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Experimental tests on two tandem triangular prisms were accomplished in synergistic flow-induced motion (FIM) to collect ocean current energy (OCE) with varied spacing ratios and Reynolds number ranges. Typical FIM responses and energy conversion are discussed and presented. The effects of parameters (system stiffness, spacing ratio, and load resistance) were considered to improve the energy harvesting of the system. The main findings can be summarized as follows: 1) with varied spacing ratios between the two tandem prisms, the active power (Pharn) was up to 1.95 times that of the single triangular prism (STP); 2) In general, the harnessed OCE capacity of the upstream triangular prism (UTP) was improved, while the energy harvesting of the downstream triangular prism (DTP) was suppressed by the interaction of the two prisms, 3) In the tests, electricity was generated at U = 0.516 m/s, and the active power, which consistently increased as flow velocity increased, reached Pharn = 32.24 W, with a corresponding efficiency of ηharn = 10.31%; and 4) The best energy conservation performance for harvesting the OCE occurred at L/D = 5, and the optimal load resistance was found at RL = 11 Ω.
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INTRODUCTION
The efficient utilization of zero carbon energy has become an important topic in recent years. Abundant renewable energy may be contained in ocean currents, which could be an effective solution to meeting the worldwide energy supply shortage. Flow-induced motion exists surrounding various structures, such as bridges (Chen et al., 2018), offshore risers (Joshi and Jaiman, 2017), vehicle systems (MatinNikoo et al., 2018), transmission lines (Liu et al., 2017), multi-column offshore platforms (Matsumiya et al., 2018), and hydrofoil cavitation (Wu et al., 2017; Narendran et al., 2018), and is recognized as a destructive phenomenon. With further research on FIM, emerging FIM energy conversion has become a central issue for harnessing ocean current energy (OCE). Some creative prototypes and systems based on FIM have been established to study the oscillation responses and collect OCE.
In the past decade, diverse apparatus for harnessing OCE has been developed and received wide attention. Examples include the vortex-induced vibration aquatic clean energy (VIVACE) system developed by Bernitsas et al. (2008), the virtual damper–spring system (Lee and Bernitsas, 2011; Sun et al., 2015), and the passive turbulence control (PTC) cylinder (Chang et al., 2011). Many experiments with high damping, high Reynolds number, variable stiffness, and variable mass have been carried out. Sun et al. (2017) conducted experimental tests on two passive turbulence control (PTC) cylinders with spacing ratios of 1.57, 2.0, and 2.57 to enhance energy conversion, which was 2.56–13.49 times that of a single PTC cylinder. When testing multiple PTC cylinders, the optimal arrangement of cylinders has been defined by the Betz limit; the efficiency can reach 88.6%, and the optimal density is 875 W/m3. Scholars have studied the energy conversion of tandem PTC cylinders with a numerical model, and a high efficiency of 37% was achieved (Ding et al., 2013; Kim and Bernitsas, 2016). Zhu et al. (2023a) studied the flow structures and dynamic characteristics around a circular cylinder with bilateral splitter plates numerically at a low Reynolds number of 100, and the flow-induced rotation of three different types of bluff bodies was also investigated numerically (Zhu et al., 2023b).
Linking the VIVACE converter and non-cylindrical oscillators, Zhang et al. (2016a) and Zhang et al. (2016b) identified two typical galloping phenomena, soft galloping (SG) and hard galloping (HG), for a triangular prism, which is helpful for harnessing energy with large amplitude. For SG, the oscillation can be self-excited with the increasing flow velocity, but HG requires external excitation to begin galloping. Lian et al. (2017a) and Lian et al. (2017b) concluded that the conversion of SG and HG was an evolving process that was significantly influenced by damping, stiffness, and mass. Subsequently, Shao et al. (2018) introduced FIM tests of a T-section prism and revealed the complete FIM responses and energy conversion characteristics for a T-section prism with different load resistances and aspect ratios. Zhu et al. (2021) studied the characteristics of trapezoidal cylinders with five aspect ratios (d/D), where d is the length of the shorter base and D is the length of the longer base and the height of the cylinders, and the results showed that both the maximum oscillation response and energy conversion were observed at d/D = 0, where the trapezoidal cylinder had changed into a triangular prism. Lian et al. (2017b) compared the FIM responses and energy conversion of various types of cylinders (circular cylinder, regular triangle prism, right square prism, and diamond square prism). In the tests, the regular triangle prism had the best performance with larger amplitude and more active power, which means more efficient harvesting of the energy of ocean currents.
