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Abstract: Low-grade renewable energy possesses large reserves and a wide distribution in the
environment, but it is far from fully exploited due to the high cost–income ratio when using traditional
convertors. A fluid-induced-vibration-based flow energy convertor with a low-cost bent plate as an
oscillator is proposed to achieve better energy converting performance for low-grade flow energy
conversion. The energy extraction performance and dynamic response of the bent plate are assessed
numerically. The results demonstrate that the prescribed single-DOF (degree of freedom) bent plate
can reach the maximum efficiency of 29.6% and power coefficient of 2.36 at the relative plunging
amplitude of 3.5, while the double-DOF bent plate achieves a maximum efficiency of 37.3% and
power coefficient of 1.42 at a smaller amplitude of 1.4. It is discovered that the adoption of pitching
motion can help to control the variation pattern of the effective AOA (angle of attack), while the
camber of the bent plate also regulates the effective AOA from the geometrical respect. The FIV-based
single-DOF convertor can achieve an energy converting efficiency of 29.3% and approach the ideal
sinusoidal motion trajectory closely, indicating that the optimal active motion mode can be realized
by the passive motion mode with the appropriate choice of the dynamic parameters.

Keywords: oscillating bent plate; energy extraction; vortex induced vibration; renewable energy; low
mass ratio

1. Introduction

Renewable energy (RE) has the strongest prospects for both slowing down climate
change and replacing fossil fuels [1], so the development and utilization of RE has been the
focus of many studies over the past decades. Since many technologies have been developed
to convert high-grade RE, including high water-head damps for high-grade water energy
and large diameter axial flow wind turbines for high-grade wind energy, the conversion
of low-grade RE has attracted increasing attention recently. As one kind of low-grade
RE, flow-induced vibration energy is widely distributed in various environments. To
achieve vibration-to-electric energy conversion, many vibration-based energy convertors
have been proposed [2]. These convertors can be used to power small electronic devices
including health monitoring sensors, medical implants, data transmitters, wireless sen-
sors [3], and cameras [4]. Among varied vibration-based energy convertors, the FIV-based
(fluid-induced-vibration-based) energy convertors may achieve a higher level of power
conversion and even supply power to the grid.

To understand the energy conversion mechanism of FIV-based energy convertors, the
effects of reduced velocity (U* = U∞/f ND, determined by the oncoming flow velocity U∞,
and oscillator natural frequency f N), mass ratio (m* = m/md, indicating the relative mass of
the oscillator to the mass of fluid with same volume), damping (δ), and Reynolds number
on the response of FIV-based oscillators (mainly cylinders with diameter of D) have been
extensively studied. Some fundamental findings and conclusions have been established
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and widely accepted. The effect of the mass ratio and damping ratio on the peak amplitude
of vibration (A) can be well characterized by the combined mass-damping parameter
(δr = mδ/ρD2), the product of mass and the damping ratio [5]. The peak amplitude
increases with a decreasing mass-damping parameter in the Griffin plot [6]. When the mass
ratio is reduced and less than a critical value, such as 0.54, resonant FIV can exist over a
wider or even infinite regime of reduced velocity [7–9]. This means that the low mass ratio
oscillator has a wider range of synchronization and thus better adaption to different flow
velocities. Therefore, one key point in designing a FIV-based energy convertor is to reduce
the mass ratio.

The range of resonance of the FIV-based oscillator and the related amplitude ratio
increases with the increasing Reynolds number. An amplitude ratio (A* = A/D) of 1.9 can
be reached at high Res [10]. The vibration amplitude increased with the reduced velocity
Ur and demonstrates a galloping-like oscillation for the circular cylinder with a 2DOF
system [11]. The fundamental studies on FIV indicate that a lower mass ratio and higher
Reynolds number can promote FIV in terms of the peak vibration amplitude and band-
width of the resonance region and thus may lead to better energy extraction performance.
However, the FIV-based energy convertors are more likely to be applied in the relatively low
Re cases, such as currents and tides [12], so another key point to achieve high-performance
energy conversion is to realize a high amplitude resonance at low Res.

Bernitsas and Raghavan put forward the idea of using VIV (vortex-induced vibration)
to generate energy from ocean/river currents and achieved a power coefficient of 0.22 [13].
Ding et al. [14] applied roughness strips on the cylinder surface to enhance flow-induced
vibrations and thus improve the performance of the VIVACE (Vortex-Induced Vibration
Aquatic Clean Energy) convertor to a power coefficient of 0.28. Zhang et al. [15] introduced
a fixed cylinder downstream of the vibrating cylinder and proved that the energy extrac-
tion performance can be enhanced under optimized spacing distance. Hover et al. [16]
conducted forced vibration experiments of the cylinder under a Re of 3800 with different
combinations of oscillating amplitude (A*) and frequency (f *) and measured fluid force
(CY) and phase shift between the cylinder velocity and the acceleration (Φ). The maps of
CYsinΦ in the parameter space of (A*, f *) indicate that energy transfer from the fluid to the
cylinder may happen for 5 < f * < 9 (positive CYsinΦ), and the VIV amplitude (A*) cannot
exceed 0.8 (negative CYsinΦ). Based on Hover’s experiment, Barrero-Gil et al. [17] built a
mathematical model of a VIV-based energy convertor and analyzed the influence of the
mass ratio and damping on the energy extraction performance. The results revealed that a
larger flow velocity range of significant efficiency can be achieved at a lower mass ratio.

