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Abstract

:

In many special agricultural environments, many wireless sensors have a problem of power supply selection. Energy harvesting in the agricultural environment based on vortex-induced vibration (VIV) has the potential to solve the problem. In this paper, an energy harvester based on the VIV is designed in an agricultural environment. Relevant parameters of the harvester are studied with wind tunnel experiment to improve the efficiency of energy conversation. The results show that: (i) For large mass ratio,    m *  ≫ 1  , and the same mass ratio    m *   , the smaller the damping ratio  ζ , the larger the normalized amplitude    A *   , the larger the maximum efficiency  η  of VIV energy harvesting; (ii)    m *  ≫ 1  , and under a certain range of Reynolds numbers, the smaller the mass-damping parameter    m *  ζ  , the larger the normalized amplitude    A *   , the larger the maximum and average efficiency  η  of VIV energy harvesting. (iii)    m *  ≫ 1  , the larger the mass ratio    m *   , the larger the range of resonance; the normalized frequency    f *  ≃ 1  , the stable VIV locked state appears. The research results can provide references for the design of VIV energy harvesters in agricultural environments.






Keywords:


vortex-induced vibration; mass ratio; damping ratio; cylinder; energy harvesting efficiency












1. Introduction


Within the rapid development of the Internet of Things, big data, artificial intelligence, etc., and wireless sensor networks are widely used in military, environmental monitoring, intelligent agriculture, and other fields [1,2]. Much attention has been drawn to a problem of power supply of wireless sensors. At present, the power supply methods of wireless sensors include chemical batteries, rechargeable batteries, and solar batteries, mainly depending on chemical batteries. However, it is inconvenient to replace the chemical battery for some places. Therefore, environmental energy harvesting is an efficient way to solve the problem of power supply of wireless sensor in recent years, providing new power supply options for wireless sensors. Discussion regarding vibrational energy harvesting around wireless sensor networks have dominated research at home and abroad. Utilization of Vortex-Induced Vibration (VIV) of an elastically supported bluff body convert mechanical energy into electricity. A well-known phenomenon is the alternate shedding of vortices when the fluid pass through a bluff body and the associated unsteady aerodynamic forces acting on the bluff body [3]. When these vortices fall off at a frequency close to the natural frequency of the bluff body, lock-in or synchronization occurs, and resonant lateral vibration occurs [4,5,6,7,8,9,10]. Therefore, using the VIV of an elastically supported bluff body to convert energy has broad application prospects, but the key technology is not mature.



The fluid flow rate is uniform and low which preconditions to trigger VIV. The wind and water characteristics are measured and analyzed in some places of agriculture engineering, such as ventilation system of piggery houses and greenhouses, open channel, pipeline system of sewage treatment, and so on. The fluid velocity in these places is uniform and low, and they have powerful conditions for triggering VIV, so this makes the research of agricultural VIV energy harvesting potentially achievable (Generally, the natural frequency of the energy harvesting structure is low, the shedding frequency of the fluid at low flow rate is also low, which can resonate well. And the stable flow velocity makes the VIV have a stable amplitude). To effectively improve agricultural informatization and improve the level of production management, wireless sensor network as an efficient, real-time information collection system has been applied to facility agricultural production [11,12]. However, in a specific agricultural production environment, the power supply energy of wireless sensors (the network node) will not be able to rely on traditional power sources. The stable working power of the wireless sensor is usually between 2 mW and 3 mW, the current research results of related VIV energy harvesters show that when the harvester is in resonance, the maximum output power can fully meet the power of the wireless sensor for stable operation [13]. This will make the energy harvester a new choice for wireless sensor network nodes to supply power, especially in the agricultural environment where it is impossible or inconvenient to replace the traditional power source-battery, such as sewage treatment water quality monitoring [14], farmland water saving irrigation monitoring, agricultural greenhouse environment monitoring, and agricultural environment monitoring of breeding houses [2] in extreme cold areas (Traditional batteries will not work properly in extremely cold areas).



