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ACADEMIC ABSTRACT

As a clean, abundant, and renewable source of energy with a strategic location in close
proximity to global populatiomegions ocean wave energy shows major promise. Although
much wave energy converter developmentfbessed on largscale power generation, there is
also increasing interest in smalttale applicationfor powering the blue economin this thesis,
the objectivawvasto optimize the performance of smalked,portable oscillatingbody wave
energy conveers(WECs) Two types of oscillating body WECs were studied: bottom hinged
and twebody attenuator. For the bottelnmged device, the goal was to show the feasibility of
an oscillating surge WEC and desalination system using numerical modeling toe#tienat
system performance. For aday test period, the model estimated 517 L of freshwater production
with 711 ppm concentraticend showed effective brine discharggreeing well with
preliminary experimental results.

The objective for the twody att@uator was to develop a method of power
maximization through resonance tuning and numerical simulation. Three diffje@netries of
body cross secti@were used for the studyith four different drag coefficients for each
geometry Power generation wasaximized by adjusting body dimensions to match the natural
frequency with the wave frequendyased on the time domain simulation results, there was not a
significant difference in power between the geometries when variation in drag was not
considered, bithe elliptical geometry had the highest power when using approximate drag
coefficients. Usinghe two degreef-freedom(2DOF) model with approximate drag
coefficients the elliptical cross section had a max powe2dt W and7.36% capture width
ratio (CWR) for regular waves and a max powerBo32W and2.28%0 CWR for irregular waves.
Using te three degreef-freedom(3DOF) model with approximate dragefficients, the
elliptical cross section had a max power of 22.5 W and 6.12% CWR for regular waves and 6.18
W and 1.68% CWR for irregular waveés mooring stiffness study was performed with the
3DOF model, showing that mooring stiffness can be increased to increaise refation and
therefore increase power.
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GENERAL AUDIENCEABSTRACT

As a clean, abundant, and renewable source of energy with a strategic location in close
proximity to global population centers, ocean wave energy shows major promise. Although
much wave energy converter development has focused orsieatgepower generati, there is
also increasing interest in smaltale applicationfor powering the blue economyhere are
many situations where largeeale wave energy converter (WEC) devices are not necessary or
practical, but easihiportable, smalkized WECs are suitablmcluding navigation signs,
illumination, sensors, survival kits, electronics chargamgportable desalinatiorn this thesis,
the objectivevasto optimize the performance of smalked, oscillating body wave energy
convertersOscillating body WEC§ uncti on by ¢ onv-€rivdnosciltating devi ce
motion into useful powelwo types of oscillating body WECs were studied: bottom hinged and
two-body attenuatoir-or the bottorrhinged device, the goal was to show the feasibility of a
WEC and desalination system using numerical modeling to estimate the system performance
Based on the nael results, the system will produce desirable amounts of fresh water with
suitably low concentration and be effective at discharging bfine.objective for the twdody
attenuator was to develop a method of power maximization through resonance taning an
numerical simulationBased orthetwo- and threedegreeof-freedom model resultsith
approximate drag coefficientthe elliptical cross section had the largest power absorptibaf
three differengeometries obody cross sectiaA mooring stiffness study with the three
degreeof-freedom model showed that mooring stiffness can be increased to increase power
absorption.
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1. Introduction

1.1 Seawater Desalination

Freshwater scarcity is on the rise the past century, global water use has been growing

at over twice the rate of population increasusingover 2 billion people todatp live in

countries experiencing high water stteBg 2030, about 700 million people worldwide could be
displaced by intense water scardity. Even t hough water covers

onl vy

di

ffi

3% of
cul t

tr Is Freshwater. |IOftlias3% wwsottherdsefrozen in glaciers or very
to access, |l eaving only 1% of

t

70 %

he

w

available for humanude].Fi gure 1.1 shows watemworldcarcityos

as an alternative method for freshwater producflamuay, there are over 21,000 desalination

Global physical and economic water scarcity

Little or no water scarcity
M Physical water scarcity

Approaching physical
water scarcity

B Economic water scarcity
Not estimated

Figure 1.1 Global Physical and Economic Water Sca[8ji

With growingfreshwater scarcity, saltwater desalination plants are increasingly popular

plants being operated more than 120 countries throughout the world, producing over 3.5
billion gallons of potable water per dpd}. Figure 12 compares desalination plant use by
regiors of the world.The largst seawater desalination plant in the Americas is located in
Carlsbad, CA and can produce 50 million gallons of freshwater eadd]day

Desalination Plant Use by Region

10.6% ‘\‘
10.1%

0.4%

= Middle East (53.4%) = North America (17%) = Europe (10.1%) Asia (10.6%)
= Africa (6.2%)

= Central America (1.8%= South America (0.6%) = Australia (0.4%
Figure 12 Desalination Plant Use by Regiff]



One major challenge associated with desalination plapt®sding electricity to power
the plantsTo desalinate seawater witypical average salt concentration, the theoretical
minimum amount of energy required for osmosis is about 1 kiwbfiseawate(3.8 kwh/kgal)

[5]. In reality, with current desalinatidechnology capabilities, the energy required is2%
kwh/m? (10-13 kwh/kgal)[5]. At this level of energy consumption, therS8had, CA plant

would require 50650Mwh of energy to produce 50 million gallons of freshwater in one Alay.
standard codlired power plant produces 500w of electricity, or 12,000 Mwh each dagnd
canpower 118,000 homd6]. Therefore, the Carlsbad plant alone could consume over half of a
standardpowep | ant 6s el ectricity output.

Typically, desalinatiomplants use electricity from a commercial power plargopulated
arear diesel/thermal power generatimnremote arealy’]. Both approaches have major
downsides, such as difficulty installing cables to reach the desalination plant, challenges
transporting fuel to remote locations, and using-remewable fossil fuels as the energy source,
which can lead to pollution and climate change. In addition, deployment of the methods is time
consuming, nosuitable for emergency situations whererétraay be an immediate need for
desalinated wateKeeping in mind the limitations of existing power sources, renewable energy
is being explored as an alternative.

1.20ceanWave Energy

As a clean, abundant, and steady way to power desalination, ocean wave energy shows
major promiseAbout 60% of the worl dés p2hwith40%t i on | i v
living within 20 km of the coastlf3], and that number is expected to increasatggpopulations
grow. Consequently, construction of additional desalination plants to provide water to coastal
areas is expected. Ocean wave energy is a logical choice to power the plants because of the
pl antsdé cl ose plnaddiiomdcdaywavee®netdgysa higlaveraga energy
intensity 4-6 kW/m? as opposed t0.1-0.2 kW/m? for solar and 0.9.6 kw/m? for wind [8].
Worldwide, the usable wave energy resource has been estimated at ovewRHTNgh
potential locations including the western seaboard of Europe, the northern coast of the UK, and
the Pacific coastlines of North and South Americalf®the United States alone, the available
wave energy resource is 2,640 TWh/yr, which coultVjole almost two thirds of the 4,000 TWh
of electricity used in the US each yeal]. Figure 13 shows the wave energy poteniiakhe
us.

€
Ocean ‘
Wave
2640Twh

per year

River
Current

1381Twh

per year

Tidal

Current

445TWh

per year

&
= L P .
Ocean \_ﬁl‘ >
o

Current
200Twh

per year

Figure 1.3 Wave Energy Potentialthe US[10]
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There are a number ohallenges associated with wave energy conversion that have
caused théechnologyto lag behind other renewables like wind and sdtaparticular, it is
difficult to integrate power from wave energy converters (WECS) into the electricity grid
because ofiigh variability inwave properties such as height, period, and directiormake
things even hardewave resources are typically located where there are minimal grid facilities to
begin with.The varying wave propertieextreme weathexvents and corrosive seawater
environmenimake it challenging to design devices that can handlemuwukhingconditions
[14].

Neverthelessn spite of theifficulties, wave energy convertecontinueto be developed
around the worlés governments and companies see a continuous, clean, and plentiful way to
power countries and economi&y 2025, he wave energy market is expected to reach 107
million USD, with a compound annual growth rate (CAGR) of 19.3% from 2020 to 2025.
Europe has the largest and fas@gstwing waveenergy marketyith North America and the
Asia Pacific at second and third [1H).recent years, Europe has been the leader in operational
WEC projects296 kW in Spain, 400 kW in Portugal, and 3200 kW we8en as of 2016 [14].
Table 1.lcompareshe power produced BYWEC installations worldwiddn the past two
decadespnenoteworthy acomplishmenin WEC installation$ the Pelamis design, a fuicale
prototype that generated electricity the UK natonal grid in 2004 and operated at the firstpre
commercial array from 2008 to 20@esides the Pelamis) R014 several offshore WECs
including the Aquamarine Power Oyster and Wave Dragon were deployed at test centers and
the past few yearthere wereseveral smalscale (<100 kW) WEC sea trials in the US [16].

Table 1.1 Wave Energy Converters Installations (kW) around the World (201

Country Planned Installed Operational Total
Canada 0 0 11 11
New Zealand 0 20 0 20
Denmark 39 12 1 52
Italy 0 150 0 150
Mexico 200 0 0 200
Ghana 0 0 450 450
Spain 0 230 296 526
Korea 0 0 665 665
China 0 400 300 700
Portugal 350 0 400 750
United States 1335 500 30 1865
Sweden 0 0 3200 3200
Ireland 5000 0 0 5000

1.3Methods for Ocean WaveEnergy Conversion

Ocean wave energy converters have been under development for centuries, with the first
patent for an ocean wave energy converter filed BsenchmamamedPierreSimon Girard in
1799.In Japan, Yoshio Masudsegan studying wave energgrversion in the 1940s and
developed a navigation buoy powered by wave endfiggguda is often considered the father of
modern WEC technology [17T.oday,there is tremendous diversity in the different types of
WECGs, with no c¢onyv eesignasirctiee caseof windenerdye Thg threes e d
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main categories are oscillating water column, oscillating bodies, and overtopping devices, as
shown in Figure 1.418].

On Supporting Structure: Limpet
Rigid Structure ~|:

Oscillating Water
Column(with air In Breakwater: Sakata, Mutriku

turbine) : )
Floating Structure: Mighty Whale, Spar Buoy, Orecon

Translating: AquaBuoy, IPS Buoy,

Oscillating Bodies WaveBob, PowerBuoy

(With hydraulic turbine, || Surface Device

linear hydraulic
turbine, linear electrical { Translating: The Mace

Rotational: Pelamis, PS Frog, SEAREV

generator) Submerged

Devi i [
evices Rotational (bottorhinged): WaveRoller, Oyst¢

Shoreline (with channeling): TAPCHAN
Rigid Structure {

Overtopping Devices r——
(with lowhead In Breakwater (no channeling): SSG
hydraulic turbine) Floating Structure (with channeling): Wave

Dragon, McCabe Wave Pump
Figure 14 Wave Energy Technology classified according to working pringis¢

In oscillating water column devicé®WCs) a fixed or oscillating hollow structure
open to the sea below the water surfaceé traps air above the inner free surfade trappedia
is alternately compressed and decompressed by the wave action, forcing the air to flow through a
turbine coupled to a generator to produce electrjdéi®. Figure 1.5 shows a general diagram of
the oscillating water column concepiecause of the reaipcation of the air flow, OWCs
typically require a seifectifying turbine or a complex system of a@turn valves to rectify the
flow so it can pass through a conventional turbine. OWCs are one of the oldest and most
collectively developed classes of veagnergy converterboth as floating offshore systems for
powering devices such as navigation buoys and as-showated poweplants for providing
electricity to the gridThere have been several rsahle OWC systems constructed and tested
over theyears, including the 500 kW Toftestallen plant in Norway, the 100 kW Sakata Caisson
Breakwater in Japan, the 400 kW Pico plant in Portugal, and the 500 kW LIMPET device in
Scotland20]. Figure 16 shows the Sakata Breakwatehich began power generationthe
winter o 1989 [22].
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Figure 1.5Generic scheme of a bottefmed Oscillating Water Column (OWC) energy
converter [20]
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Figure 16 OWC breakwater at Sakata Port in Jafil}

Oscillating body WECSs use a power takeoff (PTO) systecotwerta devi ce 6 s
oscillating motion into useful power. Typically, the PTO is either a hydraulic system or electric
generatof23]. There are many different styles of oscillating body WECs under development
generally falling into two classebBeavingor pitching Heaving devicesalso known as point
absorbersgontain bodieshat float on the surface of the waves. The PTO is activated as the
ocean wavesausanovement perpendicular to the sea [&]. More specifically point
absorbergan usually belassified as singleody or twebody systemgrigure 17 illustrates the
difference between singleody and twebody point absorber# single-body point absorber
consists of a floating buoy attached to a fixed referémaeistypically attached to the seafloor.