The shape of the cross-section is another important factor affecting the aerodynamic
characteristics and energy extraction performance of the FIV-based oscillator [18,19]. Zhang
found the Cir-Tria prism has better energy extraction performance (power coefficient
of 0.265) over the cylinder (0.146). The numerical results of Ding [18] show the better
performance of the Q-trapezoid (0.457) over the PTC-cylinder (circular cylinder with
passive turbulence control) (0.379). This single-DOF convertor is simple in structure and
thus has the potential to harvest low-grade flow energy with low cost. However, according
to the nonlinear distributed-parameter mode for the VIV-based energy convertors, the
vortex-induced force or the lift force is the key factor to determine the energy extraction
performance [20], and high plunging displacements should be obtained to design efficient
VIV-based energy convertors [4]; in addition, a bluff oscillator such as the cylinder is
not likely to achieve a high lift coefficient and large plunging amplitude, so the energy
conversion performance of single-DOF FIV-based convertors is always limited.

Flapping or oscillating foils provide FIV-based convertors with a possible way to
increase the peak lift coefficient and energy extraction performance. The flapping foil has
two degrees of freedom, including plunging and pitching motions. The large angle of attack
brought by the pitching motion leads to a high lift coefficient of up to 2 or more. A maximum
efficiency of 43% was achieved at a high Reynolds number with prescribed motion in the 2D
numerical simulation [21]. Based on the optimal prescribed motion, Jean-Christophe [22]
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further developed a fully passive flow energy convertor and reached two-dimensional
efficiencies as high as 34%. With an additional generator to convert pitching power, a fully
passive FIV-based convertor can attain an efficiency of 37.9% and a power coefficient of
1.1 [23]. An energy extraction efficiency of 31% and a power coefficient of 0.86 were reached
in the water channel test [24]. The improved energy extraction performance of oscillating
foils provides the possibility of high-level and large-scale FIV-based flow energy conversion.
However, since two or three DOFs are involved in flapping foil energy conversion, a much
more complicated structure is required to realize muti-DOF motions and thus achieve
high energy conversion performance. The resulting high cost of the flapping-foil-based
convertor will impede it from harvesting low-grade flow energy.

Compared with the single-DOF (degree of freedom) FIV-based energy convertors,
the double-DOF convertors are more efficient. However, the single-DOF convertors are
relatively simple from a mechanical point of view and thus are much more economical
when converting low-grade flow energy. This work provides a new design of a FIV-based
energy convertor that combines the advantages of the single-DOF and double-DOF FIV-
based energy convertors. Furthermore, one of the key problems to be solved for FIV-based
flow energy extraction is to reduce the mass ratio of the oscillator, so the cross-section
shape, which can determine the mass ratio, is one main consideration in the present studies.
This work proposes a new type of cross-section shape, namely a C-shaped bent-plate,
which can provide a low mass ratio and is easily machined from a low-cost flat plate.
The objective of this work is to investigate the possibility of using an oscillating bent
plate to extract flow energy with 2D CFD simulation. A more accurate assessment of the
flow patterns is possible using 3D numerical simulations [25], which have a significantly
higher computational cost considering long-time transient simulations and multi-parameter
optimization. This is beyond the scope of the present work. The high aspect ratio of the
cross-section can increase the peak-lift coefficient and reduce the mass ratio of the oscillator.
Particularly, we aim to determine the energy levels that can be generated from one and
two-degree-of-freedom oscillating bent plates. With well-tuned motion and structural
parameters, our single-DOF fully passive FIV-based energy convertor achieves an efficiency
of 29.3% and power coefficient of 2.36, which is much higher than those with bluff bodies
(such as cylinders). Owing to its highly simplified structure, potential low mass ratio, and
relatively high energy conversion performance, this advanced FIV-based energy convertor
offers an avenue for the large-scale utilization of low-grade flow energy.

