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Abstract

Withkeyapplicationsinmarinerenewableenergy,theverticalaxiswatertur-

binecanusecurrentortidalenergyinaneco-friendlymanner. However,itis

difficulttoreconcileoptimalperformanceofhydrokineticturbinesandcompliance

withtheaquaticenvironmentasthemaindrawbackoftheturbinesistheforma-

tionofnon-linearflowstructurescausedbytheunsteadymovementoftheblades.

Eddiesintheflowareadvectedandcaninteractwithotherblades,whichleadsto

areductioninpoweroutput.Tolimitthisphenomenon,theturbinesoperateat

highspeeds,whicharelikelytoreducetheshaftpower.Highspeedsofrotation

alsoforbidthepassageofaquaticanimals,andarethecauseofasuctioneffecton

thesediments.

Theobjectiveofthisthesisworkistwofold.First,itaimstodevelopablade

pitchcontroltogettheflowadjustedaroundthebladeprofileatanygivenflow

configurationbyincorporatingtheprofile’smotionwithrespecttoincidentflow.

Suchasystemintendstoachievetheobjectiveofoperatingatreducedspeedswith-

outvorticalreleases,whichshouldallowachievingahightorquewithoutcausing

damagetotheenvironment.

Thisthesisworkismainlycarriedoutinthreephases.Inthefirstphase,the

irrotationalflowoveranarbitraryprofileisformulatedusingconformalmapping.

ProspectivepotentialflowapplicationonthebasisofCouchettheory(1976)is

involvedinthedevelopmentofacontrollawthatdecidesthebladepitchingina

constantcirculationframework.Inthesecondphase,anumericalvalidationofthe

developedanalyticalworkispresentedusingCFDtoexaminehowthetheoretical

formulationcanbeeffectivelyappliedtoDarrieusturbines.Inthefinalphase,

twoprototypesaredeveloped-oneisclassicalDarrieusturbinewithfixedblades,

andotheristheturbinewithpitchingbladesforexperimentalmeasurementsof

performanceaswellasflowfieldsinordertovalidatethecomputationalresults.

iii



iv



Acknowledgement

IwouldliketoexpressmysincereappreciationtotheInstitutePPRIMEatthe

DepartmentofFluids,Thermal&Combustion.Iwouldfirstlyliketoexpressmy

deepgratitudetoProfMalickBa,mythesisdirector,whowasleadingthisresearch

accuratelyandadvisingmewhichallowedmetoadvanceinthisproject.Mysincere

thankstoDrFredericPonsandDrLudovicChatellier,whoactedasco-supervisors

throughoutthetenure. Theirutmostscientificandhumanqualitiesalongwith

regularavailabilityenabledmetoperforminthebestworkingconditions.Their

interestinlisteningtomysuggestionswasprovidingimmensemotivationtime-

to-timeandcontributedtothesuccessofthiswork.Theiropennessallowedme

thinkdiverselyandgentlydirectedtheprojectinnewresearchavenueswithinthe

plannedschedule.

IwouldliketothankProfLaurentDavid,HeadofHydEE(Hydrodynamics

andEnvironmentalFlows)teamattheInstitutePPRIMEwhowelcomedmein

theirteam.Specialthankstothetechnicalteamofthelaboratory,PatriceAllary,

RomainBellangerandJean-MarcMougenot,whohavealwaysbeensupportiveby

providingthesolutionsandsolvingtheissuesintechnicalarrangements.Patrice’s

involvementinarrangingthecomputationalresourcesandtheroleofRomainand

Jean-Marcinmyexperimentalcampaignsisinvaluable.

Beinganinternationalresearcher,Icannotforgettheadministrativesupport

ofJocelyneBardeau,MelanieFerretandHébaRiadwhorenderedtheirservices

fromdayonebeyondthesatisfactorylevel.

Sincethelaboratoryisnotonlyaworkplacebutalsoaplaceoflifeandex-

change,Iwasinteractingwiththepost-docs,PhDstudentsandinterns(Balkr-

ishna,Clement,Aurelien,Zaynab,Diego,Faisal,Pierre,Allassane,Moez,Carlos

andSachin)whoseenthusiasmandgoodhumourensuredahappyandfriendlyat-

mosphereinthelaboratory.Theculturalmixandscientificconversationswererich

andinstructive.IappreciatetheassistanceofMrRaviPurohitforproof-reading

severalpapersandforprovidinghelpfulsuggestionstoimprovethismanuscript.

Iacknowledgethesupportandencouragementfrommyfamilymembers,whose

genuineconcernalwayskeptmymoralehigh.Ispeciallythankmywife,Akhila.

Herunwaveringloveandsupporthavebeenundeniablythebedrockuponwhich

mysuccessisbuilt.Iamgreatlyindebtedtomydadwhohasbeenmystrength

andcourage,notjustduringmythesiswork,butthroughoutmylife.Finally,I

thankallofmyteachers,rightfromdayoneatelementaryschool,astheymade

mewhoIamtoday. Maygodgrantallourwishessowecanbehappierever.

v



vi



Contents

Abstract ................................... iii

Acknowledgement ............................. v

Contents ................................... vii

ListofFigures ...............................viii

ListofTables................................ ix

Nomenclature................................ x

1 Introduction 1

1.1 Introduction............................... 1

1.2 Marinesystems:Aplatformforrenewableenergy.......... 1

1.2.1 Tidalenergy........................... 1

1.2.2 Tidalturbine.......................... 2

1.2.3 HorizontalvsVerticalaxisturbine............... 3

1.3 Problemstatement........................... 6

1.4 Researchobjectives........................... 7

1.5 Scopeandlimitations.......................... 7

1.6 Structureofthedissertation...................... 8

2 LiteratureReview 11

2.1 Introduction............................... 11

2.2 OperationofDarrieusturbine..................... 11

2.2.1 Designparameters ....................... 12

2.2.2 Functionalparameters..................... 13

2.2.3 HydrodynamicanalysisofDarrieusturbine.......... 13

2.3 Darrieusturbineperformanceevaluation............... 15

2.3.1 Bladethicknessandcamber.................. 15

2.3.2 Solidityσ ............................ 16

2.4 Darrieusturbineinvestigationmethods................ 19

2.4.1 Numericalstudies........................ 20

2.4.1.1 Fluiddynamicsandperformance.......... 20

vii



CONTENTS

2.4.1.2 Verificationandvalidation.............. 22

2.4.2 Experimentalstudies...................... 25

2.4.2.1 ParticleImageVelocimetry(PIV).......... 26

2.5 Powerextractedbyaturbine ..................... 27

2.5.1 Lanchester-Betztheory..................... 27

2.5.2 Turbineperformanceinaconfinedflow............ 29

2.6 Circulation-basedanalysis....................... 31

2.7 Performanceimprovement....................... 31

2.8 Conclusion................................ 37

3 CouchetPotential&PitchControlLaw 39

3.1 Introduction............................... 39

3.2 ConformaltransformationandSchwartz-Villattheorem....... 39

3.2.1 Couchettheory......................... 40

3.2.2 Calculationofforcesontheprofile .............. 45

3.2.2.1 Pressureontheprofile................ 45

3.2.2.2 Resultantforcesexertedbythefluidflow...... 46

3.2.2.3 Momentaboutthecentre .............. 47

3.3 ApplicationofCouchettheorytoDarrieusturbine.......... 47

3.3.1 Profileinangularmotion.................... 47

3.3.2 Studyofcontrollawinauniformflow ............ 51

3.3.2.1 Effectofλ....................... 51

3.3.2.2 EffectofparametersEandβ ............ 54

3.4 Conclusion................................ 57

4 Fixedblade model: CFDanalysis 59

4.1 Introduction............................... 59

4.2 Pre-processing.............................. 59

4.2.1 CADmodel........................... 59

4.2.2 Meshing............................. 61

4.2.2.1 Finitevolumemethod................ 61

4.2.2.2 Meshstructure.................... 62

4.2.2.3 Oversetmeshing ................... 63

4.2.2.4 Basicvalidation.................... 65

4.2.3 Boundaryconditions...................... 65

4.3 Processing................................ 66

4.3.1 Solveralgorithm ........................ 66

4.3.2 Turbulencemodelingandclosure ............... 67

4.3.2.1 Mathematicalbackground.............. 68

4.3.2.2 Spalart-Allmarasmodel ............... 69

4.3.2.3 Standardk− model ................ 70

viii



CONTENTS

4.3.2.4 Wilcoxk−ωmodel ................. 70

4.3.2.5 BSLk−ωmodel................... 70

4.3.2.6 ShearStressTransport(SST)k−ωmodel..... 71

4.3.3 Solutionmethods........................ 72

4.3.4 Solutioncontrols ........................ 72

4.3.5 Temporaldisretization..................... 73

4.3.6 Computationalconsiderations................. 74

4.4 Post-processing............................. 74

4.5 Fidelityandadequacyofnumericalmodels.............. 75

4.6 Meshindependencestudy ....................... 78

4.7 Benchmarking.............................. 79

4.7.1 Effectoftip-speedratioλ ................... 80

4.7.2 Flowfieldvisualization..................... 80

4.7.3 Torqueextraction........................ 83

4.7.4 Vorticityfieldaroundtheblade................ 84

4.8 Parametricanalysis........................... 86

4.8.1 Effectoffree-streamvelocityV0 ................ 86

4.8.2 Effectofsolidityσ ....................... 88

4.9 Conclusion................................ 92

5 Fixedblade model:ExperimentalAnalysis 95

5.1 Introduction............................... 95

5.2 Two-dimensionaltwo-componentParticleImageVelocimetry(2-D

2-CPIV)................................. 95

5.2.1 Tracerparticles......................... 96

5.2.2 Integrationwindow....................... 97

5.2.3 PIVprocessingsoftware .................... 97

5.2.4 Imagereconstruction...................... 97

5.3 Experimentalapparatusandprocedure................ 98

5.3.1 Turbinemodel.......................... 98

5.3.2 Towingtankfacility ...................... 98

5.3.3 Flowdiagnostics ........................ 99

5.4 Time-dependenttorqueacquisition ..................103

5.5 ValidationofCFDresults .......................106

5.6 PIVmeasurements...........................109

5.7 Phase-lockedPIVmeasurements....................110

5.7.1 Velocitygradients........................113

5.7.2 Vorticitymeasurements.....................113

5.7.3 Q-criterion............................118

5.8 Conclusion................................121

ix



CONTENTS

6 PitchingBlade model: ComputationalAnalysis 123

6.1 Introduction...............................123

6.2 Constantcirculationimpartedtotheblades .............123

6.2.1 Torqueextraction........................124

6.2.2 Flowfieldevolution.......................125

6.2.3 Vorticityfieldaroundthepitchingblade ...........125

6.2.4 Comparisonbetweenanalyticalandcomputationalresults .128

6.2.5 Fixedbladevesruspitchingblade...............131

6.3 Variablecirculationimpartedtotheblades..............131

6.3.1 Torqueenhancement......................133

6.3.2 Flowfieldanalysis .......................133

6.3.3 Vorticityfieldaroundthevariablepitchingblades......135

6.3.4 AnalysisofCoefficientofPowerCOP.............135

6.3.5 Comparisonbetweenfixedbladesandvariablepitchingblades137

6.4 Effectofsolidityσ ...........................139

6.5 Sensitivityanalysisoftransitionpoints................140

6.6 Conclusion................................141

7 ConclusionandRecommendations 143

7.1 Overview.................................143

7.2 AdvancementsofVAWTresearchtechniques.............144

7.2.1 PerformancetestingofDarrieusturbine............145

7.2.2 Computationalmodeling....................146

7.2.3 Experimentalstudies......................146

7.3 Understandingtheflowphysicsoffixed-bladeturbinemodel....147

7.3.1 Referencecase:tip-speedratioλ=2 .............147

7.3.2 Velocitygradients........................147

7.4 Bladepitching..............................148

7.5 Furtherwork ..............................149

7.5.1 Blade-wiseforcemeasurements ................150

7.5.2 Flowanalysis..........................150

7.5.3 Experimentalanalysisofpitchingbladedesign........150

7.5.4 Verticalaxistidalturbinesatlargerscale...........151

7.5.5 Verticalaxistidalturbinesinrealsituations.........152

7.5.6 Alternativedesignconfigurations ...............152

References 153

AppendixI:Uncertaintyanalysis 171

I.1 Stochasticflowmodel..........................171

x



CONTENTS

I.2 Results..................................172

AppendixII:Pitching mechanismdesign 175

II.1 Modeldesign..............................175

II.2 Prototype................................176

xi



ListofFigures

1.1 Energyextractiontechniques...................... 2

1.2 Horizontalandverticalaxistidalturbines(c2008Aquaret) .... 4

1.3 Informationflowchartofthedissertation............... 9

2.1 SectionalviewofDarrieusturbineoperation............. 12

2.2 Velocityandforcevectorsactingonthebladeatvariousazimuth

positions................................. 14

2.3 AzimuthalvariationofbladeincidenceγandrelativevelocityW

fordifferenttip-speedratiosλ..................... 14

2.4 EffectofsolidityσonCOPcurve(Healy,1978b)........... 17

2.5 Effectofsolidityσontheoptimumtip-speedratioλoptfromlitera-

turesurvey ............................... 17

2.6 Effectofsolidityσontheturbine’sperformance(Kirke,1998)... 19

2.7 Effectofsoliditybyvaryingthebladesection(Eboibietal.,2013). 19

2.8 Verificationandvalidationof2Dand3DCFDmodels(Howellet

al.,2010)................................. 23

2.9 Comparisonofvariousturbulence modelsincapturingthenon-

dimensionalvorticity(Ferreiraetal.,2007). ............. 24

2.10Verificationandvalidationinthecaseofpitchingairfoil(Edwards

etal.,2012)............................... 25

2.11PIVvisualizationofbladestallingatspecificazimuthpositionα

(Edwardsetal.,2011)......................... 26

2.12Schematicofaturbineinaconfinedchannelflow(GarretandCum-

mins,2007) ............................... 28

2.13Vortexcontrolthroughanalyticalmodeling(Zannettietal.,2007). 33

2.14Schematicdiagramsofdynamicbladepitchcontrolmechanisms,

usedby(a)Benedictetal.(2013),and(b)ChouguleandNielsen

(2014).................................. 36

3.1 Transformationofcylinderintoanairfoil............... 40

3.2 Schematicofflowaroundthecylinder(left)anditstransformed

mapforprofilemotion(right) ..................... 41

3.3 Velocityofpointx=amustremainconstantalongytosatisfythe

finitevelocityconditionatthetrailingedge.............. 44

xii



LISTOFFIGURES

3.4 KinematicsofapitchingbladeattachedtotheDarrieusrotor ... 48

3.5 θ(α)forE=0.2andλ=1.25withnocirculationfordifferentinitial

conditions. Solutionsrapidlyconvergetothesameperiodiclaw.

Thissolutionstabilitywithrespecttotheinitialconditionsistrue

forothervaluesoftheparametersE,λandβforvaluesof|θ(0)|lower

thanπ/2................................. 52

3.6 Influenceofoperatingconditionsonbladepositionthatfollowspitch

controllaw................................ 53

3.7 Solutionforthecontrollawofθ(α)usingforthorderRunge-Kutta

methodforβ=0.1andE=0.4 ..................... 54

3.8 Controllawforθ(α)fortip-speedratioλ>1.Curvatureeffectsare

notnegligibleathighrotationalvelocitiesastheydecreaseherethe

angleθabout0.2radiansrelativetoastraightapparentflow. ... 54

3.9 Historyofsteadyandunsteadycomponentsofforceandmoment

throughthreeturbinerotationsfordifferentvaluesoftip-speedratio

λ. Thesecalculationsarebasedonafree-streamvelocityV0=1

m/s,constantimposedcirculationcorrespondingtoβ=+5oand

k=−0.5forrotorradiusof0.3m................... 55

3.10ControllawasafunctionofEforβ=0.1andλ=5(left),andasa

functionofβforE=0.4andλ=5(right)inreferenceT1....... 56

3.11Torqueevolutionasafunctionofimpartedcirculationtotheblades

forV0=1m/s.(a)Momentofasinglebladeatthecentreofthe

turbineatλ0=0.9,and(b)Resultantmomentof4bladesatλ=2 57

4.1 Structuredmesharoundthehydrofoil................. 63

4.2 Meshvisualizationandsub-zonesofcomputationaldomain. Near

wallmodelingisshownininset .................... 64

4.3 Oversetcellstatus(left)andmeshworkflow(right)......... 64

4.4 Preliminaryvalidationofoversetmeshforpressurecoefficientdis-

tributionoverthebladeatthreedifferentazimuthpositions .... 65

4.5 Schematicofboundaryconditionsandcoordinatesystems ..... 66

4.6 CellconvectiveCourantnumber.................... 74

4.7 Dependenceofcomputationaleffortonthemeshtype(Baker,2005) 76

4.8 MeshindependencestudyforavelocityV0=1m/sandtip-speed

ratioλ=2 ............................... 78

4.9 CFDanalysisofclassicalDarrieusturbinewithfixedblades.Instan-

taneoustorqueplotforasinglebladeforacompletecycle(left),and

CorrectedCOPvstipspeedratioλ(right).............. 81

4.10Illustrationofbladeazimuthpositionαandglobalazimuthposition

ofturbineΨ............................... 81

xiii



LISTOFFIGURES

4.11Instantaneousvelocityvectorsarounda2DDarrieusturbinewith

fixedbladesforatip-speedratioλ=2andfree-streamvelocityV0=1

m/s ................................... 82

4.12NormalizedvelocitycomponentsinX(top)andY(bottom)direc-

tionsacrosstheturbineatvariousazimuthpositionsoftheblade . 82

4.13Hydrodynamicanalysisoftorqueextractionfromtheturbineus-

ingthecomputationalpressurefieldwithstreamlinessuperimposed

whentheturbineisatanazimuthpositionΨequalto0o ...... 83

4.14CFDpredictionsofflowpatternsduringtheturbine’soperation

withatip-speedratioλ=2andfree-streamvelocityV0=1m/sat

differentglobalazimuthalpositionsΨ................. 84

4.15Vortexsheddingandblade-vortexinteractionincaseofDarrieus

turbinewithfixedbladesatλ=2andV0=1.5m/s .......... 85

4.16Effectoffree-streamvelocityV0ontheturbine’scoefficientofpower

COP................................... 86

4.17EffectofReynoldsnumberontheflowacrosstheturbine...... 87

4.18Instantaneoustorquecoefficientwithstraightandhelicalblades

(Alaimoetal.,2015).......................... 88

4.19Effectofsolidityonthedistributionofforcecoefficients....... 89

4.20Effectofsolidityontheturbine’storquecharacteristics....... 90

4.21EffectofsolidityσonCOPdistributionunderdifferentoperating

conditions................................ 91

4.22Relationshipbetweeneffectiveangleofattackγ,reducedfrequency

F,andtip-speedratioλ ........................ 91

4.23Effectofsolidityσontheflow-field.................. 94

5.1 Calibrationtarget............................ 98

5.2 Turbinemodelusedinexperimentalstudies ............. 98

5.3 Experimentalfacilityandinstruments................. 99

5.4 Schematicdiagramoftheexperimentalsetupanddataacquisition

procedure ................................102

5.5 Timesequenceoftorquemeasurement ................103

5.6 Histogramoftorquemeasurement...................104

5.7 Histogramsoftorquemeasurementsforλrangingfrom0.5to4 ..104

5.8 Experimentalmeasurementsofinstantaneoustorqueforacomplete

cyclefordifferentvaluesofλandV0..................105

5.9 ExperimentalresultsofthevariationoftorquewithλandV0....106

5.10Comparisonofcomputationalandexperimentalcalculationsofun-

correctedCOP(left)andcorrectedCOP(right)...........107

5.11Processofmergingtherawimagestakenby2cameras .......109

5.12Streamlinesplotfromtheresultantimageforλ=2andV0=0.5m/s109

xiv



LISTOFFIGURES

5.13Velocityfieldsatvariousazimuthpositions..............111

5.14Vorticityfieldsatvariousazimuthpositions .............112

5.15CFDandPIVpredictionsofvelocitygradientsinflowdirection(left

toright)atsuccessiveazimuthpositionsforλ=2andV0=1m/s.114

5.16Phase-lockedmeasurementsofvorticityfieldaroundthebladefora

completecycle..............................115

5.17Vorticityfieldsaroundthebladeduringα∈[90o,270o].......116

5.18CFDandPIVpredictionsofvorticityfieldsaroundthebladeat

successiveazimuthpositions,superimposedontorquecurveforλ=2

andV0=0.5m/s .............................117

5.19ExperimentalevaluationofQ-criterionforλ=2andV0=1m/s .118

5.20ComputationofQ-criterionaroundthebladeusingCFD(URANS)

andPIV(phase-locked)methodsforλ=2andV0=0.5m/s....119

5.21Influenceoffree-streamvelocityontheflowfielddevelopment.Vor-

ticityisolinesforQ=2aresuperimposedonvelocitycontours....120

6.1 ProcessflowchartofCFDsimulationsformultiplemotionsinthe

computationaldomain.........................124

6.2 Comparisonofdifferentbladepitchregimesintermsofbladeorien-

tation(toprow),bladeincidence(2ndrow)andcalculatedtorque

foronecycle(3rdrow).........................126

6.3 Velocitycomponentsintheirnormaldirectionsatvariousdistances

fromtherotor’scentrewithdifferentbladepitchinglaws......127

6.4 Flowfieldspresentedbypressurecoefficientwithsuperimposedstream-

linesacrosstheDarrieusturbinewithpitchingbladesatsameop-

eratingconditionsofλ=2andV0=1m/satdifferentglobalazimuth

positionsΨ ...............................128

6.5 Vorticityfieldsobtainedforβ=+10o,+5oand−5o,illustrating

theefficiencyandlimitsoftheassociatedvortexsheddingcontrol.129

6.6 Comparisonoftheanalyticalresults(dottedlines)andCFDpredic-

tions(continuous)forforcecoefficientsactingonthepitchingblade

followingthecontrollawwithβ=+5oforafree-streamvelocityV0
=1m/s .................................130

6.7 ComparisonbetweenfixedandpitchingbladesforCOP.......131

6.8 θ−αrelationshipforhorizontalandpolynomialtransitionschemes132

6.9 Comparisonofhorizontalandpolynomialtransitionfitfortorque

evolution.................................133

xv



LISTOFFIGURES

6.10Comparisonofdifferentbladepitchregimesintermsofbladeori-

entation(toprow),correspondingplotforacompleterotation(2nd

row)andcalculatedtorqueforonecycle(3rdrow).(a)β=+10o→

−5o(b)β=+5o→−5oand(c)β=+5o→−5owithtransition

pointsofβ=+10o→−5o .......................134

6.11Velocitycomponentsintheirnormaldirectionsatvariousdistances

fromtherotor’scentrewithdifferentbladepitchinglaws......136

6.12Pressurecoefficientdistributionwithstreamlinessuperimposedof

variablepitchingbladesatoperatingconditionsofλ=2andV0=

1m/satdifferentazimuthpositionsΨ ................137

6.13Vorticityfieldsoftheturbinewithvariablebladepitching......137

6.14ComparisonofCOPsfordifferentbladepitchregimes.(a)β=

+10o→−5o(b)β=+5o→−5oand(c)β=+5o→−5owith

transitionpointsofβ=+10o→−5o .................138

6.15Comparisonbetweenthefixedandpitchingbladesforcoefficientof

powerCOP ...............................139

6.16Effectofsolidityσonpitchingblademodel..............140

6.17Sensitivityofturbine’sperformancetothetransitionlocationfor

pitchcontrollawβ=+10o→−5o...................141

7.1 ComputationalmodelofDarrieusturbinewithpitchingblades...151

I.1 Clenshaw-Curtisquadraturebasedstochasticspace.........172

I.2 µ̄±σ̄oftangential&normalforcecoefficientswithuncertaintyinV0.173

I.3 µ̄±σ̄oftangential&normalforcecoefficientswithuncertaintyinω.173

I.4 µ̄±σ̄oftangential&normalforcecoefficientswithuncertaintiesin

bothV0andω..............................173

I.5 ResponsesurfaceofCOPontheuncertaindimensionsofV0andω.174

II.1 Bladepitchkinematicsanddefinitionofcoordinatesystemona

pitchingblademodel...........................175

II.2 Planandsideviewsofcamforβ=+50................176

II.3 Forcedpitchactuationmechanism...................177

xvi



ListofTables

1.1 Hydroturbinemanufacturersandtechnologysummary........ 3

2.1 ComparisonofVAWTinvestigationmethods............. 21

2.2 Literaturesummaryofthestudiesonbladepitchingmechanisms

andtheireffectivenessinincreasingtheperformance......... 36

3.1 G-termsforcircleandflatplate.................... 43

4.1 SummaryofCFDstudiesonVAWTfromliteraturesurvey..... 60

4.2 DesignspecificationsforDarrieusturbine............... 61

4.3 Under-relaxationfactorsusedinthecomputations.......... 72

4.4 Statisticsofdifferentmeshes...................... 79

4.5 CFDtestmatrixforbenchmarkingstudies.............. 79

4.6 Turbinemodelsunderstudyonthebasisofsolidityσ........ 89

5.1 Themaximumnumberofrunsnmax requiredforeachflowconfigu-

rationtoobtaina10oangularresolutionofbladepositioning....100

5.2 Consolidationoftheexperimentalmeasurementsofturbineperfor-

mance ..................................108

7.1 Toolsandtechniquesusedinthisresearch ..............145

I.1 Stochasticspaceofuncertainvariables................172

xvii



Nomenclature

Referenceframes

T0 Fixedreferenceframe

T0 Referenceframeoffree-stream

T1 Referencerelatedtotheconnectingrodthatconnectstherotorand

theblade

T Referenceframeofblade

Designandfunctionalparameters

a Radiusofthecircle(m)

L(=2a) Chordlengthoftheprofile(m)

R Radiusoftherotor(m)

L/R Chord-to-Radiusratio

N Numberofblades

h Heightoftherotor(m)

AT Turbine’ssweptarea(m2)

A Cross-sectionalareaofthechannel

b Blockageratio

σ Solidity

Flowandprofilekinematics

V0 Free-streamvelocity(m/s)

P0 Free-streampressure(Pa)

W Relativevelocity(m/s)

Re Reynoldsnumber

M Machnumber

St Stokesnumber

P Poweroutput(W)

ω Turbine’srotationalvelocity(rad/s)

λ Tip-speedratio

λopt Optimumtip-speedratio

α Bladeazimuthposition(o)

xviii



NOMENCLATURE

Ψ Globalazimuthpositionoftheturbine(o)

γ Effectivebladeincidence(o)

θ Bladeorientationwithrespecttoitstangent(o)

β Equivalentstaticprofileincidencewithrespecttoattackvelocity(o)

E Eccentricityoftheprofilefromthevelocityfieldcurvature

φ PotentialfunctionoftheflowrelatedtothereferenceframeT0(m
2/s)

ψ StreamfunctionoftheflowrelatedtothereferenceframeT0(m
2/s)

f Complexpotentialoftheflowinz−plane(m2/s)

F ComplexpotentialoftheflowinZ−plane(m2/s)

Fc CouchetpotentialtothecirculationΓ

l(t), m(t) Tangentialandnormalvelocitycomponentsofthefree-streamwith

respecttotheprofileintranslationalreference(m/s)

u,v  xandyvelocitycomponentsofthefree-streaminthereferenceframe

T0(m/s)

Γ Circulationaroundtheprofile(m2/s)

Torsor

Ft,Fn Tangentialandnormalforcecomponentsactingontheblade(N)

Fl,Fd Liftanddragforcesoftheblade(N)

X,Y Scaledtangentialandnormalcomponentsoftheresultantforce

(kg.m/s2.m)

X,Y Non-dimensionalquantitiesofscaledtangentialandnormalcompo-

nentsoftheresultantforce

M0 Momentduetohydrodynamicforcesaboutthebladecentre

(kg.m/s2)

M0 Non-dimensional momentduetohydrodynamicforcesaboutthe

bladecentre(kg.m/s2)

M00 Momentduetohydrodynamicforcesabouttherotor(kg.m/s2)

M00 Non-dimensionalmomentduetohydrodynamicforcesaboutthero-

tor

Numerical modeling

ρ Fluiddensity(kg/m3)

µ Dynamicviscosityofthefluid(kg/ms)

ν Kinematicviscosity(m2/s)

xix



NOMENCLATURE

P Pressure(Pa)

ζ Transportscalarvariable

ζ̄,ζ Meanandfluctuatingcomponentsofζ

v Arbitrarycontrolvolume

u Velocityvector

A Surfaceareavectorforthevolumev

Γ Diffusioncoefficient

V Cellvolume

S Sourceperunitvolume

Nfaces Numberofcellfaces

Uref Referencevelocity(m/s)

u,v,w FluctuatingvelocitycomponentsofthereferencevelocityUref

µt Turbulentviscosity

k Turbulencekineticenergy

Dissipationrateofturbulencekineticenergyk

ω Specificdissipationrateofturbulencekineticenergyk

Tu Turbulenceintensity(%)

δt Timeinterval(s)

∇2 Laplaceoperator
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1.1 Introduction

Anthropogenicclimatechangeisaglobalissuethatmotivatesandpersuadesthe

searchforsustainableenergysources. TheIntergovernmentalPanelonClimate

Change(IPCC,2007)highlightedtheenvironmentalissuesduetotheuseoffossil

fuelswhichaccountformorethan80%oftheenergyneedsacrosstheworld(IEA,

2008). PacalaandSocolow(2004)suggestedalistofsolutionstosuchenviron-

mentalissuesthroughgreenenergysystems.Thisresearchprojectmainlyfocuses

onthedevelopmentofanefficienttidalenergysystemtoproduceelectricityatlow

watervelocities.

Inordertobuildarapportwiththereader,thischapterintroducestheresearch

projectwithbackgroundinformationontheresearchtheme. Withthegreatest

conviction,themotivationandpurposeofthisresearchispresentedfollowingthe

statementoftheresearchproblem.Itisthenperseveredwithresearchobjectives,

scopeandlimitationsoftheprojectwithanintentionofprovidingeverythingthat
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1.2. MARINESYSTEMS:APLATFORMFORRENEWABLEENERGY

thereaderhastoknowbeforegearingupforthenextphaseofthereport.This

chapterendswithadescriptionofthestructureofdissertation.

1.2 Marinesystems: Aplatformforrenewable
energy

1.2.1 Tidalenergy

Inthecontextofacontinuoussearchforalternativeenergysources,tidalcurrents

isregardedasstrongrenewableenergysourcetoreplacefossilfuels.Sincetheir

emergence,EuropeanMarineEnergyCentre(EMEC)hasencouragedbothaca-

demicsandindustrialpartnerstoexploitdifferentsystemsforextractingenergy

fromwatercurrents. Marineenergycanbeeitherextractedfromtidalimpound-

mentorbyrotatingawaterturbine.ThestudiesofMiguelandAydin(2011),and

CouchandBryden(2004)detailsthesetwomethods.Figure1.1summarizesthe

availablemethodsandtechnologiestoaccomplishtheenergyextraction.

Figure1.1:Energyextractiontechniques

Intheprocessoftidalimpoundment,electricityisproducedthroughthecon-

versionofthepotentialenergyoffluidflowasitleavesthebarrage.Althoughthe

operationsofbarrageenergyextractionunitswereinitiatedlongago,tidalenergy

devicessuchasturbineshavedominatedthemwithstrongfocusonresearchand

developmentactivitiesinrecenttimes(Pahl,2007).

Inspiteofarelativelylowenergydensity,itispossibletoextracttheenergy

fromtidalcurrentsundercertainflowconditionswheretheflowspeedishigher

than2m/sorso.Theadvantageofmarineenergysystemsoverotherrenewableen-

ergysourcesisthatthetidalflowconditionsareeasilyandaccuratelypredictable.
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CHAPTER1.INTRODUCTION

Furthermore,theavailabilityoftidalenergysourceslikeriversandoceanssignif-

icantlyproposesthemaseffectiveenergysources.EuropeanCommission(1996)

approximatedthatthemajorityoftidalenergyproducingsitesinEuropeandUK

wouldgenerateapowerof50TWh/year.AccordingtoCarbonTrust(2011),the

coastalwatercurrentsintheUKarecapableofproducing21TWh/yearwhich

wouldmeetmorethan5%ofcountry’senergydemand.

1.2.2 Tidalturbine

Awaterturbine,alsocalledastidalormarineturbinecomprisesasetofbladesthat

havespecificairfoilsections,attachedtoarotor.Thesystemisallowedtopassthe

waterflowthroughthedevicewhilstthebladesrotateabouttherotortogenerate

thepower.Despitethefactthatthemarineenergyindustrycansomewhatexpand

onexperiencepickedupbythewindturbineindustry,andalthoughsometidal

turbineplansarefundamentallybasedonwindturbines,thereisasignificant

distinctionbetweenthedevelopmentofthesetwodevices. Whilstthewindenergy

isafast-growingbusinesswithagenuinelyuniformoutlinemethodologyadapted

bythemanufacturerssuchasthreeblades,axispositioning,pitchcontroletc..,

marinecurrentvitalityisstillinitsoutset. Variousideasareunderscrutinyto

findbettersolutionsintheareaofmarinepowerextraction.

Organization Devicename  Type Min/Maxspeed
No.ofturbines
perunit

Poweroutput

ThroptonEnergyServices(UK)
Water Current
Turbine

HAWT
0.5m/s
sizedependent

1 2kW

EclecticEnergyLtd.(UK)  DuoGen  HAWT 0.6m/s nolimit 1 -

EnergyAlliance(Russia)
Submerged
HydroUnit

HAWT Min3m/s 1 1-5kW

TidalEnergyPty.Ltd.(Australia) TBD VAWT - 1
Velocityand
sizedependent

SeabellInt.Co.,Ltd.(Japan) STREAM  VAWT 0.6m/s nolimit 2 -
NewEnergy(Canada) EnCurrent VAWT 0.5 3m/s 1 5kW
AlternativeHydro
SolutionsLtd(Canada)

Freestream
Darrieus

VAWT
0.5m/s
sizedependent

1 2-3kW

LucidEnergyTechnologies(USA)
Gorlov
HelicalTurbine

Both
NolimitforVAWT,
1.1m/sforHAWT

1ormore  20kW

Table1.1:Hydroturbinemanufacturersandtechnologysummary

UK,CanadaandAustraliaalongwithEuropeancountriesincludingFrance,

GermanyandNorwayarelikelytoleadthemarineturbineindustryandresearch

withseveralmanufacturersandresearchfacilitiesfordeviceinnovations.Tothe

manufacturingend,thereareover100activedevelopersacrosstheworld. Marine

CurrentTurbinesLtd.,AlstomHydro,VoithHydro,OpenHydro,Sabella,Ocean

RenewablePowerCompanyaresomeofthemajorplayersintheindustrialsector

thatarepursuingdiverseturbineconcepts.Table1.1showssomemarineturbine

manufacturersandtheirproductsincludingtechnicalspecifications.Inadditionto

suchindustrialdevelopmentprograms,severaluniversitieshavebeenperforming
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1.2. MARINESYSTEMS:APLATFORMFORRENEWABLEENERGY

prospectiveresearchinthisfield(Achardand Maitre,2006;Ametetal.,2009;

Paillardetal.,2013).

1.2.3 HorizontalvsVerticalaxisturbine

Figure1.2:Horizontalandverticalaxistidalturbines(c2008Aquaret)

Althoughthecapitalizationoftidalcurrentsseemstobeadependablewayof

meetingtheincreasingenergydemands,theconcernisonhowitisdone.Thepop-

ularlyknownrotorarrangementsarehorizontalandverticalaxissystems,which

areshowninFigure1.2. Horizontalaxiswater/windturbines(HAWT)aredefi-

nitelymoreclassicalinusagethanverticalaxiswater/windturbines(VAWT).A

detailedcomparisonismadeinthefollowingpoints.

•Averticalaxisturbineusuallyrequirefewerpartsthanatypicalhorizontal

turbine. Generally,aHAWTshouldbeproperlyorientedinfree-stream

flowbeforetheoperationtoensurerightplacementofthedevice. Unlike

this,aVAWTdoesn’tneedaspecificorientationsincethebladecanequally

catchtheflowinanydirection.Thisismoreadvantageouswhentheflowis

inclement.

•AconventionalHAWThasbetterperformancethanaVAWTintermsof

poweroutput.AccordingtoMalcolm(2003),HAWTsystemsare45%-50%

efficientwhereasthemaximumpossibleefficiencyofVAWTsvarybetween

35%-40%.Afterunderstandingthetechnologicalaspectsandflowcomplex-

ities,MaydewandKlimas(1981)provedthatitispossibletoproducebetter

efficientVAWTthanasimilarsizedHAWT.

•Fromtheviewpointoffluidmechanics,theblade’soperationincaseofa

VAWTisazimuthdependentbecauseofcontinuouschangeinitseffective
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CHAPTER1.INTRODUCTION

incidencewithrespecttothefree-streamflow.Inaddition,thereisase-

riousconcernaboutblade-vortexinteraction.Thesecomplexitiesmakethe

numericalmodelingofVAWTsmoredifficultandthereforetheprediction

oftheirabilityinpowergenerationissubjecttocorrections. Ontheother

hand,HAWTsaresimplesincetheblade’sperformanceistheoreticallyinde-

pendentofitsazimuthposition.Also,theblade-wakeinteractionislimited.

ThisisoneofthereasonswhyHAWTshaveenjoyedrapidgrowthcompared

toVAWTs.

•Fromtheviewpointofstructuralmechanics,thefluidforceonHAWTis

axialwhichactonthebladesinperpendiculardirectionwhichisanazimuth

dependingaction.Aconstantbendingmomentisappliedonthebladeswhen

theturbineoperatesinauniformflow. Theconstantinertialforcesactin

thedirectionofblade’saxis.Incontrast,thefluiddynamicforcesacting

onthebladesofaVAWTpromptlyvaryincyclicmanner.Asidentifiedby

McLarenetal.(2012),suchvariationsintheforcesimposeseriousstructural

problemssuchasvibrationsinVAWTs.Anothermajorstructuralproblem

withVAWTsrelativelymorethanwithHAWTs,asnotedbyAshwilletal.

(1990),isfatiguebecauseofthecontinuouscycleofexternalforces.Since

thestructuraldesignoftheturbineisnotwithinthescopeofthisproject,

furtherconsiderationonthistopicisnotmade.

•Whileexplainingthepossibilitiesandbenefitsofpitchingblades,Gipe(2009)

notedthatsmallHAWTscanachieve25%-40%improvementintheirpower

output. AstraightandfixedbladedVAWTdoesn’tcompromisewiththe

improvementofflowdynamics.Thisneedsaspecialtreatment,whichisthe

majorobjectiveofthepresentresearchwork.

