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Abstract

This paper proposes a novel wake-induced vibration (WIV)-based energy harvesting system consisting of two bluff
bodies. An inverted C-shaped bluff body is stationary installed at the upstream position to generate an interference
wake street, and a cylinder bluff body equipped with a transducer is elastically suspended at the downstream position
to harness WIV energy. The hydrodynamics and energy harvesting (EH) performance of the proposed system are
investigated via experimental studies. The reduced velocity (U") ranging from 2 to 14 (the corresponding Reynolds
number ranging from 15100 to 106200) is considered in the present study. It is found that the wake generated by the
inverted C-shaped bluff body significantly affects the EH performance. Enlarging the opening angle () of the C-
shaped bluff body increases the vibration amplitude of the downstream cylinder, thereby increasing the harvested
power. When the spacing (L) between two bluff bodies is two times the cylinder diameter (D), the wake-induced
vibration (WIV) mode is observed, while the combined WIV and wake galloping (WG) mode occurs when o is 150°,
and L equals 3D or4D. The average drag coefficient becomes negative when L is 2D, 3D, or 4D. By carefully configuring
a C-shaped bluff body, the wake generated by it can bring an augmenting effect on the vibration of the downstream
EH cylinder. For example, the RMS power output of the proposed EH system reaches a maximum of 0.31 W at U*=
8 and L = 4D, which is 300% greater than that of its traditional counterpart. Furthermore, after a number of case stud-

ies, it is identified that the proposed EH system can achieve the best performance when a is 150° and L = 2D.
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1 Introduction

Miniaturized and low-power consumption sensors have
been substantially developed and utilized in recent years
with the rapid development of Micro-Electro-Mechanical
Systems (MEMS) technology, which has also significantly
promoted the development of the Internet of Things (IoT)
(Fan et al., 2021; Zhang et al., 2019). The construction of a
large-scale 1oT has led to the urgent need for sustainable
power supplies for millions and billions of sensors (Jiang et
al., 2017; Zou et al., 2017). Many renewable energy
resources such as solar, thermal, and fluidic energy, are
available in the ambient environment (Sun, 2022; Tian et al.,

2022; Zhao et al., 2019b). Among these sources, fluidic
energy has many advantages (Li et al., 2020b; Zhao et al.,
2019a, 2020a). Traditionally, hydraulic and wind turbines
are often used to convert fluidic energy into electricity.
Unfortunately, these devices are unsuitable for powering
distributed sensor networks due to their large sizes (Chitrakar
et al., 2020; Mrope et al., 2021; Peng et al., 2021). Flow-
induced vibration (FIV) is a well-known structural vibration
phenomenon excited by the coupling interaction between
the flow and structure (Alam, 2022; Ali et al., 2021). Flow-
induced vibration includes vortex-induced vibration (VIV)
(Munir et al., 2021; Wang et al., 2021b), galloping (Yang et
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al.,, 2021), flutter (Elahi et al., 2020), and wake-induced
vibration (WIV) (Bhatt and Alam, 2018; Qin et al., 2019;
Xuetal.,2019). Overadecade’s development, EH technology
based on FIV has become a promising solution for powering
low-power consumption MEMS.

In the last two decades, the FIV phenomenon of tandem
bluff bodies has attracted research attention (Alam, 2021).
Many theoretical and experimental studies have been con-
ducted to investigate the WIV phenomenon of tandem bluff
bodies and study the coupling mechanism behind this phe-
nomenon (Chen et al., 2018; Qin et al., 2017). For example,
Li et al. (2018) studied the flow characteristics of tandem
cylinders. They pointed out that there exists a critical spacing
ratio between two cylinders when the Reynolds number Re =
2.2x10% When the distance between two cylinders is less
than this critical value, the drag coefficient of the downstream
cylinder becomes negative. If the square bluff bodies are
arranged in series at Re = 1.6x10% and 1.0x106, two critical
spacing values are, respectively, identified. Again, the drag
coefficient of the downstream square bluff body is less than
0 when the spacing is less than the critical value. Li et al.
(2020a) studied the WIV of tandem cylinders within a high
region of Re (= 17000—-98000). They pointed out that the
downstream cylinders can exhibit different vibration charac-
teristics, including galloping, separated vortex resonance
and galloping, and vortex resonance, as the spacing between
tandem cylinders varies. Zhu and Wang (2019) installed a C-
shaped interference bluff body at the downstream position
of a circular cylinder. They investigated the wake character-
istics of vortex streets at different spacing ratios. In addition,
researchers also have devoted effort to studying the effects
of control accessories and surface morphology on FIVs. Cao
et al. (2018) used a narrow control element to change the
vortex shedding of a transverse vibrating cylinder with the
2P pattern mode and obtained 2S, P+S, and six new vortex
shedding modes. Carvalho et al. (2021) arranged several
small cylinders around the main cylinder and studied the
effect of the rotation speed of small cylinders on the vortex
shedding of the main cylinder.

