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A study on aerodynamic and structural design of high efficiency
composite blade of 1MW class HAWTS considering fatigue life

Changduk Kong*, Minwoong Kim and Gilsu Park

Department of Aerospace Engineering, Chosun University, 375 Seosuk-dong Dong-gu, Gwangju
501-759, Republic of Korea

(Received 9 January 2013; accepted 7 January 2014)

In this work, 1MW class horizontal axis wind turbine blade configuration is properly
sized and analyzed using the newly proposed aerodynamic design procedure and the
in-house code developed by authors, and its design results are verified through
comparison with experimental results of the previously developed wind turbine blade.
The wind turbine structural design is carried out using the glass/epoxy composite
materials and the simplified deign methods by the netting rule and the rule of
mixture. The structural safety of the designed blade structure is investigated through
the various load case studies, and stress, deformation, buckling, and vibration
analyses using a commercial FEM code, MSC.NASTRAN. Finally, the required 20
years fatigue life is confirmed using the modified Spera’s empirical formulae.

Keywords: HAWTS (Horizontal Axis Wind Turbine System); glass/epoxy compos-
ite materials; aerodynamic design; structural design; fatigue life

1. Introduction

There is increased concern recently regarding energy crisis and environmental issues
due to the excessive consumption of fossil fuel are being faced. To overcome the
difficulty, the wind power has risen as an important renewable energy source. The
recent trend of the wind turbine system development has become much larger scale,
such as 3–5MW classes developed and commercialized by Vestas, Enercon, Repower,
GE wind, etc. during past 10 years. Very recently, more than 6MW classes are under
development.[1] According to literature survey on designs, Grujicic et al. studied on
structural design of 1MW class horizontal axis wind turbine system (HAWTS),[2] and
Pengwen Sun et al. studied on structural analysis of four types of layered laminate 1
MW class HAWTS patterns of 1.2 MW class HAWTS blade.[3] In Korea 750, 2, and
3MW class wind turbines were developed completely in the early 1990s, and now 5
MW class wind turbine is developed.[4]

The reason why fatigue requirement often drives the design of the primary
structural members of a wind turbine is that wind turbines must achieve very long
operating lives of 20–30 years for cost effectiveness. Fatigue life is usually expressed
by the term cycles to failure, which is the number of repetitions of significant loads that
can be sustained from beginning until growing cracks to an allowable length.[5]

For fatigue design, allowable fatigue stress should be obtained from standard
laboratory tests of the materials of construction. There are two general methods to
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account for the stress spectrum effect, which is the first step needed to modify
laboratory test data into fatigue allowable stresses.

Palmgren [6] and Miner [7] proposed the linear damage hypothesis that the stress
cycle remains constant throughout a fatigue lifetime equal to N, and then the fraction
of that lifetime consumed on every cycle is constant and equal to 1/N. Mandel et al.
[8] found the S–N data, which were expressed as a power law equation, in mostly
unidirectional glass fiber composites.

Veers et al. [9] proposed a computer program FAROW that evaluates the fatigue
and reliability of wind turbine components using structural reliability methods. Bishop
et al. [10] showed a fatigue analysis of wind turbine blades using frequency domain
techniques. A fracture mechanics model for fatigue damage process was proposed by
Broek [11], Tada et al. [12], Suresh [13], and Finger [14]. Spera [5] proposed the
experimental equations to estimate the fatigue life of 2.5 MW class wind turbine
NASA/DOE Mod-2’s blade using the load spectrum data, and Kong et al. [15,16]
proposed the modified Spera’s method to estimate the fatigue life of the 750 KW class
horizontal wind turbine blade.

In order to establish the light weight design procedure considering fatigue life, this
study proposes newly a design procedure on both aerodynamic and structural design
procedures of more efficiency and lightweight E-glass/epoxy composite wind turbine
blade of a 1MW class HAWTS than the existing same class wind turbine blades. To
validate the proposed aerodynamic design method, the design and performance analysis
results using the proposed design procedure are compared to experimental test results
of 900W class Whisper H40 wind turbine which was tested by Appalachian State
University in USA.

The structural design is carried out using the simplified design methods such as netting
rule and rule of mixture and low-cost glass/epoxy skin and spar-urethane foam sandwich
composite materials. Moreover, the parametric studies are carried out to find an acceptable
blade structural design, and then the proper design parameter values are decided.

