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Volume I, Execu t i ve  Sumnary 

Volume I c o n t a i n s  an overv iew o f  t h e  MOD-5A Program. These t o p i c s  a re  covered: 

O b j e c t i v e s  o f  t h e  MOD-5A Program 

D e s c r i p t i o n  o f  t h e  F i n a l  Design (Model 304.2) 

Cost  o f  Energy 

Power Output  

T rade -o f f  S t u d i e s  

Development Tes ts  

Analyses o f  Loads and Dynamics 

Manu fac tu r i ng  and Q u a l i t y  Assurance and Safety  P lans  

Volume 11, Conceptual  and P r e l i m i n a r y  Des ign 

These s e c t i o n s  compr ise Volume 11, which i s  d i v i d e d  i n t o  two books, as f o l l o w s :  

Book 1 1.0 Summary 

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

3.0 Design Requirements 

4.0 Conceptual  Design S t u d i e s  

5.0 Design, Development, and O p t i m i z a t i o n  

6.0 System Dynamics Ana l ys i s  

7.0 System Loads Ana l ys i s  

Book 2 8.0 Development Tes ts  

9.0 Design C r i t e r i a  

Appendix A System S p e c i f i c a t i o n  

Appendix B Design Load Tables 

Volume 111, F i n a l  Design and System D e s c r i p t i o n  

These s e c t i o n s  compr ise Volume 111, which i s  d i v i d e d  i n t o  two books, as 

f o l l o w s :  

Book 1 1.0 Summary 

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

3.0 System D e s c r i p t i o n  - Model 304.2 

4.0 Ro to r  Subsystem 

5.0 D r i v e t r a i n  Subsystem 

6.0 Nace l l  e Subsystem 

7.0 Tower and Foundat ion Subsystems 





Book 2 8.0 Power Generat ion Subsystem 

9.0 Cont ro l  and lns t rumenta t ion  Subsystems 

10.0 Manufactur ing 

11.0 S i t e  a n d E r e c t i o n  

12.0 Q u a l i t y  Assurance and Safety 

13.0 FMEA, HAM and Maintenance 

Appendix A C.F. Braun & Company - Foundat ion  Design C r i t e r i a  

Appendix B GE - Product Assurance Prograrn Plan f o r  t he  MOD-5A WTG 

Progran~ 

Appendix C GE - System Safe ty  Plan f o r  t h e  MOD-5A Program 

Appendix I) GE - MU[)-5A Con f igu ra t i on  Management Plan 

Appendix E GE - MOD-5A Defect Reports f o r  Development Hardware 

Appendix F GE - MOD-5A Program Qua1 i t y  Assurance Requirements f o r  

t he  Cont ro l  o f  Raw Mate r ia l s  and the  Blade F a b r i c a t i o n  

Proces s 

Appendix G GL - Statement o f  Work f o r  t he  E rec t i on  o f  t he  MOD-5A 

W T G  Yaw, Nace l le  and [{lade Subsystems 

Volur~~Q I V ,  Urdwinys and S p e c i f i c a t i o n s  

111 i s  volurr~e conta i r ~ s  the  numbered drawings and spec i f  i c a t  ions f o r  t h e  f i n a l  

design of t he  MOD-!JA wind tu rb ine .  The volume i s  d i v i d e d  i n t o  f i v e  books, as 

f o l l o w s :  

Uook 1 4 7A380002 through 4 7A380030 

Book 2 47A380031 through 47A380068 

Uook 3 4 7A3fi0074 th rougt~  4 7A380126 

Book 4 47A380128 throuyh 47A387125 

Cook 5 47D381002 through 4 7D387130 
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d .0  DEVELOPMENT TESTS 

Development t e s t s  were made d u r i n g  t h e  des ign  phases t o  q u a l i f y  components and 

determine n ~ a t r r  i a l  p r o p e r t  i es .  

T h i s  s e c t i o n  desc r i bes  t h e  c o n f i g u r a t i o n s  and r e s u l t s  o f  t e s t s  on m a t e r i a l  f o r  

t h e  b lade,  made o f  wood and epoxy, at tachments t o  t h e  b l ade  m a t e r i a l ,  

hyd rau l  i c  components, a  i r f o  il and c o n t r o l  su r f ace  arrangements, and e l e c t r i c a l  

i terns. 

B lade  m a t e r i a l  t e s t s  a r e  descr ibed  i n  sec t  i on  8.1. These t e s t s  p rov i ded  da ta  

t o  s u b s t a n t i a t e  t h e  s t a t i c  and f a t i g u e  a l l owab le  s t r e s s  values. Tests  were 

a l s o  made t o  examine epoxy f i l l e r s ,  j o i n t s ,  m o i s t u r e  e f f e c t s ,  t h e  i n f l u e n c e  o f  

s i ze ,  and damping p r o p e r t i e s .  The l a s t  subsec t ion  i n  8.1 i s  a  summary o f  

d l l o w a b l e  s t r esses .  

B lade component development t e s t s ,  s e c t i o n  8.2, eva lua ted  s t r u c t u r a l  

at tachments,  f a b r i c a t i o n  j o i n t s  and i n s e r t s .  

Hydrau l  i c  component t e s t s  a r e  descr ibed  i n  sec t  i on  8.3. Ac tua to r s  and va lves  

were t e s t e d  f o r  q u a l i f i c a t i o n  sn a  n i g h  acce le ra t i on .  

Sect  ion  8.4 descr ibes  wind t unne l  and MOD-0/5A wind t u r b i n e  t e s t s .  Tests  were 

made w i t h  seve ra l  a i r f o i l  t h i ckness ,  t r a i l  i n g  edge d e t a i l s ,  and a i l e r o n  

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

E l e c t r i c a l  t e s t s  i n  Sec t i on  8.5 were conducted on t h e  c o n t r o l l e r  and on a  

cab le  t w i s t .  

Gougeon Bro thers ,  I nc .  (GBI) p a r t i c i p a t e d  i n  many o f  t h e  t e s t s  as a  

subcon t rac to r  t o  GE-AEPD. 

8.1 WOOD LAMINAE/EPOXY MATERIAL CHARACTERIZATION 

8.1.1 PHASE A STATIC TESTS 

The Phase A  s e r i e s  o f  t e s t s  'ncluded a  comprehensive s t a t i c  e v a l u a t i o n  o f  t h e  

Douglas f i r  veneer and West System0 epoxy composite. S l  i c e d  Douglas f ir 

veneer had been used on smal l  wind- t u r b i n e  b lades,  up t o  60 ft. long. 



However, r o t a r y  p e e l i n g  was t h e  method proposed f o r  p roduc ing  veneer f o r  t h e  

MOD-5A blades. 

I n  r o t a r y  pee l  i n g  a  l a y e r  i s  pared f r om t h e  c i rcumference  o f  a  prepared log ,  

as shown i n  F i g u r e  8-1. The t o o l  f eed  r a t e  i s  c o n t r o l l e d  much as a  l a t h e  c u t  

i s  made. Ro ta ry  p e e l i n g  i s  f a s t e r  than  s l i c i n g  and r e s u l t s  i n  a  h i ghe r  y i e l d ,  

ana a  lower  cos t .  The plywood i n d u s t r y  now uses t h i s  s t a t e - o f - t h e - a r t  

process. P r e l  im inary  s t u d i e s  i n d i c a t e d  t h a t  r o ta r y -pee lea  Douglas f ir veneer 

c o u l d  be graaed b y  non -des t ruc t i ve  u l t r a s o n i c  t e s t s .  Rotary-peeled veneer 

combined t h e  advantages o f  a v a i l a b i l i t y ,  lower  c o s t  and a  veneer w i t h  

p r e d i c t a ~ l e  s t r e n g t h  p r o p e r t i e s .  However, t h e  s t r e n g t h  p r o p e r t i e s  o f  t h i s  

m a t e r i a l  had t o  be  demonstrated. 

I n  deve lop ing  t h e  c h a r a c t e r i s t i c s  o f  1  aminated composi te m a t e r i a l  i t  was 

assumed t h a t  t h e  s t r u c t u r a l  p r o p e r t i e s ,  composi t ion and var  i a b i l  i t y  were n o t  

t h e  same as s o l i d  wood. Therefore,  comparisons t o  t h e  s t r e n g t h  o f  s o l i d  wood 

a re  d i f f i c u l t  t o  make and w i l l  be avoided. 

The f o l l o w i n g  t e s t s  were inc luded  i n  t h i s  eva lua t i on :  

o  Y i e l d  o f  va r i ous  grades o f  veneer 

o  Optimum g l u e  spread, eva lua ted  b y  b l ock  shear t e s t i n g  

o  Mo i s tu re  con ten t ,  based on s i x  specimen s i z e s  

o T e n s i l e  s t r e n g t h  p a r a l l e l  t o  g r a i n  and normal t o  g r a i n  i n  t h e  r a d i a l  
d i r e c t  i o n  

o Para1 l e l  and r a d i a l  compress ion  s t r e n g t h  

o  P a r a l l e l  and r a d i a l  bending s t r e n g t h  

o Rad ia l  and t a n g e n t i a l  t e n s i l e  s t r e n g t h  normal t o  t h e  g r a i n  

o  E f f e c t  o f  temperature on p a r a l l e l  t o  t h e  g r a i n  compressive s t r e n g t h  

o  Y i e l d  o f  va r i ous  grades o f  s l  i ced  b i r c h  veneer 

o  B i r c h / g l a s s  f i b e r - r e i n f o r c e d  p l a s t i c  (FRP) bond 1  i n e  s t r e n g t h  
p a r a l l e l  and normal t o  l am ina t i ons  

o  Birch/FRP t e n s i o n  s t r e n g t h  p a r a l l e l  and normal t o  g r a i n  i n  t h e  r a d i a l  
and t a n g e n t i a l  d i r e c t i o n s  

o  Birch/FRP compression s t r e n g t h  p a r a l l e l  and normal t o  g r a i n  i n  t h e  
r a d i a l  and t a n g e n t i a l  d i r e c t i o n  
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F i g u r e  8-1 R o t a r y  Peeling Veneer Froni Prepared Log. 



Tne r e s u l t s  o f  these  t e s t s  p rov i ded  use fu l  data,  and i n  some cases i n d i c a t e d  a  

need f o r  f u r t h e r  i n v e s t i g a t i o n .  The veneer y i e l d  s t u d i e s  l e d  t o  t h e  s e l e c t i o n  

o f  Douglas f i r  veneer f o r  use i n  t h e  MOD-5A b lade,  s i n c e  t h e  c o s t  o f  b i r c h  i s  

much h i ghe r .  The optimum g l u e  spread t e s t s  demonstrated t h a t  a  double  g l u e  

l i n e  o f  60 l b s  pe r  thousand square f e e t ,  p rov i ded  t h e  b e s t  t e s t  r e s u l t s ,  based 

on Dlock shear r e s u l t s .  Th i s  a p p l i c a t i o n  r a t e  was se lec ted  f o r  use th roughou t  

t h e  MOD-5A program. The mo i s tu re  con ten t  s t udy  demonstrated t h a t  unp ro tec ted  

specimens responded t o  v a r i a t i o n s  i n  t h e  atrnospher i c  mo i s tu re  l e v e l ,  and 

i n d i c a t e d  t h e  need t o  sea l  edges o f  specimens. The tens ion ,  compression and 

bending s t r e n g t h  t e s t s  p rov i ded  da ta  t h a t  was u s e f u l  i n  de te rmin ing  a l l o w a b l e  

s t r e s s  l e v e l s ,  and a l s o  p rov i ded  u s e f u l  i n f o r m a t i o n  on t e s t  techniques and 

specimen des ign  t h a t  were used l a t e r  i n  t h e  program. B i r c h  veneer y i e l d  

s t u d i e s  were used t o  compare w i t h  t h e  Douglas f i r  s t u d i e s  f o r  a  r e l a t i v e  c o s t  

comparison. . Tests  o f  b i r c h  combined w i t h  FRP y i e l d e d  reasonable  r e s u l t s ,  b u t  

t n e  c o s t  cornparison r u l e d  o u t  t h e  use o f  b i r c h  i n  t h e  MOD-5A b lade .  

A s t udy  o f  t h e  y i e l d  o f  t h e  b i r c h  veneer i n d i c a t e d  t h a t  t h e r e  i s  30% more 

b l ade  grade 1  and 2 b i r c h  than  grade 1  and 2 Douglas f ir veneer. Most o f  t h e  

inc rease  occur red  i n  b l ade  grade 2. However, b i r c h  veneer cos t s  more, and i t  

i s  s u p p l i e d  i n  random w i d t h s  and leng ths .  A d d i t i o n a l  hand l i ng  i s  r e q u i r e d  f o r  

g r a d i n g  and convers ion  t o  un i f o r m l y  s  ized, r e c t a n g u l a r  p ieces  f o r  t h e  

manufacture o f  t h e  blade. 

The FRP and b i r c h  comb i n a t  ions had an i s o t r o p i c  s t r e n g t h  p r o p e r t i e s .  The epoxy 

FRP and b i r c h  was s t r onge r  than  t h e  p o l y e s t e r  FRP and b i r c h  i n  compression 

p a r a l l e l  and pe rpend i cu l a r  t o  t h e  g r a i n ,  and i n  shear b y  compressive l o a d i n g  

p a r a l l e l  t o  t n e  lamina t ions .  P o l y e s t e r  FRP was s t r onge r  than  epoxy FRP i n  

t a n g e n t i a l  t ens  ion  pe rpend i cu l a r  t o  t h e  g ra i n ,  and i n  shear pe rpend i cu l a r  t o  

t n e  lamina t ions .  There was no d i f f e r e n c e  i n  t e n s i o n  p a r a l l e l  o r  r a d i a l  

pe rpend i cu l a r  t e n s i l e  s t r eng th .  I n c r e a s i n g  t h e  temperature t o  104°F had no 

e f f e c t  i n  t e n s i o n  o r  compression, b u t  i t  s i g n i f i c a n t l y  lowered shear s t r e n g t h  

b y  compressive l o a d i n g  p a r a l l e l  t o  t h e  l am ina t i ons  f o r  bo th  FRP's. A l l  

s t r e n g t h  p r o p e r t i e s ,  except  r a d i a l  t e n s i o n  pe rpend i cu l a r  t o  t h e  g r a i n ,  o f  t h e  

b i r c h  and FRP, were g r e a t e r  than  those  o f  t h e  Douglas fir and epoxy. Across 

t n e  g ra i n ,  t n e  s t r e n g t h  p r o p e r t i e s  o f  b i r c h  showed ou t s tand ing  improvement. 



8.1.1.1 Veneer Grade Study 

A non-des t ruc t  i v e  g rad ing  techn ique  supplemented v i s u a l  g rad ing  o f  Doug1 as f ir  

veneer, t o  guarantee t h a t  t h e  qua1 i t y  o f  t h e  se lec ted  m a t e r i a l  met t h e  

s t r i n g e n t  requi rements f o r  s t r u c t u r a l  m a t e r i a l  used i n  t h e  MOD-5A blade. The 

method measured t h e  p ropagat ion  t i m e  o f  u l t r a s o n i c  waves a long  t h e  l e n g t h  o f  

t h e  sheets  t o  determine t h e  average modulus o f  e l a s t i c i t y  o f  each p iece.  Ten 

t o  80 read ings  f o r  each sheet  were assessed, t o  determine t h e  average 

s t i f f n e s s .  

8.1.1.1.1 Ob jec t i ves  

The o b j e c t i v e  o f  t h i s  e v a l u a t i o n  was t o  determine t h e  grades o f  m a t e r i a l  f rom 

va r i ous  suppl i e r s .  Commercial l y  a v a i l a b l e  grades A / B  and C/D, which a r e  

determined f r om v i s u a l  inspec t ions ,  were inc luded.  The p r i c e  o f  grade C/D was 

approx imate ly  h a l f  t h e  c o s t  o f  grade A/B .  Since t h e r e  i s  e x c e l l e n t  

c o r r e l a t i o n  between s t i f f n e s s  and s t reng th ,  t h i s  s tudy  would op t im i ze  t h e  c o s t  

o f  t h e  veneer. 

8.1.1.1.2 Oescr i p t  i on  

Approx imate ly  6,000 sheets o f  grade A/B Douglas f ir veneer and 1,500 sheets o f  

graae C/D were ou ta ined  f r om t h r e e  suppl i e r s .  The sheets were 0.1 i n .  t h i c k ,  

and r o t a r y  peeled. The sheets were d r i ed ,  and u l t r a s o n i c a l l y  graded a t  t h e  

Trus J o i s t  Corp. Micro- lam p l a n t  i n  Eugene, Oregon. The o b j e c t i v e  was t o  

determine y i e l d s ,  u s i n g  t h e  u l t r a s o n i c  grader,  and t o  compare t h e  r e l a t i v e  

y i e l d s  o f  A/B and C / O  veneer. 

A/B veneer f rom each suppl i e r  was d r i e d  separa te ly ,  graded, and d i v i d e d  i n t o  

va r i ous  c lasses  accord ing  t o  t h e  modulus o f  e l a s t i c i t y  ( E ) ,  which was 

determined u s i n g  t h e  u l t r a s o n i c  grader,  t o  c h a r a c t e r i z e  t h e  sample 

popu la t ion .  A / B  veneer f e l l  i n t o  two groups: A+, f o r  which E = 2.45 x  l o 6  
p s i  o r  g rea te r ,  and A, f o r  which E = 2.10 t o  2.44 x  l o 6  p s i .  These groups 

were used t o  f a b r i c a t e  m a t e r i a l  f o r  t h e  t e s t  program. Veneer n o t  inc luded  i n  

these  groups was Used b y  Trus J o i s t  i n  t h e i r  manufactur ing process. The t h r e e  

s u p p l i e r s  f o r  grade A/B veneer were Pope and Talbot ,  Sun, and Trend. 

Grade C/D veneer f rom t h e  same s u p p l i e r s  were d r i e d  and graded, b u t  

i n a d v e r t e n t l y  sheets  f r om Pope and Ta lbo t  were used i n  p roduc t i on  and sheets  



f rom Mazarna were s u b s t i t u t e d .  There were n o t  enough C / D  sheets f r om  each 

s u p p l i e r  t o  j u s t i f y  separa te  d r y i n g  charges so t h e y  were d r i e d  and graded as a 

group, c o n s i s t i n g  o f  veneer f r om  Mazama, Sun, and Trend. Veneer f r om  t h e  C / D  

m i x  were s e l e c t e d  f o r  f a b r i c a t i n g  t e s t  samples f r om  o n l y  one range, which had 

E = 2.10 x l o 6  p s i  o r  g rea te r .  

lv lo isture d e t e c t o r s  eva lua ted  and marked sheets w i t h  g rea te r  than  a maximum 

average m o i s t u r e  con ten t  o f  6% and sheets  w i t h  wet spots.  These sheets  were 

removed f r om t h e  l i n e  b e f o r e  t h e y  were graded. The d isc repancy  between t h e  

number o f  sheets  used and t h e  number o f  sheets t h a t  were d r i e d  and graded 

represen ted  t h e  number o f  sheets sen t  back f o r  r e d r y i n g .  

8.1.1.1.3 Resu l t s  

The r e s u l t s  o f  f requency d i s t r i b u t i o n  b y  l o n g i t u d i n a l  s t i f f n e s s  f o r  grades A/B 

and C/D veneer a r e  shown i n  F i gu res  8-2 and 8-3, and da ta  i s  1 i s t e d  i n  

Tab le  8-1. A cumu la t i ve  f requency d i s t r i b u t i o n  f o r  t h e  two grades i s  

presentea i n  F i g u r e  8-4. I n  genera l ,  t h e  grade A/B veneer was o f  b e t t e r  

q u a l i t y  t h a n  grade C / D  veneer. Grade A/B veneer had a t  h i ghe r  mean s t i f f n e s s :  

2.09 x l o 6  p s i  vs. 1.99 x l o 6  p s i .  S ince A/B veneer c o s t s  about t w i c e  as 

much as C/D, y i e l d s  o f  h i ghe r  qua1 i t y  vefieer shou ld  match t h e  d i f f e r e n c e  i n  



F igu re  8-2 Frequency D i s t r i b u t i o n  o f  L o n a i t u d i n a l  
S t i f f n e s s  f o r  Grades A/B and C / C  Veneer 

8 - 7 



LONGITUDINAL STIFFNESS. lo6 PSI 

Figure 8-3 Frequency Distribution of Longitudinal Stiffness 
for  Grades A/B  and C/D Veneer froiii Three Suppliers 



LONGITUDINAL STIFFNESS, lo6 P S I  

Figure 8-4 Cumulative Frequency D i s t r i b u t i o n  o f  Long i tud ina l  
S t i f f n e s s  f o r  Grades A /€  and C/D Veneer 



Tab le  8-1 D i s t r i b u t i o n  o f  L o n g i t u d i n a l  S t i f f n e s s  f o r  Grade A / B  

and C / O  Veneer 

L o n g i t u d i n a l  A/B Veneer C /D  Veneer 
S t i f f n e s s  ( E )  

x l o 6  p s i  % cum. % % cum. % 

1.58 - 1.64 1.7 
1.52 - 1.57 1.4 
1.47 - 1.51 1 .O 
1.41 - 1.46 1.2 
1.36 - 1.40 0.6 
1.31 - 1.35 0.7 
1.27 - 1.30 0.4 
1.22 - 1.26 0.5 
1.18 - 1.21 0.4 
1.14 - 1.17 0.3 
1 ess t han  1.14 

number o f  sheets  4,720 1,285 
mean E 2.09 1.99 
s tandard  d e v i a t i o n  ( s )  0.19 0.18 
c o e f f i c i e n t  o f  9.2 9 .O 
a r i a t i o n  ( % )  

Notes ( I ) ,  ( 2 )  and ( 3 )  r e f e r  t o  veneer y i e l d  r e l a t i o n s h i p s  d iscussed i n  
s e c t i o n  8.1.1.1.3. 



p r i c e  i f  A/B i s  c o s t  compet i t i ve .  I n  t h i s  s tudy,  da ta  f o r  t h e  A+ group tendea 

t o  suppor t  t h e  view t h a t  A/B veneer was c o s t  compe t i t i ve .  (See Table 8-2, 

n o t e  1. ) 

The u l t r a s o n i c  grader  se lec ted  veneers by  s t i f f n e s s .  I f  t h e  s t i f f e s t  veneer, 

w i t h  G2.45  x  lo6, i s  r e q u i r e d  t o  meet t h e  s t r u c t u r a l  s t r e n g t h  

requirements,  grade A/B was t h e  l o g i c a l  choice, s i n c e  i t  can supp ly  more 

veneer t h a t  meets t h e  requi rements than  C/D can. Otherwise, grade C / D  can 

supp ly  t h e  veneer a t  h a l f  t h e  c o s t  o f  A/B. With t h e  c l a s s  broadened t o  

i n c l u a e  veneer w i t h  E as low as 2 . l x l ~ ' ,  t h e  two t o  one r e l a t i o n s h i p  o f  h i g h  

E t o  low E tenaed t o  break down (see Table 8-2, n o t e  2 ) .  The sample a l s o  

i n d i c a t e d  t h a t  f o r  an a r b i t r a r y  range o f  2.00 x l o 6  p s i  t o  2.45 x  l o 6  p s i  

o r  g rea te r ,  about 75% o f  t h e  grade A/B veneer cou ld  be used (see Table 8-2, 

n o t e  3 ) .  

Other  s t a t i s t i c a l  measures, such as s tandard d e v i a t i o n  and c o e f f i c i e n t  o f  

v a r i a t i o n ,  i d e n t i f i e d  and q u a n t i f i e d  t h e  frequency d i s t r i b u t i o n  and d i s p e r s i o n  

o f  t h e  sample popu la t i on .  The s tandard dev ia t i on ,  a  measure o f  d i s p e r s i o n  

about t h e  mean, was remarkably  s i m i l a r ,  0.19 and 0.18 f o r  grades A / B  and C / D  

r e s p e c t i v e l y .  The c o e f f i c i e n t  o f  va r  i a b i l  i ty ,  which measures d i s p e r s i o n  i n  

r e l a t i o n  t o  i t s  mean, i s  t h e  s tandard d e v i a t i o n  d i v i d e d  b y  t h e  mean, conver ted  

t o  a  percentage. These va lues were a l s o  ve ry  s i m i l a r  f o r  t h e  two grades. 

Tne a i s t r i b u t i o n  o f  l o n g i t u d i n a l  s t i f f n e s s  o f  grade A/B f rom t h e  t h r e e  

suppl  i e r s  i s  shown i n d i v i d u a l l y  i n  Table 8-2 ana F i g u r e  8-2. Sun and Pope and 

Ta lbo t  veneer were s i m i l a r  i n  q u a l i t y .  They were c h a r a c t e r i z e d  b y  h i g h  mean 

s t i f f n e s s ,  smal l  s tandard d e v i a t i o n s  o f  t h i s  s t i f f n e s s ,  and low c o e f f i c i e n t s  

o f  v a r i a t i o n .  Veneer f rom Trend was t h e  poores t  i n  q u a l i t y .  Th i s  veneer was 

q u i t e  s i m i l a r  t o  grade C/D i n  mean s t i f f n e s s ,  i t  had t h e  most v a r i a b i l i t y  o f  

any grade o r  s u p p l i e r  eva lua ted  i n  t h i s  study. Trend veneer d i d ,  however, 

c o n t a i n  s i g n i f i c a n t l y  h i g h e r  percentages o f  t h e  s t i f f e r  veneer, compared t o  

t h e  C/D mix .  

8.1.1.2 Optimum Glue Spread Test  

The appl  i c a t i o n  r a t e  o f  epoxy can have a  s i g n i f i c a n t  impact on t h e  c o s t  and 

we igh t  o f  a  s t r u c t u r e  as l a r g e  as t h e  MOD-5A blade. The t e s t s  eva lua ted  two 



T a b l e  8-2 D i s t r i b u t i o n  o f  L o n g i t u d i n a l  S t i f f n e s s  i n  

Grade A/B Veneer f r o m  Var ious  S u p p l i e r s  

Long i  t u d  i n a l  Trend Sun Pope and Ta l  b o t  
S t i f f n e s s  ( E )  

x l o 6  p s i  % cum. % % cum % % cum. % * 

1.58 - 1.64 
1.52 - 1.57 
1.47 - 1.51 
1.41 - 1.46 
1.36 - 1.40 
1.31 - 1.35 
1.27 - 1.30 
1.22 - 1.26 
1.18 - 1.21 
1.14 - 1.17 
1 ess t h a n  1.14 

number o f  sheets  1776 1939 1005 
mean E 2 .OO 2.17 2.12 
s t a n d a r d  d e v i a t i o n  ( s )  0.23 0.15 0.16 
c o e f f i c i e n t  o f  11.5 6.9 7.7 
v a r  i a t  i o n  ( % )  

* c u m u l a t i v e  p e r c e n t  



t ypes  o f  veneer, and i nc l uded  appl  i c a t i o n  r a t e s  determined t o  be extreme f r om 

p rev i ous  t e s t s .  

8.1.1.2.1 Ob jec t i ves  

The o b j e c t i v e  o f  t h i s  s e r i e s  o f  t e s t s  was t o  determine t h e  appl  i c a t i o n  r a t e  o f  

epoxy, and t o  develop t h e  optimum s t r e n g t h  o f  t h e  veneer. 

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

Three hundred specimens were tes ted ;  235 had t h e  p a r a l l e l  c o n f i g u r a t i o n  shown 

i n  F i g u r e  8-5. Groups o f  25 specimens were t e s t e d  u s i n g  grade A o r  C veneer, 

and appl  i c a t i o n  r a t e s  v a r y i n g  from 45  t o  65 l b s  per  1000 square f e e t  o f  double  

g l u e  1 i n e  (lbs/MDGL) i n  increments o f  5 l bs .  Samples were loaded i n  shear,  

p a r a l l e l  t o  t h e  g r a i n ,  a t  a r a t e  o f  0.015 i n .  pe r  minute.  Shear s t r e n g t h ,  

mo i s tu re  c o n t e n t  and completeness o f  wood vs. epoxy f a i l u r e  were recorded.  

8.1.1.2.3 Kesul  t s  

Tab le  8-3 l i s t s  t h e  t e s t  r e s u l t s ,  averaged f o r  each 25 specimens. F i g u r e  8-6 

shows a p l o t  o f  these  shear s t r e n g t h  values. Grade A veneer proved t o  be  

s t r o n g e r  than  grade C. There were a l s o  s i g n i f i c a n t  v a r i a t i o n s  i n  s t r e n g t h  

between t n e  a p p l i c a t i o n  r a t e s .  The 60 lbs/MDGL spread r a t e  had t h e  h i g h e s t  

s t r e n g t h  w i t h  e i t h e r  veneer. The es t ima te  o f  completeness o f  wood f a i l u r e  was 

used o n l y  as a supplementary f a c t o r ,  s i n c e  i t  i s  i n f l uenced  g r e a t l y  b y  t h e  

c h a r a c t e r  o f  t h e  wood peel  su r face .  Rotary-peeled veneer has c e l l u l a r  

v a r i a t i o n s  based on t h e  l o c a t i o n  o f  t h e  wood i n  t h e  growth r i n g ,  which d e v i a t e  

f rom sample t o  sample. The 60 lbs/mdgl r a t e  was se lec ted  f o r  a l l  f u r t h e r  

MOD-5A f a b r i c a t i o n .  

The average shear s t r e n g t h  decreased lo%, from 1,595 t o  1,436 p s i ,  when t h e  

veneer was exposed t o  mo is tu re ,  as Shown i n  1 ines  7 and 11 o f  Table 8-3. The 

1 a s t  s e r i e s  o f  t e s t s  was conducted on specimens w i t h  l am ina t i ons  pe rpend i cu l a r  

t o  t h e  g l u e  1 ine ,  as shown i n  F i g u r e  8-5. The average shear s t r e n g t h  was 21% 

h i g h e r :  2,018 p s i  vs. 1,595 p s i .  
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Tab le  8-3 Block Shear S t reng th  o f  Epoxy and Laminated 

Douglas F i r  

Temp. Epoxy No. o f  Veneer 

( O F  1 Spread Specimens Grade 

Average 

Mo i s tu re  

Content  

% 

Average 

Shear 

S t reng th  

( p s i >  

Average 

Wood 

F a i l u r e  

( %  

* Perpend icu la r  t o  g r a i n  samples. 





8.1.1.3 M o i s t u r e  Content  V a r i a t i o n  Tes t s  

The m o i s t u r e  con ten t  o f  wood i n f l u e n c e s  i t s  s t r e n g t h  s  i gn  i f  i c a n t l y .  The range 

o f  a c c e p t a ~ l e  mo i s tu re  con ten t  was de f ined ,  t o  p e r m i t  t h e  des ign  t o  be 

analyzed. Con t ro l  1  i n g  t h e  range a f f o r d s  an o p p o r t u n i t y  t o  o p t i m i z e  t h e  

s t r e n g t h  o f  t h e  wood. 

8.1.1.3.1 Ob jec t i ves  

The t e s t  was designed t o  measure t h e  v a r i a t i o n  i n  mo i s tu re  con ten t  as a  

f u n c t i o n  o f  t i m e  f o r  s i x  d i f f e r e n t l y  s i z e d  specimens. The m o i s t u r e  s e a l i n g  

c a p a b i l  i t y  o f  t h e  West Systeme epoxy, used t o  bond ad jacen t  l a y e r s  . of 

veneer, was a1 so eva lua ted .  

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

Specimens o f  s i x  s i z e s  used i n  o t h e r  phase A s t a t i c  t e s t s  were sampled, and 

t h e  mo i s tu re  con ten t  was determined u s i n g  t h e  oven d r y i n g  method. Other  

samples were exposed f o r  two, f o u r  o r  s i x  weeks 90°F, and 90% r e l a t i v e  

humid i t y .  T h i s  environment i s  20% e q u i v a l e n t  m o i s t u r e  con ten t  (EMC). The 

specimens t h a t  were exposed f o r  s i x  weeks were subsequent ly  s t a b i l i z e d  f o r  two 

weeks a t  70°F, 65% r e l a t i v e  hum id i t y ,  and 12% EMC. 

8.1.1.3.3 Resu l t s  

The m o i s t u r e  con ten t  measurements a r e  shown i n  Table  8-4. The f i r s t  two-week 

p e r i o d  showed a  s i g n i f i c a n t  inc rease  i n  mo i s tu re  c o n t e n t  i n  a1 1  t h e  exposed 

samples. The m o i s t u r e  con ten t  o f  t h e  l a r g e r  specimens con t inued  t o  inc rease  

a u r i n g  t h e  f o l l o w i n g  two-week pe r i ods ,  b u t  d i d  n o t  reach  t h e  l e v e l s  a t t a i n e d  

b y  t h e  sma l l e r  specimens. The c o n d i t i o n i n g  a t  12% EMC equal  i zed  t h e  m o i s t u r e  

th roughou t  t h e  specimen. The smal l e r  specimens responded more d r a m a t i c a l l y  . 
S ince  these  specimens were n o t  coated w i t h  epoxy on edges o r  ends, t h e y  d i d  

n o t  r ep resen t  t h e  m o i s t u r e  c h a r a c t e r i s t i c s  t h a t  c o u l d  be a n t i c i p a t e d  f o r  t h e  

MOD-5A b lade,  b u t  t h e y  i n d i c a t e d  t h e  need f o r  sea l i ng .  The epoxy used t o  bond 

l a y e r s  o f  veneer a p p a r e n t l y  d i d  n o t  pene t ra te  t h e  veneer enough t o  p r o v i d e  a  

b a r r i e r  a g a i n s t  mo i s tu re .  

8.1.1.4 T e n s i l e  S t reng th  Para1 l e l  and Perpend icu la r  t o  G ra in  

A two -pa r t  t e s t  p rov i ded  va lues  o f  t e n s i l e  s t r e n g t h  f o r  laminated Douglas f i r  

loaded p a r a l l e l  o r  pe rpend i cu l a r  t o  t h e  g r a i n  i n  r e l a t i v e l y  sn1a11 

c ross - sec t i ons .  The pe rpend i cu l a r  loads were a p p l i e d  i n  t h e  r a d i a l  d i r e c t i o n .  



Tab le  8-4 Mo i s tu re  Content  o f  Var ious Test  Specimens 

Exposed t o  Mo i s tu re  

Test  Mo i s tu re  Content (%)  - 20% EMC* Equa l i zed  a t  
Spec i~nen 12% EMC** 

I n i t i a l  2 wks 4  wks 6  wks 2  wks 

B lock  
Shear 

T e n s i l e  
P a r a l  l e l  

T e n s i l e  
Pe rpend i cu l a r  

Compress i o n  
P a r a l  l e l  

Compress ion  
Pe rpend i cu l a r  

bending 

* 20% EMC = 90°F and 90% r e l a t i v e  hum id i t y .  
** 12% EMC = 70°F and 65% r e l a t i v e  hum id i t y .  



8.1.1.4.1 O b j e c t i v e s  

The t e s t  was designed t o  p rov ide  a  s t a t i s t i c a l l y  r e p r e s e n t a t i v e  b a s e l i n e  f o r  

de te rm in ing  t h e  t e n s i l e  s t r e n g t h  of  t h e  laminae i n  two d i r e c t i o n s .  The 

s t r e n g t h  c h a r a c t e r i s t i c s  o f  1  aminated wood were expected t o  be d i f f e r e n t  f r om 

those  o f  s o l  i d  wood. By s i m u l a t i n g  t h e  m a t e r i a l s  and processes used i n  t h e  

manufacture o f  t h e  b lade,  r e p r e s e n t a t i v e  s t r e n g t h  p r o p e r t i e s  o f  t h e  b l ade  

sec t i ons  were determined. Th i s  da ta  served as p a r t  o f  t h e  c h a r a c t e r i z a t i o n  

d a t a  used t o  d e f i n e  a l l o w a b l e  s t resses  f o r  t h e  b l ade  des ign.  

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

Samples were f a b r i c a t e d  f rom b i l l e t s  cons t ruc ted  o f  15 sheets o f  veneer; each 

b i l l e t  was 1.5 i n  t h i c k .  The specimens were c u t  p a r a l l e l  t o  t h e  g ra in ,  2.0 

i n .  wide and 92 i n .  long.  Tes t i ng  was performed on a  compression g r i p  t e n s i l e  

t e s t i n g  machine a t  t h e  U n i v e r s i t y  of  Oregon. Loading was increased 1  i n e a r l y  

t o  p r o v i d e  f a i l u r e  p a r a l l e l  t o  t h e  g r a i n  i n  approx imate ly  5  minutes . I n  

t e s t s  i n  which t h e  l o a d i n g  was normal t o  t h e  g ra in ,  t h e  l o a d i n g  r a t e  was 0.15 

i n .  p e r  minute,  on samples w i t h  a  c ross -sec t i on  o f  2  by 2 i n .  F i g u r e  8-7 

snows t h e  specimen's geometry. Meta l  b l ocks  were bonded t o  these  specimens t o  

i n t e r f a c e  w i t h  t h e  t e s t i n g  mach ine. They c rea ted  some problems d u r i n g  t e s t i n g .  

F i f t y  samples each o f  grades A+, A and C veneer, w i t h  mo i s tu re  con ten t s  

between 3.2% and 5.2% were used i n  t h e  p a r a l l e l  t e s t s .  Twenty - f i ve  o f  each 

grade con ta ined  no veneer j o i n t s ;  t h e  rema in ing  samples con ta ined  b u t t  j o i n t s  

s taggered on 3-  i n .  cen te rs .  Twenty-f i v e  mo is tu re -cond  i t ioned samples o f  grade 

A veneer, w i t h  an average 10% mo is tu re  con ten t  were a l s o  t es ted .  

Perpend icu la r  t e s t s  used 25 samples o f  grade C veneer, a t  two mo i s tu re  con ten t  

l e v e l s .  

8.1.1.4.3 Resu l t s  

The r e s u l t s  o f  t hese  t e s t s  a r e  summarized i n  Table 8-5. The t e s t s  p rov ided  

some i n s i g h t  i n t o  t h e  s i g n i f i c a n t  e f f e c t  o f  d e f e c t s  i n  t h e  veneer on t h e  

s t r e n g t h  o f  sma l l  samples. The s t r e n g t h  decreases w i t h  grade; grade A+ had 

t h e  h i g h e s t  s t r eng th .  The b u t t  j o i n t s  decreased s t r e n g t h  s l i g h t l y ,  except  i n  

grade A+ veneer. Th i s  anomaly can be a t t r i b u t e d  t o  v a r i a t i o n s  i n  s t r e n g t h  

w i t h i n  t h e  grade. The l a r g e  v a r i a t i o n s  i n  t h e  perpena icu la r  t e s t  r e s u l t s  a r e  
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Figure 8-7 Specimens for Tension Parallel 
and Perpendicular to Grain 
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t o  be expected s ince  t h e  s t reng th  depends on t h e  weakest veneer i n  t h e  

specimen, and does n o t  inc lude an averaging e f f e c t  as t h e  o the r  t e s t  samples 

do. Any d i s c o n t i n u i t y  i n  t h e  g r a i n  o r  f l a w  i n  a  sheet g r e a t l y  in f luences  t h e  

s t r e n g t h  o f  t h e  sample. 

8.1.1.5 Compression Strength P a r a l l e l  and Perpendicu lar  t o  t h e  Grain 

A s e r i e s  o f  t e s t s  determined t h e  compression s t reng th  of laminated Douglas 

fir, loaaed p a r a l l e l  t o  t he  g r a i n  and perpendicu lar  t o  t h e  g r a i n  i n  t h e  

t a n g e n t i a l  a i r e c t i o n .  

8.1.1.5.1 Ob jec t i ves  

The o b j e c t i v e  o f  t h i s  t e s t  was t o  p rov ide  a  s t a t i s t i c a l l y  rep resen ta t i ve  da ta  

base f o r  determin ing t h e  compression s t r e n g t h  i n  two d i r e c t i o n s  o f  t h e  

laminae. Th is  da ta  was t o  serve as a  p a r t  of t h e  c h a r a c t e r i z a t i o n  data used 

t c  d e f i n e  a l lowab le  s t resses f o r  t h e  b lade design. 

8.1.1.5.2 Descr i p t  ion  

The t e s t  samples were designed t o  per form as s h o r t  columns t h a t  would n o t  

r e q u i r e  l a t e r a l  support .  The specimens f o r  p a r a l l e l  t e s t s  were 6.5 i n .  long, 

w i t h  a  1.5 i n .  by 2.0 in .  cross sec t ion .  They were made o f  f i f t e e n  0.1 in .  

t h i c k  laminae. F igu re  8-8 shows t h e  specimen's con f i gu ra t i ons .  The t e s t i n g  

used s t r o k e  c o n t r o l ,  and a r a t e  o f  0.01 in .  per minute. Some specimens were 

b u i l t  w i t h  2 i n .  square pads o f  Tef lono,  o r  a  Tef lono d i s c  w i t h  a  diameter 

o f  1.5 i n .  i n  t h e  center  laminat ion,  t o  s imu la te  a  d e f e c t i v e  bond j o i n t .  

Perpendicu lar  t e s t i n g  was performed on 2 i n .  t h i c k  samples, 1.5 i n .  wide and 

6 in .  long.  They were made w i t h  f i f t e e n  0.1 in .  t h i c k  laminae. Laminations 

were s e t  normal t o  t h e  load ing  f a c e  w i t h  t h e  2 i n .  l eng th  as a  column. 

Specimens were loaded u n t i l  a  compression d e f l e c t i o n  o f  0.1 in .  was reached, 

and t h e  l oad  was recorded a t  t h a t  t ime,  s i nce  t h e  m a t e r i a l  i s  spongy i n  t h e  

c ross  g r a i n  d i r e c t i o n  and does n o t  have a  c h a r a c t e r i s t i c  peak value. 

8.1.1.5.3 Resul ts  

The r e s u l t s  presented i n  Table 8-6 i nd i ca ted  t h a t  compression s t reng th  

decreases w i t h  grade, and i s  lower f o r  b u t t - j o i n t e d  samples. The s t reng th  was 

s i g n i f i c a n t l y  reduced by h igh  mois tu re  content .  The Teflono imper fec t ions  

d i d  n o t  a f f e c t  s t rength .  



COMPRESSION PARALLEL TO GRAIN 

LOADING 

COMPRESSION PERPENDICULAR TO GRAIN 

LOADING 

Figure 8-8 Specimens for Compression Parallel 
and Perpendicular to Grain 



Table 8-6 Results from Compression Parallel  and Perpendicular to  the Grain 

Average Coefficient 
Moisture Average of 

Veneer Veneer Content Stress Variation Max imum/M in imum 
Test - Quantity Grade Joint ( % )  ( p s i )  (%) ( p s i )  

Paral l e l  

Paral le l  

Parallel  

Paral lel  

P aral 1 e l  

Paral le l  

Paral 1 e l  

Paral lel  

Paral 1 el  

None 

3" B u t t  
None 

3" B u t t  
None 

3" B u t t  

3" B u t t  

None 

None 

* These samples contained a delamination disc.  
** These samples contained a delamination area. 

Perpendicular 2 0 C None 

Perpend icul a r  2 0 C None 

*** Tested a t  90°F, 90% re la t ive  humidity. 



8.1.1.6 Bending St rength  

H s e r i e s  o f  100 t e s t s  was conducted w i t h  samples sub jec ted  t o  4 - p o i n t  bending, 

t o  measure bending s t r e n g t h  and s t i f f n e s s  f o r  var ious  grades o f  veneer. 

8.1.1.6.1 Ob jec t i ves  

The t e s t s  measured f l e x u r a l  s t reng th  and s t i f f n e s s  i n  a  4 -po in t  bending 

system. The t e s t s  compared t h e  r e l a t i v e  r e s u l t s  f o r  var ious  grades. One 

s e r i e s  used t h e  veneer i n  a  h o r i z o n t a l  p lane and one s e r i e s  used samples w i t h  

a  h i g h  mois tu re  content ,  which were t e s t e d  a t  90°F. 

8.1.1.6.2 Descr i p t  i on  

The t e s t  specimens were 2.0 in .  wide and 1.5 in .  t h i c k ,  made f rom 15 

laminat  ions. V e r t i c a l  lamina t  i o n  specimens were 80 i n .  long, and h o r i z o n t a l  

l am ina t i on  specimens were 66 in .  long. F igure  8-9 shows the  samples and t h e  

load ing  po in t s .  Load and d e f l e c t i o n  da ta  was p l o t t e d  du r i ng  t h e  t e s t ,  and 

s t r e s s  l e v e l s  and t h e  modulus of e l a s t i c i t y  were c a l c u l a t e d  us ing  standard 

beam theory. The l oad ing  r a t e  was 0.50 in .  per  minute f o r  v e r t i c a l  

1 aminat ions and 0.30 i n .  per  minute f o r  h o r i z o n t a l  laminat ions.  

8.1.1.6.3 Resul ts  

Table 8-7 shows t h e  r e s u l t s  of t h e  100 t e s t s  averaging values f o r  groups of 

20. I n  general ,  f a i l u r e  i n i t i a t e d  i n  t h e  compression s i d e  o f  t h e  beam, s ince  

t h e  t e n s i l e  s t reng th  i s  u s u a l l y  h igher .  



BENDING 

F i g u r e  8-9 Specimens f o r  Bending w i t h  V e r t i c a l  and 
Hor izon ta l  Lami na t i ons  

8-26 





8.1.1.7 Tens i l e  S t rength  P rope r t i es  Perpendicu lar  t o  t h e  Gra in  

(Radia l  and Tangent ia l  ) 

T h i s  t e s t  supplemented prev ious t e s t  r e s u l t s ,  by us ing  blade grade 2  Douglas 

f i r  veneer, which was p rev ious l y  de f ined  as grade A, i n  a  s e r i e s  o f  t e s t s  w i t h  

t ens ion  perpendicu lar  t o  t h e  gra in .  The prev ious t e s t s  used grade C veneer, 

and t h e  increased number and s i z e  o f  a l lowab le  de fec ts  i n  those samples 

y i e l d e d  lower r e s u l t s  than cou ld  be obta ined w i t h  h igher  q u a l i t y  wood. 

8.1.1.7.1 Object ives 

The o b j e c t i v e  o f  these t e s t s  was t o  measure tens ion  p rope r t i es  i n  t h e  r a d i a l  

and t a n g e n t i a l  d i r e c t i o n s  normal t o  t h e  g r a i n  o f  b lade grade 2 Douglas f i r  

veneer bonded w i t h  West System epoxy, a t  room temperature. There were no 

j o i n t s  i n  any o f  t h e  samples i n  t h i s  t e s t  sequence. The r a d i a l  d i r e c t i o n  was 

de f i ned  as normal t o  t h e  p lane o f  t h e  bond 1  ine, and t h e  t a n g e n t i a l  d i r e c t i o n  

was p a r a l l e l  t o  t h e  bond 1  ine. 

8.1.1.7.2 Desc r i p t i on  

The veneer was 0.10 i n .  t h i c k .  It was bonded i n t o  1.5 in .  t h i c k  b i l l e t s  o f  15 

layers ,  w i t h  West System@ epoxy between layers .  Two types o f  specimens were 

prepared. The samples f o r  r a d i a l  tens ion  had a  2  in .  by  2  i n .  cross sec t ion ,  

and metal  p u l l  b locks  bonded t o  t h e  faces o f  t h e  s lab,  as shown i n  

F i g u r e  8-10. The samples f o r  t a n g e n t i a l  tens ion  were 2 in .  wide and 24 in .  

long, w i t h  a  gage l e n g t h  o f  8 in., a l l ow ing  8 i n .  f o r  g r i p p i n g  a t  each end, as 

shown i n  F igu re  8-11. 

The samples f o r  r a d i a l  t ens ion  were t e s t e d  by i n t e r f a c i n g  t h e  p u l l  b locks  w i t h  

a  matcning tens ion  t e s t  machine f i t t i n g .  Tangent ia l  t ens ion  t e s t s  used a  

compression g r i p .  A l oad ing  r a t e  o f  0.15 in .  per minute was used f o r  r a d i a l  

tens i o n  t e s t s ,  and a  ramp o f  approximately 200 l b s .  per minute was appl i e d  t o  

t h e  t a n g e n t i a l  specimens. The breaking load, specimen cross sec t i on  area, 

t e n s i l e  s t reng th  and moisture conten t  were determined f o r  each o f  t h e  20 

specimens o f  each t ype  tes ted .  



t LOADING DIRECTION 

RADIAL 

LONGITUDINAL 1/ TANGENTIAL 

Fiqure 8-10 Specimen for Tension Perpendicular to 
Grain Tests (Radial Direction) 

/LOADING DIRECTION 

TANGENTIAL 

LONGITUDINAL 

/ Figure 8-11 Specimen for Tension Perpendicular to 
Grain Tests (Tangential Direction) 
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8.1.1.7.3 R e s u l t s  

The r a d i a l  t e n s i o n  t e s t  r e s u l t s  a re  1  i s t e d  i n  Table  8-8. The average f a i l u r e  

s t r e s s  was 492 p s i .  E a r l  i e r  t e s t s ,  d iscussed i n  s e c t i o n  8.1.1.4, showed t h a t  

grade C veneer had an average f a i l u r e  s t r e s s  o f  217 p s i .  Specimen #19 f a i l e d  

i n  t h e  bond i n t e r f a c e  t o  t h e  t e s t  b lock ,  b u t  t h e  l o a d  was inc luded  i n  t h e  da ta .  

The t a n g e n t i a l  t e n s i o n  t e s t  r e s u l t s  a re  t a b u l a t e d  i n  Tab le  8-9. The average 

f a i l u r e  s t r e s s  was 273 p s i .  Data d e s c r i b i n g  t h e  wood c h a r a c t e r i s t i c s  i n d i c a t e  

t h a t  t h e  two  t e n s i o n  s t r e n g t h s  normal t o  t h e  g r a i n  shou ld  be n e a r l y  equal ,  and 

t h e  d i s p a r i t y  i n  t h i s  s e t  o f  d a t a  i s  p robab l y  due t o  l a t h e  checks i n  t h e  

veneer caused b y  t h e  p e e l i n g  ope ra t i on .  If t h i s  lower  s t r e n g t h  was 

s i g n i f i c a n t  i n  t h e  des ign,  t h e  s t r e n g t h  c o u l d  be  enhanced b y  t h e  use o f  sheets  

o f  g l a s s  f i b e r  between t h e  l aye rs .  

8.1.1.8 E f f e c t  o f  Temperature on Compression P a r a l l e l  t o  t h e  G r a i n  

T h i s  t e s t  program s t u d i e d  t h e  s t r e n g t h  o f  t h e  b l ade  m a t e r i a l  i n  compression a t  

temperatures above and below t h e  ambient temperature.  Samples w i t h  no j o i n t s ,  

and samples w i t n  s taggered b u t t  j o i n t s  spaced 3 i n .  a p a r t  were t es ted .  

8.1.1.8.1 Ob jec t i ves  

The o b j e c t i v e  o f  t h e  t e s t  was t o  determine t h e  e f f e c t  o f  h i g h  (120°F) and low 

(3U°F) temperatures on t h e  s t a t i c  compression s t r e n g t h  o f  epoxy-bonded 

lamina ted  Douglas f i r  loaded p a r a l l e l  t o  t h e  g r a i n .  Ne i t he r  t h e  l e n g t h  o f  

t i m e  t h e  samples spen t  a t  t h e  ternperature n o r  exposure t o  temperatures beyond 

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

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

F i f t e e n  l a y e r s  o f  grade A Douglas f ir veneer, 0.10 i n .  t h i c k ,  were bonded w i t h  

West Systeme epoxy. Samples w i t h o u t  veneer j o i n t s  and samples w i t h  

s taggered b u t t  j o i n t s  on 3 i n .  c e n t e r s  were t es ted .  Ten specimens o f  each 

j o i n t  t y p e  were t e s t e d  a t  b o t h  temperatures,  r e s u l t i n g  i n  a  t o t a l  o f  40 t e s t s .  



Table 8-8 Tens i l e  S t rength  Perpendicular  t o  Gra in  i n  t h e  

Rad ia l  D i rec tson f o r  Epoxy and Laminated Douglas F i r  

Veneer Grade - Blade Grade 2 
Veneer J o i n t  - None 
Temperature - 7 7 O F  

lvloisture F a i l  i n g  Tens i le  
Spec imen Content Area Load Strength 

# ( % )  ( in2)  ( l b s )  ( p s i >  

Average 4.6 
Standard Dev ia t ion  
C o e f f i c i e n t  o f  
V a r  i a t  ion  (%)  

* Specimen f a i l e d  a t  metal  p u l l  block/specimen in te r face .  



Tab le  8-9 T e n s i l e  S t reng th  Perpend icu la r  t o  G r a i n  i n  t h e  
Tangen t i a l  D i r e c t i o n  f o r  Epoxy and Laminated Douglas F i r  

Veneer Grade - Tu rb i ne  Grade 2 
Veneer J o i n t  - None 
Temperature - 7 7 O F  

M o i s t u r e  F a i  1 i ng  T e n s i l e  
Spec inien Content Area Load S t reng th  

# ( X  > ( i n21  ( l b s )  ( p s i )  

Average 5 .O 
Standard Dev i a t  i o n  
C o e f f i c i e n t  o f  
V a r  i a t  i on  (%)  



The specimen's l e n g t h  was 6.5 in .  and t h e  c ross  s e c t i o n  was 1.5 by  2  in., 

r e s u l t i n g  i n  a  s h o r t  column w i t h  a  s lenderness r a t i o  o f  approx imate ly  15, so 

t h e r e  was no need f o r  l a t e r a l  suppor ts .  Loading was a p p l i e d  a t  a  head t r a v e l  

r a t e  o f  0.01 i n .  pe r  minute,  u n t i l  c rush ing  f a i l u r e  occurred.  

8.1.1.8.3 Resu l t s  

Tab le  8-10 1  i s t s  t h e  r e s u l t s  o f  t e n  specimens o f  each t ype  t e s t e d  a t  30°F. 

The average s t r e n g t h  o f  t h e  b u t t - j o i n t e d  specimens was 5.4% lower  than  t h a t  o f  

t h e  specimens w i t h o u t  j o i n t s .  A t  120°F t h e  average s t r e n g t h  o f  t h e  

b u t t - j o i n t e d  samples was 2 .2%be low  t h a t  o f  t h e  u n j o i n t e d  samples. The 

s t r e n g t h  a t  120°F i s  approx imate ly  30% lower than a t  30°F. For  purposes o f  

eva lua t ion ,  t h e  t a ~ l e  1  i s t s  20 t e s t s  each, which were conducted on o t h e r  

samples made f rom t h e  same b i l l e t s  (see s e c t i o n  8.1.1.5). The average 

compressive s t r e n g t h  was 10,235 p s i  f o r  u n j o i n t e d  specimens and 9,491 p s i  f o r  

j o i n t e d  specimens. F i g u r e  8-12 p resen ts  a  graph. The s t a t i s t i c a l  a n a l y s i s  

i n d i c a t e s  t h a t  t h e  compression s t r e n g t h  o f  t h e  m a t e r i a l  i s  reduced when 

s taggered b u t t  j o i n t s  a re  inc luded,  b u t  t h e  temperature v a r i a t i o n  a f f e c t e d  

s t r e n g t h  rnore than t h e  j o i n t s .  The reg ress ion  equat ions,  shown i n  

F i g u r e  8-12, i n d i c a t e  t h a t  t h e r e  i s  a  4% change i n  compression s t r e n g t h  f o r  

each 10°F change i n  temperature.  T h i s  h i g h l y  1  i nea r  r e l a t i o n s h i p  agrees we1 1  

w i t h  p rev ious  work on s i m i l a r  m a t e r i a l s .  

8.1.1.9 B i r c h  Veneer Y i e l d  Study 

T h i s  s tudy  eva lua ted  t h e  y i e l d  o f  veneer by  grade, t o  determine t h e  r e l a t i v e  

cos t s  of  Dougl as f i r  and b  i r c h  . Because t h e  y i e l  d  o f  b l ade  grade Dougl as f ir 

i s  r e l a t i v e l y  poor, t h e  f e a s i b i l i t y  o f  b i r c h  was cons idered as an a l t e r n a t i v e ,  

i f  i t  was more c o s t  e f f e c t i v e .  B i r c h  veneer i s  s l i c e d ,  so i t  i s  o n l y  

a v a i l a b l e  i n  random wid ths ,  whereas ro ta r y -pee led  Douglas f ir i s  a v a i l a b l e  i n  

s tanaard  w id ths .  

8.1.1.9.1 Ob jec t i ves  

The o b j e c t i v e  o f  t h e  s tudy  was t o  determine whether b i r c h  would be f e a s i b l e  

f o r  t h e  manufacture o f  t h e  b lade.  S ince t h e  c o s t  o f  t h e  m a t e r i a l  i s  h igh ,  t h e  

y i e l d  i s  impor tan t .  



Tab le  8-10 Compressive S t reng th  P a r a l l e l  t o  G ra in  o f  Grade A Veneer 

Q u a n t i t y  
0 f 

Tes ts  

Tes t  

J o i n t  - 

10 3 "  B u t t  30" 

10 None 120" 

10 3 "  B u t t  120" 

20 None 69" 

2 0 3 "  B u t t  69" 

Average 
Mo i s tu re  
Content 

( % I  

Aver age 
Compress i o n  

S t reng th  
( p s i . )  



- 
NO 

NO J O I N T  
C = 10370 - 41.42 ( T - 7 2 - 5 0 )  

r = 0 .80  

- 
C = 9735 - 35.71 ( T - 7 2 . 5 0 )  

r = 0.81 
3 INCH BUTT J O I N T  - 

- 
0 

X 

- 
0 

x - SPECIMENS WITH NO J O I N T S  

- 0 -  SPECIMENS WITH BUTT J O I N T S  

I I 1 1 I 1 J 

20 4 0 60 80 100 120 
TEMPERATURE - O F  

Figure 8-12 Relationship Between Temperature and 
Compression Strength 



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

638 p ieces  o f  b i r c h  veneer, w i t h  a  t o t a l  area o f  3,031 square ft. were graded 

i n t o  two s t i f f n e s s  groups u s i n g  u l t r a s o n i c  inspec t ions .  Veneer i n  grade 1  had 

modu l i  o f  2.45x106 p s i  o r  g rea te r .  Veneer i n  grade 2  had modu l i  between 

2.10 and 2.44x106 p s i .  Any veneer w i t h  a  modulus below 2.10x106 p s i  was 

r e j e c t e d  . 

8.1.1.9.3 Resu l t s  

ti38 p ieces  o f  s l i c e d ,  0.10 in .  t h i c k  b i r c h  veneer w i t h  random w id ths  were 

graded oy s t r e s s  wave eva lua t i on .  The l o n g i t u a i n a l  s t i f f n e s s  d i s t r i b u t i o n s  

a r e  shown i n  Table 8-1 1. About 93% o f  t h e  veneer was usable.  S i m i l a r  

procedures i n  p rev ious  s t u d i e s  of Douglas f i r  y i e l d e d  about 30% less .  I n  t h i s  

ins tance ,  t h e  inc rease  i n  y i e l d  i s  due t o  grade 2  o f  t h e  b i r c h .  59% o f  t h e  

b i r c h  was grade 2 ,  whereas l e s s  t h a n  50% o f  t h e  Douglas f i r  veneer met t h e  

requi rements o f  grade 2. Th is  s t a t i s t i c  i n d i c a t e s  t h a t  t h e  qua1 i t y  o f  b i r c h  

l ogs  used f o r  s l i c i n g  may be h ighe r  than  t h a t  o f  t h e  Douglas f ir l o g s  used f o r  

pee l  ing. 

8.1.1.10 BirchIFRP Bond L i n e  S t reng th  P a r a l l e l  and Perpend icu la r  t o  

Laminat ions 

A group o f  40 t e s t s  s t u d i e d  bond l i n e s  p a r a l l e l  t o  l am ina t i ons  and 20 t e s t s  

s t u d i e d  t h e  bond l i n e  shear normal t o  t h e  lamina t ions .  These t e s t s  eva lua ted  

a  m a t e r i a l  made o f  b i r c h  veneer, West Systeme epoxy and g lass  

f i b e r - r e i n f o r c e d  p l a s t i c  (FRP). The t e s t s  used two types o f  FRP, and took 

some da ta  a t  104OF. 



Tab le  8-11 

D i s t r i b u t i o n  o f  L o n g i t u d i n a l  S t i f f n e s s  o f  
l / l O - i n .  Th ick  S l i c e d  B i r c h  Veneer 

Longitudinal Percent of Cumulative 
S t i f f n e s  I Total Percent 
(E x 10 p s i )  ($1 ( % )  

Total number of pieces  graded = 638 

Grade Yield 
# BG 1 = 3 4 4  

BG 2 = 59.0% 
Unusable= 6.9% 

* Actual Blade Grade 2 Range Per Gougeon Materials Specification 
is from 2.1 x lo6 to 2.44 x (10)6. 



8.1.1.10.1 Ob jec t i ves  

The purpose o f  these t e s t s  was t o  evaluate t h e  s t a t i c  s t reng th  p r o p e r t i e s  o f  

t h e  cons t ruc t i on  c o n s i s t i n g  o f  0.10-in. t h i c k ,  grade 2  b i r c h  veneer and 

0.10-in. t h i c k  epoxy o r  po lyes ter  FRP per  MIL-P-17549 grade 1. The b i r c h  and 

FKP composite, 1.5-in. t h i c k ,  cons is ted  of 15 layers :  10 l aye rs  o f  b i r c h  and 5 

l a y e r s  o f  FRP. There were 3 l aye rs  o f  b i r c h  on each side, and b i r c h  and FKP 

a l t e r n a t e d  i n  t he  center .  

The o b j e c t i v e  o f  these t e s t s  was t o  determine t h e  g lue  1  ine s t reng th  a t  t h e  

i n t e r f a c e  between t h e  b i r c h  and t h e  FRP. West S y s t e f l  epoxy, spread a t  a  

r a t e  o f  60 lbs./MDGL, was t h e  bonding m a t e r i a l .  Sample b lock shear specimens 

were machined t o  t e s t  t h e  g lue  l i n e  c l o s e s t  t o  t h e  middle o f  t h e  b lock.  

8.1.1.10.2 Desc r i p t i on  

Specimen c o n f i g u r a t i o n  and dimensions f o r  b lock shear p a r a l l e l  t o  t h e  

lamina t ions  i s  shown i n  F igu re  8-13. The specimens were loaded t o  f a i l u r e ,  a t  

a  r a t e  o f  0.015 in./min, w i t h  each o f  t h e  f o l l o w i n g  combinat ion o f  t e s t  

va r i ab les  evaluated. A t o t a l  o f  40 specimens were tes ted .  

FRP - epoxy and po l yes te r  
Temperature - 70°F and 104OF 

A f t e r  t e s t i n g ,  t h e  specimens were oven dr ied ,  and the  mois tu re  conten t  was 

determined. 

The specimen c o n f i g u r a t i o n  and dimensions f o r  b lock shear perpendicu lar  t o  t h e  

lamina t ions  a re  shown i n  F igure  8-13. For t h i s  t e s t  each combinat ion o f  t e s t  

v a r i a b l e s  was evaluated as shown below. A t o t a l  o f  20 specimens were tes ted .  

FRP - epoxy and po l yes te r  
Temperature - 70°F 
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Figure 8-13 Specimens for Block Shear Tests 
Para1 1 el and Perpendicular to Laminations 



Load deformat i o n  diagrams were made u s i n g  an e l e c t r o n  i c  d e f  1  ectometer t o  

fleasure head movement. 

3.1.1.10.3 Resu l t s  

Bonds between t h e  b i r c h  and t h e  two types  o f  FRP were eva lua ted  u s i n g  t h e  

b lock  shear t e s t  a t  temperatures o f  70°F and 104OF. The r e s u l t s  o f  these  

t e s t s  a r e  l i s t e d  i n  Table 8-12. The mo i s tu re  con ten t  was determined b y  t h e  

oven d r y i n g  method. 

S t a t i s t i c a l  a n a l y s i s  o f  t h e  r e s u l t s  i n d i c a t e d  t h e  epoxy FRP forms a  much 

s t ronge r  bond w i t h  b i r c h  veneer than  p o l y e s t e r  FRP. Epoxy FRP i s  a l s o  l e s s  

a f fec ted  b y  h  igher  temperatures. L ikewise,  epoxy FRP d i sp layed  a  h i ghe r  y i e l d  

p o i n t  ( f i ~ e r  s t r e s s  a t  p r o p o r t i o n a l  1 i m i t  - FSPL) than  p o l y e s t e r  FRP a t  b o t h  

temperatures. I n  genera l ,  t h e  FSPL f o r  epoxy FRP occur red  a t  90% t o  93% o f  

t h e  u l t i m a t e ,  w h i l e  t h a t  of  p o l y e s t e r  FRP was approx imate ly  a t  95%. 

I n  a d d i t i o n  t o  g e n e r a l l y  lower  shear va lues f o r  p o l y e s t e r  FRP, some o f  t h e  

specimens had i n t e r l a m i n a r  shear f a i l u r e s  between l a y e r s  o f  t h e  p o l y e s t e r  

m a t e r i a l ,  which may c o n s t i t u t e  a  weak zone i n  t h e  m a t e r i a l .  Several  specimens 

f a i l e d  by  i n t e r l a m i n a r  shear w i t h i n  t h e  FRP. I n  some cases t h e  i n t e r l a m i n a r  

f a i l u r e  occur red  so near  t h e  o u t e r  l a y e r s  o f  c l o t h ,  t h a t ,  un less  it was 

c a r e f u l l y  examined, t h e  f a i l u r e  would have been misdiagnosed. The f a i l u r e  

would have appeared t o  have occur red  a t  t h e  i n t e r f a c e  between t h e  b i r c h  and 

FRP. I n  severa l  specimens, a t  104OF, a  s l i g h t  p recure  c o n d i t i o n  was observed, 

because t h e  i m p r i n t  o f  t h e  p o l y e s t e r  c l o t h  appears t o  have been made i n t o  t h e  

epoxy a f t e r  i t  s t a r t e d  t o  polymerize. 



Table 8-12 Shear Test Resu l t s  

Average Aver.age 
Q u a n t i t y  Test Mo i s tu re  Shear 

o f Temperature Tes t  FRP Content S t reng th  H igh/Low 
Spec imens - " F D i r e c t  i o n  Ib!F ( % >  ( p s i )  ( p s i )  - 

1 U 70 Para1 l e l  EPOXY 6.6 3,278 4,214/2,653 

9 104 Para1 l e l  EPOXY 6.1 2,1742 3,256/2,392 

10 7 0 Para1 l e l  P o l y e s t e r  6.1 2,775 3,258/1,811 

10 104 Para3 l e l  P o l y e s t e r  6.1 2,067 2,555/1,55 1 

10 70 Perpend i c u  1 a r  Epoxy 6 .O 6,060 8,103/5,495 

10 7 0 Perpend i c u l  a r  P o l y e s t e r  6.4 6,4,33 6,976/5,980 



8.1.1.11 B i r c h  and FRP Tension Tests,  P a r a l l e l  and Perpend icu la r  t o  G r a i n  

Tension t e s t s  were conducted on t h e  b i r c h  and FRP m a t e r i a l  p a r a l l e l  t o  t h e  

g ra in ,  and i n  t h e  r a d i a l  and t a n g e n t i a l  d i r e c t i o n s  normal t o  t h e  g r a i n .  

8.1.1 .11.1 Ob jec t i ves  

The o b j e c t i v e  was t o  determine t h e  t e n s i l e  s t r e n g t h  o f  b i r c h  r e i n f o r c e d  w i t h  

e i t h e r  epoxy o r  p o l y e s t e r  FRP, a t  70°F and a t  104OF. Th i s  da ta  would p r o v i d e  

a  b a s i s  f o r  de te rmin ing  des ign  a1 lowables. 

8.1.1.11.2 Desc r i p t i ons  

The c o n f i g u r a t i o n s  o f  t h e  t e s t  specimen a re  shown i n  F igures  8-14, -15, and 

-16. The l o a d i n g  r a t e  f o r  t h e  t e s t  p a r a l l e l  t o  g r a i n  and t a n g e n t i a l  t e s t s  was 

s e t  t o  p rov ide  f a i l u r e  i n  approx imate ly  5 minutes. The l o a d i n g  r a t e  f o r  t h e  

r a d i a l  t e s t s  was 0.15 in .  pe r  minute.  The t e s t s  were conducted a t  70°F and a t  

104OF. 

8.1.1.11.3 Resu l ts  

Tab le  8-13 summarizes t h e  average r e s u l t s  o f  t h e  t ens ion  t e s t s  i n  t h e  t h r e e  

d i r e c t i o n s .  The r e s u l t s  i n d i c a t e d  t h a t  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  i n  

t h e  p a r a l l e l  t o  g r a i n  t e n s i l e  s t r e n g t h  o f  t h e  two types o f  FRP a t  e i t h e r  

temperature.  The p a r a l l e l  g r a i n  specimens con ta ined  b u t t  j o i n t s  on 3 i n .  

s taggered cen te rs ,  and most f a i l u r e s  occur red  i n  t h a t  area. These m a t e r i a l s  

were approx imate ly  20% s t ronge r  than  t h e  e q u i v a l e n t  Douglas f ir. 

The r e s u l t s  f rom t h e  r a d i a l  t ens ion  t e s t s  show l i t t l e  d i f f e r e n c e  i n  t h e  

s t r e n g t h  o f  b i r c h  o r  Douglas fir. The b i r c h  and p o l y e s t e r  FRP was s l i g h t l y  

s t r onge r .  I n  t h e  t a n g e n t i a l  d i r e c t i o n ,  t h e  p o l y e s t e r  FRP was s t ronge r  than  

t h e  epoxy FRP and approx imate ly  36 t imes  s t r onge r  than  un re in fo r ced  Douglas 

f ir. 



Tab le  8-13 Tension Tes t  R e s u l t s  

Q u a n t i t y  Tes t  
o  f Tes t  Temp. 

Specimens D i r e c t  i o n  ( O F )  

10 Para1 l e l  70 

10 P a r a l l e l  104 

10 Para1 l e l  7  0  

10 Para1 l e l  104 

9 Rad i a  1  70 

10 R a d i a l  70 

10 Tangen t ia l  70 

10 Tangen t i a l  104 

10 Tangent i a  1  70 

10 Tangen t i a l  104 

Average 
Mo i s tu re  T e n s i l e  
Content  S t reng th  

(%)  ( ps i ) Max imum/rlin imum 
FRP 
TY Pe 

Epoxy 

P o l y e s t e r  

P o l y e s t e r  

Epoxy 

P o l y e s t e r  

P o l y e s t e r  

P o l y e s t e r  



TENSION PARALLEL TO GRAIN 

Figure 8-14 Specimen for Tension Parallel to Grain Test 
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Figure 8-15 Specimen for Tension Perpendicular to Grain in 
the Radial Direction Tests 
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Figure 8-1 6 Specimen for Tension Perpendicular to Grain in 
the Tangential Direction Tests 



8.1.1.12 B i r c h  and FRP Compression Tests, P a r a l l e l  and Perpend icu la r  t o  t h e  
G r a i n  

Compress i o n s t r e n g t h  t e s t s  i n  two d i r e c t  ions were conducted t o  supplement t h e  

d a t a  base f o r  b i r c h  and FRP. 

8.1.1.12.1 Ob jec t i ves  

These t e s t s  p rov ided  b lock  compression s t r e n g t h  da ta  f o r  t h e  two types  o f  

b i r c h  and FRP a t  70°F, 104"F, and 120°F. T h i s  da ta  was used t o  compare these  

m a t e r i a l s  w i t h  Douglas f i r  m a t e r i a l .  

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

F i v e  t e s t s  o f  b i r c h  augmented w i t h  each t ype  o f  FRP were conducted a t  70°F and 

104"F, i n  compression p a r a l l e l  t o  t h e  g r a i n ,  and a t  70°F, i n  compression 

pe rpend i cu la r  t o  t h e  g r a i n  i n  t h e  t a n g e n t i a l  d i r e c t i o n .  Also, f i v e  epoxy FRP 

samples were t e s t e d  p a r a l l e l  t o  t h e  g r a i n  a t  120°F. The c o n f i g u r a t i o n s  o f  t h e  

t e s t  specimens a r e  shown i n  F i g u r e  8-17. 

8.1.1.12.3 Resu l t s  

Tab le  8-14 1  i s t s  t h e  r e s u l t s  o f  t h e  35 compress ion  t e s t s ,  and i n d i c a t e s  t h a t  

t h e  epoxy FRP was s i g n i f i c a n t l y  s t r onge r  than  t h e  p o l y e s t e r  FRP p a r a l l e l  t o  

t h e  g ra in .  The t e s t  a t  i20°F showed a  marked decrease i n  s t r e n g t h  o f  t h e  

epoxy and i n d i c a t e d  a  p o s s i b l e  temperature 1  i m i t a t i o n  on t h i s  m a t e r i a l .  It 

was no ted  t h a t  t h e  p r o p o r t i o n a l  l i m i t  was lower  i n  r e l a t i o n  t o  u l t i m a t e  

s t r ess ,  r ang ing  f r om 13% t o  30% o f  t h e  l a t t e r  value. The epoxy FRP was 

s t r o n g e r  p a r a l l e l  t o  t h e  g r a i n  than  t h e  p o l y e s t e r  m a t e r i a l .  The b i r c h  

r e i n f o r c e d  w i t h  FRP was 5 t o  6 t imes  s t r onge r  p a r a l l e l  t o  t h e  g r a i n  than  t h e  

un re in fo r ced  Douglas f ir. The use o f  g l ass  f i b e r  t o  r e i n f o r c e  wood veneer 

s i g n i f i c a n t l y  increases t h e  s t r e n g t h  o f  t h e  composite. The c o s t  e f f e c t i v e n e s s  

o f  t h e  b i r c h  and FRP and Douglas f ir and FRP laminae must abe evaluated. 
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Figure 8-17 Specimens for Compression Parallel 
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Q u a n t i t y  
0 f 

Tests  

Table 8-14 B i r c h  and FRP Compression Test  Resu l t s  

Test 
Tes t  Temp. 
TY pe ( O F )  

Para1 l e l  70 

P a r a l l e l  104 

Para1 l e l  120 

P a r a l l e l  7  0  

Para1 l e l  104 

Tangent ia l  7  0  

Tangent ia l  7 0 

Average 
Mo is tu re  Average 

FKP Content S t reng th  
TY pe ( % I  ( p s i  

P o l y e s t e r  6.5 21,982 

P o l y e s t e r  6.4 20,908 

EPOXY 6.1 18,940 

Po l yes te r  6.0 16,325 



8.1.2 PHASE B FATIGUE STRENGTH TESTING OF DOUGLAS FIR AND ,LAMINAE EPOXY 

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

The f a t i g u e  t e s t i n g  o f  laminated Douglas f ir and West Sys tem epoxy 

1  aminated m a t e r i a l  p rov ides  c y c l  i c  l o a d i n g  capab i l  i t i e s  t o  supplement t h e  

s t a t i c  s t r e n g t h  da ta  compi led i n  t h e  Phase A t e s t i n g  e f f o r t .  The t e s t i n g  

inc ludes  specimens made f rom b lade  grade 1  veneer, f o r m e r l y  known as A+ 

veneer, w i t h  a  l o n g i t u d i n a l  Young's modulus o f  2.45 x  106 p s i  o r  g rea te r ,  

and f rom b lade  grade 2 veneer, f o r m e r l y  Grade A/B, w i t h  z, modulus between 

2.1x106 p s i  arid 2.44x106 p s i .  The t e s t i n g  was completed i n  two programs. 

Phase 81 t e s t i n g  was conducted a t  t h e  GBI 's  f a c i l  i t y  i n  Bay City, M I ,  d u r i n g  

t n e  s p r i n g  o f  1982, and concent ra ted  on low t o  medium c y c l e  data.  Phase B2 

work was done a t  G B I ,  and a t  t h e  U n i v e r s i t y  o f  Ill i n o i s  i n  Urbana, I I T  

Kesearch I n s t i t u t e  i n  Chicago, I 1  1  i n o i s  and t h e  U n i v e r s i t y  clf Dayton. Phase 

02 r a n  from May, 1982 t o  August, 1983. 

8.1.2.2 Ob jec t i ves  

The Phase I3 t e s t i n g  program was developed t o  p rov ide  p a r a l l e l  t o  g r a i n  f a t i g u e  

da ta  i n  tens ion, compress i o n  and f u l  l y  reversed  load ing ,  t o  5,upplement s t a t i c  

s t r e n g t h  da ta  f r om t h e  phase A program, descr ibed  i n  sect . ion 8.1.1. A l l  

t e s t i n g  was conducted p a r a l l e l  t o  t h e  g r a i n  and compared t h e  t.wo veneer grades 

i n  va r i ous  l oad  r a t i o  t e s t s .  The e f f e c t  o f  mo i s tu re  con ten t  on f a t i g u e  

s t r e n g t h  was mon i to red  b y  measuring each specimen f o r  mo i s tu re  con ten t .  

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

The t h r e e  b a s i c  t ypes  o f  f a t i g u e  l o a d i n g  a r e  d iscussed sepa ra te l y  i n  t h e  

f o l l o w i n g  sec t i ons .  

8.1.2.3.1 Compression Fa t i gue  

The s i m p l e s t  specimens were those t e s t e d  i n  compression f a t i g u e ,  s i nce  

g r i p p i n g  methods were n o t  r equ i red .  Each o f  t h e  5 1  samples wa!; an 8  i n .  long,  

w i t h  a  2.25 in .  d iameter .  The t h r e e  cen te r  veneers had b u t t  , j o i n t s  staggered 

on 3 i n .  cen te rs ,  as shown i n  F i g u r e  8-18 Four dogbone specimens, shown i n  

F i g u r e  8-19, were a l s o  t e s t e d  i n  one t ime  compression t o  f a i l u r e .  O f  t h e  55 

cy1 i n d r i c a l  samples, 30 were s t a t i c a l l y  t es ted ,  and 21  were sub jec ted  t o  

f a t i g u e  load ing .  







The s t a t i c  t e s t s  p rov i ded  i n f o rma t i on  on sample s t r eng th ,  so t h a t  l e v e l s  t o  be 

t e s t e d  c o u l a  be p red i c t ed ,  t o  p r o v i d e  r e p r e s e n t a t i v e  f a t i g u e  1  i f e .  F i v e  

samples were f a t i g u e  t e s t e d  a t  a  l oad  r a t i o  o f  0.4 and 16 w i t n  a  l o a d  r a t i o  o f  

0.1. The l oad  r a t i o ,  o r  R va lue,  i s  t h e  r a t i o  o f  t h e  minimum a p p l i e d  l oad  t o  

t h e  maximum appl  i e d  load. For  example, a  . t ens i on  l oad  between 70,000 l b  and 

7,000 Ib.  has an R va l ue  o f  7,000/70,000=+0.1. A compression l oad  l oad  on t h e  

minimum s i d e  changes t h e  s ign :  f o r  70,000 t o  -7,000 l b ,  R=-7,000/70,000=-0.1. 

A con~pres ion-compress i o n  t e s t  has an R va l ue  g r e a t e r  than  1  .O: f o r  -7,000 t o  

-70,000 l b ,  R=-70,000/-7,000 = + l o .  A f u l l y  reversed  l o a d  t e s t  has an R va lue  

o f  - 1 :  +70,000 t o  -70,000 l b ,  K=-70,000/70,000 = -1. Table  8-15 shows t h e  

summary o f  samples t e s t e d  i n  t h i s  s e r i e s  o f  t e s t s .  The compression t e s t i n g  

was done a t  G B I  and a t  I I T R I ,  i n  b o t h  cases u s i n g  MTS l oad  frames. The 

l o a a i n g  r a t e  was on s t a t i c  t e s t s  and was aimed a t  ach iev i ng  f a i l u r e  i n  f i v e  

minutes.  The t e s t  r a t e  i n  f a t i g u e  was 5 Hz.  

8.1.2.3.2 Tens ion  Fa t i gue  

The t e n s i o n  samples were t h e  dogbone shown i n  F i gu re  8-18. Twenty-six were 

t es ted ;  seven were sub jec ted  t o  one t i m e  t e n s i o n  t o  f a i l u r e ,  u s i n g  a  5-minute 

l o a d  ramp. Table  8-15 shows t h e  breakdown b y  load  r a t i o .  

The dogbone specimens con ta ined  a  b u t t o n  head s t u d  i n  each end, which mated 

w i t n  adapters  i n  t h e  t e s t  machines. The t e s t  s e c t i o n  area was 6 i n .  l o n g  and 

2.25 i n .  i n  d iameter ,  l a t n e  c u t  about t n e  s t u d  cen te rs .  The cen te r  s e c t i o n  

f l a i r e d  o u t  t o  a  4.25 i n .  d iameter  a t  each end o f  t h e  57 in .  l o n g  specimen. 

The t e n s i o n  f a t i g u e  t e s t s  were conducted a t  a  f requency o f  approx imate ly  4 Hz.  

8.1.2.3.3 Keverse A x i a l  Fa t i gue  

Twenty-two dogbone specimens were t e s t e d  i n  r eve rse  a x i a l  f a t i g u e .  Four 

braces were used d u r i n g  t e s t i n g  t o  p r o v i d e  l a t e r a l  s t a b i l i t y  and p reven t  

b u c k l i n g  o f  t h e  specimen when sub jec ted  t o  compression load ing .  The suppor ts  

f -unct ionea normal t o  t n e  veneer p l ane  on ly ,  because o f  t h e  o r i e n t a t i o n  o f  t h e  

specimens i n  t h e  t e s t  machine. Tes t i ng  was conducted a t  r a t e s  between 2.2 and 

3 Hz.  Sample number 1B5 con ta ined  one b u t t  j o i n t  w i t h  a  wide enough gap t o  

a1 low t h e  i n s e r t i o n  o f  a  thermocouple, which would pe rm i t  measurement o f  t h e  

i n t e r n a l  temperature d u r i n g  t e s t i n g  a t  3 Hz.  The f i n d i n g  was a  r i s e  o f  f r o m  

3.5 t o  6OC above t h e  ambient temperature (21°C). The t e s t  machine t r a v e l  was 

1  im i t ed ,  t o  p reven t  t o t a l  d e s t r u c t i o n  o f  t h e  specimens a t  t i m e  o f  f a i l u r e .  

Reverse a x i a l  f a t i g u e  t e s t i n g  was conducted a t  G B I  and UDRI l a b o r a t o r i e s .  
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8.1.2.4 R e s u l t s  

The r e s u l t s  o f  t h e  103 t e s t s  t h a t  comprised t h i s  p o r t i o n  o f  t h e  program a r e  

de f i ned  i n  t h e  n e x t  t h r e e  sec t ions .  The sample number i n d i c a t e s  t h e  b i l l e t  

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

B i l l e t s  1  th rough  4  were a  p a r t  o f  Phase B1 t e s t i n g .  

8.1.2.4.1 Compression Tes t  Resu l t s  

The r e s u l t s  o f  21 s t a t i c  compression t e s t s  on b l ade  grade 1  veneer a re  shown 

i n  Table  8-16. The r e s u l t s  i n d i c a t e  an average s t r e n g t h  o f  7,777 p s i  a f t e r  

a d j u s t i n g  s t r e n g t h  o f  t h e  laminae mo i s tu re  con ten t  (LMC)  t o  a  r a t e d  wood 

mo i s tu re  c o n t e n t  o f  12%. T h i r t e e n  s t a t i c  compression t e s t s  were conducted on 

b l a a e  grade 2 veneer. The r e s u l t s  i n  Table  8-17 i n d i c a t e  a  mean s t r e n g t h  o f  

7,540 p s i ,  a f t e r  t h e  ad justment  f o r  t h e  wood mo i s tu re  con ten t  o f  12%. The 

f a t i g u e  t e s t  r e s u l t s  f o r  t h e  two veneer grades a r e  shown i n  Tables 8-18 and 

8-19. T h i s  d a t a  i s  p l o t t e d  i n  F i g u r e  8-20. The s t r a i g h t  1  i n e  t r e n d  l i n e  i s  

f i t t e d  t o  t h e  b l ade  grade 1  veneer r e s u l t s ,  u s i n g  t h e  l e a s t  squares method. 

Tab le  8-20, and F i g u r e  8-21, summarize t h e  r e g r e s s i o n  da ta  f o r  t h e  t h r e e  

f a t i g u e  t e s t  groups, and f o r  Douglas f ir t e s t  da ta  ob ta ined  b y  Kommers, o f  t h e  

F o r e s t  P roduc ts  Labora to ry  i n  1943. T h i s  d a t a  p rov i ded  a  f a t i g u e  t r e n d  l i n e ,  

which was p r e v i o u s l y  used as a  b a s e l i n e  f o r  t h e  MOD-5A eva lua t i on .  The p l o t  

o f  F i g u r e  8-21 shows t h a t  i t  i s  p a r a l l e l  t o  t h e  compression d a t a  ga thered  

here,  b u t  s i g n i f i c a n t l y  d i f f e r e n t  f r om  t h e  t ens ion  and reve rse  a x i a l  t r ends .  

8.1.2.4.2 Tens ion Tes t  Resu l t s  

Tab le  8-21 summarizes t h e  r e s u l t s  o f  seven s t a t i c  t e s t s ,  which p rov i ded  a  mean 

s t r e n g t h  o f  11,065 p s i ,  a f t e r  t h e  ad justment  was made f o r  t h e  12% m o i s t u r e  

con ten t .  Table  8-22 p resen ts  t h e  r e s u l t s  o f  13 f a t i g u e  t e s t s  on b l ade  grade 1  

veneer specimens and i nc l udes  one sample t h a t  d i d  n o t  f a i l ,  even a f t e r  10 

m i l l i o n  cyc l es .  The r e s u l t s  o f  seven t e s t s  on b lade  grade 2  samples a re  

presented i n  Table  8-23. The r e s u l t s  o f  b o t h  s e t s  o f  d a t a  a re  p l o t t e d  i n  

F i g u r e  8-22, and a r e  compared t o  o t h e r  da ta  i n  F i g u r e  8-21 and Tab le  8-20. 
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Tab le  8--17 S t d t i c  Coi~~prcssion Tests on Blade Grade 2 Veneer 

STATIC COMPRESSION TESTS (5-Minute Ramp t o  F a i l u r e )  
T e s t  Program: HOD-5A. Phase B1, B2 
M a t e r i a l :  T>aminated, Doug la s  F i r  a n d  Epoxy, Blade C r a d e  2 Veneer - -- - - - - - . - . .- - - - 
C o n s t r u c t  i on :  2 .25  i n .  Diameter x 8-in.  Long Cyl- inder ,  Wlth 3 T r a n s v e r s e  H u t t  J o i n t s  i n  C e n t e r  

.Veneers ,  3-in Spacing 
Load D i r e c t i o n :  Compres s ion  P a r a l l e l  t o  Grain 
T e m p e r a t u r e :  70°F 

Sample 
No. 

T e s t  
S i t e  

I ITRI 

LITRI 

CB I 

CB I 

CB I 

CB L 

CBI 

G B I  

CB I 

GBI 

CBI 

CB I 

CBI 

Max 
S t r e s s  
( p s i )  

LMC 

(2) 

Max S t r e s s  A d j u s t e d  
t o  1 2 %  W.M.C. 

( p s i )  

Average  : -7.540 

* a Rate, a p p r o x i m a t e l y  1 .5  t imes  ( 7 3  Lbf / sec )  t o o  f a s t  

+ "Dogbone" s h a p e  spec imen ,  w i t h  3 t r a n s v e r s e  b u t t  J o i n t s  i n  c e n t e r  v e n e e r s ,  + i n .  s p a c i r ~ g  
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LOGARITHMIC 1 X 6 C Y C L E S  

S-N Diagram, t ens i on  f a t i g u e  t e s t s  of Douglas 
l am ina te  w i t h  3 - i nch  b u t t  j o i n t  

spacing, p a r a l l e l - t o - g r a i n  d i r e c t i o n ,  room 
temperature,  R - 0.1, max. s t r e s s  ad jus ted  
t o  125 W.M.C. 

0 GG-1  Laminate 
4 BG-2 L2minate 

Tes t  Sec t i on  Volume 
- -,-I - .I 1 .G c - . : , : ~  i c .  i n r b ~ c  

N - C Y C L E S  

F igure  8-22 S-N Diagram, Tension Fa t i gue  Tes ts  



8.1.2.4.3 F u l l y  Reverse R e s u l t s  

The l o a d  l e v e l s  s e l e c t e d  f o r  t h i s  s e t  o f  t e s t s  were based on t h e  t e n s i o n  and 

compression t e s t  r e s u l t s .  B lade grade 1  t e s t i n g  i nc l uded  16 samples, seven o f  

which l a s t e d  more than  one m i l  1  i on  cyc les ,  and one o f  which l a s t e d  longer  than  

23 m i l l i o n  cyc l es ,  as shown i n  Tab le  8-24. Table  8-25 p resen ts  t e s t  r e s u l t s  

f o r  b l ade  grade 2 veneer samples; f i v e  o f  I 5  l a s t e d  more than  one m i l l i o n  

cyc les .  F i g u r e  8-23 shows t h e  t r e n d  o f  t h e  da ta  and Table  8-20 and 

F i g u r e  8-21 i n c l u d e  t h i s  da ta  i n  t h e i r  comparisons. 
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8.1.3 FILLED EPOXY TEST PROGRAM 

8 1.3.1 I n t r o d u c t i o n  

T e s t i n g  was performed on two types o f  West Sys tem f i l l e d  epoxy. GBI ho lds  

t h e  trademark and d i s t r i b u t e s  t h e  product .  The m a t e r i a l s  a re  p r o p r i e t o r y  so 

f o r m u l a t i o n  da ta  i s  n o t  a v a i l a b l e .  Based on these  t e s t s  and on process 

eva lua t i ons ,  t h e  a s b e s t o s - f i l l e d  t h i x o t r o p i c  epoxy (206-ASB) was se lec ted  over  

t h e  c a r b o n - f i l l e d  t h i x o t r o p i c  epoxy (206-CFS) f o r  use i n  t h e  MOD-5A b l ade  

assembly. However, i n  l a t e  1983 GBI dec ided t h a t  government r e g u l a t i o n s  

concern ing  personnel  s a f e t y  were t o o  s t r i n g e n t  t o  a l l o w  t h e  asbestos f i l l e r  t o  

b e  used i n  t h e  MOD-5A. GBI was a l s o  concerned t h a t  t h e  m a t e r i a l  would be 

harder  t o  ob ta i n .  

The carbon-f  i l l e d  m a t e r i a l  was t o o  v iscous  t o  be used i n  appl  i c a t i o n s  t h a t  

r e q u i r e d  coverage of  1  arge su r f ace  areas, GBI developed another  ca rbon- f  il l e d  

epoxy t h a t  would s a t i s f y  a l l  requ i rements .  The t e s t s  o f  t h i s  m a t e r i a l  

(X-216-CFW) a r e  n o t  r e p o r t e d  here,  s i n c e  i t was n o t  funded b y  GE. The t e s t s  

were performed on these  epox ies:  

West System@ a s b e s t o s - f i l l e d  t h i x o t r o p i c  epoxy 206-AS0 

West Systema c a r b o n - f i l l e d  t h i x o t r o p i c  epoxy 206-CFS 
(The t e s t s  o f  these  adhesives a r e  r e p o r t e d  i n  t h i s  sec t i on .  ) 

West Systems m o d i f i e d  t h i x o t r o p i c  epoxy X-216-CFW 
( T h i s  epoxy i s  used i n  j o i n i n g  f i n g e r  j o i n t s  o f  t h e  f i n g e r  j o i n t  
process demonst ra t ion u n i t  - see s e c t i o n  8.2.1) 

8.1.3.2 Ob jec t i ves  

T h i s  t e s t  s e r i e s  determined p r o p e r t i e s  o f  t h e  two t h i x o t r o p i c  epox ies f o r  t h e  

MOD-5A program. S t reng th  and f a t i g u e  c a p a b i l i t i e s  and thermal p r o p e r t i e s  were 

o f  i n t e r e s t  f o r  a p p l i c a t i o n s  th roughou t  t h e  b lade.  Epoxy serves as t h e  

adhesive and f i l l e r  m a t e r i a l  f o r  bonding t h e  Douglas F i r  laminae. T h i x o t r o p i c  

epoxy was used as a  v o i d  f i l l e r ,  a  f i l l e t  m a t e r i a l  and as an adhesive f o r  

bonding meta l  p a r t s  t o  t h e  wood s t r u c t u r e .  These t e s t  r e s u l t s  p l ayed  a  key  

r o l e  i n  t h e  s e l e c t i o n  o f  a s b e s t o s - f i l l e d  t h i x o t r o p i c  epoxy. 



The t h i x o t r o p i c  m a t e r i a l s  were tes ted  independently o f  othei- blade mater ia ls ,  

such as wood, g lass f i b e r  and s t e e l ,  so t h a t  t he  p r o p e r t i e s  o f  t h e  epoxies 

cou ld  be compared. The u n f i l l e d  West System8 epoxy was tes ted  as a  

component o f  t h e  wood composite. 

8.1.3.3 Desc r ip t i on  

The t e s t s  described i n  t h i s  r e p o r t  inc lude the  determin i i t ion o f  densi ty ,  

tension,  conipression, t o r s i o n a l  shear, shear fa t igue,  heat d e f l e c t i o n  

temperature and thermal expansion. Table 8-26 summarizes the  t e s t s .  



T a b l e  8 - 2 6  M a t r i x  o f  T e s t s  

NUMBER OF TEST SPECIMENS 

MATERIAL ASBESTOS-FILLED EPOXY CARBON-FILLED EPOXY 

T E S T  TEMPERATURES ( O F )  - 4 0  R.T. 9 0  1 0 0  1 2 0  - 4 0  R.T. 9 0  100 

DENS I T Y  - 3 -  - - - 3 - - 

T E N S I O N  10 1 0  5 5 9 1 0  10 5 5 

COMPRESSION 10 10 5 5 1 0  10 10 5 5 

TORSIONAL SHEAR 9 1 0  5 5 1 0  1 0  1 0  5 5 

SHEAR F A T I G U E  - 9 -  - - - 8 - - 

HEAT DEFLECTION TEMPERATURE 6 (R.T. TO APPROX. 3 (R.T. TO APPROX. 
1 2 0 ° F )  1 2 0 ° F )  

THERMAL EXPANSION 3 ,  APPROX. 4, APPROX. 

R.T. = R o o m  T e m p e r a t u r e  



A. S t a t i c  Tes ts  - For  t h e  t ens ion ,  compression and t o r s i o n a l  swear t e s t s ,  

t h e  l oad  c a l i b r a t i o n  was checked b e f o r e  t e s t i n g ,  o r  a t  l e a s t  d a i l y ,  b y  

aead we igh t  l oad ing .  S t r a i n  i n  t h e  t e n s i o n  and compression t e s t s  was 

measured b y  extensometers,  which were c a l  i b r a t e d  b e f o r e  use b y  a p r e c i s  i o n  

micrometer  c a l  i b r a t  i o n  dev ice.  

1.  Tension Tests  - The t e n s i l e  t e s t  method was b a s i c a l l y  t h a t  o f  

HSTM-0638-67T and used t h e  "Type I "  specimen o f  t h a t  method. The 

specimen was 8.5 in .  long, 2 i n .  l onge r  than  t h e  minimum, t o  p r o v i d e  

b e t t e r  g r i p p i n g .  

The " I n s t r o n "  u n i v e r s a l  t e s t  machines, w i t h  10,000 and 20,000 l b .  

c a p a c i t i e s  were used i n  t h e  t e n s i o n  t e s t s .  They were opera ted  a t  a 

f i x e d  cross-head speed o f  0.10 i n .  pe r  minute.  

Fo r  t e s t s  above o r  below room temperature,  f o r c ~ l d  convec t i on  t e s t  

chambers were employed. The temperature o f  t h e  specimen was checked 

b y  a the r~nocoup le  taped t o  i t s  su r face .  S ince room and t e s t  chamber 

h u m i d i t i e s  were c o n t r o l  l e d  b y  t h e  b u i l d i n g ' s  a i r - c o n d i t i o n i n g ,  t h e  

specimens were t e s t e d  immediate ly  a f t e r  t h e y  were removed f r om t h e  

c o n d i t i o n i n g  chamber. However, t h e  r e l a t i v e  h u m i d i t y  i n  t h e  

l a b o r a t o r y  was c l o s e  t o  50%. 

2. Cornpression Tests  - The compression t e s t  method was b a s i c a l l y  t h a t  o f  

ASTM-D695-63T. The t e s t  specimens were r i g h t  c i r c u l a r  c y l i n d e r s ,  

0.50 i n .  i n  d iameter  and 1 .OO i n .  long. These s~lecimens a re  one of  

t h e  p r e f e r r e d  specimens, accord ing  t o  ASTM-D695-63T. 

The same I n s t r o n  u n i v e r s a l  t e s t  machines were used f o r  t h e  

compression t e s t s ,  b u t  t h e y  were s e t  up f o r  compressive l o a d i n g  

i n s t e a d  o f  t ens i on .  The t e s t s  were r u n  a t  a cross-head speed o f  0.05 

i n .  pe r  minute.  Both l o a d - s t r a i n  and l ead - t ime  curves  were 

recorded.  Tests  above o r  below room temperature were conducted i n  

t h e  same manner as t h e  t e n s i o n  t e s t s .  



To rs i ona l  Shear Tes ts  - There i s  no s a t i s f a c t o r y  ASTM method f o r  

t e s t i n g  t o r s i o n a l  shear p r o p e r t i e s  o f  polymer o r  o t h e r  m a t e r i a l s .  

ASTM-D1043-61T i s  inadequate. ASTFI-E143-61 i s  b e t t e r ,  b u t  can o n l y  

be used a t  room temperature.  A procedure,  which has been used on 

meta ls ,  p l a s t i c s  and composites, i s  g i ven  i n  USAF S p e c i f i c a t i o n  No. 

5-133- 1140 ( 2 2  November, 1978) f o r  carbon-carbon composites. 

A l though  GE wro te  t h i s  s p e c i f i c a t i o n ,  t h e  specimen was developed b y  

t h e  Southern Research I n s t i t u t e  (SRI) .  For  t h e  MOD-5A program, t h e  

specimen was based on t h e  SRI- design, b u t  t h e  heads were 0.25 i n .  

l onge r  t han  t h e  S R I  specimen. The s h o r t e r  heads o f  t h e  SRI specimens 

tiad c r e a t e d  some minor  problems, m a i n l y  i n  f a t i g u e  t e s t i n g .  

The r a t e  o f  t w i s t i n g  t h e  specimen was ad jus tab le .  The r a t e  o f  2 t o  

5% shear s t r a i n  pe r  m inu te  was used. Torque i n  these  t e s t s  was 

measured by  a  t o r s i o n a l  l oad  c e l l ,  which was c a l  i b r a t e d  by  dead 

we igh ts  a p p l i e d  t o  a  l e v e r  arm o f  known l eng th .  S t r a i n  gages were 

used f o r  s t r a i n  measurement. 

Torque was recorded  as a  f u n c t i o n  o f  s t r a i n .  Th i s  da ta  was reduced 

t o  a  shear s t r e s s  versus shear s t r a i n  curve.  Data a n a l y s i s  assumed 

1 i n e a r - e l  a s t  i c  behav ior ,  a ?  though t h e  assumption i s  r e a l l y  n o t  v a l  i d ,  

except  i n  t h e  e a r l y  s tages o f  load ing.  Techniques f o r  h a n d l i n g  

non-1 i nea r  behav io r  a r e  a v a i l a b l e ,  however. 

Tes t  temperature and h u m i d i t y  c o n s i d e r a t i o n s  were comparable t o  t hose  

o f  t e n s i o n  and compression t e s t i n g ,  hence, t h e  e a r l i e r  d i s cuss ions  

app l y  

6. To rs i ona l  Shear F a t i g u e  - An e l e c t r o h y d r a u l i c  t e s t e r  capable  of load, 

s t r a i n  o r  d e f l e c t i o n  c o n t r o l  was used i n  t h e  t o r s i o n a l  shear f a t i g u e  

t e s t s .  The h y d r a u l i c  ram, h y d r a u l i c  c o n t r o l s  and e l e c t r o n i c s  o f  t h i s  

machine were made by  I n s t r o n .  The machine was b a s i c a l l y  f o r  t e n s i o n  and 

compression, b u t  a  f i x t u r e  t h a t  conver ted  ram mot ion  t o  t o r s i o n  was b u i l t .  



