larger leaflet did not fully open, due to the 

technical imprecision in the hinge elements, which caused the initial movement of jet 

towards the wall of the ventricle that is noticeable in figure 21a. The vortex generated 

during E-wave impacts on the ventricle lateral wall, it interacts with the boundary layer 

while moving downwards, turns around the ventricular apex and moves upward in 

direction of the aortic output, as shown in two successive images 21bc. There are two 

main jets, one across the central orifice and one passing behind the longer leaflet that 

transformed into the main vortex structure, which properly drives the flow from the 

mitral inlet to the aortic outlet. The behavior is overall analogous to that found in 

normal hearts shown in figure 16 [95], with the difference of the initial jet that, in 

natural valve, comes from a single orifice. This is also noticeably different from what is 
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found, in vivo, after substitution with symmetrical bi-leaflet valves, when the flow is 

directed more towards the opposite wall (the intraventricular septum) and an oppositely 

rotating vortex is found at the apex [3]. 

 
Figure 21: Instantaneous intraventricular velocity field and vorticity map in presence of 
the asymmetric prototype N°1 valve for SV=64ml and frequency 1/T=0.145; the small 
bottom-right insert represents the flow rate and the instant during the cardiac cycle; the 
color-map represents the vorticity (scaled from -3 to 3).  
 

 
Figure 22: Instantaneous intraventricular velocity field and vorticity map in presence of 
the asymmetric prototype N°1 valve for SV=64ml and frequency 1/T=0.33; the small 
bottom-right insert represents the flow rate and the instant during the cardiac cycle; the 
color-map represents the vorticity (scaled from -3 to 3). 
 
Three characteristic snapshots of the vortical structure, when the standard bi-leaflet 

heart valve is inserted in the mitral orifice, are shown in figure 23. Figure 23a, shows 

that the entering fluid jet is divided into three jets, two main lateral jets and a third, 

central one which is weaker than the others. Comparison between figures 21a and 23a, 

shows how the jets at this position have a direction that is tilted a bit more towards the 
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opposite wall. The evolution of the jet vorticity gives rise to a negative, clockwise 

vortex (blue in the pictures) similar to that found previously. However, the direction of 

the initial jet also gives rise to a positive, counter-clockwise vortex on the right side 

near the apex (red in the picture).  The vortical structure downstream of asymmetrical 

prototype N°1 differs also from the vortex formed behind the extremely asymmetric 

mono-leaflet valve, shown in figure 24. During the E-wave the dominant vortex shed 

from the mono-leaflet valve is the one formed from the major orifice that is directed 

more laterally, rotating clockwise and slopes down the wall. It interacts strongly with a 

boundary layer at the ventricle posterior wall inducing a counter-clockwise vorticity. 

The vortex is relatively weak and incoherent as well as considerably different from the 

one found in a healthy subject, and from the vortical structure in the case of prototype 

N°1 in figure 21 (frequency 0.145 corresponding to cardiac cycle of T=6s).  

 
 
Figure 23: Instantaneous intraventricular velocity field and vorticity map in presence of 
an industrial bi-leaflet valve for SV=64ml and frequency 1/T=0.33; the small bottom-
right insert represents the flow rate and the instant during the cardiac cycle; the color-
map represents the vorticity (scaled from -3 to 3). 
 
The prototype N°1 has been examined for the same stroke volume of 64ml, while the 

frequency has gone up to 0.33 to allow for better comparison with other valves. The 

three snapshots are shown in figure 22, at the same instants as two other standard 
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valves. Since the entering jet is stronger, the posterior valvular leaflet is opening wider 

than with the flow at lower frequency. 

 

Figure 24: Instantaneous intraventricular velocity field and vorticity map in presence of 
an industrial mono-leaflet valve for SV=64ml and frequency 1/T=0.33; the small 
bottom-right insert represents the flow rate and the instant during the cardiac cycle. The 
color-map represents the vorticity (scaled from -3 to 3).  
 
