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1 .O SUMMARY 





The base1 i n e  MOD-5A w i n d  t u r b i n e  g e n e r a t o r  (WTG), a  400 f t .  d  iarneter ,  a i l e r o n  

c o n t r o l l e d ,  wood l a m i n a t e d  r o t o r  c o n f i g u r a t i o n  (Model 304.2), t h a t  e v o l v e d  as  

d r e s u l t  o f  t h e  d e s i g n  a c t i v i t i e s  d e s c r i b e d  i n  Volume 11, was ana lyzed  i n  

a e p t h  t o  e s t a b l i s h  f i n a l  d raw ings  and s p e c i f i c a t i o n s  b y  wh ich  t h e  WTG c o u l d  b e  

p r o c u r e d  and f a b r i c a t e d .  That  a n a l y s i s  process and t h e  r e s u l t s  o f  t h e s e  

a e s i g n  s t u a i e s  a r e  p r e s e n t e d  i n  Volume 111. 

S e c t i o n  3.0 p r e s e n t s  a  d e s c r i p t i o n  o f  each o f  t h e  m a j o r  WTG subsysteins as 

 ell as t h e  o v e r a l l  sys tem and e n v i r o n ~ n e n t a l  c h a r a c t e r i s t i c s  o f  t h e  base1 i n e  

biodel 304.2 c o n t i g u r a t i o n .  

S e c t i o n s  4.0, s .U ,  0.0, 7.0, 8.0 and 9.0 p r e s e n t  t h e  r e s u l t s  o f  t h e  d e t a i l e d  

d e s i g n  s t u d i e s  conduc ted  t o  d e f i n e  t h e  components and e lements  o f  t h e  R o t o r ,  

D r i v e t r a i n ,  N a c e l l e ,  Power and Foundat ion ,  Power G e n e r a t i o n  and C o n t r o l  and 

Instrumentation Subsystems, r e s p e c t i v e l y .  

S e c t i o n  10.0 summarizes t h e  r e s u l t s  o f  t h e  m a n u f a c t u r i n g  s t u d i e s  t h a t  were 

conducted t o  v e r i f y  t h a t  t n e  MOD-5A w ind  t u r b i n e  c o u l d  be produced w i t h i n  t h e  

c o s t  and w e i g h t  r e q u i r e m e n t s .  

S e c t i o n  11.0 d e s c r i b e s  t h e  s i t e  and e r e c t i o n  s t u d i e s  and e v a l u a t i o n s  t h a t  were 

conducted t o  e s t a b l  i s h  t r ie  o p e r a t i o n a l  i n s t a l  1  a t  i o n  and assembly p l a n s  f o r  

e r e c t i n g  t h e  w ind  t u r b i n e .  

S e c t i o n s  12.0 and 13.0 summarize t h e  qua1 i t y  assurance,  s a f e t y  and f a i l u r e  

rnodes and e f f e c t s  a n a l y s i s ,  r e 1  i a b i l  i t y ,  a v a i l a b i l i t y  and main tenance 

r e q u i r e m e n t s  necessa ry  t o  assu re  t h a t  t h e  f a b r i c a t e d  hardware f u l f i l l e d  t h e  

aes i y n  r e q u i r e m e n t s .  
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2.0 I N T R O D U C T I O N  





2 .U IhTKODUCTION 

I n  1973, a n a t i o n a l  Wind Energy Program was e s t a b l i s h e d  t o  develop t h e  

techno logy  t o  make wind energy systems c o s t  compet i t  i v e  w i t h  conven t io r ia l  

power gene ra t i on  systerns, and t o  acce le ra te  t h e  comr~ ie r c i a l i za t i on  and use o f  

w ind energy. 

The Un i t ed  S ta tes  Department o f  Energy (DOE) has o v e r a l l  management r espons i -  

b i l i t y  f u r  t h i s  program. The NASA-Lewis Research Center has t h e  

r e s p o n s i b i l  i t y  f o r  managing t h e  development o f  l a r g e  hor  i z o n t a l - a x i s  wind 

t u r b i n e s  f o r  t h e  UOE. 

Under c o n t r a c t  t o  NASA, t h e  Advanced Energy Programs Department o f  t h e  General 

E l e c t r i c  Company (GE-AEPD) has been engaged i n  t h e  development o f  an advanced 

mul t i -megawat t  wind t u r b i n e  genera to r  des ignated t h e  MOD-5A WTG. 

P a r t i c i p a t i n g  i n  t h i s  program, as subcon t rac to rs  t o  GE-AEPD are  Gougeon 

8 ro the rs ,  I nc .  (GBI) f o r  t h e  wood laminae blades, P h i l a d e l p h i a  Gear 

Co rpo ra t i on  (PGC) f o r  t h e  gearbox, and t h e  Chicago B r i age  and I r o n  Company 

(C8 I )  f o r  t h e  s t e e l  s h e l l  tower,  s i t e  work, f ounda t i on  and e r e c t i o n .  

The goal  o f  t h e  MUD-5A program was t o  develop a r e 1  i a b l e ,  commerc ia l l y  

f e a s i b l e  wind energy system, a b l e  t o  produce e l e c t r i c i t y  a t  a c o s t  o f  energy 

o f  3.75 cen t s  pe r  k i l o w d t t  hour,  o r  l e s s ,  i n  mid-1980 d o l l a r s ,  a t  a s i t e  w i t h  

an annual average wind speed o f  14 mph. 

The genera l  approacti t o  t h e  implementat ion o f  t h e  MOD-5A WTG Program was t h e  

i n i t i a t i o n  o f  a mul t i -phased,  71 month e f f o r t ,  c o n s i s t i n g  o f  47 months f o r  

conceptua l  des ign, p r e l  i rn inary  des ign,  f i n a l  des ign, f a b r i c a t i o n ,  assembly, 

i n s t a l l a t i o n  and checkout,  f o l l o w e d  b y  24  months o f  Opera t iona l  Support  and 

Design Improvements. I n  a d d i t i o n ,  development and q u a l i f i c a t i o n  t e s t i n g  o f  

m a t e r i a l s ,  p a r t s ,  and components were i nc l uded  as p a r t  o f  t h e  p r e l i m i n a r y  

des ign  phase t o  ensure t h a t  t h e  MOD-5A would per fo rm and endure, as designed. 

The progrdm began i n  J u l y  1980. I t  was o rgan ized  i n t o  t h r e e  des ign  phases: 

concep tua l  design, which was completed i n  March 1981, p r e l  im ina ry  design, 

which was completed i n  May 1982, and f i n a l  des ign,  which s t a r t e d  i n  June 1982. 



Each des ign  phase cu lm ina ted  i n  a  comprehensive des ign  rev i ew  t h a t  had two 

main o b j e c t i v e s :  an in-depth rev iew o f  t h e  d e s i g n ' s  t e c h n i c a l  adequacy, and 

v e r i f i c a t i o n  t h a t  t h e  program's  requ i rement  f o r  c o s t  o f  energy was s t i l l  

b e i n g  met. 

Du r i ng  t h e  conceptua l  des ign  phase, comprehensive t r a d e - o f f  and system s  i z  i ng  

s t u a i e s  were conducted around a  b a s e l i n e  c o n f i g u r a t i o n .  The goa l  o f  these  

s t u d i e s  was t o  a r ' r i ve  a t  a  concept w i t h  t h e  g r e a t e s t  p o t e n t i a l  t o  meet t h e  

p r o j e c t ' s  o b j e c t i v e s :  a  c o s t  o f  energy o f  3.75 cen t s  pe r  k i l o w a t t  hour  i n  

mid-1980 d o l l a r s ,  a  30-year 1 i f e ,  and sa fe  ope ra t i on ,  w i t h  accep tab le  r i s k  t o  

t t ie  program and equipment. As p a r t  o f  t h i s  a c t i v i t y ,  a  cos t ,  c o s t  o f  energy, 

and we igh t  accoun t ing  procedure was developed. Th is  procedure t r acked  t h e  

e f f e c t s  o f  t h e  s i z i n g  and t r a d e - o f f  s t ud ies .  I n  a d d i t i o n ,  a  manufac tu r ing  

p l a n  was developed t o  suppor t  t h e  p r o j e c t e d  program cos t s  f o r  t h e  f a b r i c a t i o n  

o f  t h e  100th MOD-5A p roduc t  i o n  u n i t .  

A f t e r  NASA and t h e  Department o f  Energy approved t h e  conceptua l  des ign,  t h e  

proyram progressed i n t o  t h e  p r e l  i r r ~ i n a r y  des ign  phase. Dur i n g  t h i s  p e r i o d  t h e  

recommended base l  i n e  c o n f i g u r a t i o n ,  an upwind wind t u rb i ne ,  w i t h  a  400- f t . ,  

l amina ted  wood and epoxy r o t o r  and a  power r a t i n g  o f  5.0 MW, was eva lua ted  

f u r t h e r .  The outcome o f  t h e  p r e l  im ina ry  des ign  would be used i n  t h e  f i n a l  

aevelopment phases. I n  con junc t  i o n  w i t h  t h e  p r e l  im ina ry  des ign  a c t i v i t y ,  

qua1 i f  i c a t i o n  o f  t h e  wood-epoxy laminae b l ade  m a t e r i a l s ,  as w e l l  as key  

cornponents and subsystems were conducted. These t e s t s  con t inued  d u r i n g  t h e  

f i n a l  des ign  phase. 

The development produced a  wind t u r b i n e  des ign r a t e d  a t  7300 kW, w i t h  a  

4 0 0 - i t .  r o t o r  w i t h  1  i gh twe igh t ,  wood-epoxy lamina ted  b lades,  a i l e r o n  c o n t r o l  
and a  tower and n a c e l l e  system designed f o r  r e1  i a b i l  i t y  and ease o f  

maintenance. As a  r e s u l t  o f  t h e  optimum s i z e  and t h e  numerous t e c h n i c a l  

advances, t h i s  t h i r d - g e n e r a t i o n  machine would be expected t o  ach ieve a  c o s t  o f  

energy colnpet i t i v e  w i t h  t h e  c o s t  o f  conven t iona l  forms o f  power genera t  ion.  

Th j s  volume, Volume 111 o f  t h e  MOD-5A Design Summary Report ,  p resen ts  t h e  

r e s u l t s  o f  t n e  d e t a i l e d  des ign  s t u d i e s  and eva lua t i ons  t h a t  l e d  t o  t h e  

es tab l i shment  o f  f i n a l  drawings and s p e c i f i c a t i o n s  by  which t h e  wind t u r b i n e  

hardware c o u l d  be p rocured  and f a b r i c a t e d .  
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3.0 SYSTEM DESCRIPTION - MODEL 304.2 

3.1 GENERAL ARRANGEMENT AND CHARACTERISTICS 

The model 304.2 c o n f i g u r a t i o n  i s  shown i n  F i g u r e  3-1 and Tab le  3-1. Th i s  was 

t h e  l a s t  des ign  c o n f i g u r a t i o n  f o r  t h e  MOD-5A program and was r a t e d  a t  7300 kW 

i n  a  32 mph wind. 

Tne 400 f t .  laminated wood-epoxy r o t o r  has a i l e r o n s  f o r  t o r q u e  c o n t r o l .  A 

s t e e l  yoke suppo r t s  t h e  r o t c r  on e l a s t o m e r i c  t e e t e r  bear ings .  Two r o l l i n g  

element oear i r lgs  suppo r t  t h e  yoke on t h e  n a c e l l e ,  which i s  suppor ted on t h e  

tower  by  a  t h r e e  row yaw bear ing .  The 14.5 f t .  d iameter  s t e e l  s h e l l  tower  

suppo r t s  t h e  n a c e l l e  and r o t o r  a t  a  hub h e i g h t  o f  250 f t .  The tower  i s  f l a r e d  

a t  t h e  base and anchored t o  a  r e i n f o r c e d  conc re te  f ounda t i on .  

Wind energy i s  conver ted  t o  e l e c t r i c a l  energy b y  a  speed- increase gearbox and 

v a r i a b l e  speed genera to r  l o c a t e d  i n  t h e  n a c e l l e .  The r o t o r  w i l l  ope ra te  a t  

s e t  speeds of  e i t h e r  13.2 o r  16.2 rpm depending on t h e  w ind  speed. Conver ter  

and i n t e r f a c e  equipment l o c a t e d  on t h e  ground p e r m i t  t h e  genera to r  t o  ope ra te  

over  a sma l l  v a r i a b l e  speed range above t h e  s e t  r o t o r  speed, w h i l e  connected 

t o  a  cons tan t  f requency u t i l i t y  network.  

The MOD-5A was designed f o r  automat i c y  unat tended o p e r a t  ion.  A c o n t r o l  l e r ,  

l o c a t e d  i n  t h e  n a c e l l e ,  p rov i des  au tomat i c  sequencing, dynamic c o n t r o l ,  

supe rv i so r y  mon i t o r i ng ,  and communication f u n c t i o n s .  

A b r i e f  d e s c r i p t i o n  o f  t h e  system i s  p rov i ded  i n  t h e  r e s t  o f  t h i s  s e c t i o n .  

Des ign d e t a i l s  a r e  p rov i ded  i n  subsequent s e c t i o n s  o f  t h i s  volume. 



OPERATIONAL CHARACTERISTICS 

RATED POWER 7300 KW A T  0.98PF 

RATED WIND SPEED 32 MPH A T  250 F T  

~ ~ ~ $ ~ ~ ~ ~ O ~ R O L  CUT-  I N I C U T - O U T  WIND SPEED 11160 MPH A T  250 F T  

MAXIMUM WlND SPEED (SlJRVIVALP 130 MPH A T  250 F T  

POWER CONTROL MULTI-SECTION AILERONS 

ROTOR RPM-SET SPEED 13.7/ IL .8  RPM ( 1  l o $ ]  

ENERGY CAPTURE l Y R  21. 3 X l o 6  KWH (NASA SPECIFIED 
WlND SPEED DURATION CURVE. 
19 MPH A T  32 F T ,  100 $ A V A I L )  

T O T A L  WT ON FOUNDATION 1804 K - L B  

FEATURES 

WOOD LAMINATE BLADES WITH HIGH PERFORMANCE 
A IRFOIL  - UPWIND. TEETERED 

NON-ROTATING ROTOR SUPPORT 

HYBRID EP lCVCL lC lPARALLEL SHAFT GEARBOX 

VARIABLE SPEEDICONSTANT FREQUENCY OPERATION. 
WITH 2 SET POINTS 

SOFT SHELL TOWER, TUNEABLE B E L L  SECTION 

F i g u r e  3-1 MOD-5A Model 304.2 



Table 3-1 Model 304.2 C o n f i g u r a t i o n  

System Weight ( l b )  1,803,926 

I n s t a l l e d  Cost  (Volume, 1980 3 )  4,111,805 

Annual Energy (GWH, SOW wind, 0.96 AF) 21.2 

Cost o f  Energy (Volume, 1980 cen ts lkwh)  3.69 

Ro to r  474,470 l b .  

Upwind o f  tower  
400 f t. d  iameter  
352 f t / s e c  t i p  speed 
13.2-13.8116.2-16.8 rpm 

two range v a r i a b l e  speed o p e r a t i o n  
Lamiriated wood b 1  ades 
Cont inuous wood blade, t i p - t i p  
64-XXX A i r f o i l ,  300 i n .  r o o t  chord,  

3.06% s o l i d i t y  
40% (80  f t . )  a i l e r o n  c o n t r o l  -90" mot ion  

40% chord,  3 h y d r a u l i c  ac tua to r s /b l ade  
S tee l  yoke at tachment  a t  t e e t e r  a x i s  
Teeter  and b rake  s h a f t s  i n  b o l s t e r  
Ro to r  s t opp ing  b rake  
Yoke-mounted h y d r a u l i c  power u n i t  
7 "  tilt, +go  t e e t e r  a l lowance 
E  1  astomer i c  t e e t e r  bear ings  

and b rake  t y p e  t e e t e r  r e s t r i c t o r .  
Yoke suppor ted  on s p i n d l e  w i t h  dua l  

bea r i ngs  

O r  i v e t r a i n  259,636 l b .  

o  F l o a t i n g  t o r q u e  s h a f t  f rom yoke  t o  
gearbox 

o H y b r i d  s i n g l e  r a t i o  gearbox, 
3.38 m i l l i o n  f t . - l b .  i n p u t  
t o rque  

o  P l a n e t a r y  1 s t  and 2nd s tage  gear ing ,  
p a r a l l e l  s h a f t  3 r d  s tage  

o  I n -1  i ne  s l  i p r i n g  access, s h a f t  d r i v e  
l u b e  pump, i n c h i n g  d r i v e  

F l o a t i n g  h i g h  speed s h a f t ,  
o  7,300 kW, 960-1440 rpm 

wound r o t o r ,  i n d u c t i o n  genera to r  

Nace l l e  328,700 l b .  

o  Bedp la te  t y p e  w i t h  w i r i n g ,  p i p i n g  
runs  under f 1  oor i ng  

o  Box t y p e  r o t o r  suppo r t  s t r u c t u r e  
w i t h  sp i nd le ,  c rane  mount 

o  Mount ings f o r  gearbox, genera to r ,  
c o n t r o l  e l e c t r o n i c s ,  h i g h  v o l t a g e  
c a b i n e t  

o  I n s u l a t e d  weather f a i r i n g  
o  L u b r i c a t i o n  system f o r  gearbox 

and bear ings  on lower  p l a t f o r m  
o  Yaw s t r u c t u r a l  adapters  and 

b e a r i n g  
o  Hydraul  i c  power supp l y  and 

push -pu l l  yaw d r i v e  
o  Yaw s l i p r i n y  

Tower 653,120 l b .  

o  14.5 f t .  d iamete r  s t e e l  s h e l l  
o  250 f t .  t o  r o t o r  hub 
o  50 f t .  t ape red  b e l l  f o r  t u n i n g  
o  I n t e r n a l  t r a c t i o n  e l e v a t o r  and 

1  adder 

Foundat ion  

o  Spread f o o t i n g ,  r e i n f o r c e d  conc re te  
o  About 960 c u b i c  ya rds  
o  Anchor b o l t s  f o r  tower  a t tachment  

E l  e c t r  i c a l  88,000 1  b. 

o  E l e c t r i c a l  equipment b u i l d i n g  w i t h  
c y c l o c o n v e r t e r  and sw i tchgear  and 
c o n t r o l  

o  7,300 kVA o i l - f i l l e d  t r ans fo rmer  
w i t h  f used  s w i t c h  

o  69 kV nominal  i n t e r f a c e  
o  175 MVA r a d i a l  feeder  c l u s t e r ,  

w i t h  24 u n i t s  

Maintenance 
o  Permanent c l u s t e r  crew 



3.1.1 ROTOR LUBSYSTEM 

The r o t o r  subsyste~n o f  t h e  MOD-5A w ind  t u r b i n e  genera to r  c o n s i s t s  o f  a1 1 t h e  

r o t a t i n g  s t r u c t u r e s  windward of  t h e  main r o t o r  bear ings .  I t  i s  mounted b y  t h e  

~ n d i n  r o t o r  bea r i nys  on t h e  r o t o r  suppor t  sp i nd le ,  which i s  p a r t  o f  t h e  n a c e l l e  

assembly. The r o t o r  subsystem i s  i l l u s t r a t e d  i n  F i g u r e  3-2. 

The r t ~ a j o r  asse~nbl  i es  shown a r e  t h e  b l ade  and a i l e r o n s .  The r o t o r  subsystem 

a l s o  inc ludes  t h e  yoke, t e e t e r  bear ings ,  b rake  subsystems, h y d r a u l i c  subsystem 

and e l e c t r i c a l  subsystem. The yoke i s  a  l a r g e  s t e e l  f a b r i c a t i o n  t h a t  suppor ts  

t h e  b l a d e  frorn t h e  t e e t e r  bear ings  t o  t h e  main r o t o r  bea r i ngs  and t h e  r o t o r  

suppo r t  s p i n d l e .  I t t r a n s m i t s  r o t o r  t o r q u e  th rough  i t s  f o rwa rd  shear web t o  

t h e  low speed s h a f t .  The b l ade  i s  a t t ached  t o  t h e  yoke b y  t h e  t e e t e r  b e a r i n g  

assembl ies,  which p r o v i d e  a  degree o f  freedom t o  t h e  b l ade  pe rpend i cu l a r  t o  

t h e  p l ane  o f  r o t a t i o n .  

The lamina ted  wood and epoxy b l ade  i s  assembled f rom f i v e  segments: t h e  

cen te r  b l ade  u n i t ,  two i n n e r  b l ade  u n i t s  and two o u t e r  u n i t s ,  which a r e  bonded 

t o g e t h e r  i n  t h e  f i e l d .  

The a i l e r o n s  f o r m  t h e  t r a i l  i ng  edge o f  t h e  o u t e r  segments, f rorn 60% t o  100% o f  

span. They m o d i f y  t h e  r o t o r  l i f t  and d rag  c h a r a c t e r i s t i c s  t o  modulate  system 

t o r q u e  and p r o v i d e  r o t o r  speed c o n t r o l .  

The r o t o r  subsystem r e q u i r e s  two b r a k i n g  subsystems, f o r  t e e t e r  mot ion  and f o r  

t h e  r o t o r .  The t e e t e r  b rake  subsystem s t a b i l i z e s  t h e  t e e t e r  ang le  f o r  l ow  

r o t a t i o n a l  speeds and h i g h  wind ang le  c o n d i t i o n s .  The t e e t e r  b rake  f o r c e  i s  

a p p l i e d  t o  f o u r  arms t h a t  a re  p inned  t o  t h e  b l a d e  b o l s t e r  and s l i d e  th rough  

two  s e t s  o f  c a l i p e r  b rake  assembl ies f o r  each arm. These c a l i p e r s  a r e  mounted 

t o  t h e  f ou r  co rne rs  o f  t h e  yoke. They a r e  ac tua ted  b y  t h e  c o n t r o l  subsystem. 

The r o t o r  b rake  subsystem s tops  t h e  r o t o r  a f t e r  t h e  a i l e r o n s  a r e  deployed. 

The r o t o r  b rake  t o r q u e  i s  appl  i e d  independent l y  o f  t h e  low speed s h a f t  b y  

means o f  a yoke-mounted  rake d i s c  and nacel le-mounted c a l i p e r  b rake  se t s .  

The hydrau l  i c  subsystem which p rov i des  t h e  r e q u i r e d  p ressure  t o  t h e  a i l e r o n s  

and t e e t e r  brakes i s  mounted on t h e  o u t s i d e  o f  t h e  yoke, t o  s i m p l i f y  i t s  

i n t e r f a c e s .  



I 

The e l e c t r i c a l  subsystem p rov i des  a1 1  power, command and s i g n a l  f u n c t i o n s  t o  
! t n e  r o t o r .  S l i p  r i n g s  i n t e r f a c e  t h e  r o t a t i n g  components w i t h  t h e  n o n - r o t a t i n g  

nacel  1 e.  

L i g h t n i n g  p r o t e c t i o n  i s  b u i l t  i n t o  t h e  b lades.  A meta l  screen i s  used on t h e  

o u t e r  p o r t i o n  o f  t h e  b l a d e  and c o n d u i t  and conduc to rs  c a r r y  l i g h t n i n g  c u r r e n t s  

t o  t h e  yoke. T h e , c u r r e n t  i s  c a r r i e d  th rough  t h e  yoke t o  t h e  n a c e l l e  and tower  

v i a  a separa te  conduc t i on  pa th .  

The f i v e  b l ade  segments a r e  assembled i n  t h e  f i e l d .  The a i l e r o n s  a r e  f i t  i n  

the  f a c t o r y ,  b u t  a r e  i n s t a l l e d  i n  t h e  f i e l d .  T r a i l i n g  edges, b o l s t e r s ,  

h y d r a u l  i c  and e l e c t r i c a l  d i s t r i b u t i o n  systems and t h e  t e e t e r  bear ings  and 

t e e t e r  s h a f t  a r e  a l s o  i n s t a l l e d  i n  t h e  f i e l d .  A l l  subsystems a re  checked and 

t h e  r o t o r  i s  l i f t e d  as a  u n i t  i n t o  p l a c e  on t h e  yoke. The yoke assembly i s  

a l s o  completed i n  t h e  f i e l d ,  by  i n s t a l l i n g  t h e  h y d r a u l i c  power subsystem and 

assoc ia ted  h y d r a u l i c  and e l e c t r i c a l  d i s t r i b u t i o n  l i n e s .  The yoke i s  i n s t a l l e d  

on t h e  n a c e l l e  suppor t  s t r u c t u r e  a f t e r  t h e  b lade- to-yoke i n t e r f a c e  i s  

v a l  i da ted  on t h e  ground. The i n s t a l l a t i o n  of t h e  b l a d e  t o  t h e  yoke completes 

t h e  assembly o f  t h e  r o t o r  subsystem. 
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3.1.2 D R l  VE TRAIN SUBSYSTEM 

The o v e r a l l  n a c e l l e  and d r i v e t r a i n  a r e  shown i n  F i g u r e  3-3. The d r i v e t r a i n  

subsystem c o n s i s t e d  of  a l l  t h e  elements t h a t  t r a n s m i t  power f r om t h e  r o t o r  t o  

t h e  generator .  Power f r om t h e  r o t o r  passed th rough t h e  t o r q u e  p l a t e ,  low 

speed shaf t ,  speed i nc rease r  gearbox, and t h e  h i g h  speed s h a f t  t o  t h e  

generator .  The gearbox increased t h e  s h a f t  speed v i a  a  s e t  o f  gears w i t h  a  

r a t i o  o f  1  t o  82.14. For  example, if t h e  low speed s h a f t  t u rned  a t  16.8 rpm, 

t h e  h i g h  speed s h a f t  would t u r n  a t  1380 rpm. The r o t o r  suppor t  bear ings  

suppor ted t h e  r o t o r  and p rov ided  r o t a t i o n a l  freedom t o  t h e  r o t o r .  

The d r i v e t r a i n  was r a t e d  f o r  3.38 X l o 6  f t - l b  o f  t o r q u e  a t  t h e  low speed 

s h a f t .  T o t a l  system losses  a r e  approx imate ly  10% a t  r a t e d  o p e r a t i n g  

c o n d i t i o n s  and t h i s  t o r q u e  r a t i n g  p rov ides  8,066 KW a t  16.8 rpm (7,300 kW 

r a t i n g  X 1.105 = 8,066 k W ) .  F r i c t i 0 . n  caused some power l o s s  i n  t h e  

d r i v e t r a i n .  The maximum power l o s s  i n  t h e  gears and bear ings  of  t h e  speed 

i nc rease r  was 3%. No l o s s  was expected i n  t h e  low and h i g h  speed s h a f t  and 

coup1 i n g  assemblies. The r e s t  o f  t h e  losses  occur  i n  t h e  genera to r  and 
r: 

e l e c t r i c a l  subsystem. 

The r o t o r  was suppor ted on a  p a i r  o f  tapered  r o l l e r  bear ings  i n  a  h o r i z o n t a l  

" k i n g  p o s t "  arrangement. The bear ings  were mounted on a  s t a t i o n a r y  sp ind le ,  

which was p a r t  of  t h e  bedp la te  s t r u c t u r e .  The i nne r  bea r i ng  races  were 

s t a t i o n a r y ,  and t h e  o u t e r  r aces  r o t a t e d  w i t h  t h e  yoke. I n  t h i s  arrangement 

t h e  two bear ings  oppose t h e  we igh t  moment exe r ted  b y  t h e  r o t o r ,  t h e  dead 

we igh t  o f  t h e  r o t o r ,  and t h e  r o t o r  t h r u s t .  The b e a r i n g  arrangement i s  

i l l u s t r a t e d  i n  F i g u r e  3-4. The bear ings  were designed f o r  grease 

l u b r i c a t i o n .  An automat ic  l u b r i c a t o r  p e r i o d i c a l l y  i n j e c t s  a  metered q u a n t i t y  

o f  grease. 

The t o rque  p l a t e  t r a n s m i t s  t o rque  f rom t h e  yoke t o  t h e  low speed s h a f t .  The 

o u t e r  d iameter  o f  t h e  t o rque  p l a t e  was b o l t e d  t o  t h e  yoke, and t h e  i nne r  

d iameter  of  t h e  t o rque  p l a t e  i n t e r f a c e d  w i t h  t h e  low speed sha f t  v i a  a  s p l  ined 

connect ion. The low speed sha f t  i s  a  f o r g i n g  w i t h  a  c o n c e n t r i c  i n n e r  passage, 

which p r o t e c t e d  an e l e c t r i c a l  condu i t .  E l e c t r i c  power, c o n t r o l  and 



Figure 3-3 Overall Nacell e Profi le  
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i n s t r umen ta t i on  w i r i n g  r a n  from a  s l  i p r i n g ,  mourited on t h e  r e a r  end o f  t h e  

gearbox, th rough  t h e  gearbox and low speed s h a f t  t o  t h e  r o t o r .  They p rov i ded  

e l e c t r i c  power a i ~ d  c o n t r o l  t o  t h e  h y d r a u l i c  a i l e r o n  a c t u a t i o n  subsystem and 

o t h e r  r o t o r  c o n t r o l  s. 

The low speed s h a f t  was connected d i r e c t l y  t o  t h e  f i r s t  s tage  o f  t h e  gearbox 

v i a  a  s p l i n e d  connect ion.  The gearbox was a  s tand-a lone,  3-s tage u n i t .  The 

f i r s t  and second s tages were e p i c y c l i c  and t h e  t h i r d  s tage  was a  p a r a l l e l  

s h a f t  design. The e p i c y c l  i c  s tages a r e  a  conven t iona l  p l a n e t a r y  arrangement, 

ill which t h e  i n p u t  t o rque  i s  t r a n s m i t t e d  t o  t h e  p l a n e t  cage and t h e  o u t p u t  

t o rque  i s  t r a n s m i t t e d  b y  t h e  sun wheel t o  t h e  n e x t  stage. The o u t p u t  o f  t h e  

second s tage  was t r a n s m i t t e d  t o  t h e  b u l l  gear o f  t h e  t h i r d  s tage.  The b u l l  

year  tur r led a  p i n i o n ,  whose o u t p u t  drove t h e  generator .  The connec t ion  

between t h e  gearbox and genera to r  was t h e  h i g h  speed s h a f t  assembly. 

The gearbox and t h e  s p l i n e d  i n t e r f a c e  between t h e  gearbox and low speed s h a f t  

were l u b r i c a t e d  b y  a  c e n t r a l  o i l  l u b r i c a t i o n  system. Two p a r a l l e l  pumps 

ensured t h a t  o i l  was a v a i l a b l e  a t  a1 1  t imes.  A mo to r -d r i ven  pump c i r c u l a t e d  

o i l  d u r i n g  s t a r t - u p  and backed up t h e  gear d r i v e n  pump i n  t h e  gearbox. The 

gear-dr  i v e n  pump c i r c u l a t e d  o i l  a f t e r  t h e  wind t u r b i n e  reached o p e r a t i n g  

spesd. Mob i l  SHC630 o i l  was c i r c u l a t e d  th rough  t h e  gearbox a t  160 gpm and 25 

p s i .  The o i l  temperature was k e p t  between 6 0 ' ~  and 1 1 5 ' ~  b y  hea te r s  o r  

c o o l e r s  t o  m a i n t a i n  t h e  p roper  v i s c o s i t y  f o r  p r o t e c t i n g  t h e  gears and bear ings .  

A 400 g a l l o n  o i l  r e s e r v o i r  was b u i l t  i n t o  t h e  gearbox. Other  c o n d i t i o n i n g  

equipment, such as f i l t e r s ,  hea te rs ,  and c o o l e r s  were l o c a t e d  e i t h e r  i n  t h e  

r e s e r v o i r  o r  on t h e  l u b e  subsystem p l a t f o r m .  

The h i g h  speed s h a f t  assembly used f l e x  d i s c  coup l i ngs  t o  p r o v i d e  a  low 

maintenance f l o a t i n g  s h a f t  c o n f i g u r a t i o n .  

The low speed u rake  was designed t o  a s s i s t  t h e  a i l e r o n s  i n  s t opp ing  t h e  r o t o r ,  

when t h e  r o t o r  speed was 10 rpm o r  lower.  The b rake  a l s o  prevented r o t a t i o n  

d u r i n g  maintenance and s e r v i c i n g .  The low speed b rake  cons i s t ed  o f  a  10.5 ft. 

d iameter  s t e e l  d i s c  mounted on t h e  r e a r  o f  t h e  yoke and e i g h t  Goodyear SLC 19 

b rake  c a l i p e r s ,  mounted on t h e  f r o n t  r o t o r  adapter .  The brakes supp l y  a 

h o l d i n g  t o r q u e  o f  3,000,000 f t - l b .  



3.1.3 NACELLE SUBSYSTEM 

The n a c e l l e  subsystem has k e y  s t r u c t u r a l ,  dynamic and p r o t e c t i v e  f unc t i ons .  

As a  s t r u c t u r e ,  t h e  n a c e l l e  p rov i des  a  l o a d  p a t h  f r o m  t h e  r o t o r  t o  t h e  tower.  

The l o a d  i s  complex, c o n s i s t i n g  o f  equipment dead weight ,  o v e r t u r n i n g  moments, 

t h r u s t ,  r o t o r  dynamics and w ind  induced f o r ces .  I n  des ign ing  t h e  s t r u c t u r a l  

e lements,  i n  a d d i t i o n  t o  u l t i m a t e  l o a d  l e v e l s ,  f a t i g u e  was cons idered  as a  

des ign  d r i v e r .  The n a c e l l e  p rov i des  t h e  r o t a t i n g  i n t e r f a c e  between t h e  r o t o r  

and gearbox i n  t h e  f o r m  o f  a s t a t i o n a r y  s p i n d l e  s h a f t ,  shown i n  F i g u r e  3-4, 

and a  p a i r  o f  t ape red  r o l l e r  bear ings .  The bea r i ngs  suppo r t  t h e  300,000 l b  

r o t o r  and r e s i s t  t h e  assoc ia ted  dynamic f o r ces ,  w h i l e  p r o v i d i n g  r o t a t i o n a l  

f reedom t o  t h e  r o t o r .  And f i n a l l y ,  t h e  n a c e l l e  p r o t e c t s  t h e  d r i v e t r a i n ,  

genera to r ,  c o n t r o l s  and power c o n d i t i o n i n g  equipment f r o m  t h e  environment.  A 

p r o f i l e  o f  t h e  n a c e l l e  subsystem i s  shown i n  F i g u r e  3-3. The n a c e l l e ' s  

s t r u c t u r a l  arrangement i s  shown i n  F i g u r e  3-5. 

3.1.3.1 D e s c r i p t i o n  

The l a r g e s t ,  and perhaps most c r i t i c a l  e lement o f  t h e  n a c e l l e  i s  t h e  

bedpla te .  The bedp la te ,  shown i n  F i g u r e  3-5, i s  a  l a r g e  weldment, made o f  

s t r u c t u r a l  shapes and t h e  des ign  i nc l udes  d e t a i l s  needed t o  meet t h e  f a t i g u e  

qoad environment.  A l l  k e y  welds a r e  f u l l  p e n e t r a t i o n ,  a1 1  changes i n  s e c t i o n  

a re .smooth  and g radua l  and t h e r e  a r e  no sharp co rne rs .  The bedp la te  m a t e r i a l  

i s  A 5 7 2  GR 50 s t e e l  and i s  s p e c i f i e d  t o  have c o n t r o l l e d  g r a i n  s i z e  and min imal  

i n c l u s i o n s  and must meet a  r i g o r o u s  low temperature Charpy V-notch t e s t .  

Post -weld  h e a t  t r ea tmen t  was s p e c i f i e d  t o  assure t h a t  r e s i d u a l  s t r e s s e s  a r e  

r e l i e v e d .  S i m i l a r  des ign  c r i t e r i a  were a p p l i e d  t o  t h e  f r o n t  adap te r  sec t i ons ,  

s i d e  w a l l s  and r o o f  s e c t i o n s .  

The bedp la te  has a  f l a t  bo t tom made o f  4  i n .  . t h i c k  s t e e l  p l a t e  t h a t  i s  b o l t e d  

t o  t h e  f l a n g e  o f  t h e  upper yaw sec t i on .  To reduce we igh t ,  l i g h t l y  loaded 

s e c t i o n s  of t h e  bo t tom p l a t e  a r e  made o f  1 i n .  t h i c k  s t e e l .  

The s p i n d l e  i s  a  f o r g i n g ,  made f r om ASTM A508, Class 4b s t e e l  w i t h  c o n t r o l l e d  

i n c l u s i o n  shapes and r e s t r i c t i o n s  on phosphorus and su lphur .  The f o r g i n g  must 

meet a  r i g o r o u s  low tempera tu re  Charpy V-notch t e s t .  The s p i n d l e  i s  b o l t e d  t o  

t h e  f r o n t  face of  t h e  r o t o r  adapter  and suppor ts  t h e  r o t o r  on bear ings .  
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Figure 3-5 Nacelle Structural Assembly 



The r o o f  s t r u c t u r e  o f  t h e  n a c e l l e  was designed t o  suppor t  a  5 - t on  u t i l i t y  

i crane. The c rane  i s  a  s e r v i c e  and maintenance t o o l  and can reach  and l i f t  

i most o f  t h e  genera to r  and d r i v e t r a i n  components, such as p i n i o n s ,  bea r i ngs  and 

I coup1 ings.  A lso,  t h e  crane p rov i des  a  h o i s t  p o i n t  f o r  b l ade  i n s p e c t i o n  and 
I 
! t e e t e r  b e a r i n g  maintenance. 

A  f a i r i n g  c o v e r s .  t h e  a f t  s e c t i o n  o f  t h e  n a c e l l e  t o  p r o t e c t  t h e  genera to r ,  

c o n t r o l  c a b i n e t  and n a c e l l e  power c o n d i t i o n i n g  equipment. The f a i r i n g  i s  made 

o f  1  i gh t -we igh t  ga l van i zed  s t e e l  w i t h  thermal  i n s u l a t i o n .  The f a i r i n g  i s  

designed t o  r e s i s t  h i n d  p ressure  and l i v e  l oads  on t h e  r o o f .  A l ouve red  ven t ,  

a i r  f i l t e r s  and an exhaust  fan a r e  a t t ached  t o  t h e  f a i r i n g .  The f a i r i n g  has 

access hatches and suppor ts  two wind sensor masts and a i r c r a f t  warn ing 

1  i g h t s .  The gearbox l u b r i c a t i o n  subsystem was a t tached  t o  t h e  bot tom of  t h e  

bedp la te .  

A1 1  s e c t i o n s  o f  t h e  n a c e l l e  subsystem were designed t o  meet s h i p p i n g  s i z e  and 

we igh t  requi rements .  The s e c t i o n s  a r e  b o l t e d  t o g e t h e r  i n  t h e  f i e l d  t o  f o r m  

t n e  o v e r a l l  s t r u c t u r e .  A l l  exposed meta l  su r f aces  areas a re  p a i n t e d  i n  t h e  

f a c t o r y  w i t h  two c o a t s  o f  z i n c  r i c h  p r ime r  b e f o r e  t h e  f i n i s h  p a i n t  c o a t  and 

touch-up p a i n t  a r e  app l  i e d  i n  t h e  f i e l d .  



3.1.4 TOWER AN9 FOUNDATION SUBSYSTEM 

The tower  dnd founda t ion  a re  shown i n  F i g u r e  3-6. The tower  i s  a  c y l  i n d r i c a l  

welded s t e e l  s t r u c t u r e  made f r om formed p l a t e s .  The c y l i n d e r  has a  14 .5 - f t .  

d iameter  between t h e  n a c e l l e  and an e l e v a t i o n  o f  50 f t .  Below 50 f t .  t h e  

s t r u c t u r e  i s  c o n i c a l ,  spreading o u t  t o  a d iameter  o f  22.5 f t .  a t  t h e  base. 

There a r e  2 5  sec t ions ,  most o f  which a r e  s l i g h t l y  l e s s  than  10 ft. h igh .  The 

t f i i ckness  o f  each sec t i on ,  which was determined b y  f a t i g u e  o r  buck1 i n g  

a l l o w a b l e  s t r e s s  and t h e  f requency c r i t e r i a ,  i s  d i f f e r e n t .  The f requency 

c r i t e r i a  r e q u i r e d  t h a t  t h e  tower  s t i f f n e s s  be such t h a t  t h e  f i r s t  bending 

frequency o f  t h e  e n t i r e  system would be approximately 0.34 Hz. 

The tower  base has re in fo rcements ,  c a l l e d  anchor c h a i r s ,  t h a t  h e l p  d i s t r i b u t e  

t h e  tower loads  i n t o  t h e  96  anchor b o l t s .  The anchor b o l t s  a re  embedded about 

4  ft. i n t o  t h e  r e i n f o r c e d  conc re te  r i n g  w a l l  o f  t h e  founda t ion .  The 

f o u n d a t i o n  i s  a  spread founda t ion ,  7 2  ft. i n  d iameter  and 9 ft. below t h e  

o r i g i n a l  grade l e v e l .  The des ign  r e q u i r e s  approx imate ly  1,000 c u b i c  ya rds  o f  

concre te .  Th is  des ign  i s  a  gener i c  design; t h e  f ounda t i on  des ign shou ld  

depend on t h e  s o i l  p r o p e r t i e s  a t  t h e  s i t e .  However, s t udy  has shown t h a t  

sxcep t  f o r  some unusual  s i t e s ,  t h e  des ign  w i l l  be c l o s e  t o  what i s  desc r ibed  

here.  

The e l e v a t o r  and suppo r t  s t r u c t u r e  a r e  i n s i d e  t h e  tower.  The e l e v a t o r  i s  a  

t r a c t i o n  e l e v a t o r ,  o f t e n  used i n  g r a i n  e l e v a t o r  a p p l i c a t i o n s .  The e l e v a t o r  

~r leets  AP4SI/ASME 1 7 .  l a  P a r t  X V  and, consequent ly ,  i t  w i l l  be accep tab le  i n  over  

Y O %  o f  t h e  s t a t e s  w i t h o u t  s p e c i a l  p e r m i t  requ i rements .  The e l e v a t o r  suppo r t  

s t r u c t u r e  i s  o n l y  a t t ached  a t  t h e  t o p  o f  t h e  tower,  and i t  s tands on a  p i v o t e d  

base t o  m in im i ze  s t r esses  induced as t h e  tower  f l e x e s .  There a re  p l a t f o r m s  a t  

t h e  t o p  and bo t tom f o r  en t rance  t o  t h e  e l e v a t o r .  The tower  has a  door a t  t h e  

bo t tom 'to a l l o w  en t rance  t o  t h e  i n t e r i o r  o f  t h e  tower  and access t o  t h e  

e:evator.  

A t  t h e  t o p  o f  t h e  tower  t h e r e  a r e  two s e c t i o n s  c a l l e d  t h e  lower and upper yaw 

adapter  sec t ions .  Between these  sec t i ons ,  a  l a r g e  s l ew ing  r i n g  b e a r i n g  i s  
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mounted. The b e a r i n g  a l l ows  t h e  n a c e l l e  t o  r o t a t e  i n  t h e  yaw azimuth, 

r e l a t i v e  t o  t h e  f i x e d  tower .  The yaw s e c t  ions a l s o  i n c l u d e  a  yaw d r i v e ,  yaw 

s l i p r i n g ,  h y d r a u l i c  power supply ,  and an au tomat i c  b e a r i n g  l u b r i c a t i o n  

system. A1 1 components a r e  enc losed i n  t h e  tower ,  t o  p r o t e c t  them f r om t h e  

weather. A l adde r  i n  t h e  yaw s e c t i o n  p rov i des  access t o  t h e  n a c e l l e  th rough  

manholes i n  t h e  ~ e d p l a t e  f l o o r .  



3.1.5 POWER GENERATION SUBSYSTEM 

A v a r i a b l e  speed genera to r  and i t s  assoc ia ted  power convers ion  equipment 

conver ted  t h e  ~ r ~ e c h a n i c a l  energy o f  t h e  w ind  t u r b i n e  t o  u s e f u l  e l e c t r i c a l  

energy.  Equipment l o c a t i o n s  a r e  shown i n  F i g u r e  3-7. A simp1 i f i e d  one-1 ine  

diagram o f  t h e  subsystem w i t h  p r o t e c t i v e  r e l a y  numbers i s  shown i n  F i g u r e  3-8. 

The ma jo r  components i nc l uded  t h e  generator ,  s l  i p r  ings,  i n t e r connec t  ions,  

power conve r t e r ,  harmonic f i l t e r ,  swi tchgear ,  s tep-up t r ans fo rmer ,  and s t a t  i o n  

b a t t e r i e s .  The components were chosen f o r  30-year l i f e  and a  maintenance 

i n t e r v a l  o f  6  months o r  more. 

The genera to r  was a  7500 k V A  wound-rotor,  6 p o l e  machine w i t h  a  6300 kVA 

s t a t o r ,  and a  1500 kVA r o t o r .  A s t a t i c  power c o n v e r t e r  and i t s  assoc ia ted  

c o n t r o l  ma in ta i ned  t h e  o u t p u t  f requency  a t  60 Hz w h i l e  r o t o r  speed va r i ed .  

The s t a t o r  and c o n v e r t e r  o u t p u t  was 4160 V. When s i n g l y  e x c i t e d ,  t h e  

genera to r  a l s o  p rov i ded  mo to r i ng  d u t y  t o  b r i n g  t h e  r o t o r  up t o  3.5 rpm. 

The conve r t e r  and i t s  c o n t r o l s  were designed t o  r e g u l a t e  t h e  g e n e r a t o r ' s  a i r  

gap to rque ,  f requency  and r e a c t i v e  power. T h i s  equipment was l o c a t e d  i n  an 

enc losu re  near  t h e  base o f  t h e  w ind  t u r b i n e  tower.  The sw i tchgear  f o r  s t a t o r  

s h o r t ,  s t a t o r  t i e ,  and conve r t e r  t i e  f u n c t i o n s ,  and assoc ia ted  r e l a y s  a re  a l s o  

l o c a t e d  i n  t h e  enc losure .  

A1 1 e l e c t r i c a l  c i r c u i t s  between t h e  r o t a t a b l e  n a c e l l e  and t h e  s t a t i o n a r y  

suppor t  tower  pass t h rough  t h e  yaw s l  i p r i n g  assembly. 
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FILTER 

F i  cure 3-8 Power  ene era ti on Subsystem 



3.1.6 CONTROL AND INSTRUMENTATION SUBSYSTEMS 
The major subassemblies of the control and instrumentation system, shown in 

Figure 3-9 are the: 

o controller 
o signal conditioning 
o sens0r.s 
o emergency shutdown 
o system display panel 
o operator terminal 
o engineering instrumentation system 

- controls data system 
- multiplexers 

3.1.6.1 Control System Descr ipt ion 

A block diagram of the control system is shown in Figure 3-10. The 
controller, signal conditioning, and the emergency shutdown are located in the 

nacelle in the controls equipment cabinet. Figure 3-11 shows the layout of 

the front panel of the controls equipment cabinet. The system display panel, 

operator's terminal, and the controls data system are located in the office of 

the electrical equipment building at the base of the tower. Figure 3-12 

contains a floor plan of the electrical equipment building. There are 3 

multiplexers; one is located in the yoke, one in the nacelle, and one in the 

electrical equ ipment building. 

The controller is a microprocessor-based, programmable controller: the EPTAK 
700, made by Eagle Signal. The basic functions of the controller are mode 

determination, automatic sequence operation, torque and speed control, and 

command and data interface. 

The remote and site operator's terminals are "dumb" keyboard printers that 

print a summary of the operating data and transmit the operator's commands. 

The control data system is an engineering instrumentation system that supports 
tests and initial operation. It receives operating data from the controller, 

and records and processes the data for a detailed report. The control data 
system trans~~iits the operator's commands to interrogate controller RAM 

locations and to alter operating parameters. 



MAJOR SUBASSEMBL I E  S  

o CONTROLLER 

o SIGNAL C O N D I T I O N I N G  

S I G N A L  C O N D I T I O N I L I G  
o ESD 

N A C E L L E  MUX 

o SENSORS 

o SYSTEM D I S P L A Y  

SENSORS 
o OPERATOR TERMINAL 

o €IS (CDS, MUX) 

S Y S T E M  D I S P L A Y  
OPERATOR TERMINAL 

F i g u r e  3-9 I n s t r u m e n t a t i o n  and Control  Subassenb!ies 
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I 
I The system d i s p l a y  panel  c o n t a i n s  hardware f u n c t i o n s  f o r  shutdown, manual mode 
I s e l e c t ,  and c o n t r o l l e r  r e s e t .  Bas ic  o p e r a t i n g  perforlnance parameters a re  

d i sp l ayed  i n  eng inee r i ng  u n i t s .  TV v i deo  d i s p l a y  and t h e  in te rcom a r e  l o c a t e d  

i n  t h e  system d i s p l a y  panel .  

I 
I 

An i n t e r f a c e  f o r  Hawa i i  E l e c t r i c  Co., which i s  s p e c i f i c a l l y  f o r  t h e  s i t e  i n  

I 
I Oahu, i n t e r f a c e s  :d.ith t h e  system d i s p l a y  panel  and p rov i des  command and s i g n a l  
I 
I f u n c t i o n s  t o  t h e  u t i l  i t y .  

The emergency shutdown f u n c t i o n s  independent ly  o f  t h e  c o n t r o l l e r .  The 

emergency shutdown energ izes  f e a t h e r  va l ves  t h a t  enable  t h e  c o n t r o l l e r  t o  

ope ra te  hyd rau l  i c  se r vo  va lves .  When deenergized, t h e  f e a t h e r  va l ves  cause 

t h e  a i l e r o n s  t o  fea ther .  When t h e  emergency shutdown l oses  t h e  s i g n a l ,  i t  

deenerg izes t h e  f ea the r  va l ves  f o r  a  shutdown t h a t  i s  analogous t o  a  "deadman 

s t i c k "  ope ra t i on .  



3.2 SYSTEM PARAMETERS 

3.2.1 PERFORMANCE 

The per formance o f  t h e  MOD-5A model 304.2 was computed f r o m  f u l l  r o t o r  power 

c o e f f i c i e n t s ,  mechanica l  and e l e c t r i c a l  l o s s e s ,  s t a r t - u p  and shutdown losses ,  

arld nomekeeping energy  1  oses. 

The d e s i g n  w ind  reg ime i s  d e f i n e d  as a  W e i b u l l  d i s t r i b u t i o n  w i t h  a  32.8 ft. 

shape f a c t o r  o f  2.29 and a  mean c o e f f i c i e n t  o f  7.17 mps. The v e r t i c a l  w ind  

d  i s t r  i b u t  i o n  v a r i e s  e x p o n e n t i a l  l y  w i t h  e l e v a t i o n  and t h e  exponent v a r i e s  w i t h  

w ind  speed. A t  t h e  hub h e i g h t  o f  250 ft., t h e  W e i b u l l  parameters  a r e  2.75 and 

10.46 mps. Huh h e i g h t  parameters  were used as f u l l  immersion v a l v e s  and t h e  

s u b - r a t e d  energy  c a p t u r e  was l a t e r  reduced b y  4.2% t o  account  f o r  r o t o r  t i l t ,  

t e e t e r ,  and v e r t i c a l  w i n d  v a r i a t i o n .  

The b a s e l  i n e  per formance i s  shown i n  F i g u r e  3-13 f o r  t h e  d e s i g n  w ind  a t  sea 

l e v e l ,  and a t  an e l e v a t i o n  o f  7000 ft. The n e t  o u t p u t  power and w ind  speed a t  

hub n e i g h t  a r e  p l o t t e d  a g a i n s t  c u m u l a t i v e  p r o b a b i l i t y .  A t  sea l e v e l ,  t h e  

c u t - i n  w ind  speed i s  14 mph, t h e  r a t e d  w i n d  speed i s  32 mph and t h e  c u t - o u t  

w i n d  speed i s  60 mph. The p r e d i c t e d  annual  energy c a p t u r e ,  a t  96% 

a v a i l a b i l i t y ,  i s  21.2 GWh a t  sea l e v e l ,  and 17.9 GWh a t  7,000 f t .  

The d i s t r i b u t i o n  o f  energy  losses ,  w i t h  r e s p e c t  t o  t h e  t o t a l  energy i n  t h e  

w ind  p a s s i n g  t h r o u g h  t h e  r o t o r  d i s k  area,  i s  shown i n  Tab le  3-2.  

The p r e d i c t e d  per formance f o r  t h e  w ind  t u r b i n e  i n  Kahuku, Oahu, H I ,  i s  shown 

a'n F i g u r e  3-14. The s t r o n g  t r a d e  winds i n  t h i s  a rea  p r o v i d e  a lmos t  2.5 t i m e s  

t h e  o p e r a t i n g  t i m e  a t  t h e  r a t i n g  p r o v i d e d  b y  t h e  d e s i g n  wind. The p r e d i c t e d  

annual  energy c a p t u r e  a t  96% a v a i l a b i l i t y  i s  32.2 GWh. 

I n  t h e  d e s i g n  w ind  d i s t r i b u t i o n ,  t h e  7300 kW r a t i n g  i s  based on a  r e l a t i v e l y  

h i g h  power a e n s i t y ,  and t h e  p l a n t  f a c t o r  i s ,  t h e r e f o r e ,  a  low v a l u e :  33%. 

The r o t o r  performance p r e d i c t  i ons  use t h e  au tomat i c  c o n t r o l  p l a n ,  where 

changes i n  speed a r e  made wh i 1  e  power i s  b e i n g  d e l  i ve red .  A low speed range,  

f rom 13.2 t o  13.8 rpm, and a  h i g h  speed range,  f r o m  16.2 t o  16.8 rpm, a r e  used 

t o  m a i n t a i n  h i g t i  r o t o r  e f f i c i e n c y .  S t a r t u p  and shutdown l o s s e s  a r e  based on 

1100 s t a r t s  p e r  y e a r ,  a t  15 m inu tes  f o r  each. 





Tab le  3-2 Design Energy Output  

Energy Loss Net Energy Output  Gross 

I t e m  (Model 304.0) -GWh/Year GWh/Year % o f  Wind Energy 

Gross Wind Energy (12-60 rnph) 

Not E x t r a c t a b l e  

Maximum T h e o r e t i c a l  Energy (Be tz  L i m i t )  

Rotor  P r o f  i 1 e  & Degradat ion 

Ro to r  Power L i m i t  (Above R a t i n g )  

R o t o r  Teeter ,  T i l t ,  Heading, Misc.  

Ro to r  S ta r tup ,  S h i f t i n g  Losses 

Ro to r  Output Energy 

Transmiss i on  Losses 

Generator Losses 

Generator Output  Energy 

Accesso ry /Aux i l i a r y  Losses 

Transformer iosses  

S i n g l e  U n i t  Output  Energy 

I n t e r c o n n e c t i o n  Losses 

Ava i 1 ab i 1 i t y  Losses 

Net U t i l i t y  Subs ta t i on  Output Energy 





. . 

3.2.2 WEIGHTSUMMARY 

The model 304.2 equipment above ground l e v e l  weighs 1,803,926 l b .  T h i r t y - f i v e  

pe rcen t  o f  t h e  we igh t  i s  i n  t h e  suppor t  tower  and e l e v a t o r ,  and 5% i s  i n  t h e  

ground e l e c t r i c a l  equipment. The e l e c t r i c a l  equipment b u i l d i n g  s t r u c t u r e  i s  

n o t  i nc l uded  i n  t h e  we igh t  breakdown. Nineteen percen t  o f  t h e  we igh t  i s  i n  

t h e  n a c e l l e  and yaw s t r u c t u r e .  Twenty-f  i v e  pe rcen t  o f  t h e  we igh t  i s  i n  t h e  

r o t o r ,  and 14% of  t h e  we igh t  i s  i n  t h e  d r i v e t r a i n .  

A we igh t  breakdown b y  ma jo r  subsystem i s  shown i n  Table  3-3. 

3.2.3 COST SUMMARY 

Cost  summaries f o r  t h e  f i r s t ,  second t h i r d ,  t h e  100th u n i t  i n  a s i r i g l e  

i n s t a l l a t i o n ,  and t h e  100th u n i t  i n  a c l u s t e r  i n s t a l l a t i o n  a r e  shown i n  Tables 

3-4 th rough  3-8. The c o s t s  a r e  i n  1980 d o l l a r s .  

3.2.4 COST OF ENERGY 

Cos t  o f  energy va lues  a r e  shown i n  Tables 3 -4  th rough  3-8. The p r e d i c t e d  c o s t  

o f  energy f o r  t h e  c l u s t e r e d  i n s t a l l a t i o n ,  i n  volume p roduc t ion ,  f o r  a des ign  

w ind  reg ime and [nature a v a i l a b i l  i t y  i s  3.69 cents/kWh. Th i s  c o s t  i s  below t h e  

n~aximum o f  3.75 cents/kWh s p e c i f i e d  i n  t h e  Statement o f  Work. 



Taa le  3 -3  Model 304.2 Weight Summary 

Subsystem 

i i o t o r  

Ur i v e t r a i n  

Nacel  l e  

Tower 

B l  ades 

A i 1  erons 

Yoke 

T 2 e t e r  Bear ing  Assernbly 

Other  

S u b t o t a l  

Low Speed S h a f t  

Gear box 

Generator  

Other  

S u b t o t a l  

Bedplate,  Suppor ts  

R o t o r  Support  

F a i r i n g  

Yaw 

Other  

S u b t o t a l  

S t r u c t u r e  

L i f t  

O ther  

S u b t o t a l  

Weight ( l b . )  

Ground E l e c t r i c a l  Equipment 

T o t a l  Weight Above Grade 



Tab le  3-4 Cost Sunnary f o r  t h e  F i r s t  U n i t  
Elall # COST (1980) #LURS X Q  

1ST I N I T  1ST I N 1 1  PER LB. TOTAL tn. .................... =..s=....=.==.,.===D,~=z====.m... 

s36t.mo.00 
88000 ST23,300.00 W.24  4.8781 

*164 ,6m.m ---------- --------- 
BBOO 01,2*8,*00.#) MIA 4.8781 

ERECTIOI I I ISTUL.  a10 
InTE6. 8 C I O  IbO 

U S  410 
ROTOR WDR. 420 
AIL€- 426 
rOQ AOIIBRSf. 4 r )  
TEETER Am. 440 

DRIVE TRAlN LCU 5PDm 8 F f .  618 
m 1 s .  a20 
H I  sPEm rn 
m. 8 U C I T .  #O 

ROTOR SPP(IRI m 
BEDPLATE 610  
UVD. 5Sm W!O 
FAIR. 8 MISC. 846 
SLP, ELEC. 860 
11IST.8QIw. 670 
YAn SL8SYt. 880 

Win. an. ~ 1 r i  - 810 
m. DISP. QO 

SPIRES WAR5 m 

9 s S T A T I m  1240 
mm. n c .  12x1 

TOTAL OVERAU (K) OYI) 



3):f-act: ? n  w.~ - ..<- - 
G,a6G2dL;:;-- L*mk*.a$ ;a 
OF PO02 - ..A 

Table 3-5 Cost Sumary f o r  t he  Second U n i t  
-ASS. l T U  M M E  REF. Y l W I  COST (1980) =LARS Z Q  X Q 
m. *BBCIEV. NU. w WIT w WIT PER LB. TOTIL n. COE ....... IEi....m..............m~.~................=~....=..........=..~..m,....=..~...s==.~.=...~..~.., 

SITE F0LIFOATIO)I 110 SW,318.00 3.08 
m0 EWIP. I20 BeOOQ S667.460.00 ST.- 4.8701 8.17 
S P E C I U  130 S128,480.00 1.18 ---------- ---------------- --------- --------- 

88000 Sl,173,256.00 ll/I 4.8781 10.43 

ROTOR BUDES 410 
ROTOR W. 420 
AIL- 426 
r(KE hSM1BRS. 430 
TEETER m. 440 

WIVE TRAIN LQ1 SPEED m. El8 
TRANSnIS. WO 
HI SPEED 6m 
a. L EYCIT. 640 

ROTQI SsWRT 6m 
BEORATE 610 
I4YD.6YSTOl  g0 
FAIR. a I11SC. 646 
BP,  ELEC. 660 
I r n . L C 0 1 .  ETO 
Y A n  m. 680 

TOER 710 609120 S6?6,520.00 S1.03 33.7- 6-79 0.- 
PERS. L l R  720 ZBXY, S79.944.30 S2.81 1 .ST99 0.74 0.073 
C*BLIffi 740 1EUOO CB1,TOl.W M.27 0.859t 0.m 0.074 ---------- ---------------- ---------  --------- --------- 

a 1 2 0  S788,165.82 Sl.21 36.r047 7.28 0.716 

CLLISTER SLBSTAT~PI 1240 - .  m.Qo 0.00 0.000 
m. ETC. I= W.00 0.00 0.- - ---------------- --------- --------- 

w.OO 0.00 0.000 

TOTU OVERALL (m OM) - - - - - - - - - - - - - -  
FW. Nm. 100-it39 



Table 3-6 CostSumnary for  t h e T h i r d U n i t  
- A S .  lTDl M REF. YIWl # QIST (1980) #LL= X Q  2 Q CQ m I B .  
M V .  m. MA. 3F(D UllT St0 WIT PER LB. TOTU YI. QE (1980CDITS) 
......a C . r C S . . . . . . . . . . . . . . . . . . . . . , = . ~ . = = ~ . = = = = ~ . . . = ~ . . . . . . . ' = . = s = = : = * . = = . . * . . ~ . = * ~ . . . . = . = ~ , . . . . . . . . . ~ ~ ~ . ~ . . = ~ , . . . .  

SITE FOUOATIOI 110 s~~I,o#).Bo a.re 0.210 
€UD EWIP. I20 88ooo S634,889.t0 17.21 4.8TBl 0.m 0.640 
bPEClU 130 Sl l2,8Q. 13 1.16 ---------- ---------------- 0.096 --------- --------- _ _ _ _ _ _ _ _ _  

8g)o SI,W,320.13 YlA 4.8781 11.01 0.805 

ROTOR B a s  410 pggOO Sl,000,lT3.17 S7.18 12.7441 17.W I . a 3  
ROTQ) m. 420 8418 UO,520.64 U.81 0.- 0.42 0.OW 
hILERQ(5 428 8760 S118,160.6? S12.21 0.6410 1.23 0.101 
rOKE ASM/BRBS. 430 17- .63J,Ol. l7 03.71 S . ~ O  6 .m 0.639 
TEETER A S .  440 6M30 0235,670.11 U .28  3.0721 2.44 ---------- ---------------- 0 . m  --------- --------- --------- 

. 474470 U ,679 ,4S .a  S6.a m.2- 2r.n 2.278 

DRIVE TRAIN ~a SPEED EFT. 618 6~700  .K)B,w.~ ~ 3 . 1 8  3.6974 2.16 0.178 
-1s. 620 139730 U12,109.61 S2.m 7.74m 4.m 0.351 
HI SPEm 830 3004 S12,GS.65 S4.14 O.lb63 0.13 0.011 
BM. 8 M C I T .  S40 60206 8295,446.19 M.88 Z.TBJ1 3.S 0.281 ---------- ---------------- --------- --------- --------- 

Z6SS 8923,63Z.06 S3.50 6.- 0.62 0.Tm 

WCEU ROTOR SLPPQn 6011 138180 
BEDPUT€ 610 1 1 W  
m.mm Bto 6100 
FAIR. 8 MISC. 646 be00 
a P ,  ale. w a 7 0  
I S T .  L a. -0 3270 
YAM SLBSYS. BBO m400 

TOYR TQER TI0 609120 SSS.947.00 8O.S 33.7656 6.17 0.807 
PERS. LIFT I20  ZESm @R.016.94 U.€3 1 .W39 0.78 0 . W  
UBLIW~ 740 1- s n . r i 4 . a  ~ 6 . 0 1  0.85s~ 0.80 0 . m  ---------- ---------------- --------- --------- --------- 

-120 S748,708.% 1 . 1 8  36.KUT 7.75 0.637 

O L M  W Y  O L M  1- S36.100.W 4.16 0.341 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TOTAL OYERALL (10 OYI) 



Table 3-7 Cost Sumary f o r  the 100th Unit, S ing le  I n s t a l l a t i o n  

881%. ~ r n  NME REF. YIMI m s ~  (I=) ~ a u ~ s  rac I( a= m~ m ~ e .  
*BBREV. m u .  W J ~ .  1WTn WIT ~ O O T ~ W I T  PERLB. TOTUHT. CDE (1980 E m s )  m.,..,=,....mm...m*.............. ~........=......s.s.m,==.=..~....=..........,~=z~~.==~..m...m=.9.,=m......~.~ 

D l  TE F M A T I P I  110 St27,949.83 4.83 0.194 
W EQIIP. 120 88000 S414.969.20 S4.72 4.8781 0.87 0.333 
S P E C I U  110 S33.613.31 0 . S  0.024 ----------  ---------------- --------- --------- --------- 

88004 L 6 8 2 , W . U  N/A  4.0781 14.76 0 . W  

ROTOR ams 410 s380.4w.w ~ 1 . 6 6  12.7441 
ROTOR i4Vm. 420 8418 S23,676.26 Ot.81 0.- 
AILERDIS  a ST60 S27,W.lO 82.m 0.UIO 
YOwE AWIBRBs .  450 17096L B330,327.- S1.83 9.4nO 
TEETER *91. 440 86450 S102.838.W S1.86 3.0727 ---------- ---------------- --------. 

174470 em,e~i.m SI.BZ ~ 3 . ~ ~ 8 8  

Y I W  ROTIIS -7 605 
BEDRITE 610 
m. srsm 620 
F A I R .  L MISC. 646 
SP. mc. 560 
1 S T .  a CPI. 670 
rU1 -IS. 680 

T O E R  710 609120 9517,943.66 W.74 3 3 . 7 s  8.68 O.JB1 
R 3 S .  LIm 720 te300 S43,8Y).OZ 11.54 1,5199 0.95 0.037 
UBLlW6 740 19500 S50,794.= S3.28 O.eSS2 1.10 0.W3 ----------  ----------------  --------- ---------  ---------  

a l t o  SMt,SB8.66 W.W S . t 0 4 7  11.72 0.461 

me u ~ ,  1110 ~4,ess..a 0.09 0.004 
ROAD LU9 1140 SS4.00 0.02 0.031 ----------------  --------- --------- 

CS,s23.00 0.11 0.004 

EUCSTER -TAT 1 OW I240 W.706.00  1-05 0.041 - .  
TRUQI. n c .  i ~ s o  S I ~ ~ , B B ~ . O O  2.07 0.113 ----------------  ---------  ---------  

S I B ~  , ~ . a  3.82 6. I S ~  

___________________-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
TOTAL O E R A L L  (a OYI) 

...z.i.i.=..S.C...,.m.....,.. =.~,.=.~~..smm,=~..~~......,.~...=.=~~z=.~.==.~=.~:~~=,.,.z:=:~==~:.~m:~,~:s~=.=~.- 

a - P R O F I T  (1380) AF GROSS W I I R c E 4  )(El 

-11 QLCT @3,956,379.56 0.96 220500 211680 



Table 3-8 Cost Summary f o r  t h e  100th Uni t ,  Clustered I n s t a l l a t i o n  

-ASS. Ilm REF. Y I W )  CDST (19801 DOLLUCS % O F  X W QE -18. 
*BBFIEV. *88LN. NM. 100TH INIT l w ~ n  WIT PER LB. TOTAL 110. CQ (1380 (IWTS) 
ms.a.,i,......C.C... ~ ~ O O ~ , : ~ ~ ~ 5 5 . 5 5 5 i . i . . . ~ . . ~ ~ . . . * . . . . ~ ~ ~ ~ * ' . . = ~ ~ . ~ . . z , ~ a . , . ~ ~ ~ ~ . ~ ~ ~ ~ m ~ . * . . . . ~ ~ , . ~ , ~ ~ . . . . . , . . m m  

SITE FOUN)ATION 110 U 0 7 , Z l . Z l  4.79 0.176 
~ R D  EWIP. 120 88004 ~414,968.20 u.n 4.07Bl 9.69 0.3153 
WECIU I Y) S36.012.10 0.83 0.031 ---------- ---------------- --------- --------- --------- 

8B000 S65B,t08.81 WA 4.8fB1 1 8 . Z  0 . W  

ERECTION IWU. 310 
INTE6. I C/O W 

ROTOR W . 5  410 ttSsa0 W80,468.88 91.66 12.1441 8.90 0.324 
RDTQI HYm. 420 0410 at3,676.L6 U . 8 1  0.- 0.55 0.020 
AILEROM 4zs er60 ~27,480.10 ~ 2 . m  0 . ~ 1 0  0.64 o .on  
v a c ~  ~sn~enes. 430 110~26t ~ 3 3 0 , 3 2 7 . ~  I .  e .4no 7.64 0.261 
~ T E R  m. **O 66430 S102,838.89 S 1 . S  3.07n 2.38 0.067 ---------- ---------------- --------- --------- --------- 

474470 . m . e l I . 9 0  11.82 23.- 18.89 0.716 

DRIVE WUIN LOr SPEm S T .  618 86100 S € S , S S . l Z  S1.00 3.8974 1.W 0.OW 
TRISBIIS. E20 1Jglm S2411146.V3 S1.73 7.1457 8.W 0.205 
HI  bPEED 630 r*K) S3,-.06 01.53 0.1- 0.09 0.003 
(TW. I EXCIT. 640 m S227,Ul.Ol U.53 2.?831 8.26 0.193 ---------- ---------------- --------- --------- - - - - m a - - -  - ~ , K 7 . ~  U.OB 6.6468 12.47 0.459 

ROTQI SUP#RT m 
aOPUTE 610 
HvD.svsmr 620 
FAIR. 8 MISC. B46 
a P ,  U C .  860 
I W T .  I CON. 670 
Y W  SIBS*. 8BO -. 

TQER 710 809120 S389,816.23 W.64 33.m 0.00 0.331 
RRS. LIFT 720 rSKlO W3,BX).OZ S1.54 1 .We3 I .Ol 0.037 
UBLIff i  1+0 1 m  S54.794.W S3.m 0.8Ylt 1.17 0.043 ---------- ---------------- --------- --------- --------- 

653120 C184,161.P M.74  56.2047 11.19 0.412 

E M .  C01T. L I N  rmEll 010 
FM. D I P .  m 

SPECIAL W I T  1010 
A D .  L TEST 1020 
6ROnH BD6E7 1030 

TOTAL OVERALL (H) Wl -----.-------- 
REF. Nm. IOQ-ltBS 



3 . 3  ENVIHUIIHENTAL C H A R A C T E R I S T I C S  ------ 
2.3.1 SUUNII 

111 i t  i d 1  M017-SA sound p r e d i c t  i o n s  were lndde w i t h  a  n lod i l  i e d  v e r s i o n  o f  t l i e  

SLIUIUU code o r  i y  i f la  1 l y  cleve l oped  b y  NASA I-ew i s  Research Center .  T h i s  code 

Jgreed ~ v c l l  w i t i i  measurenlents on t h e  downwind 1.100-1 lnrir~d t u r b i n e .  I t  was  

n i v l j i f  l e d  Lu i n c  Iude  c y 1  i t i d r - i c a l  t ower  shadow lnodels f o r  b o t h  upwind and 

c lu:vn~~i~ic l  r o t o r s .  .The tower  stladow niodels a r e  stiown i n  F  igc l re 3-15. 

O l e d s l ~ r e ~ i ~ e ~ i t s  f r o m  ~ h t !  kldD-2 wir id t u r b i n e s ,  r e p o r t e d  i n  r e f .  3 - 1  , i n d i c a t e d  

t l l d t  s o u n d  c h a r a c t e r  i s t  i c s  f ro111 upwind r o t o r s  a r e  broadband, r d t h e r  t h a n  

t o ~ i d l .  t una1  z l l a r a c t e r  i s t  i c  i s  Il lore i m p o r t a n t  f o r  downwind r o t o r s ,  where 

~i s i y n i f  i c a n t  t ower  wake i s  p e r i o a i c a l l y  c u t  by  t h e  blacles.  SUIJNU code 

p r .ed i c t l o r l s  i n  t l l e  f requency  range  f ro ln  0.6 t o  L'b.1 Hz a r e  ~ l i o w n  i n  F i g u r e s  

3-1b t l i r o u g h  3-19. The background sourid model i s  stiown i n  F i g u r e  3-16. Near 

t i ? l d  c ~ i a r a c t e r i s t i c s  a t  1300 f t .  f r o m  t h e  w ind  t u r b i n e  a r e  showrl i n  F i g u r e s  

- 1 ,  - 1 ,  arid 3-13 f o r  d ~ i v r ~ w i n d ,  M00-1, and upwind tower  shadows, 

I - e s p e c t i v ? l y .  The u p w i ~ i d  slladorq sound l e v e l  i s  b a r e l y  above t h e  background 

v a l u e .  

3 . .  Groadband Sound 
- 
l t i e  aroadband sound mectianisriis a r e  n o t  c o ~ n p l e t e l y  de te rm ined ,  b u t  r e f .  3-2 

i r i ~ i c a t e s  t h a t  t h e y  o r i g i n a t e  f r o i n  f l u c t u a t i n g  1  i f t  caused b y  t h e  i n t e r a c t  i o n  

o f  t h e  b l a d e s  and i n h e r e n t  vi ind t u r b u l e n c e ,  and t h e  i ~ i t e r a c t i o n  o f  t h e  

t i - a i l i n g  ?dge o f  t h e  o l a d e  w i t t i  t h e  t u r b u l e r i t  boundary l a y e r  o f  a i r  f l o w  a l o n g  

t l i e  c t i o rd  o f  t h e  b l a d e .  T h e o r e t i c a l  d i r e c t i v i t y  p a t t e r n  a n a l y s i s  i n a i c a t e s  a  

G i p o l e  sou rce  niodel , b u t  f i e l d  r~ieasurements i n d i c a t e  t h a t  an o m n i d i r e c t i o n a l  

sou rce  n o d e l  i s  n iors a p p r o p r i a t e .  Sound power 1  eve1 s were t h e r e f  o r e  assumed 

t o  decrease w i t h  r a d i a l  d i s t a n c e  f rom t h e  l4OD-5A w ind  t u r b i n e  as :  

LA = L 8  + 20 109 ( X Q / X A )  

wnere LA, La = l e v e l s  i n  a e c i b e l s  a t  l o c a t i o n s  A, B 

X A ,  XB = a i s t a n c e  f r o m  t h e  bvind t u r b i n e  t o  l o c a t i o n s  A, B 

T n i s  e q u a t i o n  does n o t  i n c l u d e  t h e  e f f e c t s  o f  ambient  w ind  r e f r a c t i o n  and t h e  

e f f e c t  o f  an ams ien t  w i n d  "shadow" t y p i c a l l y  f o u n d  a t  a  d i s t a n c e  o f  s e v e r a l  

d i a m e t e r s  upwind.  I t  was c o n s e r v a t i v e  t o  n e g l e c t  t h e  upwind shadow e f f e c t  and 

r e p o r t  o n l y  downwind spher  i c a l  p ropaga t  i o n .  



WAKE WIND 

R E F E R E N C E  k J I N U  

Figure  3-15 Tower Shadow Models 



YINC T U E l H l  SOUND LEVEL P R O G R W  

ROTDk THRUST. L65 1 9 0 , 0 0 5  
ROTOF! TI)RQiJt, R-LES 2 . b 7 0 , O D t  
ROTOR S P I E L .  RPU 1 7  .& 
ROTOR RkDlUS.  R 2 0 0  
N U m C P  O i  B L A D E S  2 
D I S i A N C E  FROF POTOK, n 80 0 
RE FLIC:IOh F h E i O ?  2 
P I T C H  ANGLE, DEG . 1 
WIN; SPEEL' A T  H E ,  MPP 2 6 
HUE H G G ~ T ,  n 2 SO 
AZIMUTH. DELTA. DEG 1 7 5  
A L T I T U D E .  P H I ,  DLG 21 
CHOR: LENGTM, n 16.3 
LAST W3C:FiEr 8 0 i ? l t  RS6 

MODSA VALUES 
NO SHADOW (BACKGROUND) 
NEAR FIELD 

F i g u r e  3-16 Background Sound in Near F i e l d  
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YIN: T U m I N E  SOUND LEVEL PROGRA)! 

RDTOF THRLS', LBS 190, OCO 
RDTil; ;GC;;E, n - L B S  2 , 6 2 3 . 0 n 3  
R C T 3 ?  5 P E E L  RPM 1 7 . 4  
RCTDR FAD!UT. F; 2 0 3  
h;lKEt: DF BLADES 2 
DIST&h:I FRO? R3;CE. FT B D C  
Ri;LE:TIDh FACT04 2 
F:TCr  L'iGLE. OEG 1 
Y l h 3  S F E t C  AT H E ,  MPF 2 6  
HE HE:G~:, n 2 50 
h Z I F L 7 h ,  CiLTh,  DEG 1 7 5  
h L T I T U 3 E .  ? H i ,  DEG 2 1 
CHD1L :[KG--, F 16.3  
LAS7 W2IF1; ;  Sf.:21€ WB 

= q e n p j h ? ? a  ~~?;,er.' n . 1  sa , r;--. :a 
OF POOR QUALITY 

I 8  r w Y n w 
L .... * .... I ......... I ..... a,. .  I ......... 1 

11. 
69. 
IO. 
11. 
11. 
)Z. 
1 1 e  
11. 
11. 
11. 
I l r  
10. 
10. 
41. 

ii; 
41. 
19. 
IS. 
LO. 
49. 
s1. 
5 4 .  
16. 
( 1 .  
58. 
Y. 
5 1 .  
SJ. 
S l .  
s t .  
S t .  
51. 
so. 
41.  
46. 
4 4 .  
4s. 
' 4 .  
41. 
u. 
'4.  
48. 
4 9 .  
31. 

F i g u r e  3-17 Sound w i t h  Downwind Tower Shadow i n  Near F i e l d  
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Ylh:  T C R : H I  S3Ufi3 L E V E L  PR@G?N! 

ROTOP T H ? V S i .  L E I  1 9 C . 0 0 3  
R370; TOP'JUE. T - L S S  2 , 6 2 0 . C 3 @  
R@:3E S D I E C ,  E3" 1 7 . 4  
R Y C P  FX::L!I, t7 2 0 0  
N U l E i F  Cr  E-LSE 2 
DISTh'i:E FR3' ?::OF. n 800 
REFLEC' ION FXZTS;  2 
P l i i '  L 4 S L E .  PEG 1 
U i H t  :PEEP AT dLE, KP5 2 6  
HZ +[I;J~,  r l  250 
A Z I Y C T b ,  D E L T A ,  LEG 1 7 5  
A L Y I T U C I .  P ~ 1 .  3EG 2 1 
C ~ G = C  L E ~ S I - .  R ' 1 6 . 3  
L M T  K . L ; F ; E L  5i:;:t RS5 

MOD-SA VALUES 
MOD.1 SHADOW 
NEAR FIELD 

F i g u r e  3-16 Sound w i t h  MOD-1 Tower Shadow i n  N e a r  F i e l d  
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MIND T U R E I N E  SOUND LEVEL 

ROTOR THRUST, LBS 
ROTOF! lGP.CLIE, F T - L B S  2 
ROTOR SPEEG,  R P n  
ROTOR RADIUS, n 
NUPBEI! O F  BLADES 
DISTANCE FR3F RO701. FT  
REFLECTION FACTOR 
P l T C H  ANGLE, DCG 
Y l H D  SFEED AT HLE. MPil 
HUB H E I G H T ,  FT 
A ? I M J T H ,  DELTA, CEG 
A L T I T U D E ,  P H I .  DEG 
CHORE LENGTH. FI 
L A S T  H O D I F I E D  B 0 1 2 1 E  RSB 

200 
2 

BOO 
2 
1 

26 
2 50 
175  

2 1 
1 6 . 3  

01 Y w a ?e a 
I .......om L .... .... I ........ 1 ....*.... I 

I t .  
65. 
61. 
61. 
LO. 

MOD-SA VALUES 
UPWIND .05 SHADOW 
NEAR FIELD 

Figure 3-19 Sound w i t h  Upwind Shadow i n  Near Field 
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The e f f e c t  o f  ambient wind speed was t r e a t e d  as an inc rease  i n  ambient o r  

"background" sound l e v e l  as t h e  w ind  speed increases. As t h e  sound generated 

by t h e  wind t u r b i n e  must be above t h e  background sound t o  be no t i ced ,  a  

p e r c e p t i o n  t h r e s h o l d  d i s t a n c e  model was app rop r i a t e .  

The a u d i b l e  p e r c e p t i o n  t h r e s h o l d  model i s  expected t o  c o r r e l a t e  w i t h  a 

n e g l i g i b l e  comp la i n t  p r o b a b i l i t y ,  a l though  p e r i o d s  o f  p e r c e p t i o n  can occur  

d u r i n g  l u l l s  i n  wind a t  t h e  o b s e r v e r ' s  l o c a t i o n .  

3.5.1.2 Sound Code Mod if i c a t  i on  

Tne SOUND code was mod i f  i ed  t o  p r e d i c t  broadband sound l e v e l s  t h a t  occur  a t  

f r equenc ies  dround 1000 Hz,  as we1 1  as t h e  o r i g i n a l  low frequency t o n a l  

p r e d i c t i o n s .  An example o f  t h e  m o d i f i e d  o u t p u t  s p e c t r a l  p l o t  and sound l e v e l  

p r e a i c t i o n  t a o l e  i s  shown i n  F i g u r e  3-20. 

The broadband t e rm  i s  d e r i v e d  frorn t h e  da ta  presented i n  r e f .  3-1,  b u t  uses 

spner i c a l  o r  oirin i d  i r e c t  iona 1  spread i n g  charac te r  i s t  its. 

The peak oroadband souna i s  modeled as:  

SPL = 10 loglO (KSNbDu) + 20 logl0 ( D I X )  

where SPL = sound power l e v e l  (dB) 

K = e m p i r i c a l  cons tan t  = 2.0 x 10- 19 

D = r o t o r  d iamete r  = 400 f t  f o r  MOD-5A 

N = speed o f  r o t o r  = 13.8 rpm and 16.8 rpm f o r  f:IOD-5A 

X = d i s t a n c e  from wind t u r b i n e  ( f t )  

S = r o t o r  s o l  i d i t y  = .03 f o r  MOD-5A 

The o r i g i n a l  equa t i on  used b l ade  area i n  p l a c e  o f  t h e  squared d iameter  and 

s o l i d i t y  terms, and speed a t  90% o f  t h e  span t o  t h e  s i x t h  power r a t h e r  t h a n  

speed t imes  d iameter  t o  t h e  s i x t h  power. The K cons tan t  'Ilras ad jus ted  f o r  

t hese  changes. U n i t  convers ions  were i nc l uded  i n  t h e  K cons tan t .  The second 

t e r m  i s  t h e  same as equa t i on  3-1, w i t h  t h e  r e f e r e n c e  equal  t o  one r o t o r  

d iameter .  
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Fdn s c a l i n g  was ~ u g g e s t e d  as a  way o f  v e r i f y i n g  s c a l i n g  laws o r  p r e d i c t i n g  

sound l e v e l s  o f  s i l r ~ i l a r  machirles. One v e r s i o n  i n d i c a t e s  sca l  i ng  I>y d  iarrleter 

t o  t h e  seventh p;?.der and r o t o r  speed t o  t h e  f i f t h  power, b u t  i s  a p p r o p r i a t e  t o  

d x i a l  f l o w ,  p).  ,pe l le t - - type f ans  w i t h  p r o p o r t i o n a l  loading. S ince ;.find 

t u r b i n e s  do n o t  -1lways s c a l e  t h i s  way on l oad ing ,  t h e  more conse rva t i ve  h i g h e r  

powers o f  d iamete r  and speed f r o m  equa t i on  3 -2  were used. 

luute t h a t  t h e  b~.i.)adband sound p r e d i c t i o n  f r om  t n e  f i r s t  t e rm  i n  equa t i on  3 -2  

i s  independent o f  wind speed. A lso,  t h e  s p h e r i c a l  p ropaga t ion  model i s  

aSSUllled t o  be i r~dependent  o f  w ind speed a t  t h e  f requency o f  r o u g h l y  1000 H Z  

t i l z l t  p redo~ l l i na tes .  R e f l e c t  ions frorn atmospher ic t e r r a i n ,  o r  s t r u c t u r a l  

d i s c o n t i n u i t i e s  dnd s i t e  t u r b u l e n c e  were es t imated  t o  produce a  band o f  w ind 

t u r b i n e  sound d t  t h e  observer  s i t e  o f  +6  dl: around t h e  p r e d i c t i o n  f r om  

equa t i on  3-2.  i\ s i m i l a r  band o f  26 dB around t h e  ambient o r  background 

sound l e v e l  wa.; added t o  account f o r  l o c a l  wind tu rbu lence .  MUD-2 

l l leasuren~ents inu  l c a t e  t h a t  ambient sound v a r i e s  by 6.2 dB per  10 mph o f  wind. 

3.3.1.3 Methodology U iscuss ion  

Tne yoa l  o f  comput ing sound l e v e l s  and p ropaga t ion  f r om a  wind t u r b i n e  source 

wds t o  p r e d i c t  t h e  l i k e l i t l o o d  o f  comp la in ts  i n  t h e  wo rs t  case, o r  t h e  

p e r c e p t i o n  d i s t a n c e  i n  t h e  benign case. Work on t h e  MOD-1 wind t u r b i n e ,  and 

s t u d i e s  o f  gas t u r b i n e s  i n d i c a t e  t h a t  a  sus ta ined  sound l e v e l  o f  10 dB above 

ambient produces a  h i g h  p r o b a b i l i t y  o f  comp la in ts .  

The d i s t a n c e  f r o m  a  broadband sound source, where t h e  r a t e d  source sound l e v e l  

j u s t  equals  t h e  ambient sound l e v e l ,  i s  computed. Ref. 3-2 i n d i c a t e s  t h a t  

t h i s  c o n d i t i o n  j s  a t  t h e  t h r e s h o l d  o f  d e t e c t i o n  i f  t h e  ambient sound l e v e l  i s  

d e f i n e d  as t h e  one - t h i r d -oc tave  va lue  a t  1000 Hz, based on MOD-2 measurements. 

Ref.  3 - 2  a l s o  i n d i c a t e s  t h a t  t h e  A s c a l e  weigh ing ( ~ B A )  d e f i n i t i o n  o f  o v e r a l l  

sound l e v e l  i s  n o t  s u i t a b l e  f o r  p r e d i c t a b i l i t y .  T y p i c a l  spec t ra  o f  background 

n o i s e  f r o 1 1  t h i s  r e f e r e n c e  a r e  shown i n  F i g u r e  3-21. The o n e - t h i r d - o c t a v e  

l e v e l  a t  1000 Hz i s  approx imate ly  10 dB below t h e  dBA l e v e l  o f  these  spec t ra ,  

and i t  i s  p o s s i b l e  t h a t  t h i s  d i f f e r e n c e  may be u s e f u l  i n  i n t e r p r e t i n g  ambient 

d  BA measurements. 
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The p e r c e p t i o n  versus d i s t a n c e  r e s u l t s  were c a l c u l a t e d  accord ing  t o  t h e  

f o l l o w i n g  r u l e s :  

1. Assume broadband sound i s  c h a r a c t e r i s t i c  o f  MOD-5H and d i s r e g a r d  low 
f requency o r  t o n a l  sound. Some measurements o f  sound f r o m  t h e  MOD-0 
wind t u r b i n e ,  which had a i l e r o n s ,  i nc l uded  a  low frequency, c a v i t y  
resonance sound, b u t  t h i s  sound i s  b e l i e v e d  t o  o r i g i n a t e  f r o m  t h e  
p e c u l i a r  geometry o f  t h e  t e s t  a r t i c l e ,  n o t  t h e  a i l e r o n s .  

2 .  Compute a  sound l e v e l  t y p i c a l  o f  one r o t o r  d iameter  frorn t h e  w ind  
t u r b i n e  u s i n g  t h e  f i r s t  t e rm  o f  equa t i on  3-2. 

3. Determine t h e  r e f e r e n c e  sound l e v e l  versus d i s t a n c e  p r o f i l e  u s i n g  t h e  
second t e rm  o f  equa t i on  3-2. 

4. Deterrnine a  t u rbu lence -p robab i l  i t y  band o f  k6 dB around t h e  p r o f i l e  
o f  i t e m  3. 

5. Fo r  a  t y p i c a l  ambient sound l e v e l  a t  ze ro  wind speed, compute a  wind 
s p e e d - p r o f i l e  u s i n g  6.2 dB p e r  10 mph s lope.  

6. E s t a b l i s h  a  t u r b u l e n c e / p r o b a b i l i t y  band o f  26  dB around t h e  p r o f i l e  
o f  i t em  5. 

7. Determine t h e  d i s t a n c e  o f  t h r e s h o l d  o f  p e r c e p t i o n  f o r  a  p a r t i c u l a r  wind 
speed. 

8. Deterrnine comp la i n t  p r o b a b i l  i t y  f o r  always a u d i b l e  and never  a u d i b l e  
d i s t ances  f o r  t h e  wind speed of  i n t e r e s t .  

9. Repeat t h e  sequence f o r  o t h e r  wind speeds. 

Refer t o  F i g u r e  3-22, which i s  t y p i c a l  o f  t h e  MOD-5A. The r i g h t  c u r v e  s e t  i s  

b a s i c  and c o n t a i n s  26 dB c h a r a c t e r i s t i c s  o f  p r e d i c t e d  wind t u r b i n e  sound 

versus d i s t ance .  The l e f t  cu r ve  s e t  i s  b a s i c  and c o n t a i n s  2 6 d B  

c h a r a c t e r i s t i c s  o f  A s c a l e  background sound versus wind speed. A 40 dB l e v e l  

a t  ze ro  wind c u r v e  was used because i t  i s  t y p i c a l  o f  a  low background sound 

s i t e .  

To de te rmine  r e f e r e n c e  pe rcep t  i on  d i s t a n c e  f o r  a  p a r t i c u l a r  wind speed a t  t h e  

observer ,  

a )  de te rmine  t h e  ambient dB l e v e l  a t  s e l e c t e d  wind speed ( P o i n t  A a t  
20 mph) 

b )  de te rmine  t h e  d i s t a n c e  a t  t h e  ambient dB l e v e l  o f  P o i n t  A ( P o i n t  B  a t  
22*400 f t .  = 8,800 f t . ) .  





Otner  p o i n t s  l a b e l e d  " C "  and " D "  r e p r e s e n t  d i s t a n c e s  where e i t h e r  h i g h  ambient  

and low w ind  t u r b i n e  sound a r e  a lways a u d i b l e  o r  l ow  ambient  and h i g h  wind 

t u r b i n e  sound a r e  never  a u d i b l e .  

The w ind  speed-background may be  a d j u s t e d  f o r  z e r o  w ind  ambients a t  t h e  

o b s e r v e r  o f  30  dBA ( q u i e t ) ,  40  dBA ( l o w ) ,  50 dBA (moderate)  and 60 dBA 

( n o i s y ) .  O p e r a t i o n  a t  a  l ower  speed r a n g e  i s  used t o  enhance energy c a p t u r e  

when winds a r e  be low about  22 mph. T h i s  c o n d i t i o n  i s  r e p r e s e n t e d  b y  d e d u c t i n g  

5.3 dB f rom t h e  v a l u e s  on t h e  r i g h t  c u r v e  s e t .  

The r e s u l t s  o f  sound p r e d i c t i o n  s t u d i e s  a r e  summarized a s :  

1. MOD-SA i s  c h a r a c t e r i z e d  b y  broadband sound. Tonal  sound l e v e l s  a r e  
c a l c u l a b l e  as shown i n  F i g u r e  3-20, b u t  a r e  n e g l e c t e d .  

2 .  Approx irnate downwind d  i s t a n c e s  t o  t h e  t h r e s h o l d  o f  p e r c e p t  i o n  f o r  
MOD-5A i n  a l ow  n o i s e  ambient  ( 4 0  dBA) v a r y  f r o m  30 t o  50 d i a m e t e r s  
a t  t h e  c u t - i n  w ind  speed t o  10 t o  20 d i a m e t e r s  a t  t h e  r a t e d  wind 
speed. 

3. S i t e  ambient  sound l e v e l  measurements shou ld  be made a t  e x i s t i n g  
res idences ,  p a r t i c u l a r l y  downwind, i n  t h e  p r e v a i l  i n g  w ind  d i r e c t  i o n  
up t o  50 d i a m e t e r s  (3.8 m i l e s )  away. The ambient  ve rsus  wind speed 
model s h o u l d  be a d j u s t e d  t o  con fo rm t o  t h e  s i t e .  

4. The p r o b a b i l  i t y  o f  c o m p l a i n t s  o f  sound f r o m  MOD-5A i s  n e g l  i g i b l e .  



3.3.2 TELEVISION INTERFERENCE 

Wind t u r b i n e  genera to rs  can cause i n t e r f e r e n c e  w i t h  t e l e v i s i o n  r ecep t i on ,  

r e s u l t i n g  i n  v ideo  d i s t o r t i o n .  The b lades a r e  u s u a l l y  t h e  main cause o f  

t e l e v i s i o n  i n t e r f e rence .  They t end  t o  r e f l e c t  o r  s c a t t e r  t h e  TV s i g n a l ,  

c r e a t i n g  a secondary s i g n a l  t h a t  combines w i t h  t h e  p r ima ry  s i g n a l  t o  produce 

t n e  i n t e r f e r e n c e .  Regions where t h e  i n t e r f e rence  i s  cons idered o b j e c t i o n a b l e  

a r e  de f ined  as i n t e r f e r e n c e  zones. An i n t e r f e r e n c e  zone i s  shown i n  

F i g u r e  3-23 and i nco rpo ra tes  t h e  assumption t h a t  t h e  t u r b i n e  i s  o r i e n t e d  so as 

t o  d i r e c t  t h e  maximum s c a t t e r e d  s i g n a l  toward t h e  r e c e i v e r .  The p o r t  i o n  o f  

t h e  zone t h a t  i s  produced by  specu la r  r e f l e c t i o n  from t h e  b lades  i s  c a l l e d  t t i e  

backward i n t e r f e r e n c e  r e g  ion,  and i s  shaped 1  i k e  a  ca rd  i o  id ,  cen te red  a t  t h e  

t u r b i n e  w i t h  i t s  maximum rad ius ,  R1, p o i n t i n g  toward t h e  t r a n s m i t t e r .  Forward 

s c a t t e r i n g ,  i n  wnich t h e  s i g n a l s  a re  b locked  by  t h e  blades, r e s u l t s  i n  a  

r e l a t i v e l y  narrow l obe  o f  i n t e r f e r e n c e  w i t h  i t s  maximum rad ius ,  R2, d i r e c t e d  

away t r om t h e  t r a n s m i t t e r .  I n  areas where TV r e c e p t i o n  i s  good, t h e  maximum 

r a d i u s  o f  t h e  backward i n t e r f e r e n c e  r e g i o n  w i l l  exceed t h a t  o f  t h e  f o rwa rd  

reg ion .  I n  areas where t h e  s i g n a l  i s  weak, t h e  maximum r a d i u s  o f  t h e  f o r w a r d  

i n t e r f e r e n c e  r e g i o n  w i l l  be dominant and w i l l  de termine t h e  g r e a t e s t  

i n t e r f e r e n c e  d i s t ance .  

Whether t h e  i n t e r f e r e n c e  i s  s i g n i f i c a n t  enough t o  be o b j e c t i o n a b l e  depends on 

t h e  i n t e r a c t i o n  o f  seve ra l  f a c t o r s ,  i n c l u d i n g  the :  

1.  He igh t  o f  t h e  Tower - Labo ra to r y  and f u l l  s c a l e  t e s t s  f o r  MOD-0, 
MOD-1, and MOD-2 i n d i c a t e  t h a t  b l ade  s c a t t e r i n g  i s  m o s t l y  i n  t h e  
backward and f o rwa rd  d i r e c t i o n ,  and i s  u s u a l l y  g r e a t e s t  when t h e  
b l a d e  i s  h o r i z o n t a l ,  a t  a  h e i g h t  equal  t o  t h a t  o f  t h e  tower  above t h e  
sur round ing  ground. 

2. Length, area, and compos i t i on  o f  t h e  b lades - T e l e v i s i o n  i n t e r f e r e n c e  
increases w i t h  b l ade  s i z e .  Meta l  1  i c  b lades  c r e a t e  more i n t e r f e r e n c e  
t h a n  non-metal1 i c  blades; however, non-metal 1  i c  b lades  r e q u i r e  
m e t a l l i c  l i g h t n i n g  conductors  and p i p i n g ,  which g e n e r a l l y  c o n t r i b u t e  
t o  i n t e r f e r e n c e .  

3. D is tance  between t h e  t u r b i n e  ancl TV r e c e i v e r s  - T e l e v i s i o n  
i n t e r f e r e n c e  decreases w i t h  i nc reas ing  d i s t a n c e  between t h e  t u r b i n e  
and t h e  r e c e i v e r .  
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4. D is tance  between t h e  t u r b i n e  and t r a n s m i t t e r  - Nhen t h e  t u r b i n e  i s  
l oca ted  above t h e  r a d i o  h o r i z o n  o f  t h e  t r a n s m i t t e r ,  t h e  l a r g e s t  
r a d i u s  o f  i n t e r f e r e n c e  i s  u s u a l l y  assoc ia ted  w i t h  t h e  backward 
i n t e r f e r e n c e  reg ion ;  when t h e  wind t u r b i n e  i s  l o c a t e d  beyond t h e  
r a d i o  ho r i zon ,  i n  f r i n g e  r e c e p t i o n  areas, t h e  l a r g e s t  r a d i u s  a f  
i n t e r f e r e n c e  i s  u s u a l l y  assoc ia ted  w i t h  t h e  f o rwa rd  i n t e r f e r e n c e  
r e g  ion.  

5. Frequency of  TV s i g n a l  - T e l e v i s i o n  i n t e r f e r e n c e  increases w i t h  t h e  
f requency  o f  t h e  TV s i g n a l ,  and t h e r e f o r e ,  i s  worse a t  t h e  upper end 
o f  t h e  UHF band. 

6. T i l t  o f  b lades  - T i l t i n g  t h e  p lane  o f  b l ade  r o t a t i o n  should  reduce 
i n t e r f e r e n c e  i n  t h e  backward i n t e r f e r e n c e  r e g i o n .  The r e f l e c t e d  TV 
s i g n a l  w i l l  e i t h e r  be d i r e c t e d  up and away f r om TV r e c e i v e r s ,  o r  w i l l  
be d i r e c t e d  down so t h a t  t h e  i n t e r f e r e n c e  zone i s  shor tened,  
depending on t h e  o r i e n t a t  i on  o f  t h e  wind t u r b i n e  w i t h  r espec t  t o  t h e  
t r a n s m i t t e r .  The e f f e c t  o f  b l ade  t i l t  on i n t e r f e r e n c e  i n  t h e  forward 
r e g i o n  does n o t  appear t o  be s i g n i f i c a n t .  Nav iga t i on  a i d  i n t e r f e r -  
ence was n o t  eva luated,  b u t  shou ld  be cons idered  a t  each s i t e .  

3.3.2.1 Ana l ys i s  

The a n a l y s i s  was based on t h e  techn ique  developed f r om l a b o r a t o r y  and f i e l d  

t e s t i n g  of t h e  MOD-0, MOD-1, and MOD-2 wind t u r b i n e s .  The techn ique  uses a  

g r a p h i c a l  method t o  determine t h e  maximum i n t e r f e r e n c e  d i s t ances  f o r  t h e  

backward and f o rwa rd  reg ions ,  and i nco rpo ra tes  t h e  f o l l o w i n g  assumptions: 

1. The e a r t h  i s  smooth and s p h e r i c a l  w i t h  no t e r r a i n  e f f e c t s .  

2 .  The t r a n s m i t t i n g  and r e c e i v i n g  antennae a re  o m n i d i r e c t i o n a l .  

3. The b lades  r o t a t e  i n  a  v e r t i c a l  p lane.  

F o r  t h e  e v a l u a t i o n  o f  t e l e v i s i o n  i n t e r f e r e n c e  f r om t h e  NOD-5A, t h e  r e s u l t s  

ob ta i ned  f o r  t h e  MOD-0, MOD-1, and MOD-2 were e x t r a p o l a t e d  t o  account f o r  t h e  

MOD-5A's g r e a t e r  tower  h e i g h t .  Blade and tower  c h a r a c t e r i s t i c s  o f  MOD-0, -1, 

and -5A a r e  compared i n  Table  3-9 t o  show t h e  inc rease  i n  s i z e  o f  t h e  MOD-5A 

ove r  p rev i ous  wind t u r b i n e s .  

Two d i f f e r e n t  b l ade  c o n d i t i o n s  were eva lua ted :  

1. The e f f e c t  o f  t h e  l i g h t n i n g  p r o t e c t i o n  on t e l e v i s i o n  i n t e r f e r e n c e  i s  
i n s i g n i f i c a n t  and t h e  r e f l e c t e d  s i g n a l  i s  t h a t  o f  wood b lades.  Fo r  
t h i s  c o n d i t i o n  t h e  f i e l d  s t r e n g t h  va lues o f  t h e  r e f l e c t e d  s i g n a l  f r o m  



Table  3-9. Wind Turb ine  B lade and Tower C h a r a c t e r i s t i c s  

BLADE TOWEk 
HEIGHT 

P 1  anf  orrn S c a t t e r i n g  S c a t t e r i n g  
MOD Length* Area E f f i c i e n c y  Area M a t e r i a l  

f t  f t' % ft ' f t  

0  62.5 194 6  7 3 9 meta l  100 

1  100 678 6 3 430 m e t a l  135 

2 150 2 153 7  0  1507 meta l  2 00 

5 A  200 244 3 3 0  733 wood 250 

2 00 2443 7 0 1710 m e t a l  2 50 

*Blade Length = .5 R o t o r  Diameter 



t h e  MOD-5A b l ade  t o  t h e  r e c e i v e r  were es t imated  b y  i n t e r p o l a t i n g  t h e  
co r respond ing  va lues f o r  MOD-0, -1, and -2 as a  f u n c t i o n  o f  e f f e c t i v e  
s c a t t e r i n g  area. A va lue  o f  30% was used f o r  s c a t t e r i n g  e f f i c i e n c y ,  
whicn i s  r e p r e s e n t a t i v e  o f  non -me ta l l i c  b lades. 

2 .  The l i g h t n i n g  p r o t e c t i o n  dominated t h e  r e f l e c t i o n  c h a r a c t e r i s t i c s  and 
produced t e l e v i s i o n  i n t e r f e r e n c e  approaching t h a t  o f  a  m e t a l l i c  
b lade.  For  t h i s  c o n d i t i o n  t h e  f i e l d  s t r e n g t h  va lues o f  t h e  r e f l e c t e d  
s i g n a l  f r om  MOD-5A b lades t o  t h e  r e c e i v e r  were a l s o  es t ima ted  b y  
e x t r a p o l a t i n g  t h e  co r respond ing  va lues  f o r  MOD-0, MOD- ] ,  and MOD-2 as 
a  f u n c t i o n  o f  b l ade  s c a t t e r i n g  area. A va l ue  o f  70% was used f o r  
s c a t t e r i n g  e f f i c i e n c y  and i s  r e p r e s e n t a t i v e  o f  m e t a l l i c  b lades.  

An es t ima te  o f  t e l e v i s i o n  i n t e r f e r e n c e  d is tance ,  based on non-metal 1  i c  

d i s t ances  p l u s  25% o f  t h e  d i f f e r e n c e  between non-meta l l  i c  and m e t a l l  i c ,  i s  
shown i n  F i g u r e  3-24. 

A f t e r  t h e  p reced ing  ana l ys i s ,  t h e  l100-5A b l ade  p l an fo rm  was increased s l i g h t l y  

and t h e  aerodynamic c o n t r o l  was changed t o  a i l e r o n s .  r q e t a l l i c  a i l e r o n  

c o n s t r u c t i o n  was used as t h e  base l  i ne  c o n f i g u r a t i o n .  Both o f  these  changes 

w i l l  i nc rease  t h e  i n t e r f e r e n c e  d i s t a n c e  b y  an unknown amount. The a n a l y s i s  

was n o t  repeated w i t h  new parameters. T i l t ,  which was n o t  inc luded  i n  t h e  

ana l ys i s ,  i s  expected t o  p a r t l y  o f f s e t  t h e  a f f e c t  o f  t h e  changes. 

The f o l l o w i n g  sun~marizes t h e  s tudy  o f  t e l e v i s i o n  i n t e r f e r e n c e :  

1. The i n t e r f e r e n c e  zone extends f r om l e s s  than  2  m i  a t  t h e  lower  (50 
MHz) end o f  t h e  VHF range t o  over  125 m i  a t  t h e  upper (900 MHz) end 
o f  t h e  UHF range. 

2. A t  low f requency  t h e  i n t e r f e rence  d i s t a n c e  i s  d i c t a t e d  b y  t h e  
backward r e f l e c t i o n ;  whereas, a t  h i g h  f requency t h e  f o rwa rd  
s c a t t e r i n g  i n t e r f e r e n c e  d i s t a n c e  i s  g r e a t e r  and dominates i n  areas 
where TV r e c e p t i o n  i s  weak. 

3. Meta l  b lades  o r  b lades  w i t h  1  i g h t n i n g  conductors  tend  t o  r e s u l t  i n  
l a r g e r  i n t e r f e r e n c e  d i s t ances  than  non -me ta l l i c  b lades. A t  l ow  
s i g n a l  f requency  t h e  d i f f e r e n c e  i n  i n t e r f e r e n c e  d i s t a n c e  between 
meta l  and wood b lades i s  l e s s  t han  0.6 m i .  A t  h i g h  f requency  t h e  
d i f f e r e n c e  can be  as g r e a t  as 13 m i .  i n  areas where TV r e c e p t i o n  i s  
good. I n  areas where TV r e c e p t i o n  i s  weak, t h e  i n t e r f e r e n c e  
d i s t a n c e s  o f  t h e  wood b l ade  approaches t h a t  o f  t h e  meta l  b lade.  
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4.d KOT3d SUBSYSTEM 

4.1 bHLKGRUUND ANL H I  STUR Y 

~ o n c e p t u a l  Des ign  Phase - The f i r s t  r o t o r  s t u d i e s  d e t e r m i n e d  t h e  r o t o r  

a ia lue te r ,  a l a a e  m a t e r i a l  and shape, and t h e  rnethoa o f  t o r q ~ e  c o n t r o l .  Because 

t h e  r o t o r  d i a m e t e r ,  b l a d e  m a t e r i a l ,  and b l a d e  shape were c l o s e l y  r e l a t e d ,  t h e y  

:;ere ae ter rn ined i n  pa ra1  l e l  d u r i n g  t h e  c o n c e p t u a l  d e s i g n  phase. Each o f  t i i e s e  

i s s u e s  was r e l a t e d  t o  o t h e r  sys tem parameters .  The b l a d e  r ~ a t e r i a l  was c l o s e l y  

a s s o c i a t e a  , t i i t t i  t n e  sys tem c o s t  b u t  had t o  be t r e a t e d  i ~ d e p e n d e n t l y  o f  - t h e  
. . 

r o t o r  s i z e ,  . s  i n c ?  t h e  a i a m e t e r  was n o t  known a t  t h a t  t i m e .  4 p a r a m e t r i c  

approach t o  t h e  a l a a e  d e s i g n  p rocess  ?!as used i n  o r d e r  e > ~ a l u a t e  o o t h  s i z e  and 

~ n a t e r i d l  aspec ts  o f  c o s t  and s t r e n g t i l .  

T h r e e  o l a a e  l ~ ~ a t e r i a l s  were e v a l u a t e d :  epoxy and p o l y e s t e r  bonded t r a n s v e r s e  

f i l d : ~ l e n t  t a p e  (TFT)  g l a s s  t i d e r ,  :;elded s t e ? l ,  and epoxy  bonded l a r r i n a t e a  

!rood. o f  t n e s e  o p t i o n s  used a  s t e e l  hub a t  t h e  c e n t e r  o f  t h e  b l a d e .  

