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A prototype point absorber style wave energy cdevehas been proposed for
deployment off the West coast of Vancouver Islarehrnthe remote village of

Hotsprings Cove in Hesquiaht Sound; a site idesttiis having significant wave energy
potential. The proposed design consists of twopmrents, a long unique cylindrical
spar and a concentric toroid float. To serve omgovave energy converter (WEC)
dynamics modelling and control research in suppbrthat project, an experimental
facility for small scale physical model testingdesired at UVIC. In the immediate
term, the facility could be used to determine tiidrbdynamic coefficients over a range
of wave frequencies. Refined estimates of the dggimamic coefficients would be

exploited in the optimisation of the WEC geometilo date, WEC research at UVIC
has neglected the frequency dependence of the dyaamic coefficients, relying on

limited experimental results to provide a singlegftency invariant set of coefficient

estimates.

The research detailed in this thesis was focusedevrloping an experimental testing

system to characterize the hydrodynamic coeffisiéot added mass and damping for a



point absorber type wave energy converter. Thatmsorber design consists of two
main components whose geometry interacts with timeosnding fluid, the deep

cylindrical spar and concentric toroidal float. €eThlesign is representative of the
technology being considered at Hesquiaht Soundinfial batch of experiments was
also conducted for a scale model of one desigrhefwave energy converter. The
program of study included the design and manufaabiithe wave tank and the WEC
scale model, a validation of the facility againsisgang hydrodynamic coefficient

predictions for simple floating geometries, and reglynamic characterization

experiments in which the lumped parameter hydrodyoaoefficients were identified

for the scaled model WEC and comparison of thelteso existing simplified models

at UVIC.

The development of the test facility first involvadcertaining and accommodating the
constraints of an existing fluid tunnel that hadatmommodate a wave maker and the
physical WEC models. The test facility incorporatedow friction mechanism to
maintain single degree of freedom motion, heave,tlfie WEC model motions. A
forcing mechanism was created for the generatiosirafsoidal, linear, oscillations of
the model; a piston style wave maker was also oectsd for the generation of
sinusoidal, linear waves. Measurement transducerthé wave regime, hydrodynamic
loading and the model motion were installed inahgdia wave gauge, a torsional load
cell and a 3D camera, respectively. The facilgydesigned to accommodate four
different experiments: a naturally damped oscolatin quiescent fluid, a forced
oscillation of the model components in quiesceunidfl free oscillations driven by a
generated wave field, and fixed model tests in meged wave field. The quiescent
fluid methods were used to identify the reactionfarges, whereas the wave field tests
allow for the identification of the excitation faccoefficients. Three model
arrangements were considered: a simple cylindevdbdation purposes, the WEC spar
alone, and the spar with a fixed or motionlesstflohe wave regime generated in the
3% and 4" tests were a scale replication of wave data pusWoidentified at UVIC for

the Hesquiaht Sound WEC deployment site locatibo.determine the coupling effects



between components of the scale model WEC, thelspbhwas tested in isolation and

with the outer concentric float present.

The experiment established that the test facisitgufficient for the desired scale range
for the three methods tested, based on comparigbraw established numerical results
for the simple cylinder geometry. The experimemtaia indicates that the numerical
model utilized for simple cylinders cannot be usadthe unique spar geometry. The
non-dimensional lumped added mass hydrodynamicficesits for the spar in the

presence of the float were found to be overall loWan when the float is absent,
although different trends were identified for wdiedd versus quiescent fluid. The non-
dimensional lumped damping hydrodynamic coefficiaaas higher for the spar alone
configuration than the spar-float model configuratin the wave field experiments but

lower in quiescent fluid.
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Chapter 1: Introduction

1.1 Wave Energy

Energy is one of the most significant determiniagtérs in one’s quality of life in the
modern world. It is a necessary component in #levery of our basic needs such as
food, shelter and water. It is widely recognizedttin the near future there will no
longer be a sufficient supply of conventional elyesgurces. At present, most existing
energy conversion technologies are not considenedroaanmentally adequate or
sustainable. At a recent workshop for the NatRedources Canada Marine Renewable
Energy Technology Roadmap Project it was statetl éhargy demands will exceed
conventional hydrocarbon supplies in the next 10/d8rs. Prevailing opinion is that
achievement of the “Peak Oil” condition will resuita dramatic increase in the price of

energy, as well as instability of that price.

To diversify energy supply, scientists and engisedirover the world are investigating
methods of extracting, storing and utilizing enefgym numerous emerging clean or
renewable sources such as wind and hydrogen, walske attempting to optimize or
eliminate toxic by-products of conventional extractfrom tar sands, coal and internal
combustion. All of these areas of research araired if developed societies are going
to avoid the negative environmental circumstanbes are expected should trends in
energy demand remain unchanged. As was statdteilVorld Energy Outlook 2006
by the International Energy Agency, “The need tobcthe growth in fossil-energy
demand, to increase geographic and fuel-supplyrsliyeand to mitigate climate-

destabilising emissions is more urgent than eJ&t.”

In order to meet GHG emission targets of 20% be206@6 levels by 2020, and 60-70%
below 2006 by 2050, Canada’s federal governmeniuitted to a low emission culture

with the Turning the Corner policy statement [2]. Based on the extent ofGla@madian

! http://www.oreg.ca/web_documents/vancouver meesagmary.pdaccessed 15/01/2012




raw wave energy resource, ocean waves could plsigraficant role in the nation’s
pursuit of these targets. The Canadian easterrwastern shorelines are estimated to

have a wave energy potential of 16.1 GW with sh@ased technology alone [3].

Wave energy is sometimes referred to as a storaghanism for solar energy. Waves
are mainly generated from wind which in turn is g@&ted from the differential heating

of the earth that causes unimpeded air flow acexgmnsive bodies of water. These
winds transfer the solar energy to the formatiowater waves. The wind speed, fetch,
and duration are all major factors in determining &mount of energy transferred from
the sun. One of the great benefits of ocean wevt®t they can travel long distances
very efficiently. Although weather driven resowscare unpredictable on a short

timescale, waves are a regular and predictableceair energy over a period of days

[4].

From [5], one can observe that the Canadian Ndti@oandtable on the Environment
and the Economy (NRTEE) suggests that 10GW of wenargy generation will be
needed, in an overall renewables portfolio of 70G\p@ply in order to meet the 60%
GHG reduction target. However, while wave energyverters are seen as a promising
technology component of a national sustainableggnglan by groups like the NRTEE,
it remains one of the least investigated [5]. Aitgh it has been projected that the
global energy potential in ocean waves around tbddmMies between 1-10TW [6]
wave energy conversion has not been achieved amanercial scale and there is no

standardized concept for wave energy conversion.
1.2 Wave Energy Conversion Technology

1.2.1 WEC Technology: Conversion Classes

Wave energy converter (WEC) designs can be disshgd by their operational and
directional characteristics. Operationally, thare three classes of converters. First, is
the oscillating water column class of technologgves drive free surface oscillations



that directly push or pull air through a Wells tundo to generate electricity. Second, is
the overtopping class of device where wave cirautatrives fluid into a confined
reservoir and water outflow is regulated througloatiet turbine to generate electricity.
Lastly, entries in the water activated device clasxluce electricity from the relative
motion of articulated multiple bodies, which arevdn by wave excitation forces
(viscous, form drag and inertia forces). The wautvated WEC type devices are the
most commonly investigated and numerous examples iar various stages of
development as they are expected to be the smalbegst efficient and most

economical technologies.

The directional behavior, how the wave directiofeets performance, can be used to
further break apart the wave activated classificatiThere are three groupings of
directional behavior: point absorbers, attenuatord terminators. The attenuator, or
surface follower shown in Figure 1(a), is alignedablel to the dominant wave direction
and is made up of long, segmented floating bodieswflex as the waves move past,
generating electricity from the motion of the hiage

ms O @

(@) (b) (©)

Figure 1 - A summary of the wave excited class of BRC technologies, where the
wave direction is left to right.
(a) Attenuators (b) Point Absorbers (c) Terminators

The point absorber, shown in Figure 1(b), is gdhersmall with respect to the
wavelengths that compose the wave field, does apemd on wave direction and is
therefore omni-directional. A point absorber cgermate utilizing various modes of

motion, surge and or heave for example, and maylda#ing or submerged. The



terminator, shown in Figure 1(c), is aligned perpeularly to the wave field, typically
moving back and forth on a hinge with the wavewation. The motions drive a pump,

pushing water to a shore-based hydro-electric pgbzast.

There is yet to be a convergence on a single tyWEC within the motion activated
class as has occurred with other renewable enexahnologies. Each potential WEC
site, whether offshore, near shore or shore-bdseslits own geographical features and
its own typical wave characteristics which encoesagustomization of the WEC design
concept. Determining the ideal WEC location is aahcing act between energy
potential, and construction and manufacturing costSor instance, wave energy
decreases as it gets closer to shore due to tt®ffal losses incurred along the seabed.
While that observation encourages a move offshtweJong underwater transmission
cables required can induce significant energy Essk addition, one must consider
how wave energy is delivered at high energy sitesther offshore or near-shore. If the
higher energy capacity realized at an offshore isitdue to short concentrated bursts
associated with storms, it may require extreme \ehity design. Or, the converter

may need to be shut down eliminating the benefihefoffshore location.

1.2.2 WEC Technology: Historical Context

The concept of capturing wave energy has been tige¢sd for more than 100 years as
seen by some early patent drawing shown in FigureFRure 2(a) shows a type of
attenuator that is bottom founded, while Figure) Xbows a very similar attenuator
concept that is reactionless — that is to sayma®red to the ocean floor by compliant
lines. Figure 2(c) shows a heaving point absotbat relies on a taut connection to a
motor on the seabed.

Circa 2012, there are hundreds of wave energy cterveoncepts patented around the
world, many have made it to a functional prototgfege and have been implemented in

all variety of WEC types. Some of the most welblum prototypes are listed in Figure



3 in their respective category. Of the technolodisted, point absorbers have been

suggested as the best candidate to win the raz@mmercial operations [6, 7].

To be economically feasible in the short term, aGMBust be competitive with at least
other renewable technology options on the basikfeifme cost per energy (kW-hr)
delivered. The lifetime costs include initial comgtion, maintenance, and survivability
in severe weather [8]. However, given the ambiygthiat pervades any discussion of
the detailed design and operation of a WEC, aceuestimates of these values are
unavailable — especially for sustained operatiohs such, projections of these costs are
generated based on relatively simple, but availabktrics and device size is the most
prevalent of these. As is discussed in the nestise point absorbers are small with
respect to the wavelengths of the ocean waveshaesest energy from. As such, this
type of WEC potentially requires less material whimany believe will lower device
fabrication and installation costs. Again basedpbsgsical size considerations, point
absorbers are potentially less sensitive to extrer@ather conditions as they can be
designed to function as regular sea buoys by riditap the waves during extreme

weather.
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Figure 2 — Sample century old WEC patents.

(a) Patent No. 1,385,083 Dated May 29, 1920. Bottofounded attenuator, energy

conversion through wave generated motion (b) Pateritio. 1,018,678 Dated July 20, 1911.
Moored attenuator, energy conversion through relatte motion of floating bodies, this is a

two body device that does not rely on taut moorindine connection to the seabed. (c)
Patent No. 819,006 Dated April 24, 1906. Heaving b absorber, energy conversion

through wave generated motion of floating body to bttom fixed motor.

The three classes are shown in Figure 3 includingresakout of existing design
concepts. The activated bodies class of WEC imetudoint absorbers is highlighted.



Pico, LIMPET, Sakata,
Fixed Structure [ Mutriku
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Figure 3 - WEC Type by functionality

1.3 Two Body Point Absorbers

In the Wave Energy Research Group at the Univeddityictoria, the two-body point
absorber type of wave activated WEC is being stligighe context of servicing coastal
off-grid communities on the West Coast of Vancouistand. The two-body point
absorber design is a conventional two-body vetyiaaliented heaving point absorber.
A two-body point absorber differs from a single-gqubint absorber in the sense that it
is usually only loosely moored to the seabed ang @epends on its two bodies relative
reactions to the wave regime, and does not deperits anotion relative to the seabed
as shown in Figure 2 (b). Commercial examplesaa-ibody point absorber concept
are embodied in the OPT PowerBéognd the WavebdBNVEC. Figure 4 and Figure 5,

2 http://www.oceanpowertechnologies.com




respectively, show these two pre-commercial devicéd future references to point

absorbers found within this thesis refers to twdybbeaving devices.

295

148

|
| 459 |

(@ (b)

Figure 4 - the OPT PowerBuoy.
(8) A detailed drawing showing the 150kW buoy struire with submerged reaction
body, and floating torus. (b) An OPT 150kW demonstation Unit

(http://www.oceanpowertechnologies.com)

3 http://wavebob.com/




(@) (b)

Figure 5 — WaveBob
(@) 3D model showing buoy structure with central bdy geometry and torus
configuration. (b) Demonstration Unit. (http://wavebob.com)

Any vertically oriented point absorber design cetssiof two floating components that
drive the energy conversion via their relative mioti The main body, referred to as the
spar, consists of a surface piercing deep cyliatlbody, with a bulbous component in
the deepest section, similar to that of the WaveBebice shown in Figure 5. The
secondary body, referred to as the float, is andyical torus set external to the spar
similar to that shown on both the OPT PowerBuoy faeBob in Figure 4 and Figure
5 respectively. When viewed from above, the pabgorber’s overall diameter is much
smaller than a single wavelength. The ideal motibthe wave energy converter is in
the heave or vertical direction only. Electricaleggy is converted from the relative
motion of the two components through a hydrauliz@otake off (PTO) connecting the

float and the spar.
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For point absorber type WECS, the design of the Bph is crucial to the performance
of the wave energy converter. A very low heavintura frequency is required for the
spar in order to ensure that, in general, the spdion is phase shifted from that of the
free surface as much as possible. If the floalesigned to maximize wave following
behavior, by employing a high buoyant stiffness anglery small total float mass,
relative travel between the bodies will be encoadag While it is simple to devise a
float structure that has very good wave followirghaviour, achieving a sufficient lag
in the spar motion is difficult and a range of &gges exist on how to maximize the
relative motion of the float and spar over suffittlg wide ranges of wave frequencies.
Control of a typical point absorber is based orustilig the mechanical impedance of
the PTO connected between the spar and the floatnmanner that increases power
conversion. While it has been shown that a PTOtnexbibit a specific inertia,
stiffness and viscous damping characteristic toewehoptimal energy conversion for a
single regular wave [9, 10], the PTO is most ofteadeled with just an effective
viscosity. Almost all current investigations in ®Tcontrol for wave activated point
absorbers consider the geometry of the spar arad, flmd hence the hydrodynamic
coefficients of the spar and float to be fixed. Epdes of recent research in WEC PTO
control include [11, 12, 13].

At UVic, a departure from the conventional poinsatiber design is being considered.
Control of the UVic point absorber concept is bagedhe continuous adjustment of the
PTO viscosity and the inertia of an elastically puped internal mass. The internal
reaction mass system, referred to as SWELS, ca#e/laver the spar natural frequency
in accordance with observed changes in the frequehthe waves at the deployment
site. Changes in the point absorber transient \bhetwa produced by SWELS should

increase the tendency for relative spar-float nmstiavhich is then exploited, in the

context of power conversion, by the use of largeDRiscosities than were previously

possible.

The SWELS unit, shown in Figure 6 consists of asrasd spring system which is

kinematically coupled to a ball screw which is digi connected to a series of pitching
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rigid masses that resemble a fly-ball governor. vBgying the pitch angle of the rigid
masses, the rotational inertia of the ball screseawbly can be continuously changed.
The inertia changes induce continuous changesemé#tural frequencies of the spar-
reaction mass heave oscillations. By changing #taral frequency of oscillation with
respects to a fixed wave frequency, the tendencyhie spar to lag the float can be
directly altered. As such, the SWELS system caddised to affect the relative travel

between the spar and the float.

The design and functionality of the SWELS unitéscribed in detail in [14].

float —__

spar-_ -1
S~

\‘_ 1
spring \
support T =

T=

4
reaction [~
mass |
sallscrew =~

Figure 6 - SWELS Unit Diagram showing the reactionmass and ballscrew
operation and connections.

Regardless of the control mechanism(s) used, othehéhe focus of the control system
designer is irregular seas or a regular (monochticinaave, the design of a point
absorber PTO controller relies on an accurate ldydramic model of the float and spar
hydrodynamics. There are drastic differences betvibe structures of the spars seen in

Figure 4 through

Figure 6 and these physical differences transtatmarked hydrodynamic coefficients
and operating principles for each concept. Fongte, in Figure 4a) one can see that

OPT uses a large braking plate at the bottom ofsiber in an attempt to keep it
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stationary. Contrary to that concept, the UVicestigated device relies on the added
mass and radiation forces to be much smaller ieroiar the SWELS influenced spar
oscillations to occur. Further complicating thersé for an optimal point absorber
control strategy is that the hydrodynamic coeffitseof both devices are sensitive to the

frequencies of the wave activation forces.

The contrast between the OPT and UVic conceptstitites an underlying problem in
the field of optimal point absorber control; therguit of optimal control strategies is
occurring across a range of device geometries ayd‘aptimal control’ determined
through an individual effort is only a ‘local’ optum — not an optimum across the full,
or ‘global’, population of point absorbers. Whéhne control strategy that produces the
most power possible for the given WEC geometry dpelafined as the most optimal.
Globally optimal control methods can only be lodatiethe point absorber WEC hull
form and hydrodynamics are considered design Vasabln that case, knowledge of

how the hydrodynamic coefficients change with getoyn@ust be applied.

