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Abstract

:

The VIVACE Converter consists of cylindrical oscillators in tandem subjected to transverse flow-induced oscillations (FIOs) that can be improved by varying the system parameters for a given in-flow velocity: damping, stiffness, and in-flow center-to-center spacing. Compared to a single isolated cylinder, tandem cylinders can harness more hydrokinetic energy due to synergy in FIO. Experimental and numerical methods have been utilized to analyze the FIO and energy harnessing of VIVACE. A surrogate-based model of two tandem cylinders is developed to predict the power harvesting and corresponding efficiency by introducing a backpropagation neural network. It is then utilized to reduce excessive experimental or computational testing. The effects of spacing, damping, and stiffness on harvested power and efficiency of the established prediction-model are analyzed. At each selected flow velocity, optimization results of power harvesting using the prediction-model are calculated under different combinations of damping and stiffness. The main conclusions are: (1) The surrogate model, built on extensive experimental data for tandem cylinders, can predict the cylinder oscillatory response accurately. (2) Increasing the damping ratio range from 0–0.24 to 0–0.30 is beneficial for improving power efficiency, but has no significant effect on power harvesting. (3) In galloping, a spacing ratio of 1.57 has the highest optimal harnessed power and efficiency compared with other spacing values. (4) Two tandem cylinders can harness 2.01–4.67 times the optimal power of an isolated cylinder. In addition, the former can achieve 1.46–4.01 times the efficiency of the latter. (5) The surrogate model is an efficient predictive tool defining parameters of the Converter for improved energy acquisition.
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1. Introduction


The present trend towards clean renewable energy is very strong [1,2,3]. It is gaining momentum worldwide and it is unlikely to slow down despite the current low cost of fossil fuels. Consequently, the exploration and development of renewable energy sources are urgent. Marine energy, as a widely distributed sustainable energy source, with the characteristics of strong stability and predictability, and high-energy density, has been studied by a considerable number of scholars [4,5,6]. One of the major forms of marine energy is horizontal hydrokinetic energy in ocean currents, tides, and rivers [7]. In last decade, research on the utilization of ocean current energy for power generation is widespread [8,9], with the main power generation device being the underwater turbine [10,11]. Underwater turbines, which generate electricity by rotation of their impeller induced by the incoming flow, require a high flow velocity (2.0–2.5 m/s) to start. At most sea locations, however, the current velocity is low, with an average velocity of about 0.4–1.5 m/s and a maximum velocity generally not exceeding 2.5 m/s. Typical river flows are 1.0–1.5 m/s.



When current flows past a bluff elongated structure, the shed vortices formed behind the structure apply alternating forces which may induce vibration of the structure, in the form of nonlinear resonance called vortex-induced vibration (VIV) [12,13,14]. In addition to causing structural damage, VIV has been utilized for energy harvesting on account of the reason that it can be induced even than the ocean current is lower than 0.1 m/s [15]. In 2006, a new energy device named the Vortex-Induced Vibration for Aquatic Clean Energy (VIVACE) Converter, has been proposed by the team of Bernitsas at the University of Michigan [16]. VIVACE uses the flow-induced oscillation (i.e., VIV and galloping) of one or more cylindrical oscillators to convert the hydrokinetic energy to the electrical energy. Crucially, the FIO of rigid cylinders is driven by transverse alternating lift and results in oscillatory FIO motion [17]. Alternating lift technologies (ALT) [2,18], imitating the natural motion of fish, provides an environmentally compatible way of harnessing energy from the flow as low as 0.274 m/s [19,20], realizing the energy harvesting from low flow rate.



Since 2006, the VIVACE Converter has been continuously innovated and improved including extending the power generation nature of oscillation from vortex-induced vibration [21] to galloping [22] with high energy acquisition, high amplitude, and low vibration frequency. Additionally, the number of oscillators increased from a single isolated cylinder [22] to multiple cylinders [23]. The oscillator features have been extended from linear [24] to nonlinear [18]. So far, the two-cylinder VIVACE Converter has a maximum capture efficiency of 69% in lab setting [25]. It is noteworthy that the above improvements are based on a large number of experimental tests [23,26], and numerical simulations [24,27,28] conducted in the Marine Renewable Energy Laboratory (MRELab) at the University of Michigan, Ann Arbor, U.S. It took a decade for experiments to be carried out and continuously improve the Converter performance. Such experiments require expensive equipment and human resources [29]. Besides that, the correctness of numerical simulation is dependent on the selection of simulation methods. At high Reynolds number, the accuracy of numerical simulation is greatly reduced. In order to circumvent the problems inherent in experimental and numerical simulations, a modeling method named “surrogate model” has been widely used by researchers in recent years [30,31]. This surrogate model also can be considered as an effective substitute for experimental device and numerical software to predict the data for cases that have not be directly measured. Based on its modeling efficiency, predictive strength, and ability to explore unknown data, surrogate models have been utilized in many engineering fields [29,30,32,33,34].



Surrogate-based models can be constructed correctly by utilizing the corresponding predictive method. Several predictive approaches, such as polynomial regression [29], kriging model [33] and artificial neural network [35], have been used to establish a surrogate model for accurate prediction. Nevertheless, some published studies illustrate that the polynomial modeling has low accuracy for highly nonlinear cases [29,33]. Additionally, the Kriging model has relatively complex structure and is more difficult to build because it requires determining the maximum possible estimator and assuming the global function form [33]. Artificial neural network methods, such as back propagation neural network (BPNN) and the radial basis function neural network (RBFNN) method, have been widely used because they can effectively deal with nonlinear forecasting problems [35,36,37]. In 2018, Wu et al. established a model of VIVACE Converter with an isolated single cylinder by introducing the radial basis function neural network method based on the “Isight 5.0” (an integration platform for a simulation-based design process) [33]. This model can reasonably predict the effects of flow velocity, spring stiffness, and damping ratio on the harnessed power and corresponding efficiency [33]. In the case of a converter with multiple cylinders in tandem, the interaction of the cylinders generates more power and at higher efficiency. This has been proven in the lab [23,25] and tested in field-tests [38]. However, modeling of a FIO Converter with multiple oscillators has not been conducted before. Sun et al. showed that the VIVACE Converter with two tandem cylinders is conducive to improve the performance of power harvesting compared with a single oscillator converter [23]. This is the motivation to pursue modeling of a double cylinder converter in this paper. In [33], the relationship of influencing factors and power have not been directly built, but it is solved by the second-order linear differential equation and power equation [33], meaning that the probability of errors will increase. Therefore, this paper used the programming software to write neural networks instead of the “Isight 5.0”, and directly searched for the relationship between input variables and power. The BPNN and RBFNN both can build the nonlinear relationship between input variables and power. However, the structure of BPNN is simpler than that of RBFNN when solving the problems with the same precision requirements. Moreover, the number of hidden layer neurons of RBF neural network is much higher than that of BPNN when there are more training samples, which makes the complexity and computation of RBFNN increase greatly. Based on above two reasons, we selected the BPNN to establish the surrogate model of VIVACE Converter with two tandem cylinders.



