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Oscillating-foil turbines have already proven to achieve efficiencies higher than 40% when operating at heaving

amplitudes of the order of one chord with sinusoidal motions. In this 2D numerical parametric study, the energy

extractionof anoscillating foil at aReynolds number of 500,000 ismaximizedbyprescribing large heavingamplitudes

in combinationwith amodified pitchingmotion that imposes a sinusoidal evolution of the angle of attack. This allows

to maintain a high efficiency of 44% for heaving amplitudes as large as 15 chords, meaning that a single large-

amplitude turbine could efficiently exploit the same extractionwindowas about 10 smaller turbineshaving a standard

one-chord heaving amplitude. By further modifying the pitching function to maintain a high angle of attack over a

larger portion of the cycle, it is also possible to reach efficiencies as high as 49%. It is important to note that these

impressive efficiencies are achieved at the cost of a significant energy input for the reversal of the foil at every half

cycle, representing a potential practical challenge for a pitching controller.

Nomenclature

b = foil span, m
CM = moment coefficient about the pitching axis
CX = drag, or force coefficient in the x (incoming flow)

direction
CY = force coefficient in the y (heaving) direction

CP = cycle-averaged power coefficient, P∕��1∕2�ρU3
∞bc�

c = chord length, m
d = overall extent of the foil motion, m
f� = reduced frequency, fc∕U∞
H0 = heaving amplitude, m
h = heaving position, m
P = instantaneous power exchanged with the flow, W
Re = Reynolds number, U∞c∕ν
T = cycle period, s
t = time, s
U∞ = upstream velocity, m∕s
Vy = heaving velocity, m∕s
α = angle of attack
α0 = angle-of-attack amplitude
β = shape parameter of the angle-of-attack function
η = efficiency, P∕��1∕2�ρU3

∞bd�
θ = pitching angle
θ0 = pitching amplitude
_θ = pitching velocity, rad∕s
ϕ = phase shift between pitching and heaving motions

I. Introduction

R ECENT studies [1,2] have shown that an oscillating foil could
be used to efficiently extract kinetic energy from a flow instead

of conventional rotating-blade turbines. This turbine concept could

be particularly advantageous in certain environment where rotating
blades at high speed are not efficient or not appropriate, such as in
shallow rivers or tidal streams. However, unlike their horizontal-axis
counterparts, oscillating-foil turbines (OFTs) rely on unsteady fluid
dynamics and determining their optimal operating conditions require
complex analysis. During the last decade, modern computational
power has allowed to unveil the potential of this technology, which
explains the renewed interest in trying to fully understand its energy-
extracting mechanisms and maximize its theoretical performances
for a variety of applications.
An OFT consists of a foil undergoing simultaneous heaving and

pitching oscillating motions in a flow, extracting energy through the
positive work done by the generated hydrodynamic forces. Its
operating principle has been discussed in details in previouswork [3].
The current effort in understanding and developing this turbine
concept, pioneered by McKinney and DeLaurier in 1981 [4], was
recently summarized in two comprehensive reviews by Young et al.
[1] and Xiao and Zhu [2]. The oscillating motions can be either
prescribed using a controller ormechanical constraints, or be induced
by the flow itself in the case of a semipassive [5] or fully passive
turbine [6]. Although it is crucial in designing anOFT to establish the
way the motion of the foil is produced or constrained, this design
decision is not required to assess the hydrodynamic efficiency of the
turbine through numerical simulations. Thus, in this study, isolated
single foils are considered, with their motions fully prescribed.
In 2008, Kinsey and Dumas [3] first investigated the power-

extraction performances of a 2D oscillating foil under laminar flow
conditions at a Reynolds number Re � 1100. Prescribed sinusoidal
motions were used, with a heaving amplitude kept equal to the chord
(H0∕c � 1) while the reduced frequency f� and pitching amplitude
θ0 were varied to assess the efficiency in thef

� − θ0 parametric space.
The good performances of the best case reported, which had an
efficiency of 34%, were largely attributed to leading-edge vortex
shedding (LEVS) caused by dynamic stall at every half cycle and its
good synchronizationwith the foil’s heavingmotion,whichdominates
the energy extraction. This study eventually led to experiments on a
2 kW prototype mounted underneath a motor-powered boat on a lake
at Re � 500;000 [7]. The hydrodynamic efficiency was estimated to
be 30% for a single foil, after taking into account themechanical losses
in the power transmission, which was in good agreement with 3D
numerical simulations performed at the prototype’s operating
conditions [8]. These simulations allowed to evaluate the 3D effects,
with the conclusion that the decrease in efficiency compared with
the 2D case is mostly due to a spanwise uncorrelation of the shed
leading-edge vortex, thus yielding a less effective contribution of the
well-timed LEVS at the foil tips. This observation suggests that it
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would be difficult to develop an efficient technology that relies on this
phenomenon.
In 2014, another 2D parametric study similar to that of 2008 was

published by Kinsey and Dumas [9], but this time at the higher, more
practical Reynolds number of 500,000 used in the 2011 trials. Larger
heaving amplitudes of up to H0∕c � 3 were also studied, and
efficiencies as high as 44% were obtained. Surprisingly, in these
turbulent flow conditions and for the most efficient case found at
H0∕c � 1.5, no dynamic stall or well-timed LEVS was observed,
resulting in higher instantaneous forces and smoother power curve,
but negative mean pitching contribution. The importance of reaching
an optimal effective angle of attack (α) during the cycle was
emphasized, and a mathematical relation based on this criterion was
established to predict the optimal operating conditions at different
H0∕c for imposed sinusoidal motions.
Drofelnik and Campobasso [10] conducted one of the most recent

