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Abstract 
A new converter consisting of a circular cylinder on an end-spring is proposed to 

harness hydrokinetic power from water flow and tides. Two cylindrical rods with 

small diameter are attached to both sides of a cylinder parallel to the axis of symmetry 

of the cylinder above and below the stagnation point. It is inspired by the trembling of 

cables with ice attached in barely noticeable winds. Numerical CFD (Computational 

Fluid Dynamics) simulations are carried out using a two-dimensional 

Reynolds-Averaged Navier-Stokes equations solver, which is based on ANSYS Fluent 

using User defined Function. It is found that two small-diameter cylindrical rods 

attached to the main cylinder at 55° to 65° with respect to the incoming flow 

significantly expand the aeroelastic instability range for the main cylinder thereby 

increasing the generated power. The water flow energy harvester with this structure 

harvests energy exceeding the onset speed of VIV and is sustained over a wide water 

speed range.  

Keywords: Flow induced motion (FIM); Hydrokinetic energy; Vortex induced 

vibration (VIV); Galloping; Attached structures 

1 Introduction 
With the gradual consumption of non-renewable energy and the increased risk of 

the energy crisis [1-3], the harvesting and utilization of renewable and clean energy 

available in the environment [4-6] have gradually gained people's attention. In order 

to achieve further exploration of abundant flow energy stored in ocean currents and 

waves, a variety of energy harvesting devices and technologies has been developed. 

Harvester based on the principle of Flow Induced Motions (FIM) [7] is one of the 
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most important forms. The common low-flow-speed FIM phenomena are Vortex 

Induced Vibration (VIV) and galloping. [8,9] Zhou et al. [10] proposed a flexible 

bi-stable energy harvester, which not only had a smaller threshold for snap-through, 

but also could generate a larger power output for the excitation intensity larger than 

the critical one. When the cylinder with a smooth surface is subjected to aerodynamic 

forces, it starts to vibrate and the vibration response will change with the Reynolds 

number (Re), and the vibration can be divided into three branches: initial branch, 

upper branch and lower branch.  

In this paper, we study the dynamic response of a cylinder with two cylindrical 

rods of a small diameter attached on both sides. Different from the bare cylinder, the 

cylinder with the rods will have four branches: VIV initial branch, VIV upper branch, 

VIV-Galloping transition and Galloping branches as the Re increases. When the 

cylinder starts vibrating, the oscillation frequency of the bluff-body is being increased 

with Re in the initial branch [11], if the oscillation frequency is close to the natural 

frequency of the harvester, the response amplitude will reach the maximum and 

remain constant over a range of velocities. In this case, the VIV was in the upper 

branch [12]. This special effect was called “synchronization” or “lock-in” 

phenomenon [13], which was main factor of a fatigue damage in structures. However, 

as the Re continues to grow, it would not enter the lower branch like the bare cylinder, 

whose amplitude will be gradually decreased, but the amplitude continues to increase 

and enters the galloping regime. In the early days some extensive work was done to 

mitigate the VIV response amplitude [14]. The position of vortex separation points of 

the circular cylinder [15] proved to have a vital influence on the VIV response 

amplitude. A lot of research showed that using Vortex Generators [16], Passive 

Turbulence Control (PTC) [17] and Fairing [18] or installing induced vibrations of a 

flexible cantilevered flapper in the wake of a rigid circular cylinder [19] could inhibit 

the VIV appearance effectively. Nevertheless, in recent years, researchers have 

gradually begun to study the transformation of the flow energy contained in ocean 

currents into mechanical energy, and then generate power base on piezoelectric 

principle [20]. Franzini and Bunzel [21] studied the variation of the output voltage, 



output power and response amplitude with reduced inflow velocity (𝑈𝑈water∗ ). Song et 

al. [22] presented a distributed parameter model, which could describe the ability of 

Vortex Induced Piezoelectric Energy Harvester (VIPEH) to collect energy from ocean 

currents. Subsequently, Fan et al. [23] proposed a piezoelectric energy harvester with 

stoppers (PEHS). The operating frequency range of the PEHS can be tuned toward the 

lower frequency by changing the (mass-magnet) gap between the tip mass and the 

external magnets, making the efficient energy harvesting from low-frequency 

excitations possible. The optimized piezoelectric autoparametric absorber was 

presented by Tan et al. [24], which effectively mitigates the vibration of the main 

structure but also harvests large electric power at resonance or near resonance. 

Although Vortex Induced Vibration for Aquatic Clean Energy (VIVACE) can harness 

marine hydrokinetic energy to power well, their synchronized regions often limit its 

ability to harvest more energy in a wider range. In order to overcome this issue, 

scholars have tried to optimize the Piezoelectric Energy Harvester (PEH) from a 

systematic point of view. Some worked out the VIPEH of multiple bluff bodies in a 

tandem arrangement. Zhang et al. [25,26] numerically investigated the distance 

between the rigid circular cylinders damping ratio and mass-ratio impact on the 

response amplitude and the energy conversion efficiency. Others tried to add 

nonlinear forces [27] into Vortex Induced Piezoelectric Energy Harvester (VIPEH). 

As a result, the nonlinear Broadband Piezoelectric Energy Harvester (BPEH) like 

Bistable Energy Harvesters (BEH) and Tristable Energy Harvesters (TEH) were 

proposed by Zhou et al. [28,29] Meanwhile, in order to expand airflow energy 

harvesting, Zhou and Wang [30] designed a two-sequence vortex energy harvesting 

system. The influence of a distance between two rigid circular cylinders on the energy 

harvesting performance of the proposed system was qualitatively explained by Lattice 

Boltzmann method, then the predicted results were verified by the wind tunnel test. 

