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ABSTRACT:  An experimental study was carried out to identify the effect of angle of attack 

on flow-induced vibration (FIV) of square cylinders. The experiment was conducted at the 

Aeronautical and Wind Engineering Laboratory (AEROLAB), UTM Kuala Lumpur using a 

wind tunnel that was free from external wind conditions. A supporting structure was designed 

and fabricated to conduct this experiment. The importance of this support structure was to 

enable the rigid cylinder to suspend and vibrate freely upon excitation of wind speed. The 

results were analysed through the response of amplitude and frequency of the rigid cylinder 

over a velocity range of 0.5m/s to 4.0m/s. The results showed that for a square cylinder of 

α=0°, vortex-induced vibration (VIV) occurred at low reduced velocity (UR) in range of 5 ≤ 

UR ≤ 10 and galloping occurred at higher reduced velocity which started at UR=15. A tranquil 

zone was found between VIV and galloping in the reduced velocity range of 10 ≤ UR ≤ 15. As 

for α=22.5° and 45°, only VIV response was found at low reduced velocity in range of 4≤ UR 

≤ 9. 

ABSTRAK: Satu kajian eksperimentasi telah dilakukan bagi mengenal pasti pengaruh sudut 

serangan oleh getaran cetusan-aliran (FIV) dalam silinder persegi. Eksperimen ini dijalankan 

di Makmal Kejuruteraan Aeronautika dan Angin (AEROLAB), UTM Kuala Lumpur dengan 

menggunakan terowong angin yang bebas dari pengaruh angin luar. Struktur sokongan telah 

direka dan difabrikasi bagi tujuan eksperimen ini. Ini penting bagi membolehkan silinder 

pegun tergantung dan bergetar dengan bebas semasa ujian kelajuan angin. Dapatan kajian 

dianalisis melalui tindak balas amplitud dan frekuensi silinder pegun pada kadar halaju 0.5m/s 

sehingga 4.0m/s. Hasil kajian menunjukkan bahawa bagi silinder persegi α = 0 °, getaran 

pengaruh-vorteks (VIV) berlaku pada halaju rendah (UR) dalam julat 5 ≤ UR ≤ 10 dan getaran 

lebih teruk telah ketara berlaku pada kadar halaju berkurang iaitu bermula pada UR = 15. Zon 

tenang dijumpai antara VIV dan getaran teruk pada kadar halaju berkurang 10 ≤ UR ≤ 15. 

Adapun pada α = 22.5° dan 45°, hanya tindak balas VIV dijumpai pada halaju rendah dalam 

kadar 4≤ UR ≤ 9. 

KEY WORDS:  Flow-induced vibration, square cylinder, galloping, angle of attack,   

tranquil zone 
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1. INTRODUCTION  

Flow-induced vibration (FIV) of a bluff body has received huge attention in various fields 

such as the aerospace industry, bridges, tall buildings, smokestacks, power generation, and 

engineering infrastructure. Therefore, FIV has been a hot topic for researchers for the past 20 

years and various methods have been undertaken such as experiments and simulations to 

investigate FIV on cylindrical structures [1-2]. VIV and galloping can be categorized under 

FIV phenomenon, where VIV occurs at steady conditions while galloping can be considered 

as unsteady FIV phenomenon that usually arises in asymmetrical bodies. Previous study has 

reported that galloping usually occurs at high flow speeds [3-10]. Failures or problems that 

may occur from FIV are usually due to improper design. Therefore, understanding on the 

characteristic of flow induced vibration is of utmost importance because of its physical 

applications and the possibility of causing severe damage if improper design is applied. The 

collapse of the Tacoma Narrows Bridge in 1940 was a well-known accident that was caused 

by FIV. Due to its catastrophic effects, continuous research on FIV is highly demanded to 

provide a better understanding of its characteristics in order to avoid such accidents from 

happening again. 

In civil engineering, consideration of wind path over buildings and other rectangular 

structures is particularly vital as it leads to variation in the structure’s angle of attack. Angle of 

attack can be described as the angle between the reference line of the body and the relative 

oncoming motion flow such as air and water. The angle of attack may result in uneven pressure 

distributions that can lead to unpredictable loading patterns. Based on the previous research, 

study on the effect of angle of attack is very limited. 