3D numerical studies on the subject at Re � 1;500;000, using
the same kinematic and geometric parameters as the previous 3D
study by Kinsey and Dumas [8], with an aspect ratio AR � 10. They
estimated that under these conditions, the 3D effects induce a 17%
and 12% relative loss in power extraction comparedwith the 2D case,
without and with endplates, respectively, and reiterated that relying
on the contribution of well-timed LEVS would not be practical in a
real-world application. Their results corroborated the ones obtained
by Kinsey and Dumas [8] although a higher Reynolds number and a
different turbulence model was used.
Kim et al. [11] recently did an extensive experimental parametric

study at Re � 50;000, using constrained sinusoidal motions with
H0∕c varying from 0.5 to 1.0. They used symmetrical foil cross
sections such as a thin plate or an ellipse, ensuring a well-defined
initiation of the LEVS. They investigated the impact of the aspect
ratio and the use of different sizes of endplates, and drew similar
conclusions as Kinsey and Dumas [8]: the delayed LEVS toward the
tips of the foil accounts for most of the loss in performance with low
aspect ratios, and endplates can significantly improve the efficiency
(ranging from 31 to 38% depending on their size). Interestingly, they
noted that the efficiencywas not very sensitive to an increase inH0∕c,
the extracted power increasing enough to compensate the larger
swept area.
With the exception of [9], all of the studies presented above focused

on an optimal case associated to H0∕c of the order of 1, despite the
fact that it is generally observed that the extracted power increases
with larger H0∕c. The apparently low interest in higher heaving
amplitudes might be explained by the poor angle-of-attack profiles
resulting from the imposed sinusoidal motions that are typically used
for OFTs, quickly becoming impractical with increasing H0∕c as
the heaving velocity gets much higher than that of the incoming
flow. Furthermore, because most of the literature concentrates on
cases featuring LEVS, it has become commonly accepted that this
phenomenon is essential to achieve good performances. However, as
concluded by the relevant 3D numerical studies, it would probably be
unwise and impractical for an OFT to rely on well-timed LEVS, the
latter being sensitive to the incoming flow velocity and turbulence
intensity, and its benefits being weakened on span sections near the
tips of a finite foil.
This paper proposes to explore the performances of OFTs

operating at large heaving amplitudes. To avoid variations in the α
profile through the parametric space, a sinusoidal angle of attack is
directly prescribed through a modified pitching function. This idea
was previously used for an OFT by Simpson [12] in an experimental
study at Re � 13;800, although it was the heaving motion that was
modified instead of the pitching motion to achieve similar results.
The highest efficiencies reported were obtained with a sinusoidal
angle of attack of amplitude α0 � 39° for a heaving amplitudeH0∕c
between 0.75 and 1.23. Young et al. [13] later investigated the effect
of varying the α profile for a turbine operating at H0∕c � 1 with a
flow-driven frequency in a 2D parametric study at Re � 1100. They
obtained efficiencies of up to 41% with a trapezoidal α profile of
amplitude 40°, compared with a maximum of 30% when using
sinusoidal motions. Finally, Lu et al. [14] studied similar α profiles at
Re � 10;000 with H0∕c � 0.8 and found that, when limiting α0 to

15°, the highest power extraction was achieved with a square-like α
shape, which improved the LEVS synchronization.
In this 2D parametric study, the power extracted by an OFT at

Re � 500;000 is investigated by varying its operating conditions.
Heaving amplitudes as high as H0∕c � 15 are considered,
effectively extending the relative portion of the cycle in which the
foil is in its maximum power extracting state, reducing the time spent
in the reversals. The objective of this work is not to present an
exhaustive parametric study but rather a demonstration of the
efficiency of the OFT concept operating at large heaving amplitudes.
In that sense, the present paper should be viewed as an extension to
our previous work also published in this journal [3,9].

