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Most oscillating wave surge converters (OWSCs) are designed to enter survival mode during
energetic wave conditions where they forego the opportunity to extract energy in an attempt to
preserve structural integrity. While this is a good tradeoff, it is important that OWSC technology
progresses to a point where energy is constantly extracted when waves are present. The OWSC
studied here is a variation of a device that was conceptually designed and patented by researchers
at the National Renewable Energy Laboratory (NREL) and consists of multiple adjustable vanes
that, when opened, allow some of the wave force to pass through the device. Currently, NREL’s
investigations have been limited to a single OWSC consisting of 4 and 5 adjustable vanes.
Therefore, there exists a need to further investigate the performance of this nearshore variable
geometry OWSC in various arrangements and configurations. This research analyzes the
hydrodynamic response of a 2-vane OWSC, a 4-vane OWSC, and an array of OWSCs in a
frequency-domain code, a 2-vane OWSC’s power generation capabilities in a wide range of sea
states in a time-domain wave energy converter simulation tool, and a fluid flow analysis of the 2-
vane OWSC in standard and energetic sea states using computational fluid dynamics (CFD). It
was hypothesized that opening the vane angles would significantly and consistently reduce the

OWSC’s hydrodynamic response to various wave frequencies, its power production capabilities,



its oscillatory motions, and the potential for wave slamming. The frequency- and time-domain
results indicated that most configurations had consistent and predictable responses, while other
configurations were more sensitive to the vane angle changes. The CFD results indicated that
opening the vanes led to a reduction in wave slamming. However, the fluid flow became highly
unpredictable as the vane angles changed, resulting in incident wave damping, inconsistent

OWSC oscillations, and hydraulic jump formation.
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1 Introduction

1.1 Oscillating Wave Surge Converter Background

An oscillating wave surge converter (OWSC) is a type of wave energy converter (WEC) that
consists of a buoyant flap that is typically hinged at the sea floor in depths of 10 to 15 meters [1].
After the OWSC is struck by a wave, it pitches around the axis parallel to the wave crest and is
then restored to its original position primarily by the force of buoyancy. This rotary motion can be
converted in multiple ways, two which being electrically, by exciting a generator, or mechanically,
by pressurizing seawater. The energy extraction capabilities of an OWSC are primarily dependent
on the wave force it experiences, with other parameters affecting the extraction such as the OWSC
height, width, mooring configuration, power take-off (PTO) design, and water depth.
Traditionally, the main body of the OWSC has been a fixed, rectangular surface [2] or composed
of several fixed cylindrical tubes [1]. However, researchers at The National Renewable Energy
Laboratory (NREL) have recently introduced an OWSC design that introduces multiple adjustable
vanes within the entire paddle structure. The ability to have varying vane angle configurations is
a concept similar to the pitching blades of a wind turbine [3]. These adjustable vanes act as a
control knob that limits the loads experienced by the device. Figure 1-1 compares the three OWSC

designs discussed above.
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Figure 1-1. OWSC with (a) Rectangular Surface [2] (b) Cylindrical Tubes [1] (c)
Adjustable Vanes [3]




1.2 Challenges and Needs

The technology to harvest ocean energy may be in its infancy stages relative to other renewable
technologies. Because the ocean is a harsh, corrosive, environment, marine hydrokinetic energy
(MHK) is particularly challenging endeavor with one of its main challenges being energy
extraction in a wide array of sea conditions [3], [4], [5], [6], [7]. Currently, most OWSCs are
designed to enter survival mode during extreme conditions where they forego the opportunity to
extract energy in attempts to preserve structural integrity. While this has been a good tradeoff,
WEC technology should be advancing to a point where energy is constantly extracted when waves
are present. Until recently, most OWSC’s studied have a fixed, rectangular face. However, the
OWSC being studied here, conceptually designed and patented by Nathan Tom, et al. at NREL
[3], [8], consists of a flap face with adjustable vanes, similar to the workings of household blinds
or pitching wind turbine blades. This adjustability allows the vanes to be fully closed, partially
open by some degree, and fully open to accommodate varying sea conditions. Currently, NREL’s
investigations have been limited to an OWSC consisting of 4 or 5 vanes [3], [8]. Therefore, this
work addresses the need to further investigate the performance of this variable geometry OWSC
with several modifications and implementations to investigate its performance in a wide range of

sea conditions.

1.3 Specific Aims

The purpose of this research was to advance ocean renewable technologies so ocean energy can
become utilized as another renewable energy technology. Specifically, this work continues to
investigate a nearshore OWSC similar to Nathan Tom et al.’s variable geometry OWSC [9]. This
work explored a singular OWSC with 2 adjustable vanes, a 2x2 array and 3x3 array with 2
adjustable vanes, and singular OWSC with 4 adjustable vanes. The purpose of using fewer vanes
was to investigate the OWSC’s sensitivity to fewer vanes and to reduce the number of moving
parts in the OWSC, thus simplifying the design. Furthermore, this work includes the new addition
of more vane-angle configurations, including 90° (fully closed), 60°, 45°, 30°, and 0° (fully open).
From the fully closed configuration, the vanes were rotated clockwise to 60°, 45°, and 30° until
fully open at 0°. This innovative, nearshore OWSC with various vane angle configurations was

studied in shallow water with various wave conditions from the reference site, detailed in Section



1.6. Regarding the single 2-vane device, the specific parameters that were investigated are
mentioned below, and described in detail subsequently:

e Hydrodynamic coefficients

e Power production

e Fluid flow analysis

The investigation of the 4-vane OWSC provided insight into the effects of adding more adjustable
vanes within the same space. The array investigation provided insight as to how the presence and
proximity of multiple OWSC'’s affected each other. Regarding the 4-vane configuration, the 2x2
array, and the 3x3 array, only the hydrodynamic coefficients were investigated. The 2-vane OWSC
is depicted in Figure 1-2, the 4-vane OWSC is depicted in Figure 1-3, and the 2x2 and 3x3 array
arrangements can be seen in Figure 1-4 and Figure 1-5 respectively. To save space, only the closed

configuration for the arrays are shown.

The specific aims for using a time-domain tool in this work were to obtain the power production
capabilities based on the wave data from the reference site and mean annual energy production
matrices that are a function of wave height and wave period. This gave an indication as to which
sea states harvested the most power over time, and how much power each configuration would

harvest each year.

Since time-domain tools cannot output non-linear events such as wave slamming, described in
Section 1.7, or flow field parameters such as velocity profile and dynamic pressure contours, CFD
was used. These parameters provided insight as to how the fluid flow was affected by different
vane angle configurations and sea states. The single OWSC arrangement in each of its five
different vane angle configurations was studied in CFD to investigate the velocity profile around
the OWSC, dynamic pressure contours, and determining whether or not wave slamming occurred.
This was conducted for two wave conditions: one that occurs the most frequently at the reference
site, and the other being a more energetic wave condition that also has a large presence at the
reference site. Both of these wave conditions are explained further in Section 1.6.
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Figure 1-2. Geometry of Singular 2-Vane OWSC Structure with Various Vane Angle
Configurations: (a) 90° (b) 60° (c) 45° (d) 30° (e) 0°
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Figure 1-3. Geometry of Singular 4-Vane OWSC Structure with Various Vane Angle
Configurations: (a) 90° (b) 60° (c) 45° (d) 30° (e) 0°
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Figure 1-4. 2x2 Array Configuration of Closed 2-Vane OWSC

11

Figure 1-5. 3x3 Array Configuration of Closed 2-Vane OWSC

1.4 Significance

NREL has suggested further studies are needed on WECSs in extreme conditions since these devices

should be progressing towards operability in various sea conditions [9]. This research holds



significant value since it is a highly detailed extension of Nathan Tom et al.’s variable geometry
OWSC that was originally intended to operate in a wide range of sea states. Specifically, the
significant value lies in the detailed investigation of its performance with a fewer number of
adjustable vanes, the addition of vane angle configurations, and the effects from array
arrangements. This is the first time that research has been conducted on the specific OWSC being
studied here, thus adding to the originality of this research [9]. Currently, the wave energy
community is leveraging methodologies from offshore oil and gas structures as well as naval vessel
applications. Although these methods have benefitted the wave energy community, wave energy
technology should continue to progress towards commercial viability [10]. The specific aims
mentioned previously will contribute to the advancement of ocean renewable energy, thus making
it more economically competitive with other electricity generating technologies by reducing the
levelized cost of energy [11].

1.5 Hypothesis

Waves have forward-backward, left-right, and up-down components that are also known as surge,
sway, and heave respectively. Consequently, there may exist multi-directional forces that act on
the OWSC being studied such as vertical forces due to the heave motion, or x- and y- directional
forces due to the surge and sway motions respectively. It was expected for surge wave forces to
have the greatest impact on power extraction capabilities. The OWSC being studied here has the
capability of varying the vane angle, which was predicted to mitigate the experienced wave force
by allowing some of the wave energy to pass through the device, thus preserving its structural
integrity. It was hypothesized that opening the vanes would significantly reduce the fluid-structure
interaction resulting from the surge motion of waves, leading to lower magnitude hydrodynamic
coefficients, average power production per wave state, and wave slamming events that acted on
the OWSC. Since there were several analyses studied in this work, the expected outcomes of each

arrangements and configurations are discussed in greater detail below.

1.5.1 Hydrodynamic Coefficients - Expected Outcomes

Regarding the single 2-vane and 4-vane OWSC, it was expected that hydrodynamic coefficients

would consistently and predictably decrease in magnitude as the vanes were opened, allowing for
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better controllability regarding wave force on the OWSC. Since the overall dimensions of the
OWSC did not change between the 2-vane and 4-vane OWSC, it was expected that that 4-vane
OWSC would experience larger hydrodynamic coefficient magnitudes since 4 adjustable vanes
occupied more space than 2 adjustable vanes. Regarding the 2x2 and 3x3 array, it was expected
that the OWSCs next to each other would not experience any effect from the surrounding OWSCs.
However, it was expected for the hydrodynamic coefficients of the OWSCs located in front of and

behind one another to reduce in magnitude and show signs of numerical instability.

1.5.2 Power Production - Expected Outcomes

In this section, only the single 2-vane OWSC was investigated in each vane angle configuration
for a wide range of sea states based on data from the reference site. It was expected that there
would exist a consistent decrease in power production potential as the vanes are opened. Since
the power contribution matrix was most important, it was expected for the sea state that yields
the highest potential energy production would not be the sea state that actually contributes the

most power for that specific location.

1.5.3 Fluid Flow Analysis - Expected Outcomes

In this section, the 2-vane OWSC was investigated in all of its vane angle configurations in two
sea states: one that was the most common at the reference site, and one that was more energetic
than the former. When the vanes were not fully closed, it was expected that the upper and lower
tips of each vane would contribute to the highest fluid velocity and turbulence. When the vanes
were fully closed, more turbulence was expected at the tip of the upper vane than the lower vane.
It was expected that the highest dynamic pressure contour would exist on the seaward face of the
OWSC as it interacted with the incident wave, and on the landward face of the OWSC when it
pitched seaward. Wave slamming, described in Section 1.7, was not expected to occur for the
calmer sea state. However, wave slamming was expected for the closed configuration during the
more energetic sea state. Furthermore, if wave slamming existed among either of the wave
conditions, it was expected for this phenomenon to diminish as the vane angles approached 0°, or

fully open.



1.6 Reference Site

Before launching a WEC for testing, there should be knowledge of the wave energy resource and
wave characteristics at the reference site of interest. This is helpful in determining the site’s
suitability for renewable energy devices. Typically, a nearby research facility, in this case the
Field Research Facility (FRF) in Duck, North Carolina (NC), has deployed and/or maintained
data-collecting buoys situated along the coast. Led by the United States Army Corps of
Engineers, FRF focuses on monitoring waves, tides, currents, local meteorology, and the
consequent beach response. Another nearby research facility in NC is the Coastal Studies
Institute (CSI), a research and educational facility led by East Carolina University. CSI and FRF
are approximately 26 miles apart, so their nearshore characteristics are quite similar—a wide
continental shelf, a sandy sea floor, and a gently sloping bathymetry [12]. The reference site used
for this research was nearshore, hindcast data obtained at 36.1858 N, 75.7486 W at a 4.8 m water
depth. The wave environment had an annual average power flux of approximately 3.28 kW/m
[12]. Researchers at CSI produced a statistical model that was used to characterize the wave
energy resource at the Jennette’s Pier and FRF testing sites. This model uses historical data to
produce a joint probability distribution (JPD) of sea states and a 31-year hindcast dataset, so
energetic sea states could be identified [12]. A JPD is a 2-D or 3-D histogram that is
characterized by two variables and plots the probability of that event occurring. Here, the two
variables are significant wave height, Hs, and energy period, Te. The JPD of sea states shows the
frequency of occurrence of a specific sea state bin. For example, in Figure 1-6 the most common
sea state occurrence, 0.5 <Hs < 1.0 and 5 < Te < 6, accounts for 14.53% of the annual total.
Similarly, Figure 1-7 shows the percentage of contribution to the total wave energy per year
which is 28,815 kWh/m, or 3.29 kW/m if omnidirectional wave are considered [12]. Here, the
sea state that contributes to the most energy isintherange of 1 <Hs<1.5and5< T <6. It
should be noted that the sea state with the highest frequency of occurrence does not always
correlate to the sea state that contributes the highest amount of wave energy [13]. The mean, 5™
and 95" percentiles of wave steepness are shown in the JPD figures. Because the depth at this
region of study is 4.8 meters, the reference site suitable for testing nearshore OWSCs. More
information on the reference site described here can be found in [12].
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Figure 1-6. Joint Probability Distribution at the Reference Site in Duck, NC [12]
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Figure 1-7. Percentage of Total Energy Contribution at the Reference Site in Duck, NC [12]

1.7 Wave Slamming

Wave slamming is a highly non-linear force that acts on maritime structures. For OWSCs, wave
slamming occurs primarily in energetic sea states. This is when the OWSC pitches seaward and
reaches a vertical position in the wave trough, and the water line in front of the OWSC drops
resulting in a high magnitude slamming force that can structurally affect the device. Slamming

occurs when the OWSC impacts the water free surface rather than an incident wave impacting
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the device, and can usually be identified as a stream of water jetting off the front face of the
OWSC [14]. An example of the OWSC wave slamming event can be seen in Figure 1-8 and
described in [1], [14]. It is important to understand whether or not a specific wave condition will
result in wave slamming of an OWSC so it can be properly damped to avoid structural overload.
Wave slamming can also be identified as a sharp spike in pressure on the OWSC face.
Experimental or numerical models may be used to observe the slamming phenomenon.
Moreover, CFD is a widely used tool for investigating this, and will be used in this work. This
will be discussed further in Section 2.11.
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Figure 1-8. Example of Wave Slamming Event [1]
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2 Background Research

2.1 Renewable Energy

It is evident that today’s societal, cultural, and evolutionary needs have resulted in an increased
demand for electricity. However, the burning of fossil fuels for energy has been shown to have
severe, irreversible effects on the Earth’s inhabitants and atmosphere [15]. One solution that has
greatly matured over the last decade is the use of renewable energy systems. Renewable energy
resources are naturally occurring sources that provide a sustainable supply of energy such as solar
or wind power [15]. Within the last few decades, renewable energies have begun to replace other
energy systems that emit harmful exhausts such as coal burning. In fact, some wind and solar
power applications are now less expensive than some fossil fuel options [16]. While solar and wind
energy technologies are proven to be capable, there still exists a relatively untapped, renewable
energy source that can provide a significant amount of energy—the ocean. This includes tidal
energy, ocean thermal energy, and wave energy to name a few. There have been many attempts to
harness the energy in ocean waves, with ideas and patents dating back to 1799 from Monsieur
Girard [17]. WECSs extract wave energy to generate electricity or mechanical energy. One example
is a WEC harvesting mechanical energy to pressurize seawater for desalination [18], [19].
Primarily due to the infancy of WECs and the harsh conditions of the ocean, a common challenge
in this area of study is maximizing power capture from incidental waves [20]. Engineering
technology from existent non-renewable sources, like oil rigs and naval vessels, help provide
informed solutions for wave energy extraction. Further research in ocean energy is needed in the
areas of levelized cost of energy, maximum energy extraction, control system implementation,
mooring and PTO optimization, and physical model development to name a few [21], [22]. Since
ocean energy technologies are still in the early stages of development, there exists a high capital
investment. However, as research continues to advance in the aforementioned areas, the cost of

ocean energy is likely to drop to competitive levels [23].

2.2 Wave Power Resource

Long and consistent gusts of wind across the ocean’s surface will generate waves. This energy

grows in density as it evolves from solar energy to wind energy, and then from wind energy to



wave energy. Wave energy is more concentrated than wind energy and solar energy. Therefore,
ocean energy has a higher energy density than other renewable resources [24]. This wave power
can be captured and transformed into usable energy to provide approximately 80% of the electricity
that North America consumes annually [25]. Historically, wave power varies from 10 kW/m in
geographical locations such as the Gulf of Mexico, to over 120 kW/m in areas such as Chile [25].
Globally, greatest wave power density is between 40° and 60° latitude, and -40° and -60° latitude
[25]. Within the United States, the power potential of marine energy resources is 2,300 TWh/ year
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as seen in Figure 2-1 [26].
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Figure 2-1. Annual Mean Global Wave Energy Density [26]

2.3 Wave Classification

Surface waves, also known as wind-driven waves, are created by a steady wind across the surface
of a body of water. On a small scale, one can visualize this by blowing air over a cup of water and
observing the ripples. Whether or not ocean waves are small ripples or large swells depends on the
wind’s consistency of speed, direction, and fetch [27]. These two factors determine the amplitude
of, and thus the energy within, the waves [28]. A wave is considered fully developed at the moment

just before it white caps, when much of the energy is lost [29].

The power output potential of a WEC is different in deep, intermediate-deep, and shallow water
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since water depth affects wave characteristics such as wavelength, wave height, and period. In
deep water, where water depth, d, is greater than half of the average wavelength, A, wave particles
travel in orbital motions since they experience no effects from the sea floor. However, in reality
there exists an effect called Stokes drift, where a particle in dynamic water experiences a velocity
in the direction of wave propagation, which results in the particle’s path not being fully closed. If
this particle was followed in real-time, its path would have a helical shape. Generally, the Stokes
drift velocity is the difference between the mean Lagrangian velocity of the water particle, and the
mean Eulerian, or horizontal, flow velocity of the fluid [30]. More information on the Stokes drift
wave particle motion in deep water can be found in [31]. For a deep-water wave, the wave power,
P, typically measured in kilowatts per meter wave width, is proportional to the wave energy period,
measured in seconds, and to the squared significant wave height, measured in meters [32], [33].
Hs is defined as the square root of the zeroth-order moment of the wave spectrum, or the area,
multiplied by four [34]. In intermediate-deep water, where the water depth is between half of the
average wavelength, and 1/20 of the wavelength, the wave particles begin to rotate in an elliptical
motion since they experience friction forces from the sea floor. Frictional drag from the bottom
causes a wave to lose energy. In shallow water, where water depth is less than 1/20 the average
wavelength, the particle motion becomes even more elliptical due to effects from shoaling. The
energy in the wave then becomes more concentrated towards the crest of the wave, resulting in
increased horizontal particle acceleration. That is, the top of the wave begins to move faster than
the bottom, and the front surface of the wave becomes steeper than the back surface, resulting in
wave capping [35], [36]. Just before white capping, the wave is considered fully developed. More
information on the particle motion for shallow water waves, excluding the effects of Stokes drift
can be found in [37]. The equations for the wave energy flux and wave power are described further
in Section 2.6.

2.4 Fixed Oscillating Wave Surge Converter

The OWSC utilizes the surge motion of waves, or the forward-backward motion in the x-direction.
Nearshore waves contain a large amount of concentrated energy due to shoaling effects which is
particularly useful for OWSCs [38]. The design of an OWSC consists of a paddle that is hinged
from its bottom in shallow depths of 10-20 meters, where it is free to rotate about the axis parallel
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to the incoming wave crest, shown in Figure 2-2 [38]. After the OWSC is struck with the wave
and pitches around this axis, it is restored to its original position by the force of buoyancy. This
rotary motion is commonly converted in one of two ways: electrically, by exciting a generator, or
mechanically, by pressurizing hydraulic fluid. The high-pressure seawater can be pumped on shore
for hydroelectricity or direct seawater desalination. The benefit of OSWCs is their
manufacturability, maintainability, scalability, and power absorption metrics [9], [39]. The energy
extraction capabilities for an OWSC are primarily dependent on the wave force it experiences,
with various other parameters affecting this metric, such as the OWSC height, width, mooring
configuration, PTO, and water depth [9]. The energy extraction characteristics are determined by
the movement of ocean waves, having primary interests in the horizontal particle velocity field,
the wave period and the wave height [40],[41],[42]. These characteristics will vary depending on
the wave spectrum being used in the analysis. There have been several commercial
implementations of the OWSC such as the Oyster developed by Aquamarine Power [43],
WaveRoller by AW-Energy [44], and the Oscillating Wave Surge Converter by Resolute Marine
Energy [45]. Current research shows that OWSCs are among the highest performing wave energy
converters in terms of power capture capabilityError! Reference source not found. [39], [46].

