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Abstract An experimental investigation of the vortex-

induced vibration phenomenon on a long semi-immersed

flexible cylinder in constant current profile were carried out

at a recirculating water channel facility. The experiments

are part of a comprehensive research project which aims a

better understanding of non-linear riser dynamics. Vertical

and prescribed monochromatic harmonic motions were

imposed to the top with amplitude At=L � 1 % causing

eigenfrequencies modulations. The mass ratio parameter is

m� � 10, and the ratio between the total length L and the

immersed length Lim is L=Lim � 3:5. The Reynolds

number Re range lies within the interval 103\Re\104.

Three values of motion frequency ft were imposed, being

them ft : fN;1 ¼1:3, 1:2 and 1:1 where fN;1 is the first ei-

genfrequency. The application of both the Fourier Trans-

form and the Hilbert–Huang Transform allowed identifying

subharmonic components and also frequency modulation

aspects in the data.

Keywords Vortex-induced vibrations � Flexible

cylinder � Stiffness modulation and Hilbert–Huang

transform.

1 Introduction

In the marine riser scenario, the structural dynamics is

ruled by a complex combination of both linear and non-

linear phenomena. A particular non-linear phenomenon of

interest in the subject is the vortex-induced vibration

(VIV).

VIV is one of the most studied fluid–structure

interaction phenomenon and occurs if the frequency of

vortex shedding f s (proportional to the free-stream

velocity U1 and the structural diameter D) is close to

one of the eigenfrequencies of the structure. The

reviews by [2, 10, 20, 25] are surveys on the VIV

theme.

As a non-linear resonant phenomenon, the VIV time

scales are compared to those of the eigenperiods of the

structure. There are also other characteristic time scales as

those typical of offshore riser scenarios, excited by first-

and second-order motions of the floating units. In a vertical

riser arrangement, as an example, platform heave motions

may cause tension oscillation at the top of the line,

changing the geometric stiffness and modulating eigen-

frequencies and, consequently, modulating VIV, see, e.g.,

[16, 21, 24].
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In this context, a comprehensive research project was

carried out aiming at studying non-linear riser dynamics.

One of the activities comprised fundamental experimental

investigations of a long vertical and flexible cylinder sub-

jected to tension modulated VIV phenomenon in constant

current profile.

In a first round of experiments, in a recirculating water

channel facility, the long cylinder was tested semi-

immersed. In a second round of experiments, in a towing

tank, the same long model was tested fully immersed. Those

other experiments will be addressed in further works.

Experimental results with long and flexible cylinders

subjected to VIV without top motion are presented in the

papers by [3, 4] and by [14, 15]. In Huera-Huarte’s work,

as in the present paper, only the lower part of the model is

immersed in water. On the other hand, Chaplin’s experi-

ments employed a vacuum chamber so that the lower part

of the model is immersed in a constant current. This avoids

discontinuities on tension and on hydrodynamics coeffi-

cients along the cylinder span.

Experimental investigations regarding the effects of the

stiffness modulation on the VIV phenomenon are, how-

ever, rarer. The papers by [5, 6] studied an analogous

modulated VIV phenomenon. In that case, a rigid cylinder

was fixed to a controlled leaf spring in which the elastic

stiffness may be modulated. The authors pointed out that

the rate of frequency modulation affects the oscillation

amplitude plot.

Due to the non-linear and non-stationary character of the

VIV, standard signal analysis techniques based on Fourier

Transform may not be sufficient to deal with the richness of

aspects observed in the experiments. In this scenario, the

Hilbert–Huang Transform (HHT) technique, introduced by

[13], appears as a useful method to take into account

amplitude and frequency modulations and multimodal

behavior embedded in the signals.

The HHT has been employed on VIV investigations

concerning a rigid cylinder assembled to elastic supports,

cantilevered cylinders and elastically mounted flexible

cylinder, as can be found in a series of papers recently

published (see [5–8, 11, 17]).

The focus of the present paper is to carry out an analysis of

such non-linear and frequency modulated phenomenon using

both the Fourier-based method (power spectrum density—

PSD) and the time–frequency domain, Hilbert–Huang

Transform, showing how this latter technique can offer a

complementary understanding of the experimental results.

