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Abstract

This paper addresses the interaction of a slender structure and a sheared incident cross-flow. The oscillating wake of the
structure is modeled using a distribution of van der Pol oscillators. Elementary configurations are first considered to assess
the basic phenomena and structure dynamics allowing to reliably investigate more complex and realistic cases. The scope of
the study thus ranges from a forced oscillating cylinder to a tensioned cable. This last configuration is found to experience
wave-packets of vortex-induced motion due to a series of local lock-ins. A theoretical analysis is carried-out to predict the
wave-packets amplitude and distribution. It is shown to be in reasonable agreement with the results of numerical simulations.
This indicates that the system behavior can be described in terms lottiénteractions between the wake and the structure
only.
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1. Background

The vibrations induced by vortex (VIV) shedding from a slender mechanical structure have been studied for decades. This
very common phenomenon, encountered in chimneys, offshore structures, towed marine devices, or buildings to cite just a
few, can have powerful effects and lead to a significant weakening of the structure strength in a short period of time. In an
engineering design process, it is thus essential to account for those effects. The reader may refer to the comprehensive reviev
on the VIVs provided in [1].

In particular, experiments have provided significant insights, e.g. see [2-5] among many other. Besides the experimental
approach, one of the first attempt to model the interaction between a structure and the flow considered the effect of the near
wake through its phenomenological part [6,7]. The structure, described using classical cable or beam equations, was loaded
by the wake reduced to its time-varying lift contribution. The true dynamics of the fluid part of the system was thus not
resolved. This approach was proved successful in describing many experimentally observed behaviors. More recently, thanks
to the steadily increasing computer power and the improvement of the numerical schemes, it has become possible to simulate

* Corresponding author. Tel.: +33 1 69 85 81 31; fax: +33 1 69 85 80 88.
E-mail addresseanathelin@limsi.fr (L. Mathelin), delangre@ladhyx.polytechnique.fr (E. de Langre).

0997-7546/$ — see front mattér 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.euromechflu.2004.12.005



L. Mathelin, E. de Langre / European Journal of Mechanics B/Fluids 24 (2005) 478-490 479

P

L I~
})4 —/
(@ ® (©

Fig. 1. Cable under shear flow. (a) forced rigid cable; (b) supported rigid cable; (c) tensioned cable.

realistic 2- or 3-D flows around various types of bodies. The entire fluid—structure system could then be accurately described
and resolved with a minimum number of assumptions on the physics. The structure equations remained mainly the same while
the fluid part was described in terms of Navier—Stokes equations using a LES model or even DNS [8-12]. A third, intermediate,
approach consists in describing the wake using simple dynamical systems [13-18]. The main advantages are that such a simple
system is easier to understand and requires much less computer power to run. This is the approach retained in the present wor
following [19] and using van der Pol oscillators.

The aim of the present work is to analyze VIV configurations where several length scales interact, in particular when the
incident flow profile is sheared, yielding a gradient length scale. Therefore the coupled dynamics between the wake and the
structure should be considered in a global approach as opposed to a purely local approach which only depends on the local
values of the variables.

The pulsation selection process proposed in [20] for a local interaction assumes a lock-in at the maximum oscillation ampli-
tude for both the structure and the fluid. The current study should thus shed some light on how the system behaves for a global,
and not only local, interaction. Does the selection mechanism proposed above hold true for the global system? How does a
cable respond to a steeply-varying incident flow velocity?

In Section 2, the basic ingredients of the model are recalled. Cases of growing complexity are then considered through
numerical simulations of the coupled wake and structure equations. The forced rigid cylinder under shear flow is first analyzed
in Section 3. Then the cylinder is mounted on an elastic support to add a discrete degree of freedom, Section 4. Finally, a
tensioned cable, Section 5, allows to address the case of a continuous structure where vortex-induced waves (VIW) are expected
as evidenced in [20].

2. Model description
2.1. Structure model

The model is here limited to cross-flow vibrations. The structure is assumed to be a tensioned cable of dlaameter
lengthspanL; submitted to an incident cross-flow of velocity(Z), Fig. 1. The displacement(Z, T) of the cable is thus
subjected to

md2 ;Y + RITY —Kd5,Y = 1)

whereK is the tension$ the forcing term due to the effects of the fluid onto the structlir¢he time andZ the spanwise
coordinate. The mass per unit lengthis here the structural masss enhanced with the effect of the fluid added mass

b4
m=m5+mf=mS+CM,0DZZ 2)
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with p the fluid density and’;, the added mass coefficient. For a circular cylin€gy is taken equal to.D [2]. The parameter
R accounts for the damping due to the structural viscous dissipatigrand the added damping from the fluily,

1
R=RS+Rf=RS+§pDUCD (©)]

with Cp = 2.0 [2], the drag coefficient for a circular cylinder in transverse motion. Hereafter we shall consjder0 and
Rg=0.

