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Abstract 

EnnljY ~xtradion from tidal 'UfTents usiug marine CIlIT~m turbines has bl'~n gaining 

attemion in r~celH yeMs. In the lirst part of this thesis. the design and optimi7atioll ofa 

hori/olltal a.~is tmbillc is proposed 10 h:lrvest :l\:libblc I"",call killdie "lIaljY 1"1"I1m H:ory 

low spe~d Ilow regimes. A hor;wlltal a~is mar;IIe CUffi:llt turbine is lIuJclded alld N,\Ct\ 

-1 series foils arc S~tc.:ll"<l as the two-dill1~ns;ollal bl:tdc t()ils Jcsign domain. llIade 

g~()melry 'Ilid tuil ,h;I[lC ;"e Ihel l optimi / ed IIs ;ng Rcsp(ltI;;e SlL rt'll'e (RSM) am! Slcql..:,t 

As..:cnl ~·klh()(I()I"gi,·> (SA:>.n The per1""nnan~~ alld accuracy "f Ih" propo.N'd de,igll is 

cOl11p;Jred ;111<1 valid;lle(! w;lh Ihe developed turbi'lc IIbde " lemelll MUIII,,"tum (111;1\'1. 

Iheory "'(K!el. III thc ;;,;cI)I,d pari "flhe th~sis. hydrodYII:lIll'"' PI'OI)(:rti..:s of the optimizeJ 

ll>ilaresimllble<.llhrough""IlIlllllcr..:iaIComplllnliml:l1 Fluid Dymmic (CI'U) pa<"ka lje 

;lI1J Ihen ":Olllparcd with Ihe conventi,,";ll Eppler 61 foil pl"l)ll<:rlics. The Iw,).(!imen,ional 

;",;,I ysis eontirms the rffed;I'ClieSs of Ihe optimization Illr thc !{~ynolds numocr of 

42000. A Ilmoc dim..:tlsiolla l slart-up CfD simulation is then pcrfofllwd (() ca l,:ukiw the 

lI'I>Ic:ldy I,)ad di~tributi(lI' o\'ath..: blade sllrf:'Kcs whieh ha\'e bel'll fUl1lwr utilizeJ in a 

static Finite Elemel11 t\nalysis (FEA) 10 measure Ihe r"lor's blad~ li p dctkclion . This 

stage g"ar;lI\t~es thc s~fe and optiUlIIlll stnlCtural pcrforlll3nce of thc rotor in regarJ h) 

v:lrio llse.xistillljlllatcrialchoieesandrnnnufacturingtcchnologies. 



Ack now ledgements 

Fir:;tl w(,,,ld like to cxprcs~ my appr~'Ciationto my ~lIpcl>isors Dr. 1-.lar1in OrJunel 

and Dr. HalflJa.;iun:,ycrforlhc;r\':,III:,blcguid:II'cc.knowlcligc:llulp:,I;en.;edllr;ng"'y 

r he lin;",.;;,,1 support of Ihis r~'S<:ar.;h has b..'Cn prtll'idcd by N:,I;III1,,1 Sl'I.;nce 

b'ginecring HC'';:II1;h ("mUle;1 of Canad" (NSEHC) and Sehoul ,)f (ir"d"31.; Sludil's. 

1-.1.;1I\0r;:,1 Univ.;rsilyofNcwfollndi:onli:lnd L"br"dor 

I 'I,mld like to thank my kllow gr;ulualc sludents and Iltlicem:uc,. Mr. Ibibing 

Wang. Mr. Zhi Li. Mr, Ming Xi. Mr. Ilrian ("bus. Mr. I'eng Wen. Mr. Khalid 1I: .. ':on and 

1-.1r. Mahmud Ila';':II'. "ho pro\';ded me with an enjuyable and pcaceful 31mosphcrc 

Appr~"\-"iali()n 's CXlcmkd h' Dr, Syeli "hm"d Imli31 for his helpful disnlssions. I "ould 

like 10 :,1"" adnowkdge my apprecialion to Dr. ll'Onard L>'e. the Assoo.;iate Dc:", III 

Gradmle Studies and Hescarch :",d 1-.1s. Moya Crocker. the Secrclilfy10 lhc Ass(lI:iate 

Dean. Finally, I wouldl;kclulh:lllk my f"nncrsllpcrv;sur Dr. Scycd "Ii Juaycri and my 

dc"r fncnu Mr. "mir Ahmad Hl)(,hi I"rlheirgui,bncc :\lulnmsuliancy lhroughllUlllly 

m:OSla·sprogram. 



Table of Contcnts 

Abstract ................................................. I 

Ack no wkdglllcnt s ................. . 11 

rahic ofContcnts ............ 11' 

Nunl~l,c l at!lf~ .. 

Listof!\ppcndiccs 

l lntroductioll .. 

1. 1 Lilcratllr~ R~vi~w 1ll"T"rbine Ba,~d T Cdllllll')gy 

1.1.1 Ilorizo llt31 ,his Tu rbinc ~Iudcl l in!; T cdmiljllCS 

1. 1.2 RUlOrOpt imizatiunTccbniqucs 

.......... 1 

. ............ 9 

10 

1.1 .3 RlllOr Complltaliollal FI"id Dyn:lln ies allli l'in ite Ekmcnt Ana lysis ...... IJ 

1.2 Tl1cs isObjcctives 

1..1 Tl1csisOrgan iJ:ltion 

2 Horizontal Jhi, (lce-ali Current T lIIbinc (I IAOT) r>.lodcll ing . 

2.1 Illadc I lydrodynamics Theory and Von~:I: System ... 

2.1. 1 Liftamj Drag forces ... 

2. 1.2 Vortex Sy~tclll 

2. 1 . .1 MOlTlentulllTheory 

2 . 1.4 LiflandDmgCocftkicnts" . 

2 .1.5 IJI"dcElcmcnt Momentum Thcury . 

2.2 HEM model Resu lts "nll V"l illation .... 

iiI 

25 

27 

J2 



2.2. 1 L1ladcl'ilch Al1g lcEI1':;;ls ............................. ............................ "17 

2.2.2 11Iudc·slcl1glh Eft,,'CIS 

2.2.3 NUIlIb<:rufBbdc's UTl,<:IS 

.................. .1') 

2.2Allladc·s Sbap<."Elkcls. 43 

2.3 Low FlowCurr<."IlI Consid<."f:nions.. . . ............................................... 4.1 

2.4 SuII1I1I:,ry... . .... 45 

3 lJlaJcOpl illlilJlion Using RcsponscSurl:occI>.klhooology . 

3.1 Bl:"kOplimi~Jti,)1l De"'-'riptitH1S .......................................• IX 

3, 1,1 III:oJ<." l)<."sigll Fadors:,.,d R"h'l<."d Cou~lraints 

3.1 .2Slalist icaIModcllingSlralegies 

........................ 4X 

......................... 50 

3.1 .3 Opl imilali"u Mdhodology 

3.2 Full F:oclorial E~l'lor;llory I)"sign 

............................... 5 1 

3.3 Rcsponsc Surl:lc" Mdhod D"s ign .... 

.LI. I Th" First E:o; ploratory D",ign (t ~ Ol'l in,i,alion Stcp) 

3.3.2 Th" S<."nmJ Exploratory D~s i gn ( 1" Oplinlization St"l') 

3.3J The Third E:o;plur;otory Iksign (I " Oplillli.-ation SI<."pl ... 

.............. 52 

. .. 54 

.. 56 

3.3.4Tb<." Firsl E~plural"ry Dcsign\2''' OplimizationStepl ....................... 72 

3.3.5 The S",,01ld Hxplorat"ry Design (2 .... Opt imization SI~pl . 

34 Optimi ~.ati ol l Validm ion ... 

J .5 Optimiz"liou Diseussion 

) ,(,Sunlillary, .. 

4 Fo il and Blade CFD Analysis, .. 

4. 1 T,,,'-Dimensional l\nalysis .... 

.76 

.77 

'" . ............. x2 

. ... X2 

4,1, I Two-Dim" l1s ional I'robklll Dclinil;oll :md I'ar:nnetcrs., .................... XJ 

4 . 1.2 Two_Dimensiou:11 Fiuilc Volume il.ksh ......................... X4 

4 .1.3 Tilll<."urltcr:nion l\,·"r;lgiug ... . .............. X5 

4 .1.'1 EI'pkr61 Sin,nl:oli(>n Results 

4.1.5 I:ppkr61 Simulmion Validation .. . 

4.1.(, NACA 660J Simulat ion Results .. . 



4 .2 ROlurTh,,-~-[)ill1cnsional (3D) SWI'1 I1)l Cunsidcr:tlions ... . 

4.2. 1 Thrc~-Di "'~nsi0T1,,1 I'rubk", Ddin;liUIi :lI\d Par:"Il~l crs 

lOS 

10) 

4.2.1 T hrcc-D;lllcnsional Finite Vol lnn~r-.lcsh ....................................... I()<) 

4.2.3 Thrcc-D i l\l~lIsional Ill :uk Pr~ssurc lJ imihllliun II() 

115 

115 

4.J Fin i l~ Ek nwnl i\naly~ is of llI ad~ Tip D~lkclio l1 .. 

4. 3.1 1I.-1anul:1clul'ing I' roc~~s~s :md Malcrials ... 

4 .3.2 Thrcc Diml"nsioual Finitc Ekll1cm Mcsll. . 

4. 3.] Ill:ldcT;p Ddkdion i\lIalys is Rc,ulis. . ................................ liS 

4.4SlIlllll1ary. .. 125 

5 {",)Il\:lllSU)IlS 1~7 

5.1SlIll1ll1:1ry 

5.2Conl ri huli"ns 

S.J FlllllfC Work ... 

Rckrcnccs ... 

r\ppcndk~s .. 

Appcndi~ i\. .. 

Appcndi~ 

AppcndixC. 

......................... 12x 

131 

UJ 

145 

145 

. ...... ......... .... .. ... ........... .... .... .. I " I,~ 

.............. 153 



List of Figures 

Hg. 2.1 Si~ bladL"tlhuri/Hllt:.laxismtor 

l;ig. 2.2Lilianddrag,iSII;.lit.;t!ion .. . .. . ......... 20 

Fig, 2.3 NACAOOI5!illwcllici,·nlls. anglcofallacks .......................................... 21 

Fig, 2..l NACAooI5dragcocllki~iH l·s.anglcuf:lU:lcks 

Fig. 25 (i~ulllcirie. clr..'Cli,·~ ;lIld in<JlI~cd ;.lIglc "falla,'ks 

..... 21 

!'ig . 2l' ,h i ,dalldro!aliolla l \cI"..:iti~s .......... ... ........................... 2.1 

Fig. 2.7 (,,,"1rol \ohllncs arullnd lh..: rolor ......... .... ....................... 2~ 

Fig.2.S l'u\laa"dlhn"l~ocftk,e' l ts\"s . "xial inductiun li,,-·tor 

Fig. 2.9 NACA 00151il1 cocllkiclll valid,ui,,"., (Re "" !JOOOO) 

F.g. ~.IO NAt'A OOIS dr:.g cocllil"i,·nt validations (Re = !JOOOU) ...................... 2~ 

Fig. 2.11 N"ml"I(FNI;IIIdt'IIIgClllial(FT)..:omjlulients"ftutall()rce(R) 2') 

Fig. 2.1211Iadcstwislangledistribulioll . . .'.1 

Fig. 2. I.1Il1"dethiekllc.'sdistributiun .. JJ 

fig. 2.14 Linear \"s. Non-linear thid.lless blade distribution elli:,·t 011 rotor power ........ q 

Fig. 2.15 Sc·hcmati..:ofa tlu-ce bbdlxl mtof ........ ...................................... 3(, 

Fig. 2.1(, l'owercoellic;"iH vali,btion . 

Fig.2.17 Rutur'spvwervs, rotor speed 

. ........................... ....... 3(, 

. . \7 

Fig. 2. 1l< l'owcrcucllidciHVS. bladc'spilchanglc (Vu = I m/s)... . "H 

Fig. 2.19 E~ tra..:tcd I,owcr "~S o blade's pitch ;l1)glc (Va = ll11/s) .. J~ 

Fig. 2.20 I'owcrcoctlicicllt vs. bladelcnglh. ... .W 

Fig. 2.21 E~Ir;Ktcdpower\'s . bladelcllglh .. 

Fig. 2.22 I'"wcrcoctliciclit v.,. nilinocrllfbl;.d..:s ... 

Fig. 2.23E,lr"c!cd lll)wCr,'s.numb<:rufbbdcs 

Fig.2.24I'uwcrcudli..:iclItv .•. bl;,dc·srootlcnglh 

Fig. 2.25 F~Ir.Ktcdpuwc r \'s.bbdc·,r"otlclIglh 

Fig. 2.26 NACA OUI5 extracted jlOl\l·r \"s. inflow cum·nt spcl"tls (Op = 0) ......... 4& 



Fig. 2.17 NACA nO IS C.~lra~kd powa '"S. low intlow ~urr~lIl spc~ds (0" = 0) 

Fig, 3,1 A s<:h~III:lli<:ufa fuil ... ................... ......... .... ............... 50 

Fig. 3.2 XI\,s X2 rcspoll,c slIrl:lcc plOl (CCD) and lh~ oplim,,1 rc'pl)n~~ d;r~cti<lu 52 

Fig, 3,3 XI' S, X2 <:unluurplul alldlhcuplim"lrcspolls.cdir~diOIl ................... 53 

Fig, J ,-1 lI:lifnormalplolof]{esiduJls 

Fig . 3 . 5 1)~reloch~rl 

Fig. 3,6 Nurm,,1 probabilily"' . Rcsidll"lsplul 

Fig . .1 .7 R~sidll :,ls "S. l'rcdid<:d plul 

Fig, 3,X R~sidll:'1s vs . Rlin plul .. 

Fig, J,t) f'r~d i c·t~d vs. Adua l plut.. . 

Fig,J , IO 13ox-<:o.\ plot. 

... 55 

-,S 

5X 

.,1) 

. .. 51) 

Fig, 3,11 Rc·sidllals\'s.I;'clorplol.. ............. .............. .................. .... W 

Fig.3.12 N<lnn"ll'wh:,bilily". R<:sid""lsp],'l 

Fig. 3.1 3 R<:siduals "S, I)r~dicled plul 

Fig. 3. 14 Thidn<:ss IAl vs, Camber I'la~e (13) <:uulour plut. 

Fig. 3.1 5 Thi~kn<:ss I t\) vs. C~mbcr A!llmllll (C) <:<"'Iour piol 

Fig.3. 16Thi<:kness\ I\)vs. I'il<:h Anglc(O)<:unIUlIrl' l,)l, .. 

Fig. 3. 17 ,\. B andC<:ubc plot .. 

Fig. 3. 1~ A aud n int<:ra<:l iou plut. 

Fig. J . I'J 13 vs,C <:Ol1lollrplol " . 

Fig. J .20Avs , Il rcsponse s lirfaceplot ... 

Fig. J .2 1 C vs. 0 r~sp,,,,s<: Slirfacepiol 

(,) 

(,) 

Fig. J.22 ,\-I(lIl<:ll'r<:d;<:t;o" vs. a<:lll~llk",er ........... 7 1 

Fig. J.23 Oplimil.ed blade's foil Sh:I]:>O: 'So COl1v<:nlion"i NACA OO()6 .7J 

Fig. J.24 QlI"d rali~ mi),lel pr<:dil'li<)11 \'S. ~cI,,~1 power . . ........... 7-1 

Fig. 3.25 r:.~lor II vs.C<:onl"urpiol for three bladed turbine" . 

Fig.3.261·:Klorl3vs.Cconlourp l olforfo\lrblad~dlurbinc . 

i"ig, 3.27 Fa<:lor B VS . C contour plot for livc bbdcd l urbil1 ~ . 

Fig. 3.2R Tidal <:lIrrell llllrbil1cblad~ ... 

viI 

79 



Fig .. 1.::>90ptimizedocca ll~lI rrent tlLl'bineblade 

Fig. 4. 1 Rot\)f2Dbasi~ mesh ... 

Fig. ,1.3 F"i I ZO rn~sh S\: hel11C in Flow Sirnllbtil1 ll (XY ,yrnll1 ~lry surl:lCc) ......... xc, 

Fig. --1.--1 NACA 660J me.,h ,,,hern":l1 (a '" J ,, 0) & Re '" 42000 

Fig. 4.5 NACA (,603 "dodty COIilOllr at ia '" 15") & Re '" 420()O 

1'ig. --I .6 Eppicr (,1 mesh s~hemcal(u '" 15°)& Rc = 42000 ..................... :-:7 

Fig.--I.7 Lpplcr61 vdlk:ity <:"ntour :Jl ia = ISO)&Re ", 42(J()(J 

Fig. ·-U< Eppla61 , · dlk.' it y ~llI l hlUrs ( o. = 12") 

Fig .. 1.9 F.ppicr 6 1 presS llr~"l)l110urs(l{ = 12°) . 

Fig. --I . 10 [-"pplcr6 1 ,dilcily(;l"'IOIlIb (a = 15" ) 

Fig.--I. 11 Fppkr6 1 prcssllr<:l"Hllilllrs(a = 

Xl 

.. X7 

l' ig.--I. 12 Eppkr61 w iocityc'omours(a - 15) ..................................... X') 

[-"i ;;.--I . 13 Eppkr61 prcss llre ""ull1l1lb (u _ 

Fig. --I.14Eppla 6 1wlocity comours (a = IS°) ................................ X') 

[-"i g.--I.1 5 Fpplcr61 prcssure (;'HlIOUIb (u == 

Fig. 4. ](; Ilcralionbascd 2Dlificocllicil'mhislory of Epplcr 6 1 at (a = 0") ... . 91 

Fig.4.1 7 Itcrat i,)nhas.:d 2D Drag ""dlicien t hiswry of Epplcr 61 atia = () O) 92 

Fig.--I ,11< Timcbascd 2 D iillcocfliciemhisloryofEpplcr61 :11((1 = (JU) ......... .... 1)2 

Fig. 4,19 TiulC based 2 D Dragcocrti"icl1thi ,torYI1['Erpicr61 al(n == 00) ')J 

Fig. --I .lO Fpplcr61 \ 'do~i tyco lil oursat a = O· ... 95 

Fig. --I, 2 1 Eppler61 prc'ssurccomours al(1 = 0° , .................................... '15 

Fig.--I ,21 Epplcr(,lvcl()city comours nta=1 " ......................................... 1)5 

Fig. --1 ,13 Fpplcrbl pressure~()utoursat a = 4" 

Fig. 4,2--1 Eppicrblvclucilyconloursala = SO 

Fig, 4,25 Epplcr61 prcssurccoll loursal (l = 0° , .. 

................. ')(, 

Fi g, 4 .26 I;ppler61 prcssurccoll toursma = 12u •••••••••••••••••••••••••••••••••• ')7 

Fig. 4.27 Eppler 6 1 prC~'llr~ .;u"to"" al" == 

Fig.4.2X "ppicr6Ivclo.;itycoulours:lla = 

Fig. ,1.29 Eppler"l rrcssurCCOl1lUUlbalu "" 

viII 



Fig.4.JO Eppicr 612Dllftmdliciclltl'alidati"nat(u "' OO). . .................. ')1) 

l'ig. 4.31 EI'I'lcr 61 2D<lragcocllicicl11l'alidationat(u '" 0°) .. 

Fig. 4 .32 Tillle b<l",cu 2D lin coeflicicnt historyofNAC,\ (,(,0) at (u '" 0" ) 100 

Fig. 4.B Tilll'· b~SL-d 2D Dr.lg ~odlkiell1 hislory ofNACA (>WJ :,1 (u '" 0").. . 101 

Fi); .4.34 NACA 6(0) l'ctodlYCOlllOufS;lto '" 0" ........................... 102 

Fig. 4 .35 NACA 660J presMlrc (lmtoufS Jt u '" O' Hl2 

Fig . 4.36 NACA 660J ,·ctocily CUI11UUfS at 0 '" 4" 1m 

Fig . 4.3 7 NACA 6603 pressure contours at u '" 4" ......................................... IU.\ 

Fig. 4.3X NACA6('OJ "dneily COllt"ui"S <It 0 '" 8" 

Fig. 4.39 NACA 660J pressurecuntOUfS:'t u '" 8" .... 

Fig. 4.40 NACA6(0) "el(k;itYl""II<)lIrs,,to '" 

Ifl.l 

10J 

Fig. 4.4 I NACA (>60J pfeSSllre contours at u '" 12° ..................................... 10-1 

Fig. 4,42 NACA 660J "ct,k;ity contours at 0 '" IS". 

Fig. 4,4J NACA 660J preS!;ure contours at u '" 15" ...................................... 105 

Fi ); . 4.44 Eppler 61 & NACA 6603 lill nJo<:flici~111 comparison . . 

Fig. 4.45 Eppler 61 & NACA 660J dr:tg codli<:icnt e<llilparisull 

Fig. 4.4(, Eppler 61 & NACA ('{.oJ lililo dr:'g cocllieienl c",np:tristln 107 

Fig. 4.47 Rohlf J I) inili:11 g~ner~ted me~h 

Fig.4.4X R010f .1 1) cnarse Illesh M:hcn'c in F1owSimlll: ,tion IYZ,"rt: ,ee) 

Fig. 4.49 ROhlr 3D Fine mesh M:hcmc in Flow Simulation (YZ surfacc) ............... III 

Fig. 4.50 Rohlf .1 [) Finer nlcsh ".;I"."me in Flow Sim"bli(}11 (YZ sIIr!:Kcj 

Fig. 4.51 Kotor 3D warM: mesh schcme ;n Flow Simlll<llion (XY surf:'ce).. . 112 

Fig. 4 .52 KOlor3 D line Illeshschcmc in l'Iow Sitllul:nion (XYslIrl:,cc) ............ 112 

Fig. 4.5.1 RolorJD!inermeshM:hClllein Flow Sim"lation (XYsurface) 11 2 

Fig.4.5..j FillCll1cshsehcIIleaf<lundlhebbdelipin Fh)wSim,,(ation III 

Fig . ..j.55 FinCIl1i."shschelllearoundruhlfb1adc 113 

Fig . ..j .56 KOlOr"cI<lcitycol1lOlIrs(YZslIrf:lCc). .. 11.1 

Fig. 4.57Kolor"clncitycoI110Ilrs(XYslirface) ........... ............... . ................ IIJ 

Fig. 4.5X ROlorpressllrccolll0IlfS(XYsllrt;'cc) ................................... 113 



Fig. 4.59 Ill,uk upper sud;lee pres.>ure ~Ol1tour.s .................................................. 114 

Fig. 4.60 Blade LuwerSllrf:lcc pn.'ssllrC" contours .. . 

Fig. 4 .61 Upp.:r bl,lde .~ur1;I~e prc~sllre di.,tributiol' ...................................... .... 11(, 

Fig. 4.62 Lowerblade surfa~epressllredis1riblllion . 

Fig. 4.63 s.:hcma1icoffmcmeshsch~me .. 11') 

Fig. 4.<,.j Rotor nlad~ denc"t:lion calcnl;l1ion~ with ~O;lrsc mesh ""hellle ........... ..... 120 

Fig. 4.<,5 R"lor Illade delk"t:lion ealculalion~ with tine mesh ""heme ................... I~O 

Fig. 4.(,6 Rotor Blade delk"t:lion calcula1ions with ti",."r nll"~h schc"nw ................ I ~ I 

Fig. 4.<>7 L~a,ling edge hlade ddlce(ion iu dilYo;rcnl meshing ",hemes 

Fig.4.l>l!Ru(orhkukslrcss:malysis 

Fig. 4.(>9 Rotorhlado; dcik"t:1iou:malysis(A I",uiuum Alloy (,(J61) In 
Fig. 4 .70 ROlorbiade mess analysis ............................................................. 123 

l'i);. 4.71 R01orbbdcslrc.<S :lllalysis 

Fig. 4.71 ROlorhbdeSlrCSS :lllalysis(A IlSM3{}) 

hg.4.73 ROlorhlad,· Slress analysis (A ilS ~1J{}) 

Fig. 4.74 V:orioosbl:uk'S" Ic:ldiug edge ddl<,c(;on 

Fig. 4.75 FD~1 m:ulcbl"dcs 

Fig. B.l X1"s. Xt respom;esurl:lCeploc(FI'D) ... 

Flg. 11.2 X1,'s.X Zcon!ourplol 

Fig. n.3 X," s. Xz resp""sc sur6cc plot (CCD) ... 

Fig.IIAX,\-'s.X z con!ourpIOl 

.... 1~3 

1~4 

125 

.. 12(. 

. .. 151 

................ 151 

15~ 

... 152 



List of Tables 

!abl!.'2.1.1Illbandturb in!.'bl 'ldesspe~ilkalions" . 

Table::!.2 \lo.klillgre,,,It;; 

Table 2.3 Rotor's low now ~urrclil b<:havior 

fable 3.1 Firsiopt illlizaliol l .ksigil b~t"'s 

rahl!.'1.2Sccondop( illlil.alionJesignt:ldors .. 

.... ........ 37 

" .. 50 

Table 3.3 Desigll ;;Hlll1l1ary li)r the IOllr bctors and (\1'0 levels lTD .............. 5·\ 

Table 3.-1 O~sigll ~olllposi ti"l1 and respoil:iCS .......... 5·\ 

rablc_~.5 D!.'sign COIll!}(JSilion and responses 57 

labIe3.6I1NOVII analysis chart . 62 

lablc 3.7 IINOVII analysisdlart . (,_I 

rablc 3,8 Design s li mmary I,n Ihe 4 I:!~tm, 3 le,eI, eCD design ....... 6(, 

I'ablc 3,<) ANOVA analysis ~han ... 

rablc3 ,10Iksigncolliposit ionandreSIXlnscs, . 

rab le 3,11 Design slInnnary for the.\ f'I~!<.'rs 3 levels CCD 'ksigll . 6:-1 

rablc3 ,12DesigncolllpositionandrcsIXlllsCS .. 

Tabk 3,13 F:lclorS:H!d resl")!)s~'~()ilst raill1s 

Tabk3,14DcsignwllllXlsi tiollal1drcopol lSCS 

T:!ble 3.15 F:I~!0rs :111,1 rcsp(HI,e;; ~onstrains 

Tahlc 3. ]6 Dc'sign cOlilposition and responses .. 

rahIeJ. ]7Firstoptlllizntion· svalid:l1ion . 

rable 3. ] ~ Second optlllizatiL)n's validat ion . 

l'abk4. ] l'roblemparamclers .. . 

fable 4.2 I'rob lem par:lmders 

labk4.3Meshinformatioll .. . 

fJbIc4.4Mcshresliltprogrcssrat~al1dtorqIlCCfTOr 

IJbk4.5I1huninlimAlloy606Im:lwrial pr()p~rtics 

u, 
..7(, 

. ....... :-:.\ 

............. 108 

. 110 

... 110 

11 7 



r~b l c 4.6 Dumfnrm 1'1\ makl'iJI [lfl)I~rti~s 

Tabl ~ 4,7 ABS MJO I1lat~rial pror~rti~s 

Tab l ~4,81>1cshJc1a i ls , .. 

