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ABSTRACT

After one decade of experimental investigation, the Vortex-
Induced Motion — VIM phenomenon deserves a comprehensive
survey concerning the advances related to its understanding,
mainly under the consideration of the fundamental aspects that
keep it in a close relationship to the dynamic behavior of the
same phenomenon acting on slender bodies, the well known
Vortex-Induced Vibration — VIV. A considerable amount of
results can be found in the literature, although there are few
works dealing with a general view of the problem. Probably, the
main reason for such a large amount of works with no interaction
between themselves and, consequently, without a common un-
derstanding about VIM might be due to its technological origin,
featured by huge platforms with a variety of geometrical details,
which ends up placing the researches more on the field of the
faithful reproduction of the features in small-scale and less on
the global understanding of the phenomenology regardless the
floating system, e.g. a spar platform, a monocolumn or even a
semi-submersible or a tension-leg platform. Obviously, no one
should disagree that there is part of the research that must keep a
faithful relationship with the full scale, however, in most of them
it is possible to identify the common fundamentals concerning
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the fluid-structural interaction. The aim of the present work is
to address a comprehensive evaluation of the experimental in-
vestigations during the past decade on the VIM, trying to gather
a general understanding about its phenomenology including
some comparisons to VIV. As a result, some relevant aspects are
pointed out for a more prospective way of research.

Keywords: VIM, vortex-induced motion, comprehensive
survey, experiments.

GENESIS OF VIM ON LARGE FLOATING UNITS
According to Kokkinis et al. [36], since the Genesis spar
platform started working in Gulf of Mexico in 1997, several oc-
currences of VIM were observed, always complying with the
predictions based on small-scale experiments carried out in late
1995, which took into account a spar outfitted with helical strakes
of 10% of the hull diameter in height, as well as the potential
presence of 100-year loop/eddy current. Despite those concerns,
in 2001 VIM response amplitudes of more than twice the pre-
dicted values during the project design phase were observed as
a result of a millennium eddy current reaching the Genesis lo-
cation. As a consequence, a wide range of investigation started
being conducted not only concerning the VIM phenomenon act-
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ing on spar platforms such as Genesis, but also comprising to
its potential occurrence on monocolumn, semi-submersible and
tension-leg platforms.

After a phenomenological background presented as follow,
the next sections summarize a comprehensive survey on this is-
sue, gathering most of the experimental results available and re-
ported in the open literature during more than one decade of in-
vestigation. Moreover, important concerns on the experimental
approach for the state-of-art in R&D are presented, which are
based not only on the literature results, but also on the experi-
ence that has been gathered by the authors.

PHENOMENOLOGICAL BACKGROUND

Fundamental aspects

Essentially speaking, VIM and VIV are the same phe-
nomenon, presenting as a resonant behavior due to fluid-structure
interaction. In both cases, as a result of the balance between
the energy provided by the fluid flow and the energy dissipated
by damping acting on the system (a slender cylinder or even a
floating unit), a self-limited oscillation of amplitude close to the
dimension of cross section is triggered by the frequency of vor-
tex shedding, approximately equal to one of the natural frequen-
cies involved. It is well known that the frequency of shedding
is linearly dependent on the ratio between flow velocity and di-
mension of cross section, see eq. (1), where St is the Strouhal
number, an inherent feature of the cross section, practically in-
variant for a large range of Reynolds number, Re. In fact, both
parameters play an important role in this fluid dynamic mecha-
nism, justifying the details presented further on.

U
fs=5t- 5, )

The self-excited behavior featured by the synchronization
between the frequency of shedding and a natural frequency of
the system is kept for a considerable range of flow velocities, in-
side which the transverse and in-line amplitudes of oscillation
can display several branches of response, mutually related as
shown in Fig. 1 and Tab. 1, the latter presenting the respec-
tive details about the relation between response frequencies (f,
transverse and f, in-line) and frequency of shedding, f;.

From Fig. 1 it can be observed that VIV and VIM can in-
duce response amplitudes up to 1.5 times the cross section main
dimension of the cylinder, irrespective if it is long or short, but
in both cases as a result of a notable coupling with the in-line
oscillations. Moreover, for both cases (long and short cylinders),
the transverse amplitude starts increasing at reduced velocity of
approximately 4, as a consequence of the synchronization, i.e.
fy = fu = f5, see comparisons in Tab. 1. Although two behav-
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FIGURE 1: Qualitative comparison between nondimensional
amplitudes as function of the reduced velocity.

iors of in-line resonance can be noticeable for reduced velocity
below 4, it is after this value that the oscillations in this direc-
tion become really important. Although the in-line amplitudes
of circa 0.35 are not so large, they contribute for larger ampli-
tudes in the transverse direction. In fact, in-line oscillations of
this order are responsible for an important difference for some
cases of VIM, being the absence of a Lower branch (L-branch)
of transverse amplitudes as it is verified for long cylinders in the
case of reduced velocities larger than approximately 8. As it will
be discussed, this behavior has close relation to the ratio between
the structural mass and the fluid mass displaced by the system.
Because of its low frequencies, as well as its nature is in
some aspects different from that observed for the VIV on slen-
der bodies, such as the one concerning the maintenance of in-line
oscillations, VIM was considered a distinct phenomenon, espe-
cially in the first years of research. Nowadays, in consequence
of intensive investigation, it is well known that VIM is a par-
ticular case of VIV. VIM and VIM share the same mechanism
of fluid-structure interaction, i.e. the same self-excited and self-
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limited behavior. However, the designation VIM is used for large
floating offshore structures, mainly due to the larger oscillation
periods of more than 10 seconds.

TABLE 1: Qualitative behavior for the response frequencies (f,
transverse and f in-line).

LONG CYLINDER
v, Transverse Motion In-line Motion
<1.0 no VIV no VIV
1.0t02.5 H=EO0 fr=fo=2f5
2.5t04.0 H=m/2=f = a=2f
4.0t05.0 fyzfnzfs S 2f=2f
500125 08f, <A SLAfy, fimfn  fim2f=2f;
>125 no VIV no VIV
SHORT CYLINDER
V, Transverse Motion In-line Motion
25t04.0 fy = fa)2 Y R2fy
401050 hH=fa H<hA<SL2S
501070 fo= £, =0.75f, 1.2f, < fe <2fy
>7.0 075 < fy<1.1fy fim2fy

Main parameters and aspects for VIM phenomenon

In spite of the mentioned similarities between VIM and VIV,
part of the phenomenology concerning VIM on floating units de-
serves particular attention, mainly in terms of four decisive as-
pects for its dynamic behavior. According to Fig. 2, VIM is
really a particular case of the VIV phenomenon, but dynamically
featured by the higher Reynolds numbers, oscillation in more
than one degrees-of-freedom, the intrinsic characteristics of low
aspect ratio (particularly defined for each case of floating unit)
and by very small mass ratio (for some platforms even lower
than unity).

It is important to emphasize that, taking into account the
poor investigation about the effects of some parameters and as-
pects in terms of floating units, the discussion herein presented
was partially based on results from bare cylinders. This will not
bring any misunderstanding for the aims of this review, but rather
will possibly allow a more wide meaning for the observed phe-
nomenology by means of testing at small-scale.

