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A B S T R A C T

Experiments regarding the FIM – flow-induced motion on an array of four floating cylinders with low aspect
ratio, =H L/ 1.5, and three different distances between column centers, or spacing ratio, =S L/ 2, 3 and 4, were
carried out in a towing tank; where H is the column height below the water area, L is the length of the face
dimension of the columns, and S is the distance between center columns. The array of four columns was elas-
tically supported by a set of four linear springs to provide low structural damping to the system. Three different
section geometries of the columns were tested, namely circular, square, and diamond. Two different current
incident angles were tested, 0 and 45°. These configurations of the four-column arrays were selected to cover the
range of the main SS – semi-submersible and TLP – tension leg platforms. The aims were to understand the FIM
nature of the four-column systems and to provide knowledge to the designers of offshore systems. The range of
Reynolds number covered 10,000 < Re < 110,000. Concerning the geometry of the columns sections, the
amplitude results showed larger amplitudes for the four-column array than the single cylinder case for the
circular and diamond cases, in which VIM – vortex-induced motions dominated response was presented. In turn,
the amplitudes for the single square case were higher than for the array; in this case, the galloping-dominated
response was observed. Concerning the distance between column centers, the amplitude results for the four-
column arrays with =S L/ 3 and 4, were very similar. The four-cylinder array with =S L/ 2 acted as a single
cylinder or changed the wake interference significantly because of the proximity of the columns. Finally, the
presence of pontoons had a significant effect on the motions in the transverse direction, and this presence was
responsible for decreasing the amplitudes.

1. Introduction

As pointed out by Blevins [1] and Zhao et al. [2], non-symmetric
bluff bodies, for example, multi-column systems, are susceptible to two
main FIM – flow-induced motions phenomena: VIM – vortex-induced
motions, where the frequency of periodic vortex shedding and the
frequency of the body oscillation synchronize; and galloping, an aero-
elastic instability, caused by changes in the relative angle of attack
induced by the body motion resulting in aerodynamic forces in the
same degree of freedom as the motion.

In the early 1990s, the offshore industry demanded attention to the
VIM phenomena of circular platforms: spar and monocolumn; see

review by Fujarra et al. [3], among others. These platforms are char-
acterized by a low aspect ratio (0.3 < H/L < 6.0) and a small mass
ratio (m* < 6). The VIM due to the high current velocity incidence on
circular offshore platforms, in particular cases of spar (1.5 < H/
L < 6.0) and monocolumn (0.2 < H/L < 0.5), reached maximum
amplitudes in the transverse direction around 150% of the character-
istic diameter of the structures and cause fatigue life decreased by about
30% in the mooring and riser systems. For example, Dijk et al. [4], Irani
& Finn [5] and Roddier et al. [6] presented studies on the VIM of spar
platforms and amplitudes in the transverse directions around one dia-
meter were observed; moreover, Sagrilo et al. [7], Gonçalves et al. [8]
and Saito et al. [9] detailed studies on VIM of monocolumn platforms,
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in which maximum amplitudes in the transverse direction around 150%
of the diameter were observed with a large couple with the motion in
the in-line direction.

Works about fundamental VIM of low aspect ratio circular cylinders
are few in the literature; among which Rahman & Thiagarajan [10],
Zhao & Cheng [11] and Gonçalves et al. [12] can be highlighted.

Rahman and Thiagarajan [10] performed model tests for 1 DOF –
degree of freedom (transverse direction) VIM, mass ratio equal to 1.6,
and aspect ratio ranging from 0.5 up to 13. The maximum amplitudes
observed were 1.2D with the presence of the lower branch for high
values of reduced velocity. The authors concluded that a decrease in the
aspect ratio was responsible for a reduction of the amplitudes in the
transverse direction.

Zhao and Cheng [11] performed CFD simulations for 1 DOF VIM,
mass ratio equal to 2, and aspect ratio ranging from 1 up to 20. The
objective was to understand the 3D structures around the cylinder free
end. The vortices that were shed from the cylinder with aspect ratio
lower than 2 were found to be generated from the cylinder free end and
convected toward the top end of the cylinder by the up-wash velocity.

Gonçalves et al. [12] presented a series of fundamental results of 2
DOF VIM of floating circular cylinders and aspect ratio ranging from 0.3
up to 2. The amplitude results showed a decrease in amplitude with
decreasing aspect ratio in the in-line and the transverse directions. The
frequency results confirm a different behavior for cylinders with aspect
ratio lower than 0.5; in these cases, the cylinder free-end effects were
predominant. The resonant behavior was no longer observed for aspect
ratio lower than 0.2. The decrease in Strouhal number with decreasing
aspect ratio is also verified, as well as for drag and lift forces. The
amplitude results for the vertical direction, roll, pitch, and yaw did not
affect the FIM behavior.

Gonçalves et al. [13] and Gonçalves et al. [14] presented results for
low aspect ratio square cylinders with 0 and 45-deg incidences and
showed the different behavior for the cylinders with square and circular
sections with low aspect ratio. The studies allowed conjecturing that the

FIM for square cylinders with 0-degree incidence was more similar to
the galloping phenomenon. However, for the square section cylinder
with 45-degree incidence, the behavior was more similar to the VIM
phenomenon than in the circular section cylinder case. The same
statements can be found in Zhao et al. [2] for long cylinders with square
sections.

