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ABSTRACT

A numerical study is carried out to investigate the energy harvesting from an inverted foil undergoing flow-induced pitching oscillation for
reduced velocity Ur ¼ 1–45 and damping ratio f ¼ 0–0.295. The benchmark results with undamped foil (f ¼ 0) indicate that the foil does
not oscillate for Ur � 27 but does oscillate with increasing amplitude for 27<Ur< 34 and with constant amplitude for Ur � 34. Lissajous
diagrams of moment coefficient against the foil displacement are linked to the energy harvesting, showing how Ur and f affect the oscillating
amplitude, reduced frequency, wake structures, and power exchange between the foil and the flow. The energy harvesting efficiency g up to
15.06% is achieved at Ur ¼ 37 and f ¼ 0.130 with a reduced frequency f� ¼ 0.151 that is used by the cruising aquatic animals. The foil oscil-
lation with negative power enhances the growth of vortices while that with positive power weakens the growth.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0056567

I. INTRODUCTION

Since the Netherlandish windmills first used several hundred years
ago, there is a long history of windmills to extract energy from a flowing
fluid. The wind is a potential renewable energy resource to supplement
traditional fossil fuels. On the other hand, the effectiveness of wind tur-
bines is highly limited by the site1 as the wind turbine causes consider-
able noise2 and suffers from the cut-in speed. Compared to the wind
turbines, the flapping foil energy harvester or vibrating cylinder energy
harvester in water is more effective for small-scale operation, having less
environmental inconvenience and more continual predictable power
output.3–8 Energy conversation from water current is much suitable for
the coastal countries.9

The motion of an energy harvesting flapping foil is categorized
into three, including prescribed, semipassive, and passive oscillation,
depending on the foil activation process.8 The prescribed motion is
defined as that the flapping foil undergoes the given forced oscillation.
Power is required to generate the forced motion. Hence, the flapping
foil extracts energy from the flow when the time-averaged driving
power for the prescribed motion is negative. Kinsey and Dumas10

numerically investigated the power generation capacity of an oscillat-
ing foil undergoing pitching and plunging sinusoidal motion. The
pitching center was 1/3c away from the leading edge, where c is the
chord length. They found that the flow conditions related to the opti-
mal efficiency are dominated by the formation and evolution of the
leading-edge vortex (LEV). Following the work of Kinsey and
Dumas,10 a considerable effort has made to investigate the energy gen-
eration of a prescribed flapping motion.11,12 It is found that the opti-
mum non-dimensional frequency of a prescribed foil is similar to that
used by flying and swimming animals.13–15 In particular, Zhu12

reported that the input power to drive a prescribed pitching foil is
close to zero during the optimal energy extraction, suggesting the feasi-
bility of the energy harvesting from a passive flapping foil.

The second mode, semipassive mode, denotes that the foil under-
goes a prescribed pitching oscillation and a flow-induced plunging
motion, and vice versa. The power can thus be extracted from the
flow-induced oscillation where the load is usually modeled by a vis-
cous damper.16 Similar to the results from a prescribed flapping foil,
the LEV formation is showed to play an important role in harvesting
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energy.17–22 To achieve a higher energy harvesting efficiency, research-
ers also investigated the effect of nonsinusoidal prescribed motion on
energy generation. Young et al.23 simulated a fully passive NACA0012
flapping foil using a two-dimensional Navier–Stokes solver at a chord-
based Reynolds number Re¼ 1100. The foil was allowed to oscillate
about the pitching center 0.5c away from the leading edge. They found
that the energy extraction efficiency can be significantly improved by
controlling the timing and location of the LEV and its interaction with
the trailing edge. It further suggests that undesirable dynamic stall in
rotary turbines may be very beneficial in flapping foil harvesters. Li
et al.24 examined the effects of pitching motion profile on the energy
harvesting performance of a semiactive flapping foil using the
immersed boundary method at Re¼ 1000. Cosine-like pitching profile
was found to be better than sine-like pitching profile for energy
extracting efficiency.

In the passive mode, the motion of the foil is fully governed by
the fluid–structure interaction. In such a case, the flow passing over
the foil causes the foil oscillation that in turn modifies the flow. A
fluid–structure coupling thus takes place. The energy harvesting from
a passive flapping foil is significantly influenced by the foil geometry,
spring stiffness, and flow conditions.23,25–29 In general, the fluid–
structure interaction may result in periodic flapping motion, irregular
flapping motion, and rotating motion.25 Interestingly, the promising
efficiency reported by a prescribed flapping foil can be replicated with
a passive flapping motion.23 Hence, the energy harvesting from a pas-
sive flapping motion is reasonable to consider as one of the most effec-
tive technologies for the engineering application because the passive
flapping harvester is more feasible than the others.