2. Method
2.1. Problem Description

We have previously developed a flow energy convertor based on an elliptical foil [26]
as shown in Figure 1. The convertor achieved a maximum efficiency of 20%. To improve
the energy extraction performance of this VIV-based convertor, the elliptical foil is bent
against the incoming flow to boost the shedding vortex and thus increase the lift. The
C-shaped foil profile is generated from the projection of the elliptical section [27]. With
an optimal foil shape, the convertor can reach a maximum power coefficient of 0.8 and
an energy extraction efficiency of 28.5%. Using double generators to convert the flow
energy, the power coefficient and efficiency are further increased to 37.9% [23]. However,
the double-DOF motions of the C-shaped foil require a more complicated structure, and
the shaped surface increases the manufacturing cost of the foil. In this work, we retain the
camber of the foil but abandon the curved foil profile; thus, a three-section bent plate is
proposed as shown. The foil is bent from a low-cost flat plate and has a lower mass ratio
potentially. The chord length is defined as c. The camber height is denoted by w, and the
relative camber height w/c is set to 0.135 according to our previous study [27]. The foil has
three segments of an equal length of about 0.35c.
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Figure 1. Evolution of the oscillator’s sectional shape.

2.2. Numerics

The bent plate can undergo prescribed single-DOF plunging and double-DOF com-
bined plunging (or heaving) and pitching motions as shown in Figure 2a. The bent plate can
also undergo flow-induced (passive) single-DOF plunging motion as shown in Figure 2b,
and the motion trajectory is indirectly controlled by a spring and a damper. In the cases of
prescribed motion, the plunging and pitching motions are described by Equations (1) and
(2), respectively:

y(t) = H0 sin(2π f t) (1)

θ(t) = θ0 sin(2π f t + ϕ) (2)

where H0 and θ0 are the plunging and pitching amplitudes (see Figure 2a), f is the oscillating
frequency, t is the time, and ϕ is the phase difference between pitching and plunging
motions (in radians). In contrast to most oscillating foils with an average AOA (angle of
attack) of 0, the oscillating bent plate is pitching around an AOA of 90◦, so the pitching
angle of the bent plate is defined as the angle between the chord line and crosswise direction,
and the pitching or pivoting axis is located at the midpoint of the chord line. As the phase
shift ϕ is set to 90◦, in the upstroke (i − 1/4 ≤ t/T < i + 1/4), the foil maintains a positive
AOA as shown in Figure 2a and the upward lift will drive the foil to plunge across the
stream. At the end of upstroke (t/T = i + 1/4), the foil reverses and starts the downstroke
(i + 1/4 ≤ i + t/T < i + 3/4). The reciprocating plunging motion can be used to drive a
linear generator directly or a rotary generator through a rack or worm.

Figure 2. Schematic of the prescribed double-DOF bent plate and the flow-induced single-DOF
oscillator based on a bent plate. (a) Prescribed motion (b) Passive motion.
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For a convertor with prescribed motion, the fluid transfers fluid energy to the bent
plate by lift force, and the resulting power is calculated by

Pfluid = FyVy (3)

In the case of passive motion, the oscillating bent-plate convertor is treated as a
mass–spring–damper system, and the plunging motion is described by a second-order
oscillator equation:

M
..
y(t) + C

.
y(t) + Ky(t) = Fy(t) (4)

As shown in Figure 2b, the spring and the damper are set in the direction of the bent
plate’s plunging motion, where the damper acts as a generator. Driven by the periodic
lift force, the bent plate moves up and down, thus driving the generator to output electric
energy. The stiffness of the spring is set as K, the damping of the damper is set as C, and
the mass of the plate is set as M.

In this work, the mass ratio is fixed at 1, and the effects of mass-damping parameters
and reduced velocity on energy harvesting performance of bent plate are examined. The
actual efficiency and power coefficient of the bent plate can be calculated accordingly. The
power output of the convertor can be evaluated by

Pgenerator = CVy
2 (5)

For a balanced convertor, the cycle-averaged power input from the fluid and output
to generator are equal to the following.

1
T

T∫
0

FyVydt =
1
T

T∫
0

CVy
2dt (6)

Thus, the transient and average power coefficient can be calculated from

CP =
Pfluid

1
2 ρU3

∞c
or CP =

Pgenerator
1
2 ρU3

∞c
(7)

CPmean =
1
T

T∫
0

CPdt (8)

The definition of energy conversion efficiency η is as follows:

η =
Pmean

1
2 ρU3

∞d
= CPmean

c
d

(9)

where d is the swept vertical distance.
As the foil is plunging, the relative velocity between the stream and the foil is changed,

so the pitching angle alone cannot reflect the real AOA. In this case, the effective AOA is
used and defined as follows:

αe = 90◦ − arctan (Vy/U0) − θ − β (10)

where arctan (Vy/U0) is the plunging motion-induced AOA, θ is the pitching motion-
induced AOA, and β is the bending angle of the bent plate (see Figure 2a).

