TR 2L E

SHERE 2] FHHAH 2
AA o B3 A+

PPN 2PN
e T 5 7

19994 124



TYHEHUE 29 T994 ¥
AAd 2 A7

78 B AF & B

* ¥ XK
of X< L& WMELBM H/I2E RIF.

19994 12AH

FREKY TEHELEMN RS RET

A
#xzARg A 7 4 %1
£ B VITYEWM g
£ B ZF 4% #

FHMAKBE KB

19994 124



A Study on Design of Wind Turbine

Blade and Aerodynamic Analysis

Dong-Hyun Lee
(Supervised by professor Jong—Chul Huh)

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF ENGINEERING

DEPARTMENT OF MECHANICAL ENGINEERING
GRADUATE SCHOOL
CHEJU NATIONAL UNIVERSITY

1999. 12.



NOMENCLATURE --evvterermtserssessessisssesssisssssissssssssnssssssssssssssssssnsssssonss i
SUMMOARY orvvverrueessisssssssssssssssassssssssasssssssssssssssssssssssssssssasssissesssssnssssss i
L Al B oo s sa st 1
I ZXGAE ZEAA D FA oo sesesssonin 4
2-1. L-F O] & e s e 4
2-1-1. Actuator disk O] coreerermrmimersiisensirmssssssessensmessstas 5
2-1-2. Annular momentumeO] & i 9
2-2. g7l 8 Al R A AR R I s e 12
D=3, SHAPO] B «rroorrererreermrersraresssssssst s ssiressssssessssssessssssassssnssssnssssasans 15
24, E A BIade «veeriereeresrmeinssiesiese s s esssess s aes 21
25, Blade A ] oottt sassssssnes 23
26, B M oovrererrmrionriressisne e sns et ss et e 23
27, BB A A corrrinrerirmesimsinms s messisesssesssssissesssserconeses 26
2-8. G EE T e 2%
IR T = O 28
IV. Z B ettt 39



NOMENCLATURE

Vi : Free stream velocity

u . Axial velocity

u; : Outlet velocity

A : Swept area

Py, P, : Atmospheric pressure
Py, Py : Front and rear pressure of swept area
P . Air density

T : Thrust

dT ' Local thrust

a ' Axial interference factor

a’ ' Angular interference factor
P : Power

Cp : Power coefficient

C; : Thrust coefficient

C, ' Torque coefficient

2 : Angular velocity

@ : Angular velocity of wake
@ : Torque

dQ : Local torque



X : Tip speed ratio

x . Local tip speed ratio

R : Span
7 . Local span
L : Lift force

dL : Local lift force

C. : Lift coefficient

D : Drag force

dD : Local drag force

Cp : Drag coefficient

0 : Pitch angle

a : Attack angle

¢ : Flow angle

W . Relative velocity

B : Number of blade

¢ : Chord length

a, . Attack angle when stall occurs
Cps © Drag coefficient for a,
Cy, : Lift coefficient for a,
AR : Aspect ratio

o, ' Local solidity

F' . Prandtl’s correction factor

- ii



SUMMARY

The wind turbine blade is the equipment converted wind into electric
energy. The effect of the blade has influence of the output power and
efficiency of wind turbine.

The design of blade is considered of lift-to-drag ratio, structure, a
condition of process of manufacture and stable maximum lift coefficient, etc.
The design of aerodynamic blade has many methods. Most of all, The
momentum theory be predicted total performance around the rotor. But
momentum theory can’t be considered blade weight, distribution of induced
velocity, effect of blade number and a section of blade shape. The blade
element theory can be analyzed a section of blade shape, effect of blade
number, Reynolds’ number and mach number, etc., but can’t be explained the
interference of all blades and effect of wake.

