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WIKANDA SRIDECH : A FIXED PITCH WIND TURBINE FOR A
MAXIMUM ANNUAL REVENUE. THESIS ADVISOR : ASSOC. PROF.

TAWIT CHITSOMBOON, Ph.D., 170 PP.

WIND TURBINE BLADE DESIGN/ANNUAL POWER YIELD/LOCAL WIND

STATISTIC/COST OF ENERGY

The design of a wind turbine is carried out using the ¥V* of the power
density curve to determine a design wind speed. Although employing the design
wind speed of the annual wind statistic could give a high annual yield but due to the
fact that the nature of wind is seasonally varied therefore the design based on seasonal
wind statistic could possibly give better results.

The objective is to design a best aerodynamic configurations for the blade
(chord, twist and pitch) using the same airfoil as that of NREL Phase VI wind turbine.
Such design is initially carried out at a design wind speed point of an annual wind
statistic. Wind turbine blades were then optimized for both maximum annual energy
production and minimum cost of energy using a method that take into account
aerodynamic and structural considerations. The work is carried out by the program
“SuWiTStat” which was developed in house based on BEM Theory (Blade Element
Momentum). Another side issue is the credibility of the Weibull statistic in
representing the real wind measurement. This study uses a regression analysis to

determine this issue.
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dounumaums (2.7) adluaums 2.8) az'ld

U-05(U+V,)=au 2.9)
0.5(U-V,)=au (2.10)
U-V, =2(U-V)=2aU @.11)
Wio  V,=U(l-2a) (2.12)

9 A 14 a d o Y I a ~ v A A
NNYUDN 1 "U@\imﬂﬁjﬂhlﬂlﬂwﬂﬁ ﬂWWuﬂsl,T‘iL‘}JUﬂ15ll°ViﬂLLUUQﬂ!WQNﬂQﬂ tagaNuaunnau

v
ﬁﬁ‘c’lWﬂﬂ‘Uﬂ’)ﬁJﬂl&‘Uiifﬂﬂ"lﬁ mumzmmmmqm"lﬁ’mﬂ

P =05pA, (V5 = V2 )V, =0.5pAV, (V, + V) (V, - V) (2.13)

Co=—"5—=4a(l-a) (2.14)

[ i1 )
59 C, vzlifgegaiiio a=1/3 du

2
C, =ax|Llx[1-1) —210 _ 503 (2.15)
' 3 3) 27

v Y
aAa A ! A 1

1 < a A v W
ANANNULTYNIT Betz limitLﬂULﬁuﬂuﬂTﬂﬁgﬁﬂﬁﬂTWQQq@ﬂl’E)Qﬂ\?ﬁ‘l!ﬁll

=

uada hilgalse@niamigeiigaediauiage mszileinsanaunsi (2.14) a1 C, Ao

£l

[

H v
@ﬂiWﬁTL!ﬁZ“H’31\1fh@xﬂ?lﬂﬂﬁuaNﬁTN"ﬁﬂlﬁﬂﬂUlﬁ}%TﬂﬁM NIUAD NEIUDIAUNINUA



X A { =Y v ¥ { . v I

Fanasan luvazh lilinguaems Iva @aiui Actuator disk 39480a51M3 Tnailu pUA,
1 I a o A . A 1w 2 3 A a

ualuauiues 9as1ns nai Actuator disk A25lAUNINY pVA, Juilunuivesnmsiien

Y
152 ANTANUDI Actuator disk A1l

F -V

=— T~ _sa(l-a 2.16
0.5pU2VA d-2) 210

Mp

1 o a Q’ g"l 4 £
INTUNT (2.16) mﬂwmimﬂuuwmmwz"lﬁ’ quilszansusanimin (Trust coefficient) Al

Fr

Cr=—rT1 —=4a(l-a 2.17
T 0.5pU%A, 4-2) @17

A ' Ay ' o v A a
YAl a U1NNA1 0.5 HIBUBYNIAT 0.5 ﬁ]z‘ﬂﬂ‘ﬂm CT ANANIUDIVININA

] 4 1 t o 1 1 1 { 1
anwsnauie (V) du sailuguiguesmsgydeliusedinanas daus a 1lde C;

s 1 o

{ ) o 1 1 a <] 4
wnigavzliauminy 0.5 910 V, = U(L—2a) wufie Tuanizaena lumaanuEinauie

1599 1499%iAm1gaNga (Berton and et.al, 2001)

G

0.8 —
CT
CP
04
| |
0.4 0.8
a

51# 2.2 Anwdniuiszrig C,, C; 1az a (Berton and et.al, 2001)
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] ]
a = =

1 U Q( o U
Tumstraeslunuy Actuator disk 1Ha1dulsz@nsidingeangano 16/27

G

9
a v v o S

.. A o ] v o A1 g ]

(Betz limit) TagnNa1sansiuruluwavesnaivaniauiluetiug a9t Betz limit 390a 11
1 o a Lo o Ayy a oa I v o A o o Ao o
011 dulszdnsmasi ldanlumedia ws iz luanuilunsduasiisiuauluwandine

pazinausanszsiuuluauenainussen Fonin usamu
223 NYBHVLY Glauert
113 1935 Glavert Tawamguf Tuwuay Tagd5ulsaunsians Actuator
. Y v o a o o ¥ 2 o ad =
disk THMIIaunUNTHINITAIIEHIIR YN VIIATIDATEANG BRI N YT Glauert
a ya A [ v o IS
momentum TagW1san I imwizussoniinsziiuulunaiuan uaziing Ivanyuiulu
a A 9 Y] g)/ g’/ a = 9 o A
VINUAAUMY A9 13909PIN (Trust) Hag 115919 (Torque) 1911 Idvndasimanlasuuilag
Ty AN (Axial momentum) Hag THUALIFIYY (Angular momentum) 718 1UIWNIY

(Annular ring) AUEAY AsauMIAe 1T
dT =pA,V(V, - V,) =4a(1-a)pV,’nrdr (2.20)

e

dQ = pA,V(V,r) =4a'(1-a)pV,nr’ Qdr (2.21)

4 o g‘/
e dT feo ey WUTYDITIAININ (N)

v a
dQ fo eyWuTVOILTILA (N-m)

V, = 2Qra’, nszuanyuIuauig (Slipstream)

=l.

Tag

!

()] 1 { o Aa . .
a = E, NI mﬁmmwwu (Angular induction factor)

v
o

=< o J o w A i Y
Glfﬂﬁ)igwuﬁﬂlmﬂmﬂﬂmﬂﬂm?m]lmuEJmN!,m’Ju W']vlﬂi]’lﬂffllﬂ'ﬁ

dP =QdQ=QrpV,(ro)(2rrdr) (2.22)

I

A A o & ' A
V3 dP fe @HWU‘ﬁm@QQ]Hiu&J’]u’NLLﬁ']U% rblﬂ 9 W)
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2.2.4 N9u4 Blade Element (BET)
an 1 a < 1 o % aa v
AFHUILNTUIANWTI wazusInnseiuuntdaaeslaveslunaiu
= 9 o Y N J v A
FAUTION LAZUTIAIU 2zA LW IAINMTUANITIA TIVLTUTIARDT Adudadlugli 2.3
Taoh Lo u39en, DA USIAIYU, ¢ A yuaud (Inflow angle), o AD YUULN (Angle of
a 4 a 4 <3 {
attack) 118z B A® YWIAY (Pitch angle) tlONIITUNMINIADIAIWIT201n3UN 1 az'la

ANuFURUT

Lcosd+Dsing

Lift (L)

Drag (D) chord line

rotor plane

Vo(1-a)

{ ] { o (%
gﬂﬁ 2.3 ﬁu'luﬂ:]’lilﬁjllaglﬁ\jﬁﬂigw’lﬂquﬁ’]ﬁﬂllwua’]ﬂ’]ﬁ

(Eggleston and Stoddard, 1987)

V, (1-a) 1-a
tand =0 _ 223
M O (lea) (@ea)n 229

v J

3 o o o
ﬂ’J']llLi')ﬁllWTl‘gﬂ"Illﬁji]"lﬂﬂﬁ'lllﬁﬂwu‘ﬁ

Vi =[Ve2-a)* + (@ @+a) ] (2.24)

4 I~ 1% v J
e V., A9 ANUGANTUNNT (m/s)

rel
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Tagf  sino :i(l—a) . COSd :ﬂ(1+ a’)

rel rel

rel

1214 dL:CL%pV 2cdr (2.25)

waz  dD=C, %pvreﬁc dr (2.26)

%]

A A ] S Av A
V3 C o ﬂfﬂiJEJ”I’JLﬁ‘L!ﬂﬂiﬂ‘Vliﬁll(lﬂ 9 (m)

' 9 Y
WonAnITIBNAz IS IR IGUUILIUNITHYY HADINVDINITOIUTINUAD UTINAD

(Thrust force)
dT =dLcos¢+dDsin¢ (2.27)

