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Abstract 19 

Arranging an elastic bluff body in the wake of a fixed upstream bluff body can cause wake-20 

induced vibration (WIV), which includes various hydrodynamic characteristics. This paper 21 

numerically studies a dynamic response of the downstream vibrating cylinder with another 22 

cylinder fixed upstream under different spacing ratios (𝛼) and radius ratios (𝜑) of a series 23 

of circular cylinders and a series of square cylinders. The results show that as the spacing 24 

ratio increases, the series of square-cylinder system can effectively suppress vibration 25 

within the interval of 𝛼 = 5.3 - 5.7, 6 ≤ Ur ≤ 8. Subsequently, the influence of different 26 

radius ratios has been studied. It is found that as the radius ratio increases, the vibration of 27 

the downstream square cylinder transit from VIV to galloping. Besides, it can be found that 28 

the power at 𝜑 = 2 is higher than that in the other two cases, and the power when 𝛼 = 6 29 

is much greater than that of the case 𝛼 = 8 and 4. Finally, the short-time Fourier transform 30 

and wavelet transform have been employed to perform time-frequency analysis of different 31 

cases with changing the radius ratio. It is shown that the frequency characteristics of the 32 

series square-cylinder system are more complicated than those of the circular-cylinder 33 

system. 34 
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1. Introduction 38 

In recent years, large numbers of papers have been focused on the research of vortex-39 

induced vibration (VIV). VIV [1] is a classic flow-induced vibrations (FIVs) phenomenon 40 

produced by the coupling of fluid and bluff body when the fluid flows around the elastic 41 

bluff body. After von Kármán discovered the classic vortex street phenomenon, many 42 

researchers began to study the mechanism and control methods of VIV. Some of the 43 

researchers have carried out corresponding investigations on the structure and shape of the 44 

vibrating cylinder, and the upstream and downstream flow around it. Zhu et al. [2] 45 

numerically analyzed the FIVs of a trapezoidal cross-section bluff body at different angles 46 

of attack (0°,90°, and 180°). During the study, a full interaction between VIV and galloping 47 

has also been observed. Wang et al. [3] discussed the application of metasurface in the 48 

design of aerodynamic systems. They found that different metasurface patterns can 49 

effectively suppress or enhance the VIV of a single cylindrical bluff body. 50 

However, the influence of wake-induced vibration (WIV) has also played an important 51 

role. WIV occurs when multiple bluff bodies are arranged in a group, while the downstream 52 

bluff body is completely immersed in the wake of the upstream bluff body. At the same 53 

time, the bluff body can be excited by the upstream wake vortex and fluid force to vibrate 54 

periodically. Researchers have conducted theoretical and experimental investigations on 55 

the series two-cylinder system. Bokaoan et al. [4] studied wake-induced galloping (WIG) 56 

between two interfering cylinders. It is concluded from the dynamic experimental results 57 

that due to the separation and structural damping of the cylinder itself, the cylinder exhibits 58 

VIV, galloping, or a combination of VIV and galloping. Moreover, Assi et al. [5] 59 

experimentally proved that the rotating parallel plate can effectively suppress wake-60 

induced vibration. To further understand the excitation mechanism of the WIV 61 

phenomenon with two cylinders in series, Assi et al. [6] also suggested that the WIV of the 62 

downstream cylinder is excited by the unstable vortex-structure interaction between the 63 

bluff body and the upstream wake, and if the unstable vortex in the upstream wake is 64 



removed, WIV will no longer be excited. Subsequently, Assi et al. [7] introduced the 65 

concept of wake stiffness based on the fluid dynamics effect and conducted experimental 66 

investigations. The results show that although the unstable vortex-structure interaction 67 

provides the energy input to sustain the vibration, the wake stiffness defines the 68 

characteristics of the WIV response. 69 

With the in-depth study of the motion mechanism of WIV, researchers have also carried 70 

out corresponding explorations on factors such as mass ratio, damping ratio, and multiple 71 

degrees of freedom [8-12], which may excite or suppress the vibration of the vibrating 72 

cylinder. In addition, many researchers have begun to study the WIV of bluff bodies with 73 

different cross-sections. Tamimi et al. [13] numerically studied the WIV of the fixed 74 

upstream circular cylinder and the downstream vibrating square cylinder. It is found that 75 

compared with two circular cylinders arranged in tandem, the freely mounted downstream 76 

square cylinder displays a VIV response, and there is no galloping or wake-induced 77 

galloping. Zhang et al. [14] conducted numerical simulations on five groups of bluff bodies 78 

with different cross-sectional shapes mounted in tandem in the range of 2 - 50 diameters. 79 

They found that when the spacing is less than 5 diameters, the VIV response of the upstream 80 

cylinder is suppressed and the VIV response of the square cylinder is lower than that of all 81 

other bluff bodies. In contrast, the cylinder is more susceptible to wake effects.  82 

In the research of energy harvesting, Bernitsas et al. [15] for the first time proposed and 83 

clearly defined the concept of "Vortex-Induced Vibration for Aquatic Clean Energy" 84 

(VIVACE) in 2008. Mehmood et al. [16] connected the piezoelectric transducer to the 85 

transverse degree of freedom to implement a VIV piezoelectric energy harvester (VIVPEH) 86 

and then performed a comprehensive numerical analysis based on the Reynolds number. It 87 

was also found that the load resistance has a greater impact on the oscillation amplitude, 88 

lift coefficient, and voltage output. Besides, Latif et al. [17] studied the energy harvesting 89 

characteristics of C-shaped cylinders with different cut angles through experiments. To 90 

enhance flow-induced motion (FIM) and improve the efficiency of VIVACE, Ding et al. 91 

[18] used passive turbulence control (PTC) in the form of roughness strips. It turned out 92 

that when 30000 ≤ Re ≤ 110000, transition from VIV to galloping can be initially found at 93 



Re = 90000 with a "P + 2S + P + S" (P = pair and S = single) pattern. In addition to numerical 94 

simulation and experimental research on multi-cylinder series, Zhang et al. [19] also used 95 

deep learning to predict the piezoelectric energy harvesting of wake galloping. 96 

It can be found that the existing research on WIV is mainly focused on vibrations of a 97 

circular cylinder, and there are few theoretical studies on the WIV of square cylinders 98 

arranged in tandem except some experimental investigations. Therefore, this paper uses 99 

numerical simulation to study the WIV of square cylinders arranged in tandem. In addition, 100 

more researches are focused on the study of spacing ratio, mass ratio and different Reynolds 101 

numbers, and few papers analyze the diameter ratio of the upstream and downstream’s 102 

cylinders in tandem. In this paper, the upstream bluff body is set as a fixed elastic square 103 

cylinder, and the downstream one is set as a single-degree-of-freedom elastic square 104 

cylinder that can move in a cross-flow direction. The rest of the paper is divided as follows. 105 

In section 2, the governing equation of the system is introduced. To better observe the WIV 106 

under different conditions, the reduced velocity is controlled in the range of 2 - 12 and the 107 

Reynolds number change interval is 5301 - 31811. The model establishment and FIVs of 108 

the series circular-cylinder system are studied in section 3. In section 4, the vibration 109 

characteristics of the series square-cylinder system are simulated and analyzed. Table 1 110 

shows the variables and their corresponding symbols used in this paper. 111 

Table 1 Nomenclature. 

