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Abstract

:

This study utilizes a bidirectional fluid–structure interaction numerical method to investigate the hydrodynamic and energy harvesting characteristics of two tandem three rigidly connected cylinder oscillators with different inter-oscillator spacing ratios. The analysis considers inter-oscillator spacing ratios of 8, 12, and 16 within a reduced velocity range of U* = 2–13 (equivalent to flow velocities of 0.18–1.16 m/s). The research explores the hydrodynamic interference features, energy harvesting variations, and the efficiency and density of energy harvesting of both upstream and downstream three-cylinder oscillators. The findings indicate that with increasing reduced velocity and inter-oscillator spacing ratio, the mutual interference between upstream and downstream oscillators diminishes. Wake patterns observed in the two series-connected three-cylinder oscillators include 2P, 2S, and 2T patterns, with fragmented vortices and banded vortices at specific reduced velocities. The most significant disparity in energy harvesting efficiency between upstream and downstream oscillators is observed at U* = 9.
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1. Introduction


Hydrokinetic energy is recognized as a clean and renewable energy source in oceans and rivers, making it a crucial marine energy resource. Utilizing this renewable energy source to its full potential could significantly reduce fossil fuel consumption and mitigate global warming effects [1,2]. Ocean current energy boasts high energy density, environmental friendliness, and cost-effectiveness, presenting immense development opportunities [3,4,5]. Various energy conversion devices, such as axial flow turbines, cross-flow turbines, and oscillation energy harvesting devices, have been designed for different current environments [6,7,8]. While turbines can utilize ocean currents at flow rates as low as 2.5–3.6 m/s, conventional rotary energy conversion devices struggle to operate efficiently in most low-speed flows. Given that significant portions of ocean and river flows are below 1.5 m/s, the hydrodynamic characteristics of standard rotating underwater turbines may not be suitable for such low flow ranges [9,10,11]. Large areas of the world’s ocean flows are less than 1.5 m/s, and river flows are usually less than 1.0 m/s, and the hydrodynamic performance and characteristics of ordinary rotating underwater turbines are not necessarily suitable for such a low flow range [12,13]. In the past decade, scholars have proposed low-speed ocean current power generation devices driven by vorticity vibration, which can realize the development of low-speed current energy through alternating lift equipment. This innovative approach holds promise for maximizing water flow utilization and warrants further investigation.



Fluid-induced vibration (FIV) has been utilized for harnessing hydrokinetic energy to generate electricity [14,15,16]. Bernitsas and his research group developed the VIVACE (vortex-induced vibration aquatic clean energy) converter [17,18], which captures hydrokinetic energy from low-speed ocean currents, making a significant impact on marine energy harvesting. The VIVACE converter can effectively harness flow energy from speeds as low as 0.4 m/s without an upper limit, boasting the highest power density among various marine renewable energy technologies. This feature allows for relatively small installations to produce low-cost energy [19,20].



Numerous scholars have extensively researched the vortex-induced vibration of a single cylinder, uncovering fundamental principles of VIV. Experimental studies on VIV of a single cylinder in water have demonstrated the emergence of three distinct response branches as the reduced velocity increases: initial branch, upper branch, and lower branch. Further analysis of cylinder VIV has identified various vortex modes, including ‘2S’, ‘2P’, ‘P+S’, ‘2T’, and ‘2C’, along with proposing a correlation between vortex-induced response frequency and amplitude [21].



The hydrokinetic energy harvesting of a single cylindrical oscillator, known as VIVACE, has been extensively studied in recent years. Sun et al. performed numerous experiments on a single smooth or rough cylinder to optimize the hydrodynamic conversion using a virtual spring-damping system (Vck) with linear and nonlinear parameters [22,23,24]. Zhang et al. studied the influence of the shape (triangle, quadrilateral, hexagonal, octagon, and circle) of the oscillator’s cross-section on the utilization of hydrokinetic energy. They found that the cylinder with a circular section was subjected to stronger hydrodynamic force and could achieve higher amplitude [25]. Additionally, the effect of energy harvesting was better at 0° than at 90° when cylinders with different cross-sectional shapes were subjected to different inflow attack angles; the energy harvesting oscillator with a triangular section achieved larger amplitude [26]. Sun et al. found that the surface roughness can effectively suppress VIV response and reduce the lock-in area [27]. They showed that during VIV energy harvesting of bluff bodies with different cross-sections in a tandem arrangement, the motion of the upstream oscillator was suppressed and the downstream oscillator increased the clogging of the tail vortex when the tandem spacing was less than 5D. A maximum amplitude ratio of 1.17 as well as an energy conversion efficiency of 26.5% can be achieved by the Cir-Tria prism under low mass ratio and high Reynolds number conditions [28]. Xu et al. investigated the VIV and energy collection performance when an energy converter composed of a single cylinder is working in shallow water and found that the free surface is very important [29]. However, through reasonable selection and design of the control parameters, it is feasible to use the VIVACE converter near the free surface, effectively using the hydrokinetic energy.



In order to maximize the power density of the VIV hydrodynamic converter for energy capture, it is essential to consider a multi-cylinder arrangement. Conducting research on fluid-induced vibration (FIV) of a multi-cylinder system consisting of more than two cylinders holds great significance in the field of engineering design and its practical applications. When a fluid flows through multiple cylinders, its hydrodynamic characteristics and FIV response are complex due to the interactions of the cylinders; this differs from a single-cylinder scenario. As a result, numerous scholars have conducted research on the eddy current interaction in multi-cylinder systems. Among them, the energy-harvesting structure composed of two cylinders was the representative structural form [30].



Several teams conducted further research on the harvesting energy of a multi-cylinder with rigid connections and found that it has a better energy harvesting effect than a single cylinder [31,32,33]. In the field of hydrokinetic energy conversion, the rigidly connected multi-cylinder oscillator offers greater economic and efficiency advantages, making it a more valuable subject for practical research. Rigidly connecting multiple cylinders enhances the energy conversion density of the oscillator.



Kim and Bernitsas conducted experimental FIV tests on energy converters made using two, three, and four cylinders in serial arrangements, with space ratios ranging from 2.5 to 5.0. The results showed that multiple cylinders close to each other can harvest more hydrokinetic energy than the same number of isolated cylinders [34].



In terms of numerical simulations, Qiu et al. and Wei Wang et al. modified two cylinders and enhanced the VIV by changing the surface parameters of the cylinders to study the intensity of the vortexes and the shedding form of the vortexes [35,36]. Chen et al. studied the FIV response of three cylinders in series mode at low Reynolds numbers. The results showed that the dynamic response of three cylinders in a tandem arrangement is different from that of two cylinders. In addition, the amplitude of all three cylinders increased compared to a single cylinder [37]. Zou Q et al. investigated four arrangements of two cylinders via simulation, and the amplitude of two rigidly connected cylinders was larger than that of independently vibrating cylinders when U* > 9. The motion trajectories of the cylinders under two degrees of freedom were also investigated, and certain motion laws were given [38]. Liu et al. conducted a study on two parallel elastic-connected cylinders and found that the stiffness ratio and spacing ratio of the structure could affect the amplitude of the structure and the size of the locking interval. However, there was no research on energy capture in the article [39].



