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Af te r  a  p re l iminary  i n v e s t i g a t i o n ,  a c o n t r a c t  (DEN3-101) w a s  
awarded t o  des ign  and f a b r i c a t e  a  low-cost wood composite b l ade  f o r  
t h e  200-KcbJ Hod-OW. wind t u r b i n e .  Seve ra l  f a b r i c a t i o n  techniques  were 
cons idered ,  and a f i n a l  b lade  des ign  and f a b r i c a t i o n  concept evolved 
from t h e  f i r s t  phase of  t h e  c o n t r a c t .  

The wood composite b lade  would be  b u i l t  u s ing  l amina t ions  of 
Douglas f i r  veneers  f o r  i t s  primary s t r u c t u r a l  s p a r ,  and ~ e s x i c e l ( ~ )  
cored b i r c h  plywood pane l s  f o r  i t s  t r a i l i n g  edge s e c t i o n .  An epoxy- 
bonded steel  load  take-off s t u d  at tachment  concept a t  t h e  r o o t  is  t h e  
o t h e r  key s t r u c t u r a l  f e a t u r e  of t h i s  de s ign ,  Geometric s i m p l i f i c a t i o n s  
of  b lade  shape were found t o  be f e a s i b l e  f o r  reducing mold complex- 
i t i e s  and s imp l i fy ing  b l ade  f a b r i c a t i o n .  

T e s t s  were conducted on specimens r e p r e s e n t i n g  key s t r u c t u r a l  
components such a s  t h e  j o i n t e d  veneers  and t h e  s teel  load  take-off 
s t uds .  The purpose of t h e s e  tests was t o  de te rmine  and improve 
s t r e n g t h  and c y c l i c  f a t i g u e  performance l e v e l s ,  The primary series 
of t e s t s  on samples of s i n g l e  bonded s t u d s  determined both  pul l -out  
and c y c l i c  f a t i g u e  s t r e n g t h .  These tests e s t a b l i s h e d  t h e  l i m i t i n g  
s t r e s s e s  f o r  t h e  epoxy bond o f  t h e  s teel  s t u d s  a s  w e l l  a s  t h e  g e n e r a l  
f e a s i b i l i t y  of t h e  concept.  

C a l c u l a t i o n s  of margins of s a f e t y  f o r  t h e  emergency shutdown 
load c o n d i t i o n  and f o r  normal c y c l i c  o p e r a t i o n  l o a d s  were documented. 
The hub at tachment  of t h e  b lade  des ign  was found t o  have t h e  lowest  
margin of s a f e t y  (about  0.1) because of  t h e  es t imated  low f a t i g u e  
l i f e  of t h e  epoxy bond of t h e  s t u d .  However, t h e  at tachment  conf ig-  
u r a t i o n  was cons idered  a c c e p t a b l e  f o r  t h i s  exper imenta l  b lade  because 
of conse rva t ive  f a c t o r s  incorpora ted  i n  t h e  margin of s a f e t y  d e t e r -  
minat ion.  

I n  g e n e r a l ,  t h e  c o s t s  of l a b o r  and t o o l i n g  involved i n  b l ade  
c o n s t r u c t i o n  a r e  h igh  compared t o  m a t e r i a l  c o s t s ,  Thus, t h e s e  a r e a s  
must provide t h e  bu lk  of  c o s t  r e d u c t i o n s  i f  s i g n i f i c a n t  s av ings  a r e  
t o  occu r ,  S ince  wood is a  low d e n s i t y  m a t e r i a l ,  m a t e r i a l  handl ing 
volumes and a r e a s  a r e  h igh ,  s o  t h a t  on ly  d i r e c t  manufactur ing l a b o r  
c o s t s  could be reduced,  A female h a l f - s h e l l  mold concept  was de- 
veloped t o  minimize t h e  l a b o r  involved i n  forming and f i n i s h i n g  t h e  
b lades .  

F a b r i c a t i o n  c o s t  d a t a  were es t imated  f o r  t h e  Mod-OA wood com- 
p o s i t e  b lade .  I n  terms of 1982 d o l l a r s ,  t h e  c o s t  per  b l ade  was pro- 
j ec t ed  t o  range (depending on t h e  assumption f o r  i n f l a t i o n )  from about 
$15,000 t o  $18,700 f o r  a  product ion r a t e  of 100 b l ades  per  year .  I f  
on ly  a few sets of b l ades  a r e  produced, t h e  c o s t  i s  expeceed t o  be 



about $50,000 per  blade. The major conclus ion  of t h i s  e f f o r t  is  t h a t  
t h e  proposed wood composite b l ade  des ign  and manufacturing concept is  
s u i t a b l e  f o r  b lades  f o r  Mod-OA s i z e  wind t u r b i n e s  a t  a c o s t  t h a t  i s  
very  compet i t ive  wi th  o t h e r  methods of manufacture and m a t e r i a l s .  

2 .0 INTRODUCTION 

I n  t h e  ques t  f o r  t h e  development of a l t e r n a t e  energy sources ,  
s e r i o u s  cons ide ra t ion  is being g iven  t o  conversion of s o l a r  energy t o  
e l e c t r i c  power. So la r  energy comes i n  va r ious  forms, one of which 
i s  t h e  atmospheric  wind which develops because of t h e  sun ' s  hea t ing  
e f f e c t .  H i s t o r i c a l l y ,  wind has  played a n  important  r o l e  f o r  providing 
a major power source  f o r  t r a v e l  up u n t i l  t h e  c u r r e n t  century .  How- 
eve r ,  due t o  t h e  former a v a i l a b i l i t y  of low-cost f o s s i l  f u e l s ,  modern 
development of wind a s  a major energy source  f o r  power gene ra t ion  has 
been l a r g e l y  ignored.  

In  1974, ERDA (subsequent ly t h e  Department of Energy), was as- 
s igned t h e  t a s k  of  developing t h e  technology f o r  conver t ing  wind energy 
i n t o  a more usab le  form. Pre l iminary  s t u d i e s  i nd ica t ed  t h a t  wind 
d r iven  g e n e r a t o r s  could harness  wind energy a t  reasonable  c o s t s .  A 
program was i n i t i a t e d  t o  des ign ,  c o n s t r u c t  and o p e r a t e  l a r g e ,  
hor izonta l -ax is ,  experimental  wind t u r b i n e s  f o r  o p e r a t i o n a l  experience 
( r e f .  1 ) .  These f i r s t  i n s t a l l a t i o n s  were expensive, and i f  wind en- 
ergy was t o  be a v i a b l e  a l t e r n a t i v e ,  c a p i t a l  c o s t s  would have t o  be 
reduced. 

Programs were subsequent ly formulated t o  reduce t h e  major compo- 
nent  c o s t s  of t h e  system. One of t h e  h igh  c o s t  components is  t h e  
r o t o r  b lade .  Rotor b l ades  f o r  t h e  e a r l y  machines were adopted and 
developed from a i r c r a f t  i n d u s t r y  technology. S ince  h e l i c o p t e r  and 
p r o p e l l e r  b lades  and a i r c r a f t  wing c o n s t r u c t i o n  a r e  developed tech-  
no log ie s ,  a new approach would be r equ i r ed  t o  s i g n i f i c a n t l y  reduce 
system c o s t s .  A l t e r n a t e  inexpensive b l ade  m a t e r i a l s  and f a b r i c a t i o n  
techniques  would be e s s e n t i a l  e lements  of a low-cost r o t o r  system. 
Severa l  a l t e r n a t e  m a t e r i a l s  were subsequent ly chosen t o  be eva lua ted  
f o r  f e a s i b i l i t y .  Among t h e  m a t e r i a l s  eva lua ted  were s t ee l - r e in fo rced  
conc re t e  ( r e f .  2 ) ,  u re thane  foam ( r e f .  31, f i b e r g l a s s  r e in fo rced  
p l a s t i c  ( r e f .  4 ) ,  s t e e l  ( r e f .  5), and wood ( r e f ,  6 ) .  

NASA/DOE awarded a c o n t r a c t  (DEM3-9) t o  t h e  Gougeon Brothers ,  
I n c . ,  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of c o n s t r u c t i n g  a r o t o r  b l ade  
from wood composite m a t e r i a l s .  The r e s u l t s  of t h i s  c o n t r a c t  i nd ica t ed  
t h a t  wood has a good p o t e n t i a l  t o  meet Mod-OA b lade  s t r u c t u r a l  requi re -  
ments. I n  a compet i t ive  procurement, NASA Lewis Research Center subse- 
quent ly  funded a c o n t r a c t  (DEN3-101) t o  Gougeon Brothers ,  I n c , ,  t o  de- 
ve lope  a wood composite blade des ign  and f a b r i c a t e  b lades  f o r  t h e  Mod-08 
wind t u r b i n e .  This  wind t u r b i n e  has a 125-foot r o t o r  diameter  and 
develops 200 k i l o w a t t s  of e l e c t r i c a l  power ( r e f .  7 ) .  F igure  1 shows 
s e v e r a l  of t h e  Plod-OA wind t u r b i n e s  c u r r e n t l y  i n  ope ra t ion .  The Mod-OA 
wind t u r b i n e s  were o r i g i n a l l y  designed f o r ,  and equipped wi th ,  aluminum 
blades  which were up-graded v e r s i o n s  of  t h e  aluminum b lades  designed f o r  
t h e  100 kM Mod-0 ( r e f .  8) .  A t  p r e s e n t ,  t h r e e  Mod-OA's have wood b lades  



b u i l t  by Gougeon Bro the r s ,  I nc . ,  and a f o u r t h  has  tape-wound f i b e r g l a s s  
b l ades  manufactured by S t r u c t u r a l  Composites I n d u s t r i e s ,  I nc ,  (SCI) 
under c o n t r a c t  BEN3-100 ( r e f .  9 ) .  

The c o n t r a c t o r P s  d e s c r i p t i o n  of t h e  wood b l ade  des ign  and f a b r i c a -  
t i o n  concept  developed under DEN3-101 w a s  f i n a l i z e d  a s  a  NASA t e c h n i c a l  
r e p o r t  by Technica l  Report Se rv i ce s  (Purchase Order C-46981-D). The 
r e p o r t  i n c l u d e s  a d e s c r i p t i o n  of t h e  b l ade  des ign  concept ,  t h e  proposed 
f a b r i c a t i o n  concept ,  and t h e  s t r u c t u r a l  de s ign  a n a l y s i s  developed by 
Gougeon Bro the r s ,  Inc .  Also conta ined  h e r e i n  a r e  t h e  r e s u l t s  of  t e s t s  
of key components, and t h e  b l ade  des ign  c o n t r a c t o r ' s  e s t i m a t e  of  t h e  c o s t  
of Mod-OA-size wood composite b l ades  i n  q u a n t i t y  product ion ,  

3 .0  BLADE DESIGN SPECIFICATIONS 

Cont rac t  DEN3-101 r equ i r ed  t h e  des ign  of t h e  wood composite wind 
t u r b i n e  b l ade  t o  be w i t h i n  parameters  desc r ibed  i n  t h i s  s e c t i o n .  The 
des ign  parameters  inc luded:  c o s t ,  weight ,  geometry and aerodynamics, 
l o a d s ,  and r o o t  end-to-hub i n t e r f a c e  s p e c i f i c a t i o n s ,  

3.1 Fab r i ca t i on  Cost Analys i s  

A f a b r i c a t i o n  c o s t  a n a l y s i s  was t o  be conducted t o  determine t h e  
blade c o s t  f o r  t h e  62.5 f o o t  Mod-OA a p p l i c a t i o n ,  i nc lud ing  amort ized 
c o s t  of t o o l i n g  f o r  b l ade  procurements of 100 t o  1000 b l ades  per  year .  
Cos ts  were t o  be determined f o r  t h e s e  q u a n t i t i e s  of b l ades  f o r  l e n g t h s  
vary ing  from 15  t o  200 f e e t .  The r a t i o n a l e  f o r  reducing t h e  c o s t s  a s  
t h e  product ion  r a t e  is  inc reased  was t o  be desc r ibed .  The b l ade  c o s t s  
a r e  de f ined  a s  t h e  c o s t  of  t h e  one hundreth and t h e  one thousandth b lade  
manufactured i n  one year .  A low v a l u e  of b l ade  cost-to-weight w a s  de- 
s i r e d .  According t o  c o n t r a c t  requi rements ,  t h e  b l ade  cos t /weight  v a l u e  
must f a l l  w i t h i n  t h e  envelope shown i n  f i g u r e  2. The cost-weight va lue  
is  de f ined  a s  2 - 5  ( d o l l a r / l ,  000) ( l b / l B  000) 

3 . 2  Weight and Balance 

The s p e c i f i c a t i o n s  f o r  b l ade  weight included r e s t r i c t i o n s  on t h e  
c e n t e r  of g r a v i t y  l o c a t i o n  and blade-to-blade un i formi ty ,  The s p e c i f i -  
c a t i o n  r equ i r ed  t h a t  t h e  c e n t e r  of g r a v i t y  be l o c a t e d  forward of  t h e  
32 percent  c h o r d l i n e  p o i n t ,  and wi th  a chordwise v a r i a t i o n  of less than  
33. percent  of t h i s  l o c a t i o n  pe r  two-blade s e t .  I n  a d d i t i o n ,  f o r  a  two 
blade s e t ,  t h e  v a r i a t i o n  i n  spanwise c e n t e r  of g r a v i t y  was r equ i r ed  t o  
be w i th in  b inch ,  and t h e  t o l e r a n c e  i n  b lade  weigh% was t o  be w i t h i n  
f2 pe rcen t .  The maximum r o o t  g r a v i t y  moment w a s  t o  be less than  
50,000 f ~ o t  pounds, and t h e  b l ade  weight was t o  be l e s s  than  4,000 
pounds. 



3.3 Geometry and Aerodynamics 

The s p e c i f i c a t i o n s  f o r  b lade  geometry and aerodynamics cons i s t ed  
of b lades  designed t o  NACA 230-series a i r f o i l  s e c t i o n s  ( f i g .  3) wi th  a 
l i n e a r  b lade  t w i s t  of 10' from r o o t  t o  t i p .  The maximum a l lowab le  th ick-  
n e s s  of t h e  b lade  s e c t i o n  w a s  t o  be 40 percent  of t h e  chord l e n g t h  a t  
t h e  r o o t  and 1 8  percent  of t h e  chord l e n g t h  a t  t h e  t i p ,  w i th  a l i n e a r  
v a r i a t i o n  between. Uniformity of blade-to-blade th i ckness  and t w i s t  was 
s t r e s s e d  over  exac t  t h i ckness  and t w i s t  l o c a t i o n .  

Seve ra l  b lade  planforms were accep tab le ,  and are shown i n  f i g u r e  4 .  
The goa l  of  t h e  aerodynamic des ign  w a s  t o  d e f i n e  a  b lade  which minimized 
t h i c k n e s s  and chord l e n g t h  without  a n  aerodynamic performance penal ty .  
In  a d d i t i o n ,  t h e  s p e c i f i c a t i o n s  permi t ted  a r o o t  cu tou t ,  provided i t  w a s  
c o s t  e f f e c t i v e .  F igure  5 was suppl ied  i n  t h e  s p e c i f i c a t i o n s  s o  t h a t  t h e  
r o o t  c u t o u t  impact could be eva lua ted  on t h e  b a s i s  of economic c o s t  ver-  
s u s  annual  energy developed. A l l  aerodynamic d e c i s i o n s  were t o  be c o s t  
j u s t i f i e d  and c o n s i s t e n t  w i t h  t h e  theme of low-cost wind t u r b i n e  b lade  
product i on .  

3.4 Loads and S t r u c t u r a l  Requirements 

The s p e c i f i e d  l o a d s  t o  be considered i n  t h e  blade des ign  cons i s t ed  
of s t a t i c  hu r r i cane  wind and normal c y c l i c  working loads .  The "hurr i -  
cane g u s t  condi t ion"  w a s  t o  be  modeled by a  s t a t i c  f l a t w i s e  load  of 
50 pounds per  square  f o o t  of planform a r e a .  The c y c l i c  load  s p e c i f i c a -  
t i o n s  r equ i r ed  t h a t  t h e r e  be no edgewise o r  f l a t w i s e  f a t i g u e  f a i l u r e  re- 
s u l t i n g  from t h e  b l ade  bending moments. Approximate b lade  bending mo- 
ments were suppl ied  (from e a r l i e r  Mod-0 b lade  des igns)  a s  shown i n  
f i g u r e  6. The edgewise bending moment could be sca l ed  from t h e  graph i n  
accordance wi th  t h e  r a t i o  of designed b lade  weight t o  2,350 pounds. 
D e f i n i t i o n s  and convent ions t o  be used f o r  bending moments are shown i n  
f i g u r e  7 .  No-fai lure  f a t i g u e  l i f e  under t h e  c y c l i c  l o a d s  was s p e c i f i e d  
a s  f o u r  hundred m i l l i o n  c y c l e s  ( f o r  a 30-year l i f e ) .  Also, under t h e s e  
loads  t h e  b lade  must no t  y i e l d  anywhere, and t h e  primary s t r u c t u r e  must 
not  buckle.  

Maximum a l lowable  d e f l e c t i o n  of t h e  b l ade  t i p  w a s  91 inches  t o  pro- 
v ide  f o r  adequate  tower c l ea rance .  The n a t u r a l  s t a t i c  b l ade  f r equenc ie s ,  
w ,  f o r  both edgewise and f l a t w i s e  f i r s t  bending modes were t o  f a l l  w i th in  
one of t h e  fo l lowing  ranges:  



The des ign  was t o  a l s o  provide a b lade  which could o p e r a t e  and be 
maintained under t h e  fo l lowing  environmental cond i t i ons :  

Temperature (rang6 -30° t o  120' F) 

High humidity and/or  sal t  sp ray  

Sun l igh t  exposure 

Fungus a t t a c k  

Lightn ing  s t r i k e s  

3.5 Root End-to-Hub I n t e r f a c e  

In  o rde r  f o r  t h e  b lades  t o  be u t i l i z e d  on e x i s t i n g  Mod-OA ma- 
ch ines ,  t h e  hub f l a n g e  o r  r o o t  s e c t i o n  was t o  be capable  of d i r e c t  
i n t e r f a c i n g  wi th  t h e  e x i s t i n g  hub s p i n d l e  ( f i g .  8), o r  a  spool  p i ece  
could be used t o  mate t h e  b lade  r o o t  t o  t h e  hub, Load take-off s tud  
t e s t  specimens would be cons t ruc ted  and eva lua ted  t o  determine t h e  
f e a s i b i l i t y  of bonding s t u d s  i n t o  wood t o  provide t h e  blade-to-hub a t -  
tachment, The des ign  of t h e  s tud  specimens i s  shown i n  f i g u r e  9. 

4.0 BLADE DESIGN CONCEPT 

Th i s  s e c t i o n  d e s c r i b e s  t h e  b a s i c  b lade  des ign  concept t h a t  was de- 
veloped f o r  t h e  proposed product ion of low-cost wood composite Mod-OA 
blades .  Included i s  a d i s c u s s i o n  of t h e  reasoning  behind t h e  major b l ade  
shape and form d e c i s i o n s ,  

4 . 1  Blade Geometry 

The wood composite blade was designed f o r  a  s h a f t  (aerodynamic) 
power of 300 kW (200 kW e l e c t r i c a l  power) a t  40 rpm and a  free-stream 
wind speed a t  hub he igh t  of 22 mph (15 mph a t  t h e  r o t o r  d i s k ) .  The 
f i n a l  des ign  ( f i g .  10)  c o n s i s t e d  of a  l i n e a r l y  tapered  b lade  outboard 
of S t a t i o n  150, ( S t a t i o n  150  means 150 inches  from t h e  a x i s  of r o t a t i o n  
of t h e  r o t o r  when t h e  b l ade  is  connected t o  t h e  hub f l ange , )  The b l ade  
inboard of S t a t i o n  150 i s  a t runca ted  s e c t i o n  formed wi th  no t w i s t  down 
t o  t h e  r o o t  s ec f ion .  The f i n a l  b l ade  des ign  geometry is  given i n  Ta- 
b l e  I. 

The planform of t h e  b lade  was s e l e c t e d  as a compromise between low 
b lade  s o l i d i t y  r a t i o ,  a s  r equ i r ed  by t h e  des ign  s p e c i f i c a t i o n s ,  and 
b lade  a n g l e  s e t t i n g s  f o r  optimum performance, According t o  b l ade  des ign  
theory,  f o r  a  given t i p  speed r a t i o  (b l ade  t i p  speedlwind speed) ,  t h e r e  
i s  a f i x e d  optimum r a d i a l  d i s t r i b u t i o n  of t h e  product  of chord l e n g t h  
and l i f t  c o e f f i c i e n t .  The planform t a p e r  r a t i o  (maximum choxd/ t ip  chord) 
i s  2.ge 



The s p e c i f i e d  shape f o r  t h e  b lade  w a s  t h e  MACA 230-ser ies  a i r f o i l  
( f i g .  31, which i s  non-symmetric about t h e  chord l i n e ,  The maximum 
th i ckness  occurs  a t  30% chord measured from t h e  l ead ing  edge, The maxi- 
mum t h i c k n e s s  of t h e  most inboard f u l l  a i r f o i l  i s  19.8 inches  (31.7 per- 
c e n t  thickness-to-chord r a t i o )  a t  S t a t i o n  150 and t a p e r s  l i n e a r l y  t o  
l , 8  inches  (7.5 percent  thickness-to-chord r a t i o )  a t  t he  t i p .  Inboard 
of S t a t i o n  150, t h e  b lade  th i ckness  i n c r e a s e s  t o  22,5 inches ,  The se- 
l e c t e d  thickness-to-chord r a t i o s  a r e  s u b s t a n t i a l l y  less than  t h e  maxi- 
mums allowed by t h e  des ign  s p e c i f i c a t i o n ,  

Although t h e  des ign  s p e c i f i c a t i o n s  c a l l e d  f o r  a  10-degree l i n e a r  
t w i s t  schedule  from r o o t  t o  t i p ,  t h e  f i n a l  des ign  t w i s t  i s  only  4 .8  de- 
g r e e s  and non- l inear ,  The t w i s t  d i s t r i b u t i o n  r e s u l t e d  from t h e  adopt ion  
of l i n e a r  l ead ing  and t r a i l i n g  edges,  The b lade  p o r t i o n s  inboard of 
S t a t i o n  150 a r e  not  twis ted  s i n c e  they  a r e  no t  f u l l  a i r f o i l  s e c t i o n s ,  
and i t  makes l i t t l e  d i f f e r e n c e ,  except  f o r  l o f t i n g  and b lade  product ion 
cons ide ra t ions ,  t o  cont inue  t w i s t i n g  t h i s  po r t ion  of t h e  blade.  The 
e x t e r n a l  geometry of t h e  b l ade  is  shown schemat ica l ly  i n  f i g u r e  10.  

The use  of a  l i n e a r  geometry f o r  t h e  b lades  was recognized a s  a  
s i m p l i f i c a t i o n  f o r  e a s e  of f a b r i c a t i o n ,  The use of s t r a i g h t  l i n e s  f o r  
t a p e r ,  bonding edges,  l o f t i n g  and mold bu i ld ing  was a n t i c i p a t e d  t o  be 
c o s t  and schedule e f f e c t i v e .  With a  l i n e a r  t a p e r ,  t h e  b lade  can be 
trimmed i n  a  s i n g l e  smooth p l ane ,  which s i m p l i f i e s  t h e  h a l f - s h e l l  mold 
concept of b lade  cons t ruc t ion .  Furthermore, t h e  smal le r  t w i s t  does 
provide increased  chordwise bending s t i f f n e s s ,  

F igure  11 shows t h e  spanwise d i s t r i b u t i o n  of t w i s t  ang le  compared 
t o  t h e  optimum t w i s t  which corresponds t o  t h e  t w i s t  f o r  l i n e a r  spanwise 
loading .  The t w i s t  v a r i a t i o n  f o r  t h e  wood composite b lade  des ign  is  
shown matched t o  optimum t w i s t  f o r  40, 65, and 100 percent  des ign  power 
l e v e l s .  For t h e  range  of t h e s e  power l e v e l s ,  t h e  t w i s t  of t h e  wood com- 
p o s i t e  b l ade  matches t h e  optimum t w i s t  q u i t e  we l l  over  t h e  o u t e r  ha l f  
of t he  b lade ,  This  i s  f avorab le ,  s i n c e  most of t h e  power from t h e  r o t o r  
i s  developed over  t h e  o u t e r  ha l f  of t h e  b lade .  However, t h e  des ign  
t w i s t  of t h e  wood b lade  would produce a n  increased  ang le  of a t t a c k  near  
t he  r o o t  end of t h e  b lade  c l o s e  t o  des ign  wind speed,  This  depa r tu re  
was not  considered s e r i o u s ,  inasmuch a s  only  a  s m a l l  p a r t  of t h e  power 
i s  generated i n  t h e  inne r  r e g i o n  of t h e  b l ade ,  Furthermore, o p e r a t i o n a l  
exper ience  wi th  f u l l - s c a l e  wind t u r b i n e s  has  i nd ica t ed  that performance 
is  sus t a ined  i n  t h e  r o o t  r eg ion  of t h e  b l ades  a t  h igh  ang le s  of a t t a c k .  
Th i s  appears  t o  be analogous t o  turbomachinery exper ience  where t h e  r o o t  
s e c t i o n s  of r o t o r  b lades  can be loaded q u i t e  heav i ly  without  producing 
s t a l l .  

The match between des ign  t w i s t  and optimum t w i s t  improves a s  wind 
speed is  reduced, w i th  nea r ly  co inc iden t  curves  a t  40 percent  des ign  
power. S ta r t -up  and low speed power gene ra t ion  should,  t h e r e f o r e ,  be 
favored wi th  t h i s  b l ade  des ign ,  Thus, t h e r e  i s  l i t t l e  d e t e r i o r a t i o n  i n  
aerodynamic performance f o r  t h e  improved Eabr i ca t iona l  and s t r u c t u r a l  
s i t u a t i o n  w i t h  a  l i n e a r  b lade ,  s i n c e  t h e  developed t w i s t  c l o s e l y  coin-  
c i d e s  w i th  t h e  optimum t w i s t  over  t h e  o u t e r  ha l f  o f t h e b l a d e .  The design 
t w i s t  was, t h e r e f o r e ,  considered accep tab le  i n  view of t h e  es t imated  
s u b s t a n t i a l  sav ings  i n  b l ade  f a b r i c a t i o n  c o s t .  



