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Abstract: Galloping-based piezoelectric energy harvester (GPEH) has been used in 

power generation from small-scale airflows for low-power devices such as 

Micro-Electromechanical Systems (MEMS) and wireless sensing electronics. The 

bluff body plays an important role for the onset of galloping. Existing literature 

regarding analytical and numerical analysis of GPEH has focused on designs 

incorporating bluff bodies with a variety of cross-sections, such as square, D-section 

and regular triangle. In this work, a GPEH with triangular cross-section bluff bodies 

with different vertex angles is investigated. The aerodynamic characteristics are 

determined by Computational Fluid Dynamics (CFD) and verified by experimental 

data. Subsequently, an aero-electro-mechanical model with piezoelectric coupling is 

established and numerically solved. Furthermore, a parametric study is performed to 

investigate the influence of electromechanical coupling on the GPEH’s behavior, with 

a focus on the threshold wind speed, transverse displacement and power output. It is 

determined that with weak coupling, the obtuse angle β = 130° is the most preferred 

vertex angle. This is the first documented determination that an obtuse angled 

isosceles triangle could be used for efficient galloping energy harvesting. The findings 

provide a guideline for designing efficient GPEHs with triangular bluff bodies.  

Keywords: Energy harvesting; galloping; piezoelectric; triangular bluff body 
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1. Introduction   

Micro-Electromechanical Systems (MEMS) and wireless sensor networks (WSNs) 

have been widely involved in structural health monitoring, industrial sensing and 

detection, military tracking and environmental surveillance in recent years. However, 

the limited lifespan and costly replacement of batteries are still challenging issues for 

sustainable power supply in MEMS and WSNs. On the other hand, harvesting 

untapped ambient energy from surrounding environment provides an alternative to 

implement energy-autonomous MEMS and WSNs applications. Studies on energy 

harvesting from these potential energy sources have been reported in recent years. 

Energy harvesting from vibrations has been reported in some works, focusing on the 

low-level energy converted from ambient mechanical vibrations into electricity using 

piezoelectric or electromagnetic mechanisms [1-9]. 

On the other hand, airflow is another energy source abundantly existing in the 

ambient environment, such as the airflow from heating, ventilation and air 

conditioning (HVAC) systems, wind gusts around the unmanned aerial vehicles 

(UAV). “Smart Building” has been considered as an innovative idea in recent decades 

for intelligent building automation to improve energy efficiency. In building 

automation applications, if the small-scale airflow energy can be harvested effectively, 

it can be recovered to power indoor WSNs to save energy while improving the 

comfort level of occupants at the same time.  

Transforming wind energy into mechanical vibration energy is an effective method to 

enhance the potential of harvesting wind energy, in addition to the conventional 

rotational motion-based method using wind turbines. Recently, Franceso and 

Konstantinos[10] presented a concept of high efficiency energy harvesting device 

with an application for the sustainability of smart building. They tested the device 

with two different shapes of bluff bodies in the wind tunnel which emulated the 

HVAC system. Aeroelastic instabilities are the mechanisms that can be utilized to 

convert wind energy into vibrations, including vortex induced vibrations (VIV), flutter, 

translational galloping, wake galloping and torsional divergence [11]. A growing 

number of studies have investigated the feasibility of harvesting the VIV energy of 

circular cylinders [12-17]. For VIV energy harvesters, the flow speed range for 

effective power generation requires the matching between the frequency of vortex 

shedding and the natural frequency of the VIV harvester. Thus, it is more common to 

be used in hydroenergy harvesting. For flutter energy harvesting, Li et al. [18] 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

developed a bioinspired piezoleaf architecture to generate electricity via cross-flow 

fluttering motions. Kwon et al. [19] investigated a T-shaped cantilever to induce 

flutter oscillations. Other researches focus on flutter energy extraction from flapping 

foils. Simpson et al. [20] experimentally studied the foils with both sinusoidal sway 

(heave) and yaw (pitch) motion. Kinsey et al. [21] fabricated and tested a hydrokinetic 

turbine with oscillating hydrofoils. In addition, galloping is another typical aeroelastic 

instability of flexible, lightly damped structures with certain cross-sections, given that 

the wind speed exceeds a critical value, i.e., the cut-in wind speed. The advantage of 

galloping makes it a better choice to achieve structural vibrations for the purpose of 

energy harvesting on account of its ability to oscillate in infinite wind speed range 

over VIV and larger amplitude than flutter.  

