SANDIA REPORT
SAND2003-0723

Unlimited Release

Printed March 2003

Innovative Design Approaches for Large
Wind Turbine Blades
TPI Composites, Inc.

373 Market Street

Warren, RI 02885

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico  87185 and Livermore, California  94550
Sandia is a multiprogram laboratory operated by Sandia Corporation,
a Lockheed Martin Company, for the United States Department of Energy’s
National Nuclear Security Administration under Contract DE-AC04-94AL85000.
Approved for public release; further dissemination unlimited.
[image: image1.png]@ Sandia National Laboratories




Issued by Sandia National Laboratories, operated for the United States Department of Energy by

Sandia Corporation.

NOTICE:  This report was prepared as an account of work sponsored by an agency of the United States  Government.   Neither  the  United  States  Government,  nor  any  agency  thereof,  nor  any  of their  employees,  nor  any  of  their  contractors,  subcontractors,  or  their  employees,  make  any warranty,  express  or  implied,  or  assume  any  legal  liability  or  responsibility  for  the  accuracy, completeness,  or  usefulness  of  any  information,  apparatus,  product,  or  process  disclosed,  or represent that its use would not infringe privately owned rights. Reference herein to any specific commercial  product,  process,  or  service  by  trade  name,  trademark,  manufacturer,  or  otherwise, does  not  necessarily  constitute  or  imply  its  endorsement,  recommendation,  or  favoring  by  the United States Government, any agency thereof, or any of their contractors or subcontractors.   The views and opinions expressed herein do not necessarily state or reflect those of the United States Government, any agency thereof, or any of their contractors.

Printed  in  the  United  States  of  America.  This  report  has  been  reproduced  directly  from  the  best available copy.

Available to DOE and DOE contractors from

U.S. Department of Energy

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN  37831

Telephone:
(865)576-8401

Facsimile:
(865)576-5728

E-Mail:
reports@adonis.osti.gov
Online ordering:  http://www.doe.gov/bridge
Available to the public from

U.S. Department of Commerce

National Technical Information Service

5285 Port Royal Rd

Springfield, VA  22161

Telephone:
(800)553-6847

Facsimile:
(703)605-6900

E-Mail:
orders@ntis.fedworld.gov
Online order:  http://www.ntis.gov/help/ordermethods.asp?loc=7-4-0#online
[image: image2.png]



2

SAND 2003-0723
Unlimited Release
Printed March 2003
INNOVATIVE DESIGN APPROACHES FOR LARGE WIND TURBINE BLADES
WindPACT Blade System Design Studies

TPI Composites, Inc.

