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Abstract. Experiments regarding the FIM - flow-induced motions on an array of three and four floating cylinders with 

low aspect ratio, 𝐻/𝐿 = 1.5, with the distance between column centers, 𝑆/𝐿 = 4, were carried out in a towing tank. The 

array of cylinders was elastic supported by a set of linear springs to provide low structural damping on the system. Three 

different section geometries were tested, namely circular, square and diamond. One current incident angle was tested, 

as 0 degrees. These configurations of arrays were selected to cover the range of the main offshore multi-column 

platforms, such as SS - semi-submersible, TLP – tension leg platform and FOWT – floating offshore wind turbine. The 

aims were understanding from fundamental tests the VIM – vortex-induced motions of the multi-column systems and 

compare the results of the single column. The range of Reynolds number covered 10,000 < Re < 150,000. For the single 

cylinders, the amplitude results showed a VIV – vortex-induced vibrations behavior for the single circular cylinder; for 

the single square cylinder, galloping behavior was observed for 0-degree incidence, and VIV one was observed for 45-

degree incidence (diamond cylinder). For the array of four circular cylinders, the amplitude results in the transverse 

direction showed a VIV behavior for the circular cylinders and galloping was observed for four square cylinders. The 

amplitude results for the array of four cylinders were very similar to single cylinders for this distance between cylinders. 

These results are larger than VIM results obtained from a floating system with pontoons. For the array of three cylinders, 

the amplitude results showed to be larger than the array of four cylinders in high reduced velocities. Results of amplitudes 

and frequencies in the in-line and transverse directions corroborated for these statements. 

 

Keywords: flow-induced motion, vortex-induced vibrations, galloping, array of cylinders, towing tank 

 

1. INTRODUCTION 

 

Works about fundamental FIV – flow-induced vibrations of low aspect ratio circular cylinders are few in the literature; 

among which Rahman & Thiagarajan (2013), Gonçalves et al. (2014) and Zhao & Cheng (2014) can be highlighted 
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concerning studies for low aspect ratio circular cylinders. Moreover, Gonçalves et al. (2015b, 2016) presented results for 

low aspect ratio square cylinders with 0 and 45-degrees incidence and showed the different behavior for the cylinders 

with square and circular sections. It was possible to conjecture that the FIV for square cylinders with 0-degree incidence 

was more similar to the galloping phenomenon. However, for square section cylinder with 45-degree incidence, the 

behavior was more similar to the VIV phenomenon as in the circular section cylinder case. The same statements can be 

found in Zhao et al. (2014) for long cylinders with square sections. 

The offshore industry demanded the interest in the VIV around cylinders with low aspect ratio, 0.3 < 𝐻/𝐿 < 6.0, and 

small mass ratio, 𝑚∗ < 6. This specific subject was called VIM, see works by Gonçalves et al. (2012) and Fujarra et al. 

(2012) for details about VIM, whose motivation has been the higher 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. 

The VIM has also been studied on the multi-columns platform, such as SS, TLP, and FOWT. Recently, the column 

section geometry has been considered. For example, the works by Gonçalves et al. (2015a) present a comparison between 

VIM results for circular and square column sections. Other works related to the same research area can be cited such as 

Liu et al. (2016a) and Ramirez & Fernandes (2016), in which the comparison between VIM results for square and diamond 

section columns were presented. All the works showed that the VIM response is profoundly impacted by the column 

section geometry as well as by the incidence angle of the current. 

Recently, the development of FOWT have been increasing because of the Japanese demand for new clean energy 

sources, see for example Wang et al. (2010) and Liu et al. (2016b). In these works, the authors presented the new 

developments of FOWT and showed that the largest number of designs are multi-columns floaters with three columns. 

Particularly, the Fukushima project developed FOWT with an array of three columns in a triangle disposition, with 

circular and square columns, as can be seen in Fig. 1. There are not works in the literature talking about the flow around 

an array of three cylinders and neither about VIM on these systems. The column section geometry also has been 

considered for the FOWT designs. 

 

(a)  (b) 

 

Figure 1: Examples of FOWT with three columns in a triangle disposition: (a) Fukushima Mirai Wind Turbine; (b) 

Fukushima Shimpuu Wind Turbine. 