To harness more OCE, an important question is to understand the oscillation and power generation of multiple cylinders in water flow. The interference among cylinders is complex and diverse, especially the interactions between vortex and velocity. The FIM oscillation responses of multiple immersed cylinder configurations have been examined by many researchers. In the early studies, Zdravkovich (1985), Zdravkovich and Achenbach (1997), andZdravkovich and Achenbach, (2002) documented different wake interference regions through experiments. Different types of energy harvesters with plates were developed to improve the harvesting energy by Wang et al. (2021) andWang et al (2023); different locations of the plates were applied and analyzed. Alam et al. (2003a),Alam et al. (2003b), and Alam and Sakamoto (2005) conducted experiments on tandem cylinders. Mutual interference between the cylinders caused by the parameters was systematically analyzed. It was concluded that the space between two prisms has a large effect on the oscillation of the downstream prism. The interference is significant and can be observed in the experiments conducted by Assi et al. (2006) andAssi et al. (2010), as shown in Figure 1. The amplitude decreases at x0/D ≥ 4.0. For x0/D = 20.0, weak vibration can be observed. The increasing space has a negative effect on the oscillation; the cylinder begins to present similar vibration to an isolated body when the interference was irrelevant.
[image: Figure 1]FIGURE 1 | Comparison of amplitude responses for a cylinder downstream of a single cylinder (Assi et al., 2010). (A) Oscillation responses; (B) effect of the gap ratio.
Lin et al. (2002) presented the inflow condition of the cylinders by the particle-image-velocimetry method. On the other side, a large effect on the downstream cylinder was also observed. Mahir and RockWell (1996a), Mahir and RockWell (1996b), and Griffith et al. (2017) also performed experiments and found a significant effect between two cylinders. In recent years, the mutual disturbance of cylinders was recognized. Qin et al. (2017) andQin et al. (2018) studied the oscillation of two cylinders with different natural frequencies connected in tandem, which can decrease the oscillation. Wang et al. (2019) and Xu et al. (2019) conducted experiments on two tandem, long, flexible cylinders with an aspect ratio of 350 at 800 ≤ Re ≤ 16,000. Compared to a single cylinder, the upstream cylinder has the same oscillation; due to the interference, the other performs differently. Zhang et al. (2017) and Zhang et al. (2018) studied the energy conversion for two tandem cylinders at varied spacing ratios, and the pair with a Cir-Tri section had the optimal performance with a maximum efficiency η = 26.5%. Furthermore, numerical models were used to research and analyze the effect of aspect ratio on rectangular cylinders in a flow of 0.1–2.5 m/s. The oscillation responses and energy conversion of two rigidly coupled triangular prisms in a tandem arrangement were tested by Lian et al. (2022). Stiffness, spacing ratio, and load resistance were considered, and a maximum amplitude ratio of A*max = 2.24 and maximum active power of Pharn = 21.04 W were achieved in the experiments.
Based on our test apparatus, we explored some oscillation and energy conversion of non-circular single prisms such as triangular, square, and T-section prisms. The results show that the energy conversion characteristics of the triangular prism were better. To the authors’ knowledge, there are few studies on the energy conversion of two triangular prisms in a tandem arrangement (TTPT). In order to further improve the energy conversion of FIM and better understand the characteristic of TTPT, systemic experiments were conducted and analyzed. The results in this article can be summarized as follows: 1) Experimental research on TTPT (3 ≤ L/D ≤ 8) was completed to study the oscillation responses of the two triangular prisms; 2) Varied load resistances and spacing ratios were applied to explore the potential of improving the energy harvested by TTPT; and 3) Varied stiffness values, spacing ratios, and load resistances were considered and discussed to reveal the parameters that influenced the active power and efficiency of TTPT.
EXPERIMENTAL METHODS
Physical model
Test apparatus
The experimental tests described in this article were developed at the State Key Laboratory of Hydraulic Engineering Simulation and Safety (SKL-HESS) of Tianjin University. The flow velocity varied from 0.4 m/s to 1.40 m/s (41,521 ≤ Re ≤ 123,142) in the TrSL3 regime (Shao et al., 2018), and the corresponding reduced velocity range was 4.75 ≤ Ur ≤ 12.25, where Ur is defined as Ur = U/(D·fn). The two tandem prisms (upstream triangular prism (UTP) and downstream triangular prism (DTP)) were seated at two independent but identical systems, and the parameters are listed in Table 1.
TABLE 1 | Particulars of two triangular prisms in tandem.
[image: Table 1]The test apparatuses consisted of the oscillation and the energy conversion system. The two parts were equipped on the narrow flow channel, as shown in Figure 2. A pitot tube and differential pressure gauge were applied to ensure the accuracy of the flow velocity. The linear range of the differential pressure gauge was 0–6 kPa, and the sensitivity was 0.1%. An accuracy of ±0.1% met the accuracy requirement of the experimental tests. As the water acted on the triangular prisms, the prisms moved linearly, and the linear motion was transformed into a rotating motion to generate electricity by racks and gears in the energy conversion system, which allowed the generator to generate energy (Shao et al., 2020). All the electrical energy transformed through the signal line was consumed by the load resistance.