Recently, the fluid dynamics of an inverted foil undergoing self-
induced flapping has been studied to understand the flight dynamics
and locomotion of flying animals.30–32 Here, the inverted foil is the foil
with the clamped trailing edge and free leading edge.33–36 Inspired by
self-sustained large-amplitude motion employed by the insects,
researchers studied the energy harvesting from an inverted piezoelec-
tric flag since the inverted flag is supposed to have superior capabilities
of harvesting energy from wind and water.37–39 On the other hand, the
dependence of power extraction on the foil geometry, spring stiffness,

and damping load has been studied in the literature for a foil having a
round leading edge and a sharp trailing edge. No investigation has
been conducted on an inverted foil where the leading edge is sharp
and the trailing edge is round. Naturally, a few questions pop up.
What are the power and efficiency of an inverted foil? How is the free-
oscillation amplitude dependent on reduced velocity? What is the
interaction between the vortices generated from the leading and trail-
ing edges? How do the vortices contribute to the work done on the
foil? What are the optimum efficiency and corresponding load? What
is the detailed physics of energy harvesting? This work aims to address
the issues raised above and investigate the energy harvesting from a
passive flapping foil to reveal the corresponding fluid–structure cou-
pling mechanisms. The foil is set in the flow such that the sharp edge
heads the semicircular edge and the foil is allowed to oscillate about
the center of the semicircular edge. The flow reduced velocity is varied
from Ur¼ 1 to 45.

II. COMPUTATIONAL APPROACH
A. Problem formulations

A schematic of the flow and model configuration is presented in
Fig. 1(a). A two-dimensional foil of a chord length c is placed in a uni-
form flow of velocity U1 in the x-direction. The foil has a tapered
leading edge and a semicircular trailing edge of thickness D [diameter
of the semicircle, see Fig. 1(b)]. The dimensionless thickness, D/c, is
0.167. The rotation center of the foil is at point O that is the center of
the semicircle and the origin of the Cartesian coordinate system.

Under a constant thickness-based Reynolds number ReD ¼ U1D/
v¼ 150, the foil is passively oscillated, where v is the kinematic viscosity
of the fluid. The governing equation of foil oscillation can be written as

I€h tð Þ þ ch _h tð Þ þ khh tð Þ ¼ M tð Þ; (1)

where I is the moment of inertia of foil, ch denotes the torsional damp-
ing coefficient, kh represents the torsional spring stiffness, h(t) is the
time-dependent angular displacement [Fig. 1(b)], and M(t) is the
moment on the foil.

FIG. 1. (a) Computational domain and mesh system. (b) Foil and definitions of symbols. (c) Zoomed-in view of mesh around the foil.
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Three dimensionless parameters are employed to characterize the
flow-induced oscillation: the reduced velocity Ur, damping ratio f, and
reduced frequency f�, which are defined as

Ur ¼ U1=fnD; (2)

f ¼ ch=2
ffiffiffiffiffiffi
Ikh

p
; (3)

and
f � ¼ fD=U1; (4)

where fn and f are the natural frequency and passively oscillating fre-
quency of the foil, respectively. TheUr is varied from 1 to 45 by chang-
ing fn of the system.

Based on Eq. (1), the instantaneous moment coefficient of the
foil is defined as

CM tð Þ ¼ M tð Þ
0:5qU21c2

; (5)

where q is the fluid density. The instantaneous energy extracted from
the flow by the oscillating foil is considered as

P tð Þ ¼ M tð Þ _h tð Þ: (6)

Given the model is 2D, the instantaneous power coefficient is defined as

Cp tð Þ ¼ P tð Þ
0:5qU31c

: (7)

The energy harvesting efficiency g is defined as the ratio of the power
extracted from flow by the pitching foil and the total available energy
in the oncoming flow passing through the swept area,

g ¼ 1
nT

ðtþnT

t
M tð Þ _h tð Þdt

0:5qU31c
; (8)

where T (¼ 1/f) is the oscillating period.

B. Numerical aspects

1. Numerical method

The unsteady flow field around a passively oscillating foil is simu-
lated using the commercially available CFD package Fluent 15.0. For a
Newtonian fluid, the governing equations describing the unsteady
incompressible flow are the mass and momentum conservations,

r � u ¼ 0 (9)

and
Du
Dt

þ u � rð Þu ¼ � 1
q
rpþ vr2u; (10)

where u denotes the velocity vector and p is the static pressure.
The finite-volume method is used to achieve the spatial discreti-

zation of the Navier–Stokes equations [Eqs. (9) and (10)]. The second-
order upwind scheme is used to discretize the spatial term, and the
first-order implicit scheme is used to discretize the temporal term. The
SIMPLEC algorithm is used to achieve the pressure-velocity coupling
of the continuity equation [Eq. (9)]. Moreover, the Gauss–Seidel linear
equation solver is employed to solve the discretized equations.

In this study, the computational domain is rectangular [Fig. 1(a)].
The inlet velocity boundary is at a distance of 50c from the oscillating
center of the foil, with u ¼ (U1, 0). The @u/@x ¼ (0, 0) and @p/@x¼ 0
are used as the no-stress outflow boundary conditions. The outlet
boundary is at a distance of 80c from the foil rotation center. The sym-
metry condition is used for the upper and lower boundaries located at a
distance of 30c +D/2 from the central line of the foil.40

The computational domain is divided into three zones (zones 1, 2,
and 3) of very high, high, and medium resolutions, respectively [Fig. 1
(a)]. The very high resolution in grids is provided around the foil (zone
1) while the high resolution is given on the two sides of the wake center-
line (zone 2) where the velocity gradient is large. Zone 3, away from the
wake, has the medium resolution. The circular zone has a radius of 1.15c
[Fig. 1(c)] where a circular nonconformal sliding grid interface is
used.40,41 The grids inside the circle move with the foil as a rigid body.
AnO-xymesh system is employed in this circular zone, with the first cell
at a distance of 10�2D from the foil surface [Fig. 1(c)]. Beyond the circu-
lar zone, structured meshes are given. The grids close to the foil have a
very high resolution to precisely resolve the boundary layer on the foil.
The passive oscillation of the foil is handled by making the source term
equal to the angular acceleration of the foil. The source term is added in
the governing equations using a user defined function (UDF).