"ii 

.................. 11 7 

II ) 



No menclature 

Symbols 

Are:lot"the rotor 

rangentia l inJuction 1;ldor 

: r--' !lml}Cr()t"bbd~s 

F"il~h"rtl kngth(m) 

C()dlicicnt 

Dr:lg(Nlm) 

I'r:nltltl's l'ort"l.'ction Fa~ll}[ 

LiniNlm) 

/..Iomcntum 

Mass now rate 

R:l tl ial distance (ml 

Ra <i ius(m ) 

Rcy"ultls nn" ,bcr 

. Thnlst 

Velocity (IHI~) 

SpecJmrolOrpi:>nc 

( ircck Later 

. Density (KglmJ) 



Suhscript 

Kinemalic viscosilY (N.m-2.s) 

Vork.x tilall1~1l! ot'str~llgth 

ril~h angk (degr~,;) 

Flow angle (D~grc~) 

Ang"!,,r veloci ty of the rotor 

: Tip Spc~d tbtio 

: Twist ofth~ bt,,,k 

Solidity 

tn l'mily 

: Far upstr\.'aIllIFr~c sln.'am) 

, Cml1fol Volume 

EtTcdi,'~ 

G~"l1ldrica l 

Axial 

Drag 

: Lin 

Power 

rd r~btiv~ 

, Rotational 

: T:"'g~nt i,.t 



List o r Appendi ces 

Appl'ndix A. Clariticalions on Hladc Elcillcill MOIII~lI l lll11 Th~ury funnu1alillll 145 

Appcndi:< 1 1 . l lIlrotlll~li')lIl0INsign()fE_xpcrilllcllls .................................... 14H 

Appcndi .xC.CFD(io\'crningEq\lalioll~ .. . 15J 



['0 my lov ing wife Nafiseh and fa mil y 



Chaptcr I 

Introduction 

K~n~wable ~n~rgies ar~ rn.-coming more a~~~p(abk ami ~(JIllIn~n:ially 'iabk in r~'l"'IU 

Ii,s,il fllds_ Ikpcnding un ~,.aibhdity uf rcgion,,1 ",br. "ind :md w:.ta r~s,,, .... :es .• 1 .s 

[l<l"lhk to fully or panlally ks",n the consumption of t h~ 1,)sslllilds through employiug 

h}bnd or 'tamblon~ sobr. "ind or wat~r pll"'er~d gcncration IlIIilS. 1I,,''"<''er, 

considering lh~ a"llibble "ind and "alef energy h:lfn'sting tcdllliqu~s. generalcd clean 

elwrgy GUlliOI fully addr~'Ss till' "Iwrgy demand. Thus. foss il fuels "'ill 'lill rcmain 1hc 

rh~ Idea of h:If\'c,ling rcn~lI'able ~nergy frum wind in the limn of mcchanical I"'" ~r 

is 1H11 new. Windmills hll\'e hislorkal applic:l1ion;n I'llmping water for agricilltur;ll 

m~:IIlS, mill ing grain~. Clilting w;.l()<.! :lIld ,upl'lying w:ll~r. lIolI'e\'e r. comeni1l); 

m~chani":11 pu"",,r In ck-ctricily is 'I n:c~nl tL'Chnology cOlllpar~d to th~ hl>l,lry ,)1' 

wllldmill u":lgc. This nl1l\'crs;on has IOw lly changed the rule and impor1:lII~e of wrbines 

in (Oday's mOtlcm induslry !IIlhe poinllhal :Iny large ",:Ik cieclr;(; I"'w~r pi;.nl C"llIlh "n 

n,ing'l IY[ll'"flurbille power gcncratioll tc'dlllulugy. In general. a lIIrbine is a de\ice lhal 

lIsesll";,ll1ow lnp ... ,,hll'erOlalinllal ll1ech'lIIicalpowCflhmughullenrascriesufhl,ulcs. 

s<"''')PS <If ClIf\L-.:l vanes III, 121- There arc \ariolls lYIll!S of turbines whidl ~:11l he 

p:1l1iCIII:nly llcsigncd 10 opcr; 'lc ",ilh .<I~all1. li'IUid \\al~r '111.1 gas. In s!c"am lurhillcs. Ihe 



Ih~nl1:.1 enagy l'onwns \\3Ier 10 slIlX"r ,-'ritkal steam. Th~ steJm Iherl11,11 energy is Ihen 

ahsmh"dbylhelurbineandconl'l'fl<:dlowlatiou<lllIlechallic'llenergylJI. lllgas 

Infbin~s. eompress,-xl air is pumpo.:d ill tu a combusli(>11 eh'llllba ami Ihc lI Ih" chamber 

exhallstnmtaining fllel blllllt residuals dri\'es Ihe turbine 141. Bulhgasand,ll'allllurhill,-'" 

,hare Ihl' s:Ime 1x1S<: tedlllulogy ofextra"ting the thenn"l /kineti" cllcrgy frum a g'l~ ,)I 

'Il'am like now. On the other halilL harvestillg rellew"bk cllerg)' Ironl "",,Ia. \\'hidl is 

('ailed hydropu\\'er.isSt.)lndwwJill'erel11 

The m<lil1 rC,lwn for "alliug hydmp<.Jwer" slIrt "f rcnew"ble ellagy is Ihal III Ihis 

method Ihe ,,,,Ia. whidl is av"ibbk fmm rain. rivers alill oec"n. is Uul eUnSllll1ed allli i, 

a'ai l"bk with lo\\'er intern,tI energy 'k"sities alkr Ihe pml'er l'.Xlr.l<.'lion pHKess. 

lIydwpower is onc oflhe 1Il0SlCOIIllllOll lI,elhods ofl"rgc s<:ak ell'cl rkily gell<.'raliun. 

The ""l)llVell t;onal" hy,lflKleetric mClhods take advantage of the "aler p.,lenl i,d energ)' 

hy h lol:king Ihe walcr now palh and aeat ing a waler-head or pressuTC dilfcrellcc hy 

nlllstrucling dams or barrages 151. The uthcr basic Iypc"fpmn'r plalll iSlhc"run-ot: 

ri\'cr" hydm plan1. line. the w,'leris redircd,-"I I" Ihc po\\'ahollse an,tlllrhinell'hich" rc 

""nnally al lower altillld~ ~umparcd 10 Ihe rivcr ba-,e. Thc ""'-nl~ rivcr pkllit ""I<'r 

Sl()rag~ is cons;derably smaller 'Uld in s()m~ eas,'s llse-, no pond:.ge al "II. Thus. the 

clll'inmmental imp'KI is redlKed signilk,"11ly C(llnp,,,~ .. 1 tn dalll Cilll';tntl'lio!l. 11 ,h,)ul<l ~ 

notcdlh"llhedivcr:;eetl<',<:t"rse"'"nalr;\'anuw('hangcscanbereglliated throllghihe 

damping ~har.l~tcrislics ufthc pOlllbgc 161. In bOlh cases." "I'lll1ll><:<i-sl<)rage'" IllClhod 

mayt><:placed in Ihe power plant in order to do IU'IlI b"I,mc;ng. This is simply a rescrl'dir 

that stures Ihe plllnpcd waler tj-umlower 1<) highc r (rescrl'oir)l'Ie l,atiuns. During I,ll" 



~ 1 ~~lri<.:ily (kmand. Ih~ r~se,,'uir can oc discharg~d ,md g~n~ral~ c\lra ekeuicily 171 

Anulh~r kind of hydropower planl which is nUl common loday is Ihe w'lkrmill. The 

wJtermilltakes :Id\antage oflree tlowingof 1;llling water to tum a large wOIJI,kn or nll't:1I 

\,h~el wilh a IHllllocrofbuekelsur blades pla<.:ed on ilsoulsiueeireulllli:rcnce.Thc"hecl 

can b<: m",lIItt,<1 Icrtically nr lwri~ullt:llIy :lUll ,lri .... ·11 by ~ithcr a mill ]londor riH'rst .... :1I1I 

1'1 

l lydro pmwr gcneration luilizing all of the abo\'c mentioncd teci llwlogies requires 

bloding or redir"ding the wat,'r path, Th;, is I:onsidl:fl'd to b<: 1I01I-Cn\'ironmenlaliy 

triendly. Tu reduce Ihis d"",back anu also lu dencase th~ rower gen~r;lti"n llllit si/.c, 

"hich in tum ;nneas~'S Ihe mobilily and 11I:I;nlen:lllce case or th~ system. hy.lrnkindic 

rCllt'\\Jbleptlll'cr gCII,'r:lt ioll is introduced, Hydrokinctie encrgy harvcsting is amung the 

mosl r~'Cugllized suurces or cleall energies and it is also a [lrumisillg technoli>gy "hidt 

C:llt gCIICnltc dectricity trom water kindie encrgy through using a turbine or a IIon-

tlubinesy,tellL Ingcl temLextmcwbkhydrokineti<.:sourcesofcncrgyinlhewalereo"sist 

of:lVailabk kincticencrgy in rilers.strc<tms,ucean :llld tidal CIlITents. W,l\'e ",,,titl nsalld 

n"tural Or nl:lII_m:lde ch:lllneis 191,1101. In Canada. within the Atlantic. I'ucttk :lnd '\I"<:ti<' 

""astal currents, the ol:e:ln fl'newabk ,'n,'rgy is e.xpo..'Ctcu to ha\'~ a nutice"hk <h:lfe ul 

"uulltry's ruture cllergy sumecs. ACl'ordingly. among ":"ious methodologies "I' 

hamessingcieanuceanenergy.majlJfrcse:",:hw,)rkhasbo:cn[}Crtimncd,,"tid:llcu~nt 

a",lw:L\'ecllcrgyrcl:!tctl tl'Citnuk'gicsl l ll.llll, I IJI. TheoceJn wavecnrrgy industry is 

based un harvesting the oc~an's wah,'r surf:lcc tip and uown mol ion cll~rgy whid> is 



avaibbk around th ~ do .. :k. Compar~d to wind. solar. biomass and ,mall hydro. ~~trading 

e r l~rgy 1rom waves is sleadi"r and m.)re pr~dictabk . In addit ion. bas~d on t h ~ high~r 

.Iensity of sea water. the :l\'ailabk WJ\e kinet ic energy is 1T1lIch highn than wind ,"lllTgy 

11 4 1.115J. 

(ke:on lidal energy is I,ighly pr~dicti\e eompar"d tl> "ind. s"l:u and ,"\',"n \I':I\'e 

en~rgy and hased on Ih" greater w:lIa density. its :lI'aibbk ~nagy harvesting p..JI~nlial is 

mnch greater th:1Il wind J 1('1. On~ of the most positive IXlints aboul lhe tida l ,""Tenl 

wh idl makes it 'Ill ite lks irablc as a rdiabk S()lIrc~ uf r~"cwabk energy i, ih 

pr~-diclability. Th~ rea,on for this is t h ~ source of tidal stre:llns. Tide~ arc dri,~n by the 

i l1t~r;"lio" :lInOllg s iln. ~al1h alld "'<'X)II gr"vil:ol;""al t"or~es. As :0 r01l11. Ih~ ",eatha 

cOlldi lion docs not ani:~t the lidal ~urrel1ts "hile <Hher 'i'lIr~eS of ~11~rgy will he "f("e1("d 

hy rain. cloud. fogilr wind. It is worth noting that gen~rally. Ihc high lid~s are ,'ansed by 

moon gravitat iollal forces that pull W:Her loward th~ '110011 ill th~ areas 1I~:lr~r It, it This 

"lIlSe;; 3 blllg~ in the <ICC:'" '1Ir1'",e in those ar ... as. In addition. Ih" re wi ll heanothl"r high 

tides ill th ... (,,'ran surbcc j ll st in th~ o pposite Si l ~ as a rrslI ll of lIloon pulling th~ ,"a rt h 

away from thc occan \\'ater. Th," arcas p..lsitioned bctwccnllH:se t"o high lilks e~p\!ri~lI~e 

I,,"'~r ocean water Surt:ICC hdghts (low tides) 1171. II is possible to harness th~ reliable 

tid;,1 ellergy thmugh th\! w:,ter h~ad ,litli:renec Irom high to low tilks. Thr tida l crwrgy is 

commercially viabk 'Hoslly in the s;t~s ",hne tid;,1 IH:niIHIIIH l'lIrr~lIt SIK-.:ds :.r~ high"r 

tha 'i 1-1.5 m/s. S" itabk tidal current s;!es norma lly tak~ advantage of a t:J\'orahlc 

lIIIdawawr topography s lid l :IS slra its bctw~~11 isl:II1lJS th;, t lxx'st the Cllrrell! ' peeds 11 ~ I 



,lr~a~ i~ tu build" I ~g"un wbidl provid~s tll~ tIIrb ill~ wilil W,I\~r nuw during tb~ lIigh ,111(1 

low t id~s "lIell the laguun i~ li ll illg alld ~l11rlyillg 119J. !low~vcr. in Ihese ways. IIl:lrine 

environment is sl ill allected by building tid~1 balrag~s or lagoons. C,lIlsulll·ting the 

i"fraslnlctLlr<,s lak<,s !:lrge ,LlII,,,,,,ts " f moll<'y and lil11<' r<,sOIlI"l'c'S 12UI. To address tills 

i~slle. udal fences and Illlhines :1I-C employed as~ltematil·es . In tidal knc·es. therl" arc" no 

gales ill,talled and lencc> are 0lx"n barrages and tlw horiwnwl or Iwlic:!1 ,I\;S turbilles 

"r~ slll'P<lrlcd within ICnce pie rs :lI1d slru.tllres. Ollihe olher halld. Ihc lid,lIllJrhillCs '"·C 

IllOre,illl ibrtowilltl IlJrhille' which ",," harvcst kinel ic e""r);y i" the "ater. TII'YC", II I hc 

deployed in ,iws ",ith ,keperand ,tl"Ollgatidal currents ,'omparing to tidal fenn's. hi 

addition. tubllurhinesafCslIlHllergc"d III waterolltofsighl. Comparc,llogalcdhal'rias 

"",ll idal fcnces .thctLlrhines·cllvirmnncntal dledsarelilililedhlltSliliarti."ctli,hI21 1 

I'hl" (h;,"an and tidalellrrents :lIId wavc basc"d hydrokinetic "f!ergy m~tllOcl,'l og i es will 

bc hfk)ming in lhe IIC.~t live years i,l North America and Eur,)jlC bee:llfse ()f cubon 

reglilalionsanJ marine renewabkcllc"rgy advan..:csand goals 1221. As mCl11ioncdca rii ,' r. 

t ida l (!frrcnt :lnd wavc elwrgy rdued t cchno l ogic~ ha\"c "I ready been receiving 

""lIsi,krahlc altcntio" ilL (,;",,,<1,1. On Ihe "ther ha",1. IIlw speed "ce,mil""r;nc current 

rebtcd energy har\"e~l;ug technologies hal'c not Ix~n eXl~nsil'dy e,xl'lorcd or atldrcssed 

in the literaturc pre\;ou~ly so lhae is potential for researd, and dcwlopment iu this 

,cdm. Ouc or lh~ main ch"r;'d~ri~tics or low 'I"'LXI ,k.·c'an curreuts wh;eh make them 

commercial ly undesirabk a~ a pot,"nt ial rellcwabk p<,) wcr gencrativ il ;,Ikrnalivc i, the 

low "v"ilablc killelic en~rgy in Ihesc cnrr~llt s. OC~'IIIS l",)[Ila in cLlTreuts al Il early all 



depths ill whkh the sp.:ed ,lIId din.~tivlI can din"r in v~riollS w;lter heights . Althvugh, the 

urigins vI' lhese ~lIrrc"ls arc ,,'lh~r ~umple" lhe ~necls of SIIIl and earlh rulatiull "r~ lhe 

1I10.,t d",niu'llit IHI('S. Temperature dinerelle~ in atm"sphere can reslli! ill air ~onH"'l u,,' 

ellrrents called wi",1. Wind can afled th~ ()<:('an slIrI:,ce ~lIrrclilS hill this dril'ing ("fl'e 

lemllC,,'lur,'diITcrence:lmunglariolisWalcrmnes will tri!\j;erthe sa linity and den,ity 

ha~d ,xeall Clirreuts ill deqler ,kpths. In add itioll, canh mt:,tiollal sp<:ed is also all 

impurtallt dement Ilhidl ,trill's the ocean (["Tents thmugh Coriohs force 12:'1. 

(il'dlUetri.:,,1 seatwd shapes Gill tIC " dri\-ing I,)ree as wC'l1. In this way. water wilt be 

aCC'elcratt ... ldlle tuconvcn;inll of its potellti,,1 cllcrgy in highcr~atlCd l'\cl':ltiuns IlliO 

Ilater current kllletk energy ill deqx:r r"glons. O,,:an currents, r,'gardk'Ss ofllwir origins. 

arc sources ofrc'nc'I\':lblc kinetic energy. t\S mentioned. the m" in issue \lith the'ecllffellts 

is their low Cllffenl sllCeds. As ,III illustration. the Lab ... ,dor Cllrrent '1lCcd al""g the 

l'astern edge of Grand lJallks, irrespective of seasonal larialions ,md wind dli:i:ts, is 

between 0.4(, mls and ().I~ Illis at the depth uf 110 111 and J ~O 111. These cliffelli speeds 

an: lI1e:lsurcd along lhe isub:l1hs " 'ilh the depth "I' 400 III 12('1. Reyuaud, <'I ",­

delllon,tratl-..J thcc'urrent sp( .... dsofO.3 mls 10 0.5 mls:llongthe L"h"ulorCurrentshelt 

~dge. lluw<"l'~r. 'lCe:lIL current .'I" .... ds "ilry \lith the depth of me"slIrcmc'nts, NOTllully. 

theydel'Teasewithinae:lsillgdepth.lI'hid,inturndepcndsonlhcsileloc"tiolll!7l. 

Considering the fact lhal the a\,;.ibblc kindie cllergy in :L n"w h"s :L l'"bic 

rC"iat io",hip with the lIuw spe~d, the <I""ilahll' en~rgy in the !lOll' lI'ith the ~PC'~'1l of 0,2 

m/s compared to nuw slx:t ... ts of 2 mls is a tholisanJ times !css 121\1 This makes th~ 



sensor systcms whid l arc placed i" i" ,,~cessib lc kll;al ior", Ih~ p,)wcr (kllsi ty ~ppcars li> 

bcqui tesuilablcbasl'\.lul , lilc;'ppli,:" li,,, 1. Tllerdore, Iil c harveS\ of CI'CII a walt ofcncrgy 

applieatiolls in geoscicnce, carthquake analy,is and e\en mi litary app l i~alil"'s 1 ~') I , I )OI 

As Illclllioncd l\lrlicr, a tllrbine syslem is on~ of Ihe primary opti''''s I'M hm'h',ling 

uc~an ~HrrCl1 t ~nergy, Ted",ologieal aolvall~es, sin'pl ieity of design and low ;:osl 

del'l"yn,e llt ,ore all'''''); the hcndi ts th~t highlight this Ilwt lh)(L Ilavil1g tlexibil ity 10 

l'h,)<"ealllollgl·ari()ustYI~sof lll rb i llcsysle lllsisallolhert:'dorIha l ",,,k~sllle,esysk'H' 

c'\l'1l more d~sirablc, One of Ihe "lOsl e lli ~ien l Iypes "f Imhine ;s the l1Ori/,)l1la l ~xis 

turbine. Ilere, the roto r shan is paralld 10 Ihe slre'''H ",hid, " ,ake , il ,,~ee,sa ry to I)<) inl 

llle' rotor along wilh the current. This C'''' hc 'kme by eillia a s i,npk water \'~ne 01' ,111 

al'li\'c l'ilc'hinge",'lrol s}"ICIl1 13 11 , 1)2 1. In addilion 10 the rol orshai'l,t he gea ri)<,x;,,,,1 

gcncrator arc abo nonHally pb~ed il1· li ue witll Ihe mtor and in Ihe wah' I','gi"n, 

Furthe rmore, Ihe pn;""re d iffacnce bctwITn the Upp~1' and 1,)\H'r surf'I~~ of toil sh"pcd 

hbdl'S will pn1\'id~ the rC<:ju ired hydr()<]ynal1li~ driving lorcc IB). 011 Ihe olh~r li,ul!L ill 

Ihc vcrt;~:ll ,,~is l1orb i l1 ~, Ihe ",,,ill , 1,,, 11 ;, silualed vertica lly to Ihe Slr,'J111 dirediol1. III 

IlIi, way. I h~ gear bo.~ and gen~rator "'Ill be l' l,,~ed 0111 ,,1' lhe walcr CIIITe,,1 " 'li id, is 

hcnclki~1 whcn th~ dql!h of the currcnl is low l.141, 1.15 )_ I" the dl~'g hascd Sal'onius 

I"<1lor type, Ih~ starllll' wnl"c is I':lllier high hill il deli vcrs I""cr dticiell l' ies_ TIi~rdore, ;t 

~a 'lI",1 COl11pc\~ wilh higher ~pc~d lili based Durrics Iype rmOl's. Savoni lls rOlors ~all ]x, 

easi ly descrihed~" 1,,)110'" cylinders Clil in two halvcs and tl xl-..llo; , sh"n with all S· 



shapepattem IJ61.IJ71.IJXI. lncol l1 rast. in litl baslxl verticil :I .~islnrbill'·s like Darriells 

and Girol1lills rolors.lher,·ar~J 1I11111brrofcllrvlxlorslraigll1 Illil shapNlbbd~salladcd 

toashalllhroughthcirendsrespl'\:liwly INI.(,onsidcringlhebkldeposit ioning.the,e 

types oflllrbines will be .,dt~stal1ing and Ihey will oper;l1e without the n~ed 10 be 1;le~d 

1<m,1Il1 Ih~ current, Despite Iheir lower gcncr;llcd torques. cUillparcd IU th~ir Saw"lills 

C"'lIlI~rpal1s. higher row(iunal sp\.,\:d, and centritilgal forc~s I1lJ~e them more slIit .. ble tur 

d\.'\:lricity gcneration mcans. Anothcr type ofwal~r turbine is the ~ross 11,)\\ turbinc. III 

this type. therc is a horimnt;J1 shaft where a nll'llOCr o f foil ,haped bt;ld~s arc wdded 

aruulldtheshatilo<iisksmakiligacagearOlln<ithesh,dl.ll1<lther"''''ds.iti,a",,·r1ical 

a~is turbine that is deployed hori/ontally ill ,h~ Waler. Th~y ar~ ;olso (;oiled tr:lI1s,erse 

h",;/ol1l,,1 a~is \\;'Ier turbincs. The l11;oin ad\,;lI1tagcs of Ihese turbines ;Ire their 1m\' 

stn",'lural cdmptcxity ,md the r"ssibility of e"'lnn'ling them l"gdhcr I" hames;; Illore 

cllergy from the\\a!cr. Ihlllcl'tr,tht"SelurbiIK"ShJl'cicssctTIl'i"l\cyap,'x l'Omp:I' ..... !IO 

horizontal axis turbines and Ihcy "fC !1l0rCeomparabic to DarriclIs\'crticalaxislllrbines 

1401.1411· 

Thercare;,IS/, ,')Inc IIl)l)-1\Irbine;'rproachcs in which Ihe power har\'estil1gprineipics 

,'re dirkre", Ii-"", Ihei r tllrbin~ t"<,un1ell'arts . These Illelhods try 10 eon\'ert the ~iu<.'lie 

cllC'rgy to a non-rotating mcdlanical s>slem, For c.~ampk. Lift or !'I uller Vall,'S cxtr:,c1 

the "';ller energy Ih"'''gh oscilbtion of hydro lui Is by ch;mging Iheir pilch angtes 1421 

PiczllctcelfiC lIl"kr;,,1 c1ln "Isoellnwrt Ihcexisliugvibmtiunsimlletc clricity.lnlh"\\':l1a 

b'l.<.Cd t~'\:hnology. Ihe \'orte.~ "hedding ae"ted by a solid hody in Ihe water ,ibr;,les" 

Ikxible polymer melllbrane and Ihe 1II\.'\:h"nic.1I slress prop;lg"ti"n in Ihe "'"kri,,1 "i tt 



g~lIl'ml~ eleclric eUITcm [43 1, Another tedulUlogy is called Ih~ Vort~~ Iudueed Vibratioll 

(VIV) melhoo. 11,,'re, Ihe \'ortex shcllding in I h~ wal~r eUITem is l'lllployed to neale 

"scillatingtnotions ill the slIbmcrgl-'d ho<l}' I~~ I 

From sllldying availahle cn~rgy Imrwst illg tcdl1lologies. it e:,n I~ un,krstU()ll Ihal 

each ufth~ mentioned technologics and methOlls in harve~ting kinetic elle'rgy from ocean 

watcr h:,s its OWII adl'ml(agcs :md limitations. In order to he able to harwst energy hom 

OI:cannlrrC!l\S with the alel<lge ncar sea bed cunent spcl'{)sofO,2 luis , the dev ice shull id 

have the lowest enl'i ronment:,1 impact :'11(1 sile, be robust, need vcry Inw m" intcnau~e 

and han- a long life time. Considering the time eunstr:,ints :lIul the st :tge of kduwlogy 

maturity and research custs,:' turbinc t>ascd tcchllology SeemS to he an appropriate' 

choice, 

1.1 Li terature Review of Turbine Based Technology 

n,C del'dupment of luw ellt-in 'I~l'{) tmhilK'S has only rl'Cenlly rl'\:ei\'l'd Illllch 

aUenti"'L Thcreli,re,thcrc is a nl'Cd 10 pulish the nisting tl'\:hnulogy:md "l'ti mil_cit li,r 

partieui3r water eUITcnt regimes of interest. The number or lksigncd low cut-in spn ... l 

waterturhi'les whieh hJI'C thc:,hility 10 start puwcr gcneratiun a t low currellts 0(0_2 mls 

is lery hmited. Thcrc was an :tpl'roacll in 2010 with Oarrie-us. S:wollius and a hyhrid 

Illrbine "hich arc al l \'enical :I.\is turbines 1451, In thi, rcscar~h. thl' S:wonius turbll"-' had 

III" s!:orkr rol~ with a ,'ut-in "pectl "fapproximately 0.3 mls :In<l the Oarriells !urbillc had 