2.2. Wake model

Following [19], the wake of the flow past the structure is modeled using a distribution of non-linear van der Pol oscillators
interacting in diffusion
92,.q+ 2 (g% — Darq + 22 —vq93,,4 =F, (4)
7749 4 T4 54 dor 7749 d

wheree = 0.3 (see [19]) v, is a diffusion parametel; is the forcing term due to the action of the structure onto the fluid and
2 is the incident flow pulsation depending on the local fluid velocity through the Strouhal law

U
¢ =27St—. 5
=278ty 5)
The dimensionless variabdg Z, T) may be associated with the transverse velocity of a representative near wake fluid mass [22].

2.3. Coupling between fluid and structure

In the model above, the fluid and the structure interact through the forcing terms. The effect of the wake oscillation, referred
to using the variablg, is assumed to be proportional to its amplitude. The forcing teisthus written as, [19],

1

Cr
S=-pU2D—=0 6
2 2 1 (6)

whereC/ , is the lift coefficient when no vibrations occur, usually takerCag = 0.3 [2].
Similarly, the structure acts onto the fluid. In [19], it is shown that the best qualitative and quantitative agreement with
experimental data is achieved when an inertial forcing term is considered, namely
A2
F;=—05.Y 7
d D TT ( )

with A = 12 as proposed after fitting with the data on the influence of the structure oscillation amplitude on the lock-in range
in terms of pulsation.

For the sake of clarity, dimensionless variables are used hereafter. The cable dianetsumed to be constant along the
whole cylinder span, provides a spatial length scale leading to

X Y V4
b 'TDo =D ®

Unless specified the origin of the coordinates is set at the middle of the cable considered in the numerical domain. The time
T is reduced considering a reference pulsafizygs taken as the shedding pulsation at the middle of the numerical domain

Qref = ant% ©9)

see Fig. 1. This leads to

Finally, Egs. (1) and (4) are now expressed in dimensionless form as

8t2,y+r8ty —czazzzy =Mw§-q, (12)
02q + swf(qz —Dg + wfcq —v33.q = Adyy (12)

where
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and the forcing terms now read
S=Ma)§cq, F=A8t2ty. (14)

This model allows to reproduce many phenomena observed in experiments or high-accuracy numerical simulations: in
addition to the lock-in extent, it was also proved successful to reproduce behaviors such as the hysteresis around lock-in, Griffin
plots, dislocation cells in the wake, oblique vortex shedding, etc. See [19-21] for further details.

The system of Egs. (11) and (12) is now solved numerically in space and time. The numerical method remains the same as
in [20] where a centered finite differences scheme was applied both in time and space. In all cases considered in this paper, the
regularity conditions on the wake varialjere set at the boundaries:

Bzzzq =0. (15)

3. Forced rigid cylinder
3.1. Lock-in cells
In this configuration, the cylinder is considered to move as a rigid body in a translation mode solely. The forcing of the fluid

onto the structure is thus taken into account through its integral contribution along the whole lengthspan. The incident flow is
steady in time and linearly sheared, Fig. 1(a), so that

VA
U(Z)ZUref<1+ﬂE> (16)
or in dimensionless pulsation form
wr(z) =1+ pz. 17)

The incident flow shear parameter considered in this sectign=9.027 [21] while the mass ratig is set equal to 0.79.
The cylinder is forced at a unit dimensionless pulsatig; = 1 chosen in order to match the shedding frequency at the center
of the domain. The dimensionless structure amplitugles varied from 0 to 0.1. One therefore has

y() = yo SiN(wextt)- (18)

The dimensionless lengthspan of the cylinder is here takdn-a$0 so that the dimensionless flow velocity varies from
0.325Ugf t0 1.675U ¢f from bottom to top.