[image: Figure 2]FIGURE 2 | Physical model. (A) Recirculating water channel; (B) energy conversion system.
Triangular prisms
As seen in Figure 3A, the side length of the triangle was applied for the projection width (D = 0.1 m). The length of the prism was l = 0.9 m, and the thickness was d = 0.01 m. For the endplates installed, a thickness of 0.01 m was applied. To research the effect of the spacing ratio, varied distances (0.3 m, 0.4 m, 0.5 m, 0.6 m, 0.7 m, and 0.8 m) and corresponding spacing ratios (L/D = 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0) were selected, as shown in Figure 3B.
[image: Figure 3]FIGURE 3 | Triangular prisms. (A) Size of a prism; (B) distance between the prisms.
Data processing
In this article, a magnetic induction displacement transducer with a measurement of 800 mm was applied to collect the instantaneous displacement; the accuracy was 0.1% with an error range of ±0.05%. Two main parameters, the active power Pharn and the energy conversion efficiency ηharn, were used to evaluate the system. In order to illustrate the energy conversion characteristic, the output voltage u) was harvested within 60 s at 40 Hz.
The instantaneous power expression was calculated by the following equations:
[image: image]
where P(t) is the calculated power, u(t) is the measured voltage, and RL is the constant load resistance.
Active power can be defined as
[image: image]
where Pharn is the active power and T is the period.
Efficiency is defined as
[image: image]
where ηharn is the energy conversion efficiency, the Betz limit is 59.26%, and Pw is defined as
[image: image]
where ρ is the water density, U is the flow velocity, Amax is the maximum amplitude, D = 0.1 m, and L = 0.9 m.
The calculation formula for the natural frequency of the system is as follows:
[image: image]
where fn is the natural frequency of the system in the air, K is the stiffness, and mosc is the oscillation mass of the system.
The damping ratio of the system can be calculated by
[image: image]
where Ai is the ith peak amplitude and ζair is the damping ratio of the system in the air, which is derived as
[image: image]
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RESULTS AND DISCUSSION
With varied load resistance, the total damping (Ctatol) and damping ratios (ζtotal) were tested by free decay tests, which are listed in Tables 2 and 3.
TABLE 2 | System damping of the free decay test for the UTP.
[image: Table 2]TABLE 3 | System damping of the free decay test for the DTP.
[image: Table 3]Oscillation responses of TTPT
To further study the oscillation responses of TTPT, the FIM response curves for typical galloping, namely, hard galloping (HG) and soft galloping (SG),) were analyzed. The amplitude data were recorded at a 40-Hz sampling frequency and defined as the average of peak amplitudes within a continuous oscillation period. The frequency was obtained from the time history of displacement by the fast Fourier transform (FFT) method.
Typical HG responses
A constant load resistance (RL = 16 Ω) was selected to analyze the typical HG oscillation characteristics. In the range of 4.75 ≤ Ur ≤ 12.25, the single triangular prism goes into complete vortex-induced vibration (VIV) responses whether Ur increases or decreases. However, the UTP performs a complete oscillation from VIV to galloping, indicating that the UTP is affected by the DTP, as shown in Figure 4. The explanation is as follows:
[image: Figure 4]FIGURE 4 | Amplitude and frequency responses for K = 1,400 N/m and RL = 16 Ω. (A) Amplitude response of the UTP; (B) amplitude response of the DTP, (C) frequency response of the UTP; and (D) frequency response of the DTP[image: image]
For 4.75 ≤ Ur ≤ 7.25, the vibration performs the VIV initial branch, and the amplitude ratio (A*) and frequency ratio (f*) for the UTP and DTP increase gradually, performing a similar oscillation to a single triangular prism (STP). The A* values of the UTP with varied spacing ratios are close to but larger than those of the STP. In contrast, the DTP is inhibited by the UTP, and its A* value is smaller. The f* values of the two prisms are slightly smaller than that of the STP.
For 7.25 ≤ Ur ≤ 10.375, the A* of the UTP gradually increases with the flow velocity and performs significantly better oscillation than the A* of the STP. The maximum A* is approximately 1.60 for L/D = 4. At 7.25 ≤ Ur ≤ 9.125, the A* of the DTP fluctuates, indicating that unstable and suppressed oscillation exists. At Ur = 9.75, the A* of the DTP increases significantly and performs better oscillation than the A* of the STP. The f* of the UTP remains stable at approximately 0.72, which is slightly smaller than the f* of the STP, and the f* of the DTP remains at approximately 0.82, which is smaller than the f* of the STP.
As Ur ≥ 10.375, the UTP enters the galloping branch, with a large amplitude and low frequency. At Ur = 12.25, there exists the largest value of A* = 1.96 (L/D = 5), which is slightly larger than the STP (A* = 1.90). At the same time, the f* of the UTP is less than the f* of STP, which remains at 0.72–0.76. For Ur ≥ 9.75, the DTP was promoted by the UTP, and the A* of the DTP gradually increased with flow velocity, from 0.77 (L/D = 4) to 2.08 (L/D = 5). Additionally, for L/D = 5, the A* of the DTP (2.08) is larger than the A* of the UTP (1.96) and the A* of the STP (1.90) at Ur = 12.25. The f* of the DTP is also concentrated between 0.72 and 0.76, which indicates that the UTP has both an inhibitory effect on the DTP and a certain promoting effect in some working conditions.