The VIM has also been studied on the multi-column platform, such
as SS semi-submersible platforms, TLP – tension-leg platforms, and
FOWT – floating offshore wind turbines; an overview of VIM of multi-
column floaters can be found in Irani et al. [15]. As highlighted by
Waals et al. [16], Gonçalves et al. [17], and Lamas et al. [18], the multi-
column platforms were susceptible to VIM and galloping phenomena.

Gonçalves et al. [19] present a comparison between VIM results for
four-circular and four-square column sections. The circular columns
seemed to result in higher VIM response in the transverse direction for
all current headings compared with the square columns, which is im-
portant to consider in the design stage of the semi-submersible.

Liu et al. [20] carried out experiments of four-square columns and
four-diamond columns, aiming to examine the influence of the column
configuration. Diamond configurations showed a similar trend and si-
milar peak values in the transverse response for 0 and 45-deg in-
cidences, and the transverse response was dominated by the vortex-
induced motions. Square configurations showed a similar trend and
similar peak values in the transverse response for 0 and 45-deg in-
cidences, and the transverse response was lower than diamond cases.

Ramirez and Fernandes [21] performed VIM model tests for a TLP
platform with four-diamond columns, and observed an increase in the
yaw response with the current speed, confirmed the galloping behavior
for this particular geometry.

In summary, all the works showed that the VIM response was pro-
foundly impacted by the column section geometry, as well as by the
incidence angle of the current.

The previous studies about VIM focused on the final geometry of the
offshore platforms with four columns. The works presented results with

Nomenclature

Ax characteristic amplitude in the in-line direction
Ay characteristic amplitude in the transverse direction
Ayaw characteristic amplitude for the yaw motions
D column characteristic dimension due to the current in-

cidence angle
GM metacentric height
H column height below the water line
Hm vertical position of the mooring line fairleads
Ht height of the water level of the towing tank
H/L columns aspect ratio
K individual stiffness constant for a spring
Kx total stiffness of the system in the in-line direction
Ky total stiffness of the system in the transverse direction
Kyaw total rotational stiffness of the system for yaw motion
KG distance between the center of gravity and the base
L length of the face dimension of the columns
L0 natural length of the spring
Lm in-line position of the mooring line fairleads
Lt length of the towing tank
m mass
m* mass ratio
RXX radius of gyration around the X axis
RYY radius of gyration around the Y axis
RZZ radius of gyration around the Z axis
Re Reynolds number
S distance between column centers
St Strouhal number

S/ distance between columns ratio
T0x natural period of the motion in the in-line direction in still

water
T0y natural period of the motion in the transverse direction in

still water
T0yaw natural period of the yaw motion in still water
U current velocity
Vr reduced velocity
Wm transverse position of the mooring line fairleads
Wt width of the towing tank
X in-line direction
Y transverse direction
Z vertical direction
ρ fluid density
θ current incidence angle
∅m diameter of the ring for the mooring line fairleads

Abbreviation

CFD computational fluid dynamics
DD deep-draft semi-submersible platform
DOF degree of freedom
FIM flow-induced motions
FOWT floating offshore wind turbine
PSD power spectrum density
SS semi-submersible platform
std standard deviation
VIM vortex-induced motions

R.T. Gonçalves, et al. Applied Ocean Research 95 (2020) 102019

2



the presence of pontoons as well. For a better understanding of the
behavior of the multi-column system, fundamental studies are neces-
sary, i.e., simple geometries.

Fundamental studies on understanding the flow around a fixed
array of cylinders with low aspect ratio can be found in Liu et al. [22],
Gonçalves et al. [23] and Gonçalves et al. [24].

Liu et al. [22] performed a range of experimental and CFD – com-
putational fluid dynamics studies on the flow characteristics around
four circular section cylinders in a square configuration covering three

different spacing ratios from 3.45 up to 5.17, and four different in-
cidence angles ranging from 0° up to 45° The mean drag force was large
for the upstream cylinders, and similar flow patterns were observed for
the spacing ratio studied. The shear layers and its interferences may be
responsible for the VIM behavior for the free condition due to a re-
cognizable dominant frequency.

Gonçalves et al. [23] and Gonçalves et al. [24] carried out experi-
ments on the flow around a stationary array of four cylinders with low
aspect ratio equal to 1.5, and spacing ration ranging from 2 up to 4.
Three different column section geometries namely, circular, square and
diamond; and three conditions of current incidence angle, 0, 22.5, and
45° were tested. Regarding the columns section, the lift force results for
the whole system showed that the section of the columns was re-
sponsible for the predominant flow behavior around the multi-column
systems instead of the wake interference due to the column position.
Moreover, the flow behavior was different for spacing ratio equal to 2,
in which the array of cylinders acted as a unique body with a large
characteristic diameter.

Trying to understand the FIM on the fundamental way, Gonçalves
et al. [25] performed FIM experiments of 3-column platforms and
showed the source of the motions could be due to VIM-dominated re-
sponse or to the galloping behavior.

In this context, the aims were to understand the FIM of 4-column
platform without the presence of pontoons by fundamental experiments
in a towing tank. The effect of the geometry of the column sections
(circular, square, and diamond) and the distance between column
centers ( =S L/ 2, 3 and 4) on the FIM were evaluated.

