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A B S T R A C T

Experiments regarding vortex-induced vibration (VIV) on floating circular cylinders with low aspect ratio were carried out in a recirculation water channel. The
floating circular cylinders were elastically supported by a set of linear springs. Eight different aspect ratios were tested, namely L=D ¼ 0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5
and 2.0. These aspect ratios were selected to cover the aspect ratio range of the main offshore circular platforms, such as spar and monocolumn. The aim was to
understand the vortex-induced motions (VIM) of such platforms; due to this, the cylinders were floating, or m* ¼ 1. The range of Reynolds number covered
2800< Re< 55,400. The amplitude results showed a decrease in amplitude with decreasing aspect ratio in the in-line and in the transverse directions. The frequency
results confirm a different behavior for cylinders with L=D � 0:5; in these cases, the cylinder free-end effects were predominant. The resonant behavior was no longer
observed for L=D � 0:2. The decrease in Strouhal number with decreasing aspect ratio is also verified, as well as for drag and lift forces. The added mass results help to
identify the end of resonance for both directions, in-line and transverse. The amplitude results for the vertical direction, roll, pitch and yaw did not affect the VIV
behavior.
1. Introduction

The vortex-induced vibration (VIV) phenomenon has long been
studied, and many works can be found in the literature, among which,
Bearman (1984), Sarpkaya (2004) and Williamson and Govardhan
(2004, 2008). Themajority of these studies focused on cylinders with one
degree of freedom (dof), i.e. the cylinders vibrate only in the transverse
direction of the incident flow. Recently, the cylinders with 2dof have
become an object of studies due to the offshore demand; for example, the
riser systems connected to the offshore platforms. These works regarded
the high aspect ratio cylinders. The high aspect ratio cylinders charac-
teristic is that the submerged length is much longer than the character-
istic diameter of the cylinder, L=D > 13 (where L=D represents the aspect
ratio value, L is the immersed length of the cylinder and D is the
respective characteristic diameter); see for example Jauvtis and Wil-
liamson (2004).

Another demand of the offshore industry also raised the interest in the
VIV around floating cylinders with low aspect ratio, 0:3 < L=D < 6:0, and
small mass ratio, m* < 6:0. This specific subject was called vortex-
induced motions (VIM), whose motivation has been the high velocity
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of the incident current on circular offshore platforms, particularly cases
of a spar, 1:5 < L=D < 6:0, see works by Dijk et al. (2003) and Finn et al.
(2013); and monocolumn, 0:2 < L=D < 0:5, see work by Gonçalves et al.
(2010). VIM has also been studied on multi-column platforms, such as
semi-submersible and tension leg platforms (TLP), see works by Gon-
çalves et al. (2012c, 2013b, 2018) and Liu et al. (2016, 2017); in these
cases of platforms, the columns can also be considered cylinders with low
aspect ratio, 1:0 < L=D < 2:2.

Floating circular platforms present a large characteristic diameter
associated with a large natural period of motions in the horizontal plane;
therefore, these systems are subjected to VIM that can directly affect the
fatigue life of riser and mooring systems. In this context, our aim here is
to understand, with experiments in a circulating water channel, the VIV
around floating circular cylinders, m* ¼ 1:0, with very low aspect ratio,
0:2 � L=D � 2:0, as a motivation for better understanding the VIM of
platforms.

The work tries to complete the studies previously conducted for the
flow around a stationary cylinder with very low aspect ratio presented by
Gonçalves et al. (2015). In the latter, the particle image velocimetry (PIV)
measurements and the power spectrum density (PSD) of forces showed
neghini), andre.fujarra@ufsc.br (A.L.C. Fujarra).
e and Ocean Engineering, Escola Polit�ecnica, University of S~ao Paulo, S~ao Paulo, SP, Brazil.

mailto:goncalves@edu.k.u-tokyo.ac.jp
mailto:jmeneg@usp.br
mailto:andre.fujarra@ufsc.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2018.02.019&domain=pdf
www.sciencedirect.com/science/journal/00298018
http://www.elsevier.com/locate/oceaneng
https://doi.org/10.1016/j.oceaneng.2018.02.019
https://doi.org/10.1016/j.oceaneng.2018.02.019
https://doi.org/10.1016/j.oceaneng.2018.02.019


Nomenclature

β Blockage coefficient
γ Modal form factor
ρ Fluid density
ζs Structural damping
ζw Damping coefficient in still water
Ax=ðγDÞ Characteristic nondimensional motion amplitude in the in-

line direction
Ay=ðγDÞ Characteristic nondimensional motion amplitude in the

transverse direction
Cx Nondimensional drag coefficient
Cx�rms Non-time dependent oscillatory drag coefficient
Cy Nondimensional lift coefficient
Cy�rms Non-time dependent lift coefficient
D Characteristic diameter
F ½� Fast Fourier transform operator
FHx Total hydrodynamic force in the in-line direction
FHy Total hydrodynamic force in the transverse direction
f0 Natural frequency in still water, both in in-line and

transverse directions
f0x Natural frequency of the system in still water in the in-line

direction
f0y Natural frequency of the system in still water in the

transverse direction
fs Vortex-shedding frequency
fx Oscillation frequency in the in-line direction
fy Oscillation frequency in the transverse direction
GM Metacentric height

H Water level of the water channel
h Distance between the cylinder free end and the bottom of

the water channel
KG Vertical center of gravity position
kx Stiffness in the in-line direction
ky Stiffness in the transverse direction
L Immersed length
Lq Length of the stiffness support
m* Mass ratio
max Added mass in the in-line direction
m*

ax Added mass coefficient in the in-line direction
may Added mass in the transverse direction
m*

ay Added mass coefficient in the transverse direction
md Displaced mass
ms Structural mass
L = D Aspect ratio
ℛ½� Real part of the complex number
Re Reynolds number
St Strouhal number
t Time
U Flow velocity
Vr Reduced velocity
W Width of the water channel
Wq Width of the stiffness support
x In-line direction axis or displacement in the in-line

direction
y Transverse direction axis or displacement in the transverse

direction
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different behavior for cylinders with L=D � 0:5, in which cases the
free-end effects were predominant. Even without von K�arm�an street main
characteristics around most of the span length of the cylinder, in the
range of 0:2 < L=D � 0:5, the vortex shedding around it was capable of
producing alternating forces in the transverse direction. Therefore,
alternating forces were not observed in the transverse direction for cyl-
inders with L=D � 0:2.

Section 2 presents a background of VIM phenomenon of offshore
platforms as well as a background of VIV of cylinders with low aspect
ratio. Section 3 shows the experimental setup of the tests performed. The
analysis methodology of the tests is presented in Section 4. Section 5
presents the experimental results comprising nondimensional amplitudes
for the 6dof and the frequencies in both transverse and in-line direction.
Additionally, the PSD of the motions is given for supporting the discus-
sions and conclusions. In the same chapter, drag and lift forces and added
mass coefficient are also discussed. All the results are shown as a function
of the reduced velocity, Vr ¼ U=f0D (where U represents the flow ve-
locity, and f0 is the natural frequency in still water in the transverse di-
rection). Finally, Section 6 presents the general conclusions and
perspectives of the current work.

2. Background

2.1. Vortex-induced motion of offshore platforms

The study of VIM has become of utmost importance since offshore
platforms were placed in the Gulf of Mexico, USA, where the strong loop
currents triggered vigorous motions due to vortex shedding. In this re-
gion, spar platforms were a good solution to explore and to produce
hydrocarbons at deep water levels. However, the cylindrical shape of this
type of platform with a high level of current speeds is susceptible to
synchronized vortex shedding that induces large motion of the order of
its diameter dimension.
235
Among the first experimental VIM studies of spar platforms, works by
Dijk et al. (2003) and Finn et al. (2013), for example, can be highlighted.
Their purpose was to verify the influence of the hull geometry and ap-
pendages. The maximum amplitudes in the transverse direction observed
were around 70% of the characteristic diameter. The typical aspect ratio
of the spar platforms is around the range of 1:5 < L=D < 6:0.

