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ABSTRACT
We investigate a lift based wave energy converter (WEC),

namely, a cycloidal turbine, as a wave termination device. A
cycloidal turbine employs the same geometry as the well estab-
lished Cycloidal or Voith-Schneider Propeller. The interaction of
intermediate water waves with the Cycloidal WEC is presented
in this paper. The cycloidal WEC consists of a shaft and one
or more hydrofoils that are attached eccentrically to the main
shaft and can be adjusted in pitch angle as the Cycloidal WEC
rotates. The main shaft is aligned parallel to the wave crests
and fully submerged at a fixed depth. We show that the geom-
etry of the Cycloidal WEC is suitable for wave termination of
straight crested waves. Two-dimensional potential flow simula-
tions are presented where the hydrofoils are modeled as point
vortices. The operation of the Cycloidal WEC both as a wave
generator as well as a wave energy converter interacting with a
linear Airy wave is demonstrated. The influence that the design
parameters radius and submergence depth on the performance
of the WEC have is shown. For optimal parameter choices, we
demonstrate inviscid energy conversion efficiencies of up to 95%
of the incoming wave energy to shaft energy. This is achieved
by using feedback control to synchronize the rotational rate and
phase of the Cycloidal WEC to the incoming wave. While we
show complete termination of the incoming wave, the remainder
of the energy is lost to harmonic waves travelling in the upwave
and downwave direction.

∗Address all correspondence to this author.

NOMENCLATURE
T Wave Period [s]
D Water Depth [m]
H Wave Height [m]
C Wave Travel Velocity (Celerity) [m/s]
Cg Wave Group Velocity [m/s]
k Wave Number [1/m]
g Gravity constant, 9.81[m/s2]
t Time [s]
λ Wavelength [m]
R Wave Energy Converter Radius [m]
xc,yc Wave Energy Converter Shaft location [m]
Φ Flow Potential
η Water Surface
Γ Vortex or Hydrofoil Circulation [m2/s]
δ(t) Main Shaft rotational angle [deg]
θ Feedback phase [deg]
F(z, t) = ϕ+ iψ Complex Stream Function

INTRODUCTION
Among alternative energy sources, wave power is one of the

most abundant sources on earth. The World Energy Council ac-
cording to [1] has estimated the world wide annual amount of
wave power energy at 17.5 PWh (Peta Watt hours = 1012kWh).
This is actually comparable to annual world wide electric energy
consumption, which is currently estimated at 16 PWh. Thus,
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wave power has the potential to provide a large portion of the
worlds electric energy needs, if it can be tapped efficiently. In
addition to the energy availability, wave power has other advan-
tages. Since a large portion of the worlds population lives close
to the ocean shores, the distance between energy productionand
consumption is small. This reduces transmission losses andnec-
essary investments in transmission lines. As opposed to other
alternative energy sources like wind, stream and solar energy,
the installation of wave power devices does not require use of
already precious real estate. This makes wave power an idealen-
ergy source for efficiently providing renewable energy to densely
populated coastal areas. Ocean waves have a tremendous poten-
tial to provide clean renewable energy. Further engineering as-
pects of wave power as an energy source are appealing as well.
While the energy density of both solar and wind in typical fa-
vorable sites is in the order of 1kWm−2 according to [2], wave
power at a typical US west coast location yields 25kWm−1 of
wave crest (including all energy between the water surface and
the ocean floor), potentially allowing much larger amounts of
energy to be extracted with a converter of a given size. Further-
more, wave energy is available on a more consistent basis and
can be better predicted in advance, therefore mitigating the need
to back up a wave power plant with other conventional power
sources, as is the case for both solar and wind energy.

MOTIVATION
Analysis of the different wave energy conversion devices

that have been investigated or proposed reveals a number of com-
monalities in design. The first is that all devices require a con-
nection to the sea bed in order to extract energy, which has two
main drawbacks. First, a seabed connection makes the device
vulnerable in rough seas and storms, in the same way as an an-
chored ship is vulnerable in a storm (and will likely break the
anchor line). According to [1], storm survivability has been a
major problem for many wave power devices, with some being
destroyed by the elements as early as during deployment. Also,
for most of the devices, the load imposed onto the seabed con-
nection is proportional to the power which the device can extract.
This means that the anchor point needs to be stronger and thus
more costly as more energy is being extracted. Therefore, many
of these devices cannot easily be scaled up to power plant levels
of energy conversion. In addition, since the devices need tobe
anchored to the sea floor, they are not well suited to operation
in deep water waves, where the ocean floor may be hundreds of
meters away from the surface. However, most wave energy is
contained in deep water waves, and the energy density of a wave
decreases as it approaches shallow water. Thus, most devices
cannot operate in the most promising locations for wave power
extraction.