1.4 Point Absorber Hydrodynamics Modelling

The most simplified theory for floating bodies aftases Airy wave theory, otherwise
known as linear wave theory. Airy wave theory wablished by George Biddell Airy
in the 19th century and gives a linearized defnitof the propagation of gravity waves
on the surface of a fluid as described in detaiChapter 3 “Small-Amplitude Water
Wave Theory Formulation and Solution” of [15]. Timeory employs assumptions of a
constant fluid depth and inviscid, incompressibfel arrotational flow, but is used
extensively in the analysis of point absorber penénce. In conjunction with Airy
wave theory, many researchers apply an additiosalraption — the small body
approximation, sometimes referred to as slendey lmvdong wave assumption. The
small body approximation originated in aerodynaniit§], but has gradually been
adapted for analysis of marine technologies. Tp@a&imation is very well suited to
the study of vertically oriented point absorberstltesy are slender vertical structures
with diameters that are indeed small in comparispthe wavelengths of the ocean
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waves that are acting on them. The small bodyamation assumes that across a
horizontal cross section of the body that the ¢aton pattern of the fluid in the wave
is unaffected [16]. This allows the integrationtbé pressure over the surface area of

the submerged part of the point absorber hull tgreatly simplified.

Numerical modelling of point absorbing wave enempnverters most often utilizes
both Airy wave theory and the small body approxioratto form a point absorber
dynamics model. Larsson & Falnes in [17] utilizbéeé small body approximation on a
two body system to find that the approximation wakd for a larger range of wave
frequencies than they expected. Often, the comalesaftware WAMIT is utilized, as
in [18], to complete the surface integration precaad produce the coefficients of a
lumped parameter model of the radiation, dampirgthe added mass forces. This can
be completed even when a number of point absodrersscillating in a wave field but
the WAMIT analysis neglects the diffracted wavddiand flow separation, although it
does account for the body geometry in the wavelfieln the lumped parameter
representation of the hydrodynamic effects, a simgference depth is used, as in [14],
to calculate a single fluid velocity and accelematvalues that is used in the calculation
of radiation, damping and added mass forces thateach defined in terms of
hydrodynamic coefficients. Since these semi-eroglirexpressions are linear in the
velocity and acceleration terms, the models arerredl to as linear lumped parameter
models. Reduced order models, such as a lumpathpéer representation, can also be

readily constructed through regression analysexperimental data.

However, there are limitations to the use of linkamped parameter point absorber
dynamics models. These include a misrepresentafiatiscous effects since potential
theory is used to calculate the hydrodynamic cokeiffits for such a model [19, 20, 21].
To capture viscous phenomena, some researcherslhagmped special purpose CFD
(Computational Fluid Dynamics) codes that can actianumerical wave tank — the
results from which are then compared with physst@le model experiments [22, 23].
Further complex non-linear modelling can be conmgideand has been conducted by

various researchers [23]. However, such studieseatremely time consuming and
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have been found to produce changes on the preawsctid simpler linear lumped
parameter models that are within the level of uiadety on the input wave conditions
[23].

Each point absorber modelling method mentioned ab@wear lumped parameter
models based on the small body approximation, CR® more complex non-linear
numerical models) play a role in the point absortbesign process. Linear lumped
parameter models are used for early stage congajtation as in [18, 19], while for a
more specific situation investigated such as theeme wave loading in [23] a more
complex numerical model (CFD) is required. Howexecommon need of any model
is proper identification of the hydrodynamic mogearameters. Experimentation with
appropriately scaled physical models is absolutelyessary in order to summarize the

geometry and frequency dependence of the hydrodgnamefficients.

1.5 Hydrodynamic Characterization for Point Absorbers

Generalized experimentation, and/or linear lumpacmeter numerical modelling, has
been conducted and reported for basic cylinders[2#] and [25], where the
hydrodynamic coefficients are numerically deterrdifier various radii to draft ratios.
For compound cylinders, with multiple radii and ftsaa generalized computational
method was developed in [26] and [27] and later mamed with experimental results
from [28]. The investigation of toroids was furthdeveloped in [29] where the
hydrodynamic coefficients are numerically identififor various ring to core radius
ratios. The investigation of various buoy bottomopetries has been numerically
analyzed for hydrodynamic coefficients by [30], J[&&d [21]. The combination of two
concentric cylinders is evaluated in [31], wheree thydrodynamic coupling is

numerically determined for various configurations.

The various methods utilized in developing numéricadels of various shapes and
combination of shapes has been based on finite eslermethodologies or integral

equations, or a combination of the two [27]. Nuicer results compared in [27]
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include the Boundary Element Method (BEM) and th&tdWiing Technique (MT), both
of which neglect the viscous effects. The two nuoa¢methods compare quite well,
but the newly developed Matching Technique was @reth with experimental results
and it was found that at higher wave frequencies ttend found in the linearized
numerical model no longer follows experimental tessuthe added mass and damping
both appeared to be under predicted [27]. For d¢exngpar shapes and unique
combinations of articulated floating bodies, expanntation is still required: there is not

yet a comprehensive library of experimental datgfont absorber spar geometries.

1.6 Research Objectives

At the University of Victoria, numerical modellingf the point absorber WEC design
shown in Figure 6 must be complemented with a laagdability for experimental

hydrodynamic parameter identification. The typenoinerical model being used at
UVic is a linear lumped parameter representatiothef hydrodynamics. In the short
term, in-house experimentation will serve the statithe SWELS controller design. In
the longer term, small scale experimentation atdJsbuld allow the range of spar
geometries being considered to be expanded in pumua more globally optimal

control strategy; with a capacity to characterizzious spar geometries, numerical
modeling could be revised to such that parametpar geometry and the control
parameters are coupled inside the search for ammalptcontroller-spar design

combination.

The primary objective of this research is to creat@mall scale wave tank that can be
used to experimentally determine the hydrodynaimitation damping, and added mass
force coefficients of the point absorber WEC préseénn Figure 6. In addition to

designing and building the facility, a first batdf scale model point absorber
experiments will be conducted that considers thegeaof wave frequencies that
correspond to the expected sea states found afffeo¥West coast of Vancouver Island.

Those experiments will serve the secondary object¥ the research program: to
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determine the best fit lumped hydrodynamic coedfits for the current candidate point

absorber geometry being considered, and the agcafabose coefficients.

Special consideration will be given towards thepiimg effects between the spar and
float as the presence and motion of a secondary,bibed float, will impact the

hydrodynamics of the more complicated spar hulinforwith the knowledge produced
in this work, future control research will be alite comment, conclusively, on the

potential of the proposed control approach in Vaweo Island conditions.

In order to accomplish the two overarching reseabjectives, five technical tasks
must be completed:

1. Develop and characterize a small scale wave makéinwthe existing UVic

fluid tunnel for small scale point absorber WEC sibgl model tests.

2. Validate the small tank’s wave making abilities atsdinstrumentation through
comparison to existing numerical model from [25] foe hydrodynamics of a

simple cylinder.

3. Complete the first in-house experimental charaza¢ion of the hydrodynamic

coefficients of the UVic point absorber WEC.

4. Determine the linear lumped parameter hydrodynanuitszing the force-
displacement data collected in wave-body interactixperiments.

5. Compare the point absorber WEC model experimenddh do the existing
numerical model from [25] for the hydrodynamicsao$imple cylinder in order
to determine the suitability of existing numericabdels such as [25] for the
WEC spar hydrodynamics.
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1.7 Thesis Overview

Chapter 2 provides an introduction to the wave ikiatcs that are commonly used to
express the wave circulation. The kinematic eguaticomprise the appropriate
boundary conditions on the body surface, the iotdtuid flow, and the conditions on
all real/physical and artificial boundaries. Anglified hydrodynamic model utilizing
the small body approximation and the linear waveeRiatics is described in §2.4 and
provides and idealized 2-DOF linear system reptasien of the spar and float
motions. A detailed description of the lumped logmamic coefficients found within

the equations of motion is also included.

The constraints and criteria that guided the desigthe wave making apparatus are
presented in Chapter 3. The major design constradh the existing facility are

discussed, including model location, wave reflawiosurface tension, wall effects and
wave breaking. The full scale prototype’s enviremtal conditions and wave regime is

described. The scaling methodology is evaluatedsaalt model geometry presented.

Chapter 4 introduces the hydrodynamic testing agiparand point absorber WEC
support system design, along with details of th@sueement instrumentation utilized
and the wave maker design details. Experimentaiquiures for all tests are described
including free oscillations in quiescent fluid, ¢ed oscillations in quiescent fluid and

fixed and free oscillations in a generated waviel fie

Chapter 5 presents the experimental data gathereithiee scale model geometries: a
simple cylinder, the WEC spar hull and the WEC spall in the presence of the
concentric float. The spar point absorber WEC camepti's interaction with the fluid is
tested individually and the data set compared withregenerated external numerical
model from [25] for the most consistent geometrgikable, a cylinder of comparable
diameter. Experimental data collected for the WH@rsand float components in
combination are compared with the individual spesutts to comment of the multi-

body effects.
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Chapter 6 is the conclusions and final recommeadatof this research. The technical
objectives and challenges faced in achieving thera discussed. Various
improvements to the test facility and experiment@thods are detailed for the benefit
of future research. The chapter is concluded witliscussion on how the results of the
experimentation impact the future design of thenpa@bsorbing WEC. Geometric
effects such as a simple cylinder versus the caxgpar, and combination of the spar-
float geometry are discussed as well as the seitgitf the hydrodynamic coefficient

forces on wave frequency.
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Chapter 2: Equation of Motion and Hydrodynamic

Coefficients

2.1 Overview

Before entering into a discussion on the desigithef small scale experimental test
facility design, and the subsequent use of thaaggips to identify WEC hydrodynamic
coefficients, a review of the fundamentals of lindamped parameter WEC
hydrodynamics modelling is necessary. In thispgié@ the equations of motion and
definitions of the hydrodynamic coefficients are pkned for this simplified

mathematical modelling strategy. That discussithustrates the gap in existing
knowledge that prevents existing data sets fromgodirectly applied to the study of
the WEC shown in Figure 6. The mathematical maugltliscussed in this Chapter
defines the list of model coefficients that are uiegd to be determined which

subsequently sets the work plan of the experimé&itaC work described in Chapter 4.

2.2 Wave Kinematics and Small Body Approximation

It is appropriate to use a monochromatic sinusoigale to construct the model of the
activation forces on a floating body [16]. Poirdisarbing WECs are subject to a
superposition of monochromatic waves of varyinggtrencies and directions. Since a
heaving point absorber’s motion is not signifid¢aminpacted by the varying direction

of the waves, and since linear theory allows fog Huperposition of the absorber
motions induced by the various wave field composieah investigation of the device

dynamics in the presence of unidirectional monoetatic waves is fundamental to the
analysis of the complete device response. A ceréscription of that monochromatic
response can be obtained in the frequency domairihb frequency domain framework
must be populated with a description of the hydnaggic parameters’ frequency

dependence.
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The kinematic description of the monochromatic vgave taken from linear wave
theory. Figure 7 below shows the important paranseincluding: the water depith,
the wavelengthl , the wave heighh and the wave amplitudé. The displacement of

the free surface is often referred tonést). The period,T, is the time between

successive peak amplitudes of the free surfacesiaigée location.

The fluid particle trajectory is shown as elliptiéa Figure 7, whereu and w are the
horizontal and vertical velocities respectivelyheTvelocities can be defined utilizing

@, the velocity potential:

o
u=—=t 2.1
F™ (2.1)
and
w=2¢ 2.2)
0z

C
Fluid Particle
Trajectory

Figure 7 - Wave Parameter Definitions
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The wave numberk, and the angular frequency, are important parameters in the

definition of the spatial and temporal variatiortloé free surface oscillations.

k=2 (2.3)
_am

The governing equations and boundary conditions aha used to define linear wave

kinematics begin with the Laplace equation for wwmensional flow:

2 2
99 09_, (2.5)

Applying this velocity potential in the Bernoullgeation yields:

2 2
0_{p+£ (a_ﬂ +(0_¢j +—p+gz:O (2.6)
ot 2|\ 0dx 0z o

A few basic assumptions are commonly utilized inaigdi
1. the fluid, seawater or fresh water, is homogeneousrampressible,

2. the bottom of the fluid domain, whether a test tankcean floor, is horizontal,

impermeable and stationary, and

3. the free surface maintains a constant pressure bettheewave trough and

wave peak instances.

Three boundary conditions are usually applied: twast@in the free surface conditions
and the third enforces the impermeability of the botsurface. The kinematic surface
boundary condition (KSBC) at the free surface is defindgiquation (2.7).
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on . on
—+u—=- atz 2.7
ot [1)4 7 2.7)

W=

The dynamic surface boundary condition (DSBC) at the steéace, where the gauge
pressure is zero, comes from the Bernoulli equationristeady flow and is defined in
Equation (2.8):

0P _

1(u2+W2)+g/7+E—O atz=n (2.8)

2

The bottom boundary condition (BBC), Equation (2.9)swes that the normal flow at

the bottom of the domain is zero:

w=0 atz=d (2.9)

The wave amplitude is assumed to be small with wtsfpethe water depth and the
wavelength. In this case, the solution to the KS& DSBC is expedited by a
linearization: the still water level is applied irstieof the actual free surface level,
The simplified KSBC and DSBC then become Equation&0j2and(2.11) as the
velocities u and w can be considered small, any product of these vasahle very

small and are neglected.

w:a—'7 atz=0 (2.10)
ot
09 _

g/7+E atz=0 (2.11)

The velocity potential of small amplitude linear wavis then derived from Equations
(2.6), (2.7), (2.10) and (2.11), as

_ghcoshk @ +2)

coskx sinat (2.12)
2w coshkd )
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The free surface profile is defined by setting 0 and combining Equations (2.11) and
(2.12)

/7:16—‘”‘ :Dcos«x—ax) (2.13)
tleo 2

The wave number is related to the angular frequenciheidispersion relation which is
defined separately for deep and shallow water. Inpdeater conditions, where

h>0.51 [16], the wavenumber and angular frequency are related

ky = (2.14)

For shallow water locations the wavenumber and andrédquency is related by:

K, :—af (2.15)
gtanhk.d)

In the remainder of the work, the wave number is reptedeby k, with the

designation of deep or shallow water calculation nalegy being determined based

on the specific conditions considered. In 83.3,itifleence of the WEC prototype and

wave tank dimensions on the choice of the calculatiothe wavenumber are discussed

further.

Further discussion on boundary conditions and thetisol to the linearized water wave
boundary value problem can be found in [15]. Itngortant to note that the fluid
particle motion is not constant throughout the degtte fluid, it can be shown that the
fluid particles move through an elliptical orbit, wiéim exponential decay as the depth
increases, as shown in Figure 7. Using a deep wasunmption wherekd is

considered largecoshkd ) simplifies to € /2 in the use of Equation (2.12). The

water particle trajectory can then be identified by eewmng the velocity profiles for

deep water:
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u:%):whe”cos@x—wt) (2.16)
0x 2

:a—quwhekzsin(kx—ax) (2.17)
0z 2

The term €“shows the exponential decay; where the directions apizdntal and
vertical velocity profiles combined generate the orkbiation. Further review of this

effect can be reviewed in [16].

2.3 Floating Body Kinetics

With a sufficient description of the vertical oscillat®of the fluid particles around the
spar and float WEC components, the mathematical rmarfethe WEC spar and float
dynamics can be considered.

A floating body has six degrees of freedom, three rotatiand three translational. The
rotational are defined as: yaw on thaxis, roll on thex axis, and pitch on thg axis.
The translational are defined as: surge inxh#rection, heave in the direction and

sway in they directions as shown in Figure 8, where the free suificethex-y plane.
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Figure 8 - Definition of floating body motions

For the two body point absorber WEC under investigatibe design of the spar and
the mooring tends to curtail surge, sway and yaw metioldeally, the motion of the

spar and float is limited to heave only in thdirection. A common simplification in

the investigation of point absorbing WEC hydrodynanméct reduce the equations of
motion to only the heave degree of freedom (DOF) - asdfaufil9, 21, 32, 33].

For this research, only heave motions are considerddtlan other five degrees of
freedom are eliminated from the motion equations. Pdah potentially impact the
overall relative translation of the float and spardascribed in detail in [34], and pitch
dynamics have been investigated for floating hull formsthe field of naval
architecture. It has also been shown in [34] that@aontrol of the power-take-off
(PTO) of a float-spar type point absorber WEC can reduceliorinate the pitch
motions. Given that others have shown the pitchanetcan be curtailed, and that the
pitching dynamics could be added in at a later dais,reasonable to ignore the pitch
DOF at this point. In Chapter 4: the experimentgbaaptus is described in detalil
including measures taken to ensure that the trials teave only.  Future
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experimentation could be performed through revisionth&d apparatus to allow for

pitch only motion or a combination of heave and pitaftions.

The motions of a single floating body in waves careba&uated by the superposition of

two sets of forces:

1. The excitation forces created by the oscillating @ambiwvater when the WEC

hull component being considered is stationary.

2. The reactionary forces created by the motion of theCiHIl when the fluid is

stationary.

The two sets of forces, excitation and reactionary foraes combined to form the net
activation force as discussed in 81.2.1. The foacti®n on the floating, heaving body,
one of either the WEC spar or float for example, can beesepted by a spring-mass-

damper analogy shown in Figure 9.

Propagationl of Wave of frequency (o)  Vertical Oscillation of body at frequency () Propagatiorgwave at frequency (®)

(G (1) Body displacement M
l ’ /N Free Surface > ¢
| B "t S

Reference|

| Depth(z) ﬁﬁ(%

m,V

NE) k(w
(a) (b) (©)

Figure 9 - Mechanical Oscillator Analogy of Floatng Body.