In this paper, four different surrogate-based models, three for two tandem cylinders with different spacing and one for an isolated single cylinder are established by implementing the back propagation neural network method. This modeling implementation is based on sample training and testing of the experimental data. Based on the established surrogate model of the VIVACE Converter, this paper explores and analyzes the influences of harnessing damping ratio, spring stiffness, and spacing ratio on the harnessed power and the corresponding efficiency of the VIVACE Converter. Extending the selected range of harnessing damping ratio and spring stiffness is conducive to enhancing the oscillating responses, especially for the power efficiency. In addition, a tandem cylinder with reasonable combinations of various input parameters can harness more power at higher efficiency than that of the isolated single-cylinder due to the positive synergy between cylinders in close proximity.




2. Physical Model and Mathematical Model


2.1. Experimental Facility: LTFSW Channel


All tests were conducted in the Low Turbulence Free Surface Water (LTFSW) Channel in the MRELab of the University of Michigan. In the LTFSW Channel, 10,000 gallons (37,854 lt) of freshwater are recirculated at speed up to 1.5 m/s realized by using an impeller powered by a 20 hp induction motor. The test section is 2.44 m long and 1.0 m wide and is made of transparent plexiglass, which allows for visualization of both cylinders in FIO using argon lasers of 5 W and adding aluminum oxide particles of 100 μm. Figure 1 shows the VIVACE Converter with a two cylinder-oscillator system in the Channel. The water depth of the test section is 1.17 m and the maximum flow velocity is kept lower than 1.35 m/s to prevent damage due to the galloping instability.




2.2. Cylinders with Distributed Roughness


Passive turbulence control (PTC) [23] consists of two roughness strips on the surface of the smooth cylinder. It was introduced in the VIVACE Converter and extensively studied in the MRELab [19,20,24,27] in order to harvest more marine hydrokinetic energy from the steady flow using FIO of cylinders. As shown in Figure 2, the total height of the PTC consists of double-sided tape at the bottom, sandpaper in the middle, and coarse sand on top. In addition, the total height of PTC is set to be about equal to the boundary layer thickness of the fluid around the cylinder. Attaching the PTC on the surface of the cylinder results in geometric asymmetry of the cross-section of the oscillator inducing the galloping, which is characterized by unstable oscillation and high energy acquisition. A secondary benefit is that PTC fixes the separation point in VIV, which for a smooth cylinder oscillates by about 5° to 10°. This seemingly minute detail is very important and difficult to predict numerically. A negative effect of PTC is that the surface roughness reduces the vortex strength in VIV and the response amplitude. This is corrected by introducing smooth PTC in the form of step surface elements like simple tape.




2.3. Vck System


Physical springs and dampers were applied to the early VIVACE Converter models in the MRELab. For systematic experiments, however, to test different combinations of spring stiffness and damping ratio, replacing the physical springs and dampers requires extensive design, fabrication, calibration, and alignment time. Besides that, the nonlinear viscous damping of a Converter is not easily modeled by a physical damper. To compensate for the above two challenges, the virtual spring-damping (Vck) system was developed and improved by the MRELab and was used to emulate physical springs and dampers. In 2011, Lee et al. [26] developed the first generation of Vck. In 2013, Sun et al. [39] developed the embedded second-generation Vck system, which reduced the controller response time by three orders of magnitude by eliminating LabView. It used digital instead of analogue signal and the damping model simplified significantly. The Vck system is a controller with a feedback loop that uses a servo motor encoder to track the position and speed of the cylindrical oscillator and to provide the necessary torque to simulate spring stiffness, as well as the required linear viscous damping. Further, it can emulate any nonlinear spring and damper function and its parametric values.




2.4. Mathematical Model of Harnessed Power and Harnessing Efficiency


To reasonably and systematically analyze the performance of the VIVACE Converter, the harnessed power Pharness and harnessed efficiency ηharness are proposed and introduced as two important evaluation metrics. As expressed in Equation (1), the harnessed power is positively correlated with the oscillating system mass, harnessing damping ratio ζharness, and natural frequency of oscillator in water fn,water, respectively. A detailed description of ζharness and fn,water is provided in [23].


   P  h a r n e s s   = 8  π 3   m  s y s    ζ  h a r n e s s       A  f  o s c      2   f  n , w a t e r    



(1)




where A and fosc are, respectively, the oscillating amplitude and frequency of the cylinder. The harnessed power can be calculated by averaging the instantaneous harnessed power. For a linear system, since Equation (1) depends explicitly on the oscillating mass of the system, msys, power can be calculated via the recorded amplitude and the frequency of oscillation. For either linear or nonlinear damping, the instantaneous power can be written as follows:


   P  h a r n e s s    t  =  c  h a r n e s s     y ˙  2   t   



(2)




where    y ˙   t    is the oscillation speed of the cylinder as measured by the Vck system. Equation (2) does not depend on the specific way the added mass is calculated or even the value of the added mass explicitly; it cancels out, thus, eliminating the need to deal with modeling of the added mass [13].



The power of fluid-flow can be calculated as:


   P  F l u i d   =  1 2  ρ  U 3    2  A  max   + D   L  



(3)




where Amax represents the maximum amplitude, ρ is the fluid density, U is the incoming flow velocity, and D and L are the diameter and length of the cylinder, respectively. The Betz Limit is the theoretical maximum efficiency of power extracted from the flowing fluid. Therefore, the converter efficiency can be defined as:


   η  h a r n e s s   =    P  h a r n e s s      P  F l u i d   × B e t z L i m i t   × 100 %  



(4)









3. Modeling of the Converter


In this section, four different surrogate models of the VIVACE Converter are established based on the BP neural network method by using the experimental data measured for flow velocity, spring stiffness, and harnessing damping ratio values uniformly distributed within the specified range [23,35]. These four models correspond to the isolated single-cylinder device and three double-cylinder devices with tandem spacing ratios of L/D = 1.57, 2.00, and 2.57. The surrogate models built in this section can construct the complex nonlinear mathematical relationship between input variables (U, spring stiffness K and ζharness) and objective variable (Pharness or ηharness). After the establishment of the prediction model, the power harvesting of the VIVACE Converter can be predicted by inputting appropriate and reasonable values of the input variables, which are not limited to the tested experimental data. The principle of BP neural network is described in Section 3.1. The construction and validation of surrogate models are presented in Section 3.2.



3.1. Principle of BP Neural Network


The BP neural network is a multi-layer feedforward network trained by an error inverse propagation algorithm. It is one of the most widely used neural network models [36,37]. As illustrated in Figure 3, a BP neural network is mainly composed of the input layer, middle layer, and output layer. The middle structure can be designed as single layer or multiple hidden layers. The node numbers of the neural network of the above three layers is set as p (1 ≤ i ≤ p), s (1 ≤ j ≤ s), r (1 ≤ k ≤ r), respectively. The neurons between the adjacent layers are connected in the form of weights and biases. In addition, the weights or biases of the input layer to the hidden layer and the hidden layer to the output layer are, respectively, wij and wjk or aj and bk.