4.2  Comparison wi th  Aluminum Blade 

Mod-OA wind t u r b i n e s  a t  Culebra,  Pue r to  Rfco; Block I s l a n d ,  Rhode 
I s l and ;  and Clayton,  Mew Mexico, were o r i g i n a l l y  o u t f i t t e d  w i t h  aluminum 
b lades  whose des ign  was based on t h e  des ign  developed f o r  t h e  100-kW 
Hod-0 wind t u r b i n e  a t  Sandusky, Ohio ( r e f s .  1 0  and 1 1 ) .  Both aluminum 
and wood composite b l ades  have NACA 230-ser ies  a i r f o i l  con tou r s  and t h e  
same coning a n g l e  ( 7  deg) ,  A comparison of t h e  geometr ic  c h a r a c t e r i s -  
t i c  of chord l e n g t h ,  t h i cknes s  r a t i o ,  and t w i s t  of  t h e s e  b l ades  is  shown 
i n  f i g u r e  1 2 ,  A s  seen  i n  f i g u r e  1 2 ( a ) ,  t h e  chord l e n g t h s  of t h e  wood 
composite b lade  a r e  l a r g e r  t han  those  of t h e  aluminum blade ,  (A g r e a t e r  
planform a r e a  is  r equ i r ed  t o  produce t h e  l a r g e r  des ign  power of  t h e  
Mod-OA compared t o  t h e  Mod-0.) The t a p e r  r a t i o  of t h e  wood b l ade  i s  
2.6 compared t o  3 .0  f o r  t h e  aluminum blade.  This  dec rease  r e s u l t s  from 
t h e  l a r g e r  l e v e l  of chord l e n g t h  va lues ,  s i n c e  t h e  spanwise v a r i a t i o n s  
a r e  e s s e n t i a l l y  p a r a l l e l ,  

The maximum th i cknes s  r a t i o  of t h e  wood b l ade  des ign ,  as shown i n  
f i g u r e  1 2 ( b ) ,  is  s l i g h t l y  l a r g e r  than  t h a t  of t h e  aluminum b lade  except  
near  t he  t i p ,  where i t  i s  sma l l e r .  However, because of  t h e  l a r g e r  chord 
l e n g t h  a t  t h e  t i p ,  t h e  maximum t h i c k n e s s  of t h e  t i p  of t h e  wood b l ade  i s  
n o t  s i g n i f i c a n t l y  l e s s  t han  t h a t  of t h e  aluminum b lade  (1.8 i n .  v e r s u s  
2 -16  i n . ) .  

Sec t ion  maximum t h i c k n e s s  r a t i o  a f f e c t s  t h e  aerodynamic performance 
of a  wind t u r b i n e  b l ade  i n  two p r i n c i p a l  ways. F i r s t ,  t h e  power generated 
a t  g iven  wind and r o t o r  speeds i s  in f luenced  by t h e  b l ade  l i f t l d r a g  ra- 
t i o ,  which i n  t u r n ,  depends on t h e  b l ade  maximum th i cknes s  r a t i o .  The 
v a r i a t i o n  of  l i f t l d r a g  r a t i o  w i t h  ang le  of a t t a c k  f o r  t h e  NACA 230-ser ies  
a i r f o i l s  ( r e f ,  12)  is  shown i n  f i g u r e  1 3  f o r  a  range of maximum th ick-  
n e s s  r a t i o s .  Thus, t h e  wood composite b lade  would tend t o  have s l i g h t l y  
poorer  aerodynamic e f f i c i e n c y  over  t h e  i nne r  and c e n t r a l  p o r t i o n s  of t h e  
b lade ,  but b e t t e r  performance near  t h e  t i p .  However, s i n c e  r e l a t i v e l y  
more power i s  genera ted  near  t h e  t i p  then  over  t h e  i nne r  s e c t i o n s ,  t h e  
o v e r a l l  d i f f e r e n c e  i n  power gene ra t i on  between t h e  two b lade  d e s i g n s  i s  
not  expected t o  be s i g n i f i c a n t .  

The second aerodynamic e f f e c t  r e l a t e s  t o  t h e  emergency shutdown 
s i t u a t i o n ,  whe re the  b l ades  are f ea the red  through n e g a t i v e  p i t c h ,  The 
bending moment produced on t h e  b l ade  depends on t h e  va lues  of nega t ive  
s t a l l  a n g l e  of a t t a c k  and l i f t  c o e f f i c i e n t .  These va lues  a r e  determined 
by t h e  s e c t i o n  maximum th i cknes s  r a t i o .  The v a r i a t i o n s  of  maximum nega- 
t i v e  l i f t  c o e f f i c i e n t  and i t s  a n g l e  o f  a t t a c k  w i t h  maximum t h i c k n e s s  
r a t i o  f o r  t h e  NACA 230-ser ies  a i r f o i l s  a r e  shown i n  f i g u r e  14 ,  The 
t h i c k n e s s  r a t i o  range f o r  t h e  e f f e c t i v e  l e n g t h  of  t h e  aluminum and wood 
composite b l ades  a r e  a l s o  i n d i c a t e d  i n  f i g u r e  1 4 ,  The wood composite 
blade would tend t o  gene ra t e  less nega t ive  l i f t  nea r  t h e  t i p  t han  alum- 
inum b lade ,  but  o v e r a l l  d i f f e r e n c e s  should be  small, 

The most s t r i k i n g  d i f f e r e n c e  between t h e  wood composite and alum- 
inum b lades  i s  t h e  t w i s t  d i s t r i b u t i o n  a s  shown i n  f i g u r e  B2(c). The 
wood composite b lade  has  much less t w i s t  i n  t h e  i n n e r  p o r t i o n  of t h e  
b l ade ,  and w i l l  exper ience  g r e a t e r  a n g l e  of  a t t a c k  i n  t h a t  r eg ion .  



However, i t  i s  be l i eved  t h a t  any p o t e n t f a l  l o s s  i n  performance i n  t h e  
i n n e r  ha l f  of t h e  f low f o r  t h e  wood b l ade  compared t o  t h e  aluminum blade  
could w e l l  be o f f s e t  by a  g a i n  i n  performance nea r  t h e  t i p  t h a t  would 
r e s u l t  from t h e  smaller t h i c k n e s s  r a t i o s  of  t h e  wood b lade .  

4.3 Hub Attachment 

The des ign  concept  f o r  t r a n s f e r r i n g  b l ade  l o a d s  t o  t h e  p i t c h  con- 
t r o l  hub s p i n d l e  ( f i g .  8) involved t h e  u se  of  threaded steel load  take-  
o f f  s t u d s  bonded i n t o  ho l e s  d r i l l e d  i n  t h e  thickened b l ade  r o o t .  During 
t h e  des ign  phase, i t  was necessary  t o  use an  18-inch long  steel  spool  
p i ece  between t h e  b lade  r o o t  and t h e  hub s p i n d l e  t o  provide t h e  s t i f f -  
n e s s  r equ i r ed  t o  e l i m i n a t e  bending i n  t h e  s t u d s  and i n  t h e  b l ade  s p i n d l e  
f l ange .  The concept i s  shown schema t i ca l l y  i n  f i g u r e  15. 

Twenty-four s t u d s  a r e  i n s t a l l e d  i n  t h e  b l ade  r o o t  a t  a  diameter  
corresponding t o  t h e  b o l t  c i r c l e  of t h e  spool  p i ece .  The threaded s t u d s  
a r e  bonded i n t o  tapered  ho le s  i n  t h e  b l ade  r o o t  end by means of  an  
epoxy r e s i n .  I n  t h i s  approach, i t  i s  necessary  t o  e q u a l i z e  t h e  load  
a long  t h e  s tud  and t o  keep t h e  r e s i n  shear  stress as low a s  pos s ib l e .  
This  can be f a c i l i t a t e d  by t a p e r i n g  t h e  s t u d .  A rounded Acme-type 
th read  was machined on t h e  tapered  s e c t i o n  of t h e  s tud  t o  provide  a  
mechanical i n t e r - l ock  i n  a d d i t i o n  t o  t h e  epoxy bond. In  view of  t h e  num- 
ber  of v a r i a b l e s  involved i n  t h e  concept  (e .g . ,  l e n g t h ,  t a p e r ,  th read  de- 
s i g n ,  r e s i n ) ,  t e s t s  were necessary  t o  e v a l u a t e  bonded s t u d  performance. 
These tests would confirm and op t imize  des ign  theo ry ,  provide d a t a  on 
s tud  f a t i g u e  l i f e  and f a i l u r e  mode, and q u a l i f y  a cand ida t e  s t u d  des ign .  

A concern w i th  t h i s  a t tachment  concept  i s  t h e  need t o  a s s u r e  t h a t  
t h e  s tud  axes  a r e  square  w i t h  t h e  f l a n g e  and t h a t  t h e  s tud  bear ing  
shou lde r s  a r e  i n  t h e  same p l ane  t o  w i t h i n  less than  -t-0.001 inch  t o  each  
o t h e r .  I f  t h i s  a l ignment  i s  n o t  ob t a ined ,  t h e  i n s t a l l a t i o n  of t h e  spoo l  
p i ece  t o  t h e  b lade  may r e s u l t  i n  bending i n  t h e  s t u d  shank and/or  pre- 
s t r e s s i n g  of t h e  stud-to-epoxy i n t e r f a c e ,  ss shorn  i n  f i g u r e  1 6 .  Proper  
a l ignment  f o r  bo th  t h e  d r i l l i n g  of t h e  h o l e s  and t h e  i n s t a l l a t i o n  of  
t h e  s t u d s  i s  c r i t i c a l ,  and s p e c i a l  f i x t u r e s  and al ignment  p l a t e s  a r e  r e -  
qu i red  f o r  t h e  s u c c e s s f u l  c o n s t r u c t i o n  of t h e  b l ades ,  

4 . 4  L ightn ing  P r o t e c t i o n  

I n  t h e  event  t h a t  l i g h t n i n g  were t o  s t r i k e  t h e  b l ades ,  a  p o s s i b i l -  
i t y  e x i s t s  t h a t  l o c a l  impact,  burning,  o r  mo i s tu re  expansion due t o  h e a t  
could damage t h e  b lade .  An aluminum sc reen  (window type)  w i l l  be bonded 
a s  a  l a y e r  i n  t h e  s u r f a c e  s k i n  of  t h e  b lade .  The s c r e e n  i s  then  a t t a c h e d  
t o  an aluminum grounding s t r a p  a t  t h e  r o o t  end of  each b lade .  F l e x i b l e  
s t r a p s  w i l l  then be used t o  bond t h e  grounding s t r a p  t o  t h e  wind t u r b i n e  
hub. Th i s  p r o t e c t i v e  measure should provide  a  p a t h  f o r  t h e  e l e c t r i c  cur -  
r e n t  t o  con t inue  t o  ground. 

The l i g h t n i n g  p r o t e c t i o n  concept proposed f o r  t h e  wood composite 
b lade  was eva lua ted  i n  s imula ted  l i g h t n i n g - s t r i k e  tests ( r e f ,  13 ) .  A 



Pul l - sca l e  s e c t i o n  of t h e  wood composite b lade  concept was sub jec t ed  t o  
high vo l t age  and c u r r e n t  t e s t s ,  The 20-foot-long b lade  s e c t i o n  was con- 
s t r u c t e d  wi th  a  laminated "D"-spar nose s e c t i o n  and honeycomb c o r e  t a i l  
pane ls .  The o u t e r  s u r f a c e  of t h e  b l ade  s e c t i o n  w a s  covered w i t h  a  t h i n  
l a y e r  of epoxy resin-impregnated f i b e r g l a s s  c l o t h  and f u l l  coverage 
aluminum screening .  A small aluminum rod was i n s e r t e d  p a r t  way i n s i d e  
t h e  l e a d i n g  edge of t h e  spa r  t o  s imu la t e  i n t e r n a l  wi r ing  and o t h e r  metal- 
l i c  components, Resu l t s  of t h e  t e s t s  ( r e f .  13)  i nd ica t ed  t h a t  t h e  pro- 
posed p r o t e c t i o n  system e f f e c t i v e l y  maintained t h e  d ischarge  c u r r e n t s  on 
t h e  b lade  s u r f a c e  and precluded p e n e t r a t i o n  of t h e  s t r u c t u r e .  

5.0 FABRICATION CONCEPT 

Severa l  f a b r i c a t i o n  concepts  were s tud ied  be fo re  t h e  f i n a l  f a b r i c a -  
t i o n  procedure was s e l e c t e d ,  The concepts  s tud ied  and the  t r ade -o f f s  
i n v e s t i g a t e d  dur ing  t h e  des ign  phase a r e  herewith reviewed p r i o r  t o  t h e  
d e s c r i p t i o n  of t h e  f i n a l  f a b r i c a t i o n  concept ,  The primary cons ide ra t ion  
i n  b lade  f a b r i c a t i o n  i s  t h e  type  of mold t o  be used f o r  f a b r i c a t i n g  and 
bonding of t h e  b lade  components. From t h e  manufacturing s t andpo in t ,  
t h e r e  a r e  t h r e e  major elements  i n  t h e  Plod-OA blade  design:  The "Dlf- 
s e c t i o n  nose lamina te ;  t h e  t a i l  pane ls ;  and t h e  shear  web. These e l e -  
ments, a l though joined toge the r  i n  t h e  completed blade,  p re sen t  d i s -  
s i m i l a r  manufacturing problems r e q u i r i n g  d i f f e r e n t  m a t e r i a l s ,  procedures  
and b lade  f a b r i c a t i o n  t o o l i n g ,  

5 .1  Mold Concepts 

Choices. - During t h e  f a b r i c a t i o n  development phase a  d e c i s i o n  was 
made t o  u t i l i z e  female molds. The reasons  were: 

(1) Exact s u r f a c e  contour  r e p r o d u c i b i l i t y  can be maintained from 
blade  t o  b l a d e ,  Sur face  smoothness and o v e r a l l  b l ade  f a i r n e s s  can be 
e a s i l y  maintained once a  s e t  of a c c u r a t e  and f a i r  molds a r e  produced. 

(2)  Blade s u r f a c e  p r o t e c t i o n  can be molded i n  p lace ,  which minimizes 
l abo r - in t ens ive  e x t e r i o r  f i n i s h i n g  c o s t s ,  

Two b a s i c  female molding concepts  were eva lua ted :  a  t h ree - sec t ion  
mold; and a  two-section mold. The f i r s t ,  and e a r l y  favored concept ,  
was t o  d i v i d e  t h e  b lade  i n t o  t h r e e  molded s e c t i o n s ,  a s  shown i n  f i g u r e  17. 
The s e c t i o n s  a r e  t h e  f r o n t ,  load-bearing, D-shaped nose p i ece  (with 
shear  web), and two s e p a r a t e  t a i l  pane l s ,  This  method n e c e s s i t a t e d  
t h r e e  j o i n i n g  p o i n t s  t o  assemble t h e  molded p a r t s ,  two about one-third 
a f t  of t h e  l e a d i n g  edge, and one a t  t h e  t r a i l i n g  edge of t h e  a i r f o i l  
aec t ion .  

The second mobding concept  (two-section) w a s  t o  make t h e  b lade  i n  
two ha lves  by s p l i t t i n g  t h e  MACA 230-ser ies  a i r f o i l  approximately down 
t h e  c e n t e r l i n e  and u t i l i z i n g  two female h a l f - s h e l l  molds, a s  shorn i n  
f i g u r e  18, The advantage of t h i s  concept i s  t h a t  on ly  two e x t e r n a l  



j o in ing  p o i n t s  were necessary ,  one a t  t h e  l ead ing  edge nose,  and one a t  
t h e  t r a i l i n g  edge. The d isadvantage  of t h i s  approach i s  t h e  problem of 
a c c u r a t e l y  machining an  e n t i r e  b lade  h a l f  i n  one ope ra t ion .  

I n i t i a l l y ,  i t  was be l ieved  t h a t  t h e  female molding of t h r e e  smal le r  
p a r t s  i n  t h e  three- -sec t ion  concept would be e a s i e r  than  molding two 
l a r g e r  p a r t s .  I n  a d d i t i o n ,  t h e  two-section process  was thought t o  have 
o t h e r  compl ica t ions  such a s  t h e  i n s t a l l a t i o n  of t h e  shear  web and the  
d i f f i c u l t y  of machining s i x  mating s u r f a c e s  a l l  t o  f a i r l y  c l o s e  t o l e r -  
ances .  Exact ddmensions were necessary  so  t h a t  a l l  p a r t s  would mate 
proper ly  dur ing  t h e  f i n a l  bonding ope ra t ion .  

Both of t h e  b lade  mold concepts  produce e s s e n t i a l l y  t h e  same ex- 
t e r i o r  b lade  shape and i n t e r i o r  s t r u c t u r a l  con f igu ra t ion ,  Both of t h e s e  
molding concepts  r e l y  on vacuum bag p re s su re  as t h e  clamping medium 
dur ing  c u r i n g  of t h e  bonding r e s i n .  This  is  shown schemat ica l ly  i n  
f i g u r e  19. A vacuum bag i s  assembled i n t o  t h e  mold over t h e  p a r t s  t o  
be bonded and sea l ed  t o  t h e  edges of t h e  impervious f e m l e  mold s t r u c -  
t u r e .  

Se lec ted  concept ,  - The two-part h a l f - s h e l l  female b lade  mold con- 
cep t  was chosen over  t he  th ree -pa r t  concept  because of t h e  improved po- 
t e n t i a l  f o r  lower manufacturing c o s t s  and b l ade  q u a l i t y .  I n  a d d i t i o n ,  
a s o l u t i o n  was found f o r  t h e  problem of a c c u r a t e l y  machining an  e n t i r e  
blade ha l f  i n  one ope ra t ion .  A concept  was proposed which u t i l i z e d  a 
custom b u i l t  h o r i z o n t a l  bandsaw wi th  movable guides  t h a t  would be 
capable  of a c c u r a t e l y  trimming an  e n t i r e  h a l f  b l ade  i n  one c u t t i n g  pass .  
This  bandsaw, as shown schemat ica l ly  i n  f i g u r e  20, i s  designed t o  r e s t  
on a s e t  of s a i l s  pos i t i oned  a t  t h e  o u t e r  per imeter  of each of t h e  ha l f -  
s h e l l  molds so  t h a t  i t  can a c c u r a t e l y  t r a v e r s e  t h e  l eng th  of t h e  molds 
wi th  t h e  saw b lade  held i n  t h e  proper  c u t t i n g  p l ane ,  It i s  be l ieved  t h a t  
g r e a t  accuracy can be achieved wi th  t h i s  trimming concept provided t h a t  
t h e  r a i l s  a r e  i n s t a l l e d  a c c u r a t e l y  on to  t h e  female mold and t h a t  t h e  
bandsaw i s  provided wi th  b lade  guides  t o  i n s u r e  t h e  proper  c u t t i n g  p lane  
i s  maintained,  A second advantage of t h e  bandsaw trimming concept i s  
t h a t  a l l  o t h e r  i n t e r i o r  p i e c e s  can be i n s t a l l e d  i n  each b lade  h a l f  and 
trimmed s imul taneous ly  whi le  t h e  l e a d i n g  and t r a i l i n g  edges of t h e  b lade  
a r e  trimmed. 

It was determined t h a t  t h e  trimming p o i n t  o r  "cut l i n e v P  of t h e  
bandsaw blade  cannot fo l low t h e  t r u e  chord c e n t e r l i n e  of t h e  a i r f o i l  
s e c t i o n .  The reason  i s  t h a t  t h e  chord c e n t e r l i n e  a l lows  a s l i g h t  re -  
v e r s e  t o  occur  i n  one of t h e  b lade  h a l f  s e c t i o n s  which would cause some 
unnecessary t r o u b l e  dur ing  f e m l e  molding, The s o l u t i o n  is  t o  e s t a b l i s h  
the  c u t  l i n e  from a po in t  a t  t h e  very  l ead ing  edge of t h e  a i r f o i l  sec- 
t i o n  t o  a po in t  i n  t h e  c e n t e r  of t h e  trimmed t r a i l i n g  edge. This  de- 
p a r t u r e  of t h e  "cut  l i n e P v  from t h e  "chord c e n t e r l i n e ,  '' whi le  minimal i n  
dimension, s impl i fed  t h e  two-half s h e l l  f a b r i c a t i o n  concept ,  

Another s i g n i f i c a n t  advantage of t h e  two-part ha l f  s h e l l  mold con- 
cep t  over  t he  three-par t  concept  is $he ease  of e x t e r i o r  f i n i s h i n g .  
Blending i n  t he  bond j o i n t  l i n e  between t h e  two h a l f - s h e l l  b lade  p a r t s  
appeared t o  be r e l a t i v e l y  easy a t  both t h e  l e a d i n g  and t r a i l i n g  edges. 



With t h e  three-par t  molding method, j o i n i n g  l i n e s  pos i t ioned  a t  25 t o  30 
percent  a f t  of t h e  b lade  l ead ing  edge on both t h e  h igh  and low p res su re  
s i d e s  were thought t o  p re sen t  a  p o t e n t i a l  time-consuming blending prob- 
l e m ,  Optimizat ion of t h e  female molding concept t o  produce t h e  b e s t  
f i n i s h e d  s u r f a c e  a t  t h e  l e a s t  l a b o r  c o s t  i s  considered h ighly  important  
i n  t h e  f a b r i c a t i o n  procedure. This  f a c t o r  became a major d r i v i n g  f o r c e  
i n  t h e  evenu ta l  evo lu t ion  t o  t h e  two-part female mold concept ,  

5.2 Nose P iece  Laminate 

The "Dg'-section nose p i ece  ex tends  from t h e  l e a d i n g  edge t o  approx- 
imately t h e  po in t  of maximum a i r f o i l  t h i ckness  (29 percent  of chord a t  
S t a t i o n  150 t o  38 percent  a t  S t a t i o n  750). This  s e c t i o n  i s  t o  be con- 
s t r u c t e d  a s  a curved lamina te  of bonded s t r i p s ,  a s  i nd ica t ed  schemat ica l ly  
i n  f i g u r e s  17 and 18.  The m a t e r i a l  s e l e c t e d  f o r  t h e  "DsP-section lamina te  
i s  Douglas f i r  ( i n  t h e  form of s l i c e d  veneers )  which accounts  f o r  approx- 
imate ly  70 percent  of t h e  b lade  weight.  Many s p e c i e s  of wood were con- 
s ide red  f o r  t h i s  a p p l i c a t i o n ,  bu t  t h e  Douglas f i r  s p e c i e s  b e s t  f i t  t h e  
fol lowing c r i t e r i a :  

(1) Be r e a d i l y  a v a i l a b l e  w i th  a  guaranteed long-range supply f o r  
l a r g e  volume product ion;  

(2) Be a v a i l a b l e  a t  a  low c o s t  on a  per  pound b a s i s ;  

(3)  Have good phys i ca l  p r o p e r t i e s  f o r  i t s  weight;  

( 4 )  Be compatible w i th  t h e  b l ade  manufacturing procedure. 

The Douglas f i r  s p e c i e s  has  e x c e l l e n t  phys i ca l  p r o p e r t i e s  f o r  i ts  
weight w i t h  unusual ly high s t i f f n e s s  and compressive s t r e n g t h  f a c t o r s ,  
a s  w i l l  be  shown l a t e r .  Its s p e c i f i c  g r a v i t y  of 0.5 appears  t o  be i d e a l  
t o  provide a  s h e l l  t h i ckness  t h a t  i s  s u f f i c i e n t  t o  r e s i s t  buckl ing l o a d s  
without  adding any unnecessary weight a t  t h e  62-foot Mod-OA b lade  s i z e .  

Douglas f i r  i s  a  t r e e  indigenous t o  t h e  Northwestern s t a t e s  t h a t  is  
considered a  renewable r e sou rce  because i t  is  being r ep lan ted  a t  a  r a t e  
t h a t  exceeds t h e  annual  ha rves t .  Th i s  s p e c i e s  of t r e e  grows i n  such a  
manner t h a t  a  l a r g e  p o r t i o n  of  i ts  bulk  can be used t o  provide t h e  h igh  
q u a l i t y  veneer  s t o c k  necessary  f o r  wood composite wind t u r b i n e  b lade  
cons t ruc t ion .  

The most economical method of u t i l i z i n g  t h e  Douglas f i r  wood mate- 
r i a l  w i th  t h e  female mold vacuum bag process  had t o  be determined. Sawn 
s tock ,  bo th  square  and r ec t angu la r  i n  shape, was f i r s t  i n v e s t i g a t e d  bu t  
soon r e j e c t e d  because of s e v e r a l  p o t e n t i a l  problems t h a t  were n o t  r e a d i l y  
so lveable .  F i r s t ,  t h e r e  was no developed e f f i c i e n t  adhes ive  a p p l i c a t i o n  
method f o r  t h e  sawn s tock ,  Another problem was t h e  l i k e l i h o o d  of gaps 
occu r r ing  between t h e  s t o c k  edges a s  i t  i s  compressed i n t o  t h e  female 
mold ( a  male mold would no t  p re sen t  a  problem i n  t h i s  regard ,  because 
t h e  vacuum bag compression would tend t o  reduce t h e  gaps between t h e  
s t o c k ) .  The d i f f i c u l t y  of g e t t i n g  t h e  sawn s t o c k  t o  conform t o  t h e  



t i g h t  nose r a d i u s  was a l s o  a f a c t o r ,  e s p e c i a l l y  when t h e  smal l  s i z e  t o  
which t h e  s t o c k  had t o  be sawn i s  cons idered ,  

The use  of Douglas f i r  veneer  s t o c k  then  became t h e  f i r s t  choice  
because of ready a v a i l a b i l i t y  from a wel l -es tab l i shed  veneer  i ndus t ry  
t h a t  provides  m a t e r i a l s  f o r  t h e  molded p ly  and s h e e t  plywood i n d u s t r i e s .  
High product ion equipment a l r e a d y  e x i s t s  f o r  necessary  manufacturing 
s t e p s  such a s  veneer p repa ra t ion  and adhes ive  a p p l i c a t i o n ,  F i n a l l y ,  
i n i t i a l  t e s t  runs  performed under t h e  c o n t r a c t  showed t h a t  t h e  use  of 
veneers  was compatible  w i t h  e i t h e r  of t h e  candida te  female molding 
processes .  

