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Analysis Methodology for
Vortex-Induced Motion „VIM… of a
Monocolumn Platform Applying
the Hilbert–Huang Transform
Method1

Vortex-induced motion (VIM) is a highly nonlinear dynamic phenomenon. Usual spectral
analysis methods, using the Fourier transform, rely on the hypotheses of linear and
stationary dynamics. A method to treat nonstationary signals that emerge from nonlinear
systems is denoted Hilbert–Huang transform (HHT) method. The development of an
analysis methodology to study the VIM of a monocolumn production, storage, and off-
loading system using HHT is presented. The purposes of the present methodology are to
improve the statistics analysis of VIM. The results showed to be comparable to results
obtained from a traditional analysis (mean of the 10% highest peaks) particularly for the
motions in the transverse direction, although the difference between the results from the
traditional analysis for the motions in the in-line direction showed a difference of around
25%. The results from the HHT analysis are more reliable than the traditional ones,
owing to the larger number of points to calculate the statistics characteristics. These
results may be used to design risers and mooring lines, as well as to obtain VIM param-
eters to calibrate numerical predictions. �DOI: 10.1115/1.4003493�

Keywords: vortex-induced motion (VIM), Hilbert-Huang transform (HHT) method,
model tests, nonstationary signals, monocolumn platform
Introduction

Similar to vortex-induced vibration �VIV�, vortex-induced mo-
ion �VIM� is a self-excited and self-controlled phenomenon. The
IV is usually studied for rigid and flexible cylinders with large

spect ratio �L/D�, for example, in a riser dynamics scenario. Dis-
inct from VIV, VIM is investigated for rigid cylinders with low
spect ratio, e.g., spar and monocolumn production, storage, and
ffloading system �MPSO� platforms. The different behaviors be-
ween the phenomena arise from the 3D effects, which are attrib-
ted to the low aspect ratio in the case of VIM.

The presence of 2DOF in VIV is responsible for a distinct dy-
amic behavior as pointed out by Jauvits and Williamson �1� and
onfirmed by Gonçalves et al. �2�. This latter work discusses VIM
n MPSO. The existence of motions in both directions, in-line and
ransverse, see Fig. 1, gives rise to larger amplitude motions,
hich can be the cause of decrease in the mooring and risers

atigue life, as noted by Sagrilo et al. �3�.
Just as VIV, VIM appears as a highly nonlinear dynamic phe-

omenon. Experimental or numerical time-histories that emerge
rom VIV or VIM investigations are nonstationary and result from
onlinear systems, see, for example, Refs. �4,5�. Nonetheless,
sual spectral analysis methods, based on Fourier transform, rely
n the hypotheses of linear and stationary dynamics. A method

1This paper includes OMAE2010-20101: “Analysis Methodology of Vortex-
nduced Motions �VIM� on a Monocolumn Platform Applying the Hilbert–Huang
ransform Method,” which will be presented in 29th International Conference on
cean, Offshore and Arctic Engineering, 2009, Shanghai, China.
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developed to treat nonstationary signals that originate from non-
linear systems was presented by Huang et al. �6�. It is referred to
as the Hilbert–Huang transform �HHT� method.

The reduced scale model, previously used at tests performed in
MPSO, was around 1:200. This reduced scale model brought
about tests with approximately 10 min duration in a towing tank,
for instance, Refs. �7,2�; the same occurs in spar tests, in which
the typical scale model varies from 1:20 to 1:150, see, for ex-
ample, Ref. �8�. The VIM signal obtained from these tests yielded
few completed oscillations, which is a disadvantage to calculate
the signal statistics characteristics.

The present work proposes to create an analysis methodology
to improve the experimental determination of statistics character-
istics of VIM signal using the HHT.

Section 2 shows a brief review of the HHT and its applications,
Sec. 3 develops the methodology analysis, and Sec. 4 presents the
main remarks and conclusions about the use of the HHT to ana-
lyze the VIM phenomenon on MPSO.

