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This paper presents a recent numerical study conducted by researchers at the National Renewable Energy
Laboratory on a point absorber wave energy conversion (WEC) system using a Reynolds-averaged
Navier–Stokes (RANS)-based Computational Fluid Dynamics (CFD) method. The device we studied was
a two-body floating-point absorber (FPA) that operates predominantly in heave and generates energy
from the relative motion between the two bodies. We performed a series of numerical simulation to
analyze the hydrodynamic response and the power absorption performance of the system in regular
waves. Overall, it was successful to use the RANS method to model the complex hydrodynamics
interaction of the FPA system. We demonstrated the significance of the nonlinear effects, including
viscous damping and wave overtopping. The study showed that the nonlinear effects could significantly
decrease the power output and the motion of the FPA system, particularly in larger waves.

� 2012 Published by Elsevier Ltd.
1. Introduction

The possibility of harnessing energy from ocean wave resources
has gained interest in recent years, and reviews on wave energy
conversion (WEC) can be found in Refs. [1–3]. To convert wave en-
ergy into useful power, a wide variety of WEC designs have been
proposed, including oscillating water columns, bottom-hinged
pitching devices, floating pitching devices, overtopping devices,
and point absorbers. The history and the status of the technology
development of WEC systems were comprehensively reviewed in
Refs. [4,5]. The point absorber is regarded as one of the simplest
WEC devices, and the energy capturing of the device is designed
to be at its maximum when the system is close to resonance. A
two-body floating-point absorber (FPA) system is the focus of this
paper, which converts wave energy into electrical power based on
the relative motion between the two bodies.

The possibility of using wave energy resources for generating
power gained momentum in the 1970s during the oil crisis, and
many studies on wave energy conversion of point absorber
systems have been conducted by researchers since then. Early
studies were focused on understanding the hydrodynamics of
point absorbers and the maximum power that could be captured
by the system. In particular, Budal and Falnes [6], Evans [7], Mei
[8] and Newman [9] all proposed the concept of capture (or
absorption) width simultaneously, which provided the theoretical
limitation of power that an axisymmetric body can extract from
waves. Later, Budal and Falnes [10] also suggested another power
absorption limit based on the submerged-body volume. Based on
similar analytical approaches, Falnes [11] showed that a two-body
FPA system, using heave mode to extract energy from waves, can
absorb the same amount of wave energy as a single-body point
absorber system. Comprehensive reviews of these applied
mathematical works were presented in Refs. [12,13].

To model point absorbers with more complicated geometries in
non-extreme wave conditions, frequency domain methods are
commonly used, where the hydrodynamic loads can be calculated
using a boundary element method that solves the radiation and
diffraction problems. Then, the dynamic response of the system
and its power extraction performance can be obtained by solving
the equation of motion in frequency or in time domain. In particu-
lar, this approach has often been used in the study of optimal con-
trol and tuning strategies for point absorbers [14–16]. Recently,
Babarit et al. [17] used this approach to perform a series of studies
on the power generation performance of eight selected WEC
systems at several deployment site locations.

However, the effects of the nonlinear interaction between
waves and the FPA device, particularly viscous damping and wave
overtopping, are important to the dynamic response and the power
generation performance of the system. In the frequency domain
and time domain approaches, the viscous drag is often included
through the use of empirical solutions, which may leads to signif-
icant uncertainty in the numerical prediction. Babarit et al. [17]
showed that, if the coefficient was varied by a factor of 4, the effect
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on the power performance could be up to 30%. Therefore, to predict
the power performance more accurately, a comprehensive study of
a FPA device that considers nonlinear interactions by using Com-
putational Fluid Dynamics (CFD) methods is needed. CFD methods
have been widely used to model the complex nonlinear hydrody-
namic wave and floating body interaction problems, including
the analyses of several types of WEC systems [18–21]. For example,
Agamloh et al. [18] modeled the dynamic response of the power
extraction performance of a single-body heaving buoy, and the
study was expanded to two buoys to investigate the effect of array
system. Westphalen et al. [20] presented a series of studies on a
floating pitching device and a platform that contained an array of
power generation buoys by using different types of CFD codes,
including a smoothed particle hydrodynamics method, a Cartesian
cut cell-based artificial compressibility method, and two pressure-
based Navier–Stokes codes.

