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SUMMARY

The increasing demand for energy and the increased depletion rate of
norrenewable energy resources call for research on renewable alternatives. Mapping the
availability of marineresources is an important stisgvardsdevelopment obceanpower
conwersion projects. For this purposketvave powepotential along the Atlanticoast
of thesoutheastern USAand thdidal stream power along the coast of Georgia are
investigatedn this study The effect of tidal stream power conversion on the tidal regime
is studiedatthe estuary scal@& multi-criteria methodor tidal power caversion
schemes to select favoralieationsand to rank them according to their suitabiigy
developed and applied to the Geargaast.

Wavepowerpotentialis studiedn an aredounded by latitudes 2M and 38N
and longitudes 82V and 72W (i.e. North Carolina, South Carolina, Georgia, and
northern Florida)The available data from National Data Buoy Center wave stations in
thestudyarea are examined. Temporal trends of the wave heights, wave periods and the
wave power are analyzed feeasonal ariations witha time scale of weeks. The time
series from the wave stations are downsampled withdagnoving average filter with
near 50% overlapping to study the seasonal trends. Power calculated from hourly
significant wave heights and average wpeeods is compared to power calculated using
spectral wavenergydensity. It is found that a factor of 0.61 needs to be applied to the
wave power calculated from hourly significant wave heights and average periods in order

get the same results with thewger calculated from spectral wave density. The mean
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power within 50 km of the shore is determined to be ~9 kW/m, whereas higher power
(~15 kW/m) is available further offshobeyond the 3500 m contour line

The tidalstreampower potentiadlong the coasof the state of Georgia
evaluated based on the available dataramdericalmodeling of the current3.his region
haslow (<0.5 m/s)}o moderat€<0.8 m/s)average tidal currents along most of the coast,
but with the possibility ofelativelyvery stong(>1.0 m/s)local currents within its
complex network of tidal rivers and inlets between barrier islartus limited number of
tidal current prediction locationis not sufficientto resolve theéemporal and spatial
changes in theurrent speedand pé#éerns Therefore, the currents are modeled with the
Region& Ocean Modeling System (ROMBE&) determine the locations with high tidal
stream power potential'he results from the model are validated against measurements
and a sensitivity analysis provicedfor various parametesich as the computational
cell size, offshore extent of the grids, inclusion of wetlands and bathymetry smoothing
The modeling results show that the areas with the highest tidal power density on the
Georgia coast ara part of tle Intercoastal Waterway between the Altamaha and Doboy
Soundsanda part ofthe Canoochee Riveilhetidal power densitiebased on onrenonth
simulationsat these locations are computed to be on the level of 1608, \\460 W/
and 1100 W/rh respectivelyThe Savannah River is also found to have areas with high
tidal power density in the regio®neyear time series are generated by harmonic
analysis of model results, and used to calculate the annual average power and energy at
selected locations in thea®annah, Ogeechee and Altamaha Riviemual average
power at these locations are found tadspectively,l.3 MW, 3.0MW and 1.9 MV,

which corresponds to annual energy of 112 GWh/year, 258 GWh/year, and 162
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GWh/year.Thedistribution of tidal current ngmitudes and tidal power densities in a
year isprovided with histograms for each location.

The effect of power extraction on estuarine hydrodynamics is simulated by
implementing an additional retarding force in the governing momentum equations in
ROMS. Two different power extraction schemes are simulated in the Ogeechee River.
The first scheme involves power extraction across the entire-ectisn of the river,
andcauss considerable changes in the original currents, water levels and original
undistubed tidal powerThe second extraction scheme, where power is extracted from a
part of the crossection ifoundto havesubstantially lowempacton the original flow
than the first scheme, bexktractshigher poweifrom the flowdespite having a smatle
areato capturepower.This is attributed to theecovery in thdlow momentum on the
unconstructed part of the river cressction inthe second scheme.

A multi-criteriaassessmemhethodology that accounts for the physical,
environmental and socioecan@ constraints is proposed to select the rsagable
locations for tidal stream power converters. For this purpbsenbdel results are
incorporated into a Geographical Infeation System (GIS) database together with many
other datasets that are reldto different aspects of the site selection methodoltyy.
proposed method is applied to the Georgia coast to find and rank the best locations for
power conversionlhe suitable areas are narrowed down to a subset of the high power
density areas thatasgsfy theconstraints of power conversioh demonstrative ranking
procedure shows that Medway River has one of the best locations for tidal power
conversioron the coast of Georgidhis methodology is also applicaltie other sites

wheresufficient geopatial data are available.
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CHAPTER |

INTRODUCTION

The continuously increasingorld population and the changing life styles have
beensteadily increasinthe demand for energy, rapidly depleting the limited
nonrenewable resources and putting a lot ofrstra the environment. 0 d anyodesn
civilizations need tdacebig challengeto provide energy to the communihrough
sustainable solutions thaquire fulfillment ofenergydemandwhile preservinghe
ecological qualityThe rapidly rising globatrergydemandkeepsescalatinghe
competition over the availabtesources and increasing prices. The nonrenewable
resourcegannot naturally replenisdnd conventional resources have the tendency to
deteriorate the ecological quality byleasingexcessiveamount ofcarbon dioxidgCOy)
and mllutants into the atmosphe@n the other handenewable energy sourcgsch as
solar, wind, biomass, ocean thermal and ocean mechanical energy (i.e. waves, tides and
currentslareemergentlternativeghat camrmeeta part ofthe growingenergy demand
and environmental constraints while helping maintain a diversified energy supply
portfolio. Having diverse energy sources is importantt minimizes the dependence on
asingle energy source. The risk of blackouts brwvnouts are reduced and energy
securityis increased this way. With the use of alternative sources the price security also
increases since the reliance on the conventional energy sources,Heepicegt

fluctuations diminish.



The alternative source$ energyhave been more costly than depleting
conventional energy sources and therefaséorically have beeanattractive for
investors, but this trend changing For example, by 2004 the costvahd power
conwersionhad dropped by 80%ver a time spaof 30 years and the installed wind
power capacity had been increased significafithe National Commgson on Energy
Policy, 2004) Althoughit could have had the same fate with the wind power today,
neither the wave power nor the tidal power could get a similar attention and they still
remain a part of novel technologies to be explored (Brown et ab) 2D0untriesthat
push aheawith the researcbnocean power conversioncludeUnited Kingdom,

France Sweden, Norway Netherlands, Denmark, Swettefand, Portugal, Spain,
CanadaRussian Federation, China, Indi&grea Australia, and JapaWEC, 2004;

2007) The United States has beamart in this competition withromising attempts

such aghe Hydrokiretic and Wave Energy Technologies Technical and Environmental
Issues Workshofunded bythe Wind and Hydropower Technologies Program of the
Department of EnergfSchwartz, R06), theresearctand publication®y Mineral
Management Service (MMS), Electrical Power Research Ins(ERRI), with
contributions fronthe private sectoand academia

In the past two centurief)e energy consumption per capita increased by arfacto
of 20, in excess of the-fld increase irthe world populationMore than 80%f this
energyis supplied by fossil fuelaround the globandsimilarly in the United StatesAt
the presentime only 13.9% of the global primary energy is met by renewalklsources
although they are capable of meeting many times the present global déyséad

Muneer, 2007)The coasts aramongthevor | d 6 s f asettingssiiththg r o wi n g



population pressure straining water supplfgsa regional scale the picture is not very
different.More than half the population of the United States lives widtirkmof
coastlinesiearocean energy resourcsPA, 2005) The growing populatiom thestates
along the southeast cogbtorth Carolina, South Carolin&eorgia and Floridajemands
more energy supplgvery yeamvhile puttingthestrain on the environmenthetotal CO,
emission from fossil fuel combustion in Georgia increase8®f over the yearfrom

1990 to 2003In the same epo¢ck O, emission from electric power generat@iso
increased by¥2%. In the other three states the increase due to fossil fuel combustion is
about35% to 486 whereas the increase duestectric power generatias even kgher,
about42% to 73%.

Given thecurrent and projecteglobalenergy demandng alternative energy
source deserves to be investigated for its feasibBgyng clean and renewable sources
of energythat are vastly unexploitedcean tides and wavagepromising areas of
researchThe regular tide and powerful wave climates in many locations that suffer
drinking water supply shortages are ideal for tidal and vp@weer generation to power
desalination. Similarlyclean hydrogen can be produced with oceaergy directly on
shore or offshore. In additipartificial reefs have been proposed to incorporate ocean
energy devices. Both wave energy andtiream tidal modules have been successfully
designed for incorporating into breakwaters, coastal defdaselsieclamation schemes
and harbor walls. Recent developments hadeicedhe environmental impacts by
completely submerging the ocean energy devices. Various independent studies have
shown that the impact on fish and marine mammaésnsiue to theslow motion of such

deviceg(Devine Tarbell & Associates Inc., 2008here are many emerging technologies



around the worldo convert the power from these resourtceslectric powerEventually,

the first shgein conversion of these resources to useful energy is the resource mapping.
A comprehensive resource mapping is expected to account for the constraints that
determine the availability and accessibility of the power, as well dewbkof available
power.

The present studgims to assess the tidal and waesver along the Atlantic coast
of the southeastern US#nd evaluate the siting choices for power conversion schemes
based on multiple criterifhe power of the currents are iaigated to be amplified due
to the tidal rivers and natural channels that confine and concentrate the flow of water,
whereas the wave power is anticipated to dimimsine as waves getose to theshore.
Therefore, pwer potential of the waves in thefsifore regime and the tidal currents in
the coastal zone are investigated.

First,therelated literature is reviewed in Chapter 2. It is followed by assessment
of wave power potential for the Atlantic coast of the southeastern USA in Chaater 3
the asessment of the tidal power potential for the coast of Gewr@aapter 4
Availablewave and tidal data in the region are analyzed and the details of numerical
modeling for tidal currents are given in these chapters. Validation of the model with the
data and a sensitivity analysis are provided. The algorithm modeling of the effect of tidal
power extractioron estuarine hydrodynamics is presented in Chapfnéalgorithm is
demonstrated with two different scenarios for power extraction in one ofttregies
with large tidal power density along the Georgia coast. In Chaptielabstream power
resource areanalyzed further in the context of the physical, environmental and social

constraints with the help of geographicdbrmation system (GIS) tosbnd a



methodologyis created for selecting favorable sites for tidal strpamer conersion
projects.This methodology is applied to the Georgia coast to determine the most
promising locations for tidal power conversiéimally, the cosluding remarksand

suggestions for future wokrepresentedn Chapter 7.



CHAPTER Il

LITERATURE REVIEW

The literature review is presented in four parts in regards to wave power, tidal
stream power, numerical modeling of tidal currents and site selection for teshstr
projects. The wave power section and tidedat power section are splitantwo
subsectiong which power resource and examplE#gpower conversion schemisthe

United Statesandaround the globare reviewed

2.1. Wave Power

The research on way®wer conversion datéack a few decades, yesiill
remains a part of novel technologies to be exploredhorycountriesBrown, 2006)
Countries with wave conditions favorable fmwer conersion have been pursuing ways
to further develop this novel technology. In 1978 @gpamof research and development
on waveenergy was establishday thelnternationaEnergyAgency (IEA) The program
wasguidedby Ireland, Japan, Norway, Sweden, UK and USAwasdiscontinuedafter
1987 becausthe predominant opinion waisat wave energwasa highcost energy
sourcerelative toconventioml and otherenewable sourcd$EA-OES, 2008)Although
the development of wave energy continurechany countries after that, it gained more
attentionwith the launchingf the PreliminaryResearctctions onwave energy byhe
European Commissian 1991. Todaylreland(Mollison, 1982) Norway,UK, Denmark

and Portuga{Clement et al., 2002have political and economic governmental support



for the technology. In the United Stat&$ectric Power Resgch Institutd EPRI) has

issued a series of reports on the wave energy potential of selected sites with high wave
energy and relativeljpng measurement record&PRI, 2006) In 2005 USA Department

of Energy sponsored the Hydrokinetic and Wave Energy Technologies Technical and
Environmental Issues Workshop as a part of the Wind and Hydropower Technologies
program(Schwartz, 2006)Also, the Minerals Management Service (MMS) under the
U.S. Department of the Interior was given jurisdiction over Renewable Energy and
Alternate Use Program projects in Fedavaters with the Energy Policy Act of 2005

(MMS, 2006b)

2.1.1. Wave Power Resource Mapping

TheMMS has issued a series of whitapers and prepared a programmatic
environmentaimpactstatemenfor wave energy generation on thSA outer
continentalshelf in 2007 According to these reports, the annual average wave energy
along theUSA coastline is about 2100 TWh, which is a sigraiht source when
compared to th&)SA total electricity demand of 11,200 TWh. This estimate was made at
a water depth of 60 m irrespective of the distance from the shore. pvaxezin USA
offshore regions range from 2 to 6 kW/m in the 1Atthntic, 12 to22 kW/m in regions
with trade winds, and 36 to 72 kW/atong thenorthwesterrJSA coast.In the last few
decadewarious locations have been investigated for the availabilityave poweffor
power conersion. Studies on wave power potentiall@fUK (Crisp and Scott, 1981;
Salter, 1974; Winter, 1980penmark(Kofoed et al., 2006)Belgium(Beels et al., 2007)

Portugal(Pontes et al., 2005Baltic SegBernhoff et al., 2006; Henfridsson et al., 2Q07)



Hawaii (USA) (Bretschneider and Ertekin, 198%ew EnglandSA) (Walker et al.,
2005) North CarolinalySA) (Hagerman et al., 1989 alifornia (USA) (Beyene and
Wilson, 2007; Kim, 1997)India(Baba, 1987; Sivaramakrishnan, 199jgentina
(Lanfredi et al., 1992)Brazil (Beserra et al., 200@ndAustralia(Harries et al., 2006)

can be found in the related literatubDevelopments ilNew ZealangdJapan, Korea,
Norway and Sweden are also ci{@bud, 2003)Based on these regional studies, annual
wave powelpotential in a more regional scale is given for various locations in Pable
(Baba, 1987; Bedard et al., 2005; Beels et al., 2007; Beyene and Wilson, 2007; Boud,
2003; Bretschneider and Ertekin, 1989; Clemeial.eR002; Cornett, 2006; Hagerman et
al., 1989; Pontes et al., 2005; Sivaramakrishnan, 1992; Walker et al., 2005; Winter,
1980) On a macro scale the wave energth@USA, Canada, Japan, and Australia
appear to be comparable to each other, whereasd the British Islesit is more than
twice as larggVoss 1979) The wave power potential along the Atlantic coast of the

southeastern USA has not been assessed in detail until now.