(a) the floating hull displaces its own mass and isubject to an incident wave of a
constant amplitude and frequency that creates a fe surface displacement. (b)
considering the free surface to be fixed, the motioof the hull, & , induces reactive
forces that can be modelled with a spring-dashpotralogy. (c) considering the hull to
be fixed in space, the free surface oscillatiom, and the associated fluid circulation
beneath the surface induce additional forces thatra proportional to the free surface
elevation and the fluid velocity and acceleration tethe reference depth.

In the following, (3) indicates that the quantity in question is asgediavith excitation,
and where(?) indicates that the quantity in question is assediatith reaction. Figure

9 (a) shows a floating cylinder with a wave of frequeaqyassing the cylinder of mass,
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m, and the submerged volunwe, where the body mass and volume of displaced fluid
are related by Archimedes’ principle. The body shawirigure 9 (b) represents the
oscillating body in a quiescent fluid. It has a troass,m, equivalent to the mass in
Figure 9 (a), but it also contains an additional masshat represents the frequency
dependant added mass that will be described in fudbtil in section §2.3.1. The

reactive forces are represented by the spring conﬁamﬂnd the dampelﬁ. The spring
constant is also described as the hydrodynamic stefivesich is actually equivalent to
the buoyancy force, and is therefore dependant onubmerged volume. Both the

added mass and damping coefficients are frequencydape

The system shown in Figure 9 (c) is a simplified naeital oscillator that represents

the fixed body in a wave field. Here, the stiffneSs,damping,R and added massi,
represent the excitation force exerted by the wave erbtldy. The added mass and
damping terms are directly related to the acceleraiahvelocity, respectively, of the
fluid particles. Since the fluid velocity and accetama are depth dependant, a reference
depth is selected to be utilized as shown in Fi@uf®). Since the buoyancy force is set
by the free surface elevation, not the body displardgnirom the free surface, the

stiffness, S, is shown connecting the body to the free surfaceeausof the fluid

domain’s bottom boundary.

2.3.1 Wave Excitation Force

The hydrodynamic coefficients shown in Figure 9 efastboth floating components of
the point absorbing WEC, the spar and the float.ingixeither body in the wave field,

as illustrated in Figure 9 (c) would eliminate the rigacforces leaving only the wave

excitation force given by, :

Th
m
1
Th
w
+
Th
o
+
_Th

(2.18)
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Each of the three forces on the right hand side of #mug2.18) represents a
hydrodynamic loading on the body when only the hegwnotion of the fluid particles

is considered.

The excitation buoyancy forcés,, is dependent on the changing draft of the floating,

oscillating body and is defined by Archimedes prireipThe buoyancy force is
represented by the spring in the mass-spring-damper gnaleg acts linearly with the

displacement of the body.
F, = Sye“ (2.19)

The excitation diffraction force, is the force that occurs as the fluid moves by the

stationary body, it is a linearization of the actdedg forces; the skin friction and form
drag. The diffraction force is represented by the danmmpéhe mass-spring-damper
analogy, as it is dependent on the fluid velocifyhis damping force represents the
dissipation of energy that occurs when diffracted wasaasy energy away from the

body. The diffraction force is given by:
F, = (R+¢,)e%e“ (2.20)

The component of the diffraction force due to the waigesalculated based the
coefficient a®R. As discussed in 82.2, the fluid velocity decays veater depth
increases, therefore, this coefficient must be moduletestcount for the lower fluid
velocities towards the bottom of the floating bodylhulThat modulation factor is

defined in terms of a reference dep#y, The reference depth of a composite cylinder

body is the weighted average depth of the horizoplahes that interact with the
vertical fluid motions of the incident waves [14]. Tagponential decay of the water
particle trajectories satisfies the no-slip condi@rhe bottom and the exponential term

varies between 1 and O.
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The drag forces are only grossly modeled by a simpleafi or viscous term. The

additional viscous termg,, ensures that the damping term does not go to zero as
frequency decreases. The damping coefficients for thika@mo forces can then be

lumped together and designatﬁd The equation becomes:
F, =bre=e (2.21)

The inertial force is also dependant on the body’s reterelepth and it also induces an
added inertial resistance to the acceleration offliid. To navigate any exposed
horizontal surfaces of the submerged hull, the acdetgréluid must accelerate fluid
neighbouring the body and the mass of that fluid isrefeto as added mass. The total
inertial component in the excitation force is a sumwd components: one due to the
pressure gradient that accelerated the fluid and ther dveing the added mass
component. The first component is known to equaintlass of the displaced fluidn,

and the secondj, is a fraction of the displaced fluid. The inertialdeiis given by:

F, = (m+ &)/je*e“ (2.22)

Insertion of the hydrodynamic loading forces defined lmudtions (2.19) through
(2.22), into the wave excitation equation, transformadfion (2.18) into:

Fe = (S7-+| brf + (m+a)7f | &) (2.23)
2.3.2 WEC Reaction Forces

For the case where the body is oscillating and thiel fls quiescent as illustrated in

Figure 9 (b), a reactive force, similar in form to the waxeitation force defined in

82.3.1 exists. It is composed of three parts: a vigriaboyancy forcelfB, a radiation

force IfD, and the inertia forcdfI .
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>
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(2.24)

The reactive forcelfR, always acts to return a body to its equilibrium posiin still

water. The buoyancy componeﬂfg, is proportional to the body’s displacement and is

created by changes in the buoyancy force experiensdgtieahull is raised out of or

lowered into the water, wheré and its derivatives refer to the body displacement,

velocity and accelerations with respect to the quéesfree surface as shown in Figure
9 (b).

F, = S¢e (2.25)

The radiation component is proportional to the bodpaity and is a combination of

viscous skin friction and the energy loss to the gatian of waves radiated by the body
as it oscillates. The radiation term is similar te thffraction term described for the
excitation forces, but it is not dependent on tHeremce depth as the relative velocity

of the body is constant with depth since the fluidtipes are considered stationary.

The damping lumped parameter term for the radiation ighesignated as.
Fy =(R+E,)ée” (2.26)

F, =bée“ (2.27)

The inertial force is proportional to the body’s accdleraand is created by the added
mass phenomenon described above.

F =ade (2.28)

Insertion of the hydrodynamic loading forces definedHguations (2.25) through

(2.28), into the wave reactionary equation, transforousaion (2.24) into:
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£ = (& +bé+ak)e” (2.29)

Additional reaction terms can be found within the maldtdy system as described later
in 82.4.2, these include the interaction forces thadt @lue to an additional body being
present and disturbing the wave field. To clarify #dditional added mass and
damping effects, subscript are introduced to delintaesingle and multi-body effects

in the equations of motion in §2.4.
2.4 Equations of motion

2.4.1 Equation of motion of a 1-DOF system

The equations of motion for a two body (spar-float) paimsorber are assembled here
from the individual motion equations of the spar andtfloomponents. The spar is
considered first and is referred to as body 1. The &muaf motion is developed from
Newton's Second Law where the sum of the forceshim ¢ase the excitation and
reaction forces, are superposed. The subscript notaiiomise forces and coefficients
indicate the dependence of the force and coefficiertherstate of body 1, the spar, or

body 2, the float. For instancé),, indicates that the force is acting on body 1 due to
the motion of body 1, the subscrip),,would indicate a force on body 2 due to the
motion of body 1, and the subscripy,, indicates the force on body 2 due to the

presence of body 1, it should be noted that the ‘the subscripts indicates an induced
force that occurs even if the source body is motionlgssefficients defining coupled
spar-float dynamic effects are added when the indepésgan and float equations of

motion are assembled.

All of the hydrodynamic parameters are considered térdmpuency dependant except

the actual body mas#n, and the buoyancy component, denotedshy

The assembled equation of motion for body 1, in igmais:
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Y F=mé (2.30)
IfEll + 'ERll = rng (231)
IfI 11 + IED11+ IEB 11+ I:I 1l+ I:D 11+ B 1l: rnf (232)

[(m+a,)7+bg+Sp]ee =[(m+a,)é +b §+S¢]e  (2.33)

An analogous motion equation exists for the float itk only differences being in the
specific frequency dependence of the hydrodynamic ciexfis and the reference depth

value.

2.4.2 Equation of motion of a 2-DOF system

When the point absorber spar and float are assembleldef@qurposes of this research,
new coefficients must be added to the collective desmyuations of motion for the two
bodies. These new forces are due to the disturbante ofave field caused by the
presence of the bodies, and the creation of radiatedsaay each body. A power take
off unit is not utilized in the experimental setupdatmerefore a PTO force is not
considered in the 2-DOF system for this work. The egoatare coupled by the forces

induced by the second bodies presence and motiaongeguence of a radiated wave),

which is broken down into the inertial componefs,, If|12 and the radiation damping

components,F,,, IfDlz for excitation and reaction forces respectively. THRGF
system inertial forces are an extension of the 1-D@#ial forces with the addition of
the added mass interaction componeiis, &, and added mass from the second body
motion, &, in the reactive force, where the subscript ‘m’ refers tontlaéion of the

second body, as shown:
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Fo=(m+a,+ élz)ﬁeszeiM (2.34)

IE|12 :I:(éﬂ-"é-lz)gl'*'émgz:lem (2.35)

The 2-DOF system radiation damping forces are agaiexa@nsion of the 1-DOF

radiation forces with the addition of the damping intécm componentsh,,, , Bm , and

the damping component from the second body moﬂ'ﬁgﬂ,, in the reactive force, as

shown:
Forz = (b, +by, )e®e™ (2.36)
FoL, :[(611+612)51+(6m)52}ei“ (2.37)
The 2-DOF system equation of motion is presented:

I:NI 12 + D12+ I:B 11+ I:I 12+ I:D 12+ I:B 11: m{ (238)

1

(my+ 8, + 8y, ) + (Byy+ D)7 + Spp | €

. . N 7 , (2.39)
=[[m+8,+ 8,08+ 8,08 ] +[Boi#b ¢ # (6 )¢ ] 5 Je

Equivalent forces exist for body 2 and a very similaraggpn of motion can be written.
The new additional coefficients definitions seen quétion (2.39) can be applied to the
other body, where the coupling force changes, withylidbdnpacting body 2. It can
therefore be expected that the motion of the bodylllinfluence the motion of body 2,
and vice versa. But since this effect is transferredutitrgperturbations in the wave

circulation, the effects will not be equal. As a resthhe system matrices are not
necessarily symmetric, for example, it is assumed ﬁpﬂti Bm. The two motion

eguations can be assembled to yield:
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m+&,+4, 0 ){y}+ Batbs 0 g,
0 m, +a,, +ay 0 by, +b,;
S 0] _(m.L"'én"'ém aim j
~ Y= R O Xt + (2.40)
O % { } a21m m2+a22+a21 { }
bll,\+ blz R blZTl J{ X} + (S 9 { X}
bZlm b22+b21 O SZ

Wherex = {?}ei“‘

2

Zr1 )
And y:{”ekz }e‘"‘
,78 R2

For experimental purposes, only a total lumped paramst@able to be evaluated,

therefore the multi body system also requires thetiaddof the added mass lumped

parameter to include the interaction component, angfined as

a,=a,ta;, (2.41)
and for body 2 as

a, = a,ta, (2.42)
The damping lumped parameter also must includentieeaiction components.

b,=b,+b, (2.43)
and for body 2 as

b, =by, +by (2.44)
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The equation of motion of the two body system becomes

2.5 C(losing

Of the variables found in Equation (2.45), the frequeneyeddent added mass and
damping coefficients are the most difficult to predict &pecific spar and float
geometries. As discussed in 81.5, these coefficiaarisoaly be roughly estimated for

the particular point absorbing WEC under investigatguch as in [35, 36, 28, 37, 33].

A breakdown of the hydrodynamic coefficients that arededein order to apply
Equation (2.45) are defined in Table 1 through Table 8.

Table 1 — Experimentally Determined 1-DOF Spar Exd¢ation Coefficients

Parameter Description
a, Added mass of body 1 in excitation
511 Radiation damping coefficient for body 1 in excitat{@umped)

Table 2 - Experimentally Determined 1-DOF Spar Read@n Coefficients

Parameter | Description

a, Added mass of body 1 in reaction

b, Radiation damping coefficient for body 1 in reaction (hed)
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Table 3 - 1-DOF Float Excitation Coefficients (noexperimentally evaluated in this

research)

Parameter | Description

Added mass of body 2 in excitation
Radiation damping coefficient for body 2 in excitatilimped)

Table 4 - 1-DOF Float Reaction Coefficients (not gerimentally evaluated in this

research)

Parameter | Description

&
b,

Added mass of body 2 in reaction
Radiation damping coefficient for body 2 in reaction (hed)

Table 5 - Experimentally Determined 2-DOF Spar Exdation Coefficients

Parameter | Description
a, Added mass of body 1 when body 2 is present in a&tait (lumped)
512 Radiation damping coefficient for body 1 when body s2present in

excitatior (lumped

Table 6 - Experimentally Determined 2-DOF Spar Read@n Coefficients

Parameter | Description

a, Added mass of body 1 when body 2 is present in icgagumped)

612 Radiation damping coefficient for body 1 when body @rissent in
reaction (lumpec

8o Added mass of body 1 when body 2 is in motion intieaqnot evaluated)

BlZm Radiation damping coefficient for body 1 when body timotion in

reactior
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Table 7 - 2-DOF Float Excitation Coefficients (noexperimentally evaluated in this
research)

Parameter | Description

&, Added mass of body 2 when body 1 is present in aait (lumped)

b,, Radiation damping coefficient for body 2 when body firissent in
excitation (lumpec

Table 8 - 2-DOF Float Reaction Coefficients (not gerimentally evaluated in this
research)

Parameter | Description

4, Added mass of body 2 when body 1 is present in iafumped)

621 Radiation damping coefficient for body 2 when body firssent in
reaction (lumped)

&, Added mass of body 2 when body 1 is in motion intieac

Bm Radiation damping coefficient for body 2 when body ihimotion in
reactior
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Chapter 3: Experimental Considerations and

Constraints
3.1 Overview

This Chapter describes in detail the design requiresnamtl constraints on the wave
making and small scale WEC testing apparatuses. t@stefacility is built on an
existing fluid tunnel and the logistical constraimgosed by this existing infrastructure
are discussed. The choice of a model WEC geometlmgdactor that is tenable with
the existing tank dimensions is also presented alatigthe scaled WEC dimensional
details. The characteristics of the ocean wavesrixed off of Vancouver Island are
described, the selected dynamic scaling methodatogpplied to the wave regime, and
the wave maker requirements are defined. Addition#hildeon non-conformance

within the scaling of the WEC and the wave kinenga#ie also provided.

3.2 The Fluid Tunnel

The experiments require a fluid tank that has a nurabéatures, including a visible

test section, adequate length for the propagation efgénerated waves, and wave
making capability. The UVIC Department of MechaniEaigineering currently has a
flow visualization water tunnel with a test sectioeasuring 2.5m x 0.45m x 0.45m [L
x W x H]. The facility can produce unidirectionalnstant velocity laminar flow up to

2m/s that is circulated by a mechanical pump. Thd thavels from the pump through a
honeycomb structure that reduces turbulence then ogewénto the test section, after
which it passes through a diverting manifold and isrretd to the pump through the

outflow, as shown in Figure 10.
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Test Section Inflow

Diverting Manifold

Figure 10 - UVIC fluid tunnel

For the purposes of this body of WEC research, the dysreducing capabilities of the
tank are not utilized. In order to absorb generatedesjaa beach must be included to
prevent reflections from polluting the experimental datlowever, the relatively short
length of the test section makes it challenginghsiall both a wave maker and a beach
without compromising the test section. In fact, #asting tank parameters pose

constraints to the model location, model size, andenkinematics.

Constraining Model Location: The dominant design constraint for the wave-maker is
the tank length, as it limits the possible waveteaghat can be generated and thus also
controls where the model WEC can be located withentdmk. Current best practice
suggests the location of a model must be locatddaat twice the hinge depth or for
this tank, 0.8m, for the wave to become fully devetbd38]. In order to make
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evanescent waves generated by the wave-maker négllitlile test section must be at
least three water depths away from the wave-maker [IB|s designates the potential
location of the test model, to be at least 1.2m froenwave-maker as shown in Figure
11.

Minimum distance between
Wave Maker and Model

14 D)
\1.<111)

Piston Wave Maker motion
<>

No Evanescent waves (1.2m)

Water
Depth

Piston Wave Maker Draft (0.4m) (0.4m)

.___N___.l/

- R (]

Figure 11 - Test Facility Length Constraints

Preventing Wave Reflections:In addition to the model location constraint, the
possibility of wave reflections from the end of the testtion must be mitigated. The
tank is currently fitted with a unique flow diffuser abeoend that is designed to
straighten the flow at the interface of the inflow angt tections seen in Figure 10. In
this work, the propagation direction of the waves iregd from the normal current
direction. In doing so, the honeycomb section aart@dissipate the kinetic energy in
the wave oscillations and hopefully destroy the waefore it enters the inflow section.
Conventional beach design suggests that for a beaelvdorb 90% of the incoming
wave it should be at least half of the wavelengtbize [38]. The honeycomb section is
not a conventional beach and does not follow theesgmdelines; therefore the wave
data will need to be reviewed during experimentatoddtermine its suitability for the
desired wavelengths. The wave data will be reviewe®5.2 for obvious wave

reflection.

Maximum Wave Height: The geometry of the fluid tunnel allows a maximumdiu
level of 45cm from the tank bottom without interactieith any sharp edges entering

either the tunnel inlet or outlet, therefore in ordermflow a wave form; the allowable
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mean water depth is reduced to 40cm for a maximum dicanlwave height to be

generated.

