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ARTICLE INFO ABSTRACT

This paper presents a hybrid piezoelectric wind energy scavenger with different cross-sectioned bluff bodies, to
enhance the energy scavenging performance by coupling both the vortex-induced vibrations (VIV) and galloping
phenomena. Theoretical, experimental and computational fluid dynamics (CFD) studies are conducted to in-
vestigate the energy scavenger performance with three combinations of the circular and square cross-sections
corresponding to the different values of an attack angle. Both theoretical analysis and experimental results reveal
that the aerodynamic coefficients (Strouhal number and galloping force coefficients) play key roles in the energy
scavenging characteristics. Aerodynamic coefficients for the distinct bluff-body cross-sections and attack angles
can significantly affect the energy scavenger performance. Experimental results show that compared to the
conventional galloping-based energy scavenger and VIV-based energy scavenger, the piezoelectric wind energy
scavenger with an appropriate cross-sectioned bluff body for an appropriate attack angle can bring together the
advantages of both VIV and galloping. These benefits can lead to significant performance improvement for a
wide range of wind speeds (e.g. up to 71% improvement of the maximum voltage output). Afterward, CFD
studies of the vortex shedding mechanism around the bluff body are performed to interpret the observed per-
formance improvement. The CFD studies corroborate that the appropriately designed cross-section and selected
attack angles of the bluff body improve the nearby airflow feature, which strengthens the vibration of the
piezoelectric wind energy scavenger, leading to the energy scavenging enhancement.
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1. Introduction

The technology of scavenging energy from the ambient environment
has been widely explored in the recent two decades [1-14]. To convert
various forms of dynamic energy into the electrical energy, the elec-
tromagnetic [15,16], electrostatic [17], triboelectric [18,19], and pie-
zoelectric [20-24] mechanisms can be used. The piezoelectric material
has been one of the most extensively used ways due to the advantages
of high power density and the ease of implementation [21].

In terms of the energy source type, the research can be classified
into structural vibration, acoustic, thermo-acoustic and aero-elastic
energy scavenging. e.g. random excitations [25], flow-induced vibra-
tions [26-30], noises [31] or other nonlinear vibrations [32-34]. Aero-
elastic energy scavenging harnesses the energy from the ubiquitous
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wind. The key to the aero-elastic energy scavenging lies in the gen-
eration of aero-elastic vibrations, which can be achieved based on the
well-known vortex-induced vibration (VIV) and galloping phenomena.
Using the aforementioned two types of aeroelastic vibration phe-
nomena, researchers have proposed various VIV/galloping energy sca-
vengers. A lot of efforts have been devoted to their performance en-
hancement. In particular, Allen and Smith [35] designed an “eel”-
shaped piezoelectric membrane structure in the Von Karman vortex
street to harvest energy generated from vortex shedding behaviors. It
first-time demonstrated that resonance is a key factor during converting
flow energy into electric energy. For a similar but modified design on
VIV piezoelectric energy scavenger (VIVPES), Akaydin et al. [36] put
the flexible piezoelectric cantilever behind a cylinder, which generated
a shedding vortex street. It was found that the placing distance could
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Fig. 1. The experimental device. (a) The overall sight of the wind tunnel test; (b)-(d): The built prototype with BB1 = 0°, BB2.a = 0’ and BB3a = 0°

affect the voltage output. Mehmood et al. [37] built a computational
fluid dynamic (CFD) simulation to study the performance of a VIVPES
and identified three different regimes including pre-synchronization,
synchronization, and post-synchronization during the aero-elastic vi-
bration process. Then Dai et al. [38] further developed the theoretical
model of a VIVPES using the Galerkin method and performed a para-
metric study to tune the related parameters for enhancing the perfor-
mance of VIVPES in low freestream velocities. In conclusion, VIVPES is
significantly proper for scavenging energy from low-speed flow for its
low threshold flow speed [39,40]. However, the VIVPES performs well
only in the lock-in region [41-44], because only when the vortex
shedding frequency locks on the resonant frequency of the system, the
vibration becomes significantly intense.