1 Ed
Tumhueufsnu Lﬁﬂlmﬂl!i\iﬂﬂllﬁglliiﬁﬁuﬂiﬁquuﬁﬁhW’(?f‘VIﬁ‘VINﬂﬁWHu AAUINUBDINIT BN

1159 Ao 159 TUUUIFUNT (Tangential force)
dF=dLsin¢—dDcos¢ (2.28)

Y 1
MINAIHUANTTIUIUTUAIT MO BAIHUNATINYDIUTIHANVDINIHUAN D A1HUIN

a @ 4 4 J 1w
WITTU r’JﬂmﬂﬂﬂﬂuﬁJﬂﬁNﬂlfJﬂIﬁl@ﬂﬁ TAUMmnu

dT = B%pv,; (C_cos¢p+Cpsing)cdr (2.29)
V, (1-a) |
dT =o'np Os,T) (C_cos¢+C,sing)rdr (2.30)

e o' =Bc/2xr Ae aAnuausuwzi r la q (Local solidity)
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uazeyusvesbaduiioaunnnussdudanng g o @i r Ingaguanals I

MNY
dQ:B%eri,(CLsinc])—CD cos¢)crdr (2.31)
. |V (1-a) || Qr(l+a’ .
dQ:an[ Os(inq) )}{ c(osq) )}(CLsmq)—CDcosd))rzdr (2.32)
Fariu dP=dQ Q (2.33)

2.2.5 ‘Vlt]‘lslf] Blade Element Momentum (BEM)
ad <3| aa ' =2
NUR UL UNQURNHAUNAIUILH I NYBT Momentum Y84 Glauert 1Az
a <1 o 1 v o I 2 1 A
N Y Blade element 35 W9z 1N 15u1elun i uesnilusudes (Strip) uaziaisaduiy
<3 o 1 1 2 ] [ (% { ?X‘J
AT HaZHIINTZINA1 9 ULuAazFugsved luNL Aadaalugili 2.4 11ensaReEen
Y
NN NG Strip 91NNTUIANATUIIHAD HASTUNITUIITA VOINGYY Momentum
ADAUNIT (2.20) AZANMT (2.21) Y04 Glauert 1azNg ¥4 Blade element ADEUNIT (2.30) LAY

o 1

[ 1 = [ 9 d' ' d'
qUN1T (2.32) mwﬂzﬂ%umamu i]&hlﬂﬁ’fiJﬂWiLWfJ‘ﬁ'WﬂWﬂTﬁL‘H"HEJ’JMHGUQLLﬂu HagnINIg

D

9
v A A

A o A A o @ a J o a .
mteniuFauimngaula dusumsinszinsgiineldauuagiuasiife (Freris, 1990)

A v L < .
q5)‘]J‘1/l 2.4 IﬂﬁﬁﬁiTQﬂl@Q%u&J@ﬂ uazaUIuANNULI (Freris, 1990)
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o d .
) dwmuald ms lvadunvviengal (Uniform) nagnis Ivasuuvyuiu
(Circulation) 50U TuWa UN13nIzIEAI0E Al NdURd M UNIHUaNNUTUyMAuAaea Ty
v v [ Aa 1 a L a
winludeiudluuuySunduldudiu auudgiuilazianaia i
1 Aa o . =2 I
2) linasans malusuinnuenveslusa (Spanwise flow) 311 U135
Y
W33 Inauu 2 Tarumidauwue MM
o Y <3 [ o A1 A ~ 9 a dy
3) mvualianuE lunuardudaliniasi areauuagiuil Msnyuso

Y [
unuveIFUarIzIn IMINAIMIMBNZY (Uniform annular ring) #3171 2.5

4 g ) & ,
3109 2.5 2auRaINFUdesN I 1@ ) (Freris, 1990)

=~ 2 = Y [ dy
m3feuaumsveInaeIngu] oz laaumsaas Tl

2
o'np {%_d)a)} (C_cosdp+Cpsing)rdr=4a(l-a)pV, nrdr (2.34)

sin ¢ cos¢d

ey G'np{vo (1—a)}[mr(1+a’)}(q sing—Cy cos)rdr

=4a'(1-a)pV,nr’ odr (2.35)

v
3 Y

asdnaaesaums vy 18

a
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!

a o
(1-a) 4sin’¢

(C_cosdp+C,sing) (2.36)

a' ol

(1+a') " 4sin dcosd

(C_sin¢—C, cos¢) (2.37)

o Y
Mrua I

!

P, :%nzd)(q cos¢+C,sing) (2.38)

!’

()

P2 ZW(CL Sin(l)—CD COS(I)) (2.39)

a= 2.40
1+P, ( )

a' = Py (2.41)
1+P,

AU (2.40) nag (2.41) 321 1l umssuramizouluns 1va (Flow condition) #1011/

22.6 msi3ulyangui BEM

[ [

MIAIUIUAI8NY BT BEM dalidetinaiiiosninaunisedlugdnssiuim

1 a

9y [l
Fadoala uangAnssums avuluniulianudugouunnaniniy el lanamsmuia

o=

4 v K

= =< 9 = 1 YA g Y @ 1 v t:gl’
NYNADININV waesmsdsuunmelumssasenlenllsenoung 9 ﬂﬂﬂﬂl‘lﬂu
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1 msilSuudmsgaaslaelusazlauly
Aaa A v oA o_ v I
HansENUIINMs lasuuandade ludiiuliaiveridinae Ae

{ a = A o
msgadsidarelu (Tip loss) azfans lnaduansuadndauiluduniianuaugavesly

v

[ . X v 9 T ] Y A o o . . o
94U (Pressure side) YU AUV U nH AT UATUNTANUAUAT (Suction side) HLUVI1ABINT

U

gudedarelunsiuiton]sd Ao uus1a99909 Prandtl AT WAINABLNUATIVDY Goldstien

&

Fauuus1a0aven Prandil 1ureutredie naziiluaunisuuua Close form) daummnasuiy
A399049 Goldstien dzuaalugioynsuliinaves Modified Bessel function UARAENG 91N
29933 8 1ndiAaR Y §911UILUS1999U04 Prandd Sailufifiouannnia (Eggleston and Stoddard,
1987) wenninmsgandetarslundrdaiimsgandeTanly (Hub loss) TelndiFestudnyms
msgadeiivaely vaz Idinaue 3lugdaumsdade i

-arlszneunisgadetately (Tip loss factor) then 1FuuuT1a09

994 Prandtl (Moriarty and Hansen, 2005)

Fip =(2/m)cos™ exp(—%[ RIW D (2.42)

rsing

- anlszneumsgay@slauly (Hub loss factor)

B r—r
F.,=(2 - -— h 2.4
o =(2/m)cos exp( Z(rsind)n (2.43)

Tash  F=F, .F,,.mMigaaslass (Total loss) (2.44)
2) MmsUSummsivtgT Ny
o 1 Y d‘ ] ) d' A 9 ] [

MIfMIuA a 1Naus (2.40) sz Iiamnuuuduienela Tuseszning

. oo . .

0<a<4io a>4 nguj BEM lwadwinaaramaouldarnnamasnaasawin luvaeh
o o Y Y v A A 1a ' =

BuUTRe9USUNAYRY Glauert ¢ Idnaansnamwiz lunsaii lunnsanmmsga@edaesly
[~ . T A a 1 i

(F=1)win'ldvingalf 2.6 uaionnsamsgadeiarslusindie (F<1) Nd1 a=0.4

a ] = IS . . ey tg [ A =KX A 1

vinan 1w TiaBes159Aay (Numerical instability) Y1 #9319 2.7 3aRan1snsz Taaven

A o Y @ 1
T]ﬂ’]u']mulﬂﬂi]ﬂﬂﬂﬂﬁ'n
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) . 0
—&— BEM Theory /
— 1.8 1| === Glauert correction
g —&— Buhl correction X X
5 1.6 X Experimental data )K/*)’X XX
S 14 KX
8 . X X %
S 1.2 ”
2 1
E 08 o
= 0.6 )
SEY
0.2 / <>\\
0 %
0 0.2 0.4 0.6 0.8 1
a [axial induction factor]

317 2.6 A1 a WeoNsan F=1 91nuuus1aedved Glavert (Lanzafame and Messina, 2007)

2 ; j
18 —&— Glauert correction /
— 1.8 -8 BEM Th
8 || —©— Buhl corre:gt}ilon V4 WX
3 1.6 X Experimental data X i XX
jdmm
fam
g i; xx X
1 !
é 0.8 Numerical )1( m/O/
i ) instabjlity %
£ 0.6 — \Q\(
Sy /0// \\Q\
0.2
0 <
0 0.2 04 0.6 0.8
a [axial induction factor]

—

d' 1 4‘ ) o
gﬂﬂ 2.7 A1 awenwasu F<1 anuuua1a93ved Glauert

(Lanzafame and Messina, 2007)
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11011 1a9na17 Buhl (2005) 39 laduaueuuuiiassldlsuudar a

lunsain a > 0.4 uazinsanmmsgadslatgly asaums

_18F—20—3JCN(50—36F)+12F(3F—4)
B 36F —50

a (2.45)

Y
[ U

] ' ] Y
e C, Ap duilsz@nuseaInin (Trust coefficient) ¥39a 10og Tugilanns Idasll

2
v, (1-
2&¢®(Qcm¢+cﬁm¢ydr

— (2.46)

pnR*V?

