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Abstract: A rotor blade is an important device that converts kinetic energy of wind into mechanical energy.
Rotor blades affect the power performance, energy conversion efficiency, and loading and dynamic stability of
wind turbines. Therefore, considering the characteristics of a wind turbine system is important for achieving
optimal blade design. This study examined the general blade design procedure for a wind turbine system and
aero-structure design results for a 2-MW class wind turbine blade (KR40.1b). As suggested above, a rotor
blade cannot be designed independently, because its ultimate and fatigue loads are highly dependent on
system operating conditions. Thus, a reference 2-MW wind turbine system was also developed for the system
integrated load calculations. All calculations were performed in accordance with IEC 61400-1 and the KR
guidelines for wind turbines.
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Table 1 Calculation of rotor diameter
Items Case 1 Case 2
Rated power [kW] 2,000 2,000
Specific power  [W/m’] 380 375
Rotor diameter [m] 81.86 82.41
Table 2 Calculation of allowable clearance
Item Value
Nacelle
overhang 4 m
tilt angle 5°
cone angle -3.5°
hub vertical offset 1.5 m
rotor center - blade flange 0.9 m
Blade
pre-bending 0 m
length(blade) 40.1 m
radius(rotor) 41 m
Tower
length 78 m
length to blade tip position 38.66 m
diameter at TLC 3.503 m
blade-tower axis 10.052 m
Critical tip deflection
allowable clearance | 83 m
6000
Mean value of power/swept area ratio = 380 Watts/sq m
5000

Rated power (kW)
w B
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Fig. 2 Specific power trend curve of 79 commercial
wind turbines
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Table 3 Design specifications

Item Value
rated power 2000 kW
rated wind speed 11.5 m/s
rotor diameter 82 m
hub diameter 1.8 m
number of blade 3
type class IEC Ila
material GFRP/epoxy
TSR 7.8
swept area 5278.3m2
rotor speed(rated) 17.47 rpm
rotor speed(max.) 20.65 rpm
rotor speed(min.) 11.13 rpm
inverter range +30 %
max. tip speed 75 m/s
gear ratio 113.3
rated speed(gen.) 1980 rpm
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Fig. 3 Rated tip speed trends according to rotor
diameter variation
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Table 4 Aerodynamic characteristics

Types AoA Cl,max Cl/Cd
NACA 64418 4.5 0.866 1333
NACA 63418 5.5 0.929 125.5
NACA 64618 4.5 0.944 160.0
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Fig. 4 Comparison of lift to drag ratios
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Table 5 Summary of performance analysis result

Items baseline optimum Ratio
Viated 1095 m/s | 11.05 m/s | -
Cp. max 0.488 0.495 1.23 %
Crmax 0.754 0.695 6.5 %
T 2924 kKN | 250 kN 145 %
“ i
i

Rotational speed [RPM]

Fig. 10 Torque control strategy of the 2MW blade
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Cross Section of Blade

Shearjwebs Spar Caps

Fig. 12 Cross section of general blade

@ protective layers & Skins
— « Apply gelcoat
- Apply mat & multi-axial fabrics on skin section
@ 1st blade root
e
— « Apply multi-axial fabrics on blade root section
+Lay-up the fabrics with specified taper off pattern
© spar cap & trailing edge reinforcement
_— + Apply UD on spar cap & T/E reinforcement section
+Lay-up the fabrics with specified taper off pattern
@ foam core.
—— « Apply foam on LIE & T/E section
- Apply specified foam thickness
®2nd blade root
—_—
— + Apply mult-axial fabrics on blade root section
+Lay-up the fabrics with specified taper off pattern
® extra root
- « Apply mult-axial fabrics on extra root section
+Lay-up the fabrics with specified taper off pattern

Fig. 13 Sequential lay-up drawing of the blade

Position (mm)
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—

Layer number
H
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Fig. 14 Spar cap lay-up pattern
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Table 6 Material properties

Modulus of elasticity

Materials
(/”3) Ec [Er | [Gu
(process) g/em (GPa) | (GPa) LT (GPa)
GFRP UD
. 1.94 43.1 | 132 | 0.24 | 3.62
(Infusion)
GFRP Tri.
. 1.83 243 | 124 | 026 | 7.3
(Infusion)

PVC Core 0.20 0.30 | 0.30 | 0.29 | 0.08

R N e e e —
S ACA A0 A A A A A A A A A

[ 3D FE model ]