Table2.1. Annual wave power for various locations in the world

Estimated wave power

Location (kw/m) Reference
Belgium 10 Beels et al., 2007
Canada 33 Cornett, 2006
Denmark 7~24 Kofoed et al., 2006
France, Atlantic Ocean 40 Clement et al., 2002
France, Mediterranean 4~5 Clement et al., 2002
Greece 2~4 Clement et al., 2002
India 10 ~ 32 Baba, 1987; Sivaramakrishnan, 1992
Ireland 57 ~77 Mollison, 1982
Italy 10~5 Clement et al., 2002
Japan 6~7 Boud, 2003
Norway 20~40 Boud, 2003
Portugal 30 ~40 Pontes et al., 2005
United Kingdom 45 ~75 Crisp and Scott, 1981; Salter, 1974; Winter, 19
USA, California 10~32 Beyene and Wilson, 2007; Kim, 1997
USA, Hawaii 15 Bretschneider and Ertekin, 1989
USA, Maine 14 Hagerman et. al, 1989
USA, New England 4 ~22 Walker et al., 2005
USA, North Carolina 5~15 Hagerman et. al, 1989
USA, Massachusetts 5 Hagerman et. al, 1989
USA, Oregon 21 Hagerman et. al, 1989

2.1.2. WavePower Conversion Devices

Offshore wave power conversion technology is developing with new concepts and
designs every year. On the other hand, the most common offshore wave power converters
can be grouped into four categories according to their workingipkes. These are
attenuators, overtopping devices, terminators and point abs@MS, 2006b)

Attenuators are floating convers that are oriented paraltelthe travel direction of the
waves. This type of devices is known to have high survivability under extreme wave
conditions. Pelamis by Pelamis Wave Power (Figure 2.1.a) and Anaconda by Checkmate
Sea Energy (Figure 2.1.bjeaexamples of this technology. Pelamis ¥®58kW machine

120m long and 3.%n in diameterThree ofthesedevices have been installed and are

operational off the Atlantic coast of PortugBklamis Wave Power, 2008)he
9



Anaconda is in laboratory testintage(Anaconda, 2008; CSE, 200&)vertopping

devices have turbines driven by the water from their reservoirs that are filled by waves
breaking at levels higher than the surrounding water level. Wave Dragoh scale
prototype wasthewvr | d 6 s f i r-sohneaetl Wavgower cenegionidevice
when it was deployed off the coast of Denmark in 2008 v e D r fall gcal@360sm
wide wave collector concentrates waves toward its 10 MW ratedhéad turbines

(Wave Dragon, 2003; 2008)erminator devicesuch a®scillatingwater columns

(OWC) align perpendicular to the dominant direction of waves. Téeew that are
captured in a chambeactlike a piston that forces the trapped air abibwe and out of a
turbine. Mighty Whale, tested in opaea offshore Japan between years 1998 and 2002
(JAMSTECQC 2003; 2008)and Oceanlinx OW@)ceanlinx, 2008yleployed off the

Australia coast are examples of this type converter (Figure 2.2).

Figure2.1. Offshore wave power converter examples. Attenuator tige2elamis, (b)
Anaconda, and overtopping type (c) Wave Drai®imoto creditsProject websitgs

10



(b)

Figure2.2. Examples of terminator type offshore wave power converters: (a) Mighty
Whale (JANSEC), (b) OceanlinPhoto creditsProject websités

Point absorbers have a small horizontal to vertical dimension ratio and they move
along the vertical axis with the wave action. There are many examples of offshore point
absorbers with varying sizesdar development around the wor{thdependent Natural
Resources Inc., 200.730me examples that have accomplished their laboratory scale or
prototype tests are WaveBob in Irelgivdavebob, 2008)AquaBuoy inCanada
(Finavera, 2008 Archimedes Wave Swing in the Netherla@dgvs, 2008) PowerBuoy
in New JerseyOPT, 2008) MWEC in California(SARA, 2008) Aegir Dynamo in UK

(ON, 2008) and Sperboy in UKSperboy, 2008)Some of these are as shown in Figure

2.3.

(b) (d)

Figure2.3. Examples of point absorber type wave power converters: (a) Wavebob, (b)
AquaBuoy, (c)AWS, (d) PowerBuoyPhoto creditsProject websites
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2.2.Tidal Stream Power

Tides arecontrolledby the relative motion of the earth, the moon and the sun.
Theydo not depend on the weather, or the daylight. Theretoedidal sea levels and the
tidal currents can be analyzed to deterntireeamount and thdistributionof the
available power. This makes tidal power predictable and dependiatdépower
convesionis one ofthe fastest growing emerging technologies in the reneveaigiegy
sector anctanmake astrongcontribution to carbon free energy generatioth the

benefit of creating new sources of jabsdexpanding the local industry.

2.2.1. Tidal Steam Power Resource Mapping

There are many locations wigitrongtidal currents around world: the Aleutian
Islands (USA), the straits of Alaska (USA) and British Columbia (Canada), Pentland
Firth (Scotland), between the islands of North and West Scotlam&evern estuary
(UK), the English Channel (UK), the fjords of Norway, the straits of Messina (ltaly), the
Bosporus (Turkey), and Magellan, Taiwan, Indonesia, Philippines and many other
locations(Bryden and Melle, 2004; Charlier, 2003)n 2005, EPREvaluated dew
selectedsites within the United States includikKgik Arm, AK; Tacoma Narrows, WA;
Golden Gate, CA; Muskegeth@nnel, MA; Western Passage, MEhout mapping the
resource¢Bedard et al., 2006aAdditional favorable sites exist in Puget Sound, WA;
Cook Inlet and the Aleutian Islands, AK; Southeast Alaska, New York, and Connecticut
among othersThe findinggs show that ésides large scale powasnversiontidal streams
may serve as local and reliable energy safaeremote and dispersed coastal

communities and islandalthough the extractableasource is not completely known,
12



assumingextractingl5%of the available poweEPRI has documenteidial stream

power levels up t@40 MWin Alaska,166 MW in Nova Scotia, 30 MW in New

Brunswick, 7.1 MW in Maine, and 2 M\ Massachuseti{ddagerman and Bedard,

2006a; b; Hagrman et al., 2006a; Hagerman et al., 2006b; Polagye and Bedard, 2006)
Although there are locations with very large average tidal power densities (e.g. more than
7 kW/nt at Chatham Strait, AK and at Petit Passage, NS), these locations do not
necessarijhave the largest powerhis is due to the fact th#ttetidal power density is a
function of velocity and it corresponds to the power per unit cross sectional area. The
available power on the other hand is given by the multiplication of the power daysity

the available cross section. Nevertheless, the tidal power density is a very important
criterion in measuring the quality of a tidal stream source. A higher power density means
more energy can be converted per unit area of flow. Tidal poweitgelistibution

based on the predictions for maximtigal currens at various locationsy NOAA along

the coast of the United States is given in Figure 2.4.
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Figure2.4. Tidal stream power densiglong the USAnainland coadbased on NOAA
maximum current predictions (not an indicator of the offshore extent of the resource).
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2.2.2. Tidal Stream Power Conversion Devices

There are two types @ower conersion from tides: utilizing the head difference
by buildinga tidal barrage across an estuary and placing turbines directly in the tidal flow
to harvest the kinetic energy from the free fldwe La Rance tidal barrage in France
(Lebarbier, 1975)Jiangxia Station in China, and the Annapolis Royal Generating Station
in Nova Scotia, Canada ametaldle examples of tidal barragédammons, 1993)
Although these tidal barrages hdaege installed capaciti¢240 MW, 3.2 MW, 17.8
MW, respectivelylcompared to tidal stream power convertdrsre are only a few viable
locations arounthe world for tidal barrages. In general tidal barrages usually suffer from
high infrastructureostand environmental issues. Flooding and mortality of fish
migrating downstream are known environmental issues related with tidal bairagss.
harvestinghe tidal kinetic energy without any dam structure has gained popularity as a
more environmentally friendly energy source.

The upper limit that can be converted to usable power from an ideal wind turbine
was defined by a German scientist named Beif20, andexclusivelyby aBritish
scientist, LanchestéBergey, 1979and a Russian scientist, Joukowskyhin the same
decaddKuik, 2007) Therefore this limit was proposed to be called Lanch&ser
Joukowsky limit formally and Betz limit in short. This limit was derived by applying
conservation of mass, momentum and energy tedhane of the flow passing through
the turbine. The work done by the change in kinetic energy is set equal to the work done
on the turbine to solve for the flow speed through the turbine, hence the mass flux. Then
these are baekubstituted into work donen the turbine and differentiated with respect to

the wake velocity to determine the optimal ratio of the wake velocity to the undisturbed
14



velocity. Finally the maximum amount of work done by the turbine and its ratio to the
power of undisturbed flow aralculated. This way the upper limit for the kinetic energy
that can be converted from a stream tube having the same area as the disc area is 16/27 or
59.3%. In deriving this limit the fluid flow that passes through the turbine was considered
to be rectilirear with a uniform pressure distribution, therefore overestimating the force
applied to the turbine and the resulting turbine powsmg a model that accounts for the
curvilinear streams yields a maximum efficiency of 80fbr a horizontal axis turbine
(Gorban et al., 2001)

Althoughtidal stream power conversions notabrand newdea forhuman
civilization and has real life examples from as early as tflecéftury(Del Rosario et
al., 2006; Spain, 2008 commercial scale energy protlan using the same idea has
emergednly very recently{Sanford, 2003)Given its earlier development and its
analogies with the tidal curreppbwer conersion, the theory and practioEwind power
conwersion is often revisited in the literature. The findings and experience from the wind
erergy industry are frequenthgferenced

A variety of conversion devices are currently proposed or are under active
developmentfrom a water turbine similar to a wind turbine, driving a generator via a
gearbox, to an oscillating hydrofailhich drives aydraulic motor. Efficiency of tidal
power conerters are reported to be betweepolthd 506 (Elghali et al., 2007; Gorban
et al., 2001)Common generic types are shown in Figure 2.5. Horizontal axis turbines are
usually constructed with allowance for pitching of the turbine blades in order to increase
their efficiency. Pitching of the blades is also used to permit the turbine to work under a

bidirectional flow condition. Alternatively, most of the horizontal axibines are free to
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yaw to face against the tidal currents. On the other hand vertical axis turbines can rotate
unidirectionally under a bidirectional flow condition. A pitching mechanism can also be
integrated to the system to incredseefficiency. Ealier vertical axis turbines are known

to havelow starting torque, torque rippthie to pulsating during rotatipand lower

efficiency. However, recent prototypes are designed so that these issues are minimized or
totally resolvedAntheaume et al., 2008; Gorban et al., 2001)

In order to increaséné power capturea concentrator (also called augmentation
channel, duct, shroud, diffuser, nozzle or concentrator) can be integrated to tidal turbines
to increase and regulate the flow velocity around the rotor by creating a large pressure
difference betwen two ends. Depending on the geometry of the turbine and the flow

conditions different shapes are used for this purfidgdroVolts, 2M@8).

(@ (b)

Figure2.5. Common generic types of tidal kinepower conerters: (a) Horizontal axis
(floating and rigid mooring), (b) Vertical axifidating and rigid mooring (c) In-plane
axis (floating water wheel), (d) HydrofdiHydroVolts, 2008)

Many companies and organizations claim that they have gtigadrconversion

system under development. Although there are many conceptual désegasamples of
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tidal power conertersprovided herare kept limited to the ones that hdneen

documentedn the recent literature having model or prototype studies. M@umeent
Turbines (MCT), a UK based firm, -sdadevel oped
offshore tidal turbingl1l min diametemwith rated power of 300 kWbff the Devon

Coast, UK in 2003Sanford, 2003)The total cost of the Seaflow project was
approximately £3.5 million and was sitiged partially by the UK government,

European Commission, the German government and MCT Ltd (Figure (E@ahkel,

2006) Subsequently the company developed the commercial scale turbine with a pair of
rotors each rated around 600 kW (Figure 2.6.bjHeir second project, Seagen. A single
unit has been deployed at Strangford Narrows in Northern Ireland gaderating

electricity forapproximatelyl000 homeslt is planned to have an array of seven units by
2011. Both the Seaflow and the Seagearsotan be raised above thatersurface for
relatively easier maintenance. A Norwegian comp&ammerfest Stnm AS

(Hammerfest Strom, 2008eployed a 15 m diameter 300 kW prototype off Kvalsund,
Northern Norway (Figure 2.6.dn the United States, Verdant Power deployedraay

of six turbinesof approximately 5 m diameters eanlNew Y ork City6 East River

(Figure 2.6.d). The company aims to generate up to 10 MW of electricity by deploying an
array of 300 units in plad@/erdant Power, @08). HydroHelix, a French company has
developed the Sabella tidal turbine to harvest the tidal stream power in the English
Channel. The company claims that the rim that connects the tip of the blades in this
design increases the robustness of the tuifplgdroHelix, 208). A 3 m diameter

prototype was deployed at Odet estuary in 2008 (Figure 2.6.e). An example of floating

horizontal axis turbine type is the TidEI project by the UK based firm, SMD Hydrovision.
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It consists of a pair of contr@tating 15 m diameter, 580V turbines mounted on a
buoyant crossbeam that is tethered to the seabed by mooring chains (Figure 2.6.f).
Another British firm, Tidal Stream, has developed a similar concept, in which 20 m
rotors are attached to a swing arm that is hinged to a rightbeamge as shown in Figure
2.6.g(Tidal Stream, 2008Both systems are designed to freely align with the prevailing

tidal currents to maximize th@ower captureftom them.

Figure2.6. (a) Seaflow (MCT), (b) Seagen (MCT), (ctiHe Hammerfest Sam AS),
(d) Verdant Power, (e) Sabella (HydroHelix), (f) TIdEL (SMD Hydrovision), (g) Tidal
Stream(Photo creditsProject websités

In order to increase their efficiey some systems have actkd or shrouded

turbine designLunar Energy (UK) turbines allow an offs&t40 degrees between the

tidal flow and the axis of the duct without any change in the performance (Figure 2.7.a).
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Additionally, the design of the bladalows a bilirectionalpower capturevithout any

yawing or pitching mechanism. The rotor can be inserted in and ejected as a cassette into
the duct reducing the maintenance efforts. A model was tested in 2004 and a 300 MW
tidal farm is planned to be buitt South Korea by 2018 unar Energy, 2008)

Underwater Electric Kite was established in 1981 in Maryland, USA. The UEK
unit is positively buoyant and attached to the seabed with a single anchorage system.
Each UEK prototype is capable of producing k90 (Figure 2.7.b). The models were
tested at Chesapeake Bay and Caqueta RUEK Systems, 2008)n 2006 Clean
CurrentPower Systems Incorporaté@danada) installed a demonstration tidal turbine at
Race Rocks Ecological Reserve in Canada for about six monthgimgpiao diesel
generators Figure 2.7.c. A large hole at the center of the turbine is intended for providing
a passage for fish and marine l{@ean Current, 2008Based in Ireland)penHydro
adopted an open center turbine design, which is anticipataddtihe simplicity and
robustnessequired for underwater turbinesth its slowmoving rotor andubricantfree
operation minimimg risk to marine lif§Figure 2.7.d)The turbinds a solid state
permenant magnet generator encapsulated within the outer rim and has only one moving
part(OpenHydro, 2008)The prototypes were tested la¢ European Marine Energy
Centre(EMEC) based in OrkneyK. EMECwas set up in 2003 to provide develaper
of wave and tidal energy devices with the
facility. The designers can install their devices at EMEC facilities to test in open sea
conditions with a grid connection and also to evaluate their environnieipiatt

(EMEC, 2008)
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(d)

Figure2.7. Examples of shrouded and cased turbines: (a) Lunar Enerdyndieywater
Electric Kitg (c) Clean Curnet, (d) OpenHydrdPhoto creditsProject websites

The concept of a vertical axis (also named cross flow) turbine was first developed
by Georges Darrieus in 1931 as a wind turbine that has a number of airfoils vertically
mounted on a rotor. Since therriadions of this design were used in wind and tidal
power conersion industry. A Canadian firm, Blue Energy (formerly Nova Energy Ltd.),
has tested four prototypes of different sizes (4, 5,20 and 100 kW) of their Davis Hydro
Turbine since 1980s in Nova @@, Ontario and FloridéBlue Energy, 2008)The
Enermar Project by Ponte di Archimede International (Italy) is another example of a
vertical axis tidal turbine. The Kobold turbine shown in Figure 2.8.b has a very high
torgue making iable to start spontaneously and it rotates independent of the direction of
the current. In 2006, a 25 kW prototype with a swept area of3Gasitested in the
Strait of Messina, ItalyPonte Di Archimede Internationad@8). More lately the Gorlov
turbine and the Achard turbine (Figure 2.8.c and 2.9.d) solved the pulsating behavior of a
Darrieus Turbine. The efficiency of each design is 35% and 29%, respectively, and was
shown to increase by favorable configurationegarate unitfAntheaume et al., 2008;

GCK, 2008; Gorban et al., 2001)
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(d)

Figure2.8. Examples of vertical axis turbines: (a) Enermar Projemt@Di
Archimede), (b) Blue Energy, (c) Gorlov Turbine (GCK Technology), (d) Achard
Turbine (TharvestjPhoto creditsProject websites

Stingray by Engineering Business (UK) and Sea Snail by Robert Gordon
University (UK) (Figure 2.9.a and 2.9.b) are texamples of hydrofoil type tidglower
conwerters. The oscillatory movement of the wings pushes hydraulic cylinders to
pressurize oil in order to drive the generators. Both prototypes were tested in real sea

conditions in UK.