Nemes et al., (2012) [11] is one of the few teams that have investigated the interaction 

between flow-induced vibration mechanisms of a square cylinder with different angles of 

attack. The experiment was conducted in a free surface recirculating water channel and reported 

that VIV and galloping occurred over a narrow range of angles of incidence. Hu et al., (2018) 

[12] conducted an experiment with various angles from 0° to ± 30° and found that as the 

forward inclination increased, the crosswind responses of the cylinder decreased, while for the 

backward inclination, the crosswind response did not reduce evenly. On the other hand, Kawai, 

(1995) [13] conducted an experiment in a boundary wind tunnel with three types of flow 

(smooth flow, turbulent boundary layer flow over open terrain, and turbulent boundary layer 

flow over urban area). From the results, strong VIV was noticed at angles of attack of 0° and 

15°. When the angle of attack exceeded 15°, VIV became weak and could not be detected in 

the smooth flow. As for turbulent boundary layer flow over urban area, the weak VIV was still 

seen for angles of attack greater than 15°. Galloping was also found in this experiment when 

the angle of attack was 0° with reduced velocity equal to 10. Zhao et al., (2010) [14] studied 

FIV on a square cylinder with two angles of incidence of 0° and 45°. The results showed that 

galloping occurred at 0° while VIV occurred at 45°. In the literature review, some conflicts of 

the outputs are found. For example, Obasaju et al., (1990) [15] found a tranquil zone between 

VIV and galloping for α =0°, but Nemes et al., (2012) [11] reported no tranquil zone in their 

study. Other studies did not show relative outputs on this issue [16-20]. Hence, this gains our 

interest for further investigation of the issue. The main purpose of the present study is to 

identify the characteristic of the FIV around a square cylinder based on various angles of attack, 

at the same time clarifying whether the galloping occurs right after VIV or there is a resting 

gap without the occurrence of galloping and VIV.  
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METHODOLOGY 

2.1. Experiment Details 

The experiments were conducted in the AF100 subsonic wind tunnel of the Aeronautical 

and Wind Engineering Lab (AEROLAB) in the University Technology Malaysia, Kuala 

Lumpur, as shown in Fig. 1. The test section size was 33 cm in width, 35 cm in height, and 70 

cm in length. The main objective of this experiment was to identify the effect of different angles 

of attack towards the FIV of a rigid cylinder with one degree of freedom (1dof). By using three 

different angles of attack, the behavior of FIV could be observed.  

A clear acrylic was used as the material for the square cylinder. Acrylic was chosen 

because the material is lightweight. The cylinder was attached on the supporting structure using 

circular acrylic plate with a diameter of 6 cm. Fig. 2 shows the schematic diagram of the angle 

of attack for the rigid square cylinder. 

To analyse the effect of angle of attack, three angles, namely 0 °, 22.5°, and 45°, were 

tested in the present study. The reason for using these angles is that they correspond to the 

conditions where the reactions are dominated by VIV and galloping (Zhao et al., (2014)) [21]. 

Table 1 shows the specification of the cylinders. 

 In order to attach the coiled spring, holes were made at the end of each circular plate. The 

function of the coiled spring was to suspend the cylinder on the supporting structure. The coiled 

springs were attached in parallel for both sides. Using laser cutting, 6 holes were made at the 

circular plate to allow the rigid cylinders to hang in the pre-set angles. The steel supporting 

structure was made with the dimensions of 29cm x 29cm x 29 cm in length, width, and depth, 

respectively. For the coiled spring, low stiffness was used in the experiment to generate the 

lock-in condition. The dimensions, the set-up of the rig, and schematic diagram of the 

experiment are shown in Fig. 3(a), 3(b), and 3(c), respectively. 