The VIM of monocolumn platforms showed to be important even
considering their lower aspect ratio. The typical aspect ratio of a mon-
ocolumn platform is around the range of 0:2 < L=D < 0:5. The work by
Gonçalves et al. (2010) observed transverse motion amplitudes around
100% of the characteristic diameter and significant coupled motion be-
tween in-line and transverse motions, characterized by eight-shape
trajectories.

Recently, the increase in the demand for the multi-column platforms
as a solution for exploring ultra-deep-water level oil fields demands a
better understanding of the VIM phenomenon in this kind of platforms.
The interaction of the vortex shedding surrounding each column pro-
motes large amplitudes of VIM, around 40% of the characteristic diam-
eter of the columns as shown, among others, by Gonçalves et al. (2012c,
2013b, 2018) and Liu et al. (2016, 2017).

The large amplitudes caused by VIM combined with the periodic
motion characteristics decrease the fatigue life of risers andmooring lines
implying high costs for the platform project. Antony et al. (2017) pre-
sented costs saving associated with improving VIM prediction accuracy,
and highlighted the importance of quantifying the VIM of floating
offshore platforms. This paper thus tries to help designers to understand
the VIM phenomenon fundamentally, i.e. from basic VIV tests of very low
aspect ratio cylinders, since VIM is most studied for a particular platform
hull, which makes it difficult to extrapolate the results in a general way.

2.2. Vortex-induced vibration of cylinders with low aspect ratio cylinders

As commented before, the VIV studies of a cylinder with 2dof are



Fig. 1. Experimental setup and dimensional parameters.

Table 1
Dimensional parameters of the tests with different aspect ratios.

L=D H ½mm� h ½mm� β

2.0 536 286 0.08
1.5 536 349 0.06
1.0 536 411 0.04
0.75 536 442 0.03
0.5 536 474 0.02
0.4 536 486 0.02
0.3 536 499 0.01
0.2 536 511 0.01

Fig. 2. Illustration of the floating cylinder elastically supported by a set of
four springs and experimental arrangement of optical motion capture system.

Fig. 3. Illustration of PVC models of the cylinders with low aspect ratio.

Table 2
Inertia properties of the cylinders with different aspect ratios.

L=D m ½g� KG ½mm� GM ½mm�
2.0 3068 57.7 71.2
1.5 2300 42.2 56.7
1.0 1534 27.0 43.3
0.75 1150 19.6 37.7
0.5 767 12.5 34.3
0.4 614 10.0 34.5
0.3 460 7.9 36.9
0.2 307 6.8 44.8

Table 3
Natural frequencies in the still water of the tests with different aspect ratios obtained from
decay tests.

L=D f 0x
½Hz�

f 0y
½Hz�

f 0z
½Hz�

f 0roll
½Hz�

f 0pitch
½Hz�

f 0yaw
½Hz�

ζw
[%]

2.0 0.10 0.10 0.94 0.98 1.01 0.50 4.64
1.5 0.12 0.12 1.08 1.41 1.41 0.57 3.97
1.0 0.14 0.15 1.28 1.56 1.59 0.70 3.31
0.75 0.17 0.17 1.41 1.64 1.69 0.81 3.74
0.5 0.22 0.23 1.61 1.89 2.00 1.04 4.23
0.4 0.25 0.26 1.72 2.04 2.17 1.12 3.97
0.3 0.28 0.30 1.92 2.13 2.27 1.22 4.22
0.2 0.34 0.35 2.08 2.08 2.27 1.30 4.39

Table 4
Parameters of the tests for each aspect ratio condition.

L=D U [m/s] Vr Re� 10�4 FrL

2.0 0.02→ 0.13 1.82→ 9.91 0.28→ 1.57 0.01→ 0.08
1.5 0.03→ 0.14 2.23→ 9.45 0.41→ 1.75 0.02→ 0.10
1.0 0.04→ 0.22 2.39→ 11.73 0.55→ 2.70 0.04→ 0.20
0.75 0.02→ 0.30 1.11→ 13.69 0.30→ 3.72 0.03→ 0.31
0.5 0.06→ 0.39 1.97→ 13.34 0.71→ 4.83 0.07→ 0.49
0.4 0.06→ 0.40 1.86→ 12.83 0.72→ 5.02 0.08→ 0.57
0.3 0.07→ 0.43 2.10→ 12.29 0.91→ 5.35 0.12→ 0.71
0.2 0.09→ 0.44 2.03→ 10.21 1.10→ 5.54 0.18→ 0.89
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more recent than 1dof ones. In the offshore scenario, cylinders with 2dof
and small mass ratio, m* < 6, are necessary since the largest number of
cases is cylinder immersed in water.

Particular attention has been given to long cylinders with m* � 2:5.
This value is a typical value for risers. Pesce and Fujarra (2000) presented
2dof VIV results for long flexible cantilever bar with m* ¼ 2:4 and
L=D ¼ 94:5; the results showed significant amplitudes in the transverse
236
direction due to the presence of a 2T – triple vortices formation around
the cylinder. Later, Jauvtis and Williamson (2004) proved the existence
of the 2T structure due to the existence of 2dof and small mass ratio
values; in this work, a rigid vertical cylinder supported by an elastic base
with m* ¼ 2:6 and L=D ¼ 10 was studied. The presence of an initial,
super-upper and the lower branch were observed to be different as
compared with m* > 6. Later, Stappenbelt and Lalji (2008) confirmed
this behavior for a rigid vertical cylinder supported by an elastic base
with m* ¼ 2:4 and L=D ¼ 8. Other important studies for 2dof and small
mass ratio can be cited, such as Blevins and Coughran (2009), for a
vertical rigid cylinder supported by an elastic base with m* ¼ 2:6 and
L=D ¼ 17:8; Freire and Meneghini (2010), for a vertical rigid pivoted



Fig. 4. Characteristic motion amplitude in the transverse direction (Ay=ðγDÞ)
as a function of reduced velocity (Vr) for cylinders with mass ratio of m� ¼
1:00 and eight different aspect ratios (L=D � 2:00).

Fig. 5. Characteristic motion amplitude in the in-lie direction (Ax=ðγDÞ) as a
function of reduced velocity (Vr) for cylinders with mass ratio of m� ¼ 1:00
and eight different aspect ratios (L=D � 2:00).

Fig. 6. Ratio between the transverse motion frequency and the natural
transverse frequency in still water (f y=f 0) as a function of reduced velocity
(Vr) for cylinders with mass ratio of m� ¼ 1:00 and eight different aspect
ratios (L=D � 2:00).

00.511.522.53
L / D

0

0.05

0.1

0.15

0.2

0.25

S
t

Fixed
Gonçalves et al. (2015)
2dof, m*=1
Gonçalves et al. (2013a)
6dof, m*=1
present workL / D > 13, 2GL, m*=1

Leong & Wei (2008)

L / D > 13, fixed
Williamson & Govardhan (2004)

Fig. 7. Strouhal “like” number (St) as a function of aspect ratio (L=D) for
cylinders with low aspect ratio for fixed and VIV cases.