A PTO is placed between the buoy and the fixed reference. As the buoy oscillates, it drives the
PTO to generate powedfor a twebody point absorbeg submerged body is added beneath the
floating buoy and the PTO is waly placed between the two bodies. This eliminates the long
PTO connection distance between the seabed and water surface as in the case of-Hwlgingle



point absorber. Other benefits of the thmady point absorber include increased captured power
due b the larger relative motion with two bodies and improved stability from increased radiation
and viscous damping caused by the submerged bodyH2bgnt examples of point absorber
WECs include the 150 kW PB150 PowerBuoy by Ocean Power Technologie®aaetaf

scale 600 kW device by Wavestar, in addition to the examples shown in Fig({26]1.

Translator

Springs

(b)
Figure 17 Heaving(point absorberjlevices [1€

(a) Singlebodyheaving buoy: Swedish heaving buoy with linear generator
(b) Two-body heaving buoy: deep drauggptar device

(@)

Unlike the translational motion of heaving devices, pitching devices use the relative
rotation between two or more bodies to produce power [18hiRgalevices are typically
classified as either floatidgalso known as attenuatérer bottonmthinged. Figure B shows the
difference between attenuators and bottunged pitching devices. Attenuators consist of a
series of sections linked by flexible hegdyjoints that allow the sections to rotate relative to each
other. The device is placed in parallel with the wave direction and oscillates with the amplitude
of the wave while being moored to the seafloor [27]. Typically, attenuators use a hydraulic PTO
attached between the sections that is driven linearly as the joints rotate [18]. Examples of
attenuators include the McCabe Wave Pump; @00 kW Pelamis, 566000 kW Wave Star,
375 kW Salter Duck, and 1000 kW Anaconda [28]. With bottonged WECS, a dewe
resembling a plate is pivoted on a rotation axis attached to the seafloor. Batiged WECs
are deployed in near shore water with depths up to 20 m and can be fully submerged or surface
piercing. There are a variety of PTO styles under developmehoftomhinged WECs
including hydraulic pistons and electrical generators [29]. Some examples of {ntigead
WECs include the 100 kW WaveRoller and the-2900 kW BioWave [28][29].
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Figure 18 Pitching Device
(a) Floating(attenuator): McCabe Wave Purji8]
(b) Bottom-hinged:WaveRoller[24]

Overtopping devices generate power by capturing sea fmateincident waves above
sea level and releasing the water back to the ocean through turbines. They can be classified as
eitherfloatingdevices that are moored offshorecoastal devicethat are permanent structures
attached to the sharas shown in Figure 1.Because overtopping devices are not dependent on
correctly tuning the device to resonate with the waves, the devideegaonstructetb bevery
large[30]. Another advantage is that very unstable wave energy can be converted to relatively
stable static energy. Also, overtopping devices typically convert the water flow to electricity
using low head axial turbines, whichasnature technique in hydroelectricggneering making
power generation design easier [3pwever,there are still challenges with overtopping
devices, especially witfloating and stabilizingffshore structure® optimize power output
[30]. Overtopping device examples includet350 kKWTAPCHAN, 40 kW Wave Dragon, and
150 kW Seawave Slotcone GeneratoiSSQ [28].
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(b)
Figure 19 Overtopping Devicef30]
(a) Offshore floating: Wave Dragon flow schematic
(b) Coastal: TAPCHAN schematic

1.4 Motivation and Objectives

While much of thevave energy converter development has focused ons$aaje power
generation, there is also increasing interest in satalle applications. Manypes oflow-energy
marine devices could potentially be powered by ocean wave emgctyding navigation gns,
illumination, sensors, survival kits, and electronics charf233]. The Powering the Blue
Economy report by the US Department of Energy (DOE) highlights the importance of small
scale ocean wave enerf8]. Through design competitions, the DOE has actively sponsored the
development of smaBized wave energy devices. The Waves to Water competition, for instance,
focuses on wavpowered desalination and the Ocean Observing competition focuses on wave
powereddevices for ocean condition monitorif@#][35].

The objective of this thesis is &xamine and optimize the performance of sragiéd,
oscillating body wave energy convertefsvo main types of oscillating body WECs were
investigated: bottorminged andattenuatorFor the bottorrhinged device, the goal was to
demonstrate the feasibility of an oscillating surge wave energy converter and desalination system
by using numerical modeling to estimate the system performance. The system was designed to
addresseeds outlined in the US DOE Waves to Water competition, which seeks to grow the
development of wavpowered desalination systems that are small and modular and can provide
potable drinking water in disaster response situations and to remote coastah$j84ati For
the attenuator, the goal wasuse resonance tuning and numerical simulation to develop a
method of power maximization. The attenuator dimensional constraints were selected with small
size and portability in mind.

1.50rganization

Chapter 2 presents some theoretical backgrouardksalinationpceanwave energy, and
software used for numerical modeling of wave energy converters. Chajascrdeshe
methodology and results for tperformance estimation of the o$aiing surge wave energy
converter and desalination system through numerical modeling. Chapter 4 presents the
methodology and results from the power maximization study for théobaly attenuator.
Chapter 5 gives the conclusicssd some ideas for futureovk.



2. Theoretical Background

2.1 Desalination
2.11 Overview of Desalination Technologies

Desalinatiorcanbed e f i ned as At he thermodynamic proc

from water that c[2hNoanattershowddesalmatidnis@aatomspliahled, theve
is always a minimum amount of chemical energy required to accomplish the separation. In
addition to separation energy, the desalination system as a whole introduces additional energy
consumption with evgradded inefficiency present in the syst@@]. Generally, preserday
desalination technologies fall into three main categories: predsiwen, electric fielddriven,

and thermally drive37].

In the case of pressud¥iven desalinatiorpressure exéed on one side of a
semipermeablenembrane separates the solution into permeate and retexigatedllecorine or
concentratge The permeate ke purified water while the brine is a concentrated solution that
must be disposed of or treaf@B]. Sepaation efficiency for pressurdriven desalination
processes is expressed as the rejection of a given compound, as skqwation 21, wherecp
is the permeate concentration and the feed concentratioihe rejection ranges from O for
complete permeation to 1 (100%) for complete rejection. For industrial applications, rejection
ranges from 14%50%, but is typically around 20$38].

Y'QQQ D OPQEETD (2-1)

Osmosis is a naturgrocess in whicla lower concentration saline solutitands to flow
through a membrane to a higher concentration saline soldienflow occurs until the system
reaches equilibriun89]. The osmotic pressure tise amountof pressure that must be appli®
the high concentration solution side to stop fluid movement during osp0giDsmotic
pressure depends on the solution concentrafigpically, seawater osmotic pressure is8D
bar (435580 psi)[39]. Reverse osmosis (RO) uses an applied pregsuprce water from a
higher concentration solution through a membrane to a lower concentration saline solution,
removing salt and other particlg39]. Figure 2.1 illustrates the difference between osmosis and
reverse osmosifkeverse osmosis iscemmon pressurdriven desalination process and uses a
membrane with a pore size typically from 0.600001 micron$41].

Concentrated
Solution

(la Osmosi s (b)) Reverse Osmosi s
Figure 2.1:0smosis vs. reverse osmopgi2]



Figure 2.2 showthe basiclayout for a reverse osmosis desalination prodassming
feed water typically undergoes pretreatment to remove suspended solids:gkdsghre pump
is used to reach the pressure necessary to achieve reverse esmgsisduce permeai43].

High-Pressure
Feed Pretreatment Pump RO Module pgrmeate (Fresh,

Water ; Product Water)
—> —>

l Brine (Reject,
Concentrate Water)

Figure2.2: RO desalination basic layoj43]

A typical reverse osmosis moduespiratwound, containingheets of membrane and
mesh spacer wrggdaround a centggermeatdéube as shown in Figure 2.3he spacers create
flow channels for théncoming feed water while the permeate tube collects the desalinated water
generated from the membrane |ajzt].

Brine seal —,.

o
eed goW
Perforated central
—
Feed channel
spacer

<—Membrane

Permeate collection material
Membrane ‘
Feed channel spacer

Quter wrap

Figure 23: Spiratwound membrane illustratidd 5]

Multiple RO modules can beonnectedn various configurationto boost permeate
production Figure 2.4 illustrateeow multiple stages can be added to an RO sysiiim the
concentrate from one stage feeding into the RO module of the next stage. Concentrate can also
be fed back into the mal feedwater stream to further increase the efficidd6y.

RO Membrane

Feed Water ——) ——> Permeate Water

|

(a) Concentrate Water
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>

RO Membrane f Water
| RO Membrane
Feed Water
RO Membrane
Concentrate
Water
(b) 1t Stage 2" Stage
» Permeate
RO Membrane { Water
% RO Membrane
Feed Water
RO Membrane
¢ Concentrate Recycle Stream - 4
Concentrate
(c) Water
Figure 24 (a) Singlestage RO; (b) Twstage RO; (c) Twstage RO with concentrate recycl
[47]

In electric fielddriven desalination, a voltage is applied to the systetenporarily
create an electric field that drives the desalination process. The two main types of electric field
driven desalination are electrodialysis (ED) and capacitive daiboiz(CDI) as shown in
Figures 2 and 26. For ED, electric potential is the driving force to extract charged compound
from a saline solution. As ions migrate through anion and cattchange membranes,
concentrate is generated in one compartmentresace retained in opposite membranes and
fresh water is generated in a different compartment as like ions migrate through the appropriate
membranedn CDI, a feed solution is passed through oppositely charged electrodes polarized by
voltage, creating aelectric field in the medium. Consequently, an interface is created between
the electrodes and an electrolyte in which solvated ions are adsburedy the adsorption
phase, fresh water exits the system as the salt ions are removed. During the dgdtap&m
release the adsorbed icawsd discharge bringhe electric field is cut off at zero voltafys].
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Figure 25. Schematic diagram of electrodialysis (BiHere A is the anion exchange membi
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Figure 26. Schematic of CDI during (a) adsorption and (b) desor 48}

Thermal desalinatiomvolves changing liquid saltwater into vapor. The vapor, which is
geneally free from the salt and other contaminants that were in the saltwater, is condensed to
form high-purity distilled watef50]. The main types of thermal desalinationludemulti-stage
flash (MSF), multieffect distillation (MED),andmechanical vapor compression (M\.@) the
case oMSF, fluid is heated at a certain pressure and flashed at a lower pressure to form vapor.
The vapor is collected and condensiembugh several stagés create purified wateas shown in
Figure 27. In MED, inlet saltwater is boiled in a series of evaporation effects. First, heat from a
source such as waste heat or a solar collector is used to vaporize the sdltveatapor then
passes to the next effect, where it loses latent heat to evaporate ditwaterthat isfed into
the next effect, and so pas shown in Figure . MVC uses a compressor to pressurize and heat
water vapor and then condenses the vapor into distillate using a heat exchanger with the
incoming saltwater. The saltwater is prelegas it enters the system by the exiting pure water
and brine streams. Figureé9zhows an outline of the MVC procd$s2].
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Figure 27. Schematic of muklstage flash (MSHpB3]
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Figure 28. Schematic of mukeffect distillation (MED)with 3 effectq53]

T

Compressor "
.
.

avap

Heat Exchanger

U ¢ /WW Seawater
8
T —’\% — Pure Water
H L

Evaporator

Figure 29. Single effect mechanical vapor compression process (MVC) with
spray evaporatio[b2]

2.12 Reverse Osmosifor Wave-Powered Desalination
Looking at the various types of desalination technology presentstiion 2.1.1,
reverse osmosis (RO) ame of the top types of desalination technoltmyusewith wave energy
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converters. It can achieve over 99.4% rejection, able to reduce the approximately 35000 mg/L
total dissolved solids (TDS) in seawater down t6-400 mg/L TDSIn comparison wittother
technologies such as multipédfect distillation (MED), multistage flash distillation (MSF), and
mechanical vapor compression (MVC), RQuisigh-scoring option, as shown in Figu2el0

[54]. Reverse osmosis also has high thermodynamic energy efficiency when compared to other
processes, as shown in Figur@1437]. Because it performs particularly well in smatlale

operation and has a highermodynamic efficiency, RO is wedlited for wavepowered
desalinationThe high energy density of ocean wave energy makes it argatwihfor

overcoming the osmotic pressure to drive reverse osniRGisvas selected as the desalination
process for theakign presented in this thesis.

