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a  b  s  t  r  a  c  t

Experiments  employing  a low-mass-damping  cylinder  have  been  conducted  to  determine  the vortex-
induced  vibration  (VIV)  response  of  four suppressors  of the flexible-shroud  family.  The  VIV suppressors
were  inspired  in  the concept  of  the  Ventilated  Trousers  (VT),  a flexible  shroud  composed  of a flexible  net
fitted  with  three-dimensional  bobbins.  Reynolds  number  varied  between  5  ×  103 and  25  × 103, while
reduced  velocity  varied  from  2  to 26.  The  VIV  dynamic  response  showed  that  the  VT  suppressed  the  peak
amplitude  of  vibration  down  to 40%  of that  of  a bare  cylinder.  Other  flexible  shrouds  also  achieved  sup-
pression,  but  not  as  efficiently.  Drag was  reduced  during  the  VIV synchronization  range,  but  remained
lexible shroud
rag reduction
entilated trousers

above  the  value  for a bare  static cylinder  thereafter.  Spectral  analysis  of displacement  and  lift  revealed
that,  depending  on  the  geometry  and  distribution  of the  bobbins,  the flexible  shroud  can  develop  an
unstable  behavior,  capturing  energy  from  the  wake  and  sustaining  vibrations  for higher  reduced  veloc-
ities.  PIV  measurements  of the  wake  revealed  that  the  entrainment  flow  through  the  mesh  is necessary
to  extend  the  vortex-formation  length  of the  wake;  this  mechanism  only  occurs  for  the  VT  mesh.

© 2017  Elsevier  Ltd.  All  rights  reserved.
. Introduction

The vibration induced by the external flow past slender struc-
ures poses a problem to submarine and offshore cables, flexible
ipes, drilling and production risers and other elastic structures
xposed to sea currents. The excitation has its origin in the shedding
echanism of alternating vortices occurring in the wake of bluff

odies, so the hydroelastic phenomenon is called vortex-induced
ibration (VIV). Flexible lines exposed to vibrations for a long time
ay  be damaged by structural fatigue [1]. The amplification of drag

ue to the vibration of the body is also of considerable concern,
ince it increases static and dynamic loads at the joints, platform
nd other fixtures.

One way to mitigate the effects of VIV is the installation of sup-
ressors along the riser, or at least on the length of the line where
urrents are most intense. Helical strakes and fairings, for example,

ave been widely employed by the industry as VIV suppressors
2]. On one hand, significant VIV suppression of light structures
equires wider strakes, which increases drag. Fairings, on the other

∗ Corresponding author.
E-mail address: g.assi@usp.br (G.R.S. Assi).

1 Currently a Visiting Associate in Aerospace at GALCIT, California Institute of
echnology.

ttp://dx.doi.org/10.1016/j.apor.2017.04.003
141-1187/© 2017 Elsevier Ltd. All rights reserved.
hand, tend to be more efficient in suppression as far as drag is con-
cerned, but may suffer from hydroelastic instabilities [3]. With the
improvement of molded plastic, helical strakes and fairings have
indeed become sturdy contraptions, but they still take considerable
time to install and occupy large areas on the deck. Other devices
based on the disruption of the wake by interfering control surfaces
(as explored by Silva-Ortega and Assi [4], for example) may suffer
from the same problem.

During the last decades many devices have been investi-
gated and offered as commercial products. Following the industry
demand for more efficient, robust and easy-to-install devices, the
technological development for suppressing VIV has been under
pursuit by both the scientific and industrial communities.

In this context, All Brown Universal Components, a technol-
ogy company based in the UK, created an interesting new device
for suppressing VIV of drilling risers called the Ventilated Trousers,
or simply VT [5]. Composed of a net of flexible cables holding an
orthogonal array of bobbins (solid elements fitted on the net), the
VT suppressor is, in the words of the inventors, “a loose fitting sleeve
in the form of a light flexible net with integral bobbins in a special
arrangement. It is omni-directional, rugged, and made from materi-

als compatible with the offshore environment” [6]. Essentially, the
VT is an improvement on the idea of wrapping the drilling riser in
a type of flexible cover able to deform with the flow, interact with
the wake and mitigate the response to hydrodynamic loads.

dx.doi.org/10.1016/j.apor.2017.04.003
http://www.sciencedirect.com/science/journal/01411187
http://www.elsevier.com/locate/apor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apor.2017.04.003&domain=pdf
mailto:g.assi@usp.br
dx.doi.org/10.1016/j.apor.2017.04.003
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The suppression effectiveness of the VT and its efficiency con-
erning drag reduction have been studied over the last years with
romising results [7,6,8]. Brown and King [7], for example, per-
ormed experiments in a laboratory scale with flexible cylinders
howing a 90% reduction of the VIV peak amplitude of displace-
ent at a Reynolds number (Re) of approximately 1.4 × 105. So

ar, all known experiments have been performed either with flex-
ble pipes or near real conditions at sea, especially regarding the
ange Re = 3.7 × 104 to 1.2 × 106 and the structural properties of

 riser [7,6]. Although this kind of experiment verifies the poten-
ial of such a device in practical applications (for being performed
loser to real conditions), they are not designed to reveal the intri-
ate hydrodynamic mechanisms by which the VT is able to achieve
uppression.

