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ABSTRACT
This paper presents further experimental investigations on
vortex-induced vibrations (VIV) of cantilevered flexible
cylinders with orthotropic bending stiffness. Four cantilevered
flexible cylinders with distinct orthotropic bending ratios were
built, by molding thin aluminum stiffeners, of rectangular cross
section, inside the cylinders made of a flexible resin. The natural
frequency ratio corresponding to in-line and crosswise vibration
modes, 𝑓 ∗ = 𝑓1𝑥 ⁄𝑓1𝑦 , was set to 4, 3, 2 and 1. A series of
experimental runs was carried out, under ascending and
descending flow speeds. The existence of a stable ‘high speed
branch response’ in the cross wise direction, firstly revealed in
2001 by Fujarra et al [1] has been confirmed. This paper aims at
presenting some results and discussing the effect of the bending
stiffness ratio on this peculiar vibration response branch and how
it regulates dual resonance regimes.
INTRODUCTION
Two degrees of freedom VIV (2DoF VIV) of rigid cylinders
mounted on linear elastic supports have been focus of analysis
for decades; [2] - [4] . The effect of in-line oscillation on crosswise vibrations has been vastly studied for low mass-damping
cylinders; see, e.g., [5] . Motivated by ocean engineering
problems regarding cables and risers, even low aspect ratio or
yawed cylinders have attracted attention; [6] [7] . Moreover, VIV
of flexible cylinders have also been the subject of many recent
investigations; see, [8] - [10] . Particularly, experiments on
cantilevered flexible cylinders have been studied for more than
two decades; [3] A pioneer experimental work with a
cantilevered flexible cylinder, [11] , showed the existence of a
short and high-amplitude response branch in the first crosswise
mode, extending in the range 8.3 < 𝑈 ∗ = 𝑈⁄𝑓1𝑦 𝐷 < 10, just to the

right of a branch that was later identified as a super-upper
response branch, [12] , within a comparison with experiments by
Jauvtis and Williamson, [5] , with 2DoF rigid cylinders. Such a
short and high-amplitude response branch was visually observed
as triggered by structural perturbation, characterizing for a strong
coupling between in-line and cross-wise vibrating modes. At that
time, just cross wise vibrations were accessed through straingage measurements and mode decomposition techniques. A few
years later the pioneer finding [11] , the same kind of ‘high speed
mode branch’ in cantilevered flexible cylinders subjected to VIV
was revealed by Fujarra et al. [1] . That work studied a flexible
cylinder with orthotropic bending stiffness in a recirculating
water channel, by setting the ratio between the first natural
frequencies, in the in-line and cross-wise directions to the flow,
𝑓 ∗ = 𝑓1𝑥 ⁄𝑓1𝑦 , very close to four (4.08). Such a stable response
branch, triggered by either, structural or upstream hydrodynamic
perturbations, was characterized by cross-wise amplitudes of
order of one diameter coupled to relatively large in-line
vibrations and by high frequencies components in the energy
spectrum, so that it might be also called a “high energy response
branch”. In that experiment, the ‘high speed mode branch’
extended in the reduced velocity interval 12 < 𝑈∗ = 𝑈⁄𝑓1𝑦 𝐷 <
20, appearing to be extinguished by the onset of the second
transverse vibration mode lock-in. Meanwhile, the VIV
scientific community, driven by the same ocean engineering
motivations, restarted to investigate the effect of the natural
frequency ratio in rigid cylinders responses that had been
pioneered by Sarpkaya, [13] , in 1995. In fact, a thorough
investigation on such effects have been carried out by several
research groups, from 2006 on, particularly concerned on dual
resonance regimes; see, e.g., [14] [19] . Cross-wise amplitude
responses at higher reduced velocities have been observed,
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coupled to in-line vibrations, for frequency ratios varying
between 1 and 2; however not up to 3 or 4. In the context of
flexible cylinders, aiming at investigating further the intriguing
experimental finding described in [1] , a new experimental
campaign has then been planned and performed. Four
cantilevered flexible cylinders with distinct orthotropic bending
ratios were built with natural frequencies ratio, 𝑓 ∗ , set to 4, 3, 2
and 1. A series of experimental runs was carried out, under
ascending and descending flow speeds. ‘High speed mode
response branches’ showed up again. This paper aims at
presenting some selected results and discussing the effect of the
natural frequency ratio on this peculiar vibration response.