In many engineering situations, FIVs often cause damage
to structures. However, by designing an energy harvesting
configuration, FIV energy can be converted into electricity
to power small electronic devices. Therefore, FIV energy
harvesting has received widespread attention worldwide
(Gong et al., 2019; Meng et al., 2021). Zhu et al. (2019)
studied the vibrational response and EH performance of a
cylinder mounted with a Bach-type turbine. They revealed
that the projection diameter of the turbine significantly
affects the vibrational and rotational responses of the device.
The rotational motion of the structure can greatly influence
the evolution of the wake street and the oscillation trajectory.
Traditional VIV energy harvesting mainly aims at circular
cylinders. For VIV energy harvesting using bluff bodies
with different cross-sectional shapes, Wang et al. (2018)

established a new VIV piezoelectric energy harvester (PEH)
model, which can accurately predict the voltage-time history
curve from the initial position to the threshold of the lock-in
region. Zhao et al. (2020b) proposed a configuration with
grooves added to the bluff body to enhance FIV. The results
showed that when two grooves are distributed at 60°, gal-
loping will occur, and the energy harvesting performance
will be improved. Tang et al. (2022) developed hydroelastic
energy harvesters based on the metamaterial design concept.
The effect of the number of interfering circular cylinders
was analyzed to determine the optimal arrangement of the
periodic metamaterial. Wang et al. (2020b) added cylindrical
attachments on a bluff body to make the vibration enter the
transition region of galloping after the upper branch, thereby
enhancing the VIV amplitude and energy harvesting perfor-
mance. In addition, by using flexible structures, researchers
have explored the feasibility of coupling piezoelectric flags
and wakes for EH. Latif et al. (2021) placed an inverted C-
shaped cylinder in a uniform flow to generate a shedding
wake. They found that an inverted C-shaped cylinder influ-
ences the EH performance of a piezoelectric flag. In the FIV
simulations, researchers usually simplify the model to
reduce the amount of computing resources. Ding et al.
(2013) applied the two-dimensional URANS equation to
simulate the flow-induced motion of a tandem cylinder. The
experimental results show that the simulated amplitude and
frequency are in good agreement with the experimental
results. On one hand, FIV-based EH has been extensively
studied in laboratories. On the other hand, researchers and
industrialists have also explored its practical applications.
For instance, Vortex Hydro Energy has collaborated with
the Marine Renewable Energy Laboratory and TAUW to
deploy prototypes in the St. Clair River and canals in the
Netherlands for harvesting energy from flow-induced
motions in rivers (Bernitsas, 2016).

According to the literature review, many studies have
been conducted on investigating the FIV phenomenon and
FIV-based energy harvesting. The shear layers separated
from a bluff body at different Re will form different vortex
shedding modes, such as “2S”, and “P+S” shedding patterns,
and different vortex shedding patterns may affect the perfor-
mance of FIV energy harvesters (Wang et al., 2021a). Com-
pared with these bluff bodies, the opening angle of the C-
shaped bluff body also affects the vortex-shedding behavior.
However, the influence on the EH performance is still
unclear. Inspired by previous research, this work utilized the
wake generated by an inverted C-shaped bluff body to
enhance the EH performance of the downstream cylinder.
The inverted C-shaped bluff body and the EH-cylinder are
arranged in tandem. By changing the angle of the inverted C-
shaped bluff body and the distance between the inverted C-
shaped bluff body and the EH-cylinder, the hydrodynamic
characteristics and EH performance under different condi-
tions are evaluated.
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2 Mathematical models and governing equations

2.1 Hydrodynamic equations

The main objective of this paper is to analyze the WIV
phenomenon at high Reynolds numbers and its potential
application for EH. The fluid is assumed to be incompressible
and viscous. To solve the WIV of an inverted C-shaped
bluff body, the two-dimensional URANS equation and SST
k—w turbulence model are used to simulate the fluid flow.
The URANS equation consists of the mass and momentum
conservation equations, and the specific equations can be
written in the following form (Wang et al., 2020a; Zhu et al.,
2017):

ou;
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In the above equations, ¢, p, and p denote the time, pres-
sure, and fluid density, respectively, and u; and @] represent
the mean values of the Cartesian velocity and fluctuation
velocity, respectively. k; and J;; are the kinetic energy of
turbulence and the Kronecker delta function, respectively. u
and g, are the dynamic viscosity and the turbulent viscosity,
respectively.

