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Figure 1-1 CFRP prepreg



Figure 1-2 CFRP pressure vessel
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Figure 1-3 Wind turbine blade
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Figure 2-2 Stacking sequence
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Table 2-1 Stacking sequence and thickness

Stacking sequence Thickness[mir
A [3K(+45) / 3K(0/90) / 3K(0/90) / 3K (£45) / 12K(00) / 12K(0/90) / 3K (45)] 1.95
B [3K(45) / 3K(0/90) / 3K(0/90) / 12K(0/90)] 1.08
C [3K(£45) / 3K(0/90) / 3K(0/90)] 0.651
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EEIE BEAET KA~30KA L fix TH DD, BEMIE S EITRREEE S
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Figure 2-3 Lightning impulse current generator
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Figure 2-4 System configuration diagram
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Figure 2-6 Lightning test of CFRP sandwich blade
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(a)Blade 1(20~30 kA)

(b)Blade2(20~30 kA)

e

(c)Blade3(60 kA)

Figure 2-7 Artificial lightning impact point
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T RRE L, BERE T 30db~40dBZ L, EAE v Fik2.0mme L7z, EER
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Figure 2-8 Air coupled ultrasonic inspection tegstem
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2.3.3 A VNV RINEEE
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ISEREBB S D FETITo 2,

A 2V ANMREBR IR T, XY 3 U O TR LT 5 45 I E S R
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Figure 2-9 Impulse acceleration test
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Figure 2-10 Impulse point and response points
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Figure 2-12 Schematic of bending test
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CORERNS, I 3007 L— ROFERITHITT X THEEDOREIZ L
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(b) Air coupled ultrasonic inspection before acidi lightning impact

Figure 3-1 Air coupled ultrasonic inspection (Bl&)e
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Figure 3-2 Impulse waveform definition

Table 3-1 Results of LCI

specimen Blade2
Ipeak[kA] 23.8
djlkA] 19.4
dt[kA] 12.6
dj/dt[kA/ u"2] 1.5
T1[us] 15.3
T2[us] 41.2
Qs[C] 0.739
W/R[kJ/Qhm] 15.0
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(b)Magnified view of lightning impact point

Figure 3-3 Specimen after artificial lightning ingb¢Bladel)
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(b)Magnified view of lightning impact point
Figure 3-4 Specimen after artificial lightning ingb¢Blade2)
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(a)Whole view of the blade specimen

(b)Magnified view of lightning impact point

Figure 3-5 Specimen after artificial lightning ingb¢Blade3)
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Figure 3-6 Traces of paint peeled off by the lighgnimpact
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(a) Specimen after artificial lightning strike

A A A A

(b) Air coupled ultrasonic inspection
Figure 3-7 Air coupled ultrasonic inspection (Bs29l
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(a) Whole view of the blade specimen
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44mm

(b)Magnified view of the center damaged area
Figure 3-8 Results of ultrasonic inspection (Blgde2
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(a)Cross section view

(b)Magnified view of the damaged area
Figure 3-9 Cross section view of specimen aftdrthahg impact (Blade2)
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(b) Air coupled ultrasonic inspection

Figure 3-10 Result of coupled ultrasonic inspec(idladel)
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3.3 A V2V AR ER

CFRPE 7 L — R 1, 2, 3 OFHEEBEFERAIL TOA 7L ZNMRFER DO
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AR OZEIT A b L, BB SERRAI% TOEIXZEN T —4.0%E —5.4%L 72>
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D7 L— FOBEBREBEOZEZIEEWRE L e o7, BEEHTH7 L— RO
FIREBEBIZBEEDO RN T L — ROME LD L/ S 250 IR 5720 A,
Table 3-2D#E R CITRRZEIF I FADEZ R L TV 5D,

A VOV ANMRERR TIL, FEEE ZIRERO—HE LTIT o 720, RO RE
WERE DBEEIEAET D EARMOTIEL VXD Kk&EL 25 P, 207
D, I OBEERBKROEIZA L ANEER ORI EEERENE EZ 2
b, o T OEHEERERAI% T CFRPE Y L — ROBEFIREEN
ZEEDLRN-oT20 | BRENEADIE & 72572 DX, Figure 2-7127~ L 7= T
IZEBIC K D RERBENE LU T, CFRP 7 L — N KO IREN R
BEEBERAI ST EAE B Lo N EZOND,
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Table 3-2 Comparison of natural frequengies