The results have shown that the effective bandwidth and output power of the new 

energy harvester were 2.67 times and 6.79 times higher than that of a traditional 

piezoelectric vibration energy harvester, respectively. Although these measures have 

effectively improved the broadband frequency response of the VIPEH, the output 



power has not still been greatly improved. To enhance the output voltage of the 

VIPEH, academics began to study the Galloping-based Piezoelectric Energy 

Harvester (GPEH). Especially, Wang et al. [31] studied a GPEH with triangular 

cross-section bluff bodies, the aerodynamic characteristics under different vertex 

angles were analyzed by numerical simulations which were verified by the conducted 

experiments. Harvey et al. [32] presented a curved blade geometry for a galloping 

energy harvester. The power density of the new GPEH with a curved blade and 

traditional GPEH were compared in uncharacteristically low wind speeds. The results 

showed that the power density of the proposed GPEH was always greater than that of 

the traditional GPEH. Furthermore, exploiting energy harvesters by VIV and 

galloping has a profound influence on the energy recovery and reuse of the marine 

current, tidal and wave energy. He et al. [33] focused on a study of the interaction 

between the VIV and galloping phenomenon, and gave some suggestions on how to 

achieve such an interaction based on the mechanism of VIV and galloping. Mannini et 

al. [34] investigated an infinitely long rectangular column with a side ratio of 3:2 that 

was capable of galloping and VIV based on a wide region of a wind speed. Wang et al. 

[35] designed a device that was able to switch between two kinds of wind energy 

harvesters (WEHs), such as GPEH and VIVEH, by loading and unloading the 

“Y-shaped attachments”, using Computational Fluid Dynamics (CFD) and 

experimental research methods to study the mechanism of the transition from VIV to 

galloping respectively. Hu et al. [36] found that the cylinder attached two 

small-diameter cylindrical rods can expand the aeroelastic instability range. However, 

it was not explained by the mechanism of fluid-solid coupling. Inspired from it, a new 

converter consisting of a circular cylinder with two rods was proposed to harness 

hydrokinetic energy from water currents and tides. In spite of the research on 

galloping, demonstrated some encouraging results, a high critical speed is always a 

prominent feature of the galloping phenomenon. Simultaneously, marine current, tidal 

and wave energy have a relatively low speed. More importantly, adding too many 

attachments to the harvester often affects the stability of the system. In summary, in 

order to develop a harvester with a lower critical speed and a higher amplitude, it is 



necessary to optimize the structure of the bluff body further. 

Inspired by the trembling of a cable with ice or raindrop attached in barely 

noticeable winds [37,38,39], the present paper proposes a harvester which is consisted 

of a cylinder bluff body with two rods attached to two sides of the cylinder 

symmetrically with respect to the axis of the incoming flow. The aim of this research 

is to explore the effects of fluid velocity and angles of rods on the dynamics of the 

cylinder. The angles alter from 30°~ 90° (30°, 55°, 57.5°, 60°, 62.5°, 65°, 90°) and the 

study is conducted in the range of Reynolds number 3.5 × 104 ≤ 𝑅𝑅𝑅𝑅 ≤ 1.15 × 105. 

The response amplitude, frequency, and power [40] are the focus of this study. In 

some cases, it is found that this system can convert VIV to galloping at a high water 

speed, avoiding the VIV locking phenomenon, which can significantly expand the 

aeroelastic instability range of the circular cylinder. 

2 Physical Model 
The physical model can be presented by a mass-spring-damper 

single-degree-of-freedom system as shown in Fig. 1a. This oscillatory system is 

composed of a rigid circular cylinder of diameter D, each end of which is supported 

by a linear spring of stiffness K/2, and the damping element with a constant C/2 to 

account for energy losses due to friction. The main parameters of the oscillatory 

system are listed in Table 1. Two cylindrical rods of diameter d are attached on both 

sides of a cylinder in parallel to the main cylinder’s axis of symmetry and symmetric 

with respect to the stagnation point, as depicted in Fig. 1b. The angle α, is measured 

from the stagnation point. A series of circumferential locations at angles of 𝛼𝛼 = 30° 

to 90° (30°, 55°, 57.5°, 60°, 62.5°, 65°, 90°) is considered. As a baseline case for 

comparison, a bare circular cylinder is also considered. The free-stream velocity u 

ranges from 0.4m/s to 1.3m/s at 0.1m/s increment. The reduced velocity is defined as 

𝑈𝑈water∗ = 𝑢𝑢/𝑓𝑓n𝐷𝐷. 



 

   (a)                 (b) 

Fig. 1. The physical model of the energy harvester. 

Table1 Main parameters of the physical model 

Item Symbol Value 

Diameter of the cylinder (m) D 0.0889 
Length of the cylinder (m) L 1.0 
Diameter of rods (m) d 0.006 
System mass per unit length(kg/m) m 9.5121 
Spring stiffness (N/m) K 758.11 
Damping ratio ξ 0.0161 
Damping (N·s/m) C 2.7274 
Natural frequency (Hz) fn,water 1.1246 
Mass ratio m* 1.6774 
Water density (kg/m3) ρ 998.2 
Kinematic viscosity of water (m2/s) ν 1.004×10-6 

3 Mathematical and Numerical Modeling 

3.1 Governing Equations and Turbulence Model 

In this study, the flow over the circular cylinder with the cylindrical rods is 

investigated by using the two-dimensional Reynolds-averaged Navier–Stokes 

(2D-RANS) equations accompanied with the k-ω SST (Shear Stress Transport) 

turbulence model. The k-w SST turbulence model, proposed by Menter [41], has a 

high computational accuracy for a fluid-solid separation near the walls [40,42]. The 

numerical calculations were conducted of the FIM system by the classic finite volume 

code in Fluent.  

