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Abstract

Resultsof a computationalandexperimentalinvestigationof the fluid-structure
phenomenaoccurringin anoscillating-wingmicro-hydropowergeneratorarepre-
sented.The generatorconsistsof tandemwings which oscillatein a combined
pitch-plungemodewith approximately90 degreephaseanglebetweenthe two
motions.Two-dimensionalinviscidandviscousflow codesareusedto predictthe
oscillatoryflow field andthepowertransferredfrom thewaterflow to theoscillat-
ing wings.Experimentalresultsof watertunneltestsof thishydropowergenerator
arealsodescribedandcomparisonsbetweenthe measuredandpredictedpower
outputaregiven.

1 Intr oduction

The phenomenonof wing flutter is well known to aeronauticalengineers.An
aircraft wing with finite bendingandtorsionalstiffnessesmay experiencecatas-
trophic flutter undercertaincircumstancesbecausethe wing may absorbenergy
from theair flow. It followsthat if anairfoil is mechanicallycoupledin pitch and
plungeit canextractenergy from theflow. It is feasibleto constructanoscillating-
wing power generatorfor the purposeof extractingusefulpower from a flow. In
1981,McKinney andDeLaurier[1] built sucha device andcalledit a wingmill.
They testedit in a wind tunnel andclaimedthat the wingmill achieved perfor-
mancelevels competitive with conventionalwindmills. Sincetheir experiments,
little computationalor experimentalwork seemsto have beendone to further
explore the potentialof wingmills for power generationusingeitherair or water



flows.Water-wingmills wouldappearto beenvironmentallymoreacceptablethan
conventionalhydropowerplants,especiallyif they can be usedin slow-flowing
rivers wheredamsare not practicaldue to low terrain and ship traffic. There-
fore, Joneset al [2] andDavids [3] startedto analyzethe performancepotential
of a wingmill usinga singleoscillatingwing andperformeda first seriesof water
tunneltests.They concludedthattheuseof a singlewing hasconsiderabledisad-
vantageswhichmightbeovercomeby theuseof a tandem-wingarrangement.The
work presentedin this paperis anextensionof this previous investigationto the
caseof a wingmill with oscillatingtandemwings.

An airfoil which is capableof oscillatingin bothpitch andplungewith anarbi-
traryphaseanglebetweenthetwo motionscanbedescribedby thefollowingequa-
tions: ���������
	��
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and � �����������������������! �#"$�
where � is non-dimensionaltime, � is thenon-dimensionalplungeamplitude,	��
is thepitch amplitude,� is thephaseanglebetweenthepitch andplunge,and � is
thereducedfrequency definedas
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where ' is thechordlengthof theairfoil,

( )
is the freestreamvelocity, and & is

thefrequency of oscillationin Hz. Oncethelift andmomenthave beencomputed
asfunctionsof � , thepower generatedby the oscillatingairfoil is obtainedfrom
theequationfor theinstantaneousnon-dimensionalpowercoefficient+!, � +.-0/� � +.12/�3 �546�
wherethe � / � ’s indicatedifferentiationwith respectto � . Theaveragepoweroutput
is thengivenby 7 �
8 )9(�) + ,0:  �#;$�
where8 ) is thefreestreamdynamicpressureand

:
is thewing area.

To quantify the power extractionefficiency, two measuresaregenerallyused.
Clearly, thehighestperformanceis achievedif all theenergy is extractedfrom the
flow, theoreticallyleaving theflow at a standstillbehindthegenerator. Hencethis
performancecanbemeasuredby theratioof thepowerextractedby thegenerator
comparedto thepower availableto thegeneratorandis usuallyreferredto asthe
totalefficiency.

Ontheotherotherhand,if actuatordisktheoryis usedtopredictthehighesteffi-
ciency whichawind mill mayachievebecauseof thefinite flow speedrequirement
downstreamof theactuatordisk thehighesttotalefficiency is 16/27,theso-called
Betzcoefficient.For simplicity, in thispaperthetotalefficiency measureis used.



2 The physicsof power extraction by oscillating wings

2.1 Elementary theory

Consideranairfoil submergedin a waterflow of velocity
( )

. Theairfoil is capa-
ble of oscillatingin two degreesof freedom,i.e., it may oscillatein both plunge
(puretranslation)andpitch,asshown in Fig.1.Furthermore,theremaybeanarbi-
traryphaseanglebetweentheplungeandpitch motions.Two casesareillustrated
in Fig. 1. Thecaseof a 90degreephaseanglebetweenpitch andplungeis shown
in Fig. 1a.If, for simplicity, theairfoil is assumedto generatelift only if it hasa
non-zeroangle-of-attack(AOA), thenit is readilyseenthatthelift andtheplunge
velocity,

/�
, have the samesign, and thusaccordingto the first term of eqn (4),

power is extractedfrom the flow. On the otherhand,if the airfoil moveswith a
zerophaseangle,asshown in Fig. 1b, thenthelift andplungevelocity areout of
phase,suchthatpower is extractedthroughhalf of thecycle,but power is required
throughthe otherhalf, with the endresult that no net power is extractedover a
full cycle. Hence,onemight concludethat thephaseanglebetweenthepitch and
plungemotionsis thecritical parameterwhichdeterminespowergeneration.

