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Abstract

Resultsof a computationalnd experimentalinvestigationof the fluid-structure
phenomenaccurringin anoscillating-wingmicro-hydropevergeneratoarepre-
sented.The generatorconsistsof tandemwings which oscillatein a combined
pitch-plungemodewith approximately90 degree phaseangle betweenthe two
motions.Two-dimensionalnviscid andviscousflow codesareusedto predictthe
oscillatoryflow field andthe powertransferredrom thewaterflow to the oscillat-
ing wings.Experimentalesultsof watertunneltestsof this hydropavergenerator
are also describedand comparisondetweenthe measuredand predictedpower
outputaregiven.

1 Intr oduction

The phenomenorof wing flutter is well known to aeronauticakengineersAn
aircraft wing with finite bendingandtorsionalstiffnessesnay experiencecatas-
trophic flutter undercertaincircumstancedecausehe wing may absorbenegy
from theair flow. It followsthatif anairfoil is mechanicallycoupledin pitch and
plungeit canextractenegy from theflow. It is feasibleto constructanoscillating-
wing power generatoifor the purposeof extractingusefulpower from a flow. In
1981,McKinney and DelLaurier[1] built sucha device andcalledit a wingmill.
They testedit in a wind tunnel and claimedthat the wingmill achiezed perfor
mancelevels competitive with conventionalwindmills. Sincetheir experiments,
little computationalor experimentalwork seemsto have beendoneto further
explore the potentialof wingmills for power generatiorusingeitherair or water



flows. Waterwingmills would appeato be environmentallymoreacceptablehan
conventional hydropaverplants,especiallyif they canbe usedin slow-flowing
rivers where damsare not practicaldue to low terrain and ship traffic. There-
fore, Joneset al [2] and Davids [3] startedto analyzethe performancepotential
of awingmill usinga singleoscillatingwing andperformeda first seriesof water
tunneltests.They concludedhatthe useof a singlewing hasconsiderablelisad-
vantagesvhichmightbeovercomeby theuseof atandem-wingarrangemeniThe
work presentedn this paperis an extensionof this previous investigationto the
caseof awingmill with oscillatingtandemwings.

An airfoil whichis capableof oscillatingin bothpitch andplungewith anarbi-
trary phaseanglebetweerthetwo motionscanbedescribedy thefollowing equa-
tions:

a(r) = Aasin(kr + ¢) (1)
and
z(1) = hsin(kT) , (2)

wherer is non-dimensiondime, h is the non-dimensiongblungeamplitude A«
is thepitchamplitude ¢ is the phaseanglebetweerthe pitch andplunge,andk is
thereducedrequeny definedas
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wherec is thechordlengthof the airfoil, U, is the freestreanvelocity, and f is
thefrequeng of oscillationin Hz. Oncethelift andmomenthave beencomputed
asfunctionsof r, the power generatedy the oscillatingairfoil is obtainedfrom
theequatiorfor theinstantaneouson-dimensiongbower coeficient

Cp=Cii+ Cmér (4)

wherethe (*)’sindicatedifferentiatiorwith respecto r. Theaveragepoweroutput
is thengivenby
P =qUxC, S, (5)

whereg., is thefreestreamdynamicpressurends is thewing area.

To quantify the power extraction efficiengy, two measuresre generallyused.
Clearly, the highestperformances achievedif all theenegy is extractedfrom the
flow, theoreticallyleaving the flow at a standstillbehindthe generatarHencethis
performanceanbe measuredby theratio of the power extractedby the generator
comparedo the power availableto the generatoandis usuallyreferredto asthe
total efficiency.

Ontheotherotherhand,if actuatodisktheoryis usedto predictthe highesteffi-
cieng/ whichawind mill mayachiere becausef thefinite flow speedequirement
downstreanof the actuatordisk the highesttotal efficiengy is 16/27,the so-called
Betz coeficient. For simplicity, in this paperthetotal efficieney measures used.



