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a b s t r a c t

The performance of a new type of flow energy harvester based on oscillating foils is inves-
tigated through numerical modeling by using two methods, a 2D thin-plate model and a 3D
nonlinear boundary-element model. The fluid–structure interaction problem involved in
the dynamics of a heaving/pitching foil coupled with an actuation/energy harvesting sys-
tem in this device is examined. The 2D analysis allows us to simulate dynamics of the flap-
ping-foil system over a large range of parameters and to identify areas of special interests
(e.g., high energy output or high efficiency). In the vicinity of these areas the 3D model can
accurately predict the performance of the system. By examining the power extraction
capacity and efficiency of the system at various geometric, mechanical, and kinematic
parameters, the optimal performance of the system is determined. In addition, the perfor-
mance is found to be enhanced by the presence of a solid ground, as well as the thickness of
the foil (at certain frequencies).

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

With the increasing demand for energy and the decreasing supplies of fossil fuels, water current and wind are re-emerg-
ing as alternative sources of renewable energy. A typical design of a flow-energy harvester, the windmill, characterizes a
number of blades with the rotation axis parallel to the incoming flow. This design may lead to large translational speed
at the tips of the blades, causing environmental problems such as noise and hazard to birds.

In recent years, a new type of flow energy recovery paradigm based upon a novel flapping-foil technology has been pro-
posed [1]. A prototype named Stingray was developed and tested [2]. The most distinctive feature of this new design is that it
replaces the rotating blades of a conventional windmill by a foil undergoing unsteady motions. By varying the pitch angle of
the foil periodically through a simple control/actuation mechanism, the new device was able to convert the responding heav-
ing motion of the foil into electric energy.

The interest in flapping foils stems from biomimetic studies of the locomotion of aquatic animals and insects. Modeled
after a fish fin or a insect wing, flapping foils were originally developed to be an efficient apparatus to generate propulsion
force [3,4]. During its unsteady motions, a flapping foil is also able to produce significant lift force [5], a mechanism utilized
in insect flying [6,7]. Other applications of flapping foils have also been explored. For example, both experimental [8] and
analytical studies [9] showed that a submerged flapping foil was capable of generating thrust under free-surface waves in
both head and following sea conditions.

Despite these studies on the dynamics of flapping foils, to date there exist very few studies on the capability of a flapping foil
to directly harvest the kinetic energy of an incoming flow. Through experiments and two-dimensional numerical simulations,
. All rights reserved.
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Jones and Platzer [10] examined the energy exchange between a uniform flow and a foil undergoing prescribed pitching and
plunging motions, and demonstrated the possibility of energy extraction. Performance enhancement was further shown via a
double-foil tandem formation [11]. In their numerical studies, the foil motion was prescribed so that the coupled dynamics of
the flapping foil, the energy generator, and the control/actuation system was not taken into account.

It is the primary objective of this study to carry out fully-coupled numerical investigations of the flapping-foil energy har-
vesting system and determine its feasibility, i.e., the capability of energy generation over reasonably large parameter regions.
Specifically we would like to determine the potential capacity and efficiency of the device. In contrast to previous studies, in
which the motion of the foil was arbitrarily prescribed, we solve a fully coupled fluid–structure interaction problem to obtain
the response of the foil. A dual-model approach, including a 2D thin-plate model and a 3D boundary-element model, is em-
ployed to map the behavior of the system over a wide range of mechanical and kinematic parameters, to achieve accurate
prediction of the optimal performance, and to examine factors that may affect the performance of the system.

In Section 2, the physical model that represents the flapping-foil energy harvesting system will be described. It will also
present the mathematical formulations and numerical issues of the 2D model and the 3D boundary-element method.
Numerical results, including the comparison between 2D and 3D predictions are presented in Section 3. Finally, conclusions
are given in Section 4.

