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1. Actuator disc theory

Stream-tube

-

e

L7 > Actuator disc

An Energy Extracting Actuator Disc and Stream-tube

G 7

] N

Variation of Cp and Cr with

Axial Induction Factor a

Momentum theory

Rate of change _
Of momentur?] ( U Uwake)pAdiskU disk

U =U,—al_ , a:axial flow induction factor

Power coefficient
Power = FU y =2pA, U a(l-a)’

Power

1
E pUiAdisk

C, =

Betz limit

9C _41-a)i-3a)-0, a=1, 0333
Corn =5 _ 0503
™97

Thrust coefficient

Power
C, = ﬁ C, =4a(l-a)
EpuooAdiSk
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2. Rotor disc theory

©

The Trajectory of an Air Particle Passing Through the Rotor Disc

2a'Qr

pp—4p2aQn?

U_(1-a)

Rotor motion

Tangential Velocity Grows Across the Disc Thickness

Angular momentum theory

Torque = rate of change of angular momentum

=mass flow rate x change of tangential velocity x radius
5Q = psA U, (1—-a)2Qa’r’ , sP=6QQ
2p5AUIal-a)’ = po AU, (1-a)20%aTr*

Power from axial thrust Power from torque

iCP =8(l-a)a'A’y’, A=(RIU,
du

Maximum power

1 , a(l-a)
a=-, a=—73—
3 A u
C, = jols(l—a)am2 *d
16
- =4a(l-a
( )= 27
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A Blade Element Sweeps Out an Annular Ring

W = JUZ(L-a)? + Qr’(1+a’)’
_Qr(l+a’) a=¢—p
Y

sin¢=#, COS @

SL= % PW2CC St

oD = % PWZACC,or

(a) Velocities

Leos &+ D sin 0
!
$¢\ L

D

\ Lsind—Dcos ¢

(b) Forces

Blade Element Velocities and Forces
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4. Blade element-momentum (BEM) theory

The component of aerodynamic force on N blade o
elements resolved in the axial direction The power coefficient is

5Lcos¢+5Dsin¢:%p\N2NC(CLcos¢+CDsin¢)5r c._ P
P

1 2 p2
The rate of change of axial momentum of the air —pU> 7R
passing through the swept annulus 2

(L—a)2zrdr x2aU_ =4zpu’a(l—a)ror
[ee] [e0] p o0

0.5
Using the following equations, values for flow induction

factors a and a’ can be obtained by an iterative process 04 —
a __o __ O 2 a c.C,
1-a 4sing’” " 4sing 7’7, 1+a  4singcosg 031~

C cosgp+Cysing=C, , C sing—-C,cos¢=C, !

02 —

Moreover, blade solidity is defined as total blade area

divided by the rotor disc area 0.1 —
or=NC_NC

F 2 27u R 0

0 5 10 15
The complete rotor develops a total Torque Q g

[} Performance curve of power
Q =%pUj,7zR3/1 IOR“Z 8a'(1—a)y—uﬂ R C.(1+a) du coefficient vs. tip speed ratio
T
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o MIAISH2S Yixoz MAHFTHEC} 1.3~1.5H] R2 HLI0M ZHEH 0] H

$ 10m/s
FHES Vy = 12m/s
S35 A = 10m/s
NSSH Vew in = 3m/s
X3S Veu_out = 25m/s

HAISS AL 2

T e O e
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1.2 2 8|0|= =F A I S&r2 EY

o 2F| S|0|= Ao HFYS 2I510] 2] (4.1)= 0]|=.
o =HSHAr= 0.45, SEHEAISHX|(power train) 2} -Z7| (genera -

tor)2| =2 0.92 714.

D—
\/ncppﬁvg (4.1)
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o 7AZETE FX| Y WHI|9 =8)= 0.92 714.
o G (BBIAIS)E= 0.45, A37|LUE)E= 1.225kg/m32| ZUE JHA.
o Z=F SH0|=2| YA 3|H+E HHSII| fI510] & (4.2)E HE 51920, M|
TSR2 7.5.
N m = 60( Vo )ﬂ = 26rpm (4.2)
7 D
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1.3 &l 2 £aA+2 B3

o 5|X5t= 2E| E30|== (tip vortex)2| &Moo 2 oI5 &2k(circulation) &

L4 0] Ludwig PrandtlO] xj|otst

COS™ [e (N /2)(@p) ] )L+ 2p)? (1) ] (4.3)
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1.2
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0.6 A
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Prandtl's Tip Loss Coefficient

0.2 A

0.0 . . . . L
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Prandtl’s tip loss coefficient f
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a
1 1 3 a(l_T) (4.4)
a:—+—f——\/1 f+f2, a'=——
3 3 AU
o 2! (4.4)E 0|R510{ 2HI0|= Z2|x| Mslo| N2 & S5 FEAIS Y 3H
SE SEASE CHA AlAkHH, O8 4.2(a), 8 4.2 (b)Q} 22

o M7 TSRO| 30|&2l A 4] (4.4)5 0|&310{ | & H=st ZlE oIF &

T UL 2] AUS.