Edcn o f  t n e s e  ~ n d t e r i a l s  nad veen used i n  w i n d  t u r a i n e  a p ; l i c a t i o n s .  TFT g l a s s  

f i o e r  has  usea i n  a  1 5 0 - f t . ,  s i n g l e  b lade ,  made b y  iarnan/SCI, w h i c h  was 

s t a t i c a l l y  t e s t e d .  hA5A-LeRC s e l e c t e d  TFT g l a s s  f i b e r  f o r  a  s t u d ]  o f  l o w - c o s t  

a l a a e  mat.er i a l s ,  wh icn  p r o g r e s s e d  t o  t h e  f a o r i c a t  i o n  o f  a  b l a d e  s e t  t h a t  !as 

o p e r a t e d  on i.ikSAis ISOD-GA n~acf i ine .  Se ldea  s t e e l  pias ssea oy  G E  f o r  t h e  i.;r3i)-1 

a l a d e s ,  ana o y  Boe ing  f o r  t h e  N O D - 2  .o lades.  Laminated Douglas f i r  bonded w i t h  

epoxy ;/as a n o t n e r  l o w - c o s t  a l a d e  ~ r ~ a t e r i a l  s e l e c t e d  by A A S A  L ~ R C  f o r  u s e  on t h e  

?UD-9 o l a a e .  h s e t  o f  wood and epoxy b l a d e s  kdas i n  use on t h e  i'l33-Cn machines.  

Tne r o t o r  was L O O  l a r g e  t o  s i ) i p  i n  one p i e c e .  F i e l a  j o i n t s  ~ o u l d ,  t h e r e f o r e ,  

be  necessa ry  t o  c o n s t r u c t  t h e  b l a a e  a t  t h e  s i t e .  The ?a ra rne t r i c  m a t e r i a l  

s t u u y  examined t r ie  i n f l u e n c e  o f  t n e  j o i n t s  on t h e  s t r u c t u r a l  i n t e g r i t y ,  t f i e  

:12ignt  dnd t n e  c o s t  o f  t h e  b l a d e .  

Tne Shape o f  t n e  b l a d e ,  p1anfor:n and a i r f o i l ,  c o u l a  n o t  be de te rm ined  a t  t h a t  

p o i n t  I n  t r i e  aes i g n  p r o c e s s  a1 t l lough t h e s e  pa ramete rs  ana t h e  r r laae m a t e r i a l  

modu lus  were i m p o r t a n t  i n  d e f i n i n g  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  b l a d e .  

because o f  t n e  1 i ~ n i ~ s  on t i m e  f o r  c o n c e p t i l a l  a e s i g n ,  t h e  b l a d e  t r a a e - o f f  

s t u a i e s  d i a  n o t  r e l a t e  s t i f f n e s s  t o  t h e  p o s s i b l e  r o t a t i o n a l  speed ranges 

aef i n e d  DS, t n e  ;:ar i a t  i o n  i n  r o t o r  a i a f i e t e r .  The i n i t i a l  2 v a l u a t  i o n s  i n a i c a t e d  



t h a t  a l l  of  t h e  m a t e r i a l s  under c o n s i d e r a t i o n  c o u l d  be con f i gu red  t o  meet t h e  

r e q u  i r e d  range o f  D 1  ade f requencies.  

Two methods o f  c o n t r o l l i n g  r o t o r  to rque  were s tud ied :  a f u l l y  r o t a t a b l e  t i p  

( p a r t i a l  span c o n t r o l  ) , and a  h inged t r a i l  i n g  edge c o n t r o l  su r f ace  ( a i l e r o n s  

on t h e  o u t e r  span o f  t h e  b lade) .  

The t o rque  c o n t r o l  and b lade  m a t e r i a l  t r a d e - o f f  s t ud ies  and t h e  r e s u l t s  a re  

summarized i n  Sec t i on  4.0 o f  Volume 11. The conceptual  des ign  s t u d i e s  

i n d i c a t e a  t h a t  a  wood-epoxy b lade  and t h e  p a r t i a l  span c o n t r o l  subsystem (PSC) 

were t h e  most c o s t  e f f e c t i v e  c o n f i g u r a t i o n  f o r  t h e  MOD-5A wind t u r b i n e  

generator .  

P r e l i m i n a r y  Design Phase -- Dur ing  t h e  p r e l i m i n a r y  des ign phase i t  became 

apparent t h a t  t h e  d e c i s i o n  t o  use wood laminae was appropr ia te ,  b u t  t h e  

at tachment o f  t h e  main b l ade  t o  t h e  p a r t i a l  span c o n t r o l  subsystem and t o  t h e  

s tee  1  hub were growing concerns. 

The p a r t i a l  span c o n t r o l  development r e s u l t e d  i n  an u n a n t i c i p a t e d  increase i n  

weight.  The s h a f t  and bea r i ng  des igns were l a r g e r  than  expected, t o  meet t h e  

l i m i t  and f a t i g u e  l oad  requirements.  The r a t i o  o f  t h e  b lade  t h i ckness - t o -  

chord was increased t o  accommodate t h e  l a r g e r  s h a f t  and bear ing.  As a  r e s u l t  

t h e  weight  o f  t h e  p a r t i a l  span c o n t r o l  s t r u c t u r e  increased. The increased 

mass, l oca ted  a t  75% o f  t h e  span, reduced t h e  n a t u r a l  f requency o f  t h e  b l ade  

t o  an unacceptable value. 

A L  t h e  same t ime,  t h e  understanding o f  t h e  30-year des ign p r o p e r t i e s  o f  wood 

laminae was changing. As t h e  volume o f  s t r essed  m a t e r i a l  increased, t h e  

p e r m i t t e d  s t r e s s  l e v e l  had t o  be lowered. Th is  d i scove ry  caused concern, so 

t h e  m a t e r i a l s  development program examined t h e  s i z e  e f f e c t .  

The b lade  was redes igned t o  accommodate t h e  increase i n  weight,  decrease i n  

n a t u r a l  f requency and t h e  r e d u c t i o n  i n  a l l owab le  s t r ess .  The b lade  chord  was 

increased, b u t  t h e  r a t i o  o f  t h e  b lade  th ickness- to -chord  s tayed t h e  same i n  

o rder  t o  m a i n t a i n  performance. Th is  change increased t h e  n a t u r a l  f requency o f  

t h e  b l ade  and reduced t h e  s t r e s s  l e v e l ,  so t h a t  bo th  parameters were again 

acceptable.  



. . 

Tne we ign t  o f  t h e  p a r t i a l  span c o n t r o l  assembly increased aga in  when t h e  

f a t i g u e  loads were rede f i ned .  The assembly we igh t  increased - f rom 20,000 l bs .  

t o  n e a r l y  40,000 l b s .  pe r  b l a d e  o r  80,000 l b s .  f o r  t h e  r o t o r .  These we igh t s  

and t h e i r  assoc ia ted  c o s t s  i n d i c a t e d  t h a t  t h e  q u e s t i o n  o f  p a r t i a l  span c o n t r o l  

vs a i l e r o n  c o n t r o l  shou ld  be  reopened. 

The p a r t i a l  span c o n t r o l  exe r t ed  l a r g e  r e v e r s i n g  f l a p  bending loads  on t h e  

b l ade  because o f  t h e  n e g a t i v e  l i f t  c o e f f i c i e n t s  t h a t  developed when t h e  t i p  

moved th rough  1  a rge .  angles d u r i n g  shutdown. Wi th  an a i l e r o n ,  c o n t r o l  su r f ace  

d e f l e c t  i on  reduced t h e  b l a d e ' s  1  i f t  c o e f f i c i e n t s  and increased i t s  d rag  

c o e f f i c i e n t s .  The loads  assoc ia ted  w i t h  t h e  a i l e r o n  d rag  c o e f f i c i e n t s  were 

a p p l i e d  p r i n c i p a l l y  i n  t h e  p l ane  o f  r o t a t i o n ,  so t h e y  d i d  n o t  c o n t r i b u t e  much 

t o  t h e  f l a p  bending 1  oads. 

The r e s u l t s  o f  t h e  second t o rque  c o n t r o l  s tudy  showed t h a t  a i l e r o n s  were t h e  

p r e f e r r e d  des ign.  The d i s c o n t i n u i t y  i n  t h e  p r ima ry  s t r u c t u r e ,  r e q u i r e d  by  t h e  

p a r t i a l  span. c o n t r o l  s h a f t ,  was no l onge r  necessary.  E l  im ina t  i n g .  t h e  

d i s c o n t i n u i t y  a l s o  . e l  im ina ted  a  source o f  we igh t  and a  p o t e n t i a l  s i n g l e  

f a i l u r e  p o i n t .  Hydrau l  i c y  d i r e c t  a c t  i on  a i l - e ron  a c t u a t o r s  were se lec ted ,  

oased on scneaule and c o s t  requi rements  . The e f f e c t  o f  t h e  a i l e r o n  

i n s t a l  1  a t  i on  on t h e  main b l ade  was examined. An accep tab le  c o n f i g u r a t i o n ,  

w e l l  i n t e g r a t e d  w i t h  t h e  b l ade  s u b c o n t r a c t o r ' s  design, was completed. A i l e r o n  

c o n t r o l  became t h e  b a s e l i n e  c o n f i g u r a t i o n  f o r  t o rque  c o n t r o l .  

NASA Lewis and W i c h i t a  S t a t e  U n i v e r s i t y  p r e v i o u s l y  worked on t h e  use o f  

a i l e r o n s  f o r  wind t u r b i n e  t o rque  c o n t r o l .  Th i s  da ta  was n o t  d i r e c t l y  

a p p l i c a b l e  t o  a  system s i z e  o f  t h e  MOD-SAY so more d a t a  was r e q u i r e d .  A 

program f o r  wind t unne l  t e s t i n g  o f  t h e  MOD-5A a i l e r o n  was designed, approved, 

and implemented. I t  p rov i ded  a  d a t a  base f o r ,  des i gn ing  v a r i o u s  a i l e r o n  

c o n f i g u r a t i o n s .  The r e s u l t i n g  a i l e r o n  des ign  was implemented on t h e  MOD-0 

wind t u r b i n e  a t  Plumbrook, Ohio. Tes t i ng  began i n  December, 1983. The 

r e s u l t s ,  t o  date,  con f i rmed t h e  performance p r e d i c t i o n s  and i n d i c a t e d  t h a t  t h e  

a i l e r o n s  would be accep tab le  f o r  r o t o r  c o n t r o l  .' Wind t unne l  and MOD-0 t e s t s  

i n d i c a t e d  t h a t  t h e  a i l e r o n s  c o u l d  ach ieve accep tab le  r e d u c t  i o n  i n  r o t o r  speed 

b u t  rnignt n o t  be a b l e  t o  s t o p  - t h e  b l ade  complete ly .  A  low speed s h a f t  b rake  

was t hen  des igned f o r  a p p - l i c a t i o n  . a t  low r o t o r  speeds. Disc  c a l i p e r  brake 

se ts ,  s i m i l a r  t o  those  used on t h e  yaw system, were mounted on t h e  f o r w a r d  



f a c e  o f  t h e  n a c e l l e  suppor t  s t r u c t u r e .  They app l y  b r a k i n g  f o r c e  t o  a  

yoke-mounted b rake  d i s c ,  sepa ra t i ng  t h e  r e s u l t i n g  b rake  l o a d  pa th  f r om  t h e  low 

speed t o rque  s h a f t .  

A cont inuous,  wood r o t o r  des ign was developed t o  r e p l a c e  t h e  s t e e l  hub and 

b o l  ted-on b l ade  concept  a e f  ined e a r l  i e r  i n  t h e  conceptua l  des ign  phase. T h i s  

change was t h e  second ma jo r  change i n  t h e  p r e l i m i n a r y  des ign  phase and was 

d i c t a t e d  b y  t h e  s t r u c t u r a l  and s t i f f n e s s  d i s c o n t i n u i t i e s  c rea ted  b y  t h e  s t e e l  

nub, which had posed s e r i o u s  des ign  and f a b r i c a t i o n  problems. The des ign 

needed t o  match incrementa l  chordwise s p r i n g  r a t e s  between t h e  wood b l ade  and 

s t e e l  hub, t o  avo id  ma jo r  s t r e s s  increases i n  bo th  t h e  hub and t h e  b lade.  

Complex a n a l y s i s  and development t e s t i n g  was r e q u i r e d  t o  v a l  i d a t e  t h e  des ign . 
H igh  manufac tu r ing  c o s t s  were c rea ted  b y  t h e  need t o  i n s t a l l ,  w i t h  ve r y  c l o s e  

t o l e rances ,  hundreds o f  s t e e l  s tuds  t o  a  p l a n a r  s t e e l  i n t e r f ace .  

Tne base1 i n e  s t e e l  hub r o t o r  c o n f i g u r a t i o n  con ta ined  e i g h t  chordwise j o i n t s .  

The con t inuous  wood r o t o r  r e q u i r e d  o n l y  s i x  j o i n t s  t o  f u l l y  s a t i s f y  

f a b r i c a t i o n ,  s h i p p i n g  and assembly requ  irernents, r educ ing  comp lex i t y  and 

cos t .  The i n t e r f a c e  o f  t h e  r o t o r  and t h e  n a c e l l e  was a l s o  changed frorn a  

hub- to- low-speed-shaf t  arrangement t o  a  cont inuous,  b lade- to-yoke 

c o n f i g u r a t i o n .  The yoke i s  a  Y-shaped, box s t r u c t u r e  mounted w i t h  t e e t e r  

bea r i ngs  t o  t h e  b lade .  Bo l s t e r s ,  o r  doublers ,  were p rov i ded  on t h e  b lade  

faces, t o  d i s t r i b u t e  loads f r om t h e  b l ade  t o  t h e  t e e t e r  bear ings .  The 

b o l s t e r s  were augmented w i t h  g l ass  f i b e r  c l o t h ,  as r e q u i r e d  b y  t h e  h i g h  load  

l e v e l s .  Augmenting t h e  b o l s t e r  made ex tens i ve  augmentat ion o f  t h e  c e n t e r  

o l ade  unnecessary. Th i s  arrangement was advantageous, s i n c e  t h e  b o l s t e r  i s  

sma l l e r  and s imp le r  than  t h e  c e n t e r  blade. 

F i n a l  Design Phase -- Sec t ions  4.3 through 4.6 desc r i be  t h e  f i n a l  r o t o r  des ign  

f o r  model 304.2., which i s  summarized below: 

B 1  ade - 5 sec t  ion  laminated wood and epoxy w i t h  b o l s t e r s  a t  t h e  

cen te r  

Torque C o n t r o l  - hydrau l  i c a l  l y -ac tua ted ,  t h ree -sec t  ion  a i l e r o n s  on each 

b l a d e  

B lade  Support  - s t e e l  weldment yoke i n t e r f a c i n g  t h e  b lade  b o l s t e r s  

th rough  e l as tomer i c  t e e t e r  bear ings  



The f o l  l ow ing  s e c t  ions  desc r i be  t h e  t r a d e - o f f  s t u d i e s  i n  g r e a t e r  d e t a i l .  

Subsequerlt s e c t  i ons  d e f i n e  and s u b s t a n t i a t e  t h e  f i n a l  des ign  f o r  t h e  b lade,  

a i l e r o n s ,  and yoke. 

4.1 .1 MATEKIHL SELECTION AND SUBSTANTIATION , 

4.1.1.1 General 

An ex tens i ve  t r a d e - o f f  s t udy  eva lua ted  b lades made o f  TFT r e i n f o r c e d  g l ass  

f i b e r ,  s t e e l ,  and wood lamina and epoxy, based on t h e  c o s t  o f  t h e  100th 

u n i t .  The a f f e c t  o f  t h e  b l ade  m a t e r i a l  or; t h e  c o s t  o f  energy i s  descr ibed  i n  

s e c t i o n  4.1.1.2. The r e s u l t s  o f  t h e  s t udy  i n d i c a t e d  t h a t  t h e  wood lamina  and 

epoxy was t h e  most e f f e c t i v e  m a t e r i a l  f o r  a  r o t o r  w i t h  a  l a r g e  d iameter ,  TFT 

g l ass  f i b e r  was a  c l o s e  second, and s t e e l  was a  d i s t a n t  t h i r d .  Other  

co~npos i t e  m a t e r i a l s ,  such as f il ament-wound g l ass  f i b e r ,  were n o t  eva lua ted  

because o f  t h e  l i m i t s  on resources  and p rev i ous  exper ience  w i t h  cos t ,  we igh t  

and performance. 

4.1.1.2 B lade M a t e r i a l  S e l e c t i o n  

Une o f  t h e  major  t r a d e - o f f  s t u d i e s  conducted d u r i n g  t h e  conceptua l  des ign  

phase s e l e c t e d  t h e  most a p p r o p r i a t e  m a t e r i a l  f o r  t h e  b lade.  The minimum c o s t  

o f  energy a t  t h e  100 th  u n i t  was t h e  rnain system requ i rement  f o r  t h e  b lade  

m a t e r i a l  . i x p e r  ienced f a b r i c a t o r s  p rov i ded  c r e d i b l e  c o s t  i n f o rma t  i on  f o r  t h e  

system des ign.  The s tudy  a l s o  eva lua ted  t h e  a f f e c t  o f  r o t o r  d iameter ,  r o t o r  

speed, s o l i d i t y ,  a i r f o i l  shape, t a p e r  r a t i o ,  and j o i n t s  on t h e  c o s t  o f  

lnanufactur ing b lades  o f  t h e  t h r e e  cand ida te  m a t e r i a l s .  

F i g u r e  4-1 i s  a  f l o w  p l a n  o f  t h e  major  f ea tu res  o f  t h e  b l ade  m a t e r i a l  

t r a d e - o f f  s t ud ies .  GE performed these s t u d i e s  w i t h  t h r e e  subcon t rac to rs :  

Chicago B r i dge  & I r o n  f o r  s t e e l ;  S t r u c t u r a l  Composites, I n c .  f o r  TFT g l a s s  

f i b e r  and Gougeon Bro thers ,  I nc .  f o r  wood. The t a b l e  and f i g u r e  anno ta t  ions,  

shown i n  F i g u r e  4-1, summarize t h e  r e s u l t s  o f  v a r i o u s  phases i n  t h e  s tudy .  

M a t e r i a l  p r o p e r t i e s ,  1  i s t e d  i n  Table  4-2, were d e r i v e d  f r om e x i s t i n g  da ta .  A 

t e s t  p l a n  was developed t o  augment and expand t h e  d a t a  base ( s e c t i o n  4.1.1.3). 

I n  i t  i a l  c o s t  i n f o r m a t i o n  f rom t h e  subcont ractocs,  i n  do1 1 a r s  per  pound, based 

on t h e i r  exper ience  and judgment ,. was organized,  as shown i n  F i gu res  4-4 and 

4 -5 .  The i n f o r m a t i o n  was i n p u t  t o  t h e  SECTION program t o  beg in  t h e  c o s t  and 

system s i z i r ~ g  c a l c u l a t i o n s .  T h i s  s t udy  i s  d iscussed i n  Inore d e t a i l  i n  s e c t i o n  



4.3.1. Dur ing  t h i s  t ime,  t h e  subcont rac to rs  were g i ven  t h e  loads f o r  t y p i c a l  

b l ade  sec t ions ,  1  i s t e d  i n  Table 4-3, and asked t o  develop a  des ign and 

determine c o s t s  f o r  these  b lade  c ross  sec t ions .  The r e s u l t s  a r e  1  i s t e d  i n  

Table 4-5. GE d e f i n e d  t h e  b lade j o i n t  i n t e r f a c e  c o n s t r a i n t s ,  so t h a t  t h e  

subcont rac to rs  cou ld  produce a  des ign and cos t s  f o r  j o i n i n g  techniques t h a t  

were compat ib le  w i t h  t h e i r  ma te r i a l s .  These r e s u l t s  a r e  l i s t e d  i n  Table 4-4. 

The r e f i n e d  c o s t  es t imates  became t h e  b a s i s  f o r  a  second c a l c u l a t i o n ,  u s i n g  

t h e  SECTION program, o f  t h e  s i ze ,  c o s t  and c o n t r i b u t i o n  t o  c o s t  o f  energy o f  

t h e  olade. The r e s u l t s  o f  t h i s  c a l c u l a t i o n ,  shown i n  F i g u r e  4-2, were p l o t t e d  

f o r  t h e  t h r e e  m a t e r i a l s .  

The conceptual  des igns f o r  t h e  b lade  were supp l i ed  t o  t h e  subcont rac to rs .  

They determined b lade  and j o i n t  weights ,  and c o s t s  based on t h e i r  methods o f  

c o n s t r u c t  ion. These b lade  weights  and costs ,  1  i s t e d  i n  Table 4-1, c o r r e l a t e d  

w i t h  t h e  r e s u l t s  o f  t h e  paramet r i c  s tudy,  shown i n  F i g u r e  4-2. The r e s u l t s  

i n d i c a t e d  t h a t  wood was t h e  most c o s t  e f f e c t i v e  b l ade  m a t e r i a l .  

  he b lade  m a t e r i a l  s e l e c t i o n  was then eva lua ted  a t  t h e  system l e v e l ,  

Tab le  4-6. A wind t u r b i n e  w i t h  wood and epoxy b lades weighed 146,000 l bs .  

l e s s  than  one w i t h  g l ass  f i b e r  blades. The c o s t s  o f  energy were s i m i l a r ,  b u t  

exper ience i n d i c a t e d  t h a t  t h e  r i s k s  assoc ia ted w i t h  a  wood b lade  were l e s s  

than those  assoc ia ted  w i t h  a  g l ass  f i b e r  b lade.  Wood and epoxy was se lec ted  

as t h e  b l ade  m a t e r i a l .  

The f o l l o w i n g  sec t i ons  d iscuss  t h e  m a t e r i a l  s e l e c t i o n  process f u r t h e r .  

I n i t i a l  Cost I n p u t s  - The "bes t  es t ima te "  c o s t s  de f i ned  b y  t h e  subcont rac to rs  

were used i n  e a r l y  system c o s t  eva lua t ions ,  and t h e  SECTION program was used 

t o  s tudy  t h e  system. These cos t s  were r e f i n e d  i n  suppor t  o f  t h e  paramet r i c  

c o s t i n g  and then, f o r  t h e  f i n a l  cos t .  

M a t e r i a l  A l lowables - The d e f i n i t i o n  o f  s t r e s s  a l lowab les  was a  g rea te r  e f f o r t  

f o r  wood and TFT g lass  f i b e r  than  f o r  s t e e l .  A t e s t  program was necessary t o  

o b t a i n  da ta  t o  be used i n  t h e  d e f i n i t i o n  o f  t h e  a l lowab les  f o r  TFT g lass  f i b e r  

and wood. S C I  used p o l y e s t e r  r e s i n  ins tead  o f  epoxy, t o  reduce cos t s  and t h i s  
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Table 4-1 Conceptual Design - 100th U n i t  Cost and Weight 

Std. labor rates 
- S. E. U. S 

Construct OH - Direct lab. support - Mat'L burden - Dir. lab. OH 

a Construct G&A 

a Depreciation 
Plant - S L. @ 30 yrs. 
Equip. - S. L @ 20 yrs. 

a Cost of money 
Assume 25% front 
Fin 75% @ 12% 
- Plant - 30 
- Equip - 20 

a Profit 6% '0. tax 
- Assume 45% state & 

fed. tax 

Notes: 1. Normalized 100th u n i t  cos ts  based on subcont rac tor 's  quotes 

2. One r o t o r  se t :  two blades and j o i n t s .  

s u b s t i t u t i o n  r e q u i r e d  exped i t i ng  t e s t i n g  g lass  f i b e r  and po lyes ter  specimens. 

The s t e e l  a l lowables were based on MOD-1 and MOD-2 inputs,  s ince  t h e  

charac ter  i s t i c s  f o r  s t e e l  a re  we1 1  known. 

The r e s u l t i n g  m a t e r i a l  p rope r t i es  a re  shown i n  Table 4-2. The subcontractors 

began t o  develop t h e  b lade and d e f i n e  any l i m i t a t i o n s  on t h e  sec t i on  and 

mater ia ls .  The i n i t i a l  con f i gu ra t i ons  are shown i n  F igu re  4-3. The 

incremental s tud ies  i nd i ca ted  mod i f i ca t i ons ,  which were made t o  improve t h e  

c o s t  and weight e f f i c i e n c y  o f  t h e  sect ions.  
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Table 4-2 Material Allowables for Design Trades 

Llntl. 
ID No. 

1. 

2. 

3. 

4 .  

5 .  

6 .  

7. 

Desclmiption 

FHP 73-16-11. 
Polyester resin 

FRP 73-16-11 
Epoxy resin 

STL A131A + PWHT 
.- \ 

WTL A633A + PWHT 

Douglas fir laminate 
and epoxy resln 12% 
moisture cont. 
(Gulf coast env.  ) 

Douglas Fir Laminate 
and epoxy resin 5% 
moisture cont . 
(nominal env .  

FRP 13-16-11 
Polyester resin (with 
odcquate process cont. 
ond melerinl develop.) 

Denel$ 
Lb/h 

0.07 

0.07 

0.29 

0.29 

0.023 

0.023 

0.07 

E 
PSI 

X 1 0 ' ~  

3.69 

3.69 

29 

2g 

2.0 

2.0 

3.69 

E Buckling 
Ps! 

X 10 

2.64 

2.64 

29 

2 0 

0.5 

0.5 

2.64 

G 
PSId 

X 10 

0.61 

0.61 

11 

11 

0.15 

0.15 

0.01 

Allowables 
' Yield 

30 

30 

30.6 (1) 

37.8 (1) 

5.5 

7.0 

55.0 

-PSI 
Fatigue 
R=- 1 

5.93 

5.93 

0.2 

0.2 (2) 

2.75 

3.5 

11.0 

X 1 0 ' ~  
Fatigue 
R=+l 

3 0 

3 0 

42.0 (3) 

42.0 (3) 

5.5 

7 .0  

55.0 





LiE worked c l o s e l y  w i t h  each o f  t h e  subcon t rac to rs ,  t o  make su re  t h a t  each 

m a t e r i a l  would be used i n  t h e  most advantageous des ign c o n f i g u r a t i o n .  For 

example, on t h e  lamina ted  wood and epoxy b lade,  t h e  wood s k i n  dep th  was 

1  i rn i ted t o  approx imate ly  15% o f  t h e  maximum s e c t i o n  depth.  Th i s  depth 

appeared t o  be t h e  p o i n t  o f  d i m i n i s h i n g  r e t u r n  f o r  t h e  f l a p  s e c t i o n  modulus 

w i t h  r espec t  t o  t h e  we igh t  o f  t h e  added m a t e r i a l .  I t  was accepted as a  des ign  

limit. The h i g t l e r  s t r e n g t h  o f  b o t h  g l ass  f i b e r  and s t e e l  p rec luded  s i m i l a r  

1  h i t s  f o r  these  m a t e r i a l s  and s t  i f f nesses .  

An e a r l y  a t tempt  t o  develop c o s t  versus l oad  c a p a b i l i t y  based on t h e  

s u b c o n t r a c t o r ' s  b e s t  es t ima te  o f  c o s t  i s  shown i n  F igures  4-4 and 4-5. L i m i t  

and f a t i g u e  f l a p  bending moments a r e  r e l a t e d  t o  a  bending element o f  t h e  b l ade  

c r o s s  sec t i on ,  o f  a  t h i c kness  "t", l o c a t e d  a t  a  f l a n g e  d i s t ance  o f  "h". The 

r e s u l t i n g  c o s t ,  i n  d o l l a r s  per  i nch  o f  span per  inch  o f  chord,  i n d i c a t e d  t h a t  

wood and epoxy was t h e  b e s t  choice,  b u t  a g rea te r  f l a n g e  d i s t ance  "ti" was 

r e q u i r e d  t o  ach ieve  1  i m i t  l oad  ranges cornparaole t o  those  o f  g l ass  f i b e r  and 

s t e e l .  Th is  f a c t  i n d i c a t e d  t h a t  wood would impose a  performance p e n a l t y  

because u t  i t s  g r e a t e r  t h i c kness  i n  t h e  same a i r f o i l  se r i es .  Th i s  p e n a l t y  

mo t i va ted  t h e  search f o r  an a i r f o i l  f a m i l y  t h a t  would a l l o w  an increase i n  t h e  

s t r u c t u r a l  t h i c kness  of  t h e  wood and epoxy b lade  w i t h o u t  r educ ing  i t s  

performance. 

The subcon t rac to r s  exp lo red  t h e  b lade  c o n f i g u r a t i o n s  on t h e  bas i s  o f  rnin imum 

c o s t  and minimum weight.  The o b j e c t i v e  was t o  determine i f  a  l e s s  c o s t l y  

b l a d e  c o u l d  be d e f i n e d  and, i f  so, t o  eva lua te  t h e  r e l a t i v e  a f f e c t s  of c o s t  

and we igh t  on t h e  c o s t  o f  energy. I n  summary, t h e r e  was n o t  much d i f f e r e n c e  

i n  t h e  c o s t  o f  t h e  minimum we igh t  and t h e  minimum c o s t  b lades.  For t h e  wood 

b laae,  t h e r e  i s  no d i f f e r e n c e ,  because each lamina must be p laced  i n  i t s  

optimum l o c a t i o n .  Hence, f o r  wood, t h e  minimum c o s t  c o n f i g u r a t i o n  i s  a l s o  t h e  

minimum we igh t  c o n f i g u r a t i o n .  The c o s t  es t imates  f o r  t h e  g l ass  f i b e r  b l a d e  

used b o t h  p o l y e s t e r  and epoxy r e s i n s  t o  d e f i n e  a  c o s t  d i f f e r e n c e  w i t h  no 

weignt  d i t f e r e r ~ c e .  The g l ass  f i b e r  b l ade  was a l s o  examined i n  a  t w o - c e l l  

c o n f i g u r a t i o n  s i m i l a r  t o  t h a t  used i n  t h e  MOU-OA low c o s t  b l ade  program. The 

t w o - c e l l  c o n f i g u r a t i o n  was s l i g h t l y  heav ie r  and more c o s t l y  than  t h e  t h r e e  

c e l l  base l  i ne  shorn i n  F i g u r e  4-3, so i t  was dropped f rom cons ide ra t i on .  
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F a t i g u e  Moment C a p a b i l i t y  i n  8 x 1 9 - ~ / i n  o f  Chord 

F i g u r e  4-4 F l a p  F a t i g u e  t?ornent C a p a b i l i t y  v s  Cost  



L i m i t  Moment C a p a b i l i t ; ~  I n  I x / I n  o f  Cho rd  

F i g u r e  4-5 F l a p  - L i m i t  Moment C a p a b i l i t y  v s .  C o s t  
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During the  conceptual design phase the  blade was defined as terminating a t  a 

s t e e l  h u b  assembly. Each blade subcontractor defined the  cos t  and weight f o r  

a root  j o in t  t h a t  was a 23030 s e r i e s  a i r f o i l  with a 14-ft .  chord. The loads 

on the  j o in t  a r e  shown in Table 4-3. 

Table 4-3 Design .Loads f o r  the  Blade Subcontractors 
f o r  t he  MOD-5A Blade Parametr ic  Studies 

Note: All moments expressed in units of inch - pounds x 10'~ - 

The cos t s  and s i z e  o f  t he  f i e l d  j o in t  t h a t  allows the  blade t o  be assembled in 

t h e  f i e l d  were a l so  evaluated. The chord of t he  f i e l d  j o in t  was 10 f t . ,  and 

the a i r f o i l  was a 23020 se r ies .  The root  and pa r t i a l  span control j o in t  
interfaced with a s t e e l  assembly, whose configuration could be made compatible 

with the  blade according t o  t h e  subcontractor 's  recommendation. The f i e l d  
j o i n t  would allow each of t he  subcontractors t o  join t h e i r  material t o  i t s e l f  

in the  best  way possible i n  the  f i e l d .  

The resu l t ing  cos t s  and weight of the  jo in t s  fo r  each of t he  base blade 

materials  were summarized so  t ha t  the  parametric var ia t ions  could be 
incorporated into the  SECTION program. This summary i s  shown in Table 4-4. 



Table 4-4 Joint Cost Summary - Parametr ic  Data Sase 

Section 

14.0' Chord 
"Root 

Joint" 

10.0'  Chord 
"Field 

Joint" 

6 . 0 '  Chord 
T i p  

Joint" 

Table 
4-.3 
Load 

hlax. 

Min. 

htax. 

Mln. 

Max. 

hlln. 

Fiberglass 

Cost K$ 

55.8 

8. 1 

2. 8 

2 . 7  

0 . 2  

0 .18 

Wood 

Wt - KI 

12. 5 

1 .2  

0.24 

0 . 8  

. 1  

. 1  

Cost K$ 

15.5 

Steel 

M - KY 

2.32 

Cost K$ 

16.2 

Wt - K C  

. 145 

6.2 

2 . 3  

2 . 2  

3 . 1  

1. 6 

10.3 

13.5 

10.3 

Bullt-Ln 

Bullt-Ln 

.86 

.27 

.23 

.35 

.24 

-0- 

. 135 

-0- 

Built-In 

Built-Ln 



The r e s u l t s  o f  t h e  b l ade  s e c t i o n  e v a l u a t i o n s  were summarized i n  a  s i m i l a r  

manner, as shown i n  Tab le  4-5. Th i s  summary r e f l e c t s  t h e  i n p u t s  r e c e i v e d  f r om 

t n e  t h r e e  subcon t rac to r s  i n  November and December, 1980. The c o s t  pe r  pound 

o f  t h e  l a b o r - i n t e n s e  wood and s t e e l  c o n s t r u c t i o n s  a r e  g r e a t e r  a t  t h e  sma l l  

chord  sec t  i o c s  and s m a l l e r  a t  t h e  l a r g e  chord  sec t i ons ,  f o r  which much l a r g e r  

q u a n t i t i e s  o f  m a t e r i a l  a r e  used w i t h  a  modest inc rease  i n  l abo r .  Glass f i b e r  

r e f l e c t s  m a t e r i a l  c o s t s  more d i r e c t l y  and shows h i g h e r  u n i t  c o s t s  where most 

o f  t h e  m a t e r i a l  i s ,  a t  t h e  l a r g e r  chord sec t  ions and i n  t h e  presence o f  h i ghe r  

1 oads . 

A summary o f  t h e  b l ade  and j o i n t  c o s t  da ta  f o r  t h i s  s tudy  i s  shown i n  

F i g u r e  4-6. The d a t a  c l e a r l y  no tes  t h e  r e s u l t  when t h e  s k i n  depth o f  wood was 

1 i m i t e d  t o  15% o f  t h e  maximum s e c t i o n  depth.  The da ta  shows t h a t  t h e  more 

dense m a t e r i a l ,  w i t h  h i g h e r  m a t e r i a l  a l l owab les ,  can span t h e  des ign  l o a d  

ranges d e f i n e d  f o r  v a r i o u s  chords.  The da ta  a l s o  i n d i c a t e s  t h a t  g l a s s  f i b e r  

i s  t he  rrlost c o s t  e f f e c t i v e  m a t e r i a l  f o r  t h e  g i ven  geometry, wood i s  a  c l o s e  

secona, and s t e e l  i s  a  d i s t a n t  t h i r d .  

The s u b c o n t r a c t o r ' s  c o s t  and we igh t  da ta  f o r  t h e  6, 10 and 14 f o o t  chorda l  

s e c t i o n  were o rgan ized  as an i n p u t  t o  t h e  SECTION program. Cu r ren t  loads,  

b l ade  geometr ies,  t i p  speeds and l oad  f a c t o r s  were a l s o  d e f i n e d  an i n p u t  t o  

t h e  SECTION program. Many d e t a i l e d  b l ade  s k i n  and spar  t h i c k n e s s  v a r i a t i o n s  

f o r  each o f  t h e  t h r e e  m a t e r i a l s  were eva lua ted  f o r  b lade  l e n g t h s  between 300 

and 500 f t .  J o i n t  c o s t s  and we igh ts  were f ac to red  i n t o  these  r e s u l t s  f o r  each 

m a t e r i a l  and b l ade  d iameter .  

The s t e e l  and g l a s s  f i b e r  b lade  c o n f i g u r a t i o n s  had t h e  same th i ckness - t o - cho rd  

r a t i o  ( t / c ) .  The t / c  f o r  t h e  wood b l ade  was increased t o  compensate f o r  t h e  

lower  packaging e f f i c i e n c y  o f  t h e  wood. Th i s  inc rease  i n  t / c ,  which d i d  n o t  

i n c l u d e  d rag  and performance losses ,  was p o s s i b l e  because a  NACA 64XXX s e r i e s  

a i r f o i l  was adopted i n  p l a c e  o f  t h e  NACA 23XXX s e r i e s  used i n  t h e  s t e e l  and 

g l ass  f i b e r  Blades. The reduced d rag  c o e f f i c i e n t s  o f  t h e  64XXX s e r i e s  a l l o w  

t h e  t / c  t o  i nc rease  30-50%, a l though  t h e  performance i s  t h e  same as t h a t  o f  

t h e  23XXX s e r i e s .  



Table 4 - 5  Sum~nary o f  P a r a m e t r i c  Costs  and Weights f o r  t h e  100th U n i t  Base 
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Figure 4-6 Cost and Weight vs  . Flap Moment Capabil i t y  
Parametric Summary 



The 6 4 X X X  s e r i e s  has concave a i r f o i l  s e c t i o n s ,  wh ich  can b e  f a b r i c a t e d  w i t h o u t  

a d d i t i o n a l  c o s t  on  t h e  wood b l a d e  because t h e  c o n s t r u c t i o n  o f  t h e  wood b l a d e  

used fema le  moulds. The concave s u r f a c e  wou ld  i n c u r  a d d i t i o n a l  c o s t s  on t h e  

s t e e l  and g l a s s  f i b e r  b lades ,  so i t  was n o t  used w i t h  t h e s e  m a t e r i a l s .  

Tne r e s u l t s  o f  t h e  s t u d i e s  o f  b l a d e  m a t e r i a l  and d iamete r ,  based on p a r a m e t r i c  

d a t a  f r o m  t h e  s u b c o n t r a c t o r s ,  a r e  shown i n  F i g u r e  4-2. The t h r e e  m a t e r i a l s  

were r a n k e d  as t n e y  were b e f o r e  t h e  s t u d i e s :  wood was t h e  1 i g h t e s t ,  g l a s s  

f i b e r  s l i g h t l y  h e a v i e r ,  and s t e e l  was t h e  h e a v i e s t  and most  expens ive .  I n  a  

complex t r a d e - o f f ,  such as t h i s  one, assumpt ions a r e  a lways made and d a t a  i s  

a lways man ipu la ted ,  so  t h e s e  r a n k i n g s  were c o r r o b o r a t e d  b y  i n p u t s  f r o m  t h e  

s u b c o n t r a c t o r s .  

GE d e f i n e d  b l a d e s  o f  v a r i o u s  d iamete rs ,  based on s i z i n g  c a l c u l a t i o n s  u s i n g  

SECTION,  t o  each o f  t h e  s u b c o n t r a c t o r s .  The s u b c o n t r a c t o r s  were asked t o  

d e t e r m i n e  c o s t s  and w e i g h t s  f o r  t h e  1 0 0 t h  u n i t  o f  each des ign .  They produced 

c o n c e p t u a l  d e s i g n s  f o r  each b lade ,  i n c l u d i n g  j o i n t s  and o t h e r  m a n u f a c t u r i n g  

f e a t u r e s .  The w e i g h t s  and c o s t s  a r e  1  i s t e d  i n  Tab le  4-1.  The des igns  

c o r r e l a t e d  w i t h  t h e  r e s u l t s  o f  t h e  p a r a m e t r i c  s tudy .  The r a n k i n g  o f  wood, 

g l a s s  f i b e r  and s t e e l  were n o t  changed. However, t h e  c o s t  and w e i g h t  o f  t h e  

g l a s s  f i b e r  b l a d e  inc reased ,  making t h e  c h o i c e  between wood and g l a s s  f i b e r  

more c l e a r .  Wood was chosen as t h e  most  c o s t  e f f e c t i v e  m a t e r i a l .  

Wooa b l a d e s  were a l s o  e v a l u a t e d  a t  t h e  sys tem l e v e l ,  as shown i n  Tab le  4 -6 .  

Qua1 i t a t i v e l y ,  wood was c o n s i d e r e d  t o  b e  t h e  l e a s t  r i s k y  o f  t h e  p o s s i b l e  

m a t e r i a l s .  Q u a n t i t a t i v e l y ,  i t  r e s u l t e d  i n  t h e  l o w e s t  sys tem w e i g h t  and l o w e s t  

c o s t  o f  energy .  

The c h o i c e  o f  l a m i n a t e d  wood and epoxy was based on t h e s e  t r a d e - o f f  s t u d i e s ,  a  

p r e l  i r n ina ry  b l a a e  d e s i g n  and t h e  wood m a t e r i a l  s u b s t a n t i a t i o n ,  wh ich  i s  

d e s c r i b e d  i n  t h e  f o l l  owing s e c t  i on .  

4.1.1.3 N a t e r i a l  S u b s t a n t i a t i o n  

The s e l e c t i o n  o f  l a m i n a t e d  wood and 'epoxy as t h e  most  c o s t  e f f e c t i v e  b l a d e  

m a t e r i a l  c r e a t e d  an immediate need f o r  a  m a t e r i a l s  development program t o  

s u b s t a n t i a t e  t : le  m a t e r i a l  i n  a  4 x  10' c y c l e ,  f a t i g u e  env i ronment .  The 
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Tab1 e 4-6 System Blade I-lateri a1 Trade-Off Summary 

A 1\;1\ctl or1 ~ ) ; ~ ~ , ; ~ n ~ c t r i c  dalu 
1) Ii;l\ccl 1111  3 \81 cost tl;ll;l 
C liwt lr.ll)l,l:llctl 

A 
Wood 

Less  

23 less  

Samc 

Same 

Same 

Some TVI 
Less sound  

Same 

Less 

400 

350 

1209 

3366 

19.21 

Bnseline 
Fiberglass  

Baseline 

Baseline 

Baseline 

Baseline 

Baseline 

Baseline 

Baseline 

Baseline 

402 

4 00 

1349 

3602 

20.56 

3.33 

llcnr 
Blade hlaterlal 

Co~rrplcxity 

? ' r ; ~ ~ l s p o r l i ~ t  io11 . 

Ileliability 

R l i ~ i n t a i ~ l ~ ~ b i l i t y ,  O ~ h l  

Av;111;1biIity 

E n v i r o ~ ~ r e ~ ~ t u l  

Sal'cty 

Risk 

D ~ D I I I C ~ C I .  

'rip spcetl  

\ \ 'cigl~t 

Instollcd cost 

A I I I I U ; ~ ~  cnc rgy  cup tu re  

Cost  of  cllcrgy 

Unlts 

Qua1 

K S 

Quol 

Qua1 

% 

Qual 

Quul 

Qua1 

Ft 

Ft lSec 

K LB 

K $ (1980) 

CWIi 

clKWtI(1980) 

B 
Steel 

Less 

26 more 

Snme 

More 

Same 

Worse TVI 
Less Sound 

Less 

Same 

400 

325 

1627 @ 

4100 @ 
19.80 @ 
3.90 

Remarks  

Process  control  

Weight dependen t  

Painting 

.96 goal 

Motcrinl dependen t  
Speed dependent  

Single steel  load path  

MOD-OA his tory  

Wood, Fibergloss Optimized 

3/81 WCER 100th unit  

3 /81 WCER lOOlh unit 

Lower wood CP - A 

Wood has lciist cos t .  r i sk  



Wood Handbook, pub l i shed  by F o r e s t  Products  Labora to ry  o r  t h e  U.S. Department 

o f  Agr Scul ture ,  and i t s  r e fe rences  were t h e  key  sources used i n  d e f i n i n g  

i i l l owab les  f o r  t h e  pa rame t r i c  s tudy.  

A l l  t h e  e x i s t i n g  d a t a  was d e r i v e d  f rom t e s t i n g  sma l l ,  c l e a r  g ra i ned  

specimens. T i l i s  da ta  needed t o  be expanded t o  account f o r  increases i n  

dimensions and f o r  t h e  use o f  l amina ted  wood, r a t h e r  than  s o l  i d  s tock .  The 

c a r e f u l l y  s e l e c t e d  wood veneer, bound w i t h  an epoxy m a t r i x  was assumed t o  be 

equal  t o  o r  b e t t e r  than  s o l  i d  m a t e r i a l .  Th is  assumption was based on: ( 1 )  

t h e  ab il i t y  o f  t h e  epoxy t o  c r e a t e  a  cohes i v e  bond t o  t h e  wood 1  aminae which 

was s t r onge r  than  t h e  laminae i n  c ross -g ra i n  tens ion;  ( 2 )  t h e  a b i l  i t y  t o  

l i m i t  d e f e c t s  i n  each lamina  b y  a  c a r e f u l  i n s p e c t i o n  b e f o r e  bonding. 

4,1.1.3.1 Bas i c  P r o p e r t i e s  

The mater  i a l s  t e s t  program was s t r u c t u r e d  t o  measure tens  i l e ,  compress i v e  and 

shear p r o p e r t i e s  under s t a t i c  and f a t i g u e  loads,  i n  a  v a r i e t y  o f  h u m i d i t i e s  

and temperatures.  The l a s t  two parameters had been shown t o  be impor tan t  i n  

wood des ign  i n  t h e  MOD-OA se rv i ce .  

As t h e  t e s t  program progressed, concerns about a phenomenon known as " s i z e  

e f f e c t "  developed. The s i z e  e f f e c t  tends t o  reduce t h e  a l l o w a b l e  s t r e n g t h  o f  

an assecnbly, i n  p r o p o r t i o n  t o  i t s  i nc reas ing  s t r essed  volume. I t  i s  based on 

t h e  premise t h a t  as t h e  amount o f  m a t e r i a l  increases, t h e  p r o b a b i l i t y  o f  a  

l arge d e f e c t  o r  a  c r i t i c a l  a r r a y  o f  sma l l e r  d e f e c t s  a l s o  increases.  The s i z e  

o f  t h e  u e f e c t s  would l i m i t  t h e  s t r e n g t h  o f  t h e  t o t a l  assembly. The use o f  

q u a l i f i e d  laminae and a  r i g i d l y  c o n t r o l l e d  bonding process would b i a s  t h e  s i z e  

o f  t h e  c r i t i c a l  d e f e c t  t o  a  lower  l i m i t .  A s e r i e s  o f  t e s t s  t o  e v a l u a t e  t h e  

impact o r  s i z e  e f f e c t  were designed and performed and t h e i r  r e s u l t s  a p p l i e d  t o  

t h e  m a t e r i a l  a l l owab les .  

bdood a l l owab les  a r e  a l s o  a f f ec ted  b y  t h e  d u r a t i o n  o f  t h e  a p p l i e d  l o a d  i.e., 

t h e  s h o r t e r  t h e  d u r a t i o n  o f  t h e  load,  t h e  h i g h e r  t h e  a l l owab le .  Standard t e s t  

p r a c t i c e s  base quoted a l lowab les  on a  f ive-minute l o a d - t o - f a i l u r e  ramp. Th is  

techn ique  was used i n  a1 1  s t a t i c  t e s t i n g ,  so t h a t  t h i s  da ta  would b e  

c o n s i s t e n t  w i t h  o t h e r  da ta  bases. L i m i t e d  resources,  bo th  t ime  and funds, 



prevented any a t tempt  t o  c h a r a c t e r i z e  t h e  l oad  d u r a t i o n  e f f e c t  on t h e  wood 

laminae. The a l l owab les  were a d j u s t e d  t o  t h e  expected t h i r t y - y e a r  l i f e ,  based 

on e x i s t i n g  d a t a  f r om  t h e  F o r e s t  P roduc ts  Labora to ry .  

4.1.1.3.2 ComponenR Tes t i ng  

The t e s t  program i nc l uded  a  s e r i e s  o f  l amina ted  wood and epoxy component 

development t e s t s ,  i n  a d d i t  i o o  t o  t h e  mater i a l s  c h a r a c t e r i z a t i o n  t e s t s .  

Th i s  phase o f  t h e  t e s t  program addressed t h e  f e a t u r e s  determined b y  j o i n i n g  

and assembly c o n s t r a i n t s  and requi rements .  S t a t i c  and f a t i g u e  t e s t s  a t  

v a r i o u s  temperature were performed on: 

a )  F i e l d  J o i n t s  - a  s e r i e s  o f  c l o s e  t o l e r a n c e  i n t e r l o c k e d  t r i a n g u l a r  
f i n g e r s ,  f a c t o r y  machined i n t o  t h e  end g r a i n  o f  t h e  b l ade  and bonded 
w i t h  epoxy i n  t h e  f i e l d .  

b )  S tud  J o i n t s  - a  machine s t e e l  s t u d  w i t h  a  machine threaded shank and 
a  t a p e r  machined body which i s  bonaed w i t h  epoxy i n t o  a  t a p e r  h o l e  
d r i l l e d  i n t o  t h e  end g r a i n  o f  t h e  b lade  m a t e r i a l .  

c )  L o n g i t u d i n a l  Bonded J o i n t s  - r e q u i r e d  t o  f a c t o r y  assemble t h e  b l a d e  
segments. These j o i n t s  a re  approx imate ly  p a r a l l e l  t o  t h e  g r a i n  
a i r e c t  i on  o f  t h e  1  aminated assems1 i es  . 

d )  Teeter  Area J o i n t s  - c o n s i s t e d  o f  s c a l e  model t e s t i n g  o f  t h e  cen te r  
o l aae  area i n v o l v i n g  t h e  b o l s t e r s ,  t e e t e r  bea r i ngs  and t e e t e r  b rake  
r e s t r a i n t s .  

A d e t a i l e d  d e s c r i p t i o n  o f  t e s t s  and t h e i r  r e s u l t s  i s  con ta ined  i n  Volume 11, 

Sec t i on  8.0, e n t i t l e d  Development Tests .  The a l l owab le  des ign  p r o p e r t i e s  used 

f o r  t h e  f i n a l  b l aae  des ign  a re  d iscussed ,and summarized i n  Sec t i on  4.3. T h e i r  

a p p l i c a t i o n  t o  t h e  des ign  i s  d i r e c t e d  b y  t h e  s t r u c t u r a l  des ign  c r i t e r i a ,  which 

i s  d e f i n e d  and d iscussed i n  d e t a i l  i n  Volurne I I, Sec t i on  9 .O. 

4.1.2 BASICGEOMETRY 

A r ev i ew  of  t h e  h i s t o r y  o f  t h e  r o t o r  g ives  a  f u l l e r  unders tand ing  o f  t h e  r o t o r  

geometry shown i n  F i g u r e  4-7. The r o t o r  des ign  was' c o n t r o l l e d  and paced 

l a r g e l y  b y  t h e  b l ade  des ign.  Because t h e  b l ade  was t h e  f r o n t - e n d  o f  t h e  

machine, frorn t h e  phys i ca l  , t e c h n o l o g i c a l  and manufac tu r ing  s t andpo in t s ,  t h e r e  

were many c o n s t r a i n t s  on t h e  r o t o r  des ign.  The for in  o f  t h e  b l ade  was 

impor tan t  i n  a c h i e v i n g  a  ba lanced wind t u r b i n e  design. The b l a d e  shape and 

r e s u l t i n g  aeroaynamics had t o  be compat ib le  w i t h  t h e  b l ade  m a t e r i a l  and 

manufactur i n g  programs. The major  depa r t u re  f r om  t h e  o r i g i n a l  approach was 



t h e  adop t ion  o f  t h e  NACA 64XXX s e r i e s  a i r f o i l  i n  p l a c e  o f  t h e  NACA 230XX 

s e r  ies.  The 1  aminated wood mo ld ing  process p rov i ded  exce l  l e n t  c o n t r o l  o f  t h e  

r e f l e x e d  t r a i l  i n g  edge and a l lowed an inc rease  i n  t h e  t h i c kness  o f  t h e  b lade,  

w i t h o u t  i n c u r r i n g  d rag  losses.  Th i s  inc rease  was e s p e c i a l l y  impor tan t  because 

i t  a l lowed an e f f i c i e n t  s t r u c t u r a l  s e c t i o n  modulus f o r  t h e  r e l a t i v e l y  poor  

vo lume-ef f  i c i e n c y  1  aminated wood. 

The span o f  t h e  b lade,  400 ft, was n o t  changed d u r i n g  t h e  program, b u t  t h e  

p la r i fo rm ana t h i ckness  changed s i g n i f i c a n t l y .  The con t i nued  l o a d  re f i nemen t  , 
oased on t h e  o p e r a t i n g  h i s t o r y  o f  o t h e r  l a r g e  wind t u rb i nes ,  and t h e  e v o l v i n g  

mass ana s t i f f n e s s  c h a r a c t e r i s t i c s  o f  t h e  b lade,  were ma jo r  sources o f  

change. The r e s u l t s  o f  t h e  development t e s t s  o f  t h e  laminated wood and a  

broader  knowledge o f  wood f a i l u r e  phenomena, r e s u l t e d  i n  a  r e d u c t i o n  o f  t h e  

LI l ade ' s  mechanical p r o p e r t i e s .  Tne s  imul taneous increase i n  loads and 

decrease i n  a l l owab les  changed t h e  b l a d e  des ign  d r i v e r s  f r om  s t r e n g t h  c r i t e r i a  

t o  s t i f f n e s s  c r i t e r i a .  The des ign was f o r c e d  i n t o  a  c l a s s i c a l  we igh t  and 

s t i f f n e s s  i t e r a t i o n  mode, which was f u r t h e r  comp l i ca ted  b y  t h e  h i g h e r  t han  

a n t i c i p a t e d  growth o f  t h e  we igh t  o f  t h e  p a r t i a l  span c o n t r o l  assembly. 

A l l  o f  these f a c t o r s  r e s u l t e d  i n  t h e  inc rease  o f  t h e  t h i c kness  and chord  o f  

t n e  b lade,  t o  ach ieve  accep tab le  s t r e n g t h  and s t i f f n e s s  c h a r a c t e r i s t i c s ,  and 

t o  m a i n t a i n  adequate aerodynamic performance. The aerodynamic chord  o f  t h e  

c e n t e r  s e c t i o n  grew f r om 180 in .  t o  300 in., though t h e  t i p  chord  was 

n ia in ta ined  a t  73 in .  T h i s  inc rease  i n  t h e  chord  was one o f  t h e  reasons f o r  

aaop t i ng  t h e  con t inuous  wood b lade,  which rep laced  t h e  o r i g i n a l  s t e e l  hub. 

Th i s  t r a a e - o f f  s t udy  i s  d iscussed i n  Sec t i on  4.1.2.1. 

A t  300 in., manufac tu r ing  and s h i p p i n g  problems a f f e c t e d  t h e  des ign  o f  t h e  

l a r g e  cen te r  chord  o f  t h e  blade. Consequent ly,  i t  was determined t h a t  t h e  

c e n t e r  b l ade  would c o n s i s t  o f  a  180 i n .  s t r u c t u r a l  box s e c t i o n  w i t h  f a i r i n g s ,  

which would be  assembled i n  t h e  f i e l d ,  t o  increase t h e  aerodynamic chord  t o  

300 i n .  The depth o f  t h e  s t r u c t u r a l  chord,  180 in., a f f e c t e d  t h e  des ign  o f  

t h e  suppo r t i ng  yoke. S t r u c t u r a l  r e i n fo r cemen t  was necessary, t o  m a i n t a i n  

accep tab le  s t r esses  i n  t h e  lamina ted  wood a t  t h e  yoke i n t e r f a c e .  Several  

concepts were cons idered , b u t  f o r  manufac tu r ing  ease and c o s t  e f f e c t i v e n e s s  a  

b o l s t e r  concept was se lec ted .  



Tne b o l s t e r s ,  a  lamina ted  assembly o f  wood and g l a s s  f i b e r ,  were t h e  i n t e r f a c e  

between t h e  b l a a e  and t h e  yoke. They a l l o w  t h e  b a s i c  b l a d e  s t r u c t u r a l  s e c t i o n  

t o  con t inue ,  w i t h  o n l y  m inor  i n t e r r u p t i o n s ,  th rough  t h e  b lade  cen te r .  The 

b o l s t e r s  avo io  l a r g e  ho les  i n  t h e  b l ade  f o r  t h e  t e e t e r  i n t e r f ace .  The 

b o l s t e r s  d i d  comp l i ca te  t h e  i n t e r f a c e  o f  t h e  b lade  and yoke b y  f o r c i n g  another  

increase i n  t h e  span o f  t h e  yoke, f r om  180 i n .  t o  224  i n .  Also,  because 

180 i n .  i s  about  t h e  maximum l e n g t h  o f  a  b l ade  t h a t  can be sh ipped i n  one 

p iece,  t h e  b o l s t e r s  would have t o  be i n s t a l l e d  i n  t h e  f i e l d .  Major  

p a r t i c u l a r s  o f  t h e  b l ade  assembly a r e  d iscussed i n  s e c t i o n  4.3. 

The yoke was t h e  s u b j e c t  o f  b o t h  c o n f i g u r a t i o n  and des ign  s tud ies .  The ma jo r  

c o n f i g u r a t i o n  s tudy,  desc r i bed  i n  Sect i on  4.5.3, addresses t h e  i n t e r f aces  

between t h e  yoke, n a c e l l e  and low speed s h a f t .  I n  t h e  i n i t i a l  des ign,  t h e  

yoke was a t tached  t o  t h e  f o rwa rd  f a c e  o f  t h e  low speed s h a f t .  The low speed 

s h a f t  was suppor ted b y  a  main r o t o r  bear ing ,  mounted r i g i d l y  t o  t h e  n a c e l l e  

s t r u c t u r e .  Concern about t h e  1  i f e  o f  t h e  low speed sha f t ,  which worked as a  

r o t a t i n g  c a n t i l e v e r  beam, was t h e  m o t i v a t i o n  f o r  seek i n g  another  design. I n  

t h e  c u r r e n t  c o n f i g u r a t i o n  a  b e a r i n g  s e t  i s  mounted between t h e  yoke and t h e  

non - ro ta t  i n g  r o t o r  suppo r t  s p i n d l e .  The a1 t e r n a t  i n g  l oads  assoc ia ted  w i t h  t h e  
we igh t  o f  t h e  r o t o r  a r e  a p p l i e d  t o  t h e  yoke, b u t  n o t  t o  t h e  suppor t .  A t o r q u e  

p l a t e  mounted t o  t h e  f o rwa rd  f a c e  o f  t h e  yoke, and s p l  ined t o  t h e  low speed 

t o r q u e  s h a f t ,  t ransm, i ts  r o t o r  t o rque  t o  t h e  f i r s t  s tage  o f  t h e  gearbox. 

The change frorn p a r t i a l  span c o n t r o l  t o  t r a i l i n g  edge a i l e r o n s  f o r  r o t o r  

c o n t r o l  was t h e . l a s t  ma jo r  change t o  a f f e c t  t h e  r o t o r  geometry. The t rade-o f f  

f o r  t h i s  change i s  a iscussed i n  Sec t i on  4.2. Because t h i s  change occu r red  

l a t e  i n  t h e  program, i t s  e f f e c t  was con f i ned  t o  t h e  b lade.  S l i g h t  rnodi f ica-  

t i o n s  were made i n  t h e  t h i c kness - t o - cho rd  r a t i o  o f  t h e  o u t e r  b l a d e  and t h e  

we igh t  was reduced. The we igh t  r e d u c t i o n  r e s u l t e d  i n  a  new b lade  s k i n  

schedule,  b u t  d i d  n o t  a f f e c t  t h e  b l a d e  and yoke at tachment  o r  t h e  yoke. 

The f i n a l  r o t o r  des ign  i s  shown i n  F i g u r e  4 -7 .  The 400 ft. b lade  con ta i ns  one 

cen te r  s e c t i o n ,  two i nne r  s e c t i o n s  and two o u t e r  sec t i ons .  Segmented a i l e r o n s  

f o r m  t h e  t r a i l i n g  edge o f  t h e  o u t e r  b lade  s e c t i o n s  over  t h e  o u t e r  40% o f  t h e  

span and 4 0 k f  t h e  chord. F i nge r  j o i n t s  a l l o w  t h e  b l ade  s e c t i o n s  t o  b e  

assembled i n  t h e  f i e l d .  E las tomer ic  t e e t e r  bear ings  mount t h e  b lade  t o  t h e  



U-shaped s t e e l  yoke. The dimensions were determined i n  t h e  f i n a l  des ign 

phase. A more d e t a i l e d  d i s c u s s i o n  o f  t h e  b l ade  and a i l e r o n  aerodynamic shape 

and geometry i s  g i ven  i n  Sec t i on  4.2. 

4.1.2.1 Cont inuous Blade Trade-Off  Study 

The f i r s t  p r e l  im ina ry  des ign  task  f o r  t h e  r o t o r  was a  r ev i ew  o f  t h e  c o n f i g -  

u r a t  i on  o f  l amina ted  Douglas f ir. Th i s  r ev i ew  h i gh1  i gh ted  t h e  problems 

assoc ia ted  w i t h  j o i n i n g  t h e  lamina ted  wood t o  s t e e l .  The j o i n t  area f o r  bo th  

wood and g l ass  f i b e r  was i d e n t i f i e d  as d i f f i c u l t  i n  t h e  conceptua l  des ign  

phase. 

The base1 i n e  r o t o r ,  shown i n  F i g u r e  4-8a, con ta ined  a  s t e e l  cen te r  hub, and 

inner  and o u t e r  and t i p  s e c t i o n s  on each s i d e  o f  t h e  blade. The r o t o r  

assembly had seven sec t  ions,  s  i x  s tee l - to-wood j o i n t s ,  and two wood-to-wood 

j o i n t s .  

The t e e t e r e d  r o t o r  suppor t  a l l ows  t h e  major  f l a p  loads t o  be r e a c t e d  n e a r l y  

s y r r ~ ~ n e t r i c a l l y  th rough  t h e  hub o f  t h e  r o t o r .  The hub j o i n t ,  a t  7.5% o f  t h e  

span, was n o t  necessary  t o  t h e  c o n f i g u r a t i o n ,  b u t  i t  was a  way t o  s i m p l i f y  

f a b r i c a t i o n  and assembly o f  t h e  r o t o r .  The wood- to-s tee l  j o i n t ,  shown i n  

F i g u r e  4-8a, used s t e e l  studs, which were bonded w i t h  epoxy t o  t h e  wood and 

b o l t e d  t o  a  s tee l -ended  r i b  o f  t h e  hub, f o r  s t r u c t u r a l  c o n t i n u i t y .  A s i m i l a r  

arrangement was used success fu l l y  on t h e  MOD-OA. Test r e s u l t s  from NASA's 

p r o t o t y p e  wood b l ade  i n d i c a t e d  t h a t  a  j o i n t  e f f i c i e n c y  o f  50-60% c o u l d  be  

achieved, where j o i n t  e f f i c i e n c y  i s  t h e  r a t i o  o f  t h e  s t r e s s  i n  t h e  wood 

assoc ia ted  w i t h  t h e  s tud,  t o  t h e  a l l o w a b l e  s t r e s s  i n  t h e  wood. (Ref.  1 )  

However, t h e  h i g h e r  MOD-5H f l a p  bending loads r e q u i r e d  a  s t u d  w i t h  an 

e f f i c i e n c y  between 80 and 90%. 

An ex tens i ve  development program examined t h e  p o t e n t i a l  f o r  such a  j o i n t .  The 

modu l i  o f  wood and s t e e l  a r e  n o t  cornpat io le:  2 x 1 0 ~  and 3 0 x 1 0 ~  l b s / i n 2 ,  

r e s p e c t i v e l y .  The development o f  a  h i g h - e f f i c i e n c y  j o i n t  between such 

m a t e r i a l s  would be d i f f i c u l t  t o  ach ieve  and r i s k y  t o  cos t s  and schedules. A 

wood-to-wood, ou tboard  j o i n t ,  which would reduce f l a p  loads and e l i m i n a t e  t h e  

incompat ib le  modu l i ,  was cons idered instead. The f l a p  loads were reduced b y  





p o s i t i o n i n g  t h e  j o i n t  outboard, s i n c e  f l a p  bending moments a r e  approx imate ly  a  

c u b i c  f u n c t i o n  o f  t h e  outboard span, and t h e  cover loads a r e  a  squared 

f u n c t i o n  o f  t h e  chorda l  depth. 

Ana l ys i s  showed t h a t  a  j o i n t  a t  25% o f  t h e  span cou ld  be conf igured w i t h i n  t h e  

c o n s t r a i n t s  o f  t h e  a i r f o i l ,  i f  an e f f i c i e n c y  o f  approx imate ly  80% c o u l d  be  

ach ieved. Data f r om t h e  Fo res t  Products Laboratory  i n d i c a t e d  t h a t  f i n g e r  

j o i n t s  w i t h  t h i s  e f f i c i e n c y  had been made. I nc reas ing  t h e  th ickness  o f  wood 

a t  t h e  j o i n t  would s a t i s f a c t o r i l y  t r a n s f e r  t h e  l oad  across t h e  j o i n t  i n  even 

t h e  most conse rva t i ve  load  cond i t i ons .  

To avo id  t h e  p o t e n t i a l  r i s k s  assoc ia ted w i t h  t h e  development o f  a  h i g h l y  

loaded, bonded s t u d - t o - s t e e l  j o i n t ,  a  cont inuous hub c o n f i g u r a t i o n  was 

chosen. It cons i s ted  o f  a  f i v e - s e c t i o n  r o t o r  assembly, us i ng  f o u r  

wood-to-wood j o i n t s  and f o u r  s tee l - to-wood j o i n t s ,  as shown i n  F i g u r e  4-8. 

The s tee l - to-wood j o i n t s ,  a t  t h e  inboard and outboard i n t e r f a c e s  o f  t h e  

p a r t i a l  span c o n t r o l  assembly, r e q u i r e d  s tuds w i t h  o n l y  s l  i g h t l y  h i g h e r  

performance than  those  used success fu l  l y  i n  t h e  MOD-OA. They were cons idered  

t o  be a  much lower  r i s k  than  t h e  l a r g e r  r o o t  j o i n t  studs. T h i s  c o n f i g u r a t i o n  

e l i m i n a t e d  a  major  development r i s k  and a l lowed t h e  r o t o r  t o  be made i n  f i v e ,  

r a t h e r  than  seven, sec t i ons .  

The s t r u c t u r a l  i n t e g r i t y  o f  t h e  r o t o r  i n  t h e  fa t igue-dominated hub was kep t  

almost i n t a c t  b y  t h i s  approach. Another s t u d  t r a d e - o f f  s tudy  determined how 

t o  mount t h e  r o t o r  t o  t h e  low speed sha f t  so t h a t  t h e  s h a f t  would accept 

t h r u s t ,  t o rque  and we igh t  f rom t h e  blade. The f l a p w i s e  and chordwise bending 

s t r esses  were no  l onge r  t h e  main cons ide ra t i on  i n  t h e  des ign o f  t h e  hub f o r  a  

cont inuous b lade.  

There were two approaches t o  mount ing t h e  r o t o r  t o  t h e  low speed s h a f t :  

o  an i n t e r n a l  t e e t e r  bea r i ng  arrangement, s i m i l a r  t o  t h e  s t e e l  hub, 
which r e q u i r e d  p i e r c i n g  t h e  f l a p  sur faces o f  t h e  b l ade  w i t h  t h e  low 
speed s h a f t ,  as Shown i n  F i g u r e  4-9, and 

o  an e x t e r n a l  arrangement, which used a  yoke between t h e  low speed 
s h a f t  and t h e  t e e t e r  bear ings,  as shown i n  F i g u r e  4-10. 



The i n t e r r u p t i o n  o f  t h e  f l a p w i s e  bending cover  w i t h  t h e  i n t e r n a l  b e a r i n g  

arrangement p a r t i a l l y  e l i m i n a t e d  t h e  ga ins  zssoc ia ted  w i t h  t h e  con t inuous  wood 

s t r u c t u r e .  T h i s  t r a d e - o f f  was t h e  major  c o n s i d e r a t i o n  i n  choos ing t h e  yoke 

approach. Therefore,  t h e  e x t e r n a l  yoke was s e l e c t e d  based on weight ,  c o s t  and 

r i s k  t r a d e - o f f s .  The yoke des ign  a l s o  i n t e r r u p t s  t h e  wood s t r u c t u r e  w i t h  a 

s t e e l  t e e t e r  s h a f t ,  which i n t e r f a c e s  w i t h  t h e  t e e t e r  bear ings .  However, t h i s  

d i s c o n t i n u i t y  i s  i n t r oduced  i n t o  t h e  chordwise bending covers ,  which exper-  

ience l e s s  s t r e s s  than  t h e  f l a p w i s e  covers .  The t e e t e r  sha f t ,  which i s  bonded 

i n  t n e  chordwise covers ,  p h y s i c a l l y  c a p t u r i n g  t h e  b lade,  does n o t  c r e a t e  t h e  

ma jo r  d i s c o n t i n u i t y  t h a t  an open h o l e  i n  t h e  f l apw i se  covers  does. The 

r e s u l t i n g  p r e l  i rn inary  design, i n c l u d i n g  t h e  t e e t e r  b rake  s h a f t s  and t e e t e r  

r e s t r a i n t  brakes,  i s  shown i n  F i g u r e  4-11. 

The c o s t  o f  t h e  con t inuous  wood r o t o r  was assessed a f t e r  t h e  p r e l i m i n a r y  

des ign .  The c o s t  was l e s s  than  t h e  c o s t  o f  t h e  s t e e l  hub r o t o r ,  as sununarized 

i n  Table  4-7. The con t inuous  wood r o t o r  a l s o  weighed l e s s  than  t h e  s t e e l  hub 

r o t o r ,  as shown i n  Table  4-8. The lower  c o s t  and we igh t  produced a  lower  c o s t  

o f  energy . 

E l  im ina t  i n g  t h e  two 1 arge, s tee l - to -wood j o i n t s  reduced r i s k s  assoc ia ted  w i t h  

t i l e  r o t o r .  D e l e t i n g  t h e  complex p r ima ry  l oad  t r a n s i t i o n  i n  t h e  s t e e l  hub and 

r e d u c i n g  any r i s k s  assoc ia ted  w i t h  t h e  r o t o r  were t h e  main reasons f o r  

choos i r ig  t h e  c o r ~ t  inuous wood r o t o r  and yoke comb i n a t  ion.  
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F i g u r e  4-8 R o t o r  Details and J o i n t s  
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Figure 4-9 Continuous Wood Blade with In terna l  Teeter  Bearing Option 
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F i g u r e  4-10 Continuous Wood Blade w i t h  Ex te rna l  Tee te r  Opt ion 
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Tab1 e 4-7 Cont inuous B lade  Cost  Comparison 

BASELINE - STEEL HUB CONTINUOUS BLADE; STEEL 
YOKE 

100 TH 1 ST 100 TH 1 ST 
CONF I GURATION UNIT USIT TOOLING UNIT UNIT TOOLING 

I TEM $K $d $K $K 3 I( $ 

STEEL HUB 134.8 246.9 130.0,(2)  

LS SHAFT 24.0 52.7 

TEETER SHAFT 31 .O ( 3 )  49.6 ( 3 )  

YOKE & LS SHAFT 69.8 116.6 40 .O 

BLADE ( 2 )  219.0 - 1285 .O 1350 .O -- 235.6 1436.0 1393.0 -- 
TOTAL 408.8 - 1634.2 1480.0 328.7 1589.8 1433.0 

( 1 )  ROTOR COSTS 'THAT ARE NOT NOTED REMAIN THE SAME. 

( 2 )  INCLUDES ASSEMBLY TOOLING AT $l.OO/LB. OF FINISHEU ASSEMBLY, $loOK. 

( 3 j  TO BE CONSISTENT WITH CONTINUOUS BLADE, WHICH MAS SIZED FOR CURRENT 

TEETER STOP LOADS. 

LS = LOW SPEED 

T a b l e  4 - 8  Cont inuous B lade Weight Comparison 

CONF IGURAT I O N  BASELINE - STEEL HUB CONTINUOUS BLADE/ STEEL YOKE 

I TEM LBS x 103 LBS 103 

STEEL HUB 87.0 

LUW SPEEU SHAFT 13.0 

TEETER SHAFT 20 .O 

YOKE AND LOW SPEED SHAFT - 
BLADE 123.3 

TOTAL 

( 1 )  ROTOR WEIGHTS THAT WERE NOT NOTED REMAIN THE SAME, FOR EXAMPLE 43,000 LBS 

FOR THE TEETER BEARING, SNUBBERS AND PARTIAL SPAN CONTROL. 
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F i g u r e  4-11 Continuous klood B lade  w i t h  Tee te r  Sha f t /Ro to r  
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4.2 AERODYNAMICS 

4.2.1 BLADE DESIGN DESCRIPTION 

The MOD-5A b lade  des ign  was developed us ing  knowledge gained f rom t h e  MOD-1 

development, and severa l  proposal  s t u d i e s  and success ive designs. These 

s t u d i e s  showed t h a t  t h e  c o s t  and we igh t  o f  l a r g e  wind t u r b i n e  generator  

systems a r e  v e r y  s e n s i t i v e  t o  t h e  r o t o r  torque.  The des ign t o rque  f o r  t h e  

r o t o r  a f f ec t s  t h e  ' 1  ow speed s h a f t ,  bear ings  and gearbox. These components a r e  

major  c o n t r i b u t i o n s  t o  t h e  c o s t  and we igh t  o f  t h e  d r i v e t r a i n  system, so t h e y  

f o r ce  t h e  r o t o r  des ign t o  low torque.  A low to rque  r o t o r  r e q u i r e s  h i g h  r o t o r  

speed and low r o t o r  s o l i d i t y  t o  ach ieve t h e  r a t e d  power e f f i c i e n t l y .  Low 

s o l  i a i t y  depends on narrow b lades,  which must be t h i c k  enough t o  p rov ide  t h e  

necessary s t r e n g t h  and s t i f f n e s s .  However, t h i ckness  c rea tes  h i g h  d rag  and 

lowers  t h e  r o t o r ' s  performance. 

The aerodynamic and s t r u c t u r a l  des ign o f  t h e  b lades r e q u i r e d  a  s e r i e s  o f  

t r a d e - o f f  s t u d i e s  t h a t  balanced th ickness ,  s t i f f n e s s ,  performance, c o n t r o l  and 

c o n s t r u c t i o n  methods. For example, t h e  method f o r  f a b r i c a t i n g  laminated wood 

b lades l i m i t e d  mechanical t w i s t  t o  0.1" pe r  f o o t ,  o r  5" o f  t w i s t  a t  2 5 %  of t h e  

span. The aerodynamic des ign  added e f f e c t i v e  t w i s t  by  cambering and r a i s i n g  

t h e  t r a i l i n g  edge o f  t h e  a i r f o i l .  Th i s  s e c t i o n  d iscusses t h e  aerodynamic 

aes i gn  o f  t h e  b lades and a i l e r o n s .  

4.2.1.1 Blade Aerodynainics 

4.2.1.1.1 Blade Sect i o n  Geometry 

Tne geometr ic  c h a r a c t e r i s t i c s  o f  t h e  b lade  a r e  t a b u l a t e d  i n  Table 4 -9  and 

dep i c ted  i n  F igu res  4-12 and 4-13. The e f f e c t i v e  r o t o r  s o l i d i t y  i s  t h e  

s o l i d i t y  o f  oo th  b lades a t  70% o f  t h e  span, and i s  ,0310. 

F i g u r e  4-14 shows t h e  v e r y  s u b s t a n t i a l  v a r i a t i o n  i n  t h e  th ickness- to -chord  

r a t i o  ( t / c )  f r o m  t h e  t i p ,  where t/c=.15, t o  25% of t h e  span, where t/c=.29. 

I n  s e l e c t i n g  a i r f o i l  sec t i ons ,  t h i s  l a r g e  change i n  r a t i o  was considered. 

4.2.1.1.2 Blade Sec t i on  Kinemat ics  

I n  t h e  r e g i o n  f r om t h e  c u t - i n  wind speed t o  t h e  r a t e d  wind speed, t h e  wind 

t u r b i n e  can cap tu re  energy i n  p r o p o r t i o n  t o  i t s  maximum power c o e f f i c i e n t  a t  

any wino speed. The range o f  wind speeds below t h e  r a t i n g  can be regarded as 



T a b l e  4 - 9  G e o m e t r y  o f  t h e  MOD-5A B l a d e  
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t h e  performance r e g i o n  because a t  w ind speeds g r e a t e r  than  t h e  r a t i n g ,  t h e  

t u r b i n e  must shed power and i t s  energy cap tu re  i s  independent o f  t h e  r o t o r ' s  

p o t e n t i a l  e f f i c i e n c y .  

The b a s i c  i n t e r a c t i o n s  between t h e  b l ade  v e l o c i t y  ana t h e  f o r c e  i t  produces 

d re  i l l u s t r a t e d  i n  F i g u r e  4-15. T h i s  f i g u r e  i s  a  sca led  i l l u s t r a t i o n  o f  t h e  

a c t u a l  c o n d i t i o n s  a t  84% o f  t h e  span w i t h  a  t i p  speed r a t i o  o f  ~ = 1 0 .  The 

1 MOD-5A i s  aes iyned t o  c a p t u r e  60% o f  i t s  energy a t  w ind speeds below t h e  r a t e d  

I w ind  speea. i h e  r a t e d  w ind  speed a t  t h e  h e i g h t  o f  t h e  hub i s  30 mph. T h i s  

speea corresponds '  t o  a  t i p  speed r a t i o  o f  8. Hence, ~ = 1 0  corresponds t o  a  

wina speed o f  24 mph. The f i g u r e  emphasizes t h a t  a t  speeds up t o  t h e  r a t e d  

speea a1 1  t h e  a i r  ang les - a r e  so s n ~ a l l  t h a t  t h e  ang le  o f  a t t a c k  i s  a lmos t  

e n t i r e l y  due t o  t h e  r e t a r d e d  wind v e l o c i t y ,  and t h e  dynamic p ressure  i s  a lmost  

e n t i r e l y  due t o  t h e  t a n g e n t i a l  v e l o c i t y .  The f i g u r e  a l s o  i n d i c a t e s  t h a t  t h e  

to rque ,  CX,  i s  produced by  a  sma l l  component o f  t h e  1  i f t  ( t h e  1  i f t  

~ f l u l t i p l  i e d  by s i n  $ )  minus t h e  drag.  

Under these  c o n d i t i o n s ,  t h e  o p t  iml rm a i r f o i l  sec t  i ons  a re  r e q u i r e d  t o  produce 

h i g h  va lues  o f  t h e  1  i f t - t o - d r a g  r a t i o  a t  sma l l e r  ang les o f  a t t a c k  than  those  

f o r  which a i r f o i l s  a r e  u s u a l l y  designed. 

The a c t u a l  d i s t r i b u t i o n s  o f  t h e  ang le  o f  a t t a c k ,  f o r  w ind speeds between t h e  

c u t - i n  ana r a t e d  speeds, i s  shown i n  F i g u r e  4-16. Here t h e  angles of a t t a c k  

l i e  i n  two reg ions :  t h e  o u t e r  r e g i o n ,  where t h e  angles a re  sma l l  and s l o w l y  

changing, and t h e  i nne r  r e g i o n  where t h e  angles a r e  l a r g e r  and inc rease  

s u o s t a n t i a l l y  b o t h  i nwa rd l y  a l ong  t h e  b l a d e  span and w i t h  i n c r e a s i n g  w ind  

speed (decreas i ng  t ip- to-speed r a t i o ) .  These two r e g i o n s  were t r e a t e d  

d i f f e r e n t l y  i n  t h e  a i r f o i l  o p t i m i z a t i o n  process. 

4.2.1.1.3 A i r f o i l  Sec t i on  O p t i m i z a t i o n  

A r ev i ew  o f  a a t a  on f a m i l i e s  o f  NACA and o t h e r  a i r f o i l  s e c t i o n s  under 

c o n s i d e r a t i o n ,  i n c l u d i n g  t h e  LS(1) ( ) ,04XX, t h e  230XX and t h e  63XXX, 64XXX and 

65XXX sec t i ons ,  eva lua ted  t h e i r  s u i t a b i l i t y .  The 64XXX adapted b e s t  t o  t h e  

requi rements  o f  t h e  MOD-5A. Th i s  f a m i l y  o f  a i r f o i l s  had a  w e l l  documented 

d a t a  base, spanning t h e  w ide  range o f  camber and t h i ckness - t o - cho rd  r a t i o s .  

The database o n l y  i n c l u d e d  t h i ckness - t o - cho rd  r a t i o s  o f  up t o  21%, however, 





and wind t u n n e l  t e s t s  were made t o  o b t a i n  da ta  f o r  r a t i o s  up t o  29%, as 

descr ibed  i n  Volume 11, s e c t i o n  8.4. A  h i g h  1  i f t - t o - d r a g  r a t i o  i n  t h e  range 

o f  ang les o f  a t t a c k  t h a t  corresponded t o  t h e  performance r e g i o n  was used as 

t h e  c r i t e r i a  f o r  a i r f o i l  s e l e c t i o n .  

autboard Region -- The ang le  o f  a t t a c k  v a r i e s  l i t t l e  i n  t h e  o u t e r  25% o f  t h e  

blade. There fo re ,  t h i s  r e g i o n  i s  w e l l  served b y  a i r f o i l  s e c t i o n s  o f  cons tan t  

camber and n e a r l y  cons tan t  p i t c h  angle.  The v e r y  low o p e r a t i n g  angles o f  

d t t a c k  i n  t h e  r e g i o n  between t h e  c u t - i n  and r a t e d  speeds r e q u i r e s  a  h i g h l y  

cambered a i r f o i l  s e c t i o n .  A camber co r respond ing  t o  a  des ign  1  i f t  c o e f f i c i e n t  

o f  0.6 was s e l e c t e d  because t h i s  amount o f  camber produced optimum 1 i f t - t o -  

d rag  r a t i o s  a t  low angles o f  a t t a c k  (a-2.0"). The d i s t r i b u t i o n  a long  t h e  

b l ade  i s  i l l u s t r a t e a  i n  F i g u r e  4-17, w i t h  camber shown as a  change i n  des ign 

l i f t  c o e f f i c i e n t .  

F i g u r e  4-18 shows t h e  l i f t  and d rag  c h a r a c t e r i s t i c s  o f  t h e  64621 p r o f i l e .  The 

l e a a i n g  edge was t r i p p e d  and t h e  Reynolds tiumber i s  4  x l o 6 .  T h i s  p r o f i l e  

o f  a  s e c t i o n  a t  84% o f  t h e  span i s  r e p r e s e n t a t i v e  o f  t h e  ou tboard  r e g i o n .  I n  

t h e  r e g i o n  between t h e  c u t - i n  and r a t e d  w ind  speeds, t h i s  s e c t i o n  opera tes  a t  

reasonab le  1  i f t  c o e f f i c i e n t s  below s t a l l  and i n  t h e  low d rag  r e g i o n  of t h e  

sec t i on .  F i g u r e  4-19 d i s p l a y s  t h e  ang le  o f  a t t a c k  d i s t r i b u t i o n  and t h e  

1  i f t - t o - d r a g  r a t i o s  a l ong  t h e  outboard span f o r  two s i g n i f i c a n t  t i p -speed-  

r a t i o s .  Nega t i ve  angles o f  a t t a c k  were es t imated  and used o n l y  d u r i n g  

a r ia l ys is .  The 1  i f t - t o - d r a g  r a t i o s ,  which range f r om 60 t o  100 i n  these  

c o n d i t i o n s ,  a r e  as good as o r  b e t t e r  than  t h e  r a t i o s  t h a t  can be  ach ieved b y  

o t h e r  a i r f o i l  s e c t i o n s  o f  t h e  same th i ckness  o p e r a t i n g  a t  t h e  same angles o f  

a t t a c k .  For  comparison, t h e  21% t h i c k  LS (1  ) a i r f o i l  d iscussed i n  NASA Tbl 

X-72843, which would be  l o c a t e d  a t  x=0.94, a t  ~ = 8  and 10, y i e l d s  l i f t - t o -  

d r a g  va lues  o f  55 and 51  r e s p e c t i v e l y ,  a t  a  Reynolds number o f  seve ra l  m i l  1  ion.  

The I nboa rd  Region - -  From F i g u r e  4-16 shows t h a t  t h e  ang le  o f  a t t a c k ,  a ,  

i nc reases  r a p i d l y  inboard  and w i t h  decreas ing  t i p - t o - speed  r a t i o s .  The t r e n d  

can De coun te red  a long  t h e  span, b y  a p p l y i n g  t w i s t  t o  keep each s e c t i o n  a t  a  

moderate ang le  o f  a t t a c k .  However t h e  manufac tu r ing  method adopted f o r  t h e  

MOD-5A p rec ludes  p i t c h  angles g r e a t e r  t h a n  5" a t  2 5 h f  t h e  span. An 

e f f e c t i v e  aerodynamic t w i s t  o f  4 "  i s  achieved b y  r educ ing  t h e  camber f rom a  

l i f t  c o e f f i c i e n t  o f  0.6 a t  x=0.7 t o  an uncambered a i r f o i l  a t  x=0.25. 







SPANWISE STATION, x = r/R 

SPANWISE STATION, x = r/R 

F i g u r e  4-19. Angle o f  A t tack  and L i f t - t o - D r a g  R a t i o  D i s t r i b u t i o n s  



Based on t h e  da ta  gathered i n  t h e  wind- tunnel  t e s t s ,  d i scussed  i n  s e c t i o n  

8.4.1 o f  Vo l  11, t h e  e f f e c t i v e  carnber o f  t h e  inboard  r e g i o n  was decreased. 

S t a l l  was avo ided i n  t h e  r e g i o n  between t h e  c u t - i n  and r a t e d  w ind  speeds b y  

u s i n g  r a i s e d  t r a i l  i n g  edges, which reduce t h e  camber o f  t h e  a i r f o i  1  s e c t  i ons .  

Data f r om  Hoerner was used t o  e s t a b l i s h  t h e  optimum t r a i l i n g  edge t h i ckness -  

to -chord  r a t i o  o f  .005. T h i s  i s  t h e  t h i c k e s t  t r a i l i n g  edge t h a t  can be 

employed w i t h  no i nc rease  i n  p r o f i l e  drag. The r e s u l t a n t  r a i s e d  and lowered 

t r a i l  i n g  edge d i s t r i b u t i o n s  a r e  documented i n  F i g u r e  4-20. 

L i f t  and Drag C h a r a c t e r i s t i c s  o f  t h e  Rotor  -- The 1  i f t  and d rag  c o e f f i c i e n t s  

i n  t h e  ang le  o f  a t t a c k  range  between -40° and +40° a re  presented i n  t a b l e s  and 

graphs. They a r e  g i ven  f o r  f o u r  spanwise s t a t i o n s  i n  each of t h e  t h r e e  b lade  

r e g  ions:  o u t e r    lade (i).76<x<1 .00), cen te r  b l ade  (0.25 cx t0 .76)  and 

i nne r  b l ade  (0.10<x<0.25). The t a b u l a t i o n s  a re  g iven  i n  Tables 4-10, 

4-11, and 4-12 f o r  t h e  o u t e r ,  c e n t e r  and i n n e r  r e g i o n s  r e s p e c t i v e l y .  The 

graphs a r e  i n  F i gu res  4-21 th rough  4-26. The i n f o r m a t i o n  i s  based on wind 

t unne l  t e s t  d a t a  and . i n t e r p o l a t i o n .  Some bumps appear i n  t h e  o the rw i se  smooth 

cu rves  because o f  t h e  w ind  t unne l  drag measurement procedure.  The da ta  was 

n o t  smootned, and t h e  bumps do n o t  i n f l u e n c e  t h e  r o t o r ' s  performance. 

For  completeness, t h e  l i f t  and d rag  c o e f f i c i e n t s  f o r  t h e  r e g i o n  4 k a < 3 2 0 °  

a r e  g i ven  i n  F i gu res  4-27 and 4-28. Th is  s i n g l e  r e p r e s e n t a t i o n  i s  used f o r  

a l l  o f  t h e  s e c t i o n s  because such o i g h  angle  p r o p e r t i e s  a r e  s u b s t a n t i a l l y  

independent o f  s e c t i o n  geometry. 





Table 4-10. L i f t  and Drag C h a r a c t e r i s t i c s  o f  t h e  Outboard B lade Region 



Table 4-1 1 Lift and Drag Characteristics o f  the Center Blade Region 



Table 4-121 L i f t  and Drag C h a r a c t e r i s t i c s  of t h e  Inboard Blade 
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4.2.1.2 B l a a e  C o n f i g u r a t i o n  

Tne b l a a e  c o n f i g u r a t i o n  showrl i n  Tab le  4 - 9  and F i g u r e s  4-12 t h r o u g h  4-14 i s  

t n e  r e s u l t  o f  a  s e r i e s  o f  t r a a e - o f f s  between t h e  d e s i r e d  shape, t h e  r e q u i r e d  

s t r u c t u r e ,  t h e  ~ n a n u f a c t u r i n g  1  i m i t a t i o n s  a s s o c i a t e d  w i t h  l a m i n a t e d  wood, and 

t t l e  s h i p p i n g  and assembly c o n s t r a i n t s .  The g o a l  o f  t h e s e  t r a d e - o f f s  was t o  

a c h i e v e  t h e  most  c o s t - e f f e c t i v e  b l a d e  shape f o r  t h e  4 0 0 - f t .  r o t o r .  

Tne p r e v i o u s  s e c t  i o n  d i s c u s s e d  t h e  aerodyna~r l i cs  o f  t h e  b lade .  T h i s  s e c t  i o n  

w i l l  r e l a t e  t h a t  d i s c u s s i o n  t o  t h e  b l a d e  shape ana w i l l  d e s c r i b e  o t h e r  

i n f l u e n c e s  on t h e  b l d d e  shape. 

The 1  i m i t a t i o n s  imposed b y  t h e  m a t e r i a l  was a  md jo r  c o n s i d e r a t i o n  i n  

e s t a ~ l  i s n  i n g  t h e  o l  due georrietry. Some o f  t h e s e  c o n s i d e r a t i o n s  u e r e  

e s t a b l i s h e d  d u r i n g  p r e v i o u s  work w i t h  wooden b l a d e s  and o t h e r s ,  such as t h e  

~ l a a e  t w i s t  and t h e  c e n t e r  s e c t i o n  t r a n s i t i o n s ,  were deve loped d u r i n g  t h e  

MOU-SA program. Note t h a t  v e r y  complex s u r f a c e s  hai/e been deve loped f rom 

l a m i n a t e d  wood. b o a t  hu 1 I s ,  w i t h  r a p i d  s e c t  i o n  changes and r e c u r v  i n g  areas,  

a r e  an e x c e l l e n t  example o f  t h e  s o p h i s t i c a t e d  shapes t h a t  a r e  p o s s i b l e  w i t h  

r+iooa. Such snapes a r e  ach ieved  b y  p a i n s t a k  i n g l y  s c r i o i n g  and t r i m m i n g  each o f  

t n e  sub-elements o f  t h e  shape t o  ensu re  conformance. T h i s  t e c h n i q u e  r e q u i r e s  

t h a t  e v e r y  p i e c e  o f  veneer used i n  t h e  b l a d e  be trirnrned p r e c i s e l y ,  wh ich  wou ld  

b e  e x t r e m e l y  expens ive .  T h i s  f a c t  prompted a  b l a d e  shape t h a t  c o u l d  b e  

ach ieved  w i t h  i n  t h e  geo~ne t r  i c a l  1 i r n i t s  irnposed b y  t h e  use o f  u n i f o r n l y  t r immed 

veneer  pane ls ,  l a i d  i n  a  fema le  mould. These t r a n s i t i o n  1  i m i t s  c l o s e l y  

app rox ima te  t h e  t y p e  o f  t r a n s i t i o n  t h a t  c.an be ach ieved  \ * i i t h  p lywood. T h i s  

concep t  became GE ' s  bas i c  approach t o  b l a d e  f o r m a t  i o n  and t r a n s  it i o n .  

The  lade c o n s i s t s  o f  a  p r i m a r y  and a  secondary  s t r u c t u r e  w i t h i n  t h e  a i r f o i l  

enve lope .  The p r i m a r y  s t r u c t u r e  ex tends  f r o m  t h e  l e a d i n g  edge, 0% chord ,  t o  

t r l e  r e a r  s p a r ,  60% chord .  It p r o v i a e s  t h e  b l a d e  w i t h  spanwise s t r e n g t h  and 

s t i f f n e s s .  The secondary  s t r u c t u r e  ex tends a f t  f rom t h e  r e a r  spar  t o  t h e  

t r a i l  i n g  edge, 1003; chord .  I t  r e c e i v e s  t h e  l o c a l  a i r  l o a d s  and t r a n s m i t s  them 

t o  t h e  p r i m a r y  s t r u c t u r e  f o r  spanwise d i s t r i b u t i o n .  The p o r t i o n  of t h i s  

secondary  s t r u c t u r e  on t h e  o u t e r  span, f r o m  60% t o  99% o f  t h e  span, i s  h i n g e d  

a t  t h e  upper  s u r f a c e  o f  t h e  r e a r  spar ,  p r o v i d i n g  a i l e r o n s  f o r  r o t o r  t o r q u e  

c o n t r o l .  From ~ 5 %  t o  b U %  o f  span t h e  secondary  s t r u c t u r e  has t h e  c o n f i g u r -  



a t i o n  o f  an a i r f o i l ,  and i s  r i g i d l y  mounted t o  t h e  r e a r  spar .  From 10% t o  25% 

o f  t h e  span, t h e  t r a i l i n g  edge has a  m o d i f i e d  a i r f o i l  shape compat ib le  w i t h  

t h e  o v e r a l l  b l ade  s t r u c t u r a l  t r a n s i t i o n .  The t r a i l i n g  edge ends w i t h  a  

d iagona l  t ape r  between 1 0 0 h n d  6 0 h f  t h e  chord, and between 1 0 h n d  5 %  o f  

t h e  span. From 6 0 W o  100% o f  span, t h e  t r a i l i n g  edge i s  an i n t e g r a l  p a r t  o f  

t r l e  a i l e r o n  sur faces.  

C o n s t r u c t i o n  methods l i m i t e d  t h e  s t r u c t u r a l  t w i s t  t o  5' f rom t h e  cen te r  o f  

r o t a t i o n  t o  25% o f  t h e  span. However, t h e  a i r f o i l  base 1  i f t  c o e f f i c i e n t ,  a t  

an ang le  o f  a t t a c k  o f  U O ,  increases f r om 0.0 a t  25% o f  t h e  span, t o  0.6 a t  60% 

o f  t i l e  span and Deyond. T h i s  aerodynamic e f f e c t  reduces t h e  s t r u c t u r a l  t w i s t  

t n e   lade r e q u i r e s  t o  ope ra te  e f f i c i e n t l y .  

As t h e  l ead ing  edge o f  one b l ade  becomes t h e  r e a r  spar  o f  t h e  o t h e r ,  t h e  

c e n t e r  b lade,  which i s  p r ima ry  s t r u c t u r e ,  must t w i s t  a  t o t a l  o f  10". The 

o u t e r  s u r f a c e  must change from a  symmetr ica l  a i r f o i l  a t  25% of  t h e  span t o  a  

r e c t a n g u l a r  c r o s s - s e c t i o n  a t  t h e  cen te r  o f  r o t a t i o n ,  as shown i n  Sec t i on  4.3. 

I n i t i a l  geomet r i ca l  c a l c u l a t i o n s ,  and t h e  s u b c o n t r a c t o r ' s  exper ience  i n d i -  

c a t e d  t h a t  t hese  t r a n s  i t i o n s  c o u l d  be achieved. A q u a r t e r  sca le  model was 

b u i l t  t o  v e r i f y  t h e  geometry and t h e  r e l a t i o n s h i p s .  It c l e a r l y  demonstrated 

t h a t  b o t h  t h e  10' o f  t o t a l  t w i s t  and t h e  reversed  a i r f o i l  development c o u l d  be 

ach ieved w i t h i n  t h e  e s t a b l  i shed  c o s t  base. 

The l o c a t i o n  o f  f i e l d  j o i n t s  a t  t h e  25% of  span p o i n t s  were t h e  r e s u l t  o f  two 

c o n s i d e r a t i o n s  -- t h e  inboard  e x t e n t  o f  t h e  t r u e  a i r f o i l ,  and shipment s i z e .  

Aerodynamica l ly ,  t h e  inboard  q u a r t e r  o f  t h e  b lade  c o n t r i b u t e d  l i t t l e  t o rque  

b u t  c o u l d  De r e s p o n s i b l e  f o r  s i g n i f i c a n t  losses.  The q u a r t e r  span, t r u e  

a i r f o i l  t e rm ina t i on ,  was augmented b y  a  t r a i l  i ng  edge geometry m o d i f i c a t i o n ,  

keep these  losses  w i t h i n  reasonab le  l i m i t s  and ma in ta ined  t h e  maximum s h i p p i n g  

dimension t o  a  l e n g t h  o f  100 f t .  The t r a i l i n g  edge m o d i f i c a t i o n  c o n s i s t e d  o f  

1  i f t i n g  t h e  low p ressure  sur face o f  t h e  a i r f o i l ,  t o  t h i c k e n  t h e  t r a i l i n g  edge 

f r o m  38% o f  t h e  span and inboard.  



T h i s  aerodynamic enhancement c rea ted  another  b lade  su r f ace  t r a n s i t i o n  a t  38% 

o f  t h e  span, where t t i e  normal a i r f o i l  con tour  was b lended t o  t h e  i nc reas ing  

t h i ckness  of  t h e  t r a i l  i n g  edge. Numeric and l o f t i n g  e v a l u a t i o n s  e s t a b l  ished a  

c u r v a t u r e  t h a t  c o u l d  be accornpl i shed  w i t h o u t  veneer tr imming. The inc reased  

t h i c k n e s s  o f  t h e  a f t  h a l f  o f  a i r f o i l  a l s o  increased t h e  modulus o f  t h e  inboard  

p o r t i o n  o f  t h e  oldde, a  d e s i r e d  e f f e c t .  

The f i n a l  b l ade  design, s  i z  ing, arrangement, f u n c t i o n a l  f e a t u r e s  and i n t e r -  

faces  a r e  d iscussed i n  d e t a i l  i n  Sec t i on  4.3. S tud ies  t h a t  i n v e s t i g a t e d  t h e  

f i n a l  c o n f i g u r a t i o n  a r e  a l s o  d iscussed i n  t h a t  sec t i on .  

4.2.2 AILEKON DESIGN UESCKIPTION 

Aerodynamic c o n t r o l s  on t h e  wind t u r b i n e  1  i r n i t  t h e  loads exper ienced b y  t h e  

system's co~nponents, and p r o v i d e  a  means f o r  s h u t t i n g  down t h e  system. The 

c o n t r o l s  may a l s o  c o n t r i b u t e  t o  i nc reas ing  energy cap tu re  a t  wind speeds below 

t h e  r a t e d  speed. 

D e t a i l s  o f  t h e  a i l e r o n  subsystem a r e  descr ibed  i n  s e c t i o n  4.4 o f  Volume 111. 

Tne a i l e r o n s  a re  p l d i n  f l a p s ,  w i t h  t h e  h i r ige 1 i n e  a t  62% o f  t h e  a i r f o i l  chord,  

and no overhang o r  balance. They ex tend  f rom 60% t o  99% o f  t h e  span. The 

a i l e r o n s  on b o t h  b lades  ope ra te  i n  t h e  same d i r e c t i o n ,  n o t  d i f f e r e n t i a l l y ,  as 

a i r p l a n e  wing a i l e r o n s  do. The wind tunne l  t e s t  program used i n  t h e  

development o f  these c o n t r o l s  i s  documented i n  s e c t i o n  8.4.2 o f  Volume 11. 

Fo r  t h e  mechan i c a l  and geomet r i ca l  cha rac te r  i s t i c s  and d  imetis ions o f  t h e  

a i l e r o n s  and a i l e r o n  c o n t r o l  system, see s e c t i o n  4.2.2.2. 

4.2.2.1 A i l e r o n  Aerodynamics 

4.2.2.1 .I Sect i o n  Character  i s  t i c s  

The aerodynamic c h a r a c t e r i s t i c s  o f  t h e  a i l e r o n  s e c t i o n  were d e r i v e d  f rom t h e  

wind t unne l  t e s t s  desc r i bed  i n  s e c t i o n  8.4.1.1 o f  Volume 11. The b a s i c  

a i r f o i l  da ta  (6 = 0)  was sub t rac ted  frorn t h e  da ta  ob ta ined  w i t h  t h e  a i l e r o n  

d e f l e c t e d .  From these  t e s t s ,  t h e  incrementa l  1  i f t  and drag caused b y  a i l e r o n  

d e f l e c t i o n  were deduced. The l i f t  c o e f f i c i e n t  increments a re  shown i n  

Tab le  4-13, and t h e  d rag  c o e f f i c i e n t  increments a re  shown i n  Table 4-14. 

Grapns o f  these  c o n t r o l  f u n c t i o n s ,  i n t e r p o l a t e d  t o  i nc l ude  p o i n t s  a t  eve ry  2"  

o f  c o n t r o l  angle,  a r e  i l l u s t r a t e d  i n  F igures  4-29 through 4-36. 



Table 4-13. Incremental  L i f t  Coe f f i c i en t  of t he  MOD-5A A i l e r o n  
as a  Funct ion of Angle o f  A t tach  and A i l e r o n  D e f l e c t i o n  

I). 0. 
6 .  0. 
9. 0. 

12. 0. 
1 5 .  0. 
18.  0. 
21.  G. 
24. C. 
27.  0. 
3C. 0. 
33. 0. 
36. 0 .  
4 0 .  0. 
45. 0. 
5 0 .  G. 
9 c .  G. 



Table 4-14 Inc rementa l  Drag C o e f f i c i e n t  o f  t h e  KOG-5A A i l e r o i ?  
as  a F u n c t i o n  o f  Ang le  of  A t t a c k  and A i l e r o n  D e f l e c t i o n  

0 C 
ALPIIA /DELTA 

0. 0. 0. 0.005 0.002 0.005 0.079 0.112 0.154 0.196 C.23R 
6. 0. 0. 0.005 0.002 0.025 0.079 0.112 0.154 0.196 C.23E 
9. C. 0.003 0. 0.006 0.035 0.062 0.085 0.132 0.174 0.213 

12. 0. 0.040 0.017 0.C09 0.030 0.054 C.G8C 0.116 C.157 G.19p 
15. 0. 0.025 -0.020 -0.045 -0.018 0.008 0.035 0.069 c.102 0.13e 
18. 0. 0.015 4.030 -0.OG5 -0.043 -0.029 -0.010 O.Cl5 0.048 0.07C 
21. 0. 0.025 -0.030 -0.065 -0.095 -0.095 -0.077 -0.052 4.025 C. 
24. 0. 0.025 -0.030 -0.065 -0.098 -0.125 -C.l62 -0.20C -0.227 4 . 2 5 7  
27. C. 0.025 -G.G30 -0.065 -0.098 -0.125 -C.162 -C.20C -0.267 4.265 
30. 0. -0.083 -0.182 -0.270 -0.346 4.419 -0.472 -0.512 -0.538 -C.55C 
33. 0. -0.115 -0.22R -0.329 4.422 -0.491 -0.546 -0.586 -0.614 -0.62C 
36. C. -0.146 -0.288 4.410 -0.507 -0.5e5 -0.640 -0.672 -0.696 -0.697 
40. 0. -0.192 -0.370 -0.510 -0.618 -0.700 -0.752 -0.789 -0.PC1 -0.795 
45. 0. -0.227 -0.420 -0.540 -0.655 -0.720 -0.775 -0.810 -C.A6C -0.8hC 
50. 0. -0.235 -0.435 -0.540 4.660 -0.745 -0.785 -0.825 -0.870 -C.S7S 
55. 0. -0.225 -0.415 -0.52C -0.640 -0.720 -0.775 -0.82C -0.860 -0.RhO 
60. 0. -0.200 -0.370 -0.475 -0.595 -0.690 -0.745 -0.790 -C.A2n -0.E2F 
65. 0. -0.167 -0.322 -0.40C -0.530 -0.625 4.700 -0.745 -0.70C -C.7OC 
7C. C .  -0.133 -0.260 -0.320 -0.460 -0.555 -0.620 -0.695 -0.560 -0.56C 
75. 0. 6.100 -0.198 -0.240 -0.3RO -0.4GC -0.560 -G.62@ -0.420 - G . 4 2 C  
RC. 0. -G.067 4.145 -0.160 -0.270 -0.350 -0.43C -C.50C -C.2nC -C.ZFC 
85. 0. -9.633 -0.175 -0.160 -0.130 -0.210 -0.300 -0.350 -0.140 -0.140 
90. C. C. 0. 0.  0 .  . 0. C. C .  C .  C .  



















4.2.2.1.2 C o n t r o l  Character  i s t i c s  

, The computer Code AEOLUS was m o d i f i e d  t o  i n c l u d e  t h e  e f f e c t s  o f  t h e  d e f l e c t e d  

a i l e r o n .  Tne es t imated  c o n t r o l  c h a r a c t e r i s t i c s  o f  t h e  MOD-SA, based on 

computat ions u s i n g  t h i s  code, a r e  presented i n  F i gu res  4-37 th rough  4-40. 

Tables 4-15 th rough  4-18 c o n t a i n  t h e  same d a t a  i n  numer ica l  form. 

F i g u r e s  4-37 and 4-38 show t h a t  a t  v e r y  low wind speeds, a  smal l  d e f l e c t i o n  o f  

t h e  a i l e r o n  increases r o t o r  t o r q u e  and power ou tpu t .  The cause o f  t h i s  e f f e c t  

i s  shown i n  F i g u r e  4-41, where t h e  p o s i t i v e  chord fo rce  increases a t  a  

d e f l e c t i o n  o f  -5" and sma l l  ang les o f  a t t a c k .  Except f o r  t h i s  sma l l  r e g i o n ,  

I t h e  c o n t r o l  c h a r a c t e r i s t i c  i s  r e g u l a r ,  monotonic and w e l l  behaved. 
I 

I 

I 4.2.2.1.3 T r i m  C h a r a c t e r i s t i c s  

The c o n t r o l  s e t t i n g  r e q u i r e d  t o  t r i m  any r e q u i r e d  power s e t t i n g  can be d e r i v e d  

frorn t h e  cu rves  i n  F i g u r e  4-38. F i g u r e  4-42 stlows t h e  v a r i a t i o n  o f  t h e  

c o n t r o l  ang le  r e q u i r e d  t o  t r i m  t h e  r o t o r  power w i t h  wind speed arid t i p  speed 

r a t i o .  Near t h e  r a t e d  wind speed t h e  c o n t r o l  parameter, a6a/a'dw 

Decornes 1  a r  g e  . 

T h i s  c h a r a c t e r i s t i c  r e f l e c t s  t h e  f a c t  t h a t  near t h e  peak of t h e  C p  - 1 

curve,  power i s  i n h e r e n t l y  i n s e n s i t i v e  t o  t h e  c o n t r o l  s e t t i n g .  The decrease 

i n  c o n t r o l  power w i t h  i n c r e a s i n g  ang le  o f  a t t a c k  i s  man i fes ted  b y  t h e  inc rease  

i n  a6,/aX f o r  wind speeds between 40 and 60 ~nph, f rom h=6 t o  

X = 4. For  t h e  range i n  which c o n t r o l  power i s  needed, t h e  v a r i a t i o n  o f  t h e  

tr irn ang le  w i t h  wind speed goes f r om 3.5" t o  9.8", an e a s i l y  manageable range.  

F i g u r e  4-43 a i s p l a y s  t h e  change i n  t h e  t o rque  c o e f f i c i e n t  d i s t r i b u t i o n  a long  

t h e  b l ade  a t  t r i m  f o r  d i f f e r e n t  windspeeds between t h e  r a t e d  and c u t - o u t  

speeds. 