 Under the condition of incompressible viscous fluid, the mass conservation and 

momentum conservation equations can be described separately as follows: 
𝜕𝜕�̄�𝑢𝑖𝑖
𝜕𝜕𝑥𝑥𝑖𝑖

= 0                                                            (1)
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where −𝜌𝜌𝑢𝑢𝑖𝑖′𝑢𝑢𝑗𝑗′  is the Reynolds stress which is defined as: 
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where ρ is the water density, p is the pressure, xi is the Cartesian coordinate in i-th 

direction, 𝑢𝑢𝑖𝑖  and 𝑢𝑢𝑖𝑖′  are the transient Cartesian velocity component and the 

fluctuating velocity component in i-th direction respectively, 𝑢𝑢�𝑖𝑖 and 𝑢𝑢𝚤𝚤′�  are the time 

mean value, μ is the dynamic viscosity, μt is the turbulent viscosity, 𝑘𝑘𝜕𝜕  is the 

turbulent energy and 𝛿𝛿𝑖𝑖𝑗𝑗  is the Kronecker delta function. 

The two equations regarding the kinetic energy (𝑘𝑘𝜕𝜕) and its specific dissipation 

rate (ω) are expressed as: 

𝜕𝜕𝜕𝜕𝑘𝑘𝑡𝑡
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where 

𝑝𝑝𝑘𝑘� = min (𝑝𝑝𝑘𝑘, 10𝛽𝛽∗𝜌𝜌𝜌𝜌𝑘𝑘𝜕𝜕)                                             (6) 
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where 𝑝𝑝𝑘𝑘� and 𝑝𝑝𝑘𝑘 are the effective rate and the rate of the production of 𝑘𝑘𝜕𝜕 due to 

the average velocity gradient, respectively, 𝑝𝑝𝜕𝜕 is the rate of the production of ω, 𝑆𝑆𝑖𝑖𝑗𝑗 

is the mean rate of deformation components, 𝜎𝜎𝑘𝑘,𝜎𝜎𝜕𝜕 ,𝛽𝛽 and 𝛾𝛾 are model coefficients 

evaluated by [41]. 

3.2 Governing Equation of Motion and Numerical Method 

The dynamics of the FIM system can be described by the classical 

mass-spring-damper oscillator model. The equation in y-direction of the 

single-degree-of-freedom system is expressed as: 



𝑀𝑀�̈�𝑦 + 𝐶𝐶�̇�𝑦 + 𝐾𝐾𝑦𝑦 = 𝐹𝐹fluid, y(𝑡𝑡)                                          (10) 

where M is the total oscillating mass, which includes the cylinder and rod attachments 

masses per unit length, y is the transverse displacement of the cylinder, 𝐹𝐹fluid,y
(𝑡𝑡) is 

the fluid force acting on the cylinder in y-direction. 

Discrete numerical simulation is performed by the fourth-order Runge-Kutta 

method to obtain the velocity and displacement of the cylinder corresponding to each 

time step, and the velocity and displacement of the cylinder are used to control the 

motion of the cylinder and the grid update [5]. A fully implicit method is used to solve 

Eq. (10): 

𝑓𝑓(u,y) = 𝐹𝐹fluid,y(𝜕𝜕)
𝑀𝑀
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where Δt is the time step, K1, K2, K3 and K4 are intermediate functions.  
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𝐾𝐾4 = 𝑓𝑓water,y(𝜕𝜕n)
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UDF (User Defined Function) is compiled and embedded in Fluent to implement 

the translational motion of the system. This article uses DEFINE_CG_MOTION as 

the motion function to define the cylinder motion mode. At every time step, the 

governing equations ((1) - (3)) are solved to obtain the hydrokinetic forces first. 

During this step, the coupled algorithm solves the momentum and pressure-based 

continuity equations together, and the second-order upwind scheme is employed for 

the spatial discretization. Then, the new coordinates and velocity of the system are 

obtained by solving the equation of motion (Eq. (10)). After that, the current 



coordinates and velocity of the system are updated. The initial conditions are given as: 

𝑦𝑦(0) = 0, �̇�𝑦(0) = 0. 

In the simulations, the time step is set to one-fifth of the vibration period of the 

system. At the same time, for each case, it is sufficient to define the time steps in 

order to obtain a stable statistical result. 

3.3 Computational Domain and Grid Generation 

A rectangle computational domain is used for simulations. The size is 35D in the 

streamwise direction and 20D in the transverse direction, as depicted in Fig. 2. 

 

Fig. 2. Computational domain and boundary conditions. 

Overset grid method in Fluent is used to avoid the negative cell volume and 

improve computational efficiency. [43] A cylindrical coordinate grid called a 

component grid is body-fitted to the cylinder, and a uniform Cartesian grid was used 

as the background grid, as depicted in Fig. 3.  

The flowchart of the overset grid in the numerical simulation is shown in Fig. 4. 

(a) Generate a grid. According to the hardware resources of the computer and other 

calculation needs, the flow field area is decomposed, and the original mesh is 

separately divided. The FLUENT pre-processing software ANSYS ICEM is used 

to generate the grid in this paper. 

(b) Assemble the grid. Firstly, the original mesh is dug, and then the hole surface is 

optimized to ensure the quality of the generated mesh. Finally, interpolation 

calculations are performed on the overlapping regions of each partition grid to 

transfer the flow field information to the computational domain, thereby 

integrating the partition grids into a complete computational grid. 



(c) Numerical solution. The corresponding boundary conditions are set on the 

boundary of the grid overlap area, and different calculation algorithms can be used 

for a numerical calculation in each partition grid. During the numerical calculation 

at each iteration step, the relevant flow field information is transmitted between 

the interpolation node/unit and the active node/unit according to the interpolation 

relationship between the overlapping grids until the numerical convergence is 

reached. 

(d) Flow field grid update. In the numerical calculation of the dynamic grid and the 

unsteady flow, after the flow field numerical calculation converges at each time 

step , the grid of the next time step is updated, and the above steps (b) and (c) are 

repeated until all the steps are completed. 

