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ABSTRACT
The understanding of the phenomena involved in the ventricular flow is becoming more and more important because of
two main reasons: the continuous improvements in the field of the diagnostic techniques and the increasing popularity
of the prosthetics devices. As a matter of fact, more accurate investigation techniques gives the chance to better
diagnose diseases before they becomes dangerous for the health of the patient. On the other hand, the diffusion of
prosthetic devices requires very detailed assessment both of their effectiveness and of their possible side-effects – e.g.
haemolysis – and these evaluations are deeply linked to the fluid dynamics. The present work is focused on the
experimental investigation of the flow in the left ventricle of the human heart, as this flow is crucial for the effective
pumping of the blood through the circulatory system and its anomalies are recognised to be a reliable precursor of
major heart diseases.
To study the ventricular flow a conceptual, simplified, laboratory model has been built up. It consists of a cavity able to
change its volume, representing the ventricle, with a plate on which two tilting-disk prosthetic valves are mounted.
They represents the aortic and the mitral valve. The valves are connected to a constant head tank, that is placed above
the model ventricle in order to provide the desired pressure. The ventricle is placed inside a rectangular vessel with a
piston-cylinder system on one of its side walls. Controlling the piston motion means to control the ventricular volume
as well. The piston is driven by a linear motor designed to be able to reproduce any arbitrarily assigned law of variation
of the ventricular volume with time. In the present experiment a physiologically shaped curve has been used. The
middle plane of the ventricle is illuminated and the working fluid is seeded with neutrally buoyant particles. A highspeed camera, synchronised with the linear motor, acquires 500 images per second, that are then analysed by means of
a feature tracking algorithm to determine the velocity field. The flow has been studied by changing both the beat rate
and the stroke volume in terms of velocity fields, vorticity and maximum shear stresses (an example is shown in Fig.
1). The analysis of the results permits the identification of the main features of the ventricular flow during the whole
cardiac cycle and its dependencies from the frequency and the stroke volume.

Fig. 1. Velocity field (vectors) non-dimensional vorticity (colour on the left plot) and maximum shear stress (colour on
the right) at the early diastolic peak (as shown in the white box on the bottom left of the plots)
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INTRODUCTION
In the last years the study of the fluid dynamics of the left ventricle of the heart has arisen to the attention of the
researchers due to two main factors: the possibility of application in the diagnostics and in the assessment of prosthetic
valves.
The improvement in the echo-cardiographic techniques, such as the development of 2-D and 3-D probes and the
increase in the acquisition rate, permits nowadays a relatively good investigation of the ventricular flow. This fact
suggested the idea that some modifications in the ventricular flow could be effective early indicators of cardiac diseases
(Urheim et al., 2003). Nevertheless, echo-cardiography furnishes only one component of the velocity and the resolution
is still quite low. Nowadays the investigations performed in vivo can be sufficiently detailed to capture the
modification of the flow, but they are not precise enough to the physical comprehension of the phenomena that lead to
such modification. This is why laboratory simulations can be very useful: on one hand laboratory models are often
schematic in the reproduction of the geometry and of the mechanical characteristics of the cardiac apparatus; on the
other hand, the flow can be investigated in details, using techniques that are not feasible in vivo, thus permitting the
physical comprehension of the phenomena. The information obtained from the models can be used for the
interpretation of the features of the flow that are observed directly on the patient by means of echo-cardiography (Steen
and Steen, 1994).
The second element of interest in the study of ventricular flow stems from the wide diffusion that replacement of heart
valves have reached during the last decades. The continuous improvement of surgical techniques and of prosthetic
valve design encourage the valve replacement in a wider and wider range of cases; however, this is feasible only if all
the effect of the substitution are carefully assessed. Many problems related to the implant of a heart valve are related to
the flow, among them haemolysis, high losses of energy and thrombo-embolism. The physical phenomena that can
induce that problems are not only related to the general features of the mean flow but also to its inner structure.
Therefore, only the accurate measurements that can be performed in laboratory models give the required detail in the
description of the flow (Chew et al., 2001).
Finally, a laboratory model can be used as a test case for numeric simulations since both the velocity field and the
initial and boundary conditions are known with great accuracy (Baccani et al., 2002; Vierendeels et al., 2002).
In particular the knowledge of the flow in the left ventricle is crucial for the assessment of the turbulence produced by
the mitral, but also to determine the inlet conditions of the aortic valve. With the aim of investigating the main features
of such a flow, a laboratory model was built. It consists of a cavity capable of being deformed, with two prosthetic
valves mounted on its top and connected to a constant head vessel. The cardiac cycle is simulated by changing the
volume of the cavity in accordance to a physiological-like law. The flow has been investigated at different frequencies
and stroke volumes by means of a velocimetry technique based on feature tracking.
1.

