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ALUMINUM BLADE DEVELOPMENT FOR THE MOD-OA 200-KILOWATT WIND TURBINE 

B r a d f o r d  S. L i n s c o t t  and Richarc! K .  Sha l tens  
N a t i o f i a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lewis  Research Center 
C leve land,  Ohio 44135 

and 

A .  6 .  Eggers 
Westinghouse E l e c t r i c  Company 

P i t t s b u r g h ,  Pennsy lvan ia  15236 

SUMMARY 

T h i s  r e p o r t  docciments t h e  o p e r a t i n g  exper ience  w i t h  two aluminum b lades  
used on t h e  DOE/NASA Mod-OA 2 0 0 - k i l o w a t t  w ind  t u r b i n e  l o c a t e d  a t  C lay ton ,  
New Flexico. Each Mod-OA aluminum b l a d e  i s  59.9 f e e t  l o n g  and weighs 
7,360 pcunds. 

The aluminum b lades  o r i g i n a l l y  used on  t h e  Mod-0, 1 .00-k i lowat t  w ind  
t i r r b i n e  t e s t  bed, near  Sandusky, Ohio, a r e  desc r ibed .  The Mod-0 alirminuni 
blacies were developed and t e s t e d  b e f o r e  t h e  Mod-OA aluminum b l a d e s  were 
designed. E a r l y  Mod-0 b l a d e  t e s t s  showed a need f o r  h lades  h a v i n g  h i g h e r  
l o a d  c a r r y i n g  c a p a b i l i t y .  As  a r e s u l t ,  t h e  Mod-OA b l a a e s  were deve loped 
w i t h  t h e  Mod-0 b l a d e s  s e r v i n g  a s  p r o t o t y p e s .  

f a b r i c a t i o n  procedures ,  and t h e  b l a d e  an2 lyses  s r e  d i s c u s s e i .  A d e t a i l e a  
c h r o n o l o g y  i s  p resen ted  on t h e  o p e r a t i n g  exper ience  o f  t h e  Mod-OA aluminum 
b lades  used a t  C lay ton ,  New Mexico. B lade s t r u c t u r a l  damage was e x p e r i -  
enced. I n s p e c t i o n  and damage assessment were r e q u i r e d .  S t r u c t u r a l  m o d i f i -  
c a t i o n s  t h a t  were i n c o r p o r a t e d  t o  t h e  b lades  s u c c e s s f - u l l y  extended t h e  use- 
f u l  o p e r a t i n g  l i f e  o f  t h e  b lades .  The aluminum b lades  c o m p l e t e d - t h e  p lanned 
2 y e a r s  o f  opera t . ion  o f  t h e  C l a y t o n  wir;d t u r b i n e .  
f r o m  s e r v i c e  i n  August 1980 t o  a l l o w  t e s t i n g  o f  advanced t e c h n o l o g y  wood 
compo c. i t c h 1 ades . 

The aluminum Mod-OA b l a d e  d e s i g n  requ i remen ts ,  t h e  s e l e c t e d  des ign ,  

The b lades  were removed 

I N T R O D U C T I O N  

Fo r  t h e  p a s t  s e v e r a l  y e a r s  t h e  F e d e r a l  Government has sponsored an ex- 
p a v d i r g  r e s e a r c h  and development program t o  make renewab le  energy  sources  
f o r  t h e  g e n e r a t i o n  o f  e l e c t r i c i t y  a v i a b l e  t e c h n o l o g i c a l  a l t e r n a t i v e  t o  con- 
v e n t i o n a l  g e n e r a t i n g  c a p a c i t y .  One renewab le  energy  source, w ind  energy, 
appears t o  be a p a r t i c u l a r l y  a t t r a c t i v e  c a n d i d a t e  f o r  t h e  near  te rm.  

o f  Energy (DOE), i s  d i r e c t e d  t o w s r d  d e v e l o p i n q  sa fe ,  r e l i a b l e ,  c o s t -  
e f f e c t i v e ,  and e n v i r o n m e v t a l l y  accep tab le  machines t o  genera te  s i g n i f i c a n t  
amounts o f  e l e c t r i c i t y .  The l a r g e s t  e lement  o f  t h e  F e d e r a l  program, l a r g e  
w ind  t u r b i n e  development, i s  managed b y  t h e  NASA Lew is  Research Center .  
There :re s e v e r a l  ongo ing  w ind  system development p r o j e c t s  o r i e n t e d  p r i -  
m a r i l y  t oward  u t i l i t y  a p p l i c a t i o n  w i t h i n  t h i s  program element ( r e f s .  1 
and 2 ) .  

The F e d e r a l  Wind Energy program, under t h e  sponsorsh ip  o f  t h e  Department 



The f i r s t - g e n e r a t i o n - t e c h n o l o g y  l a r g c  w ind  t u r b i n e  c a l l e d  Mod-OA, has 
been designed and f o u r  u n i t s  a r e  i n  o p e r a t i o n  ilt u t i l i t y  s i t e s .  I h e  f i r s t  
Mod-OA, r a t e d  a t  200 k i l o w a t t s ,  w i t h  a 125- foo t  d iameter  r o t o r ,  i s  l o c a t e d  
a t  C layton,  New Mexico; t h e  second on t h r  i s l a n d  o f  Culebra,  P u e r t o  Rico;  
t h e  t h i r d  on Block I s l a n d ,  Rhode I s l a n d :  and t h e  f o u r t h  on Oahu I s l a n d ,  
H a w a i i  . 

lhe o v e r a l l  o b j e c t i v e  o f  t h e  Mod-OA wind  t u r b i n e  p r o j e c t  i s  t o  o b t a i n  
e a r l y  o p e r a t i o n  and per formance d a t a  w h i l e  g a i n i n g  exper ience by o p e r a t i n g  
i n  a t y p i c a l  u t i l i t y  env i ronment .  
acceptance t e s t s  i n  November 1977 and became o p e r a t i o n a l  a t  t h e  u t i l i t y  s i t e  
i n  C lay ton ,  New Mexico, i n  March 1978. I t  i s  shown i n  f i g u r e  1. 

Because o f  l i m i t e d  f u n d i n g  and t i m e  a l l o w e d  d u r i n g  1976 and 1977, a 
l a b o r a t o r y  t y p e  o f  t e c h n o l o g y  development phase o f  t h e  Mod-OA p r o j e c t  was 
n o t  f e a s i b l e .  Ins teao,  i t  was dec ided t h a t  wind t u r b i n e  t e c h n o l o g y  develop- 
ment would be conducted w h i l e  u t i l i t y  o p e r a t i n g  exper ience was b e i n g  gained. 

The o b j e c t i v e s  f o r  t h e  development of t h e  Mod-OA b lades  were (1) t o  t e s t  
t h e  b laaes  on t h e  w ind  t u r b i n e  and n o t  i n  t h e  l a b o r a t o r y  and ( 2 )  as tech-  
no logy  problems were found, t o  d e v i s e  s o l u t i o n s  and make t h e  necessary 
m o d i f i c a t i o n s  t o  a l l o w  c o n t i n u e 0  t e s t i n g  of  t h e  b lades.  
pa ined a s  a r e s u l t  o f  t e s t i n g  t h e  wind t u r b i n e s  on a p u b l i c  u t i l i t y  i s  p a r t  
o f  a p lanned l e a r n i n g  process  t o  deve lop  b e t t e r  p e r f o r m i n g  and lower  c o s t  
b lades .  

The Mod-OA b lades  a r e  des igned and c o n s t r u c t e d  i n  much t h e  same way as  
an a i r p l a n e  wing. D u r i n g  l a b o r a t o r y  s t r u c t u r a l  acceptance t e s t s  on a i r p l a n e  
w inps ,  d e t a i l  s t r u c t u r a l  d e s i g n  d e f i c i e n c i e s  a r e  o f t e n  found.  T h e  d e f i -  
c i e n c i e s  a r e  r e p a i r a b l e  by s t r u c t u r a l  m o d i f i c a t i o p .  U s u a l l y  t h e  moo' i f ica-  
t i o n s  a r e  i s o l a t e d  t o  a p a r t i c u l a r  r e g i o n .  
c a l l e d  "ho t  5pots. I '  L i k e  a i r p l a n e  wings, t h e  wind t u r b i n e  b l a d e s  developed 
some " b o t  spo ts . "  As a r e s u l t ,  t h e  b l a d e s  r e q u i r e d  s t r u c t u r a l  m o d i f i c a t i o n s .  

fietai'ls o f  t h e  Mod-OA b l a d e  des ign  and c p e r a t i n g  loads  a r e  d e s c r i b e d  i n  
t h i s  r e p o r t .  
t u r b i n p ,  b l a d e  s t r u c t u r s l  damage was observed. As a r e s u l t ,  s t r u c t u r a l  
r e p a i r  t o  each b l a d e  was needed. 
t u r a l  t , lzde damage and t h e  necessary r e p a i r s  a r e  summarized i n  t h i s  r e p o r t .  
D e t a i l s  o f  t h e  b l a d e  s t r u c t u r a l  damage, i n s p e c t i o n  procedures,  d e s i g n  
changes and d e t a i l e d  s t r u c t u r a l  m o d i f i c a t i o n s  a r e  d e s c r i b e d  i n  NASA Tech- 
n i c a l  Memorandum 82595. 