L Cylinder length 

Re Reynolds number 

U Mean flow velocity 

𝑈𝑟 = 𝑈/(𝑓𝑛𝐷) Reduced velocity  

𝜌 Water density 

𝑓𝑛 = √𝐾/(𝑚 + 𝑚𝑎)/2𝜋 Natural frequency  

f Vibration Frequency 

y Amplitude in Y direction 

D  Cylinder diameter  

Cl Lift coefficient 

Cd Drag coefficient 

P0 Mechanical power 

K Spring stiffness 

𝜑 Radius ratio 

m Oscillating system mass 

ma Added mass 



𝛼 Spacing ratio 

𝑚∗ = 4𝑚/(𝜋𝜌𝐷2𝐿) Mass ratio 

Ctotal System total damping  

𝜁 Damping ratio 

𝜇 Kinetic viscosity of water 

 112 

2. Governing equation 113 

2.1. Physical model and fluid model 114 

To simplify the model and improve the computational efficiency, this paper adopts a 115 

classic "mass-spring-damper" system to study VIV and WIV as the red arrow in Fig. 1 116 

shows. The movement of the cylinder in the y-direction can be expressed by a second-order 117 

linear equation [20]: 118 

𝑀�̈�(𝑡) + 𝐶𝑡𝑜𝑡𝑎𝑙�̇�(𝑡) + 𝐾𝑦(𝑡) = 𝐹𝑓𝑙𝑢𝑖𝑑,𝑦(𝑡)               (1) 119 

where M is the total mass of the system, y represents the cylinder’s displacement, K is the 120 

spring stiffness. Ctotal means the total damping of the whole system, Ffluid,y is the fluid force 121 

on the vibrating cylinder. 122 

In the research process of this paper, the fluid is considered to be an incompressible 123 

viscous fluid [21]. The flow motion passing around a bluff body can be described by the 124 

unsteady two-dimensional Reynolds-averaged Navier–Stokes (2D-RANS) equation: 125 

𝜕𝑢�̇̇�̅̅ ̅

𝜕𝑥𝑖
 =  0                           (2) 126 

𝜕𝜌𝑢�̇̇�

𝜕𝑡
+

𝜕 𝑢�̇� 𝑢�̇̇�

𝜕𝑥𝑗
 =  

𝜕𝑝

𝜕𝑥𝑖
+ 𝜇∇2𝑢�̇̇� −

𝜕𝜌𝑢
�̇̇�

′
𝑢

�̇̇�

′

𝜕𝑥𝑗
             (3) 127 

where −𝜌𝑢
�̇̇�

′
𝑢

�̇̇�

′
 represents the Reynolds stress and is defined as: 128 

−𝜌𝑢
�̇̇�

′
𝑢

�̇̇�

′
= 𝜇𝑡 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝜌𝑘𝑡𝛿𝑖𝑗               (4) 129 

In the above equations, 𝑡  represents time, 𝑥𝑖  and 𝑥𝑗  denote the coordinates of the 130 

Cartesian positions in the i and j directions, respectively, 𝑢𝑖   and 𝑢
�̇̇�

′
  are the time 131 

averaged value, 𝑘𝑡 is the turbulent kinetic energy, 𝛿𝑖𝑗 is the Kronecker delta function. 132 

Respectively, 𝜇  and 𝜇𝑡  represent the dynamic viscosity and the turbulent viscosity, 𝑝 133 

denotes the pressure. Besides, the two-dimensional RANS equation is solved together with 134 



SST (Shear Stress Transport) 𝑘 − 𝜔  turbulent model which was firstly proposed by 135 

Menter [22]. 136 

The mechanical power of the downstream cylinder is defined as [23]: 137 

𝑃𝑜  =  
1

𝑇𝑣
∫ 𝐹𝑓𝑙𝑢𝑖𝑑,𝑦�̇�𝑑𝑡

𝑇𝑣

0
                     (5) 138 

where 2𝜋/𝑇𝑣 = 2𝜋𝑓𝑣. 139 

Then combining equation (1) and equation (5): 140 

𝑃𝑜  =  
1

𝑇𝑣
∫ (𝑀�̈� + 𝐶𝑡𝑜𝑡𝑎𝑙�̇� + 𝐾𝑦)�̇�𝑑𝑡

𝑇𝑣

0
              (6) 141 

Using the method proposed by Zhang et al. [24], equation (6) can be simplified as: 142 

𝑃𝑜 =
1

𝑇𝑣
∫ 𝐶𝑡𝑜𝑡𝑎𝑙�̇�2𝑑𝑡

𝑇𝑣

0
                     (7) 143 

2.2. Solution methodology 144 

The numerical simulation is carried out in FLUENT, and the user-defined function (UDF) 145 

method is used to calculate the displacement of the downstream vibrating cylinder. UDF 146 

used in the paper adopts the fourth-order Runge-Kutta method for calculation. UDF 147 

calculates and updates information after each iteration, and then uses the results as the 148 

initial conditions for the next cycle. At present, the classical fourth-order Runge-Kutta 149 

algorithm to solve the initial value problem of a differential equation is defined as follows: 150 

