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Wind turbine blades rapid modeling and damage simulation method
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Abstract: In the damage detection of composite blade, it is very important to accurately and rapidly obtain the
dynamic characteristics of blade before and after blade damage. Therefore, an efficient numerical calculation
method for composite blade damage simulation was proposed under the finite element framework based on the
homogenization of composite materials, extended Bredt-Batho shear flow theory and damage stiffness degradation
theory, and the corresponding finite element program is developed based on Python language. On this basis, the
composite sandwich cantilever beam is taken as the research object and compared with ANSY'S calculation results

to verify the rationality of the composite material homogenization method. At the same time, it is applied to
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simulate the modal calculation of NREL SMW fan blade under different damage conditions. The results show that
the numerical calculation method can simulate the blade leading edge crack damage well. The blade frequency
gradually decreases with the deepening of damage degree. The leading edge crack has more influence on blade
flapping direction. Under the same damage degree, the frequency of blade leading edge crack decreases more as it
gets closer to the root. The leading edge crack at the blade root has a great influence on the blade oscillation
direction, while the leading edge crack at the blade tip has a great influence on the blade oscillation direction. The
blade leading edge crack has little effect on the natural frequency, and the curvature damage factor calculated by
the mode displacement of the flapping direction can be used as the damage identification index to identify the
blade leading edge crack damage effectively.

Keywords: wind turbine blade; composite material; finite element method; damage simulation; modal analysis
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Fig.1 Wind turbine blade
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Fig. 2 Unidirectional fiber reinforced plate
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Fig.3 Homogenization of composite materials
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Fig.5 Rapid blade modeling and damage simulation process
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Fig. 6 Sandwich composite cantilever beam
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Table 1 Mechanical properties of sandwich composite cantilever beam layer material

JEIE/ E/ E,/ G,/
G2 AR ‘ ’ N Vi, p/ (kg'm™)
mm GPa GPa GPa
Epoxy S-Glass UD 1 50 8 5 0.3 2000
PVC Foam 50 0.07 0.07 0.027 0.3 60
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Table 2 Frequency results of sandwich composite cantilever beam

AR B IR R Mz ANSYS/Hz AHT R 22 /%
—Br 42.621 42.111 1.21
— K 59.705 58.884 1.39
=k 113.699 112376 1.18
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Table 3 Characteristics of NREL 5 MW wind turbine blade airfoil

HOE AL /% %K /m /) LAY
0 3.500 13.308 Cylinder
6.8 3.863 13.308 Cylinder
13.5 4.340 13.308
DU40_A17
19.9 4.800 12.431
259 4.580 10.982 DU35 A17
33.1 4.362 9.742 DU30_A17
40.6 4.105 8.287
DU25_A17
479 3.829 7.064
54.3 3.589 5.788
DU21_A17
60.6 3.357 4.698
66.1 3.153 3.742
75.1 2.827 2.587
83.7 2.528 1.526 NACA 64 Al7
94.3 2.023 0.311
1.0 0.961 0
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Table 4 Mechanical properties of blade layer material
2 44 B JE A< i 52 5 XU 1] 52 Tk 2 24 48 5 AR B 2 2 4 AR PVCIIRIZ.L 2
#1 Gelcoat SNL Sertex Carbot E-LT-5500 Foam
E /GPa 3.44 27.70 13.60 114.50 41.80 0.256
E, /GPa 3.44 13.65 13.30 8.39 14.00 0.256
G,, /GPa 1.38 7.20 11.80 5.99 2.63 0.022
v, 0.30 0.39 0.49 0.27 0.28 0.300
p /(kg.m™) 1235 1 850 1780 1220 1920 200
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Fig. 8 The first order natural frequency of blade varies with the number of elements
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Table 5 Frequency results of 60 segments of NREL blade
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Fig. 9 Common damage types of blades
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Table 6 Different damage conditions of blade %
Ay A5 WRHZ A AT R B BT R
AR )2 PO M2 =Bl i ¢ B
Joit 0 0 0
TH— 100 20 0
TH = 100 60 0
TH = 100 100 100
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Table7 Natural frequencies of blades under damage conditions Hz
T — B T TS
T 0.913 401 1.116 743 2.791 539
T — 0.913 399 1.116 743 2.791 505
TH 0.913 394 1.116 742 2.791 401
T = 0.913 385 1.116 740 2.791 191
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Table 8 Blade damage location
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Fig. 10 Blade frequency at different damage locations
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Fig. 11 Blade frequency at different damage locations
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Fig. 12 The modal curvature difference of blade under different damage conditions



