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Materials and Fabrication of Composite
Mid or Large Wind Turbine Blades for Korean Version

B.S. Hwang®, JW. Kim”, J.S. Kim**, and J.Y. Ryu*”

ABSTRACT

Horizontal axis wind turbine blade is one of the largest composite structures ever developed in
Korea. The blades suffer dynamic loadings such as aerodynamic load, gravitational load. Thus, the
developers need to consider serious approaches in materials selection, design, manufacturing, and
test/evaluation. This paper is analyzing composite materials and fabrication methods used by
advanced countries throughout the review of literatures. In addition, some data of mid-size vertical
axis wind turbine developed in Korea is compared to the data of real composite turbine in Den-
mark. Composite materials for wind turbine has excellent material properties and processing capa-
bility compared to laminated woods and metals. They have also good fatigue and environmental
characteristics. Selection of composite materials and fabrication methods must be performed
simultaneously and in conjunction with economic aspects, industrial structure, and materials and
manufacturing experience.
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Table 1. Mechanical properties of blade materials[1]

Materials b
’ Douglas | Wood/ Fiberglass
b | Swel Al .| Fiberglass
. fir | Epory Composite] .~
Properties Composite

Density[gfem’] | 052 | 0.637| 7.8 2.7 19 1.9
Compressive
strength [MPa]
Tensile strength
[MPa]
Modulus [GPa] | 13.79 | 15.17 | 206.84 | 71.57 | 5033 | 448
1) type 110 laminate, Gougeon Brothers Co. Douglas fir( G 5)[2]
2) Vy=50-60% Unidirectional laminates[2]}

SLTp = 77566260501 18894| -

103.42 | 68.95 |1551.32 537.00 | 377.88 | 1124
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2.2.1 Aerodynamic load
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2.2.2 Dynamic load
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- Low amplitude, high cycle fatigue properties
(107-10" cycles)
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Fig. 1. Root bending moment for the three different load types
and linear load distribution shape
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- Stiffness and strength to accommodate 20 - 30
years extreme wind conditions

- Adequate stiffness and structural damping to
avoid resonance and to ensure aeroelastic sta-
bility
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3 F[2]9) ¥A4S Q143819 E-glass 4f4 &
# b3 AEYol(failure strain)& 2.5%0°| 3 g4
FE o 1%Ueolt). AT E-glasse @add B
o} o} we fatigue ratio(0.3 vs 0.75 at 106 cycle)
2 zrerh 106 cycleo] ol & BaAA7t freld
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AHe-ElE 89 dElE unidirectional tow, wov-
en cloth, knitted fabric, continuous strand mat,
braided fabric, chopped fiber $°] JEd EHol=
Z Azst7) geiMe 2 7K 4F FEt 3o
AgEY 8t pRE AMEE 2.& unidirection-
al tow, woven cloth, knitted fabric, braided fabric
Axolth Az 343 F¥sle 1A filament wind-
ingo] A& unidirectional tow, hand lay-upellAl&
unidirectional tow @ woven cloth, multiaxial
knitted fabric, RTM(Resin Transfer Molding)3¥
d2E= woven cloth 2 braided clothe] ALg-#tl.
Eiol= F2E FIFE Hste 23(span)st
airfoild] d4-¢ #A3e EI(skin)2 FAHHEH
T4 BEol Az AsE A9 Fde stExd

o wieg} ggo} Fit}. §h5o] & A¥e AR ATE
Az &4 F e Y9 479 wge] o]&H
olo}k &m2 UD tow, multiaxial knitted fabric,
braided fabricge] Fasjch A71& FA4HA 2 &
& 328 ggely] wEo) woven fabric £& con-
tinuous mat $o] Agdc} H2o Agow vl
2719] PEE glolz YAY Eol=rt A=
ok A8 274%E small tow Bt} heavy tow(12k
ol’hHE AggTh I Ax HHAM AN TEE
ste] AA ) gste] ARE HF S v x|

2 25+ multiaxial knitteed fabric-& ARS8}

3.4 =X|(resin)