2. Grid- and time-independence tests

Before conducting extensive simulations, the mesh and time-step
independence tests were performed. At time step Dt¼ 4� 10�4 s, the
grid-independence test is done for several sets of grids with 1.09� 105

(M1), 1.23� 105 (M2), and 1.5� 105 (M3), corresponding to the 241,
261, and 321 points on the surface of the foil, respectively. The mesh
refinement is performed at zones 1 and 2 [Fig. 1(a)]. Although the
increase in the total number of grids with M1¼ 1.09� 105,
M2¼ 1.23� 105, and M3¼ 1.5� 105 is about 13% (between M1 and
M2) and 22% (between M2 and M3), respectively, the grid resolution
in zone 1 increases by 47% (between M1 and M2) and 96% (between
M2 and M3), given that no grid refinement is made in zone 3. The
increase in the grid number in zone 2 is about 25% in either step.

The time histories of moment coefficient over one cycle for
the three grid systems are presented in Fig. 2(a), while its root
mean square values (C

0
M) are provided in Table I. The mesh M2 from

Table I is chosen for the time-independence test.
With M2, four time steps Dt ¼ 4� 10�4, 2� 10�4, 1� 10�4, and

0.8� 10�4 s are adopted. The corresponding C
0
M values and time histo-

ries are presented in Table II and Fig. 2(b), respectively. The difference
in the results between Dt2 and Dt4 is 0.86% only. Considering the accu-
racy and computational resources, the Dt¼ 2� 10�4 is chosen for the
present work.

3. Validations

Following Robertson et al.42 who investigated rotational galloping
of a rectangular cylinder with aspect ratio 4, we choose the rectangular
cylinder model (aspect ratio 4) to validate rotational galloping
response at a Reynolds number of 250. Figure 2(c) presents a compari-
son of the rotational displacement h(t) histories from the present and
the simulations of Robertson et al. A good agreement is achieved
between the present and the results of Robertson et al., the maximum
deviation in amplitudes between the two responses being less than 3%.
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To further validate our numerical approach, we simulated a
pitching foil at the thickness-based Reynolds number ReD ¼ 440 to
compare our results with the experimental and numerical results of
Andersen et al.43 They conducted experiments in a soap film tunnel
and simulations in a two-dimensional domain. The foil model in the
work of Andersen et al. and our work is the same. We, therefore, con-
sidered the work of Andersen et al. as the benchmark to validate our
work. The foil with the tapered trailing edge was given forced pitching
at a thickness-based Strouhal number StD ¼ D/U1T ¼ 0.22, and a

dimensionless pitching amplitude AD ¼ A/D¼ 1.81, where A is the
peak-to-peak pitching amplitude. A comparison of CL(t) between the
present and the work of Andersen et al. is made in Fig. 2(d). A good
agreement in CL(t) is achieved between the present and the results of
Andersen et al.

III. RESULTS AND DISCUSSION

The energy harvesting from a passively oscillating foil undergoing
the flow-induced motion is systematically investigated with changing
reduced velocity Ur¼ 1–45 with DUr¼ 1 and damping ratios f
¼ 0–0.295. The results for the f ¼ 0 case are presented first, followed
by the results for f and Ur impacts on the energy extraction.

A. Undamped foil oscillation

The dependence of the foil response on Ur with f ¼ 0 as the
baseline is shown in Fig. 3(a), where the maximum amplitude h0 is
measured. There are three scenarios of the passive oscillation of the
foil, including stationary (h0 ¼ 0) for Ur � 27, increasing h0 for
27<Ur< 34, and almost constant amplitude vibration (h0 � 0.54p)
for Ur� 34. In other words, h0 rapidly increases from 0 to 0.54p in
a small range of Ur (27<Ur< 34) before reaching a constant h0
� 0.54p (red dash line) that is slightly more than p/2. One can now
easily understand why h0 lies slightly beyond 0.5p. It is due to fact that
the foil during its oscillation has the longest bluff width (foil chord-
length projection normal to the flow) at h0¼ 0.5p after which the bluff
width shrinks and the flow-induced moment reduces.

FIG. 2. Numerical validations. (a) Grid dependence tests. (b) Time-step dependence tests. (c) Comparison between present and the results of Roberson et al.42 for a rectan-
gular cylinder with cross-sectional aspect ratio 4, Re ¼ 250, Ur¼ 40, and f ¼ 0.25. (d) Comparison of instantaneous lift coefficient CL(t) between present work and the work
by Andersen et al.43 work for a pitching foil at StD ¼ 0.22, AD ¼ 1.81, and ReD ¼ 440.