Metric MD ;. RO MED MSF MVC
Energy Efficiency 2 Yrrety | tevedy v WYYy Yy
NaCl
High-Salinity Feedwaters @ @ WHW ! WWWw WY WWw Wwww
Small-Scale Operation TirYr | Sy ety et vy
P
Utilizing Low-Grade Energy .ﬂ TrirYy | WYy WirYr Wty vy
Fouling Resistance Wt Ul Y Ry ood
Rejection of Non-Volati " "
ejection of Non-Volatile 1A LTy R ORT ANt Ane
Neutral Solutes ud on
Low Pretreatment % WWW ! W@ WRW WWW WWW

Low Lifetime Costs 3?@ WWW: Wl Wil wwlr www

Figure 210. Comparison of desalination technologies across a variety of desalinatic
performance metrid$4]

The thermodynamic energy efficiencykE, can be used to quantify the energy
efficiency of anydesalination process. Figurel2 compares th@ EE for different desalination
processesshowing that RO has very higiEE Also known as secoddw efficiency or exergy
efficiency, TEEis quantitatively defined as the ratio of Gibbs free enepgjo specific energy
consumptiorSEC TheSECcan be calculated as the waspecific energy consumpti®@EG,,
the energy consumed to generate a unit volume of deionized water. Thepetdic Gibbs

free energyp g is theideal separation energy requinger volume of product water. THEE
can be calculated according to Equatied [37].

(2-2)
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Figure 211. (a) SEGy vs.p g and (b)TEE vs.p g for the major desalination proces$2g|

2.2 Ocean Waves

Ocean waves are usually classified into four main types: wind waves, seiches, seismic sea
waves (tsunamis), and tidégable 2.1lists the four main wave types, the typical wavelength,
and the disturbing force that causes each type of y&bjeln wave eergy conversion, wind
waves are the main wave type of interest, and that is the wave type that will be explored in this

thesis

Table 2.1. Wavelengths and Disturbing Forces of the Main Ocean WWaes[55]

Wave Type Typical Wavelength Disturbing Force
Wind Wave 60-150 m (206500 ft) Wind over ocean
Seiche Large, variable; a Change in atmospheric pressur

function of basin size

Seismic sea wave 200 km (125 mi)

(tsunami)
Tide

storm surge, tsunami

Faulting of seafloor, volcanic

eruption, landslide

14 circumference of Eartt Gravitational attraction, rotation

of Earth

2.2.1 Standard Coordinate System
Typically, for a body floating in water, there are six standard degrees of freedom (DOFs).

The translational DOFs af&) surge (x)(2) sway (y),(3)h e av e
(4) roll (RX), (5) pitch (RY), and6) yaw (RZ). The positive xaxs defines a wave angle heading

(z)

and

t he

of zero andhe positive zaxis is in thevertical upwards directiarFigure 2.12 illustrates the
standard coordinate system for a floating bf6}[57].
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direction

Figure 2.12. Standard coordinate system for a floating f®d

2.2.2 Regular Waves

In reality, wind ocearwaves are a composition of numerous waves with different
frequencies and directionsiteraction between the many component waves causes irregular
variation in wave height, period, and other properties, making mathematical modeling
challenging A regular wave is a simplified, sinusoidal approximation of ocean waves used for
modeling purposel$8]. Figure 2.13 shows standard layout of eegular wave model.

Wave height crest 1

g\ H\ A Wave amplitnde A = H/2

SWL >
:\J T
1
1 wavelength

Water depthh 1
l : trdugh /

1

A
LA e

Figure 2.13. Regular wave model diagrgs]

Wave perod T

T

The linear wave, or Airy wave, is a regular wave model considered to be the simplest
model of an ocean wave. It assumes homogenous, incompressible, inviscid fluid, and irrotational
flow. In addition, it assumes that wave amplitude is small compamedvdengthand water
depth, allowing the linear free surface condition to be usedfixed reference axes, water
surface elevation at position X and Y can be expressed in complex form by E@uatidrere
aw is the wave amplitude;; is the wave frequency in radksis the wave numbegis the wave
propagation direction, arldis the wave phag&8].

- ®0Q (2-3)

For finite water depth, the velocity potential at locat®dn D is given by
Equation 24 whered is the water depth arglis the gravitation accelerati¢i8].
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(2-4)
Using the linear free surface condition, the linear dispersion relatianshée
relationship between wave frequency and wave nuinizegiven byEquation 25 [58].
b = Qo B0
O
(2-5)
Wavelengthand period are given iquatiors 2-6 and 27 respectively[58].
<
= TQ
(2-6)
y S
1
(2-7)

By using the Bernoulli equation and only considering the linear term, the fluid pressure
can be rewritten as EquatiorB2vhere} is the water densits8].

" AT G Q
Al K0

n & Q " QW

(2-8)

Wauve celerityis the velocity of wave propagation and can be writteth@satio of
wavelength to periodccording tdequation 29 [58].

QY . Q

v = oy
= ZZO0ATE
6 % - O

(2-9)
The fluid particle velocity can be found by taking the partial derivative of the velocity
potential, as shown in Equationl®.
w1 AT G Q | T B uNE v T
5ETR Q wé H.Qb QoARG Q
(2-10)

® O

The wave will become unstable and begin to break when the wave particle velocity
equals the wave celerity. For any water depth, the linitondition for wave breaking can be
given by equation-21. For a deepwater wave, the wave breaks when the wave hé&ghtq
is 1/7 of the wavelength, or in other words wien pj x _ [58].
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(2-11)

2.2.3Irregular Waves

In order to better approximate then-sinusoidal properties of ocean waves, an irregular
wave model uses a limited number of the dominant harmonics fowatan wavefs0]. Linear
wave theory can be usedrepresenmulti-directional sea waves (short crested waves) as the
sum of a large number of wave components, as shown in EquatidmdereNqs andNm are the
number of wave directions and wave components along eachdivagdon,... & ph
ajm is the wave amplitude;jm is the wave frequenckm is the wave number, andh is the
random phase angle of a wave compof@nQ phy  [58].

_ n I" © I"\ (I) 'Q

(2-12)

Although the wave spectrum spreads from zero to infinite frequencies from a
mathematical standpoint, in realityave energy is often concentrated in a relatively narrow
band that determines the wave patt€onsequetly, specific starting and finishing frequencies
can be selected for Equatioril2. The starting and finishing frequencies should be selected so
that the range covers at least 99% of all wave energy. For a wave spettrumintroduced for
themth subdirectional waves, the wave amplituge can be expressed by Equaticdi2
Unidirectional (longcrested) waves only propagate along one specified dire®ion 1) [58].

&) <Y1 ¥
(2-13)

Other important spectrglarameters include the significant wave height (Equatit)2
mean wave period (Equationl®), mean zero crossing period (Equatieh?2, and peak period
(Equation 218). The value foim is given by Equation-24 and<, is the peak frequency at
which the maximum wave energy occurs in r488.

a T Q)

(2-14)
0 T & (2-15)
Y oca Ta (2-16)
Yo & Y (2-17)
Yot d (2-18)
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Irregular waves in therth subdirection can be represented by wavelets with constant
amplitude, as shown in Equatiorl®, where'O is the significant wave height in this sub
direction and\in is the number of wavele[S8].

(2-19)

The PiersorMoskowitz (PM) spectrum is a commonly used type of irregular wave
spectrum that assumes a fully developed, {orggted sea. It can be formulated using significant
wave height anggeak wave frequency. Equatior2@ defines the spectral density for the surface
elevation for the PM spectrumwheref, is the peak wave frequency aind the wave frequency
[57].

w e O oy Q

—|C

(2-20)

2.2.4 Hydrodynamics

In contrast to actual ocean wavemstwater wave theories assume periodic and uniform
waves, with period and heighH. To develop a wave theory, approximations are used to solve
a boundary value problem (BVP) containing a differential equation andlaounonditions.
Two main assumptions imostwater wave theories are incompressibility and continuity of flow.
Incompressibility is equivalent to expressing conservation of volume, which can be stated in
terms of the fluid velocities according to Equatib@1 whereu, v, andw are the three
components of a fluid particle velocity in a rectangular Cartesian coordinate $§dfem
0
ol of &

—a

T ot
: .
(2-22)
In terms of the velocity vectdEquation2-22) the continuity equation can be written as
Equation2-23. The gradient is defined by Equatiai24. The incompressibility assumption
causes the gradient of the volume to be equal to[B&fo
oo Ul 0l (2-22

N T (2-23)

(2-29)
Water wave theories also assume irrotational flow. The rotation vector is given by

Equation2-25and the three components of the rotation vector are given by Equ2d2en2-27,
and2-28 respectively. For irrotatimal flow,) 1 1 T [61].
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Irrotational flow can be described by a velocity poterftiactiont , which is related to
the rectangular Cartesian velocity components by Equatthand Equatior?-30. Substitution
into the continuity equation (Equati@?1) yields the widelyused Laplace equation (Equation
2-31) [61].

6 —Rm —Rp

—a
—a

T T T &
(2-29)
" (2-30)
) ! )
Yot Te Ta !
(2-31)

Irrotational flow also leads to the unsteady form of the Bernoulli equation given by
Equation2-33, which is derived from the unsteady Navier Stokes equation given by EqRBation
32, wherep is fluid pressurgy is fluid viscosity andVs is the fluid velocity[61].

S I R RN R
T o q
(2-32)
) P, T ) )
T M T T T ta
(2-33)

For a twedimensional case, theslocity potentiaddifferential equation can be simplified
to Equatior2-34[61].

(2-34)
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The bottom boundary condition is given by Equa®eBb by assuming that the ocean
floor is flat and the vertical velocity component will be zfb).

T A6 0
T W
(2-35)

The free surface kinematic condition is given by Equa2@® by assuming that a
particle lying on the free surface will continue to remain on the free surface for a given instant of
time [61].

— ——. —, TA® -
(2-36)

The free surface dynamic condition is given by Equa2@7 by assuming that the
atmospheric pressure outside the fluid is congtijt

T—‘ T— Q- MAG -
T W T W

0

_.
Fallho)

(2-37)

Linear Airy Wave Theor§ also known as Airy theory or sinusoidal wave théory one
of the simplest and most useful wave theories available. It uses the small amplitude wave theory,
which assumes that wave height is small compar&dtelengthor water defh. This allows
linearization of the free surface boundary conditions by dropping wave height terms beyond the
first order and allows the free surface conditions to be satisfied at the mean water level instead of
the oscnlatlng free surfac&he firstorder velocity potential is given by Equati@88where
Q T © Qand— Qo @ o The wave profile is given by Equati@®B9[61].

QG 08
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(2-39)
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(2-39)

Wave energy flux islefined as the mean power per unit crest length. For regular waves,
energy flux can be found by time averaging the product of wave pressure and fluid particle
velocity in the direction of wave propagation, as shown in Equatiéd[82].
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The group velocitgg is given by Equatio2-41. The depth functio®(kh)is given by
Equation2-42 and can be approximated as 1 for deep w@@l Band as 2kh for shallow
water( 2 Y0) [62].

@ El— p ;Q} —QO ™
cQ OE IcEQ d
(2-41)
(2-42)

The energy flux can be rewritten as Equafie43 by substituting Equatio-41
into Equation 240[62].
""Qd '0 O

T
(2-43)

Capture widthCWis defined as the wave crest width completely captured and absorbed
by the wave energy converter. It is the ratio of absorbed wave poiwarave energy flud, as
shown in Equatio2-44 [63].

6w 0T (2-44)

The capture width ratid w "Ys a way to quantify the device hydrodynamic efficiency,
dividing the capture width by a characteristic dimensiaf the WEGC as given in Equation-2
45. The characteristic dimension is often the device wiBiBh

8oy # 77, (2-45)

2.2.5 Wave Body Interaction
For a diffracting body in regular harmonic waves, Equa2idi® definesthe velocity
potential for thefluid flow field surrounding a floating bod8].

nED D B0 (2-46)

The unit amplitude of the three translational and rotational motiohs t he body 6 s
of gravity are given by Equatidt47 and2-48 respectively. This allows the isolated space
dependent term ® to be written as Equatid®49, whereli; is the incident wave potentialg

is the diffraction wave potential, ardg is the radiation wave potential due tthjmotion with
unit motion amplitudg58].
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(2-49)

The first order hydrodynamic pressure distribution can be calculated using the linearized
Bernoulli ds equation when the wave va&50ocity p
[58].

‘ e
n o Q "®Q
(2-50)

The unit normal vector of a hull surface can be writecording tdhe six basic rigid
body motions, as given by Equatiai¥1 and2-52. The position vector ad point on the hull
surface with respect to the center of gravity in the fixed referencqRRég is given by
Equation2-53[58].

iR R B (2-51)
tRE b B (2-52)
b & @ (2-53)

The fluid forces can be calculated by integrating the pressure over the wetted surface of
the body. EquatioB-54 gives the first order hydrodynamic force and moment components
whereS is the mean wetted body surfadéej-th Froude Krylov force due timeincident wave
is given by Equatio2-55. Thej-th diffraction force due tthediffraction wave is given by
Equation2-56. Thej-th radiation force due to the radiation wdx@m thek-th unit amplitude
rigid body motionis given by Equatio2-57 [58].