Reynolds number The Reynolds number is a nondi-
mensional parameter representing the ratio between inertia and
friction fluid forces involved in separated flows, eq. (2). For
monocolumn platforms, for example, it can be easily greater than
1.0- 107, definitely in the supercritical region.

VIV

6DOF

High Re LowL/D

Small m*

FIGURE 2: VIM is a particular case of VIV on cylinders with low
aspect ratio, small mass ratio, at least 2DOF and high Reynolds
numbers.

Re=U-D/v 2)

Although it is the most important parameter to be considered
when seeking for similarity between hydrodynamic behaviors, in
the case of small-scale tests with floating units subjected to the
VIM phenomenon, it becomes an infeasible task since the typ-
ical scale factor applied varies from A = 40 to 100 due to the
restrictions imposed by the available facilities. For instance, a
monocolumn of 100m in diameter operating in a current of ap-
proximately 1m/s, even applying a scale of A = 100, should be
tested at velocities of 100m/s, which is impractical for any lab-
oratory. Furthermore, another nondimensional parameter must
be kept similar to full scale during the small-scale tests, namely
the Froude number Fr = U /+/g - D, which is mandatory to avoid
unreal effects of wave generation at the free surface.

As discussed in van Dijk et al. [60], the alternative pro-
cedure for reliable model tests of floating units is based on
the Froude scaling, resulting in Reynolds numbers according to
ReModel = Refull ] VA3, 1t is well known that drag force of a cir-
cular cylinder varies substantially from the subcritical to super-
critical region, as a result of boundary layers changing from lam-
inar to turbulent. This could be a problem for the model tests of
floating units, but considering that such a behavior is much less
pronounced as the surface roughness increases (defined by the
ratio between the mean height of the surface protrusions and di-
mension of the cross section, k/D), sufficient roughness is added
to the model surface in order to emulate a supercritical regime
during tests with Reynolds numbers below the critical value,
therefore avoiding substantial change in the flow regime and con-
sequently on the drag force. The increase of surface roughness
is also important to minimize inherent effects coming from the
scaling.
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Although based on a straightforward and plausible proce-
dure, the comparison between VIM motion coming from sub-
critical and supercritical regimes deserves much more atten-
tion, especially due to some additional aspects related to the re-
sponse amplitude dependence on the Reynolds number and sur-
face roughness. According to Blevins and Coughran [2], ex-
periments on VIV of bare cylinders elastically supported with
only 1DOF and m* = 5.3 (relation between structural mass in
oscillation and displaced mass of fluid)! have shown that the
maximum transverse amplitude increases with an increasing of
the Reynolds number in the range from 2.0-10? to 1.0 - 10°,
a behavior previously discussed in Govardhan and Williamson
[26]. Moreover, the lower branch gradually ceases to exist for
the largest Reynolds numbers, as also reported in Raghavan and
Bernitsas [46] by means of experiments with horizontal cylinders
elastically supported in 1DOF. In [2], it was shown that trans-
verse amplitude maximum drops by a factor of 2 when the sur-
face roughness was increased from k/D =1.0-107> t0 5.0- 1073
at Reynolds number of approximately 1.40 - 10°. This probably
comes from changes in the boundary layer and it supports the
usual procedure for small-scale tests of floating units.

----- Govardhan & Williamson (2006)
@  Blevins & Coughran (2009): kD = 1.0E-05
L ®_Bievins & Coughran (2009): kD = 5.0E-03

1000 10000 100000
Re=UD/v

FIGURE 3: Maximum transverse amplitudes as function of the
respective Reynold numbers. Experimental results adapted from
[2] and theoretical result plotted according to [26].

When taking into account the concerns presented in Yung
et al. [68] and Ding et al. [7], the last one particularly point-
ing out the complex nature of the VIM dependence on Reynolds
number and surface roughness, the procedure herein discussed is
certainly the only one feasible in most of the facilities available.
Additionally, recent results found by Roddier et al. [5S0] from a
series of model tests with only the hard tank of a spar platform

This parameter has a strong influence on response due to VIV or VIM and it
will be discussed in next section.

(L/D = 1.7), in three different Reynolds regimes (three different
facilities), reveal that:

1. Tests at subcritical regime are acceptable and slightly con-
servative;

2. Small-scale tests of floating units are a good solution for
considering the VIM effects in a reliable way;

3. There are little difference at reduced velocities higher than
7 between small-scale tests at subcritical and supercritical
regimes, remarkably achieved by applying the Froude scal-
ing in terms of geometrical and dynamic similarity.

Degrees-of-freedom The ability of oscillating in more
than one degree-of-freedom plays an important role in VIM re-
sponse of floating units, see for instance Fig. 4 for the importance
on the fatigue life of risers and mooring lines. However, there is
not much specific research on this issue for platforms and, con-
sequently, much of the remarks concerning it are based on the
VIV phenomenon acting on cylinders with only 2DOF, where it
is well known that the simple coexistence of oscillations trans-
verse and in-line to the fluid flow brings striking changes to the
dynamic behavior. That is why the fundamental approach herein
presented is focused on VIV of cylinders with 2DOF.

FIGURE 4: The 2DOF play an important role on VIM response
of floating units.

Some of the earliest studies on VIV response of cylinders
with 2DOF are found in King [35] and Chen and Jendrzejczyk
[3], particularly focused on the phenomenological aspects of the
coexistence between transverse and in-line oscillations. Accord-
ing to theoretical and experimental considerations, those works
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clearly state the existence of two synchronization regions, see
Figure 1 (upper plot), the first region being related to the in-line
oscillations, for 2.5 <V, < 4.5, and the second one to the trans-
verse oscillations, for V.. > 4.0. Some dependence on the damp-
ing coefficient with respect to the flow velocity is reported in [3].

Sarpkaya [54] compared experiments with cylinders free to
oscillate in 1DOF and 2DOF. According to that work, the cylin-
der free to oscillate in both directions is able to exhibit coupled
motions, sometimes in 8-shape, featured by transverse ampli-
tudes 19% higher than that from cylinders with only 1DOF, and
strongly dependent on the ratio between the natural frequencies
in-line and transverse to the fluid flow. Moreover, the case of
2DOF has provided a maximum amplitude at a slightly higher
reduced velocity, with no evidence of being assigned to any other
branch of resonance. Some years later, in Pesce and Fujarra [44],
a long and flexible cylinder was towed in a cantilever condition,
showing a similar behavior to that observed in [54]. Moreover, an
overlapping between two stable response branches in the range
of 6.5 <V, < 8.0 was observed, including records of a jump
phenomenon between those branches, where the upper one was
clearly featured by motions in 8-shape.

Those results were confirmed in Fujarra et al. [16], where the
VIV phenomenon was investigated in two different water chan-
nels, at University of Michigan and Cornell University, based on
another flexible cylinder presenting a mass ratio of m* = 1.30,
as well as a ratio between natural frequencies of f/f,, = 4
(fax and f,,, respectively related to the in-line and transverse di-
rection). Again, a remarkable overlapping between two stable
branches of response was observed, although without such high
amplitudes like those observed in [44]. The behavior was as-
signed to the different ratios of natural frequencies and also to
the higher damping coefficients tested. Although not fully con-
clusive, the results from [54], [44] and [16] clearly show the im-
portance of the coexistence between in-line and transverse oscil-
lation for the VIV phenomenon, and consequently for the VIM,
providing a starting point to the researches developed later, con-
sidering circular cylinders with not only 2DOF, but also with
small mass ratio and low damping coefficient.