Ih~ power g~neration duty which also stm1ed to gellcrJ!e I>ower :It currcnt spl'\:ds "t 



around 0,3 m/s. In Savunius and Darrieus hybrid turbine. tile startup ahility of tile 

turbillc"II:tsbu()sleduph)3nllmdO,2m/s 

COlisidering tlte "dlievcll1ents UII veflical axis Imbin~"S. the site and nmlpk.xily of 

ltybndturbinesystellls.tlteltoril.(>lltalaxistllrhin>.'Ss<:cml"bc;.pr"per:tltcnt;ltive. ln 

horimnl:tlaxistllrhillc"S.lhercisapotenti:tlofincTC<lsingthetllrbineperformallcelhrOllgh 

"ptimi/illg Ihe bl,uk shape '(IId therdore eSf.:al;ning the I)()\\er harvesting cllieiellcy tor 

partklliar waler inn"w regimes 1.\(,1 . C"lIse'l"ently. the system si/e 'illd COlllpk~lly call 

oc redllcedaml it ispossiblctoachicl'chiglterpowerlt:lI'n'stingdtklcncye"lIIparc'tl t() 

\'ertie:o!:o,istllrbinesI21· 

1.1.1 Ilorizontal Axis Tu rbi n\! Modclin!; Tcdmiqm:s 

In ordcrt() :lI'oid eondll(tingexpensive :lI1d time consuming cXl~rimcll1s and al",) 

pmviding a reliabk nllmeric:11 basc' lor lX!rforming the optimil.:ttiol1 ~wge. a nHxld of the 

lurhincha;; to bcdevel"p,-"I, This I\tOllet sholl!d havelhe :ohililyuf,,:okulat;lIglhc rulurs 

power:tlldtorqllcb:I.<L'<ionrotor rotational slx..:dsand pih:h:tngks. I n ufder 10 ocabk to 

pertOflllblalkoptilui7ation.lhere is also <I lleL-U to consider the dli:d ofeert<lin t;leh'rs 

like bklde numocr and geometry in tlte mooel . To address the "!xl'e meluionc"ilneeds. 

une of the lIIost wclI-established Ilirbine ll\O<khng techniqHes is the Ill:olk ElellIC'1\1 

",tomell1UII1 theory lBEM) whidt is propllSt..:l from (ilallefl ill I'H5. This II1ll<kl :lSSllllleS 

ti-ietiullicss Iluw ellctJllnleTS with the rotor \\ith an inlinitenlllllileruf hlades. lnthisway. 

ther~ will ~ 110 '''flex shcdding in th" wake r~gi"l1 !~hind Ihe r<llm '"lIt Ihe flu", k:lI'cs 

the rottJr witholU any circul:nions 1.\7 1. 1481. Forth~ s:lkeofsimplicily. Ihe en"..:t "fthe 



IIllinOCr of Ih~ blad~s is disrcg:mkd in Ihis mood. Pramh!'s lip loss faclOr IS Ih~n 

;"Irf>.lue.;<I 10 ~orlsidn lIP" ct1i:~1 ,,(Ih.; li ni te 11IP111b.:r of bl"d"s 1491. An ~Xlr;l .;om:.;li"u 

has to IJoe perforlll~tl on Ihe IIEM model 10 Illake it su itabk for the "plillli/.atio" ~t:'g~ 

This modification ~'mt<i<leN the int111enc~ ofth~ vortex sh~.lding Sy'I~1I1 in Ih" "a~". 'l1,i, 

\\ill enable us to obserw Ihe <:Ikel <,I' \er;fying hl,uk nllllllJoers IlI"re a';l'lu~'lely. 

eSJK",'i~ ll y when the \'~ l u,' ofa .~ial induced vdocity fmlll the w:!k~s is high 1471 

Another mctllOtl to m.xkl the illcompressible tluitl tlow '''0111111 a liftin); h ...... ly is 

IIftill); line theory. Th is th~ory (t""iders Ihe Vtlrtex shedd ill); h"hil,,1 the hl:lde/willg 

which intlucnc~s the ctTectil'e angk .,fattJcks. Rctk.;ting the "a~e regio n cff,'<:t 011 the 

vcln"ily.liagram <,llhe ""tcr. the i,kallhrusl ,,,,<I power cn.:flki':'lIS c,,,, b.: <lcri\'.:d Ii-",,, 

Ihe induced I'eloc;ty diagr;uulll, Thi, nlll.ld J;;SuIlK"S Ih,;s''''I'; ;"t'nil.; ",,,lIhcrllfhlade 

:IS the lJEM model. I krc, Goltlstein's reduction faelllr IS illlmtllKL"<.i to COlTeCI the 

eirculalilH11:lctorI50I. Anothcrsimpliticationorlillinglin.:th<:myisth<:assu lnptionot 

lloll -ViS~"HS Iluid Ilows, Th.; thrust can b~ th.:" corr.;cl.;d (ll) 'lCCOllilt 01 cOllsidcrill); Ihe 

V;'COllS now t:'ctor. As is ,':<:"_ bulh lJFM a",1 ii ll i"g linc Ilt~<Jri~s ,',,,, b<: "Iili/ctl 1<> 

.IndoI' n turbin~ Illodel I,>r blade "pli",i/.ali"" purposes alier perfoll"i,,); SOLll.; 

1.1.2 Rotor Optimization Tcchniqucs 

Rutor acro/hydro dynam ic optimizat ion plays an importanl roll' in vi.lb ility or a 

IlIrbineb.ls.;dtccliliologycomparedtoothcrcol1lIJoetitorsinrencw:tbiccilcrsyindustry 

15\1. Accordingly, UII': of the mJin primary optimization CO!K<:n1S is (Ii.: bbd~ sh;,!,c 



COIISi(!Cr:.,iOIlS\\hid, hal'<)a nlleia \ il11paCl on <:orl1rotting the lx'h:lI'ior and dlici~IKyot 

:1 huriNlltat a.xis rotor. COlls idering the non-linear il11p1l<:1 of e:l(h bbd~ l'aral11~ter 011 Ih~ 

turbine l~rforl11anc~, bbde design and optimization is a {kmanding task ",hid, ne~"b 10 

tedlniqllcs ~an be appli~d. Rolor opt;I";/alion ~ol1si~t~ Ill' v:,rious <)bjl"\:li,es. ,,,riabks 

and ~"nstr:,i"t~ su~h ;'S Ihc tw" dim~"si"u:1t " }it shal~s. t",ist ,mgk. dwrd knglh 

distributiun. pitdl :1l1gk. ",u"lwr ,m<l ro01 and lip Ic'nglhs of blades 153 I. On~ or th~ 

methods th:11 assumes the blade as olle ~lrU(lllre and tile'n tries 10 modify lh~ hb,k 

lhrough ~il11l11ating the tluid no", fldd ;"uulul th~ bbd~ ;, t h ~ C<)1l1pulatiulI" \ Fluid 

Dyn;u"i~s (('FO) method. I l ow~v"r. th" resulting m(}difi~'ati()ns from this mClho,1 have 10 

i>e ~~l>Cr;m<)ut;Itty vcrifled which is" lina,,,;i,,l burden 1541. Othn n1l'IIH><ls an.' normatty 

dcpendent on the result, from bl'''k discreti/.ing method used in BE~ l and lining line 

thc·ory. In this ,,,,yo the ()v~rall p.:r\<mnaIKc of lhc blade can be del11on~lI;llcd thmugh 

SlIllll11atio" of Ih~ p'Jw<)r cocllicient of ,mailer s'-\:lions along thc blade SIMl1. 

po\\ercodliciCnl. 

Accordiugly. fl}il ;I1Id wingoptimiz:Olion mClh,)<]s werc mainly Io.:used on adjoint 

tillll1ulal ion tedmiqul's. whid! is u gr:ldi~nt bas<)d s~heme 1551. ;I[Iitki;ti in tdligCllcc and 

genetic algorithm 1521. in\'cll'<) d~sign I"ell,,)<] and ddcrcnli"l c\'(}lutioli 15('1. ~t:l1iSlk:l1 

;H1d r<)gressinu bas~d "ppro"chcs like response surfacc llWlhods 1571 ;lI\d sloch;,.'tic 

IJptimization systems 15l!1. Most ofthesc lechniqu<)s"re h"scd nil \'crifyinglhegr"dknl 
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!icld 's v"rian<:e r~bted 10 <,;tch or a gmur of <.Icsign variables. Atterwards, hy t"lIuwing 

the gradicnt change llir~'Cliun, the ap.:.\ urlhcuhjed;vcs will be rcached [55J. 

1.1.3 Rotor Computational Fluid Dynamics and Finite Element Analysis 

!:"I"r<:cd h~l(t dislrihution lr0111 w;tkr<:urrenIS is likdy 10 cau~ unwanh."tI hla,1e lip 

d~tl<'Ction. Th<: nq;atil'c dTel't oftir ddkdiull can Ix: listcd as 1591' 

ROlurhydr<xlyn;lIlli<,;cllkieneywitl be,k'Creasedwlii<;hc,micadt"maJurmlur 

lorqueau{ll'()wcrdrop 

M"lerial !;,Iigue will be inaeased due 10 bbde lip vibr:.llI'" whkh may result in 

t:Ltal .,ln,elUraldamagc. 

COIl""'<.luemly, Ihere is;t nCl'<.llocOilsiderbl"de 1\",,1 ,tislribulion ,,"d Ilol' ,,-'sultanl 

~I'aillation I'(()n'dllres. In spite of Ihe f:.ll'I Ihal the IJ[~'I lH<xk \ is slIit;tbk I,,, bl:lde 

designing alld optimil<lliull purposes, it is somehow hmik'<.l in load diSlrihution analysis 

hased un ils 21) "alnre 1601. To C,)mflC"S;lle I(IT Ihis i,sue, Ihe rebled wakr lurllll'~ 

simul"lions :lre being flCrformed by ("I'D ~imul"lions. In this way, the hydro dynamk 

behavior of the rolor;tnd also blade 100Iding distributions<:;'" be e"kulakd "ilhuullhe 

nee'<.lufb.:ing flirthereorrccll'<.llhrough llicCFD c(xks 1611, [621. Anothl'r iSSllC thai ,"'Ill 
be "d<.lressl-u by CFD simulations is the blade vibr.ttion behavioran;o lysis. Ao;cordingly, 

one of the main blade vihrations S<llIrccs is the bladcfinl10w wakc imcral"1ions. This 

impOSe'S lin and drag I'uls.ations Ull the bbdc as 11 rL'Slih of stalling :md \ 'orte~ shedding 

phenomena in thc wa!.:e ,,:gion behind Ihe rotor. Therctorc. by simulaling the w"k" 
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b~havior through 21) Jud 31) ro1ating/non-mt:ning blade :!n"lysl~. importall! int,)rlUalion 

,'an be karne ... 1 about the rolor I,)a.ltlistribill ion and pul~ation bdl:tviors 1591,1(,31 

The static pre~sure loading ,,:tkulated from the C FI) stage ~an he tl1<'n m.,:d in order 

to cakulate the blade bending am! tllistillg d~n~l'tions and strain/slrl."ss dlstl'ib'llioll. The 

r~sp"'l~ "fthe rolor bbde II, tltl' 10:"li1lg di.,tributivll is ~alkd hydro dastie h.;h:]\i"r :,,1.1 

r~'l"i",s high compulatiollall\.'S"urecs in t"rhine ,Ie,ign andde,'d"pmcrlt analysi., 1641 

Ik~ord i ngly, in 1651, a ~ombined plate dement cock is used to perform a stress analysis 

"hidl pro'ides dc1:likd info,,";(t io" "hout the bl:,des. It has to be "oted Ikll Ihe 

prnli.:t ioll ofthc ",crall dclk~ti,," in the blades is rather straight f,)rward hascd ,," the 

linear hehaviofofthe blade. Ilowe\"\'r, this beh:lIior hc~omes "o,,-linear in the plaees"t 

1000al ddkction such :IS tip sl'i:tioll. III order to sohI.' non-linear e'lmtions, it is ('"11I11"n 

II' employ ~ouHnercial soil-ware in "hid) the simulation rcsulls depend greatl)" "n the 

",.llw:lfe(alihrati"":IIId th:lt h:tsh.hcde:lllwilhea",rllllyI6('I,I(,71 

1.2 ThesisObjL'Cliws 

Considering the 110\'1.'11)" and d,allenges "I' d,'Signing a low SPCl-d ocean CUfTent 

hori'.olllal a.~is turbine. the main "bJL~ti\"\' of the tlwsis is basl-d Oil designing a "OIllP:Kt 

rotor which would be able «) start power e.\tradion from current speeds or:ls low :IS U.2 

m/s.C""'equl."lI(ly,theenieicIIC)"llflhctllmillchee"mes'''limI'U'':lI\t is'"ewhieh hast" 

1>1.' addressed properly tllrough rotufsystem l1lu,lcling, foil and bl:!deLl ptillli/;Jti<)n. 

Anuther item which has to be till1her illl"eslig:lh:d is Ihe system "ihrali"ns during thc 

ml<)T[X'r/lmllallecs. This iSS lIl" has a crucial illlpal't on the syswlll as lung as thl" blades 



;,rc thill ;",.1 long. Reg;mling the sln'dur:.1 ~Irenglh oflhe mlor. Ihe pre~sure ,ji~trihulioll 

ovcrthebbdcspallhJ~tobcalsocaklilatedJlld Ilwreisaneedtochooscprop("rmateri;,1 

in tlrder to prcn"1l1 the blade tipdctkclion. 

For this means. the bchJviorofthc rotor is ill"L"Stibal~"<I throllbh a BEM mo,ld and 

thc power map will bc ;l!I;,IYlL"<I durinb the sleady ~t;lle io;'ding. The Illodd is then 

'eriliL-d wilh Ihe e~pcril11ental d;ua rro"l thc liler.llure. This ll1<xlcl pro'ides liS "ilh 

curvc s"rE,~e ,'asus bla,1e 'ksigll parameters. A gradient based iIIethodolugy is then 

employ~d l<) \'erify th""p"x "flhe powcrClITW in various rulnrappliL·atinnscenaruls. ln 

Ih," neXI s(;'ge. the mtor C I'D and Finile Element ,'naly~is (FE"I arc ;'Pl'licd lur Ihe 

purl'''SC "I' ;LlI;,ly .. inb the "ibr;'li"n ;ll1d stnlctur;.1 slrenbth "hi"h insurcs" <.at<: Tl>t"r 

pcrl(,rmanet"aitaion 

1.3 ThcsisOrganiz.alion 

I"histhcsisisdividcdintofil'cchapters. lllcaehl·haptcr.oncslep nfthe Tl>tordesign 

and optillli/.:llion analysis is accompli.shed. Each l'hapta is organized in a way that make"s 

II pussibll." tu JL'l'l"SS deslr"d analysis pr<X"L"dI,n"S by top'~ ' In chaph:r I. the liler.Hurl" 

rcvicwnllhc v.ariouscnefbyh"fvcSllllg ",,,thodolug;"s film, ""t"rarcdi~us.~cd.a"d tile" 

tllTbine,sintrodlln"dasoneuflhem;tiorconl'cmionaltL",:hnulogicsofw,lIefcllTrcmciean 

cn"rgy h;,rl'csting. Ch"r;'ch:riSlics. adv;",tagL-s. dr.,wb.a~ks :",d limitations "I' cad, 

mcthodol"by.are c~pl:,incd. Inlhe cnncillsi"n.lhc kinctic ocean cnaby is demonstrated 

JSOnCuflhctopieswithhighrcsc:,n'hpolcnlialfoTthcneXll'OUpleofycars 

" 



('harter 2l'onsistsofrotor Il F~'llllode!ingofn horimntal ;,xi;;turbin~_ Pramhl'stip 

addr~~s~d in this mo<kL The aceur~"y of th is nwJcI is also \cri li~,1 with "_'llCrtmmtal 

data extracted from the lit~r:'tnrc. This ",<)lIe! rmvidcs a "umcric,tI b,,,,c I<.lr the bl;ode 

"""kl isluC"lclll"lelhcpuwcr~urveoflhcrulur i n \';UiUllSI'":rlunnallccnilcri,, 

uS 10 I'KatC th~ optimum blade ,lcsign faclors ~3lues based on pre,kli,,~d c()lI~traints . The 

.'lI~es1ed two dinll"nsional loil ,hape and blade geometry factors arc then lItilihxl lor 

vibrationandstrlleturalan:llysisindlapter4 

In Chapler4, IWO ,lI1d th ree dilllellsiolia l (2[)and 3D) CrD ana lysis of the Ii,il alld 

('()tOl' is provided respet tive!y. In th isnnnlysis. a vclol'itY:lnJ pres sure sradicnt bascJ 

mesh gellermioll is employed 10 solve the relaled l'qll:llions. Based Oil the l'akll l :lI~d 

pressure distribution from of JD·CFD rotor ~nalysis, the tip dctkction of the rotor is 

eX;lI"incd through a FEA all;llysis. The results Ii-om this ch"pter susgesl a~h"iw"fthe 

propalliaterial1i1rtl,e rot()rc,-",stTII~tionand <:nabknstoh;l\'e;lI\cstilllati()"ofthemt.)r 

.,lafilip bt.'h:lvior. 

Chap ' ~r5C()11 1ai n sc(", cI \ldi llg rem ;uksalld ",n nC-' lI ggcs li o l1 s lurli' lI lrcwm k 



Chapter 2 

I lorizon tal Axis Ocean Current Turbine Modeling 

Wal~r tu rbil l~S are normally employed to Ir:lI1sfcr fllnni"g waleI' kind ie cllergy It, Ih~ 

l"rhineblades. ll ydnl<lynamic I,m:es:uc then applied on blades which ",ake Ihe 1',,1,,1' 

'I"rt I1)lating amund ilS ,hati, This ro(,llion,,1 muveilleni C,lII he t\,rther ,',,,,,ericd ,,> 

~b'-'Ir ici(y \ia a gear box ,111<1 gennator. Bascd on the app lie"tiun, "ari"", I}PC' " I 

lurbineseanflllt",lillicenergyharve,linglask.! IOI\'l'-wr,horiml11ala,xislurhi"cspl'\nide 

Ihehigllcstelliciellcyregardinglhcir litibaseddri\ingl')fl,:csf1:suitingli-tJllll,)ilshapcd 

bbd~s. A dd;,iled des.;ripli"'1 ufhydrodynamk pO'lcr and dft"Ic'KY sources "rlhis kin,! 

uflurhinesisprovidedillthisseclionoftlw thl'-sis, 

rhis ehapta IOcw;cs on pm\'il!ing :1I1 accurate slcady Slate lIl;lIhelllalieal ",,,.lel 01 

horimntal a~is 1Urhines' power har"est ing Ixha"iurs whid has Ihe abili ty to indlltk the 

l'Il,:ct of the bl"ue shape p;H,unc1el'l; ~"eh ;'s f"il shape pmlik, d",rd, lip and mot kngths 

and thickness variat ions in the rOlor pcrl(mnanec_ To address 111t'-Sl'- needs, thl'- i,ka t 

r"tor'~ hydfll<lyn,,,"ic govcmiug "'1",,(ions arc expl"inl'-d through the well -est"hlishcd 

Hlade Ekmcnt 1I10ml'-I11UIH theory ( B E~I) 147I,] 4XI, 1491 The an'ur"cy and pt.'-rl(lfIu:lI1ce 

niteri"" or the idc,t! ",udel is ~sca"'lcd with PrJl ldt !', lip-loss ;",,1 (i\allcrt c"rrcdiun 

!:KIOTS rcslll'divciy to "CcoIHIHooate the I"w cut- in speed dlar:Il'leristics "I' the rotor 

Fin;,lIy,thc,,,,,del isvalid"tcd with experimental d:lta aV<lilabk in the literature, lt h;,_,(" 

he notetitliat considering (he prcvilHls work done on BEM mooeling k'Chni'IIlC'S, it ;~ ""I 
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thl' Sl'ullC of this thesis to de"elop an ~'lcT1sion tu alr~"dy "\',lil:lhk modds. but to try 

(k\'eloping a mOlkl Ilhich is an ~mcil"llt all~m'llivc to prol'ide the necess,'ry "*'1',' 

opcratiuu,(1 iutormation tor the statistical based optilllil.ation stage l\hid1 is e~r1:Jilled in 

chapter 3 

2.1 Blade Il ydrodynamics Theory ;1I1d VOrl<: .~ System 

III this IlHJ<.!clingand to si"'plify tlie ,,"(tliematic:,1 furlllui:tlion.11 isaS'llllll-..J that the 

.'I'an-wiscl'cioo.:ity"ftluid i,negligibkeumparcd to the ll,IW in the a.xial and tang"ntial 

<.! i1'eo.;(ions. I" this way. the hydn~l}'u,uuic forccs ou t\\'o dilllcllsiunal OD) tilil .,hapc 

dClllcnls"rthe hl«de l',u, oc ;lIl;tlpcdsepar:l1c1y. As" n:"uit. the olrra ll dri\'ing Ii'r,'<", 

fmlll lluid Glil be cakula ted through intcgratio" of thl'se ~[) blade clcml'llts 

hydrodynalllio.: beha'iors. This «ssumption c:mnot rcprc,cnt the "l'l'U1'al<' 1'<)tor 11<"""r 

geu\.·!";(ti"" IlCha\'ior unlil the thrce dimensiunal (JD)etlcct oft h~rotorrut'l1iunalsllC\.·,lis 

included iu the Ill:(thcmatical t'lfinulatiun of the cu.!e. l\ceon.!ingly. it is "l"Cc""ry 10 

consider the free \'or(e~~s ph~nolnC"OIl in the w"kc och;(((! the hl:ldc when the :lIlgk of 

attack u is low. Thcse swirls and spi!";(1 motions in the 11,,;.1 ;uduec a lili fon.'c ,d,kh in 

tllfllGlIlllCllroh·llimothca.,i"l«ndlangentiall;lctors.Thcsebl't"n;;lfI,'calicdillduccd 

lin «lid drag Ii)fces and. based on their time dCJ",n<ienl ch"mclcristics in lh~ tlll'buicnt 

""ke. "re dini":lllt to predic!. iII(JfL"<JI'er. the estill1:ttiollp'oo.:essofthc'c r"c("rs ise""ly 

"tlcde,lth'ough r"tor rot"ti<)nal ~I",cds amI tlow separation in the bl:lde's (railing cdg~ . 

This makes it evcn n,,)rc ~h:tlicnging 1() cakuiate these forcl'S in the computer u,c\1 l'od~ 

IMq. In ortkr to stan th~ BEM IllOdeling. the two and thrce ,limen."ion,,1 hydrt1<lyn:ul\l"s 



tonllllialiulls "flilc blade IIced to he: fe:"iewed mul ,tawd. Alkrw:ll'ds, th~ BE~·t Illo<kting 

CJIl I~ initi,lkd with the: h.::lp of"ae:tuatuf di,k lIludd" " '(}Ile ling lecimi'l',e 1691 

2, 1.1 Li ft and Drag Forces 

A s~hema tie of a rotor is pl'e:se:nted in Fig. 2. I As d~1ll0IlSlf~l cd in Ih~ ab<,,'~ 

paragraphs, il i, pmsihle to dil·id" the hlade into s'-'I'l'I':1I dellll'llis. tly ill1 rod!l(ingsUln~ 

"orrediull Lt(IUfl;. I h ~s~ "Haller ,,,l,tiot ,;; eall b~ tons;d~l'cd two dilll~IlSiorhll. f\ two 

dimensi,,, ,,,1 loil ~hap~ ui"lh~ blalk is ~~hib i ted in Fig_ 2.2. The foi l in.:id~1H !llldist!lrh~d 

ilow has to be sep ar:J(~'{1 illto two dirc"t i\l1I >. Oll~ is pas,ing <l\('r th~ lLpp<-'r part or tile Ii,il 

Itl general. tl"id r~' Il<)nds t,) the slI rf:Kc nlrv:l1ure thmllgh <:r~al i llg a I""_"m,, 

grad icnt. This pressure gr:alient ads as a IX't~llIi"ll<J dri \'~ th ~ ililW ,Iimer or 1:1,ter in the 

\'i,in ity oi" I h~ SI"t: ,~ ~ _ I" Ihis G'S~, Ih~ "I'i"'r ,,,ttioll <)f lh~ loil lI'ili impose a ncgati\'~ 

pr~ssur~ gmdi~n t which leads to 11<,sit;\'c now Sl~~d a~ccl~rati0n . On th~ 1Ilh~r ha",I, Ih~ 

'lIrli, .:c curvature indntcs a positive pressure: gr.ldienl OWf Ihc lower ti,il smEIl'''_ As" 

I'l'sult of th~ I'r~ssllr~ Jilli:renc~ bdw~cn its 11I"cr ;11,,1 IJPpcr p"rts. Ih~ I()il i, lift"d 

IIpward and th~ jorc~ R is p~ fT'~ndi ~l d;or to Ih~ li,il l'h"nl. hgLll'l' 2_2 dClll'l1lstr:lt~s Ihal 

Ihis t0r~~ ~ "n hc d~~()II'P<lS"d i"l" ~ lift "oHIi)tlll~nt I. which is pnpendiClIi;Jr 10 Ih ~ 

dir~"tion of the inflow l1uid \'., ;Ind a Drag D ~lIIllPO"~111 r"ra llcl Ii' the 11011' vr\ncjty. 

I.in "",I drag ti)r~~_, Gill oc oprr-ssed through the I,mnulas below 1701: 



"",111"", ~IIrrcnl R~yn"ltl, IIIImb.;rs. Lin and drag n)Ctlkil'llls or N,\CA 0015 arc ph'l1ell 

\er,IIS :lngirs of all ad in I'ariolls R~ynolds mnnbers in Figs. 2.3 antl2A 1711.1721. Th~ 

Rcynulds numocr t()rmuta is 'lal~d in (2.3) 1701. II is s~ ... 'n that by in~reasing the 

Iky"oltlsmllllbt.'r,lllet')il,lalllllgpoimisdcluyedtohigher;lIlgirs"t""lI;lck.Asar""lll 

Ihe dr.l!; coetlki~nls jUlIlp is rd"rd~d and Ih" Tilt n",lli~i~I I IS rC:Kh higher vailies. This 

"III in~r"asclhcliftlodragraliowhkh is:mimponalll fadorin rolOrdcsigll 

Re = ~ (~,JI 

2.1.2 Vm1cx Systcm 

til "rder 10 indude Ihe lIm:e dimcn,ional en",,!. il is II~c'rssary 10 ~"nsider Ihe "me~ 

syslcmllChindlhcbladelmilingcdge. 
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To 'lCcoltlplish this, a s~ri~'S of \'ork~es arc aSSllltl~J to be lurl11~'tI n~ar th~ Ir"iling 

~dge whil'h arc lilrlha e~lenJed illln Ihe w~k~_ The \'''rle~es on Ihe blade and in Ihe 

Iradiug t'dgi.' ar~ calkd bond and free ,Wlcxes rcs~eli\'cly 1471_ Th~s<: swirls III 'p<-'S<: a 

,'clI..:ily on any ~IIbmerg~'t1 body arvllnd them. As" result. a do\\n"'ard wil":lIy IS 

IIldueed III front "flhe b!:uk IIhieh wdl l1.'tlirecllhe IIndisturbed !lOll' CllrrClIt 'pn'tt 

'"CdOf IUfltl V", to V, ami th~rctore inl1llenccs th~ cni:di,'c angle of "liac\.:, s<:c Fig. 2.5. 