Considering the superior performance of the SST k—w
turbulence model in calculating the vortex characteristics of
the flow field, this model is used to solve the fluid—structure
interaction issue in this work. The two equations for the tur-
bulent kinetic energy (k;) and specific dissipation rate (@) in
SST k—w are as follows (Zhu et al., 2018):
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where Oy and Qy are the effective rate and the production

rate of k; due to the average velocity gradient, respectively.
Q. is the production rate of w. R;; is the mean rate of the
deformation component, and oy, o, § and y are model coef-
ficients evaluated by Yu and Thé (2016):

o= T1+9(1-T)). (10)

In Eq. (10), ¢ = 0%, 64, B or y, and the subscripts 1 and 2
of ¢ indicate the SST k—w@ model and the standard k—e¢
model, respectively. The constants and the blending function
T, can be found in Menter ( 1993).

This work uses the FLUENT simulation platform to
analyze the characteristics of WIV and overset grid technol-
ogy to address the dynamic grid problem of oscillating
cylinder. The UDF (user defined function) developed based
on the fourth-order Runge—Kutta method is used to update
the mesh during the motion of the vibrating cylinder. The
calculation result of each time step in the simulation is used
as the initial condition for the next time step. The fourth-
order Runge—Kutta method is used to solve the dynamic
equations. The flowchart of the numerical simulation process
is shown in Fig. 1.

| Select the turbulence model and overset grid |

| Boundary condition setting |

}7

Solve the N-S equations and
turbulence model

I
By UDF v

Calculate fluid forces acting on
bluff bodies interacting with fluid

Update the mesh

Fig. 1. Flowchart of the simulation process.

2.2 Dynamical modeling of the coupled system

The WIV of the inverted C-shaped bluff body studied in
this work is a typical FIV phenomenon. A static inverted C-
shaped bluff body and a vibrating cylinder with single-
degree-of-freedom (SDOF) are set up in the flow field. The
classical “Mass-Damper-Spring” oscillator model is used to
describe the dynamic characteristics of the EH-cylinder.
The SDOF oscillating cylinder is modeled by a second-
order ordinary differential equation (ODE) as follows:

My +Cy+ Ky = Fpyiay (1), (11)
where M, C, and K represent the total mass, the system
damping, and the system stiffness, respectively. y is the dis-
placement of the cylinder, and Fyyiq,y denotes the fluid force

acting on the cylinder in the y-direction. During the vibration
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of the cylinder, a certain volume of surrounding fluid moves
along the cylinder. This effectively adds some inertia to the
system. Therefore, the added mass effect must be taken into
account. The added mass (m, = Cymqg) can be estimated by
the added mass factor (C,) and the displaced mass of fluid
(mgq). Note that the additional mass is taken into account in
the fluid force term.

The total system power is calculated over one vibration
period and is defined as (Zhang et al., 2018a):

(12)

where T represents the vibration period of the oscillating
cylinder.
Substituting Eq. (11) into Eq. (12), one can obtain

1 Tosc .
Pout = T_J‘O Fﬂuid,yydt»

0sc

(13)

According to the literature (Zhang et al., 2018a), the
total system power is determined by the damping term.
Thus, Eq. (13) can be simplified as follows:

1 TOSC
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As stated in Eq. (11), the damping (C) represents the
total damping of the system, including the dissipated damping
(C4ss) and energy harvesting-induced (Ciamess) damping.
The total converted power (P,,) associated with the total
system damping cannot be fully utilized. When evaluating
the effective power (Ppamess), it 18 necessary to subtract the
dissipated power (Pg). However, the dissipated damping
and power are difficult to measure and distinguish in such a
multiphysics system. Note that the maximum attainable
power (Phamess) 18 positively proportional to the dissipated
power (Pgi) (Hu et al., 2022; Liao and Liang, 2018). There-
fore, this paper uses the total power to indicate the EH per-
formance, as described in the literature (Han et al., 2020;
Zhang et al., 2018b).

According to the Bernoulli equation, the power input
from the flow can be written as:

1 (Tose .
Pouw = — fo (M§ +Cy + Ky) ydr.

0sc

Pout =

1
Pp = EpU3(2A+D)L, (15)

where [, represents the cylinder length, U stands for the
incoming flow velocity, and D is the cylinder diameter.
Finally, the energy harvesting conversion efficiency # is
calculated as follows:
P out
"= Pex Lo’ (16
where Lpe, is the theoretical maximum energy extraction
efficiency from the flow. The critical value is 59.26% (16/
27).