The BP neural network method consists of the forward-propagation of input signal and back-propagation of error. For the forward-propagation of the input signal, the neurons of the input layer receive the input signal xi and transmit it to the neurons of the hidden layer. The hidden layer is the internal information processing layer and is responsible for information transformation. The output signal Gj of the hidden layer can be expressed as in Equation (5):


   G j  = f     ∑   i = 1  p   w  i j    x i  +  a j     



(5)




where f is the nonlinear transfer function, also called the activation function. Then, the hidden layer transmits the signal Gj to the output layer. The output layer completes the signal processing and outputs it. The output signal Qk is calculated by the Equation (6) as follows:


   Q k  =   ∑   j = 1  s   G j   w  j k   +  b k   



(6)







The error E that exists between the expected output Dk (i.e., experimental data) and predicted output Qk can be expressed as follows:


  E =  1 2    ∑   k = 1  r       D k  −  Q k     2   



(7)







In the process of the back-propagation, the error will continuously correct the network connection weights and biases of two adjacent layers by backward propagation along with the output layer, hidden layer, and input layer, respectively. The process will be completed when the output error E satisfies the step requirement or reaches the maximum training time of the neural network.




3.2. Construction and Validation of Surrogate Model


The correctness of the construction of the surrogate model is largely determined by the selection of input parameters. For the VIVACE Converter, the most easily changeable variable parameters are the incoming flow velocity, harnessing damping ratio, and spring stiffness, which would directly affect the acquisition of harnessed power and the formation of power efficiency. Due to the reason that there are only three groups of optional spacing ratios, the spacing ratio (L/D = 1.57, 2.00, 2.75) is not included in the input variables. In addition, the output objective is harnessed power measured experimentally in reference [23]. The modeling of power efficiency can be realized by utilizing the same approach as used for the power harvesting model. Nevertheless, in the following discussion, only the surrogate model of harnessed power is considered. The steps for the construction and validation of the surrogate model in order of occurrence are: determination of neural network structure, sample training, and sample testing.



3.2.1. Range of Input Variables


The selection range of input experimental design parameters is constrained by the geometry of the model converter (Figure 1), engineering applications, and mechanical properties of cylinder oscillators.



Incoming flow velocity (U): The incoming flow velocity is selected in the range from 0.39 to 1.31 m/s with an interval of 0.04 m/s, which covers to the actual ocean conditions of water current [40] and the experimental condition of Sun et al. [23,35].



Harnessing damping ratio (ζharness): In order to trigger FIO easier in VIV branches and harvest higher power in galloping, the values of ζharness chosen vary from 0.00 to 0.24 in intervals of 0.04.



Spring stiffness (K): The five spring stiffness values are evenly chosen from 400 N/m to 1200 N/m in increments of 200 N/m. Low stiffness with low damping induce high oscillating amplitude, resulting in reaching the amplitude limit of the water channel. Further, the highest value of K is chosen depending on the strength limit of the timing belts of the Vck controller system. The input experiment-design parameters and its constraint range for four different surrogate models are uniform and summarized in Table 1.




3.2.2. Neural Network Structure


The number of input layer nodes and output layer nodes for all the four different models are selected as 3 and 1, respectively, according to the number of input and output variables. Accordingly, in order to avoid the phenomenon of excessive training time caused by multiple hidden layers, a single hidden layer is set in this paper. Additionally, for the process from input layer to hidden layer and from hidden layer to output layer, the selected activation function was set as ‘purline’ and ‘tansig’, respectively.



The determination of the number of hidden layer nodes is of pivotal importance for establishing a correct prediction model by using the BP neural network. Too few nodes result in insufficient training of the BP neural network, meaning that the prediction error of the neural network is unreasonably large. On the other hand, too many nodes will increase the learning time of neural network, leading to the phenomenon of “overfitting”. That is to say, even if the prediction accuracy of sample training is high, the prediction error of other samples may be large. Selecting the experimental data for spacing ratio L/D = 2.00 as the input or output parameter of BP neural network and introducing the root-mean-square error (RMSE, between predicted data and actual experimental data) as an evaluative criterion, the relationship between the RMSE of BP neural network and the number of hidden layer node is established. The corresponding curve of RMSE vs. the number of hidden layer nodes for the isolated single cylinder was added in Figure 4. Figure 4 shows that the minimum RMSE values of two tandem cylinders and isolated cylinder appear when l = 30 and l = 24, respectively. Accordingly, the number of the hidden layer nodes is selected in this paper. To analyze the influence of the spacing ratio on FIO of two tandem cylinders, the node number of l = 30 is selected for all three spacing-ratio cases.




3.2.3. Sample Training


For sample training, the total sample set of experimental data (i.e., different combinations of U, K, and ζharness) for three double-cylinder devices and for isolated single cylinder are 816 and 809, respectively. The relative parameters including the number of hidden layer nodes and activation function were explored and determined in Section 3.2.2. The correlation coefficient R2 [41], which can be expressed as Equation (8), was introduced to evaluate the modeling quality and fitting result of the surrogate model. The closer R2 is to 1, the higher the modeling quality is:


   R 2  = 1 −   S S E   S S T    



(8)







As shown in Equation (8), SSE represents the sum of the squares of errors between the predicted output Qk and the actual experimental data, and SST is the sum of the squares of the difference between the actual experimental data and its mean. As shown in Figure 5, it can be observed that the values of R2 for the four different models are all higher than 0.97 and close to 1. Moreover, the RMSE values are far smaller than the corresponding mean value of the experimental data M. Therefore, the modeling quality and fitting accuracy of effectiveness are both high.




3.2.4. Sample Testing


For sample testing, a random combination of K and ζharness (K = 1200 N/m, ζharness = 0.16) was selected to calculate the variation trend of power acquisition with flow velocity so as to verify the predictive ability and modeling accuracy of the four different surrogate models developed in this paper. It should be noted that experimental sample data for this pair of K and ζharness have not been used for the sample training. Although the experimental data used for testing the accuracy of modeling did not reach 20% of the total experimental sample size, the testing samples selected is extensive and includes all flow velocity values. The flow velocity varies from 0.39 to 1.31 m/s in 0.04 m/s increments for a total of 21–23 velocity values. The purpose of doing so is that this paper mainly studies the power variation trend in the range of fluid-induced vibration at each flow velocity. It is essential to verify the energy at each flow velocity. That is, there’s a rational in selecting the “random samples”. Based on experience and reference [33] we concluded that the testing samples selected in this paper are reasonable and their number is adequate. A second abscissa axis, showing the reduced velocity U*, is provided in Figure 6 because it makes the results easier to interpret for a reader with background in VIV. For constant spring-stiffness K, the reduced velocity U* defined by Equation (9) is proportional to the flow velocity:


   U *  =  U   f  n , w a t e r   D    



(9)




where fn,water is the natural frequency of the oscillator in quiescent water. Figure 6 shows the comparison between the harnessed power as measured experimentally and as predicted by the surrogate model. It can be observed that, in these four cases, the corresponding power curves of prediction and experiment fit well. In addition, except for the VIV to galloping transition region, the relative error between prediction and experiment is low. Combined with the results in Figure 6, it can be concluded that the BP neural network method utilized in this paper is suitable for modeling of two tandem cylinders and isolated single cylinder in flow-induced oscillation.



Based on the above analysis of sample training and sample testing, Figure 6 demonstrates that the present BP surrogate model can predict the corresponding harnessed power accurately within the range of the input parameters.





3.3. Modeling Prediction of the Harnessed Power


Figure 7 and Figure 8 represent three-dimensional diagrams of BP modeling of power harvesting versus ζharness and K for spacing L/D = 2.00 and for the single-cylinder, respectively. Four different flow velocities are selected as 0.584 m/s, 0.834 m/s, 1.084 m/s, and 1.324 m/s. The values of K range from 400 N/m to 1200 N/m in increments of 25 N/m. The values of ζharness chosen range from 0.02 to 0.24 with increments of 0.01.