Asa rc,"I1.thcrc "ill be ,III illdllccd allgk ofaltad: (Ti whidl has hI be ,kduct~d I'mllllhc 

'Ingle orallac\.: instead ofils gl'tlillctric cmll 'tCfP'lft , Ih~ 3D lift ,'nd Jr.lgcomponcnls \lill 

t",I<)\lcr,,,,,thighcrthanthc2Dlill,ltlddragi"orccsl731 

In orJ"f 10 be "ble to formu1:tle the 3D clTect ofrOl"tion in Ihe rmor p"'lI'ef 

c"iculations. Fig. 2.6 delllons!r;Ill'S the rc1;lIi"e \'clocily which is Ih~ elr~'\:li'e iul1o\\' 

"ch..:ily aClingon thl' bl:uk lI'ilh Ihe ''''gicof allack uf ,],_ Accontillgly. Ihc induced a~I,, 1 

;IIl,llangential \'elocitics arc oppusi"gdlc Va and in thcJireclion of V"!I rcsp.:ct i' dy 



These \'ek""itic's arc ,pc~ilied Ihrough axial and tangential inuurt ion l'I ~ lors 01' a 

:l"d il. Thc i t "!II~ed a,~ial am! t ~Tl gentb l vdoci ty collll}tlnrl11S 1:an b~ slal<'d as aV" 

rolating. lhe indll~~d wngenl;,11 velocily <-01l\p""~lIt will b~r ollle (I(d" and in til<' diredion 

or the rolor rul; llioll sec t i g llr~ 2.6. (-nl'~4"~llt l y_ the ~Ilgl e of attack <"elll lx' torllllllawd 

a,l>.:lo"' 147). 

2.1.3 Momentum theory 

v., = (l - a)Vo 

(i - a)V" 
0=tJn--.­

(I + a)wr 

(241 

(2,6) 

The 1l101l1cnt llITI Ih c'<Jry ""alysis is "I'plied by ~'lI\sidcring the ideal aduator Jis~ 

Ih~ory ",;110 regard In the rrirtionkss 1low and ,:olls~q\lcnlly wilh "0 sw;rI or '''rle~es 

""iSkli t in the wake. This lh~ory ~all b.: deillollstr"t~d thruugh " S~\"" ;l1 g;. l-'"llrol ,ol\lTlle 



around th~ rotor dise and then applying th~ 11I01llcnitITH e'lu;'lioll ill ;Ixinl ,hre,"tiun. s<:e 

ellmlion (2.7) I'HI. Where Ihc dA is tile arc" th;lt ",'dor pointillg out of each (Onlrol 

,,,llIme slIrI;,ec wilh tile magnillide ell"al to the arca, f;".,., is Ihe ~'Iui \'nlrnl of ti)fces 

"ppll,'<.1 on the ,'onlrol 'olutnc, d{vol) is Ihe \"ohune "feaeh eOl1lrol ,·"IIIIIIC (ell. Th( 

(,,,lIml ,olull1eise .~hibiled in Fig. 2.7. 

~ Uj pH(x,y,z)rI(vol) + It u(x.y,z)pV.rlll == Fu , - "~'m (2 .7) 

Figllre2 .7 dclllonSiraleslhallhelll;lindiITereneebclweenlhelw\le<)lIlr,,1 ,"IIIUII\(si" 

I-I ~ 2.7 en",,,,1 , .. Ium ... ., art"JI~llh~ "~,, .. 

111 eOI1I[;lsl. illihesceond huund;iTY, Ihere isno 11owcross passing Ihe bound:lric'sas 

long as Ihey arc aligned wilh the slre:IIH direclion. ll1sle'l,I, Ihere will he a pressure 

di,lribuli,," along Ihe houndary shown :IS f';"'~s",. Considcr;ng Ihe sle:,dy sl:' le 11nw and 

,,,,I>;lIg Ihe a~;al """HCl1lu", (>(I"ali"ns for hOI II control ,"olu",es, Ihe rolO' e.\lracle'(l 

p"wcr,':lI1bc fonnula lcd as 1471. i\ lorcinfor",alionaoollllhcoriginorlhee'III<lli ' ''''i2 .l-:j 

:lml (2.9) is pw\'id('d ill Ihcaplx'ndi.~ 1\. 



~ 2. ") 

Equalion 2.9 and Fig. 2.~ ~how th"l Ille l1I ;nil11ul11 Il<,,,a ~nenicicnl rc:'l·hed by al l 

"kal horizonlal axis lurbine is :lfUund 0.5<):11 (j = 1/3. This limit is calkd the BeI,limil 

i\.:cmd;"gly. by in':l\'as;ng III" tlml' blnd.:age in Iml cr ml,)r rol:l1ional spec'ds. Ih~ Il<)"cr 

For higher inducti"n f".:tor \'"llIes.CT tx:"lHnes neg;lli\'c wh;cll IS n,,1 I""asib l.: and 

dCI\"'nslral ~s Ih~ nee'll of run her corrceliuns ,,,"'sid,,ring III" rolal ;o" in Ihl' lI"akc. I{daled 

eqll:llions arc slaled below wh~rc thcx is Ihe I,;>o:al rol;llio";11 '11<:"d 1~71 

R" 
A = ­

V. 

2.1.4 Li n and Drag Codlicicnts 

(2. 11) 

(2.1 2) 

r"l1I"kelll"bbdeul'l;m;ntion slage 1l<lSsibk. il is ncccssary 10 h:!\"c ac"css 10;1 

""nlpr"hcnsiv" foil lift a",1 dragda!:, sheel 'Ihich is mostly una,·ai1:lbk tilf Reyn,'I,ls 

mllubers in the range nf20000 10 XOOOO. 
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" .. 0.5 

CO 

°u 0 .1 0 .2 0 .3 0 .4 U 5 0 .6 o.r 0.8 09 

1'0 addr~ss Illis isslie. lh~ XrOIL pa~kag~ is IIsed 10r """",,;<:al 2]) 1,);1 p"rl<lfIl\"'K~ 

pr~di~li0IlS. XFOIL ~;111 ~u l1~;, kr Ih~ vi'"'''LI~ Ih",s :1I1t1 Ir~ilin g edge s~rar:l1 i llnS (wake 

",,,(kllillgl dkclS in low R~yr\() IJs Ill llllber ~pp lic~liolls . These ab i lit i~s """k th is 

package ideal lur ollr appli.al;oll [741. [75 1. To c Oldid~"lI y usc XHlIL r",,,lIs for 

designing p!l[pOS~S. il is imlX,rlanl to h:j"~ " ~("~~ "I' (lie a~"ura"y of th~ data. rh~rl'for~. 

NAC A OOIS '::lk"lat.:d ~""n i ~i~"l' ar" validated wilh oc-xpt'ritnl'nta i vahl"s al Ihe 

RCyl1 "ld~ lllLlnbcr "rR" = flOOO O 17] 1. 1721. <;l'C Figs. 2.</ and 2.10. As is sc~" in 10'" 

ReYllolds numbers. ~Jr<'di"lCd drag ~ocni<;i~"ts h:,vc a I"w :"'''''Ull "I' deviation from 



2.1.5 Bladc Elcment MomcnlllmThcory 

Rcg~nJ i llg thc timlluk,tiull re,';ew "I' OI'C dimensional ek"'c"t thl~)ry, it is I"'s,ible 

now to:lpply the 1lI0llll"ntlllli theory in the din."dion of the hydHl<lyn:llllic iitlnllllp<IIICII1 

"hich is l~I'Pcndicubr toVrrl .Thcre :lrc some assumptions as,",Kiatcd with the IIEM 

,nolte-tillg \\h1.:h m"ke the power calculation Il<lSsiblc" btu silllu lwneously. it wilt i"'t"'~e 

sollie limitations and missl...J Gllculations. These drawba~ks call he fu rther ,,,1.1r.:ss.:11 

through intTll<llIcing nlTTl"Ctioll fac1Urs whidl will funher nHl<hfy the "'Plkt to be "utahle 

!iJTac.:uratcpowcrgcneratiuTI<:"kutatiuns 

iIO.8 

Aoglcof allack (degree) 

I'll;. ~') NACA lJOl5 I, ll C(",mn~nl , ,,hJ,,,,,,, IRe '" 8(000)""'1"''''''~''''' 1 ,(:",,, ",'rol""'! 
frmll (71 ] 
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=~J'=~// 
0.' ,f/ 
"" 0-" 

o " Ar>g leofattack (degree) 

~ i g.~, 10 NAC" 1~)15 dr.,); c....,lfici,-nt ",lidalian (Re = 800001. ~\I"'fin,,"nla l da(o is ,-\("','I,'d 
rn 'l ,,[72i 

TheIJEt." Illodcling is based on roliowingJsSnlllplions. 

The tluid now is ~""sida~d to he in,'omprcssible ,md slea,'y SI,Ue 169 1 

Th~r~ is IlO radia l dcpendclKY Jillong b l ad~ cklll~nls (isuialed d~IH~l1tS) [76 1 

Th~ rolor is assnmed 10 b~ a disk willl an inlinik l1(nnocr ofblad~s [7(' 1 

Applying an inlegrJlion of momcntuill equ:l liun un Ih~ 3D i:Oll1 rol \'OIUlllC wilh 

e"n~iderati()n of 1oc;11 bl;uk gCOl11 cl r; l'S. Ih~ whIr pcrtimn''''ee eh ;lr.li:leri~~llioll Can he 

cakll lat~d throllgh v3rious Sleps i,l an it~r3ti\'c manTlCr. To bc abk to JcmollstrJt~ th~sc 

"~I'~ ,md ,1111"Tl;";/c Ih~ IIEM nHJ\lcl ing: 1l1~1I""L il is n~~~s,ary 10 dai,,~ the fullowillg 

formu las tocalc!llal~lhc rotor torque and power (47 1. 

df! == (uriM (2.D ) 



To formulaic Ihc lorquc c<juution, il is IK"t:cssary tu CUtl\'cr1 hn :uul drag Ii,rccs iUlo 

:txtalandlaugentialcompouct\1s,M:c l'ig,2,11. 

v",, 

An'ordtngly.lhcCn ,C1 and riM can be "riHen as. 

(2. 1..\) 

(2.15) 

Vo{l -11),,,,( 1 +(1) 
tiM = O.SplJ siu0cos0 eel (2. 16) 

Now il is possibk 10 :.pply Ihe inlegratiou oft:lllgeni;al forces o\er Ihe hlade span 

ckmell1s ;n order 10 calcubtc Ihe ~hart lor4ue. An'of(lingly. a linear loree variation is 

aSMlllled hClwc'Cu 111'0 rad ial ekmcllIs "hid l "aries from Fr ,; 10 Fr ,;'1 allhe fadius "I 

Ij :UHlri+l' M:e (2.17) :1I1d (2. 1l'l). Through 'kfll1ing A,and 8,. il is JlOssibk to ,ksnib<: 

Ihe torque for each ckmcll i as (2.1 'n (220) and (2.21) 1471. 



111 = f T,;> , -fT} (2 . 17) 
rl >, - rl 

B; = fT .,rlr::l-~'~·,+,'j' (2 . I~) 

Alier l'akubling Ih~ 1111:,1 r" tur shan t"''l"e M,,,,. it is time Iu ~",rel"llhe unrealistic 

eni:clsuf in1in i t~ lIumb~rofbl:idc assumpt ion by introducing Ihe I'r:l1ldll"s lip-luss I:Kh'f 

Cunsidering die \'Ur1e~ syslem sensitivity IU Ihe rUlur 'Hl1nb<." ur bl:,de~. tor'l"e C'llLali"n 

l·:lllhecmreckdasI471. 

F = ~(OS- ". - I 

1.I1?- r 

r ="2 ninO 

(111) 

U··~·;I 

(2.141 

occoming 1110re Ihan 0.4. As 10llg as the target uflhis coding is pH",i"ing Ihe I'''w", 

gl'lLcra li,," hdlaviur pI Ihe WI"r. the thrust eakulalion h"s lower illteres! value in our 

Illo<kl ing. Ilowe\'er. the :I ., i:lII:U:l0r com:~ li U l1 prC'eHl cO ill thc correction pro.:",I"'e w,11 

be llsed ill ""kr Ii' I'nwidc a h,tl'r HEM ll iodelin;; l"O ll wrgellce. Accordingly 147 1. 

JO 



Where, 

run = ~ [2 + K(l - 211c) - J(K(I 211e> + 2)2 + 4(KII; 1)1 (2~(,1 

1J'Sin'O 
K ~-­

nC" 
(~_n) 

Where, Ih~ solidity of th~ IIIrb illc a ,atl bc c~pres,cd :IS Ihe purl iotl of Ihe ~' H 'In>1 

"oIUll1c"hi.:ll i s~o\'CrcJ by thc blades 1-l 71, 

During each ilmllioll.lhelangclI1i:11 inJlIclioll 1;lctorri is also lIpdal<'Jthrough(~, 2 ')). 

Fina lly. the rolor generatcd power :lnd conseqllclil ly p'()w~r nlCtlicil'1lI "all be ~akubted 

forc:lchl'Otmionnlsp"cdoflherotorth rollgh(2. IJ)and(2.JOlj47], 

(2 .29) 

p p 

C,. '" l'amll<lb/e '" ().5(JV~A \~_J()) 

Atier ,kr;ving all the tl el"es,ary lonnulas, it is possible now 10 Jevdop tile' BE)"'l 

Illodcling code regarding the desir"d OlltPlitS. f'rimarily, the rotor and blad~ 'po.:~il iG , ti"n, 

ha\'~ W IlC kd into the ""lIkl nl~n there arc (crt~in swps that have to be wh'ed 

JI 



ilcr~livci y I()r ca..:h nf lhc rauial hla.t..: cieillCIllS. I'nwer dJ:lracleri~lks or Ihe mlor rC~ L L I I 

sllanillc:ldlwtatiollalspceds"f u, . Th"Sc S1cI'SCanbc>11111l11ari/e.lasocl"",(.:!7(. 

hll lial izell "' f (A;,<J(r).O,) 

CIt..:llialeC".! and C" j lhrollgh( :!.14)alld( 2. 15) 

CaiclllaleU", w., alldri" ,'w,i IhWlIgh 12.25 )and 12,29) 

Check lhc~,,,k com ergcnec lhrough <I ,,"rial iullslOlcrallcc 

Cakuialclheh'njllC rrom (2.:! 1) 

2.2 l1 EM Modd Results and Va lidation 

III ol'.I t'r 10 "iMI~h ze :lnd \,aliJalc Ihe l1100clillg result s , Ihe hbde 's ,i;tla is ,.'~'raded 

base"! Oil NACA (1I1 1S l"imraderistics al Rc=~OOOOOO, "'"'C Figs.:! .3 ;111<1 2.-1 [71(. (721 

The hlade lellglh , chordamlpilcbal1gkdiSlribuliousarc;I<taplt"t 1i"","lidal curn.'111 TUlor 

des igu ;l\ail;,bk in [7(' 1, 177[ These bb" e spe'Cilil'aliolls :lTC jll'c"SCllICd in Tabk 2. 1 ;11111 

l'i&~2 . 1 1 :md 2.13. 

As il is ","'C ll in Fig. 2.13, Ihe hl:"k 1hickness is,"ar)" illg 1,,"linearly ahlllg Ihe hiade 

.'P:III which allcmales lhe bb"c I)Tillile fmm NACA 0025 hI N,\CA 001:! based "" 

decreasing the I<'il liticklless r,o'" mol 10 li p. This 111:1!':CS llic dcsiglling and "p1iml/alioll 

lask c("l1pk~ ;](1<1 lil11cCnllsntllilig 

J1 
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Tabl~l,l.lI"ba,!dI",b'n,'bl",Io."'P' ... ·,f",all"n<, dala ",>"r,.;1<"<Ir",,,,I771 
, 'R Rallou, 1"''''1 1"1.:h ,I,,(nbullon (d~~1 L'~ 1". 1 

u. ~ ~Il " illS IlWI " n.1 
I!O ,., 

" 140 7.M 
(dJ~ I~ " 

IX,I 

'" IUS ().l~'n Ih ," 
O.Il~7S Ih .4 

lI.hS (),U~2~ 1,'15 ", 
Il.l lXO (l1I7 ~1 I.5J ". (1.0734 

J~() ().IJI>K~ 

J4() IUoi 14,1 
J(~) OJ),'}.! lUX IJ~ 

'" (I,(J~47 

r" n.·so)vClhis iSSII<.'. a eonSI", ,1 (oilm:Lximllm Ihid,ness iscilOs<.'n I,'rthe "'h"le 

b!.lde lengdl. As is sl;(led in Fig. 2. 14, bbde Ihicknc.'S ""';"';011 paU.:rns ~.xh;hil 



lI~g l ig i hle etlc~t (\I I rolor tOI:11 g~n ~r:lted row~r. In otlr d~sign, J rotor of :I 

~l1h:lIH:el1lenl :11 1(1 its sile. t'~~ordingly. a :i<:h~mali~ of a Ihre~ bb .. kd horimntal :,-,is 

lurh illc i, pr~""' l t"d in rig. 215 

wilh ~xpcrimeillal data wilh th .. · wat"'r sp(:ed of V", '" 1.54 m/s and 0 = 2!"i' 1771. ,el' 

Fig. 2. lh. As il is SWII. I h~ ~:Iklll:lled Cp V:IIII~S in the ), range or 1I,,~e to se\en ar~ ill 

th .. , rotor. 

Now. to be able to analYle the 1ll00Id resuits. Ihe rdat~d BEM Illo<kling is t~'I~d 

Ihrough a rJng~ of r"tor Il<;rli)nnallee domain rr:S(ri~led hy stlling tht pilCh :mgks "I 

'"lI l"iar cklll~ nls ll<; t we~II -5' :5 l:I :5 I S' , [he m~xinlllm lip ,p~c'd to w '" 21 rau/sec 

anu the mdia l d~lllcnt kllglh incr~m~nt s ofdr '" O.Olrn. Cakllbt~u pow .. 'r for a Ihr .. ,~ 

bbd"drnlnrin\'arioIlSinll,)ws]h:ctisispn.·sell(cti inT"hk 2.2 and Fig. 2.17 

rh~ maximulIl power is r~a.:hcd "h~n}, E (6,7) whith is in ac,'ord:mcc wi th Ih~ lieu 

limit theory. For the I'Urp<J:i<: ufdesiguing a r(llor wilh lhe abili(y orop~r~I;lIg il l low 

"""ill" ~lIrrclIls. th is Ilhkld is tOllsidaed ~s" h~se for further inves(ig:lting (he etli:c(s 01 

d~signing t;I ~lors on [he rolor pcrfOrlllall~e. In this way. I h ~ iml', .. ts o l'(h ~ 1';1~h angk. tip 

'md mo( k l1 gll". hbd~ Ibi l "hap<: :lIld IHlI lIber "I' blad~, \':lri:lliolls ,m Ih" r<1tnr power 
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I lg. 2.1 7 R"h" ', I"'",~r , •. n~ '" r"" ti "",1 ' re,.,1 

2.2.1 I31:10c Pitch Angle Etlixls 

Ase: ." II.: 'een in Figs. l . IX and 2.1'1, when Ihe 1<.",,, 1 p;I"', angk ina..::asl's rl'Olll 0". 

lh~ turbine SWr1 lip c; lpabilil;c' wil l he hooskd lip. In ordl'r to sugges1 ;In oper-Ilion ar..::a 

ii)r Mar in..:: Cllrn::nI Tlirhincs 1,\ 'ICTs). it se..::nlS IIi:1I inn..::;"ing Iii..:: pilCh angk will be 

ocndk ia l dur;ng tlie >t:H1I1P p"",c's hili i! will ti mit Ihe operat;l)na) ). dOlll:1ilt :Hld 

gC llerakd powa during th..:: rotor's power ntrac t;on lllode:1I Ih~ S;lInc 1;lne 
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As an illuslralion. pil..:h Jngk of 5° ;llIows Ih~ lurb ine 10 rea..:h C",n",x == 0.3(, :",,1 has 

its "plimum A p..,rtl)rmance..:riteria in the r;lI1geof3 to7 whilethe'e " I""hers will he 

"pgr:"Ic..:l 10 C",,,,,lX == 0.48 mlll A l~rformJ(Ke crileria range of4 10 1 I in HO pilch :lllgk 

2.2.2 Etli:ctsufOI<ldc Lengt h 

The NAC1\ 0015 blade k"gth is i"..:rc:I;;",1 with 0.2 It! rntervals 10 see Ill'" Ihis 

dcmcnt will altcr thc ""bine I",rl<>rmance. The results Jrc I'rescl1 l~<l in Fig 2.211 :",,[ ~ . 21 

to (2 (4 16 
~, 



I = ~ : ::: 
---' 0 8 (",) 

· ·· · ··· 1. 0I mJ 

Figure 2. 1l! shows Ihal by inne'lsing Ihe blade lenglh from OAtil 1,,1.2m. rolor 

p<Jwer ~"emC i ~1I1 did nul show dql~l l< kn("y 10 r,'l or radills. Th~ Ill~.xillllllll illlpwl'elllclil 

in C".",,,x h~ppcn~d i,l blade knglh of 1.2 m whkh WaS 2')' .. , 0 11 Ihe ul h ~r hand. 1>I)\"" r 

ClII'H'S shown 10 be \ery sC li siliw 10 blade 1~ ll gl h ; Il~rca.'c while sh:TI\ power is " I"'OSI 

r:liscd Ihree alill nille tilll~s when hl;I<k lcngth w~re nl<><l ifkJ 

fr"1110.1 It! wO.l! It! :ll1d 1.2 It! rcsp"'cli l'dy, sec I' ig. 2,2 1. Thcrdore, puwer ""rvcs h",~ 

also dc si r~bl y mOll ifkd to Slar! energy han'L":;ling in quill' lower rolor spcL~ls. As it is 

di spby,,'d ill Fig 2.2 1, power gelleration is advallced fru", !'iOrl'''' I" IOrpmhy 

illncnsing the blade lcngth th l111 0.4 It! to 1.2 m . ~·t oreo\'e r , Ihe 1>I'wer reaches w ils 

l11a.\ ;IIH"11 1:lslcr when Ihe blade k nglh is increased. Thai i, qllile "ppe,Tl illl! in low now 
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CUIT\.·II( applic;!(iuns. Iluwe'er. Ih~ Op(i"lllll1 perlon11ance dumain uflhe ro(ur will he 

2.2.3 Eni:.-'e ls of Blade Number 

hi Fi);..;. 2.n'lnd!.n.lheIlEM mu<ldrcsulls;,rcl'reSCnled rur \'ariuus TlllUlberur 

bladestuncd Ii-om! lu6. Thc nllmberufblades isan iTlillUrt;ml uptiunlocnnsider inlhc 

n1l"r designing stage \\hik the impus\..,J re~lri~tiuns orthe energy har\'\.'Sting ell\'ir"'''''cnl 

call he addr~"ed approl'r;atdy lhrollgh lIIi"l;f},;lIg Ih(' Iillinber ;111<1 gculildry ufbb,ics 

rhmugh ;"ljll~I;lIg lhes~ 1:,elOrs. (he rowr \\'mlld 1)0: ;,bk 10 C.Xlract op(imum kult.'tie 

cncrgy from (hc ~pcci lk sitc and ;IS a rcsul1. size. weighl. ellicielley and OUII'lil I,,)wcr 01 

thc rotor could be cfk ... ,tivcly ,'onlrolbJ to guaranty Ihc ma.~inHim power gcncralion. 

- ,­
.... .. ·3_ 



11!,.~.1 3blr."kJI'"",,,,,-,,",,,l>cr,,rbk ... k' 

As ~~II I" uh!<~ned in I'ig. 2.22, hy iner~a~illg Ih~ hbdt·s 111I1llh<;r fr"", 2 10 (" 

inlTe:lsing Ihe number uf blad~'S from 2 lu 6, ). is tkt:reascd from 7.tlS IU 4.73 wh~1\ Ih~ 

iunow s[ll....,d ;",d rul<)n; radius ,If<: V", '" 1.25 tills ;IIII( )"Fnr~F '" 0.4 m . This IIIc,IIIS Ihal 

kss rolt)r rolalional '1",...,11 is rL'qui~d 10 ~:lch Ihe rmor's pcrl,mnall~c curve apex "hik 

Ih" intlmv s[ll.",d ,"ul blade's 1~lIglh ~r~ flscd . This I:'CI is ",-'nclici,,1 in low l'nHn 'IK...,d 

rulordesigns where Iherulorro(;uiull:l1 spc~..J is relalively lowerlhanOlheral'l'li~"li"ns 

Allolher b~nelil uf low ~lIrrenll\11bi"e is Ihal " h~1I Ihe rulor wwks wilh lo,,~r r"I:Oli"'I,,1 

l''''ls''' ldlifcex l"c lallcy"flhesyslelliafl'i llc1illedalldmiscJ~s l',,,""Iil 'cly , 111 gl'Ill'r:lLby 

having more blades, Ihe rolor gels nl'arl'r 10 idcJI mlor aSMunl'lioll ' liul so the illdll~ed 



\orticcs ar~ sillalla. In this way. tnrhine should be working with higher ~1lici~ lIc ies and 

1 <)\\'e rrot()fmt 3ti() na l sl~edpl'rfonnalicedolllain 

2.2 .4 Elkcts of L3lade Shape 

In this sedion. the IlEM llloJcI "as adjusted for a se t ofnms in which the bl:llk's 

f('ot dltml lc'l 'gths arc lIIo<lil;<:d frolll 50 mm to 100 mm. This Elctur r~~t ric-ts the chuices 

('" bla.k IIlLl"bcrs\\hi lc ill <",krhJ gllar:",tec;", ;":ccl't"hlc rut<)rl'erli'rI11:1I1l-C clI" " gh 

:Hld 1.15. As is "p]larelll, ml,l chord kngth variations haH' a similar ~ha \'i()r as "hanging 

till' rotof blade numl~fs. lIut. it is llloJefatlx1to some ntclll . /\ s ilhlstrmcd, by adJlIsting 

the rootl'llOrd length fmlll SOmm to 100 mm. Cp.",ax "nd shall powcrare raised aro""d 

l5" ~ and 10"1" resJ)l.-.:tivcly. Moreover. th rough add ing to the icngth of bl,uk's nk.t 

dl<>rd,_ wt<)r <)ptillllLlll perfun"ancc d<)lIlain is availabk in kss rotor rotational 'I .... .'cds. As 

llll'ntiolll"Xi I~fore , this is a (ksirablc option in designing low ma ri ne nlrrent turbine, 

Therclure. the pcrl(mHanCe cbaracteri st ies of the turbinc arc illll",wed Ihrullgh this 

adjilstlllellt 

2.3 Low Flow Current Considerations 

In this scet ion, tu rbi ne pcrlunnance in low CUffell! rcgimes is ill\'l's!i gat~d . Turbilll"s 

low curmlt ol~rat i ng eharackristics arc displayed in Figs. 2.26 ,,,,d 2.27 ;",.1 Tahle 2-' 





From (2.30). it is e,idem that the OUlput pow~r Ihls a third urder rdation wilh inl1"w 

~I'eed. This I1I;IIl11er is "hserwd in T;lhlc 2.3 311d Fi g. 1.26 as well. COIlsidning lh~ 1;1,'1 

lhal our rolor ,1I<mld h;tl"ll~sS energy frolll waler "clOC;liL',; oclween O.llll/s h> 0.3 m/s. 

