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Experiments regarding the flow-induced motion (FIM) on an array of three floating cylinders with low aspect ratio
(H/L =15), and three different distances between column centers (S/L =2, 3, and 4) were carried out in a towing tank.
The array of three cylinders was elastically supported by a set of four linear springs to provide low structural damping on
the system. Three different section geometries were tested, namely, circular, square, and diamond. Three different current
incident angles were tested: 60 =0, 90, and 180 degrees. These configurations of the three-column arrays were selected to
cover the range of the main floating offshore wind turbine (FOWT). The aims were to understand the FIM of the three-
column systems and to compare the results of the single column and an array of four cylinders. The range of Reynolds
numbers covered 10,000 < Re < 110,000. Concerning the geometry of the column sections, the amplitude results showed
larger amplitudes for the three-cylinder array than the single-cylinder case and the four-cylinder array for circular and
diamond cases, in which cases the phenomenon was similar to vortex-induced motion (VIM). On the other hand, the
amplitudes for the single square case were higher than for the array of cylinders; in this case, the galloping phenomenon
was predominant. Concerning the distance between column centers, the amplitude results for the three-cylinder array with
S/L =3 and 4 were very similar. Yet the three-cylinder array with S/L =2 acted as a single cylinder because the proximity
of the cylinders changed the wakes around them. Finally, concerning the incident angle effects, the changes in the angle
significantly affected the arrays with S/L = 2; therefore, only the in-line motions were slightly modified for the cases with
the larger distances between columns.

NOMENCLATURE GM  metacentric height
H column height above the water line

A, characteristic amplitude in the in-line direction H, vertical position of the mooring line fairleads

Ay character?st%c ampl?tude in the transverse. direction H, height of the water level of the towing tank
A,,, characteristic amplitude for the yaw motions H/L column aspect ratio
D column characteristic dimension due to the current inci- KG distance between the center of gravity and the base

dent angle L length of the face dimension of the column
L, in-line position of the mooring line fairleads
L, length of the towing tank
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S distance between column centers
S/L distance between columns ratio

Ty, natural period of the motion in the in-line direction in still
water
Ty, natural period of the motion in the transverse direction in
still water
Ty, natural period of the yaw motion in still water
"U  current velocity
V. reduced velocity
W,, transverse position of the mooring line fairleads
W, width of the towing tank
X in-line direction
Y transverse direction
Z vertical direction
6 current incident angle
¥, diameter of the ring for the mooring line fairleads
INTRODUCTION

The offshore industry called attention to the vortex-induced
vibrations (VIV) around single cylinders with low aspect ratio,
0.3 < H/L < 6.0, and small mass ratio, m* < 6. This specific sub-
ject was called vortex-induced motion (VIM); see Fujarra et al.
(2012) for details about VIM. The studies on VIM were moti-
vated by high current velocity incidence on circular offshore plat-
forms, in particular cases of spar, 1.5 < H/L < 6.0, for example,
Dijk et al. (2003) and Irani and Finn (2005), and monocolumn,
0.2 < H/L <0.5, as in Gongalves, Rosetti, Fujarra, Franzini, et al.
(2012) and Gongalves, Meneghini, and Fujarra (2018).

VIM has been studied on the multi-column platforms, such
as semi-submersible (SS) platforms, tension leg platforms (TLP),
and FOWT, as can be found in Waals et al. (2007), Gongalves,
Rosetti, Fujarra, and Oliveira (2012), Gongalves et al. (2013), and
Irani et al. (2015). Recently, the column section geometry has
been considered. For example, the work by Gongalves, Fujarra,
et al. (2018) compares FIM results for circular and square col-
umn sections. Other research related to the same area includes M
Liu et al. (2016) and Ramirez and Fernandes (2016), which com-
pares VIM results for the square and diamond section columns.
All these works showed that the VIM response is profoundly
impacted by the column section geometry as well as by the inci-
dent angle of the current.