For a two-body FPA system, the hydrodynamics is more com-
plex. The problems involve the interaction between waves and
the FPA system, including the floating part, the submerged part,
the relative motion between the two and the effect of the power
take-off (PTO) mechanism. We recently used a RANS-based CFD
method to analyze a two-body FPA system. The FPA geometry used
was inspired by Ocean Power Technologies’ PowerBuoy (Fig. 1).
Some preliminary results of the power extraction performance
with a selected PTO damping were presented in Ref. [22].

To conduct a more systematic investigation of the FPA,
researchers from the National Renewable Energy Laboratory
(NREL) performed a series of numerical analyses using the RANS
method and summarize the result in this paper. Specifically, this
study aimed to investigate the nonlinear effect of the interaction
between waves and the FPA system on the power generation per-
formance. We describe the computational methodology and then
present a series of studies on the hydrodynamic response of the
two-body FPA system and its power absorption ability in regular
waves with operational wave heights. The paper also includes
grid-sensitivity analyses and validation studies, where the RANS
simulation results were compared with the experimental data
obtained from wave tank tests.
2. Modeling

2.1. RANS method

The unsteady incompressible flow field was described by the
continuity equation and the Navier–Stokes equations,
Fig. 1. A prototype of OPT’s PowerBuoy wave energy generation system. NREL PIX #
17114.
r � U ¼ 0;
qðUt þ U � rUÞ ¼ �rpþ Fb þr � T;

ð1Þ

where q was the water density, U was the flow velocity vector, and
Ut was its time derivative, Fb was the body force vector (e.g., grav-
ity), and T was the stress tensor.

An unsteady RANS-based CFD model (STAR-CCM+1) was used,
where the governing equations were discretized over a computa-
tional mesh using a finite volume method. A k–x SST turbulence
model was applied with a two-layer all y+ wall treatment model,
and a second order implicit scheme was utilized for time marching.
The transient SIMPLE algorithm was applied to linearize the equa-
tions and to achieve pressure–velocity coupling. A volume of fluid
method (VOF) was applied to capture the free surface, and a mesh-
morphing model was adopted to move and adjust the grids around
FPA due to its dynamic motion. An arbitrary Lagrangian–Eulerian
method was implemented to handle the cell movement and its
deformation. The resulting system of algebraic equations was then
solved using an algebraic multi-grid method. Note that the equation
of motion calculation was coupled with the flow field simulation
through iterations. The equation of motion was solved within the
SIMPLE algorithm, where the dynamic response of the floating body
was calculated by integrating (over time) the acceleration obtained
from the equation of motion solution using an implicit algorithm.
The body was then moved to a new position and the mesh was up-
dated. The convergence of the coupling between the RANS simula-
tion and the dynamics of the body was reached at each time step.

2.2. Response calculation

The dynamic motion of a floating-body was described by the
equation of motions,

ma ¼ F;
IgaX þX� IgX ¼M;

ð2Þ

where m was the mass of the body, a was the acceleration vector for
the translation, X and aX were the angular velocity and accelera-
tion vectors, Ig was the moment of inertia tensor at the center of
gravity, F and M were the total force and moment vector acting
on the body.

The two-body FPA system included two parts, a float and a
reaction section, which were connected through a linear mass–
spring–damper system to represent the PTO mechanism. Because
the effect of mooring system on the power extraction performance
can be negligible [23], it was not considered in the study. As the se-
lected FPA system predominantly operates in heave, the FPA sys-
tem is limited to single degree-of-freedom (heave) motion. Eq.
(2) was then reduced to a one degree-of-freedom equation for each
body. As a result, the equation of motion in heave for the float and
the reaction section became

Float : mF aF ¼ ðFzÞF þ FPTO;

