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ABSTRACT

The Wave Energy Converter Simulator (WEC-Sim) is an
open-source code jointly developed by Sandia National
Laboratories and the National Renewable Energy Laboratory. It
is used to model wave energy converters subjected to
operational and extreme waves. In order for the WEC-Sim code
to be beneficial to the wave energy community, code
verification and physical model validation is necessary. This
paper describes numerical modeling of the wave tank testing
for the 1:33-scale experimental testing of the floating
oscillating surge wave energy converter. The comparison
between WEC-Sim and the Phase 1 experimental data set
serves as code validation. This paper is a follow-up to the
WEC-Sim paper on experimental testing, and describes the
WEC-Sim numerical simulations for the floating oscillating
surge wave energy converter.

INTRODUCTION

The Wave Energy Converter Simulator (WEC-Sim) is an
open-source code that models the performance of wave energy
converters (WECs) in operational and extreme waves.
Developed by Sandia National Laboratories and the National
Renewable Energy Laboratory, the WEC-Sim code is part of
the U.S. Department of Energy Wind and Water Power
Technologies Office’s initiative to promote and support the
emerging wave energy industry. The WEC-Sim code is a time-
domain  modeling tool developed in  Mathworks
MATLAB/Simulink using the multibody dynamics solver
SimMechanics [1]. WEC-Sim solves the wave energy
converter’s governing equations of motion using the Cummins
time-domain impulse response formulation in 6 degrees of
freedom (DOFs) [2].
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The WEC-Sim code has undergone verification through
code-to-code comparisons [3]; however, validation of the code
has been limited to publicly available experimental data sets
[4], [5]. Although these data sets provide preliminary code
validation, and because the experimental tests were not
explicitly designed for code validation, they are limited in their
ability to validate the full functionality of the WEC-Sim code.
To develop a validation data set for the WEC-Sim code, two
phases of testing are planned for dedicated physical model tests
of the floating oscillating surge wave energy converter
(FOSWEC).

This paper provides a follow-up to the OMAE2016 paper
focused on the dedicated WEC-Sim validation experimental
wave tank tests performed at the Oregon State University’s
Directional Wave Basin at Hinsdale Wave Research Laboratory
(HWRL) [6]. Phase 1 of experimental testing was focused on
the FOSWEC device characterization, and completed in winter
2015. Phase 2 testing will be focused on characterizing the
FOSWEC’s dynamics and performance, and is scheduled for
spring 2016. These experimental tests have been designed
explicitly to validate the performance and new features of the
WEC-Sim code.

This paper builds on the experimental testing paper, and
focuses on the numerical simulations of the Phase 1
experiments. Results of the FOSWEC numerical simulations
using the WEC-Sim code will be presented and compared to the
experimental data. The following WEC-Sim simulations
highlight some of the code features built into the latest release
of WEC-Sim (v2.0), including: wave directionality, nonlinear
hydrostatics and hydrodynamics, user-defined wave elevation
time series, state-space radiation, and compatibility with
BEMIO (an open-source code for parsing boundary element
method (BEM) coefficients from AQWA, WAMIT, and
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NEMOH) [7]. This paper also includes numerical results using
the WEC-Sim code to model the following FOSWEC
experimental tests: platform heave, pitch, and surge decay; flap
pitch decay. Each of the decay tests were performed for a range
of initial displacements and will be used to determine which
numerical flags are relevant to model the FOSWEC in WEC-
Sim. Comparison of WEC-Sim simulations with and without
these additional features will be presented to highlight which
numerical flags are relevant for modeling the FOSWEC, as
well as demonstrating their functionality.

FOSWEC AND MOTION CONSTRAINT DESIGN

The FOSWEC was selected for experimental testing
because it met the design requirements needed to provide a
comprehensive validation data set, as described in the
experimental OMAE2016 paper [6], [8]. The FOSWEC design
consists of a floating platform with two hinged flaps that rotate
in pitch. The FOSWEC platform is free to move in heave, pitch,
and surge, but is constrained in roll, sway, and yaw by the
motion constraint, and can be configured to iteratively lock the
‘free’ DOFs.