The f i r s t  Mod-OA wind t u r b i n e  s t a r t e d  

The exper ience 

These prob lem areas a r e  o f t e n  

D u r i n g  e a r l y  t e s t i n g  o f  t h e  b lades,  on t h e  C l a y t o n  Mod-OA wind 

The h i s t o r y  of t h e  C l a y t o n  Mod-OA s t r u c -  

ALUMINUM BLADES FOR THE MOD-0 WIND TURBINE TEST BED 

The f i r s t  w ind t u r b i n e  aesigned and c o n s t r u c t e d  under t h e  F e d e r a l  Wina 
Efiergy program was t h e  Mod-0 wind t u r b i n e .  T h i s  machine was i n s t a l l e d  b y  
NASA a t  t h e i r  Plum Brook S t a t i o n  near  Sandusky, Ohio.  O p e r a t i o n  o f  Mod-0 
began i n  September 1975. 
a l lowed t e s t i n g  o f  advanced l a r g e  h o r i z o n t a l  a x i s  wind t u r b i n e  t e c h n o l o g y  
concepts.  
r o t o r  d iameter  o f  125 f e e t  (38.1 m). The 5 9 . 9  f o o t  (18.3 m) l o n g  b l a d e  
f i r s t  used on Mod-0 were c o n s t r u c t e d  o f  aluminum. These b l a d e s  were manu- 
f a c t u r e d  f o r  NASA b y  the  Lockheed A i r c r a f t  Company, Burbank, C a l i f o r n i a .  

no logy  c o u l d  be d i r e c t l y  a p p l i e d  t o  t h e  des ign,  a n a l y s i s  and f a b r i c a t i o n  

The purpose o f  Mod-0 was t o  p r o v i d e  a machine t h a t  

The Moa-0 was r a t e d  a t  100 k i l o w a t t s  i n  an 18 mph wind and had a 

Aluminum b lades  were s e l e c t e d  f o r  Mod-0 because e x i s t i n g  a i r c r a f t  tech-  



of these b lades.  Th is  e x i s t i n g  techno logy  a l l owed  Lockheed t o  des 
f a b r i c a t e ,  pe r fo rm l i m i t e d  t e s t s ,  and d e l i v e r  t h r e e  b lades  t o  NASA 
8 months f r o m  s t a r t  o f  design. The t o t a l  c o s t  f o r  d e l i v e r y  o f  t h e  
b l a d e s  was a p p r o x i m a t e l y  8300,000, which i n c l u d e d  design, f a b r i c a t  
t e s t  i n s .  

gn 9 

w i t h i n  
t h r e e  
on, and 

Because NASA des igned t h e  M o d 4  w ind  t u r b i n e ,  NASA p r o v i d e d  Lockheed 
w i t h  c e r t a i n  b l a d e  s p e c i f i c a t i o n s  t o  assure c o m p a t i b i l i t y  of  t h e  b lades  w i t h  
t h e  machine. These s p e c i f i c a t i o n s  i n c l u d e d  t h e  b l a d e  p h y s i c a l  s i z e  and 
maximum weight ,  o p e r a t i n g  speed, p i t c h  v a r i a t i o n  range, a i r  loads,  machine 
o p e r a t i o n a l  l o a d  cases, and a s s o c i a t e d  o p e r a t i n g  t imes ,  f o r  f a t i g u e  l i f e  
analyses. As an example o f  a d d i t i o n a l  s p e c i f i c a t i o n s ,  f i g u r e  2 shows t h e  
b l a d e  chord,  t h i c k n e s s ,  and t w i s t  ang le  d i s t r i b u t i o n  s u p p l i e d  t o  Lockheed by 
NASA. Complete d e t a i l s  o f  a l l  t h e  des ign  s p e c i f i c a t i o n s  a r e  found  i n  r e f e r -  
ence 3, which a l s o  documents t h e  d e t a i l e d  l oads  and s t r e s s  a n a l y s i s  per-  
formed by Lockheed t o  suppor t  t h e  b lade  design. 
b l a d e  dynamic analyses,  w e i g h t  and balance t e s t s ,  and t h e  s t r u c t u r a l  and 
s t r u c t u r a l  dynamic t e s t s  t h a t  were per formed on t h e  Mod-0 b lades.  

(18.3 m) long,  so t h a t  t h e  r o t o r  assembly, i n c l u d i n g  t h e  hub, has a d iamete r  
o f  125 f e e t  (38.1 m). Each b l a d e  weighs 2000 pounds (888 k g ) .  S t r a i n  
gages, used t o  measure bending moments, a r e  l o c a t e d  a t  s t a t i o n s  40 and 367 
( f i g .  3 ) .  S t a t i o n  numbers r e f e r  t o  d i s t a n c e s ,  measured i n  inches,  f r o m  t h e  
a x i s  o f  b l a d e  r o t a t i o n .  

A t y p i c a l  b l a d e  c r o s s  s e c t i o n  i s  shown i n  f i g u r e  4 taken  a t  s t a t i o n  
300. The arrangement o f  t h e  0-spar s t r u c t u r e  and t r a i l i n g  edge s t r u c t u r e  
can be seen c l e a r l y  i n  t h i s  f i g u r e .  
used t o  p r e v e n t  pane l  b u c k l i n g  o f  t h e  s k i n s  under compressive loads.  S t e e l  
and aluminum f a s t e n e r s  a r e  used t o  assemble t h e  v a r i o u s  b l a d e  components. 

The Mod-0 was f i r s t  ope ra ted  a t  r a t e d  power i n  v a r i a b l e  w ind  speeds 
above 2 5  mph ( 1 1  m lsec )  d u r i n g  Clecember 1975. Blade loads were measured 
d u r i n g  these t e s t s .  
1.6, t h e  l o a d  va lues  used t o  des ign  t h e  b lades.  
f i c a t i o n s  t o  t h e  machine were needed t o  a l l o w  c o n t i n u e d  safe, long- term 
o p e r a t i o n  o f  t h e  b lades .  

d e s c r i b e d  i n  r e f e r e n c e s  5 and 6, r e s u l t e d  i n  s i g n i f i c a n t l y  r e d u c i n g  b l a d e  
loads .  F i r s t  t h e  tower  s t a i r w a y  was removed. The s t a i r w a y  was used f o r  
manned access f r o m  t h e  ground t o  t h e  n a c e l l e  hous ing  t h e  r o t a t i n g  equip- 
ment. The second m o d i f i c a t i o n  e l i m i n a t e d  f r e e  p l a y  i n  t h e  n a c e l l e  yaw d r i v e  
system, and inc reased  t h e  yaw s t i f f n e s s  between t h e  n a c e l l e  s t r u c t u r e  and 
tower .  The t h i r d  m o d i f i c a t i o n  was t h e  a d d i t i o n  o f  a f l u i d  c o u p l i n g  t o  pro- 
v i d e  damping i n  t h e  h i g h  speed d r i v e  t r a i n  ( r e f .  6) .  

t h e  observed s teady  s t a t e  b l a d e  c y c l i c  loads were about 1 0  p e r c e n t  h i g h e r  
t h a n  p r e d i c t e d .  In a d d i t i o n ,  b l a d e  loads  were a f f e c t e d  b y  t r a n s i e n t s ,  such 
as wind gusts.  
loads used t o  d e s i g n  %he b lades.  As a r e s u l t ,  NASA c o n t r a c t e d  w i t h  t h e  
Lockheed A i r c r a f t  Company t o  conduct  a s t u d y  t o  d e f i n e  s t r u c t u r a l  m o d i f i c a -  
t i o n s  f o r  t h e  Mod-0 b lades.  The m o d i f i c a t i o n s  wou ld  a l l o w  t h e  b lades  t o  
s a f e l y  o p e r a t e  under h i g h e r  l oads  f o r  t h e  s p e c i f i e d  des ign  l i f e  o f  50,000 
hours.  

Keference 4 documents t h e  

The Mod-0 b l a d e  p l a n f o r m  i s  shown i n  f i g u r e  3. Each b l a d e  i s  59.9 f e e t  

Angle s t r i n g e r s  and r i b s  as shown a r e  

These loads  were found t o  exceed, by a f a c t o r  o f  about 
It was apparent  t h a t  modi- 

These m o d i f i c a t i o n s ,  Three k e y  m o d i f i c a t i o n s  t o  t h e  machine were made. 

Reference 5 shows t h a t  even w i t h  t h e  m o d i f i c a t i o n ,  as d e s c r i b e d  above, 

These t r a n s i e n t  l oads  o f t e n  exceeded t h e  p r e d i c t e d  o p e r a t i n g  

The b l a d e  m o d i f i c a t i o n s  proposed b y  Lockheed a r e  r e p o r t e d  i n  r e f e r -  

3 



ence 7. 
for the Mod-OA aluminum blades. 

These proposed blade modifications served as the preliminary design 

MOD-OA ALUMINUM BLADE DESIGN 

The Mod-OA blade design reauirements, approach, selected design ana 
supporting analyses are now discussed. 
Mod-OA wind turbine during assembly. 
shape o f  the blades with respect to the rest of the machine. 

Figure 5 shows an overall view of 
This figure shows the overall size and 

Design Requirements 

The Mod-OA blade design requirements are summarized in table I. The 
requirements include the blade dimensions, materials, and the airfoil type 
as well as the flapwise (normal to chord plane) and chordwise (in chord 
plane) canti lever natural frequencies. Figure 6 shows the design planform 
ot the blade. Many additional details of the blade design were set includ- 
ing the thickness and chord distribution, the twist, the tolerances, the 
center of mass, a flutter requirement and the goal of a design life o f  
50,000 hours. 

Operation at four loading cases was specified originally for design and 
analysis of the Mod-0 blades. The basic blade design condition, case 1, is 
40 rpm with a wind velocity of a18 mph (8.0 m/sec). 
wind gust from "8 to a60 mph (8.0 to 27.0 mlsec) with no change in 
blade speed or pitch. Csse 3 is a control failure from case 1 where the 
blade is suddenly feathered. Case 4 i s  a sudden drop in wind velocity to 
zero from case 1 without change in blade speed or angle. Mod-0 experience 
(ref. 5) showed that the measured blade loads are significantly larger than 
predicted for the case 1 operating condition. 
fatigue loads were therefore determined based on measured blade loads. 

-10" to 120° F (-23' to 50" C). Provision to prevent water accumulation in 
the blade was specified as a requirement. The blades are also required to 
be protected from damage due to moisture. The blades are required to with- 
stand i hailstorm with 1-inch aiameter hail without puncturing the skin or 
resulting in loss of contour. 