4.2.2.1.4 A i l e r o n  C o n t r o l  Stopping Power 

I n  a d d i t i o n  t o  c o n t r o l ?  i n g  t h e  power, o r  r o t o r  torque,  t h e  a i l e r o n s  a r e  used 

t o  s low t h e  r o t o r  f o r  shutdown. A t  h i g h  wind speeds t h i s  i s  a  severe demand 

on t h e  a i l e r o n ' s  a b i l i t y  t o  p r o v i d e  nega t i ve  to rques  t o  t h e  r o t o r ,  because o f  

t h e  h i g h  ang le  o f  a t t a c k  and wind speed on t h e  one hand, and t h e  decreas ing  

r o t o r  speed on t h e  o the r .  S ince t h e  e f f ec t i veness  o f  upper su r f ace  t r a i l i n g  

edge c o n t r o l s  d e t e r i o r a t e s  a t  h i g h  angles o f  a t t a c k ,  as no ted  i n  s e c t i o n  

8.4.1.2, Vo l .  11, t h e  c o n d i t i o n s  encountered i n  h i g h  wind speed shutdowns a r e  

t h e  [nost c h a l l e n g i n g  t o  t h e  a i l e r o n  c o n t r o l  system. 
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Figure  4-41 V a r i a t i o n  o f  t h e  P l a i n  A i l e r o n  Sect ion Chord Force 
Coe f f i c i en t  w i t h  Angle o f  A t tack  and Contro l  
D e f l e c t i o n  - Wind Tunnel Tests a t  OSU 



. . , . . , , . . . 

F i g u r e  4-42. Cont ro l  T r i m  C h a r a c t e r i s t i c s  a t  Rated Power 

V mph 
.i; 





The a i l e r o n  c o n t r o l  s t o p p i n g  power i s  i l l u s t r a t e d  i n  F i g u r e  4-44. The f i g u r e  

i l l u s t r a t e s  t h a t  t h e  r o t o r  can be b rough t  t o  an e q u i l i b r i u m  t i p - speed  r a t i o  o f  

1.5 by  d e f l e c t i n g  t h e  a i l e r o n s  -90'. Th is  r a t i o  corresponas t o  a  r o t o r  speed 

o f  6.3 rpm a t  t h e  c u t - o u t  windspeed o f  60 mph. 

4.2.2.1.5 Hinge Moment C h a r a c t e r i s t i c s  o f  t h e  A i l e r o n  C o n t r o l  

The h i nge  moment 1s t h e  r e s u l t  o f  t h e  d isp lacement  o f  t h e  a i l e r o n ' s  c e n t e r  o f  

p ressu re  from t h e  h i nge  l i n e .  Because t h e  h i nge  l i n e  i s  l o c a t e d  a t  t h e  

l e a d i n g  edge o f  t h e  a i l e r o n ,  t h e  cen te r  o f  p ressure  w i l l  always be a f t  o f  i t, 

s o  t h e  h i nge  moment arm i s  nega t i ve .  P o s i t i v e  normal f o r c e s  produce n e g a t i v e  

11 i nye  molnents and n e g a t i v e  normal f o r c e s  produce p o s i t i v e  h i nge  moments. 

P o s i t i v e  normal f o r c e s  p o i n t  f r om  t h e  lower su r f ace  o f  t h e  a i l e r o n  toward t h e  

upper su r face ,  and p o s i t i v e  h i nge  niornents and c o n t r o l  d e f l e c t  i on  p o i n t  f r om  

t h e  t r a i l  i n g  edge down. F i g u r e  4-45 i s  a  c o r r e l a t i o n  o f  t h e  a i l e r o n ' s  normal 

f o r ce  c o e f f i c i e n t  versus t h e  h i n g e  moment c o e f f i c i e n t .  The a i l e r o n ' s  normal 

f o r c e  c o e f f i c i e n t  i s  d e f i n e d  as 

Nhere Nd i s  t h e  a i l e r o n ' s  normal f o r c e  per  u n i t  o f  span and ca  i s  t h e  

d i l e r o n  chord.  S i m i l a r l y ,  t h e  a i l e r o n  h inge  moment c o e f f i c i e n t  i s  d e f i n e d  as: 

The c o r r e l a t i o n  cu rve  passes th rough  t h e  o r i g i n ,  i n d i c a t i n g  t h a t  t h e r e  i s  n o  

s  i g n i f  i c a n t  e f f e c t  o f  t h e  a i l e r o n  camber on t h e  h  inge moment. 

The s l o p e  a C H / a C N  i s  t h e  r a t i o  X / c a  where 
CP X~~ 

i s  t h e  cen te r  o f  

p ressure  o f f s e t  f r om  t h e  h i n g e  l i n e .  F i g u r e  4-45 shows t h a t  X / c  = - .29  
c  P  

wnether t h e  normal f o r c e  i s  produced b y  ang le  o f  a t t a c k  o r  c o n t r o l  d e f l e c t  io11 

angle ,  s i n c e  a l l  o f  t h e  p o i n t s  c o r r e l a t e  around a  s i n g l e  1 ine.  

F i g u r e  4-46 shows t h e  f l o a t i n g  ang le  o f  t h e  MOD-5A a i l e r o n .  T h i s  i s  t h e  

e q u i l  i b r i u m  ang le  t h a t  t h e  a i l e r o n  w i l l  seek i f  no h y d r a u l i c  a c t u a t o r  l oad  i s  

app l iea .  T h i s  c o n d i t i o n  w i l l  e x i s t  i f  t h e  h y a r a u l i c  system f a i l s ,  l e a d i n g  t o  

l o s s  o f  p ressure .  Under these-  c o n d i t i o n s ,  t h e  a i l e r o n  p o s i t i o n  w i l l  be t h e  

un ique f u n c t i o n  o f  t i p - speed  r a t i o  ( ang le  o f  a t t a c k )  shown i n  t h e  f i g u r e .  
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With t h e  a i l e r o n s  f l o a t i n g ,  t h e  r o t o r  has t h e  power c h a r a c t e r i s t i c  shown i n  

F i g u r e  4-47. S ince t h e  power c o e f f i c i e n t  w i t h  t h e  a i l e r o n s  f l o a t i n g  never 
P 

becomes nega t i ve ,  t h e  a i l e r o n s  w i l l  need f u r t h e r  a c t u a t i o n  t o  ach ieve  shutdown 

if t h e  h y d r a u l i c  system f a i l s .  Th is  c a p a b i l i t y  i s  supp l i ed  b y  i n d i v i d u a l  

accumulators p rov i ded  f o r  each a i l e r o n  a c t u a t o r .  

4.2.2.2 A i l e r o n  C o n f i g u r a t i o n  

S e c t i o n  4.2.1.2 ou t1  ined t h e  l o c a t i o n  and approxi inate s i z e  o f  t h e  a i l e r o n s  i n  

t n e  o u t e r  segment o f  t h e  t r a i l  i n g  edge. T h i s  s e c t i o n  con ta i ns  a  more d e t a i l e d  

d e s c r i p t i o n  and l l i s cuss i on  o f  t h e  a i l e r o n s ,  and o f  t h e  cons ide ra t i ons  t h a t  

l ead  t o  t h i s  design. The a i l e r o n  des ign  i s  shown i n  F i g u r e  4-48. 

A i l e r o n s  were i n t r oduced  t o  t h e  MOD-5A des ign  l a t e  i n  t h e  f i n a l  des ign phase. 

I A i l e r o n s  imposed a  new c o n s t r a i n t  on t h e  c o n f i g u r a t i o n  o f  t h e  blade. A i l e r o n s  

vlere designed and developed s  i ~ n u l  taneous ly  w i t h  t h e  p a r t i a l  span c o n t r o l  so 

I t h a t  t h e  b l ade  t o o l i n g  and major  molds f o r  b o t h  des igns would be compat ib le .  

T n i s  course  o f  a c t i o n  was prudent ,  s i n c e  t h e  wind t unne l  and MOD-OI5A t e s t  

d a t a  was n o t  a v a i l a ~ l e  u n t i l  l a t e  i n  t h e  program. 

Tne same e x t e r n a l  shape o f  t h e  cen te r  and i n n e r  b lade  segments was used i n  

~ 0 t h  c o n f i g u r a t i o n s .  The o u t e r  panel ,  whose molds had t h e  l e a s t  i n f l u e n c e  on 

t h e  schedule and cos t ,  were a l lowed t o  va r y  i n  response t o  t h e  des ign.  It was 

in tended t o  b u i l d  t h e  i nne r  b l ade  mold o f  a  l e n g t h  t h a t  would accommodate t h e  

p a r t i a l  span c o n t r o l ,  between 25"ionn 7 1% o f  t h e  span, b u t  o n l y  t o  use t h e  

p o r t i o n  between 25% and 60% o f  t h e  span f o r  t h e  a i l e r o n  c o n f i g u r a t i o n .  The 

ttl ickness- to -chord  r a t i o  f o r  t h e  a i l e r o n  o u t e r  panel  was matched t o  t h e  r a t i o  

o f  t h e  i nne r  b l ade  a t  60% o f  t h e  span and t hen  decreased 1  i n e a r l y  , t o  c o i n c i d e  

w i t h  t h e  r a t i o  o f  t h e  p a r t i a l  span c o n t r o l  a t  100% o f  t h e  span. Th is  approach 

l i m i t e d  Changes i n  t h e  o u t e r  b l a d e  segment and a l lowed t h e  a i l e r o n  and p a r t i a l  

span c o n t r o l s  des igns t o  be  compat ib le .  

Two types  o f  a i l e r o n s  were considered, p l a i n  and balanced, as shown i n  

F i g u r e  4-49. Both su r f aces  o f  t h e  p l a i n  a i l e r o n  a re  l o c a t e d  a f t  o f  t h e  h i nge  

1  ine.  The crown su r f ace  o f  t h e  ba lance a i l e r o n  extends f o rwa rd  o f  t h e  h i nge  

l i ne .  
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The p l a i n  a i l e r o n s  have t h e  l e a s t  e f f e c t  on t h e  des ign  o f  b lade;  t h e y  s i m p l y  

r e p l a c e  t h e  secondary t r a i l  i n g  edge s t r u c t u r e  descr ibed  i n  sec t  i on  4.2.1.2. 

They a r e  a t t ached  t o  t h e  p r ima ry  s t r u c t u r e ,  however, rnuch d i f f e r e n t l y .  The 

f i x e d  s t r u c t u r e  was mounted i n  a  cont inuous f a s h i o n  t o  t h e  p r ima ry  s t r u c t u r e  

on b o t h  t h e  h i g h  and low p ressure  s i d e s  o f  t h e  a i r f o i l  a t  t h e  r e a r  spar  

l o c a t i o n ,  60%C ( C  i s  t h e  chord ) .  The a i l e r o n s  on t h e  o t h e r  hand, a r e  a t tached  

t o  a  s i n g l e  s u r f a c e  a t  d i s c r e t e  p o i n t s .  The b l ade  must accept  and 

r e d i s t r i b u t e  t h e  concen t ra ted  1  oads assoc ia ted  w i t h  d i s c r e t e  h inge  p o i n t s .  

The chordwise moment c a p a b i l i t y ,  o r  a i l e r o n  to rque ,  i s  r e s i s t e d  as a  coup le  

between t h e  h i nge  l i n e  and an ac tua to r  r e a c t i o n  p o i n t  l o c a t e d  on t h e  r e a r  

spar.  Chorciwise r i b s ,  which a r e  a t tached  t o  t h e  r e a r  spar ,  m id  spar  and 

i n s i d e  su r f ace  o f  t h e  b l ade  sn ins ,  r e d i s t r i b u t e  t h e  concen t ra ted  loads.  The 

r e d r  spar  t h i c k n e s s  was a l s o  increased f o r  adequate s t r e n g t h  and s t i f f n e s s .  

The aerodynamics and t h e  s t r u c t u r a l  c o n s t r a i n t  o f  t h e  main s t r u c t u r e  o f  t h e  

o l aae  were n o t  a f f e c t e d  by  t h e  p l a i n  a i l e r o n  des ign.  

The ba lanced a i l a r o n s  r e q u i r e d  t h e  same chorda l  i n t e r n a l  s t r u c t u r e  f o r  r e d i s -  

t r i b u t i n g  loads,  o u t  t h e  shape o f  t he  p r ima ry  b l ade  s t r u c t u r e  was a l t e r e d .  

The p o r t i o n  o f  t h e  ba lanced a i l e r o n  f o rwa rd  o f  t h e  h inge-1 ine,  which was 

w i t h i n  t n e  a i r f o i l  con tour  when n o t  deployed, d i s p l a c e d  a  p o r t i o n  o f  t h e  

p r ima ry  b l ade  s t r u c t u r a l  c ross  s e c t i o n ,  and made a  change t o  t h e  r e a r  spar 

arrangement necessary. T h i s  arrangement made t h e  des ign  and c o n s t r u c t i o n  o f  

t h e  b a s i c  b l ade  more compl i ca ted  and more expensive. 

Both t h e  p l a i n  and ba lanced a i l e r o n s  were compat ib le  w i t h  t h e  b lade,  b u t  t h e  

p l a i n  a i l e r o n  was p r e f e r r e d  because it c o s t  l e s s .  However, be fo re  i t  was 

chosen, i t  had t o  meet a l l  t h e  performance requi rements .  

The s a l  i e n t  d i f f e r e n c e s  between t h e  p l a i n  and ba lanced a i l e r o n s  were f a i l s a f e  

cons ide ra t i ons ,  requ  i r e d  a c t u a t o r  f o r c e  and n o i s e  generat  ion.  Each of  t h e  

a i l e r o n  c o n f i g u r a t i o n s  had a  c h a r a c t e r i s t i c  f l o a t  ang le :  an angular  d i s p l a c e -  

ment toward t h e  low p ressure  s i d e  o f  t h e  b l ade  t h a t  was assoc ia ted  w i t h  a  ze ro  

n i nge  moment. T:ie f l o a t  ang le  o f  t h e  balanced a i l e r o n s  was g r e a t  enough t o  

s low t h e  r o t a t i c n a l  speed o f  t h e  r o t o r  i f  an a c t u a t o r  f a i l e d .  The p l a i n  

a i l e r o n  d i d  n o t  p r o v i d e  t h e  same measure o f  p r o t e c t i o n ,  and consequent ly ,  

another  means o f  p r o v i d i n g  t h e  adequate deployment angles was r e q u i r e d .  



The a c t u a t o r  f o r c e  r e q u i r e d  f o r  t h e  ba lanced c o n f i g u r a t i o n  was lower  than  t h a t  

o f  t h e  p l a i n  a i l e r o n .  The d i f f e r e n c e  i n  f o r c e  was n o t  g r e a t  enough t o  a l l o w  

t h e  number o f  a c t u a t o r s  t o  be  reduced, b u t  i t  d i d  i n f l u e n c e  t h e  s i z e  o f  t h e  

d c t u a t o r .  The n ~ d i n  v a r i a b l e  i n  "Le equa t ion  f o r  t h e  system c o s t  was t h e  

number o f  ac tua to r s ,  n o t  t h e  s i z e  o f  t h e  ac tua to r .  The c o s t  f o r  t h e  a i l e r o n  

c o n f i g u r a t i o n s  was p r a c t i c a l l y  equal .  

The n o i s e  generated b y  t h e  a i l e r o n s  was an undef ined b u t  impor tan t  cons ider -  

a t  ion.  Other w i , ~ d  t u r b i n e s ,  p a r t i c u l a r l y  t h e  MOD-1, c rea ted  no i se .  The 

frequency and v v l  ume o f  t h e  no i se  ranged from annoying t o  unacceptable,  

accord ing  t o  r e s i d e n t s  i n  t h e  area. Pas t  exper ience i n d i c a t e d  t h a t  t h e  

c l eane r  aerodyna~l i ic  c o n f i g u r a t i o n ,  t h e  p l a i n  a i l e r o n s ,  generate  t h e  1  eas t  

no ise.  Tests  o f  b o t h  c o n f i g u r a t i o n s  on t h e  l"lOD-0/54 u n i t  were planned t o  

p r o v i d e  da ta  on t h i s  sub jec t .  

The p l a i n  a i l e r o n s  were se lec tea  as t h e  base1 i n e  c o n f i g u r a t i o n  because t h e y  

performed a c c e p t a ~ l y ,  c o s t  l e ss ,  had l e s s  i n f l u e n c e  on t h e  des ign o f  t h e  main 

b l a d e  and generated l e s s  no ise .  

The chord  l e n g t h  and spanwise e x t e n t  were b o t h  40%, and t h e  deployment ang le  

was 90". These va lues  were based on t h e  requi rements  d e f i n e d  i n  t he  d i s c u s s i o n  

o f  aerodynamics i n  Sec t i on  4.2.1.2. The number o f  a i l e r o n  a c t u a t o r s  was 

deterrrlined by  cons i a e r a t  i o n  o f  cos t ,  f a i l u r e  modes, a i l e r o n  t o r s  i o n a l  

s t i f f n e s s  and packaging e f f i c i e n c y .  A s i n g l e  a c t u a t o r  would c o s t  t h e  l e a s t ,  

b u t  if it  f a i l e d ,  t h e  c o n t r o l  o f  one   lade would be  l o s t .  Furthermore, one 

a c t u a t o r  has a  l a r g e  t o r s i o n a l  d e f l e c t i o n  angle .  The d e f l e c t i o n  ang le  i s  a  

f u r ~ c t i o n  o f  a i l e r o n  l o a d  and cen te r  o f  pressure,  which can a f f e c t  t h e  c o n t r o l  

c l . ~ a r a c t e r  i s t i c s  adverse ly .  Consequently, a  cons ider -  a t  i on  of t h e  f a i l u r e  

c h a r a c t e r i s t i c s  determined t h a t  more than  one a c t u a t o r  was requ i r ed .  S ince  

t h e  c o s t  o f  t h e  a c t u a t o r s  i s  a  f u n c t i o n  o f  t h e  fiumber of ac tua to r s ,  t h e  

minimum number o f  a c t u a t o r s  must be determined. One requ l'rement was t h a t  a1 1  

t h e  a c t u a t o r s  haa t o  be  i d e n t i c a l ,  t o  m in im ize  development, spares and 

maintenance costs .  The s t u d i e s  were now guided b y  cons ide ra t i ons  o f  packaging 

volume - -  l e s s  outboard,  s t r o k e  and column s tab  il i ty ,  f a i l u r e  e f f e c t s ,  a i l e r o n  

t o r s i o n a l  d e f l e c t  ions,  p r ima ry  s t r u c t u r a l  i n t e r f aces  and hand1 i n g  and 

maintenance w i t h  emphasis on t h e  removal a l o f t  and t h e  replacement o f  an 



a c t u a t o r  o r  a i l e r o n  segment. The d e t a i l e d  s t ud ies ,  which r e s u l t e d  i n  t h r e e  

a c t u a t o r  and s i x  , d i l e ron  segments per  b lade,  a r e  d iscussed i n  Sec t i on  4.4. 

4.3 BLADE 

The r o t o r  assembly comprises a  b lade,  a i l e r o n s ,  and a  yoke, as shown i n  

F i g u r e 4 - 5 0 .  Tne fo rces  o f  t h e  wind on t h e  b l ade  sur face  c r e a t e  an 

aerodynamic t o r q u e  t h a t  i s  t r a n s m i t t e d  t o  t h e  genera to r  th rough  t h e  b l ade  and 

yoke s t r u c t u r e s .  Because i t  i s  a major  component o f  t h e  wind t u r b i n e  

genera to r  systenl, which d i r e c t l y  a f f e c t s  t h e  performance, c o s t ,  and 

r e 1  i a b i l  i t y  o f  t h e  system, t h e  b l ade  des ign  i s  v e r y  impo r tan t .  

T h j s  s e c t i o n  descr ibes  t h e  key  f e a t u r e s  o f  t h e  b lade  des ign.  The subsec t ions  

d iscuss  each component i n  more d e t a i l .  Copies o f  drawings r e f e r r e d  t o  i n  t h e  

d i scuss ions  a re  i nc l uded  i n  Volume I V .  

H s e t  o f  des ign,  f a b r i c a t i o n ,  and t e s t  requ i rements  were developed f o r  t h e  

b lade.  The requ i rements  r e f l e c t  GE's and NASA's exper ience,  and t h e  b l a d e  

n a t e r i a l  and aeroaynamic con tour  s t u d i e s  d iscussed i n  Volume 11. The complete 

s p e c i f i c a t i o n  i s  i nc l uded  i n  Volume I V ,  and t h e  key  requ i rements  a r e  1 i s t e d  i n  

Tables 4-13 and 4-20, and F i g u r e  4-51. The r o t o r  b lade  designed t o  meet these  

requ i rements  i s  shown i n  F i g u r e  4-52. The  lade i s  a  4 0 0 - f t  s t r u c t u r e ,  made 

from Douglas f i r  laminae. 

A INCA 6 4 X X X  s e r i e s  a i r f o i l  de f i nes  t h e  o u t s i d e  mold 1  i n e  of t h e  b l ade  c ross -  

s e c t i o n s  a long  i t s  span. The s p e c i f i c a t i o n  f o r  t h e  r e q u i r e d  t o l e rances  a re  

shown on F i g u r e  4-55. Typ i ca l  c ross - sec t i ons  o f  t h e  b lade  a r e  shown i n  

F i gu res  4-53a and b. The t r u e  a i r f o i l ,  4-53a, i s  m o d i f i e d  inboard o f  38% o f  

t h e  span b y  r a i s i n g  i t s  upper su r f ace  as shown i n  4-S3b, t o  inc rease  t h e  

aerodynamic t o rque  c o n t r i b u t i o n  f r om  t h i s  s e c t i o n  o f  t h e  assembly. I nboa rd  o f  

1 0 h f  t h e  span, t h e  a i r f o i l  shape i s  t r unca ted  a t  60% o f  i t s  chord  and 

becomes a  r e c t a n g u l a r  shape a t  t h e  cen te r  o f  r o t a t i o n .  A t  i t s  maximum p o i n t ,  

t n e  a i r f o i l  i s  2 5  ft. l o n g  and 86 i n .  t h i c k .  Th is  dimension t a p e r s  t o  a  

minimum a t  t h e  t i p ,  where t h e  chord  i s  73 in . ,  and t h e  t h i ckness  i s  10.5 i n .  

As shown i n  F i g u r e  4-53a and -b, t h e  a i r f o i l  i s  t w i s t e d  i n t o  t h e  wind t o  

produce t h e  maximum aerodynamic to rque .  





Table 4-19 Key Blade Design Requirements 

o The b l ade  w i l l  be  designed t o  ope ra te  i n  t h e  f o l l o w i n g  environment f o r  30 
8 years ,  o r  4 X 10 c y c l e s :  

a )  i n  winds up t o  60 ~nph. 

b )  i n  0" , t o  100°F ambient temperatures.  

c )  i n  r a i n ,  4 in . /h r .  

d )  i n  h a i l ,  1  i n .  i n  d iameter ,  50 l b / f t 3 ,  66.6 f t / s e c .  

e )  i n  snow, 21 l b / f t 2 .  

f )  w i t h s t a n d  l i g h t n i n g  s t r i k e s .  

y )  w i t h s t a n d  impact f r om  b i r d s ,  4 l b .  a t  3 5  mph. 

o  The b l a d e  w ill be designed t o  w i t hs tand  t h e  f o l l o w i n g  environments when n o t  

o p e r a t i n g :  

a )  ambient temperatures o f  -40°F t o  120°F. 

b j  l oads  imposed d u r i n g  t r a n s p o r t a t i o n .  L i m i t  l oad  f a c t o r s  a re  a s  

f o l l ows :  

L o n g i t u d i n a l  ( I n  d i r e c t  i o n  o f  t r a v e l  ) 2 3  ( t r u c k )  

29 ( r a i l )  

L a t e r a l  (Pe rpend i cu l a r  t o  + 1  

d i r e c t i o n  o f  t r a v e l  

V e r t i c a l  23  

c )  wind v e l o c i t i e s  up t o  130 mph. 
3 

d )  a  2 i n .  c o a t i n g  o f  i c e  a t  6 0 / f t  . 

o  The s t r u c t u r a l  des ign  of t h e  b lade  w i l l  meet t h e  f o l l o w i n g  requi rements :  

a )  w i t h s t a n d  f r e q u e n t  and occas iona l  1  i r n i t  l oads  w i t h o u t  y i e l d i n g .  

The minimum f a c t o r  o f  s a f e t y  w i l l  be, w i t h  r ega rd  t o  y i e l d  s t r e s s ,  

1.5 f o r  f r e q u e n t  and 1.25 f o r  occas iona l  l i m i t  loads.  

b )  w i t h s t a n d  c a t a s t r o p h  i c  1  i m i t  1  oads w i t h o u t  exceeding t h e  u l t i m a t e  

capab i l  i t y  o f  t h e  b l ade  mater i a l  . 
c )  w i t h s t a n d  a l l  l oads  w i t h o u t  buck l  ing.  A minimum f a c t o r  o f  sa fe t y ,  

w i t h  r ega rd  t o  t h e  t h e o r e t i c a l  c r i t i c a l  buck l  i n g  load,  w i l l  be  1.5. 



Tabl e  4- 19 (Cont. ) Key Blade Design Requ i r e ~ n e n t s  

d  ) p r e c l  ude d e t r  imental  de f  1  e c t  i ons  caused b y  resonance. 

e )  w i t hs tand  f a t i g u e  l o a d  h is tograms w i t h o u t  exceeding a  Fl iner ' s  

number o f  1  w i t h  r espec t  t o  t h e  95% con f idence  lower  boundary f o r  

f a t i g u e  data,  w i t h  c o n s i d e r a t i o n  o f  s t r e s s  r a t i o .  

o The b l ade  des ign  w i l l  i n co rpo ra te  t h e  f o l l o w i n g  fea tu res :  

a )  t h e  aerodynamic con tour  and aerodynamic p r o f i l e  coord ina tes .  

b )  use Douglas f i r  laminae, bonded w i t h  epoxy, as t h e  main s t r u c t u r a l  

~ n a t e r  i a l  o f  t h e  b lade.  

c )  be s u i t a b l e  f o r  bo th  r a i l  and t r u c k  t r a n s p o r t .  General 

c o n s t r a i n t s  a re  sllown i n  Tabl e  4-20 and F i g u r e  4-51 . 
d )  p r o v i s i o n s  t o  d e t e c t  a  1  ayer o f  i c e  between ,055 and . I 0  i n .  

e  j p r o v i s i o n s  t o  i n s t a l  1  nydrau l  i c  and e l e c t r i c a l  condu i t s .  

f )  p r o v i s i o n s  t o  o b t a i n  a s t a t i c  ba lance about t h e  r o t a t i o n a l  a x i s .  

g )  a  means t o  a t t a c h  and t r a n s f e r  loads  t o  t h e  r o t o r  yoke th rough  t h e  

e  1  astomer i c  t e e t e r  r a d i a l  bea r i ng  and t h r u s t  bear ing .  

h j  a  means t o  mount a i l e r o n s  and a i l e r o n  a c t u a t o r s  and t o  t r a n s f e r  

r e s u l t a n t  loads  and c o n t r o l  f o r c e s  t o  t h e  b lade  s t r u c t u r e .  

Tabl e  4-20 General T ranspo r t a t  i o n  C o n s t r a i n t s *  

ITEM - 
i4ax imum we i gh t 

Maximu~n l e n g t h  
(120 f t . )  

blaximum w i d t h  

Max imum h e i g h t  

R A I L  - 
260,000 l b .  
(200,000 I b. ) 

85 f t ,  
(150 f t . )  

F i g u r e  4-51  
(14 f t . )  

F i g u r e  4-51 
( 1 2  f t . j  

TRUCK 
70,000 l b .  

50 ft. 

12 f t .  

10 f t .  

* The va lues i n  pa ren thes i s  a re  p o s s i ~ l e  w i t h  s p e c i a l  r o u t i n g ,  e s c o r t s  and 
pe rm i t s ,  a t  an added cos t .  R a i l  1  i m i t a t i o n s  a re  more severe i n  t h e  
n o r t h e a s t  . 



F i g u r e  4-51. Maxirnuln R a i l r o a d  Sh ipp ing  Clearances i n  t h e  U.S. 

(Except i n  New England) 



F i g u r e  4-52. MOD-5A Rotor B lade  Assembly 

4- 1 00 



BLADE SECTION "-7"y:h-l 

TWIST = l o  @ X / R  T\b = 1 . 0  - . 3 0 C  SPAR 
( a )  OUTBOARD OF .30 X I R  

- . T R E i k k N G  { BLADE SECT l O N  
SECT lON 

. 3 0 C  SPAR - 
Figure 4-53 Typical Blade Cross-Sect ions  , 

4-101 



The r ~ ~ a t e r i a l s  used t o  f a b r i c a t e  t h e  b l ade  a r e  shown i n  F i g u r e  4-54a. Larninae 

o f  .10 i n .  t h i c k  Douglas fir, bonded w i t h  epoxy, a r e  used i n  t h e  s t r u c t u r a l  

p o r t  i on  o f  t h e  a i r f o i l  she1 1, which runs  from 0% t o  60% o f  t h e  chord, and t h e  

spars  l oca ted  a t  30% and 60% o f  t h e  chord. A d e t a i l e d  view o f  t h e  laminae i s  

shown i n  F i g u r e  4-54b. The secondary s t r u c t u r a l  p o r t i o n  o f  t h e  a i r f o i l  s h e l l ,  

which i s  t h e  t r a i l  i n g  edge f rom 60% t o  100% o f  t h e  chord, i s  made f rom a  paper 

honeycomb c o r e  w i t h  g lass  f i b e r  faces. A 30-mi l  l a y e r  o f  g l ass  f i b e r  c l o t h  

covers t h e  e x t e r i o r  and i n t e r i o r  sur faces of  t h e  wood veneer, t o  p r o t e c t  t h e  

edge f rom t h e  environment. 

The b lade  assembly c o n s i s t s  o f  t h r e e  major  subassembl ies,  t h e  cen te r ,  i nner ,  

arid o u t e r  b l ade  sec t ions .  The cen te r  b lade  s e c t i o n  i s  t h e  cen te r  100 f t .  o f  

t h e  span. B o l s t e r s  w i t h  s t e e l  f i t t i n g s  a r e  bonded t o  t h e  cen te r  b lade,  and 

forrn t he  c e n t e r  b l ade  assembly. The b o l s t e r s  and t h e  t e e t e r  s h a f t  have t h e  

necessary f e a t u r e s  t o  a t t a c h  t h e  b lade  assembly t o  t h e  yoke. The i nne r  b lade  

occupies t h e  p o r t i o n  o f  t h e  b l ade  between 25% and 60% o f  t h e  span on e i t h e r  

s i d e  o f  t h e  cen te r  o f  r o t a t i o n .  

The n o n - s t r u c t u r a l  t r a i l  i ng  edge sec t  ions a r e  a t tached  t o  t h e  cen te r  and i nne r  

b l ade  sec t ions .  These sec t i ons  a r e  i n s t a l l e d  i n  t h e  f i e l d  because o f  

r e s t r i c t i o n s  on t h e  sh ipp ing  envelope shown i n  Table 4-20 and F igu re  4-51. 

The o u t e r  b l ade  sec t i ons  make up t h e  r e s t  o f  t h e  b l ade  span. The a i l e r o n  

sur faces  a r e  a f f i x e d  t o  t h e  o u t e r  blade. A removable, contoured t i p  sec t  i on  

te rmina tes  t h e  o u t e r  b l ade  sec t i on .  I t  prov ides  a  gradual decrease i n  t h e  

l o a d  and access t o  p r o v i s i o n s  f o r  a d j u s t a b l e  b a l l a s t .  

The cont inuous b l a d e  s t r u c t u r e  i s  formed b y  bonding t h e  subassemblies a t  t h e  

s  i t e ,  u s i n g  t h e  f i e l d  j o i n t ,  which i s  a  p a t t e r n  o f  f i n g e r s  a t  t h e  i n t e r f a c e s .  

Condui ts  mounted a t  t h e  60% o f  t h e  spar  i n  t h e  t r a i l i n g  edge sec t i ons  t r a n s m i t  

h y d r a u l i c  and e l e c t r i c a l  power t o  t h e  a i l e r o n s  and sensors. The h y d r a u l i c  

1  i n r s  a r e  f a b r i c a t e d  i n  t h e  f i e l d  b y  we ld ing  i n d i v i d u a l  p ieces,  t o  e l  im ina te  

t h e  1  eaks assoc ia ted  w i t h  hyd rau l  i c  un ion- type connectors.  

The b lade  and t h e  e l e c t r i c a l  system are  p r o t e c t e d  f r om l i g h t n i n g .  The 

p r o t e c t i o n  i s  an aluminum screen and l e a d i n g  edge s t r i p s ,  below t h e  b l a d e ' s  

o u t e r  g lass  f i b e r  l aye r .  The screen and s t r i p s  p rov ide  a  pa th  t o  ground. The 

b l a d e  assembly weighs approx imate ly  273,000 lbs ,  as shown i n  Table 4-21. 
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b )  LAMINATE D E T A I L  

1/10" ;HICK 
DOUG F I R  LAMS 
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F i g u r e  A - 5 5  Blade Geometry & Tolerances 



T a b l e  4 - 2 1  B l a d e  Weight 

# REOD. TOTAL U N I T  WEIGHT. LBS.  

CENTER BLAOE ASSY 

- CENTER BLADE 1 0 4 , 3 8 0  

- CENTER BLADE WEBBING 4 , 6 0 0  

- BOLSTER ( I N C L U D I N G  I N S E R T S )  1 4 , 3 4 0  

- TEETER SHAFT 5 , 9 0 0  

INNER ELADE S E C T I O N  

- II4IVEK BLADE 

OUTER BLADE ASSY 

- OUTER BLADE AND T I P  

- AILERONS 

T R A I L  I N G  EDGE ASSEMBLY 2 ,395  

HYORAULIC I N S T A L L A T I O N  9 3 0  

E L E C T R I C A L  1 NSTALLHT I O N  1 , 0 9 0  

I C E  UETECTOR I N S T A L L A T I O I i  100 

L I G H T N I N G  PROTECTION I N S T A L L A T I O N  4 7 0  

B A L L A S T  1 N S T U L L A T I O N  5 , 5 0 0  (Max)  



4.3.1 BASIC STRUCTURE 

The c rass -sec t ions  o f  t h e  cen te r ,  i nne r  and o u t e r  b l ade  s e c t i o n s  have an o u t e r  

mold l i n e  t h a t  i s  descr iDed b y  t h e  s t r u c t u r a l  p o r t i o n  o f  t h e  a i r f o i l .  The a f t  

s u r f a c e  o f  t h i s  shape i s  formed b y  t h e  spar a t  60% o f  t h e  a j r f o i l  chord.  

There i s  another  s.par p l dced  a t  30% o f  t h e  chord, The i nne r  mold 1  i n e  o f  each 

s e c t  ion  i s  aetermined b y  t h e  w a l l  and spar  th i cknesses  r e q u i r e d  t o  meet t h e  

1  i r n i t ,  f a t i g u e ,  buck1 i n g  margin o f  s a f e t y ,  and s t i f f n e s s  requi rements .  T h i s  

s e c t  i on  w i l l  d i scuss  t h e  approach used t o  des ign a  s t r u c t u r e  w i t h  t h e  rninirnum 

we igh t  t h a t  s a t i s f i e s  these  requ i rements .  

The b l a d e  can be  v i s u a l i z e d  as a  c a n t i l e v e r e d  beam suppor ted a t  t h e  cen te r  o f  

r o t a t i o n .  As shown i n  F i g u r e  4-56, d i s t r i b u t e d  shear loads a c t  i n  t h e  Y and Z 

d i r e c t i o n s  and an a x i a l  f o r ce ,  r e p r e s e n t i n g  t h e  c e n t r i f u g a l  f o r c e ,  a c t s  i n  t h e  

X d i r e c t i o n .  The combinat ion o f  these  loads produces a  spanwise s t r e s s  equal  

t o :  

equa t i on  4-1 

Tne s t r e s s  a t  any p o i n t  around t he  per imete r  o f  t h e  a i r f o i l  i s  composed o f  a  

f l apw ise ,  chordwise, and a x i a l  component. Because o f  t h e  a i r f o i l  shape, t h e  

a i s t a n c e  from t h e  Y and Z n e u t r a l  bending axes t o  t h e  extreme f i b e r  i s  a  

v a r i a b l e .  T h i s  c o n d i t i o n  w i l l  produce a  maximum s t r e s s  a t  o n l y  one c t iorda l  

p o i n t  f o r  a  chora  s e c t i o n  o f  cons tan t  w a l l  th i ckness .  For a  minimum weight  

aes ign,  W e  s t r e s s  a t  a1 1  p o i n t s  shou ld  be equal  t o  t h e  a l l owab le  s t r e s s .  

Th i s  c o n a i t i o n  can be  approacnea b y  v a r y i n g  t h e  t h i ckness  o f  t h e  w a l l  a t  each 

choraa l  p o i n t  i n  p r o p o r t i o n  t o  i t s  d i s t a n c e  f rom t h e  n e u t r a l  axes. The amount 

o f  we igh t  savea rnust be balanced aga ins t  t h e  d i f f i c u l t i e s  encountered i n  

p roduc ing  a  complex shape. 

F i n a l l y ,  s i n c e  t h e  b l ade  i s  sub jec ted  t o  benaing loads,  tens  ion and compres- 

s i v e  s t r esses  a re  producea. A b u c k l i n g  tendency i s  induced as a  r e s u l t  o f  t h e  

compressive s t r e s s .  Th i s  tendency can be c o n t r o l  l e a  by i n c r e a s i n g  t h e  w a l l  

th i ckness ,  ~y i n s t a l l i n g  a d d i t i o n a l  spars,  o r  both.  The f i n a l  des ign  

rep resen t s  a  t r a a e - o f f  between t h e  we igh t  sav ings and rnanufactur i r ig 

c o m p l e x i t i e s  o f  each approach. 





A computer program, c a l l e d  S E C T I O N ,  was deve loped t o  a s s i s t  i n  e v a l u a t i n g  t h e  

lrlany t r a d e - o f f s .  The program equates  t h e  a l l o w a b l e  s t r e s s  t o  t h e  f i r s t  two 

terms o f  e q u a t i o n  4-1, and f o r  a  g i v e n  s e t  o f  g e o ~ l l e t r y  c o n s t r a i n t s ,  de te rm ines  

Lt ie v a l u e  o f  t h e  w a l l  and spa r  t h i c k n e s s e s  t h a t  y i e l d  a  minimum hreight .  TO 

s in ip l  i f y  t h e  program, t h e  t h i r d  t e r m  o f  e q u a t i o n  4-1  was igno red ,  s i n c e  i t  

r e p r e s e n t s  o n l y  5% o f  t h e  t o t a l  s t r e s s .  The program methodology i s  shown i n  

F i g u r e  4-57.  

The g e o ~ r ~ e t r i c a l  r e s t r a i n t s  i n c l u d e  t h e  spanwise d e f i n i t i o n s  f o r  t h e  a i r f o i l  

c h o r d  1 ength ,  t h i c k n e s s  r a t i o ,  w a l l  t h i c k n e s s  r a t i o ,  s p a r  l o c a t  i o n s  and t h e  

c h o r d a l  l o c a t i o n s  where t h e  w a l l  t h i c k n e s s  i s  t o  change. The f i n a l  v a l u e s  f o r  

t h e s o  r e s t r a i n t s  a r e  shown i n  T a b l e  4-22. 

The m a t e r i a l  p r o p e r t i e s  t o  b e  e n t e r e d  i n c l u d e  d e n s i t y  ( .023 1  b/ i n 3 ) ,  modul u s  

o f  e l a s t i c i t y  ( 2 . 25  x l o 6  p s i ) ,  and t h e  l i m i t  and f a t i g u e  a l l o w a b l e s .  The 

s t r e s s  a l l o rvab les  were d i s c u s s e d  i n  s e c t i o n  8.1.8, Vo l .  11, and a r e  r e p e a t e d  

i n  T a b l e  4-23. They r e p r e s e n t  t h e  w o r k i n g  s t r e n g t h  o f  t h e  wood p a r a l l e l  t o  

t h e  g r a i n ,  i t s  s t r o n g e s t  d i r e c t i o n .  To t a k e  f u l l  advantage o f  i t s  s t r e n g t h ,  

t h e  b l a d e  s e c t  i o n s  a r e  f a b r i c a t e d  w i t h  t h e  g r a i n  i n  t h e  d i r e c t  i o n  o f  l o a d i n g .  

Tne PI and /'Iz 1 i m i t  and f a t i g u e  l o a d s  u e s c r i o e d  i n  s e c t i o n  7.5, Vo l .  11, 
Y 

a r e  a l s o  e n t e r e d .  A t y p i c a l  l o a d s  i n p u t  f o r  t h e  f i n a l  b l a d e  d e s i g n  i s  shown 

i n  T a ~ l e  4-24. The h i s t o g r a m  o f  f a t i g u e  l o a d s  ve rsus  c y c l e s ,  f o r  each 

spanki ise l o c a t i o n ,  i s  a i v i d e d  i n t o  24 i n t e r v a l s  t o  f a c i l i t a t e  a  M i n e r ' s  number 

surllma t i o n .  

A f t e r  t h e  program per fo rms  a  s e r i e s  o f  l o a d  and s i z i n g  c a l c u l a t i o n s  t h e  

r e s u l t a n t  s k i n  arid s p a r  t h i c k n e s s e s  and o t h e r  b l a d e  c h a r a c t e r i s t i c s  a r e  

p r i n t e d .  The schedu le  o f  f i n a l  t h i c k n e s s e s  and t h e  s t r e s s  summary as 

de te rm ined  b y  t h e  program a r e  shown i n  T a b l e  4-25 and 4-26, r e s p e c t i v e l y .  

T h i s  d a t a  i s  a d j u s t e d  t o  r e f l e c t  t h e  r e s u l t s  o f  f i n i t e  e lement  model ing ,  l o c a l  

r e  i n fo rcemen t  r e q u i r e m e n t s ,  and t h e  a d d i t  i o n  o f  t h e  c e n t r i f u g a l  f o r c e  

component, te r rn  t h r e e  o f  e q u a t i o n  4-1. 



Us ing  S E C T I O N  t o  de te rmine  t h e  b lade  th icknesses  i s  s a t i s f a c t o r y  f o r  t h e  

con t inuous  r u n  o f  m a t e r i a l ,  such as t h e  i nne r  b lade.  However, c u t o u t s  - a n d  

j o i n t s  i n  t h e  cen te r ,  o u t e r  b lade,  and b o l s t e r s  r e q u i r e  s p e c i a l  a t t e n t i o n .  

Uetdl l t2d c a l c u l a t i o n s  suppor ted by  f i n i t e  elerrlent model i n g  a re  p resen ted  i n  

t h e  f o l l o w i n g  s e c t  ions.  





Table 4-22  Summary o f  F i n a l  Blade Geometry C h a r a c t e r i s t i c s  

A i r f o i l  Chord Length, in .  

Thickness t o  Chord Rat io  

Spar Locat ions 

Wall Thickness Ratio, Tl/T2 

Locat ion o f  Wall Thickness 

Change 

.30 Chord 

.60 Chord 

Blended between 0 '/R & . 25  '/R 

.20 Chord a t  .25 '/R 

. 2 0  Chord a t  1.0 '/R 

* Rotor S t ruc tu re  Truncated t o  180 in .  a t  O ' /R 



Table 4-23 Su~nrnary o f  Wood A1 lowables used i n  SECTION'S S i z i n g  

Tension P a r a l l e l  To Gra in  

One Time L i m i t  

F requen t :  .: Occurr  i r lg  L i m i t  

Fa t i gue  

L i f e  L i ne ,  Cyc les 

4.b x 108 

4 700 ps i 

4100 p s i  

A l t .  S t ress ,  p s i  Mean St ress.  ~ s i  



I & l e  4 - 2 4  r y p i c d l  I.o,jds I l e f  i n i  t i o n  f o r  F i n a l  Ulade Ues i g r~  

'i ~ar~rv i s e  I-ocd t i on  :I- - -- - - - 

F l apw i s e  Mor~lerl t 

Churdw i s e  Clolntlnt 

.22~E9 in -  1 bs 

. 101E9 i n - l b s  

F d t i g u e  Loads ---- 

-- - - 
~ v e r a a e - ~ o a d  i n  Bar Width 

F 1 apw ise ~om;~ t  --- Chordw i s e  f4oment 
U ar  LOIIIIIIU 1 . No. o f  

X '  r i l e  Cyc 1 es 

5 % 0.1 UOUE 08 
10 U.llr00E 08 
2 5  0.1C10UE 08 
2 0 0.179OE 08 
2 5 0.1800E 08 
30 0.1800E 08 
3 5 0.180UE OU 
4 0 0.17YOE 08 
4 5  0.1800E 08 
50 0.1800E 08 
s 5 0.1790E 08 
6 0 0.1800E 08 
6 5 0.1790E 08 
7 0 0.1800E 08 
7 5 0.179UE 08 
80 0.1790E 08 
85 0.1800E 08 
Y 0 0.179OE 08 
9 5 0.1800E 08 
9 7 0.7180E 07 
99 0.7180E 07 
99.9 0.3230E 07 
99.99 0.3230E 06 
Typ I 1  I 0.3540E 05 

Mean 

U.6610E 013 
0.6780E 08 
0.6Y10E 08 
0.7010E 08 
0.7100E 08 
0.7190E 08 
0.7270E 08 
0.7340E 08 
0.7400E 08 
0.7470E 08 
0.7530E 08 
0.7580E 08 
0.7630E 08 
0.7b90E 08 
0.7740E Ot: 
0.7780E 08 
0.7820E 08 
0.7970E 08 
0.8230E 08 
O.8400E 08 
0.8790E 08 
0.9420E 08 
0.7790E 08 
0.6060E 08 

Cycl i c  

O.Z9OOE 07 
0.61130E 07 
0.6850E 07 
0.7390E 07 
0.7870E 07 
O.ir1320E 07 
0.876UE 07 
0.9210E 07 
0.9650E 07 
0.1010E 08 
0.1060E 08 
0 . l l lOE  08 
0.1160E 08 
0.1220E 08 
0.1290E 08 
0.1370E 08 
0.1470E 08 
0.1600E 08 
U.1800E 08 
0.2020E 08 
0.2320E 08 
0.2940E 08 
0.4270E 08 
0.6480E 08 

Cycl  i c  

b.1680E 0e 
0.3401)E 0;; 
U.3460E 08 
(1.3500E 08 
0.3530E 08 
U.3570E 02 
0.3590E 02 
0.3621)E 02 
0.3650E (18 
0 . 2 6 7 0 ~  o a  
0.3790E rJC 
0.37ZOE 0% 
0.3750E 08 
0.3780E 02 
0.380GE 08 
0.3840E 02 
0.3880E 08 
0.3930E 08 
0.4000E 08 
0.4070E 08 
0.4150E 08 
0.4300E 0% 
0.4480E 08 
0.5550E 0% 



Table 4 -25  Thicknesses f o r  Blade Design Determined by  SECTION 

Thickness, i n .  

X / R  - T 1 - T2 - .30 S p a r  .60 S p a r  

* L a t e r  increased based on d e t a i l e d  s t r e s s  a n a l y s i s  



T a b l e  4 -26  C r i t i c a l  S t r e s s  Summary f o r  F i n a l  B lade Design,  Determined by SECTIOh 

D e s i r e d  M i n e r ' s  No. Summation < 1.0 

Ues i r e d  L i m i t  Marg in -o f -Sa fe ty  > G .00 

Des i r e d  BUCK 1 i r lg  Marg i n - o f  - S a f e t y  > 9.013 

i.; i ner ' s  1110. Sumrnat i on  L i r n i t  S t r 2 s s  buck 1  i n g  S t r e s s  

A viax C r i t  C r i t / i k i ax  i L o c a t i o n  A c t u a l  b:US L o c a t i o n  Avg . Pi!; S 

yo c ( P S I )  lo L ( P S I )  c/ ,- 

* A p o s i t i v e  m a r g i n  was found i n  a e t a i l e d  a n a l y s i s  



4.3.1.1 Center B lade 

The cen te r  b l ade  i s  t h e  expanse o f  t h e  b lade  between + .25R and - .25R (where 

K i s  t h e  r a d i u s ) ,  shown i n  F i g u r e  4-58. A t  i t s  e x t r e m i t i e s ,  t h e  c r o s s - s e c t i o n  

i s  a  t r u n c a t e d  a i r f o i l ,  180 i n .  a long  t h e  chord, and t w i s t e d  so t h a t  t h e  

l e a d i n g  euge i s  5' i n t o  t h e  wind. The shape g r a d u a l l y  becomes a  r e c t a n g u l a r  

c r o s s - s e c t i o n  w i t h  no t w i s t  a t  t h e  cen te r  o f  r o t a t i o n .  A c e n t e r  spar,  l o c a t e d  

a t  30% o f  t h e  chord,  decreases t h e  unsupported span o f  t h e  chorda l  pane ls  and 

improves t h e i r  b u c k l i n g  s t a b i l i t y .  The a f t  spar,  l o c a t e d  a t  60% o f  t h e  chord,  

and t n e  c e n t e r  spar  a re  fo reshor tened  a t  t h e  ends o f  t h e  b l ade  t o  p r o v i d e  

c learance  f o r  f i e l d  assembly t o o l i n g .  R ib  and k e e l  suppor t  s t r u c t u r e s ,  shown 

i n  F i g u r e  4-58, a re  i n s t a l l e d  i n s i d e  a t  t h e  cen te r  o f  r o t a t i o n  t o  t r a n s f e r  

loads  t o  t h e  t e e t e r  s h a f t  and r o t o r  yoke. These secondary s t r u c t u r e s  a re  

bonaed w i t h  wood f i l l e t s  t o  inc rease  t h e  l oad  c a r r y i n g  c a p a b i l i t y  a t  t h e  j o i n t  

and t o  reduce t h e  s t r e s s  concen t ra t i on .  

Sealed manholes on t h e  l e a d i n g  edge on each s i d e  o f  t h e  cen te r  o f  r o t a t i o n  and 

cu tou t s  i n  t h e  c e n t e r  spar ,  r i b s ,  and k e e l s  p r o v i d e  access t o  t h e  i n s i d e  o f  

t h e  b lade .  The manhole and c u t o u t  pe r ime te r s  a r e  wrapped w i t h  l a y e r s  o f  s t y l e  

7781 g l ass  f i b e r  c l o t h  f o r  t r a n s f e r r i n g  loads  around t h e  per turbance.  I n  

a d d i t i o n ,  t hese  areas a r e  r e i n f o r c e d  l o c a l l y  w i t h  g l ass  f i b e r  c l o t h ,  t o  

compensate f o r  t h e  r r~ater  i a l  t h a t  was removed. 

A p a t t e r n  o f  f i n g e r s  i s  c u t  i n t o  each end o f  a  cen te r  b lade  sec t  ion,  w i t h  a  

congruent p a t t e r n  o f  f i n g e r s  on t h e  ad jacen t  i nne r  h l ade  sec t i on .  The b l ade  

i s  assernbled i n  t h e  f i e l d  b y  bonding t h e  mat ing  f i n g e r  su r faces .  The area o f  

t h e  f i n g e r s  i s  r e i n f o r c e d  w i t h  s t y l e  7781 FRP c l o t h  between each l a y e r  o f  

wood, t o  p r o v i d e  dimens i ona l  s t ab  il it?/ th roughou t  t h e  env i ronmenta l  changes 

d u r i n g  s to rage  ana t r a n s p o r t a t i o n .  See s e c t i o n  8.0 o f  Volume I 1  f o r  a  

d e t a i l e d  p r e s e n t a t i o n  o f  b l ade  s t a b i l i t y  t e s t  r e s u l t s .  Also,  t h e  w a l l  and 

spar  t h i c kness  i n  t h i s  area o f  t h e  b l a d e  a re  increased b y  20% over  t h e  minimum 

requ i rements  determined by  SECTION, t o  account f o r  t h e  s t r u c t u r a l  j o i n t  

e f f i c i e n c y .  A f f i x e d  t o  t h e  a f t  spar ,  between 2 . ] O R  and .25R, a re  t r a i l  i n g  

edge s e c t i o n s  t h a t  a r e  exp la i ned  i n  s e c t i o n  4.3.3. The s e c t i o n s  a r e  bonded 

w i t h  epoxy, tnen screwed i n  p l ace  d u r i n g  f i e l d  assembly. 

The ends o f  t h e  cen te r  b lade  a re  r o t a t i o n a l  l y  symmetr i c .  Th is  symmetry 

pe rm i t s  t h e  b l ade  s e c t i o n  t o  be designed as t h e  spanwise assembly o f  two 



i d e n t i c a l  C-shaped subassemblies, as shown i n  F i g u r e  4-58. The subassembly 

comprises t h r e e  molded panels  w itti beveled spanwise edges. The subassembly i s  

f a b r i c a t e d  b y  p o s i t i o n i n g  t h e  i n d i v i d u a l  panels  i n  a  f i x t u r e  so t h a t  t h e  o u t e r  

111old 1 i n e  has t h e  p roper  dimensions. The ad jacen t  edges a r e  bonded t oge the r  

by i n s e r t i n g  a  wedge-shaped, wood f i l l e r  i n t o  t h e  V-shaped c a v i t y  formed by 

t h e  beveled edges. See s e c t i o n  8.0 and 10.4 o f  Volume I 1  f o r  a d d i t i o n a l  

d e t a i l s .  T h i s  t y p e  o f  bonding ensures good epoxy coverage and t h e  e x c l u s i o r ~  

o f  a i r  from t h e  j o i n t ,  and e l i m i n a t e s  t h e  need t o  p o s i t i o n  l a rge ,  heavy p ieces  

ve ry  q u i c k l y  d u r i n g  t h e  s h o r t  c u r i n g  t i m e  o f  t h e  epoxy. The j o i n i n g  o f  t h e  

subasse~nbl ies  i s  done i n  s i m i l a r  f ash ion .  G r a v i t y  a s s i s t s  t h e  f l o w  o f  

n ~ a t e r  i d 1  i n  a l  1  bonding assemul ies .  A1 ignment marks, which a re  s c r i b e d  i n t o  

t i l e  mold s u r f a c e  and reproduced on t h e  panel p i ece  p a r t s ,  a r e  used t o  a l i g n  

t h e  subassemol i e s  t o  meet t h e  aerodynamic shape t o l e rances .  





4.3.1.1.1 Center  Blade kna l ys  i s  

The cen te r  b l ade  w i t h  b o l s t e r s  was analyzed u s i n g  a  hASTRAN f i n i t e  element 

model t o  determine l o c a l  s t r e s s  d i s t r i b u t i o n s .  The access ho les ,  i n t e r n a l  

shear b u l ~ h e a d s  w i t h  ho les ,  b o l s t e r  t i p  t ape r ,  and s t e e l  f i t t i n g s  i n  t h e  

o o l s t e r  r e c e i v e d  t h e  most a t t e n t i o n .  

i Except f o r  l o ca l .  e f f e c t s ,  t h e  s t r e s s  1  eve l s  i n  t h e  th ree-d  imens i o n a l  f i n i t e  

element model agreed w e l l  w i t h  beam t h e o r y  and SECTION. Most l o c a l  s t r e s s  

peaks can be c o n t r o l l e d  b y  des ign  f ea tu res ,  such as augmenting t h e  wood w i t h  

I g l ass  f i b e r  c l o t h  between t h e  veneer a t  access ho les .  The e f f ec t i veness  o f  

1 more ex tens i ve  changes, such as redundancy i n  t h e  b rake  at tachment  f i t t i n g  i s  
1 
I unce r t a i n ,  b u t  t h e  recommendat i o n  shou ld  ~ ~ o r k  we1 1. Loca l  ana lys  i s ,  which 

eva lua ted  t h e  Drake at tachment  i n  t h e  b o l s t e r ,  i s  desc r ibed  i n  4.3.1.2.1. 

Tne aoub le  l i n e a r  t ape r  o f  t h e  o o l s t e r  must be rep laced  d u r i n g  d e t a i l e d  des ign  

by  a q u a d r a t i c  t i p  t a p e r .  Th i s  t ape r  e l i m i n a t e s  t h e  90"  notches and reduces 

t he  pee l  s t r esses .  The qc ladrat ic  t ape r  produces l e s s  tnan  h a l f  t h e  s t r e s s  

peak, shown i n  F i g u r e  4 - 6 7 .  The b laae  s e c t i o n  must be  overdesigned a t  t h e  

b o l s t e r  t i p ,  s t a t i o n  100 t o  200, t o  reduce t h e  r a t e d  s t r e s s  t o  compensate f o r  

t n e  rema in ing  t i p  s t r e s s  r i s e r .  

The f o l l o w i n g  recommendations were made on t h e  b a s i s  o f  t h e  s t r e s s  ana l ys i s .  

The cnanges were i nco rpo ra ted  i n t o  t h e  f i n a l  drawings, un less  o the rw i se  no ted .  

o Augmerit a l l  p l aces  pene t ra ted  b y  ho les  w i t h  0.01 i n .  o f  s t y l e  7781 
c l o t h  between each l a y e r  o f  veneer. The c l o t h  shou ld  ex tend  one 
d iamete r  o r  f u r t h e r  i n t o  t h e  su r round ing  wood ( F i n a l  drawings were 
n o t  updated ) . 

o  L i n e  a l l  ho l es  w i t h  g l ass  f i b e r  t o  reduce t h e  r i s k  o f  sepa ra t i on  o f  
t h e  l a y e r s .  

o  Change t h e  b o l s t e r  t i p  t a p e r  ( t o  be incorpora ted) .  

o  Use a  redundant  f i t t i n g  t h a t  pene t ra tes  t h e  spar  f o r  t e e t e r  b rake  
l oad  r e a c t i o n s .  ( F i n a l  drawings h e r e  n o t  updated).  

o  L o c a l l y ,  from s t a t i o n  100 t o  ZOO t r a n s i t i o n  t o  inc rease  s e c t i o n  
modulus o f  ca r r y - t h rough  s e c t i o n  b y  a  f a c t o r  o f  1.5 a t  s t a t i o n  150 t o  
reauce s e n s i t i v i t y  t o  b o l s t e r  t i p  s t r e s s  peak. 

o  Inc rease  t h e  t e e t e r  cup i nne r  w a l l  t h i c kness  epoxy t o  5.5 i n .  



o  Use 2 45" p l y  o r i e n t a t i o n  f o r  i n t e r i o r  bulkheads i n  t h e  Y-Z p l ane  
a t  s t a t i o n s  z e r o  and 70 i n .  (See F i g u r e  4-56.)  

o  Use plywood w i t h  0°/900 p l y  o r i e n t a t i o n  f o r  i n t e r i o r  shear web i n  t h e  
X - Y  p lane .  (See F i g u r e  4-56).  

o  Use ~ a l  anced s tack  i n g  sequence f o r  a1 1  mu1 t i d  i r e c t  i o n a l  l a y e r  ing  . 
The approach and a n a l y s i s  t h a t  l e d  t o  these  recommendations a re  d iscussed i n  

t he  f o l  l ow ing  paragraphs. The model 1 i n g  f e a t u r e s  a re  shown i n  F i gu res  4-59 

th rough  4-62. Blaae t w i s t  was model l e d .  The th icknesses  a re  c o n s i s t e n t  w i t h  

a  c o n f i g u r a t i o n  coded VSECT85 and loads pub1 i shed  accord ing  t o  system coupled 

dynamic response a n a l y s i s .  F i gu re  4-59 shows a l !  t h e  elements. Blade 1  i s  

de f i ned  f r om t h e  c e n t e r  tr; +600 in., o r  25% o f  t h e  span. Blade 2  i s  d e f i n e d  

t o  -240 in., and a  l oad  t r a n s f e r  t r a n s f o r m a t i o n  t o  -600 i n .  A t  -600 i n .  a  

sn ia l l  mernber i s  used t o  l o c a t e  a  concen t ra ted  mass t h a t  balanced t h e  c e n t e r  o f  

y rav  i t y .  

The X,  Y, i coo rd i na tes  o f  t h e  cen te r  o f  mass o f  t h e  151,500 I b .  model a r e  0, 

0 ,  -1.187 i n .  The cen te r  o f  g r a v i t y  o f  t h e  e n t i r e  r o t o r  i s  o f f s e t  a  l i t t l e  i n  

t h e  - Z  d i r e c t i o n ,  and shou ld  be  computed t o  l o c a t e  t h e  t e e t e r  s h a f t .  

Teeter  Brake Attachment Zone - -  F i g u r e  4-61 shows t h e  l o c a t i o n  o f  s t e e l  i n  t h e  

model. The b rake  r e a c t i o n  f i t t i n g s  were modeled i n  two ways. The two r i n g s  

i n  t h e  + Y  b o l s t e r  were g i ven  independent s lopes,  r e p r e s e n t i n g  a  l oose  f i t  w i t h  

t n e  connec t ing  p i n .  The r i n g  i n  t h e  - Y  b o l s t e r  r ep resen t s  a  t i g h t  f i t  w i t h  

t n e  connec t ing  p ins .  I n  b o t h  b o l s t e r s ,  t h e  brake f i t t i n g  i s  embedded i n  t h e  

b o l s t e r  and shears a g a i n s t  t h e  spar .  As shown i n  F i g u r e  4-63, t h e r e  i s  a  

r o l l i n g  shear s t r e s s  peak a t  these f i t t i n g s ,  caused b y  t h e  smal lness,  

incompat ib le  m o d u l i i  o f  e l a s t i c i t y  and d iscon t inuous  shape. The combined 

s t r e s s  a l s o  i nc l udes  a  h i g h  c r o s s - g r a i n  t e n s i o n  o f  632 p s i .  i n  t h e  wood and 

g l a s s  f i b e r .  R e d i s t r i b u t i o n  c a l c u l a t i o n s  show 193 p s i .  i n  t a n g e n t i a l  

c r o s s - y r a i n  t e n s i o n  on t h e  wood, which has a  work ing  a l l owab le  o f  100 p s i .  

Therefore,  t h e  s i z e  o f  t h i s  f i t t i n g  was r e c a l c u l a t e d  and t h e  new c o n f i g u r a t i o n  

was analyzed, as d iscussed  i n  4.3.1.2.1. 



QRjG;F;j?ii FA.2 F 3 
OF POOR QUAEiTY 

TYPE NUMBER 

HEXA8 1216 
PENTA 9 6 
QUAD4 384 
GR 1 DS 2 5 3 9  

Figure 4-59. A l l  Elements 
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F i g u r e  4-60. A l l  Quadratic Elements 



Figure 4-61. All Steel at Center 

4 -123 



y OUTER WALL 

Figure 4-62. Steel Cup a t  Center 
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X, SPANWISE S T A T I O N  

F i g u r e  4-63. Cross-Grain Stresses a t  t h e  Teeter Brake 
F i t t i n g s  P red i c ted  by t h e  F i n i t e  Element Model o f  t h e  Center Blade 



Teete r  Bear ing  F i t t i n g  Zone -- Stresses i n  t h e  b o l s t e r  a re  s a t i s f a c t o r y  a t  t h e  

t e e t e r  b e a r i n g  cup. The t e e t e r  cup bonded t o  t h e  augmented wood has a  l a r g e r  

s u r f a c e  a rea  t han  t h e  b rake  f i t t i n g s .  The maximum r o l l i n g  ( Y Z )  shear i s  

105 p s i .  and t h e  maximum r a d i a l  ( Y )  c r o s s - g r a i n  tens  ion  i s  80 p s i .  Both a r e  

l e s s  than  t h e  work ing  a l lowab les ,  which a re  110 and 190 ps i . ,  r e s p e c t i v e l y .  

The s t r esses  i n  t h e  augmented d i r e c t i o n s  a r e  a l s o  l e s s  than  a l l owab les  as 

1  i s t e d  i n  Tables 4-27 and 4-28. 

The s t e e l  cup was model led separa te ly .  The des ign had a  4.5 in .  t h i c k  f l o o r ,  

2  i n .  t h i c k  o u t e r  w a l l  and a  7  i n .  t h i c k  b e a r i n g  suppor t  tube. However, t h e  

nlodel d i d  n o t  i n c l u d e  t h e  sur round ing  wood, so t h e  cen te r  b lade  model analyzed 

t i l e  use o f  a  4  i n .  t h i c k  i nne r  w a l l  and 4  i n .  f l o o r .  T h i s  p a r t  o f  t h e  c e n t e r  

b l a d e  model i s  shown i n  F i g u r e  4-62. 

Tab le  4-29 shows t h a t  t h e  4  i n .  t h i c k  inner  w a l l  i s  u n s a t i s f a c t o r y .  The 

a l l o w a ~ l e  a l t e r n a t i n g  s t r e s s  f o r  t h i s  s t e e l  i s  + 12,000 ps i . ,  b u t  t h e  i n n e r  

w a l l  would exper ience  _+ 18,771 p s i .  F igures  4-64 th rough  4-66 a re  p l o t s  o f  

t h e  d e t a i l e d  b e a r i n g  f i t t i n g  model and r e s u l t s  f o r  t h e  t e e t e r  cup w i t h  t h e  7 

i n .  t h i c k  i nne r  w a l l .  It exper iences an a l t e r n a t i n g  s t r e s s  o f  + 13,000 p s i .  

i n  t h e  f l o o r  p l a t e ,  where t h i s  model d i d  n o t  i nc l ude  suppor t  f r om  t h e  wood. 

The p r i n c i p l e  s t r e s s  i n  t h e  7 i n .  w a l l  i s  p r e d i c t e d  t o  be 3,413 + 8,756 p s i .  

Examinat ion o f  t h e  d e t a i l e d  fo rce  d i s t r i b u t i o r !  showed t h a t  about 50% o f  t h e  

w a l l  s t r e s s  i s  induced by  p l a t e  bending. The p l a t e  t h i c kness  was increased, 

t o  a v o i d  p l a t e  bending. The new p l a t e  bending s t r esses  a re  p r o p o r t i o n a l  t o  

t h i c kness  squared. The r e s t  o f  t h e  s t r e s s  i s  assoc ia ted  w i t h  membrane 

f o r c e s .  For  these  f o r ces ,  t h e  new th i ckness  i s  l i n e a r l y  r e l a t e d  t o  p l a t e  

th i ckness ,  as shown i n  t h e  f o l l o w i n g  equat son: 

The new i nne r  w a l l  i s  about 5.5 i n .  t h i c k .  The f l o o r  i s  4 i n .  t h i c k  ana t h e  

o u t e r  w a l l ,  2 i n .  t h i c k .  The r a d i u s  i n  t h e  f i l l e t s  j o i n i n g  these  t h r e e  zones 

i s  Z i n .  These dimensions a re  assoc ia ted  w i t h  s t r esses  o f  24 k s i  f o r  t h e  

i n t e g r a l  l y  mach inea forged cup. 



Table 4-27 Stress Redistribution For Douglas Fir Veneer, 0.10 in. t h i c k  
Augmented by 0.01 in. Glass Fiber, Bidirectional C l o t h ,  Style 7781 

C O M P O S  IT€ 
( P S I )  

F R P  
( P S I )  

(1) L = Longitudinal, parallel to grain. 
T = Tangential to tree, normal to grain, in veneer plane. 



Table 4 - 2 8  A1 lowable S t r e s s e s  

PARALLEL TO GRAIN MAXIMUM FATIGUE A T  4 X l o 8  CYCLES 

D. F I R .  AUGMENTED D. F I R .  AUGMENTED 

TENS ION 

COMPRESS I O N  

SHEAR L T  

SHEAR LR 

PERPENDICULAR TO GRAIN 

TENSION R 1 9 0  1 9 0  5 6 0  1 5 0  5 6 0  1 5 0  

TENSION T 1 0 0  3 2 8  2 3 0  7 5 + 9 8  2 4 6  

COMPRESSION R - 2 3 0  - 2 3 0  -120 "  - 2 0 0  - 1 2 0 *  - 2 0 0  

COMPRESS I O N  T - 4 4 0  - 1 4 4 3  - 2 6 0 A  - 3 3 0  - 8 5 2 * - 1 0 8 2  

ROLLING SHEAR R T  1 1 0  '1 1 0  2 4 0  90 2 4 0  9 0  

*THESE ALLOWABLES ARE ON THE MINIMUM STRESS A X I S  AT A MAXIMUM STRESS OF ZERO 

EACH VENEER I S  AUGMENTED BY 0 . 0 1  I N .  OF 7 7 8 1  GLASS F I B E R  CLOTH, WITH THE WARP 

PARALLEL TO THE GRAIN 
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S I G N I F I C A N T  LOCAL B E N D I N G  
I S  INDUCED BY I N T E R A C T I O N  
OF FLOOR AND INNER WALL. 

A -A  - 

Figure 4 - 6 4  T e e t e r  C u p  A n a l y s i s  

4 - 1  30 



Stee l  Cup Housing For Radia l  Tee te r  Bear ing  

Maximum D e f l e c t i o n  20.7 mils, Yaximum A l t e r n a t i n g  Loads 

F i g u r e  4-65. Re f i ned  Model o f  Tee te r  Cup and Deformat ion Under 
Maximum F a t i g u e  Loads 

4 -131  



VALUE 

F i g u r e  4-66. Maximum P r i n c i p l e  A1 t e r n a t  i n g  S t r e s s  
Caused by Maximum F a t i g u e  Loads 



B o l s t e r  T i p  Zone -- Tab le  4-29 shows an unconcentrated, maximum spar  s t r e s s  

p a r a l l e l  t o  t h e  graa'n o f  3,300 p s i .  Th i s  s t r e s s  occurs  w i t h  t h e  r o t o r  

h o r i z o n t a l  a t  r a t e d  power, i n  response t o  a  severe 1 i m i t  gus t .  A separa te  

s e r i e s  o f  models es t imated  t h e  concen t ra ted  s t r e s s  a t  t h e  b o l s t e r  t i p .  The 

r e s u l t s  a r e  summarized i n  F i g u r e  4-67. The base1 i ne  double  1  inear  t ape r  i s  

expected t o  s p l i t  f r om  t h e  spar  d u r i n g  such a  1  i r n i t  gust .  The f a t i g u e  1  i f e  i s  

u n s a t i s f a c t o r y  because r 1,000 p s i .  p a r a l l e l  t o  t h e  g r a i n  i n  t h e  spar  w i l l  

p r obab l y  deve lop  a t  t h e  b o l s t e r  t e r m i n a t i o n .  Th i s  s t r e s s  i s  es t ima ted  t o  

develop a  c ross -g ra i n  t e n s i l e  s t r e s s  g r e a t e r  than  t h e  s t a t i c  s t r e n g t h  and f a r  

g r e a t e r  than  t h e  f a t i g u e  a1 lowable.  Consequently, t h e  b o l s t e r  t i p  t a p e r  must 

be a  q u a d r a t i c  f o rm  t h a t  spans t n e  f u l l  spar ,  r a t h e r  t h a n  a form t h a t  t a p e r s  

t o  22  i n .  wide. The subscale  s t a t i c  t e s t  c o n f i r m  t h i s  assessment, because t h e  

b o l s t e r s  s p l  i t  o f f  t h e  spar  a t  60% o f  t h e  s t r e n g t h  o f  a  spar .  See s e c t i o n  8.0 

of  Volume I 1  f o r  d e t a i l e d  t e s t  r e s u l t s .  

I n t e r i o r  Shear Webs - -  The s t r e s s  f o r  4 i n .  t h i c k  plywood, webs i s  low. The 

s t r e s s  i s  assoc ia ted  w i t h  t h e  d i r e c t i o n  o f  t h e  g r a i n ,  as no ted  i n  Tab le  4-29. 

The Y and Z s t r e s s  columns f o r  t h e  Y Z  webs were ad jus ted  f o r  L - d i r e c t i o n  

s t r e s s  r e d i s t r i b u t i o n  i n  t h e  r 45O layup.  A l though t h e  t h i ckness  c o u l d  b e  

reduced, s i n c e  t h i s  area i s  r e l a t i v e l y  un repa i r ab le ,  i t  was overdesigned f o r  

t h e  p ro to type .  F i e l d  s t r e s s  measurements w i l l  be  used t o  r e c a l c u l a t e  t h e  s i z e  

o f  webs f o r  subsequent u n i t s .  Access ways must be l o c a l l y  augmented and 1  ined. 

Access Holes a t  S t a t i o n  210 - -  These ho les  p e r m i t  e n t r y  t o  t h e  r o t o r  f o r  

i n s p e c t i o n  and maintenance. The s t r esses  l i s t e d  i n  Table  4-29 show t h a t  t h e  

ho les  a re  p l aced  s a t i s f a c t o r i l y ,  b u t  t h e y  should  be augmented, t o  r e s i s t  t h e  

204 p s i .  c r o s s - g r a i n  t ens i on .  The h o l e  shou ld  be  augmented by one l a y e r  o f  

7781 c l o t h  between each veneer. The h o l e  shou ld  a l s o  be l ined  w i t h  1  i n .  o f  

7781 g l a s s  f i b e r  c l o t h ,  so t h a t  t h e  veneer doesn ' t  separate  f rom t h e  edge. 
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F i g u r e  4-67.  B c l s t e r  T a p e ~  and Stress Concentration 
a t  the  T ip ,  f o r  1,000 p s i  i n  Spar. 



4.3.1.2 B o l s t e r  

The b o l s t e r  s t r u c t u r e  i s  bonded t o  t h e  cen te r  b lade  l e a d i n g  and t r a i l i n g  

su r f aces  d u r i n g  f i e l d  assen~bly. The b o l s t e r  i s  shown on F i g u r e  4-68. The 

b o l s t e r s  t r a n s f e r  t h e  aerodynamic torque,  t h r u s t ,  and b lade  g r a v i t y  loads t o  

t h e  yoke w i t h  as l i t t l e  d i s t u rbance  t o  t h e  p r ima ry  cen te r  b l ade  s t r u c t u r e  as 

p o s s i b l e .  

The b o l s t e r  i s  made o f  a1 t e r n a t e  l a y e r s  o f  ,Douglas f ir veneer and s t y l e  7781 

b i a i r e c t i o n a l  g l ass  f i b e r  c l o t h .  The g r a i n  o f  t h e  wood i s  p a r a l l e l  t o  t h e  

p r ima ry  s t r e s s  caused b y  t h e  t o rque  and g r a v i t y  loads.  The g l ass  f i b e r  c l o t h  

g i ves  t h e  lamina ted  wood enough c ross -g ra i n  s t r e n g t h  t o  ensure p o s i t i v e  

marg ins o f  s a f e t y  f o r  s t r esses  induced i n  t h i s  d i r e c t i o n  f r om  t h e  wind t h r u s t  

load. The warp o f  t n e  c l o t h  i s  p a r a l l e l  t o  t h e  wood g r a i n ,  t o  t a k e  advantage 

o f  i t s  con t inuous  l e n g t h  i n  t h i s  d i r e c t i o n ,  and t o  e l i m i n a t e  j o i n t s  a long  t h e  

span. 

Tne c ross - sec t i on  has a  q u a d r a t i c  t a p e r  f r om  t h e  maximum th i ckness  o f  22 in., 

t o  0.2 in. A f ea tne r  edge, made b y  sanding d u r i n g  f i n a l  assembly, i s  b lended 

w i t h  t h e  main span. Th is  t a p e r i n g  reduces t h e  s t r e s s  concen t ra t i on  a t  t h e  

b o l s t e r  t i p  and t h e  c r o s s - g r a i n  s t r esses  d iscussed  i n  t h e  p rev i ous  s e c t i o n .  

Three ho les  a r e  b u i l t  i n t o  t h e  b o l s t e r .  The cen te r  h o l e  p rov ides  c learance  

f o r  t h e  t e e t e r  s h a f t  and a  c a v i t y  t o  i n s t a l l  t h e  y o k e ' s  r a d i a l  b e a r i n g  

i n t e r f a c e  f i t t i n g ,  t h e  t e e t e r  cup. The rema in i ng  ho les  a re  used t o  i n s t a l l  

t h e  t e e t e r  r e s t r a i n t  shown i n  F i g u r e  4-69. These f i t t i n g s  p r o v i d e  a  s l i p  f i t  

f o r  a  p i n ,  which cap tu res  t h e  t e e t e r  r e s t r i c t o r  arm i n  t h e  t r i a n g u l a r  c a v i t y  

a t  each ho le .  Each c a v i t y  i s  1  i ned  w i t h  g l ass  f i b e r  c l o t h  and i nco rpo ra tes  

co rne r  r a d i i  t o  p r o v i d e  s t r u c t u r a l  c o n t i n u i t y  and t o  reduce s t r e s s  

concen t ra t  i ons .  

Tne i n t e r f a c e  between t h e  cen te r  b lade  and t h e  b o l s t e r  i s  a  f l a t  su r face .  The 

b o l s t e r  i s  bonded t o  t h e  cen te r  b lade.  A u n i f o r m  bond gap i s  c r e a t e d  b y  

d u p l i c a t i n g  t h e  su r face  con tour  v a r i a t i o n s  o f  t h e  cen te r  b lade  and b o l s t e r ,  

u s i n g  matched and coo rd i na ted  t o o l  ing.  S c r i b e  1  ines  a re  e tched  on to  t h e  p d r t  

t o  a s s i s t  i n  t h e  assenibly and i n s t a l l a t i o n  o f  t h e  t e e t e r  cup and t e e t e r  





r e s t r a i ~ ~ t  f i t t i n g s .  The e x t e r n a l  su r f ace  o f  t h e  b o l s t e r  i s  p r o t e c t e d  frorn t h e  

e r l v i r o n ~ ~ l e n t  b y  two l a y e r s  o f  g l ass  f i b e r  c l o t h .  The f i n i s h e d  b o l s t e r  a s s e ~ l ~ b l y  

i s  coated w i t h  a  w h i t e  po lyu re thane  p a i n t  t h a t  r e s i s t s  u l t r d v i o l e t  1  i g h t .  

4.2.1.2.1 Teeter  brake arid h o l s t e r  I n t e r f a c e  S t r u c t u r a l  Ana l ys i s  

The i n t e r f a c e  between t h e  t e e t e r  brake and t h e  b o l s t e r  reconlinended i n  t h i s  

s e c t i o n  r e s o l v e s  o v e r s t r e s s  c o n d i t i o n s  descr ibed  i n  s e c t i o n  4.3.1.1 .l. k 

t u b u l a r  s h e l l  w i t h  a  dome shou ld  be bonded i n t o  t h e  b o l s t e r  and spar ,  t o  

e l i m i n a t e  t h e  sharp edges o f  t h e  independent ly  bonded r i n g s  and t o  ~n in icn ize  

r o l l  i ng  shear s t resses  i n  t h e  wood. 

Kecomnendat ions - -  F i g u r e  4-69  shows a  s u i t a b l e  arrangement f o r  t h e  s t e e l  

d e t a i l s  t h a t  a r e  bonded perlr lanently i n t o  t h e  b o l s t e r  and spar.  The c y l i n d e r  

tias a  20.0 i n .  o u t e r  d iameter ,  a  0.375 i n .  miniinurn w a l l  th i ckness ,  a  90' by  5 

i n .  s l o t  and a  hemispher i ca l  end cap. The end cap i n t r u d e s  5.0 i n .  i n t o  t h e  

spa r  and has a  10.U i n .  r a d i u s .  

The i nne r  cl ial l ieter o f  t h e  maintenance- f ree b e a r i n g  i s  about 6.3 i n .  The p i n  

shou ld  have an o u t e r  d iameter  o f  6.3 i n . ,  an inner  d iameter  o f  3.5 i n .  and an 

e t f e c t i v e  span of 10.0 i n .  

The d i s k s  i n s i d e  t h e  c y l i n d e r ,  which suppor t  t h e  p i ns ,  shou ld  be a t  l e a s t  

1 i n .  t h i c k  and spaced 10.0 i n .  a p a r t ,  on cen te r .  The d i s k s  shou ld  be 

1  i g l l t l y  shrunk i n t o  t h e  c y l i n d e r  w i t h  a  0.005 t o  0.010 i n .  d i a m e t r i c a l  

i n t e r f e rence .  There shou ld  be  r e p l a c e a b l e  bushings between t h e  p i n  and t h e  

d i s k s .  There shou ld  b e  p o s i t i v e  mechanical  r e t e n t i o n  f e a t u r e s  f o r  t h e  p i n ,  

t t i e  ~ u s h i n g s ,  and t h e  d i sks .  

A n a l y s i s  - -  T r a d i t i o n a l  a n a l y s i s  techniques were used t o  eva lua te  t h e  d rag  

1  ink  and t o  es t ima te  dimensions f o r  t h e  s t e e l  d e t a i l s  bonded i n t o  t h e  

b o l s t e r .  A f i n i t e  element model p r e d i c t e d  s t r e s s  l e v e l s  i n  t h e  wood and 

v e r i f i e d  t h e  s i z e  o f  t h e  s t e e  1  she1 1. , The analyses o f  t h e  d rag  1 i n k  and o t h e r  

b rake  hardware a r e  d iscussed i n  s e c t i o n  4.5.5.1. 
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F i g u r e  4-69. Model and Sect ion  Through t h e  Brake Attachment 
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S h e l l  and F i t t i n g s  i n  t h e  B o l s t e r  -- C a l c u l a t i o n s  o f  d i r e c t  bear ing ,  bending, 

and snear s t r e s s  l e d  t o  t h e  dimensions analyzed w i t h  a  NASTRAN f i n i t e  element 

model. P r e d i c t e d  shear s t r e s s  i n  t h e  s t e e l  s h e l l  determined t h e  w a l l  

th i c i tness .  

F i g u r e  G-69 and Table  4-30 show t h e  r e s u l t s  o f  t h e  NASTKAN model. The model 

p r e d i c t s  s a t i s f a c t o r y  s t r e s s e s  i n  t h e  wood and i n  t h e  s t e e l .  The t a b l e  l i s t s  

t h e  maxi~r~um s t r esses .  

S t e e l  S h e l l  and D isks  -- The f a t i g u e  l o a d i n g  f r om f u l l - f o r c e  t e e t e r  b r a k i n g  

occurs  l e s s  than  5x105 t imes i n  an expected 35000 s t a r t - s t o p  cyc l es .  The 

maximum urak i r ig  f o r c e  occurs  f o r  a  few c y c l e s  d u r i n g  i n f l o w  c o n d i t i o n s  a t  low 

r o t o r  speed. I n  a  t a b u l a r  h i s t og ram i n  t h e  t e e t e r  b e a r i n g  s p e c i f i c a t i o n ,  t h e  

ang le  t h a t  t r i g g e r s  f u l l - f o r c e  b r a k i n g  i s  l i s t e d  110700 t imes  i n  a  spectrum o f  

1467500 c y c l e s  o f  t e e t e r  mot ion.  H a l f - f o r c e  b rake  a c t i o n  occurs  1356600 

cyc l es .  Tne maximum loads  occur fewer than 40,000 t imes  d u r i n g  t h e  f u l l - f o r c e  

brak i n g  c y c l  es. 

The she1 l and d i s k s  a r e  loaded b y  t h e  su r round ing  wood de fo rmat ions  i n  normal 

o p e r a t i o n  and i n  t e e t e r  b rak ing .  The f a t i g u e  spectrum f o r  t h e  s h e l l  and d i s k s  

i n c l  udes up t o  4 x 1 0 ~  c y c l e s  a t  v a r i o u s  amp1 i t udes .  Th i s  spectrum i s  d e f i n e d  

as AISC c o n d i t i o n  4  i n  r e f .  4-1, more t h a n  2 x l o 6  cyc l es .  As shown i n  

Table  4-30, t h e  maximum a l t e r n a t i n g  s t r esses  i n  t h i s  spectrum a r e  g r e a t e r  than  

t h e  average mean s t r e s s ,  b u t  t h e  spect rum has a  v a r i a b l e  s t r e s s  r a t i o .  The 

d a t a  c o n t r i b u t i n g  t o  F i g u r e  4-70 i nc l uded  many s t r e s s  r a t i o s .  Accord ing t o  

r e fe rences  4-1, 4-2, and 4-3, t h e  des ign  may be eva lua ted  b y  t h e  s t r e s s  range  

and t h e  nean s t r e s s  may be  d is regarded .  The s t r e s s  range a l lowed f o r  A I S C  

c o a d i t i o n  4  i s  L4  k s i  f o r  Category A, 16 k s i  f o r  Category B and 8 k s i  f o r  

shear .  

The appl  i e d  s t r e s s  ranges a r e  t w i c e  t h e  a l t e r n a t i n g  va lues,  shown i n  

Table  4-30. The s h e l l  and d i s k  s t r e s s  ranges s a t i s f y  t h e  AISC des ign  c r i t e r i a .  
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Figure 4-7U. Stress v s .  Number of  Cycles for  Various Weld Categories 
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Tab le  4-30 Brake Loca t i on  F i n i t e  Element Model R e s u l t s  

AUGMENTED WOOD 

LOAD CASE 
L S~ S~~ s~~ STL 

TEETER BRA KING(^^ 2 '0 000 + I17  2235 2113 226 +259 

LIMIT UPGUST 1320 7 5 116 109 19 147 

AVERAGE MEAN 562 6 0 40 7 4 10 6 3 

MAXIMUM ALTERNATIN~)  1528 225 56 k38.6 28  256.9 

STEEL 

LOAD CASE SHELL PIN DISKS 

1 SHEAR B SHEAR S1 SHEAR 

TEETER BRA KING(^) 28335 23891 213507 25568 26133 23053 

LIMIT UPGUST 7959 3 780 - - 4613 3130 

AVERAGE MEAN 2 804 1654 - - 1546 1056 

MAXIMUM ALTERNATING( b, +3712 22030 - - +2261 21523 

( a )  EXPECTED TO OCCUR l o 5  TIMES IN A FORGE-LIMITED SPECTRUM OF 1.5 x l o 6  
CYCLES 

( b )  99.9gTH PERCENTILE I N  A SPECTRUM OF 4 x l o 8  CYCLES 



A f l a w  s i z e  f o r  non -des t ruc t i ve  examinat ions can be de f ined  u s i n g  f a c t u r e  

mechanics. 

A K  = A S  FS FE FN FG J n a  

Cons ider ing  a  s e m i - c i r c u l a r  su r f ace  f law,  normal t o  t h e  p r i n c i p l e  s t r e s s  

f i e l d ,  t h e  c o e f f i c i e n t s  a r e  i n i t i a l  ly:  

FS = 1 . 1 2  a t  f r o n t  f r e e  su r face  

F E  = 2 / ~  

FW = 1.0 f a r  from back f r e e  su r f ace  

FG = 1.0 u n i f o r m  s t r e s s  

From re fe rence  4-4, t h e  f l a w  growth t h r e s h o l d  c o u l d  be  5.5 k s i  /IN. The 

f l a w  r a d i u s  f o r  growth a t  l e s s  than  l o - '  i n .  pe r  c y c l e  i s  tnen, 

a  = i ( n  5 . 5 ) / ( 2 ( 1 6 . 6 7 0 ) ) ] ~ / ~ 1  

a  = 0.085 i n .  where a  = 1 /2  t h e  crack leng th .  

The s h e l l  and d i s k s  w i l l  be  inspected, to .  p rec lude  i n d i c a t i o n s  g r e a t e r  t han  

0.1 i n .  on t h e  sur face,  accord ing  t o  GE S p e c i f i c a t i o n  47A380054. The 

i nspec to r  would have t o  miss a  f l a w  1.7 t imes  l a r g e r  than  t h e  r e j e c t a b l  e 

d e f e c t  be fo re  i t  would propagate. Also,  t h e  s t r e s s  l e v e l  r e q u i r e d  t o  

propagate t h e  p o s t u l a t e d  f l a w  i f  a  = 0.05 i s :  

AS = 5.5 n/(2 ( n  0.05) 1  / 2) 

AS = 21.8 k s i  

The marg in  o f  s a f e t y  w i t h  success fu l  a  non -des t ruc t i ve  examinat ion i s :  

NHSTKAN she l  1  s t r e s s  con tours  f o r  t h e  maximum l o a d  case a r e  shown i n  F i gu re  

4-71. Tne Category  B welds i n  t h e  she l  1  a r e  l o c a t e d  away f r om t h e  l o c a t  i o n  

o f  t h e  maxirnum p r e d i c t e d  s t r e s s .  

Augmented Wood 

Tab le  4-31 shows s t r e s s  r e d i s t r i b u t i o n  us i ng  l a m i n a t i o n  t h e o r y  ( r e f .  4-5) 

f o r  Douglas f i r  augmented w i t n  .01, o r  .02 i n .  t h i c k  g l ass  f i b e r  c l o t h  

between each veneer. The 10% augmentat ion has t h e  a l l o w a b l e  s t r esses  shown 

i n  Table 4-32. The maxirnum s t r esses  i n  Table 4-30 a re  l e s s  than  t h e  

a l l owab les  except  f o r  c ross  g r a i n  t e n s i l e  f a t i g u e .  The minimum s t r e n g t h  i n  

c ross -g ra i n  t e n s i l e  f a t i g u e  w i t h  20% augmentat ion i s  expected t o  b e  675 p s i  
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F igu re  4-71.  Example o f  S t ress  Contour Output o f  F i n i t e  Element 
and Weld Locat ion  Recommendation 



T a ~ l e  4-31 .Stress R e d i s t r i b u t i o n  For Douglas F i r  Veneer, .1  in. Th ick  
Augmented w i t h  0.01 i n .  Glass F i b e r  B i d i r e c t i o n a l  C lo th ,  S t y l e  7781 
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Tab1 e 4-32. A1 lowable St resses 

PARALLEL TO G R A I N  MAX I MUM FATIGUE AT 4 X 10 CYCLES 

PLAI N WOOD AUGMENTED PLAIN WOOD AUGMENTED 

TENSION 4 100 4240 1280 3200 1324 3309 

COMPRESSION -4430 -4581 -1280 -3700 -1324 -3826 

SHEAR LT 

SHEAR LR 1139 1139 +300 730 +300 730 - - 

PERPENDICULAR TO G R A I N  

TENSION R 190 190 +60 150 - - +60 150 

T E N S I O N  T 100 328 +30 7 5 +98 246 - - 

COMPRESSION R -230 - 230 -120" -200 -120" -200 

COMPRESSION T -440 -1443 -260f -330 -852* -1082 

ROLLING SHEAR R T  110 110 +40 9 0 +40 - - 90 

(VALUES IN PSI) 

*The compressive va lue  occurs  on t h e  a x i s  o f  compressive minimum s t r e s s  and 

z e r o  rnax imurn s t r ess .  

The wood i s  augmented b y  .1 i n .  o f  7781 g lass  f i b e r  c l o t h  between each veneer, 

w i t h  t h e  warp p a r a l l e l  t o  t h e  g r a i n .  



8 
s t a t i c  and t 2 0 2  p s i  a t  4x10 cyc l es ,  based on t h e  Douglas F i r  a l l owab les  

d i v i d e d  by  t h e  r e d i s t r i b u t i o n  f a c t o r  o f  U.148. As drawn i n  F i g u r e  4-72, t h e  

s t r e s s  marg in  o f  s a f e t y  w i t h  20% augmentat ion i s  +0,4. 

T = TRANSVERSE 

I 

10 l o 2  1a3 104 lo5 1, " 6  107 I o9 
LOG (CYCLES TO FA ILURE)  

F i g u r e  4-72. Augmented Doug1 as F i r  Cross-Grain Fa t i gue  

'mi nISmax 
= -1 

S t ress  i4arg i n  Summary - 
Bear ing  P i n  F a t i g u e  

S h e l l  and D isk ,  Cond i t i on  4 

S h e l l  and D i s k  Flaw Growth 

Bo l s t e r ,  Cross -g ra in  Fa t i gue  



4.3.1.3 Center  Blade Assembly 

The c e n t e r  b l ade  assembly c o n s i s t s  of t h e  b o l s t e r  s t r u c t u r e s ,  s t e e l  i n s e r t s ,  

t h e  t e e t e r  sha f t ,  and t h e  c e n t e r  b lade ,  as shown i n  F i g u r e  4-73. Because of  

t h e  s h i p p i n g  envelope and t h e  t o l e r a n c e  requi rements ,  these  p a r t s  a re  

assembled i n  t h e  f i e l d .  

An overv iew o f  t h e  assembly sequence i s  presented here.  More d e t a i l e a  

i n f o r m a t i o n  i s  p rov i aed  i n  s e c t i o n  10.7.1. 

The assembly sequence beg ins  b y  suppo r t i ng  t h e  cen te r  b lade,  so t h a t  t h e  

cho rca l  dimens i on  i s  i n  t h e  v e r t i c a l  p o s i t i o n .  The f i r s t  o f  t h e  two b o l s t e r s  

i s  l i f t e d  t o  t h e  top.  A f t e r  a p p l y i n g  epoxy t o  t h e  ma t i ng  su r f aces  and c o a t i n g  

t h e  cen te r  o l ade  i n t e r f a c e  sur face  w i t h  a s b e s t o s - f i l l e d  epoxy, t h e  b o l s t e r  i s  

1  owered i n t o  p o s i t i o n  and a1 igned, u s i n g  t h e  s c r i b e  1  ines and a1 ignrnent 

[narks. P r e c i s e  a1 ignment i s  n o t  necessary,  s i n c e  key  i n t e r f a c e  dimensions a r e  

e s t a b l  ished b y  f i t t i n g s ,  which a r e  i n s t a l  l e d  1  a t e r  and which were designed t o  

compensate f o r  t o l e r a n c e  r e 1  i e f  . 

Three methods f o r  e s t a b l i s h i n g  t h e  b o l s t e r l c e n t e r  b l ade  bond gap were i d e n t i -  

f i e d .  Each method i s  designed t o  a v o i d  bond vo ids.  The f i r s t  uses a  g l a s s  

f i b e r  c l o t h  l a y e r  between t h e  cen te r  b l ade  and b o l s t e r ,  which a c t s  as a  

w i c k i n g  medium f o r  t rapped  a i r .  The second method f o r c e s  a i r  o u t  o f  t h e  

r e g i o n  w i t h  a mound o f  th i ckened  epoxy. The mound i s  pushed fo rward  as t h e  

b o l s t e r  lowers,  u s i n g  one o f  i t s  edges as a  p i v o t .  The t h i r d  method pumps 

epoxy i n t o  t h e  bond gap. 

A f t e r  t h e  a p p r o p r i a t e  se t -up  t ime,  t h e  cen te r  b lade  i s  r o t a t e d  180°, and t h e  

o t n e r  b o l s t e r  i s  a t tached.  The t e e t e r  s h a f t  assembly i s  then  i n s t a l l e d  

th rough  t h e  c l ea rance  h o l e s  i n  t h e  b o l s t e r s  and cen te r  b lade  and t e m p o r a r i l y  

suppor tea w h i l e  t h e  cen te r  b l ade  i s  r e - o r i e n t e d  t o  a  h o r i z o n t a l  p o s i t i o n  f o r  

t h e  t e e t e r  s h a f t  a l i gnment  and bonding. 

O p t i c a l  t o o l i n g  i s  used t o  p o s i t i o n  t h e  t e e t e r  s h a f t  so t h a t  t h e  ang le  o f  

t w i s t  e s t a b l i s n e d  b y  i t s  c e n t e r l i n e  and t h e  a c t u a l  rliean cho rd  l i n e  o f  t h e  
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a i r f o i l s  a t  +.25R ( R  i s  t h e  r a d i u s )  a r e  i d e n t i c a l .  Th is  p o s i t i o n  ensures 

even t o rque  p roduc t i on  f r om t h e  b lade  sec t i ons  on e i t h e r  s i d e  o f  t h e  cen te r  o f  

r o t a t i o n .  Once a1 igned, t h e  s h a f t  i s  bonded t o  t h e  shear webs, kee l s ,  and 

.30C spar i n s i d e  t h e  cen te r  blade. Thickened epoxy and incrementa l  l eng ths  o f  

cong ruen t l y  shaped wood f i l l e t s  a r e  used. 

The cen te r  b lade  i s  r o t a t e d  again so t h a t  t h e  chorda l  dimension i s  v e r t i c a l .  

Us ing t h e  t e e t e r  sha f t  as a  l o c a t i n g  p i n ,  t h e  t e e t e r  b e a r i n g  cup i s  bonded i n  

p lace .  L i k e  t h e  t e e t e r  s h a f t ,  t h e  cup i s  wrapped w i t h  g lass  f i b e r  c l o t h  

impregnated w i t h  epoxy t o  enhance t h e  adhesion o f  t h e  a d d i t i o n a l  epoxy i n  t h e  

bond gap. The r e l a t i v e l y  wide bond gap a l l ows  t h e  use o f  l a r g e  t o l e rances  f o r  

l o c a t i n g  t h e  cup i n  t h e  b o l s t e r .  The l a r g e  t o l e rances  make assembly q u i c k e r  

and e a s i e r .  The annular  bond gap can be f i l l e d  by  e i t h e r  pumping epoxy i n t o  

t he  gap o r  by  a l l o w i n g  t h e  we igh t  o f  t h e  f i t t i n g  t o  d i s p l a c e  a  volume o f  epoxy 

p l aced  i n  t h e  bo t tom o f  t h e  c a v i t y .  

The upper and lower  t e e t e r  r e s t r i c t o r  f i t t i n g s  on e i t h e r  s i d e  o f  t h e  t e e t e r  

cup a r e  i n s t a l l e d .  A f t e r  c u r i n g ,  t h e  assembly i s  r o t a t e d  180°, and t h e  

process repea ted  f o r  t h e  rema in ing  f i t t i n g s .  

4.3.1.4 I n n e r  Blade Assembly 

The i nne r  b l ade  i s  t h e  p o r t i o n  o f  t h e  r o t o r  between .25R and .60R, on each 

s  iUe o f  t h e  c e n t e r  blade. I t s  t y p i c a l  c ross-sec t ion ,  as shown i n  F i g u r e  4-75,  

i s  a  t r u n c a t e d  a i r f o i l  w i t h  t h e  .60C spar as i t s  a f t  surface. A main spar, 

l o c a t e d  a t  .30C, spans t h e  l e n g t h  of  t h e  b l ade  sec t i on .  Blade grade # 1  

Douglas f i r  veneer, t h e  s t r onges t  a v a i l a b l e ,  i s  used on t h e  o u t e r  h a l f  o f  t h e  

w a l l  t h i ckness  and .60C spar,  which i s  t h e  h i g h l y  s t r essed  p o r t i o n  of t h e  

a i r f o i l  s h e l l .  Other areas o f  t h e  b l ade  a r e  made f r om b lade  grade #2 veneer. 

T r ~ e  b lade  i s  covered e x t e r n a l l y  and i n t e r n a l l y  w i t h  two l a y e r s  o f  7781 

b i - a i r e c t i o n a l  g l ass  f i b e r  c l o t h  r e i n f o r c e d  w i t h  epoxy. The epoxy sea l s  t h e  

wood f rom t h e  environment and t h e  g l ass  f i b e r  d i s t r i b u t e s  t h e  l oad  a t  joa 'n ts  

i n  t h e  o u t e r  and innermost laminae o f  t h e  a i r f o i l  s h e l l .  Th is  cove r i ng  a l s o  

p r o t e c t s  t h e  wood f r om abras ion  and e ros ion .  

A p a t t e r n  o f  f i n g e r s  i s  machined i n t o  each end of  t h e  b lade  sec t i on .  The 

f i n g e r s  match a  corresponding p a t t e r n  on t h e  cen te r  and o u t e r  b l ade  sec t i ons .  

The t h i ckness  o f  t h e  laminae i n  these  areas i s  20% g r e a t e r  than  t h e  minimum 



requi rements  determined b y  SECTION, t o  account f o r  t h e  s t r u c t u r a l  j o i n t  

e f f i c i e n c y .  These areas a r e  a l s o  r e i n f o r c e d  w i t h  t y p e  7781 FRP c l o t h  between 

each veneer, t o  p r o v i d e  dimensional  s t a b i l i t y  f o r  any environment.  A t  .25R, 

spars a re  fo reshor tened ,  p r o v i d i n g  c learance  f o r  t h e  t o o l i n g  needed t o  

dssemble t h e  c e n t e r  and i nne r  sec t ions .  

The h y d r a u l i c  and e l e c t r i c a l  condu i t s  a re  i n s t a l l e d  a g a i n s t  t h e  a f t  su r f ace  o f  

t h e  .60C spar. Clamps used t o  suppor t  t h e  condu i t s  a re  secured, b y  f a s t e n e r s  

t o rqued  i n t o  t h e  i n s e r t s  bonded i n t o  t h e  spar as shown i n  F i g u r e  4-74. The 

dimensions o f  t h e  i n s e r t  p r o v i d e  a  bonding su r f ace  area l a r g e  enough t o  r e a c t  

shear p u l l o u t  f o r ces ,  which occur  d u r i n g  t u r b i n e  ope ra t i on .  P re load  t o rque  i s  

prevented f r om s t r e s s i n g  t h e  wood b y  i n s t a l l i n g  t h e  i n s e r t  s l i g h t l y  above t h e  

spar  su r face ,  which a l s o  e l  i ~ n i n a t e s  concerns about l o s s  o f  p re l oad  f r om 

creep. The c o n d u i t  i n s t a l l a t i o n s  were n o t  comp le te ly  designed a t  t h e  t ime  o f  

t h i s  r e p o r t ,  t h e r e f o r e ,  t h e  i nne r  b lade  drawing does n o t  show t h e  requ i rement  

f o r  i n s e r t s .  

Cont inuous l eng ths  o f  wood b l o c k i n g  a r e  bonded and screwed t o  t h e  a f t  su r f ace  

o f  t h e  .60C spar,  as shown i n  F i g u r e  4-75. These p ieces  p r o v i d e  a  mount ing 

s u r f a c e  f o r  t h e  t r a i l i n g  edge sec t i ons  i n s t a l l e d  a t  t h e  s i t e .  The b i r c h  

laminae i n s t a l l e d  i n t o  t h e  spanwise k e r f  p r o v i d e  a  l a r g e  su r f ace  area, which 

shears  t h e  t r a i l i n g  edge loads i n t o  t h e  main b l ade  s t r u c t u r e ,  m i n i m i z i n g  

t e n s i o n  on t h e  bond l i n e .  B i r c h  has g r e a t e r  c ross  g r a i n  p r o p e r t i e s  t h a n  

Douglas f i r .  The l o c a t i o n  o f  t h i s  k e r f  a l s o  min imizes any i n t e r f e r e n c e  w i t h  

t n e  most h i g n l y  s t r essed  wood f i b e r s  o f  t h e  a i r f o i l  s h e l l .  

P r o v i s i o n s  f o r  mount ing ba lance weights  on t h e  .30C spar a t  .50R a r e  shown i n  

F i g u r e  4-76. An i n t e r n a l  r i b  i s  i n s t a l l e d  a t  t h i s  l o c a t i o n  t o  suppor t  t h e  

spar  and t o  t r a n s f e r  t h e  l o a d  due t o  t h e  we igh t  o f  t h e  b a l l a s t  i n t o  t h e  

a i r f o i l  s h e l l .  The c e n t r i f u g a l  f o r c e  of  t h e  b a l l a s t  we igh t  i s  t r a n s m i t t e d  t o  

t h e  spar  th rough  t h e  bonded s t e e l  bushings. It i s  t r a n s f e r r e d  t o  t h e  a i r f o i l  

s h e l l  b y  shear a l ong  t h e  s p a r / s h e l l  i n t e r f ace .  The spar  t h i c kness  i s  l o c a l l y  

increased t o  accommodate t h e  imposed bea r i ng  and bending loads. 

The i nne r  b l ade  i s  designed as t h e  assembly o f  t h r e e  components: t h e  h i g h  and 

l ow  p ressure  s i d e  chorda l  covers  and t h e  .60C spar.  The covers  a re  bonded 

t oge the r  a t  t h e  l e a a i n g  edge o f  t h e  a i r f o i l  w i t h  a  f l a t ,  spanwise, 
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l o n g i t u d i n a l  j o i n t .  The j o i n t  i s  made us ing  incremental  leng ths  o f  laminated 

wood wedge f i l l e r s ,  1  i k e  t h e  method used t o  bond t h e  .60C spar. Th i s  method 

a l lows t h e  p a r t s  t o  be p r o p e r l y  pos i t i oned  be fo re  t h e  bonding operat ion,  

e l  i ~ n i n a t i n g  t h e  hand1 i n g  o f  heavy p ieces and removing t h e  t ime cons t ra ' n t  on 

complet ing t h e  j o i n t .  

The inner  b lade was analyzed du r i ng  t h e  p r e l  iminary design phase us ing  an 

o r t h o t r o p i c  p late-e lement  numerical  model t o  assess t h e  design produced by  

SECTION. As expected, t h e  s t resses p a r a l l e l  t o  t h e  g r a i n  were i n  agreement; 

however, spar th ickness  was t o o  t h i n  and shear f a t i g u e  margins o f  sa fe t y  were 

low i n  t h a t  design. Subsequent s i z i n g  procedures f o r  t h e  spars have l e d  t o  

s a t i s f a c t o r y  shear s t rength ,  f a t i g u e  res is tance,  and buck1 i n g  s t a b i l  i t y  i n  t h e  

inner  b lade.  





4.3.1.5 Outer Blade Assembly 

The o u t e r  b lade  assembly and t h e  t i p  s e c t i o n  make up t h e  o u t e r  80 ft o f  t h e  

blade. The a i l e r o n  sur faces  a r e  mounted on t h e  a f t  spar. The c o n f i g u r a t i o n  

o f  t h e  o u t e r  b l ade  i s  s i m i l a r  t o  t h a t  o f  t h e  i nne r  blade, i n  t h a t  bo th  

s e c t i o n s  have a  t r u n c a t e d  a i r f o i l  c ross -sec t i on  t h a t  i s  composed o f  t h r e e  

rliolded p a r t s .  The m a t e r i a l s  o f  t h e  two sec t i ons  a r e  a l s o  s i m i l a r .  Blade 

grade # 1  veneer i s  used i n  t h e  o u t e r  h a l f  o f  t h e  s h e l l  and grade #2 i s  used 

elsewhere. A p a t t e r n  o f  f i n g e r s  i n t e r f a c e s  t h e  o u t e r  and i nne r  b lades.  L i k e  

o t h e r  p o r t i o n s  o f  t h e  b l ade  w i t h  t h i s  f e a t u r e ,  t h e  s h e l l  t h i ckness  i s  l o c a l l y  

increased by  20%, and r e i n f o r c e d  w i t h  i n t e r l a m i n a r  g lass  f i b e r  c l o t h .  

Condui ts  p r o t e c t  t h e  e l e c t r i c a l  w i r i n g  and hydrau l  i c  1  ines connected t o  t h e  

a i l e r o n s ,  and a r e  mounted t o  t h e  a f t  face  o f  t h e  .60C spar.  The condu i t s  a r e  

suppor ted as t h e y  a r e  on t h e  i nne r  b lade.  

The 1  i g h t n i n g  p r o t e c t i o n  f o r  Model 304.2 was n o t  completed a t  t h e  t ime  o f  t h i s  

r e p o r t .  However, much o f  t h e  des ign  developed f o r  Model 204.6 i s  a p p l i c a b l e .  

T h i s  des ign inc ludes  i n s t a l l i n g  a  b r i g h t  c l a d  aluminum mesh screen, 18 X 16 X 

.012" 0 w i re ,  between t h e  two e x t e r i o r  l a y e r s  o f  g l ass  f i b e r  c l o t h .  The 

screen i s  e l e c t r i c a l l y  connected t o  t h e  grounded condu i t s  mounted on t h e  a f t  

face of  t h e  .60C spar,  t o  p r o v i d e  a  p a t h  t o  ground f o r  1 i g h t n i n g  s t r i k e s .  

The o u t e r  b l ade  ends a t  a  removable t i p  sec t i on .  P rov i s i ons  t o  a t t a c h  t h e  t i p  

a r e  shown i n  F i g u r e  4-77. Wood laminae a t  t h e  end o f  t h e  b l ade  s e c t i o n  a r e  

stepped back f r om t h e  o u t e r  molded 1  i n e  t o  c r e a t e  a  l a n d i n g  area f o r  t h e  t i p .  

Ten threaded i n s e r t s  a r e  i n s t a l l e d  around t h e  a i r f o i l  pe r imete r  i n  t h i s  area. 

The i n s e r t s  a r e  l o c a t e d  b y  match d r i l l i n g  t h e  fas tener  c learance  ho les  i n  t h e  

t i p .  The i n s e r t s  a r e  bonded s l i g h t l y  above t h e  s u r f a c e  o f  t h e  lamina  t o  

p reven t  fas tener  p re l oad  t o rque  from s t ress i ,ng  t h e  wood. 