= [ Equivalent beam model for KR40.1b Blade ]
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[ mass & stiffness element position(m) |

Fig. 18 Equivalent beam modelling of KR40.1b
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Fig. 19 Distribution of sectional mass
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Table 7 Calculation results of natural frequency

mode natural frequency
number FE model beam model
1 0.857 0.850
2 1.505 1.507
3 2.474 2.485
4 4.854 4.983
7 10.653 10.434

Table 8 Specifications of 2MW wind turbine

Items Specifications
rated power 2,000 kW
type 3 bladed upwind

power regulation | variable speed/pitch regulated

rotor diameter 82.0 m
hub height 78.0 m
cut-in speed 4 m/s
cut-out speed 25 m/s
rated wind speed | 11.5 m/s
tip speed(rated) 75 m/s

rotational speed 17.47 rpm (rated)

IEC wind class Ila
(Veerm42.5 m/s, 1~0.16)
8.5 m/s (at hub height)

20 years

design speed

Avg. wind speed

design life time

Table 9 Required blade characteristics for system
integrated load calculation(ILC)

chord length

) twist angle distribution
aerodynamic shape . )
pitch axis

sectional shape(airfoil types)

mass center

mass per unit length
stiffness(in-plane)
mass & stiffness stiffness(out of plane)
tortional stiffness

polar moment of inertia per

unit length

lift coefficient
airfoils drag coefficient

pitching moment coefficient
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Table 10 Hub properties
hub mass 17,000 kg
hub mass center (H) Om
moment of inertia )
. L 13,200 kgm
(rotating direction)
moment of inertia )
(vertical direction) 13.400 kegm
root extention (L) 0.9 m
diameter (D) 2.1 m
drag coefficient 0
spinner diameter (S) 1.8 m
Table 11 Tower properties
section | height | out dia. mass ie?;l;al
number | [m] [m] [kg/m] [Z(Ig\lm]y
1 0.0 4.20 3496.28 | 2.09E+11
2 7.8 4.08 3273.07 | 1.80E+11
3 15.6 3.96 2985.10 | 1.55E+11
4 23.4 3.84 2708.69 | 1.32E+11
5 31.2 3.72 2443.84 | 1.12E+11
6 39.0 3.60 2190.57 | 9.42E+10
7 46.8 3.48 1948.85 | 7.84E+10
8 54.6 3.36 1718.71 | 6.45E+10
9 62.4 3.24 1500.13 | 5.24E+10
10 70.2 3.12 1293.12 | 4.19E+10
11 78.0 3.00 1145.08 | 3.29E+10
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Table 12 Drive-train properties

rated speed(generator) 1,980 rpm
gear ratio 1133
electrical efficiency 94 %

moment of inertia about

high speed axis(generator)

90 kgm’

maximum torque(shaft brake) | 15,000 Nm

stiffness(low speed axis) 1.6E+8 Nm/rad

damping(low speed axis) 2.5E+5 Nms/rad

Table 13 Nacelle properties

length 6.0 m
height 25 m
width 2.5 m
drag coefficient 1.2
mass 72,000 kg
position of center of mass to
. 0 m
side of tower center
position of center of mass 13 m
relative to tower top )

iti f t f i
position of center of mass in| -

front of tower axis

yaw inertia(about tower aixs)

215,000 kgm®

nodding inertia

(about tower axis)

300,000 kgm?®

rolling inertia(about tower axis)

130,000 kgm®
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Table 14 Control properties

Torque-speed control properties

0.1737 Nms/rad
1,260 rpm
1,980 rpm

Power regulation control properties

optimal mode gain

minimum generator speed

optimal mode maximum speed

minimum pitch angle 0°
minimum pitch angle 90°
demanded generator torque 10,260 Nm
demanded generator speed 1,980 rpm
maximum generator speed 2,340 rpm

Table 15 DLC for ultimate load calculation

Wind SAN | UP KR

DLC IEC S.F
cond. DIA | WIND | 40.1b

11 [ NTM | © N
13 | ETM | © C C ® (N
14 | ECD | © C C ® N
15 | EWS | © C ® (N
21 | NTM | © N
22 | NTM | © A
23 | EOG | © A
32 | EOG | © C ® N
33 | EDC | © C ® (N
42 | EOG | © N
51 | NTM | © N
6.1 | EWM | C C N
62 | EWM | © C C ® A
63 | EWM | © C N

