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ABSTRACT 

T h i s  Phase I summarv r e p o r t  c o n t a i n s  a  d e s c r i p t i o n  of t h e  8 kW wind e n e r g v  
c o n v e r s i o n  system developed bv t h e  1Jn i ted  Techno log ies  Research C e n t e r  (UTRC) 
f o r  t h e  D e ~ a r t m e n t  of  Eneigv.  The wind t u r b i n e  emplovs t h e  UTRC B e a r i n ~ l e s s .  
Rotor  Concept i n  c o n j u n c t i o n  w i t h  a  p a s s i v e  pendulum c o n t r o l  sys tem which 
c o n t r o l s  b l a d e  p i t c h  f o r  s t a r t - u p ,  e f f i c i e n t  Dower g e n e r a t i o n ,  and high-speed 
s u r v i v a b i  l i t v .  The r e p o r t  c o n t a i n s  a summary o f  t h e  experiment a 1  and . a n a l y t i c a l  
programs i n  suppor t  of d e s i g n  e f f o r t s  . These s u ~ p o ' r t   in^ proRrarns inc  lude 
m a t e r i a l s  t e s t s ,  a 'w ind  t u n n e l  proEram, and a e r o e l a s t i c  a n a l v s e s  t o ' e v a l u a t e  
svstem s t a b i l i t y .  An e s t i m a t e -  i s  a l s o  made of  t h e  p r o j e c t e d  manufac tu r ing  c o s t  
of t h e  svstem i f  produced i n  q u a n t i t v .  

iii 
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SUMMARY 

T h i s  r e p o r t  c o n t a i n s  a  summary o f  t h e  m a j o r  r e s u l t s  o f  P h a s e  I o f  t h e  
U n i t e d  T e c h n o l o g i e s  R e s e a r c h  C e n t e r ' s  ( U T K C )  c o n t r a c t  t o  d e s i g n , ,  f a b r i c a t e ,  
a n d  t - e s t  a n  8 kW Wind T u r b i n e  G e n e r a t o r  ( W T G )  u n d e r  ' t h e  D e p a r t m e n t  o f  ~ n e r g y ' s  
s m a l l  w i n d . e n e r g y  c o n v e r s i o n  s y s t e m  p r o g r a m .  The  UTKC s y s t e m  w a s  c o n c e i v e d  
u n d e r  a n  e a r l i e r  DOE s t u d y ,  a n d  t h e  c u r r e n t  c o n t r a c t ,  t h r o u g h  Rockwel l .  I n t e r -  
n a t i o n a l . ,  i s . t o  c a r r y  t h e  WTG c o n c e p t  t h r o u g h  h a r d w a r e  d e v e l o p m e n t  and  f i e l d  
e v a l u a t i o n  a t  Kocky F l a t s ,  C o l o r a d o .  

T h e  f i n a l . W F r G  d e s i g n  w h i c h  h a s  e v o l v e d  f rom t h i s  s t u d y  i s  a  h o r i z o n t a l -  
a x i s  two-bla .ded down-wind r o t o r  h a v i n g  a  d i a m e t e r  o f  9 . 4 5  m (31 f t ) ,  a n  i n -  

l i n e  d o u b l ' e - s t e p  g e a r  bdx  p r o d u c i n g  1 8 4 0  rpm i n t o  a  15-kW i n d u c t i o n  g e n e r a t o r ,  
and  a  t o w e r  c o m p r i s i n g  two .0.27-m-diam s t e e l  p i p e  s e c t i o n s  t o t a l i n g  16.8- 
i n  h e i g h t  and  s u p p o r t e d  b y  g u y  w i r e s .  The  r o t o r  c o n t r o l s  c o n s i s t  o f  hub-  
mounted  c e n t r i f u g a l l y  a c t ' u a t e d  p e n d u l a  w h i c h  a d j u s t  b l a d e  p i t c h  f rom i t s  
s t a r t - u p  s e t t i n g  t n  i t s  opt imum o p e r a t i n g  p o s i t i o n .  T h e  r o t o r / p y l o n  a s s e m b l y  
i s  f r e e ' y a w i n g  a n d  a u t o m a t i c a l l y  . . , a d j u s t s  f o r  wind d i r e c t i o n  c h a n g e s .  C o n t r o l  

% i n  h i g h  w i n d s  i s  a c h i e v e d  .by b l a d e  s t a l l .  and  t h e  s y s t e m  i s  d e s i g n e d  t o  s u r v i v e  
w i n d  g u s t s  up  t o  7'4 m / s  ( .165 mph) .  

T h e  P h a s e  I a c t i v i t y  r e p o r t e d  on h e r e i n  c o n s i s t s  o f  s e v e r a l  e x p e r i m e n t a l  
p r o g r a m s  i n  s u p p o r t  o f  t h e  d e s i g n ,  i n c l u d i n g  c o m p o s i t e  m a t e r i a l  c h a r a c t e r i z a t i o n  
t e s t s ,  a  1 1 7 - s c a l e  wind  t u n n e l  t e s t ,  and  a n  i n d u c t i o n  g e n e r a t o r  c a l i b r a t i o n  
e x p e r i m e n t .  S t u d i e s  w h i c h  a r e  a l s o  i n c l u d e d ,  i n  a d d i t i o n  t o  a  d e s c r i p t i o n  o f  E 

t h e  c o m p l e t e  d e s i g n  and  p e r f o r m a n c e  c h a r a c t e r i s t i c s ,  a r e  a  s y s t e m  s a f e t y  
a n a l y s i s ,  p r o d u c t  w a r r a n t y  c o n s i d e r a t i o n s ,  a p r o d u c t i o n  c o s t  e s t i m a t e ,  a n d  a  
l o a d s  and s t a b i l i t y  i n v e s t i g a t i o n .  A c o m p l e t e  se t  o f  d e t a i l e d  e n g i n e e r i n g  
d r a w i n g s  h a v e  b e e n  p r e p a r e d  f o r  t h e  p r o t o t y p e  w h i c h  w i l l  b e  b u i l t  and  t e s t e d  
d u r i n g  P h a s e  IT. 

The f i n a l  r e p o r t  f o r  P h a s e  ZI o f  t h e  p r o g r a m  w i l l  b e  w r i t t e n  F o l l o w i n g  t h e  
f i e l d  e v a l u a t i o n  a t  Kocky F l a t s .  T h i s  r e p o r t ,  n o t  e x p e c t e d  t o  b e  a v a i l a b l e  u n t i l  
l a t e  1 9 8 0 ,  w i i . 1  c o n t a i n  a  summary o f  t e s t  r e s u l t s ,  a n y  d e s i g n  m o d i f i c a t i o n s  w h i c h  
may h a v e  b e e n  i n c o r p o r ~ t e d ,  a n d  a  f i n a l  p r o d u c t i o n  c o s t  e s t i m a t e .  



INTRODUCTION 

The Composi te  B e a r i n g  l e s s  R o t o r  (CBR) , a f t e r  e i g h t  v e a r s  o f  deve lopmen t  f o r  
h e l i c o p t e r  a p p l i c a t i o n s ,  was i n i t i a l l y  s t u d i e d  f o r  wind t u r b i n e  a p p l i c a t i o n s  i n  
1975 u n d e r  an  ERDA c o n t r a c t  r e s u l t i n g  from a  program s o l i c i t a t i o n  from t h e  
  at i o n a l  S c i e n c e  Foundat  i o n .  The U n i t e d  T e c h n o l o g i e s  C o r p o r a t  i on  (UTC) Composi t  e  
B e a r i n g l e s s  R o t o r  was p roposed  f o r  u s e  a s  a  wind t u r b i n e  i n  l i g h t  o f  t h e  
c o n s i d e r a b l e  r e d u c t  i on  i n  w e i g h t  and m a i n t e n a n c e  t h i s  r o t o r  sys t em d e m o n s t r a t e d  

a s  t h e  t a i l  r o t o r  f o r  t h e  S i k o r s k y  Blackhawk and S-76 h e l i c o p t e r s .  It was 
a n t i c i p a t e d  t h a t  t h e  s i m p l i c i t v  o f  t h i s  r o t o r  d e s i g n  would h a v e  a  f a v o r a b l e  
impact  on r e d u c i n g  wind t u r b i n e  c o s t s  wh ich ,  o f  c o u r s e ,  i s  v i t a l  t o  t h e  s u c c e s s  
o f  t h e  wind e n e r g v  program.  The i n i t i a ' l  ERnA c o n t r a c t  ( R e f s .  1  and 2 )  e x p l o r e d  
s e v e r a l  CBR wind t u r b i n e  c o n c e p t s  i n  an e f f o r t  t o  examine  c o n t r o l  c o n c e p t s  t o  
s i m p l i f y  t h e  d e s i g n  and r e d u c e  c o s t s .  One such  d e s i g n  was a c h i e v e d  wh ich  was 
compr i sed  o f  a  , c e n t r i f u g a l l y  a c t u a t e d  hub-mounted pendulum which ,  t h r o u g h  a  
c o n n e c t i n g  s t r a p  t o  t h e  b l a d e ,  a u t o m a t i c a l l y  c o n t r o l l e d  b l a d e  p i t c h  o v e r  t h e  
o p e r a t i n g  r a n g e  from s t a r t - U D  t h r o u ~ h  maximum wind s p e e d .  A s m a l l  s c a l e  wind 
t u n n e l  t e s t  was a l s o  conduc ted  u n d e r  t h a t  ERDA c o n t r a c t  which d e m o n s t r a t e d  t h e  
o p e r a t i n g  c h a r a c t e r i s t i c s  nf  t h i s  c o n t r o l  c o n c e p t  . 

A second  ERDA c o n t r a c t  was r e c e i v e d  i n  1976 t o  d e s i g n  a  f u l l - s c a l e  wind  
t u r b i n e  i n c o r p o r a t i n g  t h e  c o n c e p t s  d e v e l o p e d  d u r i n g  t h e  f e a s i b i l i t y  s t u d y .  A 
12.2-171 ( 4 0 - f t ) - d i a m  r o t o r  was s e l e c t e d  which was c o n s i d e r e d  a d e q u a t e  f o r  home o r  
f a rm u s e ,  and t h e  r e s u l t s  o f  t h i s  d e s i g n  a r e  p r e s e n t e d  i n  R e f .  3 .  

The c u r r e n t  c o n t r a c t  w i t h  Rockwel l  I n t e r n a t i o n a l  i s  t o  f a b r i c a t e  a  p r o t o -  
t y p e  b e a r i n g l e s s  wind t u r b i n e  w i t h  an o u t p u t  o f  a t  l e a s t  8 kW i n  a  9-m/s w ind .  
T h i s  c o n t r a c t  was i n i t i a t e d  i n  O c t o b e r  1977 and c o n t i n u e s  i n t o  1980 w i t h  t h e  
d e l i v e r y  and e v a l u a t i o n  o f  t h e  s y s t e m  a t  Rockv F l a t s ,  C o l o r a d o .  The o v e r a l l  
o b j e c t i v e s  o f  t h e  c o n t r a c t  a r e  t o  d e s i g n  and f a b r i c a t e  a  sys t em i n  t h e  8 kW 
r a n g e  which  c o u l d  be  produced  i n  q u a n t i t i e s  o f  1000 u n i t s  p e r  v e a r  f o r  n o t  more  
t h a n  $750/kW ( 1 9 3 1  d o l l a r s ) ,  have  a u s e f u l  l i f t  of e t  l c a o t  25 y e a r s ,  and 

w i t h s t a n d  s e v e r e  w e a t h e r  c o n d i t i o n s  i n c l u d i n g  wind g u s t s  up  t o  74 m / s .  

The f i n a l  r e p o r t  f o r  t h i s  p r o i e c t  w i l l  b e  p r e s e n t e d  i n  two vo lumes .  T h i s  
volume w i l l  r e p o r t  on P h a s e  I o f  t h e  program which encompasses  t h e  d e s i g n  
e f f o r t  and s u p p o r t i n g  e x p e r i m e n t s .  Volume I1 wi 11 be p u b l i s h e d  f o l l o w i n g  t h e  
f i e l d  e v a l u a t i o n  o f  t h e  sys t em b v  Rockwel l  and w i l l  r e p o r t  on t h e  fabrication 
and p e r f o r m a n c e  t e s t i n g  o f  t h e  h a r d w a r e .  T h i s  second volume w i l l  a l s o  i n c l u d e  
t h e  f i n a l  p r o d u c t  i o n  c o s t  e s t i m a t e s .  



CONCEPT DESCRIPTION 

The c o m p o s i t e  b e a r i n g l e s s  wind t u r b i n e  r e p o r t e d  on h e r e i n  was  made p o s s i b l e  
b v  employ ing  t h e  s p e c i a l i z e d  f e a t u r e s  o f  t h e  C o m ~ o s i  t e  B e a r i n g  l e s s  R o t o r  (CRR) , 
d e v e l o p e d  i n i t i a l l v  f o r  h e l i c o ~ t e r  a ~ p l i c a t i o n s  t o  r e d u c e  t h e  c o s t  and c o m p l e x i t y  
o f  r o t o r  s y s t e m s .  An i n - d e p t h  r e v i e w  o f  t h e  c o n c e p t  is  p r e s e n t e d  i n  t h e  f i n a l  
c o n t r a c t  r e p o r t  ( ~ e f .  4 )  f o r  t h e  C B R  f e a s i b i l i t y  s t u d y  c o n d u c t e d  a t  UTRC from 
1971 t o  1976 u n d e r  NASA and Army s ~ n n s o r s h i p .  A summary o f  t h e  C R R  c o n c e p t  and 
i t s  a p p l i c a t i o n  t o  t h e  UTRC wind t u r b i n e  i s   resented i n  t h i s  s e c t i o n .  

The c o m p o s i t e  b e a r i n g l e s s  r o t o r  e v o l v e d  a s  a  r e s u l t  o f  t h e  u n i q u e  a p p l i c a -  
t i o n  o f  f i b e r  r e i n f o r c e d  c o m p o s i t e  m a t e r i a 1 . s .  The n s n i o o t r o p i c  n a t u ~ t .  uT 

u n i d i r e c t i o n a l  c o m p o s i t e s ,  g e n e r a l l y  c o n s i d e r e d  an  u n d e s i r a b l e  f e a t u r e ,  y i e l d s  
a  s t r u c t u r e  which i s  d e c i d e d l y  s o f t e r  i n  t o r s i o n  t h a n  i n  a  d i r e c t i o n  which 
l o a d s  t h e  f i b e r s  a x i a l l y .  By emplov ing  a f i n i t e  l ~ n g t h  o f  t h i o  m a t e r i a l  a t  Llre 
b l a d e  r o o t ,  t o r s i o n a l  d e f l e c t i o n s  c a n  be  a c h i e v e d  t o  s a t i s f y  t h e  p i t c h  a n g l e  
c h a n g e  r c q u i r e m e n t s  o f  a wind t u r b i n e  o r  h e l i c o p t e r  r o t o r  w h i l e  p r o v i d i n g  
s u f f i c i e n t  s t i f f n e s s  i n  t h e  i n - p l a n e  and o u t - o f - p l a n e  d i r e r t i o n s  t o  oo t ig f iv  
h i n g e l e s s  r o t o r  f r e q u e n c y  r e q u i r e m e n t s .  

A g e n e r a l  o v e r v i e w  o f  t h e  UTRC wind t u r b i n e  i s  shown i n  F i g .  1  and a  
s c h e m a t i c  o f  t h e  b a s i c  components  o f  t h e  sys t em a r e  shown i n  F i g .  2 .  The r o t o r  
i s  compr i sed  o f  two d i s t i n c t  p a r t s .  The b l a d e ,  o r  ae rodynamic  p o r t i o n ,  
i s  f a b r i c a t e d  from f i b e r g l a s s  h o p e f u l l y  u s i n g  a  ~ u l t r ~ l s i o n  p r o c e s s .  The i n n e r  
p o r t i o n  o f  t h e  r o t o r ,  c a l l e d  t h e  f l e x b e a m ,  i s  made u p  o f  u n i d i r e c t i o n a l  g r a p h i t e  
e p o x y .  The d i m e n s i o n s  o f  t h e  f lexbeam a r e  d i c t a t e d  b v  t h e  edgewise  and f l a t -  
w i s e  f r e q u e n c y  r e q u i r e m e n t  s ,  and t h e  r e q u i r e d  t o r s i o n a l  p r o p e r t i e s  a r e  d e t e r -  
mined from t h e  pendulum c o n t r n l .  s y s t e m .  Thc f r e e  l e n g t h  o f  t h e  f l exbeam r u n s  

f rom t h e  hub t o  a p ~ r o x i m a t e l y  20X o f  t h e  r a d i u s  where  i t  i s  j o i n e d  t o  t h e  
f i b e r g l a s s  b l a d e .  As ~ h o w n  i n  F i a  7 t h e  o u t c ~  p o r t i a i . ~  o I  Ll~e  l l e x b e m  i s  
c o n n e c t e d  t o  t h e  pendulum t h r o u g h  a  s t e e l  s t r a p ,  c a l l e d  t h e  f l e x s t r a p .  The 
f l e x b e a m  i s  l aved -up  and c u r e d  i n  a  p reconed  and p r e t w i s t e d  c o n f i g u r a t i o n ,  a n d  
e x t e n d s  t h r o u g h  t h e  hub and i s  c o n n e c t e d  t o  t h e  o p p o s i t e  b l a d e  i n  a  s i m i  l a r  
f a s h i o n .  The f lexbeam i s  p r e t w i s t e d  -16"  ( P o s i t i v e  b l n d c  p i t c h  i s  d e f i n e d ,  a s  
i n  h e l i c o p t e r  t e r m i n o l o g y ,  a s  t h e  b l a d e  a n g l e  d i r e c t i o n  t o  p r o d u c e  p o s i t i v e ,  o r  
n o r m a l ,  t h r u s t  on t h e  r o t o r ,  i . e . ,  l e a d i n g  edge  awav from t h e  wind d i r e c t i o n )  
t o  p l a c e  t h e  b l a d e  i n  a  p o s i t i o n  f o r  s e l f - s t a r t i n g .  I n  t h i s  s t a t i c  c o n d i t i o n  
Lhe pe'ndula a r e  coned i n t o  t h e  t ower  a p p r o x i m a t e l y  45" by v i r t u e  o f  t h e i r  
c o n n e c t i o n  t o  t h e  f l exbeam t h r o u g h  t h e  f l e x s t r a p s .  Fo r  optimum p e r f o r m a n c e  i t  

h a s  b e e n  shown t h a t ,  w i t h  t h e  r o t o r  a t  o p e r a t i n g  s p e e d ,  t h e  b l a d e  p i t c h  a n g l e  
s h o u l d  o p e r a t e  i n  t h e  v i c i n i t y  o f  22". T h i s  i s  a c h i e v e d  by  v i r t u e  o f  t h e  
p e n d u l a  a c t i n g  u n d e r  t h e  i n f l u e n c e  o f  c e n t r i f u g a l  f o r c e  a s  rpm i n c r e a s e s .  The 
p e n d u l a  h e g i n  t o  move t o w a r d s  t h e  p l a n e  o f  r o t a t i o n  a n d ,  t h r o u g h  t h e  f l e x s t r a p  
c o n n e c t  i o n s  t o  t h e  f l e x b e a m ,  Drov ide  a  moment t o  t h e  b l a d e s  which t w i s t s  t h e  
f l e x b e a m ,  t h e r e b y  i n c r e a s i n g  t h e  b l a d e  p i t c h .  The p e n d u l a ,  a c t i n g  a g a i n s t  t h e  

t o r s i o n a l  s p r i n g  o f  t h e  f l e x b e a m ,  a r e  a lways  i n  moment e q u i l i b r i u m  w i t h  t h e  
f l exheam.  
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Fig. 2 Wind Turbine Components 



The s e l f - a l i g n i n g  f e a t u r e  o f  t h e  CBR wind t u r b i n e  r e s u l t s  from t h e  i n h e r e n t  
dynamir  r e s p o n s e  c h a r a c t e r i s t i c s  o f  low s t i f f n e s s  h i n g e l e s s  r o t o r s .  T h i s  
a r i s e s  from t h e  p h a s e  l a g  o f  a  s i m p l e  spr ingLmass-damper  s y s t e m ,  w h e r e i n  t h e  
mass e x p e r i e n c e s  a  f i n i t e  l a g  be tween t h e  t i m e  o f  e x c i t a t i o n  and t h e  t i m e  o f  
r e s p o n s e .  The d u r a t i o n  o f  t h e  l a g  i s  a  f u n c t i o n  o f  t h e  f r e q u e n c y  and damping 
o f  t h e  s y s t e m .  I n  t h e  c a s e  o f  t h e  wind t u r b i n e ,  which is  vawed a t  an a n g l e  t o  
t h e  wind d i r e c t i o n ,  t h e  e x c i t a t i o n  r e s u l t s  from t h e  h i g h e r  dynamic p r e s s u r e  o f  
t h e  b l a d e  r o t a t i n g  i n t o  t h e  wind a s  compared t o  t h e  b l a d e  moving awav from t h e  
wind .  These  b l a d e s  would be i n  t h e i r  v e r t i c a l  p o s i t i o n s  when e x p e r i e n c i n g  t h e  
g r e a t e s t  d i f f e r e n c e  i n  l i f t .  T h e i r  maximum f l a t w i s e  d e f l e c t i o n  would o c c u r  a t  
some p o s i t i o n  d u r i n g  t h e  n e x t  q u a r t e r  o f  a  r e v o l u t i o n .  T h i s  i n  t u r n  would 

p r o d u c e  a  moment a t  t h e  b l a d e  r o o t  which f e e d s  d i r e c t l y  i n t o  t h e  h u b .  The 
t u r b i n e  would r e spond  t o  t h i s  moment and vaw i n  a  d i r e c t i o n  t o  e l i m i n a t e  t h e  
d i f f e r e n t i a l  l i f t s  on  t h e  a d v a n c i n g  and r e t r e a t i n g  b l a d e s .  The mo t ion  would 
end when t h e  b l a d e s  a r e  a t  e q u a l  l i f t  which o c c u r s  g e n e r a l l y  when t h e  t u r b i n e  
a x i s  is  . a l i g n e d  w i t h  t h e  w ind .  I n  a  f r e e  yawing s y s t e m ,  such  a s  t h a t  u sed  f o r  
t h e  CBR wind t u r b i n e ,  a n y  wind d i r e c t i o n  change  would c r e a t e  a d v a n c i n g  and 
r e t r e a t i n g  b l a d e s  and t h e r e f o r e  t h e  t u r b i n e  would c o n t i n u o u s l y  s e l f - a l i g n .  

Under h i g h  wind speed  c o n d i t i o n s  t h e  wind t u r b i n e  r o t a t i o n a l  s p e e d  would 
i n c r e a s e  i n  p r o p o r t i o n  t o  wind s p e e d  i f  t h e  p i t c h  a n g l e  w e r e  l e f t  a t  i t s  op- 
timum v a l u e  o f  - +2"." T h i s  would r e s u l t  i n  e x c e s s i v e  t i p  s p e e d s  and t h r u s t  
l e v e l s  which c o u l d  p o t e n t i a l l y  l e a d  t o  a  b l a d e  f a i l u r e .  A l s o ,  a s  rpm i n c r e a s e s  
i t  . w i l l  a p p r o a c h  t h e  b l a d e  e d g e w i s e  f r e q u e n c v  which would r e s u l t  i n  a  c o a l e s -  
c e n c e  w i t h  t h e  one-per - rev  ( 1 P )  g r a v i t y  e x c i t a t i o n  c r e a t i n g  a  p o t e n t i a l  i n s t a -  
b i l i t y .  The problem o f  o v e r s p e e d i n g  h a s  been  s o l v e d  by  p r o d u c i n g  s t a l l  on  t h e  
r o t o r  b l a d e s  a t  a  s p e c i f i c  c o m b i n a t i o n  o f  wind s p e e d  and rpm. A t  a t i p  speed  
o f  a p p r o x i m a t e l y ' l 2 2  m / s  ( 400  f t / s )  which i s  a p p r o x i m a t e l y  d o u b l e  t h e  d e s i ~ n  . 

rpm, t h e  p e n d u l a  w i l l  be  e s s e n t i a l l v  i n  t h e  p l a n e  o f  r o t a t i o n  and p r o d u c e  a  
p i t c h  a n g l e  on t h e  b l a d e s  o f  a p p r o x i m a t e l y  5 " .  T h i s  a n g l e ,  i n  c o m b i n a t i o n  w i t h  
t h e  ae rodynamic  a n g l e  produced  by t h e  wind s p e e d ,  i s  s u f f i c i e n t  t o  s t a l l  t h e  

b l a d e s .  A t  t h i s  p o i n t  t h e  r o t o r  t i p  speed  i s  r educed  and a d j u s t s  i t s e l f  t o  a  
l ower  e q u i l i b r i u m  which i s  a p p r o x i m a t e l y  9 0  m / s  ( 3 0 0  f t / s ) .  The c e n t r i f u g a l  
f o r c e  r e m a i n s  s u f f i c i e n t l y  h i g h  a t  t h i s  rpm t o  a s s i s t  t h e  b l a d e  i n  c o u n t e r a c t -  
ing .  t h e  r o o t  moment c a u s e d  by b l a d e  t h r u s t .  The r o t o r  w i l l  r ema in  s t a l l e d  
u n ' t i l  t h e  wind s p e e d  d r o p s  be low t h e  s t a l l  p o i n t  which i s  e s t i m a t e d  t o  o c c u r  
a t  a p p r o x i m a t e l y  22 m / s  ( 5 0  mph). The q u e s t i o n  o f  t h e  coup led  p e r f o r m a n c e  
o f  t h e  wind t u r b i n e  r o t o r  and t h e  power g e n e r a t o r  u n d e r  v a r i o u s  o p e r a t i n g  modes 
i s  d i s c u s s e d  i n  t h e  p e r f o r m a n c e  s e c t i o n  o f  t h i s  r e p o r t .  



DEVELOPMENT EXPERIMENTS 

Background 

I n  s u p p o r t  o f  t h e  r o t o r  d e s i g n  e f f p r t ,  s e v e r a l  e x p e r i m e n t a l  p rog rams  were  
i d e n t i f i e d  t o  c h a r a c t e r i z e  t h e  v a r i o u s  b l a d e  m a t e r i a l s .  The i n i t i a l  b l a d e  
d e s i g n  c o n s i s t e d  o f  a  g r a p h i t e / e v o x v  s p a r  w i t h  t h e  r e m a i n i n g  p o r t i o n s  o f  t h e  
b l a d e  made u p  from v a r i o u s  f o r m u l a t i o n s  o f  p o l v u r e t h a n e .  The a i r f o i l  s h a p e  was 
t o  b e  formed by a n  i n j e c t  i on  mo ld ing  p r o c e s s ,  whe re in  t h e  c e n t e r  o f  t h e  b l a d e  
would be a  c l o s e d  c e l l  foam m a t e r i a l  w i t h  a  tough o u t e r  s k i n  formed i n  t h e  

foaming p r o c e s s .  The l e a d i n g  edge  wor11.d c ~ n s i s t  of a solid ~ o l v u r e t h a n e  
m a t e r i a l  which  would b a l a n c e  t h e  b l a d e  a t  t h e  q u a r t e r  cho rd  and a l s o  s e r v e  a s  
a n  a b r a s i v e  s t r i p .  T h i s  b l a d e  c o n c e p t  h a s  t h e  p o t e n t i a l  f o r  v e r v  low u r o d u c t i o r ~  
c o s t  by  v i r t u e  o f  t h e  h i g h  speed  of  i n j e c t i o n  m o l d i n g .  D i s c u s s i o n s  were  h e l d  
w i t h  p e o p l e  from t h e  O l i n  Chemica l  C o r p o r a t i o n ,  and i t  was d e t e r m i n e d  t h a t  t o  
i n j e c t i o n  mold a  b l a d e  o f  t h i s  s i z e  would r e q u i r e  a p e r i o d  o f  t i m e  t o  d e v e l o p  
t h e  p r o c e s s .  . I t  was f e l t  t h a t  due  t o  t h e  u n c e r t a i n t y  o f  t h e  t i m e  and c o s t  t o  
c o m p l e t e  such  d e v e l o p m e n t ,  a n o t h e r  h l a d e  d e s i g n  s h o u l d  be c o n s i d e r e d .  Eventu-  
a l l y ,  a  d e s i g n  u s i n g  fiberglass and employ ing  a  p u l t r u s i o n  p r o c e s s  was s e l e c t e d .  
However ,  p r i o r  t o  c o n s i d e r i n g  t h e  f i b e r g l a s s  d e s i g n ,  s u p p o r t  i n g  e x p e r i m e n t s  
f o r  t h e  molded b l a d e  c o n c e p t  were  c o n d u c t e d .  Al though t h i s  work p r o v i d e d  use-  
f u l  r e s u l t s  r e l a t i v e  t o  t h e  p r o p e r t i e s  o f  p o l y u r e t h a n e s ,  i t  i s  n o t  e x p e c t e d  
t o  impact  t h e  f i n a l  wind t u r b i n e  d e s i g n ;  a n d < h u s ,  t h e  r e s u l t s  w i l l  b e  p r e s e n -  
t e d  o n l y  a s  an a p p e n d i x  t o  t h i s  r e p o r t  ( s e e  Appendix A ) .  

M a t e r i a l  c h a r a c t e r i z a t i o n  t e s t s  we re  a l s o  c o n d u c t e d  on g r a p h i t e / e p o x y ,  
which ,  i s  t h e  m a t e r i a l  u s e d  f o r  t h e  f l exbeam.  Al though e x t e n s i v e  m a t e r i a l  t e s t s  
have been canducced  by o t h e r  r e s e a r c h e r s  ( f o r  example ,  Kef.  5 and 6 )  i t  was 
f e l t  t h a t  a d d i t i o n a l  e x p e r i m e n t s  s h o u l d  be conduc ted  due  t o  t h e  u n i q u e  a v p l i c a -  
t i o n  o f  t h e  m a t e r i a l  f o r  t h i s  wind t u r b i n e .  These  t e s t s  we re  conduc ted  p r i n -  
c i p a l l y  t o  measu re  t h e  e f f e c t s  o f  t e m p e r a t u r e  e x t r e m e s  on t h e  u l t i m a t e  s t r e n g t h  
o f  g r a p h i t e / e p o x v  and t o  m e a s u r e  t h e  t o r s i o n a l  f a t i g u e  c h a r a c t e r i , ~  t i c s  u n d e r  
h i g h  s t e a d y  l o a d i n g .  U l t i m a t e  s t r e n g t h  t e s t s  were  a l s o  conduc ted  on t h e  j o i n t  
d e s i g n  which  c o n n e c t s  t h e  f lexbeam t o  t h e  b l a d e .  

A s m a l l - s c a l e  wind t u n n e l  t e s t  was conduc ted  d u r i n g  t h i s  p h a s e  o f  t h e  
c o n t r a c t  t o  e v a l u a t e  t h e  s t a b i l i t y  and b l a d e  s t r e s s  c h a r a c t e r i s t i c s  o f  t h e  
r o t o r  s y s t e m  u n d e r  h i g h  speed  s t a l l  c o n d i t i o n s .  i t  was d e t e r m i n e d  a n a l y t i c a l l v  
t h a t  t h e  r o t o r  c o u l d  w i t h s t a n d  h i g h  wind s p e e d s  up t o  7 4  m / s  i f  o p e r a t e d  u n d e r  
t o t a l l y  s t a l l e d  c o n d i t i o n s  w i t h  t h e  r o t o r  m a i n t a i n i n g  a  t i p  speed  o f  a p p r o x i -  
m a t e l y  90 m/s. The b l a d e  and t e s t  equipment  u sed  f o r  t h i s  wind t u n n e l  e x p e r i -  
ment  w e r e  o h t a i n e d  from a n  e a r l i e r  DOE c o n t r a c t  r e p o r t e d  i n  Re f .  1 .  The t e s t  

was c o n d u c t e d  i n  t h e  P i l o t  Tunne l  a t  IJTRC which h a s  a  fo rward  s p e e d  c a p a b i l i t y  
i n  t h e  wind t u r b i n e  t e s t  s e c t i o n  of o n l y  27 m / s .  T h i s  was ,  o f  c o u r s e ,  n o t  
s u f f i c i e n t  t o  t e s t  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  a t  7 4  m / s ;  howeve r ,  i t  d i d  
d e m o n s t r a t e  t h e  impor t  a n t  t r a n s i t i o n  phenomena from u n s t a l  l ed  t o  s t a l l e d  f l o w  



a s  wind speed i s  i n c r e a s e d  and ,  c o n v e r s e l y ,  t h e  t r a n s i t i o n  from s t a l l e d  f low t o  

u n s t a l l e d  f low a s  wind speed i s  d e c r e a s e d .  

The f i n a l  developmental  exper iment  conducted i n  s u p p o r t  of  t h e  d e s i g n  
phase was r e l a t e d  t o  t h e  power g e n e r a t  ion d e s i g n .  I n  t h i s  t e s t  a  s m a l l  induc- 
t i o n  motor was o p e r a t e d  a s  a  g e n e r a t o r  t o  de te rmine  i t s  e f f i c i e n c y  when runn ing  
i n  t h i s  mode. I t  was f e l t  t h a t  i f  a d e a u a t e  e f f i c i e n c y  cou ld  be d e m o n s t r a t e d ,  
t h e n  t h i s  would r e p r e s e n t  t h e  most c o s t  e f f e c t i v e  approach t o  power g e n e r a t i o n ,  
s i n c e  i n d u c t i o n  motors  a r e  r e a d i l v  a v a i l a h l e  a t  nominal c o s t .  

Composite M a t e r i a l s  Exper iments  

The m a t e r i a l s  e v a l u a t i o n  of  t h e  composi te  components f o r  t h i s  program 
c o n s i s t e d  of two p a r t s .  The f i r s t  p a r t  c o n s i s t e d  of m a t e r i a l  p r o p e r t y  v e r i -  
f i c a t i o n  f o r  composi te  m a t e r i a l s  t h a t  were t o  be i n c o r ~ o r a t e d  i n  t h e  wind 
t u r b i n e  g e n e r a t o r .  The second p a r t  of  t h e  m a t e r i a l s  e v a l u a t i o n  program i n v o l v e d  
e x p e r i m e n t s  which were performed on sDecimens modeled a f t e r  a  p a r t i c u l a r  
i n c o r p o r a t e d  d e s i g n  f o r  which handhook p r o p e r t y  d a t a  were  not  a v a i l a b l e  o r  
cou ld  n o t  e a s i l y  b e  a p p l i e d .  

H e r c u l e s  c o n t i n u o u s  t v ~ e  AS g r a p h i t e  f i l a m e n t s  i n  a  H e r c u l e s  1908 epoxy 
r e s i n  m a t r i x  was chosen a s  t h e  s o u r c e  o f  g r a p h i t e  p r e p r e g  t a p e  f o r  u s e  i n  
t h i s  program f o r  t h e  flexbeam m a t e r i a l .  The H e r c u l e s  p repreg  t a p e  AS4-1908 
c o n t a i n s  a  1 2 0 " ~  c u r a b l e  epoxy and i s  recommended f o r  s t r u c t u r a l  a p p l i c a t i o n s  
where h igh  s t r e n g t h  and h i g h  modulus a r e  r e q u i r e d .  Enough p repreg  t a p e  was 
purchased t o  p r e p a r e  composi te  p a n e l s  of v a r i o u s  t h i c k n e s s e s  and f i b e r  o r i e n t a -  
t i o n .  From t h e s e  p a n e l s  t e s t  specimens were c u t .  T e n s i l e  modulus,  u l t i m a t e  
t e n s i l e  s t r e n g t h  and s t r a i n - t o - f a i l u r e  were measured v i a  s t r a i n  gaged specimens  
f o r  bo th  0 "  and - +45" o r i e n t a t i o n .  The r e s u l t s  o f  t h e s e  t e s t s  a r e  l i s t e d  i n  
Tab le  1, 

The bending modulus and f l e x  s t r e n g t h  were measured on specimens  which had 
a  span-to-depth r a t i o  of g r e a t e r  than  3 2 : l  f o r  both  t h e  0 "  and - +45" f i b e r  
o r i e n t a t i o n .  Data  cou ld  no t  be  o b t a i n e d  f o r  t h e  - +45" specimens from t h i s  
t h r e e - p o i n t  bend t e s t  due  t o  e x c e s s i v e  d e f l e c t i o n .  The r e s u l t s  o f  t h e  f l e x u r e  
t e s t s  o f  t h e  0 "  f i b e r  o r i e n t a t e d  g r a p h i t e  epoxv specimens a r e  g i v e n  i n  
T a b l e  2 . 

To d e t e r m i n e  t h e  b e h a v i o r  o f  t h i s  compos i t e  a t  t e m p e r a t u r e  e x t r e m e s ,  
specimens  were p repared  from compos i t e  p a n e l s  c o n t a i n i n g  u n i d i r e c t i o n a l  r e i n -  
f o r c e d  f i l a m e n t s .  F l e x u r a l  p r o p e r t i e s  were then  measured a t  t e m p e r a t u r e s  of  
- 5 0 " ~ ,  room t e m p e r a t u r e ,  and +60°c  of specimens wi th  a  span-to-depth r a t i o  of  



F i b e r  
O r i e n t a t i o n  

A v e r a g e  

+ 4 5 O  - 

Average  

TABLE 1 

GRAPEITE/EPOXI' TENSILE TEST RESULTS 

UTS E .  S t r a i n  t o  F a i l u r e  
b1Pa ( K p s i )  GPa ( 1 0 ~ ~ s i )  % ,  

T e n s i l e  T e s t  P a r a m e t e r s  : 51-.mm gage length 
S t r a i n  gaged  
No d o u b l e r s  u s e d ,  a l l  0' s p e c i m e n s  f a i l e d  a t  g r i p  e d g e s  



TABLE 2 

Sample 
Number Flexure Strength 

MPa (Kpsi) 

2 

3 

4 

5 

. 6  

Average 

Plodulus E 

6 
GPa (10 psi) 

132 . (19.1) 

114 (16.5) 

~lexure. Test Paramenters : Three point bend test 

Span-to-Depth 32:l 

Def lectometer . used for deflection 



3 2 : l .  These  r e s u l t s  a r e  g i v e n  i n  T a b l e  3 .  The s h e a r  s t r e n g t h s  a t  t h e s e  
t e m p e r a t u r e s  were  a l s o  d e t e r m i n e d  u s i n g  t h e  s h o r t  beam s h e a r  t e s t  ( s p a n - t o -  
d e p t h  4 : l ) .  The s h e a r  s t r e n g t h  r e s u l t s  a r e  l i s t e d  i n  T a b l e  4 .  

A l l  t h e  t e s t  r e s u l t s  o b t a i n e d  were  w i t h i n  t h e  v a l u e s  q u o t e d  by t h e  
m a n u f a c t u r e r  and t h o s e  u sed  f o r  d e s i g n  p u r p o s e s .  

F a t i g u e  T e s t  ------  

The f lexbeam a t  a  s t a l l  c o n d i t i o n  o f  20" s t e a d y  t w i s t  and an  o s c i l l a t i o n  
o f  +5" ,  was c a l c u l a t e d  t o  e x p e r i e n c e  a  s h e a r  s t r e s s  o f  34 .5  - + 8 . 3  MPa ( 5 0 0 0  + - 
1 2 0 0  p s i  ) .  A t e s t  spec imen  o f  t h e  u n i d i r e c t i o n a l  f i b e r  r e i n f o r c e m e n t ,  152-mm 
l o n g ,  w i t h  a  f r e e  l e n g t h  o f  97  mm, l l lmm w i d e ,  and 1.8- t h i c k  was t e s t e d  i n  
t h e  UTKC t o r s i o n  f a t i g u e  mach ine  w i t h  t h i o  ~ t e e d y  a l ~ d  u s c i l l a t b f y  s t r e s s  l e v e  1. 
Due t o  s l i g h t  g e o m e t r i c  s c a l i n g  d i f f e r e n c e s  t h e  t e s t  spec imen i n  t h e  f a t i g u e  
mach ine  e x p e r i e n c e d  a  s h e a r  s t r e s s  o f  39 .9  - + 1 0  MPa (5780  + 1450  p s i ) .  The - 
t e s t  spec imen  was removed p e r i o d i c a l l y  from t h e  f a t i g u e  t e s t e r  and t h e  s t a t i c  
s h e a r  modulus  was m e a s u r e d .  Approx ima te ly  n i n e  i n t e r r u p t i o n s  i n  t h e  f a t i g u e  t e s t  
were  made t o  m o n i t o r  s h e a r  modulus .  The r e s u l t s  o f  t h i s  modulus  measurement  
w i t h  c u m u l a t i v e  c y r l e s  a r e  l i n t c d  i n  T a b l e  5 .  

A s e c o n d  spec imen was f a t i g u e  t e s t e d  t o  1 0  x  lo6 c y c l e s  t o  model  a  
f l e x b e a m  d e s i g n  c o n d i t i o n  o f  16"  o f  p r e t w i s t  w i t h  a  + 5" o s c i l l a t i o n .  The t e s t  - 
s p e c i m e n  geometry  was such  t h a t  f o r  t h i s  c a s e  t h e  f l exbeam would e x p e r i e n c e  a  
c a l c u l a t e d  s h e a r  s t r e s s  o f  25 + 7 . 8  MPa (3621 + 1131 p s i ) .  These  r e s u l t s  a r e  - - 
a l s o  g i v e n  i n  T a b l e  5 .  I n  b o t h  of  t h e s r  f a t i g u e  t e c t c ,  n o  a p p r e c i a b l e  change  

6  i n  s h e a r  modulus  was o b s e r v e d  a f t e r  1 0  x  1 0  c y c l e s .  However, b o t h  t e s t  
s p e c i m e n s  d e v e l o p e d  l o n g i t u d i n a l  c r a c k s  u n d e r  t h e  g r i p p i n g  pads  be tween  8.4 t o  

6 1 0  x 10 c y r - l e s .  A d e p r c s a i o n  n e a r  t l ~ e  s i d e  nf t h e  opecimenc u n d e r  t h e  edgt. 
o t  t h e  g r i p p i n g  pad i n d i c a t e s  t h a t  e x c ~ s s i v e  and nonun i fo rm g r i p p i l ~ ~  p r e s s u r e  
i n  t h e  t e s t  f i x t u r e  p r o b a b l y  i n i t i a t e d  t h e  o b s e r v e d  c r a c k s  i n  b o t h  s p e c i m e n s .  
I t  was a l s o  n o t e d  t h a t  a  permanent  s e t  o f  a p p r o x i m a t e l y  2-3" was o b s e r v e d  i n  
t h e  f a t i g u e d  spec imen .  

I n  an a t t e m p t  t o  a l l e v i a t e  t h e  g r i p p i n g  p rob lem,  a  t h i r d  spec imen  was 
t e s t e d  w i t h  f i b e r g l a s s  d o u b l e r s  bnnrlerl to t h e  g r i p  o c e t i o n s .  T l ~ r  Lest s e c t i o n  
geome t ry  and t e s t  c o n d i t i o n s  were  i d e n t i c a l .  t o  t h o s e  of  t h e  p r e v i o u s l y  t e s t e d  
s p e c i m e n s .  I n  a d d i t i o n  t o  d e t e r m i n i n g  t h e  s t a t i c  s h e a r  modulus a s  a  f u n c t i o n  
o f  t e s t  c y c l e s ,  t h e  d e g r e e  nf permanent  nrt nbserued i u  t h c  apeci l l le l~ was a l s o  
r e c o r d e d .  T h e s e  d a t a  a r e  l i s t e d  i n  T a b l e  6. No s i g n i f i c a n t  d e c r e a s e  i n  s h e a r  
modu lus  was o b s e r v e d  a f t e r  1  x  lo6 c y c l e s .  Examina t ion  o f  t h e  t e s t  spec imen 
r e v e a l e d  t h a t  t h e  l o n g i t u d i n a l  s p l i t t i n g  a s s o c i a t e d  w i t h  t h e  g r i p  s e c t i o n  had 
been  e l i m i n a t e d  t h r o u g h  t h e  u s e  o f  d o u b l e r s .  The measurement  of permanent  s e t  
d e m o n s t r a t e d  t h a t  a  t w i s t  o f  a p p r o x i m a t e l y  1 . 4 "  had been induced  i n  t h e  s ample  

6 a f t e r  1  x  1 0  c y c l e s .   his would r e d u c e  t h e  maximum s h e a r  s t r e s s  t h e  s ample  
6 was e x p o s e d  t o  by a p p r o x i m a t e l y  8 % .  A f t e r  10 x  10  c y c l e s ,  a  permanent  s e t  

o f  a p p r o x i m a t e l y  3" was measu red  which c o r r e s p o n d s  t o  a  d e c r e a s e  in.maximum 
c y c l i c  s h e a r  s t r e s s  o f  16%.  



, 

TABLE 3 

GRAPHITE/EPOXY THREE POINT FLEXURZ BENDING TEST RESULTS 

T e s t  T e m p e r a t u r e  

- 5 0 ' ~  

B e n d i n g  S t r e n g t h  
!Pa (Kps i) 

A v e r a g e  1 9 6 5  ( 2 8 5 )  

Room T e m p e r a t u r e  

A v e r a g e  

+60°c 

A v e r a g e  E 
GPa ( l o b p s i )  

A v e r a g e  



TABLE 4 

GRAPHITE/EPOXY SHORT'SEN~I SHEAR TEST RESULTS 

T e s t  T e m p e r a t u r e  

Roo111 T e m p c r a t u r e  

S h e a r  s t r e n g t h  
!Pa . . ( K p s i )  

A v e r a g e  
FIPa ( K p s i )  



Time 
Hours 

TABLE 5 .  

FATIGUE TEST RESULTS 

0 
Tes t  a t  8 = 2 o 0 ?  5 

Cumulative 
Cycles 

T e s t  a t  0 = 16' - + 5O 

3 . 3 5 . 1 0 ~  

5.03 lo6  

6 .70010~  

Shear Modulus 
GP a ( l o 6  p s i )  



TABLE 6 

FATIGUE RESULTS,- DOUBLER REINFORCED GRIP SECTIONS 

e = i 6  2 5' 

Cumulat ive  F a t i  u e  % Cycles  ( 1 0  ) 
Shear  .Modulus 
R a t i o  (GIGO) 

Permanent S e t  



The t o r s i o n a l  c r eep  phenomenon may r e q u i r e  an adjustment t o  be made t o  
t h e  s e l e c t e d  p r e t w i s t  of t h e  - fu l l - s ca l e  flexbe- fo l lowing  f i e l d  t e s t i n g  of 
t h e  syst'em. These m a t e r i a l  t e s t s  i n d i c a t e  a  er&ep of 2-3' under high t w i s t  
cond i t i ons .  However, t h e  peak t w i s t  ang le  rceched was 25* which is s i g n i f i -  
c an t ly  g r e a t e r  than t h e  angle  of t h e  des ign  ope ra t i ng  cond i t i on .  For t h e  
des ign  c o n d i t i o n ,  t h e  b lade  ope ra t e s  a t  a  p i t c h  angle  of -2' which t e q u i r e s  
a  flexbeam e l a s t i c  t w i s t  of only 14".  This  l e y e l  of  t w i s t  should r e s u l t  i n  
a  much lower c reep  r a t e  due t o  t he  reduced stress l e v e l .  It mhy be found, 
fol lowing f u l l  s c a l e  experience,  t h a t  a permanent s e t  of 1-2" could  be allowed 
without e f f e c t i n g  t h e  s t a r t i n g  c a p a b i l i t y ,  i.e. a  -14 o r  -15" .p i tch  angle  may 
be adequate f o r  s t a r t - u p  r a t h e r  than the  -16" n,ow planned. 

C a n t i l e v e t  T e s t s  -------- 
It was of des ign  i n t e r e s t  t o  determine what maximum load a  u n i d i r e c t i o n a l  

r e in fo rced  g r a p h i t e  epoxy ba r  could wi ths tand  when clamped i n  a  t a n t i l e v e r  
eondie'ioh and loaded 6n t h e  extreme f r e e  end. A test specimen 152-m long,  
12.7- wide,  was clamped such t h a t  a  76- f r e e . l & n g t h  was avail'gb12e t o  
load.  The edges of t h e  clamps e r e  rounded. t o  avoid a  stre'ss con r4n t r a t i on  
area" dur ing  specimen d e f l e c t i o n .  In Fig.  3 a r e  shown photogrdphs of  t h e  
c a n t i l e v e r e d  speeimen a t  va r ious  s t a g e s  of appl ied  load.  It can be seen i n  
t h i s  f i g u r e  t h a t  t h e  magnitude of  t he  t i p  d e f l e c t  ion is  s o  g r e a t  t h a t  t h e  
s t r e n g t h  equa t ions  from beam theory  would not be v a l i d  at  t he  f r a c t u r e  load.  
The maximum bending stress t h e r e f o r e  can only be approximated under  t h e s e  
extreme cond i t i ons  by t h e  equa t ion  

. For t h e  two t e s t ;  made, r e b l t s  of 1103 and 1186 MPa (160 s n d  172 k p s i )  
were ca lCula ted .  Modulus va lues  87.6 and 93.1 GPa (12.7 and 33.5 lo6 p s i )  
obtained from t h e  load  d e f l e c t i b n  curves  i n d i c a t e  t h a t  a  s i g h i f i c a n t  f r a c t i o n  
of  t h e  beam d e f l e c t i o n  was due to shea r .  , 

. S e l a t e d  ~ l e x b e i  J o i n t  - ---------- " 

. a  .. - 
A f l a t - p l a t e ,  two b o l t  'clamp des ign  was suggested f o r  the Elexbearn j o i n t .  

~ e i n f s r c i ; ~  t h e  un i i f i rec t ion ,a l  flexbeam wi th  f45' fi 'ber o r i e n t a t i o n  i n  t he  - 
v i c i n i t y  of the clamping a r e a  was needed t o  prevent  b o l t  pu l l -au t .  A t  the  
completion 'of t h e  dgsign a  g i m u l a t e d  j o i n t  member was prepared in  which bear ing  
load+$ll-out measuiements could be made. These specimens had a  c r o s s  s e c t  ion 
composed of 11  layers of % s 6 ,  22 l a y e r s  of o', and 11 l a y e r s  of % s o .  The 
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fig. 3 Carrtilever Bern Under Load 



f i n a l  t h i cknes s  was 6.6 mm, width of  36.3 mm, and length  o f  152 mm. For each 
specimen, two ho le s  were placed a t  each end. The four  h o l e s  were l o c a t e d ,  
d r i l l e d ,  f i l l e d  with bush ings ,  and provided wi th  p r e c i s i o n  f i t  p i n s .  A photo- 
graph of  t h e  s imulated i o i n t  with load p i n s  in  p o s i t i o n  i s  shown i n  F i g .  4a.  