The grid size becomes smaller as it gets closer to the structure. The thin region 

enveloping the cylinder is tessellated by the minimum grid size in order to increase 

the accuracy in resolving the boundary-layer flow. For the largest Reynolds number 

(𝑅𝑅𝑅𝑅 = 1.15 × 105), the thickness of the first-layer mesh close to the cylinder is 0.2 

mm (0.0022D) in accordance with the requirement of 𝑦𝑦+ < 15 expressed as [44]: 

𝑦𝑦+ = 0.172 ∆𝑦𝑦
𝐷𝐷
𝑅𝑅𝑅𝑅0.9                                                 (18) 

where ∆𝑦𝑦 is the size of the first-layer mesh. Since the requirement of 𝑦𝑦+ < 15 at 

the largest Reynolds number is satisfied, ∆𝑦𝑦 = 0.0022𝐷𝐷 is applicable to another 

smaller Reynolds number. 

 
Fig. 3. (a) background grid and (b) component grid. 



 
Fig. 4. Flowchart of the numerical simulation by overset grid. 

3.4 Numerical method validation 

In this paper, the transient CFD method is applied, so the time-step independence 

validation has been conducted firstly by using three different time steps 

(0.007s/0.008s/0.009s). The physical model of a bare circular cylinder was studied 

first. The amplitudes of the cylinder versus time are compared in Fig. 5(a). The 

different amplitudes have high coherence with each other after 10 s for different 

time-steps. The value of CD and CL changes very little, listed in Table 2. 

Correspondingly, taking the computational efficiency into consideration, 0.009s/step 

is selected in the following simulations. Meanwhile, the grid sensitivity study is 

conducted with three different grid densities. Three kinds of background grids 

(135000/120000/100000 elements) are conducted, corresponding to three different 

component grids (70000/60000/40000 elements). The three grids provide similar 

results as depicted in Fig. 5(b) and Table 3. Taking into account the accuracy and 

efficiency of the calculation, the grid with approximately 100000/40000 elements was 

chosen. Since the method employed in this study is identical for all other simulations, 

there are no additional validations to be performed. 



 
Fig. 5. (a) Time-step independence validation and (b) Grid sensitivity validation. 

 
Table 2 Time-step independence validation 

Time steps(s) 
CD CL 

Values Percentage changes Values Percentage changes 

0.007 2.4999 / 0.3752 / 

0.008 2.5021 0.09% 0.3759 0.20% 

0.009 2.5007 0.05% 0.3756 0.08% 

 
Table 3 Grid sensitivity validation 

Elements 
CD CL 

Values Percentage changes Values Percentage changes 

100000/40000 2.4999 / 0.3752 / 

120000/60000 2.5031 0.13% 0.3760 0.22% 

135000/70000 2.5011 0.08% 0.3767 0.20% 

4 Computational model for energy harvester  
A simple computational model of the oscillation system in Eq. (10) is applied to 

calculate the harnessed energy and the dissipated energy. The mechanical power of an 

oscillating structure the cylinder in one cycle TOSC can be achieved as: 

𝑃𝑃harn = 1
𝑇𝑇OSC

∫ (𝑀𝑀�̈�𝑦 + 𝐶𝐶�̇�𝑦 + 𝐾𝐾𝑦𝑦)�̇�𝑦𝑑𝑑𝑡𝑡𝑇𝑇OSC
0                                  (19) 

The current energy can be written as [24]: 

𝑃𝑃fluid = 𝐹𝐹𝑥𝑥�̇�𝑦 = 1
2
𝜌𝜌�̇�𝑦3𝐷𝐷                                               (20) 

As a result, the efficiency of energy harvester in the fluid per unit length is 



𝜂𝜂harn = 𝑃𝑃harn
𝑃𝑃fluid

× 100%                                                       (21) 

5 Result and Discussion 
A series of simulations of FIM are conducted for investigating the behavior of 

the circular cylinder with added cylindrical rods. Remarkably, it is more difficult to 

simulate the flow around a bluff body using the 2D-RANS method when the 

Reynolds number 𝑅𝑅𝑅𝑅 > 2 × 104, because the flow at this time has a high degree of 

three-dimensional characteristics. In this paper the circular cylinder has a high aspect 

ratio, more than 10. Meanwhile, by stabilizing the flow conditions, the cylinder is 

placed in the fully developed section of the flow field to limit the influence of 

three-dimensional effects [24], thus, the model can be simplified to 2D. The variation 

of the amplitude ratio 𝑌𝑌/D  and the frequency ratio 𝑓𝑓osc/𝑓𝑓n,water of the response of 

the cylinder with respect to Re, the reduced velocity 𝑈𝑈water∗  and flow velocity 𝑈𝑈 are 

plotted in Figs. 6 and 7. Within the water velocity range, the CFD results have shown 

four branches for the oscillation system (𝛼𝛼 = 55°, 57.5°, 60°, 62.5°, 65°, 90° ) : the 

VIV initial branch, the VIV upper branch, transition from VIV to galloping and 

galloping branches. The bare cylinder and the cylinder with 30° rods exhibit VIV 

over the entire range of simulations, due to the fact that the position of the rods affects 

the vortex shedding of the cylinder. 

5.1 Amplitude ratio 

Fig. 6. shows amplitude ratio of different rods positions, against Re, reduced 

velocity and flow velocity. It is clearly observed that the amplitudes of the cylinder 

system, at 𝛼𝛼 = 55°, 57.5°, 60°, 62.5°, 65°, are higher than that at 𝛼𝛼 = 30°, 90° or 

the bare cylinder. The maximum amplitude of the oscillating cylinder reached 2.68D 

in galloping (𝛼𝛼 = 65°,𝑅𝑅𝑅𝑅 = 1.15 × 105, 𝑈𝑈water∗ = 14). 

(a) 3 × 104 ≤ 𝑅𝑅𝑅𝑅 ≤ 6 × 104: The FIM response is located within the VIV Initial 

Branch. The 2D-RANS results show that the amplitude ratio of the cylinder 

system at 𝛼𝛼 = 55°, 57.5°, 60°, 62.5°, 65°  and the bare cylinder increase. 