Investigations to assess the effect of Reynolds number on the
VIM response of floating units have been made mainly through
two kind of experimental setups at towing tanks, each one with
particular advantages and drawbacks. The first one, for instance
found in Yung et al. [68] and Kokkinis et al. [36], is featured by
a fully submerged double-body model supported in horizontal
position by a self-controlled actuator free to oscillate only trans-
verse to the fluid flow. This setup gives precise measurements of
the force for larger models and is able to compensate the mechan-
ical damping, making it possible to evaluate the impact on the
VIM phenomenon. Unfortunately, although the advantages, its
construction didn’t permit the evaluation of the important coex-
istence between in-line and transverse motions. The second kind
of experimental setup is based on floating models connected to

the towing carriage through combinations of cables and springs,
as described for example in [9], [61], [60], [10] and [50]. This
setup has great similarity to the full scale configuration, includ-
ing the ability to capture some non-linear effects coming from the
restoring system, as it presents 6DOF. The floating model can be
evaluated not only in term of its performance due to VIM, but
also in a simultaneous occurrence of waves. For a accurate de-
sign of the restoring system, it is necessary to take into account
not only the stiffness, but also damping problems, movements
and perturbations of the restoring lines. Forces and moments are
more difficult to measure in this setup, particularly because they
are prone to a larger number of uncertainties.

Mass ratio Based on the studies developed by Jauvtis
and Williamson [33] and Williamson and Jauvtis [66], part of
the aspects concerning the VIV phenomenon and its dependence
on some parameters were understood according to a better phe-
nomenological approach. The mass ratio was the first of these pa-
rameters, being defined as a relation between the structural mass
in oscillation, m;, and the fluid mass displaced by the cylinder,
my, see eq. (3).

m* =mg/mys (3)

Through experiments in a water channel considering differ-
ent values of the mass ratio, two different dynamic behaviors for
cylinders with 2DOF were recognized. The first behavior was
associated with cylinders with moderate to large mass ratios,
m* > 6, presenting similar response to that of 1DOF cylinders.
Another behavior was related to cylinders with moderate to small
mass ratios, m* < 6, being similar to that reported in [16]. For
this last behavior, in-line and transverse oscillations were simul-
taneously identified, revealing a new stable branch of response,
related to a triplet of vortices being formed in each half-cycle
of oscillation and defined as a “27” mode of shedding. The so
termed Super Upper branch (SU-branch) in Figure 1 was fea-
tured by oscillations in 8-shape of high maximum amplitude, ap-
proximately 1.5D in the transverse direction. The SU-branch is
also more stable and more periodic. In Jauvits and Williamson
[32], the importance of the mass ratio was accurately defined,
presenting m™ = 6 as a limit value for identifying the SU-branch
on the transverse response of 2DOF cylinders, and m,,;, = 0.52 as
a critical value below which the Lower branch (L-branch) ceases
to exist, even for higher reduced velocities. In fact, Morse and
Williamson [38] have recently shown that m,, strongly depends
on the Reynolds number, at least for a bare cylinder with 1DOF,
lightly damped and in the range of 4.0- 10° < Re < 3.0-10%.

By means of a force assisted apparatus, in Dahl et al. [5] a
rigid cylinder was investigated in the towing tank at MIT. The
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VIV phenomenon was studied according to six different ratios of
natural frequencies, fix/ fyy, respectively related to low damping
coefficients from 0.0011 to 0.062; those values being achieved
via linear motors working in a self-controlled manner in order to
compensate the damping of the elastic support. Moderate mass
ratios were considered, varying from 3.3 to 5.7. According to the
results, the phase angle observed between the coupled motions
from VIV is strongly affected by the in-line value of the natu-
ral frequency, f,r, which has impact on the maximum amplitude
of transverse motion. Moreover, the reduced velocities corre-
sponding to the maximum transverse amplitude was changing to
higher values when the in-line natural frequency was increased,
also confirming the results recognized in [54], [44], [16] and [45]
for cylinder with 2DOF and small mass ratio.

In Dahl et al. [6], details concerning the vortex shedding
patterns due to VIV were discussed through comparisons be-
tween experimental and numerical results achieved by consid-
ering cylinders with 2DOF. It was shown that, depending on the
ratio between the natural frequencies, fundamental changes in
the 2DOF trajectories and in the frequency spectrum of the re-
lated fluid forces occured, which are caused by one (or a com-
bination) of the following reasons: (a) stable and periodic shed-
ding patterns of multiple vortices, being generated instead of the
patterns recognized for transverse oscillations, 25 - two single
vortices or 2P - two pair of vortices; (b) stable motion in 8-shape
and counter-clockwise direction, whereby the cylinder moves up-
stream just before the vortices are shed, and then moves down-
stream, going against the recently shed vortices approximately at
the center of the trajectory. As a result, the 2DOF cylinder may
experience strong fluid forces due to the shedding of multiple
vortices, resulting in lift forces at high frequency. Therefore, the
lift force may not be always related to the fundamental frequency
of shedding, approximately equal to the Strouhal frequency, may
come from components significantly higher in frequency.

Concerning the implications of the SU-branch for the de-
sign of floating units, usually featured by small mass ratios and
at least 2DOF, experiments with a vertical cylinder elastically
supported were performed in Stappenbelt and Lalji [57], seek-
ing to understand the coupled motion due to VIV under different
values of the mass-damping parameter, 0.014 < m*{ < 0.078.
According to that work, the damping coefficient plays an impor-
tant role for the VIV response and the mass-damping parameter
should be considered for defining the limit of existence for the
SU-branch. Actually, for m*{ > 0.066, very similar results be-
tween cylinders with IDOF and 2DOF were obtained, with a
gradual coalescence between the response curves as a function
of increasing mass-damping parameter.

Searching for the impact of changing parameters like mass
ratio, damping coefficient and Reynolds number, a series of ex-
periments comparing cylinder with 1DOF and 2DOF were per-
formed by Blevins and Coughran [2], comprising cases of mass
ratio varying in the range of 1.00 < m* < 11.00, damping co-

efficient in the range of 0.002 < { < 0.400, reduced velocities
varying from 2 to 12 and Reynolds number up to 1.50 - 10°. The
main results were:

1. By increasing the damping coefficient for a mass ratio of
m* = 3.20, smaller oscillations in the transverse direction
were observed, presenting maximum values of amplitude in
reduced velocities gradually lower;

2. A second set of experiments was performed by considering a
fixed damping coefficient of { = 0.020 and different values
of mass ratio. The results for m* > 1.0 were quite similar to
those discussed by Jauvits and Williamson [32], particularly
concerning the qualitative response of VIV, which means
the presence of both branches for responses associated with
the longitudinal oscillations at 2 < V, < 4, i.e. Stream-
wise Symmetric (SS-branch) and Streamwise Antisymmetric
(AS-branch), as well as all the branches coming from the
transversal oscillations for reduced velocities up to approx-
imately 12, i.e. the Initial, Upper and Lower branches (re-
spectively, I-branch, U-branch and L-branch). Like previ-
ous works, a branch of coupled movements in 8-shape and
high amplitudes in the transverse direction was recognized,
without discussing the pattern of shedding responsible for
it. For increasing mass ratio, the coupled motions ceased to
exist at lower values of reduced velocity. Conversely, by de-
creasing the mass ratio, the I-branch appeared gradually at
lower reduced velocities.

