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Abstract 

This study aims to improve the performance of the galloping-based piezoelectric energy 

harvester (GPEH) by benefiting from two half-cylinder obstacles. Two half-cylinder obstacles are 

employed to construct a variable cross-section tube which changes the airflow characteristics near 

the GPEH placed inside. The performance of the GPEH in the variable cross-section tube is tested 

by wind tunnel experiments. The experimental results show that compared with the traditional 

GPEH, the cut-in speed of the GPEH with the two half-cylinder obstacles at the downstream 

position -1.5D is reduced by 43.87%, from 2.23 m/s to 1.55 m/s. For the highest experimental wind 

speed of 4.29 m/s, the output voltage of the GPEH with the two half-cylinder obstacles is increased 

by 109.28 %, from 4.31 V to 9.02 V. Moreover, the performance of the GPEH with the obstacles 

can be improved by appropriately increasing the obstacle curvature and reducing the throat width. 

The computational fluid dynamics (CFD) simulations are conducted to qualitatively interpret the 

experimental discoveries. The results demonstrated that the downstream area is beneficial to the 

GPEH, whereas the upstream area degrades the performance.  

 

Keywords: Wind energy; piezoelectric beam; galloping; half-cylinder obstacle; wind tunnel 

experiment 
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Environmental energy harvesting technology has been developed rapidly in recent decades for its 

cleaning and renewable. For example, solar photovoltaic cells are widely used in daily heating, lighting 

and aerospace fields [1, 2], wind turbines are arranged in high wind speed areas to harvest wind energy 

for power generation [3, 4], and multi stage utilization of waste heat recovery [5]. Different types of 

environmental energy harvest devices are used in different fields due to the constraints of operating 

conditions and structure. Flow-induced vibration energy harvester (FIVEH) is a kind of micro 

environmental energy harvesting device based on the principle of flow-induced vibration (Vortex-induced 

vibrations [6, 7], Galloping [8, 9], Flutter [10, 11], etc.). It is mainly used to supply power for wireless 

sensor networks, micro electro mechanical systems and other small energy consuming devices [12, 13].  

The FIVEH is usually realized by utilizing mechanical-electric converting principles such as 

piezoelectric [14], electromagnetic [15], electrostatic [16], and triboelectric [17], or the combinations [18]. 

Owing to the potential of harvesting the low-speed flow energy and high energy density, the FIVEH with 

piezoelectric devices have been studied intensively [19, 20]. For example, Abdelkefi et al. [21] constructed 

a galloping-based piezoelectric energy harvester (GPEH), and studied the influence of the Reynolds 

number of the incoming flow and the circuit load on the cut-in speed and energy harvesting efficiency of 

the GPEH. Javed et al. [22] established the mathematical model of the GPEH by using the distributed-

parameter method, and studied the influence of different aerodynamic expressions on the output response 

of the GPEH. Due to the size limitations of the GPEH, the power output of micro-GPEH can only make 

the small sensor operate intermittently, which cannot guarantee the continuous operation of electrical 

equipment. How to improve the output power of the GPEH and make it adapted to the varied operate 

conditions has been a hot topic in the research of flow-induced vibration energy harvesting [23-25]. 

At present, the improvement of the GPEH mainly includes increasing magnetic field structure, 

improving the flow characteristics around bluff body, and optimizing the electrical circuitry. For example, 

Bibo et al. [26] and Alhadidi et al. [27] constructed a GPEH with magnetic field, and compared the 
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performance of the GPEH under different magnetic forces (softening, hardening, bi-stable). Wang et al. 

[28] analyzed the vibration characteristics and energy harvesting performance of GPEH with tri-stable 

structure under different wind speeds and resistance loads. Yang et al. [29, 30] constructed a double-beam 

piezo-magneto-elastic wind energy harvester (DBPME-WEH), established the electromechanical 

coupling model through Lagrange equation, and analyzed the influence of system’s parameters and wind 

speed on its performance. Zhao et al. [31] and Lan et al. [32] analyzed the influence of different types of 

load circuit interface (AC, DC, SCE, SSHI) on the GPEH. In addition, to enhance the fluid-structure 

interaction for performance improvement of the GPEH, multiple methods were proposed to modify the 

aerodynamic force on bluff body, e.g., changing the shape of bluff body [33-35] and adding accessories 

on the surface of bluff body [36, 37].  