Veneers a r e  manufactured us ing  two primary methods, The f i r s t  and 
most expensive i s  t o  s l i c e  t h e  veneers  from a l o g  t h a t  has  been sawn 
i n t o  s e c t i o n s .  Rotary c u t t i n g  of veneers  i s  t h e  second and most common 
veneer c u t t i n g  method and a l s o  t h e  l e a s t  expensive,  A l o g  is  pos i t ioned  
i n  a la the- type  machine and spun a g a i n s t  a k n i f e  t h a t  s lowly moves i n  
towards i t s  c e n t e r ,  pee l ing  o f f  a given th i ckness  of veneer w i th  each 
r e v o l u t i o n  of t h e  l o g ,  

The type  of c u t ,  s l i c e d  o r  r o t a r y ,  and t h e  t h i c h e s s  of veneers  t o  
be used was determined by t e s t i n g  laminated specimens. Veneers of 1/8- 
inch  th i ckness ,  o r  g r e a t e r ,  were examined i n i t i a l l y  because of fewer 
adhes ive  bond l i n e s  f o r  a given lamina te  t h i ckness .  Fewer bond l i n e s  
would produce a Power weight lamina te  and reduce both m a t e r i a l  and l a b o r  
c o s t s ,  D i f f i c u l t y  was de t ec t ed  i n  some of t h e  e a r l y  test l amina te s  i n  
conforming the  t h i c k e r  veneers  t o  some of t h e  sha rpe r  curves  i n  t h e  
female mold, While most of t h e  b lade  has  g e n t l e  curves  that are e a s i l y  
nego t i a t ed  by t h i s  t h i ckness  of veneer ,  t h e  l ead ing  edge of t h e  a i r f o i l  
i n  t h e  o u t e r  40 percent  of t h e  b lade  p r e s e n t s  a very  t i g h t  bend t h a t  
can only  be  nego t i a t ed  by a t h i n n e r  veneer .  Fur ther  lamina te  t e s t i n g  
determined t h a t  a s l i c e d  veneer  t h i ckness  of 1 /16  inch  o r  a r o t a r y  
veneer t h i ckness  of 1 /10  inch  w a s  t h e  maximum th i ckness  t h a t  could be 
molded i n t o  t h e s e  t i g h t  curves  w i th  t h e  facuum bag p re s su re  a v a i l a b l e .  
The 1/16-inch t h i c k  s l i c e d  Douglas f i r  veneer w a s  s e l e c t e d  as t h e  
lamina te  m a t e r i a l ,  

The s l i c e d  veneer  has  t h e  advantage of being s l i c e d  a c r o s s  t h e  
g r a i n  thus  making i t  very  s t a b l e ,  which i s  thought t o  reduce t h e  clamp- 
i ng  p r e s s u r e s  necessary  f o r  bonding. S l i ced  veneers  can be obta ined  i n  
a l e n g t h  up t o  1 7  f e e t ,  The main l i m i t a t i o n s  of t h e  r o t a r y  c u t  veneer 
is  i t s  r e l a t i v e l y  s h o r t  l e n g t h  ( s l i g h t l y  over  8 f t )  and i ts  more wavy 
make-up due t o  c u t t i n g  t a n g e n t i a l l y  w i t h  t h e  g r a i n  i n s t e a d  of a c r o s s  t h e  
g r a i n ,  a s  i s  done wi th  t h e  s l i c e d  veneer .  The b e t t e r  veneer conformity 
i n  t h e  mold and t h e  longe r  a v a i l a b l e  l e n g t h  (which reduces t h e  number 
of b u t t  j o i n t s )  were t h e  p r i n c i p a l  f a c t o r s  i n  t h e  choice  of t h e  s l i c e d  
veneer  f o r  t h e  b lade  f a b r i c a t i o n  e f f o r t ,  

Because s l i c e d  veneers  i n h e r e n t l y  have vary ing  widths,  depending 
on t h e  width of t h e  sec t ioned  l o g ,  two o r  more edge trimmed veneers  are 
temporar i ly  bonded edge-to-edge by us ing  a "s t ich ing"  machine t h a t  l a y s  
a r e s i n  preimpregnated thread  i n  a aig-zag p a t t e r n  a long  both edges of 



ad jo in ing  veneers .  This  provides  venee r s  of s u i t a b l e  width f o r  b lade  
f a b r i c a t i o n .  The s t i t c h i n g  remains i n  p l ace  dur ing  b lade  f a b r i c a t i o n .  
The e f f e c t s  of s t i t c h i n g  th i ckness  on veneer  bond l i n e  th i ckness  va r i a -  
t i o n s  i s  n e g l i g i b l e .  

5 .3  T a i l  Panels  

To develop t h e  b e s t  a e r o e l a s t i c  s t a b i l i t y  i n  t h e  Plod-OA blade ,  i t  
i s  advantageous t o  keep t h e  chordwise c e n t e r  of g r a v i t y  a s  f a r  forward 
a s  poss ib l e .  While a l a r g e  percentage of t h e  b l ade  weight i s  a l r e a d y  
concent ra ted  i n  t h e  forward "Dq'-section lamina te ,  i t  was s t i l l  considered 
worthwhile t o  develop l i gh twe igh t  t a i l  pane ls  t h a t  would he lp  t o  provide 
a forward c e n t e r  of g r a v i t y .  Other des ign  d r i v e r s  f o r  developing candi- 
d a t e  t a i l  pane ls  were a s  fo l lows:  

(1)  S t r u c t u r a l  adequacy 

( 2 )  Manufacturing l a b o r  c o s t s  

(3) Ease of manufacture w i th  t h e  female mold concept 

(4 )  Ma te r i a l  c o s t  

(5) Tooling c o s t  

(6)  A p p l i c a b i l i t y  of  t h e  chosen t a i l  panel  concept f o r  u se  wi th  
both l a r g e r  and smal le r  b lades .  

Choices.  - Nine d i f f e r e n t  t a i l  pane l  con f igu ra t ions  were i n v e s t i -  
ga ted .  A l l  of t h e s e  t a i l  pane l s  a r e  c l a s s i f i e d  under one of t h r e e  b a s i c  
con f igu ra t ions ,  t h a t  is ,  unsupported, pa r t i a l l y - suppor t ed ,  and f u l l y -  
supported.  The unsupported panel  concept i s  t h e  s imp les t  and least ex- 
pensive o p t i o n ,  bu t  a l s o  produces t h e  g r e a t e s t  weight f o r  t h e  amount of 
buckl ing r e s i s t a n c e  o f f e red .  A l l  of t h e  t a i l  pane l  con f igu ra t ions  
examined under t h i s  concept r equ i r ed  a t  l e a s t  a 318-inch th i ckness  of 
s o l i d  wood t o  provide t h e  necessary  s t r e n g t h  and s t i f f n e s s  t o  prevent  
buckl ing i n  t h e  t a i l  panel  near  t h e  r o o t .  The combinations t h a t  were 
considered f o r  t h e  unsupported panel  were: (1)  low-density s i n g l e  s h e e t  
Okumme plywood; (2)  laminated low-density Western red  cedar  veneer;  
and ( 3 )  laminated Okumme plywood (two t o  t h r e e  p l i e s ) .  Trade-off s t u d i e s  
f o r  t h e  competing methods involved balancing t h e  l a b o r  and material c o s t s  
a g a i n s t  pane l  weight.  

The t rade-off  s t u d i e s  showed t h a t  a s i g n i f i c a n t  amount of weight 
could be reduced by p a r t i a l l y  suppor t ing  t h e  t a i l  pane ls  t o  i n c r e a s e  
buckl ing r e s i s t a n c e .  Among t h e  o p t i o n s  considered f o r  t h i s  type  of 
support  were: (1) l o n g i t u d i n a l  s t r i n g e r s  wi th  bulk-heads; and (2) pe r i -  
od ic  r i b s  made e i t h e r  w i th  laminated wood o r  w i th  t h e  use  ofahoneycomb 
core .  Both m a t e r i a l  and l abo r  c o s t s  were shown t o  be unacceptable  f o r  
t h e  pa r t i a l l y - suppor t ed  t a i l  pane l  concept .  



The fu l ly -suppor ted  t a i l  pane l  was explored i n  d e t a i l  because t h i s  
concept o f f e r e d  t h e  b e s t  p o t e n t i a l  f o r  bo th  l i gh twe igh t  and low-cost 
c o n s t r u c t i o n ,  A l l  of t h e  o p t i o n s  cons idered  r equ i r ed  t h e  use  of  a c o r e  
m a t e r i a l  (honeycomb) t o  form a  sandwich pane l  up t o  1 inch  i n  t h i cknes s .  
Three d i f f e r e n t  c o r e  m a t e r i a l s  were eva lua ted :  PVC (po lyv iny lch lo r ide )  
foams; b a l s a  wood; and resin- impregnated K r a f t  paper honeycomb. Both 
plywood and laminated veneer  of v a r i o u s  s p e c i e s  were considered a s  t h e  
i n n e r  and o u t e r  s k i n  m a t e r i a l  f o r  t h e  cored l amina t e ,  Because co r ing  
was t o  be  i nco rpo ra t ed ,  t h e  use  of a  h igh  d e n s i t y  s p e c i e s  such a s  b i r c h  
f o r  t h e  s k i n s  would produce t h e  most s t r u c t u r a l l y  e f f i c i e n t  pane ls .  

F u l l  c o r i n g  of t h e  e n t i r e  i nne r  volume of t h e  b l ade  t a i l  was a l s o  
cons idered ,  bu t  was no t  thought  t o  be p r a c t i c a l  because of  t h e  l a r g e  
s e c t i o n  th i cknes se s  involved and t h e  r e s u l t i n g  heav ie r  than  necessary  
weight.  However, t h i s  o p t i o n  looked promising f o r  t h e  o u t e r  b l ade  a r e a  
toward t h e  t i p  where s e c t i o n s  a r e  t h i n ,  

Se l ec t ed  con f igu ra t i ons .  - The chosen t a i l  pane l  c o n f i g u r a t i o n  i s  
a  fu l ly -suppor ted  cored sandwich s e c t i o n  t h a t  u t i l i z e s  a  r e s i n -  
impregnated K r a f t  paper honeycomb (Verticel brand) as a  c o r e  m a t e r i a l  
wi th  118-inch t h i c k  b i r c h  plywood as t h e  i nne r  and o u t e r  s k i n  m a t e r i a l ,  
a s  shown schema t i ca l l y  i n  f i g u r e  21. This  th ree-p iece  lamina te  i s  
bonded toge the r  i n  t h e  female mold u s i n g  t h e  same r e s i n  t h a t  is  used t o  
c o n s t r u c t  t h e  rest of t h e  b l ade ,  Th i s  c o n f i g u r a t i o n  was chosen when i t  
was determined t h a t  i t  could be assembled wi th  reasonable  f a b r i c a t i o n  
and m a t e r i a l  c o s t s .  Le produced t h e  most s t r u c t u r a l l y  e f f i c i e n t  t a i l  
panel  a t  t h e  lowes t  weight of  any of t h e  o p t i o n s  cons idered .  

Near t h e  t i p  of t h e  b lade ,  t h e  b l ade  t h i c k n e s s  becomes t h i n n e r  and 
t h e  i nne r  b i r c h  plywood s h e e t s  become less e f f e c t i v e .  Consequently,  
from S t a t i o n  600 t o  t h e  t i p  ( S t a t i o n  750),  a f u l l y  cored t a i l  pane l ,  a s  
shown schema t i ca l l y  i n  f i g u r e  2 2 ,  was s e l e c t e d ,  Adoption of f u l l  i n t e r -  
n a l  c o r i n g  i n  t h e  o u t e r  t i p  a r e a  provides  bo th  weight  s av ings  and ex- 
treme shape r i g i d i t y  i n  t h e  p a r t  of  t h e  b l ade  which exper iences  t h e  high- 
e s t  a i r l o a d s  and produces t h e  most energy,  Another s i g n i f i c a n t  advantage 
of f u l l  c o r i n g  t h e  t a i l  pane l  i n  t h e  t i p  a r e a  i s  t h e  improvement of  t h e  
chordwise c e n t e r  of g r a v i t y  l o c a t i o n .  I n  t h e  t i p  r eg ion  t h e  "D"-section 
assumes a  l a r g e r  percentage  of the  a i r f o i l  s e c t i o n  (x / c  i n c r e a s e s  t o  
0 .38) ,  s o  t h a t  t h e  c e n t e r  of g r a v i t y  t ends  t o  move a f t ,  F u l l  c o r i n g ,  
wi th  i t s  l i g h t e r  r e l a t i v e  weight ,  t ends  t o  minimize t h i s  s h i f t .  The 
cored pane l s  t a p e r  l i n e a r l y  between S t a t i o n s  500 t o  600 s o  t h a t  t h e r e  is 
a  t r a n s i t i o n  between t h e  fu l ly -suppor ted  cored pane l  and ful ly-cored 
b lade  t a i l .  

5.4 Shear Web 

The shea r  web p i ece ,  which i s  made of 114-inch t h i c k  b i r c h  plywood, 
p rovides  r i g i d i t y  t o  t h e  o v e r a l l  s t r u c t u r e  ( e .g . ,  f i g .  1 8 ) .  A Douglas 
f i r  s t r i n g e r ,  made from s c a r f e d  and overlapped dimension lumber, i s  
used f o r  t h e  bonded i n t e r f a c e  between t h e  shea r  web and t a i l  pane l s  
( f i g .  21),  



Between S t a t i o n  150 and t h e  b l ade  r o o t ,  a  bui ldup occurs  i n  t h e  
shea r  web. The purpose of t he  bui ldup  is  t o  provide  a  t h i c k  s e c t i o n  a t  
t h e  r o o t  end t o  provide  s u f f i c i e n t  s t r u c t u r a l  t h i ckness  t o  support  t h e  
imbedded load  take-off s t u d s ,  The web bui ldup c o n s i s t s  of  blocking and 
s t r i n g e r  p i eces  made of Douglas f i r  s tock ,  as shown schemat ica l ly  i n  f i g -  
u r e  23. The bui ldup i s  t h i c k e s t  a t  t h e  r o o t  end and is s t e p  tapered t o  
ze ro  t s t a t i o n  150. The open r o o t  end i s  capped wi th  114-inch t h i c k  
( f ive -p ly )  b i r c h  plywood, The t runca ted  a f t  end of t h e  b lade  i s  a l s o  
covered w i t h  a bonded 114-inch b i r c h  plywood t a i l  cap sec t ion .  

5.5 Fab r i ca t ion  Procedure 

Blade f a b r i c a t i o n  c o n s i s t s  of two major a c t i v i t i e s :  a  p repa ra t ion  
of m a t e r i a l s ;  and assembly, bonding, and f i n i s h i n g  of t h e  complete 
blade.  

Ma te r i a l  p repa ra t ion .  - M a t e r i a l s  p repa ra t ion  is  t h e  most time 
consuming s t e p  of t h e  manufacturing procedure. P repa ra t ion  of t h e  - 

veneers ,  which make up a s i g n i f i c a n t  p o r t i o n  of t h e  b lade  weight,  re-  
q u i r e s  t h e  most l a b o r .  The p r e p a r a t i o n  of plywood and sawn wood s tock ,  
whi le  no t  r e q u i r i n g  much equipment o r  l a b o r ,  w i l l  r e q u i r e  a  s i g n i f i c a n t  
amount of f l o o r  space  f o r  e f f i c i e n t  handl ing.  

The fo l lowing  is  a n  o u t l i n e  of m a t e r i a l  p repa ra t ion  procedures:  

(1) Veneer p r e p a r a t i o n  
( a )  S e l e c t  veneer  of adequate  q u a l i t y  and t r i m  t o  s t r a i g h t e n  

l o n g i t u d i n a l  edges 
(b)  S t i t c h  veneers  t oge the r  as requi red  t o  achieve  mold width 
( c )  Trim b u t t  j o i n t  ends 
(d)  Assemble veneers  on l ayou t  t a b l e  w i t h  adequate ly  s taggered  

b u t t  and l o n g i t u d i n a l  j o i n t s  
( e )  F i n a l  t r i m  one edge of  l ayou t  p i l e  
( f )  In spec t  and assemble veneer  l a y e r s  f o r  run  through g lue  

mac h  i n e  

( 2 )  Plywood p repa ra t ion  
( a )  Cut t o  s i z e  118-inch b i r c h  plywood f o r  nose lamina te  
(b)  Cut t o  s i z e ,  s c a r f  edges and bond toge the r  118-inch b i r c h  

plywood panel  f o r  t a i l  assembly 
( c )  Cut t o  s i z e  and s c a r f  1/4-inch b i r c h  plywood f o r  shear  web 

J 

(3)  Wood s t o c k  p repa ra t ion  
( a )  Cut t o  s i z e  Douglas f i r  dimension lumber f o r  r o o t  end 

bui ldup  
(b)  b k e  j o in ing  c l e a t s  on  shea r  web 
( c )  Cut t o  s i z e  S i t k a  sp ruce  s tock  f o r  t r a i l i n g  edge s t r i n g e r  
(d) Cut t o  s i z e  Douglas f i r  s t o c k  f o r  s t r i n g e r s  a f t  o f  shear  

web 



(4 )  Core p r e p a r a t i o n  
( a )  P recu t  314-inch V e r t i c e l  c o r e  m a t e r i a l  t o  f i t  i n  t a i l  a r ea  
(b) P recu t  3-inch c o r e  m a t e r i a l  f o r  o u t e r  s o l i d  t a i l  a r e a  

(5) P r e p a r a t i o n  of  g l a s s  c l o t h  and w i r e  s c r een  
(a) P recu t  l a y e r s  of 10-ounce g l a s s  c l o t h  t o  proper  s i z e  i n  

p r e p a r a t i o n  f o r  mold i n s e r t i o n  
(b) P recu t  aluminum l i g h t n i n g  p r o t e c t i o n  s c r een  f o r  i n s e r t i o n  

i n  mold 

F a b r i c a t i o n  sequence. - Blade f a b r i c a t i o n  is t o  begin w i th  t h e  molds 
coated t o  about  4 m i l s  t h i cknes s  w i t h  wh i l e  pigmented WEST tRl epoxy r e s i n .  
Th i s  r e s i n  w i l l  be allowed t o  p a r t i a l l y  c u r e  b e f o r e  t h e  g l a s s  c l o t h  and 
l i g h t n i n g  p r o t e c t i o n  s c r e e n  a r e  p l aced ,  With t h e  o u t e r  s k i n  i n g r e d i e n t s  
completed, a l l  of t h e  prepared %rood p a r t s  w i l l  be i n s t a l l e d  i n  t h e  mold 
and vacuum bag p r e s s u r e  app l i ed .  The p i c t o r i a l  sequence of  f i g u r e s  24 
and 31 i s  used t o  s chema t i ca l l y  d e t a i l  t h e s e  o p e r a t i o n s  t o g e t h e r  w i t h  
t h e  subsequent o p e r a t i o n s  necessary  t o  complete t h e  blade.  D e t a i l s  of 
t h e  assembly sequence a r e  a s  fo l lows:  

(1)  Material loading .  M a t e r i a l s  a r e  i n s e r t e d  i n t o  two s e p a r a t e  
h a l f - s h e l l  molds* The mold is  f i r s t  coa ted  and allowed t o  p a r t i a l l y  
c u r e  w i th  a  wh i t e  pigmented epoxy. Th i s  prov+des a n  e r o s i o n - r e s i s t a n t  
and l i g h t - r e s i s t a n t  o u t e r  s k i n  on t h e  b lade .  Then, as shown i n  f i g u r e  24, 
t h e  g l a s s  c l o t h  and aluminum l i g h t n i n g  p r o t e c t i o n  s c r een  a r e  i n s e r t e d  i n  
p l ace  (each  l a y e r  i s  coa ted  w i t h  adhes ive ) ,  immediately followed by t h e  
o u t e r  t a i l  pane l  w i t h  shea r  web and s t r i n g e r .  Th i s  assembly must be ac- 
c u r a t e l y  l o c a t e d  and temporar i ly  a t t a c h e d  w i t h  s t a p l e s  s o  t h a t  i t  w i l l  
no t  move under subsequent  molding p re s su re s .  The rest of t h e  prepared 
wood s t o c k  i s  p laced  i n  t h e  mold, a s  shown schema t i ca l l y  i n  f i g u r e  25. 
Included i n  t h i s  o p e r a t i o n  a r e  t h e  nose veneers  and t h e  i nne r  plywood, 
co re ,  and s t r i n g e r  p i e c e s  of t h e  t a i l  panel .  A l l  wood p i e c e s  a r e  coa ted  
on a l l  s i d e s  w i th  t h e  epoxy adhes ive  p r i o r  t o  be ing  placed i n  t h e  mold. 

(2) Vacuum bag p re s su re .  A s  shown schema t i ca l l y  i n  f i g u r e  26,  t h e  
vacuum bag i s  a p p l i e d  over  t h e  e n t i r e  assembly and sea l ed  a long  t h e  edges. 
A i r  i s  evacuated between t h e  bag and t h e  mold t o  c r e a t e  t h e  proper  mold- 
i ng  p r e s s u r e .  A vacuum i s  maintained u n t i l  t h e  adhes ive  i s  f u l l y  cured.  

(3)  Wood bui ldup  f o r  s t u d s .  The Douglas f i r  r o o t  end bui ldup  f o r  
s tud  i n s t a l l a t i o n  is  bonded i n t o  p o s i t i o n ,  a s  shown i n  f i g u r e  27. The 
bui ldup c o n s i s t s  o f  a s t r i n g e r  p i ece  forward of  t h e  shea r  web, and a  
blocking p i e c e  a f t  of t h e  shea r  web. This  bu i ldup  ex tends  i n t o  t h e  b l ade  
t o  S t a t i o n  150, t a p e r i n g  i n  a  l i n e a r  manner t o  a  ze ro  a d d i t i o n .  

( 4 )  Trimmings. A f t e r  bonding of t h e  b l ade  elements  i s  completed, 
a  band saw i s  set on t r a c k s  t h a t  a r e  pos i t i oned  on t h e  o u t e r  per imeter  
of t h e  mold, a s  shorn  i n  f i g u r e  20. The two b l ade  ha lves  are trimmed t o  
an exac t  c e n t e r l i n e  dimension by t h e  saw blade.  The b l ade  s u r f a c e s  a r e  
then planned t o  remove s u r f a c e  i r r e g u l a r i t i e s  caused by band sawing. 



(5) Blade assembly, Af t e r  t h e  upper and lower blade ha lves  a r e  
f a b r i c a t e d  and trimmed, a d r y  f i t  ope ra t ion  is  performed t o  a s s u r e  proper 
b lade  assembly, Contact a r e a s  a r e  then  primed and coated wi th  epoxy, 
and t h e  two ha lves  a r e  bonded t o g e t h e r ,  a s  shown schemat ica l ly  i n  f i g -  
u r e  28. Afterwards,  t h e  t runca ted  open b lade  end i n  t h e  r o o t  s e c t i o n  is 
covered by bonding t h e  transom p i e c e  t o  t h e  exposed ends of t h e  nose 
p i ece  ( f i g ,  29) .  

( 6 )  Root end close-out .  The b l ade  is placed i n  a  holding f i x t u r e ,  
a c c u r a t e l y  a l i gned ,  and then  t h e  r o o t  end i s  machined i n  p repa ra t ion  f o r  
s t u d  ho le  d r i l l b n g s ,  a s  shown i n  f i g u r e  29. A s tep- tapered  d r i l l  a t t ached  
t o  a  gu idep la t e  ( a c c u r a t e l y  a l i gned  w i t h  t h e  b lade  a x i s )  is pos i t i oned  a t  
t h e  b lade  r o o t  end, a s  shown i n  f i g u r e  30. Holes a r e  d r i l l e d  s e p a r a t e l y  
i n  t h e  r o o t  end by r o t a t i n g  t h e  guide  p l a t e  t o  each indexed l o c a t i o n .  
The s t e e l  s t u d s  w i t h  c e n t e r i n g  n u t s  are a t t ached  t o  t h e  gu idep la t e ,  a s  
shown i n  f i g u r e  31. Adhesive i s  then  appl ied  t o  bo th  t h e  h o l e s  and t h e  
s t u d s ,  and they  a r e  then i n s e r t e d  i n  t h e  ho le s  of t h e  b l ade  r o o t ,  In se r -  
t i o n  is made wi th  t h e  hydrau l i c  ram. The gu idep la t e  and ehe c e n t e r i n g  
n u t s  a r e  removed a f t e r  t h e  adhes ive  has  cured.  

(7 )  F i n i s h  and balance.  The o u t e r  s u r f a c e s  of t h e  b l ade  are f in i shed  
by trimming and sanding,  and t h e  complete b lade  is  i n s t a l l e d  i n  a f i x t u r e  
so  t h a t  proper  blade-to-blade and c e n t e r  of g r a v i t y  ba lance  can be checked 
and achieved.  

A s  i n d i c a t e d  i n  f i g u r e  1 0 ( a ) ,  t h e  b l ade  i s  t o  be cons t ruc t ed  t o  an  
o v e r a l l  l e n g t h  from hub end t o  t i p  of 718 inches.  However, a s  i n d i c a t e d  
previous ly ,  it was necessary  t o  i n s e r t  an  18-inch spool  p i e c e  between t h e  
b lade  end and t h e  p i t c h  c o n t r o l  s p i n d l e  ( f i g .  1 5 ) ,  The t i p  of t h e  b lade  
would t h e r e f o r e  be shortened by 1 8  inches  i n  o r d e r  t o  main ta in  t h e  maximum 
blade  r a d i u s  of 62.5 f e e t ,  The c u t  s e c t i o n  of t h e  b lade  t i p  would then  
be capped by a plywood r i b .  

5 .6  Qua l i t y  Assurance and Inspec t ion  

To a s s u r e  t h e  b l ades  meet a l l  engineer ing  s p e c i f i c a t i o n s ,  a q u a l i t y  
assurance  program w i l l  be implemented dur ing  m a t e r i a l  p repa ra t ion  and 
b l ade  cons t ruc t ion .  A q u a l i t y  assurance  program must t y p i c a l l y  con ta in  
t h r e e  main c a t e g o r i e s :  

(I) S p e c i f i c a t i o n  and in spec t ion  of  m a t e r i a l s  

( 2 )  Wri t ten  procedures  f o r  c r i t i c a l  phases of product ion 

( 3 )  In spec t ion  of b lades  dur ing  product ion 

Before q u a l i t y  b lades  could be b u i l t ,  m a t e r i a l  of adequate  proper- 
e i e s  must be  s p e c i f i e d  and obta ined .  The wood purchased must be sound, 
of c o r r e c t  s p e c i e s ,  w i th  accep tab le  mois ture  con ten t ,  and then  properly 
s t o r e d  wh i l e  awai t ing  c o n s t r u c t i o n ,  The adhes ive  r e s i n  and hardener  types  
should be c e r t i f i e d  chemical ly c o r r e c t  be fo re  acceptance,  and be dated s o  
t h a t  s h e l f  l i f e  i s  not  exceeded. The r e s i n  and hardeners  should a l s o  be 
c o l o r  toned so t h a t  mixed adhes ive  can be v i s u a l l y  d iscerned  from unmixed 
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2 Shear:  1 ,200 l b / i n  ( p a r a l l e l  t o  g ra in )  

E l a s t i c  modulus: 2 x 1 0 ~  l b l i n  
2  

These v a l u e s  were obta ined  from t a b l e s  4-2 and 4-6 i n  r e f e rence  14 wi th  
ad jus tments  f o r  t h e  e f f e c t  of t h e  epoxy i n  t h e  lamina te ,  

For equiva lence  wi th  t h e  pa ra l l e l - t o -g ra in  mechanical p r o p e r t i e s  of 
f i r  given above, o t h e r  common s t r u c t u r a l  m a t e r i a l s ,  on a  per  unit-weight 
b a s i s ,  would need t o  e x h i b i t  t h e  fo l lowing  p r o p e r t i e s  ( i n  1 b / i n 2 ) :  

Ma te r i a l  Compression Tension E l a s t i c  modulus, 
x106 

S t e e 1  112,500 225,000 3 0  

Aluminum 38,900 77,800 10.4 

F i b e r g l a s s  composite 27,400 54,800 7.3 

Those f a m i l i a r  w i th  t y p i c a l  p r o p e r t i e s  of s t e e l ,  aluminum, o r  f i b e r g l a s s  
w i l l  r ecognize  t h a t  t h e  s t r e n g t h  of Douglas f i r  i n  t h e  g r a i n  d i r e c t i o n  
i s  most compet i t ive .  However, t h e  c r o s s  g r a i n  s t r e n g t h  of f i r  i s  up t o  
50 t imes  l e s s  than  t h e  gra inwise  d i r e c t i o n .  Thus, f o r  wood s t r u c t u r e s ,  
c a r e  must be taken t o  a l i g n  t h e  major f o r c e s  and m a t e r i a l  and t o  i n s u r e  
t h a t  c ross -gra in  s t r e n g t h  is  n o t  exceeded. 

