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Structural Analysis and Testing of 1.5kW Class Wind Turbine Blade
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ABSTRACT

This paper describes the structural design and testing for 1.5kW class wind turbine composite blade. In order to calculate

the equivalent material properties rule-of-mixture is applied. Lay-up sequence, ply thickness and ply angle are designed to

satisfy the requirements for structural integrity. Structural analysis by using commercial software ABAQUS is performed to

assess the static, buckling and vibration response. And to verify the structural analysis and design, the full scale structural test

in flapwise direction was performed under single point loading according to loading conditions calculated by the aerodynamic

analysis and Case H (Parked wind loading) in IEC 61400-2.
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Table 1 Wind Turbine Specification

Rated power 1.5kW
Cut-in wind speed 3.0 m/s
Rated wind speed 105 m/s
Cut-out wind speed 225 m/s

Rated rotational speed 300 rpm

Number of blade 3
Rotor length 142 m
NREL-S813

Aerodynamic profile

2.1 34

247 FYEA7E BPAE Edolurt Foixl A
2 WEs=A B flstel 8 AxELR]
ABAQUSME o] &-5e] x4 4=a313it). Eelo] =]
HAL 5 W] 57t v XG5l v)ste] s =
7] W&ol Fig. 13} 2& 4 Q2 (shell element)® F 2
sttt A fr3h a4 Rl A apFolM 483E 7h

71 S4R¥F 38Ae] S3Re AREESIOM Q4e] TNeE
190357]0]aL, A3 (Node)®] 715 190747)0]th.
Beo|=e] AFEAe AEskE st EYol= &
H(Tip) FEo2 2% FAVF g, ATcA, 4T
T B AFZeE Table 29F o] #-g3ich
Elo|=9] Fxaid s sdaby] flate] A8HE A

o,

o

%38 3|B(Hub) 729 X ¥, 2% 3 ¥ 7 3383
(Rotation direction)®] A-FEE F&319lom, X 34
ol Afried] g FolFUTh 2Heete

= 7} 2/~ (Blade element)°] 283l sles =29 2
Lhro] A58k (Nodal force)s A-8-atlvh. At 7%
A& BAREH] 913 R Ao Aol S B B s Al
93 1.32me] 55%A1 4l +25mm & Fof g ®y
(Upper skin)oll A3etz o2 F-ofsi3itt.
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Hooqto] Bylo|== DBL600E 41 (triaxial) Glass/
Epoxy H@ARE 7|2 o2 Seo|= FER-Qof Z2]$-¢]
g F5 Aslete] Al lon o5 /A= Table 3
9 Table 49 2l AxzFHS 134Y A= doldd
(Vacuum assisted hand layup)S AF&-8}9lom Al2of A

A8k
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61400—22¢] F <}t sl=%7A21 Case H(Parked wind loading)
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Table 3 DBL600E material properties

Longitudinal Elastic modulus Ey 17.80 GPa
. E v 850 GPa
Transverse Elastic modulus
Ey 850 GPa
Gyy 5.04 GPa
Shear modulus Gxy 504 GPa
Fig. 1 Element of small wind turbine blade Gyy 504 GPa
Table 2 Thickness(mm) and angle(deg.) of small wind turbine blade Vxy 0.25
Longitudinal Poisson’s ratio Vyy 0.25
Ele. 1 Ele. 2 | Ele. 3-4 | Ele. 5-7 | Ele. 8-10
Name 7 Vyy 0.25
t t 0 t 0 t 0 t 0
Foam | 13 | O
061 0 los | 0 Longitudinal tensile strength X 448 MPa
0'6 0 0.6 0 Longitudinal compressive strength X 255 MPa
: . Transverse tensile strength Y 106 MPa
06 0 |06 0
Transverse compressive strength Y 128 MPa
06 0 |06 0 [|06] O
Spar Shear strength S 113 MPa
06 0|06 0 [|06] O
06 0 |06 0 [|06] 0 : ;
0610 To61 0 losl o lo6l 0 Weight Total [g/cm2] w 059 kg/m
06 | -451 06 1-451 06 =451 06 | -45| 06 | -45 Fiber Weight fraction my 55.00
06 1+451 06 | +45] 06 | +45| 06 | +45| 06 | +45 Fiber Volume Fraction Vi 36.50
Skin .
06| 0|06 0 [06] 0|06 0 |06] 0 Density 1790.9kg/m3
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Table 4 Foam material properties