Barrero-Gil et al. [22] for the first time analyzed theoretically the potential use of 

transverse galloping to harness energy using a single degree-of-freedom (SDOF) 

model. For galloping piezoelectric energy harvesting (GPEH), Sirohi and Mahadik 

[23] proposed an energy harvester consisting of an equilateral triangular bluff body 

attached to two piezoelectric cantilevers which provided a maximum power of 53 mW 

at a 4.92 m/s wind speed. They [24] also designed another energy harvester with a 

D-shaped bluff body connected in parallel with a piezoelectric cantilever. Both linear 

and nonlinear theoretical analyses were studied recently in the literature, with the 

performance of the GPEH models being evaluated with a pure resistor. At the same 

time, equivalent circuit models (ECM) were developed in some studies for 

piezoelectric energy harvesting from base vibrations, which could address the 

modeling challenge for systems with complex interface circuits [25]. Unfortunately, 

for modeling the complex coupling in the GEPH system, the fluid-structure 

interaction and the complex coupling of practical interface circuit should be taken into 

account. More recently, some researchers [26] proposed an ECM for GPEH with the 

aeroelastic force represented by a user-defined component, which could provide the 

possibility of evaluating the performance of GPEH with complex interface circuits by 

the system-level circuit simulation. Also, increasing efforts have been devoted into 

power enhancement of GPEH through interface sophistications [27]. Energy 

harvesting from concurrent wind flows and base vibrations have also been studied 

using linear GPEH [28] and modified impact-based bilinear GPEH systems [29]. 

On the other hand, since the noncircular shape of bluff body for a GPEH is important 

during energy harvesting, many shapes of cross-sections have been studied recently: 

square, equilateral triangle, D-shape, etc. Yang et al. [30] experimentally compared 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

different tip cross-sections for small-scale wind energy harvesting. However, isosceles 

triangular section for GPEH has rarely been reported. There is a lack of understanding 

on the role that vertex angle plays in the oscillating frequency and amplitude during 

galloping concerning GPEH with isosceles triangular sections. 

In this study, the instabilities of cross-flow translational galloping of triangular 

cross-section bodies have been systematically analyzed through a CFD method and 

semi-empirical model. The aero-electro-mechanical model is then established with 

nonlinear galloping aerodynamic forces calculated from CFD. Sixteen triangular 

cross-section models are studied with the vertex angle β varying from 10° to 160° in 

the increment of 10°. Results from the literature are employed to verify the 

computational aerodynamic force coefficients. Parametric study is performed to 

investigate the influence of electromechanical coupling on the GPEH’s behavior in 

terms of the threshold wind speed, transverse displacement and power output. To our 

best knowledge, this is the first study on GPEH using triangle-sectioned bluff bodies 

with obtuse angles where CFD technology is utilized to simulate the aerodynamic 

force response. By compromising the sensitivity of galloping threshold and good 

capacity of harvesting energy with weak coupling, β = 130° is determined to be the 

most preferred vertex angle. It should be noted that this most preferred vertex angle 

βm is determined through a parametric study where the vertex angle is roughly swept 

at an interval of 10°. It is not the exact “optimal” value but the best choice within the 

considered range of β. This is the first documented determination that an isosceles 

triangle with an obtuse vertex angle should be used for efficient galloping energy 

harvesting. The most preferred vertex angle βm will vary with load resistance in the 

circuit when the electromechanical coupling is strong. The findings of this work 

provide a guideline for designing efficient GPEHs with triangular bluff bodies toward 

self-powered microelectronics by harnessing wind energy. 

 

2. Aerodynamic Dynamic Modeling 

2.1 Fluid-Structure Interaction Modeling and CFD  

An isosceles triangular bluff body subjected to the steady cross-flow of velocity U is 

shown in Figure 1. The bluff body has the chord length Dc (the characteristic length) 

and vertex angle β. The aerodynamic force is Fy = FLcosα + FDsinα, where FL and FD 
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are the lift force and drag force on the body, respectively. α is the attack angle. 

Expressing the aerodynamic force in the dimensionless form gives the aerodynamic 

force coefficient CFy as, 

2= ( ) 0.5
yF y f triC F t U Sρ

                          (1)
 

where ρf is the fluid density and Stri is the characteristic area normal to the fluid flow 

corresponding to the characteristic length of the bluff body. CFy is determined by the 

cross-section shape of the bluff body and the attack angle. The following polynomial 

expansion is a common way to approximate CFy: 

1,2,...

( )
y

i
F i

i

C b α
=

= ∑                              (2) 

where bi (i = 1,2,....) is an empirical coefficient for the polynomial fitting based 

mainly on a Least Square (LS) Method. For galloping, CFy is usually corresponding to 

the transverse vibrational displacement. To determine the empirical coefficients of CFy, 

an orthogonal distance regression fitting method is utilized to deal with the results. 