Z71& 31838 DLC 1.3 3 DLC 62 & HH=A] ¥
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Table 16 DLC for ultimate load calculation

Secti Chord Twist o

/R Airfoil

on [m] | [deg]
1 0.088 2523.0 | 14.173 Transition

2 0.161 2994.6 | 14.173 DU401

3 0.261 2803.0 | 10.228 DU350

4 0.357 | 2463.0 | 6.137 DU300

5 0.471 1986.0 | 3.251 DU250

6 0.579 1673.0 1.888 DU212
7 0.701 1536.0 1.262 | NACA64618

Table 17 Definition of annual wind distribution

Lower Upper
o o Mean hours/

DLC limit limit
(m/s) year

(m/s) (m/s)
DLC 6.4 0 4 3 1,399.4
DLC 1.2 4 5 4 686.5
DLC 1.2 5 7 6 1,533.9
DLC 1.2 7 9 8 1,511.8
DLC 1.2 9 11 10 1,281.4
DLC 1.2 11 13 12 956.4
DLC 1.2 13 15 14 636.6
DLC 1.2 15 17 16 380.7
DLC 1.2 17 19 18 205.6
DLC 1.2 19 21 20 100.6
DLC 1.2 21 23 22 44.6
DLC 1.2 23 25 24 18.0
DLC 6.4 25 oo 29.75 9.8
total time 8,765

L

ZAZHDLC 2.4), BAEZA(DLCAL), ZA=A
(DLC 6.4)2 ¥ 2314 DLCZ A 743}aL, Table 16
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Fig. 30 Comparison of cumulative moment distributions

T ; ;
- DLC 6.4 : Parked (Idling)

0.10 ‘

!
\
\
|
|

Probability density

16 18 20 22 24 26 28 30

Wind Speed [m/s]

Fig. 31 Annual wind distribution(Weibull func.)

a 2 4 6 8 10 12 14



£
=
<
=
Al
ol
B
e
L
ofo
iluA
i)
o
(11

X
)
=2
r g
&
rO
-
~
5
g
N

1500 -
1000 +--
€
P
=3
:‘C: I H 4 1 R
e 500 - f- A dghib-bon b Pl e 28T
=}
€
j=2
=
s
T
4
i
i
-500 T T T T
0 10 20 30 40
Time (s)
Fig. 32 Time series of My (DLC 1.2a)
(km) | 1610 | <1470 | 1330 | 1180 | -1050 | 910 770 | 630 490 350 210 70 70

70 10EW03 | BOE-02 | 28E+03 | BIEYD2 | 41E+03 | 196+04 | 6BE+0¢ | GAE+D4 | G8Er08 | 14E0B | SDE+06 | BMEDT | BEEY07

210 | 20602 | 408002 | 108403 20E402 | 20E+03 | 13408 | 87E+03 | 4GEY03 | 14E¥O4 | 27E0¢ | 1E40S | 28E+05

350 40E*0) | 20Ev02 | O0EW02 | 786+02 | 636100 | 1SEW03 | 24103 | 703 | 16EW0 | 13E08 | 1AEV0S

490 [EE 126401 | 286+00 | BAEWD2 | 11403 | 2903 | 21Ev03 | 78EA0 | 11ER0S

630 206402 S6E+01 | 246400 | 34E402 | 13E¢03 | 5802 | 13Ev03 | 13404 | 2BEYOS

770 206402 | 6200 | 20602 | 21EW02 | G1Ev01 | 68Ev02 | 136000 | 186N | 256403

910 206402 526000 | #0602 19601 | 10600 | 486002 | 22608

1050 $0E02 626000 | 3660 | 1B | 89602

1190 20602 20602 2060 | 13602 _| 1B

1330 20640 | $0EW02 24E902_| 346902 | 1BV

1470 126401 | 52E402 | 18E03

1610 206402 | 276402 | 126403 | 566403

1750 85600 | 106902 | 266403

1890 206402 | 206402 206402 | 206702 366001 | 226904 | 64E43

2030 206402 426901 | 176902 | 386403

2170 206402 426401 | 25E401 | 35E402 | 16EVD3

2310 206402 206402 | 36401 | 626400 | 126+01 | 7BEWD2 | 826002

2450 T2E01 | B7EW0 | BAENDZ

2590 62E400 | B2E400 | 28E401 | 1AEVDZ

2730 226902 | 486901 | 11EX2

2870 206402 62E400 TSENDT | 6.2E400

3010 206402 | 20€+02 B2E°00 | 48EWDT | 42E40

3150 206402 12E01

3290 36E401

Fig. 33 Markov matrix for My at L=3.539 m

4000 —
3500
3000 4|+

2500

2000

1500 |

Cycle range [kNm]

