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Abstract

In this study, the 750kW medium scale composite blade for the horizontal axis
wind turbine system was designed and manufactured, and it was tested and evaluated
by the specific structural test rig. In the test, it was found that local bucklings at the
trailing edge of the blade and excessive deflections at the blade tip were happened. In
order to solve these problems, the design of blade structure was modified. After improving
the design, the abrupt change of deflection at the blade tip was reduced by smooth variation
of the spar thickness and the local buckling was removed by extending the web length.
The modified design was analyzed by the FEM, the safety and stability of the blade
structure. And Fatigue life over 20 years was confirmed by using S-N linear damage
method, Spera’s method, etc.
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Circumferential speed of the section at a distance r from the rotation axis
Gust wind speed through the rotor

The velocity of the air flow relative to the blade

Wind direction change
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Tangential force coefficient

oM, Blade cyclic flat wise bending moment
8M, Blade cyclic chord wise bending moment
Air density
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Introduction

There are two general types of wind turbine systems: such as the horizontal axis wind turbine
(HAWT) and the vertical axis wind turbine (VAWT). The HAWT of these two types is predominantly
used because of its good performance and high structural efficiency.[1] The rotor blade among the
components of the wind turbine system transforms wind power to mechanical power. In general
three blades are used for the wind turbine system to keep the dynamic balance and minimize the
fatigue effect, and the blades are reduced weight by manufacturing with composite materials in order
to secure structural strength and stiffness, fatigue life and low cost according to being large sized.
Recently composite materials used in the blade of the wind turbine are E-glass/Epoxy,
E-glass/Polyester, S-glass/resin, Kevlar/resin, Graphite or Carbon/Epoxy and Wood/Epoxy. Generally
E-glass/resin is most widely used in the blade of the wind turbine because of its low cost and good
performance.[2] Aerodynamic configuration for the blade is used from former NACA 4xxx series
to recent NACA 65-xxx, NACA 63-xxx, etc. and is tapered from the root to the tip of the blade
in general. Commonly used the structural configuration is a box type with shell-spar. And flange
type, T-bolt type and insert bolt joint method are used to support heavy loads for the rotor hub
joint part.[3] Although the design procedure of the blade is different each designing and manufacturing
company, the common procedures are performing aerodynamic configuration design, dynamic and
static load analyses, structural design, securing structural strength through static stress analysis,
prediction of fatigue life from the random load spectrum and the modal analysis to prevent the resonance
in order. In the structural load calculation, there were quasi-static aerodynamic load calculation,
application of dynamic modeling method by A.D.Garrad in 1983, development of a rotor blade using
aero elastic tailoring by Shirketal in 1986 and calculation using FEM by O.A.Bauchau. Recently the
structural design procedures are developed, established and practically used by many companies such
as VESTAS, Micon, Wind Energy Group, Enercon, Zond, Bonus, etc.[4][5]

In this study, the 750kW scale wind turbine blade was manufactured with E-glass/Epoxy which
was produced in Korea and proved its properties, and used NACA 63-218 which has good starting
characteristic and aerodynamic performance. The structural configuration was the box type using
skin-spar-foam sandwich structure. And on the rotor hub joint part, the insert bolt joint method
was used to reduce the weight of the blade. At the first design stage, after calculating a quasi-static
ultimate load and an inertia load, structural dimensions which satisfied basic structural strength were
determined, suitability to the design requirement was confirmed by analyzing deflections and twist
angles with FEM, and the resonance was investigated by calculating the natural frequency and the
mode of vibration through the modal analysis. From the results, the blade was manufactured and
tested by the specific structural test rig. In the test, it was found that local buckling, delaminations
and excessive deflections at the blade tip were happened. In order to solve these problems the design
of the blade structure was modified.

Design Procedure and Result of Aerodynamic Design

The design for the blade of the wind turbine is to determine the configuration, the structural
type and materials of the blade that satisfy the design requirement including aerodynamic performance,
structural strength and cost. Fig.1 shows the design procedure for the blade of the wind turbine.
The rotor blade diameter, airfoil configuration, twist angle, tip speed ratio, etc. were obtained from
wind conditions in the region in which the wind turbine sy stem will be operated, and then the aerodynamic
design was performed by using them. It was examined by the performance analysis program whether
aerodynamic design results satisfied design requirement or not. From the aerodynamic configuration,
the aerodynamic load according to various operating conditions was calculated and the structure
design was performed in order to be operated safe keeping this load.
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Fig. 1. Flow chart for blade design

The reasonableness of the structural design results was examined by various analyses. The
aerodynamic configuration was designed through determining the number of blade, airfoil configuration,
thickness, chord length, variation of twist angle and rotor diameter which were obtained by applying
rated rpm, rated wind speed, rated power, cut-in wind speed and maximum design wind speed by
Betz, Strip and Vortex theories.[6] Table 1 shows the specification of the wind turbine system to
design the aerodynamic configuration and Fig.2 shows the result of the aerodynamic design.
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Fig. 2. Result of aerodynamic design