To comprehensively illustrate the FIM response, the following discussions present the VIV initial branch, the VIV–galloping transition branch, and the galloping branch. The displacement time history and the spectra at Ur = 6.625 and L/D = 5 were analyzed. The two prisms have unstable displacement in general. The UTP has a larger oscillation than the DTP but less than the STP. As shown in Figure 5B, the dominant frequencies of two prisms are similar to but smaller than the frequencies of the STP.
[image: Figure 5]FIGURE 5 | Comparison of displacement and spectra at the VIV initial branch. (A) Displacement time history; (B) spectra.
The case of Ur = 8.5 and L/D = 5 was selected to analyze the oscillation responses at the VIV–galloping transition branch. The two prisms have stable displacement, but the DTP has a lower amplitude than the UTP and the STP, as shown in Figure 6A. Two small peaks appear on both sides of the dominant frequency of the UTP, indicating that the oscillation of the UTP is affected by external factors. The reason may be related to the vortex shedding from the UTP onto the DTP. Due to the good co-movement, the two tandem prisms have the same dominant frequency. The dominant frequency of the STP is 1.01 Hz on the upper branch, similar to the natural oscillation frequency of the system. The “lock-in” phenomenon is observed, as shown in Figure 6B.
[image: Figure 6]FIGURE 6 | Comparison of displacement and spectra at the VIV-galloping transition branch. (A) Displacement time history; (B) spectra.
The case of Ur = 12.25 and L/D = 5 was selected to analyze the oscillation characteristics of the galloping branch. The displacement of the two tandem prisms has a stable high value, while the amplitudes are close to that of the STP, as shown in Figure 7A. The dominant frequency of the two prisms is consistent and prominent, indicating that energy is concentrated. This frequency is close to that of the STP, as shown in Figure 7B, which illustrates that mutual interferences between the two prisms are reduced, and the oscillations are similar to those of the STP.
[image: Figure 7]FIGURE 7 | Comparison of displacement and spectra at the galloping branch. (A) Displacement time history; (B) spectra[image: image]
In summary, the oscillation of the UTP is improved at hard galloping. In contrast, the oscillation of the DTP is inhibited at Ur ≤ 9.125. At Ur ≥ 9.75, the DTP enters the wake-induced vibration branch, wherein the amplitude increases and gradually approaches the amplitude of the STP. The violent oscillation in the galloping branch may cause the energy to be concentrated, which results in efficient energy harvesting.
Typical SG responses
A constant load resistance was selected at RL = 21 Ω to analyze SG oscillation. In the tests, the oscillation characteristics of the UTP are very close to those of the STP. The DTP is disturbed by the UTP, affecting the oscillation responses. Particularly at smaller L/D, there is a negative effect on A*. The evident suppression can be observed for Ur ≤ 8.5, and oscillation is enhanced under the condition of high flow velocity (Ur ≥ 8.5), as shown in Figure 8. The explanation is as follows:
[image: Figure 8]FIGURE 8 | FIM responses for K = 1,400 N/m and RL = 21 Ω. (A) Amplitude response of the UTP; (B) amplitude response of the DTP; (C) frequency response of the UTP; and (D) frequency response of the DTP[image: image]
For 4.75 ≤ Ur ≤ 7.25, the oscillation performs as the initial branch of VIV, and the responses of the UTP perform as they do in typical hard galloping. The suppression of the DTP becomes more prominent, and the A* is generally smaller than 0.3, as shown in Figure 8B. As the flow velocity increases, the frequency ratio (f*) gradually increases to 0.72–0.86, as shown in Figure 8D. For 7.25 ≤ Ur ≤ 10.375, the UTP transforms into a VIV–galloping transition branch; as the flow velocity increases, the A* can reach approximately 1.65 (L/D = 4). The f* of the UTP stabilizes at approximately 0.72, slightly smaller than the f* of the STP. The oscillation of the DTP is suppressed, and the A* is low. At Ur = 7.875, the amplitude of the DTP starts to increase; the smaller spacing ratio and higher amplitude have a stronger promoting effect. However, the amplitude ratio of A* is still significantly less than the A* of the STP, which varies from A* = 0.08 (L/D = 3) to A* = 1.30 (L/D = 3). The frequency ratio varies between 0.756 (L/D = 6) and 0.786 (L/D = 3). At Ur ≥ 10.375, the UTP enters the galloping branch, where A* continues to increase with increasing flow velocity. The maximum value reaches A* = 2.08 (L/D = 6), which is slightly smaller than A* = 2.10 for the STP. The f* of the UTP decreases to 0.72–0.76 gradually, which is smaller than the f* of the STP. At Ur ≥ 10.375, the amplitude of the DTP rises sharply, ranging between 0.84 D and 2.18 D. The maximum value A* = 2.18 for the DTP is larger than A* = 2.08 for the DTP, and A* = 2.10 for the DTP, which indicates the DTP is positively promoted. The f* of the two tandem prisms maintains the same value and is stabilized between 0.72 and 0.76, which is smaller than the f* of the STP. The results show that the UTP not only inhibits the DTP but also promotes the DTP in some working conditions.
To further describe the FIM responses for each branch with SG oscillation, the three typical branches were analyzed through the characteristic indicators of the oscillation (time history of displacement and spectra).