Cartesian coordinates of nine reflective strips placed along the
span. Measurement accuracy is better than 0.05mm; [21] . For
each cylinder, three runs were done in both ascending and
descending speeds. As already mentioned, reduced velocities
ranged from 1 to 22, except in the 1:1 case (𝑓 ∗ = 1). In this case,
the reduced maximum velocity was 15, due to the structural
limit. Reynolds number varied from 140 to: 3150 (𝑓 ∗ = 1); 1814
(2); 2243 (3); 2572 (4). The flow speed was varied within a time
scale of order 103 larger than the largest typical oscillation
periods, such that the reduced velocity resulted in a continuous
and slowly linear function of time. Vibration responses can then
be considered quasi-steady.

EXPERIMENTAL SETUP. ANALYSIS METHODOLOGY
A detailed account on experimental methodology may be found
in [20] . The orthotropic flexible cylinders were manufactured by
molding a polymeric resin on thin aluminum stiffeners, of
rectangular cross section, of four distinct aspect ratios; Figure 1.
Analytical methods and FEA were employed in their design such
that the desired natural frequency ratios, 𝑓 ∗ , set to 4, 3, 2 and 1,
could be achieved within a certain degree of accuracy. The added
mass coefficient in the first bending mode was taken as C1a=1.17;
[11] [20] . Dimensions were specified according to the water
channel facility characteristics, aiming at achieving high reduced
velocities, 𝑈∗ = 𝑈⁄𝑓1𝑦 𝐷, up to 22, with no structural yielding.
The only exception was the case 𝑓 ∗ = 1, for which the maximum
allowed reduced velocity was 15. The diameter of all four
cantilevered flexible cylinders is 10mm and the free span is
400mm, implying a slenderness parameter L/D=40.

Figure 1. Designed orthotropic flexible cylinders: 𝑓 ∗ = 1; 2; 3; 4.

Table 1. Cantilevered orthotropic flexible cylinders characteristics – asbuilt. D=10mm; L=400mm; stiffeners: 5052 H34 aluminum alloy; resin:
PlatSil Gel-00. Natural frequencies and damping ratios from decaying
tests in still water.
1:1
2:1
3:1
4:1
Nominal 𝑓 ∗
b (mm)
2.0
2.0
3.0
4.0
t (mm)
2.0
1.0
1.0
1.0
b/t
1.0
2.0
3.0
4.0
2.08
1.56
2.73
4.27
𝑓1𝑥 (Hz)
2.03
0.84
1.01
1.17
𝑓1𝑦 (Hz)
𝑓1∗
1.02
1.86
2.71
3.64
12.52
8.49
17.74
𝑓2𝑥 (Hz)
12.94
5.46
6.65
7.69
𝑓2𝑦 (Hz)
0.97
1.56
2.67
𝑓2∗
m*
1.182
1.141
1.161
1.182
7.3
6.0
5.2
3.7
x (%)
7.2
8.7
7.4
5.5
y (%)
2.1
1.2
0.7
x (%)
1.2
1.3
1.0
2.3
y (%)

In air, all damping coefficients for all cylinders are smaller than:
0.7% (0.5%) in the first in-line (cross-wise) modes and 0.15%
(0.08%) in the second. The NDF water channel is a low
turbulence facility, whose test section is 7.5m long, 0.7m wide
and up to 0.9m deep; [22] . Clearance of the cylinder to the
bottom was set to 300mm. Flow speed is controlled by a
LabVIEW® platform, to a maximum value of 0.5m/s. The
flexible cylinder vibration was captured trough an underwater
optical system (Qualisys®), placed downstream, by tracking 3D

Figure 2. Flexible cylinders with orthotropic stiffness. Molding and
experimental mounting. Optical tracking system installed downstream.