Actually, the situationis somewhat morecomplicatedthanthat.As shown by
JonesandPlatzer[4], anotherkey parameterwhich may determinewhetherthe
airfoil extractspower from a flow is the effective angleof attack,asdepictedin
Fig. 2. Theplungemotioncreatesaninducedangleof attackgivenby�!<=�����!�?>$@BADCB>$�3E �F�.ADG$���#�����( ) H
I �#J$�
Theeffective angleof attackis thenapproximatedby��KL������M
�������ONP� < �#��� I �#Q$�
ThetrueeffectiveAOA variesatdifferentpointsontheairfoil surfaceandis depen-
denton thepitch axislocation,but for relatively low frequencies,theabove equa-
tion is sufficiently close.If theairfoil is pitchedwith a low amplitudewhile per-
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a). 90 degree phase angle

b). 0 degree phase angle
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Figure1: Effect of phaseangleonpowerextraction.



a). propulsion

b). feathering

c). power extraction

Figure2: Effect of pitchamplitudeonpropulsion/power-extraction.

forming a plungeoscillation,with 	��SRT>$@�AUCB>V�W�#�F��� , asshown in Fig. 2a, then
thrust is generated.If the airfoil is pitchedwith a large amplitude,with 	��YX>V@BAUC�>$���#�F��� , asshown in Fig. 2c, thenpower is extracted.The intermediatecase
is shown in Fig. 2b, with 	��SMZ>$@�AUCB>V�����[��� , wherethe airfoil is saidto feather
throughtheflow. Thisdiscussionhasneglectedtheeffectof themomentandpitch-
rate,whichmaycontributesignificantlyto thenetpower input/output. In mostsit-
uations,themomentdetractsfrom theoverallperformance,aswork mustbedone
to changetheAOA at thetopandbottomof thestroke.However, aswill beshown
in alatersection,with propertuning,thisworkcanbeminimizedor, in somecases,
mayevengenerateadditionalpower.

2.2 Incompressibletwo-dimensionalflow analysis

Theaboveelementaryconsiderationscanbeputonafirmerbasisusinganinviscid
incompressibleflow analysisbasedon a panelcodedevelopedat theNaval Post-
graduateSchool[5]. It is well known thatquasi-steadyaerodynamicconcepts,as
usedin the elementarytheory, becomeincreasinglyinaccurateas the frequency
of the airfoil oscillationincreases.This is dueto the fact that any changein lift
causesthe sheddingof a vortex from the airfoil trailing edgeand,therefore,the
effect of thevortex wakeshedfrom theoscillatingairfoil hasto beaccountedfor.
Using the aforementionedpanelcodeJonesandPlatzer[4] performedan exten-
sive explorationof the four-dimensionalparameterspacegivenby the pitch and
plungeamplitudes,the frequency of oscillation,andthephaseanglebetweenthe
pitchandplungeoscillations.Thesecomputationsconfirmedthatpowerextraction
occursif the phaseanglebetweenpitch andplungeis approximately90 degrees
andif 	��\X2>$@BADCB>$�O���[��� .

Our mostrecentanalysiswasthereforedirectedat finding theparametercom-
binationswhich maximizethe power extractionor optimizethepower extraction
efficiency. For a descriptionof the codewe refer to reference[5]. Suffice it to
sayherethat the codeenablesincompressibleinviscid flow solutionsfor airfoils
of arbitrary thicknessand camberexecutingpitch and plungeoscillationswith



arbitraryamplitudeandfrequency. Hencetheonly limitation on theresultsis the
omissionof viscousandseparatedflow effects.Theseeffectswill bediscussedin
thenext section.

