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From the double vortex street behind a cylinder
to the wake of a sphere
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Abstract

In this paper, we review the main results concerning the first instabilities, characterised by the breaking of spatio–
symmetries, occurring in the wake of bluff bodies, as the flow speed is increased. Phenomenological wake models are
to experiments for the geometry of a circular cylinder and of a sphere. The transition from a cylindrical to spherical confi
is also illustrated in various ways, such as the transverse coupling of two sphere wakes and a reduction in length o
deformation of a circular cylinder. Finally, we report preliminary results concerning the fluid–structure interactions in t
of a longitudinally tethered sphere.
 2003 Elsevier SAS. All rights reserved.

Keywords:Circular cylinder wake; Sphere wake; Landau and Ginzburg–Landau models; Fluid–structure interaction

1. Introduction

The formation and dynamics of the Bénard–von Kármán vortex street [1,2] behind a circular cylinder have been th
of several hundred publications (see the different reviews in [3–7]). This very large number is linked to the importanc
type of flow for applications in different engineering fields and to the apparent simplicity of this configuration. Surpri
measurements of the amplitudes of wake oscillations and the careful analysis of the spatial structure of the vortex
characterising this instability, including the associated phase lines, have only been undertaken a long time after the
of the phenomenon and the initial theoretical study of the stability of an ideal alternating vortex street by von Kármá
the absence of an analytical description of this flow, phenomenological models like the one presented below, which a
capture essential features of the flow dynamics and bifurcations at low Reynolds numbers, have proven to be very
this respect.

After a short presentation of the Landau wake model in Section 2, we present in Section 3 a comparison
experimental observations and predictions of this model, obtained analytically and numerically, for vortex shedding
cylinder. The Ginzburg–Landau model is an extension of the Landau model, which can account for the main three-dim
aspects of vortex shedding. Section 4 is devoted to the comparison of the Landau model with the wake characteristics
sphere. The numerical values of the parameters of the model are determined in the same way as in the case of the c
addition to the laminar case, the variation of the vortex shedding frequency with Reynolds number has been measu
a Reynolds number of 104. Sections 2, 3, and 4 are mainly reviews of results obtained with different configurations,
Section 5 shows preliminary results of a new study. The different types of oscillations produced by a tethered sp
examined when the thread is parallel to the direction of the flow. Some overall conclusions are given in Section 6.
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the kinematic viscosityν of the fluid:Re= UD/ν. Wake frequenciesf are expressed in the form Strouhal numbers, defi
by St= fD/U .

2. The Landau model

The concepts of absolute and convective instabilities have been introduced in plasma physics [8] and applied
shear flows (see the review by Huerre and Monkewitz [9]). The development of a global mode of wake oscillations h
associated to the existence of regions of absolute and convective instability behind the body, linked to the downstream
of the transverse velocity profile. The selection of the frequency is due to the feedback between upstream and do
perturbations, when the size of the region of absolute instability is big enough to create a global mode. Non-linea
and the saturation of this mode are well described by the Landau model. In his original paper, Hopf [10] underlined
bifurcation of a periodic solution from a stationary solution is observable ... for example, in the flow around a solid bod
approach developed by Landau [11] analyses the stability of a steady flow. A non-stationary perturbation of the steady
of the Navier–Stokes equation is expanded as a sum of modesA(t)g(x), where the spatial variationg is then omitted for the
sake of simplicity. Let us consider a temporal modeA(t) proportional to eσ t , with relative growth rate:

σ = σr + iσi . (1)

In the subcritical regime,Re< Rec , all disturbances are stable andσr is negative. At the threshold of instability, whe
Re= Rec, one normal mode is marginally stable,σr = 0, with two angular frequenciesσi and−σi . As the Reynolds numbe
is increased above the critical value, the coefficientσr becomes positive and, near the threshold of instability, it migh
considered as a linear variation of the Reynolds number, i.e., proportional toRe−Rec. The exponential growth of the amplitud
is no longer valid for long times, and the Landau model takes into account a non-linear saturation in a new expressi
time derivative:

dA

dt
= σA− l

∣∣A2∣∣A, (2)

where the complex coefficient of the non-linear term isl = lr + ili = lr (1 + ic2). Writing the complex amplitudeA=M eiφ ,
the evolution equations for the modulusM and the phaseφ are:

dM

dt
= σrM − lrM

3 (3)

and

dφ

dt
= σi − liM

2. (4)

This model is consistent with the temporal growth of a global mode resulting from a large absolutely unstable zone,
hysteresis when changing the Reynolds number, and with a temporal growth rate independent of the spatial location.