2 Experimental arrangement and analysis methodology

Experiments were carried out at the recirculating water

channel facility at the Fluids and Dynamics Research

Group (NDF) at Escola Politécnica. The recirculating water

channel test section has dimensions 700� 700�
7; 500 mm and can operate at low level of turbulence

(�2 %) in free-stream velocities up to U1 ¼ 0:4 m/s. A

more detailed discussion regarding this facility can be

found in [1].

The flexible cylinder is Lt � 2500 mm long, has diam-

eter of D ¼ 22:2 mm and immersed length L � 720 mm.

The Reynolds number Re ¼ U1D=m (m is the kinematic

viscosity of the fluid) ranges in the interval 103\Re\104.

The tested model is made of a flexible silicon tube com-

pletely filled with stainless steel microspheres, leading to a

mass ratio parameter1 m� ¼ ms=md � 10. Free-oscillation

tests in still water allowed identifying the structural damp-

ing ratio corresponding to the first eigenmode as

f1
s � 1 % (see Fig. 1). The eigenfrequencies followed a linear

relationship with the mode, i.e, fN;i ¼ ifN;1; i ¼ 2; 3; 4. See

[21] for detailed discussions on this subject. The small-scale

model was designed aiming at reaching a certain degree of

possible dynamic similarity with a full-scale riser; see [19].

In fact, top motion, caused by the floating unity in full scale,

induces adopting Froude’s number identity as a primary

scaling law. Accordingly, added mass coefficients and

weight similarities take care of natural period similarity.

Moreover, structural parameters, as bending and axial stiff-

ness, were preserved in small scale. A discussion on

Reynolds number and Keulegan–Carpenter number can be

also found in [19]. The same model was also tested fully

immersed in a towing tank facility. This latter set of exper-

iments will be explored in future works.

In typical offshore scenarios, the Reynolds number and

mass ratio parameter orders are 105 and 10 , respectively.

Notice that the full-scale Reynolds numbers are much

larger than those in the investigation herein described. This

aspect is in fact a limitation of the laboratory experiments.

The importance of Re effects on VIV has been focus of

many investigations on the theme (see [12] and [18]).

On the other hand, m� is one order above the charac-

teristic value for offshore applications (typically m� � 2Þ.
As mentioned, the model is precisely the same one

employed in fully immersed experiments. In that case, m�

is close to typical values found in the offshore engineering.

Further investigations will include the comparison between

these two cases, discussing the effects of m� and the dis-

continuities in the hydrodynamic damping and added mass

observed in the semi-immersed one.

Monochromatic vertical motion was imposed to the

upper extremity of the flexible cylinder at distinct fre-

quencies ft using a specific and in-house built servomotor

device. A major experimental issue is to measure the

1 Ratio between the structural oscillating mass and the mass of fluid

displaced by the body.
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elastica as a function of time. For this, cartesian coordi-

nates of 43 reflexive targets placed along the model were

acquired through an optical tracking system. A load cell

measured the tension at the top. Figure 2 presents both the

sketch and a picture of the experimental setup.

Four cameras acquired the data from the non-immersed

targets, while two submerged cameras acquired the signals

from the immersed ones. The submerged cameras were

installed more than 1 m downstream the flexible cylinder

aiming at avoiding interference effects. The calibration

procedure consisted in acquiring the random motion of a

calibration frame composed by two reflexive targets. The

uncertainty of the measurement is typically 0:1 mm. The

time series obtained from the submerged and aerial cam-

eras were synchronized and referred to the same axes, as

defined in Fig. 2a.

Each run lasted 180 s. The setup time for a new sta-

tionary current regime was taken as 120 s. All the signals

were acquired with sample frequency f sp ¼ 50 Hz. For

each target, the oscillation amplitude was evaluated taking

the averaged value of the 10 % of the larger peaks, simi-

larly to what was carried out in [9].

Regarding the spectral analysis methodology, two

different approaches are employed. The first one con-

sists in making use of the usual Fourier Transform to

obtain the PSD. The whole PSD analysis was carried out

cutting off the DC component. The second approach is

based on the use of the Hilbert–Huang Transform. For

both approaches, the frequency is normalized by the first

eigenfrequency of the installed flexible cylinder

fN;1 � 1 Hz.