LT* *q 
The f i r s t  t e s t  was made wi th  t h e  j o i n t  clamped a t  one end and a  yoke ,> , I . 

loading device  used t o  apply t h e  load t o  t h e  two p i n s  a t  t h e  o t h e r  j o i n t  end. 
A second t e s t  was made i n  which two yokes were used s o  t h a t  a l l  four  b o l t  h o l e s  
were loaded a t  one t ime.  A photograph o f  t h e  second test  specimen a f t e r  being 
loaded i n  t h e  test machine is shown in F ig .  4b. For both tests, t h e  4.76-m- 
diam loading p i n s  exh ib i t ed  permanent d e f l e c t i o n  and had t o  be removed wi th  

a .  

an a rbor  p re s s - . bc f i r e  t he  ~peci-mens could be examined. .- , . , . 
.TA 

L'. I '  - . . -  

In t he  f i r s t  bear ing  load t e s t ,  b o t h , , ~ i e s  f a i l e d  a t  t h e  qnne t i m e .  The 
co ld  bonded s t e e l  bushing e longa ted .  The - +45' l a y e r s  delaminated i n  t he  v i c in -  
i t y  o f  t h e  ho l e .  This  can be seen i n  F ig .  5a.  The 0' c o r e  o f  t h e  composite,  
i n  t he  v i c i n i t y  o f  t h e  h o l e ,  pushed up and ou t  of t h e  e n t i r e  composite approxi- 
mately 1.6 mm. The de lamina t ion  of  t h e  +45' l a y e r s  was on ly  about one b o l t  h o l e  
d iameter  wide and propagated t o  t he  o u t e r  edges o f  both s i d e s  o f  t h e  j o i n t .  n! 

The load a t  each b o l t  h o l e  was measured t o  be 16,690N (3750 lb) a t  f a i l u r e .  

I n  t he  second t e s t ,  t h e  sample j o i n t  was mounted wi th  a double  yoke 
arrangement ( a s  was shown i n  F i g .  4b)  s o  t h a t  a l l  four  b o l t  h o l e s  were loaded 
simultaneous1v. The t e s t  was terminated when one h o l e  f a i l e d  a t  a  measured 

1 .. . - . load o f  13,540N (3042 l b ) .  The f a i l u r e  mode was v e r y  similar t o  t h a t  o f  t h e  . .; . 
previous two h o l e s  except  t h a t  t h e  i nd iv idua l  p l y s  o f  +45" d i d  no t  delamin- - 
a t e  outward t o  t h e  edges bu t  t h e  bond between t h e  245" l a v e r s  and t h e  0' c o r e  A 

separa ted  i n  t h i s  r eg ion .  The e n t i r e  0" co re  of t he  composite pe rpend icu l a r  
t o  t h e  h o l e  i n  t h e  d i r e c t i o n  of loading aga in  pushed outward as is shown i n  
F ig .  5b. Thus, f o r  s i x  b o l t  h o l e s  t e s t e d ,  t h e  minimum bear ing  load was 13,540N 
(3042 l b ) ,  which r e s u l t s  i n  a  s a f e t v  f a c t o r  of  g r e a t e r  than four  f o r  t h e  
maximum f u l l - s c a l e  load.  

F i b e r n l a s s  T e s t s  

To o b t a i n  information on the  p r o p e r t i e s  o f  t h e  proposed f i b e r g l a s s  b l ade  
s k i n  a  composite panel  was f a b r i c a t e d  con ta in ing  t h e  des ign  f i b e r  o r i e n t a t i o n  
o f  t h i s  s k i n .  The rnaterIab heed was 'evailcable "S" g l a s s  type SP-250-52'prepreg 
t ape  which conta ined  a high e t r eng th  moldable epoxv with Owens Corning S2-463 
g l a s s  and could be cured a t  120°C. The o r i e n t a t i o n  o f  t h e  g l a s s  type  l a v e r s  
w i t h i n  t h i s  composite panel  were a s  fol lows:  O ' ,  +45', -45', O', 909 ,  -45', 
+45", 0". 

"n, 

Six t e n s i l e  specimens 12.7-mm wide bv 152.4-mm long were cu t  from t h e  
composite panel and 51-mm doublers  were bonded t o  each end. Three of  t h e  s i x  



a)  BEFORE TEST WITH LOADING PINS IN POSITION 

b) AFTER TEST OF ALL FOUR BOLT HOLES 

Fig. 4 Simulated Joint  
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specimens d id  not break during the  t e s t  due t o  s l ippage  of the doublers during 
load app l i ca t ion .  The r e s u l t s  of three  specimens which a l l  f a i l e d  wi th in  tHe 
gage length  a r e  given in  Table 7.  The average value of u l t imate  t e n s i l e  ! 

s t r e n g t h  obtained f o r  t h i s  e igh t  layer  composite of 765 MPa (111 k p s i )  was 
s l i g h t l y  higher than the  predicted value ext rac ted  from t h e  manufacturer 's d a t a  
f o r  0 ° ,  45', 0"/90° t e n s i l e  specimens. From previously ava i l ab le  comparisons 
of S-glass and E-glass, i t  is  estimated t h a t  the  r e s u l t s  in  Table 7 would be 
15% less f o r  E-glass. 

Aluminum - Epoxy Bond Tes ts  

It was envisitsned t h a t  a  po ten t i a l  s o l u t i o n  f o r  a t taching the  flexbeam 
t o  the  spar  coulrE.~involve an intermediate aluminum bar which would be joined 
t o  ehe spar  using a molded epoxy j o i n t .  With regard t o  t h i s  problem, some 
prel iminary t e s t i n g  was performed t o  determine the  shear  s t r eng th  of an 
aluminum-epoxy bond. Toward t h i s  end, rec tangular  aluminum bar$ of c ross  
s e c t i o n  25 mm x 12.5 mm were pre t rea ted  with a dichromate etch and embedded 
i n  epoxy (Epon 828 with Soni te  41 curing agent ) .  Test ing was performed i n  a  
t e n s i l e  mode on one specimen as-caef and three specimen6 machined such that 
t h e  load bearing surface  of the  epoxy was.perpendicular t o  the embedded 
aluminum bar .  The d a t a  obtained a r e  l i s t e d  i n  Table 8.  

The as-cast specimen exhibi ted a ca tas t roph ic  f a i l u r e  a t  a  load l eve l  
of only 3560N (800 l b )  y ie ld ing a ca lcula ted  shear  s t r eng th  of 1.54 MPa 
(224 p s i ) .  Reassembly of the  shat tered  epoxy around the  aluminum bar indica- 
ted  t h a t  of f -axia l  loading had resul ted  i n  b r i t t l e  f a i l u r e  of the epoxy. In  
c o n t r a s t ,  t h e  behaviour exhibi ted  i n  machined specimens # l  and 112 was charac- 
t e r i z e d  by increas ing load l e v e l  u n t i l  a  sudden shear  f a i l u r e  occurred, a t  
which point  the  load dropped t o  zero. Examination of the  testdspecimen showed, 
t h a t  a  shear  o f f s e t  of approximately 1.5 mm had occurred between t h e  bar  and 
machined su r face  of the  epoxy. On reloading the  specimen, l e s s  than 10% of 
t h e  maximum load observed p r i o r  t o  shear  f a i l u r e  was required t o  e x t r a c t  the  
b a r  from t h e  epoxy. f t  i s  noted t h a t  i n  specimen #I a l a rge  crack emanated 
from t h e  bar  t o  the  e x t e r i o r  su r face  of the epoxy, whereas in  specimen 112, no 
cracking of the  epoxy was obsefnred. The calcuJated shear  s t r eng ths  f o r  speci- 

, mens #1 and X2 were 12.9 W a  (-1867 ppi)  a~ 11'12 W a  (1625 p s i )  respect  ive ly ,  
a  s i g n i f i c a n t  increase over t h a t  obsdrded f o r  e h e . g s - c a ~ t  gpecimen. " 

, * 

Specimen 13 was a bir embedded i n  38 mm of epoxy and had sustai*ed a 
load of  21,350N (4800 lb,) when. .xielding of .*he. aluminum was observed so  the  
test  was terminated. 

Alehough these  tests were prelimina* i n  na ture ,  the  r e a l i t y  o t  b r i t t l e  
f a i l u r e  of the  epoxy due t o  of f -axia l  loading was demonstrated. Only i n  the  
case  of c a r e f u l  load alignment v i a  machined surfaces  could s u b s t a n t i a l  bond 
shear  s t r e n g t h s  be obtained.  



Spec h e n  

average 

TABLE 7 

EIGHT LAYER F I B E R G L S  S TEST ,RESULTS 

UTS 
MPa (Kpsi) 

E 
GPa ( l o 6  p s i )  



TABLE 8 

SHEAR STRENGTH OF ALIMINUM-EPOXY BOND 

Embedded F a i l u r e  
Specimen Depth Load 

S u r f a c e  Area 
Embedded Shear  S t r e n g t h  

rnm ( i n . )  - N - (Ib) - mrn 
2 ( i n ?  MPa - ( P s i )  

As-cast 30.5 (1.20) 3560 (800) 2310 (3.578) 1.54 (224) 

*Note: The b a r  end was embedded i n  111 whereas  i t  was exposed f o r  the o t h e r  specimens.  



1/7-Scaled Model Wind Tunnel T e s t  

The UTRC wind t u r b i n e  w i l l  u t i l i z e  r o t o r  b l a d e  s t a l l  a s  a means o f  l i m i t i n g  
r o t o r  t i p  sveed i n  h igh winds.  Rotor  t i p  speed must b e  l i m i t e d  t o  p r e v e n t  
e x c e s s i v e  c e n t r i f u g a l  loads  o r  a c o a l e s c e n c e  of  t h e  r o t a t i o n a l  f r e q u e n c y  (P) 
w i t h  t h e  edgewise n a t u r a l  f r equencv .  However, some r o t a t i o n  i s  d e s i r a b l e  t o  
add c e n t r i f u g a l  f l a t w i s e  s t i f f e n i n g  t o  t h e  f l e x b e a n  t o  c o u n t e r a c t  t h e  h igh  l i f t  
l o a d s  produced a t  h igh  wind s p e e d s .  A t e s t  program t o  d e m o n s t r a t e  t h e  concep t .  
o f  r o t o r  b l a d e  s t a l l  a s  a means o f  l i m i t i n g  r o t o r  s p e e d ,  was conducted i n  t h e  
UTRC P i l o t  Wind Tunnel .  

T e s t  Apparatus  

The model wind t u r b i n e  was s i m i l a r  t o  t h e  u n i t  used i n  t h e  d e m o n s t r a t o r  
t e s t s  .documented i n  Ref.  1 .  However, d i f f e r e n t  r o t o r  b l a d e s  were used d u r i n g  
t h e  s u b j e c t  program. These b l a d e s  were c o n s t r u c t e d  of  p l a s t i c  foam covered 
w i t h  s e v e r a l  l a y e r s  o f  f i b e r g l a s s ,  and had a l a r g e r  chord and s m a l l e r  d i a m e t e r  
t h a n  t h o s e  used d u r i n g  t h e  e a r l i e r  d e m o n s t r a t o r  program. The p h y s i c a l  c h a r a c t e r -  
i s t i c s  o f  t h e  d e m o n s t r a t o r  model a r e  summarized i n  Tab le  9 .  

The r o t o r  was two-bladed w i t h  a sweDt d i a m e t e r  o f  1.07m. The flexbeam and 
pendulum were i d e n t i c a l  t o  t h o s e  used d u r i n g  t h e  e a r l i e r  d e m o n s t r a t o r  program 
and a r e  s i m i l a r  t o  t h e  f u l l - s c a l e  ha rdware .  The flexbeam was c o n s t r u c t e d  o f  
hand l a id -uv  ca rbon  epoxy and was 1.8-mm t h i c k  by  17-mm wide.  It h a d ,  however,  
n o  p r e t w i s t  a s  w i l l  b e  i n c o r p o r a t e d  i n t o  t h e  f u l l - s c a l e  f lexbeam. The pendulum 
network c o n s i s t e d  o f  a pendulum p i t c h  arm, w e i g h t ,  and f l e x s t r a p .  The' f lexbeam 
was ins t rumented  w i t h  f l a t w i s e ,  edgewise ,  and t o r s i o n a l  s t r a i n  gages .  The out-  
p u t  o f  t h e s e  t h r e e  s t r a i n  g a g e s ,  a l o n g  w i t h  a paw p o t e n t i o m e t e r  and a r o t o r  
one-per-rev s i g n a l  were d i s p l a y e d  on a Honeywell 1108B V i s i c o r d e r .  The t u r -  
b i n e  i n s t a l l a t i o n  is shown i n  F i g .  6 ,  and t h e  model c h a r a c t e r i s t i c s  a r e  surn- 
mar ized i n  T a b l e  9 .  The i n s t r u m e n t a t i o n  is summarized i n  T a b l e  10. 

T e s t  C o n d i t i o n s  

The model was t e s t e d  i n  t h e  d i f f u s e r  s e c t i o n  o f  t h e  UTRC P i l o t  Wind Tunnel 
t o  t h e  t u n n e l ' s  maximum v e l o c i t y  o f  29.5  m / s .  T e s t  c o n d i t i o n s  s i m u l a t i n g  
h i g h  wind and g e n e r a t o r  c u t o u t  were conducted by a l l o w i n g  t h e  r o t o r  t o  o p e r a t e  
a t  no-load a t  wind speeds  from 0 t o  2 9 . 5  m/s.  These t e s t s ,  i n  e s s e n c e ,  were 
conducted a t  a c o n s t a n t  v e l o c i t y  r a t i o .  P a r a m e t r i c  v a r i a t i o n s  t o  b l a d e  p i t c h  
and t h e  pendula  mass and s t a t i c  f l a p  a n g l e  were  made t o  d e t e r m i n e  t h e i r  e f f e c t  
on r o t o r  s t a l l ,  O p e r a t i o n a l  l i m i t s  were e s t a b l i s h e d  f o r  t h e  model which i n c l u -  
ded:  peak f l a t w i s e  s t r e s s  n o t  t o  exceed 1040 MPa (150,000 p s i )  peak r o t o r  
speed l i m i t e d  t o  1800 rpm (100-m/s t i p  speed)  due  t o  a r o t o r  speed/edgewise  
n a t u r a l  f r e q u e n c y  c o a l e s c e n c e  a t  2100 i p m .  Flexbeam s t r e s s e s  were moni to red  
c o n t i n u o u s l y  and d a t a  r e c o r d s  were t a k e n  a t  each d a t a  p o i n t .  A d a t a  p o i n t  i s  
d e f i n e d  a s  a new win8 speed e e t  t i n g .  



TABLE 9 

MODEL DEMONSTRATOR PARAMETERS 

A i r f o i l  S e r i e s  

Rotor Diameter 

> Blade Chord 

Blade Twist  

I n i t i a l  B lade  P i t c h  

S t a t i c  Pendulum Angle 

Pendulum Weight 

Pendulum CG L o c a t i o n  



Fig. 6 3 . 5 4  Diameter Wind Tunnel Model 



TABLE 10 

MODEL DEMONSTRATOR INSTRUMENTATION 

Rotor Speed, RPM 

Photo-Optical Pickup 

Rotor Azimuth Reference, 1 / ~ e v  

Photo-opt i ca l  Pickup 

Tunnel Speed 

Drive System Yaw Angle 

Potentiometer 

Flexbeam Stressee 

~latwise-~d~tzwise-Torston 

MM Strain Gages (0-10 V) 

Blade Pitch Angle 

Clinometer & Torsion Strain Gage 

EPUT Counter 

Visicorder 

Viaicorder 

Visicorder 

Visicorder 



The p o s s i b i l i t y  of  using r o t o r  pitch-up as  a method of increasing t h e  
blade-to-tower clearance was inves t iga ted  by pi tching t h e  r o t o r  d r i v e  s h a f t  
and genera tor  5' from the  hor izon ta l .  The e f f e c t  of l a t e r a l  o f f s e t  was a l s o  
t e s t ed  t o  determine the  f e a s i b i l i t y  o f  t h i s  method a s  a means t o  counteract  
p o t e n t i a l  s teady yaw b i a s  angles due t o  wind shear  o r  tower wake. The condi- 
t i o n  t e s t ed  amounted t o  a l a t e r a l  displacement of the  r o t o r  a x i s  r e l a t i v e  t o  
t h e  yaw a x i s  bv 0.6% of the diameter .  

In add i t ion ,  t e s t s  were conducted on a stopped r o t o r  a t  tunnel speeds up 
t o  23 m/s, t o  demonstrate a second poss ib le  high wind shutdown system, and a l s o  
t o  s imulate a poss ib le  f a i l u r e  mode, where e i t h e r  the  d r ive  sha f t  bear ings ,  
gearbox, o r  generator  have seized-up causing the  r o t o r  t o  s top.  

Resul ts  

The r o t o r  could be made t o  s t a l l  by adjus t ing  t h e  i n i t i a l  blade p i tch  
angle and/or pendula geometry. S t a l l  occurred a t  a geometric angle of approxi- 
mately +4' at  a v e l o c i t y  r a t i o  of 9.4 ( t h e  r a t i o  of r o t o r  t i p  speed/wind speed). 

A t  s t a l l  the  r o t o r  decelera ted  t o  a new v e l o c i t y  r a t i o  of 5.8. The s t a l l  
phenomena was benign, causing no "hunting" on rpm and no large  blade s t r e s s e s .  
Increas ing wind speed beyond r o t o r  s t a l l ,  r e s i l t e d  i n  small increases  i n  r o t o r  
speed, however, a t  ever decreasing v e l o c i t y  r a t i o s .  A t  the  maximum tunnel  
speed of 29.5 m/s, the  v e l o c i t y  r a t i o  had dropped t o  2.16 and t h e  b lade  angle 
was approximately +3.S0, ind ica t ing  t h a t  the r o t o r  was i n  deep s t a l l .  Rotor 
response t o  wind speed i s  shown i n  Fig.  7. 

Rotor s t a l l ,  being a function of blade p i t ch ,  could be brought about a t  
var ious  t i p  speeds by ad jus t ing  t h e  i n i t i a l  blade p i t ch  angle,  a s  shown in  Fig .  
8. S imi la r ly ,  the  point  of r o t o r  s t a l l  could be moved up o r  down t h e  wind 
speed curve by ad jus t ing  the  pendulum p i t c h  schedule. For example, by adding 
pendulum mass, s t a l l  would occur a t  a lower t i p  speed (hence lower wind speed). 
Increas ing t h e  pendulum mass cg locat ion  from t h e  a x i s  of r o t a t i o n  pradvr~d 
s i m i l a r  r e s u l t s .  

Stopped Blade Resul ts  

When the  stopped r o t o r  was subiected t o  winds up t o  23 m / s  t he  f l a twise  
s t r e s s  a t  the  root  of the  flexbeam increased as the square nf t he  veboc i ty ,  
IIR shown in  Fig.  9 ,  t o  a maximum of 207 MPa (30,000 p s i ) .  The system's re- 
sponse was s t a b l e ,  t h e  b lades  remaining downstream of the  tower wi th  very 
l i t t l e  v i b r a t o r y  s t r e s s ,  e i t h e r  edgewise o r  f l a twise .  Shown a l s o  on Fig.  9 
a r e  t h e  f l a twise  s t r e s s  r e s u l t s  from t h e  r o t a t i n g  t e s t ,  Fig.  7 .  It can be 
seen t ha t  the  s t r e s s  v a r i a t i o n  with the  benef i t  of c e n t r i f u g a l  r e l i e f  increases  
l i n e a r l y  with speed a s  opposed t o  the  stopped blade s t r e s s  which increases  
parabolf c a l  ly .  
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Conclusions from Model T e s t s  

The model tests  ind i ca t ed  t h a t :  

a )  The UTRC wind t u r b i n e  wi th  s e l f - r e g u l a t i n g  b lade  p i t c h  can be s t a l l e d  
i n  i t s  unloaded cond i t i on ,  t y p i c a l l y  a t  a  geometr ic  b lade  angle ,  f o r  
t h e  untwisted b lade ,  of  approximately +4'. 

b)  The s t a l l  phenomena is s t a b l e  and benign. 

c )  Rotor f l a t w i s e  and edgewise s t r e s s e s  a r e  not s i g n i f i c a n t l y  a f f e c t e d  
by s t a l l .  

d )  The wind speed a t  which s t a l l  occurs  can be va r i ed  by a d j u s t i n g  
the  pendulum p i t c h  schedule .  

e )  Stoppea r o t o r  f l a t w i s e  s t r e s s e s  vary a s  t he  square  of t h e  wind speed 
and a r e  t h e r e f o r e  p r e d i c t a b l e .  No dynamic stress problems e x i s t  
with t h e  stopped r o t o r .  

f )  A pi tch-up of  t h e  r o t o r  a x i s  r e l a t i v e  t o  t h e  wind a x i s  produces 
no undes i r ab l e  dynamic e f f e c t s .  

g) A l a t e r a l  b f f s e t  of t h e  r o t o r  a x i s  equa l  t o  0.6% of t h e  d iameter  
r e s u l t s  i n  a  s teady  yaw angle  of 17', and does not cause undes i r -  
a b l e  blade responses .  

Generator  C a l i b r a t i o n  

The e l e c t r i c a l  power ou tput  of a  wind energy conversion system i s  
dependent on the  power produced by the  r o t o r  a s  we l l  a s  by t h e  e f f i c i e n c y  o f  
t h e  d r i v e  and e l e c t r i c a l  systems which a r e  p a r t  of t h e  t o t a l  conversion system. 
The UTRC system u t i l i z e s  an i nduc t ion  motor a s  a  gene ra to r  when o p e r a t i n g  i n  
con junc t ion  wi th  a  u t i l i t y  o r  M/G s e t .  Manufacturers of  i nduc t ion  motors,  a s  
w e l l  a s  t h e  l i t e r a t u r e  on such motors were consul ted  i n  an e f f o r t  t o  determine 
t h e  conversion e f f i c i e n c y  of  induc t ion  motors. Typ ica l ly ,  d a t a  a r e  a v a i l a b l e  
only t o  document t h e  e f f i c i e n c y  of a  motor i n  a  d r i v i n g  s t a t e  and then only a t  
r a t e d  power. No informat ion  e x i s t e d  which documented part-power e f f i c i e n c i e s  
no r  f o r  a motor i n  a  d r i v e n  s t a t e  ( g e n e r a t o r  s t a t e ) .  

A t es t  program was conducted a t  UTRC t o  determine the  e f f i c i e n c y  of  
i nduc t ion  motors whi le  being d r iven  a s  gene ra to r s .  The t e s t  program was 
conducted on smal l  ( f r a c t i o n a l  horsepower) motors,  a s  they were r e a d i l y  a v a i l -  
a b l e .  The fo l lowing  motors were t e s t e d :  



a .  3 /4  hp three-phase G.E. induc t ion  motor 

b . ,  314 hp s ingle-phase Dayton motor 

The three-phase motor was . t es ted :  a )  wired f o r  three-phase power; b)  
wired f o r  s i n g l e - ~ h a s e  power; and c )  wired f o r  s i n g l e  phase wi th  t h e  remaining 
two phases connected t o  r e s i s t o r  loads ( incandescent  l i g h t s ) .  The 3-phase 
motor was t e s t e d  i n  the  wired-for-sihgle-phase power mode because t h e  buyer of 
t h e  wind t u r b i n e  could be loca ted  in an a r e a  where 3-phase power i s  not a v a i l a b l e .  
I t  was, t h e r e f o r e ,  necessary t o  determine i f  t h e  buyer could then  wire h i s  
3-phase motor i n t o  e x i s t i n g  s i n g l e  phase power l i n e s  and proceed t o  e f f i c i e n t l y  
and cheaply gene ra t e  a-c power. 

Tes t  Apparatus 

The two induc t ion  motors under i n v e s t i g a t i o n  were d r iven  by a v a r i a b l e  
frequency 90-hp induc t ion  motor through a BLH torque  s h a f t .  A t y p i c a l  i n s t a l -  
l a t i o n  i s  shown i n  Fig.  10. The motors were wired t o  an e x i s t i n g  208 Vac power 
l i n e  as  shown i n  Fig.  11. A p r e c i s i o n  laboratory- type wat t  meter  was used t o  
measure power output  and a v o l t  and ammeter were used, i n  conjunc t ion  with t h e  
wat t  meter ,  t o  determine the  r o t o r ' s  power f a c t o r .  Input to rque  was measured 
by the  BLH torque  s h a f t .  

Resu l t s  

Test  r e s u l t s  i n d i c a t i n g  motor e f f i c i e n c y ,  when d r iven  a s  a s g e n e r a t o r ,  a r e  
presen ted  as a func t ion  of  power o u t p u t l r a t e d  power i n  Fig.  12. Resu l t s  
i n d i c a t e  t h a t  t h e  3-phase gene ra to r  has  a peak e f f i c i e n c y  of approximately 85% 
over  t h e  range of 60-140% r a t e d  power when wired a s  a 3-phase motor. Generator  
e f f i c i e n c y  is reduced t o  approximately 78% when only one phase of t h e  3-phase 
motor is  hooked up. The 85% e f f i c i e n c y  i s  regained when t h e  remaining two 
phases a r e  connected t o  a r e s i s t o r  load bank. The s ingle-phase motor proved t o  
be l e a s t  e f f i c i e n t  with a peak o f  only approximately 72%. It would, t h e r e f o r e ,  
seem t o  be w i se r  t o  use  a 3-phase motor wired f o r  s i n g l e  phase ope ra t i on ,  with 
t h e  o t h e r  two phases hooked up t o  r e s i s t a n c e  loads ,  when faced with t he  a v a i l -  
a b i l i t y  of  s i n g l e  phase dower, on ly ,  r a t h e r  than  u t i l i z i n g  a s ingle-phase 
motor. 

The 3-phase motor was d r iven  t o  t h r e e  t imes t he  r a t e d  power, and al though 
conversion e f f i c i e n c y . d e c r e a s e d ,  when d r iven  above r a t e d  power, t h e r e  was no e v i -  
dence of  motor "break-out" nor unusual h e a t i n g  wi th in  t he  r o t o r .  The power f a c t o r  
o f  t h e  3-phase motor, def ined  a s  cos '1 - '21 was 0.84 a t  r a t e d  power. 

'1 + w2 

Since,  t y p i c a l l y ,  motor e f f i c i e n c y  inc reases  with motor s i z e ;  t h e s e  
t e s t s  i n c r e a s e  confidence t h a t  a 15-kW motor,  when d r iven  above synchronous 
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speed a s  a  g e n e r a t o r ,  w i l l  r e s u l t  i n  ~ e a k  c o n v e r s i o n  e f f i c i e n c i e s  o f  a t .  l e a s t  

'I 85% and t h a t  t h i s  l a r g e r  motor cou ld ,momenta r i . ly  a b s o r b  up t o  t h r e e  t i m e s  r a t e d  
power w i t h o u t  any a d v e r s e  e f f e c t s .  I t  is  a p p a r e n t ,  however,  t h a t  when o p e r a t -  
i n g  i n  an a r e a  where p u b l i c  u t i l i t i e s  r e q u i r e  a  system power f a c t o r  o f  0 . 9 ,  
c a p a c i t o r s  w i l l  be r e q u i r e d  t o  i n c r e a s e  t h e  power f a c t o r  o f  a 3--phase m o t o r .  



PERFORMANCE 

T h i s  s e c t i o n  d e s c r i b e s  t h e  approach t aken  t o  s i z e  t h e  r o t o r ,  and i t  
summarizes t h e  performance c h a r a c t e r i s t i c s  of bo th  t h e  r o t o r  and t h e  o v e r a l l  
sys tem.  The t h r e e  o p e r a t i n g  modes s p e c i f i e d  i n  t h e  Work S t a t e m e n t  a r e  r ev iewed ,  
and i n  s u p p o r t  of o p e r a t i n g  i n  c o n j u n c t i o n  w i t h  a  u t i l i t y  (Mode I ) ,  d i s c u s s i o n s  
were h e l d  w i t h  N o r t h e a s t  U t i l i t i e s ,  I n c . ,  and t h e  r e s u l t s  of t h o s e  d i s c u s s i o n s  
a r e  a l s o  i n c l u d e d .  F i n a l l y ,  t h e  e s t i m a t e d  n o i s e  l e v e l  of t h e  wind t u r b i n e  
r o t o r ,  c a l c u l a t e d  u s i n g  an e x i s t i n g  UTRC computer code,  i s  p r e s e n t e d  f o r  t h r e e  
o p e r a t i n g  c o n d i t i o n s .  

Con t ro l  System 

The b a s i c  c o n t r o l  f e a t u r e s  of  t h e  UTRC system were d e f i n e d  i n  t h e  CONCEPT 
DESCRIPTION s e c . t i o n .  The advan tages  o'f t h e  pendulum c o n t r o l  sys tem l i e  i n  i t s  
p a s s i v e  s i m p l i c i t y  i n  s e r v i n g  t h r e e  important  f u n c t i o n s .  F i r s t ,  i t  p r o v i d e s  an 
adequa te  s t a t i c  p i t c h  a n g l e  t o  c r e a t e  a c c e l e r a t i n g  t o r q u e s  a t  low wind s p e e d s ,  
t o  b r i n g  t h e  g e n e r a t o r  rpm up t o  o p e r a t i n g  speed q u i c k l y .  Second, i t .  p l a c e s  
t h e  b lade  a t  an ae rodynamica l ly  e f f i c i e n t  p i t c h  ang le  f o r  optimum per fo rmance ,  
and f i n a l l y ,  t h e  same mechanism p r o v i d e s  speed c o n t r o l ,  th rough  s t a L 1 ,  i n  t h e  
e v e n t  of  a  power f a i l u r e  or  i f  t h e  g e n e r a t o r  break-out t o r q u e  is. exceeded.  The 
b l a d e  a n g l e s  wh icll co r respond  t o  t h e s e  t h r e e  pendulum o p e r a t  ing  c o n d i t i o n s  a r e  : 
-17" ( l e a d i n g  edge i n t o  t h e  wind) f o r  a c c e l . e r a t  ing  t o r q u e s ,  0"  for.  optimum per-  
formance a t  synchronous  s p e e d ,  and + 5 "  f o r  speed c o n t r o l .  

Rotor S i z i n g  

The major  r o t o r  d e s i g n  pa ramete r s  were determined d u r i n g  t h e  d e s i g n  s t u d y .  
conducted under t h e  DOE c o n t r a c t  r e p o r t e d  i n  Ref .  3 . .  Trade-off  s t u d i e s  were ' .  

performed t o  e v a l u a t e  t h e  e f f e c t  of r o t o r  d i a m e t e r ,  number of  b l a d e s ,  t w i s t , .  , 

and t a p e r .  It was shown i n  t h a t  s t u d y  t h a t  t h e  b e n e f i t s  of  o p t i m i z i n g  b l a d e  
aerod.ynamic pa ramete r s  cou ld  improve performance from 5- lo%,  however t h e  h i g h e r  
b l a d e  m a n u f a c t u r i n g  c o s t  a s s o c i a t e d  w i t h  t h e s e  pa ramete r s  would t e n d  t o  reduce  
o v e r a l l  c o s t  e f f e c t i v e n e s s .  The approach t aken  i n  . t h a t  s t u d y ,  and c o n t i n u e d  i n .  
t h e  c u r r e n t  d e s i g n  was tn I I S ~  a bl*de  t h a t  was s imple  t u  Inanufacrure ,  which,  i s  ' . 

a  b l a d e  hav ing  a  c o n s t a n t  c r o s s  s e c t i o n  w i t h o u t  t w i s t  o r  t a p e r .  The 12.2-m ( 4 0 -  
f t )  r o t o r  d e s i g n  of  Ref .  3 was s l i g h t l y  l a r g e r  t h a n  t h a t  r e q u i r e d  f o r  t h e  8 kW. ' . 

sys tem,  however,  i t  was d e c i d e d  t o  m a i n t a i n  t h e  same chord dimension of  0.38.m 
(15  i n . )  t o  b e n e f i t  from t h e  e a r l i e r  d e s i g n  e f f o r t .  The chord dimension i s  
g e n e r a l l y  d i c t a t e d  by t h e  edgewise s t  i f  f n e s s  r equ i rement  t h a t  t h e  f i r s t  mode 

f requency  be g r e a t e r  t h a n  . t h e  maximum r o t o r  r o t a t i o n a l  speed t o  avoid  t h e  one- 

pe r - rev  (1P) coa le . scence  w i t h  t h e  1P g r a v i t y  and wind s h e a r  e x c ; t a t i o n s .  By 



m a i n t a i n i n g  t h e  same chord ,  w h i l e  r e d u c i n g  t h e  b l a d e  l e n g t h  t o  accommodate t h e  
lower  power r e q u i r e m e n t ,  t h e  d e s i g n  would be somewhat more c o n s e r v a t i v e  and 
one i n  which h i g h e r  r o t o r  speeds  would be p e r m i t t e d .  

The i n i t i a l  r o t o r  d i a m e t e r  was s e l e c t e d  t o  p r o v i d e  8 kW o u t p u t  power a t  
t h e  d e s i g n  wind speed of  9  m / s  (20  mph). Using t h e  fol . lowing e x p r e s s i o n  f o r  
power , 

P  = Cp 112 pAv3 r, 
0 

and assuming t h e  system e f f i c i e n c y ,  r,, t o  be 8 0 % ,  and t h e  power c o e f f i c i e n t ,  
C t o  be 0 . 4 ,  t h e  r o t o r  d i a m e t e r  t o  produce 8  kW i n  a 9-m/s wind i s  8 .5  m 
( 48  f t ) .  The power o u t ~ u t  f o r  t h i s  s i z e  r o t o r  was s u b s t a n t i a t e d  u s i n e  t h e  
UTRC F456 performance program ( R e f .  7 1 ,  and t h e s e  r e s u l t s  a r e  d i s c u s s e d  l a t e r  
i n  t h i s  s e c t i o n .  Performance c a l c u l a t i o n s  were made f o r  t h e  8.5-m r o t o r ,  and 
i t  was found t h a t ,  when o p e r a t i n g  a t  l o v t o - m o d e r a t e  wind s i t e s ,  such a s  t h e  
H a r t f o r d ,  Connec t i cu t  a r e a ,  o n l y  about  1  kW o f  power cou ld  be g e n e r a t e d  a t  
6 . 2  m/s ( 1 4  mph) i f  t h e  r o t o r  rpm was s e l e c t e d  t o  g i v e  8 kW a t  9  - m / s .  A l so ,  
t h e  c u t - i n  speed d i d  not  occur  u n t i  1  about 5 .4  m/s (12  mph) which i s  c o n s i d e r e d  . . 
i n a d e q u a t e  f o r  most wind s i t e s .  Thus i t  was dec ided  t o  i n c r e a s e  t h e  r o t o r  
d i a m e t e r  s o  t h a t  a t  l e a s t  2  kW cou ld  be  produced a t  5 .4  m/s and t h a t  t h e  c u t - i n  
speed could  be reduced t o  about 4 .5  m/s (10  moh). The freedom t o  n o m i n a l l y  
i n c r e a s e  r o t o r  d i a m e t e r  cou ld  be  t aken  wi'thout j e o p a r d i z i n ~  s t r u c t u r a l  i n t e g r i t y  
s i n c e  t h e  o r i g i n a l  r o t o r  d i a m e t e r  f o r  t h e  0.38-m (15- in . ) -chord d e s i g n  was 12.2  
m ( 4 0  f t )  a s  d e s c r i b e d  i n  Ref .  3. I t  was de te rmined  t h a t  o n l y  a  minimal 
n e g a t i v e  c o s t  impact would be  f e l t  i f  t h e  r o t o r  d i a m e t e r  was i n c r e a s e d  10% t o  , .  

9.5 m (31  f t ) .  The edgewise f requency  was s t i l l  s a f e l y  above 1P and t h e  
remain ing  comvonents would no t  b e  compromised by t h i s  s l i g h t  i n c r e a s e  i n  
d i a m e t e r .  The r e s u l t i n g  power o u t p u t  a t  9 m / s  i n c r e a s e d  t o  11 kW compared t o  
t h e  requ i rement  o f  8 kW. D e t a i l s  of  t h e  performance c h a r a c t e r i s t i c s  a r e  
p r e s e n t e d  below. 

Rotor  Performance Method 

A r o t o r  performance p r e d i c t i o n  program u t i l i z i n g  t h e  P r e s c r i b e d  Rotor  Wake 
a n a l y s i s  ( code  F456) was deve loped  a t  UTRC'to d e t e r m i n e  h e l i c o p t e r  r o t o r  
pe r fo rmance .  T h i s  program was m o d i f i e d  f o r  wind t u r b i n e  r o t o r  performance 
under  t h e  s u b i e c t  c o n t r a c t .  The proRram assumes a  c l a s s i c a l ,  u n d i s t o r t e d  
wake w i t h  v a r i a b l e  in f low t o  eompute l o c a l  induced a x i a l  v e l o c i t i e s .  These 
l o c a l  induced v e l o c i t i e s ,  a l o n g  wi th  r o t a t i o n a l  s p e e d ,  wind v e l o c i t y ,  and 
two-dimensional  a i r f o i l  d a t a ,  a r e  t h e n  used i n  c a l c u l a t i n g  l o c a l ,  spanwise  
f o r c e s  which a r e  i n t e g r a t e d  o v e r  t h e  r o t o r  s p a n ,  r e s u l t i n g  i n  o v e r a l l  r o t o r  
pe r fo rmance  f o r  one comhinat ion o f  g e o m e t r i c  and aerodynamic c o n d i t i o n .  TO 
g e n e r a t e  s performance map t h e  program must b e  re- run f o r  each new combina t ion  
o f  p a r a m e t e r s .  I n p u t  v a r i a b l e s  i n  t h e  program i n c l u d e :  r o t o r  t i p  s p e e d ,  



number o f  r o t o r  b l a d e s ,  r o t o r  r a d i u s ,  b l a d e  t w i s t  a n g l e ,  b l a d e  c o l l e c t i v e  
p i t c h ,  b l a d e  con ing  a n g l e ,  b l a d e  c h o r d ,  r o t o r  s o l i d i t y ,  wind s p e e d ,  and two- 
d i m e n s i o n a l  a i r f o i l  d a t a .  Output d a t a  i n c l u d e :  spanwise  c i r c u l a t i o n ,  spanwise  
a n g l e s - o f - a t t a c k ,  spanwise  induced v e l o c i t i e s ,  r o t o r  t o r q u e ,  r o t o r  t h r u s t ,  
r o t o r  power ,  v e l o c i t y  r a t i o ,  vower c o e f f i c i e n t ,  t h r u s t  c o e f f i c i e n t ,  and mean 
induced v e l o c i t y .  

U t i l i z i n g  t h e  UTRC r o t o r  performance code F456, a  s e t  of g e n e r a l  performance 

d a t a  was g e n e r a t e d  which c o v e r s  a  wide range of  g e o m e t r i c  b l a d e    itch a n g l e s  
and v e l o c i t y  r a t i o s .  These r e s u l t s  a r e  p r e s e n t e d  a s  power c o e f f i c i e n t  and 
t h r u s t  r a t i o  a s  a  f u n c t i o n  of  v e l o c i t y  r a t i o  i n  F i g s .  13  and 1 4 ,  r e s p e c t i v e l y .  
At any g i v e n  b l a d e  a n g l e ,  t h e s e  t h r e e  pa ramete r s  d e s c r i b e  t h e  aerodynamic 
pe r fo rmance  of t h e  ro to r  syotcm,  a t  ally cumhina t ion  of r o t o r  t i p  and wind 
s p e e d .  

Wind t u r b i n e s ,  i n  g e n e r a l ,  may b e  o p e r a t e d  i n  two modes; a t  c o n s t a n t  r o t o r  
speed o r  a t  optimum v e l o c i t y  r a t i o .  A r o t o r  svs tem opera t ing ,  a t  c o n s t a n t  
speed w i l l  e x p e r i e n c e  a  v e l o c i t y  r a t i o  v a r i a t i o n  w i t h  wind speed a s  shown iq  
F i g .  15 a n d ,  t h e r e f o r e ,  n v o r i a t i o ~ i  in oawer c o e f f i c i e n t .  The t y p i c a l  wind 
t u r b i n e ,  w i t h  a c t i v e  p i t c h  c o n t r o l  o r  f i x e d  p i t c h  w i l l  be o p e r a t i n g  a t  a  
c o n s t a n t  v e l o c i t y  r a t i o  when i t  i s  i n  t h e  optimum v e l o c i t y  r a t i o  mode of  
o p e r a t  i o n .  Th i s  r e s u l t s  i n  a  v a r i a t i o n  of r o t o r  speed w i t h  wind speed a s  shown 
i n  F i g .  16 .  The UTRC wind t u r b i n e ,  which h a s  a  p a s s i v e  p i t c h  c o n t r o l  sys tem 
which i s  s o l e l y  a  f u n c t i o n  o f  r o t o r  speed ( F i g .  171 ,  when o p e r a t i n g  i n  t h i s  

mode w i l l  o p e r a t e  a t  v a r y i n g  b l a d e  p i t c h  a n g l e s  a s  r o t o r  speed i s  v a r i e d .  
S i n c e  t h e  power c o e f f i c i e n t  i s  a  f u n c t i o n  of bo th  t h e  v e , l o c i t y  r a t i o  and t h e  
b l a d e  p i t c h  a n g l e ,  t h e  maximum power can be r e a l i z e d  a t  o n l y  one combinat ion of  
v e l o c i t y  r a t i o  and t h e  b l a d e  p i t c h  a n g l e  and h e n c e ,  w i t h  a  p a s s i v e  p i t c h  
c o n t r o l  s y s t e m ,  t h e  r o t o r  performance w i l l  be op t imized  ac b n l y  one  r o t o r  speed 
and w i l l  t h e r e f o r e  r e s u l t  in o f f - d e s i g n  o p e r a t  ion a t  o t h e r  s p e e d s .  The pa;a- 
m e t e r s  r e s u l t i n g  i n  power o p t i m i z a t i o n  r e q u i r e  a  b l a d e  p i t c h  a n g l e  of 0"  
a t  a  v e l o c i t y  r a t i o  of 7 . 5 .  

Modes I & I1 Performance 

The e l e c t r i c a l  power o u t p u t  o f  t h e  WTG, when o p e r a t i n g  i n  p a r a l l e l  w i t h  
an e s t a b l i s h e d  s o u r c e  of  60 Hz a-c power such a s  t h e  u t i l i t y  (Mode I) o r  a  motor- 
g e n e r a t o r  s e t  (Mode IT), must he r o n s t a n t  v o l t a g e  ar~tl f r e q u e n c y .  S e v e r a l  
r o t o r / g e n e r a t o r  c o n f i g u r a t i o n s  can be d e v i s e d  t o  meet t h e s e  r e q u i r e m e n t s .  
P o s s i b l e  c a n d i d a t e s  a r e  l i s t e d  i n  T a b l e  1 1 .  

A r o t o r  o p e r a t i n g  a t  optimum v e l o c i t y  r a t i o ,  and t h e r e f o r e  v a r y i n g  s p e e d ,  
w i l l ,  i f  connec ted  t o  t h e  g e n e r a t o r  through a f i x e d  r a t i o  t r a n s m i s s i o n ,  produce 
v a r i a b l e  f r equency  a-c power. For t h i s  sys tem t o  produce c o n s t a n t  f r equency  
a-c power r e q u i r e s  a  v a r i a b l e  speed gearbox o r  a  v a r i a b l e  speed g e n e r a t o r .  



VELOCITY RATIO, VR 

Fig .  13 Rotor Power Coe f f i c i en t  as a Funct ian of Veloc i ty  Ra t io  and Blade P i t c h , B  





Fig .  15 E f f e c t  of Wind Speed on Ve loc i ty  R a t i o  (VR) - Constan t  RPM System 
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TABLE 1 1  

ROTORIGENERATOR OPE RATING MODES 

Ro to r  O p e r a t i n g  
Mode Power R e g u l a t i o n  T r a n s m i s s i o n  Genera  t o r  

C o n s t a n t  l a  F ixed  P i t c h  E x t e r n a l  F ixed  R a t i o  C o n s t a n t  RPM 

RP M 

R o t o r  I b  V a r i a b l e  P i t c h  Blade  P i t c h  Fixed  R a t i o  Cons t a n  t  RPM 

Optimum 
V e l o c i t y  2a  Fixed  P i t c h  None V a r i a b l e  Speed C o n s t a n t  RPM 
R a t i o  Fixed  R a t i o  V a r i a b l e  Speed 
R o t o r  2b V a r i a b l e  P i t c h  B lade  P i t c h  V a r i a b l e  Speed C o n s t a n t  RPM 

Fixed R a t i o  V a r i a b l e  Speed 

Both s o l u t i o n s  r e q u i r e  cus tom a n d ,  t h e r e f o r e ,  e x p e n s i v e  equ ipmen t .  A t h i r d  
s o l u t i o n  would be a  f i x e d  r a t i o  t r a n s m i s s  i on  d r i v i n g  a  v a r i a b l e  speed  g e n e r a t o r  
p r o d u c i n g  v a r i a b l e  f r e q u e n c y  a-c power which c o u l d  t h e n  be r e c t i f i e d  and t h e  
r e s u l t i n g  d-c power i n v e r t e d  t o  p r o d r ~ c e  c o n s t a n t  f r e q u e n c y  a-c power. B u t ,  a s  
w i l l  be shown l a t e r ,  t h i s  sys t em would be  e x p e n s i v e  and t h e r e f o r e  u n d e s i r a b l e .  

A r o t o r  o p e r a t i n g  a t  c o n s t a n t  rpm, when mated t o  a f i x e d  r a t i o  t r a n s m i s s i o n  
and a  c o n s t a n t  speed g e n e r a t o r ,  w i l l  p roduce  c o n s t a n t  f r e q u e n c y  a-c power.  Two 
methods  e x i s t  t o  m a i n t a i n  a  f i x e d  r o t o r  s p e e d .  The f i r s t  u t i l i z e s  v a r i a b l e  
b l a d e  p i t c h  t o  m a i n t a i n  s p e e d .  However, a s  was s t a t e d  e a r l i e r ;  t h e  s i m p l e ,  
p a s s i v e  b l a d e  p i t c h  mechanism o f  t h e  UTRC d e s i g n  d o e s  n o t  p e r m i t  a  b l a d e  p i t c h  
v a r i a t i o n  independen t  o f  t h e  r o t o r  s p e e d .  T h e r e f o r e ,  i f  t h e  b l a d e  p i t c h  i s  t o  
be  v a r i e d ,  t h e  r o t o r  speed  must  f i r s t  be changed.  Hence o p e r a t i o n  i n  c o n f i -  
g u r a t i o n  l b  ( T a b l e  1 1 )  i s  i m p o s s i b l e .  T h e r e f o r e ,  t o  o p e r a t e  a t  c o n s t a n t  r o t o r  
s p e e d  a n  e x t e r n a l  g o v e r n i n g  d e v i c e  must  be  c o n n e c t e d  t o  t h e  r o t o r .  An i n d u c t i o n  
g e n e r a t o r  i s  such a  d e v i c e .  I t s  r o t a t i o n a l  speed  i s  d e t e r m i n e d  by  t h e  power 
l i n e  f r e q u e n c y  t o  which i t  is c o n n e c t e d ,  and i s  c o n s t a n t  from n o  load  t o  r a t e d  
power w i t h i n  10%.  C o n f i g u r a t i o n  l a ,  t h e r e f o r e ,  i s  a  v i a b l e  c a n d i d a t e  f o r  e f -  
f i c i e n t  power g e n e r a t i o n .  T h i s  scheme o f  o p e r a t i o n  is  h i g h l y  d e s i r a b l e  f o r  
s e v e r a l  r e a s o n s .  F i r s t ,  t h e  g e n e r a t o r  o u t p u t  f r e q u e n c y  and v o l t a g e  i s  t h a t  o f  
t h e  power l i n e s .  A l l  t h e  power produced by  t h e  r o t o r  c a n  be c o n v e r t e d  by t h e  
g e n e r a t o r ;  t h e r e  is  no  h i g h  power c u t o u t  r e q u i r e d  and t h e  g e n e r a t o r  c a n  be  
s i z e d  f o r  peak  power a t  f a i r l y  low wind s p e e d s  s i n c e  t h e  power c o e f f i c i e n t  
d e c r e a s e s  a t  h i g h  wind s p e e d s  due  t o  o f f - d e s i g n  o p e r a t i o n .  The e f f i c i e n c y  o f  
t h e  e l e c t r i c a l  c o n v e r s i o n  h a r d w a r e  is h i g h  and t h e  c o s t  i s  low,  r e s u l t i n g  i n  an 
o p t i m i z a t i o n  o f  $/kW. 



T h e r e f o r e ,  when t h e  UTRC wind t u r b i n e  g e n e r a t o r  i s  o p e r a t e d  i n  p a r a l l e l  
w i t h  an e x i s t i n g  s o u r c e  of  60 Hz a-c power,  t h e  r o t o r  w i l l  be o p e r a t i n g  i n  a  
c o n s t a n t  rpm, c o n s t a n t  b l a d e  p i t c h ,  v a r y i n g  v e l o c i t y  r a t i o  mode. For t h e  u s e r  
t o  e f f i c i e n t l y  c o n v e r t  wind t o  e l e c t r i c a l  e n e r g y  i t  i s  d e s i r a b l e  t o  o p t i m i z e  
t h e  v e l o c i t y  r a t i o  f o r  t h e  u s e r ' s  annua l  mean wind v e l o c i t y .  From F i g .  1 3  i t  
c a n  be s e e n  t h a t  t h e  maximum Cp  o c c u r s  a t  a  v e l o c i t y  r a t i o  of about  7 . 5 .  

