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A Swept area

b Number of blades
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C, Drag coefficient

Cr Force coefficient

C, Lift coefficient

C, Pitching moment coefficient

C, Normal (flap wise) force coefficient
C, Power coefficient

C, Total aerodynamic force coefficient
C, Tangential (chord wise) force coefficient
D Rotor diameter or Drag

E, Longitudinal tensile modulus

E, Transverse tensile modulus
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FXT Longitudinal tensile strength
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ABSTRACT

A Study on Design of 500W Class High Efficiency Horizontal-Axis Wind
Turbine System(HAWTS) Blade Using Natural Fiber Composites

by Park, Gwang-Lim
Advisor : Prof. Kong, Chang-Duk, Ph. D.
Department of Aerospace Engineering,

Graduate School of Chosun University

Recently due to increasing interest in eco-friendly materials, studies on eco-friendly fiber
obtained from nature have been actively conducted to the area of composite. Although the
natural fiber has less strength than the high strength fiber such as the carbon fiber, it has
similar strength to glass fiber. Accordingly ,it can be applied as very advantageous
composite when an appropriate resin has been selected.

The wind turbine system is the cheapest technology which uses one of new and
reusable energy resources, although it has a disadvantage of low efficiency of the system
and little quantity of power generation because it is totally dependant upon wind resource.

Because the output of the generation system become larger in proportion to the square
of the diameter, generators in the MW class is used sometimes, but it has a restriction of
cost and location; it needs a great amount of investment and vast place to be located. In
contrast, the small sized wind turbine system, which is the lower class than the kW class,
requires just a individual installation with low cost, and it occupies only a small space.

However, the small sized system that is made and sold by other countries is not
effective enough, because, to operate properly, it needs an appropriate wind velocity; more

that 12 m/s, but this condition will not be satisfied with our environment. And we have

_Xi_
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also a situation of exceeding the limit of velocity levels. A typhoon is a good example of
it; it is more than 50 m/s in summer. This is why we need our own effective and safe
blades for power generation.

As composites resources are used, the blades have achievement in structural intensity,
hardness, durability, and cost. There are many kinds of the composites resources:
glass/epoxy, carbon/epoxy, wood/epoxy, etc., but the glass/epoxy is mostly used because it
is cheap, light, and it has a great performance.

This study evaluates mechanical properties of natural fiber composites. Finally the flax
is selected as a natural fiber due to higher strength and better mechanical behaviors than
other natural fibers, and the vinyl ester is selected as a resin due to lower cost, easier
procurement and better treatment for the resin injection. For easy and fast production of
the complicated configuration structure, the resin infusion molding (RIM) manufacturing
method is selected.

After investigation on mechanical proper-ties of flax/vinyl ester composite, the design of
eco-friendly structure using flax/vinyl ester was performed. This composite is used for the
proposed wind turbine blade in this study.

A structural design of 500W class horizontal axis wind turbine blade using natural-fiber
composite was performed using both the netting rule and the rule of mixture. The
proposed structural type is the skin-spar-foam sandwich, and the aerodynamic configuration
that has been designed by the previous work of S. Choi[l5] is used for this work. The
structural design result of flax fabric composite blade is compared with the result of glass
fabric composite blade designed by Choi’s work.

The structural safety of the designed blade structure was investigated through the
various load cases, stress, deformation, natural frequency and buckling analyses using the
commercial FEM(Finite Elements Method) code, MSC. NASTRAN. In addition, when
blade was manufactured using the RIM(Resin Infusion Molding) method under 1 bar

vacuum pressure due to better production efficiency and lower defect rate than the hand

- Xil —
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lay-up process method. Before applying the RIM process to manufacture the blade, the
resin flow simulation was carried out to predict the manufacturing possibility using
Poly-worx software. The predicted resin filling time was well agreed with the measured
filling time during the RIM process.