Preventing surface tension effects:The surface tension effect occurs when the
cohesion of water molecules produces a strong film enatinwater interface that
interferes with the motion of the floating surface piegcbody. Effects due to surface
tension are expected to be eliminated with a minimwaxe period of 0.5 seconds [39].
Applying the dispersion relation, this condition detages the minimum wavelength

that can be used in the tank, approximately 0.4m.

Preventing wall effects:Based on tank width and depth, the model nee@iswaithin a
specific envelope to avoid side wall reflections andtact with the tank bottom. To
avoid influences from the tank sides, the maximum rhdideneter should be 1/5th the
tank width, which translates to 0.09m given the h4ank width [38]. The max draft
of the model should provide bottom clearance even vithehargest waves possible are

being generated.

Preventing wave breaking: For deep water waves, the wave breaking is based upo
the maximum wave steepness (the ratio of wave hémkatavelength or H) of 1/7
[39]. In shallow water, the wave breaking also dhejseon the relative depthidfwater
depth to wavelength) where the wave height to watpthdetio at breaking is between
0.8 and 1.2, depending on the beach slope and pered. Assuming deep water with
a freeboard availability of 0.05m equivalent to halké tmaximum wave height, the
minimum wavelength for the maximum wave height i&f. Or for the wave height of
0.01m the minimum wavelength is 0.07m as shown abld 9 for deep water. If
shallow water conditions are considered, the largessible wave height of 0.1m only

reaches a ratio of 0.25 and wave breaking is notaa&ge¢o occur as shown in Table 10.
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Table 9 - Wave Breaking: Deep Water

Wave Height (H) Minimum Wavelength (1)
to avoid wave breaking
(H/IA<7)

0.01m 0.07m

0.1m 0.7m

Table 10 - Wave Breaking: Shallow Water

Wave Height (H) Wave Height to Water
(d=0.4m) Depth Ratio to avoid
wave breaking (H/d<0.8)
0.01m 0.025 NO BREAKING
0.1m 0.25 NO BREAKING

3.3 Environmental Conditions

In order to determine the wave kinematics that nedaktoeplicated in the test facility
the environmental conditions expected at the prp®tWEC’s deployment location
must be understood. Understanding collected wawe atad spectral analysis is a core

requirement to developing representative model expatsne

One potential location for a prototype wave energgveoter is seen in Figure 12:
Hesquiaht Sound, on the central Vancouver Island wesist, in Nuuchah-nulth
traditional territory north of Tofino, British Columbia.The wave conditions in
Hesquiaht Sound have been studied in past wavgenesource assessment research at
UVic [40]. As discussed in [40] and in [41], theolal wind-wave model
WAVEWATCHIII (WW3) operated by the National Oceanic ar&mospheric
Administration, was used to build a set of directiowalve conditions for the offshore
boundary of Hesquiaht Sound. Referring to [40] for furtdetail, the offshore
conditions were translated to directional wave speitach grid point of a fine scale
REF/DIF model of Hesquiaht Sound.
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Figure 12 — Hesquiaht Sound (a) Location of Hesqui Sound on Vancouver
Island (b) Wave Energy Converter Test Site Locationn Hesquiaht Sound.
The grid points are WW3 grid points for which power Spectra data are available.
Numbered grid point 16424 is the WW3 grid point usd to define the offshore
conditions for Hesquiaht Sound.
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3.3.1 Hesquiaht Sound - Offshore Conditions

Ocean swell is considered to be a superposition afgelnumber of monochromatic
waves, each with unique amplitude, frequency, andehad from all directions. This
is most often referred to as an irregular sea state. hEquurpose of this research, it is
important to extract from the irregular free surface osoits the series of component
monochromatic waves that create it. Ideally, thé fahge of wave frequencies and
heights in this series of monochromatic waves wiltdmdicated in the small scale WEC

experimentation at UVIC.

The WW3 wind-wave model is executed using hindcastdwdata. The energy

generates an estimate of the wave generated ovegeafedch by the wind. The results
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are most often displayed as a power spectrum, or varideesity spectrum, over a
range of frequencies and directions. From the power spectausignificant wave

height, H, peak periodT,, and wave directiond,, are extrapolated. The significant

wave height can be defined as the average of theestigine third of all waves. The

peak period,T,, and peak wave directiord, , are the period and direction at which the

variance density is at its maximum value.

In [40], data from grid points 16424 and AKW46206 wkrged to create a typical year
of offshore conditions for Hesquiaht Sound.

3.3.2 Hesquiaht Sound - Near Shore Conditions

In [40] the wave regime for the near shore WEC locatishown in Figure 13 was
generated utilizing near shore modelling. The nearesinmdeling utilized the offshore
wave regime as boundary conditions as discusse83i8.1, as well as the local
bathymetry in a REF/DIF model. The positions A-Ereveselected for potential
deployment locations of a prototype WEC, the nearestwave propagation model
exact latitude and longitude of these positionsliated in Table 11. Figure 14 shows
the mean wave conditions for points A-E, and the offslagrdetermined in [40]. Site
D is suggested as a promising location for the prowiEC as it is closest to shore,
but maintains 66% of the wave energy as found offshdmem this data, it can be
roughly estimated that a prototype peridgiranging between 5s and 20s and wave
heights Hs ranging from 1m to 3m should be considered in snsatlle WEC
experiments at UVIC. The wave directions were notsmared in planning the
monochromatic wave experiments since the technol@gygbconsidered is an omni-

directional point absorber.
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Figure 13 - Bathymetric data in Hesquiaht Sound andelected near-shore sites A-
E.

Table 11 - Deployment Site Locations

Site # Coordinates (Easting or Coordinates (Northing or
Longitude) Latitude)
A -126.41 49.3
B -126.34 49.238
C -126.35 49.32
D -126.3 49.32
E -126.3 49.29
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Figure 14 - Hs, Tp and@p offshore and for selected near-shore points A-E

This data is also used to determine the site watpthdeharacteristic for the wave
number. Recall that deep water is defined as thenaaipthd, being greater than half
the wavelength{. At the selected site, D, the water depth is 3%wh the wavelength
ranges from 107-217m utilizing both deep and shallowenaumber formulations. All

of which deem the site as shallow water.
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3.4 Full Scale WEC Prototype Physical Parameters

The WEC prototype that was being considered by SyweWBnergy Inc. for

deployment at the location shown in Figure 14 hasta mass of 160,000 kg including
ballast, a float outer diameter of 5m, a spar draftrh 3and a maximum capacity of
100kW. The general construction of the WEC prototyge be seen in Figure 15. The
physical parameters relevant to the hydrodynamic ctexiaation experiments being

conducted in this work are defined in Figure 16.
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Figure 15 - SyncWave Point Absorbing WEC

(a) a front view showing the size of the planned d&e relative to an average height
(5’107 individual; (b)Full elevation line drawing ; (c)Top view line drawing;
(d)Top view spar line drawing .
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Physical Parameter Prototype
Value

D1—

Spar Upper Diameter| 1.5 m
(D1) -
Spar Upper Draft (T2) | 3.65m

&

Spar Taper Angle 45° . D3

Spar Taper Draft (T3) |4.6m

Water Surface

Spar Lower Diameter| 3.4 m T .

(D2)

Spar Lower Draft (T4) |27.1m — |,

Water Depth (H) 40 m I o
Float Draft (T1) 1.6 m .

Float Diameter (D3) 5.84m

__._._._._._._.__._._!_._._.{._|_._

Float and Spar | 0.06 m
Clearance

Bottom Clearance 11.2m
(H-T4-D2/2)

€

Ocean Floor

Figure 16 - WEC Prototype Design Parameters

In the hydrodynamic characterization experiments, gag kydrodynamic coefficients
are of primary interest. In point absorber design wvél understood that the float
should be as buoyant as possible in order to ensatetshwave following tendency is
maximized. As such, the performance limitations isgzb by the float design stem
from material selection, and structural design consiagratind not the form of the hull
or its hydrodynamic coefficients. For the SyncWavedgtesoncept, the hydrodynamic
characteristics of the spar significantly impact thditgdof the tuning system to adjust
the natural frequencies of the machine’s heaving osoiis. Consequently, it is the

spar shape that is of most concern when generatirgcéie model design.

3.5 WEC Model Scaling

Given the wave regime of Hesquiaht Sound, an apptepsealing method can be

selected for the small scale wave tank and the WEGefobeing tested in it.
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Geometric, or kinematic, scaling is a uniform scalirfgttte geometric parameters
defining the WEC prototype. Kinematic scaling algpplaes to the fluid motions: the
wave amplitudes, wavelengths and water depth shbeldiefined by the geometric
scaling factor. Once the geometric scale factor iscgsd, dynamic scaling tries to
recover any dissimilarities in the wave excitation &xcbetween the scales, that drive
the oscillations of the device components by adjgstither physical properties in the
scale model test. To conduct a relevant assessoieMEC performance, the wave
excitation force acting on the model components nmesticcurately reproduced and
dynamic considerations result in a modification of magemponent geometries and
masses. A number of dynamic scaling terms can be, wset the nature of the

hydrodynamic phenomena that dominate the WEC motiartates the choices made.
3.5.1 Dynamic Scaling Parameters

For fluid-body interaction problems there are three maalireg metrics that, when
maintained between model and full scale device,ererure at least a mode of dynamic
similarity: Reynolds number, Froude number and Keulegarpenter number. The
Reynolds number defines the balance between theaheniil viscous forces in the fluid
near the body and when maintained ensures thatdtesiparation and resulting drag
forces are being properly modelled. Conserving the 8dgnnumber will guarantee
that the viscosity induced effects are maintained.eyrRlds scaling should be
considered when separation induced effects like form anaglift dominate the device
dynamics. But, as the effects of viscosity are gahemore significant in the boundary
layer, it can often be assumed as negligible in soaleels of WEC devices with simple

streamlined geometries and small oscillating frequermnel heaving amplitudes.

Re= D (3.1)
U

Wherep is the fluid density, U is the velocity, D, is thbaracteristic length, andis

the kinematic viscosity.
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The Froude number, which is the ratio of inertial to dedonal forces, is used for free
surface flows. Historically, Froude number scaling isdusehen comparing the
resistance of bodies moving through a fluid, most comiynships. As the inertial and
gravitational forces are dominant for floating structungésis the most commonly
utilized scaling parameter for WEC devices [38, 18]. 4 Conserving the Froude
number between model and prototype guarantees thatagi@val forces are correctly

scaled.

(3.2)

S“c
O

Where g is the gravitational constant.

The Keulegan-Carpenter (KC) number, a ratio between rthg a@nd inertial forces, is
the governing parameter for flow structures generatedlbfy objects in oscillating
flows or, conversely, oscillating bodies in still fluid The KC number is commonly
used in conjunction with the Stokes numbgrthat relates the KC to the Reynolds
number, so thaR, = KCS. A common use of the KC and Stokes numbers is fanund
[43]: where a vertical cylinder is oscillated horizdiytan quiescent fluid and the fluid
is evaluated using flow visualization. In [43] thenerated vortices and flow separation
are of major interest and are grouped by KC and Stokesbens. Others have
performed the scaling of surface piercing cylinders antsiba Leg Platforms (TLP’S)

[44] also utilizing the KC and the Stokes numbers.

The KC and the Stokes numbers are defined as follows

KC =8 (3.3)

v (3.4)
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Where A is the amplitude f is the frequency andis the dynamic viscosity.

In order to have a scale model with exact dynamiglaiity to the larger prototype, all

three scaling metrics should be consistent betweenMEC prototype and the scale
model. However, it is nearly impossible to do sanast experimental setups without
the use of a highly viscous fluid, or a vacuum. F@vevenergy converter studies,
compromises in the dynamic scaling have to be maddhee choice of scaling metric(s)

will define its limitations.

3.5.2 Choice of WEC Spar Geometric Scaling factor

The normal desired range of scales in wave tanks for a#isktuctures in ocean
engineering models and WEC's in particular wave taribeisveen 1:100 and 1:10 [38,
42]. As described earlier in §83.2, the maximum diamet the model is to be 0.09m,
which is a scale of approximately 1:65, when scatethé maximum outer diameter of
the float, D3, and falls within the recommended rangle spar geometry is of primary
interest and maximizing the scale was considerestaAdard material was required for
the construction of the spar, where a tube outer demwétl inch yielded a scale of
1:59 for the upper spar diameter, D1, and a tube owuteneder of 2.5 inches yielded a
scale of 1:54 for the lower spar diameter, D2, therefaeake of 1:55 was selected as a
compromise scale value for the remainder of the phygieaimetric properties as was
possible with the tank geometry and model conswucinaterials. Table 12 lists the
prototype dimensions for key geometric features in coraparto the selected model

dimensions and the scale value, where the geonseatigfined in Figure 16.
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Physical Parameter Prototype Model Value Scale Value
Value

Spar Upper Diameter (D1) 1.5 m 2.54 cm (1.00 in) 1:59
Spar Upper Draft (T2) 3.65m 6.64 cm 1.55
Spar Taper Angle 45° 48° 1:0.94
Spar Taper Draft (T3) 4.6 m 8.37 cm 1:55
Spar Lower Diameter (D2) 3.4 m 6.35cm (2.51in) 1:54
Spar Lower Draft (T4) 27.1m 31.5cm 1:86
Water Depth (H) 39m 40.0 cm 1:97.5
Float Draft (T1) 1.6m 2.9cm 1:55
Float Diameter (D3) 5.84m 8.89 cm (3.51in) 1:65
Float and Spar Clearance | 0.06 m 0.032 cm (1/8 in) 1:187.5
Bottom Clearance 10.2m 5.0cm 1:204
(H-T4-D2/2)

It is important to note the model features that dosatisfy the desired 1:55 scale factor.
The spar upper and the spar lower diameters are otk factor, for the purpose of
utilizing standard sized materials. The spar tapeteaisgsubsequently not scaled 1:1
due to these differences. The taper draft scales &te@h&:55. The clearance between
the float and spar is held to a reasonable manufatéucdarance of 1/8” (3.2 mm),
whereas strict application of the geometric scale fagtarld have dictated a clearance
of Imm. The most important of the scaling inequaiigethe total draft of the spar or
more precisely the bottom clearance. The actual toédt of the model utilizing a 1:55
scale would be 0.52m, which is not possible in40M deep tank. To ensure that the
model did not contact the bottom during tests, alreq clearance minimum matching
the maximum wave amplitude of 0.05m was applied.r@lijethe approximate scale
values are in the 1:55 range, where acceptable davsatiom the exact scaling values
have been adhered to.

3.5.3 Enforcing WEC Spar Dynamic Scaling

Viscous effects are generally neglected in numericadlets, but are not being fully

ignored in this work, with the inclusion of thg term. It would be of benefit to
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consider that the Reynolds number scale method #izedtin order to accurately
represent the viscous effects. However, “it is oftepdssible to conduct a laboratory
investigation at a sufficiently large scale to fullyreénate viscous scale effects in some

experiments such as the measurement of wave forcesetical pile” [39].

Past ocean engineering experiments using Reynoldisngagith a large scale factor
experience significant scaling distortion and the rdldéel is often laminar when the
prototype would induce turbulent flow. The dominatieffects in wave motion are
pressure, gravity and inertia, therefore, Froude scabnthe accepted method for
hydrodynamic modeling. Although, it is importantrtote that the viscous effects may
exist and are not suitably scaled as with the satalle utilized in this work, the viscous

effects may have a much greater influence than for thedale model.

Froude scaling rather than Reynolds scaling also lats#df to a more realistic
frequency domain for the wave tank as explained whasidering the Stokes number.

Froude scaling commonly utilizes the ternto represent the geometric scaling ratio
between the full scale and the model geometric pammeThe general method for
determining thex influence on the Froude scaling is to equate the FEroudnber for
the full scale and the model as shown in Equatids) (3low, where subscript andM
refer to prototype and model respectively. The peflodgcale factor, can be determined
by a rearrangement of Equation (3.6), where the dirnaakialue for period, time [T],
is solved for with respect to the prototype and meddles as shown in Equation (3.7).

The common scale ratios for the kinematic wave regirmeshown in Table 13.

Gy - Ue (3.5)
gDy /9D,
— DP — 1/2
U,=U,, |—=U,a (3.6)



55

D
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Table 13 - Froude Scale Factors

Parameter Scale Units Dimensional
Factor Units
Wavelength X) o m [L]
Frequencyd) o rad/s 1/[T]
Period (t) ol s [T]
Wave Height (h) a m [L]

Utilizing the geometric scale factor of 1:55, the wiangth, frequency, period and wave
height requirements for the fluid tunnel can be deteechiand are shown in Table 14.
It can be seen that the wavelength scaled valuekayer than what is desired as the
wavelengths are exceeding tunnel length, of 2.5m.adaeptable experimental range in
the test tank has been determined to be wavelemgtiggng to a maximum of 2.5m.
The experimental waveform is examined at wavelenfgthger than 2.5m in order to

determine suitability based on wave reflections ir2 8md Appendix A.

In conjunction with the limits on the wave heigigghe bottom interaction on the wave
particle trajectories. As explained earlier, the deplegt location of the WEC
prototype is not considered deep water and the ofteanis likely to affect the wave
circulation. To properly dynamically scale the modbk bottom interaction should
also be scaled. For the wave tank, this similaity only be produced at an extremely

small scale of approximately 1:100.

In order to accommodate the bottom clearance dynafiécts of the fluid particle
motion on the model, the dispersion relation showBdoation (3.8) is used to validate

the test facility in relation to the prototype. Thgparbolic tangent function for
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shallower water is a value less than 1, which candmepared between prototype and

model values.

o = gktanhkd ) (3.8)

The model bottom interaction range contains a lowkrevihan the prototype range due
to the tank depth not scaling at 1:55. For the ehadd order for the bottom interaction
value to correspond to the prototype range exactlyeleagths of minimum of 1.1m
and a maximum of 2.25m are required. The model saalgeris within a similar range
to the prototype range and therefore the test facilitybsaused to represent the shallow
water condition and the scaled model WEC. Wavéhlenghorter than 0.3m will have
fluid particle motion that is defined by deep waterd #mere would be no fluid particle
motion at the bottom boundary.