Core Density 117-130 kg/m®

Compressive Strength (+20deg.) >1.2 MPa
Compressive Modulus (+20deg.) >47 MPa
Tensile Strength (+20deg.) >24 MPa

Tensile Modulus (+20deg.) 110 ¢ E7X150 MPa

Tensile Strength (-170deg.) >27 MPa

Tensile Modulus (-170deg.) 190 ¢ E7X235 MPa

O = = R INN

Fig. 2 Test setup condition

Table 5 Specification of testing machine

Hydraulic Actuator 15kN,

340 LPM, 3000 psi

6 Channel, 49 kHz
+125mm

609.6 mm

Hydraulic power supply

Digital servo controller
Total stroke

Extension Transducer

(Loadcell) 2 Egoj=e¢] W2 =x3}7] 93 LVDT
(Linear variable displacement transducer)S AH-3}I31
o}, o}7]A 2708] LVDT 815 2837} Belol=e] £t
o AX|skSlt). Fig. 2& o] AlQ 40| elE vebd A
ojth, FERAIF AEE FH] MTSARY] W74 A7 =24
o]9] A|¢J2 Table 59} Ztt.

3. A3} 4 31z
3.1 FxA

T2 A A8 AT ES0]Q] ABAQUSE ©|-8ato 4
8|4 (Static analysis), ZFaal4](Buckling analysis) 2
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H=34(Modal analysis)& Ga3lSith 18]al U419
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150] Bglo]= F|Hol|A el M3 Ommo]
2 4= Wgo] A *7}05’— At o
2 Edol=s) B9l HEE WAE 4
9 E= 150mme A& o 22.5m/s] Hlere] B u) A
o] HES 23.47mmo| P2 F53] eHATS o 4= 9t}

gk A5 BEAEel 22 ol Al uigh kA
V2 98te] Tsai—Wu 3= 27 (Failure criterion) S 2-&
B Tsai—Wu & 2142 22§29 494 (1) 7
2ol thees} 8k =9Itk ® me = generalized von Mises &

3 23 BAs 7] Astel —1/22 7Pgsn

o)

A

FTTUT+2FTVUTUy+EJVU +F, 7 +F,0, +Fo, = (1)
1 1 1
F, =— F =—=——,
where, T and
1 1 1
w= Ty BTy
. F
F, :i’F/ = r

A7)M x 2 x'& Zdlo] A wrako] o1 Wl etE
otk ¥ v E V& *E}OH T"roﬂ
49 gEEeH, si= Sefolo] Ak
Tsai=Wu k& 174”4 A2A strength ratio ¥¥E
Uehdt) obdAG(Safety factor)$F 99 WAES zh=
strength ratio= 3= 955 UehE= A|¢=24 18 3

Fig. 3 Displacement distribution (/3 Direction

Fig. 4 Strength ratio distribution in blade
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Table 6 The result of static analysis with rotation

Displacement [mm] Strength ratio
RPM -
Magnitude U ) Us
0 2347 5.22 110 | 22.87 0.172
50 31.68 727 1.4 | 30.82 0.200
100 31.76 722 1.05 | 3092 0.200
150 31.89 7.14 1.06 | 3180 0.19
200 32.07 7.02 1.07 | 3130 0.190
250 32.27 6.86 1.09 | 3152 0.190
300 3248 6.67 112 | 3178 0.183
(a) 1st Mode (b) 2nd Mode
Fig. 5 Buckling mode shapes
54