•Oftentimes,themeasurementsofanywindortidalturbinearemadein

uniformflowconditions. Whentherearedirectionalchangesandturbulence

intheflow,theassumptionofuniformityisnolongervalid. Whentheaxis

ofHAWTrotorisalignedwiththeflowdirection,Loland(2011)explained

thattheseunsteady,non-uniformandturbulentflowconditionsdisturbthe

optimaloperationandthusreducethepowerproduction. Thiscausesthe

capacityfactorofaHAWT,asdefinedbytheratioofactualoutputto

potentialoutputoveragivenperiodoftime,alsodrops.TheVAWTsdonot

encountersuchperformanceissuesduetotheiromnidirectionaloperation.

•Inagivensetofoperatingconditions,betterfluiddynamicperformancecan

beachievedwithaHAWTwithtwistedbladesthanthatwithstraightblades.

Obviously,twistedbladesaredifficulttomanufacture. But,VAWTwith

straightbladesprovidesasolutiontooperateinoptimalflowspeeds. Much

5
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betterperformancecanbeachievedbyregularizingthetorquecharacteristics

byincorporatingthehelicalblades(Priegueetal.,2015;Armstrong,2011).

•Theinstallationprocessisanotherfeaturethatdifferentiatesbothsystems.

ThegeometryoftheVAWTsissosimplethatitoffersthefeasibilityto

getinstalledinarrayswithoutdisturbingeachother. Theseturbinescan

beinstalledmoredenselywithoutanyoperationalissuesingettinghigher

output. But,HAWTsinterferewitheachotherwhenthereisnotenough

spacebetweenthesuccessiveturbines.

ThisabovediscussionrevealsthefactthatVAWTsarenotasmuchoptimized

andexploitedastheycouldhavebeen,duetothecomplexityassociatedwith

itsflowdynamics. VAWTissurelyaneffectivegreenenergysourceintermsof

production,installationandoperation. Withnewdevelopmentsindesignand

technology,VAWTscanbeusedinmuchbetterwaytoextractthepowerinop-

timumconditions. Moreresearchprojectsanddevelopmentprogramsinthisarea

canbringcommercialsuccesstothesemachines.

1.3 Problemstatement

Energydemandsareever-increasingphenomenaacrosstheworld. Withboosting

technologicalapplicationsandhumaninterestinrealizingmoresophisticatedlife,

21stcenturyischaracterizedbyrigorousneedsforenergyasneverbefore. Coal

wastheprimeandonlyenergysourceinearly20thcentury. Thisrawmaterial

wascompetedbyoilandgasafterSecond World Warandtherewasadrastic

shiftfromcarbontohydrocarbonbasedenergysourcesduetotheirhigherenergy

density. Robelius(2007)notedthatfossilfuelssupply40%oftotalenergyfor

globalneeds,andalsosuppliedvariousestimationsofthedepletionofoil&gas

andcostpredictionsoftraditionalenergysupply.

Apartfromtheconcernaboutenergyresourcesandavailability,thesensitive

issueliesintheenvironmentalimpactcreatedbytheconsumptionofhydrocarbon

fuels.SeveralglobalorganizationssuchasDivisionofEarly WarningandAssess-

mentofUNEP-France, World MeteorologicalOrganization-Switzerland,Global

FacilityforDisasterReductionandRecovery,International WaterAssociation-

London,UnitedNationsFrameworkConventiononClimateChange-Germany,

Arctic MonitoringandAssessmentProgram,Norwayhavebeenadequatelyad-

dressingtheclimatechangeissuesandgreenhouseeffect.Richardsonetal.(2009)

identifiedthattherewasadrasticincreaseingreenhouseemissionsinpasthalf

centuryallovertheworld. Theirstudynotedhowclimateindicatorsincluding

meansurfacetemperature,sealevelrise,oceantemperatures,oceanacidification

etc...arealreadyshowingabnormalvariations.Ononehand,theseimplications

poseseriousproblemtotheenergyworld. Ontheotherhand,moreenergyis

6
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soughttomeetincreasingneeds.Renewableenergysourcesinthiscontextarefree

andinexhaustiblewhichareavailableinabundance.

TheDarrieustypeisthemostcommonverticalaxisturbinemodelusedin

tidalandwindenergyindustry.AtypicalDarrieusrotorissimpleinconstruction

andgenerallyconsistsof2to4blades.Thesystemrotatesathigherspeedsthan

theincomingflowforbetterpowercharacteristicssothatthetip-speedratiois

maintainedmorethan1.AlthoughDarrieusturbinesrequirenobladepitchcontrol

forsynchronousapplications(Singhaletal.,2009),anefficientpitchcontrolofthe

blade,asittravelsthroughazimuth,canincreasethetorquecharacteristics(Cheng

etal.,2012;Lazaukas,1992).

1.4 Researchobjectives

Thedevelopmentofadvancedmethodstoenhancetheperformanceofaconven-

tionalenergydevicesuchasaDarrieustidalturbinerequiresabaseforconstruct-

ingthetechniques.Adeeperknowledgeofthelocalflowfieldaroundtheblades

isnecessarytoapplythesetechniquesinrealflowconditions. Takingthisinto

consideration,thisthesissetsoutthefollowingobjectives.

•Developmentofbladepitchcontrollawsforpreventingthevortexformation

basedonidealflowconceptsandanalyticalcalculationoftorsoreffects.

•Numericalevaluationofflowfieldsandturbine’sperformancewithfixedand

pitchingbladesforcomparingtherealflowconditionswithidealones.

•Identificationoffeasiblebladepitchingregimesforperformanceoptimization.

•Experimentalvalidationofcomputationalresultsusingtorqueandvelocity

measurements.

1.5 Scopeandlimitations

Thisstudypresentsacomprehensiveinvestigationofaverticalaxiswaterturbine

ofDarrieustypewithstraightandfixed/pitchingblades.Aconcretebasefordevel-

opingthepitchcontrollawswasconstructedwithafocusonimprovingthepower

characteristicsoftheturbineandcontrollingthevortexsheddingfromtheblades.

Thisanalyticalworkisbasedonthepotentialflowframeworkandsupportedby

CFDanalysis.Anexperimentalinvestigationcompletestheseanalysestoprovide

allfacetsofaneffectiveresearchondevelopingahydroturbine.Thedesignparam-

etersconcernedinthisstudycoverfree-streamvelocity(V0),tip-speedratio(λ)

andsolidityoftheturbine(σ).Forpitchingbladestudies,variouspitchingregimes

weretested.Therelationshipbetweentheturbine’sperformanceandvariousflow
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variablesrequirednumerousparametricstudies,whichledtoacquiretheoptimum

operatinganddesignconditions.

Inthisresearch,onlyNACA0015bladeswereconsideredforthesakeofsim-

plicity.Indevelopingtheturbinemodels,100%manufacturingaccuracywith

allowabletolerancewereassumed.Duringtheexperimentalstudies,powertrans-

missionlossesfrommotortoturbinewereneglected.Uncertaintiesinthemotor’s

operationaswellasthecarriage’slinearmotionwerefoundintheorderof±1%,

whichwerespeciallytreatedtoassesstheirpropagationinthesolutiondomain.

Anothercriticallimitationofthisstudyistheconfinementofthecomputa-

tionalandexperimentalanalysisto2Dhydrofoilunderconstantflowandtur-

bine’srotationalvelocities.Suchinvestigationshavereducedthecomputational

cost,laboratoryeffortsandtime. Therefore,moresophisticatedmodelsmaybe

requiredtoexaminecomplexphysicssuchasdynamicstall,vortexformationand

dispersion,blade-vortexinteractionetc...in3Danalysis.

1.6 Structureofthedissertation

Thisdissertationisdividedinto7chapters;Figure1.3showsthecoherentprocess

bylinkingallchapterswhichtheprojecthasfollowedduringthecourseoftime.

Presentingthebackgroundofthecurrentprojecttopic,Chapter1-INTRO-

DUCTIONestablishestheresearchplatformbydiscussingtheneedforgreenen-

ergysources,rationalefortheproject,objectives,scopeandlimitationsofthere-

search.Chapter2-LITERATUREREVIEWconsistsofasurveyofscholarand

industrialworksrelatedtotheproject.Italsopresentstheevolutionofresearches

inDarrieusturbinedesignwithfixedandpitchingbladeswithanemphasison

analyticalmodels,computationalanalysisandexperimentalstudieswithanequal

importanceofdesignparameters.Suchareviewofexistingsourcesofinformation

canjustifytheneedforthepresentresearchbyidentifyingthegapsandtherefore

layapathtobuildanefficientmethodologytoproceedwiththeproject.

Chapter3-COUCHETPOTENTIAL&PITCHCONTROLLAWportrays

theanalyticalframeworkwithcompletehydrodynamicanalysisandthedevelop-

mentofapitchingbladecontrollaw,whichisbasedonthepotentialflowconcepts.

Theobjectiveofpreventingthevortexformationfromthebladesisachievedby

imposingaconstantcirculationaroundthemovingblades.Acompletedemonstra-

tionofthepitchcontrolmethodologythroughmathematicalexertionispresented

alongsidetheidentificationofeffectivepitchcontrolregimes.

ThistheoreticalworkleadstotheevaluationofconventionalDarrieustur-

binebothnumericallyandexperimentally.Chapter4-FIXEDBLADEMODEL:

COMPUTATIONALANALYSISstartswiththefundamentalunderstandingof

CFDapplicationsfollowedbythecomputationalmethodologyindetail.Compu-

tationalanalysisforbenchmarkingwasperformedusingacommercialCFDsolver,
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Figure1.3:Informationflowchartofthedissertation

StarCCM+whereoversetmesheswereusedtoincorporatesuperposingbodymo-

tions.Pre-processing,processingandpost-processingstepsaredescribedandthe

needforresultvalidationisexplained.AfullrangeofCFDresultsarepresented

andanalyzed.

Understandingtheimportanceofvalidatingthecomputationalresults,Chap-

ter5-FIXEDBLADE MODEL:EXPERIMENTALANALYSISdescribesthe

laboratorymethodologyadaptedinthisresearch. AdigitalParticleImageVe-

locimetry(PIV)system,fullysynchronizedwithtorqueacquisitionset-upisused.

ThetorqueandPIVresultsareusedtovalidatetheCFDfindings.Theeffectof

tip-speedratioλ,solidityσandfree-streamvelocityV0wascalculated. Quan-

titativeresultsmainlycomprisethetorquemeasurementsandpowercoefficient

evolution,whileaqualitativeanalysisisbasedonflowfieldstructuresaroundthe

blade(local)aswellasturbine(global).

Theeffectivenessoftheconstantcirculationappliedtothebladesisexplained

andanalyzedinChapter6-PITCHINGBLADEMODEL:COMPUTATIONAL

ANALYSIS. Whileexploringtheprosandconsofthisframework,avariablecir-

culationimpartedtothebladesisexaminedanditsperformanceistestedagainst

thatoftheclassicalturbineandconstantcirculationschemes.Correspondingpres-

sure,velocityandvorticityfields,andpowercharacteristicsarepresented,leaving

theconcludingremarkstothenextchapter.

Chapter7-CONCLUSIONANDRECOMMENDATIONSsummarizesthe

keyrevelationsoftheanalytical,numericalandexperimentalanalysisofDarrieus

turbine’shydrodynamicswithfixedandpitchingblades,inordertoprovethat

notonlytheresearchobjectiveshavebeenfulfilledbutalsocontributetopresent

dayresearchactivitiesinfluidmechanics. Thisreportendswithconstructive

recommendationstobuildaforwardpathforfutureresearch.
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2.1 Introduction

InChapter1,theintroductionforresearchprojectwasprovidedwherethetidal

energysourceswereidentifiedaseffectivealternativestohydrocarbonfuelsforin-

creasingenergydemandsacrosstheworld.Themotivationtoreducethecarbon

footprintandhencetherisksassociatedwithglobalwarmingconstitutesthekey

drivingforcetodeveloptherenewableenergytechnologies.Thischapterpresents

detailedinformationofaverticalaxistidalturbineincludingtheterminologyused

indevelopingadevice,itsworkingprincipleandsalientstudiesconductedtotest
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suchadevicecomputationallyandinlaboratory.However,thedelatedinforma-

tionsuppliedbynumerousscholarspertainedtothepresentresearchtopicislikely

tothrowthereaderintoaturmoilstate. Thischapterthereforereviewstheex-

istingliteraturein5sections. StartingwiththediscussionofDarrieusturbine

operation,thedesignparametersandtheirinfluenceontheturbine’sperformance

isexplained.Inthenextsection,theinvestigationmethodsusuallyemployedto

investigatetheperformanceofaDarrieusturbineareclarified.Thedifferencebe-

tweentheidealBetzlimitandtheperformanceofaturbineinaconfinedflow

isexplained.Finally,relevantscholasticstudiesontheperformanceimprovement

techniquesandtheirresultsaredemonstrated.Thewholestructureofliterature

reviewassiststheresearcherinpreparingasuitablemethodology.Suchawider,

butnotexhaustive,literaturereviewhelpstofindthegapsintheexistingscientific

sources.

2.2 OperationofDarrieusturbine

ADarrieusmachinecanbeeitherawindturbineorwaterturbinewhoseaxisis

positionedintransversedirectiontothefluidflow. Theprincipleofoperation

waspatentedbytheFrenchengineer,DarrieusinFranceandUSAin1925and

1931respectively.Patentdetailsareavailableinthereferences.Irrespectiveofthe

application,allofDarrieusmodelsworkonthesameprincipleasshowninFigure

2.1. Whenanaerodynamicorhydrodynamicprofilerotatesinaflowtransverse

totheaxisofrotation,forceisgeneratedwhosetangentialcomponentleadsto

thethrust. Beforepresentingtheprincipleofoperationindetail,characteristic

parametersrelatedtotheDarrieusmachinedesignarediscussed.

Figure2.1:SectionalviewofDarrieusturbineoperation

12



CHAPTER2. LITERATUREREVIEW

2.2.1 Designparameters

ReferringtoFigure2.1,consideraDarrieusmodelwithNnumberofbladesof

symmetricalprofileswhosechordlengthisLandrotateatadistanceofRfrom

therotor’scentre.ThepointPmakesthejointbetweenthebladeandconnecting

rodoftherotor.ThesweptareaoftheturbineAisusefulincomparingdifferent

turbinesisdefinedforastraightbladeddeviceas

A=2Rh (2.1)

wherehistheheightoftherotor.

Withthisinformation,thegeometryoftheturbineischaracterizedbymeansof

somedimensionlessquantities.Onesuchparameteristhesolidityσwhichdefines

thedegreeofblockageofferedbytheturbinetotheflow. Mathematically,solidity

σisdefinedby

σ=
NLh

A
=
NL

2R
(2.2)

Thesolidityofthebladeorthechord-to-radiusratioL/Risnowdefinedasthe

ratioofbladechordtotherotor’sradius.

2.2.2 Functionalparameters

Apartfromthedesignfactors,thereareexternalconditions,calledfunctional

parameterswhichhavemajorimpactontheturbine’sperformance. Twosuch

parametersarethefree-streamvelocityV0androtor’srotationalvelocityω. A

dimensionlessquantityisdeducedfromthesetwoparameters,calledthereduced

velocityortip-speedratioλwhichisdefinedby

λ=
Rω

V0
(2.3)

Tip-speedratioλstronglyinfluencesthefluiddynamicsacrosstheturbineand

thereforetheturbine’soverallperformance. Theflowregimeischaracterizedby

theReynoldsnumberRe,whichistheratioofinertialforcetoviscousforce.

Reynoldsnumberisexpressedas

Re=
RωL

ν
=
λV0L

ν
(2.4)

Here,thebladepositioninghasnoeffectonReduringthestudiesofthelocalflow

aroundthebladebecausetherotationalvelocityisusedinthedefinitionofRe.

Anotherdimensionlessparameter, MachnumberM,comparestheflowvelocity

withtheacousticspeedainordertocharacterizethecompressibilityoftheflow.

Thisisdefinedas

M =
Rω

a
=
λV0
a

(2.5)
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2.2. OPERATIONOFDARRIEUSTURBINE

Forhydroturbines,theflowsareusuallyconsideredasincompressiblesinceM<<

0.3.

2.2.3 HydrodynamicanalysisofDarrieusturbine

Figure2.2: Velocityandforcevectorsactingonthebladeatvariousazimuth
positions

Figure2.2showsthevelocityvectorsandforcecomponentsaroundtheDarrieus

turbinebladeasittravelsthroughthecompleteazimuth.Effectiveangleofattack

ofthebladeγchangeswiththeazimuthangleαandthetip-speedratioλasthe

bladecompletesacycle.Equation2.6definesthisvariationofγwhichcanaffect

thebladestallphenomenoninacycle.

γ=tan−1
sinα

λ+cosα
(2.6)

TheazimuthalvariationoftheangleofattackγaffectstherelativevelocityW of

theblade.RefertoFigure2.2,thebladerelativevelocityW isdefinedas,

W = (V0sinα)2+(V0cosα+Rω)2 (2.7)

Equations2.6and2.7havethegraphicalrepresentationinFigures2.3(a)and2.3

(b)respectively,wherethebladeincidenceγandrelativevelocityW areplotted

asfunctionsofazimuthangleα.

Theanalysisofeffectiveangleofattackγofthebladeandrelativevelocity

W asafunctionoftip-speedratioλformstheplatformforthepresentresearch.
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(a) (b)

Figure2.3:AzimuthalvariationofbladeincidenceγandrelativevelocityW for
differenttip-speedratiosλ

Upcomingchapterswilldiscusstheserelationsextensivelyforthecomputational

analysis.Duringtheblade’smotionalongtheazimuth,theblade’sincidenceplays

animportantroleincreatingthehydrodynamicforces. Therefore,thethrust

andnormalforcesalsovarywiththeblade’stravelandalsowiththetip-speed

ratioλ.Structuralinvestigationoftheseforcesleadstotheanalysisofturbine’s

performance. TangentialcomponentoftheforceFtisofparamountinterestin

thisresearchbecausetheassessmentofkineticsandtheireffectonthepower

characteristicsmainlydependsonthetangentialforce.Figure2.2assiststofind

therelationshipbetweenthetangentialandnormalcomponentsoftheforce(Ft
andFn),andliftanddragforces(FlandFd),whicharedefinedas

Fn=Flcosγ+Fdsinγ (2.8)

Ft=Flsinγ−Fdcosγ (2.9)

Finally,theperformanceoftheturbineismainlycalculatedintermsofthepower

outputPoftheturbine,whichisdefinedas

P=FtRω (2.10)

Thedimensionlesspowerfactor,calledcoefficientofpowerCOPisthekeyparam-

eterusedinthisstudytomeasureandcomparethedevice’sperformanceunder

variousconditions.Equation2.11definestheCOP.

COP=
P

0.5ρAV30
(2.11)
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2.3. DARRIEUSTURBINEPERFORMANCEEVALUATION

2.3 Darrieusturbineperformanceevaluation

2.3.1 Bladethicknessandcamber

Beforediscussingtheturbine’sdesignparameters,itisnecessarytounderstandthe

suitabilityofavailablebladeprofilesforDarrieusturbineapplications.Jacobsand

Sherman(1937)suppliedtheinformationoftheNACAsectionsandtheirperfor-

manceforvaryingReynoldsnumberRe,whichpersuadestoselectthesymmetrical

sectionsforcurrentresearch. ThecomputationalstudiesofDanaoetal.(2012)

presentedtheeffectsofbladethicknessandcamberontheperformanceofsmall

scaleDarrieusturbine.Thinnerprofilesexperiencehigherpressurecoefficientand

extractmoreenergyfromthefluidflow.Therefore,thinnerprofilesarebetterin

performancethanthethickerprofiles.Thisstudyalsonotedthattheprofileswith

asmallercamberlikeLS0421yieldbetterperformanceforDarrieusturbineswhen

comparedtothosewithhighercamber.ThisissupportedbyHealy(1978a),where

itisnotedthatslightlycamberedairfoilscanprovidebetterperformance,witha

propercontrolontheexcessiverotationalvelocitiesoftheturbine.Inthestudy

ofBeriandYao(2011)aboutself-startingVAWTs,camberedprofileswereproven

todeliverthebestperformanceatoptimumflowvelocities.

ThestudiesofHealy(1978b)ontheexaminationofsymmetricalairfoilsusing

multiple-streamtubemodelonawiderangeofReynoldsnumbersrevealedthat

thickersectionsperformbetterthanthethinnersectionsatlowRe.Thisisdue

tothefactthatthethickerprofilescanresiststallphenomenonbetterthanthe

thinnerones. Thedisagreementbetweentheseresults,andthoseofDanaoet

al.(2012),andBeriandYao(2011)ismainlybecauseofthedifferencesinthe

respectivenumericalmethodologies. Thistypeofanalysisontheeffectofblade

camberontheperformancecapabilitiesaswellasstartingtorquehasthegenesisin

earlystudiesofBaker(1983)andKirke(1998).Thefindingsofthesetwostudies

consolidatedthatcamberhasapositiveimpactonthestartingcharacteristicsas

wellaspowerextractionfromthefluidflowduringtheupwindpartofcyclewhich

wouldcauseaconsiderableimprovementintheoverallturbineperformance.

McIntosh(2009)throughtheparametricstudiesidentifiedthatthemaximum

powercoefficientsattainedbythinnerbladeprofilesarehigherthanthoseby

thickerprofiles.Inaddition,profilethicknesswasfoundtobeanimportantpa-

rameterindefiningthepowercurveslope;thickertheprofile,steeperthepower

curve. Theoptimumtip-speedratioλoptforthinnerairfoilsishigherthanthat

forthickerprofileswhichrevealsthattheperformanceofthickerbladesectionsis

superiortothinnersectionswhenthetip-speedratioλrapidlychangesduringthe

operation.

Thescopeofthepresentresearchworkdoesneithercomprisetheself-starting

capabilitiesofDarrieusturbinenortheconsiderationofrapidchangesintip-speed
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ratioλ.Thechoiceofbladeprofileisthereforelimitedtothesimplestdesign.Also,

thestructuralstabilityunderhydrodynamicloadingisakeyconsiderationforthe

bladefabricationduringtheprototypedevelopment.NACA0015isthethinnest

usableprofileforourexperimentalmodel.Basedonthisargument,NACA0015

ischosenforCFDstudiesaswellasinprototyping.

2.3.2 Solidityσ

Forrotatingmachines,solidityσisoneofthemajorinfluencingdesignparameters

asthedeviceperformanceisconcerned.Fromthedefinitionofsolidityσgivenby

Equation2.2,itisclearthatσissolelyafunctionthatdecidesontheturbine’s

geometry.Duetoitsimportanceininfluencingthedeviceperformance,numerous

articleswerepublishedonitseffectsinturbomachines.Theactuatordisctheory

(Glauert,1948)examinestheoreticalinfluenceofsolidityontheoverallperfor-

mance.Basedonthis,Templin(1974)developedacomputationalmodelforsingle

streamtubeapplicationwhichconsideredσrangingfrom0.05to0.5.Thisassumed

aconstantvelocityinductionfactora,whichisdefinedasthefree-streamvelocity

flowthroughtheactuatordisci.e.,(V1−V2)/V1. Fromtheresultsobtainedby

Healy(1978b)showninFigure2.4,itisnotedthatthemaximumpowerincreases

withincreasingsolidityuntilitreachesacertainvalue,beyondwhichthepeakfalls

downataquickerpace.Also,theoptimumoperatingrangeidentifiedfromCOP-λ

curvesiswiderfortheturbineswithlowersolidity.However,thereisadangerof

increasingcentrifugalstressesincaseoflowsoliditymodelsduetotheirhigher

optimaltip-speedratio.Thesestudiesconsideredstaticairfoildataandneglected

blade-wakeinteractions,whichresultedinextremelyhigherandunrealisticCOP

values.

Figure2.4:EffectofsolidityσonCOPcurve(Healy,1978b)
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2.3. DARRIEUSTURBINEPERFORMANCEEVALUATION

Figure2.5:Effectofsolidityσontheoptimumtip-speedratioλoptfromliterature
survey

Theprimaryeffectofsolidityσontheturbine’soperationistocreatethe

blockageeffecttotheincomingflow. Theblockageisnotmerelylimitedtothe

free-stream,butextendstowake.Thismeansthatthepresenceofasolidbody

causestheflowtodeviatearoundtheturbineaswellascreateavelocitydeficit.

Thisisbecauseoftherecoveryofkineticenergywhichcausesaportionofthefluid

toflowoneithersideoftherotortobalancethemassbudget.Largersolidities

resultingreaterexpansionofthestreamtubepassingthroughtherotorandlower

flowvelocitywithintherotor.

Anotherkeyfeatureisthereducedbladeincidenceduetothevelocitydeficit

insidetherotor.Atlowervaluesofλ,thisphenomenonleadstostall.Consulet

al.(2009)explainedhowtheturbinewithhighersoliditypreventsthedropand

riseintheperformance.Athighertip-speedratioλ,thebladesoperateatlower

incidencewhichresultsinalossofefficiency. Chang(2005)identifiedtheusual

rangeofoptimumtip-speedratioλoptforawiderangeofsolidity.Acollectionof

publishedresultsfromresearcharticlesfortheoptimumtip-speedratioλoptfor

thecorrespondingmodelsolidityisplottedinFigure2.5. Mostoftheresultsare

consistentwiththeChang’susualoperatingrange.

Asthesolidityoftheturbineincreases,themaximumCOPdropsandattains

loweroperatingregionsofλ.SuchturbinemodelsexhibitsharplyslopedCOP
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curves,comparedtolowsoliditydesigns. ThesepointsareexplainedbyFigure

2.6,wheretheeffectsofsolidityσontheturbine’spowercoefficientisillustrated.

Thisfigurecomparestheturbinewith0.75solidityσ,whichwasanalyzedusing

momentummodelbyMaysandHolmes(1979),withfourdifferentmodelswith

lowersolidity,examinedbyTemplin(1974).HighersoliditiesresultinpeakyCOP

curvewithnarrowoperatingrange. ThemaximumCOPbecomeslesssensitive

tothechangesintip-speedratiountilλreachesapproximately5.Thesestudies

accountedforthesensitivityparameter,basedontheupperandlowerlimitsof

λforacceptableperformanceoutput.Theoveralltrendsofthemodelsshownin

Figure2.6complementeachother.

Figure2.6:Effectofsolidityσontheturbine’sperformance(Kirke,1998)

Furtherunderstandingabouttheeffectsofsolidityσisavailablefromthestudy

ofEboibietal.(2013)whereathree-bladedVAWTmodelwiththreedifferent

solidities,σ=0.2,0.6and0.98werecomputationallyinvestigated.Symmetrical

NACAbladeswith12%and22%thicknessdistributionswereusedandcompared

forperformanceandvisualizationresults.AsshowninFigure2.7,theNACA0012

profilewasfoundtohavebettermaximumCOPatallofthetip-speedratios.Both

thesectionsattainedthesameoptimaltip-speedratioλoptof4.5,2.5and2forthe

chosensoliditiesrespectively. AllofthesoliditymodelswithNACA0022blades

providedbetterpowerfeaturesatλlessthan3.Thisresultwasalsosupportedby

Templin(1974)whichstatedthatthethickerprofilesyieldbetterperformanceat

lowervaluesofλ.

Thisnotesonthesolidityeffectsontheoverallturbine’soutputthrowslight

ontheconsiderationofσasakeydesignparameter.Inthisresearch,fourmodels

withdifferentsolidityσwereconsidered. Thesolidityσisalteredbasedonthe

rotor’sdiameter.Thesemodelswerecomputationallystudiedfortheperformance

measurementsaswellasflowvisualizationsandcriticalanalysisiscarriedout.
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(a)NACA0012 (b)NACA0022

Figure2.7:Effectofsoliditybyvaryingthebladesection(Eboibietal.,2013)

Theexperimentalvalidationishoweverconductedonlyforthebasemodelwith

σ=0.533.

2.4 Darrieusturbineinvestigation methods

Therearevariousmethodsavailabletoinvestigatetheflowandperformanceofany

lowReynoldsnumberturbomachine.Broadly,theseareclassifiedintocomputa-

tionalandexperimentalmethods.Althoughboththemethodsarequiteeffectivein

assessingtheVAWT,theyhavetheirownadvantagesanddisadvantagesfromthe

standpointofpresentresearch.Table2.1providesspecificknowledgeaboutthe

prosandconsofthesetwomethods.Thecompletevalidationofnumericalresults

withexperimentalprocessisdescribedinChapter4.Inthissection,wepresentthe

methodsofcomputationalandexperimentalanalysisemployedbyvariousscholars

intheirstudiesofVAWT.

2.4.1 Numericalstudies

Thedevelopmentandapplicationofnumericalmethodologiesforfinitevolume

methodsforthestudiesofflowproblemssuchasVAWTincreasetheaccuracy,

whencomparedtovortexormomentummodelingmethods.Advancedhardware

capabilitieshaveenabledtheapplicationofCFDtocomplexflowproblemsat

adequateresourcedeployment.TheendresultsofatypicalCFDstudyarenotonly

limitedtovisualizationofflowfieldacrossthevirtualprototypeandmeasurement

ofscalarparameters,butcanbeextendedtomoreadvancedpurposessuchas

uncertaintyanalysisandshape/property/processoptimization,whichmaynotbe

feasiblewithexperimentaltechniques. Flexibilityinmodelingthesolidbodyis
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anotheradvantageinCFDstudies. Thenumericalstudiesdonotrelyonthe

externaldatasinceCFDcancalculatetheflowinducedforcesontheturbine

modelautonomously.Therefore,thisresearchhaschosenCFDasaninvestigation

methodforVAWTanalysis.ThissectionpresentsasurveyofCFDstudiesthat

wereconductedbyscholarsforVAWTtestcases.

2.4.1.1 Fluiddynamicsandperformance

Intheexaminationof20airfoilsofbothsymmetricandnon-symmetrictypeforthe

efficiencyimprovement,Mohamed(2012)notedthatnospecificprofileshapehas

beenfoundtillnowforVAWTapplication.Thisstudyidentifiedthesupremacy

ofS-1046sectionoverNACAsymmetricalsectionsforlowsolidityapplications.

InspiteofitstechnicaldataandrelevancetomodernVAWTresearch,thisstudy

sufferedfrommethodologicaldrawbackssuchasinsufficientmeshresolutionpar-

ticularlyatleadingandtrailingedges. Withreferencetoexperimentaldata,this

resultedinpredictioninaccuracy.

Therelationshipbetweenthetip-speedratioλandflowphysicsissubjecttoa

numberofinvestigations.OnesuchstudywasperformedbyMcLarenetal.(2012)

whichconsideredthe3-bladedDarrieusturbinemodelwithNACA0012profiles

forCFDstudiesusingSSTk−ωviscousmodel.Theresultingforcecoefficients

werevalidatedagainstexperimentalresults.Theseresultsareconsistentwiththe

studiesonthelowsolidityandhighsoliditymodelsbyTemplin(1974),andMays

andHolmes(1979)respectively.ThisshowsthatVAWThasexperiencedahigh

fidelityanalysislongtimeago.

Aninterestingstudyonthe2-bladedDarrieusturbinemodelfordynamicstall

analysisusing2DCFDcomputationswasconductedbyAmetetal.(2009)and

theresultsareinagreementwiththeexperimentaldataprovidedbyLaneville

andVittecoq(1986). Thisstudyusedarefinedk−ωviscousmodel,developed

byKok(1999)andanalyzedtheeffectofextremeoperatingconditionsatλ=2

andλ=7.Stallingbehaviourwasscrutinizedasakeydifferencebetweenthe

operationofwindandhydroVAWTs. Thelargestamountofvortexshedding

duringthecycleisassociatedwithundesirableperformanceoftheturbine.

Whentheself-startingcapabilitiesofasmallscale3-bladedVAWTmodelwas

testedbyUntaroiuetal.(2011)usingstandardk− turbulencemodelforboth

2Dand3DCFDcasesandvalidatedagainstthelaboratoryresultssuppliedby

Hilletal.(2008),over-predictionby2Dsimulationsandunder-predictionby3D

simulationswereobserved.Thevalidatedresultsinthisstudyareincomparison

withthefindingsofHowelletal.(2010).However,theincapacityofk− modelto

capturetransitionatlowReynoldsnumbersresultedinalimitedaccuracy. More

accuratenear-wallmodelingandapplicationofblendedturbulencemodelsmight

benecessarytocapturethetransitionaleffects.
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Computational methods Experimental methods

Mainfeatures

Wideandflexiblesolidmodellingca-
pabilities

Widerangeofturbulencemodelsand
applicabilitytodifferentmedia

Capableofsimulatingthecomplex
phenomenon(dynamicstall,vor-
texshedding,BVIetc...)

Multiplesolversandturbulencemodels
(RANS,LES,DESetc...) are
available

Stronglyrelyontheassumptionsmade
Excellentpost-processingcapabilities
User-orientedinterfaceandsupportfa-

cilitieswhichmake’user-friendly’

Physicalreproductionoftheflow
Limitednumberofdesignsandgeom-

etry
Dividedintolaboratoryandfieldtest-

ingprocedures
Practicalconditionscanberealizedin

thelaboratoryexperiments
Standardizationoftheprocedureal-

lowstherepetition
widerangeofkinematicparameters
Uncontrolledstructuralparameters

Speedandaccuracy

Moderate/slowprocessingdepending
onthesolversettingsandflow
complexities

Moreaccuracycanbeaccomplished
withadditionaltimeresources

Timeconsumingforthebestaccuracy
withthedeploymentofappropri-
ateskills

Almostinstantaneousraw measure-
ments

Heavypostprocessingonadvanced
measurements

Cost

Hightoveryhigh Hugefinancialresourcesarerequired.
Also,materials,skillsandhuman
effortsarehighlyneeded

Limitations

Fairknowledgeandexpertiseisneeded
Largeandpreciseinputinformationis

required
Standardproceduretosolvethecon-

servationequationsistimecon-
suming

Propervalidationagainstexperimental
dataisrequired

Highercostpropositionscausetoas-
sessalownumberofparameters

Errorsfromenvironmentalfactorsare
possible whichcannotbecon-
trolled

Thesizeofexperimentalfacilitysuch
astowingtankarelimitedwhich
canposeseriouslimitationslike
blockageeffect

Measuredperformancemaynotbere-
alizedinrealapplications

Table2.1:ComparisonofVAWTinvestigationmethods

Forthetransientanalysisoftheflowacrossa3-bladedDarrieusturbinewith

NACA0018sections,Iidaetal.(2007)carriedoutLargeEddySimulation,which

revealedaninverserelationshipofflowdivergenceanddynamicstallphenomenon
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withthetip-speedratioλ.Thestudyhoweverlackedtheverificationandvalidation

ofthenumericalresults.

Basedontheabovediscussions,CFDcreatesanobviousplatformforflexible

andacceptablesolutionsfortheVAWTanalysis,althoughthereliabilityofthe

resultsisalwayssubjective.Highercomputationalcoststhatareusuallytiedup

withtheVAWTstudiesusingCFDposeaseriouslimitationforintensivenumerical

analysis.Theaccuracyofcomputationalstudiescanbeimprovedwithappropriate

definitionofboundaryconditionsandimplementationofrightmethodology.The

credibilityoftheCFDworkisstillinneedofverificationandvalidation,whichis

discussedinthefollowing.

2.4.1.2 Verificationandvalidation

VerificationandvalidationprovidesaquantitativeevaluationofCFDmodelsto

ascertainthetrustworthinessofcomputationalresults.Thisinvolvesthecompari-

sonofnumericalfindingswithexperimentalresultswhichareconsideredstandard

andmoreaccurate. Withsufficientinsightandcarefulpractice,theverification

andvalidationprocesscanreduce,orsometimesavoid,thelevelofconflictbe-

tweentheobservationsofnumericalandexperimentaltests,andbringconsistency

withthesecondarydatasources. Aninspectiononhowscholarshavevalidated

theirCFDmodelsintheirstudiesonVAWTwasperformedandthedetailsare

presentedinthissection.

ThestudiesofCastellietal.(2010,2011)includedthevalidationofCFD

modelsappliedforVAWTstudiesagainstwindtunnelexperimentalresults.Since

thepurposeofthesestudieswasconfinedtocomparethequalityoftheresults,the

performanceoftheturbineintermsofCOPwasonlytakenintoaccount,butno

flowphysics.Suchstudieshavevoidsintheprocessofverificationandvalidation

astheycouldnotmakeadecisionofchoosingtherightCFDmodel.

TheexperimentalstudiesonaVAWTmodelwithsymmetricalairfoilswere

conductedbyHowelletal.(2010),takingintoaccountthesurfaceroughness

ofthebladeandsolidityofthemodelunderarangeofoperatingconditions.

Figure2.8showsthecomparisonofnumericalandexperimentalCOP.Unlikeother

studies mentionedearlier,thisstudydelivereddifferentfashionedCOPcurves

where2DCFDmodelwasover-predictingtheexperimentalresultsand3DCFD

modelwasunder-predictingathighervaluesofλ.Thoughaclearknowledgeabout

theperformanceofVAWTisacquiredbyestablishingaconstructiverelationship

betweentheoperatingconditionsandtestedparameters,thisstudycouldnot

developthescientificbaseforadoptingtheRNGk− turbulencemodel.

Extendingtofurthercomments,thestudiesofCastellietal.(2010,2011)are

revisitedhere.Theirparametricstudiesinalowturbulencewindtunnelwereused

tovalidatethe2Dnumericalresultswhichusedrealizablek− turbulencemodel
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Figure2.8:Verificationandvalidationof2Dand3DCFDmodels(Howelletal.,
2010)

withenhancedwalltreatment. Theselectionoftheviscoussolverwasbasedon

thecommercialsoftwaredocumentation.

Inthecontextofover-predicting2DCFDstudies,andconcerningthecomplex-

itiesandcomputationalresourcesassociatedwith3Dcomputationalanalysis,the

studyofFerreiraetal.(2007)isworthnoting.Inthisstudy,flowfieldvisualization

wasusedtoverifyandvalidatethe2DnumericalmodelingforaDarrieusturbine

case.Someoftheresultsfornon-dimensionalvorticityareshowninFigure2.9.At

atip-speedratioλ=2,bothlaminarandturbulentsolverswereusedtocapture

thedynamicstallphenomenonandcomparedwithPIVdataavailablefromthe

investigationsofFerreiraetal.(2007). Thefollowingtwopointsareconcluded

fromthesestudies.

1.Spalart-Almarasmodelwasnotsuccessfulinpredictingthedynamicstallof

a2DVAWTatlowervaluesofλ.

