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P Power
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ABSTRACT

A Study on Aerodynamic and Structural Design of High Efficiency
Composite Blade of 1 MW Class HAWT Considering Fatigue Life

by Kim, Minwoong
Advisor : Prof. Kong, Chang-Duk, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

The mankind have used wind energy resource in various methods for several
thousand years. The oldest use of wind resource was a sailer, we found the old
literature about the windmill in China and Egypt, and according to the
literature, it describes the ancient people had used it from three thousand years
before. In other words, the technology of the wind turbine system has a long
and firm historical foundation. The wind turbine system technology has a
disadvantage of low efficiency of the system and little quantity of power
generation because totally depend on wind resource but the cheapest technology
which uses one of new and reusable energy resources. However, the world was
the necessity of clean energy became important while faces the crisis of energy
and the environmental problems due to excessive consumption of fossil fuel.
Many countries intensively invest the experience and knowledge using wind
power in the past, they have achieved a great result and utilization of the
system from small sized power generation to the MW class. These results
entails the commercialization, and many countries have been working on
research to increase demand even though they have inconvenience in use than

the existing energy source.
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The output of the wind turbine system has characteristic become larger in
proportion to the square of the blade diameter, it frequently used in the MW
class. The wind turbine system is rapidly grows the recent 10 years in mainly
Germany, Denmark and America, etc. In advanced countries the wind power
industry has been supported by government for the growth and spread. Vestas,
Enercon, Repower, GE Wind and around 3 ~ 5 MW class large wind turbines
have been developed and is being produced by commercial or prototype , 6 MW
class or are under development. Comparing with the advanced countries, the
scale of the Korea wind turbine system market is very small, but continuously
grows to the supporting policy of renewable energy by the Korea government.
The research has been started from the early of the 1990s and the development
of technology of 750 kW, 2 MW and 3 MW class respectively for the blade for
the wind turbine system was completed and in the commercialization and
demonstration and currently is promoted the development of 5 MW class of
blades.

As the Wind Turbine blade used by composite materials, its structural
strength, rigidity, fatigue life and economic efficiency, etc was greatly improved.
Composite materials of the blade for the wind turbine system include
glass/epoxy, carbon/epoxy and wood/epoxy, etc but glass/epoxy has generally
used because it is economic efficiency, excellent performance and light. Wind
turbine blade aerodynamic shape was used the NACA series or the improved
SERI series in the past, but in recently specifically developed airfoil for wind
turbine blade.

In this study, for the establish the lightweight design method for large scale
wind turbine blade considering fatigue life, performed aerodynamic and
structural design for 1 MW class blade, lightweight design method was newly
suggested. The low wind speed as possible was determined as rated wind

speed in the scope that the diameter of blade was not excessively increased.



The NACA 63-421 airfoil was selected to compare and analyze airfoils for the
wind turbine system in order to select the airfoil whose the characteristics of
Reynolds number, maximum lift coefficient, stall angle of attack, maximum lift
coefficient over drag coefficient ratio, maximum thickness, etc are comparatively
good. Chord length with a blade shape and the twisting angle distribution of
the blade were determined by designing the basic shape according to the Strip
Theory using the momentum theory and the blade factor theory together were
determined, and a method to design the optimum receiving angle to obtain the
high efficiency was adopted. After designing the wind turbine system known
through literatures to verify the feasibility of the aerodynamic design suggested
in this study, we performed the comparison and analysis with the experimental
results suggested in literatures.

A structural design was performed by using the Netting Rule and the Rule
of Mixture Design Method by applying the Glass/Epoxy-Foam sandwich
composite materials with low price and light weight. For the analysis of the
structural, stress, displacement, buckling and frequency problems due to bending
load were considered by using the Finite Element Method. Finally, using the
Spera’s empirical equations about the manner of S-N linear damage method and

cyclic load, th durability which was required for twenty years was examined.
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Table 1 System specification
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Type

Horizontal Axis Wind Turbine System (HAWTS)

Rated Power

1 MW (Electrical Power)

Working range

Cut-in wind speed : Less than 3 m/s
Rated wind speed : 12 m/s
(Determine the optimal value)
Cut-out wind speed : 25 m/s
Maximum survival wind speed : 55 m/s
Planned fatigue lifetime : 20 year