When no fluid diffusion is considered,= 0, the wake experiences a lock-in region of sizearound the unit pulsation
region, Fig. 2. This appears on the contour levels of the power spectral density (PSD) field of the wake variable. Those contours
are sharp as the PSD field is plotted with a logarithmic scale showing how peaked the wake response is in terms of frequency.
Outside this lock-in region, the wake frequency is not locked and behaves as if the structure was essentially motionless. Its
pulsation thus linearly varies with Lock-in is here defined by the condition that the dominant frequency in the wake PSD
field is that of the forcing motionyeyt = 1. The size of the lock-in regiok;, shown in Fig. 2, is plotted in Fig. 3 as a function
of the forcing amplitudeyg. This sizex; regularly increases with the forcing amplitugig as the range of lock-in along the
z-axis may be associated to a range of flow velocity. This range of flow velocity can further be expressed in terms of reduced
velocity U, = o ¢ /(Stwgxy) and the range of lock-in in terms 6f. may therefore be plotted in terms of the forcing amplitude,
yo, Fig. 4. This is found to be consistent with the range of the lock-in of a 1-degree of freedom model estimated in [19] using
a different criterion based on the lift enhancement. Actually, as no fluid diffusion is considered here, at each levebafghe
the wake oscillator behaves as a forced oscillai@y. Therefore the results of this case of forced motion, Figs. 2 and 3, may
be entirely interpreted by varying, asz is varied.

3.2. Diffusion cells

When a wake diffusiom is considered, equation (12), the wake still experiences a lock-in region but the unlocked regions
now exhibit dislocation cells, Fig. 5. Their size is constant qvand consistent with the theoretical result from [21], Fig. 6(a):

Ac = h\ﬁ (19)
&
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Fig. 2. Wake power spectral density field figy = 0.03. Logarithmic scale on the contour levelsggf The lowest contour level is chosen so as
to enhance the lock-in pattern.
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Fig. 3. Evolution of the lock-in region sizg; with the forced Fig. 4. Solid line, limits of the range of lift enhancement range

amplitude. extent (adapted from [19] on a 1-degree of freedom model); cir-
cles, boundaries of the lock-in range for the forced rigid cylinder,
in terms of local reduced velocity.

From Fig. 6(a), this is seen to remain true for a viscosity value spanning from 0 to more than 0.1. For a higher viscosity, the
size of the diffusion cells becomes of the order of the numerical domain. The agreement between the numerical results and the
theoretical value of Eq. (19) shows that those cells are induced by diffusion and are thus not related to lock-in.

Fig. 6(b) presents the evolution of the lock-in region size when the diffusion parameter is varied. It is seen that the lock-in
region grows approximately twice as fast as the size of the dislocation cells. At the edges between the lock-in and the unlocked
regions, the nearest dislocation cell tends to merge with the lock-in region of lepgtirence extending the size of the latter by
almosti . Occurring at the two edges, this phenomenon leads to an increageoffabout 2.~ so that we may approximate
AL by

A=Ay +2hc. (20)

As diffusion and lock-in effects are found not to interact strongly here, all diffusive effects will be disregarded in the
following sections of the paper.
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Fig. 5. Local wake power spectral density fieJd.= 0.03, v = 0.05.
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Fig. 6. Effect of wake diffusion. (a) Theoretical (dashed line) and numerical (dots) dislocation cells length with varying diffusion parame-
terv. (b) Lock-in region size\; evolution with the dislocation cells size- when diffusion is variedyg = 0.03. The dashed line shows the
approximate value given by Eq. (20).

4. Elastically supported rigid cylinder

The rigid cylinder is now elastically supported, Fig. 1(b), and coupled to the wake. Its dimensionless frequency appears as a
new time scale in the dynamics. The structure dynamics is defined by

8t2,y+r8;y+w§y=s. (22)

Again, the shear parameter is varied to study the effect of the shear incident flow onto the global system dynamics. The
structure dynamics is set so as to have a unit cylinder pulsatios 1 and thus a resonance with the incident flow shedding
frequency at the middle of the domain. The amplitude of the resulting motion of the cylinges plotted in Fig. 7 as a
function of the shear parametgr For low shear values, the amplitude tends to the theoretical maximum amplitude at lock-in
given by [19], namely

CL0/2 A CLO/4
=0 142 200 22
™ 472512y & 4r2Sey (22)

leading toy,; >~ 0.218. As the shear parameter increases, the amplitude progressively decreases and eventually vanishes beyonc
B ~0.013 as shown in Fig. 8. This evolution may be interpreted by considering the size of the lock-inxggibefined from
the PSD of the wake variable as in the preceding section, in the following way:
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Fig. 7. Structure displacement amplitude evolution with the shear Fig. 8. Lock-in region extension evolution with the shear parameter.
parameter. The dashed line indicates the theoretical value of
yym = 0.218.