As shown in Figure 7, for tandem cylinders with L/D = 2.00, when the flow velocity is 0.584 m/s, the power is obviously not a monotonic function and has several peak values under the different combinations of K and ζharness. In addition, with increasing flow velocity, the overall value of harnessed power increases but with some fluctuations. These two obvious phenomena are consistent with the experimental results [23], verifying the accuracy of the modeling. Besides that, the majority of Pharness of tandem cylinders is higher than 2.0 times the corresponding Pharness of the single-cylinder, indicating that in most instances, the interaction between two tandem oscillators has a positive influence on the improvement of harnessed power.





4. Prediction, and Discussion of Results


In Section 3, four predictive models of the VIVACE Converter with different combinations of oscillators were established and validated: One for an isolated single cylinder, and three for two tandem cylinders with spacing ratio L/D = 1.57, 2.00, 2.57. In this section, these four surrogate-based models are respectively utilized to predict and compare the harnessed power and power efficiency under different combinations of harnessing damping ratio, spring stiffness, and incoming flow velocity. It should be pointed out that the results shown in Section 4 are all the predictions of the established predictive models.



4.1. Effect of Harnessing Damping Ratio on Power and Efficiency


Figure 9, Figure 10 and Figure 11 show the distribution of predicted Pharness or ηharness with incoming flow velocity as the independent variable (0.39 m/s < U < 1.31 m/s), for two tandem cylinder with spacing ratio L/D = 1.57, 2.00, 2.57, respectively. The other parameters are ζharness and K. In addition, the corresponding information for an isolated single cylinder can be found in Figure 12. Considering the structural feasibility and actual engineering situation, ζharness selected has a wider range of 0.00–0.30 rather than 0.00–0.24. According to the experimental results in [23], when the spacing ratio is L/D = 1.57, 2.00, and 2.57, the corresponding optimal Pharness appears in the cases of K = 1200 N/m, 800 N/m, and 400 N/m, respectively. Likewise, the optimal spring stiffness for an isolated single cylinder is K = 1200 N/m. Thus, in this section, these four stiffness values are selected respectively as the fixed values for the four different surrogate models established above. This reduces the variable and controls parameters to better analyze the impact of ζharness on Pharness. The following results can be observed:




	(a)

	
The velocity range of the VIV region for all surrogate models is: 0.39 m/s < U < 0.67 m/s for L/D = 1.57, 0.39 m/s < U < 0.79 m/s for L/D = 2.00 and 2.57, and 0.39 < U < 0.75 m/s for isolated cylinder. As can be seen in Figure 9a, Figure 10a, Figure 11a and Figure 12a, for almost every ζharness within the range of 0.04–0.30, increasing the flow velocity in VIV is accompanied by an increase in Pharness. In addition, the coverage range of the VIV-galloping transition region is: 0.79 m/s < U < 0.91 m/s for L/D = 2.57, 0.75 m/s < U < 0.87 m/s for the isolated single cylinder. An interesting phenomenon is that the cases of spacing ratio L/D = 1.57 and 2.00 both have no obvious transition region owing to the positive synergy between two closely spaced oscillators. Nevertheless, the same phenomenon that occurs with a single-cylinder is that for L/D = 2.57, the dropping tendency of Pharness becomes obvious in the transition region. In galloping, for all spacing ratios, Pharness continually increases with the increase of velocity. The above results are highly consistent with the experimental results in [23], indicating that these surrogate models have high accuracy. It should be pointed out that the area covered in gray in Figure 9, Figure 10, Figure 11 and Figure 12 represents the transition region.




	(b)

	
For L/D = 1.57, Figure 9a shows that, with the increase of damping within the range of 0.20–0.30, the variation of Pharness is negligible. Figure 9b illustrates that, in the VIV range, increasing the damping from 0.20 to 0.30 will translate the curve of ηharness to higher velocity and is followed by a significant decrease in ηharness. The above phenomenon is owing to the negative interaction between two tandem cylinders in the sense that the higher damping limits the oscillating amplitude of the downstream cylinder, which is then shielded by the upstream cylinder. As shown in Figure 9b, the optimal ηharness occurs at the upper branch of VIV, and as the damping ratio increases from 0.2 to 0.3, the optimal efficiency increases as well. For instance, the optimal efficiency changes from 40.82% (K = 1200 N/m, ζharness = 0.20, U = 0.59 m/s) to 50.51% (K = 1200 N/m, ζharness = 0.30, U = 0.71 m/s). Additionally, for U > 0.71 m/s, increasing ζharness results in an obvious increase in ηharness on account of the decrease of the amplitude of oscillation. According to Equation (3), the lower amplitude reduces the value of PFluid in the denominator of the efficiency.




	(c)

	
For L/D = 2.00: Different from the variation trend of Pharness in Figure 9a, as shown in Figure 10a, increase of ζharness in the range of 0.20–0.30 has an obvious influence on the variation of Pharness. Specifically, in the VIV upper branch (0.59 m/s < U < 0.79 m/s), as ζharness increases, the corresponding Pharness decreases. However, using the transition region as a turning point, in galloping (U > 0.91 m/s), increasing ζharness increases the harnessed power with the maximum predicted value of Pharness is 34.73W (K = 800 N/m, ζharness = 0.30, U = 1.31 m/s). Figure 10b shows that, except for the initial VIV branch, in all selected FIO regions, as ζharness increases within the range 0.04 < ζharness < 0.30, the corresponding ηharness increases. As the harnessing damping ratio increases from 0.20 to 0.30, the increment rate of harnessing efficiency will reach up to 59.52% at U = 0.71 m/s, and the maximum harnessing efficiency is 68.78% at U = 0.63 m/s.




	(d)

	
For L/D = 2.57: Being different from the predicted results for L/D = 1.57 and 2.00, for L/D = 2.57, in the VIV initial stage and the entire galloping region, the value of Pharness shows a drop downtrend as ζharness increases from 0.20 to 0.30, as shown in Figure 11a. Here, the optimal harnessed power changes from 31.37 W (K = 400 N/m, ζharness = 0.20) to 27.54 W (K = 400 N/m, ζharness = 0.30) at U = 1.31 m/s. In contrast, it is found that increasing the harnessing damping ratio from 0.20 to 0.30 is followed by an increase of power efficiency in the whole FIO region except at the end region of galloping. For instance, the efficiency changes from 52.09% (K = 400 N/m, ζharness = 0.20) to 64.92% (K = 400 N/m, ζharness = 0.30) at U = 0.43 m/s. Due to the low spring stiffness (K = 400 N/m), the initial velocity of power harvesting is lower than 0.39m/s. Besides that, the amplitude at low velocity has a relative low value, resulting in high efficiency. As mentioned above, for two tandem cylinders with spacing ratio L/D = 2.57 and K = 400 N/m, it can be observed that increasing the damping ratio from 0.20 to 0.30 will decrease the harnessed power; however, it enhances the power efficiency of the VIVACE Converter.