Galloping piezoelectric energy scavenger (GPES) has also been
studied a lot for its high performance in higher operating wind speed as
compared with VIVPES. Nuaimi et al. [45] proposed a phenomen-
ological model of GPES to enhance the accuracy of the galloping model.
Barrero et al. [46] established a mathematical model and comprehen-
sively studied the instability of a GPES. Regarding the influence of the
bluff body geometry, Abdelkefi et al. [47] performed the comparative
study of the GPES with the bluff bodies possessing the square and tri-
angular cross-sections. Yang et al. [48] conducted experiments to show
the influence of the different side lengths of the bluff body’s cross-
section on the GPES performance. Yan et al. [49,50] discussed the
performance improvement of the galloping energy scavenging by using
a triangle bluff body. To enhance the performance of GPES, other re-
searchers have designed prototypes to target at lower threshold flow
speed and high-power outputs. The common methods include in-
troducing nonlinearities [51-54], adding dismountable attachments
[41], and using two degrees of freedom (2DOF) [55], etc. For example,
Wang et al. [41] loaded the smooth cylinder with two Y-shaped at-
tachments and transformed the original VIVPES into a GPES. Sun et al.
[55] proposed a 2DOF GPES with a nested structure that is to improve
the energy scavenging efficiency, and two combined bluff body-beam
structure was experimentally investigated. Bibo et al. [51] introduced a
nonlinear force to improve the performance of GPES. Hardening, soft-
ening and bistable forms of nonlinear force were studied. Tan et al. [56]
presented the analytical solution of a low-wind speed galloping energy
scavenger with a super-capacitor. It can be concluded that GPES often
requires a higher threshold flow speed to induce the vibration, and
aerodynamic damping plays the key role on the performance of GPES.

However, until now still few studies have been conducted to de-
velop a flow-induced-vibration piezoelectric energy scavenger (FIVPES)
that combines the advantages of VIVPES and GPES. Few researchers
proposed the energy scavenging models by coupling VIV and galloping,
e. g. He et al. [57] pointed out that the interaction of VIV and galloping
could improve the FIVPES effectively by combining the VIV and gal-
loping. The galloping regime could merge with the VIV regime during
or after the lock-in region, which is significantly beneficial for energy
scavenging by reducing the threshold flow speed. Using a cuboid bluff
body, Yang et al. [58] proposed a VIV-galloping interactive PES and
successfully established a distributed-parameter model. The key step in
the modeling procedure was the determination of the coefficients of the
aerodynamic damping using a semi-empirical approach. Sun et al. [59]
proposed a series of D cross-sectional cylinders as the bluff body to
induce both VIV and galloping and investigated the performance of
energy scavenging. However, only the influence of a particular in-
coming wind attack angle on the VIV and galloping has been discussed.
Qin et al. [60] used a crisscross beam to support two cuboid bluff bodies
and a circular cylinder bluff body, to bring together both the galloping
and VIV for its energy scavenging improvement. A traditional VIVPES
often uses a regular cylinder-shaped bluff body, while a traditional
GPES commonly uses a bluff body with corner features. However, using
a bluff body that combines the cross-sections of both features (i.e.,
round and corner) has rarely been reported in the existing literature
[57-59]. To comprehensively investigate the influence of various bluff
bodies combining synergetic VIV and galloping behaviors, a hybrid
energy scavenger from flow-induced vibrations is proposed in this
paper. Using a novel bluff body with both round and corner features, a
VIV and galloping interacted regime is generated for energy scaven-
ging. Three different prototypes are fabricated and tested in a wind
tunnel for the performance evaluation. Four different incoming wind
attack angles are tested to investigate the influence of the attack angles
on the performance. Subsequently, to accurately simulate the proposed
hybrid energy scavenging that couples both the VIV and galloping, the
mathematical model is numerically solved, and the numerical results
are compared with those from the experiment. Finally, the flow field
distribution is simulated through computational fluid dynamics (CFD)
study using the Lattice-Boltzmann method (LBM), so as to give a visual
demonstration of the performance enhancement of the proposed hybrid
energy scavenger.
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2. Design concept and experimental setup

In this section, we firstly introduce the experimental environment
and the prototypes built. Fig. 1 (a—d) present the experimental setup
and photos of the piezoelectric wind energy scavenger with three dif-
ferent combinations of the cross-sections of the bluff bodies, respec-
tively. The piezoelectric wind energy scavenger consists of a cantilever
piezoelectric beam, a bluff body fixed on a frame, which is mounted in
the open-circuit circular wind tunnel (Diameter: 0.4 m). In the present
experiment, by controlling the rotating speed of a draught fan different
wind speeds can be produced. The honeycomb is used to stabilize the
airflow in the tunnel. The data acquisition instrument records the vi-
brational displacement of the bluff body measured by a laser dis-
placement sensor (LVC-TS800) and the voltage generated by the pie-
zoelectric transducer (piezo-material: PZT-5). The piezoelectric beam is
made of pure aluminum with the dimension of L X W X hy=170 X 24 X
0.5 mm?, where L, W and h;, are the beam length, width, and thickness,
respectively.