Reaction section : mRaR ¼ ðFzÞR � FPTO;
ð3Þ

where FPTO was the PTO force, and Fz was the force component in
heave. Subscripts ‘F’ and ‘R’ indicated the float and the reaction sec-
tion, respectively. FPTO was represented by a spring-damper force,
which was

FPTO ¼ �CPTOðuF � uRÞ � KPTOðzF � zRÞ ð4Þ

where KPTO was the spring stiffness, CPTO was the power absorption
(damping) coefficient, uF and uR are the heaving velocity of the float
and the reaction section and zF and zR were the heaving displace-
ment of the float and the reaction section.
1 STAR-CCM+ is a commercial CFD package, developed by CD-adapco.
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2.3. Domain and boundary conditions

Fig. 2 shows the computational domain and domain boundaries
of the numerical wave tank used in the RANS simulations. The
computational domain was 100 m wide (0 m 6 y 6 100 m),
170 m high (�70 m 6 z 6 100 m), and 7 wavelengths long
(�2k 6 x 6 5k). The seabed was given at 70 m below the mean
water surface, and a 5th-order Stokes wave velocity profile was
specified at the inflow and top boundaries. The pressure outlet
was implemented at the down wave boundary, and a symmetry
boundary was placed along the x–z plane to reduce the size of
the problem (note that the effect of the domain width was also
studied and will be discussed in a later section). To absorb the out-
going and reflecting waves without creating additional numerical
disturbance, a sponge-layer method was applied, in which a damp-
ing zone (2k in the wave propagation direction) was placed in front
of the down wave boundary.
3. Locked FPA modeling

A series of studies was first performed by using a locked FPA
model, where the float and reaction section moved in transient
as a single body. Therefore, the equation of motion for the locked
FPA model became:

maz ¼ Fz; ð5Þ

where az was the acceleration of the locked FPA device in heave. The
work was conducted for grid-sensitivity analysis and investigating
the hydrodynamic performance of the system without the consider-
ation of power extraction.
3.1. FPA geometry and dimensions

Fig. 3 shows the geometry and the dimension of FPA model used
in the wave tank test and the RANS simulations. In the RANS sim-
ulation, we only considered a basic structural design, where the
FPA model geometry neglected the supporting jacket and the de-
tails of the reaction plate. The mass of the full-scale single body
model used in the RANS simulations (unless mentioned otherwise)
was about 249 metric tons with the center of gravity located
22.4 m below the mean free surface. Note that the device design
included a set of ballast tanks in the reaction section to keep the
center of gravity below the center of buoyancy to maintain
stability.
Fig. 2. Computational domain
3.2. Grid generation and resolution studies

The meshes were created using the STAR-CCM+ grid generation
utility. Fig. 4 shows the grid resolution around the FPA model. The
grid resolution was finer near the free surface and around the FPA
to capture both the wave dynamics and the details of the flow
around the FPA. In addition, prism-layer cells were placed along
the FPA surface, and the height of the first layer was set so that
the value of y + (30 � 100) satisfied the turbulence model require-
ment. Note that the grid sensitivity studies were performed to en-
sure the convergence of the RANS solutions was reached and grid
resolution was sufficient for the following hydrodynamics analysis.

The grid size Dx (in the wave propagation direction) was deter-
mined by the incident wavelength, and the grid size Dz (in the ver-
tical direction) near the free surface was adjusted according to the
wave height H. A series of two-dimensional (2D) numerical wave
tank tests was conducted, without the presence of the absorber,
to determine the appropriate grid resolution needed to model
the wave dynamics. A 5th-order Stokes wave with a height of
10 m and a period of 17.5 s was given, where the wave was in
the range of intermediate water waves (depth to k ratio � 0.18).
The peak-to-trough wave elevation (Hpt/H) was evaluated to inves-
tigate the effect of grid resolution on wave dynamics modeling, and
the quantity is plotted against the grid size in Fig. 5. It appeared
that a grid resolution of Dx < k/80 and Dz � H/20, near the free sur-
face, sufficient.