(@) (b)

Figure2.9. Examples of Hydrofoil type tidgdower conerters: (a) Stingray (Engineering
Business), (b) Sea Sné@fthoto creditsProject websites
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The converterare usually scalable up or down within a certain limn® of the
designers follow a modular approach in which comparatively smaller units are planned to
be usd in the form of a tidal farm or a tidal fence to increasepihwwer capture
Additionally, there are also small scale projects such as Garman tuolgimbsopton
Energy Servicavhich provide XW water current turbines that can operate flow speeds
as low a€).5m/s and adeptts 1.75m or more The application areas include pumping
water for irrigation, producing electricity in countries like Soméahagan and Egypt
(Thorpton Energy Services, 2008)

Since the tidal energy sources fluctuate by natui® preferred to have a system
that can handle the part load and overloads. Traditionally a gearbox i® Usedlte this
issue. However, since moving parts require frequent maintenance and the maintenance
cost increases more once the device is placed underwater it is desired to keep the number
of movingparts minimal for tidal stream power convertdiserefore using a direct
drive generator and permanent magnets in the rotor siegthie overall system. A high
speed generator coupled with a gearbox is more efficient at the rated speed, but the direct
drive generator is capable of working efficiently overideanrange of speeds under both
part and overloads. Although the power output is not regulated aynermanent
magnetized generator is used, it can be regulated for connection to the grid with the use
of rectifiers. Consequently, diregbwer conersion sgtems are argued to be more robust

than systems with input power regulators or gearbfx&gn and Nilsson, 2007)
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2.3. Numerical Modeling of Tidal Currents and Effectof Tidal Stream Power

Converters on Tidal Flow Regime

Tidal currents can be idealized into five generic cases considering their
hydromechanicéCouch and Bryden, 2006)hese ar¢i) offshore deep ocealfii)
unbounded neashore coastal regiofiji) tidal streaming through a restricted channel,
(iv) hydraulic currenbetween two water bodies that are out of phase(\gndsonant
systems. In the case of offshore deep ocean the depths are very large and the velocities
are inconsiderablfor power conersion. In unbounded neahore coastal regions tidal
currents are hmnded mainlywith a coastline ironly one direction and the increase in
flow velocity is due to shallowing. Although these two cases are prevalent around the
world, they are not very feasible sourcesgower conersionconsidering the cut in
speed40.5to 1.0 m/s)of the convertersThe tidal streaming case occurs when the flow
is forced through a constriction or over a sill causing the local velocities to increase. A
good example for this case is Strangford Lough Narrows in Northern Ireland, where the
flow velocities reach up to 3.5 m/s. When two water bodies that are out of phase are
connected with a channel the flow velocities increase due to the pressure head between
the two ends of the channel. Naruto Strait in Japan, where there is a 5 hour phase
difference causes a head difference of 4nd flow velocities up to 5 m/s, is a good
example for this case. The resonant systems occur when incoming and reflected tidal
waves interfereonstructively forming a standing tidal wave. Bay of Fundy and Bristol
Channel are two examples of resonant systems. In n#terédes usually occur as a
mixture of the mechanisms in these different cases rather than isolated examples for each

case. In order for a location to be an energetic and petgisgaurce it requés a unique
23



geography thasignificantlyenhances one of these mechanisms or allows a favorable
combination of them. Because of its complex geontb&yseorgia coast is anticipated to
have potential for amplified local tidal currents and detailed magledinequired to
investigate this potential.

Modeling the effects of the tidal power conversion on the flow regime is
important since the converters alter the tidal regime, which may result in a beneficial or
an unfavorable effect on the local ecosys{Bmarce, 2005; Scott, 200Mhese effects
can be felt kilometers away from the convertardtherefore modeling of the tidal
currentsatan estuary scals warrantedAdditionally, the estimates for available paw
only based on undisturbed flows turn out to overestimate the real available power when
there is extractiofBryden et al., 2004)Two dimensional numericahodels that solve
theshallow water equations such as MIKE2HI, 2008) TELEMAC (TELEMAC,

2008) DIVAST (CU, 2008) TIDE2D (Sutherland et al., 2007; Triton Consultants Ltd.,
2002)can be used for modeling tidalrrents, but they are not suitable to model flow

around the converters and thhgienensional full NavieiStokes solvers are numerically

too expensive to model at an estuary scale. For this reason, the energy extraction process
is introduced as a momentwmk in the governing momentum equati¢Bsyden and

Melville, 2004; Bryden and Couch, 2006; Garrett and Cummins, 26)0a) additional

loss in the governing energy equat{@ouch and Bryden, 2007/0r onedimensional

simple channel models, the momentum sink or the energy loss is introduced uniformly
acrass the channel, whereas for tdimnensional models it can be introduseithin each

desired computational cell. In the case of simple channel mddelamount of

extractable paer has been estimated with edienensional numerical and analytical
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solutiors (Blanchfield et al., 2008; Karsten et al., 2008; Kowalik, 2004; Polagye et al.,
2008)by ignoring the timalependent effects and modeling steathte flowgBryden
and Melville, 2004; Brydeand Couch, 2006; 2007; Bryden et al., 20@nd also flows
driven bythephase lag between two large water bo@#anchfield et al., 2008b; Garrett
and Cummins, 2005; Polagye et al., 2008; Sutherland et aF.).268Ghumerical models
where a simple channel is used to model the tidal currents the major flaw is the
assumption of the constraining walls, which lead to a larger change in the water level and
larger loss in the kinetic energy compared to a sea(Bigtlen and Melville, 2004,
Bryden and Couch, 2007Although it was suggested to keep the level of energy
extraction limited to 1% by EPRI disregarding the underlying hydrodynamics
(Hagerman et al., 2006aj has been proposed that even a 25 to 3Déhergy extraction
would have a small change in the flow speed, and may be environmentally acceptable for
a tidal inlet that is energetic enou@ryden and Melville, 2004; Couch and Bryden,
2006; Hagerman et al.0@6; Polagye et al., 2008)

In this study, Regional Ocean Modeling System (ROMS}¥sed to model the
tidal currents. ROMS uses hydrostatic and Boussinesq approximations to solve the
Reynoldsaveraged NavieBtokes equations. It is a three dimensiomak $urface,
terrainfollowing, numerical model that has been used for various purposes in marine
modeling systems across a variety of space and time ge@ielyogel et al., 2008;
Shchepetkin and McWilliams, 200&8% well as tidal simulation$laidvogel et al., 2008;

Robertson, 2006; Xiaochun et al., 2006)
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2.4. Site Selection for Tidal Stream Power Conversion Projects

The choice blocation for a tidal streapower conerter farmdepends on
asessment of a number of criteria. These include the available extractable power, site
characteristics, and environmental, economical and social impacts of the planned project.
The available pwer is determined bthe speed and volume of water passing through the
siteand together with the site characteristics sudbedisymetry, water depth and the
geology of the seabedonstitute part of the physical constraints of the problem.
Converting ticl stream power is a develag field of research and tle®mprehensive
evaluation of thevailableresourcas limited. Although it is anticipated to be an
environmentally benign means of energy supply, the amount of research and experience
is not sufficent to derive comprehensive conclusions. Economical considerations are also
based on estimations of the tif@e of the devices and strongly depend on the
developments in the tidal power conversion industry and related industries. Therefore the
environmenrdl, economical and social constraints are not easy to meRewently the
International Electrotechnical Commission (IEC) is preparing the international standards
for marinepower conersion systems, TC 1Marine Energyi Wave and Tidal Energy
Convertes, which addresssthe evaluation and mitigation of environmental impacts,
resource assignment requirements, performance measurement of converters and other
related issuedEC, 2008) Since there is not an international standard yet, usually the
experience from other marine renewables and wowler ©nversion projects has been
used in selecting the locatiofts conversion projects so far. The available literature also
supports thedea that theonstraints that affect the site selection criteria for a tidal power

demonstration scheme depend on thergy output, construction methods, and
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environmental, social and economic impacts @Davine Tarbell & Associates Inc.,
2006; Fraenkel, 2006; Michel et al., 2007; MMS, 2006a; Pearce, 2005; Triton
Consultants Ltd.2002; Young, 1995)The environmental impacts of converters can be
grouped as the physical impacts, such as changes in the flow patterns and water quality,
and related ecological impacts on the aquatic and terrestrial life. The converters also have
ecoromical and social impact due to their energy supply for the region and their effects
on the marine and land use. Commercial activities such as shipping and fishing, and
recreational and touristic activities need to shamarpeteagainst each other fdne
space use rights.

The most importargffects of converters on the environmeah be listed as the
effects on thevater quality, aquatic life and terrestrial life, marine use and land use. The
aesthetical concerns and the effects on the cubmdthistoric sites aradditionalaspects
to be considered when evaluating the environmental effeetane Tarbell & Associates
Inc., 2006) The effects on each of these have to be ewaluat different stages of the
project such as installation, operations and maintenance and decommissioning. The effect
on water quality during installation mainly consists of disturbance to the sediment, which
results in suspension of sediment and in@ddsrbidity. This is of more concern if the
bottom sediment has contamination. However, this disturbance is expected to be less than
that associated with one tidal cycle. During operation, converters alter the tidal energy
flow hence the sedimentation fanhs and suspension as well as the vertical mixing.
Scour and loss of soft sediments might occur near the structures.

In order to avoid the adverse impact on aquatic life, habitats for endangered,

protected or sensitive species should be clearly idedté#nd avoided if possible.
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Because during installatipeuspension of fine sediment due to construction may have
impact on the immediate surroundings, fish spawning or nursery areas and also benthic
habitat. Anchor sweep and the frequency of anchorfliti@vessels used in the
construction and open trenchingiory the cable where it is required causes most of the
sediment redistribution. The impact of opening trenches can be reduced by plowing
instead of air jetting and can be completely avoided biztiatal directional drilling,

which provides installation of cables through a conduit drilled under the seabed. Noise
and vibration during construction might disturb the aquatic life especially during
breeding nesting and migration. However, it can bamized by careful site selection

and timing for the project. The sound levels higher than 145 dB are determined to have
an effect on the behaviors of whales and sounds levels higher than 180 dB are determined
to be harmful to marine mammals and sea tufishel et al., 2007)The effect of

noise and vibration during operation is a continuing resdarche ongoing projects.

The mechanil and flow related injuries of the aquatic life from conventional
hydropower facilities include impingement with screens and contact with the blades, and
abnormal change in pressure gradients and water velocities. Although converters with
unenclosed turbies look similar to boat propellers or hydroelectric power turbines, they
operate amuchlower speeds angiuchlower pressures than those traditional devices.
The blades are usually slender and the percentage of area swept by the rotor is much
smaller. Ths reduces the probability of fish passing through to contact with the blades.
Lack of a screen or a shroud prevents injuoynfimpingement, abrasion, pinching and
grinding. The installation stage may also require permanent removal of some terrestrial

halitat to construct the shore station, access roads and right of way for the transmission
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lines. The disturbance to the wetlands should be kept at minimum and temporary level as
much as possible and permanent changes to the hydrology of the wetlands should b
avoided.

Land and marine activities in the vicinity of the project area needs to be restricted
during the installation of converters. At the operation stage, fishing exclusion zones and
restricted areas for recreational boats may need to be introdiucadigation or
commercial shipping cannot be avoidedough navigation clearance should be left
between the rotor blade and the devices at lowest astronomic tides.

As far as the decommissioning effects considered, disturbance due to noise and
vibration, suspension of sediments due to removal of transmission lines and anchoring of
vessels are all temporary. Disposal of removed structures and loss of benthic habitat may
have longer term consequences.

On the other hand, some positive environmental impagtaiso be expected
from the converters. Establishing fishing exclusion zones around converters may help
increasing the amount of aquatic life by providing shelter for marine life. Project
structures, such as transmission cable may serve as suitablerstfiot invertebrates
and macro algae developing an artificial reef for the aquatic comn{d@tyne Tarbell
& Associates Inc., 2006)

Evaluation of these criteria to match the reeda way that the consumption of
material and energy meinimized requiresntegration ofa significant amoundf
information, which makestilizing computers and GIS tools extremely benefifapa,

1991) For the last 20 years GIS applications has been successfully used to assess the

environmental and economical constraints, and to select suitable sites for engrghs pr
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(Amador and Dominguez, 2005; Baban and Parry, 2001; Biberacher, 2008; Brody et al.,
2006; Carrion et al., 2007; Cowen et al., 1995; Kaijuka, 2007; Larsen and Madsen, 2000;
Moller, 2006; Muselli et al., 199®tawa, 1980; Prest et al., 2007; Ramachandra and
Shruthi, 2007; RamireRosado et al., 2008; Rodman and Meentemeyer, 2006; Voivontas
et al., 1998; Yue and Yang, 2007; Yue and Wang, 2006 suitability of GIS to serve
for this purpose was proposed ear(iYapa, 1991)with its performance and
shortcomings having been evaluated more rec¢dtiyninguez and Amador, 2007)

A system for decision support for siting of wind power conversion projexss
first defined in 198@0tawa, 198Q)The system involved resource analysis, quantifying
the proximities to areas of interest or special importance and exclhdimgdtricted
areas. The results were ranked and synthesized in a matrix in order to identify the most
suitable locations (Figure 2.10). Through the years there has not been any significant
change in the methodology and in 2000, a-G4Sed approach withsamilar
methodology was used to evaluate sites for wind farrttseeldK (Baban and Parry,
2001) Although there are significant differences between tfiéenbert et al., 2007,
Pearce, 2005; Turner and Owen, 20@7¢ essentials of wingower conersion ad tidal
streampower conersion are similar. Thus a similar workflow can be created to assess

the suitability of locations for tidal stregmower conersion projects.
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Figure 21. Example system of site selection for wind powlevelopmentOtawa, 198Q)

There are no comprehgive guidelines on how to determine acceptable limits for
changes to the wave, current, or sediment transport climates caused by current energy
extraction devices. EPRI 6s reports on asse
America focusing on a few spific regions with high potential to identify the
environmental impacts and economical constraints and assess the available technologies
for suitability, andother relatedtudies can be used as a guide for determining the related
parameter¢EPRI, 2008; MMS, 2006a; Schwartz, 2008)though they are mainly
prepared for oil and chemical spill response purposes, Environmental Sensitivity Index

maps also provide some essential data that can be used with the sitersele

methodology(NOAA, 2008c)
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CHAPTER 1lI

ASSESSMENT OF WAVE POWER ALONG THE ATLANTIC COAST OF THE

SOUTHEAST USA

The wave power potential is assessed based on the data from the wave stations in
the study area. First the spatial and temporal coverage, and the quality of the data are
introduced. Ths is followed by the wave power computation and the assessment of
seasonal variations in the wave climate. Finally average and maximum annual wave

power maps are provided.