Because the aerodynamic coefficient is closely related to the shape and surface of bluff body, the 

amplitude and frequency of the bluff body can be changed or the vibration mode can be changed by 

modifying the structure of bluff body. Yang et al. [38] analyzed the performance of the GPEH with 

different cross sections (D-section, square, triangle, and rectangle) for the wind speed range of 0-8 m/s. 

The GPEH with square cross-section has higher energy harvesting efficiency, and the maximum output 

power can reach 8.4 mW. Wang et al. [39] constructed a hybrid piezoelectric energy harvester coupled 

galloping and VIV by changing the shape of bluff body (the bluff body is composed of square column and 

cylinder). Their results showed that when combination angle of the bluff body is 90 degrees, the hybrid 

piezoelectric energy harvester has the advantages of GPEH and vortex-induced vibrations energy 

harvester (VIVPEH), and the maximum output voltage is 15.1% higher than that of the GPEH and 79.62% 

higher than that of the VIVPEH. Hu et al. [40] proposed a GPEH with two small attachments on bluff 

body, and analyzed the influence of attachment position on the GPEH. The results showed that the GPEH 

performed better when the attachment was at 45° and 60° positions. 
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The previous studies uncovered the physical connotation that the key of GPEH enhancement is to 

improve the vibration strength of an elastic structure driven by the unsteady aerodynamic force. It should 

be mentioned that in the past studies, the enhancement of unsteady aerodynamic force is mostly achieved 

by changing the structure of the bluff body, rarely by changing the intensity of flow field directly. On the 

other hand, GPEH is usually designed to work outdoors and a certain threshold wind speed is needed to 

arouse the galloping behavior. Addition to the previous methods that change the GPEH structure, an 

alternative can be used to enhance the performance by varying the airflow characteristics around the GPEH 

through adding obstacles. Abdelkefi et al. [41] innovatively proposed to place a circular cylindrical 

obstacle upstream of the conventional GPEH to enhance energy harvesting. The results reveal that the 

wake effect of the upstream obstacle can greatly broaden the speed range of energy harvesting, and the 

degree of enhancement depends on the distance between the upstream obstacle and the downstream bluff 

body. Recently, Zhang et al. [42, 43] added a fixed interference obstacle downstream of VIVPEH to 

enhance energy harvesting performance. Their results show that the plate interference obstacle for the 

energy harvester has a superior harvesting performance than the cylindrical obstacles. Wang et al. [44] 

further studied the influence of the placement and dimension of the downstream interference rectangular 

plate on the performance of VIVPEH. The results revealed that the optimal design scheme is to place a 

2D-high plate at 0.2D ~ 0.4D downstream of the bluff body. Furthermore, Yan et al. [45] proposed a 

tandem configuration of energy harvester with interference from upstream and downstream obstacles. The 

results present that the upstream spacing has a greater impact than the downstream spacing. Fan et al. [46] 

investigated the FIV characteristics of three flexible cantilever cylinders arranged in series, side-by-side 

and staggered arrangements. The potential of flexible multi-cylindrical wind energy harvesting is 

discussed, and the highest power harness efficiency can reach 52%. Nevertheless, the above-mentioned 

studies on adding obstacles to enhance aerodynamic instability focused on the mutual interference between 

multiple cylinders, the internal influence mechanism of which is complex and cannot be easily controlled. 
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Inspired by the physical phenomenon of the flow dynamics of the variable cross-section tubes formed 

by obstacles [47], this study presents a novel concept of the galloping-based wind energy harvester using 

two half-cylinder obstacles to form a variable cross-section tube, which has not been reported before. This 

methodology achieves the concentration effect of wind energy by modifying the airflow features around 

the GPEH to significantly improve the aero-instability. Therefore, it is more like a wind energy 

concentrator and easier to control, which is far different from previous studies that focused on the GPEH 

structure and the mutual interference of multiple bluff bodies. When a low-Mach inlet wind enters the 

variable cross-section tube, its velocity would be significantly increased along with the narrowed tube 

cross-section area [47], leading to the concentration of wind energy and enhancement of the aerodynamic 

force. Thus, owing to the enhanced aerodynamic force, vibration of the GPEH placed near the tube throat 

might be substantially stronger, providing higher electrical power output. Note that, since the variable 

cross-section tube changes the airflow around the GPEH, it could be suitable for various types of the 

GPEH structures. Therefore, this study can enlighten a new path of effectively improve GPEH 

performance. 