Fig. 8. Ratio between in-line and transverse motion frequencies (f x=f y) as a
function of reduced velocity (Vr) for cylinders with mass ratio of m� ¼ 1:00
and eight different aspect ratios (L=D � 2:00).
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cylinder with m* ¼ 2:8 and L=D ¼ 21:9; and Franzini et al. (2013), for a
vertical rigid cylinder supported by elastic base with m* ¼ 2:6 and
L=D ¼ 13:0. In all the works cited about the VIV on 2dof cylinders with
small mass ratio, transverse amplitudes were almost the same, indepen-
dently of the aspect ratio, L=D > 8, and no free end effects were taken
into account then.
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In Morse et al. (2008), the free-end effect was investigated by
considering a rigid cylinder supported elastically with L=D < 8 and free
to oscillate only in the transverse direction of the flow. Against expec-
tation, the transverse amplitudes of oscillation for the cylinder equipped
with an endplate were no higher than those presented by the same cyl-
inder without it. The conclusion is that the free end effects are important
in the VIV of cylinders with L=D < 8. The presence of free end affected
the lower branch behavior and kept the transverse amplitudes still sig-
nificant for high reduced velocities, and it is not possible to observe a
sudden drop in the amplitudes.

Studies on VIV of low aspect ratio cylinders started due to the demand
for floating offshore platforms, characterized by low aspect ratio struc-
tures L=D < 6. Another important characteristic of these units is the very
small mass ratio, typical floaters, such as a spar, monocolumn, and the
semisubmersible platforms have m* � 1; and TLP platforms have m* <

1 due to the presence of the tensioned tendons. Blevins and Coughran
(2009) also presented results for a cylinder with mass ratio value around
one, m* � 1, and L=D ¼ 17:8. This result is crucial to compare the results
from floating cylinders. The results by Blevins and Coughran (2009)
showed that the lower branch is not present for this mass ratio, a
behavior distinct of that presented in the cylinders with m* � 2:5. These
previous works show the importance of understanding both effects: the
very low aspect ratio and floating cylinder mass ratio characteristic,
m* � 1.

Few studies are found in the literature studying the VIV on cylinders



Fig. 9. PSD of the motion in the in-line direction as a function of Vr for cylinders with mass ratio of m� ¼ 1:00 and different aspect ratios (1:00 � L=D � 2:00).

Fig. 10. PSD of the motion in the in-line direction as a function of Vr for cylinders with mass ratio of m� ¼ 1:00 and different aspect ratios (0:40 � L=D � 0:75).
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with very low aspect ratio and small mass ratio. The studies about 2dof
VIV of small mass ratio cylinders with high aspect ratio were cited in the
previous paragraph. The behavior of very low aspect ratio cylinders was
further studied only for the flow around fixed cylinder cases mounted on
a surface; in these cases, the cylinders do not pierce the free surface. A
238
review of the flow above the free end of a surface-mounted finite-height
circular cylinder can be found in Sumer (2013). The aspect ratio L=D ¼ 2
was defined as the threshold value in which the three-dimensional (3D)
structures around the cylinder free end become more important than the
typical two-dimensional (2D) vortex structures along the vertical span of



Fig. 11. PSD of the motion in the in-line direction as
a function of Vr for cylinders with mass ratio of m� ¼
1:00 and different aspect ratios (0:20 � L=D � 0:30).
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the cylinder, as commented by some authors in the review. The typical
von K�arm�an street cannot be determined, and symmetric structures can
be observed for L=D < 2.

One of the goals here is to complement the results submitted by
Gonçalves et al. (2015). Hence, experiments on the flow around sta-
tionary circular cylinders with very low aspect ratio piercing the water
free surface were carried out. Eight different aspect ratios were tested,
0:2 � L=D � 2:0; no end-plates were employed. Forces were measured
using a six-degree-of-freedom load cell, and the Strouhal number was
inferred from the transverse force fluctuation frequency. The range of
Reynolds number covered 10 000< Re< 50 000. The results showed a
decrease in drag force coefficients with decreasing aspect ratio, as well as
a decrease in Strouhal number with decreasing aspect ratio. The PIV
measurements and the PSD of forces showed different behavior for cyl-
inders with L=D ¼ 0:5, in which cases the free-end effects were pre-
dominant. Even without von Kármán street main characteristics around
the length of the cylinder, in the range of 0:2 < L=D � 0:5, the vortex
shedding around it was capable of producing alternating forces in the
transverse direction. Therefore, alternating forces were not observed in
the transverse direction for cylinders with L=D � 0:2. The phenomenol-
ogy around fixed cylinders can be used to better understand the behavior
for 2dof. Recently, Fukuoka et al. (2016) performed similar experiments
to evaluate the effects of the free surface and end cell on flow around a
finite circular cylinder with low aspect ratio, and the results were similar
as compared with the previous work cited for the aspect ratio teste
1 � L=D � 4.

Fundamental VIV experiments of floating circular cylinders became
necessary since the previous VIM tests of offshore platforms took into
account the complex details of the hull, such as strakes, fairleads, and
other hydrodynamic appendages. This modification in the cylinder ge-
ometry from a bare hull changed the vortex formation around the cyl-
inders, and the phenomenon could not be understood as a whole, and it is
specific for each particular platform. Sanchis et al. (2008) experimented a
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floating cylinder with L=D ¼ 6 and showed, for a small range of reduced
velocity tested 4 < Vr < 8, amplitudes in the transverse direction around
100% of the characteristic diameter for the highest velocity tested. Wang
et al. (2009), aiming to understand the hard tank section of a spar plat-
form, performed VIV tests on a floating cylinder with L=D ¼ 2:4 for a
range of 3 < Vr < 7; the highest transverse amplitude was around 80% of
the characteristic diameter for the highest reduced velocity tested.
Recently, Fujiwara et al. (2013) performed VIV tests on a floating cyl-
inder with L=D ¼ 3 for a wide range of reduced velocities 2 < Vr < 11; in
these experiments, the transverse amplitudes reached around 120% the
characteristic diameter, and the absence of the lower branch was
observed. In Blevins and Coughran (2009), the absence of the lower
branch was also observed for a cylinder with L=D ¼ 17:8 and m* � 1.
Additionally, Someya et al. (2010) was the first work to draft a schematic
of the structures around the free end of a cylinder with L=D ¼ 5 under-
going VIV; the authors proposed that the 3D structures around the free
end were tip vortex and they were those responsible for affecting the VIV
of cylinders with low aspect ratio.

The few results of VIV of floating cylinders with low aspect ratio cited
ranging 2:4 � L=D � 6 did not show a great difference in amplitudes
when compared with the high aspect ratio case, for example. Our goal to
fill this lack in the literature was motivated by the monocolumn plat-
forms L=D � 0:4.

It is possible to find some works in the literature about the VIV of very
low aspect ratio cylinders, L=D � 2:0. For example, Gonçalves et al.
(2012b, 2013a) present a series of fundamental experiments on 2dof VIV
of circular cylinders with very low aspect ratio, 0:3 � L=D � 2:0, and
small mass ratio values, namely, 1.00, 2.62, and 4.36. Conversely, to
what would be expected for cylinders with very low aspect ratio, the
results showed large motions in the transverse direction with maximum
amplitudes around 150% of the characteristic diameter for cylinders with
L=D ¼ 2, despite being smaller when the aspect ratio is reduced. The
response amplitudes presented high values around 40% of the



Fig. 12. PSD of the motion in the transverse direction as a function of Vr for cylinders with mass ratio of m* ¼ 1:00 and different aspect ra-
tios (1:00 � L=D � 2:00).
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characteristic diameter in the in-line direction. The case of m* � 1 de-
serves more attention because it shows lower amplitude than the cases
with the same aspect ratio and larger mass ratio. This counter-intuitive
behavior seems to be related to the energy transferring process from
the steady stream to the oscillatory hydro-elastic system. The case of
m* � 1 was studied only for cylinders with L=D ¼ 2 and L=D ¼ 1:5; tests
are still necessary for lower values of aspect ratio.