Bl Beoj=o] AMEEQ A ol FAl(epoxy),
233 Ze)d ~e/(unsaturated polyester), Hldox
E](vinylester) $oith. B8 ZEeloaee AT
o] &n 7HAe] AFIAT 1 FHEA L FFHol &
Hojrh, EA] FxE Eg|o|AE o] Hlale] AL
o] A1 7tAe] tha EAT UGEA, DHAA, AT
, e Ar1E 2 A B 59 BHE A
olch vldol a8 FAE Bulda g oA 4

27t Axe B4& AUz ok e #

#Fe Azt At shedAR A B e
EA 9] 2R v &t
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o 57} & $4 F2o A 7HEsith

gyl Eyolmy U¥ FXES FAR 47 A
QoA ohg B 7K ARGE mejgopt gk AA, 7}
XA zEe] AAslA) Aojob gk AE B £ FA
Zto] 423} Zojok 3b7] Wi AAF =9 45
2 AL oFA T F Uk E4, 7HF0] Aok
g} Blols & Ao AaHE FAFLS 49 &
olt}h. ¢ 1.5E9] EgAln Baol=e A% #AHF
o] ¢ 50%z+% 750kg AEe] 4 2 HrHEC] 48
At} AR, AsAzte] 7} AlzbE vlaste] Fed
Zoh oA A2 AEE FAE AT ozt A
9 %o AzEw QY P E FFE £
o

o i o

2 00 X T o

— b,

FA9 Adoe AAA, BATA, 4E Sl A
o8t} AEA o2 wind turbine 7]&o] 53 &
FHEeE, gds)dMe EeldaH, 59 2 9
FAAE Ed2H 2 A EA 4, vFdMe &
o2 2 ¥ldoAEE Bo] AMEtR Stk
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ojzo] L Folu FHE WAE Y3 M=HA
Felo) ARE ST 97 2708 g Solm 4
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& ol&4gt} e LFulF F& paper pheno-
licsAg So2 AR Zadrg & PVC
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2 A7 ou &3 Agore W celld] 54
| 2 7]
of

He £EE fdol=e 29¥e 29¥ 5= 3
&g AA Faio] GE AR Ago] o]FolA

3.6 2]=2] Windmill turbine blade?] Al2 &

FO% FHA2ge 28 Eolmd AFde B
FABY YH(wood)MBE Adsiae dA2RAE
digke] gl Aelolrt. ubebx WX, ZAE B4, U4
A, ARERY A4, Azgel oy 55 88 W,
20~50 mel] ol2% A FxE FF W A8
9 Ageles Age] 2o B HoMe 24 U
B Eeol=s ARE ARl F£EEYY. BERA}
£ Eotd FARthe A B o B8] e
Eyole Age 2 A5 FAC] girk vl Ex
AN EE =F 5ol Bz AExte daelA 2
A Folegyl B} % AYdA & AR YA
A 158 Aol Br] w8 Aoz F2H. uep
duwkzlel Mg, & ‘fiberglass2 blader} A=Ay
e HeE XEEo Yol o] wie FAAHL A
BE dodle oEE Hel gk

ABAQ SHolA B 2 A AR F8
o} ByolE]l A% EFA/IFS] vgo] 89/11%=

B8] AMge] Fxolztm EM3m i8] £
ol FH[8]0] Yehd 5149 AL+E 24} 3
3tk 2%, 5%, 8 Alagoz ol FEI
Aot 2718 5 A £38 7102 € & 5o
U B B3 238 Bz iyl e &9
olzgl Ayld WE EFE &HTh Fig. | ¥ 26w
olZ ArYE Yol ¥43 Azjo|t}. laminated
wood9] 7$ 2F olEA FAE AT oy
Aad 9 AeFe Y Qi Ao wodnh

2ol A-9(3302) glass fiber/polyester 2}
glass/epoxy AME7F AHEH T ged glass
fiber/polyesterAl7} 712 sk HA =T
UeAle $£4 ge] #AEel glA] gm JdEAAE
AV B71E A A9 §leh BREA ge fiber-
glassAl e Fejol2BAR Holx ¥ R Zoh
A g FERE APAZE ¢ AT F9
AA3E 12T o glass fiber/ polyesterd el A8
Aol Brlyl e Aeg ddd) A o EAA
FA o AM-T A2l $e eAtolth o FA FAE 7t
A HelrMe FejoxE Hoh ulAwt X4 A,
VOC(volatile organic chemical)e} ¥& So] &4
ore 43 Fedt

upebA] gl 2] A9 AR A 9
Y, A8 537 5% nsoltth viF ik AR
AV A 2 &89 Aol &FE=EY AdEHoR
ARG Ax NHEAE FPee AR 2 Azger A
#slA & Aol