2.k− ,LESandDESmodelsexhibitedapproximatelysametrendsinthe

forceevolutionsforthefirsthalfofturbinecycle,butprovideddissimilar

vorticityfields.Therefore,merecomparisonofglobalpowercharacteristics

oftheturbineisnotsufficientforverificationandvalidation.

AsananswertotheshortcomingsofthestudiesofFerreiraetal.(2007),a

comprehensiveverificationandvalidationofCFDmodelingwasdonebyEdwards

etal.(2012).UsingtheCFDinformationaboutpitchingairfoilbehaviourunder

laboratorytestingconditions,providedbyLeeandGerontakos(2004),thisstudy

comparedbothquantitativeandqualitativenumericalmeasurementswiththeex-

perimentaldata.ThisstudynotedthatSSTk−ωturbulencemodelisthebest
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(a)k− model  (b)LESmodel  (c)DESmodel

Figure2.9: Comparisonofvariousturbulence modelsincapturingthenon-
dimensionalvorticity(Ferreiraetal.,2007).

suitableformeasuringtheforcecoefficientsaswellaspredictingtheflowphysics

acrosstheDarrieusturbine. Thereisaclosematchbetweenthenumericaland

experimentalcalculationsofpowercurves,butthereisa10ophaselagwithCFD

fieldrepresentationcomparedtoPIVresults.Itisthereforenotedthatuncertain-

tiesinthephaseangleforcomparisonpurposeisverydifficulttoavoidandan

orderofmillidegreesforeveryphasemeasurementof10omaybeacceptable.Al-

thoughtherearesomeconcernsaboutthelowReynoldsnumbertransitioneffects

intheCFDstudies,theoverallperformanceofSSTk−ωmodelwassatisfactory.

Figure2.10showssomeofthesevalidationresults.Anumberofscholars(McLaren

etal.,2012;Danaoetal.,2012;Ametetal.,2009)haveadoptedSSTk−ωfor

VAWTstudies.Thus,inthepresentresearch,SSTk−ωisusedfortheturbulence

modelingoftheflowacrossaDarrieusturbine. Therationaleforadoptingthis

model,itsfidelityandadequacyforVAWTCFDstudiesisdiscussedinChapter

4.

(a)Liftcoefficient  (b)COPcurves  (c)Flowpattern

Figure2.10:Verificationandvalidationinthecaseofpitchingairfoil(Edwardset
al.,2012)

ConsideringtheunsteadinessandcomplexityintheoperationofDarrieus
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turbine,asuitableverificationandvalidationprocessisdefinitelynecessaryfor

performingareliableanalysis. Thecomputationalstudiesperformedduringthe

presentresearcharethereforecomplementedbytheexperimentalresults.

2.4.2 Experimentalstudies

Experimentalinvestigationofanyflowproblemisconsideredasthemostreliable

techniquesinceittendstoreplicaterealisticoperatingconditionswithinthetest

facility.Therearehoweversomeseriouslimitationsincludinghugecosts,require-

mentofnumeroustechnicalcompetencessuchasmanufacturing,dataacquisition,

timeconcernsandmanyotherfactorsrelatedtoequipmentandenvironment.

SandiaNationalLaboratoriescarriedoutthefieldtestson5m,17mand2m

curvedbladedDarrieuswindturbinein1974todeterminevariousdesignelements

andmeasuremachine’sperformance.Theexperimentsfocusmainlyontheeffectof

numberofblades,2and3,ontheturbine’sperformance,influenceofbladecamber

andthedesignprocessessuchasmountingtheaccelerometer,dragbrake,welding

etc...Suchfieldtestsexperiencetheinabilitytocontrolenvironmentalconditions

andflowparameters,whichencouragethelaboratoryinvestigations.Thissection

presentsexperimentalstudiesperformedbyvariousresearcherstoanalyzetheflow

acrossaDarrieusturbine.

2.4.2.1 ParticleImageVelocimetry(PIV)

ParticleImageVelocimetry(PIV)hasbeenbroadlyusedtomeasureandanalyze

theflowfields.FortheflowsacrosstheDarrieusturbine,numerousstudieswere

performedandsomeofthemarereferredinthissection.

FujisawaandShibuya(2000)conductedaPIVcampaignfortheanalysisofa

smallscaleverticalaxiswaterturbineofDarrieustypewithafocusondynamic

stallinstationaryandrotatingreferenceframes.Thetransientdynamicsofstalling

processandsheddingofsmallvorticesinpairswereclearlycapturedwhenthe

velocityvectordistributionswereusedtoreconstructthefield.Thisstudypointed

outthatthetip-speedratioλhaslittleeffectonthecharacteristicsofthedynamic

stallphenomenonbutstallappearanceanditsgrowthrateareinfluencedbythe

changesinλ. WhiletheirexperimentalstudywasperformedataReynoldsnumber

Re=3000,thePIVexperimentsofFerreiraetal.(2007)tookplaceataReynolds

numberRe=50000and70000tovalidatethe2DCFDresultsofflowpastasingle-

bladedturbinemodelatafixedtip-speedratioλ=2.

Inrecognitionofabovementionedstudies,thePIVexperimentsperformedby

Edwardsetal.(2012)andDanao(2012)consideredtheflowacrossaDarrieus

turbinewithasolidityσof34%atdifferenttip-speedratios. Thesestudiesat-

temptedtovisualizetheflowfieldaroundthebladeatspecificazimuthpositions

throughoutthecycleataregularphasedifferenceof10o.Figure2.11showsthe
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2.5 Powerextractedbyaturbine

Theflowdiversionaroundtheturbineduetotherestrictionofferedbythedevice

touniformflowmakesthepowercalculationcomplex.Preciseexaminationofthis

flowdiversionneedstheconsiderationofvariouslengthscalesassociatedwiththe

turbinegeometry,wakesizeetc... TheworkofConsuletal.(2013)isworth

consideringhere,whichdevelopedthenumericalmodelstoaccountformostof

thesescales.

2.5.1 Lanchester-Betztheory

Figure2.12:Schematicofaturbineinaconfinedchannelflow(GarretandCum-
mins,2007)

ConsideraturbinestageasshowninFigure2.12,whichhasasweptareaAT,

placedinauniformchannelofvelocityV0andcross-sectionA.Theassumption

ofconstantchannelareaAisvalidforlowFroudenumberflowsinopen-channels,

whichisusualincaseoftidalturbines.Thesectionalsizeofthestreamtubegoing

throughtheturbinevariesfromA0farupstreamtoA1fardownstreamwithAT
attheturbine’slocation.Theflowfielddevelopmentstudiesconsiderthepressure

asasumofstaticandhydrostaticcomponents.Thevariationofpressurebetween

theextremesofstreamtubeaccountforthedifferenceofupstreampressurep0and

downstreampressurep3.Theimmediateupstreamanddownstreamoftheturbine

aresubjectedtothepressureconditionspiandperespectively. Themeanflow

velocityacrosstheturbineisVT.Theexpansionofthestreamtubeisdefinedby

theincreaseinitssectionalareafromA0toA1withaflowvelocityV1.Beyondthe

wakezone,theflowthroughtheareaA2ischaracterizedbythevelocityV2and

pressurep2.Thistypeofuniformflowconfigurationwithnoswirlingcomponents

isanalogoustoLanchesterBetzformulation.Thismeans,asA→∞,p2=p0and

V2=V0. Amixingactionisassumedatthedownstreamsectiontogettheflow

returnedtouniformvelocityV0withapressurep3.
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Fromthemassconservationprincipleappliedtoanincompressibleflow,

A0V0=ATVT=A1V1 (2.12)

(A−A1)V2+A1V1=AV0 (2.13)

Equation2.13canbewrittenas

A(V2−V0)=A1(V2−V1) (2.14)

Fromthemomentumconservationprinciplewithincompressibleflowassumption,

theforceontheturbineFiscalculatedfrom

F=ρAV20−ρ(A−A1)V
2
2−ρA1V

2
1+(p0−p2)A (2.15)

Bernoulli’sequationfortheflowoutsidethestreamtubeisgivenby

p0−p2=
1

2
ρ(V22−V

2
0) (2.16)

FromEquations2.14and2.16,

F=
1

2
ρA1(V2−V1)(V2+2V1−V0) (2.17)

WhenBernoulli’sequationforupstreamanddownstreamconditionsoftheturbine

iscombinedwithEquation2.16withuniformpressureoutsidethestreamtube,it

gives

pi−pe=
1

2
ρ(V22−V

2
1) (2.18)

whichdefinestheforceontheturbineas

F=(pi−pe)AT=
1

2
ρAT(V

2
2−V

2
1) (2.19)

EquatingtheEquations2.17and2.19,weget

VT=
V1(V2+V1)

V2+2V1−V0
(2.20)

Neglectingtheinternallosses,theturbinepowerPiscalculatedfrom

P=FVT=
1

2
AT
V1(V2+V1)(V

2
2−V

2
1)

V2+2V1−V0
(2.21)

Inthelimitingcase,asA→∞ whichimpliesV2=V0,Equation2.20becomes

VT=
1

2
(V0+V1) (2.22)

ThisisknownasLanchester-Betzresult,whichreducestheEquation2.21to

PLB=
1

4
AT(V0+V1)(V

2
0−V

2
1)=

1

2
(1+η)(1−η2)

1

2
ATV

3
0 (2.23)

whereη= V1
V0
. Thepowerproducedbytheturbineismaximumof0.59whenη
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is1/3. ThisistheclassicalBetzlimit. Poweroutputoftheturbineishowever

subjecttotheflowconfinementwhichisdetailedinthenextsection.

2.5.2 Turbineperformanceinaconfinedflow

Whentheturbineoccupiestheentirechannelsection,theblockageeffectsare

prominentwhichincreasethestreamwisevelocityacrosstheturbine. Atlower

valuesofλ,thecoefficientofpowerCOPiscontrolledbythebladestalling,which

resultsinpowerreduction. Athighervaluesofλ,predominantblockageeffect

increasesthebladeincidencewhichresultsinincreasedpoweroutput.Thestudy

onConsuland Willden(2010)ontheoperationofDarrieusturbineinaconfined

flowrevealedthattheBetzlimitwasexceededby100%inthecaseofmaximum

blockageeffect.Inthepresentstudy,theCFDstudiesareperformedusingthe2D

Darrieusmodelswhiletheexperimentsareconductedonthe3Dturbinemodel,

whoseblockageeffectsaredifferentfromeachotherforagivenchannelwidth.

Inordertoeliminatetheresultingdifferencesintheperformancecalculations,

thissectionrevisitstheanalysisofGarrettandCummins(2007)ontheturbine’s

operationinaconfinedflow. Whentheturbineoccupiestheentirechannelsection,

thepower(reference)isobtainedfrom

Pref=AV0(p0−p3) (2.24)

Here,p3isthedownstreampressurewherelow-velocitywakemergeswiththehigh

velocitystream.ThisreferencepressurePrefisalwaysgreaterthanPduetothe

energylossinthemergingaction(GarretandCummins,2004). Comparingthe

momentumtermsbetweenthewakeregionandfardownstream,

(A−A1)(p2+V
2
2)+A1(p2+V

2
1)=A(p3+V

2
0) (2.25)

FromEquations2.14and2.16,

p0−p3=
1

2
ρ(V2−V0)(V2+2V1−V0) (2.26)

FromEquations2.24and2.26,

Pref=ρAV0
1

2
(V2−V0)(V2+2V1−V0) (2.27)

IntroducingtheEquations2.14and2.17inEquation2.27,weget

Pref=FV0 (2.28)

and
P

Pref
=
VT
V0

(2.29)
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FromEquations2.16and2.26,

p3−p2=ρ(V2−V0)(V0−V1) (2.30)

IntroducingtheblockageratiobastheratioofturbinesweepareaATtothe

channelsectionalareaA,thenfromEquations2.12and2.13,

V1(V2−V0)=bVT(V2−V1) (2.31)

Withlowerblockageeffect(say b<<1),usingLanchester-Betzresultsas

showninEquation2.29,wehave

P

Pref
=
V0+V1
2V0

(2.32)

Twoobservationsaremadehere. Mathematically,turbine’soperationismost

effectivewhenV1=u0.However,thepoweroutputbecomeszerointhiscondition.

Whenmaximumpowerconditionisconsideredbyassuming V1=V0/3,thenP=

2Pref/3. Thismeansthatonlyonethirdofpowerislosttothefluidflow. On

theotherhand,whentheturbine’sgeometryofferssignificantblockageeffect(say

1−b<<1),then

V2 2(1−b)−1(V0−V1) (2.33)

withVT V1and

P=2(1−b)−2ATV1(V0−V1)
2 (2.34)

ThisisconsistentwiththemaximumpowerconditionwhenV1=V0/3,whichgives

Pmax=
16

27
(1−b)−2

1

2
ATV

3
0 (2.35)

Therefore,afactorof(1−b)−2distinguishesthepoweroutputfromtheturbine

incaseofflowconfinementfromthatofanisolatedturbinei.e.,Lanchester-Betz

limit.Thepowerproductionwillstillincreaseasblockageratiobincreases.

2.6 Circulation-basedanalysis

Severalstudiesonflowanalysisofverticalaxiswindturbinesandhydroturbines

emphasizedontheimportanceofthewakezoneinthecalculationofforceswith

effortsbeingmadetoinvestigatethecirculationaroundthebladesasafunctionof

twoperiodicvariables:theinstantaneousangleofattackandrelativevelocityof

theblades.AccordingtoKelvin’stheorem,intheperfectfluidcase,thecirculation

ofvelocityfieldaroundafluidfieldisconstantintime.Onconsideringafluidfield

ofgreatextensionaroundtheblades,Kelvin’stheoremrequiresthatachangeof

circulationaroundthebladeiscompensatedbythesheddingofoppositecirculation

vortices. Thesevorticesarethenconvecteddownstream,formingawake. The

methodofsingularitiescanmodelthistypeofflow,tocalculatethecontribution
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ofthewakeontheflowaroundtheprofile(Zanonetal.,2013;Ferreira,2009)

toderivetheforcesontheblades. However,thedependencyofthediscretized

equationsinthetrailingedgeregionleadstosmallertrailingedgeangleswhich

wouldfinallyresultininaccuratesolutions.

2.7 Performanceimprovement

Theenhancementofthefluiddynamicefficiencyofarotatingmachinedependson

thebladedesignaswellastheflowstructurearoundtheprofile. Whilediscussing

theflowcontrolmechanismsforverticalaxisturbine’sperformanceimprovement,

SamsonovandBaklushin(1992)classifiedthesetwoapproachesintofivedifferent

ways,outofwhichthefirstfourdealwiththeairfoil’sshapealterationandthe

finaloneconstitutestheactiveflowcontrol.Severalscholarsworkedonthestruc-

turaloptimizationofprofilesusingtheshapesensitivityandtopologyoptimization

methods.Carriganetal.(2012)useddifferentialevolutionalgorithmcoupledwith

thegeometrymodeler,mesherandCFDsolvertodevelopanautomatedprocessof

airfoilshapeoptimizationtomaximizethepoweroutput.OptimizationofaDar-

rieusturbinethroughbladeelementmomentumtheorywasperformedbyBedon

etal.(2013)whousedpolynomialinterpolationsofexistingsymmetricalairfoil

datatoincreasetheenergyproductionwhileemphasizingontheconsistentperfor-

manceofevolutionaryalgorithms.Asimilaroptimizationtechniquewasemployed

byBavanishandThyagarajan(2013)foranhorizontalaxiswindturbinetoim-

provethepowercoefficientofthedevice.Nevertheless,thereareseveralquibbles

abouttheexistingshapeoptimizationtechniquesincludingpossibleunknownde-

signissuesduringtheobjectivefunctionoptimizationwithdesignconstraintsbeing

imposed. Theinfeasibilityofhavinglargeroperatingsamplesforincreasedgeo-

metricdegreesoffreedomwasidentifiedasaproblemoflocalizedoptimization

(HuyseandMichael,2001).Furthermore,Drela(1998)notedtheneedforaposte-

riorismoothingofnoisyoptimizedshapes.Also,duetotheseveredependencyof

performanceimprovementonthelocationofsampledconditions,theperformance

oftheoptimizedshapesawayfromthesampledconditionsisdisappointing.

OutofnumerousresearcharticlesandreportsavailableabouttheDarrieustur-

bine,mostofthemarepertinenttowindenergyapplications.Veryfewofthemare

foundrelatedtotidalenergy.Belhacheetal.(2014)studiedcomputationallythe

wakecharacteristicsinthecontextofdeployingmultiplemarineturbines.Thereis

astronginfluenceonthedownstreamturbine’sperformanceduetoitsinteraction

withthewakereleasedfromtheupstreamones. Hyunetal.(2010)studiedthe

performanceofDarrieusturbineusingatwo-equationturbulencemodelandcom-

paredtheresultswithexperimentaldata. Also,aparametricstudyforsolidity

andcamberwasperformedtooptimizethemodel’sperformance. Thenumeri-

calsimulationsconductedbyGoude(2012)usingtwo-dimensionalvortexmethod
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revealedtherelationshipbetweenthechannelsizeandthesolutionconvergence

intermsofrequirednumberofturbinerotations. Thisstudyalsoanalyzedhow

channelboundariescouldaltertheperformanceoftheturbine.

Thewakeareaischaracterizedbyavelocitydeficitwhichresultsinshearzones

withintheflowfield. Anothersourceofunsteadyvorticesistheblockageeffect,

whichdependsontheturbine’ssolidityσ,whichisakeyparameterintermsof

performance.Increasingthenumberofblades,toafeasibleextent,significantly

increasesthepoweroutputandalsoalterscharacteristicsofthepowercurve(Sh-

ionoetal.,2000;Consuletal.,2009).TheparametricstudiesofGosselinetal.

(2013)usingURANSmodelsrevealedthatblockageeffectsareassociatedwith

powerextractioncharacteristics:theperformancecoefficientincreaseswiththe

turbine’ssolidityuptoacertainoptimalvaluebeyondwhichtheturbine’sper-

formancedeteriorates.Thephenomenonofdynamicstallwithcriticalmotionof

leadingedgevortexoverthesuctionsurfaceisdetrimentaltotheblade’spower

characteristics(Wangetal.,2012;Ferreiraetal.,2009).

Oneofthesolutionstoimprovetheturbine’sperformanceistoequipthe

turbinewithadiffusertoincreasethedownstreamflowsectionandthusincreasing

theincidentfluidvelocity(Mehmoodetal.,2012;Mehmoodetal.,2011).Another

waytolimittheflowbypassinordertoenhancetheperformancecoefficientisto

stacktheturbinesoneonanotherandjuxtaposingthem,facingthetidalflow

(Antheaumeetal.,2008). Thefluidisthenacceleratedbetweentheturbines

therebyincreasingthepoweroutput.

Severalscholarshaveperformedaerodynamicandhydrodynamicstudiesof

DarrieusturbineswithH-shapedbladestoenhancetheefficiencyofthedevice.

ResultsofHwangetal.(2009)andPaillardetal.(2013)withpitchingbladesand

Antheaumeetal.(2008)withfixedbladessuggestedtheadverseinfluenceofblade

wakeanddynamicstallontheturbine’soverallperformanceduetotheunsteady

forcesexertedontheblades. Withouttakingvortextriggeringintoaccount,these

typesofturbinesaresubjecttowakeinteractionsoveralargepartoftherotation,

whichcanresultincyclicdisturbancesrelatedtoeachblade.Theimportanceof

vortexformationduringthefluiddynamicanalysiswasidentifiedbythestudiesof

Khalidetal.(2013),Ahmadietal.(2009),Paraschivoiuetal.(2009)and Wang

etal.(2007)appliedthepotentialflowconceptforanalysingtheverticalaxistidal

turbine.Singleandtwo-bladedverticalaxisturbineswithcavitiestoensnarethe

vortices,aimingatvortexsheddingcontrolwerestudiedbyZannettietal.(2007).

Inthiswork,thebladeprofileswerecreatedanalyticallyusingconformalmapping

andunsteadyflowcomputationswereperformedusingvortexmethod.Figure2.13

showstherespectivevorticitycontrol.

Fromtheperspectiveofimprovingtheefficiencyofverticalaxiswindturbines,

otherworkhasbeendoneoncontrollingtherotationoftheblades.Theobjective

ofthesestudieswastomaximizethepowerobtainedontheaxisofrotationby
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(a)Conformalmappingsequenceofaone-bladedturbinemodel.

(b)Vortexsheddingvisualization
Bluedots:clockwisecirculations;Reddots:counter-clockwisecirculations.

Figure2.13:Vortexcontrolthroughanalyticalmodeling(Zannettietal.,2007)

controllingtheangleofattackofthebladestoavoidstall.Atorquecontrollingthe

rotationoftheprofileonitsaxiscanbeobtainedbytheinertiaofeccentricweights

ontheprofileandtherestoringforceofconnectingrodsthatjointhecentreofthe

turbineandblades(Lazauskas,1992).Variousmassesandlengthsofconnections

weretestedusingamodelofmultipletubecurrentforempiricallyoptimizingthe

parametervaluescollectedonthepowershaft.

Withadeeperinsightintotheflowcharacteristicsaroundtheprofile,adjusting

theprofilemotioninordertoachievethedesiredphysicalpatternsaroundthepro-

filecanimprovethedynamicefficiencyoftheblade.Oneofthewaystoaccomplish

thisistocontrolthecirculationaroundthebladetoavoideddyformationdueto

therotationalmotionoftheturbine(DuraisamyandLakshminarayan,2014).A

criticalconcernhereishowandhowmuchcirculationistobeimpartedtothe

blade.Followingtheresearchspeculationsonthedesigningaspectssuchasflap

deployment,trailingedgeshapeetc.tocontrolthecirculationaroundtheprofile,

focushasshiftedtoanalysis-basedventures.ShiresandKourkoulis(2013)applied
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atangentialfluidjettocontrolthebladecirculationforaDarrieusturbine. Al-

thoughthereisacertainincreaseintheoveralltorqueoutput,thismethodsuffered

fromadditionaldragduetotheincreasedtrailingedgethickness.Anotherviable

technique,implementedby Wilhelmetal.(2010),wastoapplyanappropriate

pitchingtotheprofileduringthedeviceoperationwhichcouldcontrolthefluiddy-

namicforcesexperiencedbythebladetherebycompensatingfortheunsteadyflow

patternstomaximizetheturbine’storqueoutput.Butthefeasibilityofenabling

suddenpitchchangeassociatedwithlargerangularacceleration/decelerationat

specificflowvelocitiescornersthischoice.Suchcontroltechniquesoriginatefrom

thefactthattheprofileissubjecttoinstantaneousangularmotionthroughoutits

azimuthaltravel.

ThecomplexityinanalysingtheperformanceofavariablepitchDarrieustur-

binewasidentifiedbyLazauskas(1992).Inthisstudy,loadcharacteristicsat-

tributedtooptimumgeometrywereconsideredalongwithusualdesignvariables

ofaverticalaxiswindturbineinordertoachievehighstartingtorque,highpeak

efficiencyandbroadoperatingrange. Variablepitchingmechanismsachievedby

suitablecamdeviceswerefoundtobethebestsolutionstoachievetheseobjec-

tives. Whileself-actingpitchcontrolsystemsseemtoproducebetterlowspeed

torquethantheforcedpitchdevice,theirperformanceinrealflowconditionswas

notdescribedinthisstudy.

Hwangetal.(2006)achieved30%incrementinoutputpowerbyoptimiz-

ingtheblade’spitchingangleofalift-basedverticalaxiscycloidalwindturbine.

Pitchingwascontrolledbyanactivecontrolsystemthatensuredthemaximum

instantaneoustangentialforceofeachblade.Paraschivoiuetal.(2009)achieved

betterperformanceofa7kWwindturbinemodelofDarrieustypethroughan

optimizedbladepitchcontrol,wherethepitchinganglewasmodeledwithanana-

lyticalfunctionwhosecoefficientsareusedasvariablesintheoptimizationprocess.

Twopitchingmodelswereconsideredinthisstudy:onewasthesimplesinusoidal

variationandtheotherwasmoregeneral,relatingcloselytheblades’pitchtothe

localflowconditionsalongtheircircularpath.Againofalmost30%intheannual

energyproductionwasobtainedwiththepolynomialoptimalpitchcontrol.

SomeanalyticalworkwasperformedbyRathi(2012)toenhancethepower

producedbyaverticalaxiswindturbine,whereadynamicmodelforfree-pitching

bladeswasalsodevisedandanalyzed.Hisdouble-multiplestreamtubemodelbased

onBladeElementMomentumtheory,withadditionalmodificationswasdeveloped

topredictthepowergeneratedbyastraightbladed,orH-TypeDarrieus,wind

turbinewithbladesofvaryingpitch. Theconceptofactivebladepitchcontrol

wasalsoexamined,withafocusoncontinuouslyvaryingbladepitchtomaximize

theblades’aerodynamicforcecoefficientdrivingarotoratalltip-speedratiosof

operationalinterest.Performancewasgreatlyimprovedatlowertip-speedratio

comparedtoarotorwithfixed-pitchblades,allowingmorepowertobegenerated
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atlowerwindspeeds.

Sumantraaetal.(2014)andBenedictetal.(2013)investigatedtheperfor-

manceofasmallscaleverticalaxisturbineutilizingdynamicbladepitching.As

showninFigure2.14(a),themodel’spitchmechanismtoinstantaneouslychange

thebladepitchphasingenablesthedevicetoadaptitselftochangesinwinddi-

rectiontherebymaximizingpowerextraction.ACFDmodelwasdevelopedand

themodelpredictionscorrelatedextremelywellwithtestdata. Thevalidated

CFDmodelwasusedtodevelopafundamentalunderstandingofthephysicsof

powerextractionofsuchaturbine.BothexperimentalandCFDstudiesshowed

thattheturbineefficiencyisastrongfunctionofthebladepitchingamplitude.

Theoptimaltip-speedratioλoptdependsonthebladepitchkinematics,andit

decreasedwithincreasingpitchamplitudeforthesymmetricbladepitchingcase.

CFDanalysisshowedthatthebladeextractsallthepowerinthefrontalhalfof

thecirculartrajectory,however,itlosespowerintotheflowintherearhalf.Fixed-

pitchturbineshowedlowerefficiencycomparedtothevariablepitchturbinesowing

tothemassivebladestallintherearhalf,causedbythelargeangleofattackand

highreversecamber.ThemaximumachievableCOPoftheturbineincreaseswith

higherReynoldsnumbers,however,thefundamentalflowphysicsremainsmainly

identicalirrespectiveoftheoperatingReynoldsnumber.Similardynamicpitch

controlmechanismwasusedbyChouguleandNielsen(2014)fortheverticalaxis

turbinemodelwith3blades,asshowninFigure2.14(b),toachieveimproved

performance.

(a) (b)

Figure2.14:Schematicdiagramsofdynamicbladepitchcontrolmechanisms,used
by(a)Benedictetal.(2013),and(b)ChouguleandNielsen(2014)

Bhattaetal.(2008)achievedthepitchcontrolbyrotatingeachindividual

bladeaboutitsverticalaxis,whilecambercontrolisrealizedusingatrailingedge
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flaponeachblade. Usingcamberandpitchcontrolshelpincreatingagreater

forcedifferentialacrosstheturbinethanusingpitchcontrolalone. Table2.2

consolidatesthegainachievedbydifferentpitchcontrolmechanisms,studiedby

variousscholarstorealizetheimprovedperformance.

Reference Analysismethod Pitching mechanism Max COPrise
Chouguleand
Nielsen(2014)

Multi-body
simulation

Sinusoidal 12%

Miauetal.(2012) Double-multiple
streamtube&CFD

−10<θ(α)<10
−70<θ(α)<70

22%
22%

Paraschivoiu
etal.(2009)

Double-Multiple
Streamtubemodel

Geneticalgorithmbased
optimizationstrategy

11%

Lazauskas(1992) Double-Multiple
Streamtubemodel

Sinusoidal
Self-actingstabilized
Aeropitch

2%
11%
13%

Soraghanetal.
(2013)

Double-Multiple
Streamtubemodel

Analyticalmodel 10%

Li-xunetal.
(2014)

CFD Analyticalmodel 19.3%

Ericksonetal.
(2011)

Experimental
andCFD

Sinusoidal 34%

Gazzanoetal.
(2010)

Wake-vortexmodel
Sinusoidal
Optimizedpitching

15%
29%

Table2.2:Literaturesummaryofthestudiesonbladepitchingmechanismsand
theireffectivenessinincreasingtheperformance

2.8 Conclusion

WithanintroductiontothefundamentalsofDarrieusturbineandflowacrossit,

thischapterprovidedtheinformationabouttheinfluenceofvariousdesignparam-

etersontheperformanceofaverticalaxisturbine.Thisdiscussionalongwiththe

informationsuppliedbyvariousscholarsconferredtherationaleforchosendesign

criteriatomodelanddeveloptheturbinemodelforcurrentresearch.Theinvesti-

gationmethodsusedinthestudiesofVAWTwerepresentedandthedetailswere

summarizedinTable2.1.Theeffectofflowconfinement,wheretheblockageeffects

arenolongernegligible,wasdiscussed,whichisusefulincorrectingtheturbine’s

performanceinthepresentresearch. Handfulliteratureexistsontheturbine’s

designwithpitchingbladesandtheirperformanceanalysis.Theeffectivenessof

thesebladepitchingtechniqueswasquantifiedandpresentedinTable2.2. The

overallreviewofstate-of-the-artallowedfindingthegapsinexistingliterature.In

thisregard,thecurrentresearchintendstofulfilthefollowing:

1.Averylimitedinformationisavailableabouttheinfluenceofdesignparam-

etersontheperformanceofhighsolidityturbinemodels(σ>0.4). Even
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thesestudiesweremostlydedicatedtotheCOPcurveevolutionwithoutde-

tailedinformationabouttheflowfielddevelopment.Thisthesisundertakes

theflowphysicsintheoperationofhighsolidityturbinemodelsinorder

toillustratetheperformancecharacteristicsaswellastoanalyzetheflow

dynamicsaroundthebladeandacrosstheturbine.

2. Majorityoftheresearchstudieswereperformedusingeithercomputational

orexperimentalmethod.Averyfewstudiesemployedboththetechniques

whichwerehoweverlimitedtothefundamentalanalysisoftheturbinemod-

els. Thedetailedinvestigationabouttheflowacrossaturbineistherefore

seekingacompleteverificationandvalidation.Inthepresentwork,com-

putationalfluiddynamics(CFD)wasusedfortheevaluationofturbine’s

performance.Thesenumericalresultsarevalidatedusingexperimentalanal-

ysisforpowercurvesaswellasflowfieldvariables.Boththetechniquesare

comparedfordifferentflowparameterstoinstitutethevalidityofindividual

methods. Whilethecomputationalexaminationremainsthekeyinvestiga-

tionmethod,theexperimentsareconductedtocomplementthenumerical

analysis.

3.Thevortexcontrolandperformanceimprovementoftheturbineconstitute

thecentralobjectiveofthepresentresearch.Variousscholarsexperimented

thebladepitchingtechniqueswhichweremostlybasedoneithersinusoidal

motionorcrank-typemechanism.Thisprojectdevelopsdynamicpitchcon-

trollawsbasedonpotentialflowconcepts.Suchmotioncontroloftheblade

aboutitshydrodynamiccentreisbasedonamathematicalframeworkthat

createsascientificbaseforvortexcontroland,atthesametime,performance

improvement.
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3.1 Introduction

ThetheoreticalframeworkofCouchet(1976)suppliestheconceptoftheimposi-

tionofconstantcirculationtotheprofilemotionwithinafluidflow. Withtheap-

plicationofconformaltransformationandgeneralizationoftheKutta-Joukowsky

condition,Couchetdevelopedtheanalyticalformulationsforthevelocity,pressure

andtorsorfieldsforanairfoilinanirrotationalflow. Whenthecirculationissub-

jecttochange,vorticesbehindtheairfoilmustbeconsideredandcorresponding

hypotheticalformulationofairfoilmotionintheexistenceofvortexsheetenables

thecalculationofpressureandforcefieldsthroughthemethodofsingularities.

ThischapterdetailstheanalyticalformulationdevelopedbyCouchetanditsex-

tensiontohydrofoilmotioninordertodevelopthepitchcontrollawtoarrestthe

vortexshedding.Followingthis,thoroughinvestigationontheinfluenceofvarious

designparametersontheblade’sperformanceispresented.
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3.2 ConformaltransformationandSchwartz-Villat
theorem

ConformaltransformwithinclusionofLaurentexpansioncanbefoundinnumer-

ousapplications. WorksofProsnak(1987)andKlonowskaandProsnak(1996)

usedtheLaurentseriesinthetransformtomapthemultiplyconnecteddomains.

Deglaireetal.(2008)usedthesametransformtomapthecirclesontospecific

wingprofilesforfastvortexparticlesimulations.

Theusualpracticeofcalculatingthevelocitypotentialaroundacylinderfirst,

andthenextendingittomorecomplexshapesusingconformaltransformation

Z→H(z)isillustratedinFigure3.1,showingthetransformationofthecylinder

interior|Z|≤aintoawingprofile.

Figure3.1:Transformationofcylinderintoanairfoil

Ageneralformoftheconformaltransformationforaprofilewithitscentreat

Z=0is

H(Z)=Z+
a1
Z
+...+

an
Zn
+... (3.1)

DefiningthevelocitypotentialassociatedtotheflowoveracylinderasF(Z,t)

andthatafterthetransformationasf(z,t)sothat

circle

dF

dZ
dZ=

profile

df

dz
dz. (3.2)

Whenappliedtoacircleofradius atomapintoaflatplateoflength4a,the

Joukowskytransformationfunctionisgivenby

H(Z)=Z+
a2

Z
(3.3)

withZ=aeiα,α∈[0,2π].Thenz=H(aeiα)=2acosα

H(Z)=0⇔ 1−a2

z2
=0. ThisrepresentstwopointsZ=aand−aonthe

circleandwhichcorrespondtotheendpointsoftheflatplate,z=−2aand2a.

Inaddition,theSchwartz-Villattheoremcalculatesthefunctionatallexternal

pointsofacircleiftheimaginarypartofacomplexfunctionisknownonthecircle.

IfafunctionG(Z,t)isexpressedusingLaurentseriesasG(Z,t)=a0+
∞
k=1

ak
zk
,

then∀Zwith|Z|>a,
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G(Z,t)=−
1

π C+

ψ(Z)

Z−Z
dZ+a0 (3.4)

whereC={Z,|Z|=a}andψ=Im(G).

3.2.1 Couchettheory

Underidealconditions,theflowisfreefromvariationsandturbulence,andthere-

foretreatedasirrotational.TheworkofCouchet(1976)isconsideredfromhere-

aftertodevelopthemotionlawsforaprofile.

Figure3.2:Schematicofflowaroundthecylinder(left)anditstransformedmap
forprofilemotion(right)

Foranidealfluidflowaroundacircularprofile,representedby|Z|=aina

complexplane,thevelocitypotentialF(Z,t)associatedwiththeflowisobtained

fromthevelocitycomponentsUand−V,whichsatisfytheCauchyequationsso

that
∂U

∂X
=
∂(−V)

∂Y
...Incompressibleflow

∂U

∂Y
=−
∂(−V)

∂X
...Irrotationalflow






(3.5)

ThevelocityaroundthecylinderisholomorphicandfollowstheLaurentseries

as

U−iV=
∞

n=1

AnZ
n+A0+

∞

n=1

A−n
Zn

(3.6)

AccordingtoresiduetheoremtodeterminethecoefficientA−1,

C+
U−iVdz=2iπA−1

C+
U−iVdz=Γ





⇒A−1=−i

Γ

2π
(3.7)

Here,C+isthecontourtracedinanticlockwisedirectionaroundthecylinderand

ΓisthecirculationofthevelocityfieldonC+.Thevelocityatinfinityisbounded

andthecoefficientsAi=0,∀i≥1andA0=V∞. Therefore,velocitypotential

F(Z,t)associatedwiththeflowisobtainedfrom
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F(Z,t)=V∞Z+
Γ

2iπ
ln
Z

a
+G(Z,t) (3.8)

whereG(Z,t)=B0+
∞

k=1

Bk
zk
andΓiscirculationaroundthecircle.

Itisnowrequiredtodefinetheboundaryconditionsassociatedtothepro-

filemotionbeforedeterminingthefunctionG(Z,t)andthefreestreamvelocity.

ConsidertheprofilewithcentreOandzeroliftaxis(O,x)obtainedbyconformal

transformationofthecircle|Z|=aasshowninFigure3.2.Theprofileissetat

anincidenceofδ=(x0,x)inT0:(O0,
→x0,
→y0,
→z0)andthefluidatinfinityisin

thereferenceframeofT0:(O0,
→x0,
→y0,
→z0)whichistheuniformtranslationof

T0.T:(O,
→x,→y,→z0)isrelatedtotheprofile.Thevelocityatinfinityiszeroin

T0andthereforethevelocitypotentialnowtakestheform

F(Z,t)=
Γ

2iπ
ln
Z

a
+G(Z,t) (3.9)

Thevelocitycomponentsuandv,relativetoT0,areexpressedinthesystemof

profileaxissuchthat
→
Vfluid/T0 =u

→x+v→y (3.10)

And,thecomplexpotentialassociatedwiththisvelocityisf(z,t)sothat

df

dz
=u−iv (3.11)

Ifl(t)andm(t)arethevelocitycomponentsofOinthereferenceframeT,

thenthespeedoftheprofilecentreOinthetranslatedreferenceframeis

→
VO/T0 =l(t)

→x+m(t)→y (3.12)

Therelativevelocityontheprofileincomplexvectorformisthereforegiven

by

→
Vfluid/T=

df

dz
− l+im+i̇δz (3.13)

Slipconditionsubjectstheprofilecontourto
→
Vfluid/T·

→n=0,where→nisthe

normaltothecontour. ThiscanalsobewrittenasImVfluid/Tdz =0onthe

profilecontour.Definingψ=Im(f),theboundaryconditionisexpressedas

dψ=−mdx+ldy−δ̇(xdx+ydy)

ψ=ly−mx−
δ̇

2
x2+y2 +C(t) (3.14)

ThefunctionG(Z,t)canbedeterminedfromtheimaginarypartofthepo-

tentialfunction. ReferringtoEquation3.9,lnZ
a
= iα,∀Z ∈C. Thus,
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Im[G(Z,t)]=Im[F(Z,t)]onthecircle,whichcanbewrittenas

Im[F(Z∈circle,t)]=Im[f(z∈profile,t)]

=ψ(z∈profile,t)=ly−mx−
δ̇

2
(x2+y2)(3.15)

SincetheimaginarypartofthefunctionG(Z,t)isknownonthecircle,the

functionatallpointsoutsideofthecirclecanbeknownaccordingtoSchwartz-

Villattheorem,givenbyEquation3.4.Thus,

G(Z,t)=−
1

π C+

ly−mx − δ̇
2
x2+y2

Z−Z
dZ=l(t)G1(Z)+m(t)G2(Z)+̇δG3(Z)

(3.16)

wherex+iy=H(Z)isapointontheprofileandC+isthecirclewith|Z|=a.