The second common design feature is that most wave power
devices will only extract energy from one component of the wave
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Figure 1. Cycloidal wave energy converter geometry

motion. For example, buoy devices will only extract energy from
the vertical motion of the waves. However, in a shallow wa-
ter wave, most kinetic energy is contained in flow oscillating
in the horizontal direction, while in a deep water wave the ki-
netic energy is evenly split in horizontal and vertical oscillation.
This limits a symmetric buoy in heave mode or oscillating wa-
ter column device to a theoretically optimum energy extraction
efficiency of 50%, according to [3]. If the device is small in the
third dimension compared to the length of the incoming waves
and thus constitutes a point absorber, the efficiency of the buoy
or oscillating water column device drops further to a theoretical
inviscid maximum of 25%. These reduced efficiencies are caused
by radiation of waves from the wave energy converter that inter-
fere destructively with the incoming wave. However, some buoy
devices may achieve a capture width that is larger than the size
of the buoy by operating in combined pitch and heave modes and
/ or using an asymmetric design.

In terms of wave far field, an optimal wave energy converter
would create an out of phase wave with the same amplitude and
wave length as the incoming wave, travelling in only one direc-
tion and exactly out of phase with the incoming wave. This wave
energy converter, commonly referred to in literature as a wave
termination device, could extract 100% of the energy of the in-
coming wave in the theoretical inviscid limit. Of all wave energy
converters currently proposed or investigated in open literature,
no design can achieve this. One main reason lies in the difficulty
of preventing the wave energy converter from producing waves
in the up–wave direction. Any wave travelling in the up–wave
direction will reduce the efficiency of the converter, even in the
inviscid limit. The same holds true for harmonic waves traveling
in any direction.

A typical cycloidal wave energy converter as considered in
this paper is shown in figure 1. It features one or more hydrofoils
attached parallel to a main shaft at a radiusR. While the shaft
rotates, the orientation of the blades may be adjusted. Based
on the sketch in figure 1, a number of non dimensional quanti-
ties emerge. The basic size of the wave energy converter will
be denoted by 2R/λ, where we use the wave lengthλ as the
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fundamental length scale. Consequently, the depth of submer-
gence is denoted byyc/λ, and the wave height byH/λ. It is
also convenient for parameter studies to compare differentsize
wave energy converters while keeping the distance between the
water surface and the topmost point of the cycloidal wave energy
converter path fixed, that is(yc −R)/λ = const. The direction
of travel of an incoming ocean waveWAiry is assumed to be left
to right, and waves generated by the cycloidal wave energy con-
verter that travel in the direction of the incoming wave receive
a positive index and are considered traveling down–wave; while
waves in the opposite direction are considered up–wave traveling
and receive a negative index number. While the case of infinite
water depth (deep water waves) has been investigated in detail
by the same authors in [4], we investigate the impact of finite
water depth D on the wave energy converter performance for in-
termediate water waves in this paper. Intermediate water waves
are of interest since many locations closer to the ocean shore, in-
cluding existing and proposed wave energy testing sites, feature
intermediate water waves.

NUMERICAL METHOD
Simulation Setup

We present solutions to the velocity potential equation:

V = ∇ϕ. (1)

The solution is subject to a linearized free surface bound-
ary condition as well as non-reflective radiation boundaries at
the up–wave and down–wave ends of a two dimensional spatial
domain. The complex potential for a vortex moving under a free
surface with positionc(t) = a(t)+ ib(t) in the complex plane is
developed in [5] to be

F(z, t) =
Γ(t)
2πi

ln(z−c(t))−
Γ(t)
2πi

ln(z− c̄(t)+2iD)

+
Γ(t)

π

∫ ∞

0

e−kD

kcosh(kD)