These two amplitudes ratio at 𝛼𝛼 = 30°, 90° slightly decrease, and are lower 



than that of the bare cylinder. The cylinder system at 𝛼𝛼 = 55° generates the 

maximum amplitude, which is 2 times higher than that obtained by the bare 

cylinder.  

(b) 6 × 104 ≤ 𝑅𝑅𝑅𝑅 ≤ 9 × 104: This is the VIV upper branch. The oscillations of 

all cylinders are stable, the max amplitude ratio that is got by the systems at 

𝛼𝛼 = 55° keeps in the vicinity of 1, the amplitude ratio increases slowly as the 

flow velocity increases. 

(c) 9 × 104 ≤ 𝑅𝑅𝑅𝑅 ≤ 1 × 105: The VIV converts into galloping during this region. 

The amplitudes of the cylinder system increase quickly. The simulation 

results show that the cylinder systems at 𝛼𝛼 = 55°, 57.5°, 60°, 62.5°, 65°, 90° 

transform VIV into galloping in this region successfully. There is no galloping 

to be observed at the bare cylinder and the cylinder at 𝛼𝛼 = 30°. 

(d) 𝑅𝑅𝑅𝑅 ≥ 1 × 105 : This is the galloping region. Galloping is a kind of a 

high-amplitude and low-frequency FIM, which is easy to appear for 

non-circular cross-section bluff bodies. The amplitude ratio increases almost 

linearly with increasing Re. When Re reaches 1.15 × 105 (𝑢𝑢 = 1.3𝑚𝑚/𝑠𝑠), the 

maximum amplitude of the cylinder system is observed at 𝛼𝛼 = 65° reaching 

about 2.68D. The bare cylinder and the cylinder at 𝛼𝛼 = 30° demonstrate the 

locking phenomenon. 

5.2 Frequency ratio 

The frequency ratio 𝑓𝑓osc/𝑓𝑓n,water of the PTC-cylinders and the bare cylinder are 

plotted against Re, reduced velocity and flow velocity in Fig. 7. The oscillation 

frequencies 𝑓𝑓osc are calculated through the Fast Fourier Transform (FFT) algorithm 

of the transversal displacement. The displacement-time curve of the PTC-cylinder at 

𝛼𝛼 = 65° and FFT spectral analysis for different Re are depicted in Fig. 8. 

(a) The frequency ratio curves of the present numerical results at 𝛼𝛼 =

55°, 57.5°, 60°, 62.5°, 65°, 90° show a clear increasing trend as Re increases 

in the range 3 × 104 ≤ 𝑅𝑅𝑅𝑅 ≤ 6 × 104 which is the VIV initial branch. The 

frequency ratio of the PTC-cylinder at 𝛼𝛼 = 30° is close to the bare cylinder. 



(b) The VIV upper branch begins at 𝑅𝑅𝑅𝑅 = 6 × 104. The frequency ratio of the 

PTC-cylinders at 𝛼𝛼 = 62.5°, 65° descends at the beginning of the upper 

branch in the numerical simulation results. The frequency ratio of the bare 

cylinder and PTC-cylinders at 𝛼𝛼 = 30°, 55°, 57.5°, 60°  is basically 

unchanged. However, the frequency ratio increases almost linearly with 

increasing Re. 

(c) As Re approaches 9 × 104 , the frequency ratio at 

𝛼𝛼 = 55°, 57.5°, 60°, 62.5°, 65° suddenly falls, which indicates the start of the 

VIV-galloping transition. In the galloping branch for 𝑅𝑅𝑅𝑅 ≥ 1 × 105 

( 𝑈𝑈water∗ ≥ 11.003 ), the frequency decline is one of the important 

characteristics. It is well confirmed by the CFD results of the PTC-cylinder. 

VIV initial branch, VIV upper branch, the transition from VIV to galloping 

and galloping are clearly observed in the earlier work by Wu et al. [45] as 

well.  

 
Fig. 6. Comparison of amplitude ratio for cylinders with rods and a bare cylinder. 



 
Fig. 7. Comparison of frequency ratio for PTC-cylinders and a bare cylinder. 

 
Fig. 8. Displacement graph and frequency spectrum of PTC-cylinder at α = 65° for different Re. 

5.3 Vortex patterns 

The vorticity contours at different reduced velocities (Re, U) are compared in Fig. 

9-16. There are two types vortex-shedding mode: 2S mode (during a cycle, two 



vortices shed with the opposite direction from the both sides of the cylinder) and 2P 

mode (two pairs of vortices shed from each side of the cylinder per cycle). Ding et al 

[24] indicated that the vortex pattern can be changed and the branches transition have 

a mutual influence. In one branch, the vortex pattern have a significant influence on 

the amplitude and frequency response. In this section, the real time vortex structures 

at different reduced velocities (Re, U) are studied when the angle is 65°. 

(a) In the small velocity (3.5 × 104 ≤ 𝑅𝑅𝑅𝑅 ≤ 4.5 × 104), the PTC-cylinder is in 

the VIV initial branch. The 2S mode of vortex shedding mode presents in the 

flow wake can be clearly observed as shown in Fig. 9-10. This mode is the 

classical von Kármán Street. 

(b) In the VIV upper branch (6 × 104 ≤ 𝑅𝑅𝑅𝑅 ≤ 9 × 104), a vortex-shedding mode 

can be obviously observed as depicted in Fig. 11-14. This is a significant 

difference compared with Re = 4.5×104 and Re = 5.5×104. As the increase of 

amplitude, the 2P mode reveals a wider wake. In Re = 8×104, during the first 

half of the cycle (in the upward journey), the cylinder moves from the 

down-maximum amplitude (DMA) point to the up-maximum amplitude 

(UMA) point, a pair of vortices shed from the cylinder. In the time span 

𝑡𝑡/𝑇𝑇osc ≤ 0.25, a vortex sheds from the up side of the cylinder. It is followed 

by another vortex sheds from the low side of the cylinder in the time 

span 0.25 ≤ 𝑡𝑡/𝑇𝑇osc ≤ 0.5. On the contrary, in the downward journey (the time 

span 0.5 ≤ 𝑡𝑡/𝑇𝑇osc ≤ 1) the process of other pair of vortices shed from two 

sides of the cylinder can clearly observed. In the range, as the increase of Re, 

the size of vortices is larger than that in low Re, which is coincides well with 

the numerical result by Zhang [25]. 