II. Method

A. Foil Geometry and Kinematics

The OFT is represented by a 2D NACA 0020 undergoing a
pitching motion θ�t� around a pitching axis located at 0.275 chord
from the leading edge while undergoing a heaving motion h�t� in a
plane perpendicular to the incoming flow. This choice of pitching axis
location is motivated by an ongoing experimental study and differs
slightly from the one used in our previous work at xp∕c � 0.33
[9,15]. Figure 1 illustrates different positions of the foil during a cycle
of period T. The angle of attack α is defined as the angle between the
foil and the effective velocity, resulting from thevector addition of the
upstream flow and heaving velocities, and is expressed as:

α�t� � arctan�−Vy�t�∕U∞� − θ�t� (1)

where Vy is the heaving velocity corresponding to dh∕dt and U∞ is
the upstream velocity. As mentioned in [9], the effective angle of
attack as defined in Eq. (1) is not affected by the pitching velocity of
the foil. The latter may be associated to an effective camber that does
not affect the effective angle of attack α�t�.
For OFTs operating at low heaving amplitudes, the pitching and

heaving motions are traditionally sinusoidal and are expressed as:

θtrad�t� � θ0 sin�ωt� (2)

Fig. 1 Different positions of the foil during a cycle. The overall extent
of the foil’s motion d is used to determine the power extraction efficiency
of the turbine.

PICARD-DELAND ETAL. 5105

D
ow

nl
oa

de
d 

by
 L

A
V

A
L

 U
N

IV
E

R
SI

T
Y

 o
n 

Ja
nu

ar
y 

10
, 2

02
0 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.J
05

85
05

 



h�t� � H0 sin�ωt� ϕ� (3)

where θ0 and H0 are the pitching and heaving amplitudes,

respectively, ω � 2πf is the angular frequency, and ϕ is the phase

shift between the two oscillatingmotions, set to 90° for all the cases in

this study. As shown in Fig. 2 with the motion curves for operating

conditions close to the optimal case predicted by [9] at H0∕c � 3,
these functions result in an increasingly distorted angle-of-attack

profile at higher heaving amplitudes. A new function is therefore

proposed in this work to prescribe the angle of attack as sinusoidal:

α�t� � −α0 sin�ωt� (4)

where α0 is the angle-of-attack amplitude. To obtain the desired α
profile, the expression for the modified pitching function is derived

from Eqs. (1), (3), and (4):

θ�t� � arctan

�
−
ωH0

U∞
cos�ωt� ϕ�

�
� α0 sin�ωt� (5)

Note that, as discussed in [9], the instantaneous pitching angle

might reach values larger than 90° in order to achieve optimal

effective angle-of-attack amplitudes α0 at large heaving amplitudes

(see Fig. 2).
In this study, the heaving function is maintained sinusoidal, as

defined in Eq. (3). The three main parameters that define the

parametric space are thus the heaving amplitude normalized by the

chordH0∕c, the reduced frequency f� � fc∕U∞, and the amplitude

of the angle-of-attack profile α0 (or maximum angle of attack reached

during the oscillation cycle).

B. Power Extraction

Both the heaving and pitching motions of the foil contribute to its

energy exchange with the flow, and the instantaneous power is

expressed as:

P�t� � PY�t� � Pθ�t� � Y�t�Vy�t� �M�t�_θ�t� (6)

where Y is the force acting on the foil in the heaving direction andM
is the moment about the pitching axis. The dimensionless power

coefficient of the turbine is defined as:

CP � P

�1∕2�ρU3
∞bc

(7)

where P is the cycle-averaged power extracted by the foil, ρ is the
fluid density, and b is the foil span. In a similar manner, the heaving
force coefficient is defined as

CY�t� �
Y�t�

�1∕2�ρU2
∞bc

(8)

and the moment coefficient as

CM�t� �
M�t�

�1∕2�ρU2
∞bc

2
(9)

In the case of 2D simulations, the value of these coefficients is
given per unit depth. Multiple definitions for the efficiency η have
been used in the literature forOFTs, as noted in [9]. The one used here
is the most stringent one, taking into account the motion of any point
of the foil in the definition of the swept area, and is expressed as:

η � P

�1∕2�ρU3
∞bd

(10)

where d is the overall extent of the foil motion shown in Fig. 1.

C. Numerics

Unsteady Reynolds-averaged Navier–Stokes (URANS) simula-
tions have been run with the commercial software CD-Adapco
STAR CCM+ v11.04.010, using an incompressible segregated flow
solver together with the SIMPLE algorithm and the one-equation
Spalart–Allmaras turbulence model [16], with a modified production
term (modified deformation option) [17] as used previously by
Kinsey and Dumas [9,15]. Second-order schemes are used for
pressure, momentum, turbulent quantities, and time discretization.
The dimensions of the domain, shown in Fig. 3, depend on the

value of the heaving amplitudeH0∕c to account for the largevariation
in the size of the swept area between cases at H0∕c � 1 and
H0∕c � 15. This is essential to ensure a comparable confinement of
the turbine with respect to the boundary conditions. Indeed, Gauthier
et al. [18] observed that the power extracted by an OFT increases
linearly with the blockage ratio when the latter is inferior to 40%.
Here, a constant heavingwise blockage of 1% has been chosen
and the domain dimensions in the flow direction have been scaled
accordingly, as shown in Table 1. Uniform velocity inlet and zero
static pressure outlet are usedupstreamanddownstream, respectively,
with a modified viscosity ratio at inlet of ~ν∕ν � 3 corresponding to a
turbulent viscosity ratio of 0.2. Symmetry conditions are used for the
top and bottom boundaries. The flow domain is initialized with a
uniform field corresponding to the inlet conditions.
The oversetmesh function of STAR-CCM+ is used to superimpose

