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a b s t r a c t 

The flow interference of multiple cylinders subjected to vortex-induced vibration (VIV) is a complex re- 

sponse that is not fully understood. This paper investigates the fluid-dynamic behaviour of elastically 

mounted rigid cylinders where both cylinders were free to oscillate in the cross-flow direction. The cylin- 

ders were subjected to uniform water flow at various separation distances of 3.5, 4.0, and 4.5 D ( D is the 

diameter of the cylinder) in a tandem arrangement. Based on the observation, the interference between 

the cylinders and the unsteady wake from the leading cylinder caused a continuous vibration with no 

lower branch in amplitude response. While as found in the cases of the single cylinder, there was a 

lower branch in amplitude response. The results also revealed that the cylinders experienced the VIV and 

wake-induced vibration (WIV) at each separation distance. Moreover, the leading cylinder oscillated at a 

larger amplitude at a separation distance of 3.5 D , indicating a critical distance for cylinders in the tan- 

dem arrangement due to the existence of a bistable regime. Hence, it is reasonable to conclude that the 

flow interference between the leading and trailing cylinders significantly impacts the cylinders’ dynamic 

behaviour. 

© 2022 Shanghai Jiaotong University. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The study of the interaction between the cylindrical structures 

nd current flow towards the vortex-induced vibrations (VIV) has 

ecome significant recently. Offshore structures such as cables, 

ipelines, and marine risers are often exposed to VIV [ 1 , 2 ]. Such

tructures vibrate when the currents cross them, generating the 

ortices shed periodically behind them, leading to VIV. This magni- 

ude of vibration could harm the marine riser, for example, when 

 lock-in or resonance phenomenon is induced [3] . The lock-in 

henomenon occurs when the value of vortex shedding frequency 

atches the natural frequency of the riser [ 4 , 5 ]. When the riser vi-

rates due to the current flow, vortex streets are formed along its 

urface, causing an unstable wake region behind the riser. The riser 

ends to vibrate at large-amplitude oscillations, resulting in stress 

nd fatigue damage [ 6 , 7 ]. The condition worsens when the risers

re frequently operated in a group in offshore industries, exposing 
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hese structures to strong interaction effects with an unpredictable 

ow environment [ 8 , 9 ]. 

In recent years, many attempts have been made to understand 

he VIV phenomenon. For instance, Kumar and Singh [10] inves- 

igated the VIV behaviour of a single bluff body subjected to low 

ubcritical Reynolds number ( Re ). Previous studies such as Fu and 

an [4] and Muddada et al. [5] also conducted numerical works 

ocusing on single cylinder. However, investigations using two 

ylinders have been limited to date [11] . According to Sumner 

12] and Huera-Huarte et al. [13] , only a few attentions on the 

mplitude response have been noticed for a tandem rigid cylinder 

ase. The fluid-dynamic interference of multiple cylinders becomes 

ore complicated than those found on a single cylinder with 

xisting interferences, as it is challenging to gain an in-depth 

nderstanding of their dynamic responses [ 14 , 15 ]. Two tandem 

ylinders can be a benchmark for group arrangement by providing 

nsight into the flow interferences that occur when multiple cylin- 

ers are used. Many scholars are still investigating the complicated 

ibration responses of two tandem cylinders [16–28] . Their studies 

evealed that complex vibration responses varied due to the 
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eparation distance ( S/D ) between the cylinders. Furthermore, 

any researchers acknowledged the significance of S/D between 

ylinders towards the flow interference, formation of vortex and 

ibration characteristic of a cylinder [27] . The flow interference 

etween the cylinders can be categorised into proximity and wake 

nterferences. The tandem cylinders are subjected to the wake 

nterference as the trailing cylinder is completely submerged in 

he wake of the leading cylinder. 

Several experimental investigations have been conducted on the 

esponse of multiple cylinders, where the leading cylinder is sta- 

ionary and trailing is allowed to oscillate, or both cylinders are 

tationary. Huang and Sworn [24] previously investigated the hy- 

rodynamic coefficients of two fixed rigid cylinders in a tandem 

rrangement. In their findings, the shielding effect on the trail- 

ng cylinder naturally provided from the leading cylinder influ- 

nces their mean drag force. However, the shielding effect progres- 

ively reduces as the S/D between the cylinders increase, causing 

he drag to increase. Lin et al. [25] reported similar findings for a 

igid forced vibration trailing cylinder within a stationary leading 

ake. 