3 Experimental results and discussion

The cartesian coordinates (normalized by the diameter D)

in the in-line, transversal and axial directions (x�ðtÞ, y�ðtÞ
and z�ðtÞ, respectively) will be analyzed, just focusing the

target numbered 13. This point is not a node for either the

first or the second eigenmodes. The vertical position (at

rest) of this target is close to 45 mm (2 diameters) above

the air–water interface. This paper will focus only on the

analysis of two reduced velocities VR;1 ¼ U1=fN;1D ¼
4:99 and VR;1 ¼ 10:34. These correspond to the VIV

amplitude peaks related to the first and second

eigenfrequencies.

This section is divided into three subsections. In the first

one, the oscillation amplitude, A�y , is plotted as function of

the spanwise position for the mentioned reduced velocities.

This result is a straightforward way for numerical experi-

mental comparisons.

Fig. 1 Free-oscillation tests result in still water

(a) (b)

Fig. 2 Experimental setup.

Note the reflexive markers

along the cylinder. Free-stream

velocity is in i direction
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The next two subsections focus on the comparison

between Fourier and Hilbert–Huang Spectra computed

from y�ðtÞ for the considered target.

3.1 Oscillation amplitude

Figure 3 presents the oscillation amplitude in transverse

direction A�y as function of the spanwise position z� for the

VR;1 ¼ 4:99 case. As expected from analogy with the case

in which a rigid cylinder is mounted on elastic support, the

lock-in occurs in the first eigenmode. Notice that the pre-

sence of prescribed top motion increases the maximum

oscillation amplitude from 0:7 diameters (only current,

‘‘no-top motion’’ case) to a value slightly larger than 1

diameter, as in the case ft : fN;1 ¼ 1 : 1.

The same plot for VR;1 ¼ 10:4 indicates interesting

results. At this reduced velocity, lock-in with the second

eigenmode is expected, fact confirmed in the ‘‘no-top

motion’’ case (see Fig. 4a).

For the conditions f : fN;1 ¼ 1:3 and 1:2 (Fig. 4b, c,

respectively), it is clearly the concomitance of the first and

second eigenmodes. Notice that the contribution of the first

eigenmode increases with the top motion frequency. In the

case ft : fN;1 ¼ 1:1, shown in Fig. 4d, the contribution of the

first eigenmode is dominant if compared to that of the

second eigenmode.

3.2 Spectral analysis for VR;1 ¼ 4:99

Displacement time series and corresponding spectral ana-

lysis are presented in Fig. 5. The ‘‘no-top motion’’ condi-

tion results present narrow band spectral distribution, as

can be seen in Fig. 5a. For this case, the frequency with the

higher amount of energy, the dominant one, is close to the

first eigenfrequency, which indicates that the VIV is syn-

chronized with this eigenfrequency for both in-line and

cross-flow directions. Notice also the presence of a f :

fN;1 ¼ 2 subharmonic component in the in-line spectrum.

(a) (b)

(c) (d)

Fig. 3 Oscillation amplitude Ayðz�Þ: VR;1 ¼ 4:99

592 J Braz. Soc. Mech. Sci. Eng. (2015) 37:589–599

123



For the same reduced velocity, but in the top motion

cases, with ft : fN;1 ¼ 1:3 and ft : fN;1 ¼ 1:2 (Fig. 5b, c,

respectively) a richer presence of subharmonic components

is visible. For the ft : fN;1 ¼ 1:3 case, the in-line spectrum

presents the components f : fN;1 ¼ 1:3; 2:3; 3:3; 4:3; 5:3

and 6:3. Similarly, the in-line spectrum for the ft : fN;1 ¼
1:3 case is composed by the components f : fN;1 ¼ 1:2; 2:2;

3:2 and 4:2.