@)
—
ﬁ‘
o
S

N |-

3) uUUH1A09HUIINI U (Stall delay model)
A ° A y a 2 A 9 ¥ Axd = o Y
o o >15 Do aaumnamsquau e 19 lawanadyudssuiludoq

Y
HUUTI1a09MU9N15U W1FelTundn C uaz Cy liauasauiniu lu

e =D
e
)3
@
2
—2

v A

HUVTIA0 Viterna-Corrigan (1981) tote1l5Sunda1 C, 1ileeningluunveussdiumaan
A A Y A a e NES A Y A ° .
MU LVANHULHNOULTIAUNNAVY Flat plate A91UM AN 151 WBUVTIA09 Viterna-
. = ] o = 1 d‘ a d%’ = ) A % d’ a
Corrigan 293U URBING 1ALTIONTNATUUY Flat plate vz Hguvn lumlounuusseniina
Y '
vuuwueImalugsyuilznenainmsu asiuisdoudenuuusas iz aud i uns

YFuudnar C_ lus 9190 15@nBINDI1 11U U109 Corrigan and Schillings (1994) 1% wan13

'
o A

° S = < Y o oA P~
muuiududinga Feaziu lannraaninuaas 13 luuni 4
227 TUABUMIHINANAYVDINGHE BEM
FunnMsenal auag a’
o a A 9 =< a v o Y I (%
1) MyuayuALEudY Tagdayunnveanaiuauduuuuiuman
2) MmN, ¢, 1INauMs (6)
o o v J ? 1
3) mmmguﬂzm, o, MNANUAUNUS 0(=¢—Bi]”|ﬂuuﬁ]$l1¢9fﬂ”l C uag
- < : 7
C, Fuilu Meruveuyulzng e lanindeyamsnadouing Iusnan (Jonkman, 2003)
o 1 4 4 I 1 { o o a
4) USuudan C uag C, oy o >15 o esnnilusrsinaiuauia
11570 Taetdenl4uuus1a09U09 Viterna-Corrigan 5247 VI UT180 9909 Corrigan and

Schillings
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5) YSuudmsgaidedatsly A20uUDT1009v09 Prandtl AITUNIT (2.42)
saalSundnsgapdelanludreauns (2.43) TuwarfvesnisgaydesauTasldaums
(2.44)

6) Y3uuda1a AuAMANMUIBIINTUNT (2.40) HINADINITHANITAIUIL
na foaunni eldtunuieetSuliem a Taoldauns (2.45) % Buhl 1§vaue 1y

7) adulsuna lutuneud 2)aﬂﬂ§a agfuINENINnsERIm a taz a’
@:L"lgﬁ (Converge)

8) thaeulums luafinnzay inlddnmamaniaiuay

228  aumsmssanuasniesiluvedhyad
mﬁaammmwuaﬂwmm cauRUSNYAL AN IR LT 12 d0 911N
AT aaaaum LT mds saaummuaaanionlfunsinagiainingii
¥oenNui3IaN Ao aumsuanuainnuiziiiuvesliyad (Weibull probability distribution)

(Spera, 1994) AIAUNT (2.47) LLﬁSﬁNﬂTiﬂ?TNaﬁgfﬁﬂl@‘lfJ yJaa u\iﬁllfﬂi (2.48) ANAIAL
F(V)dV =(k/C)(V/C) exp| =(V/C)* |av (2.47)
ae

F(V)dV =1-exp| ~(V/C)* |av (2.48)

3 1 I
NNFAUNIT (2.47) uag (2.48) 1lumsuaaanisuanuaanuvizilunag
] < ' f Y a I'4
ANudazauyeInlIwIlanlus19sznie VaaV+dV Tash C Ao W1315taos
[ A a 4 U 1 9
32AY (Scale parameter) Llag K A9 wwimmaigﬂsn (Shape parameter) usanalaan

aumsae 11l

(2.49)

N
k=| =% 2.50
&3 250
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Tagn V Ao anuBaumay muaa laen \7:CF[1+(1/k)]
1o ['(x) f® Gamma function

@ <
o, Ao anuuliduvesnuEIan

I'(x) = j: e 't Tt 2.51)

{ @ 1 1 I
Tagz1lf 2.8 Aodrvd1gdunuveudunsimsuanuasnnuiziuves

s = s A
Thyed uazanudazanvelyad e C =2 1ay k=2

1.0 —

- - ——— CDF
osl P —  PDF

/
/
/
0.6 /
/
/
0.4} 7
/
/
0.2F /
/
- 1 1 1

0'00 1 2 3 4“ 5 6

A ' 3 o A 4
gﬂ‘]/l 2.8 ﬂmmmmmmm%gﬂumm%yaa !,Lﬁgﬂ’)'lﬂﬂﬁgﬁﬂellﬂvljuuﬁﬁ

Mo C=2uazk=2

dmsuanuselduaaldnn

P = H| PDF-P.dV (2.52)
u
Tash H Ao S Tusaeiliiauriiy 8760 42 Taa

Y

A ] I <3 a Ay o
PDF a® mmmfﬂzLﬂummmwmmau%61 Glmma YUISATUIUIINAUNITNIT

1 < 4
mmmmmm%mﬂumm%uaa

[

A A A FY [ ~ < [ & a dy )
P o \1TLWIWaG]1ﬂﬂ1ﬂﬂﬁﬁuﬁuﬂﬂ31ﬂliﬁﬁﬂﬁ1ﬂ 9 "])’\‘111!\111!7] gUITATUIUIN

NOu37 BEM



21

22.9  MSUINUDINNINDVBIADANANATIDIA
~ < ~ 9 % a a
MILINUIIANVDVDIANNIGTIAUN 1A10A15 TR uammmwaiugﬂuwuqu
1 A 1 < ] Y] o [
UMY NUAUAIFIIAIMTIaY (Bin width) 110U 1 m/s (Cartar and et.al., 2008) 7113 U

{ < 1 1 o
ﬂ’mﬁmmﬂ’nm‘i’mﬂmmazmq ﬂ1u’3ml1ﬁji]1ﬂﬁhﬂ1i

S A, (V)
fH (V) == n.W ’

vel, (2.53)

4 A o & ) = <
$\3)] n 1o Fﬂ’lu'ﬂu%ﬁﬂuﬂﬂl@\ﬁl@yjaaulﬂaﬂj’lfl"]f'JIlN
A 1 <
I, fAp FuanuEIanla o

A 1 woA 1 ] ] ' 1 o Y
A, (v) e mdyiilugaennuEiay Lminanuiian veglusie |zl
A, =1vnv hieglugae Ludr A =0
A v ' ]
W Ao anundevesrunnuEian
A o < =i [ [ A 1 1 <
Wo11971W15 780NN TANMIUIUNIANNDVBIAAZFIIATNEIAN 910
A 1 : < @ < o ]
aung (2.53) 92 1Aum YUMo INITHINUIIANNDVEIAWIG IaY AuaauTduA10819

Tuzin 2.9

0.16

Wind speed distribution at Lamtakong in Korat
T T T T T T T

Probability Distribution

0.147 "

0127 "

0.087 "
0.067 "
0.047 "

0.027]

8 10
wind speed [m/s]

12

511 2.9 ded

Nuwugﬁummsmmmmmﬁmmmmfimmmﬁ@
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d
2.2.10 MIAATIZHNTOADY (Regression Analysis)
= [ o o 1 % a % = A @ A
AMIANEIANNFUNUTILHIA M5B asauls1Re) vseratealuils Ao
[ % 1 A ) A a 9 a 4
X, X, X,, ..., X, nU gandsauuuuaeiieanilsdnls e Y Honldnisiniiziiniinaney
I A = o = A A 9 Y P 1 @
Wwasesiiolumsiiuie suiluntdonlduinnluaoumsain luamnsonrvaudauls
a ] < a ~ %] a 1
oasz 14 1wy manudoyaniesssuana uaglumsnaassiamnsonuaualsoasz 18

@ @ @ J o ¥ o < [ an
sasimamuvewialanuely daugenuiimmin dudu (Rasas, 2554)

Y
LY

a J ] A A o (3
ﬂ\‘]uuﬂ"li')!ﬂﬁ']$‘VifﬂiﬂﬂﬂfJfJﬂ\1!,‘]_]1!!,?]i’t’)QiJ@illﬂ?ﬁ“Vl']uWJNﬁﬂi%“l/l‘]ﬁll’f)\i@]’)!!,‘l]3

'
a aAa v

dasznvasdinlsaunmasiinsany ¥eesurelaareaunisonnos Taeluannis Ao

9 Y] Ao A 1w A o 9 ] a
ﬂ’]ﬁﬁﬁ'Nlﬁu%i\jﬂﬂﬂﬁﬂﬂluﬂ']'iﬂizm']mﬂ']@j!lﬂﬁ@'lll Y VWI']Gl‘ﬂfﬂﬂﬂl@gaﬂuuﬂugmﬂ’]iﬂﬁ%@]ﬂ

Q a
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‘ Design wind speed, J(V*) ‘

|

SuWiTStat

Calculate C, element
BEM & compare with Betz limit

chord and twist distribution

NO

Protor <= 19.8 kW

- Optimized blade
- Weibull parameters

Maximum Annual Energy
Production

vary pitch angle and calculate
annual energy production

AEP =8760 P, (V) xf(V)dV

Maximum AEP

Optimal Skin-thickness Calculation

_FE@ N M(n)[t(r)/ 2]

=20 10

Where G, < Callow
E-glass using price of $20/kg where the blades
represent 20% of the total turbine cost, TC.