Blade vibration and stress analyses were required to be performed by the 
manufacturer. The required analysis results included an interference dia- 
grani ,  vibration modes, vibratory stesses, combined stresses, fatigue limits, 
and expected life. The stress analysis was required to consider twisting, 
tension, and bending due to centrifugal forces, aerodynamic loads, gravity, 
and Coriolis accelerations. Nondestructive tests were also required to 
verify natural frequencies, blade weight, and balance and to calibrate the 
str?in gsoe instrumentation. 

Case 2 is a sudden 

The allowable Mod-OA blade 

Environmental requirements include an opersting temperature range of 

aWind speeds at 30-foot (9.1 m) reference height. 
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Approach 

The Mod-0 b lades  were found  t o  be b a s i c a l l y  s a t i s f a c t o r y  and, s i n c e  t h e  
o v e r a l l  o b j e c t i v e  o f  t h e  Mod-OA program was t o  o b t a i n  ear ly  o p e r a t i o n  and 
performance d a t a  w h i l e  g a i n i n g  exper ience  i n  a u t i l i t y  environment,  t h e  
Mod-OA b lade  des ign  was based h e a v i l y  on Mod-0. The Mod-OA b lades  a r e  geo- 
m e t r i c a l l y  s i m i l a r  t o  t h e  Mod-0 b lade.  Mod-OA was in tended  t o  o p e r a t e  f o r  
l o n g  p e r i o d s  o f  t i m e  and was expected t o  t e s t  t h e  f a t i g u e  enaurance o f  wind 
t u r b i n e  components l o n g  b e f o r e  comparable exper ience  c o u l d  be accumulated on 
Mod-0. There fo re ,  s i n c e  Mod-0 exper ienced h i g h e r  b lade  loads t h a n  expected 
( r e f .  5 ) ,  s t r u c t u r a l  m o d i f i c a t i o n s  were made t o  ex tend  t h e  f a t i g u e  l i f e  o f  
t hese  b lades.  

Se lec ted  Design 

The Mod-OA wind t u r b i n e  has a 125- foo t - (38 .1 -n l - )  d iamete r  h i n g e l e s s  
r o t o r .  
des ign  c o n a i t i o n s .  The b lades have a 33.8O n o n l i n e a r  t w i s t  w i t h  a NACA 
23000 s e r i e s  a i r f o i l .  E x t e r n a l l y  t h e y  a r e  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  
Mod-0 b lades .  The b l a d e  des ign  requ i remen ts  a r e  summarized i n  t a b l e  I. The 
h l a d e  chord,  t h i c k n e s s  and t w i s t  a r e  shown i n  f i g u r e  2 (same f o r  b o t h  Mod-0 
and Mod-OA). The b l a d e  p l a n f o r m  i s  shown i n  f i g u r e  6 .  

F i g u r e  7 shows a c r o s s  s e c t i o n  of t h e  b lade,  t a k e n  a t  s t a t i o n  300, a l s o  
c a l l e d  o u t  i n  f i g u r e  6. The forward p o r t i o n  o f  t h e  c r o s s  s e c t i o n  i s  c a l l e d  
t h e  D-spar. The a f t  p o r t i o n  of  t h e  c r o s s  s e c t i o n  i s  c a l l e d  t h e  t r a i l i n g  
edge. The P-spar i s  a h e a v i e r  and s t r o n g e r  p o r t i o n  o f  t h e  b lade,  and as a 
r e s u l t  i t  c a r r i e s  most o f  t h e  a p p l i e d  l oad .  Angle s t r i n g e r s  and r i b s  as 
shown a r e  needed t o  p r e v e n t  panel  b u c k l i n g  o f  t h e  0.08 and 0.31 i n c h  (0.20 
and 0.79 cm) t h i c k  o u t e r  s k i n s  due t o  compressive loaa .  

D e t a i l  A, c a l l e d  o u t  i n  f i g u r e  7 i s  shown i n  f i g u r e  8. T h i s  shows a 
t y p i c a l  method o f  a t t a c h i n g  t h e  ang le  s t r i n g e r s  t o  t h e  D-spar s k i n  and r i b .  
The s t e e l  H i l o k  f a s t e n e r  i s  an a i r c r a f t  t y p e  o f  h i g h  s t r e n g t h  shear b o l t .  
Clo:e t o l e r a n c e  h o l e s  must be p repared  so t h a t  t h e r e  i s  an i n t e r f e r e n c e  f i t  
between each f a s t e n e r  and t h e  ho le .  The i n t e r f e r e n c e  f i t  a l l o w s  t h e  H i l o k  
f a s t e n e r  t o  c a r r y  h i g h  shear loads.  Aluminum r i v e t s  a r e  t y p i c a l l y  used i n  
t h e  t r a i l i n g  edge p o r t i o n  o f  t h e  b lade .  

A cy- 
l i n d r i c a l  s t e e l  t u b e  i s  assembled by s l i d i n g  i t  t h r o u g h  t h e  r i b  a t  s t a t i o n  
48 a n d  i s  mated and b o l t e d  t o  t h e  r i b  a t  s t a t i o n  81.5. The f l a n g e  a t  s ta -  
t i o n  31.75 p r o v i d e s  t h e  mechanical  i v t e r f a c e  between t h e  b lade  and t h e  hub 
o f  t h e  wind t u r b i n e .  

f a t i g u e  s t r e n g t h  o f  t h e  Mod-OA b lades,  a r e  as f o l l o w s :  
t h i c k n e s s  was increased,  ( 2 )  t r a i l i n g  edge s k i n  t h i c k n e s s e s  were increasea,  
( 3 )  two spanwise s t r i n g e r ;  were a d d e d ’ t o  each t r a i l i n g  ease su r face ,  ( 4 )  t h e  
r o o t  end f i t t i n g  w a l l  t h i c k n e s s  was increased,  ( 5 )  a c l o s u r e  p1at.e was addea 
t o  an i n h o a r d  r i b  t o  sea l  t h e  i n t e r i o r  o f  t h e  h l a d e  f r o m  t h e  hub ( t o  p r o t e c t  
t h e  huh mechanism), and f i n a l l y ,  ( 6 )  e x t e r n a l  d o u b l e r s  were addea t o  a l l  
D-spar and t r a i l i n g  edge c h o r d v i s e  s t r u c t u r a l  j o i n t s  t o  i n c r e a s e  t h e  f a t i g u e  
1 i f e .  

Two aluminum r o t o r  b lades  p r o v i d e  200 k i l o w a t t s  o f  s h a f t  power a t  

, 

F i g u r e  9 shows t h e  d e s i g n  d e t a i l s  o f  t h e  r o o t  end o f  t h e  b lade .  

The m o d i f i c a t i o n s  f r o m  t h e  Mod-0 des ign,  i n c o r p o r a t e d  t o  improve t h e  
( 1 )  t h e  spar  cap 
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1 
I 

F a b r i c a t i o n  

The l e a d i n g  edge s k i n s  a r e  b r a k e  formed and assembled i n  s e c t i o n s  i n  an 
assembly f i x t u r e ,  shown i n  r e f e r e n c e  8. The f i r s t  s k i n  segment o f  t h e  lead- 
i n g  edge i s  t r immed and s p l i c e d  t o g e t h e r  w i t h  t h e  second s k i n  segment, etc. ,  
u n t i l  t h e  l e a d i n g  edge i s  one complete assembly. Angle s t r i n g e r s  and r i b s  
a r e  added and secured t o  t h e  l e a d i n g  edge b y  t h e  H i l o k  f a s t e n e r s .  

Aluminum sk ins ,  c l o s i n g  t h e  a f t  opening o f  t h e  U-spar, a r e  c a l l e d  t h e  
0-spar c l o s u r e  panels .  
v a r y  i n  t h i c k n e s s  f r o m  3 / 1 6  i n c h  (0.48 cm) near  t h e  b l a d e  r o o t  t o  3 /64  i n c h  
(0.12 cm) a t  t h e  b l a d e  t i p .  The 0-spar c l o s u r e  pane ls  a r e  f a s t e n e d  t o  t h e  
ang le  s t r i n g e r s  and t o  each 0-spar r i b  as t y p i c a l l y  shown i n  f i g u r e  7. 
assembly o f  t h e  0-spar i s  complete, i t  i s  removed f r o m  t h e  assembly f i x t u r e  
and p l a c e d  i n  ano the r  f i x t u r e  designed t o  a l l o w  assembly o f  t h e  t r a i l i n g  
edge s t r u c t u r e  t o  t h e  U-spar. 
f i t t i n g ,  a l l  components a r e  c o n s t r u c t e d  o f  h e a t - t r e a t e d  2024-T3 aluminum. 

A l l  aluminum p a r t s  have a chemical  f i l m  p r o t e c t i v e  t r e a t m e n t  a g a i n s t  
c o r r o s i o n .  A l l  f a y i n g  sur faces a r e  wet sea led  a g a i n s t  m o i s t u r e  and a i r  a t  
assembly a t  s t r u c t u r a l  j o i n t s .  

A l l  aluminum p a r t s  have a chemical  f i l m  p r o t e c t i v e  t rea tmen t .  A l l  f a y -  
i n g  s u r f a c e s  a r e  wet  sea led  t o  p r e v e n t  entrapment o f  m o i s t u r e  and a i r  a t  
s t r u c t u r a l  j o i n t s .  A l l  mechanica l  f a s t e n e r s  a r e  w e t t e d  w i t h  s e a l a n t  and 
then  i n s t a l l e d .  Assembled p a r t s  a r e  pr imed w i t h  epoxy and a f i n a l  c o a t  o f  
p o l y u r e t h a n e  p a i n t  i s  added t o  guard a g a i n s t  c o r r o s i o n .  

t h e  b l a d e  m i d s e c t i o n  enab le  m o n i t o r i n g  o f  f l a p w i s e  bending, chordwise  bend- 
ing,  and t o r i s o n  moments d u r i n g  o p e r a t i o n .  
a l l  w i r e s  a r e  secured b y  clamps t o  t h e  r i b s  and b l a d e  r o o t .  The w i r e s  t e r -  
m ina te  a t  a 55 p i n  s tandard  e l e c t r i c a l  connector  l o c a t e d  a t  t h e  r o o t  end o f  
t h e  b lade.  T h i s  connec to r  p r o v i d e s  t h e  e l e c t r i c a l  i n t e r f a c e  between t h e  
b l a d e  and w ind  t u r b i n e .  The 24 h o l e  b o l t i n g  f l a n g e  a t  s t a t i o n  31.75 (shown 
i n  f i g .  9) p r o v i d e s  t h e  mechanica l  i n t e r f a c e  between t h e  b l a d e  and hub o f  
t h e  wind t u r b i n e .  