Barrero-Gil et al. [22] summarized the fitting results of CFy based on the results 

presented in the literature [31]. Unfortunately, in their work, only three orders were 

considered. In this work, a fifth-order polynomial is used for curve fitting and 

equation (2) can be expanded as: 

3 5
1 3 5yFC b b bα α α= + +                           (3) 

 

Figure 1. Configuration of triangular cross-sections and directions of positive 

quantities. 

In the literature [31, 32], researchers experimentally investigated the aerodynamic 
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coefficient of CFy with different attack angles to study the galloping instabilities. The 

flow around a fixed bluff body was investigated and the results of the aeroelastic force 

coefficients CL and CD of the triangular bluff body with vertex angles ranging from 

10-90° has been obtained in an increment of 10°. In this work, a CFD code is used to 

get more comprehensive results for a larger range of attack angle between 10-160°, 

that is, the obtuse angles are also considered to investigate the possibility to enhance 

energy harvesting. 

The CFD code is produced based on the Opensource platform OpenFOAM. 

OpenFOAM solves the continuum mechanics problems by a finite volume 

discretization method (FVDM) which is composed of C++ libraries. In this work, for 

obtaining the aerodynamic force on the bluff bodies, the external flow field is 

simulated by solving the continuity and the Navier-Stokes equation of incompressible 

fluid with the supposition that the external flow field is 2D and unsteady. The 

time-dependent viscous flow can be modeled employing the incompressible and 

unsteady Reynolds-Averaged Navier-Stokes (URANS) equation in conjunction with 

the one-equation Spalart-Allmaras (S-A) turbulence model [33]. The second-order 

Gauss integration scheme with a linear interpolation is used in the governing 

equations for the divergence, gradient, and Laplacian terms. The second-order 

backward Euler method is used for time integration. In conclusion, the numerical 

discretization scheme has a second-order accuracy in space and time. To solve 

momentum and continuity equations together, a pressure implicit splitting of operators 

(PISO) algorithm has been introduced. The basic equations of URANS are given as 

follows: 

0i

i

U

x

∂
=

∂
                                    (4) 

( )1
2i i

ji

j i

j j i
f j

U U p
S u u

t x x
U

x
ν

ρ
∂ ∂ ∂ ′ ′+ = − −
∂ ∂ ∂

∂+
∂

                (5) 

where p is pressure, ν is dynamic viscosity, Ui is the mean flow velocity vector and Sij  

is the strain rate tensor given by 
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To solve the unsteady URANS equations for mean-flow properties and potential 
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turbulence flow, the Boussinesq eddy-viscosity approximation is adopted here [34], 

which relates to the Reynolds stress and the velocity gradient. The quantity f j iu uρ ′ ′  

is the Reynolds-stress tensor and can be modeled as 2f j i t iju u Sρ γ′ ′− = , where γt is the 

turbulence eddy viscosity.  

In S-A model, the turbulence eddy viscosity γt can be expressed as: 

1t f vfγ ρ ν= %                                  (7) 

where ν~  is a working variable of the turbulence model depending on the transport 

equation (8).  

( )
2

1 1 2

1
j b w w b

j j j i j

u e S e f e
t d

ν ν ν ν ν νν ν ν
ϑ σ ϑ ϑ ϑ ϑ

  ∂ ∂ ∂ ∂ ∂ ∂  + = − + + + ⋅   ∂ ∂ ∂ ∂ ∂ ∂      

% % % % % %
% % %   (8) 

3

1 3 3
1

vf cν

ϑ
ϑ

=
+

, 
νϑ
ν

≡
%

                              (9) 

where ϑ  is an intermediate value, and 1cν  equals to 7.1 [33]. The details of the 

transport equation (8) and the definition of parameters can be found in the literature 

[33], and this approach has been adopted in the work of Ding et al. [34] as well. 

2.2 CFD Validation 

The near-wall grid space is selected to produce a dimensionless wall distance y plus 

(y+) between 20-30 depending on the Reynolds number. In order to achieve a 

convergent and accurate solution in a reasonable computational time, three different 

grid densities are considered in this paper. The grid parameters and selected results are 

listed in table 1. The time-average value of the drag coefficient CD and the root mean 

square (RMS) value of the lift coefficient CL are used for the grid independence 

verification. St denotes the Strouhal number. 

Table 1. Verification of independence of grid density (Re = 4000) 

Grid number CD CL St 

Coarse (32414) 2.024 0.745 0.155 
Medium (49826) 2.023 0.745 0.154 

Fine (70102) 2.026 0.744 0.156 
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As shown in Table 1, the results with three different grid densities are similar. Thus in 

order to save the cost of computation in this work, the medium grid resolution has 

been selected, as shown in Figure 2. 