𝑦𝑛+1 = 𝑦𝑛 +
ℎ

6
(𝑀1 + 2𝑀2 + 2𝑀3 + 𝑀4)                 (8) 151 

𝑀1 = 𝑓(𝑥𝑛 , 𝑦𝑛)                            (9) 152 

𝑀2 = 𝑓 (𝑥𝑛+1/2, 𝑦𝑛 +
ℎ

2
𝑀1)                      (10) 153 

𝑀3 = 𝑓 (𝑥𝑛+1/2, 𝑦𝑛 +
ℎ

2
𝑀2)                      (11) 154 

𝑀4 = 𝑓(𝑥𝑛+1, 𝑦𝑛 + ℎ𝑀3)                       (12) 155 

where 𝑥𝑛 represents a series of discrete nodes, 𝑦𝑛  represents the approximate solution 156 

corresponding to 𝑥𝑛. 157 

Since the vibration displacement and velocity of the cylinder at the initial moment are 158 

both zero, the initial value problem of the second-order differential equation (1) has the 159 

following expressions: 160 

�̈� =
𝑓𝑓𝑙𝑢𝑖𝑑,𝑦(𝑡)

𝑀
− 2𝜁𝜔�̇� − 𝜔2𝑦                  (13) 161 



where 𝑦(0) = 0 and �̇�(0) = 0, 𝜁 denotes the damping ratio of the cylinder, 𝜔 is the 162 

angular frequency of the cylinder.  163 

Introducing a new variable 𝑍, 𝑍 = �̇�, equation (13) can be transformed into a first-order 164 

differential equation as follows: 165 

 𝑦(0) = 0                           (14) 166 

�̇� =
𝑓𝑓𝑙𝑢𝑖𝑑,𝑦(𝑡)

𝑀
− 2𝜁𝜔𝑍 − 𝜔2𝑦, 𝑍(0) = 0              (15) 167 

 168 

3. Model establishment and analysis of two circular cylinders in tandem  169 

This paper studies the WIV of two cylinders in tandem. Huera-Huarte et al. [25] and 170 

Nguyen et al. [26] studied the WIV of two cylinders arranged in tandem under different 171 

Reynolds numbers and different spacing ratios through experiments and computational 172 

fluid dynamics methods. In this section, a series circular-cylinder system is selected for 173 

preliminary analysis to compare with the results of the series square-cylinder system as 174 

shown in Fig. 1. The two cylinders are aligned to the centerline and the square cylinders 175 

are assigned as the same positions. The upstream cylinder is set as a fixed mounted elastic 176 

cylinder, and the downstream cylinder is modeled as a single-degree-of-freedom system. 177 

The streamwise distance between the two cylinders is represented by 𝛼D. Huera-Huarte et 178 

al. [25] chose the interval ratio between 4 - 8 during the experiment, and Lin et al. [27] and 179 

Zhang et al. [19] chose to study the interval ratio between 2 - 8. Therefore, after 180 

comprehensively considering the numerical calculation efficiency and the validity of the 181 

data, this paper chooses to conduct simulations in the interval of 4 ≤ 𝛼 ≤ 8. The orange 182 

shaded area is a detailed model diagram of the downstream vibrating cylinder. The left side 183 

of the calculation domain is set as the velocity inlet, the right side is set as the pressure 184 

outlet, and the upper and lower boundaries are set as the free slip boundary. The main 185 

parameters and symbols used in the research process of this paper are shown in Table 2. 186 

3.1. Computational grid  187 

As shown in Fig. 2, this paper uses overset grid [28] method for grid division. Overset 188 

grids are mainly divided into foreground grid and background grid. Grid areas that are 189 

independent of each other overlap in space but do not have a connected relationship. The 190 



foreground grid and the background grid are grafted through the “overset” module in 191 

FLUENT, where the background grid is generated to discretize the entire flow domain [29], 192 

and the body-fitted grid that handles the movement of the cylinder is generated on the 193 

foreground grid. Since the overset grid highly depends on interpolation accuracy, a double-194 

precision solver is selected in the calculation process to reduce the calculation error. The 195 

working process of overset grids is mainly divided into digging holes, establishing regional 196 

connectivity and interpolation calculation. The digging is mainly based on the Cartesian 197 

grid method, which uses an unstructured Cartesian grid to surround the grid surface or grid 198 

line from the outside, thereby indirectly judging the relationship between internal and 199 

external. The establishment of regional connectivity is divided into three steps: 1) Locating 200 

boundary points. 2) Identify potential overset grids and search for donor cells. 3) 201 

Interpolation calculation is carried out by the boundary exchange method (BEM) and the 202 

area exchange method (REM). 203 

3.2. Irrelevance verification 204 

To further verify the calculation accuracy of the model in this paper, this section selects 205 

a series of two-circular-cylinder systems with 𝛼  = 4 and Ur = 5 as the benchmark for 206 

analysis. In the verification of grid independence, three grids G1, G2, and G3 with different 207 

densities are selected for comparison and the results are shown in Table 3. It can be found 208 

that as the grid density increases, the rate of change of the data becomes smaller, so this 209 

paper selects the grid density of G2 as the standard for subsequent research on grid division. 210 

Three timesteps of 0.001s, 0.003s, and 0.005s are selected for simulation analysis, and the 211 

results are shown in Fig. 3. It can be found from Fig. 3(a) that the differences between the 212 

three curves are relatively small. For further study, the Fourier transform is performed on 213 

the three different timestep displacements, and the results are shown in Fig. 3(b). It is found 214 

that the maximum amplitudes of the three schemes are all obtained around 2.53 Hz, so the 215 

calculation consistency of the three timesteps is better. To choose a relatively large timestep 216 

to improve the calculation efficiency without affecting the calculation accuracy, this study 217 

chooses 0.005s as the standard time step for subsequent research. 218 

 219 



 220 

 221 

Fig. 1. Physical model diagram of circular cylinders in tandem (circular can be replaced 222 

by square). 223 

 224 

 225 

Fig. 2. Computational mesh of the background grid and foreground grid. 226 

 227 



 228 

Fig. 3. Independence analysis of three different timesteps. 229 

Table 2 Physical model parameters. 