"0 AoEQY Q" . 3R

(2-54)
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(2-57)
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The fluid forces can be broken into reactive and active compofdrd-roudeKrylov
and diffraction force make up the active or wave exciting force. The radiation force caused by
radiation waves induced by body motions is the reactive force. Whensheaee loading on a
fixed body, then only the active wave forces are important. If a body is floating, both active and
reactive forces are of interest. The radiation wave potdhtiahn be expressed in real and
imaginary parts and substituted into Equa®-57 to find the added mass and damping
coefficients, as shown in Equati@b8. The added mags« and dampindjk coefficients are
given by Equation2-59 and2-60 respectivel\{58].

e Q" YCe ® QOe ® £QY
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2.3 BEM Solvers

The boundary element method (BEM) is a numerical method that formulates systems of
differential equations into boundary integral folGr e e n 6 s afe usedtdransformsa flow
problem into a source di st rinthedydrodgnamigcontektl e m
BEM solves for the scatter and radiated velocity poterttiasare caused by the interaction
between a wave field and the body located in the fiekditing force is determined by solving
the scattering potential when the body iklfexed. Addedmass and radiation damping terms
are determined by solving the potential for a moving body in the absence of incident waves.
Table 2.2 compares several commonly used hydrodynamic BEM salvVAMIT, NEMOH,
AQWA, Aquaplus, and WADAM solve ithe frequency domain while ACHIL3D solves in the
time domain64]. AQWA is one of the most widely uségydrodynamic8BEM solvers anavas
used for the studiedescribedn this thesis.

Table 2.2. Available BEM Solvers and their Characteri§6d$
BEM  Frequency Time  Open
Solver Domain Domain Source
WAMIT X
NEMOH
AQWA
Aquaplus
ACHIL3D
WADAM

X X '35 15 135 15
X5 X X X X
X X X X3
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2.4 WEC Sim

Developedn collaboration between National Renewable Energy Laboratory (NREL) and
Sandia National Laboratories (Sandia), WEith (Wave Energy Convertemulator) simulates
wave energy converters using an ogenrce codeMATLAB/SIMULINK was used to develop
the codewith Simscape Multibody. WEGIm can model devices that contain rigid bodies, joints,
power takeoffs, and mooring systems by solving governing equations in six degrees of freedom
in the time domainWEC-Sim must be used in combination with a BEM solver sscAQWA.
The nondimensionalized hydrodynamic coefficients are imported into V@#ET from a *.h5
data structure generated from the BEM output. The hydrodynamic coefficients are scaled
according to Equatiorz61, 2-62, 2-63, and2-64 whereFexcis the waveexcitation force/torque
coefficient,A is the radiation added mass coefficidhts the radiation wave damping
coefficient, anKnsis the linear hydrostatic restoring coeffici¢st].

. sO 1 s
sO 1 s —q
(2-61)
. 01
0] —
(2-62
01 —61
"
(2-63)
, 0
0 g
(2-64)

After scaling the hydrodynamic coefficients, WE®n calculates the dynamic response
of the system in the time domain by solving the WEC equations of motion. For example,
Equation2-65lists the equation of motion for a floating body about its centerasityy where
M is the mass matrixp is the(translational and rotational) acceleration vector of the device,
Fexdt) is the wave excitation force and torque vedt(t) is the force and torque vector
resulting from wave radiatiomipio(t) is the PTO force and torque vectby(t) is the damping
force and torque vectdfFmdt) is the Morison Element force and torque vedke(}) is the net
buoyancy restoring force andrtue vector, aném(t) is the force and torque vector resulting
from mooring connectiarAfter calculating the dynamic response, the results can be post
processed using additional functions to obtain the desired rdsgiise 2.14 illustrates the
overallworkflow for WEG-Sim [57].

b O 6 O 6 O 6 V6 O 6 OO OO
(2-69)
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3. Analysis of anOscillating Surge Wave Energy Converter and
Desalination System

3.1 Design Overall Conceptand Working Principle

The objective of this chapter was to show the feasibility of an oscillating surge wave
energy converter and desalinatgystemusing numerical modelingscillating surge wave
energy converters (OSWECSs) have been studied in literature such a29R¢65], [66], and
[67] andOSWECSs with desalination systems have been studied in literature such [@8Ref.
but the literaturdnas mainly focused on the large industrial scale. This study seeks to explore
OSWEC desalination systerfta smallscale, portable applicatioriBhe system was designed to
meet requirements described in the US DOE Wave to Water competition, which wed tweat
increase the development of small, modulsave powered desalination systems that can
generate potable drinking water in disaster response situations and for remote coastal locations
[34].

In order tocapture motion from the waves, this design uses a-dypgewave energy
converter with a bottorhinged, rectangular, oscillating flapigure3. 1 s hows t he syst
overall layout.Thebi-directional oscillation of th8ap drives a doublacting lineapiston pump
to force seawatdp the shore whenmeverse osmosis used tproduce freshvater, also called
permeateThe RO module reduces the concentration from saline water (35000 ppm) to fresh
water.A gascharged accumulator is used for pulsation dampening to prevent large pressure
spikes, which can damage components and reduce freshwater produgiressure relief alve
is used as a safety mechanism to prevent the system pressure from reaching a level that is
damaging to th®O module A needle valvas used to contralhe outlet flow rate of therine,
which ishigh-salinity water produced as a byproduct during ree@smosig-or stable
deployment, the systeoan be anchored to the seafldenotection bumpers can be used to
prevent undesirably largap rotation and damage to the piston punmgler large wave
conditions.

On the shore: RO I|lodule In the ocean: wave energy converter

Brine NeédleMa

sdlineymiate

Pressure”
Rélieftalve

Figure3.1 Overall System Diagre
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Using a system of three check valves, seawater is pressurized by the piston pump in one
direction regardl ess of t 82shpnsthd wonkibgprindipler ect i o
of the linear piston pump. On the upstroke, the inlet valve and watlet are open while the
intermediate valve is closed. Fluid is pulled in through the inlet valve while the fluid above the
intermediate valve is pushed out. On the downstroke, the intermediate valve and outlet valve are
open while the inlet valve is clodgforcing fluid to flow through the intermediate valve and then
exit the chamber through the outlet valve.

-(a).[Bnensidh Stlfrumtu e ] (b).\WorkifgRrin:

] = P.r@ss\ure .G@ugﬁ?ﬂfﬁeﬁi mmﬁwmmﬁﬁﬁm BywOcean Wave
d - Ouitlet:Vialve

nidirectionalHpgbsstire
Up Stroke Down Stroke

Piston Rises Piston plunges

Fluid pulled in No fluid pulled in

Fluid flows out Fluid flows out

Inlet valve is open Inlet valve is closed
Outlet valve is open Outlet valve is open
Intermediate valve is closed  Intermediate valve is open

Higkpressure: telietvdive A Intethoadiste Walve

linte
J<\ Inlet ]

Figure3.2. Double-acting piston pump working princif

Quitlet |

The accumulator has a hollow chamber that houses-fillgdsladder. During high
pressure states, fluid enters the chamber and compresses the bladder, storing potential energy.
When the overall system pressure drops, the bladder expands, pushingtfafitheuchamber
to regulate the flow. Figur&3 shows a cross section of a-gidled accumulator to illustrate the
working principle.

Charging
Valve

Shell

Bladder

Poppet
Spring

Hydraulic

Port Gas

Figure3.3. Bladdertype acumulator working principl¢69]

3.2 Mechanical Design

The system was designedfiiointo a standard shipping container for quick deployment
in disaster relief situation3he highly portablewave energy converter incorporates a foldable
flap design, as shown Figure3.4, which can be collapsed to 36x36x18 inches and extended to
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72x144x6 inches for deploymerithe flap support frame is made of extruded aluminum bar with
foldable hinges and each section is filled with foam to achieve the desired buoyancy. Reinforcing
bracketscanbe addedfter the system is unfolded strengthen theonnections between the flap
sections.

Folded Mode
2im "=

Foidable Hinge Unbided Mode.

Figure3.4. Foldable flap desit

Like the flap, the bottom frame also uses extruded aluminum bar for rapid assembly and
disassemblyFigure3.5 shows the layout of the bottom frame desilgre flap is attached to the
base using two short shafts that ride inside plain bearings. Because of the corrosiveness of the
seawater, bearings with moving metal components such as needle or ball bearings were not used.
The pump is attached to the bottiname using an adapter plate that has the pump mounting
pattern and a mounting pattern to connect to the aluminum framing. Using linkages machined
from aluminum plate and bar, the pump piston shaft is connected to the flap so that the flap and
pump move tgether undethewave excitation. A cartridge intake filter can be attached to the
pump inlet to prevent sand and biological sediment from entering the hydraulic séstem.
prototype of thevave energy convertevas fabricated and assembledfisturetesting in a wave
tank, as shown in Figui&6.
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. AN
Plain Bearing

Figure3.6. Prototype fofuturewave tank testir

Looking at stress in the design, one area of concehe sbmponent group connecting
the piston pump and oscillating flap. When pressure increases in the piston chamber, a large
force will be exerted on the connecting components, as shown in Biguiiénis force can be
approximated as a force that is equal and opposite to the force exerted by the fluid pressure on
the piston. The maximum expected fluid pressure in the chamber is 65 bar (943 psi), giving a
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maximum piston force of 896 Ibf based on thé@isarea. An FEA stress analysis was

performed in SolidWorks Simulation using the maximum piston force in order to correctly select
materials and dimensions. Talld summarizes the results. Based on the IEC Standard for wave
energy converters, the factofr safety in yield should be about 225under different scenarios

[70]. The FEA analysis results demonstrated that the Von Mises stress was below the material
yield strength for each component with acceptable factors of safety. Bi§usieowsthe FEA

results for each component.

Figure3.7. Flappump connection critid@omponent

Table 3.1. Critical Component FEA Results

No Component Material Yield Max Von Mises Factor of
' Name Strength (ksi)  Stress (ksi) Safety
1 Coupling 6061-T6 Aluminum 35 4.99 7
2 Linkage 6061-T6 Aluminum 35 6.83 5.1
3 Flap Link  6061-T6Aluminum 35 14.67 2.4
Coupling 516 Srainiess Stee 40 13.13 3
Rotation Pin

Flap Rotation
Pin

ol

316 Stainless Stee 40 15.22 2.6
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1-Coupling 2-Linkage
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3.3 System Dynamics and RO Supporting Equations

For the overall system, the equation of motion can be written as Eq@dtiby taking
the sum of the torques around the hinge poutierel is the moment of inertia of the flaPextis
the excitation torqueél;aq is the radiation torqudp is PTO torqueTyis is the viscous torquéy
is the buoyant torquesis the angular displacemenrtis the angular velocity, anehs the
angular acceleratiofrigure 3.9 shows th@evice motionLooking at the five term of torque,
TextandTrag are frequencyndependentTprois exerted by the PTO mechanism, which is the
linear piston pump in the case of this desifr.and Ty, are determined by the buoy geometry
and fluid characteristics.

Wave Propagation
—_—

I='><I |

Figure 39. Motion diagram for oscillating surge WI
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°e- Y Y Y Y Y (3-1)

For simplification of the numerical modeling work in the desalination portion of the
WEC-Sim Simulink model, permeate productismsmodeled using the simplified solution
diffusion modelgiven byEquations3-2 and3-3. In those equation§) is the permeate flow rate,
A is the water permeabilitygis the effective areap Hs theincoming feed pressurep ‘is the
osmotic pressure differencg; is the permeate concentrati@y,is the feed concentration, and
Bs is the salt permeabilityl'ypical values ofp “andCo for seawatewere useds constantfor
the analysis: 30 bar and 35000 ppm respectipgsy.

5 VY5 (3-2)
_— (3-3)

In the solutiondiffusion model, the effect of concentration variation and concentration
polarization are not considered. Concentration variation accounts for the salinity accumulation as
clean water recovers along the membrane module and concentratiaagimn accounts for the
salinity difference between the membrane surface and bulk sfrddnhe solutiondiffusion
model assumes that permeate flQuis primarily dictated by theet driving pressure, which is
theincoming feed pressuig@ minus the osmotic pressure differempé[68]. The recovery
ratio, the ratio of permeate flow ra@ to inlet flow rateQq, is given by Equation-3 [46].