These s k i n s  r u n  t h e  f u l l  l e n g t h  o f  t h e  b l a d e  and 

When 

Except f o r  t h e  4340 s t e e l  b l a d e  r o o t  end 

S t r a i n  gages, c a l l e d  o u t  i n  f i g u r e  6, i n s t a l l e d  on t h e  b l a d e  r o o t  and i n  

The gages a r e  epoxy-sealed and 

Su ppo r t i n g An a 1 yses 

I n  t h e  des ign  o f  a r o t o r  system, d e t a i l e d  c o n s i d e r a t i o n  must be g i v e n  t o  
i t s  dynamic c h a r a c t e r i s t i c s  t o  ensu re  a successfu l  des ign.  
g e n e r a l l y  r e q u i r e  a t t e n t i o n  a r e  b l a d e  f requency  placement, b l a d e  f l u t t e r  
i n c l u d i n g  wake e f f e c t s ,  t o r s i o n  f l a p - i n p l a n e  s t a b i l i t y ,  s t a l l  f l u t t e r ,  g u s t  
response, and e f f e c t  o f  tower  suppor t  and c o n t r o l  system c h a r a c t e r i s t i c s  on 
coup led  r o t o r - t o w e r  dynamic s t a b i l i t y ,  response, and c lea rnace .  A d d i t i o n -  
a l l y ,  t r a n s i e n t  dynamic l oads  a s s o c i a t e d  w i t h  system response d u r i n g  s t a r t -  
i n g  and s t o p p i n g  o f  t h e  r o t o r  system a r e  i m p o r t a n t  c o n s i d e r a t i o n s .  

The Mod-0 dynamic a n a l y s i s  performed b y  Lockheed, r e p o r t e d  i n  d e t a i l  i n  
r e f e r e n c e  4, i n c l u d e d  a d e t a i l e d  b l a d e  f requency  a n a l y s i s ,  a b l a d e  f l u t t e r  
a n a l y s i s  i n c l u d i n g  wake aerodynamics, and an a n a l y s i s  o f  p i t c h - f l a p - l a g  
s t a b i l i t y  and o f  t h e  coup led  r o t o r - c o n t r o l - t o w e r  dynamic response and s ta-  
b i l i t y  c h a r a c t e r i s t i c s .  
e f f o r t s  i n c l u d e d  a c o u p l e d - f l a p  i n p l a n e  f requency  program, a b l a d e  f l u t t e r  
a n a l y s i s  program f o r  which f u l l - s c a l e  t e s t  c o r r e l a t i o n  d a t a  was a v a i l a b l e  

The i t ems  t h a t  

The computer programs used i n  these  a n a l y s i s  
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. .  

(WINTUR), and a f u l l y  coup led  m u l t i b l a d e d  r o t o r - b o d y  n o n l i n e a r  aerodynamic 
anc dynamic a n a l y s i s  m e t h m  (REXOR). 
mpasurements were o b t a i n e d  f rom t h e  REXOR a n a l y s i s .  

C a l c u l a t e d  b l a d e  f requenc ies  show good s e p a r a t i o n  f r o m  nP harmonic 
e x c i t a t i o n  sources. 
t o  1P e x c i t a t i o n .  
h l a d e  s t r u c t u r a l  a x i s  t w i s t  p r o d u c i n g  b e n e f i c i a l  aerodynamic damping o f  t h e  
i n p l a n e  mode. 
{ r e p  f r o m  f l u t t e r .  

lhe  l o a d  c a l c u l a t i o n  method (REXOR), v e r i f i e d  b y  t h e  Mod-0 e x p e r i e n c e  
( r e f s .  5 and 7 ) ,  was used t o  p r e d i c t  b l a d e  loads  f o r  t h e  Mod-OA wind t u r -  
b i n e .  The p r e d i c t e d  b l a d e  l o a d s  a t  s t a t i o n  40 (shown i n  f i g s .  10 and 11) 
a r e  t a k e n  f r o m  r e f e r e n c e  9. The dynamic a n a l y s i s  produces b l a d e  loads  a t  
two l o c a t i o n s  a l o n g  t h e  l e n g t h .  
o t t e r m i n e d  f r o m  a beam a n a l y s i s  o f  t h e  b l a a e  u s i n g  t h e  known loads  a t  t h e  
two l o c a t i o n s .  

B lade f a t i g u e  l i f e  p r e d i c t i o n  ( a s  d iscussed i n  r e f .  10) e n t a i l s  many 
u p c e r t a i n t i p s .  
b l a d e  l o a d s  t o  exceed t h e  d e s i g n  va lues ,  and u n t e s t e d  s t r u c t u r a l  d e t a i l s  can 
cause concern r e g a r d i n g  b l a d e  l i f e  p r e d i c t i o n  even i ivdpr  known l o a d  c o n d i -  
t i o n s .  The c u r v e s  i n  f i g u r e s  10 and 11 show t h e  r e s u l t s  o f  a f a t i g u e  analy-  
s i s  t h a t  was made f o r  t h e  Mod-OA b lade.  The dashed l i n e s  show t h e  h i g h e s t  
l o a d s  t h a t  t h e  b l a d e s  can w i t h s t a n d  w i t h o u t  a l o s s  o f  f a t i g u e  l i f e .  
a n a l y s i s  assumed (1) l o a d  d i s t r i b u t i o n s  as s p e c i f i e c l  p r e v i o u s l y  (cases 1 
t h r o u g h  4 )  apply ;  ( 2 )  t h e  w ind  t u r b i n e  w i l l  o p e r a t e  a t  speeds up t o  t h e  c u t -  
o u t  wind speed; and ( 3 )  t h e  q u a l i t y  o f  s t r u c t u r e  ( d e s i g n  and manufac ture)  i s  
compc.,rohle t o  t h a t  o f  an a i r p l a n e  wing ( i .e . ,  s t r e s s  c o n c e n t r a t i o n s  e x i s t  a t  
some l o c a l  s t r u c t u r a l  d e t a i  I s ) .  

Many o t h e r  l o a d  r e v e r s a l s  can accumulate t o  damage t h e  s t r u c t u r e  even 
though any one s e p a r a t e l y  c o n s i d e r e d  s i t u a t i o n  would produce loads  t h a t  f a l l  
w i t h i n  u l t i m a t e  s t r e n g t h  l i m i t s .  O p e r a t i n g  c o n d i t i o n s  t h a t  cause l o a d  
r e v e r s a l s  t h a t  can accumulate t o  a d v e r s e l y  a f f e c t  f a t i g u e  i n c l u d e  t h e  
f o l  l ow ing :  

( 1 )  

Loads f o r  d e s i g n  and c o r r e l a t i o n  w i t h  

The i n p l a n e  mode has e x c e l l e n t  p lacement w i t h  r e s p e c t  
Coupled i n p l a n e  and f l a p p i n g  mot ions  occur  due t o  t h e  

R e s u l t s  o f  t h e  f l u t t e r  analyses show t h a t  t h e  b l a d e  system i s  

The d e t a i l e d  l o a d i n g  a t  o t h e r  l o c a t i o n s  i s  

F o r  example, t h e r e  a r e  many s i t u a t i o n s  t h a t  m i g h t  cause t h e  

The 

Combinat ions o f  yaw angle,  yaw r a t e s ,  w ind  d i r e c t i o n ,  and wind speed 

(2) 

( 3 )  

( 4 )  

( 5 )  

( 6 )  F l u c t u a t i o n s  o f  2 l e c t r i c a l  l o a d  demand 

R o t o r  speed avd b l a d e  p i t c h  s e t t i n g  v a r i a t i o n s  which may cause un- 
a n t i c i p a t e d  l o a d  changes 

A l a r g e  number of s t a r t - s t o p  c y c l e s  

N o n r o t a t i n g  loads  d u r i n g  very h i g h  winds 

Load r e v e r s a l s  due t o  v a r y i n a  amount o f  tower - f low- th rough b lockage 

( 7 )  

( 8 )  S i t e  p e c u l i a r  wind shears 

'Frequent. a c t u a t i o n  o f  emergency systems 
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MOD-OA ALUMINUM BLADE OPERATINt i  EXPERIENCE 

T h i s  s e c t i o n  summarizes t h e  exper iences w i t h  t h e  aluminum b lades  used on 
t h e  Mod-OA wind t u r b i n e  a t  Clayton,  New Mexico. The b lades,  SN1004 and 
SN1005, began s e r v i c e  on  t h e  w i n d  t u r b i n e  on November 30, 1977. The wind 
t u r b i n e  was f o r m a l l y  d e d i c a t e d  on January  28, 1978. 
Water P l a n t  began r o u t i n e  o p e r a t i o n  o f  t h e  machine on March 6, 1978. 
June 1978, t h e  Mod-OA b lades  were removed f r o m  t h e  machine and sh ipped t o  
NASA Lewis Research Center  i n  Cleveland,  Ohio, f o r  r e p a i r s .  The b lades  were 
r e i n s t a l l e d  on t h e  machine i n  September 1978. From June t o  September 1978 a 
s e t  o f  Mod-0 aluminum b lades  were used t o  m a i n t a i n  c o n t i n u e d  o p e r a t i o n  of  
t h e  C l a y t o n  wind t u r b i n e .  Blade r e p a i r s  were conducted a t  C l a y t o n  i n  June 
and September 1979 and i n  Februa ry  1980. The b lades  were removed f r o m  t h e  
machine i n  August 1980 and sh ipped t o  Lewis i n  Cleveland,  Ohio, f o r  inspec- 
t i o n .  I n s p e c t i o n  o f  t h e  b lades  r e v e a l e d  t h a t  a s i g n i f i c a n t  amount o f  r e p a i r  
e f f o r t  was needed t o  r e f u r b i s h  t h e  b lades t o  a u s e f u l  c o n d i t i o n .  I t  was 
a l s o  e s t i m a t e d  t h a t  t h e  c o s t  t o  r e p a i r  t h e  b lades  wou ld  have exceeded t h e  
planned funds a v a i l a b l e  f o r  b l a d e  r e p a i r s .  As a r e s u l t ,  b lades  4 and 5 were 
r e t i r e d  f r o m  f u r t h e r  Mod-OA wind t u r b i n e  s e r v i c e .  