To study the appropriate grid resolution around the FPA model
and domain width, five grids with different resolutions and side-
wall distances were generated. An incident wave profile with a
height of 2 m and a period of 10 s was given. The statistics for each
grid are summarized in Table 1. The heave response was evaluated
to quantitatively analyze the effects of grid resolution and the do-
main width on the hydrodynamics of the FPA model. The normal-
ized heave response (Heave/H) is plotted verses grid resolution in
Fig. 6. The domain width study indicated that the effect of the side-
wall distance was not significant, particularly when it was greater
than 9 RFPA (less than 1%). Further, the local grid resolution around
the FPA model had little effect (3%) on the prediction of the ampli-
tude of the heave response, as shown in Fig. 6. However, using grid
1 would result in a phase shift on the prediction of the response,
which would affect the accuracy in predicting the resonance fre-
quency of the system. Therefore, it was considered to be too coarse
to use.

In addition, the study showed that a grid with resolution and
sidewall distance similar to grid 2 was sufficient for the following
analysis, and the total number of cells for grid 2 was on the order of
1.6 million. Note that if the FPA model was allowed to move in
and domain boundaries.



Fig. 3. FPA geometry and dimensions.

Fig. 4. Grid around the single-body point wave absorber model.

Fig. 5. Effect of grid resolution on wave dynamics modeling.
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other degree-of-freedom, particularly in rotational motions, the
viscous damping effect caused by those shed vortices around the
FPA might have been more significant and retained the motions.
In that case, the detail of the flow needs to be further resolved,
and a higher resolution grid may be required.

To keep the Courant number small to preserve the numerical
stability, a small time step of T/400 was utilized in the study,
where T was the incident wave period. All the RANS simulations
were carried out on NREL’s high-performance computing (HPC)
system.2 For a mesh with 1.6 million elements, it took about 24 h
on 48 cores to complete 8 wave periods of time (3200 time steps).

3.3. Heave decay test

In December 2010, an experimental test was performed at UC
Berkeley’s wave tank to validate the numerical prediction. Fig. 7
shows the 1/100-scale model used in the test and the dimensions
of the tank, where the tank is 68 m long, 2.4 m wide and 1.5 m
deep. The 1/100-scale model was built based on the SolidWorks
2 Each compute node consisted of dual socket/quad-core 2.93 GHz Intel Nehalem
processor, with 12 GB of memory shared by all eight cores.
design shown in Fig. 3. A 2D motion tracking system was utilized
to capture the FPA motion, and the system used passive markers
on the buoy to create targets for the motion tracking software.
The motions were captured as a 2D projection, orthogonal to the
direction of wave propagation in the tank.

Note that after including the weight of the load cell and
the tracking target, the total mass of the 1/100-scale FPA model
in the experimental test was 313 g. The mass of the FPA model
in the RANS decay test was adjusted to match the experimental
decay test. The computational domain was 1.7 m high
(�0.7 m 6 z 6 1 m), 8 m long (�4 m 6 x 6 4 m), and 4 m wide
(0 m 6 y 6 4 m), where a symmetry boundary was placed along
the x–z plane. Because the computational domain for the decay test
was wider in the y-direction, the total number of elements used in
the RANS simulation was around 2.3 million elements, with a res-
olution similar to grid 2. A sponge-layer damping zone was placed
in front of all the far field boundaries to absorb the outgoing waves.
To perform the decay test, the FPA was lifted with an initial
displacement of Hin = 0.02 m (model scale). Fig. 8 shows the heave
decay time history obtained from the RANS simulation and the



Table 1
Computational grid statistics.

Grid
No.

Number of
cells

Approx. grid resolution on the body
surface (cm)

Sidewall
distance

1 0.5 � 106 100 18 RFPA

2 1.6 � 106 50 18 RFPA

3 2.8 � 106 25 18 RFPA

4 0.8 � 106 50 9 RFPA

5 5.0 � 106 50 36 RFPA

Fig. 6. Effects of the grid resolution and the domain width on the FPA heave
response.

Fig. 8. Heave decay from RANS and from the experimental measurement.