1.1. Experimental setup

All the experiments were carried out in a towing tank at the
University of Tokyo, Tokyo, Japan. The dimension of the test section is
85.0 m x 3.5 m x 2.4 m (length x wide x depth).

Fig. 1 shows the sketch of the setup on the towing carriage. Fig. 2
presents a schematic of the four-diamond-column case with the 45-deg
incidence in the towing tank.

The circular column models were made of acrylic with external
diameter = =D L 250 mm, as well as the square (diamond) column
models with face dimension =L 220 mm. The columns did not present a
roughness level and may be considered smooth cylinders. The aspect
ratio of the columns was =H L/ 1.5, the typical value for SS. The models
were floating; thus, the value of the mass ratio, m*, was equal to one.

A crossbar was designed to support the four-column array. The
support allowed quickly changing the column geometry and distance
between column centers. The deck configuration allowed for changes in
the current incident angle, keeping the same initial restoring force. An
isometric view of the models can be seen in Fig. 3. The model properties

Fig. 1. Schematic of the simplified mooring system setup composed of four
spring lines at the towing tank.

Fig. 2. Schematic of the 4-column model in the towing tank.
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can be seen in Table 1.
The dimensions of the simplified mooring system setup composed of

four springs connected to the towing car are presented in Fig. 1. The

individual characteristics of each spring, namely stiffness constant, K,
the natural length of the spring, L0, and pre-tension are presented in
Table 2. The dimensions of the mooring system, as in Fig. 1, together
with the spring characteristics, as in Table 2, are responsible for the
total stiffness of the system. The total stiffness of the system in the in-
line direction, Kx, and in the transverse direction, Ky, as well as the
rotational stiffness in the vertical direction, Kyaw, was calculated ap-
plying the analytical formulation by Pesce et al. [26] for different va-
lues of mean offset position. Displacements around the mean offset
conditions around 0.5 L, 1.5 L and 10° were applied in the in-line di-
rection, the transverse direction and yaw according, respectively, as
observed in the experiments. The maximum offset condition observed
for the highest reduced velocity was 500 mm. These values were used to
calculate the total stiffness values, as presented in Table 3.

The maximum difference in the stiffness value in the in-line and in

Fig. 3. Isometric view of the 4-column models with cross-bar: (a) circular, (b) square and, (c) diamond.

Table. 1
Inertia properties of the four-column models with 0-deg incidence.

Property Circular Square/Diamond
S/L 2 3 4 2 3 4

m [kg] 73.2 73.2 73.2 63.9 63.9 63.9
KG [mm] 248.4 248.4 248.4 254.3 254.3 254.3
GM [mm] 117.4 575.2 868.8 71.6 511.4 771.4
RXX [mm] 377.3 453.6 542.7 382.8 450.9 528.1
RYY [mm] 372.9 447.9 536.1 382.8 450.9 528.1
RZZ [mm] 411.2 542.3 685.4 451.0 562.9 684.2
T0x [s] 13.8 13.9 13.8 14.2 14.8 14.0
T0y [s] 14.5 14.5 14.4 14.5 14.3 14.4
T0yaw [s] 4.4 6.2 7.9 3.9 5.5 7.0

Table. 2
Individual spring characteristics.

Spring number K [N/m] L0 [mm] Pre-tension[N]

1 8.0 200 7.0
2 8.0 200 7.0
3 9.7 230 2.9
4 9.7 230 2.9

Table. 3
Stiffness properties in function of the mean offset.

Offset X [mm] Kx [N/m] Ky [N/m] Kyaw [N.m/°]

0 28.9 27.2 0.31
100 29.3 26.6 0.31
200 30.4 25.6 0.31
300 31.7 24.8 0.32
400 33.0 24.2 0.32
500 34.1 23.7 0.33

Fig. 4. Time series of a decay test in the in-line direction for the array of cir-
cular cylinders with S/L = 4.
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the transverse direction due to the mean offset was 18% for 500 mm
offset that occurred for highest reduced velocities. For the range of
reduced velocities lower than 10, i.e., mean offset lower than 300 mm,
the difference was 9%. The natural period may not significantly affect
by the offset position. Therefore, the results are discussed using the
reduced velocity calculated with the natural period in still water in the
initial equilibrium position. The rotational stiffness in the yaw direction
was not affected by the offset position.

The structural damping was very low around ζ=2% calculated for
each spring by decay tests in the air.

The 6 DOF motions data was acquired along 70 m in the towing tank
with the sampling frequency of 30 Hz using an optical motion capture
system.

Sixteen different configurations were tested, namely: circular,
square and diamond cylinders; three different distances between col-
umns =S L/ 2, 3 and 4; and two different angles of the current in-
cidence, namely =θ 0 and 45°.

The experiments were performed at for least 15 different current
velocities for each configuration, and the Reynolds number range was
10, 000 < Re < 110, 000. The Reynolds number was calculated using

the value D. The maximum velocity of the towing car was around
0.4 m/s.

For all the cases, decay tests in still water were performed to cal-
culate the natural frequency for the 6DOF. At least three repetitions of
decay tests were conducted, and at least 6 cycles were used for better
statistic results, see results in Table 1. Examples of the times series of
decay tests in the in-line, transverse, and yaw are presented in Fig. 4,
Fig. 5 and Fig. 6, respectively.