The r o t o r ' s  v e l o c i t y  r a t i o  i s  a  f u n c t i o n  of r o t o r  t i p  speed and wind 
s p e e d :  V R  = 12R/VW. The wind s p e e d ,  Vw, i s  a  func t  ion of t h e  t u r b i n e  s i t e  
o n l y ,  and t h e  r o t o r  t i p  speed i s  a  f u n c t i o n  of r o t o r  d i a m e t e r  (D); speed in- 
c r e a s e r  g e a r  r a t i o  (GR); and t h e  r a t e d  speed of  t h e  g e n e r a t o r  (NE) a s  f o l l o w s :  

I O R  = % x . x D / 2 .  Therefore, V H  = '14 D/ 2 
60 GR 60 GR V W  

S i n c e  t h e  r o t o r  d i a m e t e r  i s  f i x e d  a t  9 .45 m ,  and t h e  wind speed i s  a  g i v e n  
v a l u e  dependent  on t h e  wind s i t e  o n l y ,  t h e  r o t o r ' s  v e l o c i t y  becomes a  f u n c t i o n  
o f  g e n e r a t o r  speed and g e a r  r a t i o s .  G e n e r a t o r s  a r e  a v a i l a b l e  which a r e  r a t e d  
a t  9 0 0 ,  1200,  1800,  and 3600 rpm. However, due  t o  mass p r o d u c t i o n  and g e n e r a t o r  
ava  i l a b i  1  i t v ,  t h e  1800-rpm g e n e r a t o r  i s  c o n s i d e r a b l y  c h e a p e r  and was ,  t h e r e f o r e  
s e l e c t e d  f o r  power g e n e r a t i o n .  T h i s  l e a v e s  v e l o c i t y  r a t i o  a s  a  f u n c t i o n  o f  
g e a r  r a t i o ,  o n l y .  The r o t o r ' s  v e l o c i t y  r a t i o  and c o n s e q u e n t l y  t h e  power c o e f f i -  
c i e n t  w i l l  v a r y  wi th  g e a r  r a t i o  a s  shown i n  F i g .  18a and 18b a t  wind s i t e s  o f  
7  m/s and 9 m/s ,  r e s p e c t i v e l y .  A s  shown, t h e  peak power c o e f f i c i e n t  a t  t h e  low 
wind s i t e  is  produced a t  a  g e a r  r a t i o  of  a p p r o x i m a t e l y  1 :17 ,  w h i l e ,  a t  t h e  h i g h  
speed s i t e  ( l a b )  a  g e a r  r a t i o  of  a p p r o x i m a t e l y  1  :14 p roduces  peak power. It i s  
e v i d e n t  t h a t  each d i s c r e t e  wind s i t e  w i t h  i t s  own v e l o c i t y  d u r a t i o n  curve  would 
r e q u i r e  a  speed i n c r e a s e r  w i t h  r a t i o s  s e l e c t e d  f o r  t h a t  s i t e ,  t o  o p t i m i z e  power 
o u t p u r .  T h i s  would r e s u l t  i n  a  wind t u r b i n e  system FJh.ict? is custOm designed 
f o r  each wind s i t e  and would r e q u i r e  t h e  p u r c h a s e  of  d i f f e r e n t  speed i n c r e a s e r s  
t o  meet t h e  needs  o f  t h e  i n d i v i d u a l  u s e r .  S i n c e  t h e  c o s t  o f  a  s i n g l e  u n i t  de- 
c r e a s e s  w i t h  t h e  number of  s i m i l a r  u n i t s  p u r c h a s e d ,  t h e  p u r c h a s e  of  l a r g e  numbers 
o f  d i f f e r i n g  u n i t s  would n o t  be  c o s t  e f f e c t i v e .  It i s ,  t h e r e f o r e ,  recommended, 
t h a t  o n l y  two b a s i c  wind t u r b i n e  g e n e r a t o r s  be  o f f e r e d  f o r  p a r a l l e l  o p e r a t i o n  
w i t h  an e x i s t i n g  s o u r c e  o f  6 0  Hz a-c power . .  The low wind s i t e  u n i t  would i n c o r -  
p o r a t e  a  1 :17  speed i n c r e a s e r  and would o p e r a t e  a t  optimum v e l o c i t y  r a t i o  a t  a  
mean wind speed o f  about  5  m / s .  The h i g h  wind s i t e  u n i t  would come w i t h  a  1 :14 
i n c r e a s e r ,  and i t  would be op t imized  a t  a mean wind speed of  about 9 m / s .  

Rotor  power o u t p u t  a s  a  f u n c t i o n  of  wind speed i s  p r e s e n t e d  i n  F i g .  19 
f o r  bo th  t h e  h i a h  and low wind u n i t s .  The h i g h  wind u n i t  (65.5-m/s t i p  speed)  
p roduces  more power a t  a  h i g h e r  wind speed than  t h e  low speed u n i t  ( 5 3 . 3  m / s ) ,  
a l t h o u g h  a t  t h e  expense  o f  reduced power a t  t h e  lower wind s p e e d s .  T h i s  is 
r e f l e c t e d  i n  t h e  annual  e n e r g y  o u t p u t  of t h e  u n i t s  a t  low mean wind v e l o c i t i e s  
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Fig .  19 Constant  rpm Mode o f  Operat ion 



( F i g .  20)  where t h e  low speed  u n i t  shows a  h i g h e r  power o u t p u t  and l e s s  down- 
t i m e  ( F i g .  21)  t h a n  t h e  h i g h  speed  u n i t .  T h i s  i s  due  p r i m a r i l y  t o  t h e  lower  
c u t - i n  speed  o f  t h e  low speed  u n i t ,  which c u t s  i n  a t  a  wind speed  o f  3 . 4  m / s .  
The h i g h  speed u n i t  c u t s  i n  a t  a  wind speed  o f  5 m / s .  T h i s  a d v a n t a g e  o f  t h e  
low speed  u n i t ,  which i s  o p t i m i z e d  f o r  a  low wind s i t e  and t h e r e f o r e  c a n  
e x t r a c t  t h e  lower e n e r g y  c o n t e n t  o f  lower  wind s p e e d s  more e f f i c i e n t l y ,  q u i c k l y  
d i s a p p e a r s  w i t h  i n c r e a s i n g  mean wind s p e e d .  T h i s  i s  due  t o  t h e  f a c t  t h a t  t h e  
h i g h  speed u n i t  can  more e f f i c i e n t l y  c o n v e r t  t h e  h i g h  e n e r g y  c o n t e n t  o f  h i g h e r  
wind s p e e d s  even  though t h e  t ime d u r a t i o n  a t  h i g h  s p e e d s  may b e  r e l a t i v e l y  s h o r t  

Mode 111 Per fo rmance  

The s t a n d - a l o n e  sys t em (Mode 111)  h a s  no e x t e r n a l  s o u r c e  o f  6 0  Hz a-c 
power.  T h e r e f o r e ,  i t  c a n n o t  o p e r a t e  w i t h  an i n d u c t i o n  moto r  wh ich ,  a s  was 
shown e a r l i e r ,  a c t e d  a s  a  r o t o r  speed  g o v e r n o r .  A l s o ,  s i n c e  t h e  i n h e r e n t  
d e s i g n  o f '  t h e  UTRC wind t u r b i n e  g e n e r a t o r  i n c l u d e s  a  p a s s i v e  p i t c h  mechanism,  
where  b l a d e  p i t c h  c a n n o t  be  v a r i e d  i n d e p e n d e n t l y  o f  rpm, t h i s  sys t em c a n n o t  
o p e r a t e  a t  a f i x e d  r o t o r  s p e e d .  I n  t h i s  s t a n d - a l o n e  mode, t h e  sys t em o p e r a t e s  
a t  more  n e a r l y  a  c o n s t a n t  v e l o c i t y  r a t i o .  I n  t h i s  o p e r a t i n g  mode; a s  t h e  wind 
speed  v a r i e s  s o  d o e s  t h e  r o t o r  s p e e d ;  and s i n c e  t h e  b l a d e  p i t c h  a n g l e  is  a  
f u n c t i o n  o f  r o t o r  s p e e d ,  s o  d o e s  t h e  b l a d e  p i t c h  a n g l e  v a r y  w i t h  rpm. AS was 
d i s c u s s e d  e a r l i e r ,  r o t o r  power o u t p u t  i s  maximized a t  o n l y  o n e  c o m b i n a t i o n  o f  
v e l o c i t y  r a t i o  ( 7 . 5 )  and b l a d e  p i t c h  a n g l e  (0"). The power o u t p u t  f o r  t h i s  
mode o f  o p e r a t i o n  is  shown i n  F i g .  22. The a c t u a l  o p e r a t i n g  p o i n t s  would 
r e p r e s e n t  t h e  enve lope  o f  t h e  v a r i o u s  c u r v e s  shown. The a n n u a l  power o u t p u t  
o f  t h e  s t a n d - a l o n e  s y s t e m ,  a s  a  f u n c t i o n  o f  mean wind s p e e d ,  i s  shown i n  F i g .  
2 3  and t h e  sys t em downtime i s  p r e s e n t e d  i n  F i g .  24. 

3 

Summaries o f  t h e  pe r fo rmance  c h a r a c t e r i s t i c s  i n  b o t h  t h e  Mode I and I1 and 
Mode 111 o p e r a t i n g  c o n d i t i o n s  a r e  g i v e n  i n  T a b l e  1 2 .  

E l e c t r i c a l  Des ign  

S i n c e  Modes I and II  a r e  s i m i l a r ,  i n  t h a t  t h e  t u r b i n e  is o p e r a t e d  i n  
p a r a l l e l  w i t h  an e s t a b l i s h e d  s o u r c e  o f  60  Hz a-c power,  t h e  r e s u l t i n g  d e s i g n  
c a n  be  t h e  same f o r  b o t h .  The d e s i g n  f o r  Mode I and I1 o p e r a t i o n  u s e s  a  3- 
p h a s e  i n d u c t i o n  m o t o r ,  d r i v e n  above synchronous  speed by. t h e  r o t o r .  The power 
g e n e r a t i o n  scheme f o r  t h e  Mode 111, s t a n d  a l o n e  s y s t e m ,  i s  a  d-c g e n e r a t o r  f o r  
c h a r g i n g  o f  l e a d  a c i d  b a t t e r i e s  o r  other d-c l o a d .  

To a r r i v e  a t  an  optimum s o l u t i o n  f o r  power g e n e r a t i o n  i n  any o f  t h e  t h r e e  
modes o f  o p e r a t i o n  s e v e r a l  f a c t o r s  such  a s  c o s t ,  e f f i c i e n c y ,  c o m p l e x i t y ,  and 
reliability had t o  be c a r e f u l l y  we ighed .  Jn a d d i t i o n ,  f o r  Mode I g e n e r a t i o n ,  
a d d i t i o n a l  r e s t r i c t  i o n s  imposed by p u b l i c  u t i l i t i e s  on power co -gene ra t  i o n  
s y s t e m s  had r o . b e  m e t .  



ANNUAL MEAN WIND SPEED, MIS 

FYg. 20 Annual Energy Output,  Modes I & I1 
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Fig. 21 Annual. P e r c e n t  I)owntime, Modes I ti T I  
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TABLE 12 

No. o f  Blades  

Blade  Chord 

A i r f o i l  S e r i e s  

Pre- Cone 

S o l i d i t y  

SLaLic Blade  Pitch 

PERFORMANCE SUMMARY 

Modes I and I1 Mode 111 
Low Speed ~ n i c /  
High Speed U n i t  . 

Rotor  Diameter  9 .45 m. 9 .45 n 

Rated Wind Speed 8 .93  m / s  8 .93 m / s  

Ro tor  . T i p  Speed a t  VRATED 53.3165 .S.m/s . . 5 3 . 3 m / s  - 
. . 

Blade  P i t c h  a t  VRATED 

. R o t o r  Power Output a t  VMTE., 11.1113.6kW -13.0 kW 

G e n e r a t o r  Power O u t p u t ' a t  V 9.5111.7 kW 12.2.  kW 
RATED 

Cut-In Wind Speed 3.3616 m / s  3.0 m / s  

Cut-Out Wind Speed 22.9/21 m/s 22.9 m / s  

Annual E l e c t r i c a l  Power Output  a t  Vmm = 5 m l s  20,000/1'6,500 kkh 20,000 kwh 



Modes I 6 I1 

Three  power g e n e r a t i n g  schemes  were  i n v e s t i g a t e d  t o  d e t e r m i n e  t h e  optimum 
method o f  c o n v e r t i n g  wind e n e r g y  t o  e l e c t r i c a l  e n e r g y  when used  i n  p a r a l l e l  - 
w i t h  an e x i s t i n g  s o u r c e  of  60 Hz a-c power. The t h r e e  schemes i n c l u d e :  a )  a  
d - c . g e n e r a t o r ,  b )  a  s y n c h r o n o u s  a-c g e n e r a t o r ,  and c )  a n  a-c i n d u c t i o n  g e n e r a -  
t o r .  The c h a r a c t e r i s t i c s  of  t h e  t h r e e  g e n e r a t o r s  a r e  summarized i n  T a b l e  13 .  
The d-c g e n e r a t o r  and t h e  s y n c h r o n o u s  a-c g e n e r a t o r  a.re c o m p l e t e l y  a d e q u a t e  f o r  
g e n e r a l  p u r p o s e s ,  b u t  when used  t o  change  wind e n e r g y  t o  e l e c t r i c a l  e n e r g y  t o  
supp lemen t  power from a  p u b l i c  u t i l i t y  t h e s e  two h a v e  i n h e r e n t  c o m p l i c a t i o n s  
no t  e x p e r i e n c e d  by t h e  i n d u c t i o n  g e n e r a t o r .  The o u t p u t  of  t h e  d-c g e n e r a t o r  
must  be c o n v e r t e d  from va r i ab1 . e  v o l t a g e  d-c t o  c o n s t a n t  v o l t a g e ,  c o n s t a n t  f r e -  
quency a-c.  T h i s  can' be done by a  v o l t a g e  r e g u l . a t o r  and an  e l e c t r i c a l  i n v e r t e r .  
The r e s u l t a n t  a-c v o l t a g e  wave s h a p e  may n o t  be t h e  i d e a l  s i n u s o i d a l  s h a p e  
r e q u i r e d  by t h e  u t i l i t y .  To p r o v i d e  low wave-form d i s t o r t i o n  r e q u i r e s  h i g h  
q u a l i t y ,  and h e n c e ,  h i g h  c o s t  i n v e r t e r s .  

The s y n c h r o n o u s  a-c g e n e r a t o r ,  when d r i v e n  by a  v a r y i n g  speed  wind  t u r b i n e  
w i t h  p a s s i v e  p i t c h  c o n t r o l ,  wi 1 1  be  p r o d u c i n g  v a r i a b l e  f r e q u e n c y  a-c power 
which must be ' r e c t i f i e d  t o  d-c and t h e n  i n v e r t e d  t o  c o n s t a n t  f r e q u e n c y  a-c. I n  
a d d i t i o n ,  b o t h  t h e  d-c g e n e r a t o r  and t h e  s y n c h r o n o u s  a-c g e n e r a t o r  r e q u i r e  an 
a u t o m a t i c  shutdown s y s t e m  which s e n s e s  a  power g r i d  . f a i l u r e  and immed ia t e ly  
d i s c o n n e c t s  t h e  g e n e r a t o r  from t h e  g r i d .  These  two schemes ,  t h e r e f o r e ,  r e q u i r e  
a d d i t i o n a l  c o n v e r s i o n  ha rdware  which  s e r v e s  t o  d e c r e a s e  s y s t e m  r e l i a b i l i t y  and 
e f f i c i e n c y  w h i l e  i n c r e a s i n g  t h e  o v e r a l l  s y s t e m  c o s t .  

None of  t h e  above men t ioned  u n f a v o r a b l e  c h a r a c t e r i s t i c s  e x i s t  f o r  t h e  
i n d u c t i o n  g e n e r a t o r .  I f  t h e  v o l t a g e  of  t h e  power l i n e s  became z e r o ,  t h e  
v o l t a g e  o f  t h e  i n d u c t  i o n  g e n e r a t o r  would i n s t a n t l y  become z e r o .  I t  i s  t h e r e f o r e  
s e l f  (and  i n s t a n t a n e o u s 1 . y )  c l . e a r i n g  from t h e  power g r i d  i n  t h e  e v e n t  o f  a  g r i d  
f a u l t .  The s p e e d  o f  t h e  i n d u c t i o n  g e n e r a t o r  can  v a r y  s l i g h t l y  w i t h  c h a n g i n g  
wind s p e e d ,  h11t t h e  f r e q u e n c y  o f  i t s  o u t p u t  r e m a i n s  t h a t  of  t h e  power l i n e s  t o  
which i t  i s  c o n n e c t e d .  No c o n v e r s i o n  c i r c u i t s  a r e  r e q u i r e d .  The o n l y  e x t e r n a l  
equipment  r e q u i r e d  by t h e  w ind -d r iven  i n d u c t i o n  g e n e r a t o r  would be a  speed  
s w i t c h  t o  c o n n e c t  t h e  g e n e r a t o r  t o  t h e  g r i d  when i t s  speed  i s  g r e a t e r  t h a n  i t s  
s y n c h r o n o u s  s p e e d  and t o  d i s c o n n e c t  i t  when t h e  t u r b i n e  d e c e l e r a t e s  t o  syn-  
c h r o n o u s  s p e e d .  T h i s  s w i t c h  i s  no t  a  s a f e t y  o r  o p e r a t i o n a l  r e q u i r e m e n t  o f  t h e  
u t i l i t i e s  b u t  i s  r e q u i r e d  tp o p t i m i z e  t h e  o v e r a l l  e f f i c i e n c y  o f  t h e  s y s t e m ,  by 
p r e v e n t i n g  t h e  g e n e r a t o r  from d r i v i n g ' t h e  r o t o r .  Thus ,  t o  meet t h e  r e q u i r e m e n t s  
o f  sys t em simp1 i c i t y ,  r e l i a b i l i t y ,  e f f i c i e n c y ,  and low c o s t ,  a n  i n d u c t i o n  
g e n e r a t o r  was s e l e c t e d  t o  p r o v i d e  e l e c t r i c a l  e n e r g y  i n  Modes 1 6 11. 

T h e ' w i n d  t u r b i n e  r o t o r ' s  a e rodynamic  power c u r v e  i n  Modes I 6 I1 was 
p r e s e n t e d ,  i n  F i g .  19.  Peak r o t o r  power o u t p u t  i s  e x p e c t e d  t o  be 1 5  kW a t  a  
r o t o r  t i p  s p e e d  o f  53 .5  m / s  ( 1 7 5  f t / s ) .  T h i s  c o r r e s p o n d s  t o  a  s h a f t  speed  of 



F u l l  LC ad 
Genera to r  Ef f  i c  i ~ n c y  

cn .Synchronous a-c 85% 
J 3  

(G.E. SJ324) 

I n d u c t i o n  a-c . 88% 
(Baldor)  

TABLE 1 3  

ELECTRICAL GENERATING SCHEPIES 

Modes I and I1 

Turbine  Vol tage Required 
Operat  ior. Output Frequency P r i c e  E l e c t r i c a l  Hardware 

V a r i a b l e  S ~ e e d  V a r i a b l e  0 $3900 Vol tage r e g u l a t o r ,  i n v e r t e r ,  
s e l f - c l e a r i n g  network 

V a r i a b l e  speed V a r i a b l e  V a r i a b l e  $3470 Vol tage  r e g u l a t o r ,  r e c t i f i e l  
i n v e r t e r ,  s e l f - c l e a r i n g  n e t t  

Constant  speed Cons tan t  60 Hz $ 470 Speed s w i t c h  



108  rpm. The i n d u c t i o n  motor  ( c a l l e d  g e n e r a t o r  from now o n )  must  t h e r e f o r e  be  
c a p a b l e  o f  a b s o r b i n g  u p  t o  1 5  kW o f  wind power and c o n v e r t i n g  t h i s  e f f i c i e n t l y  
t o  e l e c t r i c a l  e n e r g y .  A 20-hp (15-kW)-Baldor t h r e e - p h a s e  i n d u c t i o n  mo to r  was 
s e l e c t e d  a s  t h e  g e n e r a t o r  f o r  Modes I & 11. Based on s m a l l  mo to r  ( 3 1 4 . h ~ )  ' 

c a l i b r a t i o n  t e s t s ,  r e p o r t e d  e a r l i e r ,  and m a n u f a c t u r e r s '  l i t e r a t u r e ,  a n  o v e r -  
a l l  c o n v e r s i o n  e f f i c i e n c y  f o r  t h i s  g e n e r a t o r  s h o u l d  be a p p r o x i m a t e l y  88% a t  
r a t e d  power.  The g e n e r a t o r  w i l l  be  d r i v e n  above  s y n c h r o n o u s  speed  (1760  rpm) 
t h r o u g h  an FMC i n l i n e  g e a r b o x  w i t h  a  n u m e r i c a l  r a t i o  o f  1 :17 .1 .  The q u o t e d  
g e a r b o x  e f f i c i e n c y  i s  98% a c c o r d i n g  t o  t h e  m a n u f a c t u r e r .  The t o t a l  c o n v e r s i o n  
e f f i c i e n c y  o f  t h e  d r i v e  sys t em i s ,  t h e r e f o r e ,  e x p e c t e d  t o  be a p p r o x i m a t e l y  86%.  
An e l e c t r i c a l  s c h e m a t i c  showing t h e  hookup o f  t h e  i n d u c t i o n  g e n e r a t o r  t o  p u b l i c  
u t i l i t y  l i n e s ,  i n  a d d i t i o n  t o  a l l  e l e c t r i c a l  h a r d w a r e ,  i s  p r e s e n t e d  i n  F i g .  25 .  

I n i t i a l l y ,  s i n c e  t h e  speed  s w i t c h  h a s  n o t  d e t e c t e d  any g e n e r a t o r  s p e e d ,  
t h e  g e n e r a t o r  i s  d i s c o n n e c t e d  f rom t h e  u t i l i t y  g r i d  due  t o  s w i t c h  S1  b e i n g  
open .  A s  t h e  wind speed  i n c r e a s e s ,  t h e  r o t o r  speed  w i l l  i n c r e a s e  u n d e r  no- 
l o a d  c o n d i t i o n s  u n t i l  t h e  g e n e r a t o r  i s  t u r n i n g  a t  l e a s t  1780 rpm.  his c o r -  
r e s p o n d s  t o  a  r o t o r  t i p  speed  o f  51.5 m/s ( 1 6 9  f t / s ) .  At t h i s  p o i n t  t h e  speed  
s w i t c h  c o n t a c t s .  c l o s e ,  c a u s i n g  t h e  m a g n e t i c  s w i t c h  S1 t o  be e n e r g i z e d  and 
c l o s e d ,  t h e r e b y  c o n n e c t i n g  t h e  g e n e r a t o r  t o  t h e  u t i l i t y  g r i d .  The g e n e r a t o r  
i s  now p r o d u c i n g  i o w e r  which is  b e i n g  a b s o r b e d  by t h e  g r i d .  A s  t h e  wind speed  
b u i l d s ,  t h e  r o t o r  w i l l  t r y  t o  a c c e l e r a t e .  The g e n e r a t o r ,  however ,  r e t a r d s  t h e  
r o t o r  a l l o w i n g  r o t o r  s p e e d  t o  o n l y  b u i l d  s l o w l y .  The ae rodynamic  power a v a i l -  
a b l e  d i c t a t e s  t h e  amount o f  r o t o r  s p e e d  i n c r e a s e .  The g e n e r a t o r  w i l l  a b s o r b  
r a t e d  power ( 1 5  kW) a t  a  s l i p  o f  10% above  r a t e d .  T h i s  means t h a t  when t h e  
g e n e r a t o r  i s  a t  f u l l  power i t s  s h a f t  s p e e d  w i l l  be  1 . 1  x  1760 rpm o r  1936 rpm, 
which c o r r e s p o n d s  t o  a  r o t o r  s h a f t  s p e e d  o f  1 1 3  rpm o r  56-1111s ( 1 8 4 - f t l s )  t i p  A'. 

s p e e d . '  T h i s  c o n d i t i o n  would o c c u r  a t  wind s p e e d s  be tween 11.2-13 m/s (25-29 
mph).  A s  t h e  wind s p e e d  i n c r e a s e s  ,above 1 3  m/s ( 2 9  mph),  t h e  r o t o r ' s  power 
o u t p u t  due  t o  r o t o r  s t a l l  would  b e g i n  t o  d e c r e a s e ,  c a u s i n g  a  d e c r e a s e  i n  t h e  
g e n e r a t o r  s l i p  r e s u l t i n g  i n  a  d e c e l e r a t i o n  o f  t h e  r o t o r .  T h e r e  a r e  two p o s s i b l e  
s c e n a r i o s  which would o c c u r  a s  wind speed  i n c r e a s e s .  R o t o r  t o r q u e  c o u l d  d r o p  
be low t h e  l e v e l  t o  s u s t a i n ,  s y n c h r o n o u s  rpm, and t h e  s p e e d  s w i t c h  S1  would 
d e c o u p l e  t h e  g r i d ,  o r  power s o u r c e .  The r o t o r  rpm would c o n t i n u e  t o  d r o p  u n t i l  
t h e  pendulum c o n t r o l  r e d u c e d  b l a d e  p i t c h  u n t i l  a c c e l e r a t i n g  t o r q u e  was a g a i n  
g e n e r a t e d ,  a t  which p o i n t ' t h e  rpm and p i t c h  would i n c r e a s e  and s t a b i l i z e  
i n  a  s t a l l e d  c o n d i t i o n .  A more l i k e l y  s c e n a r i o  i s  t h e  c a s e  i n  which  rpm d o e s  
n o t  d r o p  below s y n c h r o n o u s  speed  and t h e  s y s t e m  c o n t i n u e s  t o  g e n e r a t e  power. 
As wind s p e e d  i n c r e a s e s ,  power o u t p u t  i n c r e a s e s  u n t i l  l i n e  c u r r e n t  e x c e e d s  t h e  
f u s e  r a t i n g  a t  which p o i n t  t h e  power s o u r c e  i s  d e c o u p l e d .  The ro to r  rpm will 
t h e n  i n c r e a s e  u n t i l  t h e  pendulum c o n t r o l  p r o d u c e s  s t a l l  and a  s t a b l e  c o n d i t i o n  
i s  r e a c h e d .  T h i s  l a t t e r  c a s e  was d e m o n s t r a t e d  i n  a  wind t u n n e l  t e s t  conduc ted  
s u b s e q u e n t  t o  t h i s  d e s i g n  s t u d y .  

The m a n u f a c t u r e r s  o f  t h e  v a r i o u s  e l e c t r i c a l  components ,  a l o n g  w i t h  p r i c e s ,  
a r e  p r e s e n t e d  i n  T a b l e  14 .  
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Generator 

TABLE 14 

ELECTRICAL HARDWARE - 

Modes I & I1 b 

3-phase Baldor Induct ion ?lotor 
Model 256TC 

' 20 hp - 1800 rpm - 208 Vac 
Overspeed Capability - 3450 rpm 
Estimated Conversion Efficiency 88X 
Cost $405 

Elagnetic Contactor 
Square D Model SEG2 
3-phase 230 Vac 90 A 
Cost $240 

Power Slip Rings 
Kirkwood Industries 
90 A 6 rings 
Cost $150 

Mode I11 

Generator 
30 .hp d-c Generator 
1800 rpm' 
Estimated Conversion Efficiency 80% 
Cost $4980 

Tachometer Switch 

Speed Detectors, Inc. 
Model ESS-1 
115 Vac 
Variable cut-in speed to 5000 rpm 
Cost $138 

Fusible.Safety Switch 
Square D Model H363 RB 
100 A 
Cost $221 

Fusible Safety Switch 
Square D Model H363RB 
100 A 
Cost $221 

Power Slip Rings 
Kirkwood Industries 
105 A 2 rings 
Cost $138 



Mode I11 

The r e q u i r e m e n t s  f o r  powe'r g e n e r a t i o n ,  i n  t h e  s t and-a lone  wind t u r b i n e  
s y s t e m ,  a r e :  

a .  t h e  g e n e r a t ' o r  s h a l l  produce c o n s t a n t  vo , l t age  dLc power, o r  
b .  t h e  g e n e r a t o r  s h a l l  produce 60 Hz c o n s t a n t  v o l t a g e  a-c 

D-c power can be g e n e r a t e d  i n  two ways. A d-c g e n e r a t o r  w i t h  a  v o l t a g e  
r e g u l a t o r  w i l l  g e n e r a t e  c o n s t a n t  v o l t a g e  d-c power f o r  b a t t e r y  c h a r g i n g  o r  f o r  
r e s i s t a n c e  loads  a t  t h e  u s e r ' s  s i t e ,  such a s  h e a t e r s ,  i n c a n d e s c e n t  l i g h t s  and 
d-c m o t o r s .  An a-c a l t e r n a t o r  w i t h  v o l t a g e  r e g u l a t i o n  and r e c t i f i c a t i o n  w i l l  
a l s o  produce d-c power i n  a  manner s i m i l a r  t o  a  d-c g e n e r a t o r .  

The g e n e r a t i o n  of  60 Hz c o n s t a n t  v o l t a g e  a-c p n w e t ,  i n  t h e  s t a n d - a l o n e  
s y s t e m ,  becomes s l i g h t l y  more c o m p l i c a t e d .  The a l t e r n a t o r ,  al . though producing 
a - c ,  d o e s  so  a t  v a r y i n g  f r e q u e n c i e s  due t o  t h e  speed v a r i a t i o n  of t h e  prime 
mover i n h e r e n t  i n  t h i s  r o t o r  d e s i g n .  T h i s  is  an u n a c c e p t a b l e  power s o u r c e  f o r  
a-c motors  which r e q u i r e  60 Hz v o l t a g e .  By r e c t i f y i n g  t h e  r e g u l a t e d  power,  d-c 
i s  o b t a i n e d  which can be used t o  charge  a  bank o f  s t o r a g e  b a t t e r i e s ,  i n  e f f e c t  
c r e a t i n g  a  l a r g e  e l e c t r i c  f i l t e r  where t h e  o u t p u t  power i s  n o t  g r e a t l y  a f f e c t e d  

by s m a l l  v a r i a t i o n s  i n  t h e  r o t o r  power o u t p u t .  S i m i l a r l v ,  a  d-c g e n e r a t o r  
c o u l d  be used t o  charge  b a t t e r i e s .  Once a  s u p p l y  o f  d-c power i s  e s t a b l i s h e d ,  
an i n v e r t e r  can be i n t r o d u c e d  i n t o  t h e  sys tem t o  p r o v i d e  60 Hz, a-c power which 
c a n  now b e  consumed by e l e c t r i c  motors .  A schemat ic  o f  t h e  Mode I11 e l e c t r i c a l  
sys tem i s  shown i n  F i g .  26.  

The n a t u r e  of t h e  s t andu .a lo~ i t !  system, i . e . ,  absence  of 60 Hz power, 
p r e c l u d e s  t h e  u s e  of  Line-cornmutated s ~ ~ c h r o n o u s  i n v e r t e r s .  The i n v e r t e r  must 
be  self-commutat  ing and c a p a b l e  of g e n e r a t i n g  h i g h  q u a l i t y  a-c a t  t h e  lowest  
p o s s i b l e  c o s t .  The P r a t t  & Whitney d i v i s i o n  of  Uni ted  Techno log ies  h a s  pro- 
duced self-commutated p r o t o t y p e  and p r o d u c t i o n  i n v e r t e r s ,  coup led  t o  f u e l  
c e l l s ,  o f  v a r y i n g  power c a p a c i t i e s  from 8 kW t o  4.8 MW. The c o s t  of a power 
i n v e r t e r  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number o f  phases  and i t s  r a t e d  power,  
and i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  number of  u n i t s  b u i l t .  For an approxi-  
m a t i o n  of  i n v e r t e r  c o s t s  s e e  T a b l e  15 .  

The s i z e  of Ll-tt! i n v e r t e r  is  d i c t a t e d  by t h e  u s e r ' s  demand f o r  60 Hz a-c 
power and n o t  by t h e  s i z e  o f  t h e  g e n e r a t o r  o r  s t o r a g e  sys tem.  I n  t h e  s t and-  
a l o n e  s y s t e m ,  t h e  u s e r  can e l e c t  t o  d i s s i p a t e  a l l  o r  p a r t  of h i s  g e n e r a t e d  
power a s  d -c ,  th rough  r e s i s t a n c e  loads  wi th  t h e  i n v e r t e r  be ing  s i z e d  t o  p rov ide  
a-c f o r  t h e  maximum number o f  a-c motors  expec ted  t o  be i n  o p e r a t i o n  a t  any one 
t i m e ,  a l l o w i n g  f o r  s t a r t - u p  o v e r l o a d s .  S i n c e  i t  i s  t h e  u s e r ' s  demand f o r  a -c ,  
and n o t  t h e  c a p a c i t y  o f  t h e  wind t u r b i n e  g e n e r a t o r ,  t h a t  d e t e r m i n e s  t h e  s i z e  of 
t h e  i n v e r t e r ,  t h e  i n v e r t e r  should  he an o p t i o n .  Some u s e r s  may r e q u i r e  no a-c 
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i " ',., - *. ** Est imate  c f  c o s t  t o  produce i n  cquant i t ies-of  10,000/3r .  ' (Not s e l l i n g  p r i ce )  . 



power; some may r e q u i r e  v e r y  l i t t l e  t o  d r i v e  , f r a c t i o n a l  horsepower  m o t o r s ,  whi le  
o t h e r s  may r e q u i r e  most o r  a l l  o f  t h e  g e n e r a t e d  power be a v a i l a b l e  i n  a-c form. 
The u s e r ' s  dependence on a-c power w'ould, t h e r f o r e ,  d i c t a t e  h i s  t o t a l  wind 
e n e r g y  c o n v e r s i o n  sys tem c o s t .  

Co-Gene r a  t  ion  

P u b l i c  U t i l i t i e s  were c o n t a c t e d  t o  d e t e r m i n e  what r equ i rements  e x i s t e d  
f o r  power co-genera t ion .  Many u t i l i t i e s  had no g u i d e l i n e s ,  s e v e r a l  had no 
r e s p o n s e ,  b u t  some companies have g iven  though t  t o  t h e  p o s s i b i l i t y  o f  co-gener- 
a t i o n  and have d e t a i l e d  t h e i r  r equ i rements  i n  w r i t i n g .  One u t i l i t y ,  which 
h a s  f i r m  g u i d e l i n e s  f o r  co -genera t ion  be i t  s o l a r ,  wind,  h y d r o - e l e c t r i c ,  e t c . ,  
i s  N o r t h e a s t  U t i l i t i e s ,  a  New England power company c o v e r i n g  C o n n e c t i c u t  and 
Western M a s s a c h u s e t t s .  They have i n d i c a t e d  t h a t  they  w i l l  c o o p e r a t e  f u l l y  and 
p o s i t i v e l y  wi th  any pe r sons  o r  f i r m s  i n  co-genera t ion  o r  t h e  p r o d u c t i o n  of 
e l e c t r i c i t y  by a l t e r n a t e  methods,  r e g a r d l e s s  of  system s i z e  o r  c a p a c i t y .  The 
company w i l l ,  i f  r e q u e s t e d ,  purchase  any e x c e s s  e l e c t r i c i t y ,  r e g a r d l e s s  of  
q u a n t i t y ,  provided t h a t  such energy c a n  be purchased a t  l e s s  than t h e  c o s t  of 
t h e  company's a l t e r n a t i v e  energy s u p p l y .  The ground r u l e s  f o r  co-generat  ion 
have been t e n t a t i v e l y  e s t a b l i s h e d  a s :  

1.  Power g e n e r a t i o n  of  s i n g l e  phase is  l i m i t e d  t o  15 kW 

2 .  No power l i m i t  e x i s t s  f o r  3-phase g e n e r a t o r s  

3 .  The co-genera to r  must p rov ide  an au tomat ic - synchron iz ing  r e l a y  package t o  
match l i n e  f requency  

4 .  The co-genera t ion  sys tem must c l e a r  i t s e l f ,  a u t o m a t i c a l l y ,  from t h e  company's 
sys tem i n  t h e  even t  of a  power f a u l t  

5 .  G e n e r a t o r  power f a c t o r s ,  a t  l o a d ,  shou ld  exceed 0.9 

6 .  Co-generator  w i l l  r e q u i r e  a  s p e c i a l  c o n t r a c t  

7 .  The approximate  p r i c e  of  e l e c t r i c  ene,rgy purchased by t h e  company from t h e  
. c o - g e n e r a t o r  w i l l  be t h e  company's ave rage  d i s p l a c e d  f u e l  c o s t  l e s s  20%. 

Once t h e  co-genera to r  h a s  s a t i s f i e d  t h e  u t i l i t y  t h a t  h i s  ene rgy  c o n v e r s i o n  
sys tem meets t h e s e  requ i rements  and i s  connected t o  t h e  power g r i d ,  N o r t h e a s t  
U t i l i t i e s  w i l l ,  under  s p e c i a l  c o n t r a c t  w i t h  t h e  c o - g e n e r a t o r ,  buy s u r p l u s  power 
from t h e  co-genera to r  a t  a  r a t e  based on t h e  a c t u a l  c o s t  of t h e  f u e l  saved minus 
a  s e r v i c e  charge  of 20%. For a  co -genera to r  i n  t h e  New England a r e a ,  based on 
p r e s e n t  e l e c t r i c a l  r a t e s ,  t h i s  would r e s u l t  i n  a  r e b a t e  of approx imate ly  $.Ol/kWh. 
I n  a d d i t i o n ,  o f  c o u r s e ,  t h e  co-genera to r  would save approx imate ly  $.O4/kWh when 
g e n e r a t i n g  power f o r  h i s  own consumption.  



Rotor Noise P r e d i c t i o n  

T h e ' n o i s e  produced by t h e  wind t u r b i n e  r o t o r  was c a l c u l a t e d  ' u s ing  a  method . 

deve loped  a t  UTRC. T h i s  method assumes t h a t  t h e  n o i s e  i s  due t o  i n t e r a c . t  ion  of 
t h e  b l a d e  w i t h  i n f l o w  t u r b u l e n c e  which produces  uns teady  f o r c e s  .on t h e  r o t o r  
b l a d e s .  The von Karman spect rum f o r m u l a , ' w h i c h  a s s u m e s . i s o t r o p i c  t u r b u l e n c e ,  
was used t o  model t h e  t u r b u l e n c e .  The o n l y  i n p u t s  needed for t h e  von Karman 
model a r e  t h e  t u r b u l e n c e  i n t e g r a l  s c a l e  and t h e  t u r b u l e n c e  i n t e n s i t y .  Using 
s p e c t r a l  a n a l y s i s  t h i s  ' t u r b u l e n c e  model i s  combined with '  aA a i r f o i l  r e sponse  
f u n c t i o n  t o  y i e l d  t h e  p r e d i c t i o n  scheme used here ' .  .This p r . e d i c t i o n  schenie i s  
d e t a i l e d  more f u l l y  i n  Refs .  8 ,  9 ,  and a s s o c i a t e d  r e f e r e n c e s . . '  

The iirethod ha8 been e x p e r i m e n t a l l y  v e r i f i e d  f a t  t h k  c a s e  .of an a i r f o i l  
moving r e c t  i l i n e a r . 1 ~  through. t u r b u l e n c e ,  a n d .  i n i t i a l  exper iments  f o r .  t h e  
e x t e n s i o n  t o  t h e  c a s e  o f '  r o t a t i o n a l  mot i o n  of a  p r o p e l l e r '  through t u r b u l e n c e  
show e x c e l l e n t  agreement w i t h  t h e o r y .  T h i s . a g r e e m e n t  between t h e o r y  and 
exper iment  i s  e s p e c i a l l y  remarkable  s i n c e  t h e  t h e o r y  g i v e s  an a b s o l u t e  lev 'el  
p r e d i c t  i o n ;  i . e . ,  t h e r e  a r e  no a d j u s t a b l e  c o n s t a n t s  which. ,can be used a f t e r  
t h e  f a c t  t o  improve agreement between t h e o r y  and exper iment .  

. . 
The theory  d o e s  i n c l u d e  t h e  e f f e c t  of  b lade- to-blade .  c o r r e l a t i o n s  which 

a r e  impor tan t  when any eddy i s  chopped more than  once by i blade.. ' 'This is  
e v i d e n t  from t h e  p r e d i c t i o n s  shown i n  F i g .  27  where a t  t h e  lower  f r e q u e n c i e s  
t h e  spec t rum becomes peaked around harmonics  o f , t h e  b l a d e  passage  f requency .  
A t  t h e  h i g h e r  f r e q u e n c i e s  ' ( s m a l l e r  eddy s i z b s )  a .g iven 'cddy' is. chopped by o n l y  
one b l a d e  and t h e  n o i s e  i s  broad band. 

The o v e r a l l  n o i s e  l e v e l ,  dbA, i s  a l s o  showilion F i g .  27  f o r  t h e  t h u e e  
o p e r a t i n g  c o n d i t i o n s .  For o p e r a t  ion  a t  normo.1 Oind c o n d i t i o n s  (Vw - 1 2  nph)  
t h e  o v e r a l l  l e v e l  is  45:l dbA which is e q u i v a l e n t '  t o .  t h e  ' n o i s e  l e v e l  of  a  q u i e t  
a u t o m o b i l e .  A t  t h e  high-wind and t ip-speed. c o n d i t i o n s ,  t h e  dbA te ' aches  70.6 

' 

which may be r e l a t e d  t o  the, n o i s e  l e v e l  of a  busy s t r e e t .  . It shou ld  be n o t e d ,  
however,  t h a t  t h i s  t i p  speed c o r r e s p o n d s  t o  an overspeed .  c o n d i t i o n  'and wn111 rl 

u r ~ l y  be e x p e r i e n c e d  i n  a  power f a ' i l u r e  o r  a t  extreme wind s p e e d s .  : ' 
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SYSTEM DESIGN 

D e s c r i p t i o n s  o f  t h e  m a j o r  c,omponents o f  t h e  wind t u r b i n e  a r e  p r e s e n t e d  
i n  t h i s  s e c t i o n .  The s y s t e m  i s  h r o k e n  down i n t o  f i v e  d e s i g n  a r e a s  which were  

s e p a r a t e l y  s t u d i e d  d u r i n g  t h i s  d e s i g n  p h a s e .  These  c o n s i s t  o f  1 )  b l a d e ,  2 )  
b l a d e / f l e x b e a m  j o i n t ,  3 )  c o n t r o l  pendulum,  4 )  head  componen t s ,  and 5) t o w e r .  
A s  i n d i c a t e d  e a r l i e r ,  t h e  b a s i c  d e s i g n  pu r sued  i n  t h i s  program was i n i t i a t e d  
d u r i n g  an  e a r l i e r  ERDA c o n t r a c t  ( R e f .  3 ) ,  and t h e  m o d i f i c a t i o n s  made t o  t h i s  
b a s i c  d e s i g n  r e s u l t e d  from e x p e r i e n c e  g a i n e d  d u r i n g  t h e  wind t u n n e l  t e s t  con- 
d u c t e d  d u r i n g  t h i s  c o n t r a c t  and t h e  a d d i t i o n a l  r e s e a r c h  t r a d e - o f f s  pe r fo rmed  t o  
p r o d u c e  a  more c o s t  e f f e c t i v e  s y s t e m ,  

Each subsys t em i d e n t i f i e d  above  was m o d i f i e d  t o  some e x t e n t  t o  accommodate 
t h e  s p e c i f i c  r e q u i r e m e n t  s e t  f o r t h  i n  t h e  wnrk. s t a t e m e n t  o f  t h i s  c o n t r a c t  ( R e f .  
1 0 ) .  T h e r e  were  t h r e e  m a i o r  c r i t e r i a  which  gove rned  t h e  d e s i g n :  f i r s t ,  t h e  
s y s t e m  must p roduce  a t  l e a s t  R kW o f  power i n  a  9-m/s ( 2 0 - m ~ h )  wind;  s e c o n d ,  
t h e  r o t o r  c e n t e r  be l o c a t e d  1 6 , 8  m ( 5 5  f t )  a h n v ~  rhe  ground,; and t h i r d ,  t h a t  
t h e  p r o d u c t i o n  s e l l  p r i c e  o f  t h e  s y s t e m  b e  t a r g e t e d  a t  $750/kW. Al though 
maximum r o t o r  s i z e  was n o t  s p e c i f i e d  i n  t h e  work s t a t e m e n t ,  i t  was f e l t  t h a t  
t h e  minimum d i a m e t e r  t o  p roduce  8  kW would be  t h e  b e s t  app roach  from t h e  
s t a n d p o i n t  o f  t h e  i n d i v i d u a l  u s e r .  T h i s  r e s u l t e d  i n  an 8.8-m (28 - f t ) -d i am 
r o t o r ,  a s  d i s c u s s e d  e a r l i e r  i n  t h e  pe r fo rmance  s e c t i o n ;  howeve r ,  t o  improve 
low speed  p e r f o r m a n c e ,  t h e  d i a m e t e r  was i n c r e a s e d  t o  9 .5  m ( 3 1  i t ) .  Di ir ing  t h e  

d e s i g n  of  t h e  o v e r a l l  s v s t e m ,  o t h e r  d e s i g n  d e c i s i o n s  w e r e  n e c e s s a r y  t h a t  re -  
q u i r e d  t r a d e - o f f  s t u d i e s  t o  e v a l u a t e  t h e i r  impact  on sys t em c o s t  and r e l i a b i -  
l i t y .  A q u a l i t a t i v e  m e a s u r e  o f  t h e  rnajnr  d e s i g n  d e c i s i o n s  made i s  p r e s e n t e d  
i n  T a b l e  16 where  t h e  impact  o f  e a c h  d e c i s i o n  on s e v e r a l  c o s t  itens i s  shown 
a s  a  c o s t  f a c t o r  r e l a t i v e  t o  t h e  o r i g i n a l  d e s i g n .  An a t temDt  t o  weigh t h e i r  
o v e r a l l  impact  was made by a s s i g n i n g  a  w e i g h t i n g  f a c t o r  ( w . F . )  t o  each  c o s t  
a r e a ,  t a k i n g  t h e  p r o d u c t  o f  t h i s  f a c t o r  and t h e  c o s t  f a c t o r ,  summing, and 
d i v i d i n g  b y  t h e  sum o f  t h e  w e i ~ h t i n g  f a c t o r s  ( 3 ) .  T h i s  p r o v i d e s  a q u a l i t a t i v e  
m e a s u r e  o f  t h e  c o s t  impact  o f  each  d e c i s i o n  and i s  s h o w  i n  t h e  l a s e  column i n  
T a b l e  16 .  I t  c a n  be seen t h a t  i n  two i n s t a n c e s ,  i n c r e a s i n g  r o t o r  d i a m e t e r  ond 
s e l e c t i n g  a  g e a r  s t e p - u p  o v e r  t h e  b e l t  d r i v e ,  t h a t  t h e  c o s t s  e s c a l a t e d  s l i g h t l v ;  
h o w e v e r ,  o n  t h e  a v e r a g e ,  t h e  m a j o r  d e s i g n  d e c i s i o n s  r e s u l t e d  i n  lower  c o s t s .  

A g e n e r a l  l a y o u t  o f  t h e  c o m p l e t e  s y s t e m  i s  shown s c h e m a t i c a l l y  i n  F i g .  28 .  
F o r  e a c h  o f  t h e  s u b s e c t i o n s .  t h a t  f o l l o w ,  t h e  c o n s i d e r a t i o n s  t h a t  went i n t o  t h e  
d e c i s i o n s  o f  T a b l e  1 6 ,  and o t h e r s ,  w i l l  be d i s c u s s e d  i n  g r e a t e r  d e t a i l .  I t  
s h o u l d  be  n o t e d  t h a t  t h r o u g h o u t ' t h e  d e s i g n  a c t i v i t y  t h e r e  were  d e c i s i o n s  made 
wh i sh  f avored  the p r o t o t y p e  o v e r  t h e  f i n a l  p r o d l i c t i o n  s y s t e m .  I n  o t h e r  w o r d s ,  
t h e  d e s i g n  o r  p u r c h a s e  o f  a  s p e c i f i c  component was m o t i v a t e d  p r i m a r i l y  b y  t h e  
s u c c e s s  p r o b a b i l i t y  o f  t h e  p r o t o t y p e  and s e c o n d a r i l y  b y  t h e  c o s t  e f f e c t  i v e n e b s  
o f  t h e  p r o d u c t i o n  s y s t e m .  T h e r e  were  i n s t a n c e s  where  t h e  d e s i g n  r educed  t h e  



TABLE 16 

Design Decision 

IMPACT OF DESIGN DECISIONS ON COST 

. Cost  actor* 

Purchase Labor t o  Maintenance and Operation Erec t ion  Packaging 
P r i c e  Fab r i ca t e  Replacement Cost Cost and Shipping Summary 

WF = 1.0 1 .O 0.5 0.2 0.2 0 .1  

Inc rease  Diameter t o  9.5 m (31 f t )  1.14 1 .03  1 .0  1 .O 1 .O 1.02 
I 

Foam t o  F/G Blade 0.3 0.2 1 .0  1 .0  1 . 0  1 .0  

ac -Al t e rna to r  t o  Induct ion Motor 0 .3  1 . 0  0.9 0 . 1  1 .0  1 .0  

m 
cn Belt Step-up t o  Gear Box 1 .8  0.7 0 .5  1 . 0  1 . O  0.9 

3 Sec t ion  Tower t o  2 Sec t ions  0.9 0.8 1 .O 1 .0  1 .0  1.1 

* ~ h e g e  c o s t  f a c t o r s  r ep re sen t  a q c a l i t a t i v e  judgment a s  t o  t he  impact of des ign  d e c i s i o n s  ,on cost .compared 
t o  t h e  c o s t  before  t h e  change was. made. The summary column r e f l e c t s  t he  use of weight ing f a c t o r s  (WF) t o  
downgrade t h e  less c o s t l y  cons ide ra t i ons  (such a s  packaging and sh ipp ing ) .  The summary i n d i c a t e s  where 
design d e c i s i o n s  increased  the  c o s t  (above 1.0) o r  decreased the  c o s t  (below 1 . 0 ) .  
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r i s k  o f  t h e  p r o t o t y p e  o p e r a t i o n  b u t  may h a v e  b e e n  t o o  c o n s e r v a t i v e  f o r  a  h i g h  
volume p r o d u c t i o n  s y s t e m . .  F o r  e x a m p l e ,  t h e  p r i m a r y  yaw m o t i o n  may b e  a c h i e v e d  
by a  s i m p l e  low-cos t  b u s h i n g ;  h o w e v e r ,  i t  was f e l t  t h a t  i t s  f r i c t i o n  c h a r a c -  
t e r i s t i c s  c o u l d  n o t  b e  c a l c u l a t e d  w i t h  s u f f i c i e n t  a c c u r a c y  t o  i n s u r e  t h a t  t h i s  
w o u l d  n o t  p o s e  a  p r o b l e m  d u r i n g  f i e l d  t e s t i n g  o f  t h e  p r o t o t y p e .  S i m i l a r  d i l e m -  
mas  w e r e  f a c e d  i n  o t h e r  a s p e c t s  o f  t h e  d e s i g n ;  and i n  mos t  c a s e s ,  t h e  d e s i g n  
s e l e c t i o n  was made t o  improve  t h e  p r o b a b i l i t y  o f  s u c c e s s  o f  t h e  p r o t o t y p e .  
S u c h  d e c i s i o n s  a r e  g e n e r a l l y  a l l  r e v o k a b l e  i n  t h e  e v e n t  t h a t  t h e  p r o t o t y p e  
d e m o n s t r a t e s  o v e r c o n s e r v a t  ism.  A d i s c u s s i o n  o f  some o f  t h e  p o t e n t  i a l  p r o d u c - .  
t i o n  c o s t  s a v i n g s  compared  t o  t h e  p r o t o t y p e  w i l l  be p r e s e n t e d  i n  the c o s t  s t u d y  
s e c t i o n  o f  t h i s  r e p o r t .  