SIMILARITY

For a laboratory model to be representative of real conditions we need to mach the non-dimensional numbers that
control the phenomenon. The case under investigation is particularly complex since the dynamics of the valve leaflets,
the one of the fluid and that of the ventricular walls are relevant at the same time. As a consequence only a 1:1 scale
experiment would be exactly representative. Nevertheless, in the model used in the present study, the dynamics of the
walls it is assumed to be completely controlled by imposing the variation of the ventricular volume, and the dynamics
of the valve is thought to be like the real one since the scale is not changed too much as it will be shown below. With
these assumptions the dimensional analysis suggests that the characteristics of the pulsating flow are controlled by two
parameters:
UD
• the Reynolds number:
Re =
;
ν
D2
.
Tν
where ν is the kinematic viscosity of the blood, T the period of the cardiac cycle. The length scale D was chosen to be
the mitral valve diameter, and the velocity scale U the mean velocity through the valves during the whole cycle, i.e.:
4 ⋅ SV
U=
.
πD 2 T
where SV is the stroke volume. Since in the present experiment the geometrical scale was 1:1, and the working fluid
was water, that has a kinematic viscosity about 1/3 the one of blood, the similarity is fulfilled by using physiological
SV and increasing the period of the cycle of 3 times.

• and Womersley number:

Wo =

2

2.

VENTRICLE MODEL

A scheme of the experimental set-up is reported in Fig. 2. The main elements of the in vitro ventricular simulator are:
• a Plexiglas chamber (180mm × 180 mm × 300 mm) filled with distilled water, where a transparent ventricle
pouch has been immersed;
• a linear motor which drives a piston (with a diameter of 100 mm) into the Plexiglas chamber, able to
reproduce any arbitrary law to change the volume of the immersed ventricle pouch;
• a computerised controller, which calculates the volume change laws and controls the actuator.

Fig. 2. Sketch of the experimental set-up
The ventricle pouch has been designed and realised ad hoc for this study with a transparent silicon rubber (Sylgard 184
– Dow Corning). The ventricle prototype has been designed following the indications of Schnech and Bronzino (1998)
so to get the ellipsoidal shape described by the system of equations (Fig. 3):
⎧ x1 = d ⋅ cosh( λ ) ⋅ cos( µ )
⎪
⎨ x 2 = d ⋅ sinh( λ ) ⋅ sinh( µ ) ⋅ cos( ϑ )
⎪ x = d ⋅ sinh( λ ) ⋅ sin( µ ) ⋅ sin( ϑ )
⎩ 3
where the focal length, d, is defined from the major and the minor radii of the ellipsoid (a = 52 mm and b = 26 mm,
respectively): d2 = a2 – b2.