3. The results of Blevins and Coughran [2] for 2DOF consid-
ering m* = 1.0, ¢ = 0.063 and aspect ratio® of 13.0 seem to
be the first in the literature. Although not conclusive, a con-
tinuous increasing of the transversal oscillation was pointed
out with no evidence of the L-branch. The same behavior
was presented in [57] by means of the critical value for the
mass-damping parameter and quite close to the response rec-
ognized for the VIM measured in small-scale experiments of
floating units.

Recently, in Gongalves et al. [22], cylinders with 2DOF and very
low aspect ratio, L/D < 2, were investigated in terms of VIV
response and compared to the previous results from structures
with approximately the same mass ratio. Figure 5 is an example
for structures with 2.36 < m* < 2.80. As can be seen, great part
of the phenomenology is kept independent from the nature of the
structure, even considering a flexible cylinder with aspect ratio of
94.5, from ref. [44], cylinders elastically supported with 2DOF
and aspect ratios between 8 and 18, from ref. [32], [57] and [2];
or also a cylinder with an aspect ratio of 22 and supported by a
2DOF pivoted bar, from ref. [15].

Actually, by comparing the transverse amplitude from
Gongalves et al. [22] and Stappenbelt and Lalji [57] as function

2 Another important parameter for VIV or VIM. Also, it will be discussed in
the next section.
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FIGURE 5: Comparison between nondimensional transverse am-
plitude as function of reduced velocity for different apparatus
with similar mass ratios.

of the reduced velocity, leads to the green and red lines in Fig. 5.
It can be observed that there are two main differences between
the short and the long cylinders with practically the same mass
ratio, respectively 2.36 and 2.62. The first one concerning the
shift for higher reduced velocities, as reported in [54] and [2],
and the second one concerning the absence of the L-branch in
the case of very short cylinders. Regardless the short aspect ra-
tio, the transverse amplitudes reported by Gongalves et al. [22]
are quite the same, which supports the assumption that not only
the mass ratio but also the aspect ratio plays a important role in
the dynamics of floating units due to VIM.

Aspect ratio Regarding the influence of the aspect ratio
on the VIM phenomenon, it can be observed that most of the
available studies are related to fixed cylinders under the effect of
a free end. Very few results are found concerning the effects of
the aspect ratio on the dynamics of a floating body, even consid-
ering studies in lower values of Reynolds numbers.

Usually defined as the relation between the effective im-
mersed length (the draft for the floating units) and the dimension
of the cross section (the hydrodynamic diameter of the cylindri-
cal body), see eq. (4), the aspect ratio is responsible for contro-
versial issues related to its influence on the fluid-structure inter-
actions. The most important ones are presented here in order to
highlight possible effects for full scale problem of floating units.

Ag=L/D )

It is a matter of consensus that the frequency of vortex shed-
ding decreases as the aspect ratio is decreased, as originally dis-

cussed in Okamoto and Yagita [41]. Moreover, one can define
a critical value of (L/D). =2 2.0, see Sakamoto and Arie [53],
according to which the flow model downstream of a rigid and
fixed cylinder can change drastically. According to Kawamura
et al. [34], two flow models around finite cylinders are presented
taking into account (L/D)..;. For aspect ratios above 2.0, the
existence of a von Kdrmdn vortex shedding is proposed, adjacent
to the region affected by the downwash effect promoted by the
trailing vortices near the free end. For aspect ratios below 2.0,
another flow model is proposed, where the von Kdrmdn vortex
shedding ceases to exist.

The first controversial issue concerns the existence, or not,
of the trailing vortices at the free end of the fixed cylinder. Ac-
cording to [41], a gradual delay on the von Kdrmdn vortex shed-
ding near the free end becomes present, resulting in a continuous
line of vortices properly inclined and attached to the free end. For
cylinders with aspect ratio below the critical value, it is shown in
[53] that an arch-type shedding takes place instead of the von
Kdrmdn vortex shedding. On the other hand, recent studies such
as those in Park and Lee [43], Roh and Park [51], Sumner et al.
[58] and Rodiger et al. [52] have given strong evidence of the
trailing vortices, however, without a topological explanation for
their interaction with the von Kdrmdn vortex shedding near the
free end. In [51], a vortical structure comprising of two pairs of
counter-rotating vortices at the free end of a rigid and fixed cylin-
der is proposed, being responsible for the downwash effect in the
wake. Details about the topological interaction between the trail-
ing vortices and the von Kdrmdn wake are presented in Palau-
Salvador et al. [42], recently obtained by using a combination
of experiments and Large Eddy Simulation (LES) for cylinders
with L/D = 2.0 and 5.0.

Regardless of the vortical structure downstream of finite
cylinders, it is quite clear that the different types of flow are re-
sponsible for changing the Strouhal number along the cylinder.
However, it is not yet clear how it happens. Investigation based
on measurements of the velocity field, such as those in [41],
proposes the existence of a gradual decreasing of the Strouhal
number toward the free end of fixed cylinders, with lower val-
ues found between 2D and 4D and with zero values for distances
smaller than 2D. In Ayoub and Karamcheti [1] it was suggested
that an unstable and intermittent vortex shedding process inside
this latter region exists, making it difficult to define a Strouhal
number for this case. Conversely, investigation based on pres-
sure measurements on the surface and also by means of fluctu-
ations in the lift force, like those found in Farivar [8], Fox and
West [13][14] and Fox and Apelt [12] have reported a Strouhal
number varying in steps toward the free end as a consequence of
cellular structures in the vortex shedding.

Despite the controversies about the vortex shedding down-
stream fixed cylinders, the following question can be posed: Why
shouldn’t it be also expected that a complex behavior exists near
finite cylinders free to oscillate, such as spar and monocolumn
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platforms? A first answer comes in Nakamura et al. [40], where
the in-line oscillations of a elastically supported rigid cylinder
were investigated as function of the aspect ratio, L/D > 5.0.
According to the experimental results in a water tunnel, the as-
pect ratio changes the transition between the resonant regions in
the fluid flow direction (from the SS-branch to the AS-branch of
vortex shedding, see Fig. 1, originally described in [35]), but
it doesn’t change the maximum amplitude of in-line oscillation.
Furthermore, in Morse et al. [39], the free end effect was inves-
tigated considering a rigid cylinder with 8D in length and free
to oscillate only in the transverse direction. Against the expec-
tation, the transverse amplitudes of oscillation for the cylinder
equipped with an endplate were not higher than those presented
by the same cylinder without that device. Apart from those previ-
ous researches, only in Someya et al. [55] the first results of VIV
on short cylinders with 2DOF are found, unfortunately, only for
reduced velocities up to 4. Some decisive evidences are given in
Gongalves et al. [22], where cylinders presenting 2DOF kept the
vortex shedding resonance even for lower aspect ratios, remark-
ably similar to that usually found for long cylinders.

COMPREHENSIVE SURVEY ON VIM EXPERIMENTAL
RESULTS

Keeping in mind the discussion presented above, we now
discuss the particular aspects concerning the dynamic behavior
of the VIM phenomenon acting on spar, monocolumn, semi-
submersible and tension-leg platforms, see Fig. 6.