Fig. 2.17 nhihilslhelurhinc pcr[(lI"In;lnC," inlhis rangc Illoredearly. llere. thee~lraelL ... 1 

puwerat O.2m/s is 0.6ij Wutts "hid> isquilc low ill order 1" ,Iarllh," rolor rolaling. To 

address thi s issue. the rulorstart lip c;'I';>bi li ty is 1I<1I>,led l1[lthrough bbde "ptimil.allOII 

"hid is "dl e.~ plained in the next ehapteruflhis thes is 

2.4 Sllmmary 

rhe h;ir"ested [II,,,"er is ... "kllblCd through t(muulating lhe etl"o.:c1 ofhy<lnlllYII;II"ic 

tim;es on the bbdes ""'[ lhen soll'cs lhem iterat ively owr the bbde eklllenis. The 

moJding resull s "'ill form the power response surt:.ces in ch"[ltcrs J. which make il 

possib le to model the e lfee1 of rol"r designing f",-·to rs on po'n"r slIrI;,ce with the 

assislanceofRc-,ponseSurr;.cc Io. [udciing (RSMj IL",:hniqlles 

O.! 
0.1 

0.') 
1.0 

(dO! I 
6_70! 1 
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III the l1 ex t stage. S tec pe~t As~ent r.kthud" lugy (SAM) is a~'l lI i red I" "pli",i/e Ihe 

pOller generation capabilities of the rotor for nlrrcnts as low as 0.2111/.> through 

Illmlifyingthc rolOrb l,uksgcoLllclry 



Chapler 3 

Blade Optimiza tion Usin g Response Surface Methodology 

A., lung as thecffcc1 oflhe blade geomc1ryehar;I(:leri~lies arc laken inlo :I<:c""111 III 

lhc rulor BEM tn"'kl. a ~I,tlislic,tl mclh"llol"gy willlJ.,., quile rcSOllrn' elli<:ienl c"t1\p:or~ ... 1 

III ollt~rl(,il and blade m"lkling:uul llplimiz:tliun l..:l"Itni<lu<:s 1521.IS51.1-'61.IS71 . 1-'~1 

( '<m~idcring lite Ikl"<:ioped n1<)lkl in Chapler 2. il is po~stble I" ~lalt'lil":,lly fl)olkllhc 

1}()\\cr re~pon~<: ,url:Kes Ihmugh Response Surl:Ke r-.1clhooolugy (RSM) which is ba"ed 

"n a 'luadr;lIi c formula consisls of Ihe signili<:al11 blade geomclry de~ign p:lf:lIl1elc lb. Al 

Ihis p-oinl. Ihe power re~ponse clmhHlIb C,1Il 1>0.: lllilil.~...t 10 "eleOllinc Ihe oplimum lu\\ 

Reynolds number blade spcci1io.:al ions. ,\1 Ihis p-oin l. 10 loc:llo.: Ihe peak in Ihe I}(mer 

re~ponM: Surl:lo.:e. Ihe Sleepo..~1 I\ .,cenl Io.kllt",lolugy (SAM) is ~'mployc'd which lake"S 

advall1ageof l)()\\crnmlOurs gradkm dirc"<:lion. Inlhis \\"y,litenplillllull hlalk sh"l'e 

3. 1 Blad.;; Oplimization Dcsniplions 

This """<:Iion pfO\"idc~ a d .. "SCriplion of" 1\\'O-Sic'P RSM rolur P'JWCf rcS1"OIlM: ~urt;'ce 

11,.}(ldingand"plin,inlion.lu :lddiliun.lltc rc"l:'ll...tdcsign facI"rsaud n'blc<i rcslrll"liuns 

arc <klcnninc<i alld Ihe apl'lied SAM mClhodulogy i'e ~l' lai"cd 



3.1.1 Blade Dcsign Factors and Relatc .. l Cons train 1.~ 

Ascanocsccn in Fig. 3.1. in mder lU design a N,\CA 4-scric·sfoil.lhrc"C t;lctorsha,·c 

to oc detennined. Thc tirst <lne b tile' ··Ihkkness·'. "hidl is Ihe m'l.\inHim thid,ncss of the 

1"0 dinwnsional roil along the dlOnJ kngth. This is c.~rrcss<:d by the la,1 tW<l digits ,.1 

the 1"il name :IS the pcrccnt:lgc orthl' dlord knglh. The Si.',:ond frn:tur tS Ihl' e:unher 

amollnt\\hirhissholl'nhylhetiNuigitasthepcrcentageoftheeh(lrdlength.Thetlurd 

one is thec'<lmberplacc"hichis tlw,eeunddigiloflhe t'lIlnall1eande\ I,resse.linthe 

tc'''S <lfpereent:.ge uflhc chord lco.gth 1",,,, the kadi"gedge. Apart 1'",,,. Ille I(,il sh"I"" 

as is (kl1lOn~tr;lkd in Figs. 2. IH anel 2. 19, :lTHllher signilie,"'t design I:lel<lr IS the pitch 

angle \\h;"h is the angle Ihal e<l.:h hlade tS SCI via Ihe rolor piane. I'Iwse bi."t"fS 

e(lnslr;l ints arc Shl'WIl ill T:lble 3. 1. F:.ctor A ,,,Inc eallll(li he less Iliall J"" "flile dh,rd 

Ic'ngth mailllydlte to the blade m:.chiningand jl<'rt,mnanceJif1icli hies . Fai."lurs/J amI L' 

"re limiK,<l lo2"""hiicl"lI'crvah'L'SearllUllh"wsignili.:anlctTcel onlherespllIlsc. Thl'ir 

maximulll \':dues arC also limilcJ to 9"uufthcdlOrJ length baseJollthe NACA ·I-s<:rics 

designeonligllr:nion. 

Anulha"pl lmilOltiondcsigl1\\itllx-rc'gardlTlgthcnllmberofthehlaJes.tlpanlln'(l1 

lengths. Thcctli."Clsofthcsef;lelors'lfe<h;n .. ",slrakdinCh"pler2. TabIeJ.2e.\lIihiISllic 

secuml design r;,e!Ors and their reblt-..J restriclions. We did 1101 impose the upper limits 01 

thetipanJroollengths. They will ocJetertnineJ du ri ng Ihe oplillli ·'"lillll l'''' .. 'ess Iah.'r 



lhi"l''''''IAI 
C, t11Ix, I't..:elm 
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Numbe, of BI;.k'S (A) 
R, ,,,,I.,,ngl h(1I1 
IIp L""gth ({ ') 
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3.1.2 Stalislil:al Modeling SIr:lIC"giC"s 

<, 
1 ~II 

rh~ st a lisli~al modeling pr~'~nt~d in d\:lplcr Ihrc~ is a ~"lIlllinaliun uf IWU s~para le 

st~ps. The r~bll"d design f:KIOrs and ~onslr.lill1 s arc shuwll in T;,llks 3, 1 "11113.2. AI f,rst. 

th rough a"Sl II)1ing th;.1 Ihere is no 1I0nlin~"rity am"ng signilkalll fa~l()rs ami response. :1 

11'0 kl'd (Zl-) Full Fa~lOrial l)~sigll (ffU) is ~onsider~'11 10 in\estigat." if thc' sySlc'fll 

so 



beh~\' iorcan be moJebJ with a linenfL"qu:l1ion f7~I, f79 1 1'1case lind more infonnallO" 

rega rding the ANOVA and regression analys is in appClld i ~ B 

3_1.3 Oplimizalinn MClhodnlogy 

After identifying Ihe significant bbde design factors and rdale'! I'm, a re'lk)l1<e 

,url:,cc \).ell:",ior. il is till'e tu c~plore Ihe nllkkkd regi"n :",d ddell";"e 'he d;rL'Ctinn 

"h;e], leads I"adn",a;n;n 11,,· v;,';II;lynl-l],enrl;nI\Lln area, Fnr,h;, me:LI". ;1 ;shesll" 

d ,angc Ihe f,,~tors in the stepwis,' manner whidl in each ,Ier, till' maximum inn"a~e in 

Ihe resfkJI1SC wil l occur in the dirL'<.:tion perp<:mliculaf to the cOl1tuurs lines. The 

1ll0W,lllcnt lo",":ord the ,,-'spu,,><: surE,cc al~~ isco"linLied '"Itil ",I sigllilicall t inel\?:l'" is 

cXI~ricnced. I\lthispoint,:'qlladraticmoJdcanlJclltilizedlopmvide 11l0rCaCClirate lit 

to thl' rc"ponsc, In order I,) lind an optimal responsc and the rclaw':! vailies for earh 

t:lctor, Ii ,lerivalives with respecllo each t~ctOf will limn Ii I1umber orwuricd cqual;ons 

By "qLlaling Ihese eqlLali"ns tu zero. the design !;'cturn willlJc ,klerlll ille,L II has 10 be 

llUled liIal , k'bedtkiel1t in Ihis nlctho.J. a linearrcgrcssiol1 forlllub ",ill S:l\'C ILS Zk+ I 

runs foreadl design nlillparing 10 a quadratir model ",Iwr,' k is the nUlllocrof l:h:tOrs 

Accordingly, Figs. 3,(, and 3.7 dCllIonslr;lIc Ihe dired;on of Ihe optil11;,1 resp"'''e_ The 

,...,Iid lill(,s show III~ dir~cli"n Ihal the r~.<ponse inaeasl'S and Ic"ds to a lo,-,al llla"inUUIl 

On Ih(' <'Olllrary. tit" dashed lil\('s nhibit lhe path that lh~ r~sp')ns,' is d,'neasing and aim 
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3.2 Full Factorial Exploratory Design 

A two level (2~) ftlll !;lCtoria l l1csigli (k = 4) is ~Ollsid~r~d tir~tto S<:~ ifth~ syst~1lI 

hcha\'ior .;an h.; 1lI001eled wilh a linear llIood . Thl' .law is pruv id~-u by th~ IIEi\1 111".1.;1. 

thliS. nil r:lIldum errur is l'xlx ..... t~d ~l1d 110 repli.;ation is ~"l1sidered ill th~ <lcsign. The 

(lcsign e.;nt.;r is randomly clWSl'Tl ~s NACt. 550(, with !he degTl:~s ur pilch ;mgle. Frolll 

FFD modeling results. WI: will be able Iv .;h;Hlg~ Ihe (Icxt d.;,ign cent.;, to a puint with 

11lur~desirab1crl:spon.'<Cwndili"n 

l 
'\ 
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Reponse 

Thisl.k-sign r'-4uired 2" or 161l1ns(exp.:rilllcntsjin hltal. Th,-lllodeld",ign,ullllllary 

;",deUlllp<lsiliullc:"'oc seen iu Tahks J .J:u,d J .4 resp .. :eli\ely. A"e~hihite..tin Figs.J.;: 

;Hld J.<). hall' nunnal plut ;11111 I'arelo chaM d~munstrale that only A am! /J l:lClors Me 

>lgIHflGInI. This can be e-xplaincd frolll Fig J . ~. where hy sdecllng II ami U as siglll t'IC:1n1 

I"ctors. "ther ell':':ls arc well aligned ",ilh the norrnalily linc. Figure J .') st"t~"S that A and 

/J arc signillc;1I11 whik they hal'e higher "alues comparing to I-\'aluc limit. Due I" 

gC()Il1~trical conllcdioll hCl"'ecn U "lid C. by igll<lring ",chlr C. fJ II"" t" he dimin"tL-..1 as 

modelling sCl.,tion that the p()\\'~r is a function "fpil<"ll angl<- (/)). Th~rl"l"or~. Ihe 1:1,'iI'nal 

dcsign is Iltll abk to r.:pr~sL·nl Ihe syskUl bdt:",ior. This Call oc nphiucd 11"'''lgh 

e,islence of a hi[;h ,k[;r~"C of non-linearity amon[; signilkanl df.: .. :ls and respuuse. 
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C()I\';~<l Il~l\t l y. it is IlOW IlLx'cssary to 1lI00lei th~ r~spol\s.: sra~c with RS\l whidl j, 'I"t~d 

iI11() II<)wi ugsect iolls 

r"bteJ .JlA" jgI1S 'l'""" y l"" lh,"tt,u r b';''''' :lnu''' olnd,I'FIl 

b';"'":H~II{~' !~H\''' L.,,,, 

",,("i,,,nl I 
"CI.oru ~ 

I).; ~r~, 

, , , , , iDI)X , , (),J~() 
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" 
0.:;(4 , 

" , 
()YI~ 
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3.3 Response Surl":tcc l'vf("lhod Design 

Ik,'nuse the 1:1clorial appro~~h W!IS Ilot abk to dell10nstrate th~ si gu ; rt~:lIlt ~ lhTts it l 

thc system. Kespollse Sllrt;l~e I-kthodology (RSM) is IJtdi~ed to 11I".kl the ~,istil l g 

SYSl<:tn lI'l11 - lill~arity_ [)"': t() having di scret~ "al ll~s for A. /J and C with r~ lat ~d 

collslraillts, J t'ICl-d c~ll1er~-d ~olllP<Jsite lksign (ern) with \111~ ~~rl1a poiTit is sclertl'd 

for analyzing the r~sponsesurf:.Kc 



Half-Nofmal Plot 

Pa reto Chart 

" 



Th~ r~ason Ii'T ~hotJsing Ih~ t)n~ ~~nt~r point is to SC~ if the Illodd ~an til an:urately 

Ihe non li near I'~sponse .~ul't:lce. The nonlinear qlladl':lli.: model"s general form is 

IlfI."SCIH,"d in (3.2t. II has II) oc nOI~d Ihal Ih~ Ihird order imer:Klions arc omill~d from Ih," 

quadr:uie model m;unl y due 10 gmeraling a kss complex mo,kl :ll\d :11,,0 Ihelr Imwr 

m~,h well "ilh syslc'm con,lraims. In ord~r 10 usc Ihe slec"IX"" aSn"1II Illc"lhod. Ihe 

,mallesl possible r~spol\sc SI':K~ is selected insl~ad of c'hoosing Ihe , .. Iwlc rC"SllOn,e 

'1IfI"ae~ as Ihe luodeling dumain IXII. In Ihis "ay. considering Ih~ nonlinearity "I" Ihe 

,}sl~m. 4uadrali~ ~'llIa\ion has :1 ocner chance of tilling 10 lhe syslelll eh;lracteri,lics. 

Conscquenlly. il pn" ides" more I're~i.'e 'y~lellll1lodd wlndl c:m also he Imsl~d mnrc 

3.3.1 The First Exp!oratory Design ( I'" Optimization Step ) 

We iniliah."d Ih~ lir,l design 1;-,)111 NA("A 550(, wilh pilch angk of r,w degrees. The 

1:,clOr d,,,naln will he Ihe same:os Table 3.5. The nlllllber"frlliis will he 2k + 2k + I == 

2S rllns fork == -l . ln lhisdcsign. thereilfe si .\teen 1:lctor;;1I p"ints.cight Slar I",,;nls :1IId 

onec~mcrpoint The Inplll desig" e'lIl'(lOsllion can ocsecn in TableJ.5. Duelo"Sparsily 

"f dfeels" ruk onl y eal:li" rlYn'ls h:lI'~ ,ignirlGlIlI illlpac'l on Ihe sy,tem r~'p..,nS<." :Ind 

Ihcrdorc ha\e d"min;u11 innuence on Ih~ syslem "Hllkl limnul". The resl "I' Ihe eni:ds 

arc lIIilill"d IOc'aklllate residuals or. in olherworJs. "ysle111 error. NOTlllali lyof,/at:I;lnd 

\':Iri:uleedblrihulim, arc wdl sl:o lelt in Figs. 3.IOIOJ .17. Figure J.IOshows Ihal the data 

Is I:urlysymllletTicandunimo,blwhi1cthcresidualsstay,"<.I,·loscIOtllclincJlineandlhc 

s·,hapcJistributionisnolobscrvcd 
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In Fig. 3. I I. r~siduals arc ra rld<)mly sc:,n~rLxI, m~g:rphonl' shape is :I\'oided and Ihere 

arc no oUlliners. This !l1e:'nS Ihal II:rta v:rri:"'~e is rd:rlivcly Ihc same. Figure 3.12 shows 

that thcrcsidualsall:l":lntlollllyse:rncrlxland notrcndscan bescen.SIJ I he mean v:,luc is 

/cfll. Theil: arc no gflilipS of points situated above and below the titled 45· linc in the Fig 

3. 13, Thus, the predicted values are not ovcr:rnd lI11der prcdidL..:1 rcsl,.,ctil'cly. TheCo.x-

Box plot rL-';Ol11l11ends thata tr:lIlslilnnatiou is ncelk,llhr<1ughplacingthe(,l '" I) out of 

the '15% Conli.tcncc Lnte""'als (Cl) This isslle is lixL..:! ",hen the "natural log" 

trallsl,,,,,,atioll is applied. S<-..... 1'i g. 3,14 
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Normal Plot of Residuals 

. ' 

I nlem~ l lvS1 lJdent lled Resld"als 

l'i g. _'_6 N ,"" ", l l'n~,"b d i (y,< . ",,; .1" 01< pl04 

Residuals vs . Predicted 



Residuals vs . Run 

Predicted vs . Actual 
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Box-Cox Plot for Power Transforms 

Residuals vs A 
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DFBETAS for Intercept vs . Run 

Cook 's Distance 

," 

(,1 



shown by r:lIlilot1l .'~;II1~r ;11 bolh ~Ilds. A~ lOll!; as all v,lIlt~~ slay ill hollllttari;;s, ill H!;s 

3.16 and 3. 17, Ih~r~ is IlO inl1,,~nlial nlll ,,,,(I IlO "'" has 10 b<: omill~d. Alkr ~x :Hllillin!; 

Ih" n:sidllal tiln~ss, Ih~ ANOVA analysis can bl' lJ<:rforllwd. The Illooelloiall'-vaille ill 

ANOVA analysis is 0.000 I . TIIII.'. Ih~ m()dd is si!;nitil'anl 

"f 

0-23 1 , , 

Syll,'rc 

I (,.n,,·3 1')4.119 
IIll O.()\U S]".6() 
I\( VISe'S 1 l.3!1e·4 4 
IIIl 1.0ge·4 6.70e·4 19.:17 
IIC 4.60e·4 117.29 

2.60e·4 < ll.OlIll1 
CD < O.OUUl 

" 5.]"",4 H.YI 
JI' LC,'J,,-4 UI1,,·] 52.50 
C' 2,47,,·5 1.97e·4 5.70 
", L6Se·S , 3,45e·5 :l.% 

Bes i,lu.,1 6.:15 .... 5 '" C"rTotdl 0.072 " 
Th" p-vaille or ,wti"tical Si!;!litic;lIlC" teslin!; is enminill!; the I'rob:tbilily "I' 

!;ener:uill!; the ~akllialcd rcsllils if lhe c(",si,kr~"(1 dke(s do nt){ cxi,( ill reali(y. When the 

p-"aill" b<:collles kss (han 5%, Ihe ,' NOVA re!;re >si\lll IlH'kld will lx, :lcccpl"bk. As II is 

sccn. ,lIl thc bcluTS h,,,·c si!;lIific:ml ~nLx:t ()1l the response e\IK'l:1 frotH At:' and Vl which 

their p-vahlesare s li!;htlyhi!;hefth;1I10.05. llowewf,thc'sct:lc"i<>Ts,,,:rc illdlldnl inthl' 

rllt"] t,xmn]a in ordcr to provide a mor" pnx:isc {Ittadr:t(ic mOlIe! . In this tHo .. ld Ihe F-

V,lIne is IlJXSO which shuws Ihat the nl,,,lcl is si!;lIific:mt and (itae is only (J.UI '~, 



dmncc that this value CJn be generated due to noise. The ··R-Squared". "'lIdjllst~"ti R-

Sqll~red"'. "I'red I{-SqllJred"' and "lIdl"{j Precision" values JI"Cexhibited in I"ablc 3.7. The 

R-SqU:lred vai lic deknnines how good Ihe 1l10del is 10 predid Ihe re'rol lse and Ihe ""IIIe 

of 011~ shows the pcrl-':cl match. Similarly. the Adjusted R-Squ,acd represents the 

goodness 01' IiI. It" the vallie ot thi s variabk is snl:,iter than R-Squ:lfed v,liuc. there arc 

some sigl1ilic:"ll t;,c tors missing in the 1l10del. The '"Prell R-Squ'lfed" valuc h"s I" b~ in 

agrcelllent with the adjw;ted R-squ:lfed as "'cit l<J show Ihe :lCC,Lf"CY or Ihe ,"".Id in 

predicl ion. In addit ion. the "'i\dc(luate Precisil"''' isconsitlercd as ",dt. Thi, I',,,a,"cla 

cxhibits the ,ignal 10 r",i ~c rat i" a1ld a,,,"n;s Ihc .rc,igna Ihal ~(kq llJtc signa l j, ",cd li)r 

I1Hxkl ingpurposes. 

Squarl'd" and " I'rcd R-Squarcd"ofU.')'I'I1 and U.'I<)57 resp<."'tivciy. Thei\deq Precision 

(126.1 63> 4) shows the slIit:lbk sign,,1 ",·"ibbil ily tor Ihe ''''''kiting_ Thcsc t(',1s ,late 

Ihmlhc modcll'cprcscntsthedcsif\nspace. l·igurcs3. 1l!. ].1') and 3.20e\hibit conl<J'lfS 

afOllnd the dcsigIl poiTl!. By pl,)lIi1lg" pel'pendicubr line to the gradient contours in the 

direction of Ihe 11l~ ~iJ11l1l1l response. Figs . wil l t~rgetthe 11. /J, C and D valucs of 5.6 . .l 

:lrld4 rcspcetively_ Thll, . theprcviollsva lucs<lrl' incrcasedordc'creasedby rnagnillilk ot 

0IlC' to rn~ct th~ new design ("Cilia point respectively. Therefore. the IIC~t design ~~lItcr 

wilt be NIICA .lOU') wilh 4 degrec~ of pilch :lllgic 



3.3.2 The Second Exploratory Dcsign (1M Opt imization Step) 

The seeund desigll eh;lr~CI~ri;ai~s ~r~ Ihe ",nne ;l, Ihe tirsl d~sign. i\·t ",d~k" rc.'Il(nl~e 

sur1;lee domain and designing conslr.linls are shown in Table 3.S. Ihe ANOVA 101,,1 p-

vatue in Ihis casc is 0.0001. ·nl': R-SquJrt:tl. Ad) R-Sqllar~-d. Pred R-SqllJred and Adeq 

I'recision v;t!uc"s In." e.~hibiwd ill TJble 3.9. The Ihrl": ditTerell1 SQuared paramelers arc 

reasonably Ilear to each olher which shows lhal Ihe gellerall'<.i ANOVA "",del is 

s igniti~anl. a~ellrate and ,,0 signilk;lIIl t:lCturS arc mnilled lhnn Ihe rill;" limnnb. The 

de'igll ~()I11[lOsiti"n and resI"HI"~s arc slat.:d in T:lh lc 3.10 ;1Il.! Figs. 3.21 :lml J.n 

Considering Ihe intcr.I~lions ;lIllongll, JJ and C !;,,:IOrs in the ~ubc plol. s.,.'e fig. 3.21. 

their mosl desir.lblcvailieswoliid bc-l, 5 and 7 resp~-.:Ii\"ely 

Power 



Power 

Power 

Fig. LIIl nl1c."~"(,\1 , <. pitch Jllg l" I D) n>rllou, I'I,~ 



I "hle- .U Ik' ign 'lLm",o.y lor II", 4 (:lei"" J l~n, l , ('CI) (k>lgn 

Lie-10" " n~ Il '-'I"""'" "~~:~~d L~" I1 I"h 

If . ;,~r, 

II.hn 

Cunse'lllcnily. Ih~ m:1J< im"lIl power is r~a~h~J with N}\CA 5704 at p it ~h angie "I' 3 

dq;rel'S. As can oc se~n. 11 ret\llll~d to its I'r~\'i"LI' d"",,,ill i" the (, rs! e.\pbn:l1ory design 

Thi~ lI\~'''';; llial this I~et or is rcached its optimuill domaill ,,,,01 wil l ""I Ix: l'ha ll g~d 

rllnh~ r . l-'igHr~ 3.21 d~"l()nSlra!~S the interaction octw~~n 8 ami D wh~",1 ,,,,01 C "r~ ill 

lh~ir middk range. As it is s~en. the r()w~r inaease, wi lh changing /J from 5 to J 



Cube 

Interact ion 

l'i g. 3 .1~ A ""d lJ j'M '"'''' ;''''' plot 



3.3,3 The Third Exp loratory Oesign ( I " Optim ization Step) 

Using till" sam~ tir·;! d~sign charad~ristic. the design sliinmary. nJlllposition allli 

reSpOIl>l'S arc ~xh i bikd in Tabks), t I :tnd j, t2 



The lIlodei total p-vaille is OJ)()O I and the R-&jllafe,l Adj K-S'1l1:lfl.u. I'red R­

S'1"arcd and Adeq Precision values arc 0.9567.0.9350. O.901B "nd 24.2 rc~pec!i\'cly 

Figllrc 3.23 cxhihitsthattheeamlx:ramollntandpiaceconlolln; reached loan "1"". In 

gener,,1. thecontourCIIf\'l'Sreach IO<lnexlremewhcrclhegradicu[ "cct"r(,lthcrcspvnsc 

,urEter is eqllalto ZC'fO and provide the "'line numocr vrequ;tt ivns ;md unknu,,"us:l s 

,i gni tkant t:'dor~ . Con~equently. the contour curves arc decrcasing around th is pHillt in 

,my diredi()ll . As ~"" hc Seell in Fig. 3.~.t . thil'kness of 3% "I' the dlOrd kngth has the 

highcst respouse values and it isapp,m,ntth:lt by dCl'reasingthl,thickness. morl'I)<)"Cf 

will t", .,till ntr:lc1cd I'roUltitc in tl "WCltrrent 

Power 
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/ 
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Predicted VS. Actual 