2 The Hilbert–Huang Transform Method
A usual method to interpret nonstationary data is the wavelet

analysis. In comparison with the HHT, it is possible to point some
disadvantages for the wavelet, as the problem with leakage gen-
erated by the limited length of the basic wavelet function makes
the quantitative definition of the energy-frequency-time distribu-
tion difficult. Another difficulty of the wavelet analysis is its non-
adaptive nature; the opposite holds for the HHT. It is possible to
argue that the most common wavelet is Fourier based, and then it
can only provide physically meaningful interpretation to linear
phenomena.

The Hilbert–Huang spectrum analysis was developed �6� as an
alternative and powerful technique to deal with nonstationary sig-

nals, which arise from nonlinear systems. This method applies the

FEBRUARY 2012, Vol. 134 / 011103-1
12 by ASME

16 Terms of Use: http://www.asme.org/about-asme/terms-of-use



u
�
m
n
o

fi

w

i
o
e

i
p
e
b
i

q
t
f
H

o
s
e
T
D
t
f
t
m
p
p
T
t

w
t
f
i
a
H

F
t

0

Downloaded Fr
sual Hilbert transform to a finite set of “intrinsic mode functions”
IMFs�, obtained from the original signal through an “empirical
ode decomposition” �EMD�. According to those authors, the

ame intrinsic mode function is adopted because it represents the
scillation mode imbedded in the data.

Let Xj�t� be a specific IMF and Zj�t� an analytic function de-
ned as

Zj�t� = Xj�t� + iY j�t� = aj�t�exp�i� j�t�� �1�
here

Y j�t� =
1

�
P�

−�

+�
Xj���
t − �

d� �2�

s the Hilbert transform of Xj�t�; P stands for principal value. The
riginal signal is then decomposed into the IMF set, as in a “gen-
ralized Fourier series,”

X�t� = Re �
j=1

n

aj�t�exp�i� � j�t�dt� �3�

� j�t� =
d

dt
�� j�t�� �4�

n the sense that not only the amplitude aj�t� but also the local
hase � j�t�, and thus the local �or instantaneous� frequency of
ach IMF is time dependent. The concept of local frequency can
e formalized through the stationary phase method, as pointed out
n Ref. �6�.

Equation �3� represents the amplitude and the instantaneous fre-
uency as functions of time in a three-dimensional plot, in which
he amplitude can be countered on the frequency-time plane. This
requency-time distribution of the amplitude is designated as the
ilbert spectrum, H�� , t�.
As pointed out in Ref. �4�, “the EMD method, conceived to

btain the set of IMFs, is based on a recursive subtraction of
uccessively calculated mean between the two time-envelope of
xtrema �maxima and minima� that are contained in the signal.
he envelopes are spline fitting of the maxima �and minima�.
etails can be found in Refs. �6,9�, where this method is referred

o as a “sifting” process. Such a recursive procedure is carried out
or each IMF limited by a standard deviation stopping criterion
hat is applied at each step. Each calculated IMF has, itself, sym-

etrical �maxima and minima� envelopes. The IMF set is com-
lete by construction. The residual function coming out of this
rocedure is not an IMF; it is the �long-term� trend of the signal.
he method precludes zero or mean references and is applicable

o general transient signals.
The marginal spectrum h��� is obtained from H�� , t� as

h��� =�
0

T

H��,t�dt �5�

here T represents the duration of the signal. The marginal spec-
rum offers a measure of total amplitude �or energy� contribution
rom each frequency value. In the Fourier representation, the ex-
stence of energy at a frequency � means a component of a sine or

cosine wave persisted through the time span of the data. In the

ig. 1 Motions in the in-line direction „x… and transverse direc-
ion „y…
HT, the existence of energy at the frequency � only means that
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there is a higher probability for such a wave to appear locally.
In addition to the marginal spectrum, the instantaneous energy

�IE� level can be defined as

IE�t� =�
�

H2��,t�d� �6�

The IE can be used to check the energy fluctuation over time,
i.e., the amplitude modulation. The parameters described before
were the basis to the analysis methodology developed further.