Removal o f  t h e  t i p  p rov ides  access t o  t h e  b a l l a s t  i n s t a l l a t i o n  which balances 

t h e  s t a t i c  moment o f  t h e  r o t o r .  The i n t e r n a l  s t r u c t u r e  t h a t  suppor ts  t h e  

b a l l a s t  con ta ine r  i s  shown i n  F i g u r e  4-78. The we igh t  o f  t h e  i n s t a l l a t i o n  i s  

suppor ted b y  t h e  two p a r t i a l  r i b s ,  which t r a n s f e r  any bending l oad  t o  t h e  

a i r f o i l  s h e l l  through shear p a r a l l e l  t o  t h e  g ra in .  The c e n t r i f u g a l  l o a d  i s  

t r a n s f e r r e d  t o  t h e  s h e l l  b y  a  p a r a l l e l  t o  t h e  g r a i n  shear a long  t h e  i n t e r f a c e  

w i t h  t h e  p a r t i a l  spars.  T h i s  des ign  min imized r o l l i n g  shear s t r esses  'n t h e  

r i b s .  The spars  can a l s o  r e a c t  t o r s i o n a l  moments. 
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The most impo r tan t  f e a t u r e  o f  t h e  o u t e r  b l ade  i s  t h e  method of  s e c u r i n g  t h e  

a i l e r o n s  sur faces.  The des ign  must t r a n s f e r  t h e  imposed loads  e f f i c i e n t l y  

i n t o  t h e  a i r f o i l  s h e l l .  The a i l e r o n  i n t e r f a c e  f i t t i n g s  a re  a t tached  t o  t h e  

b l aue  s e c t i o n  w i t h  s t e e l  s t u d s  bonded i n t o  i n t e r n a l  r i b s  as shown i n  

F i g u r e  4-79. A t  t h e  t h r e e  a c t u a t o r  l o c a t i o n s ,  s t a t i o n s  1449.0, 1740.0 and 

2040.0, t n e  r i b  spans t h e  f u l l  c r o s s - s e c t i o n  o f  t h e  a i r f o i l .  The loads  a r e  

irnposed on t h e  s tuds,  which t r a n s m i t  them t o  t h e  s h e l l  by  shear a long  t h e  

i n t e r f a c e  w i t h  t h e  r i b .  Each mount ing s t u d  i s  i n s t a l l e d  t o  p r o t r u d e  s l i g h t l y  

above t h e  a f t  su r f ace  o f  t h e  .60C spar t o  a v o i d  p r e l o a d i n g  t h e  sur round ing  

wood when t h e  a i l e r o n  at tachment f i t t i n g  i s  secured. 

The s t u d  des ign,  as shown i n  F i g u r e  4-80, p rov i des  enough su r f ace  area t o  

shear imposed a x i a l  l oads  i n t o  t h e  su r round ing  wood a l ong  i t s  leng th .  The 

t ape red  s t u d  body g r a d u a l l y  reduces t h e  s t u d  s t i f f n e s s  and consequent ly  

improves t h e  r a t e  o f  l oad  t r a n s f e r  t o  t h e  wood. T h i s  shape and t h e  l o c a l l y  

voluminous adhes ive pocke t  reduce t h e  s t r e s s  c o n c e n t r a t i o n  a t  t h e  t i p .  S p i r a l  

grooves a re  machined i n t o  t h e  body o f  t h e  s t u d  t o  se rve  as a  l o c k i n g  f e a t u r e  

a f t e r  bonding, t o  m in im i ze  t h e  dependence on adhesion t o  t h e  s t e e l  sur face f o r  

30 years .  A s e p a r a t e l y  i n s t a l l e d  threaded shank (as opposed t o  an i n t r e g r a l  

machined shank) i s  used t o  o b t a i n  t h e  recommended r a t i o  o f  l e n g t h  t o  d iameter ,  

t o  ensure adequate p r e l o a d  r e t e n t i o n  and e l i m i n a t e  t h e  s t r e s s  concen t ra t i ons  

t h a t  would  be  p resen t  i n  a  machined shank c o n f i g u r a t i o n .  The u l t i m a t e  and 

f a t i g u e  a x i a l  performance o f  t h i s  des ign  has been eva lua ted  and t h e  r e s u l t s  

a r e  r e p o r t e d  i n  s e c t i o n  8.2.3 o f  Volume 11. 
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4.3.1.5.1 Outer  B lade Cross-Gra in  and Shear S t ress  Ana l ys i s  

The o u t e r  b l ade  s k i n  and spar  t h i c kness  shown i n  Table  4-25 were determined b y  

t h e  f l a p  and chord  bending l o a d  c o n d i t i o n s .  It was necessary  t o  analyze these  

th icknesses  f o r  t h e  e f f e c t s  o f  l o c a l  pressures and concen t ra ted  loads 

i n t r oduced  b y  t h e  a i l e r o n s .  The o u t e r  b lade,  which exper ienced t h e  h i g h e s t  

s u r f a c e  pressures and t n e  lowes t  bending moments, i s  t h e  most s u s c e p t i b l e  t o  

t h e  e f f e c t s  o f  ' su r face  pressure.  

Tne p ressure  d i f f e r e n t i a l  across t h e  most c r i t i c a l  su r f ace  w i t h  t h e  l owes t  

p ressure  was c o n s e r v a t i v e l y  assessed a t  2 p s i .  T h i s  va l ue  accounts f o r  

i n t e r n a l  pressure,  caused b y  c e n t r i f u g a l  f o r c e s  and ven t i ng ,  and e x t e r n a l  

pressures,  caused by  aerodynamic fo rces .  When t h e  low p ressure  su r f ace  was 

t r e a t e d  as a  f l a t  o r t h o t r o p i c  p l a t e  su r f ace  suppor ted by  spar  and a i l e r o n  

r i b s ,  i t  had a  spar - to -spar  s t i f f n e s s  approx imate ly  80 t imes  t h a t  o f  t h e  

r i b - t o - r i b  bending s t i f f n e s s .  There fo re ,  t h e  s k i n  was t r e a t e d  as a  u n i t  w i d t h  

bean1 between spar.  The h i g h l y  cu rved  l e a d i n g  edge she1 1  was assumed t o  be  

i n h e r e n t l y  s e l f - r e i n f o r c e d  shear p a r a l l e l  t o  t h e  g r a i n  and bending. An 

a n a l y s i s  o f  t h e  u n i t  w i d t h  beam f o r  t h e  p ressure  d i f f e r e n t i a l  o f  2 p s i  showed 

t h a t  0.03 in .  o f  7781 g i a s s  f i b e r  c l o t h  on b o t h  s i des  of  t h e  low p ressure  s k i n  

f r om  s t a t i o n  1440 t o  t h e  t i p  would p r o v i d e  an ample rnargin o f  safe ty .  The 

c l o t h  was a l s o  a p p l i e d  t o  t h e  h i g h  p ressure  s k i n  t o  s i m p l i f y  manufac tu r ing .  

From s t a t i o n  1440 inboard,  t h e  s k i n  t h i c kness  increases and t h e  d i f f e r e n t i a l  

p ressu re  decreases. 0.02 i n .  o f  g l ass  f i b e r  c l o t h  p rov i des  an accep tab le  

marg in  o f  s a f e t y  i n  :his r eg ion .  

The 30% o f  cho rd  spar  r e a c t s  t h e  d i f f e r e n t i a l  s k i n  pressures,  and i t  i s  

s t r essed  i n  a  c r o s s - g r a i n  tens  i o n  l oad ing ,  w i t h  negl  i g i b l  e  bending. The 

lr~inirnurn t h i c k n e s s  f o r  t h i s  yoading was 0.6 i n ,  so t h e  t h i c k n e s s  o f  t h e  spar  

outboard o f  s t a t i o n  1920 was increased t o  0.6 i n ,  r a t h e r  than  t h e  0.5 i n .  

l i s t e d  i n  Tab le  4-25. The 60% o f  chord  spar  exper iences a  bending moment 

caused b y  i n t e r n a l  p ressu re  superimposed i n  c r o s s - g r a i n  t e n s i o n  s t r a i n .  The 

minimum th i ckness  f o r  t h i s  c o n d i t i o n  i s  1.0 in .  The t h i c k n e s s  o f  t h e  spar 

ou tboard  o f  s t a t i o n  2160 was increased t o  1.0 i n ,  r a t h e r  than  t h e  l i s t i n g  i n  

Tab le  4-25. 



Tne spars  and t h e  a i l e r o n  r i b s  t r a n s m i t  a i l e r o n  f i t t i n g  loads  t o  t h e  b lade .  

Tne 60% o f  cho rd  spar  exper iences t h e  h i g h e s t  shear loads, which a re  c r i t i c a l  

a t  t n e  t i p  suppor t ,  s t a t i o n  2390, because t h e  spar  depth i s  t h e  s m a l l e s t  

t h e r e .  A t  t h i s  l o c a t i o n ,  t h e  60% o f  cho rd  spar  i s  1.0 i n .  t h i c k ,  t o  s a t i s f y  

t h e  l i m i t  l o a d  c o n d i t i o n .  T h i s  t h i c kness  p rov i des  a  marg in  o f  s a f e t y  o f  +0.25 

f o r  shear f a t i g u e .  

The spars  must be  augmented a t  t h e  ho les  where. t h e  a i l e r o n  i s  a t tached  t o  t h e  

i n t e r n a l  r i b s  b y  s tuds.  Holes i n  wood develop a  shear s t r e s s  o f  70% t o  80% o f  

t h e  f a r - f i e l d  s t r e s s  a p p l i e d  p a r a l l e l  t o  t h e  g r a i n  s t r e s s  and a  c r o s s - g r a i n  

s t r e s s  equal t o  about 2 0 n f  t h e  p a r a l l e l  t o  t h e  g r a i n  s t r e s s  a l s o  develops. 

The b l ade  encountered such s t resses  f rom o v e r a l l  chordwise and f lapw ise  

bending and f rom c e n t r i f u g a l  f o r ce .  Tnese s t r esses  superpose w i t h  t h e  d i r e c t  

shear and c r o s s - g r a i n  s t r esses  es t imated  i n  t h i s  r e p o r t .  Augmentation 

- p reven ts  s p l i t t i n g  a t  t h e  a t t a c h  p o i n t .  Spars inboard o f  s t a t i o n  1920 d i d  n o t  

r e q u i r e  changes f rom t h e  p r e l  im inary  s  izes.  

4.3.1.5.2 A i l e r o n  Attachment Ana l ys i s  

H d e t a i l e a  a n a l y s i s  o f  t h e  f i t t i n g  and p r e l i m i n a r y  des ign  f o r  an a i l e r o n  

at tachment  showed t h a t  t h e  concept i s  f eas i b l e .  Maximum and f a t i g u e  s t r e s s e s  

i n  a l l  l o c a t i o n s  and d i r e c t i o n s  were s a t i s f a c t o r y  f o r  t h i s  s tage  o f  t h e  

design. The c r i t i c a l  l o c a t i o n s  a r e  a t  t h e  spars  t h a t  r e a c t  t h e  h i nge  moment, 

and a t  b o t h  s t u d  l o c a t i o n s .  These l o c a t i o n s  a r e  a t  each spanwise s t a t i o n ,  

where a i l e r o n  a c t u a t o r s  a re  mounted. 

Loads f r om t h e  system coupled dynamic a n a l y s i s  were a p p l i e d  t o  t h e  model shown 

i n  F i g u r e  4-81 80% span, and t o  t h e  f i t t i n g  p o r t  i on  o f  t h e  model , shown i n  

F i g u r e  4-82. The 1  i m i t  l o a d  cases i nc l uded  two h u r r  icane c o n d i t i o n s  and 50% 

overspeed. The a i l e r o n  loads  represen ted  b o t h  t h e  unde f l ec ted  and t h e  f u l l y  

d e f l e c t e d  p o s i t  ions i n  t h e  two s to rm cases. The a i l e r o n  d e f l e c t  i o n  s  imu la ted  

i n  t h e  overspeed case was 45", which i s  a  p o s i t  i on  o f  rnaximum h inge  moment 

p r e d i c t e d  f r om t h e  t r a n s i e n t  dynamic a n a l y s i s .  Fa t i gue  l oad  cases were 

averaye mean loads and maximum a l t e r n a t i n g  loads. The a l t e r n a t i n g  loads  were 

desc r i bed  as t h e  99.99th p e r c e n t i l e  o f  t h e  loadl 'ng spectrum and were 1.58 

t imes  as l a r g e  as t h e  99.9% loads. Th i s  l a r g e  d i f f e r e n c e  i n  a i l e r o n  h i n g e  

r~~oment and at tachment f c r c e s  i s  l ess  damaging than  a  cons tan t  amp l i tude  

f a t i g u e  load. F i n a l l y ,  a  l oad  case i n  which o n l y  a i l e r o n  at tachment f o r c e s  
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T a b l e  4-33 Summary o f  A i l e r o n  Attachment Ana l ys i s  o f  t h e  P r e l  im ina ry  Design 

50% Overspeed F a t i g u e  

L o c a t  ion  S t ress  ( p s i )  M. S. S t r e s s  ( p s i )  M. S. 

Upper Sk i n  -3470 ( L )  0.28 

98 0 )  0.02 
210 (LT)  3.29 

Lower Sk i n  3882 ( L )  0.06 

91 ( T I  0.10 

197 (LT)  3.57 

F i t t i n g  base 36140 (HVM)  0.29 8462+12260 0.06 

Spar a t  0.6C 3445 ( L )  0.19 

125 ( T )  -0.20 

715 (LT)  0.26 

Spar la 0.3C 3366 ( L )  0.22 

88 (T )  0.14 

391 ( L T )  1.30 

R i b s  -698 ( L )  5.35 

94 ( T )  0.06 

110 ( R )  0.73 

411 (LT )  1.19 

51 (TR) 1.16 

-224 (RL) 4.08 

L  = L o n g i t u a i n a l ,  p a r a l l e l  t o  g r a i n  
T  = Tangen t ia l  t o  t r e e ,  pe rpend i cu l a r  t o  g r a i n ,  i n  veneer 

p l a n e  
R = Rad ia l  t o  t r e e ,  pe rpend i cu l a r  t o  g r a i n ,  th rough  veneer 

t h i c k n e s s  
LT, T R Y  KL = Shears 
H VM = Henky-Von Mises e q u i v a l e n t  s t r e s s  



were a p p l i e d  was run .  The a i l e r o n  loads produced almost a l l  t h e  s t r e s s  in  t h e  

aluminurn f i t t i n g ,  s tuds  and r i b s ,  and about 50% o f  t h e  s t r e s s  i n  t h e  0.6C spar  

a t  t h e  s t u d  pene t ra t i ons .  

The r e s u l t s  o f  t h e  50% overspeed f i n i t e  element a n a l y s i s  o f  t h e  most c r i t i c a l  

l oad  c o n d i t i o n s  a r e  summarized i n  Table  4-33. T e n s i l e  s t r e s s  pe rpend i cu l a r  t o  

t h e  g r a i n  o f  t h e  Douglas f i r  and shear s t r e s s  p a r a l l e l  t o  t h e  g r a i n  were 

s i g n i f i c a n t l y  g r e a t e r  a t  t h e  a i l e r o n  at tachment,  compared t o  t h e  r e s t  o f  t h e  

r o t o r .  The s t y l e  7781 g l ass  f i b e r  c l o t h  between each veneer o f  t h e  0.6C spar 

and on t h e  i n s i d e  and o u t s i d e  su r f ace  o f  each s k i n  i s  e s s e n t i a l ,  t o  m in im i ze  

t h e  r i s k  o f  s p l i t s  i n  t h e  wood. Since t h i s  r e g i o n  i s  ve r y  impor tan t  t o  t h e  

c o n t r o l  o f  t h e  wind t u r b i n e ,  a  f u l l - s c a l e  mock-up f r om 65% t o  77% o f  span was 

under c o n s i d e r a t i o n  f o r  t e s t i n g .  Tes t i ng  o f  such a  s e c t i o n  would r u n  f o r  one 

m i l l i o n  c y c l e s  w i t h  t h e  99.99% loads  a p p l i e d  t o  t h e  f i t t i n g  and t o  t h e  b lade .  

Then t h e  maximum expected s e r v i c e  loads would be app l i ed ,  and f i n a l l y  t h e  t e s t  

a r t i c l e  would oe loaded t o  d e s t r u c t i o n ,  t o  assess r e s i d u a l  s t r e n g t h  and 

f a i l u r e  modes. 

I n  t h e  ana l ys i s ,  t h e  aluminum f i t t i n g  was composed o f  1.25 i n .  t h i c k  webs, 

r i b s ,  and p l a t e s .  T l i s  f i t t i n g  shou ld  be  i n t e g r a l l y  machined f r om a  tough, 

f a t i g u e  r e s i s t a n t  a l l o y ,  such as 7075. The T73 hea t  t rea tment  i s  p re fe rab le ,  

s i n c e  i t  min imizes t h e  r i s k  o f  s t r e s s  c o r r o s i o n  c rack ing .  However, t h e  T6 

h e a t  t r ea tmen t  c o u l d  work, p rov i ded  t h e r e  a re  no h i g h  s teady s t resses ,  such as 

those caused b y  p r e s s - f i t t e d  p a r t s  o r  c lamping r e s i d u a l  s t r esses  i n  t h e  h i n g e  

p i n  mount ing l ugs .  The f a t i g u e  marg in  no ted  f o r  t h e  f i t t i n g  i s  w i t h  r espec t  

t o  t h e  t y p i c a l  cons tan t  l i f e  l i n e  f o r  t e n  m i l l i o n  c y c l e s  f o r  7075-T6 w i t h  a  

n o t c h  f a c t o r  o f  1.5. S ince t h e  des ign  maximum a l t e r n a t i n g  s t r e s s  shou ld  occur  

l e s s  than  323,000 cyc l es ,  t h e  p r o b a b i l  i t y  o f  s u c c e s s f u l l y  d e t a i l  i n g  t h e  

f i t t i n g  f o r  a  s a t i s f a c t o r y  f a t i g u e  l i f e  i s  h igh .  



4 3 1  T i p  - 
The extreme ends o f  t h e  r o t o r  span a re  enc losed b y  aerodynamica l l y  shaped t i p  

s t r u c t u r e s .  The t i p s  reduce d rag  t o  inc rease  energy cap tu re .  Est imates 

i n d i c a t e d  t h e  add i t i ona l :  energy p rov ides  an accep tab le  r e t u r n  on t h e  i n i t i a l  

c o s t  o f  f a b r i c a t i n g  and i n s t a l  1  i n g  t h e  t i p  s t r u c t u r e s .  The t i p s  a re  a t t ached  

t o  t h e  o u t e r  b l ade  a t  ap?rox imate ly  STA 2375, and extend a l ong  t h e  spar  t o  STA 

2400. The t i p  i s  a t t ached  t o  t h e  b l ade  over  4  f t  o f  t h e  chordwise l eng th .  

Ten f a s t e n e r s  engage i n s e r t s ,  which a re  imbedded i n  t h e  edge o f  t h e  o u t e r  

blade. These fas teners  a r e  e x t r a c t a b l e ,  so t h e  t i p  can be  removed t o  p r o v i d e  

access t o  t h e  b a l l a s t  i n s t a l l a t i o n .  

The t i p  des ign  i s  shown i n  F i g u r e  4-83. The o u t s i a e  dimensions o f  t h e  t i p  

were aeterrnined t o  p r o v i d e  t h e  b e s t  aerodynamic performance f o r  t h e  g i ven  

c o n s t r a i r i t s  on manufac tu r ing  and sh ipp ing .  The t i p  i s  f a b r i c a t e d  f r om a  

p o l y e s t e r  and g l a s s  composi te,  w i t h  an aluminum screen embedded f o r  1  i g h t n  i n g  

p r o t e c t i o n .  The screen extends t o  t h e  o u t e r  b lade  and connects w i t h  t h e  main 

l i g h t n i n g  p r o t e c t i o n  system on t h e  b lade.  

Tne s i z e  o f  t h e  t i p  was determined u s i n g  aerodynamic pressures r e s u l t i n g  f r om  

normal ope ra t i on .  The windward s u r f a c e  was modeled as a  p l a t e ,  suppor ted as 

shown i n  F i g u r e  4-84, c o n s e r v a t i v e l y  and un i f o r r n l y  loaded b y  t h e  l a r g e s t  

es t imated  aerodynamic pressure.  The leeward s k i n  was checked f o r  b u c k l i n g  

s t a b i l i t y  u s i n g  t h e  model shown i n  F i g u r e  4-84. F i n a l l y ,  t h e  bea r i ng  s t r esses  

a t  t h e  f a s t e n e r  l o c a t i o n s  were checked. The r e s u l t i n g  marg ins o f  s a f e t y  a r e  

shown i n  Tab le  4-34. The a l l o w a b l e  s t r e s s  was taken as 60% o f  t h e  average 

y i e l d  s t r e s s ,  d e r i v e d  f rom t h e  vendor ' s  data.  F u r t h e r  work would be  r e q u i r e d  

t o  ensure t h e  accuracy o f  t h i s  es t ima t i on .  Fa t i gue  and 1  i m i t  l o a d  analyses 

were n o t  performed on t n e  t i p  b e f o r e  t h e  p r o j e c t  was terminated.  Some 

ad justment  o f  s k i n  th i cknesses  m igh t  be  r e q u i r e d  as a  r e s u l t  o f  t hese  l o a d i n g  

cona i t ions.  
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Figure 4-83. T ip Design 





Table 4-34 Margin Summary 

Calcu lated Hl lowable 
Value ( p s i )  St ress ( p s i )  MS 

Tens i le  10,200 18,000 .76 
S t ress  

Buck1 ing 
7 0 

Stress 
63 0  Large 

FHP 
Bear ing 8,000 18,000 1.25 
Stress 



4.3.2 FIELD JOINT 

The con t inuous  r o t o r  s t r u c t u r e  i s  f a b r i c a t e d  b y  bonding i n d i v i d u a l  b  1  ade 

s e c t i o n s  a t  t h e  s i t e .  The main f u n c t i o n a l  requ i rement  o f  t h e  j o i n t  des ign  i s  

t h a t  i t  be a b l e  t o  t r a n s f e r  loads th roughou t  t h e  l i f e  o f  t h e  b lade .  There a r e  

t h r e e  methods f o r  j o i n i n g  ad jacen t  members: b u t t  j o i n t s ,  f i n g e r  j o i n t s ,  and 

s c a r f  j o i n t s .  B u t t  j o i n t s  were e l i m i n a t e d  from c o n s i d e r a t i o n  because t h e y  

cannot  t r a n s m i t  t e n s i l e  loads.  F i nge r  j o i n t s  were f avo red  over  s c a r f  j o i n t s  

because t h e y  a r e  e a s i e r  t o  f a b r i c a t e ,  a l though  t h e  s c a r f  j o i n t  has some 

performarlce advantages. Mechanical  des igns t h a t  would j o i n  t h e  assembl i e s  

were a l s o  cons idered.  The rnajor problem w i t h  these  des ign  i s  t h a t  t h e  l o a d  

concen t ra tes  a t  t h e  fas tener  l o c a t i o n s .  T h i s  c h a r a c t e r i s t i c  produces l a r g e  

s t r e s s  and r e l a t i v e l y  low j o i n t  e f f i c i e n c y .  For  these  reasons, f i n g e r  j o i n t s  

were chosen as t h e  base1 i ne  des ign.  

The f i n a l  f i n g e r  c o n f i g u r a t i o n  i s  shown i n  F i g u r e  4-85. It has a  s l ope  o f  

1/10 ( r i s e / r u n )  and a  p i t c h  o f  2.701 i n .  The p i t c h  r e f l e c t s  a  bond gap o f  

37  m i l s .  

The impact o f  s lope ,  p i t c h  and bond gap on t h e  performance o f  t h e  j o i n t  were 

pa rame t r i ca l  1y determined as p a r t  o f  t h e  f i n g e r  j o i n t  c o n f i g u r a t i o n  

development t e s t  program d iscussed i n  s e c t i o n  8.2.1, Volume 11. The program 

i n d i c a t e d  t h a t  performance irnproves as t h e  s l ope  decreases, which can be  

accounted f o r  b y  t h e  r e s u l t i n g  r e d u c t i o n  i n  t h e  c r o s s - g r a i n  s t r e s s  component. 

However, t h e  r a t e  o f  improvement d im in i shes  beyond a  s l ope  o f  1/10. The t e s t  

program a l s o  i n d i c a t e d  t h a t  l a r g e  p i t c h  dimensions a r e  b e n e f i c i a l .  The t i p  

and r o o t  o f  t h e  f i n g e r  j o i n t  a r e  t y p i f i e d  as b u t t  j o i n t s .  Keeping these  

dimensions cons tan t  w h i l e  i n c r e a s i n g  t h e  p i t c h  r e s u l t s  i n  a  l a r g e r  area f o r  

t r a n s m i t t i n g  t e n s i l e  loads.  T h i s  b e n e f i t  i s  maximized i n  t h e  f i n a l  des ign  b y  

s p e c i f y i n g  r o o t  and f i n g e r  l e n g t h  dimens ions t h a t  r e p r e s e n t  t h e  minimum and 

maximurn nianufactur i n g  c a p a b i l  i t  i es ,  r e s p e c t i v e l y ,  a t  a  f i n g e r  s l ope  o f  1/10. 

The r e s u l t s  c f  t h e  f i n g e r  j o i n t  bond gap t e s t s  i l l u s t r a t e d  t h a t  t h e  j o i n t  

perfurnlance improved as t h e  gap s i z e  decreased. However, t h e  gap must be 

l a r g e  enough t o  p reven t  an i n t e r f e r e n c e  f i t  d u r i n g  enlargement of t h e  

f i n g e r s .  The bond gap was determined b y  ach ievab le  manufactur i ng  , dimensional  

s t a b i l  i t y  and a1 ignment t o l e rances .  S t a b i l  i t y  o f  t h e  f i n g e r - t o - f  i nge r  

dinlensions was a  key cons ide ra t i on .  The va lue  used f o r  t h e  s t a b i l i t y  f a c t o r  





r e f l e c t s  t h e  r e s u l t s  o f  t e s t s  d iscussed  i n  Volume 11, s e c t i o n  8.1 .5.3, wh ich  

measured t h e  change i n  t h e  c r o s s - g r a i n  dimensions o f  t h e  b l ade  d u r i n g  shipment 

and s torage.  The c o n t r i b u t i o n  o f  each o f  these  f a c t o r s  i s  shown i n  Table  4-35. 

The s h e l l  t h i c kness  i s  increased around t h e  f i e l d  j o i n t .  Based on t h e  l i m i t  

and f a t i g u e  performance t e s t  r e s u l t s ,  a  s e t  o f  co r respond ing  s t r e s s  a l l owab les  

were developed. They a r e  i l l u s t r a t e d  i n  Table  4-36. The percen t  d i f f e r e n c e  

between t h e  b a s i c  wood a l l o w a b l e  r ep resen t s  t h e  increase i n  t h i c k n e s s  

r e q u i r e d .  Th is  computat ion i n d i c a t e s  a  OX i nc rease  f o r  f i e l d  j o i n t s  designed 

accord ing  t o  l i r n i t  l oads  and a  18%increase f o r  t h e  f i e l d  j o i n t s  des igned 

acco rd i ng  t o  f a t i g u e  loads .  These increases would have been l a r g e r  

c o n s i d e r i n g  t h e  combined p roduc t  o f  t h e  j o i n t  e f f i c i e n c y  and bond gap f a c t o r  

a lone.  However, s i n c e  t h e  s t r essed  volume o f  t h e  f i e l d  j o i n t s  i s  so much 

sma l l e r  than  t h e  volume o f  t h e  b l ade  on each s i de ,  t h e i r  r e d u c t i o n  i n  s t r e n g t h  

because o f  s i z e  e f f e c t s  i s  sma l l e r  than  f o r  t h e  b a s i c  wood a l l owab le .  The 

f i e l d  j o i n t  i s  analogous t o  an aluminum 1  i nk  j o i n i n g  two s t e e l  1  i nk  cha ins  

t o g e t h e r .  The p r o b a b i l i t y  o f  hav i ng  a  s i n g l e  aluminum 1  ink  weaker than  a  

g i ven  a l l o w a b l e  i s  much l e s s  than  t h e  s t r e n g t h  o f  one o f  many s t e e l  l i n k s  

b e i n g  below t h e  a l l owab le .  As t h e  s t e e l  cha in  ge t s  longer ,  i t s  a l l o w a b l e  

s t r e s s  can becorne lower  t han  t h e  a l l o w a b l e  s t r e s s  o f  t h e  s i n g l e  aluminum l i n k .  

Tne assembly procedure,  as d iscussed  i n  sec t  i on  10.7.1, pos it ions,  a1 igns,  and 

d r y  f i t s  t h e  s e c t i o n s  t o g e t h e r  b e f o r e  t h e  epoxy i s  a p p l i e d  t o  t h e  i n t e r f aces .  

The t o o l i n g  needed f o r  t h e  assembly o f  t h e  j o i n t  a t  .25R i s  t e m p o r a r i l y  

i n s t a l l e d  i n s i d e  t h e  b lade.  The .30C and .60C spars  a r e  f o resho r t ened  t o  

a l l o w  t h e  i n s t a l l a t i o n  and removal o f  t h e  t o o l  ing.  The spars  a r e  made 

con t inuous  a f t e r  t h e  j o i n t  i s  completed, b y  s p l i c i n g  i n  t h e  r e s t  o f  t h e  spar ,  

u s i n g  s c a r f  j o i n t s .  The t o o l i n g  r e q u i r e d  f o r  t h e  f i e l d  j o i n t  a t  .60R must be 

i n s t a l l e d  on t h e  e x t e r i o r  o f  t h e  b lade,  s i n c e  t h e r e  i s  n o t  wo rk i ng  space 

i n s i d e .  F i nge rs  a r e  c u t  i n t o  t h e  spars  so t h e  assembly ope ra t i ons  were 

performed on f u l l - s c a l e  s i m u l a t i o n s  o f  t h e  .25R b l a d e  s e c t i o n s  as p a r t  o f  t h e  

b 1  ade devel  opn~ent program. The r e s u l t s  ver  i f  i e d  t h a t  t h e  1 arge su r f ace  area 

o f  t h e  i n t e r f a c e  c o u l d  be  s u c c e s s f u l l y  bonded i n  one ope ra t i on .  Tes t  samples 

were f a b r i c a t e d  from t h e  s imu la ted  s e c t i o n s  t o  v e r i f y  t h a t  t h e  performance o f  

t h e  j o i n t  i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  ob ta i ned  d u r i n g  t h e  f i n g e r  j o i n t  

c o n f i g u r a t i o n  development t e s t s .  O e t a i l s  o f  these  t e s t s  may be found i n  

Volume 11, s e c t i o n  8.0. 



Table 4-35  F i n g e r  J o i n t  Bond Gap Al lowances 

FACTOR 

o  Asserrla 1 y 

- angu la r  a l ignment  

o f  ad j acen t  sec t  ions 

o C u t t  i ng  Tolerances 

- l o c a t i o n  

- shape v a r i a t i o n s  

o  S t a b i l i t y  

- v a r i a t i o n  i n  p i t c h  

- v a r i a t i o n  i n  r o o t  

ALLOWANCE 
( I n .  



Table 4-36 F inger J o i n t  A1 lowable Tens i le  Stress 

L i m i t  
Adi ustment 

Fat igue ( R  = .1 ) a t  7716 p s i  
Adjustment 

Test Value ~ u i  t i pl i e r  ps i Test Value Mu1 t i p l  i e r  Max p s i  Tension P a r a l l e l  To Grain 

Test Mean 

Mo i s t u r e  

Propor t iona l  1  i r n i t  

Size e f f e c t  f a c t o r  

1 1 0 2 3 ' ~  ) 10% M.C. 
6 10 cyc 7716 12% M.C 

10% 1.032 10% 1 .o 

1460 in '  .87 

15% cov .70 5% cov .90 -20. 
Temp., O F  

Load dura t  ion  

E f f i c i e n c y  

Bond gap d iscount  
8 4 x 10 d iscount  

Factor  o f  safety 

A1 lowable 

SDC 

Spectrum .975 

N / A 1 .o 
N /A .56 

Ref Basic Wood A1 lowable (4200) 

( 1  ) Phase A lamina t e s t i n g ,  BG #1 Veneer, no j o i n t s .  

( 2 )  F u l l  d e t a i l e d  d iscussion o f  "Adjustment M u l t i p l  i e r "  see Volume I I, sec t i on  8.0. 



4.3.3 TRAILING EDGE 

The t r a i l  i n g  edge o f  t h e  b l ade  i s  t h e  p o r t i o n  o f  t h e  a i r f o i l  between .60C and 

1  .OC. The b l ade  has a  f i x e d  t r a i l  i n g  edge s e c t i o n  between .10R and .60R on 

e i t h e r  s i d e  o f  t h e  cen te r  o f  r o t a t i o n .  I t s  spanwise l e n g t h  comprises t h r e e  

sec t i ons .  Each s e c t i o n  i s  bonded and screwed t o  t h e  r e s t  o f  t h e  a i r f o i l  

sec t i o r i  d u r i n g  t h e  assembly o f  t h e  b lade.  The spanwise j o i n t s  between t h e  

b l ade  s e c t i o n  and t h e  t r a i l i n g  edge sec t i ons ,  and t h e  chordwise j o i n t s  between 

ttie t r a i l i n g  edge sec t i ons  a re  covered w i t h  a  l a y e r  o f  g l a s s  f i b e r  c l o t h  t o  

p r o v i d e  an env i ronmenta l  sea l .  Workers can reach  t h e  i n t e r i o r  o f  t h e  t r a i l  i n g  

edge through manholes a t  . ]OR. I n t e r n a l  pressure,  which cou ld  b u i l d  up 

s t r e s s ,  i s  p reven ted  b y  ven ts  a t  . ]OR and .60K. Condensation passes th rough  

t h e  ven ts  and s t r a t e g i c a l l y  p l aced  weep ho les .  

Tne t r a i l i n g  edge i s  designed t o  be  s t r u c t u r a l  a l ong  t h e  chord  and non- 

s t r u c t u r a l  a long  t h e  span. Th is  arrangement eliminates t h e  need t o  assemble a  

high-qua1 i t y ,  spanwise s t r u c t u r a l  j o i n t  i n  t h e  f i e l d .  Th i s  des ign  a l l o w s  t h e  

t r a i l i n g  edge t o  be 1  igh twe igh t ,  and a l l ows  more freedom i n  t r ~ e  cho i ce  o f  

m a t e r i a l s .  The c o n s t r u c t i o n  o f  t h e  t r a i l  i n g  edge uses a  paper honeycomb c o r e  

w i t h  g l ass  f i b e r  faces.  A t y p i c a l  c ross -sec t  ion i s  shown i n  F i g u r e  4-86. The 

c o r e  has .25 i n .  c e l l s ,  uses 60 we igh t  k r a f t  paper and i s  impregnated w i t h  

p h e n o l i c  r e s i n  t o  p r o t e c t  a g a i n s t  mo is tu re .  The g l ass  f i b e r  faces a re  30 m i l s  

t h i c k  th rough  t h e  span o f  t h e  t r a i l i n g  edge. The use o f  wood veneer was 

cons idered  f o r  t h e  f a c e  m a t e r i a l ,  b u t  i t  would r e q u i r e  t h a t  t h e  veneer be 

p l aced  i n  t h e  f a b r i c a t i o n  mold w i t h  i t s  weakest d i r e c t i o n  a l ong  t h e  chord f o r  

p roper  compl iance w i t h  t h e  mold su r face .  Un fo r t una te l y ,  i n  t h i s  arrangement 

t h e  weakest d i r e c t i o n  o f  t h e  veneer i s  p a r a l l e l  t o  t h e  s t r e s s  f i e l d .  To 

s a t i s f y  t h e  s t r u c t u r a l  c r i t e r i a  a  wood des ign  r e q u i r e s  more we igh t  and h i g h e r  

c o s t s  than  t h e  g l ass  f i b e r  des ign.  





Tne f a c e  and c o r e  th i cknesses  were deterrnined b y  chordwise s t r esses  produced 

by h u r r i c a n e  winds. Hu r r i cane  winds o f  130 mph impose a  p o s i t i v e  p ressure  o f  

.345 p s i  on t h e  windward su r f ace  and a  n e g a t i v e  p ressure  o f  - . I38 p s i  on t h e  

leeward sur face .  The t o t a l  p ressure  d i f f e r e n c e  was c a l c u l a t e d  u s i n g  equa t i on  

4 -2 .  

AP = C 1  C2 q 4-2 

q  = dynamic p ressure  = .30 p s i  

C 1  = l oad  con t ingency  f a c t o r  = 1.15 

C 2  = average d rag  c o e f f i c i e n t  = 1.4 

The loads and r e a c t  ions a r e  i l l u s t r a t e d  i n  F i g u r e  4-87. React ions and maximum 

moments were determined f rom a  u n i t  w i d t h  bearn f i n i t e  element model assuming 

f i x e d  j o i n t s .  Tne r e a c t i o n s  and moments a r e  summarized i n  Table  4-37. The 

co re  t h i c kness  was t h e  maximum r e q u i r e d  t o  s a t i s f y  equa t ions  4-3 and 4-4. 

Where 
C = c o r e  th i ckness ,  i n .  
M = moment, i n - l b s  
F = f a c i n g  s t r e s s  a l l owab le  = 12,500 p s i  
f = f a c e  t h i ckness  = .03 in.  
b = panel  w i d t h  = 1  i n .  
V = t o t a l  shear load,  l b s  
S = c o r e  shear s t r e s s  a l l owab le  = 20 p s i  





- m C V  
m m m  
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Tne a l l o w a b l e  s t r e s s  i n  t h e  g:ass f i b e r  s k i n s  i s  42% o f  t h e  rninirnum average 

compressive s t r e n g t h  s p e c i f i e d  by  MIL-R-7575 f o r  a composi te o f  s t y l e  7781 

g l a s s  f i b e r  c l o t h  and p o l y e s t e r  r e s i n .  The a l l o w a b l e  co re  shear s t r e s s  i s  

based on t h e  manu fac tu re r ' s  t e s t  d a t a  and inc ludes  a f a c t o r  o f  s a f e t y  o f  4. 

To ~ n i n i n ~ i z e  t h e  number o f  d i f f e r e n t  co re  th icknesses,  a cons tan t  s i z e  i s  used 

f ror r~ .liN t o  .425R and f r om .425R t o  .60R. To ensure t h e  p roper  s a f e t y  

t a c t o r s ,  t h e  s i z e  o f  t h e  c o r e  between these  s t a t i o n s  was determined u s i n g  

rnaxicnurn loaas.  The r e s u l t s  o f  these  c a l c u l a t i o n s  a r e  summarized i n  

Table  4.3.3-2. 

Table  4-38 T r a i l  i ng  Edge S i z i n g  Resu l t s  Based on Hu r r i cane  L i r n i t  Load 

M A R G I N  OF SAFETY 

X / K  Max Shear Max Mornent Core Thickness Core shear Face S t ress  
1 b/ i n  i n -  1 b/ i n  i n  

( 1 )  V e r t i c a l  panel  o f  t r a i l i n g  edge between .1R and .425R 

Tne marg in  o f  s a f e t y  f o r  f a t i g u e  s t r esses  a l ong  t h e  chord f o r  t h e  f a c e  

r n a t e r i a l  were n o t  determined a t  t h e  t i m e  o f  t h i s  r e p o r t .  The average s teady 

s t a t e  p ressure  d i s t r i b u t i o n  on t h e  leeward ana windward sur faces i s  shown i n  

Tab le  4-39. S ince a p ressure  o f  .345 p s i  was used t o  determine t h e  s i z e  o f  

b o t h  surfaces, a mean f a c e  s t r e s s  would be between 4,717 p s i  and 9,100 p s i ,  

based on t h e  p ressure  r e d u c t i o n s  shown i n  t h e  t a b l e .  Depending on t h e  

magnituae of  t h e  a l t e r n a t i n g  pressure,  t h e  face and co re  dimensions may need 

t o  b e  ad jus ted .  



T a h l e  4-39 Average S t e a d y - S t a t e  P r e s s u r e  D i s t r i b u t i o n  on  
T r a i l i n g  Edge Sur faces  a t  Rated Power 

PI = i n t e r n a l  p r e s s u r e  
PU = p r e s s u r e  on leeward s u r f a c e  
PL = p r e s s u r e  on windward s u r f a c e  

( 2 )  V a r i a t i o n s  i n  i n t e r n a l  p r e s s u r e  o c c u r  because o f  c e n t r i f u g a l  pumping o f  
a i r .  

Spanwise l i m i t  and f a t i g u e  s t r e s s e s  a r e  imposed on t h e  t r a i l  i n g  edge because 

o f  t i l e  b l a d e  f l a p w i s e  and cho rdw ise  b e n d i n g  loads.  These s t r e s s e s ,  and t h e  

b u c k l  i n g  s t a b i l  i ty ,  were approx imated assuming t h a t  t h e  t r a i l  i n g  edge was 

c o n t i n u o u s l y  a t t a c t l e a  a l o n g  t h e  b l a d e  span. T h i s  assumpt ion  y i e l d s  a  

c o n s e r v a t i v e  r e s u l t  because i t  i n c r e a s e s  t h e  l o a d  on t h e  t r a i l  ir?g edge. The 

s t r a i n s  o f  t n e  s t r u c t u r a l  p o r t i o n  o f  t h e  a i r f o i l  and t h e  t r a i l i n g  edge were 

equa ted  and m u l t i p l  i e d  by t h e  e f f e c t i v e  spanwise modulus o f  t h e  g l a s s  f i b e r  

and c o r e  composi te.  The r e s u l t s  a r e  summarized i n  Tab le  4-40. A l l  marg ins  o f  

s a f e t y  a r e  p o s i t i v e .  The b u c k l  i n g  m a r g i n  o f  s a f e t y  i s  r e p o r t e d  f o r  genera l  

b u c k l  ing.  Marg ins  o f  s a f e t y  f o r  i n t e r c e l l ,  shear ,  and f a c e  b u c k l  i n g  a r e  

h i g h e r .  The b u c k l  i n g  l o a d s  were c a l c u l a t e d  a c c o r d i n g  t o  MIL-HNBK-23. 



Table 4-40 Spanwise L i m i t  and Fa t i gue  ~ a c e ( l )  
S t resses  i n  T r a i l  i n g  Edge 

 LIMIT(^) BUCKLING( 3 )  FATIGUE 
x  R S t ress ,  p s i  M. S. S t ress ,  p s i  M.S. S t ress ,  p s i  M.S.(j) 

( 1  ) Assume t h e  t r a i l  i n g  edge i s  c o n t i n u o u s l y  a t tached  

( 2 )  S t ress  a t  .60C 
Seldom o c c u r r i n g  1  i m i t  l o a d  case  
E T ~ / E ~  = 1.20 
Compression a l l o w a b l e  f o r  f a c e  m a t e r i a l  = 12,500 p s i  

( 3 )  General buck1 i n g  assumes s i m p l y  suppor ted edges 

F a l l o w  = F ~ ~ / 1 - 5  
FCR pe r  HIL-H-23 

(4) Fa t i gue  s t r e s s e s  a t  .60C caused b y  99 p e r c e n t i l e  loads 

( 5 )  M.S. = Marg in  o f  Sa fe t y  = A l lowab le  
Ac tua l  - 1 

The j o i n t  between t h e  s t r u c t u r a l  p o r t i o n  o f  t h e  a i r f o i l  and t h e  t r a i l i n g  edge 

i s  a  key  s t r u c t u r a l  f ea tu re .  The l o a d s  shown i n  Table  4-37 were a p p l i e d  t o  

t i l e  j o i n t .  The marg ins o f  s a f e t y  were determined u s i n g  t h e  s e c t i o n  p r o p e r t i e s  

o f  o n l y  t h e  b l o c k i n g  and b i r c h  i n s e r t .  F i g u r e  4-88 i l l u s t r a t e s  t h e  appl  i c a -  

t i o n  o f  t h e  maximum l oads  t o  t y p i c a l  j o i n t  des igns f o r  t h e  cen te r  and i n n e r  

b l aae  sec t i ons .  The r e s u l t s  o f  t h e  a n a l y s i s  a r e  shown i n  Table  4-41. A1 1  

marg ins o f  sa fe t y  a r e  p o s i t i v e .  The redundant  l o a d - c a r r y i n g  c a p a b i l  i t y  o f  t h e  

r e t e n t i o n  screws and g l ass  f i b e r  o v e r l a p  was ignored, as a  s i m p l i f y i n g  

assumption. 



r .60C SPAR 

PLANE OF 
ROTAT l O N  

( A )  CENTER BLADE J O l N T  
(RETENTlON SCREWS NOT SHOWN) 

B lRCH INSERT 

( 0 )  lNNER BLADE 3 0 1  NT 
(RETENTION SCREWS NOT SHOWN) 

F i g u r e  4-88. Appl i e d  Loads t o  T r a i l i n g  Edge J o i n t  

4-184 



Tab le  4-41 R e s u l t s  o f  T r a i l i n g  Edge J o i n t  A n a l y s i s  

RADIAL STATION 

. l R  .25R 

S t r e s s  Component P S I  tv1 . S . P S I  M.S. ( 2 )  
- 
o  Wood 

maximum c r o s s - g r a i n  t e n s i o n  174 .3 150 3 . 2 ( l  ) 
i n  t h e  r a d i a l  d i r e c t i o n  

maximum r o l l i n g  shear  12 10.4 5 La rge  

o  Epoxy 

maximum t e n s  il e 

maximum shear  9 Large 5 La rge  

( 1 )  l~laximurn c r o s s - g r a i n  s t r e s s  o c c u r s  i n  b i r c h  i n s e r t .  B i r c h  c r o s s - g r a i n  
a l l o w a b l e  e q u a l s  630 p s i .  

( 2 )  M.S. = M a r g i n  o f  S a f e t y  = A l l o w a b l e  
A c t u a l  



4.3.4 HYDRAULIC INSTALLHTIOfi 

The a i l e r o n ' s  I - iydraul  i c  system, shown schema t i ca l l y  i n  F i g u r e  4-140, c o n s i s t s  

o f  severa l  nlodules c o n t a i n i n g  c o n t r o l  o r  power supp ly  components. The yoke  

rnounted power supp ly  u n i t  i s  t h e  l a r g e s t  module. It con ta i ns  an e l e c t r i c a l  

motor -dr  i ven  pump, r e s e r v o i r ,  accumulators,  f i l t e r s ,  hea te r s  and alarrn 

sw i tches  f o r  h i g h  temperature,  c o n t r o l ,  and low pressure.  These elements a re  

packaged i n  an a s s e m ~ l y  about 30 i n .  x 51  i n .  x 173 in., as shown i n  F i g u r e  

4-89. The u n i t  i s  designed t o  opera te  i n  an environment o f  a l t e r n a t i n g  

g- loads,  which a re  produced b y  t h e  r o t a t i o n  o f  t h e  yoke. To p reven t  s l o s h i n g  

and a i r  f l o w  i n t o  t h e  pump, t h e  h y d r a u l i c  r e s e r v o i r  c o n s i s t s  o f  two low 

p ressure  b ladder  accumulators,  n i t r o g e n  p ressu r i zed  t o  about 3 ps i when 

h y d r a u l i c  f l u i c i s  a r e  f u l l y  d ischarged.  These b ladder  accumulators enable  t h e  

f l u i d  t o  tumble w i t h o u t  foaming. When f u l l y  charged w i t h  h y d r a u l i c  f l u i d ,  

even on t h e  h o t t e s t  day, t h e  n i t r o g e n  cha rg i ng  p ressure  increases t o  15 p s i .  

The f l u i d  f o l l o w s  t h i s  c i r c u i t  th rough  t h e  system: t h e  3000 p s i ,  5 gpm 

p ressu re  compensated pump d e l  i v e r s  h y d r a u l i c  f l u i d  t o  t h e  1  ines and 

accumulators s e r v i n g  t h e  two blades. A 5 ,m ic ron  f i l t e r  removes contaminants  

l a r g e r  t han  2 5  microns f r om t h e  f l u i d .  The f l u i d  proceeds t o  t h e  a c t u a t o r  

modules on b o t h  b lades  and f i l l s  t h e  main and emergency f e a t h e r  accumulators.  

Du r i ng  normal opera t ion ,  o n l y  t h e  pump supp l i es  f l u i d  t o  t h e  ac tua to r s .  

Uur i n g  r a p i d  a i l e r o n  mot ion,  which occurs  d u r i n g  emergency f e a t h e r i n g ,  t h e  

accumulators  supplement t h e  f low. The pump and main accumulator a l s o  p r o v i d e  

p i l o t  v a l v e  f low. The r e t u r n  1  i n e  c o l l e c t s  t h e  d ischarge  f r om t h e  se rvo  and 

a c t u a t o r  package and p i l o t  1 ines and r e t u r n s  t h e  f l u i d  t o  t h e  r e s e r v o i r .  To 

p reven t  cor r~p le te  d ischarge  o f  t h e  r e t u r n  1 i n e  above t h e  r o t o r  cen te r1  i n e  when 

t h e  Dlade i s  s t a t i o n a r y  i n  t h e  v e r t i c a l  p o s i t i o n ,  a  75  p s i  r e 1  i e f  v a l v e  i s  

i n s t a l  l e d  i n  t h e  r e t u r n  1  ine.  To m a i n t a i n  accep tab le  f l u i d  v i s c o s i t y ,  

irnrnersion hea te rs ,  t o  keep t h e  f l u i d  temperature above 60°F a t  t h e  i n l e t  t o  

t h e  pump a re  p l aced  i n  t h e  r e t u r n  1 i n e  between t h e  accumulators and pump. 

Conversely,  t h e  hea t  generated d u r i n g  o p e r a t i o n  i s  d i s s i p a t e d  i n  t h e  supp ly  

and r e t u r n  l i n e s  b y  convec t i ve  a i r  cu r ren t s .  To p r o t e c t  t h e  pump, t h e r e  i s  a  

150 mic ron  f i l t e r  j u s t  upstream o f  t h e  pump i n l e t .  

The h y d r a u l i c  supp l y  system a l s o  p rov i des  p ressure  t o  t h e  e i g h t  t e e t e r  snubber 

brakes. The two snubber man i fo lds ,  each w i t h  i t s  own accumulator, a r e  charged 

c o n t i n u o u s l y  th rough  a  back p ressure  sens ing  r e g u l a t o r  t h a t  c l oses  t h e  l i n e s  



TO BLADE 



when t h e  b rake  accumulators a r e  f u l l y  charged a t  1500 p s i .  Check va lves 

p reven t  t h e  b rake  accumulators f r om  b e i n g  d ischarged when t h e  pump i s  o f f .  

A l l  s o l e n o i d  va lves  i n  t h e  h y d r a u l i c  power supp ly  package a r e  shear-sea l  

va lves .  

A11 t h e  t u b i n g  t h a t  connects components i s  s t a i n l e s s  s t e e l  w i t h  a  minirnum 

s a f e t y  f a c t o r  o f  6. Connect ing f i t t i n g s  a re  Lenz o r  SAE 37"  f l a r e d  f i t t i n g s .  

4.3.4.1 Hydrau l  i c  Supply L i n e  I n s t a l  l a t i o n  

Drawings d e f i n i n g  t h e  i n s t a l  1 a t i o n  o f  t h e  hydrau l  i c  condu i t s  f o r  Model 304.2 

were n o t  developed. However, t h e  i n s t a l l a t i o n  would b e  s i m i l a r  t o  t h a t  

developed f o r  lvlodel 204.6. The hydrau l  ic condu i t s  a re  suppor ted b y  clamps 

mounted t o  t h e  a f t  f a c e  o f  t h e  .60C spar ,  as shown i n  F i g u r e  4-90. The 

i n s t a l l a t i o n  avo ids s u b j e c t i n g  t h e  condu i t s  t o  compression o r  b u c k l i n g  

s t r esses  b y  f i x i n g  t h e  c o n d u i t  a t  t h e  innermost suppor t  and a l l o w i n g  t h e  l o a d  

caused b y  c e n t r i f u g a l  e f f e c t s  t o  p u l l ,  r a t h e r  than  push, t h e  f i t t i n g .  The 

f i t t i n g s  a re  p l aced  near  t h e  n e u t r a l  a x i s  a long  t h e  f l a p ,  t o  m in im i ze  bending 

s t r esses .  A t  o t h e r  clamp l o c a t i o n s ,  t h e  c o n d u i t  i s  f r ee  t o  s l i d e ,  which 

accorrimodates any d i f f e r e n t i a l  movement w i t h  t h e  b lade.  To a s s i s t  t h e  s l i d i n g  

d c t i o n ,  t h e  o u t s i d e  o f  t h e  condu i t s  i s  encased i n  a  s leeve  o f  Te f l on .  The 

condu i t s  and mount ing p r o v i s i o n s  can b e  inspec ted  b y  e n t e r i n g  t h e  t r a i l  i n g  

edge th rough  t h e  manhole a t  .10R and wa l k i ng  a l ong  t h e  .60C spar.  

Where f l e x i n g  occurs ,  f l e x i b l e  hose i s  used. F l e x i b l e  hose s u p p l i e s  two 

l o c a t i o n s :  t h e  i n t e r f a c e  between t h e  ro tor -mounted h y d r a u l i c  supp l y  module and 

t h e  b lade,  and eacil a i l e r o n  a c t u a t o r .  These hoses must be compat ib le  w i t h  

petroleum-based h y d r a u l i c  f l u i d ,  such as MIL-H-5606 o r  Dexron. They must a l s o  

have h i g h  b u r s t  s t r e n g t h  and a  s h o r t  bend ing  r a d i u s .  Aeroquip  2757  and FC136 

meet t hese  requi rements .  S t r a i g h t  r u n s  o f  s t a i n l e s s  t u b i n g  i n  t h e  b l ade  a r e  

made b y  we la i ng  c o n ~ m e r c i a l l y  a v a i l a b l e  20 f t .  leng ths .  A t  t r a n s i t i o n s  between 

s t a i n l e s s  and f l e x i b l e  hose, 37' f l a r e d  f i t t i n g s  a re  used. 





4.3.4.2 Hyd rau l i c  L i n e  S izes  

The d iamete r  and t h i ckness  o f  h y d r a u l i c  t u b i n g  i s  a  f u n c t i o n  o f  t h e  r e q u i r e d  

f low r a t e  and pressure.  These parameters a re  a  f u n c t i o n  o f  t h e  a c t u a t i o n  r a t e  

and p i s t o n  d iameter ,  b o t h  o f  which a re  a  f u n c t i o n  o f  t h e  l oad  t h e  a c t u a t o r s  

must overcome. I n  t h e  case o f  t h e  a i l e r o n  ac tua to r s ,  t h e  r a t e s  a r e  S0/sec f o r  

normal o p e r a t i o n  and 10°/sec f o r  shutdown ope ra t i on ,  w i t h  a h i nge  moment o f  

Z7,5UO f t . - l b .  The corresponding maximum a c t u a t o r  f o r c e  i s  55,000 l b ,  based 

on a  minimum moment arm o f  7 i n .  A t  a  maximum d i f f e r e n t i a l  p ressure  o f  3,000 
2 p s i  across t h e  p i s t o n ,  t h e  r e q u i r e d  n e t  p i s t o n  area i s  18.33 in .  . For  a 

10- i n .  s t r o k e  and a  c o n f i g u r a t i o n  r e p r e s e n t a t i v e  o f  t h e  a  i l e r o n  ac tua to r ,  t h e  

a c t u a t o r  des ign  s tandards d i c t a t e  a r o d  d iameter  o f  2.5 i n .  

The cor respond ing  p i s t o n  d iameter  ( D )  can be  c a l c u l a t e d  f r om t h e  express ion:  

O = 5.4399 ( o r  5.5 i n .  i n  round  numbers). 

.The r a t e  o f  f l ow ( Q )  i n t o  and o u t  o f  t h e  a c t u a t o r  a t  t h e  shutdown r a t e  o f  

10°/sec, and w i t h  a  10 in .  s t r oke ,  co r respond ing  t o  a  90' a i l e r o n  d e f l e c t i o n  

i s  d e r i v e d  as f o l l o w s :  

Q = a x G L  A~ 

a = a i l e r o n  r a t e  GL = a c t u a t o r  1 inkage ga in .  

$ = a c t u a t o r  p i s t o n  area 

lU0/sec X in* X 18.33 i n .  = 20.367 i r ~ . ~ / s e c  

90" 

Th i s  v a l u e  i s  conver ted  i n t o  conven t iona l  f l ow  r a t e  u n i t s  expressed i n  gprn as 

f o l l o w s :  

20.367 i r ~ . ~ / s e c  X 60 X ga l  ion = 5.28 gpm 

m in  . 232 i n a 3  

Based on a  f l u i d  v e l o c i t y  o f  25 f t . /sec. ,  t h e  maximum recommended f o r  a i r c r a f t  

hydrau l  i c  systems, t h e  i nne r  d iameter o f  t h e  f l ow passage must be  3/8 in. ,  t o  

f e e d  t h e  a c t u a t o r .  Consequently, t h e  hoses ad jacen t  t o  t h e  a c t u a t o r s  have 

inner  d iameters  o f  3 /8  in .  To p r o v i d e  t h i s  i nne r  d iameter  f o r  t h e  s t a i n l e s s  

s t e e l  t ub i ng ,  w i t h  a  s a f e t y  f a c t o r  o f  6, t h e  o u t e r  d iameter  and t h e  w a l l  

t h i c kness  i s  5/8 in .  X .095. I t  shou ld  be  k e p t  i n  mind t h a t  these dimensions 



are  f o r  hydrau l  i c  1 ines f e e d i n g  i n d i v i d u a l  ac tua to r s .  A 1  i n e  feed ing  two 

a c t u a t o r s ,  u s i n g  s i m i l a r  aes ign parameters, has an o u t e r  d iameter  o f  7/8 i n .  

and a  w a l l  t h i c k n e s s  o f  .12 in .  A 1  i n e  f e e d i n g  a l l  t h r e e  a c t u a t o r s  has an 

o u t e r  d iameter  o f  1  in., and a  w a l l  t h i c kness  o f  . I34 i n .  

Tne p i l o t  1  i nes  have o u t e r  d iameters  o f  .25 i n .  and w a l l  th i cknesses  o f  .035 

i n .  They f e e d  i n d i v i d u a l  c o n t r o l  modules. The p i l o t  l i n e  t h a t  feeds two 

modules tias 3 /8  i n .  o u t e r  d iameters  and a  .049 i n .  w a l l .  A p i l o t  1  i n e  t h a t  

feeds 3  modules has a  .5 i n .  o u t e r  d iameter  and a  .065 w a l l .  

4.3.4.3 Func t i ona l  D e s c r i p t i o n  

I n  F i g u r e  4-140, a l l  so l eno id  and hyd rau l  i c  p i l o t  operated va lves  a re  shown i n  

t h e  o f f  p o s i t i o n .  When t h e  va l ves  a r e  i n  t h e  o f f  p o s i t  ion,  t h e  emergency 

f e a t h e r  system d r i v e s  t h e  a i l e r o n s  t o  t h e  f ea the red  p o s i t i o n  b y  p l a c i n g  t h e  

s h u t t l e  v a l v e  spool  so t h a t  t h e  emergency f ea the r  accumulator i s  d i r e c t l y  

connected t o  t h e  f e a t h e r  s i d e  o f  t h e  a c t u a t o r  p i s t o n ,  and t h e  power s i d e  i s  

connected t o  t h e  r e t u r n  l i n e .  The f u l l  p ressure  i n  t h e  accumulator i s  b rough t  

t o  bear  on t h e  a c t u a t o r  t o  move t h e  a i l e r o n .  Flow r a t e ,  and a i l e r o n  

deployment r a t e  i s  c o n t r o l l e d  b y  f l o w  r a t e  c o n t r o l  va l ves  i n  each f eed  l i n e  

between t h e  accumulator and ac tua to r .  Ene rg i z i ng  f e a t h e r  va lves A and B on 

each b l a d e  r e s e t s  t h e  s h u t t l e  va l ve ,  so t h a t  t h e  connec t ion  between t h e  

emergency f e a t h e r  accumulator and a c t u a t o r  i s  b locked,  b u t  t h e  1  ines between 

t n e  se rvo  v a l v e  and a c t u a t o r  a r e  open. T h i s  se t -up  pe rm i t s  t h e  on-board 

c o n t r o l  system t o  comrnand and c o n t r o l  t h e  a i l e r o n  p o s i t i o n  th rough  t h e  servo  

va lve .  The pump n o r m a l l y  s u p p l i e s  f l u i d  t o  t h e  se rvo  va l ve ;  t h e  supp l y  i s  

supplemented b y  t h e  5 -ga l .  accumulator when t h e  f l o w  demand i s  h i g h .  The two 

emergency f e a t h e r  p i l o t  v a l v e  se ts ,  A and B,  a re  connected i n  a  f a i l - s a f e  

"semi -para l  l e l  - se r  i e s "  arrangement. Tn i s  arrangement r e q u i r e s  t h a t  bo th  

va l ves  a r e  on f o r  t h e  systern t o  operate ,  b u t  i f  e i t h e r  one drops o u t  i t  w i l l  

cause emergency f e a t h e r i n g .  Valve s e t  A i s  c o n t r o l l e d  b y  t h e  emergency 

shutdown panel  and may be t r i p p e d  b y  a  number o f  ma l func t ions .  Va lve  s e t  B i s  

t r i p p e d  b y  a  g-swi tch,  d u r i n g  an overspeed. 

Tne s o l e n o i d  va l ves  i n  t h e  t e e t e r  snubber b rake  1  ines  a re  a l s o  f a i l - s a f e ,  i n  

t h a t  upon l o s s  o f  e l e c t r i c a l  power t h e  brakes w i l l  engage. 



4.3.5 ELECTRICAL INSTALLATION 

Permanent b l a d e  e l e c t r i c a l  c i r c u i t s  a re  r o u t e d  i n  meta l  condu i t s  t h a t  a re  

suppor ted ~y clarnps a l ong  t h e  60% o f  chord  b l ade  spar. The c o n d u i t s  a r e  

l o c a t e d  n e x t  t o  t h e  h y d r a u l i c  p i p i n g  and use t h e  same clamp at tachments.  

F l e x i ~ l e  c o n d u i t  sec t i ons  a re  l o c a t e d  a t  t h e  yoke and f i e l d  j o i n t s  t o  

accornmodate t e e t e r  mot ion  and any o t h e r  e l  ongat ions.  Junc t i on  condu i t s  a r e  

l o c a t e d  a long  t h e  main condu i t s  where t h e  a i l e r o n  ac tua to r s ,  s t r a i n  sensors,  

t t i e r ~ n a l  sensors,  and i c e  d e t e c t o r s  a r e  connected. 

S t r a i n  gage i ns t r umen ta t i on  leads a r e  a l s o  r o u t e d  i n  condu i t s  a long  t h e  b lade ,  

b u t  a r e  connected t o  t h e  sensors w i t h  sur face mounted sh ie l ded  r i b b o n  cab le  

r a t h e r  than  th rough  condu i t .  The r i b b o n  cab le  i s  expendable i n  t h e  even t  o f  a  

1 i g h t n  i n g  s t r i k e .  

Conau i t s  a r e  f a c t o r y  i n s t a l l e d  on each s e c t i o n  o f  t h e  b lade .  A f t e r  t h e  b l ade  

s e c t i o n s  a r e  bonded t oge the r  i n  t h e  f i e l d ,  t h e  c o n d u i t  s e c t i o n s  a re  connected 

and t h e  w i r i n g  i s  p u l l e d  i n t o  them. A i l e r o n  a c t u a t o r  c i r c u i t s  a re  connected 

as t h e  a i l e r o n  s e c t i o n s  a re  i n s t a l l e d  on t h e  ground. A l l  c i r c u i t s  w i l l  be  

f u n c t i o n a l l y  checked b o t h  b e f o r e  and a f t e r  t h e  w i r e  suppor t  and t r a i l  i ng  edge 

s t r u c t u r e s  a re  mounted. 

4.3.6 L i g h t n  i ng  P r o t e c t  i on  

The b l ade  must be  p r o t e c t e d  a g a i n s t  s t r u c t u r a l  damage caused b y  1  i g h t n i n g  

s t r i k e s ,  f o r  r e l i a b l e ,  safe ope ra t i on .  Th i s  p r o t e c t i o n  i s  p rov i ded  b y  a  p a t h  

t o  ground f o r  an e l e c t r i c a l  d ischarge.  A p r e l i m i n a r y  s e t  o f  requ i rements  were 

de f i ned  f o r  Model 204.6 by  L i g h t n  i ng  Technology I nco rpo ra ted  ( L T I )  , based on 

t h e  c u r r e n t  i l i s t o r y  i l l u s t r a t e d  i n  F i g u r e  4-91 and exp la i ned  i n  Table  4-42. 

LT I  l i m i t e d  t h e  occurrence o f  s t r u c t u r a l  damage o f  t h e  main b l ade  s e c t i o n s  t o  

once i n  1000 years ,  and recommended: 

1 )  a  s a c r i f i c i a l  t i p  sec t i on ,  s i n c e  i t  i s  more c o s t  e f f e c t i v e  t o  r e p l a c e  
t h e  t i p  than  t o  p reven t  s t r u c t u r a l  aamage, 

2 )  t h e  su r f ace  o f  t h e  o u t e r  b lade  s e c t i o n  be covered w i t h  a  w i r e  mesh 
screen below t h e  g l ass  f i b e r  l a y e r ,  t o  1  i m i t  r e p a i r  t o  r e s u r f a c i n g  t h e  
g l a s s  f i b e r .  The inner  and cen te r  b l ade  s e c t i o n s  do n o t  r e q u i r e  a  mesh 
1  ayer  . 

3 )  l e a d i n g  edge conductors  be p rov i ded  a long  t h e  i nne r  and o u t e r  b lade  
s e c t  ions,  



! 

I 4 )  t r a i l i n g  edge r o d s  o r  t h e  e q u i v a l e n t  be p rov i ded  a t  seve ra l  spanwise 

I l o c a t i o n s  t o  p reven t  a  s t r i k e  f rom p u n c t u r i n g  t h e  t r a i l i n g  edge, 

5 )  t h e  w i r e  mesil, t i p ,  l e a d i n g  edge conductors  and t r a i l  i n g  edge rods  be 
connected e l e c t r i c a l l y  t o  a  condu i t ,  mounted on t h e  a f t  f a c e  o f  t h e  
.6OC spar .  

I 

I These recomrnenaations a r e  e q u a l l y  appl  i c a b l e  t o  Model 304.2 and a r e  shown i n  

' F i g u r e  4-92. The t i p  s e c t i o n  i s  an expendable g l ass  f i b e r  p a r t  w i t h  an 

embedded aluminum screen, 18" x  16 x .012", c o v e r i n g  t h e  o u t e r  su r face .  Th is  

screen i s  connected t o  t h e  embedded screen i n  t h e  o u t e r  b lade,  as shown i n  

F i g u r e  4-93. The i n s t a l l a t i o n  of t h e  screen i n  t h e  o u t e r  b lade  uses t h e  same 

techniques demonstrated dur i n g  a  s  i ~ n i l  a r  i n s t a l  1  a t  i on  i n  t h e  MOD-OA b lades . 
The l e a d i n g  edge conductors ,  a l s o  embedded, a r e  f a b r i c a t e d  f r om .032 i n .  t h i c k  

5052-0 aluminum and have a  c r o s s - s e c t i o n a l  area e q u i v a l e n t  t o  AWG #4 copper 

w i r e .  The same m a t e r i a l  i s  used t o  connect these  conduc to rs  and t h e  w i r e  

screen t o  t h e  condu i t ,  and t o  p r o t e c t  t h e  t r a i l i n g  edge, as shown i n  

F i g u r e  4-94. 



2 100 u s  5 rns 55 rns 355 ms 1 355.1 ms 360 rns 

355.002 ms 

T l M E  INCREASING- 

us = microsecond, .00000 1  sec . 
ms = m i l l i s e c o n d ,  .001 sec. 

K A  = k i l o h p e r e s ,  1000 amperes 

A = Amperes 

(See Table 4-42 f o r  D e f i n i t i o n  o f  Terms ) 

F i g u r e  4-91. Diagrammatic Representat ion o f  L i g h t n i n g  Model 
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Figure 4-92. B l a d e  L i g h t n i n g  P r o t e c t i o n  System 
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4.3.7 BALLAST I NSTHLLAT ION 

The s t a t i c  and n a t u r a l  f requency imbalances t h a t  may occur  because o f  

rnanufactur i n g  and o p e r a t i o n a l  b iases must be c o n t r o l  l e d  so t h a t  t h e  dynamic 

1  oads produced on e i t h e r  s  ide  o f  c e n t e r  o f  r o t a t  i o n  on t h e  b l ade  a r e  equal .  

B a l l a s t  added t o  t h e  i nne r  and o u t e r  b lades c o n t r o l s  t h e  s t a t i c  and n a t u r a l  

f requency  i ~ n b a l  ances. 

The b a l l a s t  p r o v i s i o n s  f o r  t h e  i nne r  b lade  a r e  shown i n  F i g u r e  4-95. P ieces 

of  s t e e l  b a l l a s t  we igh ing  50 l b s .  a r e  i n s t a l l e d  on t h e  .30C spar  a t  .50R t o  

remove a  s t a t i c  imbalance o f  up t o  500,000 f t - l b s .  Workers e n t e r  t h e  b l ade  

th rough  a manhole a t  .09K. 

F i g u r e  4-96 i l l u s t r a t e s  t h e  i n s t a l l a t i o n  o f  up t o  500 I b s .  o f  tungs ten  b a l l a s t  

i n  t h e  o u t e r  b lade .  T h i s  b a l l a s t  i s  used f o r  f i n e  t u n i n g  t h e  b l ade  

p r o p e r t i e s .  Remov i n g  t h e  t i p  assembly p rov ides  access t o  t h e  b a l l a s t  c a v i t y .  

Tne spanwise l o c a t i o n  o f  each 50 l b .  p i ece  i n  t h e  b a l l a s t  c a n i s t e r  can be 

a d j u s t e d  b y  i n s t a l  1  i ng  a  c y l  i n d r  i c a l  spacer i n  t h e  unused volume. The b a l l a s t  

i s  pre loadea i n  t h e  c a n i s t e r  w i t h o u t  i nduc ing  l o a d  on t h e  wood suppo r t  

s t r u c t u r e .  

An a n a l y s i s  determined t h e  p o s s i b l e  v a r i a t i o n  i n  t h e  b lade  weight ,  t o  ensure 

t h a t  t h e r e  i s  enough b a l l a s t  c a p a b i l i t y .  The parameters t h a t  cou ld  cause a  

v a r i a t i o n  i n  we igh t  i nc l uded  t h e  wood d e n s i t y ,  t h e  epoxy spread r a t e ,  and t h e  

t h i ckness  o f  t h e  wood veneer. The t h i ckness  o f  t h e  a i r f o i l  w a l l  s p e c i f i e d  on 

t h e  b l aae  drawings i s  conver ted  t o  an e q u i v a l e n t  number o f  veneers d u r i n g  t h e  

r l ianufactur i n g  process. T h i s  system e l  i rn inates t h e  need t o  i nspec t  t h e  dimen- 

s i o n s  o f  each veneer. The v a r i a t i o n  i n  t h e  t h i c kness  o f  t h e  veneer v a r i e s  t h e  

c ross - sec t i ona l  area and b l ade  weight .  The s t a t i s t i c a l  cha rac te r  i s t i c s  o f  

t h e s e  v a r i d b l e s  a r e  shown i n  Table  4-43. The we igh t  o f  t h e  b l ade  i s  ca l cu -  

l a t e d  b y  mu1 t i p l y i n g  t h e  wood volume b y  an e q u i v a l e n t  d e n s i t y  pe. 



i 
I 1 

A, \  
I 1 ; c-4: 

BALLAST 

SECTION A-A 

1 . 5 0  (REF) 

I ( R E c  I C / ' . 7 5  (REF) - - \ 

i 1 1 . 7 0 0  TYP 

TALLED =-- 

I 

- 
\ 

\ 

* J ;  , \ 

I 5 . 7 5  (REF), I -  ' 1 1 . 7 0 0  
( R E F )  

TY P 
-- i 

F i g u r e  4-95. Ballast Installation in t h e  Inner Blade 

4 - 20 0 





V a r i a b l e  

Tab1 e  4-43 Chdracter  i s t  i c s  o f  Va r i ab l es  Used i n  Comput i n  y 
V a r i a t i o n s  i n  Blade Weight 

Standard C o e f f i c i e n t  
D e v i a t i o n  o f  

Rat i n g  S ' Jar i a t  i o n  

Wood Dens i ty  , p, 33.18 l b / f t 3  1.66 t 5% 

Epoxy Spread Kate, A ( ' 1  7.2 l b / f t 3  . I8  - + 2 . 5 %  

Veneer Thickness, t .I00 i n . '  .005 + 5% 

3 
( 1 ) 60 lbs./1,000 f $  o f  double  g l u e  1  i ne  no r~na l  i zed  t o  1  f t  o f  

. I  i n .  t h i c k  veneer. 



Where 
3  A = l b s  o f  epoxy per  f t  o f  . l l i n .  veneer. One f t3 

o f  .1 i n .  t h i c k  veneer has a  1  x  w p roduc t  equal  t o  
2 120 f t .  Therefore,  t h e  g l u e  spread r a t e  

m u l t i p l i e d  b y  120 ft2 equals  pounds of  epoxy p e r  

f t3. The va lue  i s  7.2. 

3 
P, 

= wood d e n s i t y ,  l b s / f t  . The va lue  i s  33.18 

f o r  a  mo i s tu re  con ten t  7%. 

f t  = r a t i o  o f  a c t u a l  and r a t e d  t h i ckness .  The normal 

va l ue  equals  1.0. 

Equa t ion  4-5 y i e l d s  a  r a t e d  b l ade  d e n s i t y  o f  40.38 l b / f t 3  f o r  t h e  r a t e d  

va lues.  The a c t u a l  d i s t r i b u t i o n  o f  t h e  we igh t  i n  t h e  b l ade  depends on t h e  

s t a t i s t i c a l  ~ h a r d c t e r i ~ t i c ~  o f  t h e  t h r e e  va r i ab l es .  The s tandard  de?r i a t i o n ,  

Se, f o r  p e  i s  d e f i n e d  b y  equa t i on  4-6. (Ref. 4-9) 

S u b s t i t u t i n g  t h e  va lues  f r om equa t i on  4-5 and Table  4-43 i n  equa t ion  4-6 

y i e l o s  a  s tandard  d e v i a t i o n  f o r  t h e  b lade,  S o f  1.68 l b s / f t 3 .  I f  t h e  
pe '  

d e n s i t y  o f  h a l f  t h e  b l a d e  assembly i s  t h e  r a t e d  d e n s i t y ,  and t h e  d e n s i t y  o f  

t i l e  o t h e r  h a l f  i s  a t  t h e  +2 Spe l i m i t ,  t h e  d i f f e r e n c e  i n  we igh t  w i l l  be 

8%. Th i s  d i f f e r e n c e  r e s u l t s  i n  a  s t a t i c  moment imbalance o f  524,966 f t - l b s ,  

as shown i n  Table  4-44. The b a l l a s t  p r o v i s i o n s  a t  .50R and .975R p r o v i d e  a 

ba lance c a p a b i l  i t y  o f  598,460 f t - l b s ,  which r ep resen t s  a  14% margin.  



Tab le  4-44 Oesign P o i n t  Fo r  B a l l a s t  I n s t a l l a t i o n  

Weight  
Distribution. I b / f t  Moment A r m ,  ft. 

8% Imbalance 

- f t - l b  



4.3.8 I C E  DETECTOR INSTALLATION 

The o p e r a t i o n  o f  t h e  w ind  t u r b i n e  i s  i n h i b i t e d  o r  h a l t e d  i f  i c e  accumulates on 

t n e  blade. A Koseniount i c e  d e t e c t o r ,  Model 871FA222SP5, shown i n  F i g u r e  4-97, 

d e t e c t s  i c e  i f  t h e  depth o f  t h e  i c e  i s  g r e a t e r  than  .2  i n .  The d e t e c t o r  

senses a  d i f f e r e n c e  i n  t h e  o s c i l l a t i n g  f requency o f  t h e  sens ing  probe. T h i s  

d e t e c t o r  i s  s  i r n i l a r  t o  t h e  model used s u c c e s s f u l l y  on t h e  NOD-1 w ind t u r b i n e .  

The d e t e c t o r  must be o r i e n t e d  so t h a t  t h e  sens ing probe faces  t h e  w ind  when 

t h e  w ind  t u r b i n e  i s  n o t  o p e r a t i n g  and so t h a t  t h e  chord  o f  i t s  a i r f o i l - s h a p e d  

base s t r u t  i s  p a r a l l e l  t o  t h e  w ind  d u r i n g  ope ra t i on .  The d e t e c t o r  must be i n  

a spanwise l o c a t i o n  t h a t  1 i rn i t s  i t s  s t eady -s ta te  o p e r d t i o n  t o  15 9 ' s .  These 

requi rements  a re  met b y  t h e  i n s t a l l a t i o n  Shown i n  F i g u r e  4-98. 

A s  shown i n  F i g u r e  4-98, t h e  d e t e c t o r  i s  mounted on t h e  h i g h  p ressure  s i d e  o f  

t h e  t r a i l i n g  edge a t  0.65C and .58R. A hous ing  assembly i s  bonded t o  t h e  

r e i n f o r c e d  c i r c u l a r  c u t o u t  p rov i ded  i n  t h e  t r d ' i l  i n g  edge w i t h  i t s  i c e  d e t e c t o r  

mount i n y  h o l e s  p r o p e r l y  o r i e n t e d .  The d e t e c t o r  i s  i n s t a l  l e d  i n t o  t h e  hous ing  

assembly and secured w i t h  t h e  r e t a i n e r  and screws. A gasketed f i t  p rov i des  an 

env i r on -  rnental sea l .  The hous ing  a l s o  suppor ts  t h e  c o n d u i t ,  and p reven t s  

1  oads on t h e  i c e  d e t e c t o r ' s  e l e c t r i c a l  connector .  
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4.3.9 INSTRUMENTATION INSTALLATION 

A t  t h e  t i m e  o f  t h i s  r e p o r t ,  t h e  d e t a i l s  d e f i n i n g  t h e  i n s t a l l a t i o n  o f  t h e  b lade  

and a i l e r o n  ins t rumenta t  ion, d e f i n e d  i n  Sect i o n  9, was n o t  documented. 

S t r a i n  gage l o c a t i o n s  a r e  r e q u i r e d  a t  t h e  f o l l o w i n g  areas: 

Locat ion  Min. No. Purpose 

1  . Actua to r  P  i s  tons 3  Hinge Moment Eva1 u a t  i on  

2. Torque L inks  3  Hinge Moment Eva lua t i on  

3. Forward Spar 3 Normal & Tors i ona l  Load Dete rmina t ion  

4. Upper & Lower Sk i n s  6 Normal & Tors i o n a l  Load Dete rmina t ion  

5. Max Compression Sk in  4  Sk i n  Stab il i t y  Assessment 

S ine t h e  t h e  a i l e r o n s  o f  each b lade  a re  symmetr ical ,  i ns t rumen ta t i on  w i l l  be 

1  im i t ed  t o  one b lade.  

4.3.10 INTERFACES 

There a r e  many i n t e r f a c e s  between t h e  b lade  and o t h e r  systems o f  t h e  wind 

t u r b i n e .  These i n te r f aces  are:  

Teeter  bea r i ng  Blade and yoke subsystem 

Teeter  r e s t r a i n t  Blade and yoke subsystem 

Hyd rau l i c  and e l e c t r i c  1  ines Blade, and hydrau l  i c  and e l e c t r i c a l  

subsystems 

A i  1 eron suppor t  Blade and a i l e r o n  subsystems 

Tether  a t t a c h  p o i n t s  Blade t o  e r e c t  ion  ope ra t i on  and 

maintenance 

The b o l s t e r  and b lade  t e e t e r  bea r i ng  cup i n t e r f a c e  i s  shown i n  F i g u r e  4-99. 

The des ign o f  t h e  b o l s t e r  and t e e t e r  b e a r i n g  cup were d iscussed i n  s e c t i o n s  

4.3.1.1.1 and 4.3.1.2. The i n t e r f a c e  between t h e  t e e t e r  r e s t r a i n t  and 

b o l s t e r ,  shown i n  F i g u r e  4-135, was d iscussed i n  s e c t i o n  4.3.1.2 and 

4.3.1.2.1. The h y d r a u l i c  and e l e c t r i c a l  s e r v i c e  i n t e r f a c e ,  shown i n  4-90, was 

d iscussed i n  sec t i ons  4.3.4.1 and 4.3.5. The i n t e r f a c e  between t h e  a i l e r o n  

and t h e  b lade,  shown i n  F i g u r e  4-79, was t r e a t e d  i n  t h e  d iscuss ion  o f  t h e  

o u t e r  b l ade  assembly, and w i l l  a l s o  be d iscussed i n  sec t  i o n  4.4. 





The b l ade  r e q u i r e d  t e t h e r  at tachment p o i n t s ,  t o  f a c i l  i t a t e  hand1 ing, e r e c t  i on  

and maintenance. The p l a n  was t o  l o c a t e  t h e  t e t h e r  at tachment p o i n t s  i n  t h e  

a i l e r o n  suppor t  f i t t i n g s ,  t o  t a k e  advantage o f  t h e  e x i s t i n g  p o i n t - l o a d  

i n t r o a u c t  i o n  capabi  1  i ty .  However, t h e  program was t e rm ina ted  b e f o r e  d e t a i l e d  

work was done i n  t h i s  area.4.3.11 

4.3.11 DESIGN IMPLICATIONS OF BLADE CIANUFHCTURING 

There a r e  seve ra l  l i m i t a t i o n s  on t h e  manufac tu r ing  process f o r  t h e  b lade .  The 

l i m i t s  on t h e  angle  o f  t w i s t  were e s p e c i a l l y  impor tan t .  Wood veneer c o u l d  

conform t o  t h e  female mold su r f ace  i f  t h e  change i n  t h e  ang le  o f  t w i s t  was n o t  

rllore than  1  .so per  chord  l eng th .  Beyond t h i s  1  i m i t ,  t h e  veneer must be 

s p i l l e d  o r  trimmed, which would inc rease  t h e  b lade  c o s t  by  seve ra l  t imes .  

Furthermore, t h e   lade c o u l d  n o t  be made o r  shipped i n  one con t inuous  p iece .  

A f i n g e r  j o i n t  i s  i n co rpo ra ted  a t  p o i n t s  where t h e  cu r ve  d e s c r i b i n g  t h e  ang le  

o f  t w i s t  changes s lope.  I n  de te rm in i ng  t h e  l o c a t i o n  o f  these j o i n t s ,  t h e  

maximum l e n g t h  o f  sh ipped components must be cons idered.  Because o f  these  

requi rements ,  and t h e  need f o r  0 "  o f  t w i s t  a t  t h e  cen te r  o f  r o t a t i o n ,  t h e  

c e n t e r  b l ade  was designed w i t h  a  maximum t w i s t  o f  5 "  a t  t h e  f i n g e r  j o i n t s .  

Tne shape of  t h e  b l a d e  sec t  ions  between t h e  r e c t a n g u l a r  shape a t  .OR, and t h e  

a i r f o i l  shape a t  .25R, r e f l e c t  t h e  r e s u l t s  o f  t r i a l  veneer l a y e r i n g ,  performed 

on a  1 /4-sca le  model o f  t h e  cen te r  b lade.  The purpose o f  t h e  t r i a l s  was t o  

d e f i n e  t h e  s e t  o f  o u t e r  mold l i n e  coord ina tes  t h a t  p rov ided  t h e  shape 

r e s t r a i n t s  a t  .OK and .25K, and t n a t  min imized t h e  compound c u r v a t u r e  

necessary t o  make t h e  t r a n s  i t i o n .  

The l a s t  r e s t r a i n t  was t h e  need f o r  V-type l o n g i t u d i n a l  bond j o i n t s .  The 

l a r g e  bond area r e q u i r e d  t o  b r i n g  t oge the r  p a r t s  made f r om separa te  molds, 

n e c e s s i t a t e s  a  sequen t i a l  bonding ope ra t i on ,  which e l  im ina tes  a  t ime  

c o n s t r a i n t ,  a1 lows proper  f i x t u r  ing,  and f a c i l  i t d t e s  t h e  i n s p e c t i o n  o f  t h e  

bonaea j o i n t .  The V - j o i n t  a l l ows  a l l  o f  these requi rements  t o  be  met. Test 

aa ta  f o r  t h e  V - j o i n t  i s  con ta ined  i n  s e c t i o n  8.0 o f  Volume 11. The manufac- 

t u r e  o f  t h e  j o i n t  i s  d iscussed i n  s e c t i o n  10.5.5. 



4.4 A I LERON SUBSYSTEM 

Model 304.2 was a  s i g n i f i c a n t  depa r t u re  f r om  t h e  p rev i ous  wind t u r b i n e  

genera to r  c o n f i g u r a t i o n .  The aerodynamic r o t o r  c o n t r o l  su r f aces  were changed 

f rom p a r t i a l  span c o n t r o l  t o  a i l e r o n  c o n t r o l ,  because t h e  p a r t i a l  span c o n t r o l  

des ign  caused growths i n  we igh t  and cos t .  A second examina t ion  o f  t h e  

t r a d e - o f f s  performed d u r i n g  t h e  conceptua l  des ign  phase reve rsed  t h e  

conc lus ions  about t h e  c o n t r o l  system. The comp lex i t y  o f  rnul t i p l e  a i l e r o n  

s t r u c t u r e s  and a c t u a t o r s ,  which was cons idered a  d isadvantage i n  t h e  e a r l  i e r  

t r a d e - o f f s ,  was e v e r l t u a l l y  ba lanced b y  t h e  b e n e f i t s  o f  removing t h e  p a r t i a l  

span c o n t r o l  s t r u c t u r e  f r om  t h e  p r imary  b l ade  s t r u c t u r e .  The p a r t i a l  span 

c o n t r o l  s t r u c t u r a l  des ign  and dynamic l o a d  a n a l y s i s  r e s u l t e d  i n  an inc rease  o f  

a p p r o x i ~ ~ i a t e l y  26,000 1  bs.  p e r  b lade.  

The use of  a i l e r o n s  removed t h e  aerodynamic c o n t r o l  mechanism f r om t h e  p r ima ry  

b l aae  l oad  p a t h  and d i s t r i b u t e d  i t  as secondary b l a d e  s t r u c t u r e ,  which 

i n t e r f a c e d  t h e  b l ade  a t  t h e  spar a t  60% o f  t h e  chord.  The es t imated  we igh t  o f  

t h e  a i l e r o n  subsystem was l e s s  t han  5000 l b s .  pe r  b lade,  much lower  than  t h e  

es t ima ted  we igh t  o f  t h e  t h e  p a r t i a l  span c o n t r o l  system, which was 40,000 l b s .  

pe r  b lade.  A w ind t unne l  t e s t  program ob ta i ned  i n i t i a l  a i l e r o n  performance 

da ta .  Func t i ona l ,  o p e r a t i o n  and performance development t e s t i n g  o f  t h e  

a i l e r o n  system was conducted w i t h  t h e  MOD-0 wind t u r b i n e  generator ,  which had 

b lades  N i t h  a i l e r o n s .  The r e s u l t s  o f  t hese  t e s t s  a re  presented i n  Volume 11, 

s e c t i o n  8.4.2. 

4.4.1 BASELINE AILERON DESIGI'i DESCRIPTION 

Toe a i l e r o n s  a r e  aerodynamic c o n t r o l  su r faces ,  which a r e  used t o  c o n t r o l  and 

s h u t  down t h e  r o t o r .  The a i l e r o n s  extend f rom 60% o f  b l ade  span ( S t a t i o n  

1440) t o  99% o f  b l ade  span ( S t a t i o n  2375 ) ,  a  l e n g t h  o f  78 f t .  The a i l e r o n  i s  

formed b y  t h e  a i r f o i l  f r om  6 0 0 f  t h e  chord t o  t h e  t r a i l  i n g  edge. The a i l e r o n  

p i v o t s  up t o  -90" ( towards t h e  low p ressure  s u r f a c e )  about a  h i n g e  a x i s  2.75 

i n .  below t h e  low p ressu re  b l ade  sur face ,  as shown i n  F i g u r e  4-100. The 

a i l e r o n  c o n t r o l  su r f aces  a re  d i v i d e d  i n t o  t h r e e  sec t i ons ;  each s e c t i o n  i s  

separa ted  i n t o  two segments t o  accommodate b l ade  f 1 exure.  The inboard  

segments o f  each sec t i on ,  which i s  c l o s e s t  t o  t h e  r o t o r  r o t a t i o n a l  a x i s ,  i s  

d r i v e n  b y  a  1  i nea r  h y d r a u l i c  a c t u a t o r  w i t h  a  s l  i de r -c rank  t h ree -ba r  

mechanism. The a c t u a t o r s  and inboard  p i v o t  h i nge  o f  t h e  a i l e r o n  s e c t i o n s  a r e  

l o c a t e d  a t  S t a t i o n s  1440, 1740 and 2040. The h inges  a t  t hese  s t a t i o n s  have 



s p h e r i c a l  s e l f - a 1  i gn  i ng  p l a i n  and r a d i a l  bear ings,  which r e a c t  aerodynamic 

shear loads and a c t u a t o r  loads. The c e n t r i f u g a l  f o r c e s  f r om b lade  r o t a t i o n  

a re  r e a c t e d  a t  t h e  h i nge  p o i n t s  between t h e  p a i r  o f  segments f o r  each s e c t i o n  

( S t a t i o r ~ s  1590, 1890, and 2208). A p a i r  o f  angu la r  con tac t ,  s p h e r i c a l ,  

s e l f - a 1  i g n i n g  p l a i n  bear ings  a re  used a t  t h i s  h i nge  l o c a t i o n  because these 

bear ings  must c a r r y  a x i a l ,  as w e l l  as r a d i a l  loads. The c e n t r a l  h i nge  p o i n t  

l o c a t e s  t h e  a i l e r o n  segments i n  t h e  b l ade  r a d i a l  a x i s  and t h e  o t h e r  h inges 

pe r l n i t  r e l a t i v e  a x i a l  mot ion  o f  t h e  a i l e r o n  w i t h  r espec t  t o  t h e  b lade.  

The outboard h i nge  p o i n t  f o r  each a i l e r o n  s e c t i o n  c o n s i s t s  o f  one s p h e r i c a l  

se l f -a1  i g n i n g  p l a i n  bear ing.  T h i s  bear ing ,  w i t h  i t s  angu la r  and a x i a l  

freedom, compensates f o r  misa l ignment  and d e f l e c t i o n s  caused b y  t h e  e f f e c t s  o f  

loads, thermal  expansion and mo i s tu re  changes i n  t h e  wood. 

Eacn p a i r  o f  segments a r e  connected b y  a  t o rque  1  ink t h a t  pe rm i t s  inaependent 

a x i a l  and r a d i a l  a l ignment  o f  each segment w i t h  t h e  blade. The l i n k  a l s o  

d r i v e s  t n e  ou tboard  segment a long  w i t h  t h e  inboard segment when t h e  a i l e r o n  i s  

deployed. The loads induced a t  t hese  h i nge  l o c a t i o n s  because o f  t h e  t o rque  

1  ink  arrangement a r e  s ign i f  i c a n t l y  l e s s  than those  a t  t h e  a c t u a t o r .  Th i s  

d i f f e rence  i s  because t h e  e f f e c t i v e  morrrent arm f o r  t h e  t o rque  1 ink  i s  much 

l onge r  than  t h e  moment arm f o r  t h e  a c t u a t o r .  For  example, a t  s t a t i o n  2208 t h e  

e f f e c t i v e  rnonient arm f o r  t h e  t o rque  1  ink  i s  approx imate ly  3 ft. and f o r  t h e  

a c t u a t o r  a t  s t a t i o n  2040 t h e  maximurn moment arm i s  o a l y  7 i n .  I n  a d d i t i o n ,  

t h e  n i nge  nioment a t  t h e  t o rque  1 ink  i s  o n l y  about 50% o f  t h e  moment a t  t h e  

a c t u a t o r .  

The a i l e r o n  s e c t i o n s  a r e  s t r u c t u r a l l y  a t tached  t o  t h e  60% spar  o f  t h e  b l ade  a t  

t h e  h i n g e  l o c a t i o n .  The h i n g e  b racke t s  a r e  mounted t o  l o a d  d i s t r i b u t i o n  r i b s  

i n  t h e  b l ade  b y  f o u r  tapered  wood s tuds .  The s tuds  a re  20 i n .  tapered  s t e e l  

rods  w i t h  a  maxinrum d iameter  o f  2.75 in .  They a re  mounted i n  a  r e c t a n g u l a r  

p a t t e r n  approx imate ly ,  23 b y  7 i n .  The b l ade  s t r u c t u r a l  i n t e r f a c e  and t h e  

tapered  s t e e l  s tuds  a re  d iscussed i n  Sec t i on  4.3.1.5, Outer Blade. 

The a c t u a t o r  i s  a  double  ended rod- type  h y d r a u l i c  c y l i n d e r  w i t h  a 4.4 i n .  bo re  

and a 10 i n .  s t roke .  The a c t u a t o r  has a  maximum c a p a b i l i t y  o f  50,000 l b s .  a t  

a  supp ly  p ressure  o f  3000 p s i .  The double-ended r o d  arrangement p rov i des  





l a t e r a l  suppor t  and reduces bea r i ng  loads i n  t h e  h i g h  g  environment.  The 

h y d r a u l i c  c o n t r o l  va lves  a re  i n t e g r a t e d  i n t o  t h e  c y l  i nde r  body and f ou r  

hyd rau l  i c  f l e x i b l e  hoses connect t h e  a c t u a t o r  t o  t h e  b l ade  hyd rau l  i c  system. 

The c y l i n d e r  end i s  a t tached  t o  t h e  r e a r  spar  a t  t h e  h i nge  b r a c k e t  and i s  

a t t ached  t o  t h e  a i l e r o n  r i b  s t r u c t u r e  a t  t h e  r o d  end. Spher i ca l  s e l f - a 1  i g n i n g  

p l a i n  bea r i ngs  a re  u t i l i z e d  i n  b o t h  connect ions.  The e f f e c t i v e  moment arm o f  

t h e  a c t u a t o r  v a r i e s  f rom 5 i n .  a t  0 "  and -90" deployment up t o  7.0 i n .  a t  45 "  

deployment o f  t h e  a i l e r o n s  i n  a  s  i nuso ida l  curve,  as shown i n  F i g u r e  4-101 . 

The hyd rau l  i c  p i p i n g  and e l e c t r i c a l  s e r v i c e  condu i t s  a r e  mounted t o  t h e  a f t  

s u r f a c e  o f  t h e  6 U h p d r .  The f o rwa rd  s t r u c t u r e  o f  t h e  a i l e r o n  i s  recessed t o  

c l e a r  t h i s  p i p i n g  and c o n d u i t  and t h e  hydrau l  i c  accumulator mounted a t  each 

ac tua to r .  An arrangement o f  t h i s  hardware i s  shown i n  F i g u r e  4-100. I n  t h i s  

f i g u r e  t h e  hardware i s  shown o u t  o f  p o s i t i o n ;  i t  i s  a c t u a l l y  mounted t o  t h e  

spar. The f l e x i b l e  l i n e s  connec t ing  t h e  a c t u a t o r  t o  t h e  h y d r a u l i c  system a r e  

shown i n  F i g u r e  4-102. The arrangement was se lec ted  t o  p e r m i t  t h e  components 

t o  be assembled t o  t h e  o u t e r  b l ade  s e c t i o n  i n  t h e  f a c t o r y ,  b e f o r e  sh i pp ing .  

The 1  ines would be connected v i a  f l e x i b l e  hose o r  c o n d u i t  a t  b l ade  j o i n t  a t  

6u% o f  t h e  span i n  t h e  f i e l d ,  a f t e r  t h e  b l ade  sec t i ons  were assembled. The 

f l e x i b l e  1  ines a t  each ac tua to r  h inge  p o i n t  accorr~rnodate d i f f e r e n t i a l  

expansions between t h e  b l ade  and p i p i n g .  Access t o  t h e  hardware f o r  s e r v i c e  

and maintenance i s  ob ta ined  b y  p a r k i n g  t h e  a i l e r o n s  i n  t h e  -90" p o s i t i o n  i n  

wnich t h e  e n t i r e  a f t  sur face o f  t h e  b l a d e  spar  and t h e  a i l e r o n  hardware 

niountea t o  t h e  spar  a r e  exposed. 
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4.4.2 A I L E K O N  STRUCTURAL ANALYSIS 

A t y p i c a l  a i r c r a f t  w ing c o n s t r u c t i o n  was eva lua ted  f o r  t h e  a i l e r o n s .  It 

c o n s i s t e d  o f  an aluriiinum s k i n ,  0.1 i n .  t h i c k ,  suppor ted b y  a  s e r i e s  o f  r i b s  

and l o n g i t u d i n a l  s t i f f e n e r s  r u n n i n g  th rough  t h e  r i b s .  Th i s  approach l e d  t o  a  

p r e l  i r l l inary  d e f i n i t i o n  o f  we igh ts  and s t r u c t u r a l  comp lex i t y .  The f i n a l  des ign  

Alas t o  be generated by  a  vendor s e l e c t e d  i n  a  c o m p e t i t i v e  t e c h n i c a l  proposal  

and b i d  rev iew.  The vendor would be f r e e  t o  use t h e i r  own des ign  and m a t e r i a l  

system, s u b j e c t  t o  GE's r ev i ew  and approva l .  

Tne p r e l i m i n a r y  a n a l y s i s  cons idered  s t i f f n e s s ,  s t r e n g t h ,  f a t i g u e  s t r e n g t h ,  

buck1 i ng  s t a b i l i t y ,  and r e a c t i o n s  a t  t h e  f i t t i n g s  t o  t h e  o u t e r  b laae,  caused 

by  \ ~ a r  ious  l oad  cases. Var ious loads  de f ined  by  an a n a l y s i s  o f  t h e  sys tem's  

dynamics and b y  t h e  aerodynamic p ressure  d i s t r i b u t i o n s  across t h e  chord  and 

span o f  t n e  a i l e r o n s  were chosen. Hur r i cane ,  overspeed, mean o p e r a t i o n a l  and 

normal o p e r a t i n g  v a r i a ~ l e  loads were used. The maximum expected s t r esses ,  

mean s t r esses  and an a l t e r n a t i n g  s t r e s s  spectrum were c a l c u l a t e d .  

Ttle m a t e r i a l  s e l e c t e d  f o r  t h e  p r e l  i rn inary a n a l y s i s  was an aluminum a l l o y ,  

2024-T6 o r  T8. The -T3 temper o f  2024 c o u l d  n o t  be  used, because i t  i s  

s e n s i t i v e  t o  s t r e s s  c o r r o s i o n .  The p r o p e r t i e s  used a re  describes i n  MIL-H-5C.  

Good t o r s i o n a l  s t i f f n e s s  was found. The ou tboard  a i l e r o n  i s  t h e  most 

f 1  e x i b l e .  Urlder normal ope ra t  i on  i t s  maximum s t r u c t u r a l  angu la r  u n c e r t a i n t y  

i s  l e s s  t n a n  0.6' f o r  t h e  99.39th p e r c e n t i l e  h i nge  moments. 

-- 
I ne  impor tan t  des ign  f a c t o r s  were l o c a l  s k i n  b u c k l i n g  s t a b i l  i t y  and s k i n  

f a t i g u e .  R i b  spac ing  o f  12 i n .  and s t r i n g e r  spac ing  o f  10 i n .  on t h e  cen te r  

\\rere needea a t  impo r tan t  l o c a t i o n s .  Safety  f a c t o r s  o f  1.5 a g a i n s t  b u c k l i n g  

ana y i e l a i n g ,  and a  M i n e r ' s  summation o f  1.0, i n c l u d i n g  a f a t i g u e  n o t c h  f a c t o r  

o f  2.0 were used. Because o f  t h e  h i g h  dynamic a i r  pressure,  t h e  s k i n  

t h i c kness  o f  0.1 i n .  must 1  i n e a r l y  increase t o  0.2 i n .  f r om  0.6R t o  1  .OR, t o  

rr~eet tnese  f a c t o r s  o f  s a f e t y .  Because t h e r e  a r e  s i x  a i l e r o n s ,  t h e  s k i n  

t n i c kness  shou ld  inc rease  b y  0.02 i n .  per  a i l e r o n  segment beg inn ing  w i t h  0.1 

i n .  a t  t h e  a i l e r o n  l o c a t e d  a t  0.6R. V a r i a b l e  r i b  and s t r i n g e r  spac ing f o r  

we igh t  op t i r r l i za t  i o n  was n o t  pursued i n  t h i s  p r e l  im ina ry  a n a l y s i s .  



Tne a n a l y s i s  showed t h a t  t h e  a i r  p ressure  on t h e  a i l e r o n s  and bend ing  o f  t h e  

a i l e r o n s  a r e  severe f o r  t h e  r i b  and s t r i n g e r  c o n s t r u c t i o n .  On t h e  compressive 

sk i n ,  t h e  beam-column e f f e c t  exaggerates t h e  s t r e s s  caused b y  a i r  p ressu re  

a lone.  C l o s e l y  spaced r i b s  ana s t r i n g e r s  a re  necessary t o  a v o i d  damage. 

H v e r t i c a l  shear th rough  t h e  a i r f o i l  t h i c kness  o f  500 l ~ / f t ,  and a  h i n g e  

~no~nent  o f  1,000 f t - l b / f t  o f  span, were t y p i c a l  l oad  magnitudes. A i r  p ressure  

on t h e  s k i n  v a r i e s  w i t h  span and l oad  type,  between 0.3 and 1.7 p s i .  N i t h  t h e  

h i n g e  p o i n t s  about 72 ft. apa r t ,  and because o f  the tapered  b l a d e  geometry and 

t h e  g r e a t e r  t a n g e n t i a l  v e l o c i t y  a t  t h e  t i p ,  s t r esses  i n  t h e  o u t e r  a i l e r o n  were 

severe.  Loading d u r i n g  s to rm o r  overspeed c o n d i t i o n s  was even more severe, as 

d iscussed i n  s e c t i o n  7.5 o f  Volume I I .  



4.4.3 A I L E R O N  TRADES 

The a i l e r o n  t r a d e - o f f s  examined t h e  performance and t h e  f u n c t i o n  o f  t h e  

a i l e r o n  design. Aerodynamic c o n s i d e r a t  i ons  determined t h e  r e q u i r e d  

performance o f  t h e  a i l e r o n .  These cons ide ra t i ons  were d iscussed more f u l l y  i n  

s e c t i o n  4.5.2. The performance requ i rements  f o r  an aerodynamic c o n t r o l  

s ~ l r f a c e  were s a t i s f i e d  b y  a  p l a i n  a i l e r o n  ex tend ing  f r om 60% o f  t h e  span t o  

99% o f  span and f r o m  60% o f  t h e  chord  t o  t h e  t r a i l i n g  edge. T h i s  c o n t r o l  

su r f ace  fo r~nea  a  t r apazo id ,  approx imate ly  78 ft. long,  6 f t .  wide inboard,  and 

2.5 f t .  wide outboard.  When deployed -90" toward t h e  a i r f o i l  l ow p ressure  

su r f ace  about t h e  60% chord  ax i s ,  t h i s  c o n t r o l  su r f ace  p rov i ded  enough 

r e t a r d i n g  t o r q u e  t o  c o n t r o l  t h e  r o t o r .  Var ious des igns were eva lua ted  t o  

de te rmine  how t h e  a i l e r o n  des ign  c o u l d  be implemented i n  a  mechanical  system. 

The t y p e  dnd number o f  a c t u a t o r s ,  t h e  a c t u a t o r  l o c a t i o n s ,  t h e  number o f  

a i l e r o n  s t r u c t u r a l  s e c t i o n s  and t h e  number o f  segments i n  each s e c t i o n  were 

eva lua ted .  

Ac tua to r  

When a i l e r o n s  r e p l a c e d  p a r t i a l  span c o n t r o l  as t h e  r o t o r  t o rque  c o n t r o l  

system, t h e  a c t u a t i o n  mechanisms had t o  he redesigned. When new t o r q u e  l e v e l  

and frequency response requ i rements  changed, a  number of c o n f i g u r a t i o n s  were 

eva lua ted .  

The rnain t r aae -o f f  s t u d i e s  concerned 1  inear  and r o t a r y  e l e c t r i c a l  vs. 1  i nea r  

and r o t a r y  h y d r a u l i c  systems. The s i m p l i c i t y  o f  t h e  e l e c t r i c a l  systems was 

a t t r a c t i v e .  Horvever, t h e r e  was a  l a r g e  d i f f e r e n c e  i n  t h e  a c t u a t i o n  r a t e s  o f  

normal and emergency f ea the r  ope ra t i on ,  f o r  b o t h  1  i n e a r  and r o t a r y  a c t u a t o r s .  

The d i f f e r e n c e  was so g r e a t  t h a t  an e l e c t r i c a l  system s e l e c t e d  f o r  normal 

o p e r a t i o n  would n o t  meet emergency f e a t h e r  requi rements ,  and a  system s e l e c t e d  

f o r  emergency f e a t h e r i n g  would be i n e f f i c i e n t  i n  normal ope ra t  i on .  The 1  arge 

year r e d u c t i o n  r e q u i r e d  t o  reduce t h e  d r i v i n g  motor r a t e s  (1200 - 1800 rpm) t o  

t h e  a i l e r o n  r a t e s  ( .5  t o  5 rpm) was another problem. Both e l e c t r i c a l  systems 

r e q u i r e d  a  r e a u c i n g  gear ( f o r  r o t a r y  d r i v e )  o r  j a c k  screw ( f o r  a  l i n e a r  

a c t u a t o r ) ,  b o t h  o f  which r e q u i r e  maintenance. A r ev i ew  of t h e  appl  i c a b l e  

i n d u s t r i e s ,  i n c l u d i n g  a i r c r a f t  des ign,  i n d i c a t e d  t h a t  hydrau l  i c  a c t u a t i o n  i s  

used when v a r i a b l e  a c t u a t i o n  r a t e s  a re  r e q u i r e d .  



One system des ign  was based on an e l e c t r i c  motor d r i v e  t h a t  a l lowed h i g h  

emergency f e a t h e r  r a t e s .  Th i s  des ign  i nvo l ved  a  s p r i n g  loaded c l u t c h  and 

motor  brake. I n  normal o p e r a t i o n  t h e  motor drove t h e  a i l e r o n s ,  v i a  a  c l u t c h .  

When emergency f e a t h e r i n g  was r e q u i r e d ,  t h e  b rake  was appl  i e d  t o  t h e  e l e c t r i c  

motor,  and t h e  c l u t c h  was re leased  t o  a l l o w  t h e  a i l e r o n  t o  f e a t h e r  b y  means o f  

a  t ie l  pe r  s p r i n g .  The des ign and c o s t  o f  t h i s  system was eva luated,  b u t  i t  was 

n o t  c o s t  e f f e c t i v e  and t o o  complex f o r  r e l i a b l e  ope ra t i on .  

A s i m i l a r  t r a d e - o f f  s t udy  eva lua ted  l i n e a r  and r o t a r y  h y d r a u l i c  a c t u a t o r s .  

The r o t a r y  u n i t s  were r u l e d  ou t ,  because t h e i r  r o t o r  and sea l  c o n s t r u c t i o n  

made tnem prone t o  f a i l u r e  i n  t h e  h i g h  g  environment.  

The 1 i nea r  hyd rau l  i c  a c t u a t o r  was s e l e c t e d  as t h e  a i l e r o n  a c t u a t i o n  mechanism. 

