5.0 IMPACT OF ALTERNATIVE MATERIALS
5.1  Blade Materials Evaluation Methodology
The  bas i c  c once p t  for  evaluati ng  inte resti n g  candida te  m a te rials  for  w i nd  turbine  bla d e 
use  was  to  com p are  their  weight  and  cos t  pe rform ance  when  us e d  as  the  s p ar  cap  m a terial. 
This  was  done  at  the  50  m e ter  blade  size ,  usi n g  t h e  th ick est  o f  the  bl ad e  th ick n ess 
dist ri bu ti o n s  f r om  t h e  prece di n g  param e tric  varia t i o n  w o r k .  I n  Sec tio n  3 . 0  we  exam ine d 
the  effects  of  a  c ons ta nt  width  s p ar  cap  a nd  com p ared  that  aga i ns t  the  baselin e  design. 
The  baseline  s t ruc t ural  design  has  a  s p ar  c a p  tha t  goe s  fr om  15%  t o  45%  of  cho r d ,  a n d  is 
twice  as  thick  at  its  c e nter  as  a t  its  e d ges,  a s  was  used  in  the  para m e tric  study.  The 
thic kness  of  the  s p ar  c a p  was  adjuste d  to  m a tch  the  sa m e  desi gn  flapw i se  loading 
distribution,  at  a  strain  a p prop ria t e  to  eac h  m a terial,  a n d  a  trailing  e dge  s p line  was  added 
as  required  to  m eet  tw ice  the  e dgewise  dea d we ig ht  be n d i n g  m o m e nt  at  a  desi gn  fat i gue 
strai n  of  0 . 12 5% . 
Eval uat i o n  of  sec ti o n  pr ope rties  was  per f o r m e d  at  stat io ns  8 5 ,  6 5 ,  45 ,  2 5 ,  an d  1 5 ,  wit h  a 
circular  tube  of  spa r  cap  m a terial  at  statio n  5  take n  t o  re prese nt  t h e  basic  r o o t  lam i nat e , 
bef o re  ro ot  b u i l d u p .   Tota l  bla d e  she ll  we ig ht  an d  s p ar  cap  wei g h t s  were  co m puted  bas e d 
on  these  s t ation  section  properti es.   The  root  tube  was  assum e d  to  be  c o m p osed  of  spar 
cap  m a terial  for  the  weight  calc u lations .   Whil e  the  t r aili ng  e dge  spli ne  wa s  ta ken  t o  be 
of  the  sam e  m a terial  as  the  s p ar  caps  for  the  overall  w e ight  calc u lations,  it  was  a  m i nor 
fracti o n  of  bla d e  wei g ht ,  a n d  was n ’t  i n cl ud ed  i n  th e  spa r  c a p  w e ig ht  and  co st 
calcula tions.   This  provides  a  c l ean  foc u s  on  jus t  the  prim ary  im pact  on  spa r  cap  and  root 
struc t ure. 
Note  that  the  c o sts  cited  ar e  only  the  m a terial  c o sts,  a n d  do  not  include  a  la bor 
com pone nt .   Wh ile  la bo r  c o sts  a r e  certa in l y  s i g n i f ica n t ,  a n d  m a y  var y  fr o m  m a terial  to 
m a terial,  a ssessing  those  differe n ces  acc urately  w as  judge d  to  be  outs ide  the  sc ope  of  this 
phase  of  the  study.   The  re lative  im pact  of  labor  a n d  m a terial  c o sts  was  previous ly 
eval uate d  a n d  is  d o c u m e nted  i n  Reference  2. 
The  m a terials  selec te d  for  c o m p arative  e v a l ua tion  wer e  E- glass ,  large  tow  c a rbon  fiber , 
S-glass,  and  a  wood/e poxy/carbon  hybrid  studied  previous ly  in  SBIR-spons o re d  resea rch 
by  Gougeon  Brothe rs.  Inc .  (GBI)  [10] .   In  or der  to  m a ke  these  results  m o re  c o m p arable  to 
the  recent  Global  Ene r gy  Concepts  (GEC)  s t ud y  of  glas s  and  ca rbon  [11] ,  the  c o m position 
and  properties  of  the  s p ar  ca p  m a terials  were  m a tched  to  ones  use d  by  GEC.   Since  the r e 
were  a  num ber  of  variations  of  glass  and  ca rbon  prese nte d ,  it  wa s  necessary  to  c h oose 
whic h  to  use  i n  t h is  wor k . 
Our  c h oice  was  als o  guided  by  a  desire  to  m a ke  selec tions  that  we re  close  to  the 
prece di ng  param e tric  stu d y ,  a n d  to  t h e  m a teri al  properties  typically  used  by  TPI  in  its 
bla d e  design  w o rk.   This  lea d  to  t h e  sel ectio n  o f  a  40%  fi b e r  vo lu me  fract ion ,  wi th  80% 
of  the  unidirectional  fiber  aligne d  a l ong  th e  spa n ,  as  the  baseline  for  the  a l l  fibe rglass 
an d  carb on/g l ass  hy b r id  con s tru c tion s .   Th e  p r op erties  for  th e  woo d /epoxy /carbo n  hy brid 
were  t hose  of  t h e  m o st  hea v i l y  ca rb on  au gm ente d  m a terial  i nves t i g ate d  in  t h e  Go uge o n 
SBIR  w o rk.   For  reference  purposes  we  have  include d  summ ary  tables  obta ined  from  a 
reference  handbook  [ 12]  for  a  va rie t y  of  lam i nate  types   a n d  com p osite  re inforc ing 
m a terials  ( T ables  5. 1  and  5 . 2).   Am ong  the  lam i nates  com p ared  i n  Fi gu re  5. 1,  o n l y  g l a ss 
provides  both  low  co st  a n d  high  stiffness. 
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Table 5.1
Properties of Different Laminates (Reference 10)
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Physical propertic

Specifie gravity 2.50 2.49
tensile strength, Ib/in? 350,000 400,000
Tensile elastic modulus 9,800,000 10,000,000
Elongation at 72°F, % - —
Poisson’s ratio - -
Thermal propertie
Softening point, °F 1300 1380
Cocfficient of thermal expansion—in/ % 49
infF x 1077
Thermal conductivity (k) BTU in/h/ - -
fCFF at 2°F
Specific heat at 72°F BTUIL/F - -
Optical propertie:
Index of refraction 1512 1.541
Electrical propertis
Dielectric constant, 72°F, 10° Hz 6.90 6.24