Figs. 7 and 8 show the configuration tested. Table 4 presents details
about the configurations tested.

2. Analysis methodology

2.1. Motion amplitudes

The FIM response of the models was analyzed through the std –
Standard Deviation of displacements in the transverse direction, in the
in-line direction and angles of rotation in the case of the yaw motion.
The std was calculated in the case of a set of n values ( …x x x, , , n1 2 ) as:

∑=
−

−
=

x
n

x x1
1

( ¯)std
i

n

i
1

2

(1)

Moreover, as commonly found, nominal non-dimensional ampli-
tudes for the motions in the transverse and in-line directions were
presented as a quotient of the standard deviation of the displacements
times 2 by the face dimension of the column Ay/L and Ax/L, respec-
tively, as:

=
A
L

y
L

2y std
(2)

=
A
L

x
L

2x std
(3)

For the angles of yaw, Ayaw, no dimensionless presentation was
adopted, as usual in the literature, as:

=A yaw2yaw std (4)

2.2. Characteristic motion frequency

The characteristic motion frequency was calculated for the motions
in the transverse direction, fy. The characteristic motion frequency was
defined as the peak of the highest energy level in the PSD – power
spectrum density. The results will be presented in the non-dimensional
form using the natural frequency of the motion in the transverse di-
rection in still water, i.e., fy/f0y.

2.3. Reduced velocities

Reduced velocity Vr was defined as a function of the incident cur-
rent velocity, U, the natural period of motion in the transverse direction
in still water, T0y, and the characteristic length of the body section
subjected to a vortex shedding, D.

=V
U T

D
.

r
y0

(5)

In this case, D can be written as a function of the current incidence
angle for square columns, to better represent the characteristic length of
the column section on the flow, i.e., = +D L sinθ cosθ(| | | |), where θ is
the current incidence angle. For circular columns cases =D L for all
incidence angles.

3. Experimental results

The spacing ratio =S L/ 4 is the typical value among the SS plat-
forms in the offshore scenario, and because of that, it was chosen to be

Fig. 5. Time series of a decay test in the in-line direction for the array of cir-
cular cylinders with S/L = 4.

Fig. 6. Time series of a decay test for yaw motions for the array of circular
cylinders with S/L = 4.
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the main case. Figs. 9–11 present the characteristic amplitudes for the
4-cylinder arrays with =S L/ 4, =θ 0 and 45°, and different column
geometries.

The results showed a considerable difference due to the column
section geometry for =S L/ 4. The amplitudes were the largest for the
circular column cases for all the degrees of freedom, namely, in-line,
transverse and yaw. Only for the amplitudes in the transverse direction,
the results for circular and diamond cases were comparable for Vr < 6.

The amplitudes in the transverse direction, Fig. 9, showed the effect
of the column section geometry.

The amplitudes in the transverse direction presented a local max-
imum only for the diamond column case, around =V 7r , and a decrease
in the amplitudes next. This behavior is similar to the VIM phenomenon
due to the presence of the resonance and desynchronization ranges. In
turn, a decrease in amplitudes was not observed when increasing the
reduced velocities for the circular and square column cases.

A behavior similar to galloping can be observed for the square
column cases due to the almost linear increase in the amplitudes when
increasing the reduced velocity. High values of reduced velocities were
performed for the square column case, and no drop in the amplitudes

Fig. 7. Sketch of the 4-column models for 0-deg incidence with different column section geometries (from right to left: circular, square and diamond) and different
spacing ratios (from top to bottom: S/L = 4, 3 and 2).

 
Fig. 8. Sketch of the 4-column models for 45-deg incidence with different column section geometries (from right to left: circular, square and diamond) and different
spacing ratios (from top to bottom: S/L = 4, 3 and 2).

R.T. Gonçalves, et al. Applied Ocean Research 95 (2020) 102019

6



was verified, and the galloping behavior may be confirmed. However, it
may not be confirmed for the circular column cases due to the limita-
tion in the reduced velocity tested, Vr < 10.

Resonance peak for long aspect ratio cylinders, L/D > 13, and 1
DOF, is typically around reduced velocities 5 and 7, as in Williamson
and Govardhan [27]; the higher value for the VIM behavior, peaks for
Vr > 7 or absence of peak, is due to the low aspect ratio characteristics,
L/D < 2, small mass ratio, =m* 1, and 6DOF, as discussed by Gon-
çalves et al. [12].

Concerning the incidence angles, differences in the amplitudes in
the transverse direction, Fig. 9, were observed for the square and dia-
mond cases for the reduced velocities larger than 10 and 7, respectively,
when comparing 0 and 45-deg incidences. No difference was observed
for the circular cases. The maximum values of the amplitudes in the
transverse direction for =S L/ 4 were =A L/y 1.25, 0.95 and 0.80 for the
circular, square, and diamond cases, respectively.

For the amplitudes in the in-line direction, Fig. 10, the results of the
amplitude showed a local maximum for the circular and diamond cases,
around =V 3.5r , which represent the resonance of the motion in the in-
line direction and its double frequency characteristic, similarly to the
FIM phenomenon. The same behavior could not be verified for the
square cases. Yet the increase in the amplitudes with increasing reduced
velocity for the square column cases may be considered a galloping
phenomenon.