_— Oscillating Flap

- / // Hydraulic piston
Direction of =) // Hydraulic engine
wave motion //

/ol Generator
/ — i ’ »
T - -

Figure 2-2. Operating Principle of a Bottom-Fixed Oscillating Wave Surge Converter [38]

2.5 Linear Wave Theory

Generally, waves can be classified as linear or nonlinear, regular or irregular, and unidirectional
or omnidirectional [47]. Regular and irregular waves are discussed in Section 2.10.5 and Section

2.10.6 respectively. Free surface waves result from forces that act on an otherwise still body of
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water to deform the fluid [47]. Such forces may include the wind blowing, gravitational effects, or
a passing vessel. Quantifying free surface waves requires the use of equations derived based on
potential flow theory—which assumes flow is incompressible and irrotational [48]. In this study,
water is assumed incompressible so the density will remain constant throughout calculations, and
since is difficult to compress physically. At 0°C and zero-pressure limit, the compressibility is
5.1e-10 Pa! [48]. As pressure increases, the compressibility of water decreases. The assumption
of incompressibility allows for the fluid velocity, V, to satisfy the equation of continuity to yield

av. av av

ox "dy "oz
Furthermore, the water is assumed irrotational because the wave being studied will not interact
with any other water motions. This assumes the water particles will be fixed so only normal forces
will be considered. This assumption is important so the velocity can be expressed in terms of
velocity potential, ¢p. The velocity potential is a scalar function whose gradient at any point in a

fluid is the velocity vector [49]. The velocity potential is given by
_ 09 _ 09 _ 09

u= Er v = a_y , w =3z
Although the exact solution is highly complex, the velocity potential can be substituted into the
continuity equation
2 2 2
oyt =0
to obtain the Laplace differential equation from mass balance:
0’u  0*v 0*w
0x? + dy? + 972 0

To solve the Laplace equation, the velocity potential and kinematic boundary condition are needed.
The kinematic boundary condition represents the motion of the free surface, and states that a fluid
particle at the surface should remain at the water surface at all times. The equation below is a
mathematical representation of the kinematic boundary condition of a fluid particle at the free

surface water level, #, or the interface between the water and air

dp  on
{E—E atz=20
¢

{E—O atz = —d
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Where -d indicates a water depth below the surface water level. An analytical solution of this
Laplace equation for an oscillating regular wave that develops in the positive x-direction is defined
as:

n(x,t) = a sin(wt — Kx)
Where a is wave amplitude, o is wave frequency, t is time, and K = 2774 is the wave steepness.
The velocity potential of this equation is

¢ = pcos(wt — Kx)

where

~ _ wacosh [K(d + z)]
=% sinh(Kd)

Along with the kinematic boundary condition, a second condition exists on the free surface that

requires water surface pressure, p, to be equal to the atmospheric pressure—the dynamic boundary
condition. This condition is derived from Bernoulli’s Equation, and it deals with the force on the
water surface [50]. The momentum balance equation, based on Newton’s second law, is given as

d(pu)  ou(pu)  Odv(pu)  Jdw(pu)
6t+6X+6y+ 0z

Ignoring non-linear terms and simplifying yields the linearized Bernoulli equation for unsteady

flow
d¢ p
—+—+gz =0
at p &z
In terms of velocity potential, the linearized Bernoulli equation for unsteady flow can be rewritten
as
d¢
—+gn =0
oc 81

Linear wave theory [51] is the simplest solution to this equation, as it is a first order approximation
for the velocity field. Linear wave theory assumes linear boundary conditions in deep water. That
is, the water depth, d, and wavelength, A, being much larger than the wave height. Therefore, when
the vertical position, z, is zero, the kinematic and dynamic boundary conditions respectively can

be reduced to

0z ot

dp on
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2.6 Wave Energy

The total linear wave energy per unit area, Eotal, iS a relationship that includes both kinetic, Ex, and
potential, Ep, energy and is defined as

Etotar = Ex + Ep
Water particles that have a velocity also have kinetic energy. Water particles whose elevation has
changed due to wave crest and troughs have potential energy. This kinetic and potential energy

can be defined by

1 1 A a(t)
E, =-mv? = E%f f (w? + w?)dz dx = —pga?
0 -d
1 ; 1
a
E, =mgd = E% jcos2 (kx — wt)dx = Zpga2

0
Hs is the significant wave height, and it is defined as four times the square root of the zeroth-order

area of the wave spectrum being studied. Traditionally, the significant wave height was defined as
the mean wave height from trough to crest of the highest third of the waves, or Hisz [52]. In this

paper, Hs will be used. The total energy in a regular wave can be simplified to

Etotar = lngsz [L]

2 m?2
Where p is the density of seawater and g is gravity. Aforementioned, as a wave begins to form, its
velocity and power are influenced by the water depth, which can be classified as deep,
intermediate-deep, or shallow water. The power, or wave energy flux, per meter wave crest in

regular waves, Pregular, Can be represented by the following equations for shallow waves

Pregular regular ' Cg,shallow

The shallow water wave celerity, Cgshaiow, 1S determined by water depth, not wave period. It is
defined by

Cg,shallow = v/ gh

When an irregular wave is correlated with a spectrum, the wave energy, Eirreguiar, and power per
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meter wave crest, Pirreguiar, are defined as

2
E _ ngmO
irregular — 1—6
Pirregular = Eirregular ) Cg,shallow

2.7 Equations of Motion for an OWSC

There are two major forces that act on the OWSC—viscous and non-viscous forces. Viscous terms
include drag and friction and can be calculated using CFD. Non-viscous terms include the radiation
force, Fr, and the wave excitation force, Fe, which are calculated using hydrodynamic coefficients.
Newton’s second law can be used to describe the mass balance
SF = m¥ = E, +FE +E, + Foro
Where F is equal to the total forces acting on the structure, both viscous and non-viscous, m is the
mass of the structure, and X is the acceleration term of the structure. Viscous forces, Fy, and power
take-off forces, Fpro are also represented in this equation. Since an OWSC oscillates back and
forth, the forces on the OWSC must be equal and opposite to the displacement, thus
—kx = mx
where k is the spring constant, and
k = mw?
Where wa is the angular frequency of the oscillations. If this motion is damped, another term,

which is related to velocity, is added

—kx —lv = mx
Where | is the OWSC shape, and v is the velocity. This equation above represents a damped
oscillator that has no forces acting on it. If a force does act upon it, the result is
F(t) =mX + v+ kx

The motion of the OWSC as it pitches about the y-axis is represented by 6. The term k, which is
the spring constant in the equations above, is now the hydrostatic restoring force, Fg, which is the
force that restores the OWSC to its upright position after being struck by a wave. As the OWSC
oscillates in the water, a non-linear damping term is introduced from the drag associated with the

water. According to [28], since the OWSC is free to pitch about the y-axis in a circular direction,
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the force term may be changed to torque, and the mass term may be changed to moment of inertia.
Therefore, the original equation of motion can be rewritten in terms of hydrodynamic torque, T,
as

T,=T,—I¥+T,+T,

Where | is the OWSC moment of inertia and X is the angular acceleration. It should be noted here
that Tn ,or hydrodynamic torque, can be found using any boundary element method (BEM)
software. The hydrodynamic torque corresponds to the overall torque that the OWSC experiences
by the surrounding water. It is composed of the wave exciting torque, Te, the inertia of the
surrounding fluid, angular acceleration of the OWSC, radiation torque, T, and viscous torque, Ty.
The following equation represents the wave excitation torque of a pitching OWSC for a singular

wave frequency in the time domain:

T,=(+A)8, + B0, + Fg0 + B,,02
Where A, is the added mass, B and B are the radiation damping coefficient and the non-linear
damping coefficient respectively, and & and & are body velocity and position respectively. The
non-linear damping term fluctuates between positive and negative, depending on the OWSCs
forward or backward motion, and is proportional to the OWSC’s velocity squared. The wave
exciting torque is calculated by summing the Froude/Krylov moments and the diffraction
moments. The diffraction moment is a combination of wave reflection and diffraction while the

Froude-Krylov term results from the undisturbed wave’s pressure on a fixed body [53].

The radiation torque is the physical response of an OWSC as it is impacted by the wave. It is
characterized by the OWSC’s hydrodynamic coefficients—added mass and radiation damping.
These terms play a large role in determining the body’s response to waves in shallow water, and
whether or not the device is numerically stable [54]. The added mass coefficient, related to the
body’s acceleration, is the inertia that is added to the OWSC due to its exposure to dynamic water.
Physically speaking, added mass is the mass added to a system due to the fact that an accelerating
or decelerating body must move some volume of surrounding fluid as it moves, since both the
OWSC and sea water cannot occupy the same physical area of space [55]. Radiation damping,

related to the body’s velocity, is the outward generation of waves, caused by the velocity of the
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OWSC after it is struck by an ocean wave. That is, as the OWSC is struck by a wave on one face,
the resulting pitching motion will create waves on the opposite face of the OWSC [53]. The
radiation torque for an OWSC is defined as

T, = —Ax6, — f Kp(t — 1) 6,(1) dt

Where A is the added moment of inertia at infinite frequency, and z is time lag. For WECs, a
three-dimensional diffraction theory software, as described in Section 2.8.1, must be used to obtain
the radiation torque and wave excitation torque. Assuming linear wave theory, the viscous torque

is defined as

1
T, = <—§PCdAd|Vi — VIV - V)>L

Where L is the distance from the bottom of the OWSC to the center of the OWSC in the zed
direction, Cq is the drag coefficient, Aq is the characteristic surface area, Viis calculated by L& ,
and V is fluid velocity. The equation of motion for an OWSC calculated using three-dimensional
hydrodynamic diffraction theory, described in Section 2.9. Figure 2-3 is a tree diagram of the

required elements for calculating the equations of motion for an OWSC.

Equation of Motion - OWSC

Hydrodynamic
Forces

I
Hydrostatic
Forces
[ |
Wave Exciting Radiation Torque
Torque (T,) (T,)

Froude-Krylov
Torque

Added Mass
Diffraction Radiation
Torque Damping

Figure 2-3. Tree Diagram of Elements for Calculating an OWSC’s Equation of Motion
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2.8 Numerically Modeling Wave Energy Converters

2.8.1 Frequency Domain vs. Time Domain Analysis

Either a frequency- or time-domain may be used in a numerical model when studying wave energy
converters. Choosing between the two depends on the device being studied, and the desired
outputs. Typically, device that has not been numerically studied is first analyzed in the frequency
domain to develop a fundamental understanding of how it will respond in dynamic and static water.
This is important since the device will have a different response for each wave frequency that it is
subjected to. One advantage of modeling in the frequency domain is the decreased simulation time,
as compared to a time domain analysis. Frequency domain modeling can be completed with
different software packages like Agwa Diffraction, WaveAnalysisMIT (WAMIT), developed by
researchers at the Massachusetts Institute of Technology, or NEMOH, developed by Ecole
Centrale de Nantes [56]. A disadvantage of a frequency domain model is that it is not capable of
modeling nonlinear effects or control strategies. A time domain analysis is capable of modeling
control strategies and reporting parameters such as device position, velocity and acceleration, PTO
forces, and power generation potential. For OWSCs, a convolution integral of the impulse response
function may be used to characterize the hydrodynamic coefficients in the time domain. Time
domain modeling can be completed with different software packages like Agwa Response or
WEC-Sim [57]. A major consideration in choosing between time and frequency domain modeling
is the tradeoff between model accuracy and simulation run time [28]. When modeling a WEC in
the frequency domain, the user must define specific wave conditions and the device’s mass
properties, such as mass, inertia, and center of gravity, and wave spectrum. The frequency domain
outputs are used to calculate the device’s equations of motion, as discussed in Section 2.7. When
modeling a WEC in the time domain, the user must input the same mass properties, a PTO
configuration, and the hydrodynamic coefficient results from the frequency domain analysis.
Figure 2-4 and Figure 2-5 show a block diagram of the requirements for conducting a frequency

domain analysis and time domain analysis respectively.
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eWave Spectrum

Frequency Domain
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Figure 2-4. Flow Chart of Frequency Domain Analysis
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Coefficients
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s*Agwa Response

Outputs

=*OWSC Position, Velocity,
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*PTO & Body Forces

*Power Production
Potential

Figure 2-5. Flow Chart of Time Domain Analysis
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2.8.2 Computational Fluid Dynamics

CFD can be easily understood when it is broken down into each of its acronym constituents—
computational, fluid, and dynamics. “Computational” means that a computer is necessary to run
the analysis, otherwise known as a numerical analysis. “Fluid” means that specific fluids, whether
a gas or liquid, is being analyzed in the numerical analysis. In the case that a gas, such as air, is
being examined, the term aerodynamics would be used. In the case a liquid, such as water, is being
analyzed, the term hydrodynamics would be used. Finally, the term “dynamics” means the fluid is
in motion. This motion is either the result of an object passing through the fluid, or thermal effects
that drive the flow. The Volume of Fluid (VOF) method is a free-surface modeling technique that
can describe the interaction of a WEC that is exposed to multiple phases. The open channel wave
boundary condition can be used to analyze the fluid flow around the OWSC when it is exposed to
waves [14], [58]. For a WEC in normal operating conditions, the fluid-structure interactions can
be modeled using common numerical analyses described in [44], [59]. High-fidelity VOF analyses
can be used to explore non-linear effects such as wave slamming, which have been proven to cause
structural damage to devices [10]. Furthermore, VOF analyses can provide insight as to how the
fluid flows as it interacts with the oscillating device. Figure 2-6 is a flow chart for analyzing a
WEC in CFD.

Inputs Computational Fluid Outputs
Dynamics Softwares

*Dynamic Mesh *0WSC Pressure, Force, &

*Boundary Conditions
sGeometric Properties
*Wave Parameters

sFluent
*CFX
oStarCCVI+

Torque Results

*Fluid Velocity & Dynamic
Pressure

*Wave Slamming
Investigation

Figure 2-6. Flow Chart of Modeling in CFD
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2.9 Hydrodynamic Diffraction

2.9.1 Boundary Element Method

BEM solves the first order hydrodynamics around the boundaries of the device being studied, not
its internal structure. Therefore, only a boundary mesh is needed, making BEM a quick and
efficient simulation tool. Agwa is a frequency-domain, BEM code that was developed to model
and predict how a device or structure will respond to different wave frequencies using three-
dimensional diffraction theory. Hydrodynamic loads are typically caused by the kinematics of
wave water particles, the motion of structures, and the interactions between the waves and
structures. The areas of highest interest are drag load, wave exciting load, and inertia load. BEM
programs are developed based on the potential flow and radiation/diffraction theory and, therefore,
operate under the assumptions that velocity potential is irrotational, inviscid, and incompressible
[60].

2.9.2 BEM Coordinate System

It is common practice to define the coordinate system of hydrodynamic problems with the origin
in the mean surface of the fluid. In Aqwa, this is the fixed reference axis (FRA), global axes, or
OXYZ, where the origin is at the mean surface, and the z-axis points vertically upwards. More
information on the coordinate system can be found in [61].

2.9.3 Hydrostatic Forces and Moments

When a body is submerged in water, the volume of displaced water can be found by integrating
over the amount that is submerged

V= f znzdS
S

0

Where S, is the wetted surface of the body in calm water, n is the unit normal vector of the body
surface point outwards, and z is the vertical coordinate of the wetter surface point referenced to
the FRA. The buoyancy of a submerged body can be represented by the upward force, Fg, due to

the displaced water

Fg = Vpg
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More generally, hydrostatic force and moment are the fluid loads that act on the body in calm

water. The hydrostatic force, ﬁhys, can be found by integrating the hydrostatic pressure over the

wetted surface up to the free surface water level. The hydrostatic moments, Mhys, are taken

about the center of gravity of the body

ﬁhys = - fpsﬁds

Where ps is the hydrostatic pressure, and 7 is the position of a vector of a point on the hull
surface with respect to the COG in the FRA [61].

2.9.4 Radiation and Diffraction Wave Forces

Aqgwa, as well as other BEM solvers, operates under the following assumptions obtained from
linear wave theory [61]:

e The body/bodies have zero or very small forward speed

e The fluid is inviscid and incompressible

e The fluid flow is irrotational

e The incident regular wave train is of small amplitude compared to its length

e The motions are of small amplitude since they are to the first order

2.9.5 General Formula in Zero-Forward Speed Case

The fluid flow field surrounding a floating body by a velocity potential is defined by

o(X,t) = ap(X)etvt

The space dependent potential term, q)()?) due to incident, diffracted, and radiated waves is

governed by

p(X)emt = [(401 + @a) + Z %59] e it
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Where ¢1 is the first order incident wave potential, ¢q is the diffraction wave potential, ¢rs is the
radiation wave potential resulting from the 5" motion, and @ is the rotational movement of the
OWSC’s center of gravity about the y-axis. Once the wave velocity potentials are known, the first
order hydrodynamic pressure distribution can be found with the linearized Bernoulli equation

do )?,t
P =—p gt )

—iwt

= iwp<p()?)e

Once the pressure distributions are known, different fluid forces can be calculated by integrating
the pressure over the wetted surface of the body. To obtain a general form of the forces and
moments, unit normal vectors of the hull surface are used for notation, and the first order
components can be expressed as

Fe it = — jpsﬁjds = [—iwp jgo()?)nde] eiwt
So So

The total first order hydrodynamic force can then be written as

6
(Flj + Fd}) + Z Frjkxk]

k=1

F}.:

Where j = 1, 6, depending on the motion of interest. Here, the rotation about the y-axis, or the 5%
motion, is of interest. Therefore, the subscript j can be replaced with the index 5. Therefore, the
first order hydrodynamic moment for an OWSC that pitches about the y-axis, Ms, is given as

Mg = [(Mls + Mys) + ZMrs,ses]

Where M;s is the 5" Froude-Krylov moment due to the incident wave, and Mgs is the 5™ diffracting
moment due to the incident wave. The diffraction term is a combination of wave reflection and
diffraction [53]. The Froude-Krylov term results from the undisturbed wave’s pressure on a fixed
body. When these two quantities are summed, the resulting term is known as the wave excitation
torque. Therefore, wave excitation torque is the torque that is induced on the OWSC due to the
incident wave, while the OWSC is fixed in place. The 5" Froude-Krylov moment and diffracting

moment due to incident wave are given respectively as
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M;s = —ia)pf (p,()?)nde
So

Mys = —iwpf 0a(X)n;ds
So

Ms s is the radiation moment due to the radiation wave induced by the 5" rigid body motion, or
pitch. It is the physical response of a OWSC as it is impacted by the wave. The radiation moment
is acomplex number can be broken down into its respective real and imaginary parts. Respectively,

this is the radiation damping and added mass terms, governed by

p .
Ass =2 f Im]ys(X)|nsds
So

Bss=—p fRe[garS()?)]rgdS
So

Where Sp is the wetted body surface, n unit normal vector of the OWSC surface that points
outward. The subscript, 5, represents the moment acting on the OWSC as it pitches about the y-
axis. Here, ng = 7 x 71, where # = X — X—g is the position vector of a point on the OWSC’s surface
with respect to the center of mass. The added mass coefficient, related to the body’s acceleration,
is the inertia that is added to the OWSC because of its exposure to oscillating motions in dynamic
water. Physically speaking, added mass is the weight added to a system due to the fact that an
accelerating or decelerating body must move some volume of surrounding fluid with it as it moves,
since both the OWSC and sea water cannot occupy the same physical area of space [55]. Radiation
damping, related to the body’s velocity, is the outward generation of waves, caused by the velocity
of the OWSC after it is struck by an ocean wave. That is, as the OWSC is struck by a wave on one
face, the resulting pitching motion will create waves on the opposite face of the OWSC [53].
Therefore, the higher the radiation damping term, the more energy absorbed by the OWSC [61].

2.9.5.1 Source Distribution Method

The fluid structure interaction is described by the following equations:

e Laplace equation which is applicable everywhere in the fluid domain:
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0%p 0%¢p 0%
Ao = =
?=5xz Ty T azz = 0

e Linear free surface equation for zero forward speed case when z=0:

g
— 2 _r —
w<p+gaz 0

Body surface conditions on the wetted body surface where ¢, is the velocity potential of

the first linear wave:
for radiation potential

op —L(gnj
on —% for diffraction potential

e Seabed surface conditions at a depth, d

0
a—gzo=00nz=—d

A radiation condition is added so as / (x2 + y2) - oo, the wave disturbances will diminish.
Using Green’s theorem, the diffraction and radiation wave velocity potential can be given as:

7) = N6 w) e 09(E)
pl¥) = fso{‘p(f) S i

Where,

0 XeQus,
c=42r XE€S,
it Xeq

The fluid potential is then expressed in the following manner after introducing further source

distributions over the mean wetted surface
- 1 ->. - > -
o(X) = Ef o(§)G(X, &, w)dS where X €QUS,
So
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The mean wetted surface can be found by the hull surface boundary condition

dp(X 1 G(X,&w N
L}:—— f a(§) ( g )dS where X € S,

on(X) 2 on(X)
The Hess-Smith constant panel method is used in Agwa to close the equations above. The
surface is divided into quadrilateral or triangular panels, or elements. Aqwa assumes the
potential and source strength for each element is constant and uses the corresponding mean

values of that element’s surface. Thus, the discrete integral form of the two above equations are

as follows:
1 m=1
(p()?) =1 Z amG()?, é’m, w)ASm where X € QU So
Np
- m=1 > 2
do(X 1 1 0G( Xy, &Em, -
(p(ek) = — =0y +—Z O'mw AS,, where Xy € 5o,k =1,N,
an(Xk) 2 4 Ny an(Xk)

Where N, is the total number of panels over the mean wetted hull surface, AS,, is the area of the

" panel, fm is the coordinates of panel geometric center over the m™ panel, and )?k is the
coordinates of panel geometric center of the k™ panel. Aqwa uses a Green’s function database to
calculate the Green’s function and its first order derivatives quickly and efficiently [61]. The low

frequency limit in rad/s of this database is

Wmin = —0.001 |

2.9.6 Removal of Irregular Frequencies

Irregular frequencies may occur during the hydrodynamic analysis of a floating structure which
can lead to large errors over a wide range of frequencies. These errors may cause outliers in the
hydrodynamic coefficients, especially when surface piercing structures or highly interactive
structures are being modeled [62]. In these cases, resonant wave frequencies due to standing

waves between the structures may also occur. In Agwa, the internal lid method is used for the
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source distribution approach. Here, the fluid field exists interior to the mean wetted body surface
which satisfies the same free-surface boundary condition experienced by the floating body. In

Aqgwa, the interior mean free surface is represented by a series of interior lid panels [61].

2.9.7 Mesh Quality Check

The mesh quality can severely affect the accuracy of the hydrodynamic results. In Aqwa, the
following requirements must be satisfied [61]:
e The hull surface must be represented by a sufficient number of quadrilateral and/or
triangular elements.
e The element normal must point toward the surrounding fluid field.
e The hull surface, especially the mean wetted hull surface part, must be fully covered by
panels without gaps or overlap between panels.
e The mean wetted hull surface is required when the source distribution approach is used.
All elements above the mean surface water level are treated as non-diffracting elements.
Each element has to satisfy the following requirements
o The elements should be nearly the same as the elements adjacent to it. N, is the
total number of interior lid elements over the interior imaginary mean surface

level, and Sy is any adjacent panel area:

>

Sm
< o < 3,wherem = 1,N, + Nyp
K

Wl =

o The panel aspect ratio should not be too small. Here, L,,,4, is the length of the

longest size of the m™" element:

oA

1
7 > 3 ,wherem = 1,N,, + Nyp

C= {1.0 for quadrilateral elements
~ (2.3 for triangular elements
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o The center of each element should not be too close to the centers of adjacent
elements.

Admk = Trm ,Wwherem = 1, N, + Nyp

Where d,,; is the distance between the center of the m™ element to the center of
the adjacent element. If d,,,; is less than 0.1 times the radius of the m™ element,
Trm, there will be a fatal error.

o The element shape must be regular. To ensure this, a shape factor for the element
IS presented:

n
fom = ﬁ\/ﬁ,where m=1,N, + Nyp

Where ng is the number of edges on the element and
B = min{[(¥; — ) X (Fis1 = Z)]  [(Kirr = ) X (Firz — )]}

Where X;, X;,,, and X;,, are the nodal coordinates of any 3 nodes of the m®"

element in order, and )?m is the coordinates of this element’s center. Therefore, it

is required that

0.2 otherwise an error is issued
0.02 otherwise a fatal eror is issued

fsm 2 {
o The element size should be small relative to the wavelength
1
Linax < 7A,Where m=1,N, + Nyp
o The centers of the diffracting elements should be above the seabed to avoid

singularities

1
Zm +d = STrm ,Wherem = 1, N, + Nyp
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Where z,, is the z-coordinate of the center of the m" element in the FRA.