(a) Blade 1

Natural Frequency [Hz]

Mode Before lightnhg  After lightning
1st 13.1 13.7
2nd 52.6 50.5
3rd 112 10€
(b)Blade 2
Natural Frequency [Hz]
Mode Before lightnng  After lightning
1st 13.1 13.6
2nd 60.1 60.1
3rd 106 100
(c)Bladle 3
Natural Frequency [Hz]
Mode Before lightnhg  After lightning
1st 134 13.9
2nd 64.6 65.1
3rd 123 125

45



34 T ER
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Figure 3-11 Load-displacement curves of Blade3
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fEMT 24TV, BREZ 72 CFRPY > A v FIRET L — FOMEL 2%
SEA L 72 fE B W TR T B,
42BN T, AREFEOESEIZONTE~D,

4 3FIZHBN T, FEEEATR ORISR & MR A & Hle - s L 72 RS
DNTIHR~RD,

AAFIZRBN T, FEEEATIR O U RS & MRATREAL & Rl - e L 72 RS
DN TIRR A,

AS5FNZEBNT, HELZEMEOREEIZ DWW TIN5,

49



42 HREREOERIL

B BREFIEMHT TIIA > 7OV 2RSSR & i EBRIZ X > T b i 7= 2B
RORMGEE . EHPO 7 L— Rige L CTERT 2@ 00X 207718 JO6hE
DFHlZ T 70, S DICHEBOMIMELIKTIEDL Z LI THEERBRIC L -
THELETL— ROERBELEE L T, MEREEOIZIT- 72,

FEM AT I I A BRE R 7 1 75 4 ANSYS Ver 14.5% T, CFRP
7 L — ROIRENENT & # M. & 512 JIS C 1400-2 (ELH-55 2 F5 « /)R,
HORFEM)OWMES — A EAX B BERERZ O T L — N & & KElHE
B OERFHETH 5 1000 romTIEH L7=BE DI 1554 23K b, A CFRPHRLY L —

R OS2 A D P 21T - 7=,
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7% z#h & U, IRBEHEDO Y 7 0 A2 WO T, xy G moy o 753
CERSITMEME S oMl (B, FU) %, z B m O 7R E gh S T & EA
FHrofE (Er, Fr) 22\, mNE AR & mahE A o siphiR I
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FEMT I W T2 MR E S & Table 4-127R7,

U LR OMEERIZII N & v JEEZ W, ¥ ZE % 0.015 GPa N7
Yoty 0258 LTz,

CFRP OREHEFLUE 1T IS iz v, BAEOME & k& SIXERRE %
Z M & L7z Figure 4-2iZ Blade 1 CITHR AN & 2034mmD (L & 124 45X 45mm,
4 FLFEIR . Blade 2 TIIBRAN S 2034mm 1100mm 376mmaONi&EIZ Z i+
HT 45X 45mm, 2348 C 14 TEER . Blade 3TIZIERA B 376mmONLE 2K
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BERTOMIERIC 1X10° 28T, 1 FIEE nIcERTH L THRILE,
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Figure 4-1 FEM modeling for blade specimen
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Table 4-1 Material properties of blade specimen

W3101 TRK10IM

Longitudinal modulus E=E, GP, 55.4 47.5
Transverse modulus E, GP, 8.80 8.50
Shear modulus Gy GP, 3.44 3.45

Gr; GP, 2.66 2.66
Poisson's raito Vyy 0.32 0.27

Vyx 0.06 0.078
Longitudinal strength Fe- F MP, 792 591
Tranverse strength F, MP, 79.0 79.0
Shear strength Fuy MP, 51.3 51.1
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BLADE1

BLADE2

BLADE3

L1 location of damage

Figure 4-2 Modeling of each blade with lightningvtege
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4.3 BRI DINIRFERAG R & ARITHE R D L
(a) EEEATOMIRFZERE R & MRATHRE R OO Hi