BC >TC

Minimum Cost of Energy

TC depends on blade cost which is
determined according to blade cost.

COE-TC+BOS teri0aMm
AEP

t5(r) = t5()ne
COE = COEmn NO S(r) = t5(Dnew

Maximum profit

%

= ) ° A q 9 o Sad
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IEARY

=2 .. = a 4 =
e (ngld rotor) Gluﬂiﬂ‘l‘ﬂﬂﬁﬂﬂsﬂﬁwﬂ15m1LﬂWW$IiL@l®5LLUUﬂﬂ

N9tiay NREL Phase VI

4.5.1 an¥azVINItiHaN NREL Phase VI

- Suluneiua ;2 lu

1Y 4 9 . A 9 ds! R 9y
- aﬂymgmﬂQIﬁlﬂﬂﬁ :AUaY (Up wind) 130 Meay VUHBYNUAITUADINITUD

- FZVUAIVAUNAINUTIUAY : TTUVAIVANFIUNIT YL

A ¢ ¢ A ¢
- ¥HavedlsiAes : IsmesuuunseaAn (Teetered roter) 159 Tsmesuyy

- 9A11A4 : 19.8 kW

<
- AWLTIAY Cutin : 4 m/s

9 ] o o
LﬁuNWHﬁuﬂﬂaNTﬁm@ﬁ :10.1m

WINAAUWLOINIA : S809 AYg1lh 3.2

- umsiialunaiuaaeanuIn NI UNBVNVYA Twist zero NIZEL 3.772 m

4
ANNFIVOWNUNIHUINIDTZAVNY : 12.192 m

v a a g 1
(75% Gummmsnﬂumwu) LLﬁ8°1/If”f‘1/l1\‘iﬂTi‘]JﬂL‘]JuﬁzlﬁJ‘]J'Jﬂhl‘]JﬂNﬁ}"lu@JaN (Feather)

] = I 1 @
- 4195282 0.508 m 94 0.883 m (I w9 Iauluna

[ A v W A Y o 9
- 6])"3\11/]1“ﬂ\iﬁﬂlﬂﬁﬂ“ﬁ]']ﬂwu’]ﬁﬂ’lqﬂalllsln

5282 0.883 m D4 1.257 m

%

Wi Uanvazl

' Y o

I
Tunsanszuon

ANTIAALNUDINIA AD F29

Y

point at

Blade Attachment

10.1% G;Jur._l' ~0.737 m at 25% Spon.

o
| b

ified Geometry (SB09 exclusively)

Radius (Parcent)

! —
Piteh and Twist_| ‘-'I I Tip Cap ttq‘hme«t_‘/ /
Axiz ot 30% Chord __7__———|,'—7_ 0,483 m point at 98.2% Span.
‘." at 75% Span. Tip Cap— /
Airfoil starts Suction Surface
at 25% Span
= 5.029 m -t
[T FUURT T FUUE T [T | L N
10 20 30 40 B0 70 80 90

0.356 m
at 100% Span

319 4.3 U0 uazgi1vvealunaiuay NREL Phase VI (Simms and et.al., 2001)
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Distance from rotor center Chord length Twist Thickness
[m] [m] [degree] [m]

0 hub hub hub
0.508 0.218 0 0.218
0.66 0.218 0 0.218
0.883 0.183 0 0.183
1.008 0.349 6.7 0.163
1.067 0.441 9.9 0.154
1.133 0.544 13.4 0.154
1.257 0.737 20.04 0.154
1.51 0.711 14.292 0.149
1.648 0.697 11.909 0.146
1.952 0.666 7.979 0.14
2.257 0.636 5.308 0.133
2.343 0.627 4.715 0.131
2.562 0.605 3.425 0.127
2.867 0.574 2.083 0.12
3.172 0.543 1.15 0.114
3.185 0.542 1.115 0.114
3.476 0.512 0.494 0.107
3.781 0.482 -0.015 0.101
4.023 0.457 -0.381 0.096
4.086 0.451 -0.475 0.094
4.391 0.42 -0.92 0.088
4.696 0.389 -1.352 0.081
4.78 0.381 -1.469 0.08
5 0.358 -1.775 0.075
5.029 0.355 -1.815 0.074
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12

10+ . = j

Power [kW]

‘ m NREL Phase VI Exp.

3 1 1 1 1 1 1 1 1 1
6 8 10 12 14 16 18 20 22 24 26

Wind speed [m/s]

37 4.4 n3 eI TOUL VDN UAY NREL Phase VI (Simms and et.al., 2001)

0 10 20 30 40 50 60 70 80 90 100
% Chord

Y o

gﬂ‘ﬁ 4.5 BUIRAUNUDINIA S809 (Schreck and Robinson, 2007)

Y d
4.5.2 ﬂmﬁﬂﬂa‘ﬂ1@?)1ﬂ1ﬁ1/‘lﬂﬁ1ﬁﬂ§sllf’)\'i!!wui’]"lﬂ1ﬁ S809
v (Z 1 a 4 a
E]ﬂBil!$mW"Ig"]J@Q‘Viﬁ)W]ﬂLLWN’O"IﬂTﬂEU S809 Iﬂﬂ’flmi"lgﬁiﬂﬂWi]GlﬂiiiJﬂii

a 1 | '
AM37U teeen 1diiu 3 929 Ao (Lanzafame and Messina, 2007)
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- %23 -5<a <7 A9 ¥2I08UIAANITIY (Pre-stalled regime H39 Attach
flow regime)

- ¥ 7<a <20 Ap ¥INIUIFTUABAI (Stall development regime)

1 A [} a < ?zl/ .

- ¥N a>20 A9 FIUNAMITIUIANVU (Fully-stalled regime)

= < = @ ' 1 @ [ 2 = <

NAu5IaN 5 94 7.5 m/s 690411499 Pre-stalled 6A9 15293 l1)audannuGa

< ' { a 2 2 1w ' '
10 m/s 1T UF I MAALTIBNTUFI N13VITNNBAINT 008G 1% Stall development AN
s & 1 = < ' A a Y % 9 A k1 Yy
AMWIGTIAWA 10 m/s D9 20 m/s T UFMAAM TN uAdaansaaissenigatu 1don
Y

{ S o ' 1 o ] f Y ] L. @ 1
Tagfussdundalimgusu@ernuy $29ili5en 1A0n1ie Ao 529 Transition azya191N5293 11

I v 1 <3 A 2 1 < ' = @
199 Fully-stalled L338NANAIDYIITIALTD uaztmﬁﬁmwwfiu@mﬁami’swummﬂu

U
4.6 ﬂ15ﬂﬂﬁ@ﬂiﬂ'§!!ﬂi?»lﬂllWﬂﬂ"l'iﬂﬂﬂ@QsllﬂQ NREL Phase VI
1037 4.3 WonSsufsunanmuauiunan1INAadvednIiual NREL Phase
1 o Y o I (] ~ 1 < o = g‘; dy
VI nuNwamsmuInaeandesnurantsnaasuifueden lugennuiidineunais nai
A A <3 o 1 v 1 A o a Y Y A A o
Hed1InAirInNuEInInanduiuriinms lnadumeaaludaiulaa wieEond15a
[} v v
Attached flow 989 laiAan13uunludsiy wseewnalulsuaia duiuramsdiua
1 o v <3 <3| o 1
Jududrunneaunis nawnanuzIan 14 mss Hudulwamsduaaziiennnanis
g‘/ dy d‘ dyw 1 9ya o d' [ Y =\ d' a
naaed Nitiiiesninllsunsuiida lulannsanuuuiinesilSundnaduiioninmsnans
@ . = 1 é’ 1A 1 Aa Y ds! 1o Y =3 ~
uNada (Dynamic stall) &3 lugaeil limeaamans sdmvuge uadalvussenTulFmaiga