3. The cylinder configuration

3.1. The parallel mode and the Landau model

For the case of the cylinder, the bifurcation from steady to periodic flow occurs while breaking the transverse
symmetry (y → −y), near a critical Reynolds numberRec ≈ 47 (see Fig. 1).y is the coordinate perpendicular to the flo
directionx and the cylinder axisz. In this section, we neglect variations along the span of the cylinder, which, in experim
corresponds to parallel vortex shedding requiring a careful control of the flow (see Williamson [12,13] and other auth
15]), or to the configuration of a ring with periodic conditions (Leweke et al. [16]). The equation of the modulus (3) p
the variation of the saturated energy of oscillation:

M2
eq= σr/lr ∼ Re− Rec. (5)

Such a behaviour is clearly observed in the experimental result in Fig. 2. From many measurements and 2D n
simulations, the value of the temporal growth rate has been deduced and is now well known:

σr,cyl = 0.2(Re− Rec)
ν

D2
. (6)
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Fig. 1. Visualisation of the vortex shedding behind a circular cylinder atRe= 65.

Fig. 2. Energy of the fluctuating streamwise velocity(u′
x) as

function of the Reynolds number for the parallel shedding mode
downstream of a torus (from [16]).

Fig. 3.St–Rerelationship deduced from the Villermaux model (line)
with a = 123, b = 0.44, c = 1.1 and experimental measurements
for the parallel mode behind a torus (symbols from [16]).

An expansion of Eq. (4) governing the frequency leads to an expression for the Strouhal–Reynolds number dep
There is a non-linear variation of the frequency with the amplitudeM of the oscillation and the coefficientc2,cyl = li/ lr = −3.0
has been deduced from transient recordings [17,18]. In principle, this analysis should be restricted to a narrow range in
number near the bifurcation threshold where the Landau approximation is valid. However, the astonishing fact is t
variation observed in Fig. 2 over a large range of Reynolds number, where the “small” parameter,ε= (Re− Rec)/Rec, reaches
values as large as 3! The amplitude of oscillation varies along the streamwise direction from 0 in the vicinity of th
boundary of the cylinder to a maximum and decreases in the far wake. This evolution is consistent with the description
modes [19].

Villermaux [20] has proposed to consider two separate amplitudesA andB on each side of the vortex street, i.e., to descr
the wake through two oscillators, driven by the shearU/D near the body, and interacting with a certain delay correspondin
the recirculation timeτ = cD/U :

dA

dt
= sr

(
1− [

A+ αB(t − τ)
])
A,

dB

dt
= sr

(
1− [

B + αA(t − τ)
])
B. (7)

The growth ratesr , similar toσr in the Landau model, has the same dimension as the shearU/D, and the constantα has been
introduced to model the coupling of the two non-linear oscillatorsA andB [20]. The oscillation occurs when the productsr τ is
larger than a critical value. One can then work out an expression for the Strouhal number of the wake, which depends
non-dimensional constantsa, b (functions of the shape of the velocity profile in the wake), andc, and on the Reynolds numbe
(Fig. 3):

St= b/
(
bc+ (

1+ (
a2/Re2

))1/2 exp
{
bc/

[
1+ (a/Re)2

]1/2})
. (8)
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Fig. 4. Visualisation of “chevrons” behind a circular cylinder
(from [13]).

Fig. 5. Lines of constant phase of the Ginzburg–Landau equatio
(from [22]).

A least-squares fit of (8) to experimental results is shown in Fig. 3. The fitted parameterc has the value 1.1, which implies
recirculation zone of length∼1D, in agreement with observations of the flow.

3.2. Three-dimensional effects and the Ginzburg–Landau model

The Ginzburg–Landau model [21,22] is an extension of the Landau model by addition of a diffusive term along the s
direction.