Table 1. Specification of HAWTS

Cut-in Rated Cut-out

Rated : s : Rotor Number Baldes . p s
Wind Wind Wind Airfoil

Power Gl Stised Speed Speed of Blades | Length

T50kW | 30m/s | 125m/s | 25m/s |15-35RPM| 3 Blades | 233m | Lo

Structural Design and Analysis

The structural design requirement was that the blade maintains the result of the aerodynamic
design and keeps all actual loads with minimum weight.
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Fig. 3. Flow velocity diagram
Load analysis

Loads acted on the wind turbine system are divided into aerodynamic load and loads due to
weight and motion of the blade, snow, centrifugal force in rotating, etc.[7] It is difficult to analyze
these loads because they are related to each other. Therefore, in this study the aerodynamic load
mainly acted on the blade was analyzed.

In order to obtain the aerodynamic loads acted on the blade the main characteristics were
considered the change of wind direction and the variation of the velocity due to the gust shown
in Figure 3. The velocity of the airflow relative to the blade at a distance r from the rotational axis
was obtained by

W=V U*+ V*2UVsin B (1
The aerodynamic force which are acted on the blade section was calculated by

fﬁ%pcnl w? f,=%pC11W2 @
The aerodynamic force on the whole blade was obtained by integrating above forces from
root to tip.
Wind speeds of 12.5m/s, 20m/s and 25m/s and the gust condition were considered. And on
the stationary condition, the wind speed of 55m/s, which can be occurred once 190 years, was
considered.[8] Table 2 shows the result of the analysis for wind speed of 20m/s.

Table 2. Results of load analysis for 20m/s wind speed

Fx[kN] FrlkN] Mn[kNm] M+1[kNm]
Station| normal force tangential force | flapwise bending | chordwise bending

at chord at chord moment moment
1.00 8.148 1.460 16.297 2.919
0.92 9.800 1.778 52.195 9.396
0.84 10.765 1.982 109.624 19.838
0.76 11.233 2.063 189.477 34.406
0.68 11.108 2.067 291.546 53.110
0.60 10.520 1.952 414.655 75.719
0.52 9.606 1.801 556.976 101.930
0.44 8.455 1.578 716.207 131.298
0.36 7.030 1.326 889.499 163.319
0.29 5.751 1.069 1074.296 197.478
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Basic structure of blade section

Previously described various loads act on the rotor blade as types of bending, torsion and shear
forces. Therefore, the basic structure of blade section was designed the box type as shown in Fig.
4. It was designed that the bending force was kept by the spar manufactured with unidirectional
fiber, the torsion was kept by box type structure composed of the web and skin manufactured with
the angle ply(#+45°), and the shear force was kept by the web. Moreover in order to reduce the
buckling due to the compression from the bending load, the foam sandwich structure was added
on the inner skin of the leading and trailing edges. And the rear web was added near the trailing
edge to prevent the buckling caused by twisting load. Table 3 shows the properties of materials
used in this study.

The used method for preliminary design was the PS(Principal Stress) method based on the
rule of mixture and the classical laminate theory.

Fig. 4. Sectional configuration

Table 3. Material properties

Fabric UD Foam
Density(kg/m”] 1750 1850 52.06
E«[GPa] 24.8 31 0.07
E,[GPal 11 11 0.07
GI[GPal 4.14 414 0.019
Poisson’s Ratio 0.27 0.27 0.2
Fx.[MPal] 174.6 620 0.896
Fx[MPal] 313.7 777.8 1.896
Fy[MPal 138 138 0.896
Fy[MPal] 31 31 1.896
F.[GPal 717 7.17 0.0008
Thickness[mm/ply] 0.445 0.49 12.5

Rotor hub

Various methods to efficiently join the rotor blade made of composite materials to the rotor
hub made of metal have been studied. Among them the flange bolt joint type and the T-bolt joint
type are mainly used in the HAWT.[9][10] In this study the insert bolt joint method that was specially
devised for reducing the weight of the wind turbine and confirmed its safety through the parts test
was used.
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Result of stress analysis by the FEM

The modeling of the designed blade was performed as shown in Fig.5 and FEM analysis was
performed in terms of applying previously obtained loads. Linear static stress analysis, eigen value
analysis and buckling analysis of the spar on which mainly loads act were analyzed by using commercial
FEM code, NISA II. As a result, total weight of the blade was 2.63ton. For load distribution, stress
concentration phenomena happened on the end of the spar and maximum stress of the skin was
63.5MPa at this point. By Tsai-wu failure criteria safety factor was above 3.5 and confirmed safe.[11]
As a result of buckling analysis, buckling occurred at the trailing edge between 0.5r/R and 0.7r/R
stations. But S.F. for buckling was above 10 and safe. Analysis results are shown in Table 4.