2 The physicsof power extraction by oscillating wings
2.1 Elementary theory

Considernairfoil submegedin awaterflow of velocity U, . Theairfoil is capa-
ble of oscillatingin two degreesof freedom.,i.e., it may oscillatein both plunge
(puretranslationjandpitch,asshavn in Fig. 1. Furthermoretheremaybe anarbi-
trary phaseanglebetweerthe plungeandpitch motions.Two casesareillustrated
in Fig. 1. The caseof a 90 degreephaseanglebetweerpitch andplungeis shavn
in Fig. 1a.1If, for simplicity, the airfoil is assumedo generatdift only if it hasa
non-zeraangle-of-attacKAOA), thenit is readilyseenthatthelift andtheplunge
velocity, z, have the samesign, and thus accordingto the first term of eqn (4),
power is extractedfrom the flow. On the otherhand,if the airfoil moveswith a
zerophaseangle,asshowvn in Fig. 1b, thenthelift andplungevelocity areout of
phasesuchthatpoweris extractedthroughhalf of thecycle, but poweris required
throughthe other half, with the end resultthat no net power is extractedover a
full cycle. Hence,onemight concludethatthe phaseanglebetweerthe pitch and
plungemotionsis the critical parametewhich determinepower generation.

Actually, the situationis somavhat more complicatedthanthat. As shavn by
JonesandPlatzer[4], anotherkey parametewhich may determinewhetherthe
airfoil extractspower from a flow is the effective angleof attack,as depictedin
Fig. 2. Theplungemotioncreatesaninducedangleof attackgivenby

hk cos(kT)
meelin)). (6

a;(T) = arctan (
The effective angleof attackis thenapproximatedy
a () & a(r) — a;i(1) . (7)

Thetrueeffective AOA variesatdifferentpointsontheairfoil surfaceandis depen-
denton the pitch axislocation,but for relatively low frequenciesthe above equa-
tion is sufiiciently close.If the airfoil is pitchedwith a low amplitudewhile per
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Figurel: Effect of phaseangleon power extraction.



a). propulsion

Figure?2: Effect of pitchamplitudeon propulsion/paver-extraction

forming a plungeoscillation,with Aa < arctan(hk), asshown in Fig. 2a,then
thrustis generatedlf the airfoil is pitchedwith a large amplitude,with Aa >
arctan(hk), asshavn in Fig. 2c, thenpower is extracted.The intermediatecase
is shavn in Fig. 2b, with Aa & arctan(hk), wherethe airfoil is saidto feather
throughtheflow. Thisdiscussiomasneaglectedtheeffect of themomentandpitch-
rate,which may contributesignificantlyto thenetpowerinput/output In mostsit-
uationsthe momentdetractdrom the overall performanceaswork mustbedone
to changehe AOA atthetop andbottomof the stroke.However, aswill beshavn
in alatersectionwith propertuning,thiswork canbeminimizedor, in somecases,
may evengeneratedditionalpower.

2.2 Incompressibletwo-dimensionalflow analysis

Theabove elementargonsiderationsanbeputon afirmerbasisusinganinviscid
incompressiblélow analysisbasedon a panelcodedevelopedat the Naval Post-
graduateSchool[5]. It is well known that quasi-steadgerodynamiconceptsas
usedin the elementarytheory becomeincreasinglyinaccurateasthe frequeng
of the airfoil oscillationincreasesThis is dueto the fact that ary changein lift
causeshe sheddingof a vortex from the airfoil trailing edgeand, therefore the
effect of the vortex wakeshedfrom the oscillatingairfoil hasto beaccountedor.
Using the aforementionegbanelcodeJonesand Platzer[4] performedan exten-
sive exploration of the four-dimensionaparametespacegiven by the pitch and
plungeamplitudesthe frequeng of oscillation,andthe phaseanglebetweerthe
pitchandplungeoscillations Thesecomputationgonfirmedthatpower extraction
occursif the phaseanglebetweerpitch and plungeis approximately90 degrees
andif Aa > arctan(hk).

Our mostrecentanalysiswasthereforedirectedat finding the parametecom-
binationswhich maximizethe power extractionor optimizethe power extraction
efficiengy. For a descriptionof the codewe refer to reference[5]. Sufiice it to
say herethatthe codeenablesncompressiblenviscid flow solutionsfor airfoils
of arbitrary thicknessand camberexecuting pitch and plunge oscillationswith



arbitraryamplitudeandfrequeng. Hencethe only limitation on the resultsis the
omissionof viscousandseparatedow effects. Theseeffectswill be discussedn
thenext section.

