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A Sudy on the Optimum Design of the
Horizontal AxisWind Turbine and Its
Aerodynamic Performance Analysis

BeomSeok, KIM
Department of Mechanical Engineering

Graduate School of Korea Maritime University

ADbstract

Wind energy has been emerged as one of importtarhative energy
from nature sources. Especially in part of Eurdpeexample, Denmark
and Germany, wind has become a definite choicé@hational power
generation policy to cope with energy problem imig of environment
and energy shortage.

In modern wind power system of large capacity &bMW, horizontal
axis wind turbine(HAWT) is a common type. And, thgtimum design
of wind turbine to guarantee excellent power penfmnce and its
reliability in structure and longevity is a key beology in wind industry.
In this study, mathematical expressions based upenconventional
blade element momentum theory(BEMT) applying tobie blade
design was first analyzed systematically to secaceurate power

prediction from the basic aerodynamic parametect s lift and drag



coefficients, Prandtl's tip loss coefficient, tanga and axial flow
induction factors and twist anglX-FOIL open software was used to
acquire lift and drag coefficients of the 2-D aildoused in power
prediction procedure. Three kinds of turbine rditade(named as FIL
series, FIL-1000:1MW, FIL-100:100KW and FIL-20:20kWwere
selected as examples of the optimum blade desidmpawer prediction.
Especially, in FIL-1000 case, three kinds of ai(fefrA, DU and NACA
series) were combined to produce maximum aerodynh@eriformance
around blade tip and strong structure around hiade

Furthermore, optimum blade design and its powediption software,
named asPOSEIDON", was also developed from the BEMT discussed
in the present study. Several input data are nacessd power curve is
acquired easily to show the overall characteristice suggested wind
turbine performance. Three kinds of blades(FIL-1d8Q-100 and FIL-
20) were again selected to apply the suggesteda@t In case of FIL-
1000, power coefficient was 0.47 at TSR=7. At FQO1power coeffi-
cients were compared between the experimental weaotic data and
X-FOIL prediction data, resulting in fairly good agreemdn case of
FIL-20, single blade shape(NREL S809) was adoptetl @mparison
between experimental aerodynamic parameters XaR@IL data was
made with good agreement in power prediction.

Finally, systematic computational fluid dynamicB{®@ analysis by
commercial code CFX ver.5.7.1 was performed to \sti¢ detailed
flow characteristics upon the blade surface andewakion. Turbulence
model, keo SST was selected to guarantee stall phenomenafd@®

separation flow occurring in wind turbine. ICEM-CFEeliable grid



generation commercial software was also adaptsedare good quality
of grid generation necessary for the reliable CHuation.

Three kinds of turbine were again selected toesgmt the complex 3-D
stall flows appearing in the blade surface at vwexid SR condition.
Centrifugal acceleration and pressure differencevéen hub and tip
played a major role to govern the stall phenomena.

Power prediction from the CFD data was also mad# @mpared

with BEMT prediction in case of FIL-20, with saéstory agreement.

In the future, aero-elastic analysis of the bladlebe performed by the
two-way FSI method software such as CFX-ANSYS ahne iore

reliable blade design procedure and its performamediction will be

established.



Nomenclature

A Swept area

a Axial flow induction factor
a Tangential flow induction factor
C Chord length

C. Lift coefficient

Co Drag coefficient

C./Cp Lift to drag ratio

Ce Power coefficient

Cr Thrust coefficient

F Force, Blending factor
fw Local tip loss coefficient
H Total enthalpy

h Height

N Blade number

P Power, Pressure



Veutin

VCut_out

Vp

VR

W

Greek letters

Driven torque

Radius

Local radius

Strain rate

Wind velocity

Cut-in wind velocity

Cut-out wind velocity

Design wind velocity

Rated wind velocity

Wind velocity relative to a point on blade

Angle of attack

Inclination of local blade chord

Efficiency of power train and generator

Blade twist angle

Tip Speed Ratio (TSR)



Ay

Local tip speed ratio
Non-dimensional local position, Viscosity
Air-density
Local solidity
Stress tensor

Angular velocity
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Table 1.1 Wind turbine installation capacity growie in the worlﬁ]

Year Installed Increase Cumulative Increase
(MW) (%) (MW) (%)
1998 2,597 - 10,153 -
1999 3,922 51 13,932 37
2000 4,495 15 18,449 32
2001 6,824 52 24,927 35
2002 7,227 6 32,037 29
2003 8,344 15 40,301 26
Averaged growth : 5 yrs 26.3 139,799 31.7
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generator/ stator
generator/ rotor