	(e)

	
For an isolated cylinder in general, with the increase of spacing ratio, the interaction between the upstream cylinder and downstream cylinder becomes weaker. Therefore, the changes of curves of harnessed power between the spacing ratio of L/D = 2.57 and the isolated single-cylinder cases are similar. However, in this section, the selected fixed stiffness for isolated cylinder and two cylinders with tandem spacing ratio L/D = 2.57 are different. Thus, a large difference in oscillating response exists between these two cases. As we can see in Figure 12a, except for the initial galloping region, the value of Pharness decreases with the increase of harnessing damping ratio (0.2 < ζharness < 0.30). Moreover, as ζharness increases, the reduction between two adjacent damping ratios increases. Because of the large decrease in Pharness, the corresponding ηharness decreases as well when the damping ratio increases.




	(f)

	
Comparing the power efficiency between the four cases (spacing ratio of L/D = 1.57, 2.00, 2.57 and isolated single cylinder), it is observed that the efficiency of tandem cylinders is much larger than that of the isolated cylinder. For L/D = 2.00, the optimal efficiency for K = 800 N/m and ζharness = 0.04–0.30, reaches 1.91 times the hydrokinetic power efficiency of one isolated cylinder. As the spacing ratio increases from 1.57 to 2.00 to 2.57, the optimal efficiency increases from 50.51% to 68.78% to 64.92%, indicating that the smaller spacing of 1.57 induces a negative effect on the power efficiency due to the strong interaction between the two cylinders.










4.2. Effect of Spring Stiffness on Power and Efficiency


Figure 13, shows the two-dimensional diagrams of prediction-results of Pharness with incoming flow velocity (0.39 m/s < U < 1.31 m/s), for the three spacing values of L/D = 1.57, 2.00, 2.57 and the isolated single-cylinder case, respectively. K is the parameter in Figure 13. In order to prevent excessive load on the timing belt of the Vck system, the spring stiffness was allowed to expand from 400–1200 N/m to 400–1600 N/m only. As demonstrated by Sun et al. [23], the harnessing damping ratio of 0.20 is conducive to obtaining the highest values of Pharness for the cases of these three spacing ratios. Therefore, ζharness = 0.20 is chosen as a fixed value in order to reduce the variable and control parameter so as to better analyze the impact of K on Pharness. The following results can be observed:




	(a)

	
As shown in Figure 13a–d, in the VIV region, with the increase of flow velocity, the value of Pharness increases. An important finding is that, for the spacing ratio L/D = 1.57 and 2.00, the transition region is not apparent due to the close spacing between the cylinders. Contrary, the spacing ratio L/D = 2.57 and the isolated single-cylinder have a relatively obvious transition. Therefore, the correctness of surrogate models has verified again.




	(b)

	
For L/D = 1.57: As shown in Figure 13a, the power for K = 400–1200 N/m in the VIV region (0.39 m/s ≤ U ≤ 0.67 m/s) and the galloping region have, respectively, approximate and lower values than that of the K = 1200–1600 N/m. More concretely, when U > 0.71 m/s, as K increases from 1200 N/m to 1600 N/m, the power increases; and the optimal power changes from 39 W (K = 1200 N/m, ζharness = 0.20, U = 1.31 m/s) to 44.74 W (K = 1600 N/m, ζharness = 0.20, U = 1.11 m/s). However, when U > 1.27 m/s, the power of high stiffness case have the approximate values. Considering the above analysis, selecting the stiffness in the range of 1200 N/m < K < 1,600N/m in galloping improves power harvesting. It is also observed that, for L/D = 1.57, increasing K increases power harvesting.




	(c)

	
For L/D = 2.00: As shown in Figure 13b, considering the spring stiffness, all the curves of Pharness show a similar tendency. Moreover, in galloping, two local peaks of Pharness appear at the K = 800 N/m and 1000 N/m, respectively. This phenomenon of K = 800 N/m is in good agreement with the experimental data [23]. Almost in all cases, in the VIV upper branch and the galloping region, the harnessed power shows the downward trend with increase of K in the range 1200 N/m < K < 1600 N/m. Nevertheless, in galloping, the decrement of Pharness between adjacent stiffness values is small. In consequence, for a given harnessing damping ratio of 0.20, increasing K from 1200 N/m to 1600 N/m is adverse to the value of Pharness.




	(d)

	
For L/D = 2.57: As shown in Figure 13c, at low flow velocity (0.39 m/s < U < 0.51 m/s), the VIVACE Converter cannot initiate FIO and, thus, cannot harvest any power at high spring stiffness (1200 N/m < K < 1600 N/m). FIO initiates with VIV a little before the natural frequency of the system in quiescent water; thus, higher stiffness values start FIO at higher flow velocity. This phenomenon is different from that of the low spacing ratio values of L/D = 1.57 and 2.00. From the VIV upper branch to the initial stage of galloping, as K increases within the range 1200 N/m < K < 1600 N/m, the harnessed power decreases. In the end galloping (1.11 m/s ≤ U ≤ 1.31 m/s), when U = 1.19 m/s, the value of Pharness rapidly increases from 21.40W (K = 1200 N/m, ζharness = 0.20) to 29.73 W (K = 1600 N/m, ζharness = 0.20) as stiffness increases. However, combined with the variable trend of harnessed power when K = 400–1200 N/m in Figure 13c, it can be concluded that expanding the K from 400–1200 N/m to 400–1600 N/m is not conducive to increase the power harvesting at low flow velocities. Increase can be observed in the end region of galloping (1.07 m/s < U < 1.23 m/s).




	(e)

	
For an isolated cylinder, as shown in Figure 13d, an isolated single-cylinder with high spring stiffness cannot induce VIV at low flow velocity due to the high natural frequency of the oscillator in quiescent water, fn,water. This is due to the strong restoring force provided by the hard spring. For the same reason, as K increases from 600 N/m to 1600 N/m, the initial flow velocity of power harvesting increases as well. This increase is expected to follow the square root of K as in fn,water. Of course, the curve of Pharness of the isolated single cylinder will shift to higher velocity. Therefore, in the VIV region, expanding the selected range of K from 400–1200 N/m to 400–1600 N/m has no effect on the increase of Pharness. On the contrary, in the transition region and initial galloping, expanding the selected range of K is beneficial for enhancing the power harvesting. The range of synchronization in VIV shifts to the right proportionally to the square root of K while galloping initiation is independent of K. When U = 0.83–1.11 m/s, as K increases from 1200 N/m to 1600 N/m, Pharness increases. In the transition region, the optimal harnessed power can reach up to 10.82W (K = 1400 N/m, ζharness = 0.20, U = 0.79 m/s), which is 10.3 times the harnessed power for K = 400 N/m (Pharness = 1.05W, ζharness = 0.20, U = 0.79 m/s). Besides that, taking U = 1.03 m/s as the turning point, when U > 1.03 m/s, Pharness shows a drop tendency as K increases from 1200 to 1600 N/m.










4.3. Optimal Power and Efficiency Envelope for Two Cylinders in Tandem


To further analyze the performance of this Current Energy Converter (CEC) consisting of two cylinders in tandem, the above established four surrogate models are used to find the optimal harnessed power and optimal power efficiency. This is done for each available flow velocity: i.e., U = 0.39–1.31 m/s, in increments of 0.04 m/s. It should be pointed out that the optimal values of Pharness and ηharness can be found by introducing the traditional method of grid searching based on the modeling of power and efficiency in a series of spring stiffness and harnessing damping ratio values. The spring stiffness and harnessing damping ratio are, respectively, selected in the ranges of K = 400–1200 N/m in 10N/m intervals and ζharness = 0.00–0.30 in 0.005 increments. Selecting too large an interval would reduce the accuracy of the optimal value. On the other hand, selecting too small an interval would result in unnecessary calculations as the power and efficiency of the original experimental data were not measured in such small increments. The optimal power and efficiency for each velocity are shown in Figure 14a,b, respectively. The corresponding optimal parameters are presented in Appendix A, Table A1 and Table A2.