 

Figure 2. Computational mesh for isosceles triangular bluff body with β = 30°. 

To validate the present CFD approach, we have compared the CFD numerical 

simulation results with the experimental results in the literature [31]. It is noted that 

the positive direction is the incoming wind direction facing the top angle, while in the 

present work, the initial position of the bluff body is the opposite, as shown in Figure 

3. As a result, the aerodynamic force coefficient for a vertex beta β in the present 

paper should be equal to that of the angle (180-β) in the reference. The computational 

parameters are the same as in the literature [31], as listed in table 2 but the wider 

range of vertex angle will be considered in the present work. 

 

Figure 3. Schematic of incident wind direction. 

Table 2. Aero-elastic computational parameters 

Items  Alonso and Mesegur 31 Present work 

Vertex angle β [degree] [10-90] [10-170] 
Characteristic length Dc [mm] 100 100 

Wind speed U [m/s] 20 20 
Turbulence intensity  4% 4% 
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Figure 4 compares the responses of lift and aerodynamic drag coefficients resulting 

from the experiment in the existing literature and current CFD simulation. Figure 4(a) 

compares the time-average values of drag force coefficient CD and lift force 

coefficient CL under the same operating conditions with the same vertex angle (β = 

30°). It should be mentioned that -CD instead of CD is plot for the clarity of 

presentation in the figure. The polynomial fitting results of the empirical aerodynamic 

force coefficient CFy are shown in Figure 4(b). The plots show that there is a good 

agreement between the numerical predictions and the experimental measurements in 

the literature [31]. 

 

Figure 4. (a) Comparison of CL and CD with vertex angle of β = 30° and different 
attack angles, and (b) comparison of CFy of present work with experimental data [31]. 

The comparisons of LS orders for CFy are shown in Figure 5. It is noted that the 

fifth-order fitting is much better than the cubic fitting. Meanwhile, higher orders of 

fittings are almost indistinguishable. Thus, the fifth-order fitting is a good choice for 

reasonable accuracy and low computational resources. 

 

Figure 5. Comparisons of different polynomial fittings. 
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2.3 CFD Results of CFy for Different Bluff Bodies 

The validated CFD code was then used to compute CFy for triangular bluff bodies 

with various vertex angles. The results of aerodynamic force coefficient CFy are 

shown in Figure 6. The coefficients of the fifth-order polynomial, b1, b3 and b5, given 

different vertex angles (β ranging from 10° to 140°) could be derived, as shown in 

Table 3, in which the results of the obtuse angles are also included. 

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

 

 β  = 20°   β  = 30°
 β  = 40°   β  = 50°
 β  = 60°   β  = 70°
 β  = 80°   β  = 90°
 β  = 100°  β  = 110°
 β  = 120°  β  = 130°
 β  = 140°

C
F

y

tan α  

Figure 6. Aerodynamic force coefficient CFy for isosceles triangular bluff bodies with 
different β. 

Table 3. Fitting coefficients of CFy of isosceles triangular bluff bodies with 

different β 

Vertex angle of isosceles triangular bluff bodies β (degree) b1 b3 b5 

10 -0.800 0.971 -0.220 
20 2.636 -17.012 26.16 
30 3.490 -14.911 17.101 
40 3.171 -5.808 2.947 
50 2.971 -2.765 0.703 
60 3.541 -2.913 0.682 
70 3.712 -2.914 -0.677 
80 3.477 -2.614 0.595 
90 3.601 -2.663 0.602 
100 3.241 -1.970 0.425 
110 2.370 -1.383 0.257 
120 2.530 -1.960 0.466 
130 4.651 -3.715 0.977 
140 7.032 -9.635 4.032 
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Figure 7 shows the vortex shedding patterns of two typical vertex angles β =100° and 

β =150°. When β is not large (i.e. β =100°), the vortex shedding pattern shown in 

Figure 7(a) demonstrates that the periodic vortex shedding could promise to induce 

quasi-steady wind-induced vibration. However, when β reaches 150°, i.e., the vertex 

angle of the isosceles triangular bluff body is too large, the boundary layer at the base 

angles starts to separate and vortex shedding becomes too weak to induce galloping. 

The triangular bluff body stalls and the lift coefficient decreases significantly. In other 

words, triangular bluff body with too large vertex angle is not suitable to induce 

galloping and thus cannot be used for the purpose of energy harvesting. Hence, they 

are not included in the present study. 

Figure 7. Aerodynamic characteristics for obtuse vertex angles β = 100° and 150° with 
an attack angle of α = 55°: (a) Contour of vorticity for β = 100°, and (b) contour of 

vorticity for β = 150°. 