Zhu et al. conducted experiments on cylinders with rigid connections, and their results showed that rigid connections had a special inhibitory effect on downstream cylinders. Compared with free connections, the maximum amplitude decreased by 15% but the locking interval increased by 80% [40].



A few researchers have investigated the energy harvesting of multi-cylinders with rigid connections. Han et al. studied the response of FIV of three rigidly coupled cylinders. They found that interference between the cylinders was stronger than that of other cases with a small space ratio with incidence angle α = 0°, at which time the three-cylinder oscillator underwent galloping vibration and the maximum amplitude increased with the flow velocity. Based on the average energy conversion efficiency and maximum efficiency evaluation of the three-cylinder oscillator [41], Han et al. found that damping ratio    ξ  t o t a l     = 0.5 and spacing ratio G = 0.2 are the optimum parameters for harvesting hydrokinetic energy from low-speed ocean current [42].



The energy harvesting performance of a multi-cylinder oscillator with rigid connections is notably enhanced by the strong fluid–solid coupling effect in uniform flow, as opposed to a single-cylinder energy harvesting oscillator. Additionally, it was observed that a rigidly connected oscillator demonstrates superior energy harvesting capabilities compared with an oscillator composed of multiple individual cylinders.



To establish a large-scale VIVACE converter array, there is an urgent need for research on VIV in multi-cylinder oscillators. However, current studies have not yet reported on the VIV response characteristics, energy harvesting performance, and interaction mechanisms between multi-cylinder oscillators with rigid connections. Additionally, the impact of the spacing ratio between oscillators on the VIV response, hydrodynamic characteristics, and energy harvesting efficiency of each oscillator remains unclear. In the case of two tandem multi-rigidly connected cylinder oscillators, the spacing ratio (Z) between them directly influences the interaction of wake vortices, flow velocity, pressure, and viscous forces. The flow dynamics, gap development, wake flow, and coupling strength with the downstream oscillator are complex for the upstream oscillator, leading to differences in vortex shedding frequency, response amplitude, lift coefficient, and hydrokinetic energy extraction from low-speed flows between the two oscillators.



This study investigates the hydrodynamic characteristics, response characteristics, and energy harvesting effect of three rigidly connected cylinder oscillators. Each oscillator comprises three rigidly connected cylinders, with two oscillators arranged in tandem. The numerical simulation of fluid–structure interaction (FSI) is utilized to explore the interaction characteristics of the two oscillators with different spacing ratios (Z = 8, 12, and 16). Additionally, the study examines the mechanism influencing energy harvesting by the upstream and downstream oscillators.




2. The Oscillator Model of VIV


2.1. Physical Model


This study explores the vortex-induced vibration (VIV) and energy harvesting of two three-cylinder converters connected rigidly in a tandem arrangement, as illustrated in Figure 1. Each energy conversion device comprises three rigidly connected cylinder oscillators, springs, and a generator, forming a mass–spring–damping system that is constrained to move in the y direction. The relative positions of the three cylinders remain constant during vibration. Table 1 and Table 2 display the parameters and symbols relevant to VIV.




2.2. Fluid control Equation


2.2.1. Fluid Control Equation


Analysis of the energy harvesting oscillator in a uniform incoming flow falls within the realm of a typical fluid–structure interaction (FSI) problem. The unsteady Reynolds-averaged Navier–Stokes (u-RANS) equations are employed as the governing fluid equations; the SST k-ω turbulence model is employed for solving the flow field. The finite-volume method is utilized to discretize the control equations, with the fluid control equations outlined as follows:


    ∂   u ¯  i    ∂   x ¯  i    = 0  



(1)






    ∂ ρ   u ¯  i    ∂ t   +   ∂ ρ    u i   u j   ¯    ∂  x j    = −   ∂  P ¯    ∂  x i    + μ  ∇ 2    u ¯  i  −   ∂ ρ    u i ′   u j ′   ¯    ∂  x j     



(2)




where    x  i     is the Cartesian coordinate system in the x-direction,     u ¯  i    and     u ¯  j    are the i-directional velocity components and velocity variations, t is time,   P ¯   refers to pressure, and ρ and  μ  are the density and kinetic viscosity of the fluid, respectively.



Where the Reynolds stress   − ρ    u i ′   u j ′   ¯    is:


  − ρ    u i ′   u j ′   ¯  =  μ t      ∂   u ¯  i    ∂  x j    +   ∂   u ¯  j    ∂  x i      −  2 3  ρ  k t   δ  i j    



(3)




where    μ t    represents the turbulent eddy viscosity, which is given by the turbulent model.    k t    is the turbulent kinetic energy obtained from the oscillating velocity field and    δ  i j     is the Kronecker function.



The SST k-ω turbulence model includes transport equations for the turbulent kinetic energy kt and the turbulent dissipation rate ω. The SST k-ω turbulence model includes transport equations for the turbulent kinetic energy kt and the turbulent dissipation rate ω.


    ∂   ρ  k t      ∂ t   +   ∂   ρ  u j   k t      ∂  x j    = P −  β *  ρ ω  k t  +  ∂  ∂  x j        μ +  σ k   μ i      ∂  k t    ∂  x j       



(4)







The transport equation for the turbulent dissipation rate ω is given by


    ∂   ρ ω     ∂ t   +   ∂   ρ  u j  ω     ∂  x j    =  γ   v t    P − β ρ  ω 2  +  ∂  ∂  x j        μ +    μ t     σ ω        ∂ ω   ∂  x j      + 2   1 −  F 1      ρ  σ ω   ω    ∂ k   ∂  x j      ∂ ω   ∂  x j     



(5)







In the two Equations (4) and (5) above: P represents the dual scalar product of the Reynolds stress and the tensor of mean kinematic deformation rate,   β *   is the coefficient of thermal expansion,    σ k    represents the turbulent kinetic energy Prandtl number, which defines the ratio of momentum diffusion caused by turbulent transport to turbulent kinetic energy.  γ ,  β ,    σ ω    are empirical coefficients;    F 1    refers to a hybrid function designed to allow the transport equation to overrun from the near-wall k-ω model to the external k-ε model. It is defined as


   F 1  = tanh (    λ 1   4  )  



(6)




where    λ 1  = min [ max (    k     β *  ω y   ;   500 ν    y 2  ω   ) ;   4 ρ  σ  ω 2   k   C  D  k ω    y 2    ]  ,   C  D  κ ω   = max ( 2 ρ  σ  ω 2    1 ω    ∂ k   ∂  x j      ∂ ω   ∂  x j    ,   10   − 10   )  .



Some constants in the model control equation can be solved using Equation (7).