.1. Objective

In the present work we set out to understand the behavior of the
T and other similar suppressors in idealized laboratory conditions.

t could be said that the VT is part of a larger family of suppres-
ors, here called the flexible shrouds (also called permeable meshes
n our previous investigations). We  believe that exploring geomet-
ic variations based on the VT concept will produce siblings that
ould thus reveal the fundamental physical mechanisms behind
he suppression.

Purely motivated by the scientific interest on the topic, the
resent work is part of an investigation to study the behavior of this
amily of suppressors at moderate Re,  low mass and very low damp-
ng conditions. We  are particularly concerned with the scientific
nvestigation of the hydrodynamic and hydroelastic mechanisms
hat will explain us how this family of VIV suppressors works.

We  will characterize the VIV response of the VT and three other
impler flexible shrouds derived from it. In idealized laboratory
onditions all variables are under control and crucial parameters
re reduced to enhance the response. The idea is to test the sup-
ression device in the most undisturbed condition, indeed different
or the real application in the ocean, but free from most of the
nterference that could mask the understanding of the fundamental
hysical phenomena. As will become clearer shortly, the differ-
nces between the models emerge from variations on the geometric
arameters of the original VT, taking us step by step in understand-

ng the physical principles.

. Experimental method

Experiments have been carried out in the recirculating water
hannel of NDF Fluids and Dynamics Research Group at the Uni-
ersity of São Paulo, Brazil. The water channel has a test section
.7 m wide, 0.9 m deep and 7.5 m long. The flow speed (U) is vari-
ble up to 1 m/s, allowing for tests with different values of Reynolds
umber, with a turbulence intensity of less than 3%.

Models were attached to a one-degree-of-freedom rig which
llowed the model to oscillate freely in the cross-flow direction
y), as shown in Fig. 1. The platform was mounted on air bear-
ngs to reduce friction within the system, thus ensuring very low
tructural damping and maximum response. A load cell installed
etween the cylinder and the rig measured instantaneous lift and
rag forces acting on the cylinder. A pair of coil springs provided
he restoration force to the system and an optical sensor measured
he displacement without adding extra damping. For further details
n the elastic rig, other VIV experiments employing the rig and

nformation on the facilities please refer to [9,10].

Tests were performed with a rigid section of a circular cylinder
external diameter D = 50 mm,  submerged length L = 650 mm)  fit-
ed with four different flexible shrouds. Variations of the meshes
Fig. 1. Cross-view of the test section showing the elastic rig and cylinder in the
water channel.

concerned the geometry of the bobbins, focusing on the main length
scales of the original bobbin, and their distribution on the net.

The first model is a pure reproduction of the VT device. Its main
properties are the perimeter (p), the width of the mesh element
(w) and a characteristic dimension of the bobbin (d), as can be
seen in Fig. 2. Brown [5] provides a guide for the geometric def-
inition of the mesh, allowing some variations on its properties:
the diameter ratio, for example, must vary between d/D = 0.08 and
0.125. Besides that, in a previous work, Brown and King [7] veri-
fied that a mesh element width of 5 times the bobbin characteristic
dimension (w = 5d) resulted in a more effective VT than one in
which w = 3d. They also reported that the net perimeter must be
between p = 4D and 4.71D. Following these guidelines and consider-
ing that the parameters are not completely independent, the largest
possible mesh was  built respecting the restrictions and recommen-
dations proposed by Brown [5]. The final dimensions of the VT
model employed in the present work are shown in Table 1.

Based on the VT mesh, presented in Fig. 3a, three other meshes
with simpler geometries have been built altering the VT bobbin
geometry and distribution, but keeping the same w and p. The thick-
sparse mesh, shown in Fig. 3b, had different bobbins formed by only
one circular cylinder with an external diameter of dext = 3d, corre-
sponding to the outer diameter of the VT bobbin. On the other hand,
the bobbin of the thin-sparse mesh shown in Fig. 3c, was  made with
a single cylinder with external diameter dext = d, resulting in a mesh
following the thinner elements of the VT bobbin.

The VT, the thick-sparse and the thin-sparse meshes all had the
same bobbin distribution, with bobbins fitted on every other mesh
element. Now, the third variation resulted in the thin-dense mesh
shown in Fig. 3d. It was built with the same bobbins used in the
thin-sparse mesh, but fitting bobbins in every element of the net,
resulting in a different distribution of bobbins.

In summary, all three bobbins have the same height of 5d, but
they vary in shape and how they are distributed on the mesh, as
illustrated in Fig. 3 and Table 1. Again, all new bobbins are based
on the main length scales found in the VT bobbin: height 5d and
diameters d or 3d.