Korkischko and Meneghini [21] assessed the changes in flow 

ynamics and the galloping phenomenon for multiple rigid cylin- 

ers adjacent to one another. Only the trailing cylinder was al- 

owed to oscillate freely. The S/D values in this study varied from 

.0 to 6.0. The amplitude response in this study was found in- 

eresting, where the amplitude response of the trailing shows a 

onotonically increased without an upper and lower branch for all 

/D . The authors claimed that the response of the cylinder was ob- 

erved as wake-interference vibrations (WIV). Accordingly, similar 

esults have also been obtained by Assi et al. [19] who performed 

n experiment of rigid cylinders in tandem with only the trailing 

ylinder was free to oscillate. 

On the other hand, Kim et al. [20] assessed the interaction be- 

ween two tandem cylinders in a wind tunnel with an S/D of 1.1 to 

.2, where S denotes the gap between the two cylinders and D de- 

otes the diameter of the cylinder. The study examined three dis- 

inct experimental conditions, namely, allowing two of the cylin- 

ers to oscillate freely, allowing only the trailing cylinder to oscil- 

ate, and allowing only the leading cylinder to oscillate. Further- 

ore, it reported five regimes that described the vibration be- 

aviour, based on the S/D between the cylinders. In the first ( S/D 

as larger than 0.1) and fourth regimes ( S/D was larger than 2.0), 

he cylinder vibrations were negligibly smaller, whereas, in the 

econd regime, the cylinder vibrations were violent. The leading 

ylinder oscillated almost independently of the trailing cylinder. 

hile the trailing cylinder remained fixed in the third regime, the 

eading cylinder was found to vibrate slowly. In the fifth regime 

 S/D was larger than 2.7), where the S/D between the cylinders 

as farthest, the cylinders behaved identically to a single cylinder. 

eanwhile, Bokaian and Geoola [29] proposed four types of vibra- 

ions when allowing only the trailing cylinder to oscillate trans- 

ersely in a uniform flow. Depending on the S/D , the galloping, vor- 

ex excitation and separated vortex excitation and galloping were 

bserved. Moreover, the authors also identified the combination of 

ortex excitation and galloping phenomena. The numerical simula- 

ion by Fan et al. [30] also demonstrated similar results. The au- 

hors used large eddy simulation (LES) and rigid body numerical 

imulation to study the vibration mode of three tandem cylinders. 

dditionally, Huera-Huarte and Bearman [22] discovered different 

egimes in their study using two flexible cylinders at a distance 

f 2.0 to 4.0 with Reynolds number ( Re ) up to 12,0 0 0 in a water

ume. According to the authors, different types of oscillations be- 

ween the cylinders were identified, namely VIV, WIV, and a com- 

ination of the two. The response of WIV is achieved when the 

ylinder’s amplitude increases as the reduced velocity increases. 

his oscillation amplitude is constantly increasing as a result of the 
247
urbulence produced by the leading cylinder. Thus, the distance be- 

ween the cylinders affects the formation of the WIV [31] . 

Meanwhile, in the case of flexible cylinders, Huera-Huarte and 

harib [23] extended the research of Huera-Huarte and Bearman 

22] by utilising a larger S/D range of 4.0 to 8.0 and reported that 

he leading flexible cylinder exhibited single cylinder’s behaviour 

t such large S/D . Similarly, Xu et al. [27] reported similar findings 

sing two flexible cylinders in a tandem arrangement with a large 

/D of 4.0 to 16.0. Furthermore, Wang et al. [31] added that the 

eading flexible cylinder responded as a single cylinder with the 

haracteristics of a common VIV response when the cylinders were 

nstalled far apart. 

Several researchers have investigated the flow interference be- 

ween the cylinders through numerical technique, however the 

ase studies were at a very low Re . Zhao et al. [32] conducted a

imulation study to examine the VIV of two rigid cylinders in a 

andem arrangement with S/D values ranging from 0.5 to 3.0. The 

esults indicated that the amplitude of responses for both cylin- 

ers vibrated more significantly than a single cylinder for all cases 

f S/D . Similarly, Mysa et al. [33] revealed a vibrating behaviour of 

wo tandem cylinders at low Re numerically with an S/D of 5.0. 

ccording to the authors, turbulence produced by the leading and 

railing cylinders significantly contributed to the coupled responses 

n the tandem arrangement. It included an increased CF load and 

scillations generated by the trailing cylinder in the post lock-in 

egion. Meanwhile, Singh et al. [34] focused on the two-cylinder 

ake interference at different angular positions of leading cylinder 

 α = 0 °, 30 °, 45 °, 60 °, 90 °), which resulting the cylinders to be in

andem and side-by-side arrangement at a fixed S/D = 3.0. It was 

eported that the hydrodynamic forces for both cylinders were in- 

reased with an increased in the angular position for the leading 

ylinder, except for the lift coefficients for the trailing cylinder. 

