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ABSTRACT

Numerical simulations are used to study the energy harvester based on a semi-active flapping foil, in
which the profile of the pitching motion is prescribed and the heaving motion is activated by the vertical
hydrodynamic force. We consider a two-dimensional NACA0015 airfoil with the Reynolds number
Re = 1000. First, for the sinusoidal pitching, an optimal combination of the parameters of pitching
amplitude fp = 75° and reduced frequency f* = 0.16 is identified, with the highest energy harvesting
efficiency of 32% being recorded. Then we study non-sinusoidal pitching, with a gradual change from a
sinusoid to a square wave as {3 is increased from one. We find that its effect of efficiency enhancement is
limited for the parameters approaching their optimal values, and the upper boundary of the efficiency
appears not to be increased. In detail, we report that when the pitching amplitude is small, non-
sinusoidal pitching motions can indeed improve the performance of the system. However, when both
the pitching amplitude and the flapping frequency are close to their optimal values, non-sinusoidal
pitching motions contribute negatively to the harvesting efficiency. We suggest that a non-sinusoidal
profile, at least a simple trapezoidal-like one is ineffective in the semi-active system reported by the

current study.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Rivers and ocean are promising sources supplying people
renewable and clean energy for their abundance of flow energy.
Harvesting flow energy through flapping foil is a novel method
inspired by aquatic animals, whose swimming is believed to have
many advantages such as high speed, high efficiency and low noise
[1]. Compared to traditional rotary turbines, the flapping foil sys-
tem benefits from the simple idea of using translational motions
instead of rotation, thus bringing about many advantages, e.g. it
does not include fast rotating blades which are threats to aquatic
animals, and it is easier to manufacture compared to the compli-
catedly shaped blades used in traditional turbines. Moreover, it is
feasible to be planted in shallow water and in groups because their
sweeping windows are rectangular [2].

It was originally declared that a flapping foil was capable of
extracting energy from an unsteady current, such as a surface wave
[3,4]. Decades ago, McKinney and Delaurier [5] proposed the

* Corresponding author.
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concept of extracting flow energy through the flapping motion of
an airfoil. Their original prototype was a windmill utilizing
harmonically oscillating wing to extract wind energy. Usually, a
flapping foil used for energy harvesting undergoes a coupled
pitching and heaving motions. According to its degrees of freedom,
this system can be categorized into three types, which are fully-
active system, semi-active system and purely passive system
respectively [6,7]. The performance of an energy harvester depends
on its mechanical and kinematic parameters. The mechanical pa-
rameters include the pivoting location of the foil, the shape of the
foil and the damping (for semi-active or fully passive systems). The
kinematic parameters include the flapping frequency, the pitching
amplitude, the heaving amplitude and the phase difference be-
tween the pitching and heaving motions. Extensive work has been
carried out on fully-active systems [8—10]. Kinsey and Dumas [11]
studied the power-extraction efficiency of a single oscillating
airfoil with the reduced frequency in the range of 0—0.25 and
pitching amplitude from 0° to 90°. In their studies, the efficiency
reached as high as 35%. This high efficiency was also confirmed by
experiments [12], in which two oscillating hydrofoils in tandem
arrangement were tested. The rotating shaft driven by oscillating
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hydrofoils was precisely controlled by an electrical drive, therefore
a constant angular velocity was guaranteed. Moreover, it was re-
ported that the energy harvesting efficiency of the flapping foil is
related to the stability of the wake behind it [13]. The ‘foil-wake
resonance’ coincides with the maximum energy harvesting effi-
ciency. Performance of a flapping foil flow energy harvester in shear
flows was investigated by Cho and Zhu [14]. It should be pointed
out that the aspect ratios of foils are finite in realistic working
conditions, though most previous research was based on 2-D as-
sumptions. Shao et al. [15] investigated the wake structures of
wings with different aspect ratios. Deng et al. [ 16] suggested that an
aspect ratio around AR = 4 was the most appropriate choice for a
real energy harvesting system with a sinusoidal pitching motion.