 

Fig. 1. The overview of AF100 Subsonic Wind 

Tunnel 

 

Fig. 2. The angle of attack of a square rigid 

cylinder 
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                          Table 1: Specification of the cylinder 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

  

(c) 

Fig. 3. (a)The dimensions of the rig (b) the set-up of the rig and (c) schematic diagram of the 

experiment 

 

2.2. Measuring Equipment 

To record all the data obtained from the experiment, it was important to use proper 

measuring equipment. The equipment used must be sensitive to the vibration test in order to 

find the dynamic responses of the rigid cylinders. The equipment that was used to gain the 

Overview Dimension (cm) Weight (g) 

 

Aspect ratio=1  

 

 77.237 
Width = 3.0 

Height = 3.0 

Length = 17.5 

Coiled spring Coiled spring 
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results was the GES-28004 anemometer, pitot-static probe, video recorder, and laptop equipped 

with tracker video analysis and modelling tool software. The uniformity of the wind tunnel was 

checked using an anemometer and pitot tube as shown in Fig. 4 and Fig. 5, respectively. 

Anemometer was used to measure the air speed (m/s) in the wind tunnel while the pitot-static 

probe was used to measure the pressure (Pa) of air in the wind tunnel. To record the vibration 

response of the cylinder, a video recorder was used. The video was converted into the amplitude 

of the vibration using the tracker video analysis modelling tool software, as shown in Fig. 6. In 

addition, in order to obtain the frequency response of the cylinder, the amplitude data needed 

to be converted from the time domain into the frequency domain using Fast Fourier Transform 

(FFT). An FFT Spectrum Analyzer implemented Fourier’s basic theorem that denotes any 

waveform in the time domain by weighting the sum of pure sine waves of all frequencies. From 

the Discrete Fourier Transform, FFT is developed with the Eq. (1):            

𝐴(𝑟) = ∑ 𝑋(𝑠)𝑒
−𝑗2𝜋

𝑁𝑟𝑠  , 𝑟 = 0,2, … , 𝑁𝑁−1
𝑘=0                                                                                 (1)   

 

In which, X(𝑠) is the periodic wake that is sampled at Nyquist frequency or higher and 𝑠 

is the number of samples collected from original signals.  

  

Fig. 4. Anemometer Fig. 5. Pitot-static probe 

 

 

Fig. 6. Tracker video analysis and modelling 

tool software 

The supporting structure was placed inside the wind tunnel, while the video recorder was 

used to record the video of the vibration of the cylinder. The recorder was held by the tripod 

outside the wind tunnel. The experiments were over a range of velocities from 0.5m/s to 4.0m/s, 

corresponding to the Reynolds number ranging from 16853~134831. The experiment was 

conducted with three different angles of attack on the square cylinder. The sampling frequency 
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of the video recorder was 30Hz, which is adequate to collect the motion of the cylinder. The 

angle was changed in order to observe the dynamic responses at each angle of attack. The 

process of the experimental work can be summarized in the flow chart shown in Fig. 7. 

 

 

Fig. 7. The process of experimental work 

 

 

2. RESULTS AND DISCUSSIONS 

3.1. Uniformity of The Flow in Wind Tunnel 

Before conducting the experiments, the uniformity of the wind tunnel needed to be 

checked to ensure the flow was in a uniform condition. Three different velocities were 

observed, which is 9m/s, 6m/s, and 3m/s.  

After obtaining the data, the uniformity of each velocity of the experiment was calculated 

using this Eq. (2) (Hassan et al., (2014)) [22]: 
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Ф = √∑
(𝛽𝑖−𝛽)2

𝑛
𝑛
𝑖=1                                                                                                             (2)                                    

 

Where; 𝛽𝑖 = Measured value (velocity) 𝛽 ̅ = Average value (average velocity) n = Number 

of samples. From the calculations, the results for non-uniformity (Ф) are shown in Table 2. 

Based on the calculated results, all of the data shows small values, indicating low non-

uniformity of the air flow. Hence, the flow uniformity in the wind tunnel was in good condition, 

and suitable for use to investigate the effect of FIV on the square cylinders. 