A i l e r o n  S t r u c t u r e  

Aerodynamic cons i d e r a t i o n s  determinea t h e  c o n f i g u r a t i o n  of t h e  c o n t r o l  

surface. S t r u c t u r a l  cons ide ra t i ons  and t h e  a c t u a t o r ' s  c a p a c i t y  determined t h e  

a i l e r o n  segmentat ion,  t h e  i n t e r f a c e  between t h e  a i l e r o n s  and t h e  main blade, 

arid t h e  number o f  sec t i ons  d r i v e n  b y  an each a c t u a t o r .  Severa l  a i l e r o n  

arrangements, shown i n  F i g u r e  4-103, were eva lua ted  b e f o r e  t h e  m u l t i p l e  

a c t u a t o r ,  s p l  i t  s e c t  i o n  base1 i n e  was se lec ted .  

Arrangements "a" th rough  "f", shown i n  F i g u r e  4-103, d e p i c t  t h r e e  o r  fou r  

ac tua to r s .  H f o u r - a c t u a t o r  arrangement was s e l e c t e d  i n  i t  i a l  l y  because of  i t s  

c a p a c i t y  versus s  i z e  c h a r a c t e r i s t i c s ,  and t o  a  l e s s e r  ex ten t ,  because of  

a i l e r o n  versus b l ade  s t r u c t u r a l  d e f l e c t i o n  concerns. The a c t u a t o r  vendors 

cons idered  50,000 I bs .  t o  be  approx imate ly  t h e  l a r g e s t  c a p a c i t y  t h a t  would be  

f e a s i b l e  w i t h  a 10- in .  s t roke .  Th i s  1  i r n i t  accommodated t h e  h i g h  g  environment 

on t h e  b l a d e  and t h e  r e s u l t i n g  s i d e  l oad  on t h e  a c t u a t o r .  The s i d e  loads,  and 

t h e  a x i a l  l oads  on t h e  ac t i l a t o r  were a major  i c f l u e n c e  on t h e  des ign  f o r  t h e  

a c t u a t o r  s t r u c t u r e  and bear ings .  A f a v o r a b l e  c a p a c i t y  and a c t u a t o r  we igh t  

r e l a t i o n  was f e l t  t o  e x i s t  a t  approx imate ly  t h e  50,000 l b .  and 10- in .  s t r o k e  

s i z e .  Th is  a c t u a t o r  s i z e  was w i t h i n  t h e  capab i l  i t i e s  o f  , t yp i ca l  aerospace 

vendors. With these  a c t u a t o r  parameters,  an i n t e g r a t i o n  o f  t h e  a i l e r o n  

d i s t r i b u t e d  h i nge  l i n e  moment loads, as shown i n  F i g u r e  4-104. would have 





r e q u i r e d  f o u r  a c t u a t o r s  and a i l e r o n s  per b lade.  Th is  c o n f i g u r a t i o n  i s  shown 

i n  arrangements b  and e  o f  F i g u r e  4-703. There were c o s t  and r e l i a b i l i t y  

i n c e n t i v e s  t o  reduce t h e  number o f  a c t u a t o r s  per  b lade  f rom f o u r  t o  t h ree .  A 

f o r c e  1  i r n i t i n g  a c t u a t o r  concept was developed t o  ach ieve t h i s  goa l  w h i l e  

r l ~ a i n t a i n i n g  a  maximum a c t u a t o r  f o r c e  o f  50,000 IDS. The i n i t i a l  l oad  

requi re lnents ,  shown i n  F i g u r e  4-104, were based on f u l l  deployment o f  t h e  

a i l e r o n  f o r  r o t o r  shutdown. Normal aerodynamic o p e r a t i n g  and c o n t r o l  loads 

ana a i l e r o n  d e f l e c t  i on  angles were s i g n i f i c a n t l y  l ess .  F u r t h e r  analys  i s  

deternl ined t h a t  a  f u l l  deployment o f  t h e  a i l e r o n  su r f ace  a t  h i g h  r o t o r  speed 

was n o t  necessary f o r  r o t o r  shutdown. An ang le  o f  o n l y  -39' and moment o f  

23,000 f t . - l b s .  woula be r e q u i r e d  t o  s t a r t  shutdown o r  a u t o r o t a t i o n .  Th is  

requ i rement  assurnea one non - f unc t i ona l  outboard a i l e r o n  and an i n i t i a l  50% 

overspeed o f  2 5  rprn i n  a  79  mph wind. A d d i t i o n a l  marg in  loads f o r  i n e r t i a ,  

f r i c t i o n ,  and wind gus ts  were inc luded  t o  a r r i v e  a t  t h e  50,000 l b .  requ i rement  

f o r  shutdown. The ac tua to r  e x e r t s  enough f o r c e  t o  deploy t h e  a i l e r o n s  t o  

s t a r t  r o t o r  shutdown. The a c t u a t o r  increases t h e  a i l e r o n  ang le  as t h e  r o t o r  

s lows and t h e  aerodynamic loads  decrease, e v e n t u a l l y  r each ing  -90". Th i s  

c o n t r o l  concept p e r m i t t e d  a i l e r o n  systems w i t h  th ree ,  50,000 I b .  a c t u a t o r s ,  

i l l s t e a d  o f  fou r .  

Tne des igns u s i n g  t h r e e  a i l e r o n  sec t i ons ,  shown i n  a, c, d, and f ,  o f  F i g u r e  

4-183, were analyzed f u r t h e r  t o  determine t h e i r  s e n s i t i v i t y  t o  d i f f e r e n t i a l  

d e f l e c t  ions and thermal  expans ion.  The l o a d  d i s t r i b u t i o n ,  e s p e c i a l l y  a t  t h e  

main o lade  wood i n t e r f a c e ,  was t h e  parameter t h a t  r ece i ved  t h e  most 

a t t e n t i o n .  Tne tapered  s t e e l  s t u d  developed e a r l i e r  was s e l e c t e d  as t h e  

i n t e r f a c e .  Tne s t e e l  s t u d  was developed e x t e n s i v e l y  t o  q u a l i f y  as a  h i g h  

s t r e n g t h  i n t e r f a c e  f a s t e n e r  t o  t h e  laminated wood b laae  ( r e p o r t e d  i n  sec t  i on  

4.3.1.5.1). I n  a l l  a i l e r o n  arrangements t h e  ac tua to r  was l o c a t e d  a t  a  h i n g e  

p o i n t  t o  m in im i ze  l o a d  t r a n s f e r  th rough  t h e  s tuds  and t h e  s t r u c t u r e .  Hinge 

moment loads  and accumulated aerodynamic a x i a l  and shear loads  a r e  t r a n s m i t t e d  

t o  t h e  wood i n t e r f a c e .  Ac tua to r  forces a re  r eac ted  w i t h i n  t h e  c losed- loop  

c o n s i s t  l n g  o f  t h e  h  ir lge b racke t  a i l e r o n  r i b  and a c t u a t o r .  

Arrangement "a"  o f  F i g u r e  4-103, c o n s i s t e d  o f  t h r e e  a i l e r o n  sec t i ons ,  each 

a r i v e n  on t h e  inboard  end b y  an ac tua to r .  The spanwise l o c a t i o n  o f  t h e  
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a c t u a t o r s  was s e l e c t e d  t o  equa l i ze  t h e  f o r c e  on each ac tua to r .  The i d e n t i c a l  

a c t u a t o r  i s  used a t  each l o c a t  ion.  Th is  arrangement min imized development, 

q u a l i f i c a t i o n  c o s t s  and schedu l ing  d i f f i c u l t i e s .  The o p e r a t i o n a l  spares 

i n v e n t o r y  and p o t e n t i a l  maintenance cos t s  were a l s o  reduced. 

The t h r e e  h i n g e - p o i n t  i n t e r f a c e  between each a i l e r o n  s e c t i o n  and t h e  b l ade  

became a  problem. The ou tboard  s e c t i o n  i s  28 f t .  l ong  and t h e  i nne r  sec t i ons  

a re  each 25 f t .  long.  Each sec t i on ,  r e q u i r e d  a t  l e a s t  t h r e e  h i n g e - p o i n t  

s t r u c t u r a l  suppor ts .  Three bear ings  a long  an a x i s  would be s u b j e c t  t o  h i g h  

loads exe r t ed  b y  d i f f e r e n t i a l  a e f l e c t i o n s  o r  expansions o f  t h e  b l a d e  and 

a i l e r o n s .  A f l o a t i n g  h i nge  f o r  t h e  outboard h i nge  was cons idered t o  a l l e v i a t e  

t h i s  p r o ~ l e m .  T h i s  h inge,  sho~vn i n  F i g u r e  4-105, p rov ides  o n l y  one degree o f  

r e s t r a i n t  b y  i n s e r t i n g  a  f l o a t i n g  1  ink  between t he  two h i nge  b racke t s .  If t h e  

1   in^ i s  i n s t a l l e d  w i t h  i t s  a x i s  pe rpend i cu l a r  t o  t h e  p lane  o f  t h e  b lade,  t h e  

1  ink  r e s t r a i n s  t h e  a i l e r o n  i n  t h e  f l a p w i s e  d i r e c t i o n ,  b u t  pe rm i t s  mot ion  i n  

t n e  chordw i s e  d i r e c t  ion. The chordw i s e  freeaom between t h e  a i l e r o n  s t r u c t u r e  

ancl t h e  b l ade  would accommodate some f lapw ise  mot ion between t h e  s t r u c t u r e s .  

The a r c  desc r i bed  b y  t h e  1 i nk  p i v o t i n g  mot ion  a l l ows  f l apw i se  a i l e r o n  mot ion .  

Tne f l o a t i n g  h i nge  reduced, b u t  d i d  n o t  e l  im ina te  t h e  l oad  exe r t ed  b y  

d i f f e r e n t i a l  d e f l e c t i o n s  d u r i n g  a i l e r o n  deployment. The s i n g l e  degree o f  

r e s t r a i n t  imposed by t h e  f l o a t i n g  h i nge  caused t h e  o u t e r  p o r t i o n  o f  each 

a i l e r o n  s t r u c t u r e  t o  c a n t i l e v e r  a t  t h e  i nne r  two bea r i ng  p o i n t s .  Because o f  

t h  i s  f e a t u r e ,  t h e  s  i n g l e  p iece,  t h r e e  bear ing ,  a i l e r o n  s t r u c t u r a l  sec t  i on  was 

n o t  cons idered  any f u r t h e r .  

The approach which e v e n t u a l l y  was developed i n t o  t h e  base1 i n e  c o n f i g u r a t i o n  

was t o  segment t h e  a i l e r o n  sec t i ons  as shown i n  "d "  o f  F i g u r e  4-103. The 

s i n g l e  s t r u c t u r a l  sec t i on ,  shown i n  "a", was d i v i d e d  i n t o  two segments a t  t h e  

l ~ i i d d l e  h i nge  p o i n t .  Bear ings a t  t h e  ends o f  t h e  segments connect t h e  segment 

t o  t h e  main b lade.  Th is  s imp le  suppor t  accommodated t h e  b l a d e - a i l e r o n  

d i f f e r e n t i a l  d e f l e c t i o n s .  The outboard,  o r  s l a v e  segment, was d r i v e n  b y  t h e  

i n n e r  o r  master segment th rough  a  t o rque  1  ink connect ion.  The master segment 

was c o n t r o l l e d  b y  t h e  a c t u a t o r  l o c a t e d  a t  t h e  inboard end o f  each s e c t i o n .  

The major  reason f o r  l o c a t i n g  t h e  a c t u a t o r  a t  t h e  inboard  end, r a t h e r  than  a t  

t h e  m i d p o i n t  o f  each sec t  i on  as shown i n  "c",  o f  F i g u r e  4-103, was t o  m in im i ze  





t h e  g  loads.  The c e n t r i f u g a l  a c c e l e r a t i o n  on t h e  o u t e r  s e c t i o n  d u r i n g  normal 

o p e r a t i o n  i s  18 g ' s  a t  92% o f  t h e  span, b u t  o n l y  36.5 g ' s  a t  85% of  t h e  span. 

I n  a d d i t i o n ,  t h e  space a v a i l a b l e  f o r  t h e  a c t u a t o r  was s i g n i f i c a n t l y  sma l l e r  a t  

92% o f  t h e  span, so t h e  a c t u a t o r  would have p ro t r uded  o u t s i d e  t h e  a i r f o i l  

su r face .  

H inge-Ac tua to r  Hsse~nb 1  ies  

Many h i nge  and a c t u a t o r  des igns were eva luated.  Three o f  them a r e  i l l u s t r a t e d  

i n  F i gu res  4-106, 4-107 and 4-108. One des ign  used a  r o t a r y  a c t u a t o r  t o  d r i v e  

a  p a i r  o f  a i l e r o n  sur faces  through a  p a r a l l e l  crank f o u r  bar  l i n k a g e  assembly, 

as shown i n  F i g u r e  4-106. The assembly c o n s i s t e d  o f  a  crank d r i v e n  b y  t h e  

r o t a r y  a c t u a t o r  v i a  t h e  coup le r  l i n k .  The f o l l o w e r  crank was p a r t  o f  t h e  

h i n g e  b racke t  o f  t h e  a i l e r o n  s t r u c t u r e .  Th i s  mechanism would accommodate 

a i l e r o n  ~ n i s a l  ignrnent and d e f l e c t i o n  because i t  had s e l f - a 1  i g n i n g  bea r i ngs  a t  

t h e  a i l e r o n  h i nge  p o i n t s  and t h e  coup1 i n g  ends. The many bear ings  and 

connect ions,  however, caused s t r o n g  concern. Bear Sng l i f e ,  1 ubr  i c a t  i on  and 

assembly back lash  were cons idered t o  be major  de t r imen ts  i n  t h i s  design. The 

des ign  was abandoned b e c a ~ s e  o f  these  problems. 

The o t h e r  two des igns i l l u s t r a t e d  i n  F i gu res  4-107 and 4-108 use a 1  i n e a r  

h y d r a u l i c  a c t u a t o r  and deploy a i l e r o n s  w i t h  a th ree-bar ,  s l i d e r  crank,  

mechan i c a l  assembly. Severa l  requ  i rements  were imposed on t h e  rnechan i c a l  

assembly. The i n t e r f a c e  between t h e  h i nge  assembly and t h e  60% b lade  spar  

should  m in im i ze  v  i o l a t  i o n  o f  t h e  s p a r ' s  i n t e g r i t y .  P r o t r u s i o n s  beyond t h e  

a i r f o i l  su r f ace  shou ld  be min imized.  Enough space f o r  t h e  h y d r a u l i c  and 

e l e c t r i c a l  components shou ld  be a v a i l a b l e .  The a c t u a t o r  r o d  shou ld  be 

extended o n l y  when t h e  a i l e r o n s  a r e  deployed, t o  m in im ize  t h e  d e t e r i o r a t i o n  o f  

t h e  a c t u a t o r  r o d  caused b y  t h e  env i ronment= 

The des ign shown i n  F i g u r e  4-107 c o n s i s t s  o f  a  h i nge  b racke t  and s t r u c t u r a l  

suppor t ,  ex tend ing  f rom t h e  60% spar  t o  t h e  b l ade  t r a i l i n g  edge. The c y l i n d e r  

end o f  t h e  a c t u a t o r  i s  mounted a t  t h e  t r a i l  i ng  edge o f  t h e  b racke t  and t h e  

c y l  i nder  body f o l l o w s  t h e  low p ressure  a i r f o i l  surface. The r o d  end of  t h e  

c y l  i nder  i s  a t tached  t o  t h e  a i l e r o n  a t  t h e  a i l e r o n  h i nge  b racke t .  The b racke t  

i s  t h e  crank arm o f  t h e  s l i d e r  crank mechanism. The c y l i n d e r  r o d  extends 







Figure 4-108. Hydraul i c  A c t u a t o r  ( P r e f e r r e d  Concept) 
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dlong t h e  a i leron surface hinge ax i s  t o  deploy the  a i leron.  The undesirable 

aspects  of t h i s  design included the  canti levered s t r uc tu r e  supporting t he  

actuator ,  r e s t r i c t e d  access t o  the  actuator and other components and the  
extens ive viola t ion of the  a i r f o i l  upper surface ( t h e  low pressure su r face) .  

The main advantage of the  concept i s  the small a rc ,  about 5 O ,  t h a t  the  

actuator t raveled when the  a i lerons  a r e  deployed. This def lec t ion can be 

read i ly  accommodated with hydraul ic and e l ec t r i c a l  f l ex  1 ines. 

The cylinder end of the  actuator  was attached t o  the  hinge bracket near t h e  
60% spar f o r  the  preferred concept shown in Figure 4-108. The rod end was 

attached t o  the  a i leron near the t r a i l i n g  edge. This design minimized 

protrusions on the  a i r f o i l  p ro f i l e  and located the actuator below the  hinge 

axis.  The a i leron hinge bracket was s t r uc tu r a l l y  more e f f i c i e n t ,  because i t  

r e s i s t ed  t h e  actuator loads without r e s t r i c t i n g  access t o  the  actuator .  The 

actuator  t r ave l l ed  90' as i t  extended t o  deploy the  a i l e rons ,  and t h i s  caused 

some concern. The t ravel  required sign if icant f lexibi l  i t y  in the hydraul ic  

and e l ec t r i c a l  l ines  t o  the  actuator.  Discussion with vendors and fu r the r  

aes i gn  a l l ev ia ted  t h i s  concern, so t h i s  design was selected as the  base1 ine. 



4.4.4 AILERON STRUCTURAL DESIGN 

The s t r u c t u r a l  des ign  requ i rements  f o r  t h e  a i l e r o n  were compi led and a  

p r e l  i rn inary  des ign  was c rea ted .  The a i l e r o n  s t r u c t u r e  was analyzed, t o  

q u a n t i f y  requ i rements  and t o  p r o v i d e  a  base1 i n e  f o r  t h e  e v a l u a t i o n  of vendor ' s  

proposals .  The p r e l  i ~ n i n a r y  des ign  concen t ra ted  on a  conven t iona l  a i l e r o n  

des ign,  t o  p r o v i d e  a base1 ine.  The f i n a l  s e l e c t  i on  would have been based on 

responses t o  a  f o rma l  r eques t  f o r  quotes f r om  vendors s p e c i a l i z i n g  i n  

s t r u c t u r a l  composi te rnater i a l  s  and conven t iona l  meta l  1  i c  a i r f r a m e  

c o n s t r u c t i o n .  The s t r u c t u r a l  des ign  desc r i bed  i n  t h e  f o l l o w i n g  paragraphs was 

completed i n  enough d e t a i l  t o  show t h a t  t h e  des ign  requi rements  c o u l d  be met. 

S t r u c t u r e s  

The a i l e r o n  c o n f i g u r a t i o n  i s  shown on F i g u r e  4-109. The s t r u c t u r a l  des ign  

c o n s i s t s  o f  a  conven t i ona l  r i v e t e d  a i r f r a m e  f a b r i c a t  i o n  o f  2024-T3 aluminum. 

A s i n g l e  spar  i s  l o c a t e d  approx i rnate ly  6 i n .  a f t  o f  60% o f  t h e  chord, and r i b s  

a re  spaced on 12 i n .  c e n t e r s  t o  f o rm  t h e  i n t e r n a l  s t r u c t u r e  f o r  t h e  sk i ns ,  

which a r e  .10 i n .  t h i c k .  L o n g i t u d i n a l  s t i f f e n e r s  p reven t  t h e  s k i n  on t h e  

o u t e r  a i l e r o n  segments f r om  buck1 ing.  The spars  and r i b s  a re  .10 i n .  t h i c k ,  

w i t h  a p p r o p r i a t e  l i g h t e n i n g  h o l e s  t o  reduce we igh t .  

The p o r t i o n  o f  t h e  a i l e r o n  f o r w a r d  o f  i t s  spar  forms a  U-shaped r e g i o n  a f t  o f  

t h e  0.6C b l ade  spar  f o r  h y d r a u l i c  and e l e c t r i c a l  components. These components 

a re  mounted t o  t h e  b l a d e  spar  dnd a re  f u l l y  exposed w i t h  t h e  a i l e r o n s  

deployed. A sea l  i ng  system between t h e  a i l e r o n  segments and t h e  main b l ade  t o  

enhances aerodynamic performance, e s p e c i a l l y  when t h e  a i l e r o n  i s  n o t  

deployed. The l o g i c a l  l o c a t i o n  f o r  such a  sea l  i s  t h e  i n t e r f a c e  r e g i o n  near 

t h e  h i nge  a x i s  a t  t h e  low p ressure  su r f ace  o f  t h e  a i l e r o n  and main b lade.  The 

sea l  would be made o f  e l as tomer i c  m a t e r i a l  t o  accommodate d i f f e r e n t i a l  

d e f l e c t i o n  between t h e  a i l e r o n  s t r u c t u r e  and main b l ade  and t h e  a i l e r o n  

r o t a t  ion.  



Tne end r i b  c o n f i g u r a t i o n  o f  t h e  a i l e r o n  s t r u c t u r e s  v a r i e s  t o  s u i t  t h e  

p a r t i c u l a r  h i nge  i n t e r f a c e .  The outermost  end r i b  o f  an a i l e r o n  s e c t i o n  (as 

i n  S t a t i o n  1740, 2040, o r  2376) c o n s i s t s  o f  an extended r i b  s t r u c t u r e  

c o n t a i n i n g  t h e  r a d i a l  bear ing .  Only  chordwise and f l a p w i s e  shear loads a re  

d i r e c t e d  a t  t h i s  bear ing.  The b e a r i n g  i s  f r e e  t o  move i n  t h e  spanwise 

d i r e c t  i on  t o  compensate f o r  l oad  d e f l e c t  ions and d i f f e r e n t i a l  thermal  

expansions between t h e  b l ade  and a i l e r o n s .  A l l  bear ings  a re  s p h e r i c a l ,  

s e l f - a 1  ign  ing, p l a i n  bear ings  w i t h  no maintenance requi rements .  Th is  t ype  of 

b e a r i n g  pe rm i t s  angu la r  misa l ignment  o f  t h e  i nne r  and o u t e r  r a c e  and uses 

T e f l o n  PTFE, o r  s i m i l a r  m a t e r i a l s ,  f o r  low f r i c t i o n  s l i d i n g  su r faces  r a t h e r  

than  conven t iona l  r o l l i n g  elements and grease. 

The s t r u c t u r a l  end r i b s  a t  t h e  h i nge  l o c a t i o n  between a i l e r o n  segment p a i r s  

a re  i n t e r f a c e d  b y  a  p a i r  o f  angu la r  c o n t a c t  p l a i n  bear ings.  The p a i r  o f  

bea r i ngs  p rov i des  r e s t r a i n t  t o  t h e  a i l e r o n  s t r u c t u r e s  i n  t h e  r a d i a l  d i r e c t i o n ;  

i n  c e n t r i f u g a l  a c c e l e r a t i o n  these  r i b s  a l s o  absorb some o f  t h e  chordwise and 

f l apw ise  load.  The i nne r  races  o f  t h e  p a i r  o f  bear ings  a re  f i x e d  a l ong  t h e  

a x i s  o f  t n e  b l a a e  h i n g e  b r a c k e t  v i a  t h r u s t  spacers around t h e  h i nge  p i n .  The 

o u t e r  b e a r i n g  races  a r e  assembled i n t o  t h e  a i l e r o n  r i b  h i nge  b r a c k e t  t o  t r a p  

t n e  i nne r  b e a r i n g  races  and t hus  r e s t r a i n  t h e  a i l e r o n  segments. T h i s  segment 

end r i b  must a l s o  t r a n s f e r  h inge  moment loads t o  t h e  ad jacen t  end r i b  through 

t o r q u e  1 inks.  The t o r q u e  1  ink  i s  a  s h o r t  connec t ing  r o d  w i t h  s p h e r i c a l  

s e l f - a 1  i g n i n g  bea r i ngs  t h a t  a r e  p inned t o  each segment end r i b .  Th is  t o rque  

1  ink  c o ~ ~ ~ p e n s a t e s  f o r  a i l e r o n  d e f l e c t  i ons  w i t h  o n l y  m inor  r e l a t i v e  a1 ignment 

cnanges between segments. The p r e l i m i n a r y  a n a l y s i s  o f  t h e  angu la r  c o n t a c t  

bear ings  ( 4 5  Inm b o r e )  i n d i c a t e d  t h a t  t h e y  would l a s t  about 25  years .  A 

c o n t r o l l e d  env i ronment  i s  v e r y  impor tan t  f o r  t h i s  l ong  s e r v i c e .  Seals and a  

grease pack ing  t o  keep mo i s tu re  and contaminants f r om  t h e  bea r i ngs  a r e  

s p e c i f i e d  f o r  a1 1  bear ings .  



The inboard  segment mates w i t h  a  separate  s t r u c t u r e  a t  t h e  a c t u a t o r  h inge  

l o c a t i o n s .  T h i s  s t r u c t u r e  i s  t h e  crank o f  t h e  s l i d e r - c r a n k  3-bar mechanism. 

T h i s  crank s t r u c t u r e  i s  t h e  p r ima ry  l o a d  pa th  f o r  a c t u a t o r  f o r c e s  of up t o  

50,000 l b s .  I t  t r a n s f e r s  t h e  h i nge  moment t o  t h e  a i l e r o n  segments. The 

s t r u c t u r e  i s  formed b y  t h e  low p ressure  su r f ace  and two p a r a l l e l  f l a n g e s  t h a t  

s t r a a a l e  t h e  a c t u a t o r ,  made f r om .5 i n .  t h i c k  2024T3 aluminum. T h i s  U-shaped 

c r o s s - s e c t i o n  i s  s t r u c t u r a l l y  necked down a t  b o t h  ends t o  c o n t a i n  t h e  h inge  

b e a r i n g  a t  one ella and t h e  actuatir r o d  end p i n  a t  t h e  o the r .  The h i n g e  

bed r i ngs  a r e  p l a i n  r a d i a l  bear ings  t h a t  pe rm i t  a x i a l  and angu la r  a l ignment  o f  

t n e  a i l e r o n  segment w i t h  t h e  b lade.  The 1  i f e  o f  t h i s  b e a r i n g  (45 mrn b o r e )  was 

es t ima ted  t o  exceed 30 years .  

The alurninum b a s e l i n e  s t r u c t u r e  had seve ra l  advantages over  o t h e r s  under 

cons ide ra t i on .  The a f f e c t s  o f  a  c o a s t a l  environment on t h i s  m a t e r i a l  a r e  we1 1  

known. The conduc t i ve  s k i n  p r o t e c t s  a g a i n s t  1  i g h t n  ing.  M a t e r i a l  s t r eng ths ,  

b o t h  s t a t i c  and f a t i g u e ,  a r e  w e l l  documented. The development o f  a  d i s s i m i l a r  

s t r u c t u r a l  lnater i a l  i n t e r f a c e  was n o t  r e q u i r e d .  The p r e l  im ina ry  a i l e r o n  

we igh t  es t ima te  i s  an accep tab le  3,000 lbs., as shown i n  Tab le  4-45. 

Severa l  s t r u c t u r a l  requ i rements  have t o  be  met d u r i n g  t h e  f i n a l  des ign  phase, 

b u t  t h e y  shou ld  be  a t t a i n a b l e .  The c o n t r o l  dynamic a n a l y s i s  e s t a b l  i shed  

t o r s i o n a l  s t i f f n e s s  requ i rements  such t h a t  s t r u c t u r a l  angu la r  de f  1  e c t  i o n  must 

be l e s s  t hdn  0.5O f rom t h e  s e c t i o n  inboard end t o  t h e  ou tboard  end under 

des jgn  h i nge  moment loads.  H minimum t o r s i o n a l  resonan t  f requency of  45 Hz 

was a l s o  es tab l i shed .  These requ i rements  a r e  s i g n i f i c a n t  des ign  f a c t o r s  and 

would have been c l o s e l y  watched when t h e  vendor ' s  p roposa ls  were rev iewed and 

aur  i n g  t n e  f i n a l  des ign .  

Hinge Brackets  

The b l ade  h i nge  b racke t s  p r o v i d e  t h e  mechanical i n t e r f a c e  between t h e  60% spar  

and t h e  a i l e r o n  segments. Two types  o f  b racke t s  a r e  used, w i t h  some 

d imensional  v a r i a t i o n s .  The b racke t s  a re  made o f  machined 2024 o r  t ype  7075 

alurninum. The h i n g e  b racke t s  a t  S t a t i o n s  1590, 1890 and 2208 must suppo r t  



a i I e r o n  aerodynamic shear loads and a i l e r o n  c e n t r i f u g a l  loads. The 

actuator11 inge b racke t s  a t  s t a t  ions 1440, 1740 and 2040 must suppor t  a i l e r o n  

aerodynarrric shear loads and t h e  h i nge  moment r e a c t  i on  loads. The outermost  

h i nge  b racke t  a t  S t a t i o n  2376 suppor ts  o n l y  a i l e r o n  aerodynamic shear loads. 

The i r l co rpo ra t i on  o f  t h e  S t a t i o n  2376 h i nge  p o i n t  i n t o  a  combinat ion h inge,  

b l a d e  t i p  and b l ade  ba lance we igh t  assembly was planned. The h i nge  b racke t s  

a re  a t tached  th rouyh  f o u r  wood s tuds  t o  d i s t r i b u t e  t h e  l o a d  i n t o  r i b s  i n  t h e  

b lade .  (See Sec t ion  4.3.1.5.1 . )  The l o c a t i o n  o f  t h e  s tuds  and t h e  

con f  i y u r a t  i o n  o f  t h e  b racke t s  was v a r i e d  a t  each l o c a t  i o n  t o  accommodate 

geometry o f  t h e  b lade .  



Table 4-45 Est imated Weights 

HILEKOk SUBSYSTEM 

Oeta i 1 Subsys tern 
Weights Number Weight 
( l b s . )  Requ i r e d  ( l b s .  ) 

A i l e r o n  Set 

( I n c l u a i n g  F i t t i n g  A i l e r o n  S ide)  3,000 

Ac tua to r  100 

Hc tua to r lH inge  F i t t i n g  (B lade S ide)  140 

81 ade Flounted Accumul a t o r s  6 0  

A t t a c h ~ r ~ e n t  Studs 2 5 

Hyd rau l i c  F l e x  L i nes  and F i t t i n g s  3 5 



4.4 .5  ACTUATOR 

The ailerons comprise three sections; the f i r s t  sect ion s t a r t s  a t  60% of the 

spar], the second section a t  72 .5% and the third section a t  85%, as i l lus t ra ted  

i n  Figure 4-109. Each section is powered by i t s  own valve and actuator 

mooule, which also includes a 2.5 gallon accumulator that contains enough 

hydraul ic f l u i d  t o  deploy the aileron from the power t o  the feather position. 

tach actuator has an electro-hydraulic servo-valve shut t le  valve L V U T  

assembly, a  latching assembly, a  thermal re1 ief valve and an electronic 

control l e r  (servo-valve driver) bu i l  t integrally into i t s  hous ing. A 1  1 of 

these con~ponents and associated f lu id  passages are contained in a  single 

manifold assembly, for increased re1 iab il i ty .  

The maxirnurn hinge moment on each aileron panel was 20,000 f t . - lb .  To account 

for iner t ia  and f r i c t ion ,  22,000 f t . - l b .  was chosen as the design moment. To 

w e t  th i s  requirement a t  2000 psi different ial  pressure with respect t o  the 

30UO psi supply pressure and over a moment arm of 7 in., the actuator has a  

Dore of 5.5 in. and a  rod diameter of 2.5 in. The geo~rletry of the aileron and 

blaae requires a n  actuator stroke of 10 i n .  t o  move the aileron 90°. 

Tests performed on the partial  span control actuator showed that  s  ingle-ended 

uesiyns are subject t o  rod seal fa i lure .  This fa i lure  is  caused by excess 

loads on rod end bearings i n  h igh g environlnents, as was discussed in section 

8.3.1 in Vol 11. For th i s  reason, the aileron actuator was designed as a  

aouble-ended uni t ,  t o  eliminate the effect  of the moment load a t  the rod end 

bearings. The unit is  suspended on self  -a1 ign ing bearings between the aileron 
and the stationary   lade. The blino end of the actuator is  connected to the 

stationary blade, and the rod end t o  the aileron. The total  weight of the 

actuator and valve assembly i s  less than 100 !bs. 

The servo-valve i s  mounted with i t s  spool transverse t o  the actuator axis,  

parallel  t o  the direction of rotation. I n  th i s  position the g-loads on the 

spool, caused by centrifugal force, are rninirnized, as shown in Figure 4-110. 

The housing, piston assembly and heads are made of 15-5 PH CRES forgings, t o  

minimize the weight. 







4.5 YOKE SUBSYSTEM 

4.5.1 GENEKAL D E S C R I P T I O N  

4.5.1.1 Subsystem Components 

The yoke subsystem suppor ts  t h e  b l ade  a g a i n s t  a l l  g r a v i t a t i o n a l  and dynamic 

f o r ces ,  p rov i des  r o t a t i o n a l  and t e e t e r  mot ion ,  and t r a n s m i t s  t h e  r o t o r  t o r q u e  

t o  t h e  low speed d r i v e t r a i n .  The yoke, two t e e t e r  b e a r i n g  assembl ies and f o u r  

t e e t e r  r e s t r i c t o r s  comprise t h e  yoke subsystem. 

The yoke i s  a  welded f a b r i c a t i o n ,  made o f  s t e e l  p l a t e s  o f  v a r i o u s  th icknesses,  

t o r m i n g  a  U-shaped s t r u c t u r e  around a  l a r g e  forged tube, as shown i n  F i g u r e  

4 -1  11. The des ign  c o n s i s t s  o f  t h i s  c e n t r a l  tube, on to  which p l a t e s  a re  welded 

t o  f o rm  t h e  U-shaped s t r u c t u r e  w i t h  v a r i o u s  i n t e r i o r  bays. The c e n t r a l  t ube  

r o t a t e s  on two main r o t o r  bear ings  spaced a l ong  a  s t a t i o n a r y  s p i n d l e  s h a f t .  

A11 loaas  a p p l i e d  b y  t h e  r o t o r ,  except  to rque ,  a re  t r a n s f e r r e d  f r om t h e  

c e n t r a l  yoke tube, th rough  t h e  main r o t o r  bear ings,  i n t o  t h e  s p i n d l e .  The 

t o r q u e  loads  a r e  t r a n s m i t t e d  f r om t h e  f o rwa rd  f a c e  o f  t h e  yoke t o  t h e  l ow  

speed s h a f t  th rough  a  gear coup1 ing.  The yoke f i t s  around t h e  b l ade  a t  t h e  

cen te r  o f  r o t a t  i o n  and i s  a t t ached  t o  i t  b y  t e e t e r  b e a r i n g  assembl i es ,  one i n  

each "ear"  o f  t h e  yoke, as shown i n  F i g u r e  4-112. The t r a n s f e r  of t h e  loads  

f rom t h e  b l ade  t o  t h e  yoke t akes  p l a c e  th rough  t h e  two t e e t e r  b e a r i n g  

assembl ies.  Each assembly con ta i ns  one r a d i a l  and one t h r u s t  bear ing .  Both 

bear ings  n ~ u s t  be p re loaded  i n  compression, so t h e r e  i s  a  cons tan t  compressive 

s t r e s s  on t h e  f r o n t  and i n s i d e  p l a t e s  o f  t h e  yoke, and a  t e n s i l e  s t r e s s  on t h e  

back and o u t s i d e  p l a t e s .  The f o u r  t e e t e r  r e s t r i c t o r s  a l s o  connect t h e  r o t o r  

and yoke. Each r e s t r i c t o r  c o n s i s t s  o f  a  1  ink  t h a t  i s  a t tached  on one end t o  

t h e  b lade ,  and engaged on t h e  o t h e r  end b y  two h y d r a u l i c  c a l i p e r  brakes 

mounted t o  t h e  yoke. These brakes a r e  a c t i v a t e d  t o  r e s t r i c t  t e e t e r  mot ion  

d u r i n g  s t a r t u p  and shutdown. The f o u r  r e s t r i c t o r s  a re  p l aced  s y m m e t r i c a l l y  

about  t h e  b lade ,  as shown i n  F i g u r e  4-112. 

4.5.1.2 C o n s t r a i n t s  on t h e  Yoke Design 

The yoke des ign  was s i g n i f i c a n t l y  i n f l u e n c e d  b y  t h e  e x t e r n a l  s t r u c t u r e  t h a t  

a t tached  t h e  b l ade  t o  t h e  yoke, and b y  t h e  s i z e  o f  t h e  b lade.  The s m a l l e s t  

d imensions o f  t h e  U-shaped s t r u c t u r e  were determined b y  t h e  r e q u i r e d  c ross -  

s e c t i o n a l  d imensions o f  t h e  b l a d e  a t  t h e  c e n t e r  o f  r o t a t i o n .  I n  t h e  s p i n d l e  

suppo r t  area, t h e  maximum yoke depth,  80 in . ,  was f i x e d  b y  t h e  r a i l  s h i p p i n g  

envelope, w h i l e  t h e  c e n t e r  t ube  had t o  be l a r g e  enough t o  accommodate t h e  
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o u t e r  r a c e  o f  t h e  main r o t o r  bear ings .  The l a r g e  d i s t ances  between t h e  t e e t e r  

bear  ings and r o t o r  bear ings,  and t h e  r e a c t  ion  loads, c r e a t e d  co r respond ing l y  

h i g h  bending and t o r s i o n a l  moments t h a t  had t o  be t r a n s m i t t e d  th rough  t h e  yoke 

s t r u c t u r e .  The s i z e  o f  t h e  yoke decreased i t s  s t r u c t u r a l  e f f ec t i veness ,  and 

r e q u i r e d  i n t e r n a l  members t o  r e i n f o r c e  t h e  "box", which increased t h e  we igh t .  

4.5.1.3 Yoke Design Concepts 

P r o d u c i b i l  i ty ,  m a t e r i a l s  c h a r a c t e r i s t i c s ,  r e 1  iab il i ty,  we igh t  and c o s t  were 

cor ls idered i n  t h e  yoke design. A s t udy  performed by Chicago B r i dge  and I r o n  

(CBI ) ,  under c o n t r a c t  t o  GE, con f i rmed t h a t  t h e  p roduc t i on  o f  t h e  yoke des ign 

was f e a s i b l e .  The m a t e r i a l s  s e l e c t e d  were ASTM A508 c l a s s  2 f o r  t h e  c e n t e r  

b e a r i n g  t u b e  f o r g i n g  and ASTivl A633 Grade C f o r  t h e  p l a t e  s tock.  These s t e e l s  

were t o  be purchased accord ing  t o  a  GE s p e c i f i c a t i o n ,  which con ta i ns  s t r i c t e r  

requ i rements  t han  t h e  s tandards o f  t h e  i n d u s t r y .  The s p e c i f i c a t i o n  imposes 

requi rements  on m a t e r i a l  q u a l i t y ,  t o  m in im ize  t h e  r i s k  o f  t h e  m a t e r i a l  

c rack  i n g  d u r i n g  manufacture and se rv i ce .  A thorough non-des t ruc t  i v e  

i n s p e c t i o n  p l a n  would be  used t o  be  su re  t h a t  t h e  work compl i e d  w i t h  t h e  f l a w  

s i z e  requi rements  o f  GE's s p e c i f i c a t i o n s .  Sec t ions  4.5.2 and 4.5.3 d iscuss  

t n e  development, which min imized t h e  we igh t  and c o s t  o f  t h e  yoke. The 

bdse l  i ne  des ign,  shown i n  F i g u r e  4-  11 1, s a t i s f i e s  t h e  des ign  requi rements .  H 

more d e t a i l e d  examinat ion would b e  r e q u i r e d  t o  approve t he  des ign  f o r  

c o n s t r u c t  ion.  

4.5.2 LOADS AND STKESS ANALYSIS 

4.5.2.1 Loaas 

The yoke i s  loaded b y  t h e  b l ade  dynamic weight ,  to rque ,  wind t h r u s t ,  and 

t e e t e r  p i t c h i n g  moments, a1 1 o f  which f l u c t u a t e  as t h e  b l a d e  and yoke r o t a t e .  

The b l a d e  we igh t  r e s u l t s  i n  an a l t e r n a t i n g  f u l l y - r e v e r s i n g  l oad  c y c l e  on t h e  

yoke, which makes a complete c y c l e  f o r  each b l a d e  r e v o l u t i o n .  Wind and t o r q u e  

f a t i g u e  loads  c y c l e  t w i c e  per r e v o l u t i o n .  The nomenclature and coo rd i na te  

systems used i n  t h e  a n a l y s i s  a r e  descr ibed  i n  F i gu res  4-113 and 4-114. 

Es t imates  o f  t h e  l o a d i n g  f o r  a l l  cases were ob ta i ned  frorn analyses of t h e  

sys tem's  dynamics. The c r i t i c a l  f a t i g u e  des ign case c o i n c i d e d  w i t h  t h e  

c r i t i c a l  1  i m i t  case. Therefore,  t h e  r e 1  i a b i l  i t y  o f  t h e  s t r u c t u r e  was 

e f f e c t i v e l y  determined b y  t h e  f a t i g u e  case loads,  shown i n  F i g u r e  4-1 14. 
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4.5.2.2 A l lowab le  S t resses  

The f a t i g u e  des ign l i f e  was 4 x l o 8  c y c l e s  o f  s t r e s s  i n  30 years  o f  

o p e r a t  ion.  The a1 lowable s t resses  de f i ned  i n  t h e  S t r u c t u r a l  Design . C r i t e r i a  

Volume 11, s e c t i o n  9 were developed f r om a  combinat ion o f  a  crack growth 

t h r e s h o l d  approach us ing  f r a c t u r e  mechanics and t h e  Amer i can  I n s t i t u t e  of  

S t e e l  Cons t ruc t i on  (AISC) des ign c r i t e r i a  f o r  welded s t r u c t u r e s .  

Tne A I S C  c r i t e r i a  i d e n t i f y  a l l owab le  s t r e s s  ranges f o r  va r i ous  weld 

ca tegor ies .  The a l l o w a b l e  s t r e s s  range used f o r  t h e  yoke des ign  i s  t h e  s t r e s s  

l e v e l  below which f a t i g u e  1  i f e  o f  more than 2 m i l l  i on  cyc les  i s  expected. The 

r e l a t i o n s h i p  between t h e  s t r e s s  range and t h e  f a t i g u e  l i f e  f o r  an A I S C  

ca tego ry  C weld d e t a i l  i s  shown i n  F i g u r e  4-115. The a l t e r n a t i n g  s t r e s s  

des ign  l i m i t  des ignated b y  t h e  crack growth t h r e s h o l d  method, i s  more t h a n  

9 k s i  f o r  t h i s  category.  For  t h e  t y p i c a l  wind t u r b i n e  generator  s t r e s s  

h is togram, t h e r e  c o u l d  be a  few s t r e s s  c y c l e s  g r e a t e r  than  t h e  A I S C  a l l o w a b l e  

va lue,  b u t  t h e  r o o t  mean cube s t r e s s  f o r  t h i s  h is togram i n d i c a t e s  an 

acceptable f a t i g u e  l i f e .  The yoke l o a d i n g  p r o f i l e  f o l l o w s  a  narrow s t r e s s  

h is togram, however, and t h e  yoke was designed f o r  a l l  s t r e s s  c y c l e s  t o  f a l l  

below t h e  HISC a l l owab le  and w e l l  below t h e  crack growth th resho ld .  Us ing 

t h i s  t h e  A I S C  a l lowab les  p rov ides  s t r e s s  i n t e n s i t i e s  w i t h  ex t reme ly  smal l  

c rack growth r a t e s  and s a t i s f i e s  t h e  S t r u c t u r a l  Design C r i t e r i a .  As shown i n  

F i g u r e  4-115, however, t h e  yoke f a t i g u e  s t r e s s  t h a t  meets t h e  crack growth 

t h r e s h o l d  requi rements does n o t  meet t h e  requi rements o f  t h e  r o o t  mean cube 

method. The yoke i s  t h e  o n l y  s u b s t r u c t u r e  o f  t h e  wind t u r b i n e  generator  t h a t  

r e q u i r e s  t h e  use o f  t h e  crack growth t h r e s h o l d  c r i t e r i a  t o  o b t a i n  a  p r a c t i c a l  

s t r u c t u r e .  F u r t h e r  exp lana t i on  o f  t h e  des ign approach can be found i n  s e c t i o n  

9.0 o f  Volume 11. 

Use o f  t h e  crack growth t h r e s h o l d  i n  t h e  des ign i s  j u s t i f i e d  by t h e  

requi rement  o f  b o t h  a  non -des t ruc t i ve  i n s p e c t i o n  p l a n  and a  f r a c t u r e  mechanics 

a ~ i a l y s  i s  o f  t h e  growth c h a r a c t e r i s t i c s  o f  undetected de fec t s .  The i nspec t  i o n  

p l a n  i s  t o  r e 1  i a b l y  f i n d  and r e p a i r  a l l  sur face d e f e c t s  g r e a t e r  than  0.1 i n .  

d u r i n g  shop i nspec t i ons  o f  c r i t i c a l  weld zones. The f i n a l  s t r e s s  a n a l y s i s  

would p rov ide  da ta  f o r  i d e n t i f i c a t i o n  on t h e  drawing o f  t h e  l e v e l  o f  

i n s p e c t i o n  r e q u i r e d  f o r  d i f f e r e n t  areas o f  t h e  yoke. 
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4.5.2.3 Design Ana l ys i s  

The changes i n  t h e  b l ade  w i d t h  and t h e  a d d i t i o n  o f  b o l s t e r s  t o  t h e  r o t o r  

s i y n i f  i c a n t l y  a f f e c t e d  t h e  yoke and t e e t e r  b e a r i n g  assembl i es ,  which were 
* 

a l r eady  designed. The f o l l o w i n g  des ign  a n a l y s i s  was performed a f t e r  these  

changes. The yoke des ign  i s  d e p i c t e d  i s o m e t r i c a l l y  i n  F i g u r e  4-111. The 

des ign  f e a t u r e d  t h e  U-shaped o u t s i d e  box s t r u c t u r e ,  suppor ted i n t e r n a l l y  b y  

spar  p l a t e s  and pe rpend i cu l a r  bu lkhead p l a t e s .  

H 1  inear  e l a s t i c  f i n i t e  element model, u s i n g  4,666 g r i d  p o i n t s  and 6,067 

elements, was developed us i ng  t h e  MacNeal-Schwendler NASTRAN program, v e r s i o n  

6ZA, as shown i n  F i g u r e  4-116. The model was used t o  o b t a i n  es t ima tes  o f  t h e  

range o t  t h e  a1 t e r n a t i n g  s t r ess .  The l a r g e s t  a1 t e r n a t  i n g  s t r e s s  l e v e l  s  

occu r red  a t  t h e  f o l l o w i n g  two yoke p o s i t i o n s :  ( 1 )  when t h e  yoke i s  

h o r i z o n t a l ,  and t h e  b l ade  i s  v e r t i c a l ,  (X-up),  t h e  t o r q u e  l o a d  and dynamic 

we igh t  l o a d  add on one ear  and a c t  on t h e  s t r o n g  a x i s  o f  t h e  yoke ear  and 

elbow. ( 2 )  when t h e  yoke i s  v e r t i c a l ,  and t h e  b lade  i s  h o r i z o n t a l ,  (Y-up) ,  

t i l e  t o r q u e  l oad  a c t s  on t h e  s t r o n g  a x i s  and t h e  r o t o r  we igh t  a c t s  on t h e  

sma l l e r  s e c t i o n  o f  t h e  ea r  and elbow. 

The r e s u l t s  o f  t h e  f i n i t e  element a n a l y s i s  o f  t h e  p r e l i m i n a r y  yoke des ign  a re  

summarized i n  Tables 4-46, 4-47, and 4-48, and F igu res  4-117, 4-118, and 

3-113. T n i s  a n a l y s i s  q u a n t i f i e d  t h e  degree t o  which some areas were 

s t r u c t u r a l l y  a e f i c i e n t  and re i n fo r cemen t  was added where necessary.  These 

l o c a t i o n s  a r e  shown i n  F i g u r e  4-113 and Table 4-46. 

P r e l i m i n a r y  s i z i n g  c a l c u l a t i o n s  were based on s t r a i g h t  beam theory .  A r e v i e w  

o f  t h e  p resen t  f i n i t e  element model and seve ra l  s imp le r  f i n i t e  element models 

snows t h a t  t h e  yoke has t h e  c h a r a c t e r i s t i c s  o f  b o t h  a  f rame and a  beam. Beam 

t h e o r y  assumes t h e  r e a c t i o n  i s  a t  t h e  beam cen te r  l i n e ;  i n  t h i s  case midway 

between t h e  f r o n t  and back p l a t e s .  However, t h e  r e a c t i o n s  a r e  a t  t h e  b e a r i n g  

t u b e  where t h e  f r o n t  and back p l a t e s  a re  connected. The f r o n t  p l a t e ,  which i s  





T a b l e  4 -46  P r e l  i m i n a r y  F i n i t e  E l e m e n t  Y o k e  M o d e l  
F a t i g u e  A n a l y s  i s  S u m m a r y  

IUENT.(~) PLACE RECOMMENDED CHANGE CONCERN 

A TOP PLATE INCREASE THICKNESS H I G H  BENDING 

H BOTTOM PLATE TO 1 . 5  I N  STRESSES 

B OUTSIOE PLATE INCREASE THICKNESS H I G H  SHEAR 

TO 2 . 0  I N  STRESSES 

INCREASE SECTIOPi d I U T H  

I N S I O E  PLATE 

FRONT PLATE 

SPAR PLATE 

BACK PLATE 

INCREASE THICKNESS H I G H  SHEAR 
TO 2 . 0  I N  STRESSES 

INCREASE S E C T I O N  WIDTH 

CHANGE BULKHEAD CON- H I G H  BENDING 

F IGURAT 1011 STRESSES 

INCREASE P L A T E  

THICKNESS TO 2.0 I N  

REMOVE AND REDUCE 

HOLE S I Z E S  

INCREASE PLATE T H I C K -  

NESS TO 1 . 2 5  I N  

H I G H  PEAK 

STRESSES 

CHANGE BULKHEAD CON- H I G H  BENDING 

F I G U R A T I O N  STRESSES 

INCREASE PLATE T H I C K -  

NESS TO 2.0 I N  

6 BULKHEAD PLATES INCREASE PLATE T H I C K -  H I G H  PEAK 

(AROUND TUBE) NESS TO 2.0 I N  STRESSES 

REDUCE HOLE S I Z E S  

t1OTES: 

( 1  ) S e e  F i g u r e  4 - 1 1 3  f o r  l e t t e r  i d e n t i f i c a t i o n .  
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Table 4-48 Mod i f ied  Yoke Design (4-Bay, Thickness Increases)  
P 1 a t e  A1 t e r n a t  ing ( 1  ) Steady A1 lowable(2)  Margin 

Thickness Stress Stress Stress o  f 
I U ( i n . )  Case ( PS i 1 ( PS i 1 (PSI ) Sa fe t y  

F ron t  P l a t e  
I n  Corner 2  Y -Up 4,006 -4,142 5,000 ,248 

Back P l a t e  
I n  Corner 2  Y -Up 1,924 

Center 
Spar P l a t e  1.25 Y -Up 5,507 
I n  Corner 

Top P l a t e  
In Corner 

Spar P 1  a t e  
I n  Corner 1.25 Y -Up 5,507 -3,377 5,000 

Spar P 1  a te  
Near Tube 1.25 X-Up 7,904 
A t  Holes 

I n s i d e  P l a t e  
A t  Teeter Bearing 2  X-Up 5,300 

Outs ide P l a t e  
A t  Teeter 2 Y -Up 2,386 
Bear ing 

Bulkhead 
P 1  a te  Around 2  X-Up 5,250 
Tube Near Holes 

Bear ing Tube 
A t  Forward 4  X-Up 4,952 
Bear i r lg 

( 1 )  H a l f  range a l t e r n a t i n g  s t r e s s  based on 99.99th p e r c e n t i l e  loads. 
( 2 )  A I S C  a l lowab le  s t ress .  
( 3 )  Improved f r o n t  p l a t e  s k i n  e f f ec t i veness  t h a t  w i l l  r e s u l t  i n  a d d i t i o n a l  margin n o t  included. 
( 4 )  Improved spar p l a t e  ef fect iveness t h a t  w i l l  r e s u l t  i n  a d d i t i o n a l  margin n o t  included. 
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7U i n .  f r o m  t h e  load,  has a  h i ghe r  r e a c t i o n  than  t h e  back p l a t e ,  which i s  120 

i n .  f r om  t h e  load. Ttie r e s u l t  i s  t h a t  t h e  f r o n t  p l a t e  has s i g n i f i c a n t l y  

h i g h e r  s t r esses  than  t h e  back p l a t e ,  un less  t h e  p l a t e s  a r e  t h e  same th ickness .  

Another e f f e c t  occurs  i n  t h e  co rne r  where t h e  f r o n t  p l a t e  i s  curved, w i t h  a  24 

i n .  r a d i u s .  The yoke tends  t o  pe r f o rm  l i k e  a  curved beam i n  t h i s  elbow. The 

s t r e s s  d i s t r i b u t i o n  causes t h e  sur face  w i t h  t h e  sma l l e r  r a d i u s  o f  c u r v a t u r e  t o  

encounter  h i g h e r  s t r e s s  i n  bend ing  t han  t h e  su r f ace  w i t h  a  l a r g e r  r a d i u s  of 

cu r va tu re .  T h i s  e f f e c t  a l s o  increases s t r esses  i n  t h e  f r o n t  p l a t e ,  and 

r e s u l t s  i n  a n o n - l i n e a r  e l a s t i c  s t r e s s  g r a d i e n t  across t h e  spars .  

A t h i r o  e f f e c t  was observed where t h e  f r o n t  p l a t e  deformed o u t - o f - p l a n e  

between t h e  spar  p l a t e s .  Curved beams under i n -p l ane  moments s t r esses  develop 

spar  c rush ing  o r  t e a r i n g  f o r c e s  pe rpend i cu l a r  t o  t h e  sk i n - f l  anges. Crush ing  

occurs  when t h e  r a d i u s  o f  c u r v a t u r e  i s  reduced b y  a p p l i e d  loads. The s k i n s  i n  

t h i s  s t r u c t u r e  a r e  n o t  f u l l y  e f f e c t i v e .  The NASTRAN r e s u l t s  i n d i c a t e  s t r e s s e s  

h i g h e r  than  can be  found i n  cu rved  beam c a l c u l a t i o n s  u s i n g  t h e  f u l l  c ross -  

s e c t i o n  o f  t h e  yoke. The r e s u l t s  a l s o  i n d i c a t e  n o t i c e a b l e ,  ou t - o f - con tou r  

de fo rmat ions .  

The NASTKAN a n a l y s i s  shows t h a t  t h e  s t r esses  t end  t o  concen t ra te  i n  t h e  co rne r  

o f  t r ie  elbow. These r e s u l t s  a re  c n a r a c t e r i z e d  t y p i c a l l y  i n  F i gu res  4-117, 

4-118 and 4-119. The f r o n t ,  top,  bottorn and spar p l a t e s  were shown t o  be 

d e f i c i e n t ,  as summarized i n  Tab le  4-47. C o r r e c t i v e  measures were taken, t o  

reduce s t r esses  i n  t h e  co rner .  The t h i ckness  o f  t h e  f r o n t ,  back, t o p ,  bo t tom 

and spar  p l a t e s  were increased t o  2.0, 2.0, 1.5, 1.5, and 1.25 in . ,  

r e s p e c t i v e l y .  Tne l o c a t i o n  o f  t h e  access ho les  were changed from t h e  spar 

p l a t e  i n  t h e  co rne r  t o  an a x e  nea r  t h e  c e n t r a l  b e a r i n g  tube,  which has lower  

c a l c u l a t e d  s t r esses .  The e f f e c t i v e n e s s  o f  these  changes, which a re  summarized 

i n  T a ~ l e  4-48, were c a l c u l a t e d  on a  l o c a l  b a s i s .  

Severa l  s t u d i e s  determined whether t h e  p resen t  3-bulkhead des ign,  w i t h  a  

24 - i n .  r a d i u s ,  shou ld  be changed. The s t u d i e s  showed t h a t  i f  t h e  bend ang le  

o f  t h e  f r o n t  face a t  each bulkhead was reduced, t h e  s t r esses  would decrease. 



I n  add i t i on ,  by  adding s t r a i g h t  sect ions,  t h e  s t resses i n  t h e  sk ins  cou ld  be 

f u r t h e r  reduced. Therefore, a  4-bulkhead c o n f i g u r a t i o n  was developed, t o  

rep lace  t h e  3-bulkhead design and reduce the  bend angle. However, a  d e t a i l e d  

f i n i t e  element ana l ys i s  o f  t h i s  c o n f i g u r a t i o n  must be performed t o  determine 

i t s  r e l i a b i l i t y .  This ana l ys i s  has n o t  been performed. 

The NASTRAN ana lys i s  i d e n t i f i e d  o the r  areas t h a t  requ i red  mod i f i ca t i ons .  The 

i n s i d e  and ou ts ide  p l a t e s  i n  t he  t e e t e r  bear ing  area o f  t h e  ear were 

s t r u c t u r a l l y  d e f i c i e n t .  The shear s t resses were h igher  than expected because 

of  socket ing  a c t i o n  o f  t h e  t e e t e r  bear ing  capsule. The geometry i s  such t h a t  

i f  t h e  b lade weight  i s  P, s t r e s s  equal t o  1.36P ac ts  on t h e  i n s i d e  p l a t e  and 

s t r e s s  equal t o  .36P ac ts  on t h e  ou ts ide  p l a t e  when t h e  yoke i s  h o r i z o n t a l .  

Th is  e f f e c t ,  and the  presence o f  t h e  spar p l a t e s  around t h e  t e e t e r  s h e l l ,  

tended t o  concentrate t h e  s t r e s s  a t  a  few suppor t  po in t s .  

The w id th  o f  t he  "ear",  which i s  t h e  d i s tance  between i n s i d e  and o u t s i d e  

p l a t e s ,  was increased t o  42 i n .  ins tead o f  28 in .  The change r e s u l t e d  i n  a  

l oad  d i s t r i b u t i o n  o f  1.26P on t h e  i n s i d e  p l a t e  and .26P on t h e  ou ts ide  p l a t e .  

The shear area o f  t h e  p l a t e s  was increased b y  extending t h e  2.0-in. th ickness 

o f  tne  f r o n t  and back p l a t e s  i n t o  t he  t e e t e r  bea r i ng  area. 

The bea r ing  tube was acceptable accord ing t o  t h e  design c r i t e r i a .  However, 

t h e  bulkhead p l a t e s  which surround t h e  tube were d e f i c i e n t .  The th ickness  o f  

these p l a t e s  were increased t o  2.0 in .  and t h e  s izes  of t h e  ho les  were reduced. 

The r o l l e r  bear ing  vendor recommended t h a t  t he  c y l  i n d r i c a l  r o l l e r  bear ing  

sets ,  2 forward and 1  a f t ,  which are  l oca ted  i n  t h e  tube, be changed t o  one 

tapered s e t  on each end. Th i s  recomrnendat i on  was accepted. Accordingly,  t h e  

tube d e t a i l s  were mod i f ied .  I t  i s  be l i eved  t h a t  these changes have no t  

apprec iao ly  a f f e c t e d  st resses i n  t h e  tube. 

However, t h e  i n t e r a c t i o n  between t h e  tube and bulkhead p l a t e s  i s  d i f f i c u l t  t o  

p r e a i c t .  Therefore, a  f i n i t e  element moael i s  requ i red  t o  determine t h e  



adequacy o f  t h i s  design. Tab1 e  4-48 surnmar i z e s  t h e  es t imated  f a t i g u e  marg ins 

f o r  t h e  p r e l i m i n a r y  yoke des ign  w i t h  these  m o d i f i c a t i o n s .  

4.5.2.4 P r e l  i rn inary  Ana l ys i s  Summary 

A NASTKAN f i n i t e  element s t r u c t u r a l  a n a l y s i s  showed t h a t  severa l  areas of  t h e  

preliminary yoke des ign  were d e f i c i e n t .  Severa l  changes t o  t h e  s t r u c t u r e ,  

r e s u l  t i n g  i n  t h e  f o u r -  bu l  khead c o n f i g u r a t i o n ,  were imp1 en~ented t o  b r  i ng  t h e  

des ign  i n t o  compliance. Another NASTRAN f i n i t e  element a n a l y s i s  o f  s i m i l a r  

comp lex i t y  was r e q u i r e d  t o  v e r i f y  t h e  adequacy o f  t h e  fou r -bu lkhead  des ign.  

4.5.2.5 Simp1 i f  i e d  Yoke Design 

A l e s s  complex yoke  aes ign  was developed a f t e r  t h e  des ign  o f  t h e  fou r -bu lkhead  

c o n f i g u r a t i o n  was completed. The i dea  was t o  remove as many bu lkhead p l a t e s  

as poss ib l e .  Th i s  concept was based on reduc ing  t h e  comp lex i t y  of t h e  

we ld ing  , inspec t  i o n  and assembly processes. These r e d u c t  ions i n  1  abor were 

expected t o  r e s u l t  i n  a  lower  c o s t  and more r e 1  i a b l e  des ign.  

4.5.2.6 S i m p l i f i e d  Design Ana l ys i s  

A 1  inear  e l a s t i c  f i n i t e  element model was developed u s i n g  t h e  MacNeal- 

Schwendler NASTRAN program, v e r s i o n  62A. The 794 g r i d ,  1756 element model i s  

shown i n  F i g u r e  4-120. The l e f t  arm i s  a  beam model f o r  mass balance, l o a d i n g  

and economy. The NASTKAN model was used t o  o b t a i n  es t imates  o f  t h e  

a l t e r n a t i n g  h a l f  range s t r e s s  f o r  t h e  same X-up and Y-up cases performed f o r  

t r le  4  bu lkhead c o n f i g u r a t i o n .  Cons ide ra t i on  o f  t h e  tapered  r o l l e r  bea r i ngs  

l e d  t o  120" o f  p a r t i a l  a r c  o f  c o n t a c t  boundary c o n d i t i o n s  i n s i d e  t h e  main tube.  

Tne r e s u l t s  o f  t h e  a n a l y s i s  a r e  shown i n  Table  4-49 and F igu res  4-121, 4-122 

and 4-123. The a n a l y s i s  showed t h a t  t h e  h i g h e s t  s t r e s s e s  t end  t o  concen t ra te  



794 Grids 

1756 E l  ements 

Figure 4-120. Simplified Yoke Design, Preliminary NASTRAN Model 
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i n  t h e  co rne r  o f  t h e  elbow. These r e s u l t s  a re  cha rac te r i zed  i n  F i gu res  4-121, 

4-122 drld 4-123. 

The t h i ckness  o f  t h e  f r o n t ,  back, top,  bo t tom and spar p l a t e s  was 3.0, 1.5, 

2.0 and 1.5 in. ,  r e s p e c t i v e l y ,  i n  t h e  sirnpl i f i e d  yoke design. The t h i c k n e s s  

o f  t h e  f r o n t  and spar  p l a t e s  had t o  be increased because o f  t h e  absence o f  t h e  

bulkhead p l a t e s  and t h e  f o rwa rd  b i a s  o f  t h e  l oad  path.  

The b u l  knead p l a t e s  p rov  ided suppor t ,  which increased t h e  e f f e c t i v e  w i d t h  o f  

t h e  sk ins .  The i n e f f i c i e n c y  caused b y  t h e i r  absence c o n t r i b u t e s  t o  t h e  50% 

i nc rease  i n  t h i c kness  of t h e  f r o n t  p l a t e .  However, t h e  fou r -bu lkhead  des ign  

and t h e  simp1 i f  i e d  yoke r e q u i r e  t h e  same amount o f  s t e e l .  

The a n a l y s i s  i n d i c a t e s  t h a t  t h e  s impl i f  i e d  yoke des ign i s  acceptab le .  

However, t h e  mesh used i n  t h i s  f i n i t e  element model may n o t  be dense enough t o  

v e r i f y  t h e  des ign.  Another NUSTKAN ana l ys i s ,  w i t h  a  more r e f i n e d  mesh would 

v e r i f y  t h e  des ign.  

4.5.2.7 Conc lus ions and Recommendations 

The s  impl i f  i e d  des ign  i s  t h e  b e s t  o f  t h e  two designs, because o f  t h e  reduced 

comp lex i t y  i n  t h e  assembly, we ld i ng  and i nspec t  i o n  processes. A NASTRATJ 

f i n i t e  element s t r u c t u r a l  a n a l y s i s  showed t h e  sirnpl i f i e d  yoke des ign  t o  be 

acceptab le ,  as summarized i n  Table  4-49. A NASTRAN ana l ys i s ,  w i t h  a  s m a l l e r  

mesh i s  r e q u i r e d  t o  v e r i f y  t h e  design. 



4.5.3 TRADE-OFFS PERFORMED 

The yoke des ign  e v o l u t i o n  i nvo l ved  t r a d e - o f f  analyses i n  r o t o r  at tachment 

methoas, f a b r i c a t i o n  methods, s t r u c t u r a l  des ign  concepts,  and m a t e r i a l s .  The 

e v o l u t i o n  o f  t h e  des igns f o r  t h e  t e e t e r  bea r i ng  and t e e t e r  r e s t r i c t o r s  a re  

desc r i bed  i n  s e c t i o n s  4.5.4 and 4.5.5. Dur i r ig  t h e  des ign  o f  t h e  wind t u r b i n e  

genera to r ,  seve ra l  r o t o r  suppor t  methods were cons idered.  A yoke sur round ing  

t h e  e n t i r e  b l a a e  was eva luated.  An i .n terna1 s t r u c t u r e  connected t o  t h e  

d r i v e t r a i n  th rough  an opening i n  t h e  b l ade  s k i n  was cons idered.  Two t e e t e r  

bear i r i g  assembl ies a t tached  t o  t h e  b l ade  b y  t h e  b o l s t e r s  and suppor ted b y  t h e  

U-shaped yoke was f i n a l l y  chosen. C e r t a i n  f e a t u r e s  o f  t h e  yoke des ign  were 

determined b y  t h i s  r o t o r  suppor t  method. A c e n t r a l  t u b e  was r e q u i r e d  t o  

i n t e r f a c e  w i t h  t h e  main r o t o r  bear ings ,  and two c y l  i n d r i c a l  tubes were needed 

t o  house t h e  t e e t e r  b e a r i n g  assembl ies.  The yoke des ign  i nvo l ved  connec t i ng  

t hese  assembl ies t o  t h e  c e n t r a l  t ube  w i t h  a  s t r u c t u r e  s a t i s f y i n g  t h e  des ign  

c r i t e r i a .  Four c o n s t r u c t i o n  methods were cons idered  i n  t h e  des ign  process:  

f a b r i c a t i o n  f ro in  r o l l e d  shapes, f o r g i n g ,  c a s t i n g ,  and we ld ing .  A b u i l t - u p  

s t r u c t u r e  was e l  im ina ted  because o f  t h e  d i f f i c u l t y  i n  o b t a i n i n g  t h e  r e q u i r e d  

t o r s i o n a l  s t i f f n e s s .  Forg ings,  a1 though t hey  have exce l  l e n t  m a t e r i a l  qua1 i t y  

and h i g h e r  a l l o w a b l e  s t r esses ,  were r u l e d  o u t  a f t e r  c o n s u l t a t i o n s  w i t h  v a r i o u s  

vendors.  Fo rg i ng  an accep tab le  s t r u c t u r a l  c o n f i g u r a t i o n  would be 

p r o h i b i t i v e l y  expensive.  C a s t i n g  t h e  yoke s t r u c t u r e  was a l s o  considered. The 

a b i l i t y  t o  t a i l o r  w a l l  th i cknesses  t o  reduce l o c a l  s t r esses  and t h e  a p p a r e n t l y  

lower  c o s t  were d i s t i n c t  advantages o f  cas t i ng .  D iscuss ions  w i t h  two l a r g e  

c a s t i n g  venaors l e d  t o  p r e l  i rn inary drawings o f  t h e  concept.  However, a  

c a s t a ~ l e  s t e e l  w i t h  t h e  r e q u i r e d  toughness a t  low temperatures was n o t  

i a e n t i f i e d  when t h e  p r o j e c t  was te rmina ted .  Th is  concept deserves f u r t h e r  

i n v e s t i g a t i o n  should  t h e  p r o j e c t  be resumed. Welding was t h e  f a b r i c a t i o n  

lnethoa chosen f o r  t h e  yoke. It a f f o r d e d  t h e  optimum combinat ion o f  

v e r s a t i l  i t y  i n  m a t e r i a l  placement and produc i b i l  i t y ,  u s i n g  we1 1 - cha rac te r -  

i z e d  r n d t e r i a l s  and processes. 

The yoke  welament des ign  ba lanced s t r u c t u r a l  des ign  c r i t e r i a ,  1  oad paths,  and 

produc i b  il i t y  cons i a e r a t  ions.  The enc losed box s t r u c t u r e  b e s t  s a t i s f i e d  these  

aims. The r e c t a n g u l a r  c ross - sec t i on  p rov i ded  b o t h  bending and t o r s i o n a l  

s t i f f n e s s  w i t h  adequate i n t e r n a l  re in fo rcement .  Sec t i on  4.5.2 descr ibes  t h e  



t r a a e - o f f  s t u d i e s  t h a t  eva lua ted  t h e  number and p o s i t  i o n  o f  i n t e r n a l  members 

and t h e  shape o f  t h e  "elbow" r e g i o n  o f  t h e  yoke. Most a t t e n t i o n  was p a i d  t o  

1  i r n i t i n y  t n e  l o c a t i o n  and number o f  welds i n  t h e  low f a t i g u e  s t r e n g t h  

c a t e g o r i e s  d e f i n e d  b y  t h e  A I S C .  D i f f e r e n t  f a b r i c a t i o n  methods f o r  t h e  c e n t r a l  

t ube  were a l s o  considered. A r i n g  f o r g i n g  was f i n a l l y  chosen as t h e  

f a b r i c a t i o n  method because t h e  qua1 i t y  o f  t h e  rnater i a l  was b e t t e r .  When t h e  

p r o j e c t  was te rmina ted ,  a  t ube  r o l l e d  f rom p l a t e  and seam welded was b e i n g  

cons idered  t o  reduce cos t s .  Th is  course shou ld  a l s o  be pursued i f  t h e  program 

resurrles . 

The p l a t e  and f o r g i n g  s t e e l  used i n  t h e  des ign  were eva lua ted  based on 

s t r e n g t h ,  no tch  toughness, f o r n ~ a b i l  i t y ,  we ldab i l  i t y ,  a v a i l a b i l  i t y  and c o s t .  

ASTM A633 Grade C and ASTM A508 Class 2 were chosen f o r  t h e  p l a t e  and f o r g i n g  

rnater i a  I s ,  r e s p e c t i v e l y .  A633 Grade C i s  a  normal i zed  mater i a l  . I t  was t h e  

p r e f e r r e d  p l a t e  m a t e r i a l  f o r  severa l  reasons. Since t h e  yoke i s  a  weldment, 

A 6 ~ 3  was chosen f o r  i t s  e x c e l l e n t  we ldab i l  i ty .  The yoke des ign  i s  a l s o  

f a t i g u e  s t r e s s  d r i v e n ,  so a  h i g h  y i e l d  s t r e n g t h  m a t e r i a l  i s  n o t  r e q u i r e d .  The 

h i g h e r  y i e l d  s t r e n g t h  assoc ia ted  w i t h  quenched arid tempered m a t e r i a l s  would 

have been d im in i shed  f r om t h e  pos t  weld hea t  t rea tment  f o r  s t r e s s  r e l i e f .  

F i n a l l y ,  A633 Grade C ,  w i t h  t h e  improved p rocess ing  descr ibed  i n  GE 

Spec i f  i c a t  i on  47,4380062, exh i b  i t s  t h e  r e q u i r e d  no tch  toughness over t h e  

temperature range. A508 C lass  2 was chosen f o r  i t s  weld c o m p a t i b i l  i t y  w i t h  

iAtj33. I t was n o t  apparent  t h a t  t h e  r e q u i r e d  no tch  toughness va lue  a t  low 

temperatures would be met a t  t h e  c e n t e r  o f  t h e  f o r g i n g .  Therefore,  t h e  

p r e s e n t  des ign  r e s t r i c t s  t h e  o p e r a t i n g  temperature range o f  t h e  yoke, s u b j e c t  

t o  f u r t h e r  r ev i ew  o f  a c t u a l  mate rsa l  t e s t  da ta  and f u r t h e r  c o n s i d e r a t i o n  o f  

t h e  consequences o f  a f l a w  o r  l a r g e  c rack  i n v o l v i n g  t h e  m id - th ickness  o f  t h e  

f o rg i ng .  



4.5.4 TEETER BEARINGS 

The t e e t e r  bea r i ngs  t r a n s m i t  r o t o r  loads t o  t h e  yoke, w h i l e  a l l o w i n g  t h e  b l ade  

t o  o s c i l l a t e  r e l a t i v e  t o  t h e  yoke. The main components o f  t h e  l o a d  a re  t h e  

r o t o r  t h r u s t ,  we igh t  and t h e  t o r q u e  t h a t  generates t h e  wind t u r b i n e  

g e n e r a t o r ' s  power. The t e e t e r  mot ions  a re  g e n e r a l l y  s~na l  l Cur i ng  o p e r a t i o n ,  

u s u a l l y  l e s s  than  - + Z O .  However, d u r i n g  s t a r t u p  and shutdown t h e  ang le  cou ld  

reach  7'. 

Because o f  t h e  smal l  o s c i l l a t i n g  t e e t e r  mot ions,  conven t iona l  r o l l i n g  element 

bear ings  were e l  i ~ n i n a t e d  i n  t h e  e a r l y  s t u d i e s .  R o l l  i n g  element bear ings  c o u l d  

be  used i f  t h e  r o l l e r s  were c o n t i n u a l l y  immersed i n  o i l .  But then  t h e  des ign  

would r e q u i r e  a  l eak -p roo f  o i l  s e a l ,  which would be s u b j e c t  t o  sma l l  

o s c i l l a t i o n s ,  and must be  easy t o  r e p a i r  and rep lace .  These requ i rements  
e l  i r ~ i i n a t e d  r o l l  i n g  element bear ings .  

E l  astomer i c  and t h e  t e f  I o n - f  abr i c  bea r i ngs  remained under cons ide ra t i on .  The 

t e f l o n  f a b r i c  b e a r i n g  i s  a  p l a i n  s p h e r i c a l  b e a r i n g  w i t h  t e f l o n  composi te  

between t h e  s l i d i n g  su r faces .  Recent advances i n  t h e  technology o f  t e f l o n  

m a t e r i a l  and t h e  a v a i l a b i l i t y  o f  s tandard  l a r g e  bea r i ngs  w i t h  bores up t o  

7 5  i n .  made t h i s  s t y l e  a t t r a c t i v e .  However, t h e  r e v e r s a l  o f  loads i n  t h e  

t e e t e r  bear ings ,  as t h e  r o t o r  goes th rough  each c y c l e ,  caused compl i c a t i o n s .  

As t e f l o n  wears, t h e  bear ings  a l l o w  more p l a y .  Th i s  wear ing p a t t e r n  

n e c e s s i t a t e d  a  more cornpl i c a t e d  design. Pre loaded bear ings  o r  a  combinat i o n  

e lastomer  i c  t h r u s t  and t e f l o n  r a d i a l  b e a r i n g  were poss i b i l  i t  i es .  S ince t h e  

1400-2 des i gns  had used e l  astorner i c  bear ings  success fu l  l y  , and no c o s t  

advantage c o u l d  be shown f o r  t h e  t e f l o n  designs, an a l l  e l as tomer i c  b e a r i n g  

was chosen i n  t h e  f i n a l  des ign  phase. 

The s  i z  i n g  o f  e las tomer  i c  bea r i ngs  c a l l  s  f o r  s p e c i a l  i zed  knowledge. Changes 

i n  t h e  yoke and b l ade  i n t e r f a c e s  a f f e c t e d  t h e  des ign  and packaging o f  t h e  

t e e t e r  bear ings .  A c o m p e t i t i v e  procurement was used t o  s e l e c t  a  vendor f o r  

t h e  p r e l i m i n a r y  des ign  and t h e  winner  was g i ven  a  sma l l  des ign  suppo r t  

c o n t r a c t .  



H success fu l  e l as tomer i c  t e e t e r  b e a r i n g  des ign  had t h e  f o l l o w i n g  requi rements :  

1. Kep laceab i l  i ty :  The des ign shou ld  a l l o w  t h e  replacement o f  any 

component w i t h o u t  removing t h e  b lade .  

2. InspectabSl  i ty :  The exposed rubber  su r faces  should  be easy t o  check 

v i s u a l l y  f o r  spa1 1  i n g  o r  o t h e r  s i gns  o f  d e t e r i u r a t  ion.  

3. P r o t e c t e d  Environment: The rubber  su r faces  shou ld  n o t  be  exposed t o  

sun1 i g h t  and a i r  p o l l u t i o n .  

4. Maintenance: Maintenance procedures should  be min imal , f o r  example, 

t h e r e  shou ld  be no p e r i o d i c  1  u b r i c a t  i o n  requ  irernent . 
5.  Assembly: The des ign shou ld  accommodate an easy r o t o r  b lade  assembly. 

The f i r s t  requ  irernent was t h e  rnos t impor tan t .  A1 though t h e  MOD-2 e l  astorner i c  

bea r i ngs  were t e s t e d  and r a n  s u c c e s s f u l l y  f o r  a  s h o r t  pe r i od ,  p o s s i b l e  ag ing  

e f f e c t s  n ~ a y  n o t  a l l o w  t n e  e n t i r e  30-year l i f e .  Ex tens ive  t e s t i n g  would be  

much more expens ive than  replacement i f  t h e  bear ings  cou ld  be rep laced  w i t h o u t  

removing t h e  ~ l a u e .  B lade rernoval would r e q u i r e  l a r g e  cranes w i t h  l o n g  

l ead - t ime  r e n t a l s  and l o n g  shutdowrl t imes.  I f  t h e  b l ade  cou ld  be  t e m p o r a r i l y  

suppor ted b y  t h e  yoke th rough  a  d i f f e r e n t  l oad  p a t h  w h i l e  t h e  b e a r i n g  was 

r r p l a c e a  t h e  process wouid be  much q u i c k e r  and cheaper. 

F a i l u r e s  i n  e l as tomer i c  bear ings  on t h e  MOD-5A would be caused by a  s low 

d e t e r i o r a t i o n  o f  t h e  su r face .  A t  t h e  su r faces  t h a t  exper ience  t h e  g r e a t e s t  

s t r e s s ,  chunks would c rack  o r  s p a l l ,  l e a v i n g  t e l l t a l e  rubber  g r i t .  Cracks 

woula propagate inward u n t i l  sepa ra t i on  was complete. Some p e r i o d i c  v i s u a l  

i nspec t  i on  (v i a  borescope, i f  necessary)  i s  t h e  o n l y  i nspec t  i o n  requ  i rement  . 
I t  i s  w e l l  known t h a t  e lastomers exposed t o  s u n l i g h t ,  ozone and o t h e r  a i r  

p o l l u t a r l t s  l o s e  t h e i r  p r o p e r t i e s .  U s u a l l y  t h e  e lastomer  su r faces  a re  coa ted  

and t h e  su r f ace  area t o  volume r a t i o  i s  sma l l .  However, env i ronmenta l  

p r o t e c t i o n  i s  p ruden t  i n  v iew o f  t h e  30-year 1  i f e  requi rement  . 

More t e e t e r  b e a r i n g  requi rements ,  f o r  example, loads,  t e e t e r  angles,  a r e  g i ven  

i n  47A380045 "E l  astorner i c  Teeter  Bear ing Kequ i rements Spec i f  i c a t  i on" .  The 

f i n a l  des ign  o f  t h e  t e e t e r  bea r i ng  assembly i s  shown i n  f i g u r e  4-124 and 4-125. 



B r i e f l y ,  

1 )  

t h e  assembly procedure t akes  t h e  f o l l o w i n g  s teps :  

The b l ade  b o l s t e r s  and t h e  t e e t e r  p i v o t  s h a f t  a r e  bonded t o  t h e  b l ade  

i n  t h e  f i e l d  s i n c e  t h e  assembled b l ade  i s  t o o  b i g  t o  sh ip .  The 

b o l s t e r  i n s e r t s  a r e  bonaed w i t h  f i x t u r i n g ,  so  t h a t  t h e  t e e t e r  axes 

a re  a l i g n e d  and a t  t h e  p roper  w id th .  

The r a d i a l  t e e t e r  b e a r i n g  i s  assembled i n t o  t h e  t e e t e r  hub and then  

~r lounted v i a  t h e  t ape red  s h a f t  o f  t h e  b o l s t e r  i n s e r t  t o  t h e  b lade .  

Temporary j ack  screws between t h e  r a d i a l  bea r i ng  i nne r  r a c e  and t h e  

s h e l f  o f  t h e  hub a l l o w  a  d i r e c t  l o a d  pa th  as t h e  h y d r a u l i c  t e n s i o n  

pushes t h e  asserribly on t h e  tapered  V-shaf t .  

Pleasurements a re  checked so t h a t  t h e  spacer r i n g  can be ground t o  t h e  

r i g h t  t h i c kness .  Th i s  a l l ows  t h e  ears  o f  t h e  yoke t o  be p re loaded  

v i a  a x i a l  t e n s i o n  f r om t h e  t e e t e r  p i v o t  sha f t ,  w i t h o u t  shear s t r a i n  

on t h e  r a d i a l  bear ing .  

The yoke end caps a r e  b o l t e d  t o  t h e  hub w i t h  t h e  s p l i t  spacer r i n g  i n  

p lace.  

The e n t i r e  b lade,  t e e t e r  hub assembly and yoke caps a re  l i f t e d  t o  t h e  

hub h e i g h t  and mated t o  t h e  yoke. The b l ade  i s  secured b y  b o l t i n g  

t h e  end caps t o  t h e  yoke. 

The t h r u s t  bea r i ngs  a re  s l i p p e d  over  t h e  t e e t e r  p i v o t  s h a f t ,  f o l l o w e d  

b y  t h e  RingfederTM clamp. The hydrau l  i c  t e n s  i one rs  a re  pre loaded 

t h e  t h r u s t  bear ing ,  t h e  RingfederT'" clamp b o l t s  a re  t i gh tened ,  t o  

secure  t h e  clamp, 2nd t h e  backup n u t  i s  i n s t a l  l ed .  

The t e e t e r  mo t i on  l i m i t  w i d t h  assembly i s  mounted and t h e  p r o t e c t i v e  

cover  b o l t e d  i n  p l ace .  

S tud ies  o f  t h e  b e a r i n g  assembly showed t h a t  when t h e  b l ade  i s  v e r t i c a l  t h e  

weight ,  t h r u s t  and t o r q u e  loads  a re  t r a n s m i t t e d  th rough  t h e  r a d i a l  b e a r i n g  t o  

t h e  hub i n t o  t h e  yoke. Both t h r u s t  bear ings  exper ience  o n l y  t h e  p re load .  

Nhen t h e  b l ade  i s  h o r i z o n t a l ,  o n l y  t h e  t h r u s t  and t o r q u e  loads  a re  t r a n s m i t t e d  

b y  t h e  r a d i a l  bear ing .  The lower  t h r u s t  b e a r i n g  exper iences t h e  a x i a l  p re l oad  

p l u s  h a l f  t h e    lade weight .  The upper b e a r i n g  encounters  t h e  p re l oad  minus 

h a l f  t h e  b lade  we igh t .  Wi th  a  p re l oad  g r e a t e r  than  h a l f  t h e  b l ade  we igh t  t h e  
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t h r u s t  bea r i ngs  w i l l  a lways be i n  compression, which i s  necessary f o r  l o n g  

f a t i g u e  1  i f e .  

O e t a i l s  o f  t h e  e l as tomer i c  bea r i ngs  a re  g i ven  i n  F i g u r e  4-125a. The r a d i a l  

b e a r i n g  i s  two c o n c e n t r i c  s t e e l  r i n g s  w i t h  rubber  mo ld ing  between t h e  r i n g s .  

T h i n  s t e e l  r i n g s ,  c a l l e d  shims, a r e  bonded i n  t h e  rubber .  The shirns c o n t r o l  

t h e  shape f a c t o r ,  which i s  t h e  r a t i o  o f  exposed s u r f a c e  area t o  volume. T h i s  

r a t i o  c o n t r o l s  t h e  b e a r i n g  s t i f f n e s s  and s t r a i n  p r o p e r t i e s .  The t h r u s t  

b e a r i n g  i s  disk-shaped, w i t h  a1 t e r n a t e  l a y e r s  o f  rubber  and disk-shaped shims 

molaed between t h e  t h i c k  s t e e l  f r o n t  and back r i n g s .  The back suppor t  d i s k  i s  
TM 

an i n t e g r a l  p a r t  o f  t h e  hub of  t h e  R ing feder  clamp. It has gussets t o  

suppo r t  t h e  1  oad p r o p e r l y .  

4.5.4.1 Tee te r  Bear ing  Hub S t r u c t u r a l  Analys i s  

The e l as tomer i c  t h r u s t  b e a r i n g  i s  sub jec ted  t o  a  compression l oad  o f  

Z70,UUO lbs . ,  b y  d e f l e c t i n g  t h e  b e a r i n g  w i t h  a  h y d r a u l i c  j a c k  and h o l d i n g  t h e  

p r e l o a d  w i t h  a  p l a t e  and c y l i t i d r i c a l  s t r u c t u r e ,  c a l l e d  t h e  hub, as shown i n  

F i g u r e  4-125. The p l a t e  t o  which t h e  b e a r i n g  i s  molded i s  c a l l e d  t h e  b e a r i n g  

1 oad p l a t e .  It i s  r e i n f o r c e d  w i t h  gussets.  The bea r i ng  l oad  p l a t e  i s  

a t t ached  t o  t h e  hub, which f i t s  over  t h e  s h a f t ,  as shown i n  F i g u r e  4-125b. 

The s h a f t  i s  f i l l e d  w i t h  a  sh runk - i n  p lug,  t o  s t i f f e n  t h e  s h a f t .  The l o a d  on 

t h e  b e a r i n g  i s  ma in ta ined  b y  s e c u r i n g  t h e  hub w i t h  a  K ing feder  s h r i n k  r i n g  and 

d i s c  dssembly, s  i z e  390-91. 

The l o a d  i s  a  s teady  270,000 lbs . ,  normal t o  t h e  b e a r i n g  l o a d  p l a t e  and an 

a l t e r n a t i n g  212,000 lbs . ,  normal t o  t h e  p l a t e .  The 1  i m i t  l o a d  i s  482,000 l b s ,  

t h e  sum o f  t h e  mean l oad  and a l t e r n a t i n g  load .  The s teady s t a t e  l o a d  i s  

induced by  t n e  e l as tomer i c  b e a r i n g  p re l oad  and t h e  a l t e r n a t i n g  l o a d  i s  induced 

by t h e  b l a d e ' s  we igh t  d u r i n g  r o t a t i o n .  

The K ing feder  s h r i n k  r i n g  and d i s c  assembly p rov i de  p ressure  t o  t h e  hub t h a t  

a t t aches  t h e  l oad  p l a t e  t o  t h e  s h a f t i n g .  T h i s  p ressure  i s  a  cons tan t ,  

r a d i a l l y  inward f o r ce  a p p l i e d  a t  t h e  i n n e r  d iameter  o f  t h e  s h r i n k  r i n g ,  as 
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stlowrl i n  F i g u r e  4-126. The p ressure  exe r t ed  b y  t h e  s h r i n k  r i n g  on t h e  hub was 

c a l c u l a t e d  t o  be 28,902 p s i .  

A f i n i t e  e lement  rnodel o f  t h e  l o a d  b e a r i n g  p l a t e  and hub was developed, u s i n g  

t h e  "t4ACNEHL-SCHWEIqDLEK" NASTRAN Program, Vers ion  62A. The geometry and 

r lo~nenc la tu re  a r e  shown i n  F i gu res  4-127 and 4-128. The dimensions were v a r i e d  

u n t i l  s a t i s f a c t o r y  s t r e s s  l e v e l s  were ob ta ined .  

The ~ e a r i n g  l o a d  p l a t e ,  t h e  16 gusset  p l a t e s ,  and t h e  hub were represen ted  b y  

C Q U A L ) ~  e l a s t i c  p l a t e  elements. The s t i f f n e s s  o f  t h e  s h a f t  a t  t h e  hub i n n e r  

d iameter ,  where t h e  R ing feder  s h r i n k  r i n g  con tac t s  t h e  hub o u t e r  d iameter ,  was 

represen ted  b y  a  s e r i e s  o f  beam elements. The l oad  i n  t h e  X - d i r e c t i o n  was 

r e a c t e d  a t  t h e  end o f  t h e  hub t o  s imu la te  f r i c t i o n  f o r ces ,  as shown i n  

F i g u r e  4-126. 

Three 1 oading cases were cons idered:  t h e  l i m i t  1  oad; t h e  nlaximum a1 t e r n a t i n g  

loaa; and t h e  mean load .  

Tne r e s u l t s  o f  t h e  f i n i t e  element a n a l y s i s  a re  summarized i n  Tables 4-50 and 

4-51 and F i g u r e s  4-129 th rough  4-133. The l o a d  on t h e  b e a r i n g  p l a t e  tends t o  

develop membrane s t r esses  on t h e  gusset  p l a t e s ,  as shown i n  F i g u r e  4-133. The 

l a r g e s t  s t r e s s e s  r e s u l t  f r om  ' t h e  d e f l e c t i o n  p a t t e r n  i l l u s t r a t e d  i n  F i g u r e  

4-130 and a r e  approximately normal t o  t h e  hub. 

The yusset  p l a t e  t h i c kness  was determined by  t h e  f a t i g u e  case l oad ing .  I n  a  

welded des ign,  a p r i n c i p l e  s t r e s s  range o f  5,000 p s i  would be  a l lowed a t  t h e  

capp ing  i n t e r r u p t i o n  o f  t h e  we ld  i n  t h e  a x i a l  d i r e c t i o n  o f  t h e  c y l i n d e r  and i n  

t n e  r a d i a l  a i r e c t i o n  o f  t h e  f l ange .  

Severa l  vendors i n d i c a t e d  t h a t  an i n t e g r a l  des ign  w i t h  no we ld i ng  was 

f e a s i b l e .  There fo re ,  t h e  gusset  p l a t e s  were designed t o  a  maximum s t r e s s  o f  

10,UUO p s i ,  5,000 p s i  h a l f  range, and a  minirnum y i e l d  s t r e n g t h  o f  50,000 p s i .  

A n~aximum s e ~ n i c i r c u l a r  f l a w  s i z e  o f  0.05 i n .  was s p e c i f i e d .  T h i s  f l a w  s i z e  i s  

c o n ~ p a t i b l e  w i t h  t h e  requ i rement  t h a t  t h e  yoke m a t e r i a l  must n o t  exceed t h e  

c rdck  growth t h resho ld .  A more complete d i s c u s s i o n  o f  des ign  l i m i t s  i s  g i v e n  

i n  Vol  11, S e c t i o n  9.0. 
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T a b l e  4-50 L I M I T  LOAD CASE, MARGINS OF SAFETY 

GUSSET PLATE 

HUB R A U I A L  STRESS 

HUB TANGENTIAL STRESS 

LOAD BEAKING PLATE 

MAXIMUM ALLOWABLE( ]  ) 
STRESS STRESS 

( P S I )  ( P S I )  
MARGIN OF 

SAFETY 

NOTES: ( 1 )  A M I N I M U M  Y I E L D  STdENGTH OF 5 0 , 0 0 0  P S I  I S  REQUIRED. 



T a b l e  4 - 5 1  F A T I G U E  CASE, MARGINS OF SAFETY 

MAXIMUM( 1 ) 
STEADY ALTERNATING ALLOWABLE( 2 )  MARG I N 
STRESS STRESS STRESS 0 F 

I U - ( P S I )  ( P S I )  ( P S I  SAFETY 

LOAD BEARING PLATE 5 , 5 7 7  2,753 5 , 0 0 0  . 8 1 6  

HUB 1 , 2 9 5  3 , 0 1 6  5 , 0 0 0  .658 

GUSSET PLATE -3,374 4 , 9 4 7  5 , 0 0 0  . 0 1 1  

NOTES: ( 1 )  MAXIMUM ALTERNATING STRESS 9 9 . 9 9  PERCENTILE LOADS. 

( 2 )  ALLOWABLE STRESS BASED O N  A I S C  DESIGN C R I T E R I A  CATEGORY C. 



1 1 / 29/83 MAX-DEF = 0 . 0 0 0 3 0 0 9 6  
I N C L I N E D  V I L W  FROM X A X I S  ALL ELEMENTS AND S P I D E R S  

MEMBER R I N G 4  T E E l E R  B L A R I N G  LOAD R I N G S  
L SHAPED R I N G  W I T H  GUSSET SUPPORTS 
L I M I T  LOAD CASE LOAD = 4 8 2 0 0 0  LBS F I T  PRESSURE = 2 8 9 0 2  P S I  
S T A T I C  DEFOR. SUBCASE 1 LOAD 101 

Figure 4-129. Iiub nefl e c t i o n s  



11/29/83 MAX-DEF = 0.00030096 
V I E W  FROM Z A X I S  GUSSET 1 THETA = 0 

MEMBER RING4 TEETER BEARING LOAD RINGS 
L SHAPED R I N G  WITH GUSSET SUPPORTS 
LIMIT LOAD CASE LOAD = 482000 LBS FIT PRESSURE = 28902 P S I  
STATIC DEFOR STRESS SUBCASE 1 LOAD 101 

F igure  4-130. Hub Defl  e c t i o n  D e t a i l  
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11 129183 
VIEW FROM X A X I S  BEARlNG LOAD PLATE MAJPRlN STRESS 

SYMBOL VALUE 

5 5 . 6 9 6 5 4 3 € + 0 3  
6 6 . 2 2 3 2 5 8 € + 0 3  

MEMBER RING4 T E E T t R  BEARING LOAD RlNGS 7 6 . 7 4 9 9 7 3 E + 0 3  
L SHAPED R I N G  WlTH GUSSET SUPPORlS 8 7 . 2 7 6 6 8 7 E + 0 3  
L I M I T  LOAD CASE LOAD = 4 8 2 0 0 0  LBS F 1 l  PRESSURE = 2 8 9 0 2  P S I  9 7 . 8 0 3 4 0 2 E t 0 3  
S T A T l C  STRESS SUBCASt 1 LOAD 1 0 1  1 0  8 . 3 3 0 1  3 3 E + 0 3  

F igu re  4-131. Hub Stress Contours 



11/29/83 
INCLINED VIEW FROM X AXIS HUB MINPRIN STRESS 

SYMBOL VALUE 

7 -4 .444355Et03  

MEMBER RING4 TEEIER BEARING LOAD RlNGS 8 - 2 . 0 5 7 9 4 6 E t 0 3  
L SHAPED RING WITH GUSSET SUPPORlS 9 -3 .284629€+03 
L I M I T  LOAD CASE LOAD - 482000  LBS F I 1  PRESSURE = 28092 P S I  10 -2 .714867Et03  
STATIC SIRESS SUBCASL 1 LOAD 1 0 1  

F igu re  4-132. Iiub Stress  Contours 



11/29/83 
VIEW FROM Z A X I S  GUSSET 1 THETA = 0 M I N P R I N  STRESS 

MEMBER RING4 TEETER BEARING LOAD RINGS 
L SHAPED RING W I T H  GUSSEl SUPPORTS 
MAX ALT CASE LOAD = 2 1 2 0 0 0  LBS F I T  PRESSURE = 0 P S I  
STAT IC  STRESS SUBCASE 2 LOAD 1 0 2  

SYMBOL VALUE 

F i g u r e  4-133. Hub Stress  Contours, D e t a i  i 
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1-ne d e s i g n  i s  shown i n  F i g u r e  4-128. Marg ins  o f  s a f e t y  f o r  t h e  l i m i t  and 

f a t i g u e  l o a d  cases were c a l c u l a t e d  and a r e  sumrnarized i n  Tab les  4-50 and 4-51,  

C a l c u l a t i o n s  de te rm ined  t h e  g r e a t e s t  s t r e s s e s  on each component f o r  v a r i o u s  

cases. Fo r  t h e  hub, t h e  g r e a t e s t  s t r e s s e s  f o r  t h e  f a t i g u e  case a r e  b e n d i n g  

s t r e s s e s  p a r a l l e l  t o  t h e  X a x i s ,  a l o n g  t h e  hub l e n g t h .  The g r e a t e s t  s t r e s s e s  

f o r  t h e  limit l o a d  case a r e  t a n g e n t i a l  s t r e s s e s  induced b y  t h e  p r e s s u r e  o f  t h e  

s h r i n k  d i s c  as c h a r a c t e r i z e d  i n  F i g u r e  4-132. 

The g r e a t e s t  s t r e s s e s  i n  t h e  b e a r i n g  l o a d  p l a t e  were t a n g e n t i a l  s t r e s s e s  a t  

t h e  i n n e r  d iamete r ,  caused b y  t h e  bend ing  o f  t h e  p l a t e  as c h a r a c t e r i z e d  i n  

F i g u r e  4-131. 

R a d i a l  and t a n g e n t i a l  s t r e s s e s  were c a l c u l a t e d  b y  t h i c k - w a l l e d  c y l i n d e r  

t h e o r y .  T h i s  c a l c u l a t i o n  was per formed f o r  t h e  s h a f t  when t h e  R i n g f e d e r  

s n r  ink  r i n g  and d i s c  were t i g h t e n e d  and t h e  p l u g  was s h r u n k - f  it. These 

s t r e s s e s  d r e  su~nmarized i n  Tab le  4 -52 .  

The R i n g f e d e r  s h r i n k  r i n g  and d i s c  assembly p r o v i d e  p r e s s u r e  t o  t h e  hub, wh ich 

a t t a c h e s  t h e  l o a d  p l a t e  t o  t h e  s h a f t i n g .  T h i s  p r e s s u r e  i s  a  c o n s t a n t  r a d i a l l y  

i nward  f o r c e  app l  i e d  a t  t h e  i n n e r  d iamete r  o f  t h e  s h r i n k  r i n g ,  as shown i n  

F i g u r e  4-126. A s t e a d y  p r e s s u r e  o f  28,902 p s i  was c a l c u l a t e d  t o  be t h e  

p r e s s u r e  e x e r t e d  b y  t h e  s h r i n k  r i n g  on t h e  hub. 

The R i n g f e d e r  s h r i n k  d i s c ,  s i z e  390-91, i s  s u p p l i e d  t o  t h e  d e s i g n  b y  t h e  

K i n g f e d e r  c o r p o r a t i o n .  The R i n g f e d e r  C o r p o r a t i o n  c a l c u l a t e d  t h a t  t h e  d i s c ' s  

maximum t o r q u e  c a p a b i l i t y  was 561,125 f t - l b s  and t h e  maximum a x i a l  l o a d  

c d p a c i t y  was 1,140,208 l b s .  

The rnaxirnum t o r q u e  l o a d  app l  i e d  t o  t h e  d i s c  i s  75,000 f t . - l b s . ,  wh ich i s  w e l l  

below t l i e  d e s i g n  c a p a b i l i t y  o f  561,125 f t - l b s .  The maximum l o a d  i n  t h e  X 

d i r e c t i o n ,  a l o n g  t h e  t e e t e r  s h a f t ,  as shown i n  F i g u r e  4-126, i s  482,000 lbs . ,  

wri ich i s  a l s o  we1 1 below t h e  d e s i g n  c a p a b i l i t y  o f  1,140,208 I b s .  There fo re ,  

t h e  K i n g f e o e r  s h r i n k  d i s c ,  390-91, i s  a c c e p t a b l e  and w e l l  w i t h i n  d e s i g n  

c a p a ~ i l  i t y .  



T a b l e  4-52 SHRINK F I T  STRESSES SHAFT AND PLUG STRESS SUMMARY 

SHAFT 

SHAFT 

SHAFT 

S H AF T 

PLUG 

PLUG 

STRESS 
DIAIvlETER TYPE 

OUTEK TANGENTIAL 

INNER TANGENTIAL 

OUTER R A D I A L  

INFqEK R A D I A L  

OUTER TANGENTIAL 

OUTER RHO I A L  

STRESS 
( K S I  1 

M A K G I N ( ~ )  
O F  

SAFETY 

NOTES: ( 1  ) A M I r i I M U M  Y I E L D  STeENGTH OF 5 0 , 0 0 0  P S I  WAS S P E C I F I E D .  



4.5.4.2 Teeter  Bear ing  C y l i n d e r  Ana l ys i s  

The c y l i n d r i c a l  s h e l l  which connects t h e  yoke t o  t h e  e l as tomer i c  r a d i a l  t e e t e r  

~ e a r i n g s  was analyzed w i t h  a  NASTKAN f i n i t e  element model. As shown i n  F i g u r e  

4-134, symmetry was invoked w i t h  r espec t  t o  t h e  d i r e c t i o n  o f  t h e  r e s u l t a n t  

r a d i a l  f o r c e  o f  t h e  combined wind t h r u s t  and r o t o r  t o rque  load ing .  T h i s  

r e s u l t a n t  a l s o  i nc l uded  t h e  a p p r o p r i a t e  we igh t  accord ing  t o  t h e  r o t o r  

o r i e n t a t i o n  b e i n g  analyzed. The compact l e n g t h  t o  d iameter  r a t i o ,  h i g h  r a d i a l  

shear loads and superposed loads a long  t h e  c y l  i nder  a x i s  b u t  e c c e n t r i c  t o  t h e  

tube  w a l l  s  made t h e  r e s u l t s  o f  approx imate beam c a l c u l a t i o n s  uncer ta  in .  The 

numer ica l  model shou ld  a c c u r a t e l y  combine a l l  e f f e c t s ,  

Ttie r e s u l t s  o f  t h e  nunler ica l  model a r e  1 i s t e d  i n  Table  4-53 and t h e  l o c a t i o n s  

a r e  i n d i c a t e d  i n  F i g u r e  4-134. Th is  s t r u c t u r e  was designed t o  be cas t ,  r a t h e r  

than  welaed, so Category C s t r e s s  a l l owab les  were chosen. I t  can be seen t h a t  

t h e  maximum s t r e s s  range i s  l e s s  than  t h e  12 k s i  a l l owab le ,  except  f o r  t h e  

s t r e s s  c o n c e n t r a t i o n  a t  t h e  web t o  c y l i n d e r ,  which i s  easy t o  c o r r e c t  b y  l o c a l  

geometry and t h i ckness  adjustments.  The 1  i rn i t  s t r e s s  was compared t o  6 0 h f  

t h e  t e n s i l e  y i e l d  p o i n t  o f  a  t y p i c a l  c a s t i n g  a l l o y .  

Table  4-53 Resu l t s  o f  Numerical Model 

L o c a t  i on  

F l  ange 

Cyl inder  Wall 

P 1  a t f o r m  

Weo Toe 

Web 

Ke ta  i n  i n g  B o l t  

L i m i t  F a t i g u e  

S t ress  S t r e s s  

(PS i )  -- N.S. ( p s i )  - M.S. 

(4.5. = Marg in  o f  Sa fe t y  = A l l owab le  
Ac tua l  



STRUCTURE SYMMETRIC 
ABOUT X Y  PLANE 

R A D I A L  BOUNDARY C O K D I T  I O N  
T N E R  S K I N  

. 

F I X E D  B .C .  
AT YOKE OUTER S K I N  

F i g u r e  4-134.  F i n i t e  Element Model o f  T e e t e r  Bear ing  
C y l i n d e r  and Locat ion  o f  Peak Stresses 



Ttle r e t a i n i n g  b o l t  e x t e r n a l  s t r e s s e s  a r e  compared t o  t h e  a l l o w a b l e s  

recommended by t h e  HISC f o r  h i g h  s t r e n g t h  b o l t s  w i t h  m in ima l  p r y i n g  a c t i o n .  

Ti iese a1 lowab les  r e q u i r e  p r o p e r l y  t igh tened  b o l t s  and depend on t h e  c o n t i n u e d  

e x i s t e n c e  o f  t o e  f r i c t i o n  c a p a c i t y ,  The e s t i m a t e d  f r i c t i o n  c a p a c i t y  i s  

380 k i p s  u s i n g  a c o e f f i c i e n t  o f  0.15 which shou ld  e a s i l y  r e s i s t  t h e  1  i m i t  l o a d  

of  YZ k i p s .  However, if t h e  j o i n t  loosens,  b o l t  bend ing  s t r e s s  c o u l d  r e a c h  

30 k s i .  The d e s i g n  d e t a i l s  and i n s t a l l a t i o n  procedure must p r e v e n t  b o l t  

bend ing  i n  o r a e r  t o  assure  good f a t i g u e  l i f e .  



4.5.5 TEETER RESTKICTOR ASSEMBLY 

The t e e t e r  r e s t r  i c t o r  system d i s s i p a t e s  t e e t e r  r o t a t i o n a l  energy, t o  1  i m i t  t h e  

maximum t e e t e r  ang le  reached d u r i n g  ope ra t  ion.  Any excess ive  unbalanced 

f 1  apw i s e  moments, which normal l y  occur  d u r i n g  s t a r t u p  o r  shutdown, a r e  r e a c t e d  

by  t h e  f o r c e  generated b y  t h e  c a l i p e r  b rake  assembl ies on b o t h  s i d e s  o f  t h e  

t e e t e r  a x i s .  The f r i c t i o n a l  f o r c e  developed by  t h e  brakes i s  t r a n s m i t t e d  t o  

t h e  b l aae  th rough  a  s t r u c t u r a l  l i n k  connected t o  a  p i n  r e t a i n e d  by  two 

s t r u c t u r a l  r i n g s  bonded t o  t h e  b o l s t e r ,  as shown i n  F i g u r e  4-135. The brakes 

a r e  appl  i e d  i n  two stages, accord ing  t o  ' t h e  magnitude o f  t h e  t e e t e r  angle .  

The rubber  bumper engages a t  a  t e e t e r  ang le  o f  7 " ,  and makes s o l  i d  c o n t a c t  

w i t h  t h e  yoke a t  t h e  maximum ang le  o f  9". 

Each of  t h e  two t e e t e r  r e s t r i c t o r  assembly c o n s i s t s  o f  two Gooayear SCL-38 

brakes mounted i n  a  tower  s t r u c t u r e ;  which i s  b o l t e d  t o  t h e  yoke s t r u c t u r e *  

The brakes a r e  t h e  same as those  used i n  t h e  yaw d r i v e .  The brakes grab t h e  

t e e t e r  1 inks.  One end o f  t h e  1  i n k  i s  mounted t o  t h e  b o l s t e r  suppor t  p i n  w i t h  

s p h e r i c a l  t e f l o n  f a b r i c  bea r i ngs .  The o t h e r  end i s  gu ided b y  cam r o l l e r s  t o  

m a i n t a i n  t h e  p roper  o r i e n t a t i o n  between t h e  brake pads. The t e e t e r  1  i nks  can 

b e  f i x e d  t o  l o c k  t h e  b l a d e  i n  any p o s i t i o n ,  b y  r e l e a s i n g  hyd rau l  i c  p ressure  i n  

t h e  brakes. 

The p r ima ry  t r a d e - o f f  s t udy  i n  t h e  development o f  t h e  t e e t e r  r e s t r i c t o r  system 

concernea t h e  a c t i v e  and pass ive  designs. Two pass ive  des igns were 

cons idered.  One des ign  used a  double-ended h y d r a u l i c  a c t u a t o r  w i t h  t h e  r o d  

and heaa enas connected b y  a 1 i n e  c o n t a i n i n g  a  v a r i a b l e  o r i f  i ce .  One end o f  

t h e  a c t u a t o r  r o d  was a t tached  t o  t h e  b lade.  R e s i s t i v e  f o r c e  was p rov i ded  by  

t h e  p ressure  d rop  c r e a t e d  b y  t h e  f l u i d  s h u t t l i n g  between t h e  two c y l i n d e r  ends 

as  t h e  r o d  was t r a n s l a t e d  b y  t h e  t e e t e r  mot ion  o f  t h e  b lade.  Th i s  damping 

system was n o t  s u f f i c i e n t  t o  p reven t  unacceptab le  t e e t e r  impact on t h e  9" h a r d  

s t o p  a t  v e r y  low r o t o r  speeds. Therefore,  t h e  second des ign  added an e l a s t i c  

shock mount, which ac ted  between 7 "  and 9". Th i s  des ign  p reven ted  t h e  9 "  

t e e t e r  s t o p  impact,  b u t  produced h i g h e r  t e e t e r  moment l oaas  t han  t h e  f r i c t i o n  

b rake  des ign  f o r  t h e  wors t  case c o n d i t i o n s .  So t h e  c u r r e n t  f r i c t i o n  b rake  

aes ign  was adopted. 