ST O e
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Tangential Flow Induction Factor

0.4 1
0.2 -
0.0

0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8
rR

Tangential flow induction factor

ST O e
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0.3336

0.3334 -

0.3332 -

0.3330 -

0.3328 -

0.3326 -

0.3324 -

0.3322 -

0.3320 -

Axial Flow Induction Factor

0.3318 -

0.3316

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
r'R

Axial flow induction factor
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C 2z y A u”a
R NG J(1-a) +[iu@+a)) (4.5)

o

o AlZE Il 2 =2 NACA 63(2)-4150|0{ =|CH etd|E LIEIL = K&l

Me| =2 S|+ 5SS £ 4.2 0f| LIEILIUS.

RE c C, Co CL/b

3,000,000 3.0° 0.7704 0.00568 135.6338

Aerodynamic characteristics - NACA 63(2)-415, X-FOIL
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EE EZ0|= 52 37 zRol= H2 sIEHEFE] 70% fZI0M S30I1=
Bl 7HXl, 2 30% =2 Aol X|LIX| 3.
O] AHofl Ciet =t & A ojoje{e] HrHEr 0|F0{X|H FH.

SIEE25E 30% JiX|2] H2 dS= Adfst MY BErl= AxFH2E HYE

=HI0|= X[X|S flet EALESE 112{510{0} 5l= F-=.




= « H3(1IMW] =& =Ed|0|= 2| & Al

SIEE2RE 70% ~ 90% AI0|2] HHE J7IE22 1A SF 40l 2fst M ZAl

2= Soll A SH|0|= IFAXI0IA{2] 2i2] ZOo| 22X I+ 4.
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6000
g CptinumChaord Lergth
5000 - N - 4= COriginal Chard Length
— \
£
= h}
£ 3000 - \‘
- \..
© “m,
© 2000
=
O
1000 -
u T T I T T
a2 04 0.6 Qs 1.0
R

Distributions of chord length at each section
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1.6 el 7el 7SZ X HIEE 22| 843

o 2772 *EZ(inflow angle) 4= 2] (4.6)2 Soll ZIE = 22 H|S

2l Zt (twist angle) 2| 7|AH0]| ALS.
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20

18 A
16 A
14 A
12 A
10 A

Twist angles in degrees

o N b O ®
1 1 1 1

0.2 0.4 0.6 0.8 1.0
Local position

Twist angle distribution
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af o, (C. - Or o 1-a

1-a 4sin’¢  * 4sin®¢ ’'1-af (4.8)
af  o0C, 1-a

1+a" 4singcos¢gl—af (4.9)
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Lift Coefficient

—— NACA 63(2)-415 (Xfoil, Re=3,000,000)

0.6 1 —— NACA 63(3)-418 (X-oil, Re=3,000,000)

0.5 —— DU-93-W2-210 (X-foil, Re=3,000,000)

0.4 —— DU-91-W2-250 (Xfoil, Re=3,000,000)

03 - —— FFA-W-301 (Xfoil, Re=3,000,000)

0.2 1

0.1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
012345678 910111213141516171819202122232425

AOA

Estimation of the lift coefficients for several airfoils by X-Foil
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Good agreement with Exp.

Lift Coefficient

NACA 63(3)-418(X-foil, Re=3,000,000)
NACA 63(3)418 (Experiment, Re=3,000,000)
NACA 63(2)415(Experiment, Re=3,000,000)
NACA 63(3)-415(X-oil, Re=3,000,000)

0.2
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012 3 456 7 8 91011121314151617 18 19 20 21 22 23 24
AOA

Comparison of lift coefficients calculated by X-FOIL
with experiments
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160 -

150 1 —————  NACA 63415
140 - NACA 63418
130 - DU93W2-210
120 - DU91W2-250

FFA W-301
110 -

100 -
80 A
70 A
60 A
50 A
40 A
30 A
20 A
10 -
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Lift to Drag Ratio

Comparison of lift to drag ratios, calculated by X-Foil
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ROOT @ | LocalPosistion | Twistidea) | Pesitionimm) | Chord (mm) Airfoil series

0.40 8.14 10900 2208.63 DU91-W2-250
0.45 6.87 12262 2103.48 DU91-W2-250
0.50 5.83 13625 1998.32 DU93-W2-210
0.55 497 14987.5 1893.17 DU93-W2-210
0.60 4.24 16350.0 1788.01 DU93-W2-210
0.65 3.62 17712.5 1682.86 DU93-W2-210
0.70 3.08 19075.0 1577.71 NACAG3(2)-418
0.75 2.60 20437.5 1472.55 NACAGB3(2)-418
0.80 217 21800.0 1367.4 NACAG3(2)-418
0.85 1.77 23162.5 1262.24 NACAGB3(2)-418
0.90 1.35 24525.0 1157.09 NACAB3(2)-415
0.95 0.83 25887.5 1051.93 NACAB3(2)-415
TIP ® 1.00 0.83 27250.0 946.78 NACAB3(2)-415

Summarization of 1MW HAWT design parameters
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.

Isometric view of 3D rotor model
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Full 3D FIL-1000 wind turbine system modeling
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