Concerning the incidence angles, the amplitudes in the in-line di-
rection, Fig. 10, were significantly different only for the square cases in
the range of Vr > 10. The maximum values of the amplitudes in the in-
line, Fig. 10, for =S L/ 4, were =A L/x 0.45, 0.30 and 0.15 for the cir-
cular, square, and diamond cases, respectively.

The results of the amplitudes of yaw motion, Fig. 11, were more
dispersed than for other degrees of freedom. For the square geometry,
the yaw motion increased with the increase of reduced velocity

similarly to the galloping behavior. For the circular and diamond cases,
the presence of a maximum local could be explained by a VIM behavior,
but it is not possible to confirm only with these results. Since the ratio
between the natural periods of the motions in the transverse direction
and yaw was T0y/T0yaw≅1.8, a resonance of the yaw motion was ex-
pected to occur around a reduced velocity 1.8 times higher than the
resonance of the motion in the transverse direction; however, the re-
sonance was not observed in that range. More studies need to be con-
ducted for the yaw motion to understand the source of the FIM.

For the yaw motions, Fig. 11, the incidence angle affected the re-
sults significantly. The results of yaw amplitudes for 45-deg incidence
were higher compared to the ones for 0-deg incidence. The position of
the columns and how it interfered with the wake was responsible for
affecting the moments of yaw and phase of the forces in each column.
This behavior was not crucial for the motions in the transverse and in-
line direction due to the large spacing ratio, =S L/ 4. The maximum
values of the amplitudes of the yaw motions for =S L/ 4 were =Ayaw

4.5, 5.5 and 7.0° for the circular, square and diamond cases, respec-
tively, and occurred for the 45-deg incidence.

Two most common galloping analyses discussed in the literature
are: the quasi-steady dynamics, i.e., the fluid force on the structure is

Table. 4
Matrix of conditions carried out for FIM studies of the 4-column models.

Cylinder section
geometry

θ [deg] L [mm] D [mm] H/L S/L Re [x
103]

Circular 0 250 250 1.5 2, 3, 4 15 – 65
Circular 45 250 250 1.5 2, 3, 4 15 – 65
Square 0 220 220 1.5 2, 3, 4 10 – 100
Square 45 220 220 1.5 2, 3, 4 10 – 100
Diamond 0 220 311 1.5 3, 4 25 – 110
Diamond 45 220 311 1.5 3, 4 25 – 110

Fig. 9. Nondimensional amplitudes for the motions in the transverse direction for the array of cylinders with S/L = 4.

Fig. 10. Nondimensional amplitudes for the motions in the in-line direction for
the array of cylinders with S/L = 4.
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assumed to be determined solely by the instantaneous relative velocity,
so the fluid forces can be measured on stationary models held at various
angles, as discussed by Blevins [1]; and, the frequency component
analysis, i.e., the frequencies of the motion and the lift force are com-
pared to determine the kinks of galloping regime, as detailed by Zhao
et al. [2]. In our work, fluid forces were not measured on a stationary
model, but the frequency analysis for the motions in the transverse
direction can be evaluated, and the methodology by Zhao et al. [2] can
be applied.

Fig. 12 presents the nondimensional frequency for the array of 4-
cylinders with =S L/ 4, =θ 0 and 45°, and different column geometries.
The results of a single cylinder from Gonçalves et al. [28] were included
to corroborate the discussion.

The Strouhal number for circular and square cylinders with low
aspect ratio, =H D/ 1.5, undergoing VIM is around =St 0.1, as pre-
sented in Gonçalves et al. [13] and Gonçalves et al. [12]. For circular
and diamond cases, it was possible to observe that the results of fy/f0y
followed the 1:1 synchronization regime line, =St 0.1; thus, VIM-
dominated response can be confirmed, where the motion frequency, fy,
and vortex-shedding frequency, fs, synchronize, and the motion was

mostly periodic and regular. For square cases, the results followed the
1:1 synchronization for the range of Vr < 8 and changed the slope to
1:3 and 1:7 synchronizations for 0-deg and 45-deg, respectively. These
behaviors confirmed that the FIM of 4-square columns were pre-
dominant VIM for Vr < 8; and galloping for high reduced velocities,
because the vortex-shedding frequency was 3 and 7 times higher than
the frequency of the motion. The methodology using the characteristic
frequencies and the motions in the transverse direction showed that the
source of the FIM phenomenon of 4-column arrays with =S L/ 4 is the
same as for the single cylinders, i.e., VIM-dominated response for cir-
cular and square columns, and galloping-dominated response for square
columns and high reduced velocities. The same statements for single
cylinders were previously discussed in details by Zhao et al. [2] and
contributed to validating the results here presented.

Figs. 13–15 present the characteristic amplitudes for the 4-cylinder
arrays with =S L/ 3, =θ 0 and 45°, and different column geometries. In
general, the results for =S L/ 3 presented the same behavior as those for

=S L/ 4.
The column geometry affected the results in the transverse direc-

tion, as in Fig. 13. For the square column cases, a behavior similar to

Fig. 11. Yaw motion amplitudes for the array of cylinders with S/L = 4.