• ,p 

.. 

dcgr~~, h~~ th~ high~st lksirability ill uur dc,ig" while it l'~adICS;1" "rc~ ".' well. s"c Fig 

"a llics dos~ tu the y = of line, Thc resliltal1l ( l lIaJr:l1i~ syst~Ill"H){k) is ~.\I'rcsscd thwllgh 

"'1",,1;0,,( 3,')) 

Y = 0.75 - O.3fiA + 0.0258 + O.OOIC - 0.013D + 0.02AR 
- U.OI2AC + O.OU2AD - 0.0038C - 0.00U07Rf) 0 .9) 
+ O.OOZeD - O.OIA ~ - O,UI6U ~ - O.oJ 7C~ + 0.00 1 /) 2 

'\ s ran be scen in cqll:nioll n .91. the Design E~ pc r! sottwal'c is forceJ tu keep the 

insignilkallll'ffLx:ts in the quadrati<" cq1l3tion. The reasull (')1' this is that as long as th~ 



r~,'p()IIS<: "ah,<:s result",1 Irom tl1<: BE/T.·l mo .. leL II1<'r<: is no r.mdom <:rror iu r<:;;r<:'si,," 

"nalysis. Th"s. tha.: will b<: 'HI n.:~d 10 specify non-signilkal11 ~ncels lor ~,·"I""ling til<: 

syslem .. 'rror. Instead, by induding these etlc<:ls in the 1.",,1 syst<:111 """Id and 

<:,,"sideri"g thei r small i"II"<:I1<:e on Ih.: response, ,n' would be able 10 d~"cI,,1' a In"r~ 

:1C~"r"le system model l,<!"ati"n. III ord.:r 10 lind the optimum [<'sponse and reknell 

<:4",,1;"",. By ~"{I"alillg th~s .. ' e4u3tions to lao, ",hidt gi\'es liS the S:OIll.., ,,,,,,,I,,'r "I 

equalion~ and unknowns as signilk.ml "'ctors. NAC" (,(,0) "I pilch :luglc' "I' ~ degre .. ,s 

",ilh resp"'''''' \'al".., of O.7~) is e:lk"l:otcd as th<: optimum .. ksign ~hoi ce. Figure .1.27 

<:xlllbits the willparison kt"'een NACA .>30(, and COI"'enlio",,1 NAt''' t)OI)(, shapes Th~ 

HEM m .. "kl (akubtcs pow .. 'r "alue of 0.7'>5 lur Ihis foil "hid, slu",s I",th Ihe 

eorrcctnessofthcoptimilation :llId al"" th~ high precisiouofthc """lei 

3.3.4 The First E.'pluralory Design (2,"t Optimization Step) 

Alkr oplimizillg the Iwo di"'eu,i,,,,,,1 bl."I<;', fuil sl"'~' "ptimintion is (ontinu~d by 

tIl:o,i",i,i"g ""tplLt P""'Cf in rcsl~el to Ih.: bl:u.Jc·s ro."JI and lip ""lues Ii" ,tilkre,,1 

tlumberof blade.'. Thes"tl1~mctl",do logyis"pplied illthisp:.rl 

n,~ L.<:lur dum";11 ,md i"l'ut iksign composition is shown in T"bles 3.1 J :"HI .1 . 1-.1 

rhc 1ll00lci tolalp·\,:.llIe in this case is 0.0001. The R-Squ"rl-Q, Adj R-S.,,,,,r~,<I, " rell R-

S.,,,,,rell:,,,,IAlic4 i'rcl'isiolll':.llIesareO.'J'J4S,O.9229,O.3032,,"d 18,297 ""llC'ct;"cly 

rhus. the IIHKkl is signilic,,1It and it C:lI1 be Inlsl~d lor pr~dielions . Fi g"r~ 3.1X 

.. kllHlllslrateslhal whell lhc,,,,ml>cr<)rhl:od~ is l'il"'cn as4. bychallging lhe roUl alld tip 
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k"glh II) 70 rllm ~ lId 10 mm r~spn' l i"e l y. Ih ~ outpul pO\\tr will be lII:lxillli,ed. Thus. li p 

ill(fc~sed to bl' abk to searrh for p')wer ~xt rCIll<.'S ill thl' lIIore d~sirabk lksigll dOI'h,ill . 

3.3.5 The Second Exploralory Design (2 ,1<1 Optimization Step) 

Th~ s~.o, ,,i dc, ign .ollsirai lli s arc sci ;" prc~~nl.;d in T;,b1c J . 15. nc'i gll (OIl'I""il,o" 

:11111 n:sp"""-'s ;,re SI"'WIl in 'L,hle J. l t. . Th( ",Otld ,otal p-\':lltI~ ill Ih is t:lSC is «(()(X) I 

, 

i~t~i2 : -------------1 , ... e ... 0l't""IL~d 1 
--- '-\C-\ OOO6 , 

100 20 40 60 eo >0, 
Chord kngth (mm) 

7.1 



, 
~, 

ROOI Lenyth CTiplength 

r:oblcl . l lb,·!,,,,",,dr':j~ ,,,,,,",,,,,trl"lI _' 

j ad,,,, and Il.'s['Oll'" LOll' I.ow lI iuh 
~lItl1 f>cf"fBl, ,,b (A) 3 

I ~ ,\OI I ."" ~I h {II) \0 71) 
rip LCllgLh(Ci 10 ~o 

1',',,"cr (R,'1"'"'c) \~'"" 



Tah1c3.15 F"",),," [~j ""f'!)n",,!),"l'""li' 

~~~,~~~."~~dB~:~~:):"~) Jilt 
R<>olLclIl:lh(B) 70 110 
T;I'L~lIglh(q 10 50 

l'o,",w(R,sp"",",1 Wall 

ar,O.Y945.0.9871. O.<JSB5 and 72,68 rcspc~lil'c1y. Tllerefure. the mOilel is ~lgl\lft~"lI1t 

and is c~p(":led to pn:dict pn:cisdy_ Figure 3.29, ],]0 and 3.3 1 arc dClllonslralmg lital a 

power oUlput ape.\ is rea ~hed for I'arious llllmb~r uf blades. This show, Ihat ""cc the 

most desirabk blade is manufactur(·d. diflcrenl bladed rOlurs ~an b<,.' asscnlbled WIth III,: 

sanll' blade gcunlt"tryand c.xp .. :ctcd 10 work oplimally. Ascan be sec nintheseligur.:s.thc 

uptlmum power is constant u\'er a r.mge uflip and rootlenglhs lurd,lfcrcnlm"nhcl', Ill' 

blades. For three bbdcd turbines. 11lt'~e boundaric- ar~ :Ippro.xun:nl"ly ,hown through tile' 

]lQiruedcnrl'ein l'ig_l29 

" f bl><le, len"lh I"plcng'j, 
3 70 10 

110 IU 

" "" '" " "" '" '" 

'" " '" '" '" '" " 10 'XI '" I I 70 

"" " "" '" 
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3.4 Optimizalion Validation 

rabks _t 17 and J.l II d~ll1ul1~lral~ t"'f"l;l ;111(1 SC~01111 ()plimi/.~li()11 d,,~iglls \'a lidali,)Il 

""fk IIII,M) I" . ) 
0.1>.1 HAll> II.'I~) 

0.7(,7 0.772 IUo-l~ 

u.7'1 1.5'17 
U.77 S J,7JJ 

M,'.1 
(0-1113 
s~nJ n,H 11755 1I.(~'2 

X~1I5 O.NI 0.75 11 

0.742 0.72 J-,J51> 
(I.IXJ 1I. 7~5 S.IOI 

,1.72(0 
(·50J IU~5 
(.51)4 

12. 11> 
O.5X4 I ~,O7 

1I,f,SH n,S73 
6505 II,M5 
IW.l I),H6 7.()h5 

II,XIII 07~4 7.(,(,1 
0,774 

O.7'!J 
X5UJ (l, 77Q U.Io'I5 12m 
X511J 0.1 ..... 15,51 

r~bk .1, IX ~'COnOJ """"",a",~"< ,~hu.'li"n 
r ip ,",w, 

"fhl"I, ... I"~)'h k~O'h IKS~1) ,m,MI 1""1 , O.XSI u,xn , ., 
'" '", 30 U,X7') " ., '" O~·!7 .I') 

'" 1111 '" "" '" O.x52 

"" '" O,X7X 
IJO '" 2.66 

'''' ," (j'11 1 4Kl 

IJO '" U.X75 U.Shl 1.1>2 

'''' .1U O.XX! 4.0X 

76 



11 is ,hown Ihat i,l Ihc tir,1 dcsign. dllc to thc high level "I' n,,"lil~a,-ily. Ih~ HSf'-1 

IIIu<:k l is ",dl litkd <mly IIcar Ihe ~ellkr "r Ihe lk~igll alld Ihe p,-el1i~tiolls '-"lIlaili in the 

.~"" Confldenre Inter\aI1C. I. ). For Ihe modekd spares 1:1r li'olll Ihe rcnta Oflh~ d~sigll. 

Ihe acellr:,cy of th~ m()del ",ill be deer~as"d 1(, k ss th,,,, 15"" 1)1' Ihe IlFr-·.l ",,,del 

,,,,kulaled resliits. II.wing less a~~lIrale IIlu<:kl ill oil des ign ~~ntcr sp.Kes ",iii I1UI ani.:~1 

u"r lI,dl",d"j,'gy "hilc th~ I~SM fLlled a '-l"adrali~ Cllr,,~ th"l e'tilllal~s higher 1"""'" 

vallLes "'Hllrared I" t h~ BEr'.II1I<1lkl COlll lt '-''ll:''-iS. III this way. the e:l lndat"d oplimulII. 

"hich li"s in the 5" .. l'. L. wil l he ,Ii 11 higher Ihall other RSMIIlr;~1 calculalcd rcspoTN'S 

Onlhcl)thcrhalld.the~"'lIld'lplimiL:niolldesignprcd"'liolls"·1IIainin Ihc5"" C.I. 

alllllhe,,~sllltsfromlheRSMl' alll~lntSl00 

3.50ptimizatiunDis(lISsiOIl 

Figllr~, 3.32 and 3.B e.,hibil bulh Ihc III"ditied I"-'~'II I ~lIrre ll l Ill:ode and ils 

~1II'venl ; ""al lidal ClllTelit C"IIIII~rparl. The major n:cawil for dilTer~lIc"s bl'lw~en low 

"ecan CIIITCIl1 allllti'!al currell! blade designs arc 11ll' change in oarrm spe"d and 

~""SC'-l"Clilly Ihe "p"r:llillg bbd~ Rey""hls IIl1mocrs. The R"Ylllllds nUIllI~rs in lida l 

nllT~nts with aver:T!>" s~ed uf 2111/s and in o;;C'III eurrelll~ "ilh :,,"~r.lg~ "I,,-,cli ot 

0. 2 ",/s'''~:''''"lId 200000,"11120000 rcspccl iw ly. IJy "'dlicinglh,, I{l'yTIOIJsllul1lb~r. 

Ihinll~r loils wilh high camlwr '''llount placed ncar Ih~ Ir,'iling cdge ",dl g~"cr:OT" ""If" 

lin to drag r,,\;os. This is lilt: r~;'su l1 Ihal a C()II \'~ " lillll,, 1 NACA noo(' is Illooilil'd 10 

NACA 6603 by reducing Ihe ol)!:wling I{"yllolds nUIllb.:r lip 10 lell timc~ . 



power 

r'pLengtl1 

power 



power 

TIp Len9t~ 
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advall1age or st~'\:pes t ascent method. three and two COIlSL"t:lItive rJ~~xl CCD ~xplor~d the 

.klined system spaces itl order to lim] the tn~.\im l ltn respollse ill roil and blalk 

optimiz.l1ion stages. The corr~'('lncss ,111(1 ~C(lIracy of the optimization arc a lso \'alidat~d 

withthede\ciop.:d IlEL\lmodcl.Collsiderillgaoo\'Cmcntiolledoptimizationstagc·s. it is 

wndlldedthat by rcdllcingthe Keynoldsnumba. thinncrli.)ils with highcalllbcr amOllll1 

placed ncar the tmiling cdge will g,'ncr~l~ mor,' tin to drag mtios. /\cl'Ordingly_ N/\C/\ 

6(0) is ,'atcublCd as the <)l'tim)[11\ bladc ,hapc lor the turbinc. In addition. it IS 

lIndcrstt)<."lll that oncc the 1Il0~t {ksil'ahk blad~ is sckctcd atld m:tllllf:.KllIl'cd. rotor.; "illl 

ditfcrent nlLmberotblades can bc ",,,,,mbled with thcsalllehladcgl'Olli ctryalldc.xpn'tcd 

toworkoptilll,tl ly 



Chapter 4 

Fo il and Blade CF D Analysis 

Th~ .ksign ~\'alualion pro.:edure ;s d;\';,kd inlO Iwu st"g~~ ;n this d"'pl~r. Th~ lirst 

stage t'XIIS~S is 'Ill compliling the load dislribulion gen~r'II~,,1 hy Ihe llu;.1 Ilnw 

C<lIllpulalional Fluid Dyn,""ics (eFD) c"iclliat ions "r~ pcrliJnlleil with Flow Sillllliatllm 

2010 pacbg~ forbolh \'alid,'lil]g the i'ptimi/,'tinl\ results 'Ill.! als0 e,llelliating the bladc 

1.",,[ Jislribulion 0' er Ih~ blaJe SP;I!l. The s~'Cond stage is more cune~l\tr;o1c<J 0n bkllks t,p 

ddk'Clion beha\'ioranalysis. Simulation 2010 linitcekment pacbge is IIsc,lltlr lhls 

means. It 's illllortalll lO note that the reason for r • ...-omnlt'mk<J s imlllmions i, that the 

design~d bl,"1c frolll Ol;'plers 2 '"IJ 3 has root. til" ami Sp" l1 lengths of40. 110 

'"1d 340 mm. Thus lh~ rout ,md lip ma.linnlln thidnesses ;ore ;I"""HI 1.2 "lid :Ll mm 

\Ihkh mak,·th.· bbdc quile thin comp;lreJ to ils Sl"H1. Tl>crctor~. h,d dislributillll ereatL,,1 

rrom W,!ler currents is likely 10 calls..: Ill""'IIII~d blade tip '1cI1ection. The lIegatin: dli:ct 

of lip ddkclion can b.: lislL'd ;IS: (I) dL'Crea;;.:d rotor hydmdymlluic pcrfonuance "Iudl 

~"lI1lcad!Omaj()rro t or!Or<lucand IlO\\'erdrop: !2)incre;ts..:dlll;lterialbti guedLlctubiadc 

tip\'ibratioll\\hidllll!ly hcre,ultcd infat~lstmcturald,"u"geIX21 . 

4.1 Two- Dimensional Anal ysis 

Flo\\' beh,wiur arOlllld Eppkr (,1 and N,\CA (-(,03 foil is invesligated thruugh 21) 

calculations. The 3D calculaliuns ne~'d l1lor~ lime 'lIId c;.kuialion rcs"urc~s "hiclt "I'C 



l""yond the scupe of thi s thesis. Thus, first the correct proecJlIre()fth~:>n I,)il sinnliatioll 

with Flow Simulation 2010 is demollstrateu throngh simui:lt ing:II I(i \'ali(!atinglhc Fppkr 

61 lill and drap ~'()dlicienl s IX)I. Alterwards, the S: II1I\.· proced(lr~ is ;'pplicd I,'r the 

NACA 6(,03 ;""J the cakulak'd lin and drag results w~rc compar<°d with ,'xlx'riml'tHal 

Eppler61 data totneasurc' the iow i{cYlloldspnform:mcl'ofthcoptimiz,x1 li)i I 

4.1.1 Two-Dimcnsional Prohlem LJefinition and l'aranK'lers 

4.1 and Table 4.1. As is slumn in Table 4.1. the !low is dclincd as l'xll'nlal Il ,)", "hidl 

thl' cavities and inl,'mal tlowsaredisrc'gnrdl'J in the simulation. Considaing the I:I(tthat 

theprobkm shuuldbesol\' .. xlinallunstcadymudc. thc tlowis,·ollsidcredto[X'lamillar 

and turbulent. The lmste:uly na tu re of the prubkm wi ll be sta l,'d in se((ioll 4.1 .3. In 

add ition. the rotor walls arc s~1 to "diabatic w:lll s wilh 70 micrOtllc!cn; ruuglm~ss. " 11"" 

vdocity dcp":'l(kncy timet i,,,, is also dcti"cd to gnar:m!cc Ihe Reyllulds "muh..:r 01 

fie == 42000 ()\'..:r th~ til il chord length in Ihe 7. (iir":dion. sc": l'(luat iull (4. 1), For Ihis 

mcans, a wing w;lh Ih~ l'Iumllc'ngth 01'0.125 II! is ,ksiglled awl rl'!;ard.x1 as the testing 

sJXximell for the rc'stoflhe simulntions. The llIrbukllce in lc'nsity ;s:tISoset lo 1% 1~41 . 

Ihe m;nnllutn g:IP ,iLC ami th,' wall th ickness arc ddilled as I c- 5 III \Iilh dd:ulll 

r~so l"ti"" In cl "I' H wilh 7 k_cls or r"ftn(IlIcnt, allo"'all"~. All the lItiler Imundary 

CHlidit ioll ;; are set as d~l,"dt whid] mcalls lh" t mass flow ,an cross thl' bmHldarirs 

witholltanyrestrirtiolls 



Unit'y,t,'", 

,\naly'''')'!'' 
" L.,k,,"1. L.d"tk ,'", ' ''~' ",th",,( 11.", ... ",Ji(""".'< 

~~~~~,\~ '"tem:!1 'P'''''' 

,\,h:!b'" 'cw:!II, 70nllcmn"",lIn.'gh"c" 

\'<'1""'1)' '" Z J1f~d ; "n. r"rl",k''' t IIM",;I), 1% ",,,I 
rllfbukn,,· "'nglh 9.306e- ' m 
I)<:faul( """It r~"}I "t ,,, " k' ,~ 1 ~,,,,,,,,,,,,,,,, gap "/c. of 
ie -<'m, mi ni,,,,,,,, w;lll th id",,,,,,,f [(' ' "",,«I ,,' h"' 
"I~iulls by <lcf",,11 
X (Snea ln w;"') ~b,;l '" 
Y (V,',I, .. "I\ ~"".-(\A", ~1.I."O,,1 In 

I..(Cro" ,'n~am) ~Ii,,; O,O:HlS/II 

U;"lel = LC:::,:'p = 'Il~_(:~~~.::~.~~ 15 = 0.31U18 m/s 

4.1.2 Two-Dimo.:nsion;ll Finile Volume Mesh 

H,II 

rh~ litlil~ vol\lm~ mcsh ~otl sist, 01' Sirudur~d mc," both dose 10 Ih~ I\,i l :11,,1 also ;[1 

th~ res t oflhe doma;n parIS. Th~ basic slillenm-'<.lmcsh ~onlains 2US :lnd 13 2 lIo,ks in X 



and Y directions respL":livdy of which 02 lu)(ks arc along th~ slIrI;l.:e uf th~ foil. The 

total Illnnlxr of meshes is 6()204 ati~r seven levels \lr ret"lllemenls "IIUw:lIll'e. A 

s<.'h.:matic of the 1]) m~'Sh and l'nkllt:uL-J vdocity eOi11ours arc preslonlL-J in Figs. ·t3 1" 

·t7. Asit is.,,-.:n ill Figs.·t4 and 4.5. no\\'Sinmiation rdined the basi, mesh base,joll a 

""Ioeily <1[/:uul pressurc gradient manner. Dynamic ,t~p\' i se rd'ml'lIwnt k'l"Is Me 

inlrudlu:ed to the h~,sie I\l<:sh ill e:l~h tilTle slep in on.kr to gll:ll1lllll"e :It! eS>l'ntial mesh 

res"llItioli to provide :lccept:lble prel'i~ioll in til<.: l'akui:ttioilS. "onn:!ti"n of laminar 

"cp:lratio" hubhles and ,t:llling phcl1ulTlclla wil l induce a high order "r wl"<:ity :llld 

pre,slll'cgradkll1o\'er thetllilsurt;lces. This isthc re:l,on th:lt mesh in ,t:lltingareas an: 

relined in order to silllula te the unsteady dyn:"ni~s "I' the problcm. It has h) he IHl1l'd lh:11 

ther<: is une node in the Z dirl ... ·lion in eilher side oflhe XY symmetry ,url;,,,,o 

4.1.3 Time or Ih:ration Averaging 

III urdatnbcahlehlVl'rifylhesteadyorllnsleady natun:nfthepn.,hltm.l'igs.4.l\ 

and 4.'): lrel'r<widcdlrOlllstcadywj()(.'ily:mdpressureS<111IIionsamlilld the l'PI'lcr(" 

roil aln '" 12°. The "une.' sheddillg pheT1mncna is OhSl'T\'lod iu both ligures \lhich 

makes the lin and drag cocfftcienls to Ix oscillating. In v",1", shl'ddillg phcn"llll'na 

'''rtc~es :lrc detaching periodically ti-om :t ~nlid body sid<:s and al~ dewlilping lilnher in 

Ihe baek o!'S<Jlill il<.)(ly. The I'arions (ime instants' pressure :md lelocity contnnrs :lr~ 

,holl'n tllr:m unst~:ldy SOllilioll :JIll '" 15° in Figs. 4.10 t0 4.15. The I'orlex shedding :md 

icaJingcdgebllllndaryl:!yer sep' lratinn <::mllenhscr\'<:ilckarly 
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hg~. 15 1,prb(' l llre"'''\' '''''t''LI''(u= I,;°j 
Ii.: (r = 5 ,1 Sec) 

-,-'."" 1'. 

loll,,,,,,,., 

I" ~""ns"kr Ilw dillcr<:,,<:<:s i" li",~ d~p<:"dcI11 hydrudynamic charad<:ristics ul'll1<: loil ,nul 

pru\id<:s a lim<:-a \'craging; valuc ul' lin and Jrag CIIell"ociellls. IkmrJingly. il is cossl'fll ial 

Ih"l II ,,, >lcady 'tat<: hydruclyn:"n ic b<:ha\'iur 01" the loil is reach<:d ill a lilll<: or iler:lIi"' I 

:l l eragi"g m:IIIIl<:r. Thi, wilt CU,lLr" '" II) consider ti,lty 'k\'do!,cd liydr",tytl"lIUC loti :uld 

drag w ellicietlls iu 21> and 3D rotor I)()\\"a caicui:l1ions. tk«,rdingly. Ihe itera1ion 

avn"ged titi ,,,,,I drag L<'ICI'ti<:ient~ 1'<""",1." is sl:,led be lo,," in (-1, 2) :",,1 (4,]) I ~ ·I I 

( .. ,- ~ ) 

I'U) 

"here iu is the il"",lio" Ihat the lin '111,1 drag simula1io" is i"ili:,lell :",,[ i is the 

il erati"" Ihal Ih<: ,'<:ady slak V" IIl <:, lor ikr:uiu" av<:rag<:d lin or IIr:lg ~"dli<:i""1 ar<: 

rc:tch~,1. The sallie I,mnlila can he c~h i hilLd in lime :wer:lgill); ",:uu,a 



(4 .5) 

Similarly. to is Ih~ lime thatth~ lin and drJg sim"lation is inilialed :u,d t is Ih~ Ii",,, 

Ih:ll Ih~ ,Ic:ldy state valuc, I<>r t i m~ av~ragcd liti or drag cuctl,cicnl arc r~a"hcd. Thc lilll~ 

:lnd iler"li"ll bas,"d ~utl\crgrn,es hisl"ry or liti and dr.,!; codlkic-nls "I' "I'plcr 61 :11 

(ll = 0") arc I'rcseil1el! in Figs. -l . 16 1<> -l.]') . Th~ limciilaatioll-a\,cragcd ,,]" Ihese 

cocll iciclllS arc abo ~xhihitcd through lil, dashed lill~s 

')I 



- Cd (T""') 
----- Cd (""'''',) 



rhe \':uialiollsof lifi :nul dra!;n~ffieient 3rcdue hI 1'<l1'le.x .,heddingl'henomena 

al""ruing 31 Ihe Ili11101ll :\ lId Ir3ili'Ig edge of the foil. TIll'rdorc. thl' lift :md drag 

.. on\'crg~nccs arc 1l10nitorl'tl bas.:d Oil Ihe error belweell Iwo cO I1 ~ec l1 l i vc I,"n' ,allies 

wh i(.h is SC I to be less than O.UOI in this case. The ileration or tillle :!Ver:l);cd lill'" a'e 

Ihellconsidcred as Ihe st:Jliollary "aille for v;llidatiOIl P"'1>l'SC 

4.1.4 Epplcr61 Simul ation Rcsuhs 

In order !fI SCI" I'nk.'lxllirc for Ilmher cnlcul:uions of 2D N,\CA 660J lill and drag 

beh;!" i,,,. C: ,klll:l let! Eppler 6 1's lift ,,,,d dr:!); c()ellkieills arc I'alilb tcd wilh c" lx'rillll'lll,,1 

11:11;1, The IIllstc;!dy 11:11:1 is :l\'cr: ,!;cd over al leasl SO "MIa ,Il"dding .. yell'S. TIll" lillle 

slcp ofc,lI .. ulalioll is sci 10 0.0022 Sec whi .. h is based <)11 Ihc sil.c <)1' Ih .. ];,," .... a lc,1 
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slmc!ul1:u mesh [1\4[. The experillwl11al dala is extr:JclL'Il fmm Ill(; Eppler (, I foil I1l'Kkl 

wilh.'p;,";ondchurd icnglhs "f30.S ('m ;mu 12.Scm ill;lwalef Hl IITH:1 II ilh frel'stream 

lurb'llenee inlensiliesoflc.,s Ihalll%. Thed;,la isavailablc for Hech<>rd =42,000 "il h 

Ihe al'crage ulK'erlairnies of 4% for (;1 and Cd values [S]I. The I'd,) .. :ity :IIId pre~~ure 

e"nloursaround " prkr 61 an: shown ill I'ig~. ,L.'O 104.29 Ii)r \,ariou" angles "f:oIl:"'~. As 

ISSCen in Figs 4.4 and 4.('. Ihe I1Ic~h!lTnund wat,·r.'ortc.x,:sg,,1 rdilled au tnl1l;.lieally by 

Ihe Fluw Si",ui;Jlioll as Ihe resu llS aTC eutl\'ergcd, Due 10 Fppkr 61 lilil 2D prolilc shape, 

:"lleTSe pre.'M,re gr;ldicnlc:ouscsscp:oTalionofl;ul1in;.r now:",d l,m""lio" "r a s"!,; ,r:tt,,d 

.-h,,:tr layer ncar the "ppcrsurt:'n' trailillgcdgcilflhc i,,,1 at sm:tll angleufall:,.:h 

IU S 10). This 11111 dcgr:ldc the foil pc'rfonnann' and dlVCfSely al'f" .. :tlhc lill and drag 

c"c!li.:icIiIS. It h;'SI"IJ<;II"tedthatthc};'",ill;,rscparationhubhksfonnatleadlllgc'tlgc 

" f the IO\\'l'rfoil ""rl:1ccalu =:: O· TheS\.'parated houndary layer rc:Itt:Khes ;lg;lin 10 lilil 

1,,"eT Mlrfan' hOllel'er the buhhles arc moving toward Ihe trailing l"<.!ge and ininlhe 

I'onex .,hedJlIlg hellind Ihe foil. When Ihe anglcofal1ad incrc:lScs,l1ow scl';)lOIli'ln 

m"'l'S lo",;,rd Ihe Ie;ulingedge. Atu> 10' , sepanllion is 'Jo<:culTing at th,'leadingcdgc 

and it dOl'S 1101 rcalla.:illothe I',il uppc'r surface agnin which;' due lo lhe lowopcr:lli"g 

Re)'lIolds numherl~51. figures4 .10tu4.29('xhibillhe ilKrCJSlnglrenJofhulh IHllnhcr 

and sile uf bubbles wilh ~'SC:tlaling Ih~ angle of :tHnd;. It is '>Cell Ihal Ihe buhhles arc 

,epar~ting suOller from uppcr siJe of th~ foil. \ .. hidl will cOllse(luenlly inne;'.'c ;",(1 

de(reaselhedraganJ liilwellieieIllSreSI"-'1:lil'Cly. 
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4.1.5 Eppler 61 Simulatio ll Vali&llion 

ria.: 1l1~I'tioll~d [r~lld \:;111 abo he observed ill Figs. 4.JO :111114.3 1 "hik by inc-r~"s1l1g 

Ihe angk ofallack, the lin n)<!tlkiciH will lx' ralh~reolls l "n l or lkneasing :11 IT > Ill' :111<1 

dr"g\:,)<! llki~II I "illb.:illcre"singeollsl;1I1[lyl:'U1 

4. 1.6 NACA 6003 Simul:uion Results 

The ';;Ime mClh"tlol()gy is "l'l'li~.1 It, eaklilak 2D NAt'A r.f,(Ll 1(111 al Reynol.ls 

Illllub,'r of Re,hOY<! = 42,000. Lin alld dr:lg coerlicienl ."'l\'ergenee hislory "I' NACA 

M,OJ ;o[ (f = 0° is \i~II"li/.ed ;n Figs. 4.n and 4.3J , Ikc:uls,' Ihe laminar '.':l':lr.lliun 

bubbks 1'OIlI1:lIion is I'r":\~n1..:d al low~r slI fI; le..: "f Ihe Ii)il ~urt:I\C":. Ihe lin and ,Irag 

e".;llie;ellts ""r;al;.lIls l"I\e kss domain l'flleri"n :mtl also :m' more regularly sl' ;ll"ed 

eOll1p:o ring 10 El'l'kr (, I. This allows Ihe lil;1 I" e.~l'er;enec kss ilikUSe lift and dr:lg 

\Ibrations in lo"~r angks of allad (f < 2°. This behavior t;",ililaks Ihe energy 

haf\'c~ling lask ,,1' the blade. Aceording to 1~61, pr,,:s,lIr..: dilli:r..:n<:<: is ill,rcasing by 



moving from blaJe root toward the tip in rowt ing turbin~s. This will res ul t ill the blad~ tip 

h~ ving more shares in the rotor generated power,II1lllUrljllecomp:on:d ,,>the bbdcro<)t 

Thlls. designing a loil which has the "nili ty to gcnerat~ higher r:otios of lift to drag :11 

u < 2° \\0111.1 he of higl,,;,[ inkrc,t when it Latl etkctiwly noost the turbine cftkiellcy. 