3. Aero-Electro-Mechanical Modeling 

Figure 8 illustrates a practical galloping energy harvester consisting of a bluff body 

with an isosceles triangular bluff body attached on an elastic cantilever beam at its 

free end and two piezoelectric elements bonded near its clamped end. The bluff body 

undergoes galloping when facing the incoming wind, producing an alternating strain 

on the beam. Meanwhile, the piezoelectric elements deform and produce an electric 

charge. Thus, AC voltage could be generated in the piezoelectric elements. It is 

noteworthy that, in the present system, vortex would lead to vibration when GEPH is 

operated due to the vortex shedding. Fortunately, for non-circular section, galloping is 

dominant. On the other hand, due to the high wind speed, the lock-in region would not 

occur in present work. In addition, the cantilever beam serves as a splitter plate behind 

the bluff body which could effectively restrain the vortex shedding, further enabling 

such practical GPEH to gallop and suppress the VIV. Therefore, in this work, the 

influence of VIV on GPEH has been neglected. 
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Figure 8. (a) Lumped single-degree-of-freedom (SDOF) model, and (b) practical 
cantilevered GPEH design with isosceles triangular bluff body. 

The bluff body is elastically mounted. Only the transverse motion, y(t) is possible. At 

a particular instant, the velocity of the bluff body is v ≡ ( )y t&  downwards. The attack 

angle α is: 

( )1tan ( ) /y t Uα −= & .                         (10) 

When ( )y t& is small, the attack angle α could be approximated as: 

( ) /y t Uα = & .                           (11) 

In Figure 8(a), the governing equation of the bluff body is: 

( ) ( ) ( ) ( )yMy t Cy t Ky t F t+ + =&& &                    (12) 

where M is the mass of the bluff body, C is the mechanical damping coefficient, K is 

the stiffness of the oscillating system, and the aerodynamic force 

is 2( )=0.5
yy f tri FF t U S Cρ . tri c triS D L=  is the windward area (perpendicular to the 

incoming wind), where Dc is the characteristic length of the triangular section bluff 

body and Ltri is the length of the bluff body. 

Equation (12) can be rearranged if Fy(t) is moved to the left-hand-side to group in the 

damping term as: 

( ) 1

1,2,...

( ) 0.5 ( ) / ( ) ( ) 0
i

f tri i
i

My t C US b y t U y t Ky tρ −

=

   + − + =  
   

∑&& & &            (13) 

In equation (13), it is noted that when the wind speed U is low, the system is 

controlled by a positive linear damping and always damped to the equilibrium state. 

However, by increasing the wind speed, the linear damping will turn negative at a 
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critical wind speed, which is the so-called cut-in wind speed Ucr. The vibration 

amplitude increases due to the negative damping, but the higher order nonlinear 

damping terms in equation (13) will limit the amplitude simultaneously and induce 

the final steady state “limit cycle oscillation”. The linear and nonlinear coefficients of 

the overall damping is 

linear
 

10.5 f triC UbSρ−       (14a) 

nonlinear
 

( ) 1

2,...

0.5 ( ) /
i

f tri i
i

US b y t Uρ −

=

 
 
 
∑ &

 

(14b) 

When the disturbance is small enough, the nonlinear term can be neglected. To obtain 

the threshold of galloping, recalling (3), we note that b1 is required to be a positive 

number. Thus, when the disturbance is small, the overall damping of the system 

should be negative. Recalling the meaning of cut-in wind speed which makes the 

damping negative, we can get the cut-in wind speed Ucr = 2C/(b1ρfStri). Besides, the 

nonlinear term in (14b) will lead the overall damping back to zero when the 

oscillation rises, which ensures the steady state limit cycle oscillations. 

To simulate the coupled oscillating system, a lumped SDOF model has been used, as 

shown in Figure 8(a). Though distributed parameter models based on Rayleigh-Ritz 

discretization or exact analytical mode shapes can be found in previous works[35], 

they can be degraded to the single-mode model as the harvester undergoes galloping 

oscillates at its fundamental mode. 

The governing equations of the aero-electro-mechanical coupled GPEH system can be 

written as: 

( , ) ( , ) ( , ) ( ) (t)b b b yMw L t Cw L t Kw L t V t Fχ+ + + =&& &         (15a) 

( ) ( ) ( , ) 0p bI t C V t w L tχ+ − =& &                    (15b) 

where Lb is the length of cantilever beam, w(Lb,t) is the deflection of the beam at the 

free end (or in other words the translational displacement of the bluff body), M, C and 

K are, respectively, the effective mass, damping and the stiffness of the system. 