Tables I 1  t o  V p r o v i d e  t h e  o p e r a t i o n a l  ch rono logy  o f  t h e  b lades  f r o m  t h e  
i n i t i a l  r o t a t i o n  t h r o u g h  t h e  end o f  t h e  demons t ra t i on  t e s t .  
l i s t s  t h e  s i g n i f i c a n t  events ,  r e l a t i v e  t o  t h e  b lades,  n o t e d  d u r i n g  an opera- 
t i o n a l  t i m e  s l i c e  between r e p a i r s .  Table 11 a l s o  i n c l u d e s  d a t a  p e r t i n e n t  t o  
t h e  s e t  o f  Mod-0 b lades  t h a t  were used d u r i n g  t h e  i n i t i a l  m o d i f i c a t i o n  o f  
t h e  Mod-OA b lades.  

The C l a y t o n  L i g h t  and 
I n  

Each t a b l e  

E a r l y  Aluminum Blade Opera t i ng  Exper ience 

E a r l y  measurements o f  b l a d e  loads d u r i n g  o p e r a t i o n  ( r e f .  8)  i n d i c a t e d  
t h a t  t h e  b loads  were w e l l  below t h e  des ign  va lues.  Blade loads  were r e -  
corded c o n t i n u o u s l y  d u r i n g  t h e  f i r s t  few months o f  o p e r a t i o n .  

A t  some t i m e  f o l l o w i n g  i n i t i a l  checkout,  s t r u c t u r a l  damage d i d , a c c u r e  
( r e f .  11 ) .  
a d i s c o l o r a t i o n  a d j a c e n t  t o  t h e  heads o f  some f a s t e n e r s .  
t i o n ,  f a s t e n e r s  were found  t o  be l oose  and a c r a c k  i n  t h e  D-spar s k i n  was 
found  near  s t a t i o n  81.5. Because excess i ve  l oads  were n o t  a t  f i r s t  ap- 
pa ren t ,  t h e  i n i t i a l  assumption was t h a t  f a u l t y  workmanship d u r i n g  b l a d e  
manufac ture  caused t h e  s t r u c t u r a l  damage. 
r e c o r d s  showed t h a t  l oads  i n  excess o f  o p e r a t i n g  l i m i t s  were encountered  
d u r i n g  n a c e l l e  yawing. 
c h a r a c t e r  o f  t h e  wind ( i .e.,  gus ts  and d i r e c t i o n  change), t h e  f u n c t i o n  and 
s t i f f n e s s  o f  t h e  yaw system, and t h e  d e t a i l s  o f  t h e  shutdown procedures.  

The wind t u r b i n e  opera ted  w i t h  l i t t l e  p r o c e d u r a l  change th rough  
September 1978 w h i l e  t h e  b l a d e  o v e r l o a d i n g  was b e i n g  i n v e s t i g a t e d  and w h i l e  
t h e  i n i t i a l  b l a d e  r e p a i r s  and m o d i f i c a t i o n s  were made. 
a number o f  o p e r a t i o n a l  changes were made t o  a t t e m p t  t o  e l i m i n a t e  o r  m i n i -  
mize b l a d e  o v e r l o a d i n g .  

The f i r s t  s i g n  o f  d i f f i c u l t y  found d u r i n g  a b l a d e  i n s p e c t i o n  was 
A t  a l a t e r  inspec- 

However, r e e x a m i n a t i o n  of  some 

Pr ime suspects  f o r  t h e  h i g h  b l a d e  loads  i n c l u d e d  t h e  

A f t e r  September 1978 

The changes i n  t u r b i n e  o p e r a t i o n  a r e  f o l l o w s :  

(1) The " c u t o u t "  w ind  speed was decreased f r o m  40 mph ( 1 8  m lsec )  t o  
35 mph (15.7 m/sec) .  
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( 2 )  

( 3 )  A low p r e s s u r e  s w i t c h  was i n s t a l l e d  i n  t h e  yaw b rake  h y d r a u l i c  sys- 

The yaw b rake  c a l i p e r  h y d r a u l i c  p r e s s u r e  was increased when t h e  
machine i s  yaw-ing t o  m in im ize  c h a t t e r  and i n c r e a s e  damping. 

tem t o  p r e v e n t  yawing w i t h o u t  p r o p e r  c a l i p e r  h y d r a u l i c  p ressure .  

( 4 )  The machine was shutdown whenever b l a d e  s t r a i n  gage r e a d i n g s  ex- 
ceeded o p e r a t i n g  1 i m l  t s .  

( 5 )  The b l a d e  p i t c h  change r a t e  t o  f e a t h e r  t h e  b lades  was decreased 
f r o m  4' p e r  second t o  I "  p e r  secopd f o r  shutdohlns (excep t  f o r  over -  
speed shutdown). 

E v a l u a t i o n  o f  B lade T r a n s i t i o n  S t r u c t u r e  
2 

F i g u r e  32 shows a s t r u c t u r a l  schemct ic  o f  t h e  b lade.  The l e f t  p o r t i o n  
o f  t h e  assembly i s  e s s e n t i a l l y  a c o n v e n t i o n a l  a i r p l a n e  wing. S t r u c t u r a l l y ,  
t h e  skin: p r o v i d e  most o f  t h e  s e c t i o n  moment o f  i n e r t i a  r e q u i r e d  t o  r e s i s t  
t h e  bend ing  l oads  t h a t  r e s u l t  d u r i n g  o p e r a t i o n .  The r i b s  and s t r i n g e r s  
l o c a t e  t h e  s k i n s  t o  m a i n t a i n  t h e  s e c t i o n  shape. The r i g h t  p o r t i o n  o f  t h e  
assembly, t h e  r o o t  f i t t i n g  f l a n g e  i s  a s tandard  machine f l a n g e .  The zone 
between w ing  and machine i s  c a l l e d  t h e  t r a n s i t i o n  s e c t i o n  ( f i g .  1 2 ) .  

I n  t h e  t r a n s i t i o n  s e c t i o n  t h e  "w ing"  l oads  c a r r i e d  by  t h e  b l a d e  s k i n s  
a r e  t r a n s f e r r e d  t h r o u g h  two inboard  r i b s  t o  t h e  f l a n g e d  r o o t  f i t t i n g .  
r o o t  f i t t i n g  i s  r i g i d l y  b o l t e d  t o  t h e  s t a t i o n  81.5 r i b  and s l i d e s  t h r o u g h  a 
p e n e t r a t i o n  i n  t h e  s t a t i o n  48 r i b .  The s l i d i n g  i n t e r f a c e  i n  t h e  s t a t i o n  48  
r i b  ( f i r s t  r i b )  was p r o v i d e d  t o  m i n i m i z e  t h e r m a l  s t r e s s  problems aue t o  d i f -  
f e r e n t i a l  expans ion  between t h e  s t e e l  r o o t  f i t t i n g  ancj t h e  aluminum b lade  
s t r u c t u r e .  

F i g u r e  1 3  shows a s i m p l i f i e d  s t r u c t u r a l  model of t h e  t r a n s i t i o n  sec- 
t i o n .  Note t h a t  t h e  h l a a e  a x i a l  loaas  such a s  t h e  g r a v i t y  l o a d  (and c e n t r i -  
f u g a l  l o a d )  a r e  t r a n s f e r r e d  f r o m  t h e  w ing  s k i n s  t o  t h e  r o o t  f i t t i n g  th rough  
t h e  s t a t i o n  81.5 r i b  and t h e  t i p  o f  t h e  D-spar web. The g r a v i t y  l o a d  f u l l y  
r w e r s e s  each h a l f  r e v o l u t i o n  o f  t h e  r o t o r ,  and t h i s  r e v e r s e s  t h e  d e f l e c -  
t i o n s  o f  t h e  r i b  and web p roduc ing  a con t inuous  s l i d i n g  m o t i o n  a t  t h e  r o o t  
f i t t i n g / s t a t i o n  48 r i b  i n t e r f a c e .  The b l a d e  bend ing  l oads  a r e  t r a n s f e r r e d  
to t h e  r o o t  f i t t i r g  p r i m a r i l y  as shear l oads  a t  t h e  tbto r o o t  f i t t i n g / r i b  
i n t e r f a c e s .  N o t e  t h a t ,  i f  t h e  gap a t  t h e  s t a t i o n  48 i n t e r f a c e  i n c r e a s e s  due 
t o  we6r, bend ing  o f  t h e  s t a t i o n  81.5 r i b  w i l l  c c c u r  as t h e  gap a t  s t a t i o n  48  
clpens and c l o s e s .  A lso ,  s i g n i f i c a n t  shear f o r c e s  w i l l  deve lop  a t  t h e  r o o t  
f i t t i n g / s t a t i o n  81.5 b o l t s  and t h e  r o o t  f i t t i n g / D - s p a r  web b o l t s .  
t i o n ,  t h e  s t e e l  r o o t  end f i t t i n g  w i l l  c y c l i c l y  impact  t h e  s t a t i o n  48 r i b .  