Y — (3-4)

When wsing the solutiordiffusion model, it is important that the recoverpaiseasonable
valuebecause solutiediffusion does not consider concentration increase along the module.
Solutiondiffusion assumes that the brine is always the same salinity asatatee, but in
reality, brine salinity quickly increases as recovery incregg’2]. Consequentlysolution
diffusion tends tanaccuratelyestimate permeate production for high recovery valogss a
reasonable model for lower recovery valuggure 310 shows the flow schematic for the
membraneTaking the salt balance in the brine stream gives EquatmBereCo is the feed
salinity. The salt balance can in turn be used to derive the brine osmotic pressure as a function of
recovery, as shown in Equatior6346][72]. Figure 3.1 shows the curve for brine osmotic
pressure aafunction of recovery. Figure 3lldenonstrates that the brine salinity and osmotic
pressure become very large for high recovery values, so the saliffission model is therefore
inaccurate for high recovery values. In order to avoid the inaccuracy, a target recovery value of
25% was usedof the numerical model, as performedRef.[68].
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Figure 310. RO membrane flow schemaf#6]
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Figure 3.1. Brine osmotic pressure as a function of recoy46y

3.4 Numerical Investigation

3.4.1 Methodology
A WEC-Sim numerical model was used to solve the WEC system dynamics together

with the desalination solutied i f f usi on model tperforenanteiamdat e t he s
freshwater productiorhe WEGSim model was developed based on desalination modeling

work performed by the National Renewable Energy Lab (NR&R]) The BEM solver Ansys

AQWA was first used in the frequency domamshown in Figure 3.1® obtainimportant

hydrodynamic parameters suchtlas added mass, wave excitation, impulse response function,

and restoring stiffness before performing the time domain solution in-8IEBEC
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In the WECSiIm Simulink model, a shown in Figur8&.13(a), rigid body blocks were
used to model the base support frame and oscillating flap while a customized translational PTO
and Piston & RO block were used to model the hydraulic system, including the piston pump and
RO systemA rotational joint was usetb connect the flap and base support frafiee Piston &
RO blockshown in Figure8.13(b) contains the RO hydraulic system, including important
components such as the piston pump;a@sged accumulator, pressureetlialve, RO
membrane, and needle valveside the piston pump bloghown in Figure3.13(c), a double
acting hydraulic cylinder and check valves model the unidirectional flow of widierRO
membrane block shown in FiguBel3(d) contains a pressure iefl valve to model the osmotic
pressure and a |inear hydraulic resistance

) Wave Energy Converter

[Fonnf—  Rotational3
constraint(4)

]

Velacily Oul

Translational
PTO
Actuation
Force

plo(1)

-n
=3
°
A
o
Force Out  Velocity |

—
™ Eorce In

i

Rotational1
constraint(2)

Rotational2
constraint(3)

Base @

i
peae) Global Fixed1
Reference Frame constraint(1)

Figure3.13(a). Wave energy converter Simulink mc
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To minimize pressure fluctuation and prevent the system pressure from dropping below
the osmotic pressure, a gasarged accumulator block was used with parameters based on a
commercial product from Parker, with a fluid volume of 0.25 L anecherge pressure of 23.8
bar. A pressure relief valve (PRV) was included at the membrane inlet to prevent large pressure
spikes and ovepressurization of the membrane. The PRV openiergqure was set at 66 bar,
slightly below the membranef6s design pressure
brine flow rate exiting the membrangEhe needle valve opening height could be tuned to
optimize the system performanddsing the physial piston pumpcommercial product, key
parameters for the piston pump block were chosen, including a piston area of 0.95 in?"2 and a
stroke of 1.76 inln the RO membrane block, the osmotic pressure was set as 30 bar based on the
approximate osmotic pressufor seawater with 35000 ppm total dissolved solids (TDS). The
linear hydraulic resistance was dependent on the membrane properties and was calculated
according to EquatioB-7.

0 0 OHIOT GVArIBI o G 0
O z
(3-7)

Each simulation was run using a 3000 s duration, 0.01 s time step, and 250 s ramp time.
Average values were calculated after the simulation reached steadpstata states with
different wave heights and periods were used for the analysis based-aondeocean
conditionsfroma potential testing sitetJenne t t e 6s Pi e r,asshowmin Tabld2a r ol i n a
for a 5day testing periofB4][73]. Irregular wave simulations were performed using a Pierson
Moskowitz spectrum.

Table3.2. Wave Conditiong5-Day Test Period}34][73]

Sea Significant Wave Energy Time for Each Wave
State Height [m] Period [s] Condition [hrs][%]
w1l 0.5 6 26.4 (22%)

w2 0.5 10 6 (5%)

w3 1.0 6 33.6 (28%)

w4 1.5 7 26.4 (22%)

W5 2.0 7 26.4 (22%)

W6 3.0 7 1.2 (1%)

Baselinemembrane propertiegere takerirom a commercial RO membrane, a DOW
FILMTEC™ Sw302521, which was selected as an option for the physical system based on the
system pressure and flow rate requiremerable3.31 i st s t he commerci al pr
properties.

Table3.3.DOW FILMTECTM SW302521 Membrane Properties

Parameters Values
6 & Ta 70O T pTm
6 an 8 pTt
Ya P&
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An optimizationstudy was performed to determine the effect of adjusting the membrane
areaalong with the needle valve opening heidftie baseline membrane area was used as a
starting point for the studynitially, themembrane area and needle valve opening height were
tuned under W3, the dominant sea staiiéh irregular wave conditiond he target maximum
permeateoncentration was less than 1000 ppm and the target minirrday permeate volume
was400 L [34].

For sea states W1, W2, W4, W5, and W6, the needle valve opening height was tuned for
each sea state using the optimized membrane area froomtéB irregulakvave conditionsThe
reasoning was that in the physical system, the membrane area depends on the RO module
selection which is not adjustable like the needle valve opening heldtgrefore, it would not be
possible to adjust the membrane dmaeachseastate so the best option would be to optimize
the membrane area based on the dominant sea state, W3.

Using the tuned membrane aend needle valve opening heigtiite numerical model
was run to estimate the overall system performahiee.model was run using both regular and
irregular waves for the six sea statésr the irregular wave simulations, the effect of the
accumulator (ACC) and pressure relief valve (FRMs explored by including and removing
those components from the modEhble 3.4 summarizes the different simulations that were
performed.

Table 3.4. Performance Estimation Simulations

No ACC or PR' w/ ACC Only w/ PRV Only w/ ACC and PR\
W1, W2, W3,
W4, W5, W6
W1, W2, W3, W1, W2, W3, W1, W2, W3, W1, W2, W3,
W4, W5, W6 W4, W5, W6 W4, W5, W6 W4, W5, W6

Regular Wave None None None

Irregular Wave

3.4.2 Results and Discussion

Based on th&V/3 optimization study, the ideal membrane area and needle valve opening
height were 0.2 m"2 and 6-@em respectivelyFor W3, tis resulted in average values of 9.81e
7 m”3/s permeate flow rate, 581.62 ppm concentration, and 29% recoverydaiipérmeate
volume was 423.79.LTables 3, 3.6, and 3.7 show a section of the data for average recovery,
permeate concentration, andia@y permeate volumerigures 3.4, 3.15, and 3.5 show a
section of the curves for recovery, permeate concentratiorh-dayg permeate volume.
AppendixA contains the completetof data tables from the studgecause the target recovery
was 25%, only the cases with recovery in the826 range were considerad possibilities for
the optimal caseAlthough thecase with(0.1 m”~2 5.5e6 m) hadlower concentratiofior similar
recovery, the &lay permeate volume was 389166vhich isless than the target minimuraday
permeate volume of 400 Some larger membrane areas could achieve similar recovery values,
buttended to havexcessivelyhigh permeate concentration, makihg case witlf0.2 m"2
6.0e6 m)the best optionThe needle valvepening heights for W1, W2, W4, W5, and W6 were
tuned using the W3 optimized membrane area of 0.2 & tuned needle valve opening
heights for each sea state are shown in TaBle 3.
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Table 35. W3 Optimization StudyAverage Recovery
NVOpening Height (m)
5,006 5.5E06 6.0E06 6.5E06 7.0E06

s |01l 031 027 023 019 0.6
< |o02| 038 033 | 029 | 024 020
EN 03| 041 036 031 027  0.22
5El04) 042 038 033 o028 024
2 |05 044 039 034 029 024

06/ 044 039 034 030 025

20-25% Recovery
26-30% Recovery

Table 36. W3 Optimization StudyAverage Permeate Concentration (ppm)
NV Opening Height (m)
5.0E06 5.5E06 6.0E06 6.5E06 7.0E06
0.1| 26754 309.95 367.36 446.80 563.74
0.2 428.28 49458 | 581.62 | 702.14 884.86
0.3| 589.77 678.29 796.38 965.78 1249.35
0.4| 749.08 861.70 1016.22 1255.19 6172.85
0.5]| 907.21 1046.93 1248.57 1690.29 2093.92
0.6| 1064.94 1236.74 1516.26 2538.39 9377.29

Membrane Area
(m"2)

Table 37. W3 Optimization Study5-Day Permeate Volume (L)
NV Opening Height (m)

5.0E06 55E06 6.0E06 6.5E06 7.0E06
0.1| 44496 389.66 335.23 28253 232.42
0.2| 557.28 488.16 | 423.79 | 362.02 303.26
0.3| 604.80 531.36 466.56 401.33 338.69
0.4| 630.72 561.60 49248 425.09 360.29
0.5| 648.00 578.88 509.76 440.64 374.98
0.6| 660.96 587.52 51840 453.60 385.78

Membrane Area
(m"2)
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Recovery vs. NV Opening Height
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Figure3.14. Recovery vs. Needle Valve (NV) OpeniHgight for different membrane area
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Table 38. Tuned NV Opening Heights
Sea NV Opening

State Height (m)
w1 3.0E06
W2 4.0E06
W3 6.0E06
w4 1.1E05
W5 1.3E05
W6 1.4E05

Using the optimized membrane area and needle valve openingshéightverall system
performance was estimated for the six sea statddes 3, 3.10, 3.11, 3.12, and 3.B list the
average values for system pressure, permeate flow rate, permeate concentration, and recovery for
each sea state for the different regalad irregular wave model setu$e regular wave results
do not provide a very realistic estimation because the regular wave conditions do not accurately
approximate the real ocean conditions. Neverthelbegegular wave simulation is useful as a
demonstration that the numerical model works properly and generates reasonable results for
pressure, permeate flow rate, and permeate concentration under differecowdiiens

Table 39. Performance Estimiain: Regular Wave (w/ ACC and PRV)

Total 5Day  Total 5

Sea P_system Qp Qp Cp Permeate Day Cp

State (bar) (mL/s) (L/min) (ppm) Recovery Production (L) (ppm)

w1 52.40 1.79 0.1074 287.34 0.58

W2 62.80 2.62 0.1572 196.46 0.58

w3 65.10 2.81 0.1686 183.74 0.49

W4 61.70 254 0.1524 204.48 0.33

W5 61.20 2,50 0.1500 207.98 0.30

W6 57.20 2.17 0.1302 240.29 0.25

1054.99 217.63

Looking at the irregular wave results in Tables 3.10, 3112,and 3.8, the advantages
of using the accumulator and pressure relief valve are not evident simply by looking at the tables.
The four tables have similar overall results for permeate production and concentration. However,
a closer examination of the irregular waesults clearly shows the need for using the
accumulator and pressure relief valve. Figugd3(a) and3.17(b) show plots of system pressure
and permeate flow rate vs. time for W6 irregular wave conditions. Looking at the pressure plot,
the curve without ACC or PRV has pressure spikes in some cases over 200 bar. Such large
pressure spikes can damage system compts and ultimately hinder the system performance.
Adding the accumulator greatly reduces pressure fluctuation, but the system pressure can still
reach over the membrane design pressure of 70 bar, as the plot shows, potentially damaging the
RO membraneTherefore, it is also important to include the pressure relief valve as a safety
mechanism. Including both the accumulator and pressure relief mamizesfluctuation in
pressure and permeate flow rate, giving the best system performance. Afpeodiiains
system pressure and permeate flow rate plots for all six sea states. For all six sea states, it is clear
that the accumulator is effective at reducing fluctuation in pressure and permeate production. The
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pressure relief valve does not engage asifratly at the lower sea states when wave excitation
is smaller, but engages often at the higher sea states.