(c) In the VIV-galloping transition region (9 × 104 ≤ 𝑅𝑅𝑅𝑅 ≤ 1 × 105). For 𝑅𝑅𝑅𝑅 =

100,000 , The vortex structure is 2P+S+2P+S, which is the same as 

𝑅𝑅𝑅𝑅 = 80,000. A single vortex sheds from the cylinder during the time interval 

𝑡𝑡/𝑇𝑇osc ≤ 0.25. As the cylinder moves downward, the vortex pair shedding can 

be clearly seen. When the cylinder moves in the opposite direction, the three 

vortexes shed in the same pattern from the opposite side. 

http://www.youdao.com/w/significant%20influence/#keyfrom=E2Ctranslation
http://www.youdao.com/w/reveal/#keyfrom=E2Ctranslation


(d) In the galloping, the near wake changes between S+T and S+S+T. The 

mechanism transforming vortex-shedding mode is an instability of the lift 

caused by the flow asymmetry. As the cylinder moves down, four vortices 

shed from both sides of the cylinder. First, a single one sheds from the cylinder, 

and the other vortex sheds from another side of the cylinder, then two vortices 

shed from both sides of cylinder. Shedding pattern of four vortices is called 

S+T. When the cylinder moves down, the pattern 2S is observed, and then the 

pattern T is observed. That is to say, in the galloping, the vortex mode and 

quantity are not remain unchanged. 

In short, when 𝑅𝑅𝑅𝑅 = 35,000, the cylinder begins to oscillate and the vortex 

pattern is transformed with the change of the flow velocity. When the Reynolds 

number is between 35,000 and 60,000, the vortex pattern is 2S, as the increase of Re, 

the vortex pattern changes to S+2P+S+2P. When 𝑅𝑅𝑅𝑅 ≥ 9 × 104, the FIM transforms 

from VIV to galloping and more than six vortices are observed. 

 
Fig. 9. vortex pattern of the PTC-cylinder for Re = 35,000. 

 
Fig. 10. vortex pattern of the PTC-cylinder for Re = 45,000. 
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Fig. 11. vortex pattern of the PTC-cylinder for Re = 55,000. 

 
Fig. 12. vortex pattern of the PTC-cylinder for Re = 70,000. 

 

 
Fig. 13. vortex pattern of the PTC-cylinder for Re = 80,000. 

 
Fig. 14. vortex pattern of the PTC-cylinder for Re = 90,000. 



 
Fig. 15. vortex pattern of the PTC-cylinder for Re = 100,000. 

 
Fig. 16. vortex pattern of the PTC-cylinder for Re = 115,000. 

5.4 Mechanical energy 

In this section, the energy conversion is investigated. Mechanism of energy 

conversion is described by Eq. (19). Fig. 17. shows the generated power of the 

VIVACE for different rod attaching locations, against Re, water velocities U and 

reduced speeds  𝑈𝑈water∗ . The efficiency of the harvesters are depicted in Fig. 18. The 

results of the bare cylinder are also presented for the comparison purpose. 



 
Fig. 17. Harnessed power for cylinders with rods and a bare cylinder. 

 
Fig. 18. Power conversion efficiency for different cylinders. 

As shown in Fig. 17, attaching rods on the circular cylinder, 𝛼𝛼 = 30°, neither 

builds up the generated power at the overall range nor enlarges the aeroelastic 

instability range. However, at 𝛼𝛼 = 55°, 57.5°, 60°, 62.5°, 65°, 90° , the generated 

power increases with the flow speed continuously at the VIV initial branch, the VIV 

upper branch and galloping branches, which suggests that these configurations 

continue to harness the water energy within a wide range of water velocities. The 

upper limit only depends on the limit of the fluid velocity. The power is very small 

and around 0.25 W when 𝑅𝑅𝑅𝑅 = 3.5 × 104 (𝑈𝑈water∗ = 4). This is due to not only the 

small available power in the fluid at such low velocities but also the low vibration 

velocity of the cylinders in the VIV initial branch. Meanwhile, the low flow speeds 



results that the efficiency is obvious bigger than it at high speeds. With increasing 

water velocity, the energy in the fluid is proportional to the second-order of the 

velocity and meanwhile the VIV upper branch starts, leading to a sharp increase in 

energy conversion, while the efficiency still decreases. It can be seen that the power 

reaches the maximum and about 1.51 W at 𝛼𝛼 = 60°  when 𝑅𝑅𝑅𝑅 = 8.8 × 104 

(𝑈𝑈water∗ = 10 ), and the efficiency drops to 3.4%. When 𝑅𝑅𝑅𝑅 > 10 × 105 , the 

remarkable superiority of the 𝛼𝛼 = 65° configuration become obvious due to the 

galloping. At the same time, the efficiency gradually becomes stable. The maximum 

power is obtained when 𝑅𝑅𝑅𝑅 = 1.15 × 105 (𝑈𝑈water∗ = 13), about 2.94 W. Therefore, 

𝛼𝛼 = 60° and 65° appear to be the optimal circumferential locations for all the test 

configurations during the VIV and galloping, respectively. It is noteworthy that within 

the range of α from 55° to 65° has better performance on the energy harvesting output 

and efficiency than that of the bare cylinder within the calculation range of Re, as 

shown in Fig. 17. 

Conclusions 
A numerical study was carried out on the FIM of a rigid circular PTC-cylinder 

using a solver for two-dimensional Reynolds-Averaged Navier-Stokes equation 

coupled with an improved fourth-order Runge-Kutta method at high Reynolds 

numbers (3 × 104 ≤ 𝑅𝑅𝑅𝑅 ≤ 6 × 104, 4 ≤ 𝑈𝑈water∗ ≤ 13), which is developed based on 

Fluent using UDF. The main conclusions of the current work are summarized as 

follows. 