Rotor orientation

Upwind

Number of blades

Three

Rated rotor speed

20~30 rpm (To be determine the optimal value)

Direction of rotation

Clockwise, looking down wind

Blade airfoil

To be determine the optimal airfoil for low wind
speed

Rotor diameter

To be determine the optimal rotor diameter for
low wind speed

Blade material

E-Glass/epoxy Composite
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Fig. 7 Lift and drag relationship on the blade section
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Table 2 Aerodynamic design results of 1 MW class wind turbine blade

Blade power 1 MW
Cut in wind speed 3 m/s
Rated wind speed 12 m/s
Cut out wind speed 25 m/s
Design tip speed ratio 7
Rated RPM 28.14 rpm
Blade number 3
Rotor diameter 28.0 m
Aerodynamic profile NACA 63-421
Blade root chord 2.734 m
Blade tip chord 0.957 m
Blade total twist 24.687 deg.

Fig. 10 Designed aerodynamic shape of 1 MW class wind turbine blade
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Table 3 The result of aerodynamic analysis

V (m/s) 12
o 7
C, 0.473
PMW) 1.3
P,(MW) 1.17
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Fig. 13 Comparison between Whisper H40’s test results and performance
results calculated by in—house code HAWTBAD



Table 4 Load case for structural design

Load Case Case 1 Case II Case I
Reference wind speed 12 m/s 25 m/s 55 m/s
Gust condition Without gust With gust Storm condition
(+20m/s, £40° ) g g
Rotational speed 28.2 rpm 46.9 rpm Stop
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f'u = 5PC’dl V2 (75)

Fu = Zf'u X AT’, Fu(/) = fu(/) X Ar-'_Fu(ifl) (76)
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Fig. 16 Flapwise bending moment diagram for load case 1
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Fig. 17 Flapwise bending moment diagram for load case II

Moment [kN-m]

1
0.2 0.4 0.6

Station [1/R]

Fig. 18 Flapwise bending moment diagram for load case Il



A 2 H Trade-off 4 & T 3 &4 23 € 44

rfe

Al ME FAe ARRE Ao Tradeoff H4E Fal zste] o]
wE A MEX Tx FRel mE TAS 742 )
P4e Ak BPA Beol=e] TRAAE A% 7] 2
e MEAA T2 AYSRAT old@ FRE 450 PFoE AFF] F2 AY

st "HEets xS Erol=e] HoyFdoer AIH FE Wy dvs H
=

EA A3 Jd 4589 AFESHAA Z Aot gles Gelstda, FAE
gk Ay Ed 2o mle] 2§ oA Seleol=e] AV FEE 2
golstnt, w3k M=% 2o thste] Urethane Foam¥} Balsag H|ul 23
A3} Balsaol B]3] Urethane Foam<= #-& Al FA7} 94 489S &<l
oA HFE AAFE Eyol=d A4S ARE ZTola MESA Fxole

Urethane Foam< 473}t

Fig. ¥ Table A= &8 =9t A¢d 2vbol gk 43 FAE 54T
A3E YENS A, Table oA AME=9 A -3 W] Urethane Foam¥} Balsa
£ Al 4% 435 Atk

(@) £21% &3



(b) 29% =3

Fig. 19 Section design model for blade structure
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Table 5 Structure design results of blade skin and spar

Station Spar

(r/R) Front Spar Rear Spar
Skin 20 plies [t455,Core,*=455]

Root~0.1 60 plies [(£45,03,90)5]s 60 plies [(£45,03,90)5]s
0.1~0.2 60 plies [(£45,03,90)5]s 40 plies [(+45,03,90)3,%=45]s
0.2~0.3 66 plies [(£45,03,90)5,£45,0]s 42 plies [(£45,03,90)3,+45,0]s
0.3~0.4 74 plies [(£45,03,90)6,0]s 50 plies [(£45,03,90)4,0]s
0.4~0.5 84 plies [(£45,03,90)7]s 56 plies [(+45,03,90)4,=45,02]s
0.5~0.6 | 82 plies [(+45,03,90)6,+45,03]s | 56 plies [(+45,03,90)4,%45,02]s
0.6~0.7 74 plies [(£45,03,90)6,0]s 48 plies [(£45,03,90)4]1s
0.7~0.8 56 plies [(£45,03,90)4,+45,02]s 38 plies [(£45,03,90)3,0]s
0.8~0.9 36 plies [(£45,03,90)3]s 26 plies [(£45,03,90)2,0]1s
0.9~1.0 20 plies [(+45,03,90),£45,02]s 16 plies [(£45,03,90),=45]s