2.3. Computational Conditions

To simulate the large amplitude combined plunging and pitching motion of the
oscillating bent plate, the fluid domain is subdivided into two subdomains to apply the
sliding mesh technique as shown in Figure 3. The inner domain (Inner Zone) undergoes
rigid body motion, while the outer domain (Outer Zone) smoothly remeshes as the domain
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deforms. The Inner Zone is a circular domain with a diameter of 16 chords that guarantees
the continuity of the Inner Zone’s flow field. The Outer Zone is a rectangle domain
(60 chords × 90 chords) with a circular hollow. The inlet, outlet, and symmetry boundaries
are set to more than 30 chords away from the foil so that the boundary effect on the flow
around the oscillating foil is negligible [28]. The Inner Zone grid and the Outer Zone
grid are connected and exchange data by a sliding interface. Both the Inner Zone and
Outer Zone are meshed with a block-structured O-grid to obtain the best grid quality. The
velocity-inlet, pressure-outlet, and symmetry boundary conditions are applied at the inlet,
outlet, and symmetries. The two-way fluid–structure interaction (FSI) problem is handled
by the FLUENT UDF (user-defined function). The solid solver for the FSI problem solves
the passive single-DOF motion of the rigid foil according to Equation (3) and is written into
the UDF with C language code. A staggered, explicit coupling scheme between the solid
solver and CFD (Computational Fluid Dynamic) solver has been chosen. The details of the
coupling scheme between the foil motion solver and the CFD solver can be found in our
previous study [25].

Figure 3. Mesh details and boundary conditions. The Inner Zone contains 10.5 × 104 elements with
first layer element height of 2 × 10−3 chord length, and the Outer Zone contains 4.3 × 104 elements.

2.4. Verification and Validation

To assess the mesh dependency of the numerical results, Figure 4 compares the power
coefficients of different mesh configurations under the condition of U* = 4.4, H0 = 1.4,
θ0 = 20◦, ϕ = 90◦, and Re = 1100. Five sets of mesh resolutions with 120, 180, 210, 240, and
300 nodes around the foil, corresponding to 4.2 × 104, 8.8 × 104, 11.4 × 104, 14.8 × 104, and
21.1 × 104 cells, were taken into consideration for comparison. As shown in Figure 4, the
CL curve for 240 nodes is well coincident with that for 300 nodes. In addition, the same
process was conducted to assess the time step dependency with 1.0, 1.5, 2.3, 3.5, and 5.2 ms.
It is found in Table 1 that the deviations of the maximum lift coefficient for 14.8 × 104 cells
and and 2.3 ms from the finer configurations are under 0.5%, so a time step of 2.3 ms and
mesh size of 14.8 × 104 cells is sufficient for temporal and mesh accuracy.

The reliability of the present well-established numerical method for fully passive
oscillating-foil simulation has been fully verified in previous work [27,29]. The predicted
power coefficient and lift coefficient showed good agreement with published numerical
and experimental results, as shown in Figures 5 and 6.
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Figure 5. Time evolution of total power coefficient CP at Re = 1100 [27].
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Figure 6. Comparison of the lift coefficient variation for the wings with AOA at Re of 940
and 1500 [29].

3. Results and Discussions
3.1. Prescribed Single-DOF Plunging Oscillation

The single-DOF oscillation energy convertors are simple in construction and thus have
a significant advantage in manufacturing cost compared to the double-DOF convertors.
The single-DOF bent plate with prescribed plunging motion is studied first to obtain the
potential or limiting energy extraction performance of this convertor, which can guide us
choose the optimal structural parameters for the fully passive convertor and check how far
the performance of the fully passive convertor is from its limiting. Figure 7a,b present the
variations of the power coefficient and efficiency with the reduced speed and the plunging
amplitude. It can be observed from the figure that when the reduced speed is too small,
the energy harvesting efficiency is negative, and thus the convertor is in a state of power
consumption. With the increasing reduced speed, both the energy harvesting efficiency
and power coefficient increase rapidly. Near the optimal reduced speed, the performance
curve presents an inverted U-shaped distribution, indicating good adaptation to speed
change under optimal or design conditions. With the further increasing reduced speed,
the energy harvesting performance gradually approaches zero. In the explored range of
plunging amplitude (1.0c–4.0c), the maximum efficiencies at different reduced velocities
first increase, reaching a global maximum efficiency of 29.6% at a plunging amplitude of
3.5c, and then decrease.

As opposed to that of a double-DOF flapping foil (1.0c), the optimal plunging am-
plitude of the single-DOF bent plate (3.5c) is much larger. The fundamental reason for
the large plunging amplitude for the single-DOF plate lies in its lack of adjustment in the
effective AOA through pitching motion. The single-DOF bent plate can only rely on the
plunging motion to reduce the average effective AOA, which can be demonstrated by the
variations of effective AOA with plunging amplitude in Figure 7c. It can be found that the
average effective AOA increases with the increasingly reduced speed and decreases with
the reduced plunging amplitude. According to [21], the optimal average effective AOA is
around 20◦ for energy harvesting. Meanwhile, Kinsey’s results [30] demonstrated that the
optimal reduced speed for the resonance of vortex-induced oscillation is around 7.2, where
the VIV-based oscillators achieve the largest amplitude and thus energy output. Therefore,
the energy harvesting efficiency reaches the maximum when the plunging amplitude is
around 3.5c and the reduced speed is around 7.5. If the plunging amplitude is reduced to
1.0c, the optimal average effective AOA and the optimal reduced speed cannot be satisfied
at the same time.
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The above analysis indicates that the average effective AOA is a key factor in deter-
mining the energy harvesting performance. The camber of the bent plate can regulate the
effective AOA from the geometrical respect. We compared the energy harvesting perfor-
mance of the flat plate and bent plate. For the flat plate, the energy harvesting efficiency
is negative across all tested reduced velocities and plunging amplitudes. For the sake of
brevity, specific data are not presented here.