B l a d e  D e s i g n  

The  b a s i c  b l a d e  d i m e n s i o n s  w e r e  d e t e r m i n e d  u n d e r  a n  e a r  l i ' e r  EKUA c o n t r a c t  
( R e f .  3 )  w h e r e  d e s i g n  p a r a m e t e r s  w e r e  v a r i e d  t o  e s t a b l i s h  t h e i r  i n f l u e n c e  on 
p e r f o r m a n c e  and  a e r o l a s t i c  s t a b i l i t y .  I n  summary, i t  h a s  b e e n  shown ( R e f .  1 1 )  
t h a t  p e a k  p e r f o r m a n c e  i s  n o t  s i g n i  f  i c a n t  l y  i n f l u e n c e d  by b l . a d e  a r e a ,  w i t h i n  
r e a l i s t i c  l i m i t s ;  t h e r e f o r e ,  t h e  c h o r d  and number o f  b l a d e s  s e l e c t e d  s h o u l d  be 
b a s e d  on o t h e r  c o n s i d e r a t i o n s .  The p r i n c i p a l  c o n s i d e r a t i o n  f o r  a  h i n g e l e s s  
wind  t u r b i n e .  b l a d e  i s  t h a t  t h e  f u n d a m e n t a l  e d g e w i s e  f r e q u e n c y  ( 1 E )  b e  l o c a t e d  
a b o v e  t h e  r o t a t i o n a l  s p e e d  f o r  a l l  o p e r a t i n g  s p e e d s  t o  a v o i d  a m p l i f i c a t i o n  d u e  
t o  t h e  1  p e r  r e v  ( 1 P )  g r a v i t y  and  w i n d  s h e a r  e x c i t a t i o n s .  .The r a d i u s  and c h o r d  
d i m e n s i o n s  a r e  t h e  p r i n c i p a l  p a r a m e t e r s  which  g o v e r n  e d g e w i s e  f r e q u e n c y ,  and  
f o r  t h e  R e f .  3  d e s i g n ,  which  had  a  12.2-m ( 4 0 - f t . ) - d i a m  r o t o r ,  t h e  f l e x b e a m  
c h o r d  w a s  78  mm ( 7  i n . )  a n d , t h e  b l a d e  c h o r d  was  3 8 0  mm ( 1 5  i n . ) .  S i n c e  t h e  
f u n d a m e n t a l  e d g e w i s e  f r e q u e n c y  i s  a p p r o x i m a t e l y  p r o p o r t  i o n a l  t o  t h e  r a t  i o  o f  
t h e  f l e x b e a m  c h o r d  t o  b l a d e  l e n g t h ,  t h e  f l . exbeam was s c a l e d  down by t h e  r a t i o  
o f  t h e . o r i g i n a 1  R e f .  3 d i a m e t e r  1 2 . 2  m ,  t o  t h e  c u r r e n t  d i a m e t e r ,  9 . 5  m ( 3 1  
f t . ) .  T h i s  r e s u l t e d  i n  a  f l e x b e a m  c r o s s - s e c t i o n a l  d i m e n s i o n  o f  1 4 0  x  1 4  mm 
( 5 . 5  x  0 . 5 5  i n . )  compared  t o  t h e  e a r l i e r  d e s i g n  o f  1 7 8  x 1 7 . 8  mm ( 7 . 0  
x  0 . 7  i n ; ) ,  b u t  r e s u l t e d  i n  a p p r o x i m a t e l y  t h e  same e d g e w i s e  f r e q u e n c y .  T h e .  
f  l e x b e a m  f r e e  l e n g t h  i s  d e t e r m i n e d  by t h e  maximum a l l o w a b l e  t o r s i o n a l  s t r e s s  
d u e  t o  t h e  b l a d e  p i t c h  c h a n g e  f r o m  t h e  s t a r t - u p  p o s i t i o n  o f  -16" t o  t h e  o v e r -  
s p e e d  s t a l l  c o n d i t i o n  o f  + 6 " .  T h i s  p r o d u c e s  a  . t o t a l  f l e x b e a m  t w i s t  o f  2 2 " .  
T h e  e x p e r i m e n t s  o f  R e f .  4 i n d i c a t e d  an  a l l o w a b l e  f a t i g u e  l i m i t  s t r e s s  o f  
a p p r o x i m a t e l y  1 0 4  MPa ( 1 5 , 0 0 0  p s i ) ,  and  a s s u m i n g  a  s a f e t y  f a c t o r  o f  3 f o r  t h i s  
c r i t i c a l  s t r u c t u r a l  c o m p o n e n t ,  a n  a l l o w a b l e  t o r s i o n a l  s t r e s s  l i m i t  o f  3 4 . 5  MPa 
( 5 , 0 0 0  p s i )  was u s e d .  The  t o r s i o n a l  s t r e s s  i n  a  r e c t a n g u l a r  u n i f o r m  beam i s :  



6  Using v a l u e s  of a = 34.5  MPa (5 ,000  p s i ) ,  G . =  5 .17 GPa ( 0 . 7 5  x  10 p s i ) ,  t = 
14  mm ( 0 . 5 5  i n . ) ,  0 = 0.384 r a d ,  and s o l v i n g  f o r  t h e  f r e e  l e n g t h ,  L, y i e l d s  a  
f lexbeam l e n g t h  o f  about 0 . 8  m (31  i n . )  which was used f o r  t h e  f i n a l  d e s i g n .  
T h i s  i s  equa l  t o  16.7% of  t h e  r o t o r  r a d i u s .  The major  p o r t i o n  of b l a d e  curva-  
t u r e  due t o  aerodynamic and dynamic l o a d i n g  o c c u r s  i n  t h e  f lexbeam r e g i o n .  The 
flexbeam must a l s o  r e s i s t  t h e  b l a d e  c e n t r i f u g a l  load which is 10,300 N ( 2 , 3 0 0  
l b )  a t  a  t i p  speed of 5 3 . 4  m/s (175 f t / s )  and grows t o  30,250 N ( 6 , 8 0 0  l b )  a t  
91 .5  m/s (300 f t / s )  and 54,000 N (12 ,150  l b )  a t  130 m/s (425 f t / s ) .  However, 
t h e  t e n s i l e  s t r e s s  due t o  c e n t r i f u g a l  load ing  i s  low, hav ing  a  v a l u e  of o n l y  
26.9 MPa ( 3 , 9 0 0  p s i )  a t  130-m/s ( 4 2 5 - f t / s )  t i p  speed.  The o u t e r  p o r t i o n  of t h e  
b l a d e  remains  r e l a t i v e l y  s t r a i g h t  a s  a  r e s u l t  of t h e  c e n t r i f u g a l  f i e l d  produc- 
ing  h i g h  s t i f f n e s s  o v e r  t h i s  r e g i o n .  The mot ions  t h e  f l e ~ b e a m  exper iences  a r e  
d e p i c t e d  i n  F i g .  29. The flexbcam i s  cured  i n  a  p r e t w i s t e d  p o s i t i o n  s o  t.hat 
d u r i n g  normal o p e r a t i o n  i t  w i l l  be r e l a t i v e l y  u n t w i s t e d ,  t h e r e b y  m a i n t a i n i n g  
high edgewise  s t i f f n e s s .  P r e t w i s t  ing  a l s o  f a c i l i t a t e s  t h e  a t t achment  of t h e  
flexbearn t o  t h e  b l a d e ,  s i n c e  i t  i s  then  no t  n e c e s s a r y  t o  p i t c h  t h e  h l a d e  r e l a -  
t i v e  t o  t h e  f lexbeam t o  a c h i e v e  t h e  c o r r e c t  s t a t i c  a n g l e  f o r  s t a r t - u p  ( -16" ) .  
G r a p h i t e / e p o x y  was s e l e c t e d  f o r  t h e  m a t e r i a l  f o r  t h e  f lexbeam; however, f i b e r -  
g l a s s  and Kev la r  49 were a l s o  c o n s i d e r e d .  F i b e r g l a s s  was d e s i r a b l e  from t h e  
s t a n d p o i n t  of  c o s t ,  however,  t h e  modulus is  o n l y  40% t h a t  of g r a p h i t e /  epoxy, 
which would r e s u l t  i n  a  flexbearn chord of about  25% g r e a t e r  t o  p rov ide  t h e  
e q u i v a l e n t  El. Such a  c o n f i g u r a t i o n  would produce a  s i g n i f i c a n t  i n c r e a s e  i n  
t h e  hub dimension and would c r e a t e  a  more d i f f i c u l t  t a s k  t o  j o i n  t h e  f lexbeam 
t o  t h e  b l a d e .  Kev la r  49 was e l i m i n a t e d  due t o  t h e  poor f a t i g u e  p r o p e r t i e s  of 
t h i s  m a t e r i a l .  Exper imenta l  d a t a  have shown t h a t  t h e  s t r e n g t h  of Kev la r  49 i s  
o n l y  50% t h a t  of g r a p h i t e / e p o x y .  The c u r r e n t  h i g h  c o s t  of g r a p h i t e / e p o x y  ( $ 5 0 / l b )  
i s  t h e  major  n e g a t i v e  a s p e c t  of t h i s  m a t e r i a l ;  however, p r o j e c t i o n s  have been 
made t h a t  p r i c e s  of about  $2011 h may he ach ieved  i n  t h e  n e a r  f u t u r e  and even 
lower  p r i c e s  a r e  a n t i c i p a t e d  i f  g r e a t e r  a p p l i c a t i o n s  a r e  found i n  major consume'r 
i n d u s t r i e s .  

The flexbeam i s  precoaed i n  o r d e r  t o  minimize t h e  s t e a d y  s t r e s s  l e v e l  
under  h i g h - t h r u s t  c o n d i t i o n  and a l s o  t o  improve t h e  t u r b i n e s  downwind s t a h i 1 i . t ~  
d u r i n g  s t a r t - u p .  I n i t i a l l y ,  a n  a n g l e  of 10" was s e l e c t e d  t o  r educe  thk. s t r e s s  
l e v e l  a t  t h e  75-m/s wind c o n d i t i o n ;  however, a  subsequent  wind t u n n e l  , t e s t  of  a  
d y n a m i c a l l y  s c a l e d  model r e v e a l e d  t h a t  t h e  r o t o r  rpm under  h igh  wind c o n d i t i o n s  
was g r e a t e r  than  p r e d i c t e d  and r e s u l t e d  i n  a  n a t u r a l  cone a n g l e  of  l . e s s  ' t h a n  
10" .  A compromise v a l u e  of  8" was t h u s  s e l e c t e d  f o r  t h e  f u l l - s c a l e  d e s i g n .  

The i n i t i a l  d e s i g n  of t h e  outboard  p o r t i o n  of t h e  b lade  i n c o r p o r a t e d  a  
r e c t a n g u l a r  g r a p h i t e  s p a r  w i t h  a  s e l f  s k i n n i n g  foam forming t h e  a i r f o i l  shape .  
A molded s o l i d  p o l y u r e t h a n e  l e a d i n g  edge provided mass b a l a n c e  a s  w e l l  a s  re-  
s i s t a n c e  t o  a b r a s i o n  and h a i l .  Using t h e  p u l t r u s i o n  p r o c e s s  f o r  t h e  g r a p h i t e  
s p a r  and an i n j e c t i o n  molding p r o c e s s  f o r  t h e  remainder  of t h e  b l a d e ,  h e l d  prom- 
i s e  f o r  v e r y  low f a b r i c a t i o n  c o s t s .  The f i n a l  p r o d u c t i o n  c o s t  would depend 
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Fig. 29 Schematic of Primary Functions of Flexbeam 



t o  a  g r e a t  e x t e n t  on t h e  c o s t  o f  g r a p h i t e ,  and t h i s  was s t i l l  an unknown. 
S i g n i f i c a n t  p r o g r e s s  was made i n  d e v e l o p i n g  a  s e l f  s k i n n i n g  foam d u r i n g  t h i s  
c o n t r a c t ,  and t h e s e  r e s u l t s  were  ? r e s e n t e d  e a r l i e r .  However, t h e  implementa-  
t i o n  o f  t h i s  t e c h n i q u e  i n  f u l l - s c a l e  dimens i o n s  remained a  s i z e a b l e  development  
t a s k  i n  i t s e l f .  D i s c u s s i o n s  were  h e l d  w i t h  e x p e r t s  i n  t h e  f i e l d  and p l a n s  were  
f o r m u l a t e d  t o  foam a  f u l l - s c a l e  sample  b l a d e .  However, b e f o r e  an i n v e s t m e n t  
was made t o  f a b r i c a t e  a  mold f o r  t h i s  p r o c e s s ,  t h e  concep t  o f  u s i n g  a  t o t a l l v  
p u l t r u d e d  f i b e r g l a s s  b l a d e  was i n t r o d u c e d .  The p o t e n t i a l  f o r  a  v e r y  s i g n i f i -  
c a n t  c o s t  s a v i n g  f o r  a  p r o d u c t i o n  svs t em u s i n g  t h e  p u l t r u s i o n  p r o c e s s ,  and t h e  
e s t a b l i s h e d  t e c h n o l o g v  i n  t h i s  f i e l d  led  t o  t h e  d e c i s i o n  t o  s w i t c h  t o  t h i s  
d e s i g n .  

T h e r e  were  s e v e r a l  c o n s t r a i n t s  which d i c t a t e d  t h e  g e n e r a l  d e s i g n  o f  t h e  

f i b e r g l a s s  b l a d e  c r o s s  s e c t  i o n .  These  were :  t h a t  t h e  b l a d e  be r e l a t i v e l y  
mass  b a l a n c e d  ( c . ~ .  c l o s e  t o  q u a r t e r  c h o r d )  t o  min imize  t h e  chance  o f  c l a s s i -  
c a l  f l u t t e r ,  t h a t  t h e  l e a d i n g  edge  be s o l i d  t o  w i t h s t a n d  h a i l s t o n e  c o l l i s i o n s ,  
t h a t  t h e  w a l l  t h i c k n e s s  be g r e a t e r  t h a n  1 . 5  mm (0 .060  i n . )  a s  p r e s c r i b e d  by t h e  
m a n u f a c t u r e r  o f  t h e  p u l t r u s i o n  mach ine  (Go ldswor thy  engineer in^, I n c  .) , t h a t  
t h e  o u t e r  and i n n e r  p l i e s  b e  u n i d i r e c t i o n a l  a s  p r e s c r i b e d  by  G o l d s w o r t h y ,  and .  
t h a t  t h e  p l y  l a y u p  h e  s y m m e t r i c a l  t o  avo id  d i s t o r t i o n s  d u r i n g  c u r i n g .  T h i s  
r e s u l t e d  i n  t h e  c r o s s  s e c t  i o n  shown in  F i g .  30 .  The w a l l  c o n f i g u r a t i o n  which 
p r o v i d e d  a  s y m m e t r i c a l  l a y u n  i s  a l s o  shown i n  t h i s  f i g u r e .  The p r i n c i ~ a l  l o a d s  
which  must  be r e s i s t e d  by t h e  b l a d e ,  o t h e r  t h a n  c e n t r i f u g a l ,  a r e  t h o s e  which 

p r o d u c e  t o r s i o n . .  The m a j o r  b e n d i n g  moments a r e  r e s i s t e d  bv t h e  f l e x b e a m ,  a s  
d i s c u s s e d  e a r l i e r ;  however ,  t o r s i o n a l  moments a r e  e x p e r i e n c e d  a l o n g  t h e  e n t i r e  
s p a n ,  a n d ,  u n l i k e  t h e  f l a t w i s e  and e d g e w i s e  modes,  t h e  c e n t r i f u g a l  f o r c e  f i e l d  
h a s  l i t t l e  i n f l u e n c e  i n  r e s i s t i n g  t o r s i o n a l  d e f  l c c t  i o n s .  Thus ,  a s i g n i f i c a n t  
p e r c e n t a g e  o f  t h e  w a l l  p l i e s  a r e  l a i d  u p  i n  a  2 45"  a r r a n g e m e n t ,  t h e r e b y  
p r o v i d i n g  a  h i g h  modulus  a b o u t  t h e  t o r s i o n a l  a x i s .  The t h i c k n e s s w i s e  s h e a r  
webs a r e  p r o v i d e d  t o  m a i n t a i n  t h e  a i r f o i l  c o n t o u r  u n d e r  p r e s s u r e  and s u c t i o n  
l o a d s .  With in  t h e  o u t e r  s k i n  o f  t h e  l e a d i n g  edge  r e g i o n ,  and e x t e n d i n g  r e a r -  

ward 6 3  mm ( 2  112 i n . ) ,  s o l i d  u n i d i r e c t i o n a l  f i b e r g l a s s  i s  u s e d .  ' h i s  p o r t i o n  
o f  t h e  b l a d e  n o t  o n l y  c o n t r i b u t e s  t o  t h e  s t i f f n e s s  b u t  a l s o  p r o v i d e s  a forward  
mass t o  b a l a n c e  t h e  b l a d e  a t  a p p r o x i m a t e l v  t h e  q u a r t e r  cho rd  and a s o l i d  s t r u c -  
t u r e  to  r e s i s t  l e a d i n g  edge /  f o r e i g n  o b i e c t  i m ~ a c t s .  

The a i r f o i l  s h a p e  i t s e l f  was s e l e c t e d  t o  p r o v i d e  ~ o o d  s t a r t - u p  c h a r a c t e r -  
i s t i c s ,  i . e . ,  h i g h  C1 max, and p e r f o r m  w i t h  l i t t l e  o r  no  p i t c h i n g  moment 
d u r i n g  normal  o p e r a t i n g  c o n d i t i o n s .  The NACA 23112 a i r f o i l  ( R e f .  1 2 )  s a t i s f i e d  
t h e s e  r e q u i r e m e n t s  and had been  s u c c e s s f u l l y  t e s t e d  on model r o t o r s  a t  UTRC i n  
1971 ( ~ e f .  1 3 ) .  

E - g l a s s  was s e l e c t e d  o v e r  S - g l a s s  a s  t h e  b l a d e  m a t e r i a l  due t o  i t s  lower  
c o s t ,  a p p r o x i m a t e l y  $ 0 . 5 0 / l b  a s  compared t o  $ 2 . 5 0 / l b .  E -g la s s  h a s  modulus  and 
s t r e n g t h  p r o p e r t i e s  a b o u t  15% below t h o s e  o f  S - g l a s s ;  however ,  a  modest  i n c r e a s e  



381 MM(15 IN) 

46 MM (1.8 IN) ' 

Fig .  30 A i r f o i l  S e c t i o n  - P u l t r u d e d  B l a d e  

1.8 MM 
(0.074 IN) 



i n  w a l l  t h i c k n e s s  o f f s e t s  t h i s  r e d u c t  i o n  i n  p r o p e r t i e s .  The b l a d e  t i p  c a p  
i s  formed by p o t t i n g  i n  r e s i n  t o  a p p r o x i m a t e l y  127 mm ( 5  i n . )  which s e r v e s  
a s  a  s e a l e r  and a  t i p  w e i g h t .  It was found d u r i n g  t h e  l o a d s  a n a l y s i s  t h a t  a 
s i g n i f i c a n t  r e d u c t i o n  i n  t h e  f l exbeam s t e a d y  f l a t w i s e  s t r e s s  i n  h i g h  speed  
s t a l l  c a n  b e  a c h i e v e d  w i t h  t h e  a d d i t i o n  of  a  5 - lb  t i p  w e i g h t .  I n c r e a s i n g  t i p  
w e i g h t  l o w e r s  t h e  b l a d e  edgewise  f r e q u e n c y ;  howeve r ,  a  w e i g h t  of  5 l b  would 
l o w e r  t h i s  f r e q u e n c y  o n 1 y . a  s m a l l  p e r c e n t a g e .  The g e n e r a l  m a t e r i a l  p r o p e r -  

t i e s  o f  E - g l a s s  used  i n  t h e  p u l t r u d e d  b l a d e  d e s i g n  were  o b t a i n e d  by a v e r a g i n g  " 

d a t a  o b t a i n e d  f rom v a r i o u s  s o u r c e s .  These  s o u r c e s  i n c l u d e d  a  compendium o f  
d a t a  a s sembled  by t h e  S i k o r s k y  e n g i n e e r i n g  d e p a r t m e n t  ( R e f .  1 4 )  and d a t a  pro-  
v i d e d  by Go ldswor thy  which were  g e n e r a t e d  by Narmco M a t e r i a l s ,  I n c .  A summary . 

o f  t h e  r e s u l t s  i s  p r e s e n t e d  i n  T a b l e  1 7 .  The g r a p h i t e / e p o x y  p r o p e r t i e s  were  
p r e s e n t e d  e a r l i e r  i n  t h e  Composi te  M a t e r i a l  E x p e r i m e n t s  ~ e c t i o n ' ( T q b 1 e s  1  t o  4 ) .  

The b l a d e  p r o p e r t i e s  a r e  p r e s e n t e d  i n  F i g s .  31  t o  3 6 ,  wh,ere w e i g h t ,  
s t i f f n e s s ,  i n e r t i a ,  and b l a d e  a x e s  l o c a t i o n s  a r e  shown a s  a  f u n c t i o n  o f  b l a d e  

TAHLE 17 

E-GLASS/El'OXY PKOPEKTIES 
3  DENSITY = 1 . 9 4  g / c c ' ( 0 . 0 7  l b / i n  ) 

Tens i l e  'Lens i l e  S h e a r  S h e a r  

Layup Modulus,  GPa S t r e n g t h ,  MPa Modulus', GPa S t r e n g t h ,  MPa 

r a d i u s .  The t o t a l  r a d i u s  i s  compr i sed  n f  f o u r  d i s t i n c t  r e g i o n s :  1)  hub ( 0 . 2  m), 
2 )  f l e x b e a m  ( 0 . h  in), 3 )  j o i n t  ( 0 . 5  m) ,  and 4 )  b l a d e  ( 3 . 2  m). 

I t  can  be s e e n  i n  F i g .  36 t h a t  t h e  f l exbeam a x e s  ( c g ,  e a ,  and n a )  a r e  
l o c a t e d  a t  38% o f  t h e  b l a d e  cho rd  and no t  a t  t h e  q u a r t e r  c h o r d  (25% c )  a s  would 
b e  e x p e c t e d .  The b l a d e  was p o s i t i o n e d  f o r w a r d  o f  t h e  f l e x b e a m  c e n t e r l i n e  i n  
o r d e r  t o  min imize  t h e  h i g h  nnsp-dnwn p i t c h i n g  moment which o c c u r s  d u i - i n g  s t a l l  
when t h e  c h o r d w i s e  c e n t e r  of  p r e s s u r e  moves from t h e  q u a r t e r  cho rd  r e a r w a r d .  

T h i s  r e s u l t e d  i n  a  nose-down p i t c h  d e f l e c t  i o n  which t ended  t o  u n s t a l l  t h e  
b l a d e ,  t h u s  d e l a y i n g  t h e  d e s i r e d  s t a l l  c o n d i t i o n  which is n e c e s s a r y  t o  p r e v e n t  
o v e r s p e e d i n g .  T h i s  problem was r e s o l v e d  by p l a c i n g  r 1 1 ~  b l a d e  a t t a c h m e n t  p o i n t  
c l o s e r  t o  t h e  c e n t e r  o f  p r e s s u r e  i n  t h e  s t a l l e d  c o n d i t i o n ,  which v a r i e s  from 
30-50% d e p e n d i n g  on t h e  e x t e n t  o f  s t a l l .  
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.' .The s t r u c t u r a l  p r o p e r t i e s  o f  t h e  b l a d e s  w e r e ' . u s e d  i n  a  mode. s h a p e 1  
f r e q u e n c y  c o m p u t e r  p r q g r a m  (UTKC c o d e  E l  5 9 )  ; a n d '  t h e  f r e q u e n c y  d i a g r a m  r e s u l t -  
i n g  f r o m  t : h i s  a n a l y s . i s  i s  shown i n  F i g .  3 7 . '  I t  c a n  be ' s e e n  t h a t  t h e  b l a d e  

f i r s t  . - f l a t w i s e  mode ( I F )  i s  r e l a t i v e l y  " s o f t "  a s ,  i n d i c a t e d  by t h e  p r o x ' i m i t y  o f ,  t h i s  
f r e q u e n c y  . t b . t h e  1P l i n e .  T h i s  i s  t y p i c a l  'of h i n g e l e s s  r o t o r  h e l i c o p t e r s .  Zt 

c a n  a l s o  b e '  s e e n  t h a t  t h e r e  i's a n  i n t e r s e c t  i o n  o f  t h e  f i r s t  e d g e w i s e  mode (.1E) 
w i t h  2P a t  a  t i p  s p e e d  o f  a b d u t  1 1 0  m / s .  T h i s  c o n d i t i o n ' h a s  b e e n  t e s t e d  d u r i n g  
w i n d  t u n n e l  e x p e r i m e n t s  and  a  s l ' i g h t  2P a m p l i f i c a t i o n  o f  t h e  e d g e w i s e  r e s p o n s e  ' . 

was  m e a s u r e d ,  . h o w e v e r ,  d u e  t o  t h e  low l e v e l  o f  2P e x c i t a t i o n  t h e  s t r e s s  l e v e l s  
w e r e  i n s i g n i f i c a n t .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  f i r s t  t o r s i o n  mode ( I T )  shown on 
F i g .  37 i s .  t h e  u n r e s t r a i n e d  mode, t h a t  i s ,  w i t h o u t  t h e  f l e x s t r a p - t o - p e n d u l u m  
a t t a c h m e n t .  I t  i s  shown a s  s u c h  s i n c e  t h i s  i s  t h e  mode' t h a t  i s  i n p u t t e d  . i n t o  
t h e  a e r o e l a s t i c  a n a l y s i s  ( c o d e  F762HH, t o  b e  d e s c r i b e d  , l a t e r ) ,  w h i c h  i s  t h e n  
a n a 1 y t i c a : l l . y  j o i n e d  t o  t h e  f l e x s t r a p .  The n o n n a l . i z e d  mode s h a p e s  o f  t h e  more  
s i g n i f i c a n t ;  l o w e r  f r e q u e n c y  m o d e s ,  a r e  p r e s e n t e d  i n  F i g .  3 8 .  A summary o f  a ' l l  
m a j a r  b l a d e  p a r a m e t e r s  i s  p r e s e n t e d  i n  T a b l e  1 8 .  , 

B l a d e / F l e x b e a m  J o i n t  

The  i n i t i a l  c o n s i d e r a t i o n s  . i n  s e l e c t i n g  a  b l a d e  j o i n t  , d e s i g n  w e r e  low 
c o s t  ,and s ' impl  i c i t y  . A d d i t i o n a l  r e q u i r e m e n t s  w e r e  t h a t  t h e  b l a d e  c o u l d  b e  
d i s c o n n e c t e d  f rom.  t h e  f l e x b e a m ,  . 'and t h a t  b e n d i n g  moments b e  u n i f o r m l y  
d i s t r i b u t e d  f rom t h e  ' f l e x b e a m  t 0 . t h . e  b l a d e .  A s i m p l e  s p a r  i n s e r t e d  i n t o  t h e  

. . 

TABLE -18 

ROTOR DESIGN PARAMETERS 

D i a m e t e r  
, . No. of .  . b l a d e s  

B l a d e  c h o r d  
T w i s t  6 t a p e r  
A i r f o i  I. 
B l a d e  m a t e r i a l  
F l  exbeam s i z e  
F l e x b e a m  m a t e r i a l  
F l e x b e a m  p r e t w i s t  
H u ' b " o f f s e t  
D e s i g n  T i p  S p e e d  
Pre-Cone 

9 . 4 5  m ( 3 1  f t )  
2  
3 8 0  mm ( 1 5  i n . )  
0 
NACA 23112  
E - g l a s s l e p o x y  
1 1 . 4  x  1 4 0  x  7 8 7  mm 
G r a p h i  t e l e p o x y  
-16" 
2 0 3  mm ( 8  i n , )  
5'3.4 m l s  ( 1 7 5  f t / s )  , 

8" 
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h o l l o w  b l a d e  end  and p o t t e d  i n  p l a c e  w i t h  epoxy would be  c o n s i d e r a b l y  l e s s  
e x p e n s i v e  t h a n  a  c o n t o u r e d  s p a r  b u t  t h e  s t r e n g t h  of  a  l a r g e  amount o f  epoxy 
was , q u e s t  i o n a b l e .  S h e a r  t e s t s  were run  which i n c o r p o r a t e d  a  r e c t a n g u l a r  s p a r  
i n s e r t e d  i n t o  a  h o l l o w  s h e l l  w i t h  a  c l e a r a n c e  s p a c e  t o  be  f i l l e d  w i t h  v a r i o u s  
epoxy r e s i n s .  The r e s u l t s  o f  t h e s e  t e s t s ,  r e p o r t e d  i n  an  e a r l i e r  s e c t i o n ,  
p roved  t h e  a p p r o a c h  t o  be  unacceptab1 .e  due  t o  c r i t i c a l n e s s  of  a l i g n m e n t  be-  
tween  t h e  c e n t e r  l i n e  o f  t h e  a p p l i e d  l oad  and t h e  epoxy- to-spar  i n t e r f a c e .  A 

c l o s e  f i t  between s p a r  and b l a d e  w i t h  a  t h i n  epoxy i n t e r f a c e  would be t h e  most  
r e l i a b l e  d e s i g n .  

An a i r f o i l - s h a p e d  s p a r  which  would c l o s e l y  match  t h e  i n t e r n a l  s h a p e  o f  
t h e  b l a d e  c o u l d  be  c a s t  i n  aluminum a t  r e l a t i v e l y  low c o s t .  C o n s i d e r a t i o n  
was g i v e n  toward  making  t h e  s p a r  ~ u t  af t i t a n i u m  f o r  n r e d u c t i o n  i n  s i z e  and 
w e i g h t ,  b u t  t h e  i d e a  was d ropped  due t o  e x c e s s i v e  m a t e r i a l  and f a b r i c a t i o n  
c o s t .  The t h i n  epoxy i n t e r f a c e  would p r o v i d e  a  u n i f o r m  l o a d  d i s t r i b u t i o n  
be tween  p a r t s ;  b u t  t o  f u r t h e r  i n s u r e  a g a i n s t  a  p n s s i b l e  f a i l u r c ,  t h r e e  $illear 
s l e e v e s  were  added  t o  t h e  j o i n t .  The s l e e v e s  have  a  t o t a l  l o a d  c a p a c i t y  
g r e a t e r  t h a n  t h e  maximum s h e a r  l o a d .  The d e s i g n  is  shown i n  F i g .  39. I n  o r -  
d e r  t o  r e d u c e  t h e  s t r e s s  c o n c e n t r a t i o n  where  t h e  p ~ r i m e t e r  o f  t h c  apar b e d ~ ~  

on t h e  t h l n  b l a d e  w a l l ,  a d d i t i o n a l .  l a y e r s  o f  f i b e r g l a s s  were app1. ied t o  t h e  
o u t s i d e  s u r f a c e  o f  t h e  b l a d e  t o  l o c a l l y  i n c r e a s e  i t s  s t i f f n e s s .  The f i b e r -  
g l a s s  l a y e r s  a r e  a l s o  t a p e r e d  a round  t h e i r  p e r i m e t e r  t o  g r a d u a l l y  d i s t r i b u t e  
s t r e s s e s  be tween components .  The a d d i t i o n a l  r e i n f o r c i n g  l a y e r s  a l s o  p r o v i d e  
i n c r e a s e d  b e a r i n g  a r e a  where  t h e  s h e a r  s l e e v e s  p e n e t r a t e  t h e  . b l a d e .  A yoke  
c o n f i g u r a t i o n  on t h e  f l exbeam end o f  t h e  s p a r  was s e l e c t e d  t o  k e e p  the a x i a l  
l o a d s  s y m m e t r i c a l  and e l i m i n a t e  any a d d i t i o n a l  b e n d i n g  s t r e s s e s .  

The f l exbeam i t s e l f  was r e i n f o r c e d ,  w i t h  m i ~ l . t i - a l i g n e d  p l i e s  o f  g r a p h i t e /  
epoxy t o  d i s t r i b u t e  t h e  c o n r e n t r a t e d  l o a d s  a t  t h e  b u l t s .  T e s t s  were  c o n d u c t e d  
o f  t h e  p u l l - o u t  s t r e n g t h  o f  s u c h  a d e s i g n  and were  r e p o r t e d  e a r l i e r .  The . 
maximum l o a d s  o f  t h e  b l a d e / f l e x b e a m  j o i n t  o c c u r r e d  f o r  t h e  maximum .gus t  c o n d i -  
t i o n  examined  d u r i n g  t h e  l o a d s  c a l c u l a t i o n s  d i s c u s s e d  i n  a  l a t e r  s e c t i o n  o f  
t h i s  r e p o r t .  T h i s  c o n d i t i o n  i s  r e f e r r e d  t o  a s  Gus t  I1 and i n v o l v e s  a  g u s t  o f  
54 m / s  ( 1 2 0  mph),  o c c u r r i n g  w h i l e  o p e r a t i n g  a t  a  s t e a d y  c o a d i t  i o n  o f  9 m / s  
( 2 0  mph). T h i s  r e p r e s e n t s  a  g u s t  f a c t o r  o f  6 : l  which  i s  an  e x t r e m e  c o n d i t i o i r  
and  n o t  e x p e c t e d  t o  be e x p e r i e n c e d .  These  l o a d s  were g r e a t e r  a t  t h e  j o i n t  t h a n  
t h o s e  produced  f o r  t h e  s t e a d y  74 m / s  ( 1 6 5  mph) c o n d i t i o n ,  and t h e r e f o r e  were  
u s e d  i n  t h e  j o i n t  d e s i g n .  The  v a r i o u s  f l a t w i s e ,  e d g e w i s e ,  t o r s i o n ,  and c e n t r i -  
f u g a l  l o a d s  were a p p l i e d  s i m u l t a n e o u s l y  t o  t h e  b l a d e  j o i n t  d e s i g n ,  and t h e  
s t r e s s e s  a t  v a r i o u s  p o i n t s  i n  t h e  s t r u c t u r e  were  c a l c u l a t e d .  These  a r e  shown 
i n  T a b l e  1 9  a l o n g  w i t h  s a f e t y  f a c t o r s  b a s e d  on y i e l d  s t r e n g t h s  o f  t h e  m a t e r i a l s .  
Y i e l d  s t r e n g t h s  and s a f e t y  f a c t o r s  a r e  shown f o r  b o t h  t h e  aluminum machined  
p a r t  (6061-T6) which would p r o b a b l y  b e  u sed  i n  t h e  p r o t o t y p e ,  and f o r  an  aluminum 
c a s t i n g  (355-T61) wh ich  would b e  u sed  i n  p r o d u c t i o n .  
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TABLE 19 

BLADE JOINT STRESS CHARACTERISTICS 

0 
Max imurr. Y i e l d  Ifin Design Design F a t i g u e  P 

W 
L o c a t i o n  S t r e s s ,  !!Pa S t r e s s ,  I'Pa S.F. S t r e s s ,  MFa S .F .  S. F. (Design) m 

Max aT a t  r o o t  a = 91.4 241-6061-T6 2.64 11.. 4 21.1 T 6 .3  
of Alum yoke 207-C355-T61 2 .26 18 .1  2.7 

as i n  3165 S o = 70.2 as = 331 4.7' 8 . 8  ' 37.6 . 
s 

S l e e v e s  a t  
. f i b e r g l ~ s s  

as i n  3165 S a s =  82.4 . a, = 331 4 .0  10;3 3 2 
s l e e v e s  a t  
f  lexbeam 

ag i n  f i b e r g l a s s  C' . = 105.9 B a = 241 
C 

2.26 1 3 . 4  18 .1  
from p i n s  

ag i n  alum yoke ag = 50.3 386-6061-T6 7 .6  6 .3  61.  
from p i n s  207-C35 5-T61 4 . 1  3 2 . 8  

Shear  stress i n  as = 16.8 135-6061-T6 8 . 2  2 . 1  65.6 
alum yoke 179-C355-T61 10.7 85.6  

UT a t  yoke t h r e e  zT = 8C-7 , 241-6061 ' 3.0  10.0 .2 4 7.2 
f lexbeam p i n s  2 0 7 - ~ 3 5 5 - ~ 6  12.0 : 20.8 3.1' 

o i n  a d h e s i v e  z S  = 2.3  S us = 20.7 8 .9  0.3 71.2 
between f . g .  
& alum. 

aT i n  alum yoke aT = 111.5  241-6-61 2 .16 13 .3  17.3  
t h r u  p i n  s e c t  207-C355-T61 1 .35  14.8  
( f i b e r g l a s s  end) 

t i g u e  S t r e n g t h  
6 - -  10 c y c l e s  



Rotor  Hub 

The r o t o r  hub i s  comprised o f  two s imple  s t e e l  p l a t e s  s e p a r a t e d  by 
s,pacers t o  accommodate t h e  flexbea'm and a r e  b o l t e d  t o g e t h e r  t o  ' p r o v i d e  a  t i g h t  
assembly.  A t h i n  p l v  o f  1.6-mm (1116- in . )  p o l y u r e t h a n e  i s  i n s e r t e d  between 
t h e  flexbeam and hub p l a t e s  and s p a c e r s  t o  minimize s t r e s s  c o n c e n t r a t i o n s  and 

. The hub i s  then  a t t a c h e d  t o  t h e  main s h a f t  by means o f  two Ring- 
f r e t t @  f e d e r  Two dowel p i n s  p rov ide  t h e  d r i v i n g  lugs  between t h e  hub and p l a t e s .  
I n  s t r e s s i n g  t h e  dowel p i n s ,  i t  was assumed t h a t  t h e y  t r a n s m i t t e d  t h e  f u l l  
t o r q u e  p l u s  a l l  of  t h e  l i f t  f o r c e  p l u s  t h e  weight  of t h e  r o t o r  assembly.  The 
s a f e t y  f a c t o r  f o r  an1 combined s t r e s s e s  f o r  t h e  75-m/s (165-mph) wind condi-  
t i o n  i n  t h i s  c i r c u m s t a n c e  i s  7 .  S i m i l a r  a n a l y s i s  of  t h e  b o l t s  w i t h  a l l  com- 
b ined  loads  a c t i n g  s i m u l t a n e o u s l y  g i v e s  a s t r e s s  v a l u e  of 158 MPa (23 ,000  p s i ) .  
Using b o l t s  o f  low c o s t  1020 u n t r e a t e d  s t e e l ,  t h e  s a f e t y  f a c t o r  i s  1 . 6 .  Two 
of  t h e  hub p l a t e  b o l t s  a l s o  s e c u r e  t h e  pendulum s u p p o r t  b a r  t o  t h e  o u t e r  huh 
p l a t e .  The s u p p o r t  b a r  is  made from c o l d  r o l l e d  s t e e l  and c o n t a i n s  bush ings  
a t  e i t h e r  end t o  s u p p o r t  t h e  pendu la .  The c o n f i g u r a t i o n  is shown i n  F i g .  40 .  

Pendulum Design 

The c o n t r o l  f u n c t i o n s  which t h e  p e r d u l a  must perform were d e s c r i b e d  i n  
t h e  c o n c e r t  d e s c r i p t i o n  s e c t i o n  of  t h i s  r e p o r t .  I n  summary, t h e  vendula  must 
p r o v i d e  a  schedu le  of  b l a d e  p i t c h  v e r s u s  r p m  s o  a s  t o  p o s i t i o n  t h e  b l a d e  p i t c h  
a t  an a n g l e  f o r  optimum performance a t  a  s e l e c t e d  wind s p e e d .  The pendula  must 
a l s o  p l a c e  t h e  b l a d e  a t  i t s  s t a l l  a n g l e  when r o t o r  overspeed o c c u r s  due  t o  h i ~ h  
wind s p e e d s .  The mot ion of  t h e  pendulum and t h e  c o r r e s p o n d i n g  d e f l e c t i o n s  of 
t h e  f l e x s t r a p  and flexbeam a r e  d i f f i c u l t  t o  s i m u l a t e  a c c u r a t e l v  i n  an a n a l v s i s .  
The d e s i g n  of  pendulum geometry and mass was a r r i v e d  a t  by s c a l i n g  u p  t h e  ex- 
p e r i m e n t a l l y  de te rmined  v a l u e s  o f  t h e s e  pa ramete r s  o b t a i n e d  d u r i n g  t h e  117- 
s c a l e  model t e s t s  r e p o r t e d  e a r l i e r .  S c a l i n g  laws f o r  dvnamica l ly  s i m i l a r  r o t o r  
b l a d e s  show t h a t  d imens ions  a r e  s c a l e d  d i r e c t l y  w i t h  t h e  s c a l e  f a c t o r  ( l i n e a r l v ) ,  
loads  a r e  s c a l e d  by t h e  square of t h e  s c a l e  f a c t o r ,  and moments and masses by 
t h e  cube of  t h e  s c a l e  f a c t o r .  Adjus tments  were made t o  impor tan t  pa ramete r s  
o f  t h e  model t o  a c h i e v e  a  sys tem which was s e l f - s t a r t i n g ,  o p e r a t e d  a t  a  p r o p e r  
p i t c h  a n g l e  a t  t h e  d e s i g n  c o n d i t i o n ,  and produced b l a d e  s t a l l  a t  h igh wind con- 
d i t i o n s .  I n  s c a l i n g  up t h e  model d imensions  t o  f u l l  s c a l e ,  t h e  f lexbeam t h i c k -  
n e s s  r a t i o  was used s i n c e  t h i s  i s  t h e  most s e n s i t i v e  pa ramete r  i n  d e t e r m i n i n g  
t h e  f lexbeam r n r s i o n a l  s p r i n g ,  and t h u s  tlte moment which t h e  pendulum must 
b a l a n c e .  T h i s  r a t i o  i s  0 .55/0 .072 = 7 .64 .  The c e n t r i f u g a l  s p r i n g  of  t h e  
pendulum was s c l c c t e d  t o  have t h e  same r a t i o  t o  t h e  t o r s i o n a l  s p r i n g  of  t h e  
f lexbeam a s  t h a t  of  t h e  model .  The model pendulum s p r i n ~  i s :  



Fig. 40 Hub and Pendulum Assembly 



2 
KpM = m r l a  

-4 2 = 0 . 0 2 1 ( 0 . 1 3 1 ) ( 0 . 0 5 3 ) 4  = 1.458 x  10 (SI u n i t s ) ,  

= 0 . 0 0 0 1 2 ( 5 . 1 7 ) ( 2 . 1 )  4 = 0 . 0 0 1 3 4  ( E n g l i s h  u n i t s )  

whe re  m i s  t h e  vendulum m a s s ,  r t h e  cg  o f  t h e  pendulum from t h e  c e n t e r  o f  
r o t a t i o n ,  and 1  t h e  pendulum c g  from t h e . h i n g e  p o i n t .  The model  f l exheam 
s p r i n g  i s :  

The r a t  i d  o f  t h e  model pendulum s p r i n g  t o  f l exbeam s ~ r i n g  i s  1 .458  x LO . . . . : . 
1.558 

5 .2 =. 9.4 x 10- q". 

The f u l l - s c a l e  f l exbeam s p r i n g  i s :  

t r: 

T h e r e f o r e  t h e  pendulum s p r i n g  i s :  
P 

5  '2 = (781)(9.4 x 10' 1% = 0 . 0 7 3 4 d  ('sI)" 

= ., 1 6 , 9 1 9 ) ( 9 . 4  x = 0 . 6 5 0  4 ( E n g l i s h )  

, , .  

The f u l l  s c a l e  h i n g e  l o c a t i . o n  and c e n t e r  o f  g r a v i t v  a r e  ' de t e rmined  by r a t  i o i n n  
u p  t h e  model, by t h e  s c a l e  f a c t o r ,  7 .64.  Thus, t h e  f u l l  s c a l e  mass 

is : 

, . 



A l s o ,  t o r  che saele! L i p  s p t c d ,  or udv- l t l l .~  c ~ r  i n ,  q,,/fiI., = S C R I P  fac tor  = 

7 . 6 4 .  

T h e r e f o r e ,  

The d i s t a n c e  of  t h e  mass c e n t e r  from t h e  h i n g e  i s  de te rmined  by s c a l i n g  t h e  
mode 1  moment arm. 

g = 0.053 x 7.64 = 0 , 4 0 5  m (16  i n . )  

The h i n g e  l o c a t i o n  from t h e  c e n t e r  o f  r o t a t i o n  f o r  t h e  model was 7 8  mm (3 .07  i n . ) .  
The f u l l  s c a l e  h i n g e  l o c a t i o n  i s :  

h = 78 x 7.64 - 596 mm ( 2 3 . 5  i n . )  

The model v a l u e s  o f  t h e  pendulum n o n r o t a t i n g  d roop  a n g l e  and t h e  f l e x s t r a p  
a t t a c h m e n t  a n g l e  t o  t h e  f lexbeam a r e  m a i n t a i n e d  f o r  t h e  f u l l - s c a l e  r o t o r .  A 

summary o f  a l l  t h e  pendulum d imens ions  i s  shown i n  F i g .  41 .  The v a r i a t i o n s  
o f  t h e  pendulum a n g l e  and b l a d e  p i t c h  a n g l e  w i t h  r o t o r  speed a r e  shown i n  Fig. 

4 2 .  These c u r v e s  a r e  p r e s e n t e d  assuming no  g r a v i t y ,  aerodynamic f e e d b a c k ,  o r  
p i t c h - f  l a p  coup1 ing  e f f e c t s .  During normal o p e r a t i o n ,  t h e  f l a p p i n g  p o s i t  ion 

o f  t h e  b l a d e  and t h e  aerodynamic p i t c h i n g  moment produce d e f l e c t i o n s  i n  t h e  
sys tem which a r e  n o t  shown on t h e  i d e a l i z e d  r e s u l t s  o f  F i g .  42.  Also ,  d u r i n g  
s t a r t - u p ,  where c e n t r i f u g a l  f o r c e s  a r c  low, t h e  pendula  f l a p  c y c l i c a l l y  under 
t h e  a c t i o n  o f  g r a v i t v .  These a n g l e s  v a r y  from 2 5 t o  2 15 '  when t h e  t i p  speed 
i s  below 30 m / s  (100 f t / s )  b u t  have l i t t l e  e f f e c t  on b l a d e  r e s p o n s e s  due  t o  t h e  
low dynamic p r e s s u r e .  The c y c l i c  f l a p p i n g  o f  t h e  pendula  was t r e a t e d  in  g r e a t e r  
d e p t h  i n  R e f .  3, 



ROTATION 

Fig. 41 Pendulum and Flexbeam Dimensions 



TIP SPEED, RR 

Fig .  42 Control Angles y s .  T i p  Speed 



Nacel le  Components 

The n a c e l l e  components shown i n  F ig .  43, c o n s i s t  of t h e  r o t o r  d r i v e  
s h a f t  , supported a t  e i t h e r  end by s e l f - a l i g n i n g  s p h e r i c a l  - r o l l e r  bea r ings ,  
a  f l e x i b l e  coupl ing connect ing t h e  s h a f t  t o  t h e  1:17 gearbox, and a face-  
mounted 15 kW induc t ion  genera tor .  The components a r e  mounted on a  s t e e l  
weldment, mechanically connected t o  a  s t e e l  yaw s h a f t  which in t u r n  i s  he ld  in  
t h e  tower c a v i t y  by s p h e r i c a l  r o l l e r  bear ings .  The e n t i r e  assembly i s  enclosed 
i n  a  molded f i b e r g l a s s  s h e l l  which is s e c t i o n a l  and designed f o r  easy remov- 
a b i l i t y .  An automotive d i s k  brake is included f o r  the  pro to type  system but  it 
i s  expected not t o  be r equ i r ed  f o r  a  product ion system. The main c h a s s i s  is 
cons t ruc t ed  of hot r o l l e d  s t e e l  and f o r  t he  pro to type  i t  w i l l  be t o t a l l y  hand 
welded. It is envis ioned  t h a t ,  on a  product ion b a s i s ,  t h e  weldment w i l l  be 
rep laced  by a  c a s t i n g .  

The y a w  s h a f t  is  a t t ached  t o  a  c e n t e r  bulkhead by means of two U-bolts; 
Bo l t i ng  was chose; a f t e i  conceptual  de s igns ,  which inco rpo ra t ed  a  we1;ded yaw 
s h a f t ,  made i t  apparent  t h a t  t h e  post  welding normalizing and machining of such 
a  l a r g e  weldment would be more c o s t l y .  The U-bolts a r e  made of 4130 stee.1. 
The.yaw s h a f t  is  made of 114ltim-0.d. x 5 1 m - i , d .  4130 hea t  t r e a t e d  tub ing ,  . 
and t h e  s h a f t  is supported by s e l f - a l i g n i n g  s p h e r i c a l  r o l l e r  type  begrings with 
t ape red  i . d .  s h a f t  mounts. These bear ings  were s e l e c t e d  p r imar i l y  f o r  t h e i r  h igh  
load  c a p a c i t y ,  and t h e  s e l f  a l i g n i n g  and t a p e r  mount f e a t u r e s  reduce t he  
p r e c i s i o n  t o  which t h e  bea r ing  housings must be machined. The upper bear ing  is  
t h e  most h igh ly  loaded of  t h e  two a s  i t  t a k e s  ou t  t h e  load due t o  head weight 

L 

i n  t he  form of bea r ing  t h r u s t  i n  a d d i t i o n  t o  t h e  r a d i a l  load. The lower 
bea r ing  i s  l ~ a d e d ' r a d i a l l ~  only.  The yaw bea r ings ,  a s  w e l l  a s  t h e  r o t o r  s h a f t  
bea r ings ,  were s i z e d  and s e l e c t e d  on t h e  b a s i s  of a  25 y e a r  o p e r a t i n g  l i f e .  ' 

Design s t u d i e s  which incorpora ted  a  sma l l e r  lower bear ing  showed an i n c r e a s e  i n  
machining c o s t s  which o f f s e t  the  l e s s  c o s t l y  bear ing .  Because of t h i s  and t h e  
d i f f i c u l t y  i n  r e p l a c i n g  yaw bea r ings ,  i t  was decided t o  use  i d e n t i c a l  p a r t s . .  

The r o t o r  s h a f t  is  f a b r i c a t e d  from 4130 hea t  t ~ e a t e d  s t e e l  b a r  and 
i s  suppor ted  a t  each end by s p h e r i c a l  r o l l e r  bear ings ,  which aga in  permit l e s s  
p r e c i s i o n '  machining on t h e  'weldment due t o  t h e i r  s e l f  a l i g n i n g  f e a t u r e .  The 
rotor-end bea r ing  c a r r i e s  both t he  r"adia1 and r o t o r  t h r u s t  components wh i l e  t h e  
gearbox-end bea r ing  c a r r i e s  r a d i a l  load only.  The gearbox-end bear ing  is  
overdesigned f o r  t h i s  a p p l i c a t i o n ;  however, i t  is  t h e  l i g h t e s t  duty a v a i l a b l e  
f o r  t h e  r equ i r ed  s h a f t  s i z e .  A summary o f  t h e  bear ing  s a f e t y  f a c t o r s  and o t h e r  
in format ion  is  presen ted  i n  Table  20. 

The blade hub is a t t ached  t o  t h e  r o t o r  s h a f t  by two s t anda rd  ~ i n ~ f e d e @  coup- 
l i n g s .  These u n i t s  permit easy assembly and d isassembly ,of  the  hub t o  t h e  s h a f t  
and do not deform t h e  s h a f t  when i n s t a l l e d .  Other means of a t t a c h i n g  t h e  hub 



TACH 

Fig. 43 Nacelle Com~onents 



. . TABLE 20 

BEARING SELECTION SUMMARY . 