3 Physical model and numerical validation

3.1 Physical model
Fig. 2 shows a schematic diagram of the WIV EH system

proposed in this work. The size of the entire flow region is
35Dx20D (lengthxwidth), in which D is the diameter of the
EH bluff body, i.e., EH-cylinder. The distance between the
center of the EH-cylinder and the outlet is set as 25D to
ensure that the vortex can fully develop after shedding from
the upstream bluff body. The distances between the center
of the EH-cylinder and the two sidewalls are set to 10D to
eliminate the interference of the flow field boundary layer.
In this configuration, a C-shaped bluff body is treated as a
static interference bluff body, and the EH-cylinder is equiv-
alent to an SDOF system composed of a spring, a damper,
and a mass. The angle of the inverted C-shaped bluff body
is marked as o, which ranges from 0° to 180°, with Vo =
30°. The spacing between the EH-cylinder and the C-shaped
bluff body is marked as L, and 2D, 3D, and 4D are adopted
in this study. Considering that system parameters, such as
the diameter, natural frequency, and damping ratio, signifi-
cantly influence dynamic and EH characteristics, the param-
eters listed in Table 1, of the WIV EH system in this paper
are selected by referring to the physical model reported in
Zhao et al. (2020b). Due to the complexity of the WIV
problem, conducting a comprehensive three-dimensional
simulation is highly time-consuming. In such studies, con-
sidering the geometric features of the model, two-dimensional
simulations can offer reasonable and reliable predictions
(Zhu et al., 2016).

In this work, the reduced velocity (U”) is chosen from 2
to 14. The corresponding Reynolds number ranges from
1.51x10% to 1.07x105. The inlet boundary condition of the
computational domain is set as the velocity inlet, where u =
Ui, and v = 0; the outlet boundary condition is set as the
pressure outlet with du/dx = 0, and du/dx = 0. The gauge

— Inverted C-shape cylinders Wall: g—;:(), v=0
@ Energy harvesting cylinder o
=
—_— L D =

ki T
) lEQ
- Inlet
> Q
>: I
| O —
10D
Pressure outlet
s gl
e

Wall: %’:o, =0
b

10D 25D
< >

Fig. 2. CFD setup for simulating the WIV EH system.

Table 1 Parameters of the physical model

Parameter Value
Cylinder diameter D (m) 0.0889
Cylinder length (m) 1

Mass M (kg) 15

Mass ratio m* 2.4
Natural frequency f; (Hz) 0.9641
Damping ratio ¢ 0.01
Water density p (kg/m?) 998.2
Kinetic viscosity of water x (m?/s) 0.001003
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pressure is 0, the same as the ambient pressure, and the sim-
ulated turbulence intensity is 5%. The upper and lower
walls are set as symmetrical.

3.2 Computational method validation

This work investigates the EH performance and
dynamic response of the WIV of an inverted C-shaped bluff
body. A cylinder will exhibit a large amplitude when sub-
jected to fluid forces. When using the overlap mesh method
to simulate the motion of an EH-cylinder, large-amplitude
mesh deformation can be reasonably avoided, which is sig-
nificantly beneficial for maintaining high-quality local
meshes. The computational domain mesh consists of two
parts, namely, the background mesh and the overset mesh,
as shown in Fig. 3. The overset grid area is circular and is
only applied to the EH-cylinder. The size of the overset grid
boundary is set to 3D. To accurately determine the flow
characteristics of the near-wall surface, the meshes around
the inverted C-shaped bluff body and the EH-cylinder are
specially refined.

A reasonable number of grids is crucial for balancing
computational efficiency and accuracy. In this work, the
effect of a of an inverted C-shaped bluff body on WIV EH
was studied. The parameters used for grid independence
verification are U* =7, L = 2, and o = 90°. Under this con-
dition, the computational model exhibits a large amplitude,
which is conducive to independent verification. The four
grid groups are named G1, G2, G3, and G4, respectively,
and the number of grids increases gradually from G1 to G4.
The C-shaped bluff body and the EH-cylinder use the same
mesh parameters. The wall y+ is a nondimensional spacing
that describes the mesh size for a particular flow and is used
to determine whether the influence in the adjacent wall is
laminar or turbulent, thereby indicating the boundary layer
solution. The height of the first layer of the G3 group grid is

A
0.0019D according to the formula y* = Py /%W (Salim et
U

al., 2010), where Ay is the height of the first layer and zy, is
the wall shear stress. The y* parameters of the four groups
of grids are identified as 6.0, 5.7, 5.3, and 5.0, respectively.
The overset grid and the background grid use the same y*
parameters. The specific mesh numbers and simulation
results are listed in Table 2. When comparing G2 and G3,
the changes in the amplitude, RMS lift coefficient, and aver-
age drag coefficient are 7.06%, 1.72%, and 4.4%, respec-
tively. The discrepancies between G3 and G4 are 5.29%,
0.54%, and 1.10%, which are all smaller than 5.5%. The
results show that the grids of the G3 group can provide suf-

Table 2 Mesh parameters and results (U"=7, L=2, and 0=90°)

(a) Background

®)] © im0

Fig. 3. (a) Overall mesh diagram, (b) inverted C-shaped bluff body mesh,
and (c) overset mesh.

ficient accuracy to capture the flow features, so the grids of
the G3 group are selected as the basis mesh for the following
research. Fig. 4 shows the time-history curves of the drag
and lift coefficients of the G3 mesh group. Affected by the
inverted C-shaped bluff body, multiharmonic effects appear
in the lift coefficient curve of the EH-cylinder. After the
grid independence verification in Table 2, the grid size
remains the same in subsequent simulations. The y* in sub-
sequent simulations will vary, ranging from 1.6 to 10.1.