The initial jet is directed also towards the wall, but it has been quickly opened and the 

stronger jet progress directly towards the apex, making an impact at the apical wall, 

afterwards its turns up towards the aortic tract. The dominant vortex is negative 

clockwise (blue color scale), also very different from what has been found in the case of 

standard valves. During the examination, the aluminum valve has not been opening 

properly due to technical inaccuracies at the hinge elements.  

 The next model of the valve that we have examined was prototype N°2 shown in 

figure 18cd. During the experimentation it has also been mounted in the anatomical 

position, thus the round brass leaflet was in the central position, parallel to the septal 

wall, while the smaller leaflet was closer to the posterior wall. The prototype N°2 has 

been examined for the stroke volumes 64ml and 93ml, as well as for three different 

frequencies, i.e. 0.33 Hz (T=3s), 0.39 (T=2.56s) and 0.44 (T=2.27s). The vortical map 

for the case of SV=64ml and frequency 1/T=0.33 is shown in figure 25, allowing for the 

comparison with vortical structures generated at the same instants in the vicinity of 
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standard valves. Thus, it has been observed that during the opening of posterior leaflet, 

the counter clockwise vortex shedding occurs, which quickly separates when the leaflet 

has reached the final position, filling the apical region of the ventricle,  visible as 

positive vorticity in the apical region of figure 25a. It has been notice that the anterior 

leaflet attained very lateral position that will cause formation of shorter vortex with 

round core, which rolled up closely towards the aortic tract evident in figure 25b.  It 

could be also notice two main jets, the lateral one going along the anterior leaflet and 

the central jet progressing through the width central orifice, while there is no significant 

vortex formation from the posterior leaflet, thus the positive vorticity in its neighbor is 

discard from the valvular ring (see figure 25b). In figure 25c it could be noticeable the 

separated dominant negative vortex, which remained closer the aortic tract than the 

apex, since it generated initially significantly lateral, while previously detached positive 

vorticity blocked its downstream propagation. From this experiment we have concluded 

that the final position of the posterior leaflet play significant role for the vortex 

formation, which has been observed even in the case of  aluminum prototype N°1.  

 

Figure 25: Instantaneous intraventricular velocity field and vorticity map in presence of 
an industrial prototype N°2 valve for SV=64ml and frequency 1/T=0.33; the small 
bottom-right insert represents the flow rate and the instant during the cardiac cycle. The 
color-map represents the vorticity (scaled from -3 to 3). 
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Comparing the flow patterns of prototype N°2 with the one of mono-leaflet valve, we 

can notice that the asymmetrical valve generated more favorable asymmetrical flow, 

where dominant clockwise vortex rotates towards the septal wall instead of what has 

been found in the case of mono-leaflet.  The prototype N°2 has been examined also for 

stroke volume 93ml and frequency 1/T=0.39, thus the comparison with bi-leaflet valve 

is made for the larger stroke volume and frequency as well. We have shown in figure 

26, nine characteristic snapshots, covering the whole diastole. In the first three 

snapshots (see figure 26abc), the vortical structure shed during the opening phase is 

obvious, which has been quickly detached from the posterior round leaflet.  

 
Figure 26: Velocity field and vorticity map obtained in the experimental analysis of the 
valve prototype N° 2 with SV=93ml and frequency 1/T=0.39 Hz; The dot on the flow-
rate plot in the inserted images indicates the considered point of the cycle; The color-
map represents the vorticity (scaled from -3 to 3). 
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This first opening phase is also different from what has been found in the case of 

prototype N°1, where due to light leaflet there is not vorticity shedding during the 

opening. When the leaflet reached the lateral opening position, the fluid jet is allowed to 

propagate intensively towards the septal wall. There are again two main jets, one lateral 

from the anterior leaflet, and another central from the amplify orifice. In figure 25de, it 

is noticeable how the previously generated vorticity during the opening phase, which 

has been detached, makes sort of barrier for the second vortex and prevents it to reach 

the apical position.  