By keeping the net perimeter (p) constant for all meshes and
varying the outer diameter of the bobbins, the thin meshes pre-
sented a loose fit around the cylinder when compared with the

other two. At first, this was not intentional, since we believed that
keeping p constant would support the direct comparison of the
results. However, as will be discussed later, the loose meshes had
quite a significant and interesting effect in the response.
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Fig. 2. Geometric properties and dimensions. (a) Three types of bobbins: thick cylinder, thin cylinder and VT bobbin. (b) Mesh distribution. (c) Net perimeter.

Table 1
Model properties.

Model Bobbin Distribution d (mm)  dext w p

VT mesh VT bobbin Skip one cell 0.11D (5.8) 3d 5d 4.64D
Thick-sparse mesh Thick cyl. Skip one cell 0.11D (5.8) 3d 5d 4.64D
Thin-sparse mesh Thin cyl. Skip one cell 0.11D (5.8) d 5d 4.64D
Thin-dense mesh Thin cyl. Every cell 0.11D (5.8) d 5d 4.64D

sh. (b)

3

3

f
T
s
p
d
w

Fig. 3. Different configurations of the flexible shrouds. (a) VT me

. Results and discussion

.1. Preliminary results with static models

Preliminary experiments with fixed models have been per-
ormed as a reference for the hydrodynamic loads on a static body.
he models were attached to the load cell on a fixed rig while mea-
urements of drag and lift were taken. Hydrodynamic loads are

resented in terms of force coefficients per unit length of cylin-
er, i.e. dividing lift and drag by 1

2 �DU2, where � is the density of
ater and U is the free stream velocity.
 Thick-sparse mesh. (c) Thin-sparse mesh. (d) Thin-dense mesh.

Fig. 4a presents the mean drag (C̄D) and mean lift (C̄L) coefficients
versus Re for all meshes compared with those for a bare cylin-
der. The bare cylinder presented C̄D ≈ 1.15, which is in agreement
with the results found in the literature for this range of Re
[11,12]. All the meshes increased C̄D when compared to that of
the bare cylinder: an approximate increase of 30% for the VT
mesh, 65% for the thick-sparse mesh, 40% for the thin-sparse
mesh and 60% for the thin-dense mesh. Since drag was increased,

the shrouds must increase the amount of kinetic energy lost
to the wake. All flexible shrouds not only enlarge the frontal
area exposed to the flow but also increase the kinetic loss due



M.M. Cicolin, G.R.S. Assi / Applied Ocean Research 65 (2017) 290–301 293

F

t
n

i
s
f
p
p
w
t
t
t
t
h
c

o
b
d
o
m
t
O
b
r

(
c

ig. 4. Coefficients of (a) mean drag and (b) mean lift for static models versus Re.

o friction and locally-separated flow around the bobbins and
et.

The mean lift coefficients presented in Fig. 4b, however, tell an
nteresting story. While the VT and the thick-sparse mesh have
hown C̄L very close to zero (and also the bare cylinder, as expected
or symmetric bodies), the thin-sparse and the thin-dense meshes
resented C̄L distinctly higher for most of the Re range. It must be
ointed out that even though the system (cylinder and load cell)
as kept fixed, the flexible meshes were able to wobble around

he cylinder responding to the unsteady flow. Because the VT and
he thick-sparse mesh were tighter around the cylinder (compared
o the other two loose meshes) they remained fairly static, while
he thin meshes had more room to oscillate. Even though all meshes
ad the same perimeter, the larger size of the bobbins reduced the
learance between the devices and the main cylinder.

Now, both loose meshes tended to accommodate towards one
f the sides of the cylinder, creating an effective asymmetry of the
ody, hence producing a residual mean lift. The meshes could ran-
omly find stable positions on either side of the cylinder (in a kind
f bifurcation), generating steady lift to either side. A very similar
echanism has been reported by Assi et al. [13] when investigating

he dynamics of a cylinder fitted with free-to-rotate splitter plates.
f course in the present case the interfering body is not a solid plate,
ut a loose, flexible shroud interacting within the vortex formation

egion of the wake.

Fig. 5a presents the fluctuation of lift (CL
′), calculated as the RMS

root mean square) of the lift signal. The reference case for the bare
ylinder shows a scatter of points around CL

′ = 0.2, as expected for
Fig. 5. (a) RMS of lift coefficient and (b) Strouhal number for static models versus
Re.  Key: please refer to Fig. 4.

this Re range and in agreement with Williamson [14]. Similar to the
mean lift discussed above, CL

′ also reveals a different behavior for
the thin meshes, with the same level of CL

′ as that of the bare cylin-
der. This fluctuation is generated by the loose meshes oscillating
towards one of the sides of the cylinder. The VT and the thick-sparse
mesh, however, present very low CL

′, showing that they might be
effectively disrupting the vortex shedding mechanism in the near
wake region.