To evaluate the designed composite wind turbine blade, both the performance and
structural analyses are performed using the in-house code and a commercial finite
element code, MSC.NSATRAN.

An acceptable wind turbine blade, which satisfies the design requirements including
the required aerodynamic power and the structural safety under various load conditions,
is finally proposed.

2. Aerodynamic design of blade

To design a target wind turbine system, the design requirement must be established
through existing market survey, design data base, and customer need. Table 1 shows
the system design requirements for 1MW HAWTS to be designed in this work.

The diameter of the wind turbine is initially determined from the following two
equations on the power.[17]

Pmax ¼ 0:37AV 3 (1)

P ¼ 0:2D2V 3 (2)

where Pmax is the maximum power by Betz theory, P is the power of the fast wind
turbine, A is the swept area of blade, V is the rated wind speed, and D is the diameter
of blade.
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In the next step, the blade configuration parameters such as chord length, airfoil
and twisting angle, and tip speed ratio are determined from the design requirements
such as rated wind speed and max tip speed ratio. After initial sizing, the first design is
repeatedly modified until the required power through aerodynamic analysis using CFD
tool and experimental test is obtained.

In this work, the design is carried out by the following way. Firstly aerodynamic
design parameters such as the function h of tip speed parameter k, rotational wind
speed ratio h, and axial wind speed ratio k are defined as:

h ¼ ðpþ tan�1kÞ=3 (3)

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ 1

p
cosh (4)

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ð1� k2Þ=k2

q
(5)

Therefore, the twisting a can be calculated by the following equation:

ke ¼ k
1þ h

1þ k
¼ cot i (6)

a ¼ I � i (7)

where I is the inclination angle, i is the incidence angle, and k is the tip speed ratio.
According to calculation results, the maximum twisting angle is 24.687°. The blade
chord length l can be calculated by the following equation:

l ¼ 8prð1� kÞ
Clbð1þ kÞke

ffiffiffiffiffiffiffiffiffiffiffiffiffi
k2e þ 1

q (8)

The aerodynamic analysis is performed to confirm the design and performance
requirements of the designed wind turbine blade.[18]

Therefore, thrust coefficient CF , moment coefficient CM , and power coefficient CP

are calculated by the following equations:

CF ¼ 2

Z 1

0
ð1� k2Þ r

R
d

r

R

� �
(9)

CM ¼ 2

Z 1

0
kð1þ kÞðh� 1Þ r

2

R2
d

r2

R2

� �
(10)

Table 1. Design requirements of wind turbine system.

Type Horizontal axis wind turbine system (HAWTS)

Rated power 1MW
Working range Cut-in wind speed: less than 3 m/s

Rated wind speed: 12 m/s
Cut-out wind speed: 25 m/s
Max. survival wind speed: 55 m/s

Number of blades 3
Tip speed ratio 7
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CP ¼ CM � k0 (11)

Aerodynamic power P and electrical power Pe can be calculated by the following
equations:

P ¼ 1

2
qCPSV

3 (12)

Pe ¼ g0 � P (13)

Using the equations mentioned above, the in-house code ‘HAWTBAD’ is developed.
At the beginning of design, the proper selection of the wind turbine blade airfoil

shape is very important to design a better performance wind turbine system. In general,
the criteria for selecting the airfoil are as follows: the airfoil must have following
characteristics, such as less lift change during Reynolds number change, high maximum
lift coefficient and stall angle of attack, high lift-drag ratio, and thicker airfoil for
structural strength. In addition, the variable pitch type wind turbine uses an airfoil hav-
ing high power coefficient change at a small pitch angle change.

Based on this airfoil selection criteria, this work selects the blade airfoil of NACA
63-421 through comparison of maximum lift coefficient, lift-drag ratio, and blade
thickness of various airfoils referred to wind turbine airfoil catalog. Figure 1 shows the
geometric configuration and the light and drag coefficients vs. angle of attack.[19]

The aerodynamic design scheme is a way to get an optimum twisting angle for a
maximum lift-drag coefficient at each spanwise blade station. Figure 2 shows the
aerodynamic configuration design result of 1 MW class wind turbine blade.

Figure 1. Airfoil configuration and aerodynamic performance characteristics.
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The performance analysis result of the designed wind turbine blade shows to
produce much higher power than the power requirement. Moreover, it has much higher
power coefficient than the existing wind turbine blade’s power coefficient at rated wind
speed. Figure 3 shows comparison results of power coefficient between the designed 1
MW wind turbine blade and the existing 1MW E-44 ENERCON wind turbine blade.
The comparison shows that the designed blade has better efficiency than the existing
blade’s efficiency at the rated wind speed.