In order to better design the VIV energy harvester, the current related VIV literature has been carefully read. Much of the early related basic research on VIV has been reviewed by Bearman [15], Sarkkaya [16], and Williamson and Govardhan [17]. In recent years, many scholars have conducted research on this issue. Khalak and Williamson studied the influence of mass-damping parameter on the amplitude and lock-in interval, and the normalized amplitude expression is derived from the VIV equation [18,19]; Allen and Smith et al. [20] developed an eel-like energy harvester, and used the eel structure to collect the kinetic energy in the water flow; Bernitsas et al. [21] have developed a device called VIVACE (Vortex Induced Vibration Aquatic Clean Energy), which uses the VIV cylinder mounted on the spring which is used to collect the water flow energy, and also studies how to effectively collect energy from the vibration phenomenon caused by the flow [22,23]; Antonio Barrero-Gilet al. [24] conducted a numerical analysis on the energy harvesting of a cylinder mounted on a spring; A.PERELLI et al. [25] used the principle of VIV to design an energy harvester and perform performance analysis; Xiaotong Gao et al. [26] proposed a new type of fluid energy harvesting device. The fluid flows through a fixed cylinder to generate eddy currents, which makes the flexible piezoelectric sheet vibrate to generate electricity. Luo Zhumei et al. [27,28] studied the parameters affecting the energy acquisition from VIV in ocean currents and analyzed the influence of each parameter on the energy acquisition efficiency. However, the above research mainly focuses on the collection of marine vibration energy, while the collection of agricultural environment vibration energy is less involved. The above-mentioned VIV research is mainly in the field of ocean engineering. The VIV energy harvesting system studied is a system composed of a cylinder connected to a spring, which provides a certain reference for the design of the energy harvesting device in this article.



An energy harvester based on the VIV in agricultural environments is designed, the energy harvesting system is a cantilever beam connected by a cylinder. The stiffness and damping ratio  ζ  of the system are mainly derived from the cantilever beam, the cantilever beam has a certain influence on the entire flow field. Whether the relevant conclusions of the literatures are suitable for the VIV of the energy harvester is worth considering. So, the relevant parameters of the harvester are studied to improve efficiency of energy conversation. It includes the damping ratio  ζ , the mass-damping parameter    m *  ζ   (the mass ratio    m *    is the ratio of the average density of the cylinder to the density of the surrounding fluid). The research aims to obtain the maximum efficiency of energy conversion under specific mechanical parameters. We begin in Section 2, introducing a simple mathematical model of VIV of a cantilever beam connected by cylinders, which helps to introduce an energy conversion factor. Next, we introduced the experimental equipment and experimental model data in detail in Section 3. Based on the mathematical model established in Section 2, a parametric study is carried out in Section 4, revealing the role of the effect of each parameter on the model conversion efficiency. Finally, some conclusions are drawn in Section 5.




2. Mathematical Model


2.1. Mathematical Model of VIV of Cylinder


As shown in Figure 1. Here, we will consider a simplified situation that is under the action of the inflow, the cantilever mounted cylinder is prone to VIV oscillations in the transverse y. In fact, the cylinder does not move completely laterally, which may affect the measurement of its amplitude value, but this effect is minimal. To simplify the system and ignore this effect.



The internal dissipation damping ratio  ζ  of the energy harvesting system can be expressed as


  ζ =  c    4 π f n      



(1)




where   f n   is the natural frequency and  c  is the mechanical damping coefficient.



The mass per unit length of the cantilever beam connected to the cylinder system is    m e   , the transversal displacement of the cylinder is determined by the interaction of inertial force, damping force, stiffness, and lift force, which can be expressed as


   F Y   t  =  m e     y  ..   + 2 ζ  ω n   y ˙  +  ω n 2  y   .    



(2)




where    y .    is the first-order derivative with respect to physical time  t ,    y  ..     is the second-order derivative with respect to physical time  t , and    ω n    is the vibration circle frequency.



Within the resonance range, the lift force of each unit can be approximately expressed as


   F Y  =  1 2  ρ  U 2  D  C Y  sin   2 π f t + ϕ   .    



(3)




where  ρ  is fluid density,  U  is the flow rate,  D  is the diameter of the cylinder,    C Y    is the lift coefficient,  f  is the vibration frequency, and  ϕ  is the phase angle between the lift and the displacement of the cylinder [10].