Moreover, Fujiwara et al. (2016) presented results concerning
the effects of the distance between columns on the VIM of an
SS with four columns with S/L =2.5 and 4. A brief comparison
between amplitudes for an array with multi-columns can be found
in Gongalves et al. (2017); in this work, a single case cylinder and
an array of three and four columns were presented for 0 degrees
of incidence, i.e., two side-by-side columns in the upstream posi-
tion. The results of Gongalves, Hannes, et al. (2018), for an array
of four columns with different distances between columns and
column geometry will be compared in the present work as well.

The development of FOWT has seen an increase because of the
Japanese demand for new clean energy sources; see, for example,
Wang et al. (2010) and Y Liu et al. (2016). In these works, the
authors presented the new developments of FOWT and showed
that the most significant number of designs are multi-column
floaters with three columns. Notably, the Fukushima Floating Off-
shore Wind Farm Demonstration Project developed an FOWT
with a three-column array in a triangular disposition, with circular
and square columns, as can be seen in Fig. 1. The pioneer study
on the FIM of three-column FOWT can be found in Gongalves
et al. (2019).

The study on the flow around an array of three equispaced
cylinders was conducted for fixed cases, including works by Price

FIM — Flow-Induced Motion of Three-Column Platforms

Fig. 1 Examples of FOWT with three columns in a triangular
disposition: left, the Fukushima Mirai Wind Turbine; right, the
Fukushima Shimpuu Wind Turbine

i \ \
Fig. 2 Isometric view of the models with crossbar: (left) circular,
(middle) square, and (right) diamond

and Paidoussis (1984), Sayers (1987), Zdravkovich (1987), Lam
and Cheung (1988), and Tatsuno et al. (1998). All the works
focused on showing the interference between the wakes around
the array of three circular cylinders with different flow incident
angles and the distance between cylinders. No research about the
free cases (i.e., the array subject to the VIV) was found in the
literature.

In this context, our aim here is to understand, with fundamen-
tal experiments in a towing tank, the FIM of an array of three
floating cylinders with different geometric sections and the vary-
ing distance between column centers, namely S/L =2, 3, and 4.
The aspect ratio of the columns is H/L = 1.5, the typical value
for these structures.

EXPERIMENTAL SETUP

All the experiments were carried out in a towing tank at the Uni-
versity of Tokyo, Hongo, Tokyo, Japan. The dimension of the test
section is 85.0 m x 3.5 m x 2.4 m (length x width x depth). The
maximum velocity of the towing car was approximately 0.4 m/s.
The model was elastically supported by a set of four horizontal
mooring lines; see details in Fig. 3. Figure 6 presents a schematic
of the array of the three circular cylinders in the towing tank.

The circular column models were made of acrylic with exter-
nal diameter D = L =250 mm, as well as the square (diamond)
column models with face dimension L =220 mm. The cylinders
did not present a roughness level and may be considered smooth
cylinders. A crossbar was designed to support the three-cylinder
array. The support allowed easy change of column geometry and
distance between column centers, and an isometric view of the
models can be seen in Fig. 1. The model’s main properties can
be seen in Table 1.

The six degree-of-freedom (6DOF) motions data were acquired
along 70 m in the towing tank with a sampling frequency of 30 Hz
using an optical motion capture system.

Nineteen different configurations were tested: circular cylinder,
square, and diamond; three different distances between columns
S/L =2, 3, and 4; and three different angles of the current inci-
dence as 6 = 0, 90, and 180 degrees. Figures 4 and 5 show the
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Fig. 3 Schematic of the simplified mooring system setup com-
posed of four spring lines at the towing tank

configurations tested. The variation in the current angle of inci-
dence was performed by changing the fairlead point in the deck
above the column connections. Consequently, all the experiments
were carried out with the same mooring line and stiffness config-
uration. Table 2 presents details about the configurations tested.
For all the cases, decay tests in still water were performed
to calculate the natural frequency for the 6DOF. At least three
repetitions were conducted for a better statistical result.