Rahman & Thiagarajan (2015) and Rahman et al. (2016) performed
experimental and numerical studies, respectively, on 1dof VIV of low
aspect ratio cylinders in the range of 0:5 � L=D � 13 and mass ratio
value m* ¼ 1:6. The response amplitude was observed to decrease as the
aspect ratio reduced. The decrease in response amplitude was found to be
accompanied by a reduction in the correlation length of vortex shedding.
The decreasing trend is also followed by the results measured for drag
and lift force. This is the same behavior pointed out by the previous
works by Gonçalves et al. (2013a) for 2dof cases. Complementing these
works, Zhao and Cheng (2014) performed CFD simulations for 1dof VIV
of a circular cylinder with 1 � L=D � 20 and mass ratio m* ¼ 2 to try to
understand the 3D structures around the cylinder free end. The vortices
that were shed from the cylinder with low aspect ratio L=D ¼ 2 and
L=D ¼ 1 were found to be generated from the cylinder free end and
convected toward the top end of the cylinder by the up-wash velocity.
The wake flow in a vibrating cylinder with L=D � 5 includes the vortex
shedding flow at the top part of the cylinder and the end-induced vortex
shedding near the free end of the cylinder.

After this literature review, it is possible to verify the importance of
studying the VIV of floating circular cylinders with very low aspect ratio,
a still little explored subject in the literature.

3. Experimental setup

All the experiments were carried out in a recirculating water channel
at the Fluid & Dynamics Research Group Laboratory (NDF) facility of the
University of S~ao Paulo (USP), Brazil. The water channel has a test sec-
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tion 0.7m wide, 0.9m deep and 7.5m long. The flow speed U is variable
up to 0.4m/s, allowing for tests with different values of Reynolds number
and reduced velocity with a turbulence intensity of less than 3%, ob-
tained from velocity and turbulence profiles measured with hot-film
anemometers by Assi (2005).

The floating cylinder was elastically supported by a set of four springs
with the same stiffness parameter, k ¼ 0.73 N/m, in a rectangular sup-
port with dimensions Lq ¼ 1090mm and Wq ¼ 610mm, length and
width respectively, as can be seen in Fig. 1 and Table 1. The springs were
fixed in themodel above 20mm from the water line to prevent them from
touching the water in any condition. The vertical distance between the
point where the springs were attached to the rectangular support and the
point where the springs were fixed on the model was 100mm; therefore,
the spring angles were smaller than 10	. Due to these small angles, the
restoration of the system still can be considered linear in the range of the
displacements of the tests performed.

The models were made of polyvinyl chloride (PVC) with external
diameter D ¼ 125mm. The cylinder is free to move in the 6dof. The
motions were measured using an optical motion capture system, Quali-
sys. Details of the position of the camera can be seen in Fig. 2. Due to the
small volume of control measured during the tests, the standard devia-
tion error of measurements is lower than 0.1mm.

Eight different cylinders were built, one for each aspect ratio tested,
namely: L=D ¼ 0.20; 0.30; 0.40; 0.50; 0.75; 1.00; 1.50 and 2.00; see
Fig. 3. The loading condition was adjusted changing the ballast inside the
models. The water height of the channel was kept constant during the
tests, H ¼ 536mm; thus, the distance between the cylinder free end and
the bottom of the water channel, h, depending on the aspect ratio, as can
be seen in Table 1.

The blockage coefficient can be defined as β ¼ LD=HW , where H is
the water height, and W is the width of the water channel. For all the
cases, the blockage coefficient was smaller than 8%, as observed in
Table 1.

The mass property, vertical center of gravity position (KG) and



Fig. 13. PSD of the motion in the transverse direction as a function of Vr for cylinders with mass ratio of m* ¼ 1:00 and different aspect ra-
tios (0:40 � L=D � 0:75).
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metacentric height (GM) values are presented in Table 2.
The natural frequencies in still water in the in-line and transverse

direction were practically the same for each L=D condition,
f0x=f0y 
 0:97; due to this, it is possible to consider f0x ¼ f0y ¼ f0. The
natural frequency in still water for the vertical direction, roll, pitch, and
yawwere also calculated from decay tests. The damping coefficient in the
transverse direction in still water was almost the same for all conditions,
ζw 
 4%. The structural damping was very low around ζs ¼ 0:1%. All
these results are presented in Table 3.

Forty velocity conditions were carried out for each aspect ratio. The
reduced velocity range performed was 2 < Vr < 14 and the Reynolds
number range was 2� 103 < Re < 6� 104, which corresponds to cur-
rent incidences of 0:02 < U < 0:45 m/s. The reduced velocity was
calculated using the natural frequency in the still water in the transverse
direction as Vr ¼ U=f0yD or Vr ¼ U=f0D as adopted.

The Froude number of the tests was defined as a function of the flow
velocity and the cylinder submerged length as FrL ¼ U=

ffiffiffiffiffi
gL

p
, as proposed

by Chaplin and Teigen (2003). As can be seen in Table 4, only a few cases
have FrL > 0:5 for the highest reduced velocities. For these particular
conditions, L=D < 0:4 and high velocities, the free-surface effects are
significant and can introduce more tridimensional effects in the flow, but
these effects could not be detached from the free-end effects.

Details about the conditions tested are presented in Table 4.

4. Analysis methodology

4.1. Characteristic amplitudes and frequencies

The values of characteristic amplitudes for each degree of freedom, as
well as the characteristic frequencies, were obtained employing the
Hilbert-Huang Transform Method (HHT) as proposed by Gonçalves et al.
(2012a). The HHTwas developed in Huang et al. (1998) as an alternative
to deal with non-stationary signals that arise from non-linear systems.
The characteristic amplitude was defined by taking the mean of the 10%
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largest amplitudes obtained in the HHT. It is important to highlight that
in the HHT, there are instantaneous amplitudes of motion, which makes
the number of points to calculate the mean of the 10% largest amplitudes
proportional to the length of data and, consequently, to the sampling
frequency, which implies a reduction in the statistic uncertainty. On the
other hand, using the traditional 10% largest peak amplitudes, there are
few points to evaluate the statistics as compared to the HHT. The char-
acteristic motion frequency was defined by taking the frequency related
to the 10% largest amplitudes obtained in the HHT.

The 6dof were measured during the tests. The modal form factor, as
defined by Blevins (1990), utilized was γ ¼ 1 to obtain the characteristic
amplitudes due to the cylinder being considered a rigid body mounted on
an elastic support. In sum, the modal form factor is a way of considering
the characteristic of the natural vibration of the support structure,
allowing displacements in any location to be accurately compared to the
translational movement of a rigid structure, for instance, a cylinder
elastically supported. This value will be significant in comparison with
the results from the literature during the discussion of the results.

The PSD results were evaluated using the Fast Fourier Transform
Method (FFT) and plotted in a color graph as a function of the reduced
velocity.

4.2. Force coefficients

The linear rigid body motion equations for a cylinder with two
uncoupled dof, in-line and transverse direction, are represented by the
following equations proposed and discussed in Sarpkaya (2004) as shown
below:

ms€xðtÞ þ c _xðtÞ þ kxxðtÞ ¼ FHxðtÞ (1)

ms€yðtÞ þ c _yðtÞ þ kyyðtÞ ¼ FHy ðtÞ (2)

where ms represents the cylinder mass; c the structural damping coeffi-
cient of the system; FHx and FHy are the total hydrodynamic forces acting



Fig. 14. PSD of the motion in the transverse direc-
tion as a function of Vr for cylinders with mass ratio
of m* ¼ 1:00 and different aspect ratios
(0:20 � L=D � 0:30).

Fig. 15. Mean drag force coefficient (Cx) as a function of reduced velocity
(Vr) for cylinders with mass ratio of m� ¼ 1:00 and eight different aspect
ratios (L=D � 2:00).