3.1. Wave Data

The region evaluated for offshore wave power potential is boundeu [38°N-
37°N latitudes and 82°W72°W longitudes off the coast of northern Florida, Georgia,
South and North Carolina as shown in Figure 3.1. The datasets used for the wave analysis
are acquired from the National Oceanic and Atmospheric Adminigirati¢ NOAA) 6 s
National Data Buoy Center (NDBC). There are more than 30 stations along the Atlantic
coast of the United States that are scattered sparsely and mostly over the continental
shelf. Historical wave data for varying time periods up to 30 yer&available from
these stations. However, only a limited number of them provide wave height and period
or spectral wave data necessary to calculate the power. These are some of the Coastal
Marine Automated Network (MAN) and Skidaway Institute of OceanograpsKIO)

stations and NDBC moored buoys. The locations of these stations are shown in Figure
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3.1. The information about data formats is available from National Oceanographic Data
Center (NODC) and NDBQNDBC, 2008; NOAA, 2008a)NDBC provides two types of

data sets with regards to wave properties; standard meteorological data (SMD) and
spectral wavelensitydata SWD). These two datasets differ in format and availability,

and usially the SMD has longer data coverage starting with earlier years th&8WiDe

The time series of the available wave data in the region and the dataset that is used out of
that available set are shown in Table 3.1. The availability of SMD, the actilabditg

of the wave height and period data, and the availability o5W® are marked in the

table.

82" W 80" W 78" W 76" W 74" W 72" W

A 44014
DUCN7

A DSLN7

41001

2\ FPSN7
41013

A 41004
A 41002
SVLS1

1022 A 41005
JavAS

31021 TYBG1 ATLANTIC OCEAN
41008

A 41003
A 41012

A 41006
A 41010

A 41009

)FL

Figure3.1. Locations and names of the wave measurement stations along Atlantic coast
of the southeastn USA.

The wave heights provided with the SMD are in terms of significant wave height
Hs, which arecalculated as the average of the highesttbid of all of the wave heights
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during the 28minute sampling perio&imilarly, the wave periods;,, are aerage wave
periods of all waves during the 2tinute periodNDBC, 2008) Spectral wae data is
not provided at every station. For spectral wave data, the enerdyHam,rfor each
frequency bin (typically from 0.03 Hz to 0.40 Hz) is given. Example for SMDSMW®
are given in Tables 3.2 and 3.3.

Table3.1. List of available buoys and the datasets according to years. Availability of the
SMD (light shade), wave heights and periods (dark shadegWi( i s 0) ar e

YEARS

1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005

41001
41002
41003
41004
41005
41006
41008
41009
41010
41012
41013
41016
41021
41022
44014
DSLN7
DUCN7
FPSN7
SVLS1
TYBG1

STATIONS

Table3.2. Example of stadard meteorological data (SMD) from the NDBC wave station
41002 for the first 12 hours of the year 2004.

YYYY MM DD hh WD WSPD GST WVHT DPD APD MWD BAR ATMP WTMP DEWP VIS TIDE
20046 1 1 0 99 14 29 127 6.67 58 999 1026.8 19 23 105 99 99
2004 1 1 1 124 05 12 125 6.25 568 999 1027.3 19 23 105 99 99
20046 1 1 2 220 45 59 116 6.67 569 999 10273 19.6 233 85 99 99
2004 1 1 3 247 34 52 125 588 588 999 10274 194 234 7.8 99 99
2004 1 1 4 263 3.8 48 122 714 591 999 10269 194 234 93 99 99
2004 1 1 5 287 41 58 129 7.69 6.08 999 1026.3 194 234 89 99 99
2004 1 1 6 264 29 41 125 769 6.03 999 1026 193 234 96 99 99
2004 1 1 7 249 28 38 121 7.14 6.2 999 1026 19.3 233 106 99 99
2004 1 1 8 253 33 53 105 7.69 6.05 999 1026 194 233 115 99 99
2004 1 1 9 253 47 6.2 108 7.14 612 999 10255 198 233 129 99 99
2004 1 1 10 283 6.4 9.8 99 99 99 999 1025.7 20 233 14 99 99
2004 1 1 11 283 85 11.3 113 833 547 999 10264 198 233 134 99 99
2004 1 1 12 284 7.9 98 131 833 538 999 10269 195 233 13 99 99
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Table3.3. Example of spectral wave daBWD) from the NDBC wave station 41002 for
the first 22 hours of the year 2004 (The table is transposed for display).

YYYY | 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004 2004

MM 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
DD 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
hh 0 1 2 3 4 5 6 7 8 9 11 12 13 14 15 16 17 18 20
0.03 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.04 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.05 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0.07 0.07 0.04 0.05 0.06 0.03 006 006 005 004 005 0.04 0.04 0.01 0.06 0.02 0.03 0.02 0.02 0.04
0.08 031 053 022 033 023 018 025 023 0.15 0.12 0.13 0.12 0.11 0.13 0.09 0.11 011 0.09 0.09
0.09 0.68 0.93 031 061 049 035 047 062 033 029 026 036 032 023 022 019 028 0.1 0.12
0.1 0.72 048 031 044 044 043 06 061 047 043 04 068 0.67 045 057 031 041 012 0.19
0.11 041 02 028 058 053 0.7 057 058 038 06 065 087 074 061 09 037 032 019 0.29
0.12 0.32 031 045 054 079 147 099 086 059 077 113 09 084 091 088 049 04 031 0.28
0.13 042 046 065 062 08 155 124 084 092 077 097 072 091 118 071 051 04 038 0.24
0.14 1 061 077 0.87 098 1.02 0.78 098 07 079 06 039 069 082 063 029 038 0.38 0.25
0.15 1 056 081 086 0.67 063 0.72 087 046 058 033 04 042 073 058 0.26 039 032 0.29
0.16 0.97 1.06 056 0.73 052 057 072 0.7 043 048 022 038 037 092 057 042 031 02 0.15
0.17 0.97 0.78 0.66 0.99 057 042 059 05 053 033 033 045 047 087 06 037 039 027 0.16
0.18 0.6 074 08 062 075 047 042 049 044 035 028 062 069 06 0.76 052 053 065 0.31
0.19 043 069 062 046 056 04 048 032 031 033 021 065 071 07 049 071 055 0.6 043
0.2 037 039 043 032 04 054 032 022 02 03 019 067 085 061 045 039 063 043 057
0.21 024 023 03 036 033 041 025 023 016 019 02 074 062 049 045 024 044 035 0.62
0.22 0.3 028 025 032 023 024 023 023 011 015 019 0.71 045 0.27 041 025 0.24 022 043
0.23 0.26 0.23 0.23 022 016 021 025 023 01 015 02 042 038 02 028 023 014 031 021
0.24 0.19 0.26 0.16 0.11 0.17 0.16 0.21 0.11 0.09 0.09 0.21 032 0.27 028 0.17 014 014 0.2 0.19
0.25 0.18 0.16 0.11 01 0.11 0.13 0.13 0.11 0.09 0.09 025 0.23 0.16 023 017 013 014 0.1 0.17
0.26 0.15 0.12 0.07 0.09 0.09 0.07 0.11 0.07 0.08 0.07 021 026 011 016 011 016 014 0.09 0.12
0.27 0.09 0.12 0.07 0.09 0.06 009 006 005 004 008 021 025 012 009 0.1 017 011 0.13 0.09
0.28 0.07 0.1 0.06 007 005 008 004 005 004 004 0.15 0.13 0.09 0.05 0.08 0.14 0.07 0.09 0.07
0.29 0.06 0.08 0.05 0.06 0.07 006 004 004 005 003 01 01 0.1 0.06 0.07 0.08 0.08 0.08 0.04
0.3 0.05 0.05 0.04 0.04 005 004 004 002 004 003 0.08 0.08 0.07 0.06 0.07 0.06 0.06 0.05 0.05
0.31 0.05 0.05 0.03 0.04 003 004 003 003 003 003 0.06 0.07 0.06 0.06 0.05 0.05 0.04 0.04 0.05
0.32 0.03 0.05 0.02 0.04 003 003 003 003 003 002 0.07 006 0.04 0.04 0.04 0.04 0.03 0.03 0.04
0.33 0.04 0.04 0.02 0.04 002 002 003 002 003 001 0.07 0.04 0.03 0.03 0.04 0.03 0.04 0.03 0.02
0.34 0.03 0.03 0.04 0.03 003 002 003 002 002 001 004 0.02 0.03 0.03 0.05 0.02 0.04 0.03 0.02
0.35 0.03 0.03 0.03 0.02 002 002 002 002 001 001 002 0.02 0.02 0.03 0.03 0.02 0.04 0.03 0.02
0.36 0.03 0.02 0.01 0.02 002 002 002 002 001 001 003 0.02 0.03 0.02 0.02 0.03 0.03 0.03 0.02
0.37 0.03 0.02 0.01 0.02 002 002 002 001 001 001 003 0.02 0.03 0.02 0.02 0.02 0.03 0.02 0.01
0.38 0.02 0.02 0.01 0.02 002 001 002 001 001 001 002 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01
0.39 0.01 0.02 0.01 001 001 001 002 001 001 001 002 0.01 002 0.02 0.02 0.01 0.01 0.02 0.01
0.4 0.01 0.02 0.01 001 001 001 001 0.01 0.01 0 002 001 001 001 001 001 0.01 0.02 o0.01
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Since the SMD is available at more stations and has longer time series, it provides
a better spatial and temporal coverage thaiSi®. However, the&sWD is the measured
spectra of the waes and it is more accurate to use for estimating the wave power. For
this reason, a methodology is developed to calculate the power directly from the SMD by
using the availabl&8WD. Wave power maps are constructed using the data from each of
the stationgor the annual maximum and mean power. Also seasonal wave power
distributions are given at each station. The level of wave energy along the southeast
coastline of the United Statesniet anticipated tbeattractive and feasible with the
existing technolgy. Therefore, the evaluation of wave power is limited to power
resource mapping only. The highlights of the wave power analysis given here are
available in a published manuscriptefne et al., 2009)he list of stabns used in this
study and some of their properties are givehahle 3.4 The availability of standard
meteorological datéSMD) and spectral wave dat8WD), and wave heighdand period
statistics through 2005@shown inTable 3.5Overall, the SMDprovidesa better
temporal and spatial coverage witj419,203 hourly measurements, wherea$Sihv®

provides only 365,825.
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Table3.4. List of stations with wave measurements within latitudesl2B8°N and
longitudes 82W - 722W (N/A: Not Available).

Distance to Water

Latitude Longitude  coastline depth
Station ID Station Name (deg) (deg) (km) (m)
41001 150 NM East of Cape Hatteras 34.68 72.66 323 4389
41002 S Hatteras, 250 NM East of Charleston, SC 31.33 75.44 285 3786
41003 N/A 30.4 80.1 140 39
41004 Edisto, 41 NM Southeast of Charleston, SC 32.51 79.10 64 38
41005 N/A 31.7 79.7 106 67
41006 N/A 29.3 773 360 1006
41008 Grays Reef, 40 NM Southeast of Savannah, GA 30.7 81.1 36 18
41009 Canaveral, 20 NM East of Cape Canaveral, FL 28.50 80.18 40 42
41010 Canaveral East, 120NM East of Cape Canaveral 28.90 78.55 235 841
41012 St Augustine, 40NM ENE of St Augustine, FL 30.04 80.55 75 38
41013 Frying Pan Shoals, NC 33.44 77.74 52 24
41021 Olympic Northeast 31.92 80.85 5 9
44014 Virginia Beach 64 NM East of Virginia Beach, VA 36.58 74.83 110 48
DSLN7 Diamond Shls Lt., NC 35.15 75.3 26 16
DUCN7 Duck Pier, NC 36.18 75.75 0 10
FPSN7 Frying Pan Shoals, NC 33.49 77.59 57 14
SVLS1 Savannah Light, GA 31.95 80.68 18 15
TYBG1 U.S. Navy Tower R8, GA 31.63 79.92 98 45

Table3.5. Summary of data used from stations within latitudeN2738°N and
longitudes 82W - 722W (N/A: Not Available).

Spectral wave Duration of Standard Standard
density data  Sampling wave Mean deviation of Mean deviation of
Wave data interval interval rate acquisition Hs He Tm Tm
Station ID (yr) (yr) (hr) (min) (m) (m) (s) (s)
41001 75 - 05 96 - 05 1 20 2.02 1.12 5.84 1.01
41002 80 - 05 96 - 05 1 20 1.83 0.99 5.72 1.01
41003 79 - 82 N/A 1 N/A 1.27 0.67 4.59 0.93
41004 80 - 82, 86, 94 - 05 96 - 05 1 20 1.32 0.70 5.12 0.90
41005 80, 81 N/A 1 N/A 1.32 0.74 4.58 1.03
41006 82 -96 96 1 N/A 1.68 0.88 5.57 1.01
41008 88 -92,97 - 05 97 - 05 1 20 0.98 0.48 5.01 0.99
41009 88 - 99,00 - 05 96 - 05 05,1 20 1.17 0.66 5.39 1.14
41010 88 - 99,00 - 05 96 - 05 05,1 20 1.55 0.83 5.70 1.07
41012 02 - 05 02 - 05 1 20 1.10 0.65 4.98 1.07
41013 03 - 05 03 - 05 1 20 1.32 0.64 5.28 0.86
41021 94 - 96 96 1 N/A 0.68 0.31 4.70 1.02
44014 95 - 05 96 - 05 1 40 1.43 0.85 5.52 1.04
DSLN7 88 -02 96 - 02 1 N/A 1.48 0.80 5.53 0.93
DUCN7 96 - 00 96 - 99 1 N/A 0.83 0.49 5.69 1.04
FPSN7 93-04 96 - 04 1 20 1.36 0.68 5.23 0.78
SVLS1 90 - 96 96 1 N/A 0.88 0.42 4.78 0.77
TYBG1 04, 05 N/A 1 N/A 1.49 0.94 N/A N/A
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3.2. Wave Power Computation

Since the SMD are available at more stations thaisW® and they cover longer
time periods, it is preferred to use them in calculating the wave power. However, using
only a single wave height and a single average period to represent a spectrum of waves
introduces errors in calculating the power. In order to have larger temporal and spatial
coverage and space and to account for the error introduced by using the SMD the
following method is used. The wave power per unit crest for a monochromatic wave can

be céculated by
P(H,T)=§-p-g-H2-Cg (3.1)

whereP(H,T) is power calculated using a single wave height and a single peiothe
density of waterg is the gravitational acceleratiod,is the wave heighandCy is the

speed of the wave group dretspeed of the energy, which is given by

1w 2-k-h
Cg = 2k (1 + sinh(z-k-h)) (3.2)

wherewis the angular frequencl¢is the wave number, ards the water depth. The
power of irregular waves in a real sea state can be dedtyb&uperposition of infinite
number of regular waves with different heights and frequeriCieshett, 2006; Smith et

al., 2004; Tucker, 2001Hence the frequency spectrum can be used to define power as
Pspectrat = P 9 * J;_o SU) - Cg(f) - df (33)

wherePspecrrallS power calculated using the wave spectrumfasithe wave frequency.