Besides, χ is the electromechanical coupling coefficient of the system, and Cp is the 

total capacitance of the piezoelectric elements connected in parallel. V(t) is the 

voltage across the piezoelectric elements and I(t) is the current flow into the circuit. It 

is noted that rotation is considered in the paper, as can be seen in Figure 8(b). Thus 
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the attack angle in the expression of CFy should be modified into: 

( , )
'( , )b

b

w L t
w L t

U
α = +

&
                        (16) 

where the rotation angle at the free end of the beam should be:  

'( , ) ( , )b bw L t Aw L t= .                           (17) 

where A is the ratio of the rotation angle to the transverse displacement at the free end 

of the beam, which can be determined by a finite element analysis [26]. The 

aerodynamic force can be rewritten as: 

  2 1

1,2,3..

( , )
( ) 0.5 ( ( , ))ib

y f tri i b
n

w L t
F t U S b Aw L t

U
ρ −

=

= +∑
&

          (18) 

For equation (15), consider I(t) = V(t)/RL and introduce the variables as follows,  

1

2

3

( , )

( , )

( )

b

b

q w L t

q w L t

q V t

   
   =   
   
   

&                           (19) 

we can write equation (15) in the state space form as equation (20) and the response 

of the GPEH can be solved by certain numerical integration tool, for example, the 

ode45 in MATLAB.  

( )
1 2

2 2 1 3

3
3 2

1
(t)

1

y

p L

q q

q Cq Kq q F
M

q
q q

C R

χ

χ


 =
 = − + + −

  

= −  
  

&

&

&

                  (20) 

4 Model validation 

To validate the present aero-electromechanically coupled model, a GPEH prototype is 
prepared and tested in the wind tunnel (Figure 9). The GPEH prototype comprises an 
aluminum cantilever beam bonded with a piezoelectric transducer (MFC-M2807-P2, 
Smart Material Corp.) and attached with an equilateral triangular bluff body. The 
physical parameters of the piezoelectric cantilever beam are listed in Table 4. The 
piezoelectric transducer is connected to an electrical load resistance (RL). The frontal 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 

characteristic dimension of the equilateral triangular bluff body is 0.032 m. The 
identified effective parameters of the GPEH is listed in Table 5. 

 

Figure 9. Experimental setup: (a) overall view of wind tunnel, (b) data acquisition 
system, and (c) front view of GPEH.  

Table 4. Properties of experimental GPEH 
Properties Cantilever Piezoelectric sheet 

Length (mm) 150 37 
Width (mm) 30 11 

Thickness (mm) 0.6 0.3 
Material/Model Aluminum MFC-M2807 

Capacitance Cp (nF) --- 15.7 

 
Table 5 Identified parameters of GPEH 

Properties Value 
M 6.27 g 
ξ 0.013 
fn 9.6 Hz 
C 0.0098 N·s/m 
K 34.07 N/m 
χ 1.183 e-5 

Figure 10 shows the comparison of the responses of power versus wind speed and the 

transient voltage response at U = 4 m/s with RL = 105 kΩ. As shown in Figure 10, in 

general, a good agreement between theoretical results and experimental data can be 

obtained, though the measured data is slightly higher than the theoretical prediction. 

The discrepancy is probably attributed to the error of the aerodynamic force 

coefficient of the bluff body computed by CFD and used in the galloping model, 

which could be slightly different due to some degree of uncertainty in the experiment. 
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(a) 

 

(b) 

Figure 10. Comparison of (a) power output versus wind speed with RL = 105 kΩ, and 
(b) time history curves of voltage response at U = 4m/s from theoretical solution and 

experiment. 

5 Results and Discussion 

5.1 Effect of Bluff Body Vertex Angles and Weak Electromechanical Coupling 

A parametric study of GPEH with different bluff body vertex angles is conducted with 

the properties M = 0.02816 kg, K = 55.72 N/m, C = 0.0121 N·s/m, χ = 0.000374, Cp = 

180 nF. Firstly, in order to determine the most preferred vertex angle βm for the GPEH 

design, the power outputs of the GPEH for different wind speeds U under a fixed load 

resistance RL are investigated in weak electromechanical coupling condition as shown 

in Figure 11. For weak coupling system, a theoretical optimal load resistance can be 

estimated as follows [35]: 

                             
1

opt
n p

R
Cω

=                           (21) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 

 

Figure 11. Power output versus wind speed (β = 20°-140°, RL = 105 kΩ). 

In the present system, RL = 105 kΩ is the optimal load resistance. Figure 11 shows that 

the threshold galloping speed Ucr of β = 140° is the lowest as compared to others. 