themoving foil’s meshwith the static backgroundmesh. Themoving
region is a 50,000-cell structured mesh generated with ANSYS
ICEM v17.0, using an O-grid that extends between 0.5 and 0.8 chord
radially from the NACA 0020 profile, with 382 nodes along the wall
and a first cell height of 6.5 × 10−5 chord. The resulting y+ has been
verified to be of orderO�1� overmost of the cycles for all simulations.
Although the same moving mesh is used for all cases, the hexagonal
background mesh, generated with STAR-CCM+, is adjusted with
H0∕c to ensure that the blockage effect is the same for all simulations.

Fig. 2 Comparison between a traditional sinusoidal pitching motion of
amplitude θ0 � 95° and a prescribed sinusoidal angle-of-attack profile of
amplitude α0 � 29°, withH0∕c � 3 and f� � 0.12.

Table 1 Domain dimensions, normalized with the chord length and
illustrated in Fig. 3, along with space and time resolution for different

heaving amplitudes

H0∕c Dy Dup Ddown Total cells TS/cycle

1 100 20 50 149,000 2,000
3 300 60 150 220,000 2,000
5 500 100 300 250,000 3,000
10 1,000 200 500 397,000 5,000
15 1,500 300 700 800,000 8,000
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Different zones have been defined to control the mesh density in the

heaving region as well as in the wake of the turbine, as shown in

Fig. 3, resulting in the number of cells given in Table 1.
The number of time steps (TS) per cycle has also been increased

with H0∕c to account for the larger velocities encountered at larger

heaving amplitudes in order to preserve a similar Courant number.

The number of iteration (IT) per time step has been fixed to 25, which

is sufficient to reach stabilized instantaneous force coefficients

(within 0.01%). To accelerate the computations in the transient period

before reaching a periodic flow solution, the six first cycles are

simulated using half the time resolution given in Table 1 and with

only 10 IT∕TS.

D. Cycle-to-Cycle Convergence

The evolution of the mean power coefficient CP with the

simulation cycles is monitored to ensure that a satisfying statistical

convergence is achieved for all cases. Different convergence patterns

have been identified by Kinsey and Dumas [9], such as a CP

converging monotonically to a constant value or approaching an

asymptote (type 1), a CP oscillating around an identifiable average

value due to complex vortex shedding that affects the foil differently

from cycle to cycle (type 2), or aCP with chaotic variations on a large

time scale due to the foil interactingwith its ownwake (type 3). In this

study, a type 1 behavior has been observed for most of the

simulations, whereas different convergence patterns are otherwise

clearly identified in Sec. III.A. The few simulations displaying a type

2 convergence have been run long enough to confidently extract an

averagedCP value overmultiple cycles, and cases displaying a type 3

convergence have been excluded from the analysis. Interested readers

can refer to [9] for illustrations of these three types of convergence.
For large heaving amplitudes, convergence is slower because the

domain, the number of cells, and the time resolution are larger. For

most of these simulations, theCP evolution has been monotonic with

a common asymptotic type 1 pattern. An estimation of the asymptote

is then computed to quantifyCP. Some cases that have been run for a

large number of cycles have been used to model the CP convergence

pattern with a law of the type:

CP � A

1� B exp�C�N �D�� � E (11)

where N is the number of cycles and A to E are curve fitting

parameters, E being the value of the asymptote. A nonlinear least

square regression has then been used to optimize these parameters for

the CP convergence curve of other cases, effectively predicting a

value for N → ∞. An example of such a prediction is given in Fig. 4

for a type 1 convergence. When this method is used, the values of

Fig. 3 Domain size (normalized with the chord length), boundary conditions, and mesh representation taken from a case withH0∕c � 5 with foil in its
upper heaving position. The vertical white line on the left and top portions of the figure represents the extent of the pitching axis heaving motion.

Fig. 4 Prediction of an asymptote value for theCP convergence curve of
a case at H0∕c � 15 with f� � 0.07 and α0 � 13°. Type 1 convergence.
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efficiency, force, and power coefficients are scaled accordingly (i.e.,

with the ratio of the predicted CP to the one obtained at the last

simulated cycle).