88 TR K F F IR % 48 %

4 & it

SCHRE AT BT A MRS A1 A AR T Bredt-Batho 59 YU B e K 45 45 W GR Ak S AR 45
B ST —FERR | e RO SRR IXUHILI R DR A A A5 5 L BT BB O Tk o 3R T Python I 5 58
BAR R AT BROCAR ¥ 0T %, LA NREL SMW KUBL I 5 D B 58 % G2 BEAT 25 70 M, 9k 1 SO B(E 3+ 390 07 ik i A
R TR AU T i i G RS i, 2 A 1A [ RN [ 7 B 45 4 08 i AR A S AR R AR

1) SCrP 4 A (3 53 05 125 AT UXHAE B 52 6 B IXUHIL I Jr R A7 DRt el A8 R R3S o A, 3 B i A b B R
TR BB S MR AR R W, TG A Ak B LA A R R o3 AR AR LU AR GE AT BR T B 1 s S R R, B A
R o [ A AT PR GE B X i R SR A O E AT REALL , LA 20 S A £ X6 I R W R S

2) KR A5 AN A F) B 0 K] 0, 3B o R [ A AR B A BT o KR S, B T A T A SR B T e
e, (RSSO B2 32 T /)N, 1 %) NREL SWM XL R, SCHR B D5 125 78 50T 30 70 B0 60 B B9 1133 45 28 T 2
TS EOR . TR Ry BRI 2 BSOS B0 R L T B IT R 43 B0k 60 I, NREL SMW I (1 i = B &
A TSRS A SCHR P A BRIT M M &5 R W& B8, S0 T BB T 505 18 2 5 R RL I 8L
BT R RATE

3 ) 308 5 417 DK A 3 A A IO AR R B A A TR RO DL I i R 0T 2R A A R B4 0 B 2R 0T 2R
T JEE BRI, I i 90 25 I /), EL I 35— = B 00 A 0 2 A R B T B B R U ] I Qi LR
R 4 28 D i) B4 532 ) B K o 7 ()48 47 R B 1Y 0 Pt A T 4 2R SRR G AR R T I 2 [) I 45 A 1o
FE AT ARAL W — B AR B A A B N 0 AR A A Al A BT AR, 2 B AR Ak 4 R 008 I R R iR
7 15 WA B WS b ) iy 2 428000 W i 42 B8 5 1) S ALK

4) Jry E AR A 08 R = I A R A N BRI AN T A 1 S DR B X T AL i T 2443 IR S
FEAR , TR HIHE S5 07 ) B RS 153 AR AT 141 157 sy 3 A8 2545140 DX 1A D8 58 05 TR0 45 s o A AR 3 ik 4540

S & Tk

[ 1] S, R, I B X AL e AT 58 R 5 &R 35 0], BLB TR 244k, 2013, 49(20): 140-151.

HuY P, Dai J C, Liu D S. Research status and development trend on large scale wind turbine blades[J]. Journal of Mechanical
Engineering, 2013, 49(20): 140-151. (in Chinese)

(2] X4, IR, B, & . KUMLIE 22 PS-TMD 9k 2l 2 il 26 2 ML B 0 A1 S 2 B0 8 A8 £k 00F 55 [0]. TR 1 2%, 2021, 38(12):
137-146.

Liu G, Lei Z B, Yang W, et al. Mechanism analysis and parameter tuning optimization for wind turbine towers with ps-tmd
passive control devices[J]. Engineering Mechanics, 2021, 38(12): 137-146. (in Chinese)

[ 3] Liu G, Lei Z B, Wang H. Investigation and optimization of a pre-stressed tuned mass damper for wind turbine tower[J].
Structural Control and Health Monitoring, 2022, 29(3): 37-65.

[ 4] Kl B, 245777, 55 . Lamb A6 I 2 K CHAE KUBL I e 445 40 {5 s 0 v g B2 P (0. JE 4046210, 2015, 37(9): 80-86.