As alreadymentioned,power extractionoccursfor phaseanglesat or near90
degrees.Therefore,the sensitivity of power extractionandefficiency to changes
in phaseangleis of considerableinterest.In Fig. 3, linesof constantpowercoeffi-
cient(left side)andtotalefficiency (right side)areshown for aNACA 0014airfoil
(which resemblesthe experimentalapparatusdiscussedin a later section)which
operateswith a maximumeffective AOA of about15 degreesandpitchesabout
the25%chordpoint.Thepowerandefficiency areplottedasfunctionsof reduced
frequency andplungeamplitude,andgraphsareshown for � =80,90,100and110
degrees.It is seenthat the peakpower extractedfrom the flow shifts from rela-
tively low reducedfrequencies(approximately0.5) andhigh plungeamplitudes
(approximately5) at a phaseangleof 80 degreesto relatively high reducedfre-
quencies(approximately1.4)andlow plungeamplitudes(approximately1.25)at
phaseanglesof 110degrees.On theotherhand,thepeaktotal efficiency remains
fairly constantat the low plungeamplitudesandhigh frequenciesfor the whole
phaseanglerangeconsidered.

Anotherimportantparameteris theeffective AOA. As expected,thepanelcode
predictsthatboththepowerandefficiency increasewith increasingeffectiveAOA.
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Figure3: Power andefficiency predictedby thepanelcode.



However, thesefindingsarebasedon attachedflow computationsand,therefore,
thequestionarisesasto therangeof validity of aninviscidflow analysis.

2.3 Viscousflow analysis

In orderto predicttheeffectsof flow separation,a two-dimensionalNavier-Stokes
solver is used.Simulationsare run at a high Reynoldsnumber( �L]_^ ), assuming
fully turbulentflow, asonemight expectfor a fairly largescaledevice placedin a
river, andata low Reynoldsnumber( "a`b�L]_c ), assuminglaminarflow, comparable
to the conditionsin the water tunnel. While the panelcodesolutionsare quite
inexpensive (Fig. 3 is a compilationof morethan16,000simulations,requiringa
total of about40hoursona PC),theNavier-Stokessolver is muchmorecostly(a
singlesolutionrequiresabout20hoursonaPC)and,therefore,fewersolutionsare
computed.

In orderto mimic the experimentalmethodology, the pitch andplungeampli-
tudes,thephaseandthepitchaxisareall fixed,andsimulationsarerunfor arange
of frequencies.Thepowercoefficientpredictedathighandlow Reynoldsnumbers
arecomparedto the panelcodepredictionsin Fig. 4, for theNACA 0014airfoil
pitchingabout0.25cwith anamplitudeof about73 degrees,a plungeamplitude
of about1.3c,anda phaseangleof 90 degrees.TheNavier-Stokesresultsinclude
verticalerrorbarswhich indicatethestandarddeviationof thepowerover thelast
3 cyclesof thecalculations.Of particularinterestis thefactthattheNavier-Stokes
solver, in thepresenceof massiveseparation,predictsaconsiderablyhigherpower
coefficient over mostof the frequency range.This indicatesthatseparationdoes
not hindertheperformance.In fact, to thecontrary, thedevelopmentandconvec-
tion of a largedynamicstall vortex (DSV) is critical to thehighpowergeneration.
By viewing the flowfield at discreteintervals throughthe cycle, it is seenthatat
thefrequency wherepeakpoweroccurs( �9Md] I JV; ) theDSV staysattachedto the
uppersurface,andconvectsto thetrailing edgeataboutthesametimethattheair-
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Figure4: Powerpredictedby thepanelandNavier-Stokescodes.



foil reachestop/bottomdeadcenter, at which time theairfoil mustrapidly change
AOA. The suctionprovidedby the DSV aidsin this AOA change,andtherefore
increasestheoverallperformance.Theflowfieldspredictedby thepanelcodeand
theNavier-Stokessolver areshown in Fig. 5 for �g�h] I J at mid-stroke(left side)
andat thepoint in thecycle wheretheDSV just reachesthetrailing edge( MZ��JV]
degreesthroughthecycle). At lower frequenciestheDSV detachesfrom thesuc-
tion surface,andtheperformanceplummets.At higherfrequenciestheDSV does
not arrive at the trailing edgein time to helpwith therapidAOA change,andthe
beneficialeffectit hasonpitchingis diminished.Notethemuchlowerperformance
at thelow Reynoldsnumber. Also notethatat thelow ReynoldsnumbertheDSV
developsmorequickly and,therefore,the frequency for optimal performanceis
muchhigher. Evenat mid-stroke,thelow Reynoldsnumbersimulationpredictsa
well developedDSV aswell asa trailing-edgeseparationvortex, andat the later
point in thecycle theDSV hasseparatedfrom theairfoil.

a).panelcode

b). Navier-Stokes- Reynoldsnumber ��]i^

c). Navier-Stokes- Reynoldsnumber"�`3��]_c
Figure5: Flowfield computedby thesolvers.