B
load winch

rotor blade
pitch regulation

yaw motor
machine su
brake

axle pin
blade adapter
spinner —

blade pitch motor rotor blade

Fig. 1.2 Configuration of wind turbine components
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Fig. 2.1 Idealized flow through an actuator disc
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Table 3.1 Decision of the wind velocity
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Tangential Flow Induction Factor

Axial Flow Induction Factor
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Chord Length [mm]
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Twist angles in degrees
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Lift Coefficient
o
[{e)

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

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

0.5 7 —— DU-93-W2-210 (X-foil, Re=3,000,000)
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03 - —— FFA-W-301 (X-foil, Re=3,000,000)
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Fig. 3.5 Estimation of the lift coefficients fornaal airfoils by X-Foil
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Lift Coefficient

Good agreement with Exp.

L NACA 63(3)-418(X-foil, Re=3,000,000)

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

T T T T T T T T T
0123 456 7 8 9 1011121314151617 1819 2021222324
AOA

Fig. 3.6 Comparison of lift coefficients calculategX-FOIL

with experiments
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Lift to Drag Ratio

160 ~
150 A
140 +
130 A
120 A
110 A
100 A
90 -
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70 1
60 -
50 -
40 +
30 -
20 A
10 ~

NACA 63415
NACA 63418
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FFA W-301

Fig.

-10123456 7 8 9101112131415161718192021222324
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3.7 Comparison of lift to drag ratios, caldaethbyX-Fail
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Table 3.3 Summarization of 1MW HAWT(FIL-1000) dasigarameters

ROOT @ | LocalPosistion | Twistdea) | Positionimm) | Chord (mm)

_ Airfoil series

2208.63 DU91-W2-250

2103.48 DU91-W2-250

1577.71 NACAE3(2)-418

1472.55 NACAE3(2)418

0.80 217 21800.0 1367.4 NACAG3(2)-418

0.85 1.77 23162.5 1262.24 NACA6E3(2)-418

0.90 1.35 24525.0 1157.09 NACAE3(2)-415

0.95 0.83 25887.5 1051.93 NACAE3(2)-415

TIP Y 1.00 0.83 27250.0 946.78 NACAE3(2)-415

64



(@) Isometric view of 3D rotor model

(b) Full 3D FIL-1000 wind turbine system modeling

Fig. 3.8 3D configurations of FIL-1000 HAWT
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Table 3.4 General design parameters (100kW)

Rated power(kW) 100
Rated wind velocity(m/s) 10
Design TSR 6
Rotor blade diameter(M) 22.65
Rated rotational speed(RPM) 40.46
Air density(kg/m®) 1.225
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0.8 A

0.6

0.4

Prandtl's Tip Loss Coefficient

0.2 1

0.0 0.2 0.4 0.6 0.8 1.0
r’'R

Fig. 3.9 Estimation of Prandtl’s tip loss coeffigieas a function of r/R
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Axial Flow Induction Factor

0.34

0.33 A

0.32 A

0.31 A

0.30 A

0.29 A

0.28 A

0.27 4

0.26 A

025 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

r’'R

(a) Axial flow induction factor

Fig. 3.10 Estimation of flow induction factors afuaction of r/R

(continued)
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Tangential Flow Induction Factor

3.0
2.5 A T
2.0 A
1.5 4

1.0 1

0.5 1

0.0 1

0.0 0.2 0.4 0.6 0.8 1.0
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(b) Tangential flow induction factor

Fig. 3.10 Estimation of flow induction factors afuaction of r/R
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Table 3.5 NACA 63(2)-415V, Wind tunnel test

RE a C, Co Clio

1,600,000 4.3949° 0.7988 0.011 72.6182

3500

=@= Original Chord Length
3000 - *+«O+ Optimum Chord Length

2500 +

2000 A

1500 -

Chord Length [mm]

1000 -

500 A

0.2 0.4 0.6 0.8 1.0
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Fig. 3.11 Estimation of chord length
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Flom, Fig.
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Fig. 3.12 Estimation of twist angle variation
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Lift Coefficient

