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ABSTRACT

Experiments regarding flow-induced vibration on floating
rounded squared section cylinders with low aspect ratio were
carried out in an ocean basin equipped with a rotating-arm ap-
paratus. Floating squared section cylinders with rounded edges
and aspect ratios of L/D = 2.0 were elastically supported by a
set of linear springs in order to provide low structural damping
to the system. Two different incidence angles were tested, namely
0 and 45 degrees. The Reynolds numbers covered the range from
2,000 to 30,000. The aim was to understand the flow-induced
vibrations around single columns, gathering information for fur-
ther understanding the causes for the Vortex-Induced Motions in
semi-submersible and TLP platforms. Experiments on circular
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and squared sections cylinders (without rounded edges) were
also carried out to compare the results with the rounded square
section cylinders (with rounded edges). The amplitude results
for in-line, transverse and yaw amplitude for 0-degree models
showed to be higher for squared section cylinders compared to
those for the rounded square section cylinders. No significant
difference between the 45-degree models was observed. The
results of ratio between frequency of motion in the transverse
direction and natural frequency in still water confirmed the
vortex-induced vibration behavior for the squared and rounded
square section cylinders for 45-degree incidence; and also the
galloping characteristics for 0-degree incidence cases. The
rounded effect on the square section cylinders showed to be
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important only for reduced velocity larger than 8, which is
probably related to the position of the separation point that
changes around the rounded edge, behavior that did not occurr
for the squared edge that fixed the separation point for any
reduced velocity.

Keywords:  flow-induced vibration (FIV), vortex-induced
vibration (VIV), vortex-induced motion (VIM), low aspect
ratio, floating squared section cylinder, rounded square section
cylinder

1. INTRODUCTION

Studies on flow around squared section cylinders can be
found for different engineering situations due to their large appli-
cation. Buildings, bridges and oil and gas platforms are examples
of these squared section structures. At the same time, concerns
about the interaction between bluff bodies and fluids arise due to
the vibration problems observed, leading those structures to an
eventual collapse by fatigue. The so-called Flow-Induced Vibra-
tions (FIV) can be separated at least into two different phenom-
ena, called galloping and vortex-induced vibration (VIV), both
well known in the engineering segment.

Galloping is a dynamic instability — in one degree of free-
dom (ldof) — caused by the incidence of fluid flow in a non-
circular and slender structure. Classical galloping of non-circular
cylinders is caused by a fluid-dynamic instability of the cross sec-
tion of the body, such that the motion of the structure generates
forces which increase the amplitude of vibration, see Bearman et
al. (1987) [3]. More details about the galloping theory can also
be found in Parkinson (1971) [11] and Blevins (1990) [4].

VIV is a typical resonant phenomenon due to vortex shed-
ding around cylinders, according to which cyclic loads can cause
an excess of vibration that gives rise to fatigue problems in the
structures. Comprehensive reviews about the VIV theory can be
found in Bearman (1984) [2] and Blevins (1990) [4].

Initial observations of the interaction between galloping and
vortex shedding resonance for rectangular cylinders is presented
in Parkinson and Brooks (1961) [10], in which a squared section
cylinder was tested with low damping values. Thenceforth, an
uncountable number of works were published about experimen-
tal studies on this issue, most of them carried out in wind tunnels,
varying the geometrical cross section, the damping systems and
considering different types of flow. Parkinson and Wawzonek
(1981) [12] is an example, the authors described the strong mu-
tual effects of galloping and VIV phenomena. The study was
carried out with prisms of different aspect of ratios (height di-
vided by length, 0.375 L/D 2.485) and their results presented
two modes of lateral vibration and a torsional mode about the
stream wise axis.