FUASINU HANTAIUINTIEININANITNAaINoauAIT taz lugramedenduinlndifes

o Y A < < Y o 4 <
AUNANINARDIDNATINANNG Y 20 m/s tiudu 1] wienSeumeunaduTUsunsudu sz

Y
v A A 1

1Han1sA1uI v 1dsunsuluea1ud el @n21 EOLO (Lanzafame and Messina, 2007)
a ] <3 % [
uag SuWiT (¥1as3 uagnI®, 2008) Tuy29A21U53a1 5-13 m/s 9 EOLO 1ag SuWiT 3AnI1
1 % S J Y g o v
Tu%9 13-18 m/s FIWaaNENANI109 SuWiTStat i umauninmsidenls nuusiaoaniiag
[ [ Y 9 a dg! a o dy A 9 [ .
M3 MwlFuunar C uaz Cy Ivanasaunnvu luandveiiaenly u1uT1a04 Viterna-
. A ' o Y1 4 Y v A A o
Corrigan (1981) ti1e328150unm C, 1499910 YUVVVOIMIIANURAUNANTIY deUaNYUY
1 Y
Milo LI IUAAADY Flat plate A3HUMIIH0n 1HN8UUDT1204 Viterna-Corrigan Fa13iueh
=\ 1 d' a da! = 1 A % d‘ a
EBINO UALTIBNTNATULY Flat plate 92 H1uuy Timilounuussonnauuuwue1nel
] o o & =< 9 A o A ) [ o Y1
Tugrayuilengrainmsqu dsussdeudonuuUT eI NIz aNd 1T UMsUTuuna C,
133 910NTANHINDI BUUT1209 Corrigan and Schillings (1994) 1 Han1sA1L MR UEN

A
nga
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1900

1700
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1300

1100

900

Torque [N.m]

700 ---- ‘77774\77774\777 ‘- N‘REL Phase VI‘ (Simms‘;md et.al.,‘2001)

500 w_ ,L o ,: o ,: ~ —>* - EOLO (Lanzafame and Messina, 2007)
| | —=2— SuWiT xTass uagniv, 2008)
| | —o— SuWiTStat Grium uazniv, 2008)
| | L | | | L
5 7 9 11 13 15 17 19 21 23 25
Wind speed [m/s]

317 4.6 mInfFeumeransAUIAIAZNANINAADIVBININUAN NREL Phase VI

nngtlit 4.4 JumsisudyeTdsunsy suwiTstat Tned3se 18U ugadiudn
Tudruvesnisidenlduuusiaeaniagmisqu (Stll delay model) FaidonlFuvusians
Corrigan - Schillings annﬂi"m,gfsﬁ,ﬁnLaniu*ﬁaqﬁxﬁﬂmigu (yuilgng > 20°) minyueng
¥INN71 90° 92 63A9 1FUDUTIA0INAIN1TY Viterna — Corrigans 15UIAN 1510521 #ANITNS

P
AMUIUTANULNUEILINTY

1900
1700
1500
é 1300
g_ 1100
S
F 900 4 ! ‘
| |
7 | | | ' I I I I I
S /A ©T7"7°  m NREL Phase VI (Simms and et.al., 2001) |
| | -
s00l M- ____ | —o— SuWiTStat 2008 |
| | | —— SuWiTStat 2010
| | | | | | | | |
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Wind Speed [m/s]

H 9
5U% 4.7 wamsanaan 1sunsy SuWiTStat ATIaIgafTeumeuHamsmuInLag

U

NANISNABBIUDINIH AN NREL Phase VI
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521  aNUUUAIBADAANMINGNIA
A @ a J 1 ] I A
iesnnanvuzgioimadiulngvesdszmalnentsesnilu 3z gg fo
qg%’au (HUIAN — 1UHIPU) t]@vlu (NQENIAY —ARIAY) LALHAN U (WOAINIEU —
o ' a3 ' P~ = <3| ' A Ao w <3| '
nuAius) Turiggeuazilurisnenuiuinge vazilusreantanimaus ansizdlueia
Y
wsgu vineenuuylunsiuldmnziuadaauyeil azhIdnsiuauansofamasaunn
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wngey dmiuluggmadusziugrandnemmnasavandind uamind Suyuiu v a
) v
mugaunuanaanlugigaiu q wihldraswvesnuinaiuaunans 1d luuaazgeiial
d? 1 % a = 1 A d' 1 = v o td'
AU NMIUSUYHINERA R 910013199 5.1 WU NuNEvesniuanignesntLy
A 1 ~ [ 9 A KR 9 [
awggmavziimgainnaunetlvesnaiuavdununlunnnsdifne agil1den % waa
zé dd’ ) = v o a ~ 9 =
Falunsaii 1 (§192A09 2.UATNFTU) N UaNHEANUE] 1dgege o 5246 MWhiy
A A Y L4 a ~ 9 A A
FO40911A0 NIAUN 7 (0.4 LWpIYIe) MARNUTIT TR 49.04 MWhy wazlunsain 8
1w < a Y o v 9 o A ' o
(MAAT 13e 9.9:00) Waala 27.52 MWhy awday dmsulunsdin 3 (e.uimnz v.6110)
I A v o a = 9/:, A A A I A AA o
Wunsdinaiuaunaanusiellamiga Ao 6.55 MWhy tesnnituusnanidnenin
3 o A ] < a4~ = 1 d‘
ANUITIANMNGA TasNANNEIANRANINE 2.63 m/s (1INA1519N 3.4) AIUAITIN 5.2 LaAd
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M13199 5.1 U6l vesnaiuanAuILY teznuanNoenuUUMeEIAANAINGAN A

gafou garu §anuUN AEP
: ) : : : ; AEP .
nsal | waanunla | ndaaouinld | ndauild | wauild | waiuild | wasuinld MW NREL Phase VI | % Haa
[MWh/season] | [MWh/month] | [MWh/scason] | [MWh/month] | [MWhseason] | [MWh/month] [MWh/year]
1 5.97 2.9 27.03 451 19.46 4.87 52.46 41.01 21.826
2 6.94 3.47 18.61 3.10 9.33 2.33 34.88 27.27 21.818
3 1.36 0.68 34 0.57 1.79 0.45 6.55 5.89 10.076
4 2.72 1.36 6.44 1.07 9.39 2.35 18.55 15.26 17.736
5 1.91 0.96 2.59 0.43 6.99 1.75 11.48 9.39 18.206
6 451 2.26 12.66 2.11 13.74 3.44 30.9 24.87 19.515
7 6.36 3.18 25.99 4.33 16.69 4.17 49.04 38.41 21.676
8 2.25 1.13 17.95 2.99 7.32 1.83 27.52 21.74 21.003
9 1.58 0.79 7.04 1.17 6.76 1.69 15.39 12.81 16.764
10 3.04 1.52 6.33 1.06 8.22 2.06 17.59 12.97 26.265
11 3.15 1.58 6.93 1.16 7.33 1.83 17.41 13.89 20218
12 4.8 2.40 6.66 1.11 16.91 4.23 28.37 22.2 21.748
13 3.12 1.56 10.9 1.82 8.6 2.15 22.62 18.21 19.496
14 1.95 0.98 7.44 1.24 5.35 1.34 14.74 12.49 15.265

L8
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MINN 5.2 YUEUIMINzTuRUadaaNmNnanIa luiaaz NIl

A5 . Optimal tip pitch [Degree]
9930U g9ru 99NUN
1 1 3 3
2 1 3 4
3 0 0 0
4 0 0 1
5 1 0 1
6 1 1 2
7 1 2 2
8 1 3 1
9 0 1 1
10 1 0 1
11 1 1 1
12 1 0 3
13 1 1 1
14 0 0 0
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) 4’ o 2
1) N394 : POUAINTABY 2. UATIIFAIN
o S d‘ o =) d‘
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nagl tip pitch [degree] v o o w o

Aaviuay (1) Aaviua (2) (1) nu(2) PhaseV]

1 3 52.40 52.46 0.114 40.96
2 3 34.25 34.88 1.797 26.79
3 0 6.28 6.55 4.122 5.65
4 0 18.05 18.55 2.695 14.86
5 1 11.45 11.48 0.251 10.46
6 1 29.78 30.90 3.625 25.27
7 2 46.63 49.04 4919 38.52
8 3 40.21 43.48 7.510 35.03
9 1 15.28 15.39 0.715 12.97
10 1 16.79 17.59 4.548 12.97
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13 1 22.43 22.62 0.840 18.05
14 0 14.06 14.74 4.613 12.51
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53 MISANNANIANNTINURUNIMINZaNAIENgUnamans
msdamadugegainatuun lusuiuesh¥ismsuimuiven (kin
thickness)  ipuiigafias il lusniuRannudemeluvasficoiuamhauneld
anmzanlusedufigega Tuanisoazdonldanudian Class 11 (59.5 mss) Hunnuday
20N (IEC, 1998) c'fmﬂummﬁaauqaq@ﬁﬂmﬁ@%u"lﬁ’“lmhmm 50 31 dmsuanuau
gegasziiai Tauludaiy e l§anauns (4.5 Fawamsiuaumanudugaga
(Gyp) W0 IUANT I TuAHY vazs ey asnaas 13 luased 5.3 silefeusuly
Safuduiny Fafiuramiiu 1204 ke (Malcolm and Hansen, 2006) @analinisilszifusian
TRy tagsnaTuaNduuLUD TAUNIAY 2408 $/kg  Lag 12040 $/kWh  AIud1AL
dunnumueufingaunaaanuem lussiueziuaue 13 lumanuan 4
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M13190 5.4 Manudugega waaluneiu M ludsiu wagsnnaiu
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naviuaw (1) AIviuaN (2)