AMsES

3 A3Z Fig. 3.16, Fig. 3.19 YERASI T

=

Table 3.6 Yetglon, Edol= 324

e NACA 632415V, Velux wind tunnel test
RE=1,600,000

-10-8 6 -4-2 0 2 4 6 8
Angle of Attack

Fig. 3.13 Lift coefficient of NACA 63(2)-415V

72

10 12 14 16 18 20 22 24 26 28 30 32 34



Drag Coefficient

0.45
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0.35
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0.00

| | = NACA 632415V, Velux wind tunnel test
RE=1,600,000

—

T T T T T
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AOA

Fig. 3.14 Drag coefficient of NACA 63(2)-415V
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Lift to Drag Ratio
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1 e NACA 632415V, Velux wind tunnel test
RE=1,600,000
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Fig. 3.15 Lift to drag ratio of NACA 63(2)-415V
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Table 3.6 Summarization of 100kW HAWT(FIL-100) dgsparameters
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Fig. 3.16 Isometric view of 3D rotor model (FIL-100
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Fig. 3.17 Isometric view of 3D rotor model (FIL-100
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3.3 48 ZE| 280|=(20kW) Z=™AMHA|

3.3.1 &7 HeS2| A

2o AT E 3189 324 AFe BEMTO ot FHEHE A
AMS SAZ 20kW THEIR ZE Bol= AAZ S8t

TAAA AR F2e] o AA® 2H E#eol= A% 10.13m
oln, ¥7|EEE 1.22%g im’olth. AAFTELS 10m/sE A7 353 o
AA F5LS smislt).

A7) TSRS 6019, =Y Hdlol= BA3H £X+= 90.49rpnP =
A7 skt

ojm], 3.14, 3.2do A iy B F3 EHRI A el tis] A
3] wetglorm e AFERe] A AAHE S et

o]l 7] AA AgS 8.9kl Table 3.7 &t}

G B EAAF oS A= Fig. 3.18] HEhleH, B 58
FEATES dF d34E Fig. 3.191 YERY AT

Table 3.7 General design parameters (20kW)

Rated power(kW) 20
Rated wind velocity(m/s) 10
Design TSR 6
Rotor blade diameter(M) 10.13
Rated rotational speed(RPM) 90.49
Air density(kg/m®) 1.225
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Prandtl's Tip Loss Coefficient

12

1.0

0.8 1

0.6 1

0.4 1

0.2 1

0.0

0.0

0.2 0.4 0.6 0.8
/'R

Fig. 3.18 Prandtl’s tip loss coefficient
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Axial Flow Induction Factor

0.34

0.33 A

0.32 A

0.31 A
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0.29 A

0.28 A

0.27 A

0.26
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0.0
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(a) Axial flow induction factor

2.5 4

2.0 A

154

1.0 4

0.5 +

Tangential Flow Induction Factor

0.0 A

0.0

r'R
(b) Tangential flow induction factor

Fig. 3.19 Flow induction factors
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Table 3.8 Aerodynamic characteristics — S-809, Winmohel test (DUT)

RE a C, Cpo Clo
1,000,000 6.16° 0.851 0.0095 87.58
1800
1600 - =@= Original Chord Length
+«O+ Optimum Chord Length
1400 1
'g' 1200 1
E
£ 1000 -
o
c
3 800
°
2 600
O
400 A
200 1
0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

r/'R

Fig. 3.20 Comparison of chord length distributions
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Fig. 3.21 Twist angle distributions
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Lift Coefficient

RE=1,000,000

e SB809, DUT Wind tunnel test

T T T T T T
1234567 8 91011121314151617181920212223

AOA

Fig. 3.22 Lift coefficient of S809
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Drag Coefficient
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0.17
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0.15
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0.01
0.00

{ | = S809, DUT Wind tunnel test
i RE=1,000,000
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T T T
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AOA
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g
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Fig. 3.23 Drag coefficient of S809
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Lift to Drag Ratio

100

90 -

e S5809, DUT Wind tunnel test
RE=1,000,000

AOA

Fig. 3.24 Lift to drag ratio of S809
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Table 3.9 Summarization of 100kW HAWT(FIL-100) dgsparameters