2. Problem description and numerical approach

We focus on a case in which the foil has two degrees of freedom, heave and pitch. The pitch motion is prescribed, while
the heave motion is determined through the interaction among the surround flow field, the foil, the supporting system
(modeled as a spring), and the generator (modeled as a damper). The net power generation is evaluated as the difference
between the power absorbed by the damper and the power required to rotate the foil.

2.1. Physical problem

As shown in Fig. 1, we consider a foil mounted on a spring-damper base in a uniform flow with velocity U. A Cartesian
coordinate system ðx; y; zÞ is employed with x in the direction of U and y in the direction of the span. A pitching motion is
imposed and the pitch angle hðtÞ ¼ h0eixt , where h0 is the pitching amplitude and x the frequency of motion. The foil is free
to heave in the vertical direction with z ¼ zðtÞ. The pitching axis, which coincides with the position where the foil is attached
to the spring-damper base, is located at a distance b behind the center of the foil (b is defined to be positive if the pitching
axis is in the downstream side of the center). The chord length of the foil is a and the span is s. The spring is assumed to be
linear with a spring constant k. The damper, which represents the energy extraction from the generator, is assumed to be
viscous with a damping coefficient c.

The mass of the foil is assumed to be negligible compared to its added mass. The heaving motion of the foil is thus deter-
mined through
kzþ c _z ¼ F; ð1Þ
where F denotes the hydrodynamic lift force on the foil (including the added mass effect). By further assuming that the loss
of mechanical energy through the damper c is completely converted into electric energy, the average power output is ex-
pressed as
Po ¼ c _z2: ð2Þ
To activate the pitch motion, an external moment Ma is imposed. By ignoring the rotational inertia of the foil and considering
the balance of moments, we have Ma ¼ �M, where M is the hydrodynamic moment on the foil. The average power spent to
rotate the foil is given as
Pi ¼ Ma
_h2: ð3Þ
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Fig. 1. (a) Schematic of the flapping-foil energy harvester. (b) Definition of symbols.
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The net power generation is then determined as P ¼ Po � Pi. The corresponding efficiency, defined as the ratio between P and
the energy flux of the incoming flow, is
g ¼ P

qU3sh
; ð4Þ
where h is the heaving amplitude. In order to accurately predict the net power P and the efficiency g, it is necessary to eval-
uate the hydrodynamic lift force F, as well as the hydrodynamic moment M.

2.2. Mathematical models

2.2.1. Two-dimensional model
The 2D model used in this study originates from the thin plate approximation by Theodorsen [12]. Using linear analysis,

this model provides a closed-form solution of the hydrodynamic forces and moments on a zero-thickness plate undergoing
harmonic oscillation in a uniform stream. In a generalized form, it can also be applied to study general unsteady motions of a
plate [13]. Owing to its simplicity, it has been widely employed in the investigation of unsteady foil dynamics and flow-in-
duced instability [14].

For a 2D zero-thickness flat plate undergoing small-amplitude harmonic oscillations h ¼ h0eixt and z ¼ z0eixt , the hydro-
dynamic lift force is obtained as the combination of a quasi-steady lift force, an added mass force, and an adjustment due to
wake effects. Summing up these components, the lift force is [15]
F ¼ paqUsC½� _zþ Uhþ ða=4� bÞ _h� þ 1
4
pqsa2ð�€zþ U _h� b€hÞ; ð5Þ
where C is the lift deficiency factor, which denotes the wake-induced lift reduction. The natural frequency in the heave mode
is xn ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k=pqsa2

p
. Substituting Eq. (5) into Eq. (1), we have
z0=h0 ¼
pqaUs½U þ ixða=4� bÞ�C þ pqa2sðixU þ bx2Þ=4

ixc þ k� pqa½�ixUC þ ax2=4�s : ð6Þ
With the heave amplitude given as h ¼ jz0j, the average power output in Eq. (2) is calculated as
Po ¼ cx2h2
=2; ð7Þ
indicating that the power extraction is scaled as h2
0. Similarly, the hydrodynamic moment on the foil with respect to the