Table 14 - Froude Scaled Wave Regime

Wave Parameter | Prototype Range Model Range

(1:55)
Wavelength X) 107-217 m 1.94-3.94m
Frequency ) 0.89-0.31rad/s 6.6-2.3 rad/s
Period (T) 5-20 s 0.67-2.7 s
Wave Height (h) | 1-3m 1.8-5.5cm
Bottom Interaction 0.81-0.98 0.76-0.86
tanh(2ud/))
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Chapter 4: Experimental Apparatus Specification

To complete a hydrodynamic characterization of théestadel WEC, tests have to be
conducted that isolate the hydrodynamic effects énatdefined by the parameters in
Table 1 through Table 8. As is discussed in data@4.3, the schedule of experiments
requires more than just a wave making apparatus. [Eofirdt set of experiments in

quiescent fluid, the body will be displaced and\a#d to oscillate freely and a model
linear guide mechanism and displacement measuresegite are required to maintain
heave only motion. For the second set of experimewitgere the body is forced to

oscillate in quiescent fluid, a forcing mechanismeéin guide assembly and force
measurement instrumentation are required. For the tbirdfsexperiments where the
model is oscillated by a wave field, the wave maliabdity must be added to the model
linear guide assembly and the force and displacemamsducers. In this Chapter, the
design of the wave maker, the WEC model forcing mesharind the instrumentation

suite are explained in detail.

4.1 Wave Maker Specifications

Ideally, the wave maker is to recreate the scaled wegiene of Hesquiaht Sound. Due
to the UVIC fluid tunnel size and its use for otheperments, the wave maker was
required to be compact and removable. As discussdidreghe normal inlet of the
fluid tunnel will become the beach for the wave experita to utilize the wave
damping potential of the honeycomb section. To m&e the portion of the fluid
tunnel length available for the test section, it @B® necessary to use the fluid tunnel’s

outlet diffuser to house the wave making apparatus.

There are three main types of wave makers used in soaé experiments; the flap or
hinged plate, the piston and the heaving body. hEsdound to create different wave
characteristics. The flap gives a deep water wave wytteexponential velocity decay

towards the tank bottom; the piston gives a shalliater wave type with a relatively
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linear velocity decay; the wave circulation profilesquoed by a heaving body type of

device are sensitive to the frequency of oscillatiod the stroke length. Each method

of wave generation can be seen in Figure 17.
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Figure 17 - Wave Maker Types.
The dashed lines surrounding the wave maker body peesent the wave maker
motion, while the dashed lines on the right of thaliagram represent the fluid

particle motion and the motion decay with depth.

A modified piston flap wave-maker has been argued tieibeeplicate real ocean wave
scenarios as shown in Figure 18 [38]. But, for thalkstale WEC experiments, and

limited tank dimensions considered in this work, mmified architecture was desired,

and the modified piston flap and heaving body deswee eliminated. As discussed
earlier in 83.3, the Hesquiaht Sound regime is nosidened to be deep water as the

water depth is not more than half the wavelength, thierefore the piston type wave

maker was considered the ideal option for the smalegesting facility.
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Figure 18 - Modified Piston Flap Wave maker [38]

In sizing the piston style wave maker, the pistarefahould eclipse the largest expected
wave height being produced. The maximum allowalkdeaevheight as determined in
83.2 is 10cm for a fluid depth of 40cm. A minimumtpisface height of 50cm from
the bottom of the 40cm deep tank was desired in daatlow an additional 5cm of

clearance to allow for sloshing.

Other wave-maker design criteria include the stroke,gpamd force required to make
waves for a piston type wave-maker. The required st®keas calculated for a piston
wave-maker using Equation (4.1) from [15].

H_ 2(cosh(xd ) 1)
S sinh(xd )+ Xd

(4.1)

Where H is the wave heightd is the water depth/piston depth, akdis the wave

number as calculated in Equation (2.15) for shallowewaThe stroke requirements for
the 1:55 scale waves are shown below in Table 18ulRefor waves ranging from 1cm
to 10cm in height and periods ranging from 0.73s te aré shown, where the desired
experimental range is highlighted in bold. The wdneght to stroke ratio versus
relative depths is plotted in Figure 19 for the pistgpe wave maker. Relative depth,

kd, is a ratio between the water depth and wavelength.
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Table 15 - Stroke requirements (mm) over range of awe heights (m) and
periods(s)

Stroke (mm) T(s)

0.73 094 1.16 137 158 1.79 2.00 220 240 270

H(m) 0.01 0.6 0.4 03 03 03 04 06 15 48 207
0.02 1.3 0.8 06 06 06 08 12 30 96 413
0.03 1.9 1.2 09 09 10 13 19 44 143 620
0.04 2.6 1.6 1.2 1.2 1.3 1.7 25 59 19.1 826
0.05 3.2 2.0 15 14 16 21 31 74 239 1033
0.06 3.9 2.4 18 17 19 25 3.7 89 287 1239
0.07 4.5 2.8 2.1 2.0 2.3 2.9 43 104 334 1446
0.08 5.2 3.2 2.4 2.3 2.6 3.4 50 11.8 38.2 165.2
0.09 5.8 3.6 2.7 2.6 2.9 3.8 56 13.3 43.0 1859
0.1 6.5 4.0 3.0 2.9 3.2 4.2 6.2 148 47.8 206.5

2
i |
| |
| | "
e
1.5 | DESIRED |
| RANGE |
i /
7 I |
m ! | |
| 1
: l
0.5 : :
| |
|
| |
0
o 05 1 15 2 25 3 35 4 45 5 55 6

Figure 19 - Piston Wave-maker: Wave Height to Stro& ratios versus relative
depths

The power requirement was calculated from the non-diroeakipower curve from

[15], and determined to be 0.06W to 1.7W maximum leriange of scaled conditions
for a piston wave-maker. From the power curve it istiflable that the peak power
requirement is required at a value kaf of approximately 1.5, which for this tank
corresponds with a wavelength of 1.68m, which is snalian the desired wavelength

for these experiments. The reproduced power curve caadrein Figure 20.
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Figure 20 - Piston Wave-maker: Dimensionless mearop/er as a function of water
depth

As mentioned, the wave-maker needs to be easily reinfvoen the fluid tunnel, and
without compromising the current making abilities loé tank. This requirement led to
a wet-back design, meaning that there is fluid on lsadbs of the piston. In order to
maintain a parallel motion at both the top and dratiareas of the piston, a dual plate
structure has been designed for the piston head toeestsuctural integrity. To prevent
back waves being generated behind the wave-makecoadary volume displacement
shell was implemented inside the outlet diffuser spatdch moves in heave in
conjunction with the piston travel. The interactimetion between the piston body and
volume displacement box is shown in Figure 21. FgR2, describes the major
components of the wave maker including the guidesvahdne displacement box. The
forced piston motion is generated from a ball screw tirmeduator, attached through
bolted plates to the volume displacement box. Vbkime displacement box is
connected to the piston body via linear ball bearamy$ precision shafts on a 45° angle,
so that the vertical displacement of the volume ldgment box equals that of the
horizontal displacement of the wave maker’'s piston.fad® maintain the vertical
motion of the displacement box, additional precisioear shafts and bearings were

used. The piston’s horizontal motion is maintainedabpther set of precision linear
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shafts and bearings attached to the bottom of tleadiactuator support plate and the

front piston plate.

DATUM DATUM
VOLUME I VOLUME I
DISPLACEMENT BOX DISPLACEMENT BOX
) !
| 1 Ry N
MEAN FLUID : N\
SURFACE LEVEL ( T MEAN FLUID
DIRECTION OIRECTION EQUAL | SURFACE LEVEL
OF MOTION -+ DISPLACEMENT 4
“OF MOTION T . 4
< ! ™ PISTON
PISTON ; BODY
BODY !
0 : ) |
OUTLET - OUTLET :
DIFFUSER | DIFFUSER |
Initial Position End of Stroke Position

Figure 21 - Volume Displacement Box and Piston Faddéotion

Y ._

Direction of wave
Propagation

Linear Actuator«—

Linear Actuator
Support Plate

Tankside Rails

Linear Guides

Front Piston Plate

Volume'&
Displacement Box

Wave Maker

Tunnel Diffuser End Piston

Figure 22 - Wave Maker 3D Model
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The wave maker setup in the UVIC fluid tunnel cansben in Figure 23. The wave
maker piston and volume displacement box were constiutom clear plexi-glass

(lexan) with individual panels epoxied to prevent flpghetration.

Volume
Displacement
Box

Wave maker
Piston

Figure 23 - Wave Make Setup
4.2 Scale Model WEC Forcing Mechanism

The experiments in quiescent fluid require the modebé oscillated in a sinusoidal
motion with amplitude that matches the expectededceonverter motions in order to
determine the hydrodynamic coefficients that define rirection forces. The heave
motion is generated by a ball screw linear actualber same actuator used for the wave
maker, driven by a stepper motor programmed to rotate smusoidal mode. The
actuator is connected to the spar body through a dgihection formed by the load

cell and the extension arm.
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To maintain the desired heave only motion of the gpadel, linear guides are
necessary. In order to eliminate as much frictiop@ssible, two precision shafts are
supported by linear air bushings. The shafts arefretthcigidly to an extension arm
that in turn is connected to the actuator by a lagd Qir bushings were selected due
to the high damping experienced with standard linedirdearings. Four 0.25” Nelson
Air Corp Air Bearings are used, two per precision lingdaaft. Each bearing is rated at

6N when 60psi air is supplied.

Figure 24(a) shows the side view from outside thettestiel and the front view from
the tunnel end of the model guides and mounting rapps  The precision shafts,
clamps, air bushings, float and spar as well as ppals@ion are also shown. Figure
24(b) shows the top view of the linear guide mounts alsd includes the forcing
mechanism. The position and orientation of the loall is discussed in the next
section. The forcing mechanism is shown in Figge 2
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Figure 24 - WEC Model Mount and Forcing Mechanism
(a)Linear Guides for WEC Models (b) Forcing Mechansm Moment Arm
Connections
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Figure 25 - Combined view of linear guides and WECModel with Linear
Actuator.

Load Cell Tracker Probe Position

Linear Actuator

Moment Arm Extension Linear guides Air Bushings

Figure 26 — Scale model WEC Forcing Mechanism
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4.3 Measurements and Instrumentation

4.3.1 Force Measurement

In order to determine the hydrodynamic coefficients fohlibe excitation and reaction
forces, a three—axis load cell, model F233-Z3712 frooveltech Measurements Ltd,
was used as shown in Figure 27. The load cell ereasnoments produced about three
orthogonal axes, two bending moments and a torque |dad cell is used on its side
such that the vertical force delivered to a long manaem by the spar model creates a
relatively large input to the torque axis. The laatl had been calibrated for a previous
project to have a load centre 30cm removed from thersettion of the bending
moment axis of the load cell and the location of takbration centre set the length of
the moment arm and the relative position of the maddlload cell as shown in Figure
24(b). The load cell was connected to the LabVieftnsoe through a 16-bit resolution
USB digital acquisition model (DAQ). The output of ttuesional load cell is in N-m
with the range and accuracy listed in Table 16.y@m torsional data was utilized, and
the data received was converted to the effective atitiad simply by dividing by the

moment arm length.

339 |

- N X/Y-Bending
@2x 2 DEEP AXIS Axis Datum
REFERENCE HOLES =9
TYP 2 PLACES M6 x 1.0x 6.5 DEEP
ON A 45 PCD ; BOTHENDS “
N . . R
—|— Y-Bending Axis /7’ O NN
\\ /, g /,/ ’, ,TA \- \_\ )
- // ' ] ‘n g
/ o \
i \
| PR - :‘v ;“ __________ ;;r,’-;r-\!_.___‘~.~ l':y
e NN S|z i S | 7 o | SIS &3
Z-Torsion /"_‘f-:‘?’_ At 8|® T~ Y X407
Axis R

Figure 27 - Load Cell Arrangement
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The calibration of the force measurement system waslumb@d in water with the
moment arm and linear guide shafts and model install@this gave a baseline
measurement for the system without the hydrodynamditagion or reaction forces
present. A zero load configuration was used wherathgator was positioned so that
the spar model exerted no net buoyant force or weaghthe load cell in order to
remove bias from the collected measurements. Theritiyed the measurements was
initially validated by a series of static displacensenf the model, and a comparison of

the calculated change in buoyancy with respectaartbasured change in loading.

4.3.2 Displacement Measurement

Along with force measurements, accurate position nreasents are desired to track the
heave displacement, velocity and acceleration ofstede model. The displacement
measurement system selected for use was a 3D motuuareacamera referred to as
VisualEyez, produced by Phoenix Technologies IncorpdraiThe VisualEyez tracker
probes were connected to an accessible moving compaiethe WEC model, as
shown in Figure 24(a), and the linear motion was recbrdging the VisualEyez
software. The accuracy and range for the displacemeasurements can be seen in
Table 16.

4.3.3 Wave Measurement

The wave elevation profile was also measured to deterrthe actual wave field
generated by the wave maker. An RBR Ltd WG50 capaoi two wire wave gauge
was selected specifically for the wave regime at teentg facility. The probe’s scale

and accuracy are detailed in Table 16.

The force, wave and displacement data were eachctadleseparately, and aligned
manually for each individual trial as the existing peogs used did not allow for

amalgamation.
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Table 16 - Measurement Tool Specifications

Wave Gauge Specification Value

Probe Length (wave height) 16cm (£8cm)
Accuracy +0.4%

Load Cell Specification Value

Z-axis Range +0.3 N-m
Accuracy +0.0001 N-m
Visual Eyez Specification Value
Measurement Range - Displacement 0.01mm
Accuracy +0.12mm

4.4 Experimental Procedures

The following sections describe the experimental procesi used to determine the
hydrodynamic coefficients of the scaled WEC model. prexedures included a free
naturally damped body in quiescent fluid, a sinudamation forced body in quiescent
fluid, and a body fixed and freely oscillating in a wafield. Additionally, there are
three model geometries that are considered: a simfaheler, the scaled model spar and
the scale model spar with the concentric float. @&tih the modeled float is to scale, it
would have required exotic material selections in otdemodel the buoyancy of the
full scale device. In this work, the float is consted from readily available materials
and is held fixed in place when included in thegesthis was allowable since the spar

hydrodynamics were of much greater interest.
4.4.1 Natural Oscillations in Quiescent Fluid

When a body is displaced in quiescent fluid andvedd to return naturally to its
equilibrium position, it will oscillate at a dampé&@quency, easily related to its natural
frequency. This is the simplest method of determirigdrodynamic coefficients for
added mass and damping from Equation (2.29) for theiveaftirces, but can only
provide results at the natural frequency. This decavec test was utilized by
Bracewell in [36] to determine hydrodynamic coefficienter a range of frequencies
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by changing the natural frequency of the body throunghaddition of a springs and
masses. The first set of experiments involves dispdatihe body in question and
allowing it to oscillate naturally. The heave resporach as the example shown Figure
28, is utilized with Equations (4.9) through (4.15) &tetmine the natural frequency,
which can then be used to determine the added mhssdecay of the curve froit;)

to &(t) is used to determine the damping ratio of the system.

Starting with the equation of motion of a single flagtbody as derived in §2.4.1:

8, +bf+SE=mf 4.2)

Assumeé =Ce® then:
(m+4,)s’ +h,s+§ =0 (4.3)

The solutions are

bll Sl

___ b by ) S
5= zm+én>*J(z<ml+an>j o+ a,) @9

Where critical dampinghb,, is defined as the value that sets the squareteowt equal

to O.

~ 2 ~
b S - .
R — =00 h =2(m +4,)w, (4.5)
{Z(mﬁan)j (m +a,) T

The damping ratio is

(=2 (4.6)
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For this work we can assume an underdamped systenthé case where <1.

Equation 4.4 becomes

8., = (- 72 -1)w, (4.7)
The solution to Equation 4.2 becomes
E(t) =Ce™ +C,e% = C g e-Cat 4 C g laighliCan (4.8)
The damped frequeneyy is the observed cyclic frequency and is defined as

@, = w177 (4.9)

Then applying initial conditions Equation 4.8 yigld

E(t) = € (&, cosawyt +(%J sint (4.10)

When considering two points in time separated bingle period.

r,=t, -t =i—” (4.11)
d

4 2 gar 4.12
& e

The damping ratig can be determined from the logarithmic decremgnt

s=ins=_2% (4.13)
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The added mass term can then be determined fromatieal frequency.
. =S
a, = w—nz -m (4.14)

The lumped parameter damping coefficiditis found from a rearrangement and
combination of Equations (4.5), (4.6) and (4.13).

A

by, =2{aw,(m +4a,) (4.15)

Each model arrangement; cylinder, spar and spdr fiat was tested 4 times. The
number of peaks used to calculate the hydrodynasoefficients was 15 for the
cylinder and spar arrangements, but only 7 for #par with concentric float
arrangement as the oscillations did not continust pa peaks. The results are
summarized in the plots of 85.3.1, 85.4.1 and 85.5.
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Figure 28 - Natural Decay Curve for a sample spareist.
A case where the spar was initially displaced 1.8crand then allowed to freely
oscillate and return to its neutrally buoyant positon.

The hydrodynamic coefficients resolved utilizingstmethod are defined in Table 17.