Table 4-2|Zfi#EE B IR ATDO CFRPHE! Blade 1705 3 F TOA L 7L ANNE
FEBROEFFREROFLEIE L FEM T RO A R LTz, £3 1kE 2RO
fiFE— K& FEM T ORERICE B 35, BARBKOEZERRERIL 13.2Hz L
59.1Hz TH 5, ZIUTHK L, FEM i#HTHRERIL 13.1Hz & 60.4Hz & 72 V) | FAAEIT
0.7%. 1.7%¢& 720 W& OFfEROMEITIFIE—E LTz, —J7. 3ROEFREREEKD
FEBRRE R 114 HzIZxF L, FEM fi#T i 1T 125 Hz & 7 > TI Y | 7EAEDS 9.6%
Lot

Figure 4-3i%. FEMEHTAE 251572 1 ~3ROBEAIRENT— FEIRE R L
TWD, ZHEDERITA VLA IEERN LG T = A— 90
fE R (Figure 4-4» R U &k 9 e — F& R LT,
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Table 4-2 Comparison of experimental and FEM reqiiverage)
(Before lightning impact)

Natural Frequency[Hz]

Exp FEM
1st 13.2 13.1
2nd 59.1 60.4

114 125

3rd
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(a)lst mode

(b)2nd mode

(c)3rd mode
Figure 4-3 Mode shapes obtained from FEM
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(b)2nd mode

(c)3rd mode
Figure 4-4 Mode shapes before lighting impact dBla)
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(b) EEEELR ONHRFEERAE A & AT R O b

12 U2 Table 4-3/%. Blade 101 > 7L AR EE OFER & FEM fEATHE 5
ZaRLTW5D, 1 RN E— FOFEBRFERIT 13.7Hz 123 L, FEM AT R 1%
13.1Hz Tif# 4.5%L Bt/ —FH a2 R L=, £7 2 T £ — O EER RN
50.5Hz (=%t L T FEM fEAT#E 1% 60.4Hz & FE7E78 16.0%E 72~ 7=, 3 kit
— RO FEBAERD 106HZ 123 L FEM f#THE SR 1T 125Hz & FR7AED 15.2%¢ K&
<Teoiz,

&I Table 4-4% Blade 2D A > 7<)V AR EBR OFE R & FEM TSR 27~ L
TW5, FEBRFERO LIRS £ — FOEERFERIL 13.6HzICx L, FEM fi#T#HS
FlE 13.0Hz T2 4.5%E Biaf7r—8am Lz, £ 2 khiFE— R @s@%ﬁ%*
F1d 60.1HZIZ K} LT FEM fiRHTHE 1% 60.3Hz & 7275708 3.3%¢E 72 - 72, 3 kil
T— ROEBRFER 100HZ 2% L FEM fi#FT#5 H 1 125Hz & REEA% 20.0%E K
X< lpote, HERERERANC 3 ROMIMTE— R & FEM AT O EERFE RO 7%
INA v 2 B ORBETRE L RPN B ERERK ICE O THRERIC,
3WDOHNITE— FOFERIT FEM EFTHER & OFRZEIIRE ko7, LrL, 1
WL 2 IRDOEERFER L FEM fENT OFAZEIL B%FRE & 72 0 | A 7V AR SEER
DimEFRAN T A2 R LT,

w14\ Table 4-5/Z Blade 3D 1 > 7V A MR FEER OFE R & FEM fRATHRE R %2 R~
LTW5, 1R = — FoEERRE 5I% 13.9HzI2 % L, FEM fi#tfs 513 13.1Hz

THEFE 6.1%E 72> 7-, £7- 2 il iF £ — R EERKS 528 65.1HzI2%F L T FEM
FIRATAE F1X 60.2Hz & FAZEDS 8.1%% 72 o 7=, 3K HIF B — N DSRS0 125Hz

(2%t L FEM gt 513 125Hz & — 82~ L7z,

TR (BRSO ER OMIMEZ IIFEFEIC L TIT - 72, FEM TS R
MO LIRD S 3R E TORBGIREE DR RILA 7OV 2N < RS )

ST EAREE MR %L, ERICLXD2BEEDET LD LM E RS Z
ENTET,

72 FEM EFTHER N B2 1 kD5 3R E TOIREIT— IOV Tk, &

BRTH D2 SHICEBRIE TITo7oA VSV ANREBRO 7T = A —
2 OFE— FEROEITRL . MFNrLELE— FRRIT KL,
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Table 4-3 Comparison of experimental and FEM redolt Blade 1
(After lightning impact)