ThedifferentialexpressionsG1,G2andG3mentionedinEquation3.16aredefined

inTable3.1.

G-term  Definition  Circlewith|Z|=a Flatplate[-2a,2a]
G1(Z) −1

π C+
y
Z−Z
dZ H(Z)−Z−a2

Z
0

G2(Z) 1
π C+

x
Z−Z
dZ iZ−H(Z)−a2

Z
−2ia

2

Z

G3(Z) 1
2π C+

x2+y2

Z−Z
dZ 1

2π C+
H(Z)H(Z)
Z−Z

dZ −ia
4

Z2

Table3.1:G-termsforcircleandflatplate

TheresultingCouchetpotential,asafunctionofcirculationΓ,takestheform

FC=
Γ

2iπ
ln
Z

a
+l(t)G1(Z)+m(t)G2(Z)+̇δG3(Z) (3.17)

ThevelocityfieldinthetranslatedreferenceframeT0aroundtheprofileis

obtainedbydifferentiatingthevelocitypotentialwithrespecttoz.Sincethecom-

plexpotentialF(Z,t)isknown,theflowvelocitycomponentscanbedetermined

by

(u−iv)(z,t)=
df(z,t)

dz
=
dF(Z,t)

dz

=
1

H(Z)

dF(Z,t)

dZ
=

1

H(Z)

dG

dZ
(Z,t)−i

Γ

2πZ
(3.18)

FromthedefinitionofGinTable3.1andEquation3.18,

(u−iv)(z,t)= 1−
1

H(Z)
(l−im)+

1

H(Z)
(l+im)

a2

Z2
+
δ̇

2π

d

dZ c+

x2+y2

Z−Z
dZ−i

Γ

2πZ
(3.19)
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Inthecaseofaflatplate,H(Z)=1−a2

Z2
andthevelocityfieldinthetranslated

referenceframeis

(u−iv)(z,t)=i




2a2 m+δ̇a

2

Z
−ΓZ
2π

Z2−a2



 (3.20)

TheKutta-JoukowskyconditionissatisfiedwhenthevelocityattipH(a)=Z0
isfiniteandthenecessarycondition,referringtoEquation3.18,is

dG

dZ
(Z0)−i

Γ

2πZ0
=0 (3.21)

NotingthecuspoftrailingedgeasH(a),then

i
Γ

2πa
=l
dG1

dZ
(a)+m

dG2

dZ
(a)+̇δlim

Z→a

dG3

dZ
(Z) (3.22)

Fortheoriginalflowgeometryofcircle|Z|=a,thisresultsin

dG1

dZ
(a)=0

dG2

dZ
(a)=2i

dG3

dZ
−→
Z→a
2i−i

1

4π
lim
Z→a

d

dZ C+

x2+y2

Z−Z
dZ

Ω






(3.23)

ThenecessaryconditionforafinitevelocityatthetipisobtainedfromEqua-

tions3.22and3.23as

Γ=4πam+δ̇Ω (3.24)

Forexample,inthecaseofaflatplate,Ω= 1
2i
dG3

dZ
(a)withG3(Z)=−ia

4

Z2
,which

resultsinthefollowingconditionoffinitevelocityatthetrailingedge

Γ=4πa(m+δ̇a) (3.25)

Note:Inthestationarycase,̇δ=0,andm=−V0sinδ. Thentheconditionof

finitevelocityatthetrailingedgebecomes,

i
Γ

2πa
=−2iV0sin(δ)

Γ=4πaV0sin(δ) (3.26)

Ontheotherhand,asthecirculationΓinEquation3.25isconstant,andac-

cordingtoKelvintheorem,theflowischaracterisedasirrotational.Thecondition

offinitevelocityatthetrailingedgeimposesaconstantvelocityprojectionofab-

scissapointx=aoveryinthereferenceframeT0asshowninFigure3.3.The

irrotationalityandtheconceptofpotentialflowappliedinaconstantcirculation

frameworkinthisconditionisfulfilled.

44



CHAPTER3. COUCHETPOTENTIAL&PITCHCONTROLLAW

Figure3.3:Velocityofpointx=amustremainconstantalongytosatisfythe
finitevelocityconditionatthetrailingedge

3.2.2 Calculationofforcesontheprofile

3.2.2.1 Pressureontheprofile

Havingobtainedtheanalyticalexpressionofthevelocityfieldaroundtheprofile,

theobjectivenowistodeterminetheexpressionofthepressurefieldtocalculate

thetorsoreffortsofthefluidontheblade.IntheGalileanreferenceT0,theEuler

equationcanbewrittenas

ρ








∂Vfluid/T0
∂t

+
−−→
grad





Vfluid/T0

2

2




+
−→
rotVfluid/T0×Vfluid/T0







=−
−−→
gradp(3.27)

wherepisthepressureandVfluid/T0 =ux+vy. Theflowisassumedtobe

potentialandthevelocityfieldrelativetothereferenceT0isderivedfromthe

potential,denotedbyϕ0(x0,y0,t),suchthat

→
Vfluid/T0=−

−−→
gradϕ0=u0x0+v0y0=ux+vy

u0=
∂ϕ0
∂x0
,v0=

∂ϕ0
∂y0





(3.28)

TheEulerequationisthenreducedto
−−→
gradρ∂ϕ0

∂t
+ρu

2+v2

2
+p=0,andprovides

theBernoulliequationforunsteadypotentialflowas

p+
1

2
ρu2+v2 +ρ

∂ϕ0
∂t
=C(t) (3.29)

Thevelocitypotentialϕ(x,y,t)isdefinedbyu=∂ϕ
∂x
,v=∂ϕ

∂y
.AfixedpointA(x,y)

inthereferenceframeTisidentifiedbythereferenceframeT0by

−−→
O0A

x0(x,y,t)

y0(x,y,t)
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SinceVfluidinA/T0=
−−→
gradϕ0=

−−→
gradϕ,atallpointsi.e.

A(x,y)=(x0(x,y,t),y0(x,y,t)),ϕ(x,y,t)=ϕ0(x0(x,y,t),y0(x,y,t),t)

Thus,
∂ϕ

∂t
=
∂ϕ0
∂x0

∂x0
∂t
+
∂ϕ0
∂y0

∂y0
∂t
+
∂ϕ0
∂t

where ∂x0
∂t
and∂y0

∂t
arethevelocitycomponentsofthepointAinthereference

frameT0.Therefore,

∂ϕ

∂t
=
−−→
gradϕ0·VA/T0+

∂ϕ0
∂t
=VfluidinA/T0·VA/T0+

∂ϕ0
∂t

(3.30)

ThevelocityofthepointAisafunctionofthatofthepointObytherelation:

VA/T0=VO/T0+δ̇z0×(xx+yy)=l(t)−δ̇yx+ m(t)+̇δxy (3.31)

FromEquations3.30and3.31,

∂ϕ

∂t
=ul(t)−δ̇y+vm(t)+̇δx+

∂ϕ0
∂t
. (3.32)

TheBernoulliequationthereforebecomes:

p=−
1

2
ρu2+v2 +ρul−δ̇y+vm+δ̇x −ρ

∂ϕ

∂t
. (3.33)

3.2.2.2 Resultantforcesexertedbythefluidflow

IfXandYaretheforcecomponentsofFfluid→profileexpressedinthesystemof

profileframeT,

X+iY=
c+
ipdz (3.34)

SinceBernoulliequationisusedtoexpressthepressureasafunctionofthevelocity

potential,

f=ϕ+iψ

X+iY=−
iρ

2 c+

df

dz

2

dz

(1)

+iρ
c+
l+im+i̇δzdϕ

(2)

−iρ
c+

∂ϕ

∂t
dz

(3)

(3.35)

Usingtheresiduetheorem,thefirstintegralintheEquation3.35yieldszero.

l+imandδ̇inthesecondintegraldonotdependonϕ. Therefore,c+dϕ=

c+
∂ϕ
∂x
dx+∂ϕ

∂y
dywhichisequalto c+

→
Vfluid/T0·tds=Γ.

Sinceϕ=Re G(Z,t)−iΓ
2π
lnZ

a
,then

zdϕ=zdRe(G(Z,t))+zd−
iΓ

2π
ln
Z

a
=d(zRe(G))−Re(G)dz−

iΓ

2π

z

Z
dZ
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Onintegratingthisexpressionovertheprofilecontourgives:

c+
zdϕ=

c+
d(zRe(G))

=0(c+isaclosedcontour)

−
c+
Re(G)dz−

c+

iΓ

2π

z

Z
dZ

=0(usingresiduetheorem)

.

Therefore,thesecondintegralbecomes(l+im)Γ−i̇δIwhereI= c+Re(G)dz.

Lookingatthethirdintegral,

c+

∂Re(F(Z,t))

∂t
dz=

c+

∂Re(G(Z,t))

∂t
dz+

c+

∂

∂t
Re −

iΓ

2π
ln
Z

a
dz

=
c+

∂Re(G(Z,t))

∂t
dz+

2π

α=0

∂

∂t

Γ

2π
α dα

=0

.

Therefore,Equation3.35becomes

X+iY=iρ(l+im)Γ+ρ̇δI−iρ
dI

dt
(3.36)

whereI= c+Re(G)dz.Forexample,incaseofaflatplatewithalengthof4a,

I=4πa2m(t) (3.37)

3.2.2.3 Momentaboutthecentre

LetA(x(s),y(s))beapointontheprofilecontour,thenthemomentaboutpoint

Ois: −−−−−−−−−→
Mfluid→profileO =

c+

−→
OA×

−−−−−−−−−→
dFfluid→profile. (3.38)

Sincetheflowisplanar,MO=
−−−−−−−−−→
Mfluid→profileO ·→zsuchthat

MO=
c+
pxdx+pydy=Re

c+
pzdz. (3.39)

Usingtheboundaryconditiondψ=−mdx+ldy−δ̇(xdx+ydy),

MO=Re




c+
−
1

2
ρz
df

dz

2

dz+ρzl(t)−im(t)−i̇δzdϕ−ρz
∂ϕ

∂t
dz



.(3.40)

Since c+z
df
dz

2
dz= c+z(u−iv)

2dz= c+z
Γ
2iπz
+b2
z2
+b3
z3
+...

2
dzand

ic+zzdϕinEquation3.40yieldpureimaginaryresults,itscontributiontoM0
iszero.Recallingc+zdϕ=−IanddefiningJ=

1
2 c+Re(G(Z,t))d(r

2),MOis

calculatedfrom

MO=−ρRe(l(t)−im(t))I+
dJ

dt
. (3.41)

Forexample,incaseofaflatplateoflength4a,c+G
3(Z)d(r2)=−ic+

a4

Z2
d(r2)=
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4πa4.Therefore,Jinthiscasebecomes,

J=2πa4̇δ. (3.42)

3.3 Applicationof Couchettheoryto Darrieus
turbine

3.3.1 Profileinangular motion

Withanintentiontoapplythecompatibilityconditionobtainedinsection3.2.1

tothebladesofaverticalaxiswaterturbine,thefinitevelocityconditionatthe

trailingedgeistranslatedintoapitchcontrollawfortheprofile.Theflowisthus

presumedtobeirrotationalastheprofilerotationanditscontrolarecompatible

withpotentialflow.

Forthesakeofsimplicity,asinglebladeprofileisconsidered,whichisplaced

inauniformflowofvelocityV0=V0x0.Theinfluenceofotherbladesisneglected.

Lettheaxisofrotationbe(O0,
→z0)anditsrotationalvelocityω

→z0.Theprofile

chordlengthis2L(=4a),havingitscentreatO,andaxisofzerolift(O,x)is

relatedbytheconnectiontoabranchofpivotaxis(P,→z0)sothat
−−→
O0P=R

→y1.

Azimuthalpositionofthebladeisdenotedbytheangleα,whichissubtendedby
→x0and

→x1or
→y0and

→y1. Angularvelocityoftheprofileisthetimerateof

changeofα.Inordertosatisfythefinitevelocityconditionatthetrailingedge

oftheprofile,theangleθ(→x1,
→x)subtendedbythebladewiththetangentofits

trajectoryatPshouldbecontrolled.Thevector
−→
OP=kL→x,withk∈[−1,0.5]

isfixedbetweenthecentreoftheprofileOanditsaxisofcontrolinrotation.

T0:(O0,
→x0,
→y0,
→z0)isthefixedcoordinatesystem,T0:(O0,

→x0,
→y0,
→z0)isthe

free-streamreferenceframeandT:(O,→x,→y,→z0)istheframerelatedtothe

profile.DetailsarepresentedinFigure3.4.

Figure3.4:KinematicsofapitchingbladeattachedtotheDarrieusrotor
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Ontheprofile,thevelocityofpointOwithrespecttoT0isdenotedby

→
VO/T0=l(t)x+m(t)y (3.43)

Bychangingthereferenceframe,

→
VO/T0=

→
VO/T0−

→
VO∈T0/T0

where
→
VO/T0=

→
VP/T0+

−→
OP×ΩT/T0=−Rωx1−kLω+θ̇yand

→
VO∈T0/T0=

V0x0.Therefore,thevelocitycomponentsinEquation3.43become,

l(t)=−(Rωcos(θ) +V0cos(α+θ)) (3.44)

m(t)=Rωsin(θ) +V0sin(α+θ)−kL ω+θ̇ (3.45)

Equation3.25deliveredthenecessaryconditionfortheprofiletoobtainapotential

flowwithoutvortexshedding.Incaseofaflatplateoflength2L=4a,itsrota-

tionalspeedrelativetothereferenceframeT0iṡδz0= ω+θ̇z0.Thecondition

forfinitevelocityatthetrailingedgecanbewrittenas

Γ=2πL m(t)+ω+θ̇
L

2
(3.46)

FromEquations3.44-3.46,theconditionforfinitevelocityatthetrailingedgeis

Γ=2πL Rωsin(θ) +V0sin(α+θ)+(1−2k)ω+θ̇
L

2
(3.47)

Definingthetip-speedratio(λ)asRω/V0andtheinfluencingparameter(E)as

(1−2k)L/R,theconstantcirculationΓimposedontheprofilecanbeformulated

as

Γ=2πL(V0+Rω)sinβ (3.48)

whereβistheequivalentstaticprofileincidencewithrespecttotherelativevelocity

W(=V0+Rω). Noticingthat
d
dt
=ωd

dα
,thecompatibilitybetweentheprofile’s

motionandthepotentialflowisexpressedbytheequation

dθ

dα
=
2

E
1+
1

λ
sinβ−1−

2

E
sinθ−

2

λE
sin(θ+α) (3.49)

ThevelocityfieldaroundtheprofilecanbeanalyticallyexpressedusingEquations

3.20and3.45,

(u−iv)(z,t)=i
2a2 Rωsin(θ) +V0sin(α+θ)−kL ω+θ̇+ ω+θ̇

a2

Z
−ΓZ
2π

Z2−a2

Fornon-dimensionalizing,letu= u
V0
,v= v

V0
,Z= Z

2a
= Z
L
andz= z

L
. After

decompositionoftherationalfractionintosimpleelementsandreplacingdθ
dα
by

thesecondmemberofthedifferentialequation,thevelocityfieldcanbewritten
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as

u−iv(z,t)=
2i 1

1−2k
((1+λ)sinβ−λsinθ−sin(θ+α))−(1+λ)sinβ

2Z+1
+

i1
1−2k
(λsinθ+sin(θ+α)−(1+λ)sinβ)

Z

=
2iλE

2
1+dθ

dα
−(1+λ)sinβ

2Z+1
−
iλE
2
1+dθ

dα

Z
(3.50)

wherez=H(Z)=Z+ 1
4Z
.Thevelocityfieldisdescribedbytwovorticesinthe

Z-plane.Thevortexcentreatorigininthisplanehasapotentialvaryingbetween

1/z±
√
z2−1 withZ= z±

√
z2−1>1intheplaneoftheprofile.The

velocityassociatedwiththispotentialisfinitewhenz→0,anddecreasesin1/z

for|z| 1.Thevortexcentreatz=0.5islocatedontheleadingedge,where

thespeedisinfinite.Foraprofilewhoseradiusofcurvatureattheleadingedge

isnon-zero,thevelocityisfiniteinz=−1.Theconditionforthefinitevelocity

atthetrailingedgeisthereforetranslatedintothemotioncompatibilitywiththe

potentialflowassumption.

WiththeideaofEquations3.36and3.41,keepingthesamenotations,thehydro-

dynamictorsoronthepointOonunitprofilescalecanbeexpressedas,

{fluid→profile}=






→
F
fluid→profile

=ρδ̇I−m(t)Γ→x+ρl(t)Γ−4πa2dm
dt
→y

→
MO

fluid→profile
=−ρl(t)I+2πa4ḋδ

dt
→z

Thekinematicsofturbinebladearesuchthat

δ=θ+α

l(t)=−(Rωcos(θ) +V0cos(α+θ))

m(t)=Rωsin(θ) +V0sin(α+θ)−kL ω+θ̇






(3.51)

whereθisthesolutionofthedifferentialEquation3.49.Thedimensionlesscom-

ponentsofthetorsorofthefluidontheprofilearenotedas,

X =

→
F
fluid→profile

·→x

ρV20L

Y=

→
F
fluid→profile

·→y

ρV20L

MO=

→
MO

fluid→profile
·→z

ρV20L
2






(3.52)

AccordingtoEquations3.36,3.37,3.41and3.42,andfurtherassumingaconstant
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CHAPTER3. COUCHETPOTENTIAL&PITCHCONTROLLAW

rotationalvelocityωfortheturbine,thenEquation3.52becomes

X =−2π
1

1−2k
(λsinθ+sin(θ+α))−

2k

1−2k
(1+λ)sinβ

2

Y=−2π(λcosθ+cos(θ+α))(κ(1+λ)sinβ)+
πEλ2

1−2k
cosθ

MO=π(λcosθ+cos(θ+α))λsinθ+sin(θ+α)+
8k2−4k+1

2
κ −

πEλ2

4(1−2k)
cosθ

whereκ= 1
(1−2k)2

[(1+λ)sinβ−λsinθ−sin(θ+α)].

Toevaluatethetorqueavailableforpowergeneration,themomentduetofluid

actionatOoneedstobecalculated.Forthis,thesystemisdecomposedintotwo

elements,oneisthecombinationoftheshaftO0z0andthelinkO0Pandsecond

istheturbineblade. Thetorsorofthefluidonsecondelementandthatofthe

secondonfirstelementareexpressedas,

{fluid→2}=






X 0

Y 0

0 MO





O,(x,y,z)

{2→1}=






X21 0

Y21 0

0 M21P





P,(x,y,z)






(3.53)

ApplyingthefundamentalprincipleofdynamicsatthepointPinthesecond

elementwhileneglectingthemassoftheblade,

X+X12=0

Y+Y12=0

MP+M12P=0

therefore

X21=X

Y21=Y

M21P=M21

withMP=MO−kLY (3.54)

Theactionofthefluidonthebladeisthereforeequaltotheactionofthe

bladeonfirstelement.ThemomentontheshaftperunitscaleisMO0=MP+

RsinθY−RcosθX. DimensionlessmomentaboutOobyρV20l
2isdenotedby

MO0whichisequalto

MO0=MO+
sinθ

E
−k Y−

cosθ

E
X (3.55)

Here,thetorquetransmissionfromsecondtofirstelementrequiresamotorand
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3.3. APPLICATIONOFCOUCHETTHEORYTODARRIEUSTURBINE

thereforetheconnectionbetweenthesetwoelementsisnotmodelled.

3.3.2 Studyofcontrollawinauniformflow

Figure3.5showsthesolutionforEquation3.49whichisofnonlinear-first-order

typeusingtheRunge-Kuttamethodoforder4.Althoughinitiallythereisashort

transientbehaviour,thesolutionconvergesquicklytoasingle2π-periodicsolution

forθ≥π
2
approximately.

Figure3.5:θ(α)forE=0.2andλ=1.25withnocirculationfordifferentinitial
conditions.Solutionsrapidlyconvergetothesameperiodiclaw.Thissolutionsta-
bilitywithrespecttotheinitialconditionsistrueforothervaluesoftheparameters
E,λandβforvaluesof|θ(0)|lowerthanπ/2.

3.3.2.1 Effectofλ

Thephysicalinterpretationofthedeviceperformanceisattributedtolimitsof

λ.Forsimplecases,thecontrollawdefinedbyEquation3.49canbeexpressed

analyticallywhereasthesolutionmustbeconsistentwithnumericalresultsforlim-

itingcases.Figure3.6showsthepositioningofthebladeundervariousoperating

conditionswhileFigure3.7presentstheblade’spositioningfordifferentvaluesof

λforagivencirculationcorrespondingtoβ=0.1rad.

Forλclosetozero,thevelocityofpointPonthebladeisnegligiblecompared

withtheflowvelocity.Iftheincidenceoftheplateθ+αisconstant,thesteady

flowoverthefixedplateisthesolutionforidealfluidflow.Forλtendingtoinfinity,

Equation3.49resultsindθ
dα
= 2
E
sinβ−1− 2

E
sinθ. Whenλ>>1,theaverage

valueofθisapproximatelyequaltosin−1(sinβ−E/2).

Forλ=0.5,aperiodicoscillationofthesolutionaroundthestraightline

θ=β−αisobserved. Theshapeofthesolutionisunchangeduptoacertain

valueoftipspeedratioλ0,beyondwhichthesolutionacquiresanewshape.This
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CHAPTER3. COUCHETPOTENTIAL&PITCHCONTROLLAW

criticalvalueofλ0isafunctionofβ.Forβ=0.1rad,λ0isapproximatelyequal

to0.895.Theamplitudeoftheoscillationsdecreasesasλincreases.

(a) (b)
Turbinebladecontrolledatlowωwithconstantθ+α(left)andhighωwith

constantθ(right)forλ→∞

(c) (d)
Profilepositioncontrolledbythelawθ(α)forλ=0.5(left)andλ=0.9(right).
Apparentvelocityisshownbygreenarrowsandtheleadingedgeoftheprofileis

markedbyabluedot

Figure3.6:Influenceofoperatingconditionsonbladepositionthatfollowspitch
controllaw

Figure3.8showstheplotofprofile’sorientationθwithapparentvelocityand

thatatleadingedgeforvariousvaluesofλ.Thevariationsofapparentvelocity

arecompensatedbytheangularvariationssothatthecirculationaroundtheplate

iskeptconstant.Thenecessaryconditionofcompatibilityofprofile’smotionwith

apotentialflowisthusverified.FromEquation3.36,thecomponentsoftorsorof
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3.3. APPLICATIONOFCOUCHETTHEORYTODARRIEUSTURBINE

Figure3.7:Solutionforthecontrollawofθ(α)usingforthorderRunge-Kutta
methodforβ=0.1andE=0.4

Figure3.8:Controllawforθ(α)fortip-speedratioλ>1.Curvatureeffectsare
notnegligibleathighrotationalvelocitiesastheydecreaseheretheangleθabout
0.2radiansrelativetoastraightapparentflow.

thefluidontheprofileinthereferenceframeO, x,y are

X=−ρmΓ

steady

+πρl2m ω+θ̇

unsteady

Y= ρlΓ

steady

−πρl2ṁ

unsteady

MO=−πρlm

steady

−
π

8
ρl4̈θ

unsteady






(3.56)
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CHAPTER3. COUCHETPOTENTIAL&PITCHCONTROLLAW

whereeachforcecomponentisexpressedasthesumofsteadyandunsteadyterms.

Figure3.9showstheevolutionofthesteadyandunsteadycomponentsofforce

andmomentfordifferentvaluesoftip-speedratioλ.Itisseenthattheoscillations

intheunsteadycomponentinX-forceincreasewithtip-speedratioλuptothe

criticalvalueofabout0.9. Later,ittendstoretainastableevolution. The

unsteadycomponenthoweverexhibitsincreasedoscillationsasλincreases. The

unsteadycomponentofY-forceandmomentarealmostequaltozeroirrespective

ofthetip-speedratio. Also,theoscillatorystructuresofthesetwoparameters

increaseinamplitudewithincreasingλ.Forλclosetoitscriticalvalue,alocal

disturbanceintheevolutioncurvesoftorsorelementsisnoticedsoonafterevery

halfrotation.

3.3.2.2 EffectofparametersEandβ

AccordingtothedefinitionoftheparameterEinsection3.3.1,movingtheaxis

ofrotationfrom(P,z0)totheleadingedgeoftheprofileisequivalenttothe

calculationofthecontrollawbylengtheningthechordorshorteningthedistance

Rbetweentheprofileandaxisofturbine. AsseeninFigure3.10,thesolution

isverysensitivetotheparameterEduetotheeffectofcurvatureofthevelocity

fieldinthereferenceframeT1forthelargerrotationalvelocities.Forlowerpositive

valuesofEsothat|sinβ−E/2|≤1,thesolutionoscillatesaroundaconstant

valueofθ,equaltosin−1(sinβ−E/2).Thecurvatureofthevelocityfieldresults

inanincrease(oradecreaseifk>0.5)oftheanglebetweentheapparentvelocity,

carriedbythetangenttothetrajectoryofthepointP,andtheprofile.Ifthe

parameterEistoohightoimpartsufficienteffectsontheprofiletocompensate

forthecurvatureofthevelocityfield,thecaseof|sinβ−E/2|>1leadstosuch

acontrolthattheprofileisrotatedaboutitsaxis(P,z0)athighvelocity. Asa

result,unsteadyrotationaleffectsmaintainthecirculationaroundtheprofile.On

theotherhand,smallervaluesofE,say0.4,increasetheeffectofprofilesufficiently

tocompensateforthecurvatureofvelocityfieldwheretheflowcanbeconsidered

asquasi-stationaryinthereferenceframeT1.

AsperthedefinitionofthecirculationgivenbyEquation3.48,theparameter

βconditionsthecirculationΓimposedontheprofile.AsshowninEquation3.56,

thesteadytermsoftheforceexpressionsareexplicitfunctionsoftheimposed

circulationΓ,thereforeβisaninfluentialparameterinthehydrodynamicanalysis.

Inaddition,thisplaysanimportantroleinthecalculationofunsteadyforceand

momentterms. Thecriticaltip-speedratioλ0inverselyvarieswithβ. Higher

valuesofβincreasethecirculationaroundtheblade.Inordertoconservethe

circulation,theblademustbesubjecttohigherrotationalspeedaboutpointP

whichincreasestheunsteadyeffects.

Whenλ<<1,theflowissetaroundtheprofilewhichisataconstantincidence

55





CHAPTER3. COUCHETPOTENTIAL&PITCHCONTROLLAW

Figure3.10:ControllawasafunctionofEforβ=0.1andλ=5(left),andasa
functionofβforE=0.4andλ=5(right)inreferenceT1

(θ+α).Theresultantforceisapproximately−ρV0Γy0.Fortip-speedratioλclose

tothecriticalvalueλ0,bothsteadyandunsteadytermsareinvolvedintheforce

calculationswiththelaterdominatingatspecificazimuthallocations.Figure3.11

(a)showstheplotofmomentsperbladefortwocyclesforλ=0.9,inwhichthe

jumpsarenoticedatαabout200o.However,theevolutionofthemomentismuch

smootherforλ>1.Figure3.11(b)showstheresultantmomentattheturbine’s

centrefordifferentvaluesofthecirculationimposedaroundthebladesforλ=2.

(a) (b)

Figure3.11:Torqueevolutionasafunctionofimpartedcirculationtotheblades
forV0=1m/s.(a)Momentofasinglebladeatthecentreoftheturbineatλ0=
0.9,and(b)Resultantmomentof4bladesatλ=2
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3.4 Conclusion

Theobjectiveofthischapterwastoexaminewhetherpotentialflowconditions

couldbeappliedtorealflowsituationsinordertogaintheadvantageonidealflow

behaviourwithconstantcirculation.Theirrotationalflowoveranarbitraryprofile

wasformulatedusingconformalmapping.Aprospectivepotentialflowapplication

onthebasisofCouchettheoryisinvolvedinthedevelopmentofacontrollawthat

decidesthebladepitching.Suchareductionoftheflowproblemcomprisedthe

generalizationoftheKutta-Joukowskiconditionfortheprofile’smotion.Inthis

chapter,thehydrodynamicforcesandmomentactingontheprofileinidealflow

conditionswerecalculated.Inaddition,theeffectoftip-speedratioλanddesign

parametersEandβontheblade’sperformancewasquantified.Theapplicationof

pitchcontrollawintherealflowconditionsishoweverlimitedduetoviscouslosses

androtationaleffects,whicharepresentedinChapter6. Beforeexaminingthe

effectivenessofthisbladepitchcontrolusingCFDstudies,benchmarkinganalysis

ofaclassicalDarrieusturbinewithfixedbladesisnecessary. Chapter4and5

willthereforepresentthenumericalandexperimentalinvestigationsoffixedblade

modelrespectively.
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4.1.INTRODUCTION

4.1 Introduction

Theprocessofmodelingaphysicalproblem,creatinganappropriatemeshand

solvingthegoverningequationsforanaccuratesolutionisusuallynotstraightfor-

ward.Thecomputationalsolutionisalwaystheresultofmanyassumptionsand

compromises,involvingtheconceptsofdesigning,discretization,fluiddynamics,

turbulencemodelingetc...ThehydrodynamicflowacrossaDarrieusturbineisone

suchcomplexproblemtosolveandanalyzesincetheflowphenomenonincludes

unsteadinessandturbulence.Acomprehensiveinvestigationofthedeviceperfor-

manceandasubstantialenhancementinitspowercharacteristicscanberealized

withagoodunderstandingoftheexactflowmechanism. Apartfromanalytical

andexperimentalapproaches,CFDhasbeenaneffectivetooltopredicttheflow

physicsinbothresearchandindustrialapplications.Table4.1showsthelist,not

exhaustive,ofCFDstudiesperformedbyvariousresearchersonflowanalysisof

verticalaxiswater/windturbineofDarrieustype.Thepurposeofthischapteris

topresentasuitableCFDimplementationmethodologybysplittingtheprocess

intothethreekeythemes:pre-processing,processingandpost-processing.

4.2 Pre-processing

Pre-processingactivitiesconsistsofcreatingthegeometricalrepresentationofDar-

rieushydroturbineandanappropriatespatialdiscretizationforturbulencemod-

eling. Sincetheturbinemodelhasstraightblades,only2Dcomputationsare

targetedbyneglectingthethree-dimensionalrelievingeffects.

4.2.1 CAD model

Thereplicationofreal-timephysicsinthecomputationalsettingandqualityof

numericalresultsfundamentallydependonthedevelopmentofrightCADmodel

andmeshgeneration. Theverticalaxisturbinemodelfornumericalsimulations

consistsofafour-bladerotorsystemwithNACA0015profiles.Beforedeveloping

theCADmodel,thehydrofoilshapestudywasperformedwhichwasimportant

tounderstandthehydrodynamicforcesaroundthebladeduringtheturbine’s

rotation. NACA0015profileisgivenbytheNACA4-digitequationsreported

inJacobsetal.(1933).Table4.2providesthebasicdesignspecificationsofthe

turbinemodelfornumericalstudies.

Thesolidityoftheturbineσ,asdefinedbytheEquation2.2,isequalto0.533

forthebasemodel. Thesizeofthecomputationaldomainisinconsistentwith

thetowingtankdimensions,whichisusedfortheexperiments. Also,thedo-

mainsizeensuredthecompleteflowdevelopmentwithnoflowreversalduringthe

simulations.
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4.2. PRE-PROCESSING

Parameter Specification
Bladesection NACA0015
Chordlength(L) 0.08m

Numberofblades(N) 4
Rotordiameter(D) 0.6m

Table4.2:DesignspecificationsforDarrieusturbine

4.2.2 Meshing

Theflexibilityofthecomputationalmeshstructureisassociatedwiththeadapt-

abilityandaccuracyoftheflowanalysissysteminordertoevaluatethelevel

ofgeometricalcomplexityitcanhandleandthedegreeofcontrolitoffersover

theresolutionofflowfeatures(Bakeretal.,2007).Theprimaryfunctionofthe

computationalgridistofitthesolutiondomainanddecomposeitsvolumeinto

sub-domains,calledcontrolvolumesorcells,wheretheconservationequationsare

solved.Thecontinuousflowproblemisthusdiscretizedintonumeroussmallprob-

lems.Anderson(1995)gavemoredetailsonthenumericalimplementationbehind

themeshgeneration.

4.2.2.1 Finitevolume method

StarCCM+usesfinitevolumemethod(FVM)wherethenumericalsolveremploys

acell-centredfinitevolumemethodtoevaluatethepartialdifferentialequations

basedoncontrolvolumeintegrationtocomputetheflowvariablesatcell-centroid

(VersteegandMalalasekera,1995).Thoughthisprocesslookssimilartofinitedif-

ferencemethod,FVMworkswellwithbothstructuredandunstructuredmeshes.

TheFVMusesGaussdivergencetheoremtoconvertthevolumeintegralsinto

surfaceintegralsandhencethevaluefromcellfacesintocellsurfaces. Thedis-

cretizationofconservationequationscanbedescribedbyconsideringatransport

scalarvariableζwhoseunsteadyconservationequationforanarbitrarycontrol

volumevisgiveninanintegralform:

v

∂ρζ

∂t
dv+ ρζu.dA= Γζ∇ζ.dA+

v
Sζ.dv (4.1)

whereρ,u,A,ΓζandSζrepresentthefluiddensity,velocityvector,surfacearea

vectorforthevolumev,diffusioncoefficientforζandsourceofζperunitvolume

respectively. WhenappliedEquation4.1toafinitecellwhosevolumeisVwith

numberofenclosingfacesNfaces,thediscretizedformofconservationequation

becomes
∂ρζ

∂t
V+

Nfaces

f

ρfζfuf.Af=
Nfaces

f

Γζ∇ζf.Af+SζV (4.2)
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whereζfistheamountofζconvectedthroughthefacef,ρfζfuf.Afisthemass

fluxthroughthefacef. HereAf=|Af|nfwhere|Af|isthefaceareaandnf
representstheunitnormalvectorejectingoutwardsofthefacef. Whilethevalues

ofscalarpropertyζarestoredatthecellcentroid,Equation4.2requiredtheface

centredvaluesζf,whichnecessitatestheinterpolationofζfromcellcentretofaces.

Thesecanbedonebyusing1storderschemeor2ndorderscheme.InFirstOrder

Upwind(FOU)thevaluesatcellfacesaretheaveragedvalueswithadjacentcell

centresandinSecondOrderUpwind(SOU),thevaluesaretheaveragedwithnext

twocells.However,FOUmethodproducesnumericaldiffusionasthediscretized

equationsaremorediffusedthantheoriginalequationsandevenmorediffusionfor

largegradients,whiletheSOUmethodgivesasmoothsolutionwithlessnumerical

diffusionwithmoretimeasitrequiresmorecellsinnumericalcalculations.Tuet

al.(2008)explainedthatFOUmethodconvergesfasterthantheSOUmethod,

butthisanalysisrequiresmoreaccuratepredictionofsecondaryflowandboundary

layerflowstructures,whereSOUismoreuseful.Thiswillhelptopredictcorrect

flowpropertiesinflowanalysisforretrievingasolution.

4.2.2.2 Meshstructure

Meshrepresentationsareclassifiedasstructuredandunstructuredgridsdepend-

ingontheregularityincellconnections.Simpleandregulargeometriescanhave

structuredmeshwhilecomplexmodelshaveunstructuredones.Structuredmeshes

usuallyhavethequadrilateralandhexahedralcellsfor2Dand3Dgeometriesre-

spectively,whiletriangularandtetrahedralcellsarepresentinunstructured2D

and3Dmeshes. Thestructuredmeshesareusuallyspaceefficientandprovide

quickersolutionconvergenceandbetterresolution. Ontheotherhand,theun-

structuredmeshesarespaceinefficientduetotheneedforanexplicitstorageof

neighbourhoodconnectivity. Anothertypeisthe’hybridmeshing’whichcom-

prisesthecombinationofstructuredandunstructuredgridportions.Thompson

etal.(1997)discussedindetailthegridstypesinCFDapplications.Inthepresent

project,structuredmeshesarepreferredduetorelativesimplicityinthegeome-

tryandanticipatedCPUeffortforalargenumberofcomputations.Figure4.1

showsthetypicalstructuredmesharoundthehydrofoil.TheChimeratechnique

usedformeshmotionhowevermakesthegridunstructuredattheinterface.Next

subsectionprovidesmoredetailsonoversetmeshing.

4.2.2.3 Overset meshing

Toincorporatethedifferentgeometricalfeaturesandtheirownparticularmotion

inthecomputationaldomain,meshingwasperformedusingChimeratechnique.

ThisisregardedasapartofSchwartzdecompositionmethods(Saad,1996)asa

compoundfinite-volumegridwhichofferstheregionsoverlappingandslidingover
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Figure4.1:Structuredmesharoundthehydrofoil

eachotherwithinacommoncomputationaldomain.SuchtechniqueusesChimera

interpolation(Stegeretal.,1983)andsimplifiesthesimulationstrategytohan-

dlerelativemotionsbetweendifferentregions,andflowovercomplexgeometries

withdynamicmotions.EaseindealingwithcomplexmotionsusingChimeratech-

niquecanthusenablethesystemoptimizationprocess.Hadzic(2005)detailedthe

oversetmeshingschemesusedinStarCCM+.

ArecentliteratureisavailableontheCFDanalysisofDarrieusturbinesus-

ingChimerameshes. TheparametricstudiesofNRELPhaseVIturbinebyLi

etal.(2012)andZahleetal.(2009),usingoversetmeshesforincompressible

RANSsolversShip-IowaandEllipSys3D,revealedthethree-dimensionalaerody-

namiceffects.Theseresultswereinclosecomparisonwiththeexperimentalones.