The Strouhal number (St = fsD/U, where fs is the frequency of
vortex shedding) was  estimated from the frequency of fluctua-
tion of the lift signal and is presented in Fig. 5b. As expected, the
bare cylinder shows a typical value close to St = 0.2, in agreement
with Norberg [15] for this range of Re.  All meshes presented lower
Strouhal numbers when compared to the bare cylinder, which
means that their vortex-shedding frequencies are smaller due to
a wider wake or a wake with weaker vortices.

Flow separation for these models is made very complex by the
three-dimensional interference of the shrouds. Separation might
be occurring from the various regions of the bobbins, from the
cables of the net and ultimately from the wall of the main cylinder.
The actual distance between the separated shear layers (to define
the characteristic length in St)  is not so clear, therefore we chose
to non-dimensionalize St by the external diameter of the main

cylinder (D). Now, the flexible shrouds are indeed enlarging the
effective diameter of the body, but it is interesting to note that the
thick-sparse mesh produced the lowest St (or shedding frequency)
of them all. If the effective external diameter of the body were to
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Table 2
Dynamic properties for the VIV series.

Model m* First VIV series Second VIV series

fN air fN �air �water fN air fN �air �water

Bare cylinder 2.8 0.67 0.58 0.3% 1.6% 0.40 0.35 0.6% 2.0%
VT  mesh 2.9 0.66 0.55 0.3% 6.0% 0.39 0.33 0.6% 7.5%

% 10.6% 0.39 0.31 0.6% 12.0%
% 3.6% 0.41 0.33 0.6% 6.1%
% 4.0% 0.39 0.33 0.6% 8.8%
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Thick-sparse mesh 2.9 0.67 0.50 0.3
Thin-sparse mesh 2.8 0.67 0.57 0.4
Thin-dense mesh 2.8 0.67 0.58 0.4

e approximated, say by adding the size of the bobbins to D, then
he true value of St would be very close to 0.2 for all cases.

.2. VIV response

Tests to determine the VIV response for the models were car-
ied out by installing the cylinders on the elastic rig, which allow
or free vibrations only in the cross-flow direction (y). The pair of
oil springs that conferred the stiffness to the system was  changed
wice, resulting in two ranges of reduced velocity (U/fND) covering
he same Re range. Thus the experimental results are divided in two
eries.

Table 2 presents the main structural properties for both series.
he reduced mass (m*, defined as the ratio of structural mass to
he mass of displaced fluid) was approximately 2.9 for all mod-
ls, which is close to the values found in real offshore applications.
ree-decay tests were performed in air in order to determine the
atural frequency (fNair

) and the structural damping of the system
�air, defined as a percentage of the critical damping). Additional
ecay tests performed in still water yielded the natural frequencies

n water (fN) and the total (structural plus hydrodynamic) damping
�water) of the system. The reduced velocity was normalized using
he natural frequency measured in still water (fN).

.2.1. First VIV series: reduced velocity up to 16
Fig. 6 presents the VIV response of all models with flexible

hrouds compared with that of the bare cylinder as a reference. The
isplacement curve (ŷ/D, where ŷ  is calculated as the RMS  of the
isplacement signal multiplied by

√
2) shown in Fig. 6a reveals the

ypical VIV response for the bare cylinder, with the initial, upper and
ower branches of vibration clearly identified for a low-m*� system.

 peak amplitude of ŷ/D ≈ 0.9 is found around reduced velocity 5,
ith synchronization occurring roughly between U/(fND) = 4.5 and

1.5. Within this range, the frequency of oscillation (f, calculated
rom the spectrum of displacement) is synchronized with the fre-
uency of vortex shedding and both remain very close to the natural
requency of the system, as presented in Fig. 6b. Also for the bare
ylinder, Fig. 6c highlights the amplification of mean drag, reach-
ng a maximum of C̄D ≈ 3.1, occurring in the synchronization range.
ast reduced velocity 12, C̄D returns to the value for a fixed cylin-
er of approximately 1.1, as the cylinder stops responding to VIV.
eference results for the bare cylinder are in good agreement with
illiamson and Govardhan [16].
Now we shall turn to the VIV response of the cylinder fitted

ith the flexible shrouds. In general, Fig. 6a shows that all meshes
anaged to reduce the peak amplitude of displacement within the

ynchronization range. The VT reached a maximum amplitude of
ˆ/D ≈ 0.38, accounting for a 60% reduction when compared to the
eak amplitude of the bare cylinder. The synchronization range
as also been shortened by the VT. The frequency signature of the
esponse, shown in Fig. 6b, is not much different from that observed

or the bare cylinder. Peak C̄D, on the other hand, presented a 30%
eduction during the synchronization range, but remained slightly
igher (C̄D ≈ 1.45) than that of the static bare cylinder by the end
f the experiment. That is to say that the VT indeed suppresses
Fig. 6. Dynamic response of VIV versus reduced velocity: (a) amplitude of displace-
ment, (b) dominant frequency of oscillation and (c) mean drag coefficient.