373 Market Street

Warren, RI

ABSTRACT

The  prim ary  goal  of  the  WindPA CT  Bl a d e  System  Design  Study  (BSDS)  was 
inv estig atio n  and  ev alu a tio n  of  d esig n  a n d  m a nufacturing  issues  for  wind 
tur b i n e  bla d es  in  t h e  one  t o  ten  m e gawatt  s i ze  ra nge .   The  i n it ial  pr oject  tas k 
was  to  asse ss  the  fundam ental  physical  a n d  m a nufacturing  issues  that  govern 
and  cons tra i n  large  blades  a n d  e n tails  three  bas i c  elem ents:  1)  a  param e tric 
scaling  study  to  asses s  blade  structure  us in g  c u rre nt  technology ,  2)  a n  ec onom ic 
study  of  the  cost  to  manufacture,  tra n sport,  and  insta l l  large  blade s ,  a n d  3) 
id en tificatio n  o f  p r o m ising  in novativ e  d esign  ap pro a ches  th at  show  po ten t ial 
fo r  ov ercomin g  fun d a men t al  physical  and  man u factu r ing  co n s traints. 
This  re port  discusses  several  innova tive  des i gn  a p proaches  a n d  their  pote ntial 
fo r  blad e  co st  redu ctio n.  Du ring  th is  ef f o rt  we  re view ed  m e thods  for  optim izing 
the  blade  c r oss-sec tion  to  im prove  s t ruc t ur al  a n d  m a nufact ur in g  characteris tics. 
We  als o  a n aly z e d  a n d  com p ared  a  num b er  of  com pos ite  m a terials  and  eva l ua ted 
t h eir  rel a tiv e  meri t s  fo r  u s e  in  l a rg e  wi nd  turb in e  bl ad es  in  th e  rang e  fro m  30 
m e ters  to  70  m e ters.   The  results  ha ve  bee n  summ arized  in  dim e nsional  and 
non-dim e nsional  form at  to  a i d  in  interp re tation.  These  results  build  upon  ea rlier 
param e tric  and  bla d e  c o st  studies,  which  were  use d  as  a  guide  for  the 
in no vat i v e  desi gn  a p p r oac h es  e x pl ore d  here . 
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1.0 ANALYSIS APPROACH
1.1
Goals and Objectives
The  prim ary  goal  of  the  WindPA CT  Bla d e  Syst em  Design  Study  (BSDS)  was  inves t igation 
and  eva l ua t i o n  of  des i gn  an d  m a nufact ur in g  issu es  for  wind  turbine  bl ad e s  in  t h e  on e  to 
ten  m e gawatt  s i ze  ra nge.   T h e  re sults  of  the  i n it ial  engineer ing  st udy  [ 1]  will  guide  desi gn 
specif i cati ons  an d  p r elim inar y  e n g i nee r i n g  for  can di da te  bla d es  i n  the  ra nge  of  30  t o  7 0 
m e ters  in  l e ng th .   S u b seque nt  eff o rts  wi ll  generate  de t a iled  rec o mmendat i ons  f o r  s u b- 
scale  and  s u b-structure  testing  th at  will  he lp  determ ine  the  f eas ibility  of  innovations  a n d 
pr ov ide  dat a  fo r  deta il ed  desi g n  i n  f o ll ow-o n  c o n t racts . 
The  initial  project  tas k  was  to  as sess  the  funda m e ntal  physica l  a n d  m a nufacturing  issue s 
that  govern  and  c o nstrain  large  blades.  The  issues  and  cons traint s  phase  of  the  project 
entails  thre e  basic  ele m ents:  1)  a  param e tric  scaling  study  to  asse ss  blade  structure  us ing 
curre nt  tec h n o l o g y  [ 1 ] ,  2)  an  ec on om ic  st u d y  o f  t h e  co s t  to  ma nu f acture ,  transport,  and 
insta l l  large  blades  [2] ,  and  3)  ide n tifica t i o n  of  pr om isi n g  i n no vat i v e  desi g n  a p p r oac h es 
that  s how  po ten tia l  f o r  o v erc o min g  fu n d amental  ph ysi cal  an d  m a nu fact uri n g  c ons tra i n t s 
(d ocum ent e d  in  t h is  r e po rt) . 
This  re port  discusses  several  innova tive  des i gn  a p proaches  a n d  their  pote ntial  for  blade 
cost  reduction.  During  this  ef for t  we  revie w ed  m e t h o d s  f o r  op ti m i zing  the  bla d e  cr oss - 
section  to  im prove  structural  and  m a nufacturing  charac teristics.   We  als o  a n aly z e d  a n d 
com p ared  a  num b er  of  com pos ite  m a terials  an d  eva l ua ted  the i r  relative  m e rits  for  use  in 
large  wi nd  tur b i n e  b l a d es  in  t h e  r a nge  fr om  30  m e ters  t o  7 0  m e ters.   T h e  res u lts  have 
been  sum m arized  in  dim e nsional  and  non-dim e nsional  form at  t o  a i d  i n  inter p retati on. 
These  results  build  upon  earlier  param e tric  and  bla d e  c o st  studies  [1,2] ,  whic h  were  used 
as  a  gu ide  for  t h e  in n ova ti ve  de s i gn  a p proaches  e x plored  here . 
1.2
Summary of Parametric Study Results
The  large  blade  param e tric  revie w  [1]  es timated  p e ak  po wer  ou tp ut,  ann u a l  en ergy 
capt u re,  de sig n  be nd i n g  m o m e nts,  bla d e  la m i nate  wei g h t ,  an d  ti p  deflec ti o n  f o r  m e gawatt 
scale  wind  turbines  with  roto rs  of  62,  83,  104,  125,  and  146  m e ters  in  diam eter.  The 
annual  ene r gy  produc tion  for  ea ch  rotor  size  was  eva l uate d  as  a  function  of  tip  s p ee d  at 
6 0 ,  65 ,  and  70  m/s,  wh ich  b r ackets  th e  op e r ating  ra nge  of  typica l  c o mm ercial  wind 
tur b i n es . 
The  NREL  S821  was  s e lected  as  the  baselin e  airfoil  use d  in  the  ae rodynam i c  scaling 
study.  A  se ries  of  scaled  a i rfoi l  versions  we re  de velope d  a n d  a n alyzed.   The  m a xim u m 
thic kness-to-c hord  ratio  (t/c)  wa s  m odified  in  increm ents  of  a p proxim ately  5%,  s t arting  a t 
24%  for  the  S821  a nd  ending  with  a n  e x tre m e  design  case  of  60%  t/c. 
Blade  des i gn  l o a d s  w e re  estim at ed  usi n g  t w o  s i m p lif ied  m e tho d s :  parke d  u nde r  e x tre m e 
wind s  an d  an  o p e rating  gu st  cond itio n.   The  firs t  m o del  calc u la t e d  the  extr em e  loads  with 
t h e  tu rb in e  in  th e  p a rk ed  cond it io n  in  acco r d a n c e  wi th  IE C  Cl ass  I  d e si gn 
recomm endations .   The  second  c a lcula t ion  m e thod  estim ated  bla d e  s p anw i s e  loading 
un der  h i gh  win d  g u st  con d i t i o ns.  Bo th  l o a d  estim atio n  app r oac h es  pr o v i d e d  s i m ilar 
resu lt s  wi th  reg a rd s  to  t h e  bl a d e  d e si gn  l o ad s . 
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Structural  analyses  of  three  representative  bla d es  (“ ba seline” ,  “ t hic k er”,  a n d  “ t hickes t”) 
were  pe rform e d  at  re presenta tive  spa n wise  s t ations.  The  blade  construc tion  w as  assum e d 
to  be  a  s t re ssed  s h el l,  whic h  was  com posed  of  four  pri m ary  c o m pone nts :  a  l o w  press ur e 
shell  on  the  downw i nd  s i de ,  a  high  pressure  sh e ll  on  the  upwind  s i de ,  a n d  tw o  s h ear  webs 
bonded  be tween  the  two  s h ells .  The  properties  of  the  bla d e  cross - sections  w e re  com p uted 
at  seve r al  s t ations,  which  were  us ed  to  es tim ate  stress  a n d  deflection  using  standa rd  tw o- 
dim e nsi ona l  beam  the o r y . 
In  the  bla d e  range  fr om  30  to  70  m e ters  the  bl a d e  weight  grew  as  the  cube  of  the  le ngth 
for  all  thre e  cross - sec tions  studied.
The  e c on om ic  pe rfo rm ance  of  t h e  bla d es  is  in vers el y 
relate d  to  t h e  s p ecif i c  weig h t ,  de fine d  as  t h e  b l ade  wei g h t  di vi de d  b y  ca pt ure  area 
(kg/m 2 ),  w h ic h  m o re  than  double d  over  the  sam e  range . 
Increase d  a i rfoil  section  thic knes s  appears  to  be  a  ke y  tool  in  lim iting  blade  weight  and 
cost  growth  w i th  scale.  Thic ke ned  a n d  truncat ed  tra iling  edges  in  the  inboa rd  re gion 
provide  strong,  pos itive  effects  on  bla d e  st ructura l  pe rform ance.   From  the  thin  to 
thic kest  blade  dis t ribution  the  s p ecific  weight  was  re duce d  by  15%,  due  to  increase d 
struc t ural  perform a nce. 
1.3
Summary of Cost Study Results
The  c o s t  study  [2]  reviewed  c r itical  fa br ica t ion  a n d  tra n sportation  constra i nts  as  a 
fu ncti o n  of  b l ade  le ng th .   T h e  c o st  of  lar g e  wind  turbine  bla d es  was  estim ated  us ing  a n 
analytica l  m odel  that  was  appl ied  to  each  of  the  three  bla d e  s i zes  (30  m ,  50  m  and  70  m ) . 
The  c o s t  es tim ation  a p proach  ass um ed  that  cu rren tly  av ailab l e  tech no logy  wo uld  b e  used 
and  included  m a terials,  la bor,  de velopm ent,  facilities,  and  tra n s p orta ti on  c o sts.   Lam i nate 
req u irem en ts  ob tai n ed  fr om  the  s t ruc t u r al  mode l  were  used  t o  de v e lo p  a  b i l l  of  m a teria l s 
and  m a nufacturing  ta sk  list.   Blade  deve lopm ent  c o sts  include d  enginee r ing  design  a n d 
doc um entat i o n ,  fa bric atio n  o f  t o oli n g  a n d  p r ot ot yp es,  and  t h e  c o s t  of  s t at ic,  fati gue ,  a n d 
o p e ration al  field  testin g. 
Facilities  c o sts  were  c a lcula t ed  based  upon  the  s i ze  of  th e  rotor  blades  using 
m a nufacturing  pla n t  la y o uts  developed  s p ecifi cally  for  each  size .  Each  of  the  three 
potentia l  m a nufact uri n g  fac i l ities  was  size d  to  provi d e  a  consta nt  annual  rate d  power 
p r o d u c tion  (app ro xima tely  6 5 0  to  700  MW  per  y e ar). 
The  c o s t s  of  tra n s p ortation  were  deve lope d  assu m i ng  overla nd  trucking.   The  cos t  study 
cons ide r ed  several  different  m a nufacturing  pla n t  locations   in  the  Northeast,  Southwest, 
and  Weste r n  U n ited  States  and  es tim ated  the  co st  fo r  tru c king  th e  b l ad es  to  a  nu mb er  o f 
wind  sites.   Th e  stu dy  also  id en tified  potenti al  c o nstra i nts  f o r  m o vem e nt  of  l a rge  bla d es 
on  pu bl ic  r o adwa ys. 
The  results  of  the  large  blade  cos t  study  i ndicate  tha t  blade  m a terials  becom e  a  greate r 
proportion  of  total  bla d e  c o st ,  w h ile  the  pe rc enta ge  of  labor  c o st  is  decrease d  as  bla d e 
size  grows .   Bla d e  de velopm ent  c o sts  were  fo und  to  inc r ease  substantia lly  w i th  scale  as  a 
resul t  of  t h e  h i g h er  p r ot ot ype  c o s t s  a n d  th e  sh orter  produ ction  run s  ov er  which  to 
am ortize  developm ent  cos t s.   Tra n sportation  co s t s  decreased  as  a  perce n ta ge  of  total  cos t 
because  total  bla d e  c o st  increase d;  howeve r,  size  and  weight  lim its  were  found  to 
cons train  s h ipm e nt  of  blades  larger  tha n  50  m e ters  and  s t r o ngl y  in flue nce  trans p ort  c o sts 
of  blades  a b ove  that  length. 
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The  results  of  the  large  blade  cos t  study  indicate  tha t  overal l  bla d e  cost  scales  at  a  rate 
less  tha n  the  growth  in  the  weight.   This  w as  due  prim arily  to  a  lower  rate  of  growth  for 
estim ated  m a nufacturing  labor  c o sts .   Ma ny  of  the  c o st  cate g ories  were  found  to  be 
proportional  to  blade  area,  ra ther  than  m a terial  volum e .   Even  with  a  som e what  m o re 
favora ble  s caling  tre n d,  the  bla d e  cost  s h are  as  a  perc enta ge  of  the  total  turbine  ins t alled 
cost  can  be  expecte d  to  near ly  dou ble  wh en  th e  bl ade  s i ze  increas es  from  30  to  70  m e ters. 
T h e  l a rg e  bl a d e  c o st  s t u d y  al so  sug g e st e d  th at  b l ad e  co st  r e d u c t i on  e f fo r t s  sho u l d  fo cu s 
on  re duc in g  m a terial  cost  an d  lo werin g  m a nufacturing  labor  re quirem ents .  Cost 
reductions  in  those  areas  were  found  to  have  the  strongest  im pact  on  overall  blade  cos t . 
1.4
Blade Planform Definition
The  innova tive  a p proa ches  e v aluation  assum e d  a  re ference  bla d e  length  of  50  m e ters.  The 
bla d e  pla n form  charac teristics  w e re  as  s how n  in  Tab l e  1.1  and  Figu re  1.1.  Th e  win d 
turbine  was  assum e d  to  ha ve  a  c o nve n tiona l ,  three  bla d ed  rotor  w ith  the  blades  m o unted 
at  the  root  to  a  ce ntra l  hub. 
Table 1.1
Blade Planform Summary
	Radius
Ratio
	Radius
(m)
	Chord
Ratio
	Chord
(m)
	Twist
(deg)