Loss tangent. 72°F. 10° Hz 0.0085 0.0052



Table 5.2
Properties of Glass Laminates (Reference 10)
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5.2  E-glass
E-glass  is  the  dom ina n t  reinforc em ent  fiber  for  c u rre nt  wind  bla d e  produc tion.   As  cite d 
in  the  GEC  study,  E-glass  lam i na te  m o dulus  al ong  the  bla d e  a x is  was  assum e d  to  be  27.1 
GPa  (3.93  m s i),  and  s p ecific  gra v ity  was  ta ke n  as  1.75.   These  va lues  are  a p propriate  for 
a  40 %  fib e r  volu m e  fraction  with  80 %  o f  the  fib e rs  oriente d  in  the  spa n wise  direction. 
The  rem a ining  20%  of  the  fibe r  is  aligned  a t   ± 4 5  degrees.   Material  c o st  wa s  ta ken  to  be 
$4.18/kg  ($1.90/lb),  b ased  on  the  GEC  value. 
Using  the  baseline  blade  geom etry  a t  a  0.45 %  des i gn  strain,  the  E-glass  s p a r  blade  was 
fo un d  t o  ha ve  a  t o tal  s h ell  wei g ht  of  12 ,0 3 3  kg  ( 2 6 , 47 3  l b s),  wi th  7, 7 1 0  k g  ( 1 6 , 96 1  lbs )  i n 
the  spar  ca ps  (Table  5.3).  A t  the  curre nt  estim ated  pr ic e  of  $4 .1 8 / kg  ( $ 1 . 90 /l b),  t h e  s p ar 
cap  m a terials  cos t  w o uld  be  $32,226.  With  the  thick  blade  geom etry ,  the  E-glass  s p ar 
bla d e  was  f o u n d  to  ha ve  a  t o tal  s h ell  wei g ht  of  10 ,0 8 5  kg  ( 2 2 , 18 7  l b s),  wi th  53 4 2  k g 
(11,753  lbs )  in  the  s p a r  caps ,  for  a  spar  cap  m a terials  c o st  of  $22,331.   These  weight  a n d 
cost  figure s  pr ovide  the  re fere nc e  for  the  othe r  m a teria l s  to  c o m p are  aga i ns t,  since  this 
m a terial  se lection,  w i th  its  assoc i ated  prope rties  and  c o sts ,  has  been  tie d  to  curre nt 
in dus tr y  pr actice,  wit h i n  the  l i mits  of  t h ese  ge neric  bl ade  desi gn s. 
Table 5.3
E-glass Blade Summary
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Baseline Blade
Thick-Sharp Blade
	
	Weight
	Weight
	Cost
	Weight
	Weight
	Cost

	
	(kg)
	(lb)
	($)
	(kg)
	(lb)
	($)