T o r s i o n a l  f a t i g u e  t e s t s  were r u n  a t  room temperature under l oad  c o n t r o l  

cond i t i ons .  The r a t i o  o f  minimum t o  maximum to rque  was C.35. The i n i t i a l  

s t r esses  were based upon t h e  s t a t i c  t e s t  r e s u l t s .  The s t resses  were l e s s  

than  t h e  s t a t i c  s t r e n g t h  o f  t h e  m a t e r i a l ,  b u t  es t imated  t o  be h i g h  enough 

t o  r e s u l t  i n  f a i l u r e  i n  a  f a i r l y  s h o r t  t ime.  

I n  t h e  s t a t i c  t o r s i o n  t e s t s  on t h e  a s b e s t o s - f i l l e d  epoxy, a t  120°F, t h e  

m a t e r i a l  was so r u b b e r - l i k e  t h a t  t h e  specimens d i d  n o t  f a i l  even under 

h i g h  s t r a i n s .  These u n f a i l e d  specimens were then  used t o  check t h e  

o p e r a t i o n  o f  t h e  f a t i g u e  t e s t  set-up. The machines cou ld  operate a t  a  

f requency  of  15 Hz a t  f a i r l y  h i g h  loads, so t h i s  f requency was adopted f o r  

t h e  t e s t s .  A t  l e a s t  two o f  t h e  used specimens were f a t i g u e d  u n t i l  t h e y  

f a i l e d ,  t o  p r o v i d e  da ta  used t o  choose i n i t i a l  s t r e s s  cond i t i ons .  Once a  

f a t i g u e  f a i l u r e  was achieved, t e s t  c o n d i t i o n s  were based on t h e  p rev ious  

t e s t s ,  and t h e  s t a t i c  t e s t s .  

C. Heat D e f l e c t i o n  Temperature - The s tandard procedure f o r  measuring hea t  

d e f l e c t  i o n  temperature i s  g i ven  i n  ASTM-D648. T h i s  t e s t  f o l  lowed t h e  

s tandard  procedure, f o r  t h e  most p a r t ,  i n c l u d i n g  t h e  use o f  a  m ine ra l  o i l  

bath.  However, t h i s  t e s t  used s p e c i a l  c a l  i b r a t  i o n  "T"  thermocouples, a  

temperature reco rde r  and a  c a l i b r a t e d  l i n e a r  v a r i a b l e  d i f f e r e n t i a l  

t ransducer  t o  r e c o r d  d e f l e c t i o n .  The t e s t s  were r u n  a t  a  s t r e s s  o f  264 

p s i .  D e f l e c t i o n s  were recorded and p l o t t e d  as a  f u n c t i o n  o f  t h e  mV o u t p u t  

o f  t h e  thermocouple i n  c o n t a c t  w i t h  t h e  specimen. 

O. Thermal Expansion Measurements - Thermal expansion measurements i n  t h e  

temperature range o f  -180°F t o  +600°F were made i n  a  fused  s i l i c a  

d i l a t ome te r ,  which was heated a t  a  r a t e  o f  about 3.6OF pe r  minute 

(2.0°C/min) a f t e r  i t  was coo led  t o  near 1 i qu  i d  n i t r o g e n  temperature.  

Thermal expansion was measured by a  L i nea r  V a r i a b l e  D i f f e r e n t i a l  

Transducer. Temperatures were measured by  a  T  thermocouple i n  c o n t a c t  

w i t h  t h e  specimen. An X - Y  r eco rde r  was used t o  p l o t  t.he o u t p u t  o f  t h e  

1 i nea r  v a r i a b l e  d i f f e r e n t i a l  t ransducer  as a  f u n c t i o n  o f  t h e  thermocoupl e  

ou tpu t .  



The g l ass  t r a n s i t i o n  temperature,  T i s  most o f t e n  determined b y  
g' 

thermal  expansion o r  c o n t r a c t i o n  measurements. A c t u a l l y ,  
g  

i s  n o t  a  

t r a n s i t i o n  a t  a1 I ,  b u t  t h e  temperature a t  which t h e  i n t e r n a l  v i s c o s i t y  o f  

t h e  m a t e r i a l  reaches a p a r t i c u l a r  value. Usua l l y ,  t h e  m a t e r i a l  s t a r t s  a t  

a  h i g h  temperature and c o o l s  s l ow l y .  For  some polymers, p a r t i c u l a r l y  

t he rmose t t i ng  types,  such as epoxies and pheno l i cs ,  t h i s  set -up i s  n o t  

p o s s i b l e  s i n c e  t h e  apparent T i s  g e n e r a l l y  above t h e  c u r e  temperature 
9  

and i s  a f f e c t e d  b y  temperatures above t h e  c u r e  temperature.  I n  r u n n i n g  

thermal  expansion t e s t s ,  T i s  i n d i c a t e d  b y  a  change i n  t h e  s l ope  o f  t h e  
9  

the rma l  s t r a i n  vs. temperature curve.  The expansion measurements s t a r t e d ,  

t h e r e f o r e ,  a t  a  low temperature (near  1  i q u  i d  n  i t r o g e n  temperature) .  The 

temperature was increased a t  about 3.6"F pe r  m inu te  u n t i l  t h e  cu r ve  showed 

t h a t  t h e  temperature was w e l l  above T 
9' 

When t h e  t e s t s  were planned, i t  was n o t  c e r t a i n  whether t h i s  method would 

y i e l d  an accura te  measure o f  T  The method d i d  n o t  y i e l d  an accura te  
g  ' 

measurement, b u t  f o r  a l l  p r a c t i c a l  purposes, t h e  es t imated  va lue  was 

p robab l y  adequate, and agreed w i t h  t h e  hea t  d e f l e c t i o n  temperature.  

E. Dens i t y  Measurements - D e n s i t y  measurements were n o t  i n  t h e  o r i g i n a l  t e s t  

m a t r i x ,  b u t  were reques ted  s h o r t l y  a f t e r  t h e  specimens were rece i ved .  

D e n s i t i e s  were measured b y  we igh ing  specimens i n  a i r  and i n  water,  w i t h  a  

p r e c i s i o n  balance. The c a l c u l a t i o n  o f  t h e  d e n s i t y  took  t h e  water  

temperature (24.0°C) i n t o  cons ide ra t i on ,  and i t s  d e n s i t y  a t  t h a t  

temperature.  Three specimens o f  each m a t e r i a l  were measured. 

F. Sampling Procedure - The i n s t r u c t i o n s  t h a t  accompanied t h e  f i r s t  specimens 

o f  asbes tos - f  il l e d  epoxy i n d i c a t e d  t h a t  t h e  specimens should  n o t  be t e s t e d  

u n t i l  14 days a f t e r  t h e  da te  on each pack. There were seven da tes  f o r  

t o r s i o n  specimens, s i x  dates f o r  compression specimens, and e i g h t  da tes  

f o r  t e n s i o n  specimens. Presumably t h e  specimens were prepared i n  a  s e r i e s  

o f  sma l l  batches, and t h e  d a t e  i n d i c a t e d  c a s t i n g  date.  S ince  a l l  

specimens were cured  a t  room temperature,  t h e  14 days was t o  complete t h e  

cure.  S ince ba tch- to -ba tch  v a r i a t i o n s  were expected, each ba t ch  o f  each 

t y p e  o f  specimen was d i s t r i b u t e d  as even l y  as p o s s i b l e  across t h e  range o f  



t e s t  temperatures t o  avo id  con fus ing  temperature e f , f ec t s  w i t h  ba tch  

v a r i a t i o n  e f f e c t s .  Because t h e  number o f  specimens o f  a  g i v e n  t ype  f r om a 

ba t ch  t e s t e d  a t  a  g i ven  temperature was ve ry  smal l ,  no s i g n i f i c a n t  

ba tch- to -ba tch  v a r i a t i o n  was detected,  except  i n  t h e  thermal  expans i on  o f  

carbon-f  i l l e d  epoxy. Th i s  case i s  discussed i n  t h e  s e c t i o n  on thermal  

expansion. 

The f o l l o w i n g  observa t ions  r e s u l t e d  f rom an inspec t  i on  o f  t h e  specimens: 

T e n s i l e  specimens were c a s t  as sheets, approx imate ly  1/8 i n .  t h i c k ,  and 

machined t o  shape. 0n;y t h e  t h i n  edges were machined surl'aces. 

Compression specimens were c a s t  as rods  w i t h  a  0.5 i n .  d iameter.  The rods  

were c u t  t o  l e n g t h  and t h e  ends machined f l a t .  To rs i c~n  specimens were 

c a s t  as square rods  and were c u t  t o  leng th .  The ends, gage s e c t i o n  and 

f i l l e t s  were machined. These specimens had a much g rea te r  area of  

machined sur face ,  compared t o  o thers .  

Thermal expansion specimens were c a s t  as rods  w i t h  a  .25 i n .  d iameter .  

The roas  were then  c u t  t o  leng th .  Only  t h e  ends were machined. 

Heat d e f l e c t i o n  temperature specimens were c a s t  as f l a t  sheets,  .25 in.  

t h i c k .  There appeared t o  have been some s l  i g h t  machining o f  one sur face 

o f  t h e  sheet  ( p robab l y  t o  o b t a i n  un i f o rm  th i ckness ) ,  a f t e r  which t h e  bars  

were c u t  out .  Th i s  c u t t i n g  was n o t  p a r t i c u l a r l y  c lean;  t h e  edges o f  most 

o f  these  specimens were chipped. Most o f  t h e  specimens con ta ined  vo ids  i n  

a  wide range o f  s i zes ,  appa ren t l y  because t h e  mix  was n o t  deaerated. 

These vo ids  were n o t  apparent on t h e  c a s t  sur faces,  which were v e r y  

smooth, a1 though c l o s e  examinat i o n  o f  these  sur faces  soniet imes ind  i c a t e d  

t h a t  subsur face vo ids  were present .  The vo ids  were obvious on t h e  

mach ined sur faces,  and on f r a c t u r e  sur faces o f  t e s t e d  s,pecimens. S ince  

t h e  t o r s i o n  specimens had t h e  g r e a t e s t  percentage o f  machined sur face,  t h e  

vo ids  were l a r g e s t  and most obv ious on these  specimens. 



8.1.3.4 Tes t  Resu l t s  

A.  D e n s i t y  - The r e s u l t s  o f  d e n s i t y  measurements a re  g i ven  i n  

Table  8-27. The d e n s i t y  o f  t h e  asbestos- f  i l l e d  epoxy was about 3.5% 

h i g h e r  t han  t h a t  o f  t h e  carbon- f  il l e d  epoxy. 

The d i f f e r e n c e  i n  d e n s i t y  was caused by  t h e  d i f f e r e n c e  i n  f i l l e r  
- 5 d e n s i t i e s .  The carbon d e n s i t y  was about 1.8 g./cm. , and t h e  

3 asbestos d e n s i t y  was about 3.3 g./cm. . For  these d e n s i t i e s  a 

volume o f  f i l l e r  o f  about 2.6% f o r  t h e  epoxy d e n s i t y  o f  about 

1.096 g. / c f 3  would r e s u l t  i n  t h e  d i f f e r e n c e  i n  d e n s i t y  o f  t h e  

f i l l e d  epox ies.  

On t h e  o t h e r  hand, i f  t h e  we igh t  f r a c t i o n  o f  f i l l e r  was constant ,  t h e  

a s b e s t o s - f i l l e d  epoxy would have t h e  h i g h e r  d e n s i t y  because o f  t h e  

sma l l e r  volume of  asbestos f o r  a  g i ven  weight .  I f  t h i s  was t h e  case, 

t hen  t h e  we igh t  percen t  o f  f i b e r  would be near  12% and t h e  d e n s i t y  o f  

t h e  epoxy would be r o u g h l y  1.06 g./cm-3. 

T h i s  k i n d  o f  specu la t i on  m igh t  seem purposeless.  La te r ,  d a t a  showed 

t h a t  t h e  c a r b o n - f i l l e d  epoxy showea g r e a t e r  s t r eng th .  I f  t h e  volume 

f r a c t i o n  o f  f i b e r s  was cons tan t ,  t h e  g r e a t e r  s t r e n g t h  c o u l d  suggest 

t h a t  t h e  carbon f i b e r s  were longer .  However, i f  t h e  weight  pe rcen t  

was t h e  same, t h e r e  would be more carbon f i b e r s ,  which would have t h e  

same r e s u l t .  S ince no f o r m u l a t i o n  d a t a  was a v a i l a b l e ,  t h i s  k i n d  o f  

s p e c u l a t i o n  he lped  t o  i n t e r p r e t  t h e  t e s t  r e s u l t s .  



3 Tab le  8-27 D e n s i t y  (g/cm ) Measurements 

SPECIMEN 

NUMBER ASBESTOS FILLED CARBON FILLED 

AVERAGE 1.1537 1.1 143 

STANDARD 0.0014 

DEVIATION (a) 



B. Heat De f l ec t i on  Temperature - The r e s u l t s  o f  hea t  d e f l e c t  i on  

temperature measurements a re  g i ven  i n  Table 8-28. The average h e a t  

d e f l e c t i o n  temperature f o r  c a r b o n - f i l l e d  epoxy i s  6.7OF h ighe r  than  

t h a t  o f  t h e  a s b e s t o s - f i l l e d  epoxy. The da ta  compares w e l l  w i t h  t h e  

g l ass  t r a n s i t i o n  temperature,  determined b y  thermal expansion methods 

t o  be  between l lO°F and 114°F f o r  t h e  a s b e s t o s - f i l l e d  epoxy and 

between 113OF and 117OF f o r  t h e  c a r b o n - f i l l e d  epoxy. 

C. T e n s i l e  Measurements - The average r e s u l t s  o f  t e n s i l e  measurements on 

t h e  two m a t e r i a l s  a re  g i ven  i n  Table 8-29 and t y p i c a l  t r a c e s  a re  

shown i n  F igu res  8-24 and 8-25. 

The s t reng ths  o f  t h e  two m a t e r i a l s  a r e  e s s e n t i a l l y  t h e  same a t  -40°F, 

b u t  t h e  v a r i a t i o n  w i t h  temperature i s  q u i t e  d i f f e r e n t .  The s t r e n g t h  

o f  t h e  c a r b o n - f i l l e d  epoxy was l e s s  s e n s i t i v e  t o  temperature.  A t  

100°F t h e  s t r e n g t h  o f  t h e  c a r b o n - f i l l e d  epoxy was about 71% o f  t h e  

s t r e n g t h  a t  -40°F, whereas t h e  s t r e n g t h  o f  asbestos- f  il l e d  epoxy 

dropped t o  about 26%. I n  t h e  case o f  modulus, t h e  c a r b o n - f i l l e d  

epoxy s t a r t s  w i t h  about a  53% h ighe r  modulus a t  -40°F and r e t a i n s  67% 

o f  t h i s  modulus a t  10U°F, w h i l e  t h e  a s b e s t o s - f i l l e d  epoxy r e t a i n s  

about 36%. 



Table 8-28 

Heat D e f l e c t  i o n  Temperatures ( O F )  

( Appl i ed  S t ress  = 264 ps i )  

SPECIMEN ASBESTOS FILLED CARBON FILLED 

NO. EPOXY EPOXY 

AVERAGE 

STANDARD 

UEVIATION 



Table 8-29 Mean Value Summary o f  Asbestos and Carbon F i l l e d  Epoxy Tests 

TEMPERATURE 

UNITS -40°F R T 90°F 100°F 120°F 

FILLER ASBESTOS CARBON ASBESTOS - CARBON ASBESTOS CARBON ASBESTOS CARBON ASBESTOS 

Dens i t y  gm/ C~ ----- ------ 1.1537 1 .I143 ---- ---- - -- ---- ---- 

Heat D e f l e c t  i o n  OF ----- ------ 108.2 114.9 ---- ---- ---- ---- ---- 

Tens i o n  

Max Stress ps i 
Max S t r a i n  % 
Modu 1 us Ks i 

Compress i o n  

Max Stress 
Y i e l d  Stress 
Modu 1 us 
2% S t r a i n  
5% S t r a i n  

10% S t r a i n  
S t ress  @ 25% 
S t r a i n  
Y i e l d  S t r a i n  

Tors iona l  Shear 

p s i  
ps i 
Ks i 
ps i 
ps i 
ps i 

ps i 
% 

Max Stress ps i 4 180 4 160 4350 4710 3220 4320 3040 3290 ---- 
Max S t r a i n  % 1.8 1.6 4.4 3.7 ---- ---- ---- ---- ---- 
2% S t r a i n  ps i ---- ---- ---- ---- ---- ---- ---- ---- 152 
5% S t r a i n  ps i ---- ---- ---- ---- ---- ---- ----  ---- 23 7 

10% S t r a i n  ps i ---- ---- ---- ---- ---- ---- ---- ---- 324 
Modulus Ks i 24 1 2 74 162 196 127 182 125 162 10.1 
Y i e l d  S t r a i n  % ---- ---- ---- ---- 7.7 4.0 9.2 3.8 ---- 
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D. Compress i o n  Measurements - The average r e s u l t s  o f  compress ion  

measurements a r e  g i ven  i n  Table  8-29 and i n  F i g u r 2 s  8-26 and -27. 

Except  f o r  a  few t e s t s  a t  -40°F, t h e  compression specimens d i d  

break. I ns tead ,  t h e  specimen deformed t o  s t r a i n s  g r e a t e r  than  would 

be  o f  any i n t e r e s t  i n  most s t r u c t u r e s .  Except f o r  t h e  t e s t s  a t  120°F 

on t h e  a s b e s t o s - f i l l e d  epoxy, t h e  specimens showec~ a y i e l d ,  ( o r  a  

maximum, a f t e r  which t h e  s t r e s s  decreased w i t h  incre!as i n g  s t r a i n .  I n  

some cases, as w i t h  t h e  a s b e s t o s - f i l l e d  epoxy a t  room temperature,  

t h e  l oad  e v e n t u a l l y  s t a r t e d  t o  increase,  and f o r  a s b e s t o s - f i l l e d  

epoxy a t  room temperature,  g o t  back up t o  about  t h e  y i e l d  s t r e s s  a t  

about  25% s t r a i n .  A t  t h i s  h i g h  s t r a i n ,  however, t h e  c ross - sec t i on  o f  

t h e  specimen had increased cons ide rab l y ,  so t h a t  s t r esses  based on 

t h e  a c t u a l  c r o s s - s e c t i o n  would be cons ide rab l y  l e s s  than  those based 

on t h e  i n i t i a l  c ross - sec t i on .  

The specimens w i t hs tood  h igher  compress i v e  s t r esses  than  t e n s i l e  

s t resses ,  p a r t i c u l a r l y  a t  -40°F. A t  -40°F t h e  asbestos- f  il l e d  epoxy 

was s l i g h t l y  s t r o n g e r  than  t h e  c a r b o n - f i l l e d  epox.y, though i n  t h e  

t e n s i l e  case t h e y  were v e r y  n e a r l y  t h e  same. As w i t h  t h e  t e n s i l e  

case, t h e  ca rbon- f  i l l e d  epoxy r e t a i n e d  i t s  s t r e n g t h  b e t t e r  as t h e  

temperature was increased, b u t  t h e  d i f f e r e n c e  between t h e  two 

m a t e r i a l s  was n o t  as g rea t .  For  example, i n  t e n s i o n  a t  100°F t h e  

s t r e n g t h  o f  t h e  a s b e s t o s - f i l l e d  epoxy was about 36% t h a t  o f  t h e  

c a r b o n - f i l l e d  epoxy, whereas i n  compression a t  100°F i t  was about 56%. 

The rnodulus o f  t h e  asbestos epoxy a t  -40°F i s  e s s l 2 n t i a l l y  t h e  same 

under compression and t ens ion .  As temperature was increased t o  

100°F, however, t h e  compression modulus was lower  t han  t h e  t e n s i l e  

modulus. Th i s  e f f e c t  c o u l d  be a s t r a i n  r a t e  e f f e c t  s i n c e  polymers 

t end  t o  become more r a t e  s e n s i t i v e  as T i s  approached, and w h i l e  
9  

t h e  s t r a i n  r a t e s  i n  t e n s i o n  and compression shou ld  have been c l ose ,  

based on dimensions and cross-head speeds, t h e r e  p robab ly  was some 

d i f f e r e n c e  i n  s t r a i n  r a t e .  The problem w i t h  t h i s  hypo thes is  i s  t h a t  

t h e  lower  r a t e  would be expected i n  t h e  t e n s i l e  t e s t  because of t h e  

de fo rmat ion  i n  t h e  specimen f i l l e t s  and t h e  lower  t e ~ i s i l e  modul i. 
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Cons i d e r  i n g  t h e  ca rbon- f  i 11 ed epoxy, t h e r e  was a  s i g n i f i c a n t  

d i f f e r e n c e  between t e n s i l e  and compressive modul i. T h i s  d i f f e r e n c e s  

suggested t h a t  t h e  m a t e r i a l  i s  a n i s o t r o p i c ,  which be expected f r om a  

f i b r o u s  f i l l e r .  Again, t h e  f a c t  t h a t  i t  appeared t o  be much more 

a n i s o t r o p i c  than  t h e  asbestos- f  i l l e d  epoxy c o u l d  be  due t o  a  h i g h e r  

volume of  f i b e r  o r  t h e  g r e a t e r  f i b e r  l e n g t h  o r  both.  I f  so, t h e  

degree o f  an i so t r opy  c o u l d  d i f f e r  among specimen types, depending on 

how the  m a t e r i a l  was cas t .  

E. To rs i ona l  Shear - The average r e s u l t s  o f  t o r s i o n a l  shear measurements 

a r e  g i ven  i n  Tab le  8-29 and i n  F i gu res  8-28 and 8-29. The two 

m a t e r i a l s  a r e  s  i m i l a r  i n  s t r e n g t h  a t  -40°F and t h e  carbon- f  il l e d  

epoxy r e t a i n s  i t s  s t r e n g t h  b e t t e r  a t  e l eva ted  temperatures.  The 

shear s t r e n g t h  was h i g h e s t  a t  room temperature.  

F. To rs i ona l  Shear Fa t i gue  - The r e s u l t s  o f  t h e  t o r s i o n a l  shear f a t i g u e  

t e s t s  a r e  g i ven  i n  Table  8-30 and i n  F i gu res  8-30 and 8-31. 

Tnere were sma l l  vo i ds  i n  a l l  o f  t h e  f a t i g u e  specimens, and i n  most 

cases, p robab l y  medium and l a r g e  vo ids  as we1 1. Fa t i gue  f a i l u r e s  

g e n e r a l l y  seemed t o  o r i g i n a t e  a t  a  vo id .  The s i z e  and d i s t r i b u t i o n  

o f  vo i ds  a f f e c t e d  f a t i g u e  1  i f e ,  so cons ide rab le  s c a t t e r  c o u l d  be  

expected a t  any s t r e s s  l e v e l ,  I f  t h e  m a t e r i a l s  had been deaerated t o  

e l i m i n a t e  vo ids ,  t h e  f a t i g u e  performance would undoubted ly  have been 

b e t t e r .  

The da ta  showed t h a t  t h e r e  was 1  i t t l e  d i f f e r e n c e  between t h e  f a t i g u e  

performance o f  t h e  two m a t e r i a l s ,  as shown i n  F i g u r e  8-32. 
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Table 8-30 Asbestos Epoxy Fa t i gue  

SPECIMEN 

SPECIMEN 

15 

3 2 

40 

7 

16 

24 

2 3 

8 

PEAK STRESS (PSI) 

3024 

3006 

2515 

251 1 

1997 

1996 

1806 

1703 

1503 

ROOM TEMPERATURE 

FREQUENCY = 15 Hz 

R = 0.35 

CARBON EPOXY FATIGUE 

PEAK STARESS (PSI) 

2872 

2 700 

2613 

240 1 

2390 

2250 

2 100 

1850 

CYCLES TO FAILURE - 
160 

26,560 

5,080 

91,560 

786,100 

1,587,270 

774,820 

6,452,140 

10,000,000 

CYCLES TO FAILURE - 
8,640 

7,800 

269,514 

ROOM TEMPERATURE 

FREQUENCY = 15.0 H z  

R = 0.35 









G. Thermal Expansion Measurements - The r e s u l t s  o f  t h e  thermal  expansion 

measurements on t h e  a s b e s t o s - f i l l e d  epoxy a r e  shown i n  F i g u r e  8-33. 

Note t h a t  t h e  expansion peaked a t  about 107OF, then  c o n t r a c t e d  

s l i g h t l y ,  and then  t h e r e  was f u r t h e r  expansion. Th-is behav io r  made 

i t  imposs ib le  t o  use t h e  usual  method f o r  c a l c u l a t i n g  t h e  T 
g ' 

However, t h e  behav io r  suggested T was i n  t h e  r e g i o n  between l lO°F  
9 

and 115°F. 

The r e s u l t s  o f  measurements on t h e  c a r b o n - f i l l e d  epoxy a r e  shown i n  

F i g u r e  8-34. O f  t h e  f i r s t  t h r e e  specimens t e s t e d ,  specimens # 1  and 

$2 d i d  n o t  show t h e  same k i n d  o f  behav io r  as t h e  a s b e s t o s - f i l l e d  

epoxy, b u t  #3 d i d .  T h i s  r e s u l t  prompted t h e  t e s t i n g  o f  Specimen #4, 

which behaved 1 i k e  $3. I t  was no ted  t h a t  specimens # 1  and #2 were 

da ted  7/6, whereas #3 and #4 were da ted  712. A t  f i r s t  t h e  d i f f e r e n c e  

i n  behav io r  was a t t r i b u t e d  t o  ba tch- to -ba tch  v a r i a t i o n ,  b u t  

a d d i t i o n a l  measurements o f  m a t e r i a l  t h a t  had been exposed t o  e l e v a t e d  

temperature showed t h a t  t h e  behav io r  o f  specimens #1 and #2 was 

t y p i c a l  o f  m a t e r i a l  t h a t  had been exposed t o  temperatures o f  about 

110°F t o  120°F. Thus, t h e  da ta  f o r  these  two spc?cimens d i d  n o t  

r e p r e s e n t  m a t e r i a l  cu red  a t  room temperature.  

POST CURE EFFECTS 

Severa l  s h o r t  exper iments  were conducted t o  detet-mine whether a 

pos t -cu re  t r ea tmen t  m i g h t  a f f e c t  t h e  s t r e n g t h  o f  t h e  a s b e s t o s - f i l l e d  

epoxy. Severa l  t o r s i o n a l  shear specimens o f  t h e  asbes tos - f  i 1 l e d  

epoxy were s t i l l  a v a i l a b l e .  They were t e s t e d  a t  120°F, w i t h o u t  

r u p t u r i n g ,  a1 though t h e y  exper ienced r a t h e r  1 arge s t r a i n s .  Three of 

t hese  used specimens were t e s t e d  a t  room temperature and demonstrated 

s t r e n g t h s  o f  3701, 4156 and 4897 p s i  (average = 4251 p s i ) .  Three 

a d d i t i o n a l  specimens were pos t -cu red  o v e r n i g h t  a t  140°F and t h e n  

t e s t e d  a t  room temperataure.  These specimens had s t r e n g t h s  o f  4555, 

4572 and 50U2 p s i  (average = 4710 p s i ) .  The v i r g i n  m a t e r i a l  had an 

average room temperature s t r e n g t h  o f  4350 p s i .  The s t r e n g t h s  o f  t h e  

v i r g i n  m a t e r i a l  ranged f r om 3300 t o  4710 p s i  w i t h  a s t anda rd  

a e v i a t i o n  o f  419 p s i .  Th i s  da ta  showed t h a t  t h e  pos t -cu re  had 
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l i t t l e ,  i f  any, e f f e c t  on shear s t r eng th .  However, t h e  post -cured 

specimen may have s u f f e r e d  some damage as a  r e s u l t  of  t h e  o r i g i n a l  

t e s t s ,  so t h i s  da ta  may n o t  be v a l  i d .  

A s  a  f u r t h e r  check, t h e  a s b e s t o s - f i l l e d  bars  f o r  t h e  hea t  d e f l e c t i o n  

temperature t e s t s  were post -cured o v e r n i g h t  a t  140°F and then t e s t e d  

f o r  f l e x u r e .  These specimens showed s t reng ths  o f  6660 and 7040 p s i ,  

w i t h  a  mean of 6850 p s i .  Th i s  va lue  i s  s i g n i f i c a n t l y  h i ghe r  than  t h e  

t e n s i l e  s t r e n g t h ,  which was 4550 p s i ,  b u t  t h i s  comparison may n o t  be  

meaningfu l  as t h e  f l e x  can be much l e s s  s e n s i t i v e  t o  i n t e r n a l  f l aws .  



8.1.4 SCARF JOINT TESTING 

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

I n  commercially a v a i l a b l e  wood veneer products ,  two types  o f  j o i n t s  a t  veneer 

ends a re  common. The ends o f  t h e  sheets a r e  e i t h e r  ~ ~ v e r l a p p e d  a  s h o r t  

d is tance ,  o r  t h e y  a r e  b u t t - j c i n t e d .  B u t t  j o i n t s  almost always r e s u l t  i n  a  

smal l  gap a t  t h e  j o i n t .  The ove r l app ing  j o i n t  i s  suc:cessful ly used i n  

p roduc ts  t h a t  a r e  bonded under h i g h  pressure,  so t h a t  t h e  inc rease  i n  

t h i ckness  a t  t h e  j o i n t  i s  min imized under p ressure  d u r i n g  bonding. I f  these  

j o i n t s  a re  s taggered a long  t h e  length,  t h e  f i n i s h e d  p roduc t  f u n c t i o n s  

acceptably .  GBI1s  lade p roduc t i on  process does n o t  l end  i t s e l f  t o  ove r l app ing  

j o i n t s ,  however. Furthermore, b u t t  j o i n t s  were used i n  GBI ' s  p rev ious  

a p p l i c a t i o n s ,  and e a r l y  i n  t h e  MOD-5A program. The b u t t  j o i n t  gaps can, a t  

t imes,  exceed 1 /8  in., because o f  sheet  end waviness and 1 aye r i ng  t o l e rances .  

I n  some instances,  t h e  epoxy does n o t  f u l l y  sea l  t h e  gap. The b u t t  j o i n t  gap 

i n t e r r u p t s  t h e  c o n t i n u i t y  o f  t h e  wood f i b e r  and reduces tihe s t r e n g t h  of t h e  

wood member. The r e d u c t i o n  i n  s t r e n g t h  cannot be determined as e a s i l y  as i t  

c o u l d  be  f o r  m a t e r i a l s  of  un i f o rm  s t reng th ,  because o f  wood's imper fec t  

s t r u c t u r e  and compliance. Prev ious  t e s t i n g  i n d i c a t e d  t h a t  b u t t  j o i n t s  reduce 

t h e  s t r e n g t h  o f  members, so GBI developed a  method o f  sca l - f ing  sheet ends so 

t h a t  t h e y  c o u l d  be reversed  on each o t h e r  and over lapped f o r  t h e  l e n g t h  of t h e  

s c a r f  j o i n t .  The r e s u l t  i s  a  j o i n t  t h a t  can t r a n s f e r  a  1oz.d across t h e  angled 

g l u e  1  ine,  and p reven t  any s h a r p l y  d e f i n e d  break i n  con t i nu . i t y .  

The s c a r f  j o i n t  s t a t i c  t e s t  program was conducted on r e l a t . i v e l y  l a r g e  samples, 

i n  o rde r  t o  p r o v i d e  some da ta  on t h e  e f f e c t s  o f  s i ze ,  and a  comparison o f  

s c a r f  and b u t t  j o i n t s .  The da ta  presented on s t a t i c  s t r e n ~ ~ t h  was a l s o  used i n  

s e c t i o n  8.1.6 t o  eva lua te  t h e  a f f e c t s  o f  s i ze .  A s c a r f  j o i n t  f a t i g u e  t e s t  

program was conducted on s tandard dogbone-size samples, f o r  use i n  t h e  

cornparison o f  b u t t  and s c a r f  j o i n t s .  The s t a t i c  t e s t  program eva lua ted  t h e  

two j o i n t s  and two spacings i n  t h r e e  phases. The f i r s t  phase t e s t e d  32 

b u t t - j o i n t e d  specimens, t h e  second t e s t e d  32 specimens w i t h  b u t t  o r  sca r f  

j o i n t s  on 3 i n .  cen te rs ,  and t h e  t h i r d  phase t e s t e d  24 specimens w i t h  s c a r f  

j o i n t s  on 3 o r  6 i n .  cen te rs .  



8.1.4.2 O b j e c t i v e s  

The t e s t  s e r i e s  p rov i ded  a  comparison o f  t h e  s t a t i c  s t r e n g t h s  o f  b u t t  and 

s c a r f  j o i n t s  w i t h  two d i f f e r e n t  s taggered spacings, i n  a  range o f  s i zes .  The 

j o i n t  i s  r e l a t e d  t o  panel  th i ckness ,  s i nce  a  s i n g l e  p l y  would be more seve re l y  

a f f e c t e d  b y  a  j o i n t  than  a  t h i c k e r  panel  w i t h  o f f s e t  o r  s taggered j o i n t s  would 

be. A l l  s t a t i c  t e s t  specimens were 1.5 i n .  t h i c k ,  t o  m a i n t a i n  a  c o n s i s t e n t  

base f o r  t h e  comparison o f  r e s u l t s .  

The s c a r f  j o i n t s  a r e  more expens ive because o f  t h e  c u t t i n g  o p e r a t i o n  and 

because more c a r e  i n  s e t t i n g  t h e  o v e r l a p  i s  r equ i r ed .  I f  t h e  s t r eng th ,  and 

consequent ly ,  t h e  a1 lowable s t r e s s  l e v e l s  a r e  increased, t h e  wood con ten t  

c o u l d  be decreased. The increased c o s t  o f  t h e  s c a r f  j o i n t  would be o f f s e t  b y  

t h e  decreased c o s t  o f  wood. The number o f  t e s t s  was se lec ted  t o  be 

s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  t h e  j o i n t  eva lua t i on ,  and f o r  t h e  s t udy  o f  s i z e  

e f f ec t s ,  d e f i n e d  i n  s e c t  i o n  8.1.6. 

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

The b u t t  j o i n t  t e s t  s e r i e s  was t h e  f i r s t  o f  t h r e e  t e s t s .  These t e s t s  used 32 

specimens manufactured f r om two b i l l e t s  o f  b l ade  grade 1  Douglas f i r  veneer. 

S i x  s i z e s  were used, as shown i n  Table  8-31. These specimens a l l  con ta ined  

h t t  j o i n t s  s taggered on 3  i n .  cen te r s ,  as shown i n  F i g u r e  8-35. Each veneer 

shee t  was tr immed t o  90 i n .  l o n g  f o r  a l l  b i l l e t s  i n  t h i s  s e r i e s .  The two 

b i l l e t s  were c u t  i d e n t i c a l l y ,  t o  p r o v i d e  an equal  number o f  samples, so t h a t  

p a l l e t  t o  p a l l e t  v a r i a t i o n s  c o u l d  be s tud ied .  A l l  edges and ends were sea led  

w i t h  k e s t  System@ epoxy a f t e r  c u t t i n g ,  and samples were sh ipped t o  

Washington S t a t e  U n i v e r s i t y  (WSU) i n  Pullman, Washington, f o r  t e s t i n g .  A 

t imbe r  t e s t i n g  machine w i t h  adequate c a p a c i t y  f o r  t h e  30 ft. l e n g t h  and a  

f o r c e  c a p a b i l i t y  o f  approx imate ly  200,000 l b .  was used. The g r i p p i n g  system 

used 24 i n .  long,  h y d r a u l i c a l l y  ac tua ted  jaws a t  each end o f  t h e  machine. The 

jaws were 1  ined  w i t h  po lyu re thane  sheets.  Squeez i n g  f o r c e  was c o n t r o l  l e d  

independent ly  of t h e  a x i a l  f o r c e  exer ted.  The machine con ta ined  an 11 x  17  

i n .  p l o t t e r  f o r  r e c o r d i n g  f o r c e  and displacement,  which was read  f r om an LVDT 

i n t e g r a t o r  i n t o  an extensometer o f  v a r i a b l e  leng th .  The extensometer a t t aches  

t o  t h e  t e s t  specimen r a t h e r  than  t o  t h e  machine heads. WSU a l s o  measured 

mo i s tu re  con ten t  u s i n g  samples c u t  f r om  t h e  f a i l u r e  area a f t e r  t h e  t e s t i n g .  



Q u a n t i t y  

Table  8-31 Samples from P a l l e t s  1 and 2 ( A l l  B u t t  J o i n t s )  

Length 

( f t )  

Width 

( i n .  ) 

Thickness 

( i n . )  
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The second program compared 16 specimens each o f  b u t t  and s c a r f  j o i n t s ,  a l l  on 

3  i n .  s taggered cen te r s ,  as Shown i n  F i g u r e  8-35 and Table  8-32. The samples 

were prepared and t e s t e d  a S S U  u s i n g  t h e  same equipment descr ibed  p r e v i o u s l y .  

The t h i r a  phase p rov i ded  a d d i t i o n a l  d a t a  on t h e  s c a r f  j o i n t  s i n c e  t h e  s t r e n g t h  

o f  t h e  s c a r f  j o i n t  proved t o  be s u p e r i o r  t o  t h a t  o f  t h e  b u t t  j o i n t  i n  t h e  

p rev i ous  comparison. B i l l e t s  4  and 5 were prepared and c u t  i n t o  24 samples o f  

s i x  s i zes ,  as shown i n  Tab le  8-33, and w i t h  j o i n t s  s taggered on 3  i n .  o r  6 i n .  

cenLers. The spac ing  v a r i a t i o n  was airned a t  g a i n i n g  a d d i t i o n a l  s t r e n g t h  s i n c e  

t h e r e  was a  p o s s i b i l  i t y  o f  1  i n k i n g  t h e  j o i n t  weaknesses o f  3  i n .  spaced j o i n t s .  

8.1.4.4 Resu l t s  

The r e s u l t s  o f  t h e  80 t e s t s  a r e  summarized i n  Tables 8-34 t.hrough 8-36. A l l  

t e s t s  were r u n  on a  5 m inu te  l o a d  ramp t o  expected f a i l u r e ,  and a l l  samples 

f a i l e d  i n  t h e  gage l e n g t h  w i t h o u t  an i n d i c a t i o n  o f  s i g n i f i c n n t  invo lvement  o f  

g r i p s .  The l a s t  colunlns d e f i n e  r e s u l t s  c o r r e c t e d  t o  10% m o i s t u r e  con ten t ,  

wh ich  was t h e  des ign  goal  a t  t h e  t iine o f  t e s t i n g .  

Table  8-37 i s  a  c o m p i l a t i o n  o f  d a t a  i n  v a r i o u s  combinat' ions and i nc l udes  

average f a i l u r e  s t r e s s  and s tandara d e v i a t i o n ,  a l l  c o r r e c t e d  t o  10% wood 

rno is tu re  con ten t .  Tab le  8-38 i s  s i m i l a r ,  b u t  i t  compares bu.:t j o i n t  and sca r f  

j o i n t  da ta .  Tab le  8-39 compares j o i n t  spac ing  r e s u l t s .  F i g u r e  8-36 i s  a  p l o t  

o f  t h e  s t r e n g t h  o f  s c a r f - j o i n t e d  specimens b y  spac ing  vt2rsus t e s t  volurrre 

( e x c l u s i v e  o f  t h e  volume o f  wood i n  g r i p s )  f o r  va r i ous  s c a r f  j o i n t  spacings. 

Tne decrease i n  s t r e n g t h  w i t h  i n c r e a s i n g  volume i s  q u i t e  apparent ,  b u t  t h e r e  

i s  no c o n s i s t e n t  t r e n a  i n d i c a t i n g  t h a t  t h e  increased j o i n l ;  spac ing  improves 

s t r eng th .  F i g u r e  8-37 i s  a  p l o t  comparing b u t t  and s c a r f  j o i n t s  as a  f u n c t i o n  

o f  t e s t  volume. The s u p e r i o r i t y  o f  t h e  s c a r f - j o i n t e d  specimens i s  

notewor thy.  F i g u r e  8-38 shows t h e  mean o f  a l l  samples versus sample s i z e ,  and 

shows c l e a r l y  t h e  decrease i n  s t r e n g t h  w i t h  i n c r e a s i n g  s i z e .  



Table 8-32 Pal  l e t  3 Samples 

Q u a n t i t y  J o i n t  Type 

Sca r f  

B u t t  

Sca r f  

B u t t  

Length Width 

( f t )  ( i n . )  

7.5 2 

7.5 2 

7.5 8 

7.5 8 

Table  8-33 P a l l e t  4 and 5 Samples 

( A l l  Scar f  J o i n t s )  

J o i n t  

Spacing 

Length Width 

( f  t ( i n . )  

Th ickness 

( i n . )  

Thickness 

[ i n . )  
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Tab le  8-35 B u t t / S c a r f  J o i n t  Tes t  Da ta  

EXTENSO- 
C O I ~ R E C ~ O  TO Irn 

NO. BUlTS NO. MOISTURE FAILURE 
I N  FAILURE F L U  CONTENT X STRESS 

FA I LURE 
LOAD 

(18s. ) 

110.000 
122.000 
107.6Im 
136.000 
124.000 
125.000 
120.000 
126.000 

STRESS 
AR5A 
ALL 

12.012 
12.004 
12.008 
12 .016  
11 .996  
12.012 
11.992 
12 .012  

METER 
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T a b l e  8 -39  Scarf J o i n t  Spacing Comparison 

SPECIMEN SAMPLE 

7 - 1 / 2 " ~ 2 " ~ 7 - 1 / 2 '  

1-1 /2"x8"x301 

2" WIDTH 

7-1 j 2 '  LENGTH 

15'  LENGTH 

30 '  LENGTH 

ALL 

(CORRECTED TO 10% WOOD MOISTURE CONTENT) 
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MOISTURE CONTENT 

1.5" x 2"  x 7.5' 

1.5" x 2" x 15' 

1.5" x 8" x 7.5' 

1.5" x 8" x 15' 
1.5-1 x 8" x 30' 

1.5" x 2" x 30' 

0 1000 2000 3000 4000 5000 

SPECIMEN VOLUME - CUBIC  INCHES 

F i g u r e  8-37 B u t t / S c a r f  J o i n t  Comparison 
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8.1.5 MOISTURE EFFECTS TESTING 

8.1.5.1 Mo i s tu re  E f f e c t  on Fa t i gue  

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

The a v a i l a b l e  f a t i g u e  c h a r a c t e r i z a t i o n  da ta  on wood d i d  n o t  p r o v i d e  enough 

i n f o rma t i on  t o  determine t h e  e f f e c t s  o f  mo i s tu re  on f a t i g u e  1  i f e .  Handbooks 

and o t h e r  sources c o n t a i n  da ta  on t h e  v a r i a t i o n  o f  s t a t i c  s t r e n g t h  w i t h  

rnoisture,  however, none e x i s t s  f o r  f a t i g u e  l i f e .  Th i s  program f a t i g u e  t e s t e d  

a  composi te o f  b l ade  grade 1, Douglas f ir veneer and West S y s t e w  epoxy. 

8.1.5.1.2 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  t e s t  s e r i e s  was t o  p rov i de  da ta  on f a t i g u e  

c h a r a c t e r i s t i c s  f o r  f o r c e s  p a r a l l e l  t o  t h e  g r a i n  o f  t h e  larninae a t  v a r i o u s  

moisture con ten ts ,  t o  e s t a b l  i s h  des ign a1 lowables f o r  a  range o f  mo is tu res .  

Fa t i gue  d a ~ a  under f u l l y  r e v e r s i n g  loads,  a t  va r i ous  l oad  r a t i o s  i n  

t e n s i o n / t e n s i o n  and compression/compression f a t i g u e ,  were obta ined.  Samples 

w i t h  s c a r f  j o i n t s ,  o r  b u t t  j o i n t s ,  were t e s t e d  t o  p r o v i d e  a  t i e  w i t h  o t h e r  

d a t a  bases. 

8.1.5.1.3 Descr i p t  i on  

Tne t e s t  program c o n s i s t e d  o f  52  samples o f  va r i ous  t ypes  made from t h r e e  

p a l l e t s  ( 1 ,  2 and 2 3 )  t h a t  were f a b r i c a t e d  t o  p r o v i d e  a  wood m o i s t u r e  

c o n t e n t  above t h e  normal mo i s tu re  con ten t .  T h i r t e e n  samples were b u i l t  f r om  

p a l  l e t  number 20, wh i c h  con ta i ned  s c a r f  j o i n t s  t h a t  were i n t e n t i o n a l  l y  bu il t 

w i t h  i r i iperfect  f i t s  so t h a t  t h e i r  s t r e n g t h  cou ld  be eva luated.  P a l l e t  20 was 

b u i l t  w i t h  a  normal m o i s t u r e  con ten t ,  b u t  t h e  r e s u l t s  a re  u s e f u l  because t h e y  

extended t h e  da ta  base. Normal mo i s tu re  con ten t  i s  de f ined  as between 4.5 and 

6.1% wood mo i s tu re  con ten t  ( w M C ) ,  t h e  e q u i v a l e n t  o f  between 3.7 and 5.OX 

laminae mo i s tu re  con ten t  (LMC) .  The h i g h  m o i s t u r e  samples were as c l o s e  t o  

12% WPiC (9.8% L M C )  as poss ib l e .  Emphasis was p laced  on m a i n t a i n i n g  a  cons tan t  

m o i s t u r e  con ten t  b e f o r e  and d u r i n g  t e s t i n g ,  and pos t  t e s t  mo i s tu re  l e v e l s  were 

c a r e f u l l y  determined. A l l  specimens were t r e a t e d  w i t h  a  double  c o a t i n g  o f  

West Systenpe epoxy a f t e r  f a b r i c a t i o n  and were wrapped i n  p l a s t i c  sheets  

be fo re  t e s t i n g .  Samples t e s t e d  f o r  l o 4  c y c l e s  were a l s o  wrapped d u r i n g  

t e s t i n g .  The wrap con ta i ned  a  mo i s tu re  bea r i ng  medium t h a t  was kep t  f r om  

d i r e c t  c o n t a c t  w i t h  t h e  sample. 



Tes t  specimens were designed t o  be s i m i l a r  t o  those descr ibed  i n  s e c t i o n  

8.1.2, w i t h  a  2.25 i n .  d iameter  f o r  a  c ross  s e c t i o n  o f  4.0 square i n .  The 

compress ion  c y l  i nders  were 8  i n .  1  ong, t o  prov ide  a  s t r essed  volume o f  3  18 

c u b i c  i n .  The c o n f i g u r a t i o n  i s  shown i n  F i g u r e  8-39. Transverse j o i n t s  were 

spaced 3 i n .  a p a r t  i n  t h r e e  ad jacen t  laminae a t  t h e  spec:imenls c e n t e r l i n e .  

Where s c a r f  j o i n t s  were used, t h e y  had a  s l ope  o f  12 t o  1. F i g u r e  8-40 shows 

t h e  dogbone geometry, w i t h  j o i n t s  i n  t h e  t h r e e  cen te r  veneers. Because o f  t h e  

c y l i n d r i c a l  shape, t h e  j o i n t s  i n  t h e  w ides t  l a y e r s  c r e a t e  a  r a t i o  o f  j o i n t  

l e n g t h  pe r  u n i t  volume t h a t  i s  almost double  t h a t  o f  a  typ. ica l  b l ade  sec t i on .  

The t ape r  and square end sec t i ons  o f  t h e  dogbones were wrapped w i t h  f i v e  

l a y e r s  o f  g l ass  o r  60 l b  t e s t  c o t t o n  co rd  t o  induce some c ross  g r a i n  

compress ion ,  t o  reduce sens it i v  i t y  t o  c r o s s g r a i n  tens i o n  loads. A t h i r d  t y p e  

o f  sample, t h e  s t a t i c  p lank ,  i s  shown i n  F i g u r e  8-41. It wns t e s t e d  i n  s t a t i c  

t e n s i o n  t o  f a i l u r e .  The p lank  a l s o  con ta i ns  t h r e e  j o i n t s  i n  t h e  t h r e e  c e n t e r  

sheets ,  b u t  t i l e  s t r essed  volume i s  216 cub i c  i n .  

The veneer s c a r f  j o i n t s  used i n  b i l l e t  number 20 were i n t e n t i o n a l l y  

mis~natched, as shown i n  F i g u r e  8-42. F i g u r e  8-43 shows j o i n t s  f o r  b i l l e t s  21 

and 22 and F i g u r e  8-44 shows t h e  reve rsed  ang le  s c a r f  j o , i n t s  o f  b i l l e t  23. 

F i gu res  8-45 th rough  8-48 desc r i be  t h e  l o c a t i o n s  o f  t e s t  samples w i t h i n  t h e  

p a l l e t s ,  and show t h e  p o r t i o n s  o f  b i l l e t s  c o n d i t i o n e d  t o  h i g h  m o i s t u r e  

l e v e l s .  The f o l l o w i n g  code i s  used t o  i d e n t i f y  t e s t  use: 

TS = Tension S t a t i c  

0.1 TF = Tension Fa t igue ,  R = 0.1 

CS = Compression S t a t i c  

0.1 CF = Compression Fa t igue ,  R=10 

0.4 CF = Compression Fa t igue ,  R=2.5 

-1.0 TCF = Tension-Compression Fa t igue ,  R =  

B i l l e t s  2 1  and 2 2  were used t o  make mo i s tu re  con ten t  samples. They f e l l  s h o r t  

o f  t h e  12% goa l .  The cause was found t o  be t h e  manufac tu r ing  process used, so 

i t  was m o d i f i e d  f o r  b i l l e t  23. 
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NOTE: 3.1 CF SPECIMENS WERE TESTED AT A LOAD RATIO OF 10. 

F igure 8-45 B i l l e t  #20 Schematic Test Specimen Type, 
Use, and B i l l e t  Locat ion  
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CS 

20-B-1 
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-1.0 TCF 
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-1.0 TCF 
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SCARF 
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Tab le  8-40 1  i s t s  t h e  use f o r  t h e  51 samples c u t  f r om  b i !  l e t s  21 th rough  23, 

and a l s o  d e f i n e s  t h e  number o f  h i g h  mo i s tu re  c o n t e n t  samples i n  each group. 

8.1.5.1.4 Resu l t s  

I t  was ve ry  impor tan t  t o  determine t h e  mo i s tu re  l e v e l  i n  t h e  t e s t  samples, and 

Table  8-41 l i s t s  t h e  p r e t e s t  and p o s t - t e s t  va lues  f o r  t h e  t h r e e  b i l l e t s .  The 

s u b s c r i p t s  i n d i c a t e  t h e  number o f  samples used i n  t h e  averag ing.  

Tension t e s t s  were conducted on e leven  specimens, f i v e  o f  them dogbones t h a t  

were f a t i g u e  t es ted .  The o t h e r  s i x  were s t a t i c a l l y  t e s t e d  p lanks.  Table 8-42 

1  i s t s  t h e  r e s u l t s  o f  these  t e n s i o n  t e s t s ,  and s t r e s s  va lues  ad jus ted  t o  12% 

wood mo i s tu re  con ten t  i n  accordance w i t h  s t a t i c  t e n s i l e  s t r e n g t h  f a c t o r s  

1  i s t e d  i n  t h e  Wood Handbook. The average ad jus ted  s t a t i c  s t r e n g t h  was 10,600 

p s i ,  4.2% below t h e  e q u i v a l e n t  va l ue  o f  11,065 p s i ,  f r om  seven b u t t - j o i n t e d  

dogbone samples t e s t e d  i n  s e c t i o n  8.1.2. The increased s t r essed  volume, w i t h  

a  f a c t o r  g r e a t e r  than  6, o f  t h e  p lank  samples r e s u l t s  i n  a  s i z e  e f f e c t ,  which 

reduces t h e  s c a r f  j o i n t  specimen s t r eng th .  See s e c t i o n  8.1.6. 

Compression t e s t s  were conducted on a  t o t a l  o f  30 specimens. Table  8-45 shows 

t h e  r e s u l t s  o f  a number o f  weigh ings used t o  determine t h e  changes i n  m o i s t u r e  

c o n t e n t  o f  a  sample d u r i n g  t e s t i n g .  S t a t i c  f a i l u r e s  o f  e i g h t  compression 

c y l i n d e r s  w i t h  scar f  j o i n t s  averaged -8,127 l bs .  Four b u t t - j o i n t e d  c y l i n d e r s  

averaged -7,840 p s i ,  b o t h  ad jus ted  t o  12% wood mo i s tu re  con ten t .  These 

r e s u l t s  a re  shown i n  Taole  8-43. Table  8-44 l i s t s  t h e  r e s u l t s  o f  12 

s c a r f - j o i n t e d  and s i x  b u t t - j o i n t e d  compression c y l i n d e r s  t h a t  were f a t i g u e  

tested.  The s t a t i c  t e s t  r e s u l t s  f o r  b u t t  j o i n t s  a re  c o n s i s t e n t  w i t h  p rev i ous  

t e s t  data,  b u t  t h e  r e s u l t s  on b i l l e t  23 a re  dec ided l y  lower  than  those o f  

b i l l e t  21. The s t a t i c  da ta  on s c a r f  j o i n t s  a l s o  i n d i c a t e s  a  lower  s t r e n g t h  

f o r  b i l l e t  23. The average f o r  s c a r f  j o i n t s  i s  about 4.7% h i g h e r  than 

p rev ious  t e s t  r e s u l t s .  

Zeverse a x i a l  t e s t i n g  r e s u l t s  o f  t e n  samples a re  t a b u l a t e d  i n  Table  8-46. A l l  

were r u n  a t  a  r a t e  o f  3  Hz excep t  specimen 2384, which had t h e  h i g h e s t  load, 

26500 l b ,  and was r u n  a t  2.2 H z .  The mo i s tu re  con ten t  ad justment  t o  12% i s  

based on compression r a t h e r  than  tens ion,  s i n c e  t h e  compression s i d e  would 

dominate i n  de te rm in i ng  f a i l u r e .  







Table 8-42 
TENSION FATIGUE TESTS (R = 0.1 ) 
Tes t  Pro  ram: MOD-5A, High-Moisture Scar f  J o i n t  Fa t igue  & ouglas F i r  and Epoxy, Blade Grade 1 Veneer 
Construct ion:  Dogbone Shaped w i t h  3 Transverse 12: l  Slope Scarf J o i n t s  i n  Center Veneers, 3 - i n .  Stagger 
Load D i rec t i on :  Tension Para l  l e l  t o  Gra in  ~ - - - 

Temperature: 70°F 

Cyc 1 e Minimum Max imun~ Maximum Stress Adjusted 
Sampl e Test Rate Stress Stress Tota l  LMC WMC To 12% W.M.C. 
Number S i t e  ( H z )  ( p s i )  ( p s i )  Cyc 1 es ( %  > (% (PS i ) 

22B3 UDR I 4 900 9,000 178,500 6.5 7.9 
22B2 UDR I 4 850 8,500 597,900 6.3 7.7 
22B4 GB I 4 850 8,500 305,320+ 4.6 5.6 
22t35 GBI 4 800 8,000 1 ,930,730 4.7 5.7 
2281 UDR I 4 700 7,000 7,550,000 7 .O 8.5 

STATIC TENSILE TESTS 5-Minute Ramp t o  F a i l u r e  ( K  Consu l t ing  Company, Boise, Idaho) 
Ma te r i a l :  Douglas F i r  and Epoxy, Blade Grade 1 Veneer 
Construct ion:  0.9" Wide S l i c e  Cut from B i l l e t  Lengthwise Ful l -Depth (Through a l l  45 Laminat ions) With 3 
Transverse 12: l  Slope Scarf  J o i n t s  i n  Center Veneers, 3- in .  Staqqer, Dimensions 0.9" x 4.5" x 96.0". - - 
Load D i rec t i on :    ens ion  Pa ra l  l e l  t o  Grain 
Temperature: 70°F 

Samp 1 e 
Number 

Max inium Stress 
(PS i >  

LMC 
(% 1 

WMC 
( % I  

Maximum Stress Adjusted 
To 12% W.M.C. 

( p s i )  

12,269 
9,153 
9,785 

10,163 
11,327 
10.900 

Average: 10,600 

+ Premature F a i l u r e  Due t o  Accidenta l  Damage. 



Table 8-43 

STATIC COMPKESSION TESTS (5-Minute Ramp t o  F a i l u r e ,  8,696 l b s .  p e r  m inu te )  
Tes t  Program: MOD-5A, High Mo i s tu re  Scar f  J o i n t  Fa t i gue  
M a t e r i a l :  Douglas F i r  and Epoxy, Blade Grade 1 Veneer 
Cons t ruc t ion :  2.25 i n .  Diameter x 8 in .  Long Cy l i nde r ,  w i t h  3 Transverse 12: l  Slope Scar f  J o i n t s  i n  Center 

Veneers. 3- in .  Staqqer 
Load D i r e c t  ion: ~ o m ~ r e s s  i on  ~ a r a l i e l  t o  b r a i n  
Temperature: 70°F ' 

Test  S i t e :  G B I  

Sampl e Maximum Stress LMC 
Number ( p s i )  

STATIC COMPKESSION TESTS OF BUTT-JOINTED CONTROL SPECIMENS 

WMC 
Maximum St ress  Ad jus ted  

To 12% W.M.C. 
( p s i )  

-8,537 

-8,271 

-8,220 

-8,192 

-8,455 

-8,550 

-7,311 

-7,483 

Average: -8,12 7 

-8,648 

-8,140 

-7,303 

-7,269 

Average: -7,840 



Table  8-44 

COMPRESSION FATIGUE TESrS 
T e s t  Program: MOD-5A, H igh-Mo is tu re  S c a r f  J o i n t  F a t i g u e  
M a t e r i a l :  Douglas F i r  and Epoxy, Blade Grade 1 Veneer 
C o n s t r u c t i o n :  2.25 i n .  Diameter x 8 i n .  Long C y l i n d e r  w i t h  3 Transverse 1?:1  c l ? ~ e  S c a r f  J o i n t s  i n  Center  ----- 

' j~?: .~!?erS,  3 - i n .  St.,:,,ci. 
Load D i recL  ion: Compress i o n  Para1 l e l  t o  G r a i n  
Temperature: 70°F 

Sampl e 
Number 

23A5 
2 3A2 
2 1A1 
22A5 
2 2A 1 
2 1A5 
2 1H2 
23A1 
22c2 
2 2A2 
22C5 
22C1 

S t r e s s  
Tes t  R a t i o  
S i t e  ( R  Va lue)  

GB I 10 
GBI 10 
UDK I 10 
GB I 10 
UDR I 10 
GB I 10 

UDKIIGBI 10 
GB I 10 
UOR I 2.5 
U D R I  2.5 
GB I 2.5 

UDRI/tiBI 2.5 

C y c l e  
Rate 
( H z )  

8 
8 

10 
8 

10 
8 

1 o* 
8 

10 
10 
8 

10 

Max imum 
S t r e s s  

( p s i )  -- 

-350 
- 750 
- 780 
-870 
- 750 
- 850 
- 700 
-550 

-3,600 
- 3,600 
-4,000 
-3,400 

M i n  imum 
S t r e s s  

( p s i )  

-9,500 
-7,500 
-7,800 
-8,700 
- 7,500 
-8,500 
- 7,000 
-6,500 
-9,000 
-9,000 

-10,000 
-8,500 

T o t a l  LMC 
Cyc 1 es ( % I  

WMC 
( % I  

6 - 1  
9.9 
8.3 
5.6 
8.2 
5.5 
7.6 
8.9 
8.1 
7.9 

5 -2 
7.9 

Max irnum S t r e s s  Ad jus ted  
To 12% W.M.C. 

( p s i )  

C O M P K E S S I O N  FATIGUE TESTS 3F Bury-JOLi\TED C0NTRI;L 5i'EL;MENS: 

2 1C1 UDR I 10 10 - 750 - 7 , 800 44,990 6.7 8.2 -6,33 5 
21C1 GBI 10 8 -820 -8,200 61,200 4.6 5 -6 -5,794 
2 1C2 UDK I 19 10 - 700 -7,000 1,024,650 6.3 7.7 -5,537 
23C5 GBI 10 8 - 750 -7,500 792,690 4.6 5 .fj -5,300 
23C1 GB I 10 8 -520 -5,200 48,060 9.5 11.7 -5,110 
23C2 tiB I 10 8 - 460 -4,600 1,839,930+ 9.7 11.8 -4,559 

* Test  was completed a t  GBI a t  9 Hz. 
+ ?remature f a  i 1 u r e  because o f  improper s to rage  d u r i n g  i n t e r r u p t  i o n  o f  t e s t  a t  1,835,000 c y c l e s .  
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Table 8-46 

REVERSE AXIAL TENSION-COMPRESSION FATIGUE TESTS ( R  = -1.0) 
Tes t  Proaram: MOD-5A. Hiah-Moisture Scar f  J o i n t  Fa t ioue  . - -  - - ~ 

- - 2  

 ater rial: Douglas F i r  a n i  E ~ O X ~ ,    lade Grade 1 veneeF 
Const ruc t ion :  Doqbone Shape w i t h  3 Transverse 12: l  Slope Scar f  J o i n t s  i n  Center Veneers, 

-3- i n .  ~ t ' a g g e r  
Load D i r e c t  ion: Reverse A x i a l  Tens ion-Compress ion Para1 l e l  t o  Grain 
Temperature: 70°F 

Cyc 1 e M i n  imurn Maximum Maximum Compressive Stress 
Sample Test Rate Tens i o n  Compress ion  To ta l  LMC WMC Adjusted t o  12% W.M.C. 
Number S i t e  ( H Z )  Stress Stress Cyc 1 es - (%)  - ( % )  (PS i )  

2161 UDR I 3 .O 5,500 -5,500 32,400 6.6 8.10 

2363 GB I 3 .O 4,500 -4,500 34,360 9.6 11.71 

23B2* GBI 3.0 4,500 -4,500 1,323,640 8.8 10.74 

2 1 B3 UDR I 3 .O 5,000 -5,000 643,400 6.7 8.17 4,06 1 

2 1 B5 GBI 3.0 5,200 - 5,200 699,500 4.3 5.25 

2 365 GB I 3 .O 5,000 -5,000 355,450 4.5 5.49 

23B2 GBI 3.0 3,500 -3,500 10,260,000+ 8.8 10.74 

2162 UDR I 3 .O 4,000 -4,000 10,169,100 6.2 7.56 3, In3  

* This  was t h e  second t e s t  o f  Sample 2382. The f i r s t  t e s t  d i d  n o t  r e s u l t  i n  f a i l u r e  a t  t h e  i n i t i a l  maximum 
load  o f  3,500 ps i. 

** F a i l u r e  i n i t i a t e d  ou ts ide  t h e  t e s t  sec t i on  caused t e s t  t o  te rmina te  prematurely.  
+ Specimen d i d  no t  f a i l ,  as o f  c y c l e  t o t a l  l i s t e d .  



The r e s u l t s  o f  t e s t i n g  t h e  13 specimens f r om b i l l e t  20, a l l  o f  which con ta ined  

b u t t  j o i n t s  o r  imper fec t  s c a r f  j o i n t s ,  a re  shown i n  Table  8-47. These 

specimens a1 1  had r e l a t i v e l y  low mo i s tu re  contents ,  and t h e  ad jus ted  s t a t i c  

t e s t  va lues matched p rev ious  t e s t  r e s u l t s  w e l l .  

The i n t e r p r e t a t i o n  o f  f a t i g u e  t e s t  r e s u l t s  i s  presented i n  two ve rs i ons .  S - N  

cu r ves  were p l o t t e d  w i t h  t h e  a c t u a l  s t r e s s  l e v e l s ,  and w i t h  t h e  s t r e s s  l e v e l  

aa j us ted  t o  12% wood mo i s tu re  con ten t .  The l a t t e r  r e s u l t s  a re  f i t t e d  w i t h  

s t r a i g h t  t r e n d  1  ines on l o g - l o g  p l o t s ,  u s i n g  t h e  l e a s t  squares f i t  da ta  

con ta ined  i n  Table  8-48. 

F i g u r e  8-49 shows t h e  a c t u a l  f a t i g u e  s t r e s s  l e v e l  p l o t  f o r  t ens i on  f a t i g u e  

t e s t s  w i t h  a  l o a d  r a t i o  o f  R = 0.1. F i g u r e  8-50 shows t h e  cor responding p l o t  

w i t h  t h e  ad jus ted  t o  12% wood mo i s tu re  con ten t .  The two p l o t s  a re  ve r y  

s i m i l a r ;  t h e  c o r r e l a t i o n  f a c t o r  was r a i s e d  o n l y  1.5% when t h e  va lues  were 

ad jus ted .  I n  compression f a t i g u e  w i t h  R = 10, F i g u r e  8-51 shows ac tua l  s t r e s s  

l e v e l s  p ' lo t ted.  F i g u r e  8-52 shows t h e  r e s u l t s  ad jus ted  t o  12% wood m o i s t u r e  

con ten t .  The amount o f  s c a t t e r  i s  s i g n i f i c a n t l y  reduced w i t h  t h e  adjustment,  

and t h e  c o r r e l a t i o n  c o e f f i c i e n t  t r e n d  i s  34.8% lower .  ~ i ~ u r e '  8-53 i s  a  r epea t  

o f  t h e  ad jus ted  data,  b u t  w i t h  da ta  f rom s e c t i o n  8.1.2 t e s t i n g  superimposed. 

The da ta  shown i n  F i g u r e  8-54 i s  f o r  t h e  R = 2.5 s c a r f  j o i n t  compression 

f a t i g u e  t e s t s ,  shown w i t h  comparable da ta  from t h e  s e c t i o n  8.1.2 r e s u l t s  f o r  R 

= 2.5 b u t t  j o i n t  t e s t s  and 2 = 10 s c a r f  and b u t t  j o i n t  t r ends .  

F i g u r e  8-55 shows t h e  mismatched s c a r f  j o i n t  f a t i g u e  d a t a  f r om  specimens f rom 

b i l l e t  nul~lber 20. Tlie r e s u l t s  a r e  super i~r iposed over  t h e  normal s c a r f  j o i n t  

t r e n d  from t h i s  sec t i on ,  and t h e  b u t t  j o i n t  t r e n d  f rom s e c t i o n  8.1.2. 

Ac tua l  r eve rse  a x i a l  f a t i g u e  r e s u l t s  a r e  shown i n  F i g u r e  8-56, and 

F i g u r e  8-57, shows these  r e s u l t s  ad jus ted  t o  12% wood m o i s t u r e  con ten t .  The 



Table 8-47 Resul ts  o f  S t a t i c  and Fat igue Tests o f  Blade Grade 1 

Laminae w i t h  Imperfect Scarf  J o i n t s  

Test Program: MOD-5A, !Yigh Moisture Scarf  J o i n t  Fat igue 
M a t e r i a l :  Douglas F i r  and Epoxy, Blade Grade 1 Veneer 
Load D i rec t i on :  P a r a l l e l  t o  Gra in  
Temperature: 10°F 
Test S i te :  G B I  

STATIC TESTS: 

Sample Sample J o i n t  
Ramp 
Rate 

Number Conf igurat ion Type Loading ( I  b f /min)  

20B5 Dogbone Scarf Tens i on  7,895 
20A5 Cyl inder Scar f  Compress ion 8,696 
20C3 Cyl inder B u t t  Compress i o n  8,696 
20C5 Cyl inder B u t t  Compress ion 8,696 

COMPRESSION FATIGUE (R = 10) : 

Cycle Minimum Maximum 
Sampl e Samp 1 e J o i n t  Rate Stress Stress 
Number Conf igurat ion Type ( H z )  ( p s i )  ( p s i )  

20A2 Cyl inder  Scar f  10 -750 -7,500 
20A3 Cyl inder Scar f  10 -800 -8,000 
20A4 Cyl inder Scar f  10 -850 -8,500 
2 OH i Cyl inder  b u t t  10 -800 -8,000 
20C2 Cyl inder  B u t t  10 -800 -8,000 

REVERSE AXIAL TENSION AND COMPRESSION FATIGUE (R = -1.0): 

2082 Dogbone Scar f  3.0 -4,000 4,000 
2083 Dogbone Scar f  3.0 -5,000 5,000 
20B4 Dogbone Scar f  2.5 -6,000 6,000 
2 0B 1 Dogbone Bu t t  3.0 -4,500 4,500 

Max imum 
Stress LMC 

( p s i >  ( % I  

Tota l  LMC 
Cycles (%)  -- 

Maximum Stress Adjusted 
WMC t o  12% WMC 
( %  ) ( p s i )  

Maximum Compressive Stress 
WMC Adjusted t o  12% WMC 
( %  ) ( p s i )  



Table 8-48 Summary o f  MOD-5A High-Moisture Scar f  J o i n t  Fa t igue  Data Analyses 

Max imum Stress Max irnurn Stress 
*'<,, $ . .  , C o r r e l a t i o n  I n t e r c e p t  o f  I n t e r c e p t  of 

C o e f f i c i e n t  Equat ion o f  L inear  L inear  
To ta l  BG--1 o f  L inear  L inear  Regress i o n  L ine  Regress i o n  L i n e  
Data Po in t s  Regress i o n  L ine  Regress i o n  L i n e  

- ------ @ l o 4  Cycles ( p s i )  @ 4x108 Cycles ( p s i )  

Tens ion  
Fat igue (R = 0.1): 4 -0.9971 S = 18,832 x N-0.0658 10,270 

Compress ion 
Fat igue (R = 10):  8 -0.9845 S = 10,023 x N-o-0361 7,191 

Reverse Ax ia l  
Fa t igue  (R = -1.0): 8 -0.9230 S = 8,169 x N-Omo5a7 4,757 

Kornmers ( R  = -1.0) 
Reverse A x i a l  
F lexu ra l  Fat igue:  424* -0.9600 S = 11,437 x N - O - O ~ ~ ~  6,047 

* Kommers samples (.375" x 1.25" x 9.0") cons is ted  o f  s o l  i d  Douglas fir, n o t  laminae. 
Kommers t e s t s  were n o t  load  c o n t r o l l e d .  
"The Fat igue Behavior o f  Wood & Plywood Subjected t o  Repeated & Reversed Bending Stresses", Report No. 1327 
dated 1943, prepared by W. J. Kommers, Fores t  Products Laboratory,  Madison, M I .  



ACTUAL MAX. P S I  VS . TOTAL CYCLES FOF! B G - 1  
DOUGLAS F I  R/EPOXY LAMINATE L I ITH 12 :1 SLOPE 
SCARF JOINTS,  3-PNCti STAGGER, 31.8 CUBIC- INCH 
TEST VOLUME, PARALLEL-TO-GRAIN D I  RECTION, 
FOOM TEMPERATURE 

A L L  TEST SPECIMENS ARE FROM B I L L E T  #22. NUM- 
BERS I N D I C A T E  ACTUAL END-OF-TEST L.M.C. VALUE 
OF EACH SPECIMEN. VERTICAL ARROW I N D I C A T E S  
PREMATURE FA ILURE DUE TO ACCIDENTAL DAMAGE. 

N - CYCLES 

F i g u r e  8-49 T e n s i o n  F a t i  y e  ( R  = 0.1) S-r4 D i a g r a m  





- 
8 . 1  0 6.8  0 

6.7 0 - 6.2 0 
7.3 0 - 

ACTUAL MAX. PSI VS . TOTAL CYCLES FOR B G- 1 
- DOUGLAS FIRIEPOXY LAMINATE WITH 12  :1 SLOPE 

SCARF JOINTS, 3-INCH STAGGER, 31.8 CUBIC-INCH 
TEST VOLUME, PARALLEL-TO-GRAIN DIRECTION, 

- ROC!? TEF.1PERATURE 

- 
NUMBERS INDICATE ACTUAL END-OF-TEST 
L.M.C. VALUE OF EACH SPECIMEN. ALL 
TEST SPECIMENS ARE FROM BILLETS #21, 
22, AND 23. 

1 o4 1 o5 1 o6 1 o7 1 O* 1 o9 
N - CYCLES 

F i g u r e  8-51 Compression F a t i g u e  ( R  = 10) S-N D iagram 



L 

- 
- 

MAX. STRESS ADJUSTED TO 12% W .M.C. VS. TOTAL - CYCLES FOR BG-1 DOUGLAS F I R / E P O X Y  L A M I N A T E  
W I T H  1 2 : l  SLOPE SCARF J O I N T S ,  3 - I N C H  STAGGER, 
31.8 C U B I C - I N C H  T E S T  VOLUME, PARALLEL TO G R A I N  
D I R E C T I O N ,  ROOM TEMPERATURE. A L L  T E S T  SPECI r lENS 
ARE FROM B I L L E T S  821, 22, AND 23 

- 

P I I I I I 1 

1 o3 1 o4 1 o5 1 o6 1 o7 I o8 

N - CYCLES 

- F i g u r e  8-52 C o m p r e s s i o n  F a t i g u e  ( R  = 10) S-N D i a g r a m  



a 

MAX. STRESS ADJUSTED TO 1 2 %  W .M.C. VS 
TOTAL CYCLES FOR B G- 1 DOUGLAS F I  R/ E POXY LAW1 NATE 
W I T H  1 2  :1 SLOPE SCARF J O I N T S ,  3 - I N C H  STAGGER, 
31.8 CUBIC- INCH TEST VOLUME, PARALLEL TO GRAIN 
DIRECTION,  R001? TEKPERATURE 1 

0 SPECIMEN W I T H  1 2 :  1 SCARF J O I N T S  
A CONTROL SPECIMEN WITH BUTT J O l N T  

V E R T I C A L  ARROU I N D I C A T E S  PREMATURE F A I L U R E  DUE TO IFIPROPER 
STORAGE DURING INTERRUPTION OF TEST.  A L L  T E S T  SPECIMENS ARE 
FROM B I L L E T S  # 2 1 ,  22 AND 2 3  

N-CYCLES 

F i g u r e  8 - 5 3  C o m p r e s s  i o n  F a t i g u e  ( ~ . = 1 0 )  S - N  D i a g r a m  



N-CYCLES 

Figure 3-54 Colnpression Fatigue ( R  = 2 . 5 )  S - N  D iagram 



- 

SEE FIGURE 9 

MAX. STRESS ADJUSTED TO 1 2 5  W .F.C. VS T9TAL  CYCLES 
FOR 31.8 CUBIC- INCH TEST VOLUME, PARALLEL T@ CRAIN  
I RECTION , ROOF1 TEFIPERATUFE 

I 0 IMPERFECT SCAKF-JOINT SPECIMENS I 

N-CYCLES 

i 

F i g u r e  8 - 5 5  C o m p r e s s i o n  F a t i g u e  ( R  = 10) S -N  D i a g r a m  

A BUTT JO INTED CONTROL SPECIMENS 

A L L  TEST SPECIMENS ARE FRO!: B I L L E T  #20 

I I 
I I I 

l o 3  l o 4  l o5  l o 6  l o 8  l o 9  



- 
- 
- 
- 

4 . 7  0 - 4 . 8  
6.6  0 0 4 . 3  

- 4 . 5  o 8 6 . 7  

9.6 0 
7 

ACTUAL MAX. P S I  VS TOTAL CYCLES FOR 
- B G - 1  DOUGLAS F I  R/EPOXY L A N 1  NATE W I T H  

1 2 : l  SLOPE SCARF J O I N T S ,  3 - I N C H  STAGGER, 
3 1  .8 CUB I C I NCH TEST VOLUr?E, PARALLEL-TO- 
GRAIN DIRECTION,  ROOM TEr?PERATURE 

- NUF1BEP.S I N D I C A T E  ACTUAL END-OF-TEST L.M.  C. VALUE 
OF EACH SPECIMEN. A L L  T E S T  SPECIPlENS ARE FRO!? 
B I L L E T S  # 2 1  AND 2 3  

I I I 1 I r 

N-CYCLES 

F i g u r e  8 - 5 6  R e v e r s e  A x i a l  T e n s i o n  C o m p r e s s i o n  ( R  = -1 .O) S - N  D i a g r a m  





l a t t e r  has an apparent  d a t a  s c a t t e r  decrease, and a  40.8% decrease i n  t h e  

c o r r e l a t i o n  c o e f f i c i e n t .  F i g u r e  8-58 i n d i c a t e s  t h a t  t h e  compressive wood 

m o i s t u r e  con ten t  ad justment  works w e l l  f o r  low c y c l e  r eve rse  a x i a l  t e s t i n g .  

Th i s  f i g u r e  i nc l uaes  more r e s u l t s  f r om  b i l l e t  23 samples. Sample 23B2 d i d  n o t  

f a i l  a f t e r  t e s t i n g  f o r  10 m i l l i o n  cyc l es  a t  ? 3,500, b u t  i t  d i d  f a i l  a f t e r  

another  1.32 m i l l i o n  c y c l e s  a t  2 6,000 p s i .  The p o i n t  p l o t t e d  i s  f o r  10.5 

m i l l  i on  c y c l e s  a t  t h e  o r i g i n a l  load.  T h i s  c y c l e  c r e d i t  was based on u s i n g  a  

r eg ress i on  a n a l y s i s  s l ope  based on 8  l e g i t i m a t e  p o i n t s  t n a t  showed an apparent 

72.2 c y c l e s  a t  t h e  lower  l o a d  t o  be  equal  t o  one a t  t he  h i g h e r  load. The 

performance o f  23B2 d u r i n g  t h e  second t e s t  phase was w e l l  above t h e  t r end ,  as 

was t h e  abbrev ia ted  t e s t  o f  sample 23B1. These two samples had h i g h  m o i s t u r e  

con ten ts ,  and i n d i c a t e  t h a t  m o i s t u r e  may be b e n e f i c i a l  t o  h i g h  c y c l e  R = -1 

f a t i g u e  performance. F i g u r e  8-59 shows t h e  R=-1 f a t i g u e  t r e n d  1 i nes  f o r  s ca r f  

and b u t t  j o i n t  and Kommers' da ta .  F i g u r e  8-60 con ta i ns  imper fec t  s c a r f  j o i n t  

t e s t  p o i n t s  f r om  b i l l e t  20 samples. 

Tab le  8-49 p resen ts  a  sumrnarized cornparison o f  12: 1  normal s c a r f  j o i n t  f a t i g u e  

performance w i t h  b u t t  j o i n t  da ta  f r om  s e c t i o n  8.1.2 da ta  a t  106 and l o 7  
cyc l es .  The numbers a r e  based on 12% wood m o i s t u r e  con ten t  1  inear  r e g r e s s i o n  

t r e n d  l i n e s  a t  12% wood mo i s tu re  con ten t  and r e f l e c t  t h e  percen t  inc rease  i n  

1  oad-car ry ing  capab il i t y  f o r  t h e  1  i f e t  ime noted. 

Taole  8-49 F a t i g u e  Performance Improvement o f  12: 1  Slope Scar f  J o i n t s  
Compared t o  Phase B1-BZ B u t t  J o i n t s  

Fa t i gue  Motle 1 6  cyc l es  

R = 0.1 Tensivn 25.8% 

R = 10 Compression 

R = 2.5 Compression 

K = -1.0 Reverse A x i a l  

107 Cyc les 

The S - N  diagrams presented i n  F i gu res  8-49 th rough  8-60 suggest t h a t  t h e  

r e l a t i o n s h i p  between f a t i g u e  s t r e n g t h  and mo i s tu re  con ten t  o f  Douglas f ir 



LABELS I D E N T I F Y  A L L  B I L L E T  # 2 3  SPECIMENS. CIRCLES NUMBER I N D I C A T E S  O K I G I N A L  SPECIMEN 
L.M.C. ( % )  AS TESTED. HOWEVER A L L  B I L L E T  # 2 3  DATA HAS BEEN CONVERTED TO 1 2 %  W .M.C. 
BEFORE PLOTTING ON T H I S  CHART FOR DIRECT COMPARISON W I T H  M E  ESTABLISHED TREND. 

TEST 2 

/- 23B2 ( 8 - 8 )  

2 3 8 1  ( 9 . 7 )  

- TEST 1 
2 3 0 2  (8.8) 
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MAX. STRESS ADJUSTED TO 1 2 %  W .M.C. VS TOTAL CYCLES 
FOR B G - 1  DOUGLAS FIR/EPOXY LAMINATE W I T H  1 2 : l  SLOPE 
SCARF J O I N T S ,  3 - I N C H  STAGGER, 3 1 . 8  C U B I C  I N C H  TEST 

+ O L U M E ,  PARALLEL-TO-GRAIN D I R E C T I O N ,  ROOM TErlPERATURE 

0 DATA USED I N  L I N E A R  REGRESSION 
A D D I T I O N A L  TEST RESULTS 

VERTICAL ARROW INDICATES FAILURE INITIATED OUTSIDE TEST SECTION. 
K l G H T - P U I N I  I N G  A H K U W  S I G N I F I E S  AN U N F A I L E D  SPECI r IEN 

I 
1 

lo3  l o 4  l o 5  l o 6  l o 7  l o 8  l o 9  

N-CYCLES 
F i g u r e  8 - 5 8  R e v e r s e  A x i a l  T e n s  i o n - C o m p r e s s  i o n  ( R = - 1 . 0 )  S -N D i a g r a m  





I FOR BG-i DOUGLAS FI RIEPOXY LAMI NATP --&y &.- 
WITH IMPERFECT SCARF J O I N T S  1 2 : l  *cl 0 
SLOPE SCARF JOINTS DELIBERATELY Z i  Lurr -.- 

t MISMATCHED 114  - 112 INCH.  
SEE FIGURE 9 

kUIor 

MAX. STRESS ADJUSTED TO 
* .?~m~ 

1 2 %  W.F.1.C. VS TOTAL CYCLES -** 
FOR 31 .8 CUB1 C-INCH TEST VOLUME, 

ALL TEST ARE jZ0 PARALLEL-TO-GRAIN D I R E C T I O N ,  ROOM 
TEMP. 

IMPERFECT SCARF JOINTS 

I BUTT J O I N T S  

I 
I 

N-CYCLES 

F i g u r e  8 - 6 0  R e v e r s e  A x i a l  T e n s  i o n - C o m p r e s s i o n  ( R = - 1  .O) S - N  D i a g r a m  



laminae w i t h  s c a r f  j o i n t s  i s  b a s i c a l l y  t h e  same f o r  low cyc l es  as t h e  r e l a t i o n  

between t h e  s t a t i c  s t r e n g t h  and rno is tu re  con ten t  o f  sma l l ,  s t r a i g h t - g r a i n e d ,  

c l e a r  wood samples. The r e l a t i o n s h i p  i s  t h e  same as t h e  r e l a t i o n  upon which 

t h e  Wood Handbook's ( r e fe rence  4 )  method o f  q u a l i t y  comparison i s  based. The 

d a t a  tends t o  i n d i c a t e  t h a t  f o r  h i g h  c y c l e  1  i f e ,  t h e  t r ends  a re  o v e r l y  

conserva t i ve .  However, more h igh-mo is tu re ,  h i gh - cyc l e  t e s t s  a re  needed, 

p a r t i c u l a r l y  i n  t h e  R = -1.0, r e v e r s e - a x i a l  t ens i on  and compression f a t i g u e  

mode. 

8.1.5.2 Outdoor Exposure Mu i s t u r e  Tes t  

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

The MOD-5A was developed t o  per fo rm i n  a  v a s t  range o f  environments,  As was 

shown i n  s e c t i o n  8.1 . S o l  and i n  p rev ious  pub1 i c a t i o n s ,  t h e  s t r e n g t h  o f  wood 

members v a r i e s  s i g n i f i c a n t l y  w i t h  t h e  mo i s tu re  con ten t  o f  t h e  wood. The 

MOD-5A b l ade  con ta ined  a  l a r g e  amount o f  wood i n  s t r u c t u r a l  a p p l i c a t i o n s ,  so 

t h e  c o s t  was i n f l uenced  s t r o n g l y  by  s t r e n g t h  a l lowab les  and, by  mo i s tu re  

con ten t .  P recau t ions  were taken t o  r e t a r d  t h e  t r a n s m i t t a l  o f  mo i s tu re  f rorn 

t h e  environment t o  t h e  b lade.  However, t h e  l ong  te rm e f f e c t  was unproven, 

e s p e c i a l l y  i n  h i g h  mo i s tu re  areas such as Hawai i  o r  Houston, Texas, o r  i n  a  

v e r y  d r y  d e s e r t  c o n d i t i o n ,  such as t h a t  i n  Pdlm Spr ings, Cal i f o r n i a .  

8.1.5.2.2 Ob jec t i ves  

T h i s  t e s t  s e r i e s  exposed sca led  b l ade  samples t o  va r i ous  mo i s tu re  environments 

t o  determine t h e  a c t u a l  v a r i a t i o n  i n  m o i s t u r e  over  an extended t ime.  The 

s i t e s  were se lec ted  t o  be  e i t h e r  extreme o r  r e p r e s e n t a t i v e  o f  a c t u a l  r a i n f a l l ,  

t ~ u m i d i t y  and temperature.  

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

The t e s t  a r t i c l e  was designed t o  r ep resen t  a  t y p i c a l  s e c t i o n  o f  t h e  MOD-5A 

blaae. I t  was a  c i r c u l a r  sec t i on ,  11.38 i n .  i n  diameter.  The s e c t i o n  was 5.6 

i n .  t h i c k ,  made o f  56 l aye rs .  The sec t  ion  was s e t  i n  t h e  t o p  o f  a  12 i n .  h i g h  

p l e x i g l a s s  tube  l e a v i n g  a  6.4 i n .  space between t h e  i nne r  f ace  o f  t h e  specimen 

and t h e  bo t tom o f  t h e  tube. The c o c f i g u r a t i o n  i s  shown i n  F i g u r e  8-61. H 

p a t t e r n  o f  e i g h t  ven t  ho les  was p rov i ded  beneath t h e  specimen. The t o p  

sur face was prepared w i t h  two coa ts  o f  w h i t e  urethane p a i n t  over  an epoxy ge l  

coa t ,  which was over  two l a y e r s  of B u r l  i ng ton ,  6 ounce g lass  c l o t h  wet w i t h  

West Systerw epoxy. The lower  f ace  was sealed w i t h  a  coa t  o f  West Sys tem 
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a l u m i n u m - f i l l e d  epoxy a p p l i e d  over  two l a y e r s  o f  Bu r l i ng ton ,  6 ounce g l ass  

f i b e r  c l o t h  wet w i t h  West System@ epoxy. The des ign  was in tended t o  

d u p l i c a t e  t h e  m a t e r i a l s  o f  c o n s t r u c t i o n  and t h e  exposure t h e  two sur faces  o f  

t h e  b l ade  would r ece i ve .  S e t t i n g  t h e  t e s t  s e c t i o n  i n  t h e  tube  i n  t h i s  way was 

r e q u i r e d  t o  p rov i de  a  s imu la ted  vented b l ade  c a v i t y  on t h e  backs ide o f  t h e  

wood and p r o v i d i n g  edges t h a t  would be sea led  aga ins t  mo i s tu re  p e n e t r a t i o n .  

To f u r t h e r  l i m i t  mo i s tu re  p e n e t r a t i o n  through t h e  end g r a i n  t h e  edges were 

sealed w i t h  West System0 epoxy under and over  a  wrap o f  aluminum f o i l .  T h i s  

p l a n  was i n  keeping w i t h  t h e  concept o f  t h e  b lades unexposed edge g r a i n  

su r face .  Three samples were f a b r i c a t e d  by  GBI and completed i n  October, 1983. 

Three s i t e s  were se lec ted  f o r  t e s t i n g  t h e  specimens. Houston, Texas, has a  

warm, m o i s t  c l  imate, so one sample was p laced  on t h e  roo f  o f  a  b u i l d i n g  a t  t h e  

NASA Johnson Space F l  i g h t  Center.  The sample r e s t s  on a  d r a i n  cover ,  which 

w i l l  p r even t  immersion o f  t h e  base i n  wa te r  s i n c e  i t  i s  severa l  inches above 

t h e  r o o f  su r face .  The sample was i n s t a l l e d  on November 9, 1983. 

The second sample was l oca ted  i n  t h e  d e s e r t  a t  Southern C a l i f o r n i a  Ed i son ' s  

Deever sub -s ta t  ion,  s  i t u a t e d  o u t s i d e  Palm Spr ings, Cal i f o r n  ia ,  i n  t h e  San 

Gorgonio pass. The specimen i s  l o c a t e d  on t h e  r o o f  o f  a  smal l  s t o rage  

b u i l d i n g .  The base w i l l  n o t  be immersed i n  water,  a l though  t h e  sample i s  

f u l l y  exposed t o  t h e  environment,  I t  was p l aced  on November 10, 1983. 

The t h i r d  sample i s  l oca ted  a t  t h e  U n i v e r s i t y  o f  Hawai i  a t  Manoa, on t h e  

i s l a n d  of Oahu. Th i s  s i t e  was s e l e c t e d  s i n c e  i t  had t h e  same genera l  . 

c h a r a c t e r i s t i c s  t h a t  would be exper ienced a t  t h e  MOD-5A s i t e  a t  Kahuku P o i n t ,  

Oahu. I t  was p l aced  on l o c a t i o n  on January 23, 1984. 

8.1.5.2.4 Resu l t s  

S ince  November o f  1983, t h e  Houston and Palm Spr ing  samples have been 

mon i to red  tw i ce .  The r e s u l t s  o f  those  readings,  and two f r om t h e  specimen i n  

Hawai i ,  a r e  shown i n  Table  5-50. The wood mo i s tu re  con ten t  c a l c u l a t i o n s  a re  

based on an average con ten t  o f  6.87% a t  f a b r i c a t i o n ,  measured b y  G B I .  The 

sample we igh ts  ( laminae o n l y )  were as f o l l o w s  a t  t h e  t ime o f  f a b r i c a t i o n :  
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Houston Specimen 

Palm Spr ings  Specimen 

Hawa i i Spec imen 

Laminae 
Weight Water 
(grams) Weight 

Wood 
Weight 

As shown i n  Table  8-50, t h e  wood mo i s tu re  con ten t  o f  t h e  Houston sample 

increased b y  0.377% over  141 days, and t h a t  o f  t h e  Palm Spr ings  sample seemed 

t o  r i s e  d u r i n g  t h e  wet season and i s  now l o s i n g  some mo is tu re .  The Hawa i i  

sample d i f f e r e n t i a l s  a r e  s t i l l  w i t h i n  t h e  r e s o l u t i o n  range o f  t h e  s c a l e  and 

cannot  y e t  be  u t i l i z e d .  The p l a n  c a l l s  f o r  t h e  t e s t i n g  t o  cont inue,  t o  

e s t a b l i s h  l o n g  te rm t rends .  

8.1.5.3 F i n g e r J o i n t E n h a n c e m e n t a n d S t a b i l i z a t i o n T e s t P r o g r a m  

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

The use o f  f i n g e r  j o i n t s  t o  j o i n  ad jacen t  b lade  sec t i ons  r e q u i r e s  f a i r l y  

p r e c i s e  su r faces  t o  be c u t  on t h e  ends o f  t h e  l a r g e  s t r u c t u r e s .  T h i s  j o b  i s  

more e a s i l y  performed a t  t h e  f a c t o r y  than  i n  t h e  f i e l d .  However, t h e  

poss i b  il i t y  t h a t  dimens ions  rnight change d u r i n g  t h e  s h i p p i n g  and f i e l d  s t o rage  

p e r i o d s  was o f  concern. Precaut ions,  such as wrapping t h e  exposed sur faces  i n  

p l a s t i c  were considered, b u t  t h e  d u r a t i o n  and extremes o f  c l  imate t h a t  c o u l d  

be  expected when s h i p p i n g  a  b l ade  between Mich igan and Hawai i  over  ground and 

sea, may s t i l l  De a  problem. Auymentat ing t h e  su r faces  ad jacen t  t o  t h e  ends 

w i t n  Kev la r  o r  g l ass  f i b e r  was considered. The s t i f f n e s s  o f  t hese  two 

m a t e r i a l s  i s  s i g n i f i c a n t l y  h i g h e r  than  wood's, and t h e y  a re  o n l y  s l i g h t l y  

i n f l u e n c e d  b y  mo is tu re .  However, t h i s  p l a n  would inc rease  t h e  c o s t  of t h e  

b l d e .  The b l ade  ends c o u l d  be sea led  i n  p l a s t i c  f i l l e d  w i t h  wood c h i p s  

c o n d i t i o n e d  t o  t h e  same mo i s tu re  l e v e l  as t h e  b lade.  The e f f e c t i v e n e s s  of 

these  techniques needed t o  be  e s t a ~ l  ished. 

8.1.5.3.2 Ob jec t i ves  

The p r i m a r y  o b j e c t i v e  o f  t h i s  t e s t  was t o  demonstrate t h e  f e a s i b i l  i t y  o f  

s t a b i l  i z  i n g  t h e  dimensions o f  newly  prepared f i n g e r  j o i r ~ t s  f o r  shipment. 



Tne shipment o f  t h e  MOD-5A b l ade  between i t s  manufactur ing s i , t e  i n  Bay C i t y ,  

M ich igan  t o  t h e  f i r s t  c o n s t r u c t i o n  s i t e  a t  Kahuku P o i n t ,  Oahu, Hawai i  was t h e  

main i n t e r e s t .  

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

A box 42.5 i n .  h igh ,  46 i n .  wide and 133 i n .  l o n g  was f a b r i c i i t e d  and p a i n t e d  

w h i t e  f o r  use i n  encas ing and s h i p p i n g  t h e  t e s t  specimens. The c r a t e  was 

vented, and con ta ined  f o u r  b i l l e t s ,  each rnade of  15 l a y e r s  o f  b lade  grade 1, 

Oouglas f i r  veneer. They were 120 i n .  long. They a l l  had f i n g e r  j o i n t s  c u t  

a l ong  t h e  l e n g t h  o f  one end. Two o f  t h e  b i l l e t s  were unauynented, one had 

$7500 B u r l  i ng ton  g l ass  f i b e r  between a1 1  l a y e r s ,  and t h e  f o u r t h  was s i m i l a r l y  

augmented w i t h  #52b5 B u r l  i ng ton  Ke l va r  c l o t h .  One o f  t h e  unaugmented b  il l e t s  

and t h e  two augmented ones were sea led  i n  a  Kev la r  bag f i l l e d  w i t h  wood c h i p s  

c o n d i t i o n e d  t o  t h e  same m o i s t u r e  con ten t  as t h e  veneer. The f o u r t h  b i l l e t  was 

p l aced  i n  t h e  box, b u t  was n o t  p ro tec ted .  S tee l  rods  and measur ing t abs  were 

placeci w i t h  t h e  specimens t o  a l l o w  l e n g t h  v a r i a t i o n s  t o  be measured u s i n g  a  

micrometer.  The c r a t e  was sh ipped b y  t r u c k  t o  t h e  West Colist, b y  s h i p  t o  

Honolu lu ,  and b y  t r u c k  t o  t h e  s i t e  a t  Kahuku P o i n t ,  Oahu, Hawai i .  F i g u r e  8-62 

shows t h e  c r a t e  i n  p lace.  

8.1 A.3.4 Resu l t s  

The r e s u l t s  t o  da te  a r e  shown i n  Tab le  8-51 f o r  exposure wni ' le  t h e  c r a t e  was 

i n  t r a n s i t .  I t  l e f t  Bay C i t y ,  Mich igan approx imate ly  May 12, 1984 and a r r i v e d  

i n  Hawa i i  on June 6 ,  1984. The c r a t e  was moved f r om Kahuku P o i n t  t o  t h e  Waiau 

Power S t a t i o n  of HECO, l o c a t e d  near  P e a r l  C i t y  arid i s  p r e s e n t l y  s i t t i n g  i n  an 

unshaded area. 

The Kevlar-augmented specimens had t h e  l e a s t  v a r i a t i o n  i n  l eng th .  The g l a s s  

f i b e r  a l lowed a  growth o f  two t o  t h r e e  t imes  as much. These va lues-  were b o t h  

cons i d e r a b l y  1  ess t han  those  f o r  t h e  unaugmented c o n t r o l  specimens. The 

p r o t e c t e d  c o n t r o l  grew b y  a  f a c t o r  of 10 t imes  t h a t  o f  t h e  Kevlar-augmented 

sample, and t h e  unp ro tec ted  c o n t r o l  f a c t o r  was g r e a t e r  than  60. Augmentation 

s i g n i f i c a n t l y  reduced growth, b u t  t h e  d e c i s i o n  t o  p r o t e c t  j o i n t  ends must b e  

eva lua ted  f o r  each case, based on accuracy requi rements .  
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Table 8-51 Finger  J o i n t  Enhance and S t a b i l i t y  Test Results 

DIFFERENTIAL GROWTH 
FROM 5-9-84 ( I N .  ) * 

Date 

05-09-83 
05-10-83 
05- 11-83 
05- 12-83 
06- 14-83 
06-23-83 
07-06-83 
07-20-83 
07-27-83 
08-03-83 
08- 15-83 
08-22-83 
08-31-83 
09-14-83 
09-28-83 
10-1 1-83 
11-01-83 
11-15-83 
11 -28-83 
12-21-83 
0 1-09-84 
0 1 - 26-84 
02- 11-84 
03- 13-84 
03-27-84 
04- 13-84 
04-30-84 
05-21-84 

Time 

14: 19 
16:09 
08: 15 
08: 04 
10:45 
14:30 
10:30 
1o:oo 
11:15 
14:30 
16:OO 
09:30 
14:OO 
10:50 
11 :07 
12:45 

Temperature 
( " C )  

21 .o 
20.0 
17 .O 
15.0 
27 .O 
27.2 
26.7 
27.8 
28.9 
29.4 
29.4 
28.9 
29.4 
28.8 
27.5 
25.0 
26.6 
29.2 
25 .O 
25.0 
27.8 
7n A 
L J . 7  

30.5 
26.6 
29.4 
28.3 
29.44 
28.89 

Humidi ty  
( %  1 

Pro tec ted  
Cont ro l  

0 
- .0095 
- -007 1 
- .0048 
+ .0348 
+ .0498 
+.0519 
+.0595 
+ .0568 
+.0719 
+ .0874 
+ .0530 
+ .0695 
+ .0630 
+ .068 1 
+ .0562 
+ .065 5 
+.0678 
+ .0630 
+ .0597 
+ .0746 
+.!I46 
+ .0992 
+.I022 
+.I246 
+.I102 
+. 1180 
+.I171 

Kev 1 a r  
Augmented 

0 
+ .0001 
+.0013 
+ .0020 
+ .0093 
+.0156 
+.0179 
+ .0260 
+.0121 
+.0148 
+ .0253 
+ ,0083 
+ .0095 
+ .0086 
+ .008 1 
+ .0046 
+ .0082 
+ .0054 
+ .0068 

.ooo 1 
+ .0053 
+.el21 
+.0117 
+.0137 
+.0118 
+.0118 
+.0118 
+.0116 

Glass F i b e r  
Augmented 

0 
- .0001 
- ,0019 
- .0035 
+ .0272 
+.0254 
+ .0222 
+ .0242 
+ .0288 
+.0271 
+ .0466 
+.0191 
+ .0208 
+ .0200 
+.0210 
+.0183 
+ .023 1 
+.(I187 
+ .0209 
+.0105 
+.0180 
+.e31o 
+ .0542 
+ .0324 
+ ,0329 
+.0317 
+ .0308 
+.0322 

Unprotected 
Cont ro l  

--.."-.-" ., ,. . 
0 

+. 0009 
+ .0009 
+ .0027 
+.I521 
+. 2273 
+.3130 
+. 3957 
+ .4288 
+ .4900 
+ .5422 
+. 5444 
+ .6033 
+.6411 
+ .6966 
+ .6879 
+. 7334 
+.7517 
+ .7626 
+ .7843 
+ .8497 
+ -F(826 
+ .8202 
+.7602 
+.7349 
+.7149 
+ .7356 
+.7153 

* Over 120 i n .  w id th  c rossgra in  specimen. 



