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NOMENCLATURE

b Number of blades
o Two dimensional airfoil drag coefficient
q Two dimensional airfoil lift coefficient
o Two dimensional airfoil normal force coefficient
G Two dimensional airfoil tangential force coefficient
C; Wind turbine power coefficient
G, Wind turbine power coefficient
c Blade chord length
H demi-height of rotor
HIR Ratio of demi-height and radius
] Angle of attack
M Moment
P Power
R Maximum blade radius
Re Reynolds number
r local radius
S Projected frontal area of the vertical axis wind turbine
|4 Air velocity in the interior of a streamtube
Vi Uniform wind velocity
V, Air velocity in the fully developed wake
71/ Relative velocity
w resultant air velocity relative to a blade element
z local height
0 Angle between the normal to the blade element and horizontal plane
0 azimuth angle of a blade element
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Tip speed ratio

Poisson's ratio

Angular velocity

Density of air, Density of a material

Stress
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ABSTRACT

A Study on Design and Analysis of Small Wind Turbine System for High
Efficiency and Light Weight

by Lee, Ha-Seaung
Advisor : Prof. Kong, Chang-Duk, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

Recently, both the energy crisis and the environmental issue have been focused, hence
the strong interest of the wind power has been considered as an important renewable
energy source. The trend of the wind turbine system development has become much larger
scale over several MW class. However, because the small-scale wind turbine system has
some advantages, which it can be personally and easily built using low cost and without
any limitation of location, i.e. even in city, it has been continuously developed.

Currently, most commercialized small scale wind turbine systems have been designed at
the rated wind speed more than 12 m/s, hence they have a great reduction of aerodynamic
efficiency at the low wind speed region like Korea. [1]

This work is to design a high efficiency S00W class composite vertical axis wind turbine blade
which is applicable to relatively low speed region like Korea.

In the aerodynamic blade design, the parametric study is carried out to find an optimal
aerodynamic configuration having high efficiency in both low and high wind speed region using
the proposed design procedure. The aerodynamic design parameters are number of blades, solidity,

airfoil, height to radius ratio, etc. Basic profile was designated by the multi stream Theory

_iX_



used for both of the Momentum Theory and the Blade Element Theory. and the calculation
flow is coded by a computer program. In the Aerodynamic analysis there were utilized the
CFD and analyzed the torque and Stream line for fluid flow.

In the structural design, the blade adopts the skin-spar-foam core sandwich structure
concept. The glass fabric/epoxy composite material, which is supplied by a domestic
company, is used for both skin and spar. The bending force is endured by the spar flange
layered with the ply angle of 0°/90° and the torsion is endured by the upper and lower
skins layered with the ply angle of +45°. In manufacturing, the wet lay-up and the
matched die molding methods are applied. After various load cases study, The initial
design of the composite blade is performed using the netting rule and the rule of mixture
which were used in the previous study, and then the designed feature is repeatedly
modified by structural analysis results using a FEM tool, NASTRAN. In this analysis,
stresses, strains, tip deflections, buckling loads, Tsai-wu failure and natural frequencies are
found. To estimate fatigue life of the designed blade, the wind speed data, which was
measured at a particular region during a year, is used to obtain the load spectrum. and
Moreover the fatigue requirement for more than 20 years use is investigated using the the
Miner's rule. Additionally, by making the products according to the procedure mentioned above,
the test of the structure was conducted, and the result was quite satisfying in proving the safety.
Finally, in order to check its performance, the manufactured blade was tested by using truck and the

results of test was good accorded with its analysis result.
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System specification

Type

Vertical Axis Wind Turbine System (VAWTYS)

Rated power

500 W

Working range

Rated wind speed : 8 m/s

Cut-out wind speed : 20 m/s

Maximum survival wind speed : 55 m/s
Planned fatigue lifetime : 20 year

Number of blades

2~5(To be determine the optimal value)

Rated rotor speed

100 --500 rpm (To be determine the optimal value)

Direction of rotation

Anticlockwise

Blade airfoil

To be determine the optimal airfoil for Rated wind speed

Rotor diameter

To be determine the optimal rotor diameter for Rated wind
speed

Blade material

Glass/epoxy composite

Manufacturing process
of blade

Lay-up molding
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Set-up Designe Requirements, System Sepecification
Design Standards and Specification, and Design Criteria