Fig. 12. Nondimensional frequency for the motions in the transverse direction
for the array of cylinders with S/L = 4.

Fig. 13. Nondimensional amplitudes for the motions in the transverse direction
for the array of cylinders with S/L = 3.

Fig. 14. Nondimensional amplitudes for the motions in the in-line direction for
the array of cylinders with S/L = 3.
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galloping with an increase in the amplitude by increasing the reduced
velocity can be observed. For the circular cases, the VIM behavior could
not be confirmed only by the motions in the transverse direction, due to
the absence of the desynchronization range and low reduced velocities
range tested; in turn, for the diamond cases, the VIM can be observed
because the presence of a maximum amplitude and a desynchronization
range characterized by the drop of amplitudes. The maximum values of
the amplitudes in the transverse direction for =S L/ 3 were =A L/y 1.05,
0.80 and 0.65 for the circular, square, and diamond cases, respectively.

Concerning the incidence angle, the effect of the wake interference
is more significant for =S L/ 3 than for =S L/ 4 due to the proximity of
the cylinders. For the cases of square and diamond cylinders, the wake
was more significant due to the fixed separation point than for the
circular cases. The distance between cylinders was smaller for the
diamond cases with 45-deg incidence than the other ones; conse-
quently, the wake around the cylinders was more affected, and thus the
synchronization range changed when comparing 0 and 45-deg in-
cidences, see Fig. 13.

The amplitudes for the motions in the in-line direction were more
affected by the incidence angle for the diamond cases. Again, the

explanation was the proximity of the columns for these cases, which
probably started to impact the flow in the region inside the columns.
For diamond cases with 45-deg incidence, a region with a dead zone
(low flow interactions) could be observed. The values of the amplitudes
in the in-line, Fig. 14, for =S L/ 3, were =A L/x 0.35, 0.15 and 0.20 for
the circular, square, and diamond cases, respectively.

The amplitudes of the yaw motions for =S L/ 3 are presented in
Fig. 15. The results were more dispersed than for =S L/ 4, confirming
the more considerable wake interference for this column spacing ratio.
The amplitude results of yaw motion showed the galloping behavior for
the square cases, as for =S L/ 4. The yaw motion could not be con-
sidered a VIM phenomenon for the diamond case only due to the pre-
sence of a maximum and subsequent decrease of amplitudes, because
the resonance frequency did not match the natural frequency of yaw, as
explained for the =S L/ 4 cases. For the circular cases, it was not pos-
sible to observe a peak in the yaw amplitudes differently from =S L/ 4;
thus, it was not possible to determine the nature of the FIM phenom-
enon for the circular cases due to the small range of reduced velocities
tested.

Fig. 15. Yaw motion amplitudes for the array of cylinders with S/L = 3.

Fig. 16. Nondimensional frequency for the motions in the transverse direction
for the array of cylinders with S/L = 3.

Fig. 17. Nondimensional amplitudes for the motions in the transverse direction
for the array of cylinders with S/L = 2.

Fig. 18. Nondimensional amplitudes for the motions in the transverse direction
for the array of cylinders with S/L = 2 with the reduced velocity adjustment to
the single body projected face.
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The maximum values of the amplitudes of the yaw motions for
=S L/ 3 were =Ayaw 2.2, 5.7 and 4.2° for the circular, square and dia-

mond cases, respectively.
Fig. 16 presents the nondimensional frequency for the array of 4-

cylinders with =S L/ 3, =θ 0 and 45°, and different column geometries.
As in the results for =S L/ 4, the characteristic frequency and motion
amplitudes in the transverse direction together can be used to confirm
the FIM source for each case. The circular and diamond cases followed
the 1:1 synchronization regime confirming the VIM-dominated re-
sponse; the diamond case did not follow the 1:1 line after the drop in
the amplitudes, as expected for vortex shedding dominated phenom-
enon. For square cases, the small range of reduced velocity followed the
1:1 synchronization regime, around the natural frequency of the
system, and changed to higher synchronization regimes 1:3, 1:5 or 1:7
as expected for a galloping phenomenon. These statements confirmed
the same behavior presented for =S L/ 4 and confirmed that the
column section geometry was responsible for the FIM source and not
the incidence angle.

Figs. 17, 19, and 21 present the characteristic amplitudes for the 4-
cylinder arrays with =S L/ 2, =θ 0 and 45°, and different column

geometries. Only experiments for circular and square columns were
performed for =S L/ 2 due to the limitation in the experimental setup.
The results showed a significant difference due to the column section
geometry for =S L/ 2, and the results were very different when com-
pared to larger spacing ratios, as presented before.

The incidence angle affected the amplitude significantly in the
transverse direction for =S L/ 2, see Fig. 17. The most considerable
differences were observed for the circular case. The explanation may be
that the wake interference acted as a unique body for =S L/ 2 and 45-
deg incidence, i.e., the flow around the array visualizes a single body
with a characteristic length of = +D L(2 2 1) . Yet, for 0-deg in-
cidence, the flow was able to go inside the array of the cylinders, and
the wake could be developed for each cylinder individually, and no
modifications were needed. Applying these assumptions, the reduced
velocity was calculated using the new value of the characteristic length,
and nondimensional amplitudes were calculated using =D L3 ; the re-
sults are presented in Fig. 18. The new amplitude results were quite
similar now for the 0 and 45-deg incidences. It is essential to highlight
that these assumptions did not consider the changes in the aspect ratio,
H/L, and the new range of reduced velocities, 1 < Vr < 5, is narrow to

Fig. 19. Nondimensional amplitudes for the motions in the in-line direction for
the array of cylinders with S/L = 2.