Table 6 Structure design results of blade web

Station Web
(r/R) Front Web Rear Web

0.1~0.2 36 plies [£459,Core,*=459] 16 plies [£454,Core,*=454]
0.2~0.3 40 plies [*+4510,Core,=4510] 16 plies [£454,Core,*=454]
0.3~0.4 40 plies [£4510,Core,=4510] 20 plies [t455,Core,=455]
0.4~0.5 48 plies [£4512,Core,=4512] 20 plies [t455,Core,=455]
0.5~0.6 48 plies [£4512,Core,=4512] 20 plies [t455,Core,=455]
0.6~0.7 40 plies [£4510,Core,=4510] 20 plies [t455,Core,=455]
0.7~0.8 40 plies [£4510,Core,=4510] 20 plies [t455,Core,=455]
0.8~0.9 28 plies [+457,Core,£457] 16 plies [+454,Core,£454]
0.9~1.0 20 plies [+455,Core,T455] 8 plies [t452,Core,=452]

Table 7 Mechanical properties of materials used in the present blade design

Material UD Tape Fabric
Property GFRP GFRP Hoam
B, (N/mm?*) 35700 22147 60.86
E,(N/mm?) 10600 2658 59.86
Gyo (N/mm?) 2810 1617 19.18
v 0.324 0.3 0.2
X, (N/mm?*) 711 367.3 2.63
X.(N/mm?*) 1200 411 1.41
Y, (N/mm?) 38 40 2.49
Y, (N/mm?) 183 141 1.41
S(N/mm?) 65.7 52.8 0.71
plg/em?) 1.8 1.87 0.1197
Ply thickness 0.58 0.3 12.5
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Fig. 21 Spanwise stress contour on skin (1st ply)
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Fig. 22 Spanwise stress contour on spar (21th ply)
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Fig. 23 Deformed blade shape due to design load



Table 8 Structural analysis results

Case II
Ten. Comp.
Skin (1% ply) 56.4 49.7
Max. stress [MPal ™
Spar (21" oply) 54.3 81.5
Tasi-Wu Skin (1* ply) 0.323
failure criteria Spar (21" ply) 0.446
Max. displacement [m] 2.94
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Fig. 24 Campbell diagram for resonance check
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Fig. 25 Flapwise mode shape and natural frequency
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Fig. 26 Chordwise mode shape and natural frequency
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Fig. 27 First buckling mode shape and load factor at load case II
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Fig. 28 Second buckling mode shape and load factor at load case 1II
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Table 9 Value of allowable fatigue stresses

]Vf Smax SI Smaxmax Smaxmax X KDF

3.72%108 203 MPa 790 MPa 218.8 MPa 153.2 MPa
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Table 10 Engineering data for cyclic load calculation

Symbol Meaning & Value
O3 Rigid hub = 90°
C, Tip chord = 0.957 m
zZ Site elevation above S/L =15 m
Elevation of rotor hub above ground level = 70 m
Rated rpm = 28.15 rpm
W, Chordwise natural frequency = 78.07 CPM
2 Surface roughness exponent = 0.02 : Short grass, Rural area
o oy = (2,/10)"? = 0.289
U, 50th percentile wind speed = 7 m/s
U, 84th percentile wind speed = 9.5 m/s
U, 98th percentile wind speed = 13.02 m/s
D Rotor diameter = 57
M, Blade gravity moment = 526.2384 kN'm
0 Hub coning angle = 0°

Blade station at which loads are measured = 0.285

Table 11 Results of fatigue load calculation

5My[N e m] SM,[N « m]
85.9 284.9
113.4 292.6
209 306.7
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Fig. 32 Spanwise stress contour on spar due to fatigue loads
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