TABLE I. Grid-independence test results with Dt ¼ 4� 10�4 s.

Mesh M1 M2 M3

Grid numbers 1.09� 105 1.23� 105 1.5� 105

C 0
M 1.142 1.149 1.154

Difference of C 0
M 1.0% 0.43% …

TABLE II. Time-independence test results with M2.

Time-step Dt1 Dt2 Dt3 Dt4

Time-step (s) 4� 10�4 2� 10�4 1� 10�4 0.8� 10�4

C 0
M 1.149 1.159 1.166 1.169

Difference of C 0
M 1.71% 0.86% 0.26% � � �
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The time histories of h for two representative Ur¼ 30 and 37 are
illustrated in Fig. 3(b). At Ur¼ 30, it is seen that the time required from
h ¼ 0 to h0 [forward stroke (FS)] is smaller than that from h ¼ h0 to 0
(return stroke). That is, the foil travels faster in the forward stroke than
in the return stroke. In the present work, the forward and return strokes
are defined as the foil pitches from the zero position to the upper or
lower extreme and from the upper or lower extreme to zero position,
respectively. The Lissajous diagrams for Ur ¼ 30 and 37 are presented
in Fig. 3(c) to show the oscillation characteristics. It is seen that the pas-
sive oscillation of the foil with the sharp-edge upstream does not follow
the standard sine trajectory, i.e., elliptical Lissajous curve. For a standard
sine curve appearing for a free oscillation of a foil with the sharp-edge
downstream, the magnitude of _h will be maximum and minimum at h
¼ 0 and h0, respectively. As illustrated in Fig. 3(c), _h value is not maxi-
mum at h¼ 0 but is slightly away from h¼ 0, e.g., _h magnitude is maxi-
mum at jhj ¼ 0.12p for Ur¼ 37 as marked in Fig. 3(c). That is, the foil
experiences the acceleration–deceleration locomotion in the forward
stroke. The acceleration arises from the fact that when the foil travels
from h ¼ 0, it gains effective bluffness and CM becoming positive grows
[Fig. 3(d)]. Comparing _h values in the forward and return strokes, it is
understood that _h at a given h is larger in the forward stroke (h ¼ 0!
h0) than in the return stroke (h ¼ h0 ! 0). It suggests that the return
stroke requires a longer time than the forward strokes.

Figure 3(d) illustrates the phase plane of CM vs h (in radian) at
Ur¼ 37. The positive hysteresis describes that the phase difference
between CM and h is positive while the negative hysteresis demonstrates

the phase of h advances that of CM. Thus, the positive hysteresis indicates
that the foil oscillation is driven by the flow. That is, the foil harvests
energy from the fluid. On the other hand, in the negative hysteresis, the
foil transfers the energy into the fluid. The positive hysteresis takes place
when the foil is around h¼ 0, i.e., jhj < h0/2, while the negative hystere-
sis persists at jhj > h0/2. As seen in Fig. 3(d), the total size of the positive
hysteresis region is the same as that of the negative hysteresis region,
given f ¼ 0. The foil thus extracts no net power in one oscillation cycle.
To further explore instantaneous power, the time histories of h (blue
line), _h (green line), CM (black line), and power coefficient Cp (red line)
are presented in Fig. 4 at Ur¼ 37, f ¼ 0. Four phases are identified and
classified over one oscillation cycle, where phase I is defined as
0.00–0.21T and 0.96–1.00T, phase II is defined as 0.21–0.46T, phase III
is defined as 0.46–0.71T, and phase IV is defined as 0.74–0.96T. Positive
Cp emerges at phases I and III while negative Cp appears in phases II and
IV. Interestingly, the forward and return strokes mostly correspond to
positive and negative Cp, respectively, which makes the net power in one
oscillation cycle zero. More discussions about the phase classification
and its physical significance will be made later for f= 0.

B. Damped foil oscillation

1. Flow-induced response and moment

Based on the results for f¼ 0, it is understood that the foil under-
goes the self-sustained large-amplitude oscillation when Ur�34
[Fig. 3(a)] that is auspicious for stable energy harvesting. Here, the

FIG. 3. (a) Dependence of h0 on Ur. (b) Time histories of h(t). (c) Phase planes of _hðt) vs h(t). (d) Phase plane of CM(t) vs h(t) at Ur¼ 37 with f ¼ 0. The red and blue arrows
denote the upstroke and downstroke, respectively.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 075111 (2021); doi: 10.1063/5.0056567 33, 075111-5

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


loading (damping) effects on energy extraction is provided at a repre-
sentative Ur¼ 37, where a series of damping ratios is considered, i.e., f
¼ 0.035, 0.055, 0.085, 0.115, 0.130, 0.175, 0.235, and 0.295.