	Spar Cap
	7,710
	16,961
	$ 32,226
	5,342
	11,753
	$ 22,331

	Skin
	4,323
	9,512
	$ 18,073
	4,743
	10,434
	$ 19,825

	Total Shell
	12,033
	26,473
	$ 50,299
	10,085
	22,187
	$ 42,156


5.3  S-glass
5.3.1   Design Strain
S-glass  is  a  m a gnesium  alum inosilica t e  with  higher  a l um ina  c o ntent  than  the  m o re 
comm only  used  E-glass.   S-gl ass  has  a  higher  fiber  m odulus  of  85.5  GPa  (12.4  m s i), 
vers us  72.4  GPa  (10.5  m s i),  an  increase  of  just  over  18%.   Its  fibe r  te nsile  strength  is 
4600  MPa  (670  ksi)  versus  3, 450  MPa  (500  ksi)  for  E-glass,  an  increase  of  over  33%  [13] . 
Its  fa tigue  strength  is  also  in crea sed.   It  is  used  in  appli cations  w h ere  a  c o m b ination  of 
hi gh  te nsi l e  stre ng t h  and  h i gh  st rain  t o  fail ure  a r e  nee d ed ,  s u c h  a s  he lic op te r  r o t o r  b l a d es. 
From  a  tec h n i cal  sta n dp oi nt ,  it  i s  an  i n tere sting  m a terial  fo r  th e  wi nd  t u rbin e  ro to r  b l ad e 
app licat i o n ,  bu t  relat i v el y  low  v o l u m e  usag e  has  ke pt  its  pr ice  hi gh ,  s o  it  ha s  n o t  bee n  a 
m a instream  wind  turbin e  ro to r  mat e r i al.   Howev e r ,  wind  t u r b i n e  bl a d e  ma n u f a c t u r e  i s  no w 
a  high  e nough  volum e  m a rket,  that  it  was  decided  to  see  wh at  S-glass  m i ght  ha ve  to  offer, 
part icularl y  if  tha t  m a rket  powe r  coul d  dri v e  its  pr ice s  t o ward  E - glass  le ve ls. 
The  fact  that  S-glass  is  not  a  m a instream  wind  turbine  m a terial  ha s  m eant  tha t  it  is  not 
included  in  the  e x te ns ive  Montana  Sta t e  U n iversity  database  for  fiberglass  (and  now 
carbon).   A  carefully  controlle d  com p arison  to  E-glass  for  th e  c o m p ression  lim it  strain 
take n  to  g o v er n  t h e  cu rren t  desi g n  s t u d y  t h e r efore  does  n o t  ex ist .   In  c o mm unicat io n  wi th 
John  Mandell,  who  le ads  the  MSU  m a terials  t est  work,  it  was  sugges t ed  tha t  the  sam e 
com p ression  lim it  stra in  as  that  for  E-glass  be  used.   This  was  done,  eve n  though  data 
from  the  O w ens  Cornin g  web  site  showed  over  a  factor  of  two  grea ter  s p ecific 
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com p ression  s t rength  (2909  vs  1187)  for  S-2  fiber  versus  E- glass ,  because  factors  suc h  as 
fabr ic  arc h itect ure  an d  m a nu fact uri n g  pr oce ss  are  k n o w n  to  ha ve  a  dom ina n t  effec t  o n 
com p ression  s t rength  prope rties .   There  is  a l so  the  fac t  that  deflec tion  alrea d y  lim its 
som e  bla d e  des i gns,  s o  a  higher  m a terial  stra in  m i ght  not  be  of  m u ch  practic al  im pact . 
The  fu ll y  f actore d  des i g n  lim it  st rain  was  th us  take n  to  be  0 . 4 5 % ,  as  der i ve d  in  t h e 
Global  E n e r gy  C o ncepts  re port  [ 1 1] . 
5.3.2   Material Cost
To  kee p  c o st  values  a s  com p arable  as  possi ble  to  the  GEC  study,  it  was  nec essary  to 
establish  m a terial  c o st  on  a  sim i lar  bas i s.   Pricin g  in formatio n  from  th e  Owen s  Co rn ing 
web  site  ind i cated  a  cu rren t  price  rang e  o f  $ 20  -  $2 6  p e r  kg  for  h eavy  to w  carbo n,  and  th e 
GEC  price  for  st itc he d  bia x  or  t r iax  fab r ic  of  $ 2 3 . 30  per  k g   ( $ 1 0 . 5 7/l b )  wa s  fo u n d  t o  fall 
in  t h e  m i d d l e  of  tha t  r a nge .   T h is  was  ta ke n  as  indication  that  the  we b  site  ran g e  of  $1 3  - 
$1 8  per  kg  for  S- glass  wo ul d  be  sim ilarl y  c u rre nt  an d  com p arable ,  a n d  t h e  m i d d le  o f 
ran g e  price  of  $1 5. 4 0  ($ 7. 00 /l b)  was  take n  as  the  estim ated  current  pr ice  for  s t itche d  bia x 
or  triax  S-glass  fabric.   The  price  for  w o ven  E-glass  uni  was  cited  by  GEC  to  be  $3.60  per 
kg ,  vers us  $4 . 5 0 / k g  f o r  t h e  st itc hed  m a teri al,  s o  t h e  c o st  red u c t i o n  of  $ 0 . 9 0/ kg  ( $ 0. 4 1 /l b) 
was  ap pl ied,  res u lt in g  in  an  est i m ated  pr ic e  of  $1 4. 5 0 / k g  ($ 6. 5 9 / l b)  wo ve n  un id irect io nal 
S-glass  fa bric.   Using  a  67%  m i x  of  w o ven  un i  with  33%  stitc he d  tria x  gives  the  0.8  uni 
fraction  c h osen  for  this  c o m p aris on  work,  w ith  a  resulting  es tim ated  c u rre nt  m a terial  cost 
o f  $1 0.4 3 /k g  ($ 4.7 4 /lb ) ,  u s in g  th e  GEC  v a lu e  fo r  ep oxy  co st.   This  co mp ares  to  th e 
estim ated  E-glass  m a terial  c o st  of  $4.18/kg  ($1.90/lb),  c l early  s how ing  the  dram atic 
im pact  of  the  c u rre nt  high  c o st  of  S-glass  fiber. 
5.3.3   Discussion of Results
Usin g  the  t h ic k  bla d e  geom etr y  a n d  a  0. 4 5 %  des i g n  s t r a in ,  t h e  S- glass  spar  bla d e  was 
fou n d  to  h a v e  a  to tal  sh ell  weigh t  o f  8 527  kg  (18 , 75 9  lb s),  with  43 80  (963 5  lb s)  in  th e 
spar  ca ps .   At  the  c u rrent  estim ated  price  of  $10 .4 3/kg  ($4 . 7 4 /lb ) ,  th e  sp ar  cap  materials 
co st  wou l d  b e  $45 ,6 59 .   While  th e  weigh t  is  certai n l y  bette r  tha n  E- glass ,  the  pr ice  is  not 
com p etit iv e,  gi ven  cu rren t  f i be r  pric in g .   T h is  is  w h ere  m a rket  e c onom ics  a r e  felt.   The 
process  of  m a king  S-glass  is  quite  sim ilar  to  tha t  of  E-glass ,  but  since  c i rc uit  boards 
created  a  big  m a rket  for  E-glass  in  the  early  years ,  it  was  the r e  that  the  h i gh  vo lu me 
econ o m i es  first  occur r e d.  St ruc t u r al  a p p lica t io ns  ha ve  a l so  us ual l y  use d  E- gla ss  (d ue  t o 
cost),  e v e n  though  S-glass  has  s upe rior  m echan ical  p r o p e rties.   As  an  in dication  of  what 
m i ght  be  possible ,  the  spar  cap  cost  for  a n  S-glass  bla d e  a t  E-gla ss  prices  w as  com p ute d 
to  be  $18,310.   This  is  the  lowest  spar  ca p  c o st  of  the  m a terials  c ons ide r ed  here.   It  ma y 
be  w o rt h  t h e  wind  t u r b ine  i n dust r y  invest iga ting  if  i t  ca n  crea te  a  s u ff icie nt  market  t o 
drive  down  S-glass  prices.  This  would  be  s o m e what  a k in  to  how  increase d  volum e  is 
curre ntly  driving  dow n  carbon  pr ices,  but  the  very  low  cost  of  m a ture  E-glass  produc tion 
hints  that  the  m a ture  cost  for  S-glass  m a y  li e  well  b e lo w  t h at  fo r  carbon ,  due  to  th e 
differe n t  m a terials  a n d  processes  use d .   This  deserves  furthe r  investiga t ion,  but  tha t  is 
be yond  the  scope  of  this  phase  of  the  c u rrent  project. 
5.4  Carbon/E-glass Hybrid