Back Flap

\

/ Platform

Front
Flap

FIGURE 1. THE FOSWEC 1:33-SCALE HYDRODYNAMIC DESIGN USED
BY WEC-SIM.

A rendering of the 1:33-scale hydrodynamic design of the
FOSWEC used by the BEM and WEC-Sim software to model
the device is shown in Figure 1. Figure 3 shows a rendering of
the model-scale mechanical design of the FOSWEC, as tested
at HSWL. This rendering includes dimensions of the scaled
design.
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FIGURE 2. THE FOSWEC 1:33-SCALE MECHANICAL DESIGN FOR
WAVE BASIN TESTING AT O.H. HINSDALE WAVE RESEARCH
LABORATORY.

Although the hydrodynamic design is relevant for numerical
modeling, it is also important to have an understanding of the
mechanical design of the FOSWEC. The hydrodynamic design
is a simplified version of the mechanical design, which includes
the design aspects that impact the hydrodynamic performance
of the WEC. It also omits extraneous detail, such as anything
above the still water line. Even though these geometric features
are omitted, they are accounted for in the numerical model
through their mass properties. The mechanical design and an
overview of the instrumentation are shown in Figure 2. Based
on results from swing tests performed at HWRL, the mass
properties of the experimental FOSWEC were determined, as
described in the Phase 1 experimental paper [6]. The results of
this analysis are shown in Table 1. All center of gravity
coordinates (cg) are given relative to the origin at the still water
line, and moments of inertia are relative to the cg. These are the
mass properties that were used in the WEC-Sim numerical
model.

TABLE 1. FOSWEC 1:33-SCALE MASS PROPERTIES.

Flap, Flap, | Platform

Mass (kg) | 23.14 23.19 153.8

X ¢, (M) -0.65 0.65 -0.0009

Y., (m) | 0.0108 | 0.0017 | -0.0044

Z, (m) -029 | -0.29 -0.063
I, (kgm’) | 142 1.58 37.88
I,,(kgm®) | 1.19 1.62 29.63
I,(kgm’) | 1.99 1.25 53.61

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



FIGURE 3. FOSWEC 1:33-SCALE DIMENSIONS

In order to characterize the FOSWEC hydrodynamics
independent of the influence of mooring forces, a motion
constraint was used for the FOSWEC experimental testing. A
rendering of the motion constraint is shown in Figure 4. The
motion constraint was designed to iteratively lock and unlock
the heave, pitch and surge DOFs, and allows the FOSWEC to
be characterized in each DOF independently, by isolating
motion to heave, pitch or surge motion. Additionally, DOFs can
be unlocked to characterize the FOSWEC response in coupled
DOFs. When numerically modeling the FOSWEC experiments,
the motion constraint mass properties must be included in the
simulations since the motion constraint moves with the
FOSWEC in each DOF.

For the following description of the motion constraint,
refer to Figure 4. Surge motion is constrained by the gray
guiderails; these are mounted directly to the FOSWEC
platform, and move with the platform in surge. Pitch motion is
constrained by the red boxes; these are connected to the surge
constraint, so when the FOSWEC pitches, both the red boxes
and the gray guiderails move. Heave motion is constrained by
the blue cylinders; the upper cylinder moves with the FOSWEC
in heave (along with the surge and pitch constraints), while the
lower cylinder is mounted directly to the basin floor, and
remains stationary.
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FIGURE 4. MOTION CONSTRAINT MECHANICAL DESIGN,
CONSTRAINS FOSWEC MOTION TO HEAVE, PITCH AND SURGE.
THE FOSWEC IS MOUNTED TO THE SURGE GUIDERAIL
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The motion constraint mass properties for each DOF are
characterized in in Table 2. For numerical modeling purposes, it
is critical to include these mass properties in FOSWEC
simulations, and to accurately account for how the motion
constraint moves with the FOSWEC in each DOF. It is
important to note that these mass properties below are for the
heave, pitch and surge constraints independently, and do not
account for the combined mass properties the FOSWEC would
experience when moving in each DOF. For example, for heave
motion, the FOSWEC should include heave, pitch and surge
motion constraint mass properties.