Natural Frequency[Hz]
Exp FEM
Ist 13.7 13.1
2nd 50.5 60.4
106 125

3rd
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Table 4-4 Comparison of experimental and FEM redolt Blade 2
(After lightning impact)

Natural Frequency[Hz]
Exp FEM
Ist 13.6 13.0
2nd 60.1 60.3
3rd 100 125

60



Table 4-5 Comparison of experimental and FEM redolt Blade 3
(After lightning impact)

Natural Frequency[Hz]
Exp FEM
Ist 13.9 13.1
2nd 65.1 60.2
3rd 125 125
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4.4 FEBER1H O T EBRFER & TR R O Lk

fFEBRICEI LT, FEEE B ERNT O Blade 30D KZENLAS 32.2 mmTH

07”: DIZXF L. FEM fi#FTEIX 30.29 mmE 72 0 | W& O L=, &

(AR B SRR O Blade 3@%%ﬁ%®ﬂfk2{{mx 32.8 mmTH->7=DIT

xﬂ‘ L .FEM fi#FT X 30.53mm& 72 U | [#35 OfEIXIZIE— B % 7~ L 7= (Figure 4-5)

F 7o, FEM EHTHRE S © Bl 7 S2BR[FIRR T 1‘%""@% L BB DT/ NE N
ZEERLTND,
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Figure 4-5 Comparisons of FEM and experiment fadldisplacement curves of Blade3
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45 HEREEDREE

Figure 4-61%. Fig 5 B EBRET# O Blade 312, f KX[EHiz% 1000 rpmTHEEE L
TeBR D Ee RIS IR K D 51 9RIS 1 % 51 3R58 FE (Table 4-1)CHE| > 7L D &
—MZRL TS, IPIHFHASN TWAETFIL, BOCLVRELZALD
BKREEZRLTWD, BENECLZ2DEFAN LU EDEELE /ST ETH D,

Figure 4-6(a)f. Bt E B ERATO Blade3Z/RL TW5, 1 DHERKNHEICHEH
THE, BARGFMINRKEE 20, BifiX0.13 L 78-72,

Figure 4-6(b). FifiEs B2 #% O Blade3% /R L T\ 5, BHEERIC KL 5
S T A IR KRIEZ R L 0.31 & 7e o 70, HHEEEBERAT & ik 25 & 11
29 %bA L7, L UAERETH S 1 0L RIZITEL 2o T,

TN DOFERMNS, A CFRPELY L— RTIE, kK CHEAFIC, B
BAEE A DK 15%E 72 % 60 KA DEPRICICHE HTGAETH ., IS YE
WITE LW EHRIN D, £72. BRI S T2 b0 E12~ T,
EONNZE DRSS OMIZONWTITEBROZEIIRNEL D,

Figure 4-7IZEHEFENAHIFEAE LT 60 KA DERZZ 1T 12854 0BG mE
DB LZE 1.86%, 32MF LR > T2 A DR KIS LD a2 —XER LT
W5, BEEES L8{EDLA L OfEIX 0.36 L7220 | HBEREN 32054
A OMEIX 0408720 | ZRMERHRTE T,

S HIZHEGEMEZ K& LSS OBEAIREE O/ % Table 4-6127R L, 18
BHEHEZ K& LEBAORKRIZDHRDOE(L%E Table 4-TW2RT, £ Ot R84
HfE 2 K& <IZ2 2 IC#EN TEARBEROMEIZT/NS <20, KR OADOEIT
KRELSRDIER L2072, ZHICXK Y BT FEM fifir €7 b OS54 %
NI ENTE T,
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(b) After lightning impact
Figure 4-6 FEM results of based on maximum stress criterion for Blade3
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Damaged area=0

Ratio of damaged area=1

Ratio of damaged area =1.8

Ratio of damaged area =3.1

Figure 4-7 Changes in the damaged area ratio food3
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Table 4-6 Natural frequency and the damaged ateefoa Blade 3

Natural Frequency [HZ]
Before Lightning After Lightning(Damaged area ra

0 1 1.8 3.1
1st 13.0 12.9 12.9 12.7
2nd 59.0 58.8 58.5 58.1
3rd 123 123 123 122

Table 4-7 Displacement and the damaged area mtiBldde 3

Displacement [mm]
Before Lightning After Lightning(Damaged area ra
0 1 1.8 3.1
30.8 31.1 31.3 31.8
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5.1 AHFFEDORRFE
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