This spectral distribution can be explained with simple

arguments. It is worth to emphasize that non-linear modes

and reduced order models approaches could also be

applied, similarly to [22] and [23]. Let q being the gen-

eralized modal coordinate, mq, cq and kqðtÞ the modal

quantities related to mass, damping and stiffness of the

system. Notice that, in the top motion cases, the modal

stiffness is a function of time. The motion equation can be

approximately written, within a first simple linear model-

ing, as:

mq €qþ cq _qþ kqðtÞq ¼ FqðtÞ ð1Þ

If we consider that the response is harmonic and mono-

chromatic, that is, qðtÞ ¼ Q cosðXN;1tÞ and that the modal

stiffness is given by

kqðtÞ ¼ kq þ Dkq cosðXttÞ ð2Þ

The equation of motion is written:

mq €qþ cq _qþ kqq ¼ FqðtÞ � DkqQ cosðXN;1tÞ cosðXttÞ
ð3Þ

Through basic trigonometric relationships, we can rewrite

Eq. 3 as:

mq €qþ cq _qþ kqq ¼ FqðtÞ �
DkqQ

2
cos XN;1 þ Xt

� �
t

� ��

þ cos XN;1 � Xt

� �
t

� ��

ð4Þ

(a)

(c) (d)

(b)

Fig. 4 Oscillation amplitude Ayðz�Þ: VR;1 ¼ 10:4
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The right-hand side member of Eq. 4 clearly shows that

there is a forcing term due to the stiffness modulation

composed by two frequencies, namely the sum frequency

XN;1 þ Xt and a difference frequency XN;1 � Xt.

As mentioned, the in-line response spectrum presents

the components f : fN;1 ¼ 1:3; 2:3; 3:3; 4:3, which,

respectively, correspond to the ‘‘top motion’’ frequency,

the ‘‘difference frequency’’, the first eigenfrequency and

the ‘‘sum frequency’’. Thus, the response is similar to that

which would be obtained with a linear system forced by

these distinct frequencies. Similar analysis can be carried

out for the case with ft :¼ fN;1 ¼ 1:2.

The experimental results for ft : fN;1 ¼ 1:1, shown in

Fig. 5d, present a narrow band spectra centered in fN;1 ¼ ft.

Clearly, the cross-flow displacement time series is non-

stationary. In this scenario, the Hilbert–Huang Transform

(a) (b)

(c) (d)

Fig. 5 Time series of displacements and PSDs: Response to a top motion amplitude At ¼ 1 %Lt, at VR;1 ¼ 4:99. Target number 13
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may offer another perspective for the interpretation of

results.

Figure 6 presents the Hilbert–Huang spectra for the

cross-flow oscillations time series at reduced velocity

VR;1 ¼ 4:99. The ‘‘no-top motion case’’ (Fig. 6a) shows

that the highest amount of energy is contained in the

oscillations with f=fN;1 � 1. Notice that the response fre-

quency modulation is negligible during the time spanned

by the experiments.

The ‘‘top motion’’ cases with ft : fN;1 ¼ 1 : 3 and 1:2

(Fig. 6b, c, respectively) are characterized by frequency

modulation around f � fN;1 and also by another frequency

trace close to the top motion frequency. It is worth men-

tioning that this last frequency trace has lower energy level.

Curiously, traces corresponding to sum and difference

frequencies are not strictly observed in the Hilbert–Huang

spectra. In fact, in HHT analysis, these distinct frequencies

are replaced by a continuous and modulated frequency

trace, whose frequency of modulation matches the fre-

quency of the imposed top motion. This is certainly an

issue deserving further and deeper considerations.

The Hilbert–Huang spectrum for the ft : fN;1 ¼ 1:1 case

is shown in Fig. 6d. In contrast to the previous cases, this

frequency trace around f � fN;1 presents a marked non-

regular amplitude modulation. In addition, both the

amplitude and frequency traces of the other components of

the Hilbert–Huang spectrum present a more complex dis-

tribution, if compared to the other exciting frequencies

cases.

3.3 Spectral analysis for VR;1 ¼ 10:34

The analysis will focus now on the results for reduced

velocity VR;1 ¼ 10:34. Figure 7 presents the cartesian dis-

placements for the same target and the corresponding PSD

plots. As expected, the mean value of the in-line oscillations

(a) (b)

(c) (d)

Fig. 6 Cross-flow amplitude Hilbert–Huang Spectrum: VR;1 ¼ 4:99; target number 13
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are higher than those observed in the experiments at VR;1 ¼
4:99 caused by the higher value of the mean hydrodynamic

drag force.