VIV and reduces the maximum drag amplified by the vibration, but
once the vibration ceases, after the synchronization, the mean drag
is higher than that of a bare cylinder.
The thick-sparse mesh follows the trend of VT, but is not as
successful in reducing the peak amplitude of displacement. The
response peak is shifted as the whole synchronization range is
delayed in relation to the bare cylinder, starting at U/(fND) = 5.5 and
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nding at 12. This is due to a significant increase in the effective
iameter of the body, caused by the larger diameter of the bob-
ins. The maximum mean drag is almost as high as that of the bare
ylinder during synchronization, but it remains approximately 70%
igher once the vibration terminates. Again, this might be due to
he enlarged size of the bobbins. The frequency signature is very
imilar to the other two previous cases.

The thin-sparse mesh follows the same behavior, reaching the
ighest peak of displacement of all the flexible shrouds (only a
0% reduction compared to the bare cylinder). The synchronization
ange is not dislocated to higher reduced velocities since the smaller
ize of the bobbins tend not the enlarge much the effective diame-
er of the body. The frequency response, however, shows a different
ehavior from the previous cases, with the dominant frequency of
scillation following just under the frequency of vortex shedding
or the whole range of reduced velocity (the inclined dashed line in
ig. 6b corresponds to St = 0.2). C̄D is reduced during the synchro-
ization, but remains higher than that of a bare static cylinder when
o vibration exists.

Finally, the thin-dense mesh shows the most interesting behav-
or of them all. While the peak displacement shows the same level
s that for the VT during synchronization, the vibration does not
ie out as expected after resonance. For higher reduced velocities

 steady value of ŷ/D > 0.2 is sustained until the end of the exper-

ment. The frequency of response shows that the cylinder with a
hin-dense mesh is persistently oscillating at the vortex-shedding
requency for the whole range of reduced velocities. As a conse-
uence, the mean drag coefficient is also sustained at C̄D ≈ 2.5 until

ig. 7. (a) Amplitude of displacement, (b) spectrum of displacement and (c) spec-
rum of lift for a bare cylinder responding to VIV.
n Research 65 (2017) 290–301 295

the end of the experiment, while all the other models returned to
their values obtained during the static-models experiments (Fig. 4).

The thin-dense mesh is able to capture energy from the vor-
tex shedding mechanism, sustaining considerable vibration at the
shedding frequency beyond the VIV synchronization. In fact, look-
ing at the mesh during the experiments, we were able to note that
the loose thin-dense mesh could wobble from side to side as the
cylinder oscillated. The thin-sparse mesh would be as loose around
the cylinder as the thin-dense mesh, but the latter was less perme-
able to the flow and able to interact with the unsteady wake. The
concentration of bobbins on the thin-dense mesh together with its
loose fit around the cylinder helped it to work as a sail, oscillat-
ing with the body (including a visible phase lag in the movement),
interacting with the wake and thus exciting the cylinder into sus-
tained oscillations.

Due to the distinct frequency response of the thin meshes, and
especially due to the displacement response of the thin-dense
mesh, we  were motivated to extend the VIV experiments into a
second series, this time changing to a softer set of springs to allow
for higher reduced velocities (Table 2).

3.2.2. Second VIV series: reduced velocity up to 26
The results for the second VIV series will concentrate on the

frequency signature of the response and the excitation, therefore

we will be looking at the frequency signature of both displacement
and lift.

The typical displacement response for the bare cylinder is
shown again in Fig. 7, this time for reduced velocities up to 26. The

Fig. 8. (a) Amplitude of displacement, (b) spectrum of displacement and (c) spec-
trum of lift for a cylinder fitted with the VT responding to VIV.
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requency of oscillation (f/fN) is not shown as points representing
he dominant frequency of the spectrum (as in Fig. 6), but instead
t shows the whole spectrum in different shades for each reduced
elocity. Darker shades of color represent higher peaks in the
requency spectrum. This way we are able to follow concurrent
ranches in the frequency signature that would otherwise be
idden. While the second plot (f/fN) in Fig. 7 shows the spectrum
f displacement (the response), the third plot (fL/fN) shows the
pectrum of lift (the excitation).

The spectrum of f/fN shows a clear branch of dominant fre-
uency during the synchronization range (between U/(fND) = 5 and
1), which is then dispersed in a much broader signature with no
ominant frequency at the end of resonance. One may  note that
he bare cylinder is vibrating with very small amplitudes of dis-
lacement in a broader range of frequencies close to the natural
requency. This is a typical indication of turbulence buffeting. A faint
requency branch is barely noticeable matching the St = 0.2 line,
hich is reminiscent of the vortex shedding that is now occurring

rom the almost-static body. The same branch can be traced in the
L/fN plot, showing that at the end of the synchronization the vortex

hedding mechanism returns to its “natural” regime. The magni-
ude of lift due to vortex-shedding, though, is not strong enough to
vercome the damping of the system, that responds predominantly
y buffeting.