  ϕ =  F 1   ϕ 1  +   1 −  F 1     ϕ 2   



(7)




where the coefficient    ϕ 1    represents the k-ω model near the wall,    ϕ 1  =  β 1  /  β *  −  σ  ω 1    κ 2     β *     ; the coefficient    ϕ 1    is the k-ε model outside,    ϕ 2  =  β 2  /  β *  −  σ  ω 2    κ 2     β *     .




2.2.2. Solids Governing Equation


The structure vibration equations are discretely solved using the fourth-order Runge–Kutta method. At each time step, the solid vibration equations are solved based on the user-defined function (UDF). The results obtained from solving these equations are then transferred to the fluid equations to obtain a bidirectional fluid–solid coupling calculation, as shown in Figure 2. The fourth-order Runge–Kutta method was chosen due to its high computational efficiency and superior computational accuracy.



The solid vibration equations are solved in the following form, as shown in Equation (8):


  f   v , y   =    F  f l u i d    t   M  − 2 ξ  ω 0    y ˙    t    −    ω 0   2   y   t     



(8)







Using the fourth-order Runge–Kutta method to discretize  v ,  y  in Equation (8):


   v     t  n + 1       =  v     t n      +   Δ t  6  ×    K 1  + 2  K 2  + 2  K 3  +  K 4     



(9)






   y     t  n + 1       =  y     t n      + Δ t ×  v     t n      +       Δ t    2   6     K 1  +  K 2  +  K 3     



(10)







   K 1   ,   K 2   ,   K 3   ,   K 4    are conversion factors for the fourth-order Runge–Kutta method, expressed as follows.   Δ t   is the time step. After determining the displacement    y     t n        and the velocity    v     t n        of the oscillation structure at moment    t n   , the displacement    y     t  n + 1         at moment    t  n + 1     can be calculated using the following equations.


       K 1  =    F  f l u i d    t   M  − 2 ξ  ω 0   v     t n      −    ω 0   2   y     t n           



(11)






       K 2  =    F  f l u i d    t   M  − 2 ξ  ω 0     v     t n      +   Δ t  2  ⋅  K 1    −    ω 0   2     y     t n      +   Δ t  2  ⋅  v     t n             



(12)






       K 3  =    F  f l u i d    t   M  − 2 ξ  ω 0     v     t n      +   Δ t  2  ⋅  K 2    −    ω 0   2     y     t n      +   Δ t  2  ⋅  v     t n      +       Δ t    2   4  ⋅  K 1         



(13)






       K 4  =    F  f l u i d    t   M  − 2 ξ  ω 0     v     t n      + Δ t ⋅  K 3    −    ω 0   2     y     t n      + Δ t ⋅  v     t n      +       Δ t    2   2  ⋅  K 2         



(14)








2.2.3. Energy Calculation Equations


The total energy harvested by the three-cylinder oscillator under VIV during one vibration cycle (   T  v i b    ) is shown in Equation (15).


   P  V I V   =  1   T  v i b        ∫ 0   T  v i b       F y       d  A y    d t   =  1   T  v i b        ∫ 0   T  v i b      ( M       d 2   A y    d  t 2    + C   d  A y    d t   + K  A y  )   d  A y    d t   d t  



(15)







The two parameters, mass M and stiffness K, do not contribute to energy harvesting because they are always out of phase with the velocity [42], thus    P  V I V     can be rewritten as:


   P  V I V   =  1   T  v i b          ∫ 0   T  v i b      C (   d  A y    d t   )     2  d t = ⟨ C   (   d  A y    d t   )  2  ⟩  



(16)




where ⟨⋅⟩ is the time-averaged quantity.



Throughout the energy conversion process, there are inevitable mechanical losses that result in the incomplete conversion of fluid energy into electrical energy. As a result, it is necessary to deduct the lost power from the total power. Since the dissipation coefficient of the damping system is difficult to obtain, this parameter only affects the subsequent calculation of the harvesting energy. Therefore, in this paper, the same representation as in Barrero-Gil et al. is adopted to describe the energy harvesting characteristics in terms of the total damping coefficient and the total power [43].


   P  V I V   =  P K  Q  



(17)




where PK is the static pressure head that can be obtained using Bernoulli’s equation, and Q denotes the volumetric flow rate. Because the gap ratio G = 0.2 is selected for testing, the corresponding flow area is    S  f l o w     = 2.2D (D being a characteristic diameter).



The energy conversion efficiency    η  V I V     is defined as the ratio of the total energy power    P  V I V     obtained to the maximum energy flow rate that can be obtained from the fluid. This efficiency metric measures how effectively the energy harvesting system converts the available hydrodynamic energy into usable power.


   η  V I V   =    P  V I V      P  f l u i d   ×  Betz   limit    =   2 ⟨ C   (   d  A y    d t   )  2  ⟩   ρ  U 3   S  f l o w   ×  Betz   limit     



(18)




where    S  f l o w     is the flow area. The above equation introduces the Betz limit, which represents the maximum theoretical efficiency that can be used for energy conversion in the incoming flow. The value of the Betz limit is known to be 59.26% (16/27) [23].



By incorporating the damping ratio and reduced velocity defined in Table 1, Equation (14) mentioned earlier can be modified as follows:


   η  V I V   =   27  π 4   M *  ⟨  ξ  t o t a l    Y ˙   Y ˙  ⟩   2  U r 3  ( 0.2 + 2 )    



(19)







Under different oscillator spacing ratios, the energy density    P  D e n i s i t y     parameter becomes more comparative. This parameter represents the energy value per unit flow area at the same velocity.


   P  D e n i s i t y   =    P  V I V     6  S  T r i a n g l e      



(20)




where    S  T r i a n g l e     is the area of the triangle shown in Figure 3, which includes three cylinders. This is indicated by the black dashed line.





2.3. Computational Domain and Meshing


The study utilized the reliable CFD software FLUENT 2021R1 for transient simulation. User-defined functions (UDF) written in C programming language were employed to address the response of the VIV system and enable dynamic mesh in FLUENT. The numerical simulation of flow around cylinders was conducted using 2D unsteady Reynolds-averaged Navier–Stokes (u-RANS) equations coupled with the SST k-ω turbulence model. It is important to note that this method does not account for three-dimensional effects.



Figure 3 illustrates the computational domain of VIV of three rigidly connected cylinder oscillators, which includes the solid domain and fluid domain. In order to examine the interaction between the rigidly connected three-cylinder oscillators, the influence of the obstruction ratio and wall effect on the calculation results is ignored in the numerical experiments under the low-velocity uniform incoming flow. The computational domain is defined by a length and width of 40D and 20D, respectively. With the W/D ratio (where W represents the width of the computational domain) exceeding 10, the impact of side boundaries on simulation results is considered negligible [44]. The center distances between adjacent oscillators are 8D, 12D, and 16D, with the three-cylinder oscillator positioned 8D from the inlet.