Fig. 3. The model ventricle (left), its geometric schematic(centre), and the mitral valve (right)
The linear motor (Baldor Actuator) was servo-controlled on the velocity, so to simulate for the ventricle pouch a
physiological volume change law (Fung, 1997). The controller allowed to command for different diastolic volumes,
different cardiac frequencies and different total number of cycles. The image acquisition hardware comprises an
infrared laser 12 W in power, and a high-speed, digital camera (Photron FastCamera Ultima APX), capable to acquire
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images of the ventricle cycle up to 100,000 frames per second. Video camera record rate has been 500 frame/s at a
resolution of 512×512 pixels.
Fluid circulation into the ventricle has been kept completely separated from the water tank and has been inseminated
with pollen particles 20µm in diameter. Two artificial cardiac valves have been applied at the inflow and at the outflow
hose of the ventricle pouch. In this study, we utilised tilting-disk valves; the mitral valve had an external nominal
diameter of 30 mm and a disk of 21 mm, while the aortic one had an external nominal diameter of 20 mm and a disk of
13 mm (right of Fig. 3).

3.

DATA ACQUISITION

Five series of experiments have been performed in order to evaluate separately the effect of the variation of the beat
frequency and stroke volume. Firstly, the frequency was set to 0.39 Hz, that, from the point of view of the dimensional
analysis, corresponds to 70 beats per minute if the working fluid were blood. At the same time the stroke volume was
varied from 43 ml to 93 ml, that is equivalent to cardiac outputs ranging from 3.0 l/min to 6.5 l/min in case of blood.
Hence the parameters of this set of tests were in accordance to an international FDA laboratory comparison protocol
(Simenauer, 1986). Then the stroke volume was kept constantly equal to the middle value of the above series (64 ml),
and the frequency was changed from 0.33 Hz, up to 0.44 Hz, thus simulating beat rates from 60 bmp to 80 bmp (with
blood).
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Fig. 4. Time law of variation of ventricular volume
In Fig. 4, the law of variation of the ventricular volume, non-dimensionalised with the stroke volume, ∆V(t) = (V(t) –
V(0)) / SV is plotted as a function of time, made dimensionless by means of the period of the cardiac cycle, T. The
curve represents also the law of motion of the piston. The curve was re-scaled in amplitude and time in order to realise
the conditions described in table 1. In addition, the time derivative of ∆V, made dimensionless by the period, T, has
been plotted, since it represents the flow rate through the valves during the cycle (namely the flow is through the mitral
valve during the diastole (0.00 T – 0.66 T) and through the aortic valve during the systole (0.66 T – 1.00 T)). The
derivative was multiplied by 10 in order to make the graphic more clear.
Stroke
Frequency
Volume in the model
(ml)
(Hz)
43
64
64
64
93

0.39
0.33
0.39
0.44
0.39

U
(m/s)

Equivalent Beat
rate
(bpm)

0.024
0.030
0.035
0.040
0.051

70
60
70
80
70

Equivalent
Cardiac
Output
(l/min)
3.0
3.8
4.5
5.1
6.5

Re

Wo

# of
cycle
s

712
897
1060
1196
1540

18.73
17.23
18.73
19.90
18.73

6
5
24
7
6

Table. 1. Parameters of the experiments
Images have been acquired only once a dynamic steady state had been reached, i.e. only after several cardiac cycle
since the beginning of the experiment. The number of cycles was limited by the memory of the fast camera, that, as
above mentioned, at the resolution of 512 x 512 pixels and at a sampling rate of 500 Hz, could record for about 16 s,
thus producing 2 GByte of image data. Only in one case (43 ml and 0.39 Hz) the experiment was repeated four times in
order to evaluate the effect of the statistic base. For this experiment, the analysis was performed using 5 cycles and then
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repeated increasing the number of cycles up to 24.

4.