Fig. 9. (a) Amplitude of displacement, (b) spectrum of displacement and (c) spectr
n Research 65 (2017) 290–301

We  shall now perform the same analysis for the models with
flexible shrouds. Fig. 8 shows the results for the VT, again show-
ing a synchronization range until reduced velocity 10. Both spectra
for displacement and lift show a clear dominant peak during res-
onance. For higher reduced velocities the spectrum of f/fN reveals
that the small vibrations are around the natural frequency, while
no clear branch of lift is distinguishable, again a clear indication
of turbulence buffeting. A different faint branch is noticeable in
both spectra, revealing the predominant frequency of vortex shed-
ding for the static cylinder with the VT to be lower than that of
the bare cylinder. The resulting St was calculated to be approxi-
mately 0.14, which is in good agreement with Fig. 5b. (Please bear
in mind that very low frequencies in the spectrum plots represent
low-frequency drifts of the cylinder.)

The frequency signature for the thick-sparse mesh is presented
in Fig. 9. Similarly, the synchronization range is clearly identified in
both spectra, but with a little shift towards higher reduced veloci-
ties when compared to the bare cylinder (as explained before). The
residual low-amplitude vibrations at higher reduced velocities is
due to turbulence buffeting. This time, the frequency branch rep-

resenting the vortex shedding frequency for a static model results
in St = 0.13, as expected from Fig. 5b.

Now, the models fitted with thin meshes are the ones with a dif-
ferent behavior. The frequency signature for the thin-sparse mesh is

um of lift for a cylinder fitted with the thick-sparse mesh responding to VIV.
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has a vortex formation length of L /D = 1.5, in agreement with
ig. 10. (a) Amplitude of displacement, (b) spectrum of displacement and (c) spec-
rum of lift for a cylinder fitted with the thin-sparse mesh responding to VIV.

hown in Fig. 10. This time, the spectrum of f/fN shows a clear branch
f response following the vortex-shedding frequency. The same
ranch is identified in the spectrum of the excitation in fL/fN, yield-

ng St = 0.16 for the thin-sparse mesh as in Fig. 5b. The fact that the
hedding frequency is not locked-in by the oscillation frequency is
ather curious. A clear resonant peak is evident in the displacement
urve, but the typical synchronization range expected for classical
IV is seen not to be occurring. A region of scattered f/fN around

he natural frequency reveals the presence of turbulence buffet-
ng for higher reduced velocities. In fact, as shown by the points of
ominant frequency in Fig. 6b, both mechanisms of buffeting and
armonic vortex excitation are competing throughout the whole
ange of reduced velocities.

The behavior for the thin-dense mesh is similar, but intensified
Fig. 11). The spectrum of f/fN shows a single dominant branch fol-
owing the St = 0.16 line, also evident from fL/fN. St for both thin

eshes are very similar because the effective diameters of the
odies are the same. The clear difference lies in the ŷ/D curve
howing that the cylinder with a thin-dense mesh shows no sign of
educing the amplitude of vibration for higher reduced velocities.
gain, a non-negligible amplitude of ŷ/D ≈ 0.3 is observed to occur
ntil the end of the experiment. The cylinder does not present tur-
ulence buffeting, but a prominent vortex-excitation mechanism
ominates over the response.

As mentioned before, the clearance between the model and the

hin meshes allows them to oscillate independently of the motion
f the cylinder, showing movements similar to a sail. The thin-
parse mesh is as loose as the thin-dense mesh. Nevertheless, the
n Research 65 (2017) 290–301 297

increased number of bobbins might make the thin-dense mesh just
dense enough to reduce its permeability to the flow, interact with
the wake and capture more energy from the vortices. Consequently,
the vortex-excitation mechanism dominates over turbulence buf-
feting for the whole range of reduced velocities.

Once more, it is worth highlighting that the thin meshes were
seen to oscillate from side to side (more or less like a sail) as the
cylinder responded to VIV. We believe this phenomenon is not
much different from the hydrodynamic mechanism driving the
oscillations of a cylinder fitted wit a long splitter plate (with low
friction) that is free to rotate around the body, as presented by Assi
et al. [13].

4. Investigation of the wake

Particle image velocimetry (PIV) measurements of the wakes
have been taken for static models at Re = 9000. A horizontal plane
illuminated the flow at mid  length of the models. Two cameras were
positioned side by side below the test section in order to compose
a vector field wide enough to evaluate the larger flow structures in
the wake. Instantaneous velocity fields were taken at a rate of 15
vector fields per second, thus producing a time-resolved analysis
of 300 vector fields with almost 20 snapshots for each cycle of vor-
tex shedding (considering fs of the bare cylinder). Fig. 12 presents
velocity vectors and vorticity contours for all the models except the
thick-sparse mesh. The dashed white circle represents the masked
region shadowed by the meshes. Each image is a composition of at
least five instantaneous fields phase-averaged in time.