Table 17 — Natural Oscillation Experimental Reactio Coefficients

Parameter | Description

a, Added mass of Cylinder in reaction (1-DOF Systery)on
chl Radiation damping coefficient for Cylinder in reiact

a, Added mass of Spar-only model in reaction

611 Radiation damping coefficient for Spar-only modeteaction
a, Added mass of Spar-float model in reaction

612 Radiation damping coefficient for Spar-float moaeteaction
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4.4.2 Forced Oscillations in Quiescent fluid

By measuring the driving force experienced duriogcéd oscillations of the scale
model in quiescent fluid, the hydrodynamic coe#fitis for added mass and damping
from the reaction forces can be found. Referromthe equation of motion
(m+éij)g+hj$+éj<r: Freasured (4.16)
When the acceleration is zero, there is only a dagnforce and stiffness present. The
stiffness force can be calculated based on theunedfeave displacement of the body.
Similarly, when the velocity is zero, there is oolye unknown inertial force. Figure 29
shows both the displacement and the force measuteraeorded during the forced

oscillation of the spar model. This figure als@whk the instances of zero acceleration

and zero velocity that were used to calculate tredficients.
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Figure 29 — Model Displacement and Force data used identification of Reaction
Force coefficients

A sample of the displacement, velocity and accétemadata output from the 3D
camera, VisualEyez, as well as the filtered sigaahown in Figure 30, Figure 31 and
Figure 32. A low pass filter was written into thMatlab code for use during the data

processing stage. The velocity data was filtereidgia low pass filter with a cut-off
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frequency of 0.2 Hz, while the acceleration data ¥ileered using a low pass filter with

a cut-off frequency of 2 kHz.

VisualEyez Data Set: Displacement
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Figure 31 - VisualEyez: Velocity



76

VisualEyez Dataset: Acceleration
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Figure 32 - VisualEyez: Acceleration
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Figure 33 - Load Cell Torsion Data

A sample of the force data output from the Labveftware, as well as the filtered
signal is shown in Figure 33. A low pass filtersnaritten into the Matlab code for use
during the data processing stage. The force dasafitered using a low pass filter with

a cut-off frequency of 0.2 Hz.
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Tests were repeated for each geometry and différegtiencies and the collective data

was combined to form a description of the paramnsdtequency dependence.

The same methodology was used for determining Hyhamic coefficients for the

reactionary damping and added mass forces fohalbbdy geometries considered. As
discussed previously, the float is held fixed whecluded with the scale model spar
and therefore the equation of motion for the minttdy is similar to the single body

system, except that the lumped parameters beinfysgsinclude the induced terms.
The hydrodynamic coefficients resolved utilizingstmethod are defined in Table 18.

Table 18 — Forced Oscillation Experimental Hydrodymamic Coefficients

Parameter | Description Desired
Frequency
Range
a, Added mass of Cylinder in reaction 2.3-6.6 rad/s
chl Radiation damping coefficient for Cylinder in react 2.3-6.6 rad/s
a, Added mass of Spar-only model in reaction 2.3-6.6 rad/s
611 Radiation damping coefficient for Spar-only moderéaction 2.3-6.6 rad/s
a, Added mass of Spar-float model in reaction 2.3-6.6 rad/s
612 Radiation damping coefficient for Spar-float moteteaction 2.3-6.6 rad/s

4.4.3 Wave Excitation Forces on a fixed body

In order to determine the hydrodynamic coefficiefus excitation forces on a fixed
body in a generated wave field, both the force wade amplitude are measured. The
data from both transducers was then combined.mFnis data we can again utilize the
methodology given in 84.4.2, where the body disghaent is replaced by the wave free
surface displacement; determining the hydrodynaroé&fficients requires the ability to
segregate the points of zero velocity and zero lat#on of the wave free surface.
Referring to Equation (2.23) in 8§2.3.1, the equatad motion utilized in solving the

excitation force coefficients is
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(M +8, )7 + 0,7+ 57 = Frasres (4.17)

The recorded data from the load cell was utilizediétermining the measured force
values utilized in the calculations of the addedssnand damping coefficients. The
wave elevation, velocity and acceleration data lbanseen both raw and filtered in
Figure 34, Figure 35 and Figure 36. A low pageiffivas written into the Matlab code
for use during the data processing stage. The \ii@ee surface elevation data was
filtered using pass filter with a cut-off frequenoy 0.2 Hz. The wave free surface
elevation velocity and acceleration were calculdtedh the filtered wave height data
using a finite difference formulation, then a loasp filter was applied. The wave free
surface velocity was filtered using a low pasfilvith a cut-off frequency of 0.2 Hz,

and the wave free surface acceleration was filteseag a low pass filter with a cut-off

frequency of 0.2 Hz.
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Figure 34 - Wave Gauge Data
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Wave Velocity
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Figure 35 - Calculated Wave Free Surface Velocity
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Figure 36 - Calculated Wave Free Surface Accelerain

The setup for the wave field experiments can ba& sed-igure 37. The wave maker
and linear actuator can be seen on the left eldeofluid tunnel. The load cell is fixed
in place roughly in the middle of the tank, withethxtension arm attached extending
out to the right where the spar is affixed extegdidownwards into the fluid tunnel.
The wave gauge is affixed 10cm ahead of the badye force and wave data sets were

recorded separately and combined afterwards by atignnspecting the data sets for
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the trigger point of an event with a nominal sighaa initial reading; this point was
used to synchronize the time series and compeng&atéise displacement between the

wave gauge and model.

In behind the tank, the 3D camera can be seensdnipbd with three lenses, which is

used in the wave experiments as discussed in §4.4.4

The same methodology was applied for all model gedes considered. For the
combined Spar-Float tests, the lumped parametezgtiitkd include the induced

coefficient values.

3D Camera Fixed Load Cell Extension Arm

Linear Actuator for Wave Gauge Spar Model
Wave Maker

Figure 37 - Wave Field Experimental Setup

The hydrodynamic coefficients resolved utilizingstinethod are defined in Table 19.
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Table 19 — Fixed Body in Wave Experimental Excitabn Coefficients

Parameter | Description

8y Added mass of Cylinder in excitation

5cy| Radiation damping coefficient for Cylinder in exatibn

a, Added mass of Spar-only model in excitation

511 Radiation damping coefficient for Spar-only modekkcitation
a, Added mass of Spar-float model in excitation

512 Radiation damping coefficient for Spar-float moaeéxcitation

4.4.4 Reaction Forces of a Free Body in Waves

The freely oscillating body in waves is a redundtedt as both the excitation and
reaction forces can be identified in the previoeste described in 84.4.2 and 84.4.3.
The displacement data from the freely oscillatimgly in wave tests can be used to
confirm either previously determined coefficiengsther reaction or excitation. Re-
identification of the reaction forces was selea@sdhe forces of the Free-Body in wave

experiments.

Equation (4.18) gives the equation of motion forewththe body is allowed to freely

oscillate in a wave field.

Fo+Fo=mé (4.18)

The excitation forceF. , is a calculated value based on a best fit ctowveéhe added

mass and damping coefficients as calculated in.84dd the actual wave free surface
elevation, 7, velocity, 77, and accelerationj, as found within the experimental trial.

Then:

(m +4&)E+0,&+SE=(m +48,)7+([B)7+S7 (4.19)
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Determining the hydrodynamic coefficients requities ability to segregate the points

of zero velocity and zero acceleration of the boubtion.

The hydrodynamic coefficients that are resolvedizirig this method are defined in

Table 20.

Table 20 — Free Oscillation of Body in Wave Experimntal Reaction Coefficients
Parameter | Description

ay, Added mass of Cylinder in reaction

chl Radiation damping coefficient for Cylinder in reiact

a, Added mass of Spar-only model in reaction

611 Radiation damping coefficient for Spar-only modeteaction

a, Added mass of Spar-float model in reaction

612 Radiation damping coefficient for Spar-float moaeteaction

4.5 Non-dimensional Hydrodynamic Coefficients

The hydrodynamic coefficients for added mass anchpilag are plotted in a non-

dimensionalized format as shown in Equations (4&) (4.21). An overbas), is

used to signify a dimensionless value.

frequency:

= _ &
a =— (4.20)
LoV
b; = (4.21)
N w
The hydrodynamic coefficients are plotted agaifs thon-dimensionalized angular
—:% (4.22)

Where, a, is the surface piercing radius.
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Chapter 5: Experimental Results

5.1 Overview

Using the experimental apparatus described in @nagt and the experimental

procedures described in 84.4, the WEC scale mogétodynamic coefficients are

determined in this Chapter for the range of scalade frequencies identified in Table

14 in 83.5.3 . Prior to scale model WEC tests, dbdities of the wave making

apparatus to generate steady Airy, or sinusoidayes and to eliminate wave

reflections into the test area were tested. In rimdel tests, a series of model

geometries are consideren:

1)

2)

3)

Simple Cylinder: The hydrodynamic coefficients afsimple single cylinder

were initially determined to validate the procedufer the small scale testing

facility. Existing numerical results were usedtfas basis for the validation.

Spar-Only Model: To isolate the spar hydrodynamihe spar component of

the WEC scale model was tested alone. The addess rand damping
coefficients were determined from four experimentdenarios: a free
oscillation in quiescent fluid, a forced oscillation quiescent fluid, a fixed
model in a wave field, and finally the free modela wave field. The reactive
hydrodynamic coefficients are determined from theefand the forced
oscillations in quiescent fluid, whereas the exmtahydrodynamic coefficients
are determined from the fixed model in the wavédfieThe free body in the
wave field tests involve both excitation and reaetiorces, and data from the
fixed in wave field tests was used to facilitat®#uer identification exercise for

the reactive forces.

Spar-Float Model: Finally, the concentric floatsredded to the system in order

to determine its influence on the spar dynamicH.folr scenarios mentioned in
stage (2) above were repeated and the resultscoenpared between the spar-
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only and spar-float model configurations, as wedl ta existing numerical

estimates for cylinders of comparable sizes.

The configurations listed above: simple cylindgrarsonly model, and spar-float model
are shown in Figure 38. The corresponding resukisdiscussed in the 85.3, 85.4, and

85.5.
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Figure 38 — Small scale model configurations
(a) Simple Cylinder, (b) Spar-only model, (c) Spafloat model configuration in which the

float is held fixed.

5.2 Wave Maker Validation

The series of plots in Figure 39 through Figureshdw sample wave forms generated
for the range of cyclic frequenciek6< w< 6.8 rad/s Various piston strokes were
used across the range of wave frequencies. A tageawvave height was not always
achievable due to the sensitivity of the wave hieighthe small motions of the piston
face. The remainder of wave form profiles caridaend in Appendix A. Each test was

used to determine the quality of the steady statg wave and the impact of wave
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reflections within the test section. This seriédests illustrated both temporary and

steady perturbations in the desired Airy wave peat some frequencies.

The waveforms shown in Figure 40 and Figure 4Iithte some of the defects in the
generated waves. When a pure sinusoidal motipnoduced with a piston type wave
maker, there is always at least one additional $em®nd order wave generated [15, 45].
These can be seen most readily in Figure 40 asandary maximum peak developing

as time progresses.

The wave form shown in Figure 41 has a levellinghef upper sinusoid peaks. This is
due to asymmetry in the relative motion of the gnstvave maker and the fluid surface:
the volume of water moved to generate the uppek ekess than the volume of water

withdrawn to form the trough.

Lastly, there is a prominent low frequency modwlatof the wave amplitude that is
evident in Figure 40 prior to the 38s point. Thea cause of the low frequency
amplitude modulations is unknown; however, these feequency errors diminish as
the tests progress and a steady Airy wave typesineace oscillation does develop for
most scenarios. Influence of these wave profitersron the models were mitigated by
manually clipping datasets and retaining only tteady state portions of the test data.
For most of the frequencies tested, this is acldeaféer 40 seconds of wave maker
operation. The steady state wave form is not gepesinusoid for some frequencies as
seen in the higher frequency range close-up plotSigure 40 and Figure 41, but is

suitable for the experiments discussed within Wosk.
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Wave form at w= 1.6 rad/s

. 5_ ................................................................................................. -
£
E
e
._5_) 0 AN WURNG 11 NUNER WARPOTL NVR. () . VUL NNIERY. | L NEPRE IRNVRUE) FUNVE . [NVERN MUY . SURCRL WRERTY NI RONERE SONUEOU c: WEPOE INSPPE] WORR . SRSERY.. SNNPUNL o NVSRE] TPER] P 12
[1h)
=
D
>
S
_5_ ............................................................................................ Al
-10 | I | I | | I I | I
0 5 10 15 20 25 30 35 40 45 50

time, t,(s)

Figure 39 - Wave Form at 1.6rad/s

A relatively pure sinusoidal wave is seen at a timpast 40s, the initial ramp up of the wave
maker motion can be seen in the upslope of the firpeak. The low frequency amplitude
modulations are visible to the naked eye up to appximately 35s.
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Wave form at o= 3.7 rad/s
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Figure 40 - Wave Form at 3.7 rad/s

The wave form at 3.7rad/s is not purely sinusoidads time increases: the secondary peak is
gaining strength. The low frequency amplitude modlations are most notable at this
frequency and are visible to the naked eye until gpoximately 38s. The bottom two
graphs demonstrate the increase in prominence of ¢ghsecondary peak with time. For this
frequency it is assumed that the secondary peak haslower effect on the hydrodynamic
forces than does the amplitude modulation, theref@a experimental data is collected after
40s regardless of the secondary peak formation.
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Figure 41 - Wave Form at 6.8 rad/s

At this frequency, the low frequency amplitude modlation is not as obvious to the naked
eye, but can still be seen on the lower end of tiserface elevation, until approximately 35s.
When viewing the waveform over a smaller time scalg5s) as in the lower graph, the
asymmetric shape of the surface wave is more pronnoed. In this case the upper surface
elevation of the sinusoid form is cropped, or level off.
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5.3 Simple Cylinder Model Tests

The simple cylinder was used to validate the charemation procedures in the test
facility. The cylinder had a radius of 38.1mm (h)5and a draft of 22cm. This size of
cylinder was found to produce sufficient buoyanoscés to overcome the inertia of the
linear guide system: the cylinder is designed sd When the linear guide components
are attached to it, it sits at a desired heighthim fluid. The cylinder was made of

Lexan (plexi glass) tubing, with epoxied end caps.

The hydrodynamic coefficients as defined in Table Were identified in the four

experimental methods detailed in §4.4

Table 21 - Experimentally determined hydrodynamic oefficients for a simple

cylinder
Experimentally | Experimental | Description Frequency
Determined Method Tested
Coefficients
a, Free Reaction Added Mass for Simple Natural
in Quiescent | Cylinder configuration Frequency
h Free Reaction Damping Coefficient for Natural
i in Quiescent | Simple Cylinder configuration Frequency
a, Forced Reaction Added Mass for Simple 1.6-4.3 rad/s
in Quiescent | Cylinder configuration
Bcw Forced Reaction Damping Coefficient for 1.6-4.3 rad/s
in Quiescent | Simple Cylinder configuration
a, Fixed Excitation Added Mass for Simple 1.6-6.8 rad/s
in Waves Cylinder configuration
3 Fixed Excitation Damping Coefficient for | 1.6-6.8 rad/s
o in Waves Simple Cylinder configuration
a, Free Reaction Added Mass for Simple 1.6-6.8 rad/s
in Waves Cylinder configuration
b Free Reaction Damping Coefficient for 1.6-6.8 rad/s
i in Waves Simple Cylinder configuration
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5.3.1 Free Oscillations in Quiescent Fluid

The motion occurring after an initial displacemenhtthe simple cylinder in quiescent
fluid is shown in Figure 42. The hydrodynamic caméints &, and Bcw were

determined using the methodology discussed in §4.4.

Each data point in Figure 43 represents one peplkd& calculation of the coefficients.
It was noted that as oscillations progressed, tbguency of oscillation was found to
increase, and this increase in frequency resuhiea decrease in the estimated added
mass and damping coefficients. In Figure 43 trgeddnass and damping coefficients
are plotted against the results of the numericalehdeveloped by Calisal & Sabuncu
in [25]. The reference model was selected as #stshof the validation as it has been

shown to be reasonably accurate in comparisongerarents as presented in [25].

The increase in oscillation frequency is attributed the decrease in oscillation
displacement amplitude. Visible in Figure 43 i tecrease in added mass and
damping coefficients with increasing frequency.s @scillation amplitude decreases, so
does the velocity. Therefore in the larger ostdlas there may be an amplitude

dependant damping term, form drag, induced by 8eparation.
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Figure 42 - Naturally Damped, Cylinder in Quiescent-luid
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Figure 43 - Hydrodynamic Coefficients of Free cylider in Quiescent Fluid.

5.3.2 Forced Oscillations in Quiescent Fluid

The cylinder configuration was forced to oscillatglizing the forcing mechanism

discussed in 84.4.2 over a range of frequencié® hydrodynamic coefficients,, and

chl as defined in Table 21, were then calculatedzitij the methodology discussed in

84.4.2 and the results of the forced cylinder taia plotted against the numerical model
from Calisal & Sabuncu in [25] as shown in Figure Z£ach plotted experimental data

point is the average of a single test’s seriesatifudated values.
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Figure 44 - Reaction Coefficients of Forced Cylindein Quiescent Fluid

The cylinder configuration is used as a confirmattbat the experimental setup and
methodology is valid and can be used for the splr-model and spar-float model
configurations. The results shown in Figure 44 vshthat the experimentally
determined reaction coefficients follow the samendis as the numerical predictions
made by Calisal and Sabuncu in [25]. While the amatip of experimental and
numerical results in Figure 44 is not ideal, it s noted that the comparison of these
numerical results in [25] to other experimentaladgathered with cylindrical buoy

geometry showed a similar level of mismatch.

