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Abstract 

A recent study has developed an electromagnetic energy harvester that can harvest energy from flow-

induced vibrations in real-time by using a magnet in translation within a coil.  As part of this system, 

a flow channel is connected to a flow source by a flexible diaphragm, and a square cylinder acts as a 

bluff body, oscillating the diaphragm with an attached permanent magnet surrounded by a coil, there-

by generating electrical energy. Using electromagnetic induction and fluid flow, it converts flow en-

ergy into electrical energy. The influences of the Reynolds number (Re = 3000, 4000, and 5000) and 

the position of square cylinder (X*=X/D) on the dynamic characteristics are considered. In light of the 

results, it becomes clear that the Reynolds number and incidence angle play an influential role in the 

amount of energy harvested from the interaction between fluid and a square cylinder. The higher 

Reynold number prescribes, the higher voltage can be obtained. Furthermore, an experiment has 

shown that an output voltage of 0.03 V can be generated when a diamond configuration is employed. 

Having employed three typical incidence angles of α = 0○, 22.5○, and 45○, overly, α = 45○ is the most 

suitable arrangement for the conversion of power. 
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1. Introduction 

 

             Due to the rapidly diminishing resources of fossil fuels and their severe adverse environ-

mental impacts, renewable energy sources have gained great popularity. Water and wind flows have 

an ancient history of generating power, and they are some of the most common renewable energy 

sources. As far back as ancient times, humans have been able to extract energy from these resources 

by using windmills and watermills. There are a number of renewable sources of energy out there, 

but hydropower and wind power are the two most important sources despite their long history [1, 2, 

3]. 
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           One of the most effective fluid-power energy harvesting methods is Flow Induced Vibration 

(FIV). In fact, FIV is a general term that includes Vortex Induced Vibration (VIV), Galloping, Flut-

ter, Wake Induced Oscillations (WIO), and Buffeting. Researchers have used each of these mecha-

nisms for generating power from fluid flow. Tang et al.[4], the fluttering of a flexible plate was 

studied, while in Ref. [5] the torsional flutter stability of an airfoil was studied for green energy 

production. Shimizu et al. [6]; Zhu [7] and Abdelkefi et al. [8,9] studied the pitching-plunging mo-

tion of an airfoil for efficient energy production. Bernitsas and Raghavan [10] proposed marine en-

ergy production from VIV of a circular bluff body. The device was called VIVACE, and it worked 

by transmitting the oscillatory cross flow of a circular cylinder to the rotation of an electrical gener-

ator using vortex-induced vibrations [11]. 

            In the recent years, flow past square cylinders has drawn the attention of researchers mostly 

because of their relevance to engineering applications, and as a result, there are relatively few ex-

perimental and numerical studies about the flow past a single square cylinder and two square cylin-

ders in tandem, despite the fact that flow past circular cylinders has been studied in great detail in 

the past [12]. Due to the fact that unlike a circular cylinder, the flow patterns and wake structures of 

the flow over a square cylinder are quite different from that over a circular cylinder due to the fact 

that unlike the circular cylinder, the square cylinder tends to fix the separation point, leading to dif-

ferences in critical regimes; in addition, separation mechanisms based on shedding frequencies and 

aerodynamic forces differ significantly between the two geometries. [13].  

       Departing from bluff body and geometry to device of harvesting energy, it is possible to divide 

the research on vortex-induced vibration into three steams [14]: (1) vortex-induced vibration pie-

zoelectric energy harvesting with a nonlinear magnetic force. The structure of a piezoelectric energy 

capture device can be improved by introducing a magnetic field, and the natural frequency of the 

structure can be reduced as well. (2) Hybrid energy harvester based on VIVs. (3) Vortex-induced 

vibration energy capture device with a multi-degree-of-freedom structure.  One approach to harvest 

energy is to convert mechanical energy of ambient vibration into electrical energy by electromag-

netic induction. Electromagnetic harvesters have been proposed and investigated few researchers. 

Wang and Chang [15] experimentally investigated Electromagnetic energy harvesting from flow 

induced vibration. They concluded that the maximum output voltage was approximately 11 (mV). 