Circular Square/Diamond
Property
S/L 2 3 4 2 3 4
m [kg] 552 552 552 479 479 47.9

KG [mm] 1945 1945 1945 190.0 190.0  190.0
GM [mm] 1160 256.6 4534 1027 2251 3956
Ryy [mm]  362.0 421.0 491.7 3444 3948  456.0

Ryy [mm] 3762 448.1 5335 3585 422.1  497.7
Ry, [mm] 4320 5404 6637 4226 5152  622.1
T, [s] 135 132 129 135 133 13.4
Ty, [s] 136 133 128 138 136 13.6
Tyyaw [5] 37 56 72 33 50 6.4

Table 1 Inertia properties of the models for 0 degrees of inci-
dence

U (current)

x

Fig. 4 Schematic of the configurations of the three-cylinder arrays
tested (circular, square, and diamond): (a) O degrees of incidence,
(b) 90 degrees of incidence, and (c) 180 degrees of incidence

U (current)

=

()

U (current)

=

(b)

U (current)

=

B

(©)

Fig. 5 Schematic of the configurations of the three-cylinder arrays
tested with O degrees of incidence for circular, square, and dia-
mond: (a) S/L=2, (b) S/L=3, and (c) S/L=4
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Fig. 6 Schematic of the model in the towing tank

Cylinder

section 0 L D

geometry [deg] [mm] [mm] H/L S/L  Rex 1073
Circular 0 250 250 1.5 2,3,4 15-65

Circular 90 250 250 1.5 3,4 15-65

Circular 180 250 250 1.5 2,34 15-65
Square 0 220 220 1.5 2,34 10-75
Square 90 220 220 1.5 , 15-100

3,4
Square 180 220 220 1.5 3,4 10-75
Diamond 0 220 311 1.5 2,3 25-110
Diamond 90 220 311 1.5 — —
Diamond 180 220 311 1.5 2,4 25-110

Table 2 Matrix of conditions carried out for FIM studies of the
three-cylinder arrays

METHODOLOGY

The FIM response was analyzed through the root mean square
(RMS) of displacements in the transverse and in-line directions
and angles of rotation in the case of the yaw motion. The nominal
amplitudes were calculated as /2 times the RMS displacements.
Moreover, as commonly found, dimensionless values A,/L and
A, /L were presented using the face dimension of the column, L.
For the RMS angles of yaw, A, no dimensionless presentation
was adopted, as is usual in the literature.

The reduced velocity V, = UT,y/D was defined as a function
of the incident current velocity U, the natural period of the trans-
verse motion in still water 7, and the characteristic length of the
body section subjected to vortex shedding D. In this case, D can
be written as a function of the current incident angle for square
columns, to better represent the characteristic length of the col-
umn section on the flow; i.e., D = L(|sin 6| + |cos 0]), where 6 is
the current incident angle. For circular column cases, D = L for
all incident angles.

RESULTS

Figures 7-9 present the characteristic amplitudes for the array
of cylinders with S/L =2, 6 =0 and 180 degrees, and different
column geometries.

The results showed a significant difference due to the column
section geometry for S/L = 2. The amplitudes were the largest
for circular column cases for all the main degrees of freedom,
namely, in-line, transverse, and yaw.
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Fig. 7 Nondimensional amplitudes for the motions in the trans-
verse direction for the array of cylinders with S/L =2
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Fig. 8 Nondimensional amplitudes for the motions in the in-line
direction for the array of cylinders with S/L =2

6 T
@ Circular S/L=2 6=0deg
@ Circular S/L=2 0=180deg
5F B Square S/L=2 §=0deg E
4 Diamond S/L=2 =0deg
@ Diamond S/L=2 ¢=180deg
—4r E
)
o
b5
S8 X 1
E
© n
>ob ) E
| |
P ®ooo .
1 E e |
* e
wttaddse
0 \\\\\\\\\\ | S T S S S E T S S S S o I I |
0 5 10 15 20 25