Du Y F, Hou B, Li W R, et al. Damage detection based on lamb wave and its applications in the structure health monitoring of
wind turbine blades[J]. Nondestructive Testing, 2015, 37(9): 80-86. (in Chinese)

(5] MR, B2, wag i, 45 . W) & i3 S5 M0 AT RR it B S 00 A 0k 0 2 BT 92 25548 (9], 5 A &5 44, 2015, 32(3): 91-100.
Dai K S, Wang Y, Huang Y C, et al. Summarization of wind and earthquake resistances, structural health monitoring and
vibration control of wind turbine towers[J]. Special Structures, 2015, 32(3): 91-100. (in Chinese)

[ 6] 25, A, AR, 25 4R Sl AG I B A TE KTy AL e 28 S0 e s 0+ A9 197 FH [0 BARE 8 0 A, 2013, 28(2): 207-212.
LiLP,LiM M, Jin F H, et al. Journal of engineering for thermal energy and power, 2013, 28(2): 207-212. (in Chinese)

[ 7] BUkoss, MR, 3154, 55 40005 KL B8 40 3 A8 AL R 1 XX 30 I 98 (0], W5 S 3R 3h#211, 2020, 40(3): 84-87.

Gu Y Q, Feng J F, Jia B H, et al. Experimental study on the variation law of modal frequencies of damaged blades of wind
turbines[J]. Noise and Vibration Control, 2020, 40(3): 84-87. (in Chinese)

[ 8 ] WS, Bt s, Ji 7% 7, 45 . RS S i b XU LA & SR SR BOGHE R R [T]. 00 R 48 A 8l 2021, 45(21): 33-47.

Yao G, Yang H M, Zhou L D, et al. Development status and key technologies of large-capacity offshore wind turbines[J].
Automation of Electric Power Systems, 2021, 45(21): 33-47. (in Chinese)



B XL F R AR ALt A B ik AR R T R AT R 89

(9]

[10]

[11]

[12]

[13]
[14]
[15]

T A, B BT . R TR P R AUB B R 258 B AR R oY E R (D], TR J2#, 2019, 36(10): 1-7.
Yang Y, Zeng P, Lei L P. Concept and development of novel blade structure of large horizontal-axis wind turbine[J].
Engineering Mechanics, 2019, 36(10): 1-7. (in Chinese)
PREZR, £, SUMEAE, 45 . 56 T BEM WY KOO LM 7 S P RE T840 B [J]. TR J1°%, 2021, 38(S1): 264-268.
Chen A J, Wang C, Jia Y Y, et al. Computation and analysis of aerodynamic performance of wind turbine blade based on bem
[J]. Engineering Mechanics, 2021, 38(S1): 264-268. (in Chinese)
Haselbach P U, Bitsche R D, Branner K. The effect of delaminations on local buckling in wind turbine blades[J]. Renewable
Energy, 2016, 85: 295-305.
o7k B, AR, B AR, AR B M gl ) 2 B A L A B A L S R R A (D). MR R S R s 4R L 2021, 41(1):
103-107.
Gu Y Q, Feng J F, Jia B H, et al. Numerical simulation and experimental study on natural frequencies of damaged blades[J].
Noise and Vibration Control, 2021, 41(1): 103-107. (in Chinese)
Kaw A K. Mechanics of composite materials[M]. 2nd ed. Boca Raton, FL: Taylor & Francis, 2006.
Librescu L, Song O. Thin-Walled Composite Beams: Theory and Application[M]. Dordrecht: Springer Netherlands, 2006.
X SC, B oah . bR 2SI M. 4R s = SRR i, 2017.
Liu H W, Lyu R K. Material mechanics experiment[M]. 4th ed. Beijing: Higher Education Press, 2017. (in Chinese)
Shama M. Torsion and shear stresses in ships|[M]. Berlin, Heidelberg: Springer Berlin Heidelberg, 2011.
Ee, A B, BESER, S5 — ROl B MR AR B N 2 B s 5 A Y R 4 5 43 AT 38 vk ST AR %, 2016, 33(4):
17-23.
Wang C H, Yang Y, Kang Q, et al. A stiffness degradation model and a general method for progressive failure analysis of
composite structures[J]. Engineering Mechanics, 2016, 33(4): 17-23. (in Chinese)
Jonkman J, Butterfield S, Musial W, et al. Definition of a 5-MW reference wind turbine for offshore system development [R].
Office of Scientific & Technical Information Technical Reports, 2009.
Miao W P, Li C, Wang Y B, et al. Study of adaptive blades in extreme environment using fluid - structure interaction method
[J]. Journal of Fluids and Structures, 2019, 91: 102734.
Lian J J, Cai O, Dong X F, et al. Health monitoring and safety evaluation of the offshore wind turbine structure: a review and
discussion of future development[J]. Sustainability, 2019, 11(2): 494.
Li D S, Ho S M, Song G B, et al. A review of damage detection methods for wind turbine blades [J]. Smart Materials and
Structures, 2015, 24(3):21-45.

(¥ HB%)