By abiding by the condition of the G3 group mesh and
under the same flow speed U* = 7, different time steps of
0.005, 0.007, and 0.009 s are selected for numerical simula-
tion. The time-history curve of the amplitude is shown in
Fig. 5. The simulation converges after 15 s when the time
step is 0.005 or 0.007 s. The convergence rates of the two
cases are faster than those of the case with a time step of
0.009 s. After 20 s, the amplitudes of the three simulation
results are almost the same. Considering the efficiency
and the convergence rate, the simulation time step is set as
0.007 s.

After grid independence verification and simulation
time step reasonability check, the blockage rate of the simu-
lation model is analyzed under the conditions of G3 mesh at
a time step of 0.007 s. In this paper, three verification mod-
els, namely, BR1, BR2, and BR3, are established. The specific
blockage rate values and simulation results are listed in
Table 3. It can be seen that the differences in the amplitude,
RMS lift coefficient, and average drag coefficient of

Grid Foreground Background y* Apax/D Clms Chmean

Gl 5576 70106 6.0 1.1174 (-) 0.3652 () 0.9313 ()

G2 6624 75380 5.7 1.1346 (1.54%) 0.3613 (1.07%) 0.9141 (1.85%)
G3 7872 80093 53 1.0545 (7.06%) 0.3675 (1.72%) 0.9543 (4.4%)
G4 8820 84848 5.0 1.1103 (5.29%) 0.3655 (0.54%) 0.9438 (1.10%)
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Fig. 5. Time-history displacement responses calculated using different
time steps.

Table 3 Sensitivity studies of the blockage ratio

Blockage ratio  Value Ay /D CLoms Cbmean

BR1 8% 1.074 0.357 1.105

BR2 5%  1.055(1.8%) 0351 (1.7%) 1.019 (7.8%)
BR3 2% 1051 (04%) 0350 (0.1%) 1.002 (1.7%)

between BR2 and BR1 are 1.8%, 1.7%, and 7.8%, respec-
tively. When the blockage rate is 2.0%, if we compare BR3
and BR2, the differences in the amplitude, RMS lift coeffi-
cient, and average drag coefficient are 0.4%, 0.3%, and
1.7%, respectively. The accuracy requirement is met when
the blockage rate is 5.0%. Before carrying out the simulation
study, the amplitude of the single circular cylinder simulated
by the present procedure is further compared with that in
previous references (Bernitsas, 2016; Khalak and
Williamson, 1999), as shown in Fig. 6. The simulated VIV
response of the single cylinder agreed well with the results
in the literature (Bernitsas, 2016; Khalak and Williamson,
1999). Overall, the present procedure is reliable and can
meet the required accuracy requirements.

4 Results and analyses
4.1 Vibration characteristics and EH at different angles

4.1.1 Hydrodynamic characteristic analysis
In this section, the VIV response of a single cylinder is

1.0
Khalak et al. (1999)
N A Bernitsas et al. (2016)
0.8 A m Present-CFD
‘ N
LN
m m B m
06 " Spa ok
QR A ®
= " A A
04+ A A
0.2
i n
oob— 10 1
0 2 4 6 8 10 12 14 16
U

Fig. 6. Validation of the numerical model of a single circular cylinder.