The 

I n  sdd i -  

B lade Problem Areas and M o d i f i c a t i o n s  

I n  A p r i l  1978, N A Y  Lewis  i n s p e c t e d  t h e  b l a d e s  a t  C lay ton .  As a r e s u l t  
o f  t h e  i n s p e c t i o n ,  two broken f a s t e n e r s  and s e v e r a l  l o o s e  f a s t e n e r s  were 
found i n  t h e  t r a n s i t i o r ,  s e c t i o n  on  one o f  t h e  b lades .  These f a s t e n e r s  were 
l o c a t e d  between s ta t i o : !  48 and 80  a long  t h e  j o i n t  c o n n e c t i n g  t h e  t r a i l i n g  
edge t o  t h e  D-spar. 
were removed f r o m  t h e  w ind  t u r b i n e  i n  June 1978. The b lades  were t h e n  s e n t  

eecause b l a d e  s t r u c t u r a l  damage was found, t h e  b lades  
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t o  t h e  Lewis Research Center  i n  C leve land,  Ohio, f o r  a more thorough inspec- 
t i o n  o f  t h e  s t r u c t u r e .  

D u r i n g  t h e  b l a d e  i n s p e c t i o n  a t  t h e  Lewis  Research Center,  t h r e e  t ypes  o f  
b lade  damage were found. F i g u r e  14  i l l u s t r a t e s  t h e  n a t u r e  and l o c a t i o n  o f  
t h e  damage. The damage i n c l u d e d  (1) l o o s e  and broken f a s t e n e r s ,  ( 2 )  wear, 
and ( 3 )  c r a c k i n g .  
d e f i c i e n c y  l o c a t e d  a long  t h e  l i n e  o f  f a s t e n e r s  j o i n i n g  t h e  t r a i l i n g  edge 
s k i n  t o  t h e  D-spar ( f i g .  1 5 ) .  
c a r r y  t h e  a p p l i e d  shear l o a d s  shown i n  f i g u r e  15. The shear l oads  occu r  
p r i m a r i l y  due t o  t h e  chordwise  bend ing  moments, b l a d e  we igh t  b e i n g  a ma jo r  
c o n t r i b u t o r .  As a r e s u l t ,  b roken and loose  f a s t e n e r s  were found, and c r a c k s  
were found i n  s e v e r a l  ang le  s t r i n g e r s  l o c a t e d  i n  t h e  r o o t  end o f  t h e  
D-spar. 
e x t e r i o r  o f  t h e  b l a d e  between s t a t i o n  48 and 100 as shown i n  f i g u r e s  16 and 
3 7. 

A second des ign  d e f i c i e n c y  was l o c a t e d  a t  t h e  b e a r i n g  i n t e r f a c e  between 
t h e  aluminum r i b ,  a t  s t a t i o n  48, and t h e  s t e e l  r o o t  ena f i t t i n g ,  shown i n  
f i g u r e  18. 
Research Center  t h a t  t h e  s t e e l  r o o t  end f i t t i n g  had rubbed e x t e n s i v e l y  on  
t h e  s t a t i o n  48 aluminum r i b  d u r i n g  o p e r a t i o n  ( f i g .  8 shows t h e  d e t a i l  
des ign ) .  T h i s  r u b b i n g  a c t i o n  caused excess i ve  wear (damage a t  ( 2 )  i n  
f i g .  1 4 )  o f  t h e  aluminum r i b .  The wear r e s u l t e d  i n  a r a d i a l  c l e a r a n c e  o f  up 
t o  0.14 i n c h  between t h e  r o o t  end f i t t i n g  and t h e  r i b  on t h e  b lade .  Because 
o f  t h e  i nc reased  r a d i a l  c l e a r a n c e  a t  s t a t i o n  48, a l a r g e  bend ing  moment was 
a p p l i e d  t o  t h e  r i b  a t  s t a t i o n  81.5. It was conc luded t h a t  t h e  h igh  bending 
moments a p p l i e d  t o  t h e  s t a t i o n  81.5 r i b  caused t h e  r i b  t o  c r a c k  and t h a t  t h e  
r i b / [ ) - s p a r  s k i n  c o n t a c t  f o r c e s  caused t h e  0.25- inch t h i c k  D-spar s k i n  t o  
c r a c k  (damage a t  ( 3 )  i n  f i g .  1 4 ) .  
doub le rs  shown i n  f i g u r e s  16 and 17 wh ich  a l s o  e f f e c t i v e l y  i n c r e a s e  t h e  s k i n  
t h i c k n e s s .  and 
i n s t a l l e d  t o  s o l v e  t h e  wear p rob lem a t  t h e  r i b / r o o t  f i t t i n g  s l i d i n g  i n t e r -  
f a c e  a t  s t a t i o n  48. The r e d e s i g n  i n c l u d e d  a Be-Cu l i n e r  bonded t o  t h e  
i n s i d e  d iamete r  o f  t h e  r i b  and a removable shim i n s e r t e d  between t h e  r i b  and 
t h e  r o o t  f i t t i n g .  

The w ind  t u r b i n e  was r e t u r n e d  t o  s e r v i c e  and opera ted  s a t i s f a c t o r i l y  
w i t h  t h e  r e p a i r e d  Mod-OA b lades  f r o m  September 25, 1978, t o  e a r l y  Februa ry  
1979. An i n s p e c t i o n  o f  t h e  b lades  i n  Februa ry  1978 i n d i c a t e d  t h a t  t h e  Be-Cu 
l i n e r  bonded t o  each s t a t i o n  48 r i b  had separa ted  f r o m  t h e  r i b s .  
on  i n s p e c t i o n  i n  A p r i l  showed b roken  and l o o s e  b o l t s  i n  t h e  doub le  row o f  
f a s t e n e r s  hetween t h e  r o o t  f i t t i n g  and D-spar c l o s u r e  pane l  ( f i g .  9 ) .  
wind t u r b i n e  was shutdown when t h e  broken and l o o s e  b o l t s  were found, and 
t h e  b lades  were removed f r o m  t h e  machine f o r  d e t a i l  i n s p e c t i o n .  The inspec-  
t i o n  showed some a d d i t i o n a l  c r a c k i n g  o f  t h e  s t a t i o n  81.5 r i b  and a c r a c k  was 
found i n  t h e  D-spar c l o s u r e  pane l  ou tboard  o f  s t a t i o n  81.0. 

When t h e  Be-Cu l i n e r  bond j o i n t  a t . s t a t i o n  48 r i b  f a i l e d ,  t h e  l i n e r  
s h i f t e d  o u t  o f  t h e  r i b  p roduc ing  a l a r g e  gap (0.032 i n . )  between t h e  r o o t  
end f i t t i n g  and r i b .  It was conc luded t h a t  bend ing  ove r loads  i n  t h e  s t a t i o n  
81.5 r i b  had o c c u r r e d  aga in  as t h e  s t a t i o n  48 j o i n t s  opened and c losed,  t h u s  
p roduc ing  t h e  observed amage. A new and m o d i f i e d  l i n e r  ( redes igned  Be-Cu 
r i n g )  was i n s t a l l e d  i n  each b lade.  A shou lde r  was p r o v i d e d  on t h e  o u t s i d e  

I t was conc luded t h a t  aamatge a t  (1) was due t o  a des ign  

I t  was de termined t h a t  t h e  j o i n t  c o u l d  n o t  

T h i s  d e s i g n  d e f i c i e n c y  was c o r r e c t e d  by  add ing  d o u b l e r s  on t h e  

I t  was observed d u r i n g  t h e  b l a d e  i n s p e c t i o n  a t  t h e  Lewis  

The D-spar c r a c k  was r e p a i r e d  by  t h e  

A s p e c i a l  b e a r i n g  assembly ( f i g s .  19 and 20) was des igned 

A f o l l o w -  

The 
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o f  t h e  l i n e r  ( i n  a d d i t i o n  t o  t h e  bond) t o  r e t a i n  i t .  A s t r u c t u r a l  d o u b l e r  
was i n s t a l l e d  t o  r e p a i r  t h e  web panel  and t h e  b lades  were reassembled. 

The machine began o p e r a t i o n  aga in  on June 19, 1979, b u t  o p e r a t e d  s a t i s -  
f a c t o r i l y  o n l y  u n t i l  August when i n s p e c t i o n  aga in  i n d i c a t e d  a f a i l u r e  on one 
o f  t h e  l i n e r  bond j o i n t s .  

The wind t u r b i n e  was shutdown on September 20, 1979, and t h e  b lades  were 
removed t o  i n s p e c t  f o r  damange. I n s p e c t i o n  showed some m ino r  a d d i t i o n a l  
s t a t i o n  81.5 r i b  c r a c k i n g  and broken f a s t e n e r s  i n  t h e  double row o f  f a s t e n -  
e r s  between t h e  r o o t  end f i t t i n g  and D-spar c l o s u r e  panel .  

A new l i n e r  was des igned t h a t  c o u l d  be b o t h  m e c h a n i c a l l y  a t t a c h e d  and bonded 
t o  t h e  s t a t i o n  4 8  r i b .  
aluminum bronze l i n e r .  
F i g u r e  22 shows t h e  s t a t i o n  48 b e a r i n g  assemly w i t h  t h e  new l i n e r s .  

The w ind  t u r b i n e  was r e t u r n e d  t o  s e r v i c e  on September 26, o n l y  6 days 
a f t e r  shutdown f o r  r e p a i r s .  