To evaluate the proposed in-house code HAWTBAD, experimental test data of the
900W class Whisper H40 wind turbine developed by Appalachian State University are

Figure 2. Aerodynamic configuration design result of 1 MW lass wind turbine blade.

Figure 3. Comparison of power coefficient between the designed 1MW wind turbine blade and
the existing 1MW E-44 ENERCON wind turbine blade.
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compared to the performance results analyzed from the aerodynamic configuration
designed by the in-house code.

Figure 4 shows comparison results between the experimental results and the
analysis results of the Whisper H40 wind turbine. From the comparison, it is confirmed
that the performance results calculated by the proposed in-house code are well agreed
with average values of the experimental test results.

3. Structural design of blade

The blade loads for structural design are classified by an International Electrotechnical
Commission standard (IEC). The load cases shall be determined from the combination
of operational modes or other design situations, such as specific assembly, erection, or
maintenance conditions, with the external conditions. All relevant load cases with a
reasonable probability of occurrence shall be considered, together with the behavior of
the control and protection system. According to IEC 61400-2 design requirements for
small wind turbines,[20–22] total eight load cases are defined. However, this work
considers three extreme load cases at normal operation, cut-off condition, and standstill
and storm condition among eight load cases. Case 1 of rated wind speed condition,
case 2 of cut-out wind speed condition, and case 3 of storm condition with/without gust
are shown in Table 2.

Figure 4. Comparison between Whisper H40’s test results and performance results calculated
by in-house code HAWTBAD.

Table 2. Load cases for structural design.

Load case Case 1 Case 2 Case 3

Reference wind speed Rated 12 m/s Cut-out 25 m/s Strom 55 m/s
Gust condition (±20 m/s, ±40°) Without gust With gust N.A.
Rotational speed 28.2 rpm 46.9 rpm Stop
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When shear forces and bending moments are calculated along the blade span from
the three load cases, it is found that the load case 2 is the highest load
condition.[18,23]

Therefore, the load case 2 is considered as the structural load condition. Figure 5
shows the flapwise bending moment diagram of the load case 2.

The used materials for this work are glass/epoxy which has mechanical and
economical advantages, such as proper structural strength, long fatigue life, and low
cost.[24] In order to improve the structural stability as well as the lightness, glass/epoxy
fabric face sheets-foam sandwich type structure is applied to the skin and the spar web.
However, the spar flange carrying the major bending moments used glass/epoxy UD
laminate type structure. Table 3 shows the mechanical properties of the used materials,
[23] and Figure 6 shows the applied structural configuration of the blade section.

The proposed structural design procedures are as follows: initially sizing is done
using the simplified design methods, and then the design is modified using the
structural analysis using a FEM tool.[25]

Initial design is performed using the netting rule that the loading directional fibers
can carry the design load. Then the initial design results are modified using the rule of
mixture that the off-loading directional fibers can carry 10% load in addition to the
major loading directional fibers. Therefore, the design results are produced with initially
sized 0° directional fiber plies plus ±45° and 90° directional fiber plies.

At the initial design, the stress distribution of the spar flange is expressed as shown
in Figure 7, and the flange thickness can be sized using Equations (14) and (15).

rxf ¼
FxP
Ai

Exf

�Ex
þMzð�yf Þ

�Iz

Exf

�Ex
(14)

sxyf ¼
Fy

�Iz

bw
2

bf
2

Exf

�Ex
(15)

where rxf is the spar flange stress, Fx is the axial load, Exf is the spar flange elastic
modulus, Mz is the bending moment, �Ex is the equivalent elastic modulus,

P
Ai is the

Figure 5. Flapwise bending moment diagrams of load case 2.
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cross-sectional area of spar flange and web, �Iz is the second area moment of inertia of
spar flange and web, sxyf is the shear stress of spar flange, Fy is the lateral load, bw is
the web length, and bf is the flange length.

The stress distribution of spar web is shown Figure 8, and the thickness can be
sized by the normal and shear stresses as expressed in Equations (16) and (17).

rxw ¼ FxP
Ai

Exw
�Ex

þMzð�ywÞ
�Iz

Exw
�Ex

(16)

Table 3. Mechanical properties of materials.