Fig. 1 (b-d) presents the piezoelectric wind energy scavenger with
three types of bluff bodies in this study. From left to right, they are
defined as “BB1 a = 0", “BB2 a = 0°"” and “BB3 a = 0'”, respectively.
BB1 ~ BB3 represents the No.1 ~ No.3 cross-section shapes of the bluff
body, whereas a represents the incoming wind attack angles. The de-
tailed cross-section shapes of the bluff bodies are presented in Fig. 2. It
is seen that BB1 is combined by a 3/4 cylinder and 1/4 cuboid, BB2 is
combined by 1/2 cylinder and 1/2 cuboid, and BB3 is combined by 1/4
cylinder and 3/4 cuboid. For each bluff body, different wind attack
angles a are investigated. The conventional cuboid and cylinder bluff
bodies are presented as counterparts for performance comparison. The
previous studies have proven that the energy scavenger with the cuboid
bluff body mainly exhibits galloping, while the energy scavenger with
the circular cylinder bluff body mainly exhibits vortex-induced vibra-
tion (VIV). In this study, the combinations of the circular and square
cross-sections can bring together the advantages of both the VIV and
galloping for energy scavenging enhancement. Therefore, this study
intends to use the experimental and numerical study to find the optimal
cross-sectioned bluff body. The dimension of each bluff body is H x D x

= 118 x32 x 32 mm>. Note that, different bluff bodies may bring

Proposed bluff bodies

3/4 cylinder + 1/4 cuboid
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mass variations that affect the vibration of the piezoelectric beam.
Therefore, for fair performance comparison, when changing the bluff
bodies in the experiment, a small mass is added or removed to com-
pensate for the mass difference to ensure the same mass of all the bluff
bodies.

3. Mathematical modeling and experimental validation

In this section, to understand the dynamic insight of the coupled
galloping vibration and VIV of the energy scavenger, the governing
equations of the energy scavenger subjected to the VIV and galloping
simultaneously are formulated. Afterward, the mathematical model is
experimentally validated through wind tunnel tests.

3.1. Mathematical modeling

According to the schematic of the piezoelectric wind energy sca-
venger, the governing equations of the coupled galloping vibration and
VIV of the energy scavenger can be formulated. The total kinetic energy
and elastic potential energy of the energy scavenger is

@
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L
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where w(z, t) is the deflection displacement of the piezoelectric beam at
position z and time ¢. W = dw/dt. p, = p,(§), p; = p(z) are the bluff
body mass per unit length at position ¢ and the beam mass per unit
length at position z, respectively. EI is the bending stiffness of the
piezoelectric beam including the contribution of both the beam and the
piezoelectric transducer. J, is the electromechanical term of the pie-
zoelectric transducer [21]. Cp, V are the internal capacitance and vol-
tage output of the piezoelectric transducers, respectively. The piezo-
electric transducer is in the range of [z, 2] on the beam.

Since the first-mode vibration is dominant for the energy scaven-
ging, assume that w(z, t) = ¢,(z)q, (t), where ¢,(z) is the first-mode
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Fig. 2. The schematic of the test cases: different cross-sectioned bluff bodies and different wind attack angles.
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shape function, g, (¢) is the first-model coordinate. Therefore,
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The virtual work done of the fluid force F, acting on the bluff body is
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When considering both the galloping vibration and VIV, the fluid
force F, can be expressed as follows [58],

_ 1 %
F = 2pU DH[—f(1p+ U)+pr] 10)

where U is the incoming wind speed. f is the aerodynamic constant
related to the shape of the bluff body. p is air density. ¢ is the angular
displacement related to the VIV of the energy scavenger. Cp, is the
aerodynamic force coefficient related to the galloping vibration of the
energy scavenger, which is determined by the experiments. According
to Yang et al. [58], ¢ and Cp, can be expressed as follows,

" iz > ; 2 ( &)__ G
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where Eq. (11) is the wake oscillator of the VIV. ¢, wyyy, are the damping
ratio and the vortex shedding frequency for the VIV. A4;(i =1, 3, 5, 7---)
are the galloping force coefficients. Cp is the amplitude of the fluctu-
ating lift coefficient of the stationary bluff body.
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where S, is the Strouhal number. Note that different shapes of the bluff
body lead to different S; and A;(i = 1, 3, 5, 7), and therefore they are
identified experimentally.