 

Figure 27: Velocity field and vorticity map obtained in the experimental analysis of the 
bi-leaflet vale with SV=93ml and frequency 0.39 Hz; The dot on the flow-rate plot in 
the inserted images indicates the considered point of the cycle. The color-map 
represents the vorticity (scaled from -3 to 3). 
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Due to considerable lateral opening of posterior leaflet, the lateral jet is also directed 

towards the septal wall, while the central clockwise vortex is propagating towards apex 

(see figure 26f). Finally, at the end of E-wave and further during diastole, two clockwise 

vortices have been integrated rotating towards the aortic annulus (see figures 26ghl). 

At the same experimental conditions of SV=93ml and 1/T=0.39, the standard bi-leaflet 

valve has been examined and the outcomes are shown in figure 27, at the same instants 

as for the prototype N°2. In the first three snapshots there is no vortical shedding, since 

the standard valve opened quickly and the leaflets reached the closely orthogonal 

position with regards to valvular ring (see 27abc). At the next three instants, the two 

well-defined lateral jets are propagating towards the walls of ventricle, while the central 

one, is moving inside the ventricle slightly slower due to the hinge that appeared at its 

path. Consequently, it slowed down the central jet, that in the case of prototype N°2 is 

different since the central gap is much more enlarged than in the standard bi-leaflet 

valve, thus this task of design appeared as favorable (see figure 26 def and 27def).  

Although the central jet is stronger in the case of prototype N°2, the lateral vortex is 

shedding pretty close to the anterior leaflet and aortic annulus, and in addition the apical 

region is filled from the beginning by the counter clockwise vorticity separated from the 

anterior leaflet in terms of early E-wave. After the peak flow at E-wave, the separated 

vortices are moving towards the aortic annulus, as it has been shown for the same 

prototype, for lower stroke volume and slightly inferior frequency, seen in figure 25c. 

Instead, the vortical features, generated from the symmetrical leaflets of standard bi-

leaflet, are also separated during the deceleration phase, but the counter-clockwise 

vortex colored in red at snapshots 27d-27h, drives the fluid to cross the previously taken 

path, which is different from what has been found in the natural conditions of 

previously referred findings of Hong et al. Oppositely, the prototype N°2 compared to 
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the in vivo experimentation, will certainly differ, but the core of the vortex generated 

and later shed from the anterior leaflet is the one that mostly resembles the natural one. 

Therefore, we have examined in parallel the prototype N°2 and standard bi-leaflet valve 

for the stroke volume 64ml and under the frequency of 1/T=0.39Hz and 1/T=0.44Hz. 

The outcomes are shown in sequential images for prototype N°2 at figures 28-30, with 

increasing frequency respectively, while for bi-leaflet valve the results are presented in 

figures 31-33, for the same order of frequency. It has to be emphasized that for certain 

value of frequency corresponds the equivalent number of beats per minute, that is called 

beat rate, and for frequency 1/T=0.33Hz stands 60beats/min, for 0.39Hz corresponds 

70bmp and for 0.44 match to 80bpm.    

 
Figure 28: Vorticity map and velocity field for the prototype N°2 for stroke volume 
64ml and frequency 0.33 Hz; The dot on the flow-rate plot in the inserted images 
indicates the considered point of the cycle. The color-map represents the vorticity 
(scaled from -3 to 3). 
 
Therefore, from images 28-30, it can be deduced that with increase of flow frequency or 

beat rate the vortical structures dissipates, i.e. the vortices are well shaped at 60bpm, 

while for 70bpm or 80bpm, appeared some turbulent features. It has been documented 

as well that the mechanical mitral valves perform well in a less active subjects, while 

with increase of activities, appeared more significant valves related problems [1].  The 

same has been found for the standard valve, while the main features are not significantly 

replaced by a change of stroke volume or increase of frequency. 
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Figure 29: Vorticity map and velocity field for the prototype N°2 for stroke volume 
64ml and frequency 0.39 Hz; The dot on the flow-rate plot in the inserted images 
indicates the considered point of the cycle; the color-map represents the vorticity (scaled 
from -3 to 3). 