Bearing overdesign r a t i n g s  (25 y r s )  

Wind ~ o n d i t  ion Blade -2nd Gearbox-end Upper yaw Lower yaw . 

m / s  ' r o t o r .  brng. Rotor brng. bea r ing  bear  ing  

74 wIgust 2.45 f o r % 5 0 0  hr  2.02 4.42 f o r  500 hr  1.35 

7 4 2.50 f o r  500 h r  4.98 f o r  500 hr  

FMC hrg no.  2231.7 1.hk 22214 l b k  23224 l b k  23224 l b k  

P r i c e  $71.78 + 15.70 27.53 134.86 + 31.56 134.86 + 31.56 

Mission Radia l  Rad i a  1 Radia l  Rad i a l  
Component Component Component Component 

+ t h r u s t  + t h r u s t  



i n  p o s i t i o n  such a s  c r o s s  b o l t s  and keys  were d e s i g n e d  b  t were t r a d e d  o f f  

due t o  c o s t  o r  o p e r a t i o n a l  d e f i c i e n c i e s . .  The Ringfeder  6 i n  combina t ion  exceed 
t h e  t o r q u e  and a x i a l  load r e q u i r e m e n t s  by s e v e r a l  t i m e s .  The o p p o s i t e  end of 
t h e  r o t o r  s h a f t  i s  mated w i t h  t h e  g e n e r a t o r  gea rbox  by means of  a n  FMC model 
XR-2-112 doub le  engagement gea red  f l e x i b l e  c o u p l i n g .  T h i s  c o u p l i n g  a l l o w s  f o r  
1-112" o f  a n g u l a r  misa l ignment  and 1 . 4 5  mm (0 .057 i n . )  o f  d i r e c t  o f f s e t .  These 
p a r a m e t e r s  exceed t h e  maximum s h a f t  d e f l e c t i o n  t o  a  d e g r e e  which a l l o w s  a  
c o n c e n t r i c i t y  t o l e r a n c e  o f  2 0.4 mm ( 1 / 6 4  i n . )  when a l i g n i n g ' t h e  gearbox 
w i t h  t h e  s h a f t  a t  assembly.  

The gearbox i s  a l i g n e d  by means of  a d j u s t a b l e  l o c k i n g  n u t s  which a r e  
above and below t h e  mounting base  of t h e  c a s t i n g  f e e t .  T h i s ,  t o g e t h e r  w i t h  
t h e  r a d i a l  c l e a r a n c e  between t h e  mounting f e e t  and s t u d s  encompass t h e  reql- bred 
ad jus tment  enve lope .  It i s  f e l t  t h a t  f i n a l  ad jus tment  may be made by mere ly  
f e e l i n g  t h e  r a d i a l  match of b o t h  s i d e s  of t h e  c o u p l i n g  w h i l e  t h e  . c o u p l i n g  t i e  
b o l t s  a r e  loosened .  The g e n e r a t o r  i s  f a c e  mounted t o  t h e  g e a r b o x ' a n d  p r e s e n t s  
t h e  most compact d e s i g n  p o s s i b l e .  A complete  d e s i g n  of a  be ' l t -d r iven  g e n e r a t o r  
was o r i g i n a l l y  l a i d  o u t  f o r  e v a l u a t i o n ;  however, s t u d i e s  of  t h e  s e t u p  made i t  
a p p a r e n t  t h a t ,  from t h e  s t a n d p o i n t  of w e i g h t ,  compactness ,  r e l i a b i l i t y ,  e f f i -  
c i e n c y ,  and l i f e  c y c l e  c o s t s ,  t h e  f a c e  mounted gearbox d e s i g n  was'  s u p e r i o r .  

A h y d r a u l i c  d i s c  b rake  assembly i s  l o c a t e d  between t h e  gearbox-end r o t o r  
s h a f t  b e a r i n g  and t h e  c o u p l i n g .  The r o t o r  i s  a  292-mm (11-112-in.)-di  m 
au tomot ive  product  and i s  a t t a c h e d  t o  t h e  r o t o r  s h a f t  w i t h  a  R i n g f e d e h  t h e  
same s i z e  a s  t h o s e  used t o  a t t a c h  t h e  s h a f t  t o  t h e  r o t o r  hub.  A p r e v i o u s  
d e s i g n  i n c o r p o r a t e d  t h e  same b rake  d e s i g n  l o c a t e d  ups t ream o f  t h e  r o t o r  hub 
between i t  and t h e  ro to r -end  s h a f t  b e a r i n g .  However, t h i s  d e s i g n  had t h e  
shor tcoming  o f  r e q u i r i n g  a  l a r g e r  d i a m e t e r  r o t o r  s h a f t  and b e a r i n g s  because  of 
t h e  l o n g e r  unsuppor ted  l e n g t h  of  t h e  r o t o r  s h a f t  t h a t  was r e q u i r e d .  It i s  
a n t i c i p a t e d  t h a t  a  r o t o r  b r a k e  w i l l  not  be r e q u i r e d  f o r  a  p r o d u c t i o n  sys tem.  

The e n t i r e  head package a t t a c h e s  t o  t h e  tower by means o f  a  b o l t e d  f l a n g e  
which i s  welded t o  t h e  yaw b e a r i n g  s u p p o r t  t u b e .  T h i s  method has t h e  advan tage  
o f  not  r e q u i r i n g  p r e c i s i o n  machining o p e r a t i o n s  t o  be performed on t h e  tower .  

The r o t o r  l o a d s  which t h e  head components must r e a c t  were c a l c u l a t e d  
u s i n g  t h e  UTKC F762BR a e r o e l a s t i c  a n a l y s i s ,  and a  d e s c r i p t i o n  of t h i s  ana ly -  
s i s  and a  d i s c u s s i o n  of  t h e  l o a d s  a r e  p r e s e n t e d  i n  t h e  Loads and S t a b i l i t y  
C h a r a c t e r i s t i c s  s e c t i o n .  The s t r e s s e s  and l o a d  f a c t o r s  r e s u l t i n g  from t h e  
l o a d s  f o r  t h r e e  wind c o n d i t i o n s  a r e  p r e s e n t e d  i n  Tab le  21 f o r  t h e  major  s t r u c -  
t u r a l  components. 

The i n s t r u m e n t a t i o n  s l i p  r i n g s  shown on F i g .  4 3  a r e  r e q u i r e d  t o ,  t r a n s m i t  
b l a d e  s t r e s s  d a t a  f o r  t h e  p r o t o t y p e  t e s t i n g .  These would no t  be p r e s e n t  on a  
p r o d u c t i o n  u n i t .  



TABLE 2 1 

NACELLE COMPONENT SAFETY FACTORS 

Generator  Read Component 
S t r e s s e s  and s a f e t y  f a c t o r s *  . . 

165 MPH 120 MPH Design 
Item S t r e s s  (3Pa) S.F. S t r e s s  ( M P ~ )  S.F. S t r e s s  (KPa) S.F.  

yaw s h a f t  "U" b o l t s  254 

Yaw s h a f t  328 

Ringf e d e m d o w e l s  89 
(Torque l o a d i n g )  

Xingf e d e @ b o l t  s 159 

Ringf ede@adapte r  169 

(Bending) 

Overh;ng r o t o r  s h a f t  227 

~ r o n t  b e a r i n g  
c o n n e c t i o n  b ~ l t s  5 0 5.00 3 1 8.26 7 37.0 

Yaw b e a r i n g  housing - 1.99 85 2.96 2 9 .8.65 

f l a n g e  
. . 

Rotor b e a r i n g  housing 81 3.10 6 2 4.08 4 f3 -5.53 
(Bending) , .  

* w i t h  g u s t  moment of 4180 P7.m inc luded  



Tower and E r e c t i o n  Device 

Tower 

The tower i s  composed of two f l anged  s e c t i o n s  of Schedu le  t e n  394-mm 
(10- in . ) -d iam s t e e l  p i p e ,  each approx imate ly  7.9- ( 2 6 - f t )  long .  T h i s  i s  a  low 
c o s t  scheme both  from t h e  s t a n d p o i n t  of f a b r i c a t i o n  t ime and m a t e r i a l  c o s t .  
Three  c a b l e s  of improved 25-mm (1.-in. )-diam plow s t e e l ,  wi th  s i m p l e  t h i m b l e s  
and c lamps,  a r e  a t t a c h e d  t o  t h e  upper f l a n g e .  A s i m i l a r  guy system of 19mm 
(314- in . ) -d iam c a b l e  i s  a t t a c h e d  a t  the  mid-s ta t  ion .  The guys a r e  a t t a c h e d  t o  
t h e  ground anchors  by means of t u r n b u c k l e s ,  one f o r  each w i r e ,  which a r e  
l o c a t e d  above t h e  ground l e v e l  a t  a  p o i n t  where i t  i s  conven ien t  f o r  manual 
a d j u s t m e n t .  A p i v o t  a t  t h e  base  of t h e  tower i s  composed of a  102-mm ( 4 - i n .  ) -  

diam b a r  welded t o  t h e  base  and t a n g e n t  t o  t h e  p ipe .  The assembly i s  shown 
s c h e m a t i c a l l y  i n  F i g .  4 4 .  P r e t e n s i o n  i n  t h e  upper  guys i s  s e t  a t  44 ,500 N 

( 1 0 , 0 0 0  l b )  and i n  t h e  lower guys a t  22,250 N ( 5 , 0 0 0  1 .b) .  A d i s c l ~ s s i o n  of t h e  
tower  l o a d s  and dynamic c h a r a c t e r i s t i c s  i s  p r e s e n t e d  i n  a  l a t e r  s e c t i o n .  

Tower E r e c t i o n  

As shown in  F i g .  4 5 ,  i t  i s  assumed t h a t  e r e c t i o n  of  t h e  tower by means 
o f  t h e  winch w i l l  beg in  w i t h  t h e  c e n t e r l i n e  of t h e  head assembly approximate-  
l y  2.9 m ( 9  112 f t )  above t h e  p i v o t  c e n t e r l i n e .  T h i s  i s  necessa ry  f o r  two 
r e a s o n s .  F i r s t ,  t h e  s a f e t y  f a c t o r  on combined s t r e s s e s  i n  t h e  tower goes  below 
1 . 5  when j a c k i n g  from a  lower e l e v a t i o n .  Second, t h e  r e q u i r e d  winch c a p a c i t y  
r i s e s  above 4535 kg ( 5  t o n s ) .  

The j i b  boom used f o r  e r e c t i o n  i s  primari1.y romposed of a  p i e c c  of 127-mm 
(5- in . ) -d iam s t a n d a r d  we igh t  carbon s t e c l  p i p e  7 . 6 3 1  (25-ft) long .  Var ious  
schemes f o r  r a i s i n g  t h e  boom were e x p l o r e d  b e f o r e  d e c i d i n g  on t h e  method shown 
i n  F i g .  45.  The w o r s t  c a s e  s t r e s s  c o n d i t i o n  f o r  t h e  boom i s  a t  t h e  b e g i n n i n g  
of  t h e  e r e c t i o n  c y c l e .  The s a f e t y  f a c t o r  on combined s t r e s s e s  a t  t h i s  p o i n t  i s  
3 . 0 .  

The sequence of  e v e n t s  t h a t  occur  d u r i n g  t h e  e r e c t i o n  p r o r e d u r e  a r e  
shown s c h e m a t i c a l l y  i n  F i g .  45.  F i g u r e  4 0  shows t h e  r i d e  view and t h e  p l a n  
view o f  t h e  wind t u r b i n e  assembly i n  t h e  n e a r  h o r i z o n t a l  p n s i t i n n  and p r e p a r e d  
t o  be r o t a t e d  t o  t h e  u p r i g h t  p o s i t i o n .  Two of t h e  lower g ~ i y  wires a r e  a t t a c h c d  
t o  tilt! permanent  anchors  and a r e  shown s l a c k .  The t h i r d  lower guy w i r e ,  t o  be 
c o n n e c t e d  t o  t h e  anchor  n e a r e s t  t h e  winch,  i s . shown u n a t t a c h e d  from t h e  anchor  
and l y i n g  on t h e  ground. The upper guy w i r e  t h a t  a t t a c h e s  t o  t h a t  same anchor  
i s  shown a t t a c h e d  t o  t h e  end of t h e  e r e c t i o n  boom. T h i s  guy w i r e  is' shown 
s l a c k  u n t i l  the  e r e c t i o n  boom i s  r a i s e d  t o  a  v e r t i c a l .  p o s i t i o n .  The guy w i r e  
t h e n  becomes t a u t  and c a p a b l e  of  t r a n s f e r r i n g  t h e  moment-producing f o r c e  t o  
r o t a t e  t h e  tower.  The o t h e r  two upper guy w i r e s  a r e  shown a t t a c h e d  t o  tempo- 
r a r y  a n c h o r s .  These temporary anchors  a r e  l o c a t e d  a long  t h e  a x i s  of r o t a t i o n  
o f  t h e  tower  p in  and they  ho ld  t h e  upper  guy w i r e s  t a u t  wi th  c o n s t a n t  t e n s i o n  





Fig. 45 Erection Procedure 

* 
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th roughout  t h e  e r e c t i d n '  p rocedure .  The purpose  of t h i s  temporary arrangement 
of  t h e  upper  guy w i r e s '  is t o  s t a b i l i z e  t h e  tower  dur ' ing  t h e  e r e c t i o n  oper ' a t ion  
and p r e v e n t  any l a t e r a l  movement. T h i s  w i l l ' p r e v e n t  t h e  tower  base  from h a v i n g  
t o  r e a c t  a  t r a n s v e r s e  moment. The e r e c t i o n  b o o m . i s . a l s o  s t a b i l i z e d  t o  p r e v e n t  
l a t e r a l  movement by' temporary guy w i r e s  e x t e n d i n g  from t h e  boom t i p '  t o  each of 
t h e  temporary anchors .  

Con t inu ing  w i t h  t h e  e r e c t i o n  p rocedure ,  once  t h e  boom and a l l  guy wi res '  
a r e  i n  p l a c e , .  t h e  winch c a b l e  a t t a c h e d  t o  . t h e  e r e c t i o n  boom t i p  .is drawn up and 
t h e  boom moves t o  t h e : v e r t  i c a l  p o s i t i o n  a s  i n  F i g .  4 9 9 .  The winch c a b l e  is  t h e n  
drawn f a r t h e r  and t h e  tower s t a r t s  t o  r o t a t e  a b o u t  t h e . b a s e  p in .  T h i s  i s  t h e  
po in t '  d u r i n g  t h e  e r e =  t i o n .  p rocedure  a t .  which t h e  .maximum tower  founda t  i o n  l o a d s  
o c c u r  f o r  t h e  e rec t ' i on  c o n d i t i o n .  The column load i n  t h e  e r e c t i o n  boom'produces  
a  v e r t i c a l  co,mpressive f o r c e  on t h e  f o u n d a t i o n  of 36,000 N (8 ,100  l b )  and t h e  
column load i n  t h e  tower produces  a  s h e a r  f o r c e  on t h e  f o u n d a t i o n  of  28,000 N 

( 6 , 3 0 0  l b ) .  The winch c a b l e  i s  drawn f u r t h e r  a s  i n  F i g .  4@, and t h e  tower. 
c o n t i n u e s  t o  be r o t a t e d  t o  t h e  v e r t i c a l  p o s i t i o n .  A s  t h e  tower  r e a c h e s  t h e  . 
n e a r  v e r t i c a l  p o s i t i o n  (k'ig. 4 @ ,  t h e  two lower guy " i r e s  t h a t  were a t t a c h e d  t o  
t h e  permanent anchors  become : t a u t ,  and t h e  o t h e r  l o o s e  lower guy w i r e  is  t h e n  
a t t a c h e d  t o  t h e  t h i r d  anchor .  The tower i s  t h e n  s t a b i l i z e d  i n  t h e  
v e r t i c ' a l  p o s i t i o n  by , the  t h r e e  lower guy wires. .  . The .two upper  guy w i r e s  can  be 

- removed from t h e  temporary anchors  and a t t a c h e d  t o  t h e  permanent a n c h o r s ,  and 
t h e  e r ' e c t i o n  boom can be removed and t h e  remaining upper  guy w i r e  a t t a c h e d  t o  
i t s  permanent anchor .  P roper  t e n s i o n i n g  of a l l  guy w i r e s  i s  t h e n  performed t o  
comple te  t h e  e r e c t  i o n  o p e r a t i o n  ( F i g .  444. The t u r n b u c k l e s  would t h e n  be 

C locked i n  p o s i t i o n  t o  p r e v e n t  vanda l i sm.  

Wind Turb ine  S i t e  l les ign,  E a s t  n a r t f o r d ,  C t .  

O p e r a t i o n  of t h e  wind t u r b i n e  i n  E a s t  H a r t f o r d ,  C o n n e c t i c u t ,  p r i o r  t o  
d e l i v e r y  t o  Rocky F l a t s ,  r e q u i r e d  a  d e s i g n  s t u d y  t o  be conducted t o  p r e p a r e  an  
a d e q u a t e  s i t e  f o r  t e s t i n g .  The s i t e  d e s i g n  must s a t i s f y  e r e c t i o n  r e q u i r e m e n t s  
a s  w e l l  a s  high-wind c o n d i t i o n s  which might- occur .  

  he' wind t u r b i n e  s i t e  hardwa'=e i s  c 'mposed of two major  i t e m s ;  t h e  tower  
base  f o u n d a t i o n  and t h r e e  guywi . re 'anchors .  T h e . t o w e r  base  is  s imply a con- 
c r e t e  b lock  1 . h  (5-f t )  square '  and 1.2-m (4 - f t )  deep.  The c o n c r e t e  b lock  i s  
s t e e l  r e i n f o r c e d  t o  c a r r y  column l o a d i n g  and bending,  where s t a n d a r d  c o n c r e t e  
i s  used ( a v e r a g e  s t r e n g t h )  and t h e  r e i n f o r c i n g  i s  accomplished u s i n g  low c o s t  
s t e e l  b a r s .  The guy w i r e  anchors  a r e  common s t e e l  b o i l e r  p l a t e  1.2-rn (4- 
f t )  s q u a r e  and 32-mm (1.25-in.) t h i c k .  Two e y e b o l t s  a r e  a t t a c h e d  t o  t h e  c e n t e r  
o f  t h e  p l a t e  a n d ' n o r m a l  t o  i t .  When b u r i e d  i n  t h e  ground w i t h  t h e  e y e b o l t  
s h a n k s  p a r a l l e l  t o  t h e  upper  and lower guy w i r e s ,  t h e  anchors  w i l l  engage a  
pyramidal  volume of s o i l  through . t h e . s o i l .  s h e a r i n g  a c t i o n ,  The t o t a l  exca- 

3 3 v a t i o n  requ i rement  is  20 m . ( 2 7  yd 1, i n c l u d i n g  a  50 X s u r c h a r g e ,  and t h e  
t o t a l  s t e e l .  used i s  1225 kg ( 2 , 7 0 0 ' 1 b ) .  



Design Loads for  S i t e  

There a r e  two cond i t i ons .  t o .  be considered i n  c a l c u l a t i n g  t h e  des ign  loads 
a c t i n g  on the  wind t u r b i n e  s i t e  ( foundat ion  and anchors ) .  The f i r s t ,  Case 1 ,  
i s  the e r e c t i o n  of the system using the  method descr ibed e a r l i e r ;  and .  the 
second,  Case 2 ,  i s  the. high-wind cond i t i on  which might be expected t o  occur 
i n  East  Hart fo rd ,  Connecticut . 

The loads  produced dur ing  e r e c t  ion  were repor ted  e a r l i e r ,  and a schematic 
of t h i s  cond i t i on  i s  shown in Sketch 1. The second design cond i t i on  i s  the  
high-wind . c o n d i t i o n ,  where i t  was assumed the  maximum wind which might occur a t  
t h i s  l o c a t i o n  was 45 m/s (100 mph). The maximum'thrust t h a t  would be generated 
a t  t h i s  speed i s  8900 N (2 ,000 l b ) .  This  f o r c e ,  which must be reac ted  by the 
guy wi re s ,  . i n  combinat ion  with.  the  guy wire  p re t ens ion  f o r c e s ,  forms the  
v e r t i c a l  design loads fo r  the foundat ion and anchors.  ' These a r e  depic ted  i n  
Sketch 2 .  The h o r i z o n t a l  des ign  loads a re ,de t e rmined  by t h e  e r e c t i o n  fo rces .  

Table 22  summarizes t he  s i t e  design loads for  both the  e r e c t i o n  cond i t i on  
(Case 1 )  and the  high-speed cond i t i on  (Case 2 ) .  A f a c t o r  of s a f e t y  of 1 .5 has  
been used f o r  s t r e s s  c a l c u l a t i d n s  i n  the. s i t e . d e s i g n .  

TABLE 22 

FOUNDATION AND ANCHOR DESIGN LOADS FOR EAST HARTFORD SITE 

1 .5  Fac tor  of Sa fe ty  
-------i-------------- 

Case 1 Case 2 , Case 1  Case 2  
Erec t  ion ~ i g h  .wind Erec L iori High W~IIJ  

Foundat ion 
V e r t i c a l  compressive 36,000 N 222', 500 N 54,000 N 333,800 N 

Hor izonta l  shear  28,000 N 0 42,000 N . 0 

Anchor 
V e r t i c a l  t ens ion  0  
Hor izonta l  t ens ion  0  

Because both the  foundat ion and anchor system i n t e r a c t  with the  s o i l ,  
two assumptions had t o  be made concerning t h e  s o i l  c h a r a c t e r i s t i c s : .  a )  Safe 
bea r ing  capac i ty  o f  s o i l .  Marks ~ n ~ i n e e r i a ~  Handbook, Page 12-20, shows- t h a t  
t h e  bear ing  capac i ty  of  s o i l  can vary from 1 t o n / f t 2  f o r  s o f t  c l ay  t o  100 

2  t o n / f t 2  f o r  ledge rock.  A conserva t ive  va lue  o f .  2.5 t o n / f t  was chosen 
which. corresponds t o  a  medium s o f t  c l a y .  b )  S o i l  c o e f f i c i e n t  of i n t e r n a l  f r i c t i o n .  

, . 



SKETCH 1 A .  IN,IT IAL ERECTION LOADS 

SKETCH 2 

8900 N HIGH WIND OPERATION. - (2000 Ib) Vw = 45 MIS (100 mph) 

PRETENSION = 44,500 N 110.000 Ib) 
. 

PRETENSION = 22,250 N (5000 Ib) 

/ 1 222,500 N 

11 1,300 N (25,000 Ib) (50,000 Ib) 



T h i s  s o i l  c h a r a c t e r i s t i c  i s  impor tan t  i n  c a l c u l a t i n g  t h e  a r e a  r e q u i r e m e n t s  f o r  
t h e  guy w i r e  anchors  and i s  an i n d i c a t o r  of t h e  s o i l  s h e a r i n g  c a p a b i l i t y .  
Uquhar t s  Handbook of  C i v i l  Engineecing,  Page 7-175, g i v e s  two v a l u e s  f o r  e a r t h  
a s  de te rmined  by two e x p e r i m e n t o r s :  48" and 37".  These v a l u e s  a r e ' t h e  equ iva -  
l e n t  s o i l  f r i c t i o n  a n g l e s .  The more c o n s e r v a t i v e  v a l u e  ( 4 8 " )  was chosen  f o r  
t h e  anchor  a r e a  c a l c u l a t i o n .  A s o i l  t e s t  w i l l  be performed a t  t h e  s i t e  p r i o r  
t o  e x c a v a t i o n  t o  v e r i f y  t h e  s o i l  s a f e  b e a r i n g  c a p a c i t y  and t h e  c o e f f i c i e n t  of  
i n t e r n a l  f r i c t i o n .  

Founda t ion  Design 

The tower  f o u n d a t i o n  i s  a  s t e e l - r e i n f o r c e d  c o n c r e t e ' b l o c k  1 . 5  x 1 . 5  x 1.2- 
m d e e p .  The f o u n d a t i o n  i s  s t e e l - r e i n f o r c e d  h o r i z o n . t a l l y  i n  bo th  a x i s  d i r e c -  
t i o n s  n e a r  t h e  bottom of  t h e  f o u n d a t i o n  t o  h e l p  r e a c t  shears ar~d luurtleuts. The 
f o u n d a t i o n  a l s o  h a s  v e r t i c a l  s t e e l  r e i n f o r c e m e n t  on a 0.4-m s q u a r e  i n  t h e  
c e n t e r  of t h e  f o u n d a t i o n  t o p  t h a t  e x t e n d s  v e r t i c a l l y  t o  t h e  h o r i z o n t a l  s t e e l  
b a r s .  These v e r t i c a l  b a r s  r e a c t  t h e  column l o a d i n g  of the tower. A achemat ic  
o f  t h e  f o u n d a t i o n  i s  shown i n  F i g .  46.  Four 381nm (1 .5 - in .  ) - d i m  anchor  b o l t s  
a r e  c a s t  i n  t h e  f o u n d a t i o n  t o p  t o  s e c u r e  t h e  tower  base .  

Anchor Design 

The t h r e e  guy w i r e  a n c h o r s  a l l  have t h e  same d e s i g n  and a r e  s imply a  
1 . 2  x  1.2-m s h e e t  of b o i l e r  p l a t e  s t e e l  32-mm t h i c k .  Two 38-m-diam 
h o l e s  a r e  c u t  i n  t h e  c e n t e r  of  t h e  p l a t e  (203  mm from c e A t e r  t o  c e n t e r )  t o  
accommodate t h e  38-mm-dim e y e b o l ~ s  LU t h e  uppcr  and lower guy w i r e s .  A 25-mm- 
t h i c k ,  two-hole s t e e l  washer  406-mm squa+e  i s  p laced  below t h e  p l a t e  t o  h e l p  
t r a n s f e r  t h e  t e n s i o n  l o a d s  from t h e  e y e b o l t s  t o  t h e  anchor  p l a t e .  The h o l e s  i n  
b o t h  t h e  washer' and t h e  arlchor p l a t e  a r e  s l i g h t l y  o v e r s i z e d '  tu a l l o w  sortie a n g u l a r  
freedom o f  t h e  e y e b o l t s .  S t e e l  d i s c s  25-mm t h i c k  and 76-mm-dim a r e  welded t o  
t h e  bot tom o f  t h e  e y e b o l t s  t o  s e c u r e  t h e  two e y e b o l t s  t o  t h e  anchor  p l a t e  washer 
a s sembly .  F i g u r e  47 shows a  schemat ic  of t h e  anchor .  The m a t e r i a l  requir .ements 
f o r  bo th  t h e  anchors  and f o u n d a t i o n  a r e  l i s t e d  i n  Tab le  23.  

Temporary .Anchors 

I t  was p r e v i o u s l y  ment ioned d u r i n g  d i s c u s s i o n  of t h e  e r e c t i o n  p r o c e d u r e  
t h a t  two temporary  a n c h o r s  were r e q u i r e d  t o  s t a b i l i z e  t h e  tower and t h e  e r e c -  
t i o n  boom d u r i n g  t h e  e r e c t i o n  p rocedufe .  Theue teiuyorary anchors  w i l l  be 
premade c o n c r e t e  b l o c k s  w i t h  b u i l t - i n  s t e e l  e y e b o l t s .  The c ,oncre te  b l o c k s  a r e  
0.4-m s q u a r e  by 1.2-m l o n g  and weigh on t h e  o r d e r  of 454 kg.  They a r e  of  f - the-  
s h e l f  a v a i l a b l e  i t e m s  t h a t  a r e  r e u s a b l e  and c o s t  a b o u ~  $50 r e t a i l .  S i n c e  t h e i r  
o n l y  f u n c t i o n  i s  t o  remove s l a c k  from t h e  upper  guy w i r e s  and t h e  e r e c t i o n  boom 
c a b l e s  d u r i n g  e r e c t i o n ,  and p r o v i d e  a  low p r e t e n s i o n ,  t h e i r  dead we igh t  s i z e  i s .  
more t h a n  a d e q u a t e .  : 
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Fig. 46 Schematic of Typical Tower Foundation (Requirements 
May Vary According to Specific Site Conditions 
and Local Code Requirements). 
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TABLE 23 

TYPICAL FOUNDATION AND ANCHOR PIATERIAL REQUIREI~ENTS* 

Foundation 

3  
Concrete  (17.2 MPa) : 2.83 m 

Hor i zon ta l  S t e e l  Bar: '12 No. 6  Bar 1.37-m iong  each 

V e r t i c a l  S t e e l  Bar: 8  No. 9 Bar 1.09-m long each 

S t e e l  T i e  Bar: 4 No. 2  Bar 1.78-m long each 

Anchor B o l t s :  4 38-m diam 0.51-m long each 

Anchors 

S t e e l  Boliler P l a t e  1 . 2 m x  1 .2  iilx 32 mm 1 per  Anchor 3  T o t a l  

S t e e l  Washer: 406. x 406 x 2 5  mm 1 per  Anchor 3 T o t a l  

Eye Bo l t s :  38-111m d i m  x 2.75 m 2  per Anchor 6  T o t a l  
. . 

S t e e l  Discs :  ' 76-m d i &  x 25-mm 2 per  Anc'hor 6 T o t a l  
(Welded t o  bottom . t h i c k  
of eye  bo l t s . )  

* 
Actual  requiremenfs may va ry  according t o  s p e c i f i c  s i t e  cond i t i ons  and 
l o c a l  code requirements . .  



W e i g h t ,  B a l a n c e , '  and  M a t e r i a l  S p e c i f i c a t i o n s  

T h e  i n d i v i d u a l  w e i g h t s  o f . a l 1 .  . components  and t h e i r  h o r i z o n t a l  d i s t a n c e s  
f r o m  t h e  yaw a x i s  a r e  . l i s t e d  , i n  T a b l e  2 4 .  T h e i r  r e s u l t a n t  w e i g h t  moments  and 
t h e  c g  l o c a t i o n .  .of t h e .  t o t a l  s y s t e m  i s  a l s o  k i l c u l a t e d .  The  c g  i s  c a l c u l a t e d  t o  

b e  57 mm f o r w a r d ( t o w a ' r d s  g e n e r a t o & )  o f  t h e  y a w a x i s .  Th ' i s  i s  d e s i r a b l e  f r o m  
t h e  s t a n d p o i n t  o f  e r e c t i o n ,  s i n c e  t h e  r o t o r  w i l l  s w i n g  u p  and. a w a y , f r o m  t h e  
s l a c k  .guy w i r e s  d u r i n g  e r e ~ t i o n .  The  m a j o i  w e i g h t .  i  tern i's t h e  t o w e r  ' a n d  c a b - l e s  
w h i c h  t o t a l  1'110 k g .  and  t h e  t . b t a l  s y s t e m  w e i g h t  is e s t i m a t q d  . a t  1920 k g .  

. . 

The  p u r c h a s e d  p a r t s  and t h e  raw m a t e r i a l s  r e q u i r e d  f o r  t h e  c o m p l e t e  
s y s t e m ,  , n o t  i n c l u d i n g  t h e  foun .da t  i o n  and  gr'&nd a n c h o r s ,  a r e  l i s t e d  i n  T a b l e s  . . 
25 and  '26..  

A p p e a r a n c e '  S t u d  i es 

A s t u d y  was c o n d u c t e d  t o  determine:the e f f e c t  t h a t  v a r j . o v s  n a c e l l e  
s h a p e s  a n d  c o l o r  s c h e m e s  had  on t h e  o v e r a l l .  a p p e , a r a n r e  o f ,  t h e  wind t u r b i . n e .  
S i n c e  t h e  s y s t e m  a e s t h e t i c s  i s  a n  i m p o r t a n t  t a c t o r  i n  p u b l i e  acceptdnce  uE 
WECS, i t  was f e l t  t h a t  p e r s o n n e l  t r a i n e d  i n  t h i s  a r e a  s h o u l d  be . i n v o l v e d . \  . 

T h e r e f o r e ,  a n  i n d u s t r i a l  d e s i g n  f i r m , .  I n d u s t r i a l  ~ e s i ~ n '  C o n s u l . t a n t s '  ( I D C )  o f  
F a r m i n g t o n ,  C o n n e c t i c u t  was employed  t o  s t u d y  t h i s  p r o b l e m .  .. . 

IDC h a s  s u p p l i e d  a v a r i e t y  o f  e n c l o s u r e  c o n c e p t s  w h i c h  l e d  t o  t h e  
c o n s  t r u c . t  ion .  o f  s e v e r a l  s m a l l - s c a l e  mock-ups w h i c h .  a r e  c u r r e ' n t  ly u n d e r  e v a l u -  
a t i 0 . n .  p h o t o g r a p h s  o f  t h r e e  m o d e l s  a r e  sh-own i n  ' ~ i ~ .  48. . & l o r  ' c o n c e p t s  a r e  
a l s o  b e i n g  e v a l u a t e d ;  h o w e v e r ,  t h i s  a c t i v i t y  w. i l l .  not  b e  c o m p l e t e d  . u n t i l  P h a s e  
I1 of t h e  p r o g r a m .  I t  i c  a n t i c i p a t e d  t h a t  t h e  s e l e c t e d  d e s i g n .  wi 1 1  .RP fahri- 
c a t e d  f r o m  b l o &  f i b e r g l a s s  w i t h  c o l o r e d  r e s i n .  

. . 
. . . . 



TABLE 24 

WEIGHT AND BALANCE SUMMARY 

Item 
D i s t .  From 

'Weight (kg) Yaw Axis (mm) 

-Elomen t s 
Genera t o r  134 
Gen Adapter  1 0  

Gear Box 165 
Coupl ing 26  
Housing G u s s e t s  4 4 
Lower Housing P I .  2 1 
Brake Act .  7 
C a l i p e r ,  E a r s ,  Cyl.  . 1 6  
Brake Disc  1 0  
Brake Coupl ing - 9 

TOTAL 442 

+Moments -.. 
Rear Rotor  Brg.  Assy. 
H o u s i n g / ~ u b e  P I .  . 

Housing/Tube Gusse t s  
Rotor  S h a f t  
C h a s s i s  Tube 
C h a s s i s  Tube Flange 
Blade  End Bear ing  
Blade  End Housing 
IZingfederR Housing 
Pend. Assy. 
Inbd.  Blade Hub 
Blades  
Outbd. B lade  Hub 
Pend. Sys.  Bar 

TOTAL 

WEIGHTCCENTER: 
Yaw S h a f t  4 6 Tower 807 
Bear ings  12 Cables  303 

TOTAL Sf( 
- 

1110 

TOTAL WEIGHT OF HEAD ASSEMBLY 810 kg 

Moment ( kg-mm) 

COMPLETE SYSTEM WT = 1920 kg 

AMOMENT = -46196 kg-mm 

C C - 4G19G = 57 nun from yaw axis on gen.  s i d e  
810 



TABLE 2 5  

PURCHASED PARTS LIST 

No. Req. T i t l e  

Motor (Baldor .  256 TC) 
Gear Red. ( L i n k  B e l t  DDI) 
Tach. S w i t c h  (Speed D e t  ESS1) 
S l i p  R ing  ( I n s t )  
S l i p  Ring  (Power) 
Hyd. Cyl; (Fo rd )  
D i s c  Ernlte (11$ Dia Ford )  
Coup l ing   i ink B e l t  #XR-7) 
Ynw Hrg. (FMC /I23224 LRK) 
Upst ream R o t o r  Brg. (YMC 1122214) 
Downstream R o t o r  Brg. (FMC 122317)  
~ i n ~ f  e d e r R  (iI7012) 
3 / 4  - 1 0  Locknut  
Dowel 1 / 2  D i a  1" LG , 

Hex Hd B o l t  (NYLOCK) 112 - 1 3 . 1 / 4  
Hex Hd B o l t  (NYLOCK) '112 20  x  3  114  
Hek Hd B o l t  (NYLOCK) 112 20  x 2  112 
Soc.  Hd Cap SCR (NYLOCK) ik5 49  x 1 / 2  ' 
Hex Hd BvlL (NYLOCK) 3 / 8  1 6  x I." 
Hex Hd B o l t  (NYLOCK) 1 / 2  13 x 1" 
Hex Hd B o l t  (NYLOCK) 112 1 3  x 1 1 / 2  
Cup PT S e t  ECR (NYLOCK) 114 20 x 3 / 8  
Cup BT 3eL sCR (EIYLOCY.) 511 18 x 3 / 8  
S t u d  7/8 14  x 6" 
Locknut  7 / 8  14  x 6" 
Grease F i t t i n g  118 NPT 

P i p e  Coup l ing  1 1 8  P i p e  
P i p e  N i p p l e  118 P i p e  x  2" . 

Snap k ing  PIC 
C l e v i s  P i n  318 Dia x 1" 
C o t t e r  P'in 1 / 8  D i a  x 112 ' .  

Cable T e i a i i n a l  (Sdf c l o c k  iI A 1  f10) 
C a h l e  F o r k  ( S a f e l o c k  /I SC8C) 



TABLE 26  

RAW MATERIALS 

Head Assembly 

DWG. No. No. Req. 

Head Assy 
Frame 
Cover 
R e t a i n e r  
Lever 
S l e e v e  
C y l i ~ l d e r  
Suppor t  
Housing 
S h a f t  
Yaw 'Shaf t  
C l e v i s  
P i n  
R e t a i n e r  
Cover 
Upper s i o c k  
Lower 
Tube 
'U' B o l t  

CAP 
Flange 
S h a f t  Ex tens ion  
S l i p  Ring 
S l i p  Ring 
Housing 
Housing 
,Speed I n d i c a t o r  

. . 
Adapter  
Stand-of f 
Motor Cover 
t lo tor  A l t e r a t i o n  

M a t e r i a l  

See DVG. STL 
See DWG. STL 
See DWG. STL 
See  DWG. STL 
STL 
See DWG. 
See  DWG. STL. ' 
See DWG. STL. " 

STL 4130 
STL 4130 
S TL 
STL 
STL 
STL 
STL 
STL 
STL 
STL 4130 
STL 4130 
STL 4130 
STL 4130 
P u r .  P a r t  
Pur .  Pa r t -  
S TL 
STL 
Pur .  P a r t  
STL 
STL 
STL 
Pur .  P a r t  



TABLE 262 (Cont ' d )  

RAW MATERIALS 

R o t o r  Assembly 

DWG. Nu. No. Req. 

Tower Assembly 

E r e c t i o n  Device  

T i t l e  

Rotor  Assy 
Backing P l a t e  
Hub 
Spacer  
Hub 
Flexbeam 
A r m  . '  

P l a t e  
Wr.i.ght 
Washer 
A r m  
S t r a p  
B r a c k e t  
B lade  

Tower Assy 
'rang 
Tang 
Extcngion 
Retainer 
tras e 
P l a t e  

Device 
Boom 

Material 

See-  Below 
STL 
CRS 
CRS 
CRS 
~ r a ~ h i t e / ~ p o x y .  
STL . . 
S TL 
STL 
TEFLON 
S TL 
See  DGIG (STL) 
CRS 
~ i b e r g l a s s / ~ ~ o x y  

See Below 
E-4 130 STL 

E-4130 STL 
Welded Assy STL 
HF. S 

W s 3 . r l ~ r l  Assy .STL 
HES . 

S e e  DWG 
See  DWG-STL 





LOADS & STABILITY CHARACTERISTICS 

Two computer codes  were used i n  t h e  des ign  of t h e  wind t u r b i n e :  G400 
( R e f .  15)  and F762BR. Both o f  t h e s e  codes  use  a  modal approach f o r  s i m u l a t  inp 
t h e  r o t o r  a e r o e l a s t i c s  and o b t a i n  t i m e - h i s t o r y  t y p e  s o l u t i o n s .  The former is 
a  s i n g l e - b l a d e  , hub-f ixed a n a l y s i s  whose b l a d e  dynamic d e s c r i p t i o n  u s e s  r e c e n t  
s t a t e - o f - t h e - a r t  model ing t e c h n i q u e s .  The use  o f  t h i s  a n a l y s i s ,  however, 
r e q u i r e d  s i m p l i f y i n g  assumptions  t o  be made w i t h  r e g a r d  t o  the  i n t e r a c t i o n  o f  
t h e  b l a d e  and pendulum. T h i s  a n a l y s i s  was t h e  pr imary t o o l  f o r  t h e  p r e l i m i n a r y  
d e s i g n  o f  t h e  r o t o r  b l a d e  from a  s t r e s s  s t a n d p o i n t ,  and provided a  check on t h e  
F762bK b l a d e  s t r e s s  c h a r a c t e r i s t i c s .  Agreement between the. two a n a l y s e s  was 
d e m o n s t r a t e d ,  and t h u s  o n l y  F762BR r e s u l t s  w i l l  be p r e s e n t e d  i n  t h i s  r e p o r t .  

1 

The F762BR a n a l y s i s  is  a comprehensive,  m u l t i - b l a d e ,  f i n i t e  impedance 
hub a n a l y s i s  which, however,  u s e s  a  l e s s  s o p h i s t i c a ~ e d  b l a d e  dynamic d e s c r i p t i o n .  
Fo l lowing  t h e  demonstra ted agreement of t h i s  a n a l y s i s  w i t h  t h e  6400 program a l l  
subseduen t  c a l c u l a t i o n s  were made us ing  t h i s  F762BR a n a l y s i s ,  due t o  i t s  more 
comple te  d e s c r i p t i o n  of t h e  pendulum c o n t r o l  system and t h e  h u b l n a c e l l e  degrees-  
of-freedom. The remainder  o f  t h i s  s e c t  ion w i l l  f i r s t  d e s c r i b e  t h e  F762BR 
a n a l y s i s  i n  g r e a t e r  d e t a i l ,  and t h e n  p r e s e n t  t h e  r e s u l t s  o f  t h e  u s e  o f  t h a t  
a n a l y s i s .  

D e s c r i p t i o n  o f  t h e  F762BR A n a l y s i s  

T h i s  a n a l y s i s  i s  a v a r i a n t  of an a n a l y s i s  o r i g i n a l l y  developed under  
S i k o r s k y  D i v i s i o n  funding f o r  t h e  ABC (Advancing Blade Concept)  h e l i c o p t e r  
development program. T h i s  e a r l i e r  a n a l y s i s  a l r e a d y  had mult  i -b lade ,  f i n i t e  
impedance hub c a p a b i l i t y  and was s u b s e q u e n t l y  modi f i ed  t o  ana lyze  wind t u r b i n e s .  
Those f e a t u r e s  which were s p e c i f i c a l l y  i n c o r p o r a t e d  i n t o  t h e  computer code under 
t h i s  Rockwell  c o n t r a c t  t o  a n a l y z e  t h e  pendulum c o n t r o l l e d  composi te  b e a r i n g l e s s  
r o t o r  are as fo l lows :  

C o n t r o l  Pendula  

The n o n l i n e a r  ( l a r g e  swing a n g l e )  d i f f e r e n t i a l  e q u a t i o n s  o f  mot ion  f o r  
e a c h  o f  t h e  c o n t r o l  pendula  were d e r i v e d  and coded. The pendula  were assumed 
t o  be  e x c i t e d  by a l l  t h e  i n e r t i a  l o a d s  a s s o c i a t e d  w i t h  r o t o r  speed and h u b l n a c e l l e  
a c c e l e r a t i o n s ,  by g r a v i t y  l o a d s ,  and by t h e  e l a s t i c  l o a d s  g e n e r a t e d  by t h e  
d e f l e c t e d  curved f l e x s t r a p .  Addi t iona l  ( o p t i o n a l )  p r o v i s i o n  was made f o r  
e i t h e r  l o c k i n g  out  t h e  pendula  mot ions  o r  f o r  ganging them1 t o g e t h e r .  



E l a s t i c  F l e x s t r a p s  

The g e n e r a l  computa t iona l  approach i n  t h e  F762BR computer program i s  
t o  c a l c u l a t e  mass a c c e l e r a t i n g  f o r c e s  from known system d e f l e c t i o n s  a n d / o r  
d i s p l a c e m e n t s  , i n  o r d e r  t o  c a l c u l a t e  a c c e l e r a t i o n s .  From t h e  a c ~ e l e r ~ a t  i o n s  t h e  
t i m e - h i s t o r y  s o l u t i o n s  a r e  ,obta ined by nume-rical i n t e g r a t i o n  t o  o b t a i n  new 
d e f l e c t i o n s  t o  complete  t h e  s o l u t i o n  loop  i n  a  s tep-by-s tep  f a s h i o n .  Conse- 
q u e n t l y ,  t h e  a p p r o p r i a t e  dynamic d e s c r i p t i o n  r e q u i r e d  f o r  t h e  f l e x s t r a p s  i .s  a  
s t i f f n e s s  m a t r i x  g i v i n g  t h e  complement of 6  l o a d s  ( 3  f o r c e s  and 3  moments) a t  
each  end of t h e  f l e x s t r a p  due t o  a s  many r e l a t i v e  d e f l e c t i o n s  a t  t h e  ends  o f  
t h e  f l e x s t r a p .  To t h i s  end ,  i t  was assumed t h a t  t h e  f l e x s t r a p  i s  a  c i r c u l a r l y  

. . 
curved beam and p o s s e s s e s  two modes of d e f l e c t  i o n :  bend ing  i n  t h e  r a d i a l  
d i r e c t i o ' n  ( abou t  . t h e  minimum bending modulus a x i s ) ,  and t o r s i o n '  about  t h e  
c i r c u l a r  a r c  e l a s t i c  a x i s .  These two modes were ,  f u r t h e r m o r e ,  assumed t o  be . ' 

uncoupled.  Although t h e  f l e x s t r a p  was assumed t o  .be  r i g i d .  i n  t h e  d i r e c t  i o n .  ' '. 

normal t o  t h e  r a d i i  ( t h e  maximum bending m o d u l i ) ,  n e v e r t h e l e s s  d e f l e c t  i o n s  i n ,  
t h i s  d i r e c t i o n  a r e  al lowed due t o  e f f e c t s  o f  a  t w i s t e d ,  cu rved  e l a s t i c  ax i s . .  
The st i f  f n e s s  m a t r i c e s  were then  o b t a i n e d  by i n v e r t i n g  t h e  a p p r o p r i a t e  in f luen ' ce  
c o e f f i c i e n t  m a t r i c e s .  

. . .  . . 

The i n f l u e n c e  c o e f f i c i e n t  m a t r i x  f o r  r a d i a l  d e f l e c t i o n s  was o b t a i n e d  
: 

from a  s t a n d a r d  compendium of  beam bending formulae  ( R e f .  1 6 ) .  The i n f l u e n c e .  . ... 

c o e f f i c i e n t  m a t r i x  f o r  def1 ,ec t  i o n s  due t o  t o r s  i o n  was d e r i v e d  from f i r s t  
p r i n c i p l e s  u s i n g  a  d i f f e r e n t i a l  e q u a t i o n  f o r  t o r s i o n  which inc luded  b o t h  S t .  
Venant and p l a t e  bending e f f e c t s  ( s e e  Ref .  1 5 )  and assumed a  nomina l ly  c i r c u l a r  
a r c  t o r s i o n  a x i s .  

. . Vortex Ring S t a t e  M o d i f i c a t i o n  t o  Time V a r i a b l e  I n f l o w  . .. . 

Wind t u r b i n e s  a r e  des igned  t o  o p e r a t e  a t  b l a d e  l i f t  c o e f f i c i e n t s  f a r  i n  , 
e x c e s s  o f  t h o s e  t y p i c a l l y  encoun te red  by h e l i c o p t e r  r o t o r s .  As such ,  t h e y  a r e  
c a p a b l e  o f  operat;i:ng i n  t h e  "vor tex  r i n g  s t a t e "  ( s e e  Ref.  1 7 ) .  I n  such a  s t a t e  
t h e  u s u a l  momentum- b a l a n c e  r e l a t i o n s h i p s  used t o  o b t a i n  ( u n i f o r m )  i n f l o w  
d i s t r i b u t i o n s  b reak  'down. The t ime v a r i a b l e  i n f l o w  d e s c r i p t i o n  ' o r i g i n a l l y  
developed f o r  t h i s  a n a l y s i s ,  however,  was d e r i v e d  u s i n g  a  d i f f e r e n t i a l  e q u a t i o n  
v e r s i o n  o f  t h e  s t a t e m e n t  of  momentum b a l a n c e .  Consequen t ly ,  t h i s  d i f f e r e n t i a l  
e q u a t i o n  had t o  be modi f i ed  t o  i n c o r p o r a t e  an e m p i r i c a l  r e l a t i o n s h i p  between 
i n f l o w  and induced v e l o c i t y  a p p r o p r i a t e  t o  t h e  vor tex '  r i n g  s t a t e  a s  g i v e n  i n  
Ref.  17 .  

I n  a d d i t i o n  t o  t h e s e  s p e c i f i c  . f e a t u r e s ,  s e v e r a l  o t h e r s  had a l r e a d y  'been 
made t o  t h e  o r i g i n a l  " h e l i c o p t e r "  program t o  e n a b l e  t h e  a n a l y s i s  of more 
convent  i o n a l  wind t u r b i n e  s y s  tems. These b a s i c  wind t u r b i n e  modi f  l c a t  i o n s  were 
a l r e a d y  p a r t  o f  the. a n a l y s i s  c a p a b i l i t y .  o f  UTRC a t  t h e  i n c e p t  i o n  of  t h i s  s t u d y ,  
and a d e t a i l e d  d i s c u s s i o n  of  them is beyond t h e  ' s cope  and i n t e n t  io,n o f  t h i s  
r e p o r t .  



Dynamic Data  Required f o r  A n a l y s i s  

S i n c e  t h e  F762BR a e r o e l a s t i c  a n a l y s i s  models  t h e  f e a t u r e s  of t h i s  wind 
t u r b i n e  sys tem w i t h  more r i g o r  t h a n  t h e  G400 a n a l y s i s  used i n  t h e  p r e l i m i n a r y  
d e s i g n ,  some of  t h e  i n p u t  d a t a  f o r  t h e  former w i l l  be somewhat d i f f e r e n t ,  b o t h .  
i n  scope and ' v a l u e ,  from t h a t  f o r  t h e  l a t t e r .  T h i s  s u b s e c t i o n  b r i e f l y  d e s c r i b e s  
t h e  p e r t i n e n t  dynamic d a t a  r e q u i r e d  a s  i n p u t  f o r  t h e  F762BR program. 

Blade  T o r s i o n  Mode 

The e x p l i c i t  dynamic d e s c r i p t i o n  of  t h e  c o n t r o l  pendula  r e l a x e s  t h e  need 
f o r  approx imat ing  t h e  e q u i v a l e n t  r o o t  t o r s  i o n  s p r i n g  due t o  pendulum impedance.  
C o n s e q u e n t l y ,  t h e  a p p r o p r i a t ~  t o r s i o n  modcling rzquirrd  t o  c a l c u l a t e  t h e  
t o r s i o n  f requency  and mode shape r e q u i r e s  t h a t  t h e  f l e x s t r a p  be c o m p l e t e l y  

- d i s c o n n e c t e d  and t h e  b l a d e  s t i f f e n e d  i n  t o r s i o n  o n l y  by t h e  r o t o r  b l a d e  f lexbeam. 
For  t h e  nominal  wind c o n d i t i o n  of  5 .4  m / s  (12  mph) and t i p  speed of  53 .3  m / s  
(175  f p s )  t h i s  t o r s i o n  mode was c a l c u l a t e d  t o  have a f requency  o f  9.07 Hz 
( 5 . 0 5  P I .  T h i s  i n c r e a s e d  t o  10.4 Hz ( 2 . 3 8  P) a t  a  t i p  speed o f  130  m / s  (425 
f p s ) .  The remain ing  b l a d e  mode n a t u r a l  frcqclr~lcy v a r i a t i o n s  w i t h  t i p  speed 
used i n  t h i s  s t a b i l i t y  s t u d y  a r e  e s s e n t i a l l y  t h o s e  shown i n  F i g .  37. 