Bearman et al. (1984) [1] studied squared section cylinders
by means of experiments carried out in a water tunnel. A relation

between radius and base length (r/D) was used to define the vari-
ation in the corners. Two different positions of the flow incidence
were tested, 0 degree and 45 degrees, i.e. one with the model
faces positioned in a direction of in-line flow and the other with
two corners of the cylinder in the in-line flow direction. Force
coefficients were measured by strain-gauges, and the results for
drag coefficient (Cp) were shown accordingly. For 0-degree in-
cidence, Cp presented a decreasing behavior with an increase of
r/D. When the Reynolds number started to increase, the per-
formance of the rounding corner had low values compared with
the others. Curiously, difference occurred when the incidence
angle was changed to 45 degrees, for cylinders without rounded
corners submitted to low Reynolds number, where the drag co-
efficient results presented higher values (Cp =2 5) compared with
the same model in 0-degree incidence (Cp = 3) . Additionally, by
increasing the Reynolds number, the same feature was observed
—adecrease of Cp for rectangular cylinders without rounded cor-
ners — therefore, the difference between the models were lower
compared with the results of 0-degree incidence.

Recently, works in water flow increased due to the offshore
demand, e.g. semi-submersible platforms used in large scale for
oil and gas exploitation; in some cases, adopting squared sec-
tion columns linked by submerged pontoons. In fact, the ge-
ometry of the semi-submersible platforms implies a complex
vortex-induced motion (VIM) phenomenon, as can be found in
the works by Waals et al. (2007) [15], Rijken & Leverette (2008)
[13], Fujarra et al. (2012) [5] and Gongalves et al. (2012a,
2013a) [8] [9].

In this context, the present work is the second part of a study
on FIV of squared section cylinders. The first part, presented
in Gongalves et al. (2015) [7], showed the effects of different
aspect of ratios (L/D = 1.0, 2.0 and 3.0) placed at 0 and 45 de-
grees of incidence. The experiments were carried out with float-
ing cylinders — six degrees of freedom (6dof) — and the principal
result was the higher amplitudes in the transverse direction for
the model positioned at 45 degrees, besides the aspect ratio has
not presenting significant variation. The details about results of
VIV on circular cylinders with very low aspect ratio are also dis-
cussed in Gonalves e Fujarra (2014) [6].

Continuing the investigation on VIV of squared section
cylinders, this second part aims to understand the FIV around
cylinders with three different cross sections: rounded square sec-
tion cylinders (herein named RQC); squared section cylinders
(herein named SQC) and circular section cylinder for compar-
isons (herein named CC). All the floating cylinders considering
an aspect ratio of L/D = 2.0.

Chapter 2 presents the experimental setup of the tests per-
formed. Chapter 3 presents the experimental results comprising
non-dimensional amplitudes and frequencies for the transverse
direction, in-line direction and yaw motion, presented as a func-
tion of the reduced velocity, V., = U /(fo,D) , as well as power
spectral density (PSD) for supporting the discussions and con-
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clusions. Finally, chapter 4 presents the main conclusions and
perspectives for further works.

2. EXPERIMENTAL SETUP

All the experiments were carried out in the Hydrodynamic
Calibrator (CH-TPN), which is an offshore basin (14m x 14m x
4m) located in the Numerical Offshore Tank laboratory at the
University of Sdo Paulo (USP), Brazil, equipped with a rotating
arm for towing small model and slender bodies.

The rotating arm comprises an arm in stainless steel cov-
ered by fiberglass, a vertical pole and two trapezoidal supports
mounted on a circular trail centered in the tank. Figure 1 shows
dimensions of the main components of this apparatus. For further
details, see Vieira et al. (2013) [14].

Figure 2 shows our experimental setup for testing the float-
ing cylinders — aluminum bars used to support the springs and
instrumentation — attached to the rotating arm. Additionally, Fig.
3 shows an upper view of the experimental setup installed in the
rotating arm, R = 2.84m.
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FIGURE 1. Main dimensions of the rotating arm.