Modal decomposition in time domain, [10] , the Hilbert-Huang
Transform (HHT), [23] [24] , and a sliding-windowing FFT
technique have been used to determine significant modal
amplitudes and the corresponding dominant response
frequencies. For the modal decomposition in the time domain,
mode shapes of an Euler-Bernoulli cantilevered beam were used
as Galerkin’s projection functions. Modal amplitudes were then
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subjected to the Empirical Mode Decomposition (EMD)
algorithm, which is part of the HHT methodology. The
corresponding ‘intrinsic mode functions’ (IMFs), which are
embedded in the time modal amplitude signals, were then
analyzed in two distinct ways: with the Hilbert Transform and
with a sliding-window FFT procedure. The first technique gives
the amplitude envelope and the instant frequency as function of
time. The second procedure gives amplitude spectra, from which
modal vibration amplitudes and dominant frequencies are then
assessed.
EXPERIMENTAL RESULTS
Only a few illustrative results are given in the present paper.
Figure 3 shows a set of modal amplitude responses and dominant
frequencies as function of reduced velocity for the natural
frequencies ratio cases 𝑓 ∗ = 4 and 3. The left column shows the
IMF amplitudes and a significant - actually the sum - a upper
bound combination, of the three most energetic ones, vibrating
in both, in-line (1st mode only) and cross-wise (1st and 2nd modes)
directions to the flow. In fact, the second in-line vibration mode
was not excited, as expected. Modal amplitudes, 𝐴̂∗𝑥1 = 𝐴̂𝑥1 ⁄𝐷
and 𝐴̂∗𝑦𝑛 = 𝐴̂𝑦𝑛 ⁄𝐷 , 𝑛 = 1,2, are normalized by the cylinder
diameter D. The right column shows the dominant frequencies
which are embedded in each IMF, normalized by the
corresponding natural frequency measured in still water; namely,
∗
∗ = 𝑓̂ ⁄𝑓̂ , 𝑛 = 1,2.
𝐹̂𝑥1
= 𝑓̂𝑥1 ⁄𝑓̂1𝑥 and 𝐹̂𝑦𝑛
The oscillation
𝑦𝑛 1𝑦
̂
̂
frequency ratio, 𝑓𝑥1 ⁄𝑓𝑦1 , between the in-line and the cross wise
dominant frequencies, is also shown. The reduced velocity, 𝑈 ∗ =
𝑈⁄𝑓1𝑦 𝐷, is always defined with respect to the natural frequency
corresponding to the first bending mode in the cross-wise
direction, measured in still water. Figure 4 shows the same kind
of results for the other two nominal natural frequency ratio cases,
𝑓 ∗ = 2 and 1. Notice that in the 𝑓 ∗ = 1 case the second in-line
vibration mode showed up, at 𝑈∗ ~10. The influence of this
vibration mode on the overall response is left to further analysis.
Figure 5 illustrates 3D trajectories of the nine reflective targets
placed along the flexible cylinder for distinct reduced velocities.
Only the case 𝑓 ∗ = 4 is exemplified. The red dots give the
average position of each target, for the selected visualization
time window. Dominance of the first mode in the cross-wise
direction is easily detectable, up to 𝑈∗ ~9. This reduced velocity
value marks the onset of the lock-in of the first in-line vibration
mode, in the case 𝑓 ∗ = 4, as can be seen in the first graph of
Figure 3. In fact, the first in-line mode lock-in peaks at 𝑈∗ ~12,
extending to higher speeds. On the other hand, the first crosswise mode lock-in starts at 𝑈 ∗ ~2.5, peaks at 𝑈∗ ~5.5 and would
end at 𝑈 ∗ ~10. However, the onset of the in-line lock-in
reenergizes the first cross-wise vibration mode at the end of its
lower response branch, amplifying its amplitude within a wider
range of reduced velocities, 9 < 𝑈∗ < 15. Notice that the second
cross-wise mode lock-in starts at 𝑈 ∗ ~15, feeding more energy to
the first mode, up to higher reduced speeds. Such an elongated
response branch may be recognized as the ‘high speed mode
branch’, firstly detected by Fujarra et al in 2001; [1] . This overall
picture can be clearer appreciated from the modal phase planes
traced in Figure 6. The amplitudes of the two first vibration