Table 7 The result of modal analysis with rotation

0 100 200 300 400 500 600
RPM | RPM | RPM | RPM | RPM | RPM | RPM
Ist| 1280 | 1308 | 1353 | 1424 | 1518 | 16.30 | 17.55
2nd| 4114 | 41.39 | 41.86 | 4263 | 4368 | 4498 | 4651
3rd| 743 | 7664 | 7469 | TAT9 | 7492 | 70.08 | 7560
4th| 9394 | 9436 | 9484 | %63 | 96.73 | 9812 | 99.79
Sth| 146.16 | 14589 | 14599 | 146.15 | 146.38 | 146,67 | 147.04

(a) 1st Mode

90

(b) 2nd Mode
Fig. 6 Mode shape
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7] flste] 3)dSiedl] wE afFealae] Wstel Belo|=
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o= Yepfiith 39 Selo|=9] A5 Xﬁﬁﬂﬂ =] 1)
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3 12} afF9R0] 79 300RPME] 3] 450l A % @ﬂ
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S 98-S & Aok weba 2 Qo)
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Fig. 8 Test load by aerodynamic analysis

Table 8 Load condition by aerodynamic analysis and IEC

61400-2
Aerodynamic analysis B IEC 614002
Item Value | Unit Item Value Unit
) Case A Normal Operation
Wind 25 | m/s Bendi
Speed -« ending
1 Moment & Nm
) Twisting
Bending 89.1 Nm Moment 314 Nm
Moment - -
Case H Parked wind loading
Twist 2 | Vo | 2| N
WIS |47 qq | N —
Moment Twisting N
Moment o

o 35S 7Fekth 22.5m/secd] FE TR AN WE

218 (0]8} Bending To]2t 9h) o] - Fig. 8014 R

Hiel o] A7AEE2] 40, 60, 80 2 100% F=olA &=
S 5318k} IEC 61400—2 Case Holl W F2A13 (o]
3} Bending 112} A§H) o] 49 Fig. 904 B npe} 3te]
A7) &2 40, 60, 80 2 100%7H4] 3152 243 $ 3}
o] dhAIEER] k& 749~ A|5H Unloading) $ IEA|7HA]
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£ ok P 112 H88te] mEE Zolnt o dts
HoEEE SNfsecE frAldkgler 7 shgelolA sk

o] FAAIZFE- TEC 61400— 2390 i} 1022 481t

Table 9+= oJ2{3t Eelo|= Tx2AIEE Foto] =Ed
st A9 sl 2 ¥9E vERd 3otk 53] [EC
61400—2 Case Holl tigt 72/ 3 9] 79 Baoj=9] Hr)
AR 971.73N 0.2 B7hEdch 2e} o] s 7]
25 HulslsozA] o] Hr} W slgelA v i &4
o] BASITHA H A A ete-2 o7} glom A T
o] WAIgl s}y AAIEETke] vt Wil o Fasith
ol#1d Egloj=9] vy AFS W} ¥Es HEs] 93t
o] Bending [T TZAIEY] sle—HAEE Fig. 109 Y
EF Uitk 29elA] & ¢ Qo] Elo]=e] sl — R
A A H0l S7} S nolthl 971.73N9] Hhsks
o =aaly] o] %<l 906.31INIA A=A 3l50] A5}
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F

| —— Applied Lbad by THC 6140012 J,.
100 Case H)|Design lpad = 583.20

\
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Fig. 9 Test load by IEC 61400-2 Case H
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Table 9 Diplacement and load at each load level

Bending 1 Bending 1I
Level Magnitude Magnitude
Load [mm] Load [mm]

CTN | Tip CTN Tip
1 9821 | 982 | 2215 | 32214 32.2 73.83
2 130.02 | 1301 | 294 | 506.19 50.6 116
3 160.82 | 16.08 | 36.86 | 664.73 66.45 152.3
4 18354 | 1835 | 42.06 | 827.83 82.75 189.7
5 - 971.73 97.14 222.7

SHIIAHNE:M13A, M4z, 2010

55



1500
| Force-Deflection Behavior
1250 {— —— Force-deflection at load point
b Force-deflection at blade tip
o
5
=~
el
L
<
0 PR I T T N !

0 50 100
Deflection at Blade Tip, [mm]

150 200 250 300
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Fig.11 Measured and simulated results at
load level for Bending | test
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Fig.12 Measured and simulated results
at load level for Bending Il test
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