Item Value 

Damping ratio (𝜁) 0.001 

Diameter of circular and each side 

of the square cylinder (D) 

0.032 [m] 

Mass ratio (𝑚∗) 8 

Nature frequency (𝑓𝑛) 2.601 [Hz] 

Water density (𝜌) 998.2 [kg/m3] 

Kinetic viscosity of water (𝜇) 0.001003 

Table 3. Grid independence review at 𝛼 = 4，Ur = 5 

Grid Nodes A.rms  Clrms  Cd.rms  

G1 16124 0.0147 ─ 0.6801 ─ 0.77917 ─ 

G2 27298 0.0133 9.52% 0.5501 19.11% 0.78204 0.37% 

G3 43717 0.0128 3.75% 0.6140 11.61% 0.72716 7.02% 

 230 

3.3. Analysis of two-cylinder system arranged in tandem 231 

3.3.1. radius ratio (𝝋) = 1 232 

The radius ratio 𝜑 refers to the ratio of the radius of the upstream cylinder to the radius 233 

of the downstream radius. After the relevant parameters are determined, this paper conducts 234 

a simulation analysis on the WIV of the two-cylinder system of equal radius (𝜑  = 1) 235 



arranged in series or one behind another. During the research process, the change interval 236 

of the reduced velocity is selected to be 2 - 12 [21]. Before the analysis, both the single 237 

circular cylinder and the single square cylinder are simulated as shown in Fig. 4. The 238 

present results are in good consistency with the results reported in Zhu et al. [30] and Tammi 239 

et al. [13]. Then simulations of different spacing ratio coefficient 𝛼 are performed and the 240 

results are shown in Fig. 5. It can be found from Fig. 5(b) that no matter how the spacing 241 

ratio coefficient 𝛼 changes, the downstream cylinder always demonstrates VIV. When 2 242 

≤ Ur ≤ 4, VIV is in the initial branch which is marked in blue. Meanwhile, the dimensionless 243 

amplitude increases obviously as the reduced velocity increases. Correspondingly, in the 244 

figure of dimensionless frequency shown in Fig. 5(a), the frequency curve shows an upward 245 

trend when 2 ≤ Ur ≤ 4. Then VIV enters the upper branch which is marked in gray when 4 246 

≤ Ur ≤ 8. At this period, the dimensionless frequency of the downstream cylinder is locked 247 

in the vicinity of fv / fn = 1, so this period is also called lock-in. It is worth noting that when 248 

𝛼 = 4, 5, and 6, VIV starts to enter the lower branch when Ur = 7, while the remaining 249 

groups enter the lower branch which is marked in purple when Ur = 8. To sum up, with the 250 

increase of the spacing ratio coefficient 𝛼, the lock-in interval of the downstream cylinder 251 

is increased, and the dimensionless displacement of the cylinder is larger when 𝛼 = 5.5. 252 

In general, there is still a difference between the dimensionless frequency of the 253 

downstream vibrating cylinder and the VIV of a smooth single cylinder. Interestingly, the 254 

dimensionless frequency is locked near unity when 4 ≤ Ur ≤ 12, 𝛼 = 6.5 and 8. However, 255 

in the classic VIV, the dimensionless frequency always increases with the increase of the 256 

reduced velocity. Therefore, the case of 𝛼 = 6.5 and 8 can effectively control the vibration 257 

frequency without increasing or decreasing. In addition, except for 𝛼  = 5.5, the 258 

dimensionless frequencies of several other cases tend to drop suddenly to zero, which also 259 

shows that when 𝛼 = 4, 5, and 6, including the largely reduced velocity, the series circular-260 

cylinder system can suppress vibration. Fig. 6 shows the variation of the root mean square 261 

value of the lift coefficient under different spacing ratio coefficients 𝛼. The lift coefficient 262 

curves of different spacing ratios except 𝛼 = 8 all show an upward trend when 2 ≤ Ur ≤ 4, 263 

in the case of 𝛼  = 8, the lift coefficient curve just rises to Ur = 3 and then enters the 264 



descending range. It can be found from Fig. 6 that the lift coefficient curve is steeper at 𝛼 265 

= 8 than in other cases when 2 ≤ Ur ≤ 3, which corresponds to the same segment in the 266 

dimensionless amplitude in Fig. 5(b). In general, the value of the lift coefficient curve of 267 

𝛼 = 8 is lower than that of the other cases, which is reflected in the dimensionless amplitude 268 

change diagram as a lower amplitude in the lock-in region. 269 

 270 

Fig. 4. Validation of the numerical model of a single circular/square cylinder.   271 

 272 

 273 

Fig. 5. The vibration characteristics of the downstream circular cylinder: (a) diagrammatic 274 

of dimensionless frequency and (b) diagrammatic of dimensionless displacement. 275 



 276 

Fig. 6. Comparison curve of root mean square change of lift coefficient of the 277 

downstream circular cylinder at different spacing ratio coefficients (𝛼). 278 

 279 

3.3.2. Comparison of different radius ratios 280 

Having completed the analysis of the series circular-cylinder system with 𝜑  = 1, 281 

consider the cases of spacing ratio 𝛼 = 6, 𝜑 = 2, and 𝜑=3 respectively to determine the 282 

influence of the change of the radius ratio on the WIV of the series circular-cylinder system 283 

in series. It can be seen from Fig. 7(a) that when the radius ratio 𝜑 = 1, the dimensionless 284 

amplitude curve of the downstream vibrating cylinder shows a clear VIV. When 𝜑 = 2, 285 

the vibration of the downstream cylinder still reflects the characteristics of VIV, but the 286 

lock-in interval is not observed. Interestingly, when 𝜑 = 3, the dimensionless amplitude 287 

curve of the downstream vibrating cylinder shows obvious fluctuations, and it is impossible 288 

to confirm whether it is VIV or galloping in this case. Correspondingly, in Fig. 7(b), the 289 

dimensionless frequency of 𝜑 = 3 increases first and then decreases in the interval of 2 ≤ 290 

Ur ≤ 5. Since then, the frequency has been on an upward trend. The irregular vibration of 291 

the downstream cylinder is caused by the presence of multiple frequencies. The specific 292 

content is explained below through short-time Fourier transform and wavelet transform. 293 



 294 

Fig. 7. Comparison of the vibration characteristics of the downstream circular cylinder 295 

with different radius ratios (𝜑): (a) diagrammatic of dimensionless displacement and (b) 296 

diagrammatic of dimensionless frequency. 297 

 298 

4. Analysis of two-square-cylinder system arranged in tandem 299 

4.1. radius ratio (𝝋) = 1 300 

Fig. 8 is a diagram showing the vibration characteristics of the series square-cylinder 301 

system with different spacing ratio coefficients. It can be seen from Fig. 8(a) that when 2 ≤ 302 

Ur ≤ 6, the dimensionless displacements of different spacing ratio cases all increase with 303 

the increase of the reduced velocity in the light blue area on the left side of the diagram. It 304 

can be seen from the purple area in the diagram (8 ≤ Ur ≤ 12) that the dimensionless 305 

displacements of different spacing ratio cases also decrease with the increase of the reduced 306 

velocity. Note, that 6 ≤ Ur ≤ 8 is a relatively special interval, which is marked in gray in the 307 

diagram, where the changes in the amplitude of 𝛼 = 5, 6, and 6.5 first increase and then 308 

decrease (rising to the maximum amplitude and then decreasing), but when 𝛼 = 4, 5.5 and 309 

