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Blade dynamic pressure
Air density

Thrust coefficient
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Tower self-weight
Tower area

Curvature

Couple of force

Shear strength

Moment

Section midulus

Thrust moment

Blade thrust

Distribution load moment

- vi —



Distribution load
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Displacement of concentrated load
Tower height

Elasticity modulus
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ABSTRACT

A Study on Optimal Design of Filament Winding Composite Tower for
2 MW Class Horizontal Axis Wind Turbine Systems

by Lim, Sung Jin
Advisor : Prof. Kong, Changduk, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

Humankind has used wind energy through the several forms for several
thousand years. The wind turbine system which has long history like that is
the most economical new renewable energy technology until now, but it
completely depends on the wind. So, wind turbine system's quantity and
system's efficiency are somewhat low. However, experiences, academic
theories and new technologies in the past were intensively invested to wind
turbine system because of the recent exhaustion of fossil fuel, so lots of
studies from small scaled wind turbine system to large wind turbine system of
MW class are conducted. As the wind turbine system becomes large, blade and
tower are also becoming large. In case of blade, studies on the weight
lightening with composite are conducted actively. But, for tower, studies on the
application of composite are insufficient. Wind turbine system tower is simpler
than other mechanical elements, but its unit cost is so high enough to share
20~25% of the whole cost of wind turbine system. Therefore, it's important to
develop tower which is competitive in price. In case of tower applied by

composite, its production price can be reduced if comparing existing steel

_iX_



towers through the weight lightening and simple manufacturing process in
comparison with existing steel towers. And, it can be established more easily
than existing towers through the simplification of moving and establishment.

As the result of analyzing domestic and international studying, tower applied
by steel material is studied actively on designing and establishment of optimal
thickness. But, studies on towers applied by composite are insufficient.

This study conducted optimal designing for wind turbine system tower of 2
MW and MW-grade horizontal axis with glass fiber/epoxy. Through the load
analysis, optimal designing was conducted by applying composite through the
optimal process, after the pre-designing applied by steel. During the designing
of tower structure, wind load, blade reaction, weight by nacelle, tower, etc.
were considered. The optimal layer pattern was decided by optimal process
and optimal thickness was decided by considering buckling, stress,
displacement, etc.

For the model designed, structural safety was examined by commercial finite
element program, MSC.NASTRAN/PATRAN, and all of requirements for
designing were satisfied. Also, miniature model was manufactured by same
method and then, outermost distribution of stress was confirmed.

In this study suggested the procedure to design large—scaled wind turbine
system tower applied by composite, conducted optimal designing and confirmed

that the designed tower satisfied the designing requirements.
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System specification of tower

Type

Stepped Shell Type

Target

Large Scale Horizontal Axis Wind Turbine System(MW)

Rated power

More than 2MW

Height

100m

Diameter

4th Section
4.0m

Ist Section 2nd Section 3rd Section
3.0m 3.4m 3.7m

Rated rotor speed

5~25 rpm (To be determine the optimal value)

Rotor diameter

120m

Tower material

Glass/epoxy composite

Weight

Nacelle and Rotor
300ton

Blade(3EA)
21ton
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Table 2 Load case for tower design

Load Case Case | Casell Caselll

Reference wind speed 8.0 m/s 20.0 m/s 55.0 m/s
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Table 7 Tower design result using steel

Section Diameter|mm] Height[mm] Thickness[mm] Mass|ton]
1(Top) 3,000 25,000 25
2 3,400 25,000 35
480
3 3,700 25,000 45
4(Bottom) 4,000 25,000 55

Fig. 6 Proposed conceptual tower configuration
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Table 8 Mechanical properties of material used in the tower design

Poisson's
Material | Young's modulus| Density " Yield stress | Ultimate stress
ratio
Steel 210[GPa] 7,850[GPa] 0.3 1,000[MPa] 1,200[MPa]
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Table 9 Analysis results of steel tower used program

Compressive stress(max) Tensile stress(max) Deflection(max)