Price  redu ction s  fo r  larg e  to w  carb on  fib e r  hav e  b r o ught  it  into  th e  rang e  wh ere  it  is  n o w 
a  candidate  for  prim ary  w i nd  turbine  bla d e  stru c t ure.   As  charac teri zed  in  the  GEC  study, 
its  m o dulus  along  the  blade  axis  was  ta ke n  to  be  66.2  GPa  (9.60  m s i),  and  the  s p ecific 
gra v ity  was  assum e d  to  be  1.52.   This  is  fo r  a  40%  fibe r  volum e  fraction  with  80%  of  the 
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fibe rs  orie nte d  in  t h e  spanw i se  d i recti o n.   T h e  rem a in i n g  20%  of  the  fi ber  is  E- glass 
alig ne d  in  the  ± 4 5  de gree  di rect io ns.   Mate rial  cos t  w as  take n  t o  be  $ 1 1 . 7 0  per  k g 
($5.31/lb),  based  on  the  GEC  va lue  for  c u rre nt  large  tow  carbon  fiber.   A  sec ond  spar  ca p 
co st  was  co mp u t ed  u s ing  $8 .6 9  per  kg  ($ 3.95 /lb )  as  the  pote nt ial  c o st  of  la rger  t o w,  ne xt 
gene ration  carbon  fibe r  spa r  ca p  m a terial. 
Usin g  the  t h ic k  bla d e  geom etr y  a t  a  0 . 3 4 %  d esign  s t rain,  the  carbon/ E- glass  h ybr id  s p ar 
b l ad e  was  fo und  to  h a v e  a  to tal  sh ell  weigh t  o f  7 , 3 00  kg  (16 , 06 0  lb s),  with  28 95  kg 
(6,369  lbs)  in  the  spa r  caps .   The se  are  the  lowest  we ight  va lues  for  a n y  of  the  m a terial 
s y stem s  studied.   At  the  current  estim ated  pr ice  of  $11 .68  p e r  kg  ($5. 31 /lb),  th e  sp ar  cap 
materials  co st  wou l d  b e  $ 33,813.   At  th e  targ et  price  fo r  n e x t  g e neratio n  larg e  to w  carb on 
fibe r  of  $ 8 . 6 9  per  k g  ( $ 3 . 95 /l b),  t h e  s p ar  cap  m a terials  cost  wo ul d  dr o p  to  $2 5, 1 7 7 . 
5.5  Carbon / Wood / E-glass Hybrid
5.5.1   Design Strain
Zebraw o o d  is  a  co n v e n ie nt  nam e  use d  to  ref e r  t o  the  i n clusi o n  of  carb o n  fi be r  be tween 
the  la yers  of  e p oxy  la m i nated  D o uglas  fir,  the  regular  black  line s  sugges t ing  the  “zebra” 
term .   This  concept  m a kes  dua l  use  of  the  ep oxy ,  to  both  bon d  th e  v e n eer  and  wet  th e 
carbo n,  so  th e  weig ht  an d  co st  increm ents  are  not  m u ch  be yo nd  that  for  jus t  the  carbon 
fabr ic.   F i r  an d  ca rb o n  were  kn o w n  to  ha ve  sim ilar  w o rki n g  s t rai n s,  so  t h is  m a terial 
receive d  c o nsidera b le  study  as  a  cost-e ffective  wa y  to  get  higher  strength  and  s t iffness 
wh erev er  a  woo d /epoxy  b l ad e  migh t  n e ed  it.   Fu rth e r,  it  was  thou gh t  th at  th e  fir  cou l d 
provide  a  m easure  of  dam a ge  to lerance ,  a n d  protec tion  from  external  im pa ct,  w h ic h  is 
ofte n  a  c o ncern  for  all  carbon  s t ructures. 
Resu lts  from  th e  SBIR  fu nd ed  study  by  Gou g e on  B r oth e r s  I n c.  [1 0 ]  i n cl ud ed  bo th  s t at ic 
and  fatigue  testing  and  were  used  as  the  ba sis  for  estim ating  a  c o m p ression  des i gn  s t rain 
for  this  m a terial.   The  m a terial  s e lection  port i o n  of  th i s  st ud y  inc l u d ed  bo th  static  an d 
fati gue  scr eeni n g  tes t s  of  11  t y p es  of  car bo n  fa br i c .   At  th e  t i m e  o f  th i s  work  in  th e  l a t e 
1 980’ s,  carb on  was  mu ch  mo re  ex p e n s iv e  than  it  is  now,  so  th e  fab r ic  selected  th en  to 
m a xim i ze  the  prope rty  im provem ents  per  unit  c o st  would  not  nece ssarily  yie l d  the  bes t 
results  toda y . 
Fo r  th e  pu rp o ses  of  exp l o r ing  th e  imp act  o f  carbo n  augmen ted  woo d /epoxy  lamin a te  in 
the  current  conte x t,  the  hea v iest  fabric  tes t e d  a t  that  tim e,  Techniweave  12K ,  was 
selected.   It  is  entirely  possible  that  e v en  heavier  fa brics  would  be  a  m o re  cost-e ffective 
choice  toda y,  but  this  is  the  hea v iest  reinforcem ent  for  whic h  data  is  a v ai labl e.   The 
Techniwea v e  12K  re inforce d  D o uglas  fir  w as  foun d  to  h a v e  a  bu lk  mo du lu s  alon g  th e 
grai n  of  27 .5  GPa  (3 . 9 9  m s i),  an d  a  wei g ht  o f  4 7 . 0 3  l b s / ft 3 ,  for  a  s p ecific  gra v ity  of 
0.754.   The  avera g e  c o m p ressi on  strength  was  found  to  be  141  MPa  (20.5  ks i),  w h ic h 
g i v es  a  ty pical  failu r e  strain  of  0.514 %. 
To  com p ute  a  design  strain,  fo ur  separa t e  factors  were  appl ied  in  the  sam e  fashion  as  w as 
done  for  c o mmercial  wood/e poxy  bla d e  des i gn .   The  s p ecific  fac t ors  use d  to  account  for 
varia b ility  (1.145),  moisture  ( 1 .274),  tem p erature  (1 .1),  a n d  siz e  effect  (1.122),  resulted 
in  a  c o m p ression  design  strength  of  87  MPa  ( 11,350  ps i),  and  s t ra in  of  0.285%.   Eac h  of 
these  c o uld  be  de bate d  to  s o m e  extent  due  to  the  lim ite d  da ta,  but  m o isture  a n d  size 
effects,  in  particular,  require d  the  exerc i se  of  e n gi neer in g  ju d g emen t.   For  instance,  the 
redu ction  of  streng th  o f  woo d /epo xy  with  mo is t u re  has  bee n  s t u d i e d  in  som e  dep t h ,  b u t  no 
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d a ta  for  zeb r awo o d  ex ists.   Shou ld  th e  known  co rrectio n  b e  ap plied  to  th e  wh ole  stren g th 
of  t h e  s p ec im ens,  o r  o n l y  the  pa r t  due  t o  the  wo od ?   Th e  co nser vat i ve  ch oice  of  a p pl yi n g 
it  to  t h e  w h ole  s t re ngth  was  m a de,  but  this  m a y  overs t a te  t h e  s t re ng th  re d u ct io n. 
Sim ilarly,  the  known  size  effec t  correc t io n  for  wood  lam i nate  in  com p ression  was 
ap plied ,  even  thou gh  th e  co n s isten t  prop er ties  of  the  c a rbon  m a y  reduce  the  size  effec t 
correc t ion. 
Whi l e  the  deri vat i o n  of  t h e  0. 285%  com p re ssion  design  s t rain  li m it  used  w e ll  es tablis hed 
m e thods  f o r  wo o d /e po x y  bla d e  d esig n ,  t h er e  was  a  c l e a r  q u est i o n  of  w h et her  it  was  rea l l y 
com p arable  to  the  othe r  spa r  ca p  m a terials,  si n ce  it  did  no t  in clude  th e  usua l  GL  fact ors . 
Th is  is  not  a  simp le  qu estion ,  sin ce  th e  wo o d /epoxy  calcu l ation  in clu d e s  specific  factors 
for  m o isture  and  s i ze  effect  tha t  GL  does  not .   It  m i ght  be  argue d  that  these  are  covere d 
in  the  1.5  GL  “aging”  factor.   On  the  othe r  ha nd,  G L  includes  fact ors  for  item s  such  as 
s y n t he tic  m a terial  t y pe  a n d  pos t - cur i n g  t h at  do  n o t  dir ectl y  a p p l y  t o  ze braw oo d .   T o 
pr ov ide  an  ove rall  fac t or  nearer  t h e  GL  no r m ,  a  fi nal  desi gn  st ra in  was  deri ved  b y 