3 Analysis Methodology
The VIM time history used to illustrate the methodology was

obtained from previous tests presented in Refs. �2,10�. The small-
scale model of a MPSO, the MonoBR in 1:200, was moored by
means of a set of equivalent horizontal springs and towed in dif-
ferent velocities U �0.05m/s�U�0.30m/s�. The velocity reduced
range tested was 3.0�Vr0�15.0. The MPSO model had a char-
acteristic diameter D=540 mm and the test was carried out in a
draft condition that provided an aspect ratio L /D=0.39. More
details about the model can be seen in Table 1.

As mentioned previously, the VIM signals for usually reduced
scale model 1:200 had few oscillations, thus few peaks. A time
history of a typically VIM signal in the transverse direction is
shown in Fig. 2. Few peaks in the signal can be clearly seen �22
peaks including maxima and minima�, which may cause a poor
statistics characteristics in evaluating the characteristic amplitude
in the transverse direction, i.e., mean of only 2 points in the case
of 10% highest peaks.

The flawed statistics characteristics can be evidenced in a typi-
cally VIM signal in the in-line direction, due to its stronger non-

Fig. 2 Example of a time history of a typical VIM signal in the
transverse direction

Fig. 3 Example of a time history of a typical VIM signal in the

Table 1 Main characteristics of the MPSO model

Model characteristics Real scale �1:1�
Model scale

�1:200�

Diameter at the bottom 136.60 m 683 mm
Characteristic diameter 108.00 m 540 mm
Depth 55.00 m 275 mm
Full draft test 42.00 m 210 mm
Displacement in full draft 372,000 tons 46.5 kg
Natural period in the transverse direction 391.03 s 27.65 s
Natural period in the in-line direction 314.95 s 22.27 s
in-line direction
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tationary behavior, emerging from the variation in the mean sig-
al, see, for example, Fig. 3. In order to improve the statistics
haracteristics of these signals, the HHT was applied and its re-
ults are presented as follows.

Figures 4 and 5 present the IMFs generated from the EMD
rocess by the signals for the motion in the transverse and in-line

Fig. 4 IMFs generated by the signals for the m
tinct for different IMFs and trend.
Fig. 5 IMFs generated by the signal o

ournal of Offshore Mechanics and Arctic Engineering
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directions, respectively. Observing the motions in the transverse
direction, it is clear that the energy is more equally distributed
among the IMFs. Particularly, one IMF concentrates the relevant
information, recovering the original signal. On the other hand,
observing the motions in the in-line direction, it is possible to
observe at least two IMFs with representative energy level, which

ion in the transverse direction. Scales are dis-
ot
f the motion in the in-line direction

FEBRUARY 2012, Vol. 134 / 011103-3
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an be attributed to the stronger nonstationary behavior observed
n the signal. The low frequency motion indebted in the signal in
he high IMFs, as well as the nonzero mean trend, derived from
he nonstationary signal behavior.

From the IMFs, it is possible to create a Hilbert spectrum illus-
rated in Figs. 6 and 7. The Hilbert spectrum is presented for

otions in the transverse and in-line directions, respectively.
The frequency-time-trace for the motions in the transverse di-

ection, see Fig. 6, is very energetic �Y /D	0.95� but presents
mall fluctuations around 0.35 Hz. Energy for all other frequen-
ies can be neglected. Different from the motions in the transverse
irection, the frequency-time-trace for the motions in the in-line
irection presents large fluctuations, see Fig. 7. This fact, in addi-
ion to the modulation amplitude, shows the highly nonstationary
ature of the VIM.