TABLE 2. MOTION CONSTRAINT MASS PROPERTIES

Heave | Pitch Surge
Mass (kg) | 27.35 | 4.47 23.66
X ¢ (M) 0 0 0
Y., (m) 0 0 0
Z,, (m) | -0.782 | -0.366 | -0.366
I, (kgm’) | 22 0.29 1.44
I, (kgm®) | 2.15 0.02 221
I,(kgm’) | 028 0.30 3.58

A picture from the FOSWEC experimental testing in the
OSU HWRL Directional Wave Basin is shown in Figure 5. For
more information about the experimental setup and design of
the FOSWEC Phase 1 testing, refer to [6].

FIGURE 5. EXPERIMENTAL TESTING OF THE 1:33-SCALE FOSWEC
(IMAGE COURTESY OF BRET BOSMA)

HYDRODYNAMIC PROPERTIES

Before running WEC-Sim, a BEM solver must be used to
determine the hydrodynamic frequency domain coefficients.
WEC-Sim v2.0 is set up to read these parameters from BEMIO
parsed output from one of the following BEM codes: AQWA,
WAMIT, or NEMOH [9]. The required BEM frequency domain
hydrodynamic coefficients include added mass, radiation
damping, and Froude-Krylov plus diffraction (excitation) for
each body in the model. For the study described in this paper,
ANSYS-AQWA was used to generate the frequency domain
hydrodynamic coefficients. These coefficients were imported
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into WEC-Sim by using the BEM parser BEMIO [9]. For
reference, the pitch added mass, radiation damping, and
excitation magnitude from the front flap BEM solution are
presented in Figure 6.
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FIGURE 6. FLAP PITCH HYDRODYNAMIC COEFFICIENTS: ADDED
MASS, RADIATION DAMPING AND EXCITATION

Once Phase 2 testing is complete, these numerically
determined hydrodynamic coefficients will be compared
against results from the FOSWEC physical model testing.
Forced oscillation tests will be used to determine the radiation
and added masses coefficients, and wave excitation tests will be
used to determine the excitation coefficients. For reference, the
governing WEC equation of motion in regular waves solved by
WEC-Sim is defined as the following:

Fo(®) = (m+A;(0)) k(@) +
(Bjj(w) + C)X () + pAC,X (D)X ()| /2
+ kX(t) + F(t) + Fpeo(t)

M

where F,(t) is the excitation force, F, (t) is the mooring force,
Fpio(t) is the PTO force, m is the mass, j is the DOF of
interest, A is the added mass, B is the radiation damping, w is
the angular frequency, X is the displacement, C is the linear
damping, Cp viscous drag coefficient, and k is the restoring
stiffness (or hydrostatic coefficient) of the body.

WEC-SIM NUMERICAL MODEL

In addition to the physical model testing, the FOSWEC
was modeled numerically to compare directly with the
experimental data for code validation, as well as to make
mechanical design decisions, instrumentation choices, and
define power take-off (PTO) requirements. The BEM solver
ANSYS-AQWA was used to obtain linear hydrodynamic
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frequency domain coefficients, as described in the previous
section. WEC-Sim then uses these coefficients to provide time-
domain simulation results of the system. Results from these
simulations will be discussed in the following sections.

In order to run WEC-Sim simulations, the FOSWEC model
must first be developed using the WEC-Sim Library, consisting
of Bodies, Constraints, Joints, Moorings and PTOs, as shown in
Figure 7 [10], [11]. A screenshot of the WEC-Sim Simulink
model used to simulate the FOSWEC experimental testing is
shown in Figure 8. This model consists of a floating platform,
two flaps, and a detailed model of the FOSWEC’s motion
constraint. A benefit of leveraging Mathworks SimMechanics
is that WEC-Sim has a graphical user interface that models the
FOSWEC’s response, as shown in Figure 9.