The calculation domain is characterized by four boundary conditions: inlet, outlet, sidewall, and fluid–solid interaction boundary (FSI). The fluid enters the boundary as a velocity inlet and exits as a pressure outlet, while the top and bottom of the calculation domain act as sidewalls. To further explore the impact of water flow passing through the upstream three-cylinder oscillator on the downstream counterpart, five equidistant velocity monitoring points are established at a distance of 0.25D from the downstream three-cylinder oscillator. These monitoring points enable the observation of water flow characteristics and their effect on the downstream three-cylinder oscillator.



During vortex-induced vibration, the movement of the energy-harvesting structure induces the surrounding grid to move in unison. When the mesh deformation reaches a certain level, distortion occurs, resulting in negative volume and halting the calculation process. To enhance computational precision and efficiency, it is recommended to accurately capture the flow field information around the cylinder, study its evolutionary pattern, utilize unstructured grids, and discretize the 8D × 8D region surrounding the energy harvesting structure.



As depicted in Figure 3b, boundary layer meshes with a certain growth rate are employed for the near-wall surface of the three-cylinder structure, taking into account the significant deformation of the mesh due to large changes in velocity gradient. In this study, the SST k-ω turbulence model is utilized. As per the model specifications, the dimensionless wall thickness y+ is set to 1, resulting in a first boundary layer thickness ranging from 1.77 × 10−5 to 9.47 × 10−5. The mesh consisted of approximately 4.90 × 105 elements. The high-quality mesh generated facilitated well-converged solutions, meeting the convergence criteria of mass conservation within 10−3.




2.4. Numerical Method Validation


To validate the accuracy of the numerical method employed in this research, identical parameters were utilized to compare the amplitude ratio findings of a single-cylinder mass–spring–damper system with existing data in the literature. The experimental parameters are shown in Table 3. The experimental reduced velocity range U* = 2~14 and the Reynolds number Re = 2.06 × 103~1.445 × 104. Figure 4 illustrates that the trend between amplitude and reduced velocity, as determined using the numerical method in this study, closely aligns with the observations of Kahalak and Williamson [45] and Gu [46]. Notably, distinct VIV response branches are evident, including the initial branch, upper branch, and lower branch. Furthermore, the amplitude of the upper branch exhibits a closer resemblance to the experimental outcomes reported by Kahalak [45].



Compared with the experimental results obtained by Kahalak and Williamon, the maximum amplitude ratio A* of the upper branch is slightly lower than the experimental results. This difference can be attributed to two main reasons: (1) In the VIV experiments, the parameters of the energy harvesting structure, such as the mass ratio m* and damping ratio    ξ  t o t a l    , as well as the reduced velocity U*, are presented in a dimensionless form. There might be discrepancies in translating these dimensionless parameters into actual parameters, leading to a narrower range of upper branches in this experiment. (2) The numerical simulation of VIV of a cylinder was conducted under two-dimensional conditions, which lacks a dimension compared to experiments, that is, the fluid in this study is assumed to be an ideal three-dimensional fluid without side flow. This assumption affects the stability between the vibration frequency and the natural frequency, thereby affecting the response amplitude of VIV, particularly for the upper branches with larger amplitudes, resulting in a lower amplitude ratio than the experimental results. (3) The experimental model was placed on the free surface and the water tank to complete the experiment. The oscillator in the flow channel was potentially influenced by the flat plate and free surface, which was not fully replicated in the numerical simulation. This discrepancy may have led to gaps in the data.



In summary, the amplitude–frequency ratios of VIV in this numerical experiment closely align with the actual experimental results, satisfying the accuracy and convergence criteria for numerical simulation. The numerical method utilized in this study demonstrates feasibility and exhibits high accuracy.




2.5. Verification of Grid Independence


In the simulation process, the mesh size plays a crucial role in determining the accuracy of calculation results and computational time. To guarantee the precision of the obtained data, it is essential to conduct grid-independent verification. This study utilized three different grid densities (0.005, 0.001, and 0.0005) in simulations of three distinct cases. By comparing and validating the average maximum lift coefficient under vibration stability conditions, it was confirmed that the grid density met the necessary accuracy standards.



The validation results are presented in Table 4. The validation results indicate that when the minimum grid density is set to 0.001, the influence of the grid on the experimental results is almost negligible. This confirms that the grid density at this level is sufficient to meet the accuracy requirements for the calculation results. Consequently, the grid density of 0.001 was adopted for the subsequent calculations to obtain reliable and accurate simulation outcomes. Figure 5 shows the change in lift coefficient with time under three quantities of grid division. The purpose is to assess the effect of these time steps on the calculation accuracy, with the average lift coefficient used as an indicator.



The grid model with a minimum grid number of 0.001 was chosen for validation. We predicted the FIV of three rigidly coupled cylinders at different time steps: 0.003, 0.0025, and 0.001. The purpose was to assess the effect of these time steps on the calculation accuracy, with the average lift coefficient used as an indicator. The validation results are presented in Table 5.



Upon analysis and considering subsequent data processing, it was determined that the experiment met the required accuracy when a time step of 0.001 was used. Setting t = 0.001 allowed for more time points to be selected within the total calculation time, thus enhancing the readability of the visualized images. This affirmed that the chosen time step produced reliable and accurate simulation results, meeting the study’s accuracy standards.





3. Results and Discussion


3.1. Verification of Grid Independence


To demonstrate the impact of centralized capturing of hydrokinetic energy in the three rigidly connected cylinder oscillators, we analyzed the VIV response of a single three-cylinder oscillator within a range of reduced velocities, U* = 2~14, along with the corresponding flow velocity and Reynolds number. In Figure 6, it can be observed that when the vibration frequency fosc is close to the natural frequency fn,water within, the vibrating structure (f* = fosc/fn,water ≈ 1) enters a lock-in state with a relatively high amplitude. As the reduced velocity increases, the response of the rigidly connected three-cylinder oscillator exhibits distinct branches: an initial branch, an upper-end branch, and at U* = 10~12, a short lower-end branch, before transitioning into the branch where VIV transforms into galloping vibration.



Figure 7 illustrates the wake vortex patterns of a single three-cylinder converter at various reduced velocities. At U* = 4, the shedding wakes vortices of a single three-cylinder oscillator follow a 2S pattern (two separate vortices are shed in one vibration cycle). These shedding vortices collide, merge, and subsequently evolve downstream, eventually transforming into the vortex pattern shown in Figure 7a. At U* = 7, the frequency ratio of the harvesting energy structure is approximately 1, resulting in the oscillator being in a locking state. The vibrational response of the three-cylinder oscillator enters the upper branch with a higher amplitude, while the wake patterns continue to exhibit the classical 2S mode.