 

Table 2: Non-uniformity at different speeds 

Velocity (m/s) Ф 

3 0.149 

6 0.103 

9 0.063 

 

3.2. Free Decay Test 

In this present study, the natural frequency value is important because as the value of the 

shedding frequency slowly reaches the natural frequency, the vibration of the rigid cylinder 

will increase to high values. To obtain the natural frequency, a free decay test was conducted 

by pulling the cylinder downward and allowing it to vibrate freely until it stopped. The natural 

frequency of the square cylinder was obtained from the power spectrum graph. To verify the 

experimental value of the natural frequency, the theoretical value of the natural frequency was 

calculated using Eq. (3): 

  

𝑓𝑛 =
√

𝐾𝑇𝑜𝑡𝑎𝑙
𝑚𝑇𝑜𝑡𝑎𝑙

2𝜋
                                                                                                                              (3)   

Where kTotal is the stiffness of the system while mTotal is the mass of the system. This equation 

was adopted from previous study of VIV with similar experimental settings [23]. The value 

obtained for spring stiffness of the system was 119.6 N/m as the springs were attached in 

parallel. Table 3 shows the value obtained from experiment and calculation. The percentage 

error is found to be 9.81%. Similar error percentages were also reported in [23] where up to 

11.55% of error percentage was achieved using the same equation. Since the error percentage 

was less than 20%, the experimental value should be acceptable (Cecconi et al., (2009)) [24]. 

Hence, the design of the experimental rig was verified. Based on the free decay test, the 

damping ratio was found to be 0.008185. Because the damping ratio was very low, the damping 

effect was unaccounted in the present study. 

 

Table 3: The comparison between experimental and theoretical value of the natural 

frequency 

Natural frequency (Hz) Percentage 

of error (%) Experimental value Theoretical value 

6.783 6.177 9.81 
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3.3. Verification of the Experiment Data 

Strouhal number is a non-dimensional parameter that describes the oscillation of a 

cylinder. In the present study, the Strouhal number considering the VIV condition was found 

at 0.1257, as shown in Fig. 8(a) for α=0° . This was in agreement with Okajima (1982) [25], 

who suggested that the Strouhal number of alternating vortices shed from a square cylinder can 

be estimated to be about 0.13 in the Reynolds-number range between 102 and 3.4 × 105.  

 

Fig. 8.  Frequency ratio versus Reduced velocity 

with angle of attack α= 0°. 

 

Maruai et al., (2017) [26] conducted a series of experimental measurements of flow-

induced vibration using a square cylinder with a downstream flat plate. In their study, they 

stated that for an isolated square cylinder, only two significant flow-induced vibration 

behaviours can be observed, namely, VIV that occurs at lower branch velocity and galloping 

that occurs at higher branch velocity. To verify the data of the present study, the existing 

amplitude ratio of an isolated square cylinder (Maruai et al., (2017) [26] was compared with 

the square cylinder response of the present study, as shown in Fig. 9. The amplitude ratio was 

defined as A*=y/d where y is the standard deviation of amplitude and d is the cylinder height. 

A very similar trend was found with small deviation. The patterns of both studies were in good 

agreement. The occurrence of VIV in both studies was at a reduced velocity range of 5 ≤ UR ≤ 

11 and galloping at UR > 15. The reduced velocity is defined as UR=U/fnd, where U is free 

stream velocity, fn is the natural frequency and d is the cylinder height. However, the amplitude 

of the present study was slightly lower than the previous study because of the different damping 

ratio value. Based on Fig. 9, the current experimental work was verified. 

 

Fig. 9. Amplitude ratio versus reduced velocity of the previous study [26] 

and the present study. 

y = 0.1257x

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 5 10 15

f*

UR

Une
dit

ed
 Vers

ion

Early Access Date: 13 October 2021



IIUM Engineering Journal, Vol. 23, No. 1, 2022 Ramzi et al. 
https://doi.org/10.31436/iiumej.v23i1.1804 

 

 

3.4. Effect of the Angle of Attack 

To investigate the effect of angle of attack on the FIV of the square cylinder, experiments 

were carried out over a wide range of reduced velocities at angles of attack of α=0°, 22.5°, and 

45°. Fig. 10 shows the comparison of the amplitude response of various angle of attacks. From 

the graph, it can be observed that galloping response was only found at α=0° as the vibration 

amplitude of the cylinder increased with increasing reduced velocity at UR =15. Other than that, 

VIV response was also observed at lower branch of reduced velocity in the range of 5 ≤ UR ≤ 