This study is used the simplified method for design of the aerodynamic
blade and aerodynamic analysis used strip theory and Local Circulation
Method. The strip theory compounds both momentum theory and blade
element theory. This process is programed by C-language. The program
shows two dimensional shape and three dimensional shape, and has any input
values such as tip speed ratio, blade length, hub length, a section of shape
and max lift-to-drag ratio. The program displays chord length and twist

angle by input value and analyzes performance of the blade.
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Fig. 2-4 Blade element and velocity triangle
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( Ed )

Fig. 2-5 Flow chart of optimum design
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Fol sl FHu7l 2 gYo] vigAsch B Yo MAd = o]A o2
] e, A §old T& o g

£ d7dAME JdggAsed 4% 54 "X 58 NACAULISE 7129
Yoz datgor(old4, 1989), 2 GAYLS Fig. 2-69) Jeluidrl. Fig.
2-73} Table. 12 NACA44159] ¥4&Y F47% o HEE Jehdugich



Fig. 2-6 Section shape of NACA 4415

Table. 1 Section coordinates of NACA 4415

X(upper) Y (upper) X(lower) Y(lower)
0.00000 0.00000 0.00000 0.00000
0.01250 0.03070 0.01250 -0.01790
0.02500 0.04170 0.02500 -0.02480
0.05000 0.05740 0.05000 -0.03270
0.07500 0.06910 0.07500 -0.03710
0.10000 0.07840 0.10000 -0.03980
0.15000 0.09270 0.15000 -0.04180
0.20000 0.10250 0.20000 -0.04150
0.25000 0.10920 0.25000 -0.03980
0.30000 0.11250 0.30000 -0.03750
0.40000 0.11250 0.40000 -0.03250
0.50000 0.10530 0.50000 -0.02720
0.60000 0.09300 0.60000 -0.02140
0.70000 0.07630 0.70000 ~0.01550
0.80000 0.05550 0.80000 ~0,01030
0.90000 0.03080 0.90000 -0.00570
0.95000 0.01670 0.95000 ~0.00360
1.00000 0.00000 1.00000 0.00000
Leading edge radius=2.48 Slope of radius=0.2
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Fig. 2-7 Section lift coefficient of NACA 4415



2-7. YUY A

@789 HAYL Chord length®] ¥ X, Twist angled] olsjH FFEY. 2
1 Blade7t $2Fe] 2E HYHAA A& F& = v oA 4=
A9 A wet &9 de] vehrty] wFo|ch 122 Bladed] dAE
AA dAderA Y F4u18 ZAHk Aok FHu= @AY 27, @, F
o o WAzt Gl AV AAFE @AY AEEAN wE W
VAR A3 EA N o3 dAHA Ao}

drgor wHE FAY AS HA FEHUE 692 ok £ AFANE A
A F&uE TR At

2-8. YMUA =209

EEA Z2aYPL CANE AR, AAXZ WL AHeAle) 87 ubeh
Fig. 2-8914¢ Ze] Dialogue box®lA %3} Blade 7147, Blades] #ol, 319
do], F&u9} el me Ao FPulelMe $EA4E ARAAAZ YHE £ 3l
A Hejlth 4 @ol 213t Bladet 2219 233 339 Yo YA4L B
= A Hol flow, 33d RYL x, v, z FLE AAAIAN 1 PHL FUE
= gt 293 HAZ22YPL Blade B4 EUY W o2} THALY 39
Ax, E3ATE 98 o 98 AF AQXY = UA | Blade YA P @
Ao dek AY §98 + Utk
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III. 44 a3

HAM e yuygel dAE Al 2-43 HA Bladel M 49 WU} Strip o]
ok&® A 2-3E9 Tip loss& ety Sy, A 2-6HAM AP
NACA4I5E 71¥ d¥oz saM HA 448 72 3o d/lE dAGA.
ol§A 4AE Blade S]¥el ¥ FHAHFHYL Azuma et. alo] o] /fdH
o) 97 dFAFAN I AJEI UFE IFThe8ol&(Local circulation
method)el ol3) 4=t