Table 310: Performance Estimatioirregular Wave (No ACC or PRV)

Total5-Day Total 5

Sea P_system Qp Qp Cp Permeate Day Cp

State (bar) (mL/s) (L/min) (ppm) Recovery Production (L) (ppm)

w1 35.80 0.48 0.0286 2263.28 0.26

W2 35.90 0.53 0.0319 47557 0.21

w3 40.10 0.84 0.0505 971.09 0.23

w4 53.60 191 0.1146 387.64 0.23

W5 58.60 2.30 0.1380 1325.14 0.25

W6 63.40 2.68 0.1608 383.21 0.24

570.15 1174.25

Table3.11. Performance Estimatioirregular Wave (w/ ACC Only)

Total 5Day  Total 5

Sea P_system Qp Qp Cp Permeate Day Cp

State (bar) (mL/s) (L/min) (ppm) Recovery Production (L) (ppm)

w1 35.90 0.47 0.0281 1224.10 0.29

W2 36.40 0.51 0.0307 1174.71 0.24

W3 40.20 0.82 0.0491 751.35 0.25

W4 53.50 1.88 0.1128 370.53 0.27

W5 57.90 2.23 0.1338 257.38 0.27

W6 62.50 2.60 0.1560 216.95 0.27

556.55 678.73

Table 3.2. Performance Estimatiohregular Wave (w/ PRV Only)
Total 5Day Total 5
Sea P_system Qp Qp Cp Permeate Day Cp
State (bar) (mL/s) (L/min) (ppm) Recovery Production (L) (ppm)
w1 35.80 0.48 0.0286 1128.61 0.26
W2 35.90 0.53 0.0317 1058.92 0.21
w3 40.10 0.83 0.0500 1163.64 0.23
W4 45.60 1.28 0.0768 560.28 0.19
W5 48.10 146 0.0876 422.25 0.20
W6 49.00 153 0.0918 376.81 0.19

424.54 846.98

Table 3.B. Performance Estimatiohregular Wave (w/ ACC and PRV)
Total 5Day  Total 5

Sea P_system Qp Qp Cp Permeate Day Cp
State (bar) (mL/s) (L/min) (ppm) Recovery Production (L) (ppm)
w1 35.90 0.47 0.0282 1218.63 0.29
W2 36.40 0.51 0.0308 1304.00 0.24
W3 40.20 0.82 0.0491 75141 0.25
w4 52.20 1.78 0.1068 389.11 0.26 516.98 710.92
W5 54.10 1.93 0.1158 359.89 0.24
W6 57.70 221  0.1326 244.59 0.25
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System Pressure vs. Time
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With the accumulator and PRV includddible 3.4 lists the permeate production results
along with the brine production results to further quantify the system performadee
irregular wave condition®ver a 5day testing period, the system can produce 517 L of
permeate with a permeate concentration of 711 ppm, which meets the target values of 400 L
minimum permeate and less than 1000 ppm permeate concentration. Although sea states W1 and
W2 had permeatconcentrations over 1000 ppm, the overall permeate salinity was still less than
1000 ppmThe brine salinityand discharge rates were reasonable based on the membrane
propertiesFigure3.18 shows plots of the wave profile, system pressure, permeatedgteyand
permeate concentration for the six sea states for 500 s of simulation time. App&oditains
the full plotsfor system pressure, permeate flow rate, permeate concentration, and recovery
throughout the entire simulation duratidie permeatand brine production results demonstrate
thatfor the six sea statethe system will produce desirable amounts of permeate with
sufficiently low concentration and that the brine will be discharged effectively by stesrsy
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Table 314. Permeate anBrine Production Results (Irregular wave w/ ACC and PRYV)

Sea Avg Avg Avg Avg Brine Avg Brine  Total 5 Total 5 Day
State Intake Desalinated Desalinated Discharge Discharge Day Salinity of
Rates Water Water Rates Salinity  Permeate Desalinated
[L/min]  Production Salinity [L/min] [ppm] Production Water
[L/min] (Ppm] [L] [Ppm]
W1l 0.0936 0.0282 1218.63 0.0654 49516.00
w2 0.1188 0.0308 1304.00 0.0876 46686.58
W3 0.1878 0.0491 751.41 0.1380 46998.63
W4 0.409 0.1068 389.11 0.2880 47544.88 516.98 710.92
W5 0.4782 0.1158 359.89 0.3468 46418.87
W6 0.5646 0.1326 244.59 0.3858 46865.52
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Figure 3.B(b) W2 Irr. Wave (w/ PRV and ACC)
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3.5 Preliminary Experiment Validation

Preliminary integrated tests were perfornusthg a commercial piston pump and RO
module as shown in Figure 3d1The piston pump used was a Sarum HydratBs3-50-4-N-
W-R-G-R-20, which has 50 cc per double stroke and can withstand pressures up to 02 bar.
DOW FILMTEC™ SwW302521 was used for the RO moduléie saline water was pressurized
by driving the piston pmp by hand. As shown in Figure 8,1he membrane successfully
reduced the concentration from 35000 ppm to less than 1000 ppm. The permeate salinity was
859 ppm and the brine salinity was 48900 ppm, which matches well with the numerical
modelling resultsdr the permeate and brine salinstyownin Table 3.%. The preliminary
experiment demonstrated that the overall system will be able to produce permeate with desirable
salinity levels
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Figure 3.D. Prliminary integrated te

3.6 Summary

This chapter aimed to demonstrate the viability of an oscillating surge wave energy
converter and desalination system through numerical modeling. The numerical model was
developed in WEESIm to simultaneously solve the WEC system dynamics and desalination
solutiondiffusion model to estimate performance and freshwater production of the system. Six
sea states with different wave conditions were used for the study based on ocean data from a
potential testing site. By performing an optimization study undeddh@nant sea state, W3, the
optimal membrane area and needle valve opening height were determined to be 0.2 m”~2 and
6.0e6 m respectively. Using the optimized membrane area of 0.2 m”2, the tuned needle valve
opening heights for the six sea states weraddo be 3.0 m, 4.0e6 m, 6.0e6 m, 1.1e6 m,
1.3e5m, and 1.4& m.

After tuning was completed for the membrane area and needle valve opening height,
regular wave simulations were performed to demonstrate that the numerical model was working
correctly and generated reasonable results. Irregular wave simulations were then executed to
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estimate the system performance. The irregular wave simulations showed the importance of
including the accumulator and pressure relief valve in the system to reducegfiessuation

and prevent ovepressurization of important components like the membrane. Based on the
irregular wave results, the system will produce desirable amounts of permeate with sufficiently
low concentration and discharge breféectively. Over a &lay test period, the numerical model
estimated that the system will produce 517 L of permeate with 711 ppm concentration under
irregular waves, meeting the minimum target requirements of over 400 L of permeate with
concentration lesthan 1000 ppm. Preliminary experimental results with one membrane yielded
a permeate salinity of 859 ppm, agreeing well with the numerical model.
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4. Analysis of aPortable Two-Body Attenuator Wave Energy Converter

4.1 Design Overall Concept andorking Principle
The objective of this chapter was to use resonance tuning and numerical simulation to
develop a method of power maximization fasraall-sized,two-body attenuator wave energy
converter Although analysis work has been performed in literature fortiaay attenuators,
much of the focus has been on lasgale power generation, as in the sadeRef.[74], [75],
[76], [77], [78], and[79]. However, here is also increasing interest in wave energy conversion
at the small scalé-or smallsizedsystems, power maximization through natural frequency
tuning is more challenging than for largized system®Based on real ocean conditions, many
WECSs target a wave period ofl2 second§r4], [76], [78], [79], but for smallsized devices it is
difficult to achieve a resonant period high enough to be in that range. Fesileadalevices,
large overall dimensions and physical or added mass can be used to adjust the natural frequency
to increase the pow¢r4], [76], [78], [79]. With smaltsized attenuats, using such large
dimensions and mass is not possible because of portability consfraiststudy presents an
innovative method for frequency tuning by using a thin tuning plate attached to each body.
The device under consideration in this studg snalisized, easily portable, twioody
attenuator with the power takeoff around the hinge connecting the two bodies, as shown in
Figure 4.1. Because of its small size, the device could be easily transported in the back of a
vehicle such as a car anded by one or two people to the ocean for deployment. To ease
transportation, the two main bodies could be disconnected and the thin plates folded, as shown in
Figure 4.2Without the tuning plate, each main body has a length of 0.5 m, resulting inca devi
overall length of about 1 m without the plates.

Wave Propagation

\/\\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Mean Water Surface

Power Takeoff Hinge

Mooring modeled as a
linear spring

L‘ Seabed

. Unfolded
b ~__ Tuning i :
Folded 'l Plate 2 | T

Figure 4.2. System assembly fiteploymer
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4.2 System Governing Equations

Equations of motion were first derived in order to tune theltady device by matching
the device natural frequency to the wave frequency to achieve resolmatiie section (Section
4.2), the equations defined were used for dimensional optimizatiomgihmatural frequency
tuning while Section 4.4 describes the equations and models used to obtain the time domain
results.For the twedegreeof-freedom (2DOF) system, the device is simplified so that each
body has one DOF in rotation around the hingetpdixed), as shown in Figure 4.3(a). For the
3DOF system, the hinge is enabled to move in the heave direction with a mooring stiffness, as
shown in Figure 4.3(b).

Mean water surface
Buoyancy center Gravity center

""""""""""""" P S R

LY NS S
|

Submerged volume Hinge (fixed)

(@)

Mean water surface
Buoyancy center Gravity center IZ

(o 7 %)

'"""'"""""7""‘Aq;///// ///Q //////////7"/"7;7"'/"7 """

' hinge
Submerged volume
Mooring Stiffness

(b) T
Figure 4.3Motion schematic of the attenuator WH@) 2DOF (b) 3DO

Theoverall equation of motion for the system is given by Equati@rbg taking the sum
of the momentaround the hinge poinivherel is therotationalinertia matrixwith respect to the
PTO hinge A(¥) is theaddedrotational inertia with respect to the PTO at frequenc€(y) is
the PTOdamping matrixK is thehydrostaticstiffness matrixM is theexcitationmoment
vector, and—— and—are the anguladisplacement, velocity, and acceleration respectively.
Equation 42 shows the expandedatrices

v 01 — 61 — U—0_ (4-1)
B S I | 0 ] T " W W . Kol
(4-2)

The hydrostatic stiffness of the two bodies was determined using the following
procedureEquation 43 wasderived by taking the vertical summation of the fordes a
hydrostatic equilibrium, whemis the body masgj is acceleration due to gravityjs the water
density, and/p is the submerged volume with zero flap rotation.
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aQ " a (4-3)

By taking the sum of the moments for the individual body around the hinge point,
Equation 44 wasobtained, wher&nis the hydrostatic moment on one body with respect to the
PTO hingeand® is the submerged volumbsing aTaylor seriesVqis expanded aroung- Tt
where’QRQIB are the coefficients of the Taylor series.

Y aQubEl @adEi —
GQIGET B 00— 0— E adéi — (44)

The derivative oEquation 44 was taken with respect teto obtain Equation-, i.e.,
the stiffness is equal to the rate of changmomentY at— 1t Solving forthe individual
body stiffness by manipulating the expression, it was shown that the individual body stiffness is
equal to the bodyods r at e —e$shavhia Bggaion8.mhev ol u me
rotational hydrostatic stiffness of two bod@fsan arbitrary shape can be determined by
calculatingk:s numerically, such as with a computaded design software.

0 —g
AaQai QD ¢Q— E avéi”@® 00— 00— E ai Q¢ — " Qa
(4-5)

Q —s (4-6)

The undamped natural frequency for each body is given by EquafioBé&cause it is a
hydrodynamic system, the spring stiffness can
the mass becomes the sum of tJpandthennertiatduedo due t
added mass when submergiadEquation 48 can be used to calculate the natural period.

T — (4-7)
A A— (4-8)

4.3 Frequency Domain Natural Frequency Tuning

The natural frequency of each body was tuned to match the wave frequency in order to
maximize power absorption and achieve resonance. Based on common wave conditions on the
US east coast, the target wave period was 6 se¢d8afd4Jsing the CAD model, thdry material
inertiaJv was obtained. A hydrodynamic diffraction solution was performed in the frequency
domain using the BEM solver ANSYS AQWA to obtdinandk in order to use Equation?
[58]. It was necessary to keep the overall main body dimensions approximately dlose to
target dimensions shown in Figure 4.4 because of the portability constraint.
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Figure 4.4. Desired main body overall dimension consti

During the tuning process, it was difficult to achieve a natural period much larger than 1
second because the hydrostatic stiffiessmained large relative tiy andJa even when various
body dimensions were changed. A sample of geometry parametessaltd for the baseline
shape, a rectangular flat plate, are shown in Tabldnrtdeasing the buoy length in order to
achieve an increased added mass is an intuitive modificktawever, as Case 7 in Table 4.1
illustrates, increasing the buoy lengtleatly increasedw andJa, but hydrostatic stiffness also
increased significantly, preventing the natural frequency from matchirigridetedvave
frequency.