Fig. 12a shows that the bare cylinder is shedding a typical Kar-
man wake of vortices with two  single vortices per cycle. On the
other hand, Fig. 12b reveals a different vortex shedding behavior
for the cylinder with VT. Coherent vortex structures are indeed
present in the wake, but vortices form much further downstream
of the cylinder. Fig. 12c and d shows that, although the wakes of the
cylinder with thin-sparse mesh and thin-dense mesh are affected
by the presence of the flexible shrouds, the overall vortical struc-
tures are much more similar to that of the bare cylinder rather than
that of the VT.

Examining the mean flow averaged in time from 300 images,
presented in Fig. 13, one may  note that the cylinder with VT
(Fig. 13b) produces an extended region of velocity deficit near the
base of the cylinder. Again, the mean flow in the wake of the cylin-
der fitted with the thin-sparse and thin-dense meshes are not much
different from that in the wake of the bare cylinder.

From Figs. 12 and 13 we can conclude that the shrouds are
not preventing the formation of a wake with organized vortices.
They do not work to streamline the body either. In fact, a Kar-
man  wake associated with the typical flow around bluff bodies is
clearly identified for all cases. The flexible shrouds do not prevent
the communication of the separated shear layers, hence they are
able to disrupt and modify the wake formation mechanism, but not
to eliminate it altogether.

In Fig. 14 we have a quantitative view of how the wake is
being modified. Measurement of the vortex-formation length are
presented with streamlines of the mean flow. The color contours
represent the fluctuation of the cross-flow component of velocity
in the wake (vrms is the root-mean-square of v, normalized by the
maximum value obtained in the whole field). The locus of maxi-
mum velocity fluctuation defines the vortex formation length (LF)
indicated by a white target in each figure.

Fig. 14a shows that the Karman wake for the bare cylinder

F

the literature (please note that LF is strongly dependent on Re
[17]). Fig. 14c and d shows that the vortex formation lengths in
the wake produced by the thin-sparse and thin-dense meshes
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Fig. 11. (a) Amplitude of displacement, (b) spectrum of displacement and (c) spectrum of lift for a cylinder fitted with the thin-dense mesh responding to VIV.

Fig. 12. Instantaneous velocity vectors and vorticity contours colored by vorticity magnitude (unit is 1/s). (a) Bare cylinder. (b) VT mesh. (c) Thin-sparse mesh. (d) Thin-dense
mesh.
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Fig. 13. Mean velocity field colored by velocity magnitude (normalized by U). (a) Bare cylinder. (b) VT mesh. (c) Thin-sparse mesh. (d) Thin-dense mesh.
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ig. 14. RMS  of the cross-flow component of velocity. vrms is normalized by the max
hin-dense mesh.

re not very different from that of the bare cylinder, being
espectively LF/D = 2.02 and 1,76. The case for the VT, however,
hows a completely different behavior. Fig. 14b reveals a much
onger vortex formation length of LF/D = 5.31 in the wake of the
T.

We argue that the longer formation length found for the VT is
esponsible for a decrease in the fluctuating lift feeding back to
xcite the cylinder into VIV. A longer LF is also related to a decrease
n the mean drag. Therefore, while most of the flow is separated

rom the outer surfaces of the bobbins, the entrainment of flow
hat permeates the VT mesh bleeds through to feed the near wake
egion, extending the vortex-formation length and increasing the
ase pressure (thus reducing drag). This mechanism, illustrated in
 value found in each field. (a) Bare cylinder. (b) VT mesh. (c) Thin-sparse mesh. (d)

Fig. 15, is only possible due to the peculiar geometry of the VT bob-
bins, which is not matched by the other meshes. The outer ring
of the VT bobbin separates the vertical cylindrical elements from
the wall of the main cylinder, allowing for entrained fluid to flow
through the mesh.

Please be aware that the PIV measurements have been per-
formed for static cylinders in order to investigate the dominant
flow structures produced by the flexible shrouds. We  understand
that the wake dynamics for the oscillating cylinders could be quite

different from the results presented in this section. Nevertheless,
the investigation of the wakes of static models has already clarified
some interesting points regarding the underlying hydrodynamic
mechanisms.



300 M.M. Cicolin, G.R.S. Assi / Applied Ocea

5

a
a
u
m
p
i
t
r

t
i
t
o
s
l
v
s

c
a
w
d
s
a
p
t
O
n
s
m
r
s
r

e
s
c
o
t
c
t
w
t
b

h
s
s
b
v
l

surrounded by two, four and eight wake-control cylinders, Exp. Therm. Fluid
Fig. 15. Illustration of the flow around the VT mesh.