However, the growth rate of power, i.e., the slope of the power response curve is 

small. On the other hand, the growth rate of power is the highest for β = 100°, but Ucr 

is also increased as compared to 140°. Considering the real applications in small air 

flow scenarios (≤5 m/s), β = 130° is a good choice to compromise Ucr and power at or 

below 5 m/s. 

Figures 12 and 13 present a further investigation to the influence of load resistance on 

energy harvesting performance in the weak coupling system with β = 130°. The 

parameter ke
2/ζ is employed to indicate the strength of electromechanical coupling, 

where ke is the dimensionless electromechanical coupling coefficient defined as ke
2 = 

χ
2/(KCp). ke

2/ζ has been proved to be the critical parameter to indicate the applicable 

region of synchronized charge extraction interface in vibration piezoelectric energy 

harvesting [35]. Meanwhile, it has been determined that the parameter ke
2/ζ has a great 

influence on the power generation performance of GPEHs with various interfaces [11, 

36]. In the present work, a simple resistor RL is considered as interface circuit and the 

influence of RL and wind speed on the vibration displacement, threshold wind speed 

and power output is investigated given current weak coupling condition (ke
2/ζ = 2.78). 

Figure 12 compares the peak displacement and threshold speed of the GPEH with β = 

130° at different RL. The difference between the displacement responses for different 

RL is not evident as depicted in Figure 12(a). The threshold speed has minor variation 

given different RL, as shown in Figure 12(b). It can been seen that the GEPH is most 

difficult to gallop at RL = 105-120 kΩ, where Ucr = 1.31 m/s. However, in general, the 

gap between the threshold galloping speeds for different RL is not large. Figure 13 
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shows the power output of the GPEH with different RL. It is noted that the growth rate 

of power increases as RL going up to 105-120 kΩ. Then it declines when RL further 

increases. Thus, with a weak coupling configuration, the optimal load resistance is 

around 105-120 kΩ. 

 

Figure 12. (a) Displacement versus U with different RL, and (b) Ucr with different RL 
for weak electromechanical coupling (ke

2/ζ = 2.78). 

 
Figure 13. Power output with different RL for weak electromechanical coupling (ke

2/ζ 
= 2.78). 

5.2 Effect of Bluff Body Vertex Angles and Strong Electromechanical Coupling 

In order to further analyze the influence of electromechanical coupling strength on 

GPEH with different vertex angles, we set the coupling strength at ke
2/ζ =  27.74 by 

increasing χ and Cp by ten times simultaneously.  

The responses of tip displacement and average power output for different RL for 

GPEH with different β are shown in Figure 14. From Figures 14(a) and (c), it is 

obvious that there are two power peaks with almost equal magnitude and a valley of 
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power appears in this strong coupling configuration, which is consistent with 

observations by Zhao and Yang [36]. Figure 14(b) and (d) shows the corresponding 

valley of displacement amplitude. The valley of the power output is associated with 

the valley of the displacement. From the comparison of Figure 14(a-d), when the wind 

speed increases, the valley region of the power or the displacement shrunk for all 

bluff bodies. 

 
                    (a)                               (b) 

 
                    (c)                               (d) 

Figure 14. Comparison of power outputs and displacements of GPEH with different 
bluff body vertex angles for strong coupling ke

2/ζ = 27.74: (a) P versus RL, U = 4 m/s, 
(b) y versus RL, U = 4 m/s, (c) P versus RL, U = 5 m/s, and (d) y versus RL, U = 5 m/s. 

Figure 15 shows the impact of RL on threshold wind speed in the strong coupling 

system (β = 130°). For RL = 0.02 kΩ to around 2.2 kΩ, the threshold has increased 

from 0.9 m/s to 11.38 m/s. In the region from 2.2 kΩ to 11.6 kΩ, galloping could not 

occur in the considered range of wind speed because of the high backward electrical 

damping effect under strong coupling condition. For RL = 12 kΩ to around 800 kΩ, 

threshold speed decreases from 11.25 m/s to 0.91 m/s. 
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Figure 15. Variations of threshold wind speed with different RL for strong 

electromechanical coupling (β = 130°). 

Further parametric study is conducted to investigate the influence of the vertex angle 

in the strong coupling configuration with different load resistances in Figure 16. 

Based on the previous results in Figure 15, to avoid the power valley regions for all 

configurations, a series of load resistances (RL ≥ 20 kΩ) have been employed. Ten 

values of RL have been investigated here to decide the preferred vertex angle and load 

resistance. 