Furthermore, assuming that the equivalent first-mode damping of
the piezoelectric beam is C,y, based on Lagrange equations, the gov-
erning equations of the energy scavenger subjected to coupled gal-
loping vibration and VIV are presented as follows,

) . 1 g,
MGy + Cordy + Ko gy + ©1V = —pU?DH | — + = |+ G
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When the piezoelectric transducer connects a resistor R, the fol-
lowing electrical equation is obtained.
|4

E + CpV = 91(11 (16)
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It is seen that the galloping force coefficients A;(i =1, 3, 5, 7--+)
determine the dynamic behavior of the galloping vibration of the en-
ergy scavenger, according to Eq. (17). Thus, it can be predicted that
changes in the shapes of the bluff bodies change A; and may sig-
nificantly influence the galloping vibration of the energy scavenger. In
Eq. (18), for the wind speed U, the normalized VIV frequency
u = wyry/w; is proportional to the Strouhal number S;, which is the
characteristic value of the VIV. Based on the definition of Strouhal
number, the larger Strouhal number leads to the faster vortex shedding.
Moreover, it can also be predicted that designing the shape of the bluff
body to increase S; may easily activate the VIV of the energy scavenger
at the low wind speed region, whereas the VIV would occur in the high
wind speed region for the smaller Strouhal number.

3.2. Experimental validation

To validate the aforementioned mathematical model (Egs. (17)-
(19)), both the simulation and experimental results of the three cases in
Fig. 1 for a wide range of wind speeds is presented in Fig. 3. The cases
are BBl a = 0', BB2 « = 0, BB3 « = 0, cuboid bluff body and circular
cylinder bluff body, which present the typical responses in the fol-
lowing analysis. The geometrical and physical parameters of the ex-
perimental prototype are presented in Table 1. The first-mode damping
ratio ¢; and first-mode natural frequency w,; are determined through the
force-free vibration experiment of the energy scavenger’s beam struc-
ture. The aerodynamic coefficients of both the galloping vibration and
VIV for simulation of the four cases are presented in Table 2, which are
the rounded value close to the experimentally identified aerodynamic
parameters. The load resistor (i.e. the input interface of the digital os-
cilloscope) is measured to be R ~ 1.05 MQ. The air density p = 1.208
kg/m3.

Fig. 3 presents both the simulation and experimental results of the
RMS voltage output of the energy scavenger for the selected cases in
U = 1.0 4.5 m/s. Both Fig. 3 (a) and (b) show that both the simulation
and experimental results are in a good agreement, which verifies the
fidelity of the present mathematical model. It is also seen that for the
cases “BB1 a« = 0°” and “BB2 « = 0'”, the Strouhal number S, is smaller
than that of the cases “BB3 o = 0'”, and consequently the VIV of “BB1
a =07 and “BB2 a = 0" need higher wind speed to activate. The VIV
(the hump area in the voltage output) is located in the higher wind
speed (U > 2.5 m/s), and consequently the energy scavenger exhibits
both the galloping vibration and VIV. It is seen that for “BB3 o = 0",
the Strouhal number S; is significantly larger than the other two cases,
and therefore the VIV does not occur at the high wind speed. Instead,
for the given range of the wind speeds, the energy scavenger mainly
exhibits different types of the galloping vibration due to different gal-
loping force coefficients A;. This phenomenon corresponding to the
changes in the Strouhal number S, will be explained by using the
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Fig. 3. The simulation and experimental results of the RMS voltage output of the energy scavenger for different bluff bodies: (a) BBl « = 0’, BB2 « = 0" and BB3

a = 0’; (b) the cuboid and cylinder bluff bodies.

Table 1
The geometrical and physical parameters of the
experimental prototype.

Properties Value
Megy (kg) 4.1945x 1073
4 0.013
w)(rad/s) 47.98
01(N/V) 4,95 x 107°
Cp(nF) 30.5
Table 2
The aerodynamic coefficients for typical cases.
Testing case A Az As Az St f Cro
BBla=0 4.9 -90 —60000 30,000 0.060 2.1 1.8
BB2a =0 4.9 -90 —60000 30,000 0.055 21 1.8
BB3a=0 3.2 -90 —1000 30,000 0.125 5.8 0.2
Cuboid 2 -90 —500 30,000 / 0 /
Cylinder 0 600 —25000 30,000 0.2 6.5 0.3
simulation.

Apart from the results related to the proposed bluff bodies, the si-
mulation and experimental results related to the conventional cuboid
and cylinder bluff bodies are also presented in Fig. 3 (b). It is seen that
in Table 2, f = 0 for the cuboid bluff body, and consequently the energy
scavenger only exhibits galloping as shown in Fig. 3 (b) due to re-
moving the VIV equation effect (i.e., — ufip(u/S,)* = 0 in Eq. (17) and
the whole Eq. (18)). Moreover, when setting the galloping force coef-
ficients A; = 0, the energy scavenger exhibits the VIV for the circular
cylinder bluff body, which also agrees well with the experimental re-
sults.