8.1.6 SIZE EFFECT TESTING 

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

Mos t  t e s t s  conducted on any m a t e r i a l  use r e l a t i v e l y  sma l l  samples, s i nce  t h e y  

a re  conven ien t  and inexpensive.  Fo r  many m a t e r i a l s  t h e  r e s u l t s  can be a p p l i e d  

t o  l a r g e r  s t r u c t u r e s  w i t h o u t  ques t ion ,  b u t  a  wood s t r u c t u r e  i s  a f f ec ted  by  i t s  

s i ze .  The s t r e n g t h  o f  wood decreases as s i z e  increases. There a r e  seve ra l  

t h e o r i e s  aimed a t  e x p l a i n i n g  t h i s  phenomenon. The ilOD-5A o lade was a  ve r y  

l a r g e  wood s t r u c t u r e ,  so u s i n g  s t r e n g t h  da ta  f rom c h a r a c t e r i z a t i o n  t e s t s  on 

sma l l  samples, w i t h o u t  cons ide r i ng  t h e  s i z e  e f f e c t ,  would have been r i s k y .  

The t e s t i n g  desc r i bed  i n  s e c t i o n  8.1.4 p rov i ded  a  s i g n i f i c a n t  amount o f  d a t a  

on s t a t i c  s t r e n g t h  versus s i z e  f o r  samples w i t h  volumes as l a r g e  as 3744 cub i c  

in .  Tne t e s t i n g  conducted i n  t h i s  s e c t i o n  determines t h e  s t a t i c  s t r e n g t h  f o r  

specimens w i t h  volumes o f  32,833 cub i c  i n .  and f a t i g u e  da ta  f o r  specimens w i t h  

volumes of 7,488 c u o i c  i n .  

8.1.6.2 S i z e  E f f e c t  S t a t i c  Tes t  Program 

8.1.6.2.1 Ob jec t i ves  

Tne o b j e c t i v e  o f  t h i s  l a r g e  sca le ,  s t a t i c  t e s t  program was t o  p r o v i d e  a  

r e p r e s e n t a t i v e  s t r e n g t h  da ta  p o i n t  f o r  a  specimen w i t h  a  volume o f  

32,832 cub i c  i n .  Used w i t h  t e s t  da ta  f rom sma l l e r  samples, t h i s  t e s t  w i l l  

p e r m i t  t e s t  da ta  t o  be e x t r a p o l a t e d  o u t  t o  t h e  p o i n t  o f  t h e  MOD-5A b l ade  

volume, which i s  approx imate ly  a  decade beyond t h i s  t e s t  volume. 

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

A search o f  t e s t  f a c i l i t i e s  was conducted, t o  i d e n t i f y  machines capable  o f  

hand1 i l i g  specimens l a r g e  enough t o  meet t h e  o b j e c t i v e s  o f  t h i s  t e s t .  Four 

Baldwin t e s t  machines t h a t  met t h i s  c r i t e r i a  were loca ted .  One i s  l o c a t e d  i n  

C a l i f o r n i a ,  one i n  t h e  P h i l a d e l p h i a  Navy Yard ( i n  need o f  r e p a i r s ) ,  one i n  t h e  

N a t i o n a l  Bureau of  Standards i n  Washington, D.C., and one i n  Leh igh  

U n i v e r s i t y ,  Betnlehem, PA. Lehigh U n i v e r s i t y  was w i l l i n g  t o  p a r t i c i p a t e  i n  

t h e  p r o j e c t  and was s e l e c t e d  t o  do t h e  t e s t i n g .  T h e i r  l a b o r a t o r y  has a  t e s t  

c a p a c i t y  o f  5 x 1 0 ~  los . ,  and i s  w e l l  equipped f o r  hand l i ng  l a r g e  specimens. 

The d i f f i c u l t  p o r t i o n  o f  t h i s  t e s t  was deve lop ing  a  way t o  i n t e r f a c e  t h e  ends 

o f  t h e  t e s t  specimen and t h e  machine. I n  o rde r  t o  m in im ize  bending o f  t h e  

t e s t  a r t i c l e  d u r i n g  load ing ,  machine f i t t i n g s  w i t h  s p h e r i c a l  s e l f - a l i g n i n g  

bea r i ngs  were se lec ted .  



Ttie specimen gage s e c t i o n  was 6  b y  24 i n .  and was 228 i n .  long.  Each l a y e r  o f  

b l aae  grade 1  Douglas f i r  veneer was asser~~b led  w i t h  s c a r f  j o i n t s  on 3  i n .  

s taggered cen te r s ,  and a l l  were 24 i n .  wide. The l e n g t h  o f  t h e  specimen was 

334 in.; 53 i n .  on each end con ta i ned  a  f l a r e d  s e c t i o n  w i t h  a  12 b y  24 i n .  

c ross  s e c t i o n .  A complement o f  18 ho l l ow  s tuds,  desc r ibed  i n  sec t  i on  8.1.4 i s  

r e p o r t ,  were i ns ta : l ed  i n  each end o f  t h e  specimen, u s i n g  a s b e s t o s - f i l l e d  West 

SysterrP epoxy. The end s e c t i o n s  were wrapped w i t h  g l ass  f i b e r  c l o t h  and 

epoxy t o  a  t h i c kness  o f  0.10 i n .  Be fo re  t h e  s tuds  were i n s t a l  led,  t h e  wood 

assembly weighed dpprox i rnate ly  1,475 l b s .  A p a i r  o f  end f i t t i n g s  was 

developed t o  adapt t h e  stud-ended specimen t o  t h e  t e s t  mac~i ine.  The t h r e e  

rows o f  s j x  s tuds  eacil mated w i t h  a  4.0 i n .  t h i c k  p l a t e ,  w i t h  ups tand ing  

gusset  p l a t e s ,  which mated w i t h  a  10 i n .  d iameter  c l e v i s  p i n  on t h e  t e s t  

machine. The t e s t  specimen i s  shown i n  F i g u r e  8-63. S i x  t e s t  specimen 

assembl ies were manufactured, w i t h  two s e t s  o f  end f i t t i n g s  and two f u l l  

complements o f  hardware. One group o f  18 th readed  shanks, ,,vhich a t t a c h  t h e  

s t u d s  t o  end f i t t i n g s ,  was f i t t e d  w i t h  i n t e r n a l  s t r a i n  gages t o  eva lua te  t h e  

d i s t r i b u t i o n  o f  l o a d  i n t o  t h e  specimen end. 

8.1.6.2.3 Resu l t s  

The f i r s t  specimeri sub jec ted  t o  t e s t  con td ined  s t r a i n  gage s tuds,  and was 

f i t t e d  w i t h  f o u r  L'VDT sensors, t o  measure t h e  e l o n g a t i o n  o f  t h e  f o u r  s i des  o f  

t h e  gauge l eng th .  The specimen was loaded i n t o  t h e  t e s t  machine v e r t i c a l l y .  

The Gpper head o f  t h e  machine i s  d r i v e n  by  a  p a i r  o f  power screws, and t h e  

lower  head con ta in2d  a  l o a d  c e l l .  A l oad  ramp o f  250,000 l b s .  pe r  m inu te  was 

app l i ed .  S t r a i n  gages, LVUT's and t h e  l o a d  c e l l  o u t p u t  were recorded  u s i n g  a 

Kaye Dig5 S t r i p  Data Logger. Specirnen number 6  f a i l e d  a t  a  l oad  o f  1,077,000 

l bs .  Two a c o u s t i c  r e p o r t s  were emi t ted .  An i n s p e c t i o n  o f  1;he lower  end o f  

t h e  specimen i n d i c a t e d  t h a t  t h e  b o l s t e r  on t h e  l a s t  53 i n .  o f  t h e  specimen had 

sheared f r e e  o f  t h e  sample on one s i d e  and had moved 3.62 in .  The 12 s tuds  i n  

t h e  o t h e r  p o r t i o r ;  had p u l l e d  f r e e .  The f a i l u r e  had taken p l ace  a lmost  

e n t i r e l y  i n  t h e  end at tachment  area i ns tead  o f  i n  t h e  gage leng th ,  and had 

occu r red  a t  a gage s e c t i o n  s t r e s s  l e v e l  o f  7,479 p s i ,  a l thoug l i  t h e  des ign  goal  

was more than  10,000 psc. A r e d u c t i o n  o f  t e s t  da ta  sl~owed t h a t  l o a d  

i n t r o d u c t i o n  i n t o  t h e  s tuds  was w i t h i n  23% o f  t h e  mean, whic:ti was cons idered  

reasonable  f o r  t h i s  c o n f i g u r a t i o n .  The l oad  p a t t e r n  was v e r y  symmetr ical  and 

LVDT read ings  were a l l  w i t h i n  5 % 0 f  each o the r ,  a  spread w i t h i n  t h e  system 





t o l e r a n c e  range. A second sample was t e s t e d ,  t o  d e t e r n i n e  i f  t h e  f a i l u r e  o f  

t h e  f i r s t  sample was an anomaly. T h i s  sample f a i l e d  d t  1.10 m i l l  i o n  pounds 

(7,633 p s i )  i n  a s i m i l a r  f ash ion ,  and f u r t h e r  t e s t i n g  was de layed u n t i l  a  

s o l u t i o n  t o  t h e  problem c o u l d  be found. Ana l ys i s  ind icr1 ted t h a t  t h e  f a i l u r e s  

were t r i g g e r e d  b y  h i g h  combined s t r e s s  l e v e l s  i n  t h e  area o f  t h e  o u t s i d e  rows 

o f  s tuds .  Shear l a g  f r om  t h e  b o l s t e r s  i n t o  t h e  gage sect  i o n  combined w i t h  

c r o s s g r a i n  t e n s i o n  and s t u d  loads, and caused f a i l u r e  o f  t h e  composi te near 

t h e  su r fdces  o f  t n e  s tuds .  

Severa l  s o l u t i o n s  t o  t h e  problem were suggested: r educ ing  t h e  gage s e c t i o n  

area t o  a  va l ue  w i t h i n  t h e  p r e o i c t e d  c a p a b i l i t y  o f  t h e  end at tachments  

i n c r e a s i n g  tht? k ~ i d t h  o f  specimen ends f rom 2 4  t o  36 i n .  c o n t r o l l i n g  t h e  

temperature o f  s t u d  areas d u r i n g  t e s t i n g  t o  enhance s t r eng th ,  and seve ra l  

methods o f  a p p l y i n g  c r o s s g r a i n  compression loads t o  t h e  at tachment area. The 

t e s t  volume would be  reduced i f  t h e  gage s e c t i o n  was a1 te red ;  an undes i r ab le  

s o l u t j o n .  The a d d i t i o n  o f  b o l s t e r s  would r e q u i r e  work on t h e  end f i t t i n g s  t o  

u t i l i z e  t h e  a d d i t i o n a l  s tuds ,  which would r e s u l t  i n  a  l e n g t h y  and expens ive 

rework.  Te~nperal;ure i n f l u e n c e  would y i e l d  o n l y  a  smal l  i nc rease  i n  s t r eng th ,  

so t h i s  s u g g e s ~ i o n  was n o t  implemented. The use o f  a  c r o s s g r a i n  compressive 

l oad  was chosen. Severa l  techniques f o r  a p p l y i n g  t h e  l oad  t o  t h e  s t u d  area 

were cons idered,  and a  c y l i n d r i c a l  c lamping approach was se lec ted .  Wood 

p i eces  were deve-oped t o  f i t  between t h e  clamp and t h e  t e s t  a r t i c l e ,  which has 

an ' r r e g u l a r  o u t e r  shape. Shims o f  pressed board and rubber  were designed t o  

se rve  as i n t e r f a c e s ,  t o  d i s t r i b u t e  t h e  l oad  b e t t e r .  An a n a l y s i s  i n d i c a t e d  

t h a t  a  r a d i a l  p ressure  o f  500 p s i  would enhance t h e  h o l l o w  s t u d  i n t e r f a c e  b y  a  

minimum o f  15X, a  marg ina l  s t r eng t i l ,  shou ld  t h e  wood s i z e  e f f e c t  be smal l .  

The clarr~ps were s p e c i f i e d  t o  p r o v i d e  t h i s  l e v e l  o f  compress ion,  and c o n s i s t e d  

o f  t h r e e  i n d i v i d u a l  assembl ies a t  each end, each be ing  20 i n .  long, and 

weigharlg 625 l bs .  Each of  t h e  s i x  clamps was b u i l t  i n  t h r e e  r a d i a l  segments 

w i t h  two s e t s  o f  h inges  and two t e e  b o l t  clamps on one j o i n t .  

I n  o rde r  t o  p reserve  t h e  f o u r  r ema in i ng  t e s t  specimens i f  t h e  clamp scheme d i d  

n o t  f u n c t i o n  p r o ? e r l y ,  t h e  r e s i d u a l  sec t i ons  o f  specimens 5 and 6  were sen t  t o  

661, t o  be r e c o n s t i t u t e d  i n t o  a  s i n g l e  a r t i c l e  o f  f u l l  l e i g t h  u s i n g  a  sca r f  

J o i n t  r e i n f o r c e d  w i t h  veneer added t o  two faces.  The r e t r o f i t  i s  shown on 

F j g u r e  8-64, and was t h e  f i r s t  p i e c e  t e s t e d  w i t h  t h e  end re i n fo r cemen t  





scneme. The s i x  clamps were i n s t a l l e d  and t i gh tened ,  and t h e  r e s u l t i n g  

specimen weighed approx imate ly  8,500 lbs .  The specimen was t e s t e d  and f a i l u r e  
6 occu r red  a t  1 . 0 8 ~  10 , and took p l ace  i n  t h e  gage leng th .  The r e i n f o r c e d  

s p l i c e  j o i n t  f a i l e d  sooner than  a n t i c i p a t e d ,  b u t  t h e  clamps performed w e l l .  

Du r i ng  removal o f  t h e  sample f rom t h e  t e s t  machine i t  i n a d v e r t e n t l y  f e l l  t o  

t h e  ground, d e s t r o y i n g  one o f  t h e  rema in ing  samples. The rema in ing  t h r e e  

specimens were t e s t e d  u s i n g  t h e  clamps. 

Specimen number 1 was s e l e c t e d  f o r  t h e  n e x t  t e s t ,  and was f i t t e d  w i t h  t h e  end 

clanlps a f t e r  some minor  r e p a i r  t o  t h e  clamp t e e  b o l t  handles.  The clamps were 

t o rqued  to an i n t e r n a l  p ressure  o f  500 p s i .  The specimen WE ighed 8,500 l b s .  

Un November 29 ,  1983, t h e  specimen was tes ted .  Aud ib l e  c r l l cks  occur red  a t  

560,000 l b s .  and increased i n  f requency as l o a d  was added. U l t i m a t e  f a i l u r e  

occur red  a t  1.264x106 Ibs. ,  f o l l o w i n g  a  r e l a t i v e l y  'loud r e p o r t  a t  

1  .25x1u6 l b s .  A p o s t - t e s t  i n s p e c t i o n  showed t h a t  t h e  f a i l ~ ~ r e  had extended 

th roughou t  t h e  gage sec t i on ,  and t h a t  one b o l s t e r  p lane  hacl c racked on t h e  

upper end. It i s  suspected t h a t  t h e  r e p o r t  t h a t  was heard approx imate ly  

8  seconds b e f o r e  f a i l u r e  was caused b y  t h e  b o l s t e r  c rack .  The r e s u l t i n g  

s t r e s s  l e v e l  a t  f 6 , i l u r e  18,778 p s i  was s i g n i f i c a n t l y  h i ghe r  than  t h e  e a r l i e r  

t e s t  r e s u l t s ,  and was i n  t h e  range o f  i n t e r e s t .  

Sample number 4 was prepared f o r  t e s t i n g ,  and t e s t i n g  co1nmencl2d on December 1, 

1983. Some a c o u s t i c  ou tpu t s  were heard  beg inn ing  a t  470,000 'Ibs, and a  s i n g l e  

r e p o r t  occur red  a t  t h e  p o i n t  o f  u l t i m a t e  f a i l u r e ,  1  .2,34x106 l bs .  The 

r e s u l t i n g  s t r e s s  l e v e l  o f  8,988 p s i  r e s u l t e d  i n  a  f a i l u r e  t h a t  took p l ace  

th roughou t  t h e  gage l e n g t h  and no end at tachment  invo lvement  was n o t i c e a b l e .  



Specimen number 3 was r e a d i e d  f o r  t e s t i n g .  I n d e n t a t i o n s  i n  t h e  gage l e n g t h  

were deeper than  i n  p r e v i o u s  specimens, r e s u l t i n g  i n  a  r e d u c t i o n  o f  

a p p r o x i m a t e l y  3 square i n .  ( 2 % )  a t  one end. Clamps were t o r q u e d  as b e f o r e ,  

and t e s t i n g  took  p l a c e .  A s i n g l e  f a i l u r e  r e p o r t  a t  1  .230x106 l b s  occur red,  

w i t h  t h e  8,542 p s i  s t r e s s  l e v e l  f e l t  t o  be  r e p r e s e n t a t i v e  o f  t h e  sample s i z e .  

The f a i l u r e  was q u i t e  complete,  and i n c l u d e d  mast o f  t h e  gage s e c t i o n .  No end 

a t tachment  f a i l u r e  was n o t  i c e a b l e .  

The f a i l u r e  o f  specimens 5 and 6  were n o t  s i g n i f i c a n t  s i n c e  t h e  gage s e c t  i o n  

d i d  n o t  f a i l ,  and o n l y  r e i n f o r c e d  a  lower  bound. The r e s u l t  o f  specimens 5  

and 6, wh ich had a  r e i n f o r c e d  gage s e c t i o n ,  se rved  n o  u s e f u l  purpose.  The 

f o l l o w i n g  r e s u l t s  were eva lua ted :  

Sarnpl e  

1  
4 
3 

Cor rec ted  
Fa i 1  u r e  S t r e s s  t o  10"/0C 

8,778 p s i  8,448 p s i  
8,986 ps i 8,649 p s i  
8,542 ps i 8,222 p s i  

The u n d d j u s t e d  r e s u l t i n g  mean v a l u e  i s  8,769 p s i ,  w i t h  a  s t a n d a r d  d e v i a t i o n  o f  

22.1 p s i .  I f  t h e  r e s u l t  i s  a d j u s t e d  f o r  a  10% m o i s t u r e  c o n t e n t ,  t h e  va lues  

a r e  8,440 p s i  and 213.6 p s i .  

The o b j e c t i v e  o f  t h i s  t e s t  was t o  i d e n t i f y  t h e  l a r g e  s c a l e  e x t r a p o l a t i o n  p o i n t  

t o  t a k e  i n t o  account  s i z e  e f f e c t s .  The r e s u l t s  were combined w i t h  r e s u l t s  

f rom s e c t i o n  8.1.4. A r e g r e s s i o n  a n a l y s i s  was performed, i n  wh ich t h e  

s t r e n g t h  d a t a  were c o r r e c t e d  f o r  a  wood m o i s t u r e  c o n t e n t  o f  10%. F o r t y - t h r e e  

d a t a  p o i n t s  were used. The We ibu l l  p r e d i c t i o n  was determined b y  a  l e a s t  
B  

squares f i t  t o  a  power f u n c t i o n  o f  f o r m  Y=A(X )  . The h y p e r b o l i c  f u n c t i o n  i s  

o f  form Y=A+(B /X ) .  Both a r e  shown w i t h  and w i t h o u t  t h e  i n c l u s i o n  o f  t h e  d a t a  

p o i n t s  de te rm ined  i n  t h i s  t e s t  s e r i e s .  F i g u r e  8-65 shows t h e  p l o t  based on 

t h e  a n a l y s i s  o f  mean d a t a  ( s i x  d a t a  p o i n t s ) .  As a  r e s u l t ,  t h e  We ibu l l  c u r v e  

was s e l e c t e d  as t h e  d e s i g n  c u r v e  f o r  MOD-5A. 





8.1.6.3 S ize  E f f e c t  Fa t i gue  Test  Program 

8.1.6.3.1 Ob jec t i ves  

The l a r g e - s c a l e  f a t i g u e  t e s t  eva lua ted  l a r g e  wood specimens a t  two l oad  

r a t i o s ,  t o  determine how t h e  f a t i g u e  p r o p e r t i e s  o f  wood s t r u c t u r e s  v a r y  w i t h  

s i z e .  The  ailabl able d a t a  on wood f a t i g u e  i s  sparse, and c o n s i s t s  a lmost  

e x c l u s i v e l y  o f  r e s u l t s  on sma l l  samples. By p r o v i d i n g  a  t e s t  p o i n t  f o r  a  

s t r u c t u r e  w i t h  a  l a r g e  volume, th rough  which an e x t r a p o l a t i o n  cou ld  be made, 

t he  I4OD-5A f a t i g u e  a l l o w a ~ ~ l e s  c o u l d  be determined w i t h  more conf idence.  

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

The l a r g e s t  t e s t  machine w i t h  c y c l  i c  c a p a b i l  i t y  t h a t  i s  compat ib le  w i t h  t imber  

i s  Wasn i ng ton  S t a t e  U n i v e r s i t y ' s  t e n s i l e  t e s t i n g  machine. The machine was 

i n  i t  i a l  l y  f requency 1  i m i t e d  when used i n  1  arge amp1 i t u d e  c y c l  i c  t e s t i n g ,  b u t  

was upgraded w i t h  a  l a r g e r  hydrau l  i c  system t o  exped i t e  t h i s  t e s t i n g  program. 

Dur ing  t e s t i n g  many meta l  p a r t s  f a i l e d  because o f  t h e  f a t i g u e  l o a d i n g  t h e y  

were sub jec ted  t o .  Several  p a r t s  were r e p a i r e d  o r  rep laced ,  some many t imes.  

One major  problem was t h e  l oad  c e l l  f a i l u r e ,  which r e s u l t e d  i n  a  change o f  

t e s t  methods. Most t e s t i n g  was conducted a t  approx imate ly  1  Hz.  

Rep lac ing  t h e  l oad  c e l l  was ve ry  expensive,  and manufacturers  guarantee t h e  

u n i t s  f o r  a  r e l a t i v e l y  sma l l  number o f  cyc les .  To p rec l ude  a d d i t i o n a l  l o a d  

c e l l  f a t i g u e ,  t h e  t e s t  was i n i t i a t e d  w i t n i n  t h e  l oad  range o f  i n t e r e s t  w i t h  

t l i e  l oad  c e l l  o u t p u t  s e r v i n g  as t h e  se rvo  system i npu t ,  w h i l e  l oad  vers i ls  

d e f l e c t i o n  t r a c e s  were made. The l oad  c e l l  was then  removed and t h e  t e s t i n g  

con t inued  u s i n g  t h e  s t r o k e  1  i r n i t s  t o  d r i v e  t h e  servo. Occasional  checks were 

made t o  v e r i f y  t h a t  t h e  l o a d  was be ing  mainta ined.  

Tne t e s t  specimens were t h e  maximum volume t h a t  was conlpat ib le  w i t h  t h e  t e s t  

machine. A l o a d  r a t i o  o f  0.1 was used f o r  specimens t h a t  were 2 i n .  t h i c k ,  8 

i n .  wiae, and 30 f t .  long. A l o a d  r a t i o  o f  -1.0 was used w i t h  specimens t h a t  

were 3. i n .  t h i c k ,  8  i n .  \dide, and 30 ft. long.  S i x  samples o f  each s i z e  were 

manufactured i n  a d d i t i o n  t o  s t a t i c  c o n t r o l  specimens t h a t  p rov i ded  an 

e q u i v a l e n t  s t r e n g t h  p r o f i l e  o f  each p a l l e t .  The s t a t i c  c o n t r o l s  f o r  t h e  R = 

0.1 p a l l e t s  (1 ,  2 and 3 )  were made 1.5 i n .  . t h i c k ,  b y  p l a c i n g  a  p l a s t i c  sheet  

between t h e  f i f t e e n t h  and s i x t e e n t h  veneers i n  t h e  s t a t i c  c o n t r o l s  area, t o  

p r o v i d e  s e l ~ a r a t  ion.  T h i s  arrangement a l s o  y i e l d e d  r e s  i d u a l  p lanks  t h a t  were 



0.5 i n .  t h i c k  (veneers 16 th rough  20) .  T h i s  arrangement was used s i n c e  t h e  

machine 's  c a p a b i l i t y  o f  200,000 l bs .  c o u l d  have been inadequate t o  f a i l  a  

p l ank  o f  t h e  f u l l  th i ckness .  The s t a t i c  c o n t r o l s  f o r  t h e  R = -1  samples were 

s p l i t  a t  t h e  cen te r1  i ne  t o  p r o v i d e  two 1.5 i n .  t h i c k  specimens. 

Our i n g  t e s t i n g  o f  t h e  f u l l y  reversed  specimens, l a t e r a l  suppor ts  were 

implemented t o  p reven t  buck1 i n g  o f  t h e  t e s t  samples. 

8.1.6.3.3 Resu l t s  

The r e s u l t s  o f  t h e  s t a t i c  t e s t s  a re  shown i n  Table  8-52. Much of t h e  f a t i g u e  

t e s t  t ime  was devoted t o  r e p a i r i n g  t h e  machine. The tens ion- tens i o n  f a t i g u e  

t e s t s  w i t h  a  l oad  r a t i o  o f  0.1 y i e l d e d  t h e  da ta  shown i n  Table  8-53. A l l  

f a i l u r e s  were deemed v a l i d  except  f o r  specimen number 2-2. F i g u r e  8-66 i s  a  

p l o t  o f  t h e  da ta  c o r r e c t e d  t o  a  l O % m o i s t u r e  con ten t .  The f u l l y  reversed  

l o a d i n g  t e s t s  (R = - 1 )  y i e l d e d  t h e  r e s u l t s  shown i n  Table  8-54 and 

F i g u r e  8-67. Specimen number 4-2 i s  n o t  inc luded  s i n c e  i t  was f a i l e d  d u r i n g  

setup, and samples 5-1 and 5-2 were n o t  f a i l e d  a t  t h e  c o n c l l ~ s i o n  o f  t h e  t e s t ,  

b u t  had accumulated t h e  number o f  c y c l e s  shown. 

The t ens ion - t ens ion  t e s t s  y i e l d e d  a  l e s s  s teep  t r e n d  1  ine,  which agreed w i t h  

Phase B t e s t i n g  on t h e  h i g h  c y c l e  end. The f u l l y  reversed  l o a d i n g  r e s u l t s  a re  

h i g h e r  on t h e  l o w  c y c l e  end, b u t  t h e  s l ope  i s  s teeper  thar; t h a t  o f  Phase B. 

t h e  r e s u l t s  con f i r ~ r l ed  t h e  a l l o w a b l e  s t r e s s  s e l e c t i o n  methods used f o r  MOD-5A. 



Table 8-52 Fa t i gue  Program R = 0.1 Tension Test  Resu l t s  

F a i l u r e  S t ress  
S ize  Tes t  Mo i s tu re  F a i l u r e  (Cor rec ted  t o  10% 

S amp1 e ( TxWxL) Volume Con t e n t  S t ress  Mo i s tu re  Con ten t )  
Number ( i n . )  ( i n 3  ) ( % )  ( P S I )  ( p s i )  

Mean F a i l u r e  S t ress  
(Cor rec ted  t o  10% Mo i s tu re  Con ten t )  

Pa l  l e t  Number Number o f  Tests Mean S t ress  
( p s i >  

8620 
10292 Mean = 9254 
8850 

909 1  
8867 Mean = 8971 
8956 



Tab1 e  8-53 Fa t i gue  Program Tens ion/Tens i on  Test  Resu l t s  

S i z e  Tes t  Mo i s tu re  Test  Tes t  Range 
Sample (TxbixL) Volume Content  Range (Cor rec ted  t o  10% 
Number ( i n . )  ( i n3  ) ( % I  ( p s i )  Cycles Mo i s tu re  Con ten t )  

LSF1-1 2 x 8  x 3 6 0  4992 5 .O 6500 t o  650 20,421 5993 t o  599 

LSF1-Z 2 x 8 x 360 4992 5 .O 7000 t o  700 49,686 6454 t o  645 

LSF2-1 2 x 8 x 360 4992 5.2 6500 t o  650 5,626 6019 t o  602 

LSF2-2 2 x 8 x 360 4992 5.1 No Test  

LSF3-1 2 x 8 x 360 4992 5.2 5800 t o  580 164,458 5371 t o  537 

LSF3-2 2 x 8 x 3b0 4992 5 .O 5200 t o  520 1,366,128 4794 t o  479 
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8.1.7 DAMPING COEFFICIENT TEST 

8.1.7.1 I n t r o d u c t i o n  - 
The damping c o e f f i c i e n t  t e s t s  were conaucted by  Met r iga rd ,  Incorpora ted ,  a  

lumber i n d u s t r y  t e s t  equipment manufacturer  l o c a t e d  i n  Pullman, Washington. 

The t e s t i n g  took  p l a c e  i n  e a r l y  1983. A f l e x u r a l  v i b r a t i o n  was induced i n  a  

laminated Douglas f i r  beam, and t h e  t e s t  i d e n t i f i e d  t h e  nuriber o f  v i b r a t i o n  

c y c l e s  r e q u i r e d  f o r  t h e  ampl i tude o f  t h e  v i b r a t i o n  t o  decily t o  l / e  o f  t h e  

t h r e s h o l d  l e v e l  ( e  i s  t h e  base o f  n a t u r a l  l ogar i thms,  and i t s  va l ue  i s  

2.7 1828). A s  imple mathematical  model a n a l y s i s  determined t h e  damping 

c o e f f i c i e n t  . 

8.1.7.2 Test  Ob jec t i ves  

The t e s t  was. pertorrned t o  p r o v i d e  in fo rn ia t  i on  on t h e  damping c h a r a c t e r i s t i c s  

o f  Douglas f i r  veneer. The bearns were made o f  15 l a y e r s  01' wood, each 0.10 

i n .  t h i c k ,  bonded i n t o  a  laminated c o n s t u c t i o n  w i t h  West Systeme epoxy. 

Da~r~ping c h a r a c t e r i s t i c s  were needed w i t h  t h e  beam loaded bo th  r a d i a l l y  and 

t a n g e n t i a l  l y  f o r  use i n  dynamic a n a l y s i s  111odels t h a t  p r e d i c t  t h e  o p e r a t i o n a l  

and v i b r a t i o n  c h a r a c t e r i s t i c s  of t h e  MOD-5A wind t u r b i n e  generator .  R e f i n i n g  

t t i e  knowleaye of t h e  e l a s t i c  damping c o e f f i c i e n t  would o p t i m i z e  t h e  b l a d e  
c o n f i g u r a t i o n  and improve con f idence  i n  t h e  loads p r e d i c t i o n s ,  

8.1.7.3 Tes t  D e s c r i p t i o n  and Resu l t s  

The t e s t s  k!ere performea on f o u r  specimens, which were remnants o f  t h e  scar f  

j o i n t  and s i z e  e f f e c t s  t e s t s .  The c ross  s e c t i o n  o f  each $,ample was 1.5 b y  

2.0 in .  T l ~ e  l e n g t h  o f  t h e  samples ranged f rom 13.8 f t. t o  19.6 f t .  The 

specimen was suppor ted a t  one end on a  p i v o t  b lade  and a t  t h e  o t h e r  end on a  

l o a d  c e l l ,  as shown i n  F i g u r e  8-68. The beam was e x c i t e d  v ~ l r t i c a l l y  near  i t s  

c e n t e r  and a  t ~ a r n o n i c  response v i b r a t i o n  was t r a n s m i t t e d  t o  t h e  l oad  c e l l .  

The l oad  c e l l  o u t p u t  was recorded.  

The d a t a  was processed th rougn  a  Model 3300 Transverse V i b r a t i o n  E-Computer, a  

system M e t r i g a r d  ~ r o d u c e s  and uses i n  modulus t e s t s .  The processed d a t a  was 

s t o r e d  i n  a  N i c o l e t  Ins t ru r r~en t ,  E"lae1 206 Exp lo re r  I 1 1  D i g i t a l  Storage 

Osc i l l oscope .  A Hewlet t -Packard l*loael 7034 X - Y  Recorder was used t o  p l - o t  t h e  

i n f o r m a t i o n  t o  c o n f i r m  t h e  computed damping c o e f f i c i e n t .  T y p i c a l  t e s t  

r e s u l t s  a re  shown i n  F i g u r e  8-69. 



I N 1 1  I A L  D E F L E C 1  I O N  

F i g u r e  8-68 Transverse V i b r a t i o n  T e s t  C o n f i g u r a t i o n  

F i g u r e  8-69 V i b r a t i o n  Waveform o f  P iece 1, Face 1 ( F l F 1 )  

8-1 74 



The f o u r  t e s t  p i eces  a r e  descr ibed  i n  Table  8-55. The o r i e n t a t i o n  o f  t h e  

p i e c e  d u r i n g  i t s  t e s t  was i d e n t i f i e d  b y  t h e  number on t l i e  upward face,  as 

shown i n  F i g u r e  8-70. Fo r  example, a  t e s t  l abe led  P2F2 r e f e r s  t o  a  t e s t  on 

p i e c e  2 w i t h  i t s  f a c e  2  up. The t e s t  d a t a  a re  shown i n  l a b l e  8-56. The 

e f f e c t i v e  darliping r a t i o  i s  about 0.0025 and t h e  va lue  appears t o  be 

independent o f  t h e  o r i e n t a t i o n  o f  t h e  l am ina t i ons .  

The lower  damping c o e f f i c i e n t  determined i n  these  t e s t s  wa!; used i n  t h e  loads 

ana l ys i s .  



Tab1 e 8-55 Test P i e c e s  

* Because one i n c h  was used f o r  overhang on each end a t  t h e  E-Computer 
t r i p o d s ,  t h e  span l e n g t h  en te red  i n t o  t h e  E-Computer was 2 inches 
l e s s  than  t h e  l e n g t h  shown. Thus t h e  d e n s i t y  computed by t h e  
€-Computer i s  based on a l e n g t h  which i s  two inches l ess  than  t h e  
a c t u a l  m a t e r i a l  l e n g t h .  The column l abe led  Corrected Dens i t y  i s  
computed from t h e  a c t u a l  lumber l eng th .  

P i e c e  # 

P  1  

P2 

P3 

P4 

Length* 
( I n c h e s )  

1 7 8 . 5  

1 6 6 . 0  

2 2 3 . 6  

2 3 5 . 6  

Th ickness  
( I n c h e s )  

1 . 5 1  

1 . 4 9  

1 . 5 3  

1 . 5 0  

Weight 
( l b s )  

1 3 . 2  

10 .7  

15 .7  

1 5 . 3  

Wldth  
( I n c h e s )  

2 . 0 3  

2 . 0 1  

2 . 0 2  

2 . 0 2  

Dens tr* ( l b s / f t  ) 

4 2 . 2  

3 7 . 6  

3 9 . 6  

37 .4  

C o r r e c t e d  D e n s i t y  
( l b s / f t 3 )  

4 1 . 7  

37 .1  

3 9 . 2  

3 7 . 1  
-~ 



F i g u r e  8-70 Tes t  P i e c e  Face I d e n t i f i c a t i o n  



Table  8-56 T e s t  R e s u l t s  

44 Wlth  8 Pound Hass Load i n  Span Center $4 

Plece 
and 
Test 
Face 

P l  F 1 
PlF2 
P1F3 
P1F4 

P2F1 
P2F2 
PZF3 
PZF4 

P3F 1 
P3F2 

P4F1 
P4F2 

46 Wlth  2 Ins tead  o f  5 msec Waveform Sampling I n t e r v a l ;  No Hass Loading 4& 

* By mis take,  t h e  P4F2 waveform experiments were done a second t ime  ins tead  o f  t h e  P4F1 experiments. 
The second waveform f o r  P4F2 has some va lue t o  demonstrate t h e  degree o f  repeatability and i s  
i nc luded  as F igu re  7.1.7-14. 

E 
( l o 6  p s i )  

2.71 
2.60 
2.71 
2.60 

2.33 
2.31 
2.33 
2.30 

2.48 
2.51 

2.38 
2.30 

Freq 
(HZ)  

4.59 
6.06 

6.06 

5.15 
6.94 
5.15 
6.90 

2.91 
3.86 

2.59 
3.42 

N 

56 
65 
56 
64 

66 
68 
66 
69 

64 
72 

60 
66 

N 

93 
122 

103 
139 

57 
77 

52 
69 

From 
A f t e r  N 
Max-Min 

(mv) 

307.0 
198.0 

325.5 
192.0 

398.0 
387.5 

402.5 
376.5 

I n i t i a l  
Max-Min 

(mv) 

1767.5 
1484.5 

1774.0 
1583.5 

969.0 
1175.0 

983.5 
1125.0 

E-Computer 
C = 
1/(2rN) 

0.00284 
0.00245 
0.00284 
0.00249 

0.00241 
0.00234 
0.00241 
0.00231 

0.00249 
0.00221 

0.00265 
0.00241 

Measurements 

Per iod  
(set) 

0.218 
0.165 

0.165 

0.194 
0.144 
0.194 
0.145 

0.344 
0.259 

0.386 
0.292 

V t b r a t i o n  

R 

5.757 
7.497 

5.450 
8.247 

2.435 
3.032 

2.443 
2.988 

Waveform 
C = 
lnR/(21N) 

0.00300 
0.00263 

0.00262 
0.00242 

0.00248 
0.00229 

0.00273 
0.00252 

Per iod 
(set) 

0.217 
0.165 

0.195 
0.144 

0.342 
0.258 

0.384 
0.290 

Freq 
(HZ)  

4.61 
6.07 

5.12 
6.94 

2.92 
3.88 

2.60 
3.44 



8.1.8 SUlvIMARY AND RECOMMENOED ALLOWABLE STRESSES 

The t e s t i n g  d iscussed p r e v i o u s l y  p rov i ded  a  da ta  base f r om which s t a t i c  and 

f a t i g u e  a l l owab les  f o r  wood c o u l d  be developed. The s t a t i c  3 l lowab les  f o r  t h e  

wood laminae a r e  shown i n  Table  8-57. These va lues  were used t o  e s t a b l i s h  t h e  

requi rements  f o r  s e c t i o n  p r o p e r t i e s  o f  t h e  b l ade  under f r f ! quen t l y  o c c u r r i n g  

1 i r n i t  l oad  cond-: t ions.  They may be increased b y  19% when des ign ing  f o r  

i n f r e q u e n t l y  occu:-r i n g  1 i r n i t  l oads  such as hu r r i cane ,  o r  overspeed c o n d i t i o n s .  

The number o f  samples t e s t e d  does n o t  always p rov i de  s t a t i s t i c a l l y  

r e p r e s e n t a t i v e  r e s u l t s .  However, t h e  da ta  d i d  p r o v i a e  comparat ive r e s u l t s .  

One o b j e c t i v e  o f  t h i s  t e s t  program was t o  show t h a t  t h e  t e s t  da ta  c o r r e l a t e d  

w i t h  t i l e  rnuch l a r g e r  da ta  base of  t h e  Wood Handbook. I n  t h i s  way, t h e  

a1 lowables cou ld  be e s t a b l  ished w i t h  g r e a t e r  conf idence.  IFurther~nore,  o t h e r  

Nood Handbook da ta  c o u l d  be used w i t h o u t  b e i n g  v e r i f i e d .  The comparison i s  

snown i n  Table  8-58. The two s e t s  o f  da ta  were i n  c l o s e  agremement. 

The s t a t i c  d l l owao les  were d e r i v e d  f r om t h e  lower  2 0  u l t i m a t e  t e s t  data,  

which i m p l i e s  t h a t  t h e  u l t i m a t e  s t r e n g t h  w i l l  be h i g h e r  97.5% o f  t h e  t ime,  

y i e l d i n g  a  ~Aata c u t o f f  o f  2.5%. T h i s  case compares f avo rab l y  w i t h  procedures 

used b y  t h e  wood s t r e s s  g rad ing  i ndus t r y ,  which s p e c i f i e s  a  5% cu to f f ,  and t h e  

wood a i r c r a f t  i n d u s t r y ,  which s p e c i f i e s  a  25% c u t o f f .  'The s t r e n g t h s  a r e  

ad jus ted  t o  r e f l e c t  t h e  a v a i l a b l e  s t r e n g t h  a t  a  mo i s tu re  con ten t  o f  10% pe r  

procedures descr ibed  i n  t h e  Wood Handbook. Wood has a  p r o l ~ o r t i o n a l  1  i m i t  i r l  

compression, which was shown t o  va r y  between 85% and 90:; o f  i t s  u l t i m a t e  

s t r eng th .  S ince t h e  s t r u c t u r a l  des ign  c r i t e r i a  do n o t  a l l o w  1  i m i t  l oads  t o  

cause m a t e r i a l  yielding, t h e  a l l o w a b l e  f o r  compression inc ludes  a  p r o p o r t i o n a l  

l i i n i t  f a c t o r  o f  0.85. I n  t ens i on ,  wood i s  a f f e c t e d  by  s i z e ,  which reduces i t s  

u l t  irnate s t r e n g t h  as descr ibed  i n  s e c t i o n  8.1.4. The a l l o w a b l e  f o r  t ens i on  

p a r a l l e l  t o  t h e  g r a i n  i nco rpo ra tes  a  f a c t o r  t h a t  accounts f o r  t h e  b l a d e  

s t r e s s e d  volun12 versus t h e  t e s t  sample volume. F i g u r e  8-?1 il l u s t r a t e s  t h e  

r e l a t i o n s h i p  between s t r e n g t h  and s t r essed  volume. The s t r essed  volume f o r  
3 t h e  ~ I d a e  equals  approx imate ly  343,000 i n  , which cor re : jponds t o  a  s i z e  

e f f e c t  f a c t o r  ?qua1 t o  0.647. The s t r essed  volume i s  1% o f  t h e  t i p - t o - t i p  

volume 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 .  I t  rep resen t s  t h e  amount o f  

m a t e r i a l  t h a t  i s  sub jec ted  t o  t h e  extreme f i b e r  t e n s i l e  s t r e s s  produced b y  
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Tab le  8-58 C o r r e l a t i o n  o f  S t a t i c  Tes t  Resu l t s  w i t h  Wood Handbook Data 

Average Resu l t s  a t  12% Mo i s tu re  Content  

Wood Handbook Test Resu 1  t 

( p s i )  ( p s i >  

P a r a l l e l  t o  G ra in  

T e n s i l e  U l t i ~ n a t e  

Coi~ipress i o n  u l t i m a t e  

Shear U l  t imate 

Perpend icu la r  t o  Sra i n  -- 
T e n s i l e  U l  t i rnate,  R D i r e c t i o n  

Compression P.L . ,  T D i r e c t i o n  

R = Rad ia l ,  th rough  laminae t h i ckness  
P.L. = P r o g o r t i o n a l  1  illlit 
T = Tangen t ia l ,  th rough  laminae w id th  





t h e  b l ade  bending loads.  A  temperature f a c t o r  was no't a p p l i e d  t o  t h e  

a1 lowables because t h e  h i g h  temperature 1  i m i t  l o a d  case would have t o  occur  

under extreme temperature c o n d i t i o n s .  An examinat i on  o f  weather da ta  

i n d i c a t e d  t h d t  t h i s  s i t u a t i o n  i s  n o t  1  i k e l y  t o  occur  s i n c e  extreme h i g h  

temperatures occur  when t h e  wind speed i s  l e s s  than  3 mph. A lso,  low 

temperature inc rease  t h e  wood's c a p a b i l  i t y  so t h e y  a re  n o t  a  1  i m i t i n g  case. 

F i n a l l y ,  t h e  wood s t r e n g t h  reduces when t h e  wood i s  subjec: ted t o  a  cons tan t  

s t a t e  o f  s t r e s s .  The b l ade  i s  i n  these  c o n d i t i o n s  when parked, o r  when i t  i s  

sub jec ted  t o  e i t h e r  a  1  i m i t  o r  mean f a t i g u e  load.  An a n a l y s i s  o f  t h e  l oad  

a u r a t i o n  e f f e c t  caused b y  parked and 1  i m i t  loads i n d i c a t e d  1  i t t l e  change i n  

t h e  r e s i d u a l  s t r e n g t h  o f  t h e  wood, hence, t h e  s t a t i c  a l l owab les  do n o t  i n c l u d e  

a  l oad  a u r a t i o n  f a c t o r .  The l o a d  d u r a t i o n  e f f e c t  caused b y  mean f a t i g u e  loads  

i s  d  iscussed 1 acer. 

The f a t i g u e  a l l owab les  f o r  s t resses  p a r a l l e l  t o  t h e  g r a i n  a re  shown i n  

Table 8-59. Most o f  t h e  e f f o r t  t o  c h a r a c t e r i z e  f a t i g u e  was spent  i n  

deve lop ing  a  da ta  base, s i n c e  i t  corresponds t o  t h e  p r ima ry  d i r e c t i o n  of b l ade  

s t r e s s .  Tne t e s t  d a t a  suppor t ing  these  a l l owab les  a t  each o f  t h e  s t r e s s  

r a t i o s  i s  shown i n  s e c t i o n  8.1.2 f o r  b u t t - j o i n t e d  laminae and s e c t i o n  8.1.5.1 

f u r  s c a r f - j o i n t e d  laminae. I n  each case t h e  f a t i g u e  performance i s  b e s t  

represen ted  b y  a  cu r ve  w i t h  t h e  equa t ion  

Y =  AX^ ( s t r a i g h t  1  i ne  on l o g - l o g  p l o t )  i8.1.8-11 

Where : Y = f a i l u r e  s t r e s s  

X = ? i f e t i r ne  ( c y c l e s )  co r respond ing  t o  f a i l u r e  s t r e s s  

A = a cons tan t  d e s c r i b i n g  t h e  l e v e l  o f  tihe cu r ve  

B = a  cons tan t  d e s c r i b i n g  t h e  s l ope  o f  1;he cu rve  

Most o f  t h e  t e s t  d a t a  was generated f o r  b u t t - j o i n t e d  lamin.3eY r e f l e c t i n g  t h e  

o r i g i n a l  Dlacie f a b r i c a t  i on  p lans.  The improved performance o f  s c a r f - j o i n t e d  

laminde, wh i ~ h  r e p r e s e n t  t h e  c u r r e n t  manufac tu r ing  p lans ,  was determined b y  

t e s t i n g  a  sma l l  number of samples. The t e s t  d i d  n o t  p r o v i d e  a  l a r g e  enough 

d a t a  base t o  p reven t  t h e  c ier ived a l lowab les  f o r  s c a r f - j o i n t e d  laminae frorn 

b e i n g  e i t h e r  t o o  conse rva t i ve  o r  t o o  o p t i m i s t i c .  To c i rcumvent  t h i s  problem, 

t n e  s l ope  i n  t o e  performance equa t ions  f o r  s c a r f - j o i n t e d  l a ~ n i n a e  was mod i f  i e d  

~y we igh t  averag ing  t h e  r e s u l t s  o f  t h e  b u t t - j o i n t e d  data.  Th i s  m o d i f i c a t i o n ,  

was used t o  f i n d  a  new c o e f f i c i e n t  based on t h e  performance o f  s c a r f - j o i n t e d  



T a b l e  8-59 Wood Laminae F a t i g u e  A l l o k ~ a b l e s  f o r  S t r e s s  P a r a l l e l  t o  G r a i n  

Maximum A l l o w a b l e  S t r e s s ,  p s i  

S t r e s s  R a t i o  (R)  

L i f e t i m e  Cyc les  R  = 1  ( T )  R = .l R = - 1  R = 10 R = 1  (C) 

( 1 )  A l l o w a b l e s  f o r  s c a r f - j o i n t e d ,  b l a d e  grade 1  veneer a t  a  m o i s t u r e  c o n t e n t  

o f  10%, and YO0F. 



6 laminae a t  10 cyc l es .  The performance a t  l o6  c y c l e s  was se lec ted  as a  

p o i n t  on t h e  new performance c u r v e  because i t s  l i f e t i m e  i s  near  t h e  m id -po in t  
4  o f  t h e  l i f e t i m e s  o f  i n t e r e s t ,  10 c y c l e s  and 4  x l o 8  cyc l es .  A summary o f  

t h e  t e s t  da ta  and t h e  r e s u l t a n t  weighted average s lopes i s  shown i n  

Table  8-60. The new s e t  o f  performance equa t ions  a r e  shown below, based on 

w e i g h t  averaged s lopes  and s c a r f  j o i n t  t e s t  f a i l u r e  s t r e s s :  

Reversed A x i a l  ( R  = - 1 )  

Y = 10307 X - .0704 

Tension-Tension ( R  = . l )  

Y = 24254 X - .0829 

Compress ion-Compress i o n  ( R  = 10) 

Y = 12324 X - .0438 

Tne d e r i v a t i o n  o f  t h e  a l l o w a b l e  s t r e s s  i n  f a t i g u e  p a r a l l e l  t o  t h e  g r a i n  f o r  4  

x l o 8  c y c l e s  is .  shown i n  Table  8-61 and i s  t y p i c a l  o f  t h e  d e r i v a t i o n  f o r  

o t h e r  1  i f e t imes .  The va lue  f o r  t l i e  t e s t  mean a t  R = -1, .l, and 10 i s  t h e  

p r e d i c t e d  performance based on t h e  above equa t ions .  The average t e s t  va lue  

a t  R = 1  t e n s i o n  and R = 1  compression r e f l e c t s  t h e  u l t i m a t e  s t a t i c  t e s t  

r e s u l t s  s i n c e  a t  these  s t r e s s  r a t i o s  t h e r e  i s  no a l t e r n a t i n g  s t r e s s  

component. The average performance i s  reduced t o  account f o r  t h e  t e s t  d a t a  

s c a t t e r .  Eng ineer ing  judgement was a p p l i e d  i n  d e r i v i n g  t h e  s tandard  d e v i a t i o n  

ar!d t h e  f a c t  t h a t  t h e  v a r i a b i l i t y  o f  s t r e n g t h  decreases as t h e  volume o f  t h e  

t e s t  specimen increases was cons idered. Th i s  behav io r  i s  ill u s t r a t e d  i n  

F i g u r e  8-72, where s tandard  d e v i a t i o n ,  expressed as a  percen t  o f  average 

s t a t i c  s t r eng th ,  i s  p l o t t e d  a g a i n s t  s t r essed  volume. The s o l  i d  1  i ne  

r ep resen t s  a  l e a s t  squares f i t  o f  t h e  data.  I n  a d d i t i o n ,  t h e  v a r i a b i l i t y  i n  

t e n s i l e  p r o p e r t i e s  o f  wood a r e  g r e a t e r  than  i n  compression, as no ted  f r om t h e  

s t a t i c  t e s t  r e s i l l  t s  shown i n  Table  8-57. Accord ing ly ,  t h i s  r e l a t i o n s h i p  was 

ma in ta ined  i n  e s t a b l i s h i n g  t h e  l e v e l s  o f  v a r i a b i l i t y  i n  f a t i g u e .  The mean 

20 s t r e n g t h  i s  ad jus ted  t o  r e f l e c t  t h e  des ign  wood m o i s t u r e  con ten t  o f  10%. 

H s f z e  e f f e c t  f a c t o r  i s  a p p l i e d  t o  a d j u s t  t h e  a l l owab les  t o  r e f l e c t  t h e  

decreased c a p a b i l i t y  a t  t h e  l a r g e  s t r essed  volume. The s i z e  e f f e c t  i n  f a t i g u e  

was determined -3y pe r f o rm ing  t e s t s  a t  s t r e s s  r a t i o s  equal  t o  .1 and -1 w i t h  

samples w i t h  a  s t r e s s e d  volume o f  4492 i n 3  and 7488 i n 3  r e s p e c t i v e l y .  



Tab le  8-60 Summary o f  P a r a l l e l  t o  t h e  G ra in  Fa t i gue  Test Data 

Number 
B e s t F i t C u r v e ( l )  o f  Data F a i l u r e S t r e s s  

C o e f f i c i e n t s  P o i n t s  a t  106 cyc l es ,  
A B p s i  ( 2 )  

Reversed A x i a l  ( R = -  1 ) 

B u t t s  11137 

Sca r t s  8176 

Weight Average Slope ( 3 )  

Tens ion-Tens i o n  (R=. 1 ) 

B u t t s  2 1994 

Scar fs  17943 

Weight Average Slope 

Compress ion-Compress i o n  (R=10) 

B u t t s  12614 

Sca r f s  7  180 

Weight Average Slope 

B 
( 1 )  Best  f i t  cu rve  of  t h e  fo rm Y = AX where Y equa ls  s t r ess ,  X equa ls  

cyc l es ,  slid A and B  a r e  constants .  

( 2 )  kverdge p l u s  a l t e r n a t i n g  

( 3 )  Weight averag ing  method 

Av9m = Bbutts-(Bbutts-~sCarf ) (NBut ts /~scar f  + N scar f )  



T a b l e  8-01 D e r i v a t i o n  o f  Wood Laminae F a t i g u e  A l l o w a b l e  

f o r  S t r e s s  Para1 l e l  t o  G r a i n  and 4 x l o 8  Cyc les  

S t r e s s  R a t i o ,  ( R )  

+l (TI .1 - 1 +10 + l ( C )  

T e s t  Mean 1  1062( ) 4695(4)  ~ 5 5 6 ( ~ )  -5176(41 - 7 ~ 8 3 ( ~ )  
( 5 )  ( 6 )  ( 7  

S tandard  Dev i a t  ion ,  a( l a )  2885 2376 128 2207 2295 

Mean - 20 9292 3  944 22300 -4762 -6993 

10% P io i s tu re  F a c t o r  1.03 1 .O 1  .O 1  .O 1.113 

S i z e  E f f e c t  F a c t o r  .65(2)  .44 .58 .89 1  .O 

Temperature F a c t o r  .98(3) .98 .94 .90 .90 

Load D u r a t i o n  F a c t o r  .53 1 .O 1  .O .75 .53 

A1 lowab le ,  p s i  3200 1700 1300 2  900 3  700 
(Mean p l u s  ~l t e r n a t  i n g )  

P r e d i c t e d  u l t i m a t e  s t r e n g t h  a t  a  s t r e s s e d  volume equal  t o  32 i n 3  a t  

m o i s t u r e  c o n t e n t  o f  12% and 68OF. 

Assumed v a r i a t i o n  f o r  s t r e s s e d  volume equal  t o  343,000 i n 3 .  

S t a t i c  s i z e  e f f e c t  f a c t o r  c o r r e s p o n d i n g  t o  343,000 i n 3 .  

Performance f a c t o r  a t  90°F. 

Performance a t  m o i s t u r e  c o n t e n t  o f  10% and 68OF. 

Based on e q u a t i o n  [8.1.8-31 

Based on e q u a t i o n  C8.1.8-21 

Based on e q u a t i o n  L8.1.8-41 

R e f l e c t s  we igh ted  average o f  Phase A d a t a  f o r  sam~ l les  w i t h o u t  j o i n t s  

w j t h  d a t a  f o r  s c a r f - j o i n t e d  samples a t  12% m o i s t u r e  c o n t e n t .  





The r e s b l t s  o f  t e s t s  a t  a l o a d  r a t i o  o f  0.1 i n d i c a t e  t h a t  t h e  l a r g e  volume 

samples had n e a r l y  t h e  sarne s l ope  o f  t h e  S-N cu r ve  t h a t  t h e  32 c u b i c  i n .  t e s t  

program. The s t r e n g t h  o f  t h e  l a r g e r  samples was o n l y  61% o f  t h e  sma l l e r  

specimens, however. Wi th  f u l l y  reversed  load ing ,  R=-12, t h e  same para1 l e l  

s l o p e  was apparent,  as i n d i c a t e d  by  Tables 8-60 and 8-61. Wi th  t h i s  l oad  

r a t i o  t h e  l a r g e r  san~ples had 68% o f  t h e  sn~a l  l e r  specimen s t r e n g t h .  I n  o r d e r  

t o  e x t r a p o l a t e  t h i s  e f f e c t  t o  t h e  MOD-5A s t r essed  volume t h e  f o l l o w i n g  

r e l a t i o n s h i p  was used: 

S t reng th  a t  NOD-5A Vol ume o f  M O D - ~ A ~  
Vc l  ume - - - 

Streng th  a t  32 i n 3  32 i n 3  

Tne exponent n  descr ibes  t h e  s lope  o f  t h e  r e l a t i o n s h i p  ancl can be determined 

by t h e  r e s u l t s  a t  t h e  volumes t es ted .  Us ing t h e  s t r e n g t h  r a t i o  a t  10 
6 

c y c l e s  as t y p i c a l ,  "nu i s  found below: 

R = .1 -- 
.61 = 4992n 

3  2 

Exponent n  = -.0985 E x t r a p o l a t e d  
Der i v a t  i on  t o  NOD-5A 343,000 -*0698 =.53 
From Test R = - 1  Volume 32F 
Uata .68 = 7488n 

-3-2- 

As shown s u b s t ; t u t i n g  t h e  s t r essed  volume i n t o  t h e  above equa t ions  y i e l d s  

s t r e n g t h  r a t i o s  o f  .40 and .53 f o r  R = .1 and -1  r ~ ! s p e c t i v e l y .  These 

p r e d i c t e d  va lues  were increased b y  lo%, assuming t h a t  t h e r e  would be some 

asympto t i c  e f f e c t  w i t h  i nc reas ing  s t r essed  volume. :-he assumpt i on  i s  

suppor ted by  t h e  s t a t i c  t e s t  r e s u l t s ,  i n  which p r e d i c t i o n s  based on a  

r eg ress i on  a n a l y s i s  o f  da ta  l i m i t e d  t o  s t r essed  volumes o f  3200 i n  3  

underest imated t h e  s t r e n g t h  a t  t h e  MOD-5A volume b y  lo%,  when t h e  a n a l y s i s  was 

repea ted  w i t h  da ta  a t  a  s t r essed  volume equal  t o  32000 in". The s i z e  e f f e c t  

f a c t o r  versus s:ress r a t i o  f o r  t h e  MOD-5A i s  summarized i n  F i g u r e  8-73. The 

a e r i v a t i o n  o f  t h e  f a c t o r  f o r  R = 1  ( t e n s i o n )  and R = 1  (compression) was 

desc r i bed  d u r i n g  t h e  d i scuss ion  f o r  t h e  s t a t i c  a l l o w a b l t ? ~ .  The f o u r  da ta  

p o i n t s  were connected w i t h  a  smooth curve,  a f t e r  which th ,?  f a c t o r  a t  R = 10 

was ob ta ined .  



TENSION - - COMPRESS I O N  
STRESS RATIO ( R )  

F i g u r e  8-73 S i z e  E f f e c t  F a c t o r  f o r  Wood Laminae 
F a t i g u e  Per fo rmance 



An adjustment  was a l s o  made f o r  temperature e f f e c t ,  s i n c e  t h e  s t r e n g t h  o f  wood 

decreases w i t h  i nc reas ing  temperature.  The t e s t  r e s u l t s  a t  68°F a re  ad jus ted  

t o  r e f l e c t  t h e  performance of  wood a t  t h e  average opera'sing temperature of  

9U0F, b y  app ly i r i g  t h e  temperature f a c t o r  cor responding t o  t h e  s t r e s s  r a t i o ,  as 

shown i n  F i g u r e  8-74. The s t r e n g t h  r e d u c t i o n  f o r  t e n s , i l e  and compressive 

s t r e s s e s  was ob ta i ned  f r o m  d a t a  i n  t h e  wood handbook and .in o t h e r  1  i t e r a t u r e .  

A 1  i nea r  r e l a t i o n s h i p  was assumed between t h e  endpo in ts  o f  t h e  a7 1  t e n s i o n  and 

a l l  compression s t r e s s  r a t i o s .  

Wood i s  a l s o  a f f e c t e d  by  t h e  l oad  d u r a t i o n .  As t h e  t irne under l oad  increases,  

f a i l u r e  w i l l  occur  w i t h  srr ia l ler  loads.  The s t a t i c  u l t i m d t e  s t r e n g t h  o f  t h e  

wood was c h a r a c t e r i z e d  u s i n g  a  5  m inu te  l oad  t e s t .  Sinc:e t h e  wind t u r b i n e  

w i l l  accumulate approx imate ly  20 yea rs  o f  o p e r a t i n g  t ime,  t h e  s t r i t i c  s t r e n g t h  

a l lowab le ,  rep resen ted  by  a  s t r e s s  r a t i o  equal  t o  1, must be  reduced. 

Table  8-62 shows t h e  l oad  d u r a t i o n  f a c t o r s  cor responding t o  d i f f e r e n t  p e r i o d s  

o f  1 i f e  used i n  t h e  d e r i v a t i o n  o f  t h e  R = 1  t ens i on  and compression 

a l lowab les .  L ik-ewise, t h e  f a t i g u e  t e s t  d a t a  must be adjust .ed t o  r ep resen t  t h e  

r a t e  and, t h e r e f o r e ,  t h e  t i m e  t h a t  t h e  t u r b i n e  accumulates f a t i g u e  loads.  I n  

t h e  case f o r  R = . I ,  t h e  t e s t  d a t a  f o r  t h e  l a r g e  volume samples was generated 

a t  a  r a t e  approx imate ly  equal  t o  t h a t  o f  t h e  wind t u r b i n e ,  t he re fo re ,  no l oad  

d u r a t i o n  e f f e c t  was i nc l uded  i n  i t s  d e r i v a t i o n  o f  a l l o w a b l t : ~ .  A t  R = -1, t h e  

mean o r  cons tan t  l o a d  equalea 0, hence, t h e  l o a d  dura t i c ln  f a c t o r  equals  1. 

However, f o r  2 = 10, t h e  t e s t  r a t e  o f  8 Hz would accumulate 4  x  l o 8  c y c l e s  

i n  1.5 years ,  versus 20 yea rs  f o r  t h e  wind t u r b i n e ,  hence a  l oad  d u r a t i o n  

f a c t o r  o f  .75 was includes. T h i s  f a c t o r  was ob ta i ned  by  i r t e r p o l a t i n g  f o r  t h e  

1.5 year  and 20 year  va lues  of 0.73 and 0.55. The r a t i o  o f  0.55 t o  0.73 

y i e l d e d  t h e  f a c t o r  o f  0.75 f o r  r educ ing  t h e  compression/compression t e s t  

r e s u l t s .  

The f a t i g u e  a l l owab les  and t h e i r  d e r i v a t i o n  f o r  t h e  o t h e r  d i r e c t i o n s  o f  s t r e s s  

a re  st~own i n  Taoles 8-63 and 8-64, These a l l owab les  a re  n o t  des ign  d r i v e r s ,  

so  t h e y  were n o t  v e r i f i e d  b y  t e s t .  



TENSION- - COMPRESSION 
STRESS RATIO (R)  

F i g u r e  8-74 Tempera tu re  F a c t o r  f o r  \,Jood 
Laminae F a t i g u e  Per forn:ance 

a t  9a°F R e l a t i v e  t o  65°F 



T a b l e  8-62 Load D u r a t i o n  F a c t o r s  Used W i t h  R = 1.0 
Wood Laminae F a t i g u e  A l l o w a b l e s  

Load Load E q u i v a l e n t  Number o f  
U u r a t  i o n  Time D u r a t i o n  F a c t o r  MOD-5A Cyc les  ( 1 )  

2.1 days .a85 l o5  

2 1  days .885 l o 5  

23 y e a r s  .530 4x108 

( 1 )  Number o f  Cyc les  = 16.8 Rev/~Nin x  2 Load Cycles/Rev x  t i m e  i n  m i n u t e s  



Table 8-63 Fa t i gue  Al lowables f o r  Other D i r e c t i o n s  of S t ress  f o r  4  x l o e  
Load c y c l e s ( '  ) (S t ress  R a t i o  =O. 1 ) 

Cross Gra in  Tens ion Cross Gra in  Compression R o l l  i n g  

Shear, LT Rad ia l  Tangent i a l  Rad ia l  Tangent ia l  Shear, RT 

Mean, 10% Mois tu re  Content (') 1608 4  76 262 -669 - 1456 193 

Hean - 2a ( 2 )  1344 2  80 146 -535 -1165 161 

Temperature Fac to r  ( 3 )  .9 .9 .9 .9 .9 .9 

Load Dura t ion  Fac to r  ( 3 )  .6 .6 .6 .6 .6 .6 

A1 1  owable, ps i 726 15 1  7 9  -289 -629 8  7  

( 1  ) These p r o p e r t i e s  a r e  n o t  des ign d r i v e r s  and, t he re fo re ,  were n o t  v e r i f i e d  by  t e s t .  

( 2 )  See Table 8.1.8-1 f o r  o r i g i n  o f  data.  

( 3 )  Engineer ing est imate.  
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8.2 WOOD LAMIt iATE/EPOXY COMPONENT DEVELOPMENT TESTS 

8 . i . l  FINGER JOINTS 

8.2.1.1 I n t r o a u c t i o n  

The ;viOD-SA r o t o r  b l a d e  c o n s i s t e a  o f  f i v e  s e c t i o n s ,  each 80  f t .  long ,  as shown 

i n  F i g u r e  6-75. Tnese e l2men ts  a r e  mated a t  t h e  e r e c t i o n  s i t e ,  t o  f a c i l i t a t e  

s h i p p i n g  t h e  mass i ve  s e c t i o n s .  The j o i n t  a t  each i n t e r f a c e  must have t h e  

s t r u c t u r a l  i n t e g r i t y  t o  d i t h s t a n d  t h e  r l i g n  l o a d s  expec ted  d u r i n g  o p e r a t i o n ,  

and t o  a l i g n  p r o p e r l y  w i t n  a d j a c e n t  s e c t i o n s .  The j o i n t s  must  be f a b r i c a t e d  

a t  a  r c a s o n a o l e  c o s t  and w i t n  a  r e a s o n a ~ l y  s m a l l  b ie igh t  i n c r e a s e .  

8.2.1.2 T e s t  O b j e c t i v e s  

Tne i i r l y e r  j o i n t  concep t  i s  a  method o f  t r a n s f e r r i n g  l o a d  between s e c t i o n s  

u s i r l g  a  y r a a d a l  t r a n s i t i o n  f r o m  one segnent  t o  Lhe o t h e r .  S e v e r a l  t e s t s  

p r o v i d e d  d a t a  on e f f e c t i v e  j o i n t  s t r e n g t h  as a  f u n c t i o n  o f  f i n g e r  l e n g t n ,  

f i n g e r  a ~ ~ g l e ,  bond gap t h i c k n e s s ,  and on augment ing t h e  laminae :%l i th g l a s s  

f i o e r  o r  K e v l a r .  The goa l  was t o  o p t i m i z e  t n e  j o i n t ' s  e f f i c i e n c y  w h i l e  

m a i n t a i n i n g  a  r e a s o n d ~ l e  c o s t .  Such v a r i a b l e s  as a g i n g  e f f e c t s  on t h e  s u r f a c e  

o f  t h e  wood b e f o r e  bond ing,  f u l l  s c a l e  j o i n t  bond ing  and t h e  e f f e c t s  o f  

expos ing  r;ne irood t o  m o i s t u r e  b e f o r e  b o n d i n g  were a l s o  s t i l d i e d ,  t o  p r o v e  t h e  

v a l  i d i t y  o f  t h e  f i n g e r  j o i n t  t echn ique .  The o b j e c t i v e s  o f  t h e s e  t e s t s  were t o  

a e a o n s t r d t e  t n a t  t h e  s t r ~ c t u r a l  i n t e g r i t y  was adequate,  d e t e r m i n e  a l l o w a b l e  

l o a a  l e v e l s ,  demons t ra te  r n a t  t h e  j o i n t s  c o u l d  be f a b r i c a t e d  w i t h  t h e  r e q u i r e d  

a i l nens iona l  accuracy ,  t o  p r o v e  t h a t  t h e  j o i n t s  c o ~ l l d  be s h i p p e d  t n r o u g t l  

v a r i o u s  env i ronmen ts  w i t h o u t  l o s i n g  t n e i r  i n t e g r i t y ,  and t o  enhance t h e  j o i n t  

o p t  i n i z a t  i o n  sr;uay. 

S e v e r a l  a l t e r n s t i v e  j o i n t  d e s i g n s  were e v a l u a t e d  b u t  t h e  f i n g e r  j o i n t  was 

s e l e c t e d  as t r i e  b a s e l i r l e  d e s i g n  f o r  t h e  a p p l i c a t i o n .  T e s t i n g  j o i n t s  ~ i t h  

s e v e r a l  v a r i a t i o n s  o f  parameters  augmented a n a l y t i c a l  approaches t o  t h e  

o p t  i r i , i za t  i o n  o f  t h e  f i ~ ~ g e r  j o i n t  c o n f i g u r a t i o n .  The t e s t i n g  a l s o  proiv i d e a  a  

means f o r  d e t e r m i n i n g  t h e  j o i n t ' s  a l l o w a b l e  s t r e s s e s  f o r  b o t h  s t a t i c  and 

f a t i g u e  l o a d i n g .  



F i g u r e  8-75 MOD-5A R o t o r  - Field Splice F i n ~ e r  J o i n t  Concept 

8-1 97 



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

The f i n g e r  j o i n t  t e s t  s e r i e s  cons i s t ed  o f  f i v e  d i f f e r e n t  t e s t s .  The l e n g t h  o f  

t h e  f i n g e r  j o i n t s  was e i t h e r  3 in., 6  in., o r  10 in .  i n  t h e  t e s t  specimens. 

A1 1  o f  t h e  specimens were f a b r i c a t e d  by  G B I  . 

8.2.1.3.1 S t a t i c  Tension Tests  w i t h  Var ious F inger  Shapes 

F i f t y  specimens of  va r i ous  geometr ies were t es ted ,  i n  a d d i t i o n  t o  e i g h t  

c o n t r o l  specimens t h a t  were n o t  j o i n t e d ,  wnich p rov ided  bas i c  m a t e r i a l  

s t r e n g t h  r e fe rence  va lues.  Table  8-65 and F igu res  8-76 th rough  8-78 desc r i be  

t n e  geometry o f  t n e  j o i n t s .  The samples were f a b r i c a t e d  f rom 15 l a y e r s  o f  

0.10 i n .  b l ade  grade 1  Douglas f ir veneer bonded w i t h  West Sys tew  epoxy, 

f o r  a  t h i c kness  of  1.5 i n .  They were c u t  t o  a  w i d t h  o f  2.25 i n .  and t o  a  

l e n g t h  o f  92 in., as shown i n  F i g u r e  8-79. As shown i n  t h e  t a b l e ,  a  f i n g e r  

l e n g t h  o f  3  i n .  w i t h  a  s l ope  o f  1:8, and l eng ths  o f  6 in .  w i t h  s lopes of 1:6, 

1:8, 1: 10 and 1: 14 were t es ted .  The t e s t i n g  was conducted by  K Consu l t i ng  

Conlpany o f  Boise, Idaho. A t imber t e s t i n g  machine w i t h  hydrau l  i c a l  l y  ac tua ted  

compression g r i p s  was used t o  f a i l  t h e  specimens i n  one-t ime l oad  a p p l i c a t i o n ,  

u s i n g  a 5 m inu te  l oad  ramp t o  f a i l u r e .  

8.2.1.3.2 S t a t i c  Tension T e s t i n g  o f  Aged J o i n t s  

A Set o f  t e n  samples each, o f  6  i n .  and 10 in .  f i n g e r  j o i n t s  w i t h  a 1:10 

s lope,  as shown i n  F i g u r e  8-80, were t e s t e d  t o  f a i l u r e .  S i x  u n j o i n t e d  s t a t i c  

c o n t r o l  specimens were a l s o  t es ted .  These 26 samples were manufactured and 

t h e  f i n g e r  j o i n t s  were c u t  e i g h t  months b e f o r e  t h e  f i n g e r  j o i n t s  were bonded. 

The t e s t i n g  techniques and f a c i l i t i e s  were t h e  same as those p r e v i o u s l y  used 

f o r  t e n s i o n  t e s t i n g .  The i n t e n t  was t o  determine i f  ag ing  t h e  bonding 

su r f aces  would a f f e c t  t h e  s t r e n g t h  o f  t h e  bonded j o i n t .  The specimen w i d t h  

was 2.31 in., versus 2.25 i n .  f o r  p rev i ous  t e n s i o n  samples (see F i g u r e  8-76) .  

Four o f  t h e  specimens were bonded w i t h  a  bond gap o f  .062 in., versus .015 in .  

f o r  t h e  o t h e r  11 samples, and t h e  p rev ious  t e n s i o n  specimens. 



Table 8-65 Tes t  Plan, Bonded F i n g e r  J o i n t s  i n  Laminated Douglas F i r  and Epoxy 

F i n g e r  Conf i g u r a t  i o n  (dimension: in .  ) 
Augmenting T i p  Root Bond 

Paragraph No. F i b e r  Length Slope P i t c h  Width Width Gap 

S t a t i c  Tests  - V a r i a b l e  F i n g e r  Geometry 

8.2.1.3.1 and None C o n t r o l  - No J o i n t  .......................... 
8.2.1.4.1 None 6.0 1:6 2.125 .062 .062 .015 

None 6.0 1 :8 1.625 .062 .062 .015 
None 6.0 1: 10 1.325 .062 .062 .O 15 
None 6.0 1:14 .962 .065 -062 .GI5 
None 3.0 1:8 .875 .062 .062 .O 15 

S t a t i c  Tes ts  - Aged J o i n t s  

Test Spec imens Type Test  
S t a t i c  Tested 

Type ( 1 )  Q u a n t i t y  (Ramp) F a t i g u e  ( 2 )  L b L  

8.2.1.3.2 and None C o n t r o l  - NO J o i n t  .......................... A 
8.2.1.4.2 None 6.0 1:lO 1.262 .062 .062 ,015 A 

None 10.0 1:lO 2.344 . I56  . I88 .O 15 A 

S t a t i c  Tests  - Augmented J o i n t s  

8.2.1.3.3 and None C o n t r o l  - NO J o i n t  .......................... A 
8.2.1.4.3 None 10.0 1: lO 2.344 . I56 . I88 .O 15 A 

Glass F i b e r  10.0 1: 10 2.344 . I56 . I88 .015 A 
None C o n t r o l  - No J o i n t  -------------------------- A 
None 10.0 1:lO 2.344 . I56  . I88 .015 A 

Kev 1 a r  10.0 1:lO 2.344 . I56 . I88  .015 A 

F a t i g u e  and S t a t i c  Tests, Narrow and Wide Bond Gaps 

8.2.1.3.4 and None 6.0 1:lO 1.392 .080 . I12 .015 B 
8.2.1.4.4 None 6.0 1: lO 1.392 .080 . I12 .015 B 

None 6.0 1:lO 1.392 .080 . I12  .062 B 
None 6.0 1: 10 1.392 .080 . I12  .062 B 
None C o n t r o l  - No J o i n t  .......................... C 

F a t i g u e  and S t a t i c  Tests, Augmented J o i n t s  

8.2.1.3.5 and None 6.0 1: lO 1.392 .080 . I12 .015 B 
8.2.1.4.5 Glass F i b e r  6.0 1:lO 1.392 .080 . I12  .015 B 

None C o n t r o l  - No J o i n t  .......................... C 
Glass F i b e r  C o n t r o l  - NO J o i n t  .......................... C 

8 Tens. - -- K Consul t .  
10 Tens. --- K Consul t .  
10 Tens. --- K Consul t .  
10 Tens. --- K Consul t .  
i 0 Tens. --- K Consul t .  
10 Tens. --- K Consul t  . 

6 Tens. --- K Consul t .  
10 Tens. --- K Consul t .  
10 Tens. --- K Consul t .  

2 Tens. --- K Consul t .  
1 Tens. --- K Consu l t .  
6 Tens. --- K Consul t .  
2 Tens. --- K Consul t .  
1 Tens. --- K Consult .  
6 Tens. - - -  K Consul t .  

2 Tens. 
9 ---- 
2 Tens. 
2 ---- 
6 Compr . 

--- U. Dayton 
Tens. U. Dayton 
--- U. Dayton 

Tens. U. Dayton --- GBI 

2 ---- Tens. GBI 
3 ---- Tens. GB I 
2 Compr. --- GBI 
3 Compr. --- GBIZ 

NOTES: ( 1 )  A: Rectangular ,  1.5 x 2.25 o r  2.31 x 92 in.; B: Dogbone; C :  Compression, 2 x 2 x 8 i n .  
( 2 )  R = 0.1 



P = P I T C H  

L = LENGTH 

I :N = SLOPE 

WT = T I P  W I D T H  

WR = ROOT W I D T H  

G = GAP 

G . T .  = T I P  GAP 

F i g u r e  8-76 Finqer J o i n t  Cesicn Geometry 

8-200 



1 : 6 SLOPE 

P I T C H  = 1 . 6 2 5  I N .  

1 :8 SLOPE -- 
b n  
CV 

10 
m TYP.  GAP .01-.03 I N .  
F 1 -- 

/-- 6.00 I N .  

1 : 10 SLOPE 

F i g u r e  8-77 Tensile Test Specimens 
Details o f  Xachined Fingers, w i t h  slopes of 1 : 6 ,  l:E, 1:10 



I 1 :14 SLOPE I 

N V: 
a \ 

N 
rC) 

? 

1:8 SLOPE, 3 I N .  F INGERS 

F i g u r e  8-78 3 i n .  Long T e n s i l e  T e s t  Specimens 
D e t a i l s  o f  Machined F i n g e r s ,  w i t h  s lopes  o f  1:14 and 1:8 
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APPROX. 102 I N .  u - 
In F 4 N lm 

I 
GRAIN 

1 - 
7 

( 1 )  SAW CUT B I L L E T  

( 2 )  BAND SAW CUT FINGERS 1 
FINGERS PRIMED WITH WEST SYSTEM 1 0 :  -BG 
R E S I N  & 2 0 6 - 8 6  HARDENER; THEN COATED 
WITH EPOXY T H I X O  ADHESIVE. 

I 

( S I D E  VIEW) 

( 1 )  WIDTH OF ALL EXCEPT AUGMENTED LAMINATED AGED SPECIMENS 

( 2 )  WIDTH OF AUGMENTED LAMINATE SPECIMENS AND AGED SPECIMENS 

Figure  8-79 Fabrication o f  Finger Joint  Tensile Test Speci~;iens 





8.2.1.3.3 S t a t i c  Tens i o n  T e s t i n g  o f  F  i nge r - Jo i n ted  Augment.ed Laminae 

S i x  specirnens, 2.31 i n .  wide, were made f r om laminae augmented w i t h  e i t h e r  

g l ass  f i b e r  o r  K e v l a r  aramid f i b e r .  The b i l l e t s  f o r  each con ta i ned  

unaugmented p o r t i o n s  t h a t  y i e l d e d  one j o i n t e d  sample and two u n j o i n t e d  c o n t r o l  

specimens. F i g u r e  8-81 shows t h e  c o n f i g u r a t i o n  o f  t h e  10 i n .  l o n g  sample w i t h  

a  1 :10 s lope,  and d e t a i l s  o f  t h e  augmentation. F i g u r e  8-82 shows t h e  b i l l e t  

con f i gu ra t i ons .  The t e s t i n g  was performed by  K Consu l t i ng  1:ompany us i n g  t h e  

same equipment and techniques used i n  p rev i ous  t e s t s .  

8.2.1.3.4 F i n g e r  J o i n t  F a t i g u e  Tests  

The c o n f i g u r a t i o n  o f  specimens f o r  t h i s  s e r i e s  o f  t e s t s  was t h e  dogbone shown 

i n  F i g u r e  8-83, so t h a t  t h e  MTS t e s t  machines c o u l d  be used. The specimens 

have a  button-headed s t u d  bonded i n t o  each end f o r  t h e  machine i n t e r f a c e .  The 

cornpress i o n  g r i p  t imbe r  t e s t i n g  rnach ines  a r e  much more expens i v e  t o  ope ra te  

t h a n  t h e  MTS type ,  and most do n o t  have c y c l  i c  c a p a b i l  i ty .  F i f t e e n  o f  t h e  

dogbone samples were f a b r i c a t e d ,  11 were f a t i g u e  t e s t e d  a t  a  l o a d  r a t i o  o f  0.1 

and f o u r  h e r e  s t a t i c  ramp t e s t e d  i n  tens ion .  S i x  c o n t r o l  siimples, 2 x  2 x 8  

in., were made wi1;hout f i n g e r  j o i n t s ,  as shown i n  F i g u r e  8-84. These samples 

were t e s t e d  i n  co.npression p a r a l l e l  t o  t h e  g r a i n ,  u s i n g  a  5  m inu te  l oad  ramp 

t o  f a i l u r e .  A l l  t hese  t e s t s  on dogbone specimens were conducted a t  t h e  

Un i v e r s i t y  o f  Dayton Research I n s t i t u t e  ( U D R I ) .  Compressior~ t e s t s  were done 

a t  GBI. 

,411 t h e  f i n g e r s  ,dere 6 in. l ong  i n  t h i s  se r ies ,  as shown i n  F i g u r e  8-85. 

E leven of  t h e  22  aogbones had a  .062 i n .  gap, and f o u r  had a  .015 i n .  bond 

gap. Two each were sub jec ted  t o  t h e  s t a t i c  ramp t o  f a i l u r e .  

8.2.1.3.5 F a t i g u e  and S t a t i c  Tes ts  on Augmented Specimens 
W i th  t h e  excep t i on  o f  augmentation, these  t e s t s  were s i m i l a r  t o  t h e  t e s t s  

d e s c r i ~ e d  above. Each veneer was augmented w i t h  one l a y e r  o f  B u r l i n g t o n  #7500 

f a b r i c .  Oogbone specimens, as shown i n  F i g u r e  8-83, were f a t l r  i c a t e d  f o r  t h r e e  

augnlented f a t i g u e  specinlens and two o t h e r s  f r om  an unaugmentlzd s e c t i o n  o f  t h e  

b i l l e t .  Three augmented and two unaugmented compression samples were 

f a b r i c a t e a ,  as shown i n  F i g u r e  8-85, f o r  c o n t r o l .  The t e s t i n g  o f  t h e  

dogbones, which had a  bond gap o f  .015 in., used a  l oad  r i i t i o  o f  0.1. The 

compression samples were t e s t e d  u s i n g  a  5-minute l o a d  ramp t o  f a i l u r e .  A l l  

t e s t i n g  was done on an MTS machine b y  GBI. 
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B I L L E T  

1 

1- :: I GLASS AUGMENlED 

NOTE:  A L L  F I N G E R S  1 0  I N .  LONG, WITH 1  :10 SLOPE 

F i g u r e  8-32 S e c t i o n i n g  of Douglas F i r  and Epoxy Laminae B i l l e t s  w i t h  
P a r t i a l  Augmentation, f o r  F i n g e r  J o i n t  T e n s i l e  T e s t  Specimens 

8-207 
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BUTTON HEADED LOAD 
TAKEOFF STUD BONDED 

5 6 . 9 4  - 

I N  TAPERED HOLE 
( 4 )  MACHINE DOGBONE* I N S T A L L  STUD. C F I N I S H .  

F i g u r e  8 - 8 3  F a b r i c a t i o n  of  F i n g e r  J o i n t ,  Dogbone Speci~i iens f o r  F a t i g u e  T e s t s  

8-208 
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8.2.1.3.6 F u l l  Sca le  Represen ta t ion  

H f u l l  s c a l e  r e p r e s e n t a t i o n  o f  a  b lade  j o i n t  s e c t i o n  was designed and 

f a b r i c a t e d  t o  p rove  t n e  techniques and f e a s i b i l  i t y  o f  t h e  design. T h i s  f i n g e r  

j o i n t  process denons t ra t i on  u n i t  i s  desc r ibed  i n  s e c t i o n  113.5.5 o f  Vo l .  111. 

Tne assembly cor i ta ined j o i a t s  t h a t  were unaugmented, and j o i n t s  t h a t  were 

augmented w i t h  g l ass  f i b e r  o r  Kev la r .  A f t e r  t h e  f ' u l l - s c a l e  bonding 

demonst ra t ion was completed, t h e  u n i t  was sect ioned,  and 1.5 t e s t  p i eces  were 

removed f o r  s t a t i c  t e n s i o n  t e s t i n g .  The specimens were 2 i n .  t h i c k ,  7  i n .  

wide and 84 i n .  long. The specimens were c u t  f r om  areas t o  p r o v i d e  d i f f e r e n t  

j o i n t  t ypes  and were i n d i v i d u a l l y  t e s t e d  t o  f a i l u r e  i n  one - t ime  t e n s i o n  u s i n g  

a 5-minute l o a d  ramp. The t imbe r  t e s t i n g  machine a t  Washington S t a t e  

U n i v e r s i t y  was used f o r  these  t e s t s .  

8.2.1.4 K e s u l t s  

8.2.1.4.1 S t 3 t i c  Tension Tests  w i t h  Var ious F inge r  Shapes 

The mean va lues  o f  t e s t s  o f  va r i ous  f i n g e r  s i z e s  and slclpes a r e  l i s t e d  i n  

Tab le  8-66, sec t . i on  A. Tes t  r e s u l t s  a re  t a b u l a t e d  i n  Tables 8-67 and 8-68. 

Table  8-66 a l s o  1  i s t s  mean va lues  c o r r e c t e d  t o  a  12% m o i s t u r e  con ten t ,  and 

compares t h i s  va lue  t o  t h e  u n j o i n t e d  c o n t r o l  s t r e n g t i  f o r  each j o i n t  

c o n f i g u r a t i o n ,  as a  percen t  o f  t h e  c o n t r o l  ' s  t e n s i l e  s t r eng th .  The s t r e n g t h  

increases as t h e  s l ope  r a t i o  v a r i e s  f rom 1:6 t o  : I 4  w i t h  v e r y  1  i t t l e  

a i f f e r e n c e  between t n e  va lues o f  1:10 and 1: 14. The 3.0 i n .  l o n g  j o i n t  

per formed s l i g h t l y  b e t t e r  than  t h e  6.0 i n .  l o n g  j o i n t  w i t h  a  comparable 

s lope. The e f f i c i e n c y  l e v e l  o f  a1 1  b u t  t h e  1:6 s l ope  f i n g e r s  was above 90%, 

and shows t h a t  t h i s  approach f o r  j o i n i n g  wood s t r u c t u r e s  p rov ides  an exce l  l e n t  

s t r u c t u r e .  

Based on t h i s  data,  t h e  s l ope  o f  1:10 was se lec ted  f o r  a l l  subsequent t e s t s ,  

s i n c e  i t s  e f f i c i e n c y  was 94.1%. The i n d u s t r y  s tandard f o r  much sma l l e r  f i n g e r  

j o i n t s  i s  a l s o  a s lope  o f  1: lO. 
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Table  8-67 

T e n s i l e  S t reng th  o f  F inge r - Jo in ted  Laminated Douglas F i r  and Epoxy 

Length o f  F ingers ,  6 - i n .  

A. 116 s lops  of f ingers  
- 

Specimen Moisture Area Fail ing Tensile Tgpe of ,  
# Content Loed Strenqth Failure 

( $1  ( i n 2 )  (lbs 1 ( p s ! ~  

- -- 

B e  118  s lope of f ingers  

- 
IC 

1 = f a i l u r e  i n  joint  
2 = f a i l u r e  from Joint  t o  some point outside! of Jo int  
3 = f a i l u r e  outside of joint  



Tab1 e 8 -67  ( ~ o n t  inued)  

T e n s i l e  S t r e n g t h  o f  F i n g e r - J o i n t e d  Laminated Douglas F i r  and Epoxy 

Length o f  F ingers ,  6 i n .  Long 

C. 1110 slope of f inqers 

Specimen Molsture Area Fal l ing Tensile Type of,  
# Content Load Strength Failure 

( $ 1  ( in2  1 ( l b s  1 (ps i  1 

D. 1 114 slope of f ingers 

1 = f a i l u r e  In Joint  
2 = f a i l u r e  from Joint  t o  some point outside of joint 
3 = f a i l u r e  outside of joint 



T a b l e  8-68 

T e n s i l e  S t reng th  o f  F i nger -Jo  i n t e d  Laminated Doug1 as F i r  and Epoxy 

Slope of  F i nge rs  = 1 :8, Length o f  F i nge rs  = 3 i.1. 

S~ecimen Moisture Area Failinq Tensile Type of a -  - 

# C& ent Load - Strength l allure* 
( $1  ( in2 (lba ) (ps i  ) 

1 = fa i lure  in  joint 
2 = fa i lure  from joint  t o  some point outside of joint 
3 = fa i lure  outside of joint 

Tensile etrength of veneer composite msterlal 
without Joint8 

spl intering 
tension 

It 

n 

n 

I* 

w 

I* 



8.2.1.4.2 Aged J o i n t  S t a t i c  Tes t  Resu l t s  

Sec t i on  B o f  Tab le  8-66 summarizes t h e  r e s u l t s  o f  j o i n t s  aged 8  months a f t e r  

c u t t i n g  and b e f o r e  bonding. The s t a t i c  c o n t r o l  mean s t r e n g t h  f o r  these  j o i n t s  

was approx imate ly  15" ioower than  t h a t  o f  t h e  p rev ious  se r i es ,  a t  1 2 h ~ o o d  

mo i s tu re  con ten t .  The percen t  o f  t h e  c o n t r o l  t e n s i l e  s t r e n g t h  va l ue  f o r  t h e  

6.0 in .  f i n g e r s  was 1.5% h i g h e r  than t h a t  o f  unaged j o i n t s ,  b u t  t h e  s t r e n g t h  

o f  t h e  ayea, 10.0 i n .  f i n g e r  j o i n t  was 7.6%below t h a t  o f  t h e  aged, 6.0 i n .  

j o i n t .  Tables 8-69 and 8-70 show t h e  t e s t  r e s u l t s  f o r  a l l  t h e  aged 

spec imen s  . 

8.2.1.4.3 Augmented Laminae F inge r  J o i n t  Test  Resu l t s  

Sec t i on  C o f  T a ~ l e  8-66 p resen ts  a  summary o f  mean t e s t  va lues f o r  t h e  g l a s s  

f i b e r  and K e v l a r  augmented specimens. Both s e t s  o f  unaugmented, u n j o i n t e d  

c o n t r o l  samples had v e r y  h i g h  va lues:  12,817 and 12,285 p s i ,  a t  12% wood 

r r lo is ture con ten t ,  and r e l a t i v e l y  1  ow e f f i c i e n c i e s  f o r  unaugmented f i n g e r  

j o i n t e d  c o n t r o l  samples: 78.3 ana 80.4%. The f i n g e r  j o i n t  samples augmented 

w i t n  g l ass  f i b e r  had a  s t r e n g t h  o f  93.5% o f  t h e  u n j o i n t e d  c o n t r o l ,  15.2% 

g rea te r  than t h e  mean o f  t h e  unauglnented j o i n t e d  specimen. K e v l a r  

augmentat ion p rov i ded  a  s t r e n g t h  o f  108.1%, and t h e  j o i n t e d  c o n t r o l  was a t  

80.42. The reason f o r  t h e  h i g h  performance o f  Kev la r  augmented j o i n t s  i s  

p robab l y  t h a t  t h e  Kev la r  f i b e r s  a re  n o t  sheared c l e a n l y  d u r i n g  t h e  j o i n t  

machin ing ope rd t i on ,  so t h e y  leave f u z z i n g  beyond t h e  j o i n t  face which 

increases t h e  bonding area. 

The t e s t  r e s u l t s  a r e  t a b u l a t e d  i n  Tables 8-71 and 8-72. 



T a b l e  8-69 T e n s i l e  S t r e n g t h  o f  F i n g e r - J o i n t e d  Cornpo.jite M a t e r i a l .  

F inge rs  Aged A p p r o x i m a t e l y  8 M n t h s  B e f o r e  Bondi nq. 

A. slope of fingers 1110 
lenqth of fingers 6 - i n .  

Specimen Hoieture Area BsilPng Tensile Type of 
Idr Cent ent Load Strength Failure* 

($1 ( in2 I gibe ( p s i  ) 

B. 8lope of finger8 1810 
l ength  of f inger0 10- in .  . 

1 = failure in Joint 
2 0 failure from joint to some poin t  out8idel of joint  
3 = failure outs ide  of Joint 



Tab1 e 8-70 Tens il e S t r e n g t h  o f  Composite Haterial  Gli thout J o i n t s .  

Hater la1 Aged Approx imate ly  8 Months Before Test ing  . 

- 
Specimen Woisture &e8 Failing T e n a i l r  Type of 

# Content Load Strength Fai lure  
(I)  (in2 (lbm) (prt 1 

1300 S* 1 3* 51 36900 1051) rp l in ter inq  
1 301 be? 3 * 5 1  41320 11772 t e n s i o n  
1302 5 * 4  3* 51 26820 7641 rn 

1303 be7 3aS2 39700 11278 
1304 3*22 30660 9225 
1305 8: : 3. 5 34020 98 1 a 



Tab1 e  8-71 Tens i le  S t rength  of Composite Hateri ,dl 

A. Augmented f i n g e r  jo int  material 
w i th  #7500 Burl ington g lz~ss  f i b e r  
010th 

@lope of finger8 1 : l b  
l ens th  of fingero 10- in .  

Specimen Moisture &ea F a i l i n ~  Tens i le  m e  of 
# C m t  ent h s d  8trength Fai lure* 

( $1  ( inZ I ( l b r )  (ps i  

8. Vnaucrupentcd f irqer jo int  material 
8 l e g e  of f inqera  1110 
l eng th  of finqers 10-in.  

1 = f a i l u r e  i n  jo int  

C. Wneuqumented material  w!Lthout j o i n t s  

08 be 3 3.52 49520 14068 rp l in ter in3  
09 4. 5 3.53 50880 14414 tens ion  



Tab1 e 8 -72  Tens il e S t r e n g t h  o f  Compos i te  ! . l a t e r i a l  

A. Auqumented f inqer joint  material 
with #5285 Burllneton Kevlar c l o t h  

alope of finqera 1110 
length of finqera 1 0 - i n .  

Specimen Woieture Area  Fail ing Tenuile -PC of 
# Content Load Strength Failure* 

( $ 1  ( in2)  ( ~ b r )  (pal 1 

8. Unaugunented f i n s e r  jo int  material 
rlope of f inger8 1110 
length of f inqerr 1 0 - i n .  - a  -L 

* 1 - f a i l u r e  i n  Jo int  
C, Unaugumented material without j o l n t s  



8.2.1.4.4 Resu l t s  o f  Fa t i gue  Tests  on F i n g e r  JoSnts 

The r e s u l t s  o f  t h i s  t e s t  s e r i e s  a r e  1  i s t e d  i n  Table  8-73! i n c l u d i n g  s t r e s s  

va lues  c o r r e c t e d  t o  12% wood m o i s t u r e  con ten t .  Sec t i on  A c ~ f  t h e  t a b l e  1  i s t s  

t h e  s t a t i c  c o n t r o l  t e n s i o n  va lues.  The two wide-gap members had va lues  12.5% 

and 16% lower  than  t h a t  o f  t h e  s tandard  ,015 i n .  bond gap samples from t h e  

same b i l l e t .  The f a t i g u e  t e s t s ,  a l l  w i t h  a  load  r a t i o  o f  0.1 ( t ens i on -  

t e n s i o n j ,  y i e l d e d  t h e  r e s u l t s  snown i n  s e c t i o n  B o f  t h e  t a b l e .  The two 

wide-gap specimens, 15-2 and 16-1, perfornied poo r l y ,  as sholr~n i n  F i g u r e  8-86. 

Dur ing  seve ra l  c f  t h e  t e s t s ,  c racks  near  t h e  f i n g e r ' s  ends were de tec ted  

b e f o r e  f a i l u r e ,  any~.dhere f r om 3.3% t o  76% o f  t h e  t o t a l  c yc l es .  The frequency 

was 5 H Z  f o r  a l l  o f  t h e  t e s t s ,  and no problems w i t h  ove rhea t i ng  occur red .  

8.2.1.3.5 Resu l t s  o f  Fa t i gue  Tests  on Augmented Laminae 

Tne r e s u l t s  o f  t h i s  s e r i e s  o f  t e s t s ,  c o r r e c t e d  t o  12% m o i s t u r e  con ten t ,  a r e  

shown i n  Tab le  8-74. Tlie t e s t i n g  was conducted a t  5  Hi:, and no h e a t i n g  

p rob len~s  were no t i ced .  Table  8-75 shows t h e  r e s u l t s  o f  s t a t i c  compression 

t e s t s  conducted by GBI, and i n d i c a t e s  a  mean s t r e s s  l e v e l  o f  9,595 p s i  f o r  " A "  

b l ocks  and 9,594 p s i  f o r  " C "  b locks .  F i g u r e  8-87 i s  a  p l o t  o f  t h e  f a t i g u e  

t e s t  data,  showing t h e  r e l a t e d  t r e n d  l i n e s .  

8.2.1.4.6 Resu l t s  o f  Tension Tests  on F u l l  Sca le  Represen ta t ion  Specimens 

Tab le  8-76 p resen ts  t h e  d a t a  f r om  t h e  15 specimens. The f i r g e r s  o f  samples 1, 

2 and 3, were augmented on one s i d e  o f  t h e  l o n g i t u d i n a l  cen te r !  i n e  and K e v l a r  

on t h e  o t h e r .  The average s t r e s s  l e v e l  was 13,000 p s i  a t  f d i l u r e .  Samples 4, 

5 arid 6 ,  which were unaugrnented, had an average f a i l u r e  str l2ss o f  11,033 p s i .  

Samples 7, 8 and 9, which were augmented w i t h  g l ass  f i b e r ,  had an average 

s t r e s s  l e v e l  o f  9,760 p s i ,  a l though  sample 9  f e l l  w e l l  belo 'd t h e  o the rs .  The 

j o i n t  o f  sample S f a i l e d  between t h e  epoxy su r f ace  and wood f a c e  a t  6,910 p s i ,  

and ve ry  l i t t l e  ~ o o d  was l e f t  on t h e  epoxy sur face.  The specimens augmented 

w i t h  Kev la r  performed v e r y  w e l l .  Numbers 10, 11 and 12 rnet t h e  machine 1  i m i t  

o f  13,360 p s i  wil:hout f a i l u r e .  Samples 13, 14 and 15 had an average f a i l u r e  

s t r e s s  o f  13,333 p s i ,  121% o f  t h e  average s t r e n g t h  o f  t h e  i~naugmented c o n t r o l  

spec imen. F i g u r e  8-88 shows t h e  o v e r a l l  FJPDU con f  i g u r a t  ioc  and d e f i n e s  areas 

f ronl ~ h  i ~ h  samples were removed. 



Table 8-73 

T e n s i l e  Compression S t rength  and Tension F a t i q u e  S t rength  o f  Narrow and Wide Gap Bonded F i n g e r  J o i n t s  
i n  Unaugmented Douglas F i r  Laminae and Epoxy 

Tes t  Program: MOD-5A-005 J o i n t  Adhesive.: WEST SYSTEM@ Epoxy Resin and Hardener, Asbestos-Thickened 

Load Direct ion:  P a r a l l e l  t o  Wood Grain T e s t  EnvironmenL: Approximately 68OF, 50% R.H. m e d  BY: U.Dayton R . I .  

F inger  Geometry: Length 10 i n . ;  Slope, 1:10 Fat inue  S t r e s s  Rat io:  0.1 Cvcle Rate: 5 Hz 

Bond Specimen Tens i l e  S t rength  ( p s i )  Fa t igue  S t rength  ( p s i )  No. of 
Number Gap (in4 LFC (%) A s  Tested @12% F.M.C. 