The structural test of the manufactured prototype blade was performed to confirmed the
structural analysis results including strains, natural frequencies and deformations. According
to the comparison results, it was confirmed that the analysis results are well agreed with

the experimental results.
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|
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Fig. 1 Flow of aerodynamic and structural design
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Table 1 System specification

Type

Horizontal-Axis Wind Turbine System(HAWTS)

Rated power

500W

Cut-in wind speed : Less than 3 m/s

Rated wind speed : 4~10 m/s (Determine the optimal
value)

Working range
Cut-out wind speed : 20 m/s
Maximum survival wind speed : 55 m/s
Planned fatigue lifetime : 20 year

Rotor orientation Upwind

Number of blades Three

Rated rotor speed 200~500 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
To be determine the optimal rotor diameter for  low wind

Rotor diameter

speed

Blade material

Flax/vinyl ester composite

Manufacturing

of blade

process

Lay-up molding

Yaw-control

Tail vane
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Fig. 2 Airfoil shape and aerodynamic characteristics of DU 93-W-210
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Table 2 Aerodynamic design results

of 500W class wind turbine blade

Blade power 500 W
Cut in wind speed 3 m/s
Rated wind speed 8 m/s
Cut out wind speed 20 m/s

Design tip speed ratio 7

Rated RPM 433 rpm

Blade number 3

Rotor diameter 25 m
Aerodynamic profile DU 93-W-210
Blade root chord 149.208 mm
Blade tip chord 42.727 mm
Blade total twist 24.353 deg

Fig. 3 Designed aerodynamic shape of 500W class wind turbine blade
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Table 3 The result of aerodynamic analysis

V(m/s) 8

A0 7

Cp 0.49294
P(W) 743.3360077
Pe(W) 669.002



"H(Flax), tvk(Hemp), $vt(Jute), &4 720 Abo]Z(Sisal), 3]l (Henequen), ©F
At m) BAAQ Folof(coir) Fol HEASQ A AFE AFEHIL Ao fig. 72 o
A 2AA AFE AT ) fig. 62 +45°%2 ) F2¥ 2-d fabric oFF AHE H o
3 ) vh[10,11,12]

=5

N

Fig. 6 2-D fabric flax fiber

3 AA Ao AFREE A= ZA 97124 (Thermoplastic) =41 9F E 74 314
(Thermoset) A= T ETh xS E7tAA FAE A3 B Zgo g
(Polyethylene), Z#]= =233 (Polypropylene), %] o}7] = (Polyamide)o]tlh. |74 34 <
A= o Z A (Epoxy), Bl'E o 2~H Z(Vinyl ester), ¥ (Phenolic) 5°] AF&dt} o
= Ad FAR ATEHL ded dd e g Aol AHE A Ul 2 A

(CNSL: Cashew nut shell oil resin)7} HEA Q1 AA F=x=2 &85 v} [13,14]
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SisAL . | b HENEQUEN

B4 uUE s BagcigS

Wﬁv_en_ o
JUTE _{:loth

B AT A8 AAARE o 87 Belol= AAE A8 BAF A A fe
boulmskenh WA Adel e wmae W ohila)i 71%, i
(Hemp)+ 65%, &vk(Jute)= 72%, Abol & (Sisal)> 69% = A= o™ Table 4004
9l @ 4 otk E9 /AN FE 2 GRS wud A3 ok 44t $RE Ao
2 AEAAT B B ATNAE ok 4fE 4D Ah TEE] 488 ARE
A eh12]

El

Table 4 Mechanical properties of thermosetting matrix materials

Property Flax Hemp Jute Sisal
Density [g/cm3] 1.4 1.48 1.46 1.33
Tensile strength [N/mm2] | 800 - 1500 550-900 400-800 600-700
Stiffness [kN/mm?2] 60-80 70 10-30 38
Moist absorption [%] 7 8 12 11
Cellulose [wt%] 71 65 72 69
— 14 —
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% 728, AT, FUE Alx Fol 8w Frhaw = Ao BAHAT
4 Fig 8915 B8 93 95 ok ek gieho

Automotive interior paris Cosmetics packaging

(Hemp/flax mats, pressed)  (Flax-PP, injection moulded) Indoorand outdoor floor

tiles

Grinding discs
(Hemp-PP, injection moulded)

5 / CAR
Decking/furniture Bicycle frames
(Wood-PP or PE, extruded) (Flax)

Fig. 8 Flax composite applications
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76.7MPa(Alf-3H8& 34%)EA 7]1&Ed FAlE &3 By 2o x9S
Table 5= 4% A8S T3 249 olnf HH A|lA9 EAA oY, o] A=
Hgol= tAh Zol7F AAINE M3 Aol A A A ofnp M Fo]