 

In this context, our aims here are to understand, with fundamental experiments in a towing tank, the FIM around an 

array of three and four floating cylinders, 𝑚∗ = 1, with the typical value of the aspect ratio of the columns of multi-

column platforms, 𝐻/𝐿 = 1.5, and typical distance between column centers 𝑆/𝐿 = 4. Another issue is to compare the 

results with single column cases. 

 

2. EXPERIMENTAL PROCEDURE 

 

All the experiments were carried out in a towing tank at the UTokyo – University of Tokyo, Hongo, Tokyo, Japan. 

The dimension of the test section is 85.0m x 3.5m x 2.4m (length x wide x depth), see Fig. 2(a). The maximum velocity 

of the towing car was around 0.4m/s. 
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 (a) 

 (b) 

 (c) 

 

Figure 2: Illustrative photos of the model tests. (a) Towing tank at Hongo Campus; (b) Circular cylinder; (c) Square 

cylinder with 45-degree incidence. 

 

 
(a) 

 
(b) 

 

Figure 3: Illustrative photos of the model tests in the support. (a) Array of four circular cylinders; (b) Array of four 

square cylinders 

 

Figure 4(a-b) presents a photo of the array of the three diamond cylinders. 

 
(a) 

 
(b) 

 

Figure 4: Illustrative photos of the array of three cylinders (a) Top view, diamond, 𝑆/𝐿 = 3, 90 degrees; (b) Front view, 

diamond, 𝑆/𝐿 = 3, 90-degree incidence. 
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The circular column models were made of acrylic with external diameter 𝐷 = 𝐿 =250mm (Fig. 2(b)), as well as the 

square (diamond) column models with face dimension 𝐿 =220mm (Fig. 2(c)). The cylinders did not present roughness 

level and may be considered smooth cylinders. Cross bar was designed to support the array of three and four cylinders. 

The support allowed easy change of column geometry and distance between column centers. The model was elastically 

supported by a set of 4 horizontal mooring lines. The 6 DOF – degree-of-freedom motions data was acquired along 70m 

in the towing tank with the sampling frequency of 30Hz using an optical motion capture system. Figure 3(a) presents a 

photo of the array of the four circular cylinders and Fig. 3(b) presents the array of the four square cylinders. 

Three different configurations were tested, namely: circular cylinder, square, and diamond with one angle of the 

current incidence as 0 degrees. Figure 5 and Fig. 6 show the configurations tested. All the experiments were carried out 

with the same mooring line and stiffness configuration. Table 1 presents details about the configurations tested.  

 

 
 

Figure 5: Schematic of the configurations of the array of four cylinders tested, circular, square and diamond for 0-

degree incidence 

 

 
 

Figure 6: Schematic of the configurations of the array of three cylinders tested, square and 0-degree incidence. 

 

Table 1 – Matrix of conditions carried out for FIV studies of cylinders 

 

Cylinder 

section 

geometry 

Current 

incidence 

angle 

[degree] 

L 

[mm] 

D 

[mm] 
H/L H/D S/L S/D Re x 10−3 

Number 

of 

columns 

Circular 0 250 250 1.5 1.5 - - 15 – 100 20 

Square 0 220 220 1.5 1.5 - - 11 – 89 18 

Diamond 0 220 311 1.5 1.1 - - 24 – 150 18 

Circular 0 250 250 1.5 1.5 4.0 4.0 15 – 85 15 

Square 0 220 220 1.5 1.5 4.0 4.0 10 – 70 20 

Diamond 0 220 311 1.5 1.1 4.0 2.8 15 – 90 20 

Square 0 220 220 1.5 1.5 4.0 4.0 10 – 75 30 

Diamond 0 220 311 1.5 1.1 4.0 2.8 25 – 110 30 

 

3. RESULTS AND DISCUSSION 

 

The FIM response was analyzed through the RMS - root mean square of displacements in the transverse direction and 

angles of rotation in the case of the yaw motion. Moreover, as commonly found, non-dimensional nominal amplitudes in 

the transverse direction were calculated as a quotient of the √2 times the RMS displacements, 𝐴𝑦, by the face dimension 

of the column, 𝐿. For the RMS angles of yaw, 𝐴𝑦𝑎𝑤, no dimensionless presentation was adopted, as usual in the literature. 