Figure 8 compares the variations of the lift coefficient, power coefficient, and plunging
velocity for the flat and bent plates under the same reduced speed and plunging amplitude
(U* = 7.5, H0 = 3.5c). One can note that the level of lift coefficient for the flat plate is very low,
with an amplitude of 0.155, and the direction of the lift is opposite to the plunging velocity,
resulting in a negative power coefficient. Obviously, this is because the aerodynamic force
in the plunging direction of the vertical flat plate is caused by the viscous resistance. For
the bent plate, it can be seen from the figure that the amplitude of the lift coefficient of the
bent plate (1.61) is significantly larger than that of the flat plate. The lift and the plunging
velocity of the bent plate are synchronous most of the time, so the power coefficient of the
bent plate is positive and the fluid energy can be harvested.

Figure 8. Variations of lift coefficient, power coefficient, and plunging velocity in one cycle for flat
and bent plates.



Energies 2022, 15, 1606 10 of 19

To better explain the larger lift force of the bent plate, Figure 9 depicts the variation
of the aerodynamic pressure distribution on the surface of the bent plate during the half
oscillating cycle. In the upstroke, the resultant force in the Y direction of the bent plate is
upward on the whole, and the positive lift drives the upward motion. The plate is divided
into three sections: A, B, and C. For A and C segments, the combined force of the pressure
on the windward and leeward sides is directed from the windward side to the leeward side,
so the lift on section A is positive, and the lift on section C is negative. The combined force
on Section B is parallel to the incoming flow, so the corresponding lift is zero. Obviously,
the pressure and the resulting lift on section A are greater than those on section C during
most of the time of the upstroke, so the resultant force in the Y direction of the bent plate is
generally upward.

Energies 2022, 15, x FOR PEER REVIEW 10 of 18 
 

 

side, so the lift on section A is positive, and the lift on section C is negative. The combined 
force on Section B is parallel to the incoming flow, so the corresponding lift is zero. Obvi-
ously, the pressure and the resulting lift on section A are greater than those on section C 
during most of the time of the upstroke, so the resultant force in the Y direction of the bent 
plate is generally upward. 

(a) (b) (c) (d) (e) (f) 

Figure 9. Variation of the aerodynamic pressure distribution on the surface of the bent plate in half 
cycle. (a) t/T = 0.0. (b) t/T = 0.1. (c) t/T = 0.2. (d) t/T = 0.3. (e) t/T = 0.4. (f) t/T = 0.5. 

As the pressure is positive on the windside and negative on the leeside, the pressure 
gradient is favorable on the windside and adverse on the leeside. The adverse pressure 
gradient on the leeside of section A is the largest, indicating a large range of flow separa-
tion there, which can be confirmed from the vorticity contours afterward. The upper edge 
vortex near the leeside of section A forms a strong low-pressure zone, contributing to the 
positive lift on section A and thus the positive lift of the bent plate. Therefore, the strength 
of the upper edge vortex determines the overall energy harvesting performance. 

From the above results and analysis, it can be concluded that only slightly bending 
the two ends of the plate to the direction of the incoming flow can significantly change its 
aerodynamic characteristics and enable its potential for energy harvesting. At a suitable 
reduced speed, its energy harvesting efficiency and power coefficient can reach 29.6% and 
2.36. Obviously, the bent plate outperforms other single-DOF oscillating energy harvest-
ing systems (such as cylinders). It is believed that the better performance of the bent plate 
is due to the wing-like cross-sectional shape. To explain the better energy extraction per-
formance of the bent plate, a schematic diagram of force analysis for the bent plate and 
cylinder is presented in Figure 10; according to Figure 9 and [31], both the pressure on the 
windside and leeside of section A are beneficial to increase the lift of the bent plate. In 
other words, since the normal directions of the windward surface and the leeward surface 
are inconsistent for bluff bodies (cylinders), the corresponding pressures on two sides (Fwc 
and Flc) are also inconsistent and cancel each other out, causing less lift and worse energy 
harvesting performance. 

Figure 9. Variation of the aerodynamic pressure distribution on the surface of the bent plate in half
cycle. (a) t/T = 0.0. (b) t/T = 0.1. (c) t/T = 0.2. (d) t/T = 0.3. (e) t/T = 0.4. (f) t/T = 0.5.