55[MPa] 49[MPa] 1200[mm]

Table 10 Analysis results of steel tower used MSC. NASTRAN

Compressive stress(max) | Tensile stress(max)| Deflection(max) Mass(max)
42.2[MPa] 47.1[MPa] 1080[mm] 480[ton]
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4.12+001 ‘ taTo0
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-3.03+001 1.44+00
. -362+001 . 7214001
-4.22+001 0

Fig. 7 Spanwise stress distribution 1st ply and deformation of the steel tower



Table 11 Buckling analysis result of steel tower

1st mode 2nd mode

3rd mode

Mode shape
Buckling load factor 3.3796 3.3809 4.5921
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Table 12 Technical data for given 2MW tower

Diameter{ mm]
HAWT Rated power Height[mm] Mass|ton]
(top/bottom)
MM92 2 MW 80,000 2,955/4,300 620
PMSG 2 MW 76,900 3,000/4,200 560
Designed tower 2 MW 100,000 3,000/4,000 480
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Fig. 8 Primarily section design model for tower structure



Table 13 Mechanical properties of used materials

Material

Property Glass/Polyester UD Polyester Sand

El [N/mm’] 17000 5600

E2 [N/mm’| 500 5300

G12 [N/mm’| 6500 1930

v 0.3 0.37

Xt [N/mm’] 233 96.5

Xc [N/mm’] 128 54.6

Yt [N/mm’] 215 83.8

Ye [N/mm’] 108 53.8
Density 2000E-9 kg/mm’ 1700E-9 kg/mm’

Ply thickness [mm] 0.38
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Table 14 Structural analysis result according to lay-up sequence

C Lay-up squence Compressive Tensile Deflection
ase
ratio(35° /90 ° ) | stress(max)[MPa] stress(max)[MPa] (max)[mm]
1 10% 90% 568 631 6.71< 10"
2 20% 80% 304 193 3.98x 10
3 30% 70% 219 143 2.93x 10"
4 40% 60% 269 248 2.44x 10"
5 50% 50% 355 320 2.13x 10"
6 60% 40% 230 89 1.90 10"
7 70% 30% 469 365 1.88> 10"
8 80% 20% 435 323 1.83x 10"
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Fig. 9 Stress and deflection graph of lay-up ratio
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Fig. 10 Spanwise stress distribution 1st ply and deformation of the case 6



Uk 2 el A
i A

A o

°©

2%

=

=

biody

A}
2}

g el Al

-

T

5t

°©

D FA
=}

A

=

=

EEEREE R
£49]

Aol A A%
% Aol A e

o}

A 2 A Trade-off study

-

T

%é@%ﬂﬂ%%%ﬂﬂ%
X X B BT LR
@ PR e " CRNCE .
<0 - B ROF o N njs
L O EW%& o= '
T = T o T U R LT AR
TR MW [ =
T )i o 7O s
e TR BT REREL R
) i Wﬂ n o ﬂA;u o] | ;vao ﬂ_‘ﬂ
- W WX TS iy
S T I -
R G < ( g o X oy r T
T o © oo B m A M Rk
uF Y X fIn 5 o
— o W L K o St
oF ° & o 9% g ) s
s ‘m_ﬂ —_
‘a HLL \WF‘._ JwAlO ® ® OMO ,W M . el
T o WP oo LT T g
my w R (Y do o ©
do X = 7 |
;01_ OT JwAlO Q o O ~o Q%u —
" -, - WX -
R R (T [ S e
ﬂ ,a CO ‘mﬁ > fvzel a7
2e) o v W LXl Z]ﬁ S
T = )
iy ol ok T BN N o w8 o
\W ﬁo ) -
) 4 ¥ 0 T - 1 E g
= (N o = iy L ny Y
Aqr " ™ F R )| = oo do  Hl o=t HL
JU ‘_ﬁ l Wi o 7_l ‘M_W ]ﬁmﬁ _ZTV . —_
" WoRr W g T o
o % &+ o O I G S
nﬁ i w_w T B oRw N T o R T
= J ! ) d N
T kg 5 E g T Wy g
TR I N B =20 % T 9oWTE
%M%%%M@ﬂ%ﬁﬂ%ﬂ
0 Vi 0
A =
W o B N - R
= o ns oI T - %
ol +i =
P eps 1 28 g5 %9 5«
TR H T T RN T RNT