The rest of this paper is organized as follows: section 2 presents the concept of the GPEH with the two 

half-cylinder obstacles (which forms a variable cross-section tube), where the experimental prototype of 

the system in a wind tunnel is shown. Section 3 presents the results of the wind tunnel experiments to 

study the effect of the variable cross-section tube upon the existing design guidelines for GPEH 

performance improvement. The CFD simulations based on the Lattice-Boltzmann method (LBM) are 

conducted in section 4 to qualitatively interpret the performance improvement. 

2. Concept of GPEH with two half-cylinder obstacles 

Fig. 1(a-c) presents the 3D sketch, experimental prototype, and top view of the GPEH in the variable 

cross-section tube formed by two half-cylinder obstacles, respectively. Fig. 1 shows that the two half-
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cylinders form the variable cross-section tube, which changes the airflow characteristics around the GPEH. 

Position 0D indicates the tube throat where the tube has the narrowest width, between the inlet and outlet 

in Fig. 1(c). The left and right sides of the throat are upstream and downstream areas, respectively. The 

GPEH comprises a cantilever piezoelectric beam and a cuboid bluff body. Due to the fluid-structure 

interaction between the cuboid bluff body and the incoming airflow, the piezoelectric beam will exhibit 

the galloping phenomenon when the wind speed around the bluff body is greater than a cut-in speed. The 

galloping consequently generates electric power through the piezoelectric transduction mechanism. The 

experiments are conducted in an open-circuit circular-section wind tunnel. The parameters of the 

prototypes are presented as follows. The beam material is the pure aluminum, the piezoelectric transducer 

material is PZT-5 (Jiayeshi Co., China) with the internal capacitance of 11.2 nF, and the bluff body and 

obstacles are made of foam. The dimensions of the piezoelectric beam and bluff body are L × W × h=

105 × 25 × 0.5 mm3 and 𝐿!  × D × D=	118 × 32 × 32 mm3, respectively. The variable cross-section 

tube curvature and obstacle height are 𝐾 and 𝐻. The throat width is Lg 𝐿". To eliminate the influence of 

the three-dimensional effect, the obstacle height is greater than the height of the bluff body. Moreover, 

considering the limited internal space and the efficiency of the experiment, K = 6.7, 8, 10 and Lg = 3.5D, 

4.5D, 5.5D were studied. It should be pointed out that the curvature K is equal to the reciprocal of the 

radius of the circle. Obstacles are made by cutting circular cylinders with different radii. The radius of the 

circular cylinder used is 0.1, 0.125 and 0.15 m, and the corresponding curvature K is 10, 8 and 6.7, 

respectively. 
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Fig. 1 (a) 3D schematic, (b) experimental prototype, and (c) top view of the GPEH in the variable 

cross-section tube formed by the two obstacles. 

3. Experimental results and discussion 

3.1 Experimental setup 

Fig. 2 shows the comprehensive view of the wind tunnel testing platform. In this work, the wind tunnel 

for producing the incident air flow is with a round cross-section of the diameter of 400 mm. Two 

honeycomb sections are equipped to stabilize the incoming wind. The detailed parameters of the system 

and the fabricated physical prototype have been given in the previous sections. The wind speed is 

measured by a hot-wire anemometer (405i, Testo Co, USA), the output electrical signals are measured by 

a Data collector (DS1104S, RIGOL, China). The system damping ratio and natural frequency are 

measured by a free vibration experiment. The natural frequency and damping ratio of the piezoelectric 

beam along with the bluff body for its first mode are 8.23 Hz and 0.0267, respectively. The effective mass 
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of bluff body is 3.87 g. The operation wind speed of the wind tunnel in the following case study is beyond 

1.0 m/s, the kinematic viscosity is 1.5×10-5 at the temperature of 20°C. A series of wind tunnel tests under 

a low-turbulence flow with a turbulence intensity less than 0.01 are conducted to evaluate the actual 

performance of the proposed GPEH. 

 

Fig. 2 The entire view of the wind tunnel experimental setup. 