modes, in the cross-wise and the in-line directions, are plotted
for the same reduced velocities chosen in Figure 5. The dual
resonance phenomenon between the first vibrating modes, in the
in-line and cross-wise directions, is clearly visible in the interval
9 < 𝑈 ∗ < 15, analogously to what had been observed before, in
the case of rigid cylinders mounted on orthotropic elastic bases,
[14] [16] [18] . Indeed, hardening the in-line stiffness brings the
in-line lock-in to higher reduced velocities, giving rise to a
coupled nonlinear dual resonance with the first vibration mode
in the cross-wise direction. The dual resonance loses strength
with the onset of the second cross-wise vibration mode lock-in.
Going back to Figure 3, the dual resonance at 𝑓 ∗ = 4 is
highlighted in the graph, at the second line of the right column,
where the oscillation frequency ratio, 𝑓̂𝑥1 ⁄𝑓̂𝑦1 , equals two almost
exactly. Dual resonance is also observed for the frequency-ratio
cases 𝑓 ∗ = 3 and 2, as can be seen in Figure 7 and Figure 8, and
even for 𝑓 ∗ = 1; Figure 9. In the 3:1 case, the lock-in of the first
in-line mode extends in the interval 6 < 𝑈∗ < 11, enlarging the
range of the first cross-wise mode resonance substantially, as
seen in Figure 3. The onset of the second cross-wise mode lockin also plays its role, extending even more the first mode
response branch. The dual resonance starts at 𝑈∗ ~7 , is neatly
clear in the interval 9 < 𝑈∗ < 12, shadowing from this range on
and dying out progressively, as the reduced velocity increases.
The first modes dual resonance can be also verified by observing
the corresponding oscillation frequency ratio, 𝑓̂𝑥1 ⁄𝑓̂𝑦1 , in Figure
3. For its turn, in the 2:1 case, Figure 8, the dual resonance starts
earlier, at 𝑈∗ ~4, blurring from 𝑈 ∗ ~11 on. This is confirmed by
the oscillation frequency ratio, 𝑓̂𝑥1 ⁄𝑓̂𝑦1 , seen in Figure 4. Such a
coupled resonance is expected as the reduced velocity ranges of
both lock-ins, in the in-line and in the cross-wise first modes, are
almost coincident. At last, in the 𝑓 ∗ = 1 case, dual resonance may
be observed in Figure 9 close to the cross-wise lock-in peak. The
weaker IMFs do present double frequencies on a larger reduced
velocity range, though, as reveals the 𝑓̂𝑥1 ⁄𝑓̂𝑦1 graph in Figure 4.
CONCLUSIONS
Motivated by understanding earlier findings, regarding the
existence of a stable ‘high speed mode branch’ in VIV of
cantilevered flexible cylinders with orthotropic bending
stiffness, by Fujarra et al [1] , a new experimental investigation
was carried out in a recirculating water channel facility. Very low
mass ratio cylinders were built by molding thin aluminum
rectangular strips inside a polymeric resin. Four distinct
frequency ratios, between the natural frequencies corresponding
to the first in-line and cross-wise modes, were chosen: 4:1, 3:1,
2:1 and 1:1. An optical tracking system, placed downstream, was
used to assess the cartesian coordinates of reflective targets
placed along the cylinder. Modal decomposition techniques,
standard spectral analysis and the Empirical Mode
Decomposition algorithm, used in the Hilbert-Huang Transform
method, were put together to construct an innovative recursive
methodology of experimental analysis. Not only the ‘high speed
mode branch’ in the first cross-wise vibration mode was
identified. Its cause could be related to the dislocation of the
lock-in of the first in-line vibration mode to higher reduced
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velocities, giving rise to dual resonance regimes, analogous to
those observed in VIV experiments with rigid cylinders mounted
in orthotropic linear elastic supports. The existence of such an
extended vibration mode response up to high reduced velocities,
with a rich frequency content, may be thought of as a explorable
mean for improving energy harvesting from VIV, particularly
devoted to feed remote sensors. Further research work is
intended in that direction.
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Figure 3. Cantilevered flexible cylinder at nominal natural frequency ratio: 𝑓 ∗ = 4 (1st to 4th lines) and 𝑓 ∗ = 3 (5th to 8th lines): modal responses as
function of reduced velocities, 𝑈 ∗ = 𝑈⁄𝑓1𝑦 𝐷. Left: Modal amplitudes - in-line (1st mode only) and cross-wise (1st and 2nd modes) and respective IMFs.
Right: Dominant frequencies ratios.
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Figure 4. Cantilevered flexible cylinder at nominal natural frequency ratio: 𝑓 ∗ = 2 (1st to 4th lines) and 𝑓 ∗ = 1 (5th to 8th lines): modal responses as
function of reduced velocities, 𝑈 ∗ = 𝑈⁄𝑓1𝑦 𝐷. Left: Modal amplitudes - in-line (1st mode only) and cross-wise (1st and 2nd modes) and respective IMFs.
Right: Dominant frequencies ratios.
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Figure 5. 3D trajectories taken along a cantilevered flexible cylinder for distinct reduced velocities, 𝑈 ∗ = 𝑈⁄𝑓1𝑦 𝐷 ; frequency ratio 𝑓 ∗ = 𝑓1𝑥 ⁄𝑓1𝑦 =4.