Though most of the above mentioned studies concentrated on
fully-active flapping foil systems, semi-active system and fully
passive system are more practical for energy harvesting. The per-
formance of a semi-active flapping foil energy harvester has been
investigated by Zhu and Peng [17]. They suggested that the per-
formance depended on mechanical parameters including the
magnitude of the damping and the location of the pitching axis, as
well as operational parameters, e.g. the pitching frequency and
pitching amplitude. A fully passive flapping foil system was
examined by Peng and Zhu [18], who modeled the system by
mounting a flapping foil on a damper and a rotational spring. Four
different responses were recorded, and stable energy could be
obtained when periodic pitching and heaving motions were both
periodically excited. The response of a purely passive flapping foil
flow energy harvester in a linear shear flow was also investigated
[19]. It was indicated that in shear flows the devices were still
capable of undergoing periodic responses as in uniform flows,
which was essential for reliable energy harvesting. Young et al. [20]
studied a fully passive flapping foil, declaring an efficiency as high
as 41%. Huxham [21] conducted experiments on an oscillating foil
energy converter undergoing a prescribed pitching motion with the
heaving motion determined by unsteady hydrodynamic forcing on
the foil.

In recent years, strategies to enhance energy extraction capacity
have been reported. Wu et al. [22,23] found that the power
extraction performance could be improved by placing the foil near
a wall. Inspired by the observations that some animals such as
turtles and birds flap their fins or wings in an asymmetrical fashion,
people studied in-line motions of flapping foils which could cause
high thrust and high efficiency [24,25]. Non-sinusoidal oscillating
motions have also been introduced to enhance the efficiency of
energy harvesting system. Xiao et al. [26] adopted a trapezoidal-
like pitching profile, by varying the key parameter which controls
the shape of the pitching profile they found an optimal profile
which was proved to dramatically increase the power output and
energy harvesting efficiency over a wide range of Strouhal
numbers. Ashraf et al. [27] reported that 15% enhancement of ef-
ficiency could be achieved by adopting non-sinusoidal pitch-plunge
motions. A comparison between the effects of different non-
sinusoidal motions was carried out by Lu et al. [28]. They found
that an appropriate combination of non-sinusoidal pitching and
non-sinusoidal plunging motions had the potential to provide the
best energy harvesting performance. According to the numerical
simulations by Xie et al. [29], they believed that relatively high
flapping frequency and large pitching amplitude should be chosen
for the best energy harvesting performance. Though all studies
reviewed above focused on fully-active flapping foils, their efforts
indicate a possibility of increasing the efficiency of a semi-active
harvester by adopting non-sinusoidal pitching motions. However,
we note that none of these studies has covered the optimal para-
metric range in which the highest efficiency for sinusoidal motion
has already been achieved. We list their chosen parameters as the

following. In the study by Xiao et al. [26], two nominal angles of
attack, ap = 10° and ag = 20°, were adopted. Lu et al. [28] selected a
nominal angle of attack ag = 15°. Xie et al. [29] covered the range of
pitching amplitude g from 0° to 35°. According to the report by
Kinsey [11], these parameters are out of the best-performance
parametric range. As pointed out by Deng et al. [16] that the
increasing effect of non-sinusoidal pitching amplitude on efficiency
was weak as fp approaching its optimal value. Platzer et al. [30] also
indicated that the feasibility of efficiency enhancement by non-
sinusoidal motions at different operation parameters had not
been well investigated. Therefore, clarification on this issue is
needed by adopting a wider parameter range.

In this paper, we use numerical code based on finite-volume
method to solve the two-dimensional Navier—Stokes equations.
The flow by a semi-active flapping foil is simulated with prescribed
pitching profiles while the heaving motion is determined by the
hydrodynamic force acting on the foil. We consider a two-
dimensional NACA0O015 foil, with the Reynolds number of 1000
calculated by the incoming flow velocity, the chord length and the
properties of the fluid. As a basis for further investigations, firstly,
we carry out a parametric study on a flapping foil with sinusoidal
pitching motion. In order to study the appropriateness of non-
sinusoidal pitching motions on improving the energy extraction
performance of a semi-active system, we consider both small
pitching amplitudes and high pitching amplitudes, which we
believe cover an adequately large range from low harvesting effi-
ciencies to high harvesting efficiencies. Two representative pitch-
ing amplitudes 6y = 45° and fp = 75° are investigated in detail.