Reduced Velocity (Vr)

Fig. 9 Yaw motion amplitudes for the array of cylinders with
S/L=2

The incident angles, 6 = 0 and 180 degrees, did not affect
the amplitude significantly in the in-line direction or yaw motion
results for §/L = 2. Some differences can be observed only for the
amplitudes in the transverse direction (see Fig. 7); the amplitudes
were higher for 6 =0, i.e., in the conditions in which the two side-
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by-side columns are in the upstream position. The explanation for
this is that the wake interference was acting only on the unique
column downstream and decreased the total lift force of the sys-
tem; in the other case, in which one column was in the upstream
position, the wake interfered with the two columns downstream
and caused a more significant decrease in the lift force.

The amplitudes in the transverse direction (see Fig. 7) showed
different behaviors for the circular/diamond cases compared with
the square case. The amplitudes for the circular/diamond cases
presented a local maximum; i.e., it was possible to observe an
increase and decrease of amplitudes around V, = 8§, and this
behavior is similar to the resonance range in the VIM phe-
nomenon. In turn, an increase can be observed in the amplitudes
when increasing the reduced velocity for the square column cases;
this behavior is similar to the galloping phenomenon. Because of
this finding, it is better, for now, to call the general behavior of
multi-columns subject to the current incidence FIM and no longer
only VIM as is typically encountered in the literature. It is impor-
tant to say that the FIM is specific for each system geometry, and
any modification (such as the inclusion of pontoons, for example)
can change the flow around the system entirely and, consequently,
the response. In Fig. 8, the maximum values of the amplitudes in
the transverse direction for S/L =2 were Ay/L =0.9, 0.6, and
0.3 for the circular, square, and diamond cases, respectively.

The amplitudes in the in-line direction and yaw motions are
presented in Figs. 8 and 9, respectively. The amplitudes in the
in-line direction (see Fig. 8) showed a significant difference for
the circular cases, in which it is possible to observe the reso-
nance phenomenon (presence of the amplitude drop) and maxi-
mum amplitude A, /L = 0.3. For the square/diamond cases, the
behavior of the amplitudes in the in-line direction was almost
the same up to V, = 11; after this velocity, the amplitudes for
the square case kept growing, which again confirmed the gallop-
ing behavior for the square cases. The maximum amplitudes for
the square/diamond cases were lower than for the circular cases
(A,/L =0.15 and 0.05 for the square and diamond cases, respec-
tively). No difference due to the incident angle was observed for
this degree of freedom.

As in the results of amplitudes in the in-line direction, in the
results of amplitudes of the yaw motion (see Fig. 9) the behav-
ior was the same as discussed before. The maximum values of
the amplitudes of the yaw motion for S/L =2 were A,,,, = 3.0,
2.5, and 1.0 degrees for the circular, square, and diamond cases,
respectively. The galloping behavior was pronounced for the
square case, in which high reduced velocities could be reached,
V. <23.

Figure 10 presents the nondimensional frequency for the array
of cylinders with S/L =2, # =0 and 180 degrees, and differ-
ent column geometries. The results showed that the motions in
the transverse direction were concentrated around the natural fre-
quency in still water for this degree of freedom. This behavior
is quite similar to the galloping behavior characteristic. For the
VIM phenomenon, synchronization between the vortex shedding
and the motion of the system occurs; therefore, an increase of
the nondimensional frequency is observed with an increase of the
reduced velocity. This behavior could be found for the diamond
cases for V, < 13. A conclusion could not be drawn about the FIM
source because of the small number of reduced velocities tested.

Figures 11-13 present the characteristic amplitudes for the
array of cylinders with §/L =3; 6 =0, 90, and 180 degrees; and
different column geometries.