Fig. 20. Nondimensional amplitudes for the motions in the in-line direction for
the array of cylinders with S/L = 2 with the reduced velocity adjustment to the
single body projected face.

Fig. 21. Yaw motion amplitudes for the array of cylinders with S/L = 2.

Fig. 22. Nondimensional frequency for the motions in the transverse direction
for the array of cylinders with S/L = 2.

R.T. Gonçalves, et al. Applied Ocean Research 95 (2020) 102019

10



make some conclusions.
The amplitudes in the transverse direction, Fig. 18, showed different

behaviors for the circular case with 0-deg when compared with the
square ones. The amplitudes for the circular case with 0-deg presented a
maximum around =V 10r and a decrease of amplitudes for higher re-
duced velocities; this behavior was similar to the resonance range in the
VIM phenomenon.

In turn, it was not possible to determine a peak and resonance be-
havior for the square column cases; the behavior is not similar to the
galloping phenomenon for all the range of reduced velocities tested due
to a decrease in amplitudes for Vr > 15. In Fig. 18, the maximum values
of the amplitudes in the transverse direction for =S L/ 2 were

=A L/y 0.95 and 0.30 for the circular and square cases with 0-deg in-
cidence, respectively. As commented before, the 45-deg cases can be
seen as a unique body with larger characteristic diameter; the correc-
tion of the reduced velocity and nondimensional amplitudes helped to
consolidate the amplitude results, and it made the results similar to the
0-deg incidence ones for a small range of reduced velocities.

The amplitudes in the in-line direction, Fig. 19, showed a significant

difference caused by the incidence angle. For circular cases with 0-deg
incidence, it was possible to observe a resonance phenomenon of the in-
line motion and, consequently, the presence of the amplitude drop and
maximum amplitude =A L/ 0.3x . The value =V 10r is not a typical
value of reduced velocity for the peak of the synchronization for the
motions in the in-line direction. The interaction between the wakes and
also the 3D structures due to the free end of low aspect ratio structures
included multi-frequency structures on the flow, and the FIM could be
considered far from the typical VIM or galloping phenomenon for this
small spacing ratio, =S L/ 2. For the square cases, the behavior of the
amplitudes in the in-line the amplitudes kept growing for Vr > 10,
which may confirm the galloping behavior for the square cases. The
maximum amplitudes for the square cases were lower than for the
circular ones, =A L/ 0.2x .

Considering a single body for 45-deg incidence and using the same
procedure applied for the motions in the transverse to the motions in
the in-line direction, the nondimensional amplitudes would be similar
to 0-deg incidence ones for the new range of reduced velocities, see
Fig. 20. Limitations in this conclusion were due to the small range of
reduced velocity after applying the face dimension correction.

Fig. 23. Nondimensional frequency for the motions in the transverse direction
for the array of cylinders with S/L = 2 with the reduced velocity adjustment to
the single body projected face.

Fig. 24. Comparison of the nondimensional amplitudes of the motions in the
transverse direction for the single cylinder and the 4-circular-column arrays.

Fig. 25. Comparison of the nondimensional amplitudes of the motions in the
transverse direction for the single cylinder and the 4-square-column arrays.

Fig. 26. Comparison of the nondimensional amplitudes of the motions in the
transverse direction for the single cylinder and the 4-diamond-column arrays.

R.T. Gonçalves, et al. Applied Ocean Research 95 (2020) 102019

11



The results of the amplitudes of the yaw motion for =S L/ 2 are
presented in Fig. 21. The maximum values of the amplitudes of the yaw
motion were =Ayaw 4.2 and 2.2° for the circular and square cases, re-
spectively. Similar behavior was observed for the 0 and 45-deg in-
cidences. It was not possible to determine the nature of the FIM for this
degree of freedom; more studies on lift and drag forces should be car-
ried out to determine the VIM or galloping behavior.

Fig. 22 presents the nondimensional frequency for the array of 4-
cylinders with =S L/ 2, =θ 0 and 45°, and different column geometries.
Fig. 23 presents the correction of the nondimensional frequency using
the new value of the face dimension, considering a single body for the
45-deg incidence.

For the square cylinder and 0-deg incidence, it was possible to see a
similar galloping behavior close to the 1:3 synchronization regime. In
the case of the 45-deg incidence, the range of reduced velocity was
minimal, and no conclusion could be drawn. For the circular cylinder
and 0-deg incidence, frequency results following the 1:1

synchronization regime were expected due to the similar VIM behavior
presented for the motions in the transverse direction; therefore, the
values were almost constant in the range Vr < 10. Because of this be-
havior, it was not possible to confirm the VIM phenomenon for the
circular case and =S L/ 2. As commented before, the multi-frequency
flow around this condition altered the phenomenology of the FIM and
needs to be better studied.