2. Problem description and numerical methods
2.1. Kinematic motion of the foil

We consider a two-dimensional NACA0015 airfoil, as shown in
Fig. 1. The chord length of the foil is a. The pivoting point is located
at the center line of the foil with a distance b from the leading edge,
which is one third of the chord length in this paper. The upstream
flow velocity is denoted by U. The pitching angle is denoted by 6.
The translational displacement of the pivoting point from the origin
in y— direction is h. The energy converting device is represented as
a constant damping c. The foil performs combined motions of
pitching and heaving, and the pitching profile is expressed as:

o
L X TI777 77777777

Fig. 1. Schematic of the energy harvester by a semi-active flapping foil.
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(1)

where the angular flapping frequency w = 27f, and we also define a
reduced frequency f* = fa/U. It is noted that when 8 = 1, the foil
pitches sinusoidally, while the pitching profile tends to be trape-
zoidal as 3° — °co. In Fig. 2, we plot the time variation of the pitching
profile §(t) for some typical values of (. There is a gradual change
from a sinusoid to a square wave as § increases from one. The
heaving motion is determined by

mh + ch = Fy, (2)

where m represents the mass of the foil, ¢ represents the constant
damping and F, represents the total force acting on the foil in y-
direction. In this paper, the mass of the foil is fixed, so that the
density ratio between the foil and fluid is fixed as well, which is p;l/
pauid = 4.72. This density ratio is practically reasonable, if we as-
sume that the foil is made of a kind of material with the density
between steel and aluminum. We set the damping to be 3.14, ac-
cording to [17], in which the optimal damping of ¢* = 7 was iden-
tified by a potential-flow based thin plate model.

The combination of the two motions results in, with respect to
the incoming flow, an effective Angle of Attack (AoA) [11], which
can be formulated as

a(t) = arctan(Vy(t) /Us ) — 0(t), (3)

where V\(t) is the heaving velocity, or vertical velocity in y— di-
rection of the foil.

2.2. Parametrization of energy harvesting

The instantaneous power input actuating the pitching motion of
the foil can be calculated by Pj(t) = —M(t)Q)(t), where M is the torque

90

0(deg)

Fig. 2. Variation of instantaneous pitching angle 6(t) over one period for different § as
defined in Eq. (1) (6o = 75°).

about the pivoting point, and Q is the angular velocity of the foil.
The power output is achieved by the damping c, and can be
calculated as Po(t) = ch”. The net power (or total power) is thus
given by P = P, — P;. Dimensionless coefficients for force, torque and
power, including power output, power input and net power (or
total power) are defined as

Y M
¥ = 1/2pU2ba’ M T 1/2pU2ba?’ “)
P, P, P
Cp,=—2—, Cp= i Cp= 5
P = 1/2pU3ba” " T 1/2pU3ba’ T 1/2pU3 ba’ (%)

where a is the chord of the foil, b is the foil span (here, for two-
dimensional situation we consider an arbitrary length b of the
airfoil), d is the overall vertical extent of the foil motion calculated
as the distance in y— direction between the highest position and
the lowest position reached by the foil, either the leading edge or
the trailing edge, Y is the vertical hydrodynamic force or lift, and M
is the torque. The time-averaged power is denoted by (P), and its
coefficient by (Cp). The total energy harvesting efficiency 7 is
defined as the portion of the flow energy within the working plane
that extracted by the harvester:

__ P

- 6
n TpU3bd’ (6)

2.3. Numerical methods and validation

The flow field is simulated by an open source code OpenFOAM
[31]. The time-dependent Navier—Stokes equations are solved us-
ing finite-volume method. In order to speed computation time we
choose the Reynolds number to be 1000 thus no turbulence model
needs to be used. Moreover, the flow is assumed incompressible.
The governing equations are solved on a moving grid domain using
the Arbitrary Lagrangian Eulerian (ALE) formulation [32]. The in-
tegral form of the governing equations defined in an arbitrary
moving volume V bounded by a closed surface S is

%/pUdV+%ds~p(U7Ub)U:fds~(fpl+vaU)7 ™)
v S S

where, p is the density, U is the fluid velocity, p is the pressure, and »
is the kinematic viscosity. As the volume V is no longer fixed in
space, its motion is captured by the motion of its bounding surface S
with the boundary velocity Uy, For details of the discretization and
implementation of boundary conditions, as well as the trans-
formation of the underlying partial differential equations into the
corresponding systems of algebraic equations, one can refer to
Feriger and Peric [32].