compared with the WIV response of an EH-cylinder under
the interference of an inverted C-shaped bluff body. Fig. 7
shows the dimensionless amplitudes and frequency results
of the WIV of the EH-cylinder. It can be seen in Fig. 7a that
the EH-cylinder has nearly the same vibration characteristics
when a < 60°, and the response curves all reach the maximum
amplitude when U* = 6. The EH-cylinder reaches the maxi-
mum amplitude when U* = 7 and a = 120°. However, the
optimal flow velocity for reaching the maximum amplitude
increases to U* = 8 when o = 90°. Overall, when L = 2D, the
dimensionless amplitude of the EH-cylinder shows a similar
variation trend at different o values: the dimensionless
amplitude first increases rapidly, and then gradually
decreases with increasing U*. Unlike the VIV of a single
cylinder, the WIV of an EH-cylinder has a wider “lock-in”
region. Even when U™ = 14, the dimensionless amplitude of
the EH-cylinder still is still 0.2D at a = 0°, and 0.6D at a =
180°. The wide “lock-in” region agrees with the WIV of
tandem cylinders reported in the literature (Chen et al.,
2018). Fig. 7b shows the dimensionless frequency results
for the EH-cylinder. It can be seen that there is a significant
difference in the frequency characteristics between the EH-
cylinder and the single cylinder. The “lock-in” region for
the single cylinder is between U* = 4 and U* = 12. Outside
of the “lock-in” region, the dimensionless frequency
increases sharply, accompanied by a drastic decrease in
amplitude to almost 0. However, the EH-cylinder in the
wake flow can still vibrate intensely after the oscillation fre-
quency exceeds the natural frequency, which indicates that
the definition of the “lock-in” region for a single cylinder
becomes unsuitable for the WIV of tandem cylinders. It can
be seen in Fig. 7b that when U* > 5, the dimensionless fre-
quency increases almost linearly. The dimensionless fre-
quency increases fastest at & < 60° and slowest at o = 180°.
The EH-cylinder can still maintain a large-amplitude vibra-
tion even after the oscillation frequency deviates far from
the natural frequency. Hence, a wide “soft lock-in” region is
formed. The experimental results indicate that an inverted C-
shaped bluff body is beneficial for improving energy har-
vesting performance.
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Fig. 7. Dimensionless amplitude (a) and dimensionless frequency (b) versus the reduced velocity.

The FFT transformations are performed on the time-his-
tory displacement responses and lift coefficients to reveal
that the EH-cylinder maintains large amplitudes at large U™.
The time-history curve and FFT transformation for U* = 10
at different o are shown in Fig. 8. It can be seen from
Fig. 8a that the dimensionless amplitude and lift coefficient
vary in opposite directions. The main frequency of the lift
coefficient is the same as the oscillation frequency of the
EH-cylinder and does not match the natural frequency. Gen-
erally, the frequency mismatch becomes more evident as the
velocity increases. In addition, affected by the wake flow of
the inverted C-shaped bluff body, high-order frequency
components (e.g., the third-order harmonic component in
Fig. 8b) appear in the lift coefficient. When a = 150° and
180°, the amplitude of the third-order frequency component
approaches that of the first-order component, and the EH-
cylinder can still maintain a high vibration amplitude after
deviating from the natural frequency.

Fig. 9 shows the results of the mean drag coefficient
(Comean) and the RMS lift coefficient (Cy ). Due to the
interference of the wake generated by the inverted C-shaped
bluff body, Cppean Of the EH-cylinder is smaller than that of
the single cylinder. Overall, Cp,can Shows a trend of first
increasing and then decreasing. Notably, the drag crisis phe-
nomenon occurs at low Reynolds numbers, wherein Cpeqn
becomes negative. Additionally, as the angle increases, the
Reynolds number range of the negative average drag coeffi-
cient appears to expand. At o = 180°, the Reynolds number
range where a negative Cppeqn OCcurs is from 1.51x104 to
3.80x10% To figure out why the average drag coefficient
becomes negative at low U”, the time-averaged pressure
coefficient of the EH-cylinder is analyzed.

Fig. 10 depicts the time-averaged pressure coefficient
(Cpmean) and the transient pressure coefficient at different
time for the EH-cylinder with o = 150°. When the average
drag coefficient is negative, the time-averaged coefficient of
the pressure in front of the EH-cylinder is low, and that in
the rear is high. The pressure difference causes negative

resistance. The transient pressure coefficient diagram shows
that when U™ = 4, vortices form in the gap and behind the
inverted C-shaped bluff body, and the vortices interact with
the front surface of the EH-cylinder. As a result, the pressure
on the front surface of the EH-cylinder is lower than that on
the rear surface. However, when U* = 6 and the EH-cylinder
moves from the middle position to the maximum displace-
ment (from Moment #1 to #2, or #3 to #4), the front surface
of the EH-cylinder has no contact with the vortex generated
by the inverted C-shaped bluff body. Consequently, the
higher pressure in front of the EH-cylinder leads to a positive
average drag coefficient. When a = 0°, 30°, and 60°, a
plateau in the RMS lift coefficient is observed at U > 6,
and the RMS lift coefficient gradually decreases with
increasing U*. When a = 90° and U* < 8, the RMS lift
coefficient clearly fluctuates due to the interaction between
the unsteady wake flow and the EH-cylinder, and the
dimensionless amplitude of the EH-cylinder also climbs
rapidly to the maximum.