Fig. 16. Oscillatory drag force coefficient (Cx�rms) as a function of reduced
velocity (Vr) for cylinders with mass ratio of m� ¼ 1:00 and eight different
aspect ratios (L=D � 2:00).
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on the system in the in-line, x, and transverse, y, directions. The struc-
tural damping ratio for the tests is ζs ¼ 0:1%, which allows neglecting the
structural damping force component.

In these equations, the ‘structural' forces are placed on the left side;
and the hydrodynamic forces, which include added mass (force compo-
nent in phase with acceleration), hydrodynamic damping (force
component in phase with velocity) and other forces due to fluid, are
placed on the right side.

In the experiments, the total hydrodynamic forces in each given di-
rection are measured indirectly using these motion equations. The total
hydrodynamic force is the sum of the inertial, dissipative and restoring
forces of the system (the restoring forces were derived from the position
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and stiffness values of each mooring spring), then the force is decom-
posed in the in-line and in the transverse direction.

The force in the transverse direction of the flow is commonly repre-
sented in the form of the nondimensional lift force coefficient, Cy , as in

FHyðtÞ ¼ 1
2
ρLDU2CyðtÞ (3)

CyðtÞ ¼ 2FHyðtÞ
ρLDU2

(4)

where ρ is the fluid density.



0 2 4 6 8 10 12 14
Vr

0

0.5

1

1.5

2

C
y-

rm
s

L / D = 2.00
L / D = 1.50
L / D = 1.00
L / D = 0.75
L / D = 0.50
L / D = 0.40
L / D = 0.30
L / D = 0.20

Fig. 17. Lift force coefficient (Cy�rms) as a function of reduced velocity (Vr)
for cylinders with mass ratio of m� ¼ 1:00 and eight different aspect ra-
tios (L=D � 2:00).
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Fig. 18. Added mass coefficient in the in-line direction (max=md) as a func-
tion of reduced velocity (Vr) for cylinders with mass ratio of m� ¼ 1:00 and
eight different aspect ratios (L=D � 2:00).
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Fig. 19. Added mass coefficient in the transverse direction (may=md) as a
function of reduced velocity (Vr) for cylinders with mass ratio of m� ¼ 1:00
and eight different aspect ratios (L=D � 2:00).
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Fig. 20. Characteristic motion amplitude in the vertical direction (Az=D) as a
function of reduced velocity (Vr) for cylinders with mass ratio of m� ¼ 1:00
and eight different aspect ratios (L=D � 2:00).
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The non-time dependent lift force coefficient, Cy�rms, was evaluated as
the root mean square (RMS) of the non-dimensional force signal in the
transverse direction.

The force in the in-line direction to the flow is commonly represented
in the form of the nondimensional drag force coefficient, Cx, as in

FHxðtÞ ¼ 1
2
ρAPU2CxðtÞ (5)

CxðtÞ ¼ 2FHxðtÞ
ρLDU2

(6)

The force in the in-line direction can be divided into two components,
one related to the average drag force (static component) and a second one
related to the dynamic drag force (oscillatory component). Thus, the
mean drag force can be described as Cx, and the non-time dependent
oscillatory drag force coefficient Cx�rms can be evaluated as the RMS of
the non-dimensional force signal in the in-line direction.
4.3. Added mass coefficient

Considering, as usual, that the component of the total hydrodynamic
force in phase with the acceleration is related to the added mass, it is
possible to evaluate the added mass coefficient at the characteristic fre-
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quency of the motion, from a standard frequency domain analysis, as
proposed by Fujarra and Pesce (2002). For the motions in the transverse
direction:

m�
ay

�
fy
� ¼ �ℛ

�
F ½FHy�
F ½€y�

o
md

(7)

where ℛ½� is the real part of the complex number and F ½� is the fast
Fourier transform operator. The same procedure is applied to the motions
in the in-line direction.

5. Experimental results

The results from the experiments performed considering floating
cylinders with very low aspect ratio are presented next, comprising
characteristic amplitudes and frequencies in all the 6dof as a function of
the reduced velocity, Vr ¼ U=f0D, as well as the PSD for supporting the
discussions and conclusions. Additionally, results of force coefficients
and added mass are presented for the in-line and transverse directions.

Fig. 4 and Fig. 5, respectively, show the transverse, Ay=ðγDÞ, and in-
line, Ax=ðγDÞ, characteristic amplitudes for the case of m* ¼ 1 and L=D ¼
0:2; 0:3; 0:4; 0:5; 0:75; 1:0; 1:5 and 2:0. In general, the amplitudes
decrease with decreasing aspect ratio. The amplitude curves seem to shift



Fig. 21. Characteristic roll motion amplitude (Aroll) as a function of reduced
velocity (Vr) for cylinders with mass ratio of m� ¼ 1:00 and eight different
aspect ratios (L=D � 2:00).

Fig. 22. Characteristic pitch motion amplitude (Apitch) as a function of
reduced velocity (Vr) for cylinders with mass ratio of m� ¼ 1:00 and eight
different aspect ratios (L=D � 2:00).
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Fig. 23. Mean pitch angle as a function of reduced velocity (Vr) for cylinders
with mass ratio of m� ¼ 1:00 and eight different aspect ratios (L=D � 2:00).
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Fig. 24. Characteristic yaw motion amplitude (Ayaw) as a function of reduced
velocity (Vr) for cylinders with mass ratio of m� ¼ 1:00 and eight different
aspect ratios (L=D � 2:00).
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to the right when the aspect ratio decreases. This fact can be associated
with the free-end effects.

The characteristic amplitudes in the transverse direction, Ay=ðγDÞ,
showed a distinct behavior for L=D � 0:75, see Fig. 4. In these cases, it
was possible to observe a growth in amplitudes with increasing Vr , but it
is not possible to see the amplitude fall, which is one characteristic of the
lower branch. In the cases of 0:5 � L=D � 0:3, the results showed a
decrease of amplitudes for Vr > 8 and an abrupt fall for Vr > 10; the
latter behavior can characterize the lower branch. On the other hand, for
L=D ¼ 0:2, the amplitudes in the transverse direction did not exceed
Ay=ðγDÞ ¼ 0:2, and there was no resonant behavior in this lowest aspect
ratio. The maximum amplitudes are similar to Ay=ðγDÞ ffi 1:4 for
1 � L=D � 2; the maximum values are Ay=ðγDÞ ffi 1:1 for L=D ¼ 0:75;
moreover, the maximum amplitudes vary around 0:6 < Ay=ðγDÞ < 0:8
with higher amplitudes for larger aspect ratio for 0:3 � L=D � 0:5.

The characteristic amplitudes in the in-line direction, Ax=ðγDÞ, also
showed a distinct behavior for L=D � 0:75, see Fig. 5. In these cases, one
first local maximum was found around Vr 
 3, and it is possible to
observe an abrupt growth for Vr > 5 with the maximum value around
Vr 
 7. In the cases of 0:2 � L=D � 0:5, the results showed a linear in-
crease of amplitudes for Vr > 6 and similar maximum values for this
range of aspect ratio. The maximum amplitudes are Ax=ðγDÞ ffi 0:45 and
Ax=ðγDÞ ffi 0:25 for L=D ¼ 2 and 0:2 � L=D � 0:5, respectively.

The results of the ratio between the transverse motion frequency and
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the natural transverse frequency in still water, fy=f0, presented in Fig. 6,
showed the resonance behavior of the motion in the in-line direction for
2 < Vr < 4 and L=D � 1. This response is characterized by fy 
 0:5f0 and
fx 
 f0, thus fx=fy 
 2:0. A linear increase of fy=f0 as a function of Vr

occurred for Vr > 4 and L=D � 1. In this region, it is possible to assume
that the vortex shedding frequency is similar to the motion frequency in
the transverse direction, fs ffi fy , making it feasible to infer the Strouhal
number as the curve inclination. Yet a constant value of fy=f0 
 0:9 up to
Vr 
 7 for L=D � 0:75 was observed; only after this reduced velocity did
the linear increase of fy=f0 as a function of Vr occur.