On the other hand, Zdravkovich and Pridden [17] highlighted 

he existence of a critical separation distance for multiple cylinders 

here the gap pressure coefficient was greater than the base pres- 

ure value. The cylinders could vibrate more significantly during 

he critical S/D and worsen the damage of the cylinder. The data 

n the critical S/D for tandem cylinders is still unclear and would 

e useful to discover for different experimental conditions. Shar- 

an et al. [35] studied the behaviour of two fixed tandem cylin- 

ers numerically and reported an unusual increment in fluctuating 

orces and the Strouhal number ( St ) at the critical S/D , which was

ound between 3.75 and 4.0 D . Whereas, Korkischko and Meneghini 

21] reported that, the critical S/D of 3.0 resulted in a large am- 

litude oscillation of the trailing cylinder. In contrast, Mysa et al. 

33] discovered that the critical distance to be between 3.5 and 

.0 D . 

Although previous literature yielded excellent findings involving 

ultiple cylinders, further assessments are required to gain a bet- 

er understanding. Hence, the present study highlighted two main 

aps. Firstly, there is a dearth of experimental evidence for the VIV 

sing two elastically mounted rigid cylinders. The VIV character- 

stics become more complicated when both cylinders can vibrate. 

ince previous research on the leading cylinder has primarily been 

onducted in a stationary state, the present study will explore the 

ylinders’ responses when both cylinders are allowed to vibrate. In 

 real application, the VIV phenomenon may become more violent 

nd complicated when an oscillating leading cylinder is involved 

35] . 

Secondly, the data on dynamic responses of a single degree of 

reedom is still limited, as previous literature has mostly focused 

n either leading or trailing cylinder’s behaviour. Whereby, a de- 

ailed comparison of both cylinders’ behaviour is still scarce. Only 

 few studies have discussed the behaviour of both cylinders to 

nderstand the VIV of two oscillating cylinders in tandem arrange- 

ent. However, in previous studies, either the leading cylinder was 
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Fig. 1. Experimental setup. 
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Fig. 2. Two tandem cylinders in a uniform flow (a) side view and (b) top view. 

Fig. 3. Two rigid cylinders in a tandem arrangement at various separation dis- 

tances. 
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xed while the trailing cylinder was allowed to vibrate, or both 

ylinders were fixed. There are no published studies to present the 

esults of rigid cylinders allowed to vibrate in a CF direction. Since 

ost of the risers in offshore industries are not in a fixed condi- 

ion, investigating the VIV of the oscillating cylinders is feasible. 

his present study discusses the effects of S/D on the VIV through 

he amplitude and frequency responses of the cylinders, where the 

/D was set from 3.5 to 4.5 (the critical distance range was based 

n literature). The VIV study emphasises the critical S/D for multi- 

le cylinders in a tandem arrangement, as they are of interest to 

iscover. 

This paper is divided into five sections, including this section. 

ection 2 addresses the experimental arrangement of this study. 

ection 3 discusses the validation of the experiments through the 

ases of a single cylinder and two cylinders. Section 4 presents 

ylinders’ experimental results in a tandem arrangement. Finally, 

ection 5 concludes the experimental findings and includes poten- 

ial future work. 

. Materials and methods 

A water flume with length of 50.0 m, height of 0.70 m, and 

idth of 0.75 m was utilised to conduct the experiment. The de- 

igned water level was maintained at 0.3 m. The water flume 

ump generated a uniform flow rate of 0.1 to 0.6 m/s at an interval

f 0.03 m/s, resulting the Reynolds number, Re ranged from 3120 

o 31,200. While the turbulence intensity ( Ti ) was around 1.9% at 

n inflow velocity of 0.3 m/s. 

Hollow polyvinyl chloride (PVC) cylinder models were chosen in 

his experiment. The models, vertically mounted ( Fig. 1 ) in the test 

ection, had a submerged length ( L ) of 270 mm and a diameter ( D )

f 25 mm. 

The cylinder with an aspect ratio ( L/D ) of 10.8 was constantly 

tilised. The cylinder mass ratio ( m∗) is 1.5, as calculated by the 

quation of 4 m / πρD2 L , where m is the total mass of a cylinder

nd ρ is the fluid density. The mass ratio obtained in this present 

tudy was within the range of riser pipes in marine engineering 

11] . The structural damping coefficient in air ( ζ ) of 0.0954 led to 

 mass-damping parameter ( m∗ζ ) of 0.1431. The main properties of 

he rigid cylinder model are listed in Table 1 . 