E. Validation

To validate the numerical method presented above, which differs

slightly from the ones usedpreviously byKinsey andDumas [3,9,15],

multiple simulations have been run for the test case of a sinusoidally

constrained NACA 0015 with a pitching axis located at 0.33 chord

from the leading edge, operating at H0∕c � 1 with pitching

amplitude θ0 � 75° and phaseϕ � 90° atRe � 500;000. Results are
compared with the ones reported by Kinsey and Dumas [7,15].
The specific case f� � 0.16, free of LEVS and thuswith dynamics

similar to themajority of the cases of interest in this study, is chosen to

investigate independence of time and space discretization. For both

the moving (mov.) and the background (back.) meshes, a coarser and

a finer version than the standard case described in Sec. II.C has been

created. Simulations have also been run with a lower and higher

number of time steps per cycle and iterations per time steps. Table 2

summarizes the resulting peak heaving force coefficient (ĈY), peak

moment coefficient (ĈM), and mean power coefficient (CP), along

with the corresponding reference data from Kinsey and Dumas [15].

Note that all validation cases have been simulated until a satisfying

CP convergence is achieved, as described in Sec. II.D.
Although the impact on theCP is small (less than 0.1%), increasing

the time resolution or number of iterations per time step both tend to

decrease the peak forces, but to a very limited extent when comparing

the standard (2000 TS∕cycle, 25 IT∕TS) and finer parameters

(4000 TS∕cycle or 50 IT∕TS). For a given time resolution and

number of iterations per time step, the peak forces and CP values

increase with mesh resolution. A similar observation is made on the

instantaneous curves provided in Fig. 5, which also show a good
matchwith the results from [15]. The difference between the standard
and fine mesh being very small, it is accepted that the results are
independent from time and space resolution with the standard
parameters.
With the selected numerical resolution, the same test case has then

been run at frequencies ranging from f� � 0.04 to 0.18 to compare
the results with experimental data [7], as well as the 2D and 3D
numerical validation study by Kinsey and Dumas [15], which used a
different solver and methodology. Figure 6 shows again a good
agreement between the 2D efficiencies of the present methodology
and those obtained in [15], apart from the case f� � 0.10, one with a
critical LEVS contribution thatmarked the beginning of an efficiency
plateau in the former study. Here, this plateau beginswith f� � 0.12,
after which the contribution of the LEVS (disappearing totally at
f� � 0.16) becomes no longer sufficient to compensate the faster
pitch reversals at higher frequencies (see Sec. III.B for a detailed
analysis of the energy extraction contributions). The results of the
present study match the trend of the referenced numerical and
experimental results, that is, a progressive increase of efficiency with
the reduced frequency until a plateau is reached. The 2D predictions
for high-performance cases converge to a higher efficiency plateau,
which is expected because 2D simulations do not account for the
losses at the wing tips. Note that the foil in the experimental and 3D
numerical studies had endplates and an aspect ratioAR ≡ �b∕c� � 7.

III. Results

A. Performance of the Optimal Cases

More than 150 cases have been simulated in order to characterize
thef� − α0 parametric space around the optimal operating conditions
for H0∕c � 1, 3, 5, 10, and 15 at Re � 500;000. With the
prescription of a sinusoidal angle of attack, maximum efficiencies of

Table 2 Numerical parameters and results for validation caseH0∕c � 1, f� � 0.16, θ0 � 75°

Case name Cells (mov.) Cells (back.) TS/cycle IT/TS ĈY ĈM CP

Ref. [15] N/A 42,200 2,000 N/A 3.168 (−0.90%) 0.613 (−0.09%) 1.023 (−1.31%)
Coarse mesh 30,000 67,000 2,000 25 3.137 (−1.88%) 0.607 (−0.92%) 1.018 (−1.82%)
Standard 50,000 99,000 2,000 25 3.197 0.613 1.037

Low IT 50,000 99,000 2,000 10 3.222 (0.78%) 0.619 (0.91%) 1.037 (0.08%)
High IT 50,000 99,000 2,000 50 3.195 (−0.08%) 0.613 (−0.03%) 1.037 (0.06%)
Coarse TS 50,000 99,000 2,000 25 3.220 (0.73%) 0.614 (0.20%) 1.036 (−0.03%)
Fine TS 50,000 99,000 4,000 25 3.187 (−0.33%) 0.613 (0.04%) 1.037 (0.06%)
Fine mesh 73,000 152,000 2,000 25 3.207 (0.30%) 0.613 (0.06%) 1.039 (0.24%)

The percentages are differential values relative to the standard resolution in bold.

Fig. 5 Instantaneous CP and CY curves for validation case H0∕c � 1,
f� � 0.16, θ0 � 75° with different mesh sizes, along with results from
Kinsey and Dumas [15].

Fig. 6 Resulting efficiency at different reduced frequencies for the
validation caseH0∕c � 1, θ0 � 75°. The experimental curve is aminimal
bound to the estimated hydrodynamic efficiencies in [7].
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44–45% are reached for all heaving amplitudes studied, as shown by

the efficiency contours provided in Figs. 7 and 8. The specific

parameters and performance metrics of the most efficient cases are

reported in Table 3.