8, the dimensionless displacement curve appears to decrease first and then increase. Among 310 

them, 𝛼 = 4 and 8 only slightly decrease and then increase. It is interesting that the case  311 

𝛼 = 5.5 exhibits a sudden drop. Fig. 8(b) is diagrammatic of corresponding dimensionless 312 

frequency. It can be seen intuitively that as the reduced velocity increases, the 313 

dimensionless frequency of each case also increases, however, the reduced velocity 314 

fluctuates in the range of 6 - 8. For further observation, the dimensionless frequency curve 315 



of 6 ≤ Ur ≤ 8 is enlarged in the red block diagram of Fig. 8(b). It can be found that when 𝛼 316 

= 4, the dimensionless frequency is locked in the vicinity of unity, and the dimensionless 317 

frequency curve of 𝛼  = 8 shows obvious fluctuations. In general, the dimensionless 318 

displacement is larger than others when 𝛼  = 6.5, and the change of the dimensionless 319 

frequency is relatively stable. 320 

To analyze the specific force of the square cylinders in series, this paper also calculates 321 

the root mean square value of the lift coefficient and the mean value of the drag coefficient, 322 

as shown in Fig. 9. It can be seen from Fig. 9(a) that the lift coefficient values of different 323 

spacing ratios oscillate and fluctuate between 0 - 2.3, and when 5 ≤ Ur ≤ 8, the lift 324 

coefficients of several cases all appear to drop first and then rise. The red box is a partially 325 

enlarged view of 8 ≤ Ur ≤ 9. It can be found that when 𝛼 = 4 - 6.5, the lift coefficient is in 326 

an increasing trend, and when 𝛼 = 8, the lift coefficient is locked at 1.25. Fig. 9(b) shows 327 

the change of the mean value of the drag coefficient. From the diagram, it can be found that 328 

the change of the mean value of the drag coefficient is similar to the curve of the root mean 329 

square value of the lift coefficient. In general, the value of the curve of 𝛼 = 6.5 is larger 330 

than that of the other several cases. Compared with Fig. 6, the lift coefficients of the square 331 

cylinder and the circular cylinder show a great difference. The lift coefficient curve of the 332 

circular cylinder enters a downward trend after a small rise. While the lift coefficient curve 333 

of the square cylinder shows a " V " shape between 4 ≤ Ur ≤ 9, which may be a special 334 

property caused by different cross-sectional shapes. 335 

In order to verify the particularity of the gray interval (6 ≤ Ur ≤ 8) shown in Fig. 8(a), 336 

this paper carried out another analysis: the spacing ratio is selected from 5.3 to 5.7, and the 337 

results are shown in Fig. 10. It can be found in Fig. 10(a) that when 6 ≤ Ur ≤ 8, the 338 

dimensionless amplitudes of the five different spacing ratio cases all appear a sudden drop. 339 

Among them, when 𝛼 = 5.5, 5.6, and 5.7, the lowest points are all near zero. It is worth 340 

noting that when 𝛼 = 5.6, the sudden drop interval is advanced, and when 𝛼 = 5.7, the 341 

sudden drop interval lags. The dimensionless frequency shown in Fig. 10(b) increases with 342 

the increase of the reduced velocity. There is no sudden drop or lock-in region. Therefore, 343 



the series square-cylinder system can exhibit obvious vibration suppression in the interval 344 

of 5 ≤ Ur ≤ 8. 345 

 346 

Fig. 8. Comparison of the vibration characteristics of the downstream square cylinder 347 

with different spacing ratios (𝛼): (a) diagrammatic of dimensionless displacement and (b) 348 

diagrammatic of dimensionless frequency. 349 

 350 

Fig. 9. (a) Comparison of root mean square change of the lift coefficient of different 351 

spacing ratio coefficients (𝛼); (b) Comparison of the mean value of the drag coefficient of 352 

different spacing ratio coefficients (𝛼). 353 



 354 

Fig. 10. Detailed analysis of the vibration characteristics of the downstream square 355 

cylinder when 5.3 ≤ 𝛼 ≤ 5.7: (a) diagrammatic of dimensionless displacement and (b) 356 

diagrammatic of dimensionless frequency. 357 

4.2. Comparison of different radius ratios of the square-circular system 358 

Fig. 11 shows the comparison of the vibration characteristics of different spacing ratios 359 

𝛼 = 4, 6, and 8 in the three cases of radius ratios 𝜑=1,2 and 3, respectively. It can be found 360 

that when 𝜑 = 1, the dimensionless amplitudes of the three spacing ratio cases all reflect 361 

the characteristics of VIV, and when 6 ≤ Ur ≤ 8, the dimensionless frequency is also locked 362 

in the vicinity of unity. It is worth noting that when 𝜑 = 2, the dimensionless amplitudes 363 

of the three spacing ratio cases show obvious galloping. Meanwhile, the dimensionless 364 

displacement of the downstream cylinder increases with the increase of the reduced velocity. 365 

When 𝜑 = 3, the downstream cylinder still shows galloping, and the galloping is more 366 

obvious. When 𝛼 = 4 and 8, the dimensionless amplitude of the downstream cylinder in 367 

the interval of 2 ≤ Ur ≤ 9 is very small and closes to zero at 𝜑 = 2, then the dimensionless 368 

amplitudes of the two cases start to increase when 9 ≤ Ur ≤ 12, and the corresponding 369 

dimensionless frequency is also in an increasing trend. By comparison, the downstream 370 

cylinder at 𝜑 = 2 does not have the same amplitude as the other two cases (𝛼 = 4 and 8) 371 

when 𝛼 = 6, its dimensionless amplitude becomes larger as the reduced velocity increases. 372 