Figure 5 illustrates the phase planes of CM vs h which demon-
strates the effects of f on the energy generation in one oscillation cycle
atUr¼ 37. Two scenarios of hysteresis, including positive and negative

hysteresis, are employed to describe the energy exchange between the
foil and fluid over the upstroke and downstroke. When the foil under-
goes the positive hysteresis, the foil harvests energy from the fluid
which can be considered as the net positive power exchange. On the
other hand, the negative hysteresis demonstrates the negative power
exchange, i.e., energy transferring from the foil to the fluid. Hence, the
difference in sizes between the positive and negative hysteresis regions
essentially represents the amount of net energy extraction. At a small f
< 0.115, two negative small hysteresis regions are observed at large jhj
while one positive hysteresis region occurs at small jhj, around the
equilibrium position. With increasing f from 0.035, the negative hys-
teresis regions shrink and vanish at f ¼ 0.130 while the positive
hysteresis region enlarges. For f > 0.130, only the positive hysteresis
region remains, i.e., the foil can harvest energy from the fluid over the
whole oscillation cycle. The net positive hysteresis around the region
shrinks with increasing f > 0.130, with the growing hysteresis at large
jhj and weakened hysteresis at small jhj (i.e., around h ¼ 0). Overall,
the positive hysteresis region is largest at f ¼ 0.130 that complements
the maximum power extraction.

Figure 6 presents Lissajous diagrams for different f values, dis-
playing how f affects the foil oscillation. Both h0 and _h decrease with
increasing in f from 0.035 to 0.295 as f physically reduces the oscilla-
tion amplitude. For f� 0.130, the _h magnitude first increases and then
decreases in the forward strokes (h ¼ 0! h0), while monotonically
increasing in the return strokes. That is, the maximum _h magnitude

FIG. 4. Time histories of _hðt) (green line), h(t) (blue line), Cp(t) (red line), and
CM(t) (black line) at Ur¼ 37 and no damping (f ¼ 0).

FIG. 5. Phase planes of CM(t) vs h(t) at Ur¼ 37. (a) f ¼ 0.035, (b) f ¼ 0.055, (c) f ¼ 0.085, (d) f ¼ 0.115, (e) f ¼ 0.130, (f) f ¼ 0.175, (g) f ¼ 0.235, and (h) f ¼ 0.295.
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occurs in the forward strokes after crossing h ¼ 0. A comparison of _h
magnitudes in the forward and return strokes reflect that _h at a given
h is larger in the forward stroke than in the return stroke. In other
words, the forward stroke is faster than the return stroke. The sce-
nario is opposite for f> 0.130 where the maximum _h magnitude pre-
vails in the return strokes just before reaching h ¼ 0, and _h is smaller
in the forward stroke than in the return stroke, i.e., now the return
stroke is faster than the forward stroke. The f ¼ 0.130 can be consid-
ered as the boundary of the two scenarios, which conforms with the
maximum net power generation observed in Fig. 5. Figure 6(b) dis-
plays that, with increasing f, the CM peak declines and the occurrence
of CM peak advances. The negative hysteresis region appearing
around h ¼ h0 thus gradually shrinks and disappears at f � 0.130
(Fig. 5). In the return strokes (e.g., 0.25 � t/T � 0.50 and 0.75< t/T
< 1.0), CM magnitude monotonically diminishes when f is increased.
Interestingly, in most part of the forward stroke (0< t/T< 0.25 and
0.45< t/T< 0.65), CM magnitude increases with f increasing from

0.035 to 0.130 and then declines with further increasing f, maximum
CM magnitude occurring at f ¼ 0.130. As power is the product of CM

and _h, one can easily understand that the positive work done takes
place mostly in the forward strokes (CM and _h both have the same
sign) and negative work done prevails mostly in the return strokes
(CM and _h having opposite signs). The large magnitude of CM in the
forward stroke for f ¼ 0.130, therefore, contributes to the power to be
maximum at f¼ 0.130 (Fig. 5).

2. Work done and efficiency

Figures 5 and 6 also reveal that h0 becomes small when f is
increased. One may arise a question of how the foil oscillation fre-
quency f� changes when f is increased. It is thus worth investigating
the dependence of h0 and f� on f [Fig. 7(a)]. Being maximum at f ¼ 0,
both h0 and f� decrease with f. Damping provides a moment in the
opposite direction of the rotation, the moment being proportional to

FIG. 6. (a) Lissajous diagrams of _hðt) vs h(t) and (b) time histories of CM(t) for different f values. Ur¼ 37.

FIG. 7. Dependence of (a) h0 and f� and (b) g on f at Ur¼ 37.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 33, 075111 (2021); doi: 10.1063/5.0056567 33, 075111-7

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


the angular velocity [Eq. (1)]. An increase in damping thus reduces the
maximum amplitude and foil oscillation frequency. The decrease is
however greater for f > 0.130 than for f < 0.130. Figure 7(b) shows the
relationship of energy harvesting efficiency g with f. Interestingly, g
grows from f ¼ 0 to 0.130 before declining for f > 0.130. The maxi-
mum g of 15.06% is thus obtained at f ¼ 0.130, corresponding to the
reduced frequency f � ¼ 0.151 that is generally adopted by the cruising
aquatic animals13–15 and is reported in a work on the energy harvesting
from a prescribed foil by Young et al.8 There is another small peak of g
at f ¼ 0.235, but it does not represent the global peak. It perhaps arises
from the nonlinear effect of f on CM, _h and phase lag between them.