It is noted that the threshold wind speed is more sensitive to the vertex angle for a low 

resistance RL (e.g., Figure 16(b)) than a high resistance (e.g., Figure 16(j)). This is 

also reflected in Figure 15, where the threshold speed at low resistance on the right 

hand side of the valley changes violently as compared to a higher load resistance. For 

a low resistance, such as 20-40 kΩ, the bluff body with β = 130° and 140° gives 

similar power output as shown in Figure 16(a). Most β require very high wind speed 

to initiate galloping, and are unable to generate power in the considered wind speed 

range except 130° and 140° (Figure 16(a)). However, the significant difference in the 

threshold speed implies that 140° is a better choice to ensure both low threshold speed 

and high power output. With the increase of RL, the threshold speeds get clustered for 

different vertex angles. 

In addition, the most preferred vertex angle βm will change with RL. For example, for 

RL = 120 kΩ, β = 130° gives the highest power output at 5 m/s, which is much higher 

than that of β = 140°. Though the threshold speed is not the lowest, compromising the 

power output and threshold speed implies that β = 130° is the preferred choice. With 

the further increase of RL, βm is reduced. For example, for RL = 400 kΩ, the threshold 

wind speeds of various bluff bodies are further clustered. The β = 100° gives the 
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highest power at 5 m/s with a slightly increased threshold wind speed as compared to 

β = 130°. Hence, β = 100° should be regarded as the most preferred vertex angle βm. In 

summary, under a strong coupling strength, the most preferred vertex angle βm varies 

with the load resistance. This phenomenon differs from that under weak coupling 

condition, in which β = 130° is always the best choice in any cases. 

 
                     (a)                             (b) 

 
                     (c)                             (d) 

 
                     (e)                             (f) 
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                     (g)                             (h)    

      

                     (i)                              (j)   

Figure 16. Comparison of power outputs of GPEH versus U with different bluff body 
vertex angles for strong electromechanical coupling ke

2/ζ = 27.74. (a-j) 20 kΩ, 40kΩ, 
60kΩ, 80kΩ, 105kΩ, 120kΩ, 200kΩ, 400kΩ, 600kΩ, and 800 kΩ. 

6. Conclusions and future work 

This paper investigates the influence of the vertex angle of an isosceles 

triangle-sectioned bluff body on the performance of GPEH. The empirical 

aerodynamic force coefficients are calculated using the CFD method based on 

Opensource C++ platform OpenFOAM, and this work was validated by experimental 

data in the literature. Subsequently, an aero-electro-mechanical coupled model is 

established with the aerodynamic force obtained from the CFD results. A parametric 

study is then conducted to investigate the behavior of GPEH with different vertex 

angles and electromechanical coupling strengths. The ultimate goal is to determine the 

most preferred vertex angle βm for designing efficient GPEH with an isosceles 

triangle-sectioned bluff body. The main findings are as follows:  

• Aerodynamic force coefficients: An orthogonal distance regression fitting method 
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is used to obtain the empirical nonlinear aerodynamic force coefficients. For 

vertex angle β ≤ 20°, the coefficient b1 is negative and galloping is not possible. 

Galloping occurs for β = 20°-140°. For β > 140°, the patterns of velocity and 

vorticity are not sensitive to the incoming wind and thus not good for application 

in energy harvesting.  

• Influence of electromechanical coupling strength: In this work, we first use a 

weak electromechanical coupling (ke
2/ζ = 2.78) to determine the most preferred 

vertex angle βm. With the identified βm, we investigate the influence of 

electromechanical coupling strength on the performance of GPEH. The results 

show that the threshold of galloping first increases and then decreases with the 

load resistance and given weak coupling strength. However, for strong coupling 

strength, due to the high backward electrical damping when RL lies in a specific 

region, galloping could not happen in the considered range of wind speeds. At the 

same time, the optimal RL varies with the coupling strength. 

• Most preferred vertex angle of triangular bluff body: By compromising the 

sensitivity of galloping threshold and good capacity of harvesting energy with 

weak coupling, β = 130° is determined to be the most preferred vertex angle βm 

within the range of β concerned given an interval of 10°. For strong coupling, βm 

changes with RL in the circuit in different load resistance regions.  

It should be mentioned that the present parametric study is performed with the 

specific electromechanical coupling of our prototyped GPEH with different shaped 

bluff bodies. Additionally, the comprehensively optimized design and theoretical 

investigation of the GPEH with triangular bluff body will be attempted in the future 

work. 
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• GPEH based on triangle-sectioned bluff body with obtuse vertex angle is studied. 
• Cross-section shape for GPEH is optimized with the aid of CFD. 
• Influence of electromechanical coupling strength on GPEH is investigated. 
• The best vertex angle is found to vary with load resistance with strong coupling. 

 