× sinh(b(t)+D)sin(k(z−a(t)+ iD))dk

−
g
π

∫ ∞

0

sech2kD
√

gktanh(kD)
dk

×

∫ t

0
Γ(τ)sinh(k(b(τ)+D)sin(k(z−a(τ)+ iD)

× sin[
√

gktanh(kD)(t − τ)]dτ (2)

with Γ(t) the circulation of the vortex,g = 9.81ms−2 the
gravity constant, andk the wave number. Equation 2 satisfies

both the linearized kinematic and dynamic free surface boundary
conditions aty = 0. The terms on the first line are the complex
potential due to the vortex and its mirror image above the surface,
which is necessary to satisfy the kinematic free surface condition.
The remaining integrals describe the radiated waves related to the
dynamic free surface condition.

For the simulations, the individual hydrofoils of the cy-
cloidal wave energy converter are modeled as single vortices in
the presence of a free surface using equation 2. Equation 2 is
integrated using second order spatial and time marching tech-
niques. A numerical resolution study has been performed in
order to determine appropriate values of the wave number in-
crement∆k,the maximum wave number consideredkmax and the
time discretization increment∆t, for details refer to [4]. Based
on the investigations presented there for deep ocean waves it
was concluded that the required resolutions for numerical con-
vergence areT/∆t = 36,k/∆k = 31.6, andkmax/k = 75.9. Com-
parison of the intermediate ocean wave results presented here
showed that these discretization time steps also deliver converged
results for intermediate ocean waves. We also compared the re-
sults obtained with these integration parameters to a simulation
using half the increment in time and wave number discretization
and twice the maximum wave number. Both simulations predict
nearly identical wave patterns, indicating that the chosensettings
are sufficient, thus we use them in all simulations presentedhere.

η = −g
∂ϕ
∂t

, (3)

Subsequent to solving the flow potential, equation 3 is used
to determine the resulting wave pattern. This approach has been
previously implemented by [6] for deep water waves, and com-
parison to our results show goods agreement.

Incoming Airy wave
In order to investigate the interaction of the cycloidal wave

energy converter and an incoming wave, we resort to linear Airy
wave theory. The velocity potential for a progressive linear inter-
mediate depth wave is given in [7] to be

ϕ(x,y, t) =
Hg
ω

cosh(k(y+D))

cosh(kD)
sin(kx−ωt) (4)

whereH is the wave amplitude,D is the water depth,ω is the
wave frequency and k is the wave number. Beyond the flow po-
tential, Airy wave theory can be used to describe the wave travel-
ing velocity or celerityC, group velocityCg and wavelengthλAiry

based on the gravity constantg = 9.81ms−2 and wave periodT
such that:
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C =
gTAiry

2π
tanh

(

2πD
λ

)

Cg =
1
2

[

1+
4πD/λ

sinh(4πD/λ)

]

C

λAiry = C TAiry. (5)

Typically, the wave energy converter will create more than
a single plain traveling wave. The wave height of each gener-
ated wave component can be determined by Fourier analysis.
Throughout this paper indices are used to identify the harmonic
wave components and their traveling direction, as shown in fig-
ure 1. Waves traveling left or in the up–wave direction receive
negative indices, while down–wave travelling waves receive pos-
itive indices. It is possible to determine the energy associated
with each wave by employing Airy wave theory which relates
wave power to wave height and period by:

P =
1
8

ρ gH2Cg (6)

Since the wave power scales linearly with the wave period
T, higher harmonic waves of the same wave height will contain
less energy in proportion to their period. Also to be noted isa
quadratic relationship between wave energy and wave heightH.
Based on wave power, the figure of merit of the wave energy
converter design becomes the ratio of the power in the (desired)
fundamental wave traveling down–wave,P1 which is used to can-
cel the incoming Airy wave, compared to the power contained in
all waves:

P1/Pall =
P1

∑∞
n=−∞ Pn

. (7)

The power ratio will reach a value of one if only the desired
down–wave traveling fundamental wave is created, and zero if
no down–wave traveling fundamental wave is produced at all.
The wave power analysis is based on energy conservation which
is implicit in the unsteady Bernoulli equation, and on a control
volume analysis assuming that all energy leaving or entering at
the up–wave and down–wave boundaries is contained in travel-
ing Airy type waves. Thus, the power difference at both bound-
aries is to be provided or absorbed by the traveling point vor-
tex/vortices.