In Fig. 11(b), it can be found that the dimensionless frequency increases as the reduced 373 

velocity increases, except for two cases (𝛼 = 8, 𝜑 = 1 and 2). These two cases show a V-374 

shape trend of their dimensionless frequency lines when 6 ≤ Ur ≤ 10. In general, as the 375 



radius ratio increases, the series square cylinders exhibit completely different 376 

characteristics than the series circular cylinders. The vibration characteristics of the 377 

downstream vibrating cylinder gradually transition from VIV to galloping. When it comes 378 

to the mechanisms of VIV and galloping, Bernitsas et al. [31] found that two mechanisms 379 

contribute to VIV: a hydrodynamic excitation and a mechanical restoring force. In 380 

galloping, the driving mechanism is instability in a steady direction. This interesting 381 

phenomenon was also observed by Ding et al. [18], which was introduced in the 382 

introduction part.  383 

 384 

Fig. 11. Comparison of the vibration characteristics of the downstream square cylinder 385 

with different spacing ratios and radius ratios: (a) diagrammatic of dimensionless 386 

displacement and (b) diagrammatic of dimensionless frequency. 387 

4.3. Time-frequency analysis of vibration signals 388 

To better compare with the series cylinder system, this paper analyzes several groups of 389 

cases with 𝛼  = 6, 𝜑  = 1,2, and 3, as shown in Fig. 12. The data in Fig. 12 has been 390 

analyzed above, and here is only used for comprehensive comparison, so its characteristics 391 

of dimensionless amplitude will not be repeated. It is more obvious from Fig. 12 that the 392 

vibration characteristics of the square-cylinder cases with radius ratios of 2 and 3 are 393 

different from other cases. Then several special reduced velocities (Ur = 4, 6, and 9) are 394 

taken for local analysis. Because the lift coefficient curve is not always a stable process 395 

during the WIV research process, short-time Fourier transform and the complex Morlet 396 

wavelet transform [32, 33] are performed on the lift coefficient curve to study the time-397 



frequency characteristics of wake vortices under different conditions. This paper uses the 398 

same generating function as Chen et al. [34] to analyze the WIV of the downstream 399 

vibrating cylinder. According to the frequency peak value calculated using the fast Fourier 400 

transform, a discrete scale set is selected linearly. In the time domain the complex Morlet 401 

wavelet [35] is expressed as： 402 

𝜓(𝑡) = 𝜋−1/4(𝑒𝑖𝜔0𝑡 − 𝑒−𝜔2/2)𝑒−𝑡2/2              (16) 403 

4.3.1. Circular cylinders arranged in tandem 404 

The results of the circular-cylinder system are shown in Figs. 13 - 15 respectively. Fig. 405 

13(a) and (b) analyze the lift coefficient of the cylinder with 𝜑 = 1 and Ur = 4. The FFT 406 

transform may generate more interference signals because the signal of the lift coefficient 407 

is irregular. Therefore, time-domain analysis of the lift coefficient is carried out to better 408 

understand the vibration of the downstream cylinder. It can be found from Fig. 13(a) that 409 

the time-frequency concentration is stronger at 5 - 10s, then gradually begins to diverge 410 

after 10s and mainly concentrates on low frequencies. In the wavelet analysis shown in Fig. 411 

13(b), it is shown that the frequency components are mainly concentrated in the low 412 

frequency of 0 - 0.2Hz, and the high-energy signals are also concentrated in 5 - 10s, which 413 

matches the results of the short-time Fourier. This also explains that the vortex shedding is 414 

faster at the beginning of the vibration, and the vortex shedding speed gradually decreases 415 

with the increase of time. Fig. 13(c) and (d) analyze the lift coefficient of the cylinder with 416 

𝜑 = 1 and Ur = 6. It can be seen from Fig. 13(c) that the time-frequency concentration is 417 

stronger around 2.5 - 6.5s, and in addition to the 0 - 8Hz region, the frequency concentration 418 

is divergent in the 8 - 13Hz region. In the Morlet wavelet transform, it turns out that in 419 

addition to the concentration of high energy bands at 0.3Hz near 5s, there is also a short 420 

energy frequency band concentrated in 15 - 50s with an interval of 10s between the 421 

frequency components of 0.4 - 0.5 Hz. Similarly, the lift coefficient of the cylinder with 𝜑 422 

= 1 and Ur = 9 is analyzed. It can be seen from the short-time Fourier transform curve that 423 

the time-frequency concentration between 2 - 10Hz is very strong, and there is no obvious 424 

divergence. In contrast, it can be further found in Fig. 13(f) that the energy is relatively 425 

strong in the frequency component between 0.4 - 0.5 Hz and concentrated in the vicinity of 426 



5s, and there is no interference of other frequencies. Combining the three situations, it can 427 

be found that as the reduced velocity increases, the frequency components of the system 428 

are gradually increasing. 429 

Fig. 14(a) and (b) analyze the lift coefficient of the cylinder with 𝜑 = 2 and Ur = 4. It 430 

can be seen from the short-time Fourier diagram Fig. 14(a) that the time-frequency intensity 431 

is concentrated at 0 - 5Hz, and a small divergence phenomenon occurs at about 8.5s. For 432 

further analysis, wavelet transform is performed on the lift coefficient. It can be found that 433 

there are low-frequency components between 0 - 0.35Hz, and the frequency components 434 

between 0.1 - 0.5Hz and 47 - 50s have stronger frequency energy. It is interesting that in 435 

the same period, the frequency component has a crescendo trend in the range of 0 - 0.1Hz. 436 

Fig. 14(c) and (d) analyze the lift coefficient of the cylinder with 𝜑 = 2 and Ur = 6. It can 437 

be seen from the short-time Fourier diagram that there is an obvious divergence at 10 - 438 

15Hz. To judge whether there is a disorder in the lift coefficient in this state, it can be found 439 

from Fig. 14(d) that there are obvious frequency components between 0.1 and 0.2 Hz, and 440 

they are concentrated in 1 - 7s. In addition, there are weaker frequency components at 0.5 441 

- 0.6 Hz and 0.9 - 1 Hz. Fig. 14(e) and (f) analyze the case of 𝜑 = 2 and Ur = 9. Meanwhile, 442 

the time-frequency intensity stratification of the short-time Fourier diagram is more 443 

obvious, gradually decreasing and diverging from 0-8Hz, 8-15Hz to 15-21Hz. In the real 444 

part graph of the wavelet transform, it can be observed that there are four frequency 445 

components between 0.2 - 0.29Hz, 0.29 - 0.35Hz, 0.5 - 0.6Hz, 0.8 - 0.9Hz, respectively. 446 

Among them, the frequency components appearing at 0.29-0.35Hz have greater energy 447 

between 47-50s. In general, under the condition of 𝜑 = 2, the time-frequency intensity of 448 

the lift coefficient has obvious divergence, indicating that the wake vortex of the front fixed 449 

cylinder has already affected the rear vibrating cylinder at this time, which is no longer an 450 

ordinary VIV. 451 

Fig. 15(a) and (b) analyze the lift coefficient of the cylinder with 𝜑 = 3 and Ur = 4. 452 