Substituting Equation (3) in Equation (2), considering (based on experimental evidences) a steady state of harmonic oscillation   y  t  = A sin   2 π f t    , and normalized amplitude    A *  =  A / D   , normalized frequency    f *  =  f /   f n    = 1  , and the reduced velocity    U *  =  U /  f D    , it can be obtained as:


   A *  =    C Y  sin ϕ   16  π 2   m *  ζ        U  * 2      f *       



(4)






   f *  =     1 −    C Y  cos ϕ  U  * 2     8  π 2   m *   A *         1 2     



(5)







For large mass ratio,    m *  ≫ 1  , from Equation (5) one can see that    f *  ≃ 1   (the experiments show that    U  * 2   / 8 π ∼ 1  ,   C Y  cos ϕ ∼ 1   ). Then, one may deduce that, in this case, the normalized amplitude    A *    is a function of the product of the combined mass-damping parameter    m *  ζ   and the reduced velocity    U *   . For    m *  ∼ 1  , however, Equations (4) and (5) are coupled, and hence    A *    should be a function of two independent parameters    m *    and  ζ , as well as    U *   .




2.2. Efficiency


The transfer of energy can be regarded as the power done by the fluid per unit length in a vibration period  T . Conversion efficiency  η  can be defined as the ratio    P E    of the power obtained from the fluid per unit length to the total power    P F    of the fluid per unit length, namely


  η =  P E  /  P F   



(6)







The total power per unit length of fluid can be expressed as   ρ  U 3  D / 2  . Where is the power    P E    obtained by the cylinder per unit length from the fluid in each vibration period  T , namely


   P E  =  1 T  ∫   0 T   F y   y ˙  d t  



(7)







In the lock-in region, the state of sinusoidal vibration is steady. By the simultaneous Equations (3), (6), and (7), conversion efficiency can be expressed by the normalized amplitude    A *   , the reduced velocity    U *   , the normalized frequency    f *   , and the fluid force excitation coefficient    C Y  sin ϕ  , which is


  η = π  A *   C Y  sin ϕ      f *     U *       



(8)







We can see from Equation (8) that under certain mechanical parameters, the conversion efficiency  η  of VIV is directly related to the fluid force excitation coefficient    C Y  sin ϕ  , the normalized amplitude    A *   , and the reduced velocity    U *   .





3. Experimental Equipment


3.1. Annular Wind Tunnel


The experiment was carried out in an annular multifunctional wind tunnel, as shown in Figure 2. The overall size of the wind tunnel is 9.9 m × 3.5 m × 2.0 m. The airflow generated by the fan passes through the return section, corner section, stable section, contraction section, and the first working section, the second working section, and the diffuser section circulate in motion. The flow velocity of the working section ranges from 0.2 to 40 m/s. The relative standard deviation of flow velocity uniformity is ≤1% in the wind tunnel working area, and the relative deviation of flow velocity stability is ≤0.5% in the wind tunnel working area. The flow field in the working area is stable, basically free from external interference, and does not have high requirements for the experimental environment.




3.2. Experimental Model and Experimental System


The experimental model is shown in Figure 3. The experimental model includes a fixed bracket, a cantilever beam, and a cylindrical model. The cantilever beam is laser-cut from aluminum sheet, the mass density of aluminum sheet is 2700 Kg/m3, and the elastic modulus is 72,000 Mpa; the cylinder is a transparent PC tube with closed ends, and the plastic tube has high impact strength and is not easy to deform; the experimental fluid is natural wind, laboratory air quality density is 1.2 Kg/m3. To ensure the reliability of the experiment, the cantilever beam and the fixed bracket are consolidated with screws, which can be disassembled without losing the flexibility of the experiment. One end of the cantilever beam is connected to the outside of the middle end of the cylindrical model. The cylindrical model does not twist around the nodes, and does not deform under the action of fluid. To ensure the reliability of the laser displacement meter measurement data, a laser displacement meter base installed on a fixed bracket was designed in the experiment. The base can move left and right with the support, and the laser displacement meter is fixed on the horizontal surface of the base through a cable tie. The signal point of the laser displacement meter is irradiated on the connecting end of the cantilever beam and the cylindrical model. The cylindrical model is subjected to VIV by the fluid to make the connected cantilever beams vibrate synchronously, so that the amplitude of the vertical vibration of the cylindrical model can be collected in real time. The experimental cylinder model is shown in Table 1.