The marginal spectra for the motion in the transverse and in-
ine directions are presented in Figs. 8 and 9, respectively. The
omparison between them shows that the high energy level is
omprised of a low width range of frequencies for the motions in
he transverse direction, whereas the energy level is significant in
larger width range for the motions in the in-line direction.
Evidence that corroborates the higher nonstationary nature of
otions in the in-line direction is the IE. Results can be seen in
igs. 10 and 11 for the motions in the transverse and in-line di-
ections, respectively. The in-line motion IEs are more irregular
han the transverse direction ones. This fact confirms the high

odulation amplitude present in the signal.
As a consequence of the nonstationary nature of the VIM, dis-

ussed thoroughly in the examples before, and the poor statistics
haracteristics mentioned earlier, the HHT seems to be more ad-

ig. 6 Hilbert spectrum for the motions in the transverse
irection
ig. 7 Hilbert spectrum for the motions in the in-line direction

11103-4 / Vol. 134, FEBRUARY 2012
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equate to improve the statistics characteristics of the VIM. Thus,
the characteristic motion amplitude is evaluated applying the
mean of the 10% largest amplitudes from H�� , t�. The character-
istic motion frequency is the mean of the frequency related to the
10% largest amplitudes from H�� , t�. Now, the numbers of points
to calculate the mean is proportional to the number of points in the
signal time history, which provides a better statistics.

Fig. 8 Marginal spectrum for the motion in the transverse
direction

Fig. 9 Marginal spectrum for the motion in the in-line direction

Fig. 10 Instantaneous energy level for the motion in the trans-

verse direction
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Results
Results of the comparison between traditional analysis �mean of

he 10% highest peaks and Fourier transform� and HHT analysis
or VIM on a MPSO were reported in Ref. �10�. Figures 12 and 13
nd illustrate one of the results presented in the referred work in
erms of the characteristic amplitudes. The results concern the

otions in the transverse and in-line directions.
The comparison between characteristic amplitude results from

raditional analysis and HHT analysis for the motions in the trans-
erse direction, Fig. 12, showed that the difference is nonsignifi-
ant. The reason for this is the fact that the signals had no signifi-
ant amplitude modulation, as can be similarly seen in Fig. 2,

ig. 11 Instantaneous energy level for the motion in the in-line
irection

ig. 12 Comparison between characteristic amplitude results
rom traditional analysis and HHT analysis for the motions in
he transverse direction

ig. 13 Comparison between results from traditional analysis

nd HHT analysis for the motions in the in-line direction

ournal of Offshore Mechanics and Arctic Engineering
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where the signal corresponds to a motion at Vr0	9.0. The differ-
ence between characteristic amplitude results obtained for this ex-
ample signal was less than 2%.

However, the difference between the results of both analysis
techniques is evidenced in the motions in the in-line direction,
Fig. 13. The difference is larger owing to highly nonstationary
behavior of the signal, i.e., modulation amplitude and large width
frequencies range. In this case, the nondimensional amplitude cal-
culated by using the traditional analysis is quite affected for the
long-term trend and the amplitude modulation of the signals; an
example of this signal can be found in Fig. 3, at Vr0	9.0. The
difference between characteristic amplitude results obtained for
this example was approximately 25%. In general, the results of
characteristic motion amplitude in the in-line direction from tra-
ditional analysis showed to be more conservative, which might
affect the riser and mooring line design.

In terms of periods in the transverse and in-line directions, both
procedures presented almost no difference, as can be seen, respec-
tively, in Figs. 14 and 15.

In order to illustrate the results from traditional and HHT analy-
ses, Fig. 16 compares the relative differences for the motions in
both directions. In general, it is quite clear that the in-line result
differences are larger, particularly for the reduced velocities above
6, in a direct relation to the nonstationary and modulated oscilla-
tion in this direction. It is important to explain that the differences
observed for the transverse direction in reduced velocities below 6
are related to the small level of oscillations �energy�, according to
which it is practically impossible to perform a precise comparison
between the procedures of analysis.