	5%
15%
25%
35%
45%
55%
65%
75%
85%
95%
	2.600
7.800
13.000
18.200
23.400
28.600
33.800
39.000
44.200
49.400
	5.2%
7.8%
8.6%
7.6%
6.6%
5.7%
4.9%
4.0%
3.2%
2.4%
	2.690
4.030
4.472
3.939
3.452
2.986
2.534
2.092
1.659
1.233
	29.5
19.5
13.0
8.8
6.2
4.4
3.1
1.9
0.8
0.0
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Figure 1.1
Blade Planform Drawing
1.5
Blade Design Loads
Blade  extre m e  wind  de sign  loa d s  were  es tim ated  in  acc ordance  with  IEC  Cla ss  I 
recomm endations  and  are  provide d  in  Ta ble  1.2.   The  a n alysis  m e thod  assum e d  the  wind 
speed  was  70  m / s  at  the  rotor  hub  a n d  wind  shear  increased  with  h ub  he ight  according  to 
a  p o wer  la w.   Sta n dar d  a i r  de nsit y  a n d  a n  I E C  recom m e nde d  par tia l  l o a d  fac t or  of  1. 35 
were  assum e d  in  the  analysis .   Blade  aerodyna m i c  forces  were  generate d  us ing  the  fla t 
plate  drag  coefficie n t  for  th e  prop er  Rey nold s  nu mb er. 
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Table 1.2
Blade Extreme Wind Design  Bending Moments
	Rotor

Station

(%)
	Bending

Moment

(kNm)
	Rotor

Station

(%)
	Bending

Moment

(kNm)

	0.0%

10.0%

20.0%

30.0%

40.0%
	20198

15763

11738

8380

5704
	50.0%

60.0%

70.0%

80.0%

90.0%
	3640

2118

1067

415

90


1.6
Blade Structural Design
Structural  analyses  of  thr ee  bla d e  sizes  were  perform e d  a t  re pres entative  s p anwise 
stati ons .  T h e  pr ope rti es  of  t h e  blade  cross-s ections  were  com p u t ed  us in g  s t an dar d  tw o- 
dim e nsiona l  beam  the o ry.   The  blade  construc tion  was  assum e d  to  be  a  stress ed  s h ell, 
whic h  was  com posed  of  fo ur  pri m ary  c o m pone nts :  a  l o w  press ur e  (LP )  s h el l  on  t h e 
dow nwi n d  side ,  a  h i g h  press ure  (HP)  s h el l  on  t h e  u p w i n d  s i de ,  a n d  tw o  s h e a r  webs 
bo n d ed  be t w een  t h e  t w o  s h el ls  a s  sh own  i n  Fig u re  1. 2. 
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Figure 1.2
Schematic of Blade Construction
11
2.0 STRUCTURALLY OPTIMIZED
BLADE CROSS-SECTIONS