To explain the function of the Strouhal number S, in coupled gal-
loping and VIV of the energy scavenger, Fig. 4 presents the RMS voltage
output of the energy scavenger corresponding to five different Strouhal
numbers S, = [0.08, 0.12, 0.16, 0.20, 0.24]. The other aerodynamic
parameters are the same as in the case “BB1 a = 0°”. The results show
that for the smaller Strouhal number (e.g. S; = 0.08), the hump area due
to the VIV exists in the high wind speed (e.g. U> 2 m/s). When in-
creasing S;, the hump area moves towards the lower wind speed, and
the hump becomes more significant. This indicates that for the larger S;,

12 r - -
—— S[ =0.08
-o- S5 =0.12
10 7 ]
S[ =0.16
—— S[ =0.20
8 =
t
&
26l Increasing the |
N Strouhal number
4
2 ]
O ! 1 !
0 1 2 3 4
U(m/s)
Fig. 4. The simulation results of the RMS voltage output of the energy sca-
venger corresponding to different Strouhal numbers

S, = [0.08, 0.12, 0.16, 0.20, 0.24].

the energy scavenger would exhibit more significant VIV for the lower
wind speed. According to Eq. (18), u determines the lock-in frequency
of the VIV wake oscillator equation (i.e. the term u?). That is, the VIV
can be activated for a certain range of u, which behaves like a ‘re-
sonance phenomenon’. The definition of u = 27S,U/w, D, indicates that
to activate the VIV (which is determined by the certain range of u),
lower wind speed U is required for a higher value of Strouhal number
S;. Therefore, higher S, can move the hump area (i.e. the VIV) to the
lower wind speed U. Thus, the simulation results show that changing
the aerodynamic coefficients by using the appropriate shape of the bluff
body can enhance the performance of the coupled galloping vibration
and VIV, i.e., improving the energy scavenger performance. It is also
seen that higher Strouhal number reduces the wind speeds that activate
the VIV, which is beneficial to reduce the threshold wind speed. Smaller
Strouhal number leads to a hump area in the higher wind speed, which
improves the voltage output at these wind speeds.
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displacement of the bluff body.

4. Experimental results and discussion
4.1. Performance of the energy scavenger with the BB1 bluff body

Fig. 5 (a) and (b) present the performance of the energy scavenger
with “BB1 « = 0, the cuboid and cylinder bluff bodies. In Fig. 5 (a),
one can see that the performance is enhanced compared to the con-
ventional energy scavenger with the cuboid bluff body (which only
exhibits the galloping) for the investigated range of wind speeds. For
“BB1 a =0, the maximum value of the voltage output reached
13.45 V, which is 9.8% higher than that of the cuboid case (12.25 V).
By comparing with the effective threshold wind speed of energy
scavenging U, (the smallest wind speed to activate the energy scavenger
vibration), the threshold wind speed of “BB1 @ = 0°” does not vary. For
“BBl1 a = 0°”, the energy scavenger firstly exhibits the galloping.
Afterward, it is worth noting that as the wind speed gets higher, for the
voltage output response, the VIV is observed from U = 2.646 m/s, and
the hump area is generated. However, similar performance is not found
in the displacement response curve. This phenomenon occurs because
the vibrational frequency is enhanced due to the VIV, which will be
interpreted in the following section in detail. It can be summarized that
comparing to the conventional energy scavenger with the cuboid bluff
body, “BB1 a = 0°” can enhance the energy scavenging performance by
improving 9.80% of the maximum voltage output. Particularly, for
U = 3.194 m/s in the hump area, due to the VIV, the voltage output of
“BB1 a = 0"” is 53.93% higher than the cuboid case, which significantly
enhances the energy scavenging performance.

Comparing “BB1 a = 0 and the conventional energy scavenger
with the circular cylinder bluff body (which only exhibits the VIV), it is
seen that in the low wind speed region (U < 2.65 m/s), the energy
scavenger with the circular cylinder bluff body produces a higher vol-
tage output and has a lower threshold wind speed than “BB1 a = 0°”.
However, when the wind speed is improved to be U > 3 m/s, the VIV of
the energy scavenger with the circular cylinder bluff body elapses, re-
sulting in no power output. In contrast, the vibration of “BB1 a = 0°”
still exists, which continuously produces a significant voltage output.
Thus, on the perspective view of the broadband energy scavenging,
“BB1 a = 0'” outperforms the conventional energy scavenger with the
cuboid bluff body (only galloping) and the circular cylinder bluff body
(only VIV), by bringing together the advantages of both the galloping
and VIV.