& Eirwnchem v v B @ 0 @

38
1 gi

FIGURE 7. WEC-SIM LIBRARY IN SIMULINK

Front Flap Back Flag
body(2) body(1)
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FIGURE 8. MODEL OF THE FOSWEC USING WEC-SIM LIBRARY
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FIGURE 9. FOSWEC MODEL VISUALIZATION IN WEC-SIM

Simulations of the FOSWEC highlight some of the code
features included in the latest release of the WEC-Sim code
(v2.0), including: wave directionality, nonlinear hydrostatics
and hydrodynamics, Morison drag, and compatibility with
BEMIO. These features are especially relevant when modeling
the FOSWEC, because it is expected that the WEC’s response
will be highly directionally dependent, have coupling between
DOFs and body-to-body interactions, as well as highly
nonlinear hydrodynamic response.

SIMULATION RESULTS

In the following sections, results from numerical
simulations of the Phase 1 experiments using WEC-Sim are
presented. The WEC-Sim code was used to model the
following FOSWEC experimental tests: FOSWEC heave, pitch,
and surge decay, and flap pitch decay. The experimental decay
tests were performed for a range of initial displacements, each
of which was repeated to quantify experimental error.
Comparison of these experimental results to the numerical
model was then used to determine which numerical flags are
relevant to model the FOSWEC dynamics in WEC-Sim. In the
following sections, comparison of WEC-Sim simulations to the
experimental data with and without these additional features are
presented to demonstrate their functionality, as well as to
highlight which numerical flags are relevant for modeling the
FOSWEC dynamics. For all WEC-Sim simulations, drag
coefficients were chosen based on the ones used to model the
Langlee inspired NumWEC device [12].

FOSWEC Heave Decay

In order to characterize the FOSWEC’s response in heave,
a series of heave decay tests were performed. During these
tests, the FOSWEC was raised out of the water with an
overhead crane to initial heave displacements of 3, 5, 7, 10, and
15cm, and then released. For the heave decay tests, the motion
constraint was locked in all DOFs except heave, so the
FOSWEC response was isolated to heave motion. The
FOSWEC heave decay motion when subject to different initial
displacements was then measured with a tape extension
position sensor, details of which are provided in [6].
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In order to compare the numerical flags in the WEC-Sim
code, heave decay simulations were run in WEC-Sim with and
without the nonlinear drag term (C,), for the same damping
value of 450 Ns/m. The results of these simulations are shown
in Figure 10. The simulations with a C4 of 1.28 are dotted, and
the simulations with C4 of zero are dashed. The simulations
including the nonlinear drag term differ as a function of the
initial displacement, whereas the simulations without a
nonlinear drag term collapse around the same solution. This
result is expected, because linear responses are independent of
displacement; the only way to account for response as a
function of displacement is to include nonlinearities, such as
drag, into the model.
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FIGURE 10. NORMALIZED WEC-SIM HEAVE DECAY SIMULATIONS
FOR DAMPING OF 450, AND Cp OF 1.28 (DOTTED), AND DAMPING OF
450, AND Cp OF 0 (DASHED)

The FOSWEC heave decay experiments were then
simulated in WEC-Sim, and compared to results from the
experimental data. Figure 11 shows the results of the FOSWEC
heave decay experiments normalized by the initial displacement
(solid lines). The error bars represent the 90% confidence
interval of the experimental data. The dotted lines in Figure 11
are the results of the WEC-Sim heave decay simulations using
linear hydrostatics, a linear damping value of 450 Ns/m, and a
non-linear drag coefficient of 1.28. The results of the numerical
simulations using WEC-Sim have good agreement with the
experimental data in terms of decay rate, but the damped
natural periods differ. The heave decay experiments have a
natural period of 1.56s, while the WEC-Sim results have a
natural period of 1.2s, yielding a 23% difference. Additionally,
as with the experimental data, the results of the WEC-Sim
simulations vary as a function of the initial displacement.
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FIGURE 11. NORMALIZED FOSWEC HEAVE DECAY EXPERIMENTAL
RESULTS WITH 90% CONFIDENCE INTERVAL (SOLID), AND WEC-
SIM HEAVE DECAY SIMULATIONS WITH DAMPING OF 450, AND Cp
OF 1.28 (DOTTED)

FOSWEC Pitch Decay

In order to characterize the FOSWEC’s response in pitch, a
series of pitch decay tests were performed. This was done by
raising one side of the FOSWEC out of the water with an
overhead crane to different initial pitch displacements of 5, 7,
10, 15, and 20°, and then releasing it. The motion constraint
was locked in all DOFs except pitch, so the FOSWEC response
was isolated to pitch motion. The motion of the FOSWEC pitch
decay when subject to different initial displacements was then
measured by the PhaseSpace motion tracking system, details of
which are provided in [6].