The cross-flow displacement times-series for the ‘‘no-

top motion’’ case are presented in Fig. 7a. The narrow band

spectrum indicates the synchronization with the second

eigenfrequency. Regarding the in-line spectrum, the syn-

chronization is also observed with the second eigenmode,

despite the presence of energy contained in the f : fN;1 ¼
4:1 subharmonic.

The ft : fN;1 ¼ 1:3 and 1:2 experiments (Fig. 7b, c,

respectively) present similar results. The narrowband in-

line displacement spectra are composed by the sum and

difference frequencies in relation to the first eigenfre-

quency. The cross-flow spectra also present narrowband

characteristics. The sum and difference frequencies are also

(a) (b)

(c) (d)

Fig. 7 Time series of displacement and PSD: Response to a top motion amplitude At ¼ 1 %Lt, at VR;1 ¼ 10:34; target number 13
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observable in these spectra, but now they are centered

around the second eigenfrequency.

The time series and the corresponding spectra for the

ft : fN;1 ¼ 1:1 case are shown in Fig. 7d. The in-line

spectrum is practically monochromatic with the same fre-

quency of the top motion, whereas the cross-flow spectrum

is composed mainly by two frequencies, namely the first

and second eigenfrequencies. Similarly to the analysis at

reduced velocity VR;1 ¼ 4:99, non-stationary and modu-

lated character of y�ðtÞ is clearly visible and may not have

been taken into account precisely. Again, the use of the

Hilbert–Huang Transform may offer a complementary

view to the Fourier Transform-based method.

Figure 8 presents the Hilbert–Huang Spectra corre-

sponding to the cross-flow amplitude time series. The ‘‘no-

top motion’’ case spectrum (Fig. 8a) is very similar to that

obtained at VR;1 ¼ 4:99, with almost no frequency or

amplitude modulations. The difference is only perceivable

in the typical frequency of oscillation, here centered around

f � 2fN;1, in contrast to the previous case.

The results for the ft : fN;1 ¼ 1:3 and 1:2 experiments are

shown in the Fig. 8b, c. Similarities were also found in the

VR;1 ¼ 4:99 cases. The sum and difference frequencies are

replaced by a continuous frequency trace, now centered in

f � 2fN;1, and the frequency of modulation matches that

from the top motion. It is also observable the presence of

the components f � fN;1 and f � ft in both the Hilbert–

Huang spectra. One can notice that these two last fre-

quencies components present lower energy level and also

lower frequency modulation than the f � 2fN;1 component,

despite the stiffness modulations.

Another interesting aspect that was also observed in the

results of the lower reduced velocity is related to the width

of the frequency oscillation band. For both the reduced

velocities, this width seems to be invariant with respect to

the top motion frequency, depending only on the reduced

velocity. The larger the reduced velocity, the larger is the

width. This aspect is not given by the PSD plot and

deserves further investigations.

Finally, the Hilbert–Huang Spectrum for the ft : fN;1 ¼
1:1 case is presented in Fig. 8d. Two most energetic

components are sparsely observed around f � 2fN;1 and

f � fN;1. It is worth mentioning that this latter frequency is

the top motion one, which matches the first

eigenfrequency.

Similarly to what has been observed in the ft : fN;1 ¼ 1:3

and 1:2 cases, the frequency component around f � 2fN;1 is

characterized to be more pronouncedly modulated than the

f � fN;1 one. Notice also that, within the interval in which

the larger amplitudes are observed in the f � 2fN;1 com-

ponent, larger amplitudes are reported for the f � fN;1

component. We speculate that there are at least two

synchronization regimes. One between the vortex shedding

and the displacement, which consists on the classical VIV

synchronization; and another between the top motion and

the displacement. This aspect is also under investigation

and certainly deserves a more detailed analysis to be

published in a future work.

4 Summary and concluding remarks

Experiments of vortex-induced vibrations with a semi-

immersed long flexible cylinder subjected to constant

current profiles were carried out at a recirculating water

channel facility. The cartesian displacements of 43 targets

placed along the model were acquired using an optical

tracking system. Vertical and monochromatic top motions

were imposed to the structure, causing geometric stiffness

modulation. Besides the ‘‘no-top motion’’ case, three levels

of frequency were imposed ft : fN;1 ¼ 1:3; 1:2 and 1:1.