pitching axis is
M ¼ �pqa2s
4

b€zþ ða=4� bÞU _hþ a2

4
1
8
þ 4b2

a2

 !
€h� UCð4b=a� 1Þ½� _zþ Uhþ ða=4� bÞ _h�

( )
: ð8Þ
Assuming that the rotational inertia of the foil is negligible, from the balance of moment we have Ma ¼ �M ¼ M0eixt . The
average power spent to rotate the foil by activating the pitching motion through Ma is given as
Pi ¼ Ma
_h ¼ �xh0ImðM0Þ=2: ð9Þ
The corresponding efficiency is therefore calculated using Eqs. (4), (7), and (9). Note that according to Theodorsen [12], the
factor C in Eqs. (5) and (8) is
CðrÞ ¼ K1ðirÞ
K0ðirÞ þ K1ðirÞ

¼ Hð2Þ1 ðrÞ
Hð2Þ1 ðrÞ þ Hð2Þ0 ðrÞ

; ð10Þ
where r ¼ xa=U is the reduced frequency. Kn (n ¼ 0;1) is the modified Bessel function of the second kind, and Hð2Þn (n ¼ 0;1)
is the Hankel function of the second kind. For computational purpose, we approximate the deficiency factor by a ratio of
polynomials [16]:
CðrÞ � ðirÞ
3a3 þ ðirÞ2a2 þ ðirÞa1 þ a0

ðirÞ3 þ ðirÞ2b2 þ ðirÞb1 þ b0

; ð11Þ
where a0 ¼ 0:0451, a1 ¼ 0:5249, a2 ¼ 1:0761, a3 ¼ 0:5, b0 ¼ 0:0455, b1 ¼ 0:0699, and b2 ¼ 1:9022.

2.2.2. Three-dimensional model
Based upon the potential-flow theory, the dynamics of the 3D foil motions is mathematically formulated through 3D

boundary-integral equations. By using boundary elements, the method is applicable to arbitrarily-shaped bodies with fully
nonlinear body motion and wake development. An application of this model to investigate the swimming process of aquatic
creatures can be found in Zhu et al. [17]. The model successfully reproduced the experimentally observed and measured
properties such as the reverse Kármán Vortex Street in the wake and the hydrodynamic loads on the bodies. Furthermore
the model captures the near-body flow structures and complex wake–wake and wake–body interactions, demonstrating
its capability to predict hydrodynamic performances of unsteady foils.
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In this approach, the flow is assumed to be irrotational except for zero-thickness vorticity sheets in the wake. The flow
potential Uðx; tÞ (x ¼ ðx; y; zÞ represents an arbitrary point in space) is written as the linear superposition of two parts,
U ¼ /b þ /w, where /b represents the contribution from the foil body and /w the contribution from the wake. The problem
is thus decomposed into two interdependent ones: the boundary value problem for /b, and the evolution of the wake which
determines /w.

The boundary-value problem for /b consists of the Laplace equation r2/b ¼ 0 inside the fluid domain, the far field con-
dition jr/j ! 0 as jxj ! 1, and the no-flux condition on the foil surface Sb:
n � r/b ¼ n � ½Vbðx; tÞ � r/w�; ð12Þ
where Vb is the instantaneous velocity of the foil, n is the unit normal vector pointing into the foil. The integral equation for
is obtained by invoking the Green’s theorem, at any point x ¼ ðx; y; zÞ on the foil surface we have
2p/bðx; tÞ þ
Z Z

Sb

/bðx0; tÞn0 � rð1=jx� x0jÞdx0 ¼
Z Z

Sb

ð1=jx� x0jÞn0 � r/bðx0; tÞdx0: ð13Þ
In Eq. (13), the left-hand side terms contain the unknown potential /b on Sb. The right-hand side term is known since the
value of n � r/b on Sb is given through Eq. (12).