treating  the  woo d /epoxy  calcu lation s  with  GL  facto r s  th at  can  b e  establish e d  by 
su ppo rting  d a ta,  an d  th en  apply i n g  th e  1.35  g e neral  m a terial  fact or,  res u l t i n g  in  a  0. 2 1 1 % 
design  lim it  strain.   By  c o m p aris on,  the  valu e  for  the  carbon/gla ss  hy brid  m a terial  us ed 
for  t h is  st u d y  was  0. 3 4 % ,  w h ic h  is  over  60 %  hi g h er  a llowa ble  st rain .   W i t h  fu rt her  tes t in g 
of  a  m oder n  f o rm  o f  c a rb on /ve n e e r  m a terial ,  i t  m a y  be  poss i b l e  to  estab lis h  s i g n if ican tl y 
hi ghe r  perf orm a nce.   I t  is  k n o wn  that  on l y  a  few  sites  s u ch  as  the  Texas  G u lf  Coas t  have 
conditions  that  c o m b ine  hot-we t  to  the  degree  represented  by  the  chose n  factors,  s o  there 
is  built  in  excess  m a rgin  for  ty p i cal  s ites.   For  these  reasons ,  the  chosen  de sign  s t rain  for 
zebrawood  in  this  study  is  viewe d  as  m o re  li kel y  c o nser vati ve  t h an  n o t . 
5.5.2   Material Supply
A  co ncer n  abo u t  usi n g  nat u ra l  m a terial  is  t h e  a v ailable  supply  of  suita ble  veneer  going 
fo rward,  withou t  rely in g  o n  old  gro w th  Doug la s  fir ,  whic h  has  be en  the  tra d iti onal  bas e 
venee r .   This  iss u e  wa s  addresse d  without  c o m p lete  suc cess  by  A d vance d  Bla d e  Mfg., 
with  res u l t s  prese nte d  i n  a  Sa nd i a  rep o r t  [ 14]  pu bl ishe d  i n  1 9 9 9 .   T h e  two  alte rnat ives 
cons ide r ed  were  new  g r owt h  fir  a n d  s o u t her n  pi ne.   B o th  sh owed  pr om ise,  b u t  d i d  n o t 
achie ve  per f orm a nce  c o m p letel y  equ i va len t  to  t h e  base line  ol d  gr owt h  D o u g l as  f i r. 
The  new  g r owt h  f i r  re sults  i n  par ticu l ar  des e rve  s o m e  disc ussi on .   S t re ng th  t estin g 
showe d  a  b i -m odal  ch aracter,  wi th  par t  of  t h e  data  ess entia ll y  m a tchi n g  the  ol d  gr owt h 
fir,  a n d  an ot her  par t  com i ng  u p  well  s h ort  of  e x pecte d  perf orm a nce.   I t  is  no ted  i n  t h e 
report: 
“  …  t h e  ve neer  ha d  b een  m a nufa c ture d  fr o m  quite  sm all  D o ug las  fir  bo les  ( 6 
to  10  in ch  in  diameter)  …  th e  u se  o f  juv e nile  wood  for  produ ction  o f  th e 
large  ve nee r  shee ts  c o ul d  be  a  s o urce  of  the  ve neer  weakness ,  s i nce  heart 
woo d  is  we aker  tha n  s a p  w o o d .   J uve ni le  w o od  wo u l d  a l so  be  m o re 
susceptible  to  dam a ge  duri ng  ha ndling  s i nce  the  sm aller  logs  ca n  be  m o re 
easily  bent  or  e x cessively  s h ocked  by  harvesting  proc edures.  …  It  is 
belie ve d  that  the  wea k ness  of  the  new  grow th  D o uglas  fir  teste d  was 
represe nta t ive  of  t h e  j uve ni le  w o od  used  t o  pr od uce  th e  ve neer.” 
And  i n  the  conc lus i ons: 
“  …  se vera l  m ills  we r e  i d entif ie d  tha t  are  c u rre nt l y  pr oduci n g  ve neer  fr om 
large r  “sec ond  growth”  Douglas  fir  grov es  (boles  16  –  30+  inch  diam eter). 
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It  is  very  probable  tha t  veneer  prod uce d  from  these  larger  boles  will  not 
evidence  the  sam e  failures  as  the  juven ile  w o od  did  i n  fati gue  tes t ing.” 
This  is  a  re asona ble  se t  of  c o ncl u sio n s  gi ve n  t h e  tes t  da ta,  par tic ul arl y  i n  vie w  of  t h e  fa ct 
that  part  of  the  data  was  up  to  hi stor ical  norm s .   Whil e  it  rem a ins  t o  be  pr oven,  it  is 
reasonable  to  expect  that  ve neer  of  s u fficie nt  quality  can  be  obta ine d  from  renewable 
sources  to  produce  ze braw ood  of  equivale nt  stre ngth  to  tha t  teste d  in  the  G o uge on  SBIR 
rep o rt .  We  belie ve  it  i s  als o  poss i ble  t o  o b t a in  ade qua te  perform a nce,  as  c o m p ared  to  the 
pre v ious  G o uge o n  tes t  work,  using  m a terials  that  a r e  c o st  effec t ive  for  m ass  produc tion 
of  large  w i nd  turbine  bla d es. 
5.5.3   Material Cost
The  Techniweave  12K  m a terial  used  in  the  Go ug eo n  SBIR  study  h a d  a  cited  co st  o f 
$29.08/lb.   It  was  estim ated  tha t  there  wo ul d  be  7. 9 8  l b s  of  t h is  m a terial  pe r  ft 3 ,  alo ng 
with  6 . 4 4  lb s  o f  epoxy ,  and  26 .85  lb s  of  v e n eer.   Th e  co st  o f  v e neer  at  th at  time  was 
$ 0 .3 9/lb ,  an d  epoxy  was  $2 .30 / lb,  fo r  a  total  ma terial  co st  p e r  p oun d  o f  $5 .77 .   Clearly 
th e  co st  was  do min a ted  by  th e  carbo n  fab r ic ,  w h ic h  wa s  by  far  the  m o st  expe nsive 
com pone nt . 
The  1 9 9 9  ABM  re po r t  ci ted  new  gr owt h  fi r  ve n eer  price  at  $3.20  a  s h eet.   Since  a  vene er 
sh eet  is  8  to  9  lb s,  this  is  $0 .36  to  $0 .4 0  p e r  pou nd ,  con s isten t  with  th e  Go ug eon  stu dy 
val u e.   To  ob tai n  to p  qua li t y  ve n eer  fr om  la rger  new  g r owt h  b o le s,  le t  us  as sum e  a  pr i ce 
escalation  to  $0.50/lb.
In  Reference  11,  G E C  re porte d  a  current  price  of  $22.90/kg 
($10.39/lb)  for  lar g e  tow  car bon  fabr ic,  with  a  po ssib l e  redu ction  to  $ 15.20 /k g  ($ 6.9 0 /lb ) 
for  ne xt  ge nerat i o n  la rge  tow  car bo n  fab r ic .   T h is  sam e  st ud y  c ite s  a  price  o f  $ 4 . 6 0/ kg 
($2 . 0 9 /lb )  fo r  epoxy . 
To  h e lp  comp ariso n s  with  th e  GEC  wo rk,  th e  same  v a lu es  for  current  larg e  to w  carbon 
fabr ic  a n d  epoxy  wi ll  be  used  i n  the  m a teri al  c o st  ca lc ulation  for  zebrawood  in  toda y’s 
mark et.   By  co mp on en t,  th e  co st  con t rib u tio n s  p e r  pou nd  are  $0 .2 9  fo r  v e n e er,  $0 .2 9  fo r 
ep oxy ,  and  $1 .76  fo r  carbo n,  g i ving  a  to tal  mate rial  cost  per  pound  of  $ 2 . 3 4.   Clea rl y, 
this  c o st  is  dom i nate d  by  the  car bon  com p on ent,  which  co ntinu e s  to  imp r ove,  an d  can 
absorb  m odest  increa ses  in  vene er  or  e p oxy  cos t  without  m u ch  im pact.   For  the  near 
fu tu re,  on e  wou l d  expect  th is  price  to  b e  like ly  to  d eclin e,  du e  to  the  c o st  dom inance  of 
the  carb o n  com pone nt . 
5.5.4   Discussion of Results
Usin g  the  r e ference  b l ade  geom et r y  a n d  a  0 . 21 1%  desi gn  st rai n ,  t h e  ze braw o o d  s p ar  bla d e 
was  foun d  to  h a v e  sp ar  cap s  o v e r  2/3  of  th e  airfoil  half  thic kness  at  the  65%  radia l 
stati o n,  which  puts  t h e  i nnerm os t  m a terial  at  e x trem ely  low  effic i enc y  leve ls.   Som e 
adj u stm e nt  of  t h e  des i gn  via  a i rf oil ,  s p ar  ca p  w i d t h ,  or  am oun t  of  carb o n  use d  loca ll y, 