The Strouhal “like” number can be evaluated considering the hy-
pothesis that the frequency of the vortex shedding is similar to the fre-
quency of the motion in the transverse direction in the synchronization
range, i.e. fs 
 fy . The Strouhal “like” number was calculated as the
inclination of the line in the graph of fy=f0 � Vr using linear fitting along
the synchronization range. The results of the Strouhal like number for the
cylinders with very low aspect ratio and 6dof are presented in Fig. 7. The
present results were compared with the results from fixed tests performed
in Gonçalves et al. (2015), VIV of low aspect ratio cylinders with 2dof by
Gonçalves et al. (2013a), and results from cylinders with high aspect
ratio. The Strouhal “like”number values, St, was obtained from linear
fitting with R2 > 0:999, which showed a large linear agreement between
the data in the synchronization range.

In the Strouhal “like” number results in Fig. 7 the St was observed to



Fig. 25. Example of time series of the 6dof motions at Vr 
 7 for the cylinders with mass ratio of m* ¼ 1:00 and L=D ¼ 2.0, 0.5 and 0.2.
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decrease with the decrease of the aspect ratio for cylinders with 2dof in
the range 1:5 � L=D � 2:0. The same behavior occurred for the cylinders
with 6dof in two different ranges namely 1:0 � L=D � 2:0 and
0:3 � L=D � 0:5. It is possible to conjecture that in the first range,
245
1:0 � L=D � 2:0, the von K�arm�an was still present, and it was governing
the motion; on the other hand, in the second range, 0:3 � L=D � 0:5, the
von K�arm�an was not presented, and the resonance motion was governed
by the structures shedding around the cylinder free end. All the values



Fig. 26. PSD of the 6dof motions as a function of Vr for the cylinder with mass ratio of m* ¼ 1:00 and L=D ¼ 2:0.
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were lower than the values for the cylinders with high aspect ratio,
L=D > 13.

The decrease in the Strouhal number due to the decrease in the aspect
ratio was also observed for the fixed tests as presented by Okamoto and
Yagita (1973), Sakamoto and Arie (1983), Fox and Apelt (1993), Norberg
(1994) and Gonçalves et al. (2015). Significant result, highlighted for
cylinders with high aspect ratio by Leong and Wei (2008) and Stappen-
belt and Lalji (2008), is that the Strouhal number verified for cylinders
under VIV, St ffi 0:16, is lower than the one verified for the fixed cases,
St ffi 0:20, as presented in Williamson and Govardhan (2004). The same
behavior was observed for the present results for cylinders with very low
aspect ratio.

Examining the last results presented together with the results of the
ratio between in-line and transverse motion frequencies, fx=fy , see Fig. 8,
the reduced velocity range in which the linear behavior of fy=f0 was
observed seems to be the same as the couple between the motions in the
in-line and in the transverse direction occurred, a region characterized by
fx=fy ffi 2. For L=D � 0:5, it was possible to observe values of fx=fy � 0:5
in high values of reduced velocities; these reduced velocities were the
same as the abrupt fall of the amplitudes in the transverse direction,
confirming the existence of the lower branch and the loss of synchronism
of the shedding frequency and the motion frequency of the cylinder. The
case of L=D ¼ 0:2 was different because it did not present the coupled
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behavior fx=fy ffi 2 in any reduced velocity condition. This result,
together with the amplitude results, confirms that the typical VIV
behavior was not observed for L=D ¼ 0:2, i.e., there was no vortex
shedding capable of synchronizing the frequency of the cylinder motion,
and the structures formed around this aspect ratio were not capable of
creating alternating forces and, consequently, motion in the cylinder. The
same behavior was observed for stationary cylinders with low aspect
ratio presented in Gonçalves et al. (2015); in that work, the value of
L=D ¼ 0:2 showed to be critical concerning alternating forces generation.

The PSD results of the motions in the in-line and in the transverse
directions as a function of reduced velocities for each aspect ratio are
presented in Figs. 9–14 to corroborate the statements made so far.

The PSD results of the motions in the in-line direction, see Figs. 9–11,
showed the region where the dominant in-line frequency is defined. This
region is characterized by an inclined line when looking at the graph of
fx=f0 as a function of Vr , and also by a line with constant value when
looking at the graph of fxD=U as a function of Vr . The range of these lines
was observed to decrease with decreasing aspect ratio, and this line did
not exist for L=D ¼ 0:2. For L=D � 0:5. A second region with considerable
energy density was observed for Vr > 7, with lower dominant fre-
quencies around fx=f0 
 0:4.

The PSD results of the motions in the transverse direction, see
Figs. 12–14, showed the region where the dominant transverse frequency



Fig. 27. PSD of the 6dof motions as a function of Vr for the cylinder with mass ratio of m* ¼ 1:00 and L=D ¼ 0:5.
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is defined. This region is also characterized by an inclined line, practi-
cally with half the inclination verified in the in-line direction, when
looking at the graph of fx=f0 as a function of Vr ; and also by a line with
constant value, practically half that verified in the in-line direction, when
looking at the graph of fxD=U as a function of Vr . These values charac-
terize the Strouhal number for each aspect ratio condition assuming that
the vortex shedding frequency is similar to the motion frequency in the
transverse direction, fs ffi fy .

In the same way as the in-line direction, the range of these lines was
observed to decrease with decreasing aspect ratio. For L=D ¼ 0:2, the
positive inclination of the line was not found and the value was constant
fy=f0 
 1. For L=D � 0:5, a previous region before the inclined line was
observed where the value is constant fy=f0 
 1, which showed a different
behavior when compared with the higher aspect ratios.

It is interesting to draw a parallel between the PSD results of the
cylinder free to oscillate with 6dof, see Figs. 9–14, with the PSD results of
the stationary cylinder obtained by Gonçalves et al. (2015). In those re-
sults, a different behavior was observed for stationary cylinders with
L=D � 0:5; in those cases, the cylinder free end was responsible for
changing the structures shedding around the cylinder, and these struc-
tures were responsible for the considerable energy density in lower fre-
quencies. In those cases, the typical von Karm�an street was not verified.
For L=D � 0:2, alternating forces were not observed. The same behaviors
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were verified and confirmed for the cylinders free to oscillate with 6dof,
showing the coherence between the results and confirming the state-
ments made before.

The results of mean drag force coefficient, Cx, and oscillatory drag
force coefficient, Cx�rms, are presented in Fig. 15 and Fig. 16, respectively.
The results of drag coefficient showed to be similar to that presented for
characteristic amplitudes, i.e. the drag force coefficient decreased with
decreasing aspect ratio, see Fig. 15. The mean drag force coefficient re-
sults allow observing the dynamic drag amplification behavior when
fx=fy ffi 2, except for L=D ¼ 0:2. The force characteristics were different
for L=D ¼ 0:2; the same behavior was presented by Gonçalves et al.
(2015) for fixed cylinders and L=D ¼ 0:2 due to the combined presence of
free-end and free-surface effects. The maximum values of mean drag
coefficient reach Cx ffi 4 and Cx ffi 1:5, respectively, for L=D ¼ 2:0 and
L=D ¼ 0:5.

The results of oscillatory drag force coefficient, Cx�rms, showed high
values in the region of in-line resonance for Vr < 4 and L=D > 0:5. For
L=D < 0:5, the Cx�rms ffi 0:2 is almost constant and lower than for the
highest aspect ratio. It is possible to see for these aspect ratios,
L=D < 0:5, that the in-line amplitudes were also low. The maximum
values of oscillatory drag coefficient reach Cx�rms ffi 0:9 and
Cx�rms ffi 0:3, respectively, for L=D ¼ 2:0 and L=D ¼ 0:5.