D u r i n g  a week ly  i n s p e c t i o n  i n  January  1980, a c rack  was found  on one of  
t h e  b l a d e  sk ins .  The c rack  o c c u r r e d  on Blade SN 1004 a t  s t a t i o n  102 i n  t h e  
main  spa r  cap s k i n  on t h e  h i g h  p r e s s u r e  s ide .  A p o r t i o n  o f  t h e  d o u b l e r  on 
t h i s  s i d e  o f  t h e  b l a d e  was removed. I n s p e c t i o n  o f  t h e  c r a c k  p a t h  l e d  t o  t h e  
c o n c l u s i o n  t h a t  i t  had i n i t i a t e d  a t  a r i v e t  h o l e  used t o  a t t a c h  a doub le r  t o  
r e p a i r  o l d  damage ( l o c a t i o n  ( 1 )  o f  f i g .  1 4 ) .  New doub le rs  were r i v e t e d  t o  
t h e  b l a d e  t o  r e p a i r  t h e  c rack  and p e r m i t  t h e  b l a d e  t o  be used f o r  c o n t i n u e d  
o p e r a t i o n  u n t i l  t h e  b lades  were removed f r o m  s e r v i c e  i n  August 1980. 

It was dec ided  t h a t  t h e  l i n e r  shou ld  n o t  be r e t a i n e d  b y  bonding a lone.  

F i g u r e  2 1  shows t h e  two-piece, doub le  shou lde r  
Both segments o f  t h e  l i n e r  a r e  r i v e t e d  t o  t h e  r i b .  

Aluminum .Blade Costs  

The process used t o  f a b r i c a t e  each aluminum b l a d e  i s  l a b o r  i n t e n s i v e .  
Each b l a d e  i s  comprised o f  s e v e r a l  thousand i n d i v i d u a l  p a r t s .  Most o f  t h e  
aluminum p a r t s  r e q u i r e  a number o f  hand o p e r a t i o n s  d u r i n g  each phase o f  
f a b r i c a t i o n  and assembly. 
r i c a t i o n  and assembly process a r e  s i t e d .  F i r s t ,  each D-spar s k i n  panel  i s  
formed b y  s e v e r a l  b r a k e  f o r m i n g  o p e r a t i o n s .  M u l t i - b r a k e  f o r m i n g  i s  needed 
t o  o b t a i n  t h e  p r o p e r  t h r e e  d imensional  a i r f o i l  s u r f a c e .  Second, each panel  
i s  hand tr immed and f i t t e d  on assembly. T h i r d ,  each panel  i s  hand d r i l l e d ,  
reamed, and deburred f o r  f a s t e n e r  i n s t a l l a t i o n .  F i n a l l y  each panel  i s  p u t  
t h r o u g h  a chemical  f i l m  t r e a t m e n t  f o r  c o r r o s i o n  p r e v e n t i o n ,  and t h e n  p a i n t e d .  

On ly  s i x  Mod-OA aluminum b lades  were b u i l t .  As a r e s u l t ,  i t  was n o t  
economical  t o  i n v e s t  i n  e l a b o r a t e  l a b o r  s a v i n g  t o o l i n g  and f i x t u r e s  t o  b u i l d  
o n l y  a few b lades.  D u r i n g  1977 t h e  Mod-OH b lades  were assembled and de- 
l i v e r e d  t o  NASA b y  t h e  Lockheed A i r c r a f t  S e r v i c e s  Company, O n t a r i o ,  

C a l i f o r n i a ,  a t  a c o s t  o f  $252,000 p e r  b l a d e  as r e p o r t e d  i n  r e f e r e n c e  12. 
The s t r u c t u r a l  m o d i f i c a t i o n s  per formed on t h e  two C l a y t o n  b l a d e s  d u r i n g  t h e  
summer o f  1978 a t  NASA i n  Cleveland,  Ohio, c o s t  870,000 f o r  l a b o r  and 
m a t e r i a l s .  

The aluminum b l a d e s  have s u c c e s s f u l l y  se rved  t h e i r  i n t e n d e d  purpose - 
t h a t  i s ,  t o  o p e r a t e  on t h e  C l a y t o n  w ind  t u r b i n e  f o r  a 2-year t e s t  p e r i o d .  
The aluminum b l a d e s  were removed i n  August 1980 t o  a l l o w  t e s t i n g  o f  advanced 
techno logy  wood composi te  blades. 
r e f e r e n c e  13, f o r  t h e  Mod-OA w ind  t u r b i n e  a r e  manufactured b y  t h e  Gougeon 
& o t h e r s  Inc. ,  Bay City, v i c h i g a n .  

Four examples o f  t h e  l a b o r  i n t e n s i v e  0-spar fab-  

The wood compos i te  b lades,  d e s c r i b e d  i n  

Each wood b l a d e  weighs 2600 pounds 
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. _ .  

(1180 k g ) .  
i n t e r f a c e s  between t h e  w i n d  t u r b i n e  and t h e  wood b lade.  The c o s t  f o r  each 
b l a d e ,  l e s s  adapter ,  i s  about  850,000 when b l a d e s  a r e  purchased i n  smal l  
q u a n t i t i e s .  The wood composi te  b l a d e s  have h i g h  p o t e n t i a l  f o r  s u c c e s s t u l  
low c o s t  o p e r a t i o n  on t h e  Mod-OA w i n d  t u r b i n e .  

T h i s  w e i g h t  i n c l u d e s  a 400-pound (182 kg)' adapter  s t r u c t u r e  t h a t  

CONCLUDlNti REMARKS 

The Mod-OA WTti  i n  C lay ton ,  New Mexico, completed 2 y e a r s  of  o p e r a t i o n  b y  
t h e  C l a y t o n  L i g h t  and Water P l a n t ,  a m u n i c i p a l  u t i l i t y .  D u r i n g  t h i s  p e r i o d  
t h e  b lades,  SN 1004 and SN 1005, accumulated o v e r  5000 h o u r s  of o p e r a t i o n .  
The f o l l o w i n g  c o n c l u d i n g  remarks a r e  a r e s u l t  o f  t h a t  exper ience:  

The b l a d e s  s u c c e s s f u l l y  completed t h e  2-year t e s t  p e r i o d  a l t h o u g h  
p e r i o d i c  i n s p e c t i o n s ,  r e p a i r s ,  and m o d i f i c a t i o n s  were needed. 

The b l a d e s  e x h i b i t e d  s a t i s f a c t o r y  s t r u c t u r a l  dynamic a e r o e l a s t i c  
per formance as p r e d i c t e d .  

The WTI; p e r i o d i c a l l y  o p e r a t e d  a t  h i g h e r  w ind  v e l o c i t i e s  t h a n  were 
used as t h e  b a s i s  f o r  t h e  f a t i g u e  l i f e  p r e d i c t i o n s .  

M o d i f i c a t i o n s  were developed t o  improve t h e  b l a d e  f a t i g u e  1 i f e .  
These m o d i f i c a t i o n s  were s u c c e s s f u l l y  a p p l i e d  on b l a d e s  SN 1004 and 
SN 1005. 

The aluminum b l a d e s  were removed i n  August 1980 t o  accommodate 
t e s t i n g  o f  wood composi te  b lades .  
h i g h e r  p o t e n t i a l  f o r  low c o s t  t h a n  t h e  aluminum b l a d e s  used on t h e  
Nod-OA w i n d  t u r b i n e .  

The wood composi te  b l a d e s  have a 
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TABLE I .  - MOD-OA BLADE D E S I G N  REQUIREMENTS 

Dimensions: 
Length, f t  (m) . . . . . . . . . . . . . . . . . . . . . . . .  59.9 (18.3) 
T i p  chord, f t  (m) . . . . . . . . . . . . . . . . . . . . . . .  1.5 (0.46) 
Root chord, f t  (m) . . . . . . . . . . . . . . . . . . . . . . .  4.5 (1.37) 
Chord tape r ,  . . . . . . . . .  : . . . . . . . . . . . . . . . . . .  L i n e r  
Tw is t ,  d e g . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33.8 

M a t e r i a l s :  
Aluminum . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2024 T3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  S t e e l  4340 

Aerodynamic: 
A i r f o i l  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  NACA23000 _ -  

S o l i d i t y ,  p e r c e n t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

F i r s t  f l a p ,  Hz . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.5 
F i r s t  chord,  Hz . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.9 

S t r u c t u r a l  dynamics: 

I n s t r u m e n t a t i o n :  
S t r a i n  gage l o c a t i o n s :  

Root end ( s t a t i o n  40)  
Midspan ( s t a t i o n  370) 

S t r a i n  gage measurements: 
F l a p  and c h o r d  bending 
To r s i on 

Mechanical  i n t e r f a c e :  
C i r c u l a r  b o l t i n g  f l a n g e  
24 5 /8 - in . -d iameter  h i g h  s t r e n g t h  b o l t s  

E l e c t r i c a l  i n t e r f a c e :  
MS connector ,  55 p i n  

. . . . . . . . . . . . . . . . . . . . .  I Blade weight ,  l b  ( k g )  2360 (1066) 
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TABLE 11. - OPERATIONAL CHRONOLOGY OF MOD-OA BLADES FROM 

STARTUP T O  SEPTEMBER 1978 

[ U t i l i t y  o p e r a t i o n  began on March 6, 1978. The WTG had been checked o u t  
f o r  a p p r o x i m a t e l y  200 hours  a t  t h a t  t ime. ]  

Date 

November 30, 1977 

January 19, 1978 

January 28, 1978 

March 1, 1978 

March 28, 1978 

May 24, 1978 

June 2, 1978 

June 28, 1978 

September 11, 1978 

September 25, 1978 

Event 

F i r s t  b l a d e  o p e r a t i o n  

Completed f i r s t  100 hours  o f  o p e r a t i o n a l  checkout  

Formal d e d i c a t i o n  o f  WTG 

I c e  developed on b lades  d u r i n g  WTG o p e r a t i o n  

F i r s t  r e p o r t  o f  d u s t i n g  o f  r i v e t  heads and one 
m i s s i n g  r i v e t  head i n  t r a i l i n g  edge to,D-spar 
c o n n e c t i o n  