Material property (N/mm2) UD tape GFRP Fabric GFRP Foam

E1 35700 22147 60.86
E2 10600 2658 59.86
G12 2810 1617 19.18
ν 0.324 0.3 0.2
Xt 711 367.3 2.63
Xc 1200 411 1.41
Yt 38 40 2.49
Yc 183 141 1.41
S 65.7 52.8 0.71
q 1.8 1.87 0.1197
Ply thickness (mm) 0.58 0.3 –

Figure 6. Conceptual structure configuration of blade cross-section.

Figure 7. Acting stresses on spar flange.
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sxyw ¼ 2
rxf tf
tw

þ Fy

�Iz

b2w
8

Exw
�Ex

(17)

where rxw is the spar web stress, Fx is the axial load, Exw is the spar web elastic
modulus, sxyw is the shear stress of spar web, tf is the spar flange thickness, and tw is
the spar web thickness.

Figure 8. Acting stresses on spar web.

Table 4. Structure design results of blade skin and spar.

Station (r/R)
Spar

Front spar Rear spar

Skin 20 plies
[±455,Core,±455]

Root–0.1 60 plies 60 plies
[(±45,03,90)5]s [(±45,03,90)5]s

0.1–0.2 60 plies 40 plies
[(±45,03,90)5]s [(±45,03,90)3,±45]s

0.2–0.3 66 plies 42 plies
[(±45,03,90)5,±45,0]s [(±45,03,90)3,±45,0]s

0.3–0.4 74 plies 50 plies
[(±45,03,90)6,0]s [(±45,03,90)4,0]s

0.4–0.5 84 plies 56 plies
[(±45,03,90)7]s [(±45,03,90)4,±45,(0)2]s

0.5–0.6 82 plies 56 plies
[(±45,03,90)6,±45,03]s [(±45,03,90)4,±45,(0)2]s

0.6–0.7 74 plies 48 plies
[(±45,03,90)6,0]s [(±45,03,90)4]s

0.7–0.8 56 plies 38 plies
[(±45,03,90)4,±45,(0)2]s [(±45,03,90)3,0]s

0.8–0.9 36 plies 26 plies
[(±45,03,90)3]s [(±45,03,90)2,0]s

0.9–1.0 20 plies 16 plies
[(±45,03,90),±45,(0)2]s [(±45,03,90),±45]s
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The sandwich structure is applied to improve the static structural stability as well as
the lightness for both skin and web of the blade. The spar is composed of mainly
0° and 90° plies due to carrying major bending moment and additionally ±45° plies for
the second directional loads and avoiding delamination by more than three layers of
same directional plies. Moreover, the symmetrical lay-up is applied to remove the
coupling effect between the extensional deformation and flexural deformation. The
structural design results are shown in Tables 4 and 5.

4. Structural analysis of blade

To check the detail structural safety, the structural analysis is performed using a
commercial finite element code, MSC. PATRAN/NASTRAN. In the analysis, the

Table 5. Structure design results of blade web.

Station (r/R)
Web

Front web Rear web

0.1–0.2 36 plies 16 plies
[±(45)9,Core,±(45)9] [±(45)4,Core,±(45)4]

0.2–0.3 40 plies 16 plies
[±(45)10,Core,±(45)10] [±(45)4,Core,±(45)4]

0.3–0.4 40 plies 20 plies
[±(45)10,Core,±(45)10] [±(45)5,Core,±(45)5]

0.4–0.5 48 plies 20 plies
[±(45)12,Core,±(45)12] [±(45)5,Core,±(45)5]

0.5–0.6 48 plies 20 plies
[±(45)12,Core,±(45)12] [±(45)5,Core,±(45)5]

0.6–0.7 40 plies 20 plies
[±(45)10,Core,±(45)10] [±(45)5,Core,±(45)5]

0.7–0.8 40 plies 20 plies
[±(45)10,Core,±(45)10] [±(45)5,Core,±(45)5]

0.8–0.9 28 plies 16 plies
[±(45)7,Core,±(45)7] [±(45)4,Core,±(45)4]

0.9–1.0 20 plies 8 plies
[±(45)5,Core,±(45)5] [±(45)2,Core,±(45)2]