Fig. 6 (a) and (b) compare the voltage outputs and displacement
responses of “BB1 a = 90°”, the cuboid and cylinder bluff bodies. For
“BB1 a = 90™, it is seen that low-wind-speed VIV (the unshaded area)

can be observed which leads to a lower threshold wind speed of energy
scavenging (i.e. U, = 1.55 m/s compared to the cuboid bluff body
U; = 1.82 m/s), and then the VIV is transited into galloping. In the VIV
region of the “BB1 a = 90°”, the higher voltage output and vibration
amplitude are produced than the conventional cuboid bluff body, which
indicates the energy scavenging enhancement. However, in the gal-
loping region (the shaded area in Fig. 6 (a) and (b)), the performance of
energy scavenging is degraded in terms of the voltage output and dis-
placement, both of which are lower than the conventional energy sca-
venger with the cuboid bluff body. By comparing “BB1 a = 90" with
the circular cylinder bluff body, it is also seen that “BB1 a = 90°” is
outperformed by the energy scavenger with the circular cylinder bluff
body in the low wind speed (U < 3 m/s), although “BB1 a = 90" gen-
erates higher voltage output in the high wind speed (U > 3 m/s) owing
to the galloping. In summary, the performance of “BB1 a = 90°” is not as
good as the conventional energy scavenger with the cuboid bluff body
in a wide range of speed and with the circular cylinder bluff body in the
low wind speed.

4.2. The analysis of the hump phenomenon

To further explain the “hump” phenomenon of “BB1 a = 0"” in
Fig. 5, Fig. 7 (a-d) comprehensively present the time history and the
frequency response of the “BB1 a = 07 and the cuboid bluff body
subjected to the wind speed 3.194 m/s in terms of the voltage output
and displacement, respectively. It can be found that in Fig. 7 (a) and (c)
that there exist two different frequencies of voltage output and the
displacement, which are 8.30 Hz and 6.17 Hz, respectively. That is,
even though the vibration displacement of the energy scavenger with
“BBl1 @ = 0°” is not significantly larger than the that of the energy
scavenger with the cuboid bluff body in the “hump area” (2.65 m/
s = U = 4.29 m/s), the vibrational velocity of the energy scavenger
with “BB1 a = 0°” is enhanced significantly, i.e., the vibration becomes
more quickly due to increased vibration frequency (i.e., 6.17 Hz is in-
creased to be 8.30 Hz). According to Eq. (17), the voltage output V and
vibration velocity x' satisfy

®1DRCL31 |x'|
1/RZCIECL)IZO'Z +1 (20)

where |V and Ix| are the amplitudes of the voltage output V and the
vibration velocity x' at the normalized vibration frequency o, respec-
tively. It is seen that |V is proportional to the energy scavenger vibra-
tion velocity Ix | instead of the displacement, and therefore the improved

vl =
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Fig. 6. Performance comparison of the energy scavenger with the different bluff bodies: (a) RMS voltage output and (b) RMS vibration displacement for “BB1
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vibration velocity Ix | leads to voltage output enhancement. This agrees

well with the experimental observations in Fig. 5, which shows that the
“hump” exists in the voltage output curve instead of the vibration
displacement curve.

Voltage (V)

(a) Time history plot: BB1 a=0°

4.3. Comprehensive study of the flow patterns

To better explain the mechanism of the influence of combining
shape on the aerodynamic response, a comprehensive CFD study has
been conducted on XFlow (Dassault, co.,), a lattice Boltzmann method

(b) Time history plot: cuboid

30 30 30
N n 4 3 N N n
B LU F O L L N
= ] ‘l it : 1 : 1 : \ ' g
102 ! ! | A In" A1 102
= | I M\
= I ' =
Q I Qo
0E ' 0E
3 : ;
S ks
(@) a
-20 -20
-30 -30 -30
0 0.2 04 0.6 0.8 1 0 02 04 06 0.8 1
Time (s) Time (s)
. —N0 .
- (c) FET plot: BB1 a=0 - . (d) FFT plot: cuboid -
— Voltage — Voltage
30| - - - Displacement |5 30l - - - Displacement |5,
6.17 Hz _ ' .
o8 \I 2 E E
25 | 25 g 25 125 g
s S 7.16 Hz =t
20 108 290 = 20 5
£ & 5
3 = 3
15} 158 =15} 115 &
8.30 Hz = o e
iz 7.32 Hz A
10 —
104 10 10
st 5 5 5
i
0 s - Aot 0 - 0
0 10 15 20 0 5 10 15 20
Frequency (Hz) Frequency (Hz)

Fig. 7. Experimental time history and FFT plots of the energy scavenger with the different bluff bodies for the wind speed 3.194 m/s: (a) (c) BB1 a = 0’; (b) (d)

cuboid.