2.10 Power Production

WEC-Sim is an open-source WEC simulation software developed by NREL, and Sandia National
Laboratories (SNL). It is a MATLAB/Simulink-based, time-domain numerical model that is used
to solve the system dynamics of WECSs that consist of multiple bodies, PTO systems, and mooring
configuration [63]. It is used to calculate a WEC’s dynamic response to ocean waves and power
production capabilities. Since WEC-Sim is an open-source tool, the MATLAB code may be
modified to fit the objectives of the user. The solver runs by solving for the equations of motion in
6 degrees of freedom (DOF) that a structure will encounter in water. It uses a radiation and
diffraction method to integrate the linear hydrodynamic coefficients obtained from BEM solvers
such as WAMIT, NEMOH, or Aqwa. With these hydrodynamic coefficients, the system dynamics
are solved for in the time-domain so power production calculations can be made. Simulink is
integrated into MATLAB by utilizing the WEC-Sim component library and the optional PTO
simulator (PTO-Sim) component library. The WEC-Sim component library utilizes SimMechanics
and consists of elements that represent each item in the WEC device. They include
e Fixed or rigid body elements
o Represent each body of the WEC device
e Fixed or floating constraints
o Represents the allowable motion of the device
e Global reference frame
o Represents the fixed sea floor
e Moorings
o Represented as slack, fixed, or taught
e Rotational or translational PTOs
o Represents the specified power conversion mechanism
The elements required to run a WEC-Sim analysis include the geometry files, the BEM output
files containing the hydrodynamic coefficient results, the wecSimInputFile.m file to define the
simulation parameters, and a Simulink model file. Figure 2-7 shows a schematic representation of

the WEC-Sim working principle [64],[65]. User defined functions can be created to output the
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desired results, which, in most cases, are in the form of a power matrix. A power matrix generally
takes the form of a heat map since it shows the amount of power that a WEC can produce as a
function of wave height and wave period. They are useful in determining how much power a WEC
will contribute for a specific sea state. Although CFD is also capable of doing this, the
computational time for WEC-Sim is significantly less, so multiple wave conditions can be

examined in a fraction of the time.
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Figure 2-7. WEC-Sim Workflow Diagram [65]

=== = Optional input ]

2.10.1 Coordinate System and Units

The WEC-Sim coordinate system is the same coordinate system employed in Agwa. The
approaching waves travel with a zero-degree wave heading angle in the positive x-direction, while
the positive z-direction indicates the vertical upward motion, and the y-direction is defined by the
right-hand rule. WEC-Sim defines all of these motions in a 6x6 matrix where the surge (x), sway
(y), heave (z), roll (Rx), pitch (Ry), and yaw (R;) motions correspond to the first through sixth
positions respectively. For an OWSC where the pitch motion is of interest, the 5" position will be
analyzed. That is, the 5" row of the 5" column. The standard units in WEC-Sim are in the metric
system as meters-kilograms-seconds, the angular measurements are in radians, and the wave

heading angles are in degrees.
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2.10.2 Boundary Element Method Input/ Output

WEC-Sim models wave forces by using hydrodynamic coefficients obtained from BEM solvers
such as Agwa, WAMIT, and NEMOH. BEM Input/ Output (BEMIO) is used to pre- process the
hydrodynamic data obtained from the BEM solver so it can be used in WEC-Sim. It reads the raw
BEM result files and calculates the radiation and excitation impulse response functions (IRFs) and
saves the data in a Hierarchal Data Format 5 (HDF5). BEMIO also plots the normalized

hydrodynamic data for user verification. The hydrodynamic data are normalized as follows:

e Hydrostatic restoring stiffness: %
e Added Mass:%

e Radiation Damping: %

Fexc,i

e \Wave Excitation Force:

For an OWSC, the i"" and j™ terms would be replaced with the 5 index of each hydrodynamic

coefficient matrix.

2.10.3 Time-Domain Formulation

The equation of motion for a floating body about its center of gravity is represented in the time
domain as:
mx = Fexc(t) + Frad(t) + FPTO(t) + Fv(t) + Fme(t) + FB(t) + Fm(t)

Although these terms have already been defined previously, they will be rewritten below for ease
of understanding. The mass of the device is represented by m, X is the translational and rotational
acceleration vector of the body, F,,.(t) is the wave excitation force and torque of a 6-element
vector, F,.,4(t) is the radiated wave force and torque vector, Fpr((t) is the PTO force and torque
vector, F,(t) is the viscous damping force and torque vector, E,,. (t) is the Morison Element
force and torque vector, Fg(t) is the hydrostatic restoring force and torque vector due to

buoyancy, and E,, (t) is the mooring force and torque vector.

2.10.4 Numerical Methods

34



WEC-Sim can model regular and irregular waves, including various wave spectrums such as
Pierson-Moskowitz (PM) and the Joint North Sea Wave Observation Project (JONSWAP).
However, F,,.(t) and F,,4(t) are calculated differently for regular waves and irregular wave
simulations. It is common practice to model simple WEC designs in a sinusoidal steady-state
response with regular waves, described in Section 2.10.4.2. However, for irregular waves the
convolution integral method is recommended to represent the fluid memory retardation force on
the WEC [56]. To reduce simulation time, the state space presentation method can be specified to

approximate the convolution integral as a system of linear ordinary differential equations (ODESs).

2.10.4.1 Ramp Function

To avoid transient flows at the beginning of the simulation, a ramp function, Ry is used. This ramp

function, described below, is used to eventually calculate the F,,.(t) term.

1

N

t
t

<

By (0) = {% (1 + cos (n + 7;—:))

t
1 —=>1
t

r

Where t, is the ramp time.

2.10.4.2 Sinusoidal Steady-State Response

The sinusoidal steady-state response is only valid for the simulation of regular waves, where the
period, wave height, and wavelength are all consistent. Regular waves are described further in
Section 2.10.5. The F,,,(t) term for sinusoidal wave can be described as

Fraa(t) = —A(w)X — B(w)X

Where A(w) and B(w) are the added mass matrix and radiation damping matrix as a function of
wave frequency and x is the velocity vector of the floating body. The term for regular waves is

described as

H .
Foxc(t) =R Rf(t)E Foxc(w, Qdir)elwt
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Where R is the real part of the of the equation, F,,. is the frequency dependent complex wave-

excitation amplitude vector, and 6, is the wave direction.

2.10.4.3 Convolution Integral Formulation

When simulating irregular waves, the OWSC’s dynamics are greatly impacted by fluid memory.
The convolution integral captures and stores the fluid memory effect using the Cummins equation.

For irregular waves, F,,4(t) is calculated using
t

Fraq(t) = —A X — fKr(t —n)x(t)dt
0

Where K., is the radiation IRF, defined as

o)

K,.(t) = ;f B(w) cos(wt) dw
0

For irregular waves, the free surface elevation is formed from a linear superposition of a number
of regular wave components. Each of these components are taken from the specific wave spectrum,
S(w), which describes the wave energy, using wave height and peak wave period, over an array

of wave frequencies. For irregular waves,

Npands
Fexc(t) =R Rf(t) Z Fexc(wj,Bdir)ei(wa”f) /ZS(wj)de]
j=1

Where v is the randomized phase seed and Nbands iS the number of wave frequency bands used to
discretize the wave spectrum. Each time a case a run, new phases are generated. However, WEC-
Sim allows irregular wave fields to be repeated using wave seeds. That is, the phase for irregular
wave cases are always randomly generated for each case. However, to reproduce the same time-
series every time an irregular wave simulation is run, the wave seed can be specified as 1, 2,

3,...,etc. The excitation IRF for irregular waves, K, (t), is defined as

oo

1 ;
K.(t) = m f Foxc(w, 8417 )e* dw

0—oco
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2.10.4.4 State Space

It is highly desirable to represent K,.(t) in state space (SS) form since it has been shown to
drastically decrease computational time and allow control system implementation that typically
rely on linear state space models [66], [67]. A linear state space model is constructed from a set of
ODEs, where as K, is computed from a set of PDEs. Therefore K, is approximated from state
space matrices, or

K (t) = C,e? B,

Where Ay, By, and C, are the time-invariant state, input, and output matrices respectively.

2.10.5 Regular Waves

Since this research focuses on a nearshore OWSC, only shallow-water regular and irregular waves
will be discussed. A regular, or monochromatic, wave is defined as a propagating sinusoidal wave
with a constant amplitude, frequency, and wave number. This oscillating sinusoidal wave can be

defined with the following equation

H
nlx,y,t) = 5] cos(wt — K(x cos 8, + ysinBy;,) + @)

The phase speed, c, of a regular wave is its forward speed with constant phase. This, therefore,
means that the time derivative of the phase is zero, resulting in the following equation for phase
speed

_(l)
‘T k

2.10.6 Irregular Waves

The uncertain wave dynamic of irregular, or polychromatic, waves can be modeled by using an
infinite sum of sinusoidal wave components that propagate with numerous wavelengths.
Furthermore, these waves do not have consistent amplitudes, frequencies, wave numbers, or angles
of incidence like regular waves. This largely unpredictable and incessantly changing phenomenon

is the most realistic representation of real ocean conditions. The irregular wave shape can be
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decomposed with a Fourier transfer function as the sum of a large number of regular sinusoidal
waves, described in [68]. Irregular incident waves, 1;..4(x,y,t), can be represented by the

following equation
N

_ Hirreg .
Nirreg (x: Y t) = T Cos(wirregt - Kirreg (x Cos Hdir,irreg + ysin Hdir,irreg) + ¢irreg)
i=1

Where the subscript, irreg, indicates that the variables are randomized for irregular waves [34]. To
generate the wave energy density spectrum of the irregular waves, the variance density spectrum
is needed. The one-dimensional variance density spectrum only considers the frequencies present
in the irregular wave. As the interval of all the frequencies, Aw, approaches zero, a continuous
distribution of the variance over the entire frequency interval, also called the variance density
spectrum, S(f,6), is attained. Here, f is the wave frequency in Hertz. Since real waves propagate in
a certain direction, a two-dimensional variance density spectrum is considered in the positive xy-
plane. The variance density spectrum can be multiplied by the density of sea water and the
gravitational constant to obtain the wave energy density spectrum, described in [34]. The general

form of the wave spectra the WEC-Sim uses is

S(f,0air) = S(f,04ir) = S(F)D(B4ir)

Where D (6,;,) is the directional distribution that is defined by

JOOO j_:s(f) D(64iy)dBgidf = Jooog(f)df

The total energy in the two-dimensional spectrum must be the same as the total energy in the one-

dimensional spectrum
S(f) = Awsf_5 exp[_Bwsf_4]

Where A4,,; and B,,; depend on the wave spectrum being used. The spectral moments, mg, where k

=1,2,3,..., are defined as

me= [ resas
0
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2.10.6.1 Pierson-Moskowitz (PM) Spectrum

The PM spectrum is expressed in terms of significant wave height and average wave period for
fully developed sea states, where the growth of waves are not affected by fetch. Pierson and
Moskowitz supposed that if the wind maintained speed for a long time over a large area, the waves
would be in equilibrium with the wind—hence a fully developed sea [69]. The spectral density of

the surface elevation for the PM spectrum is given by

H? 4 5 !
Sem(f) = e (1.057f,) f~5exp [—Z<];Tp> ]

Where f; is he peak wave frequency. This leads to coefficients being in the following form:

Hsz 4 5 Bys

5
Bys = (1L057f,)" ~ 2 £

2.10.6.2 JONSWAP Spectrum

The JONSWAP spectrum is a modified PM spectrum that is used to describe a wave system where
there is an imbalance of energy flow, or non-fully developed seas, due to high wind speeds [70].
JONSWAP is used for developing seas in a fetch-limited situation. The only difference in the
JONSWAP spectrum and the PM spectrum is the addition of an enhancement factor to increase
the peak spectral value. That is, if the peak spectral value is set to unity, then JONSWAP equals
PM [71]. The spectral density of the surface elevation for the JONSWAP spectrum is

S]S(f) = CWS(Y)SPM)/(X

Where y is the non-dimensional peak-shape parameter, and C,,, is the normalizing factor given by

1, Sem(F)df
I, Sem(f)yedf

Cws(y) = =1-0.287In(y)

And «a is the peak-shape parameter exponent given by
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7 007 f<f
a=exp|— |~ ’ “:{0.09 fzfz

This peak-shape parameter itself is given by the following relationship with significant wave

height and wave period

( T,

5 for — < 3.6

S
) <575 1.15 Te) f 36<Te <5
y=<1€exp| 575 -1 or3.6 < <
JH JH
1 for - > 5
or

\  H

This leads to coefficients taking the following form:

B
Ays = %Hszcws(y)ya

2.10.7 Power Take-Off

There are three types of PTO mechanisms that can be modeled in WEC-Sim: linear, hydraulic,
and mechanical. For this work, a linear PTO was used and defined as a linear spring and mass
damper. It is common practice to model the PTO as a purely resistive model when analyzing
power capture, where the spring stiffness term is omitted [72], [73], [74], [75]. The PTO system
here was controlled by applying resistive forces against the motion of the OWSC. The

instantaneous power absorbed by the PTO, Ppro, IS given by [72]
Ppro(t) = —Bprov(t)

Where Bpr IS the linear damping coefficient. To maximize Ppr(, the damping coefficient can
be optimized at each wave period. The optimum damping coefficient, Bopt, can be determined to

maximize the instantaneous power absorbed for single degree-of-freedom devices is given by [76]
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2
Fp
Bopt = \/352’5 + (Z - (U(I + A5’5)>

Where Fg is the hydrostatic restoring force, or buoyancy force, and 1 is the inertia of the OWSC.

The hydrodynamic coefficients used to calculate B,,, should be taken at the OWSC’s hinge
instead of the COG [76].

2.10.8 Nonlinear Buoyancy and Froude-Krylov Wave Excitation

The instantaneous water surface elevation and body position introduce various nonlinear
hydrodynamic forces. Instead of using BEM results, the nonlinear buoyancy and Froude-Krylov
forces are calculated by integrating the hydrostatic and hydrodynamic pressures over each element
on the wetted OWSC surface for each time step. Since elements that are above the mean surface
level, non-wetted elements, have unrealistically large values, the Wheeler stretching method was
applied to correct the wave elevation so that the instantaneous wave elevation is equal to the water
depth. While this method can be used for weak nonlinear hydrodynamics, it is not intended for
strongly nonlinear events such as wave slamming or wave breaking. The corrected wave
instantaneous wave elevation is defined in WEC-Sim as
., DMD+2)
CE

Where D is the mean water depth [76].

2.11 Flow Field Analysis

Fluent is a computational fluid dynamics software that is capable of simulating fluid flow, heat
and mass transfer, chemical reactions, and other related phenomena using numerical analysis and

data structure solvers [77].

41



2.11.1 Fluid Flow in CFD

Fluent solves the mass conservation equations for incompressible and compressible flows that take
the form of

dp ,
E + V(pv) = Sp

Where v is the velocity vector, and the source Sy is the mass added to the continuous phase from
the dispersed second phase and any user-defined sources. That is, the continuous phase is the air,

and the secondary phase is the flowing fluid, typically water. The equation for conservation of

momentum in a non-accelerating reference frame is given by

a — > -
%(pﬁ) +V(pvv) = —Vp+ VX @)+ pg+ F

Where T is the stress tensor, pg is the gravitational body force(s), and F is the external body

force(s). The stress tensor is given by

= - - 2 -
T=u [(Vv + voT) — §V X Ultensor]

Where p is the molecular viscosity, lensor IS the unit tensor, and the second term on the right-hand

side refers to the effect of volume dilation [78].

2.11.2 Multiphase Flow

Most CFD programs offer a specific flow regime that can account for free surface modelling. This
regime is the multiphase flow model, which can be categorized as: gas-liquid or liquid-liquid
flows, gas-solid flows, liquid-solid flows, and three-phase flows. Within these categories, Fluent

can use either the Volume of Fluid model, Mixture model, and Eulerian model [78].

Fluent solves transport equations during multiphase flows for per phase scalars and mixture

Ansys

. . k
scalars. For an arbitrary Kansys scalar in phase-1, denoted by ¢, , Fluent solves the transport

equation inside the volume that is occupied by phase-1 using
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kAnsys

aC‘v’1P1<I-')1

_ — kAnsys kAnsys kAnsys _ kAnsys _
at — V (alplul¢1 - alrl Vd) ) — Sl kAnsys — 1, ,N

1
Here, the variable 1 is used to denote single-phase or multi-phase flow. a4, p;, and u;, are volume

fraction, physical density, and velocity of phase-1, respectively. FlkA”S” and Sf Ansys are defined
by the user and are the diffusion coefficient and source term respectively. The mass flux for phase-

1, Fy, is given as
Fy = fa1plﬂ_f'd§
S

Ansys

If the transport variable described by ¢f represents the physical field that is shared between

phases, then ¢>f 43 s associated with a mixture of phases, ¢*4nsys, represented by
kAnsys
9]
% =V (men)(pkAnsys _ Fr]:lAnsysvd)kAnsys) — S:lAnsys kAnsys — 1' . N

Where the mixture density, p,,, the mixture velocity, u,,, and the mixture diffusivity for the scalar

Pm = Z ai1P1

1

PmUm = Z a1p1Uq
1

k .
Kansys T,.""**are calculated with

-

F = f Pt - dS
S
FTI;AnsyS — Z all—‘lkAnsys

1
kAnsys kAnsys
S =S,
1

To calculate the mixture diffusivity, the individual diffusivities for each material associated with

each individual phase mush be specified [78].
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2.11.3 Flow Regime

Selecting the proper multiphase regime depends on the model that with adequately describe the
flow characteristics. In the case of this work, a gas-liquid flow regime will be adopted. The
following are the gas-liquid or liquid-liquid flow regimes available in Fluent [78]:

e Bubbly flow: This is the flow of discrete gaseous or fluid bubbles in a continuous fluid.

e Droplet flow: This is the flow of discrete fluid droplets in a continuous gas.

e Slug Flow: This is the flow of large bubbles in a continuous fluid.

o Stratified/ free-surface flow: This is the flow of immiscible fluids separated by a clearly

defined interface

2.11.4 Euler-Lagrange and Euler-Euler Approaches

There are two approaches for completing numerical calculations of multiphase flows in Fluent:
The Euler-Lagrange approach and the Euler-Euler approach. The Euler-Lagrangian approach is a
discrete phase model that solves the Navier-Stoke equations by treating the fluid phase as a
continuum. The dispersed phase is solved by tracking a large number of particles, bubbles, or
droplets through the calculated flow field. This allows for the dispersed phase and fluid phase to
exchange mass, momentum, and energy. In the mixture, this approach assumes that the dispersed
phase occupies a low volume fraction. Each individual particle or droplet trajectories are computed
at specific intervals during the calculation of the fluid phase. The Euler-Lagrange is an appropriate
approach when modeling spray dryers, coal and liquid fuel combustion, and some particle-laden
flows. However, this approach is not suitable for modeling liquid-liquid mixtures, fluidized beds,
or applications where the volume fraction of the secondary phase, typically water, must be known.
The Euler-Euler approach uses volume fractions where the volume of one phase cannot be
occupied by another phase. The volume fractions are assumed to be continuous functions of space
and time whose sum is equal to one. Conservation equations are derived for each phase to obtain
a set of equations that are closed by providing constitutive relations obtained from either empirical
information or kinetic theory. In Fluent, there are three Euler-Euler multiphase models available,
VOF model, Mixture model, and Eulerian model. In this study, the VOF model was adopted [78].

44



2.11.5 Volume of Fluid Model

The VOF model tracks the surface of a fixed Eulerian mesh and is designed for two or more
immiscible fluids, where the intersection between both phases is of interest. This model is used
particularly for motion of large bubbles in a liquid, the motion of liquid after a dam break, and the
steady or transient tracking of any liquid-gas interface. The VOF model tracks the volume fraction
of each fluid in the computational domain by solving one set of momentum equations. The volume
fraction is specified to describe the percentage of fluid inside an element. In a control volume, the
sum of these is unity. The variables and properties in any element are given as either a single pure
phase, or a mixture of the phase, depending on the volume fraction values. That is, if the g™ fluid’s
volume fraction in an element is denoted as ag, then the following three conditions are possible:

e 0q=0: The cell is empty of the g fluid

e 0q=1: The cell is full of the g™ fluid

e 0 <o0g<1: The cell contains the interface between the g™ fluid and one or more other fluids
Based on the local value of agq, the appropriate properties and variables will be assigned to each
control volume within the domain. When modeling transient flow, the momentum equations must

be discretized for time and space over a specific time-step.

2.11.5.1 Implicit Scheme

The implicit scheme uses the volume fraction from the current time step, rather than using the
volume fraction from the previous step. It uses multiple iterations for the transport equation for
the volume fraction of the secondary phase and may be used for steady-state or transient
solutions. The various finite-difference interpolation methods for the implicit scheme are
QUICK, first- and second-order upwind, and the modified high-resolution capturing scheme. The
face flux for each element is determined by

n+1 ,n+1 _

n
%q _Pq aqPq 1, n+1) _ - ;
AL V+ Zf(chILHU}H agft) = Sag t Z(mpq — 1igp) | ¥
p=1
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Where Uris the volume flux through the face, n+1 is the index of the instantaneous time step, n
is the index of the preceding time step, a, is the face value of the " volume fraction, calculated

from the interpolation schemes, and ¥ is the volume of the element.

2.11.5.2 Explicit Scheme

The explicit scheme calculations are based on the values of the volume fraction at the previous

time step, rather than the volume fraction at the current time step. This is represented by

n+1 . n+1 _

n
ag’p aqPq . .
q Pq — 74 4 zf(quIPagf = [Z(mm - mqp) + Saq VA
p=1

Fluent uses various schemes to interpolate the values of the fluids near the surface. This includes
the Geo-Reconstruction scheme, the Donor-Acceptor scheme, the Comprehensive Interface
Capturing Scheme for Arbitrary Meshes (CICSAM), the Compressive scheme, and the Bounded
Gradient Maximization (BGM) scheme.

The Geo-Reconstruction scheme is applicable for general unstructured meshes and uses a
piecewise-linear approach. It is the most accurate scheme in Fluent and uses a linear slope for the
interface between the two fluids at any given element, making it a simple approach for calculating

volume fraction.

The Donor-Acceptor scheme is used to obtain the face fluxes whenever an element is completely
filled with one of the two phases. It identifies one element as a donor of a specific amount fluid
and a neighboring element as the acceptor element of that same fluid. The transferred fluid is
dependent on the capacity of the accepting element and the amount of donated fluid from the donor

element.

The CICSAM scheme is typically used for flows with large viscosity ratios between the phases
and produces an interface almost as sharp at the Geo-Reconstruction scheme.
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The Compressive scheme in made up of zonal discretization schemes and phase localization
schemes that are available for explicit VOF models. This Immiscible Fluid Model should be
activated to model immiscible fluids. The slope limiter, Biim, values can be described by

e Biim max = 0; The first order upwind scheme is used.

e Piim max = 1; The second order reconstruction bounded by the global minimum/ maximum

of the volume fraction is used.
e  Piim, max= 0 < Piim< 1 ; The first and second order compressive schemes are combined.
e Piim, max = 2; The compressive scheme is used.

e Piim, max =1 < Piim < 2; The second order and compressive schemes are combined.
The BGM scheme is similar to the Geo-Reconstruction scheme in that it uses a sharp interface

between the phases in the VOF model. However, this scheme will not be used in the study since it

is not applicable to transient modeling.

2.11.5.3 Fluid Properties

The foundational equation for density of an element that contains two phases, seawater and air, is
given by

p = awaterpseawater + (1 - aseawater)pair

For a VOF model with two phases, the volume-averaged density is represented by

2
p= z AqPq
q=1

2.11.5.4 Momentum Equation

Fluent uses one momentum equation to calculate the velocity of each phase. This equation was
given in Section 2.11.1 and is dependent on the fluid density and molecular viscosity. The accuracy
of the momentum equation is higher when the velocities between each phase are small. This
difference in velocity is represented by the viscosity ratio, where magnitudes larger than 1x 103

indicate convergence. In this study, the velocities between phases are small.
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2.11.5.5 Enerqy Equation

The energy equations, related to the momentum equations, take on the form of

0 R
5 (PE) + V X [V(pE + p)] = V(kessVT) + Sy

Where T is temperature, and energy, E, is

n
E= q=1%PqEq
=S
q=1%qPq

Each phase has its respective Eq, based on specific heat and shared temperature. The density and
thermal conductivity, ket , are shared by each phase, and the source terms, Sh, contains
contributions from heat sources. In this study, the temperature difference between seawater and air
is not substantial to affect the convergence and correctness of the results.