 
Figure 30: Vortical map and velocity field for the prototype N°2 for stroke volume 
64ml and frequency 0.44 Hz; the dot on the flow-rate plot in the inserted images 
indicates the considered point of the cycle; the color-map represents the vorticity (scaled 
from -3 to 3). 
 

 
Figure 31: Vorticity map and velocity field in the presence of bi-leaflet valve for stroke 
volume 64ml and frequency 0.33Hz; The dot on the flow-rate plot in the inserted images 
indicates the considered point of the cycle; the color-map represents the vorticity (scaled 
from -3 to 3). 
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Figure 32: Vorticity map and velocity field in the presence of bi-leaflet valve for stroke 
volume 64ml and frequency 0.39 Hz; The dot on the flow-rate plot in the inserted 
images indicates the considered point of the cycle; the color-map represents the vorticity 
(scaled from -3 to 3). 
 

 
Figure 33: Vorticity map and velocity field in the presence of bi-leaflet valve for stroke 
volume 64ml and frequency 0.44 Hz; The dot on the flow-rate plot in the inserted 
images indicates the considered point of the cycle; the color-map represents the vorticity 
(scaled from -3 to 3). 
 

 Figure 34: Vorticity map and velocity field in the presence of prototype N°3 valve for 
stroke volume 64ml and frequency 0.33 Hz; the dot on the flow-rate plot in the inserted 
images indicates the considered point of the cycle; the color-map represents the vorticity 
(scaled from -3 to 3). 
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Since we have not found crucial differences in the vortical structures with 

different frequency, our following experiments will be performed just for stroke volume 

of 64ml and frequency 1/T=0.33Hz. Furthermore, the prototype N°3 has been examined, 

with attempt to show how change in leaflet geometry could cause considerable 

difference in the flow field. The same instants of the cardiac cycle are shown in figure 

34, for the prototype N°3, and there is no favorable flow patterns found in this case. It is 

obvious that the flow structures differs from those found in presence of  mono-leaflet or 

bi-leaflet standard valve, as well as in vivo findings, but they even results as worse than 

all previous prototypes and standard valves as well.  

Eventually, guided by previous results, we have designed prototype N°4, and 

examined it for stroke volume 64ml and beat rate of 60bpm. Corresponding 

experimental outcomes are presented in figure 35. 

 

Figure 35: Vorticity map and velocity field in the presence of prototype N°4 valve for 
stroke volume 64ml and frequency and frequency 0.33 Hz; the dot on the flow-rate plot 
in the inserted images indicates the considered point of the cycle; the color-map 
represents the vorticity (scaled from -3 to 3). 
 

With recognition of the role of the leaflet position in the previous experimentation, we 

have dealt with the prototype N°4 in such way that the lateral motion of the anterior 

leaflet (larger rounded one) closer to the septal wall, is limited to the closely 

perpendicular position regarding the horizontal housing of the valve (see figure 18g 



91 
 

when the valve is fully opened). Such design ensured that the entering jet will be 

directed towards the ventricular apex instead of lateral rolling-up, that has been 

encountered in the case of prototype N°2, where more lateral position prevents the 

progress of the vortex, deeper inside the ventricle. Nevertheless the form of vortex core 

was favorable, thus accordingly to that we have preserved the asymmetry and round 

shape of leaflet in prototype N°4 as well. In addition, in the case of prototype N°2 the 

entering fluid jet has been divided into two main jets, which is somehow different from 

what has been found in the transmitral  flow of healthy subjects studied in vivo, so we 

have decided to plug the left quarter of the prototype, which may exclude the division of 

the entering jet. The resulting flow behind the asymmetrical prototype with significant 

central gap between two leaflets, ensured amazingly similar flow patterns to those found 

in an in vivo experimentation of Hong et al., shown in figure 18. The same vortical 

structures have also been proven by Faludi et al. (2010), who have examined flow 

patterns in the presence of natural healthy mitral valve making correlation of these 

results with those obtained when the mechanical heart valve has been inserted [3].  