The model was installed as depicted in Fig. 2 (a) with a spacing 

f 30 mm above the flume bottom. Four springs were mounted 

ymmetrically at both ends of each model. The model’s design was 

dopted based on a previous study [36] . The cylinder’s upper part 
248
as attached to a linear motion ball bearing block with a shaft 

o restrict motion only in the cross-flow, CF direction ( Fig. 2 (b)). 

he separation distance, S/D was set to 3.5, 4.0, and 4.5 as shown 

n Fig. 3 . The displacement and frequency responses of the cylin- 

ers were recorded using the triaxial accelerometers (Dytran) with 

 sensitivity of 10.02 mV/g that were attached to the cylinder’s up- 

er part. 

. Validation of experiment 

In this subsection, the results for a single circular cylinder are 

resented for validation purposes. 

The amplitude response ratio of a single cylinder was calcu- 

ated based on the average amplitude value of 10% of the highest 

eak amplitude, Ay , divided by the cylinder’s diameter, D . The same 

echnique was employed by Korkischko and Meneghini [21] and 

ranzini et al. [37] . Meanwhile, the reduced velocity ( Vr ) was cal- 

ulated as follows: 

r = U 

fn D 

(1) 
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Table 1 

Main parameters of the cylinder model. 

Parameters Values 

Total length ( l ) 580 mm 

Submerged length ( L ) 270 mm 

Outer diameter ( D ) 25 mm 

Inner diameter ( d ) 23 mm 

Aspect ratio ( L / D ) 10.8 

Spring stiffness ( k ) 26.93 N/m 

Total mass of a cylinder, including a ball bearing block and a shaft ( m ) 0.199 kg 

Mass ratio ( m∗) 1.5 

Mass-damping ( m∗ζ ) 0.1431 

Fig. 4. Comparisons of the single cylinder’s dynamic responses (a) Amplitude re- 

sponse, and (b) frequency response. 
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Fig. 5. A comparison of trailing cylinder’s amplitude response in a tandem arrange- 

ment at separation distance of 4.0 D . 
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here U is the water velocity and fn is the cylinder’s natural fre- 

uency. The natural frequency in this experiment was 2.72 Hz, as 

btained from the free decay test in still water. 

Fig. 4 (a) illustrates the amplitude responses of the present 

tudy and previous studies [ 21 , 37 , 38 ]. Three common branches of

mplitude responses, referred to as the initial, upper, and lower 

ranches ( Fig. 4 (a)), were observed in all cases. According to Mar- 

in and Avila [39] , the three typical amplitude branches existed in 

 low mass system. The lock-in region formed as Vr increased from 

.0 to 7.2, where the vibration frequency ( f ) was similar or close to
249
he natural frequency ( fn ) ( Fig. 4 (b)) [39–41] . The lock-in region oc-

urred within the normal range as previously reported, which was 

ess than 8.0 [41] . However, in the present study, the lock-in phe- 

omenon was slower than in the other three studies due to the 

igh damping of the experimental rig [ 39,42,43 ]. Because of the 

ccurrence of the slower lock-in region, the lock-out was also de- 

erred to Vr ≈ 7.6. At approximately Vr = 7.2, the amplitude re- 

ponse reached its peak value of 0.89 in the upper branch, while 

he amplitude value dropped within the lock-out region. 

The amplitude response was consistent with the frequency re- 

ponse, which showed a drop in amplitude due to the lock-out 

henomenon, 7.6 ≤ Vr ≤ 8.5. In the lock-out region, the frequency 

atio did not remain close to 1. Meanwhile, Fig. 4 (b) indicated that 

he Strouhal number, St obtained in this experiment was 0.1543. 

he St value obtained in this study was similar to that obtained 

y Rahman and Thiagarajan [44] for the cylinder with a low as- 

ect ratio. During the lock-in region at the upper branch, the fre- 

uency ratio for the VIV in water was slightly greater than 1 due to 

he added mass effect [45] . Additionally, the cylinder’s frequency 

esponse pattern during the lock-in region resembled Khalak and 

illiamson’s [38] description of the cylinder’s frequency response 

n water. This present study’s frequency response emphasised the 

haracteristic of the VIV phenomenon for a low mass cylinder in 

ater. As a result of this frequency response, it was possible to 

efine a cylinder with a low mass ratio as having a nonclassical 

ock-in phenomenon because the frequency ratio was not exactly 

qual to unity during the lock-in region. 