Local position Twist angle(deg) Position(mm) Chord length(mm) Airfoil series

ROOT o 020 19.54 1014.00 689.23 $809
0.25 15.86 1267.50 662.54 S809

0.30 12.95 1521.00 635.86 S809

0.35 10.65 1774.50 609.17 S809

0.40 8.81 2028.00 582.48 S809

0.45 7.31 2281.50 555.80 S809

0.50 6.07 2535.00 529.11 S809

0.55 5.03 2788.50 502.43 S809

0.60 4.15 3042.00 475.74 S809

0.65 339 3295.50 449.05 S809

0.70 2.72 3549.00 422.37 S809

0.75 213 3802.50 395.68 S809

0.80 1.59 4056.00 369.00 S809

0.85 1.06 4309.50 342.31 S809

0.90 0.52 4563.00 315.62 S809

0.95 -0.12 4816.50 288.94 S809

TP e 1.00 -0.12 5070.00 262.25 $809
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Fig. 3.25 Isometric view of 3D rotor model (FIL-20)
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Fig. 4.1 Flow chart oPOSEIDON
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Fig. 4.2 Main input screen design
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Fig. 4.3 Aerodynamic characteristics loading
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Optimum Wind Rotor Design and Performance Analysis

Main | Load Parameter File | Load 404 Files  Results |Ah0ut | alpha-(CL-CD) graph |
CO [sigmar| f a a | Cp P [ iter [Residual]
1 001206 018438 099939 025885  0.0B017F @ 0.00656 16,94 7 00000100(
z 001168 014725 | 099395 026708 004275 | 002344 5787 4 000001000
3 001123 012073 | 099997 027882 | 003208 @ 0,04288 106,87 [ 00000100;
4 001047 010084 | 0,99996 032722 002679 006549 | 161,70 7 00000100;
5 001045 008537 099992 | 034066 002143 | 009073 224,01 7 00000100(
3 000902 007299 | 0999586  0.36773 001797 | 011857 @ 29275 10 00000100(
7 000857 006286 | 099372 038059 001495 | 014877 | 36732 10 000001000
g 000895 005442 | 0,99340 | 0,39091 | 001260 | 018126 | 44753 n 00000710ac
g 000899 004728 099929  0.45530 001104 021363 | R27.47 19 00000100;
10 000635 004116 © 099561 036174 | 000009 @ 0,25262 | 62374 13 00000100(
11 000635 003566 = 0,96985 = 036148 | 000788 029424 | 726,49 9 00000100(
12 0.00637 003122 = 097655 | 0.35980 | 0.00689 & 0.33846 | 83574 10 00000100(
13 000641 002712 | 094619 © 035913 & 000607 | 038532 | 951.35 g 000001000
14 000737 002348 | 0,87/580 | 035668 | 0,00531 | 043415 | 1071,95 10 00000100;
15 000718 002022 | 072440 039311 | 0,00491 | 045820 | 113380 13 00000100;
4] ¥
Flow Informatics bt Ao i S .r e ’TI [y — | e |

Laboratory

email - burn sucki@pivab net

Fig. 4.4 Result output
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Optimum Wind Rotor Design and Performance Analysis

Main | Load Parameter File | Load 404 Files | Results | #bout alpha-(CL-CD} graph |

lntnn-o—:-nu
L TR
5 st LT
R R T

Flow Informatics ;
hitt: pisdab.net Zave Result,, livee

Laboratory

email - bum suckiZpiviab.net

Fig. 4.5 Aerodynamic characteristics plotting saree
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Fig. 4.14 Predicted lift coefficient (S809)
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v = 3K (5.12)
max@w,SF, )
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Table 5.1 Simulation conditions

TSR Wind speed (m/s) Rotating speed (rpm)
3 24.98 26.28
4 18.74 26.28
5 14.99 26.28
6 12.49 26.28
7.5 9.99 26.28

9 8.33 26.28
10 7.49 26.28
11 6.81 26.28
12 6.24 26.28
13 5.76 26.28
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(a) Hexa mesh(near by the rotor)

(b) Tetra-prism mesh(outer domain)

Fig. 5.3 Computational grids
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Fig. 5.9 Overlapped visualization results on tHersurface
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Table 5.2 Simulation conditions — FIL-20

TSR Wind speed (m/s) Rotating speed (rpm)
8 6 90.49
6 8 90.49
4.8 10 90.49
4 12 90.49
3.42 14 90.49
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Fig. 5.14 Outer computational domain of the FIL-20
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(c) Vin=10m/s

Fig. 5.18 Sectional surface streamline — 1m froot ro
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(c) Vin=10 m/s

Fig. 5.20 Sectional surface streamline — 5m froot ro
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Fig. 5.21 Sample of section viewi{\# 8 m/s, 1m, 2m, 3m, 4m sections)
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Fig. 5.22 Sample of section view;f\# 10 m/s, 1.5m section from root)
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Fig. 5.23 3D stall on the rotor surface{¥ 10 m/s)
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Fig. 5.25 Visualization of 3D wake geometry in38 m/s
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