Fig. 5. Mesh generation

Table 4. Result of FEM analysis for first structural design

Weight M Max. Displacement Eigen Value[Hz]
ax. Stress
[ton] [m] Flap mode |Lead-lag mode
125 20 55 12.5 20 55
vgy | m/s] | m/s) | /] | s | fm/s) | fm/s) | 1S and | 186 | énd
39 63.5 127 1.089 | 1.685 | 3.318 2.25 8.24 2.32 5.47

Manufacturing and Structural Test

The blade, which was divided into four parts, was manufactured. Upper and lower skins and
front and rear webs were manufactured by the hand lay-up because there was not an available
autoclave for the size of the structure. As stated above, the structure of the blade was too long
tolay—upjust once. Moreover there was a problem that the curing proceeded while resin was impregnated
into glass fibers. However, the rotor hub which is a high stressed part was manufactured in the
autoclave. Method to assemble the parts is as follows, the webs and the rotor hub were fixed to
the lower surface and then the upper surface was put on and adhere to that, and the bonding area
between upper and lower surface was extended by attaching patches to improve the bonding strength.

The manufactured blade was set on the test rig and loaded at 20.2m and 17.6m stations of
the blade, and deformations and deflections of the blade were measured. AI1600 of CAS Co. was
used as a measurement system and 4 displacement gages, 22 strain gages and a load cell were used
in the test. Load was applied according to the analysis result at the wind speed 20m/s including
the gust condition. Test results were compared with FEM analysis results that obtained by applying
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load with an interval of 9.8kN. As a result of the comparison of the analytical values and the empirical
values, generally both showed similar trend as shown in Table 5, but the analytical values were
bigger than the empirical values by 10%. Load was acted as the concentrated load on 20.2m and
17.6m stations of the blade as shown in Fig.6. In case of applying load on 20.2m station, debonding
occurred between the upper and lower surface on load of 25.48kN, and therefore the test was interrupted.
And in case of 17.6m station, local buckling occurred at the trailing edge of near 0.65r/R station
under applying load of 49kN, and it was difficult to increase the load. Deflections of the blade were
shown in Fig.7 and it was measured up to 1.74m at 41.16kN.

The major problems found in the structural test were as follows. Firstly, the weight of the
manufactured blade was 3.2ton and was heavier than the design weight by 0.4ton. This was caused
by attaching patches to improve the strength through increasing the bonding area to joint upper
and lower skins of the blade. Secondly, there was abrupt excessive deflections caused by the concentrated
stress on the end of the spar. Such the excessive deflections must be considered on the design modification
because it will affect the aerodynamic performance. Finally, local buckling happened at the trailing
edge near 0.65r/R station of the blade.

Improvement of Design
Design modification

The design of the blade was modified to solve excessive deflections and local buckling of previously
described problems. In order to diminish the stress concentration on the spar, abrupt variation of

Table 5. Comparison between analysis and test results

Stress[MPal]
Load Measurement
[kN] Position 6.0[m] 10.0[m]
(from root)
98 Analysis 3.25 3.93
' Test 3.07 3.65
196 Analysis 6.3 777
) Test 5.77 7.27
929 4 Analysis 9.76 116
) Test 8.37 10.53
399 Analysis 13.02 15.6
’ Test 12.06 14.28

Fig. 6. Loaded shape by chain block Fig. 7. Deformed shape under testing
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[UD], 3ply * [UD1, 2 ply
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Fig. 8. Structural design result of modified blade

0.076R 0.168R 0.286R

Fig. 9. Sectional configuration of modified blade Fig. 10. Hub configuration

the spar thickness was reduced, the front spar web was extended to 0.92r/R and manufacturing process
was improved. In order to prevent local buckling one UD ply was added to the leading edge of the
blade and the rear web was extended to 0.678r/R station, and to prevent local failure by test rig
the test rig was modified to apply load in the vertical direction of blade surface. Moreover special
fixture was manufactured to prevent excessive deformation while demolding the blade from the mold.
Fig.8 shows the modified structural design result and Fig.9 shows the sectional configuration of modified
blade. The joint part of rotor hub and the blade was designed by using the adhesive and shear pins
to secure the safety as shown in Fig.10.[12]