The characteristic motion periods were calculated for the motions in the transverse direction, 𝑇𝑦. The characteristic 

motion 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 period in still water, i.e., 𝑇𝑦/𝑇0𝑦. 
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The reduced velocity 𝑉𝑟 = 𝑈𝑇0𝑦/𝐷 was defined as a function of the incident current velocity, 𝑈, the natural period of 

the transverse motion in still water, 𝑇0𝑦, and the characteristic length of the body section subjected to a vortex shedding, 

𝐷. 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. 

 

3.1 Single cylinder 

 
 

Figure 7: Nondimensional motion amplitude in the transverse direction (𝐴𝑦/𝐷) as a function of the reduced velocity 

(𝑉𝑟) for floating circular, square with 0-degree and 45-degree (diamond) cylinders. 

 

 
 

Figure 8: Nondimensional motion amplitude in the transverse direction (𝐴𝑥/𝐷) as a function of the reduced velocity 

(𝑉𝑟) for floating circular, square with 0-degree and 45-degree (diamond) cylinders 

 

Figure 7 presents the results of the 𝐴𝑦/𝐷 – nondimensional nominal motion amplitude in the transverse direction as a 

function of the 𝑉𝑟  for the floating circular, square with 0-degree and 45-degree (diamond) cylinders. The results showed 

that the highest amplitudes occurred for the circular cylinder, and the VIV behavior is the same presented by Gonçalves 

et al. (2014). Moreover, the square cylinder with 0-degree incidence showed a linear increase in the amplitude with the 

increase in the 𝑉𝑟; this behavior confirms the galloping phenomenon for this cylinder geometry. On the other hand, the 

square cylinder with 45-degree incidence presented a resonance response for the range 7 < 𝑉𝑟 < 11; that confirms the 

VIV phenomenon for this cylinder geometry. 
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Figure 8 presents the results of the 𝐴𝑥/𝐷 - nondimensional nominal motion amplitude in the in-line direction as a 

function of the 𝑉𝑟  for the floating circular, square with 0-degree and 45-degree (diamond) cylinders. The results showed 

the highest amplitudes for the circular cylinder; and in this case, it is possible to verify the VIV in-line resonance for the 

range 2 < 𝑉𝑟 < 4, as presented in Gonçalves et al. (2014). On the other hand, the square cylinder with 0-degree incidence 

showed a linear increase in the amplitude with the increase in the 𝑉𝑟; this behavior confirms the galloping phenomenon 

for this cylinder geometry. 

 

3.2 Array of four cylinders 

 
 

Figure 9: Nondimensional motion amplitude in the transverse direction (𝐴𝑦/𝐿) as a function of the reduced velocity (𝑉𝑟) 

for array of four floating cylinders with circular, square and diamond sections for 0-degree incidence 

 

 
 

Figure 10: Nondimensional motion amplitude in the in-line direction (𝐴𝑥/𝐿) as a function of the reduced velocity (𝑉𝑟) 
for array of four floating cylinders with circular, square and diamond sections for 0-degree incidence 

 

Figure 9 presents the results of the 𝐴𝑦/𝐿 as a function of the 𝑉𝑟  for the array of four floating circular, square and 

diamond cylinders with 0-degree incidence. The results showed that the highest amplitudes occurred for the array of 

circular cylinders, and the VIV behavior is almost the same of the single circular cylinder. Moreover, the square cylinder 

with 0-degree incidence showed a linear increase in the amplitude with the increase in the 𝑉𝑟; this behavior is similar to 
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the galloping phenomenon and is also similar to a single square cylinder. The array of diamond cylinders followed the 

same behavior of the single diamond cylinder until 𝑉𝑟 = 9, after that the amplitudes were higher. 

Figure 9 also presents a comparison between the present results and the results for SS case characterized by four 

square columns and pontoons by Gonçalves et al. (2015). The comparison showed a high difference of amplitudes; the 

presence of pontoons had a large influence in the VIM phenomenon and needed to be a source of new studies in the future. 

Moreover, Liu et al. (2016a) presented results for an array of four cylinders with square and diamond sections. The 

comparison of the results was good for the array of diamond cylinders, the difference between the results could come 

from the different aspect ratio of the columns.  