Besides the single cylinder, the present study compared the 

railing cylinder’s amplitude response in a tandem arrangement to 

 previous study for validation purposes. Fig. 5 shows a compar- 

son of the trailing cylinder’s amplitude response in the present 
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Fig. 6. Graphs comparing the amplitude responses of the (a) leading and (b) trailing 

cylinders in tandem arrangement to the amplitude response of a single cylinder. 
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Fig. 7. Frequency responses of (a) leading and (b) trailing cylinders at different S/D . 

Fig. 8. Frequency responses of trailing cylinder at 3.0 D and 4.0 D , by Korkischko and 

Meneghini [21] . 

m

i

t

p

u

r

c

tudy to that of Korkischko and Meneghini [21] . Korkischko and 

eneghini’s [21] study omitted discussion of the leading cylin- 

er’s response due to the fixed condition of their leading cylinder. 

herefore, no further comparisons to the present study are possi- 

le. Due to the variable’s limitation on separation distances, only 

/D = 4.0 is shown in Fig. 5 . It was observed that, as the reduced

elocity increased, the trailing cylinder’s amplitude response in the 

resent study became almost comparable to their response. Both 

mplitude responses were devoid of the lower branch as the oscil- 

ation amplitude increased to a higher reduced velocity. Korkischko 

nd Meneghini [21] obtained a slightly earlier lock-in region than 

his study, which could be explained by the lower mass-damping 

f their structure. Hence, it can be concluded that their oscilla- 

ion amplitude behaviour was consistent with that observed in the 

resent study 

. Results and discussion 

.1. Amplitude response of the cylinders in tandem 

This section discusses the CF vibration response of two rigid 

ylinders. The amplitude ratio of the cylinder ( Ay /D ) was calcu- 

ated as mentioned in Section 3 . The behaviour of two elastically 
250
ounted cylinders in a tandem arrangement towards theww flow 

nterference was examined at S/D of 3.5, 4.0, and 4.5. At each S/D , 

he amplitude responses for both leading and trailing cylinders are 

resented in Fig. 6 (a) and Fig. 6 (b), respectively. Besides, the fig- 

res include the oscillation amplitude of the single cylinder as a 

eference. 

The leading cylinder’s response characteristics demonstrated a 

ontinuous increase as the reduced velocity increased, for all sep- 
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Fig. 9. PSD graphs of bare cylinders in tandem at 3.5 D . 
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a  
ration distances ( Fig. 6 (a)). Whereas, Fig. 6 (b) depicts the trailing 

ylinder’s amplitude following the trends of the leading cylinder 

 Fig. 6 (a)), without the presence of a lower branch that was usually 

resent in an oscillating single cylinder. It was suspected that this 

xcitation in amplitude response was due to the wake-induced vi- 

ration (WIV), which both cylinders experienced for all tested S/D . 

t was well established that WIV most frequently happened when 

wo or more cylinders were present in a flow, where their wakes 

ould interfere. The formation of vortex shedding in the separa- 

ion region between the cylinders and the vortex behind the trail- 

ng cylinder led to the emergence of WIV [19] . The unsteady wake 

enerated by the leading cylinder caused both cylinders to vibrate, 

nd the cylinders were excited to oscillate at high amplitudes up 

o the maximum tested Vr [ 19 , 41 , 46 ]. The findings were similar to

hose of several previous studies [ 19 , 21 , 26 , 47 ], where the scholars

nvestigated the vibration of two tandem cylinders. As anticipated, 

he result was completely contradictory to that obtained with the 

ingle cylinder. Furthermore, this finding proved that the presence 

f multiple cylinders in a flow could result in a drastic change 

nd worsen the structure’s vibration when compared to the single 

ylinder [48] . The single cylinder’s maximum amplitude was deter- 

ined to be 0.89 D , which was significantly less than the leading 

ylinder’s maximum amplitude at all separation distances. How- 

ver, in order to confirm the emergence of WIV in this present 

tudy, it was suggested that the experiment be performed with a 

igher reduced velocity in the future study, which will necessitate 

he use of a powerful water pump. 
251
On the other hand, the graph plotted for the multiple cylinders 

ndicated that the cylinders were sensitive to the separation dis- 

ance. Both cylinders began to vibrate at Vr = 5.0 and the vibration 

ontinued to intensify as Vr increased to 8.5. Based on Fig. 6 (a), 

he leading cylinder experienced a critical condition of vibration 

ecause its oscillation amplitude was higher than that of the trail- 

ng cylinder at all S/D . It was due to the fact that in the tandem

rrangement, the leading cylinder provided a shielding effect for 

he trailing cylinder, preventing the trailing cylinder from vibrating 

xcessively. 