2.11.5.6 Turbulence

Osborne Reynolds is known for experimentally demonstrating laminar and turbulent flow through
atube. In 1833, he studied the behavior of water in a glass pipe at varying flow rates by introducing
dye to the flowing water. When the flow velocity was low, the dyed layer of water continued to
flow linearly—or laminar flow. However, at higher velocities the dyed layer began to break up
and disperse throughout the fluid, becoming disordered and non-linear—or turbulent flow. In
Fluent, turbulence can be modeled with a variety of models. The highest velocity at which a fluid
can travel without becoming turbulent is known as the critical velocity. The Reynolds number is a
dimensionless number that is used to determine the critical velocity. The Reynolds number, Re, is
defined as

— detube
u

Re

Where p is the fluid density, diwne is the diameter of the testing tube, and uayn is dynamic viscosity.
The following Reynolds numbers describe different types of flow [79]:

o Re < 2,000; Laminar flow
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o 2,000 < Re < 4,000; Transitional flow
o Re>4,000; Turbulent flow

The turbulence model being studied here is comprised of the turbulent kinetic energy, k, and the
specific dissipation rate, mdis, Which is calculated from a ratio of k and &, the rate of dissipation of
turbulent Kinetic energy
3
k = EltzurbU2
And

==
N| W

™
Il
e
w
QU

Where lwr is he intensity of the turbulence, and U is the free stream velocity.

A turbulence model must be used in Fluent to close the Reynolds-Averaged Navier-Stokes
(RANS) equations. However, there does not exist a turbulence model that is universally accepted
as the best model. The model must be selected based on its relevance to the type flow physics, the
established practice for a specific class of problem, the required level of accuracy, and the available
computational power. The possible turbulence models are selected based on their ability to
simulate wave interaction with an OWSC. The capabilities and limitations of the most commonly
used turbulence models for VOF simulations are briefly described below [78]:

e Standard k-g: This model, developed by [80], is the simplest and most commonly used
model in CFD. It can be applied to a wide range of turbulent applications and provide a
sensible level of accuracy. It is a semi-empirical model based on model transport equations
from the turbulence kinetic energy and its dissipation rate. This model is well-suited for
free surface flow applications which flow is far away from wall boundaries.

e Re-Normalization Group (RNG) k-g: Compared to the Standard k-& model, the RNG model
improves increases the reliability and accuracy of results by simulating swirling flows more
accurately using the Navier-Stokes equations. It was developed by [81] and has an

additional term in its € equation that improves the accuracy for rapidly strained flows.
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Realizable k-¢: This model, developed by [82], has improved predictions of the spreading
rate of planar and round jets. It is most likely to provide superior performance for flows
involving rotation, boundary layers under strong adverse pressure gradients, separation,
and recirculation. It has a new formulation for the turbulent viscosity and a new transport
equation for the dissipation rate that was derived from an exact equation for the transport
of mean-square vorticity fluctuation.

Standard k-w: This model was developed by [83] and incorporates modifications for low-
Reynolds-number effects, compressibility, and shear flow spreading. It is designed to
predict far wakes, mixing layers, and plane, round, and radial jets, and is suitable for wall-
bounded flows and free shear flows. This model is used when the behavior of flow near a
wall boundary.

Shear Stress Transport (SST) k-w: This model was developed by [84] to essentially blend
the robust and accurate formulation of the k-o model in the near-wall region with the free-
stream independence of the k-& model in the far field. The SST k- model includes more
advanced features such as a damped cross-diffusion derivative term in the o equation, a
modified turbulent viscosity to aid in the transport of shear stress, and different modeling
constants. This model is more reliable and accurate for a wider range of flows such as
adverse pressure gradient flows, airfoils, and shock waves. It also supports turbulence
damping in interfacial cells, which is critical for capturing interfacial instabilities.
Transition SST: This model combines the SST k-o transport equations with the
intermittency and transition onset transport equations, which may be user-controlled, in

terms of momentum-thickness Reynolds number. This model was developed by [85].

2.11.5.7 Time Dependence

When solving a time dependent VOF model, the resolution of the turbulent structures in time is
essential for a successful simulation run. The following equation is solved using an explicit time-

marching scheme

n

110 - ; i

5 (@00) + V(g207) = S + ) (g =)
p=1
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For the integration of the volume fraction equation, the Fluent solver will automatically refine the
time step. However, this time step can be influenced by modifying the Courant number, C—a
condition that is required in PDEs to ensure convergence. The Courant number is defined as

_ vAt

C—E

<1

Where v is the velocity of the flow, 4t is the change in time, and 4y is the change in length along
the direction of flow. In an explicit Eulerian model, the Courant number cannot be greater than
one since information can only travel through one grid element per time step. If it is greater than
one, the solver will not have time to analyze the physical responses and will abort. Typically, low

Courant numbers, around 0.3 or 0.4, are used to ensure convergence [78].

2.11.5.8 Surface Tension

Surface tension is force only at the surface of a fluid that results from attractive forces between the
molecules of a fluid. The VOF model in Fluent has the capabilities of modeling surface tension
and its effects at the interface of the two phases—in this case, the intersection of the seawater and
air. Here, a constant surface tension was used since this study considered the force of gravity. Since
surface tension is a function of temperature, the value for surface tension at 30° Celsius is 0.0728
N/m? [86]. In Fluent, the surface tension is modeled as a continuum surface force (CSF) and then
adds this force to the momentum equation, which can be expressed as a volume force, Fyol, using
the divergence theorem. If two phases are present in a cell, the volume force is represented by

pk;Va;

Fyo = 0yj 17—
7 (pi +p))

Where ¢ is the surface tension coefficient, and « is curvature defined in terms of the divergence of

the unit normal [78].

2.11.5.9 Wall Adhesion

A wall adhesion angle, otherwise known as a contact angle, may also be specified in Fluent. This

is the angle at which the fluid contacts the wall. It is a dynamic boundary condition that adjusts
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based on the surface contours of the wall. The surface normal at the cells adjacent to the OWSC is
defined by

A = 4, cos(8,) + t, sin(6,,)

Where 7, is the normal unit vector to the wall, £,, is the tangential unit vector to the wall, 6y is

the contact angle at the wall boundary, and 7 is the unit normal,

~ n
n=-—
In|
Where n is the surface normal,
n= Vaq

Once the local curvature of the surface is determined, the body force term will be adjusted in the

surface tension equation [78].

2.11.5.10 Open Channel Flow

The open channel boundary condition can be used to model scenarios such as dams, rivers, and
surface-piercing structures in unbounded streams. In these models, the quantities of interest
include the behavior of the free surface and wave propagation. The open channel flow is governed
by the Froude Number, Fr,

Vo

Fr =

g

Where h is the distance from the bottom of the channel to the free surface water level, or the water
depth. Here, wave speed governs much of the characteristics of the Froude number, and is defined

as

V=V, £ /gh

Open channel flow can be categorized in three classifications:
e Fr < 1; Subcritical flow — disturbances in flow can travel upstream and downstream.

Therefore, downstream flow can affect upstream flow.
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e Fr =1, Critical flow — waves that propagate upstream remain stationary.
e Fr > 1; Supercritical flow — disturbances in flow cannot travel upstream. Therefore,

downstream flow does not affect upstream flow [78].

2.115.11 Open Channel Wave Boundary Conditions

This boundary condition allows the user to simulate ocean waves and their interaction with the sea
floor, or other structures—whether fully submerged or surface piercing. This upstream boundary
condition is applied to the inlet of the VOF model, typically in the form of inlet velocity. Shallow,
shallow/intermediate, and short gravity waves can be simulated with various wave theories such
as Airy, Stokes, Solidary or Cnoidal to name a few. Since shallow/intermediate were simulated
here, the following conditions should be met:

e The maximum ratio of wave height to water depth must not exceed 0.78

e The maximum ratio of wave height to wavelength for linear waves must not exceed
H
0.0625 tanh (27 %)
e The maximum ratio of wave height to wavelength for non-linear waves must not exceed
H
0.142 tanh (27 %)

The wave steepness, a ratio of wave height to wavelength, is used to determine which wave theory
is most suitable for the model. Waves with a lower steepness are typically modeled with small
amplitude wave theory, or Airy wave theory, whereas a larger wave steepness is typically modeled
with a higher-order wave theory such as 2", 3™, 4" or 5 order Stokes wave theory. To determine
which wave theory fits best, the Ursell Number, Ur, may be calculated with

HA?

Ur="s

Fluent describes the wave profiles, ¢, for any incident wave as

¢ = acos(kxx + kyy — wet + e)

Where € is the phase difference, we is the effective wave frequency, and x and y represent the
parallel and perpendicular directions of flow respectively, assuming that the wave travels in the

positive x direction such that
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K, = K cos 04,
K, = Ksin 0y,

The effective wave frequency is defined as

we = W+ kUpncigent

Where Uincident 1S the uniform incident wave velocity and w is the wave frequency defined as

w = +/ gk tanh(kh)

The velocity components for shallow waves are defined as

(u) _ gkA cosh[k(z + h)] (cos ]
v ) cosh(kh) sin

) cos(kxx + kyy — w.t + 6)

Where z is the height in the z-direction from the free surface towards the atmosphere, and u and v

are the velocity components in the x- and y- direction [78].

2.11.6 Flow Characteristics

2.11.6.1 Compressibility

A fluid can be either a gas or a liquid, compressible or incompressible. A fluid is considered
compressible if its density changes when the fluid is subjected to high pressures. A fluid is
considered incompressible if it can maintain a constant density as it is subjected to high pressures.
Most liquids are incompressible while gases, depending on its density and the density of its
surroundings, can be either compressible or incompressible. A fluid’s compressibility can be

measured by finding the Mach number, Mmach, Shown below.

Mpach = (1.4 x 1079

sound

Where cgouna 1S the speed of sound. A fluid is considered incompressible when the following
condition is satisfied [78]
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The speed of sound in sea water a temperature of 30°C is about 1,500?, [87]. Since the velocity

of a shallow water wave depends on the depth of the water, the group celerity of a wave in 3.1 m

deep water is 5.51 ? Therefore, the Mach number for ocean water, Mwater, IS

5.51
Mwater = m(l‘l- X 10_4) =514 x 10_7

The greatest wind speed at the reference site used in this work is about 10 ? At 30°C, the speed

of sound is approximately 350 ? Therefore, the Mach number for air, Mair, is

10
Mgy, = ﬁ(1.4 x10™%) =4x10"°

In this case, %Mﬁwch for both air and sea water are far less than 1.4 x 1075, and were modeled as

incompressible fluids.

2.11.6.2 Reynolds Number Calculation

Another important aspect of CFD modeling is whether or not the flow is laminar or turbulent by

using the Reynolds number, defined in Section 2.11.5.6. At a temperature of 30°C, the dynamic
viscosity of seawater, gocean, is 0.789 x 1073 % the density of sea water is 1,025 %, the
shallow wave group velocity is 5.51 %,and the hydraulic diameter, dn, which is equivalent to the

characteristic length of the computational domain, will be found using

44,4

h=
Uwet
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Where Acq is the cross-sectional area of the 5.8 m x 60 m computational domain, and Uyet is the
wetted perimeter of the computational domain, where the water depth is 3.1 m, or 126.2 m [87].

Therefore, the hydraulic diameter is 11 m. The Reynolds number can then be calculated as

pvd, 1025x 551 x 11
e= =

= =7.87 x 107
Uocean 0.789 x 103

Therefore, the flow is determined to be turbulent.

2.11.6.3 Dynamic Pressure

Dynamic pressure, pq, is the kinetic energy of a flowing fluid per unit volume, and is expressed
as

_1 2
Pa =5pV

Dynamic pressure can be calculated as the difference in total pressure and static pressure. It is
widely used in CFD to analyze the pressures that act on structures as the fluids flow around it.
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3 Methodology

This section describes the simulation parameters that were chosen to model the OWSC in its
various configurations and arrangements. Section 3.1 describes the process of obtaining the
OWSC’s hydrodynamic coefficients using a BEM program, Aqwa. This includes the single 2-
vane OWSC, the single 4-vane OWSC, and the 2x2 and 3x3 array in each vane angle
configuration. Section 3.2 describes the process of obtaining the MAEP matrices for each vane
angle configuration of the single 2-vane arrangement. The MAEP matrices were calculated using
WEC-Sim. Finally, Section 3.3 describes the CFD process of investigating the fluid flow field
and whether or not wave slamming occurs. This was conducted in Fluent. The exact steps taken
to model the device in SolidWorks can be found in Appendix A. The exact steps taken to
simulate the device in Aqwa, WEC-Sim, and Fluent can be found in Appendix B, C, and D

respectively.

3.1 Hydrodynamic Coefficients

The objective of using Agwa was to obtain the device’s hydrodynamic coefficients, such as
radiation damping, added mass, and wave excitation torque, to describe how the structure would
react in water. That is, for the OWSC with 2 adjustable vanes and the OWSC with 4 adjustable
vanes. Hydrodynamic coefficients were calculated from velocity potentials, and they were needed
to solve for some of the force/moment terms in the general equations of motion for the OWSC.
Further descriptions of these hydrodynamic terms and their meaning can be seen in Section 2.7. A
mesh sensitivity study was performed to ensure the results were not sensitive by mesh density. The
results are presented in Section 4.1. A study was conducted to validate the hydrodynamic results
ensure that all boundary conditions, parameters, and conditions are set up properly in Agqwa. The
results for the hydrodynamic validation study are presented in Section 4.1.2. Furthermore, the
setup used here was replicated to analyze the 2-vane configuration and 4-vane configuration, as
well as the OWSC sensitivity due to a 2x2 array and 3x3 array of OWSCs. In this research, Aqwa
version 18.1 with a student license under the authority of East Carolina University was used.
Before initiating the simulation, a CAD geometry was available with its physical properties such
as mass and moment of inertia for each body. The process for creating that geometry can be found

in Appendix A.



3.1.1 Device Parameters

Most BEM programs require the device being studied to be oriented with the z-axis as the
vertical axis, the x-axis as the direction of wave propagation, and the y-axis defined by the right-
hand rule. The origin of the z-axis was at the FSWL with the positive z-direction being away
from the sea floor. BEM programs only meshes surfaces, not solid bodies. Therefore, the
thickness of the OWSC was 0 meters. A water depth of 3.3 m was selected, with a nominal water
density of 1,025 kg/m?®. This depth was selected so there were not any nodes that coincide with
the seabed. A point mass was added at the OWSC’s COG since WEC-Sim simulations require
hydrodynamic coefficients be calculated at the device’s COG. Hydrodynamic coefficients were
also calculated at the OWSC’s hinge in order to calculate the optimum damping value for the
PTO in WEC-Sim. A list of the simulation and OWSC parameters can be seen in Table 3-1.

Table 3-1. BEM Simulation Parameters

Water Depth [m] 3.3

Point Mass [kg] 346

Water Density [kg/mq] 1025

OWSC Density [kg/m?] 256.25

Location of Mass [m] [0, 0, 1.28688]

Moments of Inertia, Lxx, Lyy, and L [kg/m?] 574.75, 462.47, 114.2
3.1.2 Meshing

The defeaturing tolerance and maximum element define the density of the mesh as well as the
maximum allowable wave frequency that can be analyzed. The defeaturing tolerance specifies
how Agwa will treat sharp radii and other curvature. The maximum element size directly relates
to the maximum panel size on the model. A smaller maximum element size resulted in an
increase in elements, and thus an increase in result accuracy. Furthermore, a finer mesh resulted

in a larger allowable maximum frequency, which was beneficial in analyzing the convergence of
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the OWSC’s impulse response function and its stability. Consequently, as the number of
elements in the simulation increased, so did the simulation time. A mesh sensitivity study was
performed for each vane angle configuration in this work and can be seen in Section 4.1. It
should be noted that the defeaturing tolerance did not exceed 60% of the maximum element size,
as stated by the Agwa manual. Furthermore, the total number of elements did not exceed 18,000,
and the total number of diffracting elements did not exceed 12,000. It should be noted that in the
2x2 and 3x3 array analysis, the number of diffracting elements still must not exceed 12,000. The
exact details of the mesh can be seen in Table 3-2.

Table 3-2. Details of Mesh

Meshing Type Program Controlled
Defeaturing Tolerance 0.01 m

Maximum Element Size 0.08 m

Total Elements 8,511

Diffracting Elements 6,822

3.1.3 Wave Conditions

For this study, waves were considered to be unidirectional. The wave heading angle, relative to
the OWSC, was 0° since waves that are perpendicular to the OWSC were of most interest. It was
important to analyze a large number of intermittent wave frequencies so there would be more
points to study on the hydrodynamic curves. Furthermore, a large number of intermittent wave
frequencies would help WEC-Sim generate more accurate results since the IRFs would have more
time to converge. Aqwa is capable of analyzing up to 100 intermittent wave frequencies.
Therefore, here, 80 intermittent wave frequencies were used to capture a sufficient amount of data

points.

3.2 Power Production

The objective of this section was to extend the work of [7] by analyzing the energy production
capabilities of a variable-geometry OWSC that had 2 adjustable vanes and an increased number of
angle configurations. Mean annual energy production (MAEP) matrices were developed in WEC-
Sim to show the amount of power that each OWSC configuration contributed over time as a

function of wave height and wave period. Overall MEAP values were obtained by summing the
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values of each sea state bin. Figure 1-6 and Figure 1-7 respectively show the percentage of wave
occurrence and the percentage of wave energy contribution at the reference site in Duck, North
Carolina [12]. WEC-Sim has a built-in multiple conditions run (MCR) function, where batches of
simulations can be run consecutively and stored as individual files. This function allows the user
to run simulations over a wide array of sea states. A workflow diagram of the WEC-Sim code can
be seen in Figure 2-7. In this work, WEC-Sim was used to generate the MAEP matrices of each

vane angle configuration in the single OWSC arrangement [56].

3.2.1 Pre-Processing Hydrodynamic Data

BEM Input/Output (BEMIO) is a pre- and post- processing tool in WEC-Sim that takes
hydrodynamic data from BEM codes and interprets the data so multibody dynamics simulations
of WECs can be completed. BEMIO was used to generate plots of the nondimensionalized
hydrodynamic coefficients. The radiation damping term was nondimensionalized by the product
of density and wave frequency, the added mass term was nondimensionalized by density of
seawater, and the wave excitation was nondimensionalized by the product of density and gravity.
BEMIO calculated the necessary impulse response functions to ensure the device was numerically
stable. It was important to analyze these results and ensure the radiation damping and wave
excitation terms tended towards zero as the wave frequency approached infinity. Furthermore, it
was important for the added mass term to approach a constant horizontal asymptote as wave
frequency approached infinity. Meeting these conditions was a good indication that the impulse
response functions were wholly stable, as they, too, tended towards zero as wave frequency
approached infinity [88].

3.2.2 WEC-Sim Simulink File

A Simulink model was created to be read by WEC-Sim that prescribed a global reference frame,
various bodies, constraints, and joints. The global reference frame was a fixed frame that acted as
the sea floor to which all other parts of the WEC referenced. Two rigid bodies were used to
model the OWSC base and the OWSC flap itself. It should be noted that in this case, a base was
modeled in SolidWorks and used in WEC-Sim solely for visual purposes. The base was modeled

as a non-diffracting body, so it was not considered in any calculations and therefore did not
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affect any of the results. The OWSC base was connected to the global reference frame via a fixed
constraint, and the OWSC base was connected to the OWSC flap via a rotational joint. This joint
was constrained to pitch only about the y-axis. Within this joint, the rotational joint was limited
to rotate £ 30° by using end stops. This was chosen because it has been recommended for
OWSCs to not exceed 30° rotation in operable sea states [89], [90].

3.2.3 WEC-Sim Input File

A fixed time-step simulation solver was used in this work since extreme conditions are not being
analyzed. Furthermore, it was found that for this work specifically, there was no difference in
OWSC performance between a fixed and variable time-step. It was recommended for 100 time-
steps per wave period to be used to provide an accurate hydrodynamic force calculation [65].
Since the smallest wave period analyzed here was 2.5 seconds, a time-step size of 0.01 seconds
was selected to ensure higher accuracy [65]. A ramp time of 100 seconds was used to avoid
singularities, while an end time of 400 seconds was used to ensure the waves were fully
developed. Irregular waves were modeled using the Pierson-Moskowitz spectrum so more
realistic wave conditions could be observed. A phase seed of 1 was used to replicate the time-
series each time a simulation with irregular waves was run. That is, by using a phase seed of 1,
the random wave phase generated by WEC-Sim was seeded and produced the same wave phase
for each simulation. The mass and moment of inertia were specified for the OWSC flap, while
the base was defined as a nonhydrodynamic body. Details on the specific device parameters can
be seen in Appendix C. The simulation data settings are specified in Table 3-3. The OWSC was
analyzed as a purely mechanical system, where spring stiffness of the PTO was set to zero, since
the OWSC itself already provided a spring force due to its buoyancy [91]. Furthermore,
optimizing PTO stiffness has proven to be highly complex [9], [56], [72], [92], [93], [94]. For
this work, the optimum PTO damping value, B,,, was calculated for each wave period and for

each vane angle configuration, as described in Section 2.10.7. The values for B, are shown in

Figure 3-1.
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Table 3-3. Simulation Data Settings

Solver Type ode4

Ramp Time 100 seconds
End Time 400 seconds
Fixed Time Step Size 0.01 seconds
Wave Type PM

Phase Seed 1

Optimum Damping
150000

—125000

100000

75000

50000

Optimum Damping Value [Nms/rad

25000

10 20 30 40 50 60 7.0 80 90 100 11.0 12.0 13.0 14.0 150 16.0
Wave Period [s]
—90 Degree (Closed) 60 Degree 45 Degree 30 Degree —0 Degree (Open)

Figure 3-1. Optimum Damping Values for Each Vane Angle Configuration at VVarious Sea
States

A table was populated with the wave height, wave period, and optimum PTO damping values,
and it was read by WEC-Sim after the MCR option was initiated. The wave data was selected by
referencing Figure 1-6 while the optimum PTO damping values were selected based on

calculated results in Figure 3-1.
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3.2.4 User-Defined Functions for Post Processing

User-defined functions were created to extract specific information on body forces and PTO
forces. This way, information such as simulation time, mechanical torque, and mechanical
power, could be stored and plotted for each vane angle configuration at each sea state. The body
and PTO forces that were experienced during the 100 second ramp time were not considered

when calculating the average force, torque, and power results.

3.2.5 Free-Decay Test

A free-decay test was performed within WEC-Sim for two main reasons; First to ensure a large
enough hydrostatic restoring force was acting on the OWSC, and second to ensure that the
radiation forces were being calculated correctly and not causing any numerical instability. The
OWSC had an initial angular displacement of 15°, or 0.262 radians. The free decay test was
performed on the open configuration, and the results for two different scenarios are shown
below. First in Figure 3-2, when the flap is critically damped, and second in Figure 3-3, when
there is no damping constraint on the OWSC, and it is free to oscillate. The results indicated that
the hydrostatic restoring forces are strong enough to restore the OWSC to equilibrium, or 0°, and

that the radiative forces are being calculated correctly and not causing any instability issues.
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Damped Free Decay Response - Open Flap
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Figure 3-2. Damped Free Decay Response for Open Configuration
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Undamped Free Decay Response - Open Flap
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Figure 3-3. Undamped Free Decay Response for Open Configuration

3.3 Fluid Flow Analysis

This section explains the process of conducting a detailed flow field analysis in the CFD program,
Fluent. The fluid flow analysis included investigating the wave slamming phenomenon, velocity
profile, and dynamic pressure contours that acted around the nearshore OWSC. Two wave
conditions were simulated:

e Wave Condition 1: Hs=0.75mand Te=5.5s

e Wave Condition 2: Hs=1.75mand Te=6.5s

These wave conditions were selected based on the JPD plot from the reference site, described in
Section 1.6. Wave condition 1 had the highest sea state occurrence while wave condition 2 was
more energetic and also had a high occurrence percentage. A mesh sensitivity study was conducted
to ensure the results were not sensitive to the mesh density. The results are presented in Section
4.3.1.
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3.3.1 CFD Meshing

Meshing is the process by which a continuous geometric model is broken down into thousands,
or millions, of small shapes to properly analyze the model. Three different bodies were used to
partition the mesh, allowing for better control of mesh distribution. The outer domain surface
was modeled with quadrilateral elements since it was not a dynamic zone and quadrilateral
elements aided in convergence. The inner domain surface was modeled with triangular elements
since it was a deforming zone. Finally, the mesh around the boarder of the OWSC was refined
with a triangular mesh since this area was particularly interesting. It was important that the mesh
skewness did not exceed 0.7 and the orthogonal quality was larger than 0.6 to ensure the
simulation did not fail due to negative cell volume. Proximity and curvature sizing parameters
were used into order to capture the small gaps and sharp radii of the OWSC. To determine the
which mesh density to use, a mesh sensitivity study was conducted and is explained in the

subsequent section.