METHODS OF DATA ANALYSIS

4.1 Overview of the data analysis methods
Images taken from the camera embed information about fluid-dynamic behaviour of the flow: the data analysis chain
here proposed starts providing Lagrangian data velocity extraction from the image sequence and their transormation on
a regular eulerian grid. The former step is performed by means of a feature tracking (FT) tool: Lagrangian data gridding
is then obtained using an extension of a bilinear interpolation method (see §4.2 and §4.3).
The described experimental set-up is able to reproduce the flow inside an elastic cavity by means of the control of a few
numbers of parameters: different runs of the linear engine (without any parameter change) can lead to slightly different
fluid dynamic behaviours. Each engine run produces a sequence of images (about 1200 frames) that represents a
sample of the whole ensemble of runs. In order to detect main flow characters, data analysis has been carried out on the
basis of the Proper Orthogonal Decomposition (POD). As a matter of facts, due to the small number of samples that it
was possible to acquire for each condition, the phase average was not representative of the phenomenon. To proof this
fact, for the experiment at 70bmp and 64ml stroke volume, the analysis was performed using 5 cycles and then repeated
increasing the number of cycles up to 24. It was observed that the description in terms of principal components does
not change too much. That means that it is reliable also with the small number of cycles acquired in the other
experimental conditions. Conversely, 5 cycles were observed to be not enough to obtain a meaningful description in
terms of phase average. In addition, POD provides an indication of the flow repeatability condition at each time and
furnishes a dimensional reduction for the velocity field along time (see §4.4 and §4.4.2).
4.2 Feature tracking
The FT technique is a correlation-based tracking algorithm that extracts local regions of interest (features) from the
images and identifies the corresponding features in the next image of the sequence. It can be considered as a Particle
Image Velocimetry technique based on a distance measure minimization problem (Lukas and Kanade, 1981). This well
known algorithm can be classified as a local (tracking), differential, optical-flow method. As for classical PIV, the
method defines the matching measure between windows in two consecutive frames: the displacement (velocity) is
defined as the one that minimize the Sum of Squared Differences (SSD) of intensity values of pixels between the
interrogation windows at time t and t+dt. For small motions, a linearization of the image intensity leads to a NewtonRaphson style minimization problem (Tomasi and Kanade, 1991, Shi and Tomasi, 1994). The problem is solved using a
pyramidal representation of the images (Burt and Adelson, 1983) and adopting a pure translational model of motion for
the interrogation window. It is possible to demonstrate that a solution of the FT system exists and is well conditioned if
the system itself is solved in well textured points, called “good features to track”. Those points are defined as points in
which high intensity variation both in x and y directions are present. Their definition is a consequence of the FT linear
system solvability condition: no aprioristic consideration has been made about them.
As in each tracking system, FT flow velocity description consists on a sparse data set: in order to permits data
comparison between different runs of the experience, and with the aim to provide the estimation of other quantities (i.e.
vorticity), a resampling algorithm is then applied to sparse Lagrangian data.
4.3 Data resampling
Among the great number of available resampling techniques, in this work a fully automatic extension of the bilinear
interpolation has been adopted (Chetverikov, 2003).
Given a point Pg on a regular grid, the set Pi(i = 1, 2…k) of tracked features lying within a distance S from Pg is built.
Each point Pi has a velocity vector Vi. Let Di2 be the squared distance from Pi to Pg, D2 be the mean of Di2 all over i,
and be the coefficients:
⎛ D2 ⎞
αi
,
αi = exp ⎜ − i ⎟ and βi =
k
2
⎝ D ⎠
∑ i=1 αi
where 0 < αi, βi ≤ 1 and

∑

k
i =1

βi = 1 is a partition of the unity. The interpolated velocity vector in Pg is then computed

as:
k

v g = ∑ βi v i .
i =1

This method requires the definition of a minimum number of points belonging the set Pi and a maximum value for the
search distance S. In this implementation, the search for the Pi set starts in a small circular region R (radius 3 pixel)
surrounding the grid point: if the number, k, of the founded features is lower than a fixed minimum value, the radius of
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R is increased of one pixel and a new search starts. If the maximum value for the radius of R is reached, a zero value is
assigned to the grid point, otherwise the described resampling procedure is applied.