1000

500

4

T
10° 10°
Cumulative cycles

Fig. 34 Rainflow cycle counting for M, at L=3.539 m

E#ol=9] ¥ H7F= Miner's ruled] 7%k
A EE HE A&k slo] b o)y, Ay
Ho g FEO| JphEsSs v ZukEe] F sk
T2 4ol DLCAlA 10 E3t ALt
= F¥steR, AAFHIIY S FEoR
Axbdzte] o] dastth ARFEEEE 4

R kAR Este] olikgtelal, S E T RbE
HEste Fd T5 el dg AAFAE Fig
299} o] Ao A F&H FEO] FE Uk
gl SAstel ST dE B2 T 9
m/s~11 m/s 73ke] &HE W eE AzF ARE
© & ghbsti 12814 AlRbidelal, o] w Algks
g dE FE g2 10 mis otk F5ES o A
& AR FRdTs 8 2x gl 24
s A¥E 2& 4 glom, Table 1791 143
Q1 F& WAE olatsete] A7F Ao w st
¢ AdE deEiic

a7 A o] ¥whEEHE= FHE YEhdth o
b 2 H7tE sk A7 fACA skEe
Mean #t¥ RangeE 7}+E3Fe] Fig. 333 £
Markov d°] Jej2 FH&T + vt 7t2FS
mHES] A gk AZ2FHS ZWlES Ranges
ojmatm, Wi Ao exte A X 7|ito=®
A slA Ads GEetlS u sl Mean-Range
stzo WHE 3145 UEhdt Markov FE& &
toj= Ao| W3k AL A8} st el w

= AFA ALt GH ZUEHE A
ol A » My 3t Aol dis F 14719
Markov 3 H-& A3ttt Markov 3 HollA &
At MY e 2= AlolE & itstd A9
Heoll gk vk Sl E 4S8 & AUk

Fig. 34°] Range 17| 774 vbg Sl

3 A8 Rainflow Cycle Counting(©]3} RCC) 3
AE YERUAT ol I EHFIME 9 ALt
a4 1H 9 X(L=3.539 m)oll A el M, Aol g
a4 Aol r], Meanoll #AI¢lo] RangeThS 317
& gow, Edols vmAHsts S AT
A A5 785 (Design Equivalent Load)®] ZAAS

EEREELE

sheo] AR Fo A WelelA Belol=
o g WE wf AEFE A2UE
BAste] Aol A& Fysha AA Aol



308 2

6P

Astin-plane mode

®

%]

3P

1st out-of-plane made -

Frequency (Hz)

o
@

0 5 10 15 Rated 20 25

Rotor speed (rpm)

Fig. 35 Campbell diagram of 2MW wind turbine
system (KR 40.1b)

e gitl, BoAqto A AAS Egoj= W Al

W NIEE Fig 350 YERAT &
02 A 2 379 7 a¥
AsFE 37 u
. Bl =7F 3707
£ 1P, 3P, 6P7} E#o]xo
vAE Ao dex Slvh wEbA
a5 NE57F A2~ 1P, 3P, 6P}
dA = A, AT Id &

A2 A

=

o of

T

0N oii 8 o o
( r:]_;

Mo 2

2
i}
2

o

2
4B
k1

[
juti)
lo
o,
e

o
)
[t
>
ok
N
o olr
foty
o
ol
3
%0, o

me =2 > dn koo me el
> 2
>
o o2

=3
o X
[
)
¥olg 2

5. &

oo E Multi-MW F FEadg S
olE FHAA ZRAME ALEA, Y &
Fe 2t TEAAAAES a3 2 MW
SO =(IEC Ma)o] &8-7Fx T84 2 Alx
q F3tetEsld AaE ARSIl Th

TEAAY A Y HHsE T8 e da
2 EHAs Fust AAY 7H53klal, GFRPE
AREEE EElolE 2 B ASAHAAE ds3d
o Bdol= FxUAAL FUHE 98 25HS
2 87¥e F3% 2 9R3F dolHe FHE
8 el 2 MW FEER A~E 2P S
ek, IEC Al %S