As shown in Fig. 9, the optimal parametric region moves toward

lower values off� andα0 and its size decreases asH0∕c increases, the
performance of the turbine becoming more sensitive to variations in

the kinematic parameters. However, maintaining a high efficiency

with such a large extraction window implies that the foil extracts

about 10 times more power operating at H0∕c � 15 than when

operating with the same efficiency atH0∕c � 1. This can be seen by
comparing the values of mean power coefficient CP in Table 3. It is

important to note that the size of the extraction window d is not

exactly proportional to H0∕c, being more affected by the foil’s

rotating motion when H0∕c is small and the optimal value of α0 is
large (see Fig. 1). The efficiency is thus proportional to CP∕d, as
detailed in Eq. (10). Furthermore, the lower optimal kinematic

parameters f� and α0 found at higher heaving amplitudes do not

compensate for the larger distance that the foil needs to travel, and the

resulting maximum linear and angular velocities reached during the

cycle increase significantly with H0∕c for the efficient cases. The

Table 3 Kinematic parameters, turbine drag, and mean power extraction of the most efficient
cases found at each heaving amplitude studied

H0∕c f� α0, ° Max (Vy∕U∞) Max (_θc∕U∞), ° d∕c CX CPθ
CP η, %

1 0.14 37 0.88 77 2.72 2.135 −0.317 1.141 42.0
1 0.14 49 0.88 87 2.83 3.043 −0.135 1.258 44.5
3 0.12 27 2.26 118 6.70 5.320 −0.588 3.000 44.8
5 0.105 21 3.30 139 10.70 8.020 −0.640 4.810 44.9
10 0.08 18 5.03 154 20.71 15.424 −0.547 9.214 44.5
15 0.07 15 6.60 173 30.73 22.765 −0.544 13.489 43.9

Here, case H0∕c � 1, f� � 0.14, α0 � 49° is the only one featuring LEVS.

Fig. 7 Isocontours of efficiency in the f� − α0 parametric space for
H0∕c � 1. Simulated points are shown. A blue point indicates the
occurrence of LEVS, whereas a point circled in white and a point circled
in red represent type 2 and type 3 convergence, respectively.

Fig. 8 Isocontours of efficiency in the f� − α0 parametric spaces associated to high heaving amplitudes. Simulated points are shown. A blue point
indicates the occurrence of LEVS, whereas a point circled in red represents a type 3 convergence.
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associated accelerations, notably the angular acceleration, could

represent a mechanical challenge in practice for the pitch controller.

B. Low Heaving Amplitude and LEVS

Although LEVS is sometimes present at H0∕c � 1, it was absent
from most of the cases at higher heaving amplitudes, only occurring

when combining lowH0∕c, low f�, and high α0. One expects indeed
that a well-timed LEVS, which induces a pitching moment that helps

the rotation of the foil at every half cycle, becomes less important as

H0∕c increases and the time spent during reversals decreases.

Interestingly, a high efficiency of 42% is obtained without LEVS

even at the low heaving amplitude of H0∕c � 1. A comparison of

two cases leading to 42%efficiency is shown in Fig. 10, one featuring

LEVS and the other one without LEVS. In the case with no LEVS,

the boundary layer is close to separation during reversals, but stays

attached to the foil unlike the case featuring LEVS. This allows to
maintain a smooth and high-amplitude force coefficient CY during
the portion of the cycle at which the heaving velocity Vy is large,
although the two curves are not perfectly synchronized. The resulting
positive peak of the instantaneous power coefficientCP�t� is larger in
the absence of LEVS, which compensates for the negative mean
pitching contribution CPθ

.
When including cases with a type 2 convergence, and thus an

unstable CP, an even higher efficiency of 44.6% is found at
H0∕c � 1, with f� � 0.14 and α0 � 49°. In this case, the timing of
the LEVS varies from cycle to cycle, yielding an efficiency that
oscillates between 42 and 46%. Type 2 convergence has not been
observed in this study for any simulation ran at higherH0∕c, whereas
LEVS has been observed only for a few cases atH0∕c � 3 and 5, as
indicated by the blue dots in Fig. 8.
One can note that type 3 convergence (chaotic: red points in Figs. 7

and 8) occurs away from the optimal operating conditions. This is not
coincidental; increasing the angle-of-attack amplitude α0 and the
reduced frequency f� leads to a strong interaction of the foil with its
own wake [9], yielding unstable performances.