Structural analysis for modified design

As a result of structural analysis, total weight of the blade was reduced by 0.3ton. However
the stress was slightly increased on the whole structure, but the stress concentration region was
removed, maximum stress region was moved into 0.286r/R station and acted on the spar of this
station. Though the stress was slightly increased in the previous design the maximum stress was
found on the skin but in the modified design it was found on the spar, so that it was confirmed
that structure was safer as the factor of safety was above 9. Deflections increased by 109 compared
with the former design but the type of deflections was changed from an abrupt type affected the
aerodynamic performance into smooth deflections type. The result showed that the modified design
was more effective.
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In the result of buckling analysis for the spar, buckling was found at 0.286r/R station of the
blade and the factor of safety was above 3, and the safety for local buckling was confirmed in the
result of local buckling analysis for the trailing edge by using ESDU80023 and equation (3).[13]

_ KDy - Dy)'"* N Cr* (D2 +2Dg) Ny
t

Ny X 2 s OXer™ 3)

where, Nx is buckling load, Dj; is flexuaral laminate stiffness and Ky and C are buckling constants
depending on edge conditions, plate aspect ratio, etc.

As a result of the natural frequency analysis, the natural frequency of the modified design
was lower by 15% than that of the former design and the resonance in operating was not found
as shown in Fig.11. Table 6 shows the results of the local buckling analysis and table 7 shows
the result of the structural analysis.

Fatigue life estimation

In this study, the required fatigue life which must be safely operated more than 20 years and
should be met by the International Wind Turbine Safety Regulation IEC1400 Part I, was estimated.
The fatigue allowable stress was calculated by the following S-N linear damage equation,[1]
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Fig. 11. Campbell diagram Fig. 12. Stress distribution (20m/s wind speed)

Table 6. Result of local buckling analysis

Wind 125 20 25 55

speed [m/s] [m/s] [m/s] [m/s]

Stress

[MPal 12 16 13 21
S.F. 2.38 1.78 2.2 1.36

Table 7. Result of FEM analysis for modified design

W Ei Value[H Bucklin

eight Max. Displacement igen Value[Hz] g

[ton] Max. Stress Bl Lead_lag Load
L Flap mode mode Factor

125 20 55 125 20 55
236 [m/s] | [m/s] | [m/s] | [m/s] | [m/s] | [m/s]

449 | 722 | 144 1.2 | 1834|3387 | 189 | 543 | 233 | 75 |233| 75

1st | 2nd Ist | 2nd | 1st | 2nd
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—0.074

13.
i“niRias
=

S max max = Sr| Ny

where, S; is the empirical stress coefficient by Mandells empirical equation, R; is the stress ratio
for the i layer which was obtained from the load spectrum in the field test of the similar wind
turbine blade, and Ny is the required 20-year design life cycles. Table 8 shows the result of the
calculation for the required life, where the knock-down factor was considered to account for scatter
in the laboratory test data and several condition that can be reduce in full-scale structures below
that of laboratory specimens.

(4)

Table 8. The result of fatigue stress calculation

Nf Sr Smax max Smax max X (KDF)
[cycle] [MPal [MPa] [MPa]
3.72x10° 363.63 101.2 80.96

In order to obtain the cycle loads, the following empirical equations, which were proposed by
D.A. Spera, were used in this study.[14][15]

&M, = aM,sin 0+ 432(1 +1.47a) x cd(g+0.0126) x U,(1—s) exp " (D/100)"
OM . = eM,+46.8cd(g+0.1b) x U,(1—s) exp *7*”(D/100)*

Table 9 shows the result of the calculation for the 750kW class wind turbine blade. The maximum
compressive stress for these cyclic loads, which was analyzed by FEM, was 52.84MPa. Because
this cyclic maximum stress in operation is less than the required fatigue allowable stress 80.96MPa,
the required fatigue life for the 750kW class wind turbine blade would be confirmed to be met over
the required 20-year design life.

Table 9. The result of fatigue load calculation [kNm]

n M, oy OM , max M, oy M - e

0 67.9 2155 226 265.3

1 105.6 335.2 232.1 2725

2 165.1 524 243 285.3
Conclusions

In this study, the 750kW scale composite blade for the wind turbine system was designed
and manufactured, and it was tested and evaluated by the specific structural test rig. In order to
solve the problems found in the test the design of the blade was modified.

As a result of modifying the design, total weight of the blade was reduced, the concentrated
stress was removed by changing lay-up sequence and thickness of the spar, so that the safety of
the blade was high, abrupt deflections at the blade tip was reduced by smooth variation of the spar
thickness to improve the aerodynamic performance and efficiency, and local buckling of the trailing
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edge was removed by extending the web length. And the safety for the joint part of the blade and
the rotor hub was secured by using the shear pins. The required fatigue strength was calculated
by S-N linear damage method. Fatigue load was obtained by using load spectrum through experiments
and Spera’s method. Service fatigue stress was analyzed by FEM with the calculated fatigue load.
From comparison of the fatigue stresses with the required fatigue strength, the 20-year fatigue life
was confirmed.
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