Bi rch  plywood i s  used i n  a r e a s  where a ba lance  of c r o s s  g r a i n  
s t r e n g t h  i s  d e s i r e d ,  o r  where t h e  use  of plywood can save i n s t a l l a t i o n  
time wi th  adequate  performance. When plywood is  used, t h e  s t r e n g t h  v a l u e  
must be used accord ing  t o  t h e  p ropor t iona te  wood g r a i n  d i r e c t i o n  i n  t h e  
p l i e s .  The two major s t r u c t u r e s  made of plywood i n  t h e  wood composite 
b lade  a r e  t h e  shear  web and t a i l  pane l  f aces .  The shear  web i s  balanced 
p ly ,  whi le  t he  t a i l  pane l  f a c e s  a r e  unbalanced. (A balanced plywood shee t  
has equal  amounts of gra in-or ien ted  wood running i n  both major d i r e c -  
t i o n s . )  Although t h e  b i r c h  u s e d ' i s  approximately 20 percent  heav ie r  than  
an equal  panel  of f i r ,  b i r c h  has almost  70 percent  g r e a t e r  shear  s t r e n g t h  
than f i r .  The a b i l i t y  t o  change s t r e n g t h  c h a r a c t e r i s t i c s  by a l t e r a t i o n  
of wood s p e c i e s  i s  one of t h e  major advantages of wood composite b lade  
c o n s t r u c t i o n .  

Nominal p r o p e r t i e s  of d r y  (12 percent  mois ture  con ten t )  yel low b i r c h  
a t  room temperature a r e :  

Densi ty:  38 7  l b / f  t3  (0.62 s p e c i f i c  g r a v i t y )  

Compression s t r e n g t h :  8,200 l b / i n  2  

Tension s t r e n g t h :  20,000 l b / i n  2  

6  E l a s t i c  modulus: 2x10 l b l i n  2  



Values (except  t ens ion )  were ob ta ined  d i r e c t l y  from t a b l e  4-2 of  r e f e r -  
ence 14. T e n s i l e  s t r e n g t h  p a r a l l e l  t o  t h e  g r a i n  was es t imated  from t h e  
modulus of  r u p t u r e  (16,600 p s i )  and t h e  r a t i o  of  t e n s i l e  s t r e n g t h  t o  
modulus of  r u p t u r e  f o r  s i m i l a r  woods ( ~ 1 ~ 2 ) .  

The low d e n s i t y  of wood means t h a t  a  r e l a t i v e l y  l a r g e  volume of ma- 
t e r i a l  must be used f o r  s t r u c t u r e s .  A s  a  consequence, wood s t r u c t u r e s  
e n t a i l  l a r g e  m a t e r i a l  t h i cknes se s  a s  compared t o  meta l  s t r u c t u r e s .  
Therefore ,  buckl ing s t a b i l i t y ,  which i s  r e l a t e d  t o  t h e  cube of t h e  mate- 
r i a l  t h i c k n e s s  is  r a r e l y  a  problem i n  a  wood s t r u c t u r e .  For t h e  wood 
composite b lade  f o r  wind t u r b i n e s ,  t h e  material th i cknes s  r equ i r ed  f o r  
t h e  s t r u c t u r a l  l o a d s  i s  more t han  adequate  f o r  buckl ing prevent ion .  

E f f e c t  of mo i s tu re  and temperature .  - Increased  mois ture  and temper- 
a t u r e  have an adverse  e f f e c t  on wood s t a t i c  p r o p e r t i e s .  Commercial - - 
d r i e d  wood normally has  a  mois ture  con ten t  of about  12  pe rcen t ,  a s  com- 
pared t o  f i b e r  s a t u r a t i o n  va lues  of about  24 pe rcen t  f o r  f i r  and 27 per-  
c e n t  f o r  b i r ch .  A s  i n d i c a t e d  p rev ious ly ,  nominal s t r e n g t h  p r o p e r t i e s  
f o r  wood a r e  g iven  f o r  t h e  c o n d i t i o n  of  12  percent  mois ture  con ten t .  The 
s t r e n g t h  p r o p e r t i e s  of wood dec rease  s i g n i f i c a n t l y  w i th  i n c r e a s i n g  mois- 
t u r e  c o n t e n t .  For example, f o r  b i r c h  and Douglas f i r ,  a n  i n c r e a s e  i n  
mois ture  con ten t  from 1 0  t o  1 5  pe rcen t  r e s u l t s  i n  about  a  25 pe rcen t  de- 
c r e a s e  i n  s t r e n g t h  i n  compression. 

Moisture  abso rp t ion  can a l s o  change t h e  dimensions of  t h e  wood which 
can have a  secondary e f f e c t  on s t r e n g t h  (e.g. ,  s t r e s s i n g  of f i b e r s  a t  
j o i n t ) .  I t  is  impor tan t ,  t h e r e f o r e ,  f o r  a  de s ign  t o  determine e i t h e r  t h e  
probable  wood mois ture  con ten t  t h a t  would r e s u l t  from t h e  exposure t o  t h e  
environment of t h e  a p p l i c a t i o n ,  o r ,  i f  t h e  p a r t  i s  coa ted  o r  l amina ted ,  
t h e  long-term equ i l i b r ium mois ture  con ten t  of  t h e  wood. 

The key t o  t h e  s u c c e s s f u l  use of wood i n  a v a r i a b l e  a tmospheric  en- 
vironment i s  t h e  adopt ion  of measures t o  s e a l  t h e  s t r u c t u r e  from mois ture  
abso rp t ion .  A s  i n d i c a t e d  p rev ious ly ,  t h e  b l ade  o u t e r  s u r f a c e s  are 
covered by f i b e r g l a s s  c l o t h ,  aluminum sc reen ,  a  4-mil t h i c k n e s s  of  epoxy 
r e s i n  and polyurethane p a i n t .  I n  a d d i t i o n ,  each s u r f a c e  of t h e  i n d i v i d u a l  
wood b l ade  components i s  t o  be coa ted  w i th  epoxy r e s i n  du r ing  t h e  f a b r i -  
c a t i o n  process .  The i n n e r  s u r f a c e s  w i l l  have two c o a t s  of  epoxy r e s i n .  
This  coverage s e r v e s  a s  a  r e t a r d a n t  t o  s i g n i f i c a n t  mois ture  p e n e t r a t i o n  
and minimizes a t t e n d a n t  mo i s tu re - r e l a t ed  problems such a s  c rack ing ,  
checking,  de lamina t ion ,  and r o t .  

I n  g e n e r a l ,  t h e  mechanical p r o p e r t i e s  of wood dec rease  when wood is  
heated and i n c r e a s e  when i t  i s  cooled.  This  e f f e c t  is immediate, and a t  
t empera tures  below 200' F, i t  i s  r e v e r s i b l e .  Also, below 200° F, t h e  
mechanical p r o p e r t i e s  vary  l i n e a r l y  w i t h  temperature .  Furthermore, t h e  
s t r e n g t h  v a r i a t i o n  w i t h  tempera ture  depends on t h e  mois ture  con ten t .  

F igure  32 shows t h e  temperature  e f f e c t  on s t r e n g t h  and modulus of 
e l a s t i c i t y  of wood i n  gene ra l ,  a s  g iven  i n  r e f e r e n c e  14. The v a r i a t i o n s  
a r e  expressed f o r  two l e v e l s  of  mois ture  con ten t  a s  percent  of  va lue  a t  
68' F  (room tempera ture) .  The t r e n d s  i l l u s t r a t e d  a r e  from s t u d i e s  on 
t h r e e  s t r e n g t h  p r o p e r t i e s  - modulus of  r u p t u r e  i n  bending, t e n s i l e  



s t r e n g t h  perpendicular  t o  g r a i n ,  and compressive s t r e n g t h  p a r a l l e l  t o  
g r a i n .  The bands i n  t h e  f i g u r e  r e p r e s e n t  t h e  v a r i a b i l i t y  i n  r epo r t ed  
r e s u l t s .  There was no i n d i c a t i o n  i n  t h e  r e f e r e n c e  whether t h e  s l o p e  of 
t h e  v a r i a t i o n  would cont inue  t o  s t eepen  wi th  mois ture  con ten t  g r e a t e r  
than  1 2  pe rcen t .  

S p e c i f i c a l l y ,  t h e  temperature e f f e c t  on des ign  p r o p e r t i e s  of wood 
w i l l  depend on t h e  l o c a l  temperature a t  t h e  c r i t i c a l l y  s t r e s s e d  a rea .  
For a wind t u r b i n e  b lade  s t r e s s e d  i n  bending, t h e  o u t e r  f i b e r s  are sub- 
j ec t ed  t o  t h e  g r e a t e s t  loads .  The o u t e r  f i b e r s  a r e  a l s o  those  subjec ted  
t o  d i r e c t  c o n t a c t  wi th  t h e  ambient environment. Thus, i t  is  c l e a r  from 
f i g u r e  32 t h a t  wood s t r e n g t h  degrada t ion  can  be  seve re  f o r  cond i t i ons  of 
high temperature and humidity,  a s  would be t h e  cond i t i on  i n  a damp t r o p i -  
c a l  environment. I n  a  d e s e r t  environment, t h e  d r y  a i r  would tend t o  
coun te rac t  t he  e f f e c t  of t h e  e l eva t ed  temperature.  However, i f  t h e  b lade  
has a  p r o t e c t i v e  coa t ing ,  t h e  temperature e f f e c t  may a l s o  depend somewhat 
on t h e  mois ture  con ten t  of t h e  wood a t  t h e  t ime of a p p l i c a t i o n  of t h e  
coa t ing .  

For t h e  Mod-OA blade  des ign ,  t h e  s p e c i f i c a t i o n s  c a l l  f o r  adequate  
performance up t o  120' F. Such temperatures  are most l i k e l y  t o  occur  i n  
d e s e r t  a r e a s .  For such s i t e s ,  t h e  a i r  is ve ry  dry ,  so t h a t  wood mois ture  
content  is  expected t o  be lower than  1 2  percent .  A 12-percent mois ture  
content  i s  more l i k e l y  a t  a  s i t e  nea r  a  warm-climate c o a s t ,  such as t h e  
Gulf states o r  Hawaii, where peak tempera tures  a r e  c l o s e r  t o  100' F. 
This  cond i t i on  is shown i n  f i g u r e  32. The f i g u r e  a l s o  shows t h a t  t h e  
s t r e n g t h  r educ t ions  r e s u l t i n g  from t h e  Gulf-coast environment should 
adequate ly  r ep re sen t  t h e  d e s e r t  s i t e  as w e l l .  Thus, t h e  wood des ign  en- 
vironment f o r  t h e  Mod-OA blade  was taken  as 100' F and 12  percent  mois- 
t u r e  con ten t .  Accordingly, f o r  s t a t i c  l o a d s  such as f o r  a hu r r i cane  
g u s t  o r  emergency shutdown, t h e  wood proper ty  r educ t ion  f a c t o r  f o r  e l e -  
va ted  temperature was taken as 0.8 of t h e  nomiaal va lue  f o r  s t r e n g t h ,  and 
0.9 of t h e  nominal va lue  f o r  modulus of e l a s t i c i t y  ( f i g .  32) .  

Fat igue .  - Cycl ic  f a t i g u e  i s  a f a c t o r  which must be  considered when 
u t i l i z i n g  wood f o r  t h e  des ign  of wind t u r b i n e  b lades .  By i t s  very  na- 
t u r e  a s  a f i b r o u s  m a t e r i a l ,  wood is n o t  s u b j e c t  t o  t h e  kind of f a t i g u e  
c rack  propagat ion t h a t  is  common i n  meta ls .  It cannot be d iscussed  i n  
terms of y i e l d  s t r e n g t h ,  but  must be viewed i n  terms of c rush ing  o r  
t e a r i n g  of f i b e r s .  Also, c r ack  propagat ion due t o  s t r e s s  concen t r a t ion  
should no t  be a  s i g n i f i c a n t  problem i n  wood lamina tes .  Tf some f i b e r s  
a r e  damaged, t h e  load i s  gene ra l ly  d i s t r i b u t e d  among ad jacen t  f i b e r s  with- 
ou t  high s t r e s s  concen t r a t ion  i n  t h e  damaged a r e a .  Crack propagat ion is  
i n h i b i t e d  i n  laminated s t r u c t u r e s  because of t h e  adhes ive  bond l i n e s  
which must be c rossed .  Also, minor s u r f a c e  f laws  o r  damage, which would 
cause s t r e s s  concen t r a t ions  i n  a high-density material, can be  d i s r e -  
garded i n  an equivalent-weight  wood s t r u c t u r e  because of i ts  c e l l u l a r  
composition. 

Fa t igue  s t r e n g t h  f o r  t h e  wood composite b l ade  des ign  w a s  es t imated  
from t h e  d a t a  of r e f e rence  15 ,  Th i s  r e f e rence  p r e s e n t s  f a t i g u e  d a t a  f o r  
s e v e r a l  wood s p e c i e s  i n  terms of t h e  r a t i o  of stress a t  f a t i g u e  f a i l u r e  
t o  t h e  u l t i m a t e  modulus of r u p t u r e  of  75' F (very  c l o s e  t o  r e f e r e n c e  



t empera ture  of 68' F).  Af t e r  c o r r e c t i o n  t o  u l t i m a t e  compressive s t r e n g t h  
(compressive s t r e n g t h  is  l e s s  t han  modulus of  r u p t u r e ) ,  it was determined 
t h a t  an a p p r o p r i a t e  des ign  va lue  of r a t i o  of f a t i g u e  stress a t  4 x 1 0 ~  
c y c l e s  t o  nominal compressive s t r e n g t h  f o r  Douglas f i r  was 0.3. It was 
f u r t h e r  determined t h a t  t h e  knockdown f a c t o r  f o r  f a t i g u e  s t r e n g t h  due t o  
t h e  des ign  environment (100' F  max. t empera ture ,  and 1 2  percent  mois ture  
con ten t )  s h o d d  be 0.9,  Th i s  adjustment  f a c t o r  r e p r e s e n t s  less of a re -  
duc t ion  i n  s t r e n g t h  t han  f o r  t h e  s t a t i c  l o a d s  ( f a c t o r  of 0.8) because of 
t h e  p e r i o d i c  v a r i a t i o n s  i n  tempera ture  (from about  20' t o  100° F) dur ing  
t h e  o p e r a t i n g  l i f e  of t h e  b lades .  

Creep. - Creep i n  wood is ano the r  f a c t o r  which may s i g n i f i c a n t l y  a f -  
f e c t  a  wood s t r u c t u r e  o r  blade.  Wood, l i k e  o t h e r  m a t e r i a l s ,  w i l l  con- 
t i n u e  t o  d e f l e c t  o r  e longa t e  a f t e r  t h e  i n i t i a l  load  has  been a p p l i e d .  
Creep v a r i a t i o n s  i n  wood, a s  ob t a ined  from r e f e r e n c e  14 ,  are shown i n  f i g -  
u r e  33 f o r  t h r e e  nominal stress l e v e l s .  It i s  seen  t h a t  t h e  d e f l e c t i o n  
from c reep  may vary  from 0.5 t o  1 .0  t i m e s  t h e  i n i t i a l  d e f l e c t i o n ,  w i t h  
f u l l  c r e e p  reached from 300 t o  400 days.  

The c r eep  behavior  i s  approximately t h e  same f o r  a l l  wood s p e c i e s ,  
w i t h  c r e e p  a t  low s t r e s s  l e v e l s  being s i m i l a r  i n  bending, t ens ion ,  o r  
compression p a r a l l e l  t o  t h e  g r a i n .  Ordinary c l i m a t i c  v a r i a t i o n s  i n  tem- 
p e r a t u r e  and humidity w i l l  cause  v a r i a t i o n s  i n  t h e  c r eep  r a t e .  According 
t o  r e f e r e n c e  14 ,  an  i n c r e a s e  of 50' F  i n  temperature  can produce a  two- 
t o  th ree- fo ld  i n c r e a s e  i n  c reep .  Creep w i l l ,  t h e r e f o r e ,  have t o  be con- 
s ide red  i n  a  b lade  des ign  i f  t h e  b l ade  w i l l  be sub jec t ed  t o  a  s t a t i c  
working load  f o r  a  long  l e n g t h  of  t i m e .  

The weight of t h e  b lade  i s  a l s o  a  c o n s i d e r a t i o n  f o r  t h e  e f f e c t  of 
c r eep  on t h e  b l ade  s t r u c t u r e ,  This  e f f e c t  is minimal du r ing  normal oper- 
a t i o n ,  s i n c e  t h e  s t r e s s e s  a r e  c y c l i c  and a r e  i n  a  g iven  d i r e c t i o n  f o r  a  
very  s h o r t  t ime. However, c r e e p  can be  a  f a c t o r  i f  t h e  wind t u r b i n e  is 
shu t  down f o r  an  extended pe r iod  of t i m e .  I f  t h e  b l ades  a r e  parked 
h o r i z o n t a l l y  and f e a t h e r e d ,  one b lade  would d e f l e c t  toward t h e  h igh  pres -  
s u r e  s i d e ,  whi le  t h e  opposing b l ade  would d e f l e c t  toward t h e  low pres-  
s u r e  s i d e ,  Th i s  could c r e a t e  an  out-of-plane imbalance between b l ades  
and i n c r e a s e  t h e  c e n t r i f u g a l  f o r c e  component of bending stress when 
o p e r a t i o n  i s  resumed. To avoid t h i s  problem, t h e  b l ades  should be parked 
i n  a  v e r t i c a l  p o s i t i o n  when n o t  i n  ope ra t i on ,  o r  t hey  should be allowed 
t o  r o t a t e  f r e e l y  whi le  f u l l y  f ea the red  s o  t h a t  a l l  o r i e n t a t i o n s  a r e  ex- 
per ienced ,  When i n  t h e  v e r t i c a l  p o s i t i o n ,  t h e  out-of-plane s t r e s s e s  due 
t o  weight w i l l  be n e g l i g i b l e  and c r eep  d e f l e c t i o n  of  e i t h e r  b l a d e  w i l l  
be i nconsequen t i a l ,  

Wood is  a l s o  s u b j e c t  t o  c r eep  r u p t u r e  i n  which a  s u s t a i n e d  s t eady  
load ,  lower than  t h a t  corresponding t o  t h e  s t a t i c  u l t i m a t e  s t r e n g t h ,  can 
produce f a i l u r e  a f t e r  an extended pe r iod  of t ime. A wood member under a  
cont inuous  bending load  f o r  1 0  y e a r s  can  c a r r y  on ly  about  60 percent  of  
t h e  load r equ i r ed  t o  produce a s i n g l e  cyc l e - to - f a i l u r e  load  i n  t h e  same 
specimen loaded i n  a  s t anda rd  bending s t r e n g t h  test ( r e f .  14 ) .  For t h e  
assumption of l i n e a r  v a r i a t i o n  w i t h  t i m e ,  t h e  f a t i g u e  s t r e n g t h  a t  t h e  
b lade  d e s i g n  l i f e  of 30 y e a r s  would be  around 55 percent  of t h e  s t a t i c  
va lue .  Thus, t h e  c r eep  r u p t u r e  s t r e n g t h  may not  be a s  s eve re  a  f a c t o r  
a s  t h e  c y c l i c  f a t i g u e  s t r e n g t h ,  



4.2 Other P l a t e r i a l s  

Hub at tachment  s t u d s ,  - The load  take-off s t u d s  f o r  a t tachment  t o  
t h e  hub a r e  t o  be  made from hea t  t r e a t e d  steel  a l l o y  SAE 4140. The re- 
s u l  t is  a high s t r e n g t h  s tud  wi th  good toughness c h a r a c t e r i s t i c s  . 
St reng th  va lues  f o r  SAE 4140, o i l  quenched a r e :  

Rockwell hardness  : C40-C42 

Ul t imate  s t r e n g t h :  186,000 p s i  minimum 

Yield s t r e n g t h :  160,000 p s i  minimum 

Bonding agen t ,  - The bonding agent  used t o  bond t h e  s t u d s  i n t o  t h e  
b lade  is  t h e  WEST epoxy system formulated and d i s t r i b u t e d  by 
t h e  b lade  des ign  c o n t r a c t o r  (Gougeon Bros. ,  Inc . ) .  Basic  phys i ca l  prop- 
e r t i e s  of  t h i s  epoxy system are: 

3 Densi ty:  71 l b / f t  (1.14 s p e c i f i c  g r a v i t y )  

T e n s i l e  s t r e n g t h :  6,500 l b / i n  2 

' 2  
Compressive s t r e n g t h :  7,000 l b / i n  

Ul t imate  e longa t ion :  8 t o  9 percent  

Hardness (Rockwell M ) :  73 

E l a s t i c  modulus : 3 x 1 0 ~  l b / i n  2 

Ult imate  shear  s t r e n g t h  was no t  s p e c i f i c a l l y  measured f o r  t h e  bonding 
r e s i n .  However, a v a l u e  of 7,000 p s i  was es t imated  from c o n s i d e r a t i o n  
of t h e  u l t i m a t e  t e n s i l e  and compressive s t r e n g t h s  of t h e  r e s i n  and t h e  
u l t i m a t e  shea r  s t r e n g t h s  of s i m i l a r  epoxies .  

Unlike wood, t h e  bonding r e s i n  is  s t r o n g e r  i n  compression than  i n  
t ens ion .  The r e s i n ,  t h e r e f o r e ,  r e i n f o r c e s  t h e  wood f i b e r s  t o  i n c r e a s e  
compressive s t r e n g t h .  The bonding r e s i n  a c t s  a s  a mois ture  b a r r i e r  and 
he lps  p r o t e c t  t h e  wood from high-moisture-content e f f e c t s  a s  w e l l  a s  
from t h e  e f f e c t s  of s a l t  spray ,  fungus, and s u n l i g h t .  Furthermore, t h e  
epoxy r e s i n  c o a t i n g  provides  a hard s u r f a c e  which resists l o c a l  den t ing  
when used wi th  a s u r f a c e  s k i n  of  g l a s s  c l o t h .  Th i s  same c o a t i n g  produces 
an  aerodynamical ly  smooth f i n i s h  f o r  t h e  b l ade  s u r f a c e .  

Two types  of ha rdene r sa re  used wi th  West System epoxy r e s i n  t o  pro- 
duce t h e  d e s i r e d  pot l i f e  of t h e  adhes ive .  Hardener t ypes  205 and 206 
provide s h o r t  and long  r e s i n  c u r e  t i m e s ,  r e s p e c t i v e l y .  The phys i ca l  prop- 
e r t i e s  of  t h e  epoxy r e s i n  systems a f t e r  c u r e  are w i t h i n  1 0  percent  of 
each o t h e r ,  w i th  t h e  105-205 mixture  being t h e  s t r o n g e r  of  t h e  two. 
Seve ra l  types  of f i l l e r s  a r e  a l s o  used w i t h  t h e  epoxies  t o  modify t he  
phys i ca l  c h a r a c t e r i s t i c s  by r e i n f o r c i n g  t h e  r e s i n .  The f i l l e r s  change 
t h e  v i s c o s i t y  of t h e  r e s i n  fo rmula t ion  which is  important  i n  main ta in ing  
p o s i t i o n  of  t h e  mix u n t i l  c u r e  i s  completed. A mat r ix  of  d a t a  d e s c r i b i n g  



t h e  e f f e c t  of v a r i o u s  f i l l e r s  on d e n s i t y  and e l a s t i c  modulus is given i n  
Table  11. 

Honeycomb core .  - The s t r u c t u r a l  honeycomb m a t e r i a l  proposed f o r  
use i n  b l ade  f a b r i c a t i o n  i s  made from a phenol ic  r e in fo rced  Kra f t  paper.  
The c o r e  m a t e r i a l  used i s  manufactured by t h e  V e r t i c e l  Company and is 
des igna ted  by t h e  number 112-60-60-15. The f i r s t  number (112) r e f e r s  t o  
t h e  c e l l  s i z e  i n  inches .  The next  two numbers (60-60) r e f e r  t o  paper 
weight used.  The l a s t  number (15) r e p r e s e n t s  t h e  phenol ic  r e s i n  con ten t  
by percent  weight .  P r o p e r t i e s  are: 

3 Densi ty:  1.54 l b l f t  (0.025 s p e c i f i c  g r a v i t y )  

Longi tud ina l  shea r  s t r e n g t h :  45 .1  l b l i n  2  

Longi tud ina l  shear  modulus: 5,843 l b / i n  2  

Transverse  shea r  s t r e n g t h :  15 .1  l b / i n  2 

Transverse  shea r  modulus: 1 ,880 l b l i n  2 

Compression s t r e n g t h :  32.0 l b l i n  2 

The ~ e r t i c e l ' ~ )  honeycomb c o r e  r e s i s t s  compression and deformation,  ~ 

and when bonded between pane l  s k i n s ,  i t  i n c r e a s e s  pane l  s t i f f n e s s  by 
r e s i s t i n g  movement of t h e  load-car ry ing  s k i n s .  

7.0 KEY COMPONENT TESTS 

Two of t h e  key components of t h e  b lade  des ign  concept ,  t h e  nose 
p i ece  l amina t e  and t h e  hub-to-root a t tachment ,  were of such s i g n i f -  
i c ance  t o  t h e  u l t i m a t e  succes s  of t h e  b lade ,  t h a t  tests of  t h e i r  per- 
formance were conducted. I n  a d d i t i o n ,  s e v e r a l  m a t e r i a l  sample tests 
were conducted t o  o b t a i n  des ign  p rope r ty  va lues  f o r  t h e  m a t e r i a l s  t h a t  
would be used i n  b lade  c o n s t r u c t i o n ,  such a s  t h e  f i l l e r  and r e s i n  com- 
b i n a t i o n s  f o r  t h e  adhes ive  descr ibed  i n  t h e  prev ious  s e c t i o n  on m a t e r i a l  
p r o p e r t i e s .  

7 .1  Veneer J o i n t s  

Because t h e  1116-inch t h i c k  Douglas-f i r  venee r s  used f o r  t h e  nose 
p i ece  l amina t e  (main s t r u c t u r a l  beam member) have a  maximum l e n g t h  of 
about 18  f e e t ,  l e n g t h s  of  veneer  s t r i p s  a r e  b u t t  jo ined  wi th  adhes ive  
t o  provide  t h e  m a t e r i a l s  used f o r  b l ade  c o n s t r u c t i o n .  Although c a r e  i s  
taken t o  s t a g g e r  t h e s e  j o i n t s  s o  t h a t  ad jo in ing  p l i e s  do no t  a l i g n ,  i t  
was regarded s i g n i f i c a n t  t o  test samples of  m u l t i p l e  b u t t  j o i n t s  f o r  
s t a t i c  s t r e n g t h s .  The tests a l s o  determined t h e  e f f e c t  of  j o i n t  gap 
width on lamina te  s t r e n g t h .  

According t o  t h e  v a l u e s  t h e  prev ious  s e c t i o n  on m a t e r i a l  p r o p e r t i e s ,  
t h e  compressive s t r e n g t h  of  t h e  bonding r e s i n  (7,000 p s i )  is  about  t h e  



same a s  t h e  compressive s t r e n g t h  of t h e  f i r  (7,500 p s i ) .  However, t h e  
r e s i n  t e n s i l e  s t r e n g t h  (6,500 p s i )  is  s u b s t a n t i a l l y  l e s s  than  t h a t  of t h e  
f i r  (15,000 p s i ) .  Tension, t h e r e f o r e ,  i s  t h e  c r i t i c a l  concern f o r  t h e  
but ted  veneer  j o i n t s .  When heav i ly  loaded i n  t e n s i o n ,  a  lamina te  sample 
would f a i l  a t  t h e  l o c a t i o n  wi th  t h e  l e a s t  amount of c ros s - sec t iona l  wood 
f i b e r  . 