C. Impact of the Kinematic Parameters on Energy Extraction

For the reasons mentioned in Sec. II.A, prescribing the angle of
attack rather than the pitch angle becomes essential at high heaving
amplitudes such asH0∕c � 5, but the impact is somewhat limited for
low values such as H0∕c � 1, where high efficiencies had already
been achieved with sinusoidal motions. Kinsey and Dumas [9]
reported their optimal case atH0∕c � 1.5 and observed a drop in the
performances when further increasing the heaving amplitude.
In the present study, at H0∕c � 3, a sinusoidal α profile leads to

smoother instantaneous force and moment coefficients, which
ultimately improve performances. To illustrate this, Fig. 11 compares
the results between two efficient cases: onewith a sinusoidal pitching
motion θ�t� and the other with a prescribed sinusoidal angle of attack
α�t�. The kinematic parameters of both cases are chosen such that the
maximum angle of attack reached during a cycle is α0 � 29° at a
reduced frequency of f� � 0.12, resulting in the instantaneous α�t�
and θ�t� curves previously illustrated in Fig. 2.Note that the scales are
different between Figs. 10 and 11. With a prescribed angle of attack,
CY is maintained at a high value for a larger portion of the cycle,

Fig. 9 Overall view of the high-performance regions in the f� − α0

parametric space represented with iso-surfaces of η � 44% for various
values of heaving amplitudes. White points correspond to the most
efficient cases.

a) b)
Fig. 10 Comparison of the instantaneous power contributions and vorticity fields between two high-performance cases of same efficiency η � 42% at
H0∕c � 1, with or without LEVS. a) f� � 0.12, α0 � 47°; b) f� � 0.14, α0 � 37°.
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resulting in a fuller CP�t� profile and a higher efficiency (44%

compared with 37% for the sinusoidal θ�t� case). The pitching power
contributionCPθ

tends toward a steady null valuewhen the foil is at its

maximal angle of attack (i.e., around t∕T � 0.25 and t∕T � 0.75),
although turning into an intense negative peak during reversals due to

the higher pitching velocity _θ (see Fig. 2).

Let us now compare the optimal cases at different heaving

amplitudes listed in Table 3, and thus with varying values of f� and
α0. The force and power coefficient profiles are found to be similar to

that of the case shown in Fig. 11b for all efficient cases without LEVS

at H0∕c � 3 and 5. For H0∕c � 10 and 15, the higher velocities

amplify the unsteady effects and the intensity of the variations of the

instantaneousCY , as shown in Fig. 12 forH0∕c � 10. This results in
a drop of the CP�t� slope after the reversals (i.e., around t∕T � 0.1
and 0.6) when comparing to cases at lower heaving amplitudes.

Nevertheless, the magnitude of theCP curve increases withH0∕c, as
seen with the different scales used in Figs. 10–12. This is due to the

higher heaving velocity Vy, but also to a slight increase in the

amplitude of the CY curve, both leading to a higher heaving power

coefficient CPY
. Interestingly, this is not the case for the mean

pitching contribution CPθ
, although the instantaneous CPθ

�t� peak
does increasewithH0∕c. Indeed, when the foil is not ongoing a high-
speed reversal, CPθ

�t� tends toward lower values as H0∕c increases,
because the kinematic parameters f� and α0 have lower optimal

values.

As pointed out in the experimental study by Kim et al. [11], the

encounter of an optimal operating frequency is due to the cumulative

effect of a heaving contribution increasing with f� and a pitching

contribution decreasingwithf�. Figure 13 shows an example of these

contributions in the f� − α0 parametric space for H0∕c � 5. The
highest CPY

is always found at the highest value of f�, whereas the
less negative CPθ

is found at the lowest f�, and vice versa, for all

heaving amplitudes studied. However, the occurrence of well-timed

LEVS disrupts the uniformity of the CPθ
distribution for H0∕c � 1

and H0∕c � 3, which features positive values leading to secondary

peaks in the efficiency contours shown in Figs. 7 and 8.

For a fixed frequency and heaving amplitude, the optimization of

the amplitude of the angle of attack, the α0 parameter, mainly allows

a) b)

5

0

-5

5

0

-5

Fig. 11 Comparison between two efficient cases at H0∕c � 3 and f� � 0.12 sharing same α0 � 29°, whose α�t� and θ�t� curves are shown in Fig. 2:
a) sinusoidal motions with θ0 � 95° and b) prescribed sinusoidal angle of attack with α0 � 29°.
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a) b)

5

0
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Fig. 12 a) Instantaneous power contributions and b) vorticity field for the most efficient case with sinusoidal α�t� atH0∕c � 10, that is, f� � 0.08 and
α0 � 18°.
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to modify the shape of CY and improve the synchronization of its

peakwith themaximumheaving velocity V̂y, at t∕T � 0.25 and 0.75,
and thus increase CPY

. A higher α0 has not been found to be directly
related to higher CY or CPθ

values, although it does systematically

increase the drag of the turbine, CX. This is also the case for an

increase in frequency or in heaving amplitude with other parameters

fixed, as expected.

D. Optimization Through Further Tuning of the Effective Angle-of-

Attack Function

As seen in the results so far, a prescribed sinusoidal effective angle

of attack is suitable to high heaving amplitude cases; however, it is not

necessarily an optimal shape function.