3.3.2 Simulation Parameters

A pressure-based solver was used with transient time so results could be investigated at different
time steps. The VOF multiphase flow model was used to model open channel flow so the
interaction between the OWSC and the two phases, air and sea water, could be investigated. Both
fluids were considered incompressible based on determining the Mach number as shown in Section
2.11.6.1. The primary phase, air, had a density of 1.225 kg/m? and a dynamic viscosity of 1.7894e-
5 kg/ms. These values were default in the Fluent database. At 30°C, sea water has a density and
dynamic viscosity of 1,025 kg/m® and 0.0014 kg/ms respectively [95]. Implicit body force was
analyzed to improve solution convergence by accounting for the partial equilibrium of the pressure
gradient and body forces in the momentum equations [96]. The surface tension force that naturally
acts between the two fluids was defined 0.0728 N/m [97].

The flow was considered turbulent based on the calculation of the Reynolds number in Section
2.11.6.2. The Realizable k-¢ turbulence model with scalable wall functions was used to close the
RANS equations since has been used to model WECs in the past, and it greatly aided with

convergence [98]. It should be noted that the torque on the OWSC due to wave loads is not
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sensitive to the turbulence model according to [58]. Shallow/Intermediate waves were defined at
the inlet since the OWSC was considered nearshore. The third-order Stokes wave theory was

selected based on the wave theory criterion in Figure 3-4.
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Figure 3-4. Process for Selecting Appropriate Wave Theory (Image Obtained from [99])

The operating pressure at the pressure outlets were modeled using a value of 101325 Pa, and a
numerical beach was implemented so the waves would dampen after they pass the OWSC instead

of refracting.

67



A dynamic mesh was applied to track the transient response of a rigid body due to input forces.
In this case, the input forces were ocean waves, and the rigid body was the OWSC. Smoothing
and remeshing mesh methods were applied to the deforming, inner domain to allow the
triangular elements to stretch, compress, divide, and combine as a result of the OWSC’s
oscillations. These mesh methods also improved convergence and provided the most stability
throughout the simulation. The OWSC was modeled as a rigid, 1-DOF body which allowed it to
rotate, but not deform. Furthermore, this allowed external forces and moments on the OWSC to
be calculated. Its mass, center of rotation coordinates, and inertia values were obtained from
SolidWorks. The optimum damping term, calculated in Section 3.2.3, was used to mimic the
PTO, and the OWSC was constrained to rotate £30°. Implicit update with 0.001 residual criteria

was used to enhance convergence and numerical stability.

The PISO scheme was selected since this was a transient simulation [96]. A PRESTO pressure
discretization was selected since the geometry contained curved domains and since there was a
large flow of water [96]. Fluent contains a feature that enhances VOF convergence and
numerical stability by optimizing the remaining discretization techniques and under-relaxation
factors. The settings that were chosen were verified to be highly appropriate for the oscillating
device. The simulation was initialized in calm water using a hybrid initialization based on the

inlet boundary condition.

For adequate data capture, the total simulation time was 25 seconds. To ensure each iteration

converged to 0.001, the following calculation parameters, shown in Table 3-4, were selected

Table 3-4. Calculation Parameters for CFD Simulation

Calculation Parameter Quantity
Time Steps 2500
Time Step Size 0.01
Iterations per Time Step 75

The total aggregate pressure, x- and y-forces, and moments that acted on the OWSC due to
waves were exported to investigate the multi-directional forces that act on the OWSC.
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Furthermore, these output files were used in a comparison study with WEC-Sim to ensure all
boundary conditions were set up properly, shown in Section 4.3.2. Solution export quantities
such as fluid velocity, fluid dynamic pressure, and volume of fraction were specified so
investigations and animations could be made in post processing programs. This provided insight
as to how the vane angle changes and wave conditions affected the fluid-structure interaction.

CFD-Post was used for post processing the Fluent results.
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4 Results

4.1 Hydrodynamic Diffraction Results

For the 2-vane and 4-vane scenario, depicted in Figure 1-2 and Figure 1-3, the hydrodynamic
coefficients were calculated at the OWSC’s hinge. All simulation parameters were kept
consistent between configurations and scenarios. The only thing that changed was either the
number of vanes being studied, the vane angle configuration, or the arrangement of arrays.
Section 4.1.1 explains the results for the mesh sensitivity analysis conducted in the BEM code,

while Section 4.1.2 explains the results for the hydrodynamic validation study with [3].

4.1.1 Mesh Sensitivity Analysis

It is important that the hydrodynamic results are not sensitive to the mesh size. In order to ensure
this consistency, a mesh sensitivity analysis was conducted only on the OWSC itself since the base
is fixed in place and does not have a radiation damping or added mass term. Aqwa calculates the
pressures and forces on each meshed element using the Hess-Smith constant panel method where
the mean wetted surface of the OWSC is divided into quadrilateral or triangular panels. Generally,
a finer mesh will lead to greater accuracy with the tradeoff being computational time [60], [53],
[100]. In Agwa, the mesh size is explicitly related to the maximum allowable wave frequency.
That is, the finer the mesh, the higher the maximum allowable wave frequency. Therefore, to
maintain consistency among cases, the maximum allowable wave frequency was set to 8 rad/s,
with approximately 0.1 rad/s intervals. The mesh density is calculated by initiating a maximum
element size and defeaturing tolerance. The maximum element size is the maximum segment
length from one node to another. The defeaturing tolerance, which must be at least 60% smaller
than the maximum element size, defines how Aqwa handles curvature and sharp radii. The
defeaturing tolerance was set to 0.01 meters and kept constant. Once all of the simulation
parameters were set up, six cases were initiated where the only difference among them was the
density of the mesh. Aforementioned, the Agwa solver is limited to 18,000 elements—12,000 of
which may be diffracting [60]. Therefore, the range of mesh sizes used in the sensitivity analysis
ranged from coarse to fine, approximately 3,000 diffracting elements to 11,150 diffracting

elements respectively. A total of 80 wave frequencies per simulation were chosen as it is necessary



to have a wide array of wave frequency values. The exact details of each mesh case are reported

in Table 4-1.

Table 4-1. Exact Details for Mesh Sensitivity Analysis

Mesh Total Elements Diffracting Defeaturing Maximum
Elements Tolerance (m) Element Size (m)
1 3,984 3,155 0.01 0.15
2 6,055 4,818 0.01 0.11
3 8,511 6,822 0.01 0.08
4 11,402 9,115 0.01 0.075
5 12,727 10,155 0.01 0.07
6 13,972 11,152 0.01 0.067

Once each simulation was conducted, all the hydrodynamic coefficients were plotted in

Microsoft Excel to observe whether or not convergence occurred. Results from Figure 4-1,

Figure 4-2, and Figure 4-3 show that there was a very small difference in hydrodynamic

coefficients among the range of mesh sizes. Since the results are independent of mesh size, the

medium sized mesh, Mesh 3, was used. This was also chosen while considering the

computational expense.
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Figure 4-1. Radiation Damping Term in Mesh Sensitivity Analysis
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Figure 4-2. Added Mass Term in Mesh Sensitivity Analysis
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Figure 4-3. Wave Excitation Torque Term in Mesh Sensitivity Analysis

4.1.2 Hydrodynamic Validation

A hydrodynamic validation study was necessary to ensure that all boundary conditions,
parameters, and conditions were set up properly in the BEM program. The hydrodynamic
coefficients of the OWSC in its fully open configuration, including radiation damping, added
mass, and wave excitation torque, were analyzed. The validation was accomplished by
replicating the geometry found in the work of Tom et. al [3], where the authors used WAMIT as
their BEM software. The authors of [3] provided the original CAD design as well as their output
results from WAMIT, and so the OWSC geometry was exactly the same in Agwa. Table 4-2
show the parameters that the authors used in [3], as compared to the values used in Aqwa, and
Figure 4-4 shows the geometry of the OWSC. The reason the water depth was different for the
Agwa simulation is because the Agwa solver would experience a fatal error in simulation if there
an object too close to the sea floor. Furthermore, Agwa requires that some portion of the object
being studied pierces the surface of the water. To satisfy this, the OWSC pierced the water
surface by 0.03 meters. The difference in maximum wave frequency is because the mesh size
and maximum wave frequency are linked in Agwa. Therefore, the mesh size that was selected in

Agwa only allowed for a maximum wave frequency of 5.545 rad/s.
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Table 4-2. Hydrodynamic Validation Setup

Parameter WAMIT [3] Agwa
OWSC Density, [kg/m?] “Half of seawater” 512.5
Water Depth, [m] 10 10.1
Surface Piercing Amount [m] 0 0.03
Maximum Wave Frequency [rad/s] 7.5 5.545
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Figure 4-4. OWSC Geometry used for Hydrodynamic Validation Study (Image used with

Permission from the Author [3])

Since WAMIT and Agwa are two independent BEM programs, the results from WAMIT could
not be analyzed explicitly. In order to plot the results from the two programs, the BEM output
files were analyzed in BEMIO. This code parsed the hydrodynamic coefficients from Aqwa and
WAMIT and plotted the nondimensionalized hydrodynamic coefficients against each other. The

results for the hydrodynamic validation study can be seen in Figure 4-5, Figure 4-6, and Figure
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4-7. The results from Aqwa were slightly different than those obtained from [3]. The slight
differences could be a result of the different values for water depth or surface piercing amount.
Overall, the results agree well, and the simulation parameters used in the hydrodynamic
validation study were used.
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Figure 4-5. Comparison of Normalized Radiation Damping Results
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Figure 4-7. Comparison of Normalized Wave Excitation Results

4.1.3 Radiation Damping

For the 2- and 4- vane scenarios respectively, the average frequencies at which the maximum
radiation damping values occurred are shown in Table 4-3 and Table 4-4. It appeared the 2-vane
scenario experienced lower magnitudes of radiation damping than the 4-vane scenario for each
respective configuration, which could result in its motion being less damped than the 4-vane
scenario. The results from Figure 4-8. Pitch Radiation Damping Term for the 2- and 4- Vane
Scenarios Calculated at the HingeFigure 4-8 indicated that the radiation damping term was
sensitive to the number of vanes. The maximum radiation damping terms for the 2-vane scenario
all occurred at relatively similar wave frequencies—3.9 rad/s + 0.2 rad/s. The 4-vane scenario
had maximum radiation damping magnitudes that occurred at a frequency range between 3.4
rad/s and 4.8 rad/s. For both scenarios in the closed configuration, wave frequencies below 1
rad/s and above 3.9 rad/s had magnitudes around zero and that tended towards zero respectively,
indicating numerical stability. For the remaining configurations, wave frequencies below 2 rad/s

and above 4 rad/s had damping values around zero and that tended towards zero respectively,
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also indicating stability. These effects could be due to sub-resonant and over-resonant wave
frequencies. Regarding the 4-vane scenario, the 60° and 45° configuration had similar
magnitude, but were offset by about 0.37 rad/s. This could mean that the 15° change from 60° to
45° slightly influenced the natural frequency of the OWSC. However, this 15° change did not
appear to influence the 4-vane configuration as much as it influenced on the 2-vane
configuration. The largest difference in magnitude between the 2-vane and 4-vane scenario
occurred when the vanes were positioned at 45°, where the difference in magnitude was 29,503
kgm?/s. When the vanes were fully open, the largest difference in frequency at which maximum
radiation damping occurred between the 2-vane and 4-vane scenario was 2.8 rad/s, or a wave

period of approximately 2.24 seconds.

Table 4-3. Maximum Radiation Damping for 2-Vane OWSC

Configuration Maximum Radiation Damping Respective Wave Frequency
(kgm?/s) (rad/s)
90° 86,539 3.8
60° 87,045 3.7
45° 18,350 3.9
30° 8,432 4.0
0° 181 3.0

Table 4-4. Maximum Radiation Damping for 4-Vane OWSC

Configuration Maximum Radiation Damping Respective Wave Frequency
(kgm?/s) (rad/s)
90° 96,634 3.6
60° 47,987 3.7
45° 47,854 33
30° 18,558 3.2
0° 4,498 4.8
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Figure 4-8. Pitch Radiation Damping Term for the 2- and 4- Vane Scenarios Calculated at
the Hinge

4.1.4 Added Mass

Similar to the radiation damping results, the closed configuration experienced the largest added
mass term, followed by the 60°, 45°, 30°, and open configuration. Regarding the greatest
magnitude of added mass values, both scenarios experienced a wave frequency difference of 0.3
rad/s between the fully closed configuration and the other configurations. This indicated that the
vane angle configuration had an effect on which wave frequency results in a larger added mass
term. Considering the fully closed 2- and 4-vane scenarios respectively, the largest fluid inertia
force that was added to the OWSC as it accelerated was 36,689 kg-m? and 38,476 kg-m?2. These
values were close compared to the other maximum inertia forces for different angle
configurations. For example, the 30° 4-vane scenario experienced a similar maximum added
mass term to the 45° 2-vane scenario. As the wave frequency approached infinity, both scenarios
tended towards the same horizontal asymptote for their respective configurations, indicating
numerical stability. The 4-vane scenario experienced greater peak magnitudes that were sharper

in curvature, while the 2-vane configuration experienced a smoother transition between its
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maximum and minimum values for added mass. This indicates that the magnitude of added mass
for the 4-vane scenario may be more sensitive to the wave frequency than the 2-vane scenario.
Results for the pitch added mass terms for all configurations of the 2- and 4- vane scenarios can

be seen in Figure 4-9.
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Figure 4-9. Pitch Added Mass Term for the 2- and 4- Vane Scenarios Calculated at the
Hinge

415 Wave Excitation

Compared to the closed configuration, the values for wave excitation toque varied considerably
among each scenario and vane angle orientation. At first glance, both scenarios seemed to
experience similar results for the closed configuration with the exception to the 4-vane scenario
having a greater magnitude. This could be due to the 4-vane scenario having a slightly larger
surface area than the 2-vane scenario, resulting in the greater torque. It also appeared that mode
shapes began to develop as the vanes progressed towards fully open. That is, each configuration

appeared to have multiple wave frequencies at which there is a spike in the wave excitation torque.
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Regarding the 2-vane scenario, the closed configuration appeared to have one predominant mode
shape at 3.2 rad/s, the 60° configuration appeared to have two mode shapes, and the 45° and 30°
configuration appeared to have three mode shapes. The open configuration appeared to only have
one predominant mode shape that culminated at a frequency of 2.02 rad/s. Regarding the 4-vane
scenario, the closed configuration appeared to have one predominant mode shape at 3.2 rad/s, the
60°, 45° and 30° configuration appeared to have three mode shapes, and the open configuration
appeared to have only one predominant mode shape that culminated at a frequency of 4.15 rad/s.
The results from the 4-vane 60° and 45° configuration may indicate that the 15° change in vane
angle did not have a large effect on the maximum wave excitation torque magnitude. It did,
however, appear to affect the wave frequency at which this maximum magnitude occurred. In this
case, the difference in wave frequency was 0.37 rad/s. Comparing the results of both scenarios, it
appeared that the 2-vane scenario was less sensitive to the change in wave frequency than the 4-
vane. It should be noted that the wave excitation terms all approached zero as the wave frequency
approached infinity, which indicates numerical stability as mentioned previously. Results for the
pitch wave excitation terms for all configurations of the 2- and 4- vane scenarios can be seen in
Figure 4-10.
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Figure 4-10. Pitch Wave Excitation Torque Term for the 2- and 4- Vane Scenarios
Calculated at the Hinge
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416 2x2 Array

Figure 4-11, Figure 4-12, and Figure 4-13 show the radiation damping, added mass, and wave
excitation torque results respectively for the closed configuration. The radiation damping and
added mass results appear to indicate that the inclusion and proximity of other OWSCs do not
affect these specific hydrodynamic coefficients. However, Figure 4-13 shows that the back-left
and back-right OWSCs, experienced a lower magnitude for wave excitation due to the position
of the leading flaps. In all configurations, except for when the fully open configuration, the
leading OWSCs appeared to experience a higher wave excitation torque than the OWSCs
following them. Figure 4-14, Figure 4-15, and Figure 4-16show the results for the 60°
configuration. Figure 4-17, Figure 4-18, and Figure 4-19 show the results for the 45°
configuration, and Figure 4-20, Figure 4-21, and Figure 4-22 show the results for the 30°
configuration. In each of these, the rear OWSCs appeared to experience a higher peak radiation
damping and added mass value. As the vane angles approached 0°, the peaks grew in magnitude.
Figure 4-23, Figure 4-24, and Figure 4-25 show the results for the fully open configuration,
where all hydrodynamic coefficients appeared to be the same, regardless of proximity. As wave
frequency increased, the radiation damping terms tended away from zero and the added mass
terms did not approach a constant horizontal asymptote, which could indicate divergence. The
wave excitation torque values were consistent, but the leading OWSCs seemed to show signs of

instability as they approached a frequency of 9 rad/s.
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Figure 4-11. 2x2 Array - Radiation Damping Calculated at the Hinge for the Closed
Configuration
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Figure 4-12. 2x2 Array - Added Mass Calculated at the Hinge for the Closed Configuration
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Figure 4-13. 2x2 Array - Wave Excitation Calculated at the Hinge for the Closed
Configuration
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Figure 4-14. 2x2 Array - Radiation Damping Calculated at the Hinge for the 60 Degree
Configuration
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Figure 4-15. 2x2 Array - Added Mass Calculated at the Hinge for the 60 Degree
Configuration
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Figure 4-16. 2x2 Array - Wave Excitation Calculated at the Hinge for the 60 Degree
Configuration
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Figure 4-17. 2x2 Array - Radiation Damping Calculated at the Hinge for the 45 Degree
Configuration
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Figure 4-18. 2x2 Array - Added Mass Calculated at the Hinge for the 45 Degree
Configuration
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Figure 4-19. 2x2 Array - Wave Excitation Calculated at the Hinge for the 45 Degree
Configuration
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Figure 4-20. 2x2 Array - Radiation Damping Calculated at the Hinge for the 30 Degree
Configuration
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Figure 4-21. 2x2 Array - Added Mass Calculated at the Hinge for the 30 Degree
Configuration
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Figure 4-22. 2x2 Array - Wave Excitation Calculated at the Hinge for the 30 Degree
Configuration
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Figure 4-23. 2x2 Array - Radiation Damping Calculated at the Hinge for the Open
Configuration
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Figure 4-24. 2x2 Array - Added Mass Calculated at the Hinge for the Open Configuration
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Figure 4-25. 2x2 Array - Wave Excitation Calculated at the Hinge for the Open
Configuration

4.1.7 3x3 Array

Figure 4-26, Figure 4-27, and Figure 4-28 show the radiation damping, added mass, and wave
excitation torque results respectively for the closed configuration. The radiation damping results
appear to indicate that the middle-middle and middle-right devices experienced the greatest
magnitude for radiation damping. Almost all the results appeared to have 5 distinct mode shapes
at 3.5 rad/s, 4.4 rad/s, 5.2 rad/s, 5.9 rad/s, and 6.2 rad/s. The added mass results show some
negative added mass values, which could be due to the shallowly-submerged structure having
some elements that enclose a portion of the free-surface, as was the case in [101]. The wave
excitation results each experience a maximum magnitude in the 3.4 rad/s to 3.8 rad/s range.
Here, the middle-middle and front-middle OWSCs experienced the greatest wave excitation.
This could be due to the OWSCs being exposed to radiated and diffracted waves on the front and
rear sides of the OWSC.
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Figure 4-26. 3x3 Array - Radiation Damping Calculated at the Hinge for the Closed
Configuration
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Figure 4-27. 3x3 Array — Added Mass Calculated at the Hinge for the Closed Configuration
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Figure 4-28. 3x3 Array — Wave Excitation Calculated at the Hinge for the Closed
Configuration

The hydrodynamic coefficients results for the 60° configuration can be seen in Figure 4-29,
Figure 4-30, and Figure 4-31. The results for the 45° configuration can be seen in Figure 4-32,
Figure 4-33, and Figure 4-34. The result for the 30° configuration can be seen in Figure 4-35,
Figure 4-36, and Figure 4-37. For the 60° configuration, there were 7 distinct peaks in the
radiation damping results, and the maximum magnitudes occurred at 7.7 rad/s, followed by 4.4
rad/s and 5.2 rad/s. For the 45° configuration, there were 8 distinct peaks for radiation damping,
having magnitudes at 4.3 rad/s, followed by 5.9 rad/s, and finally 3.8 rad/s. For the 30°
configuration, there were 7 distinct peaks having magnitudes at 4.5 rad/s, followed by 3.8 rad/s
and then 5.3 rad/s. For each of these 3 configurations, the middle-left, middle-middle, and
middle-right OWSCs appeared to experience the largest magnitudes, indicating that the middle
row of OWSCs could have experienced the most damping overall. None of the added mass terms
were negative for the 60°, 45°, or 30° configuration, however each of the OWSCs in the middle
row experienced a sharp peak at their troughs at 4.5 rad/s. For the 60°, 45°, and 30° configuration
respectively, the middle-middle OWSC experienced the largest magnitude for added mass of
17,718 kgm?/rad, 11,273 kgm?/rad, 4,841 kgm?/rad. A large difference is apparent in the 15°

angle change from 45° to 30° configuration for added mass. This indicated that the fluid inertial
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force that is added to the middle-middle OWSC could be sensitive to this 15° change. The wave
excitation results for the 60°, 45°, and 30° configurations indicate that the largest magnitudes
occur for the OWSC:s in the front row, followed by the middle row, and finally the back row.
There appeared to be multiple peaks at various frequencies, but the highest peaks occurred in the
3.6 rad/s to 3.8 rad/s range. As expected, the magnitudes at which these peaks occurred dropped
as the OWSCs approached a fully open position. Furthermore, there was a larger difference in
magnitude between the 45° and 30° configuration of 21,763 Nm/m, compared to the difference
in magnitude between the 60° and 45° configuration of 15,359 Nm/m. It should be noted that
Aqwa’s solver is limited to 12,000 diffracting mesh elements. Therefore, since the 2x2
arrangement had total diffracting 4 bodies, each body was limited to a maximum of 3,000
elements per body. A source of error could be due to a coarser mesh that resulted from an

increased number of OWSC’s being analyzed.
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Figure 4-29. 3x3 Array - Radiation Damping Calculated at the Hinge for the 60°
Configuration
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Figure 4-30. 3x3 Array — Added Mass Calculated at the Hinge for the 60° Configuration
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Figure 4-31. 3x3 Array — Wave Excitation Calculated at the Hinge for the 60°
Configuration
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Figure 4-32. 3x3 Array - Radiation Damping Calculated at the Hinge for the 45°
Configuration
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Figure 4-33. 3x3 Array — Added Mass Calculated at the Hinge for the 45° Configuration
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Wave Excitation - 45 Degree - 3x3 Array
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Figure 4-34. 3x3 Array — Wave Excitation Calculated at the Hinge for the 45°
Configuration
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Figure 4-35. 3x3 Array - Radiation Damping Calculated at the Hinge for the 30°
Configuration
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Added Mass - 30 Degrees - 3x3 Array
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Figure 4-36. 3x3 Array — Added Mass Calculated at the Hinge for the 30° Configuration
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Figure 4-37. 3x3 Array — Wave Excitation Calculated at the Hinge for the 30°
Configuration