∂A

∂t
= (σr + σi)A− (lr + ili )

∣∣A2∣∣A+ (µr + iµi)
∂2A

∂z2
. (9)

It describes the three-dimensional phenomena (oblique shedding, cellular structure and dislocations, variation of th
Reynolds number) observed in the wake of a finite circular cylinder as a collective interaction of non-linear oscillators
approach, the time evolution is essentially equivalent to the streamwise direction:x = Ut. Figs. 4 and 5 show a visualisatio
of a “chevron” pattern by Williamson [12] and the isophase lines of the Ginzburg–Landau model with zero condition
ends [22,23]. Dislocations and cellular structures are shown in Fig. 6 (a) and (b). The value of the diffusive termµr has been
deduced from different measurements and is equal to roughly 10ν. The model predicts the variation of the critical Reyno
number as function of the aspect ratioL/D of the cylinder. Moreover, helical lines have been observed in the wake
ring [16], and the Eckaus secondary instability has been successfully related to the oblique shedding from the end of
cylinder [24]. A similar modelling using diffusive van der Pol oscillators has been introduced by Gaster [25] and r
renewed by Fachinetti, de Langre and Biolley [26].

4. The sphere configuration

4.1. Bifurcation series

In contrast to the cylinder, for the sphere wake, there are two bifurcations leading to a time-dependent (periodic) fl
Increasing the Reynolds number, a regular axisymmetry-breaking bifurcation occurs first, giving rise to a wake with
symmetry. Numerical simulation results presented by Thompson, Leweke and Provansal [28] have shown that the am
the azimuthal mode is well described by a Landau model (3) with real coefficientsl (Fig. 7), near the critical Reynolds numb
Re1 = 212. The growth rate has been determined as

σ1
r,sphere= 0.6(Re− Re1)

ν

D2
(10)



M. Provansal et al. / European Journal of Mechanics B/Fluids 23 (2004) 65–80 69

oundary

merical

the
ertical
ationary
r a
andau
here, the

idersa and
[30], as
.

(a) (b)

Fig. 6. (a) End cells and dislocations behind a circular cylinder (from [13]). (b) Simulation of the Ginzburg–Landau model with a b
layer (from [23]).

Fig. 7. Variation of growth rate with amplitude of the first bifurcation mode (break of axisymmetry) in the wake of a sphere (from nu
simulations reported in [28]).

as well as the value and the sign oflr . In experiments, the sphere is rigidly held by a small pipe (Fig. 8), which allows
injection of dye through a small hole. The direction of the pipe, slightly inclined with respect to the flow direction in the v
planex–z, allows the selection of the orientation of the wake. The visualisations shown in Fig. 9 (a) and (b) show the st
wake from two perpendicular view directions. BetweenRe= 270 andRe= 280, the transition to periodic flow appears fo
higher critical Reynolds numberRe2. The periodic shedding of vortex loops has also been modelled by the complex L
equation (3). Fig. 10 shows the experimental variation of the energy of oscillation measured at a given point. For the sp
linear part exists over a much smaller range of Reynolds numbers than in the case of the cylinder,ε = (Re− Re2)/Re2 = 0.05.
The same measurements were made from numerical simulations by Thompson, Leweke and Provansal [28] and Gh
Dušek [29]. A similar plot is obtained when measuring the maximum of fluctuating energy in the streamwise direction
it should be when there exists a global mode [19]. The typical downstream evolution of the energy is plotted in Fig. 11
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]).
Fig. 8. Sketch of the rigidly held sphere and experimental details.

(a)

(b)

Fig. 9. Visualisation of the wake of a sphere atRe= 270: (a) top view, (b) side view in a plane containing the rigid support rod (from [27

Fig. 10. Energy of the periodic streamwise velocity as function of the Reynolds number in the wake of a sphere,D = 1.0 cm (from [27]).
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Fig. 11. Global mode variation downstream of the sphere (data from [30] normalised by the maximum in amplitude as in [10])

Fig. 12. Transient evolution of the amplitude of oscillation in the periodic regime of the sphere wake.

Transient regimes (Fig. 12, and see [27]) have been investigated in order to obtain the temporal growth rate for th
transition:

σ2
r,sphere= 0.6(Re− Recs )

ν

D2
(11)

which, within the measurement accuracy, is identical to the one of the first transition in (10), and the influence of no
terms in amplitude upon the vortex shedding frequency (see Eq. (4)). The value of the critical Reynolds number dedu
experiments isRecs = 283± 6 which is fairly close to the range [270, 280] obtained from various numerical simulations
29,31–33]. In our experiments, a small transverse jet is used to destroy the wake during a short time and to analyse t
of the global mode. The experimental value of the constantc2,s is found to vary from−0.7 to−0.1 when the Reynolds numbe
changes from 290 to 320. From their numerical simulations, Thompson et al. [28] and Ghidersa and Dušek [29] ca
value forc2,s of about−0.5. Therefore, for the sphere the absolute value of the constantc2,s appears to be lower than in th
case of a cylinder. A weak value ofc2,s means that a non-linear van der Pol oscillator might also be used for the wa
the sphere. For a short cylinder within wall-boundaries(L/D = 5), Peschard, Le Gal and Takeda [34] have obtained a v
c2,cyl = −1.0 ± 0.1, for a Reynolds number of the order of 150, which is intermediate between the values of a long c
and of a sphere. Changing the Reynolds number in the range 50 to 300 and varying the shape of the bluff body bot
effect on the value of the non-linear coefficientc2, it is not clear which of these effects is more important.