The angular velocity does not affect the uniform flow. Due
to the great size of the arm, R = 2.84m, and the small di-
mension of the characteristic length for each condition tested,
D = 125mm, the incoming velocity can be considered uniform.

Figure 4 shows the experimental setup where  is the angu-
lar velocity, k is the springs stiffness. Equations 1 and 2 show
the forces acting in the angular movement of the rotating arm
for directions X (in-line) and Y (transverse). Due to the low an-
gular velocities,®, low values of these forces are present, which
therefore do not affect the experimental results.

mi + 2kx = Fp + Fpsin(20yt + ¢x) —my (1)
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FIGURE 2. Experimental setup and dimensional parameters for

FIV tests.
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FIGURE 3. Experimental setup installed in the rotating arm.
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FIGURE 4. Coordinate of the movements considered.
m§ + 2ky = Fysin(2oy,t + ¢y) + m62(R+y) +mbi  (2)

Four different cylinders were built, resulting in two SQC
cylinders and two RQC cylinders, all with L/D = 2.00. The
models were made in polyvinyl chloride (PVC); see Fig. 5.

The main parameters of the models are presented in Table 1.
Details about the dimension can be seen in Fig. 6 with regards
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FIGURE 5. Illustration of PVC models of the cylinders with
square sections. On the left side: rounded square cylinders (RQC).
On the right side: square section cylinders (SQC). All cylinders with
L/D =2.00.

to the dimensionless parameters L/D and L/A, where L is the
length of the squared section. As floating cylinders, all the mass

ratios were considered m* = 1.00.

FIGURE 6. Main parameters of the cylinders tested.
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As mentioned, the floating squared section cylinders were
elastically supported by a set of four springs with the same stiff-
ness parameter, k = 0.8N/m, in a rectangular support with di-
mensions of L, = 1090mm and W = 610mm, length and width
respectively. The models were free to move in the 6dof, the im-
mersion condition was adjusted changing the ballast inside and
the movements were measured by means of an optical motion
capture system, QUALISYS ™. Details in Fig. 7 and 8.

The natural frequencies in still water in both directions were

FIGURE 7. Floating model positioned at 45 degrees, elastically
supported by a set of four springs and monitored by an optical mo-
tion capture system.

FIGURE 8. Floating model positioned at 0 degree, elastically sup-
ported by a set of four springs and monitored by an optical motion
capture system.

TABLE 1. Dimensional parameters of the tests.

Incidence Angle

ID Dlmm] A[mm] L/D L/A
[degree]
0 125.0 125.0 20 2.0
SQC
45 125 .0 88.4 20 2.8
0 125.0 125.0 20 2.0
RQC
45 125.0 88.4 20 28
CC - 125.0 125.0 2.0 -

practically the same for all the models, fo./fo, = 0.97 and due
to this, it was possible to consider fox = foy = fo. The damping
coefficient in still water was practically close for all conditions,
Cw = 6% (in-line) and {y = 7% (transverse) and the structural
damping very low around § = 0.1%.

About twenty-seven velocity conditions were carried out for
each model. The reduced velocity range performed was 2 <V, <
15; therefore, the range of Reynolds number was 2x10° < Re <
3x10*, which corresponds to current incidences of 0.02m/s <
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U < 0.23m/s. Details about the conditions tested are presented
in Table 2.

The effect of the wake of the previous run can be neglected,
as the time spent for each test condition is sufficiently large to
attenuate it. As the tests were conducted for velocities up to
0.2m/s; no wave making of models were observed. The accu-
racy and stability of the towing speed is very high due to the
active control of the rotating arm.

As mentioned, the 6dof were measured throughout the tests.
A form factor Yy = 1.0 was used to determine the non-dimensional
characteristic amplitudes. In both directions the non-dimensional
characteristic amplitudes were calculated as the mean of the 10%
largest peaks and the characteristic frequency as the peak fre-
quency in the power spectral density (PSD) of the motion history.