InthestudyofChowandDam(2011),oversetmesheswereusedtocharacterize

thegeometricmodificationsofturbinebladeandanalyzethecorrespondingaero-

dynamics.Severalscholars(Zhangetal.,2007;NoackandBoger,2009;Quonand

Smith,2015;Houzeauxetal.,2014andRollandetal.,2013)usedChimerameshes

tostudytherelativemotionsbetweentheregionswithinthesameflowdomain.In

thisstudy,O-typeChimerameshesm1,m2,m3andm4aroundrespectiveblade

profileswerecreatedtoapplyindividualsuperposedmotiontothebladesinorder

tosimulateboththerotationoftheturbineandblade-pitchingwithinthecom-

putationaldomain.ThemeshrepresentationisshowninFigure4.2.Eachofthe

meshesaroundthehydrofoilswasstructurallymeshedwith40x40diametricalgrid

points.Thebackgroundrectangularmeshm5consistsof575x375cellsinx-andy-

directionswitharefinedcylindricalzonethataccommodatesthefourmeshes,m1

-m4.Thecellconnectivityinformationbetweenoversetandbackgroundmeshes

wasobtainedbyimplicitholecuttingscheme. WorksofChanetal.(2012),and

LakshminarayanandBaeder(2010)providemoredetailsonthis.

WhenChimerameshingisperformed,oneormoreoversetregionswithindi-

vidualmeshspecificationsarecreatedoverthebackgroundregion.Aninterfaceis
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Figure4.2: Meshvisualizationandsub-zonesofcomputationaldomain.Nearwall
modelingisshownininset

Figure4.3:Oversetcellstatus(left)andmeshworkflow(right)

generallyusedtoconnecttightlythesetworegionstopassthenumericalinforma-

tionfromeachotherduringthecomputationswithanegligiblelevelofiteration

errors. Whenthesimulationsarerun,theequationsaresolvedonlyintheactive

cellsinthebackgroundandoversetregionsandthedataistransferredtoandfro

throughacceptorcellsattheinterfacebymeansofdistanceweightedinterpola-

tion.Conservationequationsaresolvedwithintheacceptorcellsandpassivecells

remaininactiveexceptwhentheoversetmeshmoves(Tranetal.,2014;Swidan,

2013).Thefluxbetweentheactiveandacceptorcellsiscomputedthesameway

asbetweentwoactivecells.Thisentireschemeisidenticaltoasinglecontinuous

mesh,whichpreventsprolongedconvergencedurationforcomplexmotionanalysis.

Figure4.3showstheoversetcellstatusandmeshworkflowdesign.
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4.2.2.4 Basicvalidation

Themeshingstrategyimplementedincurrentstudyisaimedtoavoidbottlenecks

ofconventionalmeshingprocessesaroundthemovingbodies.Atthesametime,it

isimportanttoprofessthatcurrentmeshingprocessis’fit-forpurpose’.Therefore,

abasicmeshvalidationisperformedforthepressurecoefficientplotaroundthe

blade.Figure4.4showstheCp-plotproducedbyoversetandcontinuousmeshes

atvariousanglesofattack.Itisclearthattheoversetmeshesareaseffective

ascontinuousmeshforthesamenear-wallresolution. Thisrevealsthetightest

couplingbetweenthebackgroundandmovingregionsthroughacceptorcells.

Figure4.4:Preliminaryvalidationofoversetmeshforpressurecoefficientdistri-
butionoverthebladeatthreedifferentazimuthpositions

4.2.3 Boundaryconditions

Theboundaryconditionsfortwo-dimensionalunsteadyincompressiblehydrody-

namicflowaresimilartothoseappliedbyBiadgoetal.(2013). Thesetof

coordinatesystemsandboundaryconditionsareshowninFigure4.5.Inorder

toachieveauniquesolution,velocityinletandstaticpressureoutletconditions

arespecifiedforallofthecomputationspresentedinthenextchapters.Theinlet

boundaryconditionspecificationincludesthevelocitycomponentsandturbulence

parameterssuchasturbulenceintensityTuandeddyviscosityratioµt/µ,which

areusedtocalculatethekineticenergykanditsspecificdissipationrateωwhen

two-equationturbulencemodelsareused.Asymmetryboundaryconditionisap-

pliedtotopandbottomfacesofthecomputationaldomainwhichcreateamirror

effectfortheflow. Thesetwofacesarethusconstrainedwithnovelocityand

scalarquantitygradientsnormaltotheboundary. Wallspecificationisgivento

thebladeswhereno-slipconditionprevailsatalltimestoensuretherealflow
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acrosstherotor.Furthermore,asetofrealisticbackflowconditionsisalsospec-

ifiedtominimizetheconvergencedifficultiesinordertoincreasetherobustness

ofcalculationandpreventthebackflowwhichdoesdestabilizethecomputational

code.

Figure4.5:Schematicofboundaryconditionsandcoordinatesystems

4.3 Processing

4.3.1 Solveralgorithm

Thesetofequationssolvedinthisstudyarethemassandmomentumconservation

equations.Noenergyequationisconsideredsincethereisnoheattransferinvolved.

Allsimulationsareperformedwithunsteadystatesegregated,implicitsolverfor-

mulation. Thisformulationemploysapressurecorrectionscheme,wherebythe

momentumequationsaresolvedsequentiallyforthevelocitycomponentsusing

thebestavailableestimateforthepressuredistribution.Subsequently,thepres-

surecorrectioniscalculatedfromaderivedPoissonequationandtheprocessis

repeateduntilthecontinuityequationissatisfied.Thepressurecorrectionscheme

usesSIMPLE(Semi-Implicit MethodforPressure-LinkedEquations)algorithm

forthesimulations.Thisalgorithmprovidesnecessarycouplingbetweenthecal-

culatedvelocityfieldandthepressurefieldforsegregatedsolutionoftheconserva-

tionequations.Inaddition,thebounded-centralschemeemployedbyStarCCM+

solverisadaptedincomputationsusingpolyhedralmeshes.
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4.3.2 Turbulence modelingandclosure

Turbulenceisinherentlyathree-dimensionalphenomenon,characterizedbyran-

domfluctuationsofflowparameters,unsteadiness,unpredictability,coherentstruc-

turescalled’eddies’,andbroadspectrumoflengthandvelocityscales. These

scales,whichdescribethedissipationoftheturbulentkineticenergyk,playan

importantroleindistinguishingtheturbulenceintensityTuintheflow. These

twoparametersaredefinedas

k=
1

2
(u2+v2+w2) (4.3)

Tu=
(2
3
k)1/2

Uref
(4.4)

whereu,vandwarethefluctuatingvelocitycomponentsandUrefisthereference

velocity.Theassumptionofisotropicturbulenceimpliesu2=v2=w2sothat

Tuiso=

√
u2

Uref
(4.5)

whichisidenticaltotheRMSvalueofafluctuatingvelocitycomponent.

Thetransferofkineticenergyfromthemeanflowtoturbulentstructuresis

primarilyassociatedwiththesescalesofeddies.Thisenergytransferisdirected

towardsthesmallestscales,called’Kolmogorovmicroscales’,wheretheReynolds

numberisunitythatcausesviscousdissipationoftheturbulentkineticenergy.

Turbulentflowanalysisofmarineenergysystemsisnotanewproblem.Masters

etal.(2012)coupledbladeelementmomentumwithk− turbulencemodel

toassessthemarineturbine’sperformanceundervariousoperatingconditions.

ShivesandCrawford(2014)attemptedtopredictthewakecharacteristicsand

poweroutputmoreaccuratelyincaseofmarineturbinefarmsbylimitingthe

eddy-viscosityincloseproximitytotheturbinerotortoreducetheinitialmixing

rate. Theyalsoaddedaturbulencesourcetermswhilemodelingthenear-wake

region.Ascomparedwiththeexperimentalanalysis,thisadditionalmodification

causedanunder-predictionofturbulencewhenthevorticesbreak-down. Gant

andStallard(2008)studiedthewakebehaviourofmarineturbinesusingURANS

modelsandcomparedthedeviceperformancewiththesteadyflowconditions.

4.3.2.1 Mathematicalbackground

Onageneralnote,themathematicalillustrationofturbulencemodelingcom-

menceswiththenotionofReynoldsdecomposition,whichdefinesanyinstanta-

neousflowvariableζas

ζ=ζ̄+ζ (4.6)
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whereζ̄andζarethemeanandfluctuatingcomponentsrespectively.Themean

componentisobtainedfrom

ζ̄=
1

∆t

∆t

0
ζ(t)dt (4.7)

Theimportanceofchoosingtherighttimeinterval∆tisworthnoting.Theoretical

ideaof∆t→∞ isnotpossibleinpractice.Forsteadyflows,accurateresultscan

beobtainedwith∆tstgreaterthanthetimescalesoflargesteddies. However,

unsteadyflowsrequire∆tustsmallerthanthetimescalesassociatedwiththetran-

sientbehaviourofthemeanflow.Sengupta(2012)and Wilcox(1998)notedthe

differencebetweenthemagnitudesof∆tstand∆tustasofseveralorders.

WhentheEquations4.6and4.7areinvokedinthetime-averagedconservation

equations,theReynoldsAveragedNavier-Stokes(RANS)equationsareobtained

whicharedefinedas

∇.U=0

ρ
DU

Dt
+ρ

∂

∂xj
(uiuj)=−∇P+µ∇

2U





(4.8)

Comparedtogeneralconservationequations,Equation4.8introducesanewstress

tensoruiuj,calledReynoldsstresses.Thisdistinguishestheturbulencemodeling

frommeanflowformulation.Rewritingthemomentumequationas

ρ
DU

Dt
=−∇P+∇.τij (4.9)

where

τij=µ(
∂Ui
∂xj
+
∂Uj
∂xi
)−ρuiuj (4.10)

Thismeansthatanyrealfluidflowexperiences6additionalstresscomponents.

Threeofthemareshearstresses,givenby

τxy=τyx=−ρuv τxz=τzx=−ρuw τyz=τzy=−ρvw (4.11)

andremainingarenormalcomponents,definedas

τxx=−ρu
2 τyy=−ρv

2 τzz=−ρw
2 (4.12)

SincetheshearstressesinEquation4.11dependonthecorrelationbetween

twoperpendicularcomponents,theymaybezerowhenthevelocityfluctuations

areindependent.ThenormalcomponentsinEquation4.12havehowevernon-zero

valuesastheyarethefunctionsofsquaredvelocityfluctuations.Turbulentflows

typicallyhavetheturbulentshearstressesgreaterthanviscousstressesdueto

coherentstructureofturbulenteddies.

TheRANSformulationusedformodelingtheturbulentflowscomplexifiesthe

Navier-Stokesequationsduetosixadditionalunknownquantities,whichexhibit
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theconcernaboutclosureproblem. NewgoverningequationsfortheReynolds

stressescanbeframedinordertoclosetheproblem. Anotherapproachisto

useeddyviscositymodels,whichisrelatedtoflowgradients.Basedonthesetwo

methods,numerousturbulencemodelsareavailableinCFDengineering.Although

thefundamentalgoverningequationsareidenticalforallthemodels,additional

variablesappearduetothepresenceofturbulencethatcanbemodeledwith

variousmodels.OutofnumerousturbulencemodelsprovidedbyStarCCM+,one-

equationandtwo-equationmodelswhicharebasicallyeddyviscositymodels,are

triedtochoosethebestsuitableforlowReynoldsnumberwaterturbinemodeling.

Followingsectionsdescribetheseturbulencemodelsindetail.

4.3.2.2 Spalart-Allmaras model

Thisisasimpleoneequationmodelwhichsolvesthemodeledtransportequation

fortheturbulentviscosityµt.Itdoesnotrequirethecalculationoflengthscale

relatedtolocalshearlayerthickness. ThetransportequationfortheSpalart-

Allmarasmodelforthetransportvariableζ,isgivenby

∂

∂t
(ρζ)+

∂

∂xi
(ρζui)=Gζ+

1

σζ




∂

∂xj
(µ+ρζ)

∂ζ

∂xj
+Cb2

∂ζ

∂xj

2


−Yζ+Sζ

(4.13)

whereGζandYζarethegenerationanddestructiontermsofturbulentviscosity

respectivelyduetowallblockingandviscousdamping.Sζistheuser-defined

sourceterm.Thedefaultmodelconstantsaregivenby

Cb1=0.1355,Cb2=0.622,σζ=2/3,Cv1=7.1

Cw1=
Cb1
κ2
+
1+Cb2
σζ

,Cw2=0.3,Cw3=2.0

Theturbulentviscosityµtiscomputedfromtheequation

µt=ρζfv1 (4.14)

wherefv1istheviscousdampingfunction.

4.3.2.3 Standardk− model

Thisisasemi-empiricalmodelandknownforrobustness,reasonableaccuracyand

economy.Standardk− modelsolvesthefollowingtransportequationsforthe

variablesturbulentkineticenergykanditsdissipationrate.

∂

∂t
(ρk)+

∂

∂xi
(ρkui)=

∂

∂xj
µ+
µt
σk

∂k

∂xj
+Gk+Gb−ρ−YM +Sk (4.15)
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∂

∂t
(ρ)+

∂

∂xi
(ρui)=

∂

∂xj
µ+
µt
σ

∂

∂xj
+C1

k
(Gk+C3Gb)−C2ρρ

2

k
+S

(4.16)

whereGkandGbrepresentthegenerationofturbulentkineticenergyduetomean

velocitygradientsandbuoyancyrespectively.YM isthecontributionoffluctuating

dilatationincompressibleturbulencetotheoveralldissipationrate. Theeddy

viscosityµtiscomputedfrom

µt=ρCµ
k2

(4.17)

Here,Cµisamodelconstantwhosevalueis0.09bydefault.Othermodelconstants

are

C1=1.44,C2=1.92,σk=1.0,σ=1.3

SkandSaretheuserdefinedsourceterms.

4.3.2.4 Wilcoxk−ωmodel

Whileusingthetwo-equationturbulencemodels,firstequationusestheturbulent

kineticenergykasavariable,butthereisahugevarietyinselectingavariable

forthesecondequation(Kolmogorov,1942;Prandtl,1945). Aftertheuseof

dissipationrateofturbulentkineticenergy,thenextwidely-usedvariableisthe

specificdissipationrateofk,denotedbyω. Thismodelintroducedby Wilcox

(1988,1993)incorporatesthemodificationsforlowReynoldsnumbereffectsand

shearflowspreading.Thisfeaturemakesthek−ωmodelsuitableforwall-bounded

flowsandfree-shearflows.

4.3.2.5 BSLk−ωmodel

Aftertheevaluationofcomplementarystrengthsandweaknessesofdifferenttwo-

equationmodels, Menter(1993,1994)cameupwithapracticalhybridmodel.

Thisuses Wilcox’sk−ωmodelwithintheboundarylayerandatransformation

ofthek− modelintoak−ωmodel,characterizedby =βxkωoutsideofthe

boundarylayer.Apartfromthedissimilarmodelconstants,themajordifference

betweentheconventional Wilcoxandhybridmodelsistheinclusionofadditional

cross-diffusionterminthelaterforωformulation.Thenewmodelequationsfor

kandωarederivedbyaddingthe Wilcoxk−ωequationstimesafunctionF1
andthetransformedk− times1−F1. ThefunctionF1isoneintheviscous

sub-layerandzerooutsideoftheboundarylayer.Theblendingtakesplaceinthe

wakeregionoftheboundarylayer.

4.3.2.6 ShearStressTransport(SST)k−ωmodel

Theshearstresstransport(SST)modelincorporatestheBSLturbulencemodel

withtheadditionofafunctiontolimittheturbulentshearstress(Menter,1994).
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ThetransportequationsforSSTk−ωmodelare

∂

∂t
(ρk)+

∂

∂xi
(ρkui)=

∂

∂xj
Γk
∂k

∂xj
+Gk−Yk+Sk (4.18)

∂

∂t
(ρω)+

∂

∂xi
(ρωui)=

∂

∂xj
Γω
∂ω

∂xj
+Gω−Yω+Dω+Sω (4.19)

whereGkandGωarethegenerationtermsofturbulentkineticenergyandits

specificdissipationraterespectively.ΓkandΓωaretheeffectivediffusivityof

kandω,andYkandYωaretherespectivedissipationtermsofkandωdueto

turbulence.Dωisthecross-diffusiveterm,andtheuser-definedsourcesaredenoted

bySkandSω.

Theoriginsofthismodellieintheobservationthatwhenappliedtobound-

arylayerproblems,oneofthemajordifferencesbetweeneddy-viscosityandfull

Reynoldsstressmodelsisthatthelatteraccountfortheeffectofthetransportof

theprincipalturbulentshearstressτxy=−ρūv. Theimportanceofmodelling

suchaneffecthasbeendemonstratedbythesuccessoftheJohnson-King(JK)

model.TheJKmodelisatransportequationfortheturbulentshearstressthat

isbasedonBradshaw’sassumptionthattheshearstressinaboundarylayeris

proportionaltotheturbulentkineticenergy

τxixj=ρa1k (4.20)

wherea1isaconstant.Bycomparison,intwo-equationmodels,theshearstress

iscalculatedfromtheBoussinesqassumption

τxixj=µt
∂ui
∂xj

(4.21)

AsdescribedbyMenter(1992),thiscanbewrittenas

τxixj=ρ
productionk
dissipationk

a1k (4.22)

where

productionk=2µtSij.Sij=µt
∂ui
∂xj

2

(4.23)

AsnotedbyDriver(citedby Menter,1994),theproductiontermismuch

greaterthanthedissipationtermintheboundarylayerflowswithadversepressure

gradients. Therefore,Equation4.21overpredictsτcomparedtoEquation4.20.

Whentheproductionisequaltodissipation,thesetwoequationbecomesimilarif

a1= Cµ=0.3.
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4.3.3 Solution methods

Throughouttheproject,2ndorderupwindschemewasusedtocalculatefluidflow

properties. Moreoverthe2ndorderupwindschemeisalsousedtoevaluatethe

turbulentvaluesofkineticenergyanddissipationrate.Inthefirstorderupwind

technique,scalarpropertiesatcurrentcellfacesarederivedfromtheupstreamcell

valuesfromthepreviousiteration.

UpwindSchemeisatechniquewhichusesupstreamvaluestocalculatethe

currentcellvalues.Similarlysecondorderupwindingmethodusesthecellvalues

oftwoadjacentcellstocomputethefacevalueofcurrentcell.

4.3.4 Solutioncontrols

Numericalmethodsusedtosolvethegoverningequationsforthefluidflowmost

oftenemployoneormoreiterationprocedures.Bytheirnature,iterativesolution

methodsrequireaconvergencecriterionthatisusedtodecidewhentheiterations

canbeterminated.Inmanycases,iterationmethodsaresupplementedwithre-

laxationtechniques. Thecriteriadependonspecificationsoftheproblembeing

solvedandmaychangeduringtheevolutionofproblem.

Theselectedcriteriaalsodependonthenumericalformulation.StarCCM+

solverhastheunderrelaxationfactorstocontroltheeffectofpreviousiteration

oncurrentiteration.Therelationshipbetweentheunder-relaxationfactorχ,the

scalarvalueζandresultingchangeinthescalarvalue∆ζisgivenby

ζ=ζold+χ∆ζ (4.24)

Table4.3showsthelistofunder-relaxationfactorsbydefault.Sincenodivergence

issuesarose,thesedefaultvalueswereleftunchangedthroughoutthecomputa-

tionalwork.

Parameter Under-relaxationfactor
Velocity 0.8
Pressure 0.2

Turbulenceintensity 0.8
Turbulenceviscosity 1

Table4.3:Under-relaxationfactorsusedinthecomputations

4.3.5 Temporaldisretization

Anyflowproblemcanbesolvedinsteadyorunsteadyformulations. Asteady

conditioncanbeappliedwhentheflowstructuresremainconstantintime.In

unsteadyconditions,flowvariableschangetemporallywhichrequiresaspecial

treatmentwhilesolvingtheproblemcomputationally.Duetotheunsteadynature
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oftheflowpatternsaroundtheDarrieushydroturbine,onlytransientsimulations

areperformedthroughouttheproject.

Intransientcomputations,theconservationequationsarediscretizedinboth

spaceandtime.Thetemporaldiscretizationinvolvestheintegrationofeachterm

inthedifferentialequationsoveragiventime-step∆t.

Thetimeevolutionofavariableζisgivenby

∂ζ

∂t
=F(ζ) (4.25)

wherethefunctionFincorporatesanyspatialdiscretization. Usingforwarddif-

ferences,thefirstandsecond-orderaccuratetemporaldiscretizationaregivenas

ζn+1−ζn

∆t
=F(ζn+1) (4.26)

and
3ζn+1−4ζn+ζn−1

2∆t
=F(ζn+1) (4.27)

wherenisthevalueatthecurrenttimelevel(t),n+1thevalueatthenexttime

level(t+∆t),andn−1thevalueattheprevioustimelevel(t−∆t).Depending

onwhichlevelofaccuracyischosen,theEquation4.26or4.27issolvediteratively

ateachtimelevelforζn+1whichiscalledimplicittimeintegration.

Thetime-step,∆t,appliedforthetime-marchingisthedeterminingparameter

ofstabilityandconvergenceofthesolution. TheCourant-Friedrichs-LevyCFL

criterionstatesthefollowingstabilitycondition

CFL=∆t
n

i=i

uxi
∆xi

≤1 (4.28)

whereCFListheCourantnumber,∆xithelengthinterval(eg.ofthecell),and

uxithevelocityinxi-direction. WhiletheCFLconditionisarequirementfor

explicitschemes,thisisnotthecaseforimplicitschemes.However,itprovidesa

suitablefirstestimateforthetime-step.Equation4.28statesthat∆t≤∆xi/uxi.

Asthelocalflowvelocitiesinflowfieldarenotknownapriori,arangeoftime-steps

needtobeemployedinordertofindtheappropriatevalueintermsofconvergence

andcomputationalefficiency.

Inimplicitformulation,thereisnocriterionforthesolutionstabilityfordeter-

miningthetime-stepsize∆t.Inordertopredictthetime-dependentflowprocesses

accurately,itishoweverimportanttosetasuitablevaluefor∆t.Inthepresent

computations,∆tischosensuchthatthenumberofinneriterationspertimestep

wouldensuresolutionconvergenceastheflowtimeproceeds.Atypicaltransient

flowproblemhasaquickerstart-upwhichrapidlydecaysfurther. Asmaller∆t

isthereforechoseninitiallywhichcangraduallybeincreasedforfurtherflowtime

steps.ConvectivecellCourantnumberwithinthesolutiondomainisameasure
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tocheckifthetime-stepsizeisappropriateornot.Figure4.6showsthatthecell

Courantnumberislessthan1formajorportionofthedomainwhileitislessthan

10inmoresensitiveregionsaroundthebladeswhichisacceptable(Vahdatietal.,

1992).

Figure4.6:CellconvectiveCourantnumber

4.3.6 Computationalconsiderations

Thecomplexityofthephysicsinvolvedinthesimulationandsizeofthecomputa-

tionaldomaininvokedtheuseofthe Windowsbased5eight-coreclusterlocated

atInstitutPPRIMEinENSMA.Thisclusterwasoperatedfromalocalsystem

whichhasan8GBsystemmemoryand3GHzprocessingspeed.Eachcomputation

wasperformedonaspecificserver.Duetotheexpectedtransientbehaviourofthe

CFDsolutionwithinthefirsthalfoftheturbine’srotation,thesolutionforthefirst

rotationcyclewasnottakenintoconsideration.Followingthesignificantdiffer-

encesintheflowfields,transitiontothecompleteflowdevelopmentwasidentified

afterthefirstrotationcycleiscompleted.Althoughthesedifferencesintheflow

fielddevelopmentwerefoundnegligibleduringthesecondrotationoftheturbine,

onlytheflowsolutioncorrespondingtothethirdrotationcycleisconsideredfor

allofthecasestoensuresufficientdevelopmentofthewakezonedownstreamof

theturbine.

4.4 Post-processing

Duringthesolutionprocess,theresidualsofcomputationandtheevolutionofthe

flowparameterssuchasbladeloadingwithrespecttoiteration/flowtimeare

plottedtoassesstheconvergencebehaviour.Oncethesolutionisconverged,the

lastdatasetconsistingoftheinformationaboutthevelocityandpressureateach

meshnodeisstoredasthefinalsolution.Inordertointerpretthecomputational

findings,theentiredatamustbereducedtoanintelligiblesize,whichenablescriti-

calanalyzesofdifferentsimulationsandcomparisonwithexternaldata.Following
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typesofpost-processingareusedalongtheturbine’scycleduringthecomputa-

tionalstudies.

•Solutionfileoflastcomputationtoresumetheprocessifnecessary

•Hydrodynamicloadingontheblades

•Pressuredistributionontheblades

•Contourplots(pressure,velocity,vorticityetc...)

•Vectorplots

•Streamlineplots

•Composedscenesthatshowmorethanoneoftheaboveinasinglefigure

Inadditiontodirectretrievalofvariousvectorandcontourplots,andforce

datafromthesolveroutputforstandardvisualization,additionalpost-processing

techniquesarerequiredtopresenttheperformancedataandvisualizationofad-

vancedflowparameters.Thecalculationofturbine’sperformanceparameterssuch

astorqueandcoefficientofpower(COP)arecalculatedfromthehydrodynamic

loaddistributionoverthebladesforonecompletecycle.ThecalculatedCOPval-

ues,askeyindicatorofperformanceanddesignimprovement,arefurtherusedto

developresponsesurfacesfordifferentmodelsandoperatingconditions.

InspiteofstrongcapabilitiesofanycommercialCFDpackageinprocessing

andpresentingtheoutputdatainacustomizedmanner,itisgenerallynecessary

toextractthefielddataofdifferentflowvariablesfromthesolutiondomainus-

inganexternalpost-processingtool.Thisisparticularlyimportantincalculating

advancedparameterstohaveanenhancedphysicalunderstanding.Onesuchpa-

rameterisQ-criterionwhichidentifiescoherentvorticalstructureswithintheflow

field.Tecplotisusedasacommonvisualizationplatformforbothcomputational

andexperimentalresults.Also,additionalimagesandplotswereobtainedusing

Matlabforcomparingtheresultsoftheoretical,numericalandexperimentaldata.

4.5 Fidelityandadequacyofnumerical models

Existenceofseveralnumericalmodelsandtheiradaptablesuitabilitytoaspe-

cificflowproblemopensthedoorsforuncertainorsometimeswrongresults.It

isthereforenecessarytoexaminetheselectedmodels,particularlymeshtypeand

turbulencemodel,basedontheirfidelityandadequacy.Asdiscussedinsection4.2,

Chimeratechniqueisarealisticoptionforspatialdiscretizationinordertoincor-

poratemultiplemotionsinthedomain. Whilealleviatingthedrawbacksofsliding

interfaceforsimulatingtherelativemotionbetweendifferentregions,Chimera

gridsofferitssuitabilityforhighfidelitymovingmeshcomputations(Zagariset
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al.,2010;Gerolymoetal.,2002).Howeverthereisafunctionalrequirementforef-

ficientinter-gridconnectivitybetweenthemovingandnon-movingregions,which

considerablyincreasesthesimulationmemoryaswellascomputationalcost.Also,

weakinterfacecausessolutioninstabilities.

Whiletheavailabilityofnumerousgridschemestodiscretizetheflowdomain

createawiderscopeformeshingpossibilities,thisalsoleadstoalittleconfusion

inchoosingtherightmeshtopology.Acriticalevaluationofsolver’scapabilities

andsensitivitiesisthereforenecessaryforselectingthebestsuitablemeshtype.

Baker(2005)providedabasicunderstandingofdifferentmeshtypesfortheirease

ofuseandviscousaccuracy. FromFigure4.7,itisclearthatbetteraccuracy

inviscousflowmodelingdemandsincreasingeffortsinhandlingthemesh. The

structuredmultiblockgridsareknowntoproducethemostaccurateresultsat

higherdifficultywhilethecaseisreversewithsimpleCartesiangrids.Onacom-

promise,thestructuredoversetmeshesbringaacceptableaccuracyatmanageable

gridcomplexitywhichisakeytraitinsimulatingthelargeflowdomains.

Figure4.7:Dependenceofcomputationaleffortonthemeshtype(Baker,2005)

Misconceptionsaboutdiscretizationsuchasfinemesheswithcoarsetimesteps

orcoarsemesheswithfinetimesteps,wereavoidedtopreventpoorqualityresults.

Numericalerrorsduetoiterativeprocedures,spatialandtemporaldiscretization

etc...wereproperlyhandledanduncertaintyanalysiswastakenintoconsideration.

Complexityinthephysicsofachievingspecificobjectivessuchasvortexshed-

dingfromthebladesraisesmoreconcernaboutthedefinitionofboundarycondi-
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tionsandtheselectionofrightsolver.ThisisevidentfromtheworkofSchmidt

andThiele(2002)inwhichtheperformanceofvariousturbulencemodelswere

assessedtosimulatetheflowoverwall-mountedcubes.Severalscholarsdescribed

theunsatisfactoryperformanceofRANSmodelingduetonumberofoptionsavail-

ablethatwouldgowrongunlesstheyareproperlymanaged. Thecapabilities

ofSSTk−ωweredeeplyunderstoodbytheauthorinefficientlyanalysingpar-

tiallyseparatedflows.Tomyexperience,thereisadramaticdifferencebetween

k− andk−ωmodelsinpredictingtheeffectiveviscositydistributions,which

isoneofthekeyparametersinthisproject. Althoughthismightnotinfluence

theoverallanalysistoalargerextent,onemaylosetheconfidenceintheadapted

methodology.

Thereasonwhyk−ωmodelisconsideredsuperiortok− modelisthat

theformerdoesn’tneedwalldampingfunctionswhenitisappliedthroughoutthe

boundarylayer. Wilcox(1998)notedtheadvantageofimplementingk−ωmodel

overk− incaseofwallboundedflowswhereadversepressuregradientsprevail.

However,aprecisespecificationofthespecificdissipationrateofturbulentkinetic

energyforthefree-streamflowisnecessaryfork−ωmodel.Althoughanarbitrary

valuecanbeassumedforω,thereisaseriousdependencyofsolutionaccuracyon

theinputvalueofω(Menter,1992).

OneofthemajorcontributionsofSSTk−ωmodeltoincreasethetruston

thecomputationalresults,particularlyforlowReynoldsnumberflows,isthatthe

modelwiththebestnearwalltreatmentcanreflexivelyswitchfromwallfunction

approachtolow-Reynoldsnumberschemedependingonthegridspacingwhich

usuallyprovidesimprovedperformancecomparedtootherRANSmodels. Al-

thoughsomescholars(LutumandCottier,2011;Ravietal.,2013)arguedthat

SSTk−ωtendstopredictexcessiveandearlytransition,themodelismoresuit-

ableforcomplexboundarylayerflowswithflowseparationunderadversepressure

gradient. Totheendofnumericalstability,shearstresstransportmodelisbet-

terthanothersasitdoesemployviscousdampingfunctionsbutstraightforward

Dirichletboundaryconditions. AlltheseconsiderationsmadeSSTk−ωmodel

aworkhorseforthepresentproject.InChapter5,thestrengthsanddrawbacks

ofthesenumericalmodelswillbevisuallydescribedthroughthevalidation,which

willmakefirmcommentsontheirapplicabilityandlimitationsinrealproblems.

4.6 Meshindependencestudy

Inordertoestablishbetteraccuracyincomputations,meshdependencyisinves-

tigatedforspecificsofsolutiondomainsuchasinstantaneoustorquevalueand

thenumberofcellsineachflowregion. Asthesizeofcomputationaldomainis

concerned,thefocusisprimarilydirectedtothenumberofcellsandnodes. To

examinethemeshindependenceissues,thesimulationresultsoftorqueevolution
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foronebladeforonecompletecycleareconsidered.Figure4.8comparestheper-

formanceofthreedifferentmeshes,whosestatisticsarefurnishedinTable4.4.

Theresultsobtainedfromallofthethreemeshesaresimilarforazimuthposition

α∈[0o,110o].Thereisavortexsheddingfromthebladeasthebladeisaboutto

commenceitssecondquadrantofrotationandblade-vortexinteractionduringits

travelinthethirdquadrant.Thesephysicalphenomenaarereflectedinthemesh

independencestudyforα∈[110o,300o].Thecoarserresolution(Mesh1)hasfailed

incapturingthevortexsheddingwhileMesh2and3havesuccessfullyresolved

this. WithdueconsiderationofCPUeffortneededforhighlyrefinedmeshes,this

studycontinuedwiththe’fine’mesh(Mesh2).

Figure4.8:MeshindependencestudyforavelocityV0=1m/sandtip-speedratio
λ=2

Cellsineachoversetregion Cellsinbackgroundregion
Mesh1  26902 284046
Mesh2  29657 320985
Mesh3  33235 361083

Table4.4:Statisticsofdifferentmeshes

4.7 Benchmarking

TheimportanceofbenchmarkingstudiesinCFDanalysisandvalidationwasiden-

tifiedbyIaccarino(2001).Inthepresentstudy,aclassicalDarrieusturbinewith

fixedbladesisexaminedusingmovingmeshes.Theseresultsarelatercompared
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Tip-speedratio(λ) Free-streamvelocity(V0)
1.5 1.0,1.5,2.0,2.5,3.0
2.0 1.0,1.5,2.0,2.5,3.0
2.5 1.0,1.5,2.0,2.5,3.0
3.0 1.0,1.5,2.0,2.5,3.0
3.5 1.0,1.5,2.0,2.5,3.0

Table4.5:CFDtestmatrixforbenchmarkingstudies

withpitchingbladesforglobalquantitativeresultsaswellasflowfieldsacrossthe

turbinefordifferentazimuthpositions.Table4.5providestheanalysismatrixof

operatingconditionsforwhichthebenchmarkingstudieswereperformed. The

baselinecaseconsistsoftip-speedratioλ=2andfree-streamvelocityV0=1m/s.

CFDpredictionsofthetorqueevolutionofasinglebladeasittravelsaround

theazimuthforafreestreamvelocityof1m/soverarangeoftip-speedratios

areshowninFigure4.9(a).Thebladekinematicsprovidestheinformationabout

theblade’slocalincidencewithrespecttotheincidentvelocitywhichisthekeyin

calculatingthetorque.Positivetorquerepresentsthepowerextractionresultingin

propulsionfromtheflowandnegativeresultsinpowerloss.Iftheblade’smotion

andthetangentialhydrodynamicforceexperiencedbythebladeareinthesame

direction,thenthetorquewillbepositive,otherwisetorquewillbenegativewhich

willleadtopowerlosttotheflow.Itisinterestingtonoticethatmostpropulsive

andpowerlossfeaturesareattributedtothefronthalfoftheblade’srotation

(0o<α<180o)whiletherearhalfiscomparativelysilentintorquefluctuations.

Onecanseethedecreasingtrendintorqueevolutionintherearhalfofthecycle

asthetip-speedratioλincreases.TheproductofinstantaneoustorqueTacting

onthebladeandrotationalvelocityofthedeviceωgivesthepowerPproducedby

thebladeatagiveninstant. WithsweptareaAofthedeviceandfluiddensityρ

beingknown,theCoefficientofPowerCOPisthencalculatedusingtheEquation

2.11.

4.7.1 Effectoftip-speedratioλ

Oneofthemostinfluentialparametersindesigninganyrotatingmachineisthetip-

speedratioλwhoseeffectiscriticalinidentifyingtheoptimaloperatingconditions

toobtainthemaximumperformance.Recallingtheillustrationofpoweroutput

oftheturbineinaconfinedflowaspresentedinsection2.5,thecorrectedCOPs

herearecalculatedfrom

COPcorrected=(1−b)
2.COPcalculated (4.29)

wherebistheblockageratio.SincealloftheCFDstudiesareperformedina

2Ddomainwithawidthof1.6m,thecorrespondingblockageratiobisequalto
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0.375. Figure4.9(b)showsthecorrectedCOPplotsofthedevicefordifferent

velocities.Theoptimalvaluefortip-speedratioλoptwasfoundtobe2.5beyond

whichtheperformancecharacteristicsdeteriorate.Themeantorqueproportionally

increaseswithtip-speedratioλandreachesthemaximumatλ=2.5andthenfalls

down.Inthelimitingcases(vanishingorinfiniteλ),theturbinewillrotatejust

neutrallywithoutproducingenergy.TheCOPcurveontheleftsideofthepeak

iscontrolledbythebladestall,whichisassociatedwithlowvaluesofλandhigh

valuesofrelativeincidence.TheseresultsareconsistentwiththestudiesofIonescu

(2014),MalaulandDumitrescu(2014),Gosselinetal.(2013)andSamaraweera

(2010). Ontheotherhand,relativeincidencedecreasesontherightsideofthe

peakwhichleadstolowerpoweroutput.Reynoldseffectisnotverysignificantfor

theclassicalDarrieuscase.TheshapeoftheCOP-λcurveismainlydependenton

thehydrofoil’sdesignandsolidityσoftheturbine(Brydenetal.,1998).These

resultsareconsistentwiththeturbinesofsimilarσstudiedbyIonescuetal.(2014).

(a) (b)

Figure4.9:CFDanalysisofclassicalDarrieusturbinewithfixedblades.Instan-
taneoustorqueplotforasinglebladeforacompletecycle(left),andCorrected
COPvstipspeedratioλ(right)

4.7.2 Flowfieldvisualization

Beforeunderstandingthecompletepictureofthehydrodynamicforcesexperienced

bythebladesatdifferentazimuthposition,itisnecessarytoobservethevelocity

fieldsaroundtheblades.ThisisconvenientlyobtainedfromCFDcomputations.

Forthesakeofunderstanding,thebladeazimuthpositionαisdiscriminatedfrom

theglobalazimuthpositionoftheturbineΨ. Figure4.10showsthedifference
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betweenthesetwovariables.αisrelatedtothelocationofanindividualblade

withrespecttothereferenceaxeswhileΨdescribestheangularpositioningofthe

turbineasawholerelativetothereferenceaxes.

Figure4.10:Illustrationofbladeazimuthpositionαandglobalazimuthposition
ofturbineΨ

Figure4.11portraysthecomputationallypredictedinstantaneousvelocityvec-

torsacrosstheturbinewhentheglobalazimuthpositionΨcorrespondsto0o.

Momentumlossduetopowerextractiondownstreamoftheturbineisevident.

Figure4.12showstheinstantaneousnormalizedvelocitycomponentsplottedat

differenthorizontaldistances,bothupstreamanddownstream,fromtheturbine’s

centre. Whilethevelocityprofileisflatat2R(=0.6m)aheadoftheturbine,con-

siderablefluctuationsareobservedwithintherotoranddownstream. Variation

inthevelocitycomponentsisnotobservedatadistance2Raheadoftheturbine,

whiletheY-rangeof[-2R,2R]iscriticalwithconsiderablefluctuations.Itmeans

thatalargeportionofvelocityvariationsisconcentratedwithin1mdiameter

aroundtheturbine’scentre,foragivendiameterof0.6mandatip-speedratio

λ=2andfree-streamvelocityV0=1m/s.ThereisaseriousdropinX-velocity

astheflowentersandprogressestheturbine’sregion.Thisresultsinaverylow

impactvelocityinX-directionoftheflowontothebladeatα=270oforX=R.