In order to make easy comparisons and take some general
conclusions, all data found in the open literature were organized
in Tabs. 2, 3, 4(a) and 4(b). Table 2 brings the main character-
istics and conclusions obtained by small-scale tests or field mea-
surements of spar platforms. Table 3 presents data gathered from
tests with monocolumn platforms. Tables 4(a) and 4(b) presents
data for semi-submersible and tension-leg platforms. Chrono-
logical order of appearance in the open literature is adopted, al-
though for the sake of conciseness some related works have been
grouped in a same row.

It is important to point out that such a division was also mo-
tivated by particulars of each kind of floating unit, some of them
very distinct from each other. It is remarkable that, as a conse-
quence of the problems on the Genesis spar platform, most of
the works in the first years of VIM investigation were focused
on technological solutions for the observed problems. Only re-
cently, the experimental investigation adopted a more fundamen-
tal approach in terms of the main aspects presented in the back-
ground section.

VIM acting on spar platforms
Table 2 summarizes parameters and characteristics of tests
conducted by means of three types of spar platforms: classic,

FIGURE 6: Comparison between geometries able to present
VIM: (a) semi-submersible; (b) monocolumn; (c) classic spar;
(d) truss spar and (e) cell spar platforms.

truss or cell; see differences in Fig. 7. Each row represents
an experimental investigation, arranged in chronological order
of appearance in the open literature and identified by references
in the first column of the table.

The spar platforms investigated by each research are pre-
sented in the second column, together with the scale factor, A
(highlighted in red). One can note that 22.3 < A < 142.8, with
a large number of investigations performed considering a scaling
factor around 50, such as for example in [9], [11], [29], [60] and
[61]. Regarding the wide range of scale factors and possible con-
cerns about scale effects on experimental results of VIM tests,
as pointed out by van Dijk et al. [60], a thorough investigation
was recently performed by Finnigan and Roddier [10] and Rod-
dier et al. [SO]. According to their experiments in three different
towing tanks, slightly different results were observed taking into
account the same hard tank of a truss spar in three appropriate
scales (22.3 in David Taylor Model Basin, 65.0 in Force Tech-
nology Tank at Denmark and 142.8 in University of California
at Berkeley). Considering the wide range of Reynolds numbers
tested, 4.1-10* < Re < 1.6- 100, it was possible to state that test-
ing at subcritical region is acceptable and slightly conservative
for design purpose, presenting small differences compared to the
supercritical region, particularly when V, < 7. As discussed be-
fore in terms of the infrastructure limitation (length and possible
velocities in the towing tanks), for most of the investigations the
Reynolds number varies from 10* to 10°.

Although presented as an important effect, the surface
roughness of the model is only thoroughly discussed by van Dijk
et al. [60], certainly because all the experiments have consid-
ered a great number of appendices (such as anodes, fairleads,
chains and pipes), hypothetically enough to emulate the turbu-
lent boundary layers present in full scale. More details about this
issue will be discussed from the experiments with monocolumn
platforms.

The third column of Tab. 2 describes characteristics of the
applied infrastructure, particularly regarding the experimental

Copyright © 2012 by ASME



FIGURE 7: From left to right: the classic, truss and cell geome-
tries of spar platform. For each geometry, the main considered
parameters are presented: effective immersed length, L, and hy-
drodynamic cross section, D.

basin and how the small-scale models were supported during the
tests. Most experiments were performed in towing tanks, consid-
ering small-scale models floating on the free surface, i.e. present-
ing 6DOF. However, some researches were performed in flume
or offshore basin, such as those respectively presented in [9] and
[11]. According to Finn et al. [9], VIM results obtained from
towing tank and flume are comparable. A similar conclusion is
presented in Finnigan et al. [11], with the additional advantage
for flume tests regarding the possibility for emulating current
profiles of long term, not only uniform, and also for acquiring
long records of measurement for better statistics.

Experiments based on a double model horizontally sup-
ported are only found in [36] and [68]. Despite its clear advan-
tage for high Reynolds numbers, small effects from the free sur-
face and damping control, this kind of apparatus provides only
1DOF, what is not enough for getting reliable responses due to
VIM phenomenon, usually featured by coupled motions in the
free surface (generally trajectories in 8-shape with higher re-
sponse amplitudes).

The nature of the experimental stiffness is another aspect
covered by the survey summarized in Tab. 2. Based on works
which consider floating models, there are three main types of
restoring system for the small-scale tests. The first one is fea-
tured by cables and equivalent springs, assembled horizontally
with three or four lines (sometimes slightly inclined or even pre-
senting a soft catenary), depending on the full scale mooring sys-
tem design of the floating unit under investigation. Restoring sys-
tems like this are found in [10], [11], [50], [60], [61] and [63].
Another restoring system applied in VIM tests is a truncated ver-
sion of the complete mooring system, i.e. catenary or semi-taut
mooring lines, for instance found in [61], [64] and [65]. Because
of its non-linear character, it is applied for tests under a possi-

ble variation of natural periods and added mass (mainly in surge
and sway directions, as consequence of the large offset due to
the drag load), usually required for advanced phases of analysis.
The last generally used restoring system for VIM tests is based
on hanging weights, combining the easy and shallow installation
with the non-linear possibility of restoring. The restoring force
is linearly proportional to the hanging weight and is a function of
the offset, having the non-linearity determined by the geometry
of each line. This kind of system was used in [9] and [29], where
the experimental stiffness can be easily adjusted, by increasing
or decreasing the size of the hanging weights.

According to comparisons performed in van Dijk et al. [61],
it is important to emphasize that horizontal equivalent restoring
systems (based on linear springs and cables) are a good alter-
native for VIM tests. This is why most of the experimental in-
vestigations use this type of restoring for towing the small-scale
model at the free surface.

The unique characteristic of each experimental investigation
on VIM of spar platforms prohibits any conclusion regarding the
dependence of the maximum transverse amplitudes with the as-
pect ratio, Ay/D as function of L/D (see Fig. 7 for definitions
herein adopted), although it had been pointed out in some fun-
damental studies on VIV phenomenon. Some qualitative results
can be found in Wang et al. [63]. Many works have performed
numerical simulations based on the Computational Fluid Dy-
namic — CFD approach, but no one in a complete and reliable
stage to bring the necessary comprehension regarding this issue.
Nonetheless, the following behaviors are observed for spar plat-
forms.

Since spar platforms are covered by appendages, the heading
plays a important role on VIM response. It is responsible for
changing the correlation between in-line (surge) and transverse
(sway) motions, in some cases featured by trajectories in 8-shape
and higher amplitudes, as those reported for example in [60] and
[63].

The synchronization region is another characteristic strongly
affected by the geometry of the platform, not in terms of the be-
ginning (typically between reduced velocity of 4 and 5), but con-
cerning where it ceases to exist. As reported for example in [64],
there are some cases where the synchronization region seems no
longer be maintained for reduced velocities greater than 10.

Strakes are usually applied for mitigating the VIM on spars
and deserve extreme attention, since their effectiveness depends
on many aspects related to the platform. As stressed by [29],
care should be taken regarding how to present results of VIM
on straked models, since a spar platform covered by strakes of
height h will present nondimensional amplitudes more related to
A,/(2h+ D), where D is the hydrodynamic diameter of the un-
straked spar. Taking this into account, strakes of height around
14%D seem to be more effective to suppress the VIM phe-
nomenon, as discussed for example in Wang et al. [65], with no
consensus regarding the number of starts (3 or 4) and pitch, both
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aspects depending on the spar geometry, its mooring system and
the excitation conditions.