As the reduced velocity increases to U* = 9, the wake patterns exhibit a more complex flow situation. The interaction between the gap flow and the three-cylinder oscillator becomes apparent, leading to a higher lift force being experienced by the three-cylinder oscillator. This results in a shift of the wake patterns mode from 2S to 2P. However, when U* = 11, the response transitions to a brief lower branch with a decrease in amplitude, with the wake pattern being in the 2T mode.




3.2. The FIV Response Results of Two Tandem Three-Cylinder Oscillators


3.2.1. Characterization of the Wake Vortexes


The output of two three-cylinder oscillators in vortex-induced vibration (VIV) displays distinct flow characteristics when compared to a single three-cylinder oscillator. This is attributed to the mutual interference of gap flow within the oscillators and the upstream and downstream tail flow. By conducting frequency spectrum analysis using the Fast Fourier Transform (FFT), the vibration frequency can be determined. Subsequently, the frequency ratio can be calculated as f* = fosc/fn,water. Analyzing wake pattern modes and understanding their formation under different spacing ratios (Z) and reduced velocities aids in comprehending the impact of these parameters on the excitation motion of the oscillators.



The shedding tail vortices of the upstream and downstream three-cylinder oscillators exhibit variations in both reduced velocities (U*) and inter-oscillator spacing ratios (Z), as illustrated in Figure 8. Cylinders A and B in the upstream three-cylinder oscillator are directly subjected to the uniform incoming flow, leading to a pair of positive and negative vortex pairs shedding at each reduced velocity. These vortices then collide and fuse with the shedding vortex of cylinder C after interacting with the gap flow. As the shedding vortex progresses towards the inter-three-cylinder oscillators, it combines with the wake patterns of the downstream three-cylinder oscillator and the gap flow, continuing to evolve downstream. In a tandem arrangement of the two oscillators, the vortex-shedding form of the upstream oscillator maintains a nearly constant 2S shape. The wake dynamics of the downstream oscillator become more intricate due to the influence of the upstream wake, exhibiting 2S and 2P modes, as well as the emergence of the banded vortex and complex fragmented vortex patterns.




3.2.2. Analysis of the Amplitude Ratio and Frequency Ratio


The main parameters influencing the energy harvesting of the energy converter are the amplitude ratio (A*) and frequency ratio (f*). The VIV response and flow conditions were examined at different reduced velocities when Z = 8, 12, and 16, as shown in Figure 9, Figure 10 and Figure 11.



The amplitude ratio response of two tandem oscillators differs from that of a single oscillator. Different inter-oscillator ratios lead to distinct responses due to the interference of wake vortices and the integration of gap flow between the upstream and downstream oscillators. These differences manifest in the amplitude ratio, frequency ratio, and overall flow dynamics of the two oscillator structures. After the response reaches the upper branch, there is no clear lower branch observed; instead, it directly enters the transition zone from VIV to galloping vibration, as illustrated in Figure 9, Figure 10 and Figure 11. This behavior further illustrates the unique characteristics of the tandem three-cylinder oscillators with a rigidly connected structure in capturing hydrokinetic energy.



As shown in Figure 9, Figure 10 and Figure 11, it is evident that at the initial branch of reduced velocity, the excitation effect on both the upstream and downstream oscillators is relatively weak, with no significant difference in the amplitude ratio between them. In contrast, for cases where Z = 8 or 16, the downstream oscillators display a higher amplitude ratio. This phenomenon highlights the distinctive qualities of tandem three-cylinder oscillators with a rigidly connected structure in harnessing hydrokinetic energy.



When Z = 8 and U* = 7 in the upper branch of VIV, the amplitude ratio of the upstream oscillator reaches 0.475. The downstream oscillator is positively excited due to the full integration of the upstream shedding vortex and the downstream energy harvesting structure cylinder gap flow. As a result, the downstream oscillator experiences stronger hydrodynamic forces and greater amplitude compared to the upstream oscillator. However, the shedding frequency decreases due to interference from the upstream shedding vortex, leading to strong fluctuations.



The upstream cylinder can achieve a larger amplitude when the reduced velocity reaches the upper branch (U* > 7). The amplitude ratio difference between the upstream and downstream oscillators is largest when U* = 9. The amplitude ratio of downstream oscillators is only 30.97% of that of upstream oscillators. Specifically, among the Z = 8, 12, and 16, the amplitude difference is largest at Z = 16 due to the high intensity of the upstream vortex, as shown in Figure 8g. When flowing through the downstream oscillator, the wake vortex impacts and envelops the downstream oscillator, suppressing downstream vibration. Under almost the same vibration frequency, the amplitude ratio of the downstream oscillator is only 48.3% of the upstream oscillator (average value within the cycle). This indicates that the interaction between the upstream and downstream oscillators is strongest during this time.



When the reduced velocity is in the transition branch, both oscillators exhibit an increasing trend in vibration amplitudes. This occurs when the flow velocity is high, causing the shedding vortex of the upstream oscillator to directly impact the downstream oscillator. As shown in Figure 8l, the response frequency and amplitude ratio of the energy harvesting structure both increase when U* = 11. Due to the fast flow velocity, the wake shedding position of the upstream oscillator significantly deviates from the equilibrium point position. As a result, the shedding vortex can effectively interact and merge with the gap flow and wake vortex of the downstream oscillator, thereby reducing the vibration suppression effect of the downstream oscillator. Although the downstream oscillator is still influenced by the wake vortex of the upstream oscillator, its amplitude ratio is slightly lower than that of the upstream oscillator.



When the reduced velocity is in the transition branch, both oscillators show an increasing trend in vibration amplitudes due to the high flow velocity. This leads to the shedding vortex of the upstream oscillator directly impacting the downstream oscillator. In Figure 8l, both the response frequency and amplitude ratio of the energy harvesting structure increase when U* = 11. The large amplitude ratio causes the wake–shedding position of the upstream oscillator to deviate significantly from the equilibrium point. Consequently, the shedding vortex can effectively interact and merge with the gap flow and wake vortex of the downstream oscillator, reducing the vibration suppression effect. Although the downstream oscillator is still influenced by the wake vortex of the upstream oscillator, its amplitude ratio is slightly lower than that of the upstream oscillator.



Under the three inter-oscillator spacing ratios Z = 8, 12, and 16, the amplitude ratio between the upper and lower oscillators is more pronounced compared to the two groups of 8 and 16. The frequency ratio variations are most intricate when Z = 8. The amplitude gap between the leading and trailing oscillators in the initial branch is significant, with the trailing oscillator exhibiting clear advantages. When Z = 16, the disparity between the leading and trailing two oscillators in the upper response branch is the most significant among the three spacing ratios. This indicates that different Z values will result in varying levels of interference in different response branches.