The following observations can be made:




	(a)

	
In the VIV region (0.39 m/s < U < 0.79 m/s), a continuous growth of harnessed power can be observed for spacing L/D = 1.57, 2.00 and 2.57. Besides that, the power for L/D = 2.00 is higher than that of the other two spacing ratios, as shown in Figure 14a. In this region, the maximum power is: Pharness = 10.64 W (L/D = 1.57, K = 680 N/m, ζharness = 0.205), Pharness = 16.89 W (L/D = 2.00, K = 640 N/m, ζharness = 0.30), Pharness = 14.27 W (L/D = 2.57, K = 1200 N/m, ζharness = 0.255).




	(b)

	
In the initial VIV branch (U < 0.47 m/s), as shown in Table A1, the combination of lower stiffness with lower harnessing damping ratio stimulates the onset of VIV for lower velocity U < 0.39 m/s, which is consistent with the conclusion in Ref. [23]. Additionally, for spacing L/D = 2.00 and 2.57, increasing the flow velocity is accompanied by an increase in power efficiency. The efficiency exhibits a local maximum after which it decreases as shown in Figure 14b. The maximum efficiency for L/D = 2.00 and 2.57 are, respectively, ηharness = 73.14% (L/D = 2.00, K = 680 N/m, ζharness = 0.30, U = 0.59 m/s) and ηharness = 69.44% (L/D = 2.57, K = 1200 N/m, ζharness = 0.30, U = 0.71 m/s), as shown in Table A2. That optimum is located near the end of the VIV upper branch. An interesting phenomenon can be observed that there are two local maxima for spacing L/D = 1.57. The higher one is ηharness = 50.51% (L/D = 1.57, K = 1200 N/m, ζharness = 0.30, U = 0.71 m/s). The local optima can be explained by studying carefully Equations (4)–(6). The swept area dominating the denominator in Equation (3) changes at a different rate than the cylinder velocity square dominating the numerator in Equation (4).




	(c)

	
In the transition region from VIV to galloping (0.79 m/s < U < 0.91 m/s), power harvesting for spacing L/D = 1.57 and 2.00 almost have a direct proportional relation with flow velocity. For spacing L/D = 2.57, however, a downward trend is observed. With increasing flow velocity, the efficiency decreases. Before the onset of galloping, the power efficiency for L/D = 1.57 is lower than that of the other two spacing ratios.




	(d)

	
In galloping (U > 0.91 m/s), increasing the flow velocity is beneficial for power harvesting; however, it is detrimental to the power efficiency due to the dramatic increase in amplitude and thus, swept area. When U > 0.95 m/s, the lowest spacing results in highest power or efficiency with higher spring stiffness. In this region, the maximum power is: Pharness = 40.62 W (L/D = 1.57, K = 1200 N/m, ζharness = 0.275, U = 1.31 m/s), Pharness = 34.99 W (L/D = 2.00, K = 780 N/m, ζharness = 0.30, U = 1.31 m/s), Pharness = 33.61 W (L/D = 2.57, K = 600 N/m, ζharness = 0.20, U = 1.31 m/s).




	(e)

	
To better analyze the synergy effect of the two tandem cylinders, the optimal harnessed power and efficiency of the isolated single cylinder are also modeled, and are added in Figure 14a,b, respectively. The corresponding optimal parameters for an isolated cylinder are presented in Appendix A, Table A3. Specifically, the green line in Figure 14 represents the maximum optimal value at each velocity for three cases of the tandem cylinder. As shown in Figure 14a, it can be observed that at almost every selected flow velocity, the optimal harnessed power of two tandem cylinders has a higher value than that of the isolated cylinder. More concretely, the two cylinders in tandem can harness 2.01–4.67 times the power of the isolated cylinder at the selected range of flow velocity except for the upper branch of VIV. Further, the two tandem cylinders can achieve 1.46–4.01 times the efficiency of the isolated one.









Based on the analysis in Section 4.1, in order to further verify that the wider range of damping ratio (0.00 < ζharness < 0.30) has better performance than that of the original range (0.00 < ζharness < 0.24) [23], a similar surrogate model as the one developed in Section 4.3 is established by replacing the wider range of ζharness by the narrower one. Figure 15a shows that extending the range from 0.00–0.24 to 0.00–0.30 has little impact on the optimal harnessed power for each flow velocity, except for the spacing L/D = 2.00. For L/D = 2.00, the maximum increment will reach up to 5.30 W at U = 0.95 m/s. However, this operation for ζharness obviously increases the optimal power efficiency, especially in the upper branch of the VIV region and a transition region between VIV and galloping, as shown in Figure 15b. Therefore, extending the harnessing damping ratio from 0.00–0.24 to 0.00–0.30 has a positive influence on optimal power harvesting and optimal power efficiency.





5. Conclusions


The harnessed power and converting efficiency of the VIVACE hydrokinetic energy Converter with two tandem cylinders were modeled by a surrogate-based model established by the BP neural network method. The design parameters are flow velocity, harnessing damping ratio, spring stiffness, and spacing ratio. Modeling is based on the experimental data from tests conducted in the LTFSW channel of the MRELab of the University of Michigan. The major conclusions can be summarized as follows:




	(1)

	
The structure of BPNN is simpler than that of RBFNN when solving the problems with the same precision requirements, and the number of hidden layer neurons of RBF neural network is much higher than that of BPNN when there are more training samples, which makes the complexity and computation of RBFNN increase greatly. Therefore, this paper selected the BPNN to establish the surrogate model of the VIVACE Converter.




	(2)

	
By training and testing experimental sample data, an efficient and accurate surrogate model of the VIVACE Converter was established. The harnessed power and corresponding efficiency of the Converter can be predicted accurately under different combinations of incoming flow velocity, spacing ratio, spring stiffness, and harnessing damping ratio.




	(3)

	
Under a specified spring stiffness, expanding the selected range of harnessing damping ratio from 0–0.24 to 0–0.30 results in no appreciable power increase for the isolated single cylinder and two tandem cylinders for spacing (L/D = 1.57 and 2.57). On the contrary, the corresponding efficiency increases significantly due to the decreased oscillating amplitude, which directly results in decrease of PFluid. Specifically, for L/D = 2.57, the efficiency changes from 52.09% (K = 400 N/m, ζharness = 0.24) to 64.92% (K = 400 N/m, ζharness = 0.30) at U = 0.43 m/s.




	(4)

	
Increasing the spring stiffness range from 400–1200 N/m to 400–1600 N/m improves the ability of power harvesting in galloping for the VIVACE Converter with two tandem cylinders (L/D = 1.57).




	(5)

	
Due to synergy between two tandem cylinders, the VIVACE Converter with two tandem cylinders has a better performance of power harvesting compared to that of the isolated single cylinder. Analysis of the optimal harnessed power and efficiency shows that the two tandem cylinders can harness 2.01–4.67 times the power of the isolated cylinder. In addition, two tandem cylinders can achieve 1.46–4.01 times the efficiency of the isolated one.