The effect of different current profiles on the VIM response
of a truss spar was initially investigated in van Dijk et al. [61],
comparing a hurricane current profile (one uniform velocity act-
ing on the hard tank and lower sheared profile on the truss be-
low it) and a loop current profile (uniform over practically the
whole draft, and sheared below it). The first main conclusion
was about the effects posed by the highly sheared current profile,
particularly related to the turbulence frequencies near the natural
frequencies in-line and transverse to the current, capable to ex-
cite significant in-line motions. Besides that, some differences
were observed on the drag loads and damping due to the truss,
which was not fully investigated and was highlighted as an as-
pect to keep under consideration. Finnigan et al. [11] mention
the possible influence presented by the truss in terms of its ef-
fect on the VIM response. Two current profiles were tested, the
first one uniform over the whole spar draft and the second uni-
form over most of the spar hard tank and practically zero below
it. Comparing the VIM results from those profiles, no significant
differences were observed between sheared and uniform current
flow.

The first attempt of considering the simultaneous excitation
of VIM and waves is found in [11]. According to this work,
a truss spar under exclusive excitation of current has maximum
transverse amplitude of 0.23 at a reduced velocity of approxi-
mately 7. On the other hand, when it is submitted to simul-
taneous irregular waves in the same direction, the response of
VIM was drastically reduced, reaching a maximum value of
A, /D = 0.07. Other incidences of irregular waves, transverse
and oblique to the current, were tested without significant reduc-
tion of the VIM phenomenon as observed before.

Finally, an important comparison between design predic-
tions and field measurements for a truss spar is presented in Irani
et al. [31]. According to the authors, the field measurements of
VIM response presented a maximum transverse amplitude of ap-
proximately 0.26, considerably lower than the values predicted
during the design phase, 0.50. As a consequence, it is postulated
that design values can only be evaluated after extensive exper-
imental investigation, deserving extreme care regarding the un-
certainties when extrapolating the small-scale results to the full
scale condition.

VIM acting on monocolumn platforms

The meaning of a monocolumn platform herein adopted is
that of a round Floating, Production, Storage and Offloading —
FPSO systems similar to that presented in Fig. 8. In 2007,
the first monocolumn platform was installed offshore the Sergipe
state in Brazil. Named Sevan Piranema, it is an unit of 60m in di-
ameter at the waterline, 18m draft and 55,000¢0n displacement.
After that, two similar monocolumn FPSO systems have been in-
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stalled: the Sevan Hummingbird in 2008, at Chestnut field, and
the Sevan Voyageur in 2009, at Huntington field, both situated in
UK North Sea.

Beside those projects, in Brazil, since 2001 a technical
agreement between Petrobras and the University of Sdo Paulo,
as well as many other R&D projects, have investigated this con-
cept in a wide range of geometries, applied for different locations
in Brazil and the Gulf of Mexico. Some of them with a displace-
ment greater than 250,000t0n and moonpools, beaches, skirts
and spoiler plates, which results in small vertical motions for op-
eration of steel risers and dry completion systems. More details
can be found in Gongalves et al. [20].

Table 3 summarizes the main parameters and characteristics
of small-scale tests conducted for the FPSO monocolumn plat-
forms.

By inspecting the facility information and number of
degrees-of-freedom, one can realize that all the experimental in-
vestigations on VIM of monocolumns were performed on small-
scale models, floating at the free surface and towed by means
of a horizontal mooring system. The scale factors adopted also
deserves attention, since they are greater than those adopted for
spar models, 90 < A < 200. This is a consequence of the very
large diameters involved and restrictions imposed by the infras-
tructures. However, similar behaviors to those gathered from
spar platforms can also be identified for the VIM of monocol-
umn platforms.

Firstly, the increase of surface roughness is investigated in
Cueva et al. [4] for VIM tests of a monocolumn designed for
operating at Gulf of Mexico current conditions. Likewise as for
spar platforms, sufficient roughness was able to emulate a su-
percritical regime at Reynolds numbers varying from 2.0- 10* to
1.0-10°, keeping the drag coefficient approximately constant for
all tested velocities. In Gongalves et al. [19] and [25], the same
result is achieved by means of a new series of tests at different

FIGURE 8: Main parameters for monocolumn platforms: effec-
tive immersed length, L, and hydrodynamic cross section, D.

Copyright © 2012 by ASME



facilities. A good repeatability of the VIM was obtained for the
tests with added surface roughness.

Another aspect confirmed by the VIM tests on monocol-
umn platforms refers to the importance of heading. Again, ap-
pendages such as anodes, fairleads, chains, risers support and
pipes play a important role on the response amplitude behavior.
For instance, pipes placed vertically on the immersed hull surface
can provide a separation point for the boundary layers and, con-
sequently, a more correlated vortex shedding mechanism. The
Sevan Piranema monocolumn investigated in Fujarra et al. [17]
is fitted with a huge support for risers, placed in part of its cir-
cumference. Depending on its heading, such a structure is re-
sponsible for a large asymmetry on the wake, sometimes without
visible spanwise correlation.

Keeping in mind the spanwise correlation of vortex shed-
ding, it is curious how such type of platform is also susceptible to
VIM, for very low aspect ratios of L/D < 0.50 in all units, as pre-
sented in Tab. 3. This leads to the two flow models described in
Kawamura et al. [34], concluding that a von Kdrmdn type vortex
shedding should not exist for aspect ratios below (L/D) iy 2 2.0.
However, it is important to remember that the critical aspect ra-
tio proposed in Sakamoto and Arie [53] is related to the fluid
flow passing on fixed cylinders. According to the recent ev-
idences presented in Nakamura et al. [40] and Someya et al.
[55], free cylinders must present drastic changes in terms of flow
models, unfortunately not fully described, but which can justify
those high response amplitudes as consequence of the VIM phe-
nomenon acting on the low aspect ratio of floating platforms. In
Gongalves et al. [21] the decrease in draft is pointed out as the
most decisive effect to mitigate VIM on monocolumn platforms.
A result that agrees with the hypothesis of a weak spanwise cor-
relation, deeply affected by a tridimensional shedding coming
from the free end of the floating body.

An usual behavior identified from the results of VIM on
monocolumns is the remarkable existence of coupled motions in
8-shape, which are responsible for sustaining the response am-
plitudes higher than unity for reduced velocities greater than 8.
For some experiments, like those presented in Cueva et al. [4],
an end for the synchronization region was not observed. That is
why tests with V,. > 12 are necessary to identify a potential syn-
chronization with higher response amplitudes, particularly im-
portant for softer mooring systems and for high flow velocities.
In [4], a set of spoiler plates is proposed for suppressing VIM on
monocolumns. Arranged according to three helical starts, they
were responsible for dramatically reducing the VIM amplitudes.
Similar to what happens with the strakes on spar platforms, it
is stated that an ideal arrangement of spoiler plates has strong
dependence on the shape of the monocolumn, justifying addi-
tional experimental investigation, possibly supported by means
of properly conducted CFD simulations.