Only the results for in-line, transverse direction and yaw mo-
tions are presented. The results for other degrees of freedom
were small and did not influence the FIV behavior, which is the
reason for the authors not to include those results in this paper.

TABLE 2. Parameters of the tests for each aspect ratio condition.

Angle ,
D g Rexl 04 CW f Ox f Oy f Oyaw
[degree] [%] [Hz] [Hz] [HZ]
0 025—192 754 1261 1218 2.77
SQC
45 035 —266 7.89 1248 1231 245
0 034 —259 671 9.27 9.06 1.62
RQC
45 0.37 —2.80 521 9.07 8.81 1.48
CC - 033 —-250 4.64 896 8.39 1.67

3. EXPERIMENTAL RESULTS

Figures 9, 10 and 11, respectively show the results for
transverse, in-line and yaw motion amplitudes for the case of
squared section cylinders (SQC), rounded squared section cylin-
ders (RQC) and circular section cylinder (CC), all with L/D =
2. The non-dimensional amplitudes in the transverse direction,
A,/(yD), for SQC-45 and RQC-45 (45-degrees incidence) pre-
sented significant higher values for V, > 4, compared with the
SQC-0 and RQC-0 cases (0-degree incidence), see Figure 9.
These results confirm that the rounded edges changed the on-
set of the increase in amplitudes for the SQC. Moreover, SQC-
0 showed a steady growth when the reduced velocity was in-
creased, which is similar to a galloping feature. Note that RQC-0

presented a similar growth, as described previously, yet with am-
plitudes lower than SQC-0 for V, > 8. Therefore, the rounded
edge effects greatly decrease the amplitudes for this case at
higher values of reduced velocity. SQC and RQC cases presented
smaller amplitudes compared to the CC ones for V, > 6.5.

Figure 10 shows the non-dimensional amplitudes in the in-
line direction, A,/(yD). Comparable values were found for
squared cylinders (with or without rounded edges) at Vr < 6.
Henceforth, CC presented different and higher growth, a typical
VIV feature. In turn, the SQC-0 presented higher amplitudes for
high reduced velocities, V, > 13. Moreover, no significant differ-
ences were found between RQC-0 and RQC-45.
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FIGURE 9. Non-dimensional motion amplitude in the transverse
direction (4, /(yD) ) as a function of reduced velocity (V, ) for cylin-
ders with different sections (SQC - squared section and RQC -
rounded squared section) with L/D =2.0.

The high yaw amplitudes were a very important feature for
observing the galloping phenomenon. Based on this, it was pos-
sible Figure 11 allows observing higher values of yaw amplitude
for the SQC and RQC cases compared with the CC ones, mainly
for higher values of reduced velocity. Also for the yaw motions,
RQC-0 performed notable lower values at V,. > 13 compared to
those for SQC-0.

The result of the ratio between the transverse motion fre-
quency and the natural transverse frequency in still water (f;/ fo)
is presented in Figure 12. For RQC-0 and SQC-0, the frequency
ratio presented a constant behavior in the range of reduced ve-
locity V, < 8, possibly because it was not possible to observe
a VIV phenomenon for these cases. Differences were observed
for 45-degree models for higher reduced velocities, SQC-45 pre-
sented a linear increase, whereas RQC-45 presented constant val-
ues, fy/fo = 1.

Results of the ratio between the in-line and transverse fre-
quency (fy/fy) are shown in the Figure 13. Frequency ratios
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FIGURE 10. Nondimensional motion amplitude in the in-line di-
rection (A, /(yD) ) as a function of reduced velocity ( V;) for cylinders
with different sections (SQC - squared section and RQC - rounded
squared section) with L/D = 2.0.
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FIGURE 11. Yaw motion amplitude (4,,,) as a function of re-
duced velocity (V,) for cylinders with different sections (SQC -
squared section and RQC - rounded squared section) with L/D =
2.0.

for SQC and RQC showed the in-line frequency motion simi-
lar to the transverse one, f; & f), exception observed for RQC-
45, where the transverse motion showed twice larger frequencies
than in-line ones, f, = 2 f, — this behavior was clearly different in
terms of the trajectories of movement. On the other hand, circu-
lar cylinders (CC) presented an opposite behavior; the frequency
ratio showed values equal to two, fi/ f, = 2, corresponding to a
usual VIV characteristic of 8-shaped trajectories of movement.