To analyze the oscillation characteristics of the VIV initial branch, the case of Ur = 6.625 (L/D = 5) was selected, which is similar to the initial HG branch. The time history of displacement and dominant frequency are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Comparison of displacement and spectra at the VIV initial branch. (A) Displacement time history; (B) spectra.
To analyze the oscillation characteristics of the VIV–galloping transition branch, the case of Ur = 9.125 and L/D = 5 was selected. The UTP and STP have stable displacement time histories, but the DTP fluctuates widely, and the oscillation is unstable. In contrast, the UTP has a larger amplitude, as shown in Figure 10A. The two prisms have the same dominant frequency, and the frequency band is narrow with good co-movement, indicating that energy is concentrated. However, the frequency is smaller than that of the STP, as shown in Figure 10B.
[image: Figure 10]FIGURE 10 | Comparison of displacement and spectra at the VIV-galloping transition branch. (A) Displacement time history; (B) spectra.
To analyze the oscillation characteristics of the galloping branch, the case of Ur = 11 and L/D = 5 is presented. The characteristics of two tandem prisms are very stable and closed, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Comparison of displacement and spectra at the galloping branch. (A) Displacement time history; (B) spectra.
The oscillation characteristics of each SG branch are very similar to those of HG branches. In general, the UTP behaves like the STP, and the responses of the DTP suppress performance. The frequencies of SG in different branches are less than those of HG.
Co-movement of TTPT
In the experimental tests for TTPT, a significant phase difference exists between the two prisms, which fluctuates with varied spacing ratio and reduced velocity.
The instantaneous phase is defined as
[image: image]
where Phase(t) is the phase of the i + 1th peak value of displacement and Peak(i) is the time of the ith peak (i = 1,2,3 … ).
The Phase difference is defined as
[image: image]
where Phase difference(t) is the phase difference between two prisms; Phase1(t) and Phase2(t) are the instantaneous phases of the UTP and the DTP, respectively.
Effect of the spacing ratio on the phase difference
A phase difference between two tandem prisms was present, based on the displacement time history within a continuous 60 s. The typical cases of Ur = 12.25, RL = 16 Ω, and K = 1600 N/m at 3 ≤ L/D ≤ 8 were selected to analyze the effect of space on the phase difference. With varied spacing ratios, various phase differences appeared between the two tandem prisms.
For 3 ≤ L/D ≤ 5, the shedding vortex from the UTP has a large influence on the oscillation of the DTP. For L/D = 3 and L/D = 5, an advanced oscillation phase of 6π can be observed at the DTP. At L/D = 4, the phase difference between the two prisms increases to 14π, as shown in Figure 12. Surprisingly, at L/D = 5, the phase difference is 6π in 60 s. The phase difference during 0–15 s and 35–50 s did not change linearly but remained stable, indicating that the co-movement was good in these two periods. However, the phase difference was linear between 15 s and 35 s and between 50 s and 60 s, which indicates that the oscillation of the DTP may have been disturbed, as shown in Figure 12C. The vortex shedding from the UTP affects the DTP, and the effect varies significantly with different spacing ratios, which proves that the spacing ratio has a strong influence on the oscillation responses of the prisms.
[image: Figure 12]FIGURE 12 | Displacement time history and phase difference of the two prisms (3 ≤ L/D ≤ 5). (A) L/D = 3; (B) L/D = 4; (C) L/D = 5.
For 6 ≤ L/D ≤ 8, although the phase difference fluctuates, the phase difference varies within 2π. Thus, the oscillations and phase differences of the two tandem prisms are stable within a certain spacing ratio, as shown in Figure 13.
[image: Figure 13]FIGURE 13 | Displacement time history and phase difference of the two prisms (6 ≤ L/D ≤ 8). (A) L/D = 6; (B) L/D = 7; (C) L/D = 8.
Effect of reduced velocity on the phase difference
To analyze the phase differences with varied reduced velocity, the case of L/D = 8, RL = 16 Ω, and K = 1600 N/m with 8.5 ≤ Ur ≤ 12.25 was selected. At Ur = 8.5, the amplitude of the UTP is approximately 100 mm, the amplitude of the DTP is small and fluctuates widely, and the oscillation is very unstable, as shown in Figure 14A.
[image: Figure 14]FIGURE 14 | Displacement time history and phase difference of the two prisms (8.5 ≤ Ur ≤ 12.25). (A) Ur = 8.5; (B) Ur = 9.125; (C) Ur = 9.75; (D) Ur = 10.375; (E) Ur = 11; (F) Ur = 11.625; and (G) Ur = 12.25.
For 9.125 ≤ Ur ≤ 11.625, the phase difference between the two tandem prisms increases linearly. At Ur = 9.125, an advanced phase of 16π can be observed at the DTP, as shown in Figure 14B. For Ur = 9.75, the oscillation phase increases to 20π, as shown in Figure 14C. At Ur = 10.375, the oscillation phase continues to increase to 22π, as shown in Figure 14D. However, the oscillation phase begins to decrease to 16π when Ur = 11, as shown in Figure 14E. For Ur = 11.625, the oscillation phase decreases to 10π, as shown in Figure 14F. In the displacement diagram, the peak value of displacement for the UTP is generally larger. At Ur = 12.25, the oscillation phase and amplitude of the two tandem prisms are close, and the phase difference is π/4, as seen in Figure 14G. This similarity is very important for the co-movement energy conversion of multi-prisms.