4.4 Proper orthogonal decomposition
Proper Orthogonal Decomposition (POD) is a powerful and elegant method of data analysis aimed at obtaining lowdimensional approximate description of high-dimensional processes. The POD was discovered many times and
developed by several people and is also known as Principal Component Analysis, Karhunen-Loéve Decomposition and
Singular Value Decomposition.
POD analysis yields a set of empirical eigenfunctions, which describes the dominant behaviour or dynamics of given
problem. This technique was introduced in the turbulence community by Lumley (1967): it can be used for a variety of
applications, including derivation of reduced-order dynamical models (Holmes et al., 1996), steady analysis and design
of inviscid airfoils (LeGresley et al., 2001), image processing (Sirovich and Kirby, 1987) and pattern recognition
(Fukanaga, 1972).
Data analysis using POD is often conducted to extract most correlated shapes (modes) or basis functions from
experimental data or detailed simulations of high dimensional systems, for subsequent use in Galerkin projections that
yields low-dimensional dynamical models. In this paper, POD technique is used in two different ways, both related to
the raw data characterization.
Suppose that a series of M vectors of dimension N is given, for example a velocity set obtained at M points in space at
N instants in time u(x, t). The POD method decomposes the fluctuating field into a weighted linear sum of orthogonal
eigenfunctions as:
u( x , t ) =

M

∑a (t)
k =1

k

ϕk ( x ) .

Coherent structures in the field are described by the eigenfunctions of the two-point correlation tensor and represent the
principal directions of the fluctuation energy.
The POD procedure delivers sets of empirical and orthogonal eigenfunctions {ϕ( k ) ( x )} which approximate typical

members of a data ensemble U = {u( k ) } better than representations of the same dimension in terms of any other bases
(Holmes et al, 1996).
In mathematical terms, the whole procedure is expressed as
u ( x ,t ) , ϕ ( x )
max

ϕ

2

2

on the spatial domain, under the constrain ϕ = 1 and where angle brackets indicate ensemble average. If this
2

expression is maximized, it means that if the flow field is projected along ϕ(k)(x), the average energy content is larger
than if the flow field is projected along any other structure (e.g. a Fourier mode).
The necessary condition for the above problem to have a maximum is

∫ u (x ) u ( x' )
where

u (x ) u ( x' )

T

= R ( x, x' ) =

∑λ

j

T

ϕ ( x ' ) dx ' = λ ϕ ( x )

ϕ j ( x ) ϕ j ( x' )

T

is the two-point spatial correlation function, M x M

matrix and λj is the eigenvalue vector of the covariance, defining the occurrence and participation of the corresponding
eigenfunction.
In this classical approach eigenfunctions are shown to be eigenfunctions of space-correlation tensor. For an
approximation of this tensor it is necessary to perform a long and expensive flow-simulation. The computation of the
eigenfunctions is even more expensive, if not impossible.
To overcome this problem, another time-discrete formulation of the POD is introduced. This formulation has the same
interesting properties as the classical one and is named “snapshot method” (Sirovich, 1987). In this case, the data
ensemble is constituted by a set of N snapshots u n (x) = u n (x, t n ) of the fluctuating velocity field. Each snapshot
is taken at different times, providing or not that the times tn are equally spaced in time but with the condition that data
of the ensamble are uncorrelated. The maximization problem can be reformulated as:
2
1 N
un ( x ) , ϕ ( x ))
(
∑
N n =1
max
2
ϕ
Sirovich (1987) introduced the “snapshot” method following the space-time symmetry properties of the snapshot POD.
The method of Sirovich use the ergodicity hypothesis to write:
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R ( x , x ' ) = lim

n →∞

N

∑ u (x)

un ( x' ) .
T

n

n =1

The idea is to take a finite N large enough for a reasonable approximation of R. The dimension of the obtained
eigenvalue problem is equal to the number of snapshots, which is typically much lower than the dimension of the
original eigenvalue problem. Solutions of the described two methods share the same properties.
The most important property of POD is that eigenvalues are equal to the fluctuating signal energy associated with each
eigenfunction and the total signal energy is given by the sum of the eigenvalues. This property will be extensively used
in the data analysis here shown.
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Fig. 5. Time evolution of the number of modes required to
rebuild the system with at least the 85% of the total
energy.
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Fig. 6. Cumulative energy for the first 50 modes. The
98% of energy level is reported as a solid line.