Table. 2 Relation to tip speed ratio and performance coefficient

Tip speed ratio | Power coefficient | Thrust coefficient | Torque coefficient
3 0.446 0.690 0.11
4 0475 0.739 0.083
5 0.485 0.755 0.067
6 0.485 0.759 0.055
7 0.482 0.760 0.047
8 0.478 0.759 0.040
9 0.474 0.758 0.036
10 0.469 0.756 0.032

d7le) dAAA, 4%A4 e Table 29 Zol Velta, JFsHY A, F4y)
7t 69 9 Fig. 2-9o41¢} Zo] H 19 2&E& el Ao Fig. 2-10944 3
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HAFE F&ud o A& Frsigrt F44) 74 945 qATAR
1o L 7HAG, EAASFE Fig. 2-11014 & Zo] F&u|o ateg AL FL
e AYLE Btk & 9359 YA F459)9 Solidity’t F7HE o
EolAm EF, Cp/Cr% Twist angleo] 248 o Frigch &, Soldity7t F
g o Faxe EJAFe FAAFE L FEHudN LA Wi A
&9 ¥4 g y1(Multibladed type)2 B 49 @& 7HNA i, nde F9
B} ¥l (Propeller-type)2 3 9 4718 & ¢ + A

AnA e EYASFE L Solidityel M3t} Table 20148 Zo] H1 FH A
Fd do FE&uEve B F&HuldA LR, EIAFE F59 S
A ZAse, Re FEujoA Soliditye] F7te @A F7r@Y. adHAM A
Hog A&e FH gl & AF EAV Yasn ude ¥ g @
& AF EAV 48 €.

Table. 3 Solidity, chord and twist angle in X=6

/R Solidity Chord (mm) Twist angle ( °)
0.2 0.239 2429 336
0.3 0.163 165.3 22.3
0.4 0.122 1244 16.7
05 0.098 99.5 133
0.6 0.082 829 11.1
0.7 0.07 709 95
0.8 0.061 62.0 83
09 0.054 55.0 74
1.0 0.049 50.0 6.7

H 3 Solidity¢ Flow angle? Fig. 2-12¢} Fig. 2-134|A 8} o] F&uje] 2
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A BAEE ¢ & Jdonz A o vt HZ Bladed F4E UEA 4
A sjo} ¥}, Fig. 2-15% Fig. 2-16& 33 Solidity$t Twist angle24 A&l
A HAE NF FEE EIE A7) 98 Hub® oA €e H37 2
AXE 23 gt Fig. 2-179% Table, 3& F&u]71 69 @ JHRAMEE
Span9] 20%A e} Chord Zel& 24cmolZ, Tip chord®) Aoy Scmte &
g vebdn,

Prandtl®] Tip loss& 133l AsAsE& vli32 Fig. 2-18% Fig. 2-19,
Fig. 2-20% #th. #¥A 5 Tip loss& st F44|7F 64 A 0461414
00839+ 18%H4sH 2, FY AL 0.7209914 0.0257F 34%F 718t oH, E
AAFE 005294 0.0079F 13%% 713t

Fig. 2-21% A€ Bladed] 224 =¥7 YeA+E vehdlz 313, Fig.
2-22& 2719 3x4Y EYo2A FFEHYE F5HOoZ Spang 80cmZB AL,
Hub®] Heo]= Span® 20%ZE 35t E=3 NACA 44159 438 BAJHo=
HE A FPud w9 FYALE 1, AT 00080 U x, e Y]
T 125, &2 5 A ol % FES Fig. 2-69 Dialogue boxel w¢ste
g719 23490 =¥ 33 BYE& A
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Fig. 2-9 Relation to tip speed ratio and Cp

04

1
4

3 10

0.75

0.7

Ct

065

) ] 1 | |
08, 4 5 6 7 8 9 10

Tip speed ratio (X)
Fig. 2-10 Relation to tip speed ratio and Ct

_31_



0.2

0175

0.15

0.125

01

Cq

0075

0.05

0025

5 -] 7 -]
Tip speed ratio (X)

Fig. 2-11 Relation to tip speed ratio and Cq
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Fig. 2-12 Relation to tip speed ratio and solidity
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Fig. 2-18 The comparison of strip theory and prandtl tip loss for Cp
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Geomatic Modaiing Pooject. CADEM
AIRFOIL INFORMATION : Lt

Scton Type  Chend
HACAMET 14
R&CA#LS 18339
RACR44IS 1D
HACRMLS 16570
RACAMLS 13188
NACA#LS 13057
NACAHIS 18BM
NACAHLS 13185
NACA#LS 1M
10 HACK#4} 17705
1 NaCA44l: 1R
13 NaCA3 (1372
13 NACA4S 11360
M NACASMS 197
15 NACAMIS 10609
16 NACALS tho¢s
1T RACAMLT %3
12 NACAMLS w4
1§ NACAHL F3se
A RACAWIS W%
A NACAMS B4
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Fig. 2-21 Two dimenstonal shape and performance coefficient in designed blade



2
L]

g

?