In practice the wave records are finite in length and constructed with discrete sampling

intervals.Similarly the frequency spectrum is also constructed afthite number of

different frequency components, which yields
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Pspectrat = P * g * i1 AS (D) - Gy (D) (3.4)
whereN is the number of frequency componeris=38 for each hourly spectrum in the
NDBC spectral dataset)S(i) is spectral energy for each frequency component and
C4(1) is the wave group speed for that component. Equation (3.4) can also be
approximated in terms of Equation (3.1) as

Pspectral = @ - P(Hs, T) = =p - g - HZ - Cg(fin) (3.5)
wherea is a coefficient whose value depends on the shape of the frequency spectrum that
is used to define the sea stadfigjs the significant wave height afglis the average
frequency, which corresponds to the average period of the spectrufy &e./T,,).
For a Rayleigh wave distributiog,would have a value of 0.5. However, in order to
account for the realistic spectral shapes observed for the study area, aoegueaysis
of the relationship between Equation (3.4) and Equation (3.5) is done using the hourly
data for the measured frequency spectra and the corresponding measured significant
wave heights and average periods. In order to estimate the wave poweaanarately

the wave group speed is calculated without the deep water assumpti:@ér (%) in

contrast tasome of the references in the literati¢agerman et al., 2006¢c; MMS,
2006b; Shepherd, 1999; Tucker, 2Q01)
The result of the regression analysis of 365,825 spectral datureseents is
shown in Figure 3.2z is found to be equal to 0.61 wiRf = 0.81. Therefore, this
empirical coefficient of 0.61, which is somewhat larger than the theoretical value of 0.5,
is applied to the power calculated using the significant wave hamghaverage period to

obtain
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Peorrectea = 0.61 - P(Hs'Tm) (36)

wherePcorectediS the corrected value of the power.
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Figure3.2. Linear regression analysis Bfpecravs. Pyt from raw data with best linft
constrained to pass through the origin. Regression coefficient is 0.6®RwitB.81.
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3.3. Seasonal Variations and Annual Average Wave Power

In order to analyze the slow time variations (weeks and months) of the wave

height and wave power, a moviagerage filter is applied by using

m

. 1 okty ..
Hfiltered' Tfiltered(’-: k) = m : Zj=kz_m ’ T(l:]) (3-7)
2
and
, 1 k+? ..
Pfiltered (i, k) = m ijk_m Peorrectea (L)) (3.8)

2

wherei is the yearj is the hour of thgear,mis the window size in hours atkds the

resultant hour of the filter given by

k=n-24-(123,..,°2 - 1) (3.9)

wheren is increment of the filter window in dayDifferent combinations of the window

size and the moving ratei(n) are tested in order to remove the extreme events from the
data. The window sizes used in the analysis rangesrfrern@ days tan = 30 days, with
moving rates oh = 1 ton = 30 days with combinations of 2/1, 3/2, 7/1, 7/4, 15/4, 15/8,
30/1, 30/5, 30/15,@30. An example of filtering is shown in Figure 3.3 with filters 3/2,

7/4, 15/8 and 30/15 applied at Station 41002. Although 30/15 filter can be used for very
coarse averages for the seasonal changes, 15/8 filter is observed to provide more details
than 3/15 filter and still smoother results than 7/4 or 3/ 2 filters. The 15/8 filter is chosen

to be used in further analyses.
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Figure3.3. Filters(m/n) with various window sizes1) and the moving ratgg) applied
at Station 41002.

The data are also averaged over years in order to get the typical variation of wave

properties in a year by

1 M .
Haveraged: Taveraged (k) = E : Zi:l Hfiltered: Tfiltered (l; k)
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Paveraged (k) = I7h Z{Vil Pfiltered(lu k)

(3.10)

(3.11)



whereM is the number of years of available data. The mean power at a station is
estimated by calculating the mean of the averaged wave pBw@sges Similarly the
maximum wave power for a typical year is estimated by calculating the maximum of
Paverageda Without the application of the filter, the maximum power would simply give the
maximum observed power for a single extreme event rather than the povetolaiar
energy extraction.

Station 41002 is an offshore buoy (~250 km) in deep water (3786 m). This station
is one of the stations with the longest continuous time series, which is convenient to
assess the change in seasonal variations over the yeargarfdtion of the significant
wave height filtered by Equation (3.7) is shown in Figure 3.4. A-defihed seasonal
trend in the wave heights can be seen in the figure, generally higher in the winter season
(=3 m) when compared to the summer season (~The waves are usually higher than
2 m starting from October until the end of April. The isolated peaks in the figure

represent isolated extreme conditions.

Station 41002

Year

Figure3.4. Contour plot of the average wavendain in time at buoy station 41002.
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Haveraged Taveraged@NdPayveragedfOr station 41002, which are calculated by Equation
(3.10) and (3.11), are shown in Figure 3.5. It is seen that the average period increases
with the increasing mean wave height. Thesscorrelation between wave heights and
periods is a known fact and its effect on wave power calculations has been studied in the
past(Ozger et al., 2004; Smith et al., 2008nce the powers proportional tahe wave
height squaretimes the periodhe variation of powealso followsthe similar trend with
the wave height and period variatittowever, the effect of changes in wave height on
wave power is much more significant since power is proportionaktsdquare of the

wave height.

Station 41002

w

r
(3]
T

I

Haveraged (m)
N
T
|

1.5¢ .

Taveraged (s)

20 .

10 .

Paveraged {kiW/m)

| | | | | | | | | | | |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure3.5. Wave height, mean wave period and power, averaged over the years, for the
waves observed at buoy station 41002.
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StationFPSN7is locatedcloser to the shore $0 km) at shallower depth (14 m).
This buoy alsdasa long continuous time series of the wave heightseasonal pattern
is alsoseen invaveheighs at this station (Figure 3.6The low season for the wave
heights is again the summer season (~1 m). Homvévis time the waves in winter
season are not as big as they are at station 4b@@#v1.5 m.The extreme conditions
occurring around September seem to have a regular pattern of every 3 to 4 years, most
likely due to tropical weather systems. Clearlgwe heights have seasonal dependency,
being higher in winter and fall season whereas less in summer season. This seasonal trend
is observed at all stations and it is in correlation with the wind speeds in the region

(Stewart, 2007)

Station FPSN7
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T I
2003 -
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2001

2000 -

1999

Year

1998
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1985 - ‘\
1994 -

1993 | | | | | | |

Jan Feb Mar Apr May Jun Jul Aug
Month

Sep

Figure3.6. Contour plot of the average wave domain in time at buoy station FPSN?7.

The maximum and mean wave heiglatisstation FPSN7 (Figure 3.7) assmaller
when compared to the wa heights at the statigd1002.The maximumaveragevave

height drops fron2.5m at 41002 td..75m at FPSN7. Similarly the range of the average
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period drops from the limits 6.5 ~ 5 seconds to 5 ~ 4.5 seconds. Consequently, the
available power is also decreased, but has a sipaktern to power at 41002; smaller in

the summer season and increasing in the fall season towards the winter and decreasing in
the spring again. A difference in this trend is observed for the station FPSN7 in,the fall
where extreme conditions are obszhsporadicallyAlthough the wave powes larger
at41002thanFPSN7, the minimum mean power is not drasticdilfierent from ~12

kW/m to ~7 kW/m, when compared to the change in the distance to the shor&&om ~

km to ~3 km. Comparing Figures 3.5 dr8.7, the drop in the range of power is seen to

be from 21 ~ 4 kW/m to 11 ~ 3 KW/m.
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Figure3.7. Wave height, mean wave period and power, averaged over the years, for the
waves observed at buoy stationSiF.
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The maximum, mean and minimum power along with the depth at each station are
given in Table 3.6The spatial distribution of the wave power is shown in Figure 3.8. The
diameters of the circles in the figure represent the amount of wave power coifoputed
each station. The larger outer circle represents the maximum, and the smaller inner circle
represents the mean wave power for that location. These values are determined by
calculating the maximum and meanRaferaged respectively. The wave powerstaition
TYBGL1 cannot be calculated since it was found out that only wave heights, but no wave
periods were available at this station. Also wave power at station 41013 is not shown in
Figure 3.8 since it is located very close to station FPSN7. The offalames have more
power than the waves closer to the shore as expected. The stations 41001, 41002, 41006
and 41010 are far offshore, which makes these locations less attractive to provide energy
to the land, even though the waves contain more power.

Table3.6. Maximum and mean wave power estimates at each steition latitudes
27°N- 38°N and longitudes 82°Wr72°W.

Distance to Estimated maximum Estimated mean

Depth coastline power power
Station (m) (km) (KW/m) (KW/m)
41001 4389 323 35.6 17.5
41002 3786 285 28.3 15.6
41003 39 140 13.1 5.0
41004 38 64 11.0 6.9
41005 67 106 24.9 5.4
41006 1006 360 22.9 12.4
41008 18 36 5.9 3.8
41009 42 40 12.3 6.3
41010 841 235 25.6 12.1
41012 38 75 15.6 5.0
41013 24 52 17.1 7.2
41021 9 5 3.4 1.2
44014 48 110 19.0 10.2
DSLN7 16 26 14.9 8.9
DUCN7 10 0 10.3 3.8
FPSN7 14 57 14.6 7.6
SVLS1 15 18 4.3 2.6
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Figure3.8. Estmated wave poweRaveraged @lONg Atlantic coast of the southeastern USA
(outer circle: maximum, inner circle: mean).
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A contour plot of the wave power based on the available data from the stations is
shown in Figure 3.9.a. The power contours are seailtovfthe underlying bathymetry
contours shown in Figure 3.9.b. There are several possible reasthis. feirst, as the
waves propagate they lose energy due to dissipation. The dissipation of the energy is due
to viscous effects on the seafloor and kineg of the waves. Because of the broad
continental shelf in the southeast coast of the United States considerable energy is lost
due the effects of the sea bed such as bottom friction. Second, the fetch length in the open
ocean is primarily bound by thénaospheric conditions. Closer to shore the curvature of
the coast provides sheltering to significantly reduce the fetch length for winds from the

North or West. Therefore, the waves generated offshore are larger.
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Figure3.9. Contour lines of (a) the estimated mean wave power and (b) the bathymetry
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The accessible wave power is small when compared to conventional sources of
energy. However, the wave power estinsaee for a unit length of wave crest. When
integrated along a certain length of shoreline or along an array of generators, the
available power increases significantly. Although the efficiency of the power extraction
depends on the type of the devicesipossible to come up with a rough estimation for
the wave power output since the efficiency of most devices centers around 20%
(Thorburn et al., 2004; Tsenga, 200Bpr example the mean power for statiGttN7 is
given as 7.6 kw/m. If aower conerterlike a point absorber type can extract energy
from 5 m of a wave with 20% efficiency, theanverted powefrom a single device
would be 7.6 kW. A roughstimateneglecting the interactions between devices, a farm
with 20 of these converters wouwtdnvertl52 kW ofpowerand an array of 20 by 20 of
these devices would produce 3.04 MWathl power Such a system would providelQ
GWh of energy in a month. The average mon#ibctricity consumptiorfor a residential
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unitin Georgiais by year 2007 is repied as 1.2 MWKUSEIA, 2009) The average
monthly consumption for commercial aimdiustrial sectors in Gegia is given as 7.3

MWh and193 MWh, respectively. Therefore, the energy converted from waves 50 km
offshore can be considered to be on the order of electricity consumption by more than
1800 residential units @00 commercial units or lihdustrial unis in the state of

Georgia.
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CHAPTER IV

ASSESSMENT OF TIDAL STREAM POWER ALONG T HE COAST OF

GEORGIA

The tidal power along the Georgia coast has been evaluated using the available
data and numerical modelinghe tidal stream powes evaluated by computinthe

power density from the tidal current speeds using

P==-p-V? (4.1)
whereP is the tidal stream power per unit area of flae. tidal stream power density,
is the density of seawater axids the current speed. The tidalreentmagnitudesre
computed fronthe available data from tidal current stations in the regi@hfromthe
modelingoutput The available data with regards to tital currentsand elevation
the region are reviewed in the next subsection. It isi@d by a subsectiorontaining
details of the modeling of the tidal stream floavsl validation of the result$he
remaining subsectionmesentespectively thannualtidal power densitythe effective

power, and finally thedditional power densitydm river discharge
4.1. Tidal Power Density Computation from Tidal Current Data

The information about the tidal <current
Operational Oceanographic Products and Services@E6)includestidal stations in the
region that povide datadescribingwater elevations, harmonic constituents, datum
values, benchmarks and some meteorological observdN@BA, 2008d) Threeof
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these stations are tin or near the borders Gfeorgia. In addition to thesthere are
more than 13@bcationsin Georgiawheretidal current preditions areprovided.The tidal

stations and tidal current prediction locations are shown in Figure 4.1.a and Figure 4.1.b.
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Figure4.1. (a) Tidal stationbetween 30°N3 2 U3 06 N and (b) ti dal C
stations b e 83WNeamny th&SEAll@ncidast of USA.

Tides can be decomposed into harmonic terms that are adéddnstituerg
which areperiodic oscillatios driven by the celestial forceMathematical
approximation of the astronomical tides is given as

H=ay+YN a;-cos(o;-t+5) (4.2)
whereH is theastronomical tide at timiesince the start of the tidal epgég is the
vertical offset a;, si, d are the amplitude, angular frequency and phase angle i§f the
tidal constituat (Zevenbergen etl., 2004) More than 30 constituents ampplied by

NOAA to calculatehe tidal water levels. Thalal constituentsised to calculate the
52



water levelatthe Fort Pulaski statioaregiven in Tabled.1 as an exampldhe name of
constituents, related gitudes, phases and phase speedstaen in the tablelThe

amplitude is defined as half of the range of a tidal constituent, and phase is defined as the
phase lag between the observed and the equilibrium tide. Speed is defined as the rate of
change inlte phase of a constituent, which is equal to 360 degrees divided by the
constituent period in hours.

Table4.1. Example of tidal constituents that are computed by NOAAQ@S tidal
stations; Fort Pulaski stah, GA.