F l e x s t r a p  and Pendulum Geometry 

The d e r i v a t i o n  o f  t h e  to r s ion-dependen t  f l e x s t r a p  i n f l u e n c e  c o e f f i c i e n t s  , + 

was made making t h e  assumpt ion o f  a  nomina l ly  c i r c u l a r  a r c  e l a s t i c  a x i s .  From 
, 

t h e  d e s i g n  d e t a i l s . o f  . t h e  f l e x s t r a p  s e l e c t e d  and d i s c u s s e d  e a r l i e r  i n  t h i s  
s t u d y ,  t h e  f o l l o w i n g  t a b l e  p r e s e n t s  t h e  s i m p l i f i e d  geomet r i c  .and mechan ica l  d a t a  
used i n  t h e  s t a b i l i t y  a n a l y s i s .  

F l e x s t r a p  and pendulum Data 

Pendulum r a d i a l  h i n g e  l o c a t  ion  0.60 m (23.7  i n . )  
Pendulum a x i a l  h i n g e  l o c a t i o n  0.07 rn ( 2 . 8  i n . )  
Forward sweep a n g l e  o f  pendulum 45" 
Flexst rap-pendulum a t t a c h m e n t  p o i n t  from h i n g e  0.48 m ( 1 8 . 8  i n . )  
F l e x s t r a p  r a d i u s  o f  c u r v a t u r e  1.12 m (44 .1  i n . )  
F l e x s t r a p - b l a d e  a t t a c h m e n t  p i t c h  a n g l e  -28" 

Tower-Nacelle Dynamic D e s c r i p t i o n  

I n  o r d e r  t o  a n a l y z e  t h e  n a c e l l e  s t a b i l i t y  i n  yaw, a s  w e l l  a s  t h e  e f f e c t s  
o f  s i d e  g u s t s ,  t h e  i n h e r e n t  z e r o  f requency  yaw mode due t o  t h e  f r e e  yaw b e a r i n g  
had t o  be inc luded  i n  t h e  tower dynamic d e s c r i p t i o n .  Tho adopted method f o r  
i n c l u d i n g  f i n i t e  impedance c h a r a c t e r i s t i c s  o f  t h e  r o t o r  hub i n  t h e  F762BR 
program i s  t o  i n p u t  i n e r t i a ,  damping and s t i f f n e s s  m a t r i c e s  f o r  a  "movable 



hub". A l l  of t h e s e  m a t r i c e s  a r e  6  x  6  t o  account  f o r  t h e  6 degrees-of- f reedom 
o f  t h e  hub. The i n e r t i a  and s t i f f n e s s  m a t r i c e s  used i n  the  c a l c u l a t i o n s  which 
c l o s e l y  s i m u l a t e  t h e  f i r s t ,  e l a s t i c  bending modes o f  t h e  towe3r, a s  w e l l  a s  t h e  
z e r o  f requency  yaw mode, a r e  shown i n  T a b l e  27. Note t h a t  s i n c e  z e r o  hub 
damping was assumed, t h e  damping m a t r i x  was o m i t t e d .  The s i x  e l e m e n t s  i n  each  
row and column c o r r e s p o n d ,  i n  o r d e r ,  t o  v e r t i c a l  (downward) d e f l e c t i o n ,  l a t e r a l  
( s t a r b o a r d )  d e f l e c t i o n ,  c lockwise  (viewed from above)  yaw r o t a t i o n ,  n a c e l l e  
( n o s e  up) p i t c h i n g  r o t a t i o n ,  a x i a l  (downwind) d e f l e c t i o n ,  and r o t a t i o n  about  an  
a x i s  c o i n c i d e n t  w i t h  t h e  r o t o r  s h a f t .  

V a r i a b l e  I n f l o w  Due t o  Wind Shear  

The F762BR computer program h a s  t h e  c a p a b i l i t y  o f  i n p u t t i n g  a  d i s c r e t e  
i n f l o w  d i s t r i b u t i o n  over  the  r o t o r  d i s k  which v a r i e s  b o t h  r a d i a l l y  and a z i m u t h a l l y .  
Conseqben t ly ,  f o r  each wind speed an a p p r o p r i a t e  i n f l o w  d i s t r i b u t i o n  i s  c a l c u l a t e d  
s o  t h a t  t h e  i n p u t t e d  wind speed and v a r i a b l e  i n f l o w  d i s t r i b u t i o n  combine t o  
s i m u l a t e  t h e  e a r t h  wind s h e a r  d i s t r i b u t i o n .  The wind s h e a r  model s o  s e l e c t e d  i s  
t h e  t y p i c a l  power c u r v e ,  

where Vo i s  t h e  v e l o c i t y  a t  t h e  r e f e r e n c e  h e i g h t ,  h o ,  and V i s  t h e  speed a t  any 
h e i g h t ,  h .  

Rotor Loads 

The b l a d e  s t r u c t u r a l  c h a r a c t e r i s t i c s  d e s c r i b e d  i n  t h e  Blade Design S e c t i o n ,  
a l o n g  w i t h  t h e  pendulum and tower i n f o r m a t i o n ,  were used i n  t h e  F762BR a n a l y s i s  
t o  c a l c u l a t e  b l a d e  and component l o a d s  f o r  use  i n  t h e  o v e r a l l  d e s i g n  d e s c r i b e d  
i n  t h e  System Design S e c t i o n .  The computer o u t p u t  h a s  been modi f i ed  f o r  g r a p h i -  
c a l  d i s p l a y  s o  t h a t  a l l  impor tan t  pa ramete r s  a r e  p r e s e n t e d  g r a p h i c a l l y  i n  t ime 
h i s t o r y  fo rmat .  The c o n d i t i o n s  which were s e l e c t e d  f o r  c a l c u l a t i n g  l o a d s  a r e  
p r e s e n t e d  i n  Tab le  28. These were s e l e c t e d  t o  g i v e  a  broad range  of  o p e r a t i n g  
c o n d i t i o n s ;  t h e  low speed normal o p e r a t i n g  c o n d i t i o n s  which g i v e  t h e  l o a d s  f o r  
t h e  major  p o r t i o n  of  t h e  s y s t e m ' s  l i f e ,  a s  w e l l  a s  t h o s e  which were expec ted  t o  
produce high s t r e s s e s  which would not  occur  w i t h  h igh f r e q u e n c y ,  b u t  would c e r -  
t a i n l y  have t o  be su rv ived  f o r  a  f i n i t e  number of o c c u r a n c e s  d u r i n g  t h e  l i f e  
o f  t h e  sys tem.  The ext reme g u s t s  shown i n  Tab le  28 a r e  no t  l i k e l y  t o  occur  i n  
a c t u a l  p r a c t i c e ;  however,  t h e y  were used f o r  c o n s e r v a t i s m  and t o  d e m o n s t r a t e  
t h e  load c a p a b i l i t y  o f  t h e  low s t i f f n e s s  r o t o r  used In t h i s  sys tem. '  



TABLE 2 7  

. .DYNAMIC MATRICES USED TO SIMULATE FLEXIBLE ' 

TOWER WITH FREE YAW BEARING 

I n e r t i a  M a t r i x  

S t i f f n e s s  Mat r ix  

kg 
kg 
kg -m 
kg-m 

k  l: 
kg-m 

The F762BR program was r u n  w i t h  wind s h e a r  e f f e c t s  u s i n g  t h e  s t a n d a r d  ' 

s h e a r  d i s t r i b u t i o n  d e s c r i b e d  e a r l i e r  . Blades  were s i m u l a t e d  w i t h  two f l a t w i s e  
bend ing  modes, one  edgewise  mode and one t o r s i o n  mode, which i n c l u d e d  t h e  
pendulum, and t h e  b l a d e  was segmented ae rodynamica l ly  i n t o  15 s e c t i o n s .  The 
yaw and tower dynamics were i n c o r p o r a t e d  by means of t h e  i n e r t i a  and s t i f f n e s s  
m a t r i c e s  p r e s e n t e d  i n  T a b l e  2 7 .  For t h e  c a s e s  p r e s e n t e d  i t  was assumed t h a t  
the g e a r b o x / g e n e r a t o r  sys tem was o f  i n f i n i t e  impedance and f i x e d  rpm. It is  
r e c o g n i z e d  t h a t  t h e  d r i v e  sys tem t o r s i o n a l  c h a r a c t e r i s t i c s  would be  e f f e c t e d  t o  
some d e g r e e  by t h e  s t i f f n e s s ,  i n e r t i a ,  and daniping of  t h e  load ; however t h e s e  
p a r a m e t e r s  were no t  s i m u l a t e d  i n  Y76ZHK d u r i n g  i t s  use  f o r  t h i s  s t u d y .  E a r l i e r  
model t e s t s ,  under t h i s  c o n t r a c t  and t h o s e  r e p o r t e d  i n  Ref.  1 ,  d i d  n o t  r e v e a l  
u n s t a b l e  o r  lowly damped r e s p o n s e s  i n  t h e  d r i v e  system t o r s i o n a l  modes, a l t h o u g h  
this c a n n o t  be  c o n c l u s i v e  s i n c e  p e r f e c t  s c a l i n g  of  t h e  31-Et sys tem was n o t  
a c h i e v e d .  It is b e l i e v e d  t h a t  o n l y  through p r o p e r l y  s c a l e d  model t e s t i n g  o r  
t h r o u g h  f u l l - s c a l e  f i e l d  t e s t i n g  w i l l  t h e  d r i v e  system t o r s i o n a l  c h a r a c t e r i s t i c s  
b e  a c c u r a t e l y  q u a n t i f i e d .  



WIND CONDITION I VELOCITY 

Axial g u s t  

S t eady  

Vw = 9 + 45 = 54 m/s 
( = 20 + 100 = 120 mph) ( ex t reme  gust) 

vw = 9 ,  18, 36, 54, 74 m / s  
( = 20, 40, 80, 120, 165 mph) 

Lateral gust 

I 

wind d i r e c t i o n  = + 40 deg  @ t = 0 , .  

wind d l r e c l l u n  - - 40 dcg  @ t = O . 



The d e t a i l e d  t i m e  h i s t o r i e s  o f  t h e  c o n d i t i o n s  l i s t e d  i n  T a b l e  28  a r e  
p r e s e n t e d  i n  Appendix B .  The p a r a m e t e r s  which a r e  d i s p l a y e d  i n  t h e s e  f i g u r e s  
a r e  d e f i n e d  i n  T a b l e  29 .  A l l  i n d i v i d u a l  b l a d e  v a l u e s  a r e  f o r  b l a d e , n u m b e r  1  

which i s  p o s i t i o n e d  downward a t  t i m e  = 0 .  

TABLE 29 

NOMENCLATURE FOR APPENDIX B 

Wind Speed:  

T h e t a  X :  

D e l t a  2: 

The u n d i s t u r b e d  wind speed  measured a t  t h e  r o t o r  c e n t e r .  
V a r i a t i o n s  o v e r  t h e  d i s k  are IISPI-I  a c c ~ r d i n ~  t n  Fh+ i:?lirrd 
s h e a r  p r o f  i l c .  

The yaw p o s i t i o n  of  t h e  r o t o r  a x i s  r e l a t i v e  tn t h e  

u n d l s ~ u r b e d  wind d i r e c t i o n ,  p o s i t i v e  c l o c k w i s e  viewed 
from a b o v e .  Degrees  

The d e f l e c t i o n  o f  t h e  tower  a l o n g  t h e  r o t o r  a x i s  non- 
d i m e n s i o n a l i z e d  by t h e  r o t o r  r a d i u s ,  p o s i t i v e  dotjn- 
st ream. 

Torque  : P e r c e n t  o f  r o t o r  t o r q u e  r e l a t i v e  to t o r q u e  a t  t i m e  = , O .  

The b l a d e  p i t c h i n g  moment o f  t h e  ' a t t a c h m e n t  p o i n t  t o  
t h e  f l exbeam,  p o s i t i v e  l e a d i n g  edge  downst ream,  f t - l b .  

D e f l e c t  i o n  o f  t h e  f i r s t  t o r s i o n  mode which i s  e s s e n t i a l l y  
t h e  e l a s t i c  t w i s t  o f  t h e  f l e x b e k ,  p o s i t i v e  l e a d i n g  
edge  downst ream,  d e g .  

F l a t w i s e  S t r e s s :  S t r e s s  on  g r a p h i t e l e p o x y  f lexbeam a t  5.1%R ( S t a t i o n  1 )  
and on f i b e r g l a s s  b l a d e  a t  23%R ( S t a t i o n  2).,  p o s i t i v e  
when b l a d e  d e f l e c t s  downst ream,  p s i .  

Edgewise  S t r e s s :  Same l o c a t i o n s  a s  f l a t w i s e  s t r e s s ,  p o s i t i v e  i n  d i r e c t  i o n  
o f  r o t a t i o n .  

B lade  T i p  D e f l e c t i o n :  T i p  d e f l e c t i o n  r e l a t i v e  t o  undefhrmed b l a d e ,  p o s i t i v e  
downst ream,  i n .  

B e t a  pendulum: Pendulum a n g l e  r e l a t i v e  t o  p l a n e  o f  r o t a t i o n ,  p o s i t i v e  
downst ream,  d e g .  

A summary o f  t h e  p e r t i n e n t  s t e a d y  and v i b r a t o r y  b l a d e  s t r e s s e s  o b t a i n e d  
f rom t h e  Appendix B  t i m e  h i s t o r i e s  i s  p r e s e n t e d  i n  F i g s .  49-51. The p r e d i c t e d  
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Fig. 49 Fl-exbeam Flatwise Stress Characteristics 
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Fig. 51 Fiberglass Blade Stress Characteristics 
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i n c r e a s e  i n  v i b r a t o r y  s t r e s s e s  a t  17.9  m / s  (40 mph) i s  caused by t h e  o n s e t  
of  b l a d e  s t a l l  where s e c t i o n s  of t h e  b l a d e  a r e  e x p e r i e n c i n g  aerodynamic a n g l e s  
o f  a t t a c k  above and below t h e  s t a l l  a n g l e  i n  a  p e r i o d i c  manner. The b l a d e s  
t e n d  t o  momentar i ly  e x h i b i t  n e g a t i v e  damping which a m p l i f i e s  t h e  response  a s  
shown i n  t h e  f i g u r e s  a t  17 .9  m / s .  Above t h i s  speed ,  where d e e p e r  and even tu -  
a l l y  f u l l  s t a l l  i s  e x p e r i e n c e d ,  t h e  uns teady  b e h a v i o r  i s  not  p r e s e n t .  The 
p r e d i c t e d  change i n  t h e  s t e a d y  f l a t w i s e  s t r e s s  a t  approx imate ly  45 m/s (100  
mph) i s  a  r e s u l t  o f  t h e  change i n  t i p  speed from t h e  d e s i g n  v a l u e  of 53.3  m / s  
t o  t h e  f u l l y  s t a l l e d  unloaded c o n d i t i o n  of 9 1 . 5  m/s. T h i s  t r a n s i t i o n  w i l l  ac-  
t u a l l y  be g r a d u a l ;  however, f o r  t h e  l o a d s  s t u d y  i t  was assumed t o  occur  a t  45 
m/s. The r e d u c t i o n  i n  s t e a d y  f l a t w i s e  s t r e s s  a t  t h i s  speed i s  caused  by t h e  
i n c r e a s e  i n  c e n t r i f u g a l  bending moment, o f f s e t t i n g  t h e  aerodynamic moment. 

The two-per-rev (2P)  v i b r a t o r y  t o r q u e  moments a r e  shown on F i g .  52 where ,  
a s  w i t h  t h e  b l a d e  s t r e s s e s ,  t h e  large i n c r e a s e  i n  load i s  ~11vwll ac 18 m / s .  
I t  shou ld  be noted a g a i n ,  however,  t h a t  t h e  load  which t h e  r o t o r  a c t s  a g a i n s t  
i s  assumed t o  have i n f i n i t e  impedance and c o n s t a n t  rpm. The peak 2P v i b r a t o r y  
t o r q u e  of 2700 N . m  o c c u r r e d  with a sharp-odgcd g u s t  of 54 III/S (120 mphj,  bu t  would 
b e  expec ted  t o  be a t t e n u a t e d  b e f o r e  r e a c h i n g  t h i s  l e v e l  w i t h  f i n i t e  v a l u e s  of  
t h e  l o a d  s t i f f n e s s  and i n e r t i a .  The r o t o r  t h r u s t  v a r i a t i o n  w i t h  wind speed i s  
shown i n  F i g .  53. T h i s  c u r v e  was c a l c u l a t e d  assuming s t e a d y  wind c o n d i t i o n s  a t  
each s p e e d .  Gus t s  would n a t u r a l l y  a l t e r  t h e  t h r u s t  l e v e l s  shown; however, i t  
was assumed t h a t  un'der no g u s t  c o n d i t i o n  would t h e  t h r u s t  exceed t h a t  which i s  
produced a t  t h e  f u l l y  s t a l l e d ,  74 m/s (165  mph) c o n d i t i o n  (T = 23140 N). 

Also  shown on F i g .  53 i s  t h e  t o t a l  tower  d r a g  which was c a l c u l a t e d  assuming 
a  d r a g  c o e f f i c i e n t  of 0 . 3 ,  which r e p r e s e n t s  t h e  v a l u e  f o r  a  c i r c u l a r  c y l i n d e r  
above t h e  c r i t i c a l  Reyno ld ' s  nullrbttr of 300,000.  The  Reynold'o number of Ll~e 
Kbwcr c r o s s  s e c t i o n  exceeds  t h i s  l e v e l  a t  wind speeds  above 13 .4  m / s  . (30 mph). 

The wind c o n d i t i o n s  which produced t h e  maximum l o a d s  a t  t h e  h l a d e l f l e x b e a m  
j o i n t  ( F i g .  39)  was t h e  g u s t  of 54 m/s from a  s t e a d y  wind of  9 m / s .  A surnmary 
o f  t h e s e  l o a d s  a r e  g i v e n  i n  Tab le  30.  For c o n s e r v a t i s m ,  t h e  c e n t r i f u g a l  f o r c e  
shown i s  t h a t  produced i n  t h e  maximum overspeed c o n d i t i o n  of 130 m / s  t i p  speed.  

TABLE 3Q 

MAXIMUM LOADS AT BLADE JOINT FOR 54 MIS GUST CONDITION 

C e n t r i f u g a l  Force  
F l a t w i s e  Moment 
Edgewise Moment 
T o r s i o n  Moment 
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These  l o a d s  were used i n  t h e  j o i n t  d e s i g n  d i s c u s s e d  i n  t h e  System Design 

S e c t i o n  and were used i n  d e t e r m i n i n g  t h e  s t r e s s e s  and s a f e t y  f a c t o r s  i n  
T a b l e  19 .  

Nace l l e  Loads 

A r e l a t i v e l y  c o n s e r v a t i v e  approach was t a k e n  t o  de te rmine  t h e  maximum 
l o a d s  t o  which t h e  n a c e l l e  components would be d e s i g n e d .  The hub l o a d s  which 
a r e  c a l c u l a t e d  i n  t h e  F762RR a n a l y s e s ,  used f o r  t h e  b l a d e  s t r e s s e s ,  showed 
r e l a t i v e l y  modest l e v e l s ,  e x c e p t  f o r  t h r u s t  and t o r q u e ,  f o r  t h e  c o n d i t i o n s  
examined.  These c o n d i t i o n s  inc luded  s e v e r e  g u s t  c o n d i t i o n s  b u t  d i d  not  i n d i -  
c a t e  h i g h  n a c e l l e  l o a d s .  The maximum p i t c h i n g  moment, f o r  example,  was c a l c u -  
l a t e d  t o  be on ly  790 N . m .  Th i s  is  a  r e s u l t  of t h e  t y p e s  of g u s t s  which cou ld  
be a p p l i e d  i n  t h e  a n a l y s i s ,  and t h e  f a c t  t h a t  t h e  n a c e l l e  i s  f r e e  i n  yaw. The 
g u s t  c o n d i t i o n s  s t u d i e d  were s t reamwise  g u s t s  and l a t e r a l  g u s t s .  S t reamwise  
g u s t s  a c t  a l o n g  t h e  r o t o r  a x i s  and do not exceed t h e  maximum s t e a d y  l o a d  shown 
a t  74 m/s on F i g .  53. The l a t e r a l  g u s t s  produce moments t e n d i n g  t o  yaw t h e  
sys tem,  and s i n c e  t h e  yaw b e a r i n g  e l i m i r i a t e s  t h e s e  moments, t h e  sys tem e x p e r i -  
e n c e s  v e r y  low moments. I n s t e a d ,  i t  was assumed t h a t  a  g u s t  cou ld  be produced 
i n  a  p o s i t i v e  d i r e c t i o n  o v e r  t h e  r i g h t  h a l f  of  t h e  d i s k  and i n  a  n e g a t i v e  d i r e c -  
t i o n  o v e r  t h e  l e f t  h a l f .  T h i s  type  of l o a d i n g  would r e s u l t  i n  a  p i t c h i n g  moment 
on t h e  r o t o r  which would be fed  d i r e c t l y  i n t o  t h e  s u p p o r t i n g  s t r u c t u r e .  Another 
c o n d i t i o n  which c o u l d  load t h e  sys tem i n  t h i s  manner i s  a  c a s e  where t h e  yaw 
s h a f t  became locked and t h e  r o t o r  exper ienced  a  l a t e r a l  g u s t .  The c o n d i t i o n  
s e l e c t e d  t o  produce t h e  maximum load was a  combined p o s i t i v e - n e g a t i v e  g u s t  s u f -  
f i c i e n t  t o  d e f l e c t  t h e  r o t o r  t i p  pa th  p l a n e  t o  t h e  e x t e n t  t h a t  t h e  b l a d e  t i p s  
j u s t  i n t e r s e c t e d  a  guy w i r e .  I t  was b e l i e v e d  such a  c o n d i t i o n  cou ld  conce iva -  
b l y  be reached and t h a t  t h e  s t r u c t u r e  shou ld  s u p p o r t  t h e  r e s u l t i n g  l o a d s  and 
moments w i t h  adequa te  s a f e t y  f a c t o r s .  The t i p  p a t h  p l a n e  d e f l e c t i o n  t o  cause  
c o n t a c t  w i t h  t h e  guy w i r e  i s  approx imate ly  11" .  To produce t h i s  d e f l e c t i o n  
would r e q u i r e  a  g u s t  of  13.4 m/s a c t i n g  i n  o p p o s i t e  d i r e c t i o n s  on e i t h e r  s i d e  
of t h e  r o t o r  d i s c ,  i n  a  c i r c u l a r ,  o r  t o r n a d o - l i k e  f a s h i o n .  T h i s  p roduces  a  maxi- 
mum of  4180 N . m  i n  t h e  r o t o r  s h a f t  which must be r e a c t e d  by t h e  n a c e l l e  s t r u c -  
t u r e .  Accompanying t h i s  moment i s  a  v e r t i c a l  s h e a r  f o r c e  which i s  caused by 
t h e  t i l t i n g  of  t h e  t h r u s t  v e c t o r  i n  t h e  same d i r e c t i o n  a s  t h e  t i p  p a t h  p l a n e  
t i l t .  For t h e  maximum t h r u s t  c o n d i t i o n  of 23140 N a t  74 m/s,  t h e  v e r t i c a l  
f o r c e  amounts t o  4400 N and added t o  t h e  r o t o r  g r a v i t y  l o a d s  comes t o  5800 N .  

These  l o a d s ,  coupled wi th  t h e  maximum 2P v i b r a t o r y  t o r q u e  were used t o  s i z e  t h e  
s t r u c t u r a l  components. I t  was dec ided  t o  d e s i g n  f o r  a s a f e t y  f a c t o r  g r e a t e r  
t h a n  2 . 0  f o r  a l l  wind c o n d i t i o n s  up t o  54 m/s,  and f o r  a  s a f e t y  f a c t o r  g r e a t e r  
t h a n  1 . 0  f o r  s p e e d s  above 54 m / s ,  i n c l u d i n g  t h e  maximum unsymmetr ica l  gus t  
c o n d i t i o n  producing t h e  4180 N . m  p i t c h i n g  moment. A summary o f  t h e  l o a d i n g  
c o n d i t i o n s  f o r  t h e  h igh  wind c o n d i t i o n s  of 54 m / s  and 74 m/s and t h e  d e s i g n  
s p e e d  01 9 m/s is p r e s e n t e d  i n  T a b l c  31. 



TABLE 31  

DESIGN LOADS AT HUB 

Wind V e l o c i t y ,  V 74 m/s (165 mph) 54 m/s . ( I 2 0  mph) 9 m / s  (20  mph) 

T h r u s t ,  N 23140 14240 2050 

V e r t i c a l  f o r c e ,  N 5800 41 30 1800 

P i t c h i n g  moment, N . m  4180 4180 4180 

S h a f t  t o r q u e ,  N . m  2710 2710 1240 

These l o a d s  were used i n  t h e  c a l c u l a t i o n  of t h e  component s a f e t y  f a c t o r s  
p r e s e n t e d  e a r l i e r  i n  T a b l e s  20 and 21.  

Tower Loads 

, . 

The tower l o a d s  a r i s e  p r i n c i p a l l y  from t h e  v e r t i c a l  compress ion l o a d s  
produced by t h e  p r e t e n s i o n  i n  t h e  guy w i r e s .  The guy w i r e  d i a m e t e r  s e l e c t i o n  
i s  based  on two c r i t e r i a .  The f i r s t  i s  t h a t  t h e  maximum load  produced by 
t h e  r o t o r  and t h e  tower  aerodynamic d r a g  shou ld  not  exceed t h e  w i r e  s t r e n g t h ,  
assuming a  s i n g l e  w i r e  r e a c t s  t h e  load .  The second i s  t h a t  t h e  f r e q u e n c i e s  
of  t h e  tower  bending modes s h o u l d  be p laced  s o  a s  not  t o  c o a l e s c e  w i t h  c r i t i -  
c a l  r o t o r  f r e q u e n c i e s .  For  a  g i v e n  guy w i r e  c o n f i g u r a t i o n  t h e  p r imary  f a c t o r  
i n f l u e n c i n g  tower f requency  i s  w i r e  d i a m e t e r ,  and t h i s  s u b j e c t  i s  t r e a t e d  i n  
t h e  f o l l o w i n g  s e c t i o n .  The i n i t i a l  w i r e  d i a m e t e r s  s e l e c t e d  f o r  t h e  p r o t o t y p e  
wind t u r b i n e  a r e  25 .4  mm f o r  t h e  upper  guys and 19 mm f o r  t h e  lower guys .  The 
p r e t e n s i o n  i s  s e l e c t e d  s o  t h a t  d u r i n g  normal o p e r a t i o n  one o r  more w i r e s  do n o t  
go s l a c k ,  c r e a t i n g  a  s i t u a t i o n  f o r  shock l o a d i n g  due t o  "snapping".  I t  is  a l s o  
a d v i s a b l e  t o  avoid  sudden l o s s e s  i n  tower s t i f f n e s s  c r e a t i n g  p o t e n t i a l  problems 
r e l a t e d  t o  tower f requency  changes .  On t h e  o t h e r  hand,  e x c e s s i v e  p r e t e n s i o n  i s  
u n d e s i r a b l e  from t h e  s t a n d p o i n t  of  p o s s i b l e  w i r e  f a i l u r e  o r  tower b u c k l i n g  and 
t h e  requ i rement  f o r  l a r g e  c o s t l y  ground a n c h o r s .  A p r e t e n s i o n  of 44 ,500  N 
(10 ,000  l b )  was s e l e c t e d  f o r  t h e  upper  guy w i r e s  and 22,250 N (5000 l b )  f o r  t h e  
lower  guys .  With t h e  n a c e l l e  weighJ and r o t o r  l o a d s  i n c l u d e d ,  t h i s  r e s u l t s  i n  
a  compress ive  load of approx imate ly  146,850 N (33 ,000  l b )  i n  t h e  upper  column 
and 218,050 N (49,000 l b )  i n  t h e  lower column. The c r i t i c a l  b u c k l i n g  load f o r  

2  t h e  lower column, u s i n g  t h e  b u c k l i n g  load fo rmula ,  PER = n2 E I / L  , i s  c a l c u l a -  
t e d  t o  be 1 .424 x  lo6 N (320,000 l b ) .  T h i s  i s  based on a  s t e e l  tower w i t h  a  
d i a m e t e r  of 273 mm (10 .75  i n . )  and a  w a l l  t h i c k n e s s  of 6 . 4  mm (0 .25  i n . ) .  T h i s  
r e s u l t s  i n  a  s a f e t y  f a c t o r ,  from b u c k l i n g  c o n s i d e r a t i o n s ,  of  6 . 5 .  I f  a  f a i l u r e  
o c c u r r e d  i n  a  lower guy w i r e  t h e  c r i t i c a l  b u c k l i n g  load d r o p s  t o  356,890 N 

( 8 0 , 2 0 0  l b ) ,  however, t h e  s a f e t y  f a c t o r  i s  s t i l l  g r e a t e r  than  1 . 0 .  



The maximum w i r e  t e n s i o n  i s  exper ienced :  a t  74 m / s  where a  r o t o r  t h r u s t  
of  23140 N (5200 l b )  must be r e s i s t e d .  T h i s  p roduces  a  t e n s i o n  i n  t h e  c a b l e  
of 120,150 N (27,000 l b )  which,  when added t o  t h e  p r e t e n s i o n ,  r e s u l t s  i n  a  
maximum load of 164,650 N (37 ,000  l b ) .  The a l l o w a b l e  load f o r  2 5 . 4 - m  c a b l e  
i s  356,000 N ,  which y i e l d s  a  s a f e t y  f a c t o r  of 2 .2 .  A t  t h e  d e s i g n  c o n d i t i o n  
t h e  c a b l e  t e n s i o n  i s  57850 N ,  y i e l d i n g  a  s a f e t y  f a c t o r  of 6 . 2 .  

Loads Due t o  I c e  E n c r u s t a t i o n  
P 

I c e  e n c r u s t a t i o n  can p o t e n t i a l l y  c a u s e  damaging l o a d s  i n  two ways: 
F i r s t ,  w i t h  s u f f i c i e n t  bu i ld -up ,  , the  added b l a d e  w e i g h t  c o u l d  p o t e n t i a l l y  c a u s e  
u l t i m a t e  s t a t i c  bending l o a d s  i n  a  shutdown ( n o n r o t a t i n g )  mode of o p e r a t i o n .  
Second, i f  s u f f i c i e n t  i c e  adhered t o  t h e  b l a d e  i n  a  r o t a t i n g  mode o f  o p e r a t i o n  
t h e  b l a d e  f r e q u e n c i e s  c o u l d  be s o  modi f i ed  a s  t o  p r e c i p i t a t e  an  u n s t a b l e  con- 
d i t i o n .  The r e s u l t s  o f  a n a l y z i n g  t h e  b l a d e  d e s i g n  f o r  t h e s e  two p o t e n t i a l  
f a i l u r e  modes a r e  g i v e n  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  

S t a t i c  Blade Root S t r e s s e s  Due t o  I c e  Bui ld-UD 

A Myklestad bending a n a l y s i s  was made of t h e  b l a d e  s i t u a t e d  i n  t h r e e  
s t a t i c  a z i m u t h a l  p o s i t i o n s :  p o i n t i n g  s t r a i g h t  down from t h e  hub ( $ =  01, 
p o i n t i n g  h o r i z o n t a l l y * (  $ =  9 0 " )  and s t r a i g h t  up ( $ =  1 8 0 " ) .  Due t o  a  pre- 
cone a n g l e  of 8 " ,  f l a t w i s e  bending s t r e s s e s  a r e  developed a t  t h e  0" and 180" 
a z i m u t h a l  p o s i t i o n s .  Tab le  32 p r e s e n t s  s t a t i c  s t r e s s " r e s u 1 t s  t y p i c a l  of  t h e  
s e l e c t e d  b l a d e  d e s i g n  f o r  z e r o  and two t h i c k n e s s e s  of  i c e  e n c r u s t a t i o n  up t o  
a  maximum uniform t h i c k n e s s  of 6 3 . 5  mm, and a t  each of  t h e  t h r e e  s e l e c t e d  b l a d e  
p o s i t i o n s .  The r e s u l t s  show t h e  h o r i z o n t a l  p o s i t i o n  t o  produce t h e  g r e a t e s t  
r o o t  s t r e s s e s ,  b u t  which a r e  s t i l l  q u i t e  below t h e  assumed u l t i m a t e  s t r e s s  f o r  
t h e  g r a p h i t e / e p o x y  flexbeam m a t e r i a l  of 1034 MPa. 

E f f e c t s  of .-- . I c i n g  . .. . . C o n d i t i o n s  . --- on Blade N a t u r a l  F r e q u e n c i e s  
-- . 

Because of  t h e  i n h e r e n t l y  smooth s k i n  of bo th  t h e  f lexbeam and t h e  aerody- 
namic p o r t i o n  of  t h e  b l a d e  (ou tboard  of t h e  j u n c t u r e )  i t  was assumed t h a t  t h e  
r o t o r  would e a s i l y  shed any i c e  e n c r u s t a t i o n  over  t h e s e  p o r t i o n s  when i t  was 
r o t a t i n g .  The p o t e n t i a l  does  e x i s t ,  however,  f o r  i c e  t o  accumulate  and remain 
locked  t o  t h e  j u n c t u r e  p o r t i o n  of t h e  b l a d e  even when t h e  r o t o r  i s  t u r n i n g .  
As such,  a n  i c e  accumula t ion  a t  t h a t  p o i n t  would c o n s i s t ,  d y n a m i c a l l y ,  o f  a  
c o n c e n t r a t e d  mass. Accord ing ly ,  t h e  e f f e c t s  of  i c i n g  on b l a d e  n a t u r a l  f requen-  
c i e s  was c a l c u l a t e d  by add ing  a  c o n c e n t r a t e d  mass c o r r e s p o n d i n g  t o  a s p h e r e  
r e p r e s e n t i n g  63 .5  mm i c e  bu i ld -up  a t  t h e  j u n c t u r e .  F i g u r e  54 shows t y p i c a l  
r e s u l t s  o f  t h i s  c o n c e n t r a t e d  mass on t h e  b l a d e  n a t u r a l  f r equency  c h a r a c t e r i s -  
t i c s .  The most impor tan t  b l a d e  f requency change would be a  lower ing  of t h e  



TABLE 32 

STATIC BLADE ROOT-STRESSES DUE To ICE BUILD-UP 

ICE FREE 

3 1 . 5  mm BUILDLUP . . .  

63.5 mm RIJIToD-UP 

FLATWISE, 1:pa EDGEWISE, ElPa 

$ = 0  

3 1 , 3  

90 .9  

1 3 0 . 2  ' 

$ = ' 180  

3 1 ; 9 ,  

93 .  S 

1 3 2  

2 

JI = 9 0  

* .  

, ,  . . 
: .,  

1 9 . 2  

7 7 . 9  
. . 

1 4 3 . 7  
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Fig. 54 Effects of Icing Conditions on Blade Natural Frequencies 



f i r s t  edgewise  f requency  c l o s e  t o  t h e  one p e r  r e v  ( ' 1 ~ )  l i n e  w i t h i n  t h e  o p e r a t i o n a l  
r o t o r  speed  range .  The f i g u r e  c l e a r l y  shows, however,  t h a t  t h e  e f f e c t  of i c i n g  
on t h i s  f r equency  i s  n e g l i g i b l e .  Although t h e  second f l a t w i s e  f requency  (2F)  
d i d  d r o p  t o  i n t e r c e p t  t h e  3P l i n e  a t  a  lower r o t o r  s p e e d , ' t h i s  . i s  no t  expec ted  
t o  c a u s e  any a d v e r s e  e f f e c t  a s  t h e  3P e x c i t a t i o n  i s .  n e g l i g i b l e  and t h e  mode i s ,  
moreover ,  w e l l  damped. 

Study of Tower Dynamics 

Two a s p e c t s  o f  t h e  tower -nace l l e  dynamics were c o n s i d e r e d  i n  t h i s  s t u d y .  
F i r s t ,  a s  was d e s c r i b e d  above,  ' a  s e t  of  dynamic m a t r i c e s  f o r  i n p u t  t o  t h e  
F762BR program had t o  be c a l c u l a t e d  t o  s i m u l a t e .  ;he i n h e r e a t  z e r o  f requency  
yaw mode a c c r u i n g  from t h e  f r e e  yaw b e a r i n g .  Second, t h e  t o w e r - r o t o r - n a c e l l e  
had  t o  be  ana lyzed  a s  a n  e l a s t i c  sys tem t o  i n s u r e  t h e  avoidance of  any 2P 
r e s o n a n c e s  w i t h i n  a l l  modes o f  o p e r a t i o n .  

The f i r s t  c a l c u l a t i o n  was a  r e l a t i v e l y  s imple  mathemat ica l  c h o r e  i n v o l v i n g  
r i g i d  body i n e r t i a s  and geometry of t h e  n a c e l l e  where in  t h e  assumpt ion i s  
made t h a t  t h e  d e s i g n '  i s  f r e e  of any 2P r e s o n a n c e s .  The".adopted method f o r  
i n c l u d i n g  f i n i t e  impedance c h a r a c t e r i s t i c s  of  t h e  r o t o r  hub i n  t h e  F762BR 
program i s  t o  i n p u t  i n e r t i a ,  damping, and s t i f f n e s s  m a t r i c e s  f o r  a  "movable 
hub". 

The second s e t  o f  c a l c u l a t i o n s ,  t h o s e  r e q u i r e d  t o  d e t e r m i n e  e l a s t i c  
s y s t e m  r e s o n a n c e s ,  were performed u s i n g  NASTRAN. Using ~ i ~ u r e  44  as.  a  g u i d e ,  
t h e  f i n i t e  element break-up was s e l e c t e d  a s  f o l l o w s :  The p i p e  was d i v i d e d  i n t o  
t e n  e q u a l  segment l e n g t h s  u s i n g  11 g r i d  p o i n t s .  Three  a d d i t i o n a l '  g r i d  p o i n t s  
were  used f o r  t h e  guy w i r e  a t t a c h m e n t  p o i n t s  a t  the .  ground. Three  a d d i t i o n a l  . .  

p o i n t s  were  used t o  d e f i n e  t h e  n a c e l l e ;  one p o i n t  was ' taken a s  t h e  hub ( r o t o r  
mass)  p o i n t ,  one p o i n t  c o i n c i d e n t  w i t h  t h e  p i p e  upper  t e r m i n a l  g r i d  p o i n t ,  and 
o n e ,  t h e  upst ream end of  t h e  n a c e l l e .  Thus,  i n  a ' l l ,  17 g r i d  p o i n t s  were used 
f o r  t h e  f i n i t e  e lement  break-up of  t h e  combined e 1 a s t . i ~  sys tem.  , E l a s t i c  b a r  
e l e m e n t s  were used t o  model t h e  p i p e  s e c t i o n s  o f  ' the  tower and t h e  guy c a b l e s ,  
and a r i g i d  b a r  e l e m e n t ,  m u l t i - p o i n t  c o n s t r a i n e d  a t  t h e  yaw b e a r i n g  p o i n t ,  f o r  . '  

t h e  n a c e l l e .  The nominal  d e s i g n  had a  combined n a c e l l e  and r o t o r  we igh t  of 
822 kg ,  .a s t e e l  i n n e r  p i p e  (273-mm o . d . ,  6.4-mm w a l l  t h i c k n e s s ) ,  upper  guy w i r e s  
o f  25.4-nun-diam 6 x  19 ( f i b e r  c o r e )  w i r e  rope ,  and lower guy w i r e s  of 19-mm- 
diam ( s i m i l a r )  w i r e  r o p e .  . 

The f r e q u e n c y  c h a r a c t e r i s t i c s  of  t h e  p e r t i n e n t  modes f o r  t h e  nominal 
d e s i g n  a s  w e l l  a s  d e s i g n  a l t e r n a t e s  a r e  shown i n  Tab le  33 .  For mode 111 
o p e r a t i o n ,  t h e  r o t o r  speed can v a r y  from a  nominal d e s i g n  v a l u e  of 1 .80  Hz 
(107 .8  rpm) t o  a  maximum of  4 .36 Hz (261.8  rpm) which c o r r e s p o n d s  t o  a  2P 
e x c i t a t i o n  f requency  range  of 3 .59 Hz t o  8 . 7 3  Hz. A s  t h e  t a b l e  shows, t h e  



Design 

I. 

1 I . a  

D e s c r i p t i o n  

Nominal 

TABLE 33 

RESULTS OF NASTRAN CALCULATION FOR VARIOUS 
TOWER-NACELLE-ROTOR CONFIGURATIONS 

25 mm diam s o l i d  
r o d ,  lower guying 

38 mm diam s o l i d  
r o d ,  lower  guying 

F r e q u e n c i e s  (Hz) 
L o n g . / L a t e r a l  C a n t i l e v e r  Long. / L a t e r a l  P i p e  Bending 

25 mm diam s o l i d  
r o d ,  lower  & o u t e r  

guying 

19 mm diam w i r e  r o p e ,  
lower guy ing ,  
0 .46  m diam f i b e r g l a s s  

25 mm diam s o l i d  rod 
lower  guying , 
0 .46  m diam f i b e r g l a s s  

P i p e  



nominal  d e s i g n  h a s  a  fundamental  o r  c a n t i l e v e r  t y p e  mode w i t h  a  f r equency  
of  approx imate ly  1 . 5  Hz and second p i p e  bending t y p e  mode a t  approx imate ly  
5 .0  Hz. The f i r s t  mode i s  c a p a b l e  of  2P r e s o n a n t  e x c i t a t i o n  d u r i n g  run-up 
t o  t h e  nominal  c o n d i t i o n ,  and t h e  second i s  c a p a b l e  of e x c i t a t i o n  a t  a  r o t o r  
speed  of  approx imate ly  150 rpm, w e l l  w i t h i n  t h e  o p e r a t i o n a l  r o t o r  speed r a n g e .  
The b a s i c  r e s u l t  of  t h e s e  NASTRAN c a l c u l a t i o n s  i s  t h a t  t h e  nomifial d e s i g n  i s  
t o o  s o f t .  Much of  t h i s  s o f t n e s s  i s  a t t r i b u t a b l e  t o  t h e  i n h e r e n t  s o f t n e s s  of  
t h e  lower  19-mm-diam w i r e  rope guy ing .  

I n  a n  a t t e m p t  t o  a c h i e v e  a  s a t  i s f a c t o r y  d e s i g n  f o r  t h e  tower w i t h o u t  
r e q u i r i n g  major  changes ,  two b a s i c  p a r a m e t r i c  v a r i a t i o n s  were made; F i r s t ,  
t h e  lower  and upper guy r o p e s  were changed t o  s o l i d  ( s t e e l )  r o d s  of v a r y i n g  
d i a m e t e r s .  second ,  t h e  usd of p u l t r u d e d  f i b e r g l a s s  was c o n s i d e r e d  f o r  t h e  
c e n t e r  p i p e  s e c t i o n s  i n  p l a c e  of t h e  h e a v i e r  s t e e l  p i p i n g .  The r e s u l t s  of  
t h e s e  p a r a m e t r i c  v a r i a t i o n s  a r e  a l s o  g i v e n  i n  Tab le  3 3 .  

The f i r s t  s i g n i f i c a n t  r e s u l t  of t h e  p a r a m e t r i c  v a r i a t i o n  i s  t h a t  t h e  
f i r s t  c a n t i l e v e r  mode f requency  i s  c o n t r o l l e d  by t h e  s t i f f n e s s  of  t h e  upper  
g u y i n g ,  b u t  cannot  e a s i l y  be r a i s e d  above t h e  2 P  e x c i t a t i o n  f requency  range  
w i t h  s i m p l e  d e s i g n  changes .  That  t h e  tower w i l l  p a s s  through a  2P e x c i t a -  
t i o n  p o i n t  d u r i n g  run-up i s  no t  c o n s i d e r e d  a  c r i t i c a l  dynamic c h a r a c t e r i s t i c ,  
however.  I n  f a c t ,  t h e  lower c a n t i l e v e r  mode f requency  r e s u l t i n g  from t h e  
w i r e  rope  guying i s  t o  be p r e f e r r e d  a s  t h e  2 P  e x c i t a t i o n  p o i n t  w i l l  t h e n  occur  
a t  a  lower  r o t o r  s p e e d ,  and hence lower r o t a t i o n a l  ene rgy  l e v e l .  Fur the rmore ,  
i t  i s  e x p e c t e d  t h a t  t h e  r o t o r  w i l l  no t  l o i t e r  a t  t h e  lower 2P e x c i t a t i o n  r o t o r  
speed d u r i n g  run-up. 

The second s i g n i f i c a n t  r e s u l t  of t h e  p a r a m e t r i c  v a r i a t i o n  i s  t h a t  t h e  
n e x t  h i g h e r  c r i t i c a l  mode ( p i p e  bend ing)  can  be c o n t r o l l e d  t o  v a l u e s  above 
t h e  maximum assumed 2P e x c i t a t i o n  f requency  by combina t ions  o f  s o l i d  rod lower 
guy ing  and e i t h e r  t h e  nominal s t e e l ,  o r  a  f i b e r g l a s s  p i p e  i n n e r  p o r t i o n  of t h e  
tower .  The u s e  of  f i b e r g l a s s  i s  s e e n  t o  o f f e r  t h e  most margin  and would be 
t h e  p r e f e r r e d  d e s i g n .  

The nominal  d e s i g n  s h a l l  be examined f o r  f r e q u e n c i e s ,  mode s h a p e s ,  and 
damping d u r i n g  f u l l  s c a l e  t e s t i n g .  I f  i t  is  found t h a t  p o t e n t i a l l y  u n d e s i r a b l e  
f r e q u e n c y  c r o s s o v e r s  e x i s t ,  t h e n  m o d i f i c a t i o n s  such a s  t h o s e  d i s c u s s e d  above 
w i l l  be made. I t  i s  f e l t  t h a t  m o d i f i c a t i o n s  r e l a t i v e  t o  t h e  guy s u p p o r t s  c a n  
be made q u i c k l y  and a t  low c o s t ,  and t h a t  t h i s  type  of development e f f o r t  i s  
most  c o s t  e f f e c t i v e l y  performed w i t h  f u l l - s c a l e  hardware .  



WTG SYSTEM SAFETY ANALYSIS AND 

FAILURE MODE AND EFFECTS ANALYSIS. 

The Hami l ton  S t a n d a r d  D i v i s i o n  of  U n i t e d  T e c h n o l o g i e s  h a s  c o n d u c t e d  
b o t h  a  Sys t em S a f e t y  A n a l y s i s  and a  F a i l u r e  Mode and E f f e c t s  A n a l y s i s  (FMEA) 
o f  t h e  P h a s e  I d e s i g n .  The r e s u l t s  a r e  p r e s e n t e d  i n  t h i s  s e c t i o n  o f  t h e  
r e p o r t  ; 

The 8 kW WTG h a s  been  d e s i g n e d  t o  o p e r a t e  s a f e l y  and w i t h  a  minimum o f  
m a i n t e n a n c e  o v e r  a  l o n g  t i m e  p e r i o d .  F a i l u r e s  which c o u l d  r e s u l t  i n  s e v e r e  
i n j u r y  o r  m a j o r  s y s t e m  damage have  been  min imized  by a  d e s i g n  which  p r o v i d e s  
h i g h  m a r g i n s  o f  s a f e t y  i n  t h e  m a t e r a i a l s  a n d / o r  p r o c e s s e s  t o  b e . e m p l o y e d  i n  t h e  
c o n s t r u c t i o n  of  t h e  WTG. 

System S a f e t y  A n a l y s i s  

Hazard C l a s s i f i c a t i o n ,  A n a l y s i s  

a .  Have you r ev i ewed  t h e  FMEA f o r  , t h i s  i t e m  . t o  d e t e r m i n e  t h a t  no s i n g l e  
f a i l u r e  w i l l  resll '1.t i n  a C l a s s  I h a z a r d  and t o  d e t e r m i n e  what  C l a s s  11 
h a z a r d s  e x i s t ?  Yes X N o  

b .  Were any C l a s s  I h a z a r d s  found?  Yes X No 

c .  I f  y e s ,  l i s t  t h e  p a r t  name a s s o c i a t e d  w i t h  t h e  h a z a r d  and d e f i n e  t h e  n a t u r e  
o f  t h e  h a z a r d .  

Numerous - s e e  F a i l u r e  Mode and E f f e c t s  A n a l y s i s  

d .  What s t e p s  were  t a k e n  t o  e l i m i n a t e  t h e  h a z a r d  o r  r e d u c e  i t s  c l a s s i f i c a t i o n ?  

Des igned  f o r  h i g h  m a r g i n s  o f  s a f e t y .  

e .  Were . a n y  C l a s s  11 h a z a r d s  found?  Yes No X 

f .  ' I f  y e s ,  l i s t  the p a r t  name a s s o c i a t e d  w i t h  t h e  h a z a r d  and d e f i n e  t h e  n a t u r e  
o f  t h e  h a z a r d .  

g .  What s t e p s  were  t a k e n  t o  e l i m i n a t e  t h e  h a z a r d  o r  r e d u c e  i t s  c l a s s i f i c a t i o n ?  

M a i n t e n a n c e  and Overhau l  ~ a i a r d  A n a l y s i s  

a .  Have you r ev i ewed  t h e  d r a w i n g s  f o r  t h i s  p a r t  i n  t h e  l i g h t  of  t h e  a n t i c i -  
p a t e d  m a i n t e n a n c e  and o v e r h a u l  r e q u i r e m e n t s  and methods  t o  d e t e r m i n e  i f  
any m a i n t e n a n c e  o r  o v e r h a u l '  h a z a r d s  e x i s t ?  Yes X No 

-- 



b  . Were any s i g n i f i c a n t  ma in tenance  o r  o v e r h a u l  h a z a r d s  found? 
Yes X No 

c .  I f  y e s ,  l i s t  t h e  p a r t  name a s s o c i a t e d  w i t h  t h e  haza rd  and d e f i n e  t h e  n a t u r e  

of  t h e  h a z a r d .  

Maintenance,  such a s  annual  i n s p e c t i o n  of t h e  wind t u r b i n e  g e n e r a t o r  
hardware  f o r  wear ,  damage, and i n t e g r i t y  a s  w e l l  a s  b e a r i n g  l u b r i c a t i o n  
r e q u i r e s  t h a t  t h e  e n t i r e  assembly be  lowered t o  the .  ground.  Should any 
worn o r  damaged p a r t  f a i l  d u r i n g  t h i s  p r o c e s s ,  s e r i o u s  i n j u r y  c o u l d  

r e s u l t .  

d .  What s t e p s  were t a k e n  t o  e l i m i n a r ~  t h e  haza rd  or reduce  ~11e p r u b a b i l l e y  ot 
i t s  o c c u r r e n c e ?  