3.2.3. Effect of Incoming Flow Velocity on the Downstream Oscillator


The wake patterns of the downstream oscillator are influenced by the incoming flow velocity of the upstream oscillator, resulting in a difference in the hydrodynamic energy harvested by each oscillator. To investigate how different spacing ratios and upstream flow velocities affect the flow velocity and harvested energy of the downstream oscillator, five equally spaced monitoring points (see Figure 3) are placed 0.25D ahead of the downstream oscillator to measure the flow velocity. Real-time incoming flow velocity and velocity contour plots of the downstream oscillator for three spacing ratios are depicted in Figure 12, Figure 13 and Figure 14. The velocities at the monitoring points deviate from the inlet incoming flow velocity as the water passes through the upstream oscillator at reduced velocities.



The results depicted in Figure 12, Figure 13 and Figure 14 show that, at a constant reduced velocity, the velocities at the monitoring points differ from the inlet flow velocity once the water has passed through the upstream three-cylinder oscillator. For Z = 8, the close proximity between the upstream and downstream oscillators results in a noticeable mutual interference effect between the cylinders. This leads to a more intricate flow pattern in the wake and significant fluctuations in the incoming flow velocity at the downstream monitoring points. The velocities at each monitoring point do not follow a distinct cycle of change, with most fluctuation values in the incoming flow velocity being smaller than those at the upstream inlet. As a result, the downstream cylinder oscillator harvests less energy (Figure 12).



For Z = 12, the wake patterns of the upstream oscillator appear to be more stable, resulting in a simpler flow pattern. The velocity changes exhibit regular fluctuations, with a higher frequency of fluctuations in the initial and lower branches. The flow velocity at individual monitoring points closely resembles the inlet flow velocity, and the fluctuations between monitoring points are more consistent. Additionally, as shown in Figure 10, the amplitude changes of both the upstream and downstream oscillators are relatively gentle, with no significant variations observed.



For Z = 16, the wake patterns of the upstream oscillator are stable and can evolve into a pair of stable vortices at a sufficient distance. There is a certain regularity in the velocity fluctuation, with the velocity of the downstream oscillator being higher than that of the previous two oscillators and closer to the inlet flow velocity. When U* = 4, the amplitude ratio of the upstream and downstream oscillators is nearly identical, as shown in Figure 11. Additionally, Figure 8i illustrates that the wake vortex can fully develop into a regular shedding vortex pair. At higher flow velocities, the fluctuation slows down, indicating a weakened interaction between the two three-cylinder oscillators. Notably, at U* = 9, the velocities at the downstream monitoring points are significantly smaller than the inlet velocities, as depicted in Figure 14. Observing Figure 8k and Figure 11a, it is evident that the vortex shedding from the upstream oscillator directly collides with the downstream oscillator, resulting in a decrease in the incoming flow velocity, which is much lower than the inlet flow velocity.



The study examines how the spacing ratio between two tandem three-cylinder oscillators affects inlet velocity. The findings indicate that as the inter-oscillator spacing ratio increases, the flow velocity decreases once the water passes through the upstream oscillator. At a certain distance, the wake patterns of the upstream oscillator create a stable pair of vortices, resulting in consistent fluctuations in the inlet velocity of the downstream oscillator. This enables the downstream oscillator to closely align with the inlet velocity at a low reduced velocity (U* = 4). When U* = 9, the frequency of vortex shedding increases. This leads to a notable enhancement in the suppression effect of the regular vortex downstream oscillator. Consequently, the inflow velocity in front of the downstream oscillator becomes significantly lower than the inlet flow velocity. It is clear that the inter-oscillator spacing ratio plays a crucial role in influencing the inlet velocity of the downstream oscillator, thereby impacting the potential hydrokinetic energy that can be harvested.




3.2.4. Analysis of the Lift of Two Tandem Three-Cylinder Oscillators


Lift force is a key factor in energy conversion systems utilizing VIV for hydrokinetic energy harvesting. Figure 15 demonstrates the lift forces on both upstream and downstream three-cylinder oscillators at various spacing ratios that are then contrasted with the lift forces on a single three-cylinder oscillator.



When U* = 7, an increase in the inter-oscillator spacing ratio results in a gradual decrease in the lift value of the downstream oscillator. Specifically, the lift values are 71.86, 55.37, and 41.43 for Z values of 8, 12, and 16, respectively. Figure 9, Figure 10 and Figure 11 illustrate that as the inter-oscillator spacing ratio increases, the downstream oscillator experiences a reduction in both amplitude ratio and frequency ratio. This ultimately strengthens the suppression effect on the motion of the downstream column group.



When U* = 9, the lift difference between the upstream and downstream three-cylinder oscillators reaches its maximum value for three spacing ratios (Z = 8, 12, 16). At this reduced velocity, the connection between the gap flow and wake vortex of the upstream oscillator has a notable effect on the downstream oscillator. Strong vortices envelop the downstream oscillator, hindering its movement. Combined with Figure 9, Figure 10 and Figure 11, there are noticeable variations in the frequency and amplitude ratios of the oscillator.



The transition branch is reached when U* = 11, leading to a large upstream incoming flow velocity and noticeable turbulent kinetic energy loss. The mutual interference between the two oscillators impacts the excitation effect, causing a decrease in lift for both the upstream and downstream three-cylinder oscillators compared to the individual oscillator across all three spacing ratios.



When Z = 8, increasing the reduced velocity results in an increase in the lift force experienced by the upstream oscillator. The difference between the lift values of the upstream and downstream oscillators is maximized at U* = 9. For U* = 4 and 7, the lift value of the downstream oscillator surpasses that of the upstream oscillator. Figure 8a,b illustrates how the shedding vortex from the upstream oscillator affects the downstream oscillator, lifting it through the wake vortex effect and creating a stronger motivating force. At U* = 11, both the upstream and downstream oscillators reach their maximum lift values. As shown in Figure 8, the wake vortex detached from the upstream oscillator only collides with the outer side of the downstream column group, weakening its impact on the downstream oscillator motion and producing a slight inhibitory effect. Additionally, due to the interactions between the two three-cylinder oscillators, the peak lift values of both oscillators in the transition response branch are lower than those experienced by a single three-cylinder oscillator. Specifically, when Z = 12, the lift of the upstream oscillator increases with the increase in U*. When Z = 16, the mutual interference between the two oscillators is weakened, and the lift gradually increases with increasing reduced velocity.



In summary, under varying spacing ratios, the interaction between two oscillators impacts lift. The influence lessens as the spacing ratio increases. Significant changes in the downstream oscillator, especially at U* = 9 in the upper response branch, result in the largest lift difference between the upstream and downstream oscillators. However, as Z increases, this difference gradually diminishes.






4. Analysis of Energy Harvesting of the Two Tandem Three-Cylinder Oscillators


To harness hydrokinetic energy on a large scale, a rigidly connected staggered three-cylinder oscillator structure is utilized. The vortex-induced vibration (VIV) response and energy harvesting performance are influenced by the interaction between the upstream and downstream oscillators at different spacing ratios and reduced velocities. The energy harvesting analysis was conducted for the upstream and downstream oscillators at Z = 8, 12, and 16, considering three parameters: the magnitude of harvested energy (PVIV), energy harvesting efficiency (ηVIV), and energy harvesting density (PDensity), as illustrated in Figure 16, Figure 17 and Figure 18.