Fig. 2& o2 #1 2305, 918 o438 A ad
AME AE vmE Aoloh ZAME 69A)2de] AR
E 2% 5FF2M 924 GFRP(glass fiber rein-
forced polyester)7} w}-¢ B& & 2xstn glon
t}2o2 laminated wood, GV/Epoxy, CFRP(car-
bon fiber reinforced plastics)golth. ol& oA &

A A% vseA vElge ¢ 5 ok

E] Woods

[ composites
Unidentified
Metal

M cFrP
GUEp
Wood
& Nylon

Fig. 1. Different materials used for wind turbine shown in ref.[8]

Fig. 2. Materials type for 69 nonmetallic wind turbine bladesl5,9]



90 BEA - P - AT - FAE

MEEAMEREE

4. Az T4
dut 4gE FREIZNY EPAE EYol=e o
g F2E|RA FAnd ried 879 A ¥F
5L 3 AR BEAE F2EY A A8H
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4.1 Hand lay-up 24

Hand lay-up3i& 248 & FRP & A=
of AMgEl 7P dgdtn LdllE Aotk wabA
o] w2 AMuto] hullelu} ¥ U|¥ REE A
ol BA Azse =% FHEA wgoelrh AAE
AR E(gel coa) T Bxo] EHo| wekx Ao ¥9
S 3l e ofF AREVE A ZHE 3
2 fg4s EY J2 2UAS H32(ES 8%
30-40%)3t $x1E Fojym Folu) ZgdzE ¥
o] 1% HEE gAgt) FARoR 2EYE o] &5}
o 23 VX8 AAST 455 BAo| #Y3I=R
T FE

olgl WHog st
5Lii=8

A3 AL £A9 A A Fe A3 g
Agz £YPG # glch F9 I Beolnet ol
Y FZEL Fe A AMEAV 24T 22
38 F2HE EolA A&(F 60-707T) Astete
HE Mg

o] WholA <7t wEd whger FHEF R
AAE 983 stn 2ok AP A5 AFL st
o 2L Zo] F&= T Utk & WG FxY
GBS o e AR J1xY Hul FAE AT
4EE 23 A5 Y=d F7MAIZICh ofd v HEF
2 ¥&, & PVA(polyvinyl alcohol)x} && nylon
A AFE o 51 ZAHFES JTE(sealant)
2 gt AFE 43 Al e & 473
& AjZIt}h. @4 hand lay-upel ¥]std B7GFo]

FARE RS FAE

o o £ ul

F7klan (50-60%) &7kl H& o] Bk Vg AFES
8g F ot 4= E Jiske W 2EE autoclaveE
A = gloy Oig FRES FE3e ANt
Zo] 204t}

g Egol= ZaldM e i AAet oF E=AL
o AE2EL T3 4¢os ¢EEe hEE Aedld
60%3 =9 Ae3sEes A7z g mAFY YR
AAeldoz nFEE ofojul g AMS-Ely = St

EE B AoA NFsol E AL fioA dge B
B FAE BAl FFete Wgeldd] ulgl 4
ot BA s F6lg dele] 3704, & prepregE At
B3t Aol it il preprege Aol <08t
I 7YY F29 AFE UE F Yo Byol=g
o 2% z7] Ao AMEs] ol Fel ok

wreAl 4737 fluiedel §n2 wet lay-up A5
B} F0p Aujr) Ao Ech

AA AEE Axsy) 4 ¥ 52 molde) Az
=3 npaE R4 AFE Ax FRPE AzdHoh
Hand lay-up2 ol8]d A= BA w& A7
tooling®]-&-, A7 WA} o] g A7 Age] gl
2l AF9] 24 2 F4o] gt Fig. 3 o] 712 7
gol Aol gz Fig. 4ol 44 Edol= AEe
Az AL B 4 Sich