= v L4 v £ @ L4 v o
NI | Oyax | 870 [ 910110AWY | 91090 | Oyayx | %28 | s luneriu | 1A

[MPa] [kg] [un/kg] [UMN/kWh] [MPa] [kg] [un/kg] [Un/kWh]

1 92.11 |102.10] 66733.86 | 333669.30 | 91.04 | 9891 | 64650.07 | 323250.33

2 91.16 |94.45| 61732.38 | 308661.88 | 91.14 |109.45| 71539.76 | 357698.79

3 93.63 |77.00| 50324.20 | 251621.02 | 93.63 [76.995| 50324.20 |251621.02

4 92.51 |91.87| 60048.95 | 300244.74 | 92.51 | 91.87 | 60048.95 |300244.74

5 91.53 |87.43| 57144.63 | 285723.17 | 92.25 | 89.31 | 58372.35 |291861.77

6 91.10 |101.11] 66717.77 | 333588.86 | 91.82 |102.08| 66717.77 | 333588.86

7 93.01 |93.46| 61086.10 | 305430.50 | 91.14 [109.45| 71539.76 | 357698.79

8 91.87 [94.37| 61679.87 | 308399.35 | 90.80 [105.10| 68693.08 | 343465.39

9 92.71 |89.46| 58467.86 | 292339.30 | 93.43 | 85.83 | 56098.35 |280491.77

10 | 93.56 |87.25| 1745.06 8725.32 91.96 | 86.36 | 56447.00 |282235.00

11 93.13 |97.68| 63841.36 | 319206.78 | 93.85 | 89.88 | 58745.97 |293729.86

12 | 91.31 |98.01| 64058.51 | 320292.56 | 92.04 | 96.97 | 63378.97 |316894.86

13 | 93.55 |101.46| 66314.68 | 331573.41 | 91.11 | 98.56 | 64420.06 |322100.31

14 | 92.78 |85.71| 56018.01 | 280090.05 | 92.78 | 85.71 | 56018.01 | 280090.05
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COE [U11/kWh]
N3 1 —
YUy (1) WU (2)

1 0.9445 0.9453
2 1.2418 1.2737
3 4.5262 4.8784
4 2.0981 2.1016
5 2.7549 3.1694
6 1.4118 1.5242
7 0.9281 1.1167
8 1.0033 1.2174
9 2.3366 2.3560
10 2.0425 2.1764
11 2.2157 2.2131
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A13199 v.1 ANurveUvedlunaiulunsal Weud1nzABd 2. UATTIF AN

Radius Skin thickness
1.0078 0.029095
1.1465 0.029095
1.2851 0.029095
1.4238 0.028473
1.5624 0.027852
1.7011 0.027230
1.8398 0.026608
1.9784 0.025987
2.1171 0.025365
2.2558 0.024743
2.3944 0.024122
2.5331 0.023500
2.6717 0.022878
2.8104 0.022256
2.9491 0.021635
3.0877 0.021013
3.2264 0.020391
3.3651 0.019770
3.5037 0.019148
3.6424 0.018526
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Radius Skin thickness
3.7810 0.017905
3.9197 0.017283
4.0584 0.016661
4.1970 0.016040
4.3357 0.015418
4.4744 0.014796
4.6130 0.014174
4.7517 0.013553
4.8903 0.012931
5.0290 0.012309
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Radius Skin thickness
1.0078 0.029457
1.1465 0.029457
1.2851 0.029457
1.4238 0.029331
1.5624 0.029205
1.7011 0.029079
1.8398 0.028953
1.9784 0.028827
2.1171 0.028701
2.2558 0.028575
2.3944 0.028449
2.5331 0.028324
2.6717 0.028198
2.8104 0.028072
2.9491 0.027946
3.0877 0.027820
3.2264 0.027694
3.3651 0.027568
3.5037 0.027442
3.6424 0.027317
3.7810 0.027191
3.9197 0.027065
4.0584 0.026939
4.1970 0.026813
4.3357 0.026687
4.4744 0.026561
4.6130 0.026435
4.7517 0.026309
4.8903 0.026184
5.0290 0.026058




A15199 1.3 nuvevvedluniriulunsal o.uanng v.81104
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Radius Skin thickness
1.0078 0.041041
1.1465 0.041041
1.2851 0.041041
1.4238 0.040165
1.5624 0.039288
1.7011 0.038411
1.8398 0.037534
1.9784 0.036657
2.1171 0.035780
2.2558 0.034903
2.3944 0.034026
2.5331 0.033149
2.6717 0.032272
2.8104 0.031395
2.9491 0.030518
3.0877 0.029641
3.2264 0.028764
3.3651 0.027887
3.5037 0.027010
3.6424 0.026133
3.7810 0.025256
3.9197 0.024379
4.0584 0.023502
4.1970 0.022625
4.3357 0.021748
4.4744 0.020872
4.6130 0.019995
4.7517 0.019118
4.8903 0.018241
5.0290 0.017364
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Radius Skin thickness
1.0078 0.02958
1.1465 0.02958
1.2851 0.02958
1.4238 0.02874
1.5624 0.02791
1.7011 0.02708
1.8398 0.02624
1.9784 0.02541
2.1171 0.02457
2.2558 0.02374
2.3944 0.02290
2.5331 0.02207
2.6717 0.02124
2.8104 0.02040
2.9491 0.01957
3.0877 0.01873
3.2264 0.01790
3.3651 0.01706
3.5037 0.01623
3.6424 0.01540
3.7810 0.01456
3.9197 0.01373
4.0584 0.01289
4.1970 0.01206
4.3357 0.01122
4.4744 0.01039
4.6130 0.00956
4.7517 0.00872
4.8903 0.00789
5.0290 0.00705
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Radius Skin thickness
1.0078 0.029578
1.1465 0.029578
1.2851 0.029578
1.4238 0.029401
1.5624 0.029224
1.7011 0.029047
1.8398 0.028870
1.9784 0.028694
2.1171 0.028517
2.2558 0.028340
2.3944 0.028163
2.5331 0.027986
2.6717 0.027809
2.8104 0.027632
2.9491 0.027455
3.0877 0.027278
3.2264 0.027101
3.3651 0.026924
3.5037 0.026747
3.6424 0.026570
3.7810 0.026393
3.9197 0.026216
4.0584 0.026039
4.1970 0.025862
4.3357 0.025685
4.4744 0.025508
4.6130 0.025331
4.7517 0.025154
4.8903 0.024977
5.0290 0.024800
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Radius Skin thickness
1.0078 0.029577
1.1465 0.029577
1.2851 0.029577
1.4238 0.028869
1.5624 0.028161
1.7011 0.027453
1.8398 0.026746
1.9784 0.026038
2.1171 0.025330
2.2558 0.024622
2.3944 0.023914
2.5331 0.023206
2.6717 0.022499
2.8104 0.021791
2.9491 0.021083
3.0877 0.020375
3.2264 0.019667
3.3651 0.018959
3.5037 0.018252
3.6424 0.017544
3.7810 0.016836
3.9197 0.016128
4.0584 0.015420
4.1970 0.014713
4.3357 0.014005
4.4744 0.013297
4.6130 0.012589
4.7517 0.011881
4.8903 0.011173
5.0290 0.010466