As the pressure is positive on the windside and negative on the leeside, the pressure
gradient is favorable on the windside and adverse on the leeside. The adverse pressure
gradient on the leeside of section A is the largest, indicating a large range of flow separation
there, which can be confirmed from the vorticity contours afterward. The upper edge
vortex near the leeside of section A forms a strong low-pressure zone, contributing to the
positive lift on section A and thus the positive lift of the bent plate. Therefore, the strength
of the upper edge vortex determines the overall energy harvesting performance.

From the above results and analysis, it can be concluded that only slightly bending
the two ends of the plate to the direction of the incoming flow can significantly change its
aerodynamic characteristics and enable its potential for energy harvesting. At a suitable
reduced speed, its energy harvesting efficiency and power coefficient can reach 29.6% and
2.36. Obviously, the bent plate outperforms other single-DOF oscillating energy harvesting
systems (such as cylinders). It is believed that the better performance of the bent plate
is due to the wing-like cross-sectional shape. To explain the better energy extraction
performance of the bent plate, a schematic diagram of force analysis for the bent plate and
cylinder is presented in Figure 10; according to Figure 9 and [31], both the pressure on the
windside and leeside of section A are beneficial to increase the lift of the bent plate. In other
words, since the normal directions of the windward surface and the leeward surface are
inconsistent for bluff bodies (cylinders), the corresponding pressures on two sides (Fwc
and Flc) are also inconsistent and cancel each other out, causing less lift and worse energy
harvesting performance.
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3.2. Prescribed Double-DOF Combined Plunging and Pitching Oscillation

When single-DOF motion is adopted, the variation of AOA of the bent plate can only
be controlled by the plunging amplitude and frequency. We can also further control and
thus optimize the variation of AOA through the pitching motion. When the pitching motion
is involved, we can adjust the AOA pattern by changing the pitching amplitude and the
phase between pitching and plunging motions. Previous studies have demonstrated that
the 90◦ phase shift is optimal, so the effect of the phase shift is not further explored here.
Figure 11 depicts the contour maps of efficiency in the two-dimensional space composed
of the reduced speed and pitching amplitude for plunging amplitudes of 1.0, 1.4, and
1.8. Obviously, the efficiency possesses a unimodal distribution in the two-dimensional
space; that is, there is only one optimal combination of the reduced speed and the pitching
amplitude to maximize the efficiency of energy harvesting.

Table 2 lists the maximum efficiency and power coefficient of the bent plate in the two-
dimensional space under different plunging amplitudes and their corresponding optimal
pitching amplitude and reduced speed. It can be seen from the table that under different
plunging amplitudes, the optimal pitching amplitude and reduced speed corresponding to
the maximum efficiency and maximum power coefficient are the same. The reason is that
the swept area of the oscillating bent plate under different motion parameters is d = 2H0 + c,
so the swept area is independent of the reduced speed and pitching amplitude.
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Table 2. Deviations of maximum lift coefficient for different mesh and time step configurations.

H0 U* θ0 ηmax U* θ0 CPmax

1.0 3.5 15 33.8% 3.5 15 1.02
1.4 4.4 15 37.4% 4.4 15 1.42
1.8 5.0 15 34.9% 5.0 15 1.61

Comparing Figure 11a–c, it can be found that with the increase of the plunging ampli-
tude, the maximum efficiency first increases and then decreases, reaching the maximum
value of 37.4% at 1.4. The optimal pitching amplitude under different plunging amplitudes
remains basically unchanged at about 15◦, while the corresponding optimal reduced speed
increases. The reason is that the plunging velocity is jointly determined by the plunging
amplitude and the reduced speed. To keep the maximum plunging velocity and thus
plunging-induced AOA at the optimal value, the reduced speed and the plunging ampli-
tude should change synchronously. When the average AOA is too small, the separation
vortex has a long attachment time but low intensity. Otherwise, the separation vortex is
strong, but the attachment time is short. The oscillation period must match the average
AOA to ensure that a larger separation vortex is attached to the plate for a longer relative
time. In Figure 11, we also notice that when the pitch angle is equal to 0, flow energy can
still be harvested, and the bent plate only has one DOF. However, the energy harvesting
efficiency reached a maximum of 24.9%, which has not reached the maximum value of the
single-DOF bent plate (29.6%).

The better energy harvesting performance of the double-DOF bent plate can be ex-
plained with the variation pattern of the effective AOA. Figure 12a compares the variations
of the effective AOA in half cycles under the optimal conditions of single and double DOFs.
The average effective angles of attack are 34.3 and 35.2, respectively, which are very close to
each other. The main difference of the variation curve of effective AOA lies in the minimum
effective AOA: the minimum effective AOAs for single-DOF and double-DOF are 11.6 and
18.8, respectively. Therefore, it can be deduced that the reason for the higher efficiency of
double-DOF lies in the fact that the variation pattern of effective AOA is better controlled
by the pitching motion, so that the average effective AOA is maintained near the optimal
AOA while the minimum effective AOA is reduced. Figure 12b,c further compare the
pressure distribution of the single-DOF and double-DOF at t/T = 0.25, where the foils are
at the middle of the upstroke. As illustrated in Figure 9, only the pressure on A segment
produces upward lift in the case of single-DOF. For double-DOF, the foil contrarotates so
that both the A and B segments produce upward lift; meanwhile, the downward lift on the
C segment is much smaller compared to that of single-DOF, which can further explain the
better energy harvesting performance of the double-DOF.