I n  o r d e r  t o  i n v e s t i g a t e  t h e  t e n s i l e  s t r e n g t h  of  bu t ted  j o i n t  veneers ,  
samples were cons t ruc ted  f o r  t h e  most adverse  c a s e  of 50 percent  a l i gned  
j o i n t s .  Th i s  is  i l l u s t r q t e d  i n  f i g u r e  34 (a ) ,  Two gap widths were used. 
A small gap r e f e r s  t o  t h e  s e p a r a t i o n  when t h e  veneers  a r e  t i g h t l y  bu t t ed ,  
whi le  a  l a r g e  gap c o n s t i t u t e s  a  space  of 1 t o  2 veneer  t h i cknesses ,  I n  
both c a s e s  t h e  gaps were f i l l e d  wi th  adhesive.  

The b u t t - j o i n t  t e s t  specimens were approximately 1 i n .  by 1 i n .  by 
1 2  i n .  long ,  and were t e s t e d  t o  f a i l u r e  (modulus of rup tu re )  i n  s imple 
beam bending wi th  a  c e n t r a l  l oad .  The t e s t  load  w a s  appl ied  i n  t h e  p lane  
of t h e  sample a t  t h e  c e n t e r  of t h e  edge. A specimen wi th  cont inuous 
veneers  was a l s o  t e s t e d  t o  provide t h e  r e f e rence  va lue  f o r  no b u t t  
j o i n t s .  Three r e p l i c a t e s  were used f o r  each conf igu ra t ion .  

Tes t  r e s u l t s  revea led  t h a t  t h e  50 percent  j o i n t e d  specimen had ap- 
proximately 70 percent  of t h e  s t r e n g t h  of t h e  specimen without  j o i n t s .  
For a  modulus of r u p t u r e  type  of f a i l u r e ,  t h i s  r e s u l t  implied t h a t  t h e  
behavior of t h e  j o i n t e d  conf igu ra t ion  w a s  r e l a t e d  t o  l o s s  i n  c ross -  
s e c t i o n a l  a r e a  a lone ,  and t h a t  t h e r e  were no adverse  i n t e r a c t i o n s  i n  t h e  
reg ion  of t h e  j o i n t s .  Thus, t h e  l amina te s  can be considered t o  be f r e e  
of any stress concen t r a t ion  o r  no tch  e f f e c t s .  The t e s t s  a l s o  showed no 
s i g n i f i c a n t  d i f f e r e n c e s  between t h e  performance of  small and l a r g e  gap 
j o i n t s ,  a s  long a s  t h e  j o i n t s  were a c c u r a t e l y  a l i gned .  

I n  apply ing  the  preceding r e s u l t s  t o  t h e  b l ade  des ign ,  t h e  b lade  
was considered a s  a  c a n t i l e v e r e d  wood beam wi th  joined veneers ,  a s  shown 
i n  f i g u r e  34(b) ,  The bending moments induced by wind, c e n t r i f u g a l ,  o r  
g r a v i t a t i o n  f o r c e s  cause t h e  l amina t ions  on one s i d e  of t h e  n e u t r a l  a x i s  
t o  be i n  t ens ion ,  whi le  t h e  oppos i t e  s i d e  is  i n  compression. S ince  no 
adverse  e f f e c t s  a r e  caused by b u t t  j o i n t s  under compression, t h e  compres- 
s i v e  c a p a b i l i t y  of t h e  lamina t ion  i s  n o t  a f f e c t e d .  The tens ion-s ide  
s t r e n g t h  i s  a f f e c t e d ,  but  on ly  i n  p ropor t ion  t o  t h e  reduct ion  i n  c ross -  
s e c t i o n a l  a r e a .  During lamina t ion  of t h e  veneers ,  t h e  chance of  a l i gn -  
ment of more than two neighboring b u t t  j o i n t s  is s t a t i s t i c a l l y  remote, 
and t h e  chance of 50 percent  alignment should be e f f e c t i v e l y  zero .  Thus, 
t h e  f i r s t  f a i l u r e  i n  t h e  beam would s t i l l  be t h e  c rushing  of wood f i b e r s  
on t h e  compression s i d e  of t h e  laminated beam. 

These veneer t e s t s  d i d  no t  t ake  i n t o  account  t h e  long-term e f f e c t s  
of f a t i g u e  from c y c l i c  loading  on t h e  a l igned  b u t t  j o i n t s .  The r e s u l t s  
from t h i s  most adverse  c a s e  of 50 percent  a l i gned  j o i n t s  i nd ica t ed  t h a t  
s t r e s s  concen t r a t ion  e f f e c t s  a r i s i n g  from t h e  b u t t  j o i n t s  should not  be  
a major f a c t o r .  However, t h e  f a t i g u e  s t r e n g t h  of t h e  veneered laminate  
i s  expected t o  be lower than  t h a t  of t h e  corresponding s o l i d  m a t e r i a l ,  



7 - 2  Hub Attachment 

The root-to-hub at tachment  concept  of t r a n s f e r r i n g  b lade  l o a d s  through 
s t u d s  bonded i n t o  t h e  b l ade  r o o t  ( f i g .  15)  is  a  key s t r u c t u r a l  f e a t u r e  i n  
t h e  des ign ,  and a  b e t t e r  understanding of t h i s  concept  was r equ i r ed .  There- 
f o r e ,  an  e x t e n s i v e  bonded-stud t e s t i n g  program was performed a t  a n  e a r l y  
phase i n  t h e  b lade  des ign  process .  These s t u d  tests a r e  desc r ibed  and 
analyzed i n  r e f e r e n c e  16.  The s tud  i n v e s t i g a t i o n  involved two phases: 
tests on i n d i v i d u a l  s t u d  samples f o r  bo th  u l t i m a t e  load-car ry ing  capab i l -  
i t y  (pu l l -ou t  load)  and f a t i g u e  s t r e n g t h ;  and bending tests of a  20-foot- 
long ,  f u l l - s c a l e  inboard b lade  s e c t i o n .  

Load take-off  s t ud  t e s t s .  - I n  t h e  f i r s t  phase of t h e  s t u d  test 
program, a number of  s i ng l e - s tud  t e s t  specimens were cons t ruc t ed  t o  de- 
f i n e  problem a r e a s ,  exp lo re  t h e  many v a r i a b l e s  involved ,  and e s t a b l i s h  
a  b a s e l i n e  t e s t  con f igu ra t i on .  These samples were t y p i c a l l y  cons t ruc t ed  
of a  wood b lock  4  i n .  by 4  i n .  by 24 i n .  long  i n  which a  ho l e  was bored 
i n  one end, A threaded s t e e l  s t u d  was then  i n s e r t e d  i n  t h e  ho l e ,  he ld  i n  
a l ignment ,  and bonded i n  p l ace  w i t h  WEST system(R) epoxy adhes ive .  Vari- 
a b l e s  eva lua t ed  included t h e  t ype  of wood c o n s t r u c t i o n  ( s o l i d ,  laminated 
venee r s ) ,  t h e  e p o x y l f i l l e r  system used t o  bond t h e  s tud  i n  p l ace ,  t h e  
s t u d  c o n f i g u r a t i o n  ( l e n g t h ,  d i ame te r ,  t a p e r ,  imbedded th read ) ,  and t h e  
ho l e  c o n f i g u r a t i o n  ( s t r a i g h t ,  t ape red ,  s t ep - t ape red ) .  

The exper imenta l  e v a l u a t i o n  of s t u d  c o n f i g u r a t i o n  was supported by 
t h e o r e t i c a l  a n a l y s i s .  The c r i t i c a l  s t r e n g t h  p rope r ty  f o r  t h e  hub a t t a c h -  
ment i s  t h e  shea r  stress i n  t h e  epoxy genera ted  by t h e  a x i a l  l oad  pro- 
duced by t h e  b l ade  bending moment a t  t h e  r o o t .  Epoxy shear  stress v a r i e s  
a long  t h e  l e n g t h  of  t h e  s t u d ,  w i t h  peak va lues  a t  t h e  ends of  t h e  s tud  
due t o  stress concen t r a t i on  e f f e c t s .  A r e p r e s e n t a t i v e  va lue  of  peak 
shea r  stress i n  t h e  epoxy was c a l c u l a t e d  from a  f i n i t e - d i f f e r e n c e  computer 
program developed by t h e  b lade  c o n t r a c t o r .  Th i s  a n a l y s i s  t r e a t e d  t h e  
s t e e l  s t ud  and t h e  epoxy a s  l i n e a r  e lements  w i t h  v a r i a b l e  e l a s t i c i t y .  
The peak s h e a r  c a l c u l a t i o n  was used t o  s e l e c t  improved s t u d l h o l e  geom- 
e t r i e s  through b e t t e r  ba lanc ing  of  wood and s t u d  stress d i s t r i b u t i o n s  
a long  t h e  l e n g t h  of  t h e  s t u d .  

The b a s e l i n e  s tud  and b lock  c o n f i g u r a t i o n  t h a t  evolved from t h e s e  
e a r l y  tests and s t u d i e s  is  shown i n  f i g u r e  35. Both t h e  s tud  and t h e  
wood hole  were t ape red ,  w i t h  a n  imbedded l e n g t h  of  1 5  inches .  The s t u d s  
were turned from 24-inch d iameter  bar  s t o c k  t o  provide  a  2-inch d iameter  
threaded s e c t i o n  which could be  d i r e c t l y  adapted i n t o  t h e  test machine. 
The t e s t  block was cons t ruc t ed  of  l amina t e s  made from 118-inch-thick 
Douglas-f i r  veneers  trimmed t o  t h e  &in .  by 4-in.  by 24-in. s i z e .  The 
wood g r a i n  was o r i e n t e d  p a r a l l e l  t o  t h e  load  d i r e c t i o n .  It was a l s o  found 
t h a t  a  t h i n  cap of b i r c h  plywood bonded t o  t h e  open end of t h e  laminated 
f i r  block prevented c r ack ing  of  t h e  wood l o n g i t u d i n a l l y ,  and r e s u l t e d  i n  
a  s u b s t a n t i a l  improvement i n  t h e  s tud  pul l -out  load .  A photograph of 
s e v e r a l  test s t u d s  i s  shown i n  f i g u r e  3 6 .  

A second s e t  of s t u d  samples w i t h  t h e  b a s e l i n e  c o n f i g u r a t i o n  of f i g -  
u r e  35 was then t e s t e d  f o r  u l t i m a t e  load-car ry ing  c a p a b i l i t y  and f a t i g u e .  
These t e s t  specimens included s t u d s  w i t h  v a r i o u s  amounts of t a p e r  and 



d i f f e r e n t  t h r ead  geomet r ies  which were designed t o  lower t h e  stress con- 
c e n t r a t i o n  i n  t h e  adhes ive .  The e f f e c t s  of a  mold r e l e a s e  agent  and 
s e v e r a l  epoxy f i l l e r s  were a l s o  eva lua t ed .  

The r e s u l t  of t h i s  second phase of  t h e  i n v e s t i g a t i o n  was a  t ape red  
s tud  w i t h  s i g n i f i c a n t l y  improved f a t i g u e  performance, even when t h e  
s tud  was t r e a t e d  w i t h  a  mold r e l e a s e  agen t  s o  t h a t  no adhesion a c t i o n  
was p re sen t .  About 3 x 1 0 ~  c y c l e s  were ob t a ined  a t  a  maximum load  of 
35,000 pounds. An endurance l oad  of  up t o  28,000 pounds was es t imated  
f o r  t h e  b l ade  des ign  l i f e  of 4 x 1 0 ~  c y c l e s .  The improved s tud  conf igura-  
t i o n  a l s o  s u s t a i n e d  a  pul l -out  load  of a t  l e a s t  70,000 pounds. Both t h e  
f a t i g u e  and pul l -ou t  t e s t  l o a d s  were cons idered  s a t i s f a c t o r y  f o r  t h e  
b lade  des ign  l o a d s  determined a t  t h e  t ime of t h e  tests. 

Fu l l - s ca l e  b l ade  s e c t i o n  tests. - The s t u d  at tachment  concept was 
a l s o  t e s t e d  i n  a  f u l l - s c a l e ,  20-foot long  b l ade  s e c t i o n  which conta ined  
t h e  e n t i r e  roo t  end wi th  imbedded s t u d s .  The s t u d s  were untapered wi th  
1- in .  d i ame te r s  and 15-in. l e n g t h s  i n  t h e  imbedded p o r t i o n .  The s tud  
shank had 314-in. d iameter  t h r e a d s  on t h e  head p o r t i o n .  Wood t h i c k n e s s  
i n  t h e  laminated s e c t i o n s  around t h e  s t u d s  was 3 .0  inches .  Th i s  b lade  
s e c t i o n  was t e s t e d  a t  t h e  NASA Lewis Research Center  f o r  load  c a p a b i l i t y  
and d e f l e c t i o n  i n  t h e  edgewise,  f l a t w i s e ,  and combined modes. Following 
t h e s e  t e s t s ,  t h e  b lade  was shipped t o  t h e  U.S. Army Research and Tech- 
nology Labora to r i e s  a t  F o r t ,  E u s t i s ,  V i r g i n i a ,  f o r  f a t i g u e  t e s t i n g .  The 
b l ade  was c a n t i l e v e r  mounted w i t h  t h e  l oad  a p p l i e d  a t  t h e  f r e e  end. The 
b lade  chord was set a t  45 degrees  t o  t h e  load i n  o r d e r  t o  approximate t h e  
combined a p p l i c a t i o n  of f l a t w i s e  and chordwise des ign  loads .  A s teady-  
p lu s - cyc l i c  l oad ing  p r o f i l e  was used. These tests a r e  desc r ibed  i n  r e f -  
e r ence  16 ,  

Af t e r  i n i t i a l  problems due t o  tes t  f i x t u r e  f l e x i b i l i t y ,  t h e  b l ade  
was cycled 1 x 1 0 ~  t imes  without  f a i l u r e  a t  l o a d s  t h a t  produced bending 
moments of  8x104, 11x104, and 1 4 x 1 0 ~  foot-pounds. The r e s p e c t i v e  maximum 
t e n s i l e  l o a d s  on t h e  s t u d s  were 8,590, 11,810,  and 15,040 pounds. F a i l u r e  
a t  a  high stress concen t r a t i on  i n  t h e  s teel  s tud  occurred a t  0 . 6 7 ~ 1 0 6  
c y c l e s  w i t h  an app l i ed  moment of 20x104 foot-pounds (21,480 l b  maximum 
load on t h e  s t u d ) .  The conc lus ion  reached from t h i s  t e s t  w i th  untapered 
s t u d s ,  a s  s t a t e d  i n  r e f e r e n c e  1 6 ,  was t h a t  adequate  stress margin should 
be a v a i l a b l e  f o r  bo th  t h e  30-year f a t i g u e  and t h e  u l t i m a t e  load  (h igh  
wind) c a p a b i l i t i e s  t o  warrant  use of  t h e  at tachment  concept f o r  f a b r i c a -  
t i o n  of f u l l - s c a l e  Mod-OA b lades .  

F i n a l  s t ud  des ign .  - A s  a  r e s u l t  o f  t h e  above s tud  at tachment  tests9; 
as we l l  a s  f u r t h e r  a n a l y s i s  of  peak epoxy shea r  stress, a  f i n a l  s t ud  
c o n f i g u r a t i o n  was developed f o r  t h e  f u l l - s c a l e  b l ade  des ign .  Th i s  des ign  
s tud  c o n f i g u r a t i o n  i s  shown i n  f i g u r e  37. The tapered  s t u d  had a  maxi- 
mum diameter  of 1,s inches  a t  t h e  r o o t  and 0.75 inches  a t  t h e  t i p  and 
pene t r a t ed  t h e  b lade  f o r  a  depth  of 1 5  inches .  The c o n f i g u r a t i o n  was 
found t o  produce a  lower v a l u e  of c a l c u l a t e d  peak epoxy shea r  s t r e s s  
than f o r  any of t h e  tapered  s tud  specimens t e s t e d .  



The roo t  diameter  of  t h e  s tud  w a s  maintained a t  1 .5  inches  f o r  ap- 
proximately 3  inches  i n  l e n g t h  be fo re  t a p e r i n g  l i n e a r l y  t o  t h e  0.75 inch  
d iameter  a t  t h e  t i p ,  The h o l e  was t o  be s t ep - t ape r -d r i l l ed  approximately 
318-inch diameter  l a r g e r  than  t h e  s t u d  f o r  i nc reased  wood bonding a rea .  
To reduce s t r e s s  concen t r a t ions  i n  t h e  epoxy, a  rounded Acme th read  wi th  
0.2-inch p i t c h  and 0.1-inch dep th  was incorpora ted  on t h e  t a p e r i n g  s tud  
sec t ion .  The th read  was s t a r t e d  g radua l ly  a t  t h e  s tud  r o o t  and d i d  no t  
reach  f u l l  depth  u n t i l  around 3  inches  from t h e  r o o t .  The purpose of t h i s  
t r a n s i t i o n  was t o  avoid s t r e s s  concen t r a t ion  i n  t h e  s t e e l  a t  t h e  s tud  
r o o t  due t o  r ap id  changes i n  a r e a  t h a t  a r e  u s u a l l y  a s soc i a t ed  wi th  t h e  
s t a r t  of a  th read .  

The bonding agent  chosen was a  mixture  of t h e  slow hardening ad- 
hes ive  w i t h  a sbes tos  f i b e r  r e i n f o r c i n g  f i l l e r .  The slow cu r ing  adhes ive  
was s e l e c t e d  because of t h e  t ime r equ i r ed  t o  coa t  t h e  24 s t u d s  and bond 
them i n t o  p lace .  The des ign  s t u d s  were g r i t  b l a s t e d  p r i o r  t o  a p p l i c a t i o n  
of t he  adhes ive .  

8.0 STRUCTURAL DESIGN ANALYSIS 

A f t e r  f e a s i b i l i t y  of t h e  key components was e s t a b l i s h e d  and t h e  ma- 
t e r i a l  p r o p e r t i e s  were de f ined ,  a  d e t a i l e d  s t r u c t u r a l  a n a l y s i s  of t h e  
b lade  des ign  was conducted. Severa l  des igns  and ana lyses  were made p r i o r  
t o  t h e  es tab l i shment  of t h e  f i n a l  b lade  conf igu ra t ion .  The d e t a i l e d  
s t r u c t u r a l  a n a l y s i s  descr ibed  h e r e i n  was t h a t  f o r  t h e  i t e r a t i o n  imme- 
d i a t e l y  preceeding t h e  f i n a l  des ign .  Subsequent b lade  mod i f i ca t ions  were 
minor so  t h a t  a  d e t a i l e d  a n a l y s i s  w a s  no t  repea ted  f o r  t h e  f i n a l  des ign .  
The b lade  conf igu ra t ion  f o r  which t h e  s t r u c t u r a l  a n a l y s i s  i s  d e t a i l e d  
he re in  w i l l  be r e f e r r e d  t o  a s  t h e  " s t r e s s  ana lys is ' '  con f igu ra t ion .  

The s t r u c t u r a l  des ign  a n a l y s i s ,  as descr ibed  h e r e i n ,  d e f i n e s  t h e  
b lade  l o a d s  cons idered ,  t h e  s t r e s s e s  generated by t h e  loads ,  and t h e  
margins of s a f e t y  a g a i n s t  f a i l u r e  from the  generated s t r e s s e s .  The c a l -  
c u l a t i o n s  a l s o  e s t a b l i s h  t h e  o v e r a l l  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  of t h e  
blade.  The a n a l y s i s  i s  descr ibed  f i r s t  f o r  t h e  primary b lade  s t r u c t u r e  
and then  f o r  t h e  hub at tachment .  

8 .1  Primary Blade S t r u c t u r e  

The b lade  chord l eng ths ,  t h i cknesses  and e x t e r n a l  geometry of t h e  
" s t r e s s  a n a l y s i s "  b lade  conf igu ra t ion  were t h e  same a s  f o r  t h e  f i n a l  de- 
s i g n  (Table I and f i g .  1 0 ) .  The th i ckness  of some of t h e  i n t e r n a l  s t ruc -  
t u r a l  members had not  been f i n a l i z e d  a t  t h i s  t ime ( they  were l a t e r  in-  
c reased  s l i g h t l y  t o  improve s a f e t y  margins) .  The major l oads  on t h e  
b lade  s t r u c t u r e  were taken  f o r  two gene ra l  cond i t i ons :  normal cont inuous 
ope ra t ion ,  and p e r i o d i c  even t s  such a s  r ap id  shutdown o r  hu r r i cane  g u s t s  
which occur  a t  low frequency du r ing  t h e  ope ra t ing  l i f e  of t h e  b lade .  

Normal ope ra t ion  loads .  - The b l ade  l o a d s  dur ing  normal ope ra t ion  
a r e  v a r i a b l e ,  wi th  mean and c y c l i c  components a s  shown schemat ica l ly  i n  
f i g u r e  7. I n  t h e  f l a t w i s e  o r i e n t a t i o n ,  t h e  l o a d s  a r e  due t o  t h e  e f f e c t s  



of  t h r u s t  from aerodynamic l i f t ,  c e n t r i f u g a l  f o r c e  due t o  b lade  coning,  
and c y c l i c  l i f t  f o r c e s  caused by wind g r a d i e n t s  and tower wake flow, I n  
t h e  edgewise b lade  orientation, t h e  dead-weight g r a v i t y  moment is  t h e  
major working load .  The load  c a l c u l a t i o n s  a l s o  included t h e  o p t i o n  of  
t h e  a d d i t i o n  of a  50-pound weight a t  t h e  b l ade  t i p  f o r  b lade  ba lanc ing  
o r  f ine- tun ing  of  n a t u r a l  f requency,  

Blade bending moments f o r  t h e  maximum normal o p e r a t i n g  c o n d i t i o n  
of 40  mph wind speed and 40 rpm r o t a t i o n a l  speed w e r e  c a l c u l a t e d  a t  
NASA LeRC u s i n g  t h e  PIOSTAB-WTE computer code ( r e f .  1 7 ) .  Th i s  is a  
s i n g l e  b lade ,  one-degree-of-freedom code i n  which t h e  b lade  may execute  
one f l a p p i n g  mode wi th  d e f l e c t i o n s  p a r a l l e l  t o  t h e  a x i s  permi t ted .  
Rotor speed i s  c o n s t a n t ,  and t h e  r o t o r  s h a f t  i s  assumed t o  be r i g i d l y  
supported.  The code c o n t a i n s  two empi r i ca l  c o n s t a n t s  ob ta ined  from 
e a r l i e r  Mod-0 test d a t a ,  These c o n s t a n t s  were in t roduced  t o  a d j u s t  t h e  
r e s u l t a n t  b lade  bending moment cu rves  f o r  l o a d s  induced by a d d i t i o n a l  
tower and n a c e l l e  motions,  and t o  i n c r e a s e  t h e  gene ra l  l e v e l  of c a l c u l a t e d  
b lade  bending moments on t h e  b a s i s  of nominal-plus-a measured l o a d s .  For 
a d d i t i o n a l  conservat ism,  load  augmentation f a c t o r s  of 1 .25  and 1.1 were 
used t o  i n c r e a s e  t h e  c a l c u l a t e d  c y c l i c  f l a t w i s e  and edgewise moments, r e -  
s p e c t i v e l y .  

Bending moments were r ev i sed  us ing  MOSTAB-WTE dur ing  t h e  e v o l u t i o n  
of t h e  b l ade  des ign .  R e s u l t s  of t h e  l a s t  of t h e s e  c a l c u l a t i o n s  a r e  shown 
i n  f i g u r e s  38(a)  and ( b ) .  Maximum bending moments ( c y c l i c  and s t eady )  
a t  t h e  b l ade  hub f o r  normal o p e r a t i o n  a r e  12.43x104 f t - l b  f l a t w i s e  and 
7 . 9 3 ~ 1 0 ~  f t - l b  edgewise. The a d d i t i o n  of a  50-pound weight a t  t h e  b l ade  
t i p  had a  smal l  e f f e c t  on maximum moments. The l a r g e s t  change a t t r i b u t -  
a b l e  t o  t h e  t i p  weight  was an  i n c r e a s e  i n  edgewise maximum moment from 
7 . 9 3 ~ 1 0 ~  t o  8 . 3 ~ 1 0 ~  f  t - l b .  

Hurr icane  l o a d s ,  - One of t h e  c r i t i c a l  l o a d s  t h a t  can be imposed on 
t h e  b lade  r e s u l t s  from wind g u s t s  of h u r r i c a n e  p ropor t i ons .  When s t r o n g  
winds occur ,  t h e  b l ades  a r e  f e a t h e r e d ,  bu t  they  a r e  s t i l l  s u b j e c t  t o  
aerodynamic loading .  A f i x e d  aerodynamic load  of 50 1b/ f t2  was s p e c i f i e d  
a s  t h e  es t imated  load  f o r  t h i s  c o n d i t i o n ,  Th i s  load  corresponds t o  t h e  
maximum l i f t  f o r c e  on t h e  b l ade  (average maximum CL approximately 1.39) 
f o r  a wind gus t  o f  120 mph. Bending moments were c a l c u l a t e d  by i n t e g r a t -  
i n g  t h e  u n i t  p r e s s u r e  over  t h e  planform a r e a  of  t h e  b lade  ( t o t a l  l o a d ,  
10,730 l b ) .  The bending moment produced by t h i s  aerodynamic l oad  is  
shown i n  f i g u r e  39. The maximum moment of 29.0xlo4 f  t - l b ,  f l a t w i s e ,  i s  
more than  twice  t h a t  r e s u l t i n g  from normal o p e r a t i o n  ( f i g .  38) ,  

Shutdown l o a d s .  - Another c r i t i c a l  s t a t i c  load  c a s e  occu r s  du r ing  
an  emergency shutdown of  t h e  r o t o r  due t o  r o t a t i o n a l  overspeed. During 
emergency shutdown, t h e  b l ades  a r e  f e a t h e r e d  through nega t ive  p i t c h  t o  
ha l t  b lade  r o t a t i o n .  I n  s o  doing,  t h e  b l ades  go through maximum nega- 
t i v e  l i f t .  The c a s e  analyzed f o r  emergency shutdown was a  r o t a t i o n a l  
speed of 45 rpm, a  wind speed o f  40 mph, and a l l  b l ade  s e c t i o n s  expe r i -  
enc ing  maximum nega t ive  l i f t  a t  t h e  same t i m e .  The v a r i a t i o n  of  maximum 
nega t ive  l i f t  c o e f f i c i e n t  was presen ted  e a r l i e r  i n  f i g u r e  l 4 ( a ) .  The 
spanwise v a r i a t i o n  i n  aerodynamic l o a d i n g  r e s u l t i n g  from t h e  emergency 
shutdown c o n d i t i o n  i s  shown i n  f i g u r e  40 (a ) ,  



I n  a d d i t i o n  t o  t h e  aerodynamic moment, t h e  moment c r ea t ed  by the  
a c t i o n  o f  c e n t r i f u g a l  f o r c e  on t h e  b l ade  (7' coning ang le  p l u s  e l a s t i c  
d e f l e c t i o n )  was a l s o  c a l c u l a t e d .  The moment d i s t r i b u t i o n s  from only  t h e  
aerodynamic load  and. t h e  combined c e n t r i f u g a l  and aerodynamic l oads  a r e  
shown i n  f i g u r e  40(b) .  I n  t h e  c a l c u l a t i o n s  f o r  t h e  t o t a l  moment given i n  
f i g u r e  40 (b ) ,  no i t e r a t i o n  was made f o r  t h e  i n t e r a c t i o n  between t h e  a i r  
and c e n t r i f u g a l  l oads .  