. - .  A s  Tested (312% W.M.C. -- Cycles 

A. Tens i l e  Ramp T e s t s  

15-1 .062 (w) 5.07 8,510 7,759 ----- ----- ---------- 
15-4 .015 4.00 9,930 8,868 ----- ----- ---------- 
18-1 .062 (w) 4.61 9,020 8,151 ----- ----- --------- 
18-2 .015 4.47 10,780 9,715 ----- ----- ---------- 

B. Tension Fa t igue  T e s t s  

15-2 .062 (w) 
15-3 .015 
15-5 .015 
16-1 .062 (w) 
16-2 .015 
16-3 .015 
16-4 .015 
16-5 ,015 
18-3 .015 
18-4 -015 
18-5 ,015 



Tab1 e 8-73 (Cont inued ) 
Compress i \ /e  Strength  o f  Unaugmented Doug1 as F i r  Laminae and Epoxy 

Used i n  Narrow o r  Wide Gap F inger  J o i n t  Tests 

C Test  Program: MOD-5A-005 Test Specimens: 2 in .  x 2 in. :x 8 in.  long - 
Load Direct ion:  P a r a l l e l  t o  Wood Grain (No Finger Joints) 

Test  Environment: Approximately 6a°F, 50% R . H .  

Tested By: Gougeon Brothers,  Pric. 

Specimen 
Number 

----- 
(1) Compressive Strength ( p s i )  

LKC ( 7;) A s  Tested @12% W.M.C. --- 

Est .  5 . 0  

5 . 2  

Est .  5 . 5  

5 . 8  

5 . 0  

Es t .  5 . 0  

NOTES: ( I )  A S n I  Standard 5-Minute Ramp-To-Failure 





Tab1 e 8-74 

Tension Fat igue Strength o f  Bonded Finger  J o i n t s  i n  Douglas F i r  Larni nae and Epoxy 
Augmented w i t h  G l a s s  F i b e r  

Tes t  Program: - MOD-5A-005 J o i n t  Adhesive: WEST SYSTEM @ Epoxy Resin and Hardener, Asbestos-Thickened .--- 

Finger  J o i n t  Geometry: Length - 10 in . ,  Slope - 1:10, Bond Gap - .015in. 

Load Direction: I'aral:el t o  Wood Grain Fa t igue  S t r e s s  Rat io:  6 . i  Cycle Rate: 5 Hz 

Tes t  Environment: Approximately 68"F, 50% R.H. Tested By: Gougeon Brothers ,  Inc.  

Specimen L a m i n a e  
Number Augmentation 

A.  Augmented L a m i . n a e  .- 

EFJF- 1 E Glass  

EF JF- 2E Glass  

EFJF-3E Glass  

B. Unaugmented L a m i n a e  -- -- 

EFJF-4s None 

EFJF-5s None 

.- LMC ( 2 )  

Fatigue Strength  ( p s i )  - -- 
A s  Tested - @12% W.M.C. 

Number 
of 

Cycles 



T a b l e  8-75 

Compressive St rength  of  Gl ass F iber-Augmented Doug1 as F i r  Laminae and Epoxy 
Used i n  F inger  J o i n t  Fa t igue  Tests 

Test Program: MOD-5A-005 Test  Specimens: 2 i n  x 2 i n  x 8 i n  long 

Load Direct ion:  Para l l e l  t o  wood grain 

Test Environment: Approximately 68OF, 50% R . H .  

Tested By: Gougeon Brothers, Inc.  

Specimen 
Number LMC (%) 

EFJF-1E-A 

EF JF- 2E-A 

EFJF-3E-A 

EFJF- 1 E-C 

EFJF-2E-C 

EF JF-3E-C 

(1 1 Compressive Strength ( p s i )  -- 
As Tested @ 12% W . M . C .  

NOTES: ( 1 )  ASTM Standard 5-Minute Ramp-To-Failure 





Tab le  8-76 F u l l  Scale Represen ta t ion  Tension Test  Resu l t s  

Cross Sec t i on  F a i l u r e  S t ress  
S amp1 e  Number ( i n )  - Cons t ruc t i on  ( p s i )  --- -- --- Auynlentat i on  

F  i n g e r  Jo i n t s  

F i n g e r  J o i n t s  

F i n g e r  J o i n t s  

So l  id-No J o i n t s  

Sol id-No J o i n t s  

Sol  id-No J o i n t s  

F  i n g e r  J o i n t s  

F i nge r  J o i n t s  

F i n g e r  Jo i n t  s  

F i n g e r  J o i n t s  

F i n g e r  J o i n t s  

F i n g e r  J o i n t s  

F i n g e r  J o i n t s  

F i n g e r  J o i n t s  

F i n g e r  J o i n t s  

112 end g lass,  1/2 Kev la r  

112 end g lass,  112 Kev la r  

112 end glass,  1 /2  K e v l a r  

Unaugmented 

Unaugmented 

Unaugmented 

Glass 

Glass 

Glass 

Kev 1  a r  

Kev l  a r  

Kev 1  a r  

Kev 1  a r  

Kev 1  a r  

Kev l  a r  

Notes 

Epoxy/Wood Sepa ra t i on  

See F i g u r e  8-88 f o r  sample l o c a t i o n  i n  F i nge r  J o i n t  Process Demonstrat ion U n i t  



I F i g u r e  8-88 Saniple L o c a t i o n s  i n  FJPDC. 

8-229 



8.2.2 LONGITUDINAL BONDED JOINTS 

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

The MOD-SA b l ade  was designed t o  be  made o f  long, con toured  pane ls  o f  wood 

veneer and epoxy, as shown i n  F i g u r e  8-89. These panels  a re  t y p i c a l l y  80 ft. 

long, and a r e  bonded a t  j o i n t s  f i l l e d  w i t h  t h i x o t r o p i c  epoxy. The e a r l y  r o t o r  

aes ign  used a  b u t t  j o i n t  w i t h  faces  normal t o  t h e  su r face ,  as shown i n  F i g u r e  

8-89, d e t a i l  A. A wood veneer wedge and e p o x y - f i l l e d  j o i n t ,  as shown i n  

F i g u r e  8-89, d e t a i l  B evolved l a t e r .  Both c o n f i g u r a t i o n s  were t e s t e d .  S ince  

~ n a n u f a c t u r i n g  d e f e c t s  a re  p o s s i b l e  i n  a  j o i n t  o f  t h i s  s i ze ,  and s i n c e  

i n s p e c t i o n  i s  a i f f i c u l t ,  t h e  e f f e c t s  o f  t y p i c a l  de fec t s  were s tud ied .  The 

j o i n t s  must be  immune t o  c a t a s t r o p h i c  p ropoga t ion  o f  c racks  r e s u l t i n g  from 

smal l  ue fec ts ,  so b o t h  s t a t i c  and f a t i g u e  t e s t s  were conaucted. 

The t e s t  r e s u l t s  f r om  t h e  two types  o f  j o i n t s  a re  n o t  d i r e c t l y  comparable. 

Yhen t h e  f i r s t  samples were aesigned no j o i n t  c o n f i g u r a t i o n  change was 

a n t i c i p a t e d .  When t h e  change was implemented t h e  c o n f i g u r a t i o n  o f  t h e  sample 

was mod i f  i e d  and t h e  bending and shear c h a r a c t e r i s t i c s  were mod i f i ed  . 

8.2.2.2 Tes t  Ob jec t i ves  

The o b j e c t i v e  o f  t h i s  t e s t  was t o  o b t a i n  da ta  on t h e  d u r a b i l i t y  o f  

l o n g i t u a i n a l  bonded j o i n t s  i n  iJouglas f i r  veneer and West Systems epoxy, 

which were sub jec ted  t o  s t a t i c  o r  f a t i g u e  loads i n  a  bending t e s t  

arrangement. The t e s t  s t u d i e d  t h e  i n f l u e n c e  o f  d e f e c t s  i n  t h e  bond 1  i ne  o f  

t h e  j o i n t ,  and o f  h i g h  and low temperatures on t h e  j o i n t .  Tables o f  shear 

s t r e n g m ,  S - N  cu rves  and d e s c r i p t i o n s  o f  f a i l u r e s  were recoraed.  

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

The t e s t  program was conducted by  t h e  I l l i n o i s  I n s t i t u t e  o f  Technology 

Research I n s t i t u t e  ( I I T R I ) ,  i n  Chicago, I l l i n o i s .  The program l a s t e d  one 

year ,  and ended i n  September, 1983. 

The c o n f i g u r a t i o n s  o f  t h e  samples a re  shown i n  F i g u r e  8-90. Three p o i n t  

b e n a i r ~ g  loaas were imposed on t h e  t h i c k  f l a n g e  I-beam t e s t  specimens t o  



A .  LONGITUDINAL BUTT JOINT B. LONGITUDINAL WEDGE JOINT 

Figure 8-59 :<OD- 5A Rotor-Panel Assernbl y-A1 ternat .e  Joi n t  
Concepts 



Shear 

t 1 'A" 

Moment 

C 

'Ref: 
Marks Handbook, 
Seventh Ed., 
Pg. 5-23 

I 

View A-A 

- 

Longitudinal Butt Joint 

Bending Stress 
3 

l p ~  =4(j) = 9.0 ln4, C = 1.5 In 
12 

~ongitudinal Wedge Joint 

Shear Siress at Centroid* 

Sv (Max) =& I--] 
4a be  (b ) f 

P 12.0 - "A" 

15.0 

Loading 

View A-A 

- - 
t = 

12.0 - 
15.0 - 

Bending Stress 
= 4(3)3 - 3(1)3 = 8.75 in4, C = 1.5 in 

12 12 

Sb = mc : (6P) (1.5) : 1.025p 
1 8.75 = 

Shear Stress at Centroid* 
sv (Max) = 2 ~ f -  m-a) $ 

4a 1 1  be - (b-a) f 

F i g u r e  8-90 Three -Po in t  Bending T e s t  Specimen 
Geometry, Loads, and S t r e s s e s  



s i m u l a t e  snear load ing  on t h e  l o n g i t u d i n a l  bonded j o i n t  i n  t h e  web. The 

f i g u r e  a l s o  r e l a t e s  t h e  c a l c u l a t e d  beam bending s t r e s s  and j o i n t  shear s t r e s s  

t o  t h e  beam loaa ing .  F i g u r e  8-91 shows t h e  MTS Model 308.01 ,four-column t e s t  

rrlachine w i t h  t h e  l o a d i n g  frame and a  t e s t  specimen. Th i s  machine had a  l o a d  

c a p a c i t y  o f  20,000 l b .  Tile specimen f a t i g u e  l o a d i n g  was imposed u s i n g  s t r o k e  

c o n t r o l  w i t h  a  s i n u s o i a a l  l o a d i n g  p r o f i l e .  Load read ings  were s e t  a t  t h e  

beg inn ing  o f  each t e s t  and v e r i f i e d  h o u r l y .  

S i x t y - o n e  b u t t  j o i n t  specimens and 24 wedge j o i n t  specimens were t es ted .  

Table  8-77 desc r i ves  t h e  t e s t  c o n d i t i o n s  o f  each o f  t h e  85 specimens. S t a t i c  

t e s t s  a t  h i g h  ana low temperatures were conducted on b u t t  j o i n t  samples, w i t h  

and w i t h o u t  de fec t s .  Three t ypes  o f  de fec t s ,  shown i n  F i g u r e  8-92, were 

eva lua ted  i n  t h e  b ~ t t  j o i n t  s t a t i c  t e s t  specimens. Square n j . l o n  i n s e r t s  were 

t h e  o n l y  t y p e  o f  a e f e c t  used i n  t h e  f a t i g u e  t e s t s  and i n  t h e  wedge j o i n t  

t e s t s .  F i g u r e  8-93 descr ibes  t h e  l a y o u t  o f  b u t t  j o i n t  specimens on a  t y p i c a l  

b i l l e t .  Each o f  t h e  f o u r  b u t t  j o i n t  b i l l e t s  was 4 b y  25 b y  100 i n .  and 

y i e l d e d  12 s t r i p s ,  1.5 b y  4  b y  96 i n .  F i g u r e  8-94 shows how each o f  these  48  

s t r i p s  were c u t  :into t n r e e  leng ths .  They were f a b r i c a t e d  i n t o  t h e  t e s t  

con f igu ra t ioa l  us i ng  a s b e s t o s - f i l l e d  West S y s t e w  t h i x o t r c l p i c  epoxy, and 

coated w i t h  u n f  i 1 l e a  epoxy t o  r e t a r d  m o i s t u r e  v a r i a t i o n .  dedge j o i n t  

specimens were made f rom four  b i l l e t s ;  t h r e e  b i l l e t s  augmented w i t h  g l a s s  

f i b e r  y i e l d e d  15 caps each. The f o u r t h  b i l l e t  con ta inea  a  s e c t i o n  w i t h o u t  

g l ass  f i b e r  augmentat ion,  which was used t o  manufacture t h e  hebs. These webs 

were rnade o f  wood veneer and o r i e n t e d  90" t o  t h e  f l a n g e  veneer.. They were c u t  

t o  p r o v i a e  wedge i nc l uded  angles o f  16". The a b i l i t y  t o  p r o p e r l y  l o c a t e  t h e  

wedges was o f  concern. Poor qua1 i t y  placement was i n v e s t i g a t e d  b y  two wedge 

p o s i t  ions.  Tne wedges were bonded w i t h  asbestos- f  il l e d  West System@ 

t h i x o t r o p i c  epoxy. The cen te red  wedge samples had a  0.12 in .  t h i c k  bond gap 

and t h e  s h i f t e d  wedges had gaps of  0.24 and 0.0 in .  The wedge j o i n t  samples 

a r e  shown i n  F i gu res  8-95 and 8-96. 

8.2.2.4 Tes t  Resu l t s  - 
A 5 minu te  l o a d  ramp was used i n  a l l  s t a t i c  t e s t s  us i ng  s t r o k e  c o n t r o l .  

F a i l u r e  g e n e r a l l y  occur red  a f t e r  approx imate ly  one minute.  N ineteen specimens 

were env i r onmen ta l l y  c o n d i t i o n e d  i n  temperatures o f  -40°F, 70°F, 100°F, and 

160°F. A l l  specimens except  tnose  a t  160°F were t e s t e d  in imediately a f t e r  t h e y  

were removea f r om t h e  env i ronmenta l  chamber. 



Figure 8-91 t1TS Test System IIT Research I n s t i t u t e  
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Table  8-77 Three P o i n t  Bending T e s t  P l a n  
Longi  t u d i  n a l  Bonded J o i n t s  

NOTES 

Temp OF 

7 0 
100 

160/100( ' 1  
-40 
70 
7 0 
7 0 

70 
F a t l g u e ,  R=0.1 70 

7 0 

1 .  Specimens were c o n d i t i o n e d  a t  160°F f o r  one hour ,  t h e n  
a l l o w e d  t o  coo; to 100°F b e f o r e  t e s t l n g ,  I n  o r d e r  t o  
s i m u l a t e  s o l a r  h e a t i n g  o f  a  s t a t t o n a r y  b l a d e ,  f a l l o w e d  by 
r o t a t i o n  a t  a modera te ly  e l e v a t e d  tempera tu re .  

Centered  Hedge 
S h l  f t e d  Wedge 
Hedge W i t h  D e f e c t  

Centered  Wedge 
S h t f t e d  Uedge 
Wedge W i t h  D e f e c t  

TOTAL 

None 
#one 

#2 

TOTAL 

None 
none 

#2 

TOTAL 

- 2 7 - 

2 
2 
2 

a - 

6 
6 
6 

- 18 - 

S t a t i c  Ramp 
S t a t i c  Ramp 
S t a t i c  Ramp 

F a t l g u e .  R=0.1 

70 
7 0 
70 

70 
F a t l g u e ,  R=0.1 70 
F a t l g u e .  R=0.1 70 
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SHADED AREAS 
AUGMENTED 

I I 

( 4- WEB MATERIAL. -B 

I I 

I I 

I 
1 1 5 "  UNAUGH 

TOP V I E W .  B I L L E T  4 ( P A R T I A L  GLASS AUGMENTED) 

./ 1 0  OZ.  GLASS 
CLOTH, ORIENTED 
90°/900. FOUR 
LAYERS 
BURL I NGTON 
# 7 5 0 0  

SECTION "A-A"  

MATERIALS: 
( 1 )  DOUGLAS F I R  VENEER. 0 . 1 "  . . 

T H I C K .  BLADE GRADF 7: 
GMS-001. 

( 2 )  WEST S Y S l E M  1 0 5  EPXOY 
R E S I N / 2 0 6  HARDENER VACUUM 
LAMINATED 

F i g u r e  8-95 B i  11 e t  F a b r i c a t i o n  - L o n g i t u d i n a l  Wedge J o i n t  Tes t  Specinlens 

8-239 





Those c o n d i t i o n e d  a t  160°F were a l lowed t o  coo l  t o  100°F b e f o r e  t e s t i n g ,  t o  

s i m u l a t e  t h e  temperature p r o f i l e  o f  a  r o t o r  t h a t  i s  e x p o w d  t o  s o l a r  hea t  

wn il e  a t  r e s t ,  t hen  s t r essed  a t  modera te ly  h i g h  temperatures w h i l e  r o t a t i n g .  

Anotner 15 samples, t e s t e d  a t  IO°F, con ta ined  s imu la ted  d e f e c t s  i n  t h e  bond. 

F o r  each s t a t i c  ramp t e s t ,  l oad  vs.  t i m e  was p l o t t e d .  A t y p i c a l  p l o t  i s  shown 

i n  F i g ~ i r e  8-97. Accord ing t o  d e f i n i t i o n ,  f a i l u r e  took  p l l l c e  a t  t h e  f i r s t  

d i s t i n c t  knee i n  t h e  curve,  when t h e  sample exper ienced i r r e v o c a b l e  damage, 

even though t h e  l o a d  m igh t  inc rease  b e f o r e  d ropp ing  t o  zero.  

Tab le  8-78 con ta i ns  d a t a  f r om  t h e  s t a t i c  ramp t e s t s .  The beiirn l o a d  a t  f a i l u r e  

was used t o  c a l c u l a t e  ti12 shear s t r e s s  i n  t h e  g l u e  l i n e ,  and t h e  maximum 

benaing s t r e s s  i n  t h e  beam o u t e r  f i b e r s .  The method f o r  c a l c u l a t i n g  s t r esses  

i s  snown i n  F i g u r e  8-90. 

Tile shear s t r e s s  was ad j cs ted  t o  a  l e v e l  expected f o r  a  m c ~ i s t u r e  con ten t  o f  

12%, accord ing  t o  t h e  p r a c t i c e  o f  t h e  wood i ndus t r y .  The c a l c u l a t i o n  f o r  t h i s  

ad justment  i s  shown i n  Table  8-79. 

8.2.2.5 F a t i g u e  Load Tes ts  

Twenty-f  i v e  t e s t  specimens w i t h  l o n g i t u d i n a l  b u t t  j o i n t s  were f a t  i gue - t es ted  

i n  t h r e e - p o i n t  bending. A l l  t h e  specimens were t e s t e d  a t  a p p r o x i n ~ a t e l y  70°F, 

50% r e l a t i v e  h u m i d i t y  and c y c l e d  a t  a  r a t e  o f  5 Hz. The r a t i o  o f  the'  minimum 

t o  t h e  maximum l oad  used f o r  a l l  t e s t s  was 0.1. S i x  o f  t h e  27 specimens 

con ta i ned  n y l o n  squares i n  t h e  bond j o i n t ,  which i s  de fec t  t y p e  2, shown i n  

F i g u r e  8-92. 

A c o n s i s t e n t  d e f ' i n i t i o n  o f  f a i l u r e  f o r  t h e  f a t i g u e  t e s t s  was used. The f i r s t  

f i v e  specimens were c l o s e l y  mon i t o red  a t  h a l f - h o u r  i n t e r v a l s ,  t o  measure c rack  

i n i t i a t i o n  and p ropaga t ion ,  and t h e  d e l t a  s t r o k e  as descr i t led i n  F i g u r e  8-98. 

Based on tnese  observa t ions ,  i t  appeared t h a t  specimens ma in ta ined  s t r u c t u r a l  

i n t e g r i t y  i n  beam bending u n t i l  j o i n t  c racks  reached a  leng.;h o f  approx imate ly  

12 in .  Then t h e  specimen behaved l i k e  two unconnected beams. The r e s u l t s  a r e  

shown i n  Tab le  8-80. 
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Tab1 e  8-79 A d j u s t m e n t  o f  :JooS Laminae  r. lechanica1 
Prc,  e r t i e s  f o r  i ' o i s t u r e  C o n t e n t  

From R e f e r e n c e ,  Pages 4-32 t o  4 - 3 3 :  

Where : 

M = m o i s t u r e  c o n t e n t  ( % )  o f  wood 
PM = p r o p e r t y  a t  wood m o i s t u r e  c o n t e n t  H .  
PI2 = p r o p e r t y  a t  12% wood m o i s t u r e  c o n t e n t  
Pg = p r o p e r t y f o r a l l w o o d m o i s t u r e c o n t e n t s > M p  

Mp = wood m o i s t u r e  c o n t e n t  a t  w h i c h  changes  i n  p r o p e r t y  caused  b y  
d r y i n g  a r e  f i r s t  o b s e r v e d .  ( f o r  Doug las  f i r ,  Mp = 2 4 % )  

P12 - - - c o n s t a n t  K :  
Pg 

KT = 1 . 2 1  ( t e n s i o n )  
K C  = 1 . 9 2  ( c o m p r e s s i o n )  
KS = 1 . 2 6  ( s h e a r )  

I f :  - 

ML = measured  m o j s t u r e  c o n t e n t  o f  Doug las  f i r  l a m i n a e  egoxy  
M = wood m o i s t u r e  c o n t e n t  = 1 .22  x ML 
PT = p h y s i c a l  p r o p e r t y  as  t e s t e d  

P,2 = PT X ( K )  

R e f e r e n c e :  "Wood Handbook: Wood As An E n g i n e e r i n g  M a t e r i a l , "  
A g r i c u l t u r a l  Handbook No. 7 2 ,  b y  F o r e s t  P r o d u c t s  
L a b o r a t o r y ,  F o r e s t  S e r v i c e ,  U . S .  Depa r tmen t  o f  
A g r i c u l t u r e ,  Mad i son ,  W i s c o n s i n  



I N I T I A L  DEFLECTIONS ai = 9ELTA STROKE 

- 0 . 1 P  

' --- - \ ---= 
/' DEFLECTIONS AT FAILURE \ 

AT FAILURE:  AF = 2 A 1  
CRACK LENGTH LC 2 1 2 . 0  I N .  

F igu re  8-98 Fa t i gue  F a i l u r e  C r i t e r i a  - Three P o i n t  
Bending Tes ts  ( R  = 0.1) 



Tab1 e 8-80 Three-Po in t  Sending F a t i g u e  T e s t s  - L o n a i t u d i n a l  B u t t  J o i n t s  

Test Program: MOU-5A 
Mater ia l :  Douglas Fir/Epoxy Laminae, Lpoxy/Asbestos Adhesive Joint .  .06 i n .  th ick  
Test Environment: 70°F. 50% Rela t ive  H u m i d i t y .  Stress Ratio: R = 0.1 Cycle Rate: 5 Hz  

Sample 
No 

F3 
F 4 
F 5 
F 6 
F 7 
F 8 
F9 
F10 
F11 
F 12 
F 13 
F14 
F15 
F 16 
F17 
F18 
F19 
F20 
F21 

Defect 
TvDe ( I 1  

None 
n 

II 

m 

n 
II 

n 

n 

n 

II 

u 

I 

II 

o 

n 

n 

u 

n 

Avq. Jo in t  

LMC ( % I  

6.3 
6.3 
6.1 
6.0 
5.sE 
5.5 
5.1 
5.7 
5.!iL 
5.5€ 
5.3 
5.5 
4.7 
4.6 
5.0 
6.1 
6.2 
6.3 
6.9 

. D i m  
Width 

1.00 
1.05 
1.03 
1.01 
.95 

1.01 
1.02 

.90 
1.00 
1.03 

.90 

.99 
1.00 

.99 
1.03 

.96 
1.05 

.96 

.99 

: i n )  - 
T h i c k  

,045 
.050 
.056 
.054 
N/A 

.064 

.ObO 

.045 

.062 
,062 
.055 
.060 
.056 
,060 
.065 
.ObO 
,030 
,062 
,060 

Fat lure Load 
Ha x 

Bending 
Stress 

(ps i )  (3 )  

5,000 
5.000 
4.500 
4.000 
3.500 
3.500 
4.000 
3.500 
3.500 
3.200 
3.500 
3,150 
3.750 
4.000 
4.000 
6.071 
6.420 
4.250 
4,500 

# I n  

500 
500 
450 
400 
350 
350 
400 
350 
350 
320 
350 
315 
315 
400 
400 
601 
643 
425 
450 

( l b s )  _ 
Max (2) 

5,000 
5,000 
4.500 
4.000 
3.500 
3,500 
4,000 
3.500 
3.500 
3.200 
3.500 
3.750 
3.150 
4.000 
4.000 
6.011 
6.420 
4.250 
4.500 

Max 
Shear 

Stress 
(ps i )  (3)  

1.250 
1.190 
1.092 

990 
921 
866 
980 
893 
815 
716 
893 
94 7 
937 

1.010 
97 1 

1.581 
1,530 
1.107 
1.136 

Max Shear 
Stress @ 
12% H.C. 

(4) 

1.150 
1.095 
1,000 

905 
832 
782 
889 
810 
790 
701 
803 
855 
830 
893 
867 

1.448 
1.405 
1.019 
1.060 

Cycles 
To 

Fat l u re  

134.613 
302.960 
191.482 
513.255 
301,843 

8,564,236 
160,000 
173.192 

2,126,614 
10x106 

8,514.000 
5.725.800 
2.827.800 
>10x106 
3.655.000 

28.000 
800 

693,000 
63.000 

Primary 
lype Fa i lu re  
Wood I Bond 

I 
N/A 
N/A 

I : 
N/A 

x 

x I 
N/A 
N/ A 
N/A 
N/A 
N/A 
N/A 
N/A 

x 
x 
x 
X 



Tab le  8-80 (Cont inued)  Three-Po in t  Gending F a t i g u e  Tes ts  - L o n g i t u d i n a l  B u t t  J o i n t s  

Sqlt Proqram: 
M a t e r i a l :  -- 
Test Environment: 

MOD-5A 
Douglas Fir /Epoxy Laminae. Lpoxy/Asbestos Adhesive J o i n t .  .Ob I n .  t h i c k  
70°k. 50% R e l a t i v e  Humid i t y .  Stress R a m :  R = 0.1 Cycle Rate: 5 H z  

1. See Figure 8.2.2-4 f o r  d e s c r i p t i o n  o f  defects  

2 .  F a i l u r e  Load i s  t h a t  load a t  which the  d l f f e r e n c e  between maximum and minimum s t r o k e  equals 23 the  
I n i t i a l  s t roke  d i f f e r e n c e  (See Flgure 8.2.2-10) 

3. See Figure 8.2.2-2 f o r  method o f  c a l c u l a t i n g  s t resses 

Primary 
Type F a i l u r e  

4 .  See Table 8.2.2-6 f o r  method o f  a d j u s t i n g  p roper t ies  t o  12% wood moisture content  l e v e l  

Max Shear 
Stress @ 
12% H.C. 

i 4 )  

1,029 
1.037 

926 

Max 
Shear 

St ress 
( p s i )  i 3 )  

1.103 
1.114 

990 

Wood 

x 
x 
x 

5. N/A - Test specimens n o t  a v a i l a b l e  f o r  examination 

Cycles 
To 

Fa l l u r e  

65,700 
586.312 
279,900 

1.301.400 
3,750 1 1 405,500 1 9 1 
3.500 866 3.104.800 

Max 
Bending 
Stress 

( p s i )  (3)  

4,500 
4,000 
4.000 

Cond 

3.750 
0 6 3 6 . 8 3 1 5  

7.1 

LMC ( % I  

6.9 
6.8 
1.0 

350 

F a i l u r e  Load 
i lbs) 

D2-05 
D2-06 

Avg. J o i n t  

3,750 
3.500 

H in  

450 
400 
400 

NO 

02-01 
D2-02 
D2-03 

6 . 8  

#ax (2) 

4.500 
4.000 
4.000 

375 02-04 
2 
2 

3,150 

Type (1 )  

2 
2 
2 
2 

0.99 
1.01 ,016 

Width 

1.02 
1.01 
1.01 

Thick 

.075 

.070 

.070 
0.99 .070 



It a l s o  appeared t h a t  t h e r e  was a  c o r r e l a t i o n  between crack l eng th  and d e l t a  

s t r o k e .  When a  d e l t a  s t r o k e  reached t w i c e  i t s  i n i t i a l  va lue,  i t was 

accompanied b y  a  f a i l u r e - i n d u c i n g  crack.  A1 1  rema in ing  f a t i g u e  t e s t s  were 

t e rm ina ted  when t h e  d e l t a  s t r o k e  reached t w i c e  i t s  i n i t i a l  va lue.  

Tab le  8-80 con ta i ns  da ta  f r om  t h e  f a t i g u e  t e s t s .  The beam l oad  a t  f a i l u r e  was 

used t o  c a l c u l a t e  t h e  shear s t r e s s  a t  t h e  g l u e  1  i n e  and t h e  maximum bending 

s t r e s s  i n  t h e  beam o u t e r  f i b e r s ,  as shown i n  F i g u r e  8-90. The shear s t r e s s  

was ad jus ted  t o  a  l e v e l  expected f o r  a  mo i s tu re  con ten t  o f  12%, pe r  Table  8-79. 

F i g u r e  8-99 i s  an S-N diagram f o r  t h e  da ta  i n  Table  8-80. A t r e n d  1  i n e  was 

f i t t e d  t o  a l l  t h e  aa ta .  

L o n g i t u d i n a l  b u t t - j o i n t e d  s t a t i c  t e s t  specirnens t y p i c a l l y  d i sp l ayed  shear 

f a i l u r e s  i n  t h e  lamina ted  wood near  t h e  bond 1  ine.  The specimen j o i n t s  

con ta i ned  a l l  t h e  s imu la ted  de fec t s  shown i n  F i g u r e  8-92. I n  a l l  cases, t h e  

shear f a i l u r e  extended from t h e  bond 1  ine,  w e l l  i n t o  t h e  wood veneer. The 

shear f a i l u r e  appeared randomly on e i t h e r  t h e  compress ion s  ide  o r  t h e  tens  ion  

s i a e  o f  t h e  beam bending ax i s .  

The wood shear f a i l u r e  was u s u a l l y  accompanied b y  a  l o n g i t u d i n a l  c rack,  

r u n n i n g  t o  t n e  s u r f a c e  o f  t h e  t e s t  specimen. The c rack  u s u a l l y  r a n  th rough  

t h e  wood r a t h e r  than  i n  t h e  g lue,  and formed an approximate s e m i - c i r c l e  over  

t h e  oond zcjne. T h i s  p a t t e r n  can be accounted f o r  i f  t h e  c r a c k i n g  was caused 

by c ross -g ra i n  t e n s i o n  s t resses  i n  t h e  veneer. Such s t resses  would be induced 

i f  t n e  beam loads  were a p p l i e d  c l o s e r  t o  one edge o f  t h e  specimen r a t h e r  t han  

a t  t h e  c e n t e r l i n e ,  which be caused b y  s t i f f n e s s  v a r i a t i o n s  across t h e  

specimen's w id th .  

F a i l u r e s  i n  f a t i g u e  t e s t  specimens were n o t  r e a d i l y  v i s i b l e  a f t e r  t hey  were 

removed frorn t h e  l oad  frame, even though l o n g i t u d i n a l  c racks i n  t h e  j o i n t s  

were seen d u r i n g  t e s t i n g .  The specirnens were s p l i t  a f t e r  t e s t i n g ,  t o  analyze 

t h e  fa i 1 ures.  



0 NO DEFECTS 

0 SIMULATED DEFECT, TYPE 2 - 600 

- I I 1 I 500 

lo4 1 o5 lo6 10' i n' 
CYCLES 

Figure 8-99 S-ri Diagram, Longitudinal B u t t  Joint Shear Stress ,  Three-Point Bending 
Tests, Lanii nated Doug1 as F i  r/Epoxy 

Room Temperature, R = 0.1 ,  122 Noisture Content 



Most o f  t h e  f a i l u r e s  were i n  wood shear, ad j acen t  t o  t h e  b u t t  bond l i n e .  One 

o f  these specimens d i sp l ayed  a  l o n g i t u d i n a l  c rack  r u n n i n g  t o  t h e  o u t e r  s u r f a c e  

o f  t h e  wood cap a l ong  a  bond 1  ine.  

Specimens were s p l i t  open a f t e r  t e s t i n g ,  t o  check t h e  c o n d i t i o n  o f  t h e  j o i n t  

oond. I n  a lmost  a1 1  areas, good bonding was achieved, as t h e  predominance o f  

wood shear f a i l u r e s  i nd i ca ted .  

S i x  t e s t  specimens w i t h  l o n g i t u d i n a l  wedge j o i n t s  were t e s t e d  i n  t h r e e - p o i n t  

bending us i ng  an A5TM 5- r r~ inute s tandard ramp t o  f a i l u r e ,  under s t r o k e  

c o n t r o l .  A l l  t e s t i n g  was done a t  approx imate ly  70°F, 50% r e l a t i v e  hurn ia i ty .  

F a i l u r e  was de f ined  as o c c u r r i n g  a t  t h e  f i r s t  knee i n  t h e  load/ t i rne curve.  

Two specimens haa cen te red  wedges, two had s h i f t e d  wedges, and two con ta ined  

s in iu la ted bond 1  i n e  de fec t s .  Data frorn these  t e s t s  i s  l i s t e d  i n  Table  8-81. 

Tne beam l o a d  a t  f a i l u r e  was used t o  c a l c u l a t e  shear and o u t e r  f i b e r  bending 

s t resses ,  as d e f i n e d  i n  F i g u r e  8-90. Shear s t r esses  were ad jus ted  f o r  12% 

m o i s t u r e  con ten t ,  as c a l c u l a t e d  i n  Table 8-79. 

Seventeen specimens w i t h  l o n g i t u d i n a l  wedge j o i n t s  were f a t i g u e - t e s t e d  i n  

t h r e e - p o i n t  bending a t  a  minimum t o  maximum s t r e s s  r a t i o  o f  R = 0.1. The 

e i gh teen th  sample was l o s t  because o f  a  ma l f unc t i on .  As i n  e a r l i e r  t e s t s ,  a  

c y c l e  r a t e  o f  5 Hz was used, and t e s t s  were conducted a t  70°F, 50% r e l a t i v e  

num ia i t y .  S i x  specimens nad cen te red  wedges, s i x  had s h i f t e d  wedges, and s i x  

had t h e  s imu la ted  d e f e c t  i n  t h e  bond j o i n t  shown as t ype  2 i n  F i g u r e  8-92. 

As i n  f a t i g u e  t e s t s  o f  t h e  b u t t  j o i n t  s p e c i ~ e n s ,  t h e  c r i t e r i o n  f o r  f a i l u r e  was 

t h e  d e l t a  s t r o k e  reach ing  t w i c e  i t s  i n i t i t a l  value. Data f r om  these  f a t i g u e  

t e s t s  i s  g i ven  i n  Table  8-82. Again, t h e  l oad  a t  f a i l u r e  was used t o  

c a l c u l a t e  s t r e s s  l e v e l s ,  which Kere then  ad jus ted  f o r  12% m o i s t u r e  con ten t .  

F i g u r e  8-100 i s  a  S-N diagram f o r  t h e  d a t a  i n  Table  8-82. A t r e n d  1  i n e  was 

f i t t e d  t o  t h e  data,  a l though  a  low c o e f f i c i e n t  o f  c o r r e l a t i o n  was c a l c u l a t e d .  





Tab1 e 8-82 T h r e e - P o i n t  Lending F a t i g u e  Tests - L o n g i t u d i n a l  Liedgc J o i n t s  

Samp 1  e  
N o -  

CW3 
CW4 
CW5 
CW6 
CW7 
CW8 

- .- - 

sh13 
SW4 
SW5 
SW6 
SM7 

Test Prosram: MOD 5A 
E r l a ~ :  Douglas F l r / t p o x y  Lamlnae, E~oxy/Asbcstos 4 ~ h e s l v e  J o l n t .  ~ o m i n a l  .0b i n .  t h i c k  
J . t s L b W r n t  : 10-F. 50% R e l a t i v e  H u m i d i t y .  S t ress  Rat&: R = 0 . 1  Cycle Hare: 5  Hz 

Wedqe .Yyw ( 1) 

Centered Wedge 
Centered Wedge 
Centered Wedge 
Centered Wedge 
Centered Wedge 
Centered Wedge 

Shi f  t e d  Wedge 
S h l f t e d  Wedge 
S h l f t e d  Wedge 
S h l f t e d  Wedge 
S h l f t e d  Wedge 
Sh l f  t ed  Wedge 

Wedge Defect  Type 2  
Wedge Defect  Type 2  
Wedge Defect  l y p e  2  
Wedge Defect  l y p e  2  
Wedge Defect  Type 2  
Wedge Defect  Type 2  

NOTES : 1. See k i g u r e  8 .2 .2-6 f o r  d e s c r i p t i o n  o f  wedge types 3.  See F igu re  8 .2 .2-2 f o r  method o f  c a l c u l a t i n g  
s t r e s s  

2. F a t l u r e  load I s  t h a t  l oad  a t  whlch t h e  d i f f e r e n c e  4. See Table 8.2.2 3  f o r  method o f  a d j u s t l n g  
between maximum and minimum s t r o k e  equals 2r  t h e  p r o p e r t i e s  t o  12% wood mo ls tu re  c o r ~ t e n t  
I n l t l a l  s t r o k e  d l f f e r e n c e  (See F l g u r e  8.2.2-10) 1  eve 1  

- .  

Cycle5 To 
F a i l u r e  

32.400 
3.321.000 

150,300 
1.310.000 
1.434.600 

68.400 

65.000 
7,000 

21.814 

Maximum ( 4 )  
Shear S t ress  

@ 1 2 s W . C .  

916 
81 1  
107 
703 
769 
814 

917 
9  1 1 
814 

LHC (g) - .- 

6.0 
6 . 1  
6.4 
6.1 
6 .8  
6 .3  

6 .0  
b . 0  
6 .3  

6 .2  
6.8 

-- 

6 .2  
6.2 
6 . 1  
6 . 1  
6 .1  
6.3 

Pr imary 
-Type Fat- 
Wood 

J o i n t  
J o i n t  
J o i n t  
J o l n t  
F i l l e t  
J o i n t  

F i  1  l e t  
J o i n t  
J o l n t  

F a i l u r e  Load 
( 2 )  

( I b s )  

Haximum 
Bend i ng 

S t ress  
D 3  

4.313 
3.859 
3,344 
3.344 
3.601 
3.859 

. .. 

4.373 
4.373 
3.859 

DUE TO l t S 1  

Bond 

- -  

- -  

-- 
-- 
-- 

- - 

-- 

- -  

Min 

425 
375 
325 
325 
350 
315 

425 
425 
375 

375 
325 

375 
350 
375 
400 
400 
375 

Max imum 
Shear 

S t ress  
(DS!) ( 3 )  

1.003 
885 
767 
767 
826 
885 

1.003 
1.003 

885 
MALFUNCllON 

3.859 
3.344 

... - 

3,859 
3.601 
3.859 
4.116 
4.116 
3.859 

Max 

4.250 
3.750 
3.250 
3.250 
3.500 
3.750 
-- - 

4.250 
4.250 
3.750 
DAlA N/A 
3.750 
3,250 

3.750 
3.500 
3,750 
4,000 
4.000 
3,750 

7; ; l j i l l e t  

17.100 
596,700 F i l l e t  

- - 

88 5  813 77.400 J o i n t  -- 

826 1,314.000 F i l l e t  
88 5  81 1  3.884.400 J o i n t  
944 865 579,600 J o i n t  -- 

944 865 83.700 J o i n t  -- 
885 814 1.666.800 J o l n t  -- 

-- . - 



W t W  



The s i x  l o n g i t u d i n a l  wedge j o i n t  s t a t i c  t e s t  specimens were examined a f t e r  

t e s t i n g .  Two specimens (CW1 and SW2) had shear f a i l u r e  i n  t h e  wood veneer 

ad jacen t  t o  t h e  wedge bond l i n e s .  Four specimens (CW2, SW1, DW1, and DW2) 

showed wood shear f a i l u r e  ad jacen t  t o  t h e  f i l l e t s  and t h e  bond 1  i n e  between 

t h e  I-beam web and f l a n g e  sec t i ons .  

The 17 f a t i g u e  t e s t  specimens a l s o  showed these  two types o f  f a i l u r e .  Twelve 

e x h i b i t e d  shear f a i l u r e  ad jacen t  t o  t h e  wedge bond 1  ines.  F i v e  e x h i b i t e d  

shear f a i l u r e  i n  t h e  f i l l e t  area. Three o f  these  i r ivo lved f a i l u r e  i n  t h e  wood 

and two i nvo l ved  f a i l u r e  i n  t h e  bond l i n e .  

S t a t i c  ramp t e s t s  o f  b u t t - j o i n t  specimens produced an unexpected anomaly. 

J o i n t s  w i t h  s imu la ted  d e f e c t s  had h i g h e r  shear s t r e n g t h  a t  room temperature 

than  j o i n t s  w i t h o u t  such de fec t s .  From Table  8-78: 

8 s ~ e c i m e n s  w i t h o u t  de fec ts ,  - - - - - Avg = 1372 p s i  

( 1 ,  2, 3, 4, 5, 6, 26, F l y  F2) 

5 specimens w i t h  Type 1  ae fec ts ,  - - - Avg = 1604 p s i  

5 specimens w i t h  Type 2 de fec t s ,  - - - Avg = 1498 p s i  

5 specimens w i t h  Type 3 de fec t s ,  - - - Avg = 1632 p s i  

U e s t r u c t i v e  i nspec t i ons  o f  Specimens 1, 2, 4, and 5 revea led  p o o r l y  bonded 

areas i n  t h e  g l u e  j o i n t s .  The poor  bonds c o u l d  have c o n t r i b u t e d  t o  t h e  low 

average s t a t i c  shear s t r e n g t h  o f  t h e  specimens w i t h o u t  de fec t s .  

The t e s t  d a t a  does i n d i c a t e  t h a t  d e f e c t  t y p e  2  reduces j o i n t  s t a t i c  s t r e n g t h  

more than  t h e  o t h e r  types.  

The t e s t  da ta  i n d i c a t e s  t h a t  c o n d i t i o n i n g  t h e  specimens a t  a  temperature o f  

100°F reduces j o i n t  shear s t r e n g t h  s l  i g h t l y .  However, c o n d i t i o n i n g  a t  160°F 

b e f o r e  t e s t i n g  a t  100°F, may enhance t h e  c u r i n g  o f  t h e  a s b e s t o s - f i l l e d  epoxy, 

i nc reas ing  t h e  s t r e n g t h  o f  t h e  bond. Exposure t o  temperatures as low as -40°F 

d i d  n o t  reduce j o i n t  s t r e n g t h  under s t a t i c  laads. 

Data on t h e  s t a t i c  shear s t r e n g t h  o f  Douglas f i r  veneer bonded w i t h  epoxy were 

been ob ta ined  i n  t h e  Phase A1 m a t e r i a l s  t e s t  program d iscussed i n  s e c t i o n  

1 . 1  T h i s  da ta  i s  summarized i n  Table  8-83, w i t h  s t r e n g t h  va lues  a d j u s t e d  

f o r  12% mo i s tu re  con ten t .  Three s e r i e s  o f  b l ock  shear t e s t s  were 



Tab le  5-83 S t a t i c  B lock  Shear S t r e n g t h  o f  Doug1 a s  F i  r /Epoxy Laminae 
Tes ted  i n  PlOD-5A Phase A1 Program 

Reference:  " S t r e n g t h  P r o p e r t i e s  o f  Rotary-Pee led Douglas F i r  Veneer 
Composite M a t e r i a l  f o r  Use i n  Large Wind T u r b i n e  Blades,"  f o r  
P r o j e c t  MOD-SA, R .  H .  Kunesh, K C o n s u l t i n g  Co., Bo ise ,  I daho ,  
Januzry ,  1982 

From Reference Repor t  t a b l e s ,  b l o c k  shear  s t r e n g t h s  were r e p o r t e d  as f o l l o w s ,  
and a d j u s t e d  t o  12% wood m o i s t u r e  l e v e l s  as no ted :  

NOTES: 
1 .  Veneers l a m i n a t e d  w i t h  g l u e  spread r a t e  o f  60 lbs/MDGL 

Data 

Veneer Grade: ( 2 )  
No. Speclmens: 
S h e a r p l a n e :  ( 3 )  
Avg Lamlnate  M.C.: 
Avg Shear S t r e n g t h :  
S t d  D e v l a t l o n :  

Shear S t r e n g t h  A d j  t o  
12% Wood M . C . :  ( 4 )  

Average 
Minus 1  S t d  Dev 
P lus  1  S t d  Dev 

Average X Wood F a l l u r e  
i 

2. A+ grade veneer I s  e q u l v a l e n t  t o  B lade Grade 1, Gougeon M a t e r i a l s  
S p e c i f i c a t i o n  GMS-001 (commercia l  A/B grade,  w i t h  e l a s t i c  modulus 
2 2.45x106 p s i )  
C g rade veneer I s  commercia l  C / D  g rade,  w i t h  e l a s t i c  modulus 
> 2 . 1 0 ~ 1 0 6  p s i  - 

3.  R e l a t i v e  t o  l a m i n a t i o n s .  Loads were a l l  p a r a l l e l  t o  wood g r a i n  
d i r e c t i o n .  (See Reference,  page 6 )  

Tab le8 .1 .1 -3Tab le  

A + 
2  5  

P a r a l l e l  
2.8% 

1824 p s l  
150 p s i  

1347 psi 

1546 p s l  
1419 PSI 
1673 PSI 

79% 

4.  See Tab le  8.2.2-3 f o r  method o f  a d j u s t l n g  p r o p e r t . l e s  t o  12% wood 
mols t .u re  c o n t e n t  l e v e l .  

8.1.1-3 

C C 
2 5 2  5  

Para1 l e l  P a r a l l e l  P e r p e n d i c u l a r  
3.6% 11.5% 4.2% 

1595 p s i  1436 p s i  2018 p s i  
193 PSI 100 p s l  193 p s i  

1413 p s i  1465 p s i  1879 p s i  

1767 p s i  
1598 p s i  
1937 p s i  

100% 

1357 PSI 
1193 p s l  
1521 p s l  

1493 p s i  
1389 PSI 
1597 p s i  

I 

91% 89% 



conducted w i t h  shear loads p a r a l l e l  t o  t h e  g r a i n  and t h e  p l ane  o f  t h e  veneer. 

One s e r i e s  o f  t e s t s  was conducted w i t h  shear loads pe rpend i cu l a r  t o  t h e  p l ane  

o f  t h e  veneer and p a r a l l e l  t o  t h e  g r a i n ,  p roduc ing  100% wood f a i l u r e .  S t ress  

l e v e l s  frorn t n i s  s e r i e s  o f  t e s t s  were compared w i t h  da ta  ob ta ined  on laminae 

Wi th  b u t t  j o i n t s .  A f t e r  t h e  s t r e s s  l e v e l s  were ad jus ted  f o r  12% m o i s t u r e  

con ten t ,  t h e  da ta  f r om  25 samples shows: 

Average 1767 p s i  

lvlinus 1  Standard Dev ia t i on :  1598 ps i 

P lus  1  Standard Dev ia t i on :  1937 p s i  

L o n g i t u d i n a l  b u t t  j o i n t s  w i t h  d e f e c t  t y p e  2 s u f f e r  approx imate ly  a  15% 

r e d u c t i o n  i n  s t a t i c  shear s t r e n g t h  compared w i t h  laminated wood and epoxy w i t h  

no j o i n t s .  

The f a t i g u e  t e s t  da ta  i n  F i g u r e  8-99 i n d i c a t e s  t h a t  de fec t s  i n  t h e  bonding 

m a t e r i a l  may s l i g h t l y  reduce t h e  shear s t r e n g t h  o f  t h e  j o i n t  a f t e r  more t han  

1 x  l o 6  cyc les .  The S-N cu rve  p rov ides  a  b a s i s  f o r  e s t i m a t i n g  shear s t r e s s  

f a t i g u e  a l l owab les  f o r  t h e  j o i n t .  

I t  shi ju la  be p o i n t e d  o u t  t h a t  t h e  des ign  o f  these  b u t t  j o i n t  specimens may 

nave l r ~ t r o d u c e d  s t r esses  t h a t  would t end  t o  cause f a i l u r e  sooner than s imp le  

shear s t resses  a t  t h e  j o i n t .  

Note t h a t  t h e  machined s l o t s ,  0.12 i n .  t h i c k ,  as shown i n  F i g u r e  8-94, produce 

snarp notcnes o r  s t r e s s  co r i cen t ra t ions  a t  t h e  j o i n t .  F a i l e d  specimens o f t e n  

showea a l o n g i t u d i n a l  s p l i t  r u n n i n g  f rom t h e  no tch  t o  one sur face of  t h e  beam. 

As shown on TaDle 8-82, these  wedge j o i n t  s t a t i c  t e s t s  i n d i c a t e  t h a t  

1  o n g i t u d i n a l  wedge j o i n t s  a re  s l  i g h t l y  weaker under shear loads than  b u t t  

j o i n t s .  dhen t h e  wedge i s  n o t  cen te red  i n  t h e  j o i n t ,  t h e  r e d u c t i o n  i n  

s t r e n g t n  i s  more pronounced. The presence o f  d e f e c t  t ype  2 had no app rec i ab le  

e f f e c t  on t h e  s t r e n g t h  o f  t h e  j o i n t .  

F a t i g u e  t e s t  data,  shown i n  F i g u r e  8-100, i a d i c a t e s  t h a t  wedge j o i n t s  a r e  n o t  

as s t r o n g  i n  shear f a t i g u e  as b u t t  j o i n t s .  The j o i n t s  w i t h  d e f e c t s  were 

s t r o n g e r  than  j o i n t s  w i t h o u t  ae fec t s .  



OWEGiNgii i:JRmZE :; 
OF POOR QUALC-R 

Tne d e s i g n  o f  t h e  specimens may b e  r e s p o n s i n l e  f o r  t h e  prema':ure f a i l u r e s  o f  

some o f  t h e  specimens. Examinat  i o n  a f t e r  t h e  t e s t  r e v e a l e d  t h a t  f i v e  o f  t h e  

17 specimens ( C W 7 ,  S K 3 ,  Si,7, S N 8 ,  and Dk4) f a i l e d  i n  shea r  b e x e e n  one o f  t h e  

' f l a n g e s  and 1:le web, r a t h e r  t h a n  a t  t h e  wedge j o i n t .  I t  i s  a p p a r e n t  t h a t  t h e  

f i l l e t s  i n  t , ~ i s  a r e a  were n o t  e f i e c t i v e  i n  r e s t r i c t i n 9  f a i l u r e  t o  t h e  :\ledge 

j o i n t .  

T e s t  r e s u l t s  p r o v i d e d  an i n s i g h t  i n t o  t h e  e f f e c t s  o f  . ; o i n t  d e s i g n ,  a e f e c t s ,  

aha t e n l + e r a t ~ ~ r e  on  t h e  shear  s t r e n g t h  o f  l o n g i t u a i n a l  j ~ i n t s  i n  b 0 u g l a s  f i r  

veneer  and !:poxy. The s t r e n g t h  d a t a  i s  based on  un i fo r rn ,  c o n ~ e r v a t i v e  

spproacnes t , ge ter rn in  i n g  spec ir i~erl  f a i l u r e .  

S i n c e  t h e  o l a o e  s t r e s s  a n a l y s i s  a i s c u s s e a  i n  s e c t i o n  4 . j  i n d i c a t e s  a  v e r y  1 0 ~ i  

shea r  s L r e s s  c o r i a i t i o n  f o r  t n e  l o n g i t u d i n a l  Dondea j o i n t  a rea,  t h e  s t r e n g t h  o f  

Lne  dedge ; o i n t  i s  c u r r e n t l y  rilore t h a n  adequate.  

j n o u  I d  f u r t n e r  s t r d c t u r d  1 aes i gn a n a l y s  i s  i n d i c a t e  t h a t  expec tea  shea r  

s t r e s s e s  on t h e  j o i n t  w i l l  approach t h e  l e v e l s  o b t a i n e d  'in t h e s e  t e s t s ,  

d a d i t i o n a l  t e s t s  w c u l d  b e  r e q u i r e d  t o  c o n f  i r n l  t h e s e  a1 l o w a b l ~ ! ~ .  These t e s t s  

s h o u l a  u s e  a  specimen t h a t  rnore c l o s e l y  s i m u l a t e s  t h e  a c t u a l  j o i n t  d e s i g n ,  and 

t t i a t  el i ~ n i n a t e s  t h e  incons i s t e n c  i e s  no ted .  

I n  t h e  f a t i g u e  t e s t s ,  t h e  l o n g i t u d i n a l  ~ o r l d e d  j o i n t s  appear t o  t o l e r a t e  

c r a c k s .  Smal l  c r a c k s  tended  t o  p r o p a g a t e  s l o x l y ,  so p e r i o d i c  i n s p e c t  i o n s  f o r  

c r a c k s  s n o u l d  avo i d  c a t a s t r o p h i c  f a i l u r e s .  



8.2.3 HOLLOW STUD TESTING 

E a r l y  i n  t h e  MOD-5A program, a  ho l l ow  s t u d  t h a t  would a t t a c h  t h e  p a r t i a l  span 

c o n t r o l  (PSC) f l a n g e  t o  t h e  b l ade  was developed. The des ign was a l s o  

cons idered  f o r  use i n  o t h e r  areas of  t h e  b l ade  design. A backup design, 

c o n s i s t i n g  o f  a  b lade- type  s t u d  was a l s o  developed, b u t  was never f a b r i c a t e d  

o r  t e s t e d  s i n c e  t h e  h o l l o w  s t u d  was s a t i s f a c t o r y .  

8.2.3.1 Ob jec t i ves  

The h o l l o w  s t u d  t e s t s  determined s t a t i c  s t r e n g t h  p r o p e r t i e s  i n  t ens i on  and 

compress i o n  and a t  t h r e e  temperatures,  and f a t i g u e  capab i 1 i t y  a t  v a r i o u s  l o a d  

r a t i o s .  The t e s t  l oads  and r a t i o s  were designed t o  t e s t  t h e  s t u d  i n  t h e  l oad  

environment t n a t  was p r e d i c t e d  f o r  t h e  b l ade  t i p  at tachment.  However, t h e  

f i n d i n g s  o f  t h i s  t e s t  c o u l d  be a n a l y t i c a l l y  adapted t o  o t h e r  l oad ing  

combinat ions.  The temperature e f f e c t s  were cons idered  more t ho rough l y  i n  s t u d  

t e s t i n g  s i n c e  t h e  h i g h e r  thermal  c o n d u c t i v i t y  o f  t h e  s t u d  o f  t h e  s t e e l  PSC 

cou ld  cause w ider  d i u r n a l  temperature v a r i a t i o n s  a t  t h e  s t u d  t o  wood i n t e r f a c e  

t han  those expected i n  o the r  areas of t h e  b lade.  The l o a d i n g  a t  t h e  PSC 

i n t e r f a c e  i s  p r i m a r i l y  a x i a l ,  and shear loads  a re  r e l a t i v e l y  sma l l .  The 

t e s t i n g  d i d  n o t  i n c l u d e  any shear l oad ing  f o r  t h a t  reason, b u t  f o r  any f u r t h e r  

s t u d  appl  i c a t  ions,  shear l o a d i n g  m igh t  be more s i g n i f i c a n t .  

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

Th i r t y - seven  specimens were f a b r i c a t e d  and t e s t e d .  Nine s t a t i c  t ens i on  and 

f i v e  s t a t i c  cor l~pression t e s t s  were performed a t  roorn temperature,  two t e n s i o n  

t e s t s  each were performed a t  100°F and -22OF and 1.3 f a t i g u e  t e s t s  were 

performed. The spec i r~~ens  c o n s i s t e d  o f  a  b l o c k  o f  wo33 4 i n .  square and 

r o u g h l y  50 i n .  long, w i t h  a  ho l l ow  s t u d  a t  each end. The specimen i s  shown i n  

F i g u r e  8-101. Fo r  s t a t i c  compression t e s t s  t h e  specimens were c u t  i n  h a l f  t o  

y i e l d  two d a t a  p o i n t s  pe r  specimen. I n  t h e  t ens ion  and f a t i g u e  t e s t s ,  two 

s tuds  were s imu l t aneous l y  sub jec ted  t o  loads. The r e s u l t s  were somewhat 

b iased ,  s i n c e  da ta  was ob ta ined  o n l y  on t h e  weaker o f  t h e  two s tuds,  b u t  t h e  

sample was designed t h i s  way t o  p r o v i d e  a  r e 1  i a b l e  way t o  g r i p  b o t h  ends on a  

t e s t  machine. G B I  used a  s i m i l a r  s t ud  approach f o r  f a t i g u e  t e s t i n g  wood 

spec imen s  . 





I n t e r f a c e  f i t t i n g s  t h a t  adapted t h e  machin2 t h read  t o  t h e  s t u d  t h read  were 

p rov i aed  t o  UUKI, where t h e  t e s t s  were run .  G B I  developed t h e  f a b r i c a t i o n  

f i x t u r e  t h a t  was used t o  a l i g n  t h e  s tuds  d u r i n g  bonding. 

F i g u r e  8-102 snows t h e  setup, which was t y p i c a l  f o r  s t a t i c  t e n s i o n  and f a t i g u e  

t e s t s .  Compress ion t e s t s  were s i m i l a r ,  except  t h e  h a l f - l e n g t h  specimen 

r e a c t e d  a g a i n s t  a  recessed p l a t e  on t h e  a c t u a t o r  end of t h e  MTS t e s t  machine. 

A l l  s t a t i c  t e s t  l o a d i n g  ramps were aimed a t  f a i l u r e  i n  approx imate ly  f i v e  

III i nutes . 

8.2.3.5 Resu l t s  -- 
S t a t i c  t e s t i n g  a t  room temperature was conducted a f t e r  a l l o w i n g  two weeks f o r  

t h e  Liest Systema t h i x o t r o p i c ,  asbestos-f  il l e d  epoxy t o  cure.  A t y p i c a l  

l o a d / d e f l e c t i o n  p l o t  i s  shown i n  F i g u r e  8-103. The curve  was l i n e a r  u n t i l  t h e  

l oad  reached approx imate ly  74,OOu l bs .  A s l i g h t  s t e p  a t  t h a t  p o i n t  r e s u l t e d  

i n  a  s o f t e r  s lope,  which appears t o  be 1  inear  u n t i l  t h e  u l t i m a t e  l oad  p o i n t  o f  

81,000 was reached. The l oad  f e l l  suddenly, t o  approx imate ly  69,000 l b s ,  and 

c l  imbed i n  a  non-1 inear  cu r ve  t o  81,000 l b s .  b e f o r e  t r a i l  i n g  o f f .  The i n i t i a l  

s t e p  a t  7 4 , W U  10s. was accompanied b y  an a c o u s t i c  r e p o r t ,  and most 1 i k e l y  

i n d i c a t e a  t h e  p o i n t  when t h e  epoxy cracked o r  separated. On severa l  

subsequent t e s t s  t h e  t r a c e  dropped a f t e r  t h e  u l t i m a t e  p o i n t  w i t h o u t  a t t a i n i n g  

a  second l oad  peak. F i g u r e  8-104 con ta i ns  t h i s  t ype  of  p l o t ,  which a l s o  shows 

Illore c l e a r l y  t h e  v a r i a t i o n  i n  s l ope  f o l l o w i n g  t h e  i n i t i a l  s tep.  The average 

va lue  o f  t h e  f i r s t  s t e p  f o r  t h e  s i x  t e s t s  a t  room temperature was 80,833 lbs . ,  

w i t h  a  sigma of  2,26;9 l bs .  The cor respond ing  u l t i m a t e  va lues  were 94,633 l b s .  

and 9,705 Ibs.  There was a  c r a c k i n g  no ise ,  b u t  no i n d i c a t i o n  of s t i f f n e s s  

v a r i a t i o n  was d e t e c t a b l e  on t h e  t races .  Table  8-84 summarizes s t a t i c  t e s t  

r e s u l t s .  Sample r eve rsed  D5  was des ignated f o r  f u r t h e r  t e s t i n g  i n  f a t i g u e .  



F i g u r e  8-102 Hollow Stud  T e s t  Setup 
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Tab le  8-84 Ho l low Stud S t a t i c  Test Summary 

F  i r j t  
Sample Test  Test O f f  s e t  U l  t imate 
Piumber TY pe Temperature ( l b s . )  ( l b s . )  

A 3  

8 1  

n 

'Y I 

-rr 2 

A 2  

reversed  U2 

* 2  

C omp 

Corn p 

C omp 

Tens ion 

Tens ior i  

Tens i on  

Tens i o n  

Tens ion 

Tens ion  

Tens ion 

Tens ion  

Tens ion 

Tens ion  

Tens ion 

84,000 

84,000 

81 ,UOO 

No da ta  

74,000 

87,000 

75,000 

Tne t e n s i o n  t e s t s  a t  -22°F  produced loads o f  72% o f  t h e  room temperature v a l u e  

a t  f i r s t  o f f s e t  and 81% a t  u l t i m a t e .  The l oad  d e f l e c t i o n  p l o t s  f o r  22°F a r e  

v e r y  s i m i l a r  t o  t h e  t r a c e s  f o r  room temperature.  F i g u r e  8-105 shows t h e  t r a c e  

f o r  sample *3. 

The t r a c e s  f o r  t e s t s  a t  100°F d i d  n o t  i n d i c a t e  a  d i s t i n c t  o f f s e t  b e f o r e  t h e  

u l t i m a t e  t a i l u r e .  I ns tead ,  t h e y  were v e r y  non-1 i nea r .  

The u l t i m a t e  loads a t  100°F were approx imate ly  33% h i g h e r  than  f o r  t e s t s  a t  

room temperature.  F i g u r e  8-106 shows t h e  p l o t  f o r  specimen *4, which had a 

r e l a t i v e l y  long,  sweeping cu rve  l e a d i n g  t o  t h e  u l t i m a t e  load. The head t r a v e l  







of  0.39 i n .  compares w i t h  va lues o f  approx imate ly  0.125 i n .  a t  room tempera- 

t u r e  and 0.11 i n .  a t  -22OF. The r e s u l t s  i n d i c a t e  t h a t  t h e  epoxy s o f t e n s  a t  

e l e v a t e d  temperatirres. F u r t h e r  s t u d i e s  should  be conducted before t h e  epoxy 

i s  used i n  appl  i c a t i o n s  i n  which i t  c o u l d  be exposed t o  h i g h  t12mperatures. 

Compressiorl t e s t s  were performed on two specimens which we,-e i d e n t i f i e d  as 

*IAN and * l P M .  Tne l oad  d e f l e c t i o n  t r a c e s  d i d  n o t  c l e a r l y  i n d i c a t e  where t h e  

i n  it i a l  o f f s e t  occurred.  The . t r ace  i s  1  inear  t o  above 30,000 lbs., f o l l o w e d  

D y  a  p a i r  o f  smooth cu rves  and a  second l i n e a r  t r a c e ,  w i t h  u l t i m a t e  l oads  near  

115,000. Head t r a v e l  o f  approx imate ly  9.15 i n .  f o r  t h e  h a l f  l e n g t h  specimen 

i s  s i g n i -  f i c a n t l y  h i g h e r  than  t h e  va lue  o f  . I25 f o r  t h e  f u l l  l e n g t h  

speciinen. F i gu res  8-107 and 8-108 show t h e  two compressiorl t e s t  p l o t s .  A 

t h i r d  c o , ~ ~ p r e s s i o n  t e s t  was conducted on specimen y l  , which was t h e  undamaged 

h a l f  o f  a  t e n s i o n  t e s t  specimen. The r e s u l t ,  106,000 lb. ,  was lower than  t h e  

two p rev i ous   result;^, p o s s i b l y  because o f  some damage t h a t  occur red  i n  t h e  

t e n s i o n  t e s t .  

F a t i g u e  t e s t i n g  s t a r t e d  on December 10, 1982, and used t h e  same equipment as 

t h e  s t a t i c  t e s t s .  Sample reversed  D5 was i n s t a l l e d  i n  t h e  t e s t  machine and 

preparea f o r  t e s t i n g .  A sequence o f  l oad  c y c l e s  a t  i n c reas ing  loads was 

app l iea ,  t o  determine i f  perinanent damage was be ing  induced a t  t h e  t e s t  

loads.  Teri c y c l e s  were a p p l i e d  a t  a  r a t e  o f  0.3 Hz ,  and l oad  d e f l e c t i o n  

cu rves  were recoraed  a t  each o f  t h e  f o l l o w i n g  l o a d  ranges: 

+45,000 t o  -34,000 l bs .  

50,000 t o  -39,000 l b s .  

55,000 t o  -44,000 I b s .  

60,000 t o  -49,000 1  bs . 
65,000 t o  -54,000 l b s .  

Du r i ng  t h e  f i r s t  o f  t e n  c y c l e  t o  45,000 l b ,  an acous t i c  ou tpu t  occurred.  

F o r t y  a d d i t i o n a l  c y c l e s  were f u r t h e r  accumulated a t  var ious.  l oad  s e t t i n g s .  

T h i s  sample was des ignated f o r  use o n l y  as a  "dummy" specimen, which would be 

used t o  v e r i f y  loads.  

Specimen reversed  03 was supposed t o  be f s t i g u e  t e s t e d  a t  F. equal  t o  -.75, 

f r om  45,000 l b  t e n s i o n  t o  34,000 l b  compression. Dur i r lg t h e  f i r s t  c y c l e  t h e  

specimen was a c c i d e n t l y  over loaded t o  86,000 l b s .  and 7;?,000 lbs .  The 

specimen was perrnar~ent ly  damaged. H s i g n i f i c a n t  amount o f  h y s t e r i s i s  was 

apparent  on t h e  t r a c e .  







The n e x t  specimen t e s t e d  was reversed  D l ,  w i t h  R equal  t o  t0 .1  and rnaximum 

l oad  o f  60,000 lbs .  A f t e r  1,234,505 cyc l es ,  f a i l u r e  occur red  when one s t u d  

p u l l e d  f r om  t h e  sample end. Specimen ~ 5  was t e s t e d  a t  t h e  same R and a  

maxirnurr~ 1  oad o f  70,000 1  bs., and achieved a  1  i f e  o f  43,300 cyc les .  A t h i r d  

specimen, ~ 3 ,  was a l s o  t e s t e d  a t  R equal  t o  0.1 b u t  w i t h  a  maximum l o a d  o f  

65,000 l b s .  I t  su rv i ved  213,600 cyc l es  be fo re  i t f a i l e d .  A l l  o f  these  

samples were t e s t e a  a t  a  r a t e  o f  3 Hz.  

The n e x t  group o f  f o u r  specimens was t e s t e d  a t  R equal  t o  -1. Sample 03 

l a s t e d  2,000 c y c l e s  a t  a  l oad  o f  70,000 lbs . ,  sample reversed  D4 su rv i ved  

27,000 c y c l e s  a t  55,000 lbs. ,  sample ~l f a i l e d  a f t e r  55,600 c y c l e s  a t  45,000 

lbs. ,  ana sample 0 4  was t e s t e d  and f a i l e d  a f t e r  485,200 cyc l es  a t  45,000 

1 s .  A11 t nese  san~ples were t e s t e d  a t  a  r a t e  o f  2  Hz. 

Sample 02  su rv i ved  269,100 c y c l e s  when t e s t e d  a t  -70,000 l bs .  Sample ~ 4  

was loaaea t o  -65,UOO 111s. a l s o  a t  a  l oad  r a t i o  o f  10 b u t  i t  f a i l e d  a f t e r  o n l y  

215,9UO cyc les .  Both were t e s t e d  a t  5  Hz.  Specimens $23 and y3 were 

t e s t e d  a t  5 Hz, a t  a  l o a d  o f  60,000 l b s  and R equal t o  0.1 ( t e n s i o n / t e n s i o n ) .  

They f a i l e d  a f t e r  222,000 and 345,800 c y c l e s  r e s p e c t i v e l y .  The r e s u l t s  o f  

t e s t s  t o  t h i s  p o i n t  aroused susp i c i on  t h a t  t h e  t e s t  r a t e  and t h e  r e s u l t i n g  

e l eva ted  temperature a f f e c t e d  f a t i g u e  l i f e ,  so a d d i t i o n a l  t e s t s  a t  b o t h  2  and 

5 H z  f o l l owed .  Samples 04 and y 4  were t e s t e d  a t  2  Hz, and R equal  t o  -1  

and a  l o a d  o f  45,000 l bs .  ( f u l l y  r eve rsed ) .  The specimens f a i l e d  a t  95,100 

and 243,800 cyc l es .  These 1  i ves  were b o t h  c l o s e  t o  t h e  1  i f e  o f  sample TI, 

which was t e s t e d  i n  t h e  same c o n d i t i o n s .  Specimen y 2  was t e s t e d  i n  s i m i l a r  

c o n d i t i o n s  b u t  t h e  l oad  was reduced t o  39,000 lbs . ,  and t h e  l i f e  increased t o  

521,000 cyc l es .  Sample Q 2  was t e s t e a  a t  R equal  t o  0.1 ( t ens i on / t ens ion ) ,  a  

l o a d  o f  166,700 l b s .  and a  r a t e  o f  2  Hz .  The sample f a i l e d  a t  166,700 

cyc l es .  Sample A 5  was sub jec ted  t o  a  l oad  o f  45,000 l b s .  a t  R equal t o  0.1. 

I t  l a s t e d  10,000,000 c y c l e s  a t  5  Hz, when t h e  t e s t  h a l t e d  w i t h o u t  f a i l u r e .  

Tne specimens *5 and reversed  D5 were t e s t e d  a t  R equal  t o  -1.0 ( f u l l y  

r eve rsed )  and a  l o a d  o f  35,000 l bs .  Sample *5 was t e s t e d  a t  5  H z  and f a i l e d  

a f t e r  120,700 cyc les ;  sample reversed  D5 s u r v i v e d  10,000,000 c y c l e s  a t  2  Hz  

w i t h o u t  f a i l u r e .  



The e f f e c t  o f  t h e  t e s t  r a t e  on t h e  f a t i g u e  l i f e  i s  c l e a r .  The s h o r t e r  l i f e  a t  

f a s t e r  r a t e s  i s  p robab l y  due t o  i n t e r n a l  hea t ing .  The problem i s  s e l f  

compounding, s i n c e  t h e  h i g h e r  r a t e  o f  energy d i s s i p a t i o n  cailses t h e  epoxy t o  

l o s e  s t i f f n e s s ,  whicn increases h e a t i n g  b y  i n c r e a s i n g  t h e  s t r o k e  on each 

cyc l e .  The degree o f  temperature inc rease  was n o t  accurate1 y determined , 
s i n c e  t h e  measurement cannot  be  rnade w i t h o u t  c r e a t i n g  s t r e s s  r i s e r s  b y  b o r i n g  

ho les  i n t o  t i l e  c o r e  o f  t h e  specimen. The s t u d  p robab l y  ccnducts  h e a t  away 

from t h e  epoxy, b u t  t h e  l e n g t h  o f  t h e  specimen d i d  n o t  al ' low a  s i g n i f i c a n t  

g rad ien t .  

The r e s u l t s  o f  t h e  t e s t s  a re  summarized i n  Table  8-85. F i gu res  8-109 th rough  

8-11 1  surnriiarize t h e  r e s u l t s  o f  a  r e g r e s s i o n  ana l ys i s ,  which used t h e  s t u d  t e s t  

data.  The e f f e c t  o f  t e s t  r a t e  was ignored f o r  t h i s  cu r ve  f i t t i n g  eva lua t i on .  

The r e s u l t s  i n d i c a t e d  t h a t  t h e  s t u d  s t r e n g t h  c h a r a c t e r i s t i c s  were adequate f o r  

t h e  MOD-5A a p p l i c a t i o n ,  b u t  a d d i t i o n a l  t e s t i ~ g  shou ld  be conducted f o r  

a p p l i c a t i o n s  where t h e r e  may be exposure t o  temperatures above 100°F i s  

i nd i ca ted .  Load d u r a t i o n  t e s t i n g  a t  e l eva ted  temperature would a l s o  be o f  

i n t e r e s t .  
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T a b l e  8-85 ( c o n a t )  Test R e s u l t s  

TYPE CYCLES 

SPECIMEN OF 'MIN P~ A T  FREQUENCY TEWERATURE 

1.0. DATE TEST ,- F A I L W E  HZ OF C W E N T S  

FAT 1 GUE 

FAT 1 GUE 

FATIGUE 

FAT I GUE 

FATIGUE 

FAT I GUE 

FATIGUE 

FATIGUE 

FATIGUE 

FATIGUE 

FATIGUE 

FATIGUE 

FAT I GUE 

FAILURE-PULLOUT LOYER END R -0.1 

FAILURE-CRACK ON BOTH SIDES F R W  

END TO CENTER OF SPECIMEN R + 1 0  

FAIL l iRE R = 1 0  

FAILURE R - 1 0  

FAILURE R = 0.1 

FAILURE R 0.1 

FAILURE R '  -1.0 

FAILURE-LARGE CRACK I N  1 IN. F R W  

SIDE ON TAPER TO CENTER OF 

SPECIMEN R -1.0 

FAILURE-21' CRACKS ON LOYER END 

R - -1.0 

FAILURE R - 0.1 

R 0.1 

FAILURE-LOYER END PULLOUT, 1/4 IN .  

SPL IT  THROUGH CENTER, R -1.0 

R - -1.0 

"A = AMBIENT 
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8.2.4 BACKUP JOINT TESTING 

Large-sca le  f i n g e r  j o i n t s  were developed and t e s t e d  f o r  j o i n i n g  t h e  b lade  

sec t io r l s  a t  t h e  s i t e ,  b u t  o t h e r  methods o f  j o i n i n g  t h e  s e c t i o n s  were a l s o  

cons idered.  A 1  oose p l a t e  concept had p o t e n t i a l  advantages. T h i s  j o i n t  would 

r e q u i r e  o n l y  two r e l a t i v e l y  f l a t  faces t o  be  b u t t e d  t oge the r .  S l o t s  would b e  

c u t  i n  t h e  f i e l d  f o r  t h e  loose  p l a t e s ,  which would be i n s t a l l e d  

incrementa l  ly .  Th i s  des ign  would e l  im ina te  t h e  need f o r  t h e  p r e c i s e l y  

machined f i n g e r s  and t h e  bonding o f  a  l a r g e  s i r r face  area. The loose  p l a t e  

c o u l d  a l s o  be  used t o  augment o t h e r  j o i n t s .  

8.2.4.1 Ob jec t i ves  

The loose  p l a t e  j o i n t  t e s t  eva lua ted  t h e  j o i n t  des ign  f o r  use i n  deve lop ing  

a n a l y t i c a l  techn iques  cons i s t e n t  w i t h  t h e  f a i l u r e  mode and tcm pe rm i t  f u r t h e r  

r e f i nemen t  o f  t h e  des ign  i f  r e s u l t s  seemed p romis ing  and i , f  t h e  program's  

neeas made i t  necessary  t o  c o n t i n u e  t h e  backup j o i n t  des ign.  

The des ign  o f  t h e  t e s t  specimen was n o t  optimum. The des ign  p rov i ded  a  

comparison o f  p l a t e s  o f  d i f f e r e n t  s t i f f n e s s e s .  

8.2.4.2 Tes t  D e s c r i p t i o n  

The t e s t  specimen i s  shown i n  F i g u r e  8-112. I t  i s  96 i n .  l o n g  and i t s  

c ross - sec t i on  i s  1.5 i n .  b y  3 i n .  I t  i s  made of  15 l am ina t i ons .  Ten 

specimens were t e s t e d :  f o u r  c o n t r o l s  made o f  one p i ece  o f  wood w i t h  no p l a t e s ,  

aria two each w i t h  p l a t e s  o f  t h r e e  d i f f e r e n t  m a t e r i a l s .  The p l a t e  m a t e r i a l s  

i n  i t  i a l  l y  cons idered  were g l ass  f i b e r - r e i n f o r c e d  p l a s t i c  ( F R P ) ,  g r a p h i t e  and a  

m i x t u r e  o f  g l a s s  f i b e r  and g raph i t e ,  b u t  t h e r e  were d i f f i c u l t i e s  i n  l a m i n a t i n g  

t h e  g r a p h i t e  m a t e r i a l  i n t o  dense p l a t e  m a t e r i a l s .  Consequentl.i, FRP, aluminum 

and s t e e l  were eva luated.  The p l a t e s  were 3/16 o r  0.20 i n .  t h i c k ,  and meta l  

f aces  were sanded j u s t  b e f o r e  bonding so t h a t  t h e  bond mater.ia1 would adhere 

we1 1 .  Tne t e s t i n g  was done d u r i n g  September, 1983, a t  Washington S t a t e  

U n i v e r s i t y ,  u s i n g  t h e  compression g r i p  t imbe r  t e s t i n g  machine. 





8.2.4.3 R e s u l t s  

The t e s t  r e s u l t s  a re  summara'zed i n  Table  8-86. The s t e e l  p l a t e  samples 

performed b e t t e r  t han  t h e  o the rs .  The s t e e l  reached 56% o f  t h e  c o n t r o l  mean 

s t r e s s  a t  t h e  p o i n t  o f  f i r s t  o f f s e t  and 88% o f  t h e  u l t i m a t e  s t r e s s .  

Table  8-86 Backup J o i n t  Test  R e s u l t s  

S t r e s s  Leve l  Average F i r s t  O f f s e t  

Sample tio. TY pe - U l t i m a t e  ( p s i )  ( p s i )  ( p s i )  - 

2-  1C C o n t r o l  6710 N /A 

1- 1C C o n t r o l  8105 --- - 8486 636 2  - - 
1-7C C o n t r o l  10199 7483 

Mean 

( p s i )  

1- 7C C o n t r o l  8930 N /A 

2 -4  Stee 1 704 8  ---- 75 14 
3 90 9  

798 1  
---- 

I - 4  Stee 1  38b 1 3885 

1 - 3 A 1  urr~inum 4268 ---- 3805 2838 
3343 

---- 
2- 3 A1 U I ~  inum 302 0  292 9 

FKP 
FRP 

The aluminum p l a t e  specimen averaged 42% o f  t h e  f i r s t  o f f s e t ,  b u t  o n l y  45% o f  

u l t i m a t e  because t h e  epoxy sheared o f f  t h e  aluminum sur face .  The g l ass  f i b e r  

specimens f a i l e d  a t  25% o f  t h e  f i r s t  o f f s e t ,  b u t  s i n c e  a  s i g n i f i c a n t  amount o f  

wood f a i l u r e  was invo lved ,  t h e  u l t i m a t e  l o a d  reached 71% o f  t h e  c o n t r o l  mean. 

The p o i n t  o f  f i r s t  o f f s e t  i s  a c t u a l l y  t h e  meaningfu l  p o i n t  l 'o r  b lade  design, 

arid r e s u l t s  i n d i c a t e  t h a t  l oad  c a p a c i t y  increases w i t h  p l a t e  s t i f f ness .  These 

samples d i d  n o t  w i t h s t a n d  loads  as h i g h  as t h e  f i n g e r  j 0 i n t . s  w i ths tood ,  b u t  

t h e  des ign  was n o t  op t im ized .  F u r t h e r  improvements t o  t h e  clesign and s t a t i c  

and f a t i g u e  t e s t i n g  would be necessary  b e f o r e  a  loose  p l a t e  des ign  cou ld  be 



8.2.5 BLADE TEETER AREA TESTS 

T h i s  t e s t  s e r i e s  c o n s i s t s  o f  e i g h t  d i f f e r e n t  t e s t  se ts ;  each p rov i ded  da ta  on 

a  p a r t i c u l d r  f e a t u r e .  Table  8-87 summarizes t h e  t e s t  program. The sample 

p o p u l a t i o n  was kep t  smal l ,  t o  min irnize expend i tu res  w h i l e  p r o v i d i n g  

rep rese r l t a t i ve  data.  Typ i ca l  s t a t i c  t e s t s  used t h r e e  specimens and f a t i g u e  

t e s t s  used f ou r .  Unless o the rw i se  s p e c i f i e d ,  t h e  i n t e n t  o f  t h e  f a t i g u e  t e s t  

was t o  have two specimens f a i l  near  10,000 cyc les ,  and two f a i l  near  one 

m i l l  ion cyc l es ,  t o  p r o v i d e  a  s e t  o f  p o i n t s  f o r  e x t r a p o l a t i o n .  Because these 

m a t e r i a l s  a r e  v e r y  unp red i c t ab le ,  t h i s  goa l  was n o t  met. 

8.2.5.1 Shear Tes ts  o f  Glass Augmented Laminae 

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

Shear t e s t s  p rov i des  c h a r a c t e r i s t i c  da ta  f o r  t h e  Douglas f i r  veneer augmented 

w i t h  #7781 B u r l i n g t o n  g l ass  f i b e r  c l o t h  between each l a y e r  b u t  n o t  on t h e  

o u t s i d e  faces. Each veneer was 0.10 i n .  t h i c k .  

8.2.5.1.2 Ob jec t  i v e  

The o b j e c t i v e  o f  t h e  t e s t  was t o  determine t h e  shear s t r e n g t h  o f  t h e  m a t e r i a l  

i n  s t a t l c  and f a t i g u e  l o a d i n g  cases. The s t a t i c  s t r e n g t h  o f  t h e  i n d i v i d u a l  

m a t e r i a l s  i s  known, b u t  t h a t  o f  t h e  combinat ion was n o t  then  a v a i l a b l e .  

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

Tne t e s t  c o n f i g u r a t i o n  shown i n  F i g u r e  8-114 was loaded i n  compression between 

t h e  a c t u a t o r  and l oad  c e l l  o f  an MTS t e s t  machine a t  t h e  U D R I .  The two shear 

areas, each 1.0 by 1.5 i n .  i n  c ross  sec t i on ,  were u l t i m a t e l y  f a i l e d .  The 

lower  p o r t i o n  of t h e  t e s t  specimen was bonded t o  a  s t e e l  p l a t e ,  t o  m in im i ze  

t h e  e f f e c t  o f  bending on t h e  shear area. 

S t a t i c  t e s t i n g  was performed on t h r e e  specimens a t  room temperature,  on t h r e e  

i d e n t i c a l  specimens a t  100°F, and on t h r e e  i d e n t i c a l  specimens a t  120°F. An 

I n s t r o n  oven was p laced  i n  t h e  MTS machines f o r  t h e  h i g h  temperature t e s t s ,  

and a  second oven was used f o r  p r e - c o n a i t i o n i n g  t h e  specimens. Two o f  t h e  

t h r e e  specimens a t  each ten iperature were equipped w i t h  s t r a i n  gage r o s e t t e s ,  

cen te rea  on t h e  shear p lanes on bo th  s i des  o f  t h e  specimens. The cen te r  gage 

read  s t r a i n  norrr~al  t o  t h e  plane, and t h e  o t h e r  two read  on d iagona l  p lanes .  



Table 8-87 Teeter  Area Test  Summary 

Teeter  Sub- 
T e s t  Sect i on  Number and Type 

Number Number Descr i p t  i o n  o f  Specimens 

1 8.2.5.1 Shear and f a t i g u e  s t r e n g t h  o f  g lass  f i b e r s  3 shear t e s t s  a t  75"F, 3 a t  100°F and 
1 aminae r e i n f o r c e d  w i t h  g l ass  f i b e r  3 a t  120°F 

4 f a t i g u e  t e s t  specimens, R = 20 

2 8.2.5.2 Bear i n g  capab i 1 i t y  o f  epoxy bush i n g  i n  3 bea r i ng  t e s t s  i n  each o f  3 g r a i n  
var  ious g r a i n  d i r e c t  ions d i r e c t i o n s ,  a t  each o f  3 temperatures: 

75OF, 100°F, and 120°F 
4 f a t i g u e  t e s t  specimens (d iagona l  g r a i n )  
a t  each R va lue:  R = -1.0 and R = 20 

3 8.2.5.3 Teeter  brake s h a f t  bea r i ng  l o a d  
d i s t r i b u t i o n  t e s t s  

4 8.2.5.4 F lapwise bending t e s t  

3 bending specimens 
4 f a t i g u e  t e s t  specimens, R = 0.05 

3 bending spec imen s 
4 f a t i g u e  t e s t  specimens, R = 0.05 

5 8.2.5.5 Chordwise bending t e s t s  ( t e n s i o n  3 t ens ion  and 3 compression specimens 
s irnul a t  ion  ) 4 f a t i g u e  specimens, R = -1.0 

6 8.2.5.6 Low temperature t e n s i o n  t e s t s  3 tens i o n  and 3 compress i on  specimens 

7 8.2.5.7 Crossgra i n  tens  i on  t e s t i n g  o f  
augmented laminae 

8 8.2.5.8 B o l s t e r  bending t e s t s  ( a x i a l  
s i m u l a t i o n  

3 s t a t i c  t e n s i o n  specimens 
4 f a t i g u e  specimens, R = 0.1 

3 each s t a t i c  t e n s i o n  and compression 
4 f a t i g u e  specimens, R = -1.0 



The s t a t i c  samples were t e s t e d  w i t h  t h e  machine s t r o k e  r a t e  c o n t r o l l e d  t o  

p r o v i a e  f a i l u r e  i n  approx imate ly  5  minutes.  The f a t i g u e  specimens were t e s t e d  

u s i n g  t h e  same set-up, b u t  no s t r a i n  gages were used. 

8.2.5.1.4 Resu 1  t s  

The s t a t i c  t e s t  specimens a l l  f a i l e d  r e l a t i v e l y  s i l e n t l y ;  o n l y  sounds o f  

i n d i v i d u a l  g l ass  f i b e r s  snapping were heard.  No d i sce rnab le  f a i l u r e  c o u l d  be 

found  v i s u a l l y  on most specimens a f t e r  t h e  t e s t .  Table  8-88 l i s t s  t h e  f a i l u r e  

loaas f o r  each specimen, and head t r a v e l  a t  maximum load. F i g u r e  8-113 shows 

t h e  t e s t  set-up, and F i g u r e  8-114 shows a  photograph o f  a  specimen a f t e r  i t s  

t e s t .  F i g u r e  8-1 15 d e f i n e s  t h e  l oad  d e f l e c t i o n  p l o t  o f  a  t y p i c a l  s t a t i c  t e s t .  

F a t i g u e  t e s t i n g  used t h e  same set -up as t h a t  shown i n  F i g u r e  8-113. I t  was 

conducted w i t h  a  l oad  r a t i o  of 20, and a t  a  f requency o f  5  Hz. The f i r s t  

specimen, number 10 SR, was t e s t e d  w i t h  a  maximum compression l oad  o f  

3,800 1  bs., about 50% of t h e  mean f a i l u r e  load.  F a i l u r e  occur red  a t  30,000 

cyc l es .  Specirr~en number 12 SR was t e s t e d  nex t ,  and t h e  loads were reduced t o  

-3,200 l b s .  and -160 IDS. The specimen f a i l e d  a f t e r  97,700 cyc l es .  The loads  

f o r  sample 13 5R were f u r t h e r  reduced t o  -2,900 and -145 lbs. ,  and 252,700 

c y c l e s  were completed b e f o r e  f a i l u r e .  The l a s t  specimen, number 11 SR, l a s t e d  

499,100 c y c l e s  b e f o r e  f a i l u r e .  I t  was loaded f r om -2,700 t o  -135 p s i .  The 

r e s u l t s  of' these  t e s t s  a r e  p l o t t e d  i n  F i g u r e  8-116, and compare f avo rab l y  w i t h  

es t ima ted  a l l owab les .  

8.2,5.2 Tee te r  S h a f t  Bear ing  Cup Load Bear ing  Capabi l  i t y  Tes t  

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

The p o i n t s  where concen t ra ted  l o a d  a re  i n t r oduced  t o  t h e  MOD-5A b l ade  

con ta ined  meta l  f i t t i n g s ,  p r  imar i l y  because meta l  has s u p e r i o r  wear and 

b e a r i n g  c a p a b i l  i ty, compared t o  wood. The meta l  i n s e r t s  were h e l d  i n  p l a c e  

u s i n g  West Systerna epoxy i n  a  t h i x o t r o p i c  form, and i n  t h e  case o f  t h e  

t e e t e r  s h a f t  cup, a  wrapping o f  g l ass  f i b e r  was used. Th is  i s  common p r a c t i c e  

i n  t h e  b o a t i n g  i n d u s t r y ,  where masts a re  f i t t e d  i n t o  wood h u l l s .  The g l a s s  

f i b e r  tends t o  s t i f f e n  t h e  epoxy and t o  reduce t h e  problem o f  c rack i ng .  



Table 8-88 Shear Specimen S t a t i c  Test  R e s u l t s  

Ca l cu l a ted  
Head Laminae 

Spec imen Test F a i l u r e  Load T rave l  Shear S t r e s s  
Number Cona i t  i o n  ( l b s . )  ( i n . )  ( p s i >  

2 SR Room Temperature 

1 SK Koom Temperature 

3 SK Room Temperature 

Mean F a i l u r e  Loads 

Room Temperature 7,550 l b s .  

100°F 5,037 l b s .  

lZO°F 4,533 l b s .  



Figure 8-113 Shear Test Setup 

Figure 8-114 Failed Shear Test Specimen 
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F o r  t h e  t e e t e r  cup a p p l i c a t i o n ,  t h e  g l a s s  f i b e r  was 0.125 i n .  t h i c k ,  made up 

u f  s e v e r a l  l a y e r s  c o n t i n u o u s l y  wound i n  t h e  annu lus ,  w i t h  t h e  warp i n  t h e  

d i r e c t i o n  o f  t h e  c i r c u m f e r e n c e .  No d a t a  c o u l d  b e  found  on  p r e v i o u s  t e s t s  o f  a  

c o n f i g u r a t i o n  o f  t h i s  t y p e ,  so  a  program was deve loped t o  !s tudy i t s  s t a t i c  

c a p a b i l  i t y  a t  v a r i o u s  tempera tu res  and i n  t h r e e  d i f f e r e n t  g r a i n  d i r e c t  i o n s .  

F a t i g u e  c n a r a c t e r i s t i c s  i n  b o t h  t e n s i o n - t e n s i o n  and f u l l y  r e v e r s e d  l o a d i n g  

c o n d i t i o n s  were a l s o  s t u d i e d .  

8.2.5.2.2 O ~ j e c t i v t t s  

The t e s t s  p r o v i d e d  a a t a  on t h e  s t r e s s  p a t t e r n  around t h e  c i r c u m f e r e n c e ,  u s i n g  

s t r a i n  gdyes. They a l s o  d e t e r m i n e d  b e a r i n g  s t r e n g t h  c a p a b i  1 i t i e s  t o  p e r r n i t  

d l l o w d o l ?  l o a d  l i m i t s  t o  be s e t .  S ince  l o a d i n g  can ol:cur i n  v a r i o u s  

d i r e c t  i ons ,  b e c a ~ s e  o f  v a r i a t i o n s  i n  i n d i v i d u a l  l oads ,  s t a t i c  t e s t s  were 

conauctea w i t h  t n e  l o a d s  p a r a l l e l  t o  t h e  wood g r a i n ,  normal  t o  t h e  g r a i n  and 

a t  45" t o  t h e  y r a i r l .  The n i g h  t e m p e r a t u r e  t e s t s  were r u n  s i n c e  t h e  p r o p e r t i e s  

o f  epoxy do change i n  t h i s  range.  F a t i g u e  t e s t s  were conducted a t  rooni 

t e ~ ~ l p e r a t u r e  o n l y ,  arid o r i l y  4 5 "  t o  t h e  g r a i n ,  s i n c e  t h e  45"  1o t .d ing  p r o f i l e  was 

showrl t o  b e  h  i g h e s t  i n  t h e  MOU-5A b l a d e  a n a l y s i s .  

8 . 2 . 5 . 2 . 3  Uescr i p t  i o n  

The t e s t  specirnens f o r  s t a t i c  t e s t i n g  c o n s i s t e d  o f  a   bloc^, 7  i n .  wide,  o f  t e n  

l a y e r s  o f  b l a a e  g r a d e  1  Douglas  f i r  veneer w i t h  $7781 B u r l  i n g t o n  g l a s s  f i b e r  

between each l a y e r .  A h o l e ,  4.155 i n .  d iamete r ,  acco~nrnodatelj a  h o l l o w  s t e e l  

p i n  w i t h  an o u t s i d e  d ia ine te r  o f  3.375 i n .  h e l d  i n  p l a c e  by a  s i n g l e  l a y e r  wrap 

o f  g l a s s  f i b e r  and l i e s t  SysterP t h i x o t r o p i c  epoxy. F i g u r e  8-117 shows a  

p a r a l l e l  t o  g r a i o  specimen w i t h  f i v e  r o s e t t e  s t r a i n  gages around t h e  p i n .  

F i g u r e  8-1  18 snows a  n o r ~ n a l  t o  t h e  g r a i n  specimen. The d i a g o n a l  g r a i n  

specimen, shown i n  F i g u r e  8-1  19, c o n t a i n e d  e i g h t  s t r a i n  gag" r o s e t t e s  s i n c e  

t t l e  l o a d i n g  on t l ~ e  s i d e s  o f  t h e  p i n  i s  n o t  symmet r i ca l ,  because g r a i n  induced 

s t i f f n e s s  p a t h s  a r e  n o t  u n i f o r m .  The t e s t  s e t - u p  shown i n  I ' igure 8-120 was 

useu f o r  a1 1  t h e  s t a t i c  specimens. The s e t - u p  loaaed t h e  wood face  on one 

end  w h i l e  r e a c t i n g  t h e  p i n .  The MTS machine used f o r  t e s t i n g  c o n t r o l l e d  t h e  

s t r o k e  r a t e  t o  p roduce  f a i l u r e  i n  a p p r o x i m a t e l y  5 m inu tes .  F i g u r e  8-12 1 shows 

an I n s t r o n  oven i n  p l a c e  on t h e  MTS machine, t n e  s e t - u p  used f o r  a l l  h i g h  

t e m p e r a t u r e  t e s t i n g .  A second lvlTS oven was used i n  a  remote  l o c a t i o n  f o r  

p r e - c o n d i t  i o n  i n g  t h e  specirnens b e f o r e  t h e y  were p l a c e d  i n  t h e  ':est mach ir le. 
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Figure 8-117 P a r a l l e l  t o  G r a i n  S t a t i c  Bear i n g  Tes t  Spec i 

Figure 8-118 Normal t o  G r a i n  Bear ing  T e s t  Specimen 
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F i g u r e  8-119 D i a g o n a l  G r a i n  B e a r i n g  T e s t  Specimen 

F i g u r e  8-120 T y p i c a l  B e a r i n g  T e s t  Se tup  f o r  S t a t i c  
and Tens i o n - T e n s  i o n  F a t i g u e  



F i g u r e  8-121 E l e v a t e d  Temperature Bear ing  Tes t  
Setup w i t h  I n s t r o n  Oven 



Tne ovens were used t o  ach ieve  and m a i n t a i n  temperatures o f  100°F o r  120°F f o r  

t e s t i n g  t h r e e  s t a t i c  specilllens o f  each o f  t h e  t h r e e  g r a i n  d i r e c t i o n s  a t  each 

temperdture.  

Two a i f f e r e n t  l oad  r a t i o s  were used f o r  f a t i g u e  t e s t i n g .  For  a l oad  r a t i o  of 

10 t n e  u i a y o r ~ a l  specin~en, shown i n  F i g u r e  8-119, and t h e  s t a t i c  t e s t  se t -up  i n  

F i g u r e  8-120, were used. 

F o r  r e v e r s e  a x i a l  t e s t i n g ,  i t  was necessary t o  use an a l t e r n a t e  t e s t  specimen 

ds shuwn i n  f i g u r e  8-122. The (2=-1 )  t e s t  specimen had two s t e e l  p i n s  t o  

a1 low loads t o  be r e a c t e d  i n  bo th  d i r e c t i o n s .  The f i x t u r e s  a re  shown i n  

F i g u r e  8-123.  Tne upper end o f  t h e  specimen was 7 i n .  wide, t h e  same geometry 

as t h e  o t h e r  samples. The lower  end was w ider  and had a l a r g e r  p i n  d iameter  

t o  p r e v e r ~ t  f a i l u r e  f r om  o c c u r r i n g  the re .  Four specimen. o f  each t y p e  

(d i agona l  g r a i n  o n l y )  were f a t i g u e  t e s t e d  a t  a f requency o f  2' Hz o r  5 Hz f o r  

R = 20, arla 5 Hz f o r  R = -1. The i n t e n t  was t o  ach ieve two f a i l u r e s  a t  10,000 

c y c l e s  ana two a t  one m i l l i o n .  

8.2.5.2.4 Kesul t s  

S t a t i c  t e s t  r e s u l t s  a re  shown i n  Table  8-89, w i t h  mean f a i l u r e  loads l i s t e d  

f o r  eacn s e t  o t  c o n a i t i o n s .  F a i l u r e s  were n o t  c a t a s t r o p h j c ,  b u t  were 

accompanied by c r a c k i n g  sounds. I n  t h e  p a r a l l e l  t o  g r a i n  and d iagona l  g r a i n  

f a i l u r e s ,  t h e  epoxy separated f r om t h e  s t e e l  p i n  on t h e  s i d e  o p p o s i t e  o f  t h e  

l o a d  a p p l i c a t i o n  ( t e n s i o n  i n  j o i n t ) .  The f a i l u r e  was evidenced by  a lower  

frequerlcy response i n  t h e  a rea  when t h e  wood was tapped around t h e  p i n  

c i r cumference .  The normal t o  g r a i n  specimens a t  a l l  t h r e e  temperatures f a i l e d  

b y  ndv i ng  t h e  wood c rush  (compress i o n  f a i l u r e )  between t h e  'load appl  i c a t  i o n  

and p i n ,  as shown i n  F i g u r e  8-1L4, and i n  some cases, bond damage was a l s o  

ue tec tea .  On some o f  t h e  specimens c r a z i n g  o f  t h e  epoxy was v i s i b l e ,  and on 

some a gap between t h e  p i n  and epoxy c o u l d  be  d iscerned  i n  areas o f  f a i l u r e .  

T I I ~  t e~npe ra tu re  e f f e c t  was s i g n i f i c a n t .  I n  t h e  case o f  t h e  d iagona l  g r a i n  

specimens, hea t  reduced t h e  mean s t r e n g t h  o f  t h e  specimen t e s t e d  a t  120" by  

more tndn  50%. F igu res  8-125, 8-126 and 8-127 d e p i c t  t h e  l ~ a d  versus head 

t r a v e l  p l o t s  f o r  samples o f  each t ype  a t  each temperature.  

F a t i y u e  t e s t  i n y  o f  d iagona l  g r a i n  spec iri~ens COrTImenCed w i t h  compress i o n -  

compression t e s t i n g  o f  specimen DF1. The machine l oad  s e t t i n g  was inadver-  
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Figure 8-124 S t a t i c  F a i l u r e  o f  hormal t o  Grain  
Bear i n g  Spec irnen 



F i g u r e  8-125 S t a t i c  Bear ing  Test - P a r a l l e l  t o  Gra in  

8-297 







t e n t l y  p l aced  a t  t h e  range o f  -15,000 and -1,250 lbs. ,  a  l oad  r a t i o  o f  12 

i ns tead  o f  t h e  in tended 20. The sample su r v i ved  695,000 c y c l e s  a t  5  Hz b e f o r e  

f a i l i n g .  Specimen DF2 was then  t e s t e d  a t  t h e  range o f  -14,500 l bs .  and 

725 l bs .  and a t  a  f requency of  5  Hz. A f t e r  902,700 c y c l e s  t h e  f requency was 

decreased t o  2 Hz because of accumulat ing damage, and a t  906,900 c y c l e s  

u l t i m a t e  f a i l u r e  occurred.  Sample OF3 was t e s t e d  a t  a  h i ghe r  load :  19,000 t o  

950 lbs. ,  f o r  f a i l u r e  near 10,000 cyc les .  The t e s t  f requency was s e t  a t  5  Hz, 

allo f a i l u r e  occur red  a f t e r  61,000 cyc les .  For  t h e  l a s t  specimen, DF4, t h e  

l o a d  range was increased t o  -20,000 and -1,000 l bs .  and r a t e  o f  2  Hz was 

ma in ta ined  t o r  t h e  27,900 c y c l e  l i f e  o f  t h i s  sample. 