1000 hours  o f  u t i l i t y  o p e r a t i o n  (94  000 kW-hr) when 
t r a i l i n g  edge/D-spar f a s t e n e r s  i n  a r e a  o f  b l a d e  r o o t  
worked l o o s e  and c r e a k i n g  n o i s e  developed 

Shutdown WTG t o  i n s p e c t  and r e p l a c e  Mod-OA b lades ;  
1124 hours  o f  u t i l i t y  t i m e  

I n s t a l l e d  Mod-0 b lades ;  WTG r e t u r n e d  t o  s e r v i c e  

Shutdown t o  i n s t a l l  m o d i f i e d  Mod-OA b lades;  Mod-0 
b lades  o p e r a t e d  749 hours  

Removed Mod-0 b l a d e s  and i n s t a l l e d  Mod-OA b lades;  
r e t u r n e d  WTG t o  s e r v i c e  



TABLE 111. - OPERATIONAL CHRONOLOGY OF MOD-OA BLADES 

FROM SEPTEMBER 1978 TO JUNE 1979 

Date 

September 25, 1978 

February 5, 1979 

February 6, 1979 

February 12, 1979 

A p r i l  16 t o  19, 1979 

June 4 t o  18, 1979 

June 19, 1979 

Event 

1873 hours of u t i l i t y  o p e r a t i o n  (171 000 kW-hr) 
when Mod-OA b lades  were r e i n s t a l l e d  

Epoxy bonded l i n e r a  s e p a r a t i o n  on b l a d e  SN 1004 
a t  s t a t i o n  48 

3084 hours o f  u t i l i t y  o p e r a t i o n  (286 000 kW-hr) 

Epoxy bonded l i n e r a  s e p a r a t i o n  suspected on t h e  
second b l a d e  ( S N  1005) a t  s t a t i o n  48 

I n s p e c t i o n  r e v e a l e d  one broken and two loose  roo t  
f i t t i n g  at tachment  b o l t s  i n  one b l a d e  

3916 hours o f  u t i l i t y  o p e r a t i o n  (380 000 kW-hr) and 
3167 hours o f  Mod-OA b l a d e  o p e r a t i o n  

Removed b lades f o r  f i e l d  i n s p e c t i o n  and 
i n s t a l l a t i o n  o f  m o d i f i e d  s t a t i o n  48 Be-Cu l i n e r s  

WTG r e t u r n e d  t o  s e r v i c e  

a c y l i n d r i c a l  l i n e r  i n s e r t e d  i n t o  bo re  (and bonded i n  p l a c e )  o f  each 
s t a t i o n  48 r i b  t o  r e p a i r  wear t h a t  o c c u r r e d  p r i o r  t o  June 1978. 

, 
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TABLE I V .  - CHRONOLOGY O F  MOD-OH BLADES FROM 

JUNE 19, 1979, T O  SEPTEMBER 26, 1979 
*. 

Date 

June 19, 1979 

June 26, 1979 

August 18, 1979 

September 26, 1979 

Sept .  2 1  t o  Sept.  25, 1979 

September 26, 1979 

Event 

WTG r e t u r n e d  t o  s e r v i c e  

3984 hours  o f  
(387 000 kW-hr) and 3235 hours  o f  Mod-OA 
b l a d e  o p e r a t i o n  

S t a t i o n  48 l i n e r a  separa ted  i n  b l a d e  SN 1005 

WTG shutdown - r o t o r  removed from tower  t o  
r e p l a c e  b o l t  and a t a t i o n  48 l i n e r ;  4933 hours  
o f  u t i l i t y  o p e r a t i o n  (458 000 kW-hr) and 
4184 hours  o f  Mod-OH b l a d e  o p e r a t i o n  

F i e l d  i n s p e c t i o n / m o d i f i c a t i o n  o f  s t a t i o n  48 
r i b  l i n e r a  

WTG r e t u r n e d  t o  s e r v i c e  

WTG u t i l i t y  o p e r a t i o n  

a c y l i n d r i c a l  l i n e r  i n s e r t e d  i n t o  bo re  (and bonded i n  p l a c e )  o f  each 
s t a t i o n  48 r i b  t o  r e p a i r  wear t h a t  o c c u r r e d  p r i o r  t o  June 1978. 
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TABLE V. - CHRONOLOGY OF MOD-OA BLADES FROM 

SEPTEMBER 26, 1979, t o  AUGUST 24, 1980 

Date 

September 26, 1979 

October 1, 1979 

January 6, 1980 

January 11, 1980 

February,  1980 

March 6, 1980 

Event 

4933 hours of  u t i l i t y  o p e r a t i o n  (458 000 kW-hr) and 
4184 hours  o f  Mod-OA b l a d e  o p e r a t i o n  

5000 hours  of  u t i l i t y  o p e r a t i o n  (463 000 kW-hr) and 
4251 hours  o f  Mod-OA b l a d e  o p e r a t i o n  

5843 hours of  u t i l i t y  o p e r a t i o n  (535 000 kW-hr) and 
5094 hours  o f  Mod-OA b l a d e  o p e r a t i o n  

Discovered c rack  i n  D-spar o f  b l a d e  SN 1004 a t  
s t a t i o n  102, WTG shutdown 

U l t r a s o n i c  i n s p e c t i o n  i n  t h e  C lay ton  Armory, r e t u r n e d  
t o  s e r v i c e  

Completed 24-month demons t ra t i on  p e r i o d ;  WTG opera ted  
b y  u t i l i t y  6123 hours,  generated 552 000 kW-hr o f  
e l e c t r i c i t y ,  average power o u t p u t  90.2 kW, Mod-OA 
b lade  o p e r a t i n g  t i m e  5374 hours  

Blades removed f r o m  WTG, i n s p e c t e d  a t  NASA LeRC, and 
removed f r o m  f u r t h e r  WTG o p e r a t i o n ;  7333 hours  o f  
u t i l i t y  o p e r a t i o n  (677 000 kW-hr) and 6584 hours of 
Mod-OA b lade  o p e r a t i o n  

I 
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NASA 
CS-78-284 

figure 1 .  MOD-OA Clayton,  NM 
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NORMALIZED R A D I A L  LOCATION r/R 

Figure 2. - Blade geometry. 
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Figure 3. - Mod-0 blade configuration - planform. 



BLADE SECTION TAKEN ATSTA. 300 
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Figure 4. - Mod-0 blade typical cross section. 
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Figure 5. MOD-OA Nacelle/Rotor Assembly Ready for Installation on Tower 
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Figure 6. - Mod-OA blade  configuration - planform. , 



B M  SECTION TAKEN AT STA. 3ao. 

TRAILIHG EDCE r. 
I)------ D VRUCTURE SPAR . STRUCTURE 1 '3-79-1929 

Figure 7. - Mod-OH b l a d e  typical cross sec t ion .  



H ILOK FASTEXER 

DRI\'E F I T  - HIGH SHEAR STRENGTH /--- 
I /  

Figure 8. - Mod-OA blade fastener - detail A. 



MECHANICAL IHTERFACE 
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figure 9. - Mod-OA b l a d e  r o o t  end d e t a i l s .  
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Figure 10. - Predicted cyclic flapwise bending - 

loads for Mod-OA blades. 
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Figure 11. - Predicted cyclic chordwise bending 
loads for Mod-OH metal blades. 
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Figure 12. - Mod-OA blade structural schematic. 
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figure 13. - Mod-OA transition section structural model. 



. 
(3) SKIN CRACK 

ATSTATION 1 
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F ASTE NE R S 

Figure  14. - Mod-OA blade damage. 



Figure 15. - Mod-Oh blade trailing 
edge - 0-spar fastener loads. 



Figure 16. MOD-OA Blade SN 1005 Doublers 
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THIS PORTION OF DOUBLER 
REPAIRS SPAR CAP SKIN OVER RIB 

RIB LINER 

,- SHIM & RETAINER 

I ASSEM. 

' THIS PORTION OF DOUBLER REPAIRS 
TRAILING EDGE/D SPAR JOINT 

f i g u r e  1 7 .  - I n i t i a l  Mod-OA b l a d e  r e p a i r s  and m o d i f i c a t i o n s .  



ALUMINUM 
S K I N  

I I 

ALUMINUM 
R I B  

I 

.14 GAP 

STA. 
81.5 

STA 
48 

Figure 18. - Mod-OA blade station 48 interface 
wear problem. 
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STA . 
48 

MOD I F  I CATIONS 

BE-CU RING (,032 THICK) 
BONDED TO ALUMINUM R I B .  

SHIM ASSEMBLY 
POLY I M I D E  F I L M  (KAPTON) 
,095 T I I C K  BONDED TO ,018 
THICK MONEL 

HARD CHROMIUM PLATED TO STEEL------ 
LO05 THICK) 

BE-CU RING (,032 THICK) 
BONDED TO ALUMINUM R I B .  

I 
17,O 
DIA, 

F i g u r e  19. iod-OA blade. Installation of  b w y l l i a  copper l i n e r  ana shims. 

I 



F i g u r e  20. MOD-OA Blade SN 1004 w i t h  S t a t i o n  48 R i  b/Root F i t t i n g  Bear ing M o d i f i c a t i o n s  



ALUM. RIVET 
FLATHD.  7 

.12 1 '  .06 

ALUM. BRONZE 
CHROME PLATE 
TWO 180' SEGMENTS 
3M 2214 ADHESIVE BOND 

Figure 21. - Aluminum bronze liner for  s t a t i n n  48 r i b .  



STA 48 

I 

ALUMINUM 

CHROMIUM PLATED 
ALUMINUM BRONZE 

BONDED AND 
RIVETED TO RIB 

LINER -ADH ESlVE 

MONEL SHIM 
COATED WITH HARD CHROMIUM 
MOLYBDENUM\ 
DISULPHIDE 

STEEL ROOT 
END FITTING 

f i g u r e  22. - B e a r i n g  assembly a t  s t a t i o n  48 w i t h  aluminum bronze l i n e r .  

40 ’ 