(a) belowpg = 0.012 the whole wake is locked on the cylinder frequencyisg.L = 1. The amplitude slowly decreases with
shear as the local difference between the cylinder frequency and that given by the Strouhal law increases. This is equivalent
to the behavior of a 1-degree of freedom model as stated in [19],

(b) betweend =0.012 and 0014 only a part of the wake is locked, ik /L < 1, Fig. 8. The contribution of the unlocked
regions to the cylinder motion are negligible. Therefore, the amplitude steeply decays ag does

(c) atg =0.014 lock-in disappears and the cylinder motion sets at a very small amplitude. This critical value of the shear
parameter can be approximated by considering that, as shown in Fig. 4, a given level of cylinder amplitude can be associated
with a given range of reduced velocity. This range covers all the cylinder length if the shear parameter is small enough.
Considering a level ofg = 0.1, which is half the maximum value as a rough indicator of the limit of the lock-in regime,
the corresponding extent of reduced velocity is about [1.8; 7.0]. Lock-in will be lost at the upper part of the cylinder first
whenUM&*=7.0. AsU,(L/2) = Un(1+ BL/2) = UM it leads to

14+ B(L/2) = UM Stwg (23)

yielding 8 = 0.016. This is in reasonable agreement with the v@#lue0.014 estimated from Fig. 7, further indicating that
the core mechanism of lock-in is well illustrated by Fig. 4.

5. Tensioned cable

5.1. Wave-packets

In this last, most general, case, a semi-infinite domain is considered. The cylinder is assumed to be a tensioned cable,

Fig. 1(c)
8t2,y+r8,y—c2822zy=s. (24)

The cable wave velocity is set to be constant all over the spanlength. The spanwise numerical extent of the simulated
system is set sufficiently large to contain several wavenumbers, if any, indirection along the structure axis. The shear
parameter is chosen ghs= 0.045 in order to have a near vanishing velocity at the bottom of;thgis. HereL = 40 and
the z-axis is set at the bottom of the numerical domain. The fluid conditions remain the same as above while for the cable an
absorbent boundary condition is setat 0

oy —cd;y=0 (25)

and a clamped condition at the top= 0 forz = L.

It is seen in Fig. 9(a) that the wake exhibits several cells of constant pulsation and various extent most apparent in a PSD
field form as shown in Fig. 10(a). Besides those cells, there exists an unlocked region where the fluid behaves as if the cylinder
was motionless. It can also be seen from Figs. 9(b) and 10(b) that the structure exhibits the same patterns with several regions of
precisely set discrete frequencies. The fluid and structure frequencies match each other indicating a local lock-in which occurs at
the local fluid pulsation as deduced from Figs. 10(a) where the incident flow pulsation is plotted for comparison. Wave-packets
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Fig. 10. Power spectral density field. The incident flow pulsation profile is plotted for comparison (solid line). (a) Wake; (b) structure.

cells are clearly centered around the local incident fluid pulsation and the system exhibits a discrete behavior with wave-packets
occurring within each cell.

This behavior is confirmed by the evolution of the amplitude of the structure plotted in Fig. 11(a). The amplitude is defined
here as the peak to peak value. It exhibits a bumpy profile, each bump corresponding to a cell location, confirming their local

lock-in character. A typical instantaneous displacement is plotted in Fig. 11(b) showing the wave-packet pattern of the structure
motion.

5.2. Local lock-in model

A theoretical analysis similar to [23] is now proposed to further shed some light on this particular behavior and to understand
the main features and underlying mechanisms of the lock-in of the tensioned cable. Following [20], the coupled system is first
considered

8t2,y +rory — czazzzy = qufc,
2 ) 2_1 2 2 26
319 +ewrdiq(q )+ g = Adjy. (26)

The following derivation is parallel to that of [19], except that is here dependent anand can not be set to 1 arbitrarily.
The solutions are searched for in a traveling waves fortn; 1) = yo €@ —*2) andq(z, 1) = go €@ %2+ with ¢ the phase
lag between the structure and the wake movement. Substituting those waves forms in system (26) leads to

[DS(“’”‘) ~Ma e ](m)—o (27)
w’Ae™® Dp(w,kop) \90)
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Fig. 11. Structure motion. (a) Structure oscillation amplitude evolution in space; (b) typical structure displacement snapshot.

whereDg(w, k) and D g (w, k; w ¢) are the structure and fluid dispersion relations respectively expressed as, using a first order
approximation in pulsation,

Dg(w, k) = (c?k® — %) + iro =0, (28)

2
) _ 2 2. 90 _
DF(a),k,a)f)_a)f—a) —stf(z—l)_o. (29)

To avoid trivial and physically meaningless solutions, the determinant of the matrix must be zero in Eq. (27) leading to
DS(a),k)DF(w,k;a)f)—i—Aszwfc =0. (30)

The real part of this equation leads to the value of the wake amplitude

2.2 _ 2y 2 2
AMw; (ke — o) (0% — o)
pra 4[1 kit Y t } 31)
ye YEWfw
Substitutinggg in Eq. (30) gives the structure displacement amplitude
M2
¥ =q? ! (32)

(CZkZ _ w2)2 + y2w2//L2 .
The local maximum amplitude along the cable can be estimated by considering a resonance condition. This is done

by simultaneously enforcing a vanishing real part for the structure and the wake dispersion r@&afigfiw, k)] = 0 and
RIDF(w, k; wy)] =0, leading to

2 2

w?=c%? and o?= W (33)
respectively. Substituting in Egs. (31) and (32) yields
HAMw

‘Ir%ax=4<1+ 7f)’ (34)

ve

4u® M2 AM

f A wy
= 1 .

Ymax )/2 ( + ve ) (35)

These amplitudes are dependent@sw ¢ varies along the-axis. The evolutions afmaxandymaxare plotted in Figs. 12(a)
and 12(b). The amplitudes af and y at the center of the wave-packet in the numerical simulations, are also plotted for
comparison showing good agreement. This demonstrates that the selection mechanism proposed inja8@pfariacident
flow still holds true for a shear flow: (a) as the structure dispersion relation does not impose any pattickjaset, the
wake selects its local oscillating frequency through the Strouhal law; (b) due to lock-in the structure then oscillates at the same
frequency and selects the wavenumber according to its own dispersion relation; (c) the wavenumber is then imposed to the
wake; (d) their respective amplitudes are derived from the dynamical equilibrium as a balance between forcing and damping
terms. It is striking that here a model basedaral properties solely is able to predict the whole amplitude distribution of both
the wake and the structure variables.
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Fig. 12. Oscillations envelop evolution along the cable. Comparison between the numerical simulation (open circles) and the theoretical model
prediction (solid line), Egs. (34) and (35). (a) Wake; (b) structure.

Several other features of the evolution of the wake and structure amplitude may also be understood using the local analysis.
Considering the imaginary part of the dispersion relation (30) yields the relationship between the pulstte®wavenumber
k and the incident pulsation ;:

2 2 2
)/_2 + AMw?] + w? [c4k4 + 2a)§f62k2 — 4 az)f — AMw?czkz} — c4k4a)§ =0. (36)
w w

Together with Egs. (31) and (32), it allows to describeghend y distribution in the general case where Eq. (33) does not
necessarily hold. The corresponding theoretical prediction of the wake and structure motion is plotted in Fig. 13 in comparison
with the result from the numerical simulations already seen in Fig. 11(a). The wave-packets, or bursts, are clearly reproduced
and exhibit very similar features with those from the simulation.

The location of bursts is set by the boundary conditions. On the upper, clamped, boundary condition, a lock-in cell sets-in
with an extent determined by the mechanisms described above. Once the amplitude in the first cell decays, a second, contiguous
cell can take place and so on up to the location where the incident flow pulsation and the cylinder motion amplitude are not high
enough for a wave-packet cell to exist. Close to the upper boundary condition, the system is expected to exhibit a highly non-
linear behavior and the theoretical model assumption most likely does not hold. A different approach was chosen to compare the
simulated bursts with the theoretically predicted ones. The cells frequencies are first determined from the numerical simulations
and then taken as the lock-in frequencies of the wave-packets. The bursts envelops are then predicted based on each lock-i
frequency. The upper burst was not modeled.