F u l l y - r e v e r s e d  f a t i g u e  t e s t i n g  was completed nex t .  The l oad  range f o r  

specimen number FKI  was s e t  a t  210,000 lbs . ,  b u t  t h e  range was never  

achieved, because t h e  specimen f a i l e d  premature ly ,  as shown i n  F i g u r e  8-128. 

The l oad  f o r  sample FR2 was s e t  a t  22,300 lbs .  Load versus head t r a v e l  

t r a c e s  were recorded  a t  f r equen t  i n t e r v a l s ,  as shown i n  F i g u r e  8-129. Damage 

occur red  between 5,000 c y c l e s  and 55,600 cyc les ,  which r e s u l t e d  i n  a looseness 

of  t h e  sample. A t a p p i n g  t e s t  r evea led  t h a t  t h e  s t e e l  t o  epoxy j o i n t  had 

f a i l e d .  Ttie n e x t  specirnen, FR3, was sub jec ted  t o  a  l oad  o f  _+I ,900 l b s .  The 

t e s t  was h a l t e d  a f t e r  one m i l l  i on  cyc l es  w i t h  no evidence of u l t i m a t e  

f a i l u r e .  However i n  t h e  l oad  d e f l e c t i o n  p l o t  i n  F i g u r e  8-130, some degree of  

damage occur red  around 5,000 cyc les ,  r e s u l t i n g  i n  a  change o f  s lope  f o r  t h e  

t e n s i o n  s i a e  o f  t h e  load. Only  minor  changes occur red  a f t e r  t h a t  p o i n t .  

Specimen FR4 was t e s t e d  a t  t h e  same load:  t1,900 l b s .  Between 35,000 and 

52,000 c y c l e s  a  s l ope  change occurred, and a f t e r  409,700 c y c l e s  a  d e f i n i t e  

o f f s e t  occur red  a t  t h e  c rossover  p o i n t .  F i g u r e  8-131 i s  a  p l o t  o f  t h e  f a t i g u e  

t e s t  r e s u l t s  o f  specimen FR-4 and F i g u r e  8-132 shows r e s u l t s  o f  a l l  samples. 

8.2.5.3 Teete r  Brake Sha f t  Bear ina Load D i s t r i b u t i o n  Tes t  

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

The c e n t e r  s e c t  i on  o f  t h e  MOD-5A b lade  con ta ined  augmented b o l s t e r s  and 

i n t e r f a c e  f i t t i n g s  f o r  t h e  t e e t e r  s h a f t  and t e e t e r  brake. The r e l a t i v e l y  

complex geometry and t h e  use o f  composi te m a t e r i a l s  i n d i c a t e d  t h e  need f o r  a  

f i n i t e  element program t o  determine s t r e s s  l e v e l s  and f a i l u r e  modes. 

8.2.5.3.2 Ob jec t i ves  

T h i s  t e s t  sequence determined t h e  s t r e s s  f i e l d  p a t t e r n  and l e v e l s  around t h e  

t e e t e r  b rake  area when loads a r e  in t roduced  th rough  t h e  b rake  p i ns .  I t  a l s o  



Figure 8-128 F u l  l y  Reversed Bearing F a t i g u e  Specimen 
FH1 I n a d v e r t e n t l y  Overloaded 















p rov ided  f a i l u r e  mode in fo rmat ion ,  as w e l l  as t h e  f a t i g u e  l i f e  o f  t h e  

s imu la ted  b l a d e  sec t i on .  Th i s  i n f o r m a t i o n  w i l l  be used t o  s u b s t a n t i a t e  t h e  

f i n i t e  element model, b y  c r e a t i n g  a  program s p e c i f i c a l l y  f o r  t h e  t e s t  

c o n f i g u r a t i o n ,  which w i l l  be compared t o  t h e  t e s t  d a t a  t o  v e r i f y  s t r e s s  

d i s t r i b u t i o n  and f a i l u r e  modes. 

8.2.5.3.3 Oescr i p t  i o n  

The t e s t  specimen was 130.8 i n .  long, r e p r e s e n t i n g  t h e  cen te r  b l ade  area. One 

end cor l ta ined t h e  b o l s t e r  and s h a f t  f i t t i n g s  and t h e  oppos i t e  end had a  l o a d  

r e a c t i o n  s h a f t .  The specimen con ta ined  model b o l s t e r s  on a  s c a l e  o f  1/10, and 

was mounted i n  a  t e s t  f i x t u r e  t h a t  i n t e r f a c e d  w i t h  a  f ou r -pos t  FITS t e s t  

machine. The f i x t u r e  mounted t h e  specimen a t  t h e  l oad  r e a c t i o n  p o i n t  and t h e  

o u t e r  urake p i n  f i t t i n g ,  w h i l e  t h e  l o a d  was a p p l i e d  t o  t h e  i nne r  b rake  p i n  

f i t t i n g  th rough  t h e  use o f  s imu la ted  s t r a p s  and p i n s .  F i g u r e  8-133 shows t h e  

specimen, and F igu res  8-134 and 8-135 show t h e  t e s t  set-up. 

The l o a d i n g  p i n  area was ins t rumented on two o f  t h r e e  s t a t i c  t e s t  specimens. 

E i g h t  s t r a i n  gage r o s e t t e s  were used on each s i d e  o f  t h e  specimen, as shown i n  

F i g u r e  8-136. The specimens were loaded i n  bending, u s i n g  a  5  minute l oad  

ramp t o  approx imate ly  t h e  u l t i m a t e  load. The brake p i n  l u g  e x i t  s i d e  o f  t h e  

specimen was i n  t e n s i o n  ( p u l l  on l u g s )  i n  a l l  t e s t s .  

F o l l o w i n g  t h e  t h r e e  s t a t i c  t e s t s ,  f o u r  f a t i g u e  t e s t  samples were t e s t e d  u s i n g  

a  l oad  r a t i o  o f  0.05. No s t r a i n  gages were used on t h e  f a t i g u e  samples. 

8.2.5.3.4 Resu l t s  

The s t a t i c  t e s t  specimens a l l  f a i l e d  i n  a  s i m i l a r  manner: t h e  b rake  p i n s  

bent ,  t n e  b o l s t e r s  sheared a long  t h e  beam i n t e r f a c e  p l ane  and t h e  beam end 

cracked. F i g u r e  8-137 shows a b e n t  b rake  p i n  a f t e r  removal w i t h  s leeve, 

F i g u r e  8-138 shows t h e  b o l s t e r  w i t h  c rack  and F i g u r e  8-139 shows t h e  beam end 

c rack .  The loads  r e q u i r e d  t o  induce f a i l u r e  a r e  1  i s t e d  i n  Table  8-90, and a  

t y p i c a l  l o a d  d e f l e c t i o n  p l o t  i s  shown i n  F i g u r e  8-140. 

Sample number 7  was sub jec ted  t o  t h e  f a t i g u e  l oad  range o f  16,500 t o  825 lbs .  

w i t h  t e n s i o n  on t h e  b rake  s t r aps .  The t e s t  was h a l t e d  a f t e r  7,100 c y c l e s  a t  a  

r a t e  o f  1  Hz, when t h e  wood under t h e  b rake  s h a f t  f i t t i n g  showed ev idence o f  





F i g u r e  8-134 T e s t  Se tup ,  T e e t e r  a r a k e  
:Shaft  L o a d  D i s t r i b u t i o n  T e s t  

F i g u r e  8-1 35 L s a a i n g  Area o t  '.etli,l 



F i g u r e  8-136 S t r a i n  Gages Around Tee te r  Grake P i 0  



F i g u r e  8-137 Bent Brake Pin and Sleeve 

F i g u r e  8-138 Bolster Shear Plane 



Figure 8-139 Beam End Fa i lu re  



T a b l e  8-90 F a i l u r e  Loads 

Spec imen 
humber 

5 

Mean 

U 1 t ima te  
Load 

( l b s . )  

Load a t  
F i r s t  O f f s e t  

( l b s . )  

F a t i g u e  

Spec imen Load Range Frequency Number o f  
Number ( l b s . )  Hz Cyc les  





severe bea r i ng - t ype  f a i l u r e .  Sample 6  was t e s t e d  nex t .  The t e s t  r a t e  was 

inc reased  t o  2 Hz ,  and t h e  l o a d  range decreased t o  12,000 t o  600 lbs., w i t h  a  

goa l  o f  one m i l l i o n  cyc l es .  A f t e r  207,800 c y c l e s  a  s i m i l a r  f a i l u r e  became 

apparent  and t h e  t e s t  was h a l t e d .  Specimen 2 then  was sub jec ted  t o  t h e  l oad  

range o f  10,500 t o  5UO l bs .  a t  a  r a t e  o f  2 t i z ,  and i t  reached one m i l l  i o n  

c y c l e s  w i t h  no evidence o f  f a i l u r e .  T e s t i n g  was h a l t e d  a t  t h a t  p o i n t .  A 

s l i g h t l y  h i g h e r  l o d d  range, 11,000 and 550 lbs . ,  was a p p l i e d  t o  specimen 

number 1  a t  t h e  r a t e  o f  2 I i z .  Th is  t e s t  was stopped a f t e r  no s i g n  o f  damage 

a t  one 111i l1  i on  cyc l es ,  and t h e  specimen was sub jec ted  t o  a  r e s i d u a l  s t a t i c  

s t r e n g t h  t e s t .  I t  reached an u l t i m a t e  l oad  o f  26,000 lbs. ,  and t h e  f i r s t  

o f f s e t  occur red  a t  21,000 l bs .  The f a i l u r e  was somewhat d i f f e r e n t  frorn those 

o f  t h e  t h r e e  s t a t i c  t e s t s ,  i n  t h a t  t h e  beam e lemer~ t  cracked i n  t h e  area o f  t h e  

b o l s t e r  t ape r ,  n o t  a t  t h e  extreme b o l s t e r  end. The loads, however, were 

cons i s t e n t ,  and were h igher  than  p red  i d e a .  

8.2.5.4 F lapwise  Uenainq Tests  

8.2.5.4.1 I n t r o d u c t  ion  

T h i s  t e s t  s e r i e s  a l s o  concen t ra ted  on load d i s t r i b u t i o n  i n  t h e  cen te r  b lade  

area, as d i d  t h e  t e e t e r  area b rake  t e s t s  desc r i bed  i n  p rev ious .  The r a t i o n a l e  

was t o  t e s t  a sca led  model on a  s c a l e  o f  1/12, and t o  compare t h e  r e s u l t s  t o  

those o f  a  f i n i t e  element model developed f o r  t h e  t e s t  specimen geo~netry.  The 

computer program would be  s i m i l a r  t o  t h e  t ype  used f o r  t h e  MOD-5A b lade  

a n a l y s i s ,  so t h e  b l ade  a n a l y s i s  techn ique  would be v e r i f i e d  by  t h i s  t e s t .  The 

b o l s t e r s  were augmented w i t h  #7781 B u r l i n g t o n  g l ass  f i b e r  c l o t h ,  b u t  t h e  

cen te r  bean1 s e c t  i o n  was n o t .  T h i s  des ign  made t h e  model more complex. 

8.2.5.4.2 Ob jec t i ves  

The o b j e c t i v e s  o f  t h i s  s e r i e s  o f  t e s t s  were t o  determine s t a t i c  and f a t i g u e  

bending s t r e n g t h ,  f a i l u r e  mode and l oad  d i s t r i b u t i o n  da ta  f o r  t h e  c e n t e r  b l a d e  

a rea  when loads a r e  in t roduced  th rough  t h e  t e e t e r  cup. 

8.2.5.4.3 Uescr i p t  i on  

1-tie f l apw i se  bending t e s t  specimen was 130 i n .  l ong  as shown i n  F i g u r e  140A. 

I t  conta i r led r e a c t i o n  p i n s  near  t h e  ends and a  s imu la ted  b o l s t e r  and t e e t e r  

b e a r i n g  cup s e t  a t  t h e  cen te r  where loads were i ~ ~ ~ p o s e d .  It a l s o  had a  

complement o f  s l o t s  and brake p i n  f i t t i n g s  so t h a t  t h e i r  e f f e c t  on l o a d  

d i s t r i b u t i o n  c o u l d  be s tud ied .  F i g u r e  8-141 shows t h e  specimen mounted i n  





F i g u r e  8-141 F lapw ise  Bending Tes t  Setup 

- .. . - . - 

F i g u r e  8-142 S t r a i n  Gage Loca t  i ons  



a t e s t  f i x t u r e  t h a t  i s  mounted i n  an MTS four -pos t  t e s t  machine. The ac tuator  

imposed a  load on the  center  o f  t h e  specimen, wh ich  was reac ted a t  t h e  end 

p o i n t s  by  f i t t i n g s  mounted t o  t h e  overhead f i x t u r e  beam. The load c e l l  was 

mounted between the  ac tuator  r o d  and t h e  aper ture  f i t t i n g  surrounding t h e  

sample. On two o f  t h e  th ree  s t a t i c  t e s t  specimens, s t r a i n  gages were located 

around t h e  t e e t e r  cup, brake p i n  bushing, and on t h e  edge g r a i n  face o f  t h e  

beam. Seven rose t tes  were used around t h e  t e e t e r  cup, e i g h t  rose t tes  

surrounded t h e  brake p i n  f i t t i n g  and a  t o t a l  o f  14 a x i a l  gages were used on 

t h e  edge g r a i n  faces, as shown i n  Figure 8-142. The th ree  s t a t i c  t e s t  

specimens were tes ted  us ing  an approximate 5  minute load ramp t o  f a i l u r e .  The 

eage g r a i n  face had t e e t e r  brake s l o t s  placed i n  compression. 

8.2.5.4.4 Resu 1  t s  

The f a i l u r e  mode was cons is tent  f o r  a l l  t h ree  s t a t i c  tes ts .  The b o l s t e r s  were 

sheared from t h e  center  beam sec t ion  e i t h e r  c lean ly ,  as shown i n  F igu re  8-143, 

o r  a  few laye rs  o f  unaugmented wood remained i n t a c t ,  as shown i n  F igure  

8-144. The t e s t  r e s u l t s  a re  tabu la ted i n  Table 8-91, and F igu re  8-145 shows a  

t y p i c a l  l oad  d e f l e c t  ion  p l o t .  

Specimen number 5  was subjected t o  a  c y c l  i c  load from 8,1300 t o  400 lbs.  

(R = 0.05) a t  a  frequency o f  1.5 Hz, w i t h  t h e  s l o t t e d  face of t h e  specimen i n  

compress ion. Some b o l s t e r  bond 1  ine c rack ing was n o t  iced at: 645,000 cycles, 

b u t  t he  t e s t  ran  t o  1.05 m i l l i o n  cyc les  an3 was stopped although no ser ious  

damage occurred. Sample number 2  was tes ted  next  a t  9,600 and 480 lbs., and 
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F i g u r e  8-143 Bolsters Sheared from Flapwise 
Bend ing Spec imen 

Figure 8-144 Bolster Failure Inside Center Beam 



Table 8-91 F lapwise  Bending S t a t i c  Test  Resu l t s  

Spec imen 
Number 

Mean 

U l t i m a t e  
Load 

( l bs . )  

F  i r s t  
Of fsc ! t  
( l b s . )  -- 

Fat igue  Test  Resu l t s  

Test  
Spec i ~nen  Load Range Frequency Numberb o f  

Number ( I bs . )  Hz Cyc 'I es -- 

* Add i t  i ona l  T e s t i n g  





1.5 Hz. Cracks i n  t h e  b o l s t e r  bond gap were n o t i c e d  a t  555,lCO cyc l es .  A f t e r  

591,400 c y c l e s  t h e  t e s t  was stopped because damage was accumulat ing.  The n e x t  

specimen t e s t e d  was number 6, a t  t h e  r a t e  o f  1.5 Hz, w i t h  a  l o a d  range of 

11,400 and 570 l b s .  Cracks were n o t i c e d  i n  t h e  bond gaps al: 17,700 c y c l e s ,  

and t h e  t e s t  was stopped a f t e r  207,000 cyc l es .  Sample 7  was r u n  a t  t h e  same 

f requency,  b u t  a t  t h e  l o a d  range was increased t o  13,000 t o  653 l bs .  The bond 

yap c racks  occu r red  a f t e r  500 cyc les ,  and a t  22,600 c y c l e s  on12 o f  t h e  b o l s t e r  

enas f a i l e d  th rough  t h e  bond gap. Res idual  s t r e n g t h  t e s t s  were conducted on 

t h e  u n f a i l e d  specimens t o  de te rmine  t h e  z x t e n t  o f  any damage induced b y  

f a t i gue .  Specimen t~unlber 5  was f i r s t  sub jec ted  t o  58,900 a d d i t i o n a l  c y c l e s  o f  

1  oading f r om 13,125 t o  660 l bs .  The load-def  l e c t i o n  hysterc?s is  changed, as 

shown i n  F i g u r e  8-146. The subsequent r e s i d u a l  s t r e n g t h  s t a t i c  t e s t  r e s u l t e d  

i n  an u l t i m a t e  s t r e n g t h  o f  20,750 l bs .  and a  f i r s t  o f f s e t  l o a d  o f  16,875 l b s .  

Thus, t n e  f a t i g u e  t e s t i n g  had l i t t l e ,  o r  no e f f e c t .  Sample 2 was a l s o  

s u b j e c t e d  t o  a  r e s i d u a l  s t r e n g t h  t e s t ,  and f a i l e d  a t  20,250 l b s .  w i t h  a  f i r s t  

o f f s e t  l oad  of  about 16,500 lbs. ,  a l s o  about f u l l  s t r e n g t h .  5pecimen 6 and 7  

a l s o  were s t a t i c a l  ly t es ted ,  and y i e l d e d  va lues t h e  f o l l o w i n g  va lues:  

Sample 6  U l t i m a t e  = 21,375 l b .  O f f s e t  = 16,875 l b .  

Sample 7  U l t i m a t e  = 18,750 l b .  O f f s e t  = 15,750 l b .  

Specimen 7 seemed t o  be t h e  o n l y  specimen t h a t  l o s t  s t a t i c  s t r eng th .  The 

specimen c o u l d  have been weakened d u r i n g  t h e  p e r i o d  between 10,000 and 22,600 

cyc l es ,  as shown on t h e  t r a c e  h i s t o r y  i n  F i g u r e  8-147. The s l ope  change 

i n d i c a t e s  a  change i n  beam s t i f f n e s s ,  which d i d  n o t  show on o t h e r  specimens. 

The r e s u l t s  a l s o  exceeded t h e  p r e d i c t  ions,  b u t  t h e y  a re  d i f f i c u l t  t o  e v a l u a t e  

s i n c e  t h e  c rack  i n i t i a t i o n  t i m e  i s  d i f f i c u l t  t o  p i n p o i n t  and i t  i s  d i f f i c u l t  

t o  d e f i n e  f a i l u r e .  







8.2.5.5 Tee te r  Area Chordwise Bendina Tests  

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

The chordwise bending t e s t  s e r i e s  was an a x i a l l y  loaded s i m u l a t i o n  o f  t h e  

c e n t e r  b l ade  area, i n c l u d i n g  b o l s t e r s ,  under chordwise bending loads.  A 1/20 

s c a l e  model o f  t h e  b l ade  i nc l uded  meta l  s l ugs  t o  s imu la te  t e e t e r  b e a r i n g  cups 

and t e e t e r  b rake  f i t t i n g s ,  as w e l l  as s l o t s  f o r  t h e  b rake  s t r aps .  

8.2.5.5.2 Tes t  O b j e c t i v e  

T h i s  t e s t  s e r i e s  was developed t o  p r o v i d e  a  t e s t  base t o  be compared aga ins t  a  

f i n i t e  element model u s i n g  t h e  same techniques as t h e  f u l l  s c a l e  b l ade  model. 

I t  i s  s i m i l a r  t o  t h e  t e s t s  descr ibed  i n  sec t i ons  8.2.5.2 and 8.2.5.4, b u t  

i ns tead  o f  be i ng  t e s t e d  i n  bending, these  specimens were f a i l e d  i n  t e n s i o n  and 

compression. The o b j e c t i v e  was t o  p rove  t h e  a b i l  i t y  of  t h e  computer a n a l y s i s  

t o  determine t h e  l o a d  d i s t r i b u t i o n  i n  t h e  b o l s t e r  area, and a l s o  t o  d i s c l o s e  

t h e  n a t u r e  o f  f a i l u r e  modes i n  t h e  two l oad  d i r e c t i o n s ,  and i n  f a t i g u e  l o a d i n g  

w i t h  f u l l y  r e v e r s i n g  i n p u t s  ( R  = - 1 ) .  

8.2.5.5.3 Tes t  D e s c r i p t i o n  

Tne s t a t i c  t e s t i n g  was performed a t  Washington S t a t e  U n i v e r s i t y ,  u s i n g  t h e i r  

compression g r i p  t i m b e r  t e s t i n g  machine which had a  200,000 l b  c a p a b i l i t y .  

The samples were designed w i t h  end shapes t h a t  compat ib le  w i t h  t h e  g r i p s  and 

a re  shown i n  F i g u r e  8-148. Three specimens were t e s t e d  i n  t e n s i o n  and t h r e e  

i n  compression, two o f  each s e t  con ta ined  s t r a i n  gages. F i v e  s t r a i n  gage 

r o s e t t e s  were p l aced  on one s i d e  around t h e  s imu la ted  t e e t e r  s h a f t  i n s e r t  and 

f i v e  were l o c a t e d  around a  s imu la ted  b rake  p i n  s lug,  as shown i n  F i g u r e  

8-149. E i g h t  a x i a l  gages were p l aced  on t h e  edge g r a i n  su r f ace  on b o t h  faces ,  

as shown i n  F i g u r e  8-150. F i g u r e  8-151 shows t h e  specimen set -up f o r  t e n s i o n  

t e s t i n g  w i t h  an extensometer w i t h  a 12 i n .  span over  t h e  area o f  i n t e r e s t .  

The compression t e s t  se t -up  was s i m i l a r  except  gu ide  r o l l e r s  were i n s t a l l e d  i n  

b o t h  pe rpend i cu l a r  d i r e c t  i ons  t o  p reven t  buck1 i n g  o f  t h e  samples under load,  

as shown i n  F i g u r e  8-152. 

F a t i g u e  t e s t i n g  was performed a t  t h e  U n i v e r s i t y  o f  Dayton Research I n s t i t u t e  

u s i n g  dogbone samples, as shown i n  F i g u r e  8-153. These dogbones were s i m i l a r  

t o  t h e  s t a t i c  samples, and were made t o  be compat ib le  w i t h  an MTS machine, t o  

e x p e a i t e  t e s t i n g .  



F i g u r e  8-148 Chordwise Bending S t a t i c  Specimens 

F igu re  8-149 Chordwise Bending S t a t i c  Tens i o n  T e s t  8 e t . d ~  

8-327  



F i g u r e  8-150 S t r d i n  Gage Loca t  i ons  Around Steel  Inserts 



F i g u r e  8-151 Chordwise aend i n g  S t a t i c  Compress i o n  
T e s t  Setup 

F i g u r e  8 - 1 5 2  A x i a l  S t r a i n  Gages on Edge G r a i n  Surfact? 

8 - 3 2 9  





8.2.5.5.4 Test Resu l ts  

The s t a t i c  t e s t s  a l l  used an approximate 5  minute load ramp t o  u l t i m a t e  

f a i l u r e .  Sample number 6 was t e s t e d  i n  tension,  and d i d  n o t  con ta in  s t r a i n  

gages. U l t ima te  f a i l u r e  occurred a t  89,500 l bs .  The f a i l u r e  mode included a  

r u p t u r e  of t h e  2 in .  wide beam center  sec t i on  near s t e e l  i nse r t s .  The b o l s t e r  

faces sheared f r e e  o f  t h e  center  web t h e  e n t i r e  le f ig th  o f  t he  bo l s te rs ,  i n  one 

d i r e c t i o n .  F igures  8-154 and 8-155 descr ibe  t h e  f a i l u r e  areas, Samples 1  and 

4  were f i t t e d  w i t h  s t r a i n  gages and were a l so  tes ted  i n  tension.  The i r  

u l t i m a t e  s t rengths  were 77,500 and 74,700 lbs. Compression tes.ts o f  samples 3 

and 2, both w i t h  s t r a i n  gages, r e s u l t e d  i n  f a i l u r e  loads o f  158,500 and 



- 

Figure 8-1 55 Center Beam Failure Area 



137,500 l b s .  Sample number 5, w i t h o u t  s t r a i n  gages, f a i l e d  a t  146,800 l bs .  

Both b o l s t e r s  o f  sample number 5  separated, and one b o l s t e r  on samples 3  and 2  

buckled, w h i l e  t h e  o t h e r  separated. F i gu res  8-156 ancl 8-157 show a  

compression l oad  t r a c e  and t y p i c a l  f a i l u r e .  Table 8-92 t a b u l a t e s  t h e  s t a t i c  

t e s t  r e s u l t s .  

F a t i g u e  t e s t i n g  s t a r t e d  w i t h  sample number 5-5 be ing  t e s t e d  a t  +45,000 l bs .  

The f u l l y  reversed  l o a d i n g  t e s t  was te rmina ted  a f t e r  7,600 cyc:les, when severe 

c racks  propagated a long  b o t h  s i d e s  of  t h e  dogbone specimen, as shown i n  F i g u r e  

8-158. A  crack was de tec ted  around t h e  t e e t e r  cup epoxy gap a f t e r  4,000 

cyc les ,  and i s  shown i n  F i g u r e  8-159. 

Sample number 5-6 was t e s t e d  next ,  and t h e  l oad ing  was r e d ~ ~ c e d  t o  + 35,000 

lbs.  The l o a d i n g  was h a l t e d  a t  232,700 cyc les ,  when t h e  lclwer h a l f  o f  t h e  

specimen showed evidence of  de lam ina t i on  as shown i n  F i g u r e  8-160. F i g u r e  

8-161 shows a  s t i f f n e s s  t r a c e  h i s t o r y  i n d i c a t i n g  e s s e n t i a l ' l y  no change i n  

s l ope  a f t e r  212,000 cyc les ,  b u t  a  d i s t i n c t  change a t  231,000 cyc les .  E a r l i e r  

s h i f t s  a t  t h e  c e n t e r  p o i n t  a f t e r  5,700 and 10,900 c y c l e s  were caused by  a  

loose  s p l i t  washer on t h e  machine 's  r o d  threads.  The loose  washer d i d  n o t  

a f f ec t  loading,  s i n c e  t h e  servo uses t h e  l oad  c e l l  ou tpu t  vo l t age  f o r  c o n t r o l  

de te rmina t ion .  F i g u r e  8-162 shows c racks  around t h e  l a r g e  t e e t e r  cup p i n ,  

which were n o t  i ced  a f t e r  1,000 cyc les .  

The l oad  f o r  t h e  nex t  t e s t ,  sample 5-4, was reduced t o  k37,000 l bs .  The 

epoxy around t h e  s imu la ted  brake p i n s  and t e e t e r  cup cracked d u r i n g  t h e  f i r s t  

l oad  c y c l e  as shown i n  F i g u r e  8-163. The t e e t e r  cup began t o  work c u t  o f  t h e  

h o l e  a f t e r  36,000 cyc les .  No v a r i a t i o n  i n  t r a c e  shape was i ~ p p a r e n t  through 

138,000 cyc les ,  b u t  a t  146,500 c y c l e s  t h e  upper s t u d  pu l l l ?d  f r e e  o f  t h e  

specimen, as shown i n  F i g u r e  8-164. 

The f i n a l  sample, number 5-3 was t e s t e d  a t  +10,000 l b s .  The l oad  d e f l e c t i o n  

t r a c e  was unchanged through one m i l l i o n  cyc les ,  b u t  some damage t o  t h e  

specimen was v i s i b l e .  A f t e r  1,500 c y c l e s  an epoxy crack was d iscovered  around 

t h e  bot tom o f  a s imu la ted  brake s h a f t  on t h e  back sur face.  A t  8,500 cyc les  

t n e  epoxy cracked on t h e  lower  p a r t  o f  t h e  s imu la ted  t e e t e r  cup on t h e  f r o n t  
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Figure 8-157 Compression Induced F a i l u r e  o f  Sample # 3  



Table 8-92 S t a t i c  Tes t  Resu l t s ,  Chordwise Bending Test  

S a m ~ l  e Number U l  t imate Load 

6 ( t e n s i o n )  

1 ( t e n s i o n )  

4 ( t e n s i o n )  

%can ( t e n s  i on )  

5 (compress i o n )  

3 (compress i o n )  

2 (compression) 

Mean (compress i on )  

89,500 l b s .  

F a t i g u e  

Spec imen Load Range Frequency Number o f  
tiumber ( l b s . )  Hz Cycles 

3 10,000 t o  -10,000 1 106 (No F a i l u r e )  



F i g u r e  8-158 Crack Damage t o  End o f  Specimen 5-5  



Figure 8-159 Epoxy 3a111age t o  Specimen 5 - 3  



Figure 8-160 End Cracks o f  Specimen E-6 
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Figure  8-162 Epoxy Cracks i n  Specimen 5-6 



F igu re  8-163 Views o f  Damage t o  Specimen 5 - 1  

8-343 



F i g u r e  8-164 Stud Pulled Free o f  Specimen 5 - 4  



sur face .  A f t e r  10,500 c y c l e s  t h e  second brake p i n  was s i m i l . a r l y  a f f e c t e d  on 

t h e  back face. At  129,600 cyc l es ,  t h e  t o p  s i d e  o f  t h e  t e e t e r  cup gap on t h e  

back su r f ace  cracked. A f t e r  216,700 c y c l e s  t h e  crack progressed and a f f e c t e d  

t h e  lower  gap as w e l l .  F i g u r e  8-165 shows t h e  areas o f  c rack i ng .  

The s t a t i c  t e s t s  produced mean u l t i m a t e  l oads  o f  80,567 and -17,600 i n  t e n s i o n  

and compression. The p o i n t s  a t  which epoxy c r a c k i n g  occur red  i n  these  s t a t i c  

samples was n o t  r e a d i l y  moni torea.  The f i r s t  f a t i g u e  l o a d  s e l e c t i o n  was based 

on between 50 and 60% o f  t h e  lower  u l t i m a t e  va lue,  and t h e  f a i l u r e  t h a t  

occur red  i n  t h e  epoxy was n o t i c e d  a t  4,000 cyc l es .  The u l t i m a t e  f a i l u r e  

occur red  i n  t h e  s t u d  area. The second l o a d  was a t  44% o f  l r l t i m a t e  and t h e  

f a i l u r e  mode was s i m i l a r .  The t h i r d  specimen was t e s t e d  a t  25% o f  u l t i m a t e ,  

and s t u d  f a i l u r e  aga in  occurred.  The f i n a l  specimen was t e s t e d  a t  8% o f  

u l t i m a t e  l oad  t o  g a i n  on t e s t  l i f e t i m e .  



Figure 8-165 Epuxy 2a:nage Areas o f  Specimen 5-3 



8.2.5.6 Low Temperature S t a t i c  P r o p e r t i e s  T e s t i n g  o f  Laminae 

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

T h i s  s e r i e s  o f  t e s t s  p rov ided  i n f o r m a t i o n  on t h e  s t a t i c  s t r e n g t h  o f  b lade  

grade 1  Douglas f ir veneer, bonded w i t h  West System epoxy a t  a  tempera ture  

o f  -20°F (-29°C). I d e a l  ly, a1 1  p r o p e r t y  c h a r a c t e r i z a t i o n  test:, shou ld  i n c l u d e  

n~ax imum and r ~ l i n  imum temperature t e s t s ,  b u t  c o s t  c o n s t r a i n t s  p revented t h  i s .  

However, t h e  r e s u l t s  o f  t h e  tempera ture  t e s t s  can be  appl  iec t o  o t h e r  t e s t  

r e s u l t s  th rough conven t i ona l  a n a l y t i c a l  techn iques.  

8.2.5.6.L O b j e c t i v e s  

Th i s  s  imple t e s t  s e r i e s  determined t h e  s t a t i c  t ens  i o n  and compress i o n  a x i a l  

s t r e n g t h  a t  t h e  rninimum expected exposure temperature.  The comparison o f  

t hese  r e s u l t s  w i t h  room tempera ture  t e s t s  i n d i c a t e  whether o r  n o t  s  i gn  i f  i c a n t  

changes occur  i n  t h e  s t r e n g t h  o f  laminae a t  -20°F. 

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

Three samples were prepared f o r  each t e s t  d i r e c t i o n .  The c o n f i g u r a t i o n s  a r e  

shown i n  F i g u r e  8-166. The samples were 1.5 i n .  t h i c k  b y  2.0 i n .  wide and 

maae o f  15 l am ina t i ons .  The samples were designed f o r  use o f  t h e  t imber  

t e s t i n g  machine o r  a  conlpress i o n  t e s t e r  a t  Washington S t a t e  U n i v e r s i t y .  

Because t h e  compression t e s t  specimen was so s h o r t ,  6.5 I . ,  no l a t e r a l  

buck1 i n g  suppor ts  were necessary. The t e s t i n g  was conducted on samples t h a t  

were c o n d i t i o n e d  t o  -20°F by  immersing them i n  a  f r e e z e r  room f o r  two days 

b e f o r e  t e s t i n g .  A foam i n s u l a t e d  box was b u i l t  f o r  t r anspo r t . i ng  t h e  samples 

f r o m  t h e  f r e e z e r  t o  t h e  t e s t  l a b o r a t o r y ,  where t h e y  were i n d i v i d u a l l y  removed 

and tes tea .  A sens ing  dev i ce  equipped w i t h  a  thermocouplf? v e r i f i e d  t h e  

tempera ture  o f  t h e  wood j u s t  b e f o r e  t e s t i n g .  A 12 i n .  l o n g  extensometer  was 

useu on t n e  t e n s i o n  specimens, which had a  s t r e s s e d  volume o f  126 c u b i c  i n .  

ho head t r a v e l  d a t a  was recorded f o r  t h e  compression specimens, which had a  

19.5 c u b i c  i n .  s t r e s s e d  volume. 

8.2.5.6.4 Resul t s  

The r e s u l t s  o f  t h e  t e s t s  a re  summarized i n  Table 8-93. l 'he modulus o f  

e l a s t i c i ~ y  o f  t h e  t e n s i o n  specimens i s  q u i t e  cons i s t e n t  w i t h  room tempera ture  

t e s t  da ta .  The a x i a l  s t r e n g t h  va lues  a r e  s l i g h t l y  low, b u t  s t i l l  f a l l  w i t h i n  





Table 8-93 Low Temperature Test  R e s u l t s  

( T e s t  Temperature = -20°F) 

Tension Tes ts  

Sample Extensometer U l t i m a t e  S t r a i n  E S t ress  
[lumber T rave l  ( i n . )  Load ( I D S .  ) ( i n . )  -- ( P s i )  ( p s i )  

Aver age 2.432x106 9,280 

Compression Tes ts  

S a m ~ l  e Number 
Peak Load 

( l b s .  
S t ress  
( p s i .  -- 

Average 



t h e  roorrl temperature s c a t t e r  zone. The s t r e n g t h  o f  wood increases w i t h  

decreas ing  temperatures f o r  a  reasonable  range. Whether -20' i s  low enough t o  

r eve rse  t n a t  t r e n d  o r  i f  t h e  absence o f  an increase was caused b y  t h e  epoxy 

was n o t  known. 

8.2.5.7 Crossgra in  Tension P r o p e r t i e s  o f  Augmented Laminae 

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

The use o f  g l a s s  c l o t h  t o  augment Douglas f i r  veneer increases t h e  s t r e n g t h  

p a r a l l e l  t o  t h e  g ra i n ,  and normal t o  t h e  g r a i n  ( c r o s s g r a i n ) .  Th i s  t e s t  

ana lyzed t h e  c r o s s g r a i n  s t r e n g t h  s t a t i c  and f a t i g u e  load ing .  

8.2.5.7.2 Ob jec t i ves  

These t e s t s  measured t h e  s t a t i c  and f a t i g u e  p r o p e r t i e s  o f  a  Douglas f ir, b lade  

graae 1, veneer specimen w i t h  a  l a y e r  o f  B u r l  i ng ton  g l ass  f i b e r  c l o t h  between 

each veneer. The r e s u l t s  de f i ned  a l l o w a b l e  s t r e s s  l e v e l s  based on u l t i m a t e  

loads and f a i l u r e  modes. 

8.2.5.7.3 Descr i p t  i on  

The specimens were a l l  1.48 in .  t h i c k ,  2.0 i n .  wide ( p a r a l l e l  t o  g r a i n )  and 50 

i n .  lcng.  They were made o f  13 l aye rs .  They were t e s t e d  u s i n g  Washington 

S t a t e  U n i v e r s i t y ' s  t imbe r  t e s t i n g  machine. An 11.88 i n .  l o n g  extensometer was 

usea on t h e  s t a t i c  t e s t s .  The f a t i g u e  t e s t s  were a l l  r u n  w i t h  an R va l ue  o f  

0.1, t o  p r o v i d e  t ens ion - t ens ion  1  i f e  va lues  a t  va r i ous  loads.  The 1  i f e  goa ls  

were: t o  f a i l  two specimens near  10,000 cyc l es ,  and t o  f a i l  two specimens 

near  300,000 cyc  1 es . 

T e s t  specimens were made w i t h  two d i f f e r e n t  t ypes  o f  g lass,  B u r l  i n g t o n ' s  #7781 

and $7500. 7781 was s p e c i f i e d ,  b u t  G B I  s u p p l i e d  t h e  l a t t e r  t y p e  w i t h o u t  c o s t ,  

s i n c e  t hey  had a  s u r p l u s  o f  t h e  m a t e r i a l .  7500 was used e a r l  i e r  i n  t h e  

program, b u t  was e l i m i n a t e d  because 7781 p rov i ded  b e t t e r  r e s u l t s .  

8.2.5.7.4 Resu 1  t s  

S t a t i c  t e s t s  were s t a r t e d  w i t h  one sample o f  7500 g lass,  t o  v a l i d a t e  t h e  

set -up ( 1 ) .  Samples 1  th rough  3 fo l lowed.  The r e s u l t s  a re  shown i n  

Tab le  8-94. F i g u r e  8-167 shows t h e  l oad  d e f l e c t i o n  p l o t s  f o r  t h e  l a s t  t h r e e  

t e s t s ,  and F i g u r e  8-168 shows a  photograph o f  t h e  f o u r  s t a t i c  specimens a f t e r  

f a i l u r e ,  i n d i c a t i n g  t h e  l e n g t h  o f  f a i l e d  area. 



Table 8-94 C rossg ra i n  Tension Tes t  R e s u l t s  

S t a t i c  Tests  

Spec imen Glass Type 

12 7 500 

Average (1,  2 & 3 )  

F a t i s u e  Tes ts  

Spec i~nen Glass Type 

8 778 1 

U l t i m a t e  Load 
( l b s . )  U l t i m a t e  S t r e s s  

3,040 

Load Range Cyc 1 es -- F a i l u r e  

4,000 t o  400 1 bs. 30,000 No 

(S lope Change) 

3,750 t o  375 l b s .  62,000 Yes 

A c c i d e n t l y  f a i l e d  due t o  o v e r l o d d  

5,000 t o  500 I bs. 13,692 

5,000 t o  500 l b s .  13,850 

Yes 

Yes 
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F i g u r e  8-168 C r o s s g r a i n  F a t i g u e  Specimen 1 7  

F i g u r e  8-169 C r o s s g r a i n  F a t i g u e  Specimen 74 



F a t i g u e  t e s t s  were conducted on four  samples. The r e s u l t s  a re  l i s t e d  i n  

Table  8-94. F a i l u r e  areas v a r i e d  f r om ve ry  s h o r t  t o  severa l  inches long, as 

shown i n  F i gu res  8-168 and 8-169. Sample 8  was f i r s t  r u n  a t  f r om  4,000 t o  400 

l bs .  f o r  30,000 c y c l e s  and tnen  ha l t ed .  The t e s t  was resumed a t  a  l o a d  range  

between 3,750 and 375 lbs . ,  and u l t i m a t e  f a i l u r e  occur red  a f t e r  an A d d i t i o n a l  

62,OUO cyc les .  

8.2.5.8 B o l s t e r  Bending Tes t  

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

The b l ade  c e n t e r  s e c t i o n  con ta i ns  r e i n f o r c i n g  b o l s t e r s  on two s ides,  which a re  

augrnentea w i t h  g l a s s  f i b e r  c l o t h .  The t e e t e r  s h a f t  f i t t i n g s  a re  a t tached  t o  

t hese  b o l s t e r s ,  and spanwise loads must t r a v e l  f rom t h e  b l ade  s e c t i o n  i n t o  t h e  

b o l s t e r s ,  t o  be r e a c t e d  b y  t h e  t e e t e r  s h a f t  f i t t i n g s .  T h i s  t e s t  s e r i e s  used a  

1/20 s c a l e  model o f  t h e  b l ade  cen te r  s e c t i o n  b o l s t e r s ,  b u t  d i d  n o t  i n c l u d e  

meta l  f i t t i n g s  a t  t h e  t e e t e r  s h a f t  and b rake  s h a f t  i n t e r f a c e  p o i n t s .  

S t r a i n  gages were used on two s t a t i c  t e n s i o n  samples and two compression 

samples t o  p r o v i d e  s t r a i n  d i s t r i b u t i o n  da ta .  

8.2.5.8.2 Ob jec t i ves  

T n i s  t e s t  s e r i e s  p rov i ded  da ta  on t h e  y i e l d  p o i n t  and u l t i m a t e  s t r e n g t h  o f  t h e  

b o l s t e r  t o  spar  j o i n t ,  and on t h e  d i s t r i b u t i o n  o f  l oads  a l ong  t h e  b o l s t e r  

1  engtn. A f i n i t e  element model comparison was made t o  v e r i f y  t h e  a n a l y t i c a l  

techn iques  used on t h e   lade, s i m i l a r  t o  t h e  method used i n  t e s t s  desc r i bed  i n  

s e c t i o n s  8.2.5.3, 8.2.5.4 and 8.2.5.5. 

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

The s t a t i c  t e s t  specimens were designed f o r  use o f  Washington S t a t e  

U n i v e r s i t y ' s  t imbe r  t e s t i n g  machine, which has a  c a p a c i t y  o f  200,000 I b s .  

Three specimens were t e s t e d  i n  t e n s i o n  and t h r e e  i n  compression. Two o f  each 

s e t  were ins t rumented  w i t h  s t r a i n  gages. F i g u r e  8-170 shows t h e  specimen 

geometry, and F i g u r e  8-171 shows s t r a i n  gages on a  specimen. The t e n s i o n  t e s t  

se t -up  i s  shown i n  F i g u r e  8-172, w i t h o u t  t h e  extensometer, b u t  w i t h  s t r a i n  
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gages, and F i g u r e  8-173 d e p i c t s  t h e  compression t e s t  se t -up  w i t h  t h e  

extensometer.  The plywood suppor ts  were used t o  p reven t  l a t e r a l  buck l  i n g  o f  

t h e  t e s t  sample. 

The machine g r i p s  were s e t  34 i n .  apar t ,  l e a v i n g  23 i n .  o f  sample i n  each 

g r i p .  The extensometer was s e t  a t  a gage l e n g t h  o f  20 i n .  cen te red  over  t h e  

b o l s t e r  area. 

The f a t i g u e  t e s t  specimen, shown i n  F i g u r e  8-170, was designed t o  be 

compat ib le  w i t h  an MTS t e s t  machine, and f o u r  samples were t e s t e d  a t  t h e  

U n i v e r s i t y  o f  Dayton Research I n s t i t u t e .  The t e s t s  were conducted w i t h  a l oad  

r a t i o  o f  R = -1, f u l l y  r eve rsed  load ing .  Four specimens were t es ted ;  two 

were t o  l a s t  10,000 c y c l e s  and two were t o  f a i l  near one m i l l i o n  c y c l e s .  

8.2.5.8.4 Test  Kesul t s  

The t e n s i o n  t e s t  specimens f a i l e d  when one o f  t h e  b o l s t e r s  cracked a long  t h e  

bona gap and wood a t t a c h i n g  t h e  b o l s t e r  t o  t h e  spar.  A f t e r  thl? c rack ,  a l a r g e  

a d d i t i o n a l  l oau  was r e q u i r e d  t o  separate  t h e  second b o l s t e r ,  and t o  reach  t h e  

u l  t inlate load. The compress i o n  t e s t  specimen b o l s t e r s  d i d  n o t  separa te  f r om  

t h e  spar  u r ~ t i l  u l t i m a t e  f a i l u r e  occurred,  which was a t  an average 73% h ighe r  

i n  l oad  than  t h e  t e n s i o n  f a i l u r e .  I n  t h e  compression f a i l u r e ,  t h e  b o l s t e r s  

e i t h e r  sheared f r om t h e  face ,  f o r c e d  o f f  b y  b u c k l i n g  o f  t he  spar elements, 

which c rea ted  a c r o s s g r a i n  t e n s i o n  l o a d  across t h e  bond gap, o r  t h e y  specimen 

b y  a compression f a i l u r e  o u t s i d e  t h e  b o l s t e r  area. 

The t e s t  r e s u l t s  a r e  summarized i n  Table  8-95, and F i g u r e  8-174 shows a f a i l e d  

t e n s  ion  specirnen (#TS8-3). F i g u r e  8-175 shows compress i on  sample TS8-7 a f t e r  

f a i l u r e ,  w i t h  t h e  buck l  i n g  f o r c e s  ev i den t ,  and F i g u r e  8-176 sliows compression 

specimen TS8-6, which f a i l e d  o u t s i d e  t h e  b o l s t e r  area. 

Tne s t r a i n  gage a a t a  was n o t  reduced when t h i s  r e p o r t  was w r i t t e n .  



Figure 8-1 73  Bolster Compression Test Setup 



Table 8-95 B o l s t e r  Tes t  R e s u l t s  

S t a t i c  
Spec irnen 

humber 

8-2 

8-3  

8- 5 

Tens ion Mean 

8- 7 

8-4 

8-6 

Compression Mean 

Load a t  U l t i m a t e  
B o l s t e r  Separa t ion  F a i l u r e  Load T e s t  

( l b s . )  ( l b s . )  - TY pe 

28,000 55,000 Tens i o n  

23,800. Tens i o n  

25,600 3 2 ,OOO* Tens i o n  

25,800 

43,000 Compress ion  

43,500 Compress i o n  

47,500 Compress i o n  

F a t i g u e  

Spec imen Load Range Frequency Nuriber o f  
Number ( l b s . )  Hz - Cyc 1 es 

7 16 ,009 to -16 ,000  1 100 

10 (1016 
(No F a i l u r e )  

* Specimen 8-5 u l t i m a t e  ]cad occu r red  d u r i n g  t h e  mach i n e  resonance f o l  l ow ing  
t h e  b o l s t e r  separa t ion ,  so t h i s  va l ue  i s  n o t  r e l i a b l e .  
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Figure 8-1 76 Compress i o n  Specimen TSS-6 



The f a t i g u e  t e s t i n g  was conducted a t  a  f requency o f  ]Hz, and t h e  f u l l y  

r eve rsed  l o a d i n g  was s e t  a t  10,000 l bs .  f o r  specimen number 8-7. The l oad  

d e f l e c t i o n  t r a c e  a t  t h e  s t a r t  o f  t e s t i n g  i s  shown i n  F i g u r e  8-177. The t e s t  

was h a l t e d  a f t e r  100 cyc l es ,  when t h e  b o l s t e r  ends were delaminated. The 

c racks  were between t h e  b o l s t e r  and t h e  cen te r  p lank ,  shown i n  F i g u r e  8-178, 

and t h e  o v e r a l l  specimen i s  shown i n  F i g u r e  8-179. Tes t i ng  o f  specimen 8-8 

fol.lowed, i n  t h e  l oad  range o f  +12,000 l b s .  F i g u r e  8-180 shows l o a d  

d e f l e c t i o n  p l o t s  a f t e r  0  and 1,000 cyc l es ,  w i t h  no change. The t e s t  was 

h a l t e d  a f t e r  6,600 c y c l e s  because t h e  b o l s t e r s  were seve re l y  delaminated. The 

de lam ina t i on  was f i r s t  n o t i c e d  on one f ace  a t  600 cyc les ,  and on a  second f a c e  

a t  2,600 c y c l e s .  F i g u r e  8-181 shows t h e  areas o f  de lamina t ion ,  and 

F i g u r e  8-182 shows more d e t a i l  o f  t h e  cracked areas.,  

Specimen b-2 was t e s t e d  a t  a  l o a d i n g  o f  +10,000 l b s .  Load d e f l e c t i o n  t r a c e s  

a r e  shown i n  F i g u r e  8-183. A f t e r  11,200 cyc les ,  one b o l s t e r  began t o  

de laminate,  and t h e  c rack  progressed t o  9 i n .  a f t e r  27,500 cyc l es .  The t e s t  

was t l a l t e d  a f t e r  66,700 c y c l e s  when t h e  c rack  progressed another  2 i n .  F i g u r e  

8-184 snows d e t a i l s  o f  t h e  c rack  on two f aces  o f  t h e  sample. 

The f i n a l  f a t i g u e  specimen number 8-1 was t e s t e d  a t  +7,000 l b s .  The lower  

l oad  l e v e l  was s e l e c t e d  t o  p rov i de  longer  term t e s t  data.  F i g u r e  8-185 

d e f i n e s  l o a d - d e f l e c t i o n  p l o t s ,  which show v i r t u a l l y  no change a f t e r  10,000 

c y c l e s .  A s l i g h t  de lam ina t i on  o f  one b o l s t e r  was n o t i c e d  a f t e r  180,000 

cyc l es ,  and a  second c rack  appeared a f t e r  712,400 cyc l es .  The i n i t i a l  c rack  

grew a f t e r  794,000 cyc l es ,  b u t  no f u r t h e r  damage was n o t i c e d  when t h e  t e s t  

ended a f t e r  10 m i l l i o n  cyc les .  F i g u r e  8-186 shows t h e  cracked areas. 

The f a i l u r e s  caused b y  f a t i g u e  l o a d i n g  i n d i c a t e  t h a t  when t h e  b o l s t e r  t i p  

beg ins  t o  c r cxk ,  a l though  t h e  l oad  p a t h  s h i f t s ,  t h e  c racks  do n o t  propagate as 

r a p i d l y  as would be  expected. The i n i t i a l  c racks  appear e a r l i e r  than  analyses 

would i n d i c a t e ,  b u t  t h e  p rog ress i on  o f  f a i l u r e  would r e q u i r e  f u r t h e r  s t u d y  

b e f o r e  t h e  s t r u c t u r a l  adequacy c o u l d  be v e r i f i e d .  





Figure  8-1 78 T y p i c a l  3 o l s t e r  De lamina t i on  Crack Area, 
Specimen 8-7 
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Figure 8-1 79 Overall View o f  Spec imen 8-7 





Crack Area A f t e r  600 Cycles ( r i g h t )  and 2,600 Cycles [ l e f t )  

Delaminat ion Area A f t e r  6,6000 Cycles 

F igu re  8-181 Delaminat ion o f  Specimen 8-8 



Figure 8-182 Close-up Photographs o f  Cracks - Specimen 8-8 





F i g u r e  8-184 ;jie;..sof C r a c k s o f  S a m p l e 8 - 2  





Figure 8-186 Cracked Areas o f  Specirnen Number 8-1 



t j  . H H Y  UIWUL I c CUMI)ONL N I '  rE5 1-5 -- 

'Ihe o r  i g i r ~ d l  des i yn  f o r  r o t o r  t o rque  c o n t r o l  was a  p a r t i a l  spar1 c o n t r o l  

system. 1r1 t h i s  s y s t e ~ ~ ~  t h e  l d s t  2 5 %  (50  f t . )  o f  t h e  b l a d e  was rrrountc?d or1 d 

"k i n g  p o s t "  bedr  ing drrar~gel l lent ,  and t ~ y d r a u l  i c  a c t u a t o r s  r o t a t e d  t h e  t i p  

t t ~ r o u y t ~  !IOU, t o  arly p i t c h  dngle.  

I'he a c t u a t o r ,  t h e  c o n t r o l 1  i n g  se r vo -vd l ve  and arl elllergency fcdt lher  v a l v e  were 

l u c d t e d  dl; t h e  i n l e r f a c c  between t h e  r lo r l -p i t c t l i ng  a r ~ d  t h e  p i t c t l i ~ i g  p o r t  ions o f  

t h e  b lade,  150 f t .  fro111 t h e  cen te r  o f  t h e  b lade.  A t  h i g t i  r o t 8 3 t i o r ~ d l  spec?ds 

t he  I I I I  wou I u  e x l ~ e r  ier!cc d h i g h  d c c e l e r d t  i on  t o r c e .  1 1 1  ovc.rspc?ed 

cor id i t i o r i s ,  23 rplrl, t h e  a c c e l e r d t i o r ~  cou I d  11e ds 11 i y t ~  ds 2 5  g':;. To con t  irrn 

t l l d t  t l l c  d c t u a t o r  dnd va l ves  wou!d upe rd te  p r o p e r l y  i r ~  t h e  I ~ i c _ l t l - , g  c:r~virorlrr~ent, 

severd  1 t e s t s  were per fo r~ l le t l  on t h e  c lc tudtors  and c o n t r u  l  va lves.  

11.3. 1  I'I I CII LON1 l(01- /\I. rU/\TOI{ l t S  1.5 

1 - t~e  o l ~ j e c t  i vus  o f  t t i e  ~ i c t u a t o s  t e s t  were t o  s  i l l l u la tu  t h e  II igh-,g eriv irorlr l ler~t 

t l ~ e  t ~ y a r a u l i c  d c t u d t o r  would expe r i e r~ce ,  t o  check t he  a c t u a t o r  des ign  dnd 

p e r  VorlndrIce cdpdb i 1 i ty i r l  t t l  i s  env ironlllerit , and t o  i den t  i f y  dnd c o r r e c t  arly 

de t  i c i e n c i u s  i n  t t ~ c  debign. Ilhe r o d  end Iwd r  ings,  t t ~ c  r o d  s e a l s  a r ~ d  I w d r  inys ,  

arid t he  p i s t o n  r i r ~ y s  and s e a l s  were t he  i l r ~po r t dn t  arei ls.  

1 t ~ e  t e s t s  were rec lu i rcd  bccduse GE's suppl  i e r s  had no exper ience  w i t h  t h e  

a c t u d t o r  i n  wind t u r b i n e  se rv i ce .  Two 111anafdctur.ers sul)pl i ed  u n i t s  f o r  

t e s t i r ~ y .  I l ~ e  t e s t s  were co r~duc ted  a t  GE-AEI)U1s f d c i l i t y  i n  Evendit lc, Ohio. 

1l.j. 1  . 1 - Test  Surnr~~dry 

lhe  rod,  r o d  sea l ,  and r o d  end bca r i ngs  were sul).jected t o  t.hc loads and 

s t r a  i r ~ s  t t ~ d t  t h e y  wou I d  exper ience  i n  ~ c t u a  l ope ra t  ion.  Onc hyc.lrau1 i c  

a c t u a t o r  worked a g d i r ~ s t  a  dup l  i c d t e  a c t u a t o r ,  which \ i ~ r l u l a t ed  t t i e  a x i a  l lodd, 

aria a  s111d1 1 d c t u a t u r  s illlu I d t e d  s i d e  loads. 1 l ~ e  tes  t arbrdnger1ten t i s  

i 1  l u s t r a t e d  i n  F i g u r e  I l -  181 and t h e  I l yd rdu l  i c  scI-rellldt i~ i s  show11 i n  I ' igure 

8- IUII . 

l 'he two a c t u a t o r s  were d x i d l l y  a l i y r ~ u d  and connected a t  t h e i r  r o d  ends. The 

vd lves  and d c c u ~ r ~ u l a t o r s  i r ~  t h e  bypass l i r ~ c  o f  the  lodd ac tua t ,> r  r e s t r i c t e d  

t l u i d  f l o w  and served as loads i n  t h e  systerll. l h e  r o d  mo t i on  h,ds c o n t r o l l e d  
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b y  l i m i t  sw i t ches  t h a t  a l t e r n a t e l y  opera ted  t h e  so leno ids  o f  t h e  d i r e c t i o n a l  

c o n t r o l  va l ve .  A sma l l  hydrau l  i c  a c t u a t o r  appl  i e d  a  concen t ra ted  l o a d  t o  t h e  

d r i v i n g  ac tua to r ,  pe rpend i cu l a r  t o  t h e  r o d  c e n t e r l i n e  and a l ong  t h e  r o d  end 

b e a r i n g  axes, t o  s i m u l a t e  a  h i g h  f o r c e  on t h e  d r i v i n g  a c t u a t o r  r o d  sea l  and 

bear ing.  A concen t ra ted  l oad  t h a t  produced t h e  same bending rnoment a t  t h e  r o d  

s e a l s  t h a t  a  t r ansve rse  a c c e l e r a t i o n  l oad  would produce w i t h i n  t h e  a c t u a t o r  

was de f  ined as an "Xg1I e q u i v a l e n t  s i d e  load. 

8.3.1.2 D e s c r i p t i o n  and Resu l t s  

An A t l a s  c y l  i nde r  mociel G-82216 and a  Milwaukee c y l i n d e r  model 0-6824 were 

sub jec ted  t o  t h e  l a t e r a l  g t e s t .  Only  t h e  t e s t  c y l  i naer  was sub jec ted  t o  t h e  

s imu la ted  g load, as i l l u s t r a t e d  i n  F i g u r e  8-187. 

I n  t h e  f i r s t  p a r t  o f  t h e  t e s t ,  t h e  A t l a s  c y l  i nde r  was t h e  t e s t  specimen and 

t h e  Milwaukee u n i t  p rov i ded  t h e  load .  The A t l a s  u n i t  had been sub jec ted  t o  

30,000 c y c l e s  o f  sma l l  o s c i l l a t i o n  a t  an e q u i v a l e n t  20 g ' s  when i t  s t a r t e d  

l eak i ng .  When t h e  leakage r a t e  reached 32 ml /h r ,  t e s t i n g  was d iscon t inued .  

Tne u n i t  b:las d isasse~nb led  f o r  f a i l u r e  a n a l y s i s  and i t  was d iscovered  t h a t  t h e  

r o d  and s e a l s  were damaged on t h e  ci rcumference, a t  t h e  p o i n t  where s i d e  

l o a d i n g  was s imu la ted .  S i m i l a r  a c t u a t o r s  had exper ienced e s s e n t i a l l y  t h e  same 

t y p e  o f  damage i n  MOD-2 opera t ion .  The cause o f  t h e  sea l  damage was t r a c e d  t o  

d e b r i s  shed by  wear on t h e  aluminum bronze r o d  end bear ings .  The bea r i ngs  

were c o n s i d e r a b l y  worn where t h e  l oad  was app l ied .  

The A t l a s  a c t u a t o r  was r e f u r b i s h e d  and i n s t a l l e d  as t h e  l o a d  a c t u a t o r  f o r  

t e s t i n g  t h e  Milwaukee u n i t .  The Milwaukee u n i t  was sub jec ted  t o  t h e  wear t e s t  

w i t h  t h e  f o l l o w i n g  r e s u l t s :  a f t e r  54,454 c y c l e s  o f  sma l l  o s c i l l a t i o n  a t  20 

g ' s  t h e  r o d  sea l  leaked a t  0.27 ml /nr ;  a f t e r  116,635 cyc l es ,  t h e  leakage 

a c t u a l l y  aec;'eased t o  0.19 m l / h r ;  a f t e r  136,696 cyc l es ,  t h e  leakage was 0.20 

n l h r  and a f t e r  161,248 c y c l e s  t h e  leakage r a t e  was 0.3 m l l h r .  The t e s t  

con t inued  u n t i l  207,449 cyc les ,  when t h e  leakage was t o o  g r e a t  t o  con t inue .  A 



f a i l u r e  a n a l y s i s  showed wear o f  t h e  bronze r o d  bushings, iind t h e  r e s u l t i n g  

d e b r i s  damaged t h e  V i t o n  r o d  sea ls .  

Accord ing  t o  t h e  des ign  requ i rements  t h e  s e a l s  and b e a r i n g  we're t o  be rep laced  

every  f i v e  years ,  o r  eve ry  600,000 cyc l es .  The t e s t  i n d i c a t e d  t h a t  i f  t h e  

p i t c h  c o r i t r o l  a c t u a t o r s  were t o  se rve  s u c c e s s f u l l y  w i t h o u t  maintenance f o r  

f i v e  years ,  t h e  r o d  sea l  and bea r i ngs  would have t o  be  re-designed. 

Severa l  approaches were cons idered:  t o  change t h e  bea r i ng  m a t e r i a l  f rom 

brorize t o  Duralons, t o  inc rease  t h e  b e a r i n g  area and thus  lower  t h e  p ressure  

on t h e  b e a r i n g  a t  t h e  i n t e r f a c e ,  and t o  des ign  t h e  b e a r i n g  t o  s e l f - a l i g n  w i t h  

r o d  d e f l e c t  ions.  The redes ign  work was t e rm ina ted  when zl 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  t o r q u e  c o n t r o l  system. 



8.3.2 PITCH CONTROL VALVE TESTS 

The servo, emergency f e a t h e r  and b l ock  va lves,  which c o n t r o l  t h e  ac tua to r ,  a r e  

mounted 130 f t  from t h e  cen te r  o f  t h e  b lade.  Consequently, t h e y  exper ience  

h i g h  forces i n  o p e r a t i n g  and overspeed c o n d i t i o n s .  These va lves  were 

sub jec ted  t o  a  s p i n  t e s t  on a  c e n t r i f u g e  a t  an a c c e l e r a t i o n  o f  25 g. A 

complete  o p e r a t i o n  sequence was performed on t h e  va lves  a t  a c c e l e r a t i o n s  

between 5 and 25 g. These t e s t s  were conducted a t  GE-RSD's f a c i l  i t y  i n  

P h i l a d e l p h i a ,  PA. 

8 . 1  Tes t  Sumn~dry 

The t e s t  v e r i f i e d  t h e  c a p a b i l i t y  o f  t h e  emergency f e a t h e r  system and t e s t e d  

t n e  s e n s i t i v i t y  o f  t h e  se rvo  v a l v e  i n  t h e  h i g h - g  environment.  A l l  t h e  

h y d r a u l i c  equipment mounted on t h e  b lade,  i l l u s t r a t e d  i n  F i g u r e  8-189, 

performed i n  accordance w i t h  t h e  goa l s  o f  t h e  design, a t  a c c e l e r a t i o n s  between 

0  and 2 5  g. The maxirnum a c c e l e r a t i o n  exper ienced b y  t h e  v a l v e  assembly i n  

o p e r a t i o n  i s  20 g. Tne base1 i ne  d a t a  a t  0  g  was recorded  b e f o r e  each s e r i e s  

o f  t e s t s .  

When emergency f e a t h e r i n g  was t e s t e d  t h e  f e a t h e r  v a l v e  showed g r e a t e r  

s e n s i t i v i t y  t o  back p ressure  than  was a n t i c i p a t e d .  The back p ressure  occu r red  

because t h e  areas o f  t h e  spool  su r faces  t h a t  exper ienced p ressure  were n o t  

equal .  The performance o f  t h i s  unbalanced spool  was unacceptable.  A fou r -way  

v a l v e  w i t h  a  ba lanced spool ,  o f  t h e  same shear-sea l  des ign  rep laced  t h e  t e s t e d  

three-way va lve.  The c o n s t r u c t i o n  and c o n f i g u r a t i o n  o f  t h e  four -way v a l v e  was 

s i m i l a r  t o  t h a t  o f  t h e  three-way va lve,  so l i t t l e  a d d i t i o n a l  t e s t i n g  was 

requ  i reci  . 

Ttie by-pass and servo  b l ock  va lves  a l s o  r e q u i r e d  m o d i f i c a t i o n .  The 

c o n f i g u r a t i o r !  o f  these  va l ves  i s  shown i n  F i g u r e  8-190. The p ressu re  i n  t h e  

v a l v e  case, generated b y  t h e  c e n t r i f u g a l  g r a v i t y  g rad ien t ,  compressed t h e  

i n a c t i v e  p i l o t  s p r i n g  and caused t h e  spool  t o  f l o a t .  Holes were d r i l l e d  i n  

t h e  i n a c t i v e  p i l o t  ope ra to r  p i s t o n s  t o  e q u a l i z e  t h e  p ressure  across t h e  

p i s t o n .  The vendor was asked t o  ass i gn  a  new model number t o  t h e  mod i f i ed  

v a l v e  f o r  p roduc t i on .  
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The second p a r t  o f  t h e  t e s t  compared servo  v a l v e  s e n s i t i v i t y  al: v a r i o u s  va lues 

o f  g  w i t h  a  cons tan t  i n p u t  c u r r e n t  t o  t h e  servo  va lve .  The r e s u l t s  were 

w i t h i n  21.0% o f  t h e  expected values, as i n d i c a t e d  b y  t h e  f' low through t h e  

servo  v a l v e  f o r  va r i ous  i n p u t  cu r ren t s .  

8.3.2.2 Test  D e s c r i p t i o n  and Resu l t s  

A schematic o f  t h e  t e s t  set -up i s  shown i n  F i g u r e  8-191. The h y d r a u l i c  

r e s e r v o i r ,  pump, r e 1  i e f  va lve,  f l ow  meter and p ressure  t ransducers  ( P I  and P2) 

were s t a t i o n a r y .  A l l  o t h e r  components were l o c a t e d  on t h e  c e n t r i f u g e .  

The f i r s t  s e r i e s  o f  t e s t s  v e r i f i e d  t h e  o p e r a t i o n  o f  t h e  emersency f e a t h e r i n g  

system. The f l o w  th rough t h e  servo  va l ve  was e s t a b l i s h e d  a t  t h e  beg inn ing  o f  

t h e  t e s t ,  when t h e  c e n t r i f u g e  was n o t  sp inn ing .  The f e a t h e r  v a l v e  so leno id  

r e c e i v e d  a  cont inuous 110 Vac s i g n a l ,  which energ ized t h e  p i l o t  o p e r a t i o n  o f  

bo th  t h e  by-pass and servo  b l ock  va lves.  

Power t o  t h e  f e a t h e r  v a l v e  was i n t e r r u p t e d  t o  s i rnu la te  t h e  s i ~ n a l  c a l l  i n g  f o r  

emergency f ea the r i ng .  The reco rde r  t r a c e  shown i n  F i g u r e  8-192 i n d i c a t e d  t h a t  

when power was removed t h e  p i l o t  p ressure  f e l l  t o  ze ro  and t h e  f low through 

t n e  servo v a l v e  a l s o  f e l l  t o  zero, w h i l e  b o t h  t h e  supp ly  p ressure  and t h e  

s i g n a l  t o  t h e  servo  v a l v e  remained constant ,  i n d i c a t i n g  t h a t  t h e  servo  b l ock  

v a l v e  had c losed,  as  expected. Also, b o t h  t h r o t t l e  v a l v e  pressures s t a b i l i z e d  

a t  t h e  same va lue,  which i n d i c a t e d  t h a t  t h e  by-pass v a l v e  opened. 

The c e n t r i f u g e  was r o t a t e d  a t  55 rpm, 78 rpm, and 110 rprn, which s i m u l a t e  59, 

109 and 209 r e s p e c t i v e l y ,  w i t h  i d e n t i c a l  r e s u l t s .  The same t e s t  was conducted 

l a t e r  a t  259, w i t h  s i m i l a r  s a t  i s f a c t o r y  r e s u l t s .  

The t r a c e  showed t h a t  t h e  f l o w  increased when t h e  by-pass iind servo b l ock  

v a l v e  were energ ized  o r  de-energized, f o r  l e s s  t han  1 second. The increased 

f l o w  was due t o  by-pass and servo  b l ock  v a l v e  over lap .  The t r i l n s i e n t  inc rease  

i n  f l o w  was n o t  a  problem. 

The p i l o t  p ressure  r e q u i r e d  t o  s h i f t  t h e  by-pass and servo  b l ock  va lves  was 

determined. The da ta  shows t h a t  w i t h  1200 p s i  supp ly  pressure,  a t  l e a s t  1200 

p s i  p i l o t  p ressure  i s  r e q u i r e d  t o  s h i f t  t h e  v a l v e  spools  f u l l y ,  The three-way 
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ana four-way f e a t h e r  va l ves  shou ld  be  sub jec ted  t o  more t e s t i n g  t o  f u r t h u r  

determine t h e  cha rac te r  i s t i c s  o f  each. 

The t e s t  a l s o  v e r i f i e d  t h e  o p e r a t i o n  o f  t h e  va lves  i n  emergency f e a t h e r i n g  a t  

5 g. The p i l o t  p ressure  was increased t o  1200 p s i  i n s t a n t l y ,  r a t h e r  t han  

g radua l l y ,  and seve ra l  r uns  were made t o  check t h a t  t h e  system operated 

p rope r l y .  These emergency f e a t h e r  t e s t s  were repea ted  a t  10 g and 20 g. 

8.3.2.3 C h a r a c t e r i s t i c  Summary 

o  A minimum p i l o t  p ressure  o f  1200 p s i  was r e q u i r e d  f o r  r e l i a b l e  

by-pass and servo  b l ock  v a l v e  o p e r a t i o n  

o  With a  minimum p i l o t  p ressure  o f  1200 p s i ,  t h e  emergency f e a t h e r i n g  

o p e r a t i o n  i s  r e l i a b l e  up t o  25  g. The system des ign  p rov i des  a  

minimum p i l o t  p ressure  o f  1800 p s i  

o  When p i l o t  p ressure  i s  appl  i e d  o r  r e l eased  t h e r e  i s  a  t r a n s i e n t  f l ow  

surge f o r  l e s s  than  one second. Th i s  surge w i l l  n o t  be a  problem 

because i t  i s  a  "system leak" ;  t h e  f l o w  i s  n o t  t r a n s l a t e d  t o  a c t u a t o r  

mot ion  and w i l l  be e a s i l y  s u p p l i e d  b y  t h e  accumulators.  



8.4 AERODYNAMIC TESTS 

8.4.1 AIRFOIL CHARACTERISTICS (WIND TUNNEL TESTS OF BAS::C AIRFOILS FOR 

MOD-5A) 
8.4.1.1 Tes t  Ob jec t i ves  

The MOD-5A b l ade  des ign  was based on a i r f o i l  s e c t i o n s  w i t h  v a r y i n g  t h i ckness  

r a t i o s  and a  camber d e r i v e d  f r om t h e  NACA 64XXX a i r f o i l s .  Design da ta  i s  

a v a i l a b l e  f o r  these  a i r f o i l  s e c t i o n s  w i t h  t h i c kness  r a t i o s  o f  up t o  21%. 

L i t t l e  d a t a  e x i s t s  f o r  a i r f o i l s  w i t h  t h i c k n e s s  r a t i o s  above 21%. 

S t r u c t u r a l  and economic reasons d rove  t h e  o p t  imum des ign  o f  i:he MOD-5A b l ade  

toward h i g h  t h i c k n e s s  r a t i o s .  Successive des igns l e d  t o  a  bla,de t h a t  was more 

t h a n  2 1 U h i c k  f r om  84% o f  t h e  span and inward. The b l ade  reached 24%thick 

d t  7b% o f  t h e  span and was 28.6% t h i c k  a t  25% o f  t h e  span. The wind t u n n e l  

t e s t  program prov  ided b a s i c  aerodynamic da ta  f o r  b lades w i t h  h i g h  t h i ckness  

r a t i o s  and a p p r o p r i a t e  camber r a t i o s .  The program a1 :so i n v e s t i g a t e d  

n iod i f  i c a t  ions t o  t h e  a i r f o i l  s e c t i o n  t h a t  would o p t  im i ze  t h e  a i r f o i l  s e c t  i o n ' s  

c h a r a c t e r i s t i c s .  

8.4.1.2 Tes t  F a c i l  f t i e s  

I n  o r d e r  t o  p r o v i d e  mean ing fu l  data ,  t h e  t e s t  hardware had t ,o be dynam ica l l y  

s i m i l a r  t o  t h e  f u l l - s c a l e  MOD-5A machine. The Reynolds number (Ry)  c o u l d  be  
6 

I 

5  X 10 o r  g rea te r ,  and t h e  Mach number ( M )  c o u l d  n o t  exceed 0.3. The 

f a c i l i t y  s e l e c t e d  f o r  these  t e s t s  was t h e  Transonic  A i r f o i l  f a c i l i t y  a t  t h e  

Ae ronau t i ca l  and A s t r o n a u t i c a l  Research Labo ra to r y  a t  Ohio S t a t e  U n i v e r s i t y .  

T h i s  f a c i l i t y  has two wind- tunnels .  The l a r g e  t unne l ,  6 i n .  by  22  in., 

opera tes  a t  low pressures and !ow Reynolds numbers. Th i s  t unne l  was used f o r  

a  few a n c i l l a r y  runs,  such as f l o w  v i s u a l i z a t i o n  runs.  

The sma l l  t unne l ,  6 i n .  by 12 in., proy, ided t h e  main body 11f da ta .  Models 

b u i l t  f o r  use i n  t h i s  t unne l  c o u l d  a l s o  be  used i n  t h e  l a r g e  tunne l .  I n  b o t h  

t unne l s ,  two d imensional  models spanning t h e  t e s t  s e c t i o n s  were mounted i n  

c i r c u l a r  meta l  windows i n  t h e  two s i d e  w a l l s  t o  p r o v i d e  f o r  2 ,d jus tab le  ang les  

o f  a t t a c k .  The c e i l  ings and f l o o r s  o f  t h e  t unne l  tes ' t  s e c t i o n s  were 

p e r f o r a t e d  t o  reduce wave r e f l e c t i o n  i n t e r f e r e n c e .  T h i s  t unne l  c o u l d  o p e r a t e  

a t  s t a t i c  p ressures  above 120 p s i  i n  t h e  t e s t  sec t i on ,  ach iev i ng  an RN of 5  
6  X 10 u s i n g  a  model w i t h  a  4 - i n .  chord.  



Chordwise p ressure  d i s t r i b u t i o n s  were ob ta ined  f rom these  wind tunne ls .  The 

normal fo rce ,  chordwise f o r c e  and p i t c h i n g  moment were c a l c u l a t e d  f r om t h e  

p ressure  a i s t r i b u t i o n s  b y  i n t e g r a t i o n .  I n  a d d i t i o n ,  a  wake survey probe was 

mounted downstream of t h e  a i r f o i l  s e c t i o n  model and swept through t h e  wake 

su rvey ing  t h e  wake t o t a l  p ressure  de fec t .  The wake survey d rag  was t h e  main 

drag measurement f o r  angles o f  a t t a c k  a t  which t h e  wake cou ld  be cap tu red  b y  

t h e  probe. A t  h i g h e r  angles o f  a t t a c k  and h i g h  d rag  c o e f f i c i e n t s ,  a t  which 

t n e  probe c o u l d  n o t  survey t h e  e n t i r e  wake, t h e  d rag  was computed f rom t h e  

chordwise p ressure  d i s t r i b u t i o n .  

The da ta  f o r  low angles o f  a t t a c k  f rom these  t e s t s  was c o n s i s t e n t  w i t h  da ta  

f r om o t h e r  f a c i l i t i e s .  

8.4.1.3 Model A i r f o i l  Sect ions Tested 

A l l  o f  t h e  models were made o f  c a s t  epoxy w i t h  t he  p ressure  taps  and 

assoc ia ted  plumbing c a s t  i n t e g r a l l y .  The p ressure  taps  were l o c a t e d  on t h e  

upper and lower  sur faces  every  2.5% o f  t h e  chord f rom t h e  l ead ing  edge t o  10% 

o f  t h e  chord, and a t  eve ry  5% a f t  t o  t h e  t r a i l  i n g  edge. Two a d d i t i o n a l  t a p s  

were p laced  a t  .975% o f  t h e  chord. 

E leven  models were tes ted .  O f  these, n i n e  represented a i r f o i l  sec t i ons  o f  t h e  

inner  b laae  and two represented t h e  t i p .  The i nne r  b lade  models cons i s ted  o f  

seven sec t i ons  de r i ved  f rom t h e  NACA 64029 a i r f o i l  s e c t i o n  and two de r i ved  

f rom t h e  NACA 64426 sec t i on .  

The models based on NACA 64029 were dev ised a long  t h r e e  d i f f e r e n t  l i n e s ,  based 

on t h e  b a s i c  a i r f o i l  sec t ion .  A group o f  models w i t h  a  r a i s e d  t r a i l i n g  edge 

was d e r i v e d  b y  r a i s i n g  t h e  upper su r f ace  f r om t h e  maximum th i ckness  p o i n t  a f t  

t o  t h e  t r a i l i n g  edge. The geometry o f  t h i s  m o d i f i c a t i o n  i s  i l l u s t r a t e d  i n  

F i g u r e  8-193. 





z - t h e  o r d i n a t e  o f  t h e  upper su r f ace  a t  t h e  maximum th i ckness  

zo - t h e  o r d i n a t e  o f  t h e  o r i g i n a l  s e c t i o n  

'1 " - t h e  t r a i l i n g  edge o r d i n a t e  o f  t h e  mod i f i ed  upper su r f ace  

z - t h e  genera l  o r d i n a t e  o f  t h e  m o d i f i e d  r eg ion  

F i g u r e  f?-193 Geometry o f  t h e  A i r f o i l  Sec t ions  Tested (Con t 'd .  ) 
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F o r  simp1 i c i t y ,  t h i s  m o d i f i c a t i o n  i s  c a l l e d  a  " r a i s e d  t r a i l  i n g  edge", a l though  

t h e  t i t l e  i s  n o t  exac t .  

;.lode1 64029-T1 has t h e  r a i s e d  t r a i l  i ng  edge, w i t h  t h e  a f t  upper su r f ace  

t r a i l  i n g  edge p o i n t  r a i s e d  b y  20% o f  t h e  upper su r f ace  th ickness ,  o r  C=0.20. 

Clodel 64029-T2 has a  c o n f i g u r a t i o n  w i t h  C = 0.40. Models 64029-F15 and 

64029-F30 rep resen t  an i n t e g r a l  p l a i n  f l a p  d e f l e c t e d  -15' and -30°, 

r e s p e c t i v e l y .  The f l a p  chord  was 30% o f  t h e  model chord.  

A t  t h e  end u f  t h e  f i r s t  p a r t  o f  t h e  t e s t ,  t h e  b a s i c  model 64029 was mod i f i ed  

by c u t t i n g  o f f  t h e  t r a i l i n g  edge a t ,  f i r s t ,  80% chord and then  a t  70% chord.  

Ttiese two c o n f i g u r a t i o n s  a re  aes igna ted  64029-BT.80 and 64029-BT .70 

r e s p e c t i v e l y .  A l l  o f  these  c o n f i g u r a t i o n s  a re  i l l u s t r a t e d  i n  F i g u r e  8-193. 

The 64426 group c o n s i s t e d  o f  t h e  b a s i c  a i r f o i l  and an a i r f o i l  w i t h  t h e  

t r a i l i n g  edge r a i s e d  b y  20% o f  t h e  upper su r f ace  th ickness ,  o r  C = 0.20. The 

group r e p r e s e n t i n g  t h e  t i p  c o n s i s t e d  o f  t h e  NACA 64621 and t h e  NACA 64624 

a i r f o i l  sec t i ons .  Both o f  these  groups a re  shown i n  F i g u r e  8-193. 

8.4.1.4 Resu l t s  o f  t h e  Wind Tunnel Tests  

I n  a d d i t i o n  t o  t h e  c h a r t s  inc luded  i n  t h i s  d iscuss ion ,  d a t a  f r om  t h i s  t e s t  i s  

t a b u l a t e d  i n  Table 8-96 and Table  8-97. 

3.4.1.4.1. The64029Group  

P l o t s  o f  t h e  b a s i c  64029 c h a r a c t e r i s t i c s ,  1  i ft, d rag  and moment c o e f f i c i e n t s  

p l o t t e d  a g a i n s t  ang le  o f  a t t a c k ,  a r e  shown i n  F i g u r e  8-194. The l i f t  c u r v e  

i n d i c a t e s  t h a t  t h e  s e c t i o n  begins t o  s t a l l  a t  6O, where t h e  l i f t  c o e f f i c i e n t  

was l e s s  t han  0.5. T h i s  s t a l l  r e g i o n  was d e t a i l e d  by  measurements a t  7', 8' 

and 9' and c ~ n f i r m a t i o n s  o f  t h e  da ta  a t  9'. Th i s  e a r l y  s t a l l  i s  a  consequence 

o f  t h e  29% a i r f o i l  shape, an u n u s u a l l y  t h i c k  shape. The jagged shape of  t h e  

d rag  cu rve  i n  t h e  s t a l l  and t h e  near p a s t  s t a l l  r e g i o n  was con f i rmed b y  

r e t e s t i n g ,  and i s  be1 ieved t o  r e p r e s e n t  t h e  two-dimensional  a i r f o i l .  The 

moment c o e f f i c i e n t  i s  r e p o r t e d  about t h e  q u a r t e r  chord  p o i n t .  Th i s  da ta  i s  

p l o t t e d  a g a i n s t  a  sma l l e r  s c a l e  than  was warranted b y  t h e  accuracy o f  t h e  

da ta .  As a  r e s u l t ,  t h e  cu r ve  c o n t a i n s  some no ise ,  about k .01 a t  low angles 

and s l i g h t l y  more a t  h i g h  angles.  The f a i r e d  cu rve  i s  a  p robab le  

r e p r e s e n t a t i o n  o f  t h e  moment c h a r a c t e r i s t i c .  



Table 8-96 Aerodynamic Test Data for the Inner Blade Region 







8.4.1.4.2 Raised T r a i l  i n g  Edge 64029 

To improve t h e  performance o f  these  t h i c k  s e c t i o n s  a t  h i g h e r  angles o f  a t t a c k ,  

t h e  upper su r f ace  c u r v a t u r e  was reduced b y  r a i s i n g  t h e  upper su r f ace  t r a i l  i n g  

edge b y  21)% and b y  4 0 n f  t h e  upper su r f ace  th ickness .  The aerodynamic 

c h a r a c t e r i s t i c s  of t hese  s e c t i o n s  a re  g i ven  i n  F i gu res  8-195 and 8-196. The 

aa ta  i n d i c a t e d  t h a t  t h e  s t a l l  was, t o  some e x t e n t ,  delayed. T h i s  improvement 

can more r e a d i l y  be  seen i n  F i g u r e  8-197, which i s  a  s u p e r p o s i t i o n  o f  t n e  

t h r e e  1  i f t  curves  o f  t h i s  group. The improvement o f  t h e  1  i f t  c h a r a c t e r i s t i c  

a t  n i g h e r  angles i s  apparent.  An even more t e l l i n g  comparison i s  shown i n  

F i g u r e  8-198, which i s  composed o f  two c h a r t s  showirig t h e  v a r i a t i o n  o f  t h e  

t h r e e  l i f t - t o - d r a g  r a t i o s  w i t h  bo th  l i f t  c o e f f i c i e n t  and ang le  of a t t a c k .  

R a i s i n g  t l i e  t r a i l  i n g  edge s h i f t e d  t h e  maximum 1  i f t - t o - d r a g  r a t i o  t o  b o t h  

h i g n e r  angles of a t t a c k  and h i g h e r  1  i f t  c o e f f i c i e n t s .  These r e s u l t s  were 

ach ieved w n  i l e  inc reas  i n g  t h e  max imum 1  i f t - t o - d r a g  r a t i o .  

8.4.1.4.3 F l a p  64029 

One method of  r educ ing  t h e  e f f e c t i v e  ang le  o f  a t t a c k  i s  t o  use a  f l a p  

d e f l e c t e d  upward. The a f f e c t  o f  t h i s  i s  shown i n  F i gu res  8-199 and 8-200, 

where t h e  l i f t - t o - d r a g  r a t i o  i s  p l o t t e d  a long  w i t h  t h e  b a s i c  aerodynamic 

c h a r a c t e r i s t i c s .  The da ta  f o r  t h e  i n t e g r a l  p l a i n  f l a p ,  d e f l e c t e d  t o  tjf = 

-15O, i s  shown i n  F i g u r e  8-199. T h i s  f i g u r e  shows t h a t  t h e  s e c t i o n  s t a r t s  t o  

s t a l l  a t  b O ,  which i s  no improvement over  t h e  un f lapped  case. The l o s s  i n  

l i f t  and t n e  inc rease  i n  drag, however, produced b y  t h e  d e f l e c t e d  f l a p  reduce 

t h e  maximum va lue  o f  t h e  l i f t - t o - d r a g  r a t i o  t o  l e s s  than  3.0. Th i s  lower  

va l ue  i s  no improvement over  t h e  b a s i c  a i r f o i l .  The da ta  f o r  = -30' i s  

shown i n  F i g u r e  8-200 w i t h  s i m i l a r ,  b u t  even l e s s  p romis ing  r e s u l t s .  

8.4.1.4.4 Bob-Tai led 64029 

Two s e t s  o f  t e s t s  were r u n  on b o b - t a i l e d  ve r s i ons  o f  t h e  64029 a i r f o i l  

sec t i on .  T h i s  d a t a  was used t o  e v a l u a t e  t h e  performance p e n a l t i e s  i n c u r r e d  b y  

e l i m i n a t i n g  o r  r e d u c i n g  t h e  add-on s t r u c t u r e  beh ind  t h e  70% chord  span, and as 

an a l t e r n a t e  method o f  t h i c k e n i n g  t h e  t r a i l i n g  edge. T h i s  d a t a  i s  shown i n  

F i g u r e  8-201 f o r  t h e  s e c t i o n  c u t  o f f  a t  80% of  t h e  chord and i n  F i g u r e  8-202 

f o r  t h e  s e c t i o n  c u t  o f f  a t  70% o f  t h e  chord.  These f i g u r e s  i n c l u d e  t h e  









Figure 8-198 Lift/Drag Charac te r i s t i c s  of  the 64029 
F a m i l y  with Raised Tra i l ing  Edges 
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1  i f t - t o - d r a g  r a t i o ,  and t h e  b a s i c  aerodynamic data.  The 1 i f t - t o - d r a g  r a t i o  

has been reduced, f r om approx imate ly  42 f o r  t h e  b a s i c  a i r f o i ' l ,  t o  about 17. 

I n  b o t h  cases, t h e  l i f t  cc rve  was s u b s t a n t i a l l y  improved w e r  t h a t  of t h e  

b a s i c  a i r f o i l ,  b u t  t n e  l a r g e  d rag  was unacceptable.  

8.4.1.4.5 The 64426 Fami l y  

The aerodynamic c h a r a c t e r i s t i c s  o f  t h e  64426 a i r f o i l  s e c t i o n  a r e  g i ven  i n  

F i g u r e  8-203 f o r  t h e  b a s i c  s e c t i o n  and i n  F i g u r e  8-204 f o r  t h e  s e c t  i o n  w i t h  

t h e  upper su r f ace  t r a i l i n g  edge r a i s e d  20%. A comparison o f  t h e  1  i f t  

c h a r a c t e r i s t i c s  o f  t h e  two a i r f o i l s  i s  shown i n  F i g u r e  8-205. The 64029 

c h a r a c t e r i s t i c s  a r e  a l s o  shown f o r  re fe rence .  The two c h a r t s  o f  F i g u r e  8-206 

show t h a t  r a i s i n g  t h e  t r a i l i n g  edge o f  t h i s  s e c t i o n  o n l y  sligh1:ly improves t h e  

performance a t  h i g h  angles o f  a t t ack .  The smal l  improvement imposes a  l o s s  i n  

t h e  maximum va lue  o f  t h e  T i f t - t o - d r a g  r a t i o ,  f rom about 70 f o r  t h e  b a s i c  

s e c t i o n  t o  about  52 f o r  t h e  s e c t i o n  w i t h  t h e  r a i s e d  t r a i l i n g  edge. 

8.4.1.4.6 A i r f o i l  Sec t ions  i n  t h e  T i p  Region 

Mhen used i n  c o n j u n c t i o n  w l t h  a  p a r t i a l  span c o n t r o l ,  t h e  t i p  sec t ions ,  i n  

c o n t r a d i s t i n c t i o n  t o  t h e  sec t i ons  o f  t h e  i nne r  b lade,  see l a r g e  v a r i a t i o n s  i n  

ang le  o f  a t t ack ,  e s p e c i a l l y  i n  t h e  nega t i ve  ang le  reg ion .  I n  t h i s  r e g i o n  t h e  

v a r i a t i o n s  a r e  caused b y  c o n t r o l  mot ion. Data was sought here  t o  p r o v i d e  

con f idence  i n  t h e  des ign f c r  loads a t  angles o f  a t t a c k  beyond t h e  nega t i ve  

s t a l l  p o i n t .  The da ta  i s  shown i n  F i g u r e  8-207 f o r  model 64621, and i n  

F i g u r e  8-208 f o r  model 64624. The da ta  f o r  model 64621 compares w e l l  w i t h  t h e  

da ta  f o r  t h i n n e r  sec t i ons  f rom t h e  NACA TDT t e s t s  (see r e f .  5 ) .  A sharp 

n e g a t i v e  s t a l l  i s  observed f o r  bo th  t h e  21% and 24% t h i c k  sec t i ons .  Th is  da ta  

i s  c o n s i s t e n t  w i t h  t h e  NACA aa ta  on t h e  model 64618. 

8.4.1.5 Opt iinum A i r f o i l  Sec t i on  Se lec t  i o n  

The v a r i a t i o n  i n  t h e  geometr ic c h a r a c t e r i s t i c s  o f  t h e  b lade  se1:tions a long  t h e  

MOD-5A r a d i u s  i s  shown i n  F i g u r e  8-209. The v a r i a t i o n  i n  t h e  chord  and 

t h i c k n e s s  a long  t h e  span evolved as t h e  o p t  imum c o n f i g u r a t i o n  through 

success ive designs, cons ide r i ng  b o t h  economic and s t r u c t u r a l  issues. The 

t w i s t  d i s t r i b u t i o n  i s  cons t ra i ned  by t h e  method o f  f a b r i c a t i o n .  To achieve 

t h e  aerodynamic e q u i v a l e n t  o f  geometr ic  t w i s t ,  a  l a r g e  amoun:: o f  camber was 

used i n  t h e  ou tboard  reg ion ,  The camber was decreased s h a r p l y  f r om t h e  h i g h  

va lue  of CLf0.6 outboard o f  75% of t h e  span, t o  ze ro  a t  .!5% span. T h i s  









Figure 8-206 Lift/Drag Characteristics of the 64426 
Family with Raised Trailing Edges 









camber d i s t r i b u t i o n  produces t h e  e q u i v a l e n t  o f  an a d d i t i o n a l  4' of t w i s t  i n  

t h a t  r e g i o n  o f  t h e  blade. The amount o f  t r a i l  i n g  edge r i s e  was a  maximum o f  

40% a t  t h e  25% span p o i n t  and decreased t o  zero  a t  55% span. Th i s  a l l o c a t i o n  

o f  geometr ic parameters produced t h e  optimum aerodynamic c h a r a c t e r i s t i c s  

w i t h i n  t h e  f a b r i c a t i o n  c o n s t r a i n t s  o f  t h e  b lade  subsystem. 



8.4.2 AILERON CHARACTERISTICS (WIND TUNNEL TEST OF AILERONS) 

8.4.2.1 General 

The des ign  development o f  t h e  p a r t i a l  span c o n t r o l  imposed i nc reas ing  load,  

we igh t  and c o s t  p e n a l t i e s  on t h e  system. As a  r e s u l t ,  a l t e r n a t i v e  methods o f  

c o n t r o l 1  i n g  r o t o r  t o rque  and e f f e c t i n g  shu t  down were explored.  T r a i l i n g  edge 

f l a p s  emerged f r om t h e  i n v e s t i g a t i o n  as t h e  most p romis ing  aerodynamic 

c o n t r o l .  These t r a i l i n g  edge f l a p s  have become known as a i l e r o n s  f o r  t h i s  

a p p l i c a t i o n .  

A i l e r o n s  a re  p a r t i c u l a r l y  s u i t a b l e  f o r  t h e  MOD-5A r o t o r  c o n t r o l  f o r  severa l  

reasons. They do n o t  d i s r u p t  t h e  s t r u c t u r a l  c o n t i n u i t y  o f  t h e  e s s e n t i a l l y  

m o n o l i t h i c  main b l ade  s t r u c t u r e .  They cou ld  be mounted, i n  p l ace  of  t h e  

o r i g i n a l  f i x e d  t r a i l i n g  edge assembly, on to  t h e  r e a r  spar  o f  t h e  main b l ade  

s t r u c t u r e .  However, no performance da ta  was a v a i l a b l e  f o r  a i l e r o n s  on v e r y  

t h i c k  a i r f o i l  sec t i ons ,  s i m i l a r  t o  t h e  MOD-5A blades, o r  f o r  t h e  h i g h  angles 

o f  a t t a c k  t o  be exper ienced i n  h i g h  wind shut-downs. 

A s u i t a b l e  a i l e r o n  c o n f i g u r a t i o n  f o r  a p p l i c a t i o n  on t h e  wind t u r b i n e  genera to r  

had n o t  been determined and wind- tunnel  t e s t s  were necessary t o  develop 

suppo r t i ng  data.  Because wind t u r b i n e  performance es t imates  based on 

two-dimensional  wind t unne l  da ta  had cons i s t a n t l y  under -p red ic ted  t h e  maximum 

r o t o r  torque,  i t  was a l s o  necessary t o  con f i rm t h e  a i l e r o n  performance 

p r e d i c t i o n s  b y  t e s t s  on a  s u i t a b l e  wind t u r b i n e  r o t o r .  

Two t e s t  programs were planned t o  o b t a i n  t h i s  data.  The f i r s t  was a  w ind  

t u n n e l  t e s t  designed t o  o b t a i n  t h e  a i l e r o n  c o n t r o l  c h a r a c t e r i s t i c s  on t h e  

IgIOD-5A a i r f o i  1  sec t i on .  The second was a  t e s t  on NASA's MOD-0 wind t u r b i n e  a t  

Plum Brook S ta t i on ,  Sandusky, Ohio, descr ibed  i n  s e c t i o n  8.4.3. Th i s  t e s t  

used o u t e r  b lades f a b r i c a t e d  i n  t h e  MOD-5A c o n f i g u r a t i o n .  Th i s  c o n f i g u r a t i o n  

i s  r e f e r r e d  t o  as MOD-0/5A. The t e s t  was d i v i d e d  i n t o  two phases. Phase I 

was t h e  sc reen ing  process and i n  phase I 1  two des igns f r om Phase I were t e s t e d  

f u r t h e r .  

8.4.2.2 Wind Tunnel Tes t  Requirements 

The t e s t  equipment had t o  be dynamica l l y  s i m i l a r  t o  t h e  f u l l - s c a l e  MOD-5A 

machine. I n  p a r t i c u l a r ,  t h e  Reynold 's  number had t o  equal 5  x  l o 6  o r  more, 



and t h e  Mach number c o u l d  n o t  exceed 0.3. The range o f  angles o f  a t t a c k  t o  be  

t e s t e d  had t o  extend f r om O 0  t o  a t  l e a s t  30,' and a i l e r o n  d e f l e c t i o n s  had t o  

extend from O 0  t o  -90'. The t e s t  da ta  determined t h e  a~?rodynarnic f o r c e  

c o e f f i c i e n t s  as f u n c t i o n s  of t h e  angle o f  a t t ack ,  and o f  a i l e r o n  d e f l e c t i o n  

and t h e  l oad  d i s t r i b u t i o n s  a long  t h e  chord. These t e s t s  were a l s o  r u n  i n  

OSU's wind t unne l .  

8.4.2.3 Wind Tunnel Tests  - Phase I 

The o b j e c t i v e  o f  t hese  t e s t s  was t o  o b t a i n  da ta  c h a r a c t e r i z i n g  va r i ous  a i l e r o n  

designs. A i l e r o n  c o n f i g u r a t i o n s  would be se lec ted  f o r  f u r t h e r  t e s t i n g  based 

on t h i s  data.  

The span o f  t h e  a i l e r o n  a i r f o i l  s e c t i o n  model was 6  i n .  an3 t h e  chord was 

4  in. ,  of  a  c o n s t r u c t i o n  s i m i l a r  t o  t h e  models descr ibed  i n  s e c t f o n  8.4.1. 

The 64621 s e c t  i on  was t h e  b a s i c  a i r f o i l  used. Th is  camber was se lec ted  

because t h e  MOD-5A b lade  f r om 75% o f  t h e  span and outward i s  designed f o r  a  

l i f t  c o e f f i c i e n t  o f  0.6. The t h i ckness  r a t i o  o f  21% was se lec ted  because t h i s  

va lue  represen ted  t h e  geometr ic  mean t h i ckness  r a t i o  o f  t h e  a i l e r o n  span. 

The phase I t e s t  models a r e  i l l u s t r a t e d  i n  F i g u r e  8-210. 

8.4.2.3.1 Resu l t s  and D iscuss ion  - Wind Tunnel Tests  - Phase - I 
The r e s u l t s  o f  phase I a r e  summarized i n  F i g u r e  8-211. The most c r i t i c a l  

a i l e r o n  performance c h a r a c t e r i s t i c  i s  t h e  a b i l i t y  t o  p r o v i d e  a  b r a k i n g  f o r c e  

ove r  t h e  o p e r a t i n g  range of wind v e l o c i t i e s  and r o t o r  speed. These two 

v a r i a b l e s  a r e  conven ien t l y  combined i n t o  t h e  dimens i o n l e s s  t i p  speed r a t i o ,  

A= wR/V. The t i p  speed r a t i o  f o r  t h e  4 0 0 - f t .  r o t o r  and a  conceptual  

a i l e r o n  c o n f i g u r a t i o n  ex tend ing  f rom 60% t o  100% o f  t h e  spiln were used t o  

examine t h e  wind t u n n e l  r e s u l t s .  

The r e l a t i o n s h i p  between t h e  angles o f  a t t a c k  a t  60% o f  t h e  span, a ( .6 ) ,  and 

100% span, a ( l . 0 )  and t h e  t i p  speed r a t i o ,  A ,  a r e  shown as two dashed 

l i n e s  i n  t h e  upper p a r t  of  t h e  F i g u r e  8-211. These two curves d e f i n e  t h e  

ang le  o f  a t t a c k s  seen b y  t h e  c o n t r o l  s e c t i o n  o f  t h e  b lade  a t  v ~ r i o u s  t ip -speed 

r a t i o s .  For  example, f o r  a  t ip -speed r a t i o  o f  x = 2.0, t h e  angle o f  a t t a c k  

a t  a ( l .O)  i s  17' and t h e  angle o f  a t t a c k  a t  a(0.6) i s  27". Consequently, 

these  two l i n e s  enable t h e  des igner  t o  see what range o f  angles o f  a t t a c k  
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e x i s t s  d u r i n g  any o p e r a t i n g  c o n d i t i o n .  The o t h e r  cu rves  desc r i be  t h e  t e s t  

d a t a  i n  terms o f  t h e  a b i l i t y  o f  t h e  va r i ous  c o n f i g u r a t i o n s  t o  p r o v i d e  b r a k i n g  

f o r c e  (C,cO) i n  t h a t  range o f  ang les o f  a t t a c k  w i t h  t h e  a i l e r o n  d e f l e c t e d  

t o  6 = -90". 

The da ta  shows t h a t  t h e  30% chord/50% chord  balanced a i l e r o n  p rov i des  l a r g e  

n e g a t i v e  va lues  o f  chord f o r c e  over  most o f  t h e  s i g n i f i c a n t  range and does n o t  

1  eave t h e  n e g a t i v e  r eg ion .  Th i s  c o n f i g u r a t i o n  prov ides t h e  g r e a t e s t  brak i n g  

con t r o  1 . 