The results provide valuable insight into the parametric dependence of power and efficiency of a two-oscillator converter on spacing, spring-stiffness, damping ratio, and flow velocity. What may be even more valuable though, is the potential implementation of the developed model in engineering applications. That is to say, at each flow velocity, selecting appropriate optimal spacing ratio, spring stiffness and harnessing damping ratio can induce the optimal harvested power or efficiency in the actual current. Specifically:




	(a)

	
During field-tests or in commercial use of a two-cylinder VIVACE Converter, flow speed changes. To maintain near-optimal performance, parameters should be adjusted. The derived model can provide real-time guidance to that effect.




	(b)

	
The model can be tested against field-data and be modified or expanded accordingly.




	(c)

	
This Converter has been studied experimentally and with field-tests for over a decade using many different parameters and various size oscillators. One of the most powerful ways of increasing its harnessed power or its harnessing efficiency is an adaptive change of parameters. For example, in [18] the spring stiffness was adjusted based on response amplitude. In [25], the damping was adjusted based on the speed of the oscillating cylinder.




	(d)

	
One of the greatest advantages of the VIVACE Converter is that it is fish-friendly because it operates on alternating lift like fish rather than steady lift like wings. Nevertheless, until recently [6], there was no physics-based mathematical model of the alternating lift force in VIV or galloping, which is required for proper control. The model developed in this paper serves as a guide for a numerical control model.




	(e)

	
Recently [13], a physics-based force model was developed following the revealing of an eigen-relation at the interface between fluid and structure in VIV and galloping. The eigen-relation matched experimental results with extreme accuracy changing completely the modeling of VIV and galloping. On the other hand, an eigen-relation is amplitude and energy independent while control requires a specific amplitude input for modeling. That can be provided by the model developed in this paper.




	(f)

	
It should be pointed out that in future research, RBFNN method can be considered to establish the surrogate model of VIVACE Converter with double series cylinder and compared with BPNN, it must have a certain research value.
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Table A1. Parameters for optimal harnessed power for two tandem cylinders with spacing: L/D = 1.57, 2.00 and 2.57.






Table A1. Parameters for optimal harnessed power for two tandem cylinders with spacing: L/D = 1.57, 2.00 and 2.57.





	

	
Optimal Harvested Power (W)

	
Stiffness K [N/m]

	
Harnessing Damping Ratio ζharness




	
U [m/s]

	
L/D = 1.57

	
L/D = 2.00

	
L/D = 2.57

	
L/D = 1.57

	
L/D = 2.00

	
L/D = 2.57

	
L/D = 1.57

	
L/D = 2.00

	
L/D = 2.57






	
0.39

	
1.23

	
4.18

	
2.38

	
700

	
400

	
500

	
0.01

	
0.3

	
0.105




	
0.43

	
2.21

	
5.26

	
3.02

	
680

	
400

	
540

	
0.13

	
0.3

	
0.12




	
0.47

	
3.34

	
5.88

	
3.67

	
680

	
420

	
580

	
0.13

	
0.3

	
0.16




	
0.51

	
4.15

	
6.41

	
5.01

	
680

	
440

	
720

	
0.135

	
0.3

	
0.2




	
0.55

	
5.13

	
7.19

	
6.53

	
720

	
660

	
740

	
0.24

	
0.225

	
0.21




	
0.59

	
6.42

	
8.37

	
7.88

	
720

	
600

	
760

	
0.24

	
0.3

	
0.225




	
0.63

	
7.32

	
10.81

	
9.42

	
700

	
580

	
960

	
0.23

	
0.3

	
0.23




	
0.67

	
8.05

	
12.94

	
11.29

	
680

	
580

	
980

	
0.22

	
0.3

	
0.24




	
0.71

	
8.82

	
14.54

	
12.88

	
660

	
600

	
1080

	
0.21

	
0.3

	
0.235




	
0.75

	
9.65

	
15.78

	
13.76

	
660

	
620

	
1120

	
0.205

	
0.3

	
0.24




	
0.79

	
10.64

	
16.89

	
14.27

	
680

	
640

	
1200

	
0.205

	
0.3

	
0.255




	
0.83

	
12.11

	
17.89

	
14.37

	
820

	
660

	
1200

	
0.165

	
0.3

	
0.255




	
0.87

	
15.00

	
18.74

	
14.18

	
840

	
680

	
1200

	
0.165

	
0.3

	
0.25




	
0.91

	
18.61

	
19.65

	
14.08

	
860

	
680

	
1200

	
0.165

	
0.3

	
0.21




	
0.95

	
22.19

	
21.03

	
15.41

	
880

	
700

	
1080

	
0.17

	
0.3

	
0.175




	
0.99

	
25.82

	
23.23

	
18.07

	
1200

	
700

	
1100

	
0.25

	
0.3

	
0.17




	
1.03

	
29.34

	
24.75

	
21.13

	
1200

	
700

	
1180

	
0.25

	
0.3

	
0.18




	
1.07

	
31.83

	
25.00

	
23.36

	
1200

	
700

	
1200

	
0.255

	
0.3

	
0.19




	
1.11

	
33.88

	
24.90

	
23.08

	
1200

	
720

	
1200

	
0.265

	
0.3

	
0.19




	
1.15

	
35.96

	
25.45

	
23.84

	
1200

	
760

	
640

	
0.28

	
0.3

	
0.2




	
1.19

	
38.01

	
26.94

	
25.50

	
1200

	
760

	
620

	
0.29

	
0.3

	
0.185




	
1.23

	
39.50

	
29.65

	
27.77

	
1200

	
780

	
600

	
0.295

	
0.3

	
0.185




	
1.27

	
40.28

	
32.73

	
30.58

	
1200

	
780

	
600

	
0.285

	
0.3

	
0.19




	
1.31

	
40.62

	
34.99

	
33.61

	
1200

	
780

	
600

	
0.275

	
0.3

	
0.2
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Table A2. Parameters for optimal converted efficiency for two tandem cylinders with spacing: L/D = 1.57, 2.00 and 2.57.






Table A2. Parameters for optimal converted efficiency for two tandem cylinders with spacing: L/D = 1.57, 2.00 and 2.57.





	

	
Optimal Converted Efficiency (%)

	
Stiffness K [N/m]

	
Harnessing Damping Ratio ζharness




	
U [m/s]