An anemometer is used to measure the real-time wind speed in the wind tunnel, and a laser displacement meter is used to collect the real-time amplitude of the vertical vibration of the cylinder, as shown in Figure 3. The laser displacement meter sensor transmits and receives up and down vibration signals, and is equipped with a USB interface, it is connected to the computer through a USB data cable, and real-time data monitoring, collection, and storage functions are realized through the optoDCDT program, it can collect data accurately to 0.005 s. During the experiment, the cantilever beam and the laser displacement meter panel were kept at a distance of 10 cm to ensure sufficient vibration space and laser signal transmission and reception time.




3.3. Experimental Content


Many experiments are used to explore the law of VIV of the cantilever beam connecting cylinder in the wind tunnel. To test the reliability of the experimental model, the free vibration amplitude was collected before the experiment. Two sets of experiments are designed: (I) VIV experiment of the effect of the same mass ratio    m *    but different damping ratio  ζ  on the energy conversion efficiency; (II) VIV experiment of the effect of the different    m *  ζ   on the energy conversion efficiency.



Experiment I is to study the same    m *   , but different  ζ  effects on the energy conversion efficiency of the cantilever beam connected to the cylindrical VIV. The physical parameters are shown in Table 2, keeping the quality of the energy harvesting system unchanged, the system damping ratio  ζ  is changed by changing the width of the cantilever beam. Experiment II is to study the different    m *  ζ   effects on the energy conversion efficiency of the cantilever beam connected to the cylindrical VIV. The physical parameters are shown in Table 3, keeping the overall dimensions of the energy harvesting system unchanged, the mass damping ratio    m *  ζ   is changed by changing the mass of the tube.



During the experiment, the wind speed of the wind tunnel was adjusted, the amplitude of the cantilever beam connected to the cylinder under different wind speeds was collected, and the time history curve was drawn to explore the effect of energy collection on the VIV.





4. Experimental Results and Discussion


4.1. Experimental Model Parameter Calculation and Reliability Analysis


By collecting the free vibration amplitude and performing FFT (Fast Fourier Transformtion) on it, the free vibration frequency    f n    is obtained. as shown in Figure 4a.



ANSYS APDL software is used to establish experimental models, experimental model meshing, experimental model modal analysis and experimental model transient distraction. Experimental model modal analysis obtains the first-order frequency    f 1    of model vibration. Then, by comparing the free vibration frequency    f n    with the first-order modal vibration frequency    f 1    of modal analysis, the reliability of the model can be preliminarily verified. As shown in Figure 4. The control results of each group of experiments    f n    and    f 1   , as shown in Table 4.



There are two main reasons for the error: (i) The fixed end of the cantilever beam is not completely consolidated. The length of the cantilever beam that vibrates in the experiment should be longer. This length is very small and difficult to measure. (ii) The cantilever beam is consolidated with the cylinder, so that the length of the cantilever beam is reduced. The reduced length is small and difficult to measure.



The damping ratio  ζ  is obtained by the simplest and most practical free vibration attenuation method, namely


  ζ =    δ n    2 π n    



(9)




where    δ n  = ln      A o   /   A n        is the attenuation rate after  n  week,    A o    is the initial amplitude, and    A n    is the amplitude    A o    attenuated to 53.306%.



The system mass ratio    m *    s    can be expressed as


   m *    s  =    m m     m D     



(10)




where the modal mass is    m m  =   2  E k   /   ω 2     , the kinetic energy of the system obtained by ANSYS APDL modal analysis, as shown in Figure 4b. Circular frequency   ω = 2 π  f 1   , mass of cylinder      m D  = ρ π   D 2  L   / 4   ,  L  is the length, and  D  is diameter of the cylinder, respectively.



After calculating the damping ratio  ζ , through ANSYS APDL software transient analysis, the transient analysis time history curve is obtained, and it is used to compare with the time history curve of free vibration to verify the reliability of the experimental model again. As shown in Figure 5.




4.2. The Effect of  ζ  on VIV Conversion Efficiency  η 


In order to explore the  ζ  impact on the energy collection of the cantilever beam connected to the cylinder, VIV experiment of the same mass ratio    m *    but different damping ratio  ζ  were designed, and the cylinder VIV amplitude was collected by a laser displacement meter. For the same mass ratio    m *    = 98.28, and the different damping ratio  ζ = 2.74 × 10−3,  ζ = 3.13 × 10−3, and  ζ = 5.28 × 10−3. The law of change of the normalized amplitude    A *    and conversion efficiency  η  with the reduced velocity    U *   . As shown in Figure 6 and Figure 7.