At a separation distance of 3.5 D , the arrangement of the lead- 

ng cylinder was closest to the trailing cylinder. Based on Fig. 6 (a), 

he leading cylinder’s highest amplitude response was Ay /D = 1.57, 

hich was amplified by about 292.0%, when compared to the sin- 

le cylinder’s oscillation at Vr = 8.5. On the other hand, 195.0% 

nd 207.5% of amplitude amplification were observed for the lead- 

ng cylinder at S/D = 4.0 and 4.5, respectively at Vr = 8.5. Thus, 

he critical separation distance of 3.5 D was selected for these 

wo-cylinder arrangements due to the high oscillation amplitudes 

ecorded by the leading cylinder at 1.57 D . According to Zdravkovich 

49] , this condition was due to the existence of a bistable regime 

t this separation distance. Based on Huera-Huarte and Bearman 

22] and Zdravkovich [49] , the bistable regime emerges between 

.0 and 3.8 D . The regime has been described as having an in- 

ermittent appearance of two flow patterns, with the flow tran- 

itioning between the vortex formation from the leading cylinder 

nd the reattachment [ 18 , 49 , 50 ]. This flip-flopping or switching
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Fig. 10. The oscillation amplitudes of leading and trailing cylinders at 3.5 D . 
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henomenon intermittently changed repeatedly, and this sudden 

hange in the flow excited a large amplitude of oscillation on the 

eading cylinder [ 18 , 50 , 51 ]. Meanwhile, Ishigai et al. [52] who dis-

overed 3.8 D as the critical distance in their study also added that 

 discontinuous ‘jump’ in the base pressures at the critical distance 

ncreased the cylinder’s amplitude. 

For the leading cylinder at S/D = 4.0 and 4.5, which was greater 

han a critical spacing, the leading cylinder’s oscillation amplitudes 

ncreased as the reduced velocity increased. The large oscillations 

or both cylinders were due to the presence of WIV for wider S/D , 

hich was caused by the generated vortex shedding from the lead- 

ng cylinder [23] . The leading cylinder oscillated at 4.5 D with large 

mplitude, almost identical to the response at 3.5 D up to Vr = 8.5. 

he excitation of the leading cylinder at 4.5 D was due to the strong 

ffect of WIV generated by the formation of a large vorticity in the 

ap region. 

At a separation distance of 3.5 D , during the intermittent reat- 

achment of the boundary layer generated by the oscillating trail- 

ng cylinder to the boundary layer by the leading cylinder, no 

hedding was produced from the leading cylinder. This bound- 

ry layer attachment caused vortices to be generated behind the 

railing cylinder. The interaction between the cylinders was con- 

rolled by the leading cylinder and therefore, the trailing cylinder’s 

ovement at 3.5 D was disrupted, resulting in reduced motion [22] . 

n other words, the turbulence generated by the leading cylinder 

odified the flows towards the trailing cylinder, as the trailing 

ylinder was in the wake of the leading cylinder. This flow modifi- 

ation would disturb the wake dynamics and the vortex formation 

egion of the leading cylinder [53] . The boundary layer reattach- 

ent was the reason why the trailing cylinder at 3.5 D exhibited 

 smaller amplitude response than at other separation distances 

4.0 D and 4.5 D ). Huera-Huarte and Bearman [22] previously con- 

rmed this finding, which was also supported by Zheng et al. [54] . 
252
According to Zdravkovich [49] , during the co-shedding regime 

here S/D was larger than 3.8, the motion of trailing cylinder was 

nfluenced by the leading cylinder’s vortex shedding. The vortex 

hedding was discovered almost between the cylinders through- 

ut the experiment. When the leading cylinder was sufficiently 

eparated from the trailing cylinder, the leading cylinder’s vortices 

ollided with the trailing cylinder and merged with the trailing 

ylinder’s vortices. As mentioned before, the shedding from the 

eading cylinder was unable to excite the trailing cylinder, but 

his impingement of vortices shed from the leading cylinder onto 

he trailing cylinder forced the trailing cylinder at 4.0 D and 4.5 D 

o vibrate more vigorously than at 3.5 D . Based on Fig. 6 (b), the

railing cylinder suffered a critical oscillation at a distance of 4.5 D . 

he trailing cylinder’s amplitude response at 4.5 D was nearly 

dentical to the amplitude response at 4.0 D due to the small 

ifference in the value of the selected separation distance. The 

railing cylinder vibrated excessively at 4.5 D compared to other 

eparation distances due to the complex interaction between the 

arge vortices from the leading cylinder and the Kàrmàn vortex 

treet in the gap region. 