97



Figure 4-38, Figure 4-39, and Figure 4-40 show the results for the fully open configuration,
where all hydrodynamic coefficients were exactly the same for each OWSC, regardless of
proximity. As wave frequency increased, the radiation damping terms tended away from zero
and the added mass terms did not approach a constant horizontal asymptote. This indicates that
the OWSCs may have experienced some instability at higher wave frequencies. The wave
excitation torque values were consistent, but the leading OWSCs showed signs of instability as

they approached a frequency of 9 rad/s.
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Figure 4-38. 3x3 Array - Radiation Damping Calculated at the Hinge for the Open
Configuration
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Added Mass - Open - 3x3 Array
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Figure 4-39. 3x3 Array — Added Mass Calculated at the Hinge for the Open Configuration
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Figure 4-40. 3x3 Array — Wave Excitation Calculated at the Hinge for the Open
Configuration
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4.2 Power Production Results

This section presents a matrix of mechanical power for the closed configuration, and the
MAEP matrices for each vane angle configuration in a wide range of sea states that
frequently occur in NC. Figure 4-41 shows the mechanical power into the PTO and the
MAEP matrix for the closed configuration. There was a gradual increase of mechanical
power when Te exceeded 12.5 seconds, which is believed to be due to the increasing
magnitude of B,,., seen in Figure 3-1. For the closed configuration, the largest amount of
power absorbed was 7,755 Watts when Te was 7.5 seconds and Hs was 2.75 meters.
However, referring back to Figure 1-6 it can be seen that this sea state only had a frequency
of occurrence of 0.02%. Therefore annually, only 620 W of power would result from this sea
state. The largest percentage of occurrence was 14.53%, when Hs was 0.75 meters and Te
was 5.5 seconds. The MAEP matrix was obtained by multiplying the mechanical torque and
the frequency of wave occurrences, Figure 1-6 [102]. The MAEP matrix showed that the
maximum power produced annually was 10.24 kW, when Hs was 1.25 meters and Te was 5.5
seconds. At this sea state, the OWSC’s mechanical power into the PTO was 1,822 Watts.
Summing all of the values in the MAEP matrix resulted in the overall MEAP. The overall
mean annual energy production for the closed configuration was 115.06 kW. Regarding the
60° configuration, the maximum power produced annually was 6.663 kW, when Hs was 1.25
meters and Te was 5.5 seconds. At this sea state, the OWSC’s mechanical power into the
PTO was 1.19 Watts. The overall MAEP was 63.89 kW. The mechanical power into the PTO
and MAEP matrix for the 60° configuration can be seen in Figure 4-42. Regarding the 45°
configuration, the maximum power produced annually was 6.04 kW, when Hs was 0.75
meters and Te was 6.5 seconds. At this sea state, the OWSC’s mechanical power into the
PTO was 485 W, and the overall MAEP was 51.48 kW. The mechanical power into the PTO
and MAEP matrix for the 45° configuration can be seen in Figure 4-43. Regarding the 30°
configuration, maximum power produced annually was 5.01 kW, when Hs was 0.75 meters
and Te was 6.5 seconds. At this sea state, the OWSC’s mechanical power into the PTO was
402 Watts, and the overall MAEP was 37.25 kW. The mechanical power into the PTO and
MAEP matrix for the 30° configuration can be seen in Figure 4-44. Finally, regarding the
open configuration, the maximum power produced annually was 2.26 kW when Hs was 0.75

meters and Te was 6.5 seconds. At this sea state, the OWSC’s mechanical power into the
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PTO was 179 W, and the overall MAEP was 15.58 kW. The mechanical power into the PTO
and MAEP matrix for the open configuration can be seen in Figure 4-45. Table 4-5 shows the
overall MAEP for each configuration, as well as the maximum power that is contributed
annually, as well as the sea state at which this maximum power occurs. As expected, there
was a noticeable drop in power production as the vane angle approached 0°. However, the
reduction in power was not as drastic between the 60° and 45° configuration, compared to
the 90° and 60° configuration. The percent difference in MEAP values between the 60° and
45° configuration was 9.76%, while the percent difference in MEAP values between the 90°
and 60° configuration was 42.4%. It was expected for there to be a linear, predictable
relationship in power reduction as the vanes change angles. However, it appeared there was
an inconsistent change in MAEP values as the vane angle incremented from closed to 60°.

Therefore, it is recommended that future analyses are conducted on a vane angle of 75°.
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Figure 4-41. Closed— Mechanical Power Input into the PTO (top) and MAEP Matrix
(bottom)
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60° Configuration- Mechanical Power
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Figure 4-42. 60° Configuration — Mechanical Power Input into the PTO (top) and
MAEP Matrix (bottom)

45° Configuration - Mechanical Power
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45° Configuration - Mean Annual Energy Production
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Figure 4-43. 45° Configuration — Mechanical Power Input into the PTO (top) and
MAEP Matrix (bottom)

30° Configuration - Mechanical Power
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Figure 4-44. 30° Configuration — Mechanical Power Input into the PTO State (top) and
MAEP Matrix (bottom)
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Open Configuration - Mechanical Power
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Figure 4-45. Open Configuration — Mechanical Power Input into the PTO (top) and

MAEP Matrix (bottom)

Table 4-5: Summary of Highest Contribution of Energy

Max Power Sea

Configuration MAEP (kW) State Max Power (kW)
Hs=1.25m
Closed 115.1 10.24
Te=55s
Hs=1.25m
60° 63.89 6.66
Te=55s
Hs=0.75m
45° 51.48 6.04
Te = 65 S
Hs=0.75m
30° 37.25 5.01
Te = 65 S
Hs=0.75m
Open 15.58 2.23
Te = 65 S

104




4.3 Fluid Flow Analysis Results

4.3.1 Mesh Sensitivity Study

Simulation results could be inaccurate if the mesh is too coarse [103]. Furthermore, if the mesh is
too fine the simulation can be very computationally demanding. Therefore, a tradeoff between the
two was made by conducting a mesh sensitivity study. The three different mesh densities used here
can be seen in Table 4-6 and Figure 4-46.

Table 4-6. Mesh Sensitivity Sizes Used in Fluent

Mesh Type Element Size Number of Elements
Coarse 0.25m 7,162
Medium 0.1m 32,082
Fine 0.075m 55,555

Coarse Mesh Medium Mesh Fine Mesh

Figure 4-46. Different Mesh Densities Used in Fluent Mesh Sensitivity Analysis

The mesh sensitivity analysis was conducted on the closed configuration where the total pressure,
torque, and x-direction force on the OWSC were compared. Simulation settings were replicated
exactly for each mesh case, with exception to mesh density. More information on the simulation
setup will be discussed later. The mesh sensitivity results are shown in Figure 4-47, Figure 4-48,
and Figure 4-49 for the x-direction force, total pressure, and torque on the OWSC respectively.
The results indicated that some instability existed in the simulation which took the form of extreme
singularities. This instability may be a result of the oscillating motion of the OWSC complicating
the flow field, as was the case in [58]. The most instability occurred for the coarse mesh and the
least instability occurred with the fine mesh. The medium mesh experienced a small amount of
instability, but its results agreed well with the fine mesh results. Although the fine mesh led to

more numerical stability, the computational demand for the fine mesh was much greater than the
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medium mesh, as seen in Table 4-6. A tradeoff between simulation time and numerical stability
was made, and the medium mesh was selected.
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Figure 4-47. Mesh Comparison of Force in X-Direction on OWSC
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Figure 4-48. Mesh Comparison of Pressure on OWSC
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Figure 4-49. Mesh Comparison of Torque on OWSC

4.3.2 Comparing WEC-Sim and Fluent Results

Simulation parameters such as wave heigh, wave period, device properties, and PTO parameters
were set up as similarly as possible when conducting the comparison study between WEC-Sim
and CFD. The torque results and the x-direction force results on the closed configuration can be
seen in Figure 4-50 and Figure 4-51 respectively. Overall, the results appear to agree well,
considering they are on the magnitude of 10* for torque and 102 for force. The low magnitudes
for the CFD results from 0 to 5 seconds are believed to be due to the wave ramp up. The slight
differences in magnitude could be because Linear Wave Theory was used in WEC-Sim and
Third Order Stokes Waves were used in Fluent. Finally, slight differences in results could also be
due to solver differences when defining the PTO parameters. The spikes in CFD values are

believed to be due to small singularities, as described in Section 4.3.1.
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Figure 4-50. Comparison Results for OWSC Torqgue
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Figure 4-51. Comparison Results for OWSC X-Direction Force

4.3.3 Force, Torque, and Pressure on the OWSC

The following results are from wave condition 1, where the wave height was 0.75 meters, and
the wave period was 5.5 seconds. Each vane angle configuration was simulated under the same
wave conditions and setup parameters. The results for aggregate forces in the x- and y-direction,
aggregate torque, and total aggregate pressure on the OWSC can be seen in Figure 4-52, Figure

4-53, Figure 4-54, and Figure 4-55 respectively.

Regarding x-direction force, Figure 4-52, the closed configuration experienced the largest
maximum force, while the 60°, 45°, and 30° configurations appeared to have very similar force
magnitudes. Tt was expected for a larger difference to exist between these configurations since
more water is able to pass through the device as the vanes approached fully open. The open
configuration appeared to experience a force that was similar in trough magnitude to the 60°,
45°, and 30° configurations, but differed in crest magnitude. The open configuration actually

experienced a higher peak x-direction force than the 60°, 45°, and 30° configurations. This may
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have been caused by wave-surge forces that acted on the bottom of the vanes as the OWSC

rotated landward.
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Figure 4-52. X-Direction Force for Each Configuration with Exact Wave Conditions

Regarding y-direction force, shown in Figure 4-53, the open configuration experienced the

greatest maximum force magnitude as expected. Similar to the x-direction force results, the

results for the 60°, 45°, and 30° configurations here appear to be relatively consistent with one

another, indicating that the angle of the vanes may have had little influence on the force that the

OWSC experienced as a whole. It should be noted that specific points were not examined in

Fluent; Instead, the aggregate OWSC forces were obtained and reported. This could be

contributing some error to the results.
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Force in Y-Direction on OWSCH =0.5m & T =5.5s
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Figure 4-53. Y-Direction Force for Each Configuration with Exact Wave Conditions

The torque results, in Figure 4-54, indicated that the closed configuration experienced a
significantly higher torque compared to the other configurations. Although it was expected for
the closed configuration to experience the highest torque magnitude, it was not expected for
maximum torque values to differ by almost 60% between the closed configuration and other
configurations. Similar to the x-direction force results, the 60°, 45°, and 30° configurations each
had magnitudes that did not differ as much as expected. The open configuration seemed to
behave differently than all of the other configurations which may have been due to insufficient
hydrostatic restoring forces.
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Figure 4-54. Torque for Each Configuration with Exact Wave Conditions

The results for total pressure on the OWSC can be seen in Figure 4-55. As expected, the closed
configuration experienced the greatest maximum pressure. Unexpectedly, the open configuration
experienced a pressure that was similar to the results of the 60°, 45°, and 30° configurations. The
60° configuration, overall, experienced the lowest magnitude of maximum pressure compared to
the other configurations. Since the 45° and 30° configurations appeared to have close results, it is
recommended that future studies include either the 45° configuration or the 30° configuration
instead of both.
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Figure 4-55. Total Pressure for Each Configuration with Exact Wave Conditions

4.3.4 Fluid Flow Results

The force, torque, and pressure results from the section above indicated that the largest
magnitudes occurred at a simulation time around 12 seconds. Therefore, the investigation of
velocity profile, dynamic pressure contour, and whether or not wave slamming occurs were
investigated around this time frame for wave condition 1 and 2 to maintain consistency. Figure

4-56 depicts the language that is used while describing the results.
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Upper Vane ———

Tip

Lower Vane

Figure 4-56. OWSC Location Language While Describing Fluent Results

4.3.5 Closed Configuration

For the closed configuration in wave condition 1, the upper tip of the upper vane tended to
experience a fluid velocity of 3.12 m/s and swirling effects as it oscillated landward. The
dynamic pressure due to these swirling effects was 1,420 Pa. The velocity results can be seen in
Figure 4-57. This was possibly due to the sharp radii of at vane tips. The swirling motion could
introduce resistance to motion, which could reduce OWSC'’s velocity during its seaward
oscillation which could result in lower power capture. Although wave slamming did not occur at

this wave condition, the drop in water level on the seaward face of the upper vane, shown in
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Figure 4-58 was a preliminary sign of potential wave slamming. Therefore, wave slamming may

occur during more energetic wave conditions.

ANDYD>
2021 R1

ACADEMIC

i
1.025e+0!

Figure 4-57. Velocity Contour on Closed Configuration—Wave Condition 1

Drop in water level

Figure 4-58. Preliminary Wave Slamming Phenomenon on Closed Configuration in Wave
Condition 1
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For wave condition 2, the OWSC also experienced the highest velocity at the tip of the upper
vane. In this wave condition, the device impacted the end stop as it pitched landward from the
first incident wave, and a swirling vortex was formed on the tip of the landward side of the upper
vane, shown in Figure 4-59. Similar to wave condition 1, the subsequent seaward pitch achieved
a higher velocity since there was a larger drop in water level on the seaward face of the OWSC.
This effect can be seen in Frame A of . This resulted in the OWSC being thrusted seaward, with a
small amount of water jet spraying off the OWSC face, indicating some wave slamming.
Although the OWSC did not reach its seaward end stop, it created a radiated wave that
dampened some of the speed and force from the second incident wave, similar to wave condition
1. The interaction of the incident wave with radiated wave caused severe wave overtopping and
thus a reduction of experienced wave force. Although the wave force was reduced due to the
radiated wave, it still impacted the end stop with a velocity of 8.23 m/s. Most of the dynamic
pressure spikes occurred when the OWSC impacted the end stop. The maximum pressure spike
was 9,970 Pa. In both the velocity contours and pressure field animations, a tail of rotating
dynamic fluid can be seen rushing off the tip of the upper vane. At the moment the OWSC
reached its end stop and the wave continued to flow over it, there was a noticeable hydraulic
jump which caused the wave to become sub-critical in speed, frame A of Figure 4-60.
Essentially, the hydraulic jump caused the water to double back on itself, thus creating another
wave coming from the negative x-direction toward the OWSC, depicted in Figure 4-60. This
backwards wave caused the radiated wave from the OWSC to be larger, potentially dampening
more of the incident wave. The hydraulic jump also resulted in a small wave slamming event on
the seaward side of the OWSC. Had the OWSC been able to rotate £40° or £50°, this

phenomenon may have been avoided.
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Figure 4-59. Swirling at the Tip of the Upper Vane Due to Impact with End Stop
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Figure 4-60. Hydraulic Jump Phenomenon for Closed Configuration in Wave Condition 2

4.3.6 60° Configuration

For the 60° configuration in wave condition 1, the velocity results were not consistent with the
expected outcomes. The OWSC, in its 60° configuration, experienced the highest velocity at the
upper tip of the upper vane during its landward oscillation. During the seaward pitch after the
first incident wave, there was a larger fluid velocity around the perimeter of the upper vane,
especially at the tip. Compared to the other configurations, the fluid velocity was lowest for the
60° configuration. A reduction of velocity directly impacts how much power an OWSC can
produce. Since velocity profiles in WEC-Sim cannot be investigated, this phenomenon may not
have accounted for, which could lead to inaccurate results. The volume fraction animations show

that the slope of the 60° vanes contribute to some radiated wave formation. The water slid off the
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vane at the same time the OWSC pitched seaward, which resulted in this radiated wave. The
radiated wave did not appear to be large enough to significantly dampen the force of the incident
wave. No signs of wave slamming, nor preliminary wave slamming were observed in this wave
condition. As the OWSC pitched landward, most of the dynamic pressure occurred underneath
the lower vane and within the gap between the upper and lower vanes. While the OWSC pitched
seaward, most of the dynamic pressure was located on the top of the upper vane, having a

maximum pressure of 2,092 Pa.

For the 60° configuration in wave condition 2, the OWSC experienced wave overtopping as it
pitched landward which led to it quickly approaching and striking the end stops. This caused
turbulent swirling at the tips of the upper and lower vanes, shown in Figure 4-61, having reached
velocities of up to 6.32 m/s and 3.61 m/s respectively. Before the OWSC started pitching
seaward again, there were indications of hydraulic jump since there was a significant reduction
in water level on the landward side of the vane. These dip in water level be seen in frame B of
Figure 4-62. The 60° configuration quickly shed the water and oscillated seaward at a velocity of
6.25 m/s. Although there was a reduction in water level at the front of the upper vane—a
preliminary wave slamming characteristic—the wave slamming event did not occur since an air
pocket was created underneath the upper vane which allowed the water level to be restored.
Because of this, the wave slamming event was mitigated. This can be seen in frames A — F in
Figure 4-62. The dynamic pressure was most active as the OWSC pitched seaward and as the
OWSC impacted the end stops. The location of these pressure contours were on both tips of each
vane, and underneath the lower vane. There was approximately 6,000 Pa of pressure that acted

on the top surface of the upper vane as the OWSC pitched seaward.
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Figure 4-61. Velocity Profile for 60° Configuration in Wave Condition 2
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Figure 4-62. Wave Slamming Mitigation for 60° Configuration in Wave Condition 2

4.3.7 45° Configuration

For the 45° configuration in wave condition 1, the OWSC experienced more overtopping than
the previous configurations, which resulted in hydraulic jump that acted as another wave
impacting the OWSC from the landward side. This extra thrust resulted in radiated waves being
generated at a velocity of 2.06 m/s. Wave slamming appeared to be more frequent in this wave
state and configuration compared to the 60° configuration. During the OWSC’s landward
pitching motion, most of the swirling motions were located at both tips of the upper vane, while
the seaward pitching motion resulted in turbulence along the entire surface area of the upper
vane. The water near the tips lower vane experienced the most swirling during the landward
pitch. Similar to the 60° configuration, the OWSC experienced the most pressure underneath the
lower vane and in the gap between the upper and lower vane. Unlike the 60° configuration, the
45° configuration experienced a large magnitude of dynamic pressure on the tip of the upper

vane and lower vane as it impacted its end stop while pitching landward: a value of 2,763 Pa and
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2,585 Pa respectively. During the restorative seaward pitch, the maximum pressure occurred at

the lower tip of the upper vane, having a magnitude of 3,345 Pa.

For the 45° configuration in wave condition 2, the OWSC was able to mitigate the wave
slamming phenomenon, but it complicated the flow field by introducing many disturbances in
the process. This can be seen in frames A — H of Figure 4-63. The hydrodynamic jumps and air
pocket formations on both sides of the upper vane created radiated waves that may have
dampened the incident wave. The radiated wave had a maximum velocity of 6.3 m/s. The
vortices occurred in similar locations as the other wave condition and OWSC configurations—at
the tip of the upper vane and on the landward side of the OWSC as it pitched seaward. The water
near the tips lower vane experienced the most swirling during the landward pitch as shown in
Figure 4-64. The velocity at the tips the device reached a maximum of 9.2 m/s. No wave
slamming events were observed in this case, but there were instances where the angle of the
vanes caused disturbances in the water that disrupted flow. Although consistently opening the
vanes led to a lower torque on the device, it does appear to complicate the flow field. This could
lead to issues with power capture since there is not a consistent frequency at which the device
oscillates. The pressure spike that occurred on the tip of the upper vane had a magnitude of
10,619 Pa as it impacted the landward end stop. As it impacted, the dynamic pressure was
concentrated on the tip of the lower vane, having a magnitude of 10,009 Pa. Aside from these
spikes, most of the dynamic pressure fields were due to landward oscillation and were
centralized on the upper surfaces of the upper and lower vane, as well as underneath the lower

vane. All of which appeared to have similar magnitudes of pressure of approximately 9,525 Pa.
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Figure 4-63. Wave Slamming Mitigation and Radiation Wave Formation for 45°
Configuration in Wave Condition 2
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Figure 4-64. Dynamic Pressure Contour for 45° Configuration in Wave Condition 2

4.3.8 30° Configuration

For the 30° configuration in wave condition 1, there existed a small amount of overtopping when
the OWSC pitched landward, which resulted in an air pocket forming on the landward side of the
upper vane. Similar to the other configurations, this resulted in a hydraulic jump which induced a
wave that acted in the negative x-direction on the OWSC. In this case, the wave from the
hydraulic jump helped the OWSC reach the seaward end stop until the subsequent wave acted on
the device again, which caused it to pitch landward again. The seaward pitching motion resulted
in a radiated wave that had a velocity of 3.5 m/s. This did not have much effect on the ensuing
wave since the radiated wave quickly diminished. The maximum velocity occurred at the tips of
the upper vane, while other large velocity profiles formed across its entire surface area of the
upper vane as the OWSC pitched seaward. Most of the vorticity formation occurred on the
landward side of the OWSC around the upper vane. Neither wave slamming, nor preliminary

signs of wave slamming occurred during this case. During the first incident wave, the upper tip
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of the upper vane experienced a dynamic pressure of 3,643 Pa on its landward pitch, and 4,988

Pa on the lower tip of the upper vane during its subsequent seaward pitch.