%

Aerodynamic Configuration Design

%

Design

Modification

Aeridynamic Performance Analysis

Aerodynamic Design

%

Evalution of Aerodynamic Design

%

Load analysis at Various Load Cases

Design
Modification

Strutural Design

%

Detail Structural Design and Analysis

%

Evaluation of Structural Safety by Design Criteria

%

Fatigue Life Analysis

Structural Design

%

Blade Manufaceture

%

Structural Test and Evaluation

%

Finalization of Design

Fig. 1 Flow of aerodynamic and structural design
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Table 2 Parametric study for high efficiency optimal blade

Airfoil

NACA0021

NACA0018

NACAO0015

Number of blades

Solidity(be/R)

1.5
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0.5

H/R

1.5

1.25

0.75
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Table 3 Aerodynamic design results of 5S00W class wind turbine blade

Rated power 500 kw
Rated wind speed 8.0 m/s
Cut out wind speed 20 m/s
Rated rpm 167 rpm
Blade number 5
Radius 0.9m
Aerodynamic profile NACA 0018
Blade length 2.56m
Blade chord length 0.27m




Fig. 8 Designed aerodynamic shape of 500W class wind turbine blade
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Table 4 Load case for structural design

Load Case Case 1 Case II Case III
Reference wind speed 8.0 m/s 20.0 m/s 55.0 m/s
Gust conditior; Without gust With gust Storm condition
( £20 m/s, £40° )
Rotational speed 167 rpm 353 rpm Stop
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Table 5 Mechanical properties of materials used in the present blade design

Material Polyurethane
Property Glass/Epoxy Fabric Foam
El [N/mm’| 10500 60.86
E2 [N/mm’] 10500 59.86
G12 [N/mm’| 1450 19.18
v 0.27 0.2
Xt [N/mm’] 283.9 2.63
Xc [N/mm’] 184.6 1.41
Yt [N/mm’] 283.9 2.49
Ye [N/mm’] 184.6 1.41
S [N/mm’| 15.0 0.71
S [N/mm’| 1.705 0.1197
Ply thickness [mm] 0.25 12.5
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Table 6 Stress of skin

4 F=8H 10500
R 10500
=23 59 1450
HEH Ad-84 0.27
il 283.9
R+ R’ 0.71
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Table 7 Structural analysis results

Blade components
] Connection
Spar Skin "

Analysis result Suppo

Max. stress Ten. 12.4 94 .4 259
[Mpa] Com. 21.1 92.8

Max. stress failure Ten. 0.04 0.3 0.91
criterion Com. 0.11 0.5
Tsai-Wu failure criteria 0.23 0.78




-8.96+

-1 22+001

=1 44001

=1 G6+00

=1.859+(01

21714001
datault_Fringe
Mz 1 24+001 @Nd 358E
b =2 114001 &N 3RTE

Fig. 19 Spar stress analysis result of load case II

9 44+007
£.19+007
694400
5 70+001
4.45+001
220+001

1.95+00

=1.79+001
=3 04400
-4 25+00
-£.63+001
-6 73+00

-B.05+000

=0.28+001
defautt_Frnge
Miax 9 44+001 @Hd 220

M 8 SN ENA AT
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(a) 1st mode(1.4Hz) (b) 2st mode(4.8Hz) (c) 3st mode(5.7Hz)

(d) 4st mode(7.7Hz) (e) Bst mode(16.6Hz) (f) 6st mode(17.6Hz)

Fig. 25 Natural vibration mode shape
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Table 8 Fatigue load spectrum
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Fig. 29 Static strength test loads simulated by three-point loading method[11]
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Fig. 30 Manufacturing Process and first blade prototype
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Table 9 Simulated design load for static test

Distance from blade tip Load
0 430 N
1.25m 13421 N

2.5m 430 N

[Oil pump & Controller]
Fig. 32 Static test system



Micro Strain

Fig. 33 Static test of the prototype blade
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Fig. 34 Comparison between the static analysis results and the test results



Table 10 Comparison between the static analysis results and the test results

Item

Analysis results

Test results

Max. displacement

54 mm 51 mm
at blade center
Upper and lower surface strain 1060(upper), 1010(upper),
at 50mm from blade center(li€) -870(lower) -762(lower)
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