The results showed considerable difference because of the col-
umn section geometry for S/L = 3. The amplitudes were the
largest for circular column cases for all the degrees of freedom,
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Fig. 10 Nondimensional frequency for the motions in the trans-
verse direction for the array of cylinders with S/L =2

namely, in-line, transverse, and yaw. Only for the amplitudes in
the transverse direction were the results for circular and diamond
cases comparable.

The incident angles, 6 =0, 90, and 180 degrees, did not affect
the amplitude significantly in the transverse direction for §/L = 3.
Some differences can be observed only for the circular columns
case in the in-line direction and yaw motions.
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Fig. 11 Nondimensional amplitudes for the motions in the trans-
verse direction for the array of cylinders with S/L =3
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Fig. 12 Nondimensional amplitudes for the motions in the in-line
direction for the array of cylinders with S/L =3
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The amplitudes in the transverse direction (see Fig. 11) showed
different behaviors for the circular, square, and diamond cases.
The amplitudes presented a local maximum only for the diamond
column case, around V, = 6; this behavior can confirm the VIM
phenomenon. On the other hand, it is not possible to observe a
decrease in amplitudes when increasing the reduced velocities for
the circular and square column cases. The galloping behavior can
be confirmed for the square case because high values of reduced
velocities were used. However, it cannot be established for the
circular column cases due to the limitation in the reduced velocity
tested, V. < 10.

In Fig. 11, the maximum values of the amplitudes in the trans-
verse direction for S/L = 3 were A)/L= 1.25, 0.70, and 0.75 for
the circular, square and diamond cases, respectively. No difference
due to the incident angle was observed for this degree of freedom.

For the in-line direction (see Fig. 12), the amplitude results
showed an increase in the amplitudes with the increase in the
reduced velocity for all the column geometries; the galloping
behavior can explain these results in the in-line direction. The
amplitude results for § = 180 degrees were the highest and the
ones for § =0 degrees were the lowest; moreover, the results for
0 =90 degrees presented similar behavior to those for 6 = 180
degrees, but the amplitudes were smaller. The position of the
columns downstream affected mainly the drag forces.

The maximum values of the amplitudes in the in-line direction
for S/L =3 were A,/L =0.45, 0.2, and 0.1 for the circular,
square, and diamond cases, respectively.

For the yaw motions (see Fig. 13), the amplitude results showed
the same behavior as that presented for the in-line direction; the
galloping behavior can thus be confirmed for the range of reduced
velocities tested. The yaw motion was very low for the diamond
column case. The incident angle affected the results. The expla-
nation for the yaw motion is that the coherence between wakes
decreased because of the geometric asymmetry to the flow inci-
dence for 6 =90 degrees; consequently, so did the yaw moment
in the system. The substantial result variations for the cases
with 6 =90 were due to the nonsymmetric flow incidence (two
columns on one side and one column on the other), mainly for the
circular case in which the points for the separation of the vortex
shedding were not well defined.

The maximum values of the amplitudes of the yaw motions for
S/L =3 were A,,, =5.0, 4.0, and 0.5 degrees for the circular,
square, and diamond cases, respectively.

Figure 14 presents the nondimensional frequency for the array
of cylinders with S/L =3; 6 =0, 90, and 180 degrees; and dif-
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Fig. 13 Yaw motion amplitudes for the array of cylinders with
S/L=3
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Fig. 14 Nondimensional frequency for the motions in the trans-
verse direction for the array of cylinders with S/L =3