As alreadymentioned power extraction occursfor phaseanglesat or near90
degrees.Therefore the sensitvity of power extractionand efficiengy to changes
in phaseangleis of considerablénterest.in Fig. 3, linesof constanpower coefi-
cient(left side)andtotal efficiencgy (right side)areshavn for aNACA 0014airfoil
(which resembleghe experimentalapparatugliscussedn a later section)which
operatesvith a maximumeffective AOA of about15 degreesand pitchesabout
the25%chordpoint. The power andefficieng areplottedasfunctionsof reduced
frequeng andplungeamplitude andgraphsareshavn for ¢=80,90,100and110
degrees.It is seenthat the peakpower extractedfrom the flow shifts from rela-
tively low reducedfrequencieqapproximately0.5) and high plungeamplitudes
(approximatelys) at a phaseangleof 80 degreesto relatively high reducedfre-
guencieqapproximatelyl.4) andlow plungeamplitudeqapproximatelyl.25)at
phaseanglesof 110 degrees.On the otherhand,the peaktotal efficieng/ remains
fairly constantat the low plungeamplitudesand high frequenciedor the whole
phaseanglerangeconsidered.

Anotherimportantparameteis the effective AOA. As expectedthe panelcode
predictsthatboththepowerandefficiengy increasewith increasingeffective AOA.

Cp, with 0.2 contour intervals N, with 0.05 contour intervals
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Figure3: Paver andefficieng predictedby the panelcode.



However, thesefindingsare basedon attachedlow computationsand,therefore,
thequestiorarisesasto therangeof validity of aninviscid flow analysis.

2.3 Viscousflow analysis

In orderto predicttheeffectsof flow separationatwo-dimensionaNavier-Stokes
solver is used.Simulationsare run at a high Reynolds number(10°6), assuming
fully turbulentflow, asonemight expectfor afairly large scaledevice placedin a
river, andatalow Reynoldsnumber(2 x 10%), assumindaminarflow, comparable
to the conditionsin the watertunnel. While the panel code solutionsare quite
inexpensve (Fig. 3 is a compilationof morethan16,000simulations requiringa
total of about40 hourson a PC),the Navier-Stokessolver is muchmorecostly (a
singlesolutionrequiresabout20hourson aPC)and,thereforefewer solutionsare
computed.

In orderto mimic the experimentalmethodologythe pitch and plungeampli-
tudesthe phaseandthepitch axisareall fixed,andsimulationsarerunfor arange
of frequenciesThe power coeficient predictedathighandlow Reynoldsnumbers
arecomparedo the panelcodepredictionsin Fig. 4, for the NACA 0014 airfoil
pitching about0.25cwith an amplitudeof about73 degrees,a plungeamplitude
of aboutl.3c,anda phaseangleof 90 degrees.The Navier-Stokesresultsinclude
verticalerrorbarswhich indicatethe standardieviation of the power over the last
3 cyclesof thecalculationsOf particularinterestis thefactthatthe Navier-Stokes
solver, in thepresencef massie separationpredictsa considerablhhigherpower
coeficient over mostof the frequeng range.This indicatesthat separatiordoes
not hinderthe performanceln fact, to the contrary the developmentandcorvec-
tion of alargedynamicstall vortex (DSV) is critical to the high power generation.
By viewing the flowfield at discreteintervalsthroughthe cycle, it is seenthatat
thefrequeny wherepeakpoweroccurs(k ~ 0.65) the DSV staysattachedo the
uppersurfaceandcorvectsto thetrailing edgeat aboutthe sametime thatthe air-
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Figure4: Power predictedby the panelandNavier-Stokescodes.



foil reachegop/bottomdeadcentey at which time the airfoil mustrapidly change
AOA. The suctionprovided by the DSV aidsin this AOA changeandtherefore
increaseshe overall performanceThe flowfields predictedby the panelcodeand
the Navier-Stokessolver areshavn in Fig. 5 for £ = 0.6 at mid-stroke(left side)
andatthepointin the cycle wherethe DSV justreacheghetrailing edge(~ 160
degreesthroughthe cycle). At lower frequencieshe DSV detachedrom the suc-
tion surfaceandthe performancglummets At higherfrequencieshe DSV does
not arrive at the trailing edgein time to helpwith the rapid AOA changeandthe
beneficiakeffectit hason pitchingis diminished Notethemuchlowerperformance
atthelow Reynoldsnumber Also notethatat thelow Reynoldsnumberthe DSV
developsmore quickly and, therefore the frequeng for optimal performances
muchhigher Even at mid-stroke thelow Reynoldsnumbersimulationpredictsa
well developedDSV aswell asa trailing-edgeseparatiorvortex, andat the later
pointin the cycle the DSV hasseparatedrom theairfoil.
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Figure5: Flowfield computedyy thesolvers.