.2. Frequency response 

Fig. 7 represents the frequency response of the multiple cylin- 

ers at various separation distances. The vibration frequency in 

he CF direction over the natural frequency for both cylinders in- 

reased along with Vr . The slow jump of the leading cylinder’s fre- 

uency response at 4.0 D in Fig. 7 (a) caused a lower amplitude re- 

ponse in that S/D . Meanwhile, the frequencies of the leading and 

railing cylinders at 3.5 and 4.5 D started to lock-in at Vr = 5.0. 

The frequency of the leading cylinder continued to increase 

onotonically and eventually separated from the natural frequency 

t Vr = 8.5 for all separation distances. The leading cylinder’s oscil- 



N.I.M. Sukarnoor, L.K. Quen, A. Abu et al. Journal of Ocean Engineering and Science 10 (2025) 246–257

Fig. 11. PSD graphs of bare cylinders in tandem at 4.0 D . 
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ation frequency in the lock-in region was close or equal to its nat- 

ral frequency at 5.0 ≤ Vr ≤ 8.0 ( Fig. 7 (b)). Meanwhile, the trailing 

ylinder’s oscillation frequency increased monotonically and then 

ocked on to the natural frequency up to the highest reduced ve- 

ocity for all separation distances. According to Huera-Huarte and 

harib [23] , Mysa et al. [55] and Song et al. [56] , a trailing cylinder

ndergoing WIV would display an oscillation frequency that was 

losed to the natural frequency. Furthermore, the authors reported 

hat the influence of various separation distances on frequency re- 

ponse was not clearly apparent, which corroborated the present 

tudy’s findings. 

To further evaluate the frequency response for Vr > 9, the be- 

aviour of frequency response at 9 < Vr ≤ 20 by Korkischko and 

eneghini [21] was adopted in this study. Based on the results, 

ubsequent increases in frequency for the trailing cylinder at dis- 

ances of 3.0 and 4.0 were reported, as depicted in Fig. 8 . It be-

omes clear that the response of the trailing cylinder at the high 

educed velocity was sustained by the WIV mechanism and the 

alloping phenomenon. According to Assi [26] , the effect of vortex- 

nduced vibration on the trailing cylinder’s vibration weakened 

hen the reduced velocity reached around 9.0 to 10.0. Following 

hat, the wake-induced vibration dominated the cylinder’s vibra- 

ion. 

.3. Power spectral density (PSD) 

The power spectral density analysis for the leading and trail- 

ng cylinders in the cross-flow direction with increasing flow ve- 
253
ocity is presented in this section, along with selected typical time 

races of cylinders’ response at Vr = 5.4, 6.7, 7.6, and 8.5. Based 

n the 3-dimensional PSD graphs shown in Figs. 9 , 11 , and 13 ,

he PSD’s intensities of the CF responses were proportional to the 

elected amplitude responses shown in Figs. 10 , 12 , and 14 . The

SD’s responses in all figures show that all frequencies for leading 

nd trailing cylinders at 3.5, 4.0 and 4.5 D are narrow-banded with 

ingle peaks. According to the PSD graphs, the leading cylinder vi- 

rated with a large amplitude due to the large PSD intensity gener- 

ted during the oscillation. The peak PSD’s response for the leading 

ylinder was higher than that of the trailing cylinder at all separa- 

ion distances, 3.5, 4.0, and 4.5 D for the higher reduced velocities, 

r ≥ 5.0. The patterns of displacement and PSD were similar to 

hose reported by Huera-Huarte and Bearman [22] . The PSD value 

ncreased as the amplitude of the oscillation increased. Nonethe- 

ess, the low peak of the trailing cylinder’s PSD was consistent with 

ts amplitude response. This observation depicted what happened 

o the trailing cylinder as the leading cylinder created the shielding 

ffects [24] . The unprotected leading cylinder absorbed the energy 

rom the moving water, causing it to vibrate stronger, yielding a 

igh PSD value. 

Based on the PSD’s responses, the leading cylinder at 3.5 D 

arked the highest PSD, around 11,600 Pa2 /Hz at Vr = 8.5 ( Fig. 9 ),

ue to the high energy intensity produced by the intermittent 

eattachment and vortex shedding production during the bistable 

egime. This discontinuous change in the flow pattern could ex- 

ite the energy intensity during oscillation. The discontinuous vor- 

ices formed in the gap between cylinders at 3.5 D created a small 
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Fig. 12. The oscillation amplitudes of leading and trailing cylinders at 4.0 D . 
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nergy intensity at the trailing cylinder, which caused a low peak 

SD at the trailing cylinder, around 2450 Pa2 /Hz at Vr = 8.5. The 

igh energy intensity at the leading cylinder at Vr = 8.5 caused a 

arger oscillation (about 25 mm) in the leading cylinder’s ampli- 

ude response (represented by the blue line in Fig. 10 ) than in the

railing cylinder’s amplitude response (represented by the yellow 

ine and is only around 10 mm). The time traces of the trailing 

ylinder in Fig. 10 also revealed that the trailing cylinder at 3.5 D 

ibrated weaker than it was at 4.0 and 4.5 D due to the low energy

ntensity. 