Figure 9. Spanwise stress contour on skin (1st ply).
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critical design load case, in which the aerodynamic forces occurred at the cutout wind
speed condition of 25 m/s with gust, is considered together with the centrifugal body
force. The boundary condition of the analysis model is the fixed condition at blade
root. In this analysis, the analysis results of stresses, displacements, buckling loads and
modes, and natural frequencies and modes are investigated.[25,26]

Two kinds of core materials, i.e. urethane foam and balsa wood of the sandwich
structure applied to both skin and spar web, are considered to find a much lighter
blade.[27] According to comparison results, in case of the urethane foam core sand-
wich, the maximum tensile and compressive stresses of the skin (1st ply) are 56.4 and
49.7 MPa, respectively, the tensile and compressive stresses of the spar flange (21th
ply) are 54.3 and 81.5 MPa, respectively, the deflection of the blade tip is 2.94 m, and
the structure weight is 4.32 tonnes. In case of the balsa core sandwich, the stress
distribution and the blade tip deflection are similar to the urethane foam core sandwich

Figure 10. Spanwise stress contour on skin (21st ply).

Figure 11. First buckling mode shape and load factor.
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Figure 12. First flapwise mode shape and natural frequency.

Figure 13. First chordwise mode shape and natural frequency.

Figure 14. Campbell diagram.
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case, but the structure weight is 5.04 tonnes. Therefore, the urethane foam core
sandwich structure is finally selected, and it is a bit lighter than the existing same MW
class commercial wind turbine blade, UGE 1000H of ETC Green Co. having 4.35
tonnes weight.

The buckling load factors of the finally selected blade are 1.293 at the first mode
and 4.093 at the second mode, respectively, and it means that the blade is safe for the
static structural stability. Moreover, the natural frequencies and modes of the blade are
analyzed, and the resonance possibility is investigated by Campbell diagram. From this
investigation, it is found that the proposed blade is safe from the resonance.

Figures 9 and 10 show the spanwise stress contour on skin and spar, and Figure 11
shows the first buckling mode shape and load factor. Figures 12 and 13 show the first
flapwise and chordwise mode shapes and natural frequencies. Figure 14 shows the
Campbell diagram to examine the resonance possibility.

5. Fatigue life estimation of blade

Wind turbine blade structural design requirements include generally three important
requirements such as limit strength, stiffness, and fatigue life. In order to satisfy the
limit strength requirement, the blade structure should endure not only the maximum
load that may occur during operation but also be safe at storm as well as gust. The
stiffness requirement means that the blade should have a proper stiffness to avoid the
resonance, an enough stiffness to prevent the blade tip’s hitting to the tower wall, and
an enough torsional stiffness to minimize the torsional deformation that may change
the aerodynamic performance.

Finally, the fatigue life requirement means that the blade should endure the repeated
fatigue loads until the required fatigue life.

In this work, using experimental fatigue load spectrums obtained from a similar
wind turbine system and Mandell’s S–N diagram and Goodman diagram of applying
composite materials, the required maximum fatigue strength is firstly calculated and
then the fatigue life is estimated using the modified Spera’s formulae.[5] The dynamic
structural problem for the fatigue analysis can be converted into the static structural
problem.[23]

Mandell’s S–N experimental approximation equation having stress ratio of 0.1 for
the UD glass/epoxy composite laminate is expressed by [5].

S=S0 ¼ N�0:074
f (18)

where S=S0 is the normalized stress, S0 is the strength of the used materials, and Nf is
the number of fatigue cycles.

From the measured load spectrum of the 2.5 MW class wind turbine NASA/DOE
Mod-2’s blade as shown in Figure 15, the average stress ratio (Ravg) was calculated as
0.37. To compensate the average stress ratio Ravg to an arbitrary stress ratio R, Good-
man diagram as shown in Figure 16 is used, the slope from the following equation is
used to obtain Smax and Smin at 108 cycles.[23]

Scyc=Savg ¼ ð1� RÞ=ð1þ RÞ (19)

where Scyc is (Smax � SminÞ=2, and Savg is (Smax þ SminÞ=2.
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To calculate S0max for the required fatigue life from Smax, the following Mandell’s
equation is used.

S0max ¼ Smax � N�0:074
f � ð1=108Þ�0:074 (20)

The 20-year fatigue cycles can be calculated by extending the measured spectrum for
9 h using the following equation.