3 The oscillating-wing hydropower generator

Theexperimentamodelemploystwo wingsin atandemarrangemengsdepicted
in Figs.6 and7. Thetwo wingshave a streamwiseseparatiorof 9.6¢,andoperate
with a 90 degreephasaelifferencesuchthatthenull spotof onecoincideswith the
power strokeof theother Discretepitch andplungeamplitudesandpivotlocations
arepossible,andthe phasebetweernpitch andplungemay be varied continually
duringoperationTheairfoil sectionresemblestNACA 0014,with achordlength
of 2.5inchesanda half-spanof 6.75inches Eachwing assemblyhastwo of these
wing sectionsseparatethy aboutaninchin themiddleandabout0.25inch clear
ancewith the sidewalls, asshown in Fig. 7. Plungeamplitudesof up to 1.4c,and
pitch amplitudesof up to about90 degreesare possible. The modelusesa Prory
braketo extractpowerfrom thedevice.

Figure6: Sideview of themodelinstalledin thewatertunnel.

Figure7: Top view of theunderwatecomponents.



4 Water tunnel testof the hydropowergenerator

The oscillating-winghydropaver generatowastestedin the watertunnelof the
Naval Postgraduat8choolDepartmenof AeronauticeandAstronauticsThetun-
nelis ahorizontalclosedcircuit continuoudlow tunnelbuilt by the EideticsCor-
poration,capableof watervelocitiesup to about16 inchesper second.The test
sectionis 15 incheswide, 56 incheslong, and 20 inchesdeep.At the maximum
tunnelspeedhe Reynoldsnumberachieredwasabout2.2 x 10%. An attemptwas
madeto visualizethe flow throughthe power generatoby injecting dye into the
waterupstreanof the first wing. However, at 16 inchespersecondherakeshed
a vortex streetwhich quickly dissipatedhe dye makingit impossibleto obtain
goodvisualflow information.Therefore the testswerelimited to obtainingmea-
surement®f the extractedpower. Thiswasaccomplishedby adjustingthe preload
tensionontheProry brake allowing themodelto operatdrom no-load(just over
comingfriction andmechanicalossesup to the point of stall.

Dataacquisitionwas performedusing a load-cell on the Prory braketo mea-
suretorque,andarotary encodetto determinethe rotationalspeedSignalsfrom
bothdeviceswererecordedon a digital storageoscilloscopgDSO) generallyfor
a 16 secondperiod.Post-processingf thetwo signalsyieldedaveragepower and
frequeny andtheassociatedeviations.

5 Comparisonof numerical and experimentalresults

A typical setof experimentaldatais shovn in Fig. 8, plotting the power coefi-
cientasafunctionof thereducedrequeng. The predictionsof the Navier-Stokes
solver areincluded,andwhile the generaltrendis comparablethe magnitudeof
the experimentaldatais considerablyessthanthe valuepredictedby the Navier-
Stokessolver. Therearemary known contributorsto this difference The numer
ical modelngglectsmechanicafriction, the acceleratiorof mechanicamassand
the addedmassfor the submegedcomponentshuoyany andthree-dimensional
lossesatthewing tips andthegapbetweerwing sectionsAdditionally, theexperi-
mentalwing sectionsaaremadeof paintedwood,andovertime waterwasabsorbed
into thewood causingrathersereresurfacedefects Also, the trailing wing oper
atesin the wakeof the leadingwing, andthereforehaslessenegy to drav from.
This tandeminterferenceeffect is not modeledin the numerics A moredetailed
descriptionof the numericalanalysesand of the watertunneltestare given by
Lindsey [6].

6 Summary

Thewatertunneltestsdemonstratethefeasibility of power extractionfrom water
flows at speedsslow as16 inchespersecondy meansof tandemwingswhich
oscillatein a combinedpitch/plungemodewith a 90 degreephaseanglebetween
the two motions.This fluid-structureinteractionphenomenonvasanalyzedwith
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Figure8: Comparisorof numericalandexperimentaresults.

two-dimensionapanelandNavier-StokescodesTheseanalysegredictedamuch
greaterpower extractioncapabilitythanwasachieved in this first seriesof tests.
Thereforejt is concludedhatthis type of power generatohassignificantfurther
developmentpotential.
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