A new function is therefore proposed in this work to prescribe the

angle of attack as:

α�t� � −α0 sin�ωt� β sin�2ωt�� (12)

where α0 is the angle of attack amplitude and β is a shape parameter

that flattens the α�t� profile around its peak value compared with a

sinusoidal profile (β � 0). This is shown in Fig. 14. To obtain the

desired α profile, the expression of the modified pitching function is

derived from Eqs. (1), (3), and (12):

θ�t� � arctan

�
−
ωH0

U∞
cos�ωt� ϕ�

�
� α0 sin�ωt� β sin�2ωt��

(13)

Flattening the α�t� profile around its peak value is usually

beneficial for large heaving amplitude cases as shown in Table 4,

where the best cases found for sinusoidal angle of attack (β � 0) are
further improved when using β � 0.6 or 1.
The dashed lines in Fig. 15 provide an example of the impact of

increasing the β parameter for a highly-efficient case at large heaving

amplitude, where it has been observed to be beneficial to the

efficiency. The modified α profile, with higher values around t∕T �
0.1 and t∕T � 0.4 (see Fig. 14), leads to an increase in CY . This

results in a fullerCP�t� profile and a higher overall energy extraction,
at the expense of amore negativeCPθ

with a higher peak value during

the reversals. Sustaining a large angle of attack, along with the more

aggressive reversals, also increases the risks of dynamic stall. Indeed,

using β � 1 with the optimal case at H0∕c � 3 has been found to

trigger unsynchronizedLEVS, hence the use of a lower value β � 0.6

Fig. 13 Distribution of the heaving and pitching power contributions in
the f� − α0 parametric space forH0∕c � 5.

0 0.2 0.4 0.6 0.8 1
-100

-75

-50

-25

0

25

50

75

100

Fig. 14 Impact of the β parameter on the instantaneous pitching angle
and effective angle of attack.

Table 4 Effect of increasing the β parameter on the
performance metrics of the most efficient cases presented

in Table 3

H0∕c f� α0, ° β CX CPθ
CP η, %

3 0.12 27 0 5.320 −0.588 3.000 44.8
3 0.12 27 0.6 6.179 −0.714 3.152 46.8
5 0.105 21 0 8.020 −0.640 4.810 44.9
5 0.105 21 1.0 9.303 −0.957 5.196 47.9
10 0.08 18 0 15.424 −0.547 9.214 44.5
10 0.08 18 1.0 17.585 −0.743 10.196 49.0
15 0.07 15 0 22.765 −0.544 13.489 43.9
15 0.07 15 1.0 25.839 −0.727 15.083 49.0

Bold values of β correspond to the new, improved cases with respect to

the original cases of Table 3.

0

Fig. 15 Comparison of the instantaneous power contributions for

sinusoidal (β � 0, η � 44.5%, solid lines) and modified (β � 1,
η � 49.0%, dashed lines) angle-of-attack evolutions. H0∕c � 10,
f� � 0.08, and α0 � 18°.
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for the case featured in Table 4 at this heaving amplitude. At
H0∕c � 1, the use of a positive β parameter does not improve the
efficiency, rather leading to unsynchronized LEVS for cases that
performedwell without LEVS, and deteriorating the synchronization
for cases with well-timed LEVS. The relative gain in efficiencymade
with β > 0 increases with the heaving amplitude, reaching 12% at
H0∕c � 15, and thus allowing to reach an impressive η � 49.0%, the
highest efficiency observed in this study.

IV. Conclusions

Before this study, only relatively small heaving amplitudes had
been considered for oscillating-foil turbines, and optimal operating
conditions had mostly been identified with the occurrence of well-
timed leading-edge vortex shedding that helped the reversal of the
foil. However, experimental and 3D numerical studies showed that it
might become challenging tomaintain high efficiencieswhile relying
on vortex synchronization for a finite foil with 3D effects at the
wing tips.
A modified pitching motion has been proposed to prescribe a

sinusoidal angle-of-attack profile, allowing to maintain a high
efficiency while increasing the heaving amplitudes. Efficient cases
without leading-edge vortex shedding (LEVS) at the low heaving
amplitude ofH0∕c � 1 have also been identified. The optimal cases
have been used to investigate the impact of a β parameter that further
modifies the angle-of-attack profile, allowing to achieve efficiencies
of up to 49% at H0∕c � 15, the highest heaving amplitude studied,
corresponding to a mean power extraction of CP � 15.0. Indeed,
optimizing the operating conditions for every value of H0∕c has
allowed tomaintain an increase of the extracted power proportional to
that of the swept area. However, the higher translating and rotating
velocities of the foil induced by larger heaving amplitudes, along
with the reduced optimal operating range, suggest that these high
efficiencies may be challenging to achieve in practice with regard to
the pitch controller required.
The new range of motions explored hereby, namely, an angle-of-

attack-governed pitching motion combined with a high-amplitude
heaving motion, could greatly increase the power extracted by a
single oscillating foil, and extend its application to new designs
where a relatively small-chord foil can efficiently extract energy from
a large window, without depending on well-timed LEVS. It is worth
to note that, for a given application in a deployment site, the specific
choice of heaving amplitude will depend on design constraints,
considerations of turbine optimization versus array optimization as
well as economic aspects, which are all beyond the scope of the
present paper. Further work is needed.
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