was  necess ary .   It  was  dec i de d  to  m a ke  the  s p ar  ca ps  50%  wider  at  this  one  station,  going 
from  10%  to  55%  of  c h ord,  ra the r  than  the  usua l  15%  to  45%.  With  these  c o m p rom i ses, 
the  zebraw o od  spar  blade  s h ell  w e ight  was  c o m pute d  to  be  1 0 , 1 84 kg  ( 2 2 , 40 5  l b s),  wi th 
5 , 78 5  kg  (1 2,7 2 7  lb s)  o f  to tal  spar  cap.   At  the  estim ated  c u rre nt  price  of  $2.59,  the  s p ar 
cap  material  would  then  co st  $32,927 ,  d r opp in g  to  $25,447  with  nex t  g e n e ration  larg e  to w 
carbo n  pricing . 
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5.6  Summary of Alternative Material Results
Figure  5.1  com p ares  the  bla d e  s h ell  we ights  for  the  four  spa r  ca p  m a terial  choices.   Three 
varia t ions  are  show n  for  E-glass ,  the  first  for  the  base line  thic kn ess  distribution,  the 
second  for  the  thic k  distribution ,  and  the  third  for  the  truncat e d  airfoil  ge om etry.   Thes e 
are  at  the  s a m e  0.45%  des i gn  s t rain,  as  is  S-glass ,  w i th  carbon/glass  at  0.34%,  and 
zebrawood  at  0.21% 
It  is  e v ident  that  the  thic k  bla d e  distributi on  provides  a  large  redu ction  in  blad e  weight, 
with  trun cation  prov iding  on ly  a  small  ad dition al  re duc tio n .   How e ver,  i t  s h o u l d  be  ke pt 
in  m i nd  t h a t  t h e  tr unc ated  des i g n  ach ieves  t h is  eve n  th ou g h  we  ha ve  no t  inc l ude  t h e 
efficie n c y  adva nta g e  of  the  ta pe red  s p ar  ca p  thickness  (tw i ce  as  thic k  in  the  m i ddle)  of 
all  the  o t he r  des i g n s .   The  ze bra w oo d  b l ade  is  s i m ilar  in  blade  shell  we ight  at  less  than 
h a l f  th e  d e si gn  st rain ,  in di cat ing  sui t a b i li ty  for  wh en  lo w  d e fl ect i o n  i s  req u ired .   T h e  S- 
glass  blade  achieves  a  significa n t  reduction  in  weight  below  the  other  three,  a n d  the 
carbo n/glass  hy brid  is  ligh ter  y e t,  ev en  t hou gh  it  h a s  lo wer  d esign  strain  th an  th e 
fibe rglass  bla d e. 
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Figure 5.1
Shell Weight Comparison for Alternative Spar Cap Materials
A  com p aris on  of  s p ar  cap  m a terial  c o sts  und er  the  e q ual  loa d ing  is  presente d  in  Figure 
5. 2.  T h e  th ick  d i str i b u ti o n  sa ves  ap pr ox im ately  30%  in  s p ar  cap  m a terial  costs 
com p ared  to  the  base line .   For  E-glass  we  a ssum e d  no  reduction  in  m a terial  cost 
betwee n  c u rrent  a n d  f u ture  tim e  periods.   Th e  carbon/glass  spar  cap  c o st  is  close  to 
that  for  the  base line  (E-glass)  blade,  but  highe r  th a n  that  of  E-glass  with  the  sam e 
thic kness  distribution.   With  future  ne xt  generation  la rge  tow  carbon  pricing,  the 
carbo n/glass  hy brid  clo ses  the  price  gap,  but  is  s t ill  so mewh at  high er.   Co st  fo r  th e 
zebrawood  m a terial  is  quite  close  to  the  carbon  glass  hybrid,  both  under  curre nt  and 
future  pric ing  scena r ios.   A t  c u rre n t  prices,  S-glass  is  by  fa r  the  most  expe nsive,  but 
if  it  c o uld  be  re duced  to  c u rre nt  E-glass  pr ices  by  large  volum e  econom i es  of  scale ,  it 
wou l d  pro v i de  t h e  lea s t  e xpe nsi v e  m a terial  op ti on  un d e r  eq ui vale nt  l o ad in g . 
The  truncated  E-glass  bla d e  desi gn  uses  only  a  little  les s  m a terial  the  thick  E-glass 
desi gn ,  a n d  so  is  n o t  s how n  se par a tel y .   H o wever,  t h e  cons tan t  w i dt h  a n d  t h i c kness  o f 
its  s p ar  ca p  c once p t  c o u l d  pr ov i d e  sa vi n g s  in  la bo r.   I f  cre d it  f o r  free dom  fr om  pl y 
dr ops  co ul d  be  take n,  a  s ubs tan t ial  a d dit i o n al  sav in g  in  wei g h t  a n d  cos t  w o ul d  be 
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realize d  in  bla d es  w h e r e  fatigue  at  pl y  drops  im pacts  the  s p ar  cap  des i gn. 
Relative Cost Under Equal Loading
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Figure 5.2
Spar Cap Cost Comparison Under Equal Loading
Figure  5.3  shows  the  spar  ca p  material  c o st  com p aris on  ass um ing  equal  stra in,  as  m i ght 
be  the  case  whe n  deflection  lim itations  re quir e  a  low  design  stra in  irrespec tive  of  the 
spar  ca p  material  c h oice.  The  thick  dis t ributi on  is  adopte d  as  t h e  new  base li ne  in  t h is 
gra p h ,  w h i c h  re flects  earl y  wo rk  do ne  a t  a  0 . 3 7 5 %  stra i n  tha t  m a tches  no ne  o f  t h e  fi nal 
study  c h oic es.   Since  the  c o st  va lues  w o uld  no t  be  c o m p ara b le  to  those  in  t h e  prece di ng 
work,  all  of  the  value s  were  norm alized  by  assigning  a  va lue  of  1.0  to  the  c o st  of  the 
thic k  distribution  with  E-glass  s p ar  ca ps . 
Relative Cost Under Equal Strain
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Figure 5.3
Spar Cap Cost Comparison Under Equal Strain
The  carbon/glass  hybrid  at  curr ent  prices  is  sim ilar  to  the  th ick  distribution  E-glass  cost, 
with  f u t u re  red u ct i ons  base d  o n  n e xt  ge nerat i o n  lar g er  t o w  car b o n  bri n gi ng  i t  dow n  near 
the  thic k  E-glass  spa r  cap  cos t .   S-glass  is  ag ain  the  m o st  expensive  us ing  curre nt  prices, 
but  bec o m e s  very  com p etitive  if  its  price  co uld  be  reduced  to  current  E-glass  le vels. 
Zebraw ood  equals  S-glass  eve n  a t  E-glass  price,  and  becom es  the  least  cos t  option  if  the 
fut u re  cos t  red u ct i ons  of  nex t  ge nerat i o n  la rg e  tow  carbon  m a terial  are  achieved.   Clea rly, 
the  le vel  of  des i gn  strain  chosen  will  ha ve  a  big  im pact  on  how  these  results  com p are,  s o 
these  results  s h ould  be  rega rd e d  as  indicative  only.   Still,  the  ba sic  conc lus i on  tha t 
zebrawo o d  m a y  be  hi g h l y  c o m p et iti ve  w h ere  l o w  st rai n  is  re qu ire d  ap pears  t o  be  va li d. 
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6.0 IMPACT OF DESIGN CLASS
6.1
IEC Design Loads
The  Inter n ational  E l e c trotechnic a l  C o mm ission  (IEC)  guide l ines  for  win d  turb in e  safety 
[15]  are  the  prim ary  design  sta n dard  used  in  t h e  wi n d  in dus tr y.   Th e  IEC  g u i d elines  defi ne 
wind  s ites  according  to  a  refere nce  m a xim u m  wind  s p e e d  a n d  the  m ean  wind  speed  (bas ed 
u pon  ten  minu te  av erag es),  as  s h own  i n  Tab l e  6. 1. 
Table 6.1
IEC Wind Turbine Generator Structural Design Classes
	IEC Wind Turbine Design Class
	I
	II
	III
	IV