3 The oscillating-wing hydropowergenerator

Theexperimentalmodelemploystwo wingsin atandemarrangement,asdepicted
in Figs.6 and7. Thetwo wingshave a streamwiseseparationof 9.6c,andoperate
with a90degreephasedifference,suchthatthenull spotof onecoincideswith the
powerstrokeof theother. Discretepitchandplungeamplitudesandpivot locations
arepossible,andthe phasebetweenpitch andplungemay bevariedcontinually
duringoperation.Theairfoil sectionresemblesaNACA 0014,with achordlength
of 2.5inchesandahalf-spanof 6.75inches.Eachwing assemblyhastwo of these
wing sections,separatedby aboutaninchin themiddleandabout0.25inchclear-
ancewith thesidewalls,asshown in Fig. 7. Plungeamplitudesof up to 1.4c,and
pitch amplitudesof up to about90 degreesarepossible.Themodelusesa Prony
braketo extractpower from thedevice.

j j j j j j j j j j j j j j j j j j j j j j j jj j j j j j j j j j j j j j j j j j j j j j j jj j j j j j j j j j j j j j j j j j j j j j j j

k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k kk k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k kk k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k k

l l l l l l l l l ll l l l l l l l l ll l l l l l l l l l m n op q r s tu vw xy z { |} ~ � � � � � �� � � �� t� �

U 8

Figure6: Sideview of themodelinstalledin thewatertunnel.
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Figure7: Topview of theunderwatercomponents.



4 Water tunnel testof the hydropowergenerator

The oscillating-winghydropower generatorwastestedin thewatertunnelof the
Naval PostgraduateSchoolDepartmentof AeronauticsandAstronautics.Thetun-
nel is a horizontalclosedcircuit continuousflow tunnelbuilt by theEideticsCor-
poration,capableof watervelocitiesup to about16 inchesper second.The test
sectionis 15 incheswide, 56 incheslong, and20 inchesdeep.At the maximum
tunnelspeedtheReynoldsnumberachievedwasabout " I "�`3��]_c . An attemptwas
madeto visualizetheflow throughthepower generatorby injectingdye into the
waterupstreamof thefirst wing. However, at 16 inchespersecondtherakeshed
a vortex streetwhich quickly dissipatedthe dye making it impossibleto obtain
goodvisualflow information.Therefore,thetestswerelimited to obtainingmea-
surementsof theextractedpower. Thiswasaccomplishedby adjustingthepreload
tensionontheProny brake,allowing themodelto operatefrom no-load(justover-
comingfriction andmechanicallosses)up to thepointof stall.

Dataacquisitionwasperformedusinga load-cellon the Prony braketo mea-
suretorque,anda rotaryencoderto determinetherotationalspeed.Signalsfrom
bothdeviceswererecordedon a digital storageoscilloscope(DSO)generallyfor
a 16secondperiod.Post-processingof thetwo signalsyieldedaveragepowerand
frequency andtheassociateddeviations.

5 Comparisonof numerical and experimental results

A typical setof experimentaldatais shown in Fig. 8, plotting the power coeffi-
cientasa functionof thereducedfrequency. Thepredictionsof theNavier-Stokes
solver areincluded,andwhile thegeneraltrendis comparable,themagnitudeof
theexperimentaldatais considerablylessthanthevaluepredictedby theNavier-
Stokessolver. Therearemany known contributorsto this difference.Thenumer-
ical modelneglectsmechanicalfriction, theaccelerationof mechanicalmassand
theaddedmassfor the submergedcomponents,buoyancy andthree-dimensional
lossesatthewing tipsandthegapbetweenwing sections.Additionally, theexperi-
mentalwing sectionsaremadeof paintedwood,andover timewaterwasabsorbed
into thewoodcausingratherseveresurfacedefects.Also, the trailing wing oper-
atesin thewakeof the leadingwing, andthereforehaslessenergy to draw from.
This tandeminterferenceeffect is not modeledin thenumerics.A moredetailed
descriptionof the numericalanalysesandof the water tunnel test aregiven by
Lindsey [6].

6 Summary

Thewatertunneltestsdemonstratedthefeasibilityof powerextractionfrom water
flows at speedsaslow as16 inchespersecondby meansof tandemwingswhich
oscillatein a combinedpitch/plungemodewith a 90 degreephaseanglebetween
the two motions.This fluid-structureinteractionphenomenonwasanalyzedwith
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Figure8: Comparisonof numericalandexperimentalresults.

two-dimensionalpanelandNavier-Stokescodes.Theseanalysespredictedamuch
greaterpower extractioncapabilitythanwasachieved in this first seriesof tests.
Therefore,it is concludedthatthis typeof power generatorhassignificantfurther
developmentpotential.
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