Table 15 Structural analysis result according to thickness

M 1 [mm] 2 [mm] 3 [mm] 4 [mm]
1 28.08 37.44 46.8 59.28
2 31.2 43.68 53.04 62.4
3 37.44 46.8 59.28 68.87
4 62.4 74.88 84.24 93.6
5 84.24 90.48 93.6 106.8
6 84.24 93.6 99.84 109.2
7 84.24 93.6 102.96 110.6
8 84.24 93.6 106.08 112.4
9 84.24 93.6 106.08 113.8
10 84.24 93.6 106.08 115.44

Table 16 Structural analysis result according to stress and deflection

Compressive
Case Stress Tensile stress(max) Deflection(max)
stress(max)

| 580[MPa] 516[MPa] 67100[mm]
2 573[MPa] 450[MPa] 41100[mm]
3 480[MPa] 397MPa] 32100[mm]
4 350[MPa] 300[MPa] 11563[mm]
5 240[MPa] 222[MPa] 10023[mm]
6 227[MPa] 120MPa] 9412[mm]
7 130[MPa] 115[MPa] 6555[mm]
8 119[MPa] 103[MPa] 3526[mm]
9 106[MPa] 71[MPa] 1860 mm]
10 88.8[MPa] 57.6]MPa] 1530[mm]
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Table 17 Design results of composite tower

Section Diameter{ mm] Height[mm] Thickness[mm] Mass|ton]
84.24
1(Top) 3,000 25,000
[(£35)32/(90)2/core]s
93.6
2 3,400 25,000
[(£35)36/(90)24/core]s 270
106.08
3 3,700 25,000
[(£35)40/(90)27/core]s
115.44
4(Bottom) 4,000 25,000
[(£35)43/(90)29/core]s
Table 18 Analysis results of composite tower used program
Compressive stress(max) Tensile stress(max) Deflection(max)
94.6[MPa] 96[MPa] 1835[mm]
Table 19 Analysis results of composite tower used MSC. NASTRAN
Compressive stress(max)| Tensile stress(max) Deflection(max) Mass(max)
88.8[MPa] 57.6[MPa] 1530[mm] 270[ton]




Table 20 Buckling analysis result of composite tower

1st mode 2nd mode 3rd mode

Mode shape

Buckling load

1.3373 1.3376 10.723
factor
5.76+001 1.53+003
478+001 1.43+003
3.80+001 1.33+003
. 283+001]__ 1.23+008—
j-i 1.85+001 1.12+003
i 8.78+000f 1.02+003
-9.72-0011 9.20+0021
-1.07+001 8.18+002
2.06+001 7.16+002
-3.02+001 6.14+002
-4.00+001 5.11+002
-4.97+001 4.09+002
-5.95+001 3.07+002
6.93+001 2.05+002
: -7.90+001 1.02+002
Fiicaan) bl
-8.88+001 0

Fig. 12 Spanwise stress distribution 1st ply and deformation of the composite tower



Table 21 Spanwise stress distribution core ply and deformation of the composite tower

Section 1(Top) Section 2 Section 3 Section 4 (Bottom)

-9.80+000) L -3.68-001 8.86+000)

|

-1.07+001 -2.27+000) 6.26+000)

-1.16+001 -4.18+000) 366+000) W

-1.26+001 -6.09+000) 1.06+000)

-1.34+001 -8.00+000) -1 54+000)

-1.42+001 -9.91+000) -4.15+000)

-1.51+001 & -1.18+001 -6.75+000)