POD as a tool for flow complexity estimation
4.4.1
In order to evaluate the experimental set-up capability to reproduce the same fluid-dynamic topologies when
experiments run with the same set of parameters, POD decomposition has been applied to the ensemble of velocity
fields at each time t. Each event representation uk(x) at time t is used to solve the snapshot problem, leading to a set of
eigenvalues that represents the energy distribution along the entire eigenfunction set.
Naming D(t) the number of modes that are required to represent a minimum amount of energy (85% in this example),
D value can be observed as a description of the number of degrees of freedom of the system at a specific time t, or in
other words, as the correlation degree between the members of the event ensemble at a time t. Higher is the number of
modes, less repeatable is the topological configuration and vice-versa. Fig. 5 clarifies this point: time evolution of the
number of modes required to capture at least the 85% of the total energy of the 24 events (Stroke Volume = 64 ml,
equivalent beat rate 70 bpm) is sketched as a normalized value, together with the time evolution of the Kinetic Energy,

(

)

KE ( t ) = ∑ u i , j ( t ) + v i , j ( t ) , where the summation is over all the nodes of the grid. It is clearly observed that, when
2

2

i ,j

the KE increases, the number of freedom degrees decreases and vice-versa. This fact can be explained observing that if
a strong external source of energy is applied to the system (during the two diastolic and systolic phases), the topology
of the flow inside the cavity is forced to assume the same configuration. In absence of an external source of energy, as
between the two diastolic peaks, the topology of the flow inside the cavity can be quite different between events.
This result shows that the experimental set-up is able to reproduce the same system behaviour when sources of energy
are active: those phases of the experience are the most interesting, because of the higher stress parameters for the heart
structure and the blood flow. The expected value of the velocity field at a time t is then evaluated using the D(t) number
of modes in the POD inverse problem.
POD as a tool for low-pass data filtering
4.4.2
In order to extract a low-dimensional representation of the expected behaviour of the flow field, POD decomposition
has been applied to the ut(x) velocity fields, where t = 0,…,NT is the number of time steps of the acquisition. The
number of obtained modes is equal to NT (about 1280 for the 0.39 Hz case), and the first 20 modes retain more than the
98% of the total energy of the system (see Fig. 6).
A sketch of the first, second and fourth modes, together with their time coefficients, is reported in Fig. 7 to Fig. 12. The
time coefficient of the first and second modes shows that those modes are active mainly during the diastolic first and
second peaks. The fourth mode is mainly related with the systolic phase.When the whole time history of the velocity
field is rebuilt using the first 20 modes (retaining the 98% of the total energy of the system), the horizontal and vertical
components of the velocity field in each node of the grid are filtered in a very efficient way, as shown in Fig. 13 and
Fig. 14. This procedure has been applied to the whole experiment runs. Results that will be shown concerns this
modified set of data.
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Fig. 14. Original (green) and filtered (red) data.

RESULTS

5.1 Velocity and vorticity

An overall description of the time evolution of the phenomenon is depicted in Fig. 15 for the case of a stroke volume of
64 ml and an equivalent beat rate of 70 bpm. The nine more meaningful phases have been chosen: on the top of each
plot the non-dimensional time is reported and the corresponding point in the flow rate graph is represented by a red dot
on the lower left corner of the graphs. The velocity vectors are superimposed to a colour-map of the vorticity nondimensionalised by the period T.
The first field (t/T = 0.07) is just after the beginning of the filling of the ventricle, during the early diastole. On the top
of the plot, in correspondence to the mitral valve, two jets a are generated on the two sides of the tilting disk: the left
one is the strongest both because it comes from the largest portion of the inlet and because it is deflected by the
curvature of the disk as sketched in the white circle on the same plot. At that time the vorticity is still low. At
t/T = 0.110, about the middle of the acceleration of the early diastole, the structure of the flow is basically the same as
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before except for the fact that the jets had time to propagate to the middle of the ventricle and their intensity is
increased. Four peaks in the vorticity map suggest the presence of two vortex rings (Green, 1995), one for each jet, that
are moving diagonally through the ventricle. The inclination of the jets is not due to the orientation of the valve (that is
vertical in the graph) but to the curvature of the disk, that seems to play an essential role in increasing the velocity of
the left (primary) jet.