3.2 The benefit of the half-cylinder obstacles for the GPEH performance enhancement 

Fig. 3 presents the comparison of root mean square (RMS) voltage output 𝑉#$% of the GPEH with and 

without the obstacles for a range of the inlet wind speeds 𝑈 = 1.0	m/s~	4.5 m/s. In this figure, the GPEH 

is at the position of −1.5D (which is in the downstream area). In this experiment, the parameters are 

𝐾 =10 m-1, 𝐻 = 0.2 m, and 𝐿" = 4.5D. The experimental results show that for both the cases, the GPEH’s 

RMS voltage output becomes higher along with the increasing wind speed. However, the two curves have 

a significant difference in terms of the cut-in speed and the generated voltage’s increasing rate. The cut-

in speed of the GPEH with the two half-cylinder obstacles is 1.55 m/s, whereas the cut-in speed of the 

GPEH without the obstacles is 2.33 m/s. This indicates that the half-cylinder obstacles are more beneficial 
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to broaden the effective energy-harvesting wind range with lowering the onset speed of galloping. When 

the inlet wind speed is higher than 1.33 m/s, for each wind speed 𝑈, the GPEH in the variable cross-section 

tube formed by the two obstacles generates significantly higher 𝑉#$% than the GPEH without the obstacles. 

For example, the GPEH with the obstacles produces 𝑉#$% =	9.02 V for the maximum inlet wind speed 

𝑈 = 4.29 m/s, which is 109.28 % of the 𝑉#$% without the obstacles (4.31 V). In addition, it should be 

noted that when the wind speed 𝑈 = 4.29	m/s, the vibration frequency of the GPEH with and without the 

obstacles are very close, but the time-domain voltage amplitude of the GPEH with the obstacles (12.33V) 

is much larger than that of without the obstacles (5.58V), as shown in Fig.4. The results indicate that owing 

to the two half-cylinder obstacles, the GPEH at the downstream position -1.5D significantly outperforms 

the GPEH without the presence of the obstacles. The benefit of the downstream position of the variable 

cross-section tube for GPEH performance improvement is well established and will be qualitatively 

interpreted in the CFD studies in Section 4. 

 

Fig. 3 The RMS voltage outputs of the GPEH with and without the two half-cylinder obstacles for 

the inlet wind speeds U = 1.28-4.29 m/s in the wind tunnel experiment. 
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The wind tunnel experiments are conducted to investigate the influence of different positions in the 

variable cross-section tube on the GPEH performance. Fig. 4 presents the RMS voltage outputs of the 

GPEH at different positions in the downstream and upstream of the tube, respectively. The results of the 

GPEH without the obstacles are also presented as the benchmark in each figure. As shown in the plotted 

curves in Fig. 4, different positions of the GPEH in the tube saliently affect the energy harvesting 

performance. Fig. 4(a) shows that in the downstream area, the voltage outputs are enhanced for most wind 

speeds compared to the GPEH without the obstacles, the cut-in speed decreases from 2.23 m/s to 1.55 m/s, 

and the cut-in speed does not change along with the different positions. Meanwhile, for the wind speed of 

4.29 m/s, the voltage outputs of the GPEH with the obstacles first increases and then decreases with the 

position increasing. The maximum output voltage reaches 9.38V at position -2.5D, which is 118.14% 

higher than that of the GPEH without the obstacles. It is possible that the velocity and pressure field of the 

airflow in the tube vary with the position of the variable cross-section tube. When the GPEH is at position 

-2.5D, the aerodynamic force acting on the bluff body is higher than that at other positions. Then, with the 

increase of the position, the influence of the obstacles on the flow field and pressure field around the 

GPEH gradually decreases, and its output voltage gradually decreases, which is close to that of the GPEH 

without the obstacles. However, the upstream area degrades the energy harvesting performance by 

decreasing the voltage outputs, as indicated in Fig. 4(b). The voltage output decreases first and then 

increases when the position is increased. The output voltage is 0.75 V at 2.5D for the wind speed of 4.29 

m/s, which is far lower than that of the GPEH without the obstacles. It should be noted that at position 1.5 

D and 2.5D, the cut-in speed of the GPEH is 3.47m/s and 3.74m/s respectively, which is unfavorable for 

energy harvesting. The results indicate that to realize the optimal energy harvesting performance, the 

GPEH should be placed in the downstream area of -1.5D and -2D. The discovered experimental 

phenomena will be explained later in section 4.  
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Fig. 4 The RMS voltage output of the GPEH: (a) in the downstream area: [0D, -0.5D, -1.5D, -2.5D, -

3.5D] and (b) the upstream area: [0.5D, 1.5D, 2.5D, 3.5D]. 