2.1
Evaluation of Section Characteristics
The  innova tive  s u b-s y stem  d esign  task  was  organized  s u ch  that  blade  struc t ural 
m a nufacturing  design  issues  were  use d  to  in itiate  the  blade  deve lopm ent  proc ess.   The 
baseline  blade  plan form  and  thickness  distribution  we re  m odified  in  the  inboard  blade 
region  to  optim ize  structural  m a terial  placem ent  and  blad e  stre ngth.   The  re sulting 
struc t urally  optim ized  thickness  distribution  is  prese nted  and  dis c u ssed  in  the  following 
chapter  (Chapter  3  –  Structurally  O p tim i zed  Blade  Thickness).   Ho wever,  during  this 
effort  it  be cam e  apparent  that  the  cross - sect iona l  s h a p e  of  the  S821and  its  de riva tives 
were  poor  in  term s  of  struc t ural  e fficie n c y .   This  is  bec a use  c h ordwise  pos iti on  of 
m a xim u m  thic kness  for  the  uppe r  surface  does  not  correspond  with  the  m a xim u m 
thic kness  position  of  the  lower  s u rface .   Re alization  of  th is  problem  led  to  a n  e v aluation 
o f  th e  structu r al  effectiv en ess  of  oth e r  po ten tial  inboard  cro s s-section a l  shap es. 
A  total  of  s i x  differe nt  blade  section  s h a p es  were  com p ared  base d  on  their  ae rodynam i c 
prope rties  and  struc t ural  c h aracteristics :  DU9 7 -W-3 00 ,  S8 21 -30,  FF A- W3 -3 01,  LS (1 )- 
0 421 Mo d-30 ,  NACA63 - 4 3 0 ,  Hy brid-30 . 0 - 1.7 .   Th ese  variou s  section  sh ap es  are  plotted 
gra p h i call y  i n  F i gure  2. 1  fo r  c o m p arison  p u r po ses .   The  first  plot  e x aggerates  the  vertical 
scale  to  provide  a  better  c o m p arison  betwee n  a i rfoils,  while  the  s econd  plot  shows  all  the 
airfoils  in  true  sca le. 
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Figure 2.1
Comparison of Root Section Shapes (t/c = 0.30)
Th e  win d  en ergy  group  at  Delft  Un iv ers ity  o f  Techno lo gy  d e signed  th e  DU97 - W-300 
airfoil  [3] .   This  airfoil  was  s p ecifically  designe d  for  w i nd  tu rbine  blades .   It  has  a  blunt 
trailing  edge  (t te /c  =  0 . 01 74 )  and  a  max i mu m  th ickn ess-to-cho rd  ratio  (t/c)  o f  0.30 . 
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The  S821-30  was  de veloped  ear lier  during  this  effort  by  scaling-up  the  thic kness 
dist ri bu ti o n  of  t h e  S8 21  [ 4]  from  its  t/c  =  0. 24  t o  t/c  =  0. 3 0  w h ile  leavi n g  the  cam ber 
dist ri bu ti o n  u n cha nge d.   Th is  ai r f oi l  has  a  s h ar p  t r ai li n g  e dge . 
Th e  FFA-W3 - 30 1  is  o n e  of  th e  mo st  po pu lar  ro ot  section  sh ap es  [5] .   It  h as  a  t/c  =  0 . 30 
an d  a  b l un t  trailing  edg e  (t te /c  =  0 . 01 83 ). 
The  LS(1)-0421Mod-30  is  a  scale d -up  ve rsion  of  the  LS (1)-0421Mod  airfoil  [6] .   Its 
cam ber  dis t ri bu ti o n  is  u n cha n ged  b u t  t h e  ne w  ai rfoil  has  a  t/c=0.30.   Als o  it  has  a  bl u n t 
t r ai lin g  edg e  with  a  t te /c  =  0. 01 2 9  ( u ncha n g e d  f r om  t h e  basel i n e  airf oil ) . 
The  NACA 6 3 - 4 3 0  a i rf oil  has  a  t/ c  =  0. 30  a n d  a  sha r p  tr aili n g  e dge  [ 7] . 
The  H y b r i d -3 0. 0- 1. 7  i s  a  pr oo f-o f-co n cep t  a i rf oil  c o m b ini n g  the  u ppe r  s u rfac e  of  t h e 
S821-30  and  a  scale d -up  lower  s u rface  of  th e  LS(1)-0421Mod.   Th e  resulting  sectiona l 
shape  is  a  first  attem p t  in  the  structurally  drive n  des i gn  pro cess.   It  was  not  purposefully 
desi gne d  f o r  ae ro d y n a m i c  perfo rm ance  and  co ul d  li ke l y  be  im pr ove d  w i t h  add i t i o n al 
effort.   The  H ybrid  s ection  has  a  t/c  =  0.30  a n d  a  t te /c  =  0.0167.   The  goal  was  to  ac hieve 
a  m o re  efficient  struc t ural  sh ap e  t h an  t h e  S82 1  a nd  D U 9 7 - W -30 0  w i t hou t  lo si ng  t o o  muc h 
of  the  desirable  reduced  aerody nam i c  sensitivity  to  surface  roughness  of  the  NREL  S-type 
an d  Delft  DU-ty p e  airfoils.   Figu re  2.2  co mp ares  th e  S8 21 -30 ,  LS(1 ) -04 21Mod -3 0,  and 
the  H ybr id  airf oil . 
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Figure 2.2 Comparison of Base and Hybrid Section Shapes
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Table  2.1  presents  an  ove rview  of  the  s t ructur al  and  ae rodynam i c  characteris tics  of  thes e 
airf oils .   T h e  param e ter  h  is  t h e  ove rall  hei g h t  of  t h e  airf oil  a n d  is  e qua l  t o  the  m a ximum 
surface  he ight  m i nus  the  m i nim u m  surface  height  over  the  full  c h ord  of  the  section.   For 
all  a i rfoils,  exce pt  the  S821-30,  h  is  nearly  ide n tical  to  t,  w h ic h  is  the  section  height  a t  a 
particular  chordw ise  location.   The  s t ructural  qua ntities  prese nte d  in  Ta ble  2.1  a r e  the 
non-dim e nsional  sectiona l  or  profile  area,  ∫ ydx /(hc) ,  and  the  non-dim en sional  sectional 
m o m e nt  of  iner tia ,  ∫ y2 dx /(ch2 / 2) .   The  form er  provides  a  m easure  of  blade  volum e 
whereas  the  latter  provides  a  m e asure  of  the  be nding  s tiffness  of  a  thin -s kin  structure . 
Table 2.1
Comparison of Several Alternative Blade Section Characteristics
DU97-W - 30 0 
S821-30 
Cross- Sec t i o n
FF A- W3 -3 0 1 
Designation
LS(1)-0421 Mod-30 
NACA63-43 0 
H y brid-30-1.7 
	t/ c 
	. 30 
	.30 
	.30 
	.30 
	.30 
	.30 

	h/c 
	.300 
	.307 
	.301 
	.300 
	.300 
	.300 

	∫ ydx /(hc)
	. 587 
	.566 
	.605 
	. 659 
	.602 
	.665 

	∫ y2 dx /(ch2 / 2) 
	. 453 
	.438 
	.475 
	.542 
	.486 
	.541 

	c l ma x   @  Re  =  2. 3    10    (f re e) 
6
	1.725 
	1.784* 
	2.003* 
	1.619* 
	1.704 
	1.653* 


	 cl ma x   (d e g ) 
	13.5 
	16.0* 
	16.0* 
	16.0* 
	13.0 
	16.0* 

	c l ma x   @  Re  =  2. 3    10    (f i x e d ) 
6
	1.481 
	1.470 
	1.431 
	1. 272* 
	1.145* 
	1.317* 