Tile l o w e r i n g / e r e c t i o n  a s s n c i a r ~ d  hatdwaro i c  dc3 ign td  w i ~ 1 . 1  l l igh marg ins  o t  
s a f e t y  t o  r educe  t h e  p r o b a b i l i t y  o f  f a i l u r e  o c c u r r e n c e .  

Noxious M a t e r i a l s  Hazard A n a l y s i s  

a .  Have you reviewed t h e  drawings  f o r  t h i s  i tem t o  de te rmine  i f  t h e  d e s i g n  
c o n t a i n s  any m a t e r i a l s  t h a t  have nox ious  e f f e c t ' s  o r  c a n  decompose i n t o  
m a t e r i a l s  t h a t  have nox ious  e f f e c t s ?  Yes X No 

b .  Were any such m a t e r i a l s  found? Yes Nn X 

c .  I f  y e s ,  l i s t  t h e  p a r t  name, t h e  m a t e r i a l ,  and i t s  e f f e c t .  

d .  What s t e p s  were t a k e n  t o  e l i m i n a t e  these m a t e r i a l s  o r  r cducc  t h e  pruba- 
b i l i t y  o f  noxious  e f f e c t s ?  

P r o t e c t i v e  F u n c t i o n  A n a l v s i s  

a .  Does t h i s  i tem have any p r o t e c t i v e  f u n c t i o n s ?  Yes No X 

b .  I f  y e s ,  a r e  t h e y  " f a i l  s a f e "  o r  checked d u r i n g  some phase  of  t h e  normal 
sys tem o p e r a t  ing  c y c l e ?  Yes No 

.- 

c .  I f  no t o  "b", would a  f a i l u r e  o f  such a  f u n c t i o n  r e s u l t  in .  a  haza rdous  
c o n d i t i o n  i f  a n o t h e r  f a i l u r e  o c c u r r e d ?  Yes No 

d .  I f  y e s  t o  "c", l i s t  t h e  p a r t  name hav ing  t h e  p r o t e c t i v e  funct i .on  and d e f i n e  
t h e  n a t u r e  of t h e  h a z a r d .  

e .  What s t e p s  were t a k e n  t o  e l i m i n a t e  t h e  h a z a r d  o r  r educe  t h e  p r o b a b i l i t y  o f  
i t s  o c c u r r e n c e ?  



Human R e a c t i o n s  A n a l y s i s  

a .  Have you reviewed t h e  FMEA f o r  t . h i s  i tem t o  de te rmine  i f  t h e  h a z a r d  caused 
by any f a i l u r e  would be aggrava ted  by normal human r e a c t i o n s  t o  t h e  i n d i c a -  
t i o n  of  same? Yes X No 

b.  Were any such s i t u a t i o n s  uncovered? Yes No X ' 

c .  I f  y e s ,  l i s t  t h e  p a r t  name a s s o c i a t e d  w i t h  t h e  haza rd  and d e s c r i b e  t h e  
s i t u a t i o n .  

d .  What s t e p s  were t aken  t o  e l i m i n a t e  t h e  s i t u a t i o n  o r  r educe  t h e  p r o b a b i l i t y  
of i t s  occur rence?  

Recommended Procedures  o r  P r e c a u t i o n s  . 

Give any recommended p rocedures  o r  p r e c a u t i o n s  , t h a t  t h e  u s e r  of t h e  sys tem 
shou ld  f o l l o w  wi th  regard  t o  each of t h e s e  haza rds  i f  they  have n o t  been 
e l i m i n a t e d  by t h e  a c t i o n s *  t aken  above.  

Hazard/warning n o t i c e s  w i l l  be h i g h l i g h t e d  i n  owner/maintenance manuals .  

F a i l u r e  Mode and E f f e c t  A n a l y s i s  

I n t r o d u c t i o n  

The o p i n i o n s  c o n t a i n e d  i n  t h i s  FMEA r e p r e s e n t  b e s t  e s t i m a t e s  based upon 
i n f o r m a t i o n  p r e s e n t l y  known t o  Hamilton S t a n d a r d ,  and t h e  c u r r e n t  development 
o f  t h e  proposed equipment .  Hamilton S tandard  r e s e r v e s  t h e  r i g h t  t o  r e v i s e  such 
e s t i m a t e s  a s  a d d i t i o n a l  i n f o r m a t i o n  becomes a v a i l a b l e .  T h i s  r e p o r t  s h a l l  .not 
be c o n s t r u e d  a s  a  w a r r a n t y  o r  g u a r a n t e e  of  t h e  equipment d e s c r i b e d ,  n o r  c o n s t i -  
t u t e  t h e  b a s i s  of l i a b i l i t y  t o  Hamilton S tandard  e i t h e r  i n  c o n t r a c t  o r  o t h e r w i s e  

Fundamentals  o f  t h e  A n a l y s i s  

C e r t a i n  fundamental  c r i t e r i a  and d e f i n i t i o n s  have been e s t a b l i s h e d  and 
c o n s i s t e n t l y  a p p l i e d  i n  t h e  p r e p a r a t i o ~ i  of t h i s  FMEA. They are a s  f n l l o w s ;  

1. Hazard severi ty-  -------  

Hazard s e v e r i t y  c a t e g o r i e s  a r e  d e f i n e d  t o  p r o v i d e  a  q u a l i t a t i v e  measure 
o f  t h e  w o r s t  p o t e n t i a l  consequences  r e s u l t i n g  from personne l  e r r o r ,  e n v i r o n -  

m e n t a l  c o n d i t i o n s ,  d e s i g n  i n a d e q u a c i e s ,  p r o c e d u r a l  d e f i c i e n c i e s ,  sys tem,  sub- 
sys tem,  o r  component f a i l u r e  o r  rnalfunct  i o n  a s  f o l l o w s :  



a .  Category I - C a t a s t r o p h i c .  May c a u s e  d e a t h  o r  sys tem l o s s .  

b .  Category I1 - C r i t i c a l .  May c a u s e  s e v e r e  i n j u r y ,  s e v e r e  occupa- 
t i o n a l  i l l n e s s ,  o r  major  sys tem damage. 

c .  Category 111 - M a r g i n a l .  May c a u s e  minor i n j u r y ,  minor  occupa- 
t i o n a l  i l l n e s s ,  o r  minor sys tem damage. 

d .  Category I V  - N e g l i g i b l e .  W i l l ' n o t  r e s u l t  i n  i n j u r y ,  occupa- 
t i o n a l  i l l n e s s ,  o r  sys tem damage. 

2 .  Hazard p r o b a b i l i t y  ---------  
The p r o b a b i l i t y  t h a t  a haza rd  w i l l  occur d u r i n g  t h e  p lanned l i f e  expec tancy  

o f  t h e  sys tem i s  d e s c r i b e d  i n  p o t e n t i a l  o c c u r r e n c e s  f o r  each item. Ass ign ing  a  
q u a n t i t a t i v e  hazard  p r o b a b i l i t y  t o  a  p o t e n t i a l  d e s i g n  o r  p r o c e d u r a l '  h a z a r d  i s  
g e n e r a l l y  n o t  p o s s i b l e  e a r l y  i n  t h e  d e s i g n  p r o c e s s .  The q u a l i t a t i v e  h a z a r d  

r a n k i n g  i s  d e f i n e d  i n  T a b l e  34. 
. . 

3 .  Only s i n g l e  f a i l u r e  c a s e s  w i l l  be c o n s i d e r e d  \n t h e  a n a l y s i s .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



TABLE 34 

HAZARD PROBABILITY 

Descriptive Specific Individual 
Word . Level * Item 

Frequent 

Reasonably 
Probable 

Occasional 

Remote 

Extremely 
Improbable 

Impossible F 

Likely to occur fre- 
quent ly 

Will occur several times 
in life of an item 

Likely to occur sometime 
in life of an item 

So unlikely, it can be 
assumed that this hazard 
will not be experienced 

Probability of occurrence 
cannot be distinguished 
from zero 

Physically impossible to 
occur 

*Note: The assigned probability of hazard occurrence (as designated by 
alphabetic level) will be listed adjacent to the Hazard Severity Category 
in the FblE.4. 
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1.1 

ROTOR ASSEMBLY 

Blade Assembly 

Blade Shell: '  
The b l adee  a r e  formed 
from u n i d i r e c t i o n a l  
l a y e r s  of f i b e r g l a s s  
ckoth  bonded wi th  
epoxy r e s i n .  The 
l a y e r s  of c l o t h  a r e  
i n i t i a l l y  l a i d  over  a  
mele d i e  vhich is 
conf igured t o  form 
t h e  i n s i d e  shape of 
t h e  blade.  The l a i d -  
up c l o t h  i s  then im-  
pregnated wi th  epoxy 
r e s i n  and t h e  inne r  
d i e  v i t h  t h e  iupreg- 
nated c l o t h  i s  d r a m  
through a  heated 
f e e e l e  d i e  conf igured 

PWlABLt 
F A I L U R E  

CAUSE 

( e l  

1nt.erent 
dedect  i n  
s h e l l  s t r u c -  
t u w  o r  
damsge by 
fo re ign  
ob jec t .  

Inherent  
d e f e c t  i n  
s h e l l  lamin- 
a t i o n .  e .g . ,  
Poor inpreg- 
na t ion  of 
poxy resin 

ISWYED 
FAILUIC 

r 0 0 ~ .  

lb) . 

1. S h e l l  
f r a c t u r e s  
a c r o s s  it. 
wi i th .  . 

1 .  Radial  
J e b m i n a t i o n  

. > f  s h e l l .  

t o  t h e  o u t s i d e  a i r -  
f o i l  shape of t h e  
blade.  The end re- 
s u l t  is a. blade of 
cons t an t  croas-sect ior  
over t h e  e n t i r e  l e n g t t .  
which has  c o n t r o l l e d  
th i ckness  and i n t e -  
g r a l  s t i f f e n e r s .  

Blade Yoke: 

. F r l L U R E  tFFt:T 
A Y D  COMSEQOEI.tE 

OM IualYIlt. 
AM0 SY1lCI 

I 0  

Lose o f ,  b lade wi tb  r e s u l t i n g  
r o t o r  'unbalance. Resul.:ing 
mba lance  loads  w i l l  caLse '  . 
oppos l t e  b lade t o  braak f r e e  

- - . 

Sanm a s  above. 

o t c  c l o t h  

, ' O C U C Y  PnlLOSoPnl 
O R  ~nnra rn r  

COrPCMSfillnC 
P R O V l S l O M S  

. ( . I  . 

Three rrcy layup of g l a s s  
c l o t h  i n  t he  laminated eke11 
provides  a  redundant type of 

t ructu . re  which v l l l  r e s - s t  

Same am above. 

. . . . - 

Prime s t r u c t u r e ,  des igned 
t o  no t  f a i l .  

- - 

Frac tu re s  

w r c r 1  or& 

ayere .  

Pat lgue 

OL%ICn CRIltRIL 
.JR Ot SIGN 

Y A P C I ~ S  

11) 

D e s i g r ~ S  f o r  s a f e t y  
f a c t o m  a s  shorn jag- 
ed on s r r e s s  a n a l p i e s  

Visual  

a s  well:  r a c t u r e  and/or propagat..on 
he reo f .  Aleo, 1 n t e ~ r a L  

k s i g n  b n d .  S.P. 
J - 20 q h  > 5 
I 

i i gh  Ssaed 
1 - l 2 @  sph 7 5  
t - 165 q h  7 2  

Same ea above. S a  .LO a b w .  

uCr.00 
0  1 

oEltCVl0~ 

" 

Vioual 

ID 

Ibe rp l a sa  s t i f f e n i n g  me.- 
e r s  w i l l  a i d  i n  f r a c t u r e  

r e s i s t a n c e  andlor  propaga- 
t  ion. 

Same a s  above. Visual 

b. Umufac tu r ing  proceases  
and in spec t ion  techniques  w i l l  
be employed t o  reduce t h i s  . 
type of malfunction tb an 
extremely low p r o b a b i l i t y .  

): Zi 
z ' 

v 

LD 

R E M f i U K 1  

l i t  

Extensive  blade f a t i g u e  t e s t s  
and bas i c  fo re ign  ob jec t  
daeege (WD) development t e a t s  
v i l l  be conducted t o  show 

ID' 

t h a t  b lade f r a c t u r e  from 
f a t i g u e  o r  POD has  en e r t r e -  
mely lw p r o b a b i l i t y .  

a .  Depending on degree  of 
delaminat ion.  t h e  blade mag 
hold toge the r  u n t i l  annual 
i n spec t ion  a t  which tie 
appropr i a t e  c o r r e c t f v e  a c t i o n  
can be taken. 
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D i u c , *  culltnlA 
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Same an f o r  previous  
page. 

APPROVAL 

ut,.oo 
0s 

o t i t c ~ a o ~  

1.) 

Visual1  
aud ib l e  

Visual 

Visual 

Visual 

Visual 

NO - U ' 7 " ' / ' 7 6 0 L  

- . 
otslcu P M h  o>oPnv 

O R  1 ~ n r P r ~ 1  
C O ~ P ~ ~ S A I I M C  

P nOvtS10~~ 

I .I 

Off the  s h e l f  proven 
hsrdvare .  

Grounding is  provided . 
t o  reduce damnfiing 
e f f e c t  of e l e c t r i c a l  
s h o r t s  o r  l i g h t n i n g  
s t r i k e .  

Prime s t r u c t u r e ,  d e s i m e d  
t o  low 6 t r e a s . l e v e l s .  

Design v i l l  be adequate 
f o r  s p e c i f i e d  cond i t i ons  
v i t h  redundancy pro- 
vided by numerous 
f a s t ene r s .  

"* 
I 

8 
I 

I I IC  

IVC 

I I I B  

I D  

IC 

L A Y O U T  OR DWG 

F-tIuei t i t  L:l 
# N O  Co~tFOut *Cf 

OM S U B S I S I E U  
I M O  s v ~ l t r  

161 

Loss of support  f o r  head 
assembly. Head assembl:~ v i  11 
 rind around i n  top c.f cover .  
Head r o t a t i o n  w i l l  be s lug-  
g i sh  and r o t o r  perforuance 
v i l l  decrease .  

No p w e r  output .  

Generator v i l l  b u m  o u t .  
No p w e r  output .  Poss ib l e  
f i r e .  

Hajor comp0ner.t such a s  
generator  may brcak loose  and 
drop t o  t h e  ground. 

Por t ion o r  e l l  of t h e  n a c e l l e  
assembly nay t e a r  =d 
blov avsy. Bladea m y  be 
d a n g e d  i n  t h e  process .  

w r r i 5  o r 6  

Rt"APK$ 

( 3 )  

P R O ~ . A ~ . L ~  
F A I L U R E  
cbult 

(4 

Bearings 
s e i z e  
i n i t i a l l y  
due t o  
f a t i g u e  o r  
lack of 
l u b r i c a -  
t lon.  

Bearings 
s e i z e  
i n i t i a l l y  
due t o  
f a t i g u e  o r  
lack of 
l u b r i c s -  
t l o n .  

Improper 
maintenance. 
lrrherent 
d e f e c t ,  o r  
l i g h t n i n g  
s t r i k e .  

Fat igue,  
co r ros ion .  

Inproper  
umintennnce. 

' 

V ~ N D O P  

iltY Y O  AN0 
C01PoutY7 

OR PAR1 
ot $cRI?TION 
L f U M C l l O N  

1.) 

HEAD ASSEKBLY (Corn) 

Yav Bearings : 

Generator 

Support S t r u c t u r e  
( S t e e l )  

Nacel le  Aesembly 
. ( f i be rg l a s s )  

rlwuE0 
f A I L U R C  

M O D E  

I bl 

Disinte-  
&ra t e .  

F a i l s  t o  
cpe ra t e .  

Shor t lopen 
c i r c u i t .  

Veld j o i n t  
f r a c t u r e s .  

l e i l u r e  of 
~ t t a c h t r e n t  
f a s t e n e r ( 6 )  
o r  of one o r  
rmre panele  
o f  t he  
n a c e l l e  
assembly. 





PRODUCT WARRANTY' 

A w a r r a n t y , c a n  be viewed a s  a  mechanism f o r  a l l o c a t i n g  t h e  r i s k s  o f  
p r o d u c t  i m p e r f e c t  i o n  be tween p u r c h a s e r s  and s e l l e r s .  A t  . t h e  e x t r e m e s ,  t h e  
s e l l e r  c o u l d  p r o v i d e  an u n l i m i t e d ,  u n c o n d i t i o n a l  l i f e t i m e  w a r r a n t y . ,  o r  t h e  
p u r c h a s e r  c o u l d  buy t h e  p r o d u c t  i n  t h e  a b s e n c e  o f ' a n y  s t a t e d  o r  i m p l i e d  p iorn ise  
o f  q u a l i t y  o r  p e r f o r m a n c e .  The re  i s  a  p r o d u c t  p r i c e  a s s o c i a t e d  w i t h  e a c h  o f -  
t h e s e  e x t r e m e s  and w i t h  any p o i n t  w i t h i n  t h e s e  l i m i t s .  The p r i m a r y '  q u e s t i o n s  
r e l a t e d  t o  any g i v e n  p r o d u c t  a r e :  What i s  t h e  r i s k .  o f  imper fec t io r i , ,  and how 
s h o u l d  t h e  r i s k  b e , d i s t r i b u . t e d  be tween . t h e  b u y e r  and t h e  s e l l e r ?  

The answer ,  when d e a l i n g  w i t h  e x i s t i n g  p r o d u c t s  o r  r e a s o n a b l e  f a c s i m i l e s ,  
i s  f a i r l y  s t r a i e h t  f o r w a r d ,  ' 1-lsual l y ,  t h e r e  i s  slrf f i c i e n t  g e n e r i c  h i s t o r i c a l  
d a t a  t o  r e a s o n a b l y  p r o j e c t  ~ r o d u c ~  perfur.rlrance/durabi'lity o v e r  time. v e r s u s  
a c c e p t a b l e  norms f o r  l i k e  p r o d u c t s  i n  l i k e  m a r k e t s .  . I n  . t h e s e  . i n s t a n c e s ,  t h e  
c o s t  a s s o c i a t e d  w i t h , v a r i o u s  l e v e l s  of protection a t t o r d e d  t o  t h e  consumer can  
be  e s t i m a t e d  and d e c i s i o n s  made a s  t o  t h e  m a r k e t  a c c e p t a n c e  o f  var ' i 'bus w a r r a n t y  
p o l i c i e s .  I n  t h e  f i n a l  a n a l y s i s ,  t h e  s e l e c t i o n  o f  a  s p e c i f i c  war r . an ty  p o l i c y  

< ,  

w i l l  be d e t e r m i n e d  t o  a  g r e a t  ex ' t en t  by competitive p r e s s u r e s .  
. . 

I n  t h e  "new-product ,  new-market" a r e n a ,  wh ' e r e in '  s m a l l  wind t u r b i n e s  c a n  
be  c a t e g o r i z e d ,  t h e  s i t u a t i o n  i s  e n t i r e l y  d i f f e r e n t .  . The major '  p roblem h e r e  
i s  a s s e s s i n g  t h e  d e g r e e  o f  i m p e r f e c t i o n  i n  , t h e  p roduc t , ,  t h e  v a r i a b , l e  s e r v i c e  
c o n d i t i o n s ,  t h e  p e c u l i a r i t i e s  o f  t h e  cus to rne r s , .  a n d ,  f i n a l l y ,  t h e  id iosyr i ,c ra -  
s i e s  o f  m a i n t e n a n c e  p e r s o n n e l .  The problem c a n  be approached  by way of theo -  
r e t i c a l .  e n g i n e e i i n g  a n a l y s i s .  However., t h i s  method i s  n o t  f u l l y  deve ' l oped ,  
t e n d s  t o  be cumbersome, i s  e x t r e m e l y  t i m e  consuming' ,  and i s ' ~ e n e r a l . 1 ~  . .  . u n a b l e  
t o  p r e d i c t  s p e c i f i c  p rob lems  and f a i l u r e  p a t t e r n s .  C e r t a i n l . ~ . ,  t h e . o r e t i c a 1  
a r l a l y s i s  p r o v i d e s  a p o i n r  o f  d e p a r t u r e ;  trowever, i L  ca1111uL 'be i .elieJ ,upoil t o  
a c c u r a t e l y  f o r e c a s t  t h e  c o s t  o f  v a r i o u s  w a r r a n t y  p o i i c , i e ~ . .  1.t " i s . c l e a r  t h a t  
s p e c i f i c  f i e l d  e x p e r i e n c e  u n d e r  iea1,-world c o n d i t i o n s .  is  r e q u i r e d  ' f q r  ' . t he  

, . . e s t a b l i s h m e n t  of  v i a b l e  w a r r a n t y  a l t e r n a t i v e s .  . .  . 

. . . .. 

T h e r e  a r e  s e v e r a l  t y p e s  o f  p r o d u c t  w a r r a n t i e s , .  r a n k i n g  from: . t h e . - n o r m a l  . 

p a r t s - a n d - l a b o r  war . r an ty  . t o ,  s e r v l c e  c o n t r a c t s ,  i n c l u d i n g  - s e l e c t i v e ,  :pBkc-s-and- . . '. 
. . ,  . .  

. . l a b o ;  ' a n d  p r o - r a t a  a r r a n g e m e n t  based  on t ime  i n  s e r v i c e .  ~ a . c h  . .  . . . b . k , . t h : e se  .. . .  . would 
have.  to .  be c a r e f u l l y  e v a l u a t e d  i n  terms of  customel: a c ~ e ~ t a n c ' e " a ~ d - ~ c 6 ~ t ; ,  . . A s  

i n d i c a t e d  e a r l i e r  i n  t h i s  d i s . c u s s i o n ,  t h e  : f i n a l  s e l e c t  i o n . y . i ' l 1 :  be! d i c t : a t e d '  , t o  
. :  ' . . .  

. .  - a  g r e a t  e x t e n t  by m a r k e t  p r e s s u r e s .  . . . .  ... . . . . . . . .  
. .'. . .  ., ,' 

. .  . .  . .. . . . . . . . .  , , 

. . 

I m p l i c i t  i n  t h i s  d i s c u s s ' i o n  is  t h e  a s s u m p t i o n  t h a t  t h e '  p r o d u c t  .has,  i n  
  act, been d c s i g n c d  for i t c  i n t c n d c d  u c e .  Th i6  f u r t h e r  impl'.ies , t h a t  t h ?  rip- . 

s i g n e r l s e l l e r  u n d e r s t a n d s  t h e  n . a tu re  o f  wind e n e r g y  sys tems.~ 'and  p o s s e s s e s  t h e  
m a t h e m a t i c a l  t o o l s '  t o  a n a l y z e  t h e  s y s t e m  i n  t e r m s  of  s t r u c t u r a l  . l o a d s ,  p e r f o r -  
mance,  , e t c .  , I t  is f u r t h e r  assumed . t h a t  t h e  d e s i g n e r  h a s  coirducted f a i . l " r e  mode 

. . 



. . 

and e f  f e i t  a n a l y s i s  t o  ' a s s u r e  t h i t  ' t h e  d e s i g n  -&.$: . .  i n h O r e n t l y  . sound. ~ i m i  l a r l y ,  
i t  is  ass'umed t h a t  t h e  m a n u f a c t u r e / s e l l 6 ;  w ; l l ' k s t a b l i s h  and u t i l i z e  f i r m  

m a t e r i a l  and p r o c e s s  s p e c i f i c a t i o n i  f o r  t h e  manufac tu re  . . and dssembly o f  t h e  
wind t u r b i n e .  

' . I  ' 

It  is c l e a r  t h a t ,  w i t h o u t  a c l e a r  u n d e r s t a n d i n g  of t h e  e n g i n e e r i n g  
fundamentals  and w i t h o u t  h i g h  s t a n d a r d s  of product  a c c e p t a n c e ,  t h e r e  c a n  
be no r e a . I i s t i c .  w a r r a n t y .  p.olicy. 



MANUFACTURING COST ESTIMATE 

Manufactur ing c o s t s  were e s t i m a t e d  w i t h  an assumed p r o d u c t i o n  r a t e '  
o f  1000 u n i t s  pe r  y e a r  i n  a  y e a r  when b o t h  t h e  product and t h e  i r k n u f a c t u r i n g  
p r o c e s s  and t e c h n i q u e s  a r e  f u l l y  d e v e l o p e d ,  t h u s  achi .eving maximum e f f i c i e n c y .  
I n  d e r i v i n g  r e a l i s t i c  e s t i m a t e s . ,  c o s t  . avo idance  p r o c e d J r e s  a r e  a s  s i g n i f i c a n t  
a  cons  i ' d e r a t  ion  a s  t h e  a c c u r a t e  c a l c u l a t i o n  and summing. of  machining t i m e s  f o r  
t h e  s y s t e m ' s  compbi&nt  d e t a i l s .  T h i s  a n a l y s i s  presumes t h a t  c & t . a v o i d a n c e  
w i l l  b e ,  a  b a s i c  o p e r a t i n g  p .o l i cy .  Lot s i z e s  f o r  purchased goods .and m a t e r i a l  
w i l l  be o p t  i&ized .' ~ n v e n t d r i e s  of f i n i s h e d  manufactured.  d e t a i l s  must  be 
minimized.  t o .  .avoid l o c a l  . i n v e n t o r y  ' t a x e s .  The manufac tu r ing  p r o c e s s  must  be  
c o n t r o l l e d  ' t o  t h i ' e i t e n t  c h i t  t h e  p a t t e r n s  f o r  c u t t i n g '  s h e e t  and p l a t e  s t o c k  
a r e  a r r a n g e d  t o . . l e a v e .  a  minimum o f  w a s t e  t r ' i m .  

. . 

The r e s u l t s  - of t h i s  e s t i m a t i n g  e f f o r t  a r e  shown i n . t e r m s  of  s e l l .  p r i c e ,  
r a t h e r  than.  c o s t  t o  t h e  . m a n u f a c t u r e r .  P r i c e s  a r e  based on:  l a b o r  c h a r g e s  
a t  $12 h o u r ,  a n  &sumption bf 1977 economy. f o r  purchas'ed items, a  10% ' 
c h a r g e  f o r  h i n d l i n g  purchased  i t e m s ,  and a  3 ~ %  mark-up t o  Cover GSA & . F e e  
b r i n g i n g  t h e  t o t a l  mark-up t o  40%. No p r o v i s i o n s  have been made f o r  t h e  
expense  of p r o v i d i n g  w a r r a n t y  o r  l i a b i l i t y  ' no r  a r e  s h i p p i n g  ex- 
p e n s e s  c o n s i d e r e d .  

Blades  

. . 

The b l a d e s  have a  un i fo rm c r o s s  s e c t i o n  w i t h o u t  " t w i s t '  br t:jiper'. , As. s u c h , '  
t h e y  a r e  e m i n e n t l y  s u i t e d  t o  h i g h  p roduc t  i o n  ma.nufacturi.ng t e c h n i p u e s ,  such a s  

' 

compos i t e  f i b e r g l a s s / e p o x y  p u l t r u s i o n s .  The raw . p u l t y u s i o n s  ' a r e . : c u t  t o  l e n g t h  
I .  ' 

and f i n i s h e d  w i t h  t h e  i n s t a l l a t i o n  of  a  t i p  p l u g ,  .r,e.ttkFii.on re in fo rcements , .  
' 

l i g h t n i n g  c o n d u c t i v e  t a p e s ,  and e r o s i o n  r e s i s t a n t  pa ' in t ,  ' and  f i n a l l y  an  i n d i -  
v i d u a l  b a l a n c e  o p e r a t  i o n .  The b l a d e  c o s t  ' e s t i m a t e  if ;cl .udei  thB. aluminum 
a d a p t e r  which j o i n s  t h e  b l a d e  t o  t h e  f lexbeam. 

C o s t s  of t h e  b l a d e  and j o i n t  sys tem we.re based on e s t i m a t e s  f o r ,  p r o d u c t i o n  
m a n u f a c t u r e  from Goldsworthy ~ n g i n e e r i n g ;  who w i l l  .provide .  ' the  p r o t q t y p &  b l a d e  ., 

p u l t r u s i o n s ,  making a s h o r t  summary o f  o p e r a t  i b i s  f o r  f i n i s h i n g  t h e  b l a d e  - and 
a 

m a n u f a c t u r i n g  t h e  j o i n t  and e s t i m a t i n g  t h e  t ime and' m a t e r i a l s  a s s ~ c i a t e d  w i t h  
e a c h  s t e p  o f  t h e  o p e r a t i o n s . '  The p r i c e  of a  set of  b l a d e s  w i t h  t h e  aluminum 

. . j o i n t  i n s t a l l e d  i s  $733. 

. . 

Flexbeam and Hub 

. . 

 he' flexbeam i s  match d i e  molded w i t h  0' f i b e r  o r i e n t a t  i o n .  To e s t a b l i s h  
i t s  cost., t h e .  volume of  g r a p h i t e  f i b e r  was c a l c u l a t e d  and . i t s  c o s t  e s t a b l i s h e d .  

. . . . 



. . . . 

" ' A n  ope.rat . ion , sb*ary .. . was: p t e p a r e d  a n d .  . l a b o r  and u * t e r i a l  c h a r g e s  f o r ;  each:.st'ep 
' &as  dLtermirif2.d. .. . ::ifo'r . . t h e  hub, e a c h  d e t a i l  o f  t h e .  drawing w a s .  i t e m i z e d , '  and t h e  

of. s t&- tda id , . i t ems  such a s  n u t s ,  b o l t s ,  and washe;s was' o b t a i n e d  from 
manu fac tu i -e . ' :  ' c a t a l o g u e  p r  i.ce l i s t s  . Manufactured . compon&t s , have a  m a t e r i a l  ., . 
expense ,  t ia lkul-a ted  - on t h e  bas  is. of t h e  we igh t  of  raw . m a t e r i a l  and .a . b a s i c  s t e e  1 
p r i c e .  ..A sunmiary o f  o p e r a t i o n s  r e q u i r e d  t o  manufac tu re  . the  p a r t  was de te rmined  
and machining, ,  se tup ' ,  a n d .  i n s p e c t  i o n  t ime & s i g n e d .  The m a t e r i a l  and labo; 
c h a r g e s  were combined t o  y i e l d  t h e  ' t o t a l  p r i c e .  . ~ i n a l l f , .  t ime . . ,was i n c l u d e d  f o r  
assembly a n d .  f i n i s h i n g  . The p r i c e .  of t h e  hub and flexbeam sub-assembly'  t o t a l s  . 
$1135. . . 

. . Rotor  Head Assembly 
. . 

. . 

. .The. ro ' to r  head assembly.  c o n s i s t s  of t h e ' p y l o n  s t r u c t u r e , '  t .he gearbox ' 

and c o u p l i n g ,  and t h e  induc t  i o n  motor .  P r i c e s  f o r  t h e  gea rbox ,  c o u p l i n g ,  and 
i n d u c t  i o n  motor-generator  r e f l e c t  quota t i ,ons  f o r  produc't i o n  q u a n t i t i e s  r e c e i v e d  
d u r i n g  procurement o f  t h e  p r o t o t y p e  u n i t s .  The pylon s t r u c t u r e  was ana lyzed  i n  
t h e  same manner. a s  d e s c r i b e d  f o r  t h e  hub.  The e s t i m a t e d  t i e l l i n g  p r i c e  of  t h e  
p r o d u c t i o n  system t o t a l s  $54.05 w i t h  $3536 f o r  t h e  pylon s t r u c t u r e  and f a i r i n g ,  
S 1 3 3 8 . f o r  t h e  gearbox and c o u p l i n g ,  and $531 f o r  t h e  motor -genera to r .  

Tower 

The tower i s  a  guyed mast  which i s  f a b r i c a t e d  i n  two s e c t i o n s  for: e a s e  . . 

o f  t r a n s p o r t a t i o n .  The p r i c e  of  t h e  tower was determined by o b t a i n i n g  t h e  c o s t  
. . o f  t h e  raw m a t e r i a l  and s t a n d a r d  i tem$ kuch a s  c a b l e  and' f i t t i n g s  and es t ima-  

t i n g  t h e  t ime . r e q u i r e d  f o r  we id ing  and machining.  t o  f a b r i c a t e  t h e  tower sec-  
t i o n s  and f o r '  assembl ing t h e '  f i t t i n g s  on t h e  guy w i r e s .  . The p r i c e  o f ,  t h i s  
assembly t o t a l s  $2614. 

. . 
F u n c t i o n a l  T e s t s  

F u n c t i o n a l  t e s t s ,  r e q u i r e d  t o  i n s u r e  t h a t  d e l i v e r e d '  s y s t e m s  have proven 
r e . l i a b i l i  t y ,  were d e f i n e d  and t h e i r  expense  de te rmined .  The.  t e d t s  i n c l u d e  
c a l i b r a t i o n  of  . t h e  f lexbeam t o r q u e  v s  . angu la r  d i sp lacement  r e l e t  i o n s h i p  and 
ba lance8of  t h e  r o t o r  hub and t h e  f lexbeam and pendulum system.  I n  a d d i t i o n ,  
a f t e r  t h e  whole system' of  t h e  tower h e a d '  i.s assembled,  i t  must  be  d r i v e n  f o r  a  

, s h o r t  p e r i o d  a t  ra t ,ed  speeds  t o  i n s u r e  t h a t  t h e  g e n e r a t o r ,  gearbox,. ' and  b e a r i n g s  
a r e  p r o p e r l y  a l i g n e d ,  r u n s m o o t h l y a n d  f u n c t i o n  p r o p e r l y .  Th'e p r i ce . ' ,  £of t h e s e  

t e s t s  is expec ted  to  m o u n t  t o  $120. 
. . . . 



Packaging 

F i n a l l y ,  p r o v i s i o n  h a s  been  made f o r  packaging t h e  sys tem f o r  shipment :  
The two tower p i p e s  would be .bound t o g e t h e r  and t h e  c a b l e s ,  t u r n b u c k l e s ,  . ': 

t h i m b l e s ,  and clamps made up and t i e d  t o  t h e  p i p e  s e c t  i o n s .  , Any o t h e r  m i & -  
c e l l a n e o u s  hardware  a l s o  would .be s t r a p p e d  . t o  t h e  p i p e s .  ,The r o t o r  head wuu.ld 
be sh ipped  on a  s p e c i a l  p a l l e t ,  a s sembled ,  a n d . r e a d y  f o r  i n s t a l l a t i o n  on t h e  
t o p  o f  t h e  tower.  Nuts ,  b o l t s ,  'and s i m i l a r  hardware  would be a t t a c h e d . i n  a  
s e p a r a t e  package.  The fle.xbearn hub and.pendu1urn would be shi.pped i n  i t s  .own 
p r o t e c t i v e  c o n t a i n e r  w=th b o l t s ,  n u t s ,  and bushings  f o r  t h e  b l a d e  r e t e n t i o n  
j o i n t  made up hand t i g h t .  The  b l a d e s  a l s o  would be d e l i v e r e d . i n  a  p r o t e . c t i v e  
c o n t a i n e r  a l l  p r e p a r e d  f o r  f i n a l  assembly.  The packaging and c o n t a i n e r s  add 
$400 to the aystem . p r i c e .  

The s e l l i n g  p r i c e  f o r  each. of t h e  subsystems meritidned above can  be , . 

suliunar i z e d ,  quiLe e a s i l y .  Dut the r e s u l t  can be madc much morc mconingfu l  i f  
i t  i s  p r e s e n t e d  w i t h  comparable f i g u r e s  r e . l a t i n g  d i s t i n c t  p o i n t s  i n  t h e  program 
development .  Shown t a b u l a t e d  below i s -  t h e  t o t a l  sys tem p r i c e  p r e s e n t e d  a t  t h e  
C r i t i c a l  Design.Review (CDR) a t  Rocky F l a t s ,  Colorado on March 3 1 ,  ,1978. . A t  t h a t  
t i m e ,  undef ined  p r i c e  r e d u c t  i o n s  t o t  sling $7,500 were c o n s i d e r e d  a  v e r y  r'eason- 
a b l e  p o s s i b i l i t y .  L a t e r  t h e  sys tem p r i c e  breakdown was updated ' t o  ref '1,ect . 

major  d e s i g n  changes.  and was p r e s e n t e d  a t  t h e  F i n a l  Design Review on J u l y  25 
and 26,  1978.  The r e s u l t s  of  t h e s e  a n a l y s e s  a r e  shown below.:' 

TABLE 36 

PRODUCTION COST ESTIMATES 

Blades  
Flexbeam 
& Hub ' 

Rotor Head 
Assy. . ,  
Tower 
F u n c t i o n a l  
T e s t  ' 

Packag ing .  

Tot a1 

C r i t i c a l  
Design 
Rev i ew 

Phase I , 

F i n a l  Pr,oduc t . ion  
. . .  . 

Design . P r i c e  : ' .  . ' 

Review ~ , " ~ , l ~ ~ . i . s . . '  ;." . . 
. . :> . , , .  . , .  .. 
. .... .. , . 

$ 440 $ ' , 733  
1 ,135 . . 1,135 . 



T h i s  t a b u l a t i o n  c l e a r l y  shows t h e  v a r i a t i o n  i n  e s t i m a t e d  s e l l i n g  p r i c e  
a s  t h e  sys tem d e s i g n  evo lved .  A t  t h e  t ime of  t h e  CDR,  t h e  e s t i m a t e d  FOB 
f a c t o r y  p r i c e  of $17,411 was s u b s t a n t i a l l y  h i g h e r  than  t h e  t a r g e t  and t h e  
concep t  was re-examined t o  de te rmine  what changes  c o u l d  be made t o  improve t h e  
s i t u a t i o n .  A t  t h a t  t ime ,  i t  was e s t i m a t e d  t h a t  a  $7500 r e d u c t i o n  c o u l d  be 
ach ieved  d u r i n g  t h e  d e s i g n  phase  and a p p r o v a l  t o  proceed was r e c e i v e d .  Within  
a  few months,  t h e  b a s i c  b l a d e  c o n s t r u c t i o n  t e c h n i q u e  was changed,  r e s u l t i n g  i n  
a  p r o j e c t e d  s a v i n g s  of  $5000. I n  t h e  same p e r i o d ,  changes  i n  t h e  o p e r a t i n g  
speed and type  of g e n e r a t i n g  equipment a l lowed major r e d u c t i o n s  i n  t h e  p r i c e  of 
t h e  g e n e r a t o r  and gearbox.  With t h e  v i s i b i l i t y  of  t h e s e  r e d u c t  i o n s  i n  hand ,  
t h e  e s t i m a t e d  p r o d u c t i o n  c o s t  of  $8,674 was r e p o r t e d  a t  t h e  F i n a l  Design 
Review. However, t h e  c i r c u m s t a n c e s  which e x i s t e d  a t  t h a t  t ime gave no oppor- 
t u n i t y  f o r  t h i s  r e p o r t  t o  be reviewed o r  examined by Har i~i l ton S tandard  c o s t  
a n a l y s t s .  Consequent ly ,  growth i n  t h e  d e f i n i t i o n  of t h e  r o t o r  head sys tem 
amounting t o  approx imate ly  $1400 was no t  r ecogn ized  o r  r e p o r t e d .  The p r e s e n t  
sys tem p r i c e  of  $10,407 r e f l e c t s  t h i s  growth i n  t h e  r o t o r  head assembly and a  
moderate  i n c r e a s e  i n  b lade  f i n i s h i n g  o p e r a t i o n s .  A more d e t a i l e d  breakdown of 
t h e  sys tem p r i c e  of $10,407 i s  p r e s e n t e d  i n  Tab le  37.  

The FOB f a c t o r y  c o s t  e s t i m a t e  of $10,407 r e p r e s e n t s  a  r e d u c t i o n  of  $7,000 
o r  93% of  t h e  $7,.500 c o s t  r e d u c t i o n  p r e d i c t e d  a t  t h e  CDR.. I n  t h e  c o u r s e  of 
a r r i v i n g  a t  t h e  c u r r e n t  e s t i m a t e d  p r i c e ,  d i . s c u s s i o n s  of  f u r t h e r  m o d i f i c a t i o n s  
and c o s t  r e d u c t i o n  changes i n d i c a t e  t h a t  a  f i n a l  c o n f i g u r a t i o n  w i t h  a  p r i c e  
of  approx imate ly  $8,500 i s  e n t i r e l y  r e a s o n a b l e .  T h i s  .20% r e d u c t i o n  would be 
ach ieved  by a  c a r e f u l  review and t a i l o r i n g  of  t h e  har.dware f o r  p r o d u c t i o n .  
T h i s  e f f o r t  would be accomplished by manufacturing/industrial e n g i n e e r s  work- 
i n g  w i t h  s t r u c t u r a l  d e s i g n e r s  and c o u l d  be accomplished w i t h  no b a s i c  changes 
t o  t h e  machine c o n f i g u r a t i o n .  To demons t ra te  t h e  r e a l i t y  of  t h e  p o t e n t i a l  f o r  
s a v i n g s ,  s e v e r a l  . sugges t  i o n s  a r e  l i s t e d  i n  Tab le  38 w i t h  t h e i r  c o r r e s p o n d i n g  
e s t i m a t e d  s a v i n g s . '  

The c o s t  p e r  kW a t  9-mI.s wind speed a t  t h e  c u r r e n t  e s t i m a t e d  c o s t  is  
$1155/kW,. assuming 9  kW o u t p u t  u s i n g  t h e  1:17 gea rbox .  T h i s  d r o p s  t o  $929/kW 
assuming 11.2 kW o u t p u t  u s i n g  t h e . l : 1 4  gea rbox ,  and w i t h  t h e  p r o j e c t e d  reduc-  
t i o n  i n  p r i c e  t h i s  ' d rops  t o  $759/kW which is c l o s e  t o  t h e  t a r g e t  p r i c e  f o r  
t h i s  s i z e  machine.  " 

While t h e s e  sugges ted  s a v i n g s  may no t  a l l  be r e a l i z e d  f u l l y  i n  t h e  
p r o d u c t i o n  model,  they  i n d i c a t e  t h a t  t h e  t a r g e t  r e d u c t i o n  of  $2000 i s  r e a l i s t i c  
and p r o v i d e  e,xamples , o f  t h e  v a r i e t y  i n  e f f e c t i v e  c o s t  s a v i n g  a l t e r n a t i v e s .  A 

thorough c o s t  r e d u c t i o n  program, a s  recommended above,  would y i e l d  a  Long l i 'sc 
o f  l e s s  s u b s t a n t i a l  s a v i n g s  as, w e l l .  When added t o g e t h e r  t h e  t o t a l  c o s t '  
s a v i n g s  shou ld  e a s i l y  exceed '  t h e  c o n s e r v a t i v e  20% c o s t  r e d u c t i o n  t a r g e t .  

A f i n a l  c o s t  e s t i m a t e  w i l l  .be made fo l lowing  t h e  f a b r i c . a t i o n  and t e s t i n g  
of  t h e  f u l l - s c a l e  sys tem.  It is  expec ted  t h a t  many a r e a s  of  t h e  d e s i g n  w i l l  



Blades 

BREAKDOWN OF PRODUCTION PRICE ANALYSIS 

Mate r i a l  

S h e l l s  $117 
F in i sh ing  

' 

J o i n t  $115 
D e t a i l s  $137 

k'lexbeam & Hub 
- ? A  

Flexbeam $400 
lluL $363 

Tuwr I 

Pipe  
Wire 
Hardware 

Rotor Head Assy. 

Genera t o r  $531 
Gearbnx b Coupling $1338 
Frame $423 
D e t a i l s  ( S h a f t s ,  $2201 

Bear ings ,  FIG 
Cover, e t c . )  

Func t iona l  Tes t  

Tes t  

Packaging 

D e t a i l  
Labor . . . ' Tota l  

. . 

Subsystem 
Total  

Conta iners  & 

Packing 

TOTAL 



0 . '  . 
. . 

, . . . .  

be found t o  be u n n e c e s s a r i l y  c o n s e r v a t i v e  and w i l i  r e p r e s e n t  a r e a s  f o r  c o s t  
reduc,t io?s ' .  'The d e t a i l s  ofi t h e  f i n a l  c o s t  e s t i m a t e  w i l l .  be i n c l u d e d  iit t h e  : 
f i n a l  c o n t r a c t  r g p o r t '  which w i l l  f o l l o w  t h e  f i e l d ,  e v a l u a t i o n '  . t e s t s  . at . ,Rocky" 

. . 
F l a t s .  , . . . '  

Suggest  i o n  . Savings  
. . 

1 .  Use a  c a s t i n g  f o r . ' t h e  main .frame i n s t e a d  of  a ,  ; . . 
. . $ 300 

weldment : 

2 .  D e l e t e  tapered,adapters'under.all.main 
b e a r i n g s  .' 

3 .  1ncorpor;te a  l e s s  expens ive  speed switch' .  100 

. . 

4 .  Make b l a d e  r c i n f o r c ' i n g  pads of  c a s t  aluminum- . . 7 5 
r a t h e r  than-  f i b e r g l a s s  lay-up.  

5 .  Use c a s t  b e a r i n g  p l a t e s . w i t h  i n t e g r a l  t a p e r e d  
washers  f o r  b l a d e  j o i n t .  

6 .  Use s t e e l  r o d s  ' i n  p1,ace of t h e  w i r e  ropes  i f  . . 3 00 
f l e x i b i l i t y  o f  . guy . .  suppor t ' s  i:s found unnecessa ry .  

7 .  F i b e r g l a s s  tower u s i n g  p u l t r u s i o n  p r o c e s s  i n  400 '  ' 
-. 

. p l a c e  oi s t e e l  tow.er. . 

TOTAL $1'305 
. . 

. . 

, Increment Due . t o  Temperature  ~ x t r e m e s  

The t e m p e r a t u r e  extremes;speci,fied i n .  t h e  work s t a t e m e n t  were - 5 0 " ~  t o  
+60°c .  The impact on c o s t  i n  s a t i s f y i n g  t h i s  r equ i rement  h a s  been d i s c u s s e d  
w i t h  s u p p l i e r s  of  o f f - t h e - s h e l f  i t ems  a s  w e l l  a s  r a w . m a t e r i a 1  s u p p l i e r s .  I t ,  
h a s  been conc1ude.d t h a t  t h e  upper t e m p e r a t u r e  wou'ld no t  i n f l u e n c e ' c o s t s  wi th  
t h e  e x c e p t i o n  of ' t h e  g e n e r a t o r  i t  i t  were not  p r o p e r l y  venc i l a ' ced .  1 5 ' h i g h  
t e m p e r a t u r e  were r e q u i r e d  t h e  i n s u l a t i o n  f q r  t h e  wind ings  'would be 
i n c r e a s e d ,  and t h e ,  c o s t  ' i n c r e a s e  would be nominal ,  about  $25. The. inc.rement 
f o r  low ternperatur 'e ,  -50°c ,  i s  de te rmined  . u s i n g  t h e  p n e r i l  r u l e  . o f '  thumb f o r  
raw m a t e r i a l  e o s t s ,  , sugges ted  ,by s u p p l i e r s ,  which i s  l d l l b  per "C below 
- 3 0 " ~ .  T h i s  emo1~nt.s t o  $415 f o r  the  tower components and ,$258  f o r  ,the.. . remaining 
components f o r  a t o t a l  i n c r e a s e  i n  c o s t  of  $673. 



CONCLUDING REMARKS 

  he Phase  I r e s u l t s  have demons t ra ted  t h a t  t h e  UTRC wind t u r b i n e  d e s i g n  
s a t i s f i e s  t h e  b a s i c  performance and s t r u c t u r a l  r e q u i r e m e n t s  s e t  f o r t h .  i n  t h e '  
c o n t r a c t  work s t a t e m e n t .  It i s  f e l ' t  t h a t  t h e  p r o t o t y p e  sys tem w i l l  be some- 
what more. c o n s e r v a t i v e  i n  ( s t r u c t u r a l )  l o a d  c a r r y i n g  c a p a c i t y  t.han a  f i n a l  
p r o d u c t i o n  d e s i g n  would o r  s h o u l d  be .  S ince  t h e  b a s i c  UTKC c0ncep.t i s  u n t r i e d  
i n  f u l l - s c a l e  s i z e s ,  i t  is  b e l i e v e d  t h a t  t h e  demons t ra t io r ;  of i t s  fundamental  
o p e r a t i n g  c h a r a c t e r i s t i c s  shou ld  be of h i g h e s t  p r i o r i t y ,  and t h a t  a  h i g g l y  
e f f i c i e n t  s t r u c t u r e  shou ld  be of secondary impor tance .  

The est imated p r o d u c t i o n  c o s t s  n f  the .systPm are Pncouraging,  howsvor t h e g  
a r e  g r e a t e r  than  t h e  c o n t r a c t  g o a l  by about  20%.  Many c o s t  s a v i n g  s u g g e s t i o n s  
have been i d e n t i f i e d ,  however,  and f b l l o w i n g  t h e  a c q u i s i t i o n  of  d a t a  from t h e  
f i e l d  t e s t i n g  conducted i n  C o n n e c t i c u t  and Rocky F l a t s ,  i t '  i ,s pr .o jec ted  t h a t  
d e s i g n  m o d i f i c a t i o n s  c o u l d  l e a d  t o  a, more e f f ' i c i e n t  s t r u c t u r e .  . . 

Spec i f i c .  r e s ~ l l t  s and cooc l.t.~ai.ons which evolved d u r i n g  t h e  courec  of t h e  
Phase  I d e s i g n  a r e  l i s t e d  below. 

1 .  The. pendulum/flexbeam c o n t r o l  ' sys tem p r o v i d e s  b l a d e  . . p i t c h  c o n t r o l  
to.  a c h i e v e  s t a r t - u p ,  h i g h  performance e f f i c i e n c y ,  and b l a d e  s t a l l ' f o r  
h i g h  speed s u ' r ~ i v a b i l i t ~ .  . 

. . 
2 .  Analyses  and wind t u n n e l  r e s u l t s  show t h a t  t h e  d e s i g n  s e l e c t e d  o p e r a t e s  . ' 

f r e e l y  i n  w i t h o u t  i n s t a b i l i t i k s  o r  d e g r a d i n g  perio.rmance.  ' . . 

3 .  The use  of  f r e e  yaw and a  p a s s i v e  c o n t r o l  sys tem e l i m i n a t e s  t h e  need 
f o r  a l l  wind speed and d i r e c t i o n  s e n s o r s .  

4 .  A  9.4-m-diameter r o t o r  i~ c a l c u l a t e d  t o  p r o v i d e  :power o u t p u t  0.f a t  

l e a s t  8 kW a t  9  m / s  ( 2 0  mph) aAd an annual  o u t p u t  of 23,000 kWh for . -  ' ; 

. 
. . 

a  mean wind speed of  5.4 m / s  (12  mph). , , 

5. A simp'le t r a n s m i s s i o n  s u b s t i t u t i o n ,  t o  p r o v i d e  a .  lower .  ?tep-up' r a ' t i o ,  . . 
r e s u l t s  i n  a  sys tem w i t h  improved performance . a t  . .  high  wind s i t e s . '  , 

. 

. . . . 
6 .  The i n d u c t  i o n  g e n e r a t o r  i s  more c o s t  e f f e c t i v e  t h a n  an .,a1 t e r n a t o r  :or .. , . '  ' .  