Although the maximum energy harvesting efficiency of the double DOF bent plate
(37.4%) is 26.4% higher than that of single-DOF (29.6%), the double DOF requires a complex
actuator to control its pitching motion, and the cost of manufacturing and maintenance is
much higher than that of the single DOF. Therefore, the single-DOF bent plate is selected
for the further development of the FIV-based bent-plate converter. Nevertheless, the new
data and physical insights of the prescribed 2DOF provided in this work should stimulate
further investigations and help to guide the design and testing of actual power-extraction
systems based on the bent-plate concept, targeting the harvesting of high-grade flow energy.

3.3. Flow-Induced Single-DOF Plunging Oscillation

The theoretical energy harvesting efficiency of the single-DOF oscillating bent plate
can reach nearly 30%. However, this efficiency is achieved under the specified trajectory
of plunging motion, so it is questionable whether the bent plate can passively achieve
this efficiency under the drive of stream. For this reason, this section searches for the best
energy harvesting performance of the bent plate in passive motion mode. Figure 13 shows
the variations of the energy harvesting efficiency and power coefficient of the bent plate
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with the mass-damping parameters at different reduced velocities. Very similar trends
are observed for different reduced velocities. The efficiency first increases gently with the
increasing mass-damping parameter and then decreases sharply to a lower value after
reaching the maximum value. When the mass-damping parameter is less than or equal to
0.7, the efficiency increases with the reduced speed. When the mass-damping parameter is
between 0.8 and 0.9, the efficiency increases first and then decreases as the reduced speed
increases and reaches its maximum at the reduced speed of 7. In the range of parameters
explored, the maximum efficiency is 29.3%, which is very close to the value of 29.6%
for the bent plate under the prescribed motion. The optimal mass-damping parameter
corresponding to the maximum efficiency is 0.9, and the optimal reduced speed is 7, which
is close to the optimal value obtained in previous studies. Under this reduced speed, the
aerodynamic damping reaches the minimum value (negative value), and the amplitude of
vortex-induced vibration reaches the maximum.
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Figure 14 presents the variations of the bent plate’s oscillating amplitude with the re-
duced speed under different mass-damping parameters. Obviously, a larger mass-damping
parameter leads to a smaller plunging amplitude. It is interesting to find that when the
damping exceeds a critical value, no matter how large the reduced speed is, the amplitude
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is limited to less than 1.5c. The asterisks in the figure indicate the amplitude corresponding
to the maximum efficiency at different reduced velocities. The optimal amplitude corre-
sponding to the reduced speed of 7 is 3.51c, which is very close to the optimal amplitude of
3.5c obtained by the bent plate with the prescribed motion. We further compare the motion
curves of the prescribed and passive motions under maximum efficiency conditions in
Figure 15. It can be found that the motion curve of passive motion is very close to that of
prescribed motion, indicating that the passive motion trajectory of the passive bent plate
can be close to the ideal sinusoidal motion by choosing the reasonable dynamic parameters
of the passive bent-plate convertor with single-DOF to achieve energy harvesting efficiency
with the prescribed motion.
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To explore the reason for the sharp drop of efficiency in Figure 13, Figure 16 compares
the historical lift coefficient and plunging velocity of the bent plate in one cycle period at
the reduced speed of 7 and the mass-damping parameters of 0.9 (large amplitude case) and
1.0 (small amplitude case), respectively. It can be observed from the figure that the curves
of the plunging velocity in both cases are approximately sinusoidal, which conforms to the
expectation of the linear oscillator. The maximum lift coefficient of the large amplitude
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case (1.55) is much larger than that of the small amplitude (0.81). The small lift coefficient
is due to the much larger average effective AOA. By comparing the lift curve, it can also
be found that the lift coefficient of the large amplitude case has only one peak, while the
small amplitude case has two peaks. In this paper, it is believed that this is caused by
different vortex shedding modes. In the case of large amplitude, the up and down strokes
shed one vortex respectively in one cycle, while in the case of small amplitude, the up and
down strokes shed a pair of vortexes in one cycle. Different vortex shedding modes are the
fundamental reason for the sudden drop in amplitude and performance when the mass
damping parameter increases from 0.9 to 1.0. When the amplitude of the bent plate is less
than a critical value Hc1, the vortex shedding mode is 2P; when the amplitude is greater
than a critical value Hc2, the vortex shedding mode is 2S. The bent plate cannot oscillate
with an amplitude between these two critical values. When the reduced velocity is 7.0, Hc1
is close to 1.36 and Hc2 is close to 3.51.
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Figure 16. Historical lift coefficient and plunging velocity at different mass-damping parameters.