In Figs. 24–26, the results of the amplitudes in the transverse di-
rection were consolidated to clarify the distance between column center
effects, =S L/ 2, 3 and 4 for the circular, square and diamond cases,
respectively. The results were presented for all the column geometry
cases for 0 and 45-deg incidences. The single column results were ob-
tained from Gonçalves et al. [28].

The amplitudes in the transverse direction were practically the same
for all the values of the distance between columns for the circular case
with S/L > 2, see Fig. 24. Thus, the distance between columns did not
affect this column geometry for the large distance between columns S/
L > 2. On the other hand, the amplitude results were very different
when comparing the cases of =S L/ 2. This behavior occurred because
the interference between the vortex shedding and wake was significant
due to the proximity of the columns and also because the flow acted in
the system as a unique body for the 45-deg incidence. The same be-
havior was observed for square column cases, see Fig. 25. Fujiwara
et al. [29] verified similar conclusions when investigating a SS with
four-circular columns with different column spacing ratio.

For the circular and diamond cases, see Figs. 24 and 26, the four-
column array presented amplitudes in the transverse direction higher
than the single circular cylinder. The VIM-dominated response ob-
served for circular and diamond columns, as more broadly discussed
before, promoted a favorable vortex-shedding interaction in the pre-
sence of four columns for S/L > 2 and the resonance region was larger.
For the square case, see Fig. 25, the single column presented the highest
amplitudes in the transverse direction. The galloping-dominated re-
sponse was observed for square columns and the lift forces modified in
the presence of four columns such that the amplitudes in the transverse
direction decreased when compared to a single column.

Figs. 27 and 28 present the comparison of the nondimensional
amplitudes in the transverse direction of the 4-column array and a DD –
deep-draft semi-submersible case with four pontoons. The results of the
VIM of the deep-draft semi-submersible were extracted from Gonçalves
et al. [12]. The distance between columns was the same for all the cases
compared, i.e., =S L/ 4. The comparison of results showed that the
amplitudes were lower for the cases with the presence of pontoons. The
effect of the presence of the pontoon was very marked, but the nature of
the FIM-dominated response (VIM or galloping) was not affected. It is
important to evaluate the damping level due to the pontoon presence
since the increase in the damping level caused a decrease in the am-
plitudes. This result is significant for designing offshore platforms since
the presence of pontoon is frequent, and it can thus benefit the FIM for
these kinds of platforms. The presence of the pontoons must be better
investigated because the FIM response is sometimes larger than the
cases without pontoons, as presented by Gonçalves et al. [30].

4. Conclusions

Experimental studies were conducted in a towing tank to evaluate
the FIM behavior of the four-column arrays. Three different parameters
were experimented to understand their effects on the FIM, such as
column geometry (circular, square and diamond), the distance between
column centers ( =S L/ 2, 3 and 4) and current incidence angles ( =θ 0
and 45°).

The column geometry significantly affected the FIM behavior of the
four-column arrays. The most considerable amplitudes were observed
for the circular case for the motions in the transverse direction, in-line
direction, and yaw. For the transverse direction, VIM-dominated re-
sponse was confirmed for the circular and diamond cases; however, the

Fig. 27. Comparison of the nondimensional amplitudes of the motions in the
transverse direction for the 4-circular-cylinders array and a deep-draft semi-
submersible with pontoons and S/L = 4.

Fig. 28. Comparison of the nondimensional amplitudes for the motions in the
transverse direction for the single cylinder case and the 4-cylinder array with
square and diamond cylinders and a deep-draft semi-submersible with pontoons
and S/L = 4.
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galloping behavior was confirmed for the square case. For the yaw
motions, conclusions are still open and must be better investigated.

The distance between column centers showed a different behavior
for =S L/ 2, in which the columns acted as a single body to the flow
incidence for the 45-deg incidence, and significantly affected the wake
inference for 0-deg incidence. For =S L/ 3 and 4, the results were
practically the same, which allows concluding that for S/L > 2, the
effect of the distance between column centers can be neglected.

For S/L > 2, it was possible to conclude that the nature of the FIM,
VIM or galloping-dominated response, is due to the column section
geometry and not related to the current incidence angles. The current
incidence angle was responsible for affecting the amplitudes for high
values of reduced velocity, Vr > 10.

The comparison of the results of the amplitudes in the transverse
direction presented herein with previous works in the literature on VIM
of a single cylinder showed that the highest amplitudes in the trans-
verse direction occurred for the four-column arrays for the circular and
diamond cases, i.e., in the cases in which VIM-dominated response
occurred. Moreover, the highest amplitude happened for the single
column for the square case, i.e., in the case in which galloping-domi-
nated response occurred.

The comparison of the present results with the VIM of a DD SS with
pontoons highlighted the significant effect of the presence of the pon-
toon, which accounted for changing the flow around the system and,
consequently, the FIM behavior of the system. The presence of pontoons
was responsible for a substantial decrease of the amplitudes in the
transverse direction, mainly for Vr > 5.

All these conclusions showed the importance of better under-
standing the FIM-dominated response of the array of columns and how
the parameters can influence the motion amplitudes. Better knowledge
about the nature of the FIM can help to find solutions to mitigate the
FIM. The results presented here are essential for designing floating
offshore platforms and FOWT and can also provide benchmark data for
CFD.
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