Fig. 9. Comparison of the FPA response in heave (scaled by H) in 2 m and in 4 m
waves.
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experimental measurement. The RANS result agreed with the
experimental data, and the natural decay period was found to be
around 0.9 s (9 s in full scale).

The grid-sensitivity analysis, which was presented in a previous
section, and the validation decay test study, which was conducted
by comparing the RANS solutions to the experimental results, indi-
cated that the mesh and specified numerical settings and algo-
rithms were sufficient and capable of being used to model the
FPA system in following studies.

3.4. Regular waves analysis

A series of locked FPA RANS simulations was performed to
investigate the nonlinear effects of the interaction between waves
V
iew

 w
indow

Fig. 7. The single body FPA model in the experim
and the absorber under regular waves without the present of PTO
mechanism. The response amplitude operators (RAOs) of two dif-
ferent incident wave heights, 2 m and 4 m, are plotted in Fig. 9.
The results that the RAO under 2 m waves had a peak period close
to the natural period obtained from the decay test. The amplitude
was reduced and the peak period shifted to T = 12.5 s in 4 m wave
scenarios. The shift indicated that the system was subject to a
larger damping in larger waves. Fig. 10 plots an example of the
water surface and the hydrodynamic pressure contour at a selected
time instant. Note that wave overtopping barely occurred in
the 2 m wave scenarios. However, it was often observed in the
4 m-wave.

As mentioned in Ref. [22], when the wave period is sufficiently
longer than the resonant period, the heave response follows the
motion of the water surface, and the heave response is almost
equal to the incident wave height. When the wave period is shorter,
a phase shift between the wave elevation and the floating-body
Tank water level

2.44 m

1.5 m

1/100 scale model

Initial heave 
displacement: 0.02m

FPA model

ental wave tank and the tank dimensions.



Fig. 10. Water surface and the hydrodynamic pressure contour at t/T = 6.2 (H = 4 m; T = 10 s).

Y.-H. Yu, Y. Li / Computers & Fluids 73 (2013) 104–114 109
heave motion occurs, and the phase shift increases with decreasing
wave period. Therefore, the nonlinear effects can be more signifi-
cant when the wave period is shorter, particularly in larger
wave-height scenarios. It was anticipated that the nonlinear effects
of wave and floating-body interaction introduced additional damp-
ing forces that reduced the response amplitude and shifted the
peak period of the FPA system.
4. Two-body FPA in waves

The hydrodynamics of the two-body FPA system is more com-
plex than a single-body point absorber system, where the power
generation performance depends on the relative motion between
the float and the reaction section. Therefore, a series of RANS sim-
ulations was performed to investigate the power extraction poten-
tial of the FPA system, and the results were compared with
experimental measurement data for validation.

4.1. FPA model and numerical settings

The numerical settings and the mesh resolution used in the
two-body FPA RANS simulation were similar to those used in the
locked FPA simulations. Fig. 11 shows the model geometry and
dimension of the two-body FPA system used in the RANS simula-
tion. Given that the two-body FPA system generally converts en-
Fig. 11. Two-body FPA model in RANS.
ergy from the relative heave motion between the two oscillating
bodies, the FPA model used in the RANS simulations was further
modified form the original one (Fig. 3). The FPA was separated into
a float and a reaction section. The reaction section was fully sub-
merged and nearly to neutrally buoyant. The central column diam-
eter was modified to maintain an immersed volume and a center of
buoyancy close to the original FPA model. The float and the reac-
tion section weighed 84.5 metric tons and 165 metric tons. The
two sections were connected through the use of a mass–spring–
damper system, which was used to model the PTO mechanism.
Note that the spring was mainly utilized to connect the two bodies,
and a small value of 20 kN/m was specified to keep the reaction
section in position. The power absorption coefficient was a speci-
fied constant in each numerical simulation. The instantaneous
power was proportional to the square of the relative translational
velocity of the two sections, which was defined as

PPTO ¼ CPTOðuF � uRÞ2: ð6Þ

The time-averaged power was calculated by integrating the
instantaneous power over the time, and the value was averaged
from the last five wave periods of time, where the response coin-
cided with the stationary periodic solution.