Kestr  i c t o r  

The h y d r a u l i c  schematic f o r  t h e  t e e t e r  r e s t r i c t o r  system i s  shown i n  F igu re  

4-136. The r o t o r  pump o f  t h e  a i l e r o n  system prov ides  h y d r a u l i c  power. The 

pump main ta ins  pressure i n  two accumulators f o r  t h e  low and h igh  brake 

stages. The low brake stage app l i es  pressure t o  one brake, t o  e x e r t  a  damping 

moment o f  300,000 f t  . - lb .  This  s tage i s  appl ied  by 1  ocal  c o n t r o l  when t h e  

t e e t e r  angle exceeds _+2.s0. The h i g h  brake stage engages a l l  e i g h t  brakes, 

t o  e x e r t  t h e  nlaximurn r e s t r a i n i n g  moment o f  2.4 x l o 6  f t . - l b .  The n igh  f o r c e  

brakes are  app l i ed  by  l o c a l  c o n t r o l  when t h e  t e e t e r  angle exceeds t 5 " .  The 

i n t e r f a c e  between t h e  c o n t r o l  system and t h e  t e e t e r  brake h y d r a u l i c s  i s  shown 

i n  F igu re  4-137. 

The d i f f e r e n t  t e e t e r  brake modes are  summarized as fo l l ows :  

I n  s t a t e  $1 no brakes a re  appl ied. Th i s  i s  t h e  normal c o n d i t i o n  d u r i n g  b lade 

r o t a t i o n  a f t e r  an i n i t i a l  s t a r t u p  sequence. Both so leno id  va lves are 

cont inuous ly  ra ted .  They are  e l e c t r  ica.1 l y  energized t o  remove hydraul  i c  

pressure from t h e  brakes. 

I n  s t a t e  i f 2 ,  t h e  low f o r c e  brakes are on. When t e e t e r  e l e c t r i c a l  c o n t r o l  

power i s  ava i l ab le ,  t h e  low f o r c e  t e e t e r  brakes are  app l i ed  and re leased as a  

f u n c t i o n  of t e e t e r  angle (aT) ,  when laT1>2.50 o r  laTI<2.5O. 

Local c o n t r o l  a t  t h e  yoke operates per  sw i t ch  SW1. 

I n  s t a t e  # 3 ,  t h e  h igh  f o r c e  and low force brakes are on. When t h e  system 

senses 1 , - I  5 , t h e  l o c a l  c o n t r o l  sw i t ch  (SW2), opens, removing power 

f r o m  t h e  so leno id  va l ve  ( V Z ) ,  and app ly ing  t h e  h i g h  f o r c e  brakes. I f  these 

events occur d u ~ i n g  any automatic ope ra t i ng  mode a f t e r  t h e  s t a r t u p  

i n  i t  i a l  i z a t  ion  sequence, t h e  c o n t r o l  system i n  it i a t e s  a  normal shutdown a f t e r  

i t  rece ives  t h e  h i g h  brakes on i n d i c a t i o n  f rom t h e  Sense A s i g n a l .  Once t h e y  

a r e  appl ied,  t h e  h i g h  f o r c e  brakes remain on by opening PS2, independent ly o f  

subsequent t e e t e r  angle v a r i a t i o n s ,  as t h e  shutdown progresses. As a  backup, 

t h e  c o n t r o l  system mon i to rs  t h e  analog s i g n a l  and removes power, t o  apply  t h e  

t e e t e r  brakes i f  t h e  analog s i g n a l  exceeds c6.S0. 





SWITCH SW1 - C L O S l D  @ - 2 . 5 "  5 a, 5 + ? . S o  
------ 

S W l l C H  SW2 - C L O S l D  @ - 5 . 0 "  5 a~ ( + 5 . 0 °  - 
TELTER ANGLE - ANALOG 

CONTROLLER CMD - 

(AC PWR, ON/OFF) 

CONTROLLER CMU - 
(HF BRAKES " O F F " )  

H I G H  FORCE SOLENOID "ON' 

1 E l T E R  ACCUMULATOR 

PRESSURL "LO" 

CONTROLLER - o COMMANDS -1 R01OR 
0 I N P U I S  HYD PUMP 

I S L I P  R I N G  

.TER ANGLE 

LOW 
FORCE 
BRAKE 

H 1 GH 
FORCt  
BRAKE 

F i g u r e  4-137. Teeter Brake Signal Interface 
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The p o r t i o n  o f  t h e  t e e t e r  r e s t r i c t o r  assembly t h a t  i s  mounted t o  t h e  yoke i s  

Shown i n  F i g u r e  4-138. The u n i t  i s  formed b y  mount ing two s t r u c t u r a l  s i d e  

p l a t e s  t o  t h e  p a i r  o f  c a l i p e r  brakes and b o l t i n g  t h e  e n t i r e  assembly t o g e t h e r  

w i t h  t h e  two s e t s  o f  b rake  assembly b o l t s .  A t o p  cover  i s  added, and t h e  

assembly i s  a t tached  t o  t he  yoke, w i t h  two b o l t s  per  co rner .  The r o l l e r  

assembly between t h e  c a l i p e r s  gu ides t h e  1  ink and r e a c t s  t h e  appl  i ed  moment 

when o n l y  one b rake  i s  p ressur i zed .  The magnet ic s w i t c h  mounted i n  t h e  r e a r  

o f  t h e  assembly senses t h e  t e e t e r  angle.  The assembly i s  sea led  from t h e  

environment b y  two f l e x i b l e  be l l ows  a t t ached  t o  each end. 

Bumper 

Accord ing  t o  t h e  a n a l y s i s  o f  t h e  dynamics o f  t h e  wind t u r b i n e  genera to r ,  t h e  

maximurn t e e t e r  ang le  reached d u r i n g  ope ra t  ion,  w i t h  t h e  t e e t e r  r e s t r  i c t o r  

systems f u n c t i o n i n g ,  i s  l e s s  then  6.5'. A bumper s t o p  was i nco rpo ra ted  i n  t h e  

yoke des ign  t o  se rve  two f u n c t i o n s :  t o  p r o v i d e  a  c o n t r o l l e d  impact p o i n t  i n  

t h e  even t  o f  a  t e e t e r  s t r i k e ,  and t o  se rve  as a  " s o f t "  s t o p  t o  b race  t h e  r o t o r  

d u r i n g  maintenance. F i g u r e  4-139(a) shows t h e  bumper i n s t a l  l e d  on t h e  yoke. 

I t  i s  mounted u s i n g  t h e  two f o rwa rd  1  i f t i n g  ho les  on t h e  yoke. 

A d e t a i l e d  des ign  o f  t h e  bumper was n o t  completed b y  t h e  f i n a l  r e p o r t .  The 

des ign  s p r i n g  r a t e  i s  approx imate ly  150,000 l b . / f t .  The bumper was expected 

t o  be o f  s t ee l / e l as tomer  c o n s t r u c t i o n ,  s i m i l a r  t o  t h e  t e e t e r  bear ing .  F i g u r e  

4-139(b)  shows a  c ross - sec t i on  o f  t h e  r o t o r  pad bonded t o  t h e  r o t o r .  Th i s  pad 

engages t h e  ruDber a t  a  7"  t e e t e r  ang le  and would comp le te ly  compress t h e  
6 s t r i p  a t  9'. A 2.4 x  10 f t . - l b .  moment on t h e  r o t o r  would r e s u l t  from t h i s  

en fo r ced  d  i s p l  acernent . 

Drag L i n k  

The des ign  f o r  t h e  d rag  1  ink  between t h e  brakes and t h e  b o l s t e r  was reviewed, 

s i m p l i f i e d  and found t o  be  s a t i s f a c t o r y .  A doub le  l a p  shear b o l t e d  j o i n t  w i t h  

p r e l o a d  c o u l a  r e p l a c e  t h e  machined c l e v i s  as shown i n  F i g u r e  4-135. Th i s  
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assures c lamping a c t i o n  which should  have a  f r i c t i o n  c a p a c i t y  g r e a t e r  than  t h e  

i maximum brake  load. The b o l t  c o u l d  endure t h e  b rake  load,  even if t h e  p r e l o a d  

i i s  l o s t ,  so t h e  machined c l e v i s  w i t h  min imal  c lea rances  shou ld  a l s o  be i 
j s a t  i s f a c t o r y  . 
I 
I 

I The maintenance f r e e ,  s e l f - a l i g n i n g  b e a r i n g  was chosen because o f  wear 
I cons ide ra t i ons .  I t ' s  maximum c a p a c i t y  i s  1283 k i p  and i t s  dynamic c a p a c i t y  i s  

653 k i p ,  acco rd i ng  t o  t h e  cata logue.  No s t r e s s  a n a l y s i s  was conducted on t h i s  

p a r t .  The b rake  c a l i p e r s ,  t h e i r  hous ing  and i t s  a t tachment  t o  t h e  yoke were 

a l s o  n o t  analyzed. 

The l i n k  a l t e r n a t e l y  exper iences t ens ion  and compression exe r t ed  by  t h e  

c a l  i p e r  brakes. R e l a t i v e  de fo rmat ions  caused by  t h e  f l a p w i s e  and chordwise 
bend ing  o f  t h e  b lades  impose bending s t r esses  i n  two planes. The t e e t e r  

mot ion  a l s o  r e o r i e n t s  t h e  1  i nk  w h i l e  t h e  brakes a re  clamping. T h i s  

r e o r i e n t a t i o n  causes bending i n  t h e  1  ink ,  because t h e  1  ink  mot ion  inc ludes  a  

component t r ansve rse  t o  t h e  s t r o k e  as i t  s l i d e s  th rough  t h e  c a l i p e r s .  

The f a t i g u e  l o a d i n g  f r om f u l l - f o r c e  t e e t e r  b r a k i n g  occurs  l e s s  than  5x106 

t imes  i n  t h e  expected 35,000 s t a r t - s t o p  cyc l es .  The maximum b r a k i n g  f o r c e  

occurs  f o r  a  few c y c l e s  d u r i n g  i n f l o w  c o n d i t i o n s  a t  low r o t o r  speed. I n  a  

t a b u l a r  h i s t og ram i n  t h e  t e e t e r  b e a r i n g  s p e c i f i c a t i o n  (47A380045), t h e  ang le  

t h a t  t r i g g e r s  f u l l - f o r c e  b r a k i n g  i s  l i s t e d  110700 t imes  i n  a spectrum of  

1467300 c y c l e s  o f  t e e t e r  mot ion.  H a l f - f o r c e  b rake  a c t i o n  occurs  i n  1356600 

cyc l es .  No braKe f o r c e  i s  a p p l i e d  d u r i n g  normal o p e r a t i o n  a t  r a t e d  r o t o r  

speeds . 

P i n  - -  The p i n  th rough  t h e  b e a r i n g  can be ho l l ow .  Shear s t r e s s  was t h e  

permanent des ign  f a c t o r .  The p i n  has an o u t e r  d iameter  o f  6.3 i n .  and an 

i n n e r  d iameter  o f  3.5 i n .  The p i n  can be  designed t o  AISC Categor ies  A f o r  

p r i n c i p l e  s t r e s s  and F f o r  shear s t r e s s .  F i g u r e  4-70 shows t h e  l owe r  95% 

con f i dence  bounds f o r  s t r e s s  vs. number o f  c y c l e s  (S-N) d a t a  desc r i bed  i n  

r e fe rences  4-5 and 4-7. The damage c y c l e  r a t i o  summation i s  g i ven  i n  Table  

4-54. 



Table 4-54 Damage Cycle R a t i o  Summation 

APPL IEO STRESS 

BENDING CYCLES 

2 70 14 110700 

13507 1356600 

SHEAR 

11 136 110700 

M I N I M U M  LIFE 

CYCLES RATIO SUMMATION 

1300000 0.085 

1  1000000 0.123 0.208 

The p i n  i s  s a f e  f o r  t h e  p r e a i c t e d  duty .  The l oad  f a c t o r  t h a t  w i l l  r a i s e  t h e  

shear damage r a t i o  t o  1.0 i s  c a l c u l a t e d  u s i n g  t h e  s l ope  of  t h e  S -N  cu rve .  

F.S. = (0.222)-  = 1.366 

The p i n ' s  marg in  o f  s a f e t y  i s  t h e r e f o r e  0.366. 

L i n k  - -  The 1  ink  was analyzed f o r  s t r e s s  and s t a b i l i t y  under s imul taneous 

maximum brake  drag, maximum r e l a t i v e  deformat ions and maximum t r a n s v e r s e  

d rag  f r o m  r e o r i e n t a t i o n .  The maximum combined s t r e s s  i s  11.9 k s i ,  near  t h e  

brakes. A l though column s t a b i l i t y  can b e  es t imated  t o  cor respond t o  a  

c r i t i c a l  s t r e s s  o f  over  16 k s i ,  t h e  A I S C  c r i t e r i a  f o r  m u l t i p l e  l o a d i n g  may 

be more app rop r i a t e .  The marg in  o f  s a f e t y  f o r  t h e  AISC c r i t e r i a  i s  a  

p o s i t i v e  5 W o r  a  2.75 by  8 i n .  sec t i on .  The A I S C  c r i t e r i a  i nc l udes  a  

f a c t o r  o f  s a f e t y  o f  a t  l e a s t  1.5 f o r  t h e  c r i t i c a l  b u c k l i n g  s t r e s s  l e v e l .  

T h e  1  ink s e r v i c e  s p l  i c e  i s  capable  o f  c a r r y i n g  t h e  1  oad b y  f r i c t i o n  a lone  o r  

by b o l t  shear alone. B o l t  shear and l a p  p l a t e  f a t i g u e  were c a l c u l a t e d ,  

assuming t h a t  t h e  b o l t  l o s t  t h e  p re load .  The marg in  o f  s a f e t y  i n  f r i c t i o n  

i s  +2Y%, i n  b o l t  shear i s  +la%, and i n  l a p  p l a t e  n e t  s e c t i o n  f a t i g u e  s t r e s s  

i s  ze ro  f o r  2x1O6 cyc l es .  When t h e  n e t  s e c t i o n  f a t i g u e  was i d e n t i f i e d  as 

t h e  minirnum margin,  a  more accura te  es t ima te  was made. The f a t i g u e  s t r e s s  

marg in  o f  s a f e t y  f o r  t he  expected two- fo rce  spectrurn i s  1.07 c o n s i d e r i n g  

110700 c y c l e s  a t  t h e  16 k s i  s t r e s s  range, 1356600 cyc l es  a t  8 k s i  and 

ca tegory  B aa ta .  



A ca tegory  B weld c o u l d  be used t o  a t t a c h  t h e  1  i nk  t o  t h e  b e a r i n g  hous ing.  

The ~naxirnurn s t r e s s  range a t  t h i s  l o c a t i o n  w i l l  be about 12.0 k s i  f o r  an 8  by  

2.75 i n .  s e c t i o n  a f t e r  bending s t r esses  a re  cons idered.  A " B "  weld  suggests a  

marg in  o f  s a f e t y  o f  1 .ZZ f o r  t h e  two- force spectrum. Th i s  marg in  pe rm i t s  a  

welaed des ign  t o  be c o n s i s t e n t  as an a1 t e r n a t i v e  t o  t h e  p r e l  i m i n a r y  des ign,  

which i s  machined f r o m  one p iece.  

1 Bea r i ng  Housing a t  t h e  L i nk  End - -  The bea r i ng  hous ing  resembles a  p l a t e  
I 

loaaed i n  t e n s i o n  b y  a  p i n  th rough  a  ho le ,  as descr ibed  i n  r e f e r e n c e  4-8. The 

j b e a r i n g ' s  o u t e r  dialneter o f  9.055 i n .  i s  used as t h e  d iameter  o f  t h e  h o l e  i n  

t h e  p l a t e .  A p l a t e  w i d t h  o f  a t  l e a s t  13.175 i n .  i s  recommended. The p l a t e  

t h i c k n e s s  shou ld  be  3.14 i n .  The end d i s t a n c e  should  be a t  l e a s t  6.875 i n .  

I n  t h e  housing, t h e  t e e t e r  d u t y  i s  expected t o  be 110700 c y c l e s  a t  36 k s i  and 

1356600 c y c l e s  a t  18 k s i .  The damage r a t i o  summation f o r  ca tego ry  A i s  0.47. 

A l o a d  f a c t o r  o f  1.25 would cause a  damage r a t i o  o f  1.0. The s t r e s s  marg in  o f  

s a f e t y  i s  U.25.  

ST# E S S  MARG I h S UMIV'IAR Y 

L i n k  S t a b i l i t y  ( E u l e r )  

L i n k  F a t i g u e  a t  B Weld 

L i n k  Spl  i c e  F r i c t i o n  Capac i t y  

L i nk  S p l i c e  B o l t  Capac i t y  

L i n k  S p l i c e  B o l t  F a t i g u e  ( 2  x  l o 6  cyc a t  f u l l  f o r c e )  

L i n k  Spl  i c e  Net Sect i o n  Fa t i gue  

L i n k  End bea r i ng  Housing F a t i g u e  

,dear i n g  P i n  Fa t i gue  



4.5.6 HOTOR HYDRAULIC SUBSYSTEM AND POWER CONNECTIONS 

The r o t o r  h y d r a u l i c  subsystem p rov i des  h y d r a u l i c  power t o  t h e  a i l e r o n  

a c t u a t o r s  and t e e t e r  r e s t r i c t o r  brakes. The subsystem c o n s i s t s  o f  a  

r~lotor-pump se t ,  seve ra l  accurr~u la tors  and assoc ia ted  c o n t r o l  v a l v i n g .  The 

h y d r a u l i c  subsystern i s  mounted on t h e  yoke. S ince t h e  yoke r o t a t e s  d u r i n g  t h e  

o p e r a t i o n  o f  t h e  wind t u r b i n e  generator ,  t h e  h y d r a u l i c  subsystern i s  sub jec ted  

t o  c e n t r i f u g a l  and a l t e r n a t i n g  g r a v i t y  loads.  The des ign  o f  t h e  subsystem 

o r i e n t a t i o n  and c o n f i g u r a t i o n  takes t h i s  l oad ing  i n t o  account.  The suppor t  

s t r u c t u r e  was designed t o  s u r v i v e  t h e  des ign  1 i f e  o f  t h e  wind t u r b i n e  
8 generator ,  which i s  4 x 10 c y c l e s .  

To power t h e  a i l e r o n s ,  t h e  subsystern purnps h y d r a u l i c  f l u i d  f rom t h e  

yoke-mounted r e s e r v o i r  i n t o  an accumulator.  The f l u i d  i s  then  suppl  i e d  

th rough  f l e x i b l e  hose r u n n i n g  f r om t h e  yoke t o  t h e  b lade,  i n t o  t u b i n g  a t t ached  

t o  t h e  ~ l a a e  t r a i l  i ng  edge. The h y d r a u l i c  f l u i d  supp l y  a t  a p ressure  o f  

3000 p s i  f l o w s  th rough  t h e  t u b i n g  t o  t h e  a i l e r o n  accumulators and ac tua to r s ,  

and f i n a l l y  r e t u r n s  t o  t h e  r e s e r v o i r  d u r i n g  a i l e r o n  ~ r l o t i on .  

To opera te  t h e  t e e t e r  r e s t r  i c t o r ,  t h e  hydrau l  i c  subsystem ma in ta i ns  an 

accurnuldtor p ressure ,  which i s  a p p l i e d  t o  t h e  c a l i p e r  brakes b y  s w i t c h  

c o n t r o l  l e d  va l ves  when t h e  t e e t e r  r e s t r  i c t o r  i s  r e q u i r e d .  The schematic 

d e s c r i b i n g  t h e  h y d r a u l i c  subsystem i s  shown i n  F i g u r e  4-140 (47E382440). 

The pump and c o n t r o l  va lves  o f  t h e  r o t o r  h y d r a u l i c  system r u n  on e l e c t r i c a l  

power. Power i s  r o u t e d  f r om t h e  n a c e l l e  th rough  t h e  r o t o r  s l  i p r i n g  t o  w i r e  

c o n d u i t s  t h a t  r u n  th rough  t h e  gearbox. The condu i t s  con t i nue  through t h e  c o r e  

o f  t h e  low speed s h a f t  t o  t h e  t o rque  p l a t e  a t  t h e  f r o n t  o f  t h e  yoke. The 

w i r e s  r u n  th rough  condu i t s  f r om  t h e  t o r q u e  p l a t e  t o  j u n c t i o n  boxes mounted on 

t n e  yoke, o p p o s i t e  t h e  r o t o r  h y d r a u l i c  package. The pump motor r e c e i v e s  power 

f r o m  one box. A lso,  c o n t r o l  power i s  r o u t e d  f rom t h e  c o n t r o l s  e l e c t r o n i c s  

c a b i n e t  i n  t h e  n a c e l l e ,  through t h e  pa th  descr ibed  above, t o  another  yoke 

j u n c t i o n  box. Th is  power operates t h e  c o n t r o l  va lves  and c o n t r o l  f u n c t i o n s  

assoc ia ted  w i t h  t h e  a i l e r o n  subsystem. The schematic d e s c r i b i n g  t h i s  c i r c u i t  

f o r  t h e  a i l e r o n s  i s  i l l u s t r a t e d  i n  F i g u r e  4-141. 
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4.5.7 LOW SPEED BRAKE 

The a i l e r o n  t o r q u e  c o n t r o l  reduces b l ade  speed w h i l e  t h e  a i l e r o n  i s  i n  t h e  

f ea the red  p o s i t i o n ,  b u t  i t  cannot  b r i n g  t h e  r o t o r  t o  a  h a l t .  A low speed 

s h a f t  d i s c  b rake  was i nco rpo ra ted  i n t o  t h e  design, f o r  s t opp ing  t h e  r o t o r .  

Tne brake can s t o p  t h e  r o t o r  a t  speeds o f  10 rpm and below. T h i s  b rake  a l s o  

n o l d s  t h e  r o t o r  s teady d u r i n g  maintenance and s e r v i c e  o f  t h e  r o t o r  and 

a r  i v e t r a  i n .  

The b rake  assembly c o n s i s t s  o f  a  d i s c ,  mounted w i t h  s l o t t e d  r a d i a l  ho l es  on 

t h e  yoke, and a  s e t  o f  e i g h t  Goodyear SLC 19 c a l i p e r s  mounted on t h e  r o t o r  

suppo r t  adapter .  The d i s c  i s  made o f  ASTM A572 grade 50 s t e e l  p l a t e ,  

p r o t e c t e d  a g a i n s t  c o r r o s i o n  on t h e  a c t i v e  su r face  b y  a  plasma sprayed c o a t i n g  

o f  442' s t a i n l e s s  s t e e l .  The r e s t  o f  t h e  su r f ace  i s  p a i n t e d  w i t h  z i n c - r i c h  

p r ime r  and c o r r o s i o n  p r o t e c t i v e  p a i n t .  

When t h e  b rake  i s  engaged i t  conver ts  a  cons ide rab le  amount o f  energy f r om t h e  

r o t a t i n g  system t o  heat .  To p reven t  thermal  expansion, t h e  d i s c  i s  b o l t e d  t o  

t h e  yoke b y  means of  s l o t t e d  b o l t  ho l es  t h a t  p e r m i t  r a d i a l  expansion w i t h o u t  

s t r e s s  on t h e  yoke. The expected temperature r i s e  i s  172°F when t h e  b rake  

absorbs a l l  t h e  k i n e t i c  energy o f  t h e  r o t o r ,  which i s  t u r n i n g  a t  10 rpm. The 

temperature r i s e  i s  c a l c u l a t e d  as f o l l ows :  f o r  a  r o t o r  moment of  i n e r t i a  o f  

50 x  lo6 s l u g - f t 2  and a  speed of  10 rpm, t h e  k i n e t i c  energy o f  t h e  r o t o r ,  

K E Y  t o  be  absorbed by t h e  b rake  i s :  

1  K E  = 7 ( I )  W 2 

Where I = 50 x  l o 6  s l u g - f t 2  

W = 10 RPM x 2n rad / rev  

60 sec - 
min 

6 
W =: x 50 x 10 x (10 x 2n? 

60 
= 27,415,568 f t . - l b .  = 35,238.5 B T U  

F o r  a  d i s c  we igh ing  2046 lbs . ,  t h e  average temperature inc rease  w i l l  be: 



I n  t h e  MOD-5A s e r v i c e ,  t h e  temperature g r a d i e n t  a t  t h e  a c t i v e  su r f ace  w i l l  be 

below t h a t  exper ienced i n  t h e  s i m i l a r  MOD-1 serv ice .  S ince t h e  low-speed 

b rake  on t h e  MOD-1 performed acceptab ly ,  no f u r t h e r  work was done i n  t h i s  area. 

The h o l d i n g  and b r a k i n g  t o rque  o f  t h e  b rake  i s  a  f u n c t i o n  of t h e  area o f  t h e  

b rake  p i s t o n s ,  pe r  c a l i p e r ,  t h e  number o f  c a l i p e r s ,  t h e  a c t i o n  r a d i u s ,  t h e  

a p p l i e d  p ressu re  and t h e  c o e f f i c i e n t  o f  f r i c t i o n .  

For  double  s u r f a c e  d i s c  brakes, t h e  b r a k i n g  to rque ,  T ,  can be expressed as; 

T = 2 p APRN 

where p =  f r i c t i o n  c o e f f i c i e n t ,  s t a t i c  = .4 

dynamic = .3 
A = P i s t o n  a rea /ca l  i p e r ,  32.5 i n .  2 

P = Hydraul  i c  pressure,  p s i  

R = E f f e c t i v e  r a d i u s ,  64 i n .  

N = :Vumber o f  c a l i p e r s ,  8 

A t  an appl  i e d  hyd rau l  i c  p ressure  o f  3,000 p s i ,  t h e  MOD-5A low speed sha f t  

b rake  nas a  h o l d i n g  t o rque  . o f  39.94 x l o 6  i n . - l b .  and a  b r a k i n g  t o rque  o f  
6 29.95 x  10 i n . - l b .  

Tne r e s u l t i n g  d e c e l e r a t i o n  i s  ob ta i ned  f rom t h e  r e l a t i o n s h i p  T = 1'6 

S i m i l a r l y ,  t h e  t i m e  f o r  t h e  r o t o r  t o  come t o  a  complete s t o p  f r om 10 rpm can 
be  ob ta ined  from: 

10 x 2n 
o0 = 10 rpm = rad /sec  

6  0  

Fo r  o = O 

1  0 x 2  
t =  = 20.98 seconds 

60 x  .04992 



A f t e r  t h e  b rake  i s  a p p l i e d  a t  10 rpm, and assuming no a d d i t i o n a l  energy was 

added t o  o r  taken  o u t  o f  t h e  r o t o r  b y  aerodynamic e f f e c t s ,  t h e  r o t o r  w i l l  s t o p  

i n  about 21 seconds a t  a  b r a k i n g  p ressure  o f  3000 p s i .  The i n s t a l l a t i o n  and 

des ign  d e t a i l s  o f  t h e  b rake  a r e  shown i n  F i g u r e  4-142a. 

4.5.7.1 Low Speed Ho ld i ng  Brake S t ress  Ana l ys i s  

Tne l a y o u t  o f  t h e  low speed h o l d i n g  b rake  was analyzed u s i n g  t h e  NASTRAN 

f i n i t e  element method. S t ress  o u t p u t s  were used unchanged o r  were a d j u s t e d  

t o r  no tch  f a c t o r s ,  and compared t o  t h e  a p p l i c a b l e  des ign  c r i t e r i a .  The 

l o a d i n g  requ i r en i r n t  was a  h o l d i n g  c a p a c i t y  o f  63 k i p s  per  b rake  and a s t o p p i n g  

c a p a c i t y  o f  44 k i p s  per  brake.  As 35,000 s t a r t - s t o p  c y c l e s  a re  expected, t h e  

des ign  1 i f e  o f  500,000 c y c l e s  w i l l  i n c l u d e  l oad  c y c l e s  caused b y  t u rbu lence  

when t h e  r o t o r  i s  parked. 
I 

The minirnum marg in  i n  t h e  a n a l y s i s  o f  t h e  NASTRAlJ r e s u l t s  i s  t0.04 i n  f a t i g u e  

of  t h e  b o l t s  f o r  500,000 c y c l e s  o f  l o a d i n g  f r om ze ro  t o  50 K I P  a t  each o f  f o u r  

brakes.  

F i g u r e  4-142b shows t h e  model, and l o a d i n g  o f  t h e  b rake  suppor t .  An 8 WF x  

67 l b . / f t .  r o l l e d  s t e e l  beam was used, w i t h  a  s t r i p  c u t  o u t  o f  t h e  web and 

groove welded back t oge the r ,  t o  reduce t h e  h e i g h t .  The end r i b s  were 0.875 

i n .  and t h e  i n t e r m e d i a t e  r i b s  were 0.5 i n .  A t o r q u e  box was made b y  groove 

we ld i ng  a  0.75 i n .  o u t e r  web t o  t h e  edges o f  t h e  f l a n g e s  and r i b s .  Coping was 

used t o  avo id  i n t e r s e c t i n g  welds. E i g h t  ho les ,  5 i n .  i n  d iamete r ,  a l l o w  

access t o  t h e  r o t o r  f o r  i n spec t i ng ,  c l ean ing ,  p a i n t i n g  and t i g h t e n i n g  nu t s .  

1.25 i n .  b o l t s  were used i n  t h e  co rne rs  and t h e  o t h e r  42 f a s t e n e r s  were 1  .O 

i n .  b o l t s .  A1 1  b o l t s  were SAE grade 5. 

Flanges, webs and r i b s  were represen ted  by t h e  QUAD 4 element w i t h  membrane, 

bending and t r ansve rse  shear p r o p e r t i e s  de f ined .  Beam elements represen ted  

t h e  b o l t s .  The b o l t  ends a t  t h e  b rake  r i n g  bo t tom f l ange  had shear boundary 

c o n d i t i o n s  on l y .  The ends 4  i n .  away, a t  t h e  o p p o s i t e  f a c e  of  t h e  f r o n t  
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b )  MODEL & LOADING 

F i g u r e  4-142 R o t o r  B rake  S u p p o r t  

4-306 



adapte r  p l a t e ,  were c o n s t r a i n e d  i n  a1 1  s i x  d i r e c t i o n s .  Thus, b o l t  s t r e t c h i n g  

and bending were a u t o m a t i c a l l y  c a l c u l a t e d .  Pre load  was n o t  modeled. 

Each b rake  was model led as a  r i g i d  t r a n s f e r  sp i de r .  The mesh p l o t ,  F i g u r e  

4-142b, shows two members f o r  each brake. Members t o  t h e  conipression s i d e  o f  

t h e  c a l i p e r  at tachment,  which d i s t r i b u t e  t h e  l oad  t o  t h e  e i g h t  g r i d  j o i n t s  

ad jacen t  t o  t h e  l e f t  l eg ,  were n o t  p l o t t e d .  

Toeing o f  t h e  r i n g  segment was suppor ted b y  boundary c o n d i t i o n s  a t  t h e  l e f t  

edge and a t  t h e  r i g h t  i n s i d e  corner .  Other f l a n g e  d e f l e c t i o n s  t h a t  c o u l d  bear 

on t n e  adapter  p l a t e  were l e s s  tnan  0.003 in., so t h e y  were n o t  suppor ted.  

Thus, t h e  model i s  founded on t h e  46 b o l t s ,  as gu ided p i e r s ,  and t h e  t o e i n g  

c o n s t r a i n t s .  The model r evea led  an induced bending moment i n  t h e  b o l t s ,  which 

l e d  t o  a t o t a l  s t r e s s  1.5 t imes t h e  s t r e s s  o f  d i r e c t  t e n s i o n  i n  t h e  co rne r  

b o l t s .  Cons ide ra t i on  o f  t h i s  s t r e s s ,  and shear i n  an i n t e r a c t i o n  fo rmu la ,  l e d  

t o  a  f a t i g u e  marg in  o f  s a f e t y  o f  +0.04 f o r  t h e  1.0 i n .  co rne r  b o l t s .  

Consequently, t h e  d iameter  o f  t h e  co rne r  b o l t s  was changed t o  1.25 i n .  t o  

improve t h e  marg i n  o f  s a f e t y ,  

The l o a d  o f  50 k i p s ,  which was 1.15 t imes  t h e  dynamic b rake  f o r ce ,  was chosen 

t o  be  a  l oad  con t ingency  f a c t o r .  

The f o l l o w i n g  a l l owab les  were used. 

STAT1 C TENS ION 

SHEAR 

FATIGUE TENSION 

(5x1U5 ) SHEAR 

BOLT 
SAE- 5 

92YP 120 UTS 

43.7 KSI 

BEAM & PLATE 
A572-G50 

50YP 65 UTS 

30 KSI 

17.4 K S I  

13 K S I  

9 K S I  



Tab le  4-55 Low Speed Brake Marg in  Summary 

FATIGUE STATIC 
I TEN STRESS-PS I M S MS 

1.0 in .  B o l t s  

Top F lange P r i n c i p l e  S t r e s s  

Top F lange Shear 

Bo t tom F lange P r i n c i p l e  S t r e s s  9980 0.3 3.01 

Bottom F lange Shear 2156 3.16 7.04 

Web P r i n c i p l e  S t r e s s  9424 0.38 2.06 

Outer  Web P r i n c i p l e  S t r e s s  1  1894 0.09 1.52 

Outer  Web Shear 

R i b s  P r i n c i p l e  S t r e s s  

X i b s  Shear 

F r i c t i o n  I n t e r f a c e  

U o l  t Shear w i t h  Loss o f  P I  31388 PSI  - 0.71 

MS = ALLOWABLE -1  
PREDICTED 



4.6 ROTOR SUPPORT BEARING SUBSYSTEM 

The base1 i n e  r o t o r  suppor t  system uses a  s t a t i o n a r y  s h a f t ,  c a l l e d  t h e  sp ind le ,  

on which a  p a i r  o f  t ape red  r o l l e r  bear ings  a re  mounted, separa ted  by about 38 

i n .  As shown i n  F i g u r e  4-143, t h e  bear ings  a re  ar ranged t o  r e a c t  t h e  moment 

dnd t h r u s t  l oads  t h a t  a re  generated b y  r o t o r  weight ,  l o c a t i o n  and aerodynamic 

a f f e c t s .  The moment i s  r e s o l v e d  i n t o  r a d i a l  and t h r u s t  loads a t  t h e  forward 

and a f t  bear ings.  The f o rwa rd  b e a r i n g  i s  c l o s e r  t o  t h e  c e n t s  o f  g r a v i t y  and 

exper iences a  downviard r a d i a l  l o a d  o f  about 1  . l x l o h  lbs., w h i l e  t h e  a f t  

b e a r i n g  exper iences an upward l o a d  o f  6 x 1 0 ~  l b s .  and i s  t h e  r e a c t i o n  p o i n t  

f o r  t h e  r a t e d  w ind  t h r u s t  l o a d  o f  about 230,000 7bs. The tapered  r o l l e r  

bear ings  were chosen because t h e y  reduced t h e  number o f  p a r t s  and s i m p l i f i e d  

t h e  i n s t a l l a t i o n .  

The yoke r o t a t e s  on t h e  o u t e r  race,  and t h e  i nne r  r ace  i s  f i x e d  on t h e  

sp ind le .  The i n n e r  r a c e  i s  mounted w i t h  about .007 i n .  d i a m e t r i c  c lea rance  on 

t h e  s p i n d l e  and clamped i n  p lace .  The o u t e r  r a c e  i s  press f it, w i t h  .005 

-.010 i n .  i n t e r f e r e n c e  i n t o  "ce yoke housing. The shoulders  and c lamping 

r i n g s  a r e  designed t o  g i v e  t h e  assembly about  .O20 i n .  a x i a l  c lea rance .  Th i s  

c lea rance  p rov i des  t h e  l onges t  1  i f e  expectancy under t h e  r e q u i r e d  performance 

env i ronment  and a  p o t e n t i a l  temperature d i f f e r e n t i a l  o f  up  t o  40°F between t h e  

yoke and s p i n d l e .  

4.6.1 NON-ROTATING SHAFT 

The o n l y  f u n c t i o n  o f  t h e  n o n - r o t a t i n g  s h a f t ,  c a l l e d  t h e  s p i n d l e ,  i s  t o  suppor t  

t h e  r o t o r .  Ro to r  t o r q u e  i s  t r a n s m i t t e d  th rough  t h e  low speed s h a f t  assembly. 

Consequently, t h e  key r o t o r  suppor t  element i s  n o t  sub jec ted  t o  c y c l i c a l  

s t r e s s  r e v e r s a l s ,  as a  r o t a t i n g  suppor t  s h a f t  would be. The suppo r t  has, 

t h e r e f o r e ,  a  good marg in  o f  s a f e t y  under f a t i g u e  loads,  and a  l a r g e r  marg in  

under 1  i m i t  loads.  The s t r e s s  a n a l y s i s  o f  t h i s  p a r t  i s  d iscussed i n  Sec t i on  

6.1, Volume 111. 

B a s i c a l l y ,  t h e  s p i n d l e  i s  a  t ube  w i t h  a  T- type f l a n g e  b o l t e d  t o  t h e  r o t o r  

suppo r t  adapter .  I t  c o n t a i n s  f l anges  and shoulders  f o r  c lamping and 

s u p p o r t i n g  t h e  bea r i ngs .  Because t h i s  u n i t  i s  so impor tan t ,  i t  w i l l  be made 

from a  one-piece f o r g i n g  o f  ASTM A508 C lass  4B s t e e l .  Wal l  t h i c knesses  

~ ~ i i n i r n i z e  compl iance of  t h e  b e a r i n g  suppor t  t o  ensure l o n g  b e a r i n g  l i f e .  



Corner r e 1  i e f  a t  t h e  shoulder  min imizes any p o t e n t i a l  f o r  f r e t t i n g  c o r r o s i o n  

t o  s t a r t  a t  t h a t  l o c a t i o n .  To f u r t h e r  rninimize t h e  p o t e n t i a l  f o r  f r e t t i n g  

c o r r o s i o n  between t h e  bear ings  and t h e  sp ind le ,  t h e  b e a r i n g  sea t  w i l l  be 

plasma sprayed w i t h  a  coa t  jng o f  copper-n i c k e l -  i nd  sum. Th i s  techn ique was 

developed and used s u c c e s s f u l l y  i n  l a r g e  gas t u r b i n e  bear ings  (Ref 4- 10). The 

n o n - r o t a t i n g  s h a f t  i s  shown i n  F i g u r e  4-144, "Sp ind le  Shaf t ,  Ro to r  Suppor t " .  

4.6.2 BEARINGS AND BEARING MOUNT 

The o b j e c t i v e  o f  t h e  des ign  o f  t h e  r o t o r  b e a r i n g  assembly was t o  develop a  

b e a r i n g  c o n f i g u r a t i o n  t h a t  cou l  d  r e a c t  t h e  r o t o r  loads us i n g  t h e  fewest 

bear ings .  The r o t o r  loads comprise r o t o r  and b l ade  weight,  t h r u s t ,  

ove r t u r r j i ng  nlornent and t h e  dynamic loads  induced b y  wind l o a d  and r o t a t i o n a l  

e f f e c t s .  Severa l  c o n f i g u r a t i o n s  were cons idered:  1 ) a  p a i r  o f  c y l  i n d r  i c a l  

r o l l e r  bear ings ,  separa ted  b y  about 38 in., t h a t  would r e a c t  t h e  we igh t  and 

o v e r t u r n i n g  moment, and a  crossed r o l l e r  bea r i ng  t h a t  would r e a c t  t h r u s t ,  2 )  a  

p a i r  o f  c y l  i n d r  i c a l  r o l  l e v  bear 'ngs and a  conven t iona l  2-row, c y l  i n d r i c a l  

r o l l e r  t h r u s t  bear ing ,  3 )  a  c y l  i n d r i c a l  r o l l e r  b e a r i n g  a t  t h e  forward p o s i t i o n  

t h a t  would r e a c t  one component o f  t h e  moment l o a d  and a  2-row tapered  r o l l e r  

b e a r i n g  t h a t  would r e a c t  t h e  o t h e r  moment l o a d  component and t h r u s t ,  and 4 )  

two c y l  i n d r i c a l  r o l l e r  bea r i ngs  ar ranged so t h a t  t h e y  r e a c t  a1 1  loads. The 

l a t t e r  c o n f i g u r a t i o n  p rcved  t o  be t h e  l e a s t  complex and most economical, so i t  

was chosen f o r  t h i s  appl  i c a t  ion .  

4.6.2.1 Bear ing  Oesjgn 

Exper ience has shown t h a t  bear ings  shou ld  b e  as f a r  a p a r t  as p o s s i b l e  under 

moment l o a d i n g  c o n d i t i o r . ~ .  The spac ing  p laced  t h e  outboard faces o f  t h e  

bea r i ngs  i n  a p o s i t  i o n  s h o w  i n  F i g u r e  4-743. Tapered r o l l e r  bear ings  were 

designed w i t h  a  dynamic c a p a c i t y  so t h a t  t h e  L-10 l i f e *  w i l l  r each  2 2 8 x 1 0 ~  

r e v o l u t i o n s .  Tn is  c a l c u l a t i o n  was an i n t e g r a l  p a r t  o f  t h e  b e a r i n g  1 i f e  

c a l c u l a t i o n s  p rov i ded  b y  Tor r  i ~ g t o n  ' s  GENROL computer program. To r r  i n g t o n  

Model 6 3532A bear ings  were used i n  t h e  f o rwa rd  l o c a t i o n  and G 3531A bear ings  

were used i n  t h e  a f t  l o c a t i o n .  These bear ings ,  F i gu res  4-145A and 146, have a  

dynamic c a p a c i t y  o f  6,013,000 i b s .  and 4,092,000 l bs .  r e s p e c t i v e l y .  

*(The L-10 l i f e  i s  t h e  l e n g t h  o f  t i m e  a f t e r  which 10% o f  t h e  bea r i ngs  w i l l  
have f a i l e d ,  accord ing  t o  t h e  manufac tu re r "  d e f i n i t i o n  o f  f a i l u r e . )  
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Figure 4-144 S p i n d l e  S h a f t  Rotor S u p p o r t  
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k n a l y ~ e ~  conducted on t h e  r e s u l t s  o f  t h e  GENROL program used s p e c i f i e d  loads 

and a  speed o f  15.35 rpm, t h e  average o p e r a t i n g  speed. Note t h a t  t hese  

analyses were made e i t i i e r  w i t h  t h e  loads  p o s i t i o n e d  as s p e c i f i e d  o r  w i t h  t h e  

loaas  s h i f t e d  a l ong  t h e  a x i s  o f  r o t a t i o n  t o  t h e  m i d p o i n t  between t h e  two 

bea r i ngs .  For t h e  s h i f t e d  load,  a  moment l oad  was added about t h e  a x i s ,  

pe rpend i cu l a r  t o  b o t h  t i l e  l o a d i n g  axes. 

The analyses con f i rmed t h a t  t h e  same r e s u l t s  a re  ob ta i ned  w i t h  t h e  s p e c i f i e d  

l o a d  o r  t n e  s h i f t e d  load.  The purpose o f  s h i f t i n g  t h e  loads  i s  t o  p e r m i t  

mechanical  e r r o r s ,  s ~ l c h  as out -o f - roundness and t o r s i o n a l  warp t o  be 

in t roduced  i n t o  t h e  b e d r i n g  mounts. Three degrees o f  freedom were r e q u i r e d  

f o r  bo th  l o a a i n g  c o n d i t i o n s  because o f  t h e  1  i m i t a t i o n s  of t h e  computer 

program. Th i s  p reven ted  analyses o f  t h e  e f f e c t s  o f  m isa l ignment  between t h e  

s h a f t  and hous ing.  However, t h i s  misa l ignment  can be  k e p t  w e l l  under 

.00U1 in. ,  and i s  be1 ieved  t o  be negl  i g i b l e .  

I t  shou ld  be  no ted  t h a t  t h e  L-10 l i v e s  used f r om t h e  GENROL c a l c u l a t i o n s  f o r  

a l l  analyses were those  made u s i n g  an exponent o f  3 i n  t h e  l o a d - l i f e  

r e l a t i o n s h i p .  M h i l e  an exponent o f  4 may be used f o r  a  t r u e  1  i ne  con tac t ,  t h e  

lower  exponent i s  more conserva t i ve .  The r e 1  i a b i l  i t y  c a l c u l a t i o n s  used t h e  

We ibu l l  s l ope  o f  1.5 i n  a l l  races .  

To f u r t h e r  enhance t h e  b e a r i n g  des ign,  advanced techno logy  was i nco rpo ra ted  

i n t o  t h e  des ign  o f  t h e  con tour  o f  t h e  r o l l e r  crown. T o r r i n g t o n  developed t h i s  

techno logy  t o  m in im i ze  t h e  s t r e s s  caused by  c o n t a c t  between t h e  r o l l e r  and t h e  

raceway when t h e  b e a r i n g  i s  m i sa l  igned o r  skewed, and e l  i m i n a t e  s t r e s s  

concen t ra t i ons  caused by  l o a d i n g  r o l l e r s  over  t h e  end o f  t h e  r o l l e r .  Th is  

r o l l e r  p r o f i l e  was developed f o r  b o t h  o f  t h e  proposed bear ings.  Th i s  was 

based on t h e  h e a v i e s t  l o a d  computed b y  GENROL f o r  ze ro  i n t e r n a l  r a d i a l  

c leardnce,  and on a  l o a d  equal  t o  20% o f  t h e  dynamic c a p a c i t y  o f  t h e  bea r i ng .  

T h i s  v a l u e  exceeds t h e  b e a r i n g  loads  under s p e c i f i e d  o p e r a t i n g  c o n d i t i o n s .  

Us ing these  p r o f i l e s ,  t h e  c o n t a c t  s t r e s s e s  were c a l c u l a t e d  and p l o t t e d  f o r  t h e  

most  h e a v i l y  loaded  i n n e r  r a c e  c o n t a c t  f o r  a  l oad  o f  20% o f  t n e  dynamic 

c a p a c i t y  o f  t h e  b e a r i n g  and a  b e a r i n g  s l ope  o f  .OU05. These p l o t s  a re  shown 

i n  F i gu res  4-147 and 4-148. 
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4.6.2.2 F lange Load 

The r o l l e r  c o n t a c t  su r f ace  o f  t h e  i nne r  r a c e  f l a n g e  i s  p a r t  o f  a  t r u e  sphere, 

ground t o  t h e  r a d i u s  c a l c u l a t e d  i n  t h e  des ign  o f  t h e  b e a r i n g  geometry. The 

end o f  t h e  r o l l e r  t h a t  con tac t s  t h e  f l a n g e  i s  a l s o  p a r t  o f  a  t r u e  sphere. The 

r a t i o  o f  t h e  r a d i u s  o f  t h e  r o l l e r  end t o  t h e  f l a n g e  r a d i u s  i s  known as t h e  

conformity. Th i s  r a t i o  must be l e s s  than  1,O f o r  l u b r i c a n t  t o  p r o v i d e  a  

sepa ra t i ng  f i l m .  Con tac t  s t r esses  would be v e r y  h i g h  i f  t h e  c o n f o r m i t y  were 

1.0 o r  g rea te r ,  p a r t i c u l a r l y  i f  mechanical  e r r o r s ,  such as m isa l ignment  and 

skew a f f e c t e d  t h e  bear ings .  A1  1  b e a r i n g  manufacturers  cons ide r  c o n f o r m i t y  d 

p r o p r i e t a r y  va lue.  F u r t h e r  analyses o f  t h e  proposed b e a r i n g  developed t h e  

maxiinu~n r o l l e r  l oad  a g a i n s t  t h e  f l a n g e  and the c o n t a c t  p ressure  o f  t h e  r o l l e r  

l oad ,  f o r  loads o f  20% o f  t h e  b e a r i n g ' s  dynamic c a p a c i t y  and a  s lope  o f  

. 0 5 .  P l o t s  o f  t h e  c o n t a c t  s t r esses  a r e  shown i n  F i gu res  4-149 and 4-150. 

5 i r n i l a r  bear ings  a r e  used s u c c e s s f u l l y  i n  tunne l  b o r i n g  machines, where t h e  

loads a r e  a lmost  comp le te ly  t h r u s t  and moment loads.  Since t h e  va lues  f o r  t h e  

f l a n g e  l o a d  and p ressure  on t h e  proposed bear ings  a re  w i t h i n  t h e  range o f  

va lues f o r  t u n n e l  b o r i n g  u n i t s ,  t h e  per for r i~ance o f  t h e  c o n t a c t s  between t h e  

b e a r i n g  r o l l e r  end and f l a n g e  shou ld  be  s a t i s f a c t o r y .  

4.6.2.3 L a t e r a l  Clearance 

I n  o rde r  t o  determine t h e  l a t e r a l  c lea rance  f o r  t h i s  b e a r i n g  system, t h e  

GENROL program used a  s e r i e s  o f  v a r y i n g  l a t e r a l  c learances,  and ma in ta ined  t h e  

s p e c i f i e d  a x i a l  and r a d i a l  loads on t h e  bear ings  a long  t h e  i n c l  ined axes. The 

spac ing  between t h e  bear ings  conformed t o  t h a t  shown i n  F i g u r e  4-143. The 

L-10 1  i f e  o f  t h e  b e a r i n g  system, computed i n  hours  a t  13.35 rpm, was conver ted  

t o  r e v o l u t i o n s .  The L-10 1  i f e  equaled 228 x l o 6  r e v o l u t i o n s  over  a  range o f  

1  a t e r a l  c learances,  between approximately 0.013 i n .  p r e l o a d  and 0.028 i n .  

endplay. A n i g h e r  p r e l o a d  reduces t n e  1-10 l i f e  r a p i d l y ,  and g r e a t e r  endplay 

reduces t h e  L-10 l i f e  l e s s  r a p i d l y .  
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The temperatures o f  t h e  b e a r i n g  components a f f e c t  t h e  L-10 l i f e  o f  t h e  

bear ing .  A temperature g r a d i e n t  across t h e  b e a r i n g  s e c t i o n  w i l l  cause t h e  

i n n e r  and o u t e r  r aces  t o  expand, b u t  a t  d i f f e r e n t  r a t e s .  I f  t h e  o u t e r  expands 

more than  t h e  i nne r ,  t h e  i n t e r n a l  r a d i a l  c lea rance  increases.  The r a t i o  o f  

l a t e r a l  c l ea rance  t o  r a d i a l  c lea rance  i s  2.5 f o r  t h e  proposed bear ings ,  so 

t h a t  t h e  l a t e r a l  c l ea rance  increases .0025 i n  f o r  each .0010 i n .  i nc rease  i n  

r a d i a l  c lea rance .  The d i f f e r e n t i a l  expans i on  i n  i n t e r n a l  r a d i a l  c l ea rance  may 

be c a l c u l a t e d  as f o l l o w s :  
6  K .C .  = 6.5 x 10 P.D. x  T. K.C. = r a d i a l  c lea rance  

P.U. = p i t c h  d iamete r  = 100.7 

T  = t h e  d i f f e r e n c e  i n . t e rnpe ra tu re  

The l a t e r a l  c l ea rance  r e l a t i o n  reduces t o  L.C. = 1.636 x  T. T h i s  
r e l a t i o n  i s  r i g o r o u s ,  assuming " o n l y  t h a t  t h e  temperature o f  each r o l l e r  i s  

ha l fway  between t h a t  o f  t h e  two races .  

Bear ing  o p e r a t i o n  cacrses t h e  bea r i ng  temperature t o  increase.  The 

temperatures o f  two  races  inc rease  a t  d i f f e r e n t  r a t e s ;  t h e  i nne r  r a c e  hea t s  

f a s t e r .  A t  s t a b i l i z e d  c o n d i t i o n s  t h e  temperature o f  t h e  i nne r  r a c e  w i l l  be no 

more than  10°F above t n a t  o f  t h e  o u t e r  race.  T h i s  g r a d i e n t  w i l l  r e s u l t  i n  a  

rrlaximum r e d u c t i o n  o f  .016 i n .  i n  l a t e r a l  c learance.  Thus, a  1  a t e r a l  c lea rance  

s e t t i n g  o f  0.010 i n .  endplay,  when t h e  races  a re  a t  equal  temperatures would 

r e s u l t  i n  a  l a t e r a l  c lea rance  o f  0.006 i n .  p re l oad  when t h e  i nne r  r a c e  i s  

h o t t e r .  T h i s  c o n d i t i o n  i s  n e a r l y  optimum. 

Mechan i c d l  E r r o r s  

A p r e l  i rn inary a n a l y s i s  was made o f  t h e  e f f e c t  o f  t o r s i o n a l  warp and o u t  o f  

roundness o f  t h e  b e a r i n g  races .  Computer r u n s  cons idered  t o r s i o n a l  warp o f  

+0.0005in . / in .  Th i s  a n a l y s i s  was made over  a  range of  l a t e r a l  c learances,  and 

t h e  r e s u l t s  were compared w i t h  L-10 l i f e  da ta  computed w i t h o u t  t o r s i o n a l  

warp. Th i s  da ta  i s  p l o t t e d  i n  F i g u r e  4-151. It shows v e r y  l i t t l e  r e d u c t i o n  

i n  t h e  L-10  l i f e  a t  any va lue  o f  l a t e r a l  c learance.  To rs i ona l  warp o f  up t o  

.0005 i n . / i n .  can be  cons idered  neg l  i g i b l e .  
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Bear i ng  Noun t 

To assure  a  30-year b e a r i n g  1  i f e ,  under t h e  l o a d  c o n d i t i o n s  c rea ted  b y  t h e  

overhanging r o t o r  mass, t h e  b e a r i n g  hous ing formed b y  t h e  s p i n d l e  and yoke was 

des igned f o r  rnaxirnum s t i f f n e s s .  For example, t h e  t o t a l  d e f l e c t i o n  o f  t h e  

s p i n a l e  a t  t h e  ou tboard  b e a r i n g  r e l a t i v e  t o  t h e  inboard  b e a r i n g  i s  o n l y  

.001ZY i n .  The r e s u l t i n g  average b e a r i n g  s l ope  i s  o n l y  .0000282. Shoulders 

on t h e  s t a t i o n a r y  s p i n d l e  and r o t a t i n g  yoke clamp t h e  b e a r i n g  p a i r  and 

l o c a t i n g  cen te r s .  To i n s t a l l  t h e  yoke and s p i n d l e  assembly, s h r i n k  f i t  t h e  

o u t e r  races  i n t o  t h e  yoke housing; sea t  them p r o p e r l y  a g a i n s t  t h e  shou lders .  

Mount t h e  i nne r  r a c e  and r o l l e r  and cage assembly o f  t h e  inboard  b e a r i n g  on 

t n e  s p i n a l e  w i t h  .005 - .U10 i n .  between t h e  s p i n d l e  and t h e  i nne r  r ace .  W i t h  

t h e  r o t d t i n g  a x i s  v e r t i c a l ,  s l i p  t h e  yoke over  t h e  sp ind le ,  u n t i l  t h e  o u t e r  

r a c e  o f  t h e  a f t  b e a r i n g  c o n t a c t s  t h e  r o l l e r  assembly. b ih i le  Keeping t h e  yoke 

c o n c e n t r i c  w i t h  t h e  s p i n d l e ,  s l i p  t h e  i nne r  r a c e  and r o l l e r  and cage assembly 

o f  t h e  ou tboard  b e a r i n g  on t h e  sp ind le .  Ro ta te  t h e  yoke, which s i t s  on t h e  

s p i n d l e ,  two r e v o l u t i o n s  and t i g h t e n  t h e  p re l oad  snugly .  Wi th  a  j ack ,  p u t  a  

l a t e r a l  l o a d  o f  10,000 l b s .  between t h e  yoke and t h e  s p i n d l e  a t  t h e  ou tboa rd  

end and measure t h e  r a d i a l  gap between t h e  bear ings  over  t h e  c i rcumference.  

Then p u t  an equal  l o a d  a t  t h e  d i a m e t r i c a l l y  opposed l o c a t i o n  and measure t h e  

yap again .  The gap shou ld  va r y  10 - + 2 m i l s .  T igh ten  t h e  c lamping b o l t s  u n t i l  

t n a t  r e a d i n g  i s  ob ta ined .  Measure t h e  gap between t h e  s p i n d l e  f l a n g e  and t h e  

c lamping r i n g .  

G r i n d  t h e  measured amount o f f  t h e  bea r i ng  shoulder  shim r i n g .  R e i n s e r t  and 

t i g h t e n  t h e  b o l t  t o  t h e  v a l u e  i n d i c a t e d  i n  F i g u r e  4-143. 

4.6.3 BEARINGLUBRICATIONSYSTEM 

Tne base1 i ne  b e a r i n g  1  ubr i c a t  i on  system w ill be a  c e n t r a l  i z e d  au tomat i c  grease 

l u b r i c a t i o n  system t h a t  w ill p e r i o d i c a l l y  i n j e c t  grease i n t o  t h e  b e a r i n g  

assembly a t  a  r a t e  t h a t  w i l l  consume about 55  g a l l o n s  i n  one year .  A l though 

t h e  i n j e c t i o n  p ressure  w i l l  be  low, t h e  1  i p  s e a l s  w i l l  p e r m i t  some grease t o  

ex t r ude .  However, most o f  t h e  grease w i l l  r e t u r n  t o  a  c o l l e c t i o n  c o n t a i n e r  i n  

t h e  n a c e l l e  th rough  a  r e t u r n  1  i n e  c o n t a i n i n g  a  check v a l v e  w i t h  a  v e r y  weak 

sp r i ng - l oaded  check va l ve .  The l u b r i c a t i o n  system i s  produced commerc ia l l y  b y  

L i n c o l n  St .  Lou is ,  A l e n ~ i t e  and o t h e r  vendors. The grease w i l l  have t o  meet 

c e r t a i n  o i l  v i s c o s i t y  requi rements .  To meet t h e  1 i f e  requi rement ,  t h e  grease 



t ias t o  c o n t a i n  o i l  w i t h  a  v i s c o s i t y  o f  4600 SUS a t  100°F and 220 SUS a t  

210°F. An example o f  a  good grease i s  Mobi lux  EP111, manufactured by  t h e  

i ' iobi l  O i l  Co. I t con ta i ns  an o i l  s o l u b l e  molybdenum a d d i t i v e  t h a t  w ! ' l l  n o t  

r e a c t  w i t h  wa te r  t o  fo r~n  c o r r o s i v e  compounds. 

O i l  l u b r i c a t i n g  system., were r u l e d  o u t ,  because t h e  s e a l s  do n o t  p r o v i d e  a 

r e1  i a ~ l  e  b a r r i e r .  Oil  % p i 1  1  s  have occu r red  because o f  d e f e c t i v e  sea l s .  
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3.0 DRIVETRAIN 

The power generat ing to rque i s  t ransmi t ted  from t h e  r o t o r  t o  t h e  generator by  

the  a r i v e t r a i n .  The d r i v e t r a i n  cons i s t s  of  a  low speed s h a f t  and gear 

coupl ings,  a  speed-increasing gearbox and a  h igh  speed s h a f t  w i t h  f l e x i b l e  

coupl ings,  as shown i n  F igure  5-1. The i npu t  speed va r ies  between 13 and 1 7  

rprn, w i t h  a  ~naxirnurn o f  22 rprn. The input  torque a t  t he  low speed s h a f t  i s  
6 3.38 x  10 f t . - l b .  The gearbox m u l t i p l i e s  the  speed by 82.14, so t h a t  t he  

i npu t  t o  the  generator v a r i e s  between 1067 and 1396 rpm, w i t h  a  maximum of  

lBOO rpm. 

The r o t o r  weight i s ,  supported by a  separate yoke and sp ind le  so t h a t  t he  

d r i v e t r a i n  elements a re  n o t  requ i red  t o  c a r r y  t h e  r o t o r  weight as a  c a n t i l e v e r  

bending load. Thus, t h e  low speed s h a f t  t r ansmi t s  o n l y  to rque f rom t h e  r o t o r  

t o  t h e  gearDox and s t ress  reve rsa l s  i n  t h e  d r i v e t r a i n  are complete ly  avoided 

dur  ing normal operat  ion. 

5.1 TORQUE PLATE 

The torque p l a t e  connects the  yoke t o  the  low speed sha f t .  The p l a t e  i s  a  

l a r g e  a isc ,  c ~ i t h  a sp l  ined inner  didmeter. The ou te r  diameter o f  t he  d i s c  i s  

b o l t e d  t o  t h e  yoke. Tne f u n c t i o n  o f  the  torque p l a t e  i s  t o  t ransmi t  r o t o r  

torque from t h e  yoke i n t o  t h e  sha f t .  The to rque p l a t e  and b o l t s  were designed 

t o  r e s i s t  t he  s t a t i c  loads exer ted by t f ie  weight o f  t he  low speed shaft  and 

coupl inys,  and t h e  dynarrlic to rque loads exer ted by t h e  r o t o r .  

A s p l i n e  connect ion was se lec ted  t o  connect t he  low speed s h a f t  t o  t h e  torque 

p l a t e  alla t o  t h e  gearbox. The s p l i n e  permi ts  smal l  angular motions o f  t h e  

connect ion w i thou t  caus ing 1  arge bending stresses. A f 1  anged gear coupl ing  

would prov iae  t h e  same re1  i e f ,  b u t  w i t h  a  Inore c o s t l y  l a r g e  f lange.  A so l  i d  

b o l t e d  f 1  ange connect ion would produce unacceptable s t ress  1  eve1 s  because of 

weight and al ignment c y c l i c  var . ia t ions.  

The emphasis o f  t h e  design was on the  sp l i nea  coupl ing.  A gear coupl ing  w i t h  

grease l u o r i c a t  i on  was chosen e a r l y  i n  t he  design e f f o r t .  Commercially 

a v a i l a b l e  coupl ings were invest igated,  b u t  t h e  bes t  cos t  and weight advantages 

were achieved by custom aesigning t h e  sp l i nes  us ing  methods descr ibed i n  "When 

Spl ines Neeo Stress Contro l " ,  by Dar le  W. Dudley (Product Engineering, 23 





Uec., 1957). A l t e r n a t i n g  and s teady s t a t e  s t r esses  were cons idered  i n  

ue te rm in i ng  t h e  s i z e  o f  t h e  s p l i n e .  The e f f e c t i v e  l e n g t h  o f  t h e  s p l i n e  i s  

7 in . ,  a t  a  p i t c h  d iamete r  o f  57 in. .  Tne base m a t e r i a l  i s  a  hardenable  s t e e l  

w i t h  a  rr~inimum c o r e  hardness of  300 BHN, and i s  t r e a t e d  t o  a  minimum sur face  

hardness of  Kc 46. The t o rque  p l a t e  and t h e  mat ing  c o u p l i n g  hub a re  shown 

i n  F i g u r e  5-2.  

5.1.1 SUPPORTING STRESS ANALYSIS AND M A R G I N S  OF SAFETY 

F i r s t  o r d e r  c a l c u l a t i o n s  u s i n g  des ign  loads  f r om a  coupled dynamic a n a l y s i s  o f  

t h e  system p r e a i c t e d  t h e  s t r e s s  i n  t h e  t o r q u e  p l a t e .  The f r i c t i o n  c a p a c i t y  o f  
6  

t h e  j o i n t  was 2.55 t imes  t h e  maxir~ium t o r q u e  (5.1 X 10 f t . - l b . ) ,  u s i n g  a  

s t a t i c  c o e f f i c i e n t  of f r i c t i o n  o f  0.2. C lose t o l e r a n c e  b o l t i n g  c o n t r o l l e d  

b o l t  bending if f r i c t i o r  c a p a c i t y  i s  l o s t  o r  overcome. 123 b o l t s ,  w i t h  a  

d iameter  o f  1.25 i n .  were i n s t a l l e d  i n  ho les  0.03 i n .  l a r g e r  than  t h e  

f a s t e n e r ' s  d iameter .  The b o l t s  a r e  140 k s i  UTS s t e e l .  The c a p a c i t y  o f  one 

t h i r a  o f  t h e  b o l t s  under shear loads i s  1.5 t imes  t h e  n~aximum to rque .  

Tne f a t i g u e  s t r e s s  range a t  t h e  f i l l e t  a t  t h e  70- in .  d iameter  was 5075 p s i .  

The f i l l e t s  a r e  s i zea  f o r  a  s t a t i c  s t r e s s  c o n c e n t r a t i o n  o f  2.2. The f a t i g u e  
6  l o a d  range used was 4.36 X 10 f t . - l b .  These were t h e  l a r g e s t  shear f a t i g u e  

s t r esses  i n  t h e  p l a t e ,  which shou ld  e a s i l y  t o l e r a t e  a  shear s t r e s s  range o f  

19,000 p s i .  Therefore,  t h e  shear s t r e s s  mary in  o f  s a f e t y  was c a l c u l a t e d  t o  be 

1.27. C a l c u l a t i o n s  o f  t h e  s p l i n e  t o o t h  bending s t r e s s  range l e d  t o  15296 p s i ,  

which has a  0.6 marg in  o f  s a f e t y .  The s p l i n e  t o o t h  shear s t r e s s  range o f  7291 

ys i has a  0.646 marg in  o f  sa fe t y .  

5.2 LOW SPEED SHAFT AhD COUPLINGS 

The s i z e  o f  t h e  low speed sha f t  was c a l c u l a t e d  f o r  t h e  t r ansm iss i on  o f  
6  3.38 x 10 f t - l b s ,  w i t h  a  +20% a l t e r n a t i n g  component a t  2  per  r e v o l u t i o n  

f o r  1.74 x  l o 8  r e v o l u t i o n s .  The s h a f t  i s  ho l low,  w i t h  a  10- in .  i n n e r  

d iameter ,  t o  p e r m i t  e l e c t r i c a l  c o n d u i t s  t o  pass f r o m  t h e  s l i p r i n g  on t h e  

genera to r  end o f  t h e  gearbox t o  t h e  r o t o r  mounted h y d r a u l i c  power- supply,  

c o n t r o l  and i ns t r umen ta t i on .  

The s h a f t  i s  a  180 i n .  l ong  c y l i n d r i c a l  f o r g i n g ,  w i t h  a  32 i n .  o u t e r  

d iameter .  I t  i s  made of  f o r g i n g  grade m a t e r i a l ,  ASTM A508 C lass  4B. T h i s  
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s t e e l  was t h e  b e s t  comb ina t ion  o f  c o s t  and s t r e n g t h  f o r  t h i s  appl  i c a t i o n .  A 

c o u p l i n g  hub i s  shrunk o n t o  each end o f  t h e  s h a f t .  The s h r i n k  f i t ,  w i t h  

U.07 i n .  r a d i a l  i n t e r f e r e n c e ,  i s  designed t o  t r a n s m i t  t w i c e  t h e  r a t e d  t o rque  

w i t h  a  c o e f f i c i e n t  o f  f r i c t i o n  o f  0.15. To reduce s t r e s s  r a i s e r s  a t  t h e  p o i n t  

where t h e  hub t e rm ina tes  on t h e  s h a f t  body, t h e  s h a f t  and hub i n t e r f a c e  

d iameter  was increases t o  33.5 i n .  and a  generous 0.75 i n .  r a d i u s  was 

p rov ided .  The hub sea t  i s  tapered  and t h e  hubs a re  equippea w i t h  a  h y d r a u l i c  

l a b y r i n t h  t o  a s s i s t  i n  disassembly.  P ressure  connec t ions  a re  p rov i ded  on t h e  

o u t s i d e  o f  t h e  hubs t o  p r e s s u r i z e  t h e  tapered  annu la r  r e g i o n  o f  t h e  l a b y r i n t h  

shown i n  F i g u r e  5-3.  The p ressure  r e l eases  t h e  s h r i n k  f i t  s t r a i n ,  lowers t h e  

f r i c t i o n  c o e f f i c i e n t ,  and produces an a x i a l  f o r c e  caused by t h e  t a p e r .  

H y a r a u l i c  p ressure  above 13,000 p s i  a p p l i e d  t o  t h e  hub w i l l  unseat  t h e  hub 

f rom t h e  s h a f t .  

F i g u r e  5 -3  shows t h e  component and assernbly des ign  d e t a i l s .  The hubs c o n t a i n  

e x t e r n a l  s p l i n e s  des igned t o  meet t h e  requ i rements  d iscussed i n  s e c t i o n  5.1. 

5.2.1 HUB S H R I h K  F IT  U E S I G N  

A nub t h a t  i s  shrunk on to  a  sha f t  w i l l  t rans rn i t  t o r q u e  across t h e  i n t e r f a c e  

th rough  t h e  l d r g e  normal f o r c e  produced a t  t h e  i n t e r f a c e ,  and t h e  f r i c t i o n  

between t h e  mat ing  su r faces .  The c a l c u l a t i o n  o f  t h e  t o r q u e  beg ins  w i t h  t h e  

c l a s s i c a l  equat ions:  

F = f h  and T = FR 115-11 

where F i s  t h e  f r i c t i o n  f o r c e ,  f i s  t h e  c o e f f i c i e n t  o f  f r i c t i o n ,  N i s  t h e  

normal fo rce ,  T i s  t h e  t o rque  and K i s  t h e  a c t i o n  r a d i u s .  The c o e f f i c i e n t  o f  

f r i c t i o n  equa ls  0.15 f o r  t h e  i n t e r f a c e  of s t e e l  ana s t e e l .  

I n  r e fe rence  t o  F i g u r e  5-4,  

R 1  = i nne r  r a d i u s  o f  t h e  s h a f t ,  5.0 i n  

K2 = o u t e r  r a d i u s  o f  t h e  s h a f t ,  a l s o  t h e  i nne r  r a d i u s  o f  t h e  hub, 

16-75 i n .  

R3 = o u t e r  r a d i u s  o f  t h e  hub, 23.5 i n .  

Tne normal f o r c e  i s  t h e  p ressure  a t  t h e  i n t e r f a c e  r a d i u s ,  Re, m u l t i p l i e d  by  

t h e  i n t e r f a c e  area, 2nK2 x hub l e n g t h  ( L d  30 i n . ) .  
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The r a t e d  t o r q u e  i s  g i ven  as 3.38 x  10" f t . - l b . ,  w i t h  a  l i r n i t  10% above 

t h a t .  The S t r u c t u r a l  Design C r i t e r i a  r e q u i r e d  t h e  des ign  o f  t h e  f r i c t i o n  f i t  

t o  t r a n s ~ r ~ i t  a  to rque  o f  2.25 t imes  t h e  maximum, o r  8.4 x  l o b  f t . - l b .  

S o l v i n g  f o r  P y i e l d s  

P = 12,710 p s i  

See ly  and Smith, on p.  34 o f  t h e  2nd e d i t i o n  o f  t h e  "Advanced Mechanics o f  

I v la te r ia l s "  g i v e  an express ion  f o r  t h e  degree o f  i n t e r f e r e n c e  necessary t o  

produce t h i s  i n t e r f a c e  pressure.  

r a d i u s  o f  t h e  hub t o  produce P 
E = Young's Modulus, which equa ls  30 x  106 f o r  s t e e l  
p = Po i sson ' s  R a t i o  f o r  s t e e l ,  which equals  0.25 

S1 = 0.023 i n .  

PR;: 
S i m i l a r l y  S2 = - 

E 

wnere Sp i s  t h e  decrease o f  t h e  o u t s i d e  r a d i u s  o f  t h e  s h a f t  under an 
e x t e r n a l  p ressure  P. 

S o l v i n g  equa t i on  [5 -5 )  y i e l d s  a  Sp o f  U.013 i n .  

The i n t e r n a l  hub d iameter  o f  33.430 i n .  and e x t e r n a l  s h a f t  d iameter  o f  33.500 

in .  r e f l e c t  t h i s  c o n d i t i o n  w i t h  i n  machin ing to le rances .  The r e s u l t a n t  

t a n g e n t i a l  t e n s i l e  s t r e s s  i n  t h e  hub i s  38,900 p s i ,  which compares f a v o r a b l y  

w i t h  t h e  a l l o w a b l e  of 45,000 p s i  f o r  a  s t e e l  w i t h  a  c o r e  hardness o f  320 BHN. 



The assembly w i l l  be done a t  a  hub temperature o f  450°F above t h e  tempera tu re  

o f  t h e  low speed s h a f t  and s e t t i n g  t h e  a x i a l  p o s i t i o n s  of t h e  tapered  f i t  

based on p r e c i s e  measurements t o  o b t a i n  t h e  d e s i r e d  i n t e r f e rence .  

5 . .  SPLINE ANALYSIS 

Tne des ign  of t h e  s p l i n e s ,  which form t h e  f l e x i b l e  p a r t  o f  t h e  low speed s h a f t  

coup1 ing ,  f o l l o w s  a  metnod o u t l i n e d  i n  an a r t i c l e  by D a r l e  W. Dudley e n t i t l e d  

'"hen Sp l i nes  Need S t ress  Con t ro l " ,  r e f e renced  i n  Sec t i on  5.1. The p r i n c i p a l  

s t r esses  d r e  shear s t r esses  i n  s p l i n e  t e e t h ,  compressive s t r esses  i n  s p l i n e  

t ee tn ,  and b u r s t i n g  s t r esses  i n  t h e  e x t e r n a l  s p l i n e  hub. The a r t i c l e  a l s o  

u iscusses  shear s t r esses  i n  s p l i n e  s h a f t s .  However, i n  t h i s  des ign  t h e  s p l i n e  

i s  c u t  i n t o  a  hub t h a t  i s  shrunk onto a  s h a f t ,  so t h e  s h a f t  s t r esses  a re  

d  iscussea i n  sec t  i o n  5.2.1. 

i l ud ley  d e f i n e d  t h e  a l l o w a b l e  s t resses ,  based on s e r v i c e  cond i t i ons ,  sur face 

f i n i s h  and l i f e  expectancy. A s p l i n e  des ign  f o r  which t h e  c a l c u l a t e d  s t r e s s e s  

d o  n o t  exceed t h e  a l l owab les  p rov ides  s a t i s f a c t o r y  se r v i ce ,  i f  t h e  s p l i n e s  

r e c e i v e  p roper  l u b r i c a t i o n  and maintenance. 

Tne f o l l o w i n g  a n a l y s i s  i s  f o r  t h e  a f t  s p l i n e ,  a t  t h e  i n t e r f a c e  o f  t h e  s h a f t  

and gearbox. The d f t  s p l i n e  c o n t a i n s  138 t e e t h  on a  55.2- in .  p i t c h  d iameter ,  

and has a  7 - i n .  f a c e  w id th .  The forward s p l i n e ,  between t h e  low speed s h a f t  

ana t o rque  p l a t e ,  i s  s l i g h t l y  l a r g e r  and has l a r g e r  des ign  margins.  The 

e x t e r n a l  s p l  ines have a  miliirnum crowning r a d i u s  o f  875 i n .  

S D ~  i n e  Teeth - shear 

4T  km 
shear  s t r ess ,  SS = U h  Fe tc 

T = e q u i v a l e n t  to rque ,  i n . - l b = m a x i m u m t o r q u e x , /  Cn 
= 39.95 x I O V i n . - I b .  

m = l o a d  d i s t r i b u t i o n  f a c t o r ,  (max. l oaa ) / ( ave rage  l o a d )  = 1.5 

0 = p i t c h  d iameter ,  55.2 i n .  

n  = number o f  c y c l e s  o f  a l o a d  l e v e l  i n  t h e  h i s t og ram 

N = number o f  t e e t h  



Load = t o r q u e  i n  h i s t og ram normal i zed  t o  maximum to rque  

e  = e f f e c t i v e  facewid th ,  6.65 i n .  (95% o f  a c t u a l )  

t~ = chord  t h i c kness ,  .62 i n .  

The a l l o w a ~ l e  snear s t r e s s ,  Ssa, i s  d e f i n e d  by  Dudley as, 

L f 
Ss a  = Ss Ka [5-77 

Where S, = rnaxirnum a l l owab le  shear s t r e s s  f o r  n i t r i d e d  sp l i nes ,  40,000 p s i  

L f = l i f e  f a c t o r ,  .3 f o r  u n i d i r e c t i o n a l  to rque  

Ka = a p p l i c a t i o n  f a c t o r ,  1.5 ( i n t e r m i t t e n t  shock) 

. 3  - 
Ss a  = 40,000 x 1.5 = 8000 p s i  

Tne c a l c u l a t e d  shear s t r e s s  o f  7632 p s i  compares f a v o r a b l y  w i t h  the  a l l owab le  
o f  8UuO p s i .  

Tne s p l i n e  compression s t r e s s  f o r  crowned s p l i n e s  i s  g i ven  as, 

where h  = t o o t h  he igh t ,  0.4 i n .  
r = crowning r a d i u s  

The o t h e r  v a r i a b l e s ,  d ,  N ,  and T a r e  t h e  same as shown i n  equa t i on  [5-61. 

The crowning rad ius ,  rZ, i s  c a l c u l a t e d  based on t h e  angu la r  m i s a l  ignment and 
f a c e  w id th .  

F 2  r2 = - , and 
8 A 

where 8 = .002 i n . / i n .  maximum misa l ignment  
F = 7 i n .  ( a c t u a l  f a c e  w i d t h )  



S u b s t i t u t i n g  B F / 2  f o r  A i n  equa t i on  [5-91 y i e l d s  t h e  crowning r a d i u s ,  

2F - r 2  = - -  
7  

8 B 4  x .002 
= 875 i n .  

c  = 12,536 p s i  

The a l l o w a b l e  s p l i n e  compressive s t r e s s  i s  d e f i n e d  as 

where L,, t h e  l i f e  f a c t o r  f o r  wear i s  ob ta ined  f r om t h e  equa t i on  
Loglo (L,) = - . I507 loglO (number o f  r e v o l u t i o n s )  + 1  .ZOO7 [5-12 1 

f o r  174 x l o b  r e v o l u t i o n s ,  L, = 1.298 
5, = ~naxirnum compressive s t r e s s  f o r  n i t r i d e d  s p l  ines,  16,000 p s i  
k ,  = s p l  i n e  appl  i c a t  i on  f a c t o r ,  1.5 

I 1.298 - 
Tne a l l o w a b l e  s p l  i n e  compressive s t r e s s  S c a  = 16,000 x  - - 13,845 p s i  1.5 

The c a l c u l a t e d  compressive s t r e s s  i s  below t h e  a l l o w a b l e  s t r e s s  f o r  t h e  
s e r v i c e  and 1  i f e  requ i rement .  

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

St = ka km (S1 + S3) + S2 

T t a n  $ 
R a d i a l  f o r c e  s t r ess ,  S l  = 

r r D  tw F 

where Q = p ressure  angle,  20" 
- w a l l  t h i c kness ,  7 i n .  t, - 

- 3Y,950,000 x .363Y7 
'1 , x 55.2 x / x 7 = 1711 

C e n t r i f u g a l  f o r c e  s t r e s s ,  S2 = .a28 x l o m 6  (n ' )  (2Dei2 + .424Die)' [5 -  151 

Since t h e  r o t a t i o n a l  speed i n  t h i s  a p p l i c a t i o n  i s  ve r y  low, t h e  c e n t r i f u g a l  
f o r c e  s t r e s s ,  S2 i s  v i r t u a l l y  ze ro  and can be ignored. 

Beam s t r e s s ,  S3 = 
4T 

U' F Y 

wnere Y = f o r m  f a c t o r ,  1.8 f o r  i n t e r n a l  t e e t h  

S3 = 
4 x  39, 950,000 

(55.2)' x /.O x 1.8 = 4162 p s i  



Tne a1 lowable t e n s i l e  s t r e s s  i s  g i ven  by 

wnere ST = maximum a l l owab le  t e n s i l e  s t r e s s  f o r  su r f ace  hardened 
( n  itr ided)  s t e e l ,  45,000 p s i  

- l i f e  f a c t o r ,  . 3  Lf - 

Sta = 45,000 x .3 = 13,500 p s i  

The c a l c u l a t e d  bending and t e n s i l e  s t resses  do n o t  exceed t h e  a l l owab les .  

5 . 2 . 3  STKESS MARGINS OF SAFETY 

The r e s u l t s  o f  t h e  s t r e s s  a n a l y s i s  and rnargins o f  s a f e t y  a r e  shown i n  

Table  5 -1 .  

Tab le  5-1 Low Speed Sha f t  S t ress  Sumrnary 

ITEM - 

ROOT MEAN CUBED SHAFT FATIGUE 
PRIhCIPLE STKESS I N  FILLET 

CRACK GROWTH THRESHOLD STKESS 
KANtiE I N  SHAFT FILLET 

COUPLING FRICTION CAPACITY 
VERSUS TORUUE LIMIT WITH H 
COEFFICIENT OF FRICTION 
OF 0.2 

dUB TANGENTIAL STKESS AT 
REMOVAL LABYRINTH VERSUS 
Y I E L D  POINT 

SPLINE SHEAR 
COMPKESSION 
TENSION 

STKESS M A R G I N  OF SAFETY 

5649 - + 777 p s i  0.94 

14,405 p s i  0.67 

11.2 x  106 f t - l b  1.20 

116,700 p s i  0.16 

7,632 p s i  
12,536 p s i  
13,215 p s i  

The gearbox shown i n  F i g u r e  5-5  and c o n s i s t s  o f  t h r e e  stages of speed 

inc reasers ,  w i t n  a  speed inc rease  r a t i o  o f  82.14. The f i r s t  two s tages a r e  

e p i c y c l i c ,  and t h e  t h i r d  s tage i s  p a r a l l e l  s h a f t .  Th i s  c o n f i g u r a t i o n  was 





chosen t o  p r o v i d e  t h e  lowes t  gea r i ng  c o s t  as descr ibed  i n  Volume 11, 

s e c t i o n  4. E p i c y c l i c  gears p r o v i d e  t h e  l owes t  we igh t  and c o s t  pe r  f t . - l b .  o f  

t o r q u e  f o r  t h e  f i r s t  and second s tages.  P a r a l l e l  sha f t  gears p r o v i d e  t h e  

lowest  c o s t  f o r  t h e  t h i r d  s tage.  The high-speed s tage  i s  a  conven t i ona l  

p a r a l l e l  sha f t  design, c o n s i s t i n g  o f  a b u l l  gear and p i n i o c .  The e p i c y c l i c  

s tages evo lved  f r om t h e  S toech i ch t  design, w i t h  an improved annulus r i n g  

suppor t .  I n  t h i s  design, t h e  annulus r i n g s  a r e  s t a t i o n a r y ,  and a r e  connected 

t o  t h e  gearbox hous ing.  

The i n p u t  t o rque  i s  a p p l i e d  t o  t h e  p l a n e t  c a r r i e r  and t h e  o u t p u t  i s  p rov i ded  

b y  t h e  sun wneel. The low speed s h a f t ,  which p rov i des  t h e  t o r q u e  i npu t ,  i s  

connected t o  t h e  p l a n e t  c a r r i e r  b y  a  s p i  ined i n t e r f a c e .  The s p l  ined hub o f  

t n e  low speed s h a f t  mates w i t h  an i n t e r n a l  s p l  i ne  on t h e  p l a n e t  c a r r i e r .  

Between t h e  f i r s t  and second stages, t h e  o u t p u t  s h a f t  o f  t h e  f i r s t  s tage  sun 

gear d r i v e s  t h e  p l a n e t  c a r r i e r  o f  t h e  second stage. The second s tage  sun 

d r i v e s  t h e  b u l l  gear o f  t h e  t h i r d  stage. A condu i t ,  which i s  c o n c e n t r i c  and 

r o t a t e s  w i t h  t h e  i n p u t  s h a f t ,  passes th rough  t h e  e n t i r e  gearbox and t h e  b u l l  

gear  sha f t .  A1 1  power, c o n t r o l  and i ns t r umen ta t i on  w i r i n g  i s  r o u t e d  f r om t h e  

n a c e l l e  t o  t h e  r o t o r  th rough  t n i s  c o n d u i t  and a s l  i p r i n g  assembly mounted on 

t h e  a f t  w a l l  o f  t h e  gearbox housing. 

The gearbox hous ing  i s  o f  welded s t e e l  p l a t e  w i t h  an i n t e g r a l  o i l  r e s e r v o i r  

below t h e  t h i r d  stage. The gearbox i s  foot-mounted on a  pedes ta l  t h a t  t i l t s  

t h e  cen te r1  i ne  o f  t h e  u n i t  7 O  t o  t h e  h o r i z o n t a l .  Journa l  bear ings  a re  used 

wherever poss ib l e .  R o l l i n g  element bear ings  a r e  used o n l y  t o  r e a c t  t h r u s t .  

5.3.1 PERFORMANCE KEQUIREMENT 

The gearbox was designed f o r  s t r e n g t h  and d u r a b i l  i t y  i n  accordance w i t h  AGFlA 

Standard 41 1 .UZ, "Design Procedure f o r  A ' r c r a f t  Engine and Power Take-off 

He1 i c a l  Gears" and AGMA I n fo rma t i on  Sheet 217.01, "Gear Sco r i ng  Design Guide 

f o r  Aerospace Spur and He1 i c a l  Gear Pa r t s " .  The 1  i f e  and d u t y  c y c l e  

requi rements  def inea i n  Tables 5-2 and 5-3 and F i g u r e  5-6 were severe enough 

t o  war ran t  t h e  requi ren ients  in t h e  HGMA documents. 



Table 5-2 Performance Requirements 

I n p u t  Speed - Rated 

I n p u t  Speed Range 

bpeed Increaser  R a t i o  

Kated I n p u t  Torque 

Serv ice Fac tor  

Max i r~~um Kunn i ng  Losses 

P~aximun~ break-Away Torque 

Duty Cycle 

Max inlum No-Load Losses 

D i r e c t i o n  o f  Ro ta t i on  

16.8 rpm 

13.70 rprn t o  16.8 rpm 

3.38 x 10-t-lb (10812 hp 
a t  16.8 rpm) 
1.49 x 1 0 V t - l b  a t  13.70 rpm 

Consis tent  w i t h  30-year 1 i f e  and 
au ty  c y c l e  o f  F igu re  5-6 and 
Table 5 -3  

3% a t  r a t e d  power ( 3 2 4  hp a t  
16.8 rpm) 

15,000 f t - l b  ( a t  low speed s h a f t )  

See Table 5-3  

1.5% o f  r a t i n g  a t  r a t e d  i n p u t  
speed (162 hp a t  16.8 rpm) 

Clockwise, l o o k i n g  a t  t h e  low 
speed shaf t  



T a b l e  5 - 3  G e a r b o x  T o r q u e  Uuty  Cyc le  

CUMULATIVE P R O B A B ' I L I T Y  

TOHIJUE/RHTED TORQUE 
GEARS W I T H  GEARS W I TH 

KANUOM P H A S I N G  F I X E D  P H A S I N G  

ROOT NEAN .92 1 .985 
FOUHTH LOAD (WITH 3 0 %  MAX OVERLOAD) ( W I T H  3 0 %  MAX OVERLOAD) 

RATED TORQUE = 3.38 x 1u6 
TOTAL ROTOR CYCLES = 1 . 7 8  x lo8 
LOADS C O N T A I N  1 .15 CONTINGENCY FACTOR 

5-16  





5.3.2 INTERFACES 

5.3.2.1 I n p u t  

Torque i s  i n p u t  t o  t h e  f i r s t  s tage th rough  a  s p l i n e d  connect ion.  The low 

speed s h a f t  c o n t a i n s  a  s p l  ined hub t h a t  f i t s  i n t o  a  r i n g ,  w i t h  an i n t e r n a l  

s p l i n e ,  which i s  b o l t e d  t o  t h e  f i r s t  s tage  p l a n e t  c a r r i e r .  The r o t a t i o n  o f  

t h e  low speea s h a f t  and p l a n e t  c a r r i e r  r o t a t e s  t h e  p l a n e t a r y  gear. - The 

s p l i n e s  a r e  l u b r i c a t e d  b y  t h e  system t h a t  l u b r i c a t e s  t h e  gears and bear ings  i n  

t h e  gearbox w i t n  o  i 1. 

3 . 3 . 2 . 2  Output  

The o u t p u t  s h a f t  i s  i n t e g r a l  w i t h  t h e  t h i r d  s tage  p i n i o n .  The t h i r d  s tage  i s  

a  p a r a l l e l  s h a f t  aesign, so t h a t  an e l e c t r i c a l  condu i t  can pass between t h e  

a f t  and f o rwa rd  ends o f  t h e  gearbox. The s h a f t  i s  suppor ted b y  a  p a i r  of 

j o u r n a l  bear ings  s t r a d d l i n g  t h e  p i n i o n .  A spur  gear, 30 i n .  i n  d iameter ,  i s  

mounted on t h e  sha f t ,  outboard o f  t h e  gearbox and i n t e r f a c e s  w i t h  t h e  r o t o r  

t u r n i n g  d r i v e  t o  p o s i t i o n  t h e  r o t o r  f o r  maintenance. The o u t p u t  s h a f t  

i n t e r f a c e s  w i t h  t h e  h  igh  speed s h a f t  and coup1 i n g  assembly. 

5.3.2.3 Mount ing 

The gearbox i s  mounted t o  t he  bedp la te  by  a  f l anged  connect ion.  Reac t ion  

t o rque  i s  t r a n s f e r r e d  i n t o  bedp la te  th rough  t h e  f l anged  connec t ion  and t h e  

gearbox pedes ta l .  The f l a n g e  on t h e  bedp la te  i s  inc luded  i n  t h e  t o rque  pa th  

f r om  t n e  annulus r i n g s  o f  t h e  f i r s t  and second stages. 

5.3.2.4 E l e c t r i c a l  S l i p r i n g  Mount 

A s l  i p r  i ng  t r a n s m i t s  power, c o n t r o l .  and d i a g n o s t i c  i ns t r umen ta t  i on  s i g n a l s  

between t h e  r o t a t i n g  , hub-mounted equ ip~r lent  and t h e  s t a t i o n a r y  c o n t r o l  boxes 

i n  t h e  n a c e l l e .  The s l i p r i n g  i s  mounted on t h e  a f t  end o f  t h e  gearbox on a  

c e n t e r l i n e  c o n c e n t r i c  w i t h  t h e  low speed s h a f t .  The w i res  between t h e  

s l  i p r i n g  and t h e  low speed s h a f t  a r e  encased i n  a  meta l  tube  t h a t  r o t a t e s  w i t h  

t h e  low speed s h a f t .  To accornlnodate d i f f e r e n t  r o t a t i o n a l  speeds o f  t h e  t ube  

and t h e  second s tage  th rough  which i t passes, t h e  tube i s  mounted on a  bear ing .  



5 . 3 . 3  GEAR TOOTH STKESS AND LIFE ANALYSIS 

The gears a re  r a t e d  per  AGMA 420.04, P r a c t i c e  f o r  Enclosed Speed Reducers o r  

Inc reasers ,  a t  t h e  r a t e d  i n p u t  t o rque  and speed. S ince AGMA has e s t a b l i s h e d  

no procedures f o r  c a l c u l a t i n g  t h e  J f a c t o r  f o r  i n t e r n a l  gears,  t h e  J f a c t o r  

used f o r  i n t e r n a l  gear s t r e r i y t h  i s  t h a t  o f  a  s i m i l a r  rack .  T h i s  requ i rement  

i s  b e l i e v e d  t o  be  conse rva t i ve .  

The expected l i f e  o f  t h e  gears was checked u s i n g  t h e  du t y  c y c l e  shown i n  

s e c t i o n  5.3.2, and t h e  assumption t h a t  a l l  l oads  i n  t h e  d u t y  c y c l e  above 130% 

o f  normal shou ld  be a p p l i e d  a t  130% because t h e r e  i s  a  t o rque  l i m i t i n g  c o n t r o l  

i n  t h e  system. A cumu la t i ve  damage approach was used, u s i n g  l i f e  f a c t o r  

cu rves  c a l c u l a t e d  f r om AGMA 411.02 and ex tend ing  these  curves a t  t h e  same 

s l o p e  beyond 10'' c y c l e s .  

P h i l a d e l p h i a  Gear Company (PGC) r o u t i n e l y  uses a  program f o r  s t u d y i n g  t h e  

subsur face s t r e s s  c o n d i t i o n s  o f  case-hardened gear t ee th .  A s a f e t y  f a c t o r  i s  

c d l c u l a t e d  f o r  t h e  wo rs t  s t r e s s  c o n d i t i o n ,  conipared t o  t h e  des ign 1  i rn i t s  f o r  a  

s p e c i f i e d  case depth,  case hardness, and c o r e  hardness. To f i n d  t h e  wors t  

s t r e s s  c o n d i t i o n ,  t h e  s t r e s s  i s  c a l c u l a t e d  a t  incrementa l  l e v e l s  below t h e  

t o o t h  su r f ace  and compared t o  m a t e r i a l  a1 lowables.  A t .  v a r y i n g  l e v e l s  below 

t h e  surface, t h e  m a t e r i a l  hardness va r i es ,  so c a l c u l a t e d  s t r esses  and 

a l l owab les  a l s o  vary .  T h i s  f a c t  i s  taken  i n t o  c o n s i d e r a t i o n  i n  t h e  program. 

The m a t e r i a l  a l l owab les  a re  d e r i v e d  f rom t e s t  coupons sub jec ted  t o  t e n s i l e  

s t r e s s ,  and conver ted  t o  a  u n i d i r e c t i o n a l  endurance 1  i m i t  and combined w i t h  a  

r e 1  i a b i l  i t y  f a c t o r  and r e s i d u a l  s t r e s s  f a c t o r .  

Tables 5 -4  th rough  5-8 d e f i n e  a l l  t h e  p e r t i n e n t  gear parameters. These 

analyses were performed b y  GE and PGC, and c o n f i r n ~ e d  by  separate  s t u d i e s  

performed by  M r .  Robert  E r r i c h e l l o  o f  Geartech, Inc. ,  a  c o n s u l t i n g  f i r m  i n  

Albany, C a l i f o r n i a .  Note t h a t  t h e  gear ing  was eva lua ted  f o r  d u r a b i l i t y  as 

w e l l  as s t r eng th .  The l a r g e  number o f  c y c l e s  d u r i n g  t h e  des ign  l i f e  r e q u i r e d  

t h i s  wear-out e v a l u a t i o n .  



Table  5-4 Gear ing  S p e c i f i c a t i o n s  

Interrned i a t e  
I tern Low Speed Stage Stage High Speed Stage 

UP IJ 

Face ( i n . )  

P r e s s u r e  Hny le  (ueg. ) 

Cen te r  D i s t a n c e  ( i n . )  

R a t i o  

tqurnber o f  P l a n e t s  

He1 i x  Ang le  (deg.)  

Over 1 ap / l ie l  i x  

PLV ( f t . / m i n . )  

ITEM 

T a b l e  5-5 Low Speea Stage 

Sun P 1 anet  Annulus 

Teeth  

P i t c h  Oiameter (Ref )  ( i n . )  

Overs i z e  ( i n .  ) 

H a t e r  i a l  

Hedt Treatrnen t 

Hardness 

Compressive S t r e s s  ( A c t u a l )  ( p s i )  

A l l o w a b l e  Compressive ( p s i j  

Bena i n g  S t r e s s  ( A c t u a l  ) ( p s i  ) 

A1 lowab le  Bending ( p s i )  

S a f e t y  F a c t o r  - D u r a b i l i t y  

S t r e n g t h  

.40 1 

4320 EFVD 

C a r b u r i z e d  

58 Kc Case 

114,555 

200, ouo 
20,131 

-40 1 

4320 EFVD 

Carbur i z e d  

58 Rc Case 

114,555 

200,UOO 

20,166 

119 

78.52 

-. 130 

4340 EFVD 

N i t r i d e d *  

49 Rc Case* 

72,100 

165,000 

14,030 

45,100 

5.237 

3.214 

" N i t r i d i n g  o f  annu lus  gears  t o  rninirr l ize p o t e n t i a l  f o r  p i t t i n g  f r o m  m a r g i n a l  
l u b r i c a t i o n .  Gear r a t i n g  based on thru-hardened 280 BHN min.  co re .  



Tab le  5-6 I n t e r m e d i a t e  S tage  

I t e m  Sun P 1 ane t  Annul us 

Tee th  2 9 4 2 115 

P i t c h  i l i amete r  ( K e f )  ( ill. ) 16.743 24.249 66.394 

O v e r s i z e  ( i n .  ) .347 .347 - . I14  

M a t e r i a l  4320 EFVD 4320 EFVD 4340 E F V D  

Heat  Treatment  

Hardness 

Compressive S t r e s s  ( A c t u a l )  ( p s i )  

A! l owab le  Co~npress ive  ( p s i )  

Bending S t r e s s  ( A c t u a l  ) ( p s i  ) 

A1 lowab le  Bending ( p s i )  

S a f e t y  F a c t o r  - D u r a b i l i t y  

S t r e n g t h  

Carbur i z e d  

58 R c  Case 

129,277 

Carbur  i z e d  

58 R c  Case 

129,277 

N i t r  i ded*  

49 R c  Case* 

68,144 

165,000 

14,236 

T a b l e  5-7 High Speed Stage 

i t e m  P i n  i o n  Gear 

Tee th  

P i t c h  Diameter  (Ref .  ) ( i n .  ) 

O v e r s i z e  ( i n .  ) 

Plater i d 1  

Heat  Treatment  

Hardness 

Compressive S t r e s s  ( A c t u a l  ) ( p s i  ) 

A l l o w a b l e  Compressive ( p s i )  

Bending S t r e s s  ( A c t u a l  ) ( p s i )  

A l  l o w a b l e  Bending i p s  i )  

S a f e t y  F a c t o r  - D u r a b i l i t y  

S t r e n g t h  

2 8 

13.166 

. I 8 5  

4320 EFVD 

Car bu r  i z e d  

58 R c  Case 

133,742 

200,000 

26,535 

65,000 

2.236 

2.450 

- . I 8 5  

4320 EFVD 

Carbur  i z e d  

58 Kc Case 

133,742 



Table  5-8 L i f e  Study 

SUMMARY FOR GEARING 

Gear l i f e  checked by c u m u l a t i v e  damage approach, u s i n g  an ex tended l i f e  f a c t o r  c u r v e  from AGMA 411.02 

Goal :  176587. h r .  (1.78 x 10' r o t o r  c y c l e s / 3 0  y e a r s ) .  

MEMBER 
SAFETY FACTOR NEEDED 

TO REACH GOAL ACTUAL SAFETY FACTOR ACTUAL L I F E  

D u r a b i l  i t y  S t r e n g t h  D u r a b i l  i t y  S t r e n g t h  Hours Years 

Low Speed Sun P i n  i o n  1.839 1.408 3.048 3.229 5,656,140 960.9 

Low Speed P 1 a n e t  1.525 1.329 3.048 2.256 ( I )  a, 

Low Speed Annulus 1.718 1.391 5.237 3.214 a, 03 

I n t e r m e d i a t e  Sun P i n i o n  2.146 1.485 2.393 3.103 459,638 78.1 

I n t e r m e d i a t e  P l a n e t  1.757 1.397 2.393 2.184 2,662,730 452.4 

I n t e r m e d i a t e  Annulus 1.834 1.416 5.868 3.168 a, a, 

H i g h  Speed Gear 

H igh  Speed P i n i o n  



5.3.4 SUBSURFACE STRESS ANALYSIS 

Subsurface s t r e s s  was analyzed t o  eva lua te  t h e  s t r esses  a t  va r i ous  depths frorn 

t n e  su r f ace  o f  t h e  f l a n k  o f  t h e  t o o t h ,  t o  t h e  c e n t e r  o f  t h e  t o o t h  a t  t h e  p i t c h  

1  ine.  

Us i n g  PGC's "SSCON" Program, t h e  c o n t a c t  s t r ess ,  shear s t r ess ,  p r i n c i p l e  

s t r e s s ,  and t h e  s a f e t y  f a c t o r  were c a l c u l a t e d  a t  v a r i o u s  depths. The f a c t o r  

o f  s a f e t y  a t  any p o i n t  i s  equal  t o  t h e  a l l o w a b l e  t e n s i l e  s t r ess ,  which was 

es t ima ted  b y  PGC, and d i v i d e d  by t h e  p r i n c i p a l  t e n s i l e  s t r e s s  a t  t h a t  p o i n t .  

The a l l owab le  t e n s i l e  s t r e s s  a t  any g i ven  depth i s  a f u n c t i o n  o f  t h e  hardness 

and r e s i d u a l  s t r e s s ,  w i t h  a  r e l i a b i l i t y  f a c t o r  o f  1.78. The hardness and 

r e s i d u a l  s t r e s s  cu rves  were e s t a b l i s h e d  through t y p i c a l  m a t e r i a l  t e s t  da ta .  

PGC's exper ience  i n a i c a t e d  t h a t  a  minimum f a c t o r  o f  s a f e t y  shou ld  be 1.3 f o r  

con t inuous  t r a n s m i t t e d  l o a d  c o n d i t i o n s  f o r  good des ign.  For  i n t e r m i t t e n t  peak 

l o a d  c o n d i t i o n s ,  a  min irnurn f a c t o r  o f  s a f e t y  o f  1  .O may be s a t i s f a c t o r y .  

The gea r i ng  des ign  i s  adequate, accord ing  t o  t h e  subsur face s t r e s s  c r i t e r i a .  

The rnaxin~um s t r e s s e s  and t h e  minimum s a f e t y  f a c t o r  a r e  show11 i n  Table 5-9. 
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5.3.5 G E A R M E S H E H D F I L M T H I C K N E S S A N A L Y S I S  

The elastohydrodynamic (EHD)  f i l m  t h i c kness  o f  each gear mesh i n  t h e  gearbox 

was analyzed. Based on t h e  t o o t h  geo~i ietry,  t o o t h  load ing ,  and l u b r i c a n t  

p r o p e r t i e s ,  t h i s  ana lys  i s  determined t h e  min ilnum o i  1 f i l m  t h i c kness  between 

c o n t a c t i n g  gear t e e t h .  Because 1 ubr i c a n t  p r o p e r t i e s  change w i t h  temperature,  

t h e  minimum f i l m  t h i c k n e s s  was c a l c u l a t e d  w i t h i n  a  range o f  +15" around t h e  - 
des ign  temperature.  

Tne film th i ckness  i s  a e f i n e d  b y  t h e  f o l l o w i n g  equa t ion :  

Where, 

x  = f i l m  t h i c kness  

h = minimum EHD o i l  f i11n 

u = composi te sur face roughness 

Values o f  r e q u i r e d  x  a r e  p l o t t e d  versus p i t c h  l i n e  v e l o c i t y  i n  F i g u r e  5 - 7 .  

The ~n in i n~um a c c e p t a ~ l e  f i l m  i s  based on composi te t o o t h  su r f ace  roughness 

mod i f i ed  w i t h  r espec t  t o  p i t c h  1 i ne  v e l o c i t y .  As shown i n  Table  5-10, a l l  

meshes have an adequate o i l  f i l m ,  even a t  temperatures above t h e  des ign  

temperature.  

References: 

Ak in ,  L.S. "EHD L u b r i c a n t  F i l m  Thickness For~nu las  f o r  Power Transmiss ion 
Gears". ASME Paper No. 73-LUB-2 1 Dawson and Higg inson , 
Elastohydrodynamic L u b r i c a t i o n  

Mob i l  O i l  Corpora t ion ,  Mob i l  EHL Guide Book, T h i r d  E d i t i o n  - 
1979 -1981. 
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Tab le  5-10 EHD O i l  F i l m  A n a l y s i s  

EHD F i l m  Requ i red  F i l m  S a f e t y  
i n .  i n .  F a c t o r  

H i g h  Speed Mesh 15.25 x 4.3 3.55 

I n t e r m e d i a t e  Speed 
Sun-Planet Mesh 

I n t e r m e d i a t e  Speed 
P lane t -Annu lus  Mesh 9.36 X l o m 5  3.4 1 0 ' ~  2.75 

Low Speed Sun-Planet Mesh 2.55 x 1.27 x l o m 5  2 .O 

LOW Speed P lane t -Annu lus  Mesh 3.94 x 
I 

1.7 x 2.32 
I 



5.3.6 F L U I D  FILM BEARING ANALYSIS 

Two complementary programs were used t o  determine t h e  adequacy o f  t h e  b e a r i n g  

and o i l  f i l m .  The f i r s t  program, c a l l e d  INCOMP,  was acqu i red  f rom The 

F r a n k l  i n  I n s t i t u t e ,  P h i l a d e l p h i a ,  Pa. INCUMP p rov i des  a  non-d imens i o n a l  

a n a l y s i s  t h a t  so l ves  t h e  Reynolds equa t i on  b y  a  f i n i t e  d i f f e r e n c e  f o r ~ n u l a t i o n  

ove r  a  g r i d  network t h a t  r ep resen t s  t h e  bea r i ng  area. For  a  g iven  b e a r i n g  

geometry and f i l m  t h i ckness  d i s t r i b u t i o n ,  s e t s  o f  non-dimensional  d a t a  a r e  

generated f o r  va r i ous  e c c e n t r i c  i t ies  and appl  i e d  1  oad angles.  The 

non-dimens i o n a l  da ta  con ta i ns  i n f o rma t  i o n  on l oad  capac i t y ,  power l o s s ,  s i d e  

leakage, pad i n l e t  f l o w ,  a t t i t u d e  ang le  and s p r i n g  and damping c o e f f i c i e n t s .  

The second program was developed by PGC, w i t h  guidance f r om The F rank l  i n  

I n s t i t u t e .  Th i s  program i n t e r p o l a t e s  t h e  raw, d imension less da ta  and per forms 

a  a e t a i l e d  h e a t  ba lance  ana l ys i s .  The i t e r a t i v e  process i d e n t i f i e d  a l l  f i n a l  

o p e r a t i n g  parameters o f  t h e  ac tua l  bear ing.  

The o p e r a t i n g  parameters o f  a11 t h e  f l u i d  f i l m  bear ings  f a l l  w i t h i n  g e n e r a l l y  

accepted g u i a e l  ines.  See F i g u r e  5-8 and Tables 5 - 1  1  and -12 f o r  a  summary o f  

t h e  r e s u l t s .  





Table 5-1 1 Sleeve Bear ing  Performarice 

S UMFlAR Y 
( 100% LOAD) 

Temp 
Rear ing S i z e  D ian~e te r  C lea r  Lenyth Jou rna l  U n i t  F i l rn  O i  1 O i l  

I d e n t .  I j ea r iny  U i a n i e t e r X I . e r ~ q t h  C lea r  Diameter Diameter Speed V e l o c i t y  Load Load Thickness Out ILoss Required T 
L e t t e r  L o c a t i o n  ( i n . )  ( i n . )  ( i n . )  ( i n n )  ( i n i n . )  (rpnl) ( f t . /m in . )  ( l b s . )  ( p s i )  ( i n . )  ( F O )  (11~)  (gpnl) ( O F )  

A High Speed 11. x 10.5 -02% .00Z .95 1381. 3977. 42750 3/11 -0037 152.7 2/.3 10.4 37.7 
I) in i o n  

- - - - - - - - - - - - 

tl High  Speed Gedr 24. x 6 .  .02O .OOOO .44 3 14 1973 48400 336 .001H 145.8 14.n 11.3 30.9 

L 1n t3 rmed ia te  24 .  x 6 .  -020 .0000 .25 h 4 40:' 15000 104 .001Y 124.4 1 .O 6.7 !I .9 
C a r r i e r  

0 I n t e r m e d i a t e  32. x 6.5 .018 .0006 . ? 1  6 4 536 15000 72 .On24 179.h 7.0 5.6 14.6 
C a r r i e r  

E l n t e r m e d i a t e  
Speed Sha f t  15.5 x 15 .012 .0008 .97 173 70 1 177352 548 .0015 152.3 3.7 1.3 37.0 
SIJ i n d  1 e 

F Low Speed Shaf t  17.35 x 12.25 .010 .0006 .71 54 244 .0010 138.3 1.0 - 7  73.3 124626 590 
Sp ind le  

O I i  PHOPERTIES -- 
1165 SSU a t  100°i ,  I n l e t  reniperaturc l l h O r  Supply Groove Prcssu rc  = 2 5  p s i  



Table 5-12 Sleeve Bear ing Performance 

SIJMMAR Y 
( 130%LLO/\D ) 

1 enlp 
Bearing Size 1)iameter C lear  ILength ,lournal I l n i t  F i l rn  O i  1 O i  1 

I d e n t  . bedr ing  Diameter X Le r~g th  Clear Diameter Diameter Specd V e l o c i t y  Load Load Thickness Out Loss Required T 
L e t t e r  Locat ion  ( in.  ) ( i n . )  ( i n . )  ( i n n .  i n i n .  (rpm) ( f t . /m in . )  l h  ( p s i )  ( i n . )  (OF) (hp)  (qpn~) (OF) 

A High Speed 11. x 10.5 .022 .002 .95 1381. 3977. 55575 1181 .0030 153.9 29.2 10.8 38.9 
I' i n  i o n  

B l l i g l ~  Speed tiear 24. x 6. 