The space discretizations are second-order upwind for the
convection terms and central differences for the Laplacian terms,
respectively. The time discretization is the first-order implicit Euler
scheme. The pressure—velocity coupling is achieved by PISO algo-
rithm [32]. For the resulting algebraic equations after discretiza-
tion, the preconditioned conjugate gradient (PCG) method is used
to treat the pressure equation and the preconditioned bi-conjugate
gradient (PBiCG) method for the momentum equations. Numerical
accuracy is set to double-precision and the initial conditions are
chosen to be uniform. We set the boundary condition on the foil to
be moving-wall, with zero flux normal to the wall. The velocity U,,
at the far field is kept constant.
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The explicit Runge—Kutta method is used to compute the
transverse displacement, and the moving velocity of the foil, as
shown below:

Rl — p7 %(1(1 + Ky + K3 + Kg)At, (8)
n+1 - 1

R™ =" 4 (L + L 4+ Ly + La)At, 9)
where

Ki=R' [, =24+
1 s L1 m+ma

-n At —-b/:n At Fy

I<2—h +7L1,L2—ﬁ(h +7L1>+E, (10)
At —~b (. At F

I<3—h +7L27L3—W(h +7L2)+E7
At ~b (. At F

To validate the Navier—Stokes solver, we carry out self-
consistency tests to assure the satisfactory independence of the
force calculations with respect to both spacial and temporal dis-
cretization. To validate the time-discretization independence, we
simulate on three different time steps, 5 x 107>(9.09 x 10* steps
per cycle), 1 x 1074 (4.5 x 10* steps per cycle) and 2 x 10~*
(2.27 x 10* steps per cycle) respectively. The results at f* = 0.2 and
o = 75° are presented in Table 1. It shows that the results by three
different time steps are close to each other and the largest differ-
ence of n between different cases is less than 0.5%. We plot the
variations over time of lift force coefficients and pitching moment
coefficients, as shown in Fig. 3(a) and (b) respectively, showing
little variation among different time steps. Hence, the moderate
time step of 1 x 10~% is small enough to guarantee temporal ac-
curacy. Then, we simulate on three different meshes: coarse mesh
(89846 cells), medium mesh (151292 cells) and fine mesh
(305256 cells). The energy harvesting efficiency calculated by the
coarse, medium and fine mesh are 27.62%, 27.65% and 27.69%
respectively. The difference between the medium mesh and the
fine mesh is less than 0.2%. Therefore, we adopt the medium mesh
of 151292 cells in the following simulations. For more details about
numerical validation one can refer to our previous study on a
flapping foil with prescribed motions [16].

3. Results and discussions

In this section, the results with a sinusoidal pitching profile will
be presented firstly. The effects of pitching amplitude and pitching
frequency will both be examined. The optimal parametric combi-
nations for high efficiencies will be identified. Then, we focus on the
effects of non-sinusoidal pitching profiles, with small and large
pitching amplitudes being considered respectively.

Table 1

The simulation results for different time steps (f* = 0.2,0p = 75°).
Time step P; P, n
5x107° 0.131984 0.460921 0276167
1x 1074 0.131949 0.461382 0.276512
2x 107 0.132097 0.462494 0.277168
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Fig. 3. Variation over time for a periodic cycle for two-dimensional flow cases for
validation at different time resolutions (denoted by different symbols) of: (a) lift force
coefficients, with a zoom-in view near the peak lift, and (b) pitching moment co-
efficients (at the x axis location marked on Fig. 1) as defined in Eq. (4).

3.1. Results of sinusoidal pitching profile

To identify the highest efficiency for sinusoidal pitching, we
carry out a parametric study on the (f',fp) space. After extensive
simulations we conjecture that the highest efficiency lies in the
parametric range of fp = 70° — 80° and f* = 0.12 — 0.16. We show
the energy harvesting efficiency versus flapping frequency for
fo=70°, 6p = 75° and fy = 80° in Fig. 4. It shows that the maximum
energy harvesting efficiencies are achieved at the flapping fre-
quency f = 0.16 for all three pitching amplitudes. The variation of

008 01 012 014 0l6 018 02 o2

Fig. 4. Variations of energy harvesting efficiency with flapping frequency for different
pitching amplitudes.
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energy harvesting efficiency versus the pitching amplitude at
f =016 is shown in Fig. 5. The highest efficiency is identified in the
range of fo = 70°—80°. The result for §y < 60° in Fig. 5 is consistent
with that obtained by thin-plate model [17], which predicted a
monotonic increase of the efficiency as fy < 60° and a highest ef-
ficiency of 27% achieved at fp = 60°. We note that 6y = 60° is also
the upper boundary of Zhu & Peng's calculations [17]. It is inter-
esting to observe in Fig. 5 that the efficiency varies little in the range
of fp = 70° — 80° where the highest efficiency of 32% is achieved.