10. On other hand, only VIV behavior was found for square cylinder of α=22.5° and 45° where 

galloping is absent. Nevertheless, the occurrence of VIV for both angle of attacks is at low 

reduced velocity range 4 ≤ UR ≤ 9, which was slightly earlier than the cylinder of α=0°. It was 

also observed that the amplitude of the cylinder at α=22.5° was lower compared to the 

amplitude of cylinder at α=45°. Based on this finding, it can be concluded that the cylinder of 

α=22.5° had less tendency towards the VIV response. In fact, Cui et al., (2015) [27] also has 

shown the similar results, where in their study, cylinder of α=22.5° had lower VIV amplitude 

compared to the others. Next, a region free from VIV and galloping was found at reduced 

velocity in the range of 10 ≤ UR ≤ 15 for α=0°, which is in agreement with Maruai et al., (2017) 

[26]. Therefore, it can be said that for a square cylinder, a tranquil zone was found between the 

phenomena of VIV and galloping. 

Fig. 11 shows the comparison of the frequency ratio of the different angles of attack where 

frequency ratio is defined as f*=f/fn, f is the vibrating frequency, and fn is the natural frequency 

of the cylinder. As shown in Fig. 11, the frequency ratio was close to 1 as the UR >5 for α=0°. 

This indicates that the cylinder underwent lock-in phenomena. Supposedly, the frequency ratio 

would be slightly higher or lower than 1 when galloping occurred at UR >15. The same goes 

for the frequency ratio for α=22.5° and 45°. The frequency ratio of the cylinder was supposedly 

higher than 1 when UR>10 and increased monotonically with increasing reduced velocity to 

indicate that it was outside the lock-in regime and galloping did not occur (Cui et al., 2015) 

[27]. However, in the present study, the described condition did not happen. Therefore, the 

power spectrum graph obtained from the FFT method were investigated in detail to identify 

the energies that were possessed by the cylinder at different angles of attack. 

Fig. 12(a) and (b) show the power spectrum graph of α=0° when UR =7 and UR =17 

respectively. For the case of α=0°, both VIV and galloping occurred. It was observed that the 

value of power spectrum density (PSD) at UR =7 (where the lock-in condition occurred) was 

lower than the value of the power spectrum density at UR =17 (where the galloping occurred). 

This condition can be justified as galloping possesses higher vibration energy than VIV. Fig. 

12(c) and (d) show the power spectrum graph of α=22.5° at UR =7 and 17 respectively, while 

Fig. 12(e) and (f) show the power spectrum density of α=45° at UR =7 and 17 respectively. 

Based on Fig. 12(c-f), it can be seen that the value of power spectrum density at UR =17 was 

lower than UR =7. This is because there is no occurrence of galloping at UR =17. In addition, 

Fig. 12(c) and Fig. 12(e) show a significant PSD peak during lock-in condition (UR =7). On the 

contrary, multiple peaks with relatively small PSD values were found at UR =17 (Fig. 12(d) 

and (f)). Hence, this justifies that although the frequency ratio remained close to 1 for α=22.5° 

and 45°, no occurrence of galloping was found and the PSD values were small with multiple 

frequency peaks. 
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Fig. 10. Amplitude ratio of the rigid cylinder of various 

angles of attack. 

 

 

Fig. 11.  Frequency ratio of the rigid cylinder of various 

angles of attack. 

 

4. CONCLUSION 

In this study, experiment analysis was performed in a wind tunnel to analyze the effect of 

FIV on a square cylinder with various angles of attack. The amplitude and frequency data were 

obtained for data analysis. The objectives of this research were successfully attained. From the 

experiment, the flow-induced vibration effect was successfully simulated on the square rigid 

cylinder. It can be seen that the amplitude ratio increased as the frequency neared the natural 

frequency. The lock-in region was found at low reduced velocity 5< UR <10. It can be 

concluded that for a square cylinder, domination of galloping occurred at α=0° while 

domination of VIV is happened at α=22.5° and 45°. A tranquil zone was found between VIV 

and galloping, with UR ranging from 10 to 15. Different angles of attack caused different 

amplitude responses. The most critical case was found in α=0° because galloping occurred only 

in this case. A slight shift in the angle results in the omission of the galloping.  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 12 (a) and (b): UR =7 and 17 for α=0°; (c) and (d): UR =7 and 17 for α=22.5°; (e) 

and (f): UR =7 and 17 for α=45°. 
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