Wave Energy Converter motion The position of the
vortex is prescribed as a function of time. The coordinates for

the vortex moving about the center of rotation(0,yc) with radius
Rand frequencyω are

cx(t) = Rcos(ωct +θ),

cy(t) = yc−Rsin(ωct +θ) (8)

Thus, the motion of the converter starts with the first (or
sole) blade being in the most down–wave position, and rotation
is in the clockwise direction as shown in figure 1. An arbitrary
phase shiftθ is introduced, which indicates the relative phase
between an incoming Airy wave and the cycloidal wave energy
converter motion. The first or sole vortex is traveling up–wave
for the first half rotation, and down–wave for the second half.
Experiments conducted by [8] showed that the Cycloidal pro-
peller is a naturally stable rotating system that automatically syn-
chronizes itself to the rotational frequency of an incomingwave.
While we do not rely on this self-synchronization capabilityin
the present investigation, we limit ourselves to operationof the
cycloidal propeller at the same rotational frequencyωc as that of
the incoming Airy wave:

ωc = ωAiry (9)

Thus, the only independent variables in equation 8 areR,
yc, and for the wave cancellation simulations the wave amplitude
HAiry and phase differenceθ in equation 8 between the incoming
wave and the rotation of the cycloidal wave energy converter.
The intermediate water depth is characterized byD/λ, where the
parameter range 0.04< D/λ < 0.5 is considered an intermediate
water wave. We show the impact of all of these parameters on
the performance of the wave energy converter in the following
sections.

RESULTS
As was outlined in the introduction, a perfect wave termina-

tion device must create a wave of equal height but opposite phase
relative to the wave that is to be terminated. This wave must only
be created down–wave of the wave energy converter. For this
reason, it is convenient to analyze the performance of a proposed
wave energy converter in its ability to be a wave generator, be-
fore analyzing the interaction between the wave energy converter
and an incoming wave. Thus the next section covers wave gener-
ation by the Cycloidal wave energy converter, followed by wave
cancellation in the following section

Wave Generation
Plotted in figure 2 is a typical resulting wave pattern as a

function of time. The size of the wave energy converter was cho-
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Figure 2. Wave height for wave generation using a single bladed wave

energy converter. Converter size 2R/λ = 0.318 located at (yc −
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located at (yc−R)/λ = 0.030; D/λAiry = 0.40. All waves are evalu-

ated at ±3λ.

sen to be 2R/λ = 0.318, and it’s submergence depth(yc−R)/λ =
0.030. It can be seen that the dominant wave amplitudes occur on
the down–wave side of the converter, while the up–wave eleva-
tions are small. A few rotations after the start of the wave energy
converter at timet/T = 0 the flow becomes periodic in time and
space. Beyond the fundamental frequency there are higher har-
monic waves generated as well, as is evident in the disruption of
the wave ridges traveling down–wave. More detailed analysis of
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Figure 4. Power Spectral Density of the surface at x = ±3λ Converter

size 2R/λ = 0.318located at (yc−R)/λ = 0.030; D/λAiry = 0.40.

Data from one fundamental wave period starting at time t/T = 30 after

the start of the Cycloidal wave energy converter is used for the analysis.

the resulting wave field at horizontal locations ofx=±3λ shown
in figure 3 as time signal and power spectral density in figure 4
reveals the amplitudes of the generated waves and their evolution
in time. The wave pattern becomes periodic at these locations far
up– and down–wave after about fifteen periods. While the am-
plitude of the fundamental wave of periodTw/TAiry = 1 is the
most dominant peak in the power spectral density plot in bothdi-
rections, the down–wave flow field also features a peak of about
half the magnitude of the fundamental wave atTw/T = 0.5 as
well as one at one third of the fundamental frequency. These
peaks cause the disruption in the wave ridges shown in figure 2.
The up–wave amplitudes caused by the wave energy converter
are a very small fraction of the down–wave amplitudes. In order
to evaluate the performance of the cycloidal wave energy con-
verters, we use the wave heights of the different waves as deter-
mined by the power spectral density analysis shown in figure 4.
This analysis is based on Fourier decomposition of data froma
single fundamental wave period replicated 100 times in order to
obtain a better frequency resolution in the decomposition.