4.1.2 Energy harvesting performance analysis

Fig. 11 shows the surface and contour plots of the output
power at different angles when the spacing L is 2D. It can
be seen that a higher power output can be obtained in the
intersection region with an angle ranging from 90° to 180°
and a reduced velocity ranging from 6 to 14. It means that
the power output is greatly affected by the angle: a larger
angle can lead to a higher power output. The black dashed
line in Fig. 11b indicates that the maximum output power is
achieved under specific conditions. When the distance L is
2D, and the angle and reduced velocity are on the black
dashed line, the energy harvester can produce the maximum
power output. As shown in the surface plot and contour plot,
there are two power peaks at an angle of 150°, appearing at
the reduced velocities of 8 and 14, respectively. The EH
performance is improved when the angle is 150°, as indicated
by the dotted line in Fig. 11b. It should be noted that the
dimensionless amplitudes at 150° and 180° are similar.
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Fig. 9. (a) Average drag coefficient, and (b) RMS lift coefficient versus the reduced velocity.

However, the dimensionless frequency at 150° is higher,
corresponding to better EH performance.

4.2 Vibration characteristics and EH at different spacings

4.2.1 Vibration characteristics analysis
This section will investigate the influence of the distance

L on the vibration characteristics and EH performance,
given that the angle is fixed at 150°. Fig. 12 shows the
dimensionless amplitude and frequency results for different
spacings L. When L is 3D or 4D, different response patterns
are observed for the EH-cylinder, referred to as combined
WIV andWG (Bokaian and Geoola, 1984). Based on the
vibration characteristics, the amplitude curve can be catego-
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rized into three modes: the WIV, the WG, and the transition
mode from WIV to WG (WIV-WG for short). The WIV
response occurs in the reduced velocity range from 2 to 9,
with the dimensionless amplitude decreasing after reaching
a maximum at U* = 8. The dimensionless frequency enters
the “lock-in” region at U* = 6, and the frequency character-
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istics of the WIV mode are the same as those observed at L =
2D. The WG-type response occurs at a largely reduced
velocity from 10 to 14, with the dimensionless amplitude
gradually increasing with U”, and the dimensionless fre-
quency remains constant. The WIV-WG response appears at
the moderate reduced velocities ranging from 9 to 10. Over
this range, the dimensionless frequency decreases from 1.25
to approximately 1. The mode transition is attributed to the
sticking effect of the shear layer separated from the C-
shaped bluff body to the EH-cylinder and the nonuniform
flow in the gap.

Fig. 13 shows the results of the average drag coefficient
and the RMS lift coefficient at different L values. It can be
seen that the average drag coefficient shows the same trend
when the spacing is 3D and 4D. It is worth noting that the
average drag coefficient is negative when U™ is smaller than
3. Initially, the average drag coefficient increases with
increasing reduced velocity and reaches a maximum when
the reduced velocity is 7. The maximum value for L=3D is
0.93 and becomes 1.01 when L=4D. The average drag coef-
ficient then decreases with increasing reduced velocity.
When the distance L is 3D or 4D, the RMS lift coefficients
exhibit the same evolution trend: the RMS lift coefficient
first decreases and then increases, followed by a slow rate of
decrease. When U™ is 6, the lift coefficient drops to a minimum
value. In the WIV-WG and WG regions, the average drag
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Fig. 12. (a) Dimensionless amplitude and (b) dimensionless frequency diagrams for the WIV of the inverted C-shaped interference bluff body.
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coefficient at L = 3D and 4D is larger than that at L = 2D,
while the RMS lift coefficient is smaller.

Vortex structure analysis is a useful way to understand
FIV. Fig. 14 shows the vorticity plot at a reduced velocity of
8 and a = 150° for spacings of 2D and 4D, respectively. It
can be seen that the vortex shedding patterns at the two
spacings are both “2S”. When the spacing L =2D, the positive
vortex (red) sheds from the inverted C-shaped bluff body
and moves to the EH-cylinder, surrounding it. When the EH-
cylinder moves to the maximum positive displacement, the
positive vortex shed from the inverted C-shaped bluff body
fuses with the shear layer generated by the EH-cylinder, and
the negative vortex (blue) on the EH-cylinder sheds off.
Interestingly, the vortex shedding pattern at a distance of L =
4D is the same as that at L = 2D. The difference is that the
EH-cylinder is not surrounded by vortices at the middle
position, which results in nonsynchronization between the
vortex motion and the cylinder motion. This change results
in different wake disturbance enhancement effects.

Fig. 15 shows the vorticity diagram at a reduced velocity
of 14 for spacings of 2D and 4D when a =150°, respec-
tively. It can be seen that when L = 2D, the vortex shedding
pattern at U* = 8 exhibits the “2S” pattern. At the equilibrium
position, the vortex between the inverted C-shaped bluff

(b) L=4D

Fig. 14. Vortex shedding pattern at a = 150° and U* = 8.