5.3.3 Fixed Model in Wave Field

The setup used for the fixed body in wave fieldltrincludes the wave maker, the fixed
load cell, wave gauge and the linear guide arramgerior the body. This arrangement
can be seen in Figure 37. The experimental proaesshydrodynamic coefficient

calculation methodology are described in 84.4.8e Tesults of the fixed cylinder trial,
estimates of the hydrodynamic coefficieidtg and chl are plotted against the numerical

model predictions from Calisal & Sabuncu in [25]sk®wn in Figure 45.
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The added mass coefficients appear to increase imgtieasing frequency, while the
damping coefficients appear to decrease with irstngafrequency. The data points with
a wave frequency higher than 3.5rad/s as showmenight side of the dashed line are
not considered to be reliable as the recorded fataea was of a magnitude
corresponding to the force signal noise. The psignal to noise ratio made it

extremely difficult to synchronize the wave prolmel doad cell data sets.
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Figure 45 - Excitation Coefficients of Fixed Cyliner in Wave Field

5.3.4 Free Model in Wave Field

The final method of determining the hydrodynamieficients required two operations
per configuration: a free oscillation of the bodythe wave field, in order to determine
the displacement, velocity and acceleration induzgdhe waves, and a fixed body in
the wave field trial in order to measure the exmtaforces to the body and develop
estimated values for the excitation coefficientsdascribed in 85.3.3. The best fit
excitation coefficients were determined from thgression analysis toolbox in Matlab
using a cubic solution. The excitation added masd$ damping equations extracted
were

&, =(914.860° - 297.44° + 26.9256- 0.0879pV (5.1)
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b, =(-132.3%’ + 54.83%° - 6.55@1+ 0.2883V w (5.2)

The two sets of data were then combined in orderetaletermine the reaction
hydrodynamic coefficients,, and Bcw . The calculation methodology is as described in

84.4.4. To facilitate the combination of datasétge, same wave regime is utilized for

the fixed body and free body in wave experiments.
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Figure 46 - Reaction Coefficients of Free Simple Qinder in Wave Field

For the lower frequency data points, the added nmgacreasing with increasing
frequency, while the damping coefficient is dechegisvith increasing frequency. The
higher frequency data points indicated in Figuread® not considered to be valid as
both the forced data sets and free data sets warglfto have poor signal to noise ratio
at the higher frequency range designated by thieedblne. As discussed in 85.3.3, the
force measurements start point was not able tocberately determined, while in the
free experiment, the body oscillations did not aghisteady state motion within 100s of
wave tests. Interesting to note is the exceedihgih amplitude of body oscillation
with respect to the wave amplitude: over the raofigeested frequencies the maximum

ratio of oscillation amplitude to wave amplitudesal at 6.3rad/s.
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Although the range of attempted wave frequencies @amsistent for all of the model
geometries tested, it was found that model specditstraints on the frequency range
had to be applied. For example, the body woutdthe bottom of the tank or not
oscillate at all for some frequencies in the in étiempted range. Or, the linear guides
would stick due to excessive horizontal loads fritv@ waves. The air bushings ideal
operating pressure was designed to be 60-100pde tie actual available pressure to
the system was between 40-60psi.  When suchtisiisaoccurred, the experiments
were stopped, and reattempted. If the scenarieated, experiments were halted and
no data was collected at that frequency and wawghhe Some of the tests with
common frequency had various wave heights as rapleatvave heights could not be
achieved without a feedback loop between the wanmyg and the wave maker. Such
closed loop control could not be implemented witthia project scope. Wave heights
ranged from 2.6mm to 19.4mm in the fixed experimgand from 2.4mm to 6.8mm in

the free experiments.

5.4 Spar-Only Model Configuration

The hydrodynamic coefficients as defined in Tab® Were identified in the four

experimental methods detailed in §4.4
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Table 22 - Experimentally determined hydrodynamic oefficients for a spar-only

model

Experimentally | Experimental | Description Fregquency

Determined Method Tested

Coefficients

a, Free Reaction Added Mass for Spar-Only | Natural
in Quiescent | configuration Frequency

611 Free Reaction Damping Coefficient for Natural
in Quiescent | Spar-Only configuration Frequency

a, Forced Reaction Added Mass for Spar-Only | 2.0-7.4 rad/s
in Quiescent | configuration

611 Forced Reaction Damping Coefficient for 2.0-7.4 rad/s
in Quiescent | Spar-Only configuration

a, Fixed Excitation Added Mass for Spar-Only 1.5-2.6 rad/s
in Waves configuration

511 Fixed Excitation Damping Coefficient for | 1.5-2.6 rad/s
in Waves Spar-Only configuration

a, Free Reaction Added Mass for Spar-Only | 1.5-2.6 rad/s
in Waves configuration

h . Free Reaction Damping Coefficient for 1.5-2.6 rad/s
in Waves Spar-Only configuration

5.4.1 Free Oscillations in Quiescent Fluid

The experimental process for a free body with ahitisplacement in quiescent fluid is

repeated for the spar-only model configuration &sws in Figure 38(b). The
hydrodynamic coefficients,, and 611, were calculated using the process detailed in

84.4.1. The hydrodynamic coefficients are plotiedrigure 47against the numerical
model developed by Calisal & Sabuncu in [25] footdifferent cylinders matching the
cross sectional diameters of the surface pierciogign of the spar, and the cross
sectional diameters of the lower submerged poxiche spar. .

The discrepancy observed between the numerical Imeodk the experimental results
can be explained by the more complex spar geomdthg simple cylinders considered
in the numerical work have a bottom horizontal phadged surface that generates
hydrodynamic effects distinct from those associatét the rounded bottom surface of
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the spar and the spar’'s taper section. The cosgariof the numerical and
experimental results is provided to demonstrate mieed for geometry specific

experimental data: the existing numerical modeisimple cylinders do not suffice.

6 : :
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Figure 47 - Hydrodynamic Coefficients of Free Spa©nly model in Quiescent
Fluid

The spar configuration results indicate that thengetry of the spar generates enough
discrepancy between the theoretical models of glsiraylinder of either size, with a
significantly higher added mass. The damping ¢cefit values are a compromise

between the 1” diameter cylinder and the 2.5” digmeylinder.

Similarly with the cylinder trials, the frequencyas/found to increase with a decrease in
oscillation amplitude, leading to the conclusioattifiorm drag may be present in the

higher amplitude oscillations.

5.4.2 Forced Oscillations in Quiescent Fluid

The spar-only model configuration was forced to ilzde utilizing the forcing

mechanism discussed in 84.2 over a range of fremeen The hydrodynamic
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coefficients &, and 611, were then calculated utilizing the methodologgcdssed in

84.4.2 and the results of the forced spar trialpgo&ed against the numerical model for
the two cylinders sizes comparable to the two ncaiss sectional diameters of the spar

from Calisal & Sabuncu in [25] as shown in FiguBe 4

Forced Spar-Only in Quiescent Fluid
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Figure 48 - Reaction Coefficients of Forced Spar-Oy model in Quiescent Fluid

Although not obvious in Figure 48, both the addexssnand damping coefficients were
found to have parabolic like trends when the scélthe plot is reduced as shown in
Figure 49 and Figure 50. The added mass incregilesncreasing frequency with an

asymptote that nears a non-dimensional value d@4®.4while the damping decreases
with increasing frequency, with an asymptote of O.
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Figure 49 - Forced Spar-Only in Quiescent Fluid: Aded Mass
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Figure 50 - Forced Spar-Only in Quiescent Fluid: Denping Coefficient

5.4.3 Fixed Model in Wave Field

The Spar-only model configuration was fixed in thave field and the experimental

process and hydrodynamic coefficient calculatiorihodology of 84.4.3 was followed.

The excitation hydrodynamic coefficiengs, and b, were then determined and plotted
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in Figure 51 against the numerical model outputtiier 1” and 2.5” diameter cylinders

from Calisal & Sabuncu in [25].
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Figure 51 - Excitation Coefficients of Fixed Spar-nly model in Wave Field

The added mass has a decreasing trend with inngefisiquency, whereas the damping
coefficient appears to have an increasing trendh witreasing frequency. No data
points with a wave frequency higher than 3.2radésshown as the signal to noise ratio

of the recorded force data was too poor to perghilole data analysis.
5.4.4 Free Model in Wave Field

The Spar-only model configuration was allowed &efy oscillate in the wave field and
the experimental process and hydrodynamic coefficiealculation methodology

described in 84.4.4 was followed. The excitatiogfticients were determined from the
basic fitting tool in Matlab using a cubic solutitiom the fixed model experimental
results. The excitation added mass and dampingtiems extracted were

4,=(-1562x 10w+ 52918°- 69.282+ 1.09&pV (5.3)

b, = (-403.0% + 15.6487 — 0.14428+ 0.000648%2N w (5.4)
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The hydrodynamic coefficientq,, and 6llas defined in Table 22, are determined and

plotted in Figure 52 against the numerical modetllie two cylinders sizes comparable

to the two main cross sectional diameters of ttae 8pm Calisal & Sabuncu in [25].
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Figure 52 - Reaction Coefficients of Free Spar-Onlynodel in Wave Field

The spar-only model configuration results indicéib@at the geometry of the spar
generates noticeable discrepancies from the theaka@hodels of a simple cylinder of

either the 1” or 2.5” diameters.

The free body in wave experiments with the spanggoy exhibited some of the same
detrimental features as found in the cylinder expents. Visible in Figure 53, steady
state motion was not always achieved in the dumatidb the test. For waves of

frequencies greater than 2.4rad/s, the horizoatalihg was believed to be affecting the
system hydrodynamics. The evidence for this eféache at the end of the trials when
the waves stopped. The model amplitude of ostaincreased as the horizontal load
decreased with the end of the generated wavedyssesvaed on the right of the vertical

line displayed at 68s in Figure 53. The excesbiwgzontal loading was not able to be

compensated for by the air bushings, and beariatyoin is added to the system.



101

Free Spar-Only m Waves

! %
- k=]
..m A”Nnrthtl\ ..m
rrrrrrr =
I = g
= 3 eI T E
& R S 3
%] e 7]
IR R —— 5=
o F =t @]
= Mm . F)
& 8, o W
W 197] R ——— =
| —

I | — Py o
= T —— O
= nmitet
T =

=
=r

Lo e T R i ]

== oo Lal
<z -
S
=TT —
ininin R ———
L =TI 1<
it ~r
T
T el
Caninl
_
L=
[ £ S \ w
I San b
[ T o=
P S REr- B - m
-
[
o=
I e T IITT oIt do
L - —
b
I i i
(] o < ] 00
— ! -

(urr) jeurece]dsi(]
(wuySrap sAB AN

Time (8)

Figure 53 - Sample of Experimental Errors: Spar-ory model at 2.6rad/s

Notably, the damping coefficient is affected by thave amplitude, as was originally

determined in the free body in quiescent trialsaghin Figure 47. The spar oscillated

with a magnified body oscillation with respect e twave amplitude.

5.5 Spar-Float Model Configuration

The hydrodynamic coefficients listed in Table 23revadentified using the four

experimental methods detailed in 84.4. The spatfinodel is shown in Figure 54.
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Table 23 - Experimentally determined hydrodynamic oefficients for a spar-float

model

Experimentally | Experimental | Description Frequency

Determined Method Tested

Coefficients

a, Free Reaction Added Mass for Spar-Float| Natural
in Quiescent | configuration Frequency

612 Free Reaction Damping Coefficient for Natural
in Quiescent | Spar-Float configuration Frequency

a, Forced Reaction Added Mass for Spar-Float| 2.3-5.6 rad/s
in Quiescent | configuration

612 Forced Reaction Damping Coefficient for 2.3-5.6 rad/s
in Quiescent | Spar-Float configuration

a, Fixed Excitation Added Mass for Spar-Float 1.3-2.7 rad/s
in Waves configuration

512 Fixed Excitation Damping Coefficient for | 1.3-2.7 rad/s
in Waves Spar-Float configuration

a, Free Reaction Added Mass for Spar-Float| 1.3-2.7 rad/s
in Waves configuration

“2 Free Reaction Damping Coefficient for 1.3-2.7 rad/s
in Waves Spar-Float configuration

Figure 54 - Spar and Float combination
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5.5.1 Free Oscillations in Quiescent Fluid

The experimental process for a free body with ahidisplacement in quiescent fluid
was repeated for the spar again, but with the fiopasent in a fixed position. The
model configuration is shown in Figure 38(c). Thenped hydrodynamic coefficients

a, and 612were calculated from the motion data using the ggeadetailed in §4.4.1.

The hydrodynamic coefficients are plotted in Figb#e against the numerical model
from Calisal and Sabuncu in [25] for the two maiass sectional diameters of the spar.
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Figure 55 — Hydrodynamic Coefficients for Free Spailoat model in Quiescen
Fluid

Both the added mass and damping coefficients detrawed a linear attenuation as

frequency increase. The spar-only and spar-festresults are compared in 85.6.1.

5.5.2 Forced Oscillations in Quiescent Fluid

The spar in the spar-float model configuration,vehan Figure 38 (c), was forced to
oscillate over a range of frequencies. The hydnadyic coefficientsa,, and 612 were

calculated utilizing the methodology discussed4m®. The results of the forced spar-
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float model trial are plotted in Figure 56 agaitis numerical model predictions for the
1” and 2.5” diameter cylinders from Calisal & Saburin [25]. In addition, close-up
views of the added mass and damping coefficiepeovided in Figure 57 and Figure

58 respectively.
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Figure 56 - Reaction Coefficients for Forced Spardbat model in Quiescent Fluid
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Figure 57 - Forced Spar-Float in Quiescent Fluid: Alded Mass
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Figure 58 - Forced Spar-Float in Quiescent Fluid: @mping Coefficient

The spar-float model configuration results indicaltwat the geometry of the spar
generates enough discrepancy between the thedretardels of a simple cylinder of

either size. The added mass appears to have lagliarike curve which increases with

frequency, with a non-dimensional added mass asytepiearing 0.3302. The damping
coefficient appears to follows a parabolic like vaiwhich decreases with frequency
although at a very low value. The spar-only and-§lpat test results are compared in
85.6.2.

5.5.3 Fixed Model in Wave Field

The Spar-float model configuration was fixed in thave field and the experimental
process and hydrodynamic coefficient calculationthoéology of §4.4.3 was followed.
The lumped hydrodynamic coefficien&, and Blzwere determined and plotted in

Figure 59 against the numerical model predictiomsthe 1" and 2.5” diameter of
Calisal & Sabuncu in [25]. In addition, close-upws of the added mass and damping

coefficients are provided in Figure 60 and Figute&spectively.



106

T
# ok o+ ok ok % ¥ H
= 0.5 ---Calisal and Sabuncu (1981) - 1" Cylinder
ol : —Calisal and Sabuncu (1981) - 2.5" Cylinder
' * Fixed in Waves Experimental Data
]| S ——— e — —————— e —————— e ————— e —————————
0.005 0.01 0.015 0.02 0.025 0.03
3 waly
6X 10 T T T T
B AL OO OO SRS e _
N : :
=
o :
~ O S L
0 * LK e ok o e
0.005 0.01 0.015 0.02 0.025 0.03
wialg

Figure 59 - Excitation Coefficients of Fixed Spar-Fat model in Wave Field

0.91 T | I \
-—-Calisal and Sabuncu (1981) -1"Cylinder
—Calisal and Sabuncu (1981) -2.5"Cylinder
09 3 Fixed in Waves Experimental Data 1
e
<,
§ 0.89 i e |
0.88}- ﬁ .
0.87 ' i ‘
%.005 0.01 0.015 0.02 0.025 0.03
wa/g

Figure 60 - Fixed Spar-float model in Waves: Addednass
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Figure 61 - Fixed Spar-float model in Waves: dampig coefficient

The added mass and damping coefficients have aeakng trend as frequency
increases. No data points with a wave frequenchdrighan 3.2rad/s are shown as the
signal to noise ratio of the recorded force data W poor to permit reliable data
analysis. Multiple wave heights at the same fregyevere trialed, as can be seen in
these results with the left most cluster of data{so This scenario shows that there is
an amplitude dependant damping term. The spar-anty spar-float test results are

compared in 85.6.3.
5.5.4 Free Model in Wave Field

The spar in the spar-float model configuration wWees allowed to freely oscillate in the
wave field. Using the experimental process and dggnamic coefficient calculation
methodology described in 84.4.4, the reaction @defits were re-identified. The
excitation coefficients applied in that identifizat were determined from the basic
fitting tool in Matlab using a3 degree polynomial and a cubic solution from thxedi
model experimental results. The non-dimensionaltatton added mass and damping

equations used were

4,=(1.1897% 10" - 62188°+ 1274X - 13.55# 0.9437p/ (5.5)
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b, =(-123.755° + 7.282@%° - 0.145@8+ 0.001223QVw (5.6)

The lumped hydrodynamic coefficiengs, and b,are determined and plotted against

the numerical model for the two cylinders sizes pamable to the two main cross
sectional areas of the spar from Calisal & Sabund@5] as shown in Figure 62 with a

close-up view of the added mass coefficient in FegiB .
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Figure 62 - Reaction Coefficients of Free Spar-Fldanodel in Wave Field
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Figure 63 - Free Spar-Float in waves: Added Mass
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The free experiments with the spar-float model bited some of the same detrimental
features as found in the cylinder experiments. adtestate motion was not always
achieved in the duration of the test. As with #par-only model tests, a horizontal
loading impacted the oscillation amplitudes of gpmar model with the addition of
bushing friction forces.