A s  can be seen  i n  f i g u r e  40(b) ,  t h e  maximum bending moment of 
38.0x1$ f  t - l b  i s  g r e a t e r  than  t h a t  from t h e  h u r r i c a n  g u s t  c a s e  ( f i g .  39). 
The emergency shutdown thus  becomes t h e  c r i t i c a l  l i m i t  load  c o n d i t i o n  f o r  
t h e  b lade  des ign .  I n  t h i s  regard ,  i t  is noted t h a t  t h e  model f o r  t h e  
load  is  conse rva t ive ,  s i n c e  maximum nega t ive  l i f t  a t  t h e  same i n s t a n t  
everywhere a long  t h e  b lade  span i s  n o t  l i k e l y .  Data from Mod-OA f i e l d  
s e r v i c e  confirms t h i s ,  i n  t h a t  emergency shutdown peak load  v a l u e s  tend 
t o  be around 70 percent  of what t h e  a n a l y t i c a l  model p r e d i c t s .  

Bending s t r e s s e s .  - The v a r i a t i o n  of bending s t r e s s e s  a long  t h e  b lade  
span was determined us ing  convent iona l  beam bending theory .  Steady,  
c y c l i c ,  and t o t a l  s t r e s s e s  were determined.  Geometric p r o p e r t i e s  of  
e i g h t  b l ade  c r o s s  s e c t i o n s  a long  t h e  span f o r  t h e  "stress a n a l y s i s "  con- 
f i g u r a t i o n  were determined by d i v i d i n g  t h e  members of t h e  c r o s s  s e c t i o n  
i n t o  a  number of e s s e n t i a l l y  r e c t a n g u l a r  e lements ,  Summations of  t h e  
elements  produced t h e  weight pe r  f o o t  of span,  t h e  l o c a l  c e n t e r  of grav- 
i t y ,  shea r  c e n t e r ,  n e u t r a l  a x i s ,  and t h e  moments of i n e r t i a ,  I ,  about  
t h e  f l a t w i s e  and edgewise axes .  Sec t ion  s t i f f n e s s ,  E I ,  was a l s o  d e t e r -  
minted,  based on t h e  e l a s t i c  moduli  of  t h e  components of t h e  c r o s s  sec- 
t i o n .  The b l ade  c r o s s  s e c t i o n  elements  f o r  t h e  s e l e c t e d  spanwise s t a -  
t i o n s  a r e  shown i n  f i g u r e  41, 

Design s t r e s s e s  f o r  t h e  s a f e t y  margin c a l c u l a t i o n s  a r e  t h e  f l a t w i s e  
va lues  and t h e  combined va lues .  The combined stress, which assumes t h a t  
t h e  peak f l a t w i s e  and edgewise moments a r e  concu r r en t ,  r e p r e s e n t s  t h e  
most s e v e r e  s i t u a t i o n .  It i s  given by 

Wind t u r b i n e  b l ades  normally o p e r a t e  c l o s e  t o  t h e  combined stress con- 
d i t i o n .  

The c a l c u l a t e d  bending stresses f o r  t h e  "stress a n a l y s i s "  config-  
u r a t i o n  a r e  l i s t e d  i n  Table  I11 a s  a f u n c t i o n  of spanwise s t a t i o n  f o r  
t h e  p r i n c i p a l  l oad ing  cond i t i ons .  The g r e a t e s t  stresses occurred a t  
t h e  b l ade  r o o t  f o r  t h e  emergency shutdown case .  The e f f e c t  of t h e  addi- 
t i o n  of a  50-pound weight a t  t h e  t i p  i s  most pronounced f o r  t h e  f l a t w i s e  
s t r e s s e s  i n  normal ope ra t i on .  

Margin of s a f e t y .  - For b lade  bending, t h e  c r i t i c a l  s t r e n g t h  prop- 
e r t y  is  compression ( f i b e r  c rush ing ) .  The equa t ion  used f o r  t h e  margin 
of s a f e t y  a g a i n s t  f a i l u r e  i n  compression a t  a spanwise l o c a t i o n  along 



3 1 

t h e  b l ade  due t o  normal o p e r a t i o n  moments was: 

1 

where 

ac = des ign  c y c l i c  bending stress a t  t h e  s t a t i o n  

as = des ign  mean bending stress a t  t h e  s t a t i o n  

a = a l lowab le  f a t i g u e  stress of t h e  wood i n  compression a t  b lade  de- e 
s i g n  c o n d i t i o n s  

O U  
= a l lowab le  u l t i m a t e  stress of  t h e  wood i n  compression a t  b l ade  

des ign  c o n d i t i o n s  

For t h e  s t a t i c  l o a d s  of t h e  g u s t  and shutdown c a s e s ,  t h e  equa t ion  was 

Allowable s t r e s s e s  were determined from t h e  nominal s t r e n g t h  prop- 
e r t i e s  of t h e  wood (Douglas f i r  and b i r c h )  w i th  a p p r o p r i a t e  adjustment  
(knockdown) f a c t o r s .  A s  e s t a b l i s h e d  i n  t h e  s e c t i o n  on MATERIAL PROP- 
ERTY DATA, t h e  nominal compressive s t r e n g t h  of Douglas f i r  i s  7,500 p s i ,  
and t h e  endurance stress a t  4x108 c y c l e s  w a s  t aken  a s  0 .3  x 7,500 = 2,250 
p s i .  FOP normal c y c l i c  ope ra t i on ,  a s  i nd i ca t ed  i n  t h e  MATERIAL PROP- 
ERTY DATA s e c t i o n ,  t h e  knockdown f a c t o r  f o r  t empera ture  and mois ture  con- 
t e n t  was 0.9. Thus, t h e  a l lowable  f a t i g u e  s t r e s s ,  oe, w a s  t aken  a s  
2,025 p s i ,  and t h e  a l l owab le  u l t i m a t e  compressive stress, a,, was taken  
a s  6,750 p s i .  

For t h e  s t a t i c  (non-cycl ic)  l o a d s  of t h e  h u r r i c a n e  g u s t  and emer- 
gency shutdown c a s e s ,  t h e  knockdown f a c t o r  f o r  temperature  and mois ture  
con ten t  was e s t a b l i s h e d  p rev ious ly  as 0.8. It w a s  a l s o  necessary  f o r  
t h e s e  c a s e s  t o  add a  f u r t h e r  adjustment  f o r  t h e  veneer  j o i n t s  and any ma- 
t e r i a l  imper fec t ions .  Th i s  f a c t o r  w a s  t aken  a s  1/1.2.  Thus, t h e  allow- 
a b l e  u l t i m a t e  compressive stress f o r  t h e  gus t  and shutdown des ign  c a s e s  
was 5,000 p s i .  

Margin of s a f e t y  w a s  c a l c u l a t e d  f o r  t h e  s t r e s s e s  determined f o r  t h e  
b lade  c o n f i g u r a t i o n  used f o r  t h e  d e t a i l e d  stress a n a l y s i s  (Table 111).  
Resu l t s  of t h e  s a f e t y  margin c a l c u l a t i o n s  a r e  l i s t e d  i n  Table  I V  a s  a  
f u n c t i o n  of  spanwise l o c a t i o n  f o r  t h e  des ign  load ing  cond i t i ons .  A l l  
va lues  a r e  p o s i t i v e ,  w i th  t h e  emergency shutdown c a s e  showing t h e  small-  
e s t  v a l u e s ,  A more graphic  view of t h e  s a f e t y  margins is g iven  i n  f i g -  
u r e  42.  For normal c y c l i c  o p e r a t i o n ,  a s  seen  i n  f i g u r e  42 (a ) ,  t h e  lowest  



margins occur  a t  S t a t i o n  150 when t h e  combined moment is  cons idered ,  and 
near  t h e  b l ade  t i p  when t h e  50-lb t i p  l oad  i s  added. For t h e  s t a t i c  
load  c a s e s  ( f i g .  42 (b ) ) ,  r e l a t i v e l y  low margins a r e  observed from Sta- 
t i o n s  150 t o  500 f o r  t h e  emergency shutdown case .  Even though some con- 
s e rva t i sm i s  conta ined  i n  t h e  moment and s t r e s s  c a l c u l a t i o n s ,  somewhat 
l a r g e r  s a f e t y  margins were d e s i r a b l e  f o r  t h e  emergency shutdown case .  
Consequently,  s e v e r a l  of t h e  i n t e r n a l  s t r u c t u r a l  members of t h e  b lade  
were increased  i n  s i z e .  

Along wi th  t h e  b a s i c  b lade  s e c t i o n s ,  t h e  i n t e r n a l  j o i n t s  i n  t h e  
r o o t  and t a i l  were analyzed f o r  stress and load  c a r r y i n g  a b i l i t y .  Ade- 
qua t e  margins of s a f e t y  were found i n  a l l  c a s e s .  D e t a i l s  of t h e s e  
c a l c u l a t i o n s  a r e  n o t  p resen ted  he re in .  

8.2 Hub Attachment 

The load  of concern f o r  t h e  hub at tachment  a t  t h e  r o o t  end of t h e  
b lade  ( f i g .  15)  is  t h e  maximum t e n s i l e  f o r c e  on t h e  bonded s tud  r e s u l t -  
i ng  from t h e  maximum bending moment a t  S t a t i o n  32. A s  i n d i c a t e d  pre-  
v i o u s l y  by t h e  s ing le -s tud  tests, pul l -out  o r  f a t i g u e  f a i l u r e  of t h e  
s tud  bond can occur  from exces s ive  v a l u e s  of  t e n s i l e  l oad  on t h e  s tud .  
Thus, t h e  margin of s a f e t y  c a l c u l a t i o n  f o r  t h e  hub at tachment  i s  con- 
ducted i n  terms of  t e n s i l e  load  on a  s tud  i n s t e a d  of bending stress a s  
f o r  t h e  primary b lade  s t r u c t u r e  ( i . e . ,  s u b s t i t u t e  t e n s i l e  l o a d ,  P ,  f o r  
stress, a ,  i n  equa t ions  (2) and ( 3 ) ) .  The load  margin of  s a f e t y  i nvo lves  
t h e  c a l c u l a t i o n  of t h e  des ign  t e n s i l e  l o a d s  on t h e  s t u d  and t h e  d e t e r -  
mina t ion  of t h e  a l l owab le  u l t i m a t e  and f a t i g u e  l oads .  S a f e t y  margin 
de t e rmina t ions  f o r  t h e  hub at tachment  were made f o r  t h e  same t h r e e  de- 
s i g n  bending moment c a s e s  a s  before :  normal o p e r a t i o n ,  h u r r i c a n e  g u s t ,  
and emergency shutdown. 

Design loads .  - The t e n s i l e  load  on a  s tud  r e s u l t i n g  from t h e  b l ade  
bending moment a t  t h e  r o o t  ( S t a t i o n  32) was ob t a ined  from t h e  equa t ion  

where M is  t h e  bending moment, 4, i s  t h e  b o l t  c i r c l e  d i ame te r ,  and 
Ns is  t h e  number of s t u d s .  For t h e  b lade  des ign ,  J+, = 18,625 inches ,  
and Ns = 24. Thus, w i th  P i n  pounds and M i n  foot-pounds, equa- 
t i o n  (4)  becomes 

For t h e  normal o p e r a t i n g  c o n d i t i o n ,  t h e  des ign  combined moment a t  
t h e  b lade  roo t  ( S t a t i o n  32) i s  obta ined  from f i g u r e  38. The r o o t  com- 
bined c y c l i c  moment i s  1 0 . 8 7 ~ 1 0 ~  f  t - l b ,  whi le  t h e  r o o t  combined mean 
moment i s  3 . 8 7 ~ 1 0 ~  f t - l b .  The corresponding des ign  c y c l i c  and mean 
t e n s i l e  l o a d s  on t h e  s t u d s  were then  ob ta ined  from equat ion  ( 5 ) ,  r e -  
s p e c t i v e l y ,  a s  



and 

The m a x i m u m  combined load  was t h u s  15,840 pounds, 

The most s eve re  c a s e  f o r  t h e  s t a t i c  des ign  l o a d s  occur red  f o r  t h e  
emergency shutdown s i t u a t i o n .  According t o  f i g u r e  40(b) ,  t h e  moment 
a t  t h e  b l ade  r o o t  f o r  t h i s  c a s e  was 38 .0x104 f t - l b ,  Thus, t h e  maximum 
s t a t i c  de s ign  t e n s i l e  load  on t h e  s t u d  was 

Margin of s a f e t y .  - The margin of  s a f e t y  a g a i n s t  f a i l u r e  of t h e  de- 
s i g n  s t u d  was determined from t h e  s ing le -s tud  t e s t  r e s u l t s  mentioned i n  
t h e  s e c t i o n  on KEY COMPONENTS TESTS. The Mod-OA des ign  s t u d  conf igura-  
t i o n  of  f i g u r e  37 was no t  t e s t e d  i n  t h e  s ing le -s tud  s t r e n g t h  i nves t i ga -  
t i o n  desc r ibed  i n  r e f e r e n c e  16 .  However, i t s  con f igu ra t i on  was suf- 
f i c i e n t l y  c l o s e  t o  t h e  geometry of  t h e  tapered  s t u d s  used i n  t h e  t e s t s ,  
s o  t h a t  t h e  t e s t  r e s u l t s  were cons idered  a p p l i c a b l e  t o  t h e  des ign  s tud .  

I n  c o n s i d e r a t i o n  of t h e  r e s u l t s  of t h e  prev ious ly  mentioned p u l l -  
ou t  load  tests on s i n g l e  tapered  s t u d s  ( r e f .  16) ,  t h e  des ign  va lue  of  
u l t i m a t e  load  f o r  t h e  des ign  s tud  c o n f i g u r a t i o n  was taken  a s  70,000 l b .  
Thus, i f  a  knockdown f a c t o r  of 0.8 i s  used as b e f o r e  f o r  e l eva t ed  t e m -  
p e r a t u r e  e f f e c t s ,  and an  a d d i t i o n a l  f a c t o r  of 0.9 i s  taken  f o r  d e f e c t s  
and load  asymmetry, t h e  a l l owab le  u l t i m a t e  load  f o r  t h e  des ign  s tud  i s  
of t h e  o r d e r  of 

Th i s  va lue ,  i n  con junc t ion  wi th  t h e  des ign  load  f o r  t h e  emergency shut -  
down c a s e  (eq.  ( 7 ) ) ,  produced a  margin of s a f e t y  va lue  (eq. (3)  with  
a -+ P) of 0 ,23 ,  Th i s  va lue  was cons idered  q u i t e  adequate ,  i n  view of t h e  
conserva t i sm i n  t h e  load  c a l c u l a t i o n .  

h r g i n  of s a f e t y  a g a i n s t  f a i l u r e  i n  f a t i g u e  was a l s o  es t imated  
from t h e  t e s t  r e s u l t s  of t h e  s ing le -s tud  i n v e s t i g a t i o n .  A s  i n d i c a t e d  
p rev ious ly ,  t h e  tapep-ed s t u d s  achieved a  l i f e  of about 3 x 1 0 ~  c y c l e s  a t  
an a p p l i e d  load  of 35,000 pounds. Reference 1 6  ( f i g ,  33 i n  r e f .  16) ex- 
t r a p o l a t e d  t h e  f a t i g u e  d a t a  t o  a  maximum load  a t  4x108 c y c l e s  of  about  
28,000 pounds. However, because of t h e  l i m i t e d  t e s t  d a t a  involved,  o t h e r  
e x t r a p o l a t e d  v a l u e s  could be reasonably  e s t a b l i s h e d ,  A maximum load  of . 
a s  low a s  25,000 pounds could be t aken ,  Thus, i f  a  knockdown f a c t o r  o f ,  
say ,  0.7 were used,  t h e  a l lowable  maximum load i n  f a t i g u e ,  Pe, could vary 
from 19,600 t o  17,500 pounds, Furthermore, from c o n s i d e r a t i o n s  of epoxy 
shear  s t r e s s  a n a l y s i s ,  t h e  b lade  des ign  c o n t r a c t o r  es t imated  t h e  allow- 
a b l e  maximum load on t h e  des ign  s t u d  a t  4 x 1 0 ~  c y c l e s  t o  be about  17,100 
pounds. A s  i nd i ca t ed  from equa t ion  ( Q ) ,  t h e  des ign  va lue  of combined 
maximum load  on t h e  s t u d  was 15,840 pounds. Thus, f o r  t hqse  two va lues ,  
t h e  margin of s a f e t y  a g a i n s t  f a t i g u e  f a i l u r e  i n  t h e  hub at tachment  during 
nonnal o p e r a t  i o n  t o  4 x108 c y c l e s  is  0,08.  



The c a l c u l a t e d  low margin of s a f e t y  i n  f a t i g u e  f o r  t h e  b l ade  hub 
at tachment  was cons idered  a c c e p t a b l e  i n  view of t h e  conserva t i sm fac-  
t o r s  conta ined  i n  t h e  c a l c u l a t i o n  procedure.  These conserva t i sm fac-  
t o r s  i nc lude :  i n c l u s i o n  of augmentation of  t h e  c a l c u l a t e d  des ign  l o a d s  
i n  t h e  computer program; peak edgewise and f l a t w i s e  l o a d s  do n o t  r e a l l y  
occur  s imul taneous ly ;  peak l o a d s  do n o t  occur  a t  a l l  t i m e s  ( c l o s e r  t o  
1 0  pe rcen t  of t ime) ;  and a l l owab le  f a t i g u e  load  was taken  i n v e r s e l y  pro- 
p o r t i o n a l  t o  c a l c u l a t e d  peak shea r  stress i n  t h e  epoxy. Never the less ,  
i t  was decided t o  i n c r e a s e  t h e  t h i c k n e s s  of t h e  laminated nose p i ece  a t  
t h e  r o o t  of t h e  b lade  f o r  t h e  f i n a l  des ign .  An increased  wood th i cknes s  
around t h e  imbedded s tud  would reduce t h e  peak shea r  s t r e s s  i n  t h e  epoxy 
and consequent ly ,  improve t h e  f a t i g u e  s t r e n g t h  of t h e  bond. 

8 .3  Ove ra l l  S t r u c t u r a l  P r o p e r t i e s  

A s  i nd i ca t ed  p rev ious ly ,  t h e  b lade  s e c t i o n  elements  of f i g u r e  41 
were a l s o  used t o  determine t h e  weight ,  s t i f f n e s s ,  n a t u r a l  f requency,  
and t i p  d e f l e c t i o n  of  t h e  b lade  f o r  t h e  c o n f i g u r a t i o n  used f o r  t h e  de- 
t a i l e d  s t r e s s  a n a l y s i s .  

Weight.  - The d e n s i t y  va lues  used f o r  t h e  weight e s t i m a t i o n  a r e :  

Douglas f i r  l amina t e  (nose)  : 42 l b / f  t3 

Sawn f i r :  36 l b / f t 3  

Bi rch  p ly :  42 l b / f t 3  

Honeycomb: 1.67 l b / f t 3  

T a i l  pane l ,  n e t :  1 3  l b / f t 3  

Honeycomb bonding m a t e r i a l  : 80  l b / f  t3 

Surface  coa t ing :  90 l b / f t 3  

The weight d i s t r i b u t i o n  a long  t h e  span  is shown i n  f i g u r e  4 3 .  The t o t a l  
weight of t h e  wood b l ade  c o n f i g u r a t i o n  of  f i g u r e  41 p l u s  t h e  s t e e l  s t u d s  
was c a l c u l a t e d  a s  2,080 pounds. The a d d i t i o n  of l i g h t n i n g  p r o t e c t i o n  
would r a i s e  t h e  weight va lue  t o  around 2,100 pounds, 

S t i f f n e s s .  - The s t i f f n e s s  d i s t r i b u t i o n  a long  t h e  b l ade  span is 
given by t h e  spanwise v a r i a t i o n  of  t h e  product  of  t h e  modulus of e l a s -  
t i c i t y  and moment of i n e r t i a ,  E I ,  as shown i n  f i g u r e  44. The s t i f f n e s s  
i n c r e a s e s  toward t h e  a x i s  f o r  t h e  a i r f o i l  s e c t i o n  p o r t i o n  of t h e  b l ade ,  
w i t h  t h e  edgewise s t i f f n e s s  cons ide rab ly  g r e a t e r  than t h a t  i n  t h e  f l a t -  
wise d i r e c t i o n .  The s t i f f n e s s  t hen  tends  t o  converge a s  t h e  c r o s s  s e c t i o n  
d e p a r t s  from t h e  a i r f o i l  shape t o  t h e  r o o t  end con f igu ra t i on .  The l a r g e r  
edgewise s t i f f n e s s  i s  expected t o  r e s u l t  i n  a  n a t u r a l  frequency t h a t  is  
l a r g e r  than t h a t  i n  t h e  f l a t w i s e  d i r e c t i o n .  



Natura l  f requency.  - The f i rs t -mode n a t u r a l  f r equenc i e s  f o r  t h e  
f l a t w i s e  and edgewise o r i e n t a t i o n s  were c a l c u l a t e d  by t h e  S todola  method 
which asslames t h a t  t h e  mode.shape is  i d e n t i c a l  t o  t h e  s t a t i c  g r a v i t y  
d e f l e c t i o n  of t h e  blade.  The c a l c u l a t e d  first-mode f l a t w i s e  frequency 
was 2-25  Hz and t h e  edgewise frequency w a s  3.59 Hz. Both va lues  a r e  
w i t h i n  t h e  accep tab l e  bands de f ined  i n  t h e  s p e c i f i c a t i o n s .  

De f l ec t i on .  - The d e f l e c t i o n  of t h e  b l ade  t i p  due t o  a i r l o a d  was 
determined f o r  t h e  emergency shutdown c a s e  from t h e  summation of l o c a l  
d e f l e c t i o n s  c a l c u l a t e d  from t h e  average  s t r a i n  f o r  t h e  b lade  s e c t i o n s .  
I n  t h e  c a l c u l a t i o n ,  t h e  modulus of e l a s t i c i t y  was taken  a s  0.9 of t h e  
r e f e r e n c e  va lue  t o  a l l ow  f o r  e l eva t ed  temperature  e f f e c t s .  To t h i s  va lue  
of d e f l e c t i o n ,  t h e  d e f l e c t i o n  e f f e c t  of  c e n t r i f u g a l  f o r c e  due t o  coning 
was added t o  g ive  a  t o t a l  t i p  d e f l e c t i o n  of  74.4 inches .  With t h e  s t a t i c  
c l ea rance  between b l ade  and tower g iven  a s  103  inches ,  t h e  minimum 
o p e r a t i n g  c l e a r a n c e  was 28.6 inches .  Th i s  va lue  is w e l l  above t h e  mini- 
mum a l lowable  c l e a r a n c e  of  12  inches .  

9 .0  FINAL BLADE DESIGN 

The o v e r a l l  geometry and dimensions of t h e  f i n a l  b lade  des ign  were 
t h e  same a s  t hose  of t h e  i t e r a t i o n  t h a t  was used f o r  t h e  s t r e s s  a n a l y s i s .  
The geometr ic  c h a r a c t e r i s t i c s  of t h e  f i n a l  b lade  des ign  a r e  g iven  i n  
Table  I and f i g u r e s  1 0  and 11. A s  a  r e s u l t  of t h e  a n a l y s i s  of b l ade  s t r e s s  
margins of s a f e t y ,  i t  appeared d e s i r a b l e  t o  i n c r e a s e  t h e  i n t e r n a l  t h i cknes s  
of t h e  nose s e c t i o n  of t h e  b lade  a long  t h e  span. I n  p a r t i c u l a r ,  t h e  
t h i cknes s  of t h e  r o o t  s e c t i o n  con ta in ing  t h e  s t u d s  was i nc reased  from 
4.0 t o  4.8 inches .  The number of  t h e  f i r  veneers  was, t h e r e f o r e ,  in-  
c reased  f o r  t h e  f i n a l  des ign ,  w i t h  t h e  f i n a l  spanwise v a r i a t i o n  of  nose 
t h i cknes s  a s  shown i n  f i g u r e  45. Also, t h e  i n n e r  s t r i n g e r  ( 1  i n .  x 
5 /8  i n . )  i n  t h e  t a i l  pane l  was extended t o  t h e  f u l l  l e n g t h  of  t h e  b lade .  
To compensate f o r  t h e  added weight of  t h e s e  a d d i t i o n s ,  t h e  shea r  web 
blocking p i e c e  ( f i g .  41) was reduced t o  a  maximum o f  2  x 1 .5  i nches  i n  
c r o s s  s e c t i o n .  An a d d i t i o n a l  stress a n a l y s i s  of t h e  f i n a l  b l ade  con- 
f i g u r a t i o n  was waived i n  view o f  t h e  smal l  changes involved.  

The o t h e r  major change f o r  t h e  f i n a l  b lade  des ign  was t h e  use  of 
an i n t e rmed ia t e  spool  p i e c e  between t h e  hub s p i n d l e  and b l ade  r o o t  end, 
a s  shown i n  f i g u r e  15 .  This  spoo l  p i e c e  was necessary  because t h e  
f l ange  of  t h e  wind t u r b i n e  hub s p i n d l e ,  which was designed t o  mate w i th  
a  f l ange  on the  aluminum blade ,  was n o t  be l ieved  t o  be  s u f f i c i e n t l y  
s t i f f  t o  permit  d i r e c t  a t tachment  t o  t h e  wood b l ade  s t u d s .  However, 
because of  t h e  l e n g t h  of  t h e  spool  p i e c e ,  i t  was necessary  t o  reduce t h e  
b lade  span by 18  inches .  This  was done by c u t t i n g  1 8  inches  o f f  t h e  
b lade  t i p  . 

An o v e r a l l  planform view of t h e  b lade  des ign ,  w i t h  t h e  upper ha l f  
of t h e  b l ade  removed, is  shown i n  f i g u r e  46. The f i g u r e  a l s o  shows t h e  
va r ious  s e c t i o n s  of t h e  span t h a t  a r e  d e t a i l e d  i n  succeeding f i g u r e s .  
The heavy arrows i n d i c a t e  t h e  s t a t i o n s  f o r  which d e t a i l e d  c r o s s  s e c t i o n s  
a r e  presen ted .  The s t a t i o n  l o c a t i o n s  i n  f i g u r e  46 are those  of  t h e  
e a r l i e r  s t r e s s  a n a l y s i s  c o n f i g u r a t i o n .  A s  i n d i c a t e d  above, t h e  t i p  of 



t h e  f i n a l  b lade  des ign  was reduced by 1 8  inches  t o  a l low f o r  t h e  addi- 
t i o n  of t h e  spool  p i ece  a t  t h e  b lade  r o o t .  Thus, i n  terms of d i s t a n c e  
from the  r o t o r  a x i s ,  t h e  r o o t  of t h e  f i n a l  des ign  conf igu ra t ion  would 
be a t  50 inches ,  and t h e  t i p  would be a t  750 inches.  

The d e t a i l e d  c o n s t r u c t i o n  of t h e  ind iv idua l  spanwise s e c t i o n s  shown 
i n  f i g u r e  46 is shown i n  f i g u r e s  47(a) through ( e ) .  The l i g h t  dashed 
arrows i n d i c a t e  t h e  d e s i r e d  g r a i n  d i r e c t i o n  f o r  t h e  members involved. 
In  gene ra l ,  g r a i n  o r  f a c e  g r a i n  of a l l  p a r t s  were t o  be o r i e n t e d  lon- 
g i t u d i n a l l y  t o  t h e  b lade  un le s s  o therwise  s p e c i f i e d .  A l l  plywood was 
t o  be a i r c r a f t  q u a l i t y  b i r c h .  