As pointed out by Irani and Finn [30], with suppressing de-
vices, such as strakes and spoiler plates, the VIM response be-
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comes more modulated in terms of the time histories, which de-
serves attention in defining the maximum amplitude. In Fujarra
et al. [17], the Hilbert-Huang Transform — HHT is presented as
an innovative technique for signal processing of VIM tests, ob-
taining better statistics even for short time histories, sometimes
modulated in amplitude. Details about the HHT technique and
its comparison to the classical FFT can be found in Gongalves
et al. [24].

Two final subjects related to monocolumn platforms are the
interaction of VIM and waves and the VIM behavior in the pres-
ence of extra damping from the risers. It is well known that the
simultaneous excitation coming from current and waves plays a
important role, as originally investigated in Finnigan et al. [11]
for a truss spar platform. In Fujarra et al. [18] and [21], regular
waves with periods close to the natural period of heave were able
to mitigate VIM acting on MonoBR, probably indicating that the
simultaneous resonance in vertical direction suppresses the cor-
related shedding mechanism of the vortices. Regarding the effect
coming from the extra damping due to riser system, [18] and [21]
show that a higher damping emulating the presence of risers is
capable to change substantially the VIM responses.

VIM acting on semi-submersible and tension-leg plat-
forms

The VIM on Semi-Submersible — S-S and tension-leg plat-
forms — TLP has become an important issue in the last years,
particularly due to the deep draft and higher natural periods pre-
sented by the new developments. Considering units such as that
schematically represented in Fig. 9, one can expect a dynamic
behavior considerably more complex as a result of interactions
between wakes coming from the multiple columns. Tables 4(a)
and 4(b) summarize the main parameters and results gathered
from ten VIM tests on small-scale models of semi-submersible
and tension-leg platforms. Some results from field measurements
are also considered.

All collected data relate to deep draft S-S or TLP with
four square columns and rounded corners, except for one where
columns are made up of four tubes. Both two and four box
shaped pontoons were considered. For convenience, the fol-
lowing acronyms are used in the refereed tables: [4Sc&4Bp],
[4Sc&2Bp) and [4x4T c&4Bp). The diversity in geometries tested
can be seen by comparing the nondimensional parameters: H/L,
S/L and H /P, see Fig. 9. Important to emphasize that no attempt
was made to relate these parameters with the VIM behaviors.

All models were scaled in the range 48 < A < 100, with a
concentration at A =2 50. Effects arising from the scale factor
were not investigated. Concerning the Reynolds numbers, all the
small-scale models were tested in the subcritical region and no
added surface roughness was considered, since square columns
and a number of appendices are enough to emulate the turbulent
boundary layers present in full scale.
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All the experimental investigations were performed in tow-
ing tanks, except for the studies found in Hong et al. [27] and
Stansberg [56], where VIM and wave excitation were investi-
gated simultaneously in an ocean basin (more details related to
this issue are given further on). For the towed cases, all the mod-
els were free to oscillate in at least the plane of the free surface,
i.e. in-line and transverse to the flow current (surge and sway,
respectively), as well as rotate (yaw). In Waals et al. [62] and
Rijken et al. [49], a device based on air bearings was used to
provide vertical pretension. In fact, that device was designed for
TLP tests. For all the other cases, a floating model is the usual
solution.

Regarding the nature of the experimental stiffness, most of
the experiments were based on a system of 4 horizontal equiv-
alent springs, like in Gongalves et al. [23], Magee et al. [37]
and Rijken and Leverette [47]. Additionally, experiments found
in Rijken et al. [49] consider not only the system of 4 horizon-
tal equivalent springs but also 2 extra springs for emulating the
stiffness coming from steel catenary risers. Even considering
the extra stiffness, no changes were noticed on the VIM behav-
ior, because of its lower magnitude compared to the equivalent
mooring stiffness. Similar investigation is also found in Tahar
and Finn [59], but based on 4 taut lines and an extra line simu-
lating the presence of risers. Again, nothing is reported in terms
of a substantial difference on the VIM behavior due to the ex-
tra stiffness. Other experimental stiffness systems are found in
Hong et al. [27], based on 4 truncated lines in a catenary geom-

FIGURE 9: Main parameters for semi-submersible and tension-
leg platforms: effective immersed length of the column, H; face
dimension of the column, L; height of pontoons, P and distance
between columns, S.
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etry; in Hussain et al. [28], considering 12 truncated lines cou-
pled to mechanical actuators by cables and linear springs; and
in Stansberg [56] by means of a 12-leg catenary system. De-
spite those different systems, only concerns about the frequency
of vortex shedding and natural frequencies are presented, with-
out conclusive discussion on the effects from the stiffness on the
VIM responses.

The most striking results from VIM tests of TLP and S-S
platforms come from heading sensitivity. Platforms with four
columns have the largest transverse amplitudes when positioned
with 45 degrees of heading. Waals et al. [62] have shown that
the effect of mass ratio on VIM of floaters is consistent with that
observed for VIV on long cylinders; see Rijken and Leverette
[47]. The range in which the synchronization occurs is larger for
flow angles smaller than 45°, but related with smaller transverse
amplitudes. According to Gongalves et al. [23], the transverse
synchronization can occurs for reduced velocities from 4 to 14
depending on the heading. In Magee et al. [37], similar behav-
ior of a wider range of synchronization is reported, as well as it
is observed that draft changes affect the VIM response more at
45° than at 0°. Finally, Tahar and Finn [59] show that the drag
coefficients appear to be in constant relationship to the response
amplitudes.

The nondimensional amplitudes refer to nominal values, de-
fined as Ay /L = +/2-std {y(t)} in Tabs. 4(a) and 4(b), where: L
is the face dimension of the column and y(¢) is the displacement
time history in transverse direction.

Regarding the effects of heading, large yaw motions at
higher reduced velocities were reported in [23], [28], [37] and
[62]. Originally observed in Waals et al. [62], those yaw mo-
tions were related to a possible phenomenon of galloping. On the
other hand, by performing a complete set of analysis in the fre-
quency domain (via FFT and also HHT technique), in Gongalves
et al. [23] the yaw motions are described as a resonance behavior
similar to the VIM in the transverse direction (sway). Whatever
its nature, the yaw-VIM is more presented on TLP and S-S plat-
forms, with larger angles related to the 0° of heading, as observed
by Hussain et al. [28] and Magee et al. [37].

Appendages such as anodes, fairleads, chains and pipes play
a important role in terms of heading, especially when located on
the vertical faces of the upstream columns and above the pontoon
level, as suggested in Rijken et al. [49]. By considering a Second
Tier Pontoon — STP below a S-S [4Sc&4Bp] platform, strong
changes on the transverse responses due to VIM were observed
in Hussain et al. [28]. Recently, changes on the geometry of a S-
S [4Sc&4Bp] were investigated in Xu [67], according to which,
large blisters of asymmetric shape and sharp corners were able
to break the coherent vortex shedding along the columns.

VIM response measured in full scale is reported in Rijken
and Leverette [48], presenting a similar behavior than observed
in small-scale tests, although with lower amplitudes. Accord-
ing to the authors, the smaller amplitudes are a consequence of

Copyright © 2012 by ASME



simplifications on the platform geometry, responsible for conser-
vative predictions as also proposed by the measurements of VIM
on a truss spar, [31].