. Concluding remarks

The preliminary experiments with fixed models revealed that
ll meshes increase drag for a static body. This is expected, since
l meshes enlarge the area exposed to the flow and C̄D is obtained
sing just the diameter D of the bare cylinder. The thick-sparse
esh, for instance, increases more than 30% the frontal area com-

ared to that of the bare cylinder. Besides that, the net and bobbins
ncrease significantly the surface area and, consequently, the fric-
ion drag. The effect of an enlarged body is also responsible for
educing the Strouhal number of the shrouds, verified in Fig. 5b.

The fluctuation of lift presented in Fig. 4 reveals that the VT and
he thick-sparse mesh reduce CL

′ to values close to zero. Since the
ntegral force is acquired at the top of the models, it is reasonable
o infer that the meshes could either mitigate the sectional force,
r uncorrelate lift along the span of the cylinder, or both. The most
urprising result for the fixed-models experiments was  the mean
ift different from zero for the thin meshes. During the tests, it was
erified that the meshes oscillated like a sail, breaking the body
ymmetry and generating a net lift force.

Observing the decay tests (Table 2), all five models have practi-
ally the same values of m* and �air, hence the different behaviors
re related to hydrodynamic effects. From the decay tests in still
ater, it is verified that all models increased the hydrodynamic
amping and the effective added mass. It is known that there is a
trong relationship between a decrease in the peak response and
n increase in m*� [18,19]. Fig. 6 shows that all meshes reduced the
eak response, and part of this suppression could be credited to
he increase of hydrodynamic damping generated by the shrouds.
n the other hand, an increase of hydrodynamic damping must
ot be solely the only mechanism responsible for all the suppres-
ion. For instance, the VT presents lower �water than the thick-sparse
esh, but it is more efficient in suppressing the peak amplitude of

esponse. As a conclusion, the geometry of the bobbin is significant,
ince it produces a particular change in flow, leading to different
esponses.

The spectrum of the VT (Fig. 8) shows that the VT is more
fficient in disrupting the wake than the other meshes. After the
ynchronization range, the oscillation frequency of the VT remains
lose to fN while the fL shows no clear trace. The thick-sparse mesh,
n the other hand, even for very small oscillations, shows a typical
race of the Strouhal frequency for both oscillation and lift frequen-
ies. This indicates that, in spite of reducing the oscillations, the
hick-sparse mesh does not eliminate coherent vortex-shedding,
hile the VT disrupts it better. Since their distribution is the same,

he differences between the two meshes can be attributed to their
obbin geometry.

As seen from the fixed-models experiments, the thin meshes
ad a distinctive behavior, showing a fashion for oscillating as a
ail with the wake independently of the motion of the cylinder. As
hown in Figs. 6, 3(c) and (d), there is no clear synchronization range

ecause these models always oscillate in the same frequency of
ortex-shedding. In the case of thin-dense mesh, not only the oscil-
ation continues for higher reduced velocities, but it also reaches
n Research 65 (2017) 290–301

another peak of response around reduced velocity of 20, which indi-
cates the system is excited by another resonant frequency. The sail
effect made the thin meshes extract more energy and in a wider
range of frequencies than a mesh tightly attached to the cylinder;
this mechanism is not associated with pure VIV.

This sail effect occurs because there is a larger clearance between
the loose, thin meshes and the cylinder. Since the VT and the thick-
sparse mesh have wider bobbins, their clearance is lower and the
sail effect was  not observed. In previous studies, Brown and King [7]
noted the possibility of a “tail effect” due to the influence of mesh
perimeter for VIV suppression. In the same work, they recommend
a maximum value of 3

2 �D for this parameter. As it happened, all
meshes in the present study have the same perimeter, which was
below that limit. Therefore we  suggest that the clearance is more
relevant to predict the sail phenomenon rather than the perimeter
itself (because it considers the influence of bobbin size).

The only difference between the thin-sparse and the thin-dense
meshes is the bobbin distribution. The thin-sparse mesh extract
less energy from the flow. Therefore, we may  conclude that the
hydrodynamic permeability of the mesh as well as the alternating
distribution of the bobbins are important parameters (the latter
due to the loss of three-dimensional correlation along the span).

PIV investigation of the wake for static models revealed that
the cylinder fitted with the VT mesh produces a larger vortex-
formation length, indeed much larger than that for the bare
cylinder. We  believe the suppression efficiency of the VT is related
to the weakening of the feedback mechanism of the fluctuating lift
force associated with vortex shedding. We  have proposed that the
entrainment of the flow between the bobbins and the wall that
feeds through to the near wake is necessary to extend the vortex-
formation length. This mechanism is only possible to occur with
the VT mesh.

Finally, it is worth highlighting that these experiments have
been conducted at relatively low mass-damping systems in order
to enhance the vibration. We  are not saying that all devices will
present the same suppression efficiency at higher Re,  or in systems
with higher damping. Experiments in an idealized laboratory con-
dition with a rigid cylinder, with low-m * �, restricted to oscillate
in one degree of freedom, will serve to establish the basic work-
ing principles of this family of suppressors and offer guidelines for
further development.
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