(a) Attaching two cylindrical rods with small diameter on both circumferential 

sides of the circular cylinder parallel to the axis of symmetry of the cylinder 

above and below the stagnation point, 𝛼𝛼 = 55°, 57.5°, 60°, 62.5°, 65° , 

dramatically enlarges the aeroelastic instability range of the cylinder. Within 

the tested Re range, four regions are clearly observed: the VIV initial branch, 

the VIV upper branch, VIV-galloping transition, and galloping. The maximum 

amplitude of the oscillating cylinder reached was 2.68D in galloping 

(𝛼𝛼 = 65°,𝑅𝑅𝑅𝑅 = 115,000, 𝑈𝑈water∗ = 13) 



(b) At α = 55°, 57.5°, 60°, 62.5°, 65°, 90°, the generated power continuously 

increases with the increasing flow speed, which suggests that these 

configurations continue to harness the flow energy over a broad range of the 

flow velocity from 30,000 to 115,000. 

(c) α = 60° and 65° are the optimal circumferential locations for all the test 

configurations during the VIV and galloping, respectively. The range of α 

from 55° to 65° all has a good performance on energy harvesting within the 

calculation Reynolds number range. 

It should be mentioned that the parametric study is performed with the fixed 

diameter of the rods. In future work, the influence of different rod diameters on PEH 

will be further investigated. 
 
Acknowledgements 
Thanks are due to the support by the National Natural Science Foundation of China 

(51977196 and 51606171), the Postdoctoral Foundation of Henan Province 

(19030014, 1902008) and China Postdoctoral Science Foundation (2019M652575, 

2019M652565). 

References 
[1] OlliTahvonen, SeppoSalo. Economic growth and transitions between renewable and 
nonrenewable energy resources. European Economic Review, 2001, 45(8): 1379-1398.  
[2] Foong F M, Thein C K, Ooi B L, et al. Increased power output of an electromagnetic vibration 
energy harvester through anti-phase resonance. Mechanical Systems and Signal Processing, 2019, 
116: 129-145. 
[3] Xu W, Ji C, Sun H, Ding W, Bernitsas M. Flow induced vibration of two elastically mounted 
tandem cylinders in cross-flow at subcritical Reynolds numbers. Ocean Engineering, 2019, 
173:375-387. 
[4] Wang J, Zhao G, Zhang M, et al. Efficient study of a coarse structure number on the bluff body 
during the harvesting of wind energy. Energy Sources, Part A: Recovery, Utilization, and 
Environmental Effects, 2018, 40(15): 1788-1797. 
[5] Zhu H, Li Y, Shen W, et al. Mechanical and energy-harvesting model for electromagnetic 
inertial mass dampers. Mechanical Systems and Signal Processing, 2019, 120: 203-220. 
[6] Simeone L, Tehrani M G, Elliott S. Level-dependent load in a pendulum like energy harvester. 
Mechanical Systems and Signal Processing, 2019, 119: 244-254. 
[7] Wang E, Xu W, Gao X, et al. The effect of cubic stiffness nonlinearity on the vortex-induced 
vibration of a circular cylinder at low Reynolds numbers. Ocean Engineering, 2019, 173: 12-27. 
[8] Wang J, Tang L, Zhao L, et al. Efficiency investigation on energy harvesting from airflows in 



HVAC system based on galloping of isosceles triangle sectioned bluff bodies. Energy, 2019, 172: 
1066-1078. 
[9] Zhang L, Mao X, Ding L. Influence of attack angle on vortex-induced vibration and energy 
harvesting of two cylinders in side-by-side arrangement. Advances in Mechanical Engineering, 
2019, 11(1): 1687814018822598. 
[10] Zhou Z, Qin W, Du W, et al. Improving energy harvesting from random excitation by 
nonlinear flexible bi-stable energy harvester with a variable potential energy function. Mechanical 
Systems and Signal Processing, 2019, 115: 162-172. 
[11] Khalak A, Williamson C H K. Fluid forces and dynamics of a hydroelastic structure with very 
low mass and damping. Journal of Fluids and Structures, 1997, 11(8): 973-982. 
[12] Capell N A, Carlson D W, Modarres-Sadeghi Y. Vortex-induced vibration of a single 
degree-of-freedom flexibly-mounted horizontal cylinder near the free surface. Journal of Sound 
and Vibration, 2019, 444: 161-175. 
[13] Sarpkaya T. A critical review of the intrinsic nature of vortex-induced vibrations. Journal of 
fluids and structures, 2004, 19(4): 389-447. 
[14] Xu K, Bi K, Han Q, et al. Using tuned mass damper inerter to mitigate vortex-induced 
vibration of long-span bridges: Analytical study. Engineering Structures, 2019, 182: 101-111. 
[15] Cagney N, Balabani S. The role of the separation point in streamwise vortex-induced 
vibrations. Journal of Fluids and Structures, 2019, 86: 316-328. 
[16] Park H, Kumar R A, Bernitsas M M. Suppression of vortex-induced vibrations of rigid 
circular cylinder on springs by localized surface roughness at 3× 104≤ Re≤ 1.2× 105. Ocean 
Engineering, 2016, 111: 218-233. 
[17] Tao S, Tang A, Xin D, et al. Vortex-induced vibration suppression of a circular cylinder with 
vortex generators. Shock and Vibration, 2016, 2016. 
[18] Yu Y, Xie F, Yan H, et al. Suppression of vortex-induced vibrations by fairings: a numerical 
study. Journal of Fluids and Structures, 2015, 54: 679-700. 
[19] Kumar S K, Bose C, Ali S F, et al. Investigations on a vortex induced vibration based energy 
harvester. Applied Physics Letters, 2017, 111(24): 243903. 
[20] Wang J, Li G, Zhang M, et al. Energy harvesting from flow-induced vibration: a lumped 
parameter model. Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, 2018, 
40(24): 2903-2913. 
[21] Franzini G R, Bunzel L O. A numerical investigation on piezoelectric energy harvesting from 
Vortex-Induced Vibrations with one and two degrees of freedom. Journal of Fluids and Structures, 
2018, 77: 196-212. 
[22] Song R, Shan X, Lv F, et al. A study of vortex-induced energy harvesting from water using 
PZT piezoelectric cantilever with cylindrical extension. Ceramics International, 2015, 41: 
S768-S773. 
[23] Fan K, Tan Q, Liu H, et al. Improved energy harvesting from low-frequency small vibrations 
through a monostable piezoelectric energy harvester. Mechanical Systems and Signal Processing, 
2019, 117: 594-608. 
[24] Tan T, Yan Z, Zou Y, et al. Optimal dual-functional design for a piezoelectric autoparametric 
vibration absorber. Mechanical Systems and Signal Processing, 2019, 123: 513-532. 
[25] Zhang B, Mao Z, Song B, et al. Numerical investigation on effect of damping-ratio and mass- 
ratio on energy harnessing of a square cylinder in FIM. Energy, 2018, 144: 218-231. 