Severa l  b lade  c r o s s  s e c t i o n s  are d e t a i l e d  i n  f i g u r e  48(a)  through 
(h ) .  The s e c t i o n s  shown i n  t h e s e  f i g u r e s ,  which a r e  from the  lower h a l f  
of t h e  mold, r ep re sen t  t h e  low-pressure s u r f a c e  of t h e  a i r f o i l .  The 
cons t ruc t ion  of t he  high-pressure s i d e  is  t h e  same, except  t h a t  t h e  
o u t e r  b lade  contour  d i f f e r s  from t h e  b lade  contour  of t h e  low-pressure 
s i d e .  F igure  48(a)  f o r  t h e  r o o t  end of t h e  b lade  does no t  show t h e  
b i r ch  plywood end cap t h a t  covers  t h e  open end of t h e  blade.  

A d e t a i l e d  weight a n a l y s i s  w a s  made of t h e  f i n a l  b lade  conf igura-  
t i o n .  The r ev i sed  c a l c u l a t e d  weight w a s  2,430 pounds, compared t o  t h e  
previous e s t i m a t e  of 2,080 l b s .  The i n c r e a s e  i n  weight was a t t r i b u t e d  
mainly t o  t h e  des ign  c o n s t r u c t i o n  changes mentioned above and t o  t h e  
a d d i t i o n  of  l i g h t n i n g  p r o t e c t i o n .  The a p p l i c a t i o n  of t h e  l i g h t n i n g  pro- 
t e c t i o n  sc reen  r equ i r ed  t h e  use  of a t h i c k  l a y e r  of  t h ixo top ic  m a t e r i a l  
t o  f i l l  t h e  mesh and e s t a b l i s h  f u l l  con tac t  between t h e  o u t e r  plywood and 
t h e  cover ing  g l a s s  changes. Approximately ha l f  of t h e  weight i n c r e a s e  
was due t o  t h e  s t r u c t u r a l  changes. The weights  of t h e  f i r s t  two b lades  
cons t ruc t ed  were 2,470 and 2,603.poundsS wi th  a  c e n t e r  of g r a v i t y  ap- 
proximately 224 inches  from t h e  f a c e  of t h e  b lade  r o o t .  The b l ade  
weights  and c e n t e r  of g r a v i t y  were balanced by b lade  b a l l a s t i n g  t h e  
l i g h t e r  blade wi th  thickened epoxy r e s i n .  

10.0 COST ANALYSIS 

The b lade  c o s t  d a t a  presented  con ta in  two gene ra l  types  of informa- 
t i o n .  The f i r s t  i s  t h e  es t imated  c o s t s  f o r  la rge-quant i ty  product ion 
i n i t i a l l y  generated by t h e  c o n t r a c t o r  a t  t h e  conclus ion  of t h e  f i n a l  de- 
s i g n  of t h e  Mod-OA blade  conf igu ra t ion .  This  i s  then  updated wi th  c o s t  
d a t a  from laminated wood b l ades  t h a t  have been designed o r  f a b r i c a t e d  
s i n c e  t h a t  t ime.  Cost p r o j e c t i o n s  f o r  laminated wood b l ades  from 60 t o  
250 f e e t  i n  l e n g t h  a r e  a l s o  presented  based on des igns  f o r  a  200-foot 
blade,  a s  wel l  a s  f o r  t h e  62.5-foot Mod-OA des ign .  F i n a l l y ,  a  compari- 
son is  given of es t imated  c o s t s  f o r  large-span b l ades  cons t ruc t ed  from 
d i f f e r e n t  m a t e r i a l s .  

10 .1  Mod-OA Blades 

Cosr e s t i m a t e s  were made f o r  t h e  100th  and 1000th b lade  of t he  
Mod-OA des ign  a t  t h e  completion of t h e  f i n a l  des ign  conf igu ra t ion .  



These e s t i m a t e s  were expressed i n  terms of  1977 U. S, d o l l a r s ,  as re- 
qu i red  by c o n t r a c t  s p e c i f i c a t i o n s ,  Blade c o s t s  were determined from 
product ion  r a t e s  of  120 and 960 b l ades  per  yea r ,  These c o s t  e s t i m a t e s  
were based on t h e  c o n s t r u c t i o n  o f  a  new f a b r i c a t i o n  p l a n t ,  The p l a n t  
is  designed around a  b a s i c  manufacturing module i l l u s t r a t e d  i n  f i g u r e  
49 (a ) .  Th i s  module i s  capable  of producing 120 b l ades  per  yeas  on a  
one - sh i f t  b a s i s ,  and 240 b l ades  p e r  y e a r  w i t h  two s h i f t s ,  Increased  
r a t e s  of p roduct ion  t o  960 b l ades  per  year  (with two s h i f t s )  would then  
be ob ta ined  through t h e  a d d i t i o n  of  s i m i l a r  manufactur ing modules, a s  
shown i n  f i g u r e  49 (b ) .  The p l a n t  is t o  be l o c a t e d  30 t o  50 m i l e s  n o r t h  
of Bay C i ty ,  Pfichigan, t o  t a p  a  b a s i c a l l y  a g r a r i a n  l a b o r  market.  

The d e t a i l s  of t h e  b lade  c o s t  a n a l y s i s  conducted by t h e  c o n t r a c t o r  
a r e  g iven  inAppend ix  A, The a n a l y s i s  i n d i c a t e d  an  es t imated  c o s t  of 
$4,33 per  pound of  b l ade  weight f o r  t h e  100th  b l ade ,  and $2.81 per  pound 
f o r  t h e  1 ,000th  b lade  i n  1977 d o l l a r s ,  I n  regard  t o  f i g u r e  2 ,  t h e  o r i g -  
i n a l  s p e c i f i c a t i o n s  r equ i r ed  a  cost-weight f a c t o r  less than  100. The 
es t imated  cost-weight f a c t o r  f o r  t h e  100th  b lade  is  57.5, and f o r  t h e  
1 ,000 th  b lade  i t  is  37.3.  These v a l u e s  a r e  s u b s t a n t i a l l y  below t h e  in -  
d i c a t e d  l i m i t .  

Estimated b l ade  c o s t s  were p r o j e c t e d  t o  c u r r e n t  y e a r s  i n  Appendix A 
based on a  f i xed  b l ade  des ign  and m a t e r i a l  s p e c i f i c a t i o n ,  bu t  w i t h  im- 
provements i n  l a b o r  e f f i c i e n c y ,  manufactur ing methods, and m a t e r i a l  se- 
l e c t i o n  and purchasing,  According t o  Appendix A, t h e  Mod-OA b lade  c o s t  
per  pound i n  1982 d o l l a r s  was p r o j e c t e d  t o  i n c r e a s e  t o  about $6.2 t o  
$7.8 f o r  t h e  100 th  b lade  ( abso lu t e  c o s t ,  $14,900 t o  $18,700 f o r  a  
2,400-lb b l ade ) .  For t h e  1 ,000th  b l ade ,  t h e  u n i t  c o s t  i n  1982 d o l l a r s  
e x t r a p o l a t e s  t o  $4.0 t o  $5.0 per  pound, It i s  l i k e l y ,  however, t h a t  
re f inements  and improvements i n  b l ade  des ign  and c o n s t r u c t i o n  w i l l  occur  
wi th  t i m e .  P r e sen t  work by t h e  c o n t r a c t o r  i n d i c a t e s  t h a t  m a t e r i a l s  c o s t  
can be reduced s i g n i f i c a n t l y  by r e p l a c i n g  s l i c e d  f i r  veneers  w i t h  
ro ta ry-cu t  veneers ,  and by r e p l a c i n g  t h e  t a i l - p a n e l  honeycomb w i t h  a l l -  
wood composite c o n s t r u c t i o n .  Although economies can be expected w i t h  
t ime, t h e r e  is a l s o  t h e  g e n e r a l  c o n s i d e r a t i o n  t h a t  i n i t i a l  c o s t  e s t i m a t e s  
tend t o  be  o p t i m i s t i c .  Thus, t h e  u se  of a  "f ixedg '  c o n f i g u r a t i o n  f o r  t h e  
c o s t  p r o j e c t i o n s  may n o t  be f a r  o u t  of  l i n e .  

Seve ra l  sets of  wood b l ades  have been cons t ruc t ed  f o r  t h e  Plod-OA 
wind t u r b i n e  based on t h e  f i n a l  de s ign  and f a b r i c a t i o n  concepts  d e t a i l e d  
he re in .  Purchase p r i c e  w a s  of  t h e  o r d e r  of  $45,000 each i n  1980 d o l l a r s ,  
o r  about $18.8 p e r  pound. The o r i g i n a l  aluminum b lades  c o s t  about  
$200,000 each. However, bo th  of t h e s e  c a s e s  a r e  b a s i c a l l y  p ro to type  o r  
s ing l e - i t em f a b r i c a t i o n s ,  which a r e  always more c o s t l y  t han  l a r g e -  
q u a n t i t y  product ion  runs .  The $18.8 per  pound a c t u a l  c o s t  f o r  t h e  
s e v e r a l  e s s e n t i a l l y  p ro to type  wood composite b l ades  b u i l t  f o r  t h e  Plod-OA 
wind t u r b i n e s  compares t o  an  e s t ima ted  c o s t  per  pound of from $5.4 t o  
$6*2 i n  1980 d o l l a r s  f o r  a  p roduct ion  r a t e  of  100 b l ades  per  year  (Ap- 
pendix A). This  c o s t  r educ t ion  appears  e n t i r e l y  r e a l i s t i c .  



10.2 Other Blade Data 

It  i s  a l s o  c u r r e n t l y  p o s s i b l e  t o  c o n s t r u c t  a  v a r i a t i o n  of esti- 
mated b l ade  c o s t  as a  f u n c t i o n  of b l ade  span ( t u r b i n e  r o t o r  r a d i u s ) .  
These d a t a  a r e  ob ta ined  from t h e  c o s t  a n a l y s i s  f o r  t h e  62.5-foot Mod-OA 
blade  d e t a i l e d  i n  Appendix A and a  more r e c e n t  a n a l y s i s  of  wood b l ades  
f o r  t h e  Mod-58 wind t u r b i n e  des ign  conducted by t h e  General E l e c t r i c  
Company ( r e f .  18)  from d a t a  supp l i ed  by Gougeon Baos., I nc .  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 i n  f i g u r e  50 i n  terms of c o s t  per  pound of  
b lade  weight f o r  t h e  100th  b l ade  i n  1980 d o l l a r s .  The va lue  f o r  t h e  
Mod-OA b lade  was e s t a b l i s h e d  based on a  1 0  pe rcen t  y e a r l y  c o s t  in- 
c r e a s e .  The b lade  des igns  f o r  t h e  two machines a r e  no t  e x a c t l y  com- 
pa rab l e ,  s i n c e  t h e  Mod-5A b l ade  i s  a t e e t e r e d  c o n f i g u r a t i o n  w i t h  t i p  
span p i t c h  c o n t r o l .  Also, t h e  Mod-5A wood b lade  was based on u t i l i z a -  
t i o n  of less c o s t l y  ro t a ry -cu t  f i r  veneers .  However, i t  is  be l i eved  
t h a t  t h e  e f f e c t  of t h e s e  d i f f e r e n c e s  i s  n o t  l a r g e  compared t o  t h e  over- 
a l l  e f f e c t  of increased  b l ade  span. 

The des ign  s t u d i e s  f o r  t h e  Mod-5A wind t u r b i n e  o u t l i n e d  i n  r e f e r -  
ence 1 8  a l s o  conta ined  a  comparison of  es t imated  weights  and c o s t s  f o r  
b l ades  cons t ruc t ed  of s t a i n l e s s  s teel ,  f i b e r g l a s s ,  and wood composite.  
A comparison of  r e s u l t s  i s  shown i n  f i g u r e  51. For a  given l e n g t h  of 
span, t h e  wood composite b l ade  produced t h e  lowest  es t imated  weight and 
c o s t .  A very  promising p o t e n t i a l  t h e r e f o r e  e x i s t s  f o r  t h e  development 
of low-cost b l ades  cons t ruc t ed  of  wood composite. 

11.0 SUMMARY OF RESULTS 

The des ign  a n a l y s i s  of a wood composite b lade  f o r  t h e  Mod-OA wind 
t u r b i n e  (125-ft  d i am. ro to r )  ha s  produced t h e  fo l lowing  major r e s u l t s :  

1. A b lade  s t r u c t u r a l  concept  was developed which s a t i s f i e d  t h e  
des ign  s p e c i f i c a t i o n s .  The des ign  concept i nc ludes  a  primary s p a r  
(nose) s e c t i o n  cons t ruc t ed  of  Douglas-f i r  veneers  laminated w i t h  epoxy 
adhes ive ,  and a  t a i l  s e c t i o n  composed of honeycomb cored plywood pane l s .  
The at tachment  of  t h e  wood b l ade  t o  t h e  r o t o r  hub was through steel  load-  
take-off s t u d s  bonded i n t o  t h e  r o o t  of  t h e  b lade .  

2. A c o s t  e f f e c t i v e  f a b r i c a t i o n  concept was developed f o r  t h e  b l ade  
c o n s t r u c t i o n .  It cons i s t ed  of  assembling t h e  s t r u c t u r a l  components i n  
a  two-part female mold. The two assembled ha lves  would then be  
trimmed, p r i o r  t o  bonding t o g e t h e r ,  by a  band saw s e t  on t r a c k s  on t h e  
o u t e r  per imeter  of t h e  mold. 

3 .  Laboratory t e s t s  conducted on specimens of  bu t t - j o in t ed  Douglas- 
f i r  venee r s ,  and on s i n g l e  s t e e l  s t u d  c o n f i g u r a t i o n s  bonded i n  laminated 
Douglas-f i t  b locks ,  demonstrated t h e  f e a s i b i l i t y  and s t r u c t u r a l  i n t eg -  
r i t y  of t h e s e  two key components. 

4 .  S t r e s s  a n a l y s i s  of t h e  wood composite b l ade  c o n f i g u r a t i o n  was 
conducted f o r  bo th  t h e  primary b lade  s t r u c t u r e  and t h e  hub at tachment .  



Adequate margins of s a f e t y  ( i , e , ,  >O) were ob t a ined  a g a i n s t  f a i l ~ r e  i n  
u l t i m a t e  s t r e n g t h  du r ing  an emergency shutdown, o r  i n  f a t i g u e  s t r e n g t h  
d u r i n  normal c y c l i c  o p e r a t i o n s  f o r  t h e  des ign  l i f e  of t h e  b lade  f (4x10 c y c l e s )  , 

5, Decai led des ign  drawings of  t h e  wood composite b lade  concept  
were made, No problems o r  unacceptab le  c h a r a c e e r i s e i c s  were found, 
Blade weight  was e s t i i m t e d  t o  be  2,430 pounds, 

6- A c o s t  a n a l y s i s  f o r  b l ades  i n  q u a n t i t y  product ion  showed t h e  
c o s t  of t h e  wood composite b l ade  t o  be  very  compet i t ive  w i t h  o t h e r  
methods of  manufacture.  Product ion  c o s t  was es t imated  t o  be from 
$15,000 t o  $18,000 per  b l ade  i n  1982 d o l l a r s  f o r  a  product ion r a t e  of  
100 b l ades  per  y e a r ,  

12 .0  CONCLUDING REMARKS 

The des ign  development program desc r ibed  h e r e i n  has  r e s u l t e d  i n  a  
wood composite b lade  des ign  and f a b r i c a t i o n  concept  t h a t  can l e a d  t o  
b l ades  which can be manufactured a t  r e l a t i v e l y  low c o s t ,  Actual  wood 
composite b l ades  b u i l t  f o r  t h e  Mod-OA wind t u r b i n e s  c o s t  much less than  
t h e  o r i g i n a l  aluminum b lades ,  Est imated b l ade  c o s t s  f o r  q u a n t i t y  pro- 
duc t ion  were w e l l  w i t h i n  t h e  d e s i r e d  c o s t  range. The p r a c t i c a l i t y  of  t h e  
c o n s t r u c t i o n  system developed h e r e i n  i s  based on proven c o n s t r u c t i o n  
techniques ,  However, a c t u a l  expe r i ence  i n  volume product ion of wood com- 
p o s i t e  b l ades  w i l l  be r equ i r ed  t o  develop t h e  envis ioned  manufactur ing 
techniques  so  t h a t  t h e  p r o j e c t e d  b l ade  c o s t s  can be  achieved.  

The weakes t . a spec t  of  t h e  b l ade  des ign  was found t o  be t h e  a t t a c h -  
ment of t h e  b l ade  r o o t  t o  t h e  hub s p i n d l e ,  Uncer ta in ty  i n  t h e  e s t ima ted  
f a t i g u e  s t r e n g t h  of t h e  bond of  t h e  s t u d s  imbedded i n  t h e  b l ade  r o o t  
produced r e l a t i v e l y  low c a l c u l a t e d  margins  of s a f e t y  f o r  t h e  normal 
c y c l i c  o p e r a t i n g  moments (about  0 .08) .  However, due t o  a l a r g e  degree  
of conserva t i sm i n  both t h e  c a l c u l a t e d  app l i ed  l o a d s  and t h e  s e l e c t e d  
m a t e r i a l  a l l owab le  l o a d s ,  t h e  performance of $he at tachment  should be 
accep tab l e .  Th i s  assessment  is  b a s i c a l l y  confirmed by a c t u a l  o p e r a t i o n  
of wood composite b l ades  i n  t h e  Hod-OA wind t u r b i n e  i n  Hawaii. A t  t h e  
t i m e  of w r i t i n g ,  t h e s e  b l ades  have been opera ted  t roub le - f r ee  f o r  over  
6,000 hours  (about 2x107 c y c l e s ) .  

The des ign  development h a s  a l s o  po in ted  up some a s p e c t s  of t h e  de- 
s i g n  a n a l y s i s  which may warran t  f u r t h e r  i n v e s t i g a t i o n ,  For example, 
t h e  emergency shutdown load  was found t o  be  t h e  p r i n c i p a l  d e s i g n  d r i v i n g  
load .  I f  t h i s  load could be reduced by a d i f f e r e n t  opera- t ing procedure 
o r  by a  d i f f e r e n t  aerodynamic b lade  form o r  c ros s - sec t ion ,  system s t r u c -  
t u r e  stresses and weight could be decreased .  h o t h e r  area t h a t  r e q u i r e s  
more a t t e n t i o n  i s  t h e  de t e rmina t ion  of  a l l owab le  l oads ,  m a t e r i a l  s t r e n g t h  
p r o p e r t i e s ,  and performance ad jus tment  f a c t o r s ,  In p a r t i c u l a r ,  f u r t h e r  
a n a l y s i s  and t e s t s  a r e  recommended t o  determine more a c c u r a t e l y  t h e  fa -  
t i g u e  s t r e n g t h  of t h e  s t u d  bond and i t s  major i n f l u e n c i n g  parameters .  
C a l c u l a t i o n s  would b e  u s e f u l  f o r  a s s e s s i n g  t h e  s e n s i t i v i t y  of t h e  re- 
s u l t i n g  margins of s a f e t y  t o  t h e  v a r i a b i l i t y  o r  uncertainty i n  t h e  v a l u e s  
of  t h e  i n p u t s  ( e . g . ,  material s t r e n g c h  p r o p e r t i e s  and ad jus tments  Pac- 
t o r s ) .  Such c a l c u l a t i o n s  a r e  i n d i c a t e d  f o r  t h e  primary b lade  s t r u c t u r e ,  



the steel stud, and the stud bond. Finally, the potential improvement 
in margin of safety that can result for the hub attachment from changes 
in stud overall geometry should be investigated. 



COST ANALYSIS FQR QUANTITY PRODUCTION OF BLADES 

The a n a l y s i s  i s  conducted f o r  t h e  100th  and 1 ,000th  b lade  of  t he  
Mod-OA des ign  i n  terms of  1977 d o l l a r s ,  Cos ts  a r e  determined from pro- 
duc t ion  r a t e s  of 120 b l ades lyea r  and 960 b l ades lyea r  a s  ob ta ined  from 
a  new manufactur ing p l a n t  ( f i g .  49).  Fac to r s  d e t a i l e d  a r e  t h e  l a b o r ,  
m a t e r i a l ,  and c a p i t a l  c o s t s .  

Labor Cost 

The l a b o r  p a y r o l l  c o s t  was determined from t h e  es t imated  p l a n t  
manning f o r  t h e  product ion  r a t e s  of 120 and 960 b l ades lyea r .  The est i-  
mated d i r e c t  l a b o r  man-hours f o r  f a b r i c a t i o n  of t h e  100th  b l ade  a t  
120 b l ades  per  year  is  d e t a i l e d  i n  Table  V. With t h e  i n c l u s i o n  of crew 
c h i e f s ,  t h e  t o t a l  i s  256 man-hours. A mold t r a i n  i n  t h e  manufactur ing 
module ( f i g .  49) produces a  b l ade  every  two s h i f t s  (8 h r l s h i f t ) .  Thus, 
14  men a r e  r equ i r ed  per  s h i f t  on t h e  product ion l i n e  f o r  t h e  1201yr 
product ion  r a t e .  Fot  t h e  1 ,000th  b l ade  w i t h  t h e  four-module p l a n t  oper- 
a t i n g  two s h i f t s  (960 b l a d e s l y r ) ,  i t  w a s  assumed t h a t  f u r t h e r  exper ience  
and re f inements  would a l l ow  t h e  manpower on a product ion  t r a i n  t o  be re -  
duced from 16  t o  10 ,  Thus, w i t h  f o u r  t r a i n s  and two s h i f t s ,  80  men 
would be r equ i r ed  per  day on t h e  product ion  l i n e .  

The complete p l a n t  manpower requi rements  and r e s u l t i n g  t o t a l  l a b o r  
c o s t  per  b lade  a r e  shown i n  Table V I .  The product ion  l i n e  c o s t  i s  seen  
t o  dec rease  cons ide rab ly  f o r  t h e  960 b l ades lyea r  r a t e  compared t o  t h e  
120 b l ades  per  year  r a t e .  Also, w i th  t h e  expanded ope ra t i on ,  fewer a u x i l -  
l i a r y  personnel  a r e  r equ i r ed  per  product ion  t r a i n .  Thus, a s  i n d i c a t e d  i n  
Table V I ,  a  cons ide rab l e  r educ t ion  i n  p a y r o l l  c o s t  per  b l ade  i s  t o  be ex- 
pected f o r  t h e  h igher  b lade  product ion  r a t e .  

M a t e r i a l s  Cost 

The es t imated  m a t e r i a l s  c o s t  f o r  t h e  product ion  of t h e  100 th  b lade  
is  obta ined  from t h e  breakdown of Table  V I P .  These v a l u e s  were d e t e r -  
mined i n  1979 d o l l a r s  and then  conver ted  t o  1977 d o l l a r s .  The r e s p e c t i v e  
m a t e r i a l s  c o s t  pe r  b lade  f o r  t h e  100 th  b l ade  a r e  1.738 d o l l a r s / l b  i n  
1979 d o l l a r s  and 1,512 d o l l a r s l l b  i n  1977 d o l l a r s  (15 percent  i n f l a t i o n  
i n c r e a s e  from 1977 t o  1979) .  For t h e  1 ,000th  b l ade  a t  960 b l a d e s l y e a r ,  
i t  was determined t h a t  d e s i g n  and manufactur ing re f inements  would r e s u l t  
i n  a  1 5  percent  r educ t ion  i n  m a t e r i a l s  c o s t .  Thus, f o r  t h e  1 ,000  b l ade ,  
t h e  c o s t  of m a t e r i a l s  pe r  b lade  i n  1977 d o l l a r s  i s  1.285 d o l l a r s / l b .  

C a p i t a l  Cos ts  

The es t imated  c a p i t a l  c o s t s  f o r  t h e  new b l ade  manufactur ing p l a n t  
of f i g u r e  49 a r e  l i s t e d  i n  Table  V I I I  i n  1977 d o l l a r s .  The c a p i t a l  c o s t  
( p l a n t  and too l ing )  f o r  t h e  960 b l ades  per  year  product ion  r a t e  ( fou r  



manufactur ing modules) i s  less than  f o u r  t imes  t h e  one-module rate. De- 
p r e c i a t i o n  is n o t  computed f o r  t h e  c o s t  of  t h e  l and .  The d e p r e c i a t i o n  
c o s t s  per  b lade  f o r  t h e  100 th  and t h e  1 ,000th  b l ade  a r e  $920 and $417, 
r e s p e c t i v e l y  . 

T o t a l  Cos ts  

The e s t ima ted  t o t a l  c o s t  per  b l ade  and t h e  c o s t  per  pound of b lade  
i s  given i n  Table  I X .  M a t e r i a l s ,  p a y r o l l ,  a n d ' d e p r e c i a t i o n  c o s t s  a r e  
taken from Tables  V I I ,  V I ,  and V I I I ,  Labor overhead, which inc ludes  
such i tems  a s  p l a n t  u t i l i t i e s ,  maintenance, t axes ,  insurance ,  f r i n g e  
b e n e f i t s ,  e t c . ,  was determined a s  95 pe rcen t  f o r  t h e  120 b l ades  per  year  
and 85  pe rcen t  f o r  t h e  960 b l ades  per  year  (reduced because of  two-shif t  
o p e r a t i o n ) .  General  and a d m i n i s t r a t i v e  c o s t s  i nc lude  t h e  u sua l  i t e m s  
such a s  o f f i c e  s u p p l i e s  and u t i l i t i e s ,  t e lephone ,  t r a n s p o r t a t i o n ,  l e g a l ,  
account ing ,  e t c .  

The t o t a l  es t imated  c o s t  per  pound of b l ade  weight  was t hen  ob- 
t a ined  a s  4.33 d o l l a r s / l b f o r  t h e  100 th  b lade  and 2.81 d o l l a r s / l b f o r  t h e  
1 ,000 th  b lade  i n  1977 d o l l a r s .  I n  terms of a b s o l u t e  c o s t ,  t h e  respec- 
t i v e  v a l u e s  a r e  around $10,400 and $6,700 pe r  b l ade .  

A p r o j e c t i o n  of b l ade  c o s t  per  pound of weight  i n t o  p r e s e n t  and 
f u t u r e  y e a r s  i s  g iven  i n  Table  X f o r  t h r e e  c o s t  i n c r e a s e  r a t e s  due t o  
i n f l a t i o n .  I n  t h e s e  c a l c u l a t i o n s ,  i t  was assumed t h a t  t h e  b l ade  des ign ,  
m a t e r i a l s ,  and f a b r i c a t i o n  remain unchanged. Thus, i n  1982 d o l l a r s ,  
b lade  c o s t  per  pound might run  from about  $6.2 t o  $7.8 f o r  t h e  100th  
b l ade ,  and from $4 t o  $5 f o r  t h e  1 ,000 th  b lade .  The a b s o l u t e  c o s t  f o r  
a  2400-lb b lade  i s  then  p ro j ec t ed  t o  range from $14,900 t o  $18,700 f o r  
t h e  100th  b l ade .  

Blades f a b r i c a t e d  f o r  t h e  o p e r a t i n g  Mod-OA wind t u r b i n e s  were 
purchased f o r  around $45,000 each i n  1980. I n  comparison, from Ta- 
b l e  X i n  terms of 1980 d o l l a r s ,  t h e  c o s t  of  t h e  100 th  b lade  i n  q u a n t i t y  
product ion  would have been about  $5 .4 / lb  t o  $6.2/ lb .  To ta l  c o s t  f o r  a 
2400-pound b lade  would t hen  have been i n  t h e  range from $13,000 t o  
$14,900. It i s  a l s o  noted t h a t  t h e  c o s t  of t h e  aluminum b lades  o r i g i -  
n a l l y  i n s t a l l e d  on t h e  Mod-OA wind t u r b i n e s  (about  $200,000) was con- 
s i d e r a b l y  g r e a t e r  t han  t h e  c o s t  of t h e  later wood composite b l ades .  