=245 AEste] Azgel #-Esktt

Table 5 Mechanical properties of 2-D fabric flax/vinyl ester specimen

(Fiber volume fraction; 34%)

Test Institute Jeonnam Technopark
Test type Strength (MPa) Modulus (GPa)
Tension 76.74 9.14
Flexure 108.72 6.75
In Plane Shear 36.19 1.66
— 16 -
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S 4oy, 59 FHAAE A= FHdes S YA [5]

Table 6 Load cases for structural design
Load Case Case I Case I Case II
Reference wind speed 8 m/s 20 m/s 55 m/s
Gust condition
With gust With gust Storm condition
(i20m/s, i40°)
Rotational  speed 433 rpm 1069 rpm Stop

#3934 wHel Agel A Agas Yo AouHn, 1 A7) v
U Zle] weztel wel webxmE Zhzhe] gdpel whel thesl AakH ook
%

gt dwbA o v FHIAV]E I AIANE AT Aol anefEojor & e B
3}

AeAl EE0 g, AAA FF Aot T 72 AR &2 Al whge
o} ko]l 747} 10~20 m/s, 12°~30° =2 Watels AgS wobed, 3T
71 whghel Wkl whyoel uwel S7How HAd £ gly] wiel, =Fe W
Eol=e sHFo] o]F = Are 30°~40°7MA % S7hE F dow, o)A I
Aol wd SEe S7HNVIE &dle] Ha, At o e v &8 TV &
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Fig. 11 Flapwise bending moment diagram for load case I
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Fig. 12 Flapwise bending moment diagram for load case II
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M, =M, +Q,Z,— Q.y,
M,

7 24

Qproof = 4% S F(=1.5)

Qproof
tg=—"" ( Where, Tollow =

Tallow

Shear Strength
S F=3

L& 93 Skine T+ 0.95mmE G ALHAS =)

)

(M,=Pitching Moment @ =Normal Force ¢ =Tangential Force)

Table 7 Structural design results using flax fabric/vinyl ester composites

. Thickness (mm)
Station (1/R)
Upper surface Lower surface
Root ~ 0.1 Skin 1t(1ply) / Spar 5t (5ply) Skin 1t(1ply) / Spar 5t (5ply)
0.1 ~0.2 Skin 1t (1)/ Spar 3t(3) Skin 1t (1)/ Spar 3t(3)
02 ~ 0.3 Skin 1t (1)/ Spar 3t(3) Skin 1t (1)/ Spar 3t(3)
03 ~04 Skin 1t (1)/ Spar 4t(4) Skin 1t (1)/ Spar 4t(4)
04 ~ 0.5 Skin 1t (1)/ Spar 4t(4) Skin 1t (1)/ Spar 4t(4)
0.5 ~ 0.6 Skin 1t (1)/ Spar 4t(4) Skin 1t (1)/ Spar 4t(4)
0.6 ~ 0.7 Skin 1t (1)/ Spar 4t(4) Skin 1t (1)/ Spar 4t(4)
0.7 ~ 0.8 Skin 1t (1)/ Spar 2t(2) Skin 1t (1)/ Spar 2t(2)
0.8 ~09 Skin 1t (1)/ Spar 1t(1) Skin 1t (1)/ Spar 1t(1)
09 ~ 1.0 Skin 1t (1)/ Spar 1t(1) Skin 1t (1)/ Spar 1t(1)