C I n t e r a c d i a t e  24.  x 6 .  .070 .0008 -25 6 4 402 15000 104 .OO 1 9 174.4 1.0 6.7 9.9 
C a r r i e r  

0 In ter lnediate 32. x 6.5 .018 .0006 .2 1 6 4 536 15000 7% .0024 129.6 2.0 5.6 14.6 
C a r r i e r  

E [.ow Speed 
Speed Shaf t  15.5 x 15 .012 .0008 .9 1 173 702 165560 712 .0014 150.3 4.1 1.6 35.3 
Spindle 

r Low Spee~l S h a f t  1/.25 x 12.25 .010 .0006 - 7  1 54 244 l(52000 767 .0008 1?10.0 1 .O .7 75.0 
S l ~ i n d l e  

O I L  PROPERTIES 
1165 SSIJ a t  100°F, I n l e t  Temperature 115"F 
131 SSU a t  %loor 

Supply Groove Pressure = 25 p s i  



b.3.7 SPLINESTKESSHFiALYSIS 

A 1  1  seven s p l  ines i n  t h e  wind t u r b i n e  gearbox -- t h e  f i v e  case-hardened 

work ing  s p l i n e s  and two through-hardened f i x e d  s p l i n e s  - -  were analyzed by t h e  

method p resen ted  b y  D a r l e  Dudley i n  h i s  paper, "When Sp l i nes  Need S t ress  

Cont ro  1 " , pub1 isned b y  Prouuct  Engineer ing , December 23, 1957. The f i x e d  

s p l  ines o f  t h e  annul  i coup1 i n g  r i n g s  a r e  designed i n  accord w i t h  A1 l e n  Gear 

des ign  s tandards.  

Eacn s p l i n e  was analyzed f o r  s h a f t  shear s t r ess ,  shear and compressive 

s t r esses  i n  t h e  s p l i n e  t oo th ,  and b u r s t i n g  s t r e s s  o f  t h e  i n t e r n a l  s p l i n e d  hub. 

The s p l i n e  geornetry and r e s u l t s  o f  t h e  s t r e s s  c a l c u l a t i o n s  a re  shown i n  

Tables 5-13, -14  and -15. Ke fe r  t o  F i g u r e  5-9 f o r  s p l i n e  l o c a t i o n s .  S t resses  

were c a l c u l a t e d  b o t h  a t  r a t e d  loads and a t  30% over load .  The s p l i n e  da ta  was 

c a l c u l a t e d  u s i n g  t h e  metnods u iscussed i n  sec t  i o n  5.2. 
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5.3.8 SHAFT STRESS ANALYSIS 

Sha f t  shear s t r esses  were c a l c u l a t e d  f o r  t h e  r a t e d  l o a d  and f o r  30% over load .  

A summary o f  t h e  r e s u l t s  i s  g i v e n  i n  Table  5-16,. Re fe r  t o  F i g u r e  5-10 f o r  t h e  

r e fe renced  s h a f t  l o c a t i o n s .  







5.4 G E H A ~ O X  LUBRICATION SUBSYSTEM 

The gearbox 1  u b r i c a t  i on  subsystem, d e f i n e d  schemat i c a l  l y  i n  F  i g u r e  5-1 1, 

suppl  i e s  f i l t e r e d  o i l  t o  t h e  gearbox and a f t  low speed s h a f t  s p l  i n e  a t  

temperatures between 60°F and 115°F. Th is  temperature range f a c i l  i t a t e s  

pumpirly t h e  o i l  a t  t h e  low temperature and ma in ta i ns  a  minimum v i s c o s i t y ,  

cons i s t e n t  w i t h  requ  i re l r~en ts  f o r  j o u r n a l  bea r i ng  f i l m  t h i c kness  a t  t h e  h  igh  

temperature.  

Two purnps a r e  usea. The e l e c t r i c  mo to r -d r i ven  pump i s  used d u r i n g  s t a r t - u p ,  

u n t i l  t r le  wind t u r b i n e  corries up t o  speed. Then t h e  s h a f t - d r i v e n  pump takes  

over .  A p ressu re  s w i t c h  i n  t h e  d ischarge  l i n e  o f  t h e  second pump determines 

when t h e  f i r s t  pump can be shu t  o f f .  The mo to r -d r i ven  pump i s  a l s o  programmed 

t o  c u t  i n  i f  t h e  s h a f t - d r i v e n  pump f a i l s .  Loss o f  p ressure  i n  t h e  d ischarge  

1  ine  o f  t h e  s n a f t - d r i v e n  pump determines i t s  f a i l u r e .  Both pumps a r e  De lava l  

11~10 Type A3DH350. They can d e l i v e r  182 gpm aga ins t  a  75 p s i  d i scharge  

p ressure  a t  a  v  iscos i t y  o f  ZOO0 ssu. Both pumps d e l  i v e r  t h e  o i l  i n t o  a  common 

1  i n e  t h a t  c o n t a i n s  a  40 mic ron  Parker  Rosean F3-400DC duplex f i l t e r ,  which i s  

edsy t o  rmaintain and se rv i ce .  The o i l  passes through a  s e t  o f  t h r e e  Young 

i cad ia to r  Co. OCS-21100D-ZP o i l  coo le r s ,  i f  t h e  o i l  temperature exceeds 110°F. 

kc temperatures below 11U0F, t h e  o i l  bypasses t h e  c o o l e r s  v i a  t h e  AMOT, 

t i ~ e r ~ n o s t a t i c a l  l y  c o n t r o l  led,  bypass va lve .  The o i l  f l o w s  i n t o  t h e  m a n i f o l d  

i n s i d e  t h e  gearbox, wnere i t  i s  d i s t r i b u t e d  b y  a  number o f  me te r i ng  o r i f  i c e s  

i r l t o  t n e  oea r i ny  ano gear ~neshes, and t he  s p l  ined s h a f t  i n t e r f a c e .  The o i l  

r e t u r n s  i n t o  t h e  r e s e r v o i r ,  which i s  mounted a t  t h e  bo t tom o f  t h e  gearbox. 

About 2 rninutes o f  s e t t l i n g  t ime  i s  a l lowed f o r  a i r  bubbles t o  r i s e  t o  t h e  

su r face ,  b e f o r e  t h e  o i l  resumes i t s  t r a v e l  th rough  t h e  subsystem. 

5.4.1 I NSTHLLATIOij 

The l u b r i c a t i o n  subsystem c o n s i s t s  o f  t h e  supp ly  and c o n d i t i o n i n g  module, 

rr~ounted on a  p l a t f o r m  suspended be low t h e  bedpla te ,  t h e  d i s t r i b u t i o n  module 

i r l s i de  t h e  gearoox, t h e  r e s e r v o i r ,  which i s  i n t e g r a l  w i t h  t h e  gearbox, and t h e  

s h a f t - d r i v e n  pump mounted on t h e  gearbox. 

Tne o i l  sump ho lds  360 ga l .  o f  o i l .  The sump i s  f i t t e d  w i t h  p r o v i s i o n s  f o r  

t r - ~ r e e  sump hea te r s  and assoc ia ted  thermos ta t  p o r t s ,  a  s u c t i o n  s t r a i n e r ,  l ow 

l e v e l  s w i t c h  and p o r t s  f o r  two temperature t ransducers .  
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O i l  i s  d i s t r i b u t e d  t o  t h e  gears, s p l  ines and bear ings  i n  t he  gearbox b y  a  

header 4 i n .  i n  diameter,  r unn ing  through t he  h i gh  speed s e c t i o n  o f  t h e  

gearbox. The recomrnenaed l u b r i c a n t s  are:  

Mob i l  SHC 630 

11  65 SSU a t  100°F 

131 SSU a t  210°F 

A l l  equipment on t h e  l ube  p l a t f o r m  i s  access ib le  by ladder  f rom t h e  n a c e l l e  

f o r  i n spec t i on  and maintenance. 



5.5 HIGH SPEED SHAFT AND COUPLING 

The model 204 v e r s i o n  o f  t h e  h i g h  speed s h a f t  des ign  used s p l  ined gear 

coupl  i ngs  and a  s l  i p  c l u t c h  t o  p r o t e c t  t h e  d r i v e t r a i n  f r om  to rque  over loads  

induced by  w ind  gus ts  o r  a  m a l f u n c t i o n i n g  synchronous genera to r .  When t h e  

genera to r  was changed t o  a  v a r i a b l e  speed, wound r o t o r ,  i nduc t  i on  genera to r ,  

t h e  need f o r  a  s l i p  c l u t c h  was e l im ina ted ,  because t h e  genera to r  became a  

t o r q u e  l i m i t e d  component. Furthermore, exper ience  i n d i c a t e d  t h a t  i n  h i g h  

speed appl  i c a t  ions,  t h e  gear- type coupl  i ngs  were prone t o  maintenance-re1 a ted  

f a i l u r e s .  Tnere fo re ,  on t h e  adv i ce  o f  c o n s u l t a n t s  f r om  t h e  GE Medium Gas 

Tu rb i ne  Department, t h e  h i g h  speed s h a f t  was redes igned  w i t h  f l e x i b l e  d i s c  

coup l i ngs  which a re  expected t o  be maintenance f r e e  and h i g h l y  r e l i a b l e .  

The f l e x i b l e  d i s c  coup l ings ,  u n l i k e  gear- type f l e x i b l e  j o i n t s ,  do n o t  r e q u i r e  

l u b r i c a t i o n  o r  maintenance. The coupl  i n g  s e l e c t e d  f o r  model 304.2 i s  produced 

b y  Zurn, Inc . ,  Rexnord, and Dana Corp., and o f f e r s  - t .5 "  angular  freedom and 

+3/8 i n .  a x i a l  p l ay .  T h i s  t o l e r a n c e  i s  v e r y  impor tan t ,  s i n c e  t h e  des ign  needs - 
t o  min im ize  t h r u s t  l o a d i n g  on t h e  bear ings  o f  d r i v i n g  o r  d r i v e n  members. The 

s h a f t  i s  a  h o l l o w  spool  p iece ,  which conserves weight .  I t  i s  b o l t e d  t o  t h e  

coup l i ngs  on e i t h e r  end b y  a  f l a n g e d  connect ion,  so t h a t  removal i s  easy. 

Torque t ransmiss  i o n  between t h e  d r i v i n g  and d r i v e n  members and t h e  r e s p e c t i v e  

c o u p l i n g s  i s  b y  means o f  a  square key. The coupl  ings a re  i n s t a l l e d  w i t h  a  

s l  i gn  t i n t e r f e r e n c e  f i t .  

The t o rque  t r a n s m i t t e d  b y  t h e  h i g h  speed sha f t  i s  about 39,750 f t - l b  a t  

1,380 rpm. d h i l e  t h e  t o rque  i s  l i m i t e d  b y  t h e  v a r i a b l e  speed genera to r  t o  10% 

aDove 39,750 f t - l o ,  t h e  speea can go as h i g h  as 1,800 rpm d u r i n g  an overspeed 

c o n d i t i o n  w i t h  t h e  genera to r  unloaaed. The f l e x i b l e  d i s c  elements o f  t h e  

c o u p l i n g  were a p p l i e d  a t  a  low than r a t e d  t o r q u e  t o  assure a  30-year l i f e  (14 
Y 

X 10 r e v o l u t i o n s )  i n  t h e  expected d u t y  c y c l e .  

There was no a e t a i l e d  s t r e s s  a n a l y s i s  suppor t  f o r  t h e  h i g h  speed sha f t  des ign  

because t h e  l o a d i n g  was 1  i g h t  i n  comparison w i t h  t h e  ca ta logue  r a t i n g s  f o r  t h e  

s tandara  equipment se lec ted .  The equipment has a  s t a t i c  t o r q u e  c a p a c i t y  t h a t  

i s  4.5 t imes  g r e a t e r  than  t h e  r a t e d  40,000 f t - l b s .  The expected r o o t  mean 

square a l t e r n a t i n g  t o r q u e  i s  o n l y  - + 3,400 f t - l b .  



5.6 KUTOK SLIPKING ASSEMBLY 

The r o t o r  s l i p r i n g  assembly i s  r e q u i r e d  t o  t r a n s m i t  e l e c t r i c a l  power and 

c o n t r o l  s i g n a l  between t h e  f i x e d  n a c e l l e  and t h e  r o t a t i n g  blades. E l e c t r i c a l  

power i s  r e q u i r e d  on t h e  b lades t o  d r i v e  t h e  hydrau l  i c  pump t h a t  su-ppl i es  

hyarau l  i c  power t o  t h e  a i l e r o n  ac tua to r s .  The c o n t r o l  s i g n a l s  a re  s i r n s l a r l y  

r e q u i r e d  t o  read  and c o n t r o l  a i l e r o n  p o s i t i o n  and thereby  c o n t r o l  r o t o r  speed. 

Tne r o t o r  s l  i p r i n g  u n i t  has q u a n t i t i e s  o f  r i n g s  as shown i n  Table 5-17. 

Table  5-17 Roto r  S l i p r i n g  Assembly 

Types of Number o f  
H ings Ra t i ng  Rings 

Power Rings 

L o n t r o l  K ings  

S igna l  Rings 

To ta l  t i ings 

Dimensions: 16 i n .  h igh ,  5 4  i n .  long, 11 i n .  deep 

T o t a l  Weight: 250 l b .  

The s l i p r i n g  i s  b racke t  mounted on t h e  back w a l l  o f  t h e  second s tage  o f  t h e  

gearbox. I t  i s  d r i v e n  b y  a  c o n c e n t r i c  c o n d u i t  t h a t  pene t ra tes  t h e  e n t i r e  

d r i v e t r a i n ,  f r om  t h e  s l i p r i n g  t o  t h e  r o t o r .  A F l exon i cs  be l l ows  c o u p l i n g  

connects t h e  s l i p r i n g  r o t o r  t o  t h e  condu i t .  A d d i t i o n a l  d e f i n i t i o n  o f  t h e  

r o t o r  s l i p r i n g  assembly i s  i n  s e c t i o n  8.5. 



5.7 RUTUK TURNING SUBSYSTEM 

The gear i nc rease r  d r i v e  i nc l udes  an e x t e r n a l l y  mounted r e d u c t i o n  gear f o r  

r o t a t i n y  t h e  r o t o r  a t  1 rpm t o  a s s i s t  maintenance and i nspec t i on .  The 

" t u r n i n g "  r e d u c t i o n  gear i s  a  s i n g l e  he1 i c a l  worm year d r i v e  enc losed i n  a  

welded s t e e l  housing. A sma l l  e l e c t r i c  motor i s  i n t e g r a l l y  connected t o  t h e  

t u r n i n g  gear. It can r o t a t e  t h e  e n t i r e  g e a r t r a i n  and r o t o r  i n  e i t h e r  

a  i r e c t  i on .  

The connec t ion  between t h e  t u r n i n g  gear and main i nc rease r  i s  a  spur  gear 

wneel rnounted on t n e  h i g h  speed s h a f t  ex tens ion  o f  t h e  inc reaser .  A ma t i ng  

spur  p i n i o n  i s  mounted on t h e  low speed o u t p u t  s h a f t  o f  t h e  t u r n i n g  gear.  The 

spur  p i n i o n  has an i n t e g r a l  c o l l a r  t h a t  i s  l i n k e d  t o  an engagement s h i f t i n g  

yoke and l e v e r .  

T h i s  spur  p i n i o n  can s l i d e  a long  i t s  s h a f t ,  and can a l s o  l ock  i n t o  p o s i t i o n  t o  

p reven t  diser~gagenlent w h i l e  i n  ope ra t i on .  A p r o t e c t i v e  K i r k  i n t e r l o c k  ensures 

secure o p e r a t i o n  and generates an e l e c t r i c a l  s i g n a l  when opened. The 

e l e c t r i c a l  s i g n a l  would be used i n  a  p e r ~ r i i s s i v e  c i r c u i t  t o  p r o v i d e  power t o  

t h e  motor ,  v i a  t h e  c o n t r o l l e r  f o r  o p e r a t i o n  o f  t h e  t u r n i n g  subsystem. 

To engage t h e  t u r n i n g  gear,  t h e  r o t o r  and s h a f t  system must be  stopped, t h e  

K i r k  i n t e r l o c k  opened, and t h e  s l i d i n g  p i n i o n  manual ly  pushed t o  mesh w i t h  t h e  

spur  gear wheel u n t i l  i t  i s  l ocked  i n t o  p o s i t i o n .  Then t h e  e l e c t r i c  motor can 

be  e i t h e r  r emo te l y  a c t i v a t e d  through t h e  c o n t r o l l e r  o r  manua l l y  a c t i v a t e d  a t  

t h e  motor .  
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6.0 NACELLE SUBSYSTEM 

The n a c e l l e  subsystem i s  l o c a t e d  between t h e  r o t o r  subsystem and t h e  tower. 

The n a c e l l e  s t r u c t u r a l l y  suppor ts  a l l  t h e  elements o f  t h e  r o t o r  and d r i v e t r a i n  

subsystems from t h e  low speed s h a f t  t o  t h e  genera to r .  I t  i nc l udes  s t r u c t u r a l  

suppor t  e lements and suppor t  equipment. An e f f i c i e n t  s t r u c t u r e  was designed 

f o r  t h e  l o a d  p a t h  f r om  t h e  r o t o r  suppor t  t o  t h e  tower,  capable  o f  suppo r t i ng  

t h e  r o t o r  we igh t  and o f  r e a c t i n g  a l l  mass unbalance and aerodynamic loads  f o r  

;78 x l o 6  r e v o l u t i o n s .  The l oad  p a t h  s t a r t s  w i t h  t h e  sp ind le ,  d i scussed  i n  

s e c t i o n  4.6.1, t h a t  h o l d s  t h e  bea r i ngs  t h a t  suppor t  t h e  r o t o r  and i s  b o l t e d  t o  

t h e  r o t o r  suppo r t  acldpter. The adapter  i s  mounted on t h e  bedp la te  and i s  

r i g i a l y  suppor ted b y  t h e  s i d e  and t o p  s t r u c t u r a l  p l a t e s .  The speed i nc rease r  

gearbox, t n e  genera to r ,  t h e  c o n t r o l  equipment f o r  r o t o r  speed and power 

genera t  ion,  and t h e  power c o n d i t i o n i n g  elements a r e  mounted on t h e  bedp la te .  

H f a i r i n g  ove r  t h e  bedp la te  p r o t e c t s  t h e  power equiprrlent f r om  t h e  weather and 

i s  used t o  mount l i g h t w e i g h t  a u x i l i a r y  equipment f o r  v e n t i l a t i o n  and f i r e  

p r o t e c t i o n .  

6.1 BEUPLATE 

6.1.1 i3EQUIREMENTS 

The beap la te  p rov i ded  a  s t i f f  f ounda t i on  f o r  a l l  equipment mounted i n  t h e  

n a c e l l e  ared. I t  must be p a r t i c u l a r l y  s t i f f  i n  bending t o  avo id  exceeding t h e  

1 i r r l i ts  o f  rn isa l  ignlnent o f  t h e  d r i v e t r a i n  and t h e  f l e x i b l e  s h a f t  coup1 ings.  

Small d e f l e c t i o n s  were con f i rmed b y  t h e  a n a l y s i s  desc r i bed  i n  s e c t i o n  6.1.4. 

6.1.2 UESIGNUEFl.NITION 

Ttie bedp la te ,  i n c l u d i n g  t h e  r o t o r  suppor t  s t r u c t u r e ,  i s  shown i n  F i gu res  6-1 

and 6 - 2 .  I t  c o n s i s t s  o f  seve ra l  major  subassemblies: t h e  base sec t i on ,  r o t o r  

adapter  sec t i on ,  s i d e  and r o o f  p l a t e  sec t i ons ,  and gearbox and genera to r  

pedes ta ls .  A11 r o l l e d  and p l a t e  s tock  o f  these  components conform t o  ASTM 572  

t iK  50. 







6.1.2.1 Uase Sect i o n  

The base s e c t i o n ,  as shown i n  F i g u r e  6-2, i s  b u i l t  from welded p l a t e  and 

s tandard s t r u c t u r a l  shapes, t o  f v r m  a  r ec tangu la r ,  box-1 i k e  s t r u c t u r e .  

Transverse Inernuers d i s t r i b u t e  t h e  p r i n c i p a l  loads t o  l o n g i t u d i n a l  beams and t o  

t h e  ydw s t r u c t u r e  i n t e r f a c e .  The l o n g i t u d i n a l  beams a re  c a n t i l e v e r e d  f r om t h e  

yaw i n t e r f a c e  t o  suppor t  t h e  genera to r  and e l e c t r o n  i c  c o n t r o l  equ ipment . Two 

hatches a r e  i nco rpo ra ted  i n  t h e  base sec t i on ,  t o  p r o v i d e  access t o  t h e  n a c e l l e  

area f r o ~ r ~  t h e  upper l e v e l  o f  t h e  tower.  

6.1.2.2 l ? o t o r  Aaaptor Sec t i on  

Tne r o t o r  adaptor  suppor t  sec t  ion,  shown i n  F i g u r e  6-3, p rov i des  a  t r a n s  i t  ion  

frurn t n e  c i r c u l a r  r o t o r  b e a r i n g  s p i n d l e  s h a f t  t o  t h e  square s e c t i o n  o f  t h e  

upper bedp la te  s t r u c t u r e .  I t  i s  b u i l t  f rom welded p l a t e  sec t i ons ,  w i t h  t h e  

f o r e  arld a f t  f l a t  p l d t e  connected b y  a  f r us tum s e c t i o n .  Rad ia l  s t i f f e n i n g  

rnen~bers connect t h e  f r us tum s e c t i o n  t o  t h e  f l a t  p l a t e  f raming  members. The 

r o t o r  adaptor  i s  b o l t e d  t o  t h e  base sec t i on .  

6.1.2.3 S ide  and Top P l a t e s  

Two r e c t a n g u l a r  s i d e  p l a t e s  a re  b o l t e d  t o  t h e  r o t o r  adaptor  and t h e  bedp la te  

base sec t i on .  A two-p iece r o o f  p l a t e  i s  b o l t e d  across t h e  s i d e  p l a t e s  and 

r o t o r  adaptor  sec t i on .  These members a re  cons t ruc ted  f rom welded p l a t e  

sec t i ons ,  t o  for111 a  rnul t i - c r u c i f o r m  c ross  sec t  ion.  

The r o t o r  adaptor  i s  designed w i t h  enough s t i f f n e s s  so t h a t  i t  w i l l  n o t  deform 

o r  because o f  t h e  r o t o r  we igh t  if t h e  r o o f  sec t i ons  a r e  removed i n  o rde r  t o  

remove t h e  gearbox u n i t .  

6.1.2.4 14uunt i n g  S t r u c t u r e s  

Two mount ing pedes ta l s  a r e  a t tached  t o  t h e  bedp la te  sec t  ion  f o r  mount ing t h e  

yearbox and genera to r .  T t~ese pedes ta ls  were used t o  compensate f o r  t h e  7 "  

i n c l  i n a t  i on  o f  t h e  r o t o r ' s  r o t a t i o n a l  a x i s .  The rnount i n g  s t r u c t u r e s  a re  made 

f rom welaed p l d t e  s e c t i o n s  t o  fo rm I-beam s t r u c t u r e s .  The gearbox mount ing 

s t r u c t u r e  i s  b o l t e d  t o  t h e  bedp la te  s e c t i o n  w i t h  b o l t s  2  in .  i n  d iameter  and 

t he  genera to r  r r~ount ing s t r u c t u r e  i s  b o l t e d  w i t h  b o l t s  1.25 i n .  i n  d iamete r .  



F i g u r e  6-3 R o t o r  Suppor t  Adaptor  S e c t i o n  



6.1.2.5 Assembly 

The bedpl  a t e  s t r u c t u r e  compr i ses  f o u r  major  subassembl ies .  Each s t e e l  

we ld~r~en t  subassembly i s  designed i n  accordance w i t h  A I S C  requi rements  f o r  

f a t  i gue- ra ted  s t r u c t u r e s .  The s i z e  of each assembly was determined f o r  

conven ien t  sh ipp ing.  A l l  i n t e r f a c e s  a r e  bo l t ed ,  so t h e y  can be assembled i n  

t h e  f i e l a .  A l l  i n t e r f a c e s  were machined f o r  good j o i n t  a l ignment .  

The most impor tan t  a1 ignrnent i n  t h e  bedp la te  assembly ma in ta i ns  t h e  mount ing 

f d c e  of  t h e  r o t o r  aaapter  s t r u c t u r e  pe rpend i cu l a r  t o  t h e  mount ing pads o f  t h e  

gearbox. T h i s  a l ignment  makes su re  t h a t  t h e  r o t o r  assembly, l o c a t e d  b y  t h e  

r o t o r  s p i n d l e  hub f o rwa rd  face, i s  pe rpend i cu l a r  t o  t h e  low speed sha f t  o f  t h e  

yearoox. A1 ignrnent i s  ob ta i ned  b y  making a  f i n a l  machine c u t  o f  t h e  r o t o r  

adap te r  s t r u c t u r e  a f t e r  i t  i s  i n s t a l l e d  t o  t h e  bedp la te .  Tolerances on t h i s  

a l i ynment  w i l l  r e s u l t  i n  a  change i n  s l ope  o f  t h e  d r i v e  s h a f t  between t h e  

r o t o r  and t h e  gearbox and a r e  accommoaated by t h e  f l e x i b l e  gear c o u p l i n g  

ha l ves  on t h e  d r i v e  s h a f t .  The d r i v e  s h a f t  coup l i ngs  a l s o  pe rm i t  some l a t e r a l  

In isa l ignment  between t h e  two mount ing su r faces .  

M i sa l  ignments between t h e  gearbox mount ing f e e t  and t h e  low speed s t u b  sha f t  

can be co r rec ted ,  b y  machin ing t h e  bedp la te  mount ing su r faces .  However, t h e  

h o r i z o n t a l  mount ing pads a l s o  a l l o w  shimming t o  reduce t h i s  misa l ignment .  

P r e c i s e  g r i n d i n g  i s  n o t  r equ i r ed ;  a  t o l e r a n c e  o f  0.10 i n .  over  t h e  100 i n .  

didrl leter o f  t h e  r o t o r  adapter  s t r u c t u r e  r e s u l t s  i n  a  s l ope  e r r o r  o f  1  i n  

1,00U. Th is  e r r o r  i s  w e l l  w i t h i n  t h e  c a p a b i l i t y  o f  t h e  sha f t  coup1 ing,  which 

can t o l e r a t e  0.5' pe r  engagement, t o  accommodate dynamic de fo rmat ion  o f  t h e  

uedp la te .  

S ince t h e  a r i v e  s h a f t  coup l ings  a l s o  accept some l o n g i t u d i n a l  misa l ignment ,  

t o l e rances  t h a t  l o c a t e  t h e  gearbox w i t h  r espec t  t o  t h e  r o t o r  adapter  s t r u c t u r e  

i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  a re  n o t  as impor tant .  There i s  no f i n a l  

n l ach in i r~g  o f  t h e  bedp la te  assembly. 



6.1.3 ROTOR SUPPORT STRUCTURE STKESS ANALYSIS 

6.1.3.1 Loads 

The loads  were determined b y  t h e  a n a l y s i s  d iscussed i n  s e c t i o n s  7.0 th rough  

7.5 i n  Volume 11. Loads s i r nu la t i ng  v a r i o u s  o p e r a t i n g  c o n d i t i o n s  were t aken  a t  

t h e  i n t e r f a c e  between t h e  n a c e l l e  and low speed s h a f t .  F a t i g u e  and l i m i t  

l oads  were cons idered  i n  t h i s  ana l ys i s .  These loads  a r e  summarized i n  Tables 

6 -1  and 6-2  and F i g u r e  6-4. 

b.1.3.1.1 A n a l y s i s  

The a n a l y s i s  o f  t h e  r o t o r  suppor t  s t r u c t u r e  combined t h e  sp ind le ,  adapter,  and 

gearbox enc losu re  i n  one f i n i t e  elerrlent model, shown i n  F i g u r e  6-5. The 

s p i n d l e  s t r u c t u r e  c o n s i s t s  o f  a  c y l i n d e r  and f langes ,  shown i n  F i g u r e  6-6. 

The aaapter  s t r u c t u r e ,  shown i n  F i g u r e  6-7, c o n s i s t s  o f  a  t o p  p l a t e ,  bo t tom 

i p l a t e ,  s i d e  p l a t e s ,  back p l a t e ,  f r o n t  p l a t e ,  c y l  i nder ,  and r a d i a l  r e i n f o r c i n g  

I r i b s .  The gearbox enc losu re  c o n s i s t s  o f  r e i n f o r c e d  s i d e w a l l  p l a t e s ,  which a r e  
I 
I c a l l e d  t h e  r i g h t  and l e f t  suppor t ,  and a  removable cover .  A s i d e  s e c t i o n a l  

v iew o f  these  t h r e e  subs t ruc tu res  i s  shown i n  F i g u r e  5-8. The r e l a t i o n  o f  t h e  

r o t o r  suppor t  s t r u c t u r e  t o  t h e  yoke and bedp la te  i s  shown i n  F i g u r e  6-9.  

The r o t o r  suppor t  s t r u c t u r e  t r a n s r r ~ i t s  a l l  loads,  excep t  d r i v e t r a i n  to rque ,  

f rom t h e  yoke t o  t h e  oedpla te .  The c e n t r a l  yoke tube  e x e r t s  r e a c t i o n s  on t h e  

s p i n d l e  c y l  incier th rough  t h e  t ape red  r o l l  e r  bear ings  . These r e a c t  i ons  a r e  

t r a n s f e r r e d  t o  t h e  enc losu re  and t h e  adapter  th rough  b o l t e d  connect ions.  The 

enc losu re  i s  a t t ached  t o  t h e  bedp la te  w i t h  b o l t e d  connect ions.  

A 1  inear  e l a s t i c  f i n i t e  element model was developed u s i n g  t h e  "MacNeal- 

Schwendler" NASTKAN Program, Vers ion  62A. The model and nomenclature,  w i t h  

1855 g r i d  p o i n t s ,  and 3726 elements, desc r ibed  i n  F i g u r e  6-5, rep resen ted  t h e  

s t r u c t u r e  o f  t h e  sp i nd le ,  adapter ,  and enc losure,  which f u n c t i o n  t oge the r  t o  

t r a n s f e r  loads  t o  t h e  bedp la te .  

The loads were a p p l i e d  t o  t h e  model a t  t h e  r e a c t i o n  p o i n t s  o f  t h e  f o rwa rd  and 

a f t  tapered  r o l l e r  o e a r i n g  se t s .  The r i g i d  elements d i s t r i b u t e  f o r c e s  and 

~lloments f r om  t h e  system's  dynamic l o a d i n g  c e n t r o i d  a t  t h e  n a c e l l e  and low 

speed s h a f t  i n t e r f a c e ,  which has f i v e  degrees o f  freedom, t o  t hese  r e a c t i o n  

p o i n t s .  
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P O S I T I V E  D IRECTIONS OF A P P L I E D  
LOADS ARE SHOWN. 

NOTE: THE VZ OR THRUST LOAD UNDER 
- NORMAL OPERATION HAS A 

NEGATIVE S IGN.  ALSO THE M Z  
(TORQUE) AND THE V, LOADS 
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HAVE NEGATIVE SIGNS.  

F i g u r e  6-4 Coord ina te  System f o r  A p p l i e d  Loads 
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These r i g i d  e lements  s i m u l a t e d  t h e  l o a d i n g  d i r e c t i o n s ,  t h e  p r e s s u r e  

a i s t r  i b u t  i o n ,  and t h e  geornetry o f  t h e  t a p e r e d  r o l  l e r  b e a r i n g s  u s i n g  a  s p e c i a l  

c o o r d i n a t e  sys tem and p o i n t  l o a d  t r a n s f e r  o r i e n t e d  t o  s i m u l a t e  t h e  r o l l e r  

c o n t a c t  ang les  . 

Steady,  a l t e r n a t i n g ,  and 1  i r n i t  l o a d  s t r e s s e s  f o r  t h e  f a t i g u e  cases and 1  i m i t  

l o a d  cases were o b t a i n e d  f r o m  t h e  [IASTRAN r e s u l t s .  The minimurn f a t i g u e  and 

1  i r n i t  l o a d  marg ins  o f  s a f e t y  were de te rm ined  f r o m  t h e  l o a d i n g  c o n d i t i o n s  shown 

i n  Tab les  6-1 and 6-2. However, t h e  moael d i d  n o t  show peak s t r e s s e s  i n  

s e v e r a l  a reas wnere l o c a l  s t r e s s  c o n c e n t r a t i o n s  were i m p o r t a n t .  These r e g i o n s  

were e v a l u a t e d  b y  l o c a l  ana lyses,  s t a r t i n g  w i t h  t h e  l o a d s  and s t r e s s e s  

o b t a i n e d  f rom t h e  NASTKAN a n a l y s i s .  

The s t r u c t u r a l  marg ins  o f  s a f e t y  were c a l c u l a t e d  t o  t h e  1 i m i t  l o a d  and r o o t  

mean cubed (KMC) f a t i g u e  c r i t e r i a ,  as d i s c u s s e d  i n  s e c t i o n  9 o f  Volume 11. 

I4inimurn marg ins  o f  s a f e t y  were c a l c u l a t e d  t o  be 0.0 and .07 f o r  t h e  1  i n l i t  l o a d  

and KMC f a t  i y u e  cases,  r e s p e c t i v e l y .  

The hASTdAN r e s u l t s  were scanned t o  f i n d  t h e  peak s t r e s s e s  f o r  t h e  1  i m i t  l o a d  

arlu kMC f d t i y u e  l o a d  cases. They a r e  summarized i n  T a ~ l e s  6-3 and 6-4. The 

rninirnum rnargin o f  s a f e t y  was c a l c u l a t e d  t o  b e  1.0 and .37 f o r  t h e  r a d i a l  r i b s  

i n  t h e  a d a p t e r  s t r u c t u r e ,  f o r  t h e  1  i r n i t  and RMC f a t i g u e  cases,  r e s p e c t i v e l y .  

The minimum m a r g i n  o f  s a f e t y  was c a l c u l a t e d  t o  b e  .04 f o r  t h e  d o u b l e r  p l a t e s ,  

shown i n  F i g u r e s  6-10 and 6-1 1, and .07 f o r  t h e  f r o n t  b e a r i n g  r e t a i n e r ,  shown 

i n  F i g u r e  6-8, f r o m  t h e  l o c a l  ana lyses  f o r  t h e  1  i m i t  and RMC f a t i g u e  cases, 

r e s p e c t i v e l y .  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  surnmar i z e d  i n  Tab les  6-5  

t h r o u g h  6-7.  

The b o l t i n g  was ana lyzed  i n  accordance w i t h  t h e  gu i d e l  i nes  o f  t h e  S t r u c t u r a l  

Ues ign C r i t e r i a ,  i n c l u d e d  i n  s e c t i o n  9 o f  Volume 11. B o l t i n g  was s p e c i f i e d  t o  

o e  140 k s i  UTS, f a t i g u e - r a t e d ,  a l l o y  s t e e l  b o l t s .  The b o l t i n g  s a t i s f i e d  t h e  

g u i a e l  i n e s  o f  t h e  S t r u c t u r a l  Des ign C r i t e r i a  gu ide1  i n e s  f o r  p r y i n g  a c t i o n ,  

p r e l o a d ,  b o l t  s t r e n g t h ,  t h r e a d  des ign ,  and o t h e r  c o n s i d e r a t i o n s .  The minimum 



T a b l e  6-3 

SPINDLE STRUCTURE 

SPINDLE 

F LHNGE 

AOAPTER STRUCTURE 

FKONT PLATE 

CYL I IiDER 

TOP PLATE 

RAUIAL d I B  

BACK PLATE 

iiASTRAN A n a l y s i s  f o r  t he  L i m i t  Load Case 
M a r g i n  o f  S a f e t y  

GEARdOX ENCLOSURE 

TOP COVER 

R I G H T  SIDE SUPPORT 

LEFT SIDE SUPPORT 

C a l c u l a t e d  A1 1 owabl e 
S t r e s s  S t r e s s  

( p s i )  ( p s i  > 
ivlargin 

o f  S a f e t y  



Table 6-4 

NASTKAN Ana l ys i s  f o r  t h e  RMC Fa t i gue  Load Case 
Marg in  o f  Sa fe t y  

steady( '  ) A1 t e r n a t  i n g  A1 lowable 
S t ress  S t ress  S t ress  Marg i n  

( p s i )  ( p s i )  (PS i )  o f  Sa fe t y  

SPINULE STRUCTURE 

SPINDLE 4,455 8 9 182 1.05 

FLANGE 8,550 158 25 1 .5 9 

ADAPTER STRUCTURE 

FRONT PLATE 5,386 

CYLINDER 3,984 

TOP PLATE 4,955 

KAUIAL d1d 10,140 

BACK PLATE 4,435 

GEARBOX ENCLOSUKE 

TOP COVER 1,615 

RIGHT SIDE SUPPORT 3,778 

LEFT SIDE SUPPORT 3,758 

&UTES: 1. Steady s t r esses  increased by  10,000 p s i  t o  compensate f o r  
p o t e n t i a l  r e s i d u a l  s t r esses  when c a l c u l a t i n g  a1 lowable s t r esses  i n  
we1 ds. 







Tab le  6-5  

S p i n d l e  S t r u c t u r e  
N a r g i n  o f  S a f e t y  f o r  t h e  L i m i t  Load Case 

C a l c u l a t e d  A l l o w a b l e  
S t r e s s  S t r e s s  Marg i n  
( p s i )  ( p s i )  o f  S a f e t y  

F r o n t  Bear ing  Ke ta  i n e r  20,905 30,000 .43 

F r o n t  6ear i n g  R e t a i n e r  
1.5 in .  d i a m e t e r  b o l t s ( ' )  89,385 95,400 . O b  

Haapter  t o  Sp i n d  1  e  
1  .5 i n .  d i a n ~ e t e r  b o l t s  ( 1 )  65,82 1 95,400 .44 

H a r g i n  o f  S a f e t y  
KMC F a t i g u e  Load Case 

Steady A l t e r n a t i n g  
S t r e s s  S t r e s s  
( p s i )  ( p s i )  

Cy l  i n d e r  19,494 39 1  

F 1  ange 24,237 4  19 

F r o n t  B e a r i n g  R e t a i n e r  26,887 542 

F r o n t  B e a r i n g  R e t a i n e r  
1 .5  i n .  d i a m e t e r  b o l t s ( l )  47,222 

18.10 

Hdapter  t o  S p i n d l e  
1  .5 i n .  d i a m e t e r  b o l t s ( l )  35,323 
24.97 

A1 l o w a b l e  
S t r e s s  

( p s i )  
F larg in  

o f  S a f e t y  

NOTES: 1  A l l o y  S t e e l  B o l t  140 UTS. 



T a b l e  6 -6  

Adap te r  S t r u c t u r e  
M a r g i n  o f  S a f e t y  f o r  t h e  L i m i t  Load Case 

C a l c u l a t e d  A l l o w a b l e  
S t r e s s  S t r e s s  Harg  i n  
( p s i )  ( P S  i )  o f  S a f e t y  

Adapter  t o  B e d p l a t e  

b o l t  D iameter :  1.5 i n .  

Top P l a t e  w i t h  C u t o u t s  ( 2 )  

S i d e  P 1  a t e  w i t h  C u t o u t s  ( 2 )  

NOTES: ( 1 )  Based on shear  b o l t  a l l o w a ~ l e .  
( 2 )  C u t o u t s  shown i n  F i g u r e  6 .  
( 3 )  A l l o y  S t e e l  b o l t  140 UTS. 



Table 6-7 

Gearbox Encl  osure  
Marg in  of S a f e t y  f o r  t h e  L i m i t  Load Case 

Ca l cu la ted  A1 lowable 
S t ress  S t ress  Marg i n  
( P S I )  ( p s i >  o f  S a f e t y  

Adapter t o  S ide  Support  49,026 53,473 

1 .25 i n .  d iamete r  b o l t s  ( 1 )  

Adapter  t o  S ide  Support  49,028 59,370 

Upper Corners  w i t h  

Ooub l e r  P 1 a tes  

1.25 in .  aiarneter b o l t s  ( 1 )  

Adapter  8ack P 1  a t e  

Upwind Uoubler P l a t e  

S idewa l l  F lange t o  Adapter 23,002 

Dowcwind D o u ~ l e r  P l a t e  

S i d e  Support  t o  Bedpla te  59,721 

1.5 i n .  d iameter  b o l t s  ( 1 )  

S ide  Suppor t  t o  Bedp la te  21,153 

End P l a t e  

NOTES: ( 1 )  A l l o y  s t e e l  b o l t  140 UTS. 



margin  o f  s a f e t y  was c a l c u l a t e d  t o  be 0.0 f o r  t h e  l i m i t  l oad  case i n  shear f o r  

t h e  b o l t i n g  t h a t  secures t h e  adapter  t o  t h e  bedp la te  a t  t h e  c e n t e r  o f  t h e  

bo t tom o f  t h e  back p l a t e .  

The loads i n  t h e  s p i n d l e  a t tempt  t o  separate  t h e  f lange f rom t h e  adapter  

s t r u c t u r e .  The s t r esses  t end  t o  peak near  t h e  f l a n g e  end o f  t h e  s p i n d l e ,  

where t h e  c a n t i l e v e r e d  s t r u c t u r e  i s  f i x e d  b y  t h e  b o l t s .  A l o c a l  NASTKAN 

a n a l y s i s  con f i rmed t h a t  t h e r e  i s  m in ima l  p r y i n g  a c t i o n  i n  t h i s  j o i n t .  The 

l a r g e s t  s t r esses  occur red  i n  t h e  f i l l e t  geometr ies o f  t h e  f l a n g e  and a f t  

bear ing .  These s t r esses  a re  summarized i n  Table  6-5 f o r  t h e  1 i m i t  l o a d  and 

RMC f a t i g u e  l o a d  cases. 

The f o rwa rd  b e a r i n g  i s  secured w i t h  a  r e t a i n e r  s t r u c t u r e ,  which i s  b o l t e d  t o  

t h e  s p i n d l e  as shown i n  F i g u r e  6-6. The s t r esses  i n  t h e  r e t a i n e r  and b o l t i n g  

were c a l c u l a t e d  i n  a l o c a l  a n a l y s i s  and a re  summarized i n  Table  6-5. 

The adapter  s t r u c t u r e  i s  loaded b y  t h e  r e a c t i o n s  o f  t h e  b o l t s  connected t o  t h e  

s p i n d l e .  The loads induce bending, membrane, and shear s t r esses  t o .  t h e  

va r i ous  members, depending on t h e i r  o r i e n t a t  ion.  The loads  a re  t r a n s f e r r e d  

from t h e  adapter  t o  t h e  enc losure  and bedp la te  s t r u c t u r e s  through b o l t e d  

connect ions.  

The b o l t i n g  between t h e  bedp la te  and adapter  has a  margin o f  sa fe t y  o f  0.0 f o r  

t h e  1 i r ~ l i t  l o a d  i n  shear. Tn i s  mary i n  o f  s a f e t y  i s  t h e  r e s u l t  o f  t h e  

d i s t o r t i o n  o f  t h e  adapter  caused b y  t h e  overhung r o t o r  dynamic moment. The 

s t r esses  and marg ins o f  s a f e t y  i n  t h e  c u t o u t s  o f  t h e  t o p  p l a t e  and s i d e  p l a t e s  

were calculates f o r  t h e  J i r n i t  loads.  They a r e  summarized i n  Table 6-6. 

Fa t i gue  s t r esses  a t  t h e  c u t o u t s  r e s u l t  i n  l a r g e  margins o f  s a f e t y .  The o t h e r  

members o f  t h e  adapter  were analyzed s a t i s f a c t o r i l y  u s i n g  t h e  NASTRAN 

r e s u l t s .  They t i re  summarized i n  Tables 6-3 and 6-4. 

The gearbox enc losu re  r e a c t s  t h e  loads from t h e  adapter  and t r a n s f e r s  them t o  

t h e  bedpla te .  The l a r g e  o v e r t u r n i n g  moment r e s u l t i n g  from t h e  r o t o r ' s  dynamic 

we igh t  tends t o  l oad  t h e  upper co rners  c l o s e s t  t o  t h e  adapter  and t h e  lower  

co rners  c l o s e s t  t o  t h e  f a i r i n g ,  as shown i n  F i g u r e  6-7.  



The most impo r tan t  s t r e s s e s  i n  t hese  r e g i o n s  were caused b y  t h e  1  i m i t  loads.  

The RMC f a t i g u e  s t r esses  were sma l l .  The f langes  i n  t h e  upper co rne rs  were 

( r e i n f o r c e d  w i t h  doub le r  p l a t e s ,  as shown i n  F i gu res  6-10 and 6-11. The 

c a l c u l a t i o n s ,  which a r e  summarized i n  Table  6-7, show a  minimum rnargin of 

s a f e t y  o f  O.U4 f o r  t h e  d0uI I ler  p l a t e s .  Margins o f  s a f e t y  f o r  t h e  o t h e r  
! 
I s e c t i o n s  o f  enc l osu re  s t r u c t u r e  were analyzed s a t i s f a c t o r i l y  f r om  t h e  NASTRAN 
I 

I r e s u l t s .  They a r e  summarized i n  Tables 6-3 and 6-4. 



6 .I .4 BEDPLATE AND GEARBOX MOUNTING PEDESTAL STRESS ANALYSIS 

The gearbox mount ing and bedp la te  s t r u c t u r e s  were eva lua ted  u s i n g  a  f i n i t e  

'element model o f  t h e  design. Two f i n i t e  element models o f  t h e  f i n a l  des ign  

were c rea ted  and analyzed u s i n g  t h e  MacNeal-Schwendler MSGMESH pre-processor  

t o  generate  t h e  models, and t h e  NASTKAN s o l u t i o n  fo rmat  t o  generate  1  i n e a r  

s t a t i c  s o l u t i o n s .  One model represen ted  t h e  gearbox mount ing s t r u c t u r e  and 

t h e  c e n t r a l  r e g i o n  o f  t h e  beap la te  model shown i n  F i g u r e  6-12. Th i s  model was 

used t o  determine t h e  approximate l oad  pa ths  t o  t h e  i n t e r f a c e  between t h e  

beap la te  and yaw, t o  determine t h e  s i z e s  o f  t n e  rnembers t h a t  suppor t  t h e  

gearbox and t o  determine t h e  approximate d i s t r i b u t i o n  o f  b o l t  loads a t  t h e  yaw 

i n t e r f a c e .  Another n~ooe l  rep resen ted  t h e  bedp la te ,  shown i n  F i g u r e  6-1 3. 

Th i s  rr~odel was usea t o  determine s t r esses  a t  t h e  weld l o c a t i o n s  and t o  p r e d i c t  

b o l t  lodas a t  each o f  t h e  impor tan t  i n t e r f aces .  

Load ing  was a p p l i e d  accord ing  t o  t h e  r e s u l t s  o f  t h e  r o t o r  mount ana l ys i s ,  

which p r e d i c t e d  t h e  d i s t r i b u t i o n  o f  f o r c e s  a t  each b o l t  i n  t h e  i n t e r f a c e  

between t h e  yaw and t h e  bedp la te .  The d i s t r i b u t i o n  o f  gearbox f o o t i n g  f o r c e s  

was es t irnated b y  t h e  P h i l a d e l p h i a  Gear Co rpo ra t i on  ( P G C )  . 

The e n t i r e  bedpl  a t e  s t r u c t u r e  was d i v i d e d  i n t o  32 s u b - s t r u c t u r a l  reg ions .  

Using t h i s  method, l o c a t i o n s  o f  maximum s t r e s s  c o u l d  be i d e n t i f i e d  

c o n v e n i e n t l y .  A separate  e lementa l  p l o t  s e t  was c rea ted  i n  t h e  f i n i t e  element 

model, t o  cor respond w i t h  each o f  t h e  reg ions .  For  t h e  f a t i g u e  a n a l y s i s ,  

con tou r  p l o t s  o f  rnaximum Hencky-von Mises s t resses  were generated f o r  t h e  

average mean and t n e  root-mean-cubed (RMC ) I oad i n g  cond i t ions. Fo r  each 

r e g i o n ,  t h e  maximum abso lu te  va lues of mean and a l t e r n a t i n g  s t r esses  were 

locd ted .  An d a d i t j o n a l  mean s t r e s s  o f  10 k s i  was used, t o  account f o r  a  

maximum p o t e n t i a l  r e s i d u a l  t e n s i l e  s t r e s s  o f  .20 Fy  t h a t  may be p resen t ,  

a l though  t h e  s p e c i f i e d  p o s t  weld  hea t  t rea tment  process i s  supposed t o  r e l i e v e  

it. 

Curves were p l o t t e d  f o r  t h e  va r i ous  AWS/AISC weld ca tego r i es  shown i n  

F i g u r e  b-14. T n i s  aa ta  was based on t h e  a l l o w a b l e  a l t e r n a t i n g - c y c l e  i n t e r c e p t  

s t r e s s  (CIS) va lues 1  i s t e d  i n  Table  9-2 o f  Volume 11. The a l t e r n a t i n g  s t r e s s  

and mean s t r e s s  c o o r d i n a t e  was p l o t t e d  on t h e  graph and compared w i t h  t h e  
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A = 1. A  ; . 5  ALLOWABLE RMC S T R E S S E S  FUR t AT I G U t  
L l r c  LONGCR THAN 4 x ion C Y C L E S  
FOR WELDMCNTS WITHOUT POST WELD HEAT TREATMENT 

REF S I R U C T U R A L  D E S I G N  
C H l l t H I A  (DOCUMENT 4 7 A 5 8 0 0 0 2 )  
H t V  B J U L Y  '83 
P G  36 T A B L E  4 . 3 - 3  

MCAN STRCSS ( K S I )  

F i g u r e  6-14 A l l o w a b l e  RMC S t resses  f o r  F a t i g u e  L i f e  Longer t h a n  4 x l o 8  Cyc les  
f o r  We1 dments W i t h o u t  Post-We1 d  Heat Treatment  

6-29 



a l l o w a b l e  s t r e s s  f o r  t h e  weaKest welded f a b r i c a t i o n  d e t a i l  i n  t h e  r eg ion .  I n  

most cases, t h i s  coo rd i na te  f e l l  i n  Category E, and p rov i ded  a  s u b s t a n t i a l  
8 

marg in  o f  s a f e t y  f o r  t h e  des ign f a t i g u e  1  i f e  o f  4 X 10 c y c l e s .  

When t h i s  method d i d  n o t  y i e l d  a  p o s i t i v e  marg in  o f  sa fe t y  f o r  a  r eg ion ,  each 

element i n  t n a t  r e g i o n  was examined i n d i v i d u a l l y .  The mean t e n s i l e  s t r e s s  was 

checked a g a i n s t  t h e  cor responding e! emental RMC a1 t e r n a t  i n g  s t r e s s .  Margins 

o f  s a f e t y  were determined i n  accordance w i t h  t h e  a p p l i c a b l e  AVS/AISC we ld  

ca tego ry  s t r e s s  al lowab!es in Table 9-2 o f  Volume 11, and a re  1  i s t e d  i n  

Table  6-8 f o r  t h e  s t r u c t u r a l  rey 'ons.  

The a1 lowable n~axirnurn work iny  s t r e s s  was e s t a b l  ished, by  t h e  A I S C  and t h e  

Design C r i t e r i a ,  as .60 Fy f o r  f l e x u r e  and .40 Fy f o r  shear. The s t r e s s e s  

ob ta i ned  from t h e  c r i t i c a l  l i m i t  l oad  case were used f o r  check ing purposes. 

Tne p o s i t i v e  margins o f  sa fe t y  f o r  t h e  most h i g h l y  s t r essed  r e g i o n s  a r e  1  i s t e d  

i n  Table  6-9.  Since t h e  c r i t i c a l  case used f o r  t h e  s t r e s s  check i s  based on a  

combinat ion o f  l oads  t h a t  occurs  r a r e l y ,  a r i s i n g  f r om  a  normal stlutdown from 

60 lnph and a  ir,axin~urn d r i v e t r a i n  t o r q u e  o f  5.10 x  10' f t - l b .  caused b y  a  

cyc l oconve r t e r  mishap, t h e  margins may be h i g h e r  than  those l i s t e d .  

An a a d i t i o n a l  s t r e s s  check determined whether t h e  f o l l o w i n g  c r i t e r i a  were met: 

1  (omean + o a l t e r n a t  i ng  + o r e s i a u a l )  l F~ 

2 .  (01 i f n i t  + a r e s  idua:) 5 F~ 

The fo rmu lae  a r e  s a t i s f i e d ;  so no cyc l es ,  n o t  even i n f r e q u e n t  ones, w i l l  cause 

t n e  s t r e s s  l e v e l  t o  exceed t h e  e l a s t i c  1  i m i t .  Thus, t h e  i n t r o d u c t i o n  o f  any 

permanent s e t  i n t o  t h e  s t r u c t u r a l  elerneats i s  u n l  i k e l y .  

AISC's b a s i c  p r o v i s i o n s  t o  p revec t  p l a t e  buck1 ing,  i n  s e c t i o n s  1.9, 2.7 and 

Appendix C o f  r e f .  2, were r e v  iewed. W i d t h - t o - t h  ickness r a t i o s  f o r  s t i f f e n e d  

and u n s t i f f e r l e d  p l a t e s  were checked and found t o  s a t i s f y  s t a b i l i t y  c r i t e r i a  

f o r  t h e  expected rnaxi~num s t r e s s  l e v e l s .  The A I S C  a l lowab les  were based on t h e  

e l a s t i c  b u c k l i n g  express ion  f o r  p l a t e s  i n  compression, s i m i l a r  t o  

t h e  E u l e r  equa t i on  f o r  colurnns, and were d e r i v e d  as Fcr = k .rr 2 E 



T a b l e  6-8. RMC F a t i g u e  S t r e s s  S u m m a r y  f o r  I m p o r t a n t  S t r u c t u r a l  R e g i o n s  

A P P L I C A B L E  RMC ALLOWABLE MARG I N 
STRUCTURAL C R I T I C A L  WELD A L T E R N A T I N G  MEAN T E N S I L E  C I S  A L T E R N A T I N G  OF 

R E G I O N  D E T A I L  ELEMENT CATEGORY STRESS, ( P S I  ) STRESS, ( P S I  ) STRESS,(PSI) SAFETY 

FLOOR, +Y T E R M I N A T I O N  O F  WELD A T  2 3 0 2 3 8  E 4 3  1 1 6 , 2 0 0  4 8 0  0 . 1  1 
CENTER S E C T I O N  V E R T I C A L  WEB-TO-FLOOR 

CONNECTIONS 

L O N G I T U D I N A L  WEBS,-Y ROLLED BEAM CUT-OUTS 2 0 0 5 9  D 6 6 7  1 0 , 2 0 0  7 0 0  0 . 0 5  
FORWARD S E C T I O N  GROOVE WELD A T  BLENDED 
( CANTILEVER) PARTS , 

6 in .  > R >  2 i n .  - 
GEARBOX SUPPORT WEB-TO-FLANGE WELD 7 6 2 3 8 9  E 5 2  1 1 2 , 9 0 0  5 2  1 0 .O 
STRUCTURE T E R M I N A T I O N S  

STIFFENER-TO-WEB 7 7 2 3 7 6  C 8 3  1 1 3 , 9 0 0  8 3  1 0 .O 
WELDED CONNECTIONS 

H I GH FLANGES, GROOVE WELD A T  BLENDED 2 2 4 7 6  C 5 0 6  2 3 , 5 0 0  6 0 2  0 . 1 9  
FORWARD S E C T I O N  PARTS,  
( CANTILEVEK) 2 4  i n .  > R - > 6 in .  



T a b l e  6-9. L i m i t  S t r e s s  S u m m a r y  f o r  I m p o r t a n t  S t r u c t u r a l  R e g i o n s  

STRUCTURAL C R I T I C A L  MAX. L I M I T  ALLOWABLE MARGIN OF 
KEGION D E T A I  L STRESS ( P S I )  L I M I T  STRESS ( P S I )  SAFETY 

GEARBOX SUPPORT TOP FLANGE PARENT 
STRUCTURE M A T E R I A L  A T  CENTRAL 

GEARBOX CONNECTION 

LONGITUDINAL WEBS, -Y PARENT M A T E R I A L  
FORWARD SECTION ADJACENT TO WELD 
( C A N T I L E V E R )  A T  FLOOR 

LATERAL WEBS PARENT MATERIAL 
FORWARD SECTION ADJACENT TO WELD 
( C A N T I L E V E R )  A T  FLOOR 



The r e l a t i v e  s tock iness  o f  t h e  p l a t e s  and t h e  s t r a t e g i c  placement o f  

s t i f f e n e r s  p rov ided  p o s i t i v e  margins o f  s a f e t y  aga ins t  buck1 i n g  th roughout  t h e  

s t r u c t u r e .  

B o l t e d  connect ions were checked f o r  c r i t i c a l  l i m i t  and f a t i g u e  loads and 

r e q u i r e d  p re loads  were determined. They a r e  1  i s t e d  i n  Table 6-10. The a x i a l  

an0 shear loads were ob ta ined  f rom t h e  NASTKAIV f i n i t e  element model. Forces 

o f  s i n g l e  p o i n t  c o n s t r a i n t ,  f o r  example, t h e  r e a c t  i o n  p o i n t s ,  p rov ided  t h e  

b o l t  l oads  a t  t h e  yaw i n t e r f a c e .  The g r i d  p o i n t  f o r c e  balance o u t p u t  a t  t h e  

gearbox dnd gearbox mount ing s t r u c t u r e  i n t e r f a c e s  d e f i n e d  t h e  r e s u l t a n t  b o l t  

l oaas  a t  these  l o c a t i o n s .  The b o l t s  were designed and analyzed u s i n g  V D I  

2230 ( r e f .  3 and 4 )  t o  es t ima te  j o i n t  compl iance and t h e  f r a c t i o n  o f  l o a d  

f l u c t u a t i o n  i n  t h e  p re tens ioned  b o l t .  The A I S C  code ( r e f .  2 and 5 )  and r e c e n t  

f a t i g u e  da ta  t h a t  accounts f o r  t h e  e f f e c t s  o f  b o l t  d iameter  and t h read  f o rm ing  

( r e f .  6 )  were a l s o  used. 

The b o l t  p a t t e r n  a t  t h e  yaw i n t e r f a c e  i s  i l l u s t r a t e d  i n  F i g u r e  6-15. The 

impor tan t  b o l t  l o c a t i o n s  a r e  a l s o  no ted  on t h e  f i g u r e .  

The computed v a1 ues o f  maximum d e f l e c t  ions were w i t h  i n  t h e  t o 1  erances needed 

t o  avo id  d i s t o r t i o n s .  The s t i f f n e s s  requi rements 1  i s t e d  i n  s e c t i o n  4.2.2 o f  

t h e  Design C r i t e r i a  ( r e f .  1  ) were s a t i s f i e d .  The maximum d e f l e c t i o n  under t h e  

c r i t i c a l  1  i r n i t  l o a d  subcase was 0.146 i n .  I n  normal opera t ion ,  t h e  l a r g e s t  

abso lu te  d e f l e c t i o n  caused b y  a  combinat ion o f  mean and maximum a l t e r n a t i n g  

loaas was 0.087 i n .  I n  110th t h e  mean and 1 i m i t  ins tances,  t h e  maximum 

d i s p l  acenlent occur red  a t  t h e  f r o n t  1 i p .  Under t h e  maximum a1 t e r n a t  i n g  loads  

t n e  a isp lacement  occur red  a t  t h e  t o p  f l a n g e  o f  t h e  gearbox mount ing s t r u c t u r e ,  

which i s  where t h e  l a r g e s t  p o r t i o n  o f  t h e  t o rque  l oad  i s  t r a n s m i t t e d  by  t h e  

gearbox. 

Grea t  ca re  was taken  t o  i nco rpo ra te  d e t a i l s  t h a t  a r e  n o t  s e n s i t i v e  t o  t h e  

c y c l i c a l  l o a d i n g  o f  t h e  wind t u r b i n e  generator .  Dur ing  t h e  i n v e s t i g a t i o n ,  t h e  

des ign  was m o d i f i e d  t o  improve t h e  margins o f  s a f e t y .  The generous r a d i i  f o r  

cu t -ou ts ,  l a rge ,  smooth cop ing  a t  beam i n t e r s e c t i o n s ,  and gradual  t r a n s i t i o n s  

between p l a t e s  o f  d i f f e r e n t  th ickness ,  enhance t h e  f a t i g u e  r e s i s t a n c e  o f  t h e  

s t r u c t u r e .  Tables 6-8 and 6-9 i n d i c a t e  t h e  c a l c u l a t e d  margins o f  s a f e t y  



T a b l e  6 - 1 0 .  Bedpla te  B o l t  S u m m a r y  

C R I T I C A L  B O L T  LOADS 
( I ~ s .  x 1 0 3 )  

MARGINS O F  SAFETY 
REQUIRED 

PRELOAD 

I NTERFACE BOLT DIAMETER LIMIT MEAN ( I ~ s .  x l o 3 )  A L T .  L I M I T  F A T I G U E  

GEARBOX / 
2 . 2 5  

MOUNT STRUCTURE 

1-IOUNT STRUCTURE/ 
2 

B EOPLATE 

BEDPLATE/  

YAW 

B O L T S  ARE: H I G H  STRENGTH ( U T S  = 1 4 0  K S I )  W I T H  THREADS ROLLED AFTER HEAT TREATMENT. 
L I M I T  MARGINS OF SAFETY BASED ON A I S C  C R I T E R I A .  
F A T I G U E  MARGINS O F  SAFETY BASED ON V D I  2 2 3 0  C R I T E R I A  (REF.  3 ) .  
PRELOAD REQUIREMENTS BASED ON V D I  2 2 3 0  C R I T E R I A  (REF.  3 ) .  
C R I T I C A L  B O L T  LOADS D E R I V E D  FROM NASTRAN ANALYSES. 
T = T E N S I L E  LOAD, V = SHEAR LOAD 





r e s u l t i n g  f r om  t h e  reconmended s t r u c t u r a l  m o d i f i c a t i o n s .  The t a b l e s  a l s o  

summarize t h e  impor tan t  aes ign  f a c t o r s  b y  l o a d i n g  type.  I n  genera l ,  however, 

t h e  s t r u c t u r a l  members t h a t  a r e  i n  t h e  d i r e c t  l oad  pa th  o f  t h e  t o rque  - 
t r a n s m i t t e d  th rough  t h e  gearbox a re  c r i t i c a l  f o r  b o t h  l i m i t  and f a t i g u e  

cases. The a d d i t i o n a l  recommendations, i l l u s t r a t e d  i n  F i g u r e  6-16, a r e  

p r i m a r i l y  d e t a i l e d  f a b r i c a t i o n  d raw ing  r e v i s i o n s  t h a t  w i l l  b r i n g  t h e  l o c a t i o n s  

shown i n t o  co~np l  iance w i t h  t h e  Design C r i t e r i a ,  and w i l l  g r e a t l y  improve t h e  

s t r u c t u r a l  r e 1  i a b i l  i ty .  Tne fol1o:ving reconlmendations p e r t a i n  t o  o t h e r  

c o n s t r u c t i o n  and maintenance fea tu res :  

0 P re l oad  h i g h - s t r e n g t h  b o l t s ,  i n  accordance w i t h  t h e  schedule i n  
T a ~ l e  6-10, f o r  each o f  t h e  ma jo r  in te r faces . '  B o l t s  shou ld  never  
be tens ivnea  beyond 75% o f  t h e i r  y i e l d  s t r eng th .  

o  B o l t s  must be  i n s t a l l e d  w i t h  a  p r e c i s i o n  t ens ione r  and rechecked 
f o r  t h e  s p e c i f i e d  p re l oad  a f t e r  24 hours.  A f t e r  100 hours  o f  
ope ra t i on ,  t h e  b o l t s  must be checked again.  B o l t s  shou ld  be  
checked a t  r e g u l a r  i n t e r v a l s  t h e r e a f t e r .  The schedule i s  t o  be 
determined f o r  t h e  Opera t ion  and Maintenance S p e c i f i c a t i o n .  

o  The t o p  c u t - o u t  p l a t e  i n  t h e  gearbox r e g i o n  should  be one p iece ,  t o  
avo id  l o n g i t u d i n a l  welds a long  t h e  main s  i dewa l l  f l a n g e s  
( F i g u r e  6-16).  

o  L o n g i t u d i n a l  beams ( Y  = + 48.0) should  be con t inuous  between 
s t a t i o n s  160.0 and 524.0, t o  improve t h e  suppor t  f o r  t h e  
c a n t i l e v e r e d  p o r t i o n  o f  t h e  s t r u c t u r e  ( F i g u r e  6-16), which suppor ts  
t h e  genera to r  and o t h e r  equipment. 

o  A l l  at tachments t h a t  a r e  t o  be used f o r  l i f t i n g  and e r e c t i o n  shou ld  
be made w i t h  h i g h - s t r e n g t h  b o l t e d  connect ions,  r a t h e r  than  \velds. 

o The m a t e r i a l  should  be ASTM 572  GR 50 o r  ASTM A633 GR C s t e e l .  
S ince t h e  s u l f u r  con ten t  i s  r e q u i r e d  t o  be l ess  than .020% and 
A1-Si deox iaa t  i on  p r a c t i c e  i s  spec i f  ied,  t e a r i n g  i n  t h e  sheet  i s  
a lmost  i ~ n p o s s i b l e .  

o  A1 1  b o l t s  must be h i g h  s t r e n g t h  m a t e r i a l  (UTS=140 k s i )  w i t h  threads 
r o l  l e d  a f t e r  hea t  t reatment .  Fo r  c o r r o s i o n  p r o t e c t  ion,  t h e  b o l t s  
must be coated w i t h  a  c e r a m i c - f i l l e d ,  baked-on PTFE f l uo roca rbon  
r e s i n  s i m i l a r  t o  STAND-COTE. 



o The f l u x - c o r e d  a r c  we ld i ng  process i s  p r e f e r r e d ,  f o r  t h e  f o l l o w i n g  
reasons: 

1 )  Best  a r c  s t a b i l i t y  
2 )  Fewer d e f e c t s  caused b y  l a c k  o f  f u s i o n  
3 )  Less p o t e n t i a l  o f  p o r o s i t y  
4 )  Smoother weld  bead w i t h  b e t t e r  wash on f i l , l e t s  

o Replace 45 "  chamfer w i t h  q u a r t e r  c i r c l e s  i n  co rners  o f  i n t e r n a l  
s t i f f e n e r s ,  as shown i n  t h e  d e t a i l  o f  F i g u r e  6-16. 

o Use E7018 e l e c t r o d e s  ( i ron-powder,  low hydrogen) 

o S~noothness o f  f l ame-cu t  edges shou ld  be l e s s  t han  1000 i n .  RMS i n  
accordance w i t h  ASA 846.1-1962 su r f ace  t e x t u r e  nomenclature.  
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F i g u r e  6-16 Recommended M o d i f i c a t i o n s  f o r  B e d p l a t e  and Gearbox Suppor t  S t r u c t u r e  
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6.2 CRANE 

6.2.1 GENERAL LIGHT MAINTENANCE AND INSPECTION 

General ,  scheduled and p e r i o a i c  maintenance i s  designed t o  be c a r r i e d  o u t  

w i t h o u t  a  l a r g e  e x t e r n a l  c rane system. Replacement l ube  o i l  and f r e s h  bea r i ng  

grease can be  b rough t  aboard b y  e x t e r n a l  w inch ing  f r om t h e  l u b e  p l a t f o r m  o r  

v i a  t h e  e l e v d t o r .  Bo l t s ,  welds and wear can be inspec ted  f r om t h e  p l a t f o rms ,  

aesc r i bed  i n  s e c t i o n  6.4, o r  t h e  yaw p l a t f o r m  o r  t h e  n a c e l l e  area. The des ign  

p rov i aes  access t o  a l l  r o t a t i n g  b e a r i n g  sea ls ,  s p l  ined coup l i ngs  and 

e l e c t r o n i c  gear.  

6.i.2 REPAIR AND MAINTENANCE 

A l though  t h e  wind t u r b i n e  i s  designed f o r  a  30-year l i f e ,  some p a r t s  w i l l  need 

L O  be rep laced  b e f o r e  t h e  end of  t h e  30 years .  I n  t h e  f i r s t  machines, t h e  

I p r o o a b i l  i t y  of  replacement may be h igh ,  because o f  t h e  u n c e r t a i n t i e s  o f  t h e  

design. A c rane  w i t h  a  c a p a c i t y  o f  10,000 l b .  was designed i n t o  t h e  system. 

6.2.2.1 The Crane 

A r i g i d  boom, tu r re t -mounted  c rane  can be i n s t a l l e d  on t o p  of  t h e  f o rwa rd  

r i g i d  r o o f  s e c t i o n  o f  t h e  n a c e l l e  r o t o r  t o r q u e  box s e c t i o n  as a  customer 

o p t  ion.  

Made b y  t h e  Oevaul t  Company, t h e  c rane  has a  3 0 - f t .  f i xea  boom, and a  5 - t on  

c a p a c i t y  w i t h  t n e  boom h o r i z o n t a l ,  boom e l e v a t i o n  mot ion  f r om 0 "  t o  80" and 

300" t r a v e r s a l  c a p a b i l i t y .  Th i s  c rane  i s  used f o r  t h e  b a s i c  i n s t a l l a t i o n ,  as 

shown i n  F i g u r e  6-17. Other cranes made by v a r i o u s  manufacturers ,  c o u l d  be 

i n s t a l l e d  a t  t h e  d i s c r e t i o n  o f  t n e  customer, s u b j e c t  t o  t h e  l i m i t a t i o n s  o f  t h e  

n a c e l l e  suppor t  s t r u c t u r e .  

The r a t e d  speed o f  t h e  c rane  winch i s  120 f t l m i n .  A s i n g l e  b a l l  hook and 

17-s t rand  c a o l e  w i t h  a  .75 i n .  d iamete r  a r e  used. The drum c a p a c i t y  i s  

s u f f i c i e n t  t o  reach  t h e  ground f rom t h e  t o p  o f  t h e  n a c e l l e ,  approx imate ly  

300 ft. o f  c a ~ l e .  A l l  power d r i v e s  a re  e l e c t r o - h y d r a u l i c  d r i v e  systems, 

c o n t r o l l e d  frorn one s t a t i o n ,  and a r e  l o c a t e d  on t h e  s i d e  o f  t h e  c rane  

pedes ta l .  A l l  d r i v e  systems a re  s e l f - c o n t a i n e d  i n  t h e  crane envelope. 

E l e c t r i c a l  power i s  s u p p l i e d  t o  t h e  c rane  f r om t h e  n a c e l l e .  The c rane  boom i s  

"s tayedu  t o  t h e  n a c e l l e  r o o f  when n o t  i n  use, as shown i n  F i g u r e  6-17. The 

es t ima ted  we igh t  o f  t h e  crane subsystem i s  10,000 l b s ,  and t h e  sh ipp ing  

modules a re  245 cu. f t .  





6.2.2.2 Crane Use 

The e x t e r n a l l y  mounted c rane  i s  p r i m a r i l y  in tended  f o r  changing t h e  

e l as tomer i c  t e e t e r  bear ings.  The t e e t e r  subsystem was designed so t h a t  t h e  

r d d i a l  and t h r u s t  bea r i ngs  cou ld  be removed w i t h o u t  removing t h e  r o t o r .  

Tne c rane  may be used t o :  

( 1 )  Remove t h e  a f t  gearbox cover  f o r  access t o  t h e  2nd s tage  p l a n e t a r y  
systern and t o  t t l e  3 r d  s tage  p a r a l l e l  d r i v e  system. The cover  i s  
es t ima ted  t o  weigh 5,000 l bs .  Access t o  t h e  1 s t  s tage p l a n e t a r y  
system r e q u i r e s  t n a t  t h e  gearbox be removed. 

( 2 )  Remove t h e  h i g h  speed d r i v e  s h a f t  assembly. I t s  es t imated  we igh t  i s  
3,UUO I bs. 

( 3 )  Remove t h e  r o t o r  s l  i p r  i n g  system. I t s  es t imated  weight ,  i n c l u d i n g  
t h e  b racke t  mount, i s  1,000 1 bs. 

( 4 )  Remove t h e  h i g h  vo l t age  c a b i n e t  o r  t h e  c o n t r o l  e l e c t r o n i c s  cab ine t .  
They a re  es t imated  t o  weigh 3,000 l b s .  and 2,500 l b s .  r e s p e c t i v e l y .  

(5) L i f t  n i isce l laneous t o o l s ,  equipment, and pumps t h a t  a re  t o o  l a r g e  and 
cumbersome t o  be t r a n s p o r t e d  i n  t h e  e l e v a t o r .  

6.2.2.3 Crane Mount ing 

The crane i s  mounted on t h e  f o rwa rd  r o o f  s e c t i o n  o f  t h e  n a c e l l e  t o rque  box. 

T h i s  r o o f  s e c t i o n  i s  designed t o  suppor t  t h e  c rane  system and t o  r e a c t  a  

rnaxirnum l i f t  o f  10,000 l b s  a t  a  30 f t .  boom r a d i u s .  

Tne crane mount ing i s  a  s i ~ n p l e  f l a n g e  connec t ion  c o n t a i n i n g  36 b o l t s  o f  

7/8 i n .  u iameter.  The r o o f  s e c t i o n  i s  r e i n f o r c e d ,  t o  t r a n s m i t  t h e  suppo r t  ancl 

r e a c t i o n  loaas t o  t h e  s i d e  w a l l s  o f  t h e  r o t o r  t o rque  box. 

Sa fe ty  r a i l i n g s  a r e  i n s t a l l e d  around t h e  p e r i p h e r y  o f  t h e  r o o f  area enc los i ng  

t n e  c rane  l o c a t  ion.  

6.3 FAIRING 

6.3.1 GENERAL DESCRIPTION 

The n a c e l l e  f a i r i n g  i s  a secondary s t r u c t u r e  t h a t  p r o t e c t s  nacel le-mounted 

equipment f r om  weather, suppor ts  t h e  ex te rna l l y -mounted  wind sensors and 

a i r c r a f t  hazard  1  i g h t s  and p rov i des  f i l t e r e d  a i r  t o  t h e  i n s i d e  of  n a c e l l e .  I t  

does n o t  c a r r y  any r o t o r  suppor t  l oads .  



6.3.2 STRUCTURE 

The f a i r i n g  s t r u c t u r e  i s  des igned t o  b e  sh ipped  i n  modules, and t o  b e  e a s i l y  

assen~blea.  I t  i s  a  t h r e e - s i d e d ,  box-1 i k e  s t r u c t u r e ,  w i t h  a  r o o f  s e c t i o n .  I t  

a t t a c h e s  t o  t h e  a f t  face o f  t h e  n a c e l l e  t o r q u e  box and t h e  b e d p l a t e .  A l l  

j o i n t s  a r e  s e a l e d  and weatherproofed.  The r o o f  and w a l l  s e c t i o n s  a r e  i n  t h r e e  

p i e c e s ,  w i t h  s k y l i g h t s  i n  t h e  two a f t  r o o f  s e c t i o n s .  Exhaust  a i r  f r o m  t h e  

g e n e r a t o r  i s  ven ted  t h r o u g h  one s i d e  w a l l  and f r e s h  a i r  i s  drawn i n  t h r o u g h  

t h e  b e d p l a t e  bo t tom.  A i r  i s  f i l t e r e a  t o  remove a i r b o r n e  p a r t i c u l a t e s  and s a l t .  

The f a i r i n g  i s  s t a n d a r d  conmerc ia l  c o n s t r u c t  i o n  f o r  1  i g h t w e i g h t  m o b i l e  

b u i l d i n g s .  A sandwich c o n s t r u c t i o n  c o n s i s t s  o f  s t a n d a r d  s t e e l  channe l  

s e c t i o n s  t h a t  a r e  cove red  w i t h  g a l v a n i z e d  s t e e l  sheets ,  i n s i d e  and o u t .  A1 1  

j o i n t s  a r e  o o l t e d  w i th  s t a n d a r d  s t e e l  n u t s ,  b o l t s  and washers, and s e a l e d  w i t h  

commercia l  c a u l k i n g  t h r o u g n o u t  t h e  j o i n t e d  area.  A l l  f a i r i n g  s e c t i o n s  c o n t a i n  

i r l d i v  i d u a l  1 i f t  i n g  1  ugs f o r  assen~b ly  and hand1 i n g .  

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

l i g h t i n g .  B r a c k e t s  a r e  p e r m i t t e d  on t h e  i n s i d e  o f  w a l l s ,  t o  s t o r e  n a c e l l e  

equ i prrlen t . 

6.3.3 FAIRING DLSIGN CRITERIA 

Tne f a i r i n g  i s  des igned u s i n g  comrnercial des igr i  p r a c t i c e s .  The l o a d s  were 

based on a  maximum h o r i z o n t a l  w ind  p r e s s u r e  o f  68 I b s .  p e r  sq. ft., 50 l b s .  

p e r  sq. f t .  o f  i c e  o r  snow on t h e  r o o f  and a  w ind  up1 i f t  l o a d i n g  o f  51  l b s .  

p e r  sq. f t . No permanent d e f o r m a t i o n  i s  p e r m i t t e d  a t  t h e  d e s i g n  l o a d  and n o  

f a i l u r e s  a r e  a l l o w e d  a t  1.5 t i rnes t n e  d e s i g n  l o a d .  

6.3.4 FINISH 

Logos w i l l  be  de te rm ined  b y  t h e  customer.  The i n t e r i o r  i s  p r imed  and p a i n t e d  

w h i t e .  

6.4 WORK PLATFORMS 

6.4.1 GENERAL DESCRIPTION 

F o r  e n t r y  t o ,  and e x i t  from, t h e  n a c e l l e ,  p l a t f o r m s ,  l a d d e r s  and walkways 

p r o v i d e  s a f e  and r e 1  i a b l e  passage f o r  workers .  P l a t f o r m s  a t  v a r i o u s  s t a g i n g  

a r e a s  i n  t h e  yaw and nace! l e  area,  l a d d e r s  1 i n k i n g  t h e s e  p l a t f o r m s ,  and 

walkways p a s t  equipment a r e  a l s o  p r o v i d e d .  A l l  p l a t f o r m s ,  l a d d e r s  and 



walkways a re  c l e a r l y  marked and a r e  designed acco rd i ng  t o  t h e  s tandards o f  t h e  

Occupat iona l  Safety  & H e a l t h  Acts ,  and t h e  American Na t i ona l  Standards f o r  

F i x e d  Ladaers, A N S I  A14.3. 

6.4.2 YAWAREH 

There a r e  t h r e e  tower  and yaw p la t fo r rns  l o c a t e d  near  t h e  t o p  of  t h e  tower.  

Tne l owes t  o f  t h e  t h r e e  i s  t h e  s t a g i n g  p l a t f o r m  f o r  t h e  e l e v a t o r .  The m idd le  

p l a t f o r m  i s  f o r  access t o  and maintenance o f  t h e  e l e v a t o r  d r i v e .  The upper 

p l a t f o r m  i s  f o r  access t o  and maintenance of  t h e  yaw d r i v e  system. 

The upper yaw p la t f o r r n  i s  a t tached  t o  t h e  lower  yaw s t r u c t u r e .  The lower  two 

tower  p l a t f o rms  f l o a t ,  hung b y  s t e e l  cab les  f rom t h e  inboard  s t i f f e n e r s  o f  t h e  

lower  yaw, t o  e l i m i n a t e  p e n e t r a t i o n  and at tachment  t o  t h e  upper tower s h e l l  

sec t ions .  The p l a t f o r r n  base frames a r e  welded and b o l t e d  s t e e l  channel  

s e c t i o n s  covered b y  s tandard  9 - i n .  o r  12 - in .  wide commercial s t e e l  deck ing.  

Cu t -ou ts  were added t o  t h e  deck ing  f o r  workers t o  pass through, f o r  access t o  

t h e  e l e v a t o r ,  e l e c t r i c a l  w i r e  ways and t h e  i n s t a l l a t i o n  o f  t h e  yaw s l i p r i n g .  

The upper and m idd le  p l a t f o rms  a re  connected b y  a  s tandard  f i x e d  l adde r ,  a t  

o n l y  one l o c a t i o n .  For  access between t h e  upper yaw p l a t f o r m  and t h e  n a c e l l e  

u n i t ,  two l adde r  s e c t i o n s  a r e  prov ided.  These two l adde rs  a r e  suspended from 

t h e  bedp la te  so t h e y  r o t a t e  d u r i n g  yaw maneuvers. A l l  p l a t f o r m  sur faces  a r e  

coated w i t h  non-sk id  coa t i ng .  These p l a t f o r m s  a re  i l l u s t r a t e d  i n  s e c t i o n  7.3 

o f  t h i s  volume. 

6.4.3 NACELLE AREA 

A removable f l o o r  g r a t i n g  i s  f i t t e d  th roughou t  t h e  genera to r  area o f  t h e  

bedpla te .  A l l  e l e c t r i c a l  wireways a r e  r o u t e d  beneath t h i s  f l o o r .  The g r a t i n g  

i s  suppor ted b y  l o c a l  b racke t s  i n  t h e  bedp la te  s t r u c t u r e .  

A ha t ch  i s  p rov i ded  i n  t h e  f l o o r  f o r  access t o  t h e  l u b e  o i l  p l a t f o r m ,  which i s  

nung f r o m  beneath t h e  bedp la te  s t r u c t u r e .  

A f i x e d  l aade r  i s  a t t ached  t o  t h e  i n s i d e  o f  t h e  r o t o r  s i d e  p l a t e ,  f o rwa rd  o f  
t h e  gearbox, f o r  access t o  t h e  r o o f  area. Removable f l o o r  g r a t i n g  i s  i n s t a l l -  

ed  a l ong  t h e  gear-box, f o r  access t o  t h e  low speed s h a f t  area. The removable 

f l o o r  g r a t i n g s  a l s o  p r o v i d e  access t o  t h e  yaw and bedp la te  i n t e r f a c e  b o l t s .  



6.4.4 ROOF AREA 

A na t ch  i s  p rov i ded  i n  t h e  fo rward  l e f t  co rne r  o f  t h e  forward r o o f  sec t i on .  

Guard r a i l i n g s  a re  p rov i aed  around t h e  e n t i r e  p e r i p h e r y  o f  t h e  r o o f ,  and 

non-sk id  c o a t i n g  marks walk ways around t h e  a u x i l  i a r y  c rane  area. A forward,  

overhung deck i s  i n s t a l l e d  f o r  access t o  t h e  yoke-mounted equipment. 

6.5 AUXILIARY SUBSYSTEM 

6.5.1 GENEgATOR COOLING A I R  FILTRATION 

Adequate c o o l i n g  f o r  t h e  v a r i a b l e  speed generator ,  based on vendor p r a c t i c e ,  
r e q u i r e s  about 100 cfm o f  a i r  across t h e  genera to r  f o r  each kW o f  l oss .  The 

losses,  which a r e  conver ted  t o  heat ,  amount t o  about 3% o f  t h e  generated 

power. A t  a  r a t i r i g  o f  7,500 kW, 225 kW must be c a r r i e d  away b y  coo l  i n g  a i r .  

A t  100 cfm/kW, t h e  t o t a l  f l o w  i s  22,500 cfm. The genera to r  has b u i l t - i n  fans 

t o  move 22,500 c fm aga ins t  12 i n .  water  gauge pressure,  w h i l e  i t  i s  

ope ra t i ng .  A n  a u x i l i a r y  f a n  w i t h  a  r a t i n g  o f  10,000 cfm p rov ides  coo l  i n g  a i r  

t o  t h e  genera to r  a u r i n g  low speed moto r ing .  Th is  a u x i l  i a r y  f a n  i s  a  B u f f a l o  

Forge S, model #29H9, which runs  a t  1,750 rpm. 

I n  a  sea coas t  environment 1  i k e  Hawa i i ' s ,  t h e  a i r  must be f i l t e r e d  t o  reduce 

t n e  s a l t  concen t ra t  ion.  Tests conducted b y  General Pub1 i c  Ut  il i t  i e s  d e f i n e d  

t n e  s a l t  c o n c e n t r a t i o n  a t  about .25 m i l e s  i n l a n d  f rom ocean s u r f .  Tne maximum 

c o n c e n t r a t i o n  i s  about 0.2 ppm f o r  a wind speed o f  40 mph b low ing  on shore. 

GE's Gas Tu rb i ne  D i v i s i o n  found s i m i l a r  data.  The mean c r y s t a l  s i z e  was 10 

rnicrons, and 95% o f  t h e  c r y s t a l s  a r e  l a r g e r  t han  2  microns, i n  a  15 mph wind. 

T h i s  da ta  was used t o  des ign  f i l t e r s .  

Severa l  f i l t e r s  were r e q u i r e d  t o  d e l  i v e r  a i r  w i t h  a  maximum s a l t  con ten t  o f  

.005 ppm i n  t h i s  environment.  RIGA-FLOW b y  F a r r  Company o f  Los Angeles, and 

t h e  h i g h  e f f i c i e n c y  Acropac A i r  F i l t e r  by  Cambridge F i l t e r  Co rpo ra t i on  o f  

Syracuse meet these  requi rements .  These f i l t e r s  w i l l  b l ock  99.7% o f  t h e  

2-micron p a r t i c l e s .  For  1  arger  p a r t i c l e s ,  t h e  e f f i c i e n c y  i s  h i ghe r .  A i r  

f l o w s  i n t o  these  f i l t e r s  a t  500 fpm, which r e q u i r e s  a  t o t a l  p r o j e c t e d  f l o w  

a rea  of  45 square ft. The f i l t e r  e lements a r e  approx imate ly  12 i n .  deep. A 

mechanical  separa to r  ahead o f  t h e  bank o f  f i l t e r s  separates any s a l  t -bear  i n g  

m o i s t u r e  d r o p l e t s  f rom t h e  incoming a i r .  The dev ice  g e n e r a l l y  c o n s i s t s  o f  

v e r t i c a l l y  o r i e n t e d  hooked vanes, mounted p a r a l l e l  t o  t h e  a i r  stream. The 

vanes f o r ce  t h e  a i r  t o  change d i r e c t  i on  severa l  t imes  as i t  f l o w s  th rough  t h e  



array.  Any d r o p l e t s  i n  t h e  a i r  stream w i l l  a t t ach  t o  t h e  vanes, unable t o  

fo l l ow  t h e  undu la t ions  o f  t h e  a i r  stream because o f  t h e  water. The water 

migra tes  t o  a hook - l i ke  t rough on the  vane, and f lows down along t h e  hook t o  a 

catch t rough below t h e  separator.  The f i l t e r s  and separators a re  l oca ted  

underneath the  bedplate, j u s t  below the  generator and above t h e  lube o i l  

p lat form. The f i l t e r s  w i l l  be serv iced f rom t h e  lube p la t fo rm.  

6.5.2 FAIRING VENTILATION 

A i r  en te rs  t h e  n a c e l l e  through openings i n  t he  forward s ide  w a l l s  and e x i t s  

through a B u f f a l o  Forge Type "S"  29A9, o r  equ iva len t ,  exhaust f a n  i n  t h e  a f t  

bulkhead o f  t h e  f a i r i n g .  A i r  f i l t e r s  and water separators, a r e  i n s t a l l e d  a t  

i n s i d e  w a l l s  o f  t h e  i n l e t  vents. Motor ized louvers  a t  t h e  i n l e t  vents and 

exhaust p o r t  c rea te  an a i r - t i g h t  seal,  which meets the  requirements of a Halon 

f i r e  p r o t e c t  i on  system. 

6.5.3 NACELLE FIRE PROTECTION SYSTEM 

I n  t h e  event o f  a f i r e  w i t h i n  the  con f i ne  o f  t h e  nacel l e y  a t o t a l  f l o o d i n g  

Halon 1301 (bromotr i f luoromethane) f i r e  ex t i ngu i sh ing  system w i l l  be used t o  

q u e l l  t h e  flames. Although most o f  t h e  ma te r ia l  i n  t he  nace l l e  i s  n o t  

combustible, t he  use of petroleum-based hydraul  i c  and l u b r i c a t i o n  o i l s ,  and 

e l e c t r i c a l  equipment i n s u l a t i o n ,  made a f i r e  suppression system necessary. 

Since t h e  system i s  based on Halon, which i s  denser than a i r ,  t he  e n t i r e  

n a c e l l e  was designed t o  a l l ow  a charge o f  Halon i n  a 5% un i fo rm concent ra t ion  

t o  be maintained a'n t h e  n a c e l l e  f o r  10 minutes. The system was designed t o  

meet requirements o f  t h e  Factory Mutual Approval Guide. One hundred n i n e t y  

(190) pounds of Halon 1301 i s  s to red  i n  a c y l  i n d r i c a l  s t e e l  conta iner  

suspended f rom t h e  c e i l  i ng  c f  t h e  f a i r i n g .  The se l f -conta ined u n i t  has a f i l l  

valve, pressure gauge, discharge valve, i n i t i a t o r ,  s a f e t y  cap and t h e  

necessary c a b l i n g  and in terconnects t o  t h e  smoke detec tor ,  f i r e  a larm and 

motorized louvers. A horn i s  used t o  sound t h e  pre-discharge and d ischarge 

warnings t o  personnel. The motor ized louvers  a re  c losed on discharge t o  

main ta in  the  concentrat ion.  
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7.0 TOWEK AND FOUNDATION SUBSYSTEMS 

7.1 OVEKHLL DESIGN DESCKIPTION 

The tower  and founda t ion  subsystem i s  a  s imple,  c l ean  des ign,  shown i n  F i g u r e  

7-1. Tne tower  i s  a  welded s t e e l  p l a t e  c y l i n d r i c a l  s h e l l  w i t h  a  c o n i c a l  

bdse. The cone t ape rs  f r om  a  base d iameter  o f  22.5 f t .  t o  a  d iameter  o f  14.5 

f t .  a t  t n e  5 0 - f t .  e l e v a t i o n  p o i n t .  A t  t h - i s  p o i n t ,  t n e r e  i s  a  formed p iece ,  

c a l l e d  t h e  knuck le  sec t i on ,  making a  t r a n s i t i o n  between t h e  cone ana t h e  

c y l i n d e r .  The tower  i s  224.73 f t .  h i g h  a t  t h e  yaw bea r i ng  i n t e r f a c e .  The 

6 - f t .  s e c t i o n  of t t i e  tower  below t h e  yaw bea r i ng  i s  c a l l e d  t h e  lower  yaw 

adapter;  t h e  sec t  i on  above t h e  yaw b e a r i n g  i s  c a l l e d  t h e  upper yaw adap te r .  

Bo th  a r e  p re fab r i ca ted .  The bas i c  tower i s  rnade o f  sec t i ons ,  and most o f  t h e  

s e c t i o n s  a r e  s l i g h t l y  l e s s  t han  10 f t .  h i gh .  The s e c t i o n s  a re  f a c t o r y  r o l l e d ,  

sh ipped t o  t n e  s i t e ,  welded i n t o  can sec t i ons  about 30 ft. long, and l i f t e d  

on to  t h e  tower  f o r  a c i r c u m f e r e n t i a l  weld. 

The tower i s  b o l t e d  t o  a  r e i n f o r c e d  concre te  spread founda t ion .  The 

f o u l ~ d a t i o n  s i z e  depends on t h e  s o i l  p r o p e r t i e s  of t h e  s i t e .  The f ounda t i on  i s  

des igned f o r  a  gene r i c  s i t e  w i t h  miniinunl a l l owab le  s o i l  bea r i ng  p ressure  o f  

4,UOO p s i ,  no d ra inage  problems, and a  minimum e f f e c t i v e  modulus o f  e l a s t i c i t y  

o f  5,000 p s i .  These p r o p e r t i e s  were s p e c i f i e d  i n  t h e  statement o f  work and 

a re  r e p r e s e n t a t i v e  o f  many poss iS le  s i t e s .  A c i r c u m f e r e n t i a l  base p l a t e ,  r i n g  

and anchor b o l t  c n a i r s  f o rm  a  t r a n s i t i o n  between t h e  base and t h e  founda t ion .  

An e l e v a t o r  mounted i n s i d e  t h e  tower  p rov i des  access t o  t h e  nace l l e .  A ground 

l e v e l  access door, i n t e r n a l  p l a t f o r m s ,  emergency l adde r  and cableway/wi re  

c o n d u i t  a re  con ta ined  i n  t h e  tower.  These i tems and t h e  yaw d r i v e  subsystem 

a r e  mounted i n s i d e  t h e  tower t o  p r o t e c t  then1 froirr weather. The e l e v a t o r  

s t r u c t u r e  i s  used t o  suppor t  t h e  w i r i n g .  S t ress  c o n c e n t r a t i o n  i n  t h e  main 

tower  s h e l l  were avoided by  des ign ing  t h e  e l e v a t o r  s t r u c t u r e  t o  be suppor ted 

o n l y  a t  t h e  yaw p l a t f o r m  and base. 

The tower des ign  had t o  meet s a f e  s t r e s s  l e v e l s ,  and had t o  g i v e  t h e  system 

t h e  p roper  dynamic f requenc ies .  I t  i s  a  " s o f t "  tower des ign,  i n  t h a t  t h e  

f i r s t  system bending f requency i s  about 0.34 Hz. Th i s  f requency i s  between 

t h e  one and two pe r  r e v o l u t i o n  f o r c i n g  f r equenc ies  o f  t h e  b lade.  T h i s  

f requency, as shown by  t h e  dynarr~ic ana l ys i s ,  lowers t h e  system f a t i g u e  loads, 
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n o t  o n l y  f o r  t h e  tower,  b u t  f o r  t h e  whole system. Several  parameters can tune  

t h e  system: 1 )  t h e  base d iamete r  and h e i g h t  o f  t h e  c o n i c a l  base, 2 )  t h e  b a s i c  

c y l  i nder  d i a ~ n e t e r ,  3 )  t h e  tower  he igh t ,  4 )  i n d i v i d u a l  sec t  i on  th i cknesses  and 

3 )  t h e  tower  m a t e r i a l .  I n  t h e  conceptua l  and p r e l  im ina ry  des ign  phases, t h e  

b a s i c  geornetry was determined by  t r a d e - o f f  s t ud ies .  The tower. d iameter  was s e t  

a t  14.5 f t .  f o r  accep tab le  l i m i t  l oad  s t r e s s  i n  t h e  t r a n s i t i o n  knuck le  between 

t h e  c y l  i n d r  i c a l  and con i c a l  s e c t  ions w i t h  maximum mater i a l  th i ckness .  Design 

o f  t h e  yaw b e a r i n g  and yaw d r i v e  subsystem proceeded a f t e r  t h e  d iamete r  was 

s e t .  Frequency t u n i n g  o f  t h e  tower  bending mode was m a i n l y  done by  a d j u s t i n g  

tower  n e i g h t ,  one of t h e  rnost s e n s i t i v e  parameters.  

Severa l  tower t r a d e - o f f  s t u d i e s  were made d u r i n g  t h e  conceptua l  des ign.  These 

s t u a i e s  covered such t o p i c s  as tower  he igh t ,  door des ign,  f ounda t i on  t ypes ,  

f i e l d  versus f a c t o r y  f a b r i c a t i o n ,  p a i n t  systems, at tachment o f  p l a t f o rms ,  rock  

anchors, e r e c t i o n  schemes, and b a s i c  m a t e r i a l s .  Manufac tu r ing  t r a d e - o f f  

s t u d i e s  a r e  d iscussed f u r t n e r  i n  s e c t i o n  10. 

I n  t h e  e a r l y  des ign  phases, t h e  m a t e r i a l  t r a d e - o f f  s t udy  se lec ted  A572-GK50, a  

50 k s i  y i e l d  s t e e l .  L a t e r ,  a  60 k s i  y i e l d  s t e e l  was chosen t o  a l l o w  t h i n n e r  

sec t i ons ,  which were needed f o r  f i n a l  t u n i n g  t h e  tower  bending mode t o  a  lower  

f requency. Because o f  t h e  low des ign temperature o f  -40°F and t h e  60 k s i  

y i e l d ,  a  quenched and tempered s t e e l ,  A678 GR B was chosen. The m a t e r i a l  was 

s e l e c t e d  on t h e  b a s i s  of p r i c e ,  weldab il i ty,  f o r n ~ a b i l  i t y ,  toughness, and 

su r f ace  p repa ra t i on .  T h i s  m a t e r i a l  i s  t h e  p l a t e  s p e c i f i c a t i o n  e q u i v a l e n t  t o  

A537, Class 2,  a  n u c l e a r  code s t e e l .  There was good f a b r i c a t i o n  exper ience  

w i ~ h  t h i s  s t e e l .  

Tne tower ana f ounda t i on  a re  aesigried t o  meet h u r r i c a n e  1  i rn i t  l oad  and 

o p e r a t i n g  c y c l i c  l oad  c o n d i t i o n s .  The des ign d r i v e r  f o r  t h e  tower  and 

founda t ion  i s  t h e  h u r r i c a n e  1  i m i t  l oad  c o n d i t i o n .  I n  t h i s  case, t h e  b l ade  i s  

assunled t o  be downwind o f  t h e  tower  and b roads ide  t o  t h e  wind, so t h a t  t h e  

l a r g e  shear and o v e r t u r n i n g  moment a re  added t o  t h e  n a c e l l e  dead we igh t  moment 

and tower  d rag  f o r c e s .  The c r i t i c a l  f a i l u r e  mode was found  t o  be l o c a l  

i n e l a s t i c  buck1 i n g  o f  t h e  w a l l  sec t i ons .  I n  a d d i t i o n ,  t h e r e  a r e  seve ra l  welds 

near  t h e  knuck le  s e c t i o n  t h a t  have n e a r l y  ze ro  marg ins i n  f a t i g u e ,  r e q u i r i n g  



t h e  use o f  h i g h  q u a l i t y  AISC ca tego ry  " B "  welds. Severa l  o t h e r  l i m i t  l o a d  

s i t u a t i o n s  such as overspeeds and unusual shutdowns were analyzed and d i d  n o t  

have a  s i g n i f i c a n t  impact on t h e  tower des ign.  

Seismic loads f o r  Zone 3 were added t o  t h e  normal ope ra t i ng  loads  pe r  t h e  

Uni forrn B u i l d i n g  Cqde (UBC). Us ing t h e  UBC procedures,  which d i s t r i b u t e  

a d d i t i o n a l  l a t e r a l  loads, t h e  se ismic  margins were shown t o  be h i ghe r  than  t h e  

h u r r i c a n e  margins.  I c e  and snow loads  a l s o  were found t o  be o f  l i t t l e  

consequence. 

The des ign  was checked f o r  v i b r a t i o n  o f  t h e  tower induced by  t h e  wind. I t  i s  

w e l l  e s t a b l i s h e d  t h a t  a  t a l l ,  smooth c y l i n d e r  can, i n  c e r t a i n ,  s teady  wind 

c o n d i t i o n s ,  deve lop a  swaying mot ion  w i t h  a  l a r g e  amp1 i tude .  A t  t h e  c r i t i c a l  

wind speed t h e  v o r t i c e s  t h a t  shed f r om t h e  c y l i r l d e r  a l t e r n a t e  a t  a  f requency  

i n  phase w i t h  t h e  f i r s t  bending n a t u r a l  tower  f requency, i nduc ing  a  p o s i t i v e  

feedback. The v o r t i c e s  iriduce a  l i f t  f o r c e  pe rpend i cu l a r  t o  t h e  wind 

d i r e c t i o n ,  which reverses  as t n e  v o r t i c e s  shed f rom oppos i t e  s i des  o f  t h e  

c y l i n d e r .  Thus, t n e  swaying mot ion  b u i l d s  up pe rpend i cu l a r  t o  t h e  wind 

d i r e c t i o n .  The f i r s t  case t o  be checked was t h e  f u l l y  assembled wind t u r b i n e  

generator .  Fo r  t h i s  case, t h e  n a t u r a l  f requency i s  0.34 Hz and t h e  c r i t i c a l  

w ind  speed i s  15.3 rriph. A t  t h i s  low wind speed l i f t  f o r ces  a re  smal l  and 

tower  mot ions a r e  n e g l i g i b l e .  The i s o l a t e d  tower,  which must be p r o t e c t e d  

d u r i n g  assembly, was t h e  second case. Th is  case can be more troublesome, 

accord ing  t o  c a l c u l a t i o n s  and f i e l d  exper ience  w i t h  t h e  MOD-2. The n a t u r a l  

f requency o f  an i s o l a t e d  MOD-5A tower i s  about 1.0 Hz and t h e  c r i t i c a l  wind 

speecl i s  4b mph, which can r e s u l t  i n  s i g n i f i c a n t  1  i f t  f o r c e s  and tower  

mot ions.  A l though t h e  MOD-5A tower  should  n o t  have ampl i tudes o f  mot ion  as 

l a r g e  as those  o f  t h e  MOD-2 accord ing  t o  comparat ive c a l c u l a t i o n s ,  t h e  

temporary  s t r a k e  arrangement used on t h e  MOD-2 was a l s o  used on t h e  MOD-5A. 

Th i s  s t r a k e  arrangement c o n s i s t s  o f  suspended boa t  bumpers on t h e  o u t e r  

su r face  of t h e  tower  i n  a  s p i r a l  fash ion .  The s t r akes  break up t h e  v o r t e x  

p a t t e r n ,  t o  p reven t  v i b r a t o r y  bu i l d -up .  They a re  easy t o  remove once t h e  wind 

t u r b i n e  genera to r  i s  f u l l y  assembled. 

7.2 TOWER STRUCTURE DETAILS 

7.2.1 TOWER BASE 

The tower i s  b o l t e d  t o  t h e  f ounda t i on  by  96 2.5-in. anchor b o l t s  embedded i n  



t h e  foundat ion.  The s t r esses  i n  t h e  tower immediately above t h e  base a re  

d i s t r i b u t e d  s h e l l  s t r esses .  These s t r esses  rnust become concen t ra ted  a t  t h e  

p o i n t  loads a p p l i e d  by  t h e  b o l t s .  A method s i m i l a r  t o  t h e  method used i n  

l a r g e  f l a n g e d  p i p e  connec t ions  makes t h i s  t r a n s i t i o n .  As shown i n  F i g u r e  7-2, 

v e r t i c a l  gussets  on each s i d e  o f  t h e  b o l t  end i n  a  con t inuous  back-up r i n g .  

The gussets  and r i n g  des ign  a r e  c a l l e d  t h e  anchor b o l t  c h a i r .  S ince  t h e  tower  

i s  l a r g e  cornpared t o  a  f langed p i pe ,  t h e  anchor c h a i r s  a re  a l s o  used on t h e  

i ns i de .  T h i s  d i s t r i b u t e s  t h e  loads  w i t h  compa ra t i ve l y  l i t t l e  s h e l l  o r  base 

p l a t e  bending, consequent ly  t h e  t h i c kness  o f  these  components was reduced. 

Less n l a t e r i a l  i n  t h e  b a s i c  she l  1  cornpensates, t o  some ex ten t ,  f o r  t h e  

add i t  i ona l  i n t e r n a l  anchor c h a i r  ~ n a t e r  i a l  and weld ing.  

The s i z e  o f  t h e  anchor c h a i r s  and base p l a t e  was determined by Chicago B r i d g e  

and I r o n  (CBI) ,  u s i n g  a  s tandard  des ign  procedure.  However, as r e p o r t e d  i n  

s e c t i o n  7.4.5, a  f i n i t e  element model a n a l y s i s  o f  t h e  anchor b o l t  system was 

niade. The purpose o f  t h e  a n a l y s i s  was t o  determine b o l t  loads and s t r esses  i n  

t h e  c h a i r s .  

The door i s  near t h e  base. The r e d u c t i o n  o f  bas i c  s h e l l  m a t e r i a l  must be 

compensated f o r  by  r e i n f o r c i n g  t h e  door  opening i n  t h e  base. The door opening 

des ign  was done by  CBI, us i ng  a  beam s e c t i o n  method. A t h i c k e r  p l a t e  was a l s o  

s p e c i f i e d  f o r  t h e  cone segment c o n t a i n i n g  t h e  door t o  reduce t h e  bas i c  she l  1 

s t r e s s  and min im ize  t h e  p o t e n t i a l  f o r  r e i n fo r cemen t  weld s t r e s s  concen t ra t i ons  

exceeding a l lowab les .  A f i n i t e  element a n a l y s i s  o f  t h e  door opening was n o t  

done f o r  t h e  f i r s t  u n i t .  F i g u r e  7-3 shows t h e  d e t a i l s  o f  t h e  f a b r i c a t e d  ang le  

s e c t i o n s  t h a t  a c t  as s i d e  p o s t s  and f o rm  a  l i n t e l  above t h e  door. The angles 

a r e  rnade f r om t n e  Dasic  tower m a t e r i a l ,  r a t h e r  than  h o t  r o l l e d  angles o r  beams 

of a  d i f f e r e n t  m a t e r i a l .  T h i s  des ign  avo ids t h e  p o s s i b l e  problems of  we ld i ng  

two d i f f e r e n t  s t e e l s .  

There i s  a  l a r g e  r a d i u s  where t h e  t o p  o f  t h e  s i d e  pos t s  c o n t a c t  t h e  tower  

s h e l l .  Tne l a r g e  r a d i u s  reduces t h e  s t r e s s  c o n c e n t r a t i o n  t o  an American 

I n s t i t u t e  o f  S tee l  Concen t ra t ion  (AISC) " C "  weld ca tego ry  ( r e f .  7-9) w i t h  a  

r r~arg in  o f  s a f e t y  f o r  f a t i g u e  of 0.06. T h i s  marg in  i s  based on t h e  assun~pt ion  

t h a t  t h e  door sees a l l  t h e  h i g h e s t  f a t i g u e  tower s t resses ,  which i s  t h e  wors t  

case. A c t u a l l y ,  t h e  door i s  l oca ted  a t  90' f r om  t h e  p r e v a i l i n g  wind 

d i r e c t i o n ,  so t h a t  i t  w i l l  most f r e q u e n t l y  be on, o r  near,  t h e  n e u t r a l  a x i s .  
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F i g u r e  7-2.  Tower Base - C h a i r  D e t a l l s  





Thus, t h e  a c t u a l  marg in  can be cons ide rab l y  h i g h e r  than t h e  c a l c u l a t e d  rnargin, 

depending on t h e  l o c a l  s i t e  wind d i r e c t i o n  c h a r a c t e r i s t i c s .  

7.2.2 TOWER SHELL ALLOWABLE STRESSES 

The tower  s h e l l  was designed t o  b o t h  avo id  i n e l a s t i c  l o c a l  b u c k l i n g  f rom 

h u r r i c a n e  1  irni t loads and avo i d  s t r e s s  i n g  welds t o  f a t i g u e  a1 lowables d u r i n g  

ope ra t i on .  F a t i g u e  des ign c r i t e r i a  a r e  descr ibed  i n  s e c t i o n  9, Vol .  11, 

Design C r i t e r i a .  Loca l  buck l  i n g  c r i t e r i a  were determined by  CBI and GE, u s i n g  

chimney 1  i n e r  des ign  procedures ( r e f .  7-1) as a  guide, s  ince  t h e  tower  i s  a  

t h i n  w a l l  c y c l  i n d e r  w i t h  r a d i u s - t o - w a l l  t h i c kness  r a t i o s  s i m i l a r  t o  1  i ne r s .  