It should be pointed out that we assume that the density ratio
between the foil and its surrounding fluid is 4.72, which might lead
to an efficiency degradation compared to a massless foil [33].

3.2. Effects of non-sinusoidal pitching motions

According to Section 1 we have known that the motivation of
the current study comes from two aspects. First, all previous studies
on the effects of non-sinusoidal motions on energy harvesting were
about fully-active system. Second, most of them concentrated on
low efficiency situations, of which the non-sinusoidal motions have
been proved to be effective. As reported by Xiao et al. [26], who
selected two small nominal angles of attack (10° and 20°), non-
sinusoidal profiles of pitching motion lead to significant in-
crements of both net power output and energy harvesting effi-
ciency. However, it is still not clear if this strategy applies to high
efficiency situations. In another word, it is not clear if the peak
efficiency can be increased by engaging non-sinusoidal motions. By
studying the effects of finite spans, Deng et al. [16] pointed out that
the efficiency enhancement by varying § might be limited for the
cases that 6y approaches its optimal value i.e. §p = 81.5°.

In Section 3.1 we have identified optimal parameters for high
efficiencies with sinusoidal pitching motion, which are within the
range of §p[70°,80°] and f [0.12,0.16], in which the best per-
formance of the system can be achieved. To get a comprehensive
understanding of the effects of non-sinusoidal motion, here we
study both low efficiency situations by choosing small pitching
amplitudes and high efficiency situations by choosing large pitch-
ing amplitudes. Their different responses to non-sinusoidal pitch-
ing will be discussed in detail.

3.2.1. Small pitching amplitudes

The energy harvesting efficiency versus § for various pitching
frequencies at § = 45° is shown in Fig. 6, in which the dotted line
marks the highest energy harvesting efficiency obtained by sinu-
soidal pitching motion as discussed in Section 3.1, which is about
0.32. We observe that there exist maximum values of the energy
harvesting efficiencies for each frequency. The same trend is found

oLt
45 50 55 60 65 70 75 80 85 90

0

0

Fig. 5. Variation of energy harvesting efficiency with pitching amplitude at f* = 0.16.

0.30 F
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Fig. 6. Energy harvesting efficiency n versus § for different pitching frequencies at
o = 45°, with the dashed line implying the highest efficiency achieved by sinusoidal
pitching.

in Fig. 7, which presents the variation of time-averaged net power
output with § for the three pitching frequencies. We note that the
efficiency 7 is defined as the net power output over the incoming
kinematic energy of the swept area of the flapping foil, therefore it
is possible that n and (P) reach their maximum values at different 8
as shown in Figs. 6 and 7 respectively. It implies at least from Fig. 7
that the increment of power output is reduced as approaching the
optimal frequency (f* = 0.16 in the current study).

To take a close-up examination on the effects of non-sinusoidal
pitching profiles, we present the two components contributing to
the net power output for f = 0.16 in Fig. 8. We observe that the
power output increases with @, while the power input varies little
for § < 2.0 and increases with £ for 8 > 2.0. It indicates that for large
6, the power required to yaw the foil increases though its power
output increases as well. Competition between positive contribu-
tions and negative contributions to the net power output reaches a
compromised maximum efficiency over various @, as shown in
Fig. 6. For f* = 0.16, the maximum efficiency is 0.24, which is a 16.5%
higher from its value at § = 1.0 or its sinusoidal counterpart.