	
L/D = 1.57

	
L/D = 2.00

	
L/D = 2.57

	
L/D = 1.57

	
L/D = 2.00

	
L/D = 2.57

	
L/D = 1.57

	
L/D = 2.00

	
L/D = 2.57






	
0.39

	
29.95

	
46.86

	
54.03

	
460

	
400

	
400

	
0.16

	
0.195

	
0.235




	
0.43

	
33.70

	
51.65

	
57.71

	
460

	
440

	
400

	
0.215

	
0.22

	
0.3




	
0.47

	
38.87

	
53.72

	
58.37

	
480

	
460

	
400

	
0.25

	
0.235

	
0.3




	
0.51

	
42.94

	
58.74

	
60.04

	
820

	
640

	
720

	
0.23

	
0.3

	
0.23




	
0.55

	
48.06

	
70.50

	
62.00

	
740

	
660

	
800

	
0.295

	
0.3

	
0.245




	
0.59

	
50.33

	
73.14

	
64.24

	
800

	
680

	
1000

	
0.3

	
0.3

	
0.3




	
0.63

	
49.54

	
68.92

	
67.61

	
980

	
680

	
1060

	
0.3

	
0.3

	
0.3




	
0.67

	
49.41

	
62.04

	
68.84

	
1120

	
680

	
1140

	
0.3

	
0.3

	
0.3




	
0.71

	
50.51

	
59.31

	
69.44

	
1200

	
1200

	
1200

	
0.3

	
0.3

	
0.3




	
0.75

	
49.05

	
56.81

	
68.26

	
1200

	
1200

	
1200

	
0.3

	
0.3

	
0.3




	
0.79

	
45.74

	
52.07

	
64.15

	
1200

	
1200

	
1200

	
0.3

	
0.3

	
0.3




	
0.83

	
41.95

	
47.33

	
55.98

	
1200

	
1200

	
1200

	
0.3

	
0.3

	
0.3




	
0.87

	
38.50

	
43.07

	
45.14

	
1200

	
1200

	
1200

	
0.3

	
0.3

	
0.3




	
0.91

	
35.75

	
38.97

	
34.66

	
1200

	
1200

	
1200

	
0.3

	
0.3

	
0.3




	
0.95

	
33.71

	
34.78

	
29.64

	
1200

	
1200

	
1180

	
0.3

	
0.3

	
0.21




	
0.99

	
32.24

	
30.61

	
27.56

	
1200

	
1200

	
1180

	
0.3

	
0.3

	
0.215




	
1.03

	
31.12

	
26.76

	
25.70

	
1200

	
1200

	
1200

	
0.3

	
0.3

	
0.22




	
1.07

	
30.62

	
24.14

	
23.84

	
1200

	
680

	
1200

	
0.255

	
0.23

	
0.225




	
1.11

	
30.19

	
22.51

	
22.29

	
1200

	
700

	
980

	
0.25

	
0.23

	
0.3




	
1.15

	
29.61

	
21.38

	
21.20

	
1200

	
760

	
1000

	
0.25

	
0.3

	
0.3




	
1.19

	
28.79

	
21.59

	
19.91

	
1200

	
780

	
1020

	
0.25

	
0.3

	
0.3




	
1.23

	
27.67

	
22.30

	
18.61

	
1200

	
800

	
1000

	
0.255

	
0.3

	
0.3




	
1.27

	
26.22

	
22.92

	
18.51

	
1200

	
800

	
660

	
0.265

	
0.3

	
0.3




	
1.31

	
24.61

	
23.29

	
19.37

	
1200

	
820

	
640

	
0.285

	
0.3

	
0.3











[image: Table] 





Table A3. Parameters of optimal harnessed power and efficiency for single cylinder.






Table A3. Parameters of optimal harnessed power and efficiency for single cylinder.





	

	
Parameters for Optimal Pharness

	
Parameters for Optimal ηharness




	
U [m/s]

	
Pharness [W]

	
K [N/m]

	
ζharness

	
ηharness [%]

	
K [N/m]

	
ζharness






	
0.43

	
1.13

	
400

	
0.155

	
25.83

	
780

	
0.3




	
0.47

	
1.51

	
400

	
0.15

	
26.36

	
820

	
0.3




	
0.51

	
2.55

	
600

	
0.185

	
33.40

	
620

	
0.22




	
0.55

	
3.89

	
600

	
0.18

	
41.34

	
680

	
0.22




	
0.59

	
5.15

	
640

	
0.185

	
45.09

	
720

	
0.24




	
0.63

	
6.41

	
880

	
0.225

	
46.10

	
880

	
0.24




	
0.67

	
8.50

	
940

	
0.245

	
47.06

	
920

	
0.28




	
0.71

	
10.00

	
980

	
0.26

	
45.56

	
960

	
0.3




	
0.75

	
9.66

	
1020

	
0.275

	
39.22

	
1020

	
0.3




	
0.79

	
7.63

	
1200

	
0.22

	
31.07

	
1200

	
0.24




	
0.83

	
5.91

	
1200

	
0.3

	
21.10

	
1200

	
0.28




	
0.87

	
4.20

	
1200

	
0.3

	
12.47

	
1200

	
0.3




	
0.91

	
5.22
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Figure 1. Two-cylinder VIVACE Converter with Vck: (a) In the LTFSW Channel; (b) Schematic drawing. 
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Figure 2. Configuration of the turbulence stimulation (PTC) on the cylinder [23]. 
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Figure 3. Schematic diagram of Back Propagation (BP) neural network. 
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Figure 4. Relation between the RMSE of BP neural network and the number of the hidden layer nodes. 
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Figure 5. Three evaluation measures of modeling accuracy. 
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Figure 6. Comparison of Pharness predicted numerically and measured experimentally: (a) L/D = 1.57; (b) L/D = 2.00; (c) L/D = 2.57; (d) Isolated Cylinder. 
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Figure 7. Power harvesting at various K and ζharness based on BP modeling for tandem cylinders with L/D = 2.00: (a) U = 0.584 m/s; (b) U = 0.834 m/s; (c) U = 1.084 m/s; (d) U = 1.324 m/s. 
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Figure 8. Power harvesting at various K and ζharness based on BP modeling for isolated cylinder: (a) U = 0.584 m/s; (b) U = 0.834 m/s; (c) U = 1.084 m/s; (d) U = 1.324 m/s. 
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Figure 9. (a) Harnessed power and (b) power efficiency of two tandem cylinders with spacing ratio L/D = 1.57; K = 1200 N/m; ζharness = 0.04–0.30. 
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Figure 10. (a) Harnessed power and (b) power efficiency of two tandem cylinders with spacing ratio L/D = 2.00; K = 800 N/m; ζharness = 0.04–0.30. 
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Figure 11. (a) Harnessed power and (b) power efficiency of two tandem cylinders with spacing ratio L/D = 2.57; K = 400 N/m, ζharness = 0.04–0.30. 
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Figure 12. (a) Harnessed power and (b) power efficiency of isolated single cylinder; K = 1200 N/m; ζharness = 0.04–0.30. 
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Figure 13. Harnessed power of two tandem cylinders with K = 400–1600 N/m and ζharness = 0.20: (a) L/D = 1.57; (b) L/D = 2.00; (c) L/D = 2.57; (d) isolated cylinder. 
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Figure 14. The optimal power and efficiency curves for spacing L/D = 1.57, 2.00 and 2.57: (a) Harnessed power; (b) Power efficiency. Model is based on K = 400–1200 N/m and 0.00 < ζharness < 0.30. 
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Figure 15. The optimal power and efficiency curves for spacing ratio L/D = 1.57, 2.00 and 2.57: (a) Harnessed power; (b) Power efficiency. Model is based on K = 400–1200 N/m and 0.00 < ζharness < 0.30. 
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Table 1. Values of experimental design variables (U, ζharness, K) for four different surrogate models.
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Surrogate Model

	
Variables

	
Values






	
L/D = 1.57

L/D = 2.00

L/D = 2.57

Isolated cylinder

	
Incoming flow velocity (U)

	
0.39–1.31 m/s




	
Spring stiffness (K)

	
400 N/m, 600 N/m, 800 N/m, 1000 N/m, 1200 N/m




	
Harnessing damping ratio (ζharness)

	
0.00, 0.04, 0.08, 0.12, 0.16, 0.20, 0.24
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