Also, Wang et al. [16] studied Electromagnetic energy harvesting from vibrations induced by Ká-

rmán vortex street.  They used a trapezoidal as a bluff body so as to generate vortex.  Using gravity, 

water is forced into the inlet of the energy harvester. Tap water is pumped into the storage tank 

through a pump located in a recycle tank. An outlet pipe extending between the outlet of the energy 

harvester and the recycle tank provides a continuous supply of water, and the dimension of their 

flow channel was 5 cm × 1.57 cm ×1.57 cm. 

 

Fluid dynamics, structural dynamics, and electricity are coupled in this study to harvest ener-

gy, and this coupling is often complex and nonlinear. Against this background, in spite of its practi-

cal applications and importance, energy harvesting mechanisms of square cylinders are not fully 

explored. Based on the author's knowledge, there has not been a published study on the hydroelastic 

response of sharp edge squares and diamond cylinders while pressure gradients are applied to a 

flexible wall. In this paper, we describe the development of an electromagnetic energy harvesting 

device based on vibrations produced by Kármán vortex street. The novelty of this energy harvesting 

approach is the instalment of the energy conversion mechanism at the top of the flow channel. Fur-

thermore, the hydroelastic energy performance of fixed mounted sharp edge square and diamond 

cylinders is experimentally investigated. The square prisms are tested in three configurations (α=0, 
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22.5, 45 degree) to provide deeper insight into the effect of vortex street patterns on energy captur-

ing. 

2.  Experimental setup 

This study is a result of experiments conducted at Khayyam University's Advanced Fluid Dy-

namics Laboratory. The electromagnetic energy harvester design is based on the vibrations that are 

caused by the vortex shedding from a square cylinder that cause an electromagnetic field to be gen-

erated. As the water pressure fluctuates in the channel, a flexible rubbery diaphragm attached to a 

permanent magnet is driven into vibration. This vibration is converted into electrical energy by Far-

aday's law of induction, and then the voltage induced in the loop of the coil is measured as a result. 

As shown in Fig. 1, a harvesting system for electromagnetic energy can be seen. A simple flow 

channel is comprised of a thin rubber diaphragm and a permanent magnet placed on top of the dia-

phragm and bonded to the flow channel, as well as a bluff body at the centre of the flow channel. 

The electromagnetic system, constituted by a magnet moving in translation through a coil, and the 

permanent magnet is placed under a conducting coil which is guided around an inner housing (see 

Fig. 2). The flow channel is divided into 3 sections. 1) primary channel (30×50×1250 mm) 2) test 

section (30×50×250 mm) 3) secondary channel (30×50×750 mm), and square cylinder (9×9×50 

mm) which is located in different places to evaluate the importance of relative position of bluff 

body to diaphragm. The diaphragm (35×80 mm) used in the test section is made of natural rubber, 

the tensile material is used, and its Young’s modulus is estimated as 810 kPa based on the engineer-

ing stress - engineering strain curve. The Poisson’s ratio of this material are taken as 0.415 (see 

Fig.2). The entire test section and its upper lid are sealed with elastic adhesive. Photos of the exper-

imental setup are displayed in Figs. 3, 4.  The Reynolds number is calculated in order to determine 

if the analysis is in the turbulent region. The Reynolds number of the flow channel can be deter-

mined by Re=ρUDh/μ. where U is the flow velocity at the inlet of the test section of the device, and 

μ is the dynamic viscosity of the water, 1.002×10-3 (Pa s), and Dh is the hydraulic diameter.  

 
 

 
Fig.1 Schematic of the experimental apparatus. 
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Fig.2 the size and properties of diaphragm, coil, and magnet used.  

 

Fig. 3 The overview of experimental apparatus. 

 

3. The single and tandem square cylinders and their location 

  
In this study, an experimental investigation of flow around a square cylinder placed at various 

incidence angles (0, 22.5, and 45 degree) with respect to the approach flow is reported. The cylinder 

has an aspect ratio (AR) of 5.5 and solid blockage ratio of 33%. In this study, an experimental in-

vestigation of flow around a square cylinder placed at various incidence angles (0, 22.5, and 45 de-

gree) with respect to the approach flow is reported. The cylinder has an aspect ratio (AR) of 5.5 and 

solid blockage ratio of 33%. Having an angle of attack, sharp corners and an after body makes the 

square cylinder a good candidate for investigating a wide range of FIV phenomena. square cylinder 