Table 8 Mechanical properties of materials used in the present blade design

Collection @ chosun

Flax fabric/vinyl ester composites Polyurethane Foam
E11[N/mm?2] 9900 60.86
E22[N/mm?2] 9900 59.86
G12[N/mm2] 2070 19.18
v 0.18 0.2
Xt[N/mm2] 76.7 2.63
Xc[N/mm2] 72.8 1.41
Yt[N/mm2] 76.7 2.49
Yc[N/mm2] 72.8 1.41
S[N/mm2] 36.2 0.71
S[N/mm2] 1.43 0.1197
Ply thickness[mm] 1 12.5
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Table 9 Structural analysis results
Case II
Ten. 68.7
Max. stress [MPa]
Com. 25.5
Max. disp. [mm] 166
Buckling load factor 1.2
Weight [kg] 1.3
2. 7% ¥4l (Flax fabric/Vinyl ester 234 2 %)
tggog B oto] w3 Flax fabric/Vinyl ester &A1 &2 Ad AZ# s4& 3
Ay} olth, Edlol= 3 e FA= oF 15 kg2 oW Table 10> 7t 3t% Z7o] w
S 8 24 A9 A Ao A3 B ool tid 3y ofFE HEZ Aotk 33
e L FE 1 ool g Es oney, Fx=e =S dAdste Ee] 9
th AE 4A A AAE HES 23 HA HAAG 4330 FEEHE ke 2=
AAENEFS Fstslth Fig. 16 AW skl AAst5(load case I)oll thgk -2
Tx2A HAd 5E&H2 116 MPa Hol 14322 193 MPa ©|7, Fig. 172 ol
of Wel BxEA HAd 7 & ¥W7F 769 mm= A AT
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1834001
MSC Patran 2006 2 08-Oct-14 173127 1724001
Frnge: Default. Al Static Subcase. Stress Tensor. . X Component. Layer 2 1 652+001

-1 164001

default_Frnge
¥ Masx 1. 953+001 @Nd 2837
Min =1 16+001 @Nd 2895

Fig. 16 Stress analysis result of load case II

7.69+001
MSC Patran 2005 r2 08-0ct-14 17-36:06 218001
Frnge: Default. Al Static Subcase. Displacements, Translational. Magnitude. (NON-LAYERED) 6.67+001

Deformn; Default. Al Static Subcase. Displacements, Translational. i B9+001 616+001
5644001

5.13+001
461+001
4104001
3594001
3.08+00
256+001
2.06+001
1 54+001
1.03+001
5.13+00

0

default_Fringe
Ma 7 69+001 @Nd 969
Min 0. @Nd 2180
defautt_Deformation
Maw 7694001 @Nd 969

Fig. 17 Displacement analysis result of load case II
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Table 10 Structural analysis results

Case II
Ten. 19.3
Max. stress [MPa]
Com. 11.6
Max. disp. [mm] 76.9
Buckling load factor 3.09
Weight [kg] 1.5

AN

3. AFAFT 34

ooy
ol

A 7MsAH BAE

Flax fabric/Vinyl esterg ©o]&3t Edol=9 i I

oft

4 A4e Fig 189
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pm SANAE FAol WASA $ee B T 4 vk Fig. 19~ Fig. 2& 474
o mEgY R AFE HNARE BAF Aol
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Fig. 18 Campbell diagram for resonance check
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MEC.Patran 2005 r2 08-0ct-14 17:68:37
Deform; Default. A%Mode 1 Freq. = 12,885, Eigenvectars, Translational.

194001

default_Deformation
Max 9.19+001 @Nd 1079

Fig. 19 First flap mode shape and frequency

MEC.Patran 2005 r2 08-0ct-14 18:02:34
Deform; Default. A%Mode 2 Freq. = 38,105, Eigenvectars, Translational.

X
ﬁ default_Deformation
Max 9.43+007 @Nd 969

Fig. 20 First lead-lag mode shape and frequency

MEC.Patran 2005 r2 08-0ct-14 18:04:37
Deform; Default. A%Mode 3 Freq. = 51,096, Eigenvectars, Translational.

89+001

default_Deformation
Max 3.89+001 @Nd 1079

Fig. 21 Second flap mode shape and frequency
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MEC.Patran 2005 r2 08-0ct-14 18:06:26
Deform; Default. A%Mode & Freq. = 145,32, Eigenvectars, Translational.

03+002

p
default_Deformation

Max 1.03+002 @Nd 969

Fig. 22 Second lead-lag mode shape and frequency
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Fig. 23 ~ Fig. 24+ s5x4d 1
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Defarm: Default A2Mode 1 Factar = 3094, Eigenvectors, Translational,

\
%Ny default_Deformation
Max 1.02+000 @Hd 1079

Fig. 23 First buckling mode shape and load factor at load case II
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MEC.Patran 2005 r2 08-0ct-14 17:64.47
Deform: Defaull. AZMode 2 Factor = 3.1606, Eigenvectars, Translational.