.
St )
A AN
“?:"

Fig. 2-22 Three dimensional shape in designed blade

_38_



v.4d £

B ATdMe F7198F o8& A &3t FA e Blade® dA 8%t} Blade
g dAs T4 FAGUAHA Yo LYoy AL i not 3GF 4
He) Aol Wadir & APz HHo8 % FFEF|EH kR
o] 7 HEHe Strip oJ€22 YiE AAFAL, AFEHL Off-design ¥
ol dhaire Ade ABEI ¥& FA2EEPY(Local circulation method)&
olg3te Ao W ALE FRRAY. £F Ao oM AHAHYE Fo}
7he #A43 Strip o] R F2¢EHNE TPt TeaYde Ag
Zhe] 8- TALge] StA F4u) 9} Blade Zol, Blade 7I¥, # X o], Blade B9
Bl st Hd FPelelAe) S dHASE HH 4=EE YYHAA Ho
Atk & d7edMe 998 5o 95k Bladeo] HHY AdAe] Ha¥ Chord
dol¢t Twist angleo] AAS %3, Bladed A5 AT &, FYASF, Y44, E
AA g AdstAct. a2 H A o] ¥ Blade dA} Y54 T
AEd FL 49 A9 40 wasn, =% AHY 4F WP zeist ¥
230, o2 A YAH vL HEE T3] HH2 Blade® AL P
W nge] e, 183 FF ATE HME TR $ A8 483
SdoA e 2/t FHH T A Y o)A ok,
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AR 2

2 Aol YA HIAUFU
A3 4 & vty sy dAY ddfle Ade & O Ate
TEE 7ted BuUng. HE2d digd A% 3 299 ARbEe] FugAd
AUEA 2 g9 o] A& FAEA HAE, oML FANY &0l + fle
AZbEE B 39 EAL B} AFYT

ol =& e AYL A FZH & £ LRFE ARECIUFH
oo 2EE 93 A g2 22 A @A EA EAME A2
T UNE UE FPOINS S AU F& & Yyt aAHAE EF3HA o]
ZA e ZHAE 94 8 AL FES =49 &40 AW HELUG.

WA o] RE UL olFAL AE T AL FEYA FA=HYG, EE
B Ao FEgodE QUEN AZRAFARL o =ERYE A3 5+ 4
A AE AT 2dedd F4 ol o= FROFN IFE igd, VY]
i 2, 394 294, 399 1249, 438 isd, 4FY aeddAs
ZAEPUY, £ JEF%oz v gFAME AVUIE Zo] 39 =§9
FEY Zz2aPe] A 2AE oA FRW AYY wed LW AsE
ARA FHFA AAF AN, WA YE AZE Bl W A7 dNY 7
ARE FL AT A5 FYoY, F4AE 2oiE& APUY. 283 F4
EnE AFERD oy X2 AU FEI HE FFYPA Foljzt #
Ate] TE Aol ¥ A REAFUTL 2 YelE, £2FF Ao FuAA Y
Wasd v A oAl AAg FA HE dAs, ' ZodA gol HeiE AT
Ze Tl I, 7|6 o8] Ao @A HE AR, AR YA @ AL F
A, BRY nie HEF BAY, A8 TEH AIFLR §le] Ho{FAd v
€7 FAd, 283 715848 HYeEd FdHe gy, A% E ted
o Algez 4o} #4E 19 FEY, 3 95, v, ¥ 7123 AFHFA
€ vyt 4 nriEE A2 AFUY. I Yol EHHA R AF
o U A g AgE... AYoR FAEYHYY.

1099, 12. & 2§
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