We present time histories of the lift force coefficients and the
heaving velocities during a cycle for § = 1.0, 6 = 1.5 and = 2 in
Fig. 9. The plots show the fifth cycle in the simulations, by which
time the flow appears to have reached a stationarily periodic
oscillating state for both the hydrodynamic forces and the flow
fields. For § = 1.0, the magnitude of the lift force has a peak twice in
each cycle. We observe that as ( increases, i.e. approaching a
trapezoidal wave, the time history of lift force changes its shape
from sinusoidal-like to trapezoidal-like, with two peaks appearing
instead of a single peak. The peak value has also been increased,

0.60
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Fig. 7. Time-averaged net power (Cp) versus § for different pitching frequencies at
o = 45°.
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Fig. 8. Time-averaged power input (P;) and power output (P,) versus § (6o = 45°,
f =016).
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Fig. 9. Variations of lift force coefficient and heaving velocity over one period for
different pitching profiles (6o = 45°, f* = 0.16), with the dotted line denoting the zero
value.

which appears earlier than the single peak. This qualitative
behavior of peaking secondarily in each cycle has also been re-
ported for purely active system [11]. We note that the effective
Angle of Attack (AoA) changes as ( varies, and reaches 26° during
the cycle for all 8, while for the larger § there is relatively longer
time interval with the effective AoA close to its maximum magni-
tude, as shown in Fig. 10. With such a large value of AoA, it is no
surprise to observe dynamic-stall vortex shedding taking place
during the motion. Although boundary-layer separation leads to
unfavorable effects in stationary aerodynamics, dynamic-stall vor-
tex shedding typically contributes to improved performance, and as
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Fig. 10. Variation of effective angle of attack over one period for different pitching
profile (6 = 45°, f = 0.16).

reported [16] that LEVs are expected to occur during the cycles of
most of the efficient cases. We further note that there exists a phase
difference between the lift force and the vertical velocity, indicated
by that the lift curves cross the zero value line away from the point
that the heaving velocity changes its sign. This might be due to the
inertial effects, as implied by Eq. (2). Nevertheless they both predict
the same response to the variation of § that the lift forces and
vertical velocities are larger for § = 1.5 and § = 2.0 than that of
6 = 1.0 for almost all time. Though there is no measurable growth
for the peak value of vertical velocity for § = 1.5 and 8 = 2.0
compared to § = 1.0, the harvester benefits from its persistence
over a long time interval, leading to significant growth of the power
output as shown in Fig. 8.

It is important to appreciate that the magnitude of the power
input is substantially smaller than the power output for
1.0 < B < 2.0, as shown in Fig. 8, therefore the evaluation of the
efficiency enhancement has been simplified to examine the power
output, at least in this parametric range.

Unsurprisingly, from the dependance of the energy harvesting
performance on the effective AoA as revealed by previous studies
[26,28,29], non-sinusoidal can indeed increase the energy har-
vesting efficiency by modifying the profile of AoA. However, we
should point out that 6y = 45° is not optimal for energy harvesting.
For small pitching amplitudes, the energy harvesting efficiency
through tuning g is far below that obtained by optimization of the
parameters of sinusoidal pitching motion which is marked by the
dashed line in Fig. 6. This phenomenon reminds us to investigate
the effects of increasing 8 when the pitching amplitude is close to
its optimal value of obtaining the highest energy harvesting effi-
ciency for sinusoidal pitching.

3.2.2. Large pitching amplitudes

It is not established that non-sinusoidal pitching motions can
increase the upper boundary of energy harvesting efficiency,
though they indeed increase the efficiency of non-optimal cases as
discussed above, it is not at all clear whether this effect carries over
to optimal cases. In this section, we choose 6y = 75°, at which the
highest efficiency is achieved for sinusoidal pitching as shown in
Figs. 4 and 5.

We present the energy harvesting efficiency versus ( for
different pitching frequencies at 6y = 75° in Fig. 11. It shows that the
efficiency is increased by 23% for f* = 0.12 as increasing 8, to a value
slightly below the highest efficiency of sinusoidal pitching marked
by the dashed line, while for f* = 0.14 and f = 0.16 the improve-
ment of the energy extraction efficiency obtained by tuning § is not
effective at all. It thereby indicates that the efficiency enhancement
by replacing sinusoidal pitching waveforms with non-sinusoidal
waveforms does not apply to optimal parameters.
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Fig. 11. Energy harvesting efficiency 7 versus g for different pitching frequencies with
fo = 75° and f = 0.16.
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We present the time-averaged power input and power output
varying with 8 for §y = 75° and f* = 0.16 in Fig. 12. Apparently
different from the cases for small pitching amplitudes as shown in
Fig. 8, in Fig. 12 the power output varies little for 1.0 < § < 2.0 while
the power input increases monotonically with increasing 8, and the
power input grows faster than the power output with g, resulting in
a monotonic decreasing of the net power with 8 and the reduction
of efficiency as shown in Fig. 11. It indicates that the positive con-
tributions from the heaving motion can actually be overwhelmed
by rapidly increased power required for the pitching motion. An
extreme example of this is the case shown in Fig. 12 at § = 4.0, at
which point the power required to yaw the foil is even larger than
that gained by heaving motion.