	 cl ma x   (d eg )
14.0 
	15.5 
	12.25 
	16. 0* 
	16.0* 
	16.0* 

	∆ c l ma x   du e  to  roughn ess
0.244 
	0.314 
	0.572 
	0.347 
	0.559 
	0.336 

	(c l /c d ) ma x   @  Re  =  2. 3    10 6  (fr ee)
120.9 
	110.7 
	117.3 
	109.2 
	136.0 
	103.1 

	c l (L/D)m ax
1.562 
	1.332 
	1.601 
	1.198 
	1.418 
	1.204 

	(c l /c d ) ma x   @  Re  =  2. 3    10 6  (f ix ed)    66.8 
	62.2 
	64.2 
	37.3 
	35.7 
	50.7 

	c l (L/D)m ax
1.285 
	1.171 
	1.273 
	0.752 
	0.641 
	1.038 

	∆ c l /c d ) ma x   du e  to  rou g hness
54.1 
	48.5 
	53.1 
	71.9 
	100.3 
	52.4 


mi n   @  Re  =  2. 3    10 

0.00941   0.00952   0.00923   0. 00740   0.00761   0.00795 
( c ou nt s)
94.1
95.2
92.3
74.0
76.1
79.5 
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Th e  aerodyn amic  ch aracteristics  are  predicte d  u s ing  the  viscou s -in v iscid  interactio n 
m e thod  MSES[8] .   We  have  so m e  conce r ns  re garding  the  accurac y  of  this  type  of 
m e thod ol o g y  f o r  t h es e  t h ic k  ai rf oils .   H o w e ver,  all  a i rfoils  are  a n alyzed  in  an  ide n tica l 
m a nner  and  as  suc h  the  res u lts  prese nte d  here  provide  a  reas onable  wa y  to  com p are  the 
section  cha r acteris tics .   Future  e f forts  s h ould  foc u s  on  validating  th ese  results  using  m o re 
com p lete  m e thods  (R e y n o l d s-a v erage d  Na v i er  St okes )  an d/ or  wi n d  tu n n el  te stin g .   I n 
Table  2. 1  t h e  m o st  im po rta n t  aer od yn am ic  perform a nce  results  are  sum m a riz e d.   The 
detailed  re sults  are  presente d  in  Figures  2.3  an d  2.4.   For  purpos es  of  this  a n alysis  the 
free  trans i tion  case  corresponds  to  c l ean  bl a d e  s u rfaces ,  w h ile  the  fixe d  tra n s ition  case 
would  re present  s o ile d  or  conta m inated  s u rfaces.  The  fixed  transition  was  specified  near 
the  lea d ing  edge  a t  x/c  =  0.02  on  the  uppe r  surface  and  x/c  =  0.05  on  the  low e r  surface. 
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Figure 2.3
Comparison of Lift Curves (Free and Fixed Transition)
The  results  show  the  H y brid-30. 0-1.7  to  be  structura l ly  m o st  e fficient  w h ereas  the  DU 97- 
W-300  airfoil  is  aerodynam i cally  m o st  effic i ent  with  tran sition  fix e d.   Figu res  2.5  to  2.8 
prese nt  the  tra d eoffs  betwee n  structural  ef ficienc y  a n d  aerodynam i c  perform a nce.  Thes e 
plots  show  that  the  H y brid  airfoil  provid es  a  reasona ble  com p rom i se  in  aerodynam i c  a n d 
struc t ural  c h aracte r istics  for  u se  in  large  rotor  blades . 
Note  t h at  we  do  not  claim  this  section  sha p e  to  be  optim al  and  undoubtedly  its 
aero d ynam i c  perf orm a nce  c h ara c terist ics  c a n  be  im prove d  w i t h o u t  t o o  m u ch  loss  i n 
s t r u ct ur a l  ef f i c i en cy .   T h e  Hy br id  u s ed  h e r e  was  believed  to  be  a  reasona ble  candida te 
that  c o uld  be  used  to  assess  the  potentia l  for  m o re  optim al  sections  in  this  study. 
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Figure 2.4
Comparison of Lift-to-Drag Curves (Free and Fixed Transition)
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Figure 2.5
Diagram Comparing Structural (Sectional Area) and Aerodynamic
Characteristics (Maximum Lift Coefficient)
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Figure 2.6
Diagram Comparing Structural (Sectional Moment of Inertia) and
Aerodynamic Characteristics (Maximum Lift Coefficient)
[image: image7.png]3007

S621-30

o LS{1}0421Mod-30

o FRAWS!
7 NACAGMX

n

I o DUSTW-300
i

o 3
= B
P

Bode JPUCHTOS |BUO|SUBLIIDUSN





Figure 2.7
Diagram Comparing Structural (Sectional Area) and Aerodynamic
Characteristics (Maximum Lift-to-Drag Ratio)
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Figure 2.8
Diagram Comparing Structural (Sectional Moment of Inertia) and
Aerodynamic Characteristics (Maximum Lift-to-Drag Ratio)
2.2  Selection of a Candidate Hybrid Section
During  our  review  of  the  sect ion  properties  we  determ ine d  tha t  a  hybrid  section  s h a p e 
would  best  m eet  the  projec t  s t ruc t ura l  a n d  m a nufacturing  design  goal s .   This  shape  was 
piece d  toge ther  us ing  the  upper  s u rface  sha p e  of  the  S821-30  a n d  the  lower  s u rface  sha p e 
of  the  LS(1)-0421Mod-30  (Figure s  2.2  and  2.9)  a n d  has  an  overa l l  thic kness  ratio  of  27%. 
The  s h a p e  of  the  hybrid  has  m u ch  im proved  structura l  characteris tics,  while  preserving 
reasonable  aerodynam i c  perform a nce.   There  was  no  attem p t  m a de  to  design  a  fully 
optim ized  airf oil ,  rat h er  the  hybrid  was  ge nerate d  to  quickl y  i d e n ti f y  a n d  e v al uate  t h e 
im porta nce  of  section  shape  on  blade  struc t ural  efficie n c y ,  m a terial  weight,  a n d 
m a nufactu r in g  c o st . 
[image: image9.png]582130

Hybrid

0.6

0.7

0.8

0.9




Figure 2.9
Comparison of S821-30 and Hybrid Airfoil Sections
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3.0 STRUCTURALLY OPTIMIZED
BLADE THICKNESS