4.2 Filament ¥ tape winding

AolhA A 7F FHE AF thdo] 3 W=y
of B dEe] webd rle TAEL T FET
AZo] o]FojAY ¥ Eg e AIE AA d=
A& A Al AFE BETh AEALR ddd 52
FEe F&E, & 9893, golx, 48], ZeF
ol 5o Y AFS Ao AHEEHE WHelth
AT Aojrlgel gHes HUAY AFARE 7}

Fiber/Resin Composite

Resin Roller
y/ Gel Coat
% Contact

Mold

Fig. 3. Hand lay-up process
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ig. 4. Fabric lay-up on blade mold[10]

Fohn] delgE mE & 92 Edo]=, wind turbine
blade 59 Axx 7HgsiA = £ #47) By
ol= Az u/l FEIY sparg ol WE ¥
leading edge 2 tailing edge =& Frlsld 2
o] winding A& sl 2Y& vitich

8 348 Byl AxHorne] B uhie #
e vdAge] AFE 58 3 FFoz Az}
7Vedta, A5t Fbestd wE5Y S ASE + du
hand lay-up el wjgle] FA3 FaAo AF AYiko]
7Feslthe AEelth 1 Yo B AFHE oF 60-
0% 2 FATo BN AAE o A 2 583t
ch

wiRle] e 27 Ay 2 Ay Exph Aade
ojthy. g AFe FHlol REjX ] wFd 23
7Fgol Haslth ddaA 0z AF winding 2z
AZH(F 30"0] 317] wj el o] Wo g HI7H(polar
ply)el o8 #eelz o]FojAol &} ol Al
ALTE 8738l E T8 £xE o g S}

Zol wakel H7} BAE 28] S8l ngd
o] TFT(Transverse filament tapes)E o] 88k
Ze otk e d4d 2AF didle)l dRE
Z(F 200mm)<& 7H tapeE e Wolth o] Ho
T AR W] Zve Wk 90x WEke® )
¥ Aolth o] TFTS &7 hoop windinge] EA]d]
o] Fo] o} AT AFE WE & Urk Fig S& o]
WS 24H 02 JeR Aejth

4.3 RTM(Resin Transfer Molding)
RTM¥ & spray-up & hand lay-ups} &4
el 7t Felolth. RTME 4% A3y o] AF

o FHol 2= BE /REE A 7IRT AF ZBE

N ¥ 2 Transveese Banont tape
‘:\ > \ L il

. S
"/{

Fig 5. Transverse tape filament winding process from ref-
erence{11]
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Edo2H ¥ A4S PP 7Ich @2 hand lay-
up Hol Hlste] preform$ Azsioiol g &
& vk detdoz nEA RTM AFEY A48
& 40% =0l ol2v W uelre 60%7A] @
e Fx 3t o] WEe F2 4AF EYolz A&
ALE o) oy dE AFE 9iME di ¥y
2 S Agsllof gt

o i EAQ whdo]l SCRIMP(Seamann Compos-
ites Resin Injection Molding Process)e]th ol ¢
%9 AF RIMHELE /] 44 E=§ AMshed)
v 3 He By 3 He UEL ol4sle WE
A2EE F4AZ Foll FAE FYUshe WEolth 1)
TPI AlollA e o] #WHE o]&38ld 17md o2& &
o= Azl AL

4.4 JIE} 8HY

718t AE319 9 oyt 7HeA e WEe pul-
trusion ¥, braiding ¥, fiber placement ¥ Fo] #
29 4 Y} pultrusion & A 4 FHL
=35l fiber bundle 2 EFAFHA 2ES HAJA|7]
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Fig 6. RTM process of turbine blades[12]

B AoR Aol w1 Aol gloy tiA3
1 obd Egolzo] ALdr]odle FAFC] slo] &
& AMSEA] gk gl braiding®-& AH2H & ¥
He vEdle A2 oA EAAE wgste
Hog preformg AZshe Aot Beolz #Ate]
braidinge] 7}sstd &3 BzoM $#R& F45td
Az 7Vgdith A FY4, LA, AAA Bl
B AR S48 ol AW B Azl vle}
o ZAAjAo] HojHBE ool A2 =§ Holth
fiber placement#}2 filament winding§3} $-AFS
wog Bae 948 dEl ARE uddte Y
o2 3%, FLY de AFEY Azde #Eshd
AR AelA gz H& Pxrt B