To further understand the reduction of efficiency enhancement,
we present the lift force coefficient over one period for g = 75° and
f =0.16 in Fig. 13. We find a significant increase in the lift force at
the peak as f increases from ( = 1.0 to § = 2.0. Indeed, for § = 2.0
the peak value for lift is 54% larger than that found for a flow with
6 = 1.0, and this peak appears a little earlier in the cycle. This shift in
the timing of the peak in lift force appears to be related to changes
in the angle of attack as § varies, as shown in Fig. 14. It is noted that
the peak value of lift force occurs when the effective AoA is 17° for
6 = 2.0, and 19.8° for § = 1.5, while the peak is associated with a
larger AoA of 30.7° when § = 1.0. Immediately after t/T = 0.5, the
effective angle of attack for § = 2.0 increases more rapidly than
6 = 1.0. As has been extensively discussed by previous studies [25]
about the relationship between effective angle of attack and the
highest lift force achieved by flapping foil, there appears to be two
competitive effects. The rapid increase of angle of attack at a high
angle of attack induces stall delay, which helps the flow remain
substantially attached to the foil to a significantly higher angle of
attack than can be achieved in steady-state conditions. Conversely,
a higher pitching rate increases the highest value of lift, and brings
about earlier stall than a lower pitching rate. We observe in Fig. 13
that immediately after the peaks, the lift forces drop dramatically to
relatively lower values for § = 1.5 and ¢ = 2.0 compared to § = 1.0.
The same trend is found in the time histories of vertical velocities,
which are directly related to power outputs. By comparing Fig. 13
with the cases with small pitching amplitudes as shown in Fig. 9,
we find a marked qualitative difference. For § = 1.5 and § = 2.0 with
small pitching amplitudes, after the ‘primary’ peak the lift drops
slightly and then rises up again, and increases gradually to a ‘sec-
ondary’ peak, as shown in the range of t/T = 0.8 — 0.9 in Fig. 9.

3.2.3. Wake topology of non-sinusoidal pitching cases
We wish to develop an understanding of the physical mecha-
nism of the effect of variation of g, in Fig. 15 we plot the vorticity
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Fig. 12. Time-averaged power input (P;) and power output (P,) versus § (6o = 75°,

f =016).
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Fig. 13. Variations of lift force coefficient over one period for different pitching profile
(6o = 75°, f = 0.16).

Fig. 14. Variations of effective angle of attack over one period for different pitching
profiles (o = 75°, f* = 0.16).
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Fig. 15. Vortex topology of five instants between t = 0T and t = 0.2T for flows with
6=1,p8=15,and § = 2.0, represented by contour levels of spanwise vorticity ranging
from —15 (darker grey) to 15 (lighter grey). The pitching amplitude is flp = 75° and the
flapping frequency is f* = 0.16.

contours between t = OT and t = 0.2T during which the lift force
dramatically changes as shown in Fig. 13. Five instants are included
in this plot. The corresponding pressure contours are shown in
Fig. 16. First, at t = 0, the Leading Edge Vortex (LEV) has traveled to
the trailing edge of the foil for 8 = 1.0 but is still attached to the foil,
while for 8 = 2.0 it has separated from the foil, indicating different
timings of vortex shedding with varying 6. We also notice that there
is a small leading vortex formed at t = 0 and then travels
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Fig. 16. Pressure contours of five instants between t = 0T and t = 0.2T for flows with
6 =1,6 =15, and § = 2.0. The pitching amplitude is o = 75° and the flapping fre-
quency is f* = 0.16.