To solve Eq. (13), a low-order boundary-element algorithm is applied to find the unknown body influence potential /b on
Sb. The foil surface Sb is discretized into Nbs spanwise panels and Nbc chordwise panels. In addition, Nbc panels are added at
each end of the span to close the tips. Therefore, the total number of body panels is Nb ¼ ðNbs þ 2ÞNbc. Within each panel Sbj,
j ¼ 1; � � � ;Nb, the body potential /b and its normal derivative are assumed to be constants. By collocating at the centroids of
the panels, Eq. (13) becomes a system of linear equations, and can be readily solved. With the value of /b on Sb thus deter-
mined, its value at any point x inside the fluid is evaluated through the Green’s theorem, i.e.
/bðx; tÞ ¼ �
1

4p

Z Z
Sb

/bðx0; tÞn0 � rð1=jx� x0jÞdx0 þ 1
4p

Z Z
Sb

ð1=jx� x0jÞn0 � r/bðx0; tÞdx0: ð14Þ
To determine /w, the wake is denoted by a distribution of dipoles on a sheet starting from the sharp trailing edge of the foil.
The wake sheet elongates at every time step, representing the continuous shedding of vorticity from the trailing edge. The
strength of newly shed wake is determined by the Kutta condition, either explicit or implicit. The explicit Kutta condition eval-
uates the new wake strength /w at the trailing edge as the instantaneous difference of body influence potential /b between
the upper and lower surfaces near the edge [17]. The implicit Kutta condition, on the other hand, enforces a zero pressure
difference condition across the trailing edge through Newton–Raphson iterations [18]. While the implicit Kutta condition
is expected to be more accurate, it is computationally expensive owing to the evaluation of the Jacobian. In the present work,
the explicit Kutta condition is therefore applied. The rest of the wake, treated as a material surface, is carried downstream by
the collective effect of the upcoming flow and the self-induced velocity, and its strength is kept unchangeable due to the
absence of dissipation. In order to stabilize the evolution of the discretely distributed vorticity in the wake, it is necessary
to introduce a desingularization algorithm, in which we assign a finite core radius d to each (body or wake) panel of dipole
distribution. It has been demonstrated that the hydrodynamic forces on the body are not sensitive to the value of d [17].

With the flow potential U given by summing up the body influence potential /b and the wake influence potential /w, the
hydrodynamic force Fh on the body surface is readily determined through Bernoulli’s equation, we have
Fh ¼ �q
Z Z

Sb

oUðx0; tÞ
ot

þ 1
2
jrUðx0; tÞj2

� �
n0dx0: ð15Þ
Similarly, the hydrodynamic moment Mh is given as
Mh ¼ �q
Z Z

Sb

oUðx0; tÞ
ot

þ 1
2
jrUðx0; tÞj2

� �
n0 � ðx0 � xrÞdx0; ð16Þ
where xr is the location of the reference point (rotation axis). The lift force F is the z-component of Fh, and the pitch moment
M is the y-component of Mh.

To solve the coupled fluid–structure interaction problem, we employ an iteration scheme. In most cases only a few iter-
ation steps are needed, provided that the time step Dt is sufficiently small. The procedure is outlined below:

Step 1. At any time t, we start from an initial guess that the vertical position of the foil z remains the same as the previous
time step, z1 ¼ zðt � DtÞ;

Step 2. The hydrodynamic problem is solved based on z1 and the updated pitch angle hðtÞ to evaluate the lift force FðtÞ;
Step 3. Eq. (1), which governs the heaving motion of the foil, is numerically integrated to obtain the updated position z;
Step 4. If z is not sufficiently close to z1, we set z1 ¼ z and repeat steps 2–4.