[26] Zhang B, Song B, Mao Z, et al. Numerical investigation on VIV energy harvesting of bluff 
bodies with different cross sections in tandem arrangement. Energy, 2017, 133: 723-736. 
[27] Zhang L B, Abdelkefi A, Dai H L, et al. Design and experimental analysis of broadband 
energy harvesting from vortex-induced vibrations. Journal of Sound and Vibration, 2017, 408: 
210-219. 
[28] Zhou S, Cao J, Erturk A, et al. Enhanced broadband piezoelectric energy harvesting using 
rotatable magnets. Applied Physics Letters, 2013, 102(17): 173901. 
[29] Zhou S, Cao J, Inman D J, et al. Broadband tristable energy harvester: modeling and 
experiment verification. Applied Energy, 2014, 133: 33-39. 
[30] Zhou S, Wang J. Dual serial vortex-induced energy harvesting system for enhanced energy 
harvesting. AIP Advances, 2018, 8(7): 075221. 
[31] Wang J, Tang L, Zhao L, et al. Efficiency investigation on energy harvesting from airflows in 
HVAC system based on galloping of isosceles triangle sectioned bluff bodies. Energy, 2019, 172: 
1066-1078. 
[32] Tucker Harvey S, Khovanov I A, Denissenko P. A galloping energy harvester with flow 
attachment. Applied Physics Letters, 2019, 114(10): 104103. 
[33] He X, Yang X, Jiang S. Enhancement of wind energy harvesting by interaction between 
vortex-induced vibration and galloping. Applied Physics Letters, 2018, 112(3): 033901. 
[34] Mannini C, Marra A M, Bartoli G. Experimental investigation on VIV-galloping interaction 
of a rectangular 3: 2 cylinder. Meccanica, 2015, 50(3): 841-853. 
[35] Wang J, Zhou S, Zhang Z, et al. High-performance piezoelectric wind energy harvester with 
Y-shaped attachments. Energy Conversion and Management, 2019, 181: 645-652. 
[36] Hu G , Tse K T , Kwok K C S , et al. Aerodynamic modification to a circular cylinder to 
enhance the piezoelectric wind energy harvesting. Applied Physics Letters, 2016, 109(19):193902. 
[37] Foti F, Martinelli L. Finite element modeling of cable galloping vibrations. Part II: 
Application to an iced cable in 1: 2 multiple internal resonance. Journal of Vibration and Control, 
2018, 24(7): 1322-1340. 
[38] Foti F, Martinelli L. Finite element modeling of cable galloping vibrations—Part I: 
Formulation of mechanical and aerodynamic co-rotational elements. Archive of Applied 
Mechanics, 2018: 1-26. 
[39] Donglai Gao, Wenli Chen, Runtao Zhang, Yewei Huang, Hui Li. Multi-modal vortex- and 
rain–wind- induced vibrations of an inclined flexible cable, Mechanical Systems and Signal 
Processing, 118, 2019, 245-258. 
[40] Zhang B, Mao Z, Song B, et al. Numerical investigation on effect of damping-ratio and 
mass-ratio on energy harnessing of a square cylinder in FIM. Energy, 2018, 144: 218-231. 
[41] Menter FR. Two-equation eddy-viscosity turbulence models for engineering applications. 
AIAA J 1994;32:1598–605. 
[42] Rahmanian M, Zhao M, Cheng L, Zhou TM. Two-degree-of-freedom vortex-induced 
vibration of two mechanically coupled cylinders of different diameters in steady current. J Fluids 
Struct 2012;35:133–59. 
[43] Aarnes J, Nils E.E, and Helge I. Andersson. High-order overset grid method for detecting 
particle impaction on a cylinder in a cross flow. International Journal of Computational Fluid 
Dynamics,2019,33(1-2). 
[44] Pope SB. Turbulent flow. Cambridge University Press; 2000. 



[45] W. Wu, M.M. Bernitsas, K. Maki, RANS simulation vs. experiments of flow induced motion 
of circular cylinder with passive turbulence control at 35,000 < Re < 130,000, in: ASME 2011 
30th International Conference on Ocean, Offshore and Arctic Engineering, Rotterdam, The 
Netherlands, 2011. 


	Abstract
	1 Introduction
	2 Physical Model
	3 Mathematical and Numerical Modeling
	3.1 Governing Equations and Turbulence Model
	3.2 Governing Equation of Motion and Numerical Method
	3.3 Computational Domain and Grid Generation
	3.4 Numerical method validation

	4 Computational model for energy harvester
	5 Result and Discussion
	5.1 Amplitude ratio
	5.2 Frequency ratio
	5.3 Vortex patterns
	5.4 Mechanical energy

	Conclusions
	References