From the diagrammatic of the short-time Fourier transform, it can be found that the time-453 

frequency intensity gradually diverges from 5s, and the frequency intensity spreads from 0 454 

Hz to 15 Hz. It is worth noting that when the frequency component is 0 - 0.1Hz, the high-455 



energy frequency in the Morlet real part variation graph is concentrated in 6.5 - 17.5s and 456 

46 - 50s. This is quite different from the previous case of 𝜑 = 1 and 2, where the high-457 

energy frequency band generally only appears at the beginning of the end. Fig. 15(c) and 458 

(d) analyze the lift coefficient of the cylinder with 𝜑 = 3 and Ur = 6. In the short-time 459 

Fourier transform graph, it turns out that the time-frequency concentration remains strong 460 

in 10 - 50s, and it is mainly concentrated in 0 - 5Hz, followed by 5 - 10Hz. Compared with 461 

the time-frequency concentration divergence phenomenon in other situations, the 462 

phenomenon of strong divergence appears at this time. While in the Morlet wavelet 463 

transform graph, there is an obvious frequency component band between 0.35 - 0.42Hz, 464 

and it is mainly concentrated in 18 - 48s, which shows that the movement of the vibrating 465 

cylinder is strong in the period of 18 - 48s. Fig. 15(e) and (f) analyze the lift coefficient of 466 

the cylinder with 𝜑  = 3 and Ur = 9. At this period, the short-time Fourier transform 467 

diagram has obvious stratified divergence like 𝜑  = 2 and Ur = 9. The time-frequency 468 

intensity is not only concentrated in the 0 - 6Hz region but also diverges to the 6 - 22Hz 469 

region, and as time increases, the frequency signal also shifts to higher frequencies. In the 470 

real part change graph obtained by Morlet wavelet transform, the frequency of occurrence 471 

can be further refined and analyzed. It can be found that there are obvious bands at 0.2 - 472 

0.3 Hz and 0.6 - 0.7 Hz, indicating that the VIV at this time has two obvious frequency 473 

components. This also explains the existence of two peaks in the dimensionless 474 

displacement curve of 𝜑 = 3 in Fig. 7(a). The frequency component of 0.2 - 0.3Hz has the 475 

maximum energy at 18 - 22s. Correspondingly, the frequency component of 0.4 - 0.7Hz 476 

has the maximum energy at 47 - 50s. 477 

In the comparative analysis of series circular-cylinder systems with different radius ratios 478 

at three different reduced velocities, it can be found that when Ur = 4 and 6, the time-479 

frequency concentration of different radius ratios is almost in the range of 0 - 5 Hz, and the 480 

frequency components are also mainly concentrated in the 0.1 - 0.3Hz interval. However, 481 

when Ur = 9, the frequency concentration will transition to high-frequency stratification, 482 

and there are two frequency bands at 𝜑 = 2, Ur = 9 and 𝜑 = 3, Ur = 9. In this case, WIV 483 

has a dual-frequency effect. 484 



 485 

 486 

Fig. 12. Dimensionless amplitude changing diagram of the square-cylinder system and 487 

circular-cylinder system when the radius ratio 𝜑 = 1, 2, and 3. 488 

 489 

Fig. 13. (a), (c) and (e) are diagrams of Short-time Fourier transform, (b), (d), and (f) are 490 

diagrams of Complex Morlet wavelet transform. 491 



 492 

Fig. 14. (a), (c) and (e) are diagrams of Short-time Fourier transform, (b), (d), and (f) are 493 

diagrams of Complex Morlet wavelet transform. 494 

 495 

Fig. 15. (a), (c) and (e) are diagrams of Short-time Fourier transform, (b), (d), and (f) are 496 

diagrams of Complex Morlet wavelet transform. 497 

4.3.2. Square cylinders arranged in tandem 498 

The results of the square-cylinder system are shown in Figs. 16 - 18 respectively. Fig. 499 

16(a) and (b) analyze the lift coefficient of the cylinder with 𝜑 = 1 and Ur = 4. It can be 500 



seen from Fig. 16(a) that the time-frequency concentration is stronger in 25 - 50s, and 501 

concentrated in the low-frequency range of 0 - 5Hz. In the Morlet wavelet transform graph, 502 

two frequency components can also be observed at 20 - 50s, and the energy in the frequency 503 

band of 0.1 - 0.2Hz is stronger at 27 - 35s. Fig. 16(c) and (d) analyze the lift coefficient of 504 

the cylinder with 𝜑 = 1 and Ur = 6. Interestingly, the time-frequency intensity displayed 505 

in the short-time Fourier diagram at this time has a periodic jump, while only one frequency 506 

component at 0.1 - 0.2Hz can be observed in the Morlet wavelet transform diagram. 507 

Different from the previous two cases, when 𝜑 = 1 and Ur = 9, the time-frequency signal 508 

concentration in Fig. 16(e) has obvious divergence. In the wavelet transform graph, there 509 

are three frequency components, and the frequency component at 0.2 - 0.3Hz has the 510 

highest energy. 511 

Fig. 17(a) - (f) analyzes the lift coefficient of the cylinder with 𝜑 = 2 and Ur = 4. It can be 512 

found that the short-time Fourier time-frequency concentration at the three reduced 513 

velocities all have different degrees of divergence starting from 15s. This is due to the fluid 514 

force on the downstream cylinder and the upstream fixed cylinder after the radius is 515 

increased. The balance of the forces of the wake vortex is broken. At this period, the 516 

frequency components in Fig. 14(b), (d), and (f) are relatively large, but at least three 517 

obvious frequency components appear. When Ur = 4, the main frequency components 518 

appear at 0 - 0.1Hz and the energy produced in 15 - 33s is higher. When Ur = 6, the main 519 

frequency component appears in 0.1 - 0.2Hz and the energy is higher in 38 - 45s. When Ur 520 

= 9, the main frequency component appears at 0.1 - 0.2Hz and the energy is higher within 521 

5 - 12s. 522 

Fig. 18(a) - (f) analyzes the lift coefficient of the cylinder with 𝜑  = 3 and Ur = 4. 523 

Because the lift coefficient curve is irregular, the time domain analysis of the lift coefficient 524 

is carried out, so that its time-domain characteristics can be better judged. Compared with 525 