We can see from Figure 6 that the smaller the damping ratio  ζ , the larger the normalized amplitude    A *    of the cantilever beam connected to the cylindrical VIV, and the longer the resonance range of the reduced velocity    U *   . In fact, this is consistent with the results of the previous mathematical model. For large mass ratio,   m *  ≫ 1  , the damping ratio  ζ  is inversely proportional to    A *   , so the smallest damping ratio  ζ = 2.74 × 10−3, the largest normalized amplitude    A *    value appears in the experiment, as shown in Figure 6. When  ζ = 2.74 × 10−3, the maximum value of conversion efficiency  η  is the largest, the maximum conversion efficiency  η  value is 0.035. This seems to indicate that for large mass ratio,    m *  ≫ 1  , the trends of    A *    and  η  are the same with  ζ , and the damping ratio  ζ  has a great influence on the maximum efficiency  η  attainable. In fact, the maximum achievable conversion efficiency  η  might be again be governed by the product    m *  ζ  . Results are presented in Figure 7.




4.3. The Effect of    m *  ζ   on VIV Conversion Efficiency  η 


In order to explore the    m *  ζ   influence on the energy harvesting of the cantilever beam connected to the cylinder, VIV experiment of the different mass-damping parameter    m *  ζ   were designed, and to obtain the VIV amplitude of the cylinder through a laser displacement meter. For large mass ratio,    m *  ≫ 1  , and each value of mass-damping parameter    m *  ζ  = 0.200,    m *  ζ  = 0.307,    m *  ζ  = 0.417,    m *  ζ  = 0.492, the law of change of the normalized amplitude    A *    and conversion efficiency  η  with the reduced velocity    U *   . As shown in Figure 8 and Figure 9.



We can see from Figure 8 that the smaller the mass-damping parameter    m *  ζ  , the larger the normalized amplitude    A *    of the cantilever beam connected to the cylindrical VIV, but the resonance range of the reduced velocity    U *    is smaller. The results seem to indicate that for large mass ratio,    m *  ≫ 1  , the peak normalized amplitude    A *    is mainly controlled by the product of    m *  ζ  ,   A *    and the product of    m *  ζ   are inversely proportional, this is consistent with the expected result. So    m *  ζ   = 0.200, the normalized amplitude    A *    have maximum value, as shown in Figure 8. From the results, it seems that the value of    m *  ζ   has a relatively large impact on the energy conversion efficiency value  η . So, the maximum value of conversion efficiency  η  at    m *  ζ   = 0.200 is the largest, the maximum value is 0.046. Results are presented in Figure 9.



According to the above experiment, calculate the average value of the conversion efficiency under each value    m *  ζ  , when    m *  ζ   = 0.200, the average conversion efficiency  η  = 0.02 is the maximum. From a practical point of view, it is very interesting to efficiently extract energy from a stream in a wide range of environments. For large mass ratio,    m *  ≫ 1  , in a specific Reynolds number range, the smaller the value of    m *  ζ   the selected cantilever beam to connect the cylinder, the larger the maximum and average efficiency of VIV energy harvesting. However, the flow rate range of the effective efficiency and the maximum energy conversion efficiency value are relatively small. Therefore, in the next study, we will reduce the mass damping ratio as much as possible.




4.4. Normalized Frequency    f *    Changes with    U *   


In the above experiments, the laser displacement meter recorded the time history curve data of the cantilever beam connected to the cylinder in each small experiment, and the data was transformed by FFT to obtain the resonance frequency  f . For    f *  =  f /   f N     , we get the    f *    change with the normalized flow velocity    U *   , as shown in Figure 10. For large mass ratio,    m *  ≫ 1  , the normalized frequency    f *  =  f /   f N    ≃ 1  , the locked state of VIV appears, the result is consistent with the established mathematical model.