FromFigures4.11and4.12,itisconcludedthattheX-velocityalmostremains

unchangedastheflowpassesfromthecentretotherearhalfoftheturbine,which

isconsistentwiththetorqueextractiondepictedinFigure4.9(a). Ontheother

hand,theturbine’sangularmotionincounter-clockwiserotationattemptstodevi-

atetheflowupwardswhichcontributestoamorepulsatingY-velocitycomponent.
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Figure4.11:Instantaneousvelocityvectorsarounda2DDarrieusturbinewith
fixedbladesforatip-speedratioλ=2andfree-streamvelocityV0=1m/s

Figure4.12:NormalizedvelocitycomponentsinX(top)andY(bottom)directions
acrosstheturbineatvariousazimuthpositionsoftheblade

4.7.3 Torqueextraction

Withtheinformationavailablefromthevelocityfields,theforcesexperiencedby

thebladecanbescrutinizedasthebladepositioningduringtheturbinerotation

isassociatedwithvaryinganglesofattack.Figure4.13assistswithpressurecoef-

ficientcontourplot,superimposedbystreamlinesataglobalazimuthpositionΨ

of0o.Forλ=2andV0=1m/s,theactualapparentvelocitydeviatesfromthe

theoreticalkinematics,resultinginlowvaluesofbothliftanddrag,andslightly

negativetorque.Poweroutputincreasesasthebladepassesthroughthefrontal

halfofturbine’scycle. Mostinterestingly,90oazimuthlocationofthebladecorre-

spondingtohalfwaydownthefrontalhalfisassociatedwiththemaximumpower
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Figure4.13:Hydrodynamicanalysisoftorqueextractionfromtheturbineusing
thecomputationalpressurefieldwithstreamlinessuperimposedwhentheturbine
isatanazimuthpositionΨequalto0o

outputduetoitslargeapparentincidence. Thebladeprofileatquartercycle

locationexperiencesahugepressuredifferentialbetweenbothofitssides;high

pressureregiononleftandlowpressurezoneonrightside.Furthermovingdown,

thebladeatα=180oprovidesalmostnopowerandthistrendcontinuesthrough

therearhalfofthecyclewithnegligiblejumps.Theflowfieldsacrosstheturbine

whenΨisequalto30oand60oispresentedinFigure4.14allowingtocompletethe

observationsmadeatΨ=0o.Theconsistentincreaseinthestreamtubeexpansion

overthisareaismaterializedbyadistributedpatternofstreamlines,associated

withinherentpowerloss.

4.7.4 Vorticityfieldaroundtheblade

Oneoftheobjectivesofthisstudyistounderstandthevorticitydistribution

andreducethevortexsheddingfromtheblade.Acarefulexaminationiscarried

outtocharacterizethevorticityfieldsaroundthebladeandpossibleblade-vortex

interaction(BVI).Sincethevorticityfieldaroundthebladeisinsignificantforα∈

84



CHAPTER4. FIXEDBLADEMODEL:CFDANALYSIS

a b

Instantaneousvelocityvectorsacrosstheturbine

a b

Instantaneousvelocityvectorsacrosstheturbine

Figure4.14:CFDpredictionsofflowpatternsduringtheturbine’soperationwith
atip-speedratioλ=2andfree-streamvelocityV0=1m/satdifferentglobal
azimuthalpositionsΨ

[270,90],thepresentdiscussionisconfinedtoα=90o−270o.Thecompletevortex

sheddingprocessandinteractionbetweenthebladeandvortexaremanifestedin

Figure4.15foratip-speedratioλof2andfree-streamvelocityV0=1.5m/s.

TheBVIisnotnecessarilytobewitheitherleadingedgevortexortrailingedge

vortex. Forinstance,inthepresentcase,theleadingedgevortexisreleased

ataboutα=154oandislaterinteractedbythesamebladeinthefollowing

rotationwhereasthetrailingedgevortexreleasedhalfacycleearlierisinteracted

bythefollowingblade. Whentheturbinerotatesathigherspeeds,corresponding

tolargervaluesoftip-speedratioλ,thewakedevelopedbythebladeconvects

downstreamrelativelyslowlywhilethefollowingbladecanquicklycatch-upthese

flowstructuresandthereforestrongblade-vortexinteractionwillbemorelikelyto

generateunsteadyvortices.Thereisapossibleimpactofblade-vortexinteraction

onthestrengthofthevortexdevelopedinthenextportionofcycleandonthe

globalfluiddynamicloadingontheblade.Thefluidinteractionwiththevortex

sheddingfromthebladecanleadtolocalizedflowperturbationsintheblade

incidenceduetoinfluencedhydrodynamicloadingonit.
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Azimuth
position Vorticitycontour  Comments

α=93.4o
Flowisattachedtotheprofile,although
asmallvortexisstartedonthelow-
pressureside. Novortexisshedfrom
theblade.

α=123.5o Vortexgrowsbiggerandisabouttode-
tachfromtheprofile.

α=153.5o
Vortexexpansiononthelowpressure
zonetakesplaceasthebladeheadsto
hitthevortexreleasedbythepreceding
blade.

α=183.6o

Complexityintheflowcharacteristics
duetolargeturbulencescalesincreases
asthereisavortex-vortexinteraction.
Athighertip-speedratios,thesestrong
unsteadyvortexstructuresdiffuseslowly
comparedtotheturbine’srotationand
catchupthefollowingblade.

α=213.7o
Bladepenetratesintothevortexwhich
resultsinanimpulsivechangeinthehy-
drodynamicloadingoftheblade.

α=243.8o

Blade-vortexinteractionisending,re-
sultingvortexisleftbehindtheblade.
Progressivereattachmentoftheflow
overthebladeisevident. Another
weakvortexdetachesfromleadingedge,
whichdoesnotsurviveforalongtime.

α=273.9o Flowiscompletelyreattachedwithneg-
ligibleperturbations.

Figure4.15: Vortexsheddingandblade-vortexinteractionincaseofDarrieus
turbinewithfixedbladesatλ=2andV0=1.5m/s
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4.8 Parametricanalysis

4.8.1 Effectoffree-streamvelocityV0

(a)AzimuthalvariationofCOP
withV0forasingleblade

(b)COPasafunctionofλandV0

Figure4.16:Effectoffree-streamvelocityV0ontheturbine’scoefficientofpower
COP

Figure4.16(a)showstheazimuthalvariationofpowercoefficientCOPwith

thefree-streamvelocityV0forasinglebladeforonecompletecycle. Although

theglobaltrendoftorquethroughouttheazimuthseemsinvariable,thepeaksof

theCOPcurveexplicitlychangewithrespecttoV0.Itisobviousthatthepower

extractioncapacityduringthefronthalfofthecycleproportionallyincreaseswith

V0duetohigherrelativeincidenceofthebladewhilenosignificanteffectonthe

rearhalfofcycleisevidentbecauselowrelativeincidenceoftheblade.Itis

observedfromFigure4.16(b)thatthemaximumachievablecoefficientofpower

increaseswithincreasingV0.Itisinterestingtonoticethattherateofincreasein

coefficientofpowerdecreaseswiththeincreaseinV0.

Effectoffree-streamvelocityV0ontheflowpatternaroundtheturbinerotor

ispresentedinFigure4.17throughtheCFDpredictedpressurecontourswith

streamlines.Alloftheimagescorrespondtotherotor’spositionataglobalazimuth

positionΨ=0o. Threemajorobservationsaremade. Thefirstobservationis

concernedaboutthelocalflowfieldaroundtheblade. Althoughtherotational

motionoftheturbineisreflectedintheflowfieldthroughtheslightdeviationof

streamlines,thebladeattheazimuthpositionα=0oseemswell-alignedwiththe

incomingflow. Dissimilarityinthepressurecontoursarehighlightedatα=90o

wherethepressureontheuppersurfaceofthebladeboosts-upasV0increases.
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(a)λ=2,V0=0.25m/s (b)λ=2,V0=0.50m/s (c)λ=2,V0=0.75m/s

(d)λ=2,V0=1.5m/s (e)λ=2,V0=2.0m/s (f)λ=2,V0=2.5m/s

Figure4.17:EffectofReynoldsnumberontheflowacrosstheturbine

Thismeansthatthebladeatthislocationiscapableofproducinghigherliftforce.

Thisisalsothereasonforextractingthelargestamountofpowerduringthe

front-halfofthecycle.Atα=180o,thepressurevariationsontheblade’supper

surfacekeepincreasingwithlocalReynoldsnumberwhilenosignificanteffectsare

observedatα=270o.

Lookingatthestreamlineorientationwithintherotor,itisclearlyaffectedby

thechangesinV0.Thestreamlinesdownstreamoftherotorarelargelyinfluenced

forV0lessthan1m/s(i.e.forthefirstthreecases),whilelittleimpactisseenfor

V0greaterthan1m/s.Finally,asexpected,thereisaclearmagnificationofscalar

contours.Also,themarkerdistanceonthestreamlinesisproportionallyincreased

withV0.Apartfromtheseexpectedandconsistentchangesintheflowfieldacross

therotorwithfree-streamvelocity,thereisnofundamentaldisparityintheflow

physicswhichconcludesthatitispossibletoscaletheexperimentalresultsoflow

Reynoldsnumberflowsaroundtheturbinetofull-scaleanalysis.

4.8.2 Effectofsolidityσ

OneofthemajoroperationalproblemswiththeDarrieusturbines,weatheritisin

windortidalapplications,isthevibrationofthedeviceduetocyclicloadingon

thebladesexertedbythefluidflow.Althoughthevibrationsduetoimbalanced

designingcanbefixedduringthemanufacturingprocess,theloadingbehaviour

oftangentialandradialforcesonthebladesisdifficulttocontrol. Whenthe
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rotationalspeedoftheturbineiscontrolledtoexploitthemaximumpower,the

devicegetsexcited. Generally,thenormalforcecomponentplaysthemajorrole

inthisphenomenon. AsshowninFigure4.18,helicalbladescandistributethe

cyclicloadingtosomeextent.Butthepenaltyishighermanufacturingcosts.

(a)@60RPM (b)@90RPM (b)@120RPM

Figure4.18:Instantaneoustorquecoefficientwithstraightandhelicalblades
(Alaimoetal.,2015)

Theroleofsolidityσoftheturbineisnoteworthyregardingthevibrationsas

wellastheoverallperformance. Highsoliditieswouldresultinrelativelylower

rotationalspeeds,hencetherewouldachuckonthedeviceexcitation.However,

thereisapenaltyinthepowercharacteristicsoftheturbinewithhighersolidities

becauseofdecreasedhydrodynamicefficiencyoftheblade.Highsoliditydesigns

areknownforlargerchord-to-radiusratioL/R,higherrateofpitchingmotionsand

possibleblade-vortexinteractions,whichmaketheflowphysicsdifferentandmore

complexthanthelowsoliditymodels(Sheldahletal.,1980;McLarenetal.,2012a,

2012b).Thismadethemotivationtostudytheeffectofsolidityontheflowfield

developmentacrosstheturbine,althoughtheimprovementofdeviceefficiencyis

outofthescopeofpresentresearch.Thestudiesaboutthesolidityeffectsusing

streamtube modelsbyParaschivoiu(1988),Sheldahletal. (1980)andSouth

andRangi(1975)lackthedetailedinformationaboutthevorticitydistributions.

Tothisend,URANSmodelinghasbecomecaptiousforfieldanalysisaswellas

performanceevaluation.

Modelno. Chord(L) Radius(R) Solidity(σ) L/R Rotationalvelocityωforλ=2
1 0.08m  0.20m 0.800 0.40 10rad/s
2 0.08m  0.25m 0.640 0.32 8rad/s
3(base)  0.08m  0.30m 0.533  0.27 6.67rad/s
4 0.08m  0.35m 0.457 0.23 5.71rad/s

Table4.6:Turbinemodelsunderstudyonthebasisofsolidityσ
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Tostudytheeffectsofturbinesolidityontheflowdevelopmentandoverall

performance,fourcaseswithdifferentrotorradiusweretested.Thedesigndetails

ofthesefourmodelsarepresentedinTable4.6.Solidityσhasaninverserelation-

shipwiththerotordiameter;lowestsolidityindicatesthelargestsizeoftherotor.

Theresultspresentedinthissectioncorrespondtothesameoperatingconditions

oftip-speedratioλ=2andfree-streamvelocityV0=1m/s.

(a) (b)

Figure4.19:Effectofsolidityonthedistributionofforcecoefficients

ThecomputationalfindingsofforcecoefficientsthroughtheazimuthinFigure

4.19showstheinstantaneousimpactofsolidityσonthebladeloading. Mostof

theloadingisconcentratedduringthefronthalfofthecyclebetweentheazimuth

angle0o<Ψ<180oandleastloadingiswitnessedduringtherearhalfofthecycle

of180o<Ψ<360o.Thefluctuationsinthenormalforcedistributionwhichleads

toturbine’svibrationsdecreasewiththesolidityσ.Thedifferenceinthetangential

forcedistributionwithsoliditywhichcontributestothethrustisarticulatedinthe

Figure4.20(a)throughthevariationoftorque.Theglobaleffectofsolidityσon

theturbine’sperformanceisquantifiedintermsoftheCOPplotswhichareshown

inFigure4.20(b).Itisshownthatlargersoliditymodelsproducelowerpower

duetoreducedareasweptbytheturbine. Athighersolidityσ,theinitialpart

oftheCOPcurveisbumpy,whichbecomesstraightasthesolidityσdecreases.

Althoughtheoptimumtip-speedratioλoptremainsidenticalforallofthemodels,

themaximumvalueofCOPisattainedwiththelowestsoliditymodel.

Figure4.21showsthecontourplotsofCOPonthedimensionsofoperational

conditionsforModel1(σ=0.8)andModel3(σ=0.533).Foragivenoperating

rangeof1<V0<3,thecomparisonbetweenthetwoplotsdemonstratethatthe
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(a) (b)

Figure4.20:Effectofsolidityontheturbine’storquecharacteristics

modelwithhighersolidityhasthemaximumCOPof0.16(27%oftheBetzlimit)

whereasthemodelwithlowersolidityhasthepeakCOPof0.33(56%oftheBetz

limit),whichcorrespondstoadifferenceofmorethan100%intheperformance.

Anotherobservationisabouttheoperatingrangewhichiswiderforlowersolidity

modelcomparedtothehigherσduetothereasonsmentionedinsection2.5.

(a)σ=0.8(Model1) (b)σ=0.533(Model3)

Figure4.21:EffectofsolidityσonCOPdistributionunderdifferentoperating
conditions
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Figure4.22:Relationshipbetweeneffectiveangleofattackγ,reducedfrequency
F,andtip-speedratioλ

Theratioofbladechordtotherotorradiusgivesthechord-to-radiusratio

(L/R),which makesanimportantdesigncriterionfromdynamicsstandpoint.

Sincethechordofthebladeiskeptconstantthroughoutthestudies,thechanges

inlocalReynoldsnumberandhencethestallangledonotexist. Ontheother

hand,largersizesoftherotordefinitelyincreasethepoweroutputwithincreasing

loadsontheblades.Also,thereareseriouscostimplicationswiththehigherro-

tordiameters.ThereasonforexaminingtheratioL/Risthatitdetermineshow

pronetheturbineistodynamicstalloncethebladeincidenceexceedsthestatic

stallangle(Ametetal.,2009). RecallingtheEquation,whichrelatestheblade

incidenceγ,azimuthpositionαandtip-speedratioλ,thereducedfrequencyas

givenbyAmetetal.(2009)isdefinedby

F=
L

R
.

1

2(λ−1)θmax
(4.30)

Figure4.22showsthecompositeplotsofγ−αrelationshipandreducedfrequencies

fortheselectedturbinesmodels.ConsideringthestaticstallangleofNACA0015

tobe14o,theoccurrenceofstallisstronglypredictedforallofthemodels.Itisalso

revealedbyMiglioreetal.(2012)thatthemodelswithlargerL/Rvaluesgenerally

exhibitenhancedflowcurvatureeffectsandhenceaffectthebladeefficiency.Since

theefficiencymeasurementsarenotcoveredinthisresearch,furtherevaluations

werenotperformedatthispointoftime.

Figure4.23showsthevorticitycontoursontheleft,andintegratedpressure-

velocitydistributionsontherightforthefourmodelslistedinTable4.6. The
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complexityoftheflowfieldisrelativelyhigherforthehighestsoliditydesign(Model

1)andfollowingthedecreasingtrendasthesoliditydecreases.Thisismainlydue

totherapidlypitchingbladeswhicharemorelikelytoshedvortices. Asallof

thepicturescorrespondtoanazimuthpositionΨ=0o,thereisacleardistinction

betweenthesoliditymodelsintermsofthedistancedbetweenthebladeatbottom

ofthecycleandthestrongvortexaheadofit. Asthesolidityσincreases,the

distanceddecreases,andthereforethemodelswithsufficientlylargesoliditymay

notexperiencetheblade-vortexinteraction. Also,thesizeofthewakeregion

downstreamoftherotorobviouslydecreaseswiththesolidityσ.

4.9 Conclusion

WhileexplainingtheCFDmethodologyadaptedinthisresearch,thischapter

providedtheturbinemodelspecificationsandspatialdiscretizationandappropri-

ateboundaryconditions.Theprocessingdetailsmainlyillustratedtheturbulence

modelingtechniqueswithtemporaldiscretizationandcomputingconsiderationsto

meetthetimeandresourceconstraints.Thefidelityandadequacyofthechosen

computationalmodelswasdiscussedwhichhighlightedthattheSSTk−ωviscous

modelisthemostsuitablefortheflowacrossalowspeedDarrieusturbine.The

referencetestcaseoftip-speedratioλ=2isdiscussed.Inadditiontotheeffectof

tip-speedratioλ,thetorqueextractionmechanism,flowfielddevelopmentaround

thebladeaswellastheturbineweredetailed.Theturbulencemodelingexercise

wasextendedtoparametricstudiestoinvestigatetheeffectoffree-streamvelocity

V0.Forλ=2,themaximumCOPattainedbythebaseturbinemodelwiththeso-

lidityσ=0.533yieldedaCOPof56%ofBetzlimit.Theoptimumtip-speedratio

λoptwasfoundtobeapproximately2.5.InordertovalidatetheCFDresults,the

experimentalinvestigationfortheflowacrosstheDarrieusturbineshouldbeavail-

able.Nextchapterillustratesthedetailsofexperimentalcampaign,theresultsof

performanceandflowfieldswhichwouldcomplementtothenumericalanalysis.
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5.1 Introduction

Experimentalcampaignsthatwerecarriedoutduringthisresearchprojecttar-

getedtoacquirequantitativemeasurementsoftheDarrieusturbineintermsof

powercharacteristicsaswellastherelevantanalysisoftheflowaroundtheblades

andacrosstheturbineatvariousazimuthpositionsunderdifferentoperatingcon-

ditions. Thischapterpresentsthedetailsoftheexperimentalfacilityandthe
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proceduresusedtoacquirefull-rangepowercharacteristicsoftheturbine. Fol-

lowingthis,completeset-upofthePIVsystemusedforflowmeasurementsand

processingstepsarediscussed.Finally,theperformanceandflowfieldvisualiza-

tionsofvariousparametersobtainedfromCFDstudiesarevalidatedusingthe

PIVresults.

TheexperimentalfacilityatInstitutePprimefortowingtanktestshadbeen

adaptedtothestudyofcross-flowturbineatthebeginningofthisproject(Bard-

well,2013).Sincethestandardset-upandoperationalprocedureforturbinetest-

ingwasalreadyputinplacewhichwasadaptedforpresentstudy,theAuthor’s

contributiontotheexperimentalcampaignwasmainlyingeneratingthelowveloc-

ityflowenvironment,instantaneousdataacquisitionandpost-processing.Starting

withthefundamentalsofPIVexperimentalequipment,thischapterprovidesthe

explanationsabouteachprocedureandpresentsthemeasurementresults.

5.2 Two-dimensionaltwo-componentParticleIm-
ageVelocimetry(2-D2-CPIV)

Inthisresearch,theexperimentalinvestigationofflowacrosstheDarrieusturbine

usedTwo-dimensionaltwo-componentParticleImageVelocimetry(2-D2-CPIV)

system.ThefundamentalideaofPIVinfluidmechanicsexperimentsistocapture

theimagedoubletoftheflowwithcertaintimegapbetweenthem.Appropriate

seedingintheflowdomainofinterestisnecessarytoscatterthelightwhichis

capturedintheseimages.Thislightisgeneratedfromasourceoflaserillumination

whichcreatesaplaneofseedingparticles.Theapparentmotionoftheparticles

insuccessiveimagesprovidesthedisplacementvector. Thevelocityvectorsare

constructedbydividingtheparticledisplacementbythetimestepbetweenthe

images.Atypical2-D2-CPIVset-upcomprisesanumberofcomponentswhich

mainlyinclude:

1.Neutrallybuoyant,lightreflectiveparticles

2.Alasergeneratortocreateasheetofilluminationtolocatetheparticles

3.Acameratocapturethelightscatteredbytheparticles

4.APIVsoftwareforimageacquisitionanddataprocessing

Takingthesemajorcomponentsintoconsideration,thefollowingsectionsdescribe

theinstrumentsaswellasmethodsusedforPIVstudyinthisresearch.

5.2.1 Tracerparticles

PIVmeasurementofvelocityvectorswithintheflowfieldisbasicallyperformed

throughthecross-correlationofsuccessiveimagesoftracerparticles.Inthisregard,
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theparticle’sresponseinattainingthemotionequilibriumwiththefluidflowis

veryimportant.ThiscanbequantifiedbyusingStoke’snumberSk,definedas

Sk=
τV0
Lc

(5.1)

whereτistheparticleresponsetime,calculatedfrom

τ=
ρpd

2

18µ
(5.2)

Here,V0istheflowvelocity,Lcisthecharacteristicdimensionwhichisthechord

lengthofthebladeinpresentstudy,ρpisthetracerparticledensity,disthe

particlediameterandµisthedynamicviscosityofthefluid.LowerSk(say,<0.1)

wouldyieldatracingerroroflessthan1%.Forthemotionequilibriumbetween

theflowandtracerparticles,theparticleresponsetimeτmustbelessthanthe

smallesttimescaleoftheflow.Theseconsiderationsallowedthetracerparticles

tofollowtheflowwithoutnoticeabledeviation.

Apartfromparticle’sresponsetime,thesizeoftheparticlesmatterstotrace

themclearly. Ononehand,toosmallparticles,althoughbeinggoodflowtrac-

ers,cannotscatterthelaserlightadequatelyduetosizelimitation.Ontheother

hand,toolargeparticlesposethemassinertiaissues.LightscattersatMieregime

withtheparticlesoftheorderofmicro-metricsizewhichisgreaterthanthelaser

wavelength. Thestrongestscatteringhappensin-lineofincidentlightwhilethe

weakestscatteringoccursperpendiculartothecameraview.Sincescatteringin-

tensityplaysanimportantroleinthequalityofPIVimages,possiblymaximum

sizedparticlesarealwayssoughtof.

5.2.2 Integrationwindow

Cross-correlationprocessisusedtoobtainthemeanparticledisplacementinthe

observationwindow.Thetracerparticledensityshouldbewithinsuitablerange;

under-seedingwouldmissthestatisticalaccuracywhileover-seedingwouldcause

multiphaseflow.Literatureshowsthatthedesirablerangeofparticledensityis

109−1012particles/m3whichconfirmsaminimumof10particlesperintegration

window(Cruz,2008). Thewindowsizeishoweverdifficulttodeterminedueto

theoccurrenceofhugevelocitychangeswithinthedomain. Toosmallwindow

maylosetheparticleswhiletoolargewindowunavoidablyyieldsmeanflowcon-

ditions. Multi-passapproachplotsthesolutionforthisproblemwheretheprocess

commenceswiththelargerwindowandpre-shiftssmallsizedwindowsofnext

passesbymeansofthedistancemeasuredatcurrentpass. Thiscontinuesuntil

thesmallestfeasiblewindowsizeisachieved.Suchmulti-passtechniqueiscom-

binedwiththewindowdeformationtechniquesbasedonthespatialgradients.In

ordertoenhancetheutilizationofmeasurementdata,itisadvisedtooverlapthe
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neighbouringobservationwindows.

5.2.3 PIVprocessingsoftware

ThecompletePIVmeasurementsysteminvolvesvariousinterdependentsub-systems

suchaslaserilluminators,cameras,torquemeasurementsetc...VariousPIVhard-

wareandsoftwareareavailableinthemarketthatcouldmeetthemodernengineer-

ingandresearchrequirements.ThecurrentexperimentalstudyusedRDVision

EGandHirisforsynchronousimages,sensorsfordataacquisitionandLaVision

Davis8forPIVimageprocessing.

5.2.4 Imagereconstruction

(a)Forcamera1 (b)Forcamera2

Figure5.1:Calibrationtarget

Imagereconstructionistheprocessofacquiringthedisplacementvectorsin

theplaneofparticlesbyprojectingtherawdatafromtheimageplanebacktothe

objectplanethroughamappingfunction. Thecalibrationbasedreconstruction

procedureusesatypicalmappingfunction,definedas

q=g(Q) (5.3)

wheregisgenerallyapolynomialfunctionconsistingofunknowncoefficients.

Thesecoefficientsaredeterminedbyleast-squaremethodsbecausethenumberof

calibrationpointsonthetargetisusuallymorethanthenumberofpolynomial

coefficients.ThecalibrationtargetusedinPIVexperimentsisnormallyametal

platewithpredefinedgridpointsonit.Forthepresentexperimentalset-up,two

imagesofcalibrationplatearenecessary,asshowninFigure5.1,tocalibratethe

twocamerasusedforimagecapturing.
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5.3 Experimentalapparatusandprocedure

5.3.1 Turbine model

Theturbinemodelconsistsof4straightandfixedbladesoflength0.4mwith

NACA0015cross-section. Therotordiameteris0.6 mandthebladechord

lengthis8cm.Thetopflangeismadeofstainlesssteel.Polymethylmethacrylate

(PMMA)usedforthebottomflangeallowsthecamerastocapturetheflowaround

theblades.Figure5.2showstheturbinemodelusedintheexperimentalstudies.

Figure5.2:Turbinemodelusedinexperimentalstudies

5.3.2 Towingtankfacility

Inthisstudy,theexperimentswereperformedinthetowingtank,whichwas

20minlength,1.5mwideand1.3mdeepwithopticallytransparentsideand

bottomwallstoallowlaserbeamandPIVimagecapturerespectively,asshownin

Figure5.3(a).Thetowingtankprovidedaturbulence-freeenvironmentandcould

hostthewater-turbine,withablockageratiobasdefinedinsection2.5,equalto

0.1231. Thisensuressomeblockageeffectstotheflowpassage. ALeroySomer

Compablocreversiblegenerator(CB3135SB3)with5.65reductionratiowasused

torotatetheturbinewhosenominalpoweris3.4kWat2400RPM.AnNCTE

Series2200-75rotarytorquesensorwasfittedtogeneratorshaftalongwithan

angularindexinordertomeasurethehydrodynamicloadsactingonthemodel.

Sincetheexperimentswereconductedforvarioustip-speedratiosrangingfrom

0.5-5anddifferentflowvelocitiesfrom0.5m/s-1.5m/s,thedurationfordata

acquisitionandhencethesamplerateweredifferentfromcasetocaseforagiven

distanceofturbine’slinearmotion.

5.3.3 Flowdiagnostics

Inadditiontothetorquemeasurements,ahigh-resolutionParticleImageVelocime-

try(PIV)systemwasemployedtorealizecomprehensiveflowfieldmeasurements

toquantifymajorcharacteristicsoftheunsteadyflowaroundthemodel.Forthe
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(a) (b)

(c) (d)
(a)Turbinemodelinthestartingzoneofthetowingtank;(b)Optical

arrangementforlaserbeamseparation(c)CCDcameras;(d)Instantaneouslaser
sheetonthemid-planeoftheturbine

Figure5.3:Experimentalfacilityandinstruments

PIVmeasurements,a532nmwavelength&200mJpulsedual-headNd:YAGlaser

(QuantelBigSky)wasusedtosupplyillumination,whichwasseparatedintotwo

horizontalsheetsonanoptictableandenteringthetowingtankdiagonallyfrom

asidewindowasshowninFigure5.3(b). Thethicknessofthelasersheetin

measurementregionwasabout1.5mm. Figure5.3(c)showstwoJaiCV-M2

dual-frameCCDcameras(1600x1200pixels,15fpsmax.)situatedbelowthetow-

ingtankcapturethePIVimagesona1000mmx700mmarea,throughthetank

windowsandtransparentbottomflangeoftheturbine.Seedingwascomprisedof

20µmmeandiameterPolyamideparticles.TheCCDcamerasandthelaserwere

connectedtothehostcomputerthroughaDigitalDelayGenerator(RD-Vision

EG),whichcontrolledthetimingofthelaserilluminationandtheimageacquisi-

tion.ThePIVsystemsynchronizedwiththetorqueacquisitionandtheangular

indexyieldsphase-lockedsequencesofimagesets.Figure5.4showstheschematic

ofthePIVsystemusedinthepresentstudy.Thetowingmotionwasinitiatedso

thatoneoftheturbine’sbladesentersthePIVwindowatzeroazimuthposition.

Thisphasecontrolbetweenthecarriageandtheturbinewasachievedbyusing

theangularindexasastart-upsignaltothecarriagedrive.RDVisionEGdigi-

taldelaygeneratorwasusedforthispurposewhichdelayedthearbitraryinitial

angularpositiontoachieveafinal10oresolutionforentirecycle. Thisledtoa
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numberofexperimentsnmax foreachflowconfigurationasshowninTable5.1.

ThePIVtimingloopwasadjustedinsuchawaythatthesuccessivevelocityfields

for10-multipliedangulardisplacementswereobtained.

Freestream
velocity(V0)inm/s

Tip-speed
ratio(λ)

Phasedifferencebetween
consecutiveframes(φ)

Reconstructedphaseangles
with∆φ=10o

0.25 2.0 10
0.50 2.0 20 0,10(nmax=2)
0.75 2.0 30 0,10,20(nmax=3)
1.00 1.5 20 0,10(nmax=2)
1.00 2.0 30 0,10,20(nmax=3)
1.00 2.5 40 0,10,20,30(nmax=4)
1.5 2 40 0,10,20,30(nmax=4)

Table5.1:Themaximumnumberofrunsnmaxrequiredforeachflowconfiguration
toobtaina10oangularresolutionofbladepositioning

Oncetheturbinecrossesthelasertrigger,theilluminationstartsandimages

arecaptured.Thisprovidestheflowinformationof0.3mupstreamoftheturbine.

Laserandcamerascontinuetooperateevenaftertheturbinepassesthefieldof

view,whichgivesthedownstreamflowinformationcorrespondingto1.4m.

Apartfromthenatureofflowandboundaryconditions,thequantificationof

flowvariablesaroundthebladeatanypositionduringitsoperationisusuallyin

negotiationwiththelaserlightinthemeasurementplaneaswellasitsreflec-

tiononblade’ssurface,andtheappliedfeaturesforPIVpost-processing.Inthis

study,instantaneousPIVmeasurementswereobtainedbydual-frameFFTcross-

correlationusingDaVis8ImagingSoftwaredevelopedbyLaVision. Velocity

mapswerepost-processedusing4-stepmultipassalgorithmof64x64and32x32

pixelsrespectivelyanditerativeimagedeformation,inordertoovercomein-plane

pairlosslimitation. Aneffectiveoverlapof50%wasusedinimageprocessing

tofurtherincreasethespatialresolution.Thevelocityvectorsareformedbythe

velocitycomponents(VxandVy)andthevorticitywasderivedfromthecurlof

velocityvectors.Thenumberofframesandhencetheimagesetsizevariedalong

withtheflowconfigurationsincethePIVwindowisstationaryandfixedinsize,

andcameraframeratewaslimited.
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5.4 Time-dependenttorqueacquisition

Figure5.5:Timesequenceoftorquemeasurement

TorquemeasurementswerecarriedoutusingtheloadcellconnectedtoLab-

Viewsoftwarethrougha16-bitresolutiondigitalacquisitionsystem.Inorder

toincreasethereliabilityoftheresultsobtainedfromexperimentalstudies,each

experimentwasrepeatedthreetimes. Typicalperformanceresultsofaturbine

modelconsistofthemeasurementsofhydrodynamicforcesactingonthewater

turbineandthetorquecharacteristics. Figure5.5showsthefilteredsamplere-

sultoftorquemeasurementoftheturbinemodelatatip-speedratioλ=2and

free-streamvelocityV0=1m/sandFigure5.6showthecorrespondinghistogram

ofthemeasuredtorque.Itisnotedthattheinstantaneousloadsactingonthe

turbinewerehighlyunsteadyinnature.Themeanandstandarddeviationofthe

measuredtorquewerefoundtobe1.3702Nmand1.4007Nmrespectively.

Noticingtheimportanceoftip-speedratioλintheconceptualdesignofwind

andwaterturbines,severalscholarsperformedparametricstudiestofindtheop-

timumtip-speedratiobeyondwhichtheperformancecharacteristicsofthedevice

deteriorate.Thisoptimumvalueoftip-speedratioisthekeyindeterminingthe

rangeoffavourableoperatingconditions. Huetal.(2012)studiedtheinfluence

oftip-speedratioonthedynamicwindloadsandwakecharacteristicsintermsof

thrustandmomentcoefficientsofthewindturbinemodel.Chaitepetal.(2011)

andBiadgoetal.(2013)conductedsimilarstudiesusingexperimentsandCFD

toolsrespectivelytoevaluatetheturbine’srotation,torqueandpoweroutputwith

respecttooperatingconditions.Tothisend,theeffectofλonthemodel’spropul-

siveperformancewasexaminedsystematically.Foragivenfreestreamvelocity

V0,therotationalspeedoftheturbinewasadjustedtohaveadesiredvalueofλ

toseetheperformancecharacteristicsoftheturbineatvariousvaluesofλrang-

ingfrom0.5to5.Thisprocesswasrepeatedfordifferentfreestreamvelocities,
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Figure5.6:Histogramoftorquemeasurement

from0.5m/sto1.5m/s.Figure5.7comparesthehistogramplotsofinstantaneous

torquemeasurementdatasetsforconsideredsetoftip-speedratioλvalues.

Figure5.7:Histogramsoftorquemeasurementsforλrangingfrom0.5to4

Whilethehistogramof λ=1achievedthemaximumofalltheplots,itis

evidentthatthemeanvalueoftorqueincreasesasλincreasesfrom0.5andreaches

themaximumattip-speedratioλ=2. Beyondthisoptimalvalueoftip-speed

ratio,themeantorquediminishes.Inthelimitingcaseofhigherλ,theturbinewill

rotatejustneutrallywithoutproducingenergy.Theevolutionoftorqueprofilesfor

differentvaluesofλandV0isshowninFigure5.8.Eachofthesecurvesshowsthe

instantaneoustorquedevelopedbytheturbineforacompletecycle.Theaverage

ofeachcurvegivestheamountoftorqueTgeneratedbythedevice.Thevariation

ofmeantorqueTwiththeoperatingconditionsisshowninFigure5.9.Referto
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Figure5.8:Experimentalmeasurementsofinstantaneoustorqueforacomplete
cyclefordifferentvaluesofλandV0

Figure5.9(a),asnotedbySpera(1994),bladestallcontrolstheportionofthe

curvelyingontheleftsideofthepeak,wheretip-speedratioλisrelativelylower.

WhentheturbinespinsatlowerRPM,therelativeincidenceofthebladeislarger.

Astheangleofattackincreasesbeyondthestallangle,flowseparationbehind

thebladeoccurs. AthigherRPM,thebladeexperiencestheflowwithhigher

relativevelocity. Desiredflowcharacteristicscanbeobtainedwhenanoptimal

bladeincidenceallowslargerrelativevelocity. Withhighertip-speed-ratio,the

relativeincidenceofthebladedecreasesconsiderablyandresultsinlowervalues

ofthetorque.Figure5.9(b)showsthatthemaximumtorquewasachievedata

tip-speedratioλ=2forfreestreamvelocitiesV0largerthan1m/s.
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(a) (b)

Figure5.9:ExperimentalresultsofthevariationoftorquewithλandV0

5.5 ValidationofCFDresults

Thissectionpresentsthevalidationofcomputationallycalculatedpowercoeffi-

cientsunderdifferentoperatingconditionsagainstexperimentalmeasurements.

Inbothapproaches,theflowconfinementistakenintoconsiderationandtherefore

correctedCOPvaluesforblockageeffectsin2DflowforCFDand3Dflowfor

experimentsareplotted.The0.6mx0.4msizedturbinewhenplacedintheflow

channelof1.3mx1.5mproducesablockageratioofb=0.1231. Therefore,the

3Dflowconditionsinexperimentalstudiesproducedonethirdofblockageeffect

developedin2DCFDenvironment.Equation4.29isthereforeusedtoconsider

theblockageeffectsinbothoftheinvestigationmethods. Figure5.10presents

theuncorrectedandcorrectedCOPcurvesobtainedfrombothnumericalandex-

perimentalstudies. Considerationofblockageeffectsthuscreatesacomparison

betweenthe2Dand3Dflowenvironments.