A final effect investigated in some VIM model tests of deep
draft S-S platforms is related to its coexistence with wave excita-
tion. According to Hong et al. [27], the VIM excitation depends
not only on the current velocity, but also on the wave-induced
orbital velocity. Probably, the VIM due to the current velocity is
disturbed by the wave-induced orbital velocity, particularly near
the free surface. As pointed out by the studies on spars, this is a
open issue with a series of details deserving further study. Some
preliminary results are presented in Stansberg [56], where large
irregular waves seem to reduce, in some cases extinguish, the
VIM responses.

CONCLUDING REMARKS

In this survey, most of the experimental results available and
reported in the open literature on VIM were gathered in order to
clearly identify the actual stage of knowledge, trying to highlight
the main aspects commonly found in the experimental practices
and equally the most striking results observed. Remarkable ef-
fort has been done by several research groups and much of the
knowledge gathered presents a series of fundamental aspects ob-
served for VIV phenomenon acting on slender bodies, reason for
the background based extensively on that subject. Such a strat-
egy comes from that VIM is, in fact, a particular case of the VIV
phenomenon, considered under a correct set of parameters.

The next paragraphs summarize the most important remarks
for the state-of-art of experimental investigation on VIM, fol-
lowed by some research prospects.

State-of-art of experimental investigation on VIM

The Reynolds number imposes substantial change on the
VIM, but some recent experiments have shown that experiments
at subcritical flow are valid, see for instance Roddier et al. [50].
Qualitatively, the small-scale tests bring reliable and conserva-
tive prediction for the early stages of platform design. However,
it is important to remember that for one case investigated, re-
sponse amplitudes from small-scale tests overcame in 50% the
field measurements, difference that can be assigned to lower
Reynolds numbers during the tests, eventual scale effects and/or
the characteristic of the excitation in full scale, naturally com-
posed by current flow, wind and waves acting simultaneously.

Towing tank tests is the most common method for studying
the VIM of floating platforms. Experiments in an ocean basin
make feasible studies considering aspects such as non uniform
current profiles of long term, soft mooring systems based on
scaled or truncated lines and simultaneous wave excitation. Al-
though substantial effects coming from these aspects have been
presented by some works, they still deserve meticulous attention.
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The scale factor is one of the most important aspects to be
considered for a better similarity in terms: geometric (consid-
ering not only the platform geometry but also the appendages);
dynamic (taking into account natural periods, mass ratio and
reduced velocities); and hydrodynamic similarity (particularly
concerning the Froude number in order to avoid free surface ef-
fects of unreal nature). In the case o towing tests, blockage effect
due to proximity to the wall must also be avoided.

For the VIM dynamic of floating systems is essential to con-
sider not only the sway (transverse motion in relation to the cur-
rent flow), but also the surge and yaw (respectively, in-line and
angular motion in the free surface plane). For simultaneous ex-
citation from waves and current flow, the remaining degrees-of-
freedom certainly are important. That is why most of the exper-
imental investigations are based on a floating model restored by
an equivalent mooring system. Indeed, the restoring system can
be responsible for some differences, mainly in terms of synchro-
nization, but the equivalent mooring system based on horizontal
springs is a good solution for VIM tests, as observed by van Dijk
et al. [61]. Synchronization for a wider range of reduced veloc-
ity has been observed as a consequence of the coupling between
in-line and transverse motions.

All the investigations herein reported were conducted for
floating units, resulting in mass ratios equal to unity, or even
smaller for tension-leg platforms. As observed by Waals et al.
[62], the effect of mass ratio on the VIM of offshore units is con-
sistent to the VIV of long cylinders, which creates proper con-
ditions for coupled motions in-line and transverse to the current
flow, making of the dynamic similarity in terms of natural pe-
riods a important aspect to be properly considered. According
to that, trajectories in 8-shape can be observed for VIM acting
on spars and monocolumns, generally related to higher response
amplitudes for a wider range of reduced velocity and with no L-
branch present, such as it happens for cylinder with larger values
of aspect ratio. In the case of semi-submersible platforms, the
mass ratio equal to unity and the particular geometry seem to be
reasons for the similar resonance transverse to the flow current,
with larger amplitudes for heading of 45°, but never higher than
the column width. Considerable yaw-VIM has been observed for
semi-submersible platforms, with larger angular amplitudes for a
heading of 0°. Howeyver, this angular resonance is not completely
understood in terms of its phenomenology, deserving more atten-
tion since it can contribute to the fatigue life of risers and moor-
ing lines.

Regardless the platform geometry, VIM responses have been
observed even for very low aspect ratios. However, changes of
draft has been reported as the most effective action in order to
mitigate the phenomenon, although operationally not possible
for all the considered geometries. For details about this issue
see, for instance, Gongalves et al. [21] or Magee et al. [37]. As
an alternative, suppressors such as strakes has been extensively
investigated for application in spars during the last years, but al-
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ways deeply related to the platform geometry. Even though, three
starts of helical strakes 14%D in height seems to be the most ef-
ficient geometry for spars, as discussed in Wang et al. [65].

The presence of appendages assembled to the platform hull,
such as anodes, mooring chains, fairleads and pipes, is another
striking aspect for changes in VIM responses. According to
that, a good directional resolution during the tests is decisive for
covering all the range of in-line and transverse amplitudes as a
function of the reduced velocity, bearing in mind that structures
running vertically along the hull, in general, are responsible for
better spanwise correlation of vortex shedding and, accordingly,
for higher response amplitudes in convenient angles of heading.
This information can be useful for installing the platform in a
correct heading, i.e. where the higher current velocity is coinci-
dent to the less sensitive heading. In the case of spar platforms,
it is important to remember that holes and cut-outs in the strakes
can affect their efficiency.

The simultaneous excitation by current and waves is one of
the open issues. Some studies like Finnigan et al. [11], Gongalves
et al. [21] and Hong et al. [27] have showed that simultaneous
waves can mitigate the VIM response, however not for any con-
dition of incidence or characteristic amplitude and frequency. A
more general investigation is needed, comprising of regular and
irregular waves, aligned and oblique to the current flow.

As it is well known, in some cases the VIM response can
be strongly modulated in amplitude, generally in the beginning
of synchronization range (at lower reduced velocity) and also
in its end (at higher reduced velocity), when it exists. In those
cases long time histories are necessary for ensuring reliable sta-
tistical values. Regardless the aspects related to the applied fa-
cility, the improvement of analysis can also be achieved by ap-
plying alternative techniques of signal processing, such as the
Hilbert-Huang Transform. As presented in Gongalves et al. [24],
the HHT technique can provide better statistics for not so long
time histories, especially when they are modulated in amplitude
and/or frequency.

Research prospects

As mentioned previously, the coexistence due to VIM and
wave-excitation still deserves a better understanding. A com-
prehensive investigation is needed and requires the consideration
of a wide variety of waves, not only for understanding the phe-
nomenology but also for proposing better procedures of how to
consider wave-excitation and VIM during the first stages of de-
sign, avoiding excessively conservative predictions.

Bearing in mind that experiments with small-scale models
in subcritical regimes are the only possible alternative, reliable
procedures for the VIM tests are increasingly required, as well
as constant improvement of sensoring and analysing them. In
fact, numerical simulations via CFD have been improved and the
next VIM tests should also keep focus on specific measurements
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for validation purpose, making of them a complementary tool
for investigation of other issues, such as scale effects, VIM in
supercritical region, suppressor optimization, among others.
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