5. Conclusions


From a practical point of view, it is very interesting to efficiently extract energy from a stream in a wide range of agricultural environments. In this paper, a cantilever beam connected to a cylindrical energy harvester is designed, a mathematical model is established for it through the VIV equation, and the expression of conversion efficiency is obtained. Two sets of experiments were designed to study the effect of  ζ ,   m *  ζ   on the energy collection efficiency of the cantilever beam connected to the cylindrical VIV. There are certain differences between the results of this paper and related research, the results show: (i) For large mass ratio,    m *  ≫ 1  , and the same mass ratio    m *   , the smaller the damping ratio  ζ , the larger the normalized amplitude    A *   . The greater the maximum energy conversion efficiency  η  of the cantilever beam connected to the cylinder. (ii) For large mass ratio,    m *  ≫ 1  , in the specific Reynolds number range, the smaller the mass-damping parameter    m *  ζ  , the larger the normalized amplitude    A *   . The larger the maximum and average value of VIV energy conversion efficiency  η . Choosing a smaller mass ratio  ζ  and proper damping ratio can more effectively obtain energy from the fluid. However, the flow rate range of the effective efficiency and the maximum energy conversion efficiency value are relatively small. Therefore, in the next study, we will reduce the mass damping ratio as much as possible. (iii) For large mass ratio,    m *  ≫ 1  , the greater the mass ratio    m *   , the greater the range of the reduced velocity    U *    where resonance occurs. Normalized frequency    f *  ≃ 1  , a stable VIV locked state appears.



We believe that the results presented in this article are representative. From an engineering perspective, this experimental study can provide a certain theoretical reference for designing a device to extract useful energy from VIV in agricultural environments.
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Figure 1. Overall structure. 
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Figure 2. The annular wind tunnel. 
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Figure 3. Diagram of experimental model and sensor. 
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Figure 4. (a) FFT (Fast Fourier Transform) to get the natural frequency; (b) ANSYS APDL modal analysis. 
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Figure 5. Comparison chart of free vibration and ANSYS APDL transient analysis time history curve. 
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Figure 6.    A *    with the change of    U *    of experiment Ⅱ. 
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Figure 7.  η  with the change of    U *    of experiment Ⅱ. 
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Figure 8.    A *    with the change of    U *    of experiment Ⅱ. 






Figure 8.    A *    with the change of    U *    of experiment Ⅱ.



[image: Agriengineering 02 00034 g008]







[image: Agriengineering 02 00034 g009 550] 





Figure 9.  η  with the change of    U *    of experiment Ⅱ. 
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Figure 10.    f *    with the change of    U *    of experiment Ⅱ. 
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Table 1. Parameters of cylindrical model.






Table 1. Parameters of cylindrical model.





	Cylinder
	D (mm)
	L (mm)
	L/D
	m (g)





	1
	50
	252
	5.04
	10.8



	2
	50
	252
	5.04
	59.5



	3
	50
	252
	5.04
	94.6



	4
	50
	252
	5.04
	139.3
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Table 2. Parameters of experiment I model.






Table 2. Parameters of experiment I model.





	Number
	Cylinder
	     m *     
	   ζ   
	   f   
	     U *     





	1
	2
	98.28
	0.00274
	6.7
	5.9~11.6



	2
	2
	98.28
	0.00313
	10.1
	5.2~10.4



	3
	2
	98.28
	0.00528
	11.7
	5.6~10.7
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Table 3. Parameters of experiment II model.






Table 3. Parameters of experiment II model.





	Number
	Cylinder
	     m *     
	   ζ   
	     m *  ζ    
	     U *     





	1
	1
	21.83
	0.00915
	0.200
	4.5~8.6



	2
	2
	98.28
	0.00313
	0.307
	5.2~10.4



	3
	3
	156.17
	0.00267
	0.417
	5.3~10.5



	4
	4
	229.91
	0.00214
	0.492
	5.2~10.3
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Table 4. Parameters of comparison result of    f n    and    f 1   .






Table 4. Parameters of comparison result of    f n    and    f 1   .





	Number
	    f n   ( Hz )    
	     f 1    ( Hz )    
	Error





	I 1
	6.7
	7.0
	4.28%



	I 2
	10.1
	10.3
	1.94%



	I 3
	11.7
	12.4
	5.64%



	II 1
	26.1
	26.6
	1.88%



	II 2
	10.1
	10.3
	1.94%



	II 3
	9
	9.3
	3.22%



	II 4
	7.8
	8.1
	3.70%
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