3.3 The effective design guideline of the half-cylinder obstacles for the GPEH 

To develop insights into the effective design of the half-cylinder obstacles for the GPEH performance 

improvement, the following experiments are performed. Fig. 5(a-b) shows the RMS voltage outputs of 

the GPEH corresponding to three different obstacle curvatures 𝐾 at the position -1.5D for the throat width 

𝐿" = [3.5𝐷, 4.5𝐷], respectively. Results show that, for both 𝐿" = 3.5𝐷 and 4.5𝐷, the variation trends of 

the RMS voltage output corresponding to the curvatures are similar. That is, increasing the obstacle 

curvature leads to higher voltage output. At the same time, comparing the output voltage curves in Fig. 5 

(a) and (b), it can be found that when the throat width increases from 3.5D to 4.5D, the cut-in speed of the 

GPEH does not change. For the wind speed of 4.29 m/s, the maximum output voltage at increases from 

8.32 V to 9.02 V. It should be noted that the larger obstacle curvature K leads to a higher difference in the 

flow areas between the inlet and the outlet. The significant difference of the flow areas would accelerate 

the local wind speed near the GPEH bluff body. Consequently, this produces a stronger galloping of the 

GPEH, leading to the higher voltage output.  
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Fig. 5 The experimental RMS voltage output of the GPEH corresponding to different obstacle 

curvatures 𝐾 = [6.7, 8, 10] mm at the position -1.5D for: (a) 𝐿" = 3.5D and (b) 𝐿" = 4.5D. 

It can be seen that the principle of the Laval nozzle is to increase the flow-area difference of the inlet 

and the throat for improving GPEH galloping vibration. Thus, apart from increasing the obstacle curvature, 

another possible measure is to change the throat width 𝐿"	of the tube. The effectiveness of this measure is 

proved experimentally by the results shown in Fig. 6(a-c) where three different 𝐿"  values are set to 

investigate the GPEH performance at the position −1.5D for the curvatures of each obstacle, namely, 𝐾 =

6.7, 𝐾 = 8, and 𝐾 = 10. The results show that for each curvature, reducing 𝐿" to narrow the tube leads 

to voltage output improvement of the GPEH for a wide range of the inlet wind speeds when 𝑈 ≤ 3.74 m/s. 

For the wind speed exceeds 3.74 m/s, the GPEH with the throat width 𝐿" = 4.5𝐷 shows a better prospect 

of energy harvesting. It should be mentioned that while narrowing the tube is beneficial to energy 

harvesting performance at low wind speeds, the bluff body of the GPEH may likely collide with the 

obstacles during vibration. This may restrict the vibration amplitude of the GPEH. Thus, there is a trade-

off between narrowing down the tube cross-section for improving energy harvesting performance and 

offering the sufficient room for the vibrations of the GPEH to occur.  
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Fig. 6 The RMS voltage output of the GPEH corresponding to different throat widths: 𝐿" =

[3.5𝐷, 4.5𝐷, 5.5𝐷] at the position -1.5D for the curvatures: (a) 𝐾 = 6.7, (b) 𝐾 = 8, and (c) 𝐾 = 10. 

4. Qualitative interpretation using CFD 

Since the bluff body volume is comparable to the Laval nozzle width, there will exist a complex fluid-

structure interaction between the nozzle walls, bluff body, and a wind pattern in the nozzle. This will 

exhibit a different fluid dynamic phenomenon from the case where there is no bluff body in the nozzle. 