. . 
synchronous  g e n e r a t o r  due to. i t s  lower i n i t i a l  c o s t .  and . , .  Che.., . £.act:. . ..chat. . . 

. . .  . . . . . .  . . < . .  . . . . . .  . an i n v e r t e r  i s  not  r e q u i r e d .  _ .  ._ . _ . . . .  . . 
. . . . .  . . 
. . .  . .  . 

' . .  . .. 

7 .  F i b e r g l a s s  b l a d e s  a r e  b e s t  s u i t e d  f o r  t h e  UTKC d e s i g n  due t o  t h , e i r  . . 

low weight  and p o t e n t i a l l y  low c o s t .  ~ x t ' r u d e d  alumi.nuin. b l a d e s  a r e  not  
p r a c t i c a l  due t o  t h e i r  .h igh we igh t  and t h e  r e s u l t i n g  a d v e r s e  e f f e c t  on 
edgewise f requency .  . . . 

. . 
. . 



. . . . .  

. a ; ' . .  A guyed column i s  . f a v o r e d  o v e r  o t h e r  tower  c o n f i g u r a t i o n s  d u e . . t o  its' 
" . low 'aerodynamic shadow and the '  e a s e  w i t h  which . i t  c a n  be manual ly  

e r e c t e d .  . . 
. . 

9.  Wind t u r b i n e . c o s t s  ( F . O . B .  f a c t o r y )  b e l o w ~ $ 1 0 , 0 0 0  ( 1 9 7 7  d o l l a r s ) .  
a r e  f e a s i b l e  f o r  h igh  q u a n t i t y  product  i o n .  
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r a t o r  d i s k  a r e a  

. chord dimensio'q of ' composi te  m a ' t e r i a l  t e s t . . s p e c i h e n  
. . 

o r  number of b l a d e s  

d i s t a n c e  from n e u t r a l  a x i s  t o  o u t e r  f i b e r  of  member 
under  - load , . 

Rotor  power c o e f f i c ' i e n t  
' . 

Rotor  d i a m e t e r  

Young's Modultls or  edgewise 

f l a t w i o c  . . . .  . 

Shear  Modulus . . 

. g e a r  r a t i o  
. . 

t h i c k n e s s  d imension of composi te  m a t e r i a l ' t e s t  
specimen . . 

a r e a  moment O F  i n ~ r t  i a 

t o r s i o n a l  a r e a  moment of  i n e r t i a  . . 

specimen l e n g t h  

moment o r  pendulum weight  

r o t o r  r o t ~ t i . o n a l  s p e e d ,  Hz 

load o r  i n d i c a t i n g  p e r  r e v  o r  power 

r o t o r  r a d i u s  

. . 
t h i c k n e s s  

Tors  i o n  

wind speed 



Nomenclature ( c o n t ' d )  

VR . ' . . . .  v e l o c i t y  r a t i o  RRIV 
. . 

. . 
W .power i n  w a t t s  

pendulum angle  
, .  : 

e f f i c i e n c y  

blade c o l l e c t i v e  p i t c h  

a i r  d e n s i t y  

s t r e s s  

. r o t o r  r o t a t i o n a l  speed ,  r a d l s e c  

Subscr ipts  

8 

i 

P 

t i p  

W 

generator  

i n i t i a l  , 

, pendulum 

p i t c h  or  v e l o c i t y  a t  blade t i p  

wind 



- ' .  APPENDIX A'  

Foam and' Polyurethsri& ~ o ~ u l a t i o n s  for I n i t i a l  ~ l i d e ~ e s i ~ n  



Foam and ~ e s i n  . ~ i i v e l o ~ m e n t s  f o r  A i r f o i l ,  Appl ica t ion  

The o b j e c t i v e  of t h i s  phase of t he  program ,wks t o  develop a  s e l f - sk inn ing  
c lo sed  'ce.11 . s t r u c t u r a l  . polyure thane  foam wi th  an a i r f o i l  con f igu ra t i on ,  sup- 
po r t ed  by a  graphi te lepoxy spa r  loca ted  c e n t r a l l y  i n  the  a i r f o i l ,  s t r u c t u r e .  

.: Seve ra l  po lyure thane  f6l;mulations were i n v e s t i g a t e d ,  w i t h  t h i s  o b j e c t  i xe  i n  
/ 

mind. 

The des ign  schematic  f o r  t he  polyurethane a i r f o i l  shape is  shown i n  
F i g .  A-1 . The impdrtant cbncept i n  t h i s  de s ign .  approach is': 

, 
( 1 )  The use of' a  s e l f - sk inn ing  c losed  c e l l  s t r u c t u r a l  polyurethane foam 

. i n  the  form a s  an a i r f o i l  having o secondary . s t r u c t u r a l  r o l e .  

( 2 )  U ' t i l i z a t i o n  of a  s o l i d  polyurethane m a t e r i a 1 , f o r  t he  l ead ing  ed,ge of 
t he  a i r f o i l , ,  s t r u c t u r e .  Aerodynamic a e r o e l a s t i c  s t a b i l i t y  cons idera-  
t i o n s  r e q u i r e  t h a t  t h i s  m a t e r i a l  ha& a  d e n s i t y  o f  approximately 2.76 ' ,  

glee (0.10 1b1ir- t .~) .  This  was t o  be accomplished by a d d i t i o n  of 
metal  f i l l e r  .to t h e  polyurethane r e s i n  o r  'by use of a  s o l i d  s t e e l  rod 
placed s t r a t e g i c a l ' l y  i n  t h e  body of' t h e  lead ing  edge. 

(3). U t i l i z a t i o n i o f  a  graphi te lepoxy.  spa r  a s  t h e  primary s t r u c t u r a l  beam 
extending from t h e  flexbeam j o i n t  i n t o  t h e  a i r f o i l  s t r u c t u r e .  The 
r e s u l t s  of t h e  m a t e r i a l s  development s t u d i e s  c a r r i e d  ou t  i n  each a r e a  

.. . of t h e ,  des jgn  concept  a r e  descr ibed  i n  t h i s  s e c t i o n .  . 
1 I '  

Foam and Resin Experiments 
1 .  

. . . . 

Foam ~ x p e r i m e n t  s . - - -. *.." ."-. ",%." .,-. .-. 

The more promising formula t ions  a r e  summarized i n  Table  A-1. The p r o p e r t i e s  
o f  i n t e r e s t  i n  t h i s  m a t e r i a l  a r e  t he  compressive s t r e n g t h ,  t h e  t e n s i l e  proper- 
t i e s  and t h e  bulk d e n s i t y  of  t h e  foam specimens. The component p r o p e r t i e s  of  
t h e  s e l f - sk inn ing  foam were a l s o  measured. Foam samples were c u t  i n t o  s k i n  and 
c o r e  s e c t i o n s .  The volume f r a c t i o n ,  d e n s i t y ,  and t e n s i l e  p r o p e r t i e s  of t h e  s k i n  
and c o r e  foam were determined.  Compressive p r o p e r t i e s  of t he  c o r e  fowl were 
a l s o  determined.  

The compressive o t r eny th  ae u f u ~ ~ c ~ i o n  of denoi ty  of oevepal polyurethene 
samples a r e  l i s t e d  i n  Table  A-2. Two p o i n t s  a r e  of importance i n  t h i s  t a b l e .  
The f i r s t  is t h a t  t h e  f i r s t  t h r e e  specimens l i s t e d  have t h e  h ighes t  d e n s i t i e s ,  
b u t  do  not  n e c e s s a r i l y  possess  t h e  h ighes t  compressive s t r e n g t h s .  The second 
p o i n t  is t h a t  t h e r e  is  a  c d r r e l a t i o n  between d e n s i t y  and compressive s t r e n g t h  
a s  i l l u s t r a t e d  by t h e  l a s t  four  specimens l i s t e d .  Sample 77-5-1, wi th  a  bulk 
d e n s i t y  o f  288 kg/m3 (18.0 l b / f t 3 )  f a i l e d  a t  5.63 MPa (816 p s i )  i n  compression, 
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APPENDIX A 

TABLE A-1 

78-0221, 78-0222 
I s o n a t e  181  
Po lyo l  G 71-357 
Poly G 70-600 : 

DMEA 
.. ' 

DC-193 
Freon 1 1 B  

78-0505-1 
I s o n a t e  181  
P o l y o l  PCP-0301 
P o l y o l  11-27 
DMEA 
DBTL 
DC-193 
Freon 1 1 B  

78-0512-1 
I s o n a t e  181  
P o l y o l  DAS361. 
Po Iyo l ,  11-27 
DMEA 
DBTL 
DC-193 
Freon 1 1 B  

I s o n a t e  181  
P o l y o l  BET530 
Po lyn l  !..I.-34 
r n D A  
Stannous . o c t o a t e  
DC-193 
F reon11B ' ,  

. . FOAM FORTWLATIONS 

. . 

78-0504-1 
I s o n a t e  181  
Po lyo l  LS499 
Po lyo l  11-27 
DMEA 
s tannous  o c t o a t e  
DC-193 ' 

Freon 11B 

78-0505-2 
45.4 I s o n a t e  181  45.4 
,2 5.0 Po lyo l  PCP-0301 25.0 

5.0 .Polyo1 11-27 . 5 . 0  
0.10 TMTBbA 0.10 
0.12.  ' Stannous octoate - 0.17 
0.50 DC-193 0.50 
5.0 Freon 1 1 B  5.0 

78-0512-2 ' 

I s o n a t e  181. 
Polyol  DAS 361 
Po lyo l  11-27 
m n A  
DBTL 
DC-193 . 

F.reon l l B  

78-0515-1 
46,O Isonate 181 
26.2 Po lyo l  BET530 

5.0 Po lyo l .  11-34 
0.12 -' TMQBA 

0.10 DBTL \ 

0.50 DC-19.3 . 

5.0 Freon 1 1 B .  

78-0504-2 w t  .g 
I s o n a t e  181  44.3 
P o l y c l  LS490 27.5 
Po lyo l  11-27 5.0 
DMEA (3.10 
DB TL 0.12 
DC-193 . 0.50 

, Freon 1 1 B  5.0 

78-'0510-4 
I s o n a t e  181 34.2 
Po lyo l  DAS361 28.7 
POIYOI : l i -27 5.0 
TMBDA . , ' .  0.12 

~ t n n n h 1 . 1 ~  ~ c t o a t o  0.10 ' 
DC-193 . ' 0.50 
Freon 1 1 B  5.0 

78-0512-3 
I s o n a t e  181 46.0 
Po lyo l  BET530 26.2 
Po lyo l  11-34 5.0 
Dl 1EA 0.12 
Stannous o c t o a t e  0.10 
DC-193 0.50 
Freon 1 1 B  5.0 

78-0515-3 
T.eonat.8 181 /I 6.0 
Po lyo l  LHT-240. 50.0 
Polyol. 11-34 5.0 
A - l  C a t a l y s t  C .  1 2  
Stannous o c t o a t e  0.10 
DC-193 0.50 
Freon 1 1 B  .5.0 



-951'6-2 - 
laLellate 181 
Polyol BE375 
Polyol' 11-34 
4-1 Catalyst 
Stannous cctoate 
DC-193 ' . . ' 

. . 

Freon 11B 

. . . . . TABLE A-1 (Cont I'd) 

. . . . 
FOAM FORMULATI3NS 

Key to Abbreviations : 

78-0516-4, - 
. . 

Isonate 181 
pblyol BE375 
Polyol 11-34 
DMEA 
DBTL. 
DC-193 
Freon 11B 

78-0404-5 
1sonate 181 
polyol PCP-0301 
P0ly01 11-27 . ' . 

DPEA . . .  

Stannous o.ctoate 
DC-193 -. , '  . '. 

  re on- 11B ' 

D?EA = Dimethylaminoeth.?nol 
. DC-193 = Surfactant I 

Dl3 TL = Dibutyltindilaurate 
TElE DA = Tetranethylbutane diamine . 
A-1 catalyst - Union Carbide amine catalyst, 

his (2-dimethylaminoethyl) ether 



TABLE A-2 

COPTRESSIVE STRENGTH OF POL.YURETHANE F O A ~ I S  
1 

Compress ive  S t r e n g t h  
. . 

spec imen  
No. D e n s i t y  g l c c  ( l b / f t 3 )  - MP a P s i  

. . 

346 '  78-0221-1 0 . 3 4 3  ' (21 .4)  . 2 - 3 5  - . 

/ 

75-0222-1 0 . 3 6 2 ,  (22 .6 )  1 . 1 3  1 6 5  

Mixed a t  room t e m p e r a t b r e ,  poured  i n t o .  a p r e h e a t e d  mold a t  60°c,  
c u r e d  a t  121"~ f o r  3 0  m i n u t e s .  



3 w h i l e  samples 77-10-1, -15-1, and -14-1 w i t h  d e n s i t i e s  o f  160 ,  112 ,  and 80 kg/m. 
3  ( 1 0 ,  7  and 5  l b / f t  ) f a i l e d  a t  3 . 1 9 ,  1 . 0 7 ,  and 0 ; 5 0  MPa, r e s p e c t i v e l y .  c l e a r l y '  , . 

f o r  a  g i v e n  s e r i e s  a s  t h e  b u l k  d e n s i t y  i n c r e a s e s ,  t h e  compress ive  s t r e n g t h  'also 
i n c r e a s e s .  '.However, a s  shown above,  a  h igh  b u l k  d e n s i t y  does  n o t  n e c e s s a r i l y  
y i e l d  h i g h  compress ive  s t r e n g t h s .  . . 

A s e l f - s k i n n i n g  fqam sample was d i s s e c t e d  i n t o  s k i n  and foam s e c t i o n s  and 
t h e s e  component s e c t i o n s  were s u b j e c t e d  t o  t e n s i l e  t e s t s .  The r e s u l t s  o f  t h e s e  
t e s t s  a r e  l i s t e d  i n  Tab le  A-3. The d i f f e r e n c e s  i n  s k i n  and foam t e n s i l e  p roper -  
t i e s  a r e  c l e a r l y  noted f o r  t h e  two foam samples .  

The t e n s i l e  s t r e n g t h  and modulus of  foam w i t h  s k i n  (sample  78-0222-la) i s  
3.57 MPa and 0.172 GPa, r e s p e c t i v e l y  w h i l e  t h e  t e n s i l e  s t r e n g t h  and modulus of 
t h e  s k i n  o n l y  (sample  78-0222-leb) i s  22.81 MPa and 1.19 GPa, r e s p e c t i v e l y .  
The o t h e r  foam sample 78-0222-2 showed s i m i l a r  d i f f e r e n c e s .  It shou ld  a l s o  
be  no ted  t h a t  t h e  t e n s i l e  s t r e n g t h s  o f  s k i n  samples 78-0222- las , , - lbs ,  -1cs 
d i s s e c t e d  from t h e  s i d e  a r e  much lower  t h a n  s k i n  samples  78-0222-leb and -1fb 
d i s s e c t e d  from t h e  bottom o f  t h e  foam sample .  I n  p r e p a r i n g  samples ,  t h e  mixed 
p o l y u r e t h a n e  f o r m u l a t i o n  is  q u i c k l y  t r a n s f e r r e d  t o  t h e  mold. The m a t e r i a l  h i t s  
t h e  bot tom o f  t h e  mold s u r f a c e  f i r s t ,  t h e  cover  of t h e  mold i s  p o s i t i o n e d  i n  
p l a c e  q u i c k l y ,  and t h e  foaming p r o c e s s  o c c u r s  w i t h i n  seconds .  The bot tom s k i n  
formed i n  t h i s  p r o c e s s  is  t h i c k e r  and a p p e a r s  t o  be h a r d e r  t h a n  t h e  s i d e  and 

, t o p  s k i n s .  S i m i l a r  s t r e n g t h  d i f f e r e n c e s  a r e  no ted  f o r  s k i n  sample 78-0222-2bs 

d i s s e c t e d  from t h e  s i d e ,  1 3 . 5  MPa and s k i n  sample 78-0222-2db and 78-0222-2eb 
d i s s e c t e d  from t h e  bot tom,  23.91 MPa. F i n a l l y ,  c o r e  foam samples  78-0222-lb, 
78-0222-Za, and 78-0221-la show t e n s i l e  s t r e n g t h s  of  approx imate ly  1 . 5  MPa and 

' modul i  o f  0.069 -GPa, p r o p e r t i e s  much lower  t h a n  t h e  s k i n  s e c t i o n s , .  
. . 

C l o s e l y  r e l a t e d  t o  t h e  s t r e n g t h  d i s t r i b u t i o n  i n  a  s e l f - s k i n n i n g  c l o s e d  
c e l l  p o l y u r e t h a n e  pour i s  t h e  d e n s i t y  and g r a d i e n t  v o l  % d i s t r i b u t i o n  o f  
v a r i o u s  s e c t i o n s  of t h e  foam sample .  Dens i ty  and v o l  % d a t a  a r e  l i s t e d  i n  
T a b l e  A-4. The d e n s i t y  g r a d i e n t  f o r  s k i n  samples  of t h i c k n e s s e s  1 .02 ,  0 .76 ,  
0 .38 mm v a r i e s  from 0.62 t o  0 .61 t o  1 .31 g l c c  c o r r e s p o n d i n g  t o  volume per-  
c e n t s  o.f 20,  15 and 7 .5 .  The l a r g e s t  volume f r a c t i o n  of  t h e  sample ,  t h e  c o r e ,  
a c c o u n t i n g  f o r  85 v o l  X ,  h a s  t h e  lowes t  d e n s i t y  0 .30 g l c c ,  as e x p e c t e d .  It 
i s  c l e a r  from t h e  t e n s i l e  s t r e n g t h ' d i s t r i b u t i o n  and d e n s i t y  d i s t r i b u t i o n  t h a t  
t h e  h i g h  d e n s i t y  s k i n  s e c t i o n s  a r e  t h e  s t r o n g e s t ,  whi le  t h e  low d e n s i t y  foam 
s e c t i o n s  a r e  t h e  weakes t .  

A  s e r i e s  o f  p o l y u r e t h a n e  f o r m u l a t i o n s  were sc reened  f o r  compress ive  
s t r e n g t h 0  t o  de te rmine  m a t e r i a l s  v a r i a b l e s  r e q u i r e d  f o r  optimum compress ive  
p r o p e r t i e s .  The r e s u l t s  of  t h e s e  tests  a r e  l i s t e d  i n  T a b l e  A-5. Although 
t h e  s t r e n g t h  d i f f e r e n c e s  between t h e  v a r i o u s  f o r m u l a t i o n s  a r e  not  s i g n i f i c a n t ,  
t h e  d a t a  do s u g g e s t  t r e n d s .  The f i r s t  is  t h a t  d i b u t y l t i n d i l a u r a t e  (DBTL) 
a c c e l e r a t o r  i n  f o r m u l a t i o n  78-0504-2 ( 0 . 9 5  MPa compress ive  s t r e n g t h )  g e n e r a t e s  



. S e l f  -Skinnicg 
Foam S a m ~ l e  

l a s  
lbs 
I c s  
l db  
l e b  
l i b '  

78-0222-2a 
2c - 
21.  

. . . . 2bsk 
2bs 
2cb 
2db 
2eb 

78-0,221-ia ' 

l b s k  
1 a 

, l b  

Mixed 
cured 

TENS11,E' PROPERTIES OF CI 'T  SE(:'I'TONS OF SELF-SKINNTNC' 
C1,OSED CELL POLY1!F.l3'T!UXI: . FON! P'ATERIALS~ 

T e n s i l e  P r o ~ e r t i e s  -----------  - - - - -  

S e c t i o n  of S t r e n g t h  3lodulus Elongat ion  
Sample MP a  P s i  GPa . . .lo6 p s i  . % - - .. - 

foam no s k i n  I. 46 217 0.082. . 0.012 4.52 
foam no s k i n  2.64 392 0.096 0.014. 8.36 
foam w i t h  s k i n  3  :57 530 0.172 0.025 2.24 

s k i n  s e c t i o n  11.17 1660 .' 0.709 .0.103 2.64 
s k i n  se,c t i on  11.91 1770 0.755 . 0.114 2.36 
s k i n  sect1011 13.23 ,1920 0.751 0.103 4.12 
s k i n  s e c t i o n  ' ' 15.92 2310 0.951 0.138 3.60 
slcin s e c t  ion  22.81 . . 3310 1.190 0. i74 .3.52 
s k i n  s e c t i o n  13.91 :27 50 [I. 882 0.128 4.40 

foam no s k i n  
foam no s1;in 
foam no skirr 
foam w i t \ >  s k i n  
s k i n  s e c t i o n  
s k i n  s e c t i o n  
s k i n  s e c t i o n  
s k i n  sectlo11 
!earn 11u s k l u  
foam w i t h  sk in  
s k i n  s e c t i o n  
s k i n  s e c t i o n  

0 a t  room tempera ture ,  po r~~ .cd  i11Lo prellcbatctl rno1.d a t  60 C, 
a t  1 2 1 ' ~  for: 30 mj.nutes. 



. . 

TAB LE . A.-4'. 

DENSITY DISTRIBUTION THROUGHOUT 
. .  SELF-SKINNING POLYURETHANE FOAM 

Por t  ion  .of . .. 
. . 

Specimen, , : . n e k i t y  
m . . g/cc 

Tota l  specimen, 
10.20' ' 0.41 

' .  0.62 1.02 s k i n .  . 
, . . . 

0.38' s k i n  1 .31  

Same cu.re c y c l e  a s  i n  ~ a b l e . 2 . '  



. . . , .  

. TABLE A-5 

Formula t ion  
No. 

78-0504-1 
7.8-050/1-2 
78-O50/1-5 
78h0505-1 
78-0505-2 
78-0510-4 
78-0512-1. 
79-0512-2 
78-0512-3 
78-C512-4 
78-0515-1 
78-0515-3 
78-0516-2 
78-0516-4 

D e n s i t y  
1 , i a t e r i a l  . 

~ a . r  i a b l e  
S t u d i e d  g/cc - ' : l b / f t 3  

. . 

c a t a l y s t  
c a t a l y s t .  
po lyo l  
p o l y o l  . . 
p o l y o l ,  c a t a l y s t  
p o l y o l  
p0.l.ycjl , . , 

p o i y o i  
p o l y o l  
p o l y o l  
p o l y o l ,  
p o l y o 1  
p o l y o l ,  c a t a l y s t  
polycl.,  c a t a l y s t  

Compressive P r o p e r t i e s '  

S t r e n g c h  . . '  Modulus 
P.Pa . psi. - C P ~  1 0 6 ~ s . i  - 

. . 

Mixed ' a r .  r66iil. t e m p e r a t u r e , '  poured j n t o  a p r e h e a t e d  mold a t  GOOC ., 
curcd a t  1il'c.f o r  30 m i n u t e s .  



a  s t r o n g e r  foam t h a n  s t a n n o u s  o c t o a t e  i n  f o r m u l a t i o n  78-0504-1 ( 0 . 5 0  MPa 
compress ive  s t r e n g t h ) .  A . s . i m i l a r  cor ic lus ion can be drawn by comparing formu- 
l a t i o n s  78-0512-2 w i t h  78-0510-4, hav ing  compress ive  s t r e n g t h s  of 0;72 Mpa and 
0 .47  MPa, r e s p e c t i v e l y .  Secondly ,  compress ive  s t r e n g t h s  of about 0 . 8  MPa f o r  
sys tems 78-0512-3, -4 ,  and 78-0515-1 s u g g e s t  t h a t  p o l y o l s  BET-530 and 11-34 a r e  
e x c e l l e n t  m a t e r i a l s  f o r  s . t r u c t u r a 1  foams and c a n ' b e  .opt imized f o r  i n c r e a s e d  

.. . compress ive  p r o p e r t i e s  ., The same c o n c l u s i o n  can 'be deduced f o r  p o l y o l  BE-375 i n  
f o r m u l a t i o n  78-0516-4, which y i e l d e d  a  compress ive  s t r e n g t h  of  1 .20  MPa. Based ' 

on t h e  d a t a  i n    able A-4, fo rmbla t  i o n s  78-0504-2, 78-0515-1, 78-0512-2 , - 3 ,  o r  
-4 ,  and 78-0516-4 a r e '  cons ide red :  s t r o n g  cand ida tek  f o r  o p t  imiz .a t ion s t u d i e s ,  
i . e .  c u r e ,  t e m p e r a t u r e ,  blowing agen t  c o n c e n t r a t i o n ,  s u l f a c t a n t  c o n c e n t r a t i o n ,  

. . and c a t a l y s t  c o n c e n t r a t i o n .  

F i b e r  Re in forced  Sk in  Formula t ions  -----------------  

A few f o r m u l a t i o n s  were e v a l u a t e d  t o  de te rmine  t h e  e f f e c t  of chopped 
S - g l a s s  f i b e r  on t h e  s t r e n g t h  p r o p e r t i e s  of  p o l y u r e t h a n e ,  i n t e n d e d  f o r  s k i n  
a p p l i c a t i o n s .  The concept  i s  t o  c o a t  t h e  f i b e r  r e i n f o r c e d  p o l y u r e t h a n e  r e s i n  
on t h e  mold s u r f a c e  a s  a  g e l - c o a t ,  and t h e n  i n t r o d u c e  p o l y u r e t h a n e  foaming 
r e s i n  t o  f i l l  t h e  c a v i t y  and bond d i r e c t l y  t o  t h e  g l a s s  f i b e r - f i l l e d  g e l - c o a t .  
Only a  l i m i t e d  number of specimens wer,e p repared  t o  t e s t  t h e  c o n c e p t .  The 
r e s u l t s  of t h e  t e n s i l e  p r o p e r t i e s  of t h e s e  s k i n  specimens are stlorn i n  T a b l e  
A-6. The f o r m u l a t i o n s  a r e  l i s t e d  i n  Tab le  A-7 .  The t e n s i l e  s t r e n g t h  of  t h e  
b e s t  specimen (78-0426-2) i s  not  encourag ing  compared t o  a  t e n s i l e  s t r e n g t h  
of 3470 p s i  f o r  s k i n  m a t e r i a l  (sample  78-0222-2eb) removed from t h e  s e l f - s k i n -  
n i n g  foam sample 78-0222, T a b l e  A-3. These r e s u l t s  a r e  unexpec ted .  T h e r e f o r e ,  
a d d i t i o n a l  exper iments  must be performed f o r  a  f u l l  a s sessment  of  t h i s  approach,  
s i n c e  r e i n f o r c e d  s k i n  samples  shou ld  be c o n s i d e r a b l y  s t r o n g e r  t h a n  u n r e i n f o r c e d  
samples .  

Res in  f o r  Leading Edge A p p l i c a t i o n  -----------------  

A thorough s t u d y  of  t h e  m a t e r i i l s  r e q u i r e d  t o  produce a  tough e l a s t o m e r i c  
l e a d i n g  edge m a t e r i a l  was made. T h i s  s ' tudy f i r s t  c o n s i d e r e d  l i t e r a t u r e  and 
commercial  s o u r c e s  f o r  t h e  r e q u i r e d  m a t e r i a l s .  Then, based on d a t a  from t h e s e  
s o u r c e s ,  c e r t a i n  commercial  m a t e r i a l s  were s e l e c t e d '  f o r  s t u d y  i n  v a r i o u s  formu- 
l a t i o n s .  The f o r m u l a t i o n s  i n v e s t i g a t e d  a r e  summarized i n  T a b l e s  A-8 and A-9. . 

The t e n s i l e  p r o p e r t i e s  of  s e v e r a l  e l a s t o m e r i c  p o l y u r e t h a n e  m a t e r i a l s  and meta l -  
f i l l e d  p o l y u r e t h a n e  m a t e r i a l s  a r e  l i s t e d  i n ' ~ a b 1 e s  A-10 and A-11 ,  r e s p e c t i v e l y .  
A s  no ted  i n  Tab le  A-10, t h e r e  i s  a  wide range i n  t e n s i l e  s t r e n g t h s ,  and even 

b r o a d e r  range i n  moduli f o r  t h e  f o r m u l a t i o n s ~ l i s t e d .  T e n s i l e  s t r e n g t h s  range 
from 1.24 t o  8 .27  m a ,  whi le  moduli range from. 0.055 t o  0.345 GPa. From t h e  
p o i n t  o f  view of  s t r e n g t h  and toughness ,  f o r m u l a t i o n s  78-0403-4, and 78-0330-3, 
w i t h  s t r e n g t h s  8.27 MPa and 6 .54  MPa and mdduli qf .0.345 and 0 .289 r e s p e c t i v e l y , '  

. . . . 



T A E L E  A,-6 

TENSILE P R O P E R T I  ES OF CHOPPED GLASS 
. . ::FIEEE REINF0RCF.n P,OLYURETHANF 

. . 
Chopped -. 'Tensile Propel-Lies 

Specimen 
Pi0 J. 

Glass ~ i b e r  
Content, . w t Z  

Strength . . . - Modulus ' , 
>!Pa ' 

' - psi . ,  GPa . 10"~si 

. . 
1 . ' . . 

Cui-ed at' 121°cfor two hours. , . 

. . 



'TABLE A-7 

. . FIBER PJINFORCED .POLYURETHANE 
SKIN FORMULATIONS 

78-0426-1 
I s o n a t e  1 8 1  ' . . 

-Po ly  G 55-28 ' .  

~ t h y l e n e g l y c o l  
Dolyo l  RF-70. . ' 

Clicpped g l a s s  f i b e r  

78-r)425-3 
Teona te  1 8 1  , ,  

P o l y  G 85-36 
1 , 4 - b u t a n e d i o l  
P o l y o l  RF-70 
Chopped g l a s s  f i b e r  

78-0426-2 wt,6 
I s o n a t e  1 8 1  13.1  
Poly  G 85-36 12.5  
E t h y l e n e g l y c o l  2 . 0  
P o l y o l  RF-79 0.30 
Chopped g l a s s  f i b e r  5.2 



' . 7d-0330-2 ,-3 . . ' . . 

Isonate 181 . . 

Poly- G ,55-28 
, . . Ethyl~t.neglycol .. 

Polyol RF-70 
.Dabco 33LV . . 

Dibutyltindilaurate 

78-0331-3 . 

Isonate 181 
Pc1.y C 55-28 168.. 6.  
Ethyleneglycol 13.2 
Polyol RF-70 3.0 
Dabco ?3LV 0.35 
Dibutyltindilaurate 0.10 

. . 78-0403-5 
IsGA~~ 181 ' . 131.0 
'Poly G 85-36 

. . 
i25. C! 

Ethyleneglycol. , . 20.0. 
Pol.yol RF-70 3.0 
Dabco 33LV 3.35 
Dibutyltindilaura~e 0.~0 

. . 

7820404-2 
lsnnate, LUL 55 0 
P n l y  G 85-36 . .  . 85.0' 
1,4-butanedi.01 11.0 , 

Polyol RF-70 3.0 
Dabco 33LV 0.35 
Dibutyltindilaurate 0.1~ 

78-0331-2 
Isonate 181 
Po1.y G 55-28 
Ethyleneglycol 
pdlyol RP-70 
Dabco 33LV 
DiLpu t y 1 t ind ilaura t e 

78-0403-4 
Isonate 181 
?oly G 85-36 
Ethyleneglycol. 

. .Polyo1 RF-70, 
Dabco 33LV 
Dibutyltindilaurate 

75-9404-1 
v 

Isongte 182 
P o l y  G 35-36 
E t hyleneglyml 

. Polyol. RF-70. _.. . .  , 

Dabco ; ~ L v '  . ' 

Dibutyltindilaurate . 

. . .78-0404-4 
'fsonate 181 
Poly G 85-36 
1,4-butanedlol 
Polyol RF-70 
Dabco 33LV . ' .  

Dlbutyltindilaurate 



. . 
d 

TABLE -4-8 ( Con t ' d) 

POLY URT;T:~ANE FORMULATIONS 
INVESTIGATED FOR LEADI'JG EDGE. APPLICATIONS . 

. 

. . . . 

78-0303-2 w ! !  
Isonate 181 . 61.0 
Poly G 85-36 , 4'2.1 
Ethyleneglycol. ' . .lo. 0 
Dabco 33LV . . 0.17'5 
Dibutyltindil.aurate 0.05 

78-0307-3 
Isonatq 181 122.0 
Poly G 85-36 100.0 
Ethyleneglycol 19.6 
Dabco 33LV , . 0.35 
~ibut~ltinhilaurate , 0.10 

78-0307-2 
Isonate 181 
Poly G 85-36 
Ethyleneglycol . . . . 

Dabco: 33LV 
Dibutyltindilaurate 



TABLE A-9 

KETAL-FILLED POLYURETH,LYE FORllULATIONS INVESTIGATED 
FOR LEADING EDGE APPLICATIONS 

78-0224-1 
I s o n a t e  181. 
Poly G 85-36 
1,4-Butanediol  
Dabco 33LV 
DR TL 

Poly C.85-36 
~ t h y l e n e ~ l ~ c o l  
Dabco 33LV . 
DRTL 
Tungsten powder 

Epon 828 
Epui l  871 
S ~ n i t e  41 
Cab-o-sil 
Tungsten powder 

7W,o&28,1 
I s o n a t e  181  
r o i y  G 55-36 
Ethyl e n ~ g l  y r n l  
P u l y o l  RF-70 
Dabco 33LV 
DB TL 
S t a i n l e s s  s t ee l  

powder 

wt,g 78-0301-1 
103.3 I s o n a t e  181  
'.78.0. .' , Poly G 85-36. . 

22.0 . 1,4-Butanedi.01 
0 .4 .  Dabco 33LV 
0.5 D ~ T L  

k n., 0  Tit .an iun l>o\ddcr 

78-0314-1 . 
l s o n a t e  161 . 

pol )  G 85-36 ., 

Ethyleneglycol  
Dabco 33LV 
DBTL 
Tungsten powder 

Epon 1371 
Soni.t.e 41 
Cab-o-sil 
Tungsten powder 

78-0428-2 --- 
63.5 I s o n a t e  181 . '  

42.5 rely G 55-36 
30.7 Ethyleaeg$ycol  

1.5 Po lyo l  RF-70 
0.10 Dabco 33LV 
0.05 DBTL 

S t a i n l e s s  steel 
30C.O powder 

h!L& 78-0308-4 
103.3 I s o n a t e  181  

78.0 Poly G 85-36 
22.0 . . Ethyleneglycol  

0,4 Dabco 33LV 
0.5 DBTL 

166.0 Cab-o-eil . 

Titanium powder 

78-0314-2 
I s v n a t e  181  
Poly G 85-36 
Ethyleneglycol  
Dabco 33LV ' 

DB TL 
Tungsten powder 

78-0322-1 
I s o n a t e  181  
Pvly O 05-36 
Ethyleneglycol  
Dabco 33LV 
DB TL 
Tungsten powder 

75-0501 - a 1  
65.5 I s o n a t e  181  
62.5 Poly G 85-36 
10.3 ,Ethylenaglycol  

- 1.5 Pvlyol  RF-70 
0.10 ~ a b c o  33LV 
0 . 0 5 '  DBTL 

300.0 S t a l . n l e ~ s  s t e e l  
powder 



TABLE A - 9  (Cout 'd) 

METAL-FILLED POLYURETIlANE FOREllJLATIONS INVESTIGATED 
FOR LEADING EDGE APPLICATIONS 

\ 

75-0501-2 
I s o n a t e  1 8 i  
Poly G 55--28 ' 

Ethyleneglycol  
Polyol  R.E-70 . . 

Dabco 33LV 
DB TL 
S t a i n l e s s  S t e e 1  

powder 

78-0501-3 
I s o n a t e  181 
Poly G 55-28 
Ethyleneglycol  
Po lyo l  RF-70 
Dabco 33LV 
DBTL 
S t a i n l e s s  s teel  

p owd er  

78-05(\1-4 
  son ate 181 
Poly. G 55-28 
E t  hyle.neglyco1 
p o l y o i  R E - 7 ~  
Pabco 33LV 
DB TL 
S t a i n l e s s  s t e e l  

powder 

*Key a b b r e v i a t i o n s :  , , . . . .  

DBTL - d i b u t y l t i n d i l a u r a t e  



a r e  c o n s i d e r e d  e x c e l l e n t  m a t e r i a l s  f o r  l e a d i n g  edge a p p l i c a t i o n .  T e n s i l e  
p r o p e r t i e s  of m e t a l - f i l l e d  p o l y u r e t h a n e  e l a s t o m e r i c  m a t e r i a l s  a r e  l i s t e d  i n  
T a b l e  A-11. Two f o r m u l a t i o n s  w i t h  an epoxy r e s i n  a r e  shown f o r  compar ison.  
Formula t ion  78-0301-1, w i t h  45 w t %  t i t a n i u m  e x h i b i t e d  t h e  b e s t  p r o p e r t i e s  
o f  t h e  t i t a n i u m  samples  w i t h  a  t e n s i l e  s t r e n g t h  o f  9.1 MPa, modulus o f  0 .42  
GPa and p e r c e n t  e l o n g a t i o n  of 11 .0%.  Formula t ion  78-0313-2, t h e  b e s t  of  t h e  
t u n g s t e n - f i l l e d  p o l y u r e t h a n e  samples ,  e x h i b i t e d  a  t e n s i l e  s t r e n g t h  o f  12 MPa, 
modulus o f  0 .469 GPA, and e l o n g a t i o n  of 63%.  However, t h i s  sample i s  c o n s i d e r -  
a b l y  lower  i n  d e n s i t y  (0 .88  g / c c  compared t o  1 .44 g / c c )  t h a n  t h e  t i t a n i u m -  
f i l l e d  p o l y u r e t h a n e  m a t e r i a l .  The d e s i r e d  d e n s i t y  i s  2.74 g / c c .  The 58 w t %  
t u n g s t e n - f i l l e d  epoxy sys tems e x h i b i t e d  s t r e n g t h s  e q u i v a l e n t  t o  t h e  t i t a n i u m -  
f i l l e d  p o l y u r e t h a n e  sys tem b u t  c o n s i d e r a b l y  h i g h e r  modul i ,  0 .62  t o  0 .69 GPa, 
compared t o  0 .42 GPa and much lower  p e r c e n t  e l o n g a t i o n ,  1.1% compared t o  112,  
t h a n  t h e  p o l y u r e t h a n e  sys tem.  From t h e  p o i n t  of view o f  toughness ,  t i t a n i u m  
formulation 78-U3Ul-1 d e m o n s t r a t e s  t h e  d e s i r e d  p r o p e r t i e s  f o r  t h e  p o l y u r e t h a n e  
l e a d i n g  edge  a p p l i c a t i o n .  

T e n s i l e  p r o p e r t i e s  o f  s t a i n l e s s  s t e e l  p o l y u r e t h a n e  samples  a r e  l i s t e d  i n  
. T a b l e  A-12. A s  shown i n  T a b l e  A-12, t h e  use  of s t a i n l e s s  s t e e l  powder r e s u l -  

t e d  i n  t h e  f o r m a t i o n  of f i l l e d  p o l y u r e t h a n e  samples w i t h  . ' c l o s e  . t o  t h e o r e t i c a l  
d e n s i t i e s .  A l l  powdered m e t a l  samples  r e q u i r e d  h e a t  - t r e a t m e n t  a t  1 5 0 " ~  i n  
vacuum f o r  1 h  t o  remove absorbed  m o i s t u r e .  F a i l u r e  t o  remove absorbed mois- 
t u r e  r e ' s u l t s  i n  a  porous  ' sample .  T h i s  p o r o s i t y  i s  caused  by r e a c t i o n  .of t h e  
m o i s t u r e  w i t h  u r e t h a n e '  t o  form c a r b o n  d i o x i d e  g a s ,  which foams , t h e  sample.  The 
t e n s i l e  . l i s t e d  i n  T a b l e  A-12 a r e  a d e q u a t e  f o r  c o n s i d e r a t i o n  of t h e s e  
m a t e r i a l s .  f o r  t h i s  a p p l i c a t i o n .  I 

Bonding o f  P o l y u r e t h a n e  Foam and Leading Edge M a t e r i a l s  . _ - - - - - -  ---------------I---- - '  

t o  G r a g h i t e / E p o x y  S t r u c t u r a l  Beam --- ---- --------  

I n  o r d e r  t o  d e t e r m i n e  i f  t h e  bond formed betwen t h e  graphite ' /e$oxy s p a r  
and i n - s i t u  f o r m a t i o n  of t h e  s e l f - s k i n n i n g  p o l y u r e t h a n e  foam and p o l y u r e t h a n e  
l e a d i n g  edge  m a t e r i a l  would be adequa te  t o  s u s t a i n  t h e  s h e a r  l o a d s  imposed on 
t h i s  i n t e r f a c i a l  bond w h i l e  i n  s e r v i c e ,  t h r e e  specimens were p r e p a r e d  f o r  
t e n s i l e  s h e a r  t e s t s .  F i g u r e  A-2 i s  a  photograph of t h e  t e s t  specimen. The 
g r a p h i t e / e p o x y  specimen was f i x e d  i n  a n ~ o l d ,  u r e t h a n e  r e s i n  m i x t u r e  was added 
t o  t h e  mold,  and a l lowed  t o  foam around che g r a p h i t e / e p o x y  specimen. I n  t h e  
c a s e  of l e a d i n g  edge m a t e r i a l  a  nonfoaming f o r m u l a t i o n  was used.  The specimens  
were  t h e n  cured  a t  1 2 1 " ~  f o r  20 m i n u t e s .  The specimens were t e s t e d  i n  t e n s i o n  
t o  o b t a i n  t h e  t e n s i l e  s h e a r  s t r e n g t h  of t h i s  bond. The r e s u l t s  a r e  shown i n  
T a b l e  A-13. I n c l u d e d  i n  t h e  t a b l e  i s  t h e  d e s i g n  s h e a r  s t r e n g t h  which t h e  sys tem 
must s u s t a i n .  It i s  c l e a r  t h a t  t h e  bond s t r e n g t h s  between t h e  g r a p h i t e / e p o x y  
s p a r  specimen and t h e  p o l y u r e t h a n e  l e a d i n g  edge m a t e r i a l  a r e  more t h a n  adequa te  
f o r  t h e  i n t e n d e d  a p p l i c a t i o n ,  and i n . f a c t ,  have a  s a f e t y  f a c t o r  o f  abou t  1 6 .  



TENSILE PROPERTIES OF 
ELASTOMER.IC POLYI:RET"A~!E LEADING EDGZ . . 

MATERIALS!' 

Specimen T e n s i l e  P r o p e r t i e s  
No. ,. Observat ions . ' s t r e n g t h  Modulus %  longa at ion 

. . ' .  ' - Fsi GPa - 1 0 6 ~ s i  ' ' 

78-0330-2 b r i t t l e  . 

tough hard,  6.54 9 50 
e x c e l l e n t  sample 

. . \ 

tough, rubbery 6.34 920 
e x c e l l e n t  sample 

tough, very rub- . 1.24 190 
ber y  

t.ough, rubbery 8.27 ' ' 1200  
e x c e l l e n t  sample 

toirgh., rubbery 5.51 8.0'0 
e x c e l l e n t  sample - 

. . 
tough, rubbery,  4.47 550 
b r d ,  e x c e l l e n t  
sample . . 

very  rubbery,  4.47 650 
excel l .ent  sample 

' 

tough, very rub- 2.76 4 00 
bery , hard 

1 0. 
Mixed a t  room'temperature ,  poured i n t o  a  mold, cured a t  1 2 1 . ~  f o r  1 0  minutes .  



- 
"ENSILE PROPERTIES OF P!ETAL-FILLED POLYURETHANE 

ELASTOMERIC LEADING EDGE MATERIALS 'l 

Weight Z _ _ _ _ _ _ _ _ _  T e n s i l e  P r q e r t i e ~  _ _  _ _ _ _  
Formula t i on Metal  Dens i ty  S t r e n g t h  !lodulus 

Yu . Powder ~ / c c  bll? n - & - GPa lobpsi 

78-03 10- 1 
.. . 

52 t i t a n i u m  0.43 .1.47 2 1 2 . .  . , '0.0081 ' 0.0011 

78-0316-2 8.5 t i t a n i u m  1.15 .7.61 1100 0.10'1 . 0.0147 

. . 
78-031 3-2 8.5 t u n g s t e n  , 0.88 12.0 '1750 , 0.469 0.068 

'78-0314-1 . 22 t u n g s t e n  . '  1.08 6.3 . 900 0.248 . 0.036 

78-03 14-2 27 t u n g s t e n  1.15 4.5 500 0:138 0 .  Q20 

49 t u n g s t e n  

78-0405-1 - 6 0  t u n g s t e n  2.26 1.75 250 0.137 0.019 

78-0406-1 58 t u n g s t e n  1.62 2.95 427 0.026 0.0037 

Elorlgat i c n  
% 

1 
F i x e d  a t  room. t e m p e r a t u r e ,  .poured i n t o  'a mold, cured  a t .  1 2 1 ~ ~  

. . 
f o r  ' 1 0  m i n u t e s .  



Formulation 
Wo . 

78-0405-2 

TABLE A-12 

STAINLESS STEEL-FILLED POLYURETHANE ELASTOMERfC 
LEADING EDGE MATERIALS 

wtX 
Stainless 
St eel 

Density 

g/cc 

Tens'ile Properties 
Composition strength Modulus 
Varied - MPa - Psi 9 10 psi 6 

polyglycol 6.67 878 0.172 0 .0249 

polyglycol 5.82 843 0.076 0.011 

ethyleneglycol 5 . 3 6  778 0.057 Q.0083 

ethyleneglycol 5 ,68  856 0 .273 0.0396 

ethyleneglycol 6 .61  957 0.262 0.038 

ethyleneglycol 2.89 420 0.0384 0 .a055 

0 
hixed st room temperature, poured into  a mnld, cured at 121 C for 10 min. 



GRAPHITE EPOXY 

/- SPAR 

POLYURETHANE 
FOAM 

Fig. A2 Graphite/Epoxy-polyurethane Foam Tensile Specimens for Shear Tests 



Speciner 
No, 

TABLE A-13 

TENSILE SHEAI: STRI'NCTHS OF 
GRAPHITE/EPoXY-POLYURETI~WE SPECIF?ET!S 1 

Specimen 
' Type 

Tensile Shear 
----cc--c 

Strength 
1Pa - psi 

G/E - Polyurethane foam 2 . 4 2  3 5 2  
Bond 2 . 2 1  322 

G/E polyurathaqe Leading 1.71 252 
Edge Bdnd 2.66 386 

Calculated 
design loads _-- 

Mixed a t  room temperatqe, poured into the mold containing the leading edge 
graphitelepoxy canpoqite, cure? a t  121'~ for 30 min. 



Fabr ica t  ion of Leading ~ d g e l ~ r a ~ h i t e  E~oxy/Polyurethane ------------------- --- -3-- 
Foam S~ec imen  --- --- 
In  order  t o  determine t h e  extent  t o  which a self-skinning foam would f i l l  

i n  a r e a s  between the  graphite/epoxy spar  and t h e  polyurethane leading edge, a 
composite comprised' of these  components was fabr ica ted .  Figure A-3 i s  a photo- 
graph of the  c ross  s e c t i o n  of the  , f ab r i ca ted  specimen. Several  po in t s  a r e  
worthy of  mentian; (1)  m a t e r i a l  contac t  between spar  and polyurethane leading 
edge and palyurethane foam i s  e x c e l l e n t ;  (2 )  t h e  foam mate r i a l  fil l!  i n  a l l  t he  
co rne r s  near  the  spar  and the  h ighl ighted  leading edge por t ions ;  (3)  t h e  foam 
d e n s i t y  appears higher near  the  surface  than i n  the core;  ' (4)  c l o s e  contac t  
between the  su r faces  of the  th ree  ma te r i a l s  suggests  t h a t  adhesion could be 
adequate vlld tltat this concept ( i n t e r f e e i k  three mate r i a l s  J of t a h t i  r a t  i ng I n  
a i r f o i l  conf igura t ion  is worthy of  l a r g e r  s c a l e  t e s t s .  

Conclusions 

The m a t e r i a l s  study undertaken f o r  t h i s  aspect of the  
toward developing mate r i a l s  f o r  t h i s  concept of an a i r f o i l  
shown i n  Fig .  A-1. It could be concluded from t h e  r e s u l t s  

p rogrm was d i r e c t e d  
const ruct ion  a s  
of ' t h i s  i n v e s t i g a t i o n  

t h a t  m a t e r i a l s  developed and t e s t e d  possess the  des i red  p roper t i e s  f o r  t h i s  
a i r f o i l  concept,  and m r e o v e r ,  can be adapted t o  scaled-up production prototype 
and a f u l l  s c a l e  a i r f o i l  wind tu rb ine  blade. 

* 
The r e s u l t s  show t h a t  a s e l f  skinning polyurethane foam with p roper t i e s  

adequate f o r  the  intended applic ,at ion,  a n  a i r f o i l  3 t r u c f u r a  f o r  ' a  wind-turbine 8 

8 kW e l e c t r i c  power ,generator  is ' f eas ib le .  The f&am mate r i a l  hae, a eombres- 
sive s t r e n g t h  of 5.62 m a  m d  a dens i ty  of  6.29 g/cc,  with the  skin eecrion 
having a t e n s i l e  s t r e n g t h  of about 20.7 MPa and core  foam s t r e n g t h  of about 
4.1 MPa. The modulus of t h e  s k i n  var ied  from 0.71 t o  1.20 GPa, while t h e  
foam modulus va r i ed  from 0.07 t o  0.28 GPa. 

The s t u d i e s  fu r the r  show t h a t  severa l  o the r  faam formulations have poten- 
t i a l  app l i ca t ion  i n  t h i s  concept,  bu t  r equ i re .op t imiza t ion  s t u d i e s  t o  improve 
s t r e n g t h  p roper t i e s .  

The polyurethane mate r i a l  f i l l e d  with stainless lteel powder, formulation 
78-0501-3, exh ib i t ed  exce l l en t  t e n s i l e  p roper t i e s  fo r  the leading edge applica-  
t i o n .  In  add i t ion ,  adhesion between the  graphite/epoxy spar  and t h e  leading 
edge mate r i a l  and self-skinning foam i s  more than adequate f o r  t h i s  app l i ca t  ion. 



w 
PnLYURETHANE G R A P n l l t /  POLYURETHANE 

LEADING EDGE EPOXY SPAR FOAM 

Fig. A3 Polyurethane Leading ~dge/Graphite Epoxy ~par/~olyurethane 
Foam Composite Specimen 



1 .  

APPENDIX B 

Computer Plots of Rotor Response Characteristics 
and' Blade Stress Time Histories 

. . 

(See Table 29 for ~omenclaturc) 



Fig. 6-1 Rotor Respor-se Character is t ics ,  V=9 in /s ,  R R  = 53.3 ' 4 s  

. . 
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Fig. B-1 continued ' .  
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Fig. B-1 Concluded 
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. . .  ' ,'fig. :B-2 Rotor Response Characteristics, V=19  nis RR = 53 .3  m/s 
. . 
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, ,  Fig.  B-3 Concluded 
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, .  . Fig. 3-4 Rotor Response ~haracieristics, V = 54 $s, R R = 91 4 s .  
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Fig.  B-5 ~ o t o r  Resporfse charac te r i s t i cs ,  V = 75 m/s R R  = 91 m/s  
W 
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