-1.60+001 -1 37+001 -9.35+000)

-1.69+001 -1.66+001 -1.19+001

-1.78+001 -1.76+001 -1 45+001

-1.87+001 -1.95+001 -1.72+001

-1.96+001 -2.14+001 -198+001

-2.06+001 -2.33+001 -224+001

-2.14+001 -2 52+001 fOOW -250+001 001
9861 800 -2.76+001

-2.22+001 -2.71+001 —

-2 31+001 _2 o000 -3.02+001
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Fig. 13 The finite element analysis result of composite tower door
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where,

fr: maximum rotational speed of the rotor in normal operation
fo.1 ¢ first natural frequency of the tower

frm : M blade passing frequency of the rotor blades

fo., : n—th natural frequency of the tower



10PR.O

Hz
40 9P RO
7th, 8th, 9st mode[3.75Hz]
35 8PRO
7PRO
3.0
6PRO
25
5th, 6th mode[2.01Hz] 5PRO
2.0
4PRO
15
IPRO
= 3RO
0.5 //
1PRO
15 18 21 24 27 30 rpm
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Fig. 15 Cambell diagram for resonance check at 20rpm



Table 22 The frequency analysis result of composite tower

Ist mode

2nd mode

3rd mode

e

4st mode

5st mode

6st mode

7st mode

8st mode

9st mode

v
2 o

100002

( 4
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Table 23 The mechanical properties of flange and bolt

Material
Property Flange Bolt
Elastic modulus 210[GPa] 89.8[GPa]
v 0.3 0.3
Min. ultimate strength 470[MPa] 1000[MPa]
Min. yield strength 355[MPa] 900[MPa]
Density 7850 kg/m’ 7850 kg/m’
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Table 24 Moment on the each flange

Flange Height{mm] M,[kN] M, [kN] M,[kN] M/kN]
1 75200 2394 -6292 -1360 6305
2 75000 2141 -12584 -1360 12610
3 50200 1888 -18876 -1360 18915
4 50000 1635 25168 -1360 25221
5 25200 1382 -36892 -1360 36926
6 25000 1129 -48617 -1360 48631
7 3000 876 72925 -1360 72946
8 0 623 97234 -1360 97262
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Fig. 18 Simplification of bolt and flange



Fig. 19 The finite element analysis result of bolt and flange
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Table 25 The specification of the target wind turbine system

500W wind turbine system

Blade power 500W
Rated wind speed 8m/s
Rotor diameter 2.5m
Blade weight 1.3kg
Nacelle weight 30kg
Tower height 2.2m
Tower diameter 0.12m

Fig. 20 Tower and blade under performance testing
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Table 26 Design results of small scale tower

Section Diameter{ mm] Height[mm] Thickness[mm] Mass[kg]

1 120 2200 15.6 23

Table 27 Analysis results of small scale tower used program

Compressive stress(max) Tensile stress(max) Deflection(max)

29[MPa] 31[MPa] 45[mm]

Table 28 Analysis results of small scale tower used MSC. NASTRAN

Compressive stress(max)| Tensile stress(max) Deflection(max) Mass(max)

21.2[MPa] 21.3[MPa] 36.6[mm] 23[kg]

Table 29 Buckling analysis result of small scale tower

1st mode 2nd mode 3rd mode

Mode shape /
o

Buckling load
23.073 24.722 58.897

factor




2134001 ¥ 661 3.66+001
1.85+001 3.41+001
1 B6+001 317001
1.28+001 292+001
9 96+000 2.68+001
7.12+000 2.44+00188
4 29+000 219+001 2
1.46+000 1.95+001
-1.37+000 1.71+001
-4.21+000 1.46+001
=7.04+000 1.22+0M
-9 87+000) 9. 7h+000)
-1.27+001 7.31+000
-1 B5+001 4 87+000)
! -1.84+001 2 44+000)
-2.12+001 0

Fig. 21 Spanwise stress distribution 1st ply and deformation of the small scale tower
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