Due to the complex fluid-structure interaction, it is quite difficult to formulate a theoretical model to 

describe the fluid distribution of the investigated case. Therefore, the computational fluid dynamics (CFD) 

simulations are employed to better understand the flow characteristics in the Laval nozzle structure. The 

comprehensive two-dimensional flow passing bluff bodies CFD simulations are conducted on the XFlow 

[39, 48], a Lattice-Boltzmann (LBM) principle-based platform (Dassault co., Paris, France). The flow 

field distribution can be accurately solved by a No-Meshing method based on the D2Q9 lattice collision 

model. It can also be illustrated that the airflow acceleration happens in the Laval nozzle and the highest 

velocity gradient occurs at the throat position of the nozzle [47]. In this work, however, a cuboid-bluff 

body is equipping in the nozzle that will dramatically change the flow distribution in the nozzle. Thus, it 

is important to investigate the optimal position for enhancing the performance of GPEH. The authors had 

proved the superiority of LBM in previous studies [39, 48]. Different from the traditional finite volume 

method (FVM) [49] and finite difference method (FDM) [50], the LBM does not directly solve the 
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complex Navier-Stokes equation, but obtains the macroscopic behavior of the fluid by calculating the 

collision and migration of discrete particles. Therefore, the LBM adopts a simpler description of fluid 

interaction, which is very suitable for analyzing the complex fluid-structure interaction. The calculation 

domain in this paper is a rectangular calculation domain with length and width of 60D and 30D 

respectively, where D is the side length of square cylinder bluff body. The square cylinder bluff body is 

located on the central axis of the calculation domain and is 20D and 40D away from the upstream boundary 

and downstream boundary respectively. The downstream distance is much greater than the upstream 

distance to ensure the full development of vortex shedding behind the bluff body. The curvature K of the 

obstacle is 10, the spacing Lg = 4.5D, and the square cylinder is located on the symmetry axis of the 

obstacle. The boundary conditions are set as follows: the upstream boundary of the calculation domain is 

set as the velocity inlet boundary, the downstream boundary is set as the flow outlet boundary, the fluid 

attribute is air, and the other boundary conditions are set as the wall. At the same time, the flow mode is 

set as the external single-phase forced incompressible model, and the time step is 0.0001s. 

Fig. 7(a-c) comprehensively shows the vortex shedding patterns of the GPEH at different positions in 

the nozzle within a time period  𝑇& (i=1,2,3), where  𝑇& are different Strouhal vortex shedding periods due 

to different positions of the bluff body. The nozzle parameters are 𝐾 =10 m-1, 𝐻 = 0.2m, and 𝐿" = 4.5D. 

As shown in Fig. 7(a), for the bluff body at the position 1.5D in the upstream of the nozzle, the local wind 

speed passing across the bluff body is low. The vortex shedding is quite regular and the “2S” vortex 

shedding pattern can be captured. Although a low-pressure region has been generated, which results in the 

large shedding vortex observed behind the nozzle outlet, it is far away from the GPEH bluff body. 

Consequently, the low pressure caused by the large shedding vortex does not enhance the vibration of the 

GPEH bluff body, which may not be favorable for wind energy harvesting. This can be used to explain 

that the output voltage of the GPEH at the upstream 1.5D position observed in Fig. 4(b) is lower than that 
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of the traditional device. Fig. 7(b) shows that when the bluff body is placed at the throat (position 0D), the 

vortex shedding of the bluff body is significantly influenced by the nozzle due to the unevenly distributed 

pressure. The vortex shedding behind the bluff body is more rapid and irregular than that in Fig. 7(a), 

since the low-pressure region can attract the small vortex shedding from the bluff body. As a result, the 

low pressure strengthens the vibration of the GPEH bluff body at the throat, which corresponds to the 

experimental result at position 0D shown in Fig. 4. As shown in Fig. 7(c), when the GPEH is at the position 

-1.5D in the downstream, the low-pressure region exhibits a more stable form. The large vortex is attracted 

to the position behind the bluff body, which does not elapse. Attracted large vortices continuously provide 

the low-pressure region, and thus the vibration of the GPEH bluff body is significantly enhanced. The 

significant increase in the output voltage of the GPEH at the downstream -1.5D position observed in Fig. 

4(a) reflects this fact. In addition, to comprehensively investigate the characteristics of the GPEH, the 

static pressure distribution and iso-contour of velocity around the bluff body and the Laval nozzle are 

further presented.  

 

Fig. 7 The comprehensive vortex shedding patterns of the GPEH in the Laval nozzle: (a) position 

1.5D (upstream), (b) position 0D (throat), and (c) position -1.5D (downstream). 
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Besides, as shown in Fig. 8 (a-c), low pressure region can be captured in the downstream behind the 

nozzle, which is formulated owing to the geometric topology of the Laval nozzle. Meanwhile, it can be 

indicated that in the low-pressure region the vibration could be influenced due to the pressure difference. 