 

 
 

Figure 11: Yaw motion amplitude (𝐴𝑦𝑎𝑤) as a function of the reduced velocity (𝑉𝑟) for array of four floating cylinders 

with circular, square and diamond sections for 0-degree incidence 

 

 
 

Figure 12: Nondimensional characteristic motion period in the transverse direction (𝑇𝑦/𝑇𝑜𝑦) as a function of the reduced 

velocity (𝑉𝑟) for array of four floating cylinders with circular, square and diamond sections for 0-degree incidence 

 

Figure 10 presents the results of the 𝐴𝑥/𝐿 as a function of the 𝑉𝑟  for the array of four floating circular, square and 

diamond cylinders with 0-degree incidence. The results showed the same behavior presented in the transverse direction 

for the array of circular cylinders. On the other hand, for the array of square cylinders the difference between the array 

results and the single cylinder was large, and in this case, the results are more similar to the SS case. 
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Figure 11 presents the results of the 𝐴𝑦𝑎𝑤 as a function of the 𝑉𝑟  for the array of four floating circular, square and 

diamond cylinders with 0-degree incidence. The results showed a linear increase of the yaw amplitude with the increase 

of the 𝑉𝑟; this behavior can characterize a galloping phenomenon. On the other hand, the comparison between the array 

of four cylinders and the SS showed a large difference; thus the pontoon affects a lot the FIM also for yaw motions. The 

difference between Liu et al. (2016a) results and the present results can come from the aspect ratio and distance between 

columns, mainly for the diamond cases. 

Figure 12 presents the results of the 𝑇𝑦/𝑇0𝑦 – nondimensional characteristic period as a function of the 𝑉𝑟  for the array 

of four floating circular, square and diamond cylinders with 0-degree incidence. The results showed a similar behavior 

for the circular cases, i.e., single and array of four cylinders. On the other hand, the values for the array of four cylinders 

are higher than the single cases. All the results presented the same behavior, a decrease with the increase of the reduced 

velocity. 

 

3.3 Array of three cylinders 

 
 

Figure 13: Nondimensional motion amplitude in the transverse direction (𝐴𝑦/𝐷) as a function of the reduced velocity 

(𝑉𝑟) for the single cylinder, the array of three and four floating cylinders with square section for 0-degree incidence and 

𝑆/𝐿 = 4 

 

 
 

Figure 14: Nondimensional motion amplitude in the in-line direction (𝐴𝑥/𝐷) as a function of the reduced velocity (𝑉𝑟) 
for the single cylinder, the array of three and four floating cylinders with square section for 0-degree incidence and 

𝑆/𝐿 = 4 
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Figure 13 presents the results of the 𝐴𝑦/𝐷 as a function of the 𝑉𝑟  for the array of three floating square cylinders with 

0-degree incidence compared with the results for the single square cylinder and the array of four square cylinders. The 

results showed that the highest amplitudes in the range 3 < 𝑉𝑟 < 8 occurred for the array of three square cylinders, and 

the FIM behavior, in this case, is almost the same of the single circular cylinder. Moreover, the array of three cylinders 

showed a linear increase in the amplitude with the increase in the 𝑉𝑟; this behavior is similar to the galloping phenomenon 

and is also similar to the single square cylinder. The amplitudes for the array of four cylinders distinguish after 𝑉𝑟 > 10, 

smaller amplitudes than the array of three cylinders were observed. 

Figure 14 presents the results of the 𝐴𝑥/𝐷 as a function of the 𝑉𝑟  for the array of three floating square cylinders with 

0-degree incidence. In this case, the behavior for all cases is similar up to 𝑉𝑟 = 7, after this value of reduced velocity the 

amplitude in the in-line increases linearly for all cases. The amplitudes values for the array of three square columns are 

between the single square cylinder case and the array of four square cylinders, the highest and lowest amplitudes 

respectively. 

 

4. CONCLUSIONS 

 

Experiments were performed in a towing tank with an array of circular, square and diamond cylinders. The amplitude 

results showed a VIV behavior for the single circular cylinder; for the single square cylinder, galloping behavior was 

observed for 0-degree incidence, and VIV one was observed for 45-degree incidence. The amplitude results for the array 

of four cylinders were very similar to single cylinders for the distance between cylinders 𝑆/𝐿 = 4. These results are larger 

than VIM results obtained from a floating system with pontoons. Moreover, the amplitude results for the array of three 

cylinders were also very similar to single cylinders in the transverse direction and higher than the array of four columns. 

The amplitudes in the in-line direction showed a larger difference between four and three cylinders. Also, the amplitudes 

in the in-line direction were higher for the array of three cylinders than for four cylinders one. These results showed the 

importance to consider the number and geometry of columns for multi-column floaters correctly. 
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