Figure 14 presents the results of the ratio between yaw fre-
quency and natural transverse frequency in still water (fyuw/ fo)-
CC and SQC-45 performed similar behavior as was observed for
ratio f,/fo, i.e. linear growth when reduced velocity was in-
creased. In addition, a constant trend can be observed for RQC-
0.
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FIGURE 12. Ratio between the transverse motion frequency and
the natural transverse frequency in still water (f,/fy) as a function
of reduced velocity (V; ) for cylinders with different sections (SQC
- squared section and RQC - rounded squared section) with L/D =
2.0.
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FIGURE 13. Ratio between in-line and transverse motion fre-
quencies (fy/ fy) as a function of reduced velocity (V;) for cylinders
with different sections (SQC - squared section and RQC - rounded
squared section) with L/D = 2.0.

Results of PSD for the in-line, transverse and yaw motions
are presented in Figure 15 to 19 as a function of the reduced
velocity, confirming the statements up to this point.

For RQC-0, the energy of in-line, transverse and yaw mo-
tions showed to be concentrated around the natural frequency of
the system in still water, and this energy increased with the in-
crease of the reduced velocity; see the behavior in Figure 15. For
SQC-0, the same behavior can be observed; however, the yaw
showed higher energy, see Figure 17. This larger energy was
possibly due to the excessive yaw movement, thus representing a
galloping characteristic.

Comparing 45-degree cases, the rounded edges seem not af-
fect the system energy for all the movements analyzed. The en-
ergy concentrated around natural frequency in still water and in-
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FIGURE 14. Ratio between the yaw motion frequency and the
natural transverse frequency in still water (fy.,/fy) as a func-
tion of reduced velocity (V, ) for cylinders with different sections
(SQC - squared section and RQC - rounded squared section) with
L/D=2.0.
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FIGURE 17. PSD of the motion in the in-line direction, transverse
direction and yaw as a function of V, for SQC - squared section
cylinder with L/D = 2.0 and 0-degree incidence.
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FIGURE 18. PSD of the motion in the in-line direction, transverse
direction and yaw as a function of V, for SQC - squared section
cylinder with L/D = 2 and 45-degree incidence.
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FIGURE 16. PSD of the motion in the in-line direction, transverse
direction and yaw as a function of V, for RQC - rounded squared
section cylinder with L/D = 2.0 and 45-degree incidence.

creased when reduced velocity was increased. Figure 16 and 18
show details.

CC presented in-line energy concentrated near frequency ra-
tio equal to two, and low energy for yaw motion. However, CC,
SQC-45 and RQC-45 cases presented similar results for energy
level in the transverse direction, i.e high energy concentrated
around the natural frequency in still water. Therefore, these re-
sults show a typical VIV feature, details in Figure 19, 16, 18.

FIGURE 19. PSD of the motion in the in-line direction, transverse
direction and yaw as a function of V, for CC - circular section cylin-
der with L/D =2.0

4. GENERAL CONCLUSIONS

The present work was motivated by the VIM studies around
single columns of multicolumn platforms, aiming to understand
the effects of the rounded edges in squared section cylinders un-
der two different angles of incidence. For comparisons, results
of a circular cylinder was also considered.

The experiments were carried out in an ocean basin
equipped with a rotating arm apparatus at TPN. Three differ-
ent shapes were tested, namely squared section cylinder (SQC),
rounded squared section cylinder (RQC) and circular section
cylinder (CC), at 0 and 45 degrees of incidence angle. The mod-
els were free to oscillate (6dof), presenting the same aspect ratio,
L/D=2.0.