15190 4.7 vunvevveslunaiulunsal o.uvde vimysysel
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Radius Skin thickness
1.0078 0.029063
1.1465 0.029063
1.2851 0.029063
1.4238 0.028964
1.5624 0.028865
1.7011 0.028765
1.8398 0.028666
1.9784 0.028567
2.1171 0.028467
2.2558 0.028368
2.3944 0.028268
2.5331 0.028169
2.6717 0.028070
2.8104 0.027970
2.9491 0.027871
3.0877 0.027772
3.2264 0.027672
3.3651 0.027573
3.5037 0.027474
3.6424 0.027374
3.7810 0.027275
3.9197 0.027176
4.0584 0.027076
4.1970 0.026977
4.3357 0.026877
4.4744 0.026778
4.6130 0.026679
4.7517 0.026579
4.8903 0.026480
5.0290 0.026381
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Radius Skin thickness
1.0078 0.0292
1.1465 0.0292
1.2851 0.0292
1.4238 0.0290
1.5624 0.0289
1.7011 0.0288
1.8398 0.0287
1.9784 0.0285
2.1171 0.0284
2.2558 0.0283
2.3944 0.0282
2.5331 0.0280
2.6717 0.0279
2.8104 0.0278
2.9491 0.0277
3.0877 0.0275
3.2264 0.0274
3.3651 0.0273
3.5037 0.0272
3.6424 0.0270
3.7810 0.0269
3.9197 0.0268
4.0584 0.0267
4.1970 0.0265
4.3357 0.0264
4.4744 0.0263
4.6130 0.0262
4.7517 0.0260
4.8903 0.0259
5.0290 0.0258
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Radius Skin thickness
1.0078 0.03047
1.1465 0.03047
1.2851 0.03047
1.4238 0.02964
1.5624 0.02881
1.7011 0.02797
1.8398 0.02714
1.9784 0.02631
2.1171 0.02547
2.2558 0.02464
2.3944 0.02381
2.5331 0.02297
2.6717 0.02214
2.8104 0.02131
2.9491 0.02047
3.0877 0.01964
3.2264 0.01881
3.3651 0.01797
3.5037 0.01714
3.6424 0.01630
3.7810 0.01547
3.9197 0.01464
4.0584 0.01380
4.1970 0.01297
4.3357 0.01214
4.4744 0.01130
4.6130 0.01047
4.7517 0.00964
4.8903 0.00880
5.0290 0.00797
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Radius Skin thickness
1.0078 0.02963
1.1465 0.02963
1.2851 0.02963
1.4238 0.02915
1.5624 0.02867
1.7011 0.02819
1.8398 0.02771
1.9784 0.02722
2.1171 0.02674
2.2558 0.02626
2.3944 0.02578
2.5331 0.02530
2.6717 0.02482
2.8104 0.02434
2.9491 0.02386
3.0877 0.02337
3.2264 0.02289
3.3651 0.02241
3.5037 0.02193
3.6424 0.02145
3.7810 0.02097
3.9197 0.02049
4.0584 0.02001
4.1970 0.01953
4.3357 0.01904
4.4744 0.01856
4.6130 0.01808
4.7517 0.01760
4.8903 0.01712
5.0290 0.01664




Q139N V.11 ¥ Uved JUN U lunsal 0.92UL 9.89va1
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Radius Skin thickness
1.0078 0.02907
1.1465 0.02907
1.2851 0.02907
1.4238 0.02832
1.5624 0.02758
1.7011 0.02683
1.8398 0.02609
1.9784 0.02534
2.1171 0.02460
2.2558 0.02385
2.3944 0.02311
2.5331 0.02236
2.6717 0.02162
2.8104 0.02087
2.9491 0.02012
3.0877 0.01938
3.2264 0.01863
3.3651 0.01789
3.5037 0.01714
3.6424 0.01640
3.7810 0.01565
3.9197 0.01491
4.0584 0.01416
4.1970 0.01342
4.3357 0.01267
4.4744 0.01193
4.6130 0.01118
4.7517 0.01044
4.8903 0.00969
5.0290 0.00894
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Radius Skin thickness
1.0078 0.02948
1.1465 0.02948
1.2851 0.02948
1.4238 0.02908
1.5624 0.02867
1.7011 0.02827
1.8398 0.02787
1.9784 0.02746
2.1171 0.02706
2.2558 0.02666
2.3944 0.02625
2.5331 0.02585
2.6717 0.02545
2.8104 0.02505
2.9491 0.02464
3.0877 0.02424
3.2264 0.02384
3.3651 0.02343
3.5037 0.02303
3.6424 0.02263
3.7810 0.02222
3.9197 0.02182
4.0584 0.02142
4.1970 0.02101
4.3357 0.02061
4.4744 0.02021
4.6130 0.01980
4.7517 0.01940
4.8903 0.01900
5.0290 0.01860
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Radius Skin thickness
1.0078 0.02901
1.1465 0.02901
1.2851 0.02901
1.4238 0.02816
1.5624 0.02732
1.7011 0.02648
1.8398 0.02564
1.9784 0.02479
2.1171 0.02395
2.2558 0.02311
2.3944 0.02226
2.5331 0.02142
2.6717 0.02058
2.8104 0.01973
2.9491 0.01889
3.0877 0.01805
3.2264 0.01721
3.3651 0.01636
3.5037 0.01552
3.6424 0.01468
3.7810 0.01383
3.9197 0.01299
4.0584 0.01215
4.1970 0.01131
4.3357 0.01046
4.4744 0.00962
4.6130 0.00878
4.7517 0.00793
4.8903 0.00709
5.0290 0.00625




A13199 0.14 vunvenveluneiulunsal eudsuss v.quas w51l

154

Radius Skin thickness
1.0078 0.031966
1.1465 0.031966
1.2851 0.031966
1.4238 0.031255
1.5624 0.030545
1.7011 0.029835
1.8398 0.029124
1.9784 0.028414
2.1171 0.027704
2.2558 0.026993
2.3944 0.026283
2.5331 0.025573
2.6717 0.024862
2.8104 0.024152
2.9491 0.023442
3.0877 0.022731
3.2264 0.022021
3.3651 0.021311
3.5037 0.020600
3.6424 0.019890
3.7810 0.019179
3.9197 0.018469
4.0584 0.017759
4.1970 0.017048
4.3357 0.016338
4.4744 0.015628
4.6130 0.014917
4.7517 0.014207
4.8903 0.013497
5.0290 0.012786
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Abstract

The design of a stall-regulated wind turbine to achieve a maximum annual energy output is still a
formidable task for engineers. The design could be carried out using an average wind speed to-
gether with a standard statistical distribution such as a Weibull with k = 2.0. In this study a more
elaborated design will be attempted by also considering the statistical bias as a design criterion.
The wind data used in this study were collected from three areas of the Lamtakong weather sta-
tion in Nakhonratchasima Provice, the Khaokoh weather station in Phetchaboon and the Sirind-
horn dam weather station in Ubonratchathani, Thailand. The objective is to design a best aerody-
namic configurations for the blade (chord, twist and pitch) using the same airfoil as that of NREL
Phase VI wind turbine. Such design is carried out at a design wind speed point. Wind turbine
blades were optimized for both maximum annual energy production and minimum cost of energy
using a method that take into account aerodynamic and structural considerations. The work will
be carried out by the program “SuWiTStat” which was developed by the authors and based on BEM
Theory (Blade Element Momentum). Another side issue is the credibility of the Weibull statistic in
representing the real wind measurement. This study uses a regression analysis to determine this
issue.

Keywords

Component, Wind Turbine Blade Design, Annual Power Yield, Local Wind Statistic, Cost of Energy

1. Introduction

To optimize the performance of fixed speed or stall-regulated wind turbine is a complex procedure according to
the several trade-off decisions. This type of wind turbine is mostly a small and medium size that is suitable for a

“Corresponding author.

How to cite this paper: Sridech, W, and Chitsomboon, T. (2014) The Design of Stall-Regulated Wind Turbine Blade for a
Maximum Annual Energy Output and Minimum Cost of Energy Based on a Specific Wind Statistic. Journal of Power and
Energy Engineering, 2, 10-21. http://dx.doi.org/10.4236/[pee.2014.26002




W. Sridech, T. Chitsomboon

household utilization in the remote areas. The mitial capital cost of investment is likely low due to the unneces-
sary mtelligent control system, therefore installing the stall-regulated wind turbine in the low wind sites could be
the attractive choice. Merely, by optimizing the aerodynamic efficiency of the rotor, the best wind turbine could
produce the maximum annual yield for a given Weibull wind speed distribution.

Another important factor of designing the optimal rotor for the specific wind sites is the quality of the meas-
ured wind speeds. There are several parameters which have an effect on the quality of the measured wind speeds
namely period of time for collecting wind data (weekly monthly or vearly), frequency of collecting data includ-
ing the accuracy of the instruments, and so on. An acceptable wind data should be collected at least within 2
years [ 1]. Its frequency depends on the capability of the instrument which was collecting the data every minute.
Afterwards the hourly mean wind speed was determined in order to reduce a large number of data and evaluate
the statistical parameters.

The objectives of the present study are to maximize the annual energy (AEP) and to minimize the cost of
energy (COE) produced by the optimal wind turbine. The iterative approach was utilized in order to complete
the blade shape optimization by the acrodynamic model based on BEM theory.

According to this study focuses on a small wind turbine, therefore the initial cost of wind turbine would be
evaluated from the cost of blade due to its weight.

2. Study of Wind Statistic

The measured wind speeds used in this study was acquired from 3 meteorological stations at Lamtakong in
Nakhonratchasima, Khaokoh in Phetchaboon and Sirindhom dam in Ubonratchathani. Lamtakong is located
between 14°4758"N latitude and 101°33'32.2"E longitude whereas Khaokoh is located between 16°37'56.69"N
latitude and 100°59°'51.70"E longitude and Sirindhorn dam is located between 15712'13.87"N latitude and
10572528 86"E longitude. All data was collected from 2006-2008 at the height of 661 m above sea level and has
been supported by the Electricity Generating Authority of Thailand.