Cons idering the w:lkr in tlow speeJs. the Reynold, lll [lIlba ;11 our (ksign i, re,tricteJ to 

less [h,,,,Re < 40.000_ 1n thc'c Rcy'1<)I,\s number regimes. foils with th in sc([iuns and 

hi"h camber amount at the middle ulthc t"il arc sLlgge,[cd I~ J I 

o 
o 

o 5 to 

o h p"",n,.,t 
• C!'OS.T>UlaI,Or1 

Anllle ~ att""~ ([leg.,.,) 

l'g -U()IoPt' k'r61 2D htic""tl1ci,nt\·,,[ itl''' '''""'(If 
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B 0. 08 

0 .06 \ \ 

0 .02 
o 

- C<I(Tirnu) 

-----Cd(mu" n) 

TIme (Sec) 

With regart! ({) :. liuear d~l'rc:.se in foil dlOrd length from rOOl to lip, the I"tal 

thi~ku~ss Ilf the tip stttion ""ult! h~ :lrollud a millim~IC"r I I 01. Thus. slnH:lural r~sislall~~ 

:lll:!lysi~ of thC" hlade's lip agail1st b~IUJ i ug aTid rolalional 'lr~ss~s should h~ indlldl'd in 

l h~ (ksigu procl'ss. i\ 1 ,)f~,),,~r. haviug probahk vibr,"lion in Ihis parI. abs~nl'~ "I' ~"rc ti( ' 

I'h"U"llleu". Figur", 4 .H to 4.43 ~~hihil lhl' NACA (,(-.03 ,imubtct! hydn)<lyuami~ 

p,:rfornhIlKC in " ariUIiS angies uf allad. As il is shuwn iu Figs. 4.44 10 4.46. Ih~ NAC1\ 

660J sim((l:tl~d hydro.,Iynamic pcrt,)l'IlIJllce is mmparcd "ith Eppier 61 c~p;:rim~((t,1 

,lata. Accordingly, the lin and drJg nx:llicicnls ar~ dccr~as~d and es<:a l '!I~d re'l"'di\~ly 

in NACA 6(,03 Illain ly h..:1i)re Ih~ laminar s~ parati" u h"hhks fonu:lli,>tl lial'pl'ns. As a 

rcsll lt .linlodr:lgr'lIioisincr~ascd up I<J 40%. sce Fig, 4,46 
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Considering Ihe t;t(( tilat the lip pan orlhc blade will generate Ihe ma in s har,' of thc 

r010r mer!;), harH'sling C:lIlJbililies is CXPC'Cic-..i from Ihe CaSe' Ihal Ihe blacic was 

c"n~ln'<:lcd Ii-um Fppkr 61 protik. It is ;,'lpUriall! tu note tha t Ihe Eppler (.1 is a 

inRe = 40000 rq~ion . 

4.2 Rotor Three- Dimensional OD) StaJ1Up Considerati ons 

Considcringlhclilllitcdcxlra.-tablckiIWlkcncrgybyaroior " ilhrJ.tillsofO.4m in 

!low ~pl'ed re'gimes OfartHUlU 0.2 ml.~, inl'L'sligatiulI of the rOlor start lip capabil itks will 

oc "nll"jal [S7]. Bas,'ll on Ihe design of the rol0r. J prc'ssurc Jiffcn:nc~ will be funned 

torq lLl' wi ll be applied oil the rul() r'~ ,han. As mentionc.[ in Charier 2. Ihe S (l'~J y stale 

torqu("cticllblionscan bcl)erfo rlllcdthroligh thcJcl'clopcd B E~"Il\()dd. 

105 



c , 
,."\n~l . 01 .m", (:"qr •• 1 

Fi;t ~,U Fr l,k. (,] & Y·\( 'A I>NH Ion c, .. :f1i~,,·,, ! """'pa,i",,, 

106 



',,~--~----~-----~---

III unkr IU ila\'~ dclaiiL,[ inli,nn:tt iOiI of lh~ Il'ansicill load d isir iblilioll Ull the b l"d~ 

approach tan l~ ~Illploy~d, Atkrwanls. ;1 is possible to pertorm Ih~ hlade dLlk~li()11 

the pmpa 1ll~lcriJ I can bl: dlOs~n to both fadlitmc the bl'ld~ 111:lI1\1I:I<:I\1r;ng pnk;\.'.'~ a"d 

a l,,) gllaralltl'~ :lpproprial ~ blade lip dclk ~l iull bdl:lv;or 

4.2.1 Thn:c-Di1lll.:nsioll:l1 Problem Detinitioll :lnd Paramclcrs 

A schCIllJtic of the computat ional do"", ;n 'lI1d Ihe,dl",r,"nclcr, arcc'xhibilCd ill Fig 



lnil 'y,t,·", 

,\"" I}'''' 1)1'" 

:~:;~;:~:,~~~~,:':~ 

Ih",I'I""''' 

SI 
I ,,,,,,, .. I. bdu.J",al,t,,·," ,lhlOU't10\\,'o,\J"""",,,-

:;'.~~~\~' '"'em.11 '1""''' 

,\J,"i'>Jt,c wall. 70"",n~" lI'al l n~,gI,,,,,,,, 

Vd"""y,"7,1""",,,,,,O.2"'ls. 'Iurhuk",m',,",,' y 
l%a",l r Llrbul,,"wl""glh(W)m 
I" .. r"u l",>,u l, ',"~I "''''"I",dX. n''lHm"",g''I,,,,,, .. f 
O.OllW m. """Ill"",, ".-,, 11 'h "·~"",, .. t'O.oolll til :",.1 
o,h", "I'"""S hy.lcf:lLllt 
XiCn)""","nl MIIl;-o.7", M">:II.£,,.. 
YIV,·rt l<'all MII" - O.7 ,,, ~1.,, _O.7 '" 
L\Str~a"'\\''''1 M",_-05,., 

A~ ;1 ' " ,km()II~lnol"d III Tabk 4.1. Ihe nul'.' is l'hu""n as e.Xlcmal now SlIllUialioll in 

"hich the ea' it ies arc disreganku. It is ;11"", ;Is~umcd 11l;,1 ;,11 Ihe rOlnr juinlS arc ideally 

sealcd.l lllls.l llcre\\ill he 'U) inlcrual ~paccltlow inl,'r:Il'liml uJilsider:ll ions. Regarding Ihe 

l'"", iclercdt"h..,p""lamin:l randp""t llrh,,kllLIo.·lorl'O\'er.llleruturw"lIs are,unsldercd 

to Ix adi;lh;ui" with 70 minometers TOughness. A tlow wlll..:i ly 01"0.2 m/s is ,Wi inilic 7. 

lOS 



d;re~'I;()n :lI lIt Ihe I"Th"kncc ;11I~IISily is Sci h. 1%. The l11inllllulIl w:lIllh;~~II~~s is:;o.;1 I" 

0.00 IS III wilh ,kt:",l1 r~"S\.lul;"" k\'cI lOf S "ilh 7 kIds lOf rclillclllclIlS "lll"':III~e. All 

Ih~ "lh~r hOllnJ:uy ~undiliuns arc :;0.;1 JS Jl'I:ulli II hich means Ihal mJSS l1uw Gill <'fUSS Ihe 

bUllmlari~"SwilhlOlllanyrestrictions 

4.2.2 Three-Dimensional Fini ]e Volume Mesh 

Similarly. Ih~ li'llie \'"IIIIIl~ lIl~sh ~""S;sI S "f ,lnldllT\."d lIlesh hUlh d"M.· 1<1 Ihe 1,"1 

"Fine" and "l'iner"are 11:;0.;0.1. Thecoar.'c 11lesh eon~islslOf3fl. 40 and 681H"ks inX. Y:md 

7.direelionsres[lCcli\"Cly.OnlheulherhanJ,lhetincmeshinduJes52. 54 and ')6:11<1l1g 

Ihese Ihr"e ,hreCIII)l\s while Ih~ filler \'~~i,," h:os 58. 62 :1Il.! lOS Ik"ks. The 1"lallllllllha 

e~hibiKx! in Table -I,J. T:lbk 4.-1 JcmunS1r:lles Ihal Ihe eaklilaled Imqllc is in g,,,,,1 

agrl."\:Ulcnl wilh Ihe,leady sl:ne Iurqlleeaklll:nion from BEM 11I,,,kllilrlhesalll,· ",I"T 

lI:;o.;J Ii" Ihe ('I'D s;lllulaliulIs. Th~ """;IIHlIlI stc:I<ly ~Iale rolor e"raded Ik",~r is 

0.H7wutl at Ihe rolor mtalionJI ,pCl"! of41.3rl'm "hkh '''llI:l1es the t,'r'llIe 

h10.201 N.m. C,m:;o.;qul'nlly. Ih,' 'tinc' :mJ 'linl'r' me.,hes shuw bener I'rcJietitln 

l'''p"bllitlcs "flhe BU"]lIlodd reslllis with 2.9% ~lId 1.9% artIT. Ihlls. hoJlh ofthcm can 

he IIS~-d for pressure Jisiribillion ealcllblions. Considering Ihat Ihe finer simlll:l1i,)I1 is 

limccunslllningandthcaccnmcypmgl'eSSraleisunlyI.02%,thetin,-mo,kll'eslIits:m: 

dl,,:;o.;ll 10 b~ fu"h~r :"lal y"/~d in th~ n'SI 01" till' thesis 

I~I 



1'!SI~2 

5 1 11~<) 

~I;" Cell v.,h""c 
(", :I ) (", :O J 

t. ~7 ')e 10 1,1 11 1" ' 
6,43ge - 1 I.(,HH" , 
4.46ge- 11 1.172,'-' 

Tor4'I<'{N,I)\) Ik,ultl'rog""(%) h ,,,, ("") 
O_ IW) 

2'1 
1,<) 

Sdl~ ItlJtics ()fth~ 3D Ill~sh c, M~ pr~scnkd in Fig'>. 4..-1S h) 4.5-'_ As is S~ L' I in Figs 

4, 4 ~ Ie) ·1.5.1. Flo", Si111I\Lll io \\ relined the b~si~ Lllesh based on ~ wlo\: ity orland pr~,s, "e 

grad i ~'l t Lll~nller_ The reasoll lhat this behavior is kssvisibic in Figs, .I..IX and ·1_5.'1 is Ilial 

th~ calnll:ltioll is slL'p p~d ba,~d 0" Ihe S~ I gu"l, ~" lI\ ergm~~_ There was 11<) point in 

visible \'do~ilyip r~,sl"e gradic\\t mesh r~fin~, n~lll s 

4.2.3 Three-Dimensinnall3lade Pressure Distribution 

The resul l:ml I'rLs~l,rc arid vellX'ily contours of Ih~ rlll~r Ill~ s h SdlC 111~ arc e 'l'rcs>cd 

in Figs. 4.56 to .1 ,58. t\~ it is ",,~n i\\ I'ig_ 4_57 and 4_5 ~. theI'C is a \'ariabk veloCily alill 

rr~ssur~ dilferenee betwe'ell t h~ low~r and lIppcr pal1 of the blades whidl will :l~t as a 

desirab l ~ driving for~e 
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Fig 4.jIlRu'or.l llFin"rmL"h,c h""'L' ;nl'l"wSimli lafion(rl sur"""'j 
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The l'PI>o.:r ami lo"~r blade Sur t:KCS pressure dislributions arc c.\hibilcd in Fig~. 4 .59 

ofbladcsdlClll:!t ically. i\lor~ precise obscrvation can b.:dol1ctilmugh the Figs. ·I.1,l "",I 

4 ,62. These ligures _,how 111,,1 Ih~rc is " ",id~ variety of a\'"r:.g~ prL"Ss"rc dilTcrc!Kl'S 

which ,aries hc1wc~n '(lA 1':. to \5 .5 l'~ among shown s~t!i{)ns . r.,-l inus valtlcs prcscnl Ihe 

1I1ldcsirabkdriving force whkh rcsisl Jgainst mlOr rotat ion. 



.1.3 Finite Element Analysis of l3Iadc T ip Ddlcction 

r\t1erc.llcllbting the distributed luads un the blades. their tip ddlc'l'ciun 11<.'I1,\\'i"r is 

all"ly/.ed IISillg the Simllbliull 2010 s .. 1iw"rc. Ilased 011 the perrunned Fi"ite F1cmenl 

( ·<lIIS("<ju .. lllly. Ille cxeessil .. blade 1;1" <lelk,.lii>r1 is a\,i);,lcd ill Ihc (",al 'lcs;gn. 

4.3.1 r-.b nut:lcll1ring i' roccssesand Materials 

Tlwl'l.' arc Ihrec' malllll:Il'Hlrlllg ledmologies al'ailahle hI fahrkal .. lht' hladc's 111 Ihe 

,\lemuri:,1 Unilcrsily "f N .. wfollndl:Hld: Cmnpuler Nllmerical ('.,lItr,,1 (,NC) ",,,,,hi,lc', 

Sekclile Laser Sinlt'rIIlg jSLS) am! Fuscd DC'p'),ili.,,, ,\ 'I."icIHlg (FDMI prollll)P" 

II1:1chil1l"O; . Thc CNC machine tlkes advanwges of "ariolls mOl"b1c cIIlIing 1""ls ,dlldt 

c,,,, prcci,clYl'ul the rotaling I'iecc. Ihus. the P'1f twill bc linishe dwilhthehigh:lCell r:lcy 

,,1'0.1111111, hi this work. thecltusen milling material is/\Iumimlm /\lIoy60('1, The alloy 

pWllCny is pre·deline.! III Ihe sorlware libmry and also expressed in Tahle 4 ,5. On Ihl' 

"Iher hand, Ihe SLS K'l:hnologyhenelits frollluli l i/ingsimercd 11O",kr m:ll,'rials ,dlidl 

arc fus.:d logelher Ihn\llgh a high power laser III. The SLS process is able tu produce 

pans with tolemnee 01'0.3 111111 . The SLS pmt01yping mal,'rial is ,'husen :IS Durafonn 1'/\ 

IIhieh prupcnies :lfe e.'pressed in T"b1c 4'(, IHXI.IH91, The FDM IIses a lIonlc t" e'lrUlle 

Inched pla~tic in layers 10 form Ihe p:1rl. The loler:mce on Ihis mCllmd is 0.(' mill . The 

/\IIS M)O is scieCled "s Ihe prOl()lyping matl.,.ial whil'h is 20 - 75 per .. ml"ges ,Irunga 

Ih~n slandard Siratasys AilS. Relaled makri31 p"'p"rlies :ore exhihiled in Tahk -I.7I'1()1 
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l;':~~:;:~:;:j~~',~nuln ,\ Ilo\' 1:~I~.;: 'I,n" l rf"1;,~~ 

Sh~"r 1<-1o.l ulus 
Ik",ily 

1 '~Il"I~ St<C'''flh 

Shear \ h>dul"" 
l)"", ity 

T,'n.< ik Sln'Ilglh 

0, 33 "'IA 
2,6,, " Nlm ' 
2700 kg/m ' 

1240H4000 Nlm' 

037 Nlil 
H,7,· · Nlm' 
I IHH k ,ql"'" 

Nlm' 

4.3.2 Three Dimen siona l Finite ~kl1len t Mesh 

Tn UHkr IU h.: "bk 10 uhlain ~",, \'ng~d r~,,,hs Irom thc dclkclion ,imublioll, 11ln.'c 

mcsh ,knsilics arc ge ll cr,nell and relaled illt'Onllaliult is ~xrr~ss~d;" T"h l ~ 4.1'. As C'a" tIC 

prcsented in I' ig. 4.63 , To i nv~ sligilte the wll\-'erg~n~e or th~ r~'\lIt,. Ihe I'r~ssnre 

di'lributiOIl is imported Ii-um CrD cakuiatio", ~l ld t h~ lIl:tkrial is SCI I<) Dllr<lf,lI'I ll I' A 

A~c"nlingly. Fig, 4 .tH, 4 .05 ;md 4 .66 dcmonslrak th~ bl ade's t ip dcfk~li()n (akula t;"" 

'lI1dU.97%rcsp~<:I i vcl y 



\Ie,hlyl''' 
);,,,,,b,",, 1"""(.' 
l·k",.,,,I,,'" 

r"I,-r.'fI<;c 
r.~"1 n •• ,,"< 15543 

21206 
M"""'um"~[l<."C1 m1lo(AII.) 6721.5 

I'" n;"nl"g~,~ ~Ic~""nl ' ,,"IIh 

1'"n;~nl"g""fck""'nl ',,"'lh 
AR > 10 

51t1l" 2.5",,,, 
0.25",,,, U.12SIIII11 
1621110 YOMBY 
I02SH 6076!19 

]71.44 

Cunsid~ring th" r"d Ih"t the 'r'n~r' simul"liun is lillle ~"nsI Ltlling and Ihe 1"\:.,"11 

progress rate is 0.97 ')(,. the 'IIne' mesh s.;h~me mO-lkl r~s lllts arc ~h"s~11 lu he rllrlh~r 

analyzcu in Ihe rest of Ihe :ll1aly~i s. Figure 4.67 shows Ih~ sp.tn-wisc blaue d~lb.;li"n 

'alll~s. A~~onlil1gly. the ~ol\\"ergen~e orth~ reSlllts is slated Ihrough .tlmO"1 n(;,ld,,:.! lill~ 

.tnujiner~aklllak-dbladeJispl:lcemenls 

4.3.3 Resu lts o f Analysis of Blade Tip Deflection 

Ana importing Ihe pr~"Ssure distribulion from ("I'D c,tltula tions. a ~t:Hic FEA 

analysis is p~rti.Jrlm:J on Ihe blaJ~"S. Three m~ntiom:J mah:rials arc sck"cteu to in\"Cstig;lle 

Ih~ r~blcd blad~s tip dclle~tion bcha\"illr. In vrdcr to pre,"ent Ull\\'"ltcxl rolnr 

disl'bccnH."mJuringlhccnkulmiolls.lheIO\\"(·rparlo f lhcsplilhllb:l nJlh~rot()rsh :ltlare 

1i.~eJ. The FEA ~akulnlion Olilcomcs arc e'l:hibiteJ in Figs. 4.(,K 10 4.74. These figures 

dcmoll~tra t ~ Ihal Ihe Slrcss l'ollcenlralions nre in Ihe area ofbbdc rout anJ trailing c.lgc 

Thlls.;n the case of 1;lilllre. Ihese areas arc going lobe ",ore \'ulncrahlc.lnaddilioll.the 



tll'l.~il1l\lIn [ip dctk<:lion is Sl"<:ll in Dumform I'A blad~ lI'ilh i\h.ximum displ;t('~m~1\1 

of3.26mm. 

ntis ""llIe fur ABS~130 and Aluminum Alloy 6()61 blad~s is 2.16 mm 

,,,,d 0.075 mil! . MOll"\' pr~l>is~ ()bs~rvmion of Ih~ r.1"d~ tlisplaCl'Ill~Il[ b~ha\"ior ~,111 b~ -'~CII 

in Fig. 4,7-1. III Ih~ ~lId. c,m.~idcr;tlg the E'cllhallh~ CNC made blade ,·OlS1S 'll'arly eigll1 

limes Il.urc lh,,,, ilS SLS and FlH .. 1 eO"n1~lpart.s and ABSi\UO hJS n1i)r~ rcsis1:1n~e 

n'ntl'arcd In Duralorm 1'1\. FDM prol<)lyl'C leclmology ,"ul ABSM)O are scl, ... ·le.! 10 

In,,,,,,I;'dllre Ihe bbdcs, Figllre 4.75 shows 1'1).\1 made bLuks 
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. 1I1l>1 • ....., 1I11o)o6061 

--- · D.x;ob;mPIl 

4..1 Summary 

"",J hlad,,'s pres,ure dislribul ion of Ih" ,ksi~nrd r01or. i\tkrwartls. Ih" ern cakul"lcd 

lo;,ddi>lrih"I;()n isilllpurl"d frol1lCFDhla lin ilrdrmrnl analysis padage inur,krh' 

mudd Ihe bl;,dr dclkl'liun during Ih" rolOr stJrtllp. Finally. Ihe cakll l"I;"us '''ggc,1 

pmpcr ""l1\ut:'l'luring "'clhods and m~lerials 10 avoid e~cl"Ssi'e dctkc1;ull in r"lnr 

125 



126 



Chap ler 5 

Conc lus ions 

5.1 S\I1ll1mry 

Luw nit -in sp,","d rolurs ,"mbk liS to ha rn"sl r~n~wahl~ <"IIerg), from IllW 'I~,"d wal,"r 

, lreJIIlS. Cons id~ri ll g th~ well-c'lahl i.,hed willdiwal~r lurbinc l ~dlll<lI()t\Y . it is pr:lCli~ allo 

desigll a ~ut11pad rutur 10 e.\l rad ~nergy I"rOIll ~lIlTell1 S wi th now s[>Ceds u1"0.2 m/s 

A~~ord i l1gly. a reliable SOllr~e ufrenewablc energy ~an be depluyed Ill ' Ihe ,~;,b~d whid, 

is dlc"p. ~'oonpa"1 ,,,,d ,implt" ill desi;;11 :llld also rcq"ir~s low lIlaint~Il,,,,ee ,'",1 

rhis Ihesis has dis.:usscd II novclmclhudolugy 10 mooel. ,ksign and :m:,IFe a 

horizontal a.xis rol"r. In Chapta ~. Ihe cml\'~ lIt i"nal HEM mudd tll'"tlry I,ilh 1" 0 

c·orn.."ctions is chosen to provide liS Wi lh I n :lenlrale estimation of the rotor's ).'.ell~rated 

power based 011 its bl:uk design. IIllinbcrs and associated pikh angles. Based 011 Ihe 

~aknlaled en,:ds of blade spL"l:dk'l1iol1s 0" Ihe mtur s energy harvcsting eft i ei~lI~y , ,,dl 

as lhc b l ad~"s tip ",ul ro<.>tlcnglhs. pild\ "nglcs alld loil .'h"I~." blade opt imil.int\stage 

hasbecndcsigncd. 

l:lIlploy~d opt imi /.alioll tedlTl iqu,"s J rc cxpbil l<-.:I in d laptc r 3. Dllc to the high 

""'UllnlO("I1"n_lil1c;"ily.nl1UI1 gvariOllsbladc,icsigningt:oo;l()rs ,,,,dlhcr<>l()r'sgeneralc",1 

p(l,,,::r. Design of E\I~ri m~lI t s is S~Ic~l~d to prnvide a m,,,kl urlhe rohlr. Ac«lrli ingly. a 

quadralic formilia SllCcl"C(kd in addr~ssing both till" mentiun~d non-linearity and also Ihe 
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~'~i,tin!; !;ldOrs interae!ions. By lakin!; advan!a!;e of Steepest Ascent McthoJology, the 

optimum hlade ch:lrac!ai~tics arc dellHlIlstr:lll'd in the variation of the mtor Ilbdl' 

IIlllulll'fS. As n fesul!. the optimi/.1!ioll with NACA O()i2 fuil pm!;lcs h"",tL .. lthe mtnr's 

1")werenpnhiltticsllptusi.xtil1~sl·olTlp"redlOetlo"entitlnalhlades 

rhe I'e,uit:mt hlade dcscrilx .. ! in .:It~p!cr J h:,s Itlw SI':IIH"ISC Ihic~lInses "h;d.,n"kc 

it prone 10 bl:tJc dct'mum;on, cspc ... ·;ally bl:tJc'lipdctlectimt, during itslx:rl,ml1:Uln' 

rhus. it w:"ne<.'essaryl<linn'stigntcthcblnJc'~tnlCtur.tlbcha\ i or. Anothc'rE,cturthat has 

hlbckqlliulllindisthebl:t.kvibrations\\h;lkifnot:ldJl'esscdc·:trdully, <.':tngreatly 

dl ... ·rcascth<.'fUlorctlkicncy Al·C·ordingIY.lIlchaptl'r.j, :,t\,,)dilllen,ional :tnal)";s;, 

l'l'ffOfmed on the bbde nptillli/cJ foil sh:lpc to both ,tatc its hydnJ<lyn:uuil: lin ami drag 

c,x:tril:iellis ehar.,clerislies and abo tn c~:lIuille the IIl1sle"dy beh:I\ior .,fthe bb.k. Thi., 

isag(loJestimaliouorthebl:lde\'ibr.l1itlll:,ldtllll"ins.llasedollthell) reslllts."lhrn' 

din.ensiollal c:licilialioll w:,sl:ollJlleled Inc:lIl:lIi:1tc Ihesl:,rllp"lIsle:I<tyl"ad d;slnhllt"III 

mcrlhc "Plx:ra"d lower hbdc' slIrl:,ccs during the rotor's Slart up. AftcrwarJs, :It;II;1<" 

dellle"t :malysis was Ix:rfnnned to analY/c the hlade's lip dellecti,," hased (In thc']/) 

load I::llculalio"s. These C:,klll:,jiolls provide liS w;th ;lIIpo.,"a,,1 in!"TIl'atiun :.h.)ut the 

~h,,;e~ ill' material h) C"",Te Ihe ,:ok pcr!',nu:'''l'e "f the bla.ks 

5.2 Cont ri b utions 

Thi., sc'dion will discllss Ihe "1:1111 ~,,,,jrihutioll' "I' thl' thesis, the .ksignc'd mldr 

lx:rI'·'rmal\~~l:ritcr;a:II"llimilal i,," s 

Ill' 



lIased 0 11 th~ lIatur~ of Ihe I)<;e,m I:urrenl streams and as.~ol:iah .. d a'ailable kinc'lil: 

energy. the generated power Iromlhe [<Hor is exped~-d 10 b.: amlln<i a \\all whidlma\;es 

thed~":;igningofthe WlOra dtallenge.lnordertoavoi<i the IK'C<i I,)r e.\pensi'·e ami time 

I:(HI~ll1l1ing al:lllal rotor It'Sling. a folOr"s REM mooel I)rovides liS with al:l:lH,lte rotor 

puwl:r gc'neration ,imulalion. Consi<iering Ihe '1~,lll y state a~'lllnption in our ,Ie\"dop~"<l 

1 .IF~1 moocl. Ihe unslea<iy start UI) rotor behavior I:annot b.: nHl<kle<i Ihwugh thi.' 