The results of lift force coefficient, Cy�rms, are presented in Fig. 17.



Fig. 28. PSD of the 6dof motions as a function of Vr for the cylinder with mass ratio of m* ¼ 1:00 and L=D ¼ 0:2.
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The results of lift force coefficient also decreased with decreasing aspect
ratio. For L=D � 1:00, it was possible to observe two local maxima, the
first one related to the in-line resonance in Vr ffi 3 and the second one
related to the beginning of the synchronization process between in-line
and transverse motions. The results of lift force coefficient showed that
the maximum value of Cy�rms occurred at lower reduced velocity with
increasing aspect ratio. The maximum values of lift force coefficient
reach Cy�rms ffi 1:4 and Cy�rms ffi 0:4; respectively, for L=D ¼ 2:0 and
L=D ¼ 0:5.

The added mass results for the in-line direction, in Fig. 18, showed a
decrease with increasing reduced velocity with an asymptotic value of
m�

ax ¼ �1, the same behavior reported in Jauvtis and Williamson (2004)
and in Cunha et al. (2006). The zero crossing occurred for all cases
around Vr � 4, which confirms the resonance of the in-line motion
around this reduced velocity, except for L=D ¼ 0:2; in the latter case, the
VIV behavior was not observed.

However, the added mass results for the transverse direction, Fig. 19,
did not present the zero crossing regions, confirming the absence of the
lower branch for L=D > 0:5 and Vr < 14. In turn, added mass results for
high aspect ratio cylinders, as in Vikestad et al. (2000), usually show a
zero crossing where the lower branch appears, and the resonant process
is finished. In fact, for 0:2 < L=D � 0:5, the curve crossed zero confirm-
ing the presence of lower branch for these cases besides pointing out the
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characteristic amplitudes in the transverse direction presented in Fig. 4.
The characteristic amplitudes in the vertical direction, Az=D, pre-

sented larger amplitudes for lower aspect ratio and also an increase in the
amplitudes by increasing the reduced velocity, see Fig. 20. The vertical
amplitudes are related to wave generation on the free surface, i.e. the
vertical amplitudes depend on the Froude number, FrL. However, the
vertical amplitudes are very low Az=D < 0:05, and their effects on the
VIM can be neglected.

The characteristic roll, Aroll, and pitch Apitch, motion amplitudes are
presented in Fig. 21 and Fig. 22, respectively. The roll motions were
coupled directly to the motions in the transverse direction for Vr < 8, and
coupled to the motion in the transverse direction and yaw motion for
Vr > 8. As can be seen in Fig. 24, the yaw motion presented local minima
around Vr ¼ 8 for L=D > 0:5, and the yaw amplitudes increased suddenly
after this reduced velocity. It is interesting to note that the natural fre-
quency of yaw motion was higher than the transverse one and the yaw
could be resonant for larger reduced velocities, but the reduced velocities
tested were not enough to verify this behavior.

The maximum characteristic roll motion amplitude was Aroll ffi 5 for
the cases with highest aspect ratio, and the trend was a decrease in the
roll motion amplitudes with a decrease in the aspect ratio, see Fig. 21.
Moreover, the maximum characteristic pitch amplitude was Apitch ffi 2:5,
see Fig. 22. The value for the maximum characteristic pitch amplitude



Fig. 29. Literature comparison of the characteristic motion amplitude in the
transverse direction (Ay=ðγDÞ) as a function of reduced velocity (Vr) for cyl-
inders with the mass ratio of m� ¼ 1:00.

Table 5
Works about VIV of circular cylinders with m� ¼ 1:00 for the comparison.

Work L=D m� dof Vr

Blevins and Coughran (2009) 17.8 1.00 1 2→ 12
17.8 1.00 2 2→ 12

Sanchis et al. (2008) 6.0 1.00 6 4→ 7
Fujiwara et al. (2013) 3.0 1.00 6 3→ 11
Wang et al. (2009) 2.4 1.00 6 2→ 7
Gonçalves et al. (2013a) 2.0 1.00 2 2→ 12
Present work 2.0 1.00 6 2→ 10

0.5 1.00 6 2→ 14

Fig. 30. Literature comparison of the characteristic motion amplitude in the
transverse direction (Ay=ðγDÞ) as a function of reduced velocity (Vr) for cyl-
inders with the mass ratio around m� 
 2:5 and 2dof.

Table 6
Works about VIV of circular cylinders with m� ffi 2:50 for the comparison.

Work L=D m� dof Vr

Pesce and Fujarra (2000) 94.5 2.60 2 2→ 11
Freire and Meneghini (2010) 21.9 2.80 2 2→ 10
Blevins and Coughran (2009) 17.8 2.56 1 2→ 11

17.8 2.56 2 2→ 12
17.8 1.00 2 2→ 12

Franzini et al. (2013) 13.0 2.60 2 2→ 13
Jauvtis and Williamson (2004) 10.0 2.62 2 2→ 14
Stappenbelt and Lalji (2008) 8.0 2.36 2 2→ 14
Gonçalves et al. (2013a) 2.0 2.62 2 2→ 12

0.5 2.62 2 2→ 10

Fig. 31. Literature comparison of the characteristic motion amplitude in the
transverse direction (Ay=ðγDÞ) as a function of reduced velocity (Vr) for cyl-
inders with very low aspect ratio and small mass ratio.

Table 7
Works about VIV of circular cylinders with very low aspect ratio and small mass ratio.

Work L=D m� dof Vr

Blevins and Coughran (2009) 17.8 1.00 1 2→ 11
17.8 1.00 2 2→ 12

Rahman & Thiagarajan (2015) 13.0 1.60 1 1→ 12
2.0 1.60 1 2→ 11
1.0 1.60 1 1→ 8
0.5 1.60 1 2→ 11

Present work 2.0 1.00 6 2→ 10
1.0 1.00 6 2→ 12
0.5 1.00 6 2→ 14
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was lower than the roll ones also seeing that the amplitudes in the in-line
direction were lower than the transverse one. The trend was the same for
the roll motion amplitudes except for the L=D ¼ 0:2, in which the pitch
motion amplitudes were higher than the higher aspect ratio cases. This
behavior can be attributed to the free surface effect in this case due to
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FrL > 0:5.
The mean pitch angle results are presented in Fig. 23. For all aspect

ratio cases, the mean pitch angle is similar and increased by increasing
the reduced velocity. Distinct behavior occurred at the start of the lower
branch region for 0:2 < L=D � 0:5; a decline in the amplitude was veri-
fied in this region, and the dynamic amplification of the drag ceased. In
fact, results presented by Franzini et al. (2013) showed that angle values
inferior to 10	 do not substantially affect the VIV response for cylinders
with L=D ¼ 13. Therefore, the effect of the inclination can be neglected
for the low aspect ratio cylinders presented here.

The characteristic yaw motion amplitudes, Ayaw, showed a large
relation to the motions in the transverse direction, see Fig. 24. For the
cases L=D > 0:5, it is possible to observe local minima in the same
reduced velocity as the maximum lift coefficient occurred, and after this
value increased in the yaw amplitudes A decrease in the yaw motion in
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the highest reduced velocities tested for these cases was not observed.
However, a drop was verified in the yaw amplitudes for the L=D � 0:5 in
the same region characterized by the lower branch in the motions in the
transverse direction. No yaw amplitudes higher than Ayaw ¼ 0:5 were
observed for L=D ¼ 0:2. For the yaw motions, as well as for the motions
in the transverse direction, it is possible to distinguish three different
region behaviors, namely 0:5 < L=D � 2:0, 0:2 < L=D � 0:5 and
L=D ¼ 0:2.