3.1
Constant Spar Cap Concept
The  bas i c  c once p t  for  creating  th e  structura lly  optim i zed  bla d e  wa s  to  provide  a  c ons tant 
thic kness  s p ar  ca p  for  m o st  of  the  inboard  blad e .   We  used  the  select ed  ca ndidate  hybrid 
section  at  s t ation  55%  r/R  to  s i ze  the  s p ar  c a p,  and  then  increase d  the  section  thickness 
ratio  (t/c)  to  meet  th e  in cr easing  flap wise  d e sign  b e n d in g  mo men t  go ing  in ward ,  without 
changing  the  s p ar  cap  wi dt h  or  t h ic kness .   This  a p p r o ach  to  sim p li f y in g  an d  im pro v i n g 
th e  blad e  design  h a d  been  su gg ested  by  th e  sl ow  cha n ge  of  s p ar  c a p  area  in  the  initia l 
stu d ies  o f  t h e  th ickes t  of  t h e  par a m e tric  bla d e  varia t i o ns. 
The  c o nsta nt  spar  ca p  co ncep t  of fers  bo th  st ruct ura l  a n d  m a nu fact uri n g  be nef its.   In 
part icular ,  the  elim ina tion  of  laminate  pl y  dr ops  along  the  le ngth  will  increa se  spar  cap 
fati gue  st re ng th .  The  n e gati ve  eff ect  of  pl y  dr ops  has  b een  doc um ente d  in  t h e  li terat u re 
[9]  and  has  a  ne gative  effect  on  the  fa tigue  lif e  cu rv e.  F o r  th i s  stu d y  we  d i d  no t  di rectly 
account  for  the  bene fits  of  fati gue  stre ngth  im provem e nt  in  our  c a lcula t ions  and  furthe r 
weig ht  sav i ngs  can  be  expec t ed  be y ond  thos e  estim ated  here . 
In  a d di ti on  t o  im pr oved  fa ti gue  lifet im e,  t h e  long  run  of  c o nsta nt  spar  ca p  reduces  the 
need  to  c u t  m a terials  to  w i dth,  thereby  re duc ing  scra p  m a terial  and  labor.   Sim p lification 
of  the  s p ar  cap  la y - up  could  als o  be  e xpe ct ed  t o  s a v e  so me  l a bo r  in  t h e  ki tt ing  an d 
m a terial  placem ent  operations .  A g ain  the  be nefi ts  to  m a nufacturing  were  not  direc t ly 
calcu lated  in  th is  ph ase  o f  wo rk,  bu t  th ey  are  b e liev e d  to  b e  real  an d  economically 
significant. 
3.2
Structural Optimization Methodology
The  initial  bla d e  thickness  dis t ribution  was  deri ve d  from  the  ea rlier  param e tric  s t udy [ 1 ] . 
In  t h is  e f f o rt  we  de fi n e d  a  base li ne  dis t ri bution,  a  high  thickn ess/sh a rp  trailing  edg e 
dist ri bu ti o n ,  an d  a  di stri bu ti o n  t h at  base d  u p o n  t h e  st r u ct ural l y  i m prove d  h y b r i d  a i rf o i l. 
Thickness  of  the  hybrid  airf oil  was  increased  as  necessary  at  inboa rd  stations  by 
truncat ing  the  tra ili ng  edge  sec ti ons  show n  in  Figu re  3.1.  Th e  nomen clatu r e  for  th e  airfo i l 
series  is  H y brid-tt-zz ,  where  tt  is  the  airf oil  thic kness  and  zz  is  the  trailing  edge 
thic kness  a s  a  percentage  of  chord. 
This  phase  of  t h e  ef fo rt  def i ne d  a  new  t h ic kn ess  distribution,  struct ural l y  optim ized  by 
applying  the  consta nt  spar  ca p  concept  (Tab le  3.1).   The  cand i d a te  hy brid  section  was 
chose n  as  the  prim ary  airfoil  for  station  55  (55%  r/R).  This  bla d e  station  use d  a  27% 
thic k  hybrid  section  describe d  in  Section  2.2.   The  thickness  ratio  was  then  calcula ted  at 
stati ons  45 ,  35 ,  2 5 ,  an d  1 5  usi n g  the  des i g n  ben d i n g  m o m e nt  a n d  the  fi xe d  s p ar  ca p 
geom etr y . 
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Table 3.1
Blade Planform and Thickness Distributions
	Station

Number
	Baseline

Thickness   Thickness

Ratio
(mm)
	Thick Sharp

Thickness   Thickness

Ratio
(mm)
	Hybrid Truncated

Thickness   Thickness

Ratio
(mm)

	5
	100.00%
2690
	100.00%
2690
	100.00%
2690

	15

25

35

45

55
	42.00%
1693

28.00%
1252

24.00%
945

23.00%
794

22.00%
657
	62.00%
2499

48.00%
2147

40.00%
1576

33.00%
1139

26.00%
776
	63.00%
2539

48.50%
2169

41.20%
1623

33.60%
1160

27.00%
806

	65

75

85

95
	21.00%
532

20.00%
418

19.00%
315

18.00%
222
	21.00%
532

20.00%
418

19.00%
315

18.00%
222
	21.00%
532

20.00%
418

19.00%
315

18.00%
222


Initia lly  the  hybrid  se ction  was  s caled  to  30%  t/c  by  ge om etri c  (x-y)  sca ling.   To  gene rate 
highe r  thic kness  ratios  the  section  was  progressi ve ly  trunca t ed  by  rem oving  chord  from 
the  tra ili ng  edge.   Thi s  form ed  s ections  wit h  large  f l at  tra ili ng  e d ges  tha t  pr ovide d 
im prove d  s t ruc t ural  efficie n c y .  A  35%  t/c  ba se  trunca t e d  a i rfoil  w as  ge om etrically  sca le d 
to  provide  the  station  45  airf oil,  while  a  40%  t/c  base  was  use d  a t  sta t ion  35,  a n d  a  45% 
t/c  base  wa s  use d  a t  s t ations  25  a n d  15. 
An  a n alysis  of  the  s t ructural  properties  wa s  per f o r m e d  at  eac h  s t a tio n .   T h e  r e qu ire d 
section  thickness  was  de term ine d  by  itera tion  until  the  required  flapw i se  m o m e nt 
capability  was  obta ined  ass um ing  IEC  Clas s  1  extrem e  wind  loa d s.   A  tra i ling  e d ge 
spli ne ,  c o nsisti ng  of  uni d irec ti onal  f i ber  l o c a ted  near  t h e  trai li ng  edge ,  was  i n corpora t e d 
i n to  th e  fl at  trai li ng  ed g e  p a n e l.   Th e  si ze  of  the  trailing  edge  spline  was  a d juste d  as 
req u ire d  to  m eet  the  e dgew i se  be nd in g  m o ment  req u i re m e nt. 
 