It can be also concluded from Fig. 8 (a) and (b) that for GPEH at the position 1.5D in the upstream and 

the position 0D at the throat, the distances from the bluff body to the low-pressure region are quite similar. 

This is because the low-pressure region also moves to the downstream direction while the bluff body is 

moving in the same direction. However, the difference in the pressure distribution between Fig. 8 (a) and 

(b) reflects the fact that the vortex shedding in Fig. 8 (a) is not as strong as that of Fig. 8 (b). 

 

Fig. 8 Comparisons of static pressure distribution: (a) position 1.5D (upstream), (b) position 0D 

(throat), and (c) position -1.5D (downstream). 

As for the velocity variations, as shown in Fig. 9, it is obvious that the velocity difference of the 

position 0D at the throat is much greater than that at the position 1.5D upstream. This can reasonably 

explain why the case in Fig. 8 (b) is underlying more severe aerodynamic force distribution. When the 
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GPEH is at the position −1.5𝐷 in the downstream area, as shown in Fig. 8 (c) and Fig. 9 (c), the pressure 

distribution and the velocity iso-contour map are similar to that of the GPEH at position 0D (the throat). 

It can be seen from Figs. 8 (b-c) that the effective distance (De) between the bluff body and the low-

pressure region is much smaller at the position −1.5𝐷 than that of 0D. Meanwhile, in the position of the 

throat, the wind is already accelerated under the nozzle effect for configuration of -1.5D, thus, the wind 

besides the bluff body would also be accelerated. These two reasons may explain why the wake vortex 

shedding behind the bluff body grow larger and higher pressure-difference is formed in Fig. 8 (c). In 

addition, it can also be noted that the spacing between the two symmetrical wake shedding vortices 

decreases by comparing the three cases shown in Fig. 8, which can also indicate that the flow effect on 

the bluff body in Fig. 8 (c) due to that the low-speed areas is more concentrated. Thus, it can be 

summarized from the CFD results in Figs. 7-9 that the downstream area is more favorable for GPEH 

performance enhancement, compared to the upstream area.  

 

Fig. 9 Comparisons of velocity iso-contour maps: (a) position 1.5 D (upstream), (b) position 0 D 

(throat), and (c) position -1.5 D (downstream). 
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5. Conclusions 

This study proposed the concept of utilizing two half-cylinder obstacles for the performance 

enhancement of a galloping-based piezoelectric energy harvester (GPEH). A variable cross-section tube 

was formed by two half-cylinder obstacles and the GPEH placed in the tube. The experimental results 

show that the GPEH in the downstream area of the tube outperforms the GPEH in the upstream area of 

the tube and the device without the obstacles. The GPEH at the downstream positions -1.5D and -2.5D 

significantly outperform the cases in the other positions. When the GPEH is in the optimal configuration 

L = -1.5D, compared with the traditional GPEH, the cut-in speed of the GPEH with the two half-cylinder 

obstacles is reduced by 43.87%, from 2.23 m/s to 1.55 m/s. For the highest experimental wind speed of 

4.29 m/s, the output voltage of the GPEH with the two half-cylinder obstacles is increased by 109.28 %, 

from 4.31 V to 9.02 V. In addition, the experimental results have indicated that when the inlet wind speed 

is low (𝑈 ≤ 3.74 m/s), the performance of the GPEH with the obstacles can be improved by increasing 

the obstacle curvature and reducing the throat width. The CFD simulations explained in a better way the 

physical effects of the obstacles on the vortex shedding around the GPEH. The results showed that when 

the GPEH is placed in the downstream area of the tube formed by the obstacles, a significant low-pressure 

region stays behind the bluff body due to the large vortex shedding. As a result, this low-pressure region 

significantly improves the vibration of the GPEH, leading to energy harvesting enhancement. Thus, the 

downstream area is beneficial to the GPEH, whereas the upstream area degrades the performance. It should 

be mentioned that the use of two half-cylinder obstacles changes the airflow around the GPEH, thereby 

significantly improving the performance of energy harvesting. This improvement is easy to control and 

can be applied to various types of GPEH structures, but this modification may increase additional costs 

due to oversize. Therefore, the focus of future research is to streamline the design of the structure and 

develop its application in various types of energy harvesters. 
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