The boundary-element solver has been extensively validated through convergence tests and comparisons with other ana-
lytical, numerical, and experimental works [17,19]. To further demonstrate the validity and accuracy of the coupled 3D
method, we perform convergence tests with respect to the numerical parameters, including the number of panels deployed



Table 1
Convergence of the power extraction P (normalized by Pmax) with respect to the number of body panels using Dt ¼ T=128

Nbs n Nbc 10 20 40 80

10 0.403 0.322 0.349 0.358
20 0.390 0.310 0.338 0.346
40 0.381 0.303 0.332 0.340

Table 2
Convergence of the power extraction P (normalized by Pmax) with respect to the time step using Nbs ¼ Nbc ¼ 40

T=Dt 32 64 128 256

0.476 0.377 0.332 0.317
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Fig. 2. Power extraction (divided by Pmax) at k ¼ 0 as functions of the frequency x and the damping coefficient c.
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on the foil surface Nbs and Nbc, as well as the time step Dt. In all the following computations, the problem is normalized by
setting the chord length a ¼ 1, the fluid density q ¼ 1, and the speed of the incoming flow U ¼ 1. For the convergence tests
we consider a rectangular foil with NACA0005 cross-sections and aspect ratio s=a ¼ 10. No spring is included so that k ¼ 0.
The pitching axis is located at the mid-chord (b ¼ 0). The amplitude of pitch motion h0 ¼ 10�, the frequency x ¼ 2 (the cor-
responding period T ¼ p), and the damping coefficient c ¼ 10p. As shown in Tables 1 and 2, convergence is achieved with
respect to Nbs, Nbc, and Dt. Based on these convergence tests, in the following computations Nbs ¼ Nbc ¼ 40 and
Dt ¼ T=128 are chosen. With these numerical parameters, the computational error is expected to be around 3%, which is
sufficiently small for most applications.

3. Results

3.1. 2D results

We first apply the 2D model to evaluate the performance of the energy harvester. Unless otherwise specified, the pitching
amplitude h0 ¼ 10� is chosen. Five different locations of the pitching axis (b ¼ �0:5;�0:25;0;0:25; and 0.5) are examined.
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Fig. 3. Same as Fig. 2 but for efficiency g.
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We start from the case k ¼ 0, representing a system with no spring on the base. By considering x� 1, a low-frequency
approximation of the solution is achieved and the maximum power extraction is
Pmax ¼
p
8

qasU3h2
0; ð17Þ
which is achieved at c ¼ pqasU. The corresponding heaving amplitude and the efficiency are h ¼ Uh0=2x and g ¼ pah0x=4U,
respectively. Further simulations confirmed that the power extraction in Eq. (17) was also the maximum power extraction
that can be obtained by the system for any b, k or x. Figs. 2 and 3 show the power extraction P and the efficiency g as func-
tions of the frequency x and the damping coefficient c. When the pitching axis is located at the trailing edge (b ¼ 0:5), po-
sitive P is observed at low frequencies (x < 1:6). The maximum power extraction is achieved in the vicinity of x 	 0. The
corresponding efficiency, on the other hand, only reaches 4% (at x � 0:5 and c � 1:5).

At b ¼ 0:25, in low frequencies the performance of the system is similar to the case with b ¼ 0:5. As the frequency in-
creases, however, the system shows a peculiar behavior, characterized by monotonically increasing P and g as both x
and c increase. The maximum power extraction is about 0:28Pmax (achieved beyond the frequency range shown in Fig. 2),
and the efficiency g keeps growing. Indeed, the results show that could even be larger than 1 in very large x and c. This
is attributed to the fact that the definition of g does not include the influence of pitching motion. This special case will be
re-examined later with the more sophisticated boundary-element approach.

If the pitching axis is located at the mid-chord (b ¼ 0), the leading edge (b ¼ �0:5), or 1/4 chord length from the leading
edge (b ¼ �0:25), the performance of the system is qualitatively similar to the case when b ¼ 0:5. Among these cases, the
best performance is achieved at b ¼ 0, with a maximum efficiency g � 0:08.