To determine the effect of varying the Cycloidal wave en-
ergy converter radius on the resulting wave patterns, simulations
were completed with constant circulation and constant submer-
gence(yc−R)/λAiry = 0.030. Shown in figure 5 are wave am-
plitudes and power down–wave and up–wave atx = ±3λ for
each of the first three harmonics. These were determined using
power spectral density analysis as described above. The results
are plotted as a function of 2R/λAiry, whereλAiry is the wave
length of the fundamental wave. Inspecting the wave height of
the fundamental wave traveling down–wave,H1, a well defined

5

Stefan.Siegel.ctr.de
Typewritten Text
This material is declared a work of the U.S. Government and is not subject to copyright protection in the United States.Approved for public release; distribution is unlimited.



0 0.1 0.2 0.3 0.4
0

1

2

3

4

5

6

7
x 10

−3

2R/λ
Airy

H
/λ

A
iry

 

 

H
−1

H
1

H
−2

H
2

H
−3

H
3

Figure 5. Wave height for different sizes 2R/λ of the cycloidal wave en-

ergy converter located at (yc−R)/λ = 0.030. All waves are evaluated

at ±3λ at time t/T = 30 after the start of the Cycloidal wave energy

converter.

maximum can be observed at a size 2R/λAiry = 0.32. However,
at that size wave energy converter significant wave amplitudes
are present for the second and third harmonic waves traveling
down–wave. The wave height of the second and third harmonic
waves reach maxima at smaller device sizes of 2R/λAiry = 0.15
and 2R/λAiry = 0.1, respectively. The wave height of the second
harmonic even exceeds that of the fundamental wave at its peak.
In the up–wave direction, the amplitude of the fundamental wave
H−1 shows a linear increase with device size, which will be dis-
cussed later. All other harmonic waves in this direction exhibits
negligible amplitudes. We would also like to point out that no
significant wave amplitudes were found for any fourth and higher
harmonic waves for any of the simulations conducted, which is
why they are not shown.

A second parameter study where the wave energy converter
size was kept constant while the submergence depthyc/λ was
varied is shown in figure 6. We present the results of this study
for a device size of 2R/λAiry = 0.20. The amplitude of the sec-
ond harmonic down–wave traveling waveH2 is larger than the
fundamental wave heightH1 when the wave energy converter
is located close to the surface. The wave heightsH1 and H2

are equal at aboutyc−R/λ = 0.03, and for larger submergence
depths the wave heightH2 of the second harmonic wave drops
off much faster than that of the fundamental wave. However,
all waves traveling in the down–wave direction show decreas-
ing amplitudes with increasing submergence depth, although not
at the same rate. As a consequence, the power ratio improves
with increasing submergence depth and asymptotically reaches a
value of one. For the up–wave traveling waves, however, it can
be seen that there is an almost linear increase in the amplitude of
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Figure 6. Wave height for different submergence depths(yc−R) of the

cycloidal wave energy converter of size 2R/λ = 0.20. All waves are

evaluated at ±3λ at time t/T = 30after the start of the Cycloidal wave

energy converter.

H−1 as the wave energy converter is moved closer to the ocean
floor. This effect was not present in the deep ocean investiga-
tions reported in [4] and can thus be attributed to the interaction
between the ocean floor and the cycloidal wave energy converter.
However, in [4] there is a possible explanation for this effect. If
the vortex strength in a deep ocean simulation is set to zero for
the bottom portion of the vortex travel, an increase in amplitude
of the waveH−1 was found in [4]. The increase in amplitude of
H−1 shown in figure 6 as the wave energy converter approaches
the ocean floor is very similar to that. Thus a possible expla-
nation for the increase inH−1 lies in a reduced effectiveness of
the vortex in canceling the up–wave fundamental wave duringits
bottom half travel while it is close to the ocean floor.