4.2. Experimental wave tank test

In August 2011, an experimental test was performed at UC San
Diego Scripps Institution of Oceanography’s wave tank. Fig. 12
shows the wave tank dimension and the experimental settings. A
1/33-scale model was used in the test, where the float and the cen-
tral column were connected with a miniature hydraulic cylinder in
a closed circuit with a needle valve to provide damping to the rel-
ative motion to represent the PTO mechanism. The PTO force was
obtained from a load cell measurement. In addition, a three-
dimensional (3D) camera tracking system was used to verify the
linear potentiometer measurement quality. More details of the
experimental design and settings were described in Ref. [24].

4.3. Response in regular waves

Fig. 13 shows an example of the heave response of the float and
reaction section with two different PTO damping coefficient values.
Because the motion of fluid particles decreased rapidly with
increasing depth below the free surface, the wave excitation force
on the float was more significant than on the reaction plate. There-
fore, the heave motion of the float was expected to be greater than
that of the reaction section. The relative motion between the two
bodies was reduced when wave energy was extracted by the PTO
mechanism, and it decreased as the power absorption coefficient



Fig. 12. Experimental wave tank test model dimension and settings.

Fig. 13. Heave response of the float and the reaction sections (H = 2.5 m; T = 10 s).

Fig. 14. Hydrodynamic response of the FPA system (H = 2.5 m).
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increased. In addition, a phase shift between the history response
of the float and the reaction section was observed. The result
showed that the hydrodynamic responses of the float and the reac-
tion section were affected when the PTO mass-spring-damper sys-
tem was installed.

Fig. 14 shows an example of the heave response of the FPA sys-
tem in 2.5 m waves with a PTO absorption coefficient of 1200 kNs/m.
The figure shows the heave response of the float and the reaction
section, the relative motion and the phase shift between the two
bodies, where the values were plotted against the wave period.
The float had a peak period around T = 10 s. The reaction section,
on the other hand, gradually increased with the incident wave per-
iod, and there was no peak in the response of the reaction section,
suggesting that the reaction section was over-damped. Note that
the viscous drag, as a result of flow separation and vortex shedding,
was the dominant damping source for the reaction section, as the
radiation damping force on the reaction section was negligible. In
addition, the phase shift between the float and the reaction-section
varied with the incident wave period. The angle was decreased as
the incident wave period increased. The phase shift between the
float and the reaction section resulted in the relative motion
having a peak period around T = 8 s, which was different from
the peak period of the float.

The RANS simulations were also compared with the measure-
ment data obtained from the experimental wave tank test, and
the RANS results agreed fairly well with the experimental data.
The slight difference could be attributed to the difference of the
model geometry. In particular, the FPA model used in the experi-
mental test had a larger float height as compared to the one used
in the RANS simulation. As a result, in the experimental wave tank
test, wave overtopping did not occur as often as we observed in the
RANS simulations. It was anticipated that wave overtopping could
result in an additional damping force that restrained the FPA
motion.

Figs. 15 and 16 plot the free surface elevation contour and the
hydrodynamic pressure distribution at selected times. The wave
height was 4 meters and the wave period was 7 s, which was



(a) t=0.0 sec (b) t=43.225 sec 

(c) t=47.25 sec (d) t/T=48.825 sec 

Fig. 15. Free surface elevation around the two-body FPA.

(a) t=43.225 sec t=47.95 sec (b)

Fig. 16. Hydrodynamic pressure (kPa) contour (H = 4 m).

Fig. 17. Power absorption performance of the FPA system in 2.5 m waves.
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smaller than the peak period of the FPA system. Similar to the
locked-body FPA scenarios, wave overtopping was observed, and
the float could be completely out of water because of the small daft
of the float and the phase shift between the float response and the
wave elevation. In addition, the result showed a ring-shaped
outgoing wave, which was mentioned in the study of Budal and
Falnes [6].