t/c=0.26

 
t/c=0.30

 
t/c=0.40

 
t/c=0.48

 
t/c=0.62


 
Hybrid-27-02
 
Hybrid-34-09
 
Hybrid-41-20
 
Hybrid-49-32
 
Hybrid-63-41
0.6



0.6
0.4


0.4
0.2


0.2
y/c
0

y/c
0
-0.2


-0.2
-0.4


-0.4
-0.6



0
0.2
0.4
0.6
0.8
1


-0.6


0
0.2
0.4
0.6
0.8
1
x/c

x/c
Figure 3.1
Comparison of Thick-Sharp and Hybrid Truncated Sections
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The  final  s t ruc t urally  optim ized  (hybrid-tr uncated)  thic kness  dist ribution  wa s  nearly 
ide n tical  to  the  thicke st  (thi ck-sharp )  distribu tion  ev aluated  in  th e  p a rametric  study 
(Fi g u r es  3. 2  a n d  3. 3) ,  alt h ou g h  t h at  was  no t  due  to  c o nscious  efforts  to  m a ke  the  tw o 
dist ri bu ti o n s  m a tch.   The  c l ose  m a tch  betw een  the  tw o  dis t ri b u ti ons  was  c o inci de nta l  and 
an  une xpec ted  result.   If  the  bla d e  was  optim i zed  for  a  differe nt  desi g n  loa d  dist ri bu ti o n 
the  results  would  cha n ge.   Fo r  e x am ple,  o p t i m izing  the  bla d e  fo r  an  IE C  Cl ass  I I  win d 
site  (i nstea d  of  Class  I)  w o u l d  re duce  des i g n  ben d i n g  m o m e nt  re qu irem ents  an d  sec ti o n 
thic kness  for  the  inboard  s t ations. 
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Figure 3.2
Comparison of Non-Dimensional Blade Thickness Distributions
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Figure 3.3
Comparison of Dimensional Blade Thickness Distributions
3.3
Results
The  blade  weight,  s p a r  cap  weight,  a n d  s p a r  cap  m a terial  c o st  we re  calc u lated  for  E-glass 
m a terial,  using  the  sa m e  m a terial  pr oper tie s  and  c o sts  as  were  us ed  in  the  c o st 
com p arison  study  [2] .   The  50m  baseline  bla d e  with  truncate d  hybrid  sections  was  found 
to  ha ve  a  blade  she ll  weight  of  9872  kg  (21,718  lbs),  s o m e  213  kg  (469  lbs)  less  tha n  the 
thic k-s h arp  E-glass  de sign.   The  reduction  of  spa r  ca p  weight  was  401  kg  (882  lbs),  but 
som e  of  that  was  offset  by  m a terials  nee d ed  to  crea te  the  flat  tra i ling  e d ge  panel.   The 
com pute d  s p ar  ca p  cos t  was  $2 0,704,  $1,676  (a bout  7%)  l ess  tha n  the  $22,380  estim ated 
for  t h e  th ic k-s h ar p  bla d e.   Som e  of  t h at  sa vi ngs  wo u l d  be  gi ve n  b ack  to  t h e  aft  pane l.   It 
should  be  e m phasized  that  this  e x ercise  was  on ly  a  fi rst  lo ok  at  t h e  possible  e ffect  of 
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trun cation.   Mo re  rigorou s  trad eoff  o f  d e g r ee  o f  trun cation  v e rsu s  weight  and  co st  should 
gi ve  bet t er  resu lts .   T h e  prim ar y  p u r pose  of  t h is  a n al ysis  was  to  pr ovide  an  ini tia l 
in dicat i o n  of  t h e  le ve l  of  im pro v e m e nt  tha t  m i ght  be  p o ssi ble  an d  t o  t h ere b y  pr o v i d e  a 
basis  t o  de cide  if  f u rt her  w o r k  is  warra nte d . 
3.4
Further Evolution
In  per f o r m i ng  t h e  s t r u ctura l  ca lculat i ons ,  it  was  found  that  the  aft  pane l  trailing  edge 
spli ne  was  onl y  a  few  m illim eters  t h ic k,  and  fair l y  c o ns tant  i n  t h ic kness .   If  t h e  trai li ng 
edge  fla t  w as  m a de  smaller,  the  s p line  thic kness  c o uld  be  increase d  s o  the  aft  pa nel  ba ls a 
core  ass um ed  in  the  s ection  ana l ysis  wouldn’ t  be  nece ssary .   This  would  sa ve  s o m e  cost, 
an d  a  n a rrower  trailing  ed g e  migh t  also  b e ne fit  p o wer  pr od uct i o n .   B y  c h oos i n g  a  s u i t ab le 
width  profile,  the  trailing  e d ge  s p line  thic kness  could  be  he ld  cons tant.   This  would  see m 
to  be  a  nea r ly  ideal  a p plication  for  zebraw o od,  wh ich  h a s  bo th  high  stiffn ess-to-weig h t, 
excelle nt  fatigue  characteristics,  and  good  dam p ing  prope rties .  Zebrawood  (describe d  in 
Section  5.5)  offers  a  s i m p le,  low  cost  op ti on  in  thi s  fl at  p a n e l  app l i cat io n. 
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4.0 PERFORMANCE IMPLICATIONS
OF BLADE CROSS-SECTIONS

4.1
Performance of Baseline Sections
The  lift  a n d  dra g  properties  of  the  baseline  S821-xx  c r oss-sec tions  were  com puted  us ing 
MSES  [8]  for  both  fre e  and  fixe d  tra n sition  cases.   Perform a n ce  in  the  free  transition  c ase 
will  be  re presenta tive  of  cl ea n  blades,  while  the  fixe d  tr ansition  c ase  approxim ates  the 
results  e xpected  from  bla d es  tha t  are  s o iled  an d  h a v e  sig n ifican t  lead in g  edge  roug hn ess. 
Tur b i n e  p o w er  cu rves  an d  a n nua l  e n erg y  es tim ates  were  de vel o p e d  usi n g  a  perf orm a nce 
m odel.   T h e  ro to r  aer od yn am ic  perf orm a nce  was  calc u late d  us ing  bla d e  e l e m ent 
m o m e ntum  theory  (PROP  c ode).   The  turbine  was  assum e d  to  ha ve  a  rotor  diam eter  of  102 
m e ters,  a  rated  power  of  3  MW,  and  active  powe r  re gulation.   It  was  further  assum e d  that 
the  turbine  operate d  with  a  fixe d  tip  s p eed  of  70  m / s.  Sta n dard  a i r  dens ity  was  assum e d 
(1. 2 25  kg / m 3 )  and  w i nd  s p eed  w as  assum e d  to  be  c o ns tant  across  the  rotor  disc.   Annua l 
energy  calc u lations  as sum e d  a  Ra yleigh  w i nd  s p eed  dis t ri bu ti o n  a n d  10 0%  a v aila bi li t y . 
Drive t rain  perform a nce  losses  we re  m ode le d  assum i ng  the  gear box  and  ge nerator 
efficie n cie s  provided  in  Ta bles  4.1  and  4.2. 
Table 4.1
Assumed Gearbox Efficiency
	Load
(MW)
	Gearbox
Efficiency

	0.0
0.1
0.2
0.5
0.9
1.4
1.8
2.3
3.0
	1.0%
70.0%
80.0%
89.0%
94.0%
96.0%
97.0%
98.0%
98.0%