To understand the energy harvesting mechanism, time histories
of h (blue line), _h (green line), CM (black line), and power coefficient
Cp (red line) are presented in Fig. 8(a) for Ur¼ 37 and f ¼ 0.130. As
the energy harvesting directly depends on the phase lag between _h and
CM, four phases are identified and classified over one oscillation cycle.
Moreover, we used the upstroke and downstroke to describe the foil
pitching motion from the lower extreme to the upper extreme and
from the upper extreme to the lower extreme, respectively.44–46 Phase
I is defined as 0–0.23T and 0.96T–T [D!A in Figs. 8(a) and 8(b)],
located mostly in the forward stroke of the upstroke. Phases II and III
lie mostly in the downstroke, following A!B (0.23–0.46T) and
B!C (0.46–0.73T), respectively [Figs. 8(a) and 8(b)]. The rest of the
region is phase IV denoted as C!D (0.73 � t� 0.96T) mostly lying
in the return stroke of the upstroke [in Figs. 8(a) and 8(b)]. The foil
captures energy from the fluid when _h and CM are of the same sign;
on the other hand, it transmits energy to the fluid flow when _h and
CM are of the opposite signs [Eq. (6)]. As illustrated in Fig. 8(a), _h > 0
and CM > 0 in phase I, _h < 0 and CM > 0 in phase II, _h < 0 and CM

< 0 in phase III, and _h > 0 and CM < 0 in phase IV. Therefore, the
foil extracts energy during phases I and III [+ symbol in Fig. 8(b)],
while transferring energy to the fluid during phases II and IV [� symbol
in Fig. 8(b)]. As the size of phases I and III is larger than that of phases
II and IV, the foil harvests a net power over one cycle. In addition, the
absolute value of the peak Cp in phases I and III is larger than that of the

minimum Cp in phases II and IV, which also explains the foil harvesting
net power from the fluid flow.

The effect of Ur on the energy harvesting is considered at f
¼ 0.130 with Ur¼ 37, 39, 42, and 45. The phase planes of CM vs h are
presented in Fig. 9 that shows that the enveloped hysteresis region
changes with increasing Ur. The hysteresis region narrows near h � 0
but swells around h � h0/2. The former hinders the foil’s capacity for
energy extraction.

3. Connection between work done and flow structures

It is worth investigating the connection between vortex formation
and energy extraction. As such, the vorticity structures and pressure
distributions for Ur¼ 37 with f ¼ 0.130 are illustrated in Fig. 10 to
explicate the connection between vortex formation, angular displace-
ment, and energy extraction. The presented snapshots of spanwise
vorticity x� (¼ xD/U1) and pressure p� distributions are for h ¼ h0/
2 [Fig. 10(b), forward stroke], h ¼ h0 [Fig. 10(c), maximum displace-
ment], h ¼ h0/2 [Fig. 10(d), retract stroke], and h ¼ 0 [Fig. 10(e),
mean position]. When the foil moves upward from point D that is
slightly below the mean position, the work done is positive which
could be understood from the fact that the lower surface undergoes
higher pressure than the upper surface [Fig. 10(b2)]. The torque is
thus positive, as is _h, and hence power. The upper boundary layer is
mostly attached to the upper surface of the foil while the lower one
separates from the foil tip and rolls weakly near the base, forming vor-
tex P1. With the foil moving from h ¼ h0/2 to h ¼ h0, the pressure
on the front and rear surfaces increase and decrease, respectively
[Fig. 10(c2)], consistent with the increasing CM(t) [Fig. 8(a)]. A
strongly rolling clockwise vortex N1 is generated from the foil tip,
reducing the pressure behind the tip [Fig. 10(c1)]. As the foil returns
from h ¼ h0 to h ¼ h0/2, both tip and base vortices (N1 and P1)
strongly roll, and the highly negative pressure region behind the foil
shifts from the tip to the base [Fig. 10(d)]. The lower surface still expe-
riences a higher pressure than the upper surface; that is, the CM

FIG. 8. (a) Time histories of _hðt) (green line), h(t) (blue line), Cp(t) (red line), and CM(t) (black line) at Ur¼ 37 and f ¼ 0.130. (b) Power exchange diagram in one oscillation
cycle.
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FIG. 9. Phase planes of CM(t) vs h(t) at f ¼ 0.130 for (a) Ur¼ 37, (b) Ur¼ 39, (c) Ur¼ 42, and (d) Ur¼ 45.