A major discrepancy appears between the visualisation of streaklines downstream of the sphere and the iso-su
of the vorticity structure deduced from numerical simulations. The location of injection of dye in experiments and the
point of particles in numerical simulations might explain the difference of topology (see, e.g., the discussion about this
Schouveiler et al. [35]). Two sides of a “vortex loop street”, with different signs of vorticity, are visible, which can be mo
again by two coupled oscillators. Thus, the model presented by Villermaux [20] for the cylinder still works in the ca
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Fig. 13.St–Rerelationship deduced from the Villermaux model (dashed line) fora = 2500,b= 1.29, c= 1.33, and experimental measuremen
behind a sphere (symbols).

sphere, with different values of parameters but the same scaling based upon the recirculation length in a large Reynol
range (270–1500, see Fig. 13). We have explored the evolution of the Strouhal number with the Reynolds number, whe
the upstream velocity and the diameter of the sphere in a wind tunnel (Fig. 14). Sakamoto and Haniu [36,37] have rep
existence of two modes, high and low frequencies, for Reynolds number higher than 800. Here, the sphere is held
pipe and we have always observed the low frequency mode. In the laminar regime and the irregular range, the Strouh
increases up to a valueSt= 0.2, which is the same as for the case of the cylinder. For Reynolds number of 3000, ve
signals are quite irregular and there is a large uncertainty in the determination of the frequency and Strouhal number
experiments lead to different results for the same Reynolds number. In the Reynolds number range 3000–6000, the
number decreases sharply then increases slightly from 6000 to 12000. AtRe= 7000, the velocity signals are more regular th
for Re= 3000 and the temporal autocorrelation increases. A similar variation of the Strouhal number and of the irregula
shedding has also been reported by Sakamato and Haniu [36,37].

4.2. Transitions from the sphere to the cylinder configuration

Different paths allow the transit from the characteristic alternating vortex street behind a cylinder to the wake of a
transformation of the geometry of a short cylinder [38], coupling of two or several spheres along the transverse direc
39], variation of the shape of the cylinder (as the sinuous cylinder used by Owen, Szewczyk and Bearman [40]), or c
the aspect ratio of a torus as in the work of Sheard et al. [41].

In a previous study [38], we have investigated the periodic vortex shedding in the wake of circular cylinders w
hemispherical ends (Fig. 15(a)). The two control parameters of this flow are the Reynolds numberRe= UD/ν and the aspec
ratioL/D whereL is the spanwise length. The geometry is varied from the case of the sphere, for whichL/D is equal to 1,
to the configuration of two-dimensional parallel shedding behind a circular cylinder (corresponding toL/D = ∞). First, the
thresholdsRec for the transition to unsteady flow have been determined by extrapolating to zero the linear evolution, witRe, of
the square amplitude of the streamwise velocity fluctuations. As for cylinders confined between two end plates, the st
the wake of free-end cylinders is strongly affected by the variation of the aspect ratio. In fact, the critical Reynolds numRec
increases when the aspect ratio is reduced and this behaviour agrees with the critical length predicted by the Ginzbur
model (Fig. 15(b)). The non-dimensional frequency, Strouhal numberSt= fD/U , is a function of the Reynolds number, a
our measurements reveal a continuity between the cylinders(L/D= 5 to 2) and the case of the sphere(L/D = 1).

The case of uniform flow over a structure with a sinuous spanwise variation (Fig. 16) has been investigated b
Szewczyk and Bearman [40]. Their visualisations indicate that the regular vortex shedding observed behind a uniform
is suppressed: vortex loops similar to the shedding behind a sphere are observed (see Fig. 17). The comparison b
wake of a sphere or a short cylinder(L/D = 2) and the wavy cylinder used by Owen et al. [40] exhibits strong com
features in the shape of vortex loops, as well as in the frequency laws. In recent experiments of our team, the ampl
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Fig. 14. (a) Hot wire measurements ofStvs.Re, made 5 diameters downstream of spheres of different diameters (D = 1.0, 3.9, 6.4 cm), over a
large Reynolds number range. (b) Data from Sakamoto and Haniu [23].

frequencies along the spanwise direction were measured. The amplitude has a nonzero value only in separate cells
vortex shedding is similar to the shedding behind a sphere.