The 30% chord  p l a i n  a i l e r o n  shows a  s i m i l a r  t r e n d  i n  t h e  range t h a t  was 

tes ted .  T h i s  arrangement seemed l i k e l y  t o  p r o v i d e  adequate s t opp ing  power, 

b u t  i t  would have cons ide rab l y  h i g h e r  h inge  moments and would r e q u i r e  more 

a c t u a t o r  capab i 1 i t y  than  t h e  ba lanced a i l e r o n .  Furthermore, because o f  t h e  

more p c s i t i v e  h i nge  moments, t h e  p l a i n  a i l e r o n  would be d e f i c i e n t  i n  

s e l f  - a c t u a t i o n  c a p a b i l  i t y ,  a  v e r y  d e s i r a b l e  c h a r a c t e r i s t i c .  

The o t h e r  c o n f i g u r a t i o n s  t e s t e d  (pe r f o ra ted ,  t r unca ted  and ven t  i 1 a ted  

a i l e r o n s )  a l l  show e i t h e r  p o s i t i v e  chord  f o r c e s  o r  t r ends  toward p o s i t i v e  

cho rd  f o r ces ,  t h a t  make them unacceptab le  f o r  b rak ing .  Note t h a t  p ressure  

fo rces  on t h e  a i l e r o n  elements o f  t hese  t h r e e  c o n f i g u r a t i o n s  c o u l d  n o t  b e  

measured d i r e c t l y .  The o v e r a l l  1  i f t  was measured b y  u s i n g  t h e  wind t unne l  

upper and lower  plenum pressure  d i f f e r e n c e  c o r r e l a t i o n s .  As a  r e s u l t ,  t h i s  

d a t a  i s  n o t  as conv inc i ng  as t h e  da ta  on p l a i n  and ba lanced a i l e r o n s ,  where 

t h e  p ressure  f o r c e s  on t h e  a i l e r o n  element c o u l d  be i n t e g r a t e d  d i r e c t l y  f r o m  

t h e  p ressure  d i s t r i b u t i o n .  

Sound energy was measured d u r i n g  some t e s t  runs, f o r  a  rough i n d i c a t i o n  of t h e  

sound gene ra t i on  p r o p e r t i e s  o f  d e f l e c t e d  a i l e r o n s .  Un fo r t una te l y ,  r e l i a b l e  

sound da ta  c o u l d  n o t  be obta ined.  The da ta  qua1 i t a t i v e l y  i n d i c a t e d  t h a t  t h e  

d e f l e c t e d  ba lanced a i l e r o n  would p robab l y  n o t  be a  major  source o f  sound 

energy.  

8.4.2.3.2 Wind Tunnel Tests  - Phase I 1  

Design work t o  adapt  t h e  a i l e r o n  c o n t r o l  t o  t h e  MOD-5A b lade  s t r u c t u r e  showed 

t h a t  s u f f i c i e n t  space was a v a i l a b l e  t o  t h e  r e a r  o f  t h e  60% a f t  s t r u c t u r a l  spa r  



t o  d~C0nlm0date a  38% chord  a i l e r o n  and t h e  assoc ia ted  a c t u a t i o n  mechanisms. 

Comparison of t e s t  r e s u l t s  f r om  Wich i t a  S t a t e  U n i v e r s i t y  on a  2 0 % c h o r d  

a i l e r o n  w i t h  t h e  t e s t  r e s u l i s  on a  30% chord  a i l e r o n  show t h a t  i n c r e a s i n g  t h e  

a i l e r o n  chord  inc reases  t h e  a i l e r o n ' s  e f f e c t i v e n e s s .  The 38% chord  space was 

used i n  a e s i g n i n g  t h e  two phase I I a i l e r o n s ,  as shown i n  F i g u r e s  8-212 and 

8-213. Concerns about h i g h  n o i s e  l e v e l  f r om  t h e  sharp l e a d i n g  edge o f  t h e  

ba lanced a i l e r o n  i n  t h e  d e f l e c t e d  p o s i t i o n  l e d  t o  t h e  se lect . ion o f  t h e  p l a i n  

a i l e r o n  as t h e  main des ign,  and t h e  ba lanced c o n f i g u r a t i o n  as t h e  con t ingency  

aes i gn . 

8.4.2.4 Wind Tunnel Phase I 1  R e s u l t s  - 38% Chord P l a i n  A i l e r o n  

The l i f t  and d rag  c o e f f i c i e n t s ,  as f u n c t i o n s  o f  t h e  ang le  o f  a t t a c k ,  a r e  shown 

i n  F i gu res  8-214 and 8-215. The f o r c e  e x t r a p o l a t i o n s  used i n  t h e  performance 

a n a l y s i s  a r e  a l s o  shown. These f o r c e s  a r e  shown i n  F i gu res  13-216 and 8-217, 

p r o j e c t e d  pe rpend i cu l a r  t o  t h e  chord  ( t h e  normal f o r c e )  and p a r a l l e l  t o  t h e  

c h o r d  ( t h e  chord  f o r c e ) .  The chord f o r c e  i s  d e f i n e d  h e r ?  as b e i n g  t h e  

n e g a t i v e  o f  t h e  d rag  f o r c e  a t  an ang le  o f  a t t a c k  o f  0'. P o s i t i v e  va lues  o f  

t h i s  chord  f o r c e  produce power gene ra t i ng  torques,  and n e g a t i v e  va lues  produce 

r e t a r d i n g  o r  b r a k i n g  torques.  The curves  o f  F i g u r e  8-217 show t h a t  a  c o n t r o l  

d e f l e c t i o n  o f  -90' produces t h e  g r e a t e s t  b r a k i n g  f o r c e  and t h a t  t h i s  f o r c e  

goes th rough  zero  a t  an ang le  o f  a t t a c k  o f  29". The increments i n  l i f t  

c o e f f i c i e n t  (nCL) and d rag  c o e f f i c i e n t  (dCD) w i t h  respect: t o  t h e  b a s i c  

64621 a i r f o i l  s e c t i o n  d a t a  a r e  needed t o  a p p l y  t h i s  d a t a  t o  t h e  MOD-5A des ign  

c a l c u l a t i o n s .  These increments a r e  used i n  t h e  computat ion 01' t h e  a i r  f o r c e s  

on t h e  b l a d e  a t  t h e  appropr ? a t e  ang le  o f  a t t a c k  and c o n t r o l  d e f l e c t i o n  angle .  

Tab le  8-98 i s  a  l i s t i n g  o f  t h e  increments o f  l i f t  c o e f f i c i e n t .  Graphs of 

these  f u n c t i o n s  a r e  shown i n  F i g u r e s  8-218 th rough  8-221 w i t h  i n t e r p o l a t i o n  t o  

2' increments o f  c o n t r o l  d e f l e c t  ion.  

S i m i l a r l y ,  t h e  increments i n  d rag  c o e f f i c i e n t  a r e  shown i n  Tat l le 8-99 and i n  

F i g u r e s  8-222 th rough  8-225. 

P i t c h i n g  moment c o e f f i c i e n t  data,  r e f e r r e d  t o  t h e  s e c t  i o n  q u a r t e r  chord  p o i n t ,  

a r e  snown i n  F i g u r e  8-226. 







F i g u r e  8-214 Aerodynamic Characteristics o f  t h e  Plain 38% Chord Aileron 
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F i g u r e  8-216 Aerodynamic C h a r a c t e r i s t i c s  o f  t h e  P l a i n  38% Chord A i l e r n n  
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Tab le  8-95 Inc rementa l  L i f e  C o e f f i c i e n t  o f  PF 38% Chord as a 
F u n c t i o n  o f  Ang le  o f  A t t a c k  and A i l e r o n  D e f l e c t i o n  
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Table 8-99 Incremental Drag Coefficient of P F  38% Chord as a 
Function of Angle of Attack and Aileron Oeflection 
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The h inge moment c h a r a c t e r i s t i c s  of t h e  38% chord p l a i n  a i le lmon are  shown i n  

F igure  8-227. Regions o f  negat ive  h inge moment i n d i c a t e  cond i t i ons  i n  which 

t h e  a i l e r o n  i s  se l f -dep loy ing .  The 1  ine  o f  zero h inge mon~ent de f ines  t h e  

e q u i l  ib r ium cond i t i ons  f o r  an unres t ra ined o r  f l o a t i n g  a i l e r o n .  The h inge 

moments a re  based on t h e  a i l e r o n  chord. 

8.4.2.5 Wind Tunnel Test -Phase I 1  Resu l ts  - 38% Chord Balancf~d A i l e r o n  

The data f o r  t h e  38% chord, balanced a i l e r o n  i s  shown i n  F igures 8-228 through 

8-233 i n  t h e  same format  used f o r  t h e  38% chord, p l a i n  a i l e r o n .  

The balanced a i l e r o n  was tes ted  a t  h igher  angles o f  a t tack  than the  p l a i n  

a i l e ron .  A remarkable sharp change i n  c h a r a c t e r i s t i c s  a t  h igh  angles of 

a t tack  and c o n t r o l  d e f l e c t  ion was observed. This phenomenon i s  c l e a r l y  shown 

i n  F igu re  8-231. The curve  f o r  normal fo rce ,  f o r  an a i l e r c n  d e f l e c t i o n  of 

-75' r i s e s  w i t h  increas ing  steepness i n  t he  range o f  angles o f  a t tack  between 

18" and 27'. I n  t h e  range f rom 27" t o  30°, however, an abrupt change takes 

p lace  and beyond t h a t  reg ion  the  c h a r a c t e r i s t i c  slopes g e n t l y  downward. 

S i m i l a r  behavior i s  observed f o r  t he  -90' d e f l e c t i o n .  This  i ibrupt change i n  

c h a r a c t e r i s t i c s  was a l so  be observed i n  t h e  o ther  aerodynamic forces,  shown i n  

F igures  8-228 through 8-233. 

Pressure d i s t r i b u t i o n  data expla ined these observat ions, as shown i n  

F igure  8-234. The pressure d i s t r i b u t i o n  on the  upper surface of t he  a i r f o i l  

i s  shown over t h e  main a i r f o i l  element, on the  l e f t  s i de  o f  t h e  char t ,  and 

over t he  f l a p  element, on t h e  r i g h t ,  a t  a  d e f l e c t i o n  angle l ~ f  -75'. A t  an 

angle o f  a t tack  of 27O, t h e  upper sur face pressure over a l l  o f  t h e  main 

element and over much o f  t h e  a i l e r o n  element i s  p o s i t i v e ,  i n d i c a t i n g  t h a t  t h e  

f l o w  i n  t h i s  reg ion  was re ta rded  t o  l ess  than stream v e l o c i t y  by  t h e  de f l ec ted  

a i l e r o n .  I nc reas ing  t h e  angle of a t tack  t o  30' cause!; t he  pressure 

c o e f f i c i e n t  t o  drop t o  C = -1.3, which corresponds t o  a  l o c a l  v e l o c i t y  of  
P 

1  .5 t imes t h e  stream v e l o c i t y .  This behavior i nd i ca tes  t h e  reg ion  where t h e  

upper sur face f l o w  "jumps': t he  d e f l e c t e d  a i l e r o n .  Th is  reg ion  does n o t  

e f f e c t i v e l y  c o n t r o l  t h e  f low a t  h ighe r  angles o f  a t tack .  











F i g u r e  8-231 Aerodynamic C h a r a c t e r i s t i c s  of t h e  Balanced 
38% Chord A i leron-Normal  Force 



V a r i a t i o n  o f  t h e  A x i a l  Force C o e f f i c i e n t  
Wi th  Angle o f  A t t a c k  and Cont ro l  D e f l e c t i o n  

F i gu re  8-232 Aerodynani c  C h a r a c t e r i s t i c s  o f  t h e  Balanced 38% Chord A i l  e ron-Ax ia l  Force 

8-441 





F igu re  8-234 Upper Sur face Pressure C o e f f i c i e n t  f o r  Balanced 
A i l e r o n ,  BF 38% Chord a t  D e f l e c t i o n  = - 7 5 0  

8-443 



8.4.2.5.1 Wind Tunnel Phase I 1  K e s u l t s  - A i l e r o n   loa at in^ Tendency 

The f l o a t i n g  ang le  o f  t h e  two a i l e r o n  c o n f i g u r a t i o n s  i s  shown i n  

F i g u r e  8-235. The f l o a t i n g  angle  i s  t h e  a i l e r o n ' s  e q u i l  i b r  ium p o s i t  i o n  under 

no  h  inge r e s t r a i n t .  The b a l  anced c o n f i g u r a t i o n  increases t h e  nega t i ve  h  inge 

moment and as a  r e s u l t  t h e  ba lanced a i l e r o n  has an e q u i l  i bs ium a t  a  g r e a t e r  

f l o a t i n g  ang le  than  t h e  p l a i n  a i l e r o n .  The p l a i n  a i l e r o n  would r e q u i r e  

emergency ass i s t ance  t o  ensure au tomat i c  shutdown i f  t h e  h y d r a u l i c  system 

f a i l s .  
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F i g u r e  8-235 MOD-5A Ai le ron  F l o a t i n g  C l i a r a c t e r i s t i c  



8.4.3 MOD-0/5A AILERON PERFORMANCE TEST 

8.4.3.1 General Comments 

The MOD-0/5A a i l e r o n  performance t e s t s  were performed on a wind t u r b i n e  r a t e d  

a t  200 kW, w i t h  a 128 ft., a i l e r o n  c o n t r o l l e d  r o t o r .  These t e s t s  p rov i ded  

more d a t a  on t h e  aerodynamic capabi! i t y  o f  t h e  r o t o r .  Th is  da ta  was used w i t h  

t h e  two-aimensional  w ind- tunnel  da ta  desc r i bed  i n  s e c t i o n  8.4.1, t o  p r o v i d e  

f u r t h e r  con f idence  i n  t h e  models t h a t  p r e d i c t e d  t h e  performance o f  t h e  

p r o t o t y p e  MOD-5A. T h i s  t e s t  p rov i ded  l a rge r - sca le ,  three-d imensional  da ta  i n  

a r o t a t i n g  f i e l d ,  and a l s o  demonstrated t h e  e f f e c t i v e n e s s  o f  t h e  a i l e r o n s  on 

NASA's MOD-0 wind t u r b i n e  a t  Plum Brook. T h i s  a i l e r o n  system was designed t o  

v a l i d a t e  t h e  MOD-5A technolgy,  so t h e  t e s t  program was des igna ted  t h e  MOD-0/5A 

a i l e r o ~  performance t e s t .  

The dimensions of  t h e  MOD-5A wind t u r b i n e  and t h e  MOD-0/5A t e s t  hardware a r e  

compared i n  F i g u r e  8-236. The s c a l e  o f  t h e  MOD-0/5A a i l e r o n  t e s t  t i p s  was 25% 

t o  30% o f  t h e  co r respond ing  MOD-5A spanwise t i p  sec t i ons .  S i m i l a r  s ca l  i n g  was 

used f o r  t h e  o v e r a l l  MOD-0 r o t o r  except ,  t h a t  t e s t  a i l e r o n s  were 31% span ( t h e  

p r o t o t y p e  MOD-5A u n i t s  were 40% span). Because t h e  loads  on t h e  MOD-0 and 

r o t o r  speed c f  t h e  MOD-0 were l i m i t e d ,  t h e  maximum Reynold 's  number o f  t h e  t i p  
6 near t h e  c e n t e r  o f  t h e  a i l e r o n  was approx imate ly  2 x 10 . The MOD-5A w i l l  

ope ra te  a t  va lues  approaching 20 x l o 6  a t  spanwise l o c a t i o n s  around t h e  

a i l e r o n s .  The wind t unne l  data,  which inc luded  s i m i l a r  ranges of  Reynold 's  

number, was a l s o  used t o  i n t e r p r e t  and ex tend  t h e  MOD-0/5A t e s t  r e s u l t s ,  t o  

p r e d i c t  t h e  MOD-5A performance. I n  a d d i t i o n ,  a " t r i p  s t r i p "  a l ong  t h e  l e a d i n g  

edge o f  t h e  t e s t  u n i t ' s  l e a d i n g  edge generated t u r b u l e n t  boundary l a y e r  f l ow.  

A l though  t h e  Reynold 's  number and r o t o r  sec t i ons  inboard o f  t h e  a i l e r o n s  c o u l d  

n o t  be aup l  i ca ted ,  o t h e r  o p e r a t i o n a l  parameters o f  t h e  MOD-5A were s imu la ted  

as c l o s e l y  as poss ib l e .  The a i r f o i l  sec t i ons ,  t w i s t  and aspect r a t i o  o f  t h e  

t e s t  t i p s ,  and t h e  38% chord  a i l e r o n  were designed t o  s imu la te ,  as n e a r l y  as 

p o s s i b l e ,  t h e  MOD-5A b lade.  Tests  were designed over  a range o f  windspeeds, 

t o  d u p l i c a t e  t h e  t i p  speed r a t i o s  and angles o f  a t t a c k  o f  t h e  MOD-5A a t  t h e  

MOD-0 r o t o r  speed o f  20  rpm on t h e  MOD-0. Some reduced Reynold 's  number da ta  

was p lanned a t  lower  r o t o r  speeds. A u t o r o t a t i o n  d a t a  was planned a t  v a r y i n g  

windspeeds up t o  40 mph i f  wind pe rm i t t ed .  I 
1 
I 

i 
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I n  o rde r  t o  exped i t e  t h e  des ign and f a b r i c a t i o n  o f  t h e  hardware, and t h e  

a c q u i s i t i o n  o f  t e s t  data,  t h e  s i z e ,  p l an fo rm  and i n t e r f a c e s  o f  t h e  t e s t  u n i t s  

c l o s e l y  resembled those  used i n  NASA's p rev ious  a i l e r o n  t e s t s .  The t e s t  u n i t s  

were designed and f a b r i c a t e d  by Schweizer A i r c r a f t  Company i n  E lmira,  New 

York. NASA's concepts and exper ience were used t o  d e f i n e  des ign loads, 

c o n t r o l  system concepts, ins t rumenta t  i o n  techn iques , and s t r u c t u r a l  , hydrau l  i c  

and e l e c t r i c a l  i n t e r f a c e s .  The MOD-0/5A t e s t  u n i t s  were designed, f a b r i c a t e d ,  

p r o o f - t e s t e d  and p u t  i n t o  ope ra t i on  a t  Plum Brook S t a t i o n  i n  o n l y  16 weeks, 

d e s p i t e  some de lay  caused by  weather d u r i n g  t h e  i n s t a l l a t i o n .  P r e l i m i n a r y  

da ta  on a i l e r o n  s topp ing  performance, a u t o r o t a t i o n  speeds, and power and speed 

r e g u l a t i o n  behav i o r  were gathered f o r  t h e  MOD-0/5A a i l e r o n  c o n f i g u r a t i o n  

b e f o r e  t h e  end o f  1983. Tes t i ng  and da ta  analyses con t inued  i n t o  t h e  second 

q u a r t e r  o f  1984, and i n d i c a t e d  t h a t  t h e  p l a i n  38% chord  a i l e r o n  c o n f i g u r a t i o n  

would c o n s e r v a t i v e l y  meet t h e  requi rements f o r  aerodynamic r o t o r  c o n t r o l .  

More d e t a i l e d  d e s c r i p t i o n s  o f  t h e  MOD-O/SA t e s t ,  t e s t  hardware and r e s u l t s  a r e  

presented i n  t h e  f o l l o w i n g  sec t ions .  The r e l e v a n t  documentation i s  l i s t e d  i n  

s e c t i o n  8.4.3.10. 

8.4.3.2 Test  Ob jec t i ves  

The o b j e c t i v e  o f  t h i s  three-d imensional  a i l e r o n  t e s t  was t o  p rov ide  da ta  on 

t h e  performance o f  t h e  a i l e r o n  and on i t s  aerodynamic c h a r a c t e r i s t i c s ,  f o r  use 

i n  t h e  d e c i s i o n  t o  use t h e  a i l e r o n  c o n t r o l s  on t h e  MOD-5A wind t u r b i n e  

generator .  (Data from t h e  wind- tunnel  t e s t s  was a l s o  used i n  t h i s  d e c i s i o n ) .  

The da ta  was a l s o  used t o  demonstrate t h e  a b i l i t y  o f  t h e  a i l e r o n  t o  c o n t r o l  a  

wind t u r b i n e  generator  under r e a l  i s t i c  o p e r a t i n g  cond i t i ons .  

The two genera l  performance requi rements f o r  aerodynamic t o rque  c o n t r o l  o f  t h e  

r o t o r  were: 

1 )  The c o n t r o l  system must generate enough nega t i ve  t o rque  t o  s low t h e  
r o t o r  t o  a  s a f e  speed w i t h o u t  damage t o  t h e  r o t o r  i n  c o n t r o l l e d  o r  
emergency shutdowns. The a i l e r o n  c o n t r o l  system must a l s o  per fo rm 
s a t  i s f a c t o r  i l y  w i t h  one c o n t r o l  sur face damaged o r  mechan i ca l l y  
ma l f unc t i on ing .  



2 )  The c o n t r o l  system must p r o v i d e  c h a r a c t e r i s t j c s  o f  t c~sque vs. c o n t r o l  
a e f l e c t i o n  t h a t  w i l l  p r o v i d e  s t a b l e  c o n t r o l  and r e g u l a t i o n  f o r  a  range  
o f  t o rque  values, f r om a t  l e a s t  10% above r a t i n g  t o  a t  l e a s t  10% 
nega t i ve  torque,  and over  an a p p r o p r i a t e  range o f  I -o tor  speeds and 
w indspeeds. 

The t e s t  a1 so p rov  ided more bas i c  da ta  on performance cha rac te r  i s  t i c s  , c o n t r o l  

c h a r a c t e r i s t i c s  and env i ronmenta l  performance c h a r a c t e r i s t i c s ,  which c o u l d  be 

c o r r e l a t e d  w i t h  models and p r e d i c t i o n s  based on t h e  wind t unne l  da ta  and o t h e r  

model 1 i n g  analyses. 

The MOD-0/5A a i l e r o n  performance t e s t  had 6 s p e c i f i c  requi rements,  t o :  

1 ) aemonstrate t h e  shutdown capab i l  i t y  and overspeed behav io r ,  
demonstrate accep tab le  a u t o r o t a t  i on  e q u i l  i b r  ium t i p  speed r a t i o s  ( A ~ ) ,  
r e g u l a t e  power ou tpu t ,  

4 )  r e g u l a t e  r o t o r  speed, 
5 )  e v a l u a t e  b a s i c  aerodynamic parameters,  
6) eva lua te  r o t o r  sound l e v e l s .  

8.4.3.3 Test Requirements and Success C r i t e r i a  

The d e t a i l e d  d e f i n i t i o n  o f  t e s t  requi rements and success c r i t e r i a  were 

developed f rom t h e  t e s t  o b j e c t i v e s  and t h e  performance requi rements o f  t h e  

p r o t o t y p e  MOD-5A system. Sane o f  t h e  requiremenits were ad jus ted  t o  account 

f o r  d i f f e r e n c e s  i n  MOD-0/5A hardware geometry, s i z e  and Reynold 's  number. 

The most s  i g n i f  i c a n t  adjustments were r e q u i r e d  i n  shutdown 'and a u t o r o t a t  ion  

paranleters, because o f  t h e  d i f f e r e n c e s  i n  t h e  s i z e  o f  t h e  a i l e r o n  sur faces ,  

p l an fo rm  d i f f e r e n c e s ,  t i p  speeds, o f  t h e  MOD-5A and MOD-0/5A hardware. Since 

t h e  f u l l - s c a l e  a i l e r o n  comprises a l a r g e r  p a r t  o f  t h e  r o t o r  s p 8 ~ n  and area than  

t h e  MOD-0/5A a i l e r o n ,  t h e  former  w i l l  be more e f f e c t i v e  t l ~ a n  t h e  l a t t e r .  

A l l owab le  a u t o r o t a t i o n  t i p  speed r a t i o s  f o r  t h e  Plum Brook t e s t  hardware were, 

t h e r e f o r e ,  es t ima ted  t o  be  50% h i g h e r  than those  s p e c i f i e d  f o r  t h e  MOD-5A. 

The r o t a t i o n a l  i n e r t i a  of  t h e  MOD-5A r o t o r  i s  243 t imes  g r e a t e r  than  t h a t  of  

t h e  MOD-O/5A r o t o r .  Th is  f a c t o r  i s  approx imate ly  o f f s e t  by t h e  h i g h e r  

aeroaynarnic loads and r o t o r  to rques  o f  t h e  f u l l - s c a l e  machine, so t h a t  no 

1  arge s c a l  i n g  f a c t o r  was r e q u i r e d  f o r  r o t o r  a c c e l e r a t  ion - re1  i i ted  parameters, 



such as overspeed r a t i o s  and speed c o n t r o l  v a r i a t i o n s .  A smal l  i nc rease  i n  

r e q u i r e d  MOD-0/5A c o n t r o l  d e f l e c t  ions and r a t e s  a r e  a n t i c i p a t e d ,  t o  account  

f o r  t h e  d i f f e r e n c e  i n  s i z e  o f  t h e  a i l e r o n  sur faces.  

N ~ t e  t h a t  some t e s t s  were l i m i t e d  t o  sma l l e r  ranges o f  t e s t  parameters o r  t e s t  

c o n d i t i o n s  than  o r i g i n a l  l y  considered, because o f  1 i m i t a t i o n s  on t h e  t e s t  

hardware, o r  weather o r  schedule c o n s t r a i n t s .  The r e s u l t s  f r om e a r l y  t e s t s  

were used t o  1 i m i t  t h e  number o f  c o n f i g u r a t i o n s  and t e s t  c o n d i t i o n s  t o  those 

t h a t  would meet a1 1' t h e  major  requi rements.  

F c r  example, e a r l y  t e s t i n g  i n d i c a t e d  t h a t  t h e  unvented, 38% chord, p l a i n  

a i l e r o n  would p robab ly  meet performance requ  i rements f o r  shutdown and 

a u t o r o t a t i o n  a t  d e f l e c t i o n  angles o f  -90°, b u t  m igh t  n o t  per fo rm as w e l l  a t  

lower  d e f l e c t i o n  angles, e s p e c i a l l y  i f  t h e  a i l e r o n  were damaged. Therefore,  

t h e  shutdown t e s t s  were l i m i t e d  t o  -90" d e f l e c t i o n s .  

8.4.3.3.1 Shutdown Demonstrat ion 

Undamaged Rotor  Shutdown - -  Wi th  a l l  MOD-5A a i l e r o n  c o n t r o l  su r faces  

opera t ing ,  a l o s s  o f  l o a d  shutdown must r e s u l t  i n  an overspeed o f  no more than  

20% o f  maximum o p e r a t i n g  speed and reach an e q u i l i b r i u m  t i p  speed r a t i o  

( x ~  = e q u i l i b r i u m  r o t o r  t i p  speed/windspeed) o f  no more than  1.5. 

MOD-0/5A c o n t r o l  r a t e s  i n  t h e  range from 35" t o  10" per  second were evaluated,  

t o  determine t h e  r a t e  necessary t o  meet t h e  overspeed 1 i m i t .  O r i g i n a l l y ,  

c o n t r o l  su r f ace  p o s i t i o n s  o f  -45", -60°, -75", and -95" were planned f o r  

e v a l u a t i o n  t o  determine t h e  p o s i t i o n  necessary t o  meet t h e  v e l o c i t y  r a t i o  

1 f r n i t .  Test  wind speeds were se lec ted  i n  t h r e e  ranges: low ( 6  < A ) ,  

moderate ( 4  < A < 6) ,  and h i g h  (A < 4) ,  where )( i s  t h e  r a t i o  of  

i n i t i a l  r o t o r  t i p  speed t o  windspeed. Three va lues  - o f  i n i t i a l  e l e c t r i c a l  

load,  between 0 and 100% o f  t h e  MOD-0 machine r a t i n g ,  were used. 

Normal, c o n t r o l  l e d  shutdowns were planned a t  low and moderate winds, i n  which 

t h e  e l e c t r i c a l  l oad  was reduced t o  ze ro  a t  a c o n t r o l l e d  r a t e ,  and t h e  a i l e r o n  

deployment r a t e  was 5" pe r  second. However, these t e s t s  were d e l e t e d  s i n c e  

t h e  P lum Brook mach i n e  u t  il izes  a g r  id-connected asynchronous generator ,  w i t h  

which l oad  cannot  be e a s i l y  reduced, u n l i k e  t h e  MOD-5A1s v a r i a b l e  speed 

generator .  



I n  d e f i n i n g  acceptance c r i t e r i a  f o r  t h e  MOD-O/5A t e s t  r e s u l t s ,  t h e  t e s t  

hardware performance was sca led  t o  t h a t  o f  t lhe MOD-5A. Adjustments i n  

accep tab le  va lues f o r  MOD-0/5A parameters, t o  account f o r  hardware 

d i f f e rences ,  were incorpora ted  i n  t h e  f o l  l ow ing  d e f  i n  i t  ions o f  success 

c r i t e r i a  f o r  t h e  t e s t .  

Acceptance C r i t e r i a  f o r  MOD-0/5A 

a )  Overspeed f o r  emergency shutdown o f  lc!ss than  4 rpm a t  20 rpm 
i n i t i a l l y  f o r  windspeeds between 10 dnd 20 mph, i .e .  20% o f  20 rprn. 

b )  S t a b l e  c o n t r o l  c h a r a c t e r i s t i c s  f o r  normal shutdowns 

c )  E q u i l  i b r i u m  r o t o r  speed l e s s  than  O.SO*windspeed ( ~ = 4 . 5 8  N / V  and 
~ ~ ' 2 . 3 ,  where N=ro to r  speed i n  rpm and VW=windspeed i n  mphy f o r  
windspeeds f r om 15 t o  30 mph 

Data 

a )  Standard measurement se t ,  d e f i n e d  i n  Sect i on  8.4.3.5 
b )  Minimum a i l e r o n  deployment r a t e  a t h a t  meets overspeed requ i rement  
c )  Minimum a i l e r o n  deployment ang le  t h a t  meets A E  requi rement  

P a r t i a l  Damage Shutdown -- Wi th a minimum o f  20% o f  t h e  e f f e c t i v e  MOD-5A 

a i l e r o n  c o n t r o l  su r f ace  undeployed i n  a jammed o r  damaged c o n d i t i o n ,  a l o s s  o f  

l oad  shutdown must r e s u l t  i n  an overspeed o f  no more t han  20% o f  maximum 

o p e r a t i n g  speed and must reach  a r  e q u i l i b r i u m  v e l o c i t y  r a t i o  o f  no more than 

2.0. S u f f i c i e n t  MOD-0/5A c o n t r o l  r a t e s ,  f i n a l  con1;rol p o s i t i o ~ q s ,  wind speeds, 

and i n i t i a l  l o a d  c o n f  i g u r a t j o n s  a r e  se lec ted  f rom va lues i n  t i e  p rev ious  t e s t  

t o  demonstrate b y  t e s t  and a n a l y s i s  t h e  overspeed i ~ n d  e q u i l i b r i u m  

r e q u  irements. The MOD-O/5A performance cornpat i b l e  w i t .h  t h e  lr10U-5A 

requi rements 1 i s t e d  above i s :  

Acceptance C r i t e r i a  f o r  MOD-0/5A 

a )  Overspeed f o r  emergency shutdown o f  l e s s  than  4 rpm (20% o f  20 rpm) 
f o r  windspeeds between 10 and 20 mph 

b )  S tab le  c o n t r o l  c h a r a c t e r i s t i c s  f o r  normal shutdowns 

c )  E q u i l  i b r i u ~ n  r o t o r  speed l e s s  than  0.66 * V W  (AE=<3*0) f o r  
windspeeds f r om 15 t o  30 mph 



Data 
a )  Standard measurement s e t  
b )  A i l e r o n  deployment r a t e  r e q u i r e d  w i t h  damaged a i l e r o n  
c )  A i l e r o n  deployment ang le  r e q u i r e d  w i t h  damaged a i l e r o n  

8.4.3.3.2 S t a b l e  Regu la t i on  C o n t r o l  Demonstrat ion 

Speed Regu la t i on  - -  The MOD-5A r o t o r  speed must be s t a b l e  and w i t h i n  25% o f  

t h e  n~axirnum o p e r a t i n g  speed around t h e  r e f e r e n c e  speed. A speed r e g u l a t i n g ,  

feedback c o n t r o l  loop,  w i t h  p r o p o r t i o n a l  and i n t e g r a l  c a p a b i l  i t y ,  w i l l  be used 

w i t h  s t a b l e  g a i n  s e t t i n g s  t h a t  use t h e  a i l e r o n  su r f ace  p o s i t i o n  as t h e  f i n a l  

c o n t r o l  element. F u l l - s c a l e  c o n t r o l  r a t e  l i m i t s  o f  2 "  and 5' per  second w i l l  

De s  imu la ted  b y  t h e  MOD-0/5A system. Wind speed ranges w i l l  be s e l e c t e d  f r om 

t h e  va lues  r e q u i r e d  f o r  t h e  b a s i c  shutdown t e s t s ,  t o  demonstrate t h e  

r e g u l a t i o n  band. 

Acceptance C r i t e r i a  f o r  MOD-0/5A 

a )  S t a b l e  behav io r  
b )  Speed r e g u l a t i o n  w i t h i n . 2 1  rpm (+5% o f  20 rpm) 

Data 

a )  Standard measurement s e t  
b )  C o n t r o l  r a t e  t h a t  meets r e g u l a t i o n  requ i rement  

Power Regu la t i on  - -  No c o n t r o l  requ i rement  i s  s p e c i f i e d  d i r e c t l y  on power 

r e g u l a t i o n  performance f o r  t h e  MOD-5A. To ensure safe and r e l i a b l e  o p e r a t i o n  

d u r i n g  t h e  t e s t  and t o  demonstrate t h e  a b i l i t y  o f  t h e  MOD-0/5A a i l e r o n  t o  

r e g u l a t e  power, MOD-0/5A o u t p u t  power must be s t a b l e  and w i t h i n  +20 kW 

around t h e  r e f e r e n c e  power when i n  an a c t i v e  r e g u l a t i n g  mode. A  power 

r e g u l a t i n g  feedback c o n t r o l  l o o p  w i t h  p r o p o r t i o n a l  and i n t e g r a l  c a p a b i l i t y  

w i l l  be  used w i t h  s t a b l e  ga in  s e t t i n g s  t h a t  use t h e  a i l e r o n  su r f ace  p o s i t i o n  

as t h e  f i n a l  c o n t r o l  element. F u l l - s c a l e  c o n t r o l  r a t e  1  i m i t s  o f  2" and 5" pe r  

second w i l l  be  s imu la ted  b y  t h e  MOD-0/5A system. S u f f i c i e n t  w ind  speed ranges 

w i l l  be s e l e c t e d  f r om t h e  va lues  r e q u i r e d  f o r  t h e  b a s i c  shutdown t e s t s ,  t o  

demonstrate t h e  r e g u l a t i o n  band. Reference power va lues w i l l  be s e l e c t e d  t o  

f o r c e  o p e r a t i o n  i n  an a c t i v e  r e g u l a t i n g  mode f o r  each wind speed range. 



Acceptance C r  i t e r  i a  f o r  MOD-O/5A 

a )  S t a b l e  behav io r  
b )  Power r e g u l a t i o n  w i t h  i n  k 20 kW o f  se lec ted  power s e t  p o i n t s ,  

Data 

a )  Standard measurement s e t  
b )  A i l e r o n  deployment r a t e  t h a t  meets r e g u l a t i o n  requ  i rement 

8.4.3.3.3 Sound Level  Demonstrat ion 

Average sound l e v e l s  (A-sca le  weighted)  must be no more than  3dBA h ighe r  than 

comparable measurements or: a  t i p - c o n t r o l l e d ,  s i m i l a r l y  cc~n f i gu red  MOD-0. 

S i m i l a r l y ,  n o i s e  increments above t h e  zero  d e f l e c t  i o n  case caused by a i l e r o n  

d e f l e c t i o n s  r e q u i r e d  f o r  c o n t r o l  must be no more than  3  dB h i g h e r  than  n o i s e  

caused b y  d e f l e c t i o n  o f  PSC t i p s  f o r  c o n t r o l  under s im. i la r  c o n d i t i o n s .  

Measurements w i l l  be recorded  a t  120-150 f t ,  and 800-1000 f t  o r  t h e  l i m i t  o f  

a u d i b i l  i ty, and downwind, and i n  t h e  p l ane  o f  t h e  r o t o r .  Re1 i a b l e  f a r - f  i e l d  

p r e d i c t  ions based on nea r - f  i e l  d  source 1  eve1 ~neasurernent,; and s tandard  

a c o u s t i c  p ropagat ion  p r e d i c t i o n  techniques a re  acceptable.  Data w i l l  be 

acqu i red  on r o t o r  p o s i t  ions and c o n t r o l  d e f l e c t  i on  co inc ic len t  w i t h  sound 

measurements, and analys i s  w il l d i f f e r e n t i a t e  t h e  e f f e c t  of  tower shadow and 

c o n t r o l  d e f l e c t i o n .  Broad band measurements fro111 5  t o  20,1300 Hz w i l l  be 

recorded  t o  c r e a t e  a  da ta  base f o r  s p e c t r a l  ana l ys i s .  

Acceptance C r i t e r i a  f o r  MOD-O/SA 

a )  Average sound must be l e s s  than 3dBA above t i p - c o n t r o l l e d  
c o n f i g u r a t i o n  i n  power c o n t r o l  and speed c o n t r o l  modes 

b )  Incrementa l  n o i s e  caused by  a i l e r o n  c o n t r o l  d e f l e c t i o n s  must be no  
more than  3  dB above s i m i l a r  PSC c o n t r o l  n o i s e  incremewts 

c )  A c q u i s i t i o n  o f  b a s i c  sound l e v e l  da ta  on MOD-O/5A c o n f i g u r a t i o n  

a )  Standard measurement s e t ,  and sound i ns t rumen ta t i on  
b )  Sound reco rd ings  i n  va r i ous  winds i n  speed c :ont ro l  
c )  Sound reco rd ings  i n  va r i ous  winds i n  power c o n t r o l  
d )  Sound reco rd ings  i n  va r i ous  winds d u r i n g  s e l e c t e d  shutdowns 
e )  Spec t ra l  narrow band and 1/3 oc tave  a n a l y s i s  o f  item!; b )  th rough  d )  

f o r  r ep resen ta t  i v e  cond it ions 
f )  Qua1 i t a t i v e  assessment o f  sound by  exper ienced s i t e  opel-ators 



8.4.3.3.4 Secondary E f f e c t  Demonstrat ion 

S t a b i l i t y  -- The t e s t  u n i t  must show no aerodynamic i n s t a b i l i t y  d u r i n g  any 

speed c o n t r o l  , power c o n t r o l  , shutdown, o r  s t a r t u p  o p e r a t i n g  mode. A i l e r o n  

h  inge 1  i n e  mass ba lanc ing  may be used t o  avo id  i ns tab  il i t y .  

Acceptance C r i t e r i a  f o r  MOD-O/SA 

a )  No aerodynamic i n s t a b i l i t y ,  i n d i c a t e d  b y  c o n t r o l  p o s i t i o n  o r  s t r a i n  
n~easurenien t s  

Uata 

a )  Standard measurement s e t  
b )  Mass ba lance we igh t  and l o c a t  ion,  if any 

A i l e r o n  Self-Deployment -- The t e s t  a i l e r o n  w i l l  dep loy when c o n t r o l  power i s  

l o s t .  Aerodynamic, c e n t r i f u g a l  , o r  s t o r e d  energy f o r ces  cause smooth, s tab1 e  

mot ion.  Th i s  mot ion  may be demonstrated b y  ana l ys i s .  

Acceptance C r i t e r i a  f o r  MOD-0/5A 

a )  A i l e r o n  se l f - dep loys  t o  f u l l  d e f l e c t i o n  when t h e  r o t o r  i s  n o t  r o t a t i n g  
and c o n t r o l  power i s  removed. 

b )  Aerodynamic and c e n t r i f u g a l  f o r c e s  must be s u f f i c i e n t  t o  d r i v e  a i l e r o n  
t o  approx imate ly  60' o r  g rea te r  deployment. ( T h i s  c r i t e r i a  may be  
demonstrated b y  a n a l y s i s  o f  measured h inge  moments.) 

c )  A i l e r o n  h i nge  t o rque  o r  c o n t r o l  r o d  s t r a i n  versus p o s i t i o n  a t  t e s t  
r o t o r  speeds must produce aerodynamic f o r ces  t h a t  d r i v e  t h e  a i l e r o n  
toward deployment angles r e q u i r e d  t o  dece le ra te  t h e  r o t o r .  

Data 

a )  Standard measurement s e t  

The da ta  and measurements r e q u i r e d  t o  q u a n t i t a t i v e l y  eva lua te  t h e  a i l e r o n ' s  

performance a r e  descr ibed  i n  Sec t i on  8.4.3.5. Th i s  e v a l u a t i o n  w i l l  determine 

if an a i l e r o n  c o n f i g u r a t i o n  performs acceptably ,  accord ing  t o  t h e  acceptance 

c r i t e r i a .  



8.4.3.4 Test  b e s c r i p t i o n  

Mod-O/5A a i l e r o n  t e s t s  were performed a t  NASA's Plum Brook S t a t i o n ,  i n  

Sandusky, Ohio, f r om December, 1983 th rough June, 1984. The t e s t s  used NASA's 

MOD-0 wind t u r b i n e  t e s t  f a c i l i t y  and da ta  system. The GE t e s t  u n i t s ,  w i t h  38% 

chord  a i l e r o n  and 64XXX a i r f o i l  sec t ions ,  were i n s t a l l e d  a t  t h e  o u t e r  ends o f  

t h e  40 ft. s t u b  inboard blades, as shown i n  F i g u r e  8-237. The GE t i p s  were 

aluminum, o f  a i r c r a f t - t y p e  cons t ruc t i on ,  23.9 f t .  l o n g  and # i t t ached  t o  t h e  

NASA s t u b  b l a d e  ends a t  s t a t i o n  481 ( i n ) .  The r o t o r  diamete'r was 127.9 ft. 

A l l  h y d r a u l i c  and e l e c t r i c a l  l i n e s  i n t e r f a c e d  w i t h  t h e  f a c i l i t y  connect ions 

th rough t h e  mat ing  s t a t i o n  481 r i b .  The t i p  was mechan ica l l y  a t tached  by  h i g h  

s t r eng th ,  s t e e l  s tuds  .5 in .  fn diameter.  Some dimensions 01' t h e  r o t o r  a r e  

shown i n  F i g u r e  8-237. 

I n  o rde r  t o  meet t h e  ob jec tcves  and requi rements d e f i n e d  i n  e a r l  i e r  sec t ions ,  

t e s t s  were conducted over  a range  o f  w ind  speeds, between5 mph and more than  

3 5  mph. Data was taken w i t h  t h e  p l a i n  and t h e  balanced a i l e r o n  

c o n f i g u r a t i o n s ,  over  a  range o f  a i l e r o n  d e f l e c t  ions,  b12tween 0"  and 

approx imate ly  -90". Data was taken w i t h  t h e  a i l e r o n  d e f l e c t i o n  f i x e d  and w i t h  

t h e  a i l e r o n  d e f l e c t i o n  c o n t r o l l e d  b y  t h e  servo  system. Data was taken  a t  a  

s e l e c t e d  f i x e d  r o t o r  speed o f  20 rpm, and a l s o  a t  lower  r o t o r  sgeeds f o r  

a u t o r o t a t i o n  data,  speed c o n t r o l  data,  and shutdown data.  A ~ t o r o t a t i o n  and 

shutdown da ta  was taken b o t h  w i t h  s i n g l e  and doub le - t  i p  o p e r a t i o n  t o  compare 

undamagea and s imu la ted  damaged r o t o r  performance. 

Du r i ng  t e s t  opera t ions ,  measurements o f  va r i ous  t e s t  parameters were made f r om 

s e t s  o f  sensors l o c a t e d  a t  va r i ous  p o s i t i o n s  on t.he t i p s ,  on me teo ro log i ca l  

towers sur round ing  t h e  s i t e  and i n s i d e  t h e  hub and n a c e l l e .  A 1  i s t  o f  

measurement parameters i s  d iscussed i n  a  l a t e r  paragraph. The d a t a  was 

encoded b y  t h e  s tandard  NASA w ind  t u r b i n e  generator  da ta  system and 

t r a n s m i t t e d  t o  t h e  c o n t r o l  room, where i t  was processed and recorded  on s t r i p  

c h a r t s ,  d i g i t a l  magnet ic tape  and FM analog magnet ic tape. The o n - s i t e  

mon i to rs  e v a l l ~ a t e d  s t r i p  c h a r t  d i s p l a y s  and performed some da'ta man ipu la t i on  

on  a  Hywlett- l 'ackard HP-85 computer. 
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P o s t - t e s t  d a t a  r e d u c t i o n  and a n a l y s i s  a t  NASA's LeRC computer f a c i l i t y  i n  

Cleve land,  Clh i o ,  used t h e  d i g i t a l  tape, NASA's s tandard  da ta  p rocess ing  

program, and NASA's m o d i f i e d  process i n g  program. Shutdown d a t a  were reduced 

b y  NASA f r om HP-85 ou tpu ts .  The reduced da ta  was t r a n s m i t t e d  t o  GE on tape, 

m i c r o f i c h e  arid i n  g raph i c  f o rm  f o r  t h e  f i n a l  e v a l u a t i o n  and a n a l y s i s .  The 

ana lys  i s  r e s  ~l t s  were used i n  t h e  MOD-5A a i l e r o n  performance e v a l u a t i o n  and 

p r e d i c t i o n  program. 

I'lore d e t a i l e 3  descr  i p t  ions o f  t h e  hardware, da ta  measurements and sensors, 

t e s t  ope ra t i ons  and o n - s i t e  eva lua t i ons  a re  g i ven  i n  t h e  f o l l o w i n g  

paragraphs. D e t a i l s  o f  p o s t - t e s t  p rocess ing  and f i n a l  r e s u l t s  a re  presented 

i n  s e c t i o n s  6.4.3.7, 8.4.3.8, and 8.4.3.9. NASA's f i n a l  d a t a  a n a l y s i s  r e p o r t  

w i l l  b e  pub1 i shed  l a t e r .  

8.4.3.4.1 D e s c r i p t i o n  o f  Test  U n i t s  and Design C r i t e r i a  
Tne t e s t  u n i t s  c o n s i s t  o f  two a i l e ron -equ ipped  t i p  s e c t i o n s  3 t tached  t o  t h e  

o u t e r  ends o f  NASA's 4 0 - f t .  wooden s tub  bl t ides on t h e  MOD-0. The 

c o n f i g u r a t i o n  o f  t h e  t e s t  u n i t  can be changed i n  t h e  a i r ,  between p l a i n ,  

balanced, damaged and undamaged c o n f i g u r a t i o n s .  The c o n f i g u r a t i o n s  can a l s o  

be f u r t h e r  m o d i f i e d  b y  removing t h e  a i l e r o n  su r f aces  f r om t h e  r o t o r  f o r  

changes on t h e  ground. The t e s t  u n i t ' s  s i ze ,  p l an fo rm  and a c t u a t i o n  system 

a re  s i m i l a r  t o  those  o f  t h e  a i l e r o n  t e s t  u n i t s  used i n  e a r l i e r  exper iments  on 

t h e  MOD-0. l 'he bas'c a i r f o i l  sec t i on ,  however, i s  t h e  NACA I ~ ~ X X X ,  which i s  

a l s o  used on ';he GE MOD-5A r o t o r .  

Two bas i c ,  unvented a i l e r o n  c o n f i g u r a t i o n s  were a v a i l a b l e  f o r  t .es t :  t h e  p l a i n  

and t h e  ba lanced a i l e r o n .  

Bo th  c o u l d  be  conver ted  t o  vented c o n f i g u r a t i o n s  ;in t h e  f i e l c ,  so t h a t  f o u r  

c o n f i g u r a t i o n s  c o u l d  be  eva lua ted  i n  t h e  MOD-0/5A t e s t s ,  depending on r e s u l t s  

o f  t h e  wind-.:unnel t e s t  program and t h e  e a r l y  MOD-O/5A t e s t  r e s u l t s .  A l l  

con f igu ra t ion : ;  a r e  h inged  a t  62% chord  on t h e  low p ressu re  s i d e  o f  t h e  

a i r f o i l  . Balanced a i l e r o n  c o n f i g u r a t i o n s  extend t o  t h e  50% c l i o r d l  i n e  on t h e  

h i g h  p ressure  s  i a e  o f  t h e  a i r f o i l .  A1 1  t h e  c o n f i g u r a t i o n s  con ta i ned  seve ra l  

spanwise a i l e r o n  s e c t i o n s  per  b lade,  so t h a t  a  jammed con t rc l l  c o n d i t i o n  o r  

s h o r t e r  a i l e r o n  c o n f i g u r a t i o n s  c o u l d  a l s o  be  s imulated.  



Geometric D e f i n i t i o n  - -  GE p rov i ded  t h e  geometr ic  d e f i n i t i o n  o f  t h e  t e s t  

u n i t .  The l a y o u t  o f  t h e  t e s t  u n i t ,  showing t h e  p l an fo rm  and genera l  

arrangement o f  t h e  a i l e r o n  i s  shown i n  F i g u r e  8-238. The p lanform was t h e  

same as t h a t  o f  NASA's a i l e r o n  c o n t r o l  t i p s ,  except  t h a t  t h e  shape a t  t h e  end 

o f  t h e  u n i t  i s  a  scaled-down v e r s i o n  of  t h e  MOD-5A t i p  shape. A d i f f e r e n t  

spanwise t h i ckness  d i s t r i b u t i o n  and a  t w i s t  d i s t r i b u t i o n  were incorpora ted ,  t o  

b e t t e r  s i m u l a t e  t h e  MOD-5A r o t o r .  The unvented, p l a i n  a i l e r o n  c o n f i g u r a t i o n  

shown i n  F i g u r e  8-238 i l l u s t r a t e s  t h e  arrangement o f  t h e  c o n t r o l  a c t u a t i o n  

system, t h e  h i nge  l i n e  l o c a t i o n ,  and t h e  method o f  spanwise segmenting o f  t h e  

a i l e r o n .  The a i l e r o n  segments can be locked  t oge the r  i n  t h e  cornbinat ions 

shown on F i g u r e  8-238, t o  t e s t  v a r i o u s  spanwise d i s t r i b u t i o n s  o f  a i l e r o n  

su r f ace  and v a r i o u s  damaged c o n a i t i o n s .  The a i l e r o n ' s  d e f l e c t i o n  range i s  

between 0' f o r  f u l l  power, and -90' f o r  f u l l  deployment. 

A more d e t a i l e d  d e f i n i t i o n  o f  t h e  a i l e r o n  t e s t  c o n f i g u r a t i o n s  i s  g i v e n  i n  

F i gu res  8-239, -240 and -241. D e t a i l s  o f  t h e  b a s i c  p l a i n  a i l e r o n  a r e  shown i n  

F i g u r e  8-239. Th i s  c o n f i g u r a t i o n  i s  a  t y p i c a l ,  u n s l o t t e d ,  unvented, 38% 

chord,  t r a i l i n g  edge a i l e r o n ,  h inged  a t  t h e  62% chord  l i n e .  The d e t a i l s  o f  

t h e  b a s i c  ba lanced a i l e r o n  and t h e  techn ique  f o r  c o n v e r t i n g  f r om  t h e  p l a i n  

a i l e r o n  a r e  shown i n  F i g u r e  8-240. The ba lanced c o n f i g u r a t i o n  c o n s i s t s  o f  a  

p l a i n  a i l e r o n  a t  t h e  38% chord  on t h e  low p ressure  s ide ,  augmented b y  a  

" s p o i l e r "  l i p  a t  t h e  50%chord ,  which extends f r om t h e  h i g h  p ressu re  s i d e  o f  

t h e  a i r f o i l  when t h e  a i l e r o n  i s  d e f l e c t e d .  The e n t i r e  balanced a i l e r o n  i s  

h inged  a t  t h e  62% chord  1  i n e  on t h e  low p ressure  s i d e  o f  t h e  b lade .  

F i g u r e  8-241 shows t h e  concept f o r  c o n v e r t i n g  t h e  p l a i n  a i l e r o n  t o  a  vented 

a i l e r o n  a t  t h e  s i t e .  A s i m i l a r  convers ion  i s  a v a i l a b l e  f o r  t h e  ba lanced 

a i l e r o n .  I n  b o t h  cases, t h e  b a s i c  a i l e r o n s  a re  e a s i l y  conver ted  t o  t h e  vented 

c o n f i g u r a t i o n s  shown i n  F i g u r e  8-241 , b y  i n s t a l  1  i n g  doub le r  p l a t e s  and 

a r i l l  i n g  ven t  ho les .  The amount o f  v e n t i n g  can be v a r i e d  by  sea l  i n g  some o f  

t n e  ven t  h o l e s  w i t h  tape. Once t h e  a i l e r o n  has been conver ted  t o  t h e  vented 

c o n f i g u r a t i o n ,  i t  cannot  resume t h e  b a s i c  c o n f i g u r a t i o n .  A r e t u r n  t o  t h e  

unvented c o n f i g u r a t i o n  c o u l d  be approximated b y  t a p i n g  over  a l l  v e n t  ho les .  



POSSIBLE AILERON S E M E N 1  COMBINATIONS 
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\ T Y P I C A L  LEADING EDGE T R I P  S T L I P  
( 3  STRIPS x 2"  DUCT TAPE) \ I N - A I R  INSTALLABLE P L A I N  AILERON F I L L E R  P IECES 

NOTES: - MAXIMUM DEFLECTIONS: 6 = + 10' TO 6 = -105' 
- F I L L E R  P IECES (6  PER BLADE)  ARE REMOVEDIINSTALLED WITH  AILERON 

DEFLECTED, 6 = -90° 

F i g u r e  8 - 2 3 9  P l a i n  A i l e r o n  C o n f i g u r a t i o n  



BASIC 38% AILERON 

I 
IN-AIR INSTALLABLE 50% CHORD 1- BALANCED AILERON NOSEPIECE 

NOTES: - MAXIMUM DEFLECTIONS: 6 = + 10' TO 6 = - 105O 
- NOSE PIECES ( 6  PER BLADE) ILJSTAL!.ED InlITH AILERON 6 a -90' AFTER 

REMOVAL OF PLAIN AILERON FILLER PIECES (FIGURE 8.4 .3-4)  

F igure 8-240 Balanced A i  1 eron Conf igura t ion  
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ADD-ON DOUBLER P L A T E S  FOR O N - S I T E  1 N S T A L L A T l O N  AND HOLE D R I L L I N G .  
TWO ( 2 )  P L A T E S  PER A l L E R O N  S E C T l O N  l N S T A L L E D  W l T H  B L l N D  R I V E T S  
OR SCREWS 

- O R I G I N A L  B A S l C  A l L E R O N  

NOTE: S K E T C H  SHOWS P L A l N  A l L E R O N .  CONYERS lON OF BALANCED C O N F l G U R A T l O N  I S  S I M I L A R .  
A l L E R O N  S E C T l O N S  T O  B E  REMOVED FROM BLADE FOR ON-GROUND CONVERS lON TO 
VENTED C O N F l G U R A T l O N .  

F i g u r e  8-241 F i e 1  d C o n v e r s i o n  C o n c e p t  f o r  V e n t i l  a t i o n  
o f  B a s i c  A i l e r o n s  



Design C r i t e r i a  -- D e t a i l s  o f  t h e  des ign c r i t e r i a  a r e  giver)  i n  r e f  1. The 

main b l ade  s t r u c t u r e  was designed f o r  a  marg in  o f  approx imate ly  1.5, based on 

m a t e r i a l  y i e l d  s t r e n g t h  and maximum design 1 oads. Maximum des ign  loads  were 

based on e i t . he r  t h e  one-t ime h u r r i c a n e  c o n d i t i o n ,  o f  140 mph wind b roads ide  t o  

t h e  planforrn, which d e f i n e d  t h e  wo rs t  case o f  f l a p w i s e  bending loads, o r  t h e  

maximum p r e d i c t e d  low-cyc le  o p e r a t i n g  loads based on a combinat ion o f  

t h e o r e t i c a l  analys i s  and 1 oads exper ience, which d e f i n e d  t h e  wo rs t  case o f  

chordw i s e  b ~ : n d  i n g  cond i t i ons .  A1 though t h e  maximum MOD-0/5A r o t o r  speeds were 

t o  be  approx imate ly  20 rpm, t h e  loads a n a l y s i s  c o n s e r v a t i v e l j r  assumed 30 rpm, 

where necessary. The a i l e r o n ,  h inges  and a c t u a t i o n  system components were 

designed f o r  a  maximum load,  assuming t h a t  t h e  f u l l  140 nph h u r r i c a n e  wind 

would be pe rpend i cu la r  t o  t h e  f u l l  a i l e r o n  p lan fo rm area, r eg i i r d l ess  o f  stowed 

c o n t r o l  de f ' l ec t i on  angle,  as a wo rs t  case. The maxim~~m f l a p w i s e  t i p  

d e f l e c t i o n  c f  t h e  t e s t  u n i t  under maximum design l i m i t  l o a d  was r e s t r i c t e d  t o  

12 i n .  

No f a t i g u e  1 i f e  va lue  was s p e c i f i e d  f o r  t h e  design, b u t  i t  w i~s  s p e c i f i e d  t h a t  

good f a t i g u e  des ign  p r a c t i c e  be employed f o r  a  goal  o f  106 cyc les .  H igh  

c y c l e  f a t i g u e  loads were a l s o  es t imated  f o r  guidance i n  deq/elopment o f  t h e  

design. Schweizer A i r c r a f t  performed a s t r e s s  a n a l y s i s  t o  c a l c u l a t e  t h e  

maximum 1 i m ' i t  loads, low c y c l e  loads and h i g h  c y c l e  loads f o r  t h e  va r i ous  

c r i t i c a l  s t r u c t u r a l  components and p r e d i c t e d  des ign margins fc l r  t h e  t h r e e  l o a d  

cases. Proo f  t e s t s  were conducted b y  Schweizer t o  v e r i f y  t h e  a c c e p t a b i l i t y  o f  

t n e  hardware. 

The GE t e s t  u n i t s  were des igned t o  be compat ib le  w i t h ,  and t o  mate d i r e c t l y  

w i t h ,  MOD-0 rllach i n e  i n t e r f a c e s :  

o  Mechanical - Studs on t h e  end o f  t h e  40 ft. s t u b  b l ade  
0 Hydral l l  i c  - 1,500 p s i  i s  t h e  maximum a c t u a t i o n  pres,sure requ i rement  

(3,003 p s i  i s  t h e  maximum system des ign p ressure)  
o  E l e c t l - i c a l  - 110 VAC power, compat ib le  instrumental; ion and sensor 

systems. 



I n  o rae r  t o  avo id  p o t e n t i a l  problems caused b y  t h e  use o f  unproven components 

i n  t h e  r o t a t i o n a l  env ironment, t h  i s  t e s t  used t h e  same hydrau: i c  components, 

e l e c t r i c a l  connectors  and s t ra in -gages  t h a t  had been used on e a r l i e r  NASA 

a i l e r o n  t ' i p s .  A  d i f f e r e n t  mechanical  dua l  b e l l c r a n k  system was used, however, 

because t h e  a i l e r o n s  were segmented. The l ong  pushrod between t h e  b e l l c r a n k s ,  

shown i n  F i g u r e  8-238 a l s o  serves as a  c e n t r i f u g a l  we igh t  t o  d r i v e  t h e  a i l e r o n  

60' toward f u l l  deployment i f  h y d r a u l i c  c o n t r ~ l  power i s  l o s t .  A mechanical  

system f o r  l o c k i n g  t h e  a i l e r o n  a t  f u i i  deployment was used, r a t h e r  than  t h e  

pneumatic b rake  system used i n  t h e  ear1 i e r  t i p s .  Except f o r  t h e  

so lenoid-operated,  mechanical  l ocks ,  which r e q u i r e d  i n s t a l  l a t i o n  o f  two 

a d d i t i o n a l  e l e c t r i c a l  swi tches,  t h e  a c t u a t i o n  and d a t a  systems o f  t h e  GE t e s t  

u n i t s  were f u l l y  compat ib le  w i t h  t h e  systems i n  NASA's f a c i l i t y .  

Design and C o n s t r u c t i o n  - -  A d e t a i l e d  s e t  o f  hardware performance requ i rements  

and i n t e r f a c e  s p e c i f i c a t i o n s  f o r  t h e  t e s t  u n i t  were developed b y  GE, i n  

r e f .  1 .  The d e t a i l e d  des ign  and t h e  f a b r i c a t i o n  o f  t h e  t e s t  u n i t ,  based on 

t hese  s p e c i f  i c a t i c n s  and requi rements ,  was t h e  respons i b i 1  i t y  o f  t h e  

subcon t rac to r ,  Schweizer A i r c r a f t  Corp. GE p rov i ded  t e c h n i c a l  d i r e c t  i o n  and 

des ign  approva l .  Schweizer A i r c r a f t  a l s o  documented, i n  Schweizer A i r c r a f t  

company r e p o r t s ,  t h e  s t r e s s  analyses, s t r u c t u r a l  and operat iona ' l  p r o o f - t e s t  

da ta ,  and f l u t t e r  parameters which a r e  r e q u i r e d  b y  NASA" s a f e t y  gu ide1 ines.  

GE and NASA a s s i s t e d  i n  t h e  p r o o f  t e s t i n g  t h a t  v e r i f i e d  t h e  des ign.  

The t e s t  u n i t s  were s tandard  a i r c r a f t  c o n s t r u c t i o n ,  u s i n g  an aluminum main 

box-beam spar  w i t h  a 1  i g h t e r  r e a r  spar ,  aluminum r i b s ,  and aluminum sk i ns .  

The a i l e r o n s  were made w i t h  aluminum r i b s  and s k i n  w i t h  an i n t e r n a l  web f o r  

a d d i t i o n a l  t o r s i o n a l  s t i f f n e s s  and s t r eng th .  The a i l e r o n s  were a t t ached  t o  

t h e  main b l ade  w i t h  p iano- type h inge segments. S u f f i c i e n t  c lea rance  between 

t h e  a i l e r o n  segments and between t h e  h i n g e  segments p reven ts  b i n d i n g  o f  t h e  

a  s le rons  and a c t u a t i o n  mechanism under maximum o p e r a t i n g  1  oads over  t h e  range 

o f  o p e r a t i n g  a i l e r o n  d e f l e c t i o n s .  The s t r u c t u r a l  components i n  c r i t i c a l  areas 

were assembled w i t h  r i v e t s  o r  1  i g h t  d r i v e - f  i t  b o l t s  o r  screws. I n  t h e  areas 



where added f a t i g u e  l i f e  was o f  concern, components were i t l so  bonded w i t h  

epoxy, t o  aimost double t h e  requ i red  design margins. The enlj t i p s  were made 

o f  molded g lass  f i b e r  t o  accommodate t h e  complex, double-curved surfaces. 

The t e s t  u n i t  was at tached t o  t h e  inboard b lade studs w i t h  a  massive root-end 

f i t t i n g ,  wh'ich was machined f rom a  s o l  i d  b lock o f  7075-T651 aluminum. This 

f i t t i n g  was at tached t o  t h e  inboard end o f  t h e  main spar webs w i t h  s t e e l  b o l t s  

and epoxy. A1 1  mating pieces, s l o t s ,  and b o l t  ho les  were p rec i s  ion machined 

and checked t o  ensure a  ho le - f  ill i n g  b o l t  f i t .  

The a i l e r o n  i s  composed o f  s i x  segments and i s  h  irlged a t  t h e  62% chord1 i ne  on 

t h e  low-pressure s i d e  o f  t h e  blade. S t r u c t u r a l  and h inge c l e t ~ r a n c e  a l lows t h e  

a i l e r o n  t o  nlove f rom 10' toward the  h igh  pressure s ide  t o  approximately -105' 

toward t h e  low pressure s ide.  The a i l e r o n  i s  a c t i v a t e d  by a  s i n g l e  hydraul  i'c 

c y l i n d e r  d r ' i v ing  through a  dual be l l c rank  system,, as shown i n  F igure  8-238. 

Tne l a r g e  pushrod between the  twc be l l c ranks  t r a n s f e r s  c y l i n d e r  c o n t r o l  f o rces  

t o  t h e  outboard be l l c rank ,  and ac ts  as a  r o t a t i n g  mas:; t h a t  prov ides 

s u f f i c i e n t  c e n t r i f u g a l  f o r c e  t o  d r i v e  t h e  a i l e r o n  t o  the  -60" deployment 

p o s i t i o n  i f  t h e  hydraul  i c  power f a i l s .  F l u t t e r  ~ z h a r a c t e r i s t i c s  and requ i red  

c o n t r o l  system s t i f f n e s s  f o r  t h e  a i l e r o n  and b lade combinat ion were c a l c u l a t e d  

b y  GE. Prod is ion  was inc luded i n  the  a i l e r o n  design f o r  a.pproximately 40% 

mass balance. 

The hyd rau1 . i~  c o n t r o l  system i s  diagrammed i n  r e f .  2. The system provides 

several  oper2t  i o n a l  features: 

o Standard servo c o n t r o l  through the  ABEX valve. 
o  Eme.+gency fu l l -dep loyment  loop t h a t  bypasses t h e  sf!rvovalve i n  t h e  

event o f  an e l e c t r i c a l  f a i l u r e  o r  emergency-stop comm,ind. 
o  Byp3ss t e s t  l oop  t h a t  removes t h e  hydraul  cc system from t h e  a i l e r o n  

system t o  check f r e e - f  l o a t  i ng  and f l u t t e r  c h a r a c t e r i s t i c s  o f  t he  
a i l l?ron.  Th i s  loo? i s  prov ided w i t h  a  f ' low-cont ro l  va lve  t o  c o n t r o l  
ra tes ,  damping o r  both. 

o  A h , ia rau l ic  energy storage capac i t y  i n  an accumulator,, 

The p o s i t i o r  o f  t h e  a i l e r o n  i s  sensed by  a  Durapot t ransduc l~ r  t h a t  measures 

t h e  p o s i t i o n  o f  t h e  inboard be l l c rank .  



A so lenoid-operated,  mechanical  l o c k  a t  t h e  inboard  be1 l c r a n k  l o c a t  i o n  l o c k s  

t h e  a i l e r o n  i n  t h e  maximum deployment p o s i t i o n  when t h e  r o t o r  i s  n o t  

ope ra t i ng .  The l o c k  i s  engaged when power i s  shu t  o f f  and t h e  a i l e r o n  i s  

d e f l e c t e d  t o  -90 degrees. The l ock  i s  disengaged b y  e n e r g i z i n g  t h e  so leno id .  

I n t e r f e r e n c e s  i n  t h e  f i l l e r - p i e c e  sea ls ,  shown i n  F i g u r e  8-239, and t h e  

a c t u a t i o n  mechanism components 1  i m i t  p l a i n  a i l e r o n  t r a v e l  t o  0 "  t o  

approx imate ly  -89". The range can be changed b y  a d j u s t i n g  t h e  h y d r a u l i c  

c y l  i nder  rod-end f i t t i n g  and t h e  b e l l c r a n k - t o - a i l e r o n  pushrods, and m o d i f y i n g  

t h e  foam sea l s .  

T i p  I n s t r u m e n t a t i o n  - -  The t i p  was ins t rumented t o  p r o v i d e  da ta  on f l a p w i s e  

and chordwise bend ing  moments, a i l e r o n  pushrod loads,  and a i l e r o n  d e f l e c t  i o n  

angle .  

A l l  bending moment and l oad  measurements were implemented b y  4-element 

s t r a i n -gage  b r i dges  s  i m i l  a r  t o  those  employed f o r  s i m i l a r  measurements on 

NASA's a i l e r o n  t i p s .  350 R s t r a i n  gages w i t h  10V b r i d g e  e x c i t a t i o n  were 

compat ib le  w i t h  t h e  MOD-0 da ta  mu1 t i p l e x i n g  and t ransmiss  ion  system. Bending 

moments o r  a x i a l  l oads  were measured a t  t h e  f o l l o w i n g  l o c a t i o n s  i n  t h e  GE t e s t  

u n i t s :  

o  F lapwise  bending - S t a t i o n  489.5 in., gages mounted on main spar  webs. 

o  Inboard  chordwise bending - S t a t i o n  489.5 in., gages mounted on main 
spar  webs. 

o  Outboard chordwise bending - S t a t i o n  524.0 in., gages mounted on i n s i d e  
sur faces  o f  l e a d i n g  edge s k i n  and r e a r  spar .  

o  I nboa rd  a i l e r o n  pushrod l oad  - S t a t i o n  516.0 in., gages mounted on 
pushrod c i rcumference .  

o  Outboard a i l e r o n  pushrod l oad  - S t a t i o n  642 in., gages mounted on 
pushrod c i rcumference.  

I n  a1 1  l o c a t i o n s ,  two s e t s  o f  s t r a i n  gages were i n s t a l l e d  f o r  100% gage 

redundancy. S igna l  c a b l e  1  i m i t a t  ions,  however, d i d  n o t  p e r m i t  t h e  back-up 

b r i d g e  s i g n a l s  t o  be te lemete red  t o  t h e  c o n t r o l  room, except  i n  t h e  f l a p w i s e  

bending case. A l l  s t r a i n  gage b r i dges  were c a l i b r a t e d  as p a r t  o f  t h e  



Schweizer PI -oof - test  program. Some d isc repanc ies  have been found i n  t h e  

o r i g i n a l  c a l i b r a t i o n  data.  F i n a l  c d l i b r a t i o ~ i  va lues  a r e  notecl i n  NASA's f i n a l  

d a t a  ana l ys i s ,  which has n o t  y e t  been pub1 ished. 

A Uurapot angu la r  pus i t  i o n  t ransducer  measured a i l e r o n  d e f l e c t  ion. The 

t ransducer  reads d e f l e c t  i o n  va lues through a  1  inkage operated o f f  t h e  inboard 

b e l l c r a n k .  The d e f l e c t i o n  angle t ransducers  were c a l i b r a t e d  a t  Plum Brook 

a f t e r  t h e  CE t e s t  u n i t s  were i n s t a l l e d  on t h e  MOD-O r o t o r  as p a r t  of  t h e  