The results show that the phase difference decreases with increasing velocity at a constant spacing ratio, which is caused by the varied velocity of the shedding vortex. As the reduced velocity increases, the effect of the vortex shedding from the UTP becomes weaker, so the phase difference continues to decrease.
To sum up, the oscillation of two tandem prisms is affected by the size of the prism, the flow velocity, and other factors. Generally, significant co-movement exists at 6 ≤ L/D ≤ 8. With increasing reduced velocity, the phase difference between the two prisms decreases gradually. The oscillation coupling mechanism is conducive to power generation and promotes the harvesting property of the system.
Energy conversion analysis
Overall analysis
The energy conversion property for TTPT is discussed in this section. The range of parameters selected are K = 1400 N/m, 3 ≤ L/D ≤ 8, and 8 Ω ≤ RL ≤ 21 Ω. The active power (Pharn) of the two prisms is summarized in Figure 15A, and the energy conversion efficiency (ηharn) of the two prisms is presented in Figure 15B. In general, the flow velocity U has promotional effects on Pharn. However, Pharn and ηharn increase and decrease. Ur is defined as Ur = U/(D·fn) for 4.75 ≤ Ur ≤ 12.25. For RL = 8 Ω, the Pharn and ηharn of the system are low and fluctuate at different spacing ratios. While Ur = 10.375, the optimal active power is 4.85 W (L/D = 5), and the corresponding efficiency is 3.03%. As flow velocity increases, Pharn becomes unstable in the VIV lower branch (97,039 ≤ Re ≤ 114,576 for K = 1,400 N/m), then it increases to 6.50 W (L/D = 5) at Ur = 12.25 with an efficiency of 2.07%, as shown in Figure 15. The reason is that the DTP is accelerated by the wake shedding of the UTP.
[image: Figure 15]FIGURE 15 | Energy conversion of TTPT (K = 1,400 N/m). (A) Active power; (B) energy conversion efficiency.
For 11 Ω ≤ RL ≤ 21 Ω, in the VIV region, the local maximum Pharn and ηharn appear at Ur = 10.375, with 15.63 W (L/D = 6) and ηharn = 10.06%. The optimal load resistances (RL) of Pharn exist for TTPT. At RL = 11 Ω, there is the best performance for L/D = 5–7 of the Pharn in the galloping branch, and the DTP is disturbed by the UTP. The local maximum Pharn and ηharn occur at Ur = 12.25; the optimal Pharn is 32.24 W (L/D = 5), and the corresponding efficiency is 10.31%.
Energy conversion for upstream and downstream prisms
To completely describe the energy conversion for TTPT, two working conditions of hard galloping (L/D = 5, RL = 13 Ω) and soft galloping (L/D = 7, RL = 21 Ω) were selected for analysis.
1) Hard galloping. With increasing flow velocity, the Pharn of the STP first increases and then begins to decrease. At Ur = 12.25, external excitation is applied on the STP, and hard galloping occurs, accompanied by Pharn rising sharply, as shown in Figure 16A. At Ur ≤ 9.125, the Pharn and ηharn of the UTP and the DTP are smaller than those of the STP. At Ur ≥ 9.75, the Pharn of the UTP starts to increase gradually and does not show the downtrend seen in the STP. For Ur ≥ 10.375, the Pharn values of the two prisms are larger than that of the STP, as shown in Figure 16C. In addition, the Pharn of the UTP (16.70 W) is larger than those of the UTP (13.43 W) and the STP (15.47 W). At Ur = 12.25, the corresponding ηharn of the STP (5.63%) is larger than those of the UTP (5.29%) and the DTP (4.25%). The total Pharn value of the two tandem prisms (30.13 W) is 1.95 times larger than that of the STP (15.47 W), while the total ηharn of the two tandem prisms (9.54%) is 1.69 times larger than that of the STP (5.63%), as shown in Figure 16.
[image: Figure 16]FIGURE 16 | Energy conversion for L/D = 5. (A) Active power; (B) energy conversion efficiency; and (C) time history of instantaneous velocity and average active power.
2) Soft galloping. The Pharn values of all three prisms increase gradually as the flow velocity increases. The Pharn values for the two tandem prisms are similar to that of the STP, but the Pharn of the DTP is always smaller than that of the STP. For Ur ≤ 8.5, the Pharn and ηharn of the UTP increase more than those of the STP. At Ur ≥ 9.125, the STP has a larger Pharn than the two tandem prisms, as shown in Figure 17C. In addition, the Pharn of the STP (13.20 W) is better than those of the UTP (11.82 W) and the DTP (11.29 W). At Ur = 12.25, the corresponding ηharn of the STP (4.16%) is larger than those of the UTP (3.78%) and the DTP (3.61%). The total Pharn value of the two tandem prisms (23.11 W) is 1.75 times larger than that of the STP (13.20 W), while the ηharn of the two tandem prisms (7.39%) is 1.78 times larger than that of the STP (4.16%).
[image: Figure 17]FIGURE 17 | Energy conversion for L/D = 7. (A) Active power; (B) energy conversion efficiency; and (C) time history of instantaneous velocity and average active power.
It is clear that both inhibition and promotion exist between the two tandem prisms during HG and SG. Compared with the STP, the energy conversion of two tandem prisms has been significantly improved.
Effects of parameters on energy conversion
Pharn and ηharn vary with parameters, including the load resistances (RL), the stiffness (K), and the spacing ratio (L/D), and they are analyzed systematically in this section. The influencing parameters are listed in Table 4.
TABLE 4 | Parameters for energy conversion.
[image: Table 4]Effect of spring stiffness