By default_Deformation
Max 1.01+000 @Nd 1079

Fig. 24 Second buckling mode shape and load factor at load case II

Table 112 &4+ AZ 3 opvpidfr Ao
w gk Aol

Table 11 Comparison between glass analysis results and flax analysis results

Glass composite Flax composite
Max. stress Ten. 68.7 19.3
[MPa] Com. 25.5 11.6
Max. disp. [mm] 166 76.9
Buckling load factor 1.2 3.09
Weight [kg] 1.3 1.5
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Fig. 26 Modeling result of the blade
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Table 12 Condition of injection port of glass

Infusion Pressure 1 bar Fiber Permeability 1.6e-10m"2
Thickness 6mm Resin Epoxy
Channel Area Smm”2 Resin viscosity 100cP
Volume Fraction 34% Resin gel time 3000%

Table 13 Condition of injection port of flax

Injection Pressure 1 bar Fiber Permeability 4.6e-11m"2

Thickness 6mm Resin vinyl ester
Channel Area Smm”2 Resin viscosity 100cP
Volume Fraction 34 % Resin gel time 3000
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Fig. 27 Flow analysis result of glass blade
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Fig. 28 Flow analysis result of flax blade

A4 9B F AN FAF 2A0R AA AES AF dgon, HY FA
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A AR el mEk Edol= Al Fel = EAV 1S AT At

Table 14 Injection time of analysis and manufacture
Injection Pressure Analysis Injection Manufacture Injection
Dry patch
(bar) time(sec) time(sec)
Glass 1 X 596 768
Flax 1 X 1620 1850
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Fig. 29 Frekote mold release agent(770-NC)
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Table 15 Properties of release agent(770-NC)

X 7bs WA 1 U.S. Gallon(3.78L)
A Feh A
WAl HYDROCARBON
3] A A ALIPHATIC HYDROCARBON
H] 5 0.76+/- 0.010
13+A 7C
o3 w71l W3t

AFE(Gel-coat) & =X 3 ¥ Sdol= A7 A At ® FAFE ASe
Ath  Bagging film ¢tolld #7129 358 98-S 98 dZetole AFLES H35
a9l % 4% Fig. 313 2ov Fig. 32 - Fig. 33% A9 § 3749 2
S e e gl

A A5 EE=+ Ad(Channel) ¥ 21Y (runner) A4 o] F2a37] wfZo A =] tj
ok A Atol7h Aldol & F JEE AHHI TS wrEo] F A Fa3dlt RIM
AZA Ad ey 7F FeeiA AAEA B AS avF FA FYPAIgEe] AojX

A=
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HRBIHO| X (Vacuum pipe/spiral) |2!(Resin)

— @ — U§ZIE B(Bagging film)
(sealant tape) )

------------------ — MEEE(Perforated fim)
A G T EEROl(Peel )

w4 fiber)

— O|&H] (Release agent)
Fig. 31 built-up sequence

Fig. 32 Laminating flax

Fig. 33 Laminating peel ply
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Fig. 35 Resin reservoir tank installation
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ol 2~ H Z(KRF-1031) 2
A Aot ZAKVE)SE 100 - 1 : 1 9 &2 &3t A&t ALy 532 AR
L & Table 16, Fig. 373 2t}

Aed FAE deRsgon FE Jb ol ATl Fom, EF Gel timeo] 2

7] W] RIM 84 Aol §olste] AbgalA =it

Table 16 Resin spec

vl o] 2~ H Z(KRF-1031)
Color 0-80 APHA
Viscosity 0.8-1.2P
Gel Time 50-60 min
Acid Value 0-8 mg KOH/g
Non Volatile Monomer 54-58%
Curing Temperature 15-100C
Mix ratio 100
— 49 —
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Fig. 37 Adhesive of Hysol EA9360

Rootell A1 58] Fig. 383} o] A7k )i ¢ 1o | 49+ Fig. 399 2t

Fig. 38 Resin injection

Fig. 39 Resin injection

Collection @ chosun



g g So= Az A BoldE B BRES AAG & vl s RS
Fig. 419 Yelidel. dnt & upper ¢ lower E#o]l= ®52S  Fig. 42014 &< @&
AT

Fig. 41 Grinding of blade
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Fig. 42 Upper and lower blades