Additionally, a simple method to verify the significant improve-
ments using HHT over the traditional method is to obtain the
statistics for different sample lengths �or number of peaks� of the

Fig. 14 Comparison between oscillation period results from
traditional and HHT analysis for the motions in the in-line direc-
tion, 0 deg incidence

Fig. 15 Comparison between oscillation period results from
traditional and HHT analysis for the motions in the transverse

direction, 0 deg incidence
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ame VIM time history. The method consists on breaking the
riginal time history in parts and analyzing them independently by
eans of both approaches: HHT and traditional. Figure 17 shows
typical example of in-line VIM time history with different

ample lengths: �a� the whole sample, �b� one half of the original
ample, �c� a third, �d� a quarter, and �e� a fifth. All the samples
re taken from the same time history obtained by Gonçalves et al.
11�. Figure 18 presents a sensitivity study, considering the num-
er of sample points sufficient for convergence, comparing the
tatistics calculated from traditional and from the HHT analyses,
ased on the chosen sample length. It can be seen that, even
aking the entire sample with 100 peaks, there is a significant
ifference between the statistics obtained with the alternative
ethods. This fact is due to the highly nonstationary behavior of

he motions in the in-line direction, as previously pointed out and
een in Fig. 13. The statistic results for the broken parts of the
ime history obtained from traditional analysis show larger scatter

ig. 16 Percentage difference between characteristic ampli-
ude results from traditional and HHT analysis for the motions
n both directions

Fig. 17 Example of a typical VIM time histor

=2.00 and Vr0=9.5 with different sample sizes: „a…

11103-6 / Vol. 134, FEBRUARY 2012
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than those from the HHT, Fig. 18. This simple sensitivity result
shows that HHT is very well suited for analysis of nonstationary
and even short test samples, in which only a few cycles of oscil-
lations are available, where obtaining significant statistics is a
challenge.

5 General Conclusions
To summarize, the observations reported in this study clearly

indicate that the analysis methodology of VIM applying the
Hilbert–Huang transform method improves the statistics charac-
teristics analysis of the phenomenon. The values of characteristic
motion amplitudes showed to be more reliable owing to the large
number of points to calculate the statistics.

The comparison between traditional analysis �mean of the 10%
highest peaks� and HHT analysis for VIM on a MPSO pointed out
to larger differences observing the motion in the in-line direction.

the in-line direction for a cylinder with L/D

Fig. 18 Sensitivity study on the number of sample points suf-
ficient for convergence between traditional and HHT analysis
y in

100, „b… 50, „c… 33, „d… 25, and „e… 20 peaks
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he difference is due to the nonstationary behavior of the VIM
henomenon �a nonperiodic modulation in amplitude and fre-
uency�.

The analysis methodology supported by the results is presented
efore demonstrated to be a robust tool to analyze VIM phenom-
non on MPSO. The emerging statistics can be used in both the
esign of riser and mooring lines. The proposed methodology can
e employed to obtain other parameters from the VIM �added
ass, drag, and lift coefficients�, useful to calibrate numerical

redictions. Finally, it is important to emphasize that the HHT can
e applied for other cases of fluid-structure interactions, such as
IM of spar platforms and VIV of flexible cylinders, turning the

nalysis more reliable and precise.
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omenclature
� � instantaneous frequency
D � characteristic diameter of the platform

h��� � marginal spectrum
H�� , t� � Hilbert spectrum

IE�t� � instantaneous energy level
T � length time of the signal
U � flow velocity

Vr0 � reduced velocity in still water
x � in-line direction

X /D � characteristic motion amplitude in the in-line
direction

y � transverse direction
Y /D � characteristic motion amplitude in the trans-
verse direction

ournal of Offshore Mechanics and Arctic Engineering

om: http://offshoremechanics.asmedigitalcollection.asme.org/ on 02/20/20
References
�1� Jauvtis, N., and Williamson, C. H., 2003, “Vortex-Induced Vibration of a Cyl-

inder With Two Degrees of Freedom,” J. Fluids Struct., 17, pp. 1035–1042.
�2� Gonçalves, R. T., Fujarra, A. L. C., Rosetti, G. F., and Nishimoto, K., 2010,

“Mitigation of Vortex-Induced Motion �VIM� on a Monocolumn Platform:
Forces and Movements,” ASME J. Offshore Mech. Arct. Eng., 132�4�, p.
041102.