FIG. 10. (a) Power exchange diagram. [(b)–(e)] Corresponding vorticity (x�) structures [(b1), (c1), (d1), and (e1)] and pressure (p�) distributions [(b2), (c2), (d2), and (e2)]. Ur
¼ 37 and f ¼ 0.130.
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remains positive against negative _h [Fig. 8(a)]. Negative power thus
comes into being, the foil releasing energy to the fluid. When the foil
travels from h ¼ h0/2 to h ¼ 0 [Fig. 10(e)], the signs of pressure swap
between the upper and lower surfaces, generating negative CM against
negative _h. The power is therefore positive at h ¼ 0. Both base and top
vortices (N1, N2, and P1) appear on the upper side of the foil while the
lower boundary layer remains attached on the lower surface.
Interestingly, the vortices strongly change and grow from h ¼ h0 to h
¼ h0/2 [Figs. 10(c) and 10(d)] where they receive energy from the foil.
Comparing Figs. 10(b) and 10(d) corresponding to the positive and
negative power, respectively (both at h ¼ h0/2), it is understood that
strong vortices are generated from the foil at h ¼ h0/2 [Fig. 10(d)]
where negative power is produced. On the other hand, no strong vorti-
ces appear at the state of positive power [Fig. 10(b)]. It can thus be con-
cluded that the vortices strongly roll and receive energy from the foil in
the negative power region. On the other hand, in the positive power
region, the foil receives energy from the flow, and vortices are weak. In
other words, vortices grow less and more when the foil receives energy
and transfers energy, respectively. The above information as to the rela-
tionship between vortex growth and power is very fancy and can be
used to enhance the power by suppressing or weakening the vortex for-
mation in the return stroke. In a free vibration test of two elastically
mounted tandem cylinders, Qin et al. found two types of vortices in the
wake.47 One type of vortices does positive work on the cylinder and
vanishes rather rapidly in the wake. On the other hand, the other type
is well-structured and stronger, connected to a negative work done on
the cylinder. Moreover, given that the foil rotates around the center of
the semicircular trailing edge, the pressure change around the trailing
edge may have a minimum contribution to the total moment. As such,
the trailing edge flow separation may have a much smaller contribution
to the energy harvesting compared to the leading-edge flow separation.

4. Effects Ur and f on flow structure

Figure 11 presents the vorticity structures for Ur ¼ 37 and 45
when f¼ 0.055. As seen in Figs. 11(a) and 11(b), when Ur is increased

from 37 to 45, the vorticity structure changes in size, spatial arrange-
ment, and x� magnitudes. At h ¼ h0/2 [forward stroke, Fig. 11(a1)],
the flow at Ur¼ 37 displays a positive vortex Pa1 and a negative vortex
Na0, the former rolling on the trailing edge of the foil. Although gener-
ated from the upper side of the foil in the previous cycle, vortex Na0

lies below the symmetric line (y� ¼ 0). On the other hand, for Ur¼ 45
[Fig. 11(b1)], negative vortex Nb0 and positive vortex Pb1 both are
enfeebled, yet not well-structured, compared to the counterparts in the
case of Ur¼ 37. When the foil arrives at its maximum displacement [h
¼ h0, Figs. 11(a2) and 11(b2)], the wake structures for Ur¼ 37 and 45
are qualitatively similar to each other. The negative vortex is more
matured and away from the foil for Ur¼ 45 than for Ur¼ 37. The
negative vortices (Na1 and Nb1) generated at h ¼ h0 enlarge in size in
the return stroke [h ¼ h0/2, Figs. 11(a3) and 11(b3)] as do positive
vortices (Pa1 and Pb1). In particular, the distance n between the dipole
increases from Ur¼ 37 to 45, i.e., nb > na [Figs. 11(a3) and 11(b3)].
The convective velocity of Nb1 is higher than that of Na1, which can be
understood from the comparison of the streamwise movements of Nb1

and Na1 between h ¼ h0 and h ¼ h0/2 (return stroke). At h ¼ 0
[Figs. 11(a4) and 11(b4)], the negative vortex (Na1 and Nb1) pinches
off while another new vortex (Na2 and Nb2) is born. Vortex Pa1 for
Ur¼ 37 yet receives vorticities from the shear layer while the corre-
sponding vortex Pb1 for Ur¼ 45 is about to pinch off. The observa-
tions suggest that an increase in Ur may cause a change in the phase
lag between h and lift force CL as well as between h and CM.

The f effect on vorticity structures can be studied by comparing
the vorticity results for Ur¼ 37 between f ¼ 0.055 [Fig. 11(a)] and f
¼ 0.130 [Figs. 10(b1), 10(c1), 10(d1), and 10(e1)]. Vorticity structures
at both f ¼ 0.055 and 0.130 are qualitatively similar. There are, how-
ever, differences in vorticity concentrations and vortex phases between
n ¼ 0.055 and 0.130. For example, vortex P1 at h ¼ h0 for f ¼ 0.130 is
slightly bigger than vortex Pa1 for f ¼ 0.055 [Figs. 10(b1) and 11(a1)].
Their (P1 and Pa1) shapes appear different at h ¼ h0 [Figs. 10(c1) and
11(a2)] where P1 starts to roll up while Pa1 appears like a shear layer.
At h ¼ 0, vortices N2 and N1 for f ¼ 0.130 leads the corresponding
vortices Na2 and Na1 for f ¼ 0.055, N2 having more vorticity

FIG. 11. Comparison of spanwise vorticity x� structures between (a) Ur¼ 37 and (b) Ur¼ 45 at f ¼ 0.055.
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concentration than Na2 [Figs. 11(a4) and 10(e1)]. That is, a change in
f causes a change in the vortex phase, hence the phase lag between h
and lift force CL and/or between h and CM.