Results from the WEC-Sim simulations are first compared
to the pitch decay experimental data for the 5° initial
displacement (the median displacement) in Figure 12. The
WEC-Sim code was then run with linear damping of 40
Nms/rad, C4 of 8, and with linear and nonlinear hydrostatics. In
Figure 12, the pitch decay experimental data is shown as a solid
line with a damped natural period of 1.64s. Numerical results
from the linear hydrostatic WEC-Sim simulation are shown as a
dashed line, and have a natural period of 076s (54% difference).
Results from the nonlinear hydrostatic model are shown as a
dotted line, and have a natural period of 1.26s (30% difference).
Since the nonlinear WEC-Sim results are more representative
of the physical experiments, they were used for the remaining
pitch decay simulations. For more information about the
implementation of nonlinear hydrostatics in WEC-Sim, refer to
the WEC-Sim documentation [11], [13].
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FIGURE 12. NORMALIZED PITCH DECAY FOR 5° INITIAL
DISPLACEMENT, EXPERIMENTAL RESULTS (SOLID), LINEAR WEC-
SIM (DASHED), NONLINEAR WEC-SIM (DOTTED)

The pitch decay experimental results are then compared to
the WEC-Sim nonlinear simulations, shown in Figure 13. The
experimental data is shown in a solid line with error bars
denoting the 90% confidence interval. Numerical results from
the WEC-Sim pitch decay simulations for each initial
displacement, run with nonlinear hydrostatics, damping of 40
Nms/rad, and C4 of 8 are shown as dotted lines. There is decent
agreement between the experimental data and the
corresponding WEC-Sim simulations. While the experimental
and numerical results exhibit similar natural periods and decay
rates, the pitch decay simulations require further investigation.

t[s]

FIGURE 13. NORMALIZED FOSWEC PITCH DECAY EXPERIMENTAL
RESULTS WITH 90% CONFIDENCE INTERVAL (SOLID), AND WEC-
SIM  PITCH DECAY  SIMULATIONS WITH  NONLINEAR
HYDROSTATICS, DAMPING OF 40, AND Cp OF 8 (DOTTED)
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FOSWEC Surge Decay

In order to characterize the FOSWEC’s response in surge,
a series of surge decay tests were performed. These
experiments were completed by pulling the FOSWEC
horizontally with the overhead crane to different initial surge
displacements of 7, 10, 15 and 20cm, and then releasing it. The
motion constraint was locked in all DOFs except surge, so the
FOSWEC response was isolated to surge motion. Since the
FOSWEC has a natural restoring force due to hydrostatic
stiffness in heave and pitch, no additional stiffness or restoring
forces were required. However, for surge motion, there is no
hydrostatic restoring force, so bungee cords were used to bring
the FOSWEC back to equilibrium. The restoring stiffness of the
bungee cords was characterized by a surge static offset test.
Results from the surge static offset test are presented as a force
versus displacement curve in Figure 14. A linear regression of
the force versus displacement curve resulted in a slope, or
stiffness, of 962 N/m, with a correlation coefficient (R?) of
0.96. This stiffness value was then used in the following WEC-
Sim simulations.

320

0.35 0.4 0.45 0.5
A x [m)

FIGURE 14. FOSWEC SURGE STATIC OFFSET TEST, FORCE VERSUS
DISPLACEMENT SLOPE, K = 962 WITH R* = 0.96

Motion of the FOSWEC surge decay when subject to
different initial displacements was then measured with a tape
extension position sensor, details of which are provided in [6].
Simulations of the surge decay tests were then run in WEC-Sim
using a linear stiffness of 962 N/m, a linear damping of 770
Ns/m, and a drag coefficient of 1.28. Results from the surge
decay experimental tests with a 90% confidence interval, and
the WEC-Sim simulations are shown in Figure 15. There is
good agreement between the WEC-Sim results and the
experimental data in terms of decay rate and settling time.
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FIGURE 15. NORMALIZED FOSWEC SURGE DECAY EXPERIMENTAL
RESULTS WITH 90% CONFIDENCE INTERVAL (SOLID), AND WEC-