ferent column geometries. For all the cases, an increase in the
nondimensional frequency with increasing reduced velocity was
observed mainly for V, < 15. This behavior is a typical VIM phe-
nomenon characteristic. These results complement the discussion
of the amplitudes in the transverse direction presented before.
Figures 15-17 present the characteristic amplitudes for the
array of cylinders with /L =4; 6§ =0, 90, and 180 degrees; and
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Fig. 15 Nondimensional amplitudes for the motions in the trans-
verse direction for the array of cylinders with S/L =4
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Fig. 16 Nondimensional amplitudes for the motions in the in-line
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different column geometries. The amplitude results in the trans-
verse direction (see Fig. 15) showed no difference due to the
current incident angle for all the column geometries. The results
differed for each geometry, and the galloping behavior with an
increase in the amplitude gained by increasing the reduced veloc-
ity can be observed for the circular and square cases for the
velocities tested for each geometry. For the diamond case, a con-
stant amplitude can be verified after V, > 7. The maximum values
of the amplitudes in the transverse direction for S/L =4 were
A,/L =13, 1.0, and 0.8 for the circular, square, and diamond
cases, respectively.

In the amplitude results in the in-line direction (see Fig. 16), it
was possible to see the current incident angle effects only for the
circular case when comparing 6 =0 and 180 degrees, because of
the significant impact on the drag forces, mainly the fluctuation
part. The in-line amplitudes presented the same behavior for the
square and diamond column cases. The maximum values of the
amplitudes in the in-line direction for S/L =4 were A,/L =0.5,
0.3, and 0.1 for the circular, square, and diamond cases, respec-
tively.

The results of the amplitudes of yaw motion (see Fig. 17) were
dispersed in the region of 3 <V, <7 mainly for the circular col-
umn case. For both geometries, the yaw motion increased with
the increase of reduced velocity. The galloping behavior was con-
firmed for this degree of freedom. The maximum values of the
amplitudes of the yaw motions for S/L =4 were A,,, = 5.0,
4.0, and 2.0 degrees for the circular, square, and diamond cases,
respectively.

Figure 18 presents the nondimensional frequency for the array
of cylinders with S/L =3; 8 =0, 90, and 180 degrees; and dif-
ferent column geometries. Only the square case presented a con-
stant nondimensional frequency around the natural frequency for
V. > 7. This result can confirm the galloping characteristic of the
square case for high values of reduced velocity. For the other
cases, circular and diamond, the VIM behavior was observed. The
same results and conclusions were drawn by Zhao et al. (2014)
for square cylinders with high aspect ratio; i.e., cylinders with
square sections and O degrees of incidence presented mainly gal-
loping behavior, and ones with 45 degrees of incidence presented
mostly VIM phenomenon.

In Fig. 19, the amplitude results in the transverse direction were
consolidated to clarify the distance between column center effects,
S/L =2, 3, and 4. The results were presented for all the column
geometry cases for § =0 or 180 degrees. As noted before, the
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Fig. 17 Yaw motion amplitudes for the array of cylinders with
S/L=4
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Fig. 18 Nondimensional frequency for the motions in the trans-
verse direction for the array of cylinders with §/L =4

amplitude in the transverse direction did not differ in these inci-
dent angles.

The amplitudes in the transverse direction were practically the
same for all the values of the distance between columns for the
circular case. Thus, the distance between columns did not affect
this column geometry. On the other hand, the amplitude results
were very different when comparing the cases of S/L =2 and the
large distances for the square and diamond cases. In the diamond
and square cases, the amplitudes were lower when the distance
between the column centers was smaller; i.e., the amplitudes in the
transverse direction decreased when the distance between column
ratios decreased.

For the diamond and square cases with S/L = 2, the distance
between the columns was so small that the flow around the array
of three columns could be considered the flow around a single
column (see details of the geometry in Fig. 5a); i.e., the charac-
teristic diameter D of the system can be considered the whole
system. This consideration can explain the shift to the right in the
amplitude curve for the square case, and the maximum amplitude
in V. =5 for the diamond case.