Constituent Amplitude Phase Speed
Number Name (m) (deg) (deg/hr)

1 M2 1.013 17.9 28.9841042
2 S2 0.158 45.8 30

3 N2 0.219 2.2 28.4397295
4 K1 0.11 200.7 15.0410686
5 M4 0.042 248.1 57.9682084
6 o1 0.079 206.5  13.9430356
7 M6 0.006 60.4 86.9523127
8 MK3 0.009 33.1 44.0251729
9 S4 0.007 49.4 60

10 MN4 0.02 241.9 57.4238337
11 NU2 0.044 355.4  28.5125831
12 S6 0 0 90

13 MU2 0.032 50.2 27.9682084
14 2N2 0.028 349.1  27.8953548
15 001 0.005 213.3  16.1391017
16 LAM2 0.018 5.6 29.4556253
17 S1 0.019 168.1 15

18 M1 0.006 249.2  14.4966939
19 J1 0.006 228 15.5854433
20 MM 0 0 0.5443747
21 SSA 0.06 51.8 0.0821373
22 SA 0.084 176 0.0410686
23 MSF 0 0 1.0158958
24 MF 0 0 1.0980331
25 RHO 0.003 204.7  13.4715145
26 Q1 0.017 198.9  13.3986609
27 T2 0.019 30.7 29.9589333
28 R2 0.011 285.6  30.0410667
29 2Q1 0.002 212.2  12.8542862
30 P1 0.039 199.8  14.9589314
31 2SM2 0.003 122.4  31.0158958
32 M3 0.024 152.1  43.4761563
33 L2 0.044 12.2 29.5284789
34 2MK3 0.005 77 42.9271398
35 K2 0.041 45.9 30.0821373
36 M8 0 0 115.9364166
37 MS4 0.023 2744  58.9841042
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The tidal prediction locatiorare sparsely distributed in the inlets, rivers and
channels in the region, and are often named for the channel, river, or bay in which they
are located or for a nearby navigational reference paihmited numbe of these
locationsare categorized by GOPS as reference stations and full daily predictions
the maximum valueare published for thenNo current time series are available at the
prediction locationsThe remainindocationsare categorized as suldmate stations.

Specific differences are applied to the times and speeds of the predicted tidal currents at
the specified reference stations to calculate the predictions for subordinate stations
(NOAA, 2008d) These locations are shown in Figdrgb and an example of tidal
predictions computed by GOPS for the Savannah River afeayear 2007 is given in

Table4.2.

Table4.2. Example of tidal predictions computed by @®S for Savannah River area

for year 2007.
Average Speed and Direction
Min Min
Before Before
Flood Flood Ebb Ebb
Station Depth Latitude Longitude Spd Dir Spd Dir Spd Dir Spd Dir
SAVANNAH RIVER ENT. (between jetties) 11 3202.14' 80°53.42" -- -- 2 286 -- -- 2 110
Fort Pulaski 3202.2 80°54.1' -~ -- 18 283 -- -- 31 98
Fort Pulaski, 1.8 miles above 3202.7 80° 55.9' -- -- 22 316 -- -- 2.8 140
Fort Pulaski, 4.8 miles above 32045 80° 58.6' -- -- 21 29% -- -- 3 116
McQueen Island Cut 10 3203.9' 80° 59.2' -~ -- 07 251 -- -- 12 69
Elba Island Cut, NE of, Savannah River 10 32044 80°57.9' 0.1 202 14 283 0.1 183 2.6 104
Elba Island, NE of, Savannah River 10 32°5.4' 80° 59.6' -~ -- 11 329 -- -- 25 149
Elba Island, west of, Savannah River 10 32057 81°1.2' -- -- 09 219 -- -- 16 40
Fig Island, north of, Back River 32051 81°3 -- -- 1 280 -- -- 15 94
South Channel, western end 32°5.3 81°1' .- - 1 300 -- -- 15 122
Wilmington R. ent., south channel 32°4.6' 81°0.1' -- -- 1 32 -- -- 16 206
Savannah, southeast of highway bridge 10 32°5.2 81°5.8' -~ -- 11 319 -- -- 26 146
Savannah 3205 81°5' -~ -- 16 279 -- -- 22 106
Kings Island Channel, Savannah River 10 32°7.6' 81°8.2' -- -- 15 339 -- -- 21 152
Seaboard Coast Line Railroad 3206.2' 81°7.1 -~ -- 24 320 -- ~-- 35 150
King Island, west of 32074 81°8.1' -- -- 14 337 -- -- 2 160
Port Wentworth, 0.2 mile above 3208.8' 81°8.4' -- -- 09 22 -- -- 15 210
Wassaw Island, N of E end, Wassaw Sound 10 31°54.9' 80° 56.3' 01 15 14 292 -- -- 21 108

All speeds are in knots, depths are in feet, directions are in degrees from true north.
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Following the guidelines in the EPRI report for estimating tidal cterargy
resources (Hagerman et al., 2006c¢), preliminary investigations of the tidal currents can be
conducted based on the tidal current predictions provided by 133 tidal current stations.
The information on maximum flood and ebb flow magnitudes anddirerctions are
provided at these stations. The maximum tidal power densities calculated using these data
along the Georgia coast are shown in Figue As seen in the figure, the tidal currents
can have significant spatial varibty; therefore,predidions of currents at one location
are generally a poor indicator of conditions at another location, even nearby. The
majority of the data is available along the navigation channels, with sparse data within
the rest of the tidal area. EPRI (Hagerman e2806c) suggests a methodology using
continuity and the Bernoulli equation for determining the flow in different sections of a
channel. This is a reasonable approach for flow along a geometrically simple channel, but
is not applicable for the flow in the@mplex network of rivers and creeks along much of
the Georgia coastline. These tidal currents can have significant spatial and temporal
variability; thereforepredictionsat one location are generally a poor indicator of
conditions at another locatiofhe model and the measurements used in computing the
predictions are not transparent, therefore, the quality of the predictions is questionable
(Rear, 2009; Zevenbergen et al., 20@Hnsequentlya stateof-the-art numerical model,

ROMS,is appliedfor simulating the tidal flows along the coast of Georgia.
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predictions along the Georgia coast.
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4.2. Numerical Modeling of Tidal Currents

Although the tidal currents are a result of gravitational force ofe¢testial
bodies orthe earth, which makes them highly predictable, their magnitudes might change
significantly due to the geography of the coastline. Therefloegnumber oftidal stations
is not enough for a comprehensive assessment of tidal power iaglon. The spatial
variation of tidal power should be investigated in detail by modeling hydrodynamics in
the entire domain. For this purpose The Regional Ocean Modeling System (ROMS) is
used. ROMS is a member of a general class of-liraensional, fee surface, terrain
following numerical models that solve the thrédienensional Reynoldaveraged Navier
Stokes equations (RANS) using the hydrostatic and Boussinesq assumptions (Haidvogel
et al., 2008). ROMS uses finitkfference approximations on a haowntal curvilinear
Arakawa C grid (Duran, 1999) and vertical stretched teffidiowing coordinates.
Momentum and scalar advection and diffusive processes are solved using transport
equations and the density field that accounts for temperature, samdtguspended
sediment concentratiomse computed witAn equation of statd he modeling system
provides a flexible framework that allows multiple choices for many of the model
components such as several opgidor advection schemes (seceorder, thirdorder,
fourth-order, and positive definite), turbulence models, lateral boundary conditions,
bottom and surfacéoundary layer submodels, -@ea fluxes, surface drifters, a nutrient
phytoplanktorzooplankton model, and a fully developed adjoint modetémputing
model inverses and data assimilation. The model also includes a wetting and drying
boundary conditioypwhich can be used for a more realistic simulatiotiadl flows. The

code is written in Fortran90 and runs in serial mode or on multiptegsors using
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either sharedor distributedmemory architectures (Open MuRrocessing or Message

Passing Interface).

4.2.1. Model Properties

The preliminary grids used in this study are sarathan the final gridand can
run on adesktopcomputemwith dual processors. The later models are run on a Linux
cluster computewith 10 nodes. Each node 23412 MB RAM and 4ntel(R) Xeon(TM)
CPU 3.20GHzrocessors. A 32 day simulation on a grid with 400x800 computational
nodes, and half a second fast time $éd@s about 6 days to complete using 24

processors on 6 nodes.

Tidal Forcing

In order to produce simulations of the tidal currents, the model requires tidal
forcing along the boundaries of the computational domain. This forcing can be derived
from a varety of sources including measurements, model simulations or the harmonic
constituents provided by the NOAA GOPS. In this study the tidal forcimpmesfrom
the tidal database creatldsed on the data frotine numerical modeADCIRC for the
Western NorthAtlantic OceanMukai et al., 2002)The extent of the database near the
Georgia coast is shown in Figut. This database includes the M2, S2, N2, K2, O1,
K1, P1, Q1, M4, M6 and STEADY tidal constituent¥he constituentareextracted from
the tidal database and applied at the open boyraddhe computational grids to force

the ROMS simulations of the tidal currents.
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al., 2002)

Coastline, Bathymetry and Topography Information

To produce aagrate simulations of tidal currents, the model requires detailed
bathymetric data for the generation of the computational grid. The coastline and
bathymetry information is obtained from the National Geophysical Data Center (NGDC).
NOAAOGs medi usmoreline §/0,000) dataset is used for the coastline
information. The medium resolution shoreline provides sufficient detail to beaused
maskthe grids (Figurel.4.a). The coastline dataset is extracted using the coastline
extractor available at the Ni& website (NGDC, 2008). The digital sounding data from
NGDC bathymetric maps is used for the bathymetry (NOS, 2008). The digital sounding

data providesletailedcoverage of the bathymetry of the coastal zone as shown in Figure
59



4.4b. The bathymetry meagments are with reference to the Mean Lower Low Water
(MLLW), whereas ROMS uses mean sea level as the reference for depths. Therefore, the
vertical datum for the bathymetry data is adjusted using MLLW and MTL values

reported byNOAA atlocal tidal stations
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Figure4.4. Example ofa) the coastlinand (b) the details of bathymetry coverage for the
extent of the red rectangle shown on the left.

The wetland topography is obtained from thegtibinal Wetlands Inventory (NWI)
of the U.S. Fish and Wildlife Service. The vertical datum for the wetland topography is
NAVDS88 and needs to be converted to the MTL for the model Aurertical datum
conversion utility called VDatum that can generatalttd-geodetic offsets for most
coastal locations in thdSA is being developed by a joint project between the National
Geodetic Survey (NGS) and NOAA's National Ocean Se(N¢&S, 2008) Although
this utility providescoveragdor the mosbf the USA coasts it is not available for the
Atlantic coast of the southeastddSA. Therefore, the vertical datum conversiobésed

on the measurements available from$8oaithEast U.S. Atlantic Coastal Ocean
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Observing Systerstationg SEACOOS2008) The arithmetic mean of the offset

between NAVD 88 and MSL at these statiofis{5 m) is use@Figure 4.5)

NAVD88 to MSL offsets
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Figure4.5. Map of the vertical difference between NAVD 88 and MSL at water level
stations in the SEACOOS regiq@®EACOOQOS, 2008)Offsets indicate moving from
NAVD 88 zero level to MSL zero level in meters.

Computational Grids

The computational gridsregenerated using SeaGrid, which is a toolbox
developed for Matlab to prepare an orthogonal grid within a curved perimeter, suitable
for oceanographic modeling (Denham, 2008). The bathymetric data, whichssimree

positive downwards from the MSIs used to generate depths for each grid point. Grid

points within

and marked by using a masking feature utilizing the coastline data. The bounda
between land and watera solid wall boundary with free slip condition. Each grid that

createcheeddo be examined manually to ensure that all computational points are

t

he

comput at i on adrededeommad n

61

wh i



interconnected with at least two other points in order for the model to mectgr

Finally, the vertical datum for each gméedgo be adjusted to the MTL before running

the models. In order to simulate the tidal flows inside the estuaries, rivers, inlets and bays
in more detail numerical grid resolution needs to be kept gnaligh to have at least a

few grid cells across the narrowest channels in the model. For this reason, to keep the
computational domain to a manageable size, the lasiken up into subgrids, each to

be used for separate simulations. Wherever possiaitaral barrierareselected as
boundaries between the different gridagestuaries or bayarecontained in their

entirety within a single computational domain. The neighboring grids contain overlaps of
several kilometers to ensure seamless coveraganfexample of the grids treae

created, a part of the computational grid for$eAndrews Sound is shown in Figure

46wi t h the | and masking differentiating

31.05

31

Latitude

3095

309

30.85

817 816 815 -814
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Figure4.6. An example of computational grid and land masking from the St. Andrews
Soundexcluding wetlandswhite cells are the dry cells and green cells are the wet cells.
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Amini mum clipping depth iIis required
always wet, whereas dry cells always stay dilye wetting andlrying option in ROMS
allowsthe initially masked land cells to become wet or dry depending on the depth of the
flow in that cell For this purpose it is required to specify a minimum critical depitne
under which a cell becomes dry and transport out of it is prevented. On the other hand,
water is always permitted to flow into any cdlhis makes it possible to account for the
changes in the surface area of the wadaich affects computation dhe tidal prism.
Additionally it provides means to include the wetlands in the modeled area in the model
simulations. Wetlands are neither considered to have high tidal currents nor are they
suitable for placin@ power congrter on them, yet they mightm@ain significant amount
of water in them that moves in and out with the tides. Therefoeg,are included in the
modelto observe their effect on the flow characteristics. The wetting and drying routine
of ROMS has been used by the ocean modelingwarity for the last few years arttle
routine has been continuously evolving with changes and updates to the algorithm. The
latestversion of the routine at the time of this studyiil 2009) is used during modeling
efforts Althoughthis routinecan beusedby many esearcherat the time of the study it
is a relatively new routine in ROMS with some stability issuég @xperience with
different model grids in this study shows that the stability of the model strongly depends
on the critical depth value thatused by the routine to determiha cell is wet or dry.

The overhead of the wetting and drying option is an increase in the model simulation
times, which can sometimes bethe order of two depending on tragio of wetlands to

wet pointswithin themodeled area.
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In order to simulate the tidal flows inside the estuaries, rivers, inlets and bays in
more detail, numericalrgl resolution is kept on the order of a hundmeeters. The coast
of Georgia has been separated thteedifferent gridsga3l, ga32 ga33as shown in
Figure 47. The rorthern and southern grids (iga31 ga33 have negligible overlap a
their boundarigsand the middle gridg@32 overlaps sufficiently with both of the grids
to ensure full coverag&or each computational domathe model is run to simulate 32
days, encompassing an entire lunar cgtdeting from an arbitrarily selected date,
November I, 2005.The constituents from the model are computed while neglecting the

first 2 days to eliminate startup effects in thedelo
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Figure4.7. Thecomputational grids used for ROMS simulations of the tidal currents
along the Georgia coast.
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4.22. Model Results and Validation

Themodel resultare validated againsteasuremenisnd predictions where
available The fielddata from different sources are usedhesprimary controtlata for
this purpose. bng the coast of Georgia there ametidal gauge stations that provide
observed and predicted tidal elevation time semeharmonic constituents of tidal
elevation There areéwo locations where ADCP meaements by NOAA are available
through NOAAGs Currents MeasVMIST)eTneaeates f or
alsoseverabtherlocations where tidal current measurementeevaoneg(Blanton et al.,

2003) The predictions ohigh/low tidewater levels and maximum currents by NOAA
are used as the secondary control datee they are predictions by a model based on
measirementf unknown qualityin the past. They do not provide time series, but only
the maxima valuesandare less reliable than the primary data,chiare actual
measurements.