Table 4.2
Assumed Generator Efficiency
Load
Generator

(MW)
Efficiency

0.0
1.0%

0.3
83.5%

0.7
90.0%

1.4
91.5%

2.1
91.5%

2.8
91.0%

3.0
91.0%

Power  curves  for  the  baseline  rotor  thic knes s  distribu tio n  and  NREL  ty p e  airfo i ls  were 
calcu lated  first  and  are  sho w n  in  Figu re  4.1.   The  calc u lations  included  both  free  a n d 
f i x e d  t r an si t i on ,  r e pr es e n t i ng  cl ea n  an d  so i l ed  c o nditions  res p ectivel y.   Energy  capture 
for  seve r al  pitc h  a n gles  and  a v erage  wind  s p eed s  are  s u mm arized  in  Ta ble  4.3,  ass um ing  a 
Ray l eigh  wi nd  d i st ribu t i on  and  10 0 %  tu rbine  av ail a b i lity . 
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Figure 4.1
Baseline Performance Comparison for Free and Fixed Transition
Table 4.3
Baseline Energy Capture for Several Pitch Settings
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4.2
Performance of Thick Sections With Sharp Trailing Edges
The  ne xt  a n al ysis  eva l uate d  t h e  perf orm a nce  of  a  ro to r  us in g  th ic k  sect i ons ,  whic h  had 
sharp  trailing  edges  a n d  were  not  truncate d .   Sections  were  scale d  from  the  baseline  S821 
airf oil  t o  m a tch  the  t h ic k-s h ar p  dist ri bu ti o n  s u mm arized  in  Ta ble  3.1.  Lift  and  drag 
characteris tics  were  c a lcula t ed  for  the  secti o n s  u s in g  M S E S  fo r  b o t h  f r e e  (cl ean )  and 
fixe d  (so i l e d)  tra n si ti on  an d  are  th us  di r ectly  c o m p arable  to  the  baseline  aerodynam ic 
pr ope rties . 
A  com p aris on  between  the  powe r  curves  for  th e  base li ne  and  the  t h ic k-s h ar p  sections  is 
provide d  in  Figures  4.2  a n d  4.3.   These  plots  show  tha t  there  is  relative l y  little 
perf orm a nce  loss  f o r  the  thick  distribution  wh en  the  blades  a r e  c l ean  (free  transition),  but 
rathe r  la rge  losses  in  perform a nce  whe n  the  bl a d es  are  soile d  (fixed  trans i tion).   A n nua l 
energy  capture  for  the  thic k-s h arp  sections  is  s u mm arized  in  Ta ble  4.4.   An  energy 
capture  c o m p arison  between  the  baseline  and  th e  thic k-sharp  rotor  is  provided  in  Ta ble 
4.5.   Losse s  for  the  thick  section  blades  ra ng ed  be twee n  1.2%  to  2.2%  for  clean  bla d es 
(free  tra n si tio n)  a n d  4 . 7%  to  7. 0 %  for  s o ile d  ( f i x ed  t r a n sit i on)  c o nd it io ns. 
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Comparison Between Thick-Sharp and Baseline Performance
Assuming Fixed Transition
Table 4.4
Thick-Sharp Section Energy Capture for Several Pitch Settings
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Table 4.5
Thick-Sharp Energy Capture Comparison to Baseline
Wind
Speed
(m/s)
5.5
6.0
6.5
7.0
4.3
Performance of Hybrid Truncated Sections
The  final  a n alysis  estim ated  rotor  pe rform a nce  usi n g  h y b r i d  sec ti ons  t h at  ha d  been 
truncate d  a t  the  trailing  e dge  as  s how n  in  Figu r e  3 . 2 .
L i f t  an d  dra g  ch a r a c t er i s t i c s  w e re 
calcu lated  u s in g  MSES  fo r  bo th  free  a n d  fixed  tra n s ition,  as  was  done  for  both  the 
baseline  and  thick-sha r p  sec tions . 
A  com p aris on  between  the  powe r  curves  fo r  th e  b aseline,  th ick - sharp ,  an d  hyb rid 
truncate d  s ections  is  provide d  in  Figures  4. 4  a n d  4.5.   These  plots  show  tha t  there  is 
relati vel y  l itt le  perf or m a nce  diff erence  bet w een  the  three  dis t ributions  w h en  the  blades 
are  clea n  (free  trans i tion).   The  hybrid  truncated  blade s  als o  m i nim i zed  loss es  in 
perform a nce  whe n  the  bla d es  are  soile d  (fixed  trans i tion)  as  c o m p ared  a g ains t  the  thic k- 
sh arp  sectio n s .   Annual  en ergy  cap t u r e  for  th e  hy b r id  trun cated  section s  is  summarized  in 
Table  4.6.   An  ene r gy  capture  c o m p arison  be tween  the  hybrid  truncated  a n d  the  baseline 
rotor  is  provided  in  Ta ble  4. 7.   Losses  for  the  thick  se ction  blade s  range d  be tween  1.5% 
to  2.8%  for  clean  bla d es  (free  tra n sition)  a n d  2.5%  to  3.7%  f o r  s o ile d  (f ixe d  trans i tion) 
co nd it ion s . 
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Figure 4.4
Comparison Between Hybrid Truncated, Thick-Sharp ,and Baseline
Performance Assuming Free Transition
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Comparison Between Hybrid Truncated, Thick-Sharp ,and Baseline
Performance  Assuming Fixed Transition
Table 4.6
Hybrid Truncated Section Energy Capture for Several Pitch Settings
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Table 4.7
Hybrid Truncated Energy Capture Comparison to Baseline Section
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Energy  ca pture  com p a r isons  be tween  the  hy brid  trunc ated  rotor  and  the  thick-s h arp 
design  (Table  4.8),  showed  sm all  losses  in  th e  c l ean  condition,  w h ich  were  offset  by 
signif icant  gai n s  in  t h e  soile d  c o ndit ion.   Si nce  large  wind  turbine  bla d es  a r e  difficult  to 
clean,  the y  will  ope ra te  m o st  of  the  tim e  with  som e  de gree  of  s u rface  fouling.   There f ore 
th e  hy brid  trun cated  ro to r  ap pear s  t o  have  a  per f o r m a nce  ad van t a g e  ove r  the  t h ic k-s h ar p 
design. 
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Table 4.8
Hybrid Truncated Energy Capture Comparison to Thick-Sharp Section
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�
-2 Pitch	-1 Pitch�
0 Pitch�
�
�
Free


(MWh)


-1.77%


-1.55%


-1.36%


-1.21%�
Fixed	Free	Fixed


(MWh)	(MWh)	(MWh)


-6.19%	-1.90%	-6.41%


-5.66%	-1.66%	-5.81%


-5.17%	-1.47%	-5.27%


-4.72%	-1.30%	-4.79%�
Free


(MWh)


-2.24%


-1.95%


-1.71%


-1.51%�
Fixed


(MWh)


-7.03%


-6.35%


-5.74%


-5.21%�
�









