EXPERIMENTAL INVESTIGATIONS ON VORTEX-INDUCED VIBRATIONS WITH A
LONG FLEXIBLE CYLINDER. PART I: MODAL-AMPLITUDE ANALYSIS WITH A
VERTICAL CONFIGURATION

Guilherme R. Franzini*

Celso P. Pesce

Rodolfo T. Gongalves

Offshore Mechanics Laboratory (LMO), Escola Politécnica (EPUSP), University of Sao Paulo, Brazil.

André L. C. Fujarra’

Department of Mobility Engineering
Federal University of Santa Catarina, Brazil.

ABSTRACT

An experimental investigation of Vortex-Induced Vi-
bration (VIV) on a long and vertical flexible cylinder is
presented and some results are analyzed. Optical instru-
mentation allows to directly measure the cartesian coor-
dinates of 43 targets placed along the model. At each in-
stant, modal decomposition based on Galerkin’s scheme
is applied and, then, modal-amplitude time-histories are
obtained. The modal-amplitude time-histories are ana-
lyzed, allowing to identify similarities in the modal re-
sponse at the first and the second natural modes lock-
in. Jumps and phase-shifts transitions are also obtained
from the analysis of the modal-amplitude time-histories.
Finally, it is also found that modal response amplitudes,
plotted as functions of the corresponding, reasonable col-
lapses onto the same curve, providing an experimental ev-
idence that the modal response are the same for different
excited modes.

Keywords:Vortex-Induced Vibrations, flexible cylin-
der, experiments, modal analysis.

INTRODUCTION

Vortex-Induced Vibrations (VIV) is a non-linear, self-
excited and self-limited fluid-structure interaction phe-
nomenon which may be of crucial importance in struc-
tural integrity studies of risers and other slender structures
commonly found in the offshore engineering scenario.

A great deal of investigations have been carried out
in the last five decades, mostly dedicated to fundamental
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aspects of VIV of elastically supported rigid cylinders, as
thoroughly described in earlier reviews such as, for ex-
ample, references [[1]], [2] and [3]. Flexible cylinders are,
however, a much closer representation of risers dynamics.
In this context, some aspects such as presence of travel-
ling waves, modal jumps, multimodal excitations, are in-
trinsic to the dynamics of long flexible cylinders; see, for
instance, [4], [S[I, [6], [7] and [8]]. Reference [9]] presents
a review of flexible cylinders VIV.

Recently, a comprehensive research project on non-
linear dynamics of risers was conducted at Escola
Politécnica of University of Sdo Paulo. Three groups of
experiments with a long and immersed flexible cylinder
were carried out for two arrangements - vertical and cate-
nary configurations; namely, (i) pure top-motion (see [[10]
for results concerning the vertical configuration), (ii) pure
VIV, (iii) concomitant VIV and top-motion; details may
be found in [11]]. Part of the results from the second group
of experiments with the vertical configuration are herein
presented. Results from the same group, but for a cate-
nary configuration are presented in Part III, [12f], of this
series of papers, while Part II (see [13]]) focuses on results
of group (iii) for the vertical configuration.

Instead of a standard VIV analysis (i.e., statistical
and spectral analyses for each measurement point along
the model), this paper focuses on analyzing the modal-
amplitude time-histories obtained after the application
of a Galerkin’s projection scheme. The objective is to
present some aspects enlightened by the modal-amplitude
time-histories and examples of analysis that can be car-
ried out with them. It is also discussed on the paper the
complimentary character of the modal analysis with re-



spect to the standard analysis.

The paper is structured as follows: The next Section
presents details regarding the experimental arrangement
and the analysis methodology. In the following Section
, some results are presented and discussed. Finally, final
remarks and perspectives of further works are presented.

EXPERIMENTAL ARRANGEMENT AND ANALYSIS
METHODOLOGY

The experiments were carried out at IPT (Institute for
Technological Research of the State of Sdo Paulo) towing
tank facility. Reynolds number ranged from 700 to 6100.
The cylinder diameter is D = 22.2mm with unstretched
length Ly = 2552mm. The mass ratio parameter, the im-
mersed to total length and the immersed length to diam-
eter ratios were, respectively, 3.48, 80% and 100. Fig.
[T] presents a schematic representation of the experimental
arrangement. Main propertiesE] of the flexible cylinder are
presented in Tab.
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FIGURE 1: Schematic representations of the experimen-
tal arrangement. Carriage speed is from left to right.

Displacements of 43 points along the model were
measured by an underwater optical tracking system and

'Damping ratios refer to experiments carried out in air, with the
same corresponding modal stiffness (regulated by tension) as in water
[14].

TABLE 1: Flexible cylinder properties and characteristics
of the vertical configuration.

Cylinder properties
External diameter D 22.2 mm
Axial stiffness EA 1.2kN
Bending stiffness E1 0.056 Nm?
Linear mass m; 1.19 kg/m
Immersed weight y 7.88 N/m

Characteristics of the vertical configuration

Unstretched length L, 2552 mm
Stretched length L 2602 mm
Immersed length L; 2257 mm
Mass ratio parameter m* 3.48
Aspect ratio L;/D 102
L/D 117
Static tension at the top 7; 40 N

Natural frequencies and modal damping ratios

mode n If’,’; G I
1 1.00 Hz 0.42% 0.84 Hz
2 2.05 Hz 0.63% 1.68 Hz
3 3.10 Hz 0.89% 2.52Hz

the vertical component of the force at the top was mea-
sured by a load cell. Data were sampled at f;, = 60Hz
along 300s of steady-state regime. The flexible cylinder
was tensioned by applying a static axial force at the top of
40N. Free-decaying tests carried out with the immersed
model at rest indicated that the natural frequency of the
n-mode is given by fy , = n0.84Hz at null towing speed
conditions. As presented in [|14]], the natural frequencies
in air roughly follows the relatio fﬁ’,’; = nl1Hz and the
modal ’structural damping’ ratio (w.r.t. the critical value)
is lower than 1% for the first three natural modes.

In experimental investigations of flexible cylinders
VIV, it is very common the use of strain-gages ( [4],
[6,(17] or accelerometers ( [18]). These experimental

2Actually, eigen modes are Bessel-like functions [|15], [16]], mak-
ing the natural frequency ratio deviate from a natural number se-
quence. This effect is a little more pronounced in air than in water.
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FIGURE 2: Example of reconstruction of measured data
at a particular instant.

approaches are indirect ways to measure displacements,
since they depend either on assumptions regarding the
structural modeling or on double integration with respect
to time. The large number of points and the direct mea-
surement method allow a richer analysis of the flexible
cylinder VIV dynamics.

In fact, from the directly measured displacements, the
analysis methodology consists in applying the Galerkin’s
scheme, i.e., to project the deformed configuration of the
flexible cylinder, at an arbitrary instant 7;, onto the space
composed by modal functions y(z). Being X*(z,7;) and
Y*(z,t;) the in-line and cross-wise dlsplacementﬁ with
respect to the towing direction measured at the point of
spanwise coordinate z at 7;, the respective modal ampli-
tudes corresponding to a given n— mode may be written,
respectively:
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Fig. [2| presents an example of reconstruction of the
measured cross-wise displacement at a certain instant ¢;.
As expected, the increase of the number of modes, N,
used in the reconstruction leads to a a better representa-
tion of the measured data.

Similarly to [6], [17] and [19], the mode func-
tions considered herein are sinusoidal ones (z) =
sin(nmwz/Ly). Evidently, much more representative mode
functions could be used, as the classic Bessel’s, which
neglect bending and axial stiffness effects (see, e.g.,

3 All displacement amplitudes are normalized by the diameter D.

[15]]), or Bessel-like ones, which incorporate both effects
through an ingenious integral averaging procedure; see
[16]. Nonetheless, sinusoidal functions, besides simpler,
are here considered as sufficient to exemplify the analysis
methodology. Consistently, the modal reduced velocity
can be defined by normalizing the free-stream velocity
U.. by the product between the diameter and the n— nat-
ural frequency fy . Hence:

UOQ
VR n

= 3
' fN,nD ( )

Another aspect of potential interest in the study of
the flexible cylinder VIV is the synchronization between
in-line and cross-wise oscillation. The modal amplitude
time-histories allow not only the study of synchronization
between natural modes in orthogonal directions but also
natural modes in the same direction, such as, for example,
synchronization between the first and second modes in the
cross-wise direction.

In this paper, synchronization is investigated by con-
sidering the time-history of phase-shift between two
modal amplitude time-histories. Following the defini-
tion presented in [20], synchronization is characterized
by a time-invariant phase-shift between two signals. In
the VIV context, synchronization analysis was carried
out by [[19] in for flexible cylinder VIV (not considering
modal-amplitude time-histories) and by [21]] addressing
of phase-shift between force and displacement in 2-dof
VIV.

Let w(z) be a signal and H(w) its Hilbert Transform.
The Hilbert Transform allows representing the instanta-
neous phase (¢,,(¢)) and amplitude a,,(7) of w(t), in the
form:

H(w) = a,,(1)e® (4)

The phase-shift between two signals is then given by

mo4(t) = —Bop (1) + 04(0) 5)
where n and m refer to the mode number, p and ¢ indi-
cate the direction (in-line or cross-wise) and f3 is the ratio
between the dominant frequency of the two signals. Al-
though Eqn. [5] can be used both for modes in orthogonal
directions as well as in the same direction, synchroniza-
tion analyses between modes in the same direction is not
herein carried out for the sake of conciseness of this pa-
per. This is left for a further work.



RESULTS AND DISCUSSIONS

Firstly, it will be discussed how the modal analysis
proposed in the previous section may help as a compli-
mentary tool for the standard analysis. Fig. [3| shows a
standard analysis of the cross-wise displacements mea-
sured at z/Lyp = 0.22. Fig. presents the char-
acteristic oscillation amplitude (obtained by averageing
the 10% of the highest peaks). For reduced velocities
Vr1 = U/ fn1D < 8, there is a qualitative agreement
with the results obtained with a rigid cylinder elastically
supported. However, due to the onset of the second nat-
ural mode lock-in, a classical lower branch for Vg1 > 8
is not observed. The non-dimensional amplitude spec-
tra presented in [3(b)[ reveals the presence of lock-in with
distinct natural modes depending on the value of Vg ;. Al-
though interesting, both graphics are not sufficient to dis-
cuss the contribution of the distinct natural modes in the
flexible cylinder VIV. The modal decomposition appears
as a useful scheme for the mentioned analysis and exam-
ples of use will be addressed below.

The first example of use of the modal analysis tech-
nique refers to the case in which the lock-in is observed
in the first natural mode; in the present experiments at
Vr1 = Us/fn1D = 5.63. Fig. presents the modal
amplitude time-history corresponding to the first vibra-
tion mode, i.e., n = 1 in Eqns. [[]and 2]

As expected the modal-amplitude time-history @ ()
is practically monochromatic at the first natural fre-
quency. It is well known from the literature address-
ing rigid cylinders mounted on two degrees-of-freedom
elastic supports (see, for example, [22]]) that the in-line
vibration takes place at twice the cross-wise vibration
frequency. Hence, it seems natural that, for the first
mode lock-in, the second natural mode might be excited
in the in-line direction. This fact is confirmed in Fig.
M (b)| showing a well defined “eight-shaped” figure in the
@, (1) x @(t) modal amplitude plane; a neat experimental
example of dual resonance (see [23]).

Still considering the first-mode lock-in, it is inter-
esting to investigate the synchronization between & (t*)
and @ (t*). Fig. [5|presents the temporal evolution of the
phase-shift %d);‘ and the corresponding histogram normal-
ized by the total number of occurrences. Notice that %gb;‘
is practically time-invariant and close to 50°. Hence, the
first mode lock-in is accompanied by a very well-defined
synchronization between first natural mode oscillations in
the cross-wise direction and second natural mode oscilla-
tions in the in-line direction.

Consider now the second mode lock-in and, for this,
a test condition in which the modal reduced velocity cor-
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FIGURE 3: Results for cross-wise displacements at

z/Ly=0.22

responding to the second natural mode is Vg, = 5.7éﬂ
Fig. [6|presents both the cross-wise modal amplitude time-
history and the projection in the plane & x &, .

Fig. clearly reveals two regimes. In the first
one (t* =tfy1 < 15), the characteristic amplitude is sim-
ilar to that observed in &) (¢) when Vg | = 5.68 (see Fig.
M(@)), i.e., at practically the same modal reduced veloc-
ity. The second regime is characterized by an increase
in the characteristic amplitude. The trajectories in the
ay(t) x @(r) plane, presented in Fig. reveal that the
increase of amplitude in &@,(¢) is accompanied by a de-
crease in @ (¢). In the first regime, a classic eight-shaped
trajectory in the @ (r) X @} (r) is also shown in red, similar
to what appeared in the first mode lock-in. Nonetheless,
such regime quickly jumps to another one, where relative
phases change and a C-shaped trajectory prevails. This

4Notice that the value of this modal reduced velocity is very similar
to that previously investigate.



is for sure an interesting phenomenon, possibly revealing
the co-existence of two dynamic atractors.

Vi1 = Usx/frn1D =5.63
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FIGURE 4: Modal-amplitude time-histories. Vg 1 = 5.63.

It remains of interest the discussion regarding the
synchronization between modal amplitude time-histories
in cross-wise and in-line directions. For this, consider
Fig. |7l In this plot, it is clearly noticeable a sudden phase
jump from ‘2‘¢y ~ 230° to §¢y ~ 45° at t* ~ 15. Further-
more, considering t* > 15, the phase-shift time-history is
much more oscillatory, compared to the case correspond-
ing to Vg1 = 5.63, presented in Fig. Hence, despite
the first and second natural modes lock-in indicate similar
qualitative behavior of the phase-shifts, the phase modu-
lation is more pronounced on the latter case, indicating a
less defined synchronization.

The last result herein presented consists in plotting
the characteristic values, Aﬁ and A),, as functions of the
modal reduced velocity Vg , = U/ fiv »D. The character-
istic values were computed by averaging the 10% of the

Vr1 = Usx/fn1D =5.63
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FIGURE 6: Modal-amplitude time-histories. Vg = 5.78.

highest modal-amplitude time-histories peaks. As can be
seen in Fig. (8 the values of amplitude Aly follow the same
trend for the first four natural modes. Furthermore, the re-
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sponse is remarkably similar to those usually encountered
for elastically supported rigid cylinders.
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FIGURE 8: Characteristic values of modal-amplitudes as
a function of modal reduced velocity.

FINAL REMARKS

The present paper presented experimental results of
a long, vertical and flexible cylinder subjected to Vortex-
Induced Vibrations (VIV). The cartesian coordinates of
43 reflexive targets placed along the model were directly
measured by an optical tracking system. Such optical
measuring technique, along with a Galerkin’s decompo-
sition scheme, formed an innovative experimental anal-
ysis procedure, leading to a direct evaluation of modal-
amplitude time-histories in both, in-line and cross-wise
directions.

Some interesting aspects were enlightened through
the analysis of the modal-amplitude time-histories. The
first-mode lock-in is characterized by a steady-state re-
sponse with a remarkable synchronization between the
modal-amplitude time-histories associated to the first
mode in cross-wise direction and the second mode in in-
line direction. On the other hand, considering the second-
mode lock-in, two regimes in the response were clearly
identified. The first regime has a remarkable similarity
with the one observed for the first-mode lock-in. The
second one is characterized by an increase in the cross-
wise oscillations and a decrease in the in-line amplitudes.
These two distinct regime also present slightly different
spectral distributions.

The characteristic values of the modal-amplitude
time-histories were also evaluated. Plotting these results
as functions of the modal reduced velocity (i.e, the re-
duced velocity considering the natural frequency of each
mode), the same trend for all the modes was obtained.

Ongoing researches include a deeper analysis of the
modal-amplitude time-histories, such as the use of time-
frequency domain signal analysis techniques in order to
better identify mode transitions and jumps in the re-
sponse. Further analysis of synchronization between
modes in orthogonal directions and synchronization be-
tween modes in the same direction are being carried out.

Part I took care of the vertical configuration subjected
to pure VIV, pertaining to experimental group (ii). In this
same conference, Part II, addresses experimental group
(iii), studying the effect of axial motion excitation in the
VIV of the same vertical configuration; whereas Part 111
takes care of pure VIV in a catenary configuration, per-
taining to group (ii).
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