As shown in figure 6, for a single wave energy converter
the presence of a harmonic wave of twice the fundamental fre-
quency is a dominant effect when the wave energy converter is
placed close to the water surface, which otherwise would be afa-
vorable location since the amplitude of the fundamental wave is
maximized there. By adding a second hydrofoil to the wave en-
ergy converter, located opposite to the first one and having equal
circulation but of opposite sign, the generation of the harmonic
wave can be entirely prevented. This is shown in figure 7, where
the wave created by the first and second vortices are shown, along
with the superposition of both vortices. While the fundamental
wave amplitudes from both waves can be seen to add to create
a larger amplitude fundamental wave, the first harmonic compo-
nents of both waves entirely cancel out. This is very much de-
sired as it prevents the harmonic wave generation which is detri-
mental to the performance of the device.
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Insight into the physical mechanism by which the rotating
hydrofoils are creating the observed wave pattern can be gained
by inspection of the local water surface displacement caused by
the hydrofoils or vortices. The first inspection of figure 8 re-
veals that vortex two, which has negative circulation, causes a
depression of the water surface as it approaches from below.This
observation is consistent with the high and low pressure that a
corresponding hydrofoil would create on its pressure and suc-
tion side. On closer inspection, the depression caused by vortex
two travels along with the vortex in the same direction and at
approximately the same velocity. This observation is a hintat
a possibly important parameter, which is the ratio between the
velocity at which the hydrofoil travels on its circular path, Urot ,
and the wave travel velocity or celerityC. The vortex travel ve-
locity Urot = Rωc only depends on the device size 2R/λAiry for
a constant rotational velocityωc of the wave energy converter,
while the celerityC of the fundamental wave is constant. For a
device size 2RλAiry = 0.3 the velocity ratioUrot/CAiry is close to
unity indicating a match between hydrofoil rotation velocity and
wave travel velocity. As 2R/λAiry = 0.32 is the device size for
which the fundamental wave height is maximized (see figure 5),
it appears that the fundamental wave amplitude is maximizedif
the velocity of the hydrofoil matches that of the wave. Further
evidence that this is true can be gained by inspecting the har-
monic wave amplitudes in figure 5. Not just is the amplitude of
the fundamental wave heightH1 maximized at the same device
size, but the peak amplitudes of the harmonic waves that travel at
half (for W2) and one third (forW3) of the celerity of the funda-
mental wave occur at exactly one half or one third of the device
size, which is 2R/λAiry = 0.15 and 2R/λAiry = 0.1 respectively.
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Figure 8. Water surface as the second vortex approaches and moves

underneath the free water surface during the first rotational cycle.

2R/λAiry = 0.318; (yc − R)/λAiry = 0.03. The two vortices

are spaced 180◦ apart with non dimensional circulation Γ/(CR) =
[−0.035,0.035]. Shown are the instantaneous surface elevations as

well as the horizontal location of the vortex

Thus, the generation of all harmonic waves is maximized once
the hydrofoil travel velocity matches the respective wave celer-
ity. Based on these observations we conclude that for optimal
wave generation two design conditions have to be met:

ωc R = CAiry

ωc = ωAiry. (10)

This result makes also physical sense as Airy wave theory
assigns a distinct wave celerity to each wave of a given period,
and thus waves with a mismatch between their periodT and the
celerityC induced by the vortex velocity can not be sustained.

Postulating a match of hydrofoil velocity and wave celerity
as expressed in equation 10, we obtain with the airy wave equa-
tion 5 the following optimal device size:

2R
λAiry

=
1
π
≈ 0.318. (11)

This result is independent of the type of wave, that is it holds
for shallow, intermediate and deep water waves. In [4] it is shown
that the interaction of the cycloidal wave energy converterwith
deep ocean waves shows the exact same optimal device size, both
for single vortex as well as flat panel simulations.
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Wave Cancellation
With the two–hydrofoil cycloidal wave energy converter

characterized in the previous section, it is interesting toattempt
cancellation of an incoming Airy wave. Figure 9 shows the water
surface elevation as a function of time where the cycloidal wave
energy converter is interacting with an incoming Airy wave.This
requires feedback of the incoming wave amplitude and phase to
the motion of the cycloidal wave energy converter. We employ
the following linear feedback laws:

δ(t) = ω t +θ
Γ = kΓ HAiry. (12)

whereδ(t) is the angle of the cycloidal wave energy con-
verter main shaft, andθ is a constant phase shift between the
wave motion and the converter rotational angle. The fixed feed-
back gainkΓ is adjusted such that the amplitude of the waveH1

created by the wave energy converter matches that of the incom-
ing Airy wave exactly. Figure 10 demonstrates the impact of
the phase between the incoming wave and the rotation of the cy-
cloidal propeller on the wave height. While there is very little
impact of the feedback phase on all waves other than the funda-
mental wave down–wave of the converter, the down–wave ampli-
tude shows a linear relationship for feedback phases above and
below the optimal phase angleθ = 10◦. The resulting down–
wave wave pattern as a function of time is shown in figure 9
for the optimal feedback phase ofθ = 10◦. For this phase, the
fundamental down-wave amplitude is close to zero, while there
are still higher harmonic waves present, most prominently the
third harmonic. In this inviscid simulation, more than 95% of the
incoming wave energy is converted to shaft power, while the re-
mainder is lost to harmonic waves as seen in the wave height plot.
The same simulation result is also shown in figure 11 where the
temporal evolution of the wave cancellation can be seen. Forthe
cancellation to be effective in the spatial domain shown, about 5
wave periods are necessary. While the present simulation does
not model losses due to viscous skin friction and pressure drag
of a typical hydrofoil, we estimate these to be less than 30% of
the incoming wave power for a typical hydrofoil based on pub-
lished lift to drag ratios for symmetric (NACA 0015) hydrofoils
operating in typical ocean waves, for further details see [4].

DISCUSSION AND SUMMARY
We show that the well known cycloidal propeller can be used

both as an efficient wave maker, as well as a wave termination
device for intermediate ocean waves. We show inviscid two-
dimensional simulation results for cycloidal wave energy con-
verters featuring both a single blade as well as two blades spaced
180◦ apart. In these simulations, the blades of the wave energy
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Figure 9. Wave height for a feedback phase of θ = 10◦ of the cycloidal

wave energy converter with two vortices spaced 180◦ apart with non di-

mensional circulation Γ/(CR) = [−0.035,0.035].
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Figure 10. Wave heights vs wave phase of the cycloidal wave energy

converter with two vortices spaced 180◦ apart with non dimensional cir-

culation Γ/(CR) = [−0.035,0.035]. All waves are evaluated at ±3λ
at time t/T = 30 after the start of the Cycloidal wave energy converter.

Shown are harmonic amplitudes.

converter are modeled as a point vortex. For wave generation,
we find that it is possible to create a single Airy type wave that
only travels in one direction, with no wave being generated in
the other direction. The direction of travel is controlled by the
rotation direction. Depending on geometry choices for converter
radius and submergence depth, in addition to the fundamental
wave traveling in one direction up to two higher harmonic waves
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Figure 11. Water surface—time plot for wave cancellation of an Airy

wave travelling in the positive x direction using a cycloidal wave energy

converter with two hydrofoils. The converter is located at x/λAiry = 0,

rotation is started at t/T = 0

traveling up – and down–wave can be observed. A parame-
ter study investigating the impact of wave energy convertersize
shows that the largest amplitude fundamental wave is obtained
for a device of size 2R/λAiry = 1/π. This size corresponds to
an exact match between the rotational velocity of the hydrofoil
and the wave velocity. As the cycloidal wave energy converter
is moved closer to the ocean floor, a increase in the amplitude
of the fundamental wave traveling up–wave is seen, which is a
marked difference from deep water results that do not show this
effect.The single sided wave generated by the cycloidal wave en-
ergy converter is perfectly suited to extract energy from anin-
coming plane Airy wave. In order to achieve this, the motion
of the wave energy converter needs to be synchronized in fre-
quency and phase locked to the incoming wave using feedback
control, and the circulation of the converter’s hydrofoilsneeds to
be adjusted to produce a wave of matching amplitude. If this is
accomplished, in the two dimensional inviscid limit, more than
95% of the incoming wave energy can be extracted from the wave
achieving wave termination. It should be pointed out that asthe
water depth approaches that of a shallow water wave, the effi-
ciency of this wave energy converter will be reduced since the
device size 2R cannot exceed the water depthD, and thus the
optimal velocity match as described above cannot be achieved.
In this case it may be more advantageous to orient the cycloidal
wave energy converter with its shaft aligned with the vertical di-
rection, as described for example in [9]. We intend to explore
this and other possible means for a cycloidal wave energy con-

verter to interact efficiently with shallow water waves in future
research.
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