 In figure 35a, just one main jet was visible, which is propagating directly towards 

the apex, where in the successive snapshots of figure 35b, such unique jet starts to roll 

up into two vortices, one clockwise, more dominant and the second counter clockwise 

vortex, shed from the smaller, posterior leaflet and valvular ring, which slops down 

along the lateral wall and thus becoming slower than the main clockwise one, which 

eventually become decidedly predominant at the next instant. The vortex shed from the 

anterior (larger leaflet) is strong, rounded, which smoothly propagates towards the apex, 

without any lateral delay. This has been found as extremely important, since the 

laterally oriented jets could cause the mid-septal hypertrophy, which has been 

encountered in patients with implanted standard mechanical valves [3].  The single 

vortex formed at the end of E-wave, is extremely favorable also from the energetic point 
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of view. Namely, when the transmitral entering jet is divided into couple of small jets, 

which cause the forming of certain number of smaller vortices, which has been found in 

the case of bi-leaflet valve (see figures 31-33). Division of the entering jet has not been 

found in the case of mono-lealfet at the very beginning in figure 24a, while after the jet 

is divided into a two parts causing the weakness of dominant vortex and thus the loss of 

kinetic energy [3].  

5.7. Conclusions of the experimental examinations  

 Within the experimental study of this dissertation we have designed and 

experimentally examined four mechanical valve prototypes, which have been originally 

designed to replace the mitral heart valves. This is one of the first experimental studies 

that have aimed at examining an asymmetrical prototype exclusively devised to replace 

the mitral heart valve.  

 The findings for each prototype have been compared with experimental outcomes 

of standard mono-leaflet and bi-leaflet valve. The experiments are performed for 

constant and varied flow parameters as well. The flow patterns have been followed by 

Feature tracking technique, with efforts to obtain more natural flowing structures, where 

we have used results Hong et al. and Faludi et al., who have already outlined natural 

flow features in the in vivo performed experiments by ecocardiographic PIV [95, 3].  

 Prototype N°1, asymmetrical aluminum implant, has been opening insufficiently, 

thus the entering jet was directed towards the lateral wall of the ventricle, while with the 

flow propagation during the diastole the presence of the asymmetrical device has given 

rise to the intraventricular circulatory fluid motion more similar to the natural valves.  

The study of the novel implant has been faced to the limitations due to the low 

manufacture quality that caused the insufficient opening of the leaflets. 
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 Prototype N°2, asymmetrical prototype with rounded anterior leaflet and smaller 

posterior one, made of heavier metal than aluminum, where the shape of the anterior 

leaflet has been found favorable to the vortical structure (although more laterally located 

during the opening) caused the rolling-up of the vortex in the vicinity of the leaflet and 

thus has been directed towards the septal wall instead to the apical direction. The 

increased central gap between the opened leaflets due to the more laterally allocated 

hinge elements id deemed constructive, since it allows for the larger central jet 

propagation.  

 Prototype N°3, asymmetrical prototype, geometrically identical to the prototype 

N°1, made of heavier material, have not been performing expectedly, followed by the 

poor vortical structures.   

 Prototype N°4 is asymmetrical as well, with D-shaped orifice where two leaflets 

have been mounted. One rounded leaflet has been hinged at the very lateral margin 

which in open position is parallel to the septal wall, while the smaller leaflet has been 

hinged on the side closer to the lateral wall, fitted in the rest of D-orifice. This prototype 

has shown good performance, resembling the vortical features in the left ventricle the 

most similar to those encountered in the healthy natural conditions.  

 Thus we can conclude that the break of symmetry in the design of mechanical 

valve prosthesis has potential usefulness to improve the flow patterns in the presence of 

valve prosthesis. Just one significant orifice with non circular D-shape, may contribute 

in the formation of single, strong vortex which is energetically favorable structure found 

in the healthy hearts [3]. Rounded posterior leaflet mimics the shape of the natural 

mitral valve, making the vortices which shed from such shaped leading edge are more 

likely to resemble the natural vortical structure.  