Awnl HojZ upper ¢ lower EdHol=E ZAEs7] 918 Fig.ol Hol= Hysol
EA9360 ©l2}+= Fig. 43 # Z& IF& HAAE A8 stdom ozl uigh Al
Table 179141 &<l 3+ 4= It} Fig. 4% HAAE Eolv #AHS RoFa )

Fig. 43 Adhesive of Hysol EA9360
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Table 17 Uncured Adhesive Properties of Hysol EA9360

Part A Part B Mixed
Color Off White Blue
Viscosity @ 77°F 5700 Poise 1500 Poise 1200 Poise
Brookfield, HBT Spdl 7@20 rpm Spdl 6@20 rpm Spdl 5@20 rpm
Viscosity @ 25°C 570 Pa-S 150 Pa-S 120 Pa-S
Brookfield, HBT 2.1 rad/sec 6.1 rad/sec 2.09 rad/sec
Density (g/ml) 1.18 1.0
Shelf Life
@ <40°F/4°C 1 year 1 year
@ <77°F/25°C 6 months 6 months
@ <90°F/32°C 6 months 6 months
Mix ratio 100 43

Fig. 44 Blade adhesive of upper&lower
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FAHEZ vk Fig. 45 - Figd6 ole & WE oF
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Fig. 45 Polyurethane Foam

Fig. 46 First blade prototype
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Fig. 47 Natural frequency test
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Fig. 48 Natural frequency results

Table 19 Comparison of natural frequencies between analysis results and test results

Mode shape Analysis results Test results
First flap mode[HZ] 12.885 13.034
First leadlag mode[HZ] 38.105 44.818
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A st AldS fl8l AAlsE
W] (Sand bag)S o] &

2 Fig. 499] 1@z e} o] 38 HFsts oz B+
ste] ®AL = Qo Zbzhe] st 19X += Table 207} 2t

Tz Al A A3 M@ 98l MSC. NASTRANS o4& Strain 31412
Upper 9 Lower® Uro] Fig. 50 - Figslol Helleh o] % a4 Aol A% 23
2 wastel HE4de AR st

500

450

350
£ 300
=z

£ 250

o 200

Fig.

Flapwise moment diagram

—— Aerodynamic load

—#-1.1m/13kg

—0.8m/18kg
——0.5m/30kg

——total static test load

/R

49 Static strength test loads simulated by three-point loading method

Table 20 Simulated design load for static test

Distance from rotation center

Weight of the sand bag

0.5m 300N
0.8m 188N
l.Im 136N
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MSC.Patran 2005 r2 19-Nov-14 10:38:28
Fringe: Default, A4 Static Subcase, Strain Tensor, . X Component, Layer 1

default_Fringe
Max 8.92-004 @Nd 2869
Min-124-003 @Nd 2620

Fig. 50 Strain analysis results on upper surface

MSC Patran 2006 r2 19-Nev-14 10:88:28
Fringe: Default, A4:Static Subcase, Strain Tensar, . X Component, Layer 1 < \

default_Fringe :
Max 9.92-004 @Nd 2869
Min-124-003 @Nd 2520

Fig. 51 Strain analysis results on lower surface
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Fig. 53 Strain gage specification

Fig. 54 KYOWA 4 channel strain data acquisition system
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Fig. 55 Strain data acquisition of blade

Table 21 Strain gage Specification

Company Tokyo Sokki Kenkyuio Co., Ltd.
Type BFLA-5-8-1L
Gage length Smm
Gage factor 2.09+1%
Gage resistance 119.8+0.5Q

Table 22 Data acquisition system of strain gage

Company KYOWA
Type 4channel strain data acquisition system
Software EDS 400A

Aol ol # Wi 2 Z Fig. 56 - Fig. 57
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Fig. 57 Strain data during lower structural test
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Table 23 Comparison between static analysis and test results

a4 23 SEE
H 9 76.9 mm 72 mm
upper 396uS 355uS
Strain (0.3R from root) PP
lower 350uS 341uS
upper 247uS 233puS
Strain (0.5R from root) bP
lower 201puS 213uS
upper 97.5uS 85.7uS
Strain (0.8R from root) bp
lower 51.6puS 81.6uS
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