11l001eling l11elhooology. ThIIS. the 111I1<Icling res"lts should b.: disregarded during the 

sian-up 'Iage. To mOl1e1 this ~Iep. an IInslea,ly ("fo'l) appro:ldl "as ~mpl,'yed I" 

aenHaldyl·stimawlhemlorh .... haviuran<ihbdeloaddistriblitionl·onlours. 

II isornolelh,lIloaddresslimitc<ie\I:>o:rill1ell1aldataav"il:tbilityregardillg the NACA 

rOllr series roil's hydrudyn:lIl1ic l"har:Klcri,lics for Ikynol<is Illllnber less than ·H1000. Ihe 

Xf'on paebgc is used Iu I:alrlllate felaled lift and drag m .... nicil"llts. The 1\Il"kage 

I:akulated l:ueHicients validation with Ihe nper;ll1 .... ntal dat'l "I Rc = 80000 fe' .... al Ihal 

Ihese (a .... tors arc OI'er pn..-.:liI:IL"<1 espc'ci.,Uy ailer Ihc" sla lling phl'nomcnon hal'l'<!ncd 

Ne,'erthclcss. the lill to <ir:l!; r.ltio lullows the same trel1d ,IIHI stays lIeaf Iu Ihe 

experimental data whidl has the mosi signil'''''"1 cll\.'C1 oil Ihe fulor desigll_ From 

IIHl<lcling re,,,lts. il ,,,HI be cundu,led Ihal Ihe RI:"M IIlo .. lel shu,,"s g'l<><I :1l· .... lIr~c·-)' III slc'a<iy 

staterotormoocling. 

rhe De,ign o( Experimenls ,lplimil3lioll I~ .. -,hnique is s~I<'Ct~d 10 perform the 

uptimiZ<llion procedure. The corn..'Cln~ss alld a .... cural:y or Ihe pmpused de,ign IS 

l"oll\pared wi lh Ihe del'cllllx-d lurbine blade clement momentum th~"<)fy 1111l<kl whidl is 

del1l(1n~tr"k .. llo b.: in:tn acceptable "mge. It is)l11pofl,ml 10 menl;on Ihal Ihe I'H) Si:lgc 
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optimization will not IlH)<!d the int~ra<:tiOll b<:t"'~en eh;lT1ging Ihe number or blades ;lIId 

lip and rt)<ll lengths and the ZlJ blade foil ,hare_ In spit~ "I' Ihe 1;lel 11t"1 Ihis dlc~t is 

assumcd 10 be ncgligible. it is bl:ndicialtu furthn inl'.:stigal': the acclIrxy "flhis 

asslunption thmugh desiguing a oue-st;lge lIfllimi/atioll. This illdudes till" "hllk 

,k"g'lIng !:'elOrs in:l single CCD desigu. lu :"htitioll, Ihe thickness :l1I,1\\':II'ee "':IS lilllikd 

in ourdesigll , The maiu reason fornut:tllowingluwerlilil thickn essesl\asmaiulyductu 

the bi:lde ti p dclkt:tiou wnsider:l1 ious, Ill,mul;tcturing tcdmiqucs and Ill:uc'rial dloi~e 

With respcd to the 20 CFD :Lu:,lysis, Ihe pmo.:edurc 1)\ (;lieulating Ihe 2f) I<,il hit ;lnd 

dr:,g t;,c1urs is e~tr:lcKxI through validatiug the similar I:aieul:uiuns I,ith I'pl'ier (,1 ;II 

the/{e = 42UOO, This pnxcdurc is :tu :tlwrn:l1iw Illr Ihe 1:11:t th:11 Ihere is n" 

e\pcrimelltal dat:l ;lIailabic Illr uur Cff) calculations, The llleth,)<lology in this s~'\:ti"l1 

I:an be ilnprOI~,1 by validating the Ni\Ci\ 6(,03 luil rcsull "ith related e~pcrilllcnl;ll.lat:t 

NCI'ertheil'ss. considering the ,h"pc and the tlllw hehal'iorsilllitarityhctwcen Ihesl" 1"0 

li-,ils, the reslllts III this part arecllIIsi,krcd t<lheaCCllTate_ llllhcnc.\1 ,wjl,:llId haseJ.m 

the 2V result I'alid:nion, Ihe 3D ~tal1 - lIpcaklllati"ns :trccollsiJerc,1 to be the source ot 

ullste:I<ly hl"de 10;1.1 estilll;ltions. The lillile clement analysis thcn pnwidcs uS with 

IIl'1:eSS<lry illionnation regarding the selection uf the material and lHaIlUI;I~lIIrillg 

ledl11i'l"eSlopf\ldu~c,,"rdesigne\lthinbl'''ks 

Hotor design Jel'clopl:d in this thesis is uptimized to ;"hlr~ss" "ovel luI\' ~urrc"t 

,trc;uns'"ppticatiun ill which the rotur"s higllcr gen~r~ted hlrqlle cllahks liS lostarl elll'rgy 

har\'Cstingfr{)ml'Cryltll\'spc~d\\:ttcrrcgimcs _ i\l'cmdingly. thc 1I11'Chanil':o1 design of the 
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syst~m is rrady for 1ll~llllf:lct\lring with th~ stlgg",kd I1 I:1h;ri,,1 "",I " l,,,,"ral'ttlrillg 

t""hniqlLcs. It is also r~:ldy I"r labur:,tory h;oti1lg 

5.3 FUlttrc Work 

I"h~ 'ksign~d rotor has th~ ability or providing low ,kll,ity p"w~r I',r sm,,11 sensing 

'''Hts ,)11 th~ s~aocd . II"w~\"a. til" P<'rr,m1lnnr~ of the design is ye t to hr inn'stig;ltc'J 

npaiml'lltJ ll y. Th~ ,"ggrstrd Illethodolo!;y GlIl h~ fllrther employrd to hanlC'ss <.'n~rgy 

grll~rally from allY low ~lIrrc'lIt "tr":1I11S ,)fwater or wind I'dol:ities. In order Il) boost th~ 

rotor g<.'ner:llrd pow~r with the propos~d m~thod. ad"lIl~es in mater;;11 and Illanllt:lduring 

tedlllol"g;~s C;III rush the loil thi~kne>s hmitati(lIls ;lIld rrO\I"c~ c\en Ihi"'ler hla,irs 

~an b.: iTl\;rc;ls~,,1 by lIsing e~P<'riment ,! 1 loillil\ alld dr.'g ~octli~;ellis or ~'"I'I,,)'il\g 111M" 

ae~lIrate ,oftw3r~ to l'ak"lat~ these factors. It is also ocnrlil'ial to consider othcr das~~s 

of foils as th~ DoE opt imilaliol\ sra~~ to e""l!;n~ if Il\ore li n to drag rat i" I.'"'' h" 

I'rodu<;~d ;Il m~nliLllled [(eynolds nllmocr rcgimes. In ,,,Id;t;,,,,. Ihrllllgh 'ksiglli'l); ~ ,illgk 

oplim i~.alioll siage whkh iudLldes al l the fal'tors at onl.'l.' il is po"sibl~ 10 ge l mOfl.' I'r~c:ise 

"plim;~"lill" r~s\llis. This <;'IIl oc du"e w;lh !h~ hdp OIl" (,ther gr"di,,"1 b"s~d oplinH~.ali()n 

m"tluwJs or ('\I.'n ~mpl()ying Ih~ grneli<' al!;urithm tCl.'hniqllr:ls well 

Frum Ihe p,)iI11I1f\"i~", "feF!) ,lIld FF.A ,i",,, I,,t;01l ""aly,is. ~'''lSidl.'rin!! 3 11.',1 r~ady 

,eh,p ,)f the r,)tor. intludin!; hOll~ing am] c'xperimCnlai sri up, results in a Ill0rC r~"lislic 

analysis 1)1' Ih~ rolor I>ower generaliul1 ~;Irabilit i cs. '-'lorC","I.'r. h","illg wida range "I 

III 



malnial ..:hoi..:~ ami m,ltwt:J"Hlring t~dmiqll~s is bcndkial ilt I.i..:..:n:asing th" ,mlOlll1t "I 

bl:id~ tip ddk..:lion in the FEA analysis. 

C,,",i.!~ring Ihe low gell..:ratcd I"rqll~ by Ihis rolor. the ..:ncrgy I"" through" g":,,,hll~ 

",ill di\"..:rsclY:Jtlc<:t th<:st"rtIlP ,,,,,1 "Iso tl" .. "hole p<:rt',rrn,ruc..: of til": mid". Tn ",!dr..:ss 

Ihi, is~u..:. a llJ:lgnetic "mlplillg "ppn~,ch ..:,111 he ""Igg~sled Ilhkh will complctdy scp:u":ue 

Ih\.· rotor and Ihe g":ller:lhlrbo.x fIl>IIIe"..:h "Ih~r. Th"'.IIt..: rnagnelk fon.·c Ilil l tr.mslCr Ih..: 

generakd IOHI"C to the ,eakd huusing. In this "'''y. Ih..:rc will hc nu Ill'cd It)r" gcarl)o.'.~ 

'"Id "bo 10 rn:,ke thc gener"t"r w,'terpr",,[ Ace"nlingly. Ih..: on"illkll:lIll'C ur ,my mt"r 

11I",lit'e:ttil"l I,illll"t ,tlket the ge ll\.·r.lwr Jl..:rformanee. nile ,loll"nsid..: o f this I11clhOlI "ill 

he more wt:ttiol1al resislant res"II\.,,1 l"rol)\ magnetic in..:rtia l'(lIllp"ring II) l'lInn'nllllllal 

,ll:llicullIll ... ·WlIl.lnlltcll":tll·r.theollnll11pl·ns'"illgmethod. inl\hiehlhc"h.,1chulI<llIg 

''III he till .. x1 "ilh oil. can heUSl.'lI t"!1l<lkcthe I'rc""""edillcrcllC..:aTOlIlld til ..:hd"';lIg 

nearto/ero. IlolI"el'er. this II ill add to the shati rot:OliOIl:o1 n:sist allc,' 

A"utheri-suClhalhaSI\lIIC f"rther illl'..:stigall'll isthcnlggingto"llI..:g..:ner:lled 1;-",,, 

I'er""ment I.-I:tglld ('l'IICr.lhlrs( I'I.I(') ",hldl \1 ill GIlISl' res;,lal lee and ~ihr:lli"ns durill); 

the starHlp p["(ICess "fthc I'dhlr. Many mClhOlls:lrc a"'I ilahlc 10 rcdll..:elhis undeslr .. ·.! 

lorque including non-unil,,,," ~t,,!or air gap. p<:)I~ shining alld ,i/.illg. s!atur lo,,!h no!diillg 

anJ ').:(·"Ilig !he gen~ra!Or s!a~k I'e). Ilowc\'Cr. the apl'ropriak appr"a~h has h) h<: 

sekdetl"ilh~arctornal..:hollrlo"'l'u!-ills]l<.·cJrolorSiart-lIl'torqIlC. 

In!hccmi.!hcpruposedrolOrdesign;nlhisthe'isisan initialskpind..:s;gnlllg'K~:lIi 

~urrent low CUI-iII ' 11C..:t1 [[)lOrS whiclt :IIC 1I"! ye! lilily cxl'lof..:d. I'o,,"cring Iuw I"'wer 

":l)INlIlIp!iong~")h)glc,,1 scnsingpadagcsdc·ployedonthcscab .. ,(J is an c"""l' ie of this 

132 



rotor's application. Considering (he rna ;llkll:II'<:C <:us( or (ite ba lt <:ry (ha11 l,\( of 'Lldl a 

",," ' ;11); ,,,,; 1. Ih( ,,~!.'d for sHch a low clit -in spec'lI rotor is further dcrnuns(ral~d . 
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Appendi ces 

Appendix A: 

Clariiicat ions o n Blade Element Momentum Theory Formulation 

;11 Fig ~.7 ;, II",,-mt:tt;ng, ;1I~\llllpn:~,;hk :11111 fr;tt;'>IIlns. Thlls ;t ;, poss;lIll' to apply til" 

Ikrlloul l; "'lIl:lt;OIl for th" ,,""tml ,ohll"" e_~,,~pt fmlll th" rqd,,"s "~:lr tlie I'OlOr Ihoth in 

III"trC311l and down,tream) wl":r~ tli" sliddell prcs'lI~ dmp ;s h:lpp<-'ning. se~ <''-III:ttions 

IA.:!):lIld(A .J) 1·01. 

A.I 

A.:! 

A.J 

By :lpplyill); a~ial "",,"elltllll' l-qll:ltioll ,m the same l'Olitrol \'Ollllll~ . the equation 

Z<'rI) whik th~ now is :,ss'lIl1ed to he statiol1al)' and the pressures ill the fll1;t :lnd last 

pl:,tes arc "'Ilial to the >;lIn" :ltmosrheri~ press"r" on :11' <'(11,:,1 :"<,:1 Applyi ll g lhe 



~'luations(t\A),{A.6)and (A . 7),thctrustcanocc.xprcsscdbyC4uation (A.X) 1.J7 1 

(,tl t Z,,! + (lV" l (Ar .. - "I) + til sldeVU - (lV~ Z" ( .. = - T 

pA,II, + p(Aev - At)V" + lil ,ilJ , = pA.~V" 

Iii = (lIJA = pIJIA t 

"/" = puA(V" - tI,) = lil(V" - til) 

AA 

A.5 

Silllil:ir\ylhe~h"n p<)wer",Ln he t,lrLnllbtedby "pplying1he inlegral ellcrgyequati,," (HI 

Ihe """,,om] conlrol , 'olume ~h,,"n in the Fig. 2.7. ~,"\: ,'quations (A.'1l and (A . IO). 

Combillillg eqll"tions (A.I) and IA.31, the velocity in 1he rotor pi<tlle ",II' oc sho"n "s 

"4"al;on (A.II). Combiniug the a~i:ll induction 1:lclOr dd'lIlil;on. s<:e l'(jll:llldn (2.4). and 

e<jll<llioll(A.ll).ijl can oce~hibi t cdasl-qll"lion(A. 1 2). As ;1 fesult,lhe shall rower,md 

thrusl Gill oc shown lIS e<jlmlinns (A.I3) :lnd (A. 14). The pOIler <,octlicknt [" ddin,,,l as 

Ihe ;1<'111;11 rower "ivi(led by available ~illc1ic rower frnm the now, see eqll"ti"" (A .15) 

(h ill); Ihe equ;uion (A. I3 ) ,md cOlHbine it with equ"lj"" (A.15), l"IU,l1iull (A . I(,) is 

r,'slilled. ,\ nlmprehensi\'c dcsaiplulll ofLJEM modeling formubllons c:m be fOllnd from 

A.9 

,,, 



p = ~PIII1(V/ - 1112) 

U =;(VO + 111) 

u l =(1 -2uWo 

r = 21' Vo J I1 (J-a)211 

T = 2pV/II(J- (1 ) 11 

1\,1 1 

AU 

A,I.t 

A .15 



Append ix B: 

Int roduction to Design of Ex periments 

All the DOE :m:dyscs are hased on ANOVA "'hkh tests the slatisli~;11 signitkan~e 

ami Ihe rcgres,iun analysis whkh pm<.lu~,·s the prcJ inion lIluJd . /\ Cenlral C"lltp"';le 

D~,ign (CCD) is timning by adding :I center point :lnd Ii,,' a~ia l points 10 IIIl" mail! 2" 

1:ldmi;d designs. Fur nUJr~ thall tw<> 1:lelor Inels. Ih,' ANOVA analysis willI .... · applied. 

n ! ~ ~qualion, (B.I) In (1l.4) e.xplain the hasic ANOVA ana ly,is runhcr. In C'l lhlti,'" 

(II . I). I'.T, :lIld ,,; ; ,t:md furalinWralll1lean.llhtrea lm,·ntdl"o.-.:lalldcxperimcllla)crror 

resp",·livdy. The 1,)lal v:lriabilt ly is reprc'sc'ntc'd by Ihe "SlIm of Squares" " hi~h retkels 

Ihe dilfercnn's ililreall1lelll nw:m,: ,c"C C"qllaunns (11.2) and (11 .3) "here; '" 1.2 .. .. . 11 

indicatc"SllwlHlmhcroft:l((oricvc"lsorlre:l1mell1s.j = 1.2 .... l1represcntslhcnlllllhcrn' 

repli~mcs. Y. and Y, . arc the o"'ra ll anJ treatntent meansal,,1 Y ,lI1dSSf; S1:lIull<"':-td nrs' 

responseanJ rd:uc-d crror'sslintufsqll<trcs. The large \"aille lurSSr,e"',,, . ,,' lIle:lllslargc" 

diITere",;es helweell tre:ltmenl means a",1 aeconlingly a 'l1Iall "allie will dc"mulI,trate no 

dilTcrence bel ween Ire,l1Ulell1 Illeans fhe sl"listieal hyp01 (,,;S;S ;s ,kmonSlntled ill 

cqllal;oll(B.5) 

(11 .1) 

.IS, = II(y" -YJ' = " I <y, - YJ' + II(y" -y;)' (1l.2) 

1=1 ;= 1 ;= \ i= ' i= 1 



(IU) 

(11..t) 

110:1', = "l : '" : "" 
II, : AI/em 0111' melw is difre/'i'llt 

(115) 

The slltnsl)f"<luareSeannol be dirc~l l y useu II) h:lI1ule Ihe hyptllhesisl)fe<lualmeans, 

degrce o!'lreedom{rlf) , The I'-Iesl (Il.l.:j shuuld salisl'y the (11 ,9) C""'l':lfis"ll alld lhen 

Ihl·EIC I"rs·"tl~et\\ill b""gnific:lIu:lllheS%signilic;ul<.'elcld I!lUI 

MS,. '" SS'n'<',,"""""< ,MS,. '" ~ 
11 - ] '11(11-1) 

(11,(,) 

"'u > "'u.o5,a-l,a(n-l) (B.") 

Aller 'l:llIl1g Ihe ~lat iS1ic:1 1 sigl1lliclilee "rlhe model. il is timc' 10 lise a rcgl'l.'ss ion 

mOo:kl auu lit it 10 Ihe assu<:i:neu response Sllrf" .. e. A~"ordi"gly, the rdat~d regressi"" 

,,">Jdisstatcolas(I'\ , IO)whcrcYislhereSI"lI1,e. {I,alUl{I,,:,rethccoxn-,,,i,,"tstiLatha\'c 

to bc detcrmincd :md Xi arc represell1:ui\'cs oflhe design I;,c!urs. The resp,,"se surl;...,e 

:",<1 rci;'k'(l .. ""Iuur 1'101 "f (h~ l1wdd is e~hibitell in Figs. H.I ;",d II.:! 

150 



(RIO) 

III c'as<: Ih~ simpkr full 1:lclorial Jesign was unable (() mo,kl the design l:Ie1Ors and 

r~splln'e h.:h;lvinr. dlle 1<) ha\ing di,ad~ vallil'S "f A. /J "nd r: ",th Ill"" tiuu,,d 

l'<)'1>lr"iIllS, a l:ll'CU ('elliered COIllp!"ill: Design ((TO), ",ilh one center poinl is sekc!e,1 

for ana lyzing Ihe power rcsponsc sllrl:lce 17)1.1. [:':0 1. There",,>t,.,rl'i;Jcinglhe."'el·ellter 

poilll is to,('C Ihe Icl'cithatthe(llIadr;l1ic nHKlcl c;llllillo thedat" . The gener;,lli>rl1l III 

the nonlinearqu;ldrmic 1I100ei is I'r~sented in (Ill 1). It h", tohe '''lied thatth\.· tlllr.lllnkr 

inler;ldions arc olllil1\.-d from the '1IIadr;,t;e ",,, .. ,lei ",ailllydlle I .. their III,,"erdl"l·t <)11 

r~SI"1llS<:Sllfbcealld" I '''IOkeel'thc·'H<KldsimpIc17)1.1 

03. 1)) 

"s it is seen in <"I"ation (llIO). Ihe line'If. interaction alld \jlladr:,tic terms arc 

included in Ihe Iin;11 systel11lllo,kl. GCllcr:il ly. llIoslllllll-lillcarsystc lIIs "nh "slII""th' 

rCSI"'nseSlIrr"cec;mOCllll"klcdaCl'llralcly",ilhaqlladr:lticc<1l1ation. sec Figs. B.Jand 

11.4 When the rotor generat<'d IlO"cr respollse SlIr l;,.:e is """kkd ",ilh citlia FFlJ dr 

CCl)de.,igns.;1 ispu"sihic to "I'limi/.e the blade g<.'tHllclry alld shape based on Ihepu"'er 

':IIntullrhcliaviors 

151 
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Appendix C : 

CFD (J(we rn ing Eq uatio ns 

Flow SillHIIaliol! solv~s Na\'i~r-Slok~ equal; ,)n .. alld i, ahle' to pr~di~l hOl h laminar 

,n,d lurbuk'll II""" d"ring lh!.' simulaliolls. rlli .. IS crucial ~apabilily I,)r Utlr low 

){~ ynold .. IIlllllOCr now simulalions. In Imbuicl1l !low. Ih~ lurhllklll ki n~l ie CI1 crgy ",,,I its 

dis,ip:llion rale ar~ aJJrcssl'd byk - t-mll<ld 

Ll'l1llx' lh~ angll lar \'docilY aiJ.ollt an axis wh ich passes throllgh ll,~ origin 'Illd u "",I 

p be Ihe Illi id ve loeily 'Illd d~n,ily. The 'p"lial "lid kmporal coord inalcs arC' n:pr~s~ll1~d 

d illllsi v~ heal Il "x, Ihe Ihen",,1 enlhalpy al!d ~ I! nt!.'rna l lon:~ ~allseJ my :I mass 

distribution p~r IllJS, 19] I 

C.2 

c.J 
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file viscous ~he"r slress tur New10nian Iluids and Ihe Reynulds·~;tress k ns"r ar~ 

deline .. t as below ~"'Iualions Il hcrc fJiJ.ll,ll"f.r~ :lIId k sland Illr KnlllcC"kcr dc lta runclion 

(if i == j Ihcn 0,; == I and O1hefwis,o 0;; == 0). dynamic liS"'lSi ly coctTi,'icnl. 111mlllcn1 

"ddy \'isc"sily~ocll'cil'u1. lurbulenl di,_"irat;uu,1urh"kut liscos;ly ",clor :md tllrb"k'11 

klnc1iccncrgy restx'cli,·clyI911· 

Col 

C.5 

('. 7 

l"J 

where y is Ihe dislance ti-utn the wall. Tllrollknl kinclic cuergy :IIul di,sipaliun 

cquali"l,;are.t~"'()"slr:lledtj-()lneqll"I;""sCIOandCII 

C.IU 

s~ == f~~-{}{+ll,1'1J 

ISS 



('.1.1 

"here I'H,IIIlI ,'I, ~tand luI' bu()yan~y lun:~s' generated turb\licn~c ami el>mp"nent "I 

gr~ l'i !:lt"'":t1 aceeicration in th~ (lil\.\:lioll ,,( Xi_ The c"n.,l,mts (I s = 0,9 ""d C~ = 

0.09,CCI = 1.44.C(2 = 1.92,I1k = I WU/ 11" = 1.3 ,(re ~p<.'i: ilicd cmpiri~ally and Ca is a 

fundi"" der",~d ;IS, 

C. 17 

lIere the lewis numl><:rl.e = 11111(/110 = U.'J , l'r :lndlr :lfcthc I'randt l numllc'raml 

therm:ll enthalpy, Thes,' formulas can Ill' uscd 1,,1' both laminar :11,,1 tUl'bulcm Ilo'vs ami 

,,1>-(, the trallsition bctw~cnth,·~c two nows. For i:1min:u tlows the k :Ind Il( :lrc In" 1911 
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