Nf ¼ 20 yr � 8760
hr

yr
� No: of cycle test

Test durationðhrÞ (21)

The allowable fatigue stress using the S–N linear damage method is obtained by the
following equation.[5,23]

Smax max ¼ SI Nf

Pn
i¼1 niR

13:5
iPn

i¼1 ni

� ��0:074

(22)

where n is the total layer number and ni is the cycle number of each layer.
To apply the calculated allowable fatigue stress to the actual rotating blade, the

knock down factor (KDF) less than one must be used. This work uses KDF of 0.7

Figure 15. Measured load spectrum of NASA/DOE Mod-2 wind turbine blade.

Figure 16. Goodman diagram of glass/epoxy composite materials.
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based on the existing similar class wind turbine blade. Table 6 shows the calculation
result of allowable required fatigue strength, 153.2MPa.[15,23]

The fatigue of the rotating blade is caused by several reasons, i.e. different rotating
axis from wind direction, change of wind speed, gravitational blade loading change due
to rotating, etc.

The cyclic load, which affects the blade fatigue life, is divided into the flapwise
load and the chordwise load. The flapwise and chordwise cyclic loads can be calculated
using the following modified Spera’s empirical formula.[15,16]

DMy;n ¼ aMgsinhþ 432ð1þ 1:47aÞ � cdðg þ 0:012bÞ � Unð1� sÞ � expð0:134nÞðD=100Þ4
(23)

dMz;n ¼ eMg þ 46:8cdðg þ 0:01bÞ � Unð1� sÞexpð0:276nÞðD=100Þ3 (24)

where dMy is the blade cyclic flapwise bending load, dMz is the blade chordwise
bending load, n is the number of standard deviations, a is the hub-rigidity factor, b is
the tower blockage factor, c is the tip chord factor, d is the air density factor, e is the
chordwise dynamic amplification factor, f is the flapwise dynamic amplification factor,
g is the wind variation factor, D is the rotor diameter, Mg is the blade maximum static
gravity moment, h the hub coning angle, Un is the wind speed at hub elevation, and s
is the blade station.

In order to obtain My;n max and Mz;n max, the estimated cyclic loads of
dMy;n; dMz;n, and the average R-ratio obtained from the fatigue load spectrum are used.
In this work, the type II (n = 2, 2% probability exceedance) fatigue loads of My;n max

Table 6. Estimated allowable fatigue stresses.

Nf Smax SI Smax max Smax max × KD

3.72 × 108 230MPa 790MPa 218.8MPa 153.2MPa

Figure 17. Spanwise stress contour on spar (21th ply) due to type II fatigue loads.
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and Mz;n max are used for calculating the fatigue stresses using the finite element
method.

According to stress analysis results, maximum compressive and tensile stresses are
−73.1 and 76.1 MPa, respectively. Figure 17 shows stress contour at maximum type II
fatigue loads.

However, because the allowable fatigue stress for 20 years fatigue life is 153.2
MPa, the calculated fatigue stresses due to the type II fatigue loads are relatively quite
low. Therefore, it is confirmed that the designed wind turbine blade has enough fatigue
life more than the required 20 years fatigue life.

6. Conclusions

This work is to establish the proper design procedure as well as to design the high
efficiency and lightweight 1 MW class horizontal axis wind turbine blade considering
more than 20 years fatigue life.

The blade aerodynamic configuration is induced considering the design
requirements, and it is found that the proposed wind turbine blade has better
performance than the existing commercial wind turbine blade.

Through the trade-off study, the skin-spar-foam sandwich composite structure is
adopted. The glass/epoxy fabric face sheet-urethane foam core sandwich structure for
both skin and spar web and the glass/epoxy UD laminate structure for spar flange are
used to give proper structural strength, better static structural stability, low cost, and
lightness.

The structural design is performed by the load case study, the initial sizing using
the netting rule and the rule of mixture, and the design modification using FEM
analysis.

The structural safety of the finally proposed blade is confirmed by analyzing the
stresses, the deformations, the buckling load factors, the natural frequencies,
the Campbell diagram, etc. It is found that the proposed blade is a bit lighter than the
existing commercial blade.

Fatigue loads, such as flapwise and chordwise bending moments are calculated by
Spera’s empirical equations with various engineering data and probability of exceeding.
And the allowable fatigue stress for the required design life is estimated from the S–N
curve of glass/epoxy laminate by Mandell’s empirical equations and Goodman diagram
with the modified stress ratio. It is confirmed that the designed blade has enough
fatigue life of over 20 years.
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