Fig. 17, the dispersion degree of time-frequency concentration at 𝜑 = 3 is much reduced, 526 

but there is still divergence at 5 - 15Hz. Moreover, the frequency components in the wavelet 527 

transform graph are also reduced compared to 𝜑 = 2, but there are still more than three 528 

obvious frequency components. When Ur = 4, the main frequency component appears at 0 529 



- 0.1Hz and the energy output is higher at 35 - 45s. The main frequency component appears 530 

at 0.1 - 0.2Hz and the energy is higher in the two time periods of 30 - 35s and 37 - 50s when 531 

Ur = 6. Besides, the main frequency component appears in 0.1 - 0.2Hz and the energy is 532 

higher in 3 - 8s when Ur = 9. 533 

In summary, it can be found that the frequency characteristic of the series square-cylinder 534 

system is more complicated than the frequency characteristic of the series circular-cylinder 535 

system, and there are more frequency components. This may also be the reason why 536 

galloping may occur in the square-cylinder system when the radius is increased, while the 537 

circular-cylinder system only displays the VIV or irregular VIV. Short-time Fourier and 538 

Morlet wavelet transform can only perform time-frequency analysis on vibration 539 

frequencies, but cannot analyze the state of wake vortex. 540 

 541 

Fig. 16. (a), (c) and (e) are diagrams of Short-time Fourier transform, (b), (d), and (f) are 542 

diagrams of Complex Morlet wavelet transform. 543 



 544 

Fig. 17. (a), (c) and (e) are diagrams of Short-time Fourier transform, (b), (d), and (f) are 545 

diagrams of Complex Morlet wavelet transform. 546 

 547 

Fig. 18. (a), (c) and (e) are diagrams of Short-time Fourier transform, (b), (d), and (f) are 548 

diagrams of Complex Morlet wavelet transform. 549 

4.4. Energy harvesting 550 



Bernitsas et al. [15] proposed and clearly defined Vortex-Induced Vibration Aquatic 551 

Clean Energy (VIVACE) when studying flow-induced vibrations. Wang et al. [36] and 552 

Zhang et al. [19] also expanded their research on wake galloping piezoelectric energy 553 

harvesters (WGPEHs) in subsequent studies. The transition of VIV-galloping discovered 554 

by changing the radius ratio and spacing ratio of series square cylinders in this paper can 555 

also be a good supplement to theoretical research in this field 556 

After analyzing the characteristics of the downstream cylinder, the power change graph 557 

of the model is obtained through calculation as shown in Fig. 19. It can be found that the 558 

power at 𝜑 = 2 is larger than the other two cases, the power of the case 𝛼 = 6 is much 559 

greater than that of the case 𝛼 = 8, and the energy harvesting power of the case 𝛼 = 4 is 560 

smaller but relatively larger than 𝜑  = 1 and 3. The red block diagram is a partial 561 

enlargement of 7 ≤ Ur ≤ 12. It can be found that the power of each case is not much different 562 

in the stage of 2 ≤ Ur ≤ 8. Starting from Ur ≥ 8, the downstream cylinder begins to appear 563 

galloping as the radius ratio increases. Meanwhile, the amplitude becomes significantly 564 

larger with the increase of the reduced velocity, so the energy harvesting power also 565 

increased. This is of great significance to the research of wake galloping piezoelectric 566 

energy harvesters (WGPEHs). 567 

 568 



Fig. 19. Diagrammatic of power variation with respect to the reduced velocity of two 569 

square cross-section cylinders in tandem. 570 

 571 

5. Conclusions 572 

This paper mainly conducts a numerical analysis on the series circular cylinders and 573 

series square cylinders. The paper presents a detailed study on the influence of different 574 

spacing ratios 𝛼  and different radius ratios 𝜑  on the series two-cylinder system. The 575 

conclusions are as follows: 576 

(1) As the spacing ratio 𝛼 increases, the series circular-cylinder system exhibits classic 577 

vortex-induced vibration. When 𝜑 = 2, the vibration of the downstream cylinder still 578 

shows irregular VIV, and the lock-in interval is not observed. When 𝜑  = 3, the 579 

dimensionless amplitude curve of the downstream vibrating cylinder has obvious 580 

fluctuations, but it cannot be seen whether it is VIV or galloping in this case. 581 

(2) The series square-cylinder system has a sudden drop at 𝜑 = 1, 𝛼 = 5.5 and 6 ≤ Ur ≤ 582 

8. Subsequently, the cases of 𝛼 = 5.3 - 5.7 are further analyzed. It can be found that 583 

when 𝛼  = 5.6, the sudden drop interval is advanced. When 𝛼  = 5.7, there is a 584 

hysteresis in the sudden drop interval, and the corresponding dimensionless frequency 585 

does not appear sudden drop or lock-in. Therefore, for the series square-cylinder system, 586 

the vibration of the downstream cylinder can be effectively suppressed when 𝛼 = 5.3 587 

- 5.7, 6 ≤ Ur ≤ 8. Due to space limitations, in future work, a detailed analysis of the 588 

vortex in the suppressed state can be performed to judge the change of the wake vortex 589 

in the suppressed region. 590 

(3) When changing the radius ratio of the square cylinders arranged in series, it is found 591 

that as the radius ratio increases, the vibration of the downstream vibrating cylinder 592 

transitions from VIV to galloping. When 𝜑 = 1, the dimensionless amplitudes of the 593 

three spacing ratio cases all reflect the characteristics of VIV and the cases show 594 

galloping when 𝜑 = 2 and 3. When 𝜑 = 2, 𝛼 = 4 and 8, the dimensionless amplitude 595 

of the downstream cylinder is close to 0 in the interval of 2 ≤ Ur ≤ 9 and then increases 596 



in the interval of 9 ≤ Ur ≤ 12. However, the dimensionless amplitude becomes larger as 597 

the reduced velocity increases when 𝛼 = 6. 598 

(4) Having analysed the energy harvesting power, it can be stated that the highest power is 599 

achieved at 𝜑 = 2 and 𝛼 = 6, whereas at 𝜑 = 2 and 𝛼 = 6 it has the second highest 600 

peak. While in other cases the power is just between 0 - 50mW. 601 

(5) Short-time Fourier transform and Morlet wavelet transform are used to perform time-602 

frequency analysis on different cases of changing the radius ratio. It can be found that 603 

the frequency characteristics of the series square-cylinder system are more complicated 604 

than that of the series circular-cylinder system and show more frequency components. 605 

This also explains the phenomenon that galloping occurs in the series square-cylinder 606 

system with the increase of radius ratio, while the circular-cylinder system only 607 

maintains the VIV or irregular VIV. 608 
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