Another possibility is to study the interaction of two spheres along the transverse direction. When the distanceh between
the centres of the spheres is much larger thanD, each sphere acts as an isolated sphere. When the two spheres are in
(h/D = 1), the geometry is very close to the one of a short cylinder of aspect ratioL/D = 2, and the interaction of vortex loop
lead to a pattern similar to the alternating vortex street behind a circular cylinder. A detailed investigation of this tran
reported in this issue by Schouveiler et al. [35].
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Fig. 15. (a) Sketch of a short cylinder with hemispherical ends. (b) Variation of the critical Reynolds number with aspect ratio; das
cylinder between end plates. (c) Strouhal number versus Reynolds number curves for cylinders of different aspect-ratios; dashed lin
shedding behind an infinite cylinder (from [38]).

In special cases, the wake of a single sphere can be quite similar to the two-dimensional wake of a circular cylinde
situation occurs when three-dimensional effects are frozen in the transverse direction as in the case of a sphere imm
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Fig. 16. Geometry of the sinuous cylinder.

Fig. 17. Visualisations from Owen, Szewczyk and Bearman [40] of the wake downstream of a sinuous cylinder.

stratified flow (see Berger and Wille [42]), or of a sphere in a moving soap-film (for instance the experiment similar to th
performed by Gharib and Derango [43] or Couder, Chomaz and Rabaud [44] with a sphere instead of a cylinder).

5. Dynamics of a tethered sphere

5.1. Motivations of the study

The vibration of a tethered sphere in a uniform stream is an example of fluid–structure interaction similar to the vibr
a flexible cylinder. In our case, following the terminology used by the group of Williamson [45,46], the reduced param
this system are the relative density or mass ratio,m∗, which is equal to the ratio of the mass of the sphere to the displaced
mass, and the reduced velocityU∗ =U/fnD, based on the velocityU of the free stream, the diameterD of the sphere, and th
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natural frequency of the systemfn. The natural frequency of the tethered sphere varies with the length of the pendulumL′ and
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phere is
the gravityg as

fn = 1

2π

√
g′
L′ . (12)

Here, the gravityg′ is modified by the influence of buoyancy force and by the change in the inertia due to the added
which is usually equal to 0.5 times the mass of the fluid displaced by the sphere, in such a way that

g′ = m∗ − 1

m∗ + 0.5
g, (13)

whereg is the standard gravitational acceleration. At low reduced velocity (U∗ < 1), the sphere is at rest and, increasing
velocity of the flow, the sphere begins to oscillate above a critical valueU∗

c . The configuration of a thread transverse to
flow has been thoroughly examined by Jauvtis, Govardhan and Williamson [45]. In this case, the gravity induces a p
direction in the transverse plane; therefore the oscillations of the sphere induced by the vortex shedding and the time
lift are mainly in-line along the transverse horizontal direction. Different modes appear when varying the relative dens
and the reduced velocity. We have chosen to examine a case where the thread holding the sphere is initially para
direction of the upstream flow. To our knowledge, there is no result available for this configuration. As the gravity is
with the direction the flow, all the transverse directions are equivalent and different oscillation patterns may occur.

5.2. Results

These experiments have been conducted in a vertical water channel with a circular test section of diameter 8 cm and
100 cm. The current in the channel is created by gravity. The sphere, made of glass of densityρsphere= 2430 kg/m3 and of
diameterD = 16.6 mm, is attached with glue to a thread supported by a small horizontal metal pipe (see Fig. 18). The
of the flow is deduced from flow-rate measurement, after corrections taking into account the development of bounda
along the wall of the channel and the blockage effect due to the sphere. The lengthL′ of the thread has been varied from 15
35 cm. A mirror has been positioned behind the channel with an angle of 45◦ to the front direction in order to two perpendicul
views get on the same image. Details of the experimental set-up and of the image processing method are describe
The reduced velocity is limited to a narrow range from 0 to 5 with this channel and this sphere. The diameter of the s