Mitral valve

Disk

Fig. 15 Non-dimensional velocity (vectors) and vorticity (colour) field at different times, with stroke volume 64ml and
equivalent beat rate 70 bpm
The vortex-ring on the right (generated by the secondary get) is asymmetric because of the interaction with the primary
jet. This asymmetry is emphasised at the diastolic peak (t/T = 0.148), when only the right side of the secondary vortex
ring can be recognised ( ). The primary vortex ring has reached the opposite wall of the ventricle and will begin to
proceed parallel to the wall of the ventricle while dissipating and breaking in smaller structures. At this time the
measured vorticity is a maximum. At the end of the early-diastolic peak (t/T = 0.272) the velocity field mainly consists
of two rotating structures one on the left, with negative vorticity, that originates from the left part of the primary vortex
ring ( ), and the right one that is generated by the coalescence of the right parts of the secondary vortex-rings ( ) and
of the right part of the primary one ( ) that, after reaching the opposite side of the ventricle, moved upwards, parallel
to the wall. At that stage vortices are wider but less intense than before. Then the volume of the ventricle remains
constant for an interval during which the structures generated during the diastolic peak vanish almost completely as is
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shown by the plot at t/T = 0.450, where not velocity nor vorticity patterns can be discerned. At the second diastolic
peak, that originates from the contraction of the atrium, a similar, but less intense, phenomenon is observed. At
t/T = 0.537, though the inlet velocity is a relative maximum, the two vortex-rings had not yet time to develop, so they
are seen completely developed only at the end of the atrial contraction (t/T = 0.604). At this time there is the same
structure at three vortices found after the first diastolic peak. The vortices have reached the opposite side of the
ventricle but the jet is not present anymore since the injection is finished. Therefore the sheet of vorticity in the trail of
the primary vortex-ring is missing and the vortices are more isolated. This is also the instant before the beginning of the
systole, during which every structure of the field is destroyed, and a outward jet is generated. At the systolic peak,
t/T = 0.833, there is still some memory of the diastolic flow, since it is possible to recognise a general circulation
upwards along the walls and then towards the aortic valve. A smooth peak of positive vorticity is placed on the bottom
right. That memory is completely lost at the end of the systole (t/T = 0.937), when the only visible pattern is the one
due to the out flow through the aortic valve. This is also what remains of the flow when the diastole starts again at the
next cycle.