For the 30° configuration in wave condition 2, depicted in frames A — F in Figure 4-65, the
OWSC seemed to shed water very well, but hydraulic jump and radiated waves were still
prevalent. The wave that was created by the hydraulic jump impacted the landward face of the
OWSC, causing overtopping, which formed a radiated wave with a velocity of 9.25 m/s, shown
in Figure 4-66. In this case, the wave from the first hydraulic jump helped the OWSC pitch all
the way to its seaward hard stop, thus maximizing motion. When the OWSC impacted its
landward end stop, the vanes were almost horizontal. Therefore, the water tended to rest on the
surface of the vane longer than normal, which could dampen its consistency of oscillation. The
areas that experienced the most dynamic pressure varied depending on which direction the
OWSC was pitching. While pitching landward, the largest dynamic pressure occurred on the
seaward surface of both vanes. The stagnation point, where velocity is zero, occurred at the tips
of both vanes while the OWSC pitched landward and seaward. While oscillating seaward, much
of the dynamic pressure occurred on the lower landward side of the OWSC towards the fixed
region and lower vane. As the OWSC impacted the end stops, most of the pressure was located at
the tips of the lower vane. This may have been due to the OWSC'’s abrupt stop and the

continuation of water flow over this area.
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Figure 4-65. Wave Slamming Mitigation and Radiation Wave Formation for 30°
Configuration in Wave Condition 2
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Figure 4-66. Velocity Profile for 30° Configuration in Wave Condition 2

4.3.9 Open Configuration

For the open configuration in wave condition 1, the OWSC never impacted its end stops and no
wave slamming occurred. As the force due to the incident wave impacted the OWSC, it slowly
pitched landward but stopped soon after due to the rising water level force acting on the bottom
face of the upper vane. The open configuration was able to shed water very effectively and
pierced through the free surface water level with ease as it oscillated. There existed a small,
radiated wave with velocity of 1.83 m/s, but this did not appear to negatively impact on the
propagation of the ensuing wave. Most of the turbulence was concentrated on the top surface of
the upper vane, and the stagnation point occurred at the sharp radii of the OWSC vanes. Most of
the dynamic pressure occurs underneath the lower vane and on the surface of the lower vane, and

the contours tend to rotate in the shape of an analemma.
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For the open configuration in wave condition 2, depicted in frames A — H in Figure 4-67, the
OWSC appeared shed loads better than any other configuration. There was no wave slamming
and the radiated wave had velocity of 0.63 m/s. Although there was no wave slamming, the
OWSC appeared to easily slice through the water, which caused some disturbances to the
surrounding fluid’s velocity as shown in Figure 4-68. These disturbances appeared to interrupt
the consistency of oscillation, which could negatively impact the device’s ability to consistently
harvest power. Furthermore, the inconsistent oscillations made it difficult to determine how
frequently the OWSC would impact the end stops. This is important since most of the pressure
spikes formed when the OWSC impacted its end stops. They were located primarily off the
seaward edge of the fixed base, and the landward tips of the upper and lower vanes. There
existed some hydrodynamic jump that was similar to the other cases. However, in this case, the
radiation wave caused by the hydrodynamic jump did not appear to affect the ensuing wave’s
speed or height. The water from the ensuing wave appeared to flow naturally over the vanes with
little resistance. The pressure contours were mostly concentrated underneath the lower vane and

dissipated quickly, possibly due to the profile of the vanes which allowed for water shedding.
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Figure 4-67. Wave Slamming Mitigation and Radiation Wave Formation for Open
Configuration in Wave Condition 2
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Figure 4-68. Fluid Disturbances Due to Open Configuration
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5 Conclusion

The overall purpose of this research was to advance ocean renewable technologies so ocean energy
can become utilized as another renewable energy technology. Specifically, this work continues to
investigate a nearshore OWSC similar to Nathan Tom et al.’s variable geometry OWSC [9].
Explored in this work was the investigation of the hydrodynamic performance, power generation
capabilities, and flow field response of different nearshore OWSC arrangements and
configurations in shallow waves under various sea states. This was completed using a combination
of frequency-domain analyses, time-domain analyses, and computational fluid dynamics analyses.
The configurations included 90° (fully closed), 60°, 45°, 30°, and 0° (fully open). From the fully
closed configuration, the vanes were rotated clockwise to 60°, 45°, and 30° until fully open at 0°.
The arrangements studied in the frequency-domain analysis included a singular OWSC with 2
adjustable vanes, a 2x2 array and 3x3 array with 2 adjustable vanes, and singular OWSC with 4
adjustable vanes. In the time-domain tool and in CFD, only the single 2-vane OWSC was studied.
In all analyses, however, all vane angle configurations were investigated. It was hypothesized that
opening the vanes would significantly and consistently reduce the fluid-structure interaction
resulting from the surge motion of waves, leading to lower magnitude hydrodynamic coefficients,
lower average power production per wave state, and lower potential for wave slamming. The
hydrodynamic and power production results indicated that most configurations had consistent and
predictable responses, while the closed and 60° vane angle configurations were more sensitive to
the vane angle changes. The CFD results indicated that opening the vanes led to a reduction in
wave slamming. However, the fluid flow became more unpredictable as the vane angles
approached fully open. This resulted in incident waves being dampened by radiated waves,
inconsistent OWSC oscillations, and hydraulic jump formation. All of these parameters could lead
to challenges with consistent power capture since the OWSC was not oscillating at a consistent

frequency and since the fluid flow was less predictable.

5.1 Hydrodynamic Coefficients Conclusions

Regarding the 2-vane OWSC in each vane angle configuration, the results indicated that opening
the vanes resulted in less fluid-structure interaction since the magnitude of each coefficient

decreased significantly as the vane angles approached 0°. Furthermore, among each configuration,



the radiation damping, and wave excitation values approached zero as the wave frequency
increased, and the added mass value approached a constant asymptote, indicating hydrodynamic
stability. The results showed that the closed configuration experienced a much higher magnitude
of hydrodynamic coefficients for the 2-vane and 4-vane arrangement. An interesting trend was
recognized in the 2-vane and 4-vane arrangement. As the vanes were incrementally opened from
60° to 45° to 30° to open, the results also incrementally reduced. However, the change in
magnitudes from the closed configuration to the 60° configuration was drastically greater
compared to the incremental changes of the other configurations. Regarding the 2x2 and 3x3 array,
the results indicated that OWSCs located next to one another had no effect on hydrodynamic
coefficients, while OWSCs located in front or behind one another experienced some instability. A
potential source of error was that the Aqwa solver is limited to 12,000 diffracting elements, which
meant that the mesh quality had to be reduced to fit this criteria.

5.2 Power Production Conclusions

The results from the power matrices indicated that the sea state that would theoretically produce
the most power may not always be the sea state that would actually lead to the highest power
contribution. The raw maximum power was multiplied by the frequency of sea state occurrence to
determine what sea state realistically would lead to the highest contribution of power. To obtain
the overall MEAP, all these values were summed to determine how much energy a specific location
and specific device would produce annually. Similar to the hydrodynamic coefficient results, there
was a drastic change in MAEP between the closed and 60° configuration—42.4%. Whereas the
change in MAEP values for the other configurations was not as drastic. When the vanes were
incrementally opened from the initial closed position, the fluid-structure interaction decreased
since OWSC absorbed less energy. A potential source of error may be due to the fact that WEC-
Sim does not account for flow field effects such as turbulence, dynamic pressure, and velocity
profile, therefore the velocity of the OWSC may not be accurate once the waves become more

energetic.
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5.3 Fluid Flow Analysis Conclusions

Two wave conditions were examined in 2D using the VOF method in Ansys Fluent. Wave
condition 1 was the calmer condition which did not result in wave slamming for any of the
configurations. Wave condition 2 was more energetic and did result in some wave slamming
phenomenon. The velocity profile and pressure field were investigated for areas of pressure spikes
and turbulence identification. For wave condition 1, most of the turbulence occurred at the tips of
the upper vane since it experienced the most interaction with the free surface water level. For wave
condition 2, most of the turbulence and pressure spikes occurred as a result of the OWSC impacting
the end stops at a high velocity. A concern for the OWSC for both wave conditions was the
formation of radiated waves as the OWSC pitched seaward. These radiated waves impacted the
ensuing wave before it impacted the OWSC and may have led to dampening of the wave’s heigh
and velocity. Another interesting observation was the formation of hydraulic jump, which caused
a wave to form on the landward side of the OWSC that flows in the negative x-direction.
Consistently opening the vanes complicated the flow field and is believed to actually lead to further
issues with consistent power capture. That is, if an incident wave housed a certain amount of
power, the radiated wave coming from the pitching OWSC may dampen some of that wave,

resulting in lower power capture capability. This is a potential source of error.

5.4 Future Work

For the hydrodynamics section and power production section of this work, it is recommended for
future studies to investigate an OWSC with a 75° vane angle configuration since there was such a
large variability between the closed and 60° configuration. Regarding the arrays, future
simulations may include a 1x2 array or 1x3 array. This would result in a finer boundary mesh on
each OWSC which could lead to better numerical stability. Finally, for the fluid flow analysis, the
45° and 30° configurations appeared to have similar force, torque, and pressure results. Therefore,
it is recommended that future studies include either the 45° configuration or the 30° configuration
instead of both. Furthermore, future studies could include analyzing whether or not wave slamming
occurs for intermediate wave conditions. Finally, a full fluid structure interaction could be included

in the future to understand the stresses, strains, and fatigue life of these devices.
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Appendix A

6.1 SolidWorks Design

6.1.1 Orientation

It was important that the OWSC was oriented in the proper direction. Since the WEC-Sim and
Agwa coordinate systems were defined with the z-axis being the vertical axis, the x-axis being the
direction of wave propagation, and the y-axis defined by the right-hand rule, this orientation
remained consistent for the SW model. It should be noted that the origin of the z-axis was at the
free surface water level (FSWL) with the positive z-direction being away from the sea floor. The
profile of the OWSC was designed in the XZ plane, namely the Top Plane in SW.

6.1.2 Design

It was important that the units being used are from the metric system. This was verified by
navigating to Tools > Options > Document Properties Tab > Units > MKS. The metric system

was used consistently throughout SW, Aqwa, and WEC-Sim.

Some of the design considerations that were abided by include sea depth, amount that which the
OWSC pierces the surface of the water, and the OWSC width. For this study, these details, along
with several others, are described in Table 6-1. The fillet radius of the OWSC is important because

sharp edges can create vortices which lead to undesirable hydrodynamic diffraction effects [104].

Table 6-1. OWSC Dimensions

Sea Depth 3.3m

OWSC height, width, thickness 4m,2m,0.1m
Surface Piercing 20% of OWSC height
OWSC Fillet Radius 0.1m

6.1.3 Coordinates

Aforementioned, it was very important that the origin was centered with respected to the OWSC’s
thickness and width, and then vertically above the FSWL. This is because Aqwa imports the SW
file with the same coordinate system. Since the geometry studied here was piercing the surface of

the water by 20% of the OWSC height, or 0.8 m, the global coordinate system was at the line



where the OWSC pierces the surface of the water. That is, at the origin, the coordinates were [0,
0, 0] meters. This can be seen in Figure 6-1. At this point, the center of gravity of the OWSC was
located at [0, O, 1.81132] meters.

6.1.4 Moment of Inertia Properties

The moment of inertia properties were a critical aspect of this study. First a material or density
was specified. In this case, the OWSC had a density of 256.25 kg/m?, or half the density of sea
water. SW displayed two values for the moment of inertia. The first one, Lxx, Lyy, and Lz, was
the moments of inertia taken with the center of mass and aligned with the output coordinate
system. This was the moment of inertia about the center of mass of the OWSC. The second one,
Ixx, lyy, and Iz, was the moments of inertia that were taken at the output coordinate system. For
this study, Lxx, Lyy, and Lz, were used. These properties were obtained by navigating to Evaluate
> Mass Properties. Figure 6-2 shows how to navigate to SW Mass Properties, and Table 6-2
outlines the properties given by SW for this specific case.

Figure 6-1. OWSC Coordinates
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Table 6-2. Mass Properties Summary for OWSC

Mass [kg] 346

Density [kg/m?] 256.25

Locataion of Mass [m] [0, 0, 1.28688]

Moments of Inertia, Lxx, Lyy, and L [kg/m?] 1710.7,1598.4, 114.2

6.1.5 Exporting Files

There were various files saved for the OWSC: an IGES file (.1GS) for Aqwa, a default
SolidWorks Part file (SLDPT), and a stereolithographic file (.STL) to later be used in WEC-
Sim.

It should be noted that SW would sometimes export .STL files in units of millimeters (mm)
instead of meters (m). This was changed by navigating to Tools > Options > Export > File
Format > .STL > Unit: Meters. Also, it is important that the Do not translate STL output data to

positive space box was checked. This can be seen in Figure 6-3 and Figure 6-4.
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Appendix B

6.2 Hydrodynamic Simulation Setup

The units being used were from the metric system. In the Workbench suite, this was verified by
navigating to the toolbar and selecting Units > Metric. Next, the Hydrodynamic Diffraction
module was selected and dragged from the Toolbox window, into the Project Schematic window.
A name was given to this module once imported. For this case, the name “Closed OWSCs” was
used. A new Design Modeler geometry was created, shown in Figure 6-5. Here, the geometry

created in SolidWorks was imported in IGS format.
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Figure 6-5. Getting Started and Opening DesignModeler to Import External SolidWorks
Geometry

A geometry file was imported by navigating to the toolbar and selecting File > Import External
Geometry File and the .1GS file that was created in SolidWorks was imported. When the file was

imported, it did not show up in the graphics window immediately. The yellow lightning bolt that



'.}’ Generate

says Generate was used to display the model. Before this, it was necessary to navigate to

the Details View panel and ensure the Surface Bodies option was set to Yes and the Simplify
Geometry option was set to Yes. This simplified the geometry so Aqwa could make any necessary
repairs. Finally, it was ensured that the XYPlane was selected for the Base Plane. Once this was

done, the Generate button was selected. This process is shown in Figure 6-6.
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Replace Missing Geometry | Mo
Refresh Mo

Figure 6-6. Simplifying Geometry in the Details View Panel

The thickness of the OWSC was 0. In order to do this, Create > Thin/Surface was selected from
the toolbar. Then in the Details View panel, Selection Type was changed to Bodies Only. Next, the
yellow highlighted region that said Geometry was selected, and Not Selected was clicked. This
allowed selection of the OWSC using CTRL + Click. Next, the thickness was changed by
navigating to FD1, Thickness (>=0) and the value was changed to 0. Finally, the Generate was

selected to finalize the changes. See Figure 6-7 and Figure 6-8 for this procedure.
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Figure 6-8. Slicing the Geometry at the FSWL

At this point there were be 2 bodies and 2 parts in the Tree Outline — One for the portion of the
OWSC that pierced the surface of the water and one for portion of the OWSC that was submerged.

These sections were renamed and can be seen below in Table 6-3.

Table 6-3. Renaming Surface Parts for Ease of Identification

Default Name Renamed
“Surfacel” “top”
“Surface2” “bottom”

The final requirement to make sure was satisfied was the formation of parts that were specific for

each part. That is, there was 1 unique part for the OWSC. This was accomplished by navigating
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to the Tree Outline and CRTL + Clicking the newly named surface parts “top” and “bottom”.
Form New Part was selected, and the new part was renamed “Flap.” At this point in the Tree

Outline there was 1 part and 2 bodies, shown in Figure 6-9.

Tree Outline
By g B: Closed (calculated at COG)
> XYPlane
> ZXPlane
> YZPlane
y LOJ Import11
@ Thin7
8 Sliced
=% 1Part, 2 Bodies
-, 09 closed (2 flaps)
v (A top
» A bottom

Sketching  Modeling
Figure 6-9. 1 Part and 2 Bodies

6.2.1 Defining Physical Parameters

The computational domain parameters that pertain to the water depth, water density, and water
size were specified in Geometry > Details window > Environment Constants. For this research,
a Water Depth of 3.3 m was selected, with a nominal Water Density of 1025 kg/m?®. This depth
was selected so there were not any nodes that coincide with the sea bed. Had a water depth of
3.25 m been selected, Aqwa would have reported an error that the device was too close to the
seabed. The Water Size mimicked the size of the ocean. Here, a water size of 50m?was selected.
This can be seen in Figure 6-10. It should be noted that the Import Preferences portion of the
Details window said that solid bodies were not imported. This was an important verification

since Aqwa does not solve for solid bodies, only surface bodies.
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Figure 6-10. Computational Domain Parameters
6.2.2 OWSC Parameter Specification

Since the OWSC was free to move, and therefore, not be suppressed, it was ensured that
Structure Fixity was set to Structure is Free to Move. Table 6-4 shows the device properties that

were obtained previously in SolidWorks.

Table 6-4. Mass Properties Obtained from SolidWorks

Mass [kg] 346

Density [kg/m?] 256.25

Location of Mass [m] [0, 0, 1.28688]
[hlﬁg;:q%?ts of Inertia, Lxx, Lyy, and Lz 574.75, 462.47, 114.2

A point mass was added by selecting Add > Point Mass. A point mass was added at the OWSC’s
COG. For calculation at the COG, the values for X Position Y Position and Z Position were
changed to [0, 0, 1.28688]. For calculation at the hinge, a point mass was added at [0, 0, -3.1].
Next, the Mass was set to 346 kilograms, and the Define Inertia Values was changed to Direct
Input of Inertia, allowing specification of the inertia values. It is worth noting that Aqwa presents

the inertia values in terms of lx, lyy, and 12z, whereas the moment of inertia values that were
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obtained from SW have terms Lyxx, Lyy, and Lz. In this case, Ix is consistent with Lyxx and so on.

Figure 6-11 shows the point mass parameters for the closed OWSC.

Details a
-/ Details of Point Mass
Name [ Point Mass
Visibility |Visible
Activity . Not Suppressed
- _Mass Pr: rties »
Mass Definition Manual Definition
X Position [0.0m
Y Position [0.0m
Z Position |-1.28688 m
Mass |346 kg

- Inertia Properties
Define Inertia Value... | Direct Input of Inertia
Koxx [1.28884722431716 m
Kyy 11.15612218087442 m

1209 m
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by v0.0 kg.m*
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LTz 0.0 kQ.Mm°
i zz 1142 kg.m* §

Figure 6-11. Details of Point Mass

6.2.3 Meshing

In the Mesh section of Aqwa, the defeaturing tolerance and maximum element size was
specified. These two parameters define the density of the mesh as well as the maximum
allowable wave frequency that can be analyzed. The exact details of the mesh can be seen in
Figure 6-12.
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Figure 6-12. Details of Mesh

6.2.4 Simulation Parameter Setup

After the geometry, connection, and meshing parameters had been configured, the simulation
setup was initiated, starting with the analysis settings, Hydrodynamic Diffraction > Analysis
Settings. These parameters will control how the analysis will be conducted and which results are
reported to the output .AH1 and .LIS files. These two files were used later in WEC-Sim and are
very important. Most of the settings here remained default, with the exception of a few. First,
Ignore Modelling Rule Violations was changed to Yes. This avoided minute geometrical errors
that do not affect the hydrodynamic coefficient results. Next, Calculate Full QTF Matrix was set
to No since the quadratic transfer function (QTF) is related to the second order exiting forces. In
this case, only the first order exiting forces were of interest. Finally, ASCII Hydrodynamic
Database was set to Yes. This provided both the .AH1 and .LIS files needed as inputs for WEC-
Sim. It should be noted that many of the options in the Analysis Settings are for modeling
offshore structures, not particularly nearshore wave energy converters. This process can be seen
in Figure 6-13.
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Figure 6-13. Analysis Settings for Agwa Diffraction

Moving on to the Structure Selection branch, the Interacting Structure Groups was set to None,

since only the OWSC flap was simulated, as pictured in Figure 6-14.

-|| Details of Structure Selection
Name Structure Selection

Structures to Exclude  None

Interacting Structur... | None

Structure 1 closed (2 flaps)

Figure 6-14. Interacting Structure Selection

The Wave Directions branch is where the desired wave directions are specified. By default, the
wave Type will be set to Range of Directions, No Forward Speed. Wave Range was set to -180°

to 180°, the Interval was changed to 90°, and the Number of Intermediate Directions was 3. This
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resulted in four directional arrows in the Graphics window that showed which wave directions
were being analyzed. However, only the 0° wave heading was analyzed, as this was the wave
direction that acts perpendicular to the OWSC face. This can be seen in Figure 6-15 and Figure
6-16.

PMarne Wawve Directions
Visibility Visible
Fange of Directions, No Forward Speed

-180° to 180°
ag®
3
Additional Range ' None
[=| Optional Wave Directions B
Additional Range ' None
[=| Optional Wave Directions C
Additional Range ' None
[=l| Optional Wave Directions D
Additional Range ' None

Figure 6-15. Wave direction Specification

Figure 6-16. Directional Arrows in Aqgwa Graphics Window
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The Wave Frequencies branch allows the user to specify a range of wave frequencies that will be
analyzed once the solution is conducted. Aforementioned, the maximum allowable frequencies is
determined by the mesh size, so the range was from 0.01 rad/s to 12.929 rad/s. The total number
of intermittent frequencies that were evaluated can be determined by navigating to Wave
Frequencies > Total Number of Frequencies. Agwa is capable of handling up to 100 wave
frequencies. In this case, 80 frequencies were used to capture a sufficient amount of data points,
as shown in Figure 6-17. A large number of wave frequency data also helped WEC-Sim generate
more accurate results since the radiation IRFs had time to converge.

-|/| Details of Wave Frequencies
Name Wave Frequencies
Intervals Based Upon | Freguency
-|/| Incident Wave Frequency/Period Definition
Range Program Controlled
Total Number of Fre... | 80

Figure 6-17. Number of Wave Frequencies

Finally, the solution was solved. If desired, it is possible to view specific values by navigating to
Solution > Insert Result > [Select Desired Result]. For example, to view the results for the
Radiation Damping term, navigate to Solution > Insert Result > Radiation Damping. Next, the
Structure would be specified as closed (2 flaps). The Sub Type and Component tabs can be
changed to Global RY. Here, X, Y, Z refer to the translation in the X, Y, and Z direction, while
RX, RY, and RZ refer to the rotation about the X, Y, and Z axis respectively. Since the primary
interest is in the rotation about the y-axis, Global RY was selected. Radiation Damping, Added
Mass, and Diffraction and Froude-Krylov Torque, also referred to as the Wave Excitation
Torque, responses can be seen in Figure 6-18, Figure 6-19, and Figure 6-20 below. It should be

noted that for the Wave Excitation Torque, the wave direction was specified as 0.
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Presentation Method | Line
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Export CSV File Select CSV File...

=l Line A
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Type Radiation Damping
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Figure 6-18. Radiation Damping Solution View

Details n
=/ Details of Added Mass (Moment vs Frequency)
Name Added Mass (Moment vs Frequency)
Presentation Method |Line
Axes Selection Force/Moment vs Frequency
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Export CSV File Select CSV File...
=l Line A

Figure 6-19. Added Mass Solution View

Details 2
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Presentation Method |Line
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—.Line A
Structure closed (2 flaps)
Type Diffraction and Froude-Krylov
Component Global RY
Direction 0.0 rad

Figure 6-20. Diffraction and Froude-Krylov Torque, also known as Wave Excitation
Torque
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6.2.5 Accessing the Output Files

On the local machine’s desktop, the File Explorer was opened, and the file path was located in
which the Ansys Workbench Project was saved. Here, there were two files: The actual .wbpj file,
and a folder containing all the project information. In this study, the Ansys Workbench project
was named “AQWA SOP test.wbpj.” This can be seen in Figure 6-21.
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Figure 6-21. Navigating to the Aqwa Output Files

Next, locate the .AH1 and .LIS files to be used in WEC-Sim by following the path AQWA SOP
test files > dp0 > AQW-14 > AQW > AQ > Analysis, as seen in Figure 6-22.

File

Hame Share Wiew

2]
B e = - 3 Open = select all
B0 ¢BX= BE V= O
= W.| Copy path il- Edit Select none
Pin to Quick Co Paste Move Co Delete Renarne Rlew Froperties .
v Y [#] Paste shorteut to~ mp.y - ks p' o History DD Irivert selection
Clipboard Organize New Open Select
- v 1 | "« dp0 > AQW-14 > AQW > AQ > Analysis v o| [ search Analysis p
rs
[ Desktop ~ Name Date modified Type Size ~
&l Documents 1 ANALYSIS AH1 9/15/2020 405PM  AHT File 230K8 |=
¥ Downloads TT Analysis.dat 9/15/2020 3:49 PM  DAT File 1,042 KB
J Music 9/15/20204:00 PM  HYD File 2,078 KB
=/ Pictures 9/15/20204:05PM LIS File 3675 KB
B videos _ LT ANALY5IS.M 9/15/2020 3:49PM  MES File 1KB
= Local Disk (C3) - [t ANALYSIS.PAC 9/15/2020 400 PM  PACFile 86,305 KB
F15G 1 . PN Pz F ol A
« SugarData (E) |, |, |t ANALYSIS.PAG 9;I1IS,2020 4:05 PM AG File 96,836 KE
17 items 1 item selected 543 MB =

Figure 6-22. The.AH1 and .LIS Files
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Appendix C

6.3 Simulation in WEC-Sim

The four main requirements to run a simulation in WEC-Sim are as follows:
e Hydrodynamic coefficients from Agwa in .h5 format calculated at the COG
e SolidWorks geometry files in .STL format
e Simulink model including a global reference frame, various bodies, PTOs, and
constraints

e A WEC-Sim input file code that is populated properly

6.3.1 BEMIO

WEC-Sim requires the hydrodynamic coefficients from Aqwa are calculated at the COG and are
given in HDF5 format, or as .h5 files. This was accomplished using BEMIO. To analyze
hydrodynamic data from Agwa, the BEMIO.m MATLAB file was opened, and the two output
files obtained from Aqwa, ANALYSIS.AH1 and ANALYSIS.LIS, were copied to the hydroData
case directory. Within the BEMIO.m script, the Read_ AQWA command was changed to

hydro = Read AQWA(hydro, ‘ANALYSIS.AHI1’, ‘“ANALYSIS.LIS’)

The BEMIO.m script was run and the .h5 file was generated to be used in the WEC-Sim input
file.