Figure 20 shows the consolidated comparison between the
results for the single-cylinder case and the arrays of three and
four cylinders for O degrees of incidence. All the column geome-
tries were considered. The results of a single-cylinder and a four-
cylinder array were reported in Gongalves et al. (2017) and are
presented here again for comparison.
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Fig. 20 Comparison of the nondimensional amplitudes for the
motions in the transverse direction for the single-cylinder case
and the array of cylinders with three and four columns

For the circular and diamond cases, the three-cylinder array pre-
sented the highest amplitudes in the transverse direction, and the
single circular cylinder presented the lowest amplitudes. Because
the behavior of the transverse amplitudes for circular and dia-
mond cases is practically the same, it is possible to conclude that
the FIM, in this case, can be considered VIM; i.e., the motions
are due to the vortex shedding around the cylinders, and a reso-
nance region is expected as in the diamond case. The resonance
behavior could not be confirmed by the circular case because of
the low reduced velocity range tested.

For the square case, the single cylinder presented the highest
amplitudes in the transverse direction, and the results for the array
of cylinders were almost the same independent of the number of
cylinders (three or four). The behavior differed for the square case
because the predominant FIM, in this case, was galloping.

The comparison with the results for the three-column OC4
platform showed lower amplitudes for the last case because of
the presence of an additional center column and also connectors
between the columns. These geometries interfered in the wake
around the system and affected the amplitudes. Thus, the effects
of pontoons, connectors, and additional columns need to be better
studied to help the designers.

As observed in all the results, higher reduced velocities were
reached for the square case. The limit of the reduced velocity
performed was due to the limitation of the drift of the model.
In the cases in which FIM (resonance behavior for circular and
diamond cases) occurred, amplification of the drag phenomenon
was observed; therefore, the model drift was larger than the limit
of monitoring. On the other hand, in the cases in which galloping
occurred, the drift was smaller, thus justifying the higher reduced
velocity points.

CONCLUSIONS

Experimental studies were conducted in a towing tank to eval-
uate the FIM behavior of the three-cylinder array. In order to
understand the effects of the different parameters on the FIM,
three different ones were used in the experiments, such as column

FIM — Flow-Induced Motion of Three-Column Platforms

geometry (circular, square, and diamond), the distance between
column centers (S/L =2, 3, and 4), and current incident angles
(0 =0, 90, and 180 degrees).

The column geometry markedly affects the FIM behavior of
the three-cylinder array. The most considerable amplitudes were
observed for the circular case for the motions in the transverse
and in-line directions and yaw. For the transverse direction, VIM
behavior was confirmed for the circular and diamond cases; how-
ever, galloping behavior was confirmed for the square case. For
yaw motions, all the geometries presented similarities in the gal-
loping behavior. Tests for measuring the forces for different inci-
dent angles of the current must be performed to conclude that the
source of the FIM is galloping or VIM. In this work, some evi-
dence about the origin of the FIM was presented, but the evidence
still needs to be completed with additional model tests.

The distance between column centers showed a different behav-
ior for S/L =2, in which the columns acted as a single body to
the flow incidence. This behavior was observed for the diamond
and square cases. For S/L = 3 and 4, the results were practi-
cally the same, which allows the conclusion that, for S/L > 3, the
effect of the distance between column centers can be neglected.

The current incident angles affected mainly the in-line motion
when the drag force was modified by the columns downstream.
The difference between the results for 6 =0 and 180 degrees can
be neglected. The yaw motion results for § =90 degrees differed
from other incident angles due to the asymmetry of the system,
but the maximum amplitudes were quite similar.

Finally, the comparison of the present work with previous work
in the literature about the VIM of a system with a different number
of cylinders for O degrees of incidence showed higher amplitudes
in the transverse direction occurring for the three-cylinder array
than for the single-cylinder and four-cylinder array, for the circular
and diamond cases; moreover, the highest amplitude occurred for
the single square case when compared with the arrays of square
cylinders.

All of these conclusions show the importance of better under-
standing the FIM of the array of cylinders and how the param-
eters can influence the motion amplitudes. The results presented
here are essential for designing floating offshore platforms and
FOWT, and can also provide benchmark data for computational
fluid dynamics (CFD).

Further studies will present the same results shown here for a
four-cylinder array, adding the comparison for a system with and
without the presence of pontoons.
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