Fig. 18. Sketch of the experimental set-up for the study of flow around a tethered sphere.
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the largest possible without boundary or wall effects on the movement of the sphere. The Reynolds number was in the range

tly

duced
m
(planar)
ntually to
f similar
d model of
, of linear
600–800 for this series of measurements.
Oscillations occur when the reduced velocity is greater than a critical valueUc. The period of oscillation has been direc

measured and also deduced from video recordings and image processing. In our measurements, the frequencyf of oscillation
is always locked to the natural frequencyfn of the suspended sphere, given by relation (12), and Fig. 19(a) shows a re
frequencyf ∗ = f/fn fairly close to 1. The trajectories of the sphere, in the horizontal planex–y, have been deduced fro
the sequence of two perpendicular views. Depending on initial conditions, elliptic, quasi-circular, or even straight
oscillations may occur. The planar oscillations are unstable; they were observed in transient regimes, leading eve
circular or elliptic trajectories. In the context of two-phase flows, different authors [48,49] have reported observations o
oscillations of bubbles in a plane or along helical paths. The present case of a tethered sphere represents a simplifie
such flows with fewer degrees of freedom. Moreover, it appears that the amplitude, or peak-to-peak displacements

(a) (b)

Fig. 19. (a) Reduced frequency as function of the reduced velocity for a tethered sphere near the threshold.L′/D = 9. (b) Trajectory of the
sphere in a plane transverse to the flow forL′/D = 9 andU∗ ≈ 4.

Fig. 20. Hysteresis of the threshold when varying reduced velocity. Tether length:L′/D = 9.
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Fig. 21. Critical reduced velocities defining the hysteresis, as function of (a) the tether length, and (b) the non-dimensional natural fr

oscillations are greater than their values for elliptic or circular modes. A typical elliptic record is shown on Fig. 19(
orientation of the major and minor axes of the ellipse is unknown before a given experiment and is not necessarily
with the front and perpendicular views determined by the location of the mirror. The amplitude of oscillation defi
(A2

1 +A2
2)

1/2, whereA1 andA2 are the peak-to-peak values of movement along the major and minor axes, has been m
as function of the reduced velocity. When decreasing the velocity of the flow, the phenomenon of oscillation disapp
value of the reduced velocity which is lower than the one where it appears when increasingU∗ (Fig. 20). This hysteresis in
the onset of oscillations is found for a whole range of tether lengths. Fig. 21 shows, how the two critical reduced v
vary with the tether length or, alternatively, with the natural frequency. This phenomenon appears also in the case of t
induced vibrations of a cylinder. It has furnished a criterion to Facchinetti, de Langre and Biolley [50] for the selecti
phenomenological model and the definition of the coupling between the near wake and the solid structure of the bluff-

6. Conclusion and perspectives

Among bluff bodies wakes, the configurations of the circular cylinder and the sphere present different kinds of sy
Their applications concern various domains such as flow rate measurements, heat transfer behind a row of circular
in heat exchangers, two-phase flows, and the dynamics of drops and bubbles. The experimental features of the fir
the transition to turbulence have been described and clarified through the comparison to phenomenological models
and complex Landau models allow a description of the steady non symmetric amplitude of the sphere wake, as well
periodic regimes of both the sphere and cylinder. The non-linear behaviour of amplitude and frequency has also been
from streamwise velocity fluctuations measurements. Three-dimensional effects of real wakes behind low-aspect ratio
are also well described by the diffusive coupling of oscillators along the span, as in the Ginzburg–Landau model or for
van der Pol oscillators.

The development of various three-dimensional numerical simulations is now a powerful tool to investigate the tr
from the sphere to the circular cylinder wake. In this paper, we have mainly paid attention to the circular cylinder. Howe
believe that the model is still working for any shape such as square, rectangular or triangular cross section, and even t
a flat rectangular plate perpendicular to the flow. It would be worthwhile to investigate how the characteristic paramet
as the growth rate, the critical Reynolds number, and the Landau constant, vary as function of these different geometr

Besides the case of a sphere held by a small pipe, the oscillations of a tethered sphere have been investigated. P
results have been obtained for the case of a tether parallel to the flow. The oscillations of the sphere are always loc
natural frequency of the system. It would be useful to work on a larger reduced velocity range. The hysteresis observ
transition might be described by some theoretical modelling of the fluid structure coupling through the position and the
or the acceleration of the end of the tether. The neutrally buoyant sphere is a specific case in which the natural frequ
to zero. It will be useful to link the drag and lift coefficients of the wakes to the oscillations of the sphere and to de
the values of the main parameters where different behaviours can exist. An experimental study of this problem is
underway.
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