Figure 16 illustrates the harvesting energy magnitude (PVIV) of the oscillators at different inter-oscillator spacing ratios. In the lower branch, the flow velocity is significantly low, resulting in a low structural response frequency, small overall vibration amplitude, and minimal energy harvested for both the upstream and downstream oscillators. The harvesting energy curves for both oscillators are nearly identical across all spacing ratios. In the upper branch, the harvesting energy characteristics of the oscillators exhibit similar trends under different Z values. Based on previous research findings, it is evident that in the initial branch, U* < 4, the upstream oscillator exhibits a low vibration frequency, small vibration amplitude, and weak lifting force on the column group structure. Of the three spacing ratios, the downstream oscillator attains an energy harvesting efficiency of 8.4% only at Z = 8. Upon transitioning to the upper branch, particularly when 4 ≤ U* < 7, the excitation effect on the structure intensifies, leading to an increase in both the amplitude ratio and frequency ratio of the structure. When U* ≤ 7, the downstream oscillator is affected by the wake shedding from the upstream oscillator, resulting in the downstream oscillator harvesting higher energy compared to the upstream oscillator once the gap flow and wake patterns merge. This region is therefore identified as the dominant region for energy harvesting by the downstream oscillator. The response frequencies of the oscillators, when rigidly connected, approach their natural frequency in water when U* > 7. This weakens the interference effect between the upstream and downstream oscillators, causing the energy harvesting of the upstream oscillator to surpass that of the downstream oscillator. In this case, the dominant region for energy harvesting shifts to the upstream oscillator.



Figure 17 shows the energy-harvesting efficiency ηVIV of the three-cylinder oscillators under different inter-oscillator spacing ratios. The ηVIV of the upstream three-cylinder oscillator is weakly affected by Z, with consistent trends and small differences at different Z, while the downstream three-cylinder oscillator is significantly disturbed. The efficiency of the upstream three-cylinder oscillator reaches a maximum at U* = 9. At the same time, the efficiency of the upstream oscillator reaches a maximum of 38.77% at Z = 16. However, under the three spacing ratios, the downstream oscillators all have the lowest efficiency and the smallest harvesting energy at U* = 9, indicating that at this reduced velocity, the shedding vortex of the upstream oscillator acts on the downstream oscillator to inhibit the motion of the downstream oscillator, resulting in a decrease in the amplitude of the downstream oscillator. At the same time, the incoming velocity of the downstream oscillator decreases dramatically after water flow passes through the upstream oscillator, and ultimately, the harvesting energy of the downstream oscillator decreases. When the wake patterns shedding from the upstream oscillator interact with the downstream oscillator, they move back to the upstream oscillator, harvesting additional energy. After the reduced velocity increases further, the energy that can be harvested by the oscillator converter increases further but the capturing efficiency appears to decrease. Therefore, Z = 16 and U* = 9 are considered the optimal efficiency point of the upstream oscillator.



The energy-harvesting densities, PDenisty, of the two oscillators at different Z are given in Figure 18. Under the initial branch, the energy densities of the upstream and downstream oscillators at the various spacing ratios are almost indistinguishable, and the effect of the spacing ratio on the energy densities is not obvious. After entering the upper branch, the energy density increases with the increase in the reduced velocity, the energy densities of the downstream oscillator at U* = 6 are all larger than those of the upstream oscillator under the three spacing ratios, and the downstream oscillator harvests more energy after coupling with the upstream wake patterns. The upstream oscillator harvests more energy than the downstream at Z = 12 and 16 when U* = 7, but the downstream oscillator can harvest more energy when Z = 8. This shows that the space ratio Z affects the energy density of the upstream and downstream three-cylinder oscillator harvesting energy slightly.



In summary, the effect of Z on the harvesting energy of the tandem three-cylinder rigidly connected oscillators is not obvious. The energy harvesting value and energy density of the upstream oscillator increase as U* rises, particularly on the upper-end branch where the increase is more rapid, before leveling off at the transition branch. Conversely, the downstream oscillator experiences a decrease in the energy harvesting value at the upper branch, influenced by the incoming flow rate and reduced lift. Notably, the highest captive energy efficiency of the upstream oscillator and the lowest captive energy efficiency of the downstream three-cylinder oscillator both occur at U* = 9




5. Conclusions


This study aimed to investigate the effects of different spacing ratios on the vortex-induced vibration (VIV) response and energy harvesting characteristics of a structure consisting of three rigidly connected cylinders. Numerical fluid–solid interaction methods were employed for this investigation. The main findings of the study are as follows:




	
When analyzing two rigidly connected oscillators with different inter-oscillator space ratios, the shedding vortices and wake flow patterns of the energy harvesting structure demonstrate more complex fluid–structure coupling effects compared with independent single oscillators. The wake vortices primarily correspond to the 2S and 2P modes. For a specific scenario where Z = 12 and U* = 9 or 11, the wake patterns of the downstream oscillator are in the 2P mode. In individual cases, the oscillators strongly interfere with each other, resulting in the formation of banded vortices and a significant number of broken vortices.



	
In the structure of two tandem rigidly connected oscillators, the amplitude ratio of the vortex-excited vibration response of the upstream oscillator is not significantly influenced by the spacing ratio between the oscillators. However, the downstream oscillator, which is interfered with by the upstream shedding tail vortex, has a significantly disturbed VIV response and a large change in the amplitude ratio.



	
At Z = 8, there is a clear interaction between the upstream and downstream oscillators, with the frequency ratio changing alternately. The spacing ratio between oscillators increases, allowing the upstream oscillator to achieve a higher amplitude ratio. At Z = 16, the amplitude ratio of the upstream oscillator is consistently larger than that of the downstream oscillator across all reduced velocities.



	
When the inter-oscillator spacing is small (Z = 8), the downstream oscillator experiences intense flow velocity fluctuations with a fast fluctuation frequency. As Z increases, the velocity fluctuations gradually decrease, exhibiting more noticeable regularity. With U* = 4, as Z increases, the downstream oscillator flow velocity is weakened by interference from the upstream tail vortex, allowing it to eventually approach the inlet flow velocity.



	
Overall, the lift value of the upstream oscillator increases as the reduced velocity increases, but the lift value of the downstream oscillator is noticeably affected by the inter-oscillator spacing ratio. When U* = 7, the lift value of the downstream oscillator decreases as the inter-oscillator spacing ratio increases. The difference in lift value between Z = 8 and Z = 16 is 42.34%.



	
The energy harvesting effect of the tandem rigidly connected oscillator structure is minimally impacted by parameter Z within the vortex-induced vibration range. Variations in inter-oscillator spacing ratios result in noticeable differences in the upper branch. The interference between the upstream and downstream oscillators is most pronounced when U* = 9. The upstream oscillator achieves maximum energy harvesting efficiency, reaching 38.77%, while the downstream oscillator achieves a minimum efficiency of 3.92%. This results in a significant difference of 34.85% in energy harvesting efficiency. Under this condition, the majority of incoming energy is harvested by the upstream oscillator.