downstream along the upper surface of the foil in the time interval
of t = 0 — 0.1T, which is stronger for § = 1.0 than § = 2.0, as
apparently shown at t = 0.05T and t = 0.1T in Fig. 15. This good
attachment of the flow during this time interval is due to the so-
called stall delay. We also note that the lift forces behave differ-
ently against effective angle of attacks for different (. This may be
caused by the Kramer effect and it is also related to the leading edge
vortex. We further note that during t = 0.1T — 0.2T for § = 1 the flow
is attached well to both the upper and lower surfaces of the foil,
indicating the retaining of the lift force at a high level in this time
interval, while for § = 1.5 and § = 2.0 a leading vortex is forming
below the foil, the corresponding forces thereby drop rapidly
because actual stall happens as shown in Fig. 13. We note that the
leading edge vortex attached to the surface of the foil when trav-
eling along the surface can somewhat keep the lift force at a high
level, but it cannot compare with the primary lift peak as shown at
t = 0.05T for § = 2.0 in Fig. 13. According to the discussion above,
particularly the comparison between small pitching amplitude (see
Fig. 9) and large pitching amplitude (see Fig. 13), we find that for
larger pitching amplitude, the benefit gained from the leading edge
vortex has been degraded when increasing . This is intuitive if we
compare the time interval t = 0.1T — 0.2T for § = 2.0 in Fig. 13 to that
in Fig. 9.

The different vortical evolutions for various § remind us that the
flow around a flapping foil is complicated and strongly related to
unsteady hydrodynamics. The good performance of this energy
harvesting system by applying sinusoidal pitching is achieved by
tuning the flow to an appropriate forming of the leading vortex and
a good timing of its shedding from the foil. For low efficiency cases,
as represented in this paper by small pitching amplitudes, the flow
can be indeed tuned to a better one by implementing non-
sinusoidal pitching motions. However, for the already optimal
flow, the performance improvement by non-sinusoidal pitching
motions is very limited.

4. Conclusions

In this paper, we have studied the effects of non-sinusoidal
pitching motions on an energy harvester by semi-active flapping
foil. The incompressible Navier—Stokes equations are solved using a
finite-volume based numerical solver with a moving grid tech-
nique. Both sinusoidal and trapezoidal pitching profiles are inves-
tigated. First, we identify an optimal range of parameters of
o = 70° — 80° and f* = 0.12 — 0.16. The highest efficiency of 32% is

achieved. Then the effects of the non-sinusoidal pitching motions
are studied with both small pitching amplitudes and large pitching
amplitudes considered.

We make a comparison between the effects of trapezoidal-like
pitching profiles with small pitching amplitude (6p = 45°) and
large pitching amplitude (fp = 75°). For small pitching amplitude,
the trapezoidal-like pitching motion can indeed increase the en-
ergy harvesting efficiency. There exists an optimal value of § for
each flapping frequency where the system can gain the highest
energy harvesting efficiency. However, since 6y = 45° is not the
optimal pitching amplitude for the harvester, the highest efficiency
obtained by varying ( is still far below the highest efficiency ob-
tained with sinusoidal pitching motion. As for the optimal pitching
amplitude (large pitching amplitude cases), the performance
improvement by tuning § is very limited. For fy = 75°, the
trapezoidal-like pitching profile can only improve the energy har-
vesting efficiency lightly for pitching frequency of f* = 0.12. How-
ever for the most optimal pitching frequency (f* = 0.16), the energy
harvesting efficiency even drops as ( increases. The increased ef-
ficiency with f* = 0.12 is still a little lower than the highest fre-
quency obtained with sinusoidal pitching profile, indicating a
failure of increasing the upper boundary of energy harvesting ef-
ficiency by applying non-sinusoidal pitching motions. We conclude
that the efficiency improvement strategy by using trapezoidal-like
pitching profiles is ineffective in the range of optimal parameters.

The current study reminds us that it might be more appropriate
to focus on the optimal operating parameters in a more extended
parameter range, which would give us a comprehensive figure to
design the performance improvement strategies, because most
energy harvesters are expected to be working within a highest ef-
ficiency range. However, we note the trapezoidal-like pitching
profile adopted in this paper and many previous studies can only
represent one kind of many non-sinusoidal pitching strategies,
with a natural defect of the derivative discontinuity in the pitching
profile, and it cannot imitate vividly the flapping motion of animals’
locomotive. Other non-sinusoidal pitching profiles such as adding
in-line motion [25] are still worth further investigating. It is thus
still an open question that if non-sinusoidal motions can actually
increase the upper boundary of energy harvesting efficiency.
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