Some insights on the bumpy character of the wake and cylinder motion distribution can further be proposed. Besides the
maximum amplitude of the lock-in cell, the local fluid pulsation is slightly different from the lock-in pulsation and additional
terms are to be accounted for, see Egs. (31) and (32). The local contribution to the lock-in decreases as the local natural
conditions do not match exactly the lock-in values. This is very similar to what was seen in Section 4 where the wake was less
and less contributing to the lock-in as the shear parameter was increased. The resulting lock-in cell thus exhibits a bumpy profile
centered around the lock-in condition, the width of which being set by the local frequency. The lock-in occurs within a fixed
range of reduced velocity/, € [UM"; UM]. This range, expressed in terms of pulsation, varies with the lock-in frequency as

w8+ w4[—262k2 — w;- +

a)f = Ur Sta)|ock_in. (37)

The extent of the lock-in burst on theaxis therefore increases withgck-in @and hence withy. This appears in Fig. 13 as
wider and wider bursts from bottom to top.

5.3. Effect of damping
An alternative, potentially more realistic, pulsation-dependent expression for the fluid-added damping is now considered
rp=-—. (38)
Using Egs. (34) and (35) but now with=w sy /11 instead ofy /. still allows to predict the wake and structure amplitude,

Fig. 14. The structure and wake global behavior remains similar, exhibiting wave-packets of well defined constant frequency.
The main difference with Fig. 13 comes from the fact that the fluid-induced damping now depends on the local pusation
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Fig. 13. Oscillation amplitude distribution in terms of incident pulsation. Numerical simulation (thin line)sarmder theoretical prediction
(thick line). (a) Wake; (b) structure.
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Fig. 14. Oscillation amplitude distribution. Numerical simulation (thin line) asrdatder theoretical prediction (thick line). (a) Wake; (b) struc-
ture.

and is thus stronger in high frequency regions. It actually balances the increase of the forcing term from the fluid onto the
structure which also increases with the local pulsation. This balance leads to an equilibrium where the wave-packet amplitude
remains constant along

5.4. Effect of the flow profile

In this last section, a more realistic configuration is considered involving a slender flexible structure submitted to a steady
spatially-varying incident shear flow. It is a coarse model of the external load encountered in facilities such as offshore ris-
ers or chimneys where a boundary layer is present and a velocity profile develops up to a free-stream valle;,) kere
Uso(1 — e~ 3%/L+0.09) with U, the free-stream velocity chosen suchugs | = 2.5. The retained flow profile exhibits an
exponential shape with a pulsation close to zero at the origin set at its bottom. The system is governed by Eqgs. (26) and the
fluid-added damping is that of Eq. (38).

As for preceding cases, the system is found to exhibit wave-packets patterns at precisely set frequencies along its lengthspan
Fig. 15. The wave-packets cells are distributed following the incident flow pulsation which is also plotted for comparison. As
previously observed, the pulsation width of the cells decreases as the resonating pulsation increases, indicating that the above
proposed mechanisms hold true for more general configurations.

Fig. 16 shows the amplitude of the wake and structure oscillation envelop. The theoretical prediction, though slightly shifted
in frequency, is seen to remain reliable and to provide reasonable estimation of the structure amplitude, both qualitatively and
quantitatively. Besides the wave-packets patterns, overshoots may be observed at the edges of both the structure and wak
cells. They are also clearly noticeable when an instantaneous structure displacement snapshot is considered as in Fig. 17. Thi
phenomenon certainly deserves further specific investigation.
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Fig. 15. Power spectral density field. Boundary layer profile case. The incident flow pulsation profile is plotted for comparison (solid line).
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Fig. 16. Oscillation amplitude distribution. Numerical simulation (thin line) asxdatder theoretical prediction (thick line). (a) Wake; (b) struc-
ture.
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6. Conclusions

A detailed investigation of elementary configurations of shear flow on a slender structure was carried-out. In the presence
of wake diffusion, the dislocation cells were seen to enlarge the size of the lock-in region by merging onto its two ends. The
extent of the lock-in region was also shown to be strongly related to the structure amplitudeja-the relationship plotted
in Fig. 4. To a given structure amplitude corresponds a range of reduced velocity within which a local lock-in occurs.

In the most general case, a tensioned cable was studied and its response under incident shear flow was found to exhibit
wave-packets distributed along its span. Those wave-packets were shown to result from a local lock-in. A local lock-in criterion,
identical to that used in [19] for coupled oscillators, was shown to give a good prediction of the wake and structure amplitude
along the cable. The role of the fluid damping term was demonstrated to essentially affect the envelop amplitude of the structure
and wake motion without changing the global behavior of the system. In a more realistic case with a spatially-varying incident
flow velocity, similar wave-packets patterns occurred and could also be interpreted using the same local lock-in approach.
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