The a l l o w a b l e  s t r e s s  i s  based on a  1.25 s a f e t y  f a c t o r .  

Loca l  b u c k l i n g  des ign,  which predominates f o r  t h e  MOD-5A geometry, i s  

d i f f e r e n t  f rom E u l e r  b u c k l i n g  o f  l ong  c y c l i n d e r s .  Removal o f  t h e  s o - c a l l e d  

E u l e r  c r i t i c a l  l oad  a l l ows  l ong  columns t o  snap back, whereas l o c a l  buck l  i n g  

i n  t h e  i n e l a s t i c  r e g i o n  i s  i r r e v e r s i b l e .  The des ign  a l s o  takes  i n t o  account 

t h e  e f f e c t  o f  t h e  tower weight  on c r i t i c a l  buck l i ng ,  b y  m o d i f y i n g  t h e  E u l e r  

cons tan t ,  as suggested b y  Timeshenko and Gere ( r e f .  7-2, pg. 100). 

The r a t i o n  o f  t h e  r a d i u s  t o  t h e  w a l l  t h i c kness  ( t / R )  o f  t h e  MOD-5A tower  

des ign  ranges f r om about 50 t o  150. Accord ing  t o  Timeshenko and Gere ( r e f .  

7-2, pg. 458), t h e  t h e o r e t i c a l  buck l  i n g  s t r e s s  f o r  t h i n  e l a s t i c  c y l i n d e r s  i n  

compress i o n  i s :  

uCr = .606 E t / R  ( p s i )  where t = t h i c kness  o f  t h e  w a l l  C7- 1  1 
R = r a d i u s  

E  = tangen t  modulus o f  e l a s t i c i t y  

T h i s  t h e o r e t i c a l  s t r e s s  i s  f o r  a  c y l  i nde r  w i t h  no i n i t i a l  imper fec t ions ,  no 

r e s i d u a l  s t resses ,  and f o r  i d e a l  i zed  l o a d i n g  cond i t i ons .  Th i s  t h e o r e t i c a l  

s t r e s s  i s  reduced by  a c a p a c i t y  r e d u c t i o n  f a c t o r  t o  account f o r  r e a l i s t i c  

c o n d i t i o n s .  The f a c t o r  f o r  a  l a r g e  r a t i o n  o f  r a d i u s  t o  w a l l  t h i c kness  equa ls  

,206 i n  t h e  CBI des ign  procedure, so t h a t  ocr = 0.125 E t / R  For  smal l  

va lues  o f  cscr w i l l  exceed t h e  p r o p o r t i o n a l  1  i m i t  o f  s t e e l  f and a  

p l a s t i c i t y  r e d u c t i o n  f a c t o r  i s  used. F i n a l l y ,  f o r  ve r y  smal l  r a t i o s  t h e  s h e l l  

w i l l  n o t  buck le ;  i ns tead ,  i t  w i l l  y i e l d  i n  s t r a i g h t  compression. 



The ASCE/CBI des ign  method accounts f o r  these  f a c t o r s  as shown i n  F i g u r e  7-4, 

where t h e  f a c t o r  Y i s  t h e  E u l e r  r e d u c t i o n  and t h e  f a c t o r  X accounts f o r  t h e  

t h r e e  r e g i o n s  o f  r a d i u s  t o  w a l l  t h i c k n e s s  r a t i o s ,  w i t h  t h e  c a p a c i t y  and 

p l a s t i c i t y  f a c t o r s  b u i l t  i n t o  t h e  t h r e e  fo rmu las  f o r  X.  Fo r  t h e  b a s e l i n e  

m a t e r i a l  t h e  a l l o w a b l e  s t r esses  f o r  1.0 and 1.25 f a c t o r s  o f  s a f e t y  a r e  shown 

i n  F i g u r e  7-5, as a  f u n c t i o n  o f  t h e  r a d i u s  t o  w a l l  t h i c kness  r a t i o  u s i n g  t h e  

ASCE/CBI method. 

Uur i ng  t h e  design, CBI and c o n s u l t a n t s  f r om  Leh i gh  U n i v e r s i t y  b rough t  t o  1  i g h t  

rnore r e c e n t  d a t a  than  t h a t  on which t h e  ASCE method was based, and newer 

des ign  curves.  A paper b y  C .  D. M i l l e r  ( r e f .  7-3) summarizes t h e  t e s t  da ta  on 

f a b r i c a t e d  o r  welded c y l i n d e r s  w i t h  t h e  a p p r o p r i a t e  r a d i u s  t o  w a l l  t h i c k n e s s  

r a t i o s .  A1 1 t h e  p e r t i n e n t  da ta  f rom r e f .  7-3 a re  p l o t t e d  i n  F i g u r e  7-5. I n  

t h e  f i g u r e ,  t h e  d a t a  p o i n t s  a r e  norma l i zed  b y  p l o t t i n g  t h e  r a t i o  o f  t e s t  

s t r e s s  t o  t h e  t h e o r e t i c a l  s t r ess ,  w i t h  E u l e r  b u c k l i n g  accounted f o r .  The da ta  

a re  n ~ o s t l y  f o r  m i l d  s t e e l s ,  30 t o  50 k s i ,  w i t h  one p o i n t  a t  100 k s i .  The 

ASCE/CBI method used he re  i s  r e s t r i c t e d  t o  60 k s i  y i e l d  o r  s t r onge r  s t e e l s .  

The more r e c e n t  d a t a  p o i n t s  were taken  a t  t h e  U n i v e r s i t y  o f  A l b e r t a  

( r e f .  7 -4 ) .  The f i g u r e  shows t h a t  t h e  c u r r e n t  des ign  curves a re  conse rva t i ve ,  

s i n c e  a l l  t h e  da ta  f a l l s  above t h e  ASCE curve,  excep t  a t  a  r a d i u s  t o  w a l l  

t h i c k n e s s  r a t i o  o f  0.25, which i s  n o t  i n  t h e  range o f  t h e  MOD-5A t o w e r ' s  

t/R. The s t r u c t u r a l  des ign  c r i t e r i a  p e r m i t s  use o f  a  1.25 f a c t o r  o f  sa fe t y  

w i t h  t h e  suppo r t i ng  t e s t  d a t a  no ted  above. 

. T h e r e  a r e  o t h e r  des ign  procedures t h a t  have a l l o w a b l e  cu rves  neare r  t h e  data,  

such as t h e  1.0 f a c t o r  o f  s a f e t y .  These procedures i n c l u d e  an ASME method 

( r e f .  7 -5 ) ,  t h e  A P I  method ( r e f .  7-6)  and t h e  DNV method ( r e f .  7-7) .  These 

methods a r e  s l i g h t l y  l e s s  conse rva t i ve  than  t h e  ASCE method, b u t  t h e i r  use 

would p r o v i d e  l i t t l e  b e n e f i t ,  s i n c e  f a t i g u e ,  r a t h e r  than  b u c k l i n g  s t r e s s e s  

would become t h e  des ign  d r i v e r  i n  many s e c t i o n s  o f  t h e  tower.  
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LOCATION OAK BROOK ENGR. 

APPENDIX A 

CRITICAL STRESS FOR AXIAL COMPRESSION* 

E = Modulus o f  E l a s t i c i t y  

F = Y i e l d  S t r e s s  ( k s i )  
Y 

F = P r o p o r t i o n a l  L i m i t  
P 

t = Th ickness  

R = S h e l l  Radius 

1 = D i s t a n c e  f r o m  t o p  t o  p o i n t  b e i n g  c o n s i d e r e d .  

K = 2 . 0  

r = Radius o f  G y r a t i o n  

* THESE FORMULAS HAVE BEEN TAKEN FROM THE DESIGN AND CONSTRUCTION OF STEEL 
CHIMNEY LINERS, PUBLISHED BY THE AMERICAN SOCIETY OF C IV IL  ENGINEERS WITH 
THE EXCEPTION THAT THE EQUATION FOR Y AND THE LIMITS OF K1 HAVE BEEN 
MODIFIED. r- 

NOTE: THESE FORMULAS ARE BASED ON 60 KSI YIELD MATERIAL MAXIMUM. 

F i g u r e  7-4 C r i t i c a l  S t r e s s  f o r  A x i a l  Compression 

7-10 
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A1 1  t h e  t e s t  da ta  c i t e d  i s  f o r  s imp le  compression. The MOD-5A tower 

exper iences m o s t l y  bending compression. Timeshenko ( r e f .  7-7)  p o i n t s  o u t  t h a t  

comput ing t h e  exac t  bending s o l u t i o n  o f  c r i t i c a l  b u c k l i n g  i s  compl icated.  But 

he concludes t h a t  a  conse rva t i ve  r e s u l t  i s  obta ined,  assuming t h a t  t h e  tower  

buck les  when t h e  sum o f  t h e  bending and un i f o rm  compressive s t r e s s  equa ls  t h a t  

o f  t h e  c r i t i c a l  u n i f o r m  compress i v e  s t r ess .  He c i t e s  one t h e o r e t i c a l  example 

f o r  which t h e  exac t  c a l c u l a t i o n  was done f o r  a  r a d i u s  t o  w a l l  t h i c kness  r a t i o  

o f  228. I n  t h i s  example t h e  pure  bending was 30% s t r onge r .  He a l s o  c i t e s  

exper imenta l  data ,  f r om  1934 a i r c r a f t  t u b u l a r  c o n f i g u r a t i o n s ,  i n  which t he  

c r i t i c a l  s t r e s s  i n  bending i s  about 1.4 t imes  t h e  ax ia l -compress ive  data.  

Therefore,  cons ide r i ng  t h e  tower as a  beam colurnn, t h e  maximum combined 

cornpressive s t r e s s  i s  n o t  a i r e c t l y  compared t o  t h e  c r i t i c a l  l o c a l  b u c k l i n g  

s t r e s s .  The bending and a x i a l  compressive s t resses  were combined by  t h e  

i n t e r a c t i o n  f o rmu la  t o  determine a l l o w a b l e  St ress.  

Where f a  and fb are  t h e  computed a x i a l  and bending s t resses ,  Fb i s  t h e  

a1 lowable s t r e s s  p e r  t h e  ASCE method and Fa i s  t h e  same s t r ess ,  o u t  lowered 

by  a  s lenaerness r e d u c t i o n  f a c t o r .  The l a t t e r  accounts f o r  o v e r a l l  column 

~ u c k l i r l g  and i t s  va l ue  i s  g i ven  by t h e  AISC method i n  F i g u r e  7-4. The e f f e c t  

of t h e  s lender  column r e d u c t i o n  i s  smal l ,  s i nce  f a  i s  smal l  compared t o  f b  

F i n a l l y ,  t h e  a p p l i c a b i l i t y  o f  t h e  d a t a  depends on t h e  q u a l i t y  o f  t h e  cons t ruc -  

t i o n .  The a l l owab le  impe r fec t i ons  f o r  t h e  MOD-5A f a b r i c a t i o n  a re  s l i g h t l y  

l a r g e r  than  a l lowed by  t h e  ASFlE method ( p e r  Code S p e c i f i c a t i o n  Subsect i o n  

llE-4220), b u t  a r e  compat ib le  w i t h  t h e  t e s t  specimens and t h e  o t h e r  des ign  

stanaards.  A lso,  t h e  e f f e c t  o f  impe r fec t i ons  appears t o  be l e s s  s i g n i f i c a n t  

i n  t h e  i n e l a s t i c  zone accord ing  t o  r e c e n t  t e s t  data.  To quote P ro fesso r  

Ostapenko ( r e f .  7-8),  "Thus, one may conc lude t h a t  geometr ic  impe r fec t i ons  do 

n o t  reauce t h e  l o c a l  buck1 i ng  s t r e s s  i n  t h i s  range as s i g n i f i c a n t l y  as i s  

g e n e r a l l y  be l i eved " .  The s tudy  of  t e s t  da ta  nas shown a  genera l  t r e n d  toward 

more s c a t t e r  a t  h i g n e r  r a d i u s - t o - w a l l  t h i c kness  r a t i o s .  The increased s c a t t e r  

i s  assumed t o  oe due t o  t h e  s t r o n g e r  i n f l u e n c e  o f  i rnper fec t ions  -a t  h i g h e r  

r a t i o s .  Also,  a i r c r a f t  des ign  procedures c a l l  f o r  h i ghe r  f a c t o r s  o f  s a f e t y  

w i t h  l a r g e r  r a a i u s - t o - w a l l  t h i c k n e s s  r a t i o s ,  presumably f o r  t h e  same reason.  



7.2.3 CYLINDER AND CONE SECTIONS 

Each s e c t i o n  o f  t h e  tower  has a  s l i g h t l y  d i f f e r e n t  th i ckness .  I n  t h i s  t ype  of 

s t e e l  c o n s t r u c t  i o n  d i f f e r e n t  t h i c knesses  min im i ze  t h e  m a t e r i a l  cos t s ,  b u t  on 

t h e  MOD-5A d i f f e r e n t  th i cknesses  a re  a l s o  used f o r  t h e  purpose o f  f requency 

placement. I t  m igh t  be supposed t h a t  o r d e r i n g  p l a t e  t o  a  few s tandard  

t t l i cknesses  would reduce cos ts ,  b u t  t h i s  i s  no t  so. The s t e e l  m i l l  s e l l s  

s t e e l  by  weight ,  and w i l l  r o l l  s t e e l  t o  any th ickness .  However, p l a t e  w i d t h s  

must be standard,  so t h e  h e i g h t  o f  each s e c t i o n  was s e t  a t  s l  i g h t l y  l e s s  than  

10 f t .  A  s tandard  w i d t h  i s  10 ft., b u t  some a l lowance i s  needed f o r  edge 

p r e p a r a t i o n  and development of t h e  p r o j e c t e d  cone segments. 

The th icknesses  o f  t h e  t o v ~ e r  s e c t i o n s  were determined by  t h e  h u r r i c a n e  l o a d  

and each g i r t h  weld was checked f o r  f a t i gue .  The f i n a l  r e s u l t s  o f  t h e  

t h i c kness  des ign  procedure a r e  g i v e n  i n  Tables 7-1 and 7-2. Paragraph 7.2.2 

j u s t i f i e d  t h e  use o f  a  buck1 i ng  des ign  f a c t o r  o f  1.25. The procedure used a  

f a c t o r  o f  1.375 because f a t i g u e  mary i n s  near t h e  knuck le  were nega t i ve .  The 

t h i r d  column i s  t h e  t h i c k n e s s  o f  t h e  tower between t h e  h e i g h t  i n  column 1  t o  

t h e  n e x t  lower  he igh t ,  f o r  example, f r om  a  h e i g h t  o f  2696.82 i n .  t o  a  h e i g h t  

o f  2624.82 in. ,  t h e  s h e l l  t h i c kness  i s  0.750 i n .  Th i s  s e c t i o n  we igh t  i s  8,410 

l bs .  The t o t a l  tower  s h e l l  we igh t ,  i n c l u d i n g  t h e  34 in . -wide base p l a t e ,  i s  

560,730 l bs .  The we igh t  o f  t h e  anchor c h a i r s  and door r e i n fo r cemen t  shou ld  be 

added t o  t n i s  weight ,  f o r  a  t o t a l  we igh t  o f  579,000 lbs . ,  e x c l u s i v e  o f  t h e  

upper yaw housing, e l e v a t o r ,  e l e v a t o r  s t r u c t u r e ,  cableways and p l a t f o rms .  

Tne f a t i g u e  check o f  each c i r c u m f e r e n t i a l  seam weld i s  g i ven  i n  Tab le  7-2. 

Each seam i s  checked by  t h e  c rack  growth t h r e s h o l d  method. The r e s u l t s  appear 

i n  column 2  and 3. Column 2  c o n t a i n s  t h e  maximum a l t e r n a t i n g  s t r e s s  f o r  t h e  

s t a r t - s t o p  c y c l i c  load.  The a l l o w a b l e  s t r e s s  f o r  an A I S C  Category " B "  weld i s  

8,000 p s i ,  which i s  exceeded i n  f o u r  g i r t h  welds. Consequently, t h e  

s t r u c t u r a l  des ign  c r i t e r i a  r e q u i r e s  t h a t  those  f o u r  seams be checked b y  t h e  

c rack  i n i t i a t i o n  s t r e s s  (CIS)  method. These r e s u l t s  a re  shown i n  columns 5, 6  

and 7 .  Column 4  shows t h e  sma l l es t  p l a t e  th i cknesses  a t  each seam. I n  t h e  

cone t h i s  i s  t h e  lower  s e c t i o n  of t h e  a b u t t i n g  sec t ions ;  i n  t h e  c y l i n d e r  i t  i s  

t h e  h i g h e r  sec t i on ,  except  i n  t h e  case o f  t h e  h i g h e s t  seam where t h e  lower  yaw 

s e c t i o n  i s  t h i c k e r .  



Tab le  7-1 

Tower Th i ckness  Schedule fo r  L i m i t  Load (Buck1 i n g  Des ign  

INPUT E. Y l E L D  STRENGTH, PROP. LIMIT STRENGTH, 6 F.S (ps i  ) 
29000. 60, 36. 1.375 
INPUT SHEAR, VERTICAL FORCE AND MOMENT AT TOWER TOP ( l b . ,  f t  
436.2, 1060. 204640 

H ( I N . )  DIA. ( in . )  T ( I N . )  

l b . )  

TOT. WT. (KIPS) 

8.41 
20.33 
33.81 
48.34 
63.78 
80.14 
97.60 

116.17 
135.84 
156.62 
178.49 
201.47 
225.55 
250.74 
276.84 
304.05 
332.36 
361.59 
378.42 
407.26 
436.79 
466.90 
497.74 
530.69 
539.38 
560.73 
560.73 

BASE MOMENT = 127150.224524 K I P - F T  



Table 7-2 

Check o f  Tower Weld Seams for  F a t i g u e  

FATlGUE CHECK FOR TONER: FINAL DESIGN TOWER MARCH. 1984 

My (TYP 111) Hz ( T Y P  111) MY (RMC) Mz (RHC) 
TOP 2420000 f t .  1 b. 2650000 329000 347000 
BASE 31000000 T,,,,. 10100000 4560000 3220000 

SEAM 
HEIGHT 
( i n .  j 

0 .0  
2.6 

22.6 
137 .O  
246.0 
355.0 
464 .O 
573.0 
627 . O  
745.0 
863.0 

1099.0 
1217 .O  
1335.0 
1453.0 
1571 .O 
1689.0 
1807 .o 
1925 . O  
2043 .O 
2161 .O 
2279.0 
2397 .O 
2514 .O 
2624.8 

STRESS 
TY ! I1  

( p s i !  
295 

3861 
5653 
6262 
6622 
7084 
7588 
8227 
8401 
8233 
8107 
7771 
7612 
7439 
7250 
7043 
68 14 
6562 
6280 
5964 
5542 
5074 
4553 
3983 
3163 

8 WELD 
M.S. 

26.13 
1.07 
0.42 
0.28 
0.21 
0.13 
0.05 

-0.03 
-0.05 
-0.03 
-0.01 
0.03 
0.05 
0.08 
0 . 1 0  
0.14 
0.17 
0.22 
0.27 
0.34 
0.44 
0 .58  
0.76 
1 .O1 
1.53 

ACTUAL 
THKNSS 

( i n . )  
34.03 

1 .81 
1.25 
1.25 
1.32 
1.39 
1.48 
1 .58 
1.59 
1.54 
1.48 
1.37 
1.31 
1.25 
1.19 
1.13 
1.07 
1 . O l  
0.95 
0.89 
0.84 
0.79 
0.74 
0.69 
0.69 

STRESS 
RHC 

( p s i )  
5 0 

661 
968 

1071 
1132 
1211 
1296 
1404 
1433 
1403 
1380 
1320 
1291 
1259 
1224 
1186 
1144 
1097 
1044 
985 
906 
818 
719 
607 
453 

8 WELD 
H.S. 

30.69 
1.42 
0.65 
0.49 
0.41 
0.32 
0.23 
0.14 
0.12 
0.14 
0.16 
0.21 
0.24 
0.27 
0.31 
0.35 
0.40 
0.46 
0.53 
0.62 
0.77 
0.95 
1.23 
1.63 
2.53 

THKNSS 
REQ'D 
( i n . )  
1.073 
0.748 
0.756 
0.837 
0.934 
1.052 
1.199 
1.387 
1.424 
1.351 
1.277 
1.130 
1.057 
0.983 
0.910 
0.838 
0.765 
0.692 
0.620 
0.548 
0.476 
0.404 
0.333 
0.262 
0.196 



The r o o t  mean cubed (RF1C) s t r e s s  a t  each seam i s  ob ta ined  by  t h e  wors t  case 

moment combinat ion.  My and MZ a r e  assumed t o  peak a t  t h e  same t i m e  and a t  

t h e  same a x i s  a t  t o p  and bottom, so t h a t  t h e  vec to r  sum i s  t h e  a c t u a l  peak 

tower moment. These assunipt i ons  a r e  conserva t i ve ,  b u t  f o r  p a r t i a l  span 

c o n t r o l  b lades t h e  a c t u a l  co inb inat ion o f  Piy and MZ was o n l y  s l i g h t l y  

l a r g e r  than  t h e  maximum i n d i v i d u a l  moment component. I t  i s  assumed t h a t  t h e  

same combinat ion would be approximately t r u e  f o r  t h e  f i n a l  tower w i t h  a i l e r o n  

c o n t r o l  l e d  b lades.  Hence, i ns tead  of  t h e  computed minimum marg in  i n  f a t i g u e  

a t  l o c a t i o n  627 of 0.12 t h e  e f f e c t i v e  marg in  may be much g rea te r .  

P o s i t i v e  marg ins were neeaed because t h e  marg ins shown i n  Table  7-2 do n o t  

i n c l u d e  any seam mismatch s t r e s s  c o n c e n t r a t i o n  e f f e c t s .  The ca tegory  B weld, 

pe r  AISC standards,  i s  f o r  a  b u t t  weld ground f l u s h  b u t  w i t h  no d i s c o n t i n -  

u i t i e s ,  o r  a  s lope  no g r e a t e r  than  2.5 t o  -1 .  (Ref.  7-9, F i g u r e  B1, No. 10, 

12, 13) .  

Welds i n  l a r g e  s t r u c t u r e s  can pucker o r  bend i n  o r  o u t  and t h i s  c o n d i t i o n  must 

be c o n t r o l l e a .  The c o n s t r u c t i o n  methods and a l l owab le  to le rances ,  the re fo re ,  

a f f e c t  t h e  a c t u a l  s t r e s s  f i e l d  a t  t h e  g i r t h  welds. To c o n t r o l  t h i s ,  t h e  Tower 

S p e c i f i c a t i o n  r e q u i r e s  t h a t  "Seam mismatch i n  g i r t h  welds s h a l l  n o t  exceed t h e  

s m a l l e r  o f  one- ten th  t h e  minimum p l a t e  t h i c kness  o r  1/10 i n . "  C B I  d i d  n o t  

complete a  f i n i t e  element model s t u d y  o f  t h e  seam mismatch problem, b u t  f e l t  

t h a t  t h e  r e s u l t s  t h e y  ob ta ined  con f i rmed t h e  fo rmu la  found by  Gurney ( r e f .  

7-10) as shown i n  F i g u r e  7-6. To min im ize  t h e  d i s c o n t i n u i t y ,  t h e  b a s i c  tower  

des ign  was changed f ror r~ a  cons tan t  o u t e r  d iameter  t o  a  cons tan t  mean 

d iameter .  From t h e  fo rmu la  and t o l e rances ,  a t  t h e  lowest  marg in  f a t i g u e  

sec t i on ,  i n  t h e  wors t  case e = 0.10 in . ,  t = 1.59 in. ,  and, t h e r e f o r e ,  - Kt - 
1.19. A f t e r  r e v i e w i n g  a l l  t h e  f a c t o r s ,  i t  was concluded t h a t  t h e  marg in  i n  

f a t i g u e  would be  p o s i t i v e .  S t r a i n  gage da ta  would be taken a t  t h e  knuck le  

seam o f  t h e  f i r s t  tower  t o  c o n f i r m  t h a t  t h e  a c t u a l  l oads  ( s t r a i n s )  c o r r e s -  

ponded t o  t h e  p r e d i c t e d  loads ( s t r a i n s ) .  



7.2.4 KNUCKLE SECTION 

A t  a  h e i g n t  o f  50 f t .  t n e r e  i s  a  t r a n s i t i o n  between t h e  c o n i c a l  base and t h e  

c y l i n d r i c a l  tower  sec t i ons .  The change i n  she1 1  shape causes a  s t r e s s  

c o n c e n t r a t i o n  a t  a  p l a c e  where t h e  f a t i g u e  marg in  i s  t h e  lowes t .  Often such 

an i n t e r s e c t i o n  i s  r e i n f o r c e d  by r o l l e d  s t r u c t u r a l  r i n g  shapes. Such a  welded 

re in fo rcement  would be, a t  bes t ,  a  AISC " C "  ca tegory ,  b u t  t h e  tower  des ign  i s  

based on a  " 8 "  ca tego ry  w i t h  h i g h e r  a l l o w a b l e  s t r e s s .  A w a l l  t h i c k n e s s  

inc rease  was n o t  acceptab le .  The s o l u t i o n  was t o  use a  formed knuck le  s e c t i o n  

f o r  a  smooth t r a n s i t i o n  between t h e  cone and t h e  c y l i n d e r .  Chicago B r i dge  and 

I r o n  (CBI)  used t h i s  des ign  i n  water  tower  des igns.  They have a  s tandard  

procedure f o r  aeterm' in ing t h e  s i z e  o f  such a  knuck le  sec t i on .  The a p p l i e d  

l oads  produce s t r esses  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  The shape change a l s o  

causes c i r c u m f e r e n t i a l  s t r e s s e s  which a r e  p r o p o r t i o n a l  t o  t h e  l o n g i t u d i n a l  

s t r e s s  t imes  t h e  r a t i o  o f  t h e  developed r a d i i ,  as shown i n  F i g u r e  7-7. 

These components o f  s t r e s s  a r e  checked ir: an i n t e r s e c t i o n  f o rmu la  p e r  CB I ' s  

procedure.  I n  t h e  f i n a l  des ign,  t h e  r e q u i r e d  t h i ckness  was 2 i n .  f o r  t h e  

50 k s i  y i e l d  m a t e r i a l .  A633 G r  C s t e e l  was s e l e c t e d  f o r  t h e  knuck le  s i n c e  t h e  

s e c t i o n  would be b u i l t  o f  h o t  formed segments. These segments would be  welded 

t oge t t i e r  and h e a t  t r e a t e d  as a  welded assembly. If t h e  b a s i c  tower  m a t e r i a l  

A678 G r  b was used, w i t h  60 k s i  y i e l d ,  t h e  e n t i r e  assembly would  r e q u i r e  a  

quench and temper a f t e r  t h e  h o t  fo rm ing .  Th i s  c o u l d  have l e d  t o  unaccep tab le  

d i s t o r t i o n .  A knuck le  s e c t i o n  o f  A633 s t e e l  would be normal ized,  t h u s  

a v o i a i n g  quenching d i s t o r t  i on .  

F i gu re  7 -6  Seam Mismatch S t ress  Concen t ra t ion  Fac to r  
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Figure 7-7  Knuckle S e c t i o n  Stress 



7.3 ELEVATOR AND PLATFORMS 

Du r i ng  t h e  f i n a l  design, t h e  s t a t e  OSHA's o f  C a l i f o r n i a  and Hawai i  were 

con tac ted  f o r  e l e v a t o r  approva l ,  s i n c e  t h e  f i r s t  MOD-5A's would p robab l y  be 

i n s t a l l e d  i n  t hese  s ta tes .  They dec la red  t h e   lo^ c o s t  c a b l e  c l i m b i n g  e l e v a t o r  

used on MOD-OA, MOD-1 and MOD-2 would n o t  be accep tab le  f o r  permanent use on a  

p roauc t  ion  wind t u r b i n e  genera to r .  They suggested e l e v a t o r s  t h a t  met t h e  

requi rements  o f  P a r t  X V  of ANSIIASME A17.7-1982. P a r t  X V ,  e n t i t l e d  "Spec ia l  

Purpose Personnel  E leva to r s " ,  a p p l i e s  t o  e l e v a t o r s  permanent ly i n s t a l l e d  t o  

p r o v i d e  v e r t i c a l  t r a n s p o r t a t i o n  o n l y  t o  au tho r i zed  personnel  and t h e i r  t o o l s  

and equipment. Because o f  i t s  1  i m i t e d  use on t h e  MOD-SAY many o f  t h e  more 

r e s t r i c t i v e  p r o v i s i o n s  of ,417.1 would n o t  apply .  The C a l i f o r n i a  OSHA s u p p l i e d  

a  l i s t  o f  e l e v a t o r  rnanufacturers,  who were requested t o  p r o v i d e  t h e  MOD-5A 

e l e v a t o r  des ign.  

2 
Ttie p r o v i s i o n s  o f  P a r t  X V  r e q u i r e  a  maximum f l o o r s p a c e  o f  9 f t  , maximum 

speed o f  100 f t . /m in . ,  and maximum c a p a c i t y  o f  650 l b s .  Th i s  was accep tab le  

f o r  t h e  MOD-SAY as a l l  heavy co~nponents i n  t h e  n a c e l l e  would be handled by  t h e  

n a c e l l e  crane. The components i n  t h e  yaw area, except  f o r  t h e  s l i p r i n g ,  c o u l d  

oe t r a n s p o r t e d  i n  t h e  e l e v a t o r .  There were f o u r  t ypes  o f  e l e v a t o r s  a l lowed,  

b u t  t h e  rack -and-p in ion  and t r a c t i o n  types seemed economical and w e l l  s u i t e d  

I 
f o r  t h i s  a p p l i c a t i o n .  

The t r a c t i o n  e l e v a t o r  has been used f o r  a  l ong  t i m e  i n  g r a i n  e l e v a t o r  towers.  

I t  c o n s i s t s  o f  a  l a r g e  sheave w i t h  a  180' c a b l e  l o o p  a t  t h e  t o p  o f  t h e  

tower .  One s i d e  o f  t h e  c a b l e  suppor ts  t h e  e l e v a t o r  cab and t h e  o t h e r  s i d e  

suppor ts  a  coun te r -we igh t .  The sheave i s  d r i v e n  by  a  motor v i a  a  60: 1 gear  

box and i s  h e l d  w i t h  a  f a i l s a f e  brake.  

Tne rack -and -p i n i on  e l e v a t o r  uses a  motor d r i v e n  p i n i o n  mounted on t h e  cab 

r o o f  t n a t  p u l l s  t h e  cab up and down t h e  l ong  rack.  The l a t t e r  e l e v a t o r  i s  

becoming more popu la r ,  because i t  i s  more r e l i a b l e  and e a s i e r  t o  ma in ta i n .  

U s u a l l y  these e l e v a t o r s  a re  used i n  exposed, h i g h  use a p p l i c a t i o n s ,  such as 

1  arge, c h  immney-mounted dev ices.  

A f t e r  t h e  b i d s  were reviewed, a  t r a c t i o n  e l e v a t o r  was se lec ted .  The IdOD-5A 

a p p l i c a t i o n  i s  t o t a l l y  enc losed and t h e  e l e v a t o r  would n o t  be used enough 



f o r  lower  maintenance c o s t s  t o  ba lance t h e  h i ghe r  i n i t i a l  c o s t  o f  t h e  

rack -and-p in ion  e l e v a t o r .  The cho i ce  was a f fec ted  by  t h e  means o f  suppor t  o f  

t h e  two types.  The t r a c t i o n  e l e v a t o r  r e q u i r e s  gu ide  r a i l s  f o r  t h e  cab and 

coun te r -we igh t .  These must be suppor ted a t  l e a s t  every  10 f t .  An enc losed 

e l e v a t o r  suppor t  s t r u c t u r e  meets t h i s  requi rement ,  and t h e  s t r u c t u r e  a1 so 

serves d s  Support  f o r  t h e  emergency ladder ,  power and s i g n a l  c o n d u i t s  and 

i n t e r n a l  1  i g h t i r i g  f i x t u r e s .  T h i s  f r e e s  t h e  main tower f r om  welded o r  b o l t e d  

b r a c k e t r y  t h a t  would c r e a t e  s t r e s s  concen t ra t i ons  and p o s s i b l y  i n i t i a t e  

f a t i g u e  cracks.  The rack-and-p in  i o n  e l e v a t o r  r e q u i r e s  a  mast t h a t  needs 

l a t e r a l  suppor t  and by  i t s e l f  i s  n o t  l a r g e  enough f o r  mount ing of a l l  t h e  

condu i t s  and a  ladaer .  

The key  elements o f  t h e  e l e v a t o r  a re  shown i n  F i g u r e  7-8. The e l e v a t o r  c a r  i s  

t o t a l l y  enclosed. The t o p  of  t h e  c a r  has an escape hatch.  The c a r  c o n t a i n s  

t h e  c o n t r o l s  and an i n t e r i o r  l i g h t .  The governor at tachments a re  shown on t h e  

r i g h t  s i d e  o f  t h e  ca r .  If t h e  t h r e e  . 5 - i n .  w i r e  rope  suppor t  cab les  break, 

t h e  governor senses a f a l l i n g  speed g r e a t e r  tnan  175 fprn, and a p p l i e s  t h e  

s a f e t y  brakes. The s a f e t y  brakes a r e  "dog" brakes, which clamp t o  t h e  gu ide  

r a i l s  and s a f e l y  s t o p  t h e  f a l l i n g  ca r .  

The i n s t a l l a t i o n  a e t a i l s  o f  t h e  e l e v a t o r  suppor t  s t r u c t u r e  a r e  shown i n  

F i g u r e  7-9. A l though a  f u l l  s c a l e  l a y o u t  shows an appa ren t l y  ve r y  s l ende r  

column, l o c a l  b u c k l i n g  i n f l uenced  t h e  des ign  o f  t h e  s t r u c t u r e  more than  

o v e r a l l  buck l i ng .  The s t r u c t u r e  was designed per  A I S C  s e c t i o n s  1.6.1, 

"Combined A x i a l  Compression and Bending", Sec. 1.8, " S t a b i l i t y  and Slenderness 

R a t i o s "  and Sec. 1.1.8 " B u i l t - u p  Compression Members". A dynamic a n a l y s i s  o f  

t h e  e l e v a t o r  suppor t  s t r u c t u r e  should  be made b e f o r e  i n s t a l l a t i o n .  

The e l e v a t o r  s t r u c t u r e  would be welded i n  t h e  f a c t o r y  i n  3 9 - f t .  segments, 

sh ipped t o  t h e  s i t e ,  and assembled as t h e  tower i s  erected.  The s t r u c t u r e  i s  

e l a s t i c a l l y  mounted t o  t h e  f ounda t i on  on rubbe r  pads, as shown i n  F i g u r e  7 -9 ,  

because o f  t h e  d e f l e c t i o n  a t  t h e  t o p  o f  t h e  tower. I n  a  hu r r i cane ,  t h e  

d e f l e c t i o n  a t  t h e  yaw bea r i ng  i s  about 30.5 in . ,  b u t  under normal o p e r a t i n g  

c o n d i t i o n s  t h e  d e f l e c t i o n  should  be l e s s  than  2 5.5 in .  



DRIVE ASSEMBLY 
A TVdO H P MOTOS W'TH A KAGNETIC BRAKE PROVIDES -HE HOISTING 
WORKS FOR TYE S lDNEi  LINE" ELEVATORS. THIS DRIVE ALONG WITH 
THE HOlSTlUG CABLES SrEAVE.  OUTBOARD BE4RING AND DOWh 
SPEED GOVERIOP ARE MOUNTED ON A HEAVY DUTV CHANNEL IRON 
FRAt,lEWORK THE hlOTOR IS AVAILABLE IN TOTALLY ENCLOSED. NON-  
VENTILATED OR EXPLOSION PSOOF ALL MOVlCG FARTS OF THE DRIVE 
ARE PSOTEC'ED BY ENCLOSEDGUARDS 

CAR 
ShOVb'N IS THE 303 LB CAPACITY 
ONE M A %  ON-Y CAR 4 L S 0  AVAl-- 
ABLE ARE 500 LB CAPACITV TVJO 
h14N'CARS ALL UhlTS ARE DESIGN- 
ED AND hlANU'ACTURED TO CON- 
F O q Y  WlTH THE CODE REQUIRE- 
MEV-S OF THE STATE I h  LZiHICH 
THEY ARE TO BE INSTALLED ALL 
MODELS ARE EQJIPPED i'ilTH A 
BROKE'I AND,OR SLACK CABLE 
SAFETY SYSTEM AS i'dELL AS A 
DOWN SPEED GOVERNOR SAFETY 
SYSTEM THESE SYSTEMS ALITOMAT. 
ICALLV APPLY-THE CAR SAFETIES. 
LOCKING ThE C A 9  TO ITS GUIDE 
RAILS I \  THE EVENT OF CABLE 
FAILURE OR GVESSPEED THE CAR IS 
COMPLETELY ENCLOSED O h  THREE 
SIDES Vb'ITH A BI =OLD D 0 3 R  IN 
FRONT CARS ARE AVAILABLE WI-H 
DOORS IN F P O I T  3 N D  BACK. POLY- 
ETHYLENE CAR GJ IJES ARE 2RO- 
VlDED FOR SMOCTH QVIET OPERA. 
T.ON AND ELIMINATE ANY POSS,BIL- 
ITY OF SPARKING IN HAZARDOUS AT- 
MOSPHERES CARS ARE SHIDPED 
WlTH ALL CON'QOLS MOUNTED 4 N 3  
PRE.L3dIRED TO A TERNlN4L BOX 
UNDER THE PLATFORM 

-. - . -  ... .--.. . 
CALL US FOR THE CODE REQUIRE 
MENTS IN  YOUR AREA 

LANDING DOOR 
LA\DING DOORS ASE FUSNlSdED 
AS ST4NDARD EQUIPMENT FOR 
ALL LANDINGS THESE DOORS 
CONSIST OF FCP.MED CHANNEL 
FRAMES WlTH ALL STEEL EX- 
D4NDED METAL SWING DOORS 
AVAILABLE IN LEFT OR RIGHT 
HAND SWlhG HORIZONTAL C P  
VERTICAL SLlDlhG DOORS ARE 
ALSO AVAILABLE INCLUDED WlTH 
4 L L  L A N D ' N G  DOORS S A N  
ELECTRO-MEChANICAL LOCKING 
DEVICE YJHICH LOCKS THE DOOR 
WHEN THE CAR LEAVES THE LAND- 
I \ G  AND JNLOCKS IT bVHEN THE 
CAR ENTERS THE LANC14G AN 
ELECTRIC CONTACT SWITCH WlLL 
NOT ALLOW THE CAB TO hlOVE IN  
EITHEP DIRECTION UNLESS THE 
LANDING DOOR IS CLOSED AND 
LATCHED 

% 

" '! CONTROLLER 
THE ELEC-RICAL BRA'NS OF THE SPECIAL PURPOSE PERSONNEL 
ELEVATOR IS HOUSED IN  THsS NEMA 12 FUSED DISCONNECT PANEL THE 
CONTROLLER WlLL ACCEDT 240 3 R  480 VOLTS AND IS ECCllPPED WlTH 
ALL THE LATEST ELECTRICAL SAFETv 3EVICES REQUIRED ON 
ELE'uA-ORS THE P A I E L  IS COhlPLETE WlTH A TRAhSFORhlES Vb'HICH 
REDUCES THE CONTROL ClPCCllT VOLTAGE TO 120 VOLTS A PnASE 
RECERSE PELAY. ANTI WELDING RELAY. REVERSNNG STARTER WlTH 
OVERLOAD PROYECTION AND CONTROL C.RCU17 PELAYS ALL C 3 V -  
POhENTS A7E PRE-L'dISED TO A NUVBEREZ TERhllhAL STRIP ALL 
OTHE7 ELECTRICAL CONTROLS. SUCH AS THE TERMlhAL AND FINAL 
LIMIT SWITCHES AND VP,DOWN GUTTONS FOR EACH LANDING. ARE 
PAR- OF T*E PACKAGE 

F i  gure 7-8 Elevator Components 



Figure 7-9 Elevator Installation 



If t h e  base o f  t h e  s t r u c t u r e  was r i g i d l y  t i e d  t o  t h e  founda t ion ,  s t r e s s e s  i n  

t h e  s t r u c t u r e  near  t h e  base would exceed weld a l lowab les .  The r o t a t i o n a l  

s p r i n g  cons tan t  o f  t h e  e l a s t o m e r i c  pads was c a l c u l a t e d  t o  be about 120 x l o b  
i n .  Ib . / rad .  T h i s  l i m i t s  t h e  shear f o r c e  a t  t h e  t o p  l a n d i n g  t o  an accep tab le  

345 l b .  f o r  t h e  n u r r i c a n e  d e f l e c t i o n .  

P l  atforrns a re  needed a t  t h e  bo t tom and t o p  e l e v a t o r  land ings .  The .lower 

p l a t f o r m  covers  t h e  f o u n d a t i o n ' s  c i r c u l a r  p i t  w i t h i n  t h e  r i n g  w a l l .  T h i s  p i t  

p r o v i d e s  t h e  necessary space f o r  t h e  power cab1 i n g  i n  t h e  founda t ion ,  and 

doubles as t h e  e l e v a t o r  i n s p e c t i o n  p i t .  A l l  t h e  p l a t f o r m s  use i n t e r l o c k i n g  

s t e e l  f l o o r  deck ing  and t h e  i n d i v i d u a l  deck ing  s t r i p s  a re  b o l t e d  t o  t h e  H-beam 

framework f o r  easy removal . 

Near t h e  t o p  o f  t h e  tower  a r e  t h r e e  p l a t f o rms ,  which a re  shown i n  F i g u r e s  7-10 

and 7-11. Workers l e a v e  t h e  e l e v a t o r  a t  t h e  l e v e l  o f  t h e  e l e v a t o r  t o p  

p l a t f o r m .  A s e t  o f  s t a i r s  p rov i des  access t o  t h e  e l e v a t o r  i n s p e c t i o n  

p l a t f o r m .  Bo th  p l a t f o r m s  can be  used f o r  s torage,  b u t  t h e  main use o f  t h e  

h i g h e r  p l a t f o r m  i s  f o r  i n spec t i ng ,  l u b r i c a t i n g ,  and m a i n t a i n i n g  t h e  e l e v a t o r ' s  

d r i v e  assembly. From t h e  i nspec t  i o n  p l a t f o r m ,  e i t h e r  o f  two l adde rs  p r o v i d e s  

access t o  t h e  yaw area. There a re  two openings i n  t h e  yaw p la t f o rm ,  s i n c e  one 

opening, i n  c e r t a i n  n a c e l l e  o r i e n t a t i o n s ,  c o u l d  be b locked  by  t h e  yaw 

h y d r a u l i c s  package. Both t h e  e l e v a t o r  l a n d i n g  and i n s p e c t i o n  p l a t f o r m s  a re  

hung f r om t h e  lower  yaw s t r u c t u r e  u s i n g  w i r e  rope  cab les  w i t h  c l e v i s  end 

f i t t i n g s .  T h i s  des ign  avo ids  any we ld i ng  o r  b o l t i n g  t o  t h e  tower  t o  suppor t  

p l a t f o r m  loads.  Rubber pads a r e  f i t t e d  between t h e  tower  and t h e  p l a t f o r m s  

f o r  s t a b i l i t y  and t o  p reven t  any impact. 
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Figure 7-10 Upper Pla t fo rc :  by Slipring 
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F i g u r e  7-11 Upper P l a t f o r m  by E l e v a t o r  

7-25 



The f u n c t i o n  o f  t h e  f o u n d a t i o n  i s  t o  t r a n s m i t  t h e  l oads  f r o m  t h e  tower  i n t o  

t n e  s o i l .  S o i l  can have a  w ide  range  o f  c h a r a c t e r i s t i c s ,  so a  g e n e r i c  

founda t  i o n  d e s i g n  f o r  a1 1  s i t e s  i s  i m p r a c t i c a l  . However, solme s o i l  p r o p e r t i e s  

were assumed f o r  t h e  f o u n d a t i o n  t r a d e - o f f  s t u d i e s .  

The s i t e  was assumed t o  be near  C leve land ,  OH d u r i n g  t h e  p r e l i m i n a r y  des ign .  

Tne g e n e r i c  s i t e  had a  g e n e r a l l y  f l a t  t e r r a i n  and t h e  s u b s t r a t e  had n o  unusua l  

o r  u n s u i t d b l e  f e a t u r e s .  To a aep th  o f  15 f t .  t h e  s o i l  c o n s i s t e d  o f  v e r y  s t i f f  

t o  n a r d  orown, sandy, s i l t y  c l a y  w i t h  g r a v e l  and s h a l e  f ragments .  S p l i t  spoon 

p e n e t r a t i o n s  o f  20 t o  bO b lows p e r  f t .  were assumed, i n c r e a s i n g  w i t h  dep th .  A 

minimum a1 l o w a b l e  b e a r i n g  p r e s s u r e  o f  4,000 p s i ,  no d r a i n a g e  problems, and a  

~i -~ in i rnum e f f e c t i v e  modulus o f  e l a s t i c i t y  o f  5,000 p s i  were a l s o  assumed. 

Tne c o n c e p t u a l  t r a d e - o f f  s t u d i e s  and t h e  spreaa f o u n d a t i o n  d e s i g n  were 

Ueveloped o y  C B I  s i rn l r l t aneous ly  w i t n  t h e  tower  des ign .  The f i n a l  d e s i g n  o f  

t h e  f o u n d a t i o n  was aone b y  C .  F .  d raun  o f  Alharnbra, C A .  The scope o f  t h e  work 

i n c l u d e d :  

1 . )  e s t a b l i s h i n g  g e n e r i c  f o u n d a t i o n  d e s i g n  c r i t e r i a  f o r  t h e  MOD-5H 
2 . )  a  c o n c e p t u a l  a e s i g n  f o r  t h e  s e l e c t e d  p r o t o t y p e  s i t e  
3 . )  r e v i e w i n g  t h e  f i n a l  C B I  f o u n d a t  i o n  d e s i g n  

O n l y  t h e  f i r s t  t a s k  was comple ted b y  C.F. 2raun, because t h e  p r o j e c t  d i d  n o t  

e n t e r  t h e  f a b r i c a t i o n  phase. The r e p o r t  o f  t h i s  work i s  i n  Appendix A. The 

f i r s t  s e c t i o n  d e a l s  w i t h  g e o t e c h n i c a l  r e q u i r e m e n t s  f o r  a s o i l s  i n v e s t i g a t i o n ,  

arid aesc r  i bes  t h e  s  i t e  e x p l o r a t i o n ,  s o i l  b o r i n g ,  l a b  t e s t s  and r e p o r t i n g  

r e q u i r e m e n t s  f o r  t h e  s o i l s  e n g i n e e r .  The second s e c t i o n  1  i s t s  t h e  c r i t e r i a  

f u r  t h e  f o u n a a t  i o n  aes ign.  Most o f  t h e  c r i t e r i a  a r e  i n c l u d e d  i n  t h e  Tower and 

Founaa t ion  S p e c i f i c a t i o n  and a r e  d i s c u s s e d  f u r t h e r  i n  t n i s  s e c t i o n .  

The f o u n a a t i o n  meets t h e  a p p l i c a b l e  i n d u s t r y  s tandards ,  no tea  i n  r e f s .  7-11 

t n r o u g n  7-16. Tne scope o f  each s t a n d a r d  i s  d e f i n e d  b y  i t s  t i t l e .  The 

iinier i c a n  Conc re te  I n s t i t u t e  ( A C I  ) and P o r t 1  and Cement A s s o c i a t i o n  ( P C A )  a r e  

t n e  sources f o r  c o n c r e t e  and r e b a r  s tandards .  



The s tanaards do n o t  cover  a l l  t h e  requ i rements  f o r  wind t u r b i n e  genera to rs .  

Fo r  example, f a t i g u e  da ta  on t n e  anchor b o l t s ,  concre te  and r e b a r  u s u a l l y  end 
7 7 

a t  about 10 cyc l es .  The MOD-SH would r u n  f o r  40 x 10 cyc l es .  There \.;as 

no c o n s i d e r a t i o n  as t o  how much o f  t h e  f l u c t u a t i n g  a p p l i e d  l oad  i s  a c t u a l l y  

app l  i ed  t o  t h e  ancnor b o l t s .  Both CBI and C .  F. Braun i n d i c a t e d  t h a t  A C I  215R 

ana P C A  KLj05901D a re  t h e  o n l y  r e l e v a n t  s tandards,  and t h a t  f o r  t h e  s t r e s s  

ranges p red  i c t e d  these  s tandards should  be a c c e p t a ~ l e .  To determine l oad  

sna r i ng  by t h e  b o l t s ,  a  f i n i t e  element model a n a l y s i s  was conducted. The 

r e s u l t s  o f  t h i s  s tudy  a re  r e p o r t e d  i n  s e c t i o n  7.4.5. 

The f o u n a a t i o n  des ign  c r i t e r i a  r e q u i r e s  t o t a l  se t t l emen t  o f  l e s s  than  1.0 i n .  

and d i f f e r e n t i a l  se t t l emen t  w i t h  a  s lope  o f  l e s s  than  1:250, d u r i n g  t h e  

30-year l i f e  of t h e  ~ i n d  t u r b i n e  genera to r .  C .  F. Braun suggested t h a t  t n e  

peak rocA ing  mot ion  3e 1  i m i t e d  t o  r ad ians .  Hovever, a  va l ue  f o r  peak 

r o c k i n g  mot ion  was n o t  se l ec ted  because i n  e f f e c t ,  1  i m i t i n g  t h e  r o c k i n g  mot ion  

l i m i t s  t l i e  r i g i d  body s p r i n g  cons tan t  and l i m i t s  t h e  decrease i n  t h e  system 

r o c k i n g  f requency.  A decrease i n  t h e  r o c k i n g  f requency i s  d e s i r a b l e ,  s i n c e  

t n e  tower f requency,  as shown i n  Sec t i on  7 .2 ,  i s  s l i g h t l y  h i ghe r  t han  t h e  

o p t  irnum. 

R e s u l t s  f r om  e a r l y  parameter s t u a i e s  on t h e  e f f e c t  o f  t n e  f ounaa t i on  d iameter  

and s o i l  p r o p e r t i e s  a re  shown i n  F i g u r e  7-12. I n  t h e  range o f  expected s o i l  

i l lodu l i  f o r  good s i t e s ,  E >15,000, d i f f e r e n t  f ounda t i on  r a d i i  w i l l  have a  

s111al1, ou t  Denef i c  i a l  e f f e c t .  Only near t n e  minimum accep tab le  s o i  1 modulus, 

g i ven  i n  t n e  Statement o f  Aork,  would t h e  f requency drop excess i ve l y .  For  t h e  

b a s e l i n e  f ounda t i on ,  w i t h  a  r a d i u s  equal  t o  36 ft., t h e  drop i s  acceptab le .  

b u t  i f  t n e  r o c k i n g  mot ion  i s  1  i m i t e d  t o  l f4 rad ians  as C .  F .  Braun 

recommended, t h e  f ounda t i on  would have t o  be much l a r g e r .  The r o t a t i o n a l  

s p r i n g  cons tan t  f o r  a  c i r c u l a r  spread f ounda t i on  ( r e f .  7 )  i s  g i ven  by :  

~ g =  E 0" , where E = S o i l  l~ lodu lus 
6 (1 -  v L )  v = S o i l  Po i sson ' s  r a t i o  

D = Foundat ion Diameter 
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F i g u r e  7-12 E f f e c t  o f  S ize  and Modulus on System Frequency 



F o r  t n e  peak r o c k i n g  moment o f  24 x l o 6  f t - l b ,  KO - 24 x 1 0 l 0 f t - l b  

pe r  r ad ian .  S o l v i n g  f o r  D  w i t h  E = 5,000 p s i  and v = .4 y i e l d s :  

D - > 6 ( 1 - . 4 ~ )  x 24 x l o 1 0  = 118.9 ft. l 7 .41  
5,000 x 144 

T h i s  i s  65% l a r g e r  t han  t h e  72 f t .  b a s e l i n e  d iameter .  Whi le  a  l a r g e r  

founda t ion  i s  necessary  f o r  s o i l  w i t h  a  low modulus, a  ve r y  l a r g e  d iameter  can  

be  avo ided if t h e  r o c k i n g  ang le  i s  n o t  s p e c i f i e d .  An e v a l u a t i o n  o f  t h e  

accep tab le  r o c k i n g  ang le  w i l l  be r e q u i r e d  f o r  each s i t e .  The e v a l u a t i o n  w i l l  

i n c l u d e  r o c k i n g  f requency  and o t h e r  s o i l s  eng ineer ing .  

7.4.2 TRADE-OFF STUDIES 

D u r i n g  t h e  conceptua l  design, CB I ' s  s t u d i e s  i n d i c a t e d  t h a t  t h e  c i r c u l a r  spread 

f ounda t i on  was t h e  most c o s t  e f f e c t i v e  t y p e  o f  f ounda t i on .  P i l e s  and deep 

p i e r s  were a p p l i c a b l e  o n l y  i n  c e r t a i n  l o c a t i o n s .  C .  F. Braun a l s o  s t u d i e d  t h e  

founaa t  i on  des igns,  and reached t h e  same conc lus ions .  T h e i r  r a t  i o n a l e  i s  

summarized i n  Sec t i on  6 o f  t h e  Foundat ion Design C r i t e r i a ,  found i n  

Appendix A. Other  s t u d i e s  by C B I  d e a l t  w i t h  u s i n g  mass p r o d u c t i o n  techn iques  

t o  lower t h e  founda t ion  cos t .  However, t h e y  concluded t h a t  un less  many wind 

t u r b i n e  genera to rs  a r e  t o  be e r e c t e d  on t h e  same s i t e ,  t h e  foundat  i o n  des ign  

o r  manufactur ing techn iques  c o u l d  n o t  lower  t h e  i n s t a l l e d  cos t .  

7.4.3 BASELINE FOUNDATION DESCRIPTION 

The b a s e l i n e  c i r c u l a r  spread f ounda t i on  i s  shown i n  F i g u r e  7-13. I t s  o u t e r  

d iameter  i s  72 ft., 8 in. ,  w i t h  a  r i n g  w a l l  o u t e r  d iameter  o f  26 ft. 4 i n .  

The tower anchor b o l t s  a r e  embedded i n  t h e  4  f t . - t h i c k  r i n g  w a l l .  The r i n g  

w a l l  and e l e v a t o r  suppor t  b l ock  a r e  poured a f t e r  t h e  b a s i c  founda t ion ,  b u t  

Dotn a r e  t i e d  t o  t h e  base by  r eba r .  

The r e b a r  i n  t h e  mat p o r t i o n  o f  t h e  f ounda t i on  weighs about 126,000 lbs .  The 

o v e r a l l  d e n s i t y  i s  140 l bs . / cub i c  ya rd ,  about average f o r  t h i s  t ype  o f  

foundat ion.  The d e n s i t y  i n  t h e  r i n g  w a l l  i s  s i g n i f i c a n t l y  h igher ,  because o f  

t h e  g r e a t e r  r e b a r  con ten t .  
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The r i n g  w a l l  i s  pene t ra ted  b y  t h r e e  r e c t a n g u l a r  w i r e  way condu i t s  and t h r e e  

c o n d u i t s  as shown i n  F i g u r e  7-14. Those p i pes  and c o n d u i t s  pass power and 

c o n t r o l  s i g n a l s  f rorn t h e  e l e v a t o r  suppor t  s t r u c t u r e  t o  t h e  t r e n c h  way on t h e  

ou t s i de ,  which leads t o  t h e  c o n t r o l  enc losure .  The p i t  enc losed by t h e  r i n g  ' w a l l  i s s l o p e d t o w a r d t h e c e n t e r , w h e r e a s r n a l l  s u m p p i t  i s p l a c e d .  P r o v i s i o n  

i s  made f o r  a  p o r t a b l e  sump purnp t o  d ispose  o f  i n n e r  tower  condensat ion 

r u n o f f ,  i f  necessary. 

There a r e  96  2.5 i n .  anchor b o l t s  embedded i n  t h e  r i n g .  w a l l .  These a r e  h i g h  

s t r eng th ,  f a t i g u e  r e s i s t a n t  b o l t s ,  which meet t h e  ASTM A193 87 requ i rements .  

The t h reads  a re  r o l l e d  a f t e r  hea t  t rea tment ,  t o  p r o v i d e  good f a t i g u e  1  i f e .  

7.4.4 FOUNDATION STRESSES 

St resses  were checked a g a i n s t  a l l owab les  a t  t h e  n i n e  l o c a t i o n s  shown i n  

F i g u r e  7-15. The l oads  imposed b y  t h e  tower  a r e  a l s o  shown. I n  c e r t a i n  

cases, t h e  dead we igh t  loads  o f  t h e  f ounda t i on  and s o i l  overburden must be 

added t o  t h e  tower  loads.  CBI used p r o p r i e t a r y  computer codes t o  make s i z e  

e s t  irnates, and ex tens i ve  hand c a l c u l a t i o n s  t o  check f o r  f a t i g u e .  The d iameter  

was d r i v e n  oy t h e  requ i rement  t o  keep t h e  maximum s o i l  b e a r i n g  p ressure  w i t h i n  

a l l owab les .  The s o i l  bea r i ng  was checked f o r  two c o n d i t i o n s :  maximum 

o p e r a t i n g  load,  and maximum h u r r i c a n e  o r  any o t h e r  l i m i t  l oad  t h a t  would occur  

o n l y  once o r  t w i c e  i n  t h e  1  i f e t i m e .  For  t h e  o p e r a t i n g  loads,  t h e  f ounda t i on  

may n o t  a l lowed u p l i f t ,  as shown b y  t h e  p ressure  d i s t r i b u t i o n  i n  F i g u r e  7-15. 

The i n t e g r a t e d  p ressure  f o r  t h e  d i s t r i b u t i o n  Shown over  t h e  area must be equal  

t o  t h e  sum of t h e  tower  l o a d  ( V )  and t h e  dead we igh t  o f  t h e  f o u n d a t i o n  and 

s o i l  overburden. A lso,  t h e  n e t  upward f o r c e  o f  t h e  s o i l  a c t i n g  th rough  t h e  

c e n t r o i d  must ba lance t h e  morr~ent caused by  t h e  tower  ( M )  and shear f o r c e  ( H )  

t imes  t h e  h e i g h t .  Therefore,  o n l y  one un ique p ressure  a i s t r i b u t i o n  i s  

poss ib l e .  

Us ing  t h e  p ressure  d i s t r i b u t i o n s ,  t h e  t h i c kness  dimensions o f  t h e  mat were 

founa by i t e r a t i o n  u n t i l  conc re te  shear,  r e b a r  f l e x u r a l  tens ion ,  and 

c e n t e r 1  i n e  s t r e s s e s  were w i t h  i n  a1 lowables.  Formulas and des ign  curves  f rom 

ACI 318-77 U l t i m a t e  S t r e n g t h  Method and conc re te  des ign  tex tbooks  ( r e f .  7-18) 

were used. CBI used fo rmu las  and des ign  curves f r om s tandard  des ign  

procedures.  The r i n g  w a l l  r e b a r  and dimensions were s i m i l a r l y  s i zed .  
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Because o f  t h e  h i g h  c y c l e  f a t i g u e  n a t u r e  o f  wind t u r b i n e  generators ,  t h e  

methods o f  check ing t h e  des ign f o r  f a t i g u e  a re  o f  s p e c i a l  i n t e r e s t .  The 

a l l owab le  range s t resses  f o r  t h e  va r i ous  f ounda t i on  components were computed 

as f o l l o w s :  

1. S tee l  Reinforcement:  

From t h e  PCA B u l l e t i n s  RD 059.012 and RD 045.01E t h e  f o l l o w i n g  i s  

recommended: 

f = 21-.33 fmin + 8 ( r / h )  r C7 *51 
Where fr = maximum s t r e s s  range a l l owab le  i n  k s i  

fm i n  = minimum s t r e s s  i n  k s i  ( t e n s i l e  p o s i t i v e  s i g n  

compress i o n  nega t i ve  s  i gn )  

r / h  = r a t i o  o f  base r a d i u s  t o  h e i g h t  o f  r o l l e d  

de fo rmat ion  (use . 3  when unknown) 

The va r i ous  manufacturers o f  r c b a r  have d i f f e r e n t  deformat i o n  

c h a r a c t e r i s t i c s  t h a t  produce minor  changes i n  f a t i g u e  s t r eng th .  

2. Concrete Shear: 

From ACT 71-10, Sect ion 3.1.1 

/ v  ) * V C l 2  Vr  = ( 1  - Vmin c  

Where V, = a l l owab le  shear s t r e s s  range 

'm i n  = minimum shear s t r e s s  

vc 
= shear s t r e s s  capac i t y  o f  concre te  

3. Concrete Compression: 

Again f r om A C I  71-10, Sec t i on  3.1.1 

fr = ( 1  - fmin/.75 f I c )  + .4 f I c  

Where f ,  = a l l owab le  s t r e s s  range 

fmin = minimum s t r e s s  

f ' c  = concre te  compressive s t r e n g t h  

4. Bond Stresses:  

From A C I  SP-41, i f  t h e  maximum bond s t r e s s  due t o  c y c l i c  l oad ings  i s  

l e s s  than  40% o f  t h e  s t a t i c  bond s t ress ,  u n l i m i t e d  f a t i g u e  c y c l e s  a r e  

assumed. 



5. S o i l  Bear ing:  

The a l l owab le  p ressure  range w i l l  be determined by  t h e  l a b o r a t o r y  

t e s t s  recommended b y  t h e  geo techn i ca l  eng ineer .  These t e s t s  w i l l  

v a r y  f o r  each s i t e .  

I n  seve ra l  o f  these  formulas,  t h e  minimum s t r e s s  i s  used and no rma l l y  opera tes  

t o  inc rease  t h e  a l l o w a b l e  if i t  i s  compressive. F o r  conservat ism,  s i n c e  t h e  

w ind  t u r b i n e  genera to r  c o u l d  yaw 180" f r om  any r e s t  o r  o p e r a t i n g  p o s i t i o n ,  t h e  

minimum s t r e s s  used was t h e  l a r g e s t  t e n s i l e  s t r e s s  a t  t h e  p e r t i n e n t  p a r t  o f  

t h e  founda t ion .  I f  a l l  t h e  p e r t i n e n t  areas a re  i n  compression t h e  minimum 

va lue  would be s e t  t o  zero.  

The same fo rmu las  t h a t  were used t o  check t h e  s t a t i c  s t r esses  were used f o r  

t h e  s t r e s s  range, b y  s u b s t i t u t i n g  t h e  l o a d  range f o r  t h e  appl  i e d  load.  The 

l o a d  range was t h e  l a r g e s t  o f  e i t h e r  t h e  Type I and I I combina t ion  o r  t h e  Type 

111 range loads.  Both va lues  were determined b y  t h e  dynarnic a n a l y s i s  o f  t h e  

w ind  t u r b i n e  generator ,  r e p o r t e d  i n  Volume 11, Sec t ions  6 and 7. 

7.4.5 ANCHOR BOLT STRESSES 

Grea t  c a r e  was taken  i n  t h e  des ign  o f  t h e  anchor b o l t s  s i nce  t h e y  w i l l  be 

embedded i n t o  t h e  r i n g  w a l l  and would be v e r y  d i f f i c u l t  t o  rep lace .  S t a t e  o f  

t h e  a r t  b o l t e d  j o i n t  a n a l y s i s  i n d i c a t e d  t h a t  p roper  des ign  and p re l oad  g r e a t l y  

reduces t h e  r i s k  o f  f a t i g u e  f a i l u r e .  As exp la i ned  b y  r e fe rences  7-19 and 

7-20, t h e  r e l a t i v e  s t i f f n e s s  o f  t h e  b o l t s  and clamped p a r t s  a f f e c t s  how much 

o f  an a p p l i e d  l oad  t h a t  a p re loaaed  b o l t  w i l l  see. 

Techn ica l  1  i t e r a t u r e  e x p l a i n s  how t o  es t ima te  t h e  r e l a t i v e  s t i f f n e s s  o f  t h e  

b o l t  and t h e  clanlped j o i n t  f o r  s tandard  b o l t e d  j o i n t s ,  such as p i p e  f l a n g e s  o r  

auto lnot ive connec t ing  rods .  However, t h e  l i t e r a t u r e  does n o t  cover  systems 

l i k e  t h e  f ounda t i on  anchor b o l t  system, which clamps th rough  4 f t .  of  

r e i n f o r c e d  conc re te  and a  s t e e l  anchor c h a i r .  A f i n i t e  element model was 

cons t ruc ted  and analyzed f o r  t h i s  p a r t  o f  t h e  f ounda t i on  and tower.  The 

r e s u l t s  of t n e  a n a l y s i s  es t imated  t h e  l oad  sha r i ng  c a p a b i l i t i e s  o f  t h e  j o i n t .  



A 3.75" segment o f  t h e  r i n g  w a l l  and anchor c h a i r s  was modeled as shown i n  

F i g u r e  7-16. The anchor b o l t  e lements were lowered i n  temperature t o  s i m u l a t e  

t h e  p r e l o a d  f o r c e  t h a t  would no rma l l y  be app l ied .  A u n i f o r m  l oad  was a p p l i e d  

t o  t h e  t o p  elements o f  t h e  tower  s h e l l .  Because conc re te  c racks  under low 

t ens ion ,  conc re te  elements under t ens i on  g r e a t e r  than  100 p s i  were 

s e q u e n t i a l l y  re leased.  The f i n a l  r u n  i n d i c a t e d  t h e  a p p l i e d  l o a d  d i s t r i b u t i o n  

between t h e  b o l t  l oad  and t h e  g r i p  load. 

The f i n i t e  elerrrent model was a l s o  used t o  q u a n t i f y  t h e  assumed conc re te  

s t i f f n e s s ,  by changing t h e  e l a s t i c  p r o p e r t i e s  o f  t h e  u n r e i n f o r c e d  conc re te  and 

r e i n f o r c e d  conc re te  elements. The r e s u l t s  o f  t h e  s t udy  a r e  summarized i n  

Tab le  7-3. 

Tab le  7-3 

FEM Anchor B o l t  Load Summary 

Case Anchor B o l t  P re load  Appl i e d  Load T o t a l  Load Working Load 

F v  ax s  F s a  = F -F 
S v 

H I n n e r  B o l t  244.6 100 249.4 4.8 

Oute r  B o l t  245.4 100 250.0 4.6 

L  I n n e r  B o l t  237.5 100 243.5 6.0 

Outer  B o l t  238.4 100 244.2 5.8 

6  
Load i n  k i p s  Case H i s  f o r  conc re te  w i t h  E = 3.50 x 10 p s i .  Case L 

6 uses E = 2.625 x  10 p s i .  

A con t ingency  f a c t o r  o f  25% i s  assumed i n  t h e  f o l l o w i n g  b o l t  f a t i g u e  l i f e  

a n a l y s i s  because up t o  a  15% u n c e r t a i n t y  e x i s t s  i n  assumptions made i n  t h e  

f i n i t e  element model ana l ys i s .  



Figure 7-16 Fini te  Element Model o f  Anchorage System 



The f a t i g u e  1  i f e  o f  t h e  b o l t s  was checked b y  t h e  C I S  method accord ing  t o  t h e  

S t r u c t u r a l  Design C r i t e r i a  ( S e c t i o n  9, Volume 11) .  The r o o t  mean cubed v e c t o r  
6 sum o f  t he  CI and M Z  h a l f  range moment a t  t h e  base i s  5.58 x  10 f t - l b .  

Y 
Us i ng  t h e  s tanadrd  des ign  for rnu la :  

Where Fa, = app l  i ed  1  oad pe r  b o l t  

M = o v e r t u r n i n g  moment 

P.r = number o f  e q u a l l y  spaced b o l t s  

C = average d iameter  o f  b o l t  c i r c l e s  

W = a x i a l  o r  dead weight  f o r c e  

F 
ax = 10,469 l b .  (wo rs t  case combina t ion )  

2s i ng  a r e s i l  iency r a t i o  ( r ) ,  which i s  d e f i n e d  as t h e  work ing load  d i v i d e d  b y  

t h e  a p p l i e d  load, o f  0.075 and a  b o l t  p r y i n g  f a c t o r  ( p )  o f  1.25, t h e  t h r e a d  

s t r e s s  f o r  t h e  2.5- in.  b o l t  i s :  

S  = Fax rp /A [7-91  

S = 10,469 x  .075 x  1.25 = 221 p s i  

4.44 

The a l l o w a b l e  KMC s t r e s s  i s  600 p s i ,  f o l l o w i n g  t h e  recommendation o f  r e f  7-21, 

based on t n e  t e s t i n g  o f  l a r g e  anchor b o l t s  under va r i ous  c o n d i t i o n s .  C.  F. 

Braun suggested u s i n g  ca tegory  "DM. Th is  suggest ion i s  suppor ted b y  t h e  

e x t r a p o l a t i o n  o f  o t h e r  f a t i g u e  d a t a  f o r  sma l l e r  s tandard b o l t s .  I n  e i t h e r  

case, t h e  anchor b o l t  f a t i g u e  margin i s  q u i t e  l a rge .  

The b o l t s  a re  des igned f o r  t h e  h u r r i c a n e  1  i m i t  l oad  c o n d i t i o n .  T h i s  l oad  i s  

s l i g h t l y  more t han  t h e  p re l oad  on t h e  most h e a v i l y  loaded b o l t ,  as i n d i c a t e d  

by CB I ' s  f i n i t e  element model ana l ys i s .  By t h e  des ign fo rmu la :  



The b o l t  s t r e s s  w i t h  a  1.25 p r y i n g  f a c t o r  i s  58,500 p s i ,  an accep tab le  83.5% 

o f  t h e  p r o o f  load.  

7.5 AUXILIARY SYSTEMS AND SUBSYSTEMS 

There a r e  seve ra l  p l a t f o r m s  a t  t h e  t h e  t o p  o f  t h e  e l e v a t o r .  The p l a t f o r m s  

p r o v i d e  access t o  t h e  yaw d r i v e  system, which keeps t h e  r o t o r  and n a c e l l e  

p o i n t e d  i n t o  t h e  wind. The l a r g e  yaw bea r i ng  enables t h e  n a c e l l e  t o  r o t a t e  

w i t h  ~n in i r na l  f r i c t i c n .  To a l l o w  t h e  yaw d r i v e  t o  be assembled and checked i n  

t h e  f ac to r y ,  t h e  upper and lower  yaw s t r u c t u r e s ,  immediate ly  above and below 

t h e  yaw bear ing ,  a r e  assembled i n  t h e  f a c t o r y ,  r a t h e r  t han  i n  t h e  f i e l d  w i t h  

t h e  r e s t  o f  t h e  tower .  

Ti-le yaw s l i p r i n g  i s  a l s o  mounted i n  t h i s  area. The s l i p r i n g  t r a n s m i t s  power 

arla c o n t r o l  s i g n a l s  between t h e  r o t a t i n g  n a c e l l e  and t h e  f i x e d  tower.  The 

s l i p r i n g  i s  desc r i bed  i n  more d e t a i l  i n  Sec t i on  8.5. 

The a r i v e  components had t o  be p ro tec ted ,  as f a r  as poss ib l e ,  f r o m  t h e  

ou t s i de .  The yaw bear ing ,  s l  i p r  ing, yaw hyd rau l  i c s ,  e l e v a t o r ,  e t c .  a re  

l oca ted  i n s i d e  t h e  yaw s e c t i o n  t o  p r o t e c t  them f r o m  weather and t o  p r o v i d e  

access f o r  rnaintenance as shown i n  F i g u r e  7-17. 

7.5.1 YAW STRUCTURES 

The yaw s t r u c t u r e  and yaw bea r i ng  a re  assembled t o g e t h e r  as shown i n  

F i g u r e  7-18. The lower  yaw s t r u c t u r e  i s  a  r e l a t i v e l y  s imp le  weldment. The 

m a t e r i a l  i s  A678 G r  B s t e e l ,  which i s  compat ib le  w i t h  t h e  m a t e r i a l  o f  t h e  main 

tower,  t o  which i t  i s  welded. The c y l i n d r i c a l  s h e l l  suppor ts  t h e  b rake  d i s k  

o f  t h e  yaw d r i v e  system, which suppor ts  t h e  yaw bear ing .  I n t e r n a l  s t i f f e n e r s ,  

p l aced  eve ry  10 degrees, t r a n s f e r  t h e  loads  f r om t h e  d i s k  t o  t h e  c y l i n d r i c a l  

s t r u c t u r e .  Holes near t h e  bot tom o f  t h e  s t i f f e n e r s  a l l o w  t h e  s t r u c t u r e  t o  be 

t i e d  t o  t h e  f a c t o r y  f l o o r ,  and a r e  used t o  hang t h e  e l e v a t o r  p la t fo rms .  The 

s t i f f e n e r s  have a  bot tom r a d i u s  o f  6 i n .  t o  reduce weld s t r e s s  concen t ra t i on .  

The weld between t h e  s t i f f e n e r  and t h e  s h e l l  must be  ground, so t h a t  t h e  we ld  

w i l l  f i t  i n  t h e  AISC " C "  ca tegory .  

A l though  t h e  s t r e s s  a n a l y s i s  f o r  t h e  tower i n d i c a t e s  t h a t  "C" ca tego ry  welds 
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a r e  n o t  r e q u i r e d  a t  t h e  t o p  o f  t h e  tower,  t h e  more s t r i n g e n t  weld ca tego ry  was 

chosen because of  t h e  u n c e r t a i n t y  i n  t h e  l oad  p r e d i c t i o n s  and i n  t h e  f i n i t e  

element model a n a l y s i s  o f  l o c a l  s t r e s s  concen t ra t  ions i n  t h e  yaw s t r u c t u r e s .  

The s t r e s s  a n a l y s i s  q u a n t i f i e d  s t r e s s  ranges a t  weld d e t a i l s ,  i n c l u d i n g  l o a d  

peak ing  th rough  t h e  yaw bear ing.  The w a l l  t h i c kness  was increased f rom .625 

i n .  t o  .75 i n .  Ana l ys i s  showed t h a t  t h e  t h i c kness  o f  0.75 i n .  was adequate, 

based on t h e  C I S  f a t i g u e  c r i t e r i a .  

Because t h e  upper yaw s t r u c t u r e  i s  so complex, i t  was designed as a  weldment. 

The upper yaw must t r d n s f e r  loads  f rom t h e  r e c t a n g u l a r  bedp la te  t o  t h e  

c i r c u l a r  yaw bear ing .  The yaw d r i v e  forces and dead we igh t  loads must a l s o  be 

accornmodated. The bedp la te  i s  n o t  u n i f o r m l y  s t i f f ,  1  i k e  t h e  tower.  The 

e f f e c t  i s  no ted  i n  t h e  p l o t s  o f  yaw b e a r i n g  b o l t  loads, shown i n  F i g u r e  7-21. 

More severe l oad  peak ing occurs  a t  t h e  t o p  o f  t h e  s t r u c t u r e .  To compensate 

f o r  t h e  l o a d  peaking, t h e  yaw s t r u c t u r e  was strengthened, above t h e  s i z e  t h a t  

a  hand a n a l y s i s  u s i n g  t h e o r e t i c a l  l oad  d i s t r i b u t i o n s  would s t i p u l a t e .  

On t h e  Y ax i s ,  shown i n  F i g u r e  7-18, suppo r t i ng  s t r u c t u r e s  f o r  t h e  yaw 

s t a t i o n a r y  brakes a r e  r equ i r ed .  A box s t r u c t u r e  t h a t  f o l l o w s  t h e  con tour  o f  

t h e  c y l i n d e r  f o r  approx imate ly  - + 50' i s  used. A t  each end o f  t h e  box, 

s t r u c t u r e  t h a t  h o l d s  t h e  ends o f  t h e  yaw d r i v e  c y l  i nde rs  i s  added. I n  t h i s  

segment, t h e r e  a re  i n t e r n a l  gussets t h a t  va r y  i n  shape between t h e  r e c t a n g u l a r  

n a c e l l e  b o l t i n g  s u r f a c e  and t h e  c i r c u l a r  yaw b e a r i n g  mount ing r i n g .  On t h e  

Z-ax is  t h e  gussets  a re  un i f o rm  i n  shape. Three gussets on each s i d e  a re  used 

t o  mount t h e  yaw d r i v e ' s  n~ov ing  b rake  t r a c k .  The hydrau l  i c  power supp ly  f o r  

t h e  yaw d r i v e  i s  mounted i n  two packages and a t tached  t o  t h e  i n t e r n a l  gussets  

near  t h e  Y a x i s .  

The des ign  o f  t h e  upper yaw s t r u c t u r e  was d r i v e n  by  f a t i g u e ,  so 60 k s i  y i e l d  

m a t e r i a l  was n o t  r e q u i r e d .  A572 G r  50 s t e e l  i s  s p e c i f i e d ,  w i t h  good 

w e l d a b i l i t y ,  tougnness, a  f i n e  g ra i n ,  and a  r e s t r i c t e d  vanadium con ten t .  



7.5.2 Y A W B E A R I N G  

H bea r i ng  a l l o w s  t h e  n a c e l l e  t o  r o t a t e  r e l a t i v e  t o  t h e  tower,  t o  keep t h e  

r o t o r  p o i n t e d  i n t o  t h e  wind. The b e a r i n g  suppor ts  t h e  we igh t  o f  t h e  n a c e l l e ,  

and can w i t h s t a n d  a  l a r g e  o v e r t u r n i n g  moment. Once t h e  bea r i ng  i s  i n s t a l l e d ,  

i t w i l l  be d i f f i c u l t  t o  r e p a i r  o r  r ep lace .  Fo r  these  reasons, and because o f  

i t s  h i g n  cos t ,  t h e  b e a r i n g  i s  a  key corflponent. 

The b e a r i n g  i s  l o c a t e d  about 56 i n .  below t h e  bedp la te ,  between t h e  upper and 

lower  yaw s t r u c t u r e s ,  as shown i n  F i g u r e  7-18. The l o c a t i o n  o f  t h e  yaw 

b e a r i n g  i s  a  corr~promise between t h e  packaging and l o a d i n g  c o n s t r a i n t s .  If t h e  

b e a r i n g  was l o c a t e d  j u s t  below t h e  nace l l e ,  t h e  loads  caused by  some 1  i m i t  

l oad  o v e r t u r n i n g  moments would be sma l le r .  However, t h e  uneven d i s t r i b u t i o n  

o f  loads, caused by t h e  non-un i form s t i f f n e s s  o f  t h e  bedp la te ,  would be 

worse. The packaging of t h e  yaw d r i v e  and s l  i p r i n g  would a l s o  be adve rse l y  

a f f e c t e d  by  t h e  change i n  b e a r i n g  l o c a t i o n .  

Tne yaw b e a r i n g  i s  a  three-row,  r o l l i n g  element bear ing ,  commonly c a l l e d  a  

s l ew ing  r i n g  bear ing .  Th i s  t y p e  o f  bea r i ng  i s  o f t e n  used i n  l a r g e  cranes, 

antennas, excava to rs  and o t h e r  mach i n e r y  , i n  which low r o t a t i o n a l  speeds a r e  

r e q u i r e d .  There a r e  seve ra l  o t h e r  t ypes  o f  r o l l i n g  element bear ings :  t h e  

s i ng le - ruw  f o u r - p o i n t - c o n t a c t  b a l l  bear ing ,  and t h e  crossed r o l l e r  bea r i ng .  

Tne th ree- row b e a r i n g  can w i t hs tand  t h e  l a r g e s t  o v e r t u r n i n g  moment f o r  a  g i ven  

bea r i l l g  aiarneter. The b e a r i n g  d iamete r  was determined by  t h e  tower  d iamete r ,  

s i n c e  any s t r u c t u r a l  t r a n s i t i o n s  would add t o  t h e  b e a r i n g ' s  cos t .  The 

th ree- row b e a r i n g  t r a n s m i t s  t h e  loads  w i t h  t h e  l e a s t  d i s t o r t i n g  f o r ce .  The 

b a l l  and crossed r o l l e r  t ype  bear ings  induce s i d e  f o r c e s  p r o p o r t i o n a l  t o  t h e  

a x i a l  loads,  which d i s t o r t  t h e  yaw s t r u c t u r e s .  The th ree- row b e a r i n g  a l s o  has 

t h e  l owes t  f r i c t i o n a l  torque,  a l though  t h i s  was n o t  an impor tan t  cons ide ra t i on .  

Other  t ypes  o f  bea r i ngs  were cons idered  d u r i n g  t h e  conceptua l  des ign.  A 

s  imple j o u r n a l  bea r i ng  w i t h  T e f l o n  pads c rea ted  t o o  much f r i c t i o n ,  and because 

t h e  l a r g e  o v e r t u r n i n g  moment causes t h e  d i r e c t i o n  o f  t h e  l oad  t o  r e v e r s e  

around t h e  c  ircumference, t h e  bea r i ng  des ign  became compl i ca ted .  The 

r e v e r s i n g  l oad  a l s o  complicates t h e  des ign  o f  an a i r  f i l m  bear ing ,  and t h e  

l a r g e  l o s s  o f  gas would r e q u i r e  a  ve r y  l a r g e  compressor and s to rage  system. 



H k ingpos t  bear  ing  des ign, u s i n g  two separated bear ings  w i t h  smal l e r  

d iameters ,  a v a i l a b l e  f rom ca ta logs ,  would unacceptab ly  cramp t h e  area needed 

f o r  t h e  s  1  i p r  i n g  and yaw d r i v e .  

P o t e n t i a l  s l ew ing  r i n g  bea r i ng  vendors were quest ioned about t h e  poss i b i l  i t y  

u f  i n t e g r a t i n g  t h e  bea r i ng  i n t o  t h e  yaw s t r u c t u r e s .  The conc lus i on  was t h a t  

t h e  des ign  was f e a s i b l e ,  b u t  t h e  des ign  and development cos t s  would be h igh .  

Any changes i n  t h e  des ign  would be expensive. Consequently, t h e  s tandard  

s l ew ing  r i n g  b e a r i n g  was chosen. There were a t  l e a s t  f o u r  p o t e n t i a l  vendors, 

so t n a t  c o s t  would be compe t i t i ve .  

The i n t e g r a t e d  des ign  requi rements  f o r  t h e  bea r i ng  a r e  s p e c i f i e d  i n  a  document 

w r i t t e n  w i t h  t h e  a i d  o f  t h e  Frank1 i n  Research Center (FRC), i n  P h i l a d e l p h i a ,  

Pa. FKC has eng inee r i ng  e x p e r t i s e  i n  l a r g e  bear ings,  and f i r s t  worked w i t h  GE 

d u r i n g  t h e  s e l e c t i o n  o f  t h e  14011-1 bear ings.  FRC a l s o  a ided  i n  t h e  b e a r i n g  

s e l e c t i o n  a u r i n g  t h e  MOD-5A program. 

The des ign  o f  s l ew ing  r i n g  bear ings  i s  d i f f e r e n t  f rom t h e  des ign o f  s tandard 

r o l l i n g  element bear ings ,  i n  t h a t  speeds a re  ve r y  slow, l oad  pa ths  d i f f e r ,  and 

s t r u c t u r a l  de fo rmat ions  a re  impor tant .  The o u t e r  r ace  o f  t h e  th ree- row 

b e a r i n g  has a  nose r i n g  t h a t  i s  s u b j e c t  t o  bending s t r e s s .  A c rack  th rough  

t h i s  p a r t  c o u l d  l ead  t o  a  c a t a s t r o p h i c  f a i l u r e  o f  t h e  bear ing,  and if t h e  

~ e a r i n g  f a i l e d ,  t h e  n a c e l l e  would f a l l  o f f  t h e  tower. 

The l oad  and s t r e s s  cons ide ra t i ons  a re  shown i n  F i g u r e  7-19. The two main 

l oad  con~ponents, t h e  o v e r t u r n i n g  moment and t h e  a x i a l  f o r ce ,  a re  shown. A 

r a d i a l  o r  shear f o r ce ,  caused by  r o t o r  t h r u s t ,  a l s o  occurs when t h e  wind 

t u r b i n e  i s  ope ra t i ng .  Th i s  component i s  r e l a t i v e l y  sma l l  and i s  absorbed b y  

t h e  r a d i a l  row o f  r o l l e r s .  

On t h e  l e f t  s i d e  o f  t h e  bear ing,  as shown i n  F i g u r e  7-19, t h e  moment and a x i a l  

con~ponents combine. The l oad  p a t h  runs  th rough  t h e  nose r i n g  o f  t h e  o u t e r  

race,  ana t h e  bottom, o r  support ,  row o f  r o l l e r s ,  and i n t o  t h e  lower  yaw 

s t r u c t u r e .  I n  t h e  f i g u r e ,  t h e  c r i t i c a l l y  s t r essed  p o i n t s  a re  l a b e l l e d  a  and 

b. A t  a, t h e  bending t e n s i l e  s t r esses  o f  t h e  nose r i n g  a re  magn i f i ed  b y  t h e  
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St ress  c o n c e n t r a t i o n  o f  t h e  co rner .  A t  c, t h e  s t r e s s  i s  cons ide rab l y  l e s s  

because t h e  l oad  bends t h e  bot tom r i n g  l ess ,  s i n c e  i t  i s  backed up b y  t h e  

lower  yaw f lange.  A t  b, l a r g e  c o n t a c t  s t r esses  occur  i n  bo th  t h e  r o l l e r  and 

i nne r  race. The r o l l e r  i s  made o f  a  h i g h  qua1 i t y  m a t e r i a l ,  which can be  

hardened a l l  t h e  way through, so c o n t a c t  s t r e s s  i s  n o t  a  ?roblem. A l l  t h e  

b e a r i n g  races  a r e  made f r om r i n g  f o r g i n g s  o f  a  4340 t y p e  m a t e r i a l ,  which has 

th rough  hardness p r o p e r t i e s  o f  about 38RC The raceway su r f ace  i s  i n d u c t i o n  

hardened t o  58-60Rc. Because t h e  harden ing  extends o n l y  about 0.190 in . ,  

c o n t a c t  s t resses ,  i n c l u d i n g  shear s t resses ,  a re  checked w e l l  i n t o  t h e  co re  

a g a i n s t  a l l o w a b l e  compressive and shear s t r esses .  

The moment component i s  u s u a l l y  l a r g e r  than  t h e  a x i a l  component. 

Consequently, t h e  loaa  path,  as shown on t h e  r i g h t  s i d e  i n  F i g u r e  7-19, i s  

d i f f e r e n t  from t h e  l e f t  s i d e  and goes th rough  t h e  upper, o r  r e t a i n i n g ,  row. 

The c r i t i c a l  p o i n t s  a re  a ' ,  e '  and f ' .  However, t h e  l o a d  i s  l e s s  t han  t h e  

l o a d  on t h e  l e f t  s i de ,  s i n c e  t h e  a x i a l  and moment components s u b t r a c t ,  r a t h e r  

than  add. A t  e '  s t r esses  a r e  n o t  a  problem, and a '  w i l l  be a t  a  lower  s t r e s s  

t han  a, s i n c e  t h e  l oad  i s  lower and t h e  geometry s i m i l a r .  A t  f ' ,  however, 

t h e r e  i s  no backup suppor t  1  i k e  t h a t  a t  c  on t h e  l e f t  s i de .  

The p reced ing  a n a l y s i s  i s  s t r a i g h t f o r w a r d  f o r  l i m i t  loads, because s t r esses  

a re  d i r e c t l y  compared t o  a l lowab les .  F o r  f a t i g u e  cons ide ra t i ons ,  t h e r e  a r e  

t h r e e  sources o f  c y c l i c  loads. The v a r i a t i o n s  o f  t h e  moment and v e r t i c a l  l oad  

components, which occur  d u r i n g  wind t u r b i n e  opera t  ion,  a re  one source. These 

l oads  a r e  analyzed l i k e  t h e  l i m i t  loads, u s i n g  c y c l i c  loads and f a t i g u e  

a l l owab les  f o r  t h e  h i g h  c y c l e  f a t i g u e .  The second and t h i r d  sources come f r om 

n a c e l l e  r o t a t i o n ,  which i s  assumed t o  be l e s s  than  30,000 cyc les .  The 

r o t a t i o n  i s  t h e  second source o f  f a t i g u e ;  p o i n t  c  becomes c '  a f t e r  a  180' 

r o t a t i o n ,  and t h e  load  changes app rop r i a t e l y .  Note t h a t  p o i n t s  b, c, e  and f 

go f r om d i f f e r e n t  maximum t e n s i l e  va lues  t o  n e a r l y  ze ro  s t r e s s .  P o i n t s  a  and 

d  on t h e  nose r i n g  go th rough  s t r e s s  r e v e r s a l ,  b u t  t h e  t e n s i l e  s t r e s s  a t  a  i s  

g r e a t e r  than  t h e  compressive s t r e s s  a t  a '  because t h e  l oad  i s  s m a l l e r  on t h e  

r i g h t .  The f i n a l  source o f  f a t i g u e  loads comes from t h e  v a r i a t i o n  i n  raceway 

l o a d i n g  s i n c e  t h e  r o l l e r s  a r e  n o t  cont inuous.  I n  t h e  f i g u r e  t h e  s t r e s s  a t  a  

i s  maximized when t h e  l i n e  o f  r o l l e r  c o n t a c t  i s  i n  t h e  same p lane.  As t h e  

r o l l e r  moves, t h e  s t r e s s  decays u n t i l  a  i s  midway between two r o l l e r s ,  then  i t  



b u i l d s  again f o r  t h e  nex t  r o l l e r .  For every complete n a c e l l e  r o t a t i o n  t h e  

number o f  cyc les  i s  N/2, where N i s  t h e  number o f  r o l l e r s .  The range of t h i s  

s t ress  i s  smal l  compared t o  t h e  o the r  load cyc les  and can be ignored i f  t h e  

crack growth th resho ld  f a t i g u e  approach i s  used. However, s ince  t h e  st resses 

a t  a, d  and f exceed t h e  24 k s i  requ i red  by the  A I S C  category A, t h e  C I S  

approach was used t o  check fa t i gue .  For t he  worst  case assumption,. t h e  

f i i t i g u e  h is togram has 359 x l o6  cyc les  de f ined by t h e  opera t ing  loads, 

35!,OUO load cyc les  f rom r o t a t i o n  and 30,00O*N r o l l e r  load cyc les .  

The e f f e c t  o f  t h e  non-uniform s t r u c t u r a l  support f o r  t he  bear ing must be 

considered. The yaw s t r u c t u r e s  were analyzed by t h e  f i n i t e  element method, 

w i t h  a  simple rep resen ta t i on  o f  t h e  bearing. The mesh a t  t he  bear ing i s  shown 

i n  F igure  7-20. The mesh a t  t h e  bear ing  r o l l e r s ,  elements 401 t o  220, 

t ransmi t s  loads i n  a l l  d i rec t i ons ,  whereas t h e  ac tua l  bear ing  can on l y  

t ransmi t  r a d i a l  loads i n  compression. The r a d i a l  d i s t o r t i o n  c a l c u l a t i o n  was, 

there fore ,  smal ler  than i t  a c t u a l l y  i s ,  b u t  t h i s  should have on l y  a  smal l  

e f f e c t  i n  t h e  a x i a l  d i r e c t i o n .  

The a x i a l  f o r c e  t ransmi t ted  a t  var ious p o s i t i o n s  around t h e  bear ings 

circumference i s  p l o t t e d  i n  F igu re  7-21, f o r  bo th  the  f i n i t e  element model and 

t h e  t h e o r e t i c a l  model. The load ing  i s  f o r  t he  hur r icane 1  i m i t  loads, de f ined 

as of January 1983. The d i s t o r t i o n s  f rom t h e  t h e o r e t i c a l  model occur because 

of hara p o i n t  i n t e r s e c t i o n s  o f  t he  bedp la te 's  s ide  beams and t h e  upper yaw 

housing. On the  r o t o r  s ide  of t h e  nace l le ,  where the  dead weight n a c e l l e  

moment and b lade drag moment add t o  t h e  dead weight fo rce ,  t h e  peak load per  

inch i s  magn i f ied  by a  f a c t o r  o f  1.52. On t h e  o the r  s ide  the re  i s  a  

nlagnif i c a t i o n  f a c t o r  o f  1.68. For t he  r e s t  o f  t he  analys is ,  a l l  t h e o r e t i c a l  

loads are  assumed t o  a c t u a l l y  produce peak loads 1.75 t imes l a rge r .  
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F igure  7-21 Bear ing Loads 



The bea r i ng  s t resses  under t h e  l a t e s t  h u r r i c a n e  loads a re  summarized i n  

Table 7-4. An a n a l y s i s  should p l o t  subsur face shear versus depth. Th is  p l o t  

would ensure t h a t  a l lowab les  a re  n o t  exceeded a t  any depth. Prev ious load  

analyses have done t h i s  and t h e  margins shown i n  t h e  t a b l e  a r e  adequate. 

The nose r i n g  and r e t a i n i n g  r i n g  s t resses,  a t  p o i n t s  a  and f ' o f  F i g u r e  7-19, 

a re  shown i n  Table 7-5. The bending s t r e s s  i s  u s u a l l y  computed b y  bea r i ng  

manufacturers, assuming t h a t  t h e  r o l l e r  load  i s  u n i f o r m l y  d i s t r i b u t e d  a long 

t h e  d i r e c t i o n  o f  t h e  c i rcumference.  I n  t h i s  t a b l e ,  however, s t r e s s  was 

computed a t  t h e  r o o t  o f  t h e  r i n g  c a n t i l e v e r  w i t h  r o l l e r  1  i ne  loads spaced as 

shown i n  F i g u r e  7-22. T h i s  a n a l y s i s  increases t h e  s t r e s s  peak by about 50%, 

and shows t h e  s t r e s s  ha l fway  between t he  r o l l e r s  a t  about h a l f  t h e  peak. Th is  

s t r e s s  g i ves  t h e  one p e r  r o l l e r  c y c l i c  s t r e s s  d u r i n g  n a c e l l e  r o t a t i o n .  

As  shown i n  b o t h  t ab les ,  good margins o f  s a f e t y  e x i s t  f o r  a l l  cond i t i ons .  



Table 7-4 

Yaw Bearing Stresses Under Hurr icane Load Condi t ions 

SUPPORT RETAINER RADIAL 

ROW ROW ROW 

Race diameter, d,,, in. 

R o l l e r  diameter, 0, in .  

R o l l e r  length ,  I ,  in .  

No. ~f Ro l l e rs ,  N 

R o l l e r  load/ in ,  p ,  I b / i n  

Hertz  Stress, oC, k s i  (Note 1,3) 

Her t z  M.S. 

Contact Width, b, i n .  

Case Depth, h, i n .  

Max. Subsurface, Shear, T k s i  
YZ'  

Sfiear M.S. (Mote 2 )  

Core I n t e r f a c e ,  Shear, ry,, k s i  

Core M.S. (Note 2 )  

NOTES: 1) The Her tz  s t r e s s  a1 lowable i s  580 k s i  per  AFMBA 

2 )  The shear s t ress  a l lowable i s  190 k s i  i n  case, and 60 k s i  

i n  core  

3 )  Assumes 58 - 60 RC case 

4 )  The formulas f o r  s t r e s s  are  found i n  Roark o r  Sealy and Smith 



Table 7-5 

Yaw Bear ing  Bending Stresses, L i m i t  Load and F a t i g u e  

Depth, t, in .  
Width, 1, i n .  

L i r n i t  Load pe r  in .  

Bending S t ress ,  ab, k s i  

K ( = 2 . 0 ) ,  k s i  abx t 
M . S .  ( 2 )  

NOSE RING 

p t .  a  

2.216 

1.839 

17,815 

Cycl  es Fa t i gue  Loaa, abxkt 

359 x lob 13% ( range) ,  p s i  1,615 

30,000 1  pe r  rev,  p s i  (Note 1)  0  

30,000 * N / 2  1 pe r  r o l l e r ,  p s i  10,839 

KMC ( T o t a l  j ,  p s i  (Note 3 )  

M. S. 

RETAINING RING 

p t .  f '  

1.728 

1.504 

6,305 

( 1 )  The nose r i n g  does n o t  un load  as n a c e l l e  r o t a t e s  

( 2 )  Core p r o p e r t i e s  o f  0, = 120 k s i  were used 

( 3 )  Range s t r e s s  f o r  AISC " A "  ca tego ry  i s  4,740 p s i  



ROLLER 

LOAD ASSUMED- 
UNIFORM UNDER 
EACH ROLLER 
SPACED AT 
P I T C H ,  p 

UNIFORM LOAD ASSUMPTION AT 
112 FOR F U L L  LENGTH 

Figure 7-22 Comparison of Nose Ring Load Assumptions 



7.5.3 YAW DRIVE AND HYDRAULIC SUBSYSTEM 

The yaw d r i v e  p rov i des  t h e  mo t i ve  power t o  r o t a t e  t h e  n a c e l l e  and t h e  c lamping 

f o r c e  t o  h o l d  t h e  n a c e l l e  i n  a l ignment  w i t h  t h e  wind. The d r i v e  can ope ra te  

i n  t h e  standby enable, s t a r t u p ,  o r  r u n  modes o f  t h e  c o n t r o l  system. I n  t h e  

f i r s t  two modes, t h e  r o t o r  does n o t  t u r n .  The requi rements  a f  t h e  system a r e  

t o :  

1. p r o v i d e  t h e  r e q u i r e d  o p e r a t i n g  and s t a t i o n a r y  torques, 
2. meet t h e  dynamics requi rements  o f  t h e  system, by  hav ing  p rope r  

s t i f f n e s s ,  
3. l i r n i t  t h e  r o t a t i o n a l  speed, t o  avo id  gyroscopic  e f f e c t s .  

The requi rements  s t i p u l a t e d  a  low-cost,  r e l i a b l e  system t h a t  c o u l d  t o l e r a t e  

misa l ignments  caused b y  s t r u c t u r a l  d e f l e c t i o n s  and manufac tu r ing  t o l e rances .  

The t r a d i t i o n a l  yaw d r i v e  s o l u t i o n  i s  a  geared motor d r i v i n g  a  l a r g e  gear,  

u s u a l l y  c u t  r i g h t  i n t o  a  r ace  o f  t h e  yaw bear ing.  Th i s  s o l u t i o n  has a  

reasonable  cos t ,  and t h e  d r i v e  opera tes  smoothly. S t i l l ,  m isa l ignment  

problems can occur .  For  t h e  MOD-5A a  s imp le r ,  push -pu l l  d r i v e  was chosen. A 

v a r i a t i o n  o f  t h e  push -pu l l  d r i v e  was used i n  one MOD-OA machine. The MOD-OA 

system's  dynamics were t h e  reason f o r  us i ng  t h i s  t ype  o f  d r i v e .  The d r i v e  had 

b e t t e r  s t i f f n e s s  c h a r a c t e r i s t i c s  than  t h e  geared d r i v e  used on o t h e r  MOD-OA 

machines. NASA i n d i c a t e d  t h e  MOD-OA d r i v e  worked w e l l ,  and t h a t  c o r r o s i o n  was 

t h e  b i g g e s t  concern.  The yaw d r i v e  i s  e n t i r e l y  enc losed on t h e  MOD-5A, so 

t h i s  concern was e l  iminated. 

The o p e r a t i o n  o f  t h e  push-pu l l  yaw d r i v e  i s  shown i n  F i g u r e  7-23. The t o p  of 

t h e  lower  yaw hous ing  i s  a  l a r g e  d i s k .  The lower  p a r t  o f  t h e  yaw b e a r i n g  i s  

mounted on t h e  o u t s i d e  o f  t h e  d i s k .  The i n s i d e  o f  t h e  d i s k  ac t s  as a  

h o r i z o n t a l  b rake  d i sk .  Two s e t s  o f  h y d r a u l i c  c a l i p e r  brakes grab t h i s  d i s k .  

Two groups o f  two brakes, separated b y  180°, a re  c a l l e d  t h e  h o l d i n g  b rake  

se t .  They a r e  mounted d i r e c t l y  on t h e  upper yaw housing. They i n h i b i t  yaw 

mot ion  when energ ized.  The o t h e r  two groups o f  two brakes, separated by  180°, 

a r e  c a l l e d  t h e  mo t i ve  b rake  se t .  They a re  l o c a t e d  90' f r om  t h e  h o l d i n g  

brakes, and a r e  mounted on segments o f  c i r c u l a r  t r a c k  b o l t e d  t o  t h e  upper yaw 

housing. They a r e  c a l l e d  t h e  mo t i ve  brakes because t hey  move t h e  n a c e l l e .  

Two h y d r a u l i c  c y l i n d e r s  on each end o f  each mo t i ve  b rake  group move t h e  brakes 

f r e e l y  a l ong  t h e  t r a c k  when t h e  b rakes  a r e  n o t  energized. 





The c o n t r o l l e r  operates t h e  yaw d r i v e  b y  e n e r g i z i n g  and de-energ iz ing  

hydrau l  i c  va lves.  When t h e  h o l d i n g  brakes a re  de-energized, t h e  mo t i ve  brakes 

a r e  energ ized  and t h e  c y l i n d e r s  a re  p ressur i zed ,  and t h e  c y l i n d e r s  p u l l  and 

push t h e  n a c e l l e  r e l a t i v e  t o  t h e  tower.  A t  t h e  end o f  t h e  c y l i n d e r ' s  s t r o k e  a  

1 i m i t  s w i t c h  s i g n a l  t e l l s  t h e  c o n t r o l l e r  t o  1)  energ ize  t h e  h o l d i n g  brake, 

2 )  de-energ ize t h e  mo t i ve  b rake  and 3 )  r e v e r s e  t h e  f l o w  i n t o  t h e  c y l  i nders .  

The n a c e l l e  i s  h e l d  w h i l e  t h e  mo t i ve  brakes t r a v e l  t o  t h e  o t h e r  end o f  t h e  

c i r c u l a r  t r a c k .  When t h e  brakes reach  t h e  end o f  t h e  t r a c k ,  another  l i m i t  

s w i t c h  reverses  these steps, and t h e  n a c e l l e  moves again.  Each of t h e  f o u r  

c y l i n d e r s  has a  4 i n .  bore,  a  2 i n .  rod,  and a  15 i n .  s t r oke .  As 1  i n .  on 

each end i s  f o r  l i m i t  s w i t c h  o v e r t r a v e l ,  13 i n .  o f  t h e  s t r o k e  i s  a c t i v e .  Each 

inch  o f  c y l i n d e r  s t r o k e  p rov i des  .77O o f  n a c e l l e  r o t a t i o n .  The n a c e l l e  

r o t a t e s  approx imate ly  10' i n  e i t h e r  d i r e c t i o n ,  then  s tops w h i l e  a l l  fou r  

c y l i n d e r s  r e t r a c t  b e f o r e  t h e  n e x t  c y c l e .  Each end o f  t h e  c y l i n d e r s  i s  

cush ioned t o  reduce s t o p  loads. The c y l i n d e r  t h a t  r e t r a c t s  most q u i c k l y  w a i t s  

f o r  t h e  o t h e r  s e t ' s  1  i m i t  s w i t c h  t o  c lose .  That i s ,  when t h e  c y l i n d e r s  a r e  

r e t r a c t i n g  t h e  c o n t r o l l e r  responds o n l y  when bo th  l i m i t  swi tches c lose .  

However, on t h e  d r i v e  s t r oke ,  t h e  c o n t r o l l e r  responds when e i t h e r  c l oses ,  

s i n c e  power must be removed once e i t h e r  s e t  reaches t h e  end o f  i t s  s t r oke .  

I n  s e c t i o n  A - A  o f  F i g u r e  7-23, n o t e  t h a t  t h e  c y l  i nde rs  do n o t  a t t a c h  a t  t h e  

c e n t e r  o f  t h e  b r a k e ' s  p lane  o f  ac t i on .  The c y l i n d e r s  r o t a t e  t h e  brakes 

r e l a t i v e  t o  t h e  t r a c k  and t o  t h e  b rake  d i sk .  To l i m i t  t h e  r o t a t i o n ,  t h e  o u t e r  

b rake  pad r e t a i n e r s  were rep laced  w i t h  a  heav ie r  p i ece  t h a t  has min imal  

c lea rance  r e l a t i v e  t o  t h e  d i s c .  Wi th  t h e  end p l a t e s  separated b y  38 in. ,  t h e  

r o t a t i o n  i s  l i m i t e d  t o  l e s s  than  0.03O and o n l y  smal l  f o r c e s  a re  generated, t o  

avo id  damage t o  t h e  d i s k .  

The hyd rau l  ic f l o w  t o  t h e  cy7 i nder  i s  c o n t r o l  l e d  b y  a  p i p i n g  r e s t r i c t  i o n  and 

t h e  d r i v e  n o r m a l l y  r o t a t e s  t h e  n a c e l l e  a t  .40°/sec., f o r  an average speed of  

.20°/sec. Th i s  speed can be h e l d  f o r  t h e  f i r s t  6 minutes (-72") o f  mot ion;  

then  i t reduces t o  .3O0/sec., f o r  an average o f  .15O/sec. 

A 14-ga l lon  accumulator enables t h e  system t o  ope ra te  a t  t h e  i n i t i a l  h i g h  

speed. A f t e r  s i x  m inu tes  o f  cont inuous opera t ion ,  t h e  accumulator i s  dep le ted  



and t h e  speed i s  1  im i ted  by  the  r a t e  o f  f l o w  o f  t h e  pump. Note t h a t  system 

pressure w i l l  drop t o  t h e  accumulator charge pressure o f  1300 p s i  a f t e r  t h e  

s i x  minutes of cont inuous motion. This  pressure should be h i g h  enough, s ince  

t n e  wind t u r b i n e  would n o t  be r o t a t i n g  du r ing  a  l a r g e  yaw manuever. When t h e  

wind t u r b i n e  i s  r o t a t i n g  and d e l i v e r i n g  power, t h e  yaw c i r ive torque must 

overcome a  to rque p ropo r t i ona l  t o  t h e  d r i v e t r a i n  to rque because o f  t h e  seven 

degree t i l t  o f  t h e  r o t o r .  

Hyd rau l i c  power f o r  t h e  yaw d r i v e  i s  supp l ied  by a  power supply module 

c o n s i s t i n g  o f  a 4.5 gprn, 3000 p s i  r o t a r y  p i s t o n  pump and a  10 hp, 1800 rpm, 

480 V ,  3n 60 Hz e l e c t r i c  motor assembly, a  30-gal lon rese rvo i r ,  suc t i on  

and discharge f i l t e r s  and an i~nmersion heater.  This  assembly i s  mounted on a  

s t r u c t u r a l  subplate p r o v i d i n g  t h e  necessary r i g i d i t y  f o r  t r a n s p o r t a t i o n  and 

handl ing. An o i l  l e v e l  sw i t ch  i n  t h e  r e s e r v o i r  warns against  l oss  o f  f l u i d .  

A pressure swi tch,  a t  t h e  discharge p o i n t  o f  t he  pump, i nd i ca tes  t h a t  t he  pump 

i s  de l  i v e r i n g  f l u i d .  A r e 1  i e f  va l ve  i n  t he  pump's d ischarge 1  i ne  p r o t e c t s  t h e  

system against  excess pressure. 

H separate c o n t r o l  package conta ins the  swi tch ing  valves, d iagnost ic  and 

warning sensors and back-up accumulators necessary t o  conver t  t he  c o n t r o l  

s i gna ls  i n t o  f o r c e  and mot ion by the  brakes and ac tua tors .  Add i t i ona l  valves 

i n  t h e  c o n t r o l  package prov ide  c o n t r o l  f o r  t h e  low speed s h a f t  brakes. The 

schematic diagram d e t a i l  i ng  the  f u n c t i o n  and opera t ion  o f  t he  yaw d r i v e  

hyd rau l i cs  i s  shown i n  F igu re  7-24. 



Figure  7-24  Yaw tlydraul i c Subsystem 
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