Cases with non-zero k’s are also investigated. It is found that the region of positive P, denoting the range of parameters
where power extraction from the incoming flow is possible, shrinks as k increases. The positive P regions will eventually dis-
appear when k is sufficiently large.

To summarize, among all the cases we study, the best performance is obtained at k ¼ 0 and b ¼ 0 (mid-chord), where the
power extraction P is close to Pmax and the maximum g at h0 ¼ 10� is around 8%. According to our 2D model, g is linearly
proportional to h0, indicating that higher efficiency is achieved by increasing h0. However, large h0 also leads to large heave
motions, which may violate the linear model assumption of small-amplitude low-frequency motions for foils with small
thickness and large span-to-chord ratios. To achieve more accurate predictions, in the following a 3D boundary-element mod-
el that incorporates the 3D geometry of the foil, nonlinear foil motion, and nonlinear wake evolution, is used to supplement
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the 2D model results. Owing to concerns about computational efforts, we will concentrate on the case corresponding to opti-
mal performance at k ¼ 0, b ¼ 0, and c ¼ pqasU. The case at b ¼ 0:25, which is distinguished by its unique behavior, will also
be re-examined. In addition, the effects of a solid ground will be addressed.

3.2. 3D results

To investigate the performance of the flapping-foil energy harvester with the boundary-element approach and compare
with the 2D results, we focus on the optimal performance case ( k ¼ 0, b ¼ 0), and the case in which the behavior of the sys-
tem is different from others (b ¼ 0:25). Fig. 4 displays the heaving amplitude h, the power extraction P, and the efficiency g of
the system with a prescribed pitching amplitude h0 ¼ 10�. Two different cross-sections, NACA0005 and NACA0025, are em-
ployed to demonstrate the effect of foil thickness. For a NACA0005 foil with s=a ¼ 10, the predictions of both the amplitude h
and the efficiency g are close to the 2D results. The power extraction P agrees with the 2D prediction at high frequency
(x > 2), while insignificant discrepancy exists at low frequency, attributed to nonlinear effect associated with large heaving
motion. The thickness of the foil is shown to decrease the power extraction/efficiency when x < 2:8, and increase them
otherwise. The reduced aspect ratio (s=a ¼ 2), on the other hand, decreases the heaving motion, the power extraction,
and the efficiency in all the frequencies.

Despite the fact that in most cases with large aspect ratio and small foil thickness the 2D and the 3D predictions match
quantitatively well with each other, discrepancies exist in certain parameters. The most notable case is at k ¼ 0 and b ¼ 0:25.
For a close-up illustration, in Fig. 5 we plot the heaving amplitude h, the power output Po, the power input Pi, and the net
power extraction P ¼ Po � Pi as functions of x. The damping coefficient is chosen to be linearly proportional to x and spec-
ified as c ¼ pqa2sx (corresponding to the bottom-left to upper-right diagonal line in Fig. 2b). As we see, the 2D and the 3D
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models agree favorably with each other in terms of the predicted heaving amplitude h (Fig. 5a), and subsequently, the power
output Po (Fig. 5b). For the power consumption Pi, however, there exists considerable (but not large) difference between the
two predictions (Fig. 5c). On the other hand, this particular case coincides with the scenario when Po 	 Pi 
 jPj. As a result
any relatively small discrepancies in Pi or Po are amplified into a large discrepancy in P, as is shown in Fig. 5d. The specialty of
this case is that although in the large x region the 2D model predicts high performance of the system, the more accurate 3D
model shows no power extraction.

Fig. 6 shows that at x ¼ 2 and up until h0 ¼ 30�, the h, P, and g predictions of 3D and 2D models are very close. The effi-
ciency is almost linearly scaled with respect to h0.