(a) For the UTP, the curves of Pharn and ηharn are shown as functions of K in Figure 18. The maximum Pharn reaches 12.65 W for K = 1,600 N/m (Ur = 12.25), and the corresponding ηharn = 3.12%. The Pharn values of larger stiffnesses are close and larger than that of K = 1,200 N/m. The variation trend of ηharn is different from that of the Pharn curve. The ηharn values of stiffnesses K = 1,400 N/m and K = 1,200 N/m are close and larger than that of K = 1,600 N/m. The maximum ηharn = 7.30%, which occurs at K = 1,400 N/m, can be clearly observed at Ur = 6.625, and a downtrend in ηharn can be seen at Ur ≥ 6.625.
(b) The DTP starts to output power at Ur = 8.5 for the three stiffness values. The maximum Pharn reaches 11.29 W at Ur = 12.25 for K = 1,400 N/m, corresponding to ηharn = 3.61%. At Ur ≥ 8.5, the energy generation of the system gradually increases, and the active power curves of the two conditions of K = 1,400 N/m and K = 1,600 N/m are nearly identical and larger than that of K = 1,200 N/m. The efficiency curves of the DTP show a similar trend to those of the UTP. For the galloping branch, the ηharn of K = 1,400 N/m gives the best results of the three stiffness values. It can be concluded that the case of K = 1,400 N/m has stable and efficient energy conversion.
[image: Figure 18]FIGURE 18 | Energy conversion of TTPT at varied stiffness. (A) Active power from the UTP; (B) active power from the DTP; (C) efficiency of the UTP; and (D) efficiency of the DTP.
Effect of load resistance
In practical application, the varied load resistance has a significant effect on the energy conversion characteristic, and, within a certain range, the smaller the load resistance, the greater the damping of the system and the larger the energy output of the system.
For RL = 8 Ω, the UTP shows complete VIV. Pharn first increases and then decreases, and the optimal power Pharn = 2.10 W appears at Ur = 9.75 with a corresponding efficiency of ηharn = 2.42%. At Ur ≥ 10.375, the DTP is clearly positively promoted. The active power has a peak value of Pharn = 5.97 W, which appears at Ur = 12.25, corresponding to an efficiency of ηharn = 3.30%.
For both prisms, as the load resistances decrease, the Pharn and ηharn increase considerably for 11 Ω ≤ RL ≤ 21 Ω, as shown in Figure 19. For the UTP, the Pharn varies from 11.98 W (RL = 21 Ω) to 18.19 W (RL = 11 Ω) at Ur = 12.25, and the Pharn of the DTP changes from 11.54 W to 14.05 W. As the load resistances decrease, the rules of energy conversion efficiency suggest that ηharn is similar to active power (Pharn). Among them, the maximum ηharn of the UTP appears at Ur = 6–6.25, and the optimal efficiency of the UTP is in the range of 6.47% (RL = 16 Ω) ∼ 9.68% (RL = 11 Ω). The ηharn of the DTP changes smoothly, but efficiency is generally less than 5%. The varied load resistance causes different damping in the system. A smaller load resistance can promote better energy harvesting due to the increased damping; however, it may cause a strong damping force to suppress the oscillation of the prisms, which indicates poor energy conversion. The Pharn and ηharn of RL = 11 Ω are significantly larger than other load resistances, indicating that the optimal load resistance is RL = 11 Ω.
[image: Figure 19]FIGURE 19 | Energy conversion of TTPT at varied load resistances. (A) Active power from the UTP; (B) active power from the DTP; (C) efficiency of the UTP; and (D) efficiency of the DTP.
Effect of the spacing ratio
Hard galloping
The load resistance of RL = 16 Ω was selected to analyze the energy conversion of hard galloping. For Ur ≤ 8.5, the Pharn of TTPT has a similar value, and the active power curves are also interleaved with varied space. In general, the optimal spacing ratio is L/D = 8. At Ur ≥ 9.125, the VIV phenomenon of the STP does not occur on the UTP. As the flow velocity increases, the Pharn of the UTP increases gradually to a larger value than the Pharn of the STP. The active power curves of different spacing ratios are very similar, and the cases of L/D = 3 and L/D = 8 have smaller Pharn than other conditions, as shown in Figure 20. A peak active power can be observed at Pharn = 14.69 W (L/D = 6); the corresponding efficiency is ηharn = 4.50%. At Ur ≤ 9.75, Pharn becomes suppressed, and the DTP is disturbed by the UTP. For Ur ≥ 10.375, the power output of the DTP is larger than the power output of the STP. At Ur = 12.25, the maximum output power for the DTP is Pharn = 12.89 W (L/D = 5), and the corresponding efficiency is ηharn = 3.98%, which is less than that of the DTP (14.42 W, 4.0%).