2 h@asagel 7l

S
w7]lEol wE AlAE FRetTelAs FAE
o 534 s e ST HeE AR
S MSF M, s sl skl AA S3d
stz ol WMol ared & Q= PLE 237t H]
wE e, St HlEe] A3t dga B
FHoR dqFste ARSI vHAe =,
AR =E3S T8 AAedSEdA &
o] =g} AlAgAbolo] A T dh FxIEAl= 8l
= ZAsdth

TEAAAY B7F A¥s Part 11 EEO]=
2044 B7F AollA AdAs] R ES S

ZAnes

(References)

(1) Tony, B., Nick, J., David, S. and Ervin, B., 2011,
Wind Energy Handbook, Willey, pp. 335~336.

(2) Garrad Hassan, GL, 2012, "Evolution of Wind
Technology," SUPERGEN Wind Energy Technologies
Consortium Phase 2.

(3) EWEA, 2008,
Earthscan, London, pp. 80.

(4) Kim, B. S., Kim, W. J,, Bae, S. Y., Park, J.
H. and Kim, M. E.; 2011, "Aerodynamic Design
and Performance Analysis of Multi-MW Class
Wind Turbine Blade," J. of Mech. Sci. and Tech,
Vol. 25, Issue 8, pp. 1995~2002.

(5 Kim, B. S., Kim, W. J., Lee, S. L., Bae, S. Y.

Y. H.,, 2013,
Verification of a Performance based Optimal
Design Software for Wind Turbine Blades,"
Renewable Energy, 54, pp. 166~172.

(6) ECN, 2007, Aerodynamic Table Generator v3.1
User Manual, ECN.

(7) Snel, H., Houwink, R. and Piers, W. J., 1992,
"Sectional Prediction of 3D Effects for Separated

Rotating Blade,"

Wind Energy - The Facts,

and Lee, "Development and

Flow on 18th  European
Rotorcraft Forum.

(8) Kim, B. S., Kim, W. J. and Kim, M. E., 2011,
"Software Development for the Optimum Design
and Performance Analysis of a Large Wind
Turbine Blade," Proc. of Korean Soc. Mech. Eng.

(9) Tony, B., Nick, J., David, S. and Ervin, B., 2011,
Wind Energy Handbook, Willey, pp. 64~66.

(10) Gurit, 2013, Wind Energy Handbook - 2.Wind



Multi-MW F83d8 Edol= AAo] #3sk A5 Part 1 309

Turbine Blade Structural Engineering, pp. 15~16.

(11) Kent, S., 2002, "Blade Manufacturing Improvement
Project: Final Report," SANDIA Report,
SAND-2002-3101.

(12) Lin, H. C., 2011, "Lay up Analyzing of a
Carbon/ Glass Hybrid Composite Wind Turbine
Blade wusing Finite Element Analysis," Applied
Mechanics and Materials, Vol. 87, pp. 49~54.

(13) Kim, T. Y., Su, H. M. and Wang, B. W,
2011, "Development of Glass-fabric Composite
Wind Turbine Blade," Advanced Materials
Research, Vol. 308-310, pp. 2482~2485.

(14) Lekou, D. J., 2010, "Scaling Limits & Costs
regarding ~ WT
Delivarable - 3.4.3.

(15) Griffith, D. T. and Thomas, D. A., 2011, "The
Sandia 100-meter all Glass Baseline Wind Turbine

Blades,"  Project = Upwind

Blade: SNL100-00," SANDIA Report, SAND2011 -
3779.

(16) Kooijman, H., 1996, "Bending-Torsion Coupling
of a Wind Turbine Rotor Blade," ECN-I-96-060.

(17) German Wind Energy Association, 2010, "Wind
Energy Market 2010/2011," BWE, pp. 30~45.

(18) Tong, W., 2010, Wind Power Generation and
Wind turbine Design, WIT Press, pp. 73~87.

(19) GL-Garrard Hassan, 2011, GH-Bladed 4.10 User
Manual.

(20) EWEA, 2008, Wind Energy - The Facts,
Earthscan, London, pp. 84~85.

(21) International Electrotechnical Commission, 2010,
IEC 61400-1/A1 Wind turbines - Partl : Design
requirements.

(22) Korean Register of Shipping, 2008, Technical
Guidelines for Wind Turbines.