2.1. The Real Wind Distribution

The frequency distribution of the measured wind speeds is mostly presented as a wind speed histogram with a
bin width of 1 m/s [2]. It can be calculated from the Equation (1).

34,00

f.j,(v)_”'fT, vel, 0

where 7 is the number of hourly mean wind speed data of the sample, I is bin width and 4, () is the
indicator function of the interval / ;- which is 1 provided that « € I » and 1s otherwise 0. Each interval is equal
to 1 according to the bin width setting. Figure 1 shows the frequency of the individual wind speed calculated
from Equation (1).

2.2. Weibull Distribution

The measured frequency distribution is mostly fitted with the Weibull distribution function which is quite flexi-
ble due to its two parameters as shown in Equation (2}

o=t of (1)
[Aws s

where I is instantaneous wind speed. & is shape parameter and ¢ is scale parameter [m/s),

g L0EG ]/_’
k= (TP] L e=———
7 T(1+1/k)

And 7 is mean wind speed can be calculated from following relation
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7 =cl(1+1/k), T(x)= [ e"'t"dr

The Weibull distribution curve and statistical parameters corresponding to the measured wind speeds are ex-
pressed in Figure 2 and Table 1, respectively.
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Table 1. The statistical parameters at the three case study site.

Nakhonratchasima Phetchaboon Ubonratchathani
[ 7.2427 m's 69867 m/'s 4.0096 m's
k 13173 22089 1.8358
Variance 86374 87513 40475
mean 64170 m's 6187TTm's 35625 mis
dtl_‘l 94700 m's Y3500m's 59900 m's
R2 0.9628 0.95[1 0.8833

The R? considering between Weibull distribution function and the frequency distribution of the measured
wind speeds can be calculated from Equation (3).

E a2
Rl :1_21:1(px _p‘)
v =1
PIMEES?)
where p, is the relative frequency of the sample given by Equation (1), f?l 1s the probability obtained from
Weibull function at each interval [,, P is the mean of the total p, aluesand N is the total number of
mtervals.

In consequence, R? corresponding to the three case study sites namely Nakhonratchasima, Phetchaboon and
Ubonratchathani are 0.9628, 0.9511 and 0.8833, respectively. According to R? represents the credibility of
Weibull distribution fitted by Weibull function and measured wind speeds, when it reaches to unity that means
the Weibull distribution is good agreement with the frequency distribution of the measured wind speeds. There-
fore, the Weibull distributions from the case studies were proper to predict the probability of the wind statistic in
those sites.

€),

3. Aerodynamic Modeling

BEM Theory is the most widely used method of caleulating the preliminary performance of wind turbine due to
its low computational demand and reasonable accuracy. This work will be cammied out by the program “Su-
WiTStat™ which based on BEM Theory in order to optimize a rotor performance by a given local wind statistic
[3] In this study, the wind speeds which produced the maximum wind power density, 07, were chosen to be
the design wind speeds as shown in Table 2.

The NREL Phase VI wind turbine with rated power of 19.8 kW was chosen to be the original model [4]. It has
two twisted blades, a variable chord along the blade, and a rotor diameter of 10.1 m. The acrodynamic cross-
section is the 5809 airfoil and is constant along the blades. The pitch angle is three degrees and rotational veloc-
ity is 72 rev/min. Thereby the design parameters are chord. twist and pitch. The program was iteratively search-
ing the optimal design parameters which provided the maximum power coefficient of each element calculated
by Equation (4):

C,,=dP./V; pardr 4

where

dP = % PNVCQ(C, sing ~ C, cos )dr 5

4. Optimization

The design of the individual stall-regulated wind turbine, two objective functions were considered: maximum
AEP and minimum COE. The AEP was calculated by Equation (6)

AEP =8760[ PO7)< f()dV ()

©
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Table 2. AEP and COE of the optimized and the original wind turbine.

AEQ [MW hivear|

Area
Original Smoothed
Nakhonratchasima 40.96 5240
Phetchaboon 3882 4908
Ubonratchathani 1251 14.06

where F,was power of wind turbine produced at instantaneous wind speed.
The worthy of investment normally evaluated by COE which was calculated using the following equation [5]:

COF - TC+BOS

xFCR+0 &M @)

In this equation, TC was the turbine cost ($/kW h) [6]. For the balance of station BOS varied with the ma-
chine rating ($200/kW). The fixed charge rate FCR was 11%/year. The AEP was considering to be 98% availa-
bility. Finally, the operation and maintenance O&M was fixed at $0.01/kW h.

From Equation (7), TC depends on blade cost which was determined according to its weight. Assuming the
blades were manufactured by E-glass using price of $20/kg where the blades represent 20% of the total turbine
cost.

For evaluating the blades weight needed to know the skin thickness distribution along the blade. The skin thick-
ness was determined according to the maximum allowable stress (0, ) corresponding to the material strength
of 110 MPa. If the residual stresses were taken into account, the & equal to 94 MPa was used.

The total stress acting on blade composed of two components, first tensile stress due to centrifugal force and
stress due to bending moment, as shown in Equation (8):

B M+M(r)[l(r)/2]
AR 1(r)
where ¢ = 7o(r) anda Safety margin 7 equal to 10. The cross-section was modeled as an I-beam with-
out a shear web as shown in Figure 3. Tt represented the overall skin thickness that was subjecting the load.

The maximum stress acting on blade was calculated in the condition that wind turbine was parked and fully
exposed to the storm. According to the International Electrotechnical Commission (IEC) [7], the [EC 50-year

extreme wind speed for a wind Class I1 (59.5 m/s) was used to compute the blade loads. In consequence. the
minimum skin thickness, blade weight and blade cost as well as turbine cost were determined.

o(r) ®

5. Result and Discussion

The optimal blade shapes for each case study are shown in Figures 4-6. In the optimization process, blade was
divided into many elements so that the number of elements then brought about the discontinuity of the optimized
points. However, increasing the number of elements made more reliable results but consumed more computa-
tional resource as well. Hence, the smoothed Iine was made for a feasibility of blade manufacturing. Tn addition,
wind turbine with smoothed blades produced higher performances compared with the original one as shown in
Figure 7 and Figure 8, particularly operating at the mean wind speeds of the studied sites,

Normally, the design of optimal blade was carried out using one design wind speed. Due to the fact that wind
turbine was operating among fluctuated wind speed at a site. Thus, the pitch regulation was required to optimize
the annual yield for a given wind statistic. As the results, the optimal wind turbines operated under the three
cases of wind statistic in Nakhonratchasima, Phetchaboon and Ubonratchathani produced the AEP of 52.40,
49.08 and 14.06 MWHh at pitch angle of 3°, 2° and 2°, respectively as shown in Figure 9. Whereas the original
wind turbine produced the AEP of 40.96, 38.52 and 12.51 MWh which were decreased by 28.38%, 35.08% and
15.96% compare with the optimized results. The results from Table 3 could be summarized that the COE eva-
luated from the optimal wind turbines could be reduced by 13.62%, 10.67% and 31.83% compare with the orig-
inal results.

As the results, the optimal wind turbine operated under the higher potential sites contributed the greater an-
nual yield which leaded to the lower COE (Figure 10). However, the high profit margin does not only rely ona

O,
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Figure 3. Modzl of the profile.
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Table 3. The optimal thickness and the minimum COE comparison between the optimized and the original wind turbine,

COE [$kWh)
Area Optimal Thickness [mm]
Original Smoathed
Nakhonratchasima 2923 01505 0.164%
Phetchaboon 3019 0.2025 0.180%
Ubonratchathani 2438 0.6091 04152
1 5 1 1
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Figure 6, (a) Companson of chord distribution (b) Comparison of twist angle distribution {Ubonratchathana).

minimum COE but concerns with a machine rating as well. What if the machine rating 1s increased, the higher
electricity produced. the higher profitable revenue would be gained accordingly. This issue will be carried out in
the further work.

6. Conclusion

The wind turbines imported from aboard were designed for the windy areas those were not working properly in
the weak wind areas as in Thailand. Thus, optimizing wind turbine blades for domestic using could be the best
solution for reducing the initial cost and enhancing the performance of wind turbine. As the results, the AEP
preduced by the wind turbines optimized with the local wind statistic in Nakhonratchasima, Phetchaboon and
Ubonratchathani were increased by 28.38%, 35.08% and 15.96%, respectively whereas the corresponding COE
have been decreased by 13.62%, 10.67% and 31.83%, respectively. For a long term consideration, 1t 1s worthy
of installing these wind turbines because of the enormous profitable revenue from electricity selling correspond
to the higher AEPs and the lower COEs can be achieved.
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