J. Wang, et al.

Energy Conversion and Management 213 (2020) 112835

| f?”\ . g
I Vortex shedding
I

|
BB1 a =90° I
t=02T, t=04T, t=0.6T, t=08T, t=1.0T, I
[0 & . s . & o @ |
} @Q@\@) @° %% @ 99 9% }
Cuboid
l oo Vortex shedding I
| t=02T, t=04T, t=0.6T, t=08T, t=1.0T, |
Vorticity (s™)
- I | 8 | T
I 125 ?;0 375 500

Fig. 8. The synergy effect of vortex shedding progress with energy scavenging performance of (a) BB1 a = 90', (b) cuboid and (c) BB2.a = 0'.

based CFD platform [61]. Three typical cases are selected to show the
synergy effect of vortex shedding progress for energy scavenging per-
formance, as shown in Fig. 8 (a)-(c). In the figure, T; (i = 1, 2, 3) is the
Strouhal vortex shedding period corresponding to each bluff body. By
comparing with “BB1 a = 0"” and “BB1 a = 90°” in Fig. 8 (a)-(b), the
structures respectively strengthen and weaken the energy scavenging
performance which is also discovered in Fig. 5 and Fig. 6. Besides, for
“BB1 a = 0"” the vortex shedding process is shown in the pattern of
“P + S” [62]. However, for “BB1 a = 90 the vortex shedding process
was quite weak and represented as a jet flow, which illustrates that the
structure is beneficial for anti-drag and suppressing but not enhancing
the vibration. Thus, “BB1 a = 90°” is unbeneficial for energy scaven-
ging. Fig. 8 (c) presents a typical 2P vortex shedding pattern of the
cuboid bluff body, which means that comparing with “BB1 a = 90" in
Fig. 8 (b), the vortex shedding becomes more violent which leads to a
more intensive energy scavenging performance. Furthermore, for “BB1
a = 0’7 (the case with optimal overall performance) in Fig. 8 (a), it is
interesting to see that the vortex shedding process becomes faster and
sequential. This produces a significant pressure difference around the
bluff body. As a result, the vibration of the bluff body is enhanced due
to such an air-instability phenomenon, leading to the effectively en-
hanced energy scavenging performance.

4.4. Performance of the energy scavenger with the BB2 and BB3 bluff bodies

Fig. 9 (a) and (b) compare the RMS voltage outputs of the energy
scavenger with the BB2 and BB3 bluff bodies for the different incoming
attack angles a. For performance comparison, the results of the energy
scavenger with the cuboid and cylinder bluff bodies are also presented
as the benchmarks. As shown in Fig. 9 (a), the performance of “BB2
a = 0°” is similar to that of “BB1 @ = 0°” in Fig. 5 (a). That is, the
energy scavenger firstly enters into the galloping region, and then the
VIV is occurred, which results in a sudden rise of the voltage output
(i.e., the hump area). This indicates that “BB2 @ = 0°” can produce
significantly higher voltage output than the cuboid bluff body in a wide

range of wind speeds. Likewise, the “BB2 a = 0°” outperforms the
energy scavenger with the circular cylinder bluff body for the higher
wind speed (U > 3 m/s). For other wind attack angles of the BB2 (“BB2
a = 90° and 180°”), the voltage outputs are degraded compared to the
energy scavenger with the cuboid bluff body in a wide range of wind
speeds and with the circular cylinder bluff body in the low wind speed.
Besides, “BB2 a = 180°” is significantly worse than that of “BB2 a = 0°
and 90°”. This indicates that the different attack angles significantly
influence the vibration behaviors of the energy scavenger with the BB2
bluff body, which leads to the different energy scavenging performance,
although the cross-section is the same. As shown in Fig. 9 (b), likewise,
in the low wind speed region (U < 3 m/s), the energy scavenger with
the circular cylinder bluff body (which only exhibits the VIV) outper-
forms “BB3 a = (', 90" and cuboid bluff body case. For the higher wind
speed (U > 3 m/s), the energy scavenger with the circular cylinder bluff
body does not generate any voltage output due to the elapse of the VIV
to the high wind speed region. Compared to the energy scavenger with
the cuboid bluff body (which only exhibits the galloping), for a wide
range of wind speeds, “BB3 a = 0'” only slightly outperforms the cuboid
bluff body, whereas “BB3 a = 90°” significantly degrades the perfor-
mance. Therefore, based on the experimental results shown in Fig. 9, it
can be summarized that “BB2 a = 0'” is beneficial to enhancing energy
scavenging performance by significantly improving the voltage output
for a wide range of wind speeds.