6.3.2 STL Generation

Next, the STL files were acquired from SolidWorks and inserted to the geometry case directory.

6.3.3 Simulink Model

Two rigid bodies were used to model the OWSC base, body(2), and the OWSC flap itself,
body(1). It should be noted that in this case, a base was modeled in SW and used in WEC-Sim
solely for visual purposes. It is OK if the user desires to model only the OWSC itself. The base
was modeled as a non-diffracting body, so it was not considered in any calculations and therefore



does not affect any of the results. The OWSC base was connected to the global reference frame
via a fixed constraint, constraint(1), and its location was specified in the wecSimInputFile.m
code. The global reference frame was connected to the base side of the constraint while the
follower side was connected to the OWSC base. A proper base/follower connection is required to
successfully run a simulation. The OWSC base was then connected to the OWSC flap via a
rotational joint, pto(1), that was constrained so that it only pitched about the y-axis. Within this
joint, the rotational joint was limited to rotate + 30°. Damping and stiffness values can be
specified to model the rotational joint as a linear PTO. Figure 6-23 depicts the Simulink model

that was used for each vane angle configuration.

Hydrodynam

bady(1)

pto(1)

Hydrodynamic Body

body(2)

constraint{1)

Conn

Figure 6-23. Simulink Model for OWSC
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6.3.4 Populating the WEC-Sim Input File

In WEC-Sim, the input file stores information as objects in MATLAB such as simulation data,

wave information, body data, PTO parameters, and constraint parameters. The name for this file

is wecSimlInputFile.m, and it will be referred to from here on as “the input file.”

6.3.4.1 Simulation Data

The code used to populate the Simulation Data is shown in Figure 6-24.

%% Simulation Data

simu = simulationClass();

simu.simMechanicsFile = 'wecsim.slx'; % Specify Simulink Mc
simu.solver = 'oded'; T

simu.explorer='off';

simu.startTime = 0;

simu.rampTime = 100;

simu.endTime=400;

simu.dt = 0.01;

simu.mcrCaseFile = 'mcrCl i.mat’';

Figure 6-24. WEC-Sim Input File: Simulation Data Class

6.3.4.2 Wave Information

Figure 6-25 shows the input data for wave information.

% Wave Information

waves = waveClass(' regular').;

waves.spectrumType =
waves.phaseSeed=1;

Figure 6-25. WEC-Sim Input File: Wave Information Class
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6.3.4.3 Body Data

Figure 6-26 shows the body data code used in the input file.

%% Body Data

$ Flap
body (1) = bodyClass('hydroData/smaller mass/ANALYSIS.h5');
body (1) .geometryFile = 'geometry/CG 2 Closed Flaps.STL';

body(1l) .mass = 346.23459; %kg
body (1) .momOfInertia = [574.75 462.468 114.20137];

% Base
body(2) = bodyClass(''):
body(2) .nhBody = 1;

body(2) .name = 'Base'

-

body(2) .geometryFile = 'geometry/CG osed Base.STL';
body(2) .mass = 999;
body(2) .momOfInertia = [1 1 1];

body(2).cg = [0 0 -3.25];
body(2) .dispVol = 0;

Figure 6-26. WEC-Sim Input File: Body Data Class

6.3.4.4 PTO and Constraint Parameters

The code used in the input file for PTO and constraint parameters can be seen in Figure 6-27.

%% PTO and Constraint Parameters

% Fixed Constraint

constraint(l)= constraintClass('Constraintl');
constraint(l).loc = [0 0 -3.25]);

% DAatats - me
* R 1 na

pto(l) = ptoClass('PTOl'); % Initialize ptoClass
¥pto(l) .k =
tpto(l)..c =

pto(l).loc = [0 0 -3.1); ¥ PTO Location [m]

Figure 6-27. WEC-Sim Input File: PTO and Constraint Parameters Class
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6.3.5 Multiple Condition Runs (MCR)

An example of the first seven wave states used in the MCR table can be seen in Table 6-5.

Table 6-5. Wave Conditions and Optimum Damping Values used in MCR

Wave Height, Hs | Wave Period, Te | Optimum Damping, Bopt
0.25 2.5 118435.3
0.25 3.5 73403.79
0.75 35 73403.79
0.25 4.5 51446.98
0.75 4.5 51446.98
1.25 4.5 51446.98
0.25 55 37980.07
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Appendix D

6.4 CFD Geometry

When analyzing the flow around a structure in CFD, a computational domain (CD) is that includes
a cavity of the structure of interest. This will be discussed further below. In Figure 6-28, created
in SolidWorks, there are three surfaces (from left to right):

e Quter Domain Surface

e Inner Domain Surface

e OWSC Surface

Inner
Outer Domain Surface : Domain
I Surface
H
I
bWSC Surface

Figure 6-28. Computational Domain for Fluent

This geometry was then exported as an .1GS file and imported to DesignModeler. Two Boolean
operations were used: one to subtract the OWSC from the inner domain surface without preserving
tool bodies, while the other subtracted the inner domain surface from the outer domain surface
while preserving tool bodies. The last step in DesignModeler was to create named surfaces. This
was done by left-clicking the line segments of interest, right-clicking and selecting Named
Selection. A named selection must be created for the OWSC so it can be modeled as a rigid,
rotating body in Fluent. This was done by activating the line selection icon and selecting each line
on the OWSC and creating a named surface. This can be seen in Figure 6-29. Finally, the inner
domain and outer domain surface bodies were renamed to INNER and OUTER respectively, as
shown in Figure 6-30.



Figure 6-29. Creating a Named Selection for the OWSC Surface

Tree Outline &
=-o/@8 A: Fluid Flow (Fluent)
(;'. XYPlane
<y ZXPlane
-y YZPlane
s [ ] Importl
,‘ Boolean1
e 8 INLET
(Q ATMOSPHERE_OUTLET
- ) OUTLET
B SEA_FLOOR
,,‘ Boolean2
) FLAP
B 2 Parts, 2 Bodies
., 11 OUTER

Sketching Modelingl
Figure 6-30. Tree Outline Indicating Surface Names

6.4.1 Mesh Setup

Next, the Mesh icon was selected in the Outline Tree and the physics and solver preferences were
set to CFD and Fluent respectively. The element size was set to 0.1 meters, and was refined later.
The mesh metric was set to Skewness initially, and the smoothing parameter was set to High. In
order to ensure the quality of the mesh was sufficient for dynamic meshing, the mesh metric was
analyzed for both Skewness and Orthogonal Quality. Here, the target skewness was lower than 0.7
and the target orthogonal quality was larger than 0.6. One mesh sizing function and one mesh
refinement parameter were used to control the mesh distribution. Mesh sizing’s were inserted by
right-clicking Mesh > Insert > Sizing. For the mesh sizing, the scoping method was changed to
Named Selection and the named selection was changed to FLAP. The element size was changed
to 0.075 and Curvature and Proximity were captured since there are sharp curvatures along the
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vanes. Finally, triangular mesh method was applied to the inner domain surface, shown in Figure

6-31, while the outer domain surface remained quadrilateral.

Figure 6-31. Applying Triangular Mesh Method to Inner Domain Surface

6.4.2 Fluent Setup

A pressure-based solver was used with transient time activated, and Gravity was activated in the
y-direction using -9.81 m/s?. The model used here was the multiphase flow model, and the sub-
model was the volume of fluid model. Figure 6-32 shows the VOF model selected with the Open
Channel Flow and Open Channel Wave BC VOF Sub-Models activated. Furthermore, Implicit
Body Force was activated.
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n Multiphase Model
Models Phases

Model
Off
Homogeneous Models:
® Volume of Fluid
Mixture

Wet Steam
Inhomogeneous Models:
Eulerian

Coupled Level Set + VOF

Level Set

Volume Fraction Parameters
Formulation
Explicit
@) Implicit
Volume Fraction Cutoff
1e-06

Default.‘

Body Force Formulation

| Implicit Body Force

X
Phase Interaction Population Balance Model

Number of Eulerian Phases
2

1k

VOF Sub-Models
+| Open Channel Flow

+/| Open Channel Wave BC

Options
Interface Modeling
Type
®) Sharp
Sharp/Dispersed
Dispersed

Interfacial Anti-Diffusion

(e (1)

Figure 6-32. Multiphase Model Setup

Under the Phases tab, the characteristics of the two phases, air and sea water, were defined. The
primary phase, air, had a density of 1.225 kg/m® and a dynamic viscosity of 1.7894e-5 kg/ms.
These values are default in the Fluent database. The density and dynamic viscosity of seawater,
the secondary phase, were changed to 1,025 kg/m? and 0.0014 kg/ms respectively. These changes
can be seen in Figure 6-33.

164



Models Phases Phase Interaction Population Balance Model

Phases Phase Setup
Name D
air - Primary Phase water 3
water - Secondary Phase Phase Matarial

water-liquid - |Edit...|

I Edit Material X

3

Properties of water-liquid

Density [kg/m?]| constant
1025

Viscosity [kg/(m s)]| constant

0.0014
-

+ I '

|Change| ‘E‘

Add Phase || Delete Phase

CE9 (cose] [
Figure 6-33. Defining the Two Phases being used in the VOF Model

Under the Phase Interaction tab, the surface tension was set to a constant value of 0.0728 N/m.

This can be seen in Figure 6-34.

B Multiphase Model X
Models Phases Phase Interaction Population Balance Model
Forces Heat, Mass, Reactions
Phase Pairs Force Setup

Surface Tension Coefficient

air water Surface Tension Coefficient [N/m]

constant ¥ 0.0728

Figure 6-34. Defining Surface Tension Coefficient Between Air and Water

The Realizable k-¢ with scalable wall functions turbulence model was used to close the RANS
equations. In the Boundary Conditions tab, the Inlet was set to Velocity-Inlet and the Open Channel
Wave BC checkbox was selected. Default values were used in the Momentum tab since air flow

was not modeled—only waves. Under the Multiphase tab, the secondary phase of water was

165



enabled. Shallow/Intermediate Waves were used. The Free Surface Level was at a y-coordinate of
3.1 m, and the Bottom Level was -0.2016 m. These values were obtained in SolidWorks using the
Measure feature under the Evaluate tab. One wave was used using the Third Order Stokes wave
theory. Aforementioned, the most commonly occurring wave condition at the reference site, whose
depth was 3.3 m, was a wave height of 0.75 m and a wave period of 5.5 s. The corresponding
wavelength to this wave condition is 30 m. The inlet boundary condition can be seen in Figure
6-35.

n Velocity Inlet X
Zone Name Phase
inlet midure ¥

+ Open Channel Wave BC I

Segregated Velocity Inputs

Momentum Thermal Radiation DPM I Multiphase Potential ut

Secondary Phase for Inlet water i

Wave BC Options Shallow/Intermediate Waves -

Free Surface Level [ -
Bottom Level [mfl.p.2016 il

Reference Wave Direction Averaged Flow Direction v
Wave Modeling Options Wave Theories -

Wave Group Inputs

Number of Waves | 1 -
Wave-1 -
Wave Theorll Third Order Stokes I -
Wave Height [m -
Wave Length [m -
Phase Difference [deq] g -
Wave Heading Angle [deq] g -
-
Gose) (1)

Figure 6-35. Inlet Boundary Conditions for Wave Setup

Since there were two outlets in the domain, the atmosphere, and the outlet domain, both were
modeled as pressure outlets. In the Multiphase tab, the Open Channel box was selected, and the
Free Surface Level and Bottom Level parameters were defined. These were the same values used

for the inlet boundary conditions. Finally, the Operating Conditions box was selected, and the
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Reference Pressure Location was set to 7.7984 m. This was the y-coordinate obtained from

SolidWorks where the top of the computational domain was. This can be seen in Figure 6-36.

B operating Conditions x
Pressure Gravity
Operating Pressure [Pa] V| Gravity
— - Gravitational Acceleration
Reference Pressure Location X [m/s?] g -
X [m] 0 - 2
Y [m,’s ] -0.81 -
¥ [m) 7. 7984 - o
Z [m/s%] |

Z[m]|g
Variable-Density Parameters

Operating Density Method

minimum-phase-averaged ~

B (Gl o0

Figure 6-36. Defining Operating Conditions

After navigating to Cell Zone Conditions, Outer was selected from list of available zones. Under
the Multiphase tab, Numerical Beach was selected, and Compute From Inlet Boundary was

changed from none to Inlet. The process for defining the numerical beach can be seen in Figure
6-37.
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B Fuuid

Zone Name
outer
Frame Motion Laminar Zone
Mesh Motion
Porous Zone
Reference Frame Mesh Motion
Numerical Beach Treatment
¥ Numerical Beach
Damping Type Two Dimensional
Compute From Inlet Boundary none
Level Inputs

Free Surface Level [m]|3_;

Uni-Directional Beach Inputs
X-Direction 1

a
~ Bottom Level [m] _g 2015 -
Y-Direction g -
Damping Length Specification End Point and Wave Lengths &
End Point [m] 15 « Wave Length [m] 39 «  Number Of Wave Lengths 5 -
Resistance Inputs
Linear Damping Resistance [5] 3 24971259207 -
Quadratic Damping Resistance [m] 19 52876870325 -
-

Phase
mixture ¥

Source Terms

Fixed Values
Porous Zone 30 Fan Zone Embedded LES Reeaction Source T

rce Terms Fixed Values Multiphase

Beach Group ID| 1

O

| Relative Velocity Resistance Formulation

e o)

Figure 6-37. Defining Cell Zone Conditions for Numerical Beach Implementation

Once dynamic mesh was activated, Smoothing and Remeshing mesh methods were applied. The

Spring/Laplace/Boundary Layer method was applied for this scenario where the deforming
elements occurred at Tri in Mixed Zones, shown in Figure 6-38.

[ | [ Il Mesh Smoothing Parameters X
Smoothing Layering Remeshing Spring Constant Factor 0.1

Method Convergence Tolerance 0.0001
® Spring/Laplace/Boundary Layerl Maximum Number of Iterations = 100 :

Diffusion

Linearly Elastic Solid

Elements

Tri in Tri Zones

® Tri in Mixed Zones

All

Laplace Node Relaxation 1

Verbosity 0 -

Figure 6-38. Dynamic Mesh—Smoothing Settings

Unified Remeshing was used with the length scale parameters being similar to the values in Mesh

Scale Info. If desired, the exact values in Mesh Scale Info can be copied and pasted into the
respective Parameter boxes. These Remeshing parameters can be seen in Figure 6-39.
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Smoothing Layering Remeshing

Methods-Based Remeshing
|' Unified Remeshing

Parameters
Minimum Length Scale [m] 0.002

Maximum Length Scale [m] 0.2

Maximum Cell Skewness 0.7

Maximum Face Skewness |0.7

[Mesh Scale Info...] [Default]

Figure 6-39. Dynamic Mesh—Remeshing Settings

Within the Options section, Six DOF and Implicit Update were selected. Since the OWSC is a
simple 1-DOF system, it was modeled by selecting Settings > Create/Edit. The OWSC was named
“flap” for simplicity and it was modeled as a One DOF Rotation system. Its mass, center of rotation
coordinates, and inertia values were obtained from SolidWorks’ Mass Properties option. The same
spring constant used in WEC-Sim for this specific wave state was used for Constant to mimic the
PTO forces, and the OWSC was constrained to rotate +30°. After defining these values, Write
Motion History was enabled to track the motion of the OWSC throughout the simulation. Under
the Implicit Update tab, Residual Criteria was changed to 0.001, and all other default values were
left unchanged. The setup used here for Six DOF and Implicit Update can be seen in Figure 6-40
and Figure 6-41 respectively.

169



} B six DOF Properties X
Name
o
In-Cylinder Six DOF Periodic | 1ass [kal One DOF Translation
. ¥ One DOF Rotation
Six DOF Properties
One DOF
flap .
Axis
X Y z
0 0 1
Center of Rotation
X[m] Y[m] Z[m]

[Create/Edit...] Delete H Delete All

0 0 0
ravitational Acceleration Spring
X [m/s]0 7 YIS 981  preioad (N m[Constant (N m)rad]
File Name

! Constrained

Reference
Value [deg]] Minimum [deg] Maximum [deg]
m E 0 -30 30

Moment of Inertia [kg/m?]

Figure 6-40. Six DOF Solver Settings

s\dpO\FFF\MECH\FFF.1

B options
-Cylinder Six DOF Periodic Displacement Implicit Update Contact Detection
Update Interval 1 -
Motion Relaxation 0.1
o ]

Figure 6-41. Implicit Update Solver Settings

Under the Dynamic Mesh Zones box, Create/Edit was selected to prescribe the Six DOF
Properties to the OWSC and to define the inner domain as a deforming body. Zone Names was
changed to flap and its Type to Rigid Body was changed to indicate that the selected region had
motion, but no deformation. Under the Motion Attributes tab, the flap UDF was assigned to Six
DOF UDF/ Properties, and Six DOF was ensured to be On. Finally, the Center of Gravity

Location was changed to the center of gravity found in SolidWorks, in this case [0, 1.81132] m.
This process can be seen in Figure 6-42.
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Il Dynamic Mesh Zones b4

Zone Names Dynamic Mesh Zones

Type interior-inner
Stationary
Deforming
User-Defined
System Coupling

Motion Attributes Geometry Definition Meshing Options Solver Options
ix DOE LIDE/Propertie Motion Options Six DOF
_ Relative Motion
Relative Zone Passive
Center of Gravity Location Rigid Body Orientation
X[m] 0 Theta [deg] 0
Y [m] 1.81132 Axis_Z 0
Center of Gravity Velocity Rigid Body Angular Velocity
V_X[m/s] 0 Omega_Z [rad/s] 0
V_Y [m/s] 0

{Orientatiun Calculator...}

Figure 6-42. Dynamic Mesh Zone Setup for OWSC

Next, the inner domain was modeled as a deforming body so the triangular mesh could deform as
the OWSC oscillated. This was done by changing Zone Name to interior_inner and changing
Type to Deforming. It was ensured that Remeshing, Smoothing, Global Settings, and Spring

Method were selected, and then the mesh motion was created . This is shown in Figure 6-43.

I Dynamic Mesh Zones x

Zone Names Dynamic Mesh Zones

interior-inner v | flap

Type interior-inner
Stationary
Rigid Body

User-Defined
System Coupling

Mation Attributes | Geometry Definition | Meshing Options Solver Options

Parameters Methods

+ Global Settings
Minimum Length Scale [m] 0.00: aplace

Maximum Length Scale [m] |0.2

Maximum Skewness |0.7

Zone Scale Info...

Figure 6-43. Dynamic Mesh Zone Setup for Deforming Mesh
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The PISO scheme was selected and Pressure Discretization was selected to be PRESTO! The
remaining discretization techniques and under-relaxation factors were optimized using the VOF
Solution Stability Controls option. These parameters are shown in Figure 6-44.

Solution Methods

Pressure-Velocity Coupling

Scheme

PISO v
Kewness Correction

° -

Neighbor Correction
1 -
Skewness-Neighbor Coupling

Spatial Discretization
Gradient

Least Squares Cell Based .
Pressure

=
Momentum

Second Order Upwind -
Volume Fraction

Compressive 2z
Turbulent Kinetic Energy

First Order Upwind v

Transient Formulation
First Order Implicit e

Non-Iterative Time Advancement Options
¥ Warped-Face Gradient Correction

High Order Term Relaxation ‘Opnons.,.b‘

Default |

VOF Solution Stability Controls

‘Stabullzahon Methods...

‘Velomy Limiting Tvea(ment...‘

Figure 6-44. Solution Methods Parameters in Fluent
Next, the simulation was initialized using Hybrid Initialization that was computed from the Inlet

boundary. The Open Channel Initialization Method was set to Flat. The initialization methods
can be seen in Figure 6-45.
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Solution Initialization

Initialization Methods
I' Hybrid Initializationl
Standard Initialization

Open Channel Initialization
Compute from
inlet b ]

Open channel Initialization Method
-

[More Settings...] [InitializeJ

Patch...

Reset DPM Sources Reset LWF Reset Statistics

Figure 6-45. Initialization Methods used in Fluent

To create export files, navigate to Report Definitions, right click, and select New. In this
simulation, the important pieces of information included total pressure on the OWSC, x- and y-
forces that act on the OWSC, as well as the torque on the OWSC due to waves. Figure 6-46

shows an example defining the x-direction force report that acts on the OWSC.

Il Force Report Definition X

Name
force_x

Dptions Zones Fiter Te BIEIE

sea_floor-inner

sea_floor-outer
Per Zone
wall-15

Average Over(Time Steps) wall-16

1 -

Force Vector
X Y

-
Report Files [0/4] |§| IE| |E|

area-weighted-avg-pressure-rfile
force-x-rfile
force-y-rfile
torque-rfile

Report Plots (0/2] |E| |§| |§|

force-y-rplot
force-x-rplot

Create
¥ Report File

~ Report Plot

Frequency 1 »

Print to Console

Create Output Parameter
4

m Compute lCdm.el ‘E’l

Figure 6-46. Defining a Report File to be used in Post-Processing
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In order to save data files to be later analyzed in CFD Post, a Solution Data Export was created.
It was ensured that the File Type was CDAT for CFD-Post and that all 95 data quantities were

selected. This process can be seen in Figure 6-47.

B Automatic Export X
Name

export-1
File Type

Cell Zones | Filter Text
CDAT for CFD-Post & EnSight ~]
inner

Format

BE)E/E - (&) (BB [Epeanwes s [Z] ][5
= | Volume fraction (air) N

Smoothed VOF Gradient-dX (air)
Smoothed VOF Gradient-dY (air)
Smoothed VOF Gradient Magnitude (air)
Molecular Viscosity (air)
Density (water)
'Volume fraction (water)
Smoothed VOF Gradient-aX (water)
Smoothed VOF Gradient-dY (water)
Smoothed VOF Gradient Magnitude (we
Molecular Viscosity (water)

outer
* Binary

Asci

VI Write Case File Every Time

Export Data Every 1 | Time Step ¥

File Name —
FFF.1-Setup-Output Browse...
Append File Name with

time-step -

D [concel] 1)

Figure 6-47. Solution Data Export for CFD-Post

The final step was to define the time advancement parameters in Run Calculation. 2500 time-
steps were used with a time step size of 0.01 seconds, and 75 iterations per times step were
selected. These were chosen to ensure each iteration converged to 1.0e-3, and the total
simulation was at least 25 seconds for adequate data capture. Once this is complete, the solution

was commenced by selecting Calculate. This process can be seen in Figure 6-48.
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Run Calculation @‘

Check Case... | [ Preview Mesh Motion... |
Time Advancement
Type Method
Fixed hd User-Specified hd
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Options
Extrapolate Variables
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Solution Processing
Statistics
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[ Calculate |

Figure 6-48. Time Advancement Parameters in Fluent
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