(b) L=4D

Fig. 15. Vortex shedding pattern at & = 150° and U™ = 14.

body and the EH-cylinder is tighter at U*= 14, which results
in a smaller amplitude. The vortex shedding mode becomes
more complex for a distance of L =4D and a reduced velocity
of U*=14. At the initial equilibrium position (T1), two vor-
tices (V1 and V2) are formed behind the EH-cylinder, and
one vortex (V3) is in front of the EH-cylinder. When the EH-
cylinder moves to the maximum positive displacement, V1
and V2 shed off, and V3 shed off after fusing with the EH-
cylinder. The vortex Ul directly sheds off from the inverted
C-shaped bluff body. After T,, the EH-cylinder collides and
fuses with a negative vortex at T3 during the movement in
the negative direction. As the EH-cylinder moves from the
maximum negative displacement (T4) to the equilibrium
position, the vortices V4, V5, and V6 successively shed off.
The shedding process indicates that the vortex shedding pat-
tern is “2T”, leading to a larger vibration amplitude of the
EH-cylinder.

4.2.2 EH power performance
Fig. 16 shows the harvested power outputs for different
spacings at an angle of 150°. It can be seen that the variation
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Fig. 16. Harvested power outputs at different spacings.

trends of the harvested power curves under different spacings
are roughly the same, but there are apparent differences in
the harvested power values. The maximum power (0.312 W)
occurs at L =4D and U" = 8. Compared with that of the single
cylinder, the harvested power increases by 300%. When U*
is smaller than 7, a larger power output can be obtained
when the spacing is 2D. On the other hand, when U” is
within the velocity range of 10—13, the power outputs for L =
3D and L = 4D are significantly smaller than that for L =2D.
The above analysis indicates that the proposed energy har-
vesting system performs considerably well with a spacing of
L=2D.

The energy conversion efficiencies under different con-
ditions (for different L and a) are calculated, and the results
are shown in Fig. 17. It can be seen that when L = 2D, U* =
4, and a is smaller than 60°, the system’s energy conversion
efficiency reaches a maximum at the beginning of the lock-
in region. When L = 2D and a = 120°, the system exhibits a
stable and optimal EH performance, maintaining a high and
relatively constant conversion efficiency over the reduced
velocity range from 4 to 7. Moreover, when a exceeds 120°,
the maximum efficiencies tend to appear within the reduced
velocity range of 6 to 8. When the flow velocity is 2, the EH
power of the system is almost minimal, and the efficiency is
close to zero. As the velocity increases, according to Egs.
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Fig. 17. Comparison of the energy conversion efficiencies under different
conditions.

(14)—(15), the harvested power of the system increases,
while the input power of the flow is still small. The conversion
efficiency gradually increases and reaches a maximum.
After that, the system input power increases sharply with
velocity, while the increase of the harvested power is lim-
ited, and the conversion efficiency gradually decreases and
finally stabilizes. Therefore, the overall conversion efficiency
of the system first increases, and then decreases with the
increase of the reduced velocity.

5 Conclusions

In this paper, an energy harvesting system consisting of
an inverted C-shaped bluff body and an EH-cylinder was
developed. The inverted C-shaped bluff body is expected to
produce an interference wake that can augment the vibration
of the EH-cylinder, and thus the power output. The opening
angle (a) of the inverted C-shaped bluff body and the distance
(L) between the inverted C-shaped bluff body and the EH-
cylinder are the key parameters affecting the hydrodynamics
and energy harvesting performance of the proposed system.
Experimental case studies have been carried out to understand
their effects. Under test conditions, the Reynolds number
was controlled from 15100 to 106200. The results derived
from this work are summarized as follows.

(1) When L = 2D, the EH-cylinder conducts WIV. The
dimensionless frequencies of the EH-cylinder indicate a
“soft lock-in”, resulting in a wider vibrational bandwidth.
For a > 120°, the EH-cylinder has a higher vibration ampli-
tude. The EH-cylinder exhibits a combined vibration mode
of WIV and WG after increasing the spacing L to 3D or 4D
and setting a = 150°. The transition from WIV to WG
occurs within the reduced velocity range from 9 to 10.

(2) The pressure difference between the front and rear of
the EH-cylinder leads to a negative average drag coefficient
for different o and L. At L = 2D, the Reynolds number
range corresponding to negative average drag coefficients
expands with increasing a. The situation becomes different
at L =3D and 4D, where the Reynolds number range of the
negative mean drag coefficients is small at o =150°.

(3) In the WIV vibration mode and the combined WIV
and WG vibration modes, the system exhibits higher EH
performance and collects more energy when operating at
higher velocity and larger a. Setting an inverted C-shaped
bluff body with a larger a (« = 120°) is particularly beneficial
for improving the system harvesting power. The EH effi-
ciency of the system reaches a maximum when « is smaller
than 60° and the EH cylinder enters the “lock-in” region.
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