p r e - t e s t  check and system v e r i f i c a t i o n  procedures. Sorne n o n l i n e a r i t y ,  a  

~~~ax i rnum o f  i .bout 4' f rom 1  inear  response, was found d u r i n g  these  c a l i b r a t i o n s ,  

p robab ly  ca i sed  by  t h e  d r i v e  1  inkage i n  t h e  t e s t  u n i t s .  Th i s  problern can be 

c o r r e c t e d  i:n reduced da ta  i f  requ  i r ed ,  s  ince ac:tual c a l  i b r a t  i on  curves a r e  

a v a i l a b l e .  The t ransducer  a l s o  supp l i es  c o n t r o l  s i g n a l s  f o r  t h e  

se rvo -con t r c~ l  l e d  power and speed r e g u l a t i o n  [nodes o f  ope ra t  ion.  No e f f e c t  o f  

t h i s  sensor nonl  inear  i t y  was expected o r  no ted  i n  t h e  r e g u l i i t  i o n  performance 

da ta .  

Other e l e c t l c i c a l  cab1 i n g  i n  t h e  t e s t  u n i t  p rov ides  power and c o n t r o l  s i g n a l s  

f o r  t h e  h y d r a u l i c  c o n t r o l  va lves  and t h e  mechanical l a t ches .  

3.4.3.4.2 Summary o f  P roo f  Tests  

A f u l l  s e t  o f  p r o o f  t e s t s  and gage c a l i b r a t - i o n s  were c:onducted a t  t h e  

Schweizer A . r c r a f t  P l a n t  b e f o r e  t h e  t e s t  u n i t s  were d e l i v e r e d  t o  Plum Brook. 

The t e s t s  were d i v i d e d  i n t o  f o u r  p a r t s :  1.) p r o o f  t e s t  main s t r u c t u r a l  

n~err~bers t o  des iyn  l i r n i t  loads, 2 . )  p r o o f  t e s t  a i l e r o n  c~nd d r i v e  systern 

ope ra t  i on  t o  maximum o p e r a t i o n a l  loads, 3. ) p r o o f  t e s t  hydrau 1  i c  components t o  

s p e c i f i e d  p ressure  l e v e l s ,  and 4.) c a l i b r a t e  a l l  s t r a i n  gage b r i dges  under 

known l o a d i n g  c o n d i t i o n s .  

L i m i t  Load S t r u c t u r a l  P r o o f  Tes t  -- The two t e s t  u n i t s  hlere sub jec ted  t o  

p o s i t i v e  and nega t i ve  f l apw  i s e  and chordwise loads t h a t  exceeded t h e  des ign  

1  i r n i t  load: b y  , ? % t o  4%. Maximum f lapwise  ancl chordwise 1  i m i t  loads were 

appl  i e d  independent ly,  s  ince  t h e  comb ined rnax irnum l o a d  was t o o  ccnse rva t i ve .  



Tne d e f l e c t i o n s  a t  va r i ous  l o c a t i o n s  were measured, and s k i n s  were examined 

f o r  buck 1  i n g  under t h e  maximum loads. These t e s t s  were conducted b e f o r e  t h e  

a i l e r o n  sec t  ions were i n s t a l  l ed ,  b u t  a1 1  o t h e r  s t r u c t u r a l  s k i n  s e c t  ions  were 

i n  p lace.  Maximum f l a p w i s e  and chordwise t i p  d e f l e c t i o n s  under t h e  maximum 

t e s t  loads were 9.25 i n .  and 4.25 in., r e s p e c t i v e l y .  No s i g n i f i c a n t  b u c k l i n g  

o r  permanent de fo rmat ion  was noted i n  any o f  these  t e s t s .  

A i l e r o n  Opera t iona l  P roo f  Test -- One t e s t  u n i t  was sub jec ted  t o  maximum 

p r e d i c t e d  o p e r a t i o n a l  loads w i t h  t h e  a i l e r o n  near 0' and t h e  o t h e r  u n i t  was 

sub jec ted  t o  s i m i l a r  c o n d i t i o n s  a t  -90'. I n  t h i s  case, bo th  t h e  main b l a d e  

and t h e  a i l e r o n  were loaded w i t h  a  d i s t r i b u t i o n  o f  loads s i m u l a t i n g  t h e  

maximurn chordwise and f l a p w i s e  loads  a n t i c i p a t e d  f o r  t h e  two o p e r a t i n g  

cond i t i ons .  The a i l e r o n  was moved about 10' under t h e  loaded c o n d i t i o n s  t o  

v e r i f y  t h a t  no  b ind ing ,  o r  component deformat ion,  would p reven t  e f f e c t i v e  

o p e r a t i o n  o f  t h e  a i l e r o n  system. No evidence o f  b i n d i n g  o r  o t h e r  problems was 

notea i n  e i t h e r  l oad ing  case. S t r u c t u r a l  deformat ions were moni tored t o  

determine t h e  amount o f  a i l e r o n  r o l l - u p  under l oad  and t o  v e r i f y  t h a t  t h e  

a i l e r o n  components would n o t  be deformed o r  buck led permanently. Rol  l -ups o f  

approx imate ly  0.5' were no ted  over  bo th  t h e  t h r e e  inboard sec t i ons  operated b y  

t h e  inboard b e l l c r a n k  and t h e  t h r e e  outboard s e c t i o n s  operated by  t h e  ou tboard  

b e l l c r a n k .  No b u c k l i n g  o r  permanent d e f l e c t i o n  was noted. 

H y d r a u l i c  Pressure  P roo f  Test -- The e n t i r e  h y d r a u l i c  system i n  each t i p  was 

p roo fed  b y  p r e s s u r i z i n g  i t  t o  4,500 p s i ,  1.5 t imes t h e  maximum design 

ope ra t i ng  p ressure  o f  t h e  MOD-0 h y d r a u l i c  system. No f a i l u r e s  were no ted  i n  

any p a r t s  o f  t h e  system, except  i n  a  f l ex -hose  end, which was r e p a i r e d  and 

r e t e s t e d .  

S t r a i n  Gage Cal i b r a t i o n s  -- A l l  bending s t r a i n  gage b r i dges  were c a l  i b r a t e d  

d u r i n g  t h e  s t r u c t u r a l  p r o o f  t e s t s .  B r i dge  ou tpu t s  were moni tored and recorded  

f o r  va r i ous  s teps  i n  t h e  l oad ing  schedule t o  o b t a i n  ou tpu t  vo l t age  vs. r o o t  

bending moment f o r  each o f  t h e  b r idges .  Dur ing  t h i s  c a l  i b r a t i o n ,  t h e  



s e n s i t i v i t y  o f  f lapwise bending br idges  t o  chordwise bending, and v i c e  versa, 

was assesse!d. I t  i s  quest ionable, however, whet.her o r thogo~ ia l  i t y  o f  load ing  

d i r e c t i o n s  cou ld  be maintc ined w i t h  s u f f i c i e n t  accuracy w i t h  the  proof t e s t  

1  oading techniques employed t o  acqu i re  meaningful c ross ta l k  values, e s p e c i a l l y  

f o r  t he  a p p l i c a t i o n  o f  chordwise loadings. Subsequent c r o s s t a l k  checks w i t h  

t h e  blades i n s t a l l e d  on t h e  MOD-0 machine, and c a l  i b r a t i o n  data acqui red on a  

t h i r d  MOD-C1/5A blade i n  NASA's more accurate p roo f  t e s t  load ing  f a c i l i t y  

i nd i ca ted  t h a t  ac tua l  values o f  c ross ta l k  are, i n  general, much lower than 

those o r i g i r i a l l y  est imated from the  Schweizer c a l i b r a t i o n s .  

The a i l e r o n  pushrod st ra in-gage br idges were c a l  i b ra ted  over t he  f u l l  range of 

tens ion  ant1 compression values p red i c ted  from opera t iona l  c o n t r o l  f o r c e  

est imates.  These c a l i b r a t i o n s  were done independently o f  t h e  bending gage 

c a l  i b r a t  ions us i n s  separate tens il e  and compress i v e  te:; t equ ipmen t t o  

c a l i b r a t e  each o f  t h e  pushrods. 

8.4.3.5 - Moil-0/5A - Plum Brook F a c i l  i t y  I n te r faces  and Checks 

I n t e r f a c e s  - S p e c i f i c a t i o n s  f o r  mating GE's a i l e r o n  t e s t  u n i t s  t o  t he  MOD-0 

r o t o r  a t  Plum Brook were de f ined by  NASA and GE Th is  informli t  i on  i s  inc luded 

i n  r e f .  1 and describes t h e  f o l l o w i n g  in ter faces:  

1. Meckanical i n t e r f a c e s  mate w i t h  t h e  e x i s t i n g  s tud  pal i tern on t h e  t i p s  
o f  t h e  s tub  blades, and match the  ex te rna l  a i r f o i l  contour of t h e  
inbclard b lade a t  t h e  i n t e r f a c e  s t a t  ion, s t 'a t  ion  481. 

2. Hydt-aul i c  i n te r faces  mate t o  supply and r e t u r n  1  ines a t  an accessib le 
chat-dwise l o c a t i o n  w i t h  AN f l a r e  connect io i~s  o f  t h e  proper s i ze .  

3. E l e c t r i c a l  i n t e r f a c e s  mate t h e  fo l l ow ing :  - 110 Vac supply. connect ions, f o r  opera t ion  o f  c o n t r o l s .  

- Ins t rumenta t ion  connect ions t h a t  i n t e r f a c e  w i t h  
servocont ro l  system s i g n a l  1  ines and i n s t r ~ ~ m e n t a t i o n  system 
data  1  ines f o r  s t r a i n  gages and angle transducer. 

- In te r face  connect i on  f o r  1  i g h t n  i n g - s t r  i k e  p. rotect  ion  cable. 



A l l  these  i n t e r f a c e s  a r e  access ib l e  f o r  ad justments ,  r e p a i r s ,  and changes, 

t h rough  removable s k i n s  o r  access hatches i n  t h e  c o n t r o l  bay o f  t h e  b lade .  

P r e t e s t  Check -- GE's a i l e r o n  t e s t  u n i t s  were d e l i v e r e d  t o  Plum Brook on 

29 Nov. 1983. Both u n i t s  were sub jec ted  t o  a  complete s e t  o f  system 

operab il i t y  checks b e f o r e  t h e y  were i n s t a l  l e d  on t h e  MOD-0 r o t o r .  Hydraul  i c  

and e l e c t r i c a l  systems were rnated w i t h  NASA 's  t e s t  equipment and a l l  c o n t r o l  

system f u n c t i o n s  were v e r i f i e d .  bur i n g  t h i s  process, i t  was d iscovered  t h a t  

t h e  d e f l e c t i o n  ang le  t ransducers  were n o t  w i r e d  p r o p e r l y  f o r  i n t e r f a c e  w i t h  

t h e  P l u ~ r ~  Brook da ta  system. The Uurapot t randucers  were r e w i r e d  and 

c a l  i b r a t e d  t o  v e r i f y  p roper  opera t  ion.  A f a u l t y  hyd rau l  i c  s o l e n o i d  v a l v e  was 

a l s o  r ep laced  d u r i n y  these checks and f l o w  c o n t r o l  va lues  i n  t h e  

emergency-feather and bypass loops s e t  f o r  t h e  d e s i r e d  d e f l e c t i o n  r a t e s .  

Du r i ng  t h i s  p r e p a r a t i o n  an a d d i t i o n a l  foal11 sea l  s t r i p  was added t o  each t e s t  

u n i t ,  t o  p r o v i d e  b e t t e r  aerodynamic f a i r i n g  o f  t h e  h i g h  p ressure  s u r f a c e  w i t h  

t h e  a i l e r o n  a t  0" d e f l e c t i o n .  A m u l t i - l a y e r e d  tape  " t r i p  s t r i p "  was i n s t a l l e d  

a l ong  t h e  e n t i r e  l e a d i n g  edge o f  each t e s t  u n i t ,  as shown i n  F i g u r e  8-239, t o  

h e l p  assure t u r b u l e n t  boundary l a y e r  f l o w  over  t h e  t e s t  u n i t s ,  t o  s i n i u l a te  

MOD-5H c o n d i t i o n s  a t  t h e  low Reynold 's  numbers o f  t h e  MOD-O/SA t e s t .  

The t e s t  u n i t s  were i n s t a l l e d  on t h e  MOD-O r o t o r  b lades  and connected t o  

o p e r a t i o n a l  hyd rau l  i c ,  e l e c t r i c a l  and da ta  systems. A s e r i e s  o f  checks was 

made t o  be sure  t h a t  a l l  systems opera ted  when i n t e r f a c e d  w i t h  t h e  MOD-0 

r o t o r ,  nace l  l e  and c o n t r o l  room systems. A f i n a l  d e f l e c t  ion-angl  e  t ransducer  

c a l i b r a t i o n  was made and t h e  o p e r a b i l i t y  and p o s i t i v e  o r  n e g a t i v e  sense o f  a l l  

s t r a i n  gage b r i d g e s  were determined w i t h  t h e  t i p s  a t tached  t o  t h e  r o t o r .  Then 

t h e  r o t o r  and n a c e l l e  system was l i f t e d  t o  t h e  t o p  o f  t h e  tower .  

The 1  i f t  and i n s t a l l a t i o n  on t h e  tower were completed on 13 Dec. 1983. The 

system was checked and i n i t i a l  d a t a  was ga thered  accord ing  t o  t h e  o r i g i n a l  GE 

t e s t  m a t r i x  t h e  f o l  l ow ing  day. P r e l  im ina ry  da ta  and p r e t e s t  p r e d i c t i o n s  were 

used t o  s e t  up  dnd check da ta  channel  and reco rde r  s e n s i t i v i t i e s  d u r i n g  t h i s  

p e r i o d .  A l l  sensors and d a t a  l i n e s  f r om  t h e  t e s t  u n i t s  operated p r o p e r l y  

d u r i n g  these  p r e l  i rn inary  t e s t s .  



Oata System and Measurement Parameters -- The MOD-0/5A t e s t  used NASA's 

standard Plum Brook MOD-0 data  a c q u i s i t i o n  system. Table 8-100 1  i s t s  t he  

parameters t h a t  were measured and recorded i n  t h e  standard da ta  set.  The da ta  

was mu l t i p lexed  and t ransmi t ted  from t h e  nace' l le o r  o ther  sources t o  t h e  

c o n t r o l  roc.m, where i t  was recorded and processed by the  f o l l o w i n g  means: 

1. Rei i l - t ime readout an f o u r  8-channel s t r i p  cha r t s  a f t e r  demul t ip lex ing .  
2. Rec:orded FM mode on magnetic tape i n  t he  composite mu l t i p lexed  format .  
3. Recorded on d i g i t a l  tape a f t e r  demul t ip lex ing ,  once-per- revolut  ion  

san~pl i n g  and d i g i t i z i n g .  
4. De r~u l t i p lexed  and s e l e c t i v e l y  i n p u t  t o  t h e  HP-85 f o r  rea l - t ime  and 

neiir r e a l - t  ime processing and analys i s .  

The s t r i p  c h a r t  recorders  and t h e  HP-85 were employed on t t ~ e  s i t e  t o  moni tor  

t e s t  o p e r i ~ t i o n s ,  evaluate t h e  qua1 i t y  o f  the data, and es t imate  some 

p r e l  iminary performance c h a r a c t e r i s t i c s .  Most o f  t h e  data reduct  ion  was done 

a t  NASA LeftC, us ing  da ta  f rom t h e  d i g i t a l  tape. Data f rom t h e  shutdown t e s t s  

was analyzed from t h e  HP-85 p r i n t o u t s .  The FM tape reco rd ing  was a  backup 

da ta  reco rd ing  system. Data cou ld  be recovered from t h e  FM . record ing i f  o t h e r  

systems ma'lfunctioned. 

The data channel assignment on the  f o u r  s t r i p  c h a r t  recolpders i s  given i n  

Table 8-101. Samples o f  s t r i p  c h a r t  da ta  are  i n  F igu re  8-242. 

The HP-85 output  was used t o  moni tor  several  para.meters : 
- wind speed h i s t o r y  du r ing  the  t e s t  
- r o t o r  speed vs. w indspeed du r ing  au toro ta t . ion  and speed r e g u l a t i o n  t e s t s  
- power vs . w indspeed d u r i n g  bas ic  performance and power. r e g u l a t i o n  t e s t s  - t imc? h i s t o r y  d u r i n g  shutdown t e s t s  

Some examples o f  HP-85 p r i n t o u t s  a re  shown i n  F igu re  8-243. 



Table 8-100 MOD-0/5A Test Standard Data Set  

Rotor  Speed and P o s i t i o n  

Upwind Wind Speed and D i r e c t i o n  ( co r rec ted  f o r  t r a n s p o r t  l a g  
senso r - t o - ro to r  ) 

Power Output  o r  I n p u t  

Sha f t  Torque 

Nace l l e  Yaw and D i r e c t i o n  

A i l e r o n  P o s i t i o n s  f r om Both Blades (one t ransducer  per  b l ade )  

A i l e r o n  Pushrod Loads f rom Both Blades ( two prime, two back-ups pe r  b l a d e )  
Backup gages w i l l  n o t  be recorded i f  t h e  p r imary  sensors a re  ope ra t i ona l .  

Chordw i s e  Bending moments 
Both b lades,  near  hub (b lade  r o o t )  

F lapwise Bending Moments 

Chordwise Bending Moment Both blades, S t a t i o n  489.5 ( t i p  r o o t )  

F lapwise Bending Moment ( two  prime, two back-up per  b l ade )  

Chordwise Bending Moments Both blades, Sta 524 
(one prime, one back-up per  b l ade )  



Tab1 e 8- 101 Typ ica l  MOD-O/5A S t r i p  Chart  f lerorder Data Channels 

SCALE* 

PARAMETER (FUL- SCALE VALUES) 

Char t  #1  Teeter Angle k 10" 
My Shaf t  Bending _+ 100 kNrn 
Rotor Pos it ion  0-500" 
Rotor Speed 0-25 rprn 
B 1 ade # 1 A i  1  eron Def 1 ec t  ion 0-100" 
Yaw Angle + 100" 
Reference Windspeed 0-50 mph 
,:en e r a t o r  Power 2 100 kW 

Chart  # 2  3 l a d e # -  Root F lap  Bend ? 1.27 x 105 ft. l b .  
Blade #; Root Chord Bend + 2.00 x 105 ft. l b .  
dlade #2 Root F lap  Bend 1.27 x l o 5  ft. 1b. 
3lade #2 Root Chord Bend - + 2.00 l o 5  f t .  l b .  
3lade #1 T ip  F lap  Bend 2 1.10 x l o 4  f t .  l b .  
3lade # 1  T ip  Chord Bend (S ta  489.5) _+ 1  .00 l o 4  f t .  l b .  
3lade #2 T ip  F l zp  Bend + 1.10 l o 4  f t. l b .  
Slaae #2 T ip  Chord Bend (S ta  489.5) 1.00 l o 4  ft. l b .  

Char tC3  3 l a d e # 2 A i l e r o n  D e f l e c t i o n  0- 100" 
8 l a d e  #2 Inboard Pushrod Load 2 1,000 lb , ,  
31 ade #ii Outboard Pushrod Load 2 1,000 lb , ,  
Rotor Speed 0-25 rprn 
:,haft Torque + 118.6 kNni 
Yacel le Windspeed 0-25 mph 
( ienera tc r  Power 2 100 kW 
Rotor  P o s i t  ion 0-500" 

Chart  #4 l j lade #1 A i l e r o n  De f lec t i on  0- 100" 
13lade # 1  Inboard Pushrod Load + 1,000 l b .  
13lade # 1  Outboard Pushrod Load + 1,000 l b .  
Blade #1 T ip  Chord Bend (S ta  524) 2 1.00 x 1~~ ft. l b .  
/ { lade # 2  T i p  Chord Bend (S ta  524) + 1.00 x 1c4 ft. l b .  
I iacel l e  Windspeed 0-50 mph 
[ { lade #2 T ip  Chord Bend ( S t a  489.5) + 1.00 l o 4  ft. l b .  
k i ladeX2 T i p F l a p  Bend (backupgages) t 1.10 x 1 u 4 f t .  l b .  

* The sca le  s e n s i t i v i t y  s e t t i n g s  were va r ied  as requ i red  f o r  s p e c i f i c  t e s t  
values. The values shown are  "average". 
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8.4.3.6 - Te:j t  P l a n  and Resu l t s  

8.4.3.6.1 Test  M a t r i x  and Rat i o n a l e  

The t ip-spzed r a t i o ,  A ,  was t h e  major  s i rnu la t ion  parameter. Proper A 

s i rnu la t  ion  p rov ides  a  spanw i s e  ang le  o f  a t t a c k  d i s t r i b u t i o n  over  t h e  MOU-O/5A 

t i p ,  which v e r y  n e a r l y  aupl  i c a t e s  t h e  d i s t r i b u t i o n  on t h e  MOU-5A t i p  under 

c o n d i t i o n s  o f  a u t o r o t a t i o n ,  r a t e d  windspeed and c u t o f f  windspeed. MOD-0/5A 

o p e r a t i r ~ g  windspeed c o n d i t i o n s  t h a t  correspond t o  t h e  f ' u l l - s c a l e  MOD-5A 

o p e r a t i n g  d t  r a t e d  and c u t o f f  windspeeds a re  Vw=10 n~ph and Vw=20 mph, 

r espec t i ve l ; ~ .  Test c o n d i t i o n s  i n  t h e  m a t r i x  were se lec ted  t o  d u p l i c a t e  

t i p - speed  r . j t i o s  over  a  range t h a t  would i nc l ude  'these ope ra t i ng  p o i n t s  o f  t h e  

MOD-5H as wcl 1 as du t o s o t a t  i on  cond i t  ions.  

The f i r s t  p r i o r i t y  was t o  assess t h e  accsep tab i l i t y  o f  t h e  a i l e r o n  

c o n f i g u r a t i o n  t h a t  e a r l  i e r  s t u d i e s  had determined t o  be t h e  optimurn f o r  t h e  

MOU-SH. P l a i n  a i l e r o n s  and balanced ai leron!; were a v a i l a b l e  as bas i c  

c o n f i g u r a t i c ~ n s ,  and vented p l a i n  a i l e r o n s  and vented balanced d i l e r o n s  were 

a v a i l a b l e  dr; backup c o n f i g u r a t i o n s .  

Wind t unne l  da ta  was analyzed b e f o r e  t h e  t e s t .  The a n a l y s i s  i n d i c a t e d  t h a t  

t h e  38%chord ,  p l a i n  a i l e r o n  met t h e  MUD-5A a i l e r o n  p e r f o r ~ n ~ i n c e  requ i rements  

w i t h o u t  e i t h e r  balance 1  i p  o r  ven t ing .  Th is  c o n f i g u r a t i o n  wa:; se lec ted  as t h e  

b e s t  c o n f i g u r a t i o n  f o r  the f i r s t  t e s t i n g .  

The o r d e r  clf t h e  t e s t s  wes e s t a b l i s h e d  so t h a t  t h e  most ' importznt a i l e r o n  

perforrr~ance c h a r a c t e r i s t i c s  would be  ob ta ined  f i r s t .  The o r d e r  was: 

1 . ) Aut :orotat  i on  speed/shutdown performance 
2.) A u t o r o t d t i o n  speed/shutdown performance w i t h  damaged a i l e r o n ,  i n  

which 2 5 - 5 0 h f  t o t a l  r o t o r  a i l e r o n  su r f ace  i s  locked  a t  f u l l  power. 
3.) Speed r e g u l a t i o n  
4. ) Poh.er r e g u l a t i o n  above r a t e d  windspeed 
5.)  Noise l e v e l  d u r i n g  r e g u l a t i o n  
6 . )  Bas ic  aerodynamic performance, f o r  a  cons tan t  r o t o r  speed a t  a  f i x e d  

d e f l e c t  i o n  ang le  

Tests  1  an6 2 were more ' important s i nce  i n  t h e  r e g u l a t i o n  t e s t s  3 and 4; 

s i g n i f i c a n t  improvements i n  undes i rab le  c o n t r o l  cha rac te r  i s t i c s  can be  

p rov ided  b y  i n c r e a s i n g  s tab  il i t y  u s i n g  modern c o n t r o l  syst:ems. Data f r om 



e a r l  i e r  t e s t s  us i n g  20% - 30% chord  a i l e r o n s  i n d i c a t e d  reasonable r e g u l a t i o n  

c h a r a c t e r i s t i c s .  

The n o i s e - l e v e l  measurements and analyses were conducted b y  NASA Langley 

Kesearch Center,  employing techniques developed f o r  e a r l  i e r  s t u d i e s  on o t h e r  

w ind  t u r b i n e s .  The da ta  and a n a l y s i s  r e s u l t s  f o r  p l a i n  and balanced a i l e r o n s  

w i l l  be r e p o r t e d  i n  r e f .  3. 

The o r i g i n a l  m a t r i x  was designed t o  f o l l o w  t h i s  p r i o r i t y ,  t o  determine q u i c k l y  

whether t l ~ e  p l a i n  a i l e r o n  was acceptable.  The d v d i l a b i l  i t y  of  h i g h  winds d i d  

a l t e r  t h e  o rde r  somewhat, b u t  i n  general  t h e  t e s t s  were conducted accord ing  t o  

t he  de f ined  o rder .  

Test  M a t r i x  D e f i n i t i o n  -- The o r i g i n a l  GE t e s t  m a t r i x  i s  de f i ned  i n  d e t a i l  i n  

r e f .  4. The 111atrix covered t e s t  p o i n t s  over  t h e  f o l l o w i n g  ranges o f  

independent v a r i a b l e s :  

1. Windspeea: 5 mph + 35+ mph 

2 .  Kotor  Speed: 20 rpm f o r  most t e s t i n g ;  lower speeds were used f o r  
a u t o r o t a t  ion,  speed r e y u l a t  i o n  t e s t s ,  i n  i t  i a l  checks and 
Reynold 's  number v a r i a t i o n .  

3. A i l e r o n  U e f l e c t i o n :  0" t o  approx imate ly  90" 

4. A i l e r o n  Kates: ZO/sec - 5"/sec f o r  r e g u l a t i o n  
lSO/sec - 25"Isec f o r  shutdowns 

5. Power Outputs:  0-100 kW f o r  va r ious  t e s t  o b j e c t i v e s ,  nega t i ve  va lues 
f o r  b a s i c  da ta  ( [ no to r i ng  cases) 

The ~naxirnum power ou tpu t ,  which i s  achieved w i t h  t h e  a i l e r o n  d e f l e c t e d  0 ° ,  as 

d f u r l c t i u n  o f  windspeed, f o r  t h e  MOD-0/5A hardware o p e r a t i n g  a t  20 rpm was 

assunled t o  be: 

P = 35kW, VN = 10 mph, 

= 70kW, = 20 mph, 

= lO0kW = 30 mph 



These es t imates  were based on p rev ious  exper ience w i t h  t h e  MCID-0 wind t u r b i n e ,  

and were err~ployed i n  i n i t i a l  p l ann ing  t o  e s t a b l i s h  power s e t  p o i n t s  f o r  t h e  

r e g u l a t i o n  and shutdown t e s t s .  

The d e t a i l :  of  t h e  m a t r i x  were changed d u r i n g  t h e  t e s t i n g .  The va lues o f  

parameters and t h e  amount o f  d a t a  recorded changed, bul; t h e  ranges o f  

v a r i a b l e s  and t h e  independent parameters d i d  n o t  change s  ign  i f  i c a n t l y .  

Mod i f  i c a t  i o ~ i s  t o  t h e  matr  i x  were implemented by  niutua 1  agree~nent between NASA 

and GE. Tiqe changes r e f l e c t e d  a  s h i f t  t o  more b a s i c  development t e s t i n g .  

NASA issued a  r e v i s e d  m a t r i x  i n  February,  1984, t o  document t.hese changes. 

8.4.3.6.2 Tes t  Operat ions 

P r e l i m i n a r y  da ta  a t  r o t o r  speeds o f  13 rpm and 20 rpm was ob ta ined  on t h e  

p l a i n  a i l e r m  be fo re  t h e  end o f  1983. The e a r l y  da ta  was ob ta ined  per  t h e  

o r i g i n a l  t e s t  m a t r i x .  Data was recorded  f o r  10-20 minutes, except  f o r  

shutdown data,  which was o n l y  recorded f o r  t h e  d u r a t i o n  o f  t h e  shutdown. T h i s  

p e r i o d  provzd t o  be t o o  s h o r t  f o r  t h e  5-minute da ta  averaging techn iques  used 

i n  NASA's s tandard d a t a  reduc t i on .  S i g n i f i c a n t  e a r l y  re!;ul t s  on a i l e r o n  

performance were d e r i v e d  manua l l y  f rom t h e  da ta  sources a t  Plum Brook, however. 

E a r l y  problems w i t h  m a l f u n c t i o n i n g  servovalves i n  one o f  t h e  t i p s  de layed 

f u r t h e r  da'ta a c q u i s i t i o n  u n t i l  t h e  second week i n  J a n ~ ~ a r y ,  1984. The 

i n s t a l l a t i o t i  o f  an a d d i t i o n a l  f i l t e r  i n  t h e  servova lve  supp ly  1  i n e  so lved  t h e  

problem, and i n  mid-January t h e  da ta  a c q u i s i t i o n  proceeded. 

Another hardware problem arose d u r i n g  e a r l y  t e s t s .  The o u t b r ~ a r d  pushrod l o a d  

sensor system on T i p  #1 f a i l e d .  The cause o f  th i ! ;  problem was n o t  i d e n t i f i e d ,  

so da ta  a c q u i s i t i o n  con t inued  w i t h o u t  t h a t  rneasurernent s i n c e  t h e  ou tboard  

pushrod l o a d  da ta  f r om T i p  #2 p rov ided  t h e  i n fo rmd t i on .  The f i r s t  few days of  

t e s t i n g  i n  December, 1983 were conducted w i t h o u t  an o p e r a t i o n a l  r o o t  f l a p  

bend ing  serlsor i n  t h e  Blade # '  spool  p iece.  Data f r om Blade # 2  sensors 

p rov ided  d i l t a  d u r i n g  t h i s  per iod .  Th i s  problem was f i x e d  b e f o r e  d a t a  

a c q u i s i t i o n  resumed i n  January, 1984. 

P r e l i m i n a r y  t e s t s  i n  December 1983 used a  s o l  i d  s h a f t  d r i v e ;  no c l u t c h  system 

was i n s t a l l l l d  i n  t h e  d r i v e t r a i n  between t h e  r o t o r  and t h e  generator .  Th i s  



se t -up  p e r ~ ~ ~ i t t e d  t h e  r o t o r  t o  be motored b y  t h e  genera to r  d u r i n g  low winds. 

These t e s t s  v e r i f i e d  t h e  f e a s i b i l  i t y  o f  t h e  planned t e s t s  and p rov i ded  u s e f u l  

a i l e r o n  per formar~ce ddta.  The s tandard  MOD-0 over - runn ing  c l u t c h  system was 

i l l s t a l l e d  f o r  Janua ry ' s  t e s t s  on a u t o r o t a t i o n ,  power and speed r e g u l a t i o n ,  and 

t h e  bas i c  performance t e s t s ,  i n  which windspeed and a i l e r o n - a n g l e  c o n d i t i o n s  

were cons i s t e n t  w i t h  pos i t  i v e  power generat  ion.  The s o l  i d - s h a f t  d r i v e  s y s t e n ~  

wds r e i n s t a l l e d  i n  e a r l y  February  t o  p e r m i t  da ta  a c q u i s i t i o n  b y  mo to r i ng  i r ~  

low winds a t  h i g h e r  a i l e r o n  angles.  I n  these  t e s t s ,  use of  t h e  c l u t c h  would 

have r e s u l t e d  i n  r o t o r  speeds below t h e  20 rplrl r e q u i r e d  f o r  most per for~nance 

t e s t s .  

I n  genera l ,  d a t a  was taken f o r  a  n ~ i n i ~ r ~ u n ~  o f  60 minutes f o r  each a i l e r o n  

s e t t i r ~ g  i n  each 2 lnps wiridspeed b i n  i n  a l l  t e s t s ,  except  shutdowr~s. The goa l  

wds t o  t a k e  a  rr~axi~nu~n o f  120 minutes o f  da ta  per  b i n .  The amount o f  t i m e  f o r  

each r e c o r d i n g  was oe te rn~ ined  b y  t h e  winds and t h e  c o n s t r a i n t s  on t h e  schedule.  

Unusua l l y  low winds a t  P1ur11 Brook d u r i n g  January and February  impeded t h e  

e f f  i c i e n t  dcquis  i t  i o n  o f  da ta  and caused some de lay  i n  t h e  p lanned t e s t  

schedule.  Very 1  i t t l e  da ta  was acqu i red  f o r  w ind speeds above 18 mph. 

Periucrs o f  w ind  above 13 111pt1 were i n f r equen t .  Severa l  h igh -w ind  p e r i o d s  d i d  

occur  i n  March, A p r i l  and May, which p e r m i t t e d  a c q u i s i t i o n  o f  s u f f i c i e n t  da ta  

on p l a i n  and b a l a r ~ c e d  a i l e r o n  c o n f i g u r a t i o n s  b y  e a r l y  June. 

8.4.3.6.3 P r e l  i ~ n i n a r y  Resu l t s  

I n i t i a l l y ,  t h e  s t r i p  c h a r t s  and IiP-85 o u t p u t  were used on t h e  s i t e  t o  assess 

t h e  a i l e r o n ' s  per fo rn~dnce  d u r i n g  t h e  e a r l y  phases o f  t e s t i n g .  

Winds d u r i n g  14-16 Uecen~ber, 1983 v a r i e d  f rom l ess  than 10 lnph t o  over  20 

~nph. E a r l y  information on impor tan t  parameters were es t imated  frorn t h e  ana log  

s t r i p  c h a r t  r eco rds  f o r  range o f  w indspeeds. Rough perforrnarlce es t ima tes  were 

made f o r  t h e  p l a i n  a i l e r o n  con f  i y u r a t  i o n  i n :  a u t o r o t a t  i o n  speed, f u l  l - dep loy -  

~ n e n t  shutdowns, speed r e g u l a t i o n ,  and n o i s e  l e v e l s .  

A u t o r o t d t  i o n  and regu  l a t  ion  pert'ormarlce were eva lua ted  by  exa~n in  i n g  s t r i p  

c h a r t  records .  Para~neters  were r o u g h l y  es t imated  b y  averag ing  t h e  s t r i p  c h a r t  

t i ~ r l e  h i s t o r i e s  o f  windspeed, r o t o r  speed and power ou tpu t .  1he averag ing  



smoothed v a r i a t i o n s  caused by  va ry ing  w indspeeds and r o t o r  dynamics and 

i n e r t i a .  Shutdown performance was evaluated f rom s t r i p  c h a r t  record ings  

s i m i l  i a r  t o  t h e  example shown i n  F igu re  8-242, which was obta ined on a  

shutdown t e s t  on 16 December, 1983. Noise l e v e l s  were i n i t i a l l y  evaluated 

s u b j e c t i v e l y .  Several experienced observers 1  is tened t o  t h e  r o t o r  no i se  and 

compared i t  w i t h  no ise  o f  e a r l  i e r  t e s t s .  Q u a n t i t a t i v e  sound measurements on 

t h e  p l a i n  a i l e r o n  were maae i n  l a t e  January, 1984. 

More e labora te  p o s t - t e s t  eva lua t i on  o f  HP-85 autolnotat i on  dat.a was performed 

t o  combine da:ta from s i m i l a r  se ts  o f  t e s t s  acqui red over t h e  l ies t  p e r i o d  f rom 

January t h r o ~ , g h  May 1984 f o r  bo th  p l a i n  and balanced a i l e rons .  

The f o l  low ir lg p r e l  im inary  analyses and conc'lus ions rega rd ing  a i l e r o n  

performance a r e  based on t h e  methods noted above. 

1. Shutdown - -  The p l a i n  a i l e r o n  w i l l  shut  t h e  r o t o r  down w i t h i n  t h e  r e q u i r e d  

overspeec s p e c i f i c a t i o n  when the  a i l e r o n  i s  deflectemd t o  -90° a t  

15-30°/sec. Damaged a i l e r o n  shutdowns were s imu la ted  d u r i n g  the  t e s t i n g  

b y  employing o n l y  a  s i n g l e  t i p .  S i n g l e - t i p  t e s t s  met t h e  requirements a t  

20°/sec iind -90' d e f l e c t i o n .  Shutdowns a t  lower d e f l e c t i o n  angles were 

n o t  testemd. 

2. Autorotat . ion - -  The a u t o r o t a t  ion  performance was cons i s t m t  accord ing t o  

t h e  estirr.ates o f  e a r l y  s t r i p  c h a r t s  and t h e  l a t e r ,  more d e t a i l e d  ana lys i s  

o f  HP-85 outputs.  The parameter o f  i n t e r e s t  was 'the e q u i l  i b r i um 

t ip -speed- ra t  io ,  A ~ ,  which was def ined as t h e  r a t i o  o f  e q u i l i b r i u m  

r o t o r  t ip-speed t o  windspeed f o r  no load, o the r  than f r i c t i o n  i n  t he  hub 

and nacel 1  e. 

Autoro ta t . ion  performance data  was taken d i r e c t l y  f rom HP-85 p l o t s  and i s  

shown i n  F igu re  8-244 f o r  t h e  p l a i n  and balanced a i l e rons .  The shaded 

areas on these f i g u r e s  were obta ined by  ove r lay ing  au toro ' ta t ion  data f rom 

var ious  da ta  se ts  acqui red f o r  t h e  same c o n f i g u r a t i o n  on d i f f e r e c t  days, 

and i 11 u s t r a t e  t h e  t y p i c a l  s c a t t e r  i n  t h e  on-s i t e  aut .orotat  i o n  data. 

General ly,  t he  day-to-day da ta  s c a t t e r  was no greater  than t h e  s c a t t e r  

d u r i n g  a  s i n g l e  t e s t  run. The p l a i n  a i l e r o n  data  o f  F i y r e  8-244. a l s o  

shows t h e  a i l e r o n  segments on one b lade i n a c t i v e  r e s u l t s  f o r  d e f l e c t i o n  

angles o f  -89" and -76". The dashed l i n e s  on these f. igures represent  
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cor lstdr l l  va lues  o f  t i p -speed r a t i o ,  A ,  w l l ' i le  t he  s o l  i d  curves drawn 

t t i r o u g l ~  t h e  shaded dreas represen t  e s t  il l lates o f  a u t o r o t a t  i o r ~  r o t o r  speed 

di, d t u l l c t i o n  o f  windspeed f o r  t h e  va r i ous  t e s t  conf i y u r a t i o n s  and 

dt:f I e c t  -#ens. These curves were ob td  irrcd Ily \i i s u a l  l y  est. irndt i n g  t h e  Illearl 

I irle t l l r o u y t ~  t h e  a c t a a l  dd ta  po in  t s  p l o t t e d  o u t  by  t he  Ill"-135, 

t. i qu re  1;-243/\, and d r e  i n  goad agreclaer~ t w i tti some ear  l y  r e s u l  t s  prov ided 

by IJ/\S/\ I-ewis I(esearch (;errtcr tr-0111 a  Illore c:ldl)oral;e cc~lr~puter a n a l y s i s .  

Vd lucs A were c s t  i l ~ l a ted  f roln F  i y ~ ~ r e  13-243 d t  11 ig l l  w irld speeds and 

dr.c \olllllldr i ~ c d  i n  t h e  t o 1  lowir ly t a b l e .  

A i  l e r o r ~  Uef l e c t  ion  
Arty l e (degrees) -- 

MOD-0/5A E u i l i b r i u l r ~  'li S ecrj R a t i o  ( ~ d  
P l d i n  / \ I  -- eron % - - - - - ~ l m i r o r l  - - - - - - -- - - 

Two T i ~ s  0r1e 1 i~ Two Tips 

Ttcese r e s u l t s  i r l d i cd te  t h a t  t h e  ~ ~ = 2 . 3 ,  MU)-O/!iA d u t o r o t a t i o n  

r e q u i r e ~ ~ r ~ . r ~ t  i s  rrlet b y  e i t h e r  a i l e r o n  c o r ~ t i y u r ( i t i o n  a t  -3Y0 d e f l e c t i o n  and 

by  t h e  p l a i n  a i l e r o n  a l s o  iit -76" d e f l e c t i o n .  The MOD-OISA a ~ r t o r o t a t i o n  

recjuirel~ler l t  t o r  t h e  20% ddaraycd-rotor cdse (.AE-'3.0) i s  a l s o  lrlet by  t h e  

p l d i r ~  d i l t t r o n  a t  -UYO and p ro l )db ly  d l s o  a t  - / G o  i f  i t  i s  assurr~ed t h a t  t h e  

A t  vd lu?  v d r i e s  1  i n e d r l y  w i t h  percentage ddmdge s i r lce t h e  s i r ~ g i e  t i p  

cdse rep resen ts  5WX dallldge t o  t he  cor l t ro  1 su r  f i ices. 

/ \ u to ro ta  t ior l  pertorr l ldr~ce o f  the  p I d  i r ~  dnd 11a I ar lce~l  c o n f i g u r a t i o n s  i s  

colrl(~dred i n  the  dd td  sulnrlary o f  F i g u r e  11-246., where t h e  curves a r e  a ' lso 

t h e  rlledr curves fro111 F igu res  8-244 and 8-2/15. The ~ u ~ l e r i o r i t y  o f  t h e  

IJ 1 a  ill d i 1 eron over  t h e  b a l  drlced c o r ~ f  i g u r d t  i on  f o r  du ' to ro ta t  i o r ~  speed 

c o r ~ l r o l  a t  t l i g l ~  windspeed i s  e a s i l y  seen i n  l ' igure i l-24b and t h e  

va lues  o f  t he  t a b ! e  above. 

3.  I'ower dr'd Speed I k g u l a t i o n  - -  The p r e l  i l l t inary  e v a l u a t i o n  o f  s t r i p  c h a r t s  

arid Ill)-11!) ou tpu t s  i r ~ d i c a t e s  t t ~ d t  b o t h  t h e  p l d  i r ~  a  i l e r o r ~  and t h e  I ~ a l a n c e d  

a i l e r o n  would rncet c o n t r o l  and r e g u l a t i o n  requ  irelnents a t  t e s t e d  va lues o f  
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maximum c o n t r o l  r a t e  between about  ZO/second and 30°/second. For  w inds  

around 10-20 mph, which was t h e  range encountered d u r i n g  t e s t i n g ,  t h e  

servosystem r a r e l y  c a l l e d  f o r  c o n t r o l  angles above - 30" o r  c o n t r o l  r a t e s  

above ZO/second. F i n a l  r e s u l t s  on r e g u l a t i o n  performance r e q u i r e  a  more 

a e t a i l e d  a n a l y s i s  o f  t h e  s t a t i s t i c s  of parameter v a r i a t i o n s  f r om t h e  

s e l e c t e d  s e t  p o i n t  t h a t  w i l l  be a v a i l a b i e  f rom t h e  NASA computer d a t a  

p rocess ing  . 

4. Sound -- The n o i s e  c h a r a c t e r i s t i c s  o f  t h e  MOD-0/5A p l a i n  a i l e r o n s  were 

unusual accord ing  t o  p rev ious  t e s t  exper ience.  The u n i t s  generated 

d i s t  i n c t  i v e  t o n a l  components f o r  a i l e r o n  def 1  e c t  i ons  between 0 "  and 30". 

T h i s  behav io r  m igh t  have been caused by  pecul  i a r i t i e s  i n  t h a t  

c o n f i g u r a t i o n  o f  t h e  t e s t  u n i t ,  such as s l o t s  i n  su r faces  f o r  ba lance 

we igh t  horns,  o r  c a v i t i e s .  These des ign  f e a t u r e s  would generate  t h e  t o n a l  

no i se .  To v e r i f y  t h i s  hypothes is ,  some foam f i l l e r  was f o r c e d  i n t o  

v a r i o u s  c a v i t i e s  on t h e  t e s t  u n i t s ,  and t h e  t o n a l  c o n t e n t  o f  t h e  n o i s e  was 

s  ign  if i c a n t l y  reduced. More q u a n t i t a t i v e  i n f o rma t  ion  on t h e  n o i s e  

c h a r a c t e r i s t i c s  o f  t h e  p l a i n  a i l e r o n  was measured and analyzed b y  NASA 

Langley.  Tney c o n f i r m  t h a t  t h e  sound, e x c l u d i n g  t h e  downwind-rotor 

tower-shaaow e f f e c t s ,  i s  comprised o f  r e l a t i v e l y  narrowband t o n a l  

components, on t o p  o f  a  lower  l e v e l  broadband spectrum. The l a t t e r  i s  

more t y p i c a l  o f  o t h e r  wind t u r b i n e  no i se .  When t h e  c o n f i g u r a t i o n  was 

conver ted  t o  t h e  balanced a i l e r o n ,  t h e  t o n a l s  were n o t  ev i den t .  Th i s  

c o n f i g u r a t i o n  does n o t  have t h e  s l o t s  and gaps assoc ia ted  w i t h  t h e  p l a i n  

a i l e r o n .  T h e i r  da ta  and a n a l y s i s  f o r  a i l e r o n  n o i s e  w i l l  be p resen ted  i n  

r e f .  3. 

The HP-85 ou tpu t s  and s t r i p  c h a r t s  were mon i to red  t o  es t ima te  t h e  qua1 i t y  o f  

t h e  da ta  f r om  t h e  amount o f  s c a t t e r  i n  t h e  p o i n t s  and t o  v e r i f y  t h e  

q u a n t i t a t i v e  magnitude o f  t h e  measurement parameters. A l l  f o r c e  and moment 

data,  however, was ob ta i ned  f rom t h e  f i n a l  LERC computer d a t a  r e d u c t i o n .  

F i n a l  eva lua t i on ,  r e s u l t s  and recommendations were based on t h e  d e t a i l e d  

r e d u c t i o n  and ana l ys i s ,  a t  NASA-LeRC, C leve land  and a t  GE, which i s  d iscussed  

i n  t h e  f o l l o w i n g  sec t i ons .  



8.4.3.7 - Data Reduct ion and Ana lys is  

There were bas i c  problems i n  t h e  a p p l i c a t i o n  o f  t h e  MOD-O/5A t e s t  da ta  t o  the  

MOD-5A wind t u r b i n e  t h a t  a r i s e  f rom t h e  nature  o f  wind t u r b i n e  t e s t i n g .  The 

wind speed was always changing and was, t he re fo re ,  an u n c o n t r o l l a b l : ~  

indepenaent var iab le .  F l u c t u a t i o n  i n  t h e  wind speeds imposed a  "no i syN  

environment on t h e  t e s t  and made t h e  bas ic  data d i f f i c u l t  t o  i n t e r p r e t .  

Furthermore, t h e  wind-speed ins t rumenta t ion  cou ld  n o t  be loca ted a t  t h e  

t u r b i n e  because power e x t r a c t i o n  by  t h e  t u r b i n e  imposed a  s i g n i f i c a n t  change 

i n  tne  loci11 speed a t  t h e  r o t o r  f rom t h e  uninf luenced, remote wind. As ii 

r e s u l t ,  t h e  wind speed measured a t  a  g iven i n s t a n t  by  t h e  anemometer was n o t  

necessa r i l y  t h e  wind speed a f f e c t i n g  t h e  r o t o r  a t  t h a t  t ime. Furthermore, t h e  

geometry of '  t h e  MOD-0/5A, t h e  bes t  representat i 'on t h a t  t he  t e s t  bed cou ld  

provide, d i f f e r e d  i n  some important p a r t i c u l a r s  f rom t h e  MOD-5A. F i n a l l y ,  

t h e r e  were d i f ferences i n  Reynolds number. The data  reduc t i on  and analysi!; 

had t o  aeal w i t h  these problems, t o  maximize t h e  u t i l  i t y  o f  t he  t e s t  data i f 1  

charac ter  i z  i ng  t h e  MOD-5A wind tu rb ine .  

8:4.3.7.1 Reduction o f  the  Bas'ic MOD-0/5A Data 

A l l  o f  t h e  bas ic  da ta  were taken as analog data and converte'3 t o  d i g i t a l  da td  

o f  t h e  maximum and minimum o f  each r o t o r  c y c l e  f o r  each transducer. The surn 

and d i f f e r e w e s  o f  these two readings were used t;o compute t h e  average steady 

load and the  c y c l i c a l  component du r ing  the  pe r iod  o f  t h e  r o t o r ,  3  seconds i n  

t h e  case of' 20 rpm. This "per cyc le ' !  da ta  were t h e  beginnings o f  t h e  dat13 

reduc t i on  and ana lys is .  A t y p i c a l  t e s t  r u n  took, f o r  example, 3  hours, d u r i n ! ~  

which 3,600 data  p o i n t s  f o r  eacn o f  many sensors was recorded. The i n d i v i d u a l  

da ta  s e t  can be considered a  two-dimensional a r ray  i n  which 2ach row consist!; 

o f  t h e  f o l l o w i n g  array:  

T ine i n t e r v a l  , seconds 
Reference Wind Speed, M/S 
F l i lp  p r imary  bending moment b lade #1 N-m 
Chord pr imary  bending moment blade #2 N-rn 
F l i i p  p r imary  bending moment b lade $1 N-m 
Chord pr imary  bending moment b lade #2  N-rn~ 
T i p  1 f l a p  p r  Smary bending moment N-m 
T i p  1 chord pr imary  bending moment N-m 
T i p  2 f l a p  pr imary  bending moment N-m 
T i ! )  2 chord pr imary  bendirig moment N-m 
T i p  1 inboard l i n k  c o n t r o l  f o r c e  N 
T i p  1  outboard 1  irrk c o n t r o l  f o r c e  N 
T i p  2 inboard l i n k  c o n t r o l  f o r c e  N 
T i 1 1  2 outboard 1  ink c o n t r o l  f o r c e  N 



I n s p e c t i o n  o f  t h e  da ta  r e v e a l s  t h a t  t h e r e  was cons ide rab le  h i g h  f requency  

f l u c t u a t i o n  o f  t h e  wind da ta  f o r  which l i t t l e  co r respond ing  c o r r e l a t i o n  o f  

f o r c e  d a t a  c o u l d  be  seen. Therefore,  t h e  d a t a  was f i l t e r e d  t o  remove h i g h  

f requency d a t a  b y  u s i n g  a  t r u n c a t e d  F o u r i e r  t rans fo rm.  The d a t a  was c u t  o f f  

a t  p e r i o d s  l e s s  than  30 sec., o r  a  f requency  g r e a t e r  than  1/30 Hz. Therefore,  

we r e t a i n e d  512 terms i n  t h e  F o u r i e r  t r a n s f o r m  t o  smooth o u t  t h e  unwanted 

f l u c t u a t i o n s .  A l l  o f  t h e  da ta  was passed th rough  t h i s  smoothing f i l t e r  t o  

o b t a i n  an a r r a y  o f  smoothed data.  N i t h  t h e  smoothed wind data,  t h e  

ins tantaneous t r a n s p o r t  de lay,  o r  t h e  t i m e  r e q u i r e d  f o r  t h e  measured wind t o  

r each  t h e  t u r b i n e ,  c o u l d  be computed. The wind speed was l o c a l l y  s h i f t e d  

a l ong  t h e  t i m e  s c a l e  b y  t h e  t r a n s p o r t  d e l a y  t o  p r o v i d e  a  new a r r a y  i n  which 

o n l y  t h e  v e l o c i t y  has been r e c o n s t r u c t e d  t o  cor respond i n  t i m e  t o  t h e  measured 

ds ta .  A l l  o f  these  processes were c a r r i e d  o u t  f o r  da ta  s o r t e d  on c o n t r o l  

de f !ec t ion ,  so t h a t  each a r r a y  was f o r  a  s i n g l e  c o n t r o l  d e f l e c t i o n  angle .  

A t  t h j s  p a i n t ,  a  " m a t r i x  s o r t "  o p e r a t i o n  was c a r r i e d  o u t  so t h a t  t h e  

v e l o c i t i e s  were s o r t e d  i n  ascending o rde r .  I n  t h i s  ope ra t i on ,  each t ransducer  

o u t p u t  i n i t i a l l y  assoc ia ted  w i t h  a  s h i f t e d  wind speed remained assoc ia ted  w i t h  

t h a t  w ind  speed. The new a r r a y  no l onge r  had a  meaningfu l  t ime, b u t  each row 

represen ted  a b e l o c i t y  p o i n t  w i t h  a l l  o f  t h e  dependent v a r i a b l e s  co r respond ing  

t c  t h a t  v e l o c i t y .  

The v e l o c i t y  range p rov i ded  b y  t h e  d a t a  was then  d i v i d e d  i n t o  s u i t a b l e  b i n s  

and t h e  average va lue  o f  each o f  t h e  v a r i a b l e s  and o t h e r  s t a t i s t i c a l  measures 

were computed. Th i s  arrangement p rov i ded  a  s e t  o f  exper imenta l  r e l a t i o n s h i p s  

between t h e  w ind  speed and a l i  o f  t h e  dependent v a r i a b l e s .  A t  t h i s  p o i n t ,  t h e  

s t a t i s t i c a l  p r o p e r t i e s  o f  t h e  b inned da ta  c o u l d  be analyzed and r e v i s i o n s  t o  

t h e  b i n n i n g  made as necessary, comp le t ing  t h e  d a t a  r e d u c t i o n  phase. 

8.4.3.7.2 

A n a l y s i s  o f  Bas ic  Performance Data 

Us ing  measurements o f  t h e  bending moment i n  t h e  p lane  o f  r o t a t i o n  a t  two 

d i f f e r e n t  s t a t i o n s ,  t h e  increment i n  chord  force, A X ,  caused b y  a i l e r o n  

d e f l e c t i o ~ ,  was i n f e r r e d  f r om t h e  da ta  as a  f u n c t i o n  o f  t i p  speed r a t i o  f o r  

each c o n t r o l  d e f l e c t i o n  angle. Next, t h e  e f f e c t i v e  incrementa l  chord  f o r c e  



c o e f f i c i e n t  a:; a  f u n c t i o n  o f  angle o f  a t t a c k  was inferrecl .  Then, t h e  
e f f e c t i v e  chord f o r c e  c o e f f i c i e n t ,  CX, was c z ~ l c u l a t e d  f rom equat ions  

8.4.3-1 and - 2 ,  i n  which a l l  o f  t h e  terms were known: 

L.ltiere A X  i s  t h e  increment i n  chord f o r c e  ( l b s .  o r  N.) 

p i:; t h e  a i r  d e n s i t y  ( s l u g s  o r  k g )  
w i s  t h e  r o t o r  speed ( r a d i u s / s )  

x i!; t h e  r a t i o  o f  t h e  r a d i  i o f  t h e  MOD-5A and MOD-0/5P,, V/R 

c/R i s  t h e  r a t i o  o f  t h e  l o c a l  chord  t o  t h e  b l ade  r a d i u s  

i s  t h e  t i p - speed  r a t i o  and t h e  subscr ipl ;  i, and o  r e f e r  t h e  i nne r  

and o u t e r  r a d i a l  boundar ies o f  t h e  a i l e r o n  

S i m i l a r l y ,  the  e f f e c t i v e  normal f o r c e  c o e f f i c i e n t ,  TN, and i t s  l o c a t i o n ,  

Am, can be con~puted f r om analogous data.  

- 
The ang le  of  a t t ack ,  a, i s  computed f rom equat ions  8.4.3-3 through -6,  where 

t h e  ba r red  symbols r e f e r  t o  t h e  e f f e c t i v e  o r  "average" va lue  o f  t h e  v a r i a b l e s  

t h a t  r ep resen t  t h e  a i l e r o n  as a  whole: 

$ 0  i s  t h e  "2-0" a i r  angle whose tangent  i s  - 1  

i s  t h e  induced a i r  qngle 
A X  

4 i 
0 i s  t h e  l o c a l  b l a d e  p i t c h  angle 

A r  i s  t h e  spanwise l o c a t i o n  o f  t h e  incremented chord  f o r c e  

measured outboard f r om t h e  i nne r  end of  t h e  a i l e r o n  

N i s  t h e  l o c a l  normal f o r c e  c o e f f i c i e n t ,  and 

K i s  t h e  Go lds te i n  i n d u c t i o n  f a c t o r  



Us ing  t h e  measured f o r c e  da ta  f r om  t h e  a i l e r o n  c o n t r o l  1  inks ,  t h e  h i n g e  

moments on t h e  a i l e r o n  were i n f e r r e d  and t rans fo rmed i n t o  a  non-dimensional  

h i nge  moment b y  t h e  f o rmu la  

Where FH i s  t h e  f o r ce  i n  t h e  1  ink  

k  i s  moment arm o f  t h e  f o r c e  ( i .e. ,  FH k  = MH)  

PiH i s  t h e  h i n g e  moment o f  t h e  a i l e r o n  

These da ta  a n a l y s i s  s teps  p r o v i d e  exper imenta l  va lues o f  t h e  e f f e c t i v e  

gene ra l i zed  performance o f  t h e  MOD-0/5A a i l e r o n s  as f u n c t i o n s  o f  c o n t r o l  

d e f l e c t i o n  angle ,  t i p - speed  r a t i o  and ang le  o f  a t t a c k  f o r  each wind speed b i n .  

8.4.3.7.3 A p p l i c a t i o n  o f  t h e  Data t o  t h e  MOD-5A 

The exper imenta l  c o e f f i c i e n t s  d e r i v e d  i n  s e c t i o n  8.4.3.7.2 f r om  t h e  MOD-O/5A 

were e s s e n t i a l l y  p r o p e r t i e s  o f  t h e  t e s t e d  a i r f o i l  sec t i ons .  They represen ted  

t h e  cor respond ing  a i r f o i l  s e c t i o n  p r o p e r t i e s  o f  t h e  MOD-5A. Th i s  da ta  was 

a p p l i e d  t o  t h e  MOD-5A by  d i r e c t  quadra tu res  u s i n g  t h e  MOD-5A geometry. 

As a t y p i c a l  example, t h e  increment i n  r o t o r  t o rque  caused b y  a i l e r o n  

d e f l e c t i o n  was c a l c u l a t e d  from equa t ions  8.4.3-7 and -8, i n  which a l l  t h e  

te rms  a r e  known: 

~4 i s  t h e  increment i n  r o t o r  t o r q u e  produced b y  t h e  a i l e r o n .  

V i s  t h e  w ind  speed and t h e  o t h e r  terms a re  as de f ined  above. 

These c a l c u l a t i o n s  can then  be compared w i t h  t h e  p r e d i c t i o n s  based on 

w i nd - tunne l  da ta .  T h i s  process of  da ta  r e d u c t  ion,  a n a l y s i s  and app l  i c a t  i o n  

w i l l  be pub l i shed  b y  GE i n  September, 1984 i n  a f i n a l  r e p o r t  documenting t h e  

MOD-0/5A t e s t s .  



8.4.3.7.4 I i x t r a p o l a t i o n  o f  MOD-0/5A A u t o r o t a t i o n  Test  Resu l t s  t o  MOD-5A 
I\ i 1  eron Geometry 

There was an i n t r i n s i c  and impor tan t  d i f f e r e n c e  between t h e  a i l e r o n  c o n t r o l  

power as t e s t e d  on t h e  MOD-0/5A and as designed on t h e  MOD-SA. Th i s  

d i f f e r e n c e  a r i s e s  because o f  unavoidable d i f ference: ;  i n  geometry between t h e  

two c o n f i g u r a t i o n s .  The MOD-0/5A a i l e r o n  extended f r om 67% t o  93.5% o f  span, 

w h i l e  t h e  MOD-5A extended f r om 60% t o  99%. There a r e  a l s o  p l an fo rm  

d i f f e r e n c e s .  These geometr ic d i f f e r e n c e s  were analyzed t ~ y  u s i n g  t h e  

express ion  f o r  t h e  elementary t o rque  c o e f f i c i e n t  represen ted  by  equa t ion  

8.4.3-9: 

2 U2 
~ C Q  : - C  x Cx d x *  - 

TI V 

where U i s  t h e  r e s u l t a n t  v e l o c i t y  a t  t h e  sec t ion ,  V i s  t h e  wind v e l o c i t y ,  c  i s  

t h e  ain1ension:ess chord, x  i s  t h e  r a t i o  o f  the  r a d i i ,  and C x  i s  t h e  

aerodynair~ic f o r c e  i n  t h e  p l ane  o f  t h e  r o t o r ,  t h e  " to rque  f o r c e " .  The 

c o n t r i b u t i o n  t 3  t h e  t o rque  c o e f f i c i e n t  o f  t h e  p o r t i o n  o f  t h e  b lade  ex tend ing  

f r om x=a t o  x=t], i s  g i v e n  b y  t h e  i n t e g r a l  between t h e  l i m i t s  a  and b. O r ,  if - 
C x  i s  r ep laced  b y  i t s  average va lue  i n  t h e  i n t e r v a l  a<x<b, Cab :  

V i s  t h e  r e s u l t a n t  v e l o c i t y  a t  t h e  s t a t i o n  x and the  remainder o f  

t h e  terms a r e  d e f i n e d  above. 

The square o f  tihe v e l o c i t y  r a t i o  i s :  

The l a s t  te rm i s  u s u a l l y  o f  1  i t t l e  importance, so  

u2 = 1  + h 2  x2 , approx imate ly ,  and 
V2 

P i s  t h e  cons tan t  geometr ic,  k i nema t i c  par'ameter r e s u l t i n g  f r om t h e  

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



which can be  eva lua ted  d i r e c t l y .  Equa t ion  8.4.3-13 s t a t e s  t h a t  t h e  t o r q u e  

produced b y  a  b l ade  r e g i o n  i s  p r o p o r t i o n a l  t o  t h e  p roduc t  o f  an aerodynamic 

f a c t o r  C X  and a  geomet r i c /k inemat i c  f a c t o r  P. F i gu res  8-247, -249, -251 and 

-253 show t h e  i n t e g r a l  o f  equa t ion  8.4.3-13 w h i l e  F i gu res  8-248, -250 -252 and 

-254 p r o v i d e  t h e  i n d e f i n i t e  i n t eg rand  of  t h i s  f u n c t i o n  f o r  b o t h  t h e  MOD-5A and 

t h e  MOD-0/5A b lades  and A = 1, 2, 3  and 4. The t e rm  P  i s  c a l l e d  t h e  

geometr ic  parameter.  The r e l a t i v e  power o f  t h e  two a i l e r o n  systems was 

determined by  f i r s t  e v a l u a t i n g  PA, t h e  i n t e g r a t e d  a i l e r o n  t o rque  geomet r i c  

parameter taken  from t h e  outboard t o  t h e  inboard  end o f  t h e  a i l e r o n .  Next 

P I  was computed i n  t h e  same manner f r om  t h e  inboard end o f  t h e  a i l e r o n  t o  

t h e  b l ade  r o o t .  The r a t i o  o f  these  two q u a n t i t i e s  

i s  a  measure o f  t h e  geometry- re la ted power e f fec t i veness  of  t h e  a i l e r o n  

p o r t i o n  o f  t h e  b l a d e  r e l a t i v e  t o  t h a t  o f  t h e  inboard  s e c t i o n s  o f  t h e  b lade .  

T h i s  v a l u e  was c a l c u l a t e d  f o r  f o u r  va lues of  t h e  t i p  speed r a t i o  (A) as 

d i s p l a y e d  i n  Tab le  8-102. 

Tab le  8-102 R e l a t i v e  Torque Parameters o f  t h e  
MOD-5A and t h e  MOD-O/5A Blades 



















The r a t i o  of '  t h e  r e l a t i v e  a i l e r o n  power e f fec t i veness  o f  t h e  IdOD-5A t o  t h a t  o f  

t i l e  MOD-0/5A i s  i l l u s t r a t e d  i n  F igu re  8-255. 

This  f i g u r e  snows t h a t  t h e  r e l a t i v e  power e f fec t i veness  o f  t h e  a i l e r o r ,  

geometry o f  t h e  MOD-5A t o  the  MOD-O/5A increases w i t h  inct-easins t ip-speecl 

r a t i o  f o r  low t ip-speed r a t i o s .  I n  t h e  reg ion  o f  i n t e r e s t  ( A  1.5), the  

geometry o f  t h e  MOD-5A i s  about 25% more e f f e c t i v e  than t h a t  o f  t he  MOD-0/5P, 

con f i gu ra t i on .  

A u s e f u l  extension o f  t h i s  approach was f i n d i n g  an equivalence between the 

observed equ i 1 i b r  ium t ip-speed o f  t he  MOD-0/5A t e s t s  and t h e  corresponding 

p r e d i c t i o n  f o r  t he  MOD-5A. A t  equ i l i b r i um,  neg lec t i ng  t h e  s h a f t  f r i c t i o n ,  

t he re  i s  no n e t  torque and: 

t n a t  i s ,  i n  t h e  no-load e q u i l i b r i u m  condi t ion. ,  t h e  inboard and outboarc 

torques are  equal and opposite. The outboard reg ion  torque i s  t h e  a i l e r o r i  

r e g i o n  torque. 

Using t h e  n o t a t i o n  o f  equat ion 8.4.3-13, equat ion 8.4.3-14 was rearranged as: 



RELATIVE TORQUE PARAMETER 

0 1 2 3 4 

F i g u r e  3-256 A u t o r o t a t i o n  E x t r a p o l a t i o n  f rom MOD-OI5A t o  MOD-5A 

1 .4  

1 .3  

0 
L1S 

1.2 m 
E 

1.1 

1 .0  

- 

- 
cFA 

~ o = (  z) o /!!A 
- 

I I I I 
0 1 2 3 4 

T IP  SPEED RATIO, A = $ 
F i g u r e  8-255 R e l a t i v e  A i l e r o n  Power 

EXTRAPOLATION CHART 



Equat ion  8,4.3-17 i n d i c a t e s  t h a t  a t  no  l oad  e q u i l  i b r  iu~n, t h e  r e l a t i v e  

aerodynamic e f f e c t i v e n e s s  o f  t h e  inboard r e g i o n  t o  t h e  a i l e r o n  r e g i o n  can be  

eva lua ted  a!; t h e  n e g a t i v e  o f  t h e  i nve rse  geometr ic  parameter r a t i o s .  

Experimental d a t a  show t h a t  f a r  h i g h  angles o f  a t t a c k  f r om 25' t o  more than 

50°, t h e  chordwise f o r c e  c o e f f i c i e n t s  f o r  c le i ln  (6 = 0') and def lectecl  

(6 = -90') a i r f o i l s  i s  n e a r l y  cons tan t .  I t i s  n o t  a  func1;iion o f  ang le  of' 

a t t a c k .  

T h i s  a n a l y s i s  approach enabled appl  i c a t i o n  o f  t e s t  r e s u l t s  f'rom t h e  MOD-0/5P 

geometr ic  c o n f i g u r a t i o n  t o  t h e  MOD-5A c o n f i g u r a t i o n  b y  assuming t h a t  t h e  r a t i o  

~ x l ~ X A  doe:; n o t  change w i t h  smal l  changes i n  t ip -speed ral: io, o r  angle of 

a t t a c k .  The f u r t h e r  assumption t h a t  t h e  aerodynamic c h a r a c t e r i s t i c s  of t h e  

MOD-O/5A rep resen t  those  o f  t h e  MOD-5A i s  i m p l i c i t  i n  t h e  basil: t e s t  program. 

F i g u r e  8-25!; shows t h e  r e l a t i v e  t o r q u e  parameter r a t i o s  o f  t h e  MOD-0/5A and 

MOD-5A a i l e r o n  c o n f i g u r a t i o n  p l o t t e d  a g a i n s t  t i p - speed  r a t i o .  In F i g u r e  8-256 

t h e  parameters R5 6" d a r e  p l o t t e d  aga ins t  t i p -speed r a t i o .  The 

e q u i l  i b r i u m  t i p - speed  r a t i o ,  A ,  measured on t h e  MOD-0/5A a t  6 = -90°, 

i s  shown i n  F i g u r e  8-256, where A %  = 2.0. 

The va lue  o f  t h e  parameter r a t i o  R = PA/PI c o ~ ~ r e s p o n d i n g  t o  t h e  measured 

equ il i b r  aurn t i p  speed r a t i o  as i n d i c a t e d  on F i g u r e  8-256 a t  t h e  i n t e r s e c t  i o n  

o f  t h e  1 i n ?  w i t h  t h e  MOD-O/5A 1  i ne  (R = 1.5). The NOD-5A w i l l  come 

t o  e q u i l  ibr4um a t  t h e  same va lue  o f  R. The c o n s t r u c t i o n  1  inlzs on t h e  f i g u r e  

i n d i c a t e  thc. t  t h e  MOD-5A w i l l  have an e q u i l i b r i u m  t i p  speed r a t i o  o f  X = 

1.27. 

The e x t r a p o l a t i o n  cu rve  shown i n  F i g u r e  8-257 was cons t ruc ted  f rom t h e  curves 

shown i n  F i g u r e  8-256. T h i s  c h a r t  may be  used t o  determine t h e  a u t o r o t a t i o n  

t i p  speed r a t i o  p r e d i c t e d  f o r  MOD-5A f r om measured d a t a  on MOD-O/5A. 



EXTRAPOLATION CHART 
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MOD-0/5A EXPERIMENTAL X E  

F i g u r e  8-257 MOD-5A A u t o r o t a t i o n  Speed Versus MOD-0/5A 
A u t o r o t a t i o n  Measurements 



8.4.3.8 - Resul ts  and Conclusions 

The r e s u l t s  o f  these t e s t s  w i l l  n o t  be a v a i l a b l e  u n t i l  t h e  d i ~ t a  reduc t i on  and 

ana lys is  ai!;cussed i n  8.4.3.7 above i s  complete. When t h i s  analyzed data  

becomes ava' i lable, t h e  r e s u l t s  w i l l  be presented and discus!;ed i n  t h e  f i n a l  

t e s t  r e p o r t .  

8.4.3.9 Recommendations - 
Techniques should be developed f o r  improving the  performance o f  a i l e r o n  

c o n t r o l s  i n  t h e  h i g h  wind shutdowns and f o r  f a i l s a f e  performance. 

I n  t h e  area o f  h igh  wind shutdowns, h igh  angle-of-attack performance of 

c o n t r o l s  neizds more a t t e n t i o n .  S p e c i f i c a l l y ,  t he  o p t i m i z a t i o n  o f  a i l e r o n  

con f  i g u r a t  icln f o r  h igh  angle-of -at tack i s  a prom-is i ng  area. I n  a comparison 

of tne  two I~a lanced a i l e r o n s  t e s t e d  i n  OSU's wind tunne l ,  one w i t h  30% chord 

f l a p  and 20S chord balance was d e f i n i t e l y  superior. t o  t he  38% chord f l a p  w i t h  

10% balance.. This  s u p e r i o r i t y  inc ludes n o t  o n l y  t h e  a b i l i t y  t o  main ta in  a 

negat ive  chordforce throughout t h e  angle-of -at tack range tes ted  (which BF.38C 

cou ld  n o t )  b u t  a l so  a h igher  f l o a t  angle. 

The spanwise load d i s t r i b u t i o n  a t  low t ip-speed-rat ios should a l so  be 

researched, s ince  i t  e f f e c t s  n o t  o n l y  shutdown performance,, b u t  a l so  o ther  

wind t u r b i n e  des ign q u a n t i t i e s .  

Devices f o r  p r o v i d i n g  highelr f l o a t i n g  angles shou1,d a l s o  be pursued. 

Fu r tne r  recommendations w i l l  have t o  awai t  complet ion o f  t h e  work descr ibed i n  

8.4.3.7. 



11.5 ELLL II<I(;AL C0MI)ONENl T t S I  S 

8 .5 .  l CONTKOLl.tl< CUMI'ONEN'I' I t S  I- 

/\n EI)II\K /UO systern was p u t  i n t o  o p e r d t i o r ~  i n  March, 198% t o  suppor t  t h e  

c o r ~  t r u  l l e r  s o t  twdre develop~l ler~t .  I \pprox i lndte l  y  2,000 t ~ o u r s  o f  opera t i o n  have 

11eer1 d c c u ~ ~ ~ u l a t e d  w i t h  o n l y  orle f a i l u r e .  I n  Ju l y ,  198% dn analog o u t p u t  

~ ~ ~ o d u l e ,  Lt) l S b ,  t d i l e d  d u r i n g  t he  f i r s t  o p e r d t i o n  o f  t he   nodule. Tlbis f a i l u r e  

would I je cons idered  dn i n f a n t  ~ l l o r t a  l i t y .  

1 r~ p r u d ~ r c t  ion, d complete check and burn-  i r ~  t e s t  would he per for~nt?d on t h e  

c o n t r u l  l e r .  Th is  t e s t  would de tec t  any i n f a n t  rnor ta l  i t y  f a i l u r e s  and r e p a i r  

~ I I~ I I I  I j e tu re  st1 iplrlcrl t . 



5 . 2  C/\I;LE TWIS1 

Z . 5 . 2 .  I Tes: D e s c r i p t i o n  ------ 
Uecausc o f  the c o s t  and s i r e  o f  t h e  s l  i p r i n g ,  another  des ign  f o r  t r a n s l r ~ i t t i n g  

s i y r l a l s  drld power between t h e  r o t d t i n g  n a c e l l e  61nd t h e  s t d t  i ona ry  tower  war 

cons idcred.  The des i gn  pcs i t i o r l e d  a  1 1  cab les  around t h e  c t ln te r  o f  r o t a t  i o r ~  

bened l t ~  t i l e  rldce l l e  d r ~ d  d l  lowed t t ~ u ~ r ~  t o  t w i s t  +36U0 over  i lpprux in ld te ly  %OC 

t t  . bc!twecn t h e  rldce l l e  and t h e  grourld. 

The o t ~ j e c t  i ~ e  o t  Ltte t e s t  wds Lo derllorlstrdte Lhdt t h e  5 kV power cd l ) le  drld t i le  

t l e x i l )  l e  c o r ~ d u i t  cou I d  s u r v i v e  t he  r e v e r s e  I~u r l d i ny  drld t h e  r e \ t e r se  t w i s t i n g  o f  

d s i l l t i l laterl,  dcce I e r a t e d  1 i f e  c y c l e  w i t r l o ~ ~ t  111ec11an ic .a l  f a i  l u r e  o r  

d e t e r  i u r d t  i o n  o f  t he  i r ~ s u  l d t  ion.  

l t l e  t e s t  used d ZU f t .  l e r ~ y t h  o f  I;L #SI-5UlIIO-MV-9O, 5 kV, 3511 MCM cd l ) le  and a  

I U  f t .  Icrly1;h o f  I-\rldcondd LA he1 i c a l  c o n d u i t  wit.h an o u t e r  didrneter o f  2 . 5  

ill., w l ~  i c l l  was i r ~ s u  l a t e d  ayd i r l s t  1  i q u i d .  1 he ca l :~ le  drld cundu il were l l tour~ted 

Lo SIIIIU l d t e  t h e  wo rs t  loads. - l t ~ e  Lop e r~ds  o t  t h e  t e s t  p ieces  were clalrlped t o  

d f i x r d  l1ed111 and t t !e I )o t to l r~  e r~ds  were claral)ed t o  a  p i v o t e d  beanl. The clarrlps 

a r ~ d  t h e  p i vc l t  po i r l t s  were separated b y  1% i r l .  The t e s t  se t - up  i s  stlowr~ i r r  

I-' i g u r e  11-2511. 

The p i v o t e d  I)edlll wds o s c i  1  l a t e d  t l l roug l l  :b50", s  1111ul tarleous ljf s u b j e c t i n g  t h e  

cab les  dnd c o n d u i t  t o  t w i s t  drld t o  a l d t e r d l  d i s p l a c e ~ n e r ~ t  o f  1-10.47 i n .  over  

t h e  u ~ ~ r e s t r d  ir led lenyt t i .  I'he t e s t  was r u n  I'or Illore than 3 x ] (I4  c y c l e s  w i t h  

rlo v  i s  ilj l e  e71 ide r~ce  o f  a  gross f d i  l u re .  The rrlaxi~rl~~lrl c y c l  i c  r a t e  was IlJ c y c l e s  

pe r  l l l i ~ l u t e .  A 1  l t e s t  i r ly  was corlduc t e d  d t  roolrl t e l l l ~ e r a t u r e ,  em; t i l l ldted t o  v d r y  

betweer1 0 5 O F  arld i{OoF. 

The 5 kV c a l ~ l e  wds cldlrlped throuy l t  t h e  i n s u l a t i o n . ,  so t h a t  t h e  two ends were 

v e r t i c d l  l y  c I i y r ~ u d  ds t hey  were I d t e r d l  I y  dis,pIaced. I n  a d d i t i o n ,  t h e  

conductor  wd:; c ld l l~ped ds c l o s e l y  ds p o s s i l j l e  t o  t h e  i n s u l a t i o r l  c la l r~ps so t h a t  

t h e  cor~ductor-  d i d  i n  f d c t  t w i s t  t t l rouyh t t l c  +Silo dngle,  arid d i d  n o t  r o t a t e  

i l l s  i d c  t h e  i r ~ s u l d t i o r l  1  ayer.  
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The f a t i g u e  t e s t  was stopped every 7 o r  8 hours t o  r u n  a  3 kV i n s u l a t i o r ~  

leakage te5.t f rom conductor t o  s h i e l d  t o  v e r i f y  t h e  i n t e g r i t y  of  t h e  

i n s u l a t i o n .  A res i s tance  measurement was made a t  t h e  same t ime  t o  v e r i f y  t h e  

i n t e g r i t y  o f  t h e  conductor. 

A t  t h e  end o f  t h e  t e s t ,  t h e  cab le  was c a r e f u l l y  d issec ted  and examined forh 

broken st ra i lds o r  cracked i nsu la t i on ,  which would be evidence o f  mechanical 

f a i l u r e .  

The f l e x i b l e  condu i t  was clamped so t h a t  t h e  two ends were v e r t i c a l l y  a l igned 

as they  were l a t e r a l l y  d isp laced,  and t o  impart a  250" t w i s t  over the, 

unrestrainecl length .  No wSres were p u l l e d  through t h e  condu i t  because t h e  

number o f  cc~nductors and t h e  gage s i zes  were undef ined a t  t h e  t ime. 

The f l e x i b l l ?  condu i t  was v i s u a l l y  inspected ever-y 7  t o  8  hours f c r  s igns of' 

f a t i gue .  I t  showed no s igns  o f  gross f a i l u r e  over d u r i n g  t h e  t e s t .  

Cable v o l t a ! ~ e  drop was measured a t  a  constant  10.0 Vdc between p o i n t s  A & E; 

approximately every 7-8 hours, as shown i n  F igure  8-259. This  measurement 

v e r i f i e d  t h e  i n t e g r i t y  o f  t h e  conductor du r ing  t h e  t e s t .  The data  seemed t o  

show an t r e n d  towards increas i ng  res is tance.  Hohrever , post  ' test  ana lys i s  anc 

a d d i t i o n a l  measurements i nd i ca ted  t h a t  t he  v a r i a t i o n  was caused by 

f l uc tua t i ons  i n  t he  con tac t  res i s tance  caused by  changes i n  clamping pressure 

a t  t he  c u r r e n t  leads. 

I n s u l a t i o n  leakage measurements were made a t  3 kVdc between t h e  conductor anc 

s h i e l d  wire. ;  p o i n t s  A&C i n  F igu re  8-259. No measurement exceeded t h e  1  

minimum r e s c ~ l u t i o n  o f  t h e  leakage t e s t e r  before, dur ing,  o r  a f t e r  t e s t i n g .  

The 5 kV power c a ~ l e  was d issec ted  a f t e r  t h e  t e s t .  The inspect ion  looked f o r  

broken conductor strands, cracked o r  f a i l e d  i nsu la t i on ,  and examined the 

c o n d i t i o n  o f  t h e  s h i e l d  wires.  There was no d e t e r i o r a t i o n  o f  t h e  conductor o r  

i n s u l a t i o n  4 cab le  ends, where maximum bending combined w i t h  cable t w i s t .  The 

s h i e l d  wire:; o f  3 o u t  o f  4 cab le  ends j u s t  inboard o f  t h e  clamping area were 

tw is ted ,  d  is.pl  aced, and broken. 
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The f l ex iD1e  condu i t  was d issec ted  a f t e r  t he  t e s t .  The inspl?ct ion looked f o r  

ev idence of' rnechan i c a l  f a i l u r e ,  broken o r  cracked convul it ions, o r  o ther  

evidence o f  f a t i g u e  f a i l u r e .  

1  ) Thet-moplastic Jacket:  

There was no d i f f e r e n c e  i n  t h e  appearance'of t h e  ou ter  diameter of t h e  
therSmopl a s t  i c  cover j acke t  be fore  and a f t e r  t h e  t e s t .  

A f i n e  b lack powder coated the  inner  diameter o f  t h e  j acke t  jusl; 
inboard from the  clamping l o c a t  ion, where the  most f l e x i n g  occurred. 

2 )  Galvanized Stee l  Core: 

Thei-e was no evidence o f  c rack ing  o r  f a i l u r e  o f  t h e  core  a f t e r  removal 
o f  the  j acke t .  

8.5.2.2 - Conc:lusions 

1  ) The 350 MCM cab le  conductor and i n s u l a t i o n  surv ived 30,im22 cyc les  w i t h  iI 

u50° tw. is t  w i t h o u t  v i s i b l e  evidence o f  damage. 

2 )  Attempt!; t o  measure changes i n  res i s tance  vs. number o f  cyc les  were 

inconcltrs ive, because of changes i n  contac t  res is tance.  The r e s  is tanct !  

v ar i ed  between .000096 ohms and .000340 ohms, however, t h e  ca l cu la ted  

cab le  res i s tance  was o n l y  .000676 ohms a t  20°C. 

3 )  The cab le  s h i e l d  w i res  were d isp laced,  deformed and broken i n  3  o f  t h e  L. 

clamping areas. 

4 )  Measureinents made before  dur ing,  and a f t e r  t h e  t e s t s  i nd i ca ted  no  

measuratlle c u r r e n t  between the  conductor and s h i e l d  a t  3  kVdc. 

Discussions w i t h  a  manufacturer o f  h igh  vo l tage power cables i nd i ca ted  t h a t  iI 

p a r t i a l  dis.charye o r  corona t e s t  would be a  more d e f i n i t i v e  t e s t  fo rn  

i n s u l a t i o n  d e t e r i o r a t i o n .  Equipment f o r  perform:ing a  p a r t i a l  discharge t e s t  

i s  a v a i l a b l e  f rom such companies as James B idd le  Co. I t  i s  recommended that:  

more conc lus ive  t e s t  r e s u l t s  cou ld  be obta ined w i t h  th- is  type o f  t e s t  

equipment be fo re  implementing a  cab le  t w i s t  design. 
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9.0 DESIGN CF ITERIA 

The f i r s t  Mo l l -5A spec if i c a t  i on  issued was t h e  " S t r u c t u r a l  Des iqn  C r i t e r i a  f o r  

MOD-5A Wind Turb ine  Generator" .  T h i s  document d e f i n e s  term. ino logy and 

procedures t h a t  shou ld  ach ieve  good s t r u c t u r a l  i n t e g r i t y .  Al. lowable s t r e s s  

va lues  t h a t  were developed f r om t h e  t e s t i n g  o f  l amina ted  wood have been added 

t o  t h e  document. Both s t r u c t u r a l  and dynamic c r i t e r i a  a re  inc:luded i n  t h i s  

s p e c i f i c a t i o n .  

The S t ruc tu r c : l  Design C r i t e r i a  main t e x t  i s  i n c l u d ~ ! d  as Sectiol' ls 9.1 th rough  

9.6 o f  t h i s  sec t i on .  It c o n t a i n s  d e t a i l e d  d e f i n i t i o n s  o f  term. inology, t a b l e s  

o f  f a c t o r s  and a1 lowables and a  d e s c r i p t i o n  o f  t h e  Marg in  o f  Sa fe t y  f o rmu la  

t h a t  makes use of  f a c t o r s  i n  t h e  r e fe renced  t a b l e s .  Comments on t h e  c r i t e r i a  

a r e  i n  Sec t i cn  9.7. 

9.1 STRUCTURAL D E S I G N  CRITERIA 

9.1.1 PURPOSE 

Th i s  documen.t p resen ts  t h e  S t r u c t u r a l  Design C r i t e r i a  and i n t e r p r e t i v e  

i n f o r m a t i o n  t o  be u t i l i z e d  f o r  s t r u c t u r a l  des ign  o f  t h e  MOD-5A Wind Tu rb i ne  

Generator ( w T G ) .  Spec i f  i c a l  ly ,  t h e  o b j e c t i v e s  o f  t h i s  document are:  

o To ensure t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  WTG hardware end i tems.  

o To cLccomplish des ign  and development o f  t h e  WTG t o  s a t i s f y  t h i s  
s t r u c t u r a l  i n t e g r i t y  w i t h  lowes t  p r a c t i c a l  c o s t  o f  energy (COE) and 
1  i f f  c y c l e  c o s t .  S p e c i f i c a l l y ,  t hese  parameters may .,e q u a n t i f i e d ,  
f o r  t he  MOD-5A WTG, as t h e  f o l l o w i n g :  

COE l e s s  than  3.75 cen t s  per  KWH (1980 D o l l a r s )  

1 i f e  g r e a t e r  than  30 yea rs  (approx imate ly  4 X l o 8  c y c l e s )  

S t r u c t u r a l  dc.s i gn  c r i t e r i a  presented i n  t h i s  docurr~ent concentlnates on t h e  

s t r eng th ,  s t i f f n e s s ,  and s t r u c t u r a l  performance aspects o f  t h e  des ign.  It i s  

in tended  t o  supplement and expand on genera l  s t r u c t u r a l  des ign requi rements  

s p e c i f i e d  i n  ' the Statement o f  Work f o r  t h e  MOD-5A WTG. 

I t  i s  t h e  i n t e n t  o f  t h i s  document t o  e s t a b l i s h  t h e  requ i rements  f o r  s t r u c t u r a l  

aes ign  by:  

a )  Def i n  i n g  t h e  bas i c  des ign  ph i l o sophy  govern ing  t h e  s t r u c t u r a l  des ign  
of  t h e  WTG f - o r  s t r u c t u r a l  i n t e g r i t y  o b j e c t i v e s .  



b )  D e f i n i n g  t h e  c r i t e r i a  o r  s tandards t h a t  t h e  des ign  s t r u c t u r a l  
i n t e g r i t y  i s  based on. 

c )  P r o v i d i n g  t h e  b a s i c  des ign  da ta  necessary t o  per fo rm t h e  s t r u c t u r a l  
des ign.  

S t r u c t u r a l  des ign  c r i t e r i a  presented i n  t h i s  document a1 so e s t a b l  i s h  

requi rements  f o r  t h e  s t r u c t u r a l  a n a l y s i s  documentat ion and s i g n a t u r e  approva l  

o f  f o r m a l l y  c o n t r o l l e d  s t r u c t u r a l  drawings issued th rough  t h e  p r i n t  c o n t r o l  

system. The s t r u c t u r a l  a n a l y s i s  approva l  s i g n a t u r e  on t h e  drawing s i g n i f i e s  

t h e  drawing compl ies  w i t h  a l l  c r i t e r i a  con ta ined  i n  t h i s  document. 

9.1.2 SCOPE 

Th i s  document p resen ts  t h e  bas i c  requi rements  and i n f o rma t  i on  govern ing t h e  

s t r eng th ,  s t i f f n e s s ,  and s t r u c t u r a l  performance aspects o f  t h e  s t r u c t u r a l  

des ign  f o r  t h e  MOD-5A WTG. 

9.2 APPLICABLE DOCUMENTS 

The f o l l o w i n g  documents app l y  t o  t h e  s t r u c t u r a l  des ign  t o  t h e  e x t e n t  s p e c i f i e d  

he re i n .  I n  case o f  c o n f l i c t  between t h i s  c r i t e r i a  and t h e  documents l i s t e d  

below, t h e  c r i t e r i a  s h a l l  t a k e  precedence. 

2 .  1980 S t r u c t u r a l  Welding Code (AWS) 

4. S p e c i f i c a t i o n s  o f  t h e  American Assoc ia t i on  o f  S t a t e  Highway and 
T ranspo r t a t  i o n  O f f  i c  i a l  s  (AASHTO) 

5. American Concrete I n s t i t u t e  Code (ACI) 318-77 

6 .  Manual o f  S t e e l  Cons t ruc t ion ,  American I n s t i t u t e  o f  S t e e l  
Cons t ruc t  i on  (AISC), 8 t h  E d i t i o n ,  1978 

7. Spec i f  i c a t  i ons  o f  t h e  American S o c i e t y  o f  Mechanical  Engineers (ASME) 

8. Design and Cons t ruc t  i on  o f  S t e e l  Chimney L i ne rs ,  American S o c i e t y  o f  
C i v  i 1 Engineers (ASCE) . 

9. Spec i f  i c a t  i ons  o f  t h e  American S o c i e t y  f o r  T e s t i n g  M a t e r i a l s  (ASTM) 

10. Wood Handbook, U.S. Department of A g r i c u l t u r e  F o r e s t  P roduc ts  
Labo ra to r y  



11. Design o f  Wood A i r c r a f t  S t r uc tu res ,  ANC-18, June 1951 

12. J o i n  ing  o f  Advanced Compos i t e s ,  Eng ineer ing  Design Handbook, DARCOMP 
706-.3 16 

13. De tec t  i on  and Repai r  o f  F a t i g u e  Damage i n  Welded Hi.ghwiiy Br idges,  
NCHR' Repor t  206 

9.3 DEFINITION OF TERMS 

F o r  purposes 3 f  i n t e r p r e t i n g  t h i s  document and t o  ach ieve  unambiguous c r i t e r i a  

t h e  f o l l o w i n g  d e f i n i t i o n s  w i l l  app ly :  

9.3.1 GENEliAL 

B u c k l i n g  - An i n s t a b i l i t y  phenomenon i n  a  column, p l a t e  o r  shs?ll where an 

i n f  i n  i t e s  imal  inc rease  i n  t h e  e x t e r n a l  l oad  i n g  prc~duces a  sucden, 1 arge, 

n o n - l i n e a r  de fo rmat ion  i n  t h e  s t r u c t u r e .  

Creep - A t i m e  dependent de fo rmat ion  under l oad  and therma l  env i ronments  t h a t  

r e s u l t s  i n  c u n u l a t i v e  permanent deformat ion.  

C r i p p l  i r ig - P l o c a l  i n e l a s t i c  de fo rmat ion  ( i .e . ,  c o l l a p s e )  o f  a  s t r u c t u r a l  

e lement,  p l a t e  o r  s h e l l ,  s u b s t a n t i a l l y  r educ ing  t h e  a b i l i t y  o f  t h e  s t r u c t u r e  

t o  w i t h s t a n d  loads. 

C r i t i c a l  - The extreme va lue .  o f  a  l oad  o r  s t r e s s ,  o r  t h e  most severe 

env i ronmenta l  c o n a i t i o n  imposed on a  s t r u c t u r e  d u r i n g  i t s  s e r v i c e  l i f e .  The 

des ign  o f  t h e  s t r u c t u r e  i s  based on an appropria1;e combinat ion o f  such 

c r i t i c a l  loads,  s t resses ,  and c o n d i t i o n s .  

Bes ign Load Fac to r s  - A m u l t i p l y i n g  f a c t o r  a p p l i e d  t o  l o a d  ( o r  p ressure )  t o  

o b t a i n  des ign  l oad  ( o r  p ressure ) .  Re fe r  t o  Table  9-1 th rough  9-4. The 

a p p l i c a t i o n  o f  such f a c t o r s  i s  de f ined  b y  t h e  f l o w  c h a r t  i n  F i g u r e  9-1. 

Design Gross Weight - Fo r  des ign  purposes, t h e  maximum system we igh t  t h e  

f o u n d a t i o n  w i l l  be designed t o  suppor t .  

Ue t r  imen ta l  l le format  i ons  - Deformat ions ,  e i t h e r  e l a s t i c  o r  i n e l  a s t  i c y  

r e s u l t i n g  f r c m  t h e  a p p l i c a t i o n  o f  loads and temperatures t h a t  p reven t  any 

p o r t i o n  o f  t h e  WTG s t r u c t u r e  f r om  pe r f o rm ing  i t s  in tended  f u n c t i o n .  Examples 

i n c l u d e  s t r u c t u r a l  deformat  ions,  d e f l e c t  ions,  o r  d i s p l  acements cha t :  ( 1  ) Cause 

u n i n t e n t i o n a l  con tac t ,  misa l ignment ,  o r  d i ve rgence  between ad jacen t  

components; ( 2 )  Cause a  component t o  exceed i t s  e s t a b l i s h e d  dynamic space 

envelope; ( 3 )  Reduce t h e  s t r e n g t h  o r  r e l a t e d  1  i f e  o f  t h e  s t r ~ c t u r e  below 

s p e c i f i e d  l e v e l s ;  ( 4 )  Reduce t h e  e f f e c t i v e n e s s  o f  thermal  p r o t ~ ! c t i o n  coa t i ngs  

o r  s h i e l d s ;  ( . i )  Jeopard ize  t h e  p roper  f u n c t i o n i n g  of '  equipment. 



F a i l u r e  R~lptutce, c o l  1 apse, se i zu re ,  y i e i d  ing,  o r  any o t h 2 r  phenomenon 

r e s u l t i n g  i n  an i n a b i l i t y  t o  s u s t a i n  des ign  loads, pressures,  o r  environments 

# f i t h o u t  d e t r i m e n t a l  deformat ion.  

P r e s s u r ~  Vessel - A c o n t a i n e r  designed p r i m a r i l y  t o  c a r r y  f l u i d s  o r  gases a t  

sus ta ined  i n t e r n a l  pressure,  which may a l s o  c a r r y  scme s t r u c t u r a l  loads.  

S t r u c t u r e  - A l l  components and assembl ies designed t o  s u s t a i n  loads o r  

pressures,  p r o v i d e  s t i f f n e s s  and s t a b i l  i t y ,  o r  p r o v i d e  suppor t  o r  conta inment .  

9.3.2 LOADS 

See paragraph 9,3.7 f o r  d e f i n i t i o n  o f  terms u n i q u e l y  r e l a t e d  t o  f a t i g u e .  

L i m i t  Load - The maximum a n t i c i p a t e d  s t a t i c  o r  q u a s i - s t a t i c  l o a d  on a  

s t r u c t u r e  r e s u l t i n g  f r om  an expected o p e r a t i n g  environment.  

OesSgn Load - The p roauc t  o f  t h e  p r e d i c t e d  l oad  and t h e  des ign  l o a d  f a c t o r s .  

A l l owab le  Load - The maximum l oad  t h a t  can be p e r m i t t e d  i n  a  s t r u c t u r e  f o r  a  

g i ven  des ign  c o n d i t i o n .  See a l s o  paragraph 9.3.4. 

P;-ed:cted Load - The l o a d  expected by  b e s t  es t ima te  f rom mathemat ica l  models 

o f  t h e  t r a n s i e n t  and s teady dynamic response o f  t h e  M T G  mechanical  system 

( I ~ c l  ud i ng  c o n t r o l  system i n t e r a c t  ion,  i f  necessary)  i n  ope ra t i on ,  s t a r t i n g ,  

s topping,  parked, i n  storms, caused b y  se ismic  response, and a l s o  b e s t  

es t ima te  f r om  models o f  thermal  d i s t o r t i o n  o r  mo i s tu re  d i s t o r t i o n .  

F T O G ~  Tes t  Load - The p roduc t  o f  t h e  l i m i t  l o a d  and t h e  p r o o f  t e s t  des i gn  

f a c t o r .  

Quas 1-Steady Load - Maximum expected l oad  f z c t o r s  expressed i n  g r a v i t y  u n i t s  

( y )  t h a t  a re  in tended t o  generate  s t a t i c  loads i n  t h e  s t r u c t u r e  e q u i v a l e n t  t o  

t h e  wo rs t  case o f  combined e f f e c t s  caused b y  r i g i d  body and e l a s t i c  

acce le ra t i ons .  

9.3,3 PRESSURES 

9,3.3.1 Design Pressures f o r  P ressure  Vessels 

L i m i t  P ressure  - The maximum d i f f e r e n t i a l  p ressure  t h i i t  can be a n t i c i p a t e d  t o  

occ i i r  w h i l e  t h e  p ressure  vesse l  i s  i n  s e r v i c e  i n  t h e  expected o p e r a t i n g  

environmefits. L i m i t  p rsssures  i nc l ude  combinat ions o f  such pressures as 

nax 'mum o p e r a t i n g  pressure,  t r a n s  i e n t  pressure,  and head pressure.  

Design Pressure  - The p roduc t  o f  t h e  1 i m i t  p ressure  and t h e  des ign  f a c t o r s .  



9.3.3.2 - Operat ing  Pressures  

Nominal Opera t ing  Pressure - The maximum pressure  a p p l i e d  t o  a  p ressure  vesse l  

b y  t h e  p r e s s u r i z i n g  system w i t h  t h e  p ressure  r e g u l a t o r s  and r e l i e f  va l ves  a t  

t h e i r  nominal  s e t t i n g s  and w i t h  nominal f l u i d  f l o w  r a t e .  

Maxirnum Opera t ing  Pressure  - The maximum pressure  a p p l i e d  t o  a  p ressu re  vesse l  

b y  t h e  p r e s s u r b i z i n g  system w i t h  t h e  p ressure  regulatior-s and r e 1  i e f  va l ves  a t  

t h e i r  upper 1  i m i t  and w i t h  t h e  maximum f l u i d  f l o w  r a t e .  

9.3.3.3 Tes t  Pressures 

Proof  Tes t  Pressure  - The p roduc t  o f  t h e  1  i r n i t  p ressure  and t h e  p r o o f  f a c t o r .  

B u r s t  T e s t  Pressure  - The p ressure  a t  wh ich  a  p ressu r i zed  compor~ent s h a l l  n o t  

r u p t u r e .  The p roduc t  o f  t h e  l i m i t  p ressure  and t h e  b u r s t  f a c t o r .  

P r o p o r t i o n a l  L i m i t  S t r eng th  - The s t r e s s  l e v e l  a t  which t h e  m a t e r i a l  

s t r e s s - s t r a i n  r e l a t i o n  ceases t o  b e  1  i nea r .  T h i s  l e v e l  i s  c !spec ia l l y  

a p p l i c a b l e  t o  wood and some man-made composi tes i n  compression. 

Y i e l d  S t reng th  - Corresponds t o  t h e  t e n s i l e  l oad  o r  s t r e s s  i n  a  s t r u c t u r e  o r  

m a t e r i a l  a t  which a  permanent s e t  of 0.2% occurs .  Not appl  i c a b l e  t o  wood 

1 aminae. 

U l  t i m a t e  S t r e n g t h  - Corresponds t o  t h e  maximum l o a d  o r  s t r e s s  t h 3 t  a  s t r u c t u r e  

o r  m a t e r i a l  ca3 w i t h s t a n d  w i t h o u t  i n c u r r i n g  r u p t u r e  o r  c o l l a p s e .  

9.3.5 STRESSES 

See paragraph 9.3.7 f o r  t h e  d e f i n i t i o n  o f  s t r e s s  terms un ique l y  r e l a t i n g  t o  

f a t i g u e .  

A l l owab le  S t ress  - - The maximum s t r e s s  t h a t  can be p e r m i t t e d  i n  a m a t e r i a l  f o r  

a  g i ven  des ign  c o n d i t i o n .  See a l s o  paragraph 9.3.4. 

Appl  i e d  S t ress  - The s t r u c t u r a l  s t r e s s  induced b y  a  g i v e n  appl  ,ied l oad  and 

env ironmen t . 
Design S t ress  - The s t r u c t u r a l  s t r e s s  induced by  t h e  a p p l i e d  des.ign load. 

P r e a i c t e d  S t ress  - - The s t r u c t u r a l  s t r e s s  induced by  t h e  a p p l i e d  ~ l r e d i c t e d  l oad .  

Res idua l  S t ress  - - A s t r e s s  t h a t  remains i n  a  s t r u c t u r e  caused by  l o c a l  

y i e l d i n g  o r  ci-eep a f t e r  process ing,  f a b r i c a t i o n ,  assembly, t e s t i n g ,  o r  

o p e r a t  ion.  



Therrnal S t r e s s  - The s t r u c t u r a l  s t r e s s  a r i s i n g  f r om temperature g r a d i e n t s  and 

d i f f e r e n t i a l  thermal  expansion i n  o r  between s t r u c t u r a l  components, 

assemblies, o r  systems. 

9,3.6 MARGIN OF SAFETY 

The marg in  b y  which t h e  a l l o w a b l e  l o a d  ( o r  s t r e s s )  exceeds t h e  des ign  l oad  ( o r  

s t r e s s )  f o r  a  s p e c i f i c  des ign  c o n d i t i o n  when a l l  des ign  f a c t o r s  (see paragraph 

9.3,1) have been taken  i n t o  account. Acceptab le  c a l c u l a t i o n s  f o r  marg ins o f  

s a f e t y  a r e  d e f i n e d  i n  paragraph 9.4.2.3. 

9,3.7 FATIGUE 

Refe r  t o  F i gu res  9-5 th rough  9-9 f o r  il l u s t r a t  i v e  d e f i n i t i o n s  and s,vmbols 

p e r t a i n i n g  t o  t h e  f o l l o w i n g  nomenclature.  

F a t i g u e  Loads - An appi  i e d  load, o r  spectrum o f  1 oads, many k e p e t i t  ions of 

whdch r e s u l t  i n  a  tendency f o r  a  m a t e r i a l  t o  f a i l  a t  cons ide rab l y  l e s s  t h a n  

i t s  u l t i m a t e  s t a t i c  s t r e n g t h .  

F a t i g u e  S t resses  - The s t r u c t u r a l  s t resses  induced b y  a p p l i c a t i o n  o f  f a t i g u e  

lozds ,  as above de f ined ,  and i n c l u d i n g  a l l  s t r e s s  c o n c e n t r a t i o n  f a c t o r s .  

S t r e s s  Cyc le  - The sma l l es t  d i v i s i o n  o f  t h e  s t r e s s - t i m e  f u n c t i o n  t h a t  i s  

Maxirnun! S t ress  - The h i g h e s t  a l g e b r a i c  va l ue  of  s t r e s s  i n  t h e  s t r e s s  cyc l e .  

Minimum S t r e s s  - The l owes t  a l g e b r a i c  va l ue  o f  s t r e s s  i n  t h e  s t r e s s  c y c l e .  

id-Range S t ress  - The a1 gebra ic  mean o f  t h e  maximum and minimum s t r e s s  i n  a  - 

Stress  Range - The a l g e b r a i c  d i f f e r e n c e  between t h e  maximum and t h e  minimum 

s t r e s s .  

A l t e r n a t i n g  S t ress  - H a l f  t h e  s t r e s s  range. -- 
St ress  Ra t i o ,  'qR" - The a l g e b r a i c  r a t i o  o f  t h e  minimum s t r e s s  t o  t h e  maximum 

s t r e s s .  

Cyc les E n d u r ~ d  - The number o f  cyc les ,  a t  a  g i ven  s t r e s s  l e v e l ,  t h a t  a  p a r t  

has enaured a t  any t i m e  a u r i n g  load ing .  

Fa-klgue S t reng th  - The maxirnum s t r e s s  t h a t  a  m a t e r i a l  can w i t hs tand  f o r  a  

g 'ven number o f  s t r e s s  cyc l es .  

F a t i g u e  L i f e  - The number o f  c y c l e s  t h a t  a  p a r t  can s u s t a i n  a t  a  g i ven  s t r e s s  

l e v e j  a f t e r  whSch damage o r  f a i l u r e  i s  1  i k e l y .  

S-N Curve - H p l o t  o f  s t r e s s  vs. c y c l e s  t o  f a i l u r e .  



Endurance L i m i t  - The maximum m a t e r i a l  s t r e s s  t h a t  can be reve rsed  an 

i n d e f i n i t e l y  l a r g e  number o f  t imes  w i t h o u t  p roduc ing  f r a c t u r e .  Some m a t e r i a l s  

have no endurance l i m i t  and t h e  S-N d a t a  must be ex t i rapo la ted  t o  encompass t h e  

number o f  c y c l e s  expected t o  be a p p l i e d  t o  t h e  design. 

Goodman Diagram. - A g r a p h i c  express ion  o f  e m p i r i c a l  fo rmu la  f o r  t h e  endurance 

1  i rn i t ,  a1 t e r n a t i n g  s t r e s s  vs. mean s t r e s s .  

Constant L i f e  F a t i g u e  Diagram - S i m i l a r  t o  t h e  Goodman diagram, b u t  r e l a t i n g  

t h e  f a t i g u e  s t r e n g t h  f o r  any g i ven  number o f  c y c l e s  t o  any g  i , ~ e n  range o f  

s t r e s s  va r  i a t  ion.  

S t r e s s  I n t e n s i t y  F a c t o r  - The parameter t h a t  c h a r a c t e r i z e s  th t t  fundamental 

concept  o f  l i n e a r - e l a s t i c  f r a c t u r e  mechanics. T h i s  parameter,  r e l a t e d  t o  b o t h  

t h e  s t r e s s  le9tel and t h e  f l a w  s i z e ,  d e f i n e s  t h e  s t r e s s  f i e l d  ahead o f  a  sharp 

c rack  f o r  f l a t  c rack  p ropaga t ion .  When a  p a r t i c u l a r  combinat ior ,  o f  s t r e s s  and 

f l aw  s i z e  l e a j s  t o  a  c r i t i c a l  va l ue  o f  t h e  i n t e n s i t y  f a c t o r ,  u n s t a b l e  c rack  

growth occurs  ,. 

F law - A c r y s t a l  impe r fec t  Son, d i s l o c a t i o n ,  m ic roc rack ,  lack, o f  weld  - 
penet ra t i on ,  >?tc . ,  r e s u l t i n g  f r om  a  m a t e r i a l  i m p e r f e c t i o n  o r  f a b r i c a t i o n  

technique,  such as weld ing.  A conse rva t i ve  approach t o  f a t i g u e  f a i l u r e  

p r e v e n t i o n  i s  t o  assume t h e  presence o f  an i n i t i a l  f l a w ,  dependent on t h e  

qua1 i t y  o f  f a b r i c a t i o n  and i nspec t  ion,  and ana lyze  t h e  f a t  igue-crack-growth 

behav io r  o f  t t  e  s t r u c t u r a l  member. 

Crack Growth i ' h resho ld  ( C G T )  - A  s t r e s s  l e v e l  below which f l a w  p ropaga t ion  i s  

ex t r eme l y  s l o ~  o r  absent. Impo r tan t  v a r i a b l e s  i n c l u d e  i n i t i a l  f l a w  s i z e ,  

l o c a t i o n  o f  t i l e  f l aw ,  shape o f  f l aw ,  s t r e s s  d i s t r i b u t i o n ,  s t r e s s  i n t e n s i t y  

range t h r e s h o l d  f a c t o r ,  and t h e  arrangement o f  p a r t s  b e i n g  j o i ned ,  e s p e c i a l l y  

i n  weldment. Flaw growth occurs  when appl  i e d  s t r e s s  range exceeds t h e  CGT. 

When t h e  f l a w  reaches a  c r i t i c a l  s i z e ,  f a i l u r e  i s  1  i k e l y .  

9.4 GENERAL DE.5IGN CRITERIA AND PROCEDURES 

9.4.1 GENEFAL DESIGN PHILOSOPHY 

The s t r u c t u r e  des ign  s h a l l  se rve  t o  p r o v i d e  t h e  necessary  s t r u c t u r a l  suppor t  

and hous ing  t o  e f f e c t i v e l y  and e f f i c i e n t l y  p o s i t  i o n  and envi,.onmental ly 

p r o t e c t  t h e  s.ystem and subsystem components. The mechanical  cles i gn  s h a l l  

p r o v i d e  s t r uc l : u ra l  i n t e g r i t y  w i t h  s t r e n g t h  and r i l g i d i t y  c h a r i i c t e r i s t i c s  

adequate t o  w i t h s t a n d  a1 1  o p e r a t i o n a l  and env i ronmenta l  c o n s t r a i n t s ,  and t o  



w i t h s t a n d  a l l  p re -ope ra t i ona l  eavironm2nts such as manufacture,  ground 

handl  ing,  t r a n s p o r t a t  ion,  and e r e c t  ion,  and t o  ach ieve minimum p r a c t i c a l  

weight ,  w i t h i n  t h e  c o n s t r a i n t s  o f  o b t a i n i n g  a  minimum c o s t  o f  energy.  

The WTG s t r u c t u r e  s h a l l  be designed and analyzed t o  s a t i s f y  t h e  s t i f f n e s s  

requi rements  o f  paragraph 9.4.2.2 and f o r  t h e  loads  t h a t  r e s u l t  f r o m  t h e  

c r i t i c a l  des ign  c o n d i t i o n s  and any qua1 if i c a t i o n  t e s t  l e v e l s .  The 

q u a l i f i c a t i o n  t e s t  l e v e l s  w i l l  be in tended t o  demonstrate a  s t r u c t u r a l  des i gn  

o f  t h e  a p p l i c a b l e  subsystems t h a t  i s  s u f f i c i e n t l y  conse rva t i ve  t o  g i v e  a  h i g h  

l e v e l  o f  con f idence  i n  t h e  r e l i a b i l i t y  o f  t h e  s t r u c t u r e .  

P re -opera t  i o n a l  c o n d i t i o n s  and env i ronments s h a l l  i n f  1  uence t h e  s t r u c t u r a l  

des iga t o  t n e  ~ninimum e x t e n t  poss ib l e .  Where p r a c t i c a b l e ,  means s h a l l  be  

dev ised  f o r  assembi ing,  handl  ing, t r a n s p o r t i n g ,  and e r e c t i n g  t h a t  do n o t  

r e q u i r e  an inc rease  i n  t n e  WTG we igh t  over  t h a t  r e q u i r e d  f o r  t h e  o p e r a t i o n a l  

c o n d i t i o n s .  

9.4.2 GENERAL DESIGN CRITERIA 

9.4,2.1 S t r e n g t h  Requirements 

A t  des ign  1  oad, t h e  s t r u c t u r e  s h a l l  have s u f f i c i e n t  s t r e n g t h  t o  w i t hs tand  

s imu l taneous ly  t h e  des ign  loads  and t h e  o t h e r  a p p l i c a b l e  environments o f  t h e  

des ign  c o n d i t i o n  w i t h o u t  expe r i enc ing  d e t r i m e n t a l  deformat ions (as  d e f i n e d  i n  

paragraph 9.3.1), a  p l a s t i c  de fo rmat ion  o f  0.2% o r  l o s s  o f  f u n c t i o n a l  

capab i i iey . 

S t reng th  i s  assessed a n a l y t i c a l l y  by  compar i n g  des ign  loads ( o r  s t r e s s e s )  w i t h  

a l  lowabi e l oads  ( o r  s t r esses ) .  See paragraph 9.4.2.3. 

9.4,2.2 S t i f f n e s s  Requirements 

When sub jec ted  t o  des ign  loads, t h e  s t r u c t u r e  o r  any component t h e r e o f  s h a l l  

n o t  exper ience  d e t r i m e n t a l  d i s t o r t i o n s .  The f u l f i l l m e n t  o f  t h e  s t r e n g t h  

requ i rements  o f  paragraph 9.4.2.1 s h a l l  n o t  be deemed s u f f i c i e n t  i n  i t s e l f  t o  

s a t j s f y  t h i s  requi rement .  



Resonant frecluency requ  i rements  w i 1  1  be used t o  c o n t r o l  t h e  dynamic response 

o f  t h e  r o t o r ,  s h a f t ,  d r i v e  system, and components and t o  p rec lude  dynamic 

i n t e r a c t i o n s  w i t h  t h e  n a c e l l e ,  yaw system, o r  t 'ower. These resonan t  

f r equenc ies  \ d i l l  be s p e c l f  i e d  f o r  t h e  p r ima ry  s t r u c t u r e  and f o r  c r i t i c a l  

secondary suppo r t  s t r u c t u r e .  The p r ima ry  s t r u c t u r e  f o r  any sut)assembly s h a l l  

b e  designed independent o f  any p o t e n t i a l  s t i f f e n i n g  e f f e c t  p rov i ded  by any 

subsystem con~ponent i n s t a l l a t i o n s .  These modules and components w i l l  be  

t r e a t e d  as rni:ss i tems o n l y  and t h e i r  i n e r t i a l  l oads  a p p l i e d  t o  t h e  b a s i c  WTG 

subs t ruc tu res .  

9.4.2.3 Marg in  o f  S a f e t y  

The marg in  o f  s a f e t y  s h a l l  be  determined a t  des ign  l o a d  l e v e l s  versus 

a1 lowable l e \ l e l s ,  and a t  t h e  temperatures expect.ed f o r  a1 1  c r i t i c a l  

c o n d i t i o n s .  A h i g h  marg in  o f  s a f e t y  s h a l l  n o t  be used as a  s u b s t i t u t e  f o r  t h e  

a p p r o p r i a t e  dzs i gn  f a c t o r .  

F o r  minimum-weight des ign,  t h e  marg in  o f  s a f e t y  s h a l l  be t h e  s m a l l e s t  

p r a c t i c a b l e  equal  t o  o r  g r e a t e r  t han  zero.  The marg in  o f  s a f e t y  s h a l l  be  

c a l c u l a t e d  b y  t h e  f o l l o w i n g  equa t ion :  

MS ( a e s i p )  = A1 lowab le  Design Load ( o r  S t r e s s )  

Design Load ( o r  S t ress )  

A t  t h e  l o c a t i ~ ~ n  o f  minimum marg in  o f  s a f e t y  versus a l l o w a b l e  l o d d  o r  s t r e s s  i n  

each s t r e s s  a n a l y s i s  o f  a  subs t ruc tu re ,  t h e  marg in  o f  sa fe t y  between t h e  

p r e d i c t e d  s t r e s s  and t h e  m a t e r i a l  y i e l d  s t r e n g t h  o r  p ropor t iona .1  1  i m i t  s h a l l  

a l s o  be repo r t ed .  

9.4.2.4 Design Load F a c t o r s  

Des ign l oad  f i i c t o r s  s h a l l  be used t o  account f o r  u n c e r t a i n t i e s  i n  des ign  t h a t  

cannot  be  ana.lyzed o r  o the rw i se  accounted f o r  i n  a  r a t i o n a l  rna17ner. Design 

f a c t o r s  s h a l l  be  a p p l i e d  t o  1 i m i t  loads and pressures and t o  ' the s t r esses  

a r i s i n g  f r om temperature d i f f e r e n c e s  and  gradient.^, b u t  n o t  t o  t h e  , 

temperatures i ind temperature d i f f e r e n c e s .  These f a c t o r s ,  as d e f i n e d  be1 ow, 

a r e  t o  be combined f o r  marg in  o f  s a f e t y  c a l c u l a t i o n s  as p r e s c r i b e d  b y  t h e  f l o w  

c h a r t  o f  F i g u r e  9-1. 



The design l oad  f a c t o r s  shown i n  Table 9-1 s h a l l  be used t o  ob ta in  t h e  design 

1 oads . 

The pressure vessel design fac to rs  shown i n  Table 9-2 s h a l l  be app l ied  t o  

maximum expected opera t ing  pressures t o  o b t a i n  design pressures f o r  a l l  