In analyzing the model results, a set of key validation parameters are defined
compare the model results to each other and to the available data for validation purposes.
The types of data that are compared are maximum currents, high/low tide elevations and
harmonicconstituents ofidal elevation The validation parameters arg¢egorized into

groups according to these types and explained below in detail.
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Parameters §kdfor Validatingthe PredictedMaximumCurrents

a. Mean Current Magnitude Ratad Maximum Currentgcmgrt)

Theaverageatio of themaximum current magnitudéem the modeljncluding
flood and ebb flows$o the magnitude of theorresponding maximurmurrentvaluesfrom

the validation datagiven by

yN |(curm)i|

cm _ i=1 [Ccury)]
grt =————— 4.3

wherecury, is the maximum auent magnitudérom the modelandcur, is the maximum
currentvaluefrom the validation data andN are the™ occurrence and total number of

occurrences of maximum and minimum during the simulation duration, respectively.

b. RootMeanSquare Differencef Maximum Current¢crms fcrms andecrmg

The rootmeansquare of the difference between the maximum current values
output by the model and maximum current values from the data. lestiamatefor the

error of the model prediction in terms of tidafr@ntgiven by

N . N2
crms = \/Zl=1{(curm13ll (cury)i} (44)

Currentrootmeansquare dferences for maximum flood and ebb curreiftsrms
andecrmg are calculated using tleame equation with Equation (%.But only the

maximum of the flood (or ebb) tides are used to compare.
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c. Mean Differencen Maximum Flood (or Ebb) Curren(&cmdandecmd

Themeandifferencein maximum flood current between the model output and the
validation datsshowswhether the modgroduced larger flood currerficmd> 0) or

smaller flood currentf¢md< 0) than the validation dat#.is given by

N curf - C'Ll.T'f
femd =Zl=1{( m}zi ( v)i} (4.5

Wherecur,ﬁ andcurvf are maximum flood currents from the model and from data,

respectively. Similarly, thdifferencein maximumebbcurrent between the rdel output
and the validation daia computed by

YN {(curg)i—(curd)}

N

ecmd = (4.6

wherecur;¥ andcurf are maximum flood currents from the model and from data,
respectivelyfcmdand ecmdare used to evaluate ability of the model to simulate the

flood or ebb dominant tidal regimes.

d. Phase Differencbetween Maximum Curren{spd fcpd andecpd)

The mean phase difference for maximum currents and the mean phase difference

for maximum fbod and ebb currents are given by

N (E.

de — Z[:l{(t‘n;])l (tv)l} (47)
S {(¢h) ~(¢).
MG ARG

ecpd = E— (4.9

wheret,, andt, are the tines that correspond to thexmum tidal currentoccurrencefn

the model output and the validation data, respectivéig. superscriptsande denotes
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flood and ebb, respectively u@entphasedifferenceis an estimate thow much phase
the model outputags €pd fcpd, ecpd> 0) or leads €pd, fcpd, ecpdk 0) the validation

data.

Parameters Used fdalidatingthe PredictedHigh/Low Tides

a. Standard Deviation Ratiaf High/Low Tides(stdrt)

It is the raio between standard deviation of the high/low tidenputed with the
model and given in the data. It is an estimate of how much the model underpsgdrtts (

< 1)oroverpredictsgtdrt> 1) the tidal range.

\/Z{\’:l{(elvm)i—elvm}z
N

stdrt = J (4.10

N ((etvy)—etoy)
N

whereelvi, andely, are the high/low tide time series from the model and the data.

b. RootMeanSquare Differencef High/Low Tides (ms hirmsandlorms)

Root mean square difference between the model outpuhartita for high/low
tides is an estimate fdine error of the model prediction pmedicting theidal elevation.

It is given by

N — 32
s = \/zlzl{(ezvml)vl (et (412

The rootmeansquare difference beeenthe model output and theatafor the

high tides only Iiirms) and low tides onlylérms) are a$o calculated with Equation
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(4.11), but using only the water surface levels for high (or low) tides ondgtitnates the

error of the modeh predictirg the high (or low) tides.

c. Phase Differencbetween High/Low Tideg(phd, hiphdandlophd)

These termgstimate how much the model output lagisd hiphd, lophd> 0) or
leads phd hiphd lophd< 0) thechange in the water surface level during tidieis
cdculated with the same equations for currents by substituting the high and low tide

times for time.

ParameterdJsed forValidating theHarmonic Constituents

a. Amplitude Difference foModeled Harmonic @nstituentsgmad

This parameteshowshow much the mael underpredist(amd< 0) or
overpredics (amd> 0) the amplitude of th€" harmonic constituent.
amdy, = (ampy)ix — (ampy)y (4.12)
where(amp,,), and(amp,),are the amplitudeof thek™ harmonic constituent

computed byhe model output angiven indata, respectively.

b. Percentage Amplitude Differencerfidlodeled Harmonic Constituenfamdp

amdpk — (ampm)k—(ampy) i .100 (413)

(ampy)g

Thisis a dimensionless parameter that gives the peurelgrpredigon (amd <

0) or overpredidon (amd> 0) of theamgitude of thek™ harmonic constituent.
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c. Phase Differencéor Modeled Harmonic Constituen{shd)

This parameteindicates howmuch the model output lagsi{d> 0) or leadsghd

< 0) thegivendatafor each of the modeled harmonic constituent for watdase level
phdy, = (phay), — (phay)y (4.14)

where(pha.)« and(pha)« are the phassof thek™ harmonic constituertomputed bythe

model output andiven indata, respectivelyn minutes.
4.22.1. Validation with NOAA Computed Constituents

There are three tidal stations in Georgia where NOAA continuously measures the
water surface elevations and provides the tidal constituents for the water levels. The data
from these stations are compared to the constituents computed fromdag B@del
simulations. The locations of these stations are shown in Figure 4.8. The Figures 4.9
4.11 show the amplitude and phase of each tidal constituent computed by the model and
given by NOAA at the measurement looais. Tables 4.8 4.5 providemore detailed
and quantitative results from the comparison between the model results and the data. The
period of each constituent is given in hours. The temgoaa (Or phavoas) and
amPmodel (OF phanode) Stand for the amplitudes (or phases) for each constituemt gye
NOAA and computed by the model, respectively. The temmdp, amdandphdare used

for a quantitative comparison as described in the section on validation parameters.
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Figure4.8. NOAA harmonic constilent computation locations.

The results for stations 870870 show that the model underpredicts the most
energetic constituent M2 by 10 cm, which corresponds to a 10% error in its magnitude,
and does a much better job in predicting the magnitude of the®tuwnstituents
modeled. An error on the order of 10 cm for M2 s considered to be within the acceptable
limits since it is not more than 10%. The error in computing the phase is below 50
minutes except M4. The M4 and M6, called the overtides ofdvi2g@eratedbecause
of thenontlinearitiesfrom thebottom fridion and continuity constraints duedbannel
morphology(Blanton et al., 2002)Theybecome important wheirdal amplitude to
bottom depthratio gets larger and cause theximum ebb and flootb shift closer to

high or low waterdistorting theM2 componentTheir amplitudes in this s&, however,




are very smajlhence their impact is minimal. Although the percent amplitude difference

amdpis very high for the overtides the absolute differesud is negligible.
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Figure4.9. Modeled andneasured tidal constituents from the NOAA data at stations
8670870, Fort Pulaski, GA.

Table4.3. Validation parameters of the tidal constituents from the NOAA station at Fort

Pulaski, GA

Name Period ampyoaa @Mpmodel @amdp amd  phayoaa Phamodel phd

(hrs)  (m) (m) %) (m) (min) (min) (min)
M2 12.42 1.013 0.906 -10.5 -0.107 37 9 -28
N2 12.66 0.219 0.203 -7.3 -0.016 5 745 9
S2 12.00 0.158 0.158 0.2 0.000 92 49 -43
K1 23.93 0.110 0.111 1.2 0.001 801 773 -27
01 25.82 0.079 0.082 3.5 0.003 889 885 -3
M4 6.21 0.042 0.021 -49.7 -0.021 257 364 108
K2 11.97 0.041 0.035 -15.5 -0.006 92 60 -32
Q1 26.87 0.017 0.015 -12.3 -0.002 891 870 -20
M6 4.14 0.006 0.030 407.7 0.024 42 34 -7

The comparisonf the model results to the data from stations 8677344 and

8679511 show that the model can successfully predict the tidal constituents for those

locations that it can resolve (Figures 4.10 and 4.11). The error in the amplitude of M2 is

less than 5 cm, arwh the order of a centimeter for other amplitudes at these stations
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(Tables 4.4 and 4.5). The phase difference is less than 20 minutes for M2 and below 50
minutes for all other constituents with the exception of M4 at station 8677344, for which

the phaseitference is more than 2 hours. Although it is larthan thephase difference

of theother constituenists overall effect on the predicted water levels is not a major

issue since the amplitude for this constituent is on the order of a few centirmeters.
conclusion, the tidal constituents of water level computed by the modgteeally

consistent with the NOAA measurements. The amplitude of the major constituents (i.e.

M2, N2, and S2) along with the other constituents used to force the model anetbe w
measurements. The difference between the measured and computed phases is found to be
small, except for M4, which haslativelysmall amplitude and a minimal effect on the

computed water level.
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Figure4.10. Modeled and measured tidal constituents from the NOAA data at station
8677344, St. Simons Island, GA.

73



Table4.4. Validation parameters of the tidal constituents from the NOAA station at St.

Amplitude

Phase diff.

Simonslsland, GA.

Name Period ampyoaa @aMpmodel @amdp amd  phanoaa Phamodel phd

(hrs) (m) (m) %) (m) (min)  (min) (min)
M2 12.42 0.976 0.931 -4.6 -0.045 48 31 -17
N2 12.66 0.226 0.207 -8.4 -0.019 17 11 -7
S2 12.00 0.160 0.166 3.6 0.006 102 76 -26
K1 23.93 0.107 0.112 5.1 0.005 803 795 -8
o1 25.82 0.076 0.082 7.7 0.006 895 907 12
K2 11.97 0.041 0.038 -7.7 -0.003 106 70 -36
M4 6.21 0.027 0.022 -20.2 -0.005 314 184 -130
Q1 26.87 0.017 0.015 -13.6 -0.002 903 901 -2
M6 4.14 0.007 0.019 171.1 0.012 133 157 25
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Figure4.11. Modeled and measured tidal constituents from the NOAA data at station
8679511, Kings Bay, GA.

Table4.5. Validation paramets of the tidal constituents from the NOAA station at

Kings Bay, GA.

Name Period ampyoaa @Mpmodel @mdp amd  phanoaa Phamodel phd

(hrs)  (m) (m) %) (M) (min) (min) (min)
M2 12.42 0.950 0.912 -4.0 -0.038 75 59 -16
N2 12.66 0.207 0.196 -5.5 -0.011 42 44 2
S2 12.00 0.155 0.169 8.8 0.014 135 115 -20
K1 23.93 0.106 0.117 10.4 0.011 836 827 -9
o1 25.82 0.080 0.086 7.0 0.006 938 941 3
K2 11.97 0.040 0.047 17.7 0.007 132 84 -48
M4 6.21  0.040 0.048 19.3 0.008 215 184 -31
Q1 26.87 0.018 0.015 -14.5 -0.003 973 948 -24
M6 4.14 0.010 0.029 188.5 0.019 114 161 47
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4.2.22.Validation with ADCP Current Measurements

The current measurements come from a variety of data sources. In order to
compare the tidal currents, the constituents are calduddtine end of a 3@ay model
simulation, and the time series for the corresponding period of the measurements are
generated from these constituents. The time series for the water surface elevations are
also compared if data is available at the sameitotatong with the current
measurements. The locations of the available current measurements along the coast are

shown in Figure 4.12.
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Figure4.12. ADCP currenimeasurement locatiomgong the Georgia cet
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The ADCP measurememear Fort Pulaskil597) are obtained from NOAA-C
MIST for a time span of JubAugust 1997. There are only current measurements but no
water level measurements available from this dat@betcomparison with the data near
Fort Pdaski with the modeils shown in Figure 4.13. It is seen that the model predictions
agree well with the ADCP measurements on predicting the maximum tidal currents.
Although the mean velocity component in each direction is removed from the
measurements, thmeasured current magnitude almost never goes below 0.2 m/s whereas
the model predicts current magnitudes that reach to zero at slack water times. This can be
due to the fluctuations in the flow from the Savannah River as opposed to the model

which is onlyforced with the tides.
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Figure4.13. Depth averaged tidal current magnitude predicted by the model and from
NOAA ADCP measurementd location 1597, Savannah River, GA.
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Quantitative comparisons of theamsimum currents and high/low predictions for
all of the measurement locations are given in Tables 4.6 and 4.7, respectively. The water
depths at the computational cells that correspond to the measurement locations are also
shown in the table. The measurenseshow that the average of the maximum current
magnitudes at 1597, is on the order of 0.9 mrisg= 0.88 m/s). The model satisfactorily
predicts the maximum tidal currents with a 10% relative differecrogit= 1.07) and a
20 cm/s absolute differencerins= 19 cm/s). Although themgrtshows a very good
match, theermsis larger than expected. A detailed look at the time series plot reveals that
the model is actually doing a good job in predicting flood dominated tides at this location,
with the strongr flood and weaker ebb tides at the location. Howekere are time
intervals where the ebb flow increases significantly and the flood decreases. This can
only be explained by the atmospheric or the natural events that might occur during the
time of meaurements. For instance an upstream flood or increase in the surface flow due
to excessive rainfall might cause such a change in the pattern of the tidal currents. The
phase for the flood matches better with the measured plipkds 30 minutes) than the
phase for the ebb does with the measuremeplgle 60 minutes). However, when
combined the phase from the model leads the phase measured by the ADCP with less

than 30 minutes.
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Table4.6. Validation paramers for maximum tidal currents at the NOAA and USACE
ADCP measurement locations.

Depth cmg cmgrt fcrms ecrms crms fcmd ecmd fcpd ecpd cpd
(m) (m/s) () (m/s) (m/s) (m/s) (m/s) (m/s) (min) (min) (min)
1597 9.1 0.88 1.07 0.22 0.17 0.19 0.19 0 24 72 24
1693 109 0.74 1.08 0.11 0.14 0.13 -005 O 24 13 -19
1710 18.7 1.07 1.08 0.03 0.14 0.10 0.03 0 6 -33 -13
1711 13.7 097 1.00 0.07 0.04 0.05 -007 O 7 -13 -6

Location

Table4.7. Validation parameters for high/low tides at the NOAA and USACE ADCP
measurement locations.

Depth meanhi meanlo strdt rms hirms lorms phd hiphd lophd
(m  (m) m O M (M (m) (min) (min) (min)
1693 10.9 0.99 -1.03 1.01 0.12 0.14 0.11 -26 -18 -34
1711 13.7 0.95 -0.74 0.92 0.12 0.15 0.08 -23 -20 -25
1718 100 1.06 -0.87 0.89 0.16 0.20 0.11 -6 -4 -8

Location

The second locatn for ADCP measurements given byMIST is station 1693 at
St. Simons Sound. The measurements were taken between the end of August and the start
of October in 1997. The current measurement and water surface elevation comparisons
for this location are shwn in Figures 4.14.a and 4.14.b, respectively. The model predicts
a smaller difference between the magnitudes of neap tide currents and the spring tide
currents than the given by the measurement. This is also true for the high/low tide
elevations. The modlpredictions for tidal currents are validated at this location with
cmgrt=1.1,crms= 13 cm/s, andpd = 19 minutes (Table 4.6). The predictions by the
model for the water surface elevations for this location have valigtdrof 1.01 and
rms= 12 cm.The high and low tides predicted by the model leads the phase of the

measured high/low tides by 26 minutes (Table 4.7).
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Figure4.14. (a) Depth averaged tidal current magnitude and (b) vsatéace elevation
predicted by the model and fradtOAA ADCP measurementt 1693, St. Simons

Sound, GA.
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The ADCP data for the entrance of the Cumberland Sound comes from
Hydrodynamic Data Collection USACE Waterways Experiment Station Hydraulics
Laboratoy (Fagerburg et al., 1992)he measurements were performed in May, 1990.