ojx} ol B 7lA Fa& Az T Ui nE
£ stk e Az GAdA Agdte B
hand lay-up, filament winding, RTMo|t}. o] 3
oA hand lay-up¥le] tlE& ol2: glon fila-
ment winding @ RTM & 4% 3AldlA Algsln
2t} filament winding 8 RTM®o] hand lay-up
Hol vlmate] 53 WHelAT A% o 7t 5
AARL A A F2 AMZAAE A
oA AHE o/fdITY FHE o] L322
hand lay-up®-& a2 AM8stn gich mehy oy
Eglolz AE 9 A AYste 2] YEEHE
%7] 418 FAEvhe hand lay-up2 E359 44 ¥
Az AEE 23 WS =xdte e 75
wEro 2 A S APA|Ao & Ao wddrh

o
o o% i off

5. Zie] | = A

Fig. 7. Wind turbines in Muan wind farm: from the left 160kW
Darrius type , 550kw horizontal axis, 300kw and 50kw
vertical axis wind turbine

5.1 FM +EE Bol= K=

1975d olF F8 o] g AL AF ARl
Aot EAE0cz I vigdd o8 BEEAR
E o] 83 AA Alzde] ) AP 90 &y Al
A FEE Y aH Aladg a4 AEE
th Fig. 7& MEE =4 45 3 437 ¢S4
3 439 A AN $HE FEA RS U
220 il =

U e Fdste diE FA3 FEREA 71E A
48 AR 2 9 E4e dFFlE) A ol
FUA a8 EgAR Beolze B4 #£&
ol=e] A9l vim HrMY £ 9A S gEkA Al
@A FAE T Alasle PR3, 14]0) H§
AR 2 IFEY A E E4E Table2 ¢ 33
Zo] Aeslth. 3% FTEA2dE Bz AF
ol Feldf, BAER L JFEA 4] AlxHe &
FARE Atk F Al2"dA BEyeln b
i 42 AZY9a 271e carbon fabric ¥
woven roving® aluminum honeycomb core’} A}
25191} o] A8E= 250°FF autoclave T g1
ol §F +58-28 AMRHE Aotk S0kWE9] 7
S+ H@ANR/AEA AA"HTE ARl AlFetga,
300kWe AL dxdael fldRE E83t9
F A2 RE JEA] 45 ARSI th 300kW e
E g A(traverse)= woven roving € surface fab-
ric, £&]- g foamE o}-83ld A 2slych

FRolA AMEE Beol= Ase] AL Table 4
9] tiEAQ drlAae] wind turbine A B9 EAHT}
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Table 2. 50kW wind turbine system data

Table 3. 300kW wind turbine system data

S0kW Vertical Axis Wind Turbine

300kW Vertical Axis Wind Turbine

System Specification Rotor Diameter 12m
Cord Length 0.74m
Blade Length 8.6
22 HHe n/arpm
Airfoil GA(W)-1
No. of Blade 4EA

CF3327/Epoxy Skin 12 ply
CF3327/Epoxy Spar 21ply

CF3327/Epoxy Materials [MPa]
Tensile Strength 687
Tensile Modulus | 80.5%10°
Compr. Strength 421
Flexural Strength 696

Flexural Modulus 64.8x10

Ttk ol FA £1) 2 AN FE Fog] ALgs)
A el 4= autoclave & Abgsled B
Aadfel FEFE AU 59 I3 F25 st
E £39 ARE AL AR 279 oF ng
< 23} 3] e Aolok % Aol HAH1 Y
g Aito] o] FojA W A9 HAEE Folo AP
AEZ ABE & 9& Aoz gudn

gxolx A ABE S 2 E2d2E, v
ol 2H, o &EA] $=xjolr},

ol AREL ol A=z glon #HF AYol
FE3 Aok X Eejol A v do2E|e) 7
€ AFAFY Azxd A5Hoz AMgHo] $7] WE
of 2 el diFEA &3yl wEel 424 e
dlelEl7t R} gl gt} ole AFY APY 2

F4 B3 oggo] U&F Uk AT o8 UA)
29 7HF0o] ¥@r] g AdaAdAE W@ Ee Az
ofth dZFA] F£AE Aoz Fdo $5E AF
Ao ARgE] gtm I $F 37 Folo] B
E AF Mo AHEEo 7] Wil A% B3