Of note, the range of coefficient values reportesioane frequencies, as found in the left
most cluster of data points of Figure 62 and Figi8edemonstrates the impact of the
different in wave amplitudes achieved in separaststwith a common frequency. As
with the cylinder, and spar-only model, the spaefimodel oscillates at an amplitude
greater than that of the wave. At times the spadeh amplitude was three times

greater than that of the wave.
5.6 Spar-Only model to Spar-Float model Comparisons

5.6.1 Free Oscillations in Quiescent Fluid

An important component of this work is the compamidbetween the spar-only model,
and the spar-float model configurations, which fown in Figure 64. For both
configurations the added mass appears to followindlas decreasing trend with
increasing frequency but with a market frequendgeadfbetween the two trends. The
added mass is also slightly higher for the spay-anbdel, whereas the damping
coefficient is higher for the spar-float model. tBéhe damped and natural frequencies
of the spar-float model were slightly higher th&moge found in the spar-only model
tests.

In contrast to the added mass the trends of thepuhntoefficient do not appear to

align, as the spar-only model configuration doesappear to follow a trend, whereas
the spar-float model configuration is like the adideass, and maintains a decreasing
damping coefficient with increasing frequency. maréigure 64 we can see that the
interaction of the float with the spar should netreglected or ignored in the estimation

of the hydrodynamic coefficients.
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Figure 64 - Hydrodynamic Coefficients for Spar-onlymodel and Spar-float model
configurations for free, naturally damped system inQuiescent Fluid

5.6.2 Forced Oscillations in Quiescent Fluid

For the forced oscillations in quiescent fluid, tb@emparison between the spar-only
model configuration and the spar-float model camfagions is shown in Figure 65.
Both models maintain a similar parabolic like treasl frequency increases, where the
added mass is increasing, and the damping coeffigeedecreasing. The spar-float
model has a slightly lower added mass coefficiardtile the damping coefficient is
mostly lower than the spar-only model. At higherguencies the asymptote may be

found to be the same.
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Figure 65 - Hydrodynamic Coefficients for Spar-only model and Spar-float
model configurations for forced model in QuiescenFluid

5.6.3 Fixed Model in Wave Field

For the fixed models in a wave field, the comparidmetween the spar-only model
configuration and the spar-float model configurati® shown in Figure 66.
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Figure 66 - Hydrodynamic Coefficients for Spar-onlymodel and Spar-float model
configurations for fixed model in Wave Field

The excitation added mass appears to be higheranglightly decreasing trend for the
spar-float model configuration in comparison to sipar-only model configuration with
a steeper slope decrease with increasing frequehrioywever, the excitation damping
coefficient appears to be lower for the spar-floaddel configuration at the higher
frequencies but lower in the lower frequencies. @amping coefficients have a reverse
trend, the spar-only model increases while the -8pat model decreases with

increasing frequency.
5.6.4 Free Model in Wave Field

For the free models in a wave field, the comparibetween the spar-only model

configuration and the spar-float model configurati® shown in Figure 67.
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Figure 67 - Hydrodynamic Coefficients for Spar-onlymodel and Spar-floatmodel
configurations for Free body tests in Wave Field

The added mass appears to be lower with an indigdertrend for the spar-only model
configuration in comparison to the spar-float modehfiguration. The damping
coefficient appears to be higher for the spar-fioettdel configuration, again with a
relatively indiscernible trend. As discussed in48% and 85.5.4, some experimental
disturbances were noted, and the data points magfresentative of some of these

errors as a result.

As mentioned in 85.4.4, it should be noted thatdifierence in frequency range is due
to the oscillations of the spar either hitting th@tom of the tank as was found in some
scenarios, or in that the spar no longer oscillaethe horizontal loading of the waves

was higher than could be compensated by the alrihgys.

5.7 Reaction Force Comparison: Forced in Quiescent Fluid vs.

Free in Wave Field

Comparison is made between the results of the dooseillation experimental setup for
the reactive forces and the free model in wavel fedperimental setup for the reactive

forces. The cylinder configuration results arevghan Figure 68, the spar-only model
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configuration results are shown in Figure 69 anel $par-float model configuration
results are shown in Figure 70. The comparisowden all three geometries shows
varying degrees of separation, and disagreememieket results. Since the reaction
coefficient data generated in the forced model urescent water tests showed clean
trends, and relatively little noise between sudeesslata points in Figure 65, the
reactive coefficients are presumed to be the moearate data set. As the methodology
behind resolving the reactive forces in a wavedf@so requires an input of excitation
coefficients calculated from a separate experimignt difficult to determine if the
difference between the quiescent fluid and genératave tests is a result of errors
within the excitation methodology, or due to theefrmotion of the oscillating body in
the wave field. It is noted that the motion oftkd not reach steady state in many of the

tests, as well as the number of other experimésgaks discussed in §85.3.4.

Some of the differences can be contributed to #ioe that the forced oscillations were
set at a consistent displacement throughout tlaéstrivhereas the wave experiments
were attempted to be at consistent wave amplitadd, resulted in a variety of body
oscillation amplitudes. Investigation into theeeff of amplitude of body oscillation
was not a specific goal of this research and waswestigated further.
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Figure 68 — Reactive Hydrodynamic Coefficients of @inder, comparison between
forced and free in wave field tests
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Figure 69 — Reactive Hydrodynamic Coefficients of @ar-only model, comparison
between forced and free in wave field tests
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Figure 70 — Reactive Hydrodynamic Coefficient of Sar with float, comparison
between forced and free in wave field tests

The comparison between the forced oscillationsthadvave field test setups shows the
importance of the wave field versus a strictly émtcdetermination of hydrodynamic
coefficients as it represents the more realistidybascillations created by a wave field

in particular for a multi-body system. Howeverjstnoted that further investigation is
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required on the body oscillation amplitude versus applied wave field in order to

determine the appropriate trending of the coeffitsavith respect to frequency.
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Chapter 6: Conclusions and Recommendations

The series of experiments performed were multipsepto develop a testing facility for
initial small scale experiments, and to obtain antidl understanding of the
hydrodynamic coefficients of the selected wave gneonverter geometry. There are a
number of issues that were identified and wouladblkeenefit to the development of the

testing facility as well as the characterizatiorhgfirodynamic coefficients.
6.1 TestSetup

6.1.1 Wave Maker Operation

A wave making facility was developed and it wasrfduhat the test facility although
for extremely small scale, was found to have reaBlmnresults worthy of evaluation
over a frequency range, although it is necessamntierstand the operating range and
limitations of the individual scaled models utilize The piston wave maker was
successful in developing reasonably sinusoidal wavieh simple programming, and no

wave reflection was recorded or observed in the tieale of the experiments.

6.1.2 Model Guides and Forcing Mechanism

The utilization of the torsional load cell with aoment arm to magnify heave forces is
key to the operation of the test facility as thecés generated are extremely small scale.
It was found that in some cases, the magnificabibrmoment arm could have been
increased, as there was a limited frequency raogedme models due to the forces not

being within the range of the load cell.

The use of air bushings is significant in thateitluces the friction forces of the linear
guide system. Although, further investigation nfiag that there may be some residual
friction forces remaining, due to the inability achieve the desired system pressure of

60-100psi. By increasing the number of linear gaic&and air bushings, it may be



118

possible to observe further data points in the whekl that were not able to be

achieved due to high horizontal loading.

The four experimental procedures utilizing a simpjénder were found to agree with
the numerical model of Calisal and Sabuncu insafathe data collected in this work
was within the error observed between the mode]261 and other independently
acquired experimental data. The experimental apgpgcan be assumed to be sufficient
to be utilized to determine hydrodynamic of vari@esled models, in free oscillation,

in simple forcing, or wave field experiments.

One of the drawbacks of the experimental setupthesise of separate computers and
programs to operate the wave maker and variousaddiection requirements for wave
field, forces, and body displacement. This reqlitbe alignment of the datasets
manually as the starting points of the various dadts were not automatically time
synchronized. It is recommended that in futurekneiLabView program is developed
that can control the wave maker and record theipheltiata sets in one single program

thread as this will ensure a common datum for ithe series.

It would be beneficial to future researchers toalep a Wave Height/Frequency and
Wave maker Stroke lookup table for ease of consistave generation. Although the
theoretical model in Table 15 for the stroke reguoients is available, an accurate table
for this specific wave maker will be beneficial teaintain a more consistent wave

height for a range of frequencies.

Although functional, the VisualEyez 3D camera wasinfd to be in excess of the
displacement measurement requirements as the pmogemerated data that required
conversion to a Matlab program which proved timastoning. As only the heave
motion of the models (a single degree of freedom$ vequired to be measured, another
simpler transducer would be recommended. The VEs@a will be useful for future
work that investigates pitch, roll or any combioatof the degrees of motion applicable

to floating point absorbers, but it is overkill farsingle degree of motion analysis.
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The test facility validation was conducted with ymne cylinder size, this does not
generate a broad range of comparison for smakesaal it is recommended to consider
varying cylinder diameters and depths analogoubhdee shown in [25] and those from
other experimental facilities for a broader comgami In order to utilize shallower or
smaller diameter cylinders, a lighter guide systsith be required; this can be done
with the simple redesign of the guide system tmaouoodate, as this size to buoyancy

condition was not considered during the initialigagphase.

The extension arm connection components were mpdaf @ combination of bolted
components that were disconnected and reassembiadhber of times while the test
facility was utilized by other researchers. Inartdo remove any possible side effects
from the assembly and disassembly of the exteraims, a single component extension

arm should resolve any discrepancies found if megiior future work.

6.1.3 Validation of Facility and Experimental Methods

The facility was validated with the use of a simpidinder for all four experimental
methods. The simple cylinders hydrodynamic cogffits were found to be in
reasonable agreement with the theoretical modelefactive coefficients developed by
Sabuncu and Calisal in [25] and similar trendsenayserved between the experimental
data collected in this work and the model basediptiens. It must be noted that ideal
match up was not expected as such match up waseswst in comparisons of the
theoretical model to other experimental data irl.[2Zbhe model of [25] is used here as
it is one of the very few that are discussed inliteeature and it was available for use in

the current work.

Both the experimentally determined reactive addedsrand damping coefficients are
found to be higher than the theoretical model. sTdthservation was corroborated by
independently acquired experimental data as predeint [25]. The experimentally
determined excitation loading is found to be higthem the theoretical model for both
the added mass and damping coefficients as well.



120

6.2 Hydrodynamic Coefficients of Point Absorbing Wave Energy

Converter Model Geometry

A first run of experiments was conducted for theested WEC geometry in order to
determine the linear lumped parameter hydrodynafoicboth the spar-only and spar-
float models. The experimental data was compé&vetthe existing numerical model
from [25] for the hydrodynamics of a simple cylinden order to determine the

suitability of existing numerical models such aS][fbr the WEC spar hydrodynamics.

The experiments have proven that the theoreticademntor a simple cylinder is not
suitable for use for a complex geometry such as WEC spar and spar-float

combinations.

The selected point absorbing WEC spar geometry faasd to have an increase in
added mass and a decrease in damping coefficiatit@wincrease in frequency for the
forced reactive experimental method. When in caispa to the theoretical model of
[25] the coefficients were significantly higher fadded mass, and lower for damping
than for a simple cylinder of either 1” or 2.5” diaters. The addition of the float
showed very little difference in higher frequencibat a higher added mass and lower

damping coefficients at the lower frequencies mfibrced reactive experiments.

The excitation experiments showed that the addexkrmatboth the spar-only and spar-
float models decreased with increasing frequenay the spar-only model added mass
was higher over the range of frequencies testeldde damping coefficient maintained

differing trends between spar-only and spar-floatdeis, one decreasing, the other
increasing respectively, with the spar-float mdaeihg higher at the lower frequencies,
but lower at the higher frequencies.

The comparison of reactive hydrodynamic coefficsess determined in the forced and
the free model in generated wave experiments didfollow any particular trend

between cylinder, spar-only model and spar-floatleha@onfigurations. As the wave
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field experiments did not have a significant numiodér useable data points, this
particular comparison would benefit from furthewd®pment of the wave experiments
including a better understanding of the body matiand therefore constraints to the
systems over the desired frequency and amplitudgera Therefore, in order to obtain
the desired datasets, initial trials would neeth¢oconducted in order to determine the
wave frequencies and amplitudes that generate vdsatillation frequency and
amplitude of the selected body configuration, toused in conjunction with forced
model data; again, look up tables would be beradfitVith this preliminary data, the
test can be conducted with the appropriate wavetsnip generate a consistent trend, as
was not deliberated prior to this research. Ames@xperiments did not reach steady

state motion, longer trial lengths would need ta@beducted.

6.3 Spar Design Considerations

The design and functionality consequences of theemmentally determined
hydrodynamics are evaluated based on geometryrabic®d components, and over a

range of frequencies.

6.3.1 Geometric Effects: Spar Versus cylinder

The reactive forcing results shown in Figure 48 fioe spar-only model forced in
quiescent fluid, with comparison to two cylinderflsasomatching diameter to the two
main cross sections of the spar; the surface pigrand the lower bulb. The theory
under predicts the added mass and over predictslaimping coefficients of a single
cylinder of either size when compared to the commpar designed system, where
considerations are needed to be made for the hbarspn the bottom of the spar, and

the 45taper between cylinder steps.

The comparison of the spar-only model against glsicylinder model of a size in

conjunction with the spar body leads to the conoclughat a simplified model of a
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single cylinder cannot be used in place of a mavewplex theoretical model or

experimental results for a complex shape suchesyihr.

6.3.2 Geometric Effects: Combination of spar and float

The effect on added mass and damping coefficieptadaing the float are found to
differ depending on the forced reactive loadingpagement and the wave excitation
arrangements. Figure 64 through Figure 67 shovedngparisons between the different

experimental methods and the spar-only and thefigtrmodel configurations.

The reactive added mass coefficients follow a simgarabolic trend for both models
and converge at the higher frequencies, where eatalwer frequencies the spar-only
model has a higher added mass. The reactive dgnepefficient again follows similar

parabolic trends converging at the higher frequesydbut the spar-float model is higher

at the lower frequencies.

The excitation added mass appears to be higheranglightly decreasing trend for the
spar-float model configuration in comparison to sipar-only model configuration with
a steeper slope decrease with increasing frequehrioywever, the excitation damping
coefficient appears to be lower for the spar-floatdel configuration at the higher
frequencies but lower in the lower frequencies. @amping coefficients have a reverse
trend, the spar-only model increases while the -Hpat model decreases with

increasing frequency.

The comparison of the spar-only model against a-#pat model leads to the
conclusion that the spar-only model should not Beduwithout a more complex
theoretical model or experimental results for tbenbined effects of the presence of the
float. Further work will need to be conducted mth excitation and reaction forces to
include the motion of the float as it will absordnse of the wave loading forces as well

as generate waves of its own, respectively.
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6.3.3 Frequency and Amplitude Effects

It is visible in all experiments that frequency dampact the resulting hydrodynamic
coefficient. In the reactive, forced in quiescéunid experiments the frequency trends
are parabolic in nature. The excitation wave |load&periment coefficients appear
linear but differ from increasing and decreasingedaling on the model type and the

coefficient.

It was found that the hydrodynamic coefficients evatso impacted by differing wave
heights. This was not investigated in depth agai$é not a primary goal of this work,
but should be considered in future work. The ediwh added mass coefficient
increases with wave height, whereas the excitadebmping coefficient decreases with
wave height.

Changes in the point absorber geometry can be a&ealun future work in order to
optimize the hydrodynamic forces. A redesign @& tloat, with new buoyant materials
would allow further investigation into the effeat the 2-DOF system when both bodies
are allowed to oscillate. Further experimentationld include a combination of linear
air bearings to be incorporated in order to evalubé hydrodynamic coefficients for a

combination of modes of motion, including pitch.

The hydrodynamic coefficients of the point absogbimave energy converter under
investigation does require experimental evaluaasnthe design is further developed
and improved upon due to its unique geometry. ddwition of the float to the spar is
found to impact the overall hydrodynamic coeffitienand differently between the
reactive and excitation methodologies: forced imegecent fluid and free wave field
experiments. The wave field experiments are theemealistic evaluation and therefore
contain the more appropriate data sets, howeveddte sets developed did not contain
consistent inputs and contained some detrimentatsgrand therefore the output cannot
be used to compare trends. As the geometry oWmBE is refined, future tests should

be conducted with the test setup recommendatiomgqursly listed, in order to obtain
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the hydrodynamic coefficient profiles over the dedifrequency ranges and wave

amplitude ranges.
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Appendix A

Wave Data over range of frequencies 1.6 rad/s@oagi/s

Wave form at w= 1.6 rad/s
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Figure 71 - Wave Form at 1.6rad/s

Wave form at o= 1.9 rad/s
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Figure 72 - Wave Form at 1.9rad/s



Wave form at o= 2.3 rad/s
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Figure 73 - Wave Form at 2.3 rads/s

Wave form at o= 2.6 rad/s
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Figure 74 - Wave Form at 2.6rad/s
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Wave form at o= 3 radfs
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Figure 75 - Wave Form at 3.0 rad/s

Wave form at w= 3.3 rad/s
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Figure 76 - Wave Form at 3.3 rad/s
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Wave form at w= 3.7 rad/s
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Figure 77 - Wave Form at 3.7 rad/s

Wave form at w= 4 rad/s
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Figure 78 - Wave Form at 4.0 rad/s
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Wave form at o= 4.4 rad/s
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Figure 79 - Wave Form at 4.4rad/s
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Figure 80 - Wave Form at 4.7 rad/s
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Wave form at o= 5.4 rad/s
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Figure 81 - Wave form at 5.4 rad/s

Wave form at o= 5.8 rad/s
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Figure 82 - Wave Form at 5.8 rad/s
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Wave form at o= 6.3 radfs
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Figure 83 - Wave Form at 6.3 rad/s

Wave form at = 6.8 rad/s
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Figure 84 - Wave Form at 6.8 rad/s