�3� Sagrilo, L. V., Siqueira, M. Q., Lacerda, T. A., Ellwanger, G. B., Lima, E. C.,
and Siqueira, E. F., 2009, “VIM and Wave-Frequency Fatigue Damage Analy-
sis for SCRS Connected to Monocolumn Platforms,” 28th International Con-
ference on Ocean, Offshore and Arctic Engineering, Paper No. OMAE2009-
79807.

�4� Pesce, C. P., Fujarra, A. L. C., and Kubota, K. L., 2006, “The Hilbert-Huang
Spectral Analysis Method Applied to VIV,” Proceedings of the 25th Interna-
tional Conference on Offshore Mechanics and Artic Engineering, Paper No.
OMAE2006-92119.

�5� Fujarra, A. L. C., Pesce, C. P., Nishimoto, K., Cueva, M., and Faria, F., 2007,
“Non-Stationary VIM of Two Mono-Column Oil Production Platforms,” Fifth
Conference on Bluff Body Wakes and Vortex-Induced Vibrations—BBVIV,
Costa do Sauipe, Bahia, Brazil, pp. 12–15.

�6� Huang, N. E., Shen, Z., Long, S. R., Wu, M. C., Shih, H. H., Zheng, Q., Yen,
N.-C., Tung, C. C., and Liu, H. H., 1998, “The Empirical Mode Decomposi-
tion and the Hilbert Spectrum for Nonlinear and Non-Stationary Time Series
Analysis,” Proc. R. Soc. London, Ser. A, 454, pp. 903–995.

�7� Gonçalves, R. T., Fujarra, A. L. C., Rosetti, G. F., Nishimoto, K., Cueva, M.,
and Siqueira, E. F., 2009, “Vortex-Induced Motion of a Monocolumn Platform:
New Analysis and Comparative Study,” 28th International Conference on
Ocean, Offshore and Arctic Engineering, Paper No. OMAE2009-79378.

�8� Roddier, D., Finnigan, T., and Liapis, S., 2009, “Influence of the Reynolds
Number on Spar Vortex Induced Motions �VIM�: Multiple Scale Model Test
Comparisons,” 28th International Conference on Ocean, Offshore and Arctic
Engineering, Paper No. OMAE2009-79991.

�9� Rilling, G., Flandrin, P., and Gonçalvès, P., 2003, “On Empirical Mode De-
composition and Its Algorithms,” Proceedings of the Sixth IEEE/EURASIP
Workshop on Nonlinear Signal and Image Processing.

�10� Gonçalves, R. T., Rosetti, G. F., Franzini, G. R., Fujarra, A. L. C., and Nish-
imoto, K., 2010, “Case Study of Vortex-Induced Motions �VIM� on a Mono-
column Platform Applying the Hilbert-Huang Transform Method,” 20th Inter-
national Offshore and Polar Engineering Conference.

�11� Gonçalves, R. T., Franzini, G. R., Fujarra, A. L. C., and Meneghini, J. R.,
�2010�. “Two Degrees-of-Freedom Vortex-Induced Vibration of a Circular
Cylinder With Low Aspect Ratio,” Sixth Conference on Bluff Body Wakes and

Vortex-Induced Vibrations—BBVIV, Capri Island, Italy.

FEBRUARY 2012, Vol. 134 / 011103-7

16 Terms of Use: http://www.asme.org/about-asme/terms-of-use