&S Aste AGAdME Yol vind B
E}E}H A 4 s A g AY ¢
g AEL] BAXRE n2sled o]FojAo} & Aow
geE

5.2 Hx B

FUold ASEUY S22 $Y wAN AL B

System specification ~ Rotor Diameter 22m
Cord Length 2m
Blade Length 30m
37 g5 3lpm
Airfoil NACA0018
No. of Blade 2EA
Traverse Sub blade 3X10m
Urethane foam Main spar Carbon
WRS80/Surface Skin WRS80
fabric Skin surface Glass fabric
Hand Lay-up{20ply)
Posteure(autoclave)
Weore/2t
Skin & Facing HG120(1)/WR380¢2)/Al Honeycomb/HG120(1)
(Autoclave) Adhesive film
Honeycomb Aeroweb 5052,3.0-3/16-10
Properties HGI120/RS51242 WR380/Epoxy Carbon -

Fabric/R$1222

Tensile strength [MPa) 29903 41417 100484
modulus [GPa}  17.93 350 71157

] 41989 29834 58123

Compression strength [MPa
modulus [GPa]  N/A 2750 5543

Flexumal strength (MPa]  565.03  408.03  683.68
modulus {GPa]  N/A 221 5164

ILSS strength [MPa] 549 NA 6157

Table 4. Static test results of E-glass/Polyester materials of RIS
@ National Lab, Denmark([16]

Tensile Tensile
Material Ult. Strain {%) | Remark
TS odulus [P | Stength (Mpgg | U ()| Remarks
Glass/polyester] 472 862 23 RiS9 Lab
]
GlasssCarbon 5, 894 i2 | RISA Lib
fpolyester
Glass/polyester] 238 445 213 Jotun Co.

glol= A 2E autoclaved] o3 Woz Egolck
e 712 TE Fo "%51211'4'. FEE Byl
ZE oz AT = gley autoclaved] <]
e Az @bt vﬂ%
4494 A9g Az -a-‘ﬁt 2 e SFoz B
o 2% A& 7Fsd etk 383 2 AFHe o
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whRoz EgAg #E Ao AMgshe oy
oA BAEE AFE o451 ¢t Filament
Z2 rape winding(F/W or TFT)g& A& 7|4&
Azlok 7sd Wolch. Zols BT} B F/W
AZE Agg Ao 7] " 7eFe] e
e Aoz Bad. 94 o= A7 fiE ol
g 2ol A JAY dA 2 A, e 28 5o
Aze] Bag AAolct. RTMH HA FujolA Hx
g gy FE9 Az Aol W] Wi A v
B upglolth £ 4 g AoE 9% RTMIAE
3o} gl

Az el Age 71EA9 iy 28 P
A A7 AF ZAYE 1T olFojE
Ath 2] AFE ML) Sjsted AEV1A A
& T FoHott. wetd 2] A GAME
TFTU RTM Rt 4% 2 2A3Ed o A%
o] B} AF M4l Euhstalch

A ZHd A% 208 AT o HAH 273
Ferg wolw A 3AE EHHeR & F U=E
dApsgjor gt ¢EEg(leading edge skin)e} A
(trailing edge)& A& o M=9x HFwe] A=
2 J1E 77 2E9 Az 3y BYIEE 2
oA A 71EEMA olEgd gls AR Addn.

6. 2o 4 AE

$4% Fg wAd A2dE BYolze A8 3 A
Z 3y g By xA Azl E4& Fsidrt
ZAHE 29 F8 Al2Fe] EYol= A8e 90%
=7t AgAigol olF tREo] fFEldRk EEAE
ojth Wt Mg UM EsEE oz Al2d
& FPAF EYARE ol 8dlol & Ao BddHch

JZA2Ee] AL A FEMA/ERd2E AR
AN2EE Agstn ok AT FE AR/ EA Al
H2 Agsln Y Ax Ax Bx Yok AR
o] T4 AEQ BAARS VAR 9L BAA
2 sharte] A3 229 ARE EUR o] FolAof
gtk Az FYEE A 7R Axrt AAEAEE 27
A dAME £28%(hand lay-up) 3ol 28371
o 714 fol3t ¥y o s whErh
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