Mass-damping parameters of 0.9 and 1.0 are selected for detailed flow insight due to
the sudden reduced plunging amplitude. Figure 17 depicts the evolution of the vorticity
field in half-cycle (upstroke) for the cases of large and small plunging amplitudes. In
the case of a large plunging amplitude, the upper-edge vortex (leading-edge vortex) is
attached to the suction side during most of the stroke, and the low-pressure region formed
by the upper-edge vortex brings a relatively larger lift force, which is generally accepted as
being responsible for the large time-averaged lift force of low Reynolds number flapping
flight [32,33]. At the end of the upper stroke (t/T = 0.5), the upper edge vortex sheds off,
and the lower edge vortex forms. When the mass-damping parameter is set to 1.0, the
upper edge vortex sheds off near t/T = 0.4, causing the departure of the corresponding
low-pressure region from the plate surface and thus the lift valley near t/T = 0.4 as shown
in the Figure 14. Between t/T = 0.4 and t/T = 0.5, a smaller upper edge vortex is produced,
resulting in a small recovery of lift. In a word, when the mass-damping parameter is set at
0.9, the attachment of the upper edge vortex lasts longer, leading to a higher average lift
coefficient and thus better energy harvesting performance.
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Figure 17. Evolution of the vorticity field in half-cycle for cases of large and small plunging ampli-
tudes. (a) mass-damping parameter of 0.9, large amplitude. (b) mass-damping parameter of 1.0,
small amplitude.

4. Conclusions

The energy extraction performance of the one-DOF FIV-based flow energy convertors
is limited due to its low lift and oscillating amplitude. The bluff shape of the oscillator
is one major contributing factor. A FIV-based flow energy convertor with a bent plate as
the oscillator is proposed to achieve a larger oscillating amplitude and thus better energy
converting performance.

Three motion patterns, namely prescribed single-DOF plunging oscillation, prescribed
double-DOF combined plunging and pitching oscillation, and flow-induced single-DOF
plunging oscillation, are considered in this work. The energy extraction performance
and dynamic response of prescribed motion patterns are assessed first to demonstrate
its theoretical potential for energy extraction. The prescribed single-DOF bent plate can
reach a maximum efficiency of 29.6% and power coefficient of 2.36 at a relative plunging
amplitude of 3.5, while the double-DOF bent plate achieves a maximum efficiency of 37.4%
and power coefficient of 1.42 at a smaller amplitude of 1.4. It is found that the average
effective AOA is one key factor in determining energy harvesting performance, and the
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camber of the bent plate regulates the effective AOA from the geometrical respect, while
the pitching motion can adjust the effective AOA more directly and actively.

The flow-induced single-DOF plunging oscillation is then considered, and a new
dynamical parameter, namely the mass-damping parameter, is introduced. The FIV-based
single-DOF convertor can achieve an energy converting efficiency of 29.3%, and the cor-
responding optimal reduced velocity and resulting plunging amplitude are very close to
that of the prescribed single-DOF plunging oscillation, indicating that the optimal active
motion mode can be realized through the passive motion mode by appropriately choosing
the dynamic parameters.

It can be concluded that only slightly bending the two ends of the plate to the direction
of the incoming flow can significantly change its aerodynamic characteristics and enable its
potential for energy harvesting. The bent plate possesses the advantages of low-mass, low
cost, and high energy converting performance. It is believed that its high performance is
due to the wing-like cross-sectional shape. The aerodynamic analysis demonstrates that
both the pressure on the windside and leeside of the bent plate contributes to the larger lift
and thus the larger oscillating amplitude and energy extraction performance.
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Nomenclature

c Foil chord length, m
C Damping of the damper, N·s·m−1

CL Lift coefficient
CP Power coefficient
CPmean Time-averaged power coefficient
d Vertical extent of the foil motion, m
f Oscillation frequency, s−1

Fy Lift force, N
f N Natural frequency for oscillator, s−1

H0 Plunging amplitude, m
K Stiffness of the spring, N·m−1

M Foil mass, kg
md Displaced fluid mass, kg
m* Mass ratio
Re Reynolds number
t Physical time, s
T Oscillating period, s
U* Reduced velocity
U∞ Free stream velocity, m·s−1
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Vy Plunging velocity, m·s−1

w Camber height, m
y(t) Plunging motion, m
αe Effective angle of attack, ◦

β Bending angle of the bent plate, ◦

δr Mass-damping parameter
ϕ Phase difference between the pitching and plunging motions, ◦

η Energy extraction efficiency
θ0 Pitching amplitude, ◦

θ(t) Pitching motion, ◦
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