4.5. Summary of the experimental results

To clearly show the performance of the energy scavenger with the
different designed bluff bodies, this subsection summarizes the crucial
results of the experiment. Fig. 10 presents the performance enhance-
ment percentages of the energy scavenger with BB1, BB2, and BB3 in
terms of the maximum voltage output, respectively. The performance
enhancement percentage of the maximum voltage output is defined as
Py, which satisfies
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placement.

Vi = Vee % 100%

P, =
7 21

where V., V), are maximum voltage outputs of the counterpart (the
cuboid and cylinder bluff bodies) and the tested bluff body in the ex-
periment, respectively.

Fig. 10 (a) presents the performance comparison between the
BB1 ~ BB3 bluff bodies subjected to different wind attack angles and
the cuboid bluff body, while Fig. 10 (b) presents the performance
comparison between the BB1 ~ BB3 bluff bodies and the circular cy-
linder bluff body. As shown in Fig. 10 (a), the results show that all the
BB1 ~ BB3 outperform the cuboid-like galloping energy scavenger for
a = 0’, where the maximum percentage is P, = 15.1% for “BB2 o = 0"
For other wind attack angles except a = 0", the energy scavenger with
the BB1 ~ BB3 bluff bodies degrade the energy scavenging perfor-
mance, where P, < 0. This indicates that all the BB1 ~ BB3 subjected to
a = 0 is beneficial to energy scavenging compared with the galloping-
based energy scavenger (with the cuboid bluff body). As shown in
Fig. 10 (b), it is seen that all the cases except “BB1 a = 90'” can out-
perform the VIV-based energy scavenger (with the circular cylinder
bluff body). BB1 ~ BB3 subjected to a = 0 can improve the maximum
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voltage output by 71.34%, 79.62%, and 64.71%, respectively. Thus, the
results show that BB1 ~ BB3 subjected to @ = 0' are favorable for sig-
nificant performance enhancement, compared with both the galloping-
based and VIV-based energy scavengers, and “BB2 a = 0°” is the op-
timal case among them due to its maximal improvement.

5. Conclusions

This paper investigates various cross-sectioned bluff bodies, which
are constituted as a combination of circular- and cuboid foams for
performance enhancement of a piezoelectric wind energy scavenger. It
has been shown that the appropriate combinations of the circular and
cuboid foams can activate both the vortex-induced vibration (VIV) and
galloping of the energy scavenger simultaneously, which can sig-
nificantly improve the wind energy scavenging performance. Through
the theoretical analysis based on mathematical modeling, CFD simu-
lations and experimental investigations, the following crucial conclu-
sions are obtained.

a. A mathematical model that considers both the VIV and galloping
of the energy scavenger is experimentally validated. The theoretical
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Fig. 10. The performance enhancement percentages of the energy scavenger with BB1, BB2, and BB3 in terms of the maximum voltage output compared with (a) the

cuboid bluff body and (b) the circular cylinder bluff body.
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analysis based on the mathematical model reveals that different
Strouhal number values and galloping aerodynamic force coefficients
significantly influence the performance trend corresponding to the
changes in the wind speed. Higher Strouhal number reduces the wind
speeds that activate the VIV, which is beneficial for reducing the
threshold wind speed. Lower Strouhal number leads to the hump area
in the higher wind speed region, which improves the voltage output
within this region.

b. Through experimental performance comparison with the con-
ventional cuboid and cylinder bluff bodies, this study reveals that both
the appropriate cross-section design and the attack angles play a key
role in the device’s performance enhancement. With the appropriate
cross-section and wind attack angles (“BB1 « = 0"” and “BB2 a = 0°”),
both the advantages of the galloping and VIV are brought together,
which shows a special “hump” phenomenon, leading to significant
energy scavenging enhancement. For example, compared to the case
that only exhibits galloping or VIV, “BB1 « = 0°"” can achieve 9.8% or
71.34% improvement of the maximum voltage output. Particularly for
some wind speed values in the hump phenomenon area, the voltage
output can increase by 53.93% compared to the galloping only case.

c. The CFD numerical simulations of “BB1 « = 0", “BB1 a = 90°”
and the conventional cuboid bluff body are performed as the examples
for interpreting the physical mechanism. The results show that the three
bluff bodies exhibit different vortex shedding effects. For the “BB1
a = 0'”, it is found that the vortex shedding is demonstrating a “P + S”
pattern, which produces a significant pressure difference around the
bluff body. But for the “BB1 a = 90", the bluff body significantly
weakens the vortex shedding process. Therefore, the vibration of the
bluff body is enhanced due to such an air-instability phenomenon
(significant pressure difference), and consequently, the energy scaven-
ging performance is effectively enhanced.
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