Table 4.1 Sample of Geometry Variation Parameters and Natural Frequency Results, Baseline

Shape
Variable Parameters Results
Buoy Lever

Draft Thickness Width Length Length K (N J M JA wn Tn

Case# (m) (m) (m) (m) (m) m/rad) (kg*m”2) (kg.m?/rad) (rad/s) (s)
1 (initial) 0.15 0.2 0.50 0.5 0.075 308.36 111 6.27 6.64 0.97
2 0.10 0.2 0.50 0.5 0.075 305.34 0.74 6.39 6.54 0.96

3 0.25 0.3 0.50 0.5 0.075 302.08 2.00 6.10 6.11 1.03

4 0.15 0.2 0.75 0.5 0.075 462.54 1.81 11.35 593 1.06

5 0.15 0.2 0.50 0.5 0.150 445.00 1.15 9.24 6.55 0.96

6 0.15 0.2 0.50 0.5 0.500 1456.47 6.61 32.11 6.13 1.02

7 0.15 0.2 0.50 1.0 0.075 2061.67  7.19 56.73 568 1.11

8 0.45 0.5 0.50 0.5 0.075 289.51 4.93 5.35 531 1.18

Parameter varied from initial
A new geometry feature was added to make tuning possible after tuning the device using
traditional geometry proved inadequate. Using a thin, submerged flat plate added to the existing
shape, it was possible to significantly increase the added mass vgtkatly increasing the
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hydrostatic stiffnesslo tune the body to the wave frequency, the main body dimensions could
be kept at the target values while the plate length was varied, as shown in Bgtireehatural
periods for the three different bodyagies were tuned to approximately 6 s, as shown in Table

Figure 45. Two-body attenuator with thin tuning pl:

Table 42. Tuned Natural Frequency for Each Shape

Thin Plate Body Density K (N J M J A wn Tn

Shape Length (m) (kg/m"3) m/rad) (kg*m”2) (kg.m2?/rad) (rad/s) (S)
Rectangular 0.90 605.63 338.03 2.52 298.90 1.06 5.93
Elliptical 0.95 627.04 341.74 1.78 319.71 1.03 6.09
Quadrilateral 0.95 674.79 345.85 2.29 320.69 1.04 6.06

Figure 46 shows the three different body cresstions used for the analysis:
rectangular, elliptical, and quadrilater@ommonly studied cross sections found in literature
such as Ref.74] and[75] were used to select the shages. each body, a draft of 0.1 m was
used, putting the mean water s.0# in the center of the cross section. Using a smaller draft
would further increase portability by minimizing body weight because body weight is
proportional to displaced volume, as shown in Equati@noweverusing a smaller draft
would reduce the sumerged body width for tapered shapes like the elliptical and quadrilateral.
Reducing the submerged body width reduces the excitation force because less body width
exposed to the incoming wave front means less energy transferred to the body, leading to a
reduction in power absorptiomhereforethe study is a fairer comparison if the submerged
widths are the same for all three geometries.

—

Figure 46. Body cross sections used for anal
4.4 Time Domain Power Absorption Simulation

Power absorption modeling was performed using a-tior@ain numerical model created
in WEC-Sim to solve the system dynamigssimplified 2DOF model was first used followed by
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a morerealistic 3DOF modeln the WEC-Sim software, the dynamic response is calculated by
solving the equation of motion for each body around its center of gravity using Eg&+&tion
whereM is the mass matrixy is the (translational and rotational) acceleration vector of the
body, Fexdt) is the wave excitation force and torque vedtes(t) is the force and torque vector
resulting from wave radiatiofipio(t) is the PTO force and torque vectby(t) is the &amping

force and torque vectdrg(t) is the net buoyancy restoring force and torque vectorfa(idlis

the force and torque vector resulting from mooring conne¢&idh The equations in Section 4.2
were only used for dimensional optimization while BEfijon 49 was used to determine the time
domain results.

0 O 6 O 6 O 6 06 06 00O (4-9)

Figure 47 shows the Simulink model for thebddy attenuator with two degrees of
freedom. In the 2DOF model ratational constraint is used to constrain the two rigid bodies to
rotate around a fixed center point. The heaving motion is not considered for the 2DOF model. It
is as if the center point is attached to a fixed structure. Based on the relative velkvaigrbthe
two bodies, the rotational PTO captures power according to Equatibmvhierec is the PTO
rotational damping ang- is the relative rotational velocitfEquation 410 assumes constant
PTO damping with respect to the relative rotation&beigy between the two bodies.

0 — (4-10)

For each simulation case, there was a ramp time of 150 s and time step of 0.05 s. The
regular wave simulations used a duratio®@ds. The irregular wave simulations used a
duration of750s to give additional simulation data for taking the average pbesuseower
fluctuates more under irregular waves due to the wave spediftenthe simulation reached
steady state, average power was calculated from the instantaneous PT(Epetvease used a
wave period of T=6 s and wave height of H=0.5 m. Aerdepth of 5 m was used assuming that
the twabody attenuator would be deployed close to shbwestudy drag effects, four different
dragcoefficientswere used: Cd=0.5, 1, 1.5,Rased on literature such as R&0] and[81],
these four drag coeffiars were determined to be in the reasonable range.

yay
_____ \_pte(1) 1
B N
Rotational constraint " #2 Rotational PTO
restricts motion to captures power
rotation around a fixed from relative
hinge point motion

Conn

&

Global Reference Frame

Figure 47. Simulink model of the 2DOF syst¢
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WECSi més mul tiple condition run (MCR) featu

different rotational damping values in order to obtain the maximum power and optimal damping
for each cross section and Gar every cross section, each Cd was usednatdtional damping
from 0-500Nsm/rad with a step of 10dw%/rad, resulting irb0 cases for each Ciihe mean

power per wave front width that is available in the wave is known as the wave energdy flux,
Equation 411 can be used to calculalewhere} is the water densityy is acceleration due to
gravity, T is wave height, anHl is wave period82]. The amount of wave crest width that is
completely captured and absorbed by the WEC is known as the capture width (CW). It can be
calculated using Equatioh12 by taking the ratio of absorbed wave poweandwave energy

flux J. The capture width ratio (CWR) was calculated to quantify the hydrodynamic efficiency
by dividing the capture width by the device characteristic dimensias shown ifEquation 4
13[63]. For the case of the twlaody attenuator, the characteristic dimension is the submerged
width of 0.5 m that is perpendicular to the incoming wave front.

0 —— (4-11)
6w 01 (4-12)
6 'Y & i (4-13)

After performing the 2DOF simulation, a 3DOF model was usextcounfor the heave
motion of the WECas shown in Figure 4.8 non-hydro bodywasconnected to the seabed
using a translational constraint, allowing the device to heave up and down. Fhgdnorbody
does not have any hydrodynamic interaction in the malelis only used to enable the heave
motion Two rotational PTOs connect the sidodies to the nehydro body, allowing them to
pitch around the nehydro body. The two PTO damping values were set equal tootiaehA
mooring stiffnesscting in the heave directiamas added to the ndmnydro bodyto simulate a
single mooring line @ached to the WEC rotational poiftower absorption was calculated
according to Equation-40 based on the relative velocity of the two bodies.

Rigid Body Block
/ g y

rm========= 1 . = -—==-=-=-===

| | Rotational l
| i T PTOs allow | s
em | |

! rigid bodies '~ _7_ SR
to pitch
0 ﬂ . el
ing st 8T Non-hyd
Mooring stiffness acts =1, | —~ Norrhydro

in heave direction I 7+ rigid body

:n:mg]l b =i

l___J |—L9_____"_I
Translational Y —t
constraint allows
heave motion |, 3

Global Reference Frame

Figure 4.8. Simulink model of the 3DOF system
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Two different studies were performed using the 3D@deel: a drag study and mooring
stiffness studyThe same wave period, height, and water depth were usked 200F model.
Also, the same ramp time and simulation durati@ememsed as the 2DOF modé&lor the drag
study, the same four drag coefficients were used as the 2DOF model. A beslelentor the
mooring stiffnes&mooring Was used for the drag stubly settingkmooring €qual to the combined
heave hydrostatic stiffne&s,drostaticOf the twoside bodiesThe value fohydrostatic stiffness
was obtained from the AQWA solutiofihe baseline mooring stiffness used was
Kmooring=Knydrostati=5277.2N/m, the same for all three cross section geomethissnaller time
step of 0.025 s was necessary because of the increased system stiffness due to thd_rkeoring.
the 2DOF model,dr every cross section, each Cd was used with rotational damping 6t 0
Nsm/rad with a step of 10d%/rad, resulting irb0 cases for each Cd

For the mooring stiffness studyseries of different mooring stiffness values wased:
Kmooring=Knydrostatid0. 1, Kmooring=Khydrostatic Kmooring=Khydrostatid’10, Kmooring=Khydrostatic*100. As stiffness
increased, the model required a smaller tateg to run. The time steps used for the different
mooring stiffnesses wef@025 s0.025s, 0.01 s, 0.0025 §.he mooring stiffness study was
performed using regular wavess with the drag studytherotational dampingvas variedrom
0-500Nsm/rad with a step of 10dw/rad

4.5 Results and Discussion

Figures 49, 410, and 4.1 show the 2DOF regular and irregular wave power absorption
results for the three shapes under different drag coefficiEnésresults for optimal damping,
maximum power, and capture width ratio for the three shapes with different drag coefficients are
sunmarized in Tables 4.3 and 4ldboking at all the shapes and drag coefficients, maximum
power occurred when the rotational damping value wak68Nsm/rad.The rectangular shape
with Cd 0.5 had the highest max power among the different shapes arabeffagents: 37.3
W with CWR of 10.5% for regular waves antl1.03W with 3.00% CWR for irregular waves.
For a given drag coefficient, there is not much difference in the power absorption between the
shapes. The small difference is logical because thsrged body widths are the same for each
shape so the different shapes would be expected to have similar excitation forces and therefore
similar power absorption for the same drag coefficient

Table 4.3. 2DOF Regular Wave Power Results Summary

Rectangular Elliptical Quadrilateral

C_opt P_max C_opt P_max C_opt P_max
Cd (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR
0.5 80 37.33 10.15% 20 33.51 9.11% 90 32.50 8.83%
1.0 110 30.28 8.23% 120 27.09 7.36% 120 27.12 7.37%
15 130 26.07 7.09% 140 23.40 6.36% 140 23.71 6.44%
2.0 150 23.16 6.29% 160 20.82 5.66% 160 21.20 5.76%

55



Table 4.4. 2DOF Irregular Wave Power Results Summary

Rectangular Elliptical Quadrilateral

C_opt P_max C_opt P_max C_opt P_max
Cd (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR
0.5 80 11.03 3.00% 120 10.15 2.76% 120 10.22 2.78%
1.0 110 9.02 2.45% 150 8.32 2.26% 150 8.47 2.30%
15 130 7.89 2.15% 170 7.29 1.98% 170 745 2.02%
2.0 150 7.13 1.94% 190 6.60 1.79% 190 6.75 1.83%
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Figure 4.1. 2DOF power results, quadrilateral crgsstior

The two bodies tend to rotate together as one when rotational damping becomes large,
causing small relative motion and therefore small power extracted by the PTO. This effect is
illustrated in Figures 42land 4.3B. For the maller damping values like 80 Nsm/rad, the
rotational velocity of the two bodies is out of phase, leading to larger relative velocity between
the bodies and therefore larger power. With large damping values such as 1000 Nsm/rad, the
rotational velocity othe two bodies is nearly in phase, resulting in low relative velocity and
consequently low power.
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Figure 4.2. Rotational velocity, rectangular cross section, 8hikad damping, 0.5 Cd, regular
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In actuality,taperedcross section geometries such as the elliptical and quadrilateral
shapes would have lower drag coefficiemspossiblecomparison is to compare the maximum
power between the shapes usapproximatedrag coefficientssuch asCd=1 for the elliptical
shape, Cd=1.5 for the quadrilateral, and Cd=2 for the rectangular, as shown in Fig{8&}4.1
Using this comparison, foegular waves, the elliptical shape would have the highest maximum
power of 2709 W with 7.36% CWR at 120 Nsm/rad optimal damping. The quadrilateral shape
would have the second highest power o723V with 6.44% CWR at 140 Nsm/rad optimal
damping. The reeingular shape would have the lowest power af@®/ with 6.29% CWR at
150 Nsm/rad optimal damping. For irregular waves, the ranking would be the elliptic&.8ath
W with 2.28% CWR a 150 Nsm/rad optimal damping, the quadrilateral with5AN with 2.02%
CWR & 170 Nsm/rad optimal damping, and the rectangular wWit8W with 1.940 CWR 4
150 Nsm/rad optimal damping.

Average Power vs. Rotational Damping (3 Cross Average Power vs. Rotational Damping (3 Cross
Sections, Regular Wave, 2DOF) Sections, Irregular Wave, 2DOF)
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Figure 4.8. 2DOF power results comparisaith approximate drag coefficier

Figures4.15, 4.16, and 4.17 show the results of the 3DOF drag sthdylrag study
results for optimal damping, maximum power, and capture width ratio for the three ahapes
summarized in Table$.5 and 4.6Maximum power occurred with rotational damping from -160
380 Nsm/radAs with the 2DOF study, the rectangular shape with Cd 0.5 had the highest max
power out of all the shapes and drag coefficients: 33.04 W with 8848 for regular waves
and 8.51 W with 2.31% CWR for irregular waveie the 2DOF study, the difference in power
absorption is small between the shapes for the same drag coefficient, which is logical because the
submerged body width is the same for alethshapes.