	V ref (annual 10 minute maximum, m/s)

V ave (annual 10 minute mean, m/s)
	50.0

10.0
	42.5

8.5
	37.5

7.5
	30.0

6.0


The  blade  design  loa d s  use d  in  this  study  a n d  in  ea rlier  work  (References  1  and  2)  were 
deve lope d  assum i ng  IEC  Class  I  conditions.   The  IEC  Class  I  loa d  c o ndition  was  selec ted 
because  it  is  the  m o st  st ructura l ly  dem a nding;  howe ve r,  it  is  not  necessarily 
represe nta t ive  of  wi n d  p l an t  s ites  be in g  de v e lo pe d  curr ently  or  in  the  future.   Most  s i tes 
recently  de velope d  in  the  U.S.  w i ll  fall  with in  the  IEC  Class  II  or  Class  III  designations 
and  there  is  increasing  em phas i s  on  de veloping  wind  pla n ts  in  IEC  Class  IV  sites . 
The  IEC  de sign  guidelin es  stipulate  an  e x trem e  gust  w i nd  s p ee d,  whic h  occurs  whe n  the 
tur b i n e  is  no t  o p erat i n g .   T h e  g u i del i n es  als o  defi ne  a  num ber  of  ope rati n g  c o n d i t i o ns 
whic h  are  also  use d  to  ca lculate  des i gn  loa d s.   In  th i s  stu d y  we  assu med  th at  th e  tu rbine 
tip  s p eed  a n d  cut-out  wind  s p eed  would  be  ad juste d  s o  that  the  e x trem e  gus t  condition 
wou l d  be  d o m i nan t .   This  ass umpti o n  s i m p l i fi es  the  a n aly s is  a p proach  and  is  als o  a 
reasonable  approac h  to  optim iz ing  turbine  rotor  size  a n d  s p ecific  power  to  s p ecific  s ite 
conditions.   The  blade  extrem e  gust  be nding  m o m e nt  distri butions  calc u lated  for  each  of 
the  IEC  loa d  c l asses  a r e  su m m a rized  in  Ta ble  6.2. 
Table 6.2
Blade Extreme Gust Bending Moment Distribution
	Rotor
Station
(%)
	Bending Moment

	
	Class I
(kNm)
	Class II
(kNm)
	Class III
(kNm)
	Class IV
(kNm)

	0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
	20198
15763
11738
8380
5704
3640
2118
1067
415
90
	14593
11389
8481
6055
4121
2630
1530
771
300
65
	11361
8867
6603
4714
3208
2047
1191
600
233
50
	7271
5675
4226
3017
2053
1310
762
384
149
32
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6.2
Impact of IEC Class on Blade Weight
Str u ct ural  desi gn  calc u lat i ons  we re  pe rf orm e d  for  the  thic k-s h arp,  E-glass  blade  ass um ing 
the  be n d i n g  m o m e nt  dist ri bu ti o n s  pr ov i d ed  in  Ta ble  6. 2.  I n  th is  ana l y s is  o n l y  the  spa r 
caps  a n d  trailing  e dge  splin es  we re  m odifie d .   N o  a tte m p t  was  made  to  account  for 
poss i b l e  re duc ti ons  i n  sk in  o r  s h ear  web  we ig hts .  There  was  a  s i gn if icant  re duc ti on  i n 
bla d e  weight  be tween  each  IEC  Design  Cla ss  (Ta b le  6.2  and  Figure  6.1),  es pecially 
betwee n  Class  I  a n d  Class  II. 
Table 6.3
Thick-Sharp Blade Shell Weight as a Function of IEC Design Class
	IEC Design
Class
	Weight
(kg)
	Comparison