Lookingatthephysicsofpowerextraction,sincetheturbine’srotationalve-

locitycorrectionswerenotperformed,theeffectofbearingandwindagelossesin

theexperimentalstudieswereexpectedtoappearinthefinalresults,whichwould

leadtoover-predictionsofcomputationalresults.Thisisevidentparticularlyat

higherrotationalspeeds.Thepowercurveplotsrevealseveralobservations,which

arepresentedhere.Firstly,thereisaclosematchbetweenthecomputationaland

experimentalresultsattip-speedratioλ≤2.Thereafter,spanwiseflowvariations

arereflectedintheexperimentalresults,whichweremissinginthe2Dcomputa-

tionalstudies. WithCFD,themaximumvalueofpowercoefficientisobtainedat

atip-speedratioλoptiscloseto2.5.Fromthisvalueofλ,hugedifferencebetween

thecomputationalandexperimentalCOPvaluesisobserved.Thebladespanof
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Figure5.10:Comparisonofcomputationalandexperimentalcalculationsofun-
correctedCOP(left)andcorrectedCOP(right)

0.4mwhichwascompletelyimmersedinthefluidduringtheexperimentsproduce

therealistic3Dflow,wherethenumericalstudiesclearlymissedthe3Drelieving

effects.Inaddition,thenumericalstudiesdidnotconsidertheenergylossesdue

tothefriction.TheshapeoftheCOPcurvesandthedifferencebetweenthenu-

mericalandexperimentalvaluesareconsistentwiththeobservationsofHowellet

al.(2010). Table5.2showstheentireseriesofexperimentsandcorresponding

uncorrectedandcorrectedCOPvalues. Furtherinvestigationsarenecessaryto

validatetheflowfieldobservationsofCFDagainstPIV,whicharepresentedin

thefollowingsections.
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Free-stream

velocity(V0)inm/s

Tip-speed

ratio(λ)inm/s
TurbineRPS Power(P)in W COP

Corrected

COP

0.50

0.5 0.133 0.042 0,0028 0,0022

1.0 0.265 -0.642 -0,0429 -0,0330

1.5 0.398 -0.800 -0,0535 -0,0412

2.0 0.531 -0.240 -0,0160 -0,0124

2.5 0.663 3.105 0,2075 0,1598

3.0 0.796 1.265 0,0845 0,0651

3.5 0.928 -1.108 -0,0740 -0,0570

4.0 1.061 -11.160 -0,7458 -0,5743

4.5 1.194 -17.740 -1,1856 -0,9129

5.0 1.326 -28.070 -1,8759 -1,4444

0.75

0.5 0.199 -0.490 -0,0097 -0,0075

1.0 0.398 -1.040 -0,0206 -0,0159

1.5 0.597 0.435 0,0086 0,0066

2.0 0.796 3.525 0,0698 0,0537

2.5 0.995 5.434 0,1076 0,0829

3.0 1.194 -1.348 -0,0267 -0,0206

3.5 1.393 -21.480 -0,4253 -0,3275

4.0 1.592 -44.070 -0,8726 -0,6719

4.5 1.790 -78.190 -1,5483 -1,1922

5.0 1.989 -117.200 -2,3207 -1,7870

1.00

0.5 0.265 -0.600 -0,0050 -0,0039

1.0 0.531 -7.110 -0,0594 -0,0457

1.5 0.796 3.210 0,0268 0,0206

2.0 1.061 9.125 0,6098 0,4696

2.5 1.326 10.420 0,0870 0,0670

3.0 1.592 -11.920 -0,0996 -0,0767

3.5 1.857 -63.260 -0,5285 -0,4069

4.0 2.122 -120.600 -1,0075 -0,7757

4.5 2.387 -206.000 -1,7209 -1,3251

1.25

0.5 0.332 0.499 0,0021 0,0016

1.0 0.663 -7.010 -0,0300 -0,0231

1.5 0.995 5.828 0,0249 0,0192

2.0 1.326 27.999 0,1198 0,0922

2.5 1.658 27.068 0,1158 0,0891

3.0 1.989 -32.920 -0,1408 -0,1084

3.5 2.321 -126.199 -0,5398 -0,4156

4.0 2.653 -274.459 -1,1739 -0,9039

1.5

0.5 0.398 1.678 0,0042 0,0032

1.0 0.796 -13.641 -0,0338 -0,0260

1.5 1.194 16.326 0,0404 0,0311

2.0 1.592 54.772 0,1356 0,1044

2.5 1.989 33.632 0,0832 0,0641

3.0 2.387 -74.858 -0,1853 -0,1427

3.5 2.785 -240.119 -0,5943 -0,4576

4.0 3.183 -448.032 -1,1090 -0,8539

Table5.2:Consolidationoftheexperimentalmeasurementsofturbineperformance
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5.6 PIV measurements

Thepurposeofusingtwolargefieldsofviewwastocaptureatleastonecomplete

rotationoftheturbineatanygivenlinearspeed.Thisprovidedaccesstoobserving

sufficientlylargeamountofdataintheobservationplane. Alongwithacareful

experimentalsetup,thisprocedureneedsthedatatobemergedwithoutanyspatial

andphaseoffset.AsreportedbyLemaireetal.(2002),adualcameraPIVsetup

isalwayscomplexduetostrictrequirementofcameraalignmentandtiming. A

scalingfactorof0.40625mm/pixelinbothx-andy-directionswasappliedto

fitthecameras’viewplanesof0.65x0.4875m2insizewithitsresolution.Since

thetwocamerasconstitutedtwoisolatedsystems,thevectorfieldswerecomputed

independently.Thevelocityfieldswerethenstitchedusinganappropriatescheme

withanoverlappingregionof46pixelsasshownintheFigure5.11.Theimages

inthisfigurecorrespondtoatip-speedratioλ=2andfree-streamvelocityV0=

0.5m/s.

Figure5.11:Processofmergingtherawimagestakenby2cameras

Figure5.12:Streamlinesplotfromtheresultantimageforλ=2andV0=0.5m/s
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DependenceofPIVprocessontheLagrangianapproachseekstheparticle

motiontoexactlyfollowthefluid’smotion. Thetimelagbetweensuccessive

frameswassochosenthattheparticlesweretracedwithsufficientresolutionwhile

theerrorsduetoout-of-planeparticleswerereduced.AnotherchallengeinthePIV

post-processingwastoidentifytheblade’spositionwithreferencetothevector

mapping.Figure5.12showsthevelocitymagnitudedistributionwithstreamline

patternatglobalazimuthpositionΨ=50oapproximatelyforλ=2andV0=

0.5m/s.

5.7 Phase-lockedPIV measurements

Phased-lockedPIVmeasurementsarecriticaltoobtainmoredetailedobservation

andinterpretationofflowphysicswithrespecttotheblade’sazimuthposition.

Thephasingbetweenthetowingcarriageandtherotatingturbinewasprovidedby

usingtheturbine’sangularindexasastart-upsignaltothecarriagedrive.Suitable

delaysthenallowedphase-lockedmeasurementstobecarriedouttoarbitrary

initialangularposition(0o,10o,20o,30o)andangularresolution(10o)withalevel

ofuncertaintyofafewmilliseconds.ThePIVtimingloopwasalsoadjustedsothat

successivevelocityfieldscorrespondtoangulardisplacementsthatweremultiples

of10o,ensuringthefullrotationcycletobecovered.Anopticalsensorsituatedon

thetowingrailwasusedtogenerateapulseasinputtotheDigitalDelayGenerator

topromptthePIVsystemforthephased-lockedPIVmeasurements.Depending

onthedefinedtip-speedratio,correcttimedelaywascalculatedforeachvelocity

configurationwhichwasaddedtotheinputsignalfromtachometerinorderto

acquiretheimagesatevery10oofblade’sazimuthpositionwithnegligibleerror

inangularmeasurement.

Moredetailedexperimentalanalysisoftheflowaroundtheturbinemodelcould

beobtainedfromphase-lockedPIVmeasurements,byaccountingfortheazimuth

positionoftheblade.Combinedflowfieldofphase-lockedmeasurementandran-

domoneprovidestheinstantaneousflow. Wernertetal.(1999)consideredamuch

largersamplesizeintheirinvestigationofphase-averagingofvelocityvectorsin

ordertorealizeareasonablemean.AsnotedFerreiraetal.(2009),evaluationof

complexvorticalstructuresiscriticalduetotheirrandomnessinbothstrengthand

position.Suchanalysiscanquantifythemagnitudeanddistributionofrandom

components.Despitetheinterestinsuchstudies,higherdegreeofunsteadinessin

thefluiddynamicsandrandomdisturbanceschallengethesuccessofaccomplish-

ingwell-resoledphase-lockPIVmeasurements(RamasamyandLeishman,2006;

MassouhandDobrev,2008).

Phaseanglerepresentstheanglebetweenthemeasurementplaneandthepre-

definedpositionoftheturbine’sblade. Ferreiraetal.(2009)studiedtheflow

aroundthewindturbinebladeatitsazimuthpositionat113oandYangetal.
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(2002)andIslametal.(2008)presentedtheoreticalmodelstoforecastthetorque

usingtheinformationofvelocityfieldaroundtherotor.Basedontheconceptof

momentummodel,Templin(1974)andParaschivoiuandDeclaux(1983)proposed

streamtubemodelsforverticalaxiswindturbine.AsreportedbyStricklandetal.

(1979),thisstudyusedthevelocityfieldinthemeasurementplanetocalculatethe

vorticitydistribution.Figure5.14showsthevorticitydistributionwithconsider-

abledegreeofitsinteractionwithfollowingblades.Theinstantaneouslocationof

thisinteractiondependsontheflowparameters.Thevortexsheetspreadswider

andmakingafasterskewed-trajectorydownstreamoftherotorduetotheself-

inductionoftheunsteadyvortices.AsexplainedbyScheurich(2011),thiswould

resultinunsteadytorsionalandbendingloadsontherotorshaft. Complexity

inthevortexsheddingmechanismconstitutestheformationofstrongvortexin

theinitialstagewhichbreaksdownswiftly.Thisdismantleiscausedbytheself-

inducedvelocitycomponentsofbladevorticitythatwarpsandmuddlestheshed

vortexintomultiplestructures.

5.7.1 Velocitygradients

Accuracyincapturingthevelocitygradientsisveryimportantastheyarethema-

jorcomponentsofturbulencegenerationtermintheflowconservationequations.

Incomplexflowsituations,itisalwaysdifficulttocapturetheexactgradientsof

anyflowvariable(Freeborn,2008).Figure5.15showsthestreamwisevelocitygra-

dientmeasuredusingCFD(left)andPIV(right)foratipspeedratioλ=2and

free-streamvelocityV0=1m/s.InthePIVinvestigation,thevelocitygradient

wasmeasuredfromthespatialdifferentiationofthevelocityfield. Thisprocess

intensifiesthenoiseintheglobalvelocityfields.Alimitationfromthesecondorder

approximationinCFDanalysisandparticlelaginPIVstudiesmightbeexpected

particularlyincomplexscenariossuchasvortexformationanditsinteractionwith

theblade. Whencalculatingthevelocitygradientsparticularlyaroundtheblade,

amplifiedlevelsofnoiseintheglobalfieldview.NguyenandWells(2006)explained

severalreasonsforthis.Someofthemaresmallerdisplacementsoftracerparticles,

laserreflections,uncertaintiesinthevelocityvectorlocationsetc...

5.7.2 Vorticity measurements

Alotofinformationavailableintheexistingliteratureaboutthewakeformation,

vortexdynamicsandblade-vortexinteractioninthecontextofDarrieusturbine

highlightstheimportanceofunsteadyflowphysicsasthebladetravelsthroughthe

azimuth.Thecomplexwakedynamicsresultingfromtherealflowconditionsare

notonlyduetotheleadingortrailingedgevortexreleasesfromthebladebutalso

theirinteractionwiththebladesduringtheirdownstreampassage. Thissection

presentsmoredetailsontheobservationsofvorticityfieldsaroundthebladeat
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CFD PIV

(a)Ψ=30o

(b)Ψ=60o

(c)Ψ=90o

Figure5.15:CFDandPIVpredictionsofvelocitygradientsinflowdirection(left
toright)atsuccessiveazimuthpositionsforλ=2andV0=1m/s
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periodicazimuthpositionsunderdifferentoperatingconditions.

Figure5.16depictsthephase-lockedPIVmeasurementsofvorticitymagnitude

onaconcentratedscale(forbettervisualization)atphaseanglesof20-multiples

correspondingtorespectiveazimuthpositionsofthebladethroughonecomplete

operationcycleatatip-speedratioλ=2andfree-streamvelocityV0=1m/s.

Theflowremainsattachedtothebladefortheazimuthpositionbetween60oand

100o. Atα=120o,vortexgetsdetachedfromthebladesurfaceonitspressure

side,anddevelopedandexpandeduntilα=220o. Unsteadyvortexstructures,

separationregionsandblade-vortexinteractionswereclearlyvisualizedinthePIV

results.Duringthisphase,arelativelylow-strengthtrailingedgevortexwasshed

atα=180o. Beyondα=240o,aprogressivereattachmentisobservedwith

leadingandtrailingedgevorticesfollowingthedownstreamfluidmotion.Presence

ofanothervortexwasfoundbetweenα=0oandα=40othatdisappearedduring

α=40otoα=60o. Theseobservationsareincomparisonwiththestudiesof

Nobileetal.(2011), Wangetal.(2010)andFerreiraetal.(2009).

Figure5.16:Phase-lockedmeasurementsofvorticityfieldaroundthebladefora
completecycle

Apartfromthemechanismofvortexshedding,thepresentstudythrowslight

onanotherseriousconsideration,whichisblade-vortexinteraction. Thedistur-
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(a)λ=2,V0=0.5m/s (b)λ=2,V0=1.5m/s

Figure5.17:Vorticityfieldsaroundthebladeduringα∈[90o,270o]

bancesreleasedfromthebladeduringitspassagethroughα∈[150o,240o]interact

withthefollowingbladeasidentifiedinFigure5.16foratip-speedratioλ=2

andV0=1m/s.Theeffectoffree-streamvelocityV0ontheformationofvortical

structuresintermsoftheirstrength,locationandmotionisillustratedinFigure

5.17.Thisinteractionisnotnecessarilytobewitheitherleadingedgevortexor

trailingedgevortex. Forinstance,inthebasecaseofV0=1m/s,theleading

edgevortexreleasedatα=150oislaterinteractedbythefollowingbladewhereas

thetrailingedgevortexreleasedinthehalfpastcycleparticipatesinasimilar

phenomenon. Whentheturbinerotatesathigherspeeds,correspondingtolarger

valuesofλ,thewakedevelopedbythebladeconvectsdownstreamrelativelyslowly

whilethefollowingbladecanquicklycatch-uptheseflowstructuresandtherefore

strongblade-vortexinteractionwillbemorelikelytogenerateunsteadyvortices.

Thereisapossibleimpactofblade-vortexinteractiononthestrengthofthevortex

developedinthenextportionofthecycleandontheglobalfluiddynamicload-

ingontheblade.Thefluidinteractionwiththevortexsheddingfromtheblade

canleadtolocalizedflowperturbationsinthebladeincidenceduetoinfluenced

hydrodynamicloadingonit. Scheurichetal.(2011)highlightedthedisagree-

mentbetweentheexperimentalandnumericalresultsintheexistingliterature

onrotatingdevices,whichwascausedbytheinsufficientfidelityinmodelingthe

blade-vortexinteractioninCFDstudies.

Figure5.18showsthecomparisonbetweencomputationalandexperimental

predictionsofvorticitycontoursaroundthebladeatevery30oofazimuthposition

α,integratedwiththetorqueevolutionforonecompletecyclewhentheturbine

runsatatip-speedratioλ=2andfree-streamvelocityV0=0.5m/s.Roosenboom

etal.(2009)experiencedtheunder-predictionofURANScomputationscompared

toPIVstudiesfortheanalysisofpropellerslipstreamduetotherelaxedmesh

sizeaswellassimplificationofflowproblem.Unlikethis,thepresentstudyshows

agoodcomparisonbetweenthenumericalandcomputationalresults. URANS

seemstobecapableofcapturingthelarger,butsmoother,vortexsheddingfrom
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thebladeatα=120o,itsdownstreammotion,anddiffusionwithtimeasshown

atα=210o.TheseobservationsareconsistentwiththestudiesofSorensenand

Michelsen(2004).

Itisimportanttoascertainthat,throughfluidviscosity,thediffusionprocess

ofthevortexgeneratedfromthesolidboundariesistypicallyathree-dimensional

phenomenon. SincetheCFDcomputationsarelimitedtosingle-planestudies,

thevortexdiffusiontakesplaceonlyintwodimensions. Thisgenerallyleadsto

hugeandconcentratedvorticitystructures. URANSmodelinghowevertargets

nottoresolvetheReynoldsstresstensor,buttomodelit.Inaddition,thestrong

non-linearitiesassociatedwiththevortexdynamicsduringα∈[120o,240o]are

reflectedthroughsmalldiscrepanciesbetweentheCFDandPIVresultsduring

thisinterval.

5.7.3 Q-criterion

Inordertolocatethecoherentvorticitypatternsintheflowfield,Thevelocity

gradienttensorcanbeusedtomanifestadvancedvortexidentificationmethods.

JeongandHussain(1995)identifiedthewaystoexpressthevorticityfieldsin

termsofcertaincriterionmethodssuchasQandλ2,apenetratinginsightis

providedbyKolar(2007)aboutusingthesecriteriatodescribethelocationof

vortexstructuresparticularlyaroundthesolidboundariesandtheirconvection.

Suchcriteriaarebetterthanasimplerepresentationofvorticityfieldssincethey

areabletodifferentiatetheeffectsofswirlingmotionandpureshearinthecontext

ofvortexcreation. Althoughthe2Dnatureoftheflowfielddatageneratedby

PIVstudiesposealimitationontheapplicationofQ-criterion,literaturesupports

itsrelevanceforplanarcalculations. MoredetailsaboutQ-criterionareavailable

inthestudyofHaller(2005).

Figure5.19:ExperimentalevaluationofQ-criterionforλ=2andV0=1m/s

Mathematically,Q-criterionisthesecondinvariantofthevelocitycurl(∇V)

acrosstheflowfield. ThepictorialdescriptionisprovidedintheFigure5.19.

Whenthemagnitudeofvorticityislargerthanthatoffluidelementstrainrate,

Qattainsthepositivevalues.Inthatcase,ifthelocalpressureislessthanthe
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(a)Ψ=30o (b)Ψ=60o (c)Ψ=90o

λ=2,V0=0.5m/s

(a)Ψ=30o (b)Ψ=60o (c)Ψ=90o

λ=2,V0=1.0m/s

(a)Ψ=30o (b)Ψ=60o (c)Ψ=90o

λ=2,V0=1.5m/s

Figure5.21:Influenceoffree-streamvelocityontheflowfielddevelopment.Vor-
ticityisolinesforQ=2aresuperimposedonvelocitycontours

atα=90oandα=270oarerelativelyweakduetothethrustforceatthese

locationsisverysmall.TheQ-criterionrevealsthatthevorticesgeneratedatboth

leadingandtrailingedgesofthebladeseemtobestablewithintheturbinesince

nobreakdownisobservedwhichimplythattheReynoldsstressesinsidetheblade

trajectoryarealsostable.

Extendingtheselocalobservationstoentireflowfield,Figure5.21presentsthe

fullcycleofturbine’srotationwith30ophasedifferenceatatip-speedratioλ=2

anddifferentfree-streamvelocityV0. Thepicturesshowthevelocitymagnitude

contourswithconstantisolinesofQ-criterion(=2).Obviously,thecomplexityin

theflowfieldintermsofunsteadinessincreaseswithincreasingV0.Thevorticity
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streaksleavingthetrailingedgeofthebladeconfertheexacttrajectoryofthe

bladeduringtheearlyportionoftheupstreamcyclewhereasthestreaksduring

thelowerportionofthecyclearedisturbedandformlocalpeaks. Thevortices

shedunsteadilyarelikelytofollowthefree-streamandconvectdownstream.

5.8 Conclusion

Thischapterhaspresentedtheexperimentalmethodologyinvolvingapparatus

andprocessestocharacterizethelowReynoldsnumberflowaroundtheDarrieus

waterturbine. Thecomplexityoftheentireset-upduetotheincorporationof

synchronizationbetweendifferentmechanicalandPIVsystemswasdiscussedin

detail.Inanut-shell,advancedmethodswereusedinthestandardPIVtechnique

toenhancethefidelity.Thisexperimentalstudymainlycontributestothepresent

researchintwoways.

•Theperformanceinvestigationintermsofquantitativemeasurementssuch

astorqueandcoefficientofpowerCOP:Theseparameterslargelydependent

ontheoperationconditions,whichwasseeninChapter4,aparametricex-

perimentalstudywasperformedtovalidatethenumericalresults.The2D

CFDresultsand3Dexperimentalfindsofpowercharacteristicswerecom-

paredbytakingtheblockageeffectsintoaccount.Theoperatingregionofa

low-velocityandhigh-solidityDarrieusturbineasexploredthroughnumer-

icalstudyisthuscomparedwiththeexperimentalresultsinthischapter.

AsCOPcurveisconcerned,thereisagoodcomparisonbetweenthetwo

investigationmethodsatlowerλ.Theinconsistencyhoweverarisesatλ>2

andthereasonswereexplained.

•ThequalitativeanalysisofDarrieusturbinethroughtheflowfieldobserva-

tionaroundthebladeaswellasacrosstheturbineusingPIVset-up:The

experimentalevaluationflowfieldwascommittedtoprecisecharacterization

ofthewholesystemtorealizeanticipatedinstantaneousphase-lockedmea-

surementsforevery10oofturbine’sphaseanglewithoutcompromisingon

theusualerrorsthatoccurinthePIVstudies.Startingwiththegeneral

fieldobservationsofvelocityandvorticitycontoursacrosstheturbineat

differentazimuthpositions,theimportanceofmeasuringthevelocitygra-

dientswasidentified.Thevelocitygradientwascalculatedfromthespatial

differentiationofvelocityfield.Inordertoachievetheglobalobjectiveof

vortexcontrolinthisresearch,acloseexaminationofvorticitydistribution

isrequired,whichwasrealizedbytheinstantaneousmeasurementsofvor-

ticitymagnitude.Thecoherentvortexstructureswithintheflowfieldwere

identifiedusingtheQ-criterion,whichwascalculatedfromthe2ndinvariant

ofvelocitycurl.
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Thereachievedagoodcomparisonbetweenthecomputationalandexperimen-

talstudiesforalloftheflowfieldparametersmentionedabove. Thisdrawsa

conclusionthatthenumericalmethodologyadaptedinthisresearchcanbesafely

appliedtoinvestigatetheeffectivenessofpitching. Also,theconceptualknowl-

edgegainedthroughtheevaluationofvortexdynamicsinthepresentandprevious

chaptersallowassessingiftheapplicationofCouchettheorywouldbeefficientin

controllingthevortexsheddingfromtheblades.Inclusiveinvestigationinthis

regardispresentedinChapter6.
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PITCHINGBLADEMODEL:COMPUTATIONAL
ANALYSIS
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6.1 Introduction

InadditiontoconventionalstudiesabouttheverticalaxiswaterturbineofDar-

rieustypeusingCFDandPIVmethods,asystematicsetofcomputationalstudies

werecarriedouttoinvestigatetheinfluenceofdynamicallypitchingbladesonthe

turbine’sperformance. Thekinematicsofthebladepitchingmotion,whichwas

discussedinChapter3,werenumericallyappliedandtestedonclassicalturbine
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model.Beforeillustratingtheseresults,thecomputationalmethodologyadapted

toservetheanalysisofthepitchingmotionofthebladesisdetailedinthenextsec-

tion.Theeffectivenessofthepitchingbladesunderconstantcirculationframework

wasassessedinbothquantitativeandqualitativeterms,andcomparedwiththe

performanceoftheclassicalDarrieusturbine.Thebenefitsanddisadvantagesof

theformulationofconstantcirculationwereidentifiedwhichledtoimprovementin

thesystembysubjectingthebladestovariablecirculation.Notonlythebasework

ofthisformulationanditsinfluenceonthedeviceperformanceisdescribed,but

thesensitivityofthepitchingregimetransitionisquantifiedinthischapter.These

discussionsformthebasistodevelopaVAWTprototypewithpitchingbladesfor

thefirstdemonstratoranditskinematicsareprovidedattheendofthischapter.

6.2 Constantcirculationimpartedtotheblades

Figure6.1: ProcessflowchartofCFDsimulationsformultiplemotionsinthe
computationaldomain

Desiredevolutionofflowstructuresaroundthebladeduringtheturbine’srota-

tionispossiblebyimposingapitchtotheprofilewithrespecttofree-streamflow

directionbymeansofthecontrollawgiveninEquation3.7.Thissectionpresents

theapplicationofvariousequivalentanglesoftheblade’srelativeincidence.This

differentialequationisusedtotabulatetheblade’sincidenceatdiscreteazimuth

positionsforacompleterotationoftheturbine. Themotiondataisthenap-

pliedtoeachbladeduringthesimulation.Theschematicprocessflowchartofthe

numericalcomputationsispresentedinFigure6.1.

Foratip-speedratioλrangingfrom1.5to3.5,Figure6.2showstheblade

orientationandcorrespondingvariationofbladeincidenceθatdifferentazimuth

anglesαforβvaluesof+10o,+5oand−5ointhefirstandsecondrowsrespectively.

Thethirdrowshowsthecorrespondingtorqueevolutionofonebladethrougha

singlerotationforthestudiedvaluesofλ.
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6.2.1 Torqueextraction

RecallingtheEquation3.49,forλ→∞thebladesgetafixedpitchingorientation.

Afurtherquantitativeanalysisbasedonthetorquemeasurementsisshownin

Figure6.2,whichshowstheinstantaneoustorqueTproducedbyasingleblade

asitmovesthroughtheazimuth.Theeffectofimposingaconstantcirculationto

thebladesisstronglydemonstratedbythesmoothandeven-fashionedevolution

oftheinstantaneoustorquecomparedtotheclassicalDarrieuscasewithfixed

blades.Itisimportanttonoticethatthebladeprovidesapositivetorqueand

hencebecomespropulsiveduringthefirsthalfofthecycleforpositivevaluesofβ,

butlosespowertotheflowduringthesecondhalfofthecycleasitoperatesinthe

reversepositionandlargerincidence.Sincethecirculationispreservedthroughout

thecycle,theresultingtangentialforceactsonlyinonedirection,i.e.downwards,

throughoutthecycle.Thismakesthefronthalfofthecyclepropulsiveandrear

halfofthecyclelosingpowertoflow.Theviscousdragontopofthisphenomenon

causesadditionalpowerloss.Theoveralleffectofconstantcirculationaroundthe

bladesisthereforethatthepowerlossduringonecompleterotationiseitherequal

ormorethantheextractedpower.Thisleadstonegativepowercoefficientsthat

wouldnotbeofanypracticalinterest.Thisgoesmuchworseasthetip-speedratio

λincreases.Fornegativeβ(here−5o),powerislostduringthefirsthalfofthe

cycle,butnotrecoveredinthesecondhalfasdynamicstallisobserved.However,

theblade’sperformanceduringthesecondhalfofthecycleiscomparativelybetter

thanforpositiveβvalues.

6.2.2 Flowfieldevolution

ComparedtoFigure4.12correspondingtothefixed-bladedesign,thefluctuations

inthenormalizedvelocitycomponentsinX-andY-directionshaveshrunkwhen

thebladeisgivenacertainpitching,whicharepresentedinFigure6.3.Exceptat

X=±Rawayfromtherotorcentreonhorizontalline,thesevelocitycomponents

remainalmostquiet. Particularlywithpositivevaluesofβ,thelinearityinthe

velocityhasgreatlyincreasedinthedownstreamregionwhichwashighlyjagged

withfixedblades. Thisimpliesamoreuniformflowstructureinthedomain.

Ontheotherhand,inthecaseofβ=−5o,thereisalittleextraoscillation

whichisstilllessthanthefixedblademodel.Inadditiontothisinformation,it

ispointedoutthatβ=+5oprovidesamuchmorestableflow,while+10oand

−5oimposethefeasibleextremevaluesforβ. Thisanalysisissupplementedby

thecharacteristicstreamlinessuperimposedonthepressurecoefficientasshown

inFigure6.4. Unlikethedisturbedstreamlinepatternaroundtheturbinewith

fixedblades,depictedinFigure4.14,thestreamlinesorientthemselvesaround

thebladesinanorderlymanner. Also,itisobservedthatthetimeintegrated

markersincaseoffixedbladesarequiteirregular,whilethepitchingbladesare
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(a)Ψ=0o (b)Ψ=30o (c)Ψ=60o

Pitchingbladescorrespondingtoβ=+10o

(a)Ψ=0o (b)Ψ=30o (c)Ψ=60o

Pitchingbladescorrespondingtoβ=+5o

(a)Ψ=0o (b)Ψ=30o (c)Ψ=60o

Pitchingbladescorrespondingtoβ=−5o

Figure6.4:Flowfieldspresentedbypressurecoefficientwithsuperimposedstream-
linesacrosstheDarrieusturbinewithpitchingbladesatsameoperatingconditions
ofλ=2andV0=1m/satdifferentglobalazimuthpositionsΨ

characterizedbyevenlyspacedmarkers.Suchsystematicpatternsofstreamlines

attracttoemploymultipleturbinesinarraysduetotheabsenceofchaoticwake.

6.2.3 Vorticityfieldaroundthepitchingblade

ThevorticitycontoursinFigure6.5correspondtothetip-speedratioλ=2and

similartrendswereobservedforothervaluesofλforagivencirculation(orβ).

When β=+5o,evenforlargevaluesofα,theangleofincidenceiscomparatively

lowerandthereforetheflowiscompletelyattachedtothebladeandtheflowfield

remainsvorticityfree. Ontheotherhand,thelimitingcasesofβequalto+10o

and−5oslightlymissedthecredibilityofcompletelyarrestingthevortexshedding

fromtheblades.Particularly,aturbineoperatingwithaconstantbladecirculation
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(a) (b)

Dependenceoftangential(left)andnormal(right)forcesonthetip-speedratioλ
forapitchingbladefollowingthecontrollawwithβ=+5o

(c) (d)

Dependenceoftangential(left)andnormal(right)forcesonthecirculation
aroundthepitchingbladeforλ=2

Figure6.6:Comparisonoftheanalyticalresults(dottedlines)andCFDpredic-
tions(continuous)forforcecoefficientsactingonthepitchingbladefollowingthe
controllawwithβ=+5oforafree-streamvelocityV0=1m/s

thatthecurvebecomesmoreanti-symmetricalasthetip-speedratioλincreases.

Finally,thediscrepancybetweenCFDandtheoryisexacerbatedbytheincreased
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tip-speedratioλfortangentialaswellasnormalforceevolution.

Ontheotherhand,thereisaconsiderableinfluenceofimposedcirculationΓ(or

β)tothebladeontheevolutionoftangentialandnormalforces.Goodcomparison

betweenthetheoreticalandcomputationalresultsareobservedforβ=+10o

and+5owhilethereisadiscrepancybetweenthetwoapproachesforβ=0oor

less. Althoughthetangentialforcecalculationisverymuchsimilarbyboththe

approachesapproximatelyuntilα=150oforβ=−5o,thestallingphenomenon

andvortexsheddingprocessdeviatetheCFDsolutionfromtheoreticalanalysis

thereafter.Fromthetangentialforcecurves,itisclearthatβ=+10oisthemost

beneficialforthefronthalfofthecyclewhileβ=−5ofortherearhalf.Although

β=0oisaconsiderationforrearhalfofthecycle,thisstudyproceedsfurtherwith

β=−5o.Therefore,withinthestringentlimitationsontheimposedcirculation,

theideaistocombinethesolutionsofthebestperformanceforthefronthalfof

thecycleandleastdetrimentalfortherearhalf.

6.2.5 Fixedbladevesruspitchingblade

Figure6.7:ComparisonbetweenfixedandpitchingbladesforCOP

HavingunderstoodtheoperatingprincipleofapitchingVAWT,itwouldbe

interestingtocompareittoafixed-bladeVAWTandalsotrytoquantifythe

differencesinperformancecharacteristics.Althoughtheideaofbladepitchingis

successfulinsuppressingthevortexshedding,blade-vortexinteraction,andcre-

atingasmootherflowacrosstheturbine,thepowercharacteristicsarehowever

deterioratedcomparedtothefixed-bladedesign.Figure6.7showsthedifference

betweenthecorrectedcoefficientofpowerCOP(referEquationto4.29)obtained

frompitchingbladesandthatfromfixedblades. Eventhoughthetorquemea-

surementsfromexperimentalstudiesofclassicalDarrieusturbinewithfixedblades
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areconsistentwiththeCFDresults,thepresentstudyisconfinedtoonlythenu-

mericalanalysisforthepurposeofvalidatingtheanalyticalmethodsdevelopedin

Chapter3.

6.3 Variablecirculationimpartedtotheblades

Asunderstoodsofar,thesuccessofcontrollingthevortexsheddingfromthe

Darrieusturbinewithpitchingbladesatanygiventip-speedratioλresultsinpower

losttothefluidflowduetothebladessubjecttolargenegativeincidencesformore

thanhalfoftheoperationcycle.Onewaytoimprovethepropulsivecharacteristics

ofthedevicewithoutlosingtheemphasisonthevorticitydistributionistoapply

abladepitchingbasedontwodifferentvaluesofthecirculationduringthecycle.

AsnoticedinFigure6.2,thefirsthalfofthecycleispropulsivewhiletherearhalf

isequallylosingthepowerforβequalto+5oand+10o.Ontheotherhand,the

rearhalfofthecycleforβ=−5oislosinglesspowerwhencomparedtopositive

valuesofβ.Anefficientmergeoftheblade’sincidencecorrespondingtoβequal

to+10oor+5ointhefronthalfofthecycleand−5ointherearhalfofthecycle

canresultinafullypropulsivecycle.Thekeyissueshereare:

Theoptimallocationofthetransitionpointsontheθ−αprofile,inorderto

maximizethepoweroutput.Thesepointswereidentifiedbycarefulexami-

nationofinstantaneoustorqueplotsinFigure6.2.Thetransitionisneeded

betweenthepointwherethetorqueprofileswitchesfrompositivetonega-

tiveorviceversa.Therefore,eachcycleisnormallysubjecttoappropriate

transitiontwice.

Transitionschemeusedtoswitchfromonevalueofβtotheothermust

avoidmassivevortexshedding. Varioustransitionmethodsincludingsinu-

soidal,horizontal,polynomialfitetc...werechecked.Figure6.8depictsthe

horizontalandpolynomialtransitionschemes.

Thethreetransitionlawsanalysedinthisstudyare,

Law1 βequalto+10oforthefronthalfofthecyclefollowedbyβequalto-5for

therearhalfwithasetoftransitionpointsP1forλ=[1.5,3.5]

Law2 βequalto+5oforthefronthalfofthecyclefollowedbyβequalto−5ofor

therearhalfwithasetoftransitionpointsP2forλ=[1.5,3.5]

Law3 βequalto+5oforthefronthalfofthecyclefollowedbyβequalto−5ofor

therearhalfwithasetoftransitionpointsP1forλ=[1.5,3.5]
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(a) (b)

Figure6.8:θ−αrelationshipforhorizontalandpolynomialtransitionschemes

(a) (b)

Figure6.9: Comparisonofhorizontalandpolynomialtransitionfitfortorque
evolution

Figure6.9showsthenumericalinstabilityandresultingpeaksinthetorquecurves

whenthehorizontalconnectionbetweenthetwopitchingregimesismade.Fora

smoothtransition,apolynomialinterpolationfittedontheslopesofθ−αprofiles

isused.

6.3.1 Torqueenhancement

Thebladeorientation,correspondingplotsofbladeincidenceθagainstazimuth

positionαhighlightingthetransitionpart,andinstantaneoustorquemeasure-

mentsusingCFDanalysisarefurnishedinFigure6.10.Itisclearfromthetorque
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evolutionplotsthatthebladepitchingwithvariablecirculationhassuccessfully

improvedtheoverallpoweroutputbyeliminatingthebladestallintherearpartof

thecycletherebyreducingtheamountofpowerlosttothefluidflow.Inaddition,

thesecondtransition(β=+5o→−5o)hasasmalladverseeffectonthefrontpart

ofthecyclewherethepeakofpropulsivecharacteristichasslightlyfallendown

comparedtothatoftheclassicalDarrieusturbinewithfixedblades.

6.3.2 Flowfieldanalysis

Typicalvelocitydeficitprofilesatdifferenthorizontallocationsfortheturbinewith

variablecirculationimpartedtothebladesareshowninFigure6.11.Comparing

tosimilarplotsasshowninFigures4.12and6.3forfixedblademodelandpitching

bladeturbinewithconstantcirculationaroundthebladesrespectively,therather

vividimpactofvariablecirculationframeworkonthedistributionsofthenormal-

izedvelocitycomponentsisclearlyseen.Thedistributionofnormalizedvelocity

componentsVx/V0andVy/V0isrelativelyinvariantat2Rupstream.Comparedto

thefixedbladedesign,thereisaclearreductioninthestreamwiseaswellaslateral

velocityperturbationswiththebladessubjecttovariablecirculation.Besidesthe

increasedoveralluniformityinthevelocitycomponentdistributioncomparedto

thecaseofflowacrossaconventionalDrarieusturbine,thekeydifferenceliesin

thelocationofpeakvelocities.Forinstance,atΨ=30o,thepeakofstreamwise

velocitycomponentVx/V0wasatthecentreoftheturbineincaseoffixedblade

model,whereasitisatRdownstreamincaseofvariablecirculationframework.

ThelargestvariationsinthevelocitycomponentsaremostlylocatedatRdown-

stream.Anotherkeyobservationisthelateralperturbationvelocitydistribution

whichisquitevariablewithβ=+5o→−5ocomparedtoanyotherdesign.These

variationscyclicallyvary,increasingfromΨ=0otoΨ=60oandthendecreas-

ing.Comparedtothetwoβformulations,thedistributionofVx/V0inthecaseof

β=+10o→−5oislowerthanthatinthecaseofβ=+5o→−5o.

Figure6.12showstheentireflowfieldsfortheDarrieusturbinewithpitching

bladessubjectedtovariablecirculation.Thestreamtubeexpansionisnotsignifi-

canthere,whencomparedtothatwithfixedblades.Itisimportanttonotethat

theflowremainsessentiallyunperturbedcomparedtothefixedbladescase.

6.3.3 Vorticityfieldaroundthevariablepitchingblades

Theeffectivenessoftheproposedtransitionlawsiscomparedthroughthevorticity

contoursatthesamescaleinFigure6.13foratip-speedratioλ=2andfree-stream

velocityV0=1m/sinsuppressingtheseverevortexsheddingfromthebladesand

thusavoidinganypossibleblade-vortexinteraction.Althoughthetransitionofβ

from+10oto−5oiscomparativelybetterthanthatfrom+5oto−5o,bothlaws

performsimilarlywellincontrollingthedrasticshedsofvortexobservedwiththe
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β=+10o→−5o

β=+5o→−5o

Figure6.11:Velocitycomponentsintheirnormaldirectionsatvariousdistances
fromtherotor’scentrewithdifferentbladepitchinglaws

fixedblades.Inspiteoflocalizedvortexsheddingthatgeneratelittlespotsof

vorticityfromthevariablepitchingbladesduetothetransitionfromoneregime

totheother,thereisnoblade-vortexinteractionasonlytworegularvortexalleys

areshed.

6.3.4 AnalysisofCoefficientofPowerCOP

Inordertoassesstheoveralleffectofthevariablebladepitchingconcept,the

correctedcoefficientofpowerisplottedinFigure6.14forallofthetransition
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thedesignsfollowthesametrenduntiltheoptimumtipspeedratioλopt=2.5is

reached. Theperformanceofthistransitionforλbeyondtheoptimumvalueis

inferiortotheclassicalcasewithfixedblades.Comparatively,thetransitioncase

ofβfrom+5oto−5ousingthesametransitionpointsofLaw1i.e.thetransition

ofβfrom+10oto−5o,resultsinlowerperformancesandisofnointerest.