[image: Figure 20]FIGURE 20 | Energy conversion of TTPT at varied spacing ratios. (A) Active power from the UTP; (B) active power from the DTP; (C) efficiency of the UTP; and (D) efficiency of the DTP.
Soft galloping
With increasing flow velocity, the Pharn of the UTP increases slightly to a similar value to that of the STP as long as Ur ≤ 8.5. There is a slight difference between the values from the different spacing ratios. In addition, for Ur ≥ 9.125, the STP has a larger Pharn than the UTP. The optimal active power is Pharn = 11.95 W (L/D = 5) for the UTP, and the corresponding efficiency is ηharn = 3.67%. A little suppression can be observed in the DTP, which may be caused by the disruption of flow between the two tandem prisms. The Pharn and ηharn of the DTP are not as high as those of the UTP. The DTP begins to output power at Ur = 8.5, but the energy is small, and the Pharn of the DTP is inhibited and smaller than that of the two prisms. For the DTP, the overall performance of L/D = 5 is the best, as shown in Figure 21.
[image: Figure 21]FIGURE 21 | Energy conversion at varied spacing ratios (RL = 21 Ω and K = 1,400 N/m). (A) Active power from the UTP; (B) active power from the DTP; (C) efficiency of the UTP; and (D) efficiency of the DTP.
CONCLUSION
The FIM responses and energy conversion of two tandem triangular prisms were studied experimentally. Varied spring stiffness, load resistance, and spacing ratio with Reynolds numbers of 41,521 ≤ Re ≤ 123,142 were applied, and the flow velocity was kept at 0.4 m/s ≤ U ≤ 1.40 m/s. The optimal active power was tested, and the effects of spring stiffness, load resistance, and spacing ratio were discussed. Conclusions are summarized as follows:
(1) The results of oscillation tests show that the amplitude and frequency of the two tandem prisms have similar values. The oscillation of the DTP may be inhibited by the shedding vortex of the UTP, and the A* of the DTP is generally less than 0.3, at U ≤ 1 m/s. With increasing flow velocity, the amplitude of the DTP gradually increases; meanwhile, the amplitude and frequency tend to be close to those of the STP.
(2) The phase difference for the two prisms shows that for 6 ≤ L/D ≤ 8, the vortex shedding of the UTP has a large influence on the FIM responses of the DTP; the two tandem prisms have very similar frequencies, and the phase difference is stable. For other spacing ratios, there exist advanced oscillation phases for DTP than UTP. In addition, the phase difference will reduce gradually more than a certain critical speed.
(3) For the tested values, the total active power for the two tandem prisms (30.13 W) is up to 1.95 times than the STP (15.47 W) in a galloping branch (RL = 13 Ω and Ur = 12.25). The DTP has a positive effect on the UTP, and the active power increased by 7.95% compared to the STP (Ur = 12.25, K = 1,400 N/m, L/D = 5, and RL = 13 Ω). The highest active power Pharn = 32.24 W occurs at Ur = 12.25 for K = 1,400 N/m, L/D = 5, and RL = 11 Ω, corresponding to the efficiency ηharn = 10.31%.
(4) The analysis results of the parameter effect on energy conversion show that the optimal stiffness of energy conversion is K = 1400 N/m, and the output power is stable and efficient. The variation of load resistance has a significant influence on the system’s energy harvesting. In the tests, the smaller the load resistance value is, the more energy will be harvested, and the optimal load resistance is RL = 11 Ω. For varied spacing ratios, the UTP is generally promoted, and the DTP is generally inhibited because of the interaction between the two tandem prisms. The results show that the case of L/D = 5 has the optimal performance among the spacing ratios tested.
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A* amplitude ratio, A* = A/D

Cusi total damping of the system

D projection width of the prism in the direction of the incoming flow
i natural frequency of the oscillator
| dominant frequency of oscillation
o frequency ratio, f* = fos/fu

K stiffness of the oscillation system
L center-to-center distance between the two triangular prisms
! length of the triangular prism
Mo oscillation mass

ma displaced mass, m = npD?L/4

m* mass ratio, m* Jmy

Pharm active power

Ry load resistance

Re Reynolds number

[% incoming flow velocity

U, reduced velocity, U, = UI(f, D)

P water density

&otal damping ratio

Mharn energy conversion efficiency

FIM flow-induced vibration

viv vortex-induced vibration

G soft galloping

HG hard galloping

VIVACE  vortex-induced vibration for aquatic clean energy

PTC passive turbulence cylinder
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