The current measurement data at the entrance to Cumberland Sound are shorter than a
day (Figure 4.15) and the high/low tide water level measurements span about two days
(Figure 416). The model current predictions agree very well with the measurements from
both locations Cumberland Sound entrance at locations 1710 and 1711. Quantitative
comparison show that the current predictions from the model for these locations have the
best esults within the group of comparison with the measurementscwmaignt=1.08 and
1.00,crms= 10 cm/s and 5 cm/spd=-13 and-6 minutes (Table 4.6). For the water

surface elevation, there are only high/low tide measurements available. The validation of
model predictions for the high/low tides at points 1711 and 1718 are also satisfactory
with stdrt=0.92 and 0.88ms= 12 cm and 16 cm. At both of these locations the model

predictions lead measurements for the high/low tides with 23 and 6 minutestixetpe
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Figure4.15. Current magnitude data from ADCP measuremg@tdgerburg et al., 1992)
andmodelpredictions at locations 1710 and 1711.
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Figure4.16. Water surface elevation from ADCP measuremg@ragerburg et al., 1992)
andmodelpredictions at locations 1711 and 1718.
The ADCP measuremerftom several locations dine Ogeechee and Sla
Rivers(Blanton et al., 1999; Seim et al., 2009; Seim et al., 2a8f2used to validate the
model predictions. The measurementst@Ogeechee River from October 11 to

November 26, 2001 provide current magnitatiéocations 1001, 1006 and 100he
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points range from rivethe mouth to upstream Ogeechee River and further inland moving
from 1001 to 1007. The spring and neap tide pattern is clearly seen to match the
measurements at these points, but the predictions are observed to deviate from the
measurerants moving towards inland where the river becomes narrower (Figures 4.17.

and 4.18).
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Figure4.17. Depth averaged tidal ment magnitude from model predictioasd
measuremerdataon Ogeechee River btcations 1001 and 1006.
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Figure4.18. Depth averaged tidal current magnitude froeasuremenredictions and
measurement datan Ogeechee River at location 1007.

The current predictions are validatedsfactorily at 1001 and 1006 wittmgrt=
0.85 and 0.92 anckms= 12 and 16 cm/s, respectively, but fall short in satisfying the
measurements at 1007 wittmgrt= 0.73 anccrms= 23 cm/s (Table 4.8). This is also
true for the phase difference betweenrtiwel predictions and the data, where 1001 and
1006 have phase differences less than 40 minutes whereas 1007 is more than 75 minutes.
The results are similar for the high/low water predictions with 1001 and 1006 having
stdrtnumber closer to 1.0 (0.99 ahd3, respectively) while for 1007 it is 1.23. Trimes
for the high/low tides also increase going from 1001 to 1007 i.e. 0.14, 0.19, 0.30 cm,

althoughphdis the same for all of them, about half an hour (Table 4.9).
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Table4.8. Validation parameters for maximum tidal currents at the ADCP measurement
locations on Ogeechee and Satilla Rivers.

Depth  cmg cmgrt fcrms ecrms crms fomd ecmd fepd  ecpd  cpd
(m) (m/s) () (m/s) (mfs) (m/s) (m/s) (m/s) (min) (min) (min)
1001 9.3 062 085 014 009 012 -0.13 -0.03 -22 -64 -40
1006 6.2 078 092 018 012 016 -0.15 0.04 8 3 6

1007 5.8 060 073 010 032 023 -0.05 -031 56 97 -76
1008 6.7 042 169 035 021 028 032 019 -29 53 -41
1009 7.1 048 130 018 014 016 014 0.12 1 -76 -37
1011 2.3 034 092 012 010 011 -0.09 o0.01 6 -33 -12
1014 6.8 052 089 017 009 013 -0.15 002 -13 -64 -39

Location

Table4.9. Validation parameters for high/low tides at the ADCRsueement locations
on Ogeechee and Satilla Rivers.

Depth  meanhi meanlo strdt rms hirms lorms phd  hiphd lophd
(m) (m) (m) () m (m (m) (min) (min) (min)
1001 9.3 0.97 -1.05 099 014 011 016 -35 -13 56
1006 6.2 0.87 096 103 019 015 021 -34 -7 61
1007 5.8 0.69 088 123 030 031 028 -32 -43 -20
1008 6.7 0.89 093 101 014 o011 017 -28 -24 31
1009 7.1 0.89 097 090 018 0.13 022 -16 9 23
1011 2.3 0.88 099 092 018 0.12 022 -11 2 20
1014 6.8 0.80 -1.04 111 0.22 0.19 0.24 -3 5 -1

Location

The measurements on Satilla River cover a time span between Sepgtember
October 1999. Four different locations, 1008, 1009, 1011 and 1014, from these
measurements are used to validate the model pidiciThe model predictions tend to
be less reliable at the upstream reaches of rivers and creeks due to the incapability of
model in resolving these features with its limited computational cell size. This is a
possible explanation fahe model to undergdict the currents more at inlalatations
(Figures 4.19 and 4.20). Tlearrent magnitude ratiemgrt, drops down from 1.69 to
0.92 and further to 0.89, amshsdecreases consistently from 21 cm/s to 9cm/s (Table

4.8). On the other hand thesfor waterlevel predictions increase from 14 to 22 cm, and
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stdrtvaries between 1.1 and 0.9 with no clear trend with respect to the changing river
width. The measurements show that the magnitude of currents in Satilla River are
significantly low for power conversin(<0.5 m/s). The averages of the maximum current
speeds are smaller than the other validation locations. This is one possible explanation to
the fact that it is not possible to see a consistent trend when the predicted maximum
current values are comparedthe measurement data. The validations at these points are
not strong, but since locations with very small tidal current magnitudes are not important

for power conersion they are of secondary importance.
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Figure4.19. Depth averaged tidal current magnitude fradelpredictions and
measuremerdataon Satilla River at locations 1008 and 1009.

86



Depth averaged speed (m/s)

0.9
0.8
0.7
0.6
05
0.4

0.3

Depth averaged speed (m/s)

0.2
0.1

Figure4.20. Depth averaged tidal current magnigdom predictions anctheasurements

1011

' h
I
I
{
I l I
f I l | } |
| ! it
| il | : i i
| ! !
il |
I \
IRy g i'\ | \

[k R A kRN AT I |
09/17/99 09/22/99 09/27/99 10/02/99 10/07/99 10/12/99
Date
1014

Data
***** Model
\“ . |
| i : ‘ I ‘ | ‘ ‘
‘ :' \
it ‘ ‘ \ it \h "1 |
il ‘ A ! | [ i
il ;‘ , (TR H;‘
3'3 ., ':‘ | -‘1;":;1:' “‘\‘
; ! |
14|} il ”u!l‘\u LA \I i i
09/17/99 09/22/99 09/27/99 10/02/99 10/07/99 10/12/99
Date

on Satilla River at locations 1011 and 1014.
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4.22.3. NOAA Water Level Predictions for High and Low Tide

Starting from November 1, 2005, 32 days of tides were simulated with the,model
although he first48 hoursare reglectedn computing the tidal constituentSurrents and
water levels are retained at 1 hour intervals for all points within the dandiat 10
minuteintervals for selected locatiots allow for harmonic analysis using the T_Tide
harmonic analysis tdbox for Matlab(Pawlowicz et al., 2002)f both the water levels
and the velocitiesTime series of water level and tidal current velocity for the simulation
period are regenerated from the computed constituents and compardteviitDAA
predictions for high/low tide elevations and maximum current magnitudes.

The locations of NOAA high/low tide predictions that are compared to the model
predictions are shown in Figure 4.21. The statistics for the comparison are given in Table
4.10. The mean for highheanhi) and low (eanlo) tide elevations are provided jointly
with the validation parameters to indicate the mean tidal range for the region. The depth
at the prediction location is also given. When compared with the NOAA predidtisns
seen that the difference between the phase predicted by the model and given with NOAA
predictions is on the order of a minute. Beért number for the magnitude of the
high/low tides usually shows 90% agreement with NOAA predictions. A difference on
the order of 0.1 m formsis observed in all of the model runs. The higher valuesef
areusually observed where measurements locations fall near those computational cells
adjacent to river banks and the predictions are interpolated beawesrcelland the
neighboring wetland cell. The water levels in the wetlandazelimited by the critical
depth (0.2 m or 0.5 m) required for running the wetting and drying routine in ROMS. The

water level can go up but never goes below the critical depthsa tiedls. The results at
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those computational cells where the depth is modified as a result of bathymetry
smoothing, the relative change in the depth is comparable to the original depth. Overall,
the difference between the predictions in termsrifis onthe order of 0.1 m to 0.2 m,
there is minimaphasdlifference. The model predictions in rivers and main channels

agree better with the NOAA predictions than at remote locations.
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Figure4.21. Locations oNOAA high/low tide predictions used to compare the model
predictions.
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Table4.10. Validation parameters for NOAA high/low tide predictions on the Georgia

coast.
SID Name Depth meanhi meanlo strdt rms hirms lorms phd hiphd Iop.hd
(m  (m) m (@ (M (M (m) (min) (min) (min)
50501 Tybee Light 5.2 11 09 09 01 02 01 -1 -2 0
50502 SAVANNAH RIVER ENTRANCE, FORT PUDASKI 1.1 -0.9 0.9 0.1 0.2 0.1 0 -1 0
50503 Fort Jackson 9.7 1.1 -1.0 08 0.2 03 0.2 -1 -1 0
50509 Tybee Creek entrance 15 11 09 08 0.2 02 01 0 0 1
50510 Beach Hammock 8.4 1.1 09 09 01 02 01 0 -1 1
50512 Wilmington River, Savannah Sheraton 9.8 1.2 1.1 08 0.2 0.2 0.2 0 -1 1
50514 Wilmington River, North entrance 1.5 1.2 -1.0 0.7 03 03 03 -1 -2 1
50518 Coffee Bluff, Forest River 5.6 1.2 1.0 08 02 02 02 -1 -3 0
50525 Walburg Creek entrance 7.9 1.1 1.0 09 02 02 01 -1 -2 -1
50528 Bear River Entrance 8.9 1.1 -09 09 02 02 01 0 0 0
50532 North Newport River 5.5 1.2 1.0 09 02 02 01 -1 -3 1
50533 South Newport Cut, N. Newport River 5.5 1.1 -1.0 09 0.2 01 0.2 0 -1 1
50541 Dog Hammock, Sapelo River 3.2 1.1 1.0 09 01 02 0.1 -1 -1 0
50543 Pine Harbor, Sapelo River 3.6 1.1 -1.0 08 0.2 0.2 0.2 -1 -3 1
50546 Mud River, at Old Teakettle Creek 2.7 1.2 10 09 02 02 01 -1 -2 0
50549 Old Tower, Sapelo Island 3.7 1.1 09 09 02 02 01 0 -1 1
50552 Darien, Darien River 6.5 1.1 -09 08 03 03 03 0 -1 1
50553 Rockdedundy River (Daymark 185) 3.0 1.1 09 09 02 02 01 -1 -2 0
50555 Champney Island, South Altamaha River8.0 0.8 0.7 11 01 01 0.1 1 1 1
50563 Mackay River (ICWW) 3.6 1.1 09 09 02 02 01 -1 -2 0
50564 Brunswick, East River 5.6 1.1 09 09 02 02 01 -2 -3 -1
50565 Turtle River, Crispen Island 3.3 1.2 1.1 08 03 04 0.1 1 1 1
50568 Turtle River, Buffalo River entrance 2.3 1.2 1.1 09 03 04 0.1 0 -1 0
50570 Jekyll Point, Jekyll Sound 3.5 1.0 10 09 0.1 01 01 -1 -2 0
50571 Jointer Island, Jointer Creek 3.5 1.0 1.1 09 01 0.2 0.1 -1 -3 0
50575 Dover Bluff, Dover Creek 1.4 1.0 1.0 0.7 03 03 03 -1 -2 0
50580 Cumberland Wharf, Cumberland River 2.3 1.0 1.0 09 01 0.1 01 -1 -2 0
50582 St. Marys Entrance, North Jetty 2.4 0.8 -09 09 01 01 01 -1 -3 1
50583 Kings Bay, Navy Base 2.4 0.9 -10 09 01 01 0.1 -2 -3 0
50584 Beach Creek ent., Cumberland Island 2.4 0.8 09 09 01 01 01 -1 -3 1
50585 Seacamp Dock, Cumberland Island 2.7 0.9 09 09 01 01 0.1 -1 -3 0
50586 Crooked River, Cumberland Dividings 4.0 0.9 1.0 09 02 02 0.2 2 3 1
50587 Harrietts Bluff, Crooked River 3.4 0.9 09 09 01 01 0.1 2 1 2
50588 St. Marys River, St. Marys 7.9 0.8 -0.9 09 01 02 01 1 1 0
50589 St. Marys River, Crandall 5.9 0.7 0.7 12 0.2 02 0.2 1 0 3
50592 Chester, Bells River 2.4 0.9 09 09 01 01 01 -1 -2 1
50593 Roses Bluff, Bells River 2.9 0.9 09 09 02 01 0.2 1 1 1
50595 FERNANDINA BEACH, Amelia River 8.1 0.9 -0.9 0.9 0.1 0.1 0.1 -1 -2 0

4.2.24. NOAA Maximum Current Predictions

Because of the large number of prediction locations, the current predictions from
the model are validated against the NOAA maximum current predictions in two parts.
The first part covers the northern part of the Georgia coast and includes stations 1592
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1672 The second part is the southern half of the Georgia coast, which contains stations
16811721. The locations are shown in Figure 4.22, and the results are given in Tables
4.11 and 4.12. In addition to the validation parameters defined earlier, the anfettage
predicted maximum current magnitudem@ is also included in the Tables. Although

the NOAA current predictions are less reliable than the current measuremeatsgite

still considered as a measure for the level of current magnitude atianoddie

locations with larger current magnitudesn@> 0.7 m/s)aremore important than those

with smaller magnitudexing< 0.7 m/s) from power extraction point of view, and they
are more critical to matcfithe comparison of the model predictions with NOAA
predictions for locations 1597 and 1598 on Savannah Ri\aT example for thisAs

shown in the previous section, the model predictions agreecsadir{ = 1.1,crms= 0.2

m/s) with the NOAA ADCP measurements at location 1597, Savannah Rivenent

On the contrary, comparison with the NOAA predictions produces a very low match
(cmgrt = 0.7,crms= 0.5 m/s) between the two predictions. In this case, even if the data
and the model used in calculating the NOAA predictions were known, theyctilk

not constitute a more reliable source for validation than the measurement itself. In light of
these considerationscengrtnumber between 0.8 and 1.2 aransvalue less than 0.2

m/s when compared to the NOAA predictions is assumed to be a gatisfzadidation

of the results in simulating the tidal currents. Some of the locationschaytvalues out

of this range, some of which are narrow channels or creeks (e.g. 1607 and 1660) not well
resolved by the model. The phase difference betweenddelrand NOAA predictions

are usually less than an hour, with the exception of locations 1592, 1607, 1610, 1664,

1694, 1703 and 1706. Amongst these, 1592 is not on the Georgia coast, and close to the
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computational grid boundary; and 1607 is in a narromcakdifficult for the model to

resolve.
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Figure4.22. Locations of NOAA maximum current predictions used to compare the
model predictions
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