Non-dimensional amplitudes were presented for in-line,
transverse and yaw motions. Rounded squared cylinder with 0-
degrees incidence (RQC-0), presented lower values for the trans-
verse direction, compared to cylinder without rounded edge with
the same angle (SQC-0). The circular cylinder (CC) exhibited
the higher values for transverse and in-line amplitudes; however,
the rounded edge did not cause effects for in-line amplitudes; re-
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sults in Berman (1984) [1], with high velocities, presented sim-
ilar results. Yaw amplitudes showed higher for square section
models due to the influence of the galloping phenomenon in these
bodies, in addition to the observation of significant higher values
for SQC-0 compared to RQC-O0.

Analysis of the frequency ratio showed important results
for the models placed in 45 degrees. A similar behavior can
be observed for ratios of transverse and yaw motion by natural
frequency in still water, f,/fo and fy../fo respectively, which
means a linear growth for the square cylinder (SQC-45) and a
constant value for the rounded edge model (RQC-45) under an
increase of reduced velocity.

Finally, results for PSD were analyzed for the models. De-
spite the O-degree incidence angle of the square section cylinders,
important difference occurred for yaw movement energy, show-
ing higher values for the non-radius model (SQC-0); a typical
galloping phenomenon behavior. On the other hand, the behav-
ior of SQC and RQC were similar for models with 45-degrees
incidence. Moreover, the transverse amplitudes for these cases
can be compared with CC case, knowing a typical behavior of
the VIV phenomenon, as stated by Zhao et al. (2014) [16].

The rounded effect on the square section cylinders showed
to be important only for reduced velocity V, > 8, i.e. the position
of the separation point of the boundary layer changed around the
rounded edge, behavior that can not occurr for the squared edge
that fixed the separation point for any reduced velocity. The am-
plitudes showed to be higher for RQC-45 than SQC-45, which
can be explained by the VIV behavior for this incidence angle,
i.e. the rounded edge contributed to large synchronization be-
tween the frequency of the motions and the frequency of vortex
shedding. On the other hand, the amplitudes showed to be lower
for RQC-0 than SQC-0, which can be explained by the gallop-
ing behavior for this incidence angle, i.e. the rounded edge con-
tributed to modifying the lift forces variation that characterized
the galloping behavior.

This work is a continuity of Gongalves et. al.(2015) [7], in
which the authors showed a complete analysis of the influence
of aspect of ratio with different angles of incidence applied to
squared section cylinders.

NOMENCLATURE

Y Modal form factor

¢ Phase angle

@, Angular oscillation frequency in the transverse direction

{s  Structural damping

Cw Damping coefficient in still water

Ay/(yD) Characteristic non-dimensional motion amplitude in
the in-line direction

A,/(yD) Characteristic non-dimensional motion amplitude in
the transverse direction

D Characteristic diameter

fo Natural frequency in still water, both in in-line and trans-
verse directions

fox natural frequency of the system in still water at the in-line

direction
foy natural frequency of the system in still water at the trans-
verse direction

Soyaw yaw motion natural frequency of the system in still water

fs Vortex-shedding frequency

f¢ Oscillation frequency in the in-line direction

fy  Oscillation frequency in the transverse direction

Syaw  Oscillation frequency in the transverse direction

Fp Drag force

F;  Lift force

H Water height of the tank

k Spring Stiffness

L Immersed length

L, Rectangular apparatus length

m  System mass

m* Mass ratio

my Displaced mass

m, Structural mass

L/D Aspect ratio

Re Reynolds number

U Flow velocity

x Displacement in the in-line direction

X Velocity in the in-line direction

X Acceleration in the in-line direction

y Displacement in the transverse direction

y Velocity in the transverse direction

¥ Acceleration in the in-line transverse direction
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