The focus of the paper was to analyze the displacement

time series of one target at two reduced velocities condi-

tions (namely VR;1 ¼ 4.99 and 10.34) corresponding to the

first two VIV amplitude peaks using both Fourier based

analysis and the Hilbert–Huang Transform. The main

objective is to carry out a comparative analysis with these

distinct techniques, showing the revealed aspects.

Considering the reduced velocity VR;1 ¼ 4:99, the PSD

plots obtained from the ‘‘no-top motion’’ case show narrow

band characteristics for the in-line and cross-flow spectra,

with dominant frequency corresponding to the first eigen-

frequency. The spectral analysis of the cases ft : fN;1 ¼ 1:3

and 1:2 presented clearly sum and difference components.

This spectral distribution can be explained with a simple

linear dynamic argument. The cross-flow oscillation for the

ft : fN;1 ¼ 1:1 case is characterized by amplitude modula-

tions. In this context, the PSD plot may not take into

account all the characteristics embedded in the data.

No significant frequency modulation was observed in

the Hilbert–Huang Spectrum corresponding to the ‘‘no-top

motion’’ cases. In the cases with ft : fN;1 ¼ 1:3 and 1:2, the

sum and difference frequencies were replaced by a con-

tinuous frequency time trace. The period of frequency

modulation matched the period of the prescribed top

motion. As expected from the analysis of the time series,

the Hilbert–Huang Spectrum for the ft : fN;1 was able to

capture the amplitude modulations.

For the experiments with VR;1 ¼ 10:34, the ‘‘no-top

motion’’ case presented similar spectral distribution, but

centered at the second eigenfrequency. In the cases in

which the top motion conditions were ft : fN;1 ¼ 1:3 and

1:2, a richer spectral distribution was observed. Similarly

to the previous reduced velocity analysis, the sum and
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difference frequency components were presented at the

PSD plot. Significant amplitude modulation was observed

in the ft : fN;1 ¼ 1:1 case.

The Hilbert–Huang Spectrum for the ‘‘no-top motion’’

case did not show significant frequency modulation, in

agreement with the results obtained at VR;1 ¼ 4:99.

Another similarity observed with the lower reduced

velocity concerned the fact that, for the conditions ft :

fN;1 ¼ 1:3 and 1:2, the most energetic component showed

up around the dominant frequency obtained from the PSD

analysis and this component presented a period of oscil-

lation that matches the period of the imposed top motion.

The bandwidth in which the frequency of oscillation varied

is larger than the one observed for VR;1 ¼ 4:99 but seems to

be independent of the top motion frequency.

The results showed that the complimentary use of the

PSD plots and the Hilbert–Huang spectrum is a fruitful

analysis tool for the data obtained from a non-linear

system under parametric excitation. The PSD plots

indicate the existence of sum and difference

frequencies, besides the fundamental one. On the other

hand, in the HHT analysis, these three oscillation fre-

quencies are replaced by a continuous frequency time

trace. It is worth to be highlighted that the bandwidth of

this trace of frequency depends on the value of the

reduced velocity, but seems to be independent of the top

motion frequency. The interpretation given by the HHT

is physically sounder, since clearly shows the oscillation

frequency modulating with the natural frequency. The

complementary information given by both techniques

allowed identifying some dynamic characteristics,

mainly related to the different time scales. In the par-

ticular case of offshore applications, a better under-

standing of this dynamics can be used in fatigue

analysis methodologies.

Further analysis may comprise the full set of data, taken

all along the flexible cylinder aiming at a more compre-

hensive picture of the dynamics. Modal decomposition

techniques together with Fourier and HHT would enhance

the analysis.

(a) (b)

(c) (d)

Fig. 8 Cross-flow Hilbert–Huang Spectrum: VR;1 ¼ 10:34
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Finally, experimental analyses with the whole model

immersed are presently being carried out. The fully

immersed condition leads to a mass ratio parameter close to

the one observed in real risers and offshore structures,

among others aspects.
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