4.4. Power generation

Generally, an FPA system has an optimal power absorption
coefficient value for each wave conditions that provides the system
the maximum power, where the optimal value varies for different
wave periods and wave heights. Figs. 17 and 18 plot the power
extraction performance of the FPA system in 2.5 m and 4 m waves



Fig. 18. Power absorption performance of the FPA system in 4 m waves.

Fig. 20. A schematic representation of the two-body FPA WEC system (KPTO = 0 kN/
m).
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against the incident wave period with a range of power absorption
coefficients between 200 kNs/m and 2000 kNs/m. The RANS pre-
diction was also compared to the experimental measurements in
the 2.5 m wave scenario. The RANS results agreed with the exper-
imental data, except at the resonance, where the peak response oc-
curred and wave overtopping was essential. It was anticipated that
the slight difference on the power extraction performance predic-
tion might have been attributed to the difference in the model
geometry, as discussed in the last section. For the cases we tested,
the FPA system had an optimal power extraction performance
when the power absorption coefficient was in the range between
700 kNs/m and 1200 kNs/m. For example, the FPA system was able
to generate 325 kW of time-averaged power under 4 m waves
when the power absorption coefficient was equal to 1000 kNs/m.

Fig. 19 plots the instantaneous power history of the FPA system
with the power absorption coefficients of 200 kNs/m and
1200 kNs/m. The time history of the FPA system power generation
shows that the system can contain high peaks and low peaks,
depending on if the FPA system is moving upward or moving
downward. The results suggest that the nonlinear interaction be-
tween waves and the floating device can influence the dynamic re-
sponse of the system as well as the power performance even in
small wave scenarios. The nonlinearity increases when a larger
power absorption coefficient is selected.
5. Discussion

We here compared our RANS results to those obtained from
analytical solutions and a potential flow numerical solution to
quantify the power generation efficiency of the FPA system. Falnes
Fig. 19. An example of instantaneous power performance history.
[11] showed that, for a two-body axisymmetric system, it is also
possible to extract the same amount of wave energy as a single-
body system, which has a capture width of k/2p in ideal potential
flow. Therefore, the maximum wave power Pmax that a two-body
system can absorb is

Pmax ¼
F2

d

8C
¼ JLmax; ð7Þ

where Fd is the excitation force, C is the radiation damping, J is the
wave energy flux, and Lmax is the absorption (capture) width. It was
noted that the solution obtained from Eq. (7) assumed that the nat-
ural frequency of the point absorber was always tuned and matched
the incident wave frequency perfectly.

For a given FPA geometry, it is clear that the FPA system will be
less efficient when the system is not close to the resonant. There-
fore, we modeled the two-body FPA system by solving the radia-
tion and diffraction problems to obtain the potential flow power
generation limit for the system. Fig. 20 shows the schematic repre-
sentation the two-body FPA WEC system, where KPTO was equal to
zero in the study. The equation of motion for the two-body FPA
system, Eq. (3), in heave can be re-written as

Float : ðmF þAFÞ€ZF þkFZF þCF
_ZF þCPTOð _ZF � _ZRÞ ¼ ðFdÞF ;

Reaction section : ðmRþARÞ€ZRþkRZRþCR
_ZRþCPTOð _ZR� _ZFÞ ¼ ðFdÞR;

ð8Þ

where A is the added-mass coefficient, k is the restoring stiffness,
and Fd is the wave excitation force. Subscripts ‘‘F’’ and ‘‘R’’ represent
the float and the reaction section, respectively. Note that Eq. (8) rep-
resents the steady-state response of the system induced by sinusoi-
dal waves. The restoring stiffness kF and kR are equal to qgSF and
qgSR, where SF and SR are the cross-sectional area of the float and
of the central column that is connected to the reaction plate. Here,
the inviscid radiation added-mass and damping coefficients and the
wave excitation forces used in Eq. (8) were calculated through the
use of a frequency domain boundary element method (WAMIT3).
We compared the coefficients and excitation forces from three
different panel resolutions and confirmed the convergence of the
WAMIT solutions.