is then rotated 22.5º and 45º. To analyse the effect of angle of attack, three angles, namely 0 °, 22.5°, 
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and 45°, are tested in the present study. The reason for using these angles is that they correspond to 

the conditions where the reactions are dominated by vortex induced vibration and galloping. With 

all configurations, both cylinders are constantly fixed. α = 0○ and 45○ are symmetrical to the flow 

when it is stationary, whereas the bluff body loses this symmetry when α = 22.5○; therefore, provid-

ing some interesting results.  For α=0º, the flow bifurcates into two streams towards the front edge 

along the surface, and then they separate from this edge. The stagnation point at α = 0º is located 

exactly at the middle of the face of the edge, while it moves towards the lower edge of the face by 

increasing the incidence angle. With the increase of the incidence angle from α = 0º , the flow pat-

terns on the upper and lower sides become more different and asymmetric when it compares with 

case α = 0º. 

 

 
 

Fig. 4 the position of leading bluff body in relation to the diaphragm (X*). 

4. Results and Discussion  

 
The present data is validated in terms of Strouhal number at different incidence angles. Fig. 5 

compares the variation of the Strouhal number with Reynolds number (Re) for incidence angles 0, 

22.5, and 45 degree. The Strouhal number measured in the present study matches quite well with 

that reported by Chen and Liu [17]. 
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Fig. 5 the variation of Strouhal number with incidence angle for a single square cylinder. 

 

As a vortex sheds behind a blunt body immersed in a steady stream, the pressure oscillates. 

To scavenge the flow energy, the proposed device can incorporate this periodic, regular shedding 

into the flow channel. Based on the experiments of Akaydın et al. [18], the device could harvest 

more energy so long as the flexible diaphragm were placed at specific positions relative to the vorti-

ces shed from the square cylinder up stream [19]. Fig. 6 shows the measured voltage induced by 

coil. It is observed that locating the cylinder at 6D related to diaphragm can generate maximum 

energy for all Reynolds numbers when α=0º. This can be attributed to the maximum pressure in the 

front face of square, in fact, the main cause of diaphragm vibration is due to fluctuation of pressure 

upstream of bluff body, and generation of this voltage is not directly related to a vortex shedding 

phenomenon.  This scenario does not happen as the incidence angles increases, locating the cylinder 

at X*=3D can lead to experiencing the maximum voltage. As the incidence angle reaches 45º, the 

produced voltage ramps up, thereby diamond configuration is an optimum shape when deciding the 

highest value of voltage for a square cylinder. This is down to the fact that diamond shape has 

greater lift coefficient compared with square, thereby generating stronger vortex and thus lager dia-

phragm displacement. The same results have been obtained when a linear elastic support was con-

nected to the test square cylinder. The square cylinder, depending on its orientation with respect to 

the incident flow, demonstrates vortex-induced vibration or galloping types of responses. The re-

sults indicate that the square cylinder with a flat side perpendicular to the flow has a galloping type 

of response. The hydroelastic efficiency of the resonating square cylinder is significantly higher 

than that with the galloping type of response. Fig. 6 displays the great benefits of diamond excava-

tors over square when maximum diaphragm vibration is aimed. Furthermore, the maximum voltage 

can become 3 times when the diamond configuration is selected instead of square. It is interesting to 
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mention that for square cylinder, we should not focus on vortex shedding for extracting maximum 

energy from fluid. This is because the important factor is blockage ratio to maximize pressure be-

fore the square. In the present work, the blockage ratio is 33 percent, which is enough to change the 

flow patterns and be employed as a contributing factor to make the diaphragm fluctuate.     

 

 
Fig. 6 .The variation of obtained voltage with the position of a single square cylinder 

5. Conclusion  

The fluid flow around a single square cylinder has been discussed when the effects of fluid, 

bluff body, rigid and flexible boundaries are taken into consideration. At the same time, an electro-

magnetic system, constituted by a magnet moving in translation through a coil is included in this 

experiment. The pressure oscillation due to the Kármán vortex street in the flow channel of the har-

vester results in a periodical displacement of the magnet placed under a coil and therefore the volt-

age generation. The maximum induced voltage in the square and diamond configurations are 0.011 

and .03 (V), respectively. The best place of the bluff body in relation to the diaphragm (X*) is 6 and 

3 for the diamond and square, respectively .it is obvious that Reynolds number has a significant 

influence on the obtained induced voltage. 
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