4. Conclusions and discussion

A dual-model approach, including a 2D thin-plate model and a 3D boundary-element model, is employed to investi-
gate the power extraction capacity of a flapping foil energy harvester consisting of a heaving–pitching foil coupled with a
spring-damper base. The 2D model provides a leading-order estimate of the performance over a large range of mechanical
and kinetic parameters, while the 3D model accurately predicts the dynamics of the system at the parameters where
large power extraction capacity and large efficiency are found. Through systematic simulations using the 2D model,
we found that the optimal performance of the system was achieved in the case when there is no spring, and when
the pitching axis is located at the center of the chord. In this case, by using a thin foil with NACA0005 cross-sections
and an aspect ratio of 10, the 3D boundary-element model delivers results that agree with the 2D predictions. We also
found that the performance of the system was compromised by the three-dimensionality. The thickness of the foil
increases the power production at higher frequencies. According to the 2D model, high performance is also achieved
when the pitching axis is located at 1

4 chord length from the trailing edge. This prediction, however, is proven to be
spurious via the 3D model.

The accuracy of our models is affected by the potential flow approximation. In oscillating foils, the effect of viscosity is
manifested in the formation and shedding of vortices near the leading edge (leading-edge separation). By visualizing the
near-body flow field around a heaving–pitching foil, it has been shown that the strength of leading-edge separation is deter-
mined by the Strouhal number St � hx=pU, as well as the maximum angle of attack amax ¼ jh� tan�1ð _z=UÞjmax [3]. The
important finding is that at a moderate heave amplitude (h=a 	 1), if the angle of attack is small (amax < 7� ) or if the Strouhal
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number is small (St < 0:12 ), the vorticity generated near the leading edge can be neglected. Beyond these parameter regions,
the leading-edge separation is distinguishably present. Indeed, within a certain range of parameters (0:3 < St < 0:5 and
13� < amax < 36�), the flow field is dominated by vortices generated near the leading edge. In the same study, a potential-
flow model was adopted and its prediction of hydrodynamic forces was consistent with experimental measurements up un-
til St 	 0:3, beyond which discrepancies were observed. To ensure that the influence of leading-edge separations can be ne-
glected in our simulations (ref. Figs. 4–7), we examine the corresponding St and amax. For h0 ¼ 10� and over the whole range
of x, we have St < 0:05 and amax < 7�. As x ¼ 2 and h0 6 30�, the maximum angle of attack increases beyond the threshold
(7�), but the Strouhal number remains smaller than 0.1. These results suggest that the effect of leading-edge separation in
our simulated cases is negligible. To summarize, by examining the range of Strouhal number and maximum angle of attack,
the effect of leading-edge separation, which is not included in our numerical models, is found to be insignificant in the cases
considered in this study.

Our simulations indicate that the maximum power extraction is pqasU3h2
0=8. For example, the power extracting capacity

of a foil with a 1 m chord and a 10 m span in a 2 m/s water current is about 8.6 KW assuming that the pitching amplitude is
30�. At that pitching amplitude, the maximum efficiency is around 25%, which is low compared to the Betz coefficient (at
around 59% it is theoretically the highest efficiency a windmill can achieve). One possible measure to increase the efficiency
is to apply multiple foils in a tandem formation so that the downstream foils can further extract energy from the wake of the
upstream foils, as suggested by Jones et al. [11]. Another measure is by simply putting the system close to the solid ground
(sea floor) and utilizing the ground effect. In a steadily translational foil, it is known that the presence of a solid ground will
increase the lift force, owing to the blocking of trailing vortices. Fig. 7 demonstrates the performance of the flapping-foil en-
ergy harvester with and without the ground effect. It is seen that the presence of the ground increases the heaving response
of the foil, and greatly enhances both the power extraction and the efficiency. Indeed, in many cases the efficiency is doubled
by the ground effect. We note that when the frequency of motion is small the heaving amplitude becomes so large that the
foil may collide with the ground. These cases are subsequently ignored.
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