The optimal absorbed power predicted from the RANS simula-
tions was compared to those obtained from the theoretical solution
and the potential flow solution to illustrate the difference between
the solutions from each method. The results are plotted against the
incident wave period in Fig. 21. For each wave period, the optimal
solution obtained from the numerical simulations was determined
by selecting the power absorption coefficient that provided the
best power generation performance. In particular, the optimal
3 WAMIT is a boundary element method-based code developed by WAMIT Inc. It
solves the radiation and diffraction problem and is developed for modeling the linear
hydrodynamic interaction between waves and various types of floating and
submerged bodies.



Fig. 21. Power generation of the FPA system from RANS in 2.5 m and 4 m waves
(with optimal PTO absorption coefficient value).
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RANS results were selected from the cases shown in Fig. 17. The re-
sults showed that, when viscosity was neglected, the two-body FPA
system could have a capture width close to k/2p, which was close
to the analytical solution. However, in reality, the viscous drag and
other nonlinear wave and floating-body interaction-induced
damping forces have a significant influence on the energy capture
efficiency. The difference between the power generation perfor-
mance predicted by using the RANS method and the result ob-
tained from the solution of Eq. (8) demonstrates the significance
of these nonlinear damping effects.

In addition, as shown in Fig. 21, the power generation efficiency
for the FPA system in 4 m waves was much lower than in 2.5 m
waves. The RANS simulations revealed that the effect of the nonlin-
ear interaction between waves and the FPA device became more
significant in larger wave scenarios, where wave overtopping and
the re-entering impact of out-of-water float were more significant.
However, both the over topping effect and vortex shedding effect
highly depend on the specification of the wave environment and
the FPA design. It is not easy to quantify their effect on power out-
put in general.

The study demonstrated that the RANS method was able to
model the complex nonlinear interaction between waves and the
floating body. However, RANS-based CFD simulation generally re-
quires longer computational time. Therefore, the power perfor-
mance of a WEC system is often predicted by solving the
radiation and diffraction problem [25]. Viscous drag can be in-
cluded in the equation of motion by adding a quadratic damping
term. However, the drag coefficient value needs to be carefully se-
lected. The selection often leads to significant uncertainty in the
numerical prediction [17]. The use of RANS method here was to
provide an overall understanding on the hydrodynamic and the
power extraction performance of the system and to demonstrate
the nonlinear effects on the performance.
6. Conclusions and future work

This paper presented a RANS study on the hydrodynamic per-
formance of an FPA wave energy conversion system in regular
waves. We also investigated the power extraction characteristics
and the effect of nonlinear interaction between waves and the
FPA device. A two-body FPA system was analyzed. Grid and do-
main size sensitivity studies were included, and a heave decay test
was performed. A series of studies on the feasible value of the
power absorption coefficient and the maximum power that the
system can extract under various wave conditions was presented,
and the results were validated with experimental data.

The results showed that the nonlinear hydrodynamic effects
could have significant influence on the response of the FPA system
and could reduce its power absorption efficiency. The additional
nonlinear forces included the viscous drag caused by flow separa-
tion and vortex shedding, the wave overtopping force, and the im-
pact load when the out-of-water float re-enters the water surface.
These nonlinear forces no only became more significant when the
wave height was larger, but could also affect the instantaneous
power extraction performance in smaller wave conditions. In addi-
tion, the results revealed that the instantaneous power absorbed
by the FPA system could contain high peaks and low peaks,
depending on whether the FPA system was moving up or down.

The study provided insight into the complex hydrodynamic
interactions of a two-body FPA system in heave and may be useful
for future studies, including the investigations of optimal control
and tuning of the PTO system in real seas, where the nonlinear
interactions between waves and the FPA system can be more sig-
nificant. Note that we did not apply any phase control strategy to
the system, and the power absorption performance in the sup-res-
onant period region was found to decrease rapidly. The investiga-
tion of optimal control method is beyond the scope of this study
but is needed in the future to improve the overall power extraction
performance. Other hydrodynamic and power performance analy-
ses are also needed, including an analysis of the effects of the
mooring system and other translational/rotational motions.
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