14,O REFERENCES 

Thomas, R. L., and Baldwin, D. H.: The NASA Lewis Large  Wind Turb ine  
Program. D0E/N~SA/20305-7, NASA TM-82761, 1981. 

L i e b l e i n ,  S . ,  Londahl,  D. S., Fur long ,  D. B . ,  Pee ry ,  D. J., and 
Dreier, M. E.: E v a l u a t i o n  o f  F e a s i b i l i t y  of P r e s t r e s s e d  Concre te  
f o r  Use i n  Wind T u r b i n e  Blades .  DOE/NASA/5906-7911, NASA CR- 
159725, S e p t .  1979. 

L i e b l e i n ,  S., Ross, R. S , ,  and F e r t i s ,  D. G. :  E v a l u a t i o n  o f  Urethane 
f o r  F e a s i b i l i t y  f o r  Use i n  Wind Turb ine  Blade Design. DOE/NASA/ 
7653-7911, NASA CR-159530, A p r i l  1979. 

Gewehr, H. W . :  Design,  F a b r i c a t i o n ,  T e s t ,  and E v a l u a t i o n  o f  a Pro to -  
t y p e  150-Foot Long Composite Wind Turb ine  Blade.  DOE/NASA/0600- 
7911, NASA CR-159775, S e p t .  1979, 

E g g e r t ,  Wal ter  S . ,  Jr . :  Design and  E v a l u a t i o n  of Low-Cost Blade f o r  
Large Wind Driven G e n e r a t i n g  Systems. DOE/NASA/0129-1, NASA 
CR-165491. 

Gougeon, M . ,  and Zuteck,  M . :  The Use of Wood f o r  Wind Turb ine  Blade 
C o n s t r u c t i o n .  Page 293 i n  Large Wind Turb ine  Design Charac te r -  
i s t i c s  and R&D Requirements ,  S. L i e b l e i n ,  E d i t o r .  NASA Conf. 
Pub l .  2106, DOE Pub l .  CONF-7904111, 1979. 

L i n s c o t t ,  B. S., and S h a l t e n s ,  R. K.: Blade Design and Opera t ing  
Exper ience  on  t h e  MOD-OA 200 kW Wind Turb ine  a t  Clay ton ,  New Mexico. 
Page 225 i n  Large Wind Turb ine  Design C h a r a c t e r i s t i c s  and R&D Re-  
qu i rements ,  S. L i e b l e i n ,  E d i t o r .  MASA Conf. Publ .  2106, DOE Publ .  
CONF-7904111, 1979. 

Donham, R. E.: E v a l u a t i o n  of a n  O p e r a t i n g  MOD-OA 200 kW Wind T u r b i n e  
Blade.  Page 239 i n  Large Wind Turb ine  Design C h a r a c t e r i s t i c s  and 
R&D Requirements ,  S. L i e b l e i n ,  E d i t o r .  NASA Conf. Pub l .  2106, 
DOE Publ .  CONF-7904111, 1979. 

Weingar t ,  Oscar :  Design,  E v a l u a t i o n ,  and F a b r i c a t i o n  of Low Cost 
Componsite Blades  f o r  I n t e r m e d i a t e  S i z e  Wind Turb ine .  DOEINASAI 
0100-1, NASA CR-165342, S e p t .  1981.  

P u t h o f f ,  R. L.: F a b r i c a t i o n  and Assembly of t h e  ERDA/NASA 100-kW 
Exper imenta l  Wind Turb ine .  NASA TN X-3390, 1976. 

L i n s c o t t ,  B .  S . ,  Glasgow, J . ,  Anderson, W. D . ,  and Donham, R. E.: 
Exper imenta l  Data and T h e o r e t i c a l  A n a l y s i s  of a n  O p e r a t i o n  100 kW 
Wind Turbine .  D O E / N A S A / ~ O ~ ~ - 7 8 / 1 6 ,  MASA TM-72883, J a n .  1978. 

Abbot t ,  I. H . ,  von Doenhoff, A. E., and S t i v e r s ,  L. S. ,  Jr.: Summary 
of A i r f o i l  Data.  NACA Report  No. 824, 1945. 

B a n k a i t i s ,  H , :  E v a l u a t i o n  o f  L i g h t n i n g  Accomodation Systems f o r  
Wind-Driven Turb ine  Rotors .  DOE/NASA/20320-37, NASA TM-82784, 
March 1982. 



14. Anon.: Wood Handbook; Wood a s  a n  Engineer ing Ma te r i a l .  Fo re s t  Products  
Lab. F o r e s t  Se rv . ,  U .  S. Dept. of  Agr i cu l tu re .  A g r i c u l t u r e  Handbook 
No. 72, Revised August 1974. 

15.  Kommers, W. J.: The F a t i g u e  Behavior of Wood and Plywood Subjec ted  t o  
Repeated and Reversed Bending S t r e s s e s .  F o r e s t  Products  Lab, F o r e s t  
Serv . ,  U. S. Dept. of A g r i c u l t u r e  No. 1327, 1944. 

16. Faddoul, James R.: Tes t  Eva lua t ion  of a  Laminated Wood Wind Turbine 
Blade Concept. DOE/NASA/20320-30, NASA TM-81719, May 1981. 

17.  Spera,  David A. :  Comparison of Computer Codes f o r  Ca lcu l a t i ng  Dy- 
namic Loads i n  Wind Turbine.  DOE/NASA/IO~~-78/16, NASA TM-73773, 
1977. 

18.  Anon.: Conceptual Design Review Report,  MOD-5A Wind Turbine Gener- 
a t o r .  NASA Cont rac t  No. DEN3-153, General  E l e c t r i c  Co., May 1, 
1981. 



TABLE I.  - FINAL DESIGN BLADE GEOMETRY 

TABLE 11. - PROPERTIES OF WEST SYSTEM EPOXY WITH 

VARIOUS HARDENERS AND FILLERS 

F i l l e r  

None 
A s b e s t o s  
C o l o d i a l  s i l i c a  
M i  c r o b a l l o o n s  
M i c r o s p h e r e s  
118- in .  g r a p h i t e  f i b e r s  
114- in .  g r a p h i t e  f i b e r s  
( ; r a p l l i t e  f i b e r  mot 
IJ on e 
A s b e s t o s  
M i c r o s p h e r e s  

Dens i 
l b /  f 

E l a s  t i c  
3 modulus ,  

l b / i n 2  

S p e c i f  ica 
modulus 
f t 3 / i n 2  

4,610 
5,040 
4,090 
3,770 
5,450 
9,020 
7,180 
8,860 
4,010 
4,610 
4,180 

a S p e c i f i c  modulus is  d e f i n e d  as the ratio o f '  modulus  t o  d e n s i t y .  
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TABLE 111. - CALCULATED BLADE BENDING STRESSES+ 

[Stress analysis configuration.] 

+ 
Values in p s i .  



TABLE I V .  - BENDING STRESS MARGIN OF SAFETY 

[ S t r e s s  a n a l y s i s  c o n f i g u r a t i o n . ]  

F l a t w i s e  
Combined 

Normal o p e r a t i o n  
+ 50-lb t i p  we igh t  I 

F l a t w i s e  
Combined 

H u r r i c a n e  g u s t ,  
( f l a t w i s e ,  s t e a d y )  

Emergency shutdown 
( f l a t w i s e ,  s t e a d y )  

TABLE V -  - ESTIMATED DIRECT LABOK MAN-HOURS FOR 

FABRICATION OF 1 0 0 t h  BLADE AT 120 BLADESIYEAR 
- 

i I tem - Man-hours 

Veneer p r e p a r a t i o n  5 0  
T a i l  s t o c k  p r e p a r a t i o n  3 0  
Lay g e l c o a t  and c l o t h  i n  mold 2  5  
Mold t a i l  and nose  30 
Manufacture  and i n s t a l l  s h e a r  web and 

r o o t  end b u i l d  up 2  0  
Machine h a l v e s  f l u s h  w i t h  bandsaw 5 
Bond h a l v e s  t o g e t h e r  1 5  
I n s t a l l  meat1 s t u d s  i n  r o o t  end 2  1) 
I n s t a l l  l i g h t e n i n g  p r o t e c t i o n ,  c l e a n  u p p  

and b a l a n c e  2 0  
F i n a l  f i n i s h  1 0  
P r e p a r e  f o r  shipment - 1 0  

T o t a l  235 



TABLE VI. - ESTIMATED PLANT MANPOWER AND 

PAYROLL COST PER BLADE 

[Cos ts  i n  1977 d o l l a r s . ]  

a  
Eight-hour s h i f t s .  

b l  Fab r i ca t i on  t r a i n ,  1  s h i f t ;  16 men/ t ra in ;  
1 blade/2 days.  

'4 Fab r i ca t i on  t r a i n s ,  2  s h i f t s ;  10 rnen/train; 
4 blades/day.  

Total  / T o t a l  
hours/  I c o s t ,  
b 1 ade p/b 1 adej 

I Class  
I 

1 
I I 

( a )  100th  Blade a t  120 b l ades  per yearb I 

I , 

Number / $ r a t e /  
of men 1 hr 

Per daya/ 

r-- -- - - - -  - - --  -------- 

Product ion  l i n e  
Receiving and sh ipping  

I Maintenance 
, Off i c e  manager 

O f f i c e  he lpe r  
f Development engineer  
, Qua l i t y  c o n t r o l  

---- - - - .  

I 
72 

I 
8 .00 i 16 1 2 8  

1 Foreman I 
I 

I 

P l a n t  manager f 1 ) 12.00 1 16 
I 

192 
1- - 
I - -  -- - - - -  ---- 

T o t a l s  1712 1 -  - - - -  

(b)  1 ,000 th  Blade a t  960 b l ades  per  yearC 
4 .--- 
' Product ion l i n e  1 80 1 4 . 5 0 ;  160 I 7 2 0  
I Receiving and sh ipping  1 3 ' 4.50 ( 6  2 7 
I Ma i n  t enanc e  3 

o f f  i c e  manager 1 
Off i c e  he lpe r  1 
Development engineer  ' 1 8.00 2  1 6  ' 

I Qua l i t y  c o n t r o l  2  1 6  
2  4 32 I :E::Zanager 14.00 2 28 1 

L - -- -- - - - - -! 

T o t a l s  / 93 --- 186 895 / 

6.00 6  36 
6.00 
4.00 

2  12  
2  8  



TABLE V I I ,  - ESTIMATED PIATERIALS COST BREAKDOWN FOR FAHKICATION 

OF 1 0 0 t h  BLADE AT 1 2 0  BLADES PER YEAR 

[ I 9 7 9  d o l l a r s . ]  
-- -..- 

Item 
i n  n e e d e d  ' 

--I--- --- . W e i g h t  Amount I U n i t  c o s t  Total 

I 
cost, 

I 
I b l a d e ,  I 

I ' 5/ 
iblade -- ----- 1 l b  -------------- ---.+-- - - 

I 
I 

D o u g l a s  f i r  v e n e e r ,  1 1 1 6 - i n .  t h i c k  : 1,131 
S t e e l  s t u d s  1 2  0  
Epoxy 4 4 5  
B i r c h  a i r c r a f t  p lywood ,  1 1 8 - i n .  t h i c k  
B i r c h  a i r c r a f t  p lywood ,  1 1 1 6 - i n .  t h i c k  
L i g h t n i n g  p r o t e c t i o n ,  i c e  d e t e c t o r  

i 'F$ 
M i s c c . l l a n c o u s  p a i n t ,  n o s e  s t r i p ,  e t c .  
D o u g l a s  f i r  sawn s t o c k  

I l6 1 1 4 2  
F i b e r g l a s s ,  1 0 - o u n c e ,  6 0 - i n .  w i d e  3 0  
B i r c l i  a i r c r a f t  p lywood ,  1 1 4 - i n .  t h i c k  
Vert i c e l  honeycomb 

1 8 , 7 0 0  f t 2  1 S ~ / f t  11,305 
i 24 $ 4 0  1 9 6 0  
i 4 9 0  l b 2  ! $ 1 . 3 5 / J b  662 

i 
4 4 8  : 700  f t 2  6 4 c / f t 2  , 

1 3 3 0  f t  . 5 6 ~ / f t  / 1 8 5  
I _ - _ _ - - - I  -------_ ! 125 

------- -------- I 100 
i 9 1  bd f  t , 7 4 ~ l b d  f t  I 67 
I 3 5  y d s  1 $ 1 . 5 0 1  d  1 5 3  

1 52 1 6 9  f t 2  / 7 5 c l f t  I 

: 3 6 0  f t 2  j 1 3 . 3 c / f t 2  / 4 8  

T o t a l  IT ------- I --------- - - - - - - - -  -. -. t - ----. 

TABLE VIII. - ESTIMATED CAPITAL COSTS 

[ I 9 7 7  d o l l a r s . ]  
----- - --- r---- I 

Item Do1 l a r s  

i I oYfe;I:e 1 2 0  
I p e r  y e a r  p e r  y e a r  C - - -- - - --- -. - -. - --- -- 

M a n u f a c t u r i n g  p l a n t  
T o o l i n g ,  j i g s ,  a n d  f i x t u r e s  1 7 4 , 0 0 0  
PIold t r a i n s  

I T o t a l  I I 1 7 8 3 , 0 0 0  ! 2 . 7 8 4 , 0 0 0 ;  
a  c I 1)cprer. i a t  i o n  

2 b 1 1 0 , 4 0 0  1 4 0 0 , 3 0 0 (  Land ( 1 3 5 , 0 0 0  f t  ) I--- 1 6 1 . 0 0 0  1 6 1 , 0 0 0  j 
-. -- - -- ----- - - _ _ . _ I _ _ _  .- ------ 
n 

F i r s t  y e a r ,  sum o f  d i g i t s  m e t h o d  ( G o v P t  r u l e s ) .  
b D e p r e c i a t  i o n  p e r  b l a d e ,  $ 9 2 0 .  
C D e p r e c i a t i o n  p e r  b l a d e ,  $417 .  



TABLE I X ,  - ESTIMATED TOTAL COST PER BLADE 

[I977 d o l l a r s . ]  
- - - -- - - -- - - - - t 

I t em 1 0 0 t h  B l a d e i  1 , 0 0 0 t h  Blade 
(120 b l a d e s l y r )  , (960 b l a d e s l y r )  ' - . A  

D e p r e c i a t i o n  I -9201 -399  417 ' i -  , 1 8 1  i 
Sub t o t a l  7,742 3.360 5 , 0 3 4 ,  2.185 

M a t e r i a l s  
P a y r o l l  
Labor r e l a t e d  overhead 

15% g e n e r a l  and admin- I I I 
i s t r a t i v e  1 1 , 1 6 1  1 -504 755 -328  , 

Sub t o t a l  j 8 , 9 0 3  1 3.864 5 ,789  1 2 . 5 1 3  
12% f e e  + 1 y r  i I 

g u a r a n t  eea  I ! +--- 1,0681 -464 --, - .-I-- 695 / .302 - 
T o t a l \  9.9711 4.328 , 6,484 2.814 -- -- 

;I 
I 

S t a n d a r d  Gougeon g u a r a n t e e  a g a i n s t  d e f e c t s  i n  m a t e r i a l s  
a n d / o r  workmanship f o r  1 y e a r  a f t e r  i n s t a l l a t i o n  ( n o t  
t o  exceed 1 8  mo a f t e r  shipment)  p rov ided  Gougeon oper-  
a t i n g  and main tenance  i n s t r u c t i o n s  a r e  f o l l o w e d .  Does 
n o t  i n c l u d e  t h e  c o s t  of l i a b i l i t y  i n s u r a n c e ;  o r  t h e  
c o s t  of a d d i t i o n a l  paperwork and r e d  t a p e  o v e r  and 
above t h e  Gougeon normal guaran teed  q u a l i t y  a s s u r a n c e  
p r o c e d u r e s ;  o r  t h e  c o s t s  of removal from tower ,  s h i p p i n g ,  
re-assembly,  e t c .  

3,484 
1 ,712  

TABLE X. - PROJECTION OF BLADE COSTS DUE TO INFLATION 

1.512 ' 2 ,961  / 1.285 i 
-743  ' ! 895 1 1.388 j 

- - - - - - .- - - - , 
Cost  p e r  pound of b l a d e  w e i g h t ,  $ / l b  ! 

( a )  1 0 0 t h  Blade  
----- 

1 2 - 5  

(b )  1 , 0 0 0 t h  Blade  I 

10 .0  
1 2 . 5  

1.626 .706 , 761 1 .330 i 





r i g u v e  2.- tor+- weight  ve~a t ionsh ' i  per blade show-  
i n g  enve lope  +ov acceptable  designs f o r  wood  

C O M ~ O S ~  t e  blades. Production rate, loo bladesly ear. 
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FIGURE 3 .  - NACA 230-SERIES AIRPOHLS (REP. 1 2 ) .  



COWSTANT C H O R D  

S T E P  T A P E R  

8WEAR T A P E R  

L i N E A R  B R E A K  T A P E R  

F OGURE 4. - ACCEPTABLE BLADE P L A N F O R M S -  





(a. Edgewise bending  moments. 

Blade sfa*ion, r / ~ .  

(b). F l a f  ~ i s e  bending m o m e n + s .  

Fi9ure 6.- Represen ta t i ve  bending rno rne~ f  distri- 
b&~ ion% for Mob-049 wad&, Msknsfnik vec$or% are 
paralie! and perpendicular +o chord a+ ~T/R = 0.75. 



Mean + ~ y c l i c  

Mean 

+"$ 3 compvess\on in h\ gh  pressure 
s i d e  

Edgewise  m o m e n t :  

*Me) compression in l e a d i n g  edge 

side 

Figure 7.- Bending m o m e n t  definitions a n d  
convent  I O ~ S .  



FIGUHE 8. -- 1) ITCI i  COLTILOL HUB (uIIE~sIOLS Ih I A C ~ ~ F ; ~  ) a 





(b). Thickness.  

(c). Cross s e c t i o n s .  

b gure  10.- f r t e t n a  l geometry of Mod - OA wood 
c o m p o ~ i t e  blade. (~ i rnens ions  in inthes.) 





I I I I 1 

a .  Chord l e n g f h ,  

-. \\ 
~ a x i m u m ,  f rom de s i  yn 

Wood cornp~s' l te 

0 -2 3 ,6 *8 I .  Q 

Radius ratio, r l R  

(b). Max im urn h i c k n e s s  ratio. 

F i g u r e  12.- Comparison of  blade g e ~ r n s ~ r i ~ s  f o r  
Mod- OA wind turbine. 
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0 1 L I I I 
- 4  o 4 0 12  16 

Angle of attack I d I deg  

Figure 13.-  if +/drag charac+er '~s t i c~  of MACA i30-5erie.s 
dirfbil sections b+ Re= 6% 10'. Data from ref. la 



b 
Wood c o m p o s i t ~  

I' 0 Data (ref. la) 
/ - - -  €s f  imatad 

\ 
\ 

M a ~ ~ i m u m  n e g a t i v e  Iif t c ~ e - f f i c i e r ,  t 

Thickness rat io 8 t /C 

Figare 14. - Uegat ive stal l  cha rac te r i s t i c s  of 
6 

MRCA 230- s ~ r i e s  airfbil sec t ions ,  Pe= b 10. 





Figccre 16.- Stud prestress in blade/ hob attachment. 

Fr'gure 17.- E a r l y  fabf \cat ion concept  wi th  three 
mddad sections (nose piece ahd obch tdil 
pane 1 ). 



F I G U R E  18.- TWO-PART HALF-SHELL MOLD METHOD. 











Laminated 

Figure 13.- Blade root budd up f rcm Nade r o o t  
e n d  t o  sfat ion 150. 



















0 I 0 0  -100 106 

TEMPERATURE, O F  

FIGURE 32 . -  EFFECT OF TEMPERATURE ON MECHANICAL PROPERTIES OF WOOD. 
(FROM REFERENCE 1 4 )  





1/16. in. f i r  veneer str ip (16 to ta l )  

(a). Tes t  sample for veneer j o in t  s t r e n g t h .  

43u i - t  
jo int  

- Blade as  l a m i n a t e d  cant i lever beam w i t h  
butt joined st r ips .  

r i g  are 34.- L a m i n a t e d  sections w i t h  b u t t e d  
ueneer j o in t s .  



Step tapered  hole, Doubler e lates f o r  

Stud, 15-in. l o n g  block, 4 in. bq 4 in. by 24in. long 

Figure 35.- Baseline ~ p e c i m e n  fo r  t e s t  o f  bond st r e n ~ t h .  

T a p e r e d  s t v a l g h t  

Figure 36.- Sample s fuds u s e d  i n  single-stud t e s * ~ .  















ear  web 

Cb). S t a t i o n  \ O l e  

(c). ~ t a f ' l o n  IS0 t o  500 (d. Sta t ion  600 t o  750. 

Figure 4 1 .-- I n t e r n a l  struc+ure of blade cross s e ~ + i o n s  
used f o r  deta.1 l e d  5t r e s s  ana l  ysr S.  (Dimensions in 
inches,) 
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CUTER TBlL %It4 

3-PLY etacu PLVWOD 

IUhlEQ TAIL %lu 1 
Q 3-PLY WQCH P C Y W  

TYP 

'C&%% rj&tEAQ WEB 0CxJO\pJb 
STRILJBE-, 5AW DoUb FIR TAPIPE FULL LEIJbTU OF 6 L a ,  
CULL LEULTH CENT€-D W s ,  To  BE. 

\QSALLEO PRIOR T o  mlUTlf-lb 
00CILLA5 FIR 

(c)  Stations 300 to 450. 

Figure 47. - Continued. 
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ROOT END BUVLD UP - 

F I R  

I ,- 8 5 -PLY BIRCH PLYWOOD CRP , 
I N S T R L L E D  RFTER BLRDE HRLVES \% 

ARE BONDED TObETHER 
\ 

\ 

I 
- SHERR WEB BONDING STRIM6ER 3 X % SRWN DOUGLAS FIR 

BLRDE. HRLVES GLUE0 TOGETHER 
RLON6 MOLD CUT L INE WITH 
WEST SYSTEM EPOXY RND 
R S B E S T 0 5  FILLER 

SRWN DOUGLRS FIR 
5 7 R \ N G L R 5  

DOUGLRS FIR,  GRRlN 
PRRALCEL TO TRR\LlNG 2.00 OVERLRP 
EDGE 

d THICK VERTICEL PRPER 
HONEYCOMB - b 0 - b 0 - 1 5  

3 -PLY  BIRCH PLYWOOD TAIL 
PRNEC, FRCE GRRIIJ LONGLTUDINRC 

$ THICK 5RWN DOUGLR5 FIR 
STRINGERS T Y  P 

LRMINRTED NOSE RT 1 
THIS STRTION , 55 LRYERS 

\ DOUGLRS FIR I 
! TWO LRYLRS 3 - P L Y  _I 
i BIRCH PLYWOOD 

- THIS STRINGER RUNS FULL 
LENGTH OF BLADE 

(cj Station 1 2 6 .  

Figure 48. - Continued. 
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r a 3PLY BIRCG PLYWOOD 5 T A  I 5 0  TO 
: ~ 7 ~ 4 4 2 .  APPLIED AFTER 4 W 0 5 4 w i ~ 4  

I O E Q A T O C r  

wEnq WE0 BsrJDld4 SnZlNhER5 
,SAW DW61A5 FIG 

E m Y  '=lLLET 

%W DoUbLA5 FIR 
STR1U6ERS 

-75 TuK \IE=ICEL 

3-PLY WRCU PLYWOOD 
T A I L  5 K l t J S  

s w Q  DouwA5 FIR SrclUlrERS 
;k TCIC LAMIhJATED 

AT TUIS SI-ATIO~J, 1 2  
LAYERS &US 

( c )  S t a t i o n  2 9 4 .  







TIP \/VElGsHT BLOCKING 2.50 WIDE BLADE. HALVES GLUED TOGETHER 
PUP 4.00 LONG T Y 9  DOUGLR4 FIR ALONG MOLD CUT LIME. WITH WEST 

SYSTEWI EPOXY AND A58EST8S 
VERYICEB HONEYCOMB CORE FIBER FILLER 
$ - loo- (so- IS 

7 
i 

SPRUCE STRINGER 1.08 WIDE 

$ - I (BMC EPOXY TWRERDED 
HOLES 3.50 DEEP TYP 
4 HOLES 5-  PLY BIRCH PLYWOOD 

TRIL PRNEL SHERR WEB BONDING 
STRINGERS 3 X $ SAWN 

SCREEN SOLDERED TO FOIL DOUGLAS F IR  
2- BRCK FROM TIP, OVERLAP 
$ FOR SOLDER\PQG a 5-PLY BIRCH PLYWOOD 

SHLRR W E B  

LIGHTN\N6 PROTECTION FIBERGLASS CLOTH 
SCREEN (ALUMINUM) .15 X 1.00 DOUGLRS FIR 

STR\NCER RUNS FULL 

MOLD CUT LINE .O\ RLUMINUM FOIL LENGTH OF 6LhDE 

2 LRYERS & 3- PLY BIRCH 

END CAP 4 5-PLY PLY WOOD 
BIRCH PLY WOOD 

LAMINATED LERD\NG CD6€,  
8 LAYER5 & DoUGLRS FIR - 

I \- TRIL PRNLC 5 - PLY 
VLRT ICEC CORE B \ R C H  PLY WOOD 

- (00-loo- 15 TYP 
- TIP WEIGHT BLOCKING 

SECT A - A  SRWN DOUGLRS F\R 

( i l )  S t a t i o n  7 5 2 .  

F i g u r n  48. - Concluded. 







~ ; g ~ r =  50,- Variafion of es+irnated cos t  p e r  p o u n d  04 
blade weight  for wood c o m p o s i t e  blades in 1980 
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Wood Composite Blades for Intermediate Size Wind 'Sih-lrbines: 

Rocky River, Ohio 44'916 

As part of a program to reduce wind turbine costs, an evaluation was conducted of a laminated 
wood composite blade for the Mod-OA 200-kW wind turbine. The effort included the design and 
fabrication concept for the blade, together with cost and load analyses. The blade structure is 
composed of laminated Doug%as fir veneers for the primary spas and nose sections, and 
honeycomb cored plywood panels for the trailing edge sections. The attachment of the wood 
Made to the rotor hub was through load takeoff studs bonded into the blade mot. Tests were 
conducted on specimens of the key s t r u c k u d  components to verify the feasibility of the 
concept* Fabrication cost was estimated to be about $5,000 to 18,000 per blade in 1982 
dollars for a production rate of 108 blades per yearsr. The major conclusion of the 
investigation was  that the p r o p s &  wood composite blade design and fabrication concept 
is suitable for Mod-OA size wind turbines ( 1 2 5 4  diameter rotor) at  a cost that is very 
competitive with other methods of r n m u f s h r e .  

Wind turbine Mades; Rotor blades; 'UncBwsified - unlimited 

Laminated wood; Wind turbines; STAR Category 44 
DOE Category UC-60 

' For sale by the Mat~onal  Technical ln format~on Service. S p r ~ r i e f ~ e l d  V ~ r g i n ~ n  22161 