Fig. 16. Non-dimensional velocity (vectors) and vorticity (colour) fields at the diastolic peak (t/T = 0.148) and at the
end of the early filling phase (t/T = 0.272) for different stroke volumes and equivalent beat rates (SV=64 ml and
60 bpm on the left; SV=64 ml and 80bmp in the centre; SV=93 ml and 70bpm on the right).
In order to point out the effect of the variation of the controlling parameters on the structure of the flow, it was chosen
the behaviour of the jet during the first phase of the filling. In Fig. 16 the velocity and vorticity fields are plotted at two
characteristics instants of the first filling (the peak and the end) for three different conditions. First the beat rate was
reduced at constant stroke volume (64 ml). The structure of the flow is about the same as in the above described case
(the one plotted in Fig. 15) at the peak, but at the end the three vortices ( , and ) are more weak and not clearly
defined. The reason seams to be that in this case the beat rate is lower but the velocity of the vortex-ring is about the
same, therefore the injection from the mitral is longer and lasts enough to the jet interfere with the vortex-rings during
their motion in the ventricle. Also increasing the beat rate, with constant stroke volume (80bmp, centre of Fig. 16), the
structure of the flow maintains its main features, suggesting that the first phase of propagation of the vortex-rings scale
with the period T. The observation of the flow field at the end of the first filling supports the interpretation given
above: when the beat rate is increased the jet is interrupted earlier and has no time to interfere with the vortices. Thus
they can move around without being perturbed and are still coherent and intense at t/T = 0.272. In the third case, the
beat rate was kept constant and the stroke volume was increased to 93 ml. The vortices moves faster thus, at the peak,
their position is similar to the one they reached at the end of the early filling in all the other cases. Nevertheless the jet
is only at its maximum and has time to destroy any coherence in the field before it stops. Since the fields that are shown
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here are not averages but the "more correlated" part of the flow, no structures are visible in the plot at the end of the
early filling in this case.
5.2 Viscous shear stresses
It is known that forces exerted on the blood elements are a possible cause of thrombus formation (Stein and
Sabbah,1974) as well as hemolysis (Blackshear,1968). Moreover, it has been recognised that shear stresses can cause
platelet activation (Belval, 1984). Therefore, when evaluating the blood flow, it is also needed the description of the
forces that the flow induces on its constituent cells. As a matter of fact, for a complete description, the statistics of the
instantaneous stresses would be required, but the ones due to the "most correlated field", that has been chosen as
representative of the flow, are anyway a useful information on what kind of forces will likely be exerted on blood cells.
The investigation of the mechanism that produce cell damage is not easy. Many different explanations have been
proposed, anyway, there is accord on the fact that the tangential component is the most relevant. Obviously, it depends
on the orientation of the surface that one considers, but the surface of a blood cell is closed, so it assume all the
orientations. Therefore one can be sure that somewhere it is exposed to the maximum possible shear stress. Thus this
will be the quantity used to describe the tensional state of the fluid. The stress tensor, τij, is a symmetric tensor that, in
its principal reference frame is diagonal:
τij = τi δij = -p δij + 2 µ ei δij;

where τi and ei are the eigenvalues of the stress tensor and the symmetric part of the velocity gradient, respectively.
Since in the present experiment only two components of velocity have been measured, the 2-D case will be considered
in the following, but similar results can be obtained also in 3-D (Grigioni et al., 2002). In the principal reference frame,
the shear stress on a surface with normal n = (cosθ, sinθ)Τ is:
⎡ ⎛ τ 0 ⎞ ⎛ cos θ ⎞ ⎤ ⎛ − sin θ ⎞ ( τ2 − τ1 )
sin ( 2θ )
τt ( θ ) = ⎢⎜ 1
⎟⎜
⎟⎥ ⎜
⎟=
2
⎣ ⎝ 0 τ2 ⎠ ⎝ sin θ ⎠ ⎦ ⎝ cos θ ⎠
that is a maximum for θ = π/4, where it yields:
τtmax = (τ2 - τ1) / 2 = µ (e2 - e1).
This expression was used for the evaluation of ττmax, that was made dimensionless by means of the scale ρU2.

Fig. 17. Non-dimensional maximum viscous stresses during the series at Stroke volume 64 ml and equivalent beat rate
of 70 bmp.
In Fig. 17 the non-dimensional, maximum shear stress is plotted at the three more meaningful instants of the cycle: the
end of the acceleration of the early diastole, the first diastolic peak and the systolic peak. The stroke volume was 64 ml
and the equivalent beat rate was 70 bpm. During the first phase of development of the jet (plot on the left) the highest
values of shear stresses are localised at the sides of the jets. This is observable both on the primary and the secondary
one. At the first diastolic peak, when the flow is well developed through the whole ventricle, at the sides of the primary
jet the values reach their maximum over the whole cycle. In addition, a new zone of elevated shear stresses is found
where the primary jet impinge on the ventricular wall and in the adjacent area, where the flow is parallel the wall,
generating a shear layer. In the subsequent phases (not shown) the shear stresses do not reach values comparable with
the ones shown above. Significant values are found again during the crucial phase of the systole, when the flow is
almost at rest everywhere except for a sudden acceleration in the proximity of the outlet. The strong gradients found in
that zone originate also high values of shear stresses. Their magnitude is of order of one half of the global maximum
reached at the systolic peak.
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