SIM SURGE DECAY SIMULATIONS WITH STIFFNESS OF 962,
DAMPING OF 770, AND Cp OF 1.28 (DOTTED)

Flap Pitch Decay

In order to characterize the flap’s response in pitch, a series
of flap decay tests were performed. These were done by using
the overhead crane to pull the flap to initial pitch displacements
of 5, 7, 10, 15, and 20°, and then releasing it. The motion
constraint was locked in all DOFs, so the FOSWEC response
was isolated to flap pitch. The FOSWEC flap’s decay motion
when subject to different initial angular displacements was then
measured by a rotary encoder mounted on the flap’s shaft,
details of which are provided in [6].

As shown in Figure 16, the WEC-Sim simulations are first
compared to the flap pitch decay experimental data for the 10°
initial displacement (the median displacement). The WEC-Sim
code was then run with a linear damping of 0 Nms/rad, and Cg4
of 8, with linear and nonlinear hydrostatics. In Figure 16, the
flap pitch decay experimental data is shown as a solid line, and
has a damped natural period of 3.88s. The linear hydrostatic
WEC-Sim simulation is shown as a dashed line, and has a
natural period of 1.55s (60% difference). The nonlinear
hydrostatic simulation is shown as a dotted line, and has a
natural period of 3.78s (3% difference). Since the nonlinear

WEC-Sim results are more representative of the physical
experiments, they were used for the remaining flap pitch decay
simulations. For more information about the implementation of

nonlinear hydrostatics in WEC-Sim, refer to the WEC-Sim
documentation [11], [14].
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FIGURE 16. NORMALIZED FLAP PITCH DECAY FOR 10° INITIAL
DISPLACEMENT, EXPERIMENTAL RESULTS (SOLID), LINEAR WEC-
SIM (DASHED), NONLINEAR WEC-SIM (DOTTED)

Experimental results from the flap pitch decay test are then
compared to the WEC-Sim nonlinear simulations, shown in
Figure 17. The experimental data is shown in a solid line with
error bars denoting the 90% confidence interval. The results of
the WEC-Sim flap pitch decay simulations for each initial
displacement are shown as dotted lines. There is very good
agreement between the experimental data and the
corresponding WEC-Sim simulations. Both the experimental

and numerical results exhibit natural periods and decay rates
within reasonable error.
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FIGURE 17. NORMALIZED FLAP PITCH DECAY EXPERIMENTAL
RESULTS WITH 90% CONFIDENCE INTERVAL (SOLID), AND WEC-

SIM FLAP PITCH DECAY SIMULATIONS WITH NONLINEAR
HYDROSTATICS, DAMPING OF 0, AND Cy, OF 8 (DOTTED)
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CONCLUSION

This paper presents results from the Phase 1 WEC-Sim
experimental testing of a prototype floating oscillating surge
wave energy converter in comparison to numerical simulations
using WEC-Sim. Phase 1 of physical wave basin testing was
completed for a 1:33-scale model at Oregon State University in
winter 2015, and Phase 2 is scheduled for spring 2016. The
objective of this testing is to primarily to generate a
comprehensive data set for validation of the WEC-Sim code, a
secondarily to evaluate new instrumentation techniques for load
characterization, and to provide a publicly available numerical
benchmarking data set to be used by the wave energy
community at large.

The paper presents results of using v2.0 of the WEC-Sim
code to model FOSWEC Phase 1 experimental testing.
Comparison of WEC-Sim simulations to experimental data
serves as a preliminary effort towards WEC-Sim code
validation. Phase 2 experimental testing will build upon the
system identification experiments completed in Phase 1, and
will be focused on characterization of the FOSWEC’s response
to various wave cases. Upon completion, the entire
experimental data set—along with all numerical simulations—
will be made publicly available and included in future releases
of the WEC-Sim code.
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