Fig. 25 presents an example of the time series for all the 6dof at Vr 
 7
for one case in each distinct behavior region commented before, namely
L=D ¼ 2.0, 0.5 and 0.2. The couple between the different degrees of
freedom is due to the elastically supported system applied to the exper-
iments. It is possible to observe at the moment that the cylinder promoted
motions in the transverse direction, the roll motion is coupled and in the
same phase; the same occurred for the motions in the in-line direction
and pitch motion.

The example time series shown in Fig. 25 helps to summarize the
characteristic behavior for each region as: for the range 0:5 < L=D � 2:0,
von K�arman street main characteristic is predominant and the double
frequency can be observed for motion in the in-line direction when
compared with the frequency for motion to the transverse direction; for
the 0:2 < L=D � 0:5, even without von K�arm�an street main characteris-
tics around the majority span length of the cylinder, the vortex shedding
around it was capable of producing alternating forces in the transverse
direction and no more double frequency in the motions in the in-line
direction is observed; finally, for L=D � 0:2, low amplitudes are found
in the transverse and in-line direction, and the free surface effects play an
important role increasing the motions in the vertical direction and pitch
motions; therefore, the vortex structure are not enough to produce sig-
nificant VIV amplitudes.

The PSD results for all the 6dof presented in Fig. 26, Fig. 27 and
Fig. 28 for L=D ¼ 2.0, 0.5 and 0.2, respectively, concerning frequency
results corroborated the summary statement made before. The couple
between the motion in the transverse direction and roll, as well as the
couple between the motion in the in-line direction and pitch, can be
highlighted, i.e. each pair of the degree of freedom presented the same
frequency behavior. The results for L/D¼ 0.2 showed an absence of
significant energy for most degrees of freedom. However, the increase of
the energy for the motions in the vertical direction for low frequencies
due to the increase in the free surface effects were also observed for this
very low aspect ratio. Note that the vertical energy is not enough to
change the VIV behavior for the motions in the transverse and in the in-
line direction.

The analysis performed so far confirmed that the free-end effects in-
crease with decreasing aspect ratio, mainly for 0:2 < L=D � 0:5. In this
range of aspect ratio, the structures formed around the cylinder free end
are the only ones responsible for the alternating forces in the transverse
direction, differently from the typical von K�arm�an street presented for
higher aspect ratios.

6. Literature comparison

As detailed in the Introduction section of this work, few works in the
literature are found about VIV of circular cylinders with low aspect ratio
and small mass ratio. The goals of the present section are to compare the
current results with the ones found in the literature and to show the
consistency of our results.

Fig. 29 presents the literature comparison of the characteristic motion
amplitude in the transverse direction for cylinders with the mass ratio of
m* ¼ 1:00; details about the works compared are presented in Table 5.
The first point to be detached is the difference between 1dof and 2dof
results for L=D ¼ 17:8, which confirms that the presence of the motions
both in the in-line and in the transverse direction directly impact the VIV;
on the other hand, 2dof and 6dof results L=D ¼ 2:0 are similar, and this
difference of degrees of freedom does not play an important role. The
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second one is the highest amplitudes occurring for L=D ¼ 2:0 instead of
the highest aspect ratio L=D ¼ 17:8; as discussed in Gonçalves et al.
(2013a, 2015) and confirmed by the present work, the low-frequency
forces due to the free-end presence keep the synchronization for a
longer time. In the latter, the results for 2:4 � L=D � 17:8 are similar;
therefore, the effect of the free-end presence may not affect the VIV
behavior for L=D � 2:4. The amplitude results for L=D ¼ 0:5 is the lowest
due to the existence of the free-end structures for this case instead of the
typical von K�arm�an street behavior for L=D > 0:5 as discussed in the
Experimental Results section of this work.

Fig. 30 presents the literature comparison of the characteristic motion
amplitude in the transverse direction for cylinders with the mass ratio of
m* 
 2:50 and 2dof; details about the works compared are presented in
Table 6. The results for L=D ¼ 17:8 confirmed the difference between
1dof and 2dof for m* 
 2:50; also, it is possible to observe the difference
between the results for and m* 
 2:50, statement discussed intensely in
Jauvtis and Williamson (2004) for L=D ¼ 10, and Gonçalves et al.
(2013a) for low aspect ratio cylinders. Even for m* 
 2:50, the results for
L=D ¼ 2:0 presented higher amplitudes for Vr > 8 than cylinders with
high aspect ratio cylinders. The explanation for the absence of the lower
branch for the Vr > 8 may be the presence of low-frequency forces due to
the free-end presence as commented before. As expected for the
L=D ¼ 0:5, the amplitudes are the lowest.

Fig. 31 presents the literature comparison of the characteristic motion
amplitude in the transverse direction for cylinders with very low aspect
ratio and small mass ratio, details about the works compared are pre-
sented in Table 7. Only the work by Rahman & Thiagarajan (2015)
presented experimental results from VIV of L=D � 2:0. The results cannot
be compared directly with the results of the current work because of the
difference betweenmass ratio and degrees of freedom. Yet the conclusion
is similar: the amplitudes in the transverse direction decrease when the
aspect ratio decreases.

The literature review and comparison summed up the importance of
having studied the floating cylinders with very low aspect ratio and have
helped to fill this lack of studies.

7. Conclusion

The present work was motivated by the VIM studies on circular
platforms, particularly the case of the monocolumn platform
(0:20 < L=D < 0:50). It aimed to understand the VIV around floating
circular cylinders with very low aspect ratio.

Hence, VIV experiments were carried out in a circulating water
channel at NDF, Brazil. Eight different aspect ratio conditions were
tested. In all the conditions, the cylinder was free to oscillate with 6dof
and m* ¼ 1. Motions were acquired using an optical motion capture
system. Results regarding motion amplitudes, motion characteristic fre-
quencies, lift and drag forces and added mass were presented and dis-
cussed for each aspect ratio. Literature review and comparison were
performed to corroborate the statements in this work.

Regarding the motion amplitudes, the characteristic amplitudes in
both in-line and transverse directions decreased with decreasing aspect
ratio. The results of drag and lift forces also showed the same behavior,
confirming the reduction in amplitudes with decreasing aspect ratio. The
same behavior was verified for the Strouhal number assuming that
fy ffi fs. On the other hand, the added mass results helped to confirm the
end of the resonant process when this value reached a value equal zero,
and also for motions in the transverse direction to confirm the lower
branch behavior. The motion amplitudes for the vertical direction, roll,
pitch and yaw did not show to affect the VIV behavior since the energy of
these degrees of freedom was low and related to the couple with the
motions in the in-line and transverse direction.

Distinct responses were observed regarding the possible source of the
alternating forces analyzing the characteristic frequency results: the first
one, for cylinders with 0:5 < L=D � 2:00, in which the von K�arm�an street
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is present together with the structures formed around the cylinder free
end; the second one, for cylinders with 0:20 < L=D � 0:50, in which only
the vortex formed and shedding around the cylinder free end were
responsible for the resonant behavior of the system; and the last one, for
cylinders with L=D � 0:20, in which the vortex structures due to the
cylinder free end were predominant but not capable of promoting a VIV
resonant behavior of the system; thus, the value L=D ¼ 0:20 can be
considered the critical aspect ratio value for the existence of VIV on
cylinders.

These conclusions are similar those obtained for stationary cylinders
with low aspect ratio and presented in previous work by Gonçalves et al.
(2013a). These two works together can help to better understand the VIV
behavior of low aspect ratio cylinders.

Future works can use CFD simulations to better visualize the struc-
tures formed around the cylinder free end and can further explain the
phenomenon of flow around low aspect ratio cylinders.
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