 Overall study of novel prototypes has encountered the technical limitations caused 

by poor manufactures, leaving many further elements that have to be carefully 
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scrutinized for thorough comparison with existing symmetric and precise valves. 

Furthermore, there are many aspects that should be observed and tested before the valve 

gets implanted in the real hearts. This preliminary experimentation has figured out an 

idea of possibly significant flow structures improvements when the asymmetrical 

geometry of the valves is used.  
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Appendix A  
 
Heart Anatomy  
 
 
 The human heart is a double pump enabling the pulmonary and systemic 

circulation of blood. Each pump consists of a receiving and a pumping chamber, called 

atrium and ventricle, respectively. To ensure the unidirectional flow through the heart 

and consequently through the body, each ventricle is equipped with two valves, one at 

the inlet and one at the outlet, as shown in Figure A1 [99]. 

 

Figure A1: Heart Anatomy. 

The inlet valves are the tricuspid valve at the right side and the mitral valve at the left 

side of the heart (see figure A1), while the outlet valves are the pulmonary and the 

aortic valve. The cardiac cycle can be divided in four parts: the diastolic phase, the 
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isovolumetric contraction phase, the systolic phase and the isovolumetric relaxation 

phase. During the systolic phase, blood from the body and lungs accumulates in the left 

and right atria. During isovolumetric relaxation, the cardiac muscle relaxes causing the 

ventricular pressures to drop below the atria pressures. At that instant the diastolic phase 

begins, the tricuspid and mitral valves open allowing the blood to flow into the right and 

left ventricles, respectively. At the end of the diastolic phase the atria contract, 

squeezing some extra blood into the ventricles. After that, the ventricular muscle starts 

to contract and the mitral and tricuspid valves close. During the isovolumetric 

contraction phase, the valves are closed and the ventricular contraction causes the 

pressure to rise above the pulmonary and aortic pressures. Then the systolic phase starts, 

during which the ventricular blood volume is ejected into the pulmonary and aortic 

arteries.  

 The amount of blood pumped/minute (the cardiac output, CO) depends of the 

volume of blood ejected per beat (the stroke volume SV) and the number of heart beats 

per minute (the heart rate HR) as follows:  

CO=SV×HR; 

volume/minute=volume/beat × beats/minute 

It is evident from previous relation that all influences on cardiac output must act by 

changing either heart rate or the stroke volume [99, 69].  

 The valves ensure that blood flows in a single pathway through the heart by 

opening and closing in a particular time sequence during the cardiac cycle.  Normal 

valves permit blood to flow in only one direction, for example, from the left atrium into 

the left ventricle (see figure A2).  When heart valves become diseased or damaged, they 

may not fully open or close.  This can seriously damage cardiac function by causing 

blood to leak back into cardiac chambers or by requiring heart chambers to contract 

more forcefully to move blood across a narrowed valve [69]. Mitral valve is comprised 
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of five components: mitral annulus, anterior and posterior leaflet, chordae tendineae, 

and papillary muscles [101]. The mitral valve annulus forms a complete fibrous ring 

that is firmly anchored long the circumference of the anterior leaflet by the tough 

fibrous skeleton of the heart. Unlike the other cardiac valves, the mitral valve has only 

two leaflets. The anterior leaflet is large and semicircular, and it partially separates the 

ventricular inflow and outflow tracts. The posterior mitral leaflet is rectangular and is 

usually divided into three scallops. The chordae tendineae, or heart strings, are cord-like 

tendons that connect the papillary muscles to the mitral valve [101].  

 

 

Figure A2: (A) Inflow view: A-anterior leaflet; P-posterior leaflet; LA-left atrium;(B) 
Outflow view: A-anterior leaflet; LV-left ventricle; Ao-ascending aorta (Copyright. The 
Heart [101]).  
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