Figure 6: Modal amplitudes phase trajectories for distinct reduced velocities, 𝑈 ∗ = 𝑈⁄𝑓1𝑦 𝐷. Cantilevered flexible cylinder; frequency ratio
𝑓 ∗ = 𝑓𝑥1 ⁄𝑓𝑦1 =4. 𝐴∗𝑥1 first in-line mode amplitude; 𝐴∗𝑦1 first cross-wise mode amplitude. Current from left to right.
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Figure 7: Modal amplitudes phase trajectories for distinct reduced velocities, 𝑈 ∗ = 𝑈⁄𝑓1𝑦 𝐷. Cantilevered flexible cylinder; frequency ratio
𝑓 ∗ = 𝑓𝑥1 ⁄𝑓𝑦1 =3. 𝐴∗𝑥1 first in-line mode amplitude; 𝐴∗𝑦1 first cross-wise mode amplitude. Current from left to right.

Figure 8: Modal amplitudes phase trajectories for distinct reduced velocities, 𝑈 ∗ = 𝑈⁄𝑓1𝑦 𝐷. Cantilevered flexible cylinder; frequency ratio
𝑓 ∗ = 𝑓𝑥1 ⁄𝑓𝑦1 =2. 𝐴∗𝑥1 first in-line mode amplitude; 𝐴∗𝑦1 first cross-wise mode amplitude. Current from left to right.
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Figure 9: Modal amplitudes phase trajectories for distinct reduced velocities, 𝑈 ∗ = 𝑈⁄𝑓1𝑦 𝐷. Cantilevered flexible cylinder; frequency ratio
𝑓 ∗ = 𝑓𝑥1 ⁄𝑓𝑦1 =1. 𝐴∗𝑥1 first in-line mode amplitude; 𝐴∗𝑦1 first cross-wise mode amplitude. Current from left to right.
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