5. Drag and lift forces

Time-dependent drag coefficient Cd (¼ Fx/0.5qU1
2c) and lift

coefficient CL (¼ Fy/0.5qU1
2c) for Ur¼ 37 and 45 with f ¼ 0.055 are

presented in Fig. 12, where Fx and Fy are the drag and lift forces acting
on the foil, respectively. To assimilate Cd and CL evolutions during the
foil’s pitching, we first define the foil’s locomotion in phase / space
[Fig. 12(a)]. The / ¼ 0–2p labels one pitching period with / ¼ 0 and
p pinpointing h ¼ 0 while / ¼ p/2 and 3p/2 pinpointing h ¼ h0 and
�h0, respectively [Fig. 12(a)]. As shown in Fig. 12(b), Cd increasing in
the forward stroke (FS) reaches its maximum in the early return
stroke. The peak is, however, slightly delayed for Ur¼ 45 compared to
that for Ur¼ 37. One question may arise why the maximum Cd occurs
in the early return stroke. Note that when the foil returns from the
extreme to the mean position, the foil tip moves in the direction oppo-
site to the freestream flow. The effective flow velocity (flow velocity
with respect to foil) in the early return stroke is thus high as is the
effective bluff width (projection of c normal to the freestream flow).
This makes the occurrence of maximum Cd in the early return stroke.
It worth mentioning that a forced pitching foil undergoes maximum
thrust when it tends to return from its extreme position.45 The Cd, on
the other hand, is minimum just before the foil reaching its mean (/
¼ p) position. As such, Cd has two periods in one pitching period
of the foil, the second period being the time translation symmetry
of the first period. The maximum Cd declines with Ur increasing from
37 to 45.

Unlike Cd, the CL has one period in one pitching period, its magni-
tude being maximum after the foil crossing the mean position
[Fig. 12(c)]. Its value is close to zero when the foil is close to its extreme
position (/ ¼ p/2). It would be interesting to see how the total force
coefficient Ct ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2
d þ C2

L

p
and phase angle a ¼ tan�1ðCL=CdÞ vary

in one pitching period. As seen in Figs. 13(a) and 12(b), the Ct trend is
similar to Cd as Ct is mainly determined by Cd, with the amplitude of Cd

variation being about two times higher than that of CL (Fig. 12). The Ct

yet peaks in the early return stroke and dips to a minimum before
reaching the mean position. Although Cd and CL are found to be small
or close to zero for certain / values (Fig. 12), Ct is not close to zero any
more, but significantly high (Fig. 13), as the occurrence of small Cd and
CL is not at the same / value (Fig. 12). Figure 13(b) shows that a largely
follows CL curve. When the foil is close to the mean position (e.g.,
/ < p/8), the magnitude of a is as large as a > 0.75p/2, indicating
that Ct largely acts in the lift direction. On the other hand, when
the foil is close to its extreme position (i.e., 3p/8 < / < 5p/8), a is
close to zero, signifying that Ct is largely directed in the drag
direction.

IV. CONCLUSIONS

Energy harvesting from a passively oscillating inverted foil is
numerically studied at a thickness-based Reynolds number ReD ¼ 150.
In the case of the undamped system (f ¼ 0), the foil is not self-excited
until Ur¼ 27 but is excited for Ur> 27. The oscillation amplitude h0
grows from 0 to�0.54p for 27<Ur< 34, remaining more or less con-
stant of h0 � 0.54p for Ur�34. The foil requires a longer time in the
return stroke than in the forward strokes. The positive power hystere-
sis appears at jhj< h0/2, while the negative power hysteresis persists at
jhj> h0/2, the net power being zero.

FIG. 12. (a) Definition of foil’s locomotion in phase / space. Instantaneous (b) drag coefficient Cd and (c) lift coefficient Cl acting on the foil at f ¼ 0.055.
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The power exchange between the foil and fluid is studied for
Ur¼ 37 with f ¼ 0.035–0.295. For f < 0.130, both positive and nega-
tive power hysteresis appear in the phase planes of CM(t) vs h(t), simi-
lar to that for the undamped case. When f increases from 0.035 to
0.295, the positive hysteresis region grows, reaching a maximum at f
¼ 0.130 before declining, while the negative hysteresis region shrinks
and vanishes at f ¼ 0.130. The maximum power and efficiency thus
occur at f ¼ 0.130 with distinguished foil responses at f < 0.130 and f
> 0.130. The foil velocity is larger in the forward stroke than in the
return stroke for f< 0.130 while the opposite is the case for f> 0.130.
Both oscillation amplitude and frequency reduce when f is increased
from 0.035 to 0.295. The reduction is however less in f ¼ 0.035–0.130
than in f ¼ 0.130–0.295. The maximum efficiency corresponds to the
reduced frequency f� ¼ 0.151 that is usually adopted by the cruising
aquatic animals.

The link between vortex formation and energy extraction is
imparted. The vortices radically change and grow when the foil
releases energy to the flow, i.e., the foil oscillation enhances the growth
of the vortices. On the other hand, when the foil extracts energy from
the flow, vortices grow less and receive less energy from the flow. This
work provides important findings for a better understanding of the
power exchange between the fluid and the free oscillating foil. The
findings may be useful to design energy harvesters in rivers, nearshore
waters, or water canals. In addition, more work is required on multiple
inverted foils to enhance efficiency and to generalize the practical
applicability of energy harvesters.
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