	Class I
Class II
Class III
Class IV
	10,085
8,238
7,203
5,952
	100%
82%
71%
59%


12,000
10,000
Blade Shell Weight
(kg)

8,000
6,000
4,000
2,000
0
Class I
Class II
Class III
Class IV
Figure 6.1
Thick-Sharp Blade Shell Weight as a Function of IEC Design Class
The  im pact  of  design  class  on  blade  c o st  w as  also  signifi cant.  The  c h ange  in  weight 
betwee n  bl ade  desi gn s  is  p u rel y  due  t o  red u c tio ns  in  the  spar  cap  and  tra i ling  e dge  s p line, 
with  no  other  blade  elem ents  being  cha n ged.  Th e r ef o r e  th e  ch a n g e  in  ma t e r i al  co s t  i s 
pr op or ti on al  t o  t h e  c h ange  i n  bla d e  wei g ht .   T hus  t h e  r e lati ve  c o s t  of  a  Class  III  bla d e 
will  be  about  71%  of  a  Cl ass  I  design  (Figure  6.2). 
Som e  inter esting  tre n ds  were  i d e n ti fie d  w i t h i n  the  ana l y s is  res u l t s .  T h e  root  region  of  t h e 
Class  I  bla d e  has  a n  84%  excess  edgew i se  m a rgin,  which  was  ne cessary  to  m eet  the 
flatwise  loading.   This  com p ares  to  a  9%  e d gewise  m a rgin  for  the  Class  IV  design  case . 
In  a  se nse  the  flatw i se  and  e d gew i se  design  co nditions  are  m o re  balance d  as  the  wind 
class  tre nds  to  lower  wind  s p eeds. 
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Class I
Class II
Class III
Class IV
Figure 6.2
Thick-Sharp Blade Relative Material Cost as a Function of IEC Design Class
The  fraction  of  the  se ction  weig ht  contributed  by  the  spar  ca ps  is  reduce d  between  Cla ss  I 
an d  Class  IV.   For  this  reason  it  wo uld  mak e  sense  to  narrow  the  spar  ca p  chordwise 
dim e nsi o n  and  ge t  a  s m all  bo ost  in  str u ct ur al  eff i cie n c y  f r om  us i n g  t h e  dee p er  par t  of  the 
section.   A ssociate d  with  that,  one  can  c o nclude  that  the  wider  effici e n t  st ruct ura l  re gi on 
of  the  hybrid  airfoils  will  be  les s  be nefic i a l  for  the  lower  wind  c l asses.   One  m i ght 
choose  t o  m a ke  the  i nne r  bla d e  a  li ttle  t h i n ner,  or  use  m o re  conventi o nal  ai rfoils . 
The  c h a nge s  be tween  bla d es  designe d  for  a  given  IEC  Design  Cla ss  are  s i gnificant  a n d 
that  m a y  have  im plic ations  of  m a ny  sorts  on  ho w  an  “o pt i m i z e d ”  bl a d e  will  be  designed. 
Whi l e  we  h a ve  no t  p u r s ued  t h e  de tails  o f  w h ere  that  lea d s,  its  clea r  the  overa l l  im pact  on 
weight  and  t o tal  s p ar  cap  re quire d  is  quite  l a rg e,  an d  th at  th i s  in  turn  can  affect  m a ny 
other  des i gn  fea t ures.  Selection  of  the  c o rrect  design  c l ass  is  critical  for  des i gn  of  we ll 
optim ized  bla d es. 
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7.0 CONCLUSIONS
7.1
Structural Design
The  ea rl ier  param e tric  st ud y  e f f o rt  s h owed  t h at  si gn ific ant  red u ct i ons  (> 15% )  i n  bla d e 
weigh t  and  co st  co uld  b e  ob tain ed  by  in cr ea sing  inboard  section  t h ic kness .  T h is  wor k 
shows  t h at  an  a d d i t i o n a l  2%  re du ctio n  i n  bl ade  wei g ht  is  p o ssi ble  b y  tai l or i n g  the  i n b o a r d 
section  sha p es  to  m a xim i ze  struc t ura l  effic i enc y . 
This  st u d y  deve lo pe d  and  ap p lie d  se veral  p o ssible  m e trics  for  c o m p aring  structural  and 
aerodynam i c  c h aracte r istics  of  blade  sections  (Table  2.1).   O u r  w o rk  indica tes  that 
inboa rd  sec tions  should  be  we ighted  m o re  stro ng l y  t o w a rd  s t r u ct u r al  perf orm a nce,  wh ile 
outboard  sections  are  weighted  m o st  hi ghly  on  aerodynam i c  c h a r acteris tics . 
This  st udy  also  doc u ments  a  pote ntia ll y  pow e rful  m e thod  f o r  des i gning  t h e  blade 
stru cture  to  min i mize  ply  drop s  and  sim p li f y  m a nu fact uri n g.   The  co ncep t  of  des i g n i n g 
for  sim p le  struc t u r es  bef o re  fi na lizi n g  t h e  a e ro d ynam i c  desi g n  ha s  n o t  bee n  widel y 
applie d  in  the  wind  e n ergy  industry  heretofore ,  but  the  approach  seem s  increasingly 
appropriate  as  tu rb in es  g r o w  l a rger. 
7.2
Performance
In  a d dition  to  providing  incr ease d  s t ructura l  efficie n c y ,  this  work  has  s h ow n  tha t  the  use 
of  s p ecia l ly  designed  inboa rd  sec tions  wil l  m i nim i ze  and  potentia ll y  el im ina t e 
perform a nce  losses  as  com p ared  to  c o nve n tiona l  a i rfoil  sections. 
7.3
Materials
This  study  investiga t ed  se ve ral  m a terial  o p tio ns  t h at  c o u l d  be  use d  to  re duce  b l ade 
weight.   Ca rbon/glass  hybrid  provides  e x cellent  weight  reductions ,  but  prese nts  som e 
challe nges  for  cos t  a n d  m a nufacturing.   A d diti ona l  ef f o rt  s h o u l d  be  used  to  investiga t e 
the  cos t  dri v ers  fo r  S- glass ,  w h ic h  c o u l d  po t e ntia ll y  pr ov ide  im pr ove d  s t re n g t h  w i t h  fe w 
man u f acturing  ch an g e s  o r  risk s.  Fu rth e r  study  o f  woo d /carbon /g lass  hy brid  (zeb rawood) 
is  warra nte d ,  as  this  m a terial  of fers  a  num b er  of  bene fits  and  a p pears  to  be  cos t  effective . 
7.4
Design Class
This  st udy  investi g a t ed  the  im pact  of  IEC  Design  Cla ss  on  the  w e ight  and  c o st  of  the 
bla d es.   The  results  of  the  st udy  show  that  the  design  c l ass  has  a  m a jor  im pact  on  blade 
weigh t  and  co st. 
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