(a) (b) (c)

Figure6.14: ComparisonofCOPsfordifferentbladepitchregimes.(a)β=
+10o→−5o(b)β=+5o→−5oand(c)β=+5o→−5owithtransitionpoints
ofβ=+10o→−5o

6.3.5 Comparisonbetweenfixedbladesandvariablepitch-
ingblades

Theeffectofbladepitchingontheturbine’sperformanceisplottedinFigure

6.15forafixedfree-streamvelocityV0=1m/s. Withreferencetotheclassical

Darrieusturbinewithfixedblades,thequantitativedifferenceinCOPcanbe

measuredinthreedifferentlocations;before,onandafterthepeakatλ=2.5.At

lowerrotationalspeeds,theperformancewithpitchingbladesismuchbetterthan

thatwiththefixedblades.Pitchcontrollaws,asproposedinsection6.2,exhibit

differentbehaviours.Law1issteadilyproducingbetterCOPwithtip-speedratio

λuntilitreachestheoptimalvalueforλ=3,whileLaw2deliversoscillatingCOP

values,whichishoweverbetterthanfixedbladesuptoλ=2.5.Afterthis,Law1

isstillbetterthanfixedblademodelbutLaw2hasdeterioratedtheperformance.

Anotherimportantobservationisthattheoptimalvalueoftip-speedratiowith

Law1hasshiftedfrom2.5to3,whichmeansthattheoperationalrangeofthe

turbineisimproved.Law3ontheotherhandproducesacomparablepowerat

lowertip-speedratiosandbecomesveryinferiorthanfixedblademodelatmedium

orhighervaluesofλ.
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Figure6.15:Comparisonbetweenthefixedandpitchingbladesforcoefficientof
powerCOP

6.4 Effectofsolidityσ

Withtheaimofassessingtheapplicationofproposedbladepitchingtechnique

todifferentsizesofrotor,simulationswereperformedtothefoursoliditymodels,

aspresentedinTable4.6. Thesecomputationswerecarriedataconstantfree-

streamvelocityV0=1m/swithavariablerotorangularvelocityω.Theresulting

powercurvesforthechosensoliditymodelsincomparisonwiththoseofclassical

DarrieusturbinewithfixedbladesareplottedinFigure6.16.Fromthesection

4.7.2,itisunderstoodthatthehighersoliditymodelsshouldoperateatlower

angularvelocitiestoachievethemaximumpoweroutput. Thisisvalidforthe

pitchingblademodelstoo,whichcanbeobservedfromthepeakofCOPcurve

shiftingtowardshighervaluesofλasσdecreases.Thisshowsthattheλoptisa

functionofσ.

Model1,thehighestsoliditymodelwithσ=0.8,exhibitssimilarperformanceat

tip-speedratioλcloseto1.5forbothfixedandpitchingblademodels.Dramatic

jumpintheCOPisthenobservedwith94%increaseinthepeakCOPwith

pitchingblades.Also,theoscillatingnatureofCOPevolutionisvanishedwhich

canprovideabetteroperatingrange. Model2forwhichσ=0.64experiencesa

consistentincreaseinCOPvalueswith47%riseinthemaximumCOPvalueat

λ=3. ThetrendsofCOPcurvesarequitesimilarforthebasemodelwith

σ=0.533andthelowestsoliditymodelwithσ=0.457. Theincreaseinthe

maximumCOPvaluesforModel3andModel4are25%and17%respectively.It

isthereforenotedthatthemaximumCOPvalueevolvedinverselywithσ.This

probablymeansthat,forlessersolidities,thebladesaremoreindependentfrom

eachother,whichfavourstheapplicabilityofCouchettheoryoneachsingleblade.
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Figure6.16:Effectofsolidityσonpitchingblademodel

6.5 Sensitivityanalysisoftransitionpoints

Theperformanceaugmentationandefficiencyimprovementissignificantlysensi-

tivetotheturbinetooff-designconditions(Hau,2013;FuglsangandBak,2004).

Inthesameway,itisdefinitivethatidentificationofrightlocationsforthetran-

sitionisasimportantasthetransitionscheme,becausethepitchingcontrollaw

isverysensitivetotheazimuthallocationwherethebladechangesitsincidence

regime,asshowninFigure6.14.Therefore,furtheranalysiswasmadetomeasure

theeffectoftransitionpointsonthedeviceperformance.Figure6.17quantifies

thesensitivityofturbine’sperformanceonchoosingthetransitionlocation.Here,

thesensitivityofpitchregimetransitionfromβ=+10otoβ=−5oistestedfor

atip-speedratioλ=2.5andfree-streamvelocityV0=1m/s.Itisimportantto

noticethat,outof4transitionlocationsasshown,onlyonepointatthe3rdspot

isshiftedtorightby3%astheprofileembracesthepitchingregimeofβ=−5o.

Thecorrespondingdropintheturbine’soutputisover4%.
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Figure6.17:Sensitivityofturbine’sperformancetothetransitionlocationfor
pitchcontrollawβ=+10o→−5o

6.6 Conclusion

Theobjectiveofthischapterwastoexaminewhetherpotentialflowconditions

couldbeappliedtorealflowsituationsinordertogaintheadvantageonidealflow

behaviourwithconstantcirculation.Theanalyticalconstructionoftheirrotational

flowoveranarbitraryprofileformulatedinChapter3andprospectivepotential

flowapplicationonthebasisofCouchettheoryyieldedthecontrollawthatdecides

thebladepitching.Thischaptercomputationallyanalysedtheapplicationofthis

controllawinrealflows. Thecomplexityinhandlingbothconstantcirculation

paradigmandpunctualcirculationchangesforbetterperformanceishighlighted.

TheuseoftheSSTk−ωturbulencemodelforperformingnumericalanalysisof

pitchingbladeperformanceaftervalidatingagainstclassicalDarrieuscaseprovided

satisfactoryresults.Beyondthekinematicordynamiclawssuggestedbyvarious

scholars,thedevelopmentofmoresophisticated,physics-based,controllawswere

analysed.Aprecisecharacterizationofthecirculationtobeappliedtotheblades

notonlytopreventthevortexsheddingbutalsotoimprovethepropulsivefeatures

hasbeenundertakeninordertoidentifythemostappropriatebladepitchregimes.

Consideringtherealconditionsoffluidflowandassumptionsinreplicatingthe

practicaldeviceoperationin2DCFDcomputations,afeasiblerangeofblade

pitchingcontrollawshavebeenidentified.Theconstantcirculationparadigmwas

successfullyappliedwithintheselimits,resultinginthesuppressionofmostofthe

vortexsheddingandinaquasiunperturbedwake.Thedesignoftransitionlaws

betweentwofixedvaluesofcirculationallowedmaximizingthecoefficientofpower
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COPwhileensuringthatvorticesareshedatthetransitionlocationsonly.These

resultsmayallowtheuseofmultipleturbinesinadensernetworkwhichcannotbe

achievedusingconventionaldevices,withalimitedimpactonthesurroundings.In

ordertotesttheeffectivenessoftheproposedpitchinglawsinthelaboratory,two

experimentaldemonstrators,onewiththebladesfollowingthecontrollawβ=5o

andsecondwithβ=+10o→−5oaredeveloped.Theformeristosuppressthe

vortexsheddingfromaconventionalmachine,whilethelatteristooptimizethe

machine’sperformance. AppendixIIshowsthepitchingmechanismandrelated

kinematicsoftheprototype.
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7.1 Overview

Consideringthescopeofthisresearchproject,theliteraturesurveyaspresentedin

Chapter2concludedthatbetterunderstandingwouldbeneededinthefollowing

areasofthestudytoprogressintheresearch.

⇒ HydrodynamicanalysisoftheDarrieusturbinebyunderstandingthedesign

andfunctionalparameters:keyknowledgewasdevelopedfromthisabout

thevelocityandforcevectorsaroundtheblade,andpowercharacteristicsof

thedevice.
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⇒ PerformanceanalysisoftheDarrieusturbinebyconsideringthefundamental

bladedesigningandsolidityσoftheturbine:mostofthescholarschosethe

profilesforDarrieusturbineonthebasisoftwo-dimensionalstaticstudies.

ThisdiscussionledtochooseNACA0015profiletobuildtheblademodel

forcomputationalandexperimentalstudies. Apartfromthesolidityσof

0.533forthebaseturbinemodel,threeothermodelswithdifferentsolidity

weretakenintoconsiderationforCFDstudies.

⇒ TurbineinvestigationmethodsincludingCFDandPIVtechniquesforde-

tailedexaminationoftheflowacrosstheturbine: whilefocusingonthe

advantagesofeachofthetechniques,thedrawbackswerealsoaddressed

throughexistingcasedetailssuppliedbydifferentscholars.

⇒ Effectofflowconfinementontheturbine’sperformance: TheLanchester-

BetztheoryrevisitedbyGarrettandCummins(2007),andblockageeffects

wereconsideredastheturbineoccupiesconsiderablespaceintheflowpas-

sage.

⇒ PerformanceimprovementofDarrieusturbine:aconstantcirculationframe-

workwasidentifiedasaconcepttoenhancethepoweroutputoftheturbine

wherethebladewassubjecttoinstantaneouspitchingmotionthroughout

itsazimuthaltravel.

Withthiscomprehensiveknowledge,thisstudyproceededinacoherentway

fromconceptphase(mathematicalapproach)toCFDstudyoftheDarrieustur-

bine(numericalassessment),andtorqueandPIVmeasurementsofthedevice

(experimentalanalysis).Finally,thedesignwasimprovedintermsofpowerchar-

acteristicsandvortexsheddingbytheapplicationofpitchingblades.Thisstudy

thereforecontributestothecurrentresearchareainthreemainways:

1.Unliketheexistingbladepitchcontrolmethodswhichwereproposedbyvar-

iousscholarsbasedonasimplerulessuchassinusoidalorcrank-typemech-

anism,thepresentpitchcontrolmechanismconsideredtheformulationof

constantcirculationaroundtheblade.Thedetailedmathematicalconstruct

andforce&momentcalculationswerepresentedinChapter3.

2.ExhaustivecomputationalinvestigationoftheflowacrosstheDarrieustur-

binemodelwithfixedbladesandtheirvalidationagainstexperimentalstud-

ieswerepresentedinChapter4and5respectively.Thesetechniquesinclud-

ingthemethodology,andrationaleforchoosingcorrespondingapproaches

andapparatusweredocumented.Theresultscomprisedthepowercurves,

flowfieldvisualizations,vortexsheddingandblade-vortexinteraction.Fur-

thermore,theparametricstudieswereperformedtoassesstheeffectoffree-
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streamvelocityV0andturbine’ssolidityσ.Theuncertaintiesintheexper-

imentalstudieswerequantifiedusingprobabilisticcollocationmethodand

statisticsofblade’sforceevolutionwereextracted.AppendixIpresentsthe

detailsandresultsofthisstudy.

3.ThepitchcontrollawsdevelopedinChapter3weretestedusingnewCFD

methodologywhosedetailswerepresentedinChapter6.Basedonthepower

outputofbladesunderconstantcirculation,newpitchcontrollawsforthe

bladeswithvariablecirculationweredevelopedandtested.Theseinterroga-

tionsrevealedthattheperformanceofDarrieusturbineincreaseswithvari-

ablecirculationimposedonthebladeswithdefinitevortexpatternsreleased

fromtheblades.

Thesummaryoftheseresultsanddiscussionscanbeextendedtopresentthe

concludingremarksaboutthenewresearchactivitiesperformedonthelow-velocity

verticalaxiswaterturbine.Thefollowingsectionsdescribethesepoints.

7.2 AdvancementsofVAWTresearchtechniques

InspiteofexhaustivestudiesontheDarrieusturbinesinwindaswellastidalap-

plications,themathematicalmodels,althoughtheymaysatisfactorilymatchwith

experimentalresults,cannotbeusedforunderstandingthedetailedflowphysics.

Thereisaclearneedforcomputationalinvestigationwithsufficientverification

andvalidationtoaccomplishthis.Besidesaddingthegeneralobservationsabout

theflowfielddevelopmentandpoweroutput,thisstudyusedsomeadvancedtech-

niquesinanumberofwaysformoredetailedevaluations.Table7.1outlinesthe

toolsandtechniquesusedthroughouttheproject.

7.2.1 PerformancetestingofDarrieusturbine

Theforceandmomentmeasurementsconstitutethefundamentalmeanstotest

theDarrieusturbine. Forthefixed-bladeturbinemodel,thefullcurvesofthe

coefficientofpowerCOPfordifferentfree-streamvelocitiesandtip-speedratios

wereconstructedusingCFDandexperimentalmethods.Also,theeffectofsolid-

ityonthepowercurveevolutioniscriticallyanalyzedunderdifferentoperating

conditions.Forthepitching-bladeturbinemodel,theseinvestigationswerebased

onthetheoreticalandcomputationalstudies. Thiscross-validationprovideda

closecomparisonbetweenallofthethreeinvestigationmethodsandtheresults

wereconsistentwiththeexistingliterature.Inaddition,thetorqueextraction

methodologypresentedinsection5.4canbeusedbyotherresearcherstocarry

outtowingtankexperimentsofDarrieusturbinewithpitchingbladestoobtain

theperformancemeasurements.

145



7.2. ADVANCEMENTSOFVAWTRESEARCHTECHNIQUES

Investigation method Techniquesused
Analytical 1.ConformaltransformationandCouchettheory

2.Bladepitchcontrolunderconstantcirculation
3.Bladepitchcontrolundervariablecirculation

Computational 1.Oversetmeshes
2.ValidationofanalyticalresultsagainstCFDfindings
fortangential&normalforces

3.Velocityfieldsandpressureprofiles
4.VorticityandQ-criterioncontours
5.Identificationofuncertaintiesintheexperimentsand
theirquantificationusingstochasticcollocation

Experimental
1.Dualcamerasystemtocapturelargerflowareaand
velocityfieldmerging

2.PIVsystemsynchronizedwithtorqueacquisitionsystem
3.Phase-lockedmeasurementstoacquiretheflow
aroundthebladeforevery10oazimuthposition

4.ValidationofCFDresultsagainstPIVfindingsfor
powercurves,velocitygradients,vorticityandQ

Toolsused 1.StarCCM+forCFD
2.RDVisionHiris,EGandLaVisionDavis
3.LabVIEWfordataacquisition
4.Tecplotforpost-processing
5. Matlabforanalyticalanalysisandpost-processing

Table7.1:Toolsandtechniquesusedinthisresearch

7.2.2 Computational modeling

Emergingtechniquesinhandlingtheheavygeometriesandmeshes,adaptivemeth-

odsandhigh-endcomputingcapabilitiesmadetheCFDstudiesofflowacrossa

VAWTmorefeasibleandeconomicalthaneverbefore. Thekeychallengesare

howeverstayincapturingthenon-linearitiesintheflowphysicssuchasflowsepa-

ration&reattachment,vortexsheddingandblade-vortexinteractionetc.Dueto

thestrongdependenceofturbine’sperformanceonthesephenomena,accuratepre-

dictionofflowphysicsisnecessaryforqualityresults.Therelativemotionbetween

differentregionsofthegeometriessuchasturbinerotationandbladepitching

poseanotherdefiancebylackingtheinterfaceconservation. Multiblockdynamic

meshing,proposedbyDingetal.(2014),combinestheradialbasisfunctions

andtransfiniteinterpolationwhichisexpectedtohavebetteraccuracy.Another

choicemaybespringanalogywhichisrobustalthoughcomputationallyexpensive

(SchmidtandStoevesandt,2014). Withappropriateturbulencesolutionstrategy

andcontrols,theCFDstudiesproducedresultsonthepressurecoefficient,stream-

lines,velocitymagnitude,plotsofforcecomponentsandQ-criterion.Sinceoneof

theobjectivesofthisstudyistocontrolthevortexsheddingfromtheblades,the

vorticitycontoursincludingitsdevelopment,detachmentfromthebladeanditsin-

teractionwiththebladeunderdifferentoperatingconditionswereproducedbythe

CFDstudies. Multiplemotions(fluidflow,turbine’srotationandbladepitching
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duringtheoperation)wereincorporatedwithinthecomputationaldomainwith-

outmissinganyqualityintheoutput.Thisallowedcomparingtheperformanceof

Darrieusturbinewithfixedandpitchingbladestooptimizetheblade’sorientation

withrespecttoincomingflowforthebettermentofperformance.

7.2.3 Experimentalstudies

AnumberofstudiesonthePIVanalysisofVAWTflowswereavailableinthe

literature.Theexperimentalinvestigationinthepresentresearchnotonlyadded

thefundamentalanalyzesoftheflowpasttheDarrieusturbine,butpresentedde-

tailedinformationaboutthevelocitygradients,vorticitycontours,andQ-criterion

whichwereusedtovalidatethecomputationalapproach. ThePIVsystemwas

completelysynchronizedwithtorqueacquisitionapparatus. Theextendedqual-

itativemeasurementsforevery10oofbladeazimuthprovidedmoreinformation

abouttheinstantaneouschangesanddevelopmentoftheflowfield. Thesizeof

themeasurementwindowwasincreasedbyincorporatingtwocamerastocapture

thecompleteturbinewhichnecessitatedprecisemergingoftworawimages.The

resultsobtainedfromsuchexperimentalcampaignaremeanttocontributetosci-

entificresearchwiththefieldmeasurementsforacompleteturbinecyclewith

differenttip-speedratios.Thespecificexperimentalset-upcanbeusedtotransfer

theknowledgeandallowresearcherstoperformtheenhancedperformancetests

offull-scaleormorecomplexturbinemodelsinthelaboratory.

7.3 Understandingtheflowphysicsoffixed-blade
turbine model

7.3.1 Referencecase:tip-speedratioλ=2

Forthesakeofsimplicity,inclusiveflowphysicsisunderstoodbyconsideringthe

near-bladeflowfield(local)andfull-sizedflowfield(global).Asexplainedinsec-

tion2.2,theoperationofaDarrieusturbineischaracterizedbylargevariationsof

effectivebladeincidence.Bothnumericalandexperimentalstudiesinthisresearch

identifiedtheazimuthwiseevolutionofflowparametersandvortexshedding.The

cyclicobservationsofflowfieldforeveryrotationoftheturbinewasnoticedas

afeatureoftherepetitivenessofcomplexprocessessuchasvortexreleaseand

blade-vortexinteraction.

Atatip-speedratioλ=2,theflowfieldimagesshowedthattheleadingedge

vortexwasfoundatearlyazimuthposition(600)ofthebladeduringthefront

halfofthecycle. Thisvortexrolled-uptooverthesuctionsideoftheblade

andthusincreasetheliftforcebeforeitwasshedfromtheblade. Aseriesof

vorticalstructureswerereleasedfromleadingandtrailingedgesandtheprocess

becomesquiteerraticasthebladepassesα=1800.Beyondthispointwherethe
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bladepositioningalignswiththeeffectiveflowdirection,theflowreattachmentwas

possible.Thevortexformation,itsstrengthandreleasefromthebadedependson

thefree-streamvelocityV0. WhenV0=0.5m/s,aweakervortexwasformednear

thebladeleadingedgewhichwasshedataboutα=1600. WhenV0isincreased

to1m/sand1.5m/s,thevortexwasrelativelystrongerandshedearlyduringthe

fronthalfofthecycle. Also,highervaluesofV0wereobservedtocausesevere

blade-vortexinteractionswhichwerelikelytoimpacttheentireflowpatternofthe

cycle.

ThevorticityandQ-criterioncontoursobtainedfromCFDandPIVstudies

showedtheaccuracyofcapturingtheflowphysicsunderdifferentoperatingcondi-

tions.Nextsectiontakesonthesecomparisonsindetailbyconsideringmoreflow

parameters.

7.3.2 Velocitygradients

GoodcomparisonbetweentheCFD-simulatedflowfieldandPIVvisualisations

waswitnessedthroughthemeasurementsofthevelocitygradientsforatip-speed

ratioλ=2. Thevelocitygradientofinthedirectionofuniformflowacross

theturbineforacompletecyclewascalculated.Althoughthereisagoodmatch

betweenthemajorflowvariationsonawhole,CFDwasfoundtobeover-predicting

thepeakvalues. Aslightdelayinmajorflowinteractionswasidentifiedinthe

numericalresults.Also,thereissomediscrepancybetweenthecomputationaland

experimentalresultsattheonsetofvortexsheddinganditsinteractionwiththe

blade.

7.4 Bladepitching

BasedontheseminalworkofCouchet(1976),thebladepitchcontrollawsasa

functionofazimuthpositionweredeveloped,whichwereexpectedtoensurethe

suppressionofvortexsheddingfromtheblades. Thiswaspossiblebyimposing

aconstantcirculationtotheblade.Themathematicalconstructofthisworkin

Chapter3alsoprovidedtheanalyticalcalculationofthebladeoperatedinthis

formulation.2DCFDstudieswereperformedtoassesstheinfluenceofbladepitch-

ingkinematicsontheturbine’sperformanceatdifferenttip-speedratios. Good

comparisonbetweentheseanalyticalresultsandCFDanalysisfortangentialand

normalforcecomponentswasachieved,whichwaspresentedinChapter6.This

CFDmodelwasusedtofostertheknowledgeobtainedfromtheanalyticalanal-

ysisintermsofpowerextraction,flowfielddevelopmentandvortexcontrol.The

specificremarksofthisinvestigationareoutlinedbelow.

1.BothanalyticalandCFDstudiesrevealedthattheperformanceofthetur-

binewithconstantcirculationimposedtothebladesvarieswiththepitching
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amplitude,definedbytheangleβ. Aseriesofβvaluesfrom−50to+100

wastestedatdifferenttip-speedratiosusingCFDtocomparetheanalytical

results.

2.Forallthepositivevaluesofβconsideredinthisstudy,itwasfoundthat

thebladeextractsthepoweronlyduringthefronthalfofthecycleandloses

thesameorevenmorepowerduringtherearhalfofthecycle.Thiscaused

thecoefficientofpowerCOPtoevolveasasinusoidalcurve.Thisisbecause

oflargervirtualcamberandflowinducedincidenceduringthefronthalf

whichincreasesthepowerextraction. Whenthesemodelsarecomparedwith

theclassicalDarrieusturbine,thefixedblademodelproducesbetterpower

thanthepitchingblades. However,theconstantcirculationbasedpitch

controlformulationproducedalmostnopower,whichwascircumventedby

subjectingthebladestovariablecirculation.

3.Fortheturbinemodelwithvariablecirculationimposedtoblades,increasing

thetipspeedratioλimprovedthepowerextractionfeaturesthroughoutthe

cycle.Thepracticaloperatingrangeofthesemodelsisbetterthanthatof

thefixedblademodelastheoptimaltip-speedratioλoptisincreasedforthe

turbinewithpitchingblade.Thismeansthatλoptiscertainlydependenton

thebladekinematics.

4.Thenumericalstudyshowedthatthereisaslightincrementinthecoefficient

ofpowerCOPwiththefree-streamvelocityV0.Thisimprovementreflects

theincreaseofpowerextractedfromtheflowduringthefronthalfofthe

cyclewithhigherfree-streamvelocities,whichwascausedbyincreasedlift-

to-dragratio. TherateofincreaseinCOPwashoweverfounddecreasing

withincreasingV0.Thepowerintherearhalfremainedrelativelyunchanged

withincreasingReynoldsnumberforthepitchingkinematicsinvestigatedin

thepresentstudy.

5.Theactivebladepitchingmechanismbymeansofcamsystemwasdevel-

opedtomodelaDarrieusturbineprototype,wherethepitchingmotionof

thebladeiskinematicallycoupledtorotor’srotation. Thismechanismof

changingtheblade’sorientationwithrespecttoincomingflowisinstanta-

neousandpredefinedwhichisexpectedtoofferbetterperformanceinterms

ofpoweroutputaswellasvortexcontrol.Thecorrespondingdemonstrator

wasbuiltandfutureexperimentalinvestigationsareplanned.

7.5 Furtherwork

Eventhoughalargenumberofstudieswereperformedonthedesignandde-

velopmentofDarrieusturbinesforwindandtidalapplicationsforpastthree
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decades,therearestillseveralgapsinthepublishedmaterialasfundamentalis-

suesareconcerned.Thesemustbeproperlyconsideredtodevelopbetterdesigns

andtechniques. Onesuchattemptismadethroughthisthesiswork. Despite

theappreciableprogressachievedbythepresentresearchonthemarineturbine

anditsperformanceimprovement,realizationofthedevelopedmethodologiesand

proposedtechniquesinrealapplicationsareyettobemade. Themathematical

modelsofconstantcirculationframework,theoreticalconceptsofpitchingblades

areplentifullysuppliedbytheliterature.Thissubstantialinformationalongwith

theknowledgeobtainedduringthepresentresearchunravelledthatthepitching

blademodelsareverydifficulttodevelop.Inaddition,theadditionalcomplex-

ityinunderstandingthekinematicsandflowphysicsassociatedwiththepitching

blademodelsposeseriouschallengesatthedevelopmentend. Thescarcityof

fully-adequatecomputationalandexperimentalmodelsisanothercausetofailin

addressingthedesignissuesofadvancedtechniques.Foraconclusivestudytobe

conducted,theseaspectsshouldbetakenintoaccount.Itisthereforeimperative

torecognisethekeyareaswhereadditionaleffortsareneeded.Startingwithadis-

cussiononthecontinuationofcurrentproject,thissectionisdedicatedtoprovide

thefollowingrecommendationsfrompracticalapplicationviewpoint.

7.5.1 Blade-wiseforce measurements

Thepresentresearchofferedthebaseknowledgeofexperimentalandmeasure-

mentmethodswhichisusedtoprovideconstructiverecommendationsforfurther

improvementintheturbine’sperformance,whichareoutlinedhere.

1.Useoflightermaterialsandbladesnotonlyallowtheweightreduction,but

permitthesmallerbearingandsimplesupportingelements.Suchfacility

leadstoreducedformdragoftheset-up.Also,thelighterbladescanbespun

athigherRPMwithoutanydamagewhichenablestotesttheoperationsof

highertip-speedratiosandbladeReynoldsnumbers.

2.Theblade-wiseforceandmomentvariationsastheturbinerotates,which

wasmissedinthepresentresearch. Thisdataisvitalforvalidatingthe

theoreticalandcomputationalmodels.Thelighterbladesarelessproneto

errorsinthisprocessofobtainingaccurateforcemeasurements.

7.5.2 Flowanalysis

Inthepresentstudy,thePIVcomputationoflocalflowfieldsaroundtheblade

atdifferentazimuthpositionsandglobalflowfieldsacrosstheturbinewerefound

immenselyhelpfulinunderstandingthevariationsofpressure,velocityandcircu-

lation.Newexplorationsmaybeinterestingtohaveadditionalinformationabout

theflowcriticalities,whichareoutlinedhere.
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1.Theeffectofadversepressuregradientsindefiningthebehaviourofflow

separationandreattachmentisnecessarytobequantifiedforcomparing

withtheCFDresultsaswellaspossibledesignimprovements.

2.ThePIVmeasurementsinthepresentstudywerelimitedtothetwo-dimensional

andtwo-componentflowsystem. Thevisualizationalongthebladespan,

particularlyatthebladetipsandsupportingstructuresareimportantfor

betterunderstandingofflowdynamics. AstereoPIVorTomoPIVstudy

canprovidethethree-dimensionalandthree-componentanalysis.

3. WiththePIVfacility,fullysynchronizedwithforcemeasurementsystem,

thispossibilityneedsfurtherinvestigationfromthetidalturbinestandpoint.

7.5.3 Experimentalanalysisofpitchingbladedesign

StartingfromunderstandingthekinematicsandhydrodynamicsofaDarrieustur-

bine,thisthesisworkprovidesthepreliminarystudiesontheapplicationofthe

bladepitchcontrollawswhichweretestedandcomparedwithclassicalturbine

usingCFD.TheexperimentalcampaignforPIVstudiesofthefixedblademodel

wassuccessfullyconductedandfullrangeresultswereobtained,analyzedand

presented.Thedesignanddevelopmentoftheturbinewithpitchingbladesand

supportingcamsystemwascompletedbytheendofthestudy.TheCADdesign

ofthepitchingblademodelwasdeveloped,whichisshowninFigure7.1. See

AppendixIIforthecompletecammechanismdesign. The2Dmodelwaspara-

metricallyanalyzedusingCFDtoassessitsperformanceunderawiderangeof

operatingconditionsandwithdifferentsolidities.Infurtherance,theexperimen-

talstudiesofpitchingblademodelareneededinordertohaveaconsolidated

informationaboutthedeviceperformanceindifferentflowconditions.

(a)Topview (b)Isometricview

Figure7.1:ComputationalmodelofDarrieusturbinewithpitchingblades
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7.5.4 Verticalaxistidalturbinesatlargerscale

Thisworkprovidedthetestsandnewconceptsforconventionalturbinemodels

andnewdesignswithpitchingblades.Itisinterestingtotransfertheseideasand

findingstoalargerscaletocheckiftheassessmentsmadeinthisstudywouldhold

theirstandandsimilarperformancetrendscouldbeaccomplished.Oneofthekey

notificationsisthattherotorgeometrywasneglectedandthebladeReynoldsnum-

berisintheorderof105,whichmaybefeasibleforrealapplications.Literature

surveyshowsthathigherReynoldsnumbermodelsatlargerscaleswerecompu-

tationallymodelledwheretheinletturbulencelevelswereincreased.Suchtests

yieldedconsiderablechangesinthepowercharacteristicsoftheturbine(Edwards,

2012).Therefore,carefultestingstrategiesshouldbeensuredforprospectivefuture

studies. Ontheotherhand,thefundinglimitationsandschedulebarriersoblige

anappropriateassessmentofdevelopmentpossibilitiesforlargescaledeployment.

7.5.5 Verticalaxistidalturbinesinrealsituations

Onesignificantdifferencebetweentheinvestigationsmadeinthisstudyandthose

inrealsituationsistheflowconfinement.Althoughmajorityofresearcharticlesat-

temptedtoreplicatetherealflowenvironmentintheirinvestigations,thepresent

researchincludedsignificantblockageeffectsinbothcomputationalandexperi-

mentalstudies.Inordertotransfertheperformancemeasurementstorealflow

conditions,theseblockageeffectsshouldbenullified.Also,theflowconfinement

imposesadditionalwalleffectsontheflowdomainwhichconsiderablychangethe

physicsandthereforeshouldbequantified.Theapproximatematchbetweenthe

experimentalandcomputationalflowconditionsdidnotanswertheadequacyof

assessmentprocedure. Therefore,aclearrequirementforlargedomainand3D

CFDmodelsisidentifiedwhichwoulddramaticallyincreasethecomputational

cost.

7.5.6 Alternativedesignconfigurations

ItisobviousthatthegeometricaldesignparametersofDarrieusturbinesgreatly

influencetheoverallperformance. ThestudiesofTirkeyetal.(2014)andGos-

selinetal.(2013)quantifiedthechangesintheturbine’spowercurveswhenthe

differentdesignparameterssuchasbladeprofile,numberofblades,aspectratio,

solidityetc...weretested. Withthegeneralinformationprovidedbysuchpara-

metricstudies,itisinterestingtooptimizethegeometricalshapeforimproved

performance.AnadjointsolverintheCFDframeworkcanbeusedtoderivethe

bestpossiblegeometrywhiletheboundaryconditionscanbeoptimizedbyusing

thestatisticaltechniquessuchasDesignofExperiments(DOE),responsesurface

etc... CommercialCFDsoftwareAnsysFluenthasthesetechniquesbuiltinthe

projectworkbenchwhileStarCCM+canbecoupledwithexternaltoolboxes

152



CHAPTER7. CONCLUSIONANDRECOMMENDATIONS

suchasCAESESandmodeFRONTIERformulti-objectiveoptimizationprocess.

Numerouspossiblestudiescanbeconductedusingthesecoupledsolversforim-

proveddesignstoemerge.DetailedCFDstudiesofoptimizedgeometriescanallow

revisitingthemathematicalmodels. Correspondingobservationsofflowphysics

usingexperimentalstudieswillthereforebeanewareaofinterestforprospective

researchers.
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APPENDIXI:UNCERTAINTYANALYSIS

Theconceptofstochasticcollocationisprimarilybasedoninterpolationoffunc-

tionforchosenrandomvariablesatspecificnodeswithinthestochasticspace.

Themathematicalimplementationofstochasticcollocationmethodinthisstudy

followsXiu(2010).

I.1 Stochasticflow model

Forstochasticmodeling,tworandomvariablesareconsideredwhicharefree-stream

velocityV0androtationalvelocityωoftheturbine.Thesetwovariablesaredealt

separatelyinordertodiscriminatetheirinfluencelevelontheperformancecharac-

teristicsoftheturbine.Thereasonforselectingthesefourasrandomparameters

toconstructthestochasticspaceisthatthesearetypicalcharacterizingvariables

oftorqueevolutionandhencethepoweroutput. Oneofthecriticalconcernsin

probabilisticcollocationistoselectanappropriatebasetosupporttherandomdis-

tributions(GhanemandSpanos,1991).Consideredrandomvariableswithmean

µ̄andstandarddeviationσ̄aredefinedby

V0=̄µV0+̄σV0.u

ω=̄µω+̄σω.u

Theso-constructedstochasticspacewithpredefinedmeanµ̄andstandarddevi-

ationσ̄ofconsideredrandomvariablesisfurnishedinTableI.1. Thestandard

deviationsoffree-streamvelocityV0andtheturbine’srotationalvelocityωmen-

tionedhereareobservedinexperiments.Thestochasticcalculationsarecarried

outona8x8Clenshaw-Curtisquadraturebased2Dstochasticgrid,asshownin

FigureI.1.
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I.2. RESULTS

FigureI.1:Clenshaw-Curtisquadraturebasedstochasticspace

Mean(µ̄) Stddev(̄σ) Support
Free-streamvelocity(V0) 1m/s 0.007m/s [0.993,1.007]
Rotationalvelocity(ω) 6.667rad/s 0.067rad/s [6.600,6.734]

TableI.1:Stochasticspaceofuncertainvariables

I.2 Results

FiguresI.2andI.3showtheplotofstatisticalmomentsofthetangentialand

normalforcecomponentsforindividualrandomvariables.Thelargestdeviations

intheforcecoefficientsareobservedattheazimuthallocationswherethevortexis

releasedfromthebladeandwheretheblade-vortexinteractionoccurs.Astheflow

non-linearitiesarereportedinthestochasticsolution,itiseasytoidentifythezone

ofmaximumsensitivity,whichis180o<α<270o.Comparedtotangentialforce,

theamountofdeviationinthenormalforceismore. Thecumulativeeffectof

boththeuncertaintiesintheflowdomainbooststhesolutiondeviationtogreater

extent,whichisshowninFigureI.4.Thisunderstandinglaysapathtoclassify

theuncertainvariablesaccordingtotheirinfluenceonthesolutionvariability.

FigureI.5showstheinterpolatedresponsesurfaceofcoefficientofpowerCOP,

constructedontheprobabilisticspaceofuncertaintyanalysis.Redcolouredaster-

isksontheresponsesurfacerepresentthedeterministiccubaturenodesofuncertain

variables.Itisclearthattherotationalvelocityωismoreinfluentialthanthefree-

streamvelocityV0sincetheresponsesurfaceseemssensitivetothechangesinω.

Whiletheinverserelationshipbetweenfree-streamvelocityV0andCOPisevident
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APPENDIXI:UNCERTAINTYANALYSIS

FigureI.2:µ̄±σ̄oftangential&normalforcecoefficientswithuncertaintyinV0.

FigureI.3:µ̄±σ̄oftangential&normalforcecoefficientswithuncertaintyinω.

FigureI.4:µ̄±σ̄oftangential&normalforcecoefficientswithuncertaintiesin
bothV0andω.
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I.2. RESULTS

FigureI.5:ResponsesurfaceofCOPontheuncertaindimensionsofV0andω.

withintheuncertaindimensionalspace,thesurfaceplotrevealsthattheperfor-

manceoftheturbineisappreciablyinfluencedbytherandomnessintheboundary

conditions.
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APPENDIXII:PITCHINGMECHANISMDESIGN

II.1 Modeldesign

InordertodevelopaninstrumentedVAWTprototypewiththepitchingblade,

aforcedpitchactuationmechanismisused.Theobjectiveistohavetheblades

beingsubjectedtothedesiredpitchangledefinedbythedifferentialEquation3.49.

Thismechanismconsistsofacamandcontrolrodtogeometricallysetthepitching

dynamics.RefertoFigureII.1,letRcbethemeanradiusofthebasecirclefrom

FigureII.1:Bladepitchkinematicsanddefinitionofcoordinatesystemonapitch-
ingblademodel.

whichthecamprofileisderived.Thecoordinatesofanarbitrarypointonthethis

circleatagivenazimuthpositionαarecalculatedfrom

x1=Rccos(α−α0) (II.1)

y1=Rcsin(α−α0) (II.2)
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II.2. PROTOTYPE

whereα0istheangleusedtopositiontheslidingrodonthecamandtoactuatethe

pivotingbladethroughaleveroflengthd.LetLpbetheeffectivedisplacementof

pullrodpivotofthebladewhichisalsoequaltothedistancebetweenthe(x1,y1)

andthecamcoordinates(xc,yc)atα0sothattheshapeofthecamtrackis

definedbythecontrollaw. Thisrelationshipdefinesthecamshapethroughits

profilecoordinates,whicharegivenby

xc=x1+Lpcos(α) (II.3)

yc=y1+Lpsin(α) (II.4)

whereLp=d.tan(θ).FigureII.2showstheplanandsideviewsofthedraftof

camanditsmount.

FigureII.2:Planandsideviewsofcamforβ=+50.

II.2 Prototype

ThecompletemechanismofcamandcontrolrodoftheDarrieusturbinemodel

forexperimentalinvestigationisshowninFigureII.3.Thecamisgroovedonthe

under-faceofthecammount.Thecamfollowerwhichisattachedtotheendof

thepullrodmovesalongthiscamtrack.Theotherendoftherodconnectswith

thepullrodpivotoftheblade.Asliderassemblyfixedtothebladeallowsalow-

frictionslidingactiontothebladesothatthefollower’smotionthroughthecam
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trackistranslatedintothebladepitchingasittravelsthroughtheazimuth.The

positionofthebladepivotisatthehydrodynamiccentreoftheprofile.

FigureII.3:Forcedpitchactuationmechanism.

Thelocationofbladepivotandpullrodpivot,thepullrodmotionandslideras-

semblydesignwereselectedwithoutconsideringtheirrespectiveinertialmoments,

centrifugalloadsandfriction.Therefore,anobviousdeviationintheperformance

measurementsusingexperimentsfromthenumericalresultsisexpected.
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