Fig. 13 depicts that the PSD’s response of the leading cylinder 

t 4.5 D reached a maximum high value, around 9397 Pa2 /Hz at 

r = 8.5. As previously stated, the leading cylinder vibrated at a 

arge amplitude due to the strong effect of wake-induced vibra- 

ion with the existence of large vorticity behind the cylinder. Al- 

hough the amplitude response in Fig. 6 shows that the leading 

ylinder at 4.5 D was almost similar to the response at 3.5 D , the

SD value of the leading cylinder at 4.5 D was considerably smaller 

han the leading cylinder at 3.5 D . This finding indicated that the 

eading cylinder experienced a critical condition at 3.5 D . 

The trailing cylinder vibrated with a small amplitude response 

t 3.5 D due to the low energy intensity compared to 4.0 and 4.5 D .

he PSD’s responses of the trailing cylinder at 4.0 and 4.5 D ap- 

eared to be similar. However, based on the results, the PSD value 

f 4.5 D was greater than that at 4.0 D . The energy intensity for the

railing cylinder at 4.5 D was enhanced by the large vortices emerg- 

ng from the leading cylinder. It was about 3707 Pa2 /Hz for the 

railing cylinder at Vr = 8.5, higher than the 2506 Pa2 /Hz at 4.0 D . 

If only the trailing cylinder could oscillate in the fluid-structure 

nteraction between two rigid cylinders in a tandem arrangement, 

he trailing cylinder restores a large amplitude response at all sep- 

ration distances [21] . However, different findings were obtained 

n the present study when both cylinders were allowed to move 

reely in the CF direction. The leading cylinder’s amplitude grew 
254
arger than the trailing cylinder’s amplitude, as the reduced veloc- 

ty increased to the highest value. This situation was due to the 

eading cylinder’s shielding effect on the trailing cylinder during 

he oscillation. Moreover, as Xu et al. [57] reported, the study on 

he rigid cylinder’s response is significant because the rigid cylin- 

er’s results have been used extensively by the offshore industry 

o predict the VIV performance of a long flexible marine riser. 

. Conclusions and future works 

In the present study, the VIV of the cylinders in the tandem 

rrangement was studied. In a water flume, tests were performed 

n a rigid cylinder oscillating in the wake of a leading cylinder, 

here both cylinders were free to oscillate transversely. The ex- 

eriment arrangement remained constant all the time with vary- 

ng S/D ( S/D = 3.5, 4.0 and 4.5). Hence, the following conclusions 

an be made based on the experimental results: 

(1) The tendency of increasing amplitude response was ob- 

served as the Vr increased. It was found that the lower 

branch of amplitude response was not indicated in the two 

cylinders’ cases due to the effects of flow interference be- 

tween the two tandem cylinders. 

(2) The leading cylinder experienced a larger amplitude re- 

sponse than the trailing cylinder due to the shielding effect 

provided by the leading cylinder. 

(3) The separation distance of 3.5 D was determined to be the 

critical distance for the leading cylinder due to the bistable 

regime. Meanwhile, the trailing cylinder encountered a criti- 

cal oscillation condition at 4.5 D , with a significant lower os- 

cillation amplitude and PSD values than the leading cylinder. 

In our opinion, the findings necessitate further future research 

etter to understand the effect of flow interference on the cylin- 

ers. Firstly, as explained in Section 4.1 , the cylinders’ vibration 
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Fig. 13. PSD graphs of bare cylinders in tandem at 4.5 D . 

Fig. 14. The oscillation amplitudes of leading and trailing cylinders at 4.5 D . 
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haracteristics in a tandem arrangement should be investigated 

ith a higher reduced velocity ( Vr > 10). The wake-induced vibra- 

ion phenomenon can be confirmed by providing the cylinders’ re- 

ponses at a higher reduced velocity. Secondly, an investigation of 

ortex-induced vibration of multiple cylinders should be expanded 

o include alternate cylinder arrangements, such as side-by-side 

nd staggered, to identify critical arrangements further. 
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