Table 45. 3DOF Drag Study RegulaiWave Power Results Summdiky m=k h)

Rectangular Elliptical Quadrilateral

C opt P_max C opt P_max C opt P_max
Cd (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR
0.5 160 33.04 8.98% 180 28.65 7.79% 180 2859 7.77%
1.0 200 25.61 6.96% 210 2252 6.12% 220 22.46 6.10%
15 230 21.48 5.84% 250 19.00 5.16% 260 18.94 5.15%
2.0 260 18.81 5.11% 280 16.68 4.53% 290 16.62 4.52%
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Table 46. 3DOF Drag Study Irregulawave Power Results Summaky m=k h)

Rectangular Elliptical Quadrilateral
C_opt P_max C_opt P_max C_opt P_max
Cd (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR
0.5 130 851 2.31% 150 7.60 2.07% 150 759 2.06%
1.0 200 6.82 1.85% 230 6.18 1.68% 240 6.16 1.67%
15 260 6.00 1.63% 310 551 1.50% 310 548 1.49%
2.0 320 550 1.50% 390 510 1.39% 380 506 1.37%
Average Power vs. Rotational Damping (Rectangular  Average Power vs. Rotational Damping (Rectangular
Cross Section, Regular Wave, 3DOF, k_m=k_h) Cross Section, Irregular Wave, 3DOF, k_m=k_h)
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Figure 4.7. 3DOF drag studypowerresults quadrilateral cross secti

As with the 2DOF study, it ipossibleto compare the 3DOF drag study results using an
approximatedrag coefficient for each shgpes shown in Figure 4.18sing this comparison, for
regular waves, the powabsorption ranking would be elliptical with 22.52 W with 6.12% CWR
at 210 Nsm/rad optimal damping, quadrilateral with 18.94 W with 5.15% CWR at 260 Nsm/rad
optimal damping, and rectangular with 18.81 W with 5.11% CWR at 260 Nsm/rad optimal
damping.For irregular waves, the ranking would be elliptical with 6.18 W with 1.68% CWR at
230 Nsm/rad optimal damping, rectangular with 5.50 W with 1.50% CWR at 320 Nsm/rad
optimal damping, anduadrilateral with 5.48 W with 1.49% CWR at 310 Nsm/rad optimal
damping.This comparison agrees with the 2DOF results, which also showed the elliptical shape
to have the highest power when usapproximatedrag coefficients.
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Figure 4.B. 3DOF drag study results comparisaith approximate drag coefficiel

Figure4.19shows the resultsfom the 3DOF mooring stiffness studtyr the three
different shapes. Table 4.7 summarizes the max power results at different mooring stiffnesses for
each shapeit low mooring stiffnesses such as #a@oring=Knydrostati®0.1 case, there was not a
significant difference in power absorption between the shapes. At higher mooring stiffnesses
such akmooring=Knydrostaticdnd greater he elliptical shape had theghest power absorption
which is logical because the lowest dragfficient was used with the elliptical shapée
mooring stiffness studglsoshowed thalarger mooring stiffness can be ugedncrease relative
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motion between the two bodies and consequently increase the péwanooring stiffness
study is applicable to other WEC types, geometries, and sizes.

Table 47. 3DOF Mooring Stiffness Study Results (Regular Wave)

Rectangular (Cd 2) Elliptical (Cd 1) Quadrilateral (Cd 1.5)
C_opt P_max C_opt P_max C opt P_max
k_m (N/m) (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR (Nsm/rad) (W) CWR
k_m=k h*0.1 190 2.07 0.56% 180 1.97 0.54% 200 215 0.58%
k_m=k h 260 18.81 5.11% 210 2252 6.12% 260 18.94 5.15%
k_m=k h*10 340 40.52 11.01% 270 49.07 13.34% 340 40.64 11.05%
k_m=k h*100 360 4472 12.15% 280 5422 14.74% 350 4482 12.18%
Average Power vs. Rotational Damping (Rectangular Average Power vs. Rotational Damping (Elliptical
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Figure 4.B. 3DOF mooring stiffness study resi

4.6 Summary

The aim of this chapter was to develop a power maximization method for assredl|
two-bodyattenuator wave energy converter through resonance tuning and numerical modeling.
Three different buoy geometries were used for the study with regular and irregular wave
conditions. A simplified twedegreeof-freedom(2DOF) modelthat only allowed pitchvas used
initially followed by a threelegreeof freedom (3DOF) model that allowed pitch and hedve
natural frequency was tuned to match the wave frequency for each geometry by adjusting body
dimensions to achieve resonance arakimize power generation. After obtaining the
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hydrodynamic coefficients in the frequency domain using the BEM solver Ansys AQWA; WEC
Sim was used to perform time domain simulations to determine the optimal damping and
maximum power. To demonstrate theeetfof drag, four different viscous drag coefficients were
used for each geometrifor the 3DOF model, a mooring stiffness study was performed to
determine the effect of changing the mooring stiffness.

A major challenge when tuning the device naturajdency to the wave frequency was
the small material inertia and added inertia relative to the hydrostatic stiffness. A thin,
submerged plate was explored as a method to overcome this problem by increasingeatided
without greatly increasing stiffneddsing the same overall dimension constraint, three typical
cross sections were compared: rectangular, elliptical, and quadrilateral. Looking at the 2DOF
time domain resultsyhen variation in drag between the shapes was not considered, the
difference in pwer absorption between the shapes was not significant. If an approximate drag
coefficient was assigned to each shdbpe elliptical cross section had the best power absorption
of the three geometrieBor the DOF model using the approximate drag coéfit comparison,
the elliptical shap&adamax power of 209W and7.36% CWR for regular waves and a max
power 0f8.32W and2.26% CWR for irregular waves-or the 3DOF model using the
approximate drag coefficient comparisdme €lliptical cross sectidmada max power of 22.52
W and 6.12% CWR for regular waves and 6.18 W and 1.68% CWR for irregular waves. Based
on the 3DOF mooring stiffness studyth approximate drag coefficienthere was not a
significant difference in power between the shapesoferrooring stiffness values, bilite
elliptical shape had the highest power absorptidargermooring stiffness values. In addition,
the mooring stiffness study illustrated that increased mooring stiffness can be used to increase
the relative motion bateen the bodies and therefore increase the power.
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5. Conclusionsand Future Work

The goal of this thesis was to examine and optimize the performance oksradll
oscillating body wave energy converters. Two different types of oscillating body WECs were
analyzed: bottoniinged and attenuator. The objective for the bottonged devie was to
demonstrate the feasibility of an oscillating surge WEC and desalination system by estimating
the system performance through numerical modeling. Using \BIBEC the WEC system
dynamics and desalination solutidiffusion model were solved simultamgsly to estimate the
performance under six sea states with different wave conditions. An optimization study was
performed under the dominant sea state, W3, to determine the optimal membrane area and needle
valve opening height of 0.2 m"2 and 6®en resgctively. Based on the W3 optimized
membrane area of 0.2 m”"2, the tuned needle valve opening heights for all six sea states were
determined to be 3.68@m, 4.0e6 m, 6.0eé6 m, 1.1e6 m, 1.3e5 m, and 1.4& m.

Using the tuned membrane area and needleevagbening height, irregular wave
simulations were performed. The irregular wave simulations illustrated the importance of the
accumulator and pressure relief valve to minimize pressure fluctuation and avoid system over
pressurization. According to the igelar wave results, the system will produce i@ddse
amounts of permeate with suitably low concentration and discharge brine effectively. The
numerical model estimated that over-ddy test period, the system will produce 517 L of
permeate with 711 ppnoacentration, satisfying minimum target requirements of over 400 L
permeate and less than 1000 ppm concentration. Preliminary experimental results agreed well
with the numerical model, giving permeate salinity of 859 ppm. Some future work for the
bottom-hinged device could include adding a second membrane to the numerical model to
estimate system performance with two membranes. A wave tank test could also be performed
using a physical prototype to further validate the model results.

For the twebody attenator, the goal was to develop a method of power maximization
through resonance tuning and numerical simulation. Using regular and irregular wave conditions,
three different buogrosssectiongeometries were used for the study: rectangular, elliptical, and
guadrilaterallnitially, a simplified twedegreeof-freedom (2DOF) model that only included
pitch was used followed by a threegree of freedom (3DOF) model that included pitch and
heave Four different viscous drag coefficients were used for each geptoesxplore the effect
of drag. The body dimensions were adjusted for each geometry to maximize power generation by
matching the natural frequency to the wave frequency. To overcome the challenge of small
material inertia and added inertia relative yalfostatic stiffness when tuning the natural
frequency, a thin, submerged plate wasdto increase addedertiawithout greatly increasing
stiffness. WEESIm was used to determine optimal PTO damping and maximum power through
time domain simulations.

Based on the time domain results, there was not a significant difference in power when
variation in drag between the different cregstion geometries was not considered, but the
elliptical shape had the highest power if approximate drag coefficientasedd-or the 2DOF
model with approximate drag coefficientse elliptical cross section had a max power 0027.

W and7.36% CWR for regular waves and a max powe8&2W and2.26% CWR for irregular
waves.Forthe 3DOFmModel with approximate dragpefficients the elliptical shape haal max

power of 22.52 W and 6.12% CWR for regular waves and 6.18 W and 1.68% CWR for irregular
waves.Based on the mooring stiffness variation study for the 3DOF mitaee was not much
difference in the power resslbetween the different shapes for low mooring stiffness values, but
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the elliptical shape had the highest power absorption for larger mooring stiffness values. The
mooring stiffness study also demonstrated that increased mooring stiffness can be used to
increase relative motion between the bodies in order to increase the otlerfuture,

additional work could include using computational fluid dynamics (CFD) software to calculate
drag coefficients for the different shap@sso, different wave conditiacould be used to
examine the device performance with different sea states.
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Appendix A: W3 Optimization Study Results
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Table A2. W3 Optimization Study: Average Permeate Flow Rat&/9
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0.59
0.71
0.74
0.75
0.76
0.76

0.53
0.65
0.68
0.69
0.70
0.71

0.48
0.59
0.62
0.64
0.65
0.65

0.43
0.53
0.56
0.58
0.59
0.60

0.39
0.48
0.51
0.53
0.54
0.54

0.35
0.43
0.46
0.48
0.49
0.49

0.31
0.38
0.41
0.42
0.44
0.44

0.27
0.33
0.36
0.38
0.39
0.39

0.23

0.31
0.33
0.34
0.34

0.19
0.24
0.27
0.28
0.29
0.30

0.16
0.20
0.22
0.24
0.24
0.25

20-25% Recovery
26-30%Recovery
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Membrane Area (m"2

0.1
0.2
0.3
0.4
0.5
0.6

Table A5. W3 Optimization Study-Day Permeate Volume (L)

NV Opening Height (m)

5.0E07

1.0E06

1.5E06

2.0E06

2.5E06

3.0E06 3.5E06 4.0E06 4.5E06 5.0E06 5.5E06 6.0E06 6.5E06 7.0E06
617.76 613.44 609.12 600.48 591.84 578.88 557.28 527.04 492.48 44496 389.66 335.23 282.53 232.42
114480 1110.24 1058.40 1002.24 933.12 859.68 781.92 704.16 626.40 557.28 488.16 362.02 303.26
1343.52 1252.80 1162.08 1075.68 989.28 907.20 825.12 747.36 648.00 604.80 531.36 466.56 401.33 338.69
1356.48 1265.76 1179.36 109296 1010.88 933.12 851.04 777.60 699.84 630.72 561.60 492.48 425.09 360.29
1360.80 1274.40 1188.00 1105.92 1023.84 946.08 868.32 794.88 721.44 648.00 578.88 509.76 440.64 374.98
1365.12 1278.72 1196.64 111456 1036.80 959.04 881.28 807.84 73440 660.96 587.52 518.40 453.60 385.78
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Appendix B: Combined System Pressure and Permeate Flow Rate Plots, Irregular Wave

System Pressure vs. Time
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FigureBl(a). System Pressure vs. Time Combined Plots, W1 irregulai
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Figure B1(b) Permeate Flow Rate vs. Time Combined Plots, W1 irregula

System Pressure vs. Time
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Figure B2(a). System Pressure vs. Time Combined Plots, W2 irregula

Figure B2(b) Permeate Flow Rate vs. Time Combined Plots, W2 irregular wave
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