	
PVIV and PDenisty increase with increasing U*. The rate of increase in the energy harvesting value and energy density is greatest in the upper branch. The maximum growth rate of the energy density of the upstream oscillator is 39.71% from U* = 8 to U* = 9 when Z = 8. Additionally, the maximum growth rate of the captured energy value is 32.19% when Z = 16.








In conclusion, the spacing ratio and flow velocity have a small effect on the vortex-induced vibration (VIV) response and capture performance of the upstream oscillator, but a large effect on the downstream oscillator. Therefore, it can be positioned in the upstream branch by tuning the hydrodynamic vibration response of the energy harvesting structure based on the incoming flow velocity. Additionally, fully utilizing the ocean current by selecting an appropriate oscillator spacing ratio can enhance the energy-harvesting efficiency of the downstream oscillator. The study’s findings offer valuable theoretical guidance and reference for the practical implementation of VIV-based energy harvesting. However, as the study relies on two-dimensional numerical simulations, further exploration is necessary to fully comprehend the eddy current-induced vibration mechanism of tandem multi-cylindrical oscillators.
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Figure 1. Schematic diagram of the energy conversion device and its oscillator. 
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Figure 2. The two-way solution concept of the flow–solid interaction. 
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Figure 3. Computational domain and mesh division. 
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Figure 4. Comparison of amplitude ratio A* between the numerical results and experimental results [45,46]. 
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Figure 5. Lift coefficient of grid minimums of 0.005, 0.001, and 0.0005. 
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Figure 6. Numerical results of a single three-cylinder oscillator: (a) Amplitude ratio of a single three-cylinder oscillator (b) Frequency ratio of a single three-cylinder oscillator. 
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Figure 7. Wake vortex patterns of a single three-cylinder oscillator with rigid connection (different colors mean different directions of rotation). 






Figure 7. Wake vortex patterns of a single three-cylinder oscillator with rigid connection (different colors mean different directions of rotation).



[image: Jmse 12 00515 g007]







[image: Jmse 12 00515 g008] 





Figure 8. Wake vortex pattern of the tandem rigidly connected three-cylinder oscillator: Z = 8 (a) U* = 4, (b) U* = 7, (c) U* = 9, (d) U* = 11, Z = 12, (e) U* = 4, (f) U* = 7, (g) U* = 9, (h) U* = 11, Z = 16, (i) U* = 4, (j) U* = 7, (k) U* = 9, (l) U* = 11. (different colors mean different directions of rotation). 
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Figure 9. The amplitude ratio and the frequency ratio under an inter-oscillator spacing ratio Z = 8. 
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Figure 10. The amplitude ratio and the frequency ratio under an inter-oscillator spacing ratio Z = 12. 
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Figure 11. The amplitude ratio and the frequency ratio under ab inter-oscillator spacing ratio Z = 16. 
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Figure 12. Real-time velocity and velocity contour cloud chart of the two three-cylinder oscillators at Z = 8. 
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Figure 13. Real-time velocity and velocity contour cloud chart of the two three-cylinder oscillators at Z = 12. 






Figure 13. Real-time velocity and velocity contour cloud chart of the two three-cylinder oscillators at Z = 12.



[image: Jmse 12 00515 g013]







[image: Jmse 12 00515 g014] 





Figure 14. Real-time velocity and velocity contour cloud chart of the two three-cylinder oscillators at Z = 16. 
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Figure 15. Lift diagram of two three-cylinder oscillators (a) At Z = 8, (b) At Z = 8, (c) At Z = 16. 
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Figure 16. Harvesting energy PVIV of the two three-cylinder oscillators at different inter-oscillator spacing ratios, Z. 
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Figure 17. Harvesting the energy efficiency ηVIV of the two three-cylinder oscillators at different inter-oscillator spacing ratios, Z. 
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Figure 18. Energy harvesting density PDenisty of the two three-cylinder oscillators at different spacing ratios, Z. 
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Table 1. Symbols for parameters associated with VIV.
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	Symbol
	Description
	Symbol
	Description





	A (mm)
	Amplitude of vibration
	A* = A/D
	Amplitude ratio



	fosc
	Oscillating cylinder frequency
	f* = fosc/fn,water
	Frequency ratio



	Z = S / D
	Inter-oscillator spacing ratio
	Ca
	Added mass coefficient



	K (N · m)
	Spring stiffness
	m* = mosc/md
	Mass ratio



	C
	Total system damping
	Re = UD/v
	Reynolds number



	    ξ  t o t a l   =    C  t o t a l       2   K    m  o s c   +  m a            
	Damping ratio
	    f  n , w a t e r   =   2 π   4    m  o s c   +  m a        
	Natural Frequency in water



	v (m2/s)
	Kinematic viscosity
	U (m/s)
	Flow velocity



	    m  o s c     
	Mass of cylinders
	U* = U/(    f  n , w a t e r    D)
	Reduced velocity



	L (m)
	Length of cylinder
	ma = Camd
	Added mass



	D (m)
	Cylinder’s diameter
	    m d  =  π 4   ρ w   D 2  L   
	Cylindrical drainage quality










 





Table 2. Main parameters of the flow and VIV energy converter.
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	Description
	Symbol
	Value





	Height of the square cylinder
	D (m)
	0.08



	Spring stiffness
	K (N · m)
	592



	Mass ratio
	m*
	1.8



	Flow velocity
	U (m/s)
	0.16~1.12



	Reduced velocity
	U*
	2~13



	Natural frequency in water
	    f  n , w a t e r     
	1.12



	Length of cylinder
	L (mm)
	1000



	Kinematic viscosity of water
	v (m2/s)
	1.14  ×  10−6



	Damping ratio
	    ξ  t o t a l     
	0.1










 





Table 3. Experimental parameters in numerical methods used for validation.
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	Description
	Symbol
	Value





	Diameter of the cylinder
	D (m)
	0.0508



	Spring stiffness
	K (N · m)
	43.5



	Mass ratio
	m*
	2.4



	Reduced velocity
	U*
	2–14



	Natural frequency
	fn,water
	1.12



	Kinematic viscosity
	  v  
	1.14 × 10−6



	Water density
	ρ
	1000










 





Table 4. Average max lift coefficients for different grids.
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	Number of Minimum Grid
	Number of Grid
	Average Max Lift Coefficient





	0.005
	74,712
	2.347314



	0.001
	418,989
	2.179511 (7.148%)



	0.0005
	11,459,669
	2.17680 (0.124%)










 





Table 5. Average max lift coefficients for different time steps.
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	Time Step
	Average Max Lift Coefficient





	0.003
	2.2954



	0.0025
	2.256 (1.718%)



	0.001
	2.2457 (0.456%)
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