pressure vessels, 1 ines, and f i t t i n g s  . 

The c o n f i g u r a t i o n  design fac tors  shown i n  Table 9-3 a re  used t o  account f o r  

u n c e r t a i n t j e s  i n  load o r  s t ress  d i s t r i b u t i o n s  i n  f i t t i n g s  and j o i n t s  and 

v a r i a t i o n s  i n  t h e  c o n t r o l  o f  welding and bonding processes. The cont ingency 

l oad  factors.  shown i n  Table 9-4 are  used t o  account f o r  the  degree of 

conf idence i n  t h e  p red i c ted  loads. 



*DESIGN LOAD = PREDICTED LOAD 

X *DESIGN LOAD FACTOR 
(TABLE 9-1 ) 

X *CONFIGURATION DESIGN FACTOR 
(TABLE 9-3) 

X CONTINGENCY LOAD FACTOR 
(TABLE 9-4 )  

ALLOWABLE *DESIGN LOAD 
MS = ..................... -1.  

*DESIGN LOAD 

Notes : 

* 1. The f o l l o w i n g  may b e  s u b s t i t u t e d  f o r  t h e  word "DE:SIGN": "FATIGUE," "PROOF 

TEST," o r  "BURST." The more c r j t i c a l  o f  these  s h a l l  govern t h e  Marg in  o f  

S a f e t y  ca l cu l a ' c i on  (see  paragraph 9.4.2.3). 

2. The f o l l o w i n g  may be  s u b s t i t u t e d  f o r  t h e  word "LOAD": "PRESSURE" o r  

"STRESS. " 
3. For  p ressu re  vesse ls ,  s u b s t i t u t e  Table  9-2 f o r  Tab le  9-1. 

F i g u r e  9-1 Design Load F a c t o r  Flow C h a r t  



Table 9-1 Design Load Fac to r s  

LOAD CONDITION 

Maximum Wind Loading 

Opera t iona l  Loads 

System Q u a l i f i c a t i o n  Test 

DESIGN LOAD FACTOR 

FATIGUE STAT I C 

T ranspo r ta t  ion, H o i s t i n g  & Hand1 i n g  

F i t t i n g s :  

Hazardous t o  Personnel - - - 4.00 

Not Hazardous t o  Personnel --- 3 .OO 

WTG S t r u c t u r e  C r i t i c a l  t o  A 1  ignment - -- 1.15 

Tower Over tu rn ing  (see 9.4.3.3.3 ana 1 .OO 1 .OO 

9.4.3.4.2) 

PRESSURE COIITAINER DESIGN PROOF TEST BURST 

H y d r a u l i c  Systems 1 .OO 1.50 2 .OO 

Pneumatic Systems 1 .OO 2 .OO 3 .OO 



Table 9-3 Minimum Con f i gu ra t i on  Design Fac tors  

(Not  t o  rep lace  cons ide ra t i on  o f  s t r e s s  concentrat ions,  e c c e n t r i c i t i e s ,  etc., 

t h a t  are t o  be used i n  es t ima t i ng  t h e  p r e d i c t e d  l oad  o r  s t r e s s )  

ITEM 

F i t t i n g s  

Welded J o i n t s  

Bonded Jo i n  t s  

Shear Fasteners 

Tension Fasteners 

Stud Capaci ty  i n  Wood 

Cast ings 

A1 1 Others 

Buck1 i n g  c r i t i c a l  

V e r i f i e d  by  t e s t  

A n a l y t i c a l  o n l y  

FAT I GUE* 

1  .oo 
1  .oo 
1 .oo 
1  .oo 
1.00 

1  .oo 
1  .oo 
1  .oo 

"Subject t o  A l S C  Range Stress L i m i t a t i o n s ,  which are  based on c r i t i c a l  crack- 

growth th reshc lds  r e l a t i n g  t o  s p e c i f i c  s t r e s s  concent ra t ion  cond i t ions .  

**When two o r  more con f i gu ra t j on  fac to rs  apply, use t h e  more severe f a c t o r ,  

b u t  n o t  both.  



Tab1 e 9-4  Cont ingency Load F a c t o r s  

LOAD 
TYPE 

CONTINGENCY 
CRITERIA FOR SELECTION OF LOAD TYPE FACTOR 

A S p e c i f i e d  loads  de r i vea  f r om a n a l y s i s  i n  which a h i g h  1 .OO 
degree o f  conf idence e x i s t s  because t h e  s t r u c t u r a l  charac- 
t e r i s t i c s  used i n  an a n a l y s i s  of t h e  coupled subs t ruc tu res  
have been based on exper imenta l  d a t a  ob ta ined  from MOD-5A 
o r  s i m i l a r  mach ines.  

B , Loads d e r i v e d  from an a n a l y s i s  t h a t  i n vo l ves  complex 1 . I 5  
methods and makes use o f  d e t a i l e d  s t r u c t u r a l  drawings. 
The des ign  i s  f rozen,  so t h e r e  w i l l  o n l y  be sma l l  
changes i n  s t r u c t u r a l  d e t a i l s .  

C Loads d e r i v e d  from a n a l y s i s  t h a t  makes use o f  a simp1 i- 1.25 
f i e d  mathemat ica l  model r e p r e s e n t a t i v e  o f  t h e  s t r u c t u r e .  
S t r u c t u r a l  sketches o r  l a y o u t s  a re  used t o  generate  t h e  
mathemat ica l  model. The des ign  i s  i n  a s t a t e  o f  e v o l u t i o n  
and t h e r e  i s  a h i g h  l i k e l i h o o d  o f  changes i n  s t r u c t u r a l  d e t a i l s .  

D Loads der i ved  b y  d i r e c t  e s t  h a t e s .  *As ass igned 
by  Load Ana l ys t  

E Hurr icane,  Seismic, Maximum overspeed, FMEA 1 .O 

*Dependent on degree o f  con f idence  and des ign  importance o f  load.  

NOTE: MOkE SPECIFICALLY, THE LOAD TYPE MAY BE ASSIGNED, BASED ON MOD-5A WTG 
PROGRAM PLANNING, AS FOLLOWS: 

( a )  Conceptual Design Phase - Load Types " C "  and " D " .  

( b )  P r e l i m i n a r y  Design Phase and F i n a l  Design - Load Type "B".  

( c )  A f t e r  f i e l d  d a t a  a v a i l a b l e  (2nd MOD-5A NTG, o r  l a t e r )  - Load Type "A". 



9.4.2.5 - Exte rna l  Loads 

E x t e r n a l  loads s h a l l  be determined b y  conse rva t i ve  a n a l y s i s  o f  t h e  des ign 

environment, o r  w i t h  a p p r o p r i a t e  l oad  cont ingency f a c t o r s .  

9.4.2.5.1 Dynamic Loads 

Dynamic 1 oads s h a l l  be determined f o r  quas i - s t a t  i c  and t r a n s i e n t  phenomena 

expected i n  each des ign  environment. The c a l c u l a . t i o n  o f  a1 1 dynamic loads  

s h a l l  i nc l u3e  t h e  e f f e c t s  o f  WTG s t r u c t u r a l  f l e x i b i l  i t i e s  and damping, and 

c o u p l i n g  o f  s t r u c t u r a l  dynamics w i t h  t h e  a c t u a t i o n  and brakin51 systems and t h e  

e x t e r n a l  en\/ ironment. Con t ro l  system i n t e r a c t  i o n  w i t h  s t r u c t ~ ~ r a l  modes s h a l l  

be inc luded  i n  t h e  de te rm ina t i on  o f  t h e  p r e d i c t e d  loads. 

I t e r a t i o n s  o f  t h e  dynamic loads c a l c u l a t i o n s  s h a l l  be performed as necessary 

t o  r e f l e c t  clesign changes and mathematical  model re f inements .  The f i n a l  s e t  

o f  dynamic :oads s h a l l  be determined w i t h  t h e  use o f  exper imr!ntal  va lues of  

dynamic c h a r a c t e r i s t i c s  as ob ta ined  f r om a p p r o p r i a t e  t e s t s  and modal surveys.  

9.4.2.5.2 Cont ingency Load Fac to r s  

The b a s i s  f c l r  t h e  assignment of  t h e  cont ingency 'load f a c t o r  t o  each l oad  

c o n d i t i o n  i s  g i ven  i n  Table 9-4. 

9.4.3 DES [GN PROCEDURES 

9.4.3.1 - Reference Axes 

Loads a r e  o r i e n t e d  w i t h  r espec t  t o  t h e  coo rd ina te  axes shown i n  F i g u r e  9-2. 

9.4.3.2 Symbols - 
Standard syml~o ls  as pe r  t h e  Manual o f  S tee l  Cons' t ruct ion, A I S C ,  w i l l  be 

employed, un less  s p e c i f i c a l l y  no ted  t o  t h e  c o n t r a r y .  Symbols u t i l i z e d  o n l y  i n  

t h e  discussic ln i n  paragraph 9.4.3.6.2 on f a t i g u e  a r e  pe r  t h e  MIL-HDBK-5C o r  

r e f e r e n c e  9-2, paragraph C13.6. 



F i g u r e  9-2 Coordinate Axes o f  MOD-5A WTG 

9-1 6 



9.4.3.3 - Mat.er i a l  S t a t i c  P r o p e r t i e s  

(See paragre!ph 9.4.3.6 f o r  F a t i g u e  M a t e r i a l  Proper-t  i e s )  

9.4.3.3.1 A1 lowable Mechanical P r o p e r t i e s  

Values f o r  a l l owab le  mechanical p r o p e r t i e s  o f  s t r u c t u r e  and j o i n t s  i n  t h e i r  

des ign  environment s h a l l  be taken  f r om approved sources. T l ~ e  Wood Handbook 

and ANC 18 s h a l l  be used f o r  t h e  wood b lade  p rope r t i es ,  u n t i l  t e s t  da ta  i s  

made a v a i l  ab le .  Nhen va lues  f o r  mechanical p r o p e r t i e s  o f  m a t e r i a l s  o r  j o i n t s  

a r e  n o t  a v a i l a b l e  because t h e y  a r e  new o r  used i n  a  new ~mnvironment, t hey  

s h a l l  be d ~ . t e r m i n e d  b y  approved a n a l y t i c a l  o r  t e s t  methods. A s u f f i c i e n t  

number o f  t e s t s  s h a l l  be conducted t o  e s t a b l i s h  va lues f o r  t h e  mechanical 

p r o p e r t i e s  on a  s t a t i s t i c a l  bas i s .  The e f f e c t s  o f  temp~?rature,  thermal  

c y c l  i ng  and g rad ien t s  s h a l l  be accounted f o r  i n  d e f i n i n g  a1 lowable mechanical 

p r o p e r t i e s .  

I n  general ,  t h e  f o l l o w i n g  guide1 ines apply, s u b j e c t  t o  m o d i f i c a t i o n  by  t h e  

s t r e s s  ana l ys t .  

S t e e l  S t a t i c  Design A l lowab les  (See A I S C  Manual o f  S tee l  Const t -uct ion)  

The e n t i r e  AISC:  s p e c i f i c a t i o , ~  f o r  t h e  des ign o f  s t r u c t u r a l  s t e e l  f o r  b u i l d i n g s  

i s  h e l p f u l  as a  mature and success fu l  procedurc? f o r  des ign a l l owab les  i n  

s t e e l .  Some impor tan t  va lues  a r e  l i s t e d  here. 

o  Tension and compression: .60 y i e l d  

o Shear: .40 y i e l d  

o  Fasteners,  bending, buck l  i n g  and combined s t r e s s  pe r  t h e  app rop r i a te  
AISI: spec i f  i c a t  i o n  

o  For  ve ry  i n f r equen t  o r  "one t ime"  loads, such as se ismic o r  
nuri- icane, w i t h  t h e  permiss i o n  o f  t h e  P r o j e c t  S t r ~ r c t u r a ;  Ana l ys i s  
Engineer,  t h e  a l l owab le  s t resses  may be increased b j '  .33 as long  as 
minimum y i e l d  i s  n o t  exceeded and no s t a b i l i t y  c r i t e r i a  a r e  
exc2eaed. L i m i t  loads no rma l l y  f a l l  i n  t h i s  c a t a ~ ~ o r y  except  when 
determined by peak f a t i g u e  loads, which a re  " f r equen t " .  
For  buck l  ing, t h e  s a f e t y  f a c t o r s  s h a l l  be reduced t o  1.15 and 1.35 
f o r  t e s t  and a n a l y s i s  r e s p e c t i v e l y  i n  l i e u  o f  an incremased a l lowab le .  



Wood Laminae S t a t i c  Design A l lowab les  - Based on no more t h a n  80% o f  minimum 

t e s t e d  va lue,  where minimum i s  d e f i n e d  as t h e  lower  2 sigma va lue  of  t h e  

s c a t t e r  band, and as documented by  t h e  r e s p o n s i b l e  engineer .  The e f f e c t s  o f  

s i ze ,  temperature,  r a t e  and d u r a t i o n  o f  load, and m o i s t u r e  con ten t  s h a l l  be 

usea i n  c o n v e r t i n g  t h e  minimum t e s t  a r t i c l e  s t r e n g t h  t o  t h e  des ign  a l l o w a b l e  

s t r e n g t h  f o r  normal o p e r a t i n g  loads.  See paragraphs 9.4.3.6.3 and 9.4.3.6.4 

f o r  s t a t i c  and f a t i g u e  des ign  a l l o w a b l e  s t resses .  See l oad  Type E i n  

Tab le  9-4 f o r  abnormal c o n a i t i o n s .  

S u i t a b l e  laminae a n a l y s i s  s h a l l  be performed i n  a  composi te o f  l a y e r s  o f  

a n i s o t r o p i c  m a t e r i a l s  a t  d i f f e r e n t  o r i e n t a t i o n s  t o  one another ,  o r  o f  m u l t i p l e  

m a t e r i a l s  hav ing  d i f f e r e n t  modul i. The laminae s t r esses  o r  s t r a i n s  s h a l l  be 

compared t o  a l l o w a b l e  s t r esses  o r  s t r a i n s .  



9.4.3.3.2 Component A l l odab les  

Component s l ; ruc tu ra l  a1 lowables s h a l l  be based on appl  i 'cable coinpcnent t e s t  

da ta  o r  analyses. 

9.4.3.3.3 Foundat ion P r o p e r t i e s  

The f ounda t l on  s h a l l  be o f  r e i ~ f o r c e d  concre te  des ign conforming w i t h  

s p e c i f i c a t i o ; ~ ~  o f  t h e  Uniforni  B u i l d i n g  Code 1976 an~d t h e  A C I  Code (documents 3 

and 5 ) .  Cor~cre te  s h a l l  have a  minimum 3000 p s i  compressive s t r e n g t h  a t  28 

days. C o n s t i t u e n t s  s h a l l  co r~ fo rm  t o  o r  exceed t h e  f o l l o w i n g  s p e c i f i c a t i o n s :  

ASTM C 150 t ype  I P o r t l a n d  cement 
ASTM C 33 conc re te  aggregates 
ASTM A615 Grade 60 ( r e i n f o r c i n g  s t e e l )  

I f  d e s i g ~ e d  f o r  y i e l d i n g  s o i l s ,  t h e  f ounda t i on  s h a l l  use a  n e t  a l l owab le  s o i l  

b e a r i n g  va lue  s u b s t a n t i a t e d  b y  an adequate s o i l s  i n v e s t  i g a t i l m .  Expected 

se t t lements  iind t h e  e f f e c t s  o f  c y c l i c  l o a d i n g  must be addressed i n  t h e  s o i l s  

i n v e s t i g a t i o r ~ .  

The n e t  a1 lowable s o i l  p ressure  w i l l  have a  f a c t o r  o f  s a f e t y  o f  3.0 aga ins t  

b e a r i n g  capac: i ty  f a i l u r e .  A f t e r  s i t e  s e l e c t  i o n  t h e  a c t u a l  s o i  1 c a p a c i t y  w i l l  

be measured and t h e  a l l owab le  p ressure  s e t  a t  1/:3 o f  t h e  a c t u a l  s t a t i c  

capac i ty .  Thle p r e l  im ina ry  des 'gn s o i l  a1 lowable p ressure  o f  41100 lb /sq.  f t  . 
i s  1/3 o f  t h e  expected s o i l  s t a t i c  bea r i ng  capac i t y .  

Unaer normal o p e r a t i n g  l o a d s ,  t h e  maximum t o e  p ressure  f r om appl i e d  loads  

s h a l l  n o t  exceed t h e  assumed 4000 lb /sq.  ft. n e t  a l l owab le  bea r i ng  va lue  o f  

t h e  s o i l .  The n e t  t o e  p ressure  inc ludes  we igh t  o f  s t r u c t u r e ,  iind o v e r t u r n i n g  

moment  cause^: b y  normal 0perz.t i n g  1  oads. No up1 i f t  i s  a1 lowecl under normal 

l o a d i n g  c o n d i t i o n s .  

The foundat  icsn must have s u f f i c i e n t  f a t i g u e  s t r e n g t h  t o  w i t hs tand  normal 

o p e r a t i n g  loads. See references 9-8 and 9-9. The maximum t o e  p ressure  s h a l l  

n o t  exceed -- 1.33 t h e  assumed n e t  a l l owab le  bea r i ng  va lue  o f  t h e  s o i l  (4000 

lb /sq .  ft. ) m d e r  v e r y  i n f r e q u e n t  o p e r a t i n g  loads. The n e t  t.oe p ressure  

inc ludes  t h e  we igh t  o f  t h e  s t r u c t u r e ,  and o v e r t u r n i n g  moment caused by  

abnormal oper i i t  i n g  loads. Very i n f r e q u e n t  l o a d i n g  i s  cons idere t l  non-cyc l  i c  i n  

n a t u r e  w i t h  o1:currence spaced years  apar t .  



9.4.3.4 Buck l ing ,  C r i p p l i n g ,  and Other  I n s t a b i l i t i e s  

9.4.3.4.1 Buck1 i n g  and C r i p p l  i ng  

S t r u c t u r a l  components loaded i n  compression t h a t  a r e  s u b j e c t  t o  b u c k l  i n g  

( p r ima ry  i n s t a b i l i t y )  o r  c r i p p l i n g  ( l o c a l  i n s t a b i l i t y )  s h a l l  n o t  f a i l  under 

des ign  load.  Nor s h a l l  de fo rmat ion  f rom des ign  loads reduce t h e  f u n c t i o n i n g  

o f  any system o r  produce changes i n  l o a d i n g  t h a t  a re  n o t  accounted f o r .  

Maximum c r i p p l i n g  s t r esses  a re  c u t  o f f  a t  t h e  m a t e r i a l  compressive y i e l d  

s t r e n g t h  un less  t e s t  r e s u l t s  a r e  ob ta i ned  t o  s u b s t a n t i a t e  t h e  use o f  h i g h e r  

c r  i p p l  i n g  s t r esses .  Usage o f  t h e  AISC c r i t e r i a  f o r  "Compact Sect i ons "  ( pe r  

s e c t i o n  2 o f  document 8 (see s e c t i o n  9.2) and S p e c i f i c a t i o n  paragraph 1.5.1.4 

w ill genera l  l y  p rec lude  t h e  n e c e s s i t y  f o r  c a l c u l a t i n g  l o c a l  c r  i p p l  i n g  

a l l owab les  f o r  s e c t i o n s  no rma l l y  used as columns o r  beams. 

S t r u c t u r a l  panels  o r  webs loaded i n  compression o r  shear s h a l l  n o t  undergo 

i n i t i a l  compression o r  shear b u c k l i n g  a t  aes ign  load. References 9-1, 9-2, o r  

9-3, and document 10 (see s e c t i o n  9.2)  p r o v i d e  accep tab le  c r i t e r i a  f o r  

c a l c u l a t i n g  panel  buck l  i n g  a1 lowables.  

9.4.3.4.2 Tower Ove r t u rn i ng  

The f ounda t i on  s h a l l  be  designed so t h a t  no u p l i f t  occurs  a t  any p o i n t  on t h e  

base f o r  normal des ign  l o a d  c o n d i t i o n ,  when t h e  s t r u c t u r e  i s  founded on a  

y i e l d i n g  base. A l l  base m a t e r i a l s  except  s o l  i d  r ock  and ha rd  s h a l e  s h a l l  be 

cons idered  as y i e l d i n g .  The s o i l  dead we igh t  d i r e c t l y  above t h e  f ounda t i on  

s l a b  and s t r u c t u r a l  weight ,  b o t h  i n s i d e  and o u t s i d e  t h e  r i ngwa l l  can be used 

t o  r e s i s t  t h e  up1 i f t .  

Wi th  v e r y  i n f r e q u e n t  load ing ,  such as a  hu r r i cane ,  t h e  p o i n t  o f  ze ro  s o i l  

p ressure  i s  a l lowed t o  be as much as 1/3 t h e  d iameter  measured r a d i a l l y  inward 

f rom t h e  c i rcumference  o f  a  spread f o o t i n g  o r  tangen t  t o  t h e  r i n g w a l l ,  

whichever p rov i des  l e s s  up1 i f t .  The maximum t o e  p ressure  s h a l l  n o t  exceed 

1.33 x  t h e  a l l o w a b l e  s o i l  p ressure  (as  determined by  i n  s i t u  o r  l a b o r a t o r y  

measurements o r  b o t h )  under these  v e r y  i n f r e q u e n t  cond i t i ons .  Very i n f r e q u e n t  

l o a d i n g  i s  cons idered  n o n - c y c l i c  i n  n a t u r e  w i t h  occurrence spaced years  apa r t .  



9.4.3.5 - S t r u c t u r a l  N o n - L i n e a r i t i e s  

The s t ruc tu rue  s h a l l  possess l i nea r i t y "  t o  a  degree t h a t  w i l l  a l l o w  accurate 

p r e d i c t  i o n  c : f  i t s  behav io r  a t  any t ime. Impor tan t  t ypes  o f  non-1 inear  i t  i e s  

t h a t  should be  avoided o r  n ~ i n i m i z e d  a r e  adverse non -1 inea r i t . i es  i n  energy 

d i s s i p a t i n g  mechanisms, mechanical  back lash,  and t o  a  c e r t a i n  degree, e l a s t i c  

shear b u c k l i n g  i n  s t r u c t u r a l  elements. 

9.4.3.6 - F a t i g u e  M a t e r i a l  P r o p e r t i e s  

c o n s i d e r a t i o n  s h a l l  be g i ven  i n  t h e  des ign of t h e  GJTG s t r u c t u r ~ ?  t o  el lsure good 

f a t i g u e  aes ign c h a r a c t e r i s t i c s .  Caut ion  s h a l l  be exe rc i sed  t o  reduce r e s i d u a l  

s t resses ,  and s t r e s s  concen t ra t  ions, and t o  avo id  poor  s u r f i ~ c e  f i n  ishes. 

Post -wela hea t  t rea tments  (F'WHT) s h a l l  be used wherever p r a c t i c a l  f o r  a l l  

weldments. M a t e r i a l s  and s t r u c t u r a l  d e t a i l s  u t i l  i zed  s h a l l  e x h i b i t  

s a t i s f a c t o r y  f a t i g u e  c h a r a c t e r i s t i c s ,  w i t h  a l l owab les  below t h e  c rack  growth 

t h r e s h o l d  (C:T) as t h e  p r e f e r r e d  approach. S ince f a t i g u e  d e s i l ~ n  w i l l  p robab l y  

be t h e  des ign d r i v e r  f o r  t h e  r o t o r ,  hub and d r i v e t r a i n ,  and t o  some e x t e n t ,  

c e r t a i n  areas o f  t h e  n a c e l l e ,  bedp la te  and t h e  yaw system, 1;he f o l l o w i n g  

f a t i g u e  des i ! j n  gu i d e l  i nes  sha.11 be f o l  lowed: 

1. Use s t e e l s  w i t h  adequate no tch  toughness (see paragraph 9.4.3.6 . I  
and Table 9-5) .  

2. Use CGT f a t i g u e  a l l owab les  based on AISC f a t i g u e  a l l owab les  f o r  
"Co t id i t i on  4", i f  t h e  p a r t  r ece i ves  a  PWHT, o the rw i se  use t h e  
roo't-mean-cubed (RMC:) method. 

3. Assl~me a  mzximum permissable f l a w  s i z e  approx imat ing 0.100 i n .  i n  a l l  
weltled j o i n t s ,  and c a l l  o u t  app rop r i a te  ' inspect ion requi rements t o  
r e j e c t  f l a w s  l a r g e r  than 0.100 in.  

4. Use m a t e r i a l  development t e s t s  t o  e s t a b l  .ish f a t i g u e  a1 lowables i n  
m a t e r i a l s  o t h e r  than s t e e l s .  

9.4.3.6.1 F a t i g u e  A1 lowables - S t e e l s  

To ensure adequate f r a c t u r e  toughness and f a t i g u e  r e s i s t a n c e  f o r  s t e e l s  

u t i l  i zea  i n  the WTG design, t h e y  s h a l l  i n i t i a l l y  meet t h e  Charpy Wee-Notch 

(CWN) t e s t  requi rements o f  t.he American Assoc ia t i on  o f  S ta te  Highway and 

Transpor ta t i c ln  O f f i c i a l s  (HASHTO) s p e c i f  i c a t  i ~ n s  o f  Table 9-5. The WTG 

o p e r a t i n g  reg ime (-40°F t o  +120°F) corresponds t o  Zone 3  of t h e  AASHTO 

S p e c i f i c a t i o n ,  and most stee:is a r e  a n t i c i p a t e d  t o  be i n  t h e  low t o  medium 

s t r e n g t h  ranges. These C V N  requi rements should be met o r  exceed i n  

qua1 i f i c a t i o r l  o f  base meta l  and weld j o i n t s .  Test samples taken f r om we ld  

j o i n t s  shoul t l  i n c l u d e  weld meta l  and t h e  hea t  a f f e c t e d  zone. 



The AASHTO CVN requi rements  a re  based on e m p i r i c a l  da ta  t h a t  i m p l i e s  t h a t  t h e  

N i l - d u c t i l i t y  t r a n s i t i o n  (NDT) temperature f o r  i n t e rmed ia te  s t r a i n  r a t e s  

s e c - l )  w i l l  be about 50-120°F below t h e  AASHTO t e s t  temperature.  

T h i s  r a t e  i s  c o n s i s t e n t  w i t h  WTG o p e r a t i o n a l  l oad ing .  S tee ls  s e l e c t e d  on t h i s  

b a s i s  shou ld  a l s o  meet a d d i t i o n a l  requ i rements  as l i s t e d  i n  Tab le  9-5. 

9.4.3.6.1.1 S tee l  Weldrnents WithPWHT 

A1 lowable s t r e s s  ranges, d e r i v e d  f r om t e s t  d a t a  and suppor ted b y  l i n e a r  

e l a s t i c  f r a c t u r e  mechanics ana l ys i s ,  a p p l i c a b l e  t o  base meta l  and v a r i o u s  

welded j o i n t  c o n f i g u r a t i o n s  a re  d e f i n e d  b y  t h e  1978 AISC S p e c i f i c a t i o n  

Appenaix B o f  document b ,  and a r e  o u t l i n e d  i n  Table  9-6. F i g u r e  9-3 i s  

i nc l uded  t o  i l l u s t r a t e  v a r i o u s  j o i n t  c o n f i g u r a t i o n s .  

Examples o f  welded j o i n t  c o n f i g u r a t i o n s  t o  be avoided a r e  as f o l l o w s :  

1 .  Don ' t  a t tempt  t o  c a r r y  a  t e n s i l e  l o a d  th rough  a  m a t e r i a l  t h i c k n e s s  
i n  t h e  development o f  a r i g i d  welded j o i n t .  T h i s  c o n f i g u r a t i o n  o f  
l o a d  and j o i n t  may r e s u l t  i n  a  laminar  t e a r  i n  t h e  m a t e r i a l  t h i c kness .  

2. D o n ' t  weld  c l o s u r e  members ( r i b s  o r  bulkheads, f o r  i n s tance )  i n  a  
c l osed  c e l l  sec t i on .  Weld sh r inkage  i n  t h i s  case may r e s u l t  i n  
d impl  i n g  t h e  sk i n  o f  t h e  c l osed  c e l l  , p r e c i p i t a t i n g  an e a r l y  buck1 i n g  
f a i l u r e ,  l aminar  t e a r i n g  o r  both.  

I l l u s t r a t i v e  examples appear i n  F i g u r e  9-4. 



Table 9 -5  AASHTO Notch-Toughness S p e c i f i c a t i o n s  f o r  Br idge  S t e e l s  

C V N  Impact Value, f t  l b  - 
AS TM 

Designat ion**  Thickness ( i n )  Zoze I* Zone 2* Zone 3" 

A36 

A572 Up :io 4  i n .  mechan ica l l y  fas tened  

Up i:o 2 i n .  welded 

A440 

A44 1 

A242 

AS88 Up t.o 4  i n .  mechan ica l l y  fas tened  

Up t o  2 i n .  welded 

Over 2 i n .  welded 

A514 Up t o  4  i n .  mechan ica l l y  fas tened  

Up t o  2.5 i n .  welded 

B e b e e n  2.5 - 4 i n .  rdel ded 

* Zone 1 : minirnum s e r v i c e  temperature 0°F and above. 
Zone 2 :  minimum s e r v i c e  temperature f rom -1°F t o  -30°F. 
Zone 3 :  minimum s e r v i c e  temperature f rom -31°F t o  -,60°F. 

** I f  t h e  y i e l d  p o i n t  o f  t h e  m a t e r i a l  exceeds 65 k s i ,  t h e  tempera?;ure f o r  t h e  
C V N  va lue  f o r  a c c e p t a b i l i t y  s h a l l  be reduced b y  15°F f o r  each :increment o f  
10 k s i  above 55 k s i .  

Add i t  i o n a l  P arameters Recommendetj For  Any Cand i d a t e  S tee l  - 

1 )  In te rmed ia te  s t r a i n  r a t e  (10-3sec-1 )  NDT temperature s h a l l  be l e s s  than 
-40°F. 

2 )  S t ress  corros; i on  crack i n g  s t r e s s  i n tens  i t y  thresh01 d (KISCC.) should 
exceed 50 k s i  J I N  a t  room temperature (most s t e e l s  w i t h  a  rnlninlum t e r s i l e  
y i e l d  p o i n t  g rea te r  than  150 k s i  a r e  p r o h i b i t e d  b y  t h e  above requ i rements )  

3 )  KIC (ASTM Method €399)  o r  Kc should exceed 100 k s i  J I N  o r  
l a t e  t h i c k l i e s s  LTens i l e  Y i e l d  P o i n t  (Method EB) ]  t imes j w - ]  

wh ichever  i s  g rea te r  



Table 9-6 A l lowab le  S t ress  Range Related t o  AISC Code (1978 E d i t i o n )  

For  C o n f i g u r a t i o n  w i t h  PWHT 

ALLOWABLE MAXIMUM FATIGUE STRESS RANGE 

CATE GCIK Y R<U .1 R=0.2 R=0.4 R=0 .6 R=O .8 
LNOTE ( 1  ) ]  Sr ( k s  i )  S r s r s r S r 

RANGE 

NOTES : 

1 )  "Categor ies"  conform t o  Appendix B  Manual o f  S tee l  Cons t ruc t ion ,  8 t h  
E d i t i o n .  Con f i gu ra t i ons  n o t  conforming s h a l l  be i n d i v i d u a l l y  eva lua ted .  

2 )  R = Minimum Stress/Maximum St ress  

3 )  The f l a w  d e t e c t i o n  s i z e  requi rement  s h a l l  be sma l l e r  than t h e  s i z e  r e l a t e d  
t o  Sr, b y  f r a c t u r e  mechanics formulae,  cons ide r i ng  t h e  l o c a l  s t r e s s  s t a t e  
and t h e  p ropagat ion  t h r e s h o l d  versus R 

4 )  5, i s  Maximum S t ress  - Minimum St ress  even i f  p a r t  of  t h e  t i m e  h i s t o r y  i s  
compressive 

5 )  Post  weld hea t  t rea tment  i s  r e q u i r e d  t o  assure a p p l i c a b i l i t y  o f  these  
a1 1  owab 1 es 

6 )  C*: Pe rm i t t ed  i f  s t i f f e n e r  i s  l e s s  than t h e  t h i ckness  o f  main sheet  o r  
f l ange .  Otherwise r e v e r t  t o  C. 



See AISC Code (Document 6 )  Ta.ble 82 and Document 13 for further d e s c r i p t i o n  of  
weld categories 

Figure 9-3  11 lustrative Examples 



Case 1 R i g i d  Weldment 

Case 2 Closed C e l l  

Dimpl i ng 
\/ 

Laminar Tear  In Outer Sk in  

Notes: 1 ) Avoid i n t e r s e c t i n g  welds as much as p o s s i b l e  (coping h e l p s ) .  

2 )  Avoid d e t a i l s  sub jec t  t o  displacement induced c r a c k i n g  such as 
l o c a l  attachments t o  webs 

3 )  Avoid t h e  use o f  backing bars .  

F i g u r e  9-4 I l l u s t r a t i v e  Examples o f  J o i n t s  t o  be  Avoided 



9.4.3.6.1.2 S tee l  Weldments Wi thou t  PMHT 

Tab le  9-7 pi-ovides a l l owab ie  s t r e s s  c r i t e r i a  based on t h e  RFlC method f o r  

weldments w i ' thou t  PWHT t h a t  c:onform t o  c o n f i g u r a t i c ~ n  categor ie ! ;  d e f i n e d  i n  t h e  

A I S C  S p e c i f i c a t i o n .  Other con f  i y r a t i o n s  w i l l  be cons idered  i n d i v i d u a l l y .  

9.4.3.6.2 Fa t i gue  A l lowab les  f o r  M u l t i p l e  Environments 

WTG designs must be concerned w i t h  two types o f  i n t e r r e l a t ~ l d  f a i l u r e s :  

D r i t t l e  f a i l u r e  and f a t i g u e ,  which i s  no rma l l y  r e l a t e d  t o  w l d e d  j o i a t s .  

G e n e r a l l y  speaking, as s t a t e d  i n  r e fe rence  9-4, i f  a des ign f 'or  f a t i g u e  i s  

adequate, b r i t t l e  f r a c t u r e  cons ide ra t  ions  a r e  o f t e n  secondary; t he re fo re ,  

adequate f a t i g u e  a n a l y s i s  i s  mandatory f o r  t h e  mu1 t i p l e  l o a d i n g  envircnments 

exper ienced tjy a  WTG. Avoidance o f  b r i t t l e  f r a c t u r e  away f rom we;ds a t  s t r e s s  

below strengish a l lowab les  does r e q u i r e  adequate toughness and separate des igc 

cons iae ra t  ion. Dynamic analyses w i l l  be performed e v a l u a t i n g  these  mu1 t i p l e  

l o a d i n g  systems, w i t h  t h e  o u t p u t  as l o a d i n g  histograms. From these  w i i l  be 

developed s t r e s s  h is tograms r e l a t i n g  s u m a r i e s  o f  s t r e s s  l e v e l s  versus t h e i r  

r e s p e c t i v e  ni~mbers o f  occurrences. An assessment o f  t h e  R va lue  t o  be used i n  

s e t t i n g  f a t i g u e  a l l owab les  w i l l  be made by t h e  s t r e s s  ana l ys t .  

References 9 -4  and 9-5 p resen t  a  LEFM approach, i n  which a known i n i t i a l  f S 6 w  

s i z e  i s  assumed t o  be 0.100 i f ] . ,  and a crack growth t h r e s h o l d  determined, 

F a t i g u e  cha r i l c t e r  i s t  i c s  and ' terminology a r e  d iscussed i n  pardgraph 9.3.7. 

F i g u r e  9-5 i ' l u s t r a t e s  t h e  c o n s t r u c t i o n  o f  a  mod i f ied  Goodman diagram f o r  

subsequent usage i n  t h e  p r e f e r r e d  f a t i g u e  analys' is. Th is  t e c h n i q ~ e  i s  

o u t l i n e d  by  F i g u r e  9-6. F i g u r e  9-7 i l l u s t r a t e s  S-N curves f r o n ~  t h e  A I S C  code 

t h a t  a r e  app l  i c a b l e  t o  t h e  MOD-5A WTG. 



EXAMPLE FOR CATEGORY C 

Figure 9-5 Allowable Stress Diagrams For 
Bridge Construction Steel Alloys (Table 9-5) 



NOTES: 

1. S-N Curve and Crack Growth Threshold a l  lowables a re  dependent on 
Sm jY7/SmaX r a t i o .  

2 .  A l l  c yc les  o f  t h e  s t r e s s  h is togram must l i e  below t h e  Crack Growth 
T!~reshold. The CGT has been p r e v i o u s l y  de r i ved  f rom a L i n e a r - E l a s t i c  
F r a c t u r e  Mechanics Ana lys is  (LEFM), assuming an i n i t i a l  f l a w  s i z e  ( 2 a )  
o f  0.10;l in. See Table 9-6 f o r  CGT a l lowab les  versirs R value. I f  
some s t r e s s  cyc les  a r?  above t h e  Crack Growth Threshold, then f o l l o w  
note  3. 

3. The r o o t  mean cube c;f t h e  s t r e s s  histolgram must l i e  below t h e  
ex t rapo la ted  S-N Curve if t h e  s t r e s s  range exceeds t h e  CG'T o r  i f  no PWHT 
i s  used. Th is  assuites t h e  RMC s t ress  i s  an equ iva len t  constant  
amp1itur:e s t ress .  This  c r i t e r i a  o n l y  app l i es  if note  2 i s  n o t  met. RMC 
procedut-e i s  equ iva le f i t  t o  Palmgren-Miner cyc le  r a t i o  summation, be ing  
l e s s  th i :n  1 when t h e  S-PI curve  has a s lope of -3. 

F i g u r e  9-6 E f f e c t  o f  Fa t igue Spectrum 



Table 9-7. Al lowable RMC Stresses i n  k s i  w i thou t  PWHT f o r  
Fa t igue L i f e  Longer than 4 X l o 8  Cycles 

A1 lowable A1 t e r n a t i n g  C I S  A t  Various A -  Values 
CATEGORY A = l  A=0 .5 A=0.1 
(NOTE 2 )  ( R  = 0)  (R=O. 33)  (R=0.818) 

A 2.07 1.99 1.51 

Notes : 

( 1 )  The RMC Design a l t e r n a t i n g  s t ress  must n o t  exceed the  above values i f  t h e r e  
i s  no PWHT 

( 2 )  Categories are  def ined by A I S C  Manual o f  Steel  Construct ion,  8 t h  E d i t i o n  

( 3 )  Conf igura t ions  n o t  de f ined by no te  ( 2 )  s h a l l  be considered i n d i v i d u a l  l y  

( 4 )  C I S  = To ta l  Cycle I n t e r c e p t  Stress found by e x t r a p o l a t i o n  o f  S-N da ta  t o  the  
number o f  cyc les  i n  t h e  app l i ed  s t r e s s  h is togram 

(5) A = RMC a1 t e r n a t  ing  s t ress  
average mean s t ress  

( 6 )  RMC = [z(s i in  i ) / ~ n  

( 7 )  The maximum s t ress  range i n  the  histogram must be compared t o  t h e  CGT 
al1owab:es of Table 9-6. Flaw growth ana lys i s  s h a l l  be used t o  evaluate 
st resses i n  excess o f  CGT, Table 9-6. 

( 8 )  Table 9-7 i s  n o t  e f f e c t e d  by parent  ma te r i a l  y i e l d  p o i n t  



35Oh CSNFIDENCE L O W E  R BOUND R r  6. I 

2x10~ C'YCLES 

WTG LIFETIME 

LOG N - NUMBER OF LOADING CYCLES 

See Taole 9-6 f o r  e x t r a p o l a t i o n  t o  o t h e r  R-va lues 

F i g u r e  9-7 S-N Curves Fo r  Var ious  Weldi Ca tegor ies  



9.4.3.6.3 Wood A l lowab le  S t resses  

Each component o f  s t r e s s  caused b y  t h e  combined des ign  l o a d i n g  must be  l e s s  

than  t h e  a l l o w a b l e  va lues  i n  Table  9-8 and F i g u r e  9-8. I n  conceptua l  des i gn  

t h e  99.9th p e r c e n t i l e  o f  t h e  h i s t og ram o f  o p e r a t i n g  s t r e s s  should  be  below t h e  

f a t i g u e  t e s t  d a t a  s t r e n g t h  e x t r a p o l a t i o n  f o r  4 x  1 0 ~ y c l e s  c o n s i d e r i n g  t h e  

MOD-5A m o i s t u r e  con ten t ,  temperature,  s i z e ,  R-value, and d u r a t i o n  o f  l oad  

versus those parameters i n  t h e  m a t e r i a l  t e s t  program. M i n e r ' s  r a t i o  may be  

used w i t h  S-N d a t a  i n c l u d i n g  s t r e s s  r a t i o  e f f e c t s  f o r  d e t a i l e d  a n a l y s i s  of 

f a t i g u e  i n  t h e  F i n a l  Design. 

For  a  s t u d  bonded i n  a  prepared h o l e  p a r a l l e l  t o  t h e  g ra i n ,  a l l o w a b l e  loads  

a re  g i ven  i n  F i g u r e  9-9. The compressive mean s i d e  does n o t  have r e f l e c t i v e  

symmetry w i t h  t h e  t e n s i l e  mean s i d e  o f  F i g u r e  9-9. 

9.4.3.6.4 Glass F i b e r  Re in fo rced  P l a s t i c  A l lowab le  S t resses  

Each component o f  s t r e s s  caused b y  t h e  combined des ign  maximum o r  1  i m i t  

l o a d i n g  rnust be  l e s s  than  t h e  s t r e n g t h  r e p o r t e d  i n  MIL-H-17 b y  t h e  p r o p o r t i o n s  

1 i s t e d  i n  Table  9-9, u n t i l  more appl  i c a b l e  da ta  i s  a v a i l a b l e .  

The 99.9th p e r c e n t i l e  maximum s t r e s s  i n  t h e  f a t i g u e  s t r e s s  h i s t og ram should ,  

f o r  conceptua l  design, ! i e  w i t h i n  t h e  boundar ies i n  F i g u r e  9-10, which were 

d e r i v e d  b y  e x t r a p o l  a t  i on  o f  da ta  i n  MIL-H- 17. Damage accurnul a t  i o n  methods 

c a n s i d e r i n g  t h e  e f f e c t  o f  s t r e s s  r a t i o  may be used d u r i n g  d e t a i l e d  a n a l y s i s .  

Du ra t i on  o f  l o a d  d a t a  shows t h a t  i f  t h e  maximum s teady  s t r e s s  i s  l e s s  t h a n  60% 

o f  p r o p o r t i o n a l  l i m i t  s t r e s s ,  o r  o f  u l t i m a t e  i n  tens ion ,  then  no  creep shou ld  

occur .  

I f  room temperature c u r i n g  r e s i n s  a r e  used, a l l owab les  s h a l l  be based on 

a p p l i c a b l e  t e s t  data.  



Tab1 c! 9-8 Doug1 as F ir (Coasta l  ) Laminated 'Veneer A1 1  owabl es 

a t  10% Mo is tu re  Content,  Blade Grade l* 

A1 lowable S t ress  ( p s i  ) 

P a r a l l e l  To Cirain - Work i n g  - F a t i g u e  a t  4 x  1& 

Cycles 

Tens i o n  

Compression 

Shear LT 

Shear LR 1139 k300 730 

Perpend icu la r  To G r a i n  

Tension R 190 

Tens ion T 100 +30 7 5  

Compression R -230 - 120** -200 

Compress ion  T - 440 - 260** -330 

Shear KT 110 +4 0  9  0  

* Blade Grilde 1  i s  se lec ted  u l t r a s o n i c a l l y  f o r  modulus grmeater  than 
2.45 x  lo'), and i s  used f o r  t h e  more h i g h l y  s t r essed  appl  i c a t  ions. The 
a l l o w a b l e j  f o r  Blade Grade 2 a re  t o  be determine:d. 

F a i l u r e  rr~odes and e f f e c t s  s t u d i e s  may use s t r e s s  l e v e l s  f ' o r  f u l l - s c a l e  
minimum p-opor t  i o n a l  1  i m i t  o r  u l t i m a t e  s t r eng th ,  depending on o r i e n t a t i o n  
o f  stress.,  which a r e  approx imate ly  1.5 t imes t h e  "working" a l l o w a b l e  
maximum S'Lresses. 

**These va lues a r e  f o r  t h e  no ted  compressive minin~um s t r e s s  a r ~ d  a  ze ro  
max imum s t r e s s .  



L = LONGITUDINAL 

R = RADIAL 

T = TANGENTIAL 

a ) Nomenc 1 a t  u re  

Veneers are t a n g e n t i a l  s l i c e s  f rom t imber by pee l i ng  1/10 i n c h  
l a y e r  from r o t a t i n g  l o g .  

Laminations are composed of veneers which are i n  t h e  LT p lane.  

R = l  
R = -1 

WORKING LIMIT 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 , 

b )  Normal i zed  A1 lowable Diagram 

h i n  
S,lt 

F i  gure 9- 8 Wood Nomencl a t u r e  and Florrnal i zed Goodman D i  agram 



95% X N F .  L I M I T  
(-34.5 K I P )  

F i g u r e  9-9 Stud Design Allowable 



Tab le  9-9 Glass F i b e r  Composite S t a t i c  S t reng th  
Fac to r  of Safety Requirements 
( A 1  1 Temperatures) 

U l t i m a t e  S t renq th  > 3.0 
Haximum Design S t ress  

P r o p o r t i o n a l  Lim!t S t r ess  > 2.0  
Maximum Design S t ress  

F i g u r e  9-10 Glass F i b e r  Composite Fa t i gue  A1 1 owable S t ress  
For Conceptual Design 



9.4.3.7 Al ignment - 
The WTG s t ruc t -u re  s h a l l  be  designed t o  meet mechanical  and thermal a1 ignment 

requi rements w i t h i n  e s t a b l i s h e d  e r r o r  budget a l l o c a t i o n s .  These requSrements 

s h a l l  be met d f t e r  exposure t o  a l l  environments t o  which t h e  WTG c o u l d  be 

sub jec ted  throughout  i t s  des ign  l i f e .  

Mechanical a1 ignment inc ludes  cons i d e r a t  ior! o f  l odd de f  1  e c t  ions d u r i n g  

opera t  ion, maximum wind conc~ i t ions, maneuver ing  , hys te res  i s  e f f e c t s ,  

mechanical  ad justment  u n c e r t a i n t i e s ,  and manufac tu r ing  assembly t o l e rances .  

Thermal a1 ignment s h a l l  i n c l u d e  d i s t o r t  i o n  o f  equipment mounts and l o c a l  

s u p p o r t i n g  s t t - uc tu re  caused by  t h e  thermal environment, o v e r a l l  thermal 

d i s t o r t i o n  o f  t h e  p r i m a r y  s t r u c t u r e ,  and thermal  creep e f f e c t s .  

9.4.3.8 Thernlal E f f e c t s  

Cons ide ra t i on  s h a l l  be g iven  t o  thermal e f f e c t s  on t h e  s t r u c t u r e ,  i n c l u d i n g  

temperatures, temperature g rad ien t s ,  thermal  s t resses ,  thermal deformat ions,  

and mechanical and p h y s i c a l  m a t e r i a l  p r o p e r t y  changes. Mat ing  o f  m a t e r i a l s  

w i t h  w i d e l y  v i i r y i n g  c o e f f i c i e n t s  o f  expansion i n  areas s u s c e p t i b l e  t o  l a r g e  

temperature vc:r i a t  ions s h a l l  be avoided. Temperature d i s t r i b u t i o n s  s h a l l  be 

d e r i v e d  b y  r a ' i i o n a l  analyses, cons ide r i ng  t h e  s teady s t a t e  and t r a n s i e n t  

therma l  env irc:nments. 

The s t r u c t u r a l  des i gn  s h a l l  account f o r :  ( 1)  Temperature d i s t r i b u t i o n s  t h a t  

v a r y  w i t h  t i m e ,  ( 2 )  De f l ec t i ons  caused by  creep o r  s h o r t  t e rm  a p p l i e d  loads  

and temperatur,es, and ( 3 )  con~pa t i b  il i t y  o f  s t r a i n s  and deformat ions induced 

by d i f f e r e n t i a l  thermal  e x p a n s i o ~  and c o n t r a c t i o n  o f  elements o f  t h e  s t r u c t u r e .  



9.4.3.9 We ld i ng  

Welded j o i n t s  s h a l l  be  i n  accordance w i t h  appl  i c a b l e  we ld i ng  s p e c i f i c a t i o n s ,  

as p rov i ded  b y  t h e  HISC S p e c i f i c a t i o n  and t h e  " S t r u c t u r a l  Welding Code" o f  t h e  

AWS ( d e t a i l e d  s p e c i f i c a t i o n s  f o r  MOD-5A t o  be  determined).  F u l l  p e n e t r a t i o n  

weld c a l l - o u t s  a r e  s t r o n g l y  recommended f o r  j o i n t s  i n  t h e  p r ima ry  l o a d  pa th .  

Other  welds, such as f i l l e t  welds, may be  cons jdered on an i n d i v i d u a l  bas is .  

9.4.3.10 Fasteners  

9.4.3.10.1 B o l t e d  J o i n t s  
B o l t e d  fas teners  s h a l l  adhere t o  paragraph 9.1.4.4 o f  t h e  AISC S p e c i f i c a t i o n ,  

which recommends c o n f o r m i t y  t o  t h e  l a t e s t  e d i t i o n  o f  one o f  t h e  f o l l o w i n g  

s p e c i f i c a t i o n s :  

H i a h  S t rena th  B o l t s  f o r  S t r u c t u r a l  S tee l  Jo i n t s ,  I n c l u d i n s  
S u i t a b l e  Nuts and P l a i n  Hardened Washers, ASTM A325, o r  --- 
s p e c i a l  b o l t s  f r om  a  r e p u t a b l e  s u p p l i e r .  

Quenched - and Tempered A l l o y  S tee l  B o l t s  f o r  S t r u c t u r a l  S t e e l  --- 
J o i n t s .  ASTM A490 w i t h  a d d i t i o n a l  s ~ e c i f i c a t i o n s  t h a t  maximum 
ha rdne i s  be  l e s s  t han  36 on ~ o c k w e l i  C sca le ,  th reads  s h a l l  be  
c o l d - r o l l e d  a f t e r  hea t  t rea tment .  

Other  b o l t s  s h a l l  conform t o  t h e  S p e c i f i c a t i o n  f o r  Low- 
Carbon S t e e l  E x t e r n a l l y  and I n t e r n a l 1  T h r e a d e d x a n m  
m e r m M  A3U1, l a t e s ~ d  i d e  i n a t  t e r  des igned  
as AJUI b o l t s .  

I '4anufacturer1s c e r t i f i c a t i o n  s h a l l  c o n s t i t u t e  s u f f i c i e n t  evidence o f  

c o n f o r m i t y  w i t h  t h e  s p e c i f i c a t i o n s .  

A l l  t h readed  f a s t e n e r s  in tended f o r  f a t i g u e  a p p l i c a t i o n  must have t h e  t h read  

f c r m  c o l d - r o l l e d  a f t e r  h e a t  t rea tment .  Fasteners  w i t h  hardness g r e a t e r  t han  

Kockwel l  C 36 r e q u i r e  c e r t i f i c a t i o n  f o r  s t r e s s  c o r r o s i o n  r e s i s t a n c e .  A1 1  

f a s t e n e r s  shoul  d be z i n c  coated. 

The shanks o f  a l l  s t r u c t u r a l  b o l t s  i n  shear s h a l l  have no th reads  i n  b e a r i n g  

i n  sheet  o r  f i t t i n g s  equal  t o  o r  l e s s  than  .093 i n .  t h i c k .  I n  t h i c k e r  sheet  

o r  f i t t i n g s ,  a  maximum o f  two th reads ,  i n c l u d i n g  t h r e a d  runou t ,  i s  p e r m i t t e d  

i n  b e a r i n g  when based on t h e  maximum j o i n t  t h i c kness  and minimum b o l t  g r i p .  

However, n o t  more than  25% o f  t h e  minimum th i ckness  of t h e  shee t  o r  f i t t i n g  

s h a l l  have th reads  i n  bear ing .  S t r u c t u r a l  b o l t s  i n  p r ima ry  l o a d  pa ths  s h a l l  

have a  minimum d iameter  o f  .75 in., except  as approved b y  t h e  Manager o f  

Eng ineer ing  . 



B o l t  and screlw appl  i c a t  i ons  s h a l l  be  p re - s t r essed  as recommentled f o r  tens  i on  

appl  i c a t  ions,  t o  o b t a i n  t i g h t  j o i n t s  w i t h  minimum hys te res  i!; e f f e c t s .  An 

hyd rau l  i c  bol l ;  t e n s  i one r  i s  recommended f o r  p re - t ens ion ing .  

Res idual  p r e l o a d  a f t e r  t i g h t e n i n g  shou ld  be  v e r i f i e d  b y  a  t e s t  s i m u l a t i n g  t h e  

j o i n t .  A l l  j o i n t s  i n  which p re l oad  i s  r e q u i r e d  t o  ach ieve  s a t i s f a c t o r y  

s t r u c t u r a l  i n . ;eg r i t y  s h a l l  be checked f o r  t i g h t n e s s  a t  assemb1.q and rechecked 

a f t e r  50 t o  130 hours  of WTG ope ra t i on .  P o s i t i v e  mechanical  approaches shou ld  

be used t o  p reserve  t i g h t n e s s .  A p a i n t  s t r i p e  shou ld  be appl  i e d  a f t e r  

t i g t l t n i n g  t o  i n d i c a t e  t h e  t i g h t  p o s i t i o n  o f  stud!;, b o l t s  and washers w i t h  

r e s p e c t  t o  t h e  p a r t s  b e i n g  he ld ,  on c r i t i c a l  b o l t s .  

E o l t  des ign  13ad es t ima tes  s h a l l  i n c l u d e  t h e  e f f e c t s  o f  e c c e n t r i c  des ign  l o a d  

pa ths  and j o i n t  f l e x i b i l  i t y .  

Res idua l  p r e l o a d  s h a l l  be s u f f i c i e n t  t o  p rec lude  j o i n t  opening under maximum 

j o i n t  tens i o n  amp1 i f  i e d  by  p r y i n g  a c t  ion.  The maximum recornrnended r e s  i d u a l  

p r e l o a d  i s  75% o f  t h e  b o l t  m a t e r i a l  y i e l d  p o i n t  ca11:ulated w i t h  t h e  reduced o r  

" s t r e s s  a rea ' '  o f  t h e  f as tene r .  I n  o rde r  t o  ac:hieve b e n e f ' i c i a l  f a s t e n e r  

f l e x i b i l i t y  .'n c lamping t oge the r  s t i f f  f l anges ,  t h e  ac tua l  geometry and 

l o a a i n g  must t)e eva lua ted  as i n  r e fe rence  9-7. 

9.4.3.10.2 Torque C a r r y i n g  B o l t e d  J o i n t s  

Tne aes ign  o f  f l a n g e d  j o i n t s  t h a t  c a r r y  t o r q u e  and bending th rough  t h e  j o i n t  

must  cons ider  t h e  comb ina t ion  o f  b o t h  t ypes  o f  l oads  i n  e s t a b l i s h i n g  t h e  

marg in  o f  s a f e t y .  The bending p o r t i o n  i nvo l ves  des ign  w i t h  b o l t s  i n  t e n s i o n  

f o r  which gocld guidance can be  found  i n  r e fe rence  9-7. The des ign  f o r  t h e  

t o r q u e  l oad  p a t h  must i n c l u d e  some assumptions f o r  t h e  va lue  o f  t h e  

c o e f f i c i e n t  c f  f r i c t i o n  and t h e  number o f  b o l t s  s imul taneou5. ly  s h a r i n g  t h e  

l o a d  i n  s i n g l e  shear. Closc: t o l e r a n c e  h o l e s  a re  mandatory, so t h a t  b o l t  

bending i s  min imal  i f  t t -e  f r i c t i o n  t o r q u e  c a p a b i l i t y  i s  overcome. 

L i ne - t o -1  i n e  o r  i n t e r f e r e n c e  f i t  shear p i n s  and keys may be  r e q u i r e d .  

T a b l e  9-10 summarizes some recommended va lues  and assumptions ., Shear f o r c e s  

from t o r q u e  r n d  a l l  l oads  t r ansve rse  t o  t h e  t ube  a x i s  must be combined w i t h  

any bending aqd a x i a l  l oads  b y  t h e  use o f  a  s u i t a b l e  i n t e r a c t i o n  fo rmu la .  



Tab le  9-10 Recommended Parameters f o r  B o l t e d  J o i n t  Design 

Maximum Residual  P re l oad  o f  B o l t s  

Maximum F r a c t i o n  o f  B o l t s  C a r r y i n g  
Torque v i a  S i n g l e  Shear (Close Tolerance Design) 

C o e f f i c i e n t  o f  S t a t i c  F r i c t i o n  
S t e e l  t o  S tee l ,  sur faces g r i t  b l a s t  cleaned, degreased 

C o e f f i c i e n t  af  S t a t i c  F r i c t i o n  w i t h  T h i n  Copper Shim 

M i n  imum Torque Capabi l  i t y  o f  Only  t h e  
B o l t s  (34%) i n  Shear 

M in  imum Torque Capab il i t y  o f  Only  
t h e  F r i c t i o n  (no  l o s s  o f  p re l oad )  

Minimum G r i p  Length D i v i ded  b y  Diameter 

Embedment Fac to r  t o  Es t imate  Res idua l  P re l oad  

75% o f  Y i e l d  

34% 

1.5 x  Maximum 
Torque 

2.25 x  Maximum 



9.4.3.11 Veqt ing  - 
c o n s i d e r a t i o n  s h a l l  be  g i ven  t o  p rov  i d i n g  adequate v e n t i n g  01' each s t r u c t u r a l  

component i n  o rde r  t o  p reven t  s i g n i f i c a n t  load ings  caused b y  t h e  ambient 

p ressure  d i f f e r e n t i a l s  encountered d u r i n g  t h e  WTG s e r v i c e  1  il'e. A  s t r u c t u r e  

w i t h o u t  s a t i s f a c t o r y  v e n t i n g  w i l l  be designed f o r  an i n te rna ' l  p ressure  o f  5 

p s i ,  un less  o the rw i se  s p e c i f i e d .  The f i n a l  des ign s h a l l  p r o v i d e  a  b lade  

v e n t i n g  ar r i~ngement  t h a t  r e s u l t s  i n  a  b l ade  i n t e r n a l  gauge p r c i s u r e  (caused b y  

c e n t r i f u g a l  g r a d i e n t s )  o f  l e s s  than  k0.5 p s i .  

A1 1 a i r f o i l  c e l l s  and honeycomb s h a l l  be vented t o  p rec lude  overpressure 

r e s u l t i n g  fr,om shipment b y  a i r  cargo i n  an unpressur ized  c a b i n  o r  bay. 

9.4.3.12 - M i s  a1 ignment and Di.nens i o n a l  Tolerances 

The e f f e c t s  o f  a l l o w a b l e  s l : ruc tu ra l  misal ignments,  deflecticmns and o t h e r  

permissable and expec ted  dirnensional t o l e rances  s ,ha l l  be inc luded  i n  t h e  

anfa lys is  o f  a1 1  1  oads, l o a d  d i s t r i b u t i o n ,  and a1 lowable loads.  

9.5 DESIGN CONDITIONS 

9.5.1 GENERAL CONDITIONS 

A1 1  s t a t i c  and dynamic 1  oads and pressures ( e x t e r n a l  and i n t e r n a l  ) t h a t  may 

a f f e c t  struc.:;ural i n t e g r i t y  c r  i n f l u e n c e  des ign  s h a l l  be d e f i n e d  and accounted 

f o r .  The e f f e c t s  o f  t he r r i a l  l y  and mechanical l y  induced : s t r u c t u r a l  

d e f l e c t  ions, a l l o w a b l e  struc::ural m i sa l  ignments, and s t r u c t u r i i l  o f f s e t s  and 

d imensional  t o l e rances  s h a l l  be i n c l u d e d  i n  a n a l y s i s  o f  loads, l oad  

d i s t r i b u t i o n s ,  and s t r u c t u r a l  adequacy. L i m i t  l oads  s h a l l  be determined f o r  

t h e  WTG i n  a l l  c o n f i g u r a t i o n s  f ~ r  t h e  des ign c o n d i t i o n s  i d e n t i f i e d  i n  t h i s  

docurnen t . 

Loads s h a l l  t ,e d i s t r i b u t e d  th roughout  t h e  s t r u c t u r e  b y  analyses t h a t  s t udy  t h e  

e f f e c t s  o f  s1;ructural non-1 i r iear it i e s  and temperature. Ana l ys i s  o f  dynamic 

loads  s h a l l  i ~ c c o u n t  f o r  a l l  s i g n i f i c a n t  changes i n  WTG mass p r o p e r t j e s  w i t h  

t ime, and a1 1  s i g n i f - i c a n t  s t r u c t u r a l  f l e x i b i l  i t i t ? s ,  damping, and l o a d  

spec t ra .  The a n a l y s i s  s h a l l  a l s o  account f o r  coup1 i n g  o f  t h e  va r i ous  

components and subassemblies of  t h e  WTG, i n c l u d i n g  t h e  r o t o r  system (b lades,  

hub, t e e t e r  bear ings,  stops, e t c .  ), d r i v e  system ( sha f t s ,  gellrbox, brake, 

generator ,  and assoc ia ted  equipment), nace l l e ,  yaw system, tower, foundat ion ,  

and s o i l  s t i f f n e s s .  



9.5.2 DESIGN C O N D I T I O N S  AND ENVIRONMENT 

Th i s  sec t  i on  presents t h e  opera t iona l ,  non-operat i ona l  , and environmental 

l oad ing  cond i t i ons  t h a t  are considered s i g n i f f c a n t  t o  t h e  s t r u c t u r a l  design of  

t h e  WTG. 

9.5.2.1 Operat ional Loading Condit ions 

9.5.2.1.1 C r i t i c a l  Environments 

The WTG w i l l  be designed t o  surv ive,  w i t h  adequate margin, t h e  loads and 

environments associated w i t h  a1 1 phases o f  operat  ion, i n c l u d i n g  steady winds, 

gusts, maximum winds, shutdowns, s ta r tups ,  maneuvering, and brak ing. 

9.5.2.1.2 Primary S t ruc tu re  

The pr imary  s t r u c t u r e  may be de f ined as t h e  s t r u c t u r e  t h a t  provides t h e  system 

major load paths f rom t h e  p o i n t s  o f  i n i t i a t i o n  o f  t h e  loads t o  t h e  loads t o  

t h e  system r e a c t i o n  p o i n t .  I n  t h i s  case, t h e  loads r e s u l t  f rom steady and 

c y c l i c  loads on t h e  r o t o r  blades, r o t a t i o n a l  loads on t h e  r o t o r  system and 

d r i v e  system, and t h e  gross weights o f  t h e  major subassemblSes t h a t  c o n s t i t u t e  

the  pr imary s t ruc tu re .  The r e a c t i o n  p o i n t  i n  t h i s  case i s  t he  tower 

foundation. The items c o n s t i t u t i n g  t h e  pr imary s t r u c t u r e  o f  t h e  WTG system 

are: t h e  r o t o r  blades, hub, t e e t e r  bearing, d r i v e t r a i n ,  n a c e l l e  and bedplate, 

yaw system, tower, and foundat ion. 

9.5.2.1.2.1 C r i t i c a l  Loading Condi t ions 

Fo r  i n i t i a l  s i z i n g  o f  pr imary s t r u c t u r e  components, maximum q u a s i - s t a t i c  1 i m i t  

app l i ed  loads and s t a t i c  weights d i s t r i b u t i o n  are  used. These loads apply t o  

areas where f a t i g u e  f rom c y c l i c  loads i s  n o t  expected t o  be t h e  design d r i v i n g  

force.  These fo rces  and weights a re  sub jec t  t o  t he  design load f a c t o r s  o f  

paragraph 9.4.2.4. Checks f o r  f a t i g u e  w i l l  be made again as load ing  

h istograms are  der ived.  

For areas i n  which fa t i gue  design i s  probably t h e  design d r i v e r  ( t h e  r o t o r ,  

hub and d r i v e t r a i n )  , a dynamic ana lys i s  eva lua t i ng  comb i n a t  ions o f  osc il l a t o r y  

and steady s t a t e  e f f e c t s  w i l l  p rov ide  loadings. 



9.5.2.1.2.2 Minimum Resonant Frequencies 

The p r  i ~ n a r y  s t r u c t u r e  s h a l l  p r o v i d e  adequate s t i l ' f ness  t o  sa.t i s f y  t h e  system 

requi rement  f o r  resonant  f requency. The des ign  se lec ted  for. t h e  MOD-5A WTG 

rep resen ts  ;I " s o f t "  tower  approach w i t h  t h e  f i r s t  c a n t i l e v e r e d  bending mode 

frequency cliosen, w e l l  below t h e  predominant e x c i t i n g  frecluency o f  2P a t  

normal r o t o r  speed, and w i t h  s u f f i c i e n t  sepa ra t i on  a t  reduced r o t o r  speed. 

The r e s u l t i n g  loads  a l l e v i a t i o n  p rov ides  r o u g h l y  a 50% r e d u c t i o n  o f  c y c l i c  and 

se ismic  load ing .  

The placemc?nt o f  t h e  coupled tower / foundat ion  resonant  f requency i s  

compl i c a t e d  by  t h e  two-speecl o p e r a t i o n  of  t h e  WTG, s i n c e  t h e  system n a t u r a l  

f requencies shou ld  n o t  c o i n c i d e  w i t h  t h e  1, 2 o r  3 per  r e v o l u t i o n  ( P ) ,  etc. ,  

f o r c i n g  f requencies.  A f requency sepa ra t i on  o f  0.5P f rom t h e  f o r c i n g  

f requency i s  recommended, b u t  sma l l e r  separa t ions  may be perm.itted i f  v e r i f i e d  

b y  systems d,ynamic analys i s .  

Resonant f requenc ies  f o r  o t h e r  WTG system subassemblies shoula be s u f f i c i e n t l y  

separated fr.om t n e  tower / foundat ion  resonant  f requency t o  p rec lude  coup1 i n g  

between comp~nents .  

9.5.2.1.3 Secondary S t r u c t u r e  

F o r  t h e  purposes o f  WTG development, t h e  secondary s t r u c t u r e  nlay be def ined as 

t h e  s t r u c t u r s e  t h a t  c o n s t i t u t e s  and l o c a l l y  suppor ts  t h e  v13r ious equipment 

modules o r  components; i t  a l s o  inc ludes  t h e  o p e r a t i n g  panels,  and o t h e r  

component suppor t  b r a c k e t r y  ~f a n o n - s t r u c t u r a l  nature.  Majol- i tems, such as 

t h e  gearbox, generator ,  brake, etc. ,  a r e  e s s e n t i a l l y  load-car ry ing ,  and do n o t  

f a l l  i n t o  t h i s  category.  

9.5.2.1.3.1 C r i t i c a l  Loading Cond i t ions  

The genera l  1  oads requi rements f o r  secondary s t r u c t u r e ,  b racke ts ,  and 

components.contained i n  t h e  n a c e l l e  and bedp la te  o r  t h e  tower a r e  as f o l l o w s :  

V e r t i c a l l y  (X-Axis)  - +2 g 

L a t e r a l  1.1 ( Y  o r  Z-Axes) -. +5 g 

Note: A x i s  d e f i n i t i o n  i s  e s t a b l i s h e d  i n  F igu re  9-2. 



These load l e v e l s  may be superseded by  dynamic fo rced  response ana lys is ,  

cons ider ing  t h e  mounting as e x c i t e d  b y  t h e  p r e d i c t e d  v i b r a t i o n  of t h e  pr imary  

s t r u c t u r e .  

For  secondary s t ruc tu res ,  conta ined i n  t h e  r o t a t i n g  p o r t i o n  o f  t h e  WTG 

outboard o f  t h e  n a c e l l e  r o t o r  bea r i ng  i n te r face  ( r o t o r  blades and hub), t h e  

e f f e c t s  o f  c e n t r i f u g a l  fo rce  and gyroscopic moments must be considered. 

These g f a c t o r s  are t o  be used f o r  design and s t r e s s  ana l ys i s  o f  components 

and t h e i r  attachments t o  t h e  s t r u c t u r e .  Loads, c a l c u l a t e d  by  t h e  g f a c t o r  

t imes weight,  s h a l l  be app l i ed  separa te ly  f o r  each o f  t h e  th ree  p r i n c i p a l  

axes. These loads are t h e  r e s u l t  o f  t h e  v i b r a t i o n  environment, and are  

sub jec t  t o  t h e  f a c t o r s  o f  paragraph 9-4. T ranspor ta t  ion, ope ra t i ona l  and 

thermal 1 oads s h a l l  be cons idered separate ly .  

9.5.2.1.3.2 Resonant Frequencies 

I n d i v i d u a l  components, when mounted t o  t h e i r  secondary suppor t  s t r u c t u r e ,  

s h a l l  be designed t o  meet a design goal of 20 Hz o r  more i n  a l l  d i r e c t i o n s .  

9.5.2.2 Non-Operational Loading Condi t ions 

The s t r u c t u r a l  design s h a l l  inc lude cons ide ra t i on  o f  a1 1 non-operat i ona l  

environments t o  which t h e  subassemblies and t h e i r  component p a r t s  are exposed 

d u r i n g  manufacture, ground handl ing, t r a n s p o r t a t i o n  and e r e c t  ion.  Except f o r  

l o c a l  areas a t  handl i ng  attachment po in t s ,  t h e  non-operat ional loads s h a l l  

govern design of  t h e  s t r u c t u r e  t o  t h e  minimum e x t e n t  poss ib le .  Environments 

o f  MIL-STD-810B are deemed app l i cab le  t o  supplement in format ion t h a t  f o l l o w s :  

9.5.2.2.1 Manufacturing 

F a b r i c a t i o n  and assembly operat ions e f f e c t s  on t h e  s t r u c t u r a l  design s h a l l  be 

evaluated f o r  ( 1  ) mater i a l  handl ing  , forming, s t r e t c h i n g  o r  o t h e r  processing; 

( 2 )  misf  i t  and m isa l  ignmerits; ( 3 )  welding, bonding and braz ing;  ( 4 )  heat  

t reatment;  and ( 5 )  check i ng  and acceptance opera t  ions i n c l u d i n g  p r e s s u r i z a t i o n  

cyc les  . 



9.5.2.2.2 T r a n s p o r t a t i o n  and Ground Hand l ing  

Our i n g  t r a n s p o r t a t  i o n  and ground handl i ng  , t h e  e f f e c t s  o f  n a t u r a l  and inducecl 

environment:; on t h e  WTG s t r u c t u r e  s h a l l  be evaluated.  

9.5.2.2.3 T r a n s p o r t a t i o n  L i m i t  Load Fac to r s  

L i m i t  l o a d  f ' ac to r s  f o r  t r a n s p o r t a t i o n  o f  t h e  WTG a r e  as f o l l o w s :  

Long i tud  i n a l  - +3.0 ( t r u c k  ) 

+9.0 ( r a i l )  - 
L a t e r a l  - +1.0 

V e r t i c a l  +3.0 

These 1  oad f a c t o r s  i n c l  ude t h e  max imum expected quas i - s t eady  a c c e l e r a t i o n s  

expected f r om t r u c k  o r  r a i l  t r a n s p o r t a t i o n  and a re  t o  be appl. ied s e p a r a t e l y  as 

e q u i v a l e n t  s t a t i c  loads.  The d i r e c t i o n a l  term!; a r e  w i t h  r espec t  t o  t h e  

t r a n s p o r t  v e h i c l e  axes. The component e f f e c t i v e  we igh t  shai 1  be t h e  des ign 

gross weigh:,, p l u s  t h e  we igh t  o f  any non-operat.iona1 equipment suppor ted by 

t h e  component, d u r i n g  ground handl i n g  opera t ions .  

9.5.2.2.4 H o i s t i n g  L i m i t  Load Fac to r s  

The l i m i t  l oad  f a c t o r  f o r  h o i s t i n g  t h e  WTG components and sut~assembl ies s h a l l  

b e  a p p l i e d  upward i n  any d i r e c t i o n  w i t h i n  20' o f  v e r t i c a l .  The h o i s t i n g  

we igh t  s h a l l  b e  t h e  des ign  we igh t  o f  t h e  a p p l i c a b l e  component o r  subassembly 

p l u s  any a t tached weights .  

9.5.2.2.5 Ma t i ng  and E r e c t i n g  L i m i t  Load Fac to r s  

L i m i t  l oad  f a c t o r s  f o r  v e r t - i c a l  mat ing  and e r e c t i n g  o f  t h e  k'TG subassemblies 

s h a l l  be det.ermined b e f o r e  t h e  e r e c t  ion.  The s~b~assemb ly  s h a l l  be w i t h i n  t h e  

a t t i t u d e  envelope e s t a b l  ished f o r  e r e c t i n g  and mat ing. The e f f e c t i v e  we igh t  

s h a l l  be t h e  component des igra we igh t  p l u s  any a t tached weights .  

9.5.2.2.6 Storage 

Loads and environments t h a t  t h e  s t r u c t u r a l  components may exper ience d u r i n g  

s to rage  s h a l l  be accounted f o r  o r  t h e  s t r u c t u r e  s h a l l  be p r o t e c t e d  a g a i n s t  

them. A t  l e a s t  t h e  f o l l o w i n g  s h a l l  be considered: 

1. P r e s s u r e - d i f f e r e n t  i a l  loads, i n c l u d i n g  t h e  e f f e c t s  o f  ven t  i n g o  



2. Natu ra l  and induced env ironments . 
3. Env ironments and loads f r o m  s t o r e d  f l u i d s ,  cons ide r i ng  pressure,  

temperature,  and chemical  and phys i c a l  e f f e c t s  on s t r u c t u r a l  
m a t e r i a l s  and adhesives. 

4. Changes i n  mo i s tu re  con ten t  o f  wood. 

9.5.2.3 Environmental  Considerat  ions  

9.5.2.3.1 Temperature 

The WTG s h a l l  be  .capab le  o f  s u r v i v a l  i n  ambient temperatures f rom -40°C t o  

+49"C (-40°F t o  +120°F), and o p e r a t i o n  i n  ambient temperatures o f  -30°C t o  

+40°C (-22°F t o  +104"F). 

9.5.2.3.2 Seismic 

The WTG, exc lud ing  t h e  foundat ion,  s h a l l  be designed t o  t h e  se ismic  

requi rements c h a r a c t e r i s t i c  of Zone 3  pe r  t h e  Uni form B u i l d i n g  Code. The 

foundat i on  s h a l l  be designed t o  se ismic environments and s o i l  c o n d i t i o n s  

app rop r i a te  t o  t h e  s i t e .  Before t h e  s i t e  s e l e c t i o n ,  t h e  f ounda t i on  des ign  

s h a l l  be based on Zone 3 se ismic requi rements assuming f i r m  s o i l  c o n d i t i o n s  

hav ing  a  b e a r i n g  des ign s t r e n g t h  o f  4000 l b l s q .  ft. (12000 l b l s q .  f t .  s t a t i c  

bea r i ng  c a p a c i t y ) .  

9.5.2.3.3 P r e c i p i t a t i o n  

The WTG s h a l l  be sub jec ted  t o  t h e  f o l  l ow ing  p r e c i p i t a t i o n  environments a f t e r  

i n s t a l l a t i o n ,  pe r  paragraphs 9.3.4 and 9.3.5, o f  t h e  Statement o f  Work. 

Rain:  4 in. /hour 

H a i l :  1.0 in .  d iameter,  50 lb /cu.  ft., 66.6 f t / s e c  
t e r m i n a l  
v e l o c i t y  ( f o r  h o r i z o n t a l  and v e r t i c a l  su r f aces )  

I c e :  2.0 in., 60 l b l c u .  ft. on a l l  e x t e r n a l  sur faces 
non-operat ing 

Snow: Blade: 21 l b l s q .  ft. 
Nace l le :  41 l b l s q .  ft. 

9.5.2.3.4 L i g h t n  i n g  

The WTG s h a l l  be sub jec ted  t o  1  i g h t n i n g  s t r i k e s  as de f i ned  i n  F i g u r e  B-1 of 

t h e  NASA Statement of Work f o r  t h e  MOD-5A WTG. 



9.5.2.3.5 P r o j e c t i l e  Impact 

The LdTG shc.11 be sub jec ted  t o  impact o f  4 l b .  b i i rds moving a t  35 mph, on 

sur faces  ab.sve 150 ft. F a i l u r e s  a r e  n o t  permi t ted ,  b u t  l o c l l l  y i e l d i n g  i s  

a1 lowed. 

9.5.2.3.6 Cor ros ion  

S t e e l  a l l o y s  shou ld  be  s e l e c t e d  w i t h  a  s t r e s s  c o r r o s i o n  c r a c k i n g  s t r e s s  

i n t e n s i t y  t8nresho ld  (KISCC) o f  more t han  50 k s i  JIN. P r o t e c t i v e  coa t i ngs  

w i l l  be used and ma in ta ined  on a schedule r e l a t e d  t o  t h e  d u r a b i l  i t y  o f  t h e  

c o a t i n g .  

9.6 PROOF Of: DESIGN 

P r o o f  o f  s t ) - u c t u r a l  adequacy o f  t h e  des ign under a l l  c r i t i c a l  combinat ions of  

aes ign load!; and environmen.ta1 c o n d i t i o n s  s h a l l  be p rov ided  b y  ana l ys i s ,  

t e s t s ,  o r  both,  a1 1 o f  which s h a l l  be documented. 

9.6.1 ANALYSIS DOCUMENTATION 

Repor ts  sha ' : l  be prepared on a n a l y s i s  made t o  v e r i f y  s t r u c t u r a l  adequacy i n  

compl iance w i t h  c r  i t e r  i a  con ta ined  i n  t h i s  documeni:. 

9.6.1 - 1  M a m i c  Ana l ys i s  

A dynamic a n a l y s i s  o f  t h e  coupled WTG component assemblies, i n c l u d i n g  t h e  

f ounda t i on  and s o i l  s t i f f n e s s ,  w i l l  be performed. The mathemil t ical  model o f  

t h e  WTG system w i l l  be a 1 i r e a r ,  lumped-parameter, coupled system w i t h  up t o  

s i x  degrees 3 f  freedom pe r  mass element. 

T h i s  a n a l y s i s  w i l l :  

1. Support  and v e r i f y  ttae des ign o f  t h e  WTG system t o  t h e  fundanenta l  
f r e q ~ e n c y  requ  i remenls.  

2. Fu rn i sh  t h e  a n a l y t i c a l  model f o r  o p e r a t i o n a l  loads and dynamic 
d e f l e c t  ions a n a l y s i s .  

9.6.1.2 - I n t e r n a l  Loads Analj ls - i s  

From t h e  des ign  loads and assoc ia ted  environments, t h e  c r i t i c a l  loads and 

c r i t i c a l  combinat ions o f  loads  on t h e  s t r u c t u r e  s h a l l  be used i n  l oads  

a n a l y s i s  t o  o b t a i n  t h e  i n t e r n a l  loads i n  t h e  p r ima ry  s t ruc . tu re .  The 

i n t e r a c t i o n s  o f  t h e  va r i ous  s t r u c t u r a l  components s h a l l  be cons idered  i n  t h i s  

1  oads ana l ys i s .  



S t r u c t u r a l  1 oads induced by  ground hand1 i ng  , i n c l u d i n g  h o i s t i n g  , 
t r a n s p o r t a t i o n ,  and e r e c t i o n  of  t h e  WTG components s h a l l  be determined. 

9.6.1.3 S t r u c t u r a l  Ana l ys i s  

A  s t r u c t u r a l  a n a l y s i s  o f  t h e  major  components o f  t h e  WTG assembly w i l l  be 

performed e v a l u a t i n g  s t r esses  and d e f l e c t i o n s  r e s u l t i n g  f r om c r i t i c a l  loads,  

env ironments, and temperatures a n t i c i p a t e d  d u r i n g  i t s  30 year  s e r v i c e  1  i f e .  

For  t h e  purposes g f  t h i s  document, t h e  major  components o f  t h e  WTG assembly 

w i l l  be 1  i m i t e d  t o  t h e  r o t o r  assembly (blades, a i l e r o n s  and hub), t h e  n a c e l l e  

and bedplate,  t h e  tower, t he  foundat ion ,  and a l l  secondary s t r u c t u r e s  

con ta ined  b y  those  components above t h e  ground l e v e l  deemed necessary. Th is  

a n a l y s i s  s h a l l  de f ine  t h e  c r i t i c a l  l oads  and des ign cond i t i ons ,  and determine 

s t r e s s  l e v e l s  and margins o f  s a f e t y .  

9.6.2 DOCUMENTATION FORMAT 

Oocumentation o f  s t r u c t u r a l  analyses i n  suppor t  o f  t h e  WTG development s h a l l  

f o l l o w  a  c o n s i s t e n t  format .  The f o l l o w i n g  genera l  fo rmat  was suggested f o r  

documentat ion o f  these  s t r u c t u r a l  analyses: 

1.0 I n t r o d u c t i o n  ( a )  O b j e c t i v e  
( b )  Approach 
(c  ) Background 

2.0 Resu l t s  ( a )  Tables: Margins o f  Sa fe t y  
Na tu ra l  Frequencies, i f  p e r t i n e n t  
F a t i g u e  r e s u l t s  

( b )  Other p e r t i n e n t  summary d a t a  

3.0 Conclusions ( a )  Are c r i t e r i a ,  requirements,  goa ls  met? 
& Recommendations ( b )  Recommended changes, a d d i t i o n a l  

a n a l y s i s  

4.0 S u b s t a n t i a t i n g  ( a )  Scope o f  Ana l ys i s  
Data ( b )  Approach, methods, models 

(c  ) Sample analys i s ,  no tes .  



The o b j e c t i v e  o f  Sect ions 1.0 through 3.0 i s  t o  b r i e f l y  desc r i be  t h e  problem, 

t h e  r e s u l t i n g  data,  and what i t  means. Sec t i on  4.0 w i l l  desc r i be  i n  g rea te r  

d e t a i l  t h e  scope and methods o f  ana l ys i s ,  compi~ te r  models, mater i a l  s, 

assumptions, and l i m i t a t i o n s .  P e r t i n e n t  no tes  and c r i t i c a l  element analyses 

shou ld  be  at tached.  

The WEPO Out1 i n e  f o r  S t r u c t u r a l  Ana l ys i s  Reports, p e r  r e fe rence  9-6, i s  

presented as a  gu ide  t o  more fo rma l  documentation, such as f i r l a 1  r e p o r t s ,  and 

a l s o  forms a  l o g i c a l  gu ide t o  t h e  o r g a n i z a t i o n  o f  s t r u c t u r a l  a n a l y s i s  work. 

9.7 COMMENTAI?Y ON STRUCTURAL DESIGN CRITERIA 

9.7.1 WOOD AND STEEL FATIGUE ALLOWABLE STRESS 

The KMC a l l o d a b l e  f o r  s t e e l  weld ca tegory  E i s  1e:ss than  t h e  a l l owab le  f o r  

wood a t  t h e  same number o f  c.ycles. Category E i s  a  weldment w i t h  s i g n i f i c a n t  

s t r e s s  c o n c e ~ ~ t r a t i o n s .  The a l l owab le  f o r  E and o t h e r  ca tego r i es  i s  f o r  t h e  

unconcentrated s t r e s s  ad jacen t  t o ,  o r  a t ,  t h e  weld d e t a i l .  The wood a l l owab le  

should be cr~mpared t o  weld ca tegory  B f o r  s i m i l a r i t y  o f  unconcentrated 

s t r e s s .  Then, s t e e l  does have a  h i g h e r  a l l owab le  than  wood :in t h e  M!nerls 

approach, which i s  t h e  KMC method i n  s t e e l ,  d e s p i t e  t h e  severe s l ope  o f  s t e e l  

we ld  S-N da ta  i f  t h e  CGT i s  exceeded. Lack ing  a  ICGT i n  wood,. o n l y  M i n e r ' s  

approach was used. The low d e n s i t y  o f  wood was i n f l u e n t i a l  i n  t h e  cho i ce  f o r  

t h e  r o t o r .  

9.7.2 FATlGUE CRITERIA FOR STEEL 

The MOD-5A 5 t r u c t u r a l  Des igr~ C r i t e r i a  f o l l o w s  t h e  AISC Manudl o f  S tee l  

Cons t ruc t i on  f o r  s t r e n g t h  and s t a b i l  i t y ,  b u t  expands AISC f a t i g u e  c r i t e r i a .  

The A I S C  f a t i g u e  c r i t e r i a  i d e n t i f i e s  var ious  s t r e s s  l e v e l s  f o r  va r i ous  

ca tego r i es  o f  welded and b o l t e d  d e t a i l s  f o r  over two m i l l  i o n  cyc les .  The 

o r i g i n  o f  these  a l l owab les  was researched w i t h  t h e  h e l p  o f  consu l t an t s  a t  

Lehigh U n i v e r s i t y ,  where a  l o t  o f  t e s t i n g  had been done f o r  t h e  Na t i ona l  

Coopera t i ve  I i  ighway Research Program. These t e s t s  l e d  d i r e c t l y  t o  t h e  AISC 

and AASHTO a1 lowabl e  s t r e s s  c r i t e r i a .  Because t h e  wind t u r b  ine  genera to r  

shou ld  accurnl~l a t e  four  hundred m i l  1  ion  cyc les  of v a r i a b l e  amp1 i t u d e  s t r e s s  i n  

30 years,  the! t e s t  da ta  and s t r e s s  c r i t e r i a  were v e r y  impor tan t .  



Some o f  t h e  S-N da ta  ( re fe rence  9-10) on s t e e l  f a t i g u e  i s  shown i n  F i g u r e  9-11 

f o r  a s - r o l  l e d  beams and weldments w i t h o u t  r e s i d u a l  s t r e s s  r e 1  i e f .  The l owes t  

s t r e s s  l e v e l  t e s t e d  i n  each ca tego ry  i s  above t h e  a l l owab le  f o r  over  two 

m i l l i o n  c y c l e s  and some da ta  p o i n t s  w i t h  arrows a r e  r unou t s  o r  no f a i l u r e  a t  

t e n  m i l l i o n  cyc les .  The da ta  suggest t h a t  these f u l l - s c a l e  t e s t  a r t i c l e s  may 

have a  t r u e  endurance 1  i m i t  s t r ess ,  and t h a t  below t h i s  l i m i t  a  v e r y  l o n g  

f a t i g u e  1  i f e  i s  1  i k e l y .  Such endurance 1  i m i t s  behav io r  has been found f o r  t h e  

same a l l o y s  i n  sma l l  l a b o r a t o r y  specimens, b u t  u s u a l l y  a t  somewhat h i g h e r  

s t r e s s  l e v e l s  tnan  f o r  f u l l  s i z e  p a r t s .  

F r a c t u r e  mechanics da ta  f o r  c rack p ropaga t ion  has a l s o  shown behav io r  

analogous t o  an endurance limit. As shown i n  F i g u r e  9-12, t h e r e  a re  t h r e e  

r e g i o n s  ( r e fe rence  9-11).  Region I shows an ex t reme ly  s low p ropaga t ion  r a t e  

w i t h  a  d i s t i n c t l y  d i f f e r e n t  s l o p e  than  Region 11. Cons ide ra t i on  o f  t h e  c rack  

s i z e  and a p p l i e d  s t r e s s  range a r e  t h e  major  parameters i n  c a l c u l a t i n g  t h e  

s t r e s s  i n t e n s i t y  range, t h a t  i s  r e l a t e d  t o  c rack  growth r a t e  as i l l u s t r a t e d  i n  

F i g u r e  9-12. When t h e  growth r a t e  i s  l e s s  than  lo- '  i n .  per  c y c l e  and t h e  

s l o p e  i s  p r o p e r l y  d i f f e r e n t  than  Region 11, then  t h e  cor responding s t r e s s  

i n t e n s i t y  range i s  c a l l e d  t h e  CGT. Given a  f l a w  s i z e  assumed t o  be a  c rack ,  a  

s t r e s s  range can be  c a l c u l a t e d  t h a t  w i l l  produce a  s t r e s s  i n t e n s i t y  range 

below t h e  CtiT, and t h e  specimen w i l l  endure t h e  s t r e s s  c y c l e s  f o r  an 

i n d e f i n i t e l y  l a r g e  number of c yc l es .  Th i s  s t r e s s  range i s  a l s o  c a l l e d  t h e  CGT 

a l l o w a ~ l e  because i t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s t r e s s  i n t e n s i t y  range. 

As shown i n  F i g u r e  9-13, t h e  CGT has a  lower  bound i n  t h e  a l l o y s  popular  f o r  

l a r g e  s t r u c t u r e s  ( r e f e r e n c e  9-11).  The MOD-5A des ign  in tended t o  use such 

s t e e l s ,  and f u r t h e r  c o n s i d e r a t i o n  of t h e  f l aw  s i z e  aspect  was made. 

The f i a w  s i z e  i n  t h e  f i n i s h e d  p a r t  must n o t  be l a r g e r  than  a  des ign  va lue ,  o r  

t h e  CGT w i l l  be  exceeded f o r  t h e  d e s i r e d  des ign a l l owab le  s t r e s s  range. 

Conversely,  t h e  s t r e s s  range i n  s e r v i c e  must never  exceed t h e  CGT f o r  whatever 

f l a w  s i z e  i s  l e f t  i n  t h e  f i n i s h e d  p a r t .  E i t h e r  c i rcumstance w i l l  cause c rack  

p ropaga t ion  a t  a  r a t e  t h a t  can be p r e d i c t e d  f r om knowledge o f  t h e  s t r e s s  range  

v a r i a b l e  amp1 i t u d e  spectrum, s t r e s s  d i s t r i b u t i o n ,  c rack  d e s c r i p t i o n ,  c rack  

growth data,  and f r a c t u r e  mechanics formulae.  
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The f l a w  s i z e  t h a t  can be  r e 1  i a b l y  de tec ted  was found t o  be  smal l  enough t o  

s a t i s f y  f r a c t u r e  mechanics c r i t e r i a  f o r  t h e  CGT u s i n g  t h e  AISC s t r e s s  range 

a l l owab les  f o r  over  two m i l l  i on  cyc les .  However, t h e  r e s i d u a l  s t r e s s  and 

appl  i e d  s t r e s s  r a t i o  must be low t o  c l e a r l y  defend t h e  AISC s t r e s s  range 

a l l owab les  f o r  f ou r  hundred m i l l i o n  cyc les  f o r  t h e  f l a w  s i z e s  t h a t  may 

remain. A1 though some i nspec t i on  shops can d e t e c t  su r f ace  i n d i c a t i o n s  as 

sma l l  as 0.02 i n .  deep and 0.04 in .  l ong  w i t h  non-dest ruct  i v e  examinat ions, 

va lues o f  0.05 i n .  deep and 0.10 i n .  l o n g  were chosen as r e 1  i a b l y  de tec tab le  

( re fe rence  9-12).  Not o n l y  must t h e  weld s p e c i f i c a t i o n  r e q u i r e  t h i s ,  as t h e  

MOD-5A s p e c i f i c a t i o n  does, b u t  t h e  weldment drawing should d i r e c t  t h e  

i nspec to r  t o  t h e  c r i t i c a l  zone. 

PWHT was r e q u i r e d  t o  m in im ize  r e s i d u a l  t e n s i l e  s t r esses  i n  t h e  welds, where 

f laws a re  most 1  i k e l y .  I n  o rde r  t o  m in im ize  warping, t h e  weldment and 

manufac tu r ing  process must be c a r e f u l l y  d e f i n e d  and t h e  PWHT shou ld  be done on 

t h e  e n t i r e  f i n i s h e d  p roduc t  i n  a  furnace.  

Residua! s t r e s s  a f t e r  PWHT should be l e s s  than  20% o f  t h e  t e n s i l e  y i e l d  

p o i n t .  Wi thout  PWHT t h e  r e s i d u a l  t e n s i l e  s t r e s s  i s  expected t o  be a t  t h e  

y i e l d  p o i n t .  Cons idera t ion  o f  t h e  r e s i d u a l  s t r ess ,  appl  i e d  s t r e s s  range and 

a p p l i e d  mean s t r e s s  de f i nes  t h e  s t r e s s  r a t i o  w i t h  which F i g u r e  9-13 can be 

used. 

As shown i n  F i g u r e  9-13, t h e  CGT s t r e s s  i n t e n s i t y  range i s  reduced i f  t h e  

s t r e s s  r a t i o  i s  over  0.1. T h i s  d i r e c t l y  l e d  t o  a  r e d u c t i o n  o f  t h e  AISC s t r e s s  

range a l i owab les  f o r  s t r e s s  r a t i o s  over  0.1, as i d e n t i f i e d  i n  t h e  S t r u c t u r a l  

Oesign C r i t e r i a ,  Table 9-6, and F igu res  9-3 and 9-5. There i s  some marg in  f o r  

human e r r o r  i n  t h e  non -des t ruc t i ve  examinat ion and a n a l y t i c  approx imat ions i n  

t h e  use o f  these  a1 lowables. 

The amount o f  fo rg iveness  of t h e  MOD-5A s t e e l  f a t i g u e  CGT a l l owab le  s t r e s s  

c r i t e r i a  can o n l y  be est imated. An example i s  a  Category B weld t h a t  i s  

ground f l u s h ,  w e l l  inspected and has no geometr ic s t r e s s  r i s e r .  A t  s t r e s s  

r a t i o s  below 0.1, t h e  a l l owab le  s t r e s s  range i s  16 k s i .  A s e m i - c i r c u l a r  



su r face  f l a r t  as l a r g e  as 0.09 i n .  deep should produce a  s t ress,  i n t e n s i t y  below 

t h e  CGT. Therefore,  t h e  non -des t ruc t i ve  examinat ion has a  s i z e  f a c t o r  of 

s a f e t y  of  1 . 8  over  t h e  MOD-5A s p e c i f i c a t i o n ,  t o  r e p a i r  a1 1  su r f ace  cnd ica t ions  

over  0.05 i n .  deep b y  0.10 i n .  long.  Furthermore, i f  t h e  i n d i c a t i o n  i s  0.1 

in .  l ong  and l e s s  than  0.05 i n .  deep t h e  s t r e s s  i n t e n s i t y  range i s  l e s s  

severe. Also, i f  t h e  large!;t su r f ace  i n d i c a t i o n  i s  a  s e m i c i r c u l a r  f l a w  0.05 

i n .  deep, a  s t r e s s  range o f  21.8 k s i  i s  needed t o  exceed t h e  CGT below a  0.1 

s t r e s s  r a t i o .  Therefore, t h e  s t r e s s  f a c t o r  of  sa fe ty  t o  the CGT i s  1.36. 

Other weld c a t e g o r i e s  have d i f f e r e n t  degrees o f  f o r g  iveness . 

Another procedure, which degends n e i t h e r  on t h e  ex i s tence  01' an endurance 

l i m i t  n o r  or1 a  s t r e s s  i n t e n s i t y  range  CGT, i s  s p e c i f i e d  i n  !:he S t r u c t u r a l  

Oesiyn C r i t w i a .  The s l ope  o f  t h e  da ta  i n  F i g u r e  9-11 equals 3. The da ta  i s  

1 i n e a r i z e d  b y  t h e  two l o g a r i t h m i c  sca les ,  and i t  f i t s  an equz.t ion o f  s t r e s s  

cubed t imes  t h e  number o f  c~yc les ,  which equals  a  constant .  'The RMC o f  t h e  

appl  i e d  v a r i a b l e  ampl i t u d e  spectrum i s  an e q u i v a l e n t  cons tan t  ampl i tude  des ign  

s t r e s s .  The. RMC s t r e s s  shou ld  be l e s s  than t h e  t o t a l  c y c l e  i n t e r c e p t  s t r e s s  

(C IS)  f o r  t h e  r e l e v a n t  S - N  data. The C I S  i s  t h e  s t r e s s  l e v e l  o f  t h e  f a t i g u e  

d a t a  equa t ion  f o r  t h e  t o t a l  number o f  cyc les  i n  t h e  a p p l i e d  spectrum. When 

t h e  KMC s t r ~ : s s  i s  equal t o  ' the C I S ,  M i n e r ' s  c y c l e  r a t i o  sumn~ation i s  1.0 

( re fe rence  9-13). Th i s  i s  a m o d i f i c a t i o n  o f  t h e  o r i g i n a l  Palmgr in-Miner 

Hypothesis,  s i n c e  no endurance 1  i m i t  i s  used and 'the S -N  datz. i s  t h e  lower  

bound o f  t h e  95% s c a t t e r  band w i t h  95% conf idence.  

The al lowab18? C I S  l e v e l s  a r e  shown i n  Table 9-7. I n  keep ing  h i t h  t h e  genera l  

appearance o f  cons tan t  1  i f e  1  ines i n  MIL-HNDBK-5,C ( r e f e r e n c e  9-19) t h e  

a l l o w a b l e  C I S  i s  reauced a t  h i g h e r  s t r e s s  r a t i o s .  The approx imat ion  method 

was t o  use t i l e  aa ta  o f  F i g u r e  9-11 and o t h e r  da ta  t o  s e t  t h e  C I S  f o r  4 x  10 8  

c y c l e s  a t  a  s t r e s s  r a t i o  o f  C .I, and then  1  i n e a r l y  reduce t h e  ill lowable C I S  t o  

ze ro  as t h e  clean s t ress '  approaches t h e  t e n s i l e  y i e l d  p o i n t .  

9.7.3 NO011 DESIGN C R I T E R I A  

The des ign  c r i t e r i a  f o r  wood cons idered a  g r e a t  dea l  o f  t e s t  da ta  and t h e  

a n i s o t r o p y  0.f t h e  m a t e r i a l .  The MOD-5A program conducted t e s t i n g  on t h e  

r o t a r y  p e e l e j  veneer assembled w i t h  t h e  process and adhesive used f o r  t h e  

a c t u a l  wind tu rbone generator .  Th i s  data,  descr ibed  i n  s e c t i o n  8, Volume 11, 



agreed f a i r l y  we1 1  w i t h  o l d e r  da ta  ( r e fe rence  9-14) on c l ea r -g ra ined ,  sma l l  

p ieces  o f  lumber. With t h i s  reassurance, f a c t o r s  were cons idered f o r  

temperature,  mo i s tu re  content ,  l o a d  du ra t i on ,  r a t e  o f  load ing ,  and t h e  e f f e c t  

o f  s i z e  on s t r eng th .  The a l l owab le  s t r e s s  i s  cons ide rab l y  below t h e  lower 

bound o f  t h e  95% s c a t t e r  band, suggest ing low r i s k  o f  f a i l u r e  when t h e  w ind  

t u r b i n e  gene ra to r - . i s  f i r s t  p u t  i n t o  s e r v i c e  and a  good chance o f  r each ing  t h e  

30-year des ign l i f e .  The a l l owab le  s t r esses  a r e  l e s s  than those  recommended 

f o r  manned wooden a i r c r a f t  ( re ference 9-15) p r i m a r i l y  because of s i ze ,  t h e  

30-year des ign l i f e  and t h e  f u n c t i o n a l  requi rement  f o r  unattended ope ra t i on .  

An i s o t r o p i c  s t r e s s  a n a l y s i s  us i ng  p l ana r  and t h r e e  dimensional  t heo ry  i s  

r e q u i r e d  b y  t h e  S t r u c t u r a l  Design C r i t e r i a .  S t ress  a n a l y s i s  f o r  1  aminae 

( r e f e r e n c e  9-16), t h e  F i n i t e  Element Method ( re fe rence  9-17), and s t r e s s  

i n t e r a c t i o n  t h e o r i e s  of  f a i l u r e  ( r e fe rence  9-16) were a l l  used d u r i n g  t h e  

des ign  process. 

9.7.4 INSPECTION INTERVAL DETERMINATION 

The r e l a t i o n  between t h e  des ign s t r e s s  spectrum and t h e  t e s t  da ta  f o r  t h e  yoke 

l o c a t i o n  w i t h  t h e  minimum margin i s  shown i n  F i g u r e  9-14. F rac tu re  mechanics 

da ta  f o r  t h e  f l a w  growth t h r e s h o l d  and t h e  vendor ' s  a b i l i t y  t o  d e t e c t  f l a w s  

were used t o  determine t h e  acceptable f l a w  s i ze .  \ A  s e m i - c i r c u l a r  su r f ace  f law 

w i t h  a  0.05 i n .  cad ius  i s  acceptable f o r  t h i s  s t r e s s  spectrum. I n  t h e  

f r a c t u r e  mechanics assumptions, t e n s i l e  s t r e s s  r e d u c t i o n  c r e d i t  was taken f o r  

t h e  compressive p re -s t r ess  o f  about -4000 p s i  a t  t he  c r i t i c a l  l o c a t i o n ,  which 

would be caused b y  r e a c t i ~ n  t o  t h e  e l as tomer i c  t h r u s t  t e e t e r  bea r i ng  pre load.  

T h i s  approach i s  conse rva t i ve  by  an undetermined amount. I f  t h e  p re load  were 

l o s t ,  t h e  yoke weldment should be a b l e  t o  s u s t a i n  t h e  des ign a l t e r n a t i n g  

s t r e s s  l e v e l  f o r  30 years,  u s i n g  t h e  f u l l  s t r e s s  range o f  10.8 k s i ,  even 

though some o f  t h a t  range should be i n  compression. 

An i nspec t i on  i n t e r v a l  o f  3  months f o r  t h e  yoke was determined f o r  a  range o f  

p o s s i b i l  i t i e s  i n  which t h e  f l a w  growth t h r e s h o l d  may be exceeded. The 

p o s s i b i l  i t i e s  i nc l ude  f l a w s  l a r g e r  than  a l lowed i n  t h e  weld s p e c i f i c a t i o n ,  t h e  

absence o f  a  t h r e s h o l d  s i z e ,  o r  a  t h r e s h o l d  s t r e s s  i n t e n s i t y  much lower  than 

expected. 
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Two methods o f  ana l ys i s  were used t o  determine inspec t ion  i n t e r v a l .  One 

method extended t h e  S -N  da ta  w i t h  no change i n  slope, and then c a l c u l a t e d  t h e  

number o f  r o t o r  r e v o l u t i o n s  necessary t o  i n i t i a t e  a  v i s i b l e  crack. The o the r  

method used f r a c t u r e  mechanics t o  es t imate  t h e  number o f  r e v o l u t i o n s  necessary 

t o  grow t h e  i n i t i a l  f law t o  var ious  v i s i b l e  f i n a l  f laws.  

I n  F igu re  9-14, t h e  30-year h is togram RMC s t r e s s  crosses t h e  ex tens ion  of t h e  
7 S - t i  curve ad jus ted  t o  t h e  95% confidence l e v e l ,  a t  1.3 X 10 cyc les  and 

crosses the  mean regress ion  f i t  f o r  t h e  S -N  da ta  a t  2.5 X l o 7  cyc les .  A t  
8 16.8 rpm and 7000 hours o f  ope ra t i on  per  year, 2  X 10 yoke cyc les  of  s t r e s s  

a re  expected. A M i n e r ' s  c y c l e  r a t i o  summation o f  1.0 occurs f o r  2.1 years of 

ope ra t i on  t o  t h e  lower bound and f o r  3.3 years of ope ra t i on  t o  t h e  mean S-N  

1  ine. The S-N s t a t i s t i c s  were compared w i t h .  t h e  h is togram o f  p red i c ted  

s t ress .  A 10% c o e f f i c i e n t  o f  var iance was assumed f o r  bo th  s t r e s s  and a p p l i e d  

cyc les .  This  l e d  t o  a  45-month 1  i f e ,  w i t h  a  97.7% p robab i l  i t y  o f  s u r v i v a l ,  

and a  M ine r ' s  sum o f  1.04 t o  t h e  mean S-N curve i f  the  curve does n o t  change 

s lope.  F a i l u r e  w o ~ l l d  be h i g h l y  probable i n  12.3 years i f  t h e  expected 

endurance 1  i m i t  o f  12 k s i  does n o t  e x i s t .  

The t ime r e q u i r e d  f o r  an i n i t i a l  f l a w  t o  reach a  t r a n s i t i o n  s ize ,  a f t e r  which 

the re  i s  danger o f  rup tu re ,  was c a l c u l a t e d  f rom f r a c t u r e  mechanics formulae. 

Ths formuia f o r  Region I 1  growth r a t e ,  which has a  constant  exponent, i n  

f e r r i t i c - p e r l i t i c  s t e e l ,  cor rec ted  f o r  s t r e s s  r a t i o ,  was used t o  f i n d  t h e  

number o f  cyc les  r e q u i r e d  t o  reach a  s t r e s s  i n t e n s i t y  o f  50.0 k s i   IN)'*^. 
Th is  i s  a  through-crack ~ jnder  a  un i f o rm 10.0 k s i  s t r e s s  f i e l d  w i t h  a  2a 

dimension o f  8 in .  The crack shape was assumed t o  be i n i t i a l l y  sem ic i r cu la r ,  

and c o e f f i c i e n t s  were changed according t o  p r o x i m i t y  o f  t h e  f r e e  back sur face  

and s t r e s s  g rad ien t .  A f t e r  pene t ra t i ng  t o  75% o f  t he  p l a t e  th ickness,  t h e  

c o e f f i c i e n t s  rep resen t i ng  a  through-crack were used. Although shop 

inspec t ions  should de tec t  0.1 i n .  long  surface i nd i ca t i ons ,  r e p o r t s  on f i e l d  

i nspec t i on  o f  b r idges  revea l  t h a t  cracks are o f t e n  unnot iced u n t i l  t hey  reach 

1 t o  2 i n .  

The r e s u l t s  o f  t h e  f l a w  growth s tudy are  shown i n  F igu re  9-15 f o r  t h e  i n s i d e  

corner  of  t h e  yoke elbow. I t  takes a  l ong  t ime  f o r  a  smal l  f l a w  t o  penet ra te  
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t h e  th ickness  o f  t h e  2  i n .  p l a t e .  Once t h e  crack does penet ra te  t h e  f u l l  

th ickness,  t h e  r a t e  o f  growth i s  2.34 i n .  per month. Therefore, t h e  

i nspec t i on  i n t e r v a l  should de tec t  t h e  f law be fo re  it grows t o  2  in .  on t h e  

sur face,  o r  through 50% o f  t h e  p l a t e .  

The lower bound o f  t h e  s t ress  i n t e n s i t y  range th resho ld  has l i t t l e  e f f e c t  on 

the  t ime i t  takes f o r  t h e  sur face  dimension t o  grow f rom 1  i n .  t o  2  in .  I n  

F igu re  9-15, t h e  s o l i d  curves were computed w i t h  respec t  t o  t h e  expected lower 

bound th resho ld  o f  5.85 k s i   IN)'*^. The dashed curves were computed w i t h  

lower thresholds,  as noted. I n  each case, a t  l e a s t  6 months was p red i c ted  f o r  

t h e  diameter o f  t h e  semi -c i r cu la r  sur face crack t o  grow f rom 1.0 i n .  t o  2.0 

in., which penetrates 50% o f  t h e  2 i n .  p la te .  Therefore, t he  recommended 

i nspec t i on  i n t e r v a l  f o r  t h e  yoke i s  3.0 months, which should p rov ide  a  sa fe  
3 

margin f o r  human e r r o r  o r  f a s t e r  growth r a t e s .  

The f l a w  growth c a l c u l a t i o n s  are cons i s ten t  w i t h  t h e  Miner 's  summation 

p r e d i c t i o n  o f  a  4 t o  12 year l i f e  i n  t h e  case w i t h  no endurance l i m i t .  Th i s  

case corresponds t o  a  low th resho ld  s t r e s s  i n t e n s i t y  range f o r  propagat ion. 

I n  F igu re  9-15, t h e  dasned l i n e s  and t h e  so l  i d  1  i ne  w i t h  an i n i t i a l  r a d i u s  of 

0.276 i n .  bound t h e  p o s s i b i l i t i e s .  It was considered u n l i k e l y  t h a t  a  sur face  

i n d i c a t i o n  as l a r g e  as 0.552 i n .  cou ld  escape d e t e c t i o n  i n  t h e  shop, b u t  t h i s  

s  i z e  i s  necessary i f  t h e  yoke 's  maximum s t r e s s  range were t o  cause a  s t ress  

i n i e n s i t y  over t h e  expected lower bound th resho ld  f o r  propagat ion. However, 

t o  es t imate  s e n s i t i v i t y  i f  t h e  p ro to t ype  f a i l s  t o  comply w i t h  data on 

th resho ld ,  t h e  cases descr ibed by  dashed l i n e s  were postu lated.  

The use o f  t h e  Region I 1  growth equat ion f o r  t h e  e n t i r e  l i f e  i s  conservat ive.  

Nhen t h e  f l a w  i s  smal l ,  t h e  p red i c ted  growth r a t e  i s  much f a s t e r  than t h e  

grcwth r a t e  observed i n  l a b o r a t o r y  t e s t i n g .  I f  t h e  maximum s t r e s s  range i s  10 

k s i  and the  f l a w  r a d i u s  i s  0.1 in., then t h e  p red i c ted  Region I 1  growth r a t e  

i s  1.64 X i n .  per  cyc le.  Data f o r  growth a t  3.57 k s i    IN)'*^ shows 

imperceptable growth f o r  low s t r e s s  r a t i o s  and lo- '  i n .  per  c y c l e  f o r  a 

s t r e s s  r a t i o  o f  0.5, which i s  much worse than expected f o r  t h e  yoke, s i nce  

furnace post-weld heat  t reatment  i s  inc luded f o r  s t r e s s  r e l i e f .  Since most o f  

t h e  l i f e  i s  spent on t h e  i n i t i a l  growth, t h e  Region I 1  equat ion should 

underest imate t o t a l  l i f e .  Th is  f a c t  has been conf irmed by  var ious  t e s t s .  



Other l o c a t i o n s  i n  t h e  MOD-5P, wind t u r b i n e  were l e s s  s e n s i t i v e  t o  f a t i g u e  than  

t h e  yoke. T i e  des ign s t r e s s  h is tograms f o r  t h e  gearbox mount a r e  mcre w i d e l y  
-- 

d ispersed. : h e  des ign  p laced  t h e  maximum s t r e s s  range below t h e  crack growth 

t h r e s h o l d  i n  most cases, as das done i n  t h e  yoke. However, i f  t h e r e  i s  no 

crack growth t h resho ld ,  t h e  broader h is tograms a r e  much l e s s  damaging, w i t h  a  

30-year M i n e r ' s  summation o f  1.0 o r  less,  c o n s i d e r i n g  t h e  S-N da ta  ad jus ted  t o  

t h e  95% conl'idence l e v e l .  The gearbox mount RMC s t r e s s ,  fl,r example, 

i n d i c a t e s  s i ~ t i s f a c t o r y  f a t i g u e  1  i f e  as shown i n  F i g u r e  9-14. Annual 

i nspec t i ons  Giere recommended f o r  a l l  s t r u c t u r e s  excep t  t h e  yoke,. 

The f o l l o w i n g  re fe rences  a r e  r e l e v a n t  t o  t h e  extend no ted  i n  Sec t ion  9.2. 
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SECTION 1 . 0  

SCOPE 

This  s p e c : i f i c a t i o n  e s t a b l i s h e s  performance, d e s i g n ,  dev~zlopment and test 

requiremel~ts  f o r  the  Model 304.2 MOD-5A Wind Turbine Generator (WTG). 
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SECTION 2.0 

APPLICABLE DOCUMENTS 

T h i s  s p e c i f i c a t i o n  i n c o r p o r a t e s  t h e  f o l l o w i n g  documents ,  o f  e x a c t  i s s u e  d a t e  

shown, t o  t h e  e x t e n t  r e f e r e n c e d .  I n  t h e  e v e n t  o f  c o n f l i c t  i n  document 

r e q u i r e m e n t s ,  t h e  d e t a i l  c o n t e n t  o f  S e c t i o n  3  and f o l l o w i n g  s h a l l  s u p c r c e d e  

t h e  documents n o t e d  i n  t h i s  s e c t i o n .  

2  .1 GOVERfJEfENT DOCUMENTS 

C o n t r a c t  DEN 3-153 ( A p r i l  1 1 ,  1983)  

FAA-Circular 70/7460-.1F " O b s t r u c t i o n  Marking and L i g h t i n g "  

MIL-STD-210 C l i m a c t i c  Ext remes  

MIL-STD-1472 Human E n g i n e e r i n g  Des ign  C r i t e r i a ,  N i l i t a r y  

2  - 2  NO 8- GOVE UTE hT DOCLME NTS 

AGPIA A i r c r a f t  S p e c i f i c a t i o n  

AFBEIA S e c t i o n  ; I l l ,  Load R a t i n g s  Method 

A!JS D l  . l -76 S t r u c t u r a l  Welding Code 

SSPC-SPIO-63T S t r u c t u r a l  S t e e i  P a i n t i n g  C o u n c i l  

XEPW MG-1, >1G2 Motor and G e n e r a t o r  S t a n d a r d s  

.G?SI C50.10, C57.12 Fiachine , Trans fo rmer  S t a n d a r d  

NFPA 70-1980 N a t i o n a l  E l e c t r i c a l  Code 

AKSI Y14.1 Drawings 
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IEEE 519 Guide f o r  Barmonic C o n t r o l ,  e t c ,  of S t a t i c  Power Conver te r s  

4711380013 Cont ro l  System S p e c i f i c a t i o n  

47E387080 One-line System Diagram 

47A380094 V a r i a b l e  Speed Subsystem Specification-(Scherbiustist) 

4741380115 V a r i a b l e  Speed Subsystem S p e c i f i c a t i o n  (Gener ic )  

478387005 S i g n a l  & Command L i s t  

47A380002 S t r u c t u r a l  Design C r i t e r i a  

ANSI C114.1 Grounding 

47A380020 RAM P l a n  f o r  MOD-5A 

2.3 OTHER :90CUMEtJTS 

NASA TP 1 3  59 Engineer ing  Elandbook on t h e  Atmospheric E n v i r ~ n m e n t a l  Guide l ines  

f o r  u s e  i n  'J ind Turbine  General  Development , 17. F r o s t ,  B .H. 

Long, R.E. Turner ,  December 1978. 
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SECTION 3.0 

REQU IREMENTS 

The MOD-5A WTG system shall be designed in accordance with NASA requirements 

defined in Contract DEN 3-153 Statement of Work and attached exhibits. The 

HOD-5A WTG system shall also be designed in accordance with good commercial 

and General Electric Company practice. As specified in the following 

paragraphs, the MOD-5A WTG system shall be designed to accomplish specific 

functions, include specific characteristics, meet design, construction and 

maintenance requirements and be operated in a specific manner. 

The MOD-5A WTG system shall be primarily designed for a single unit 

installation. Multiple installations or clusters of units shall be 

accomplished by interconnecting several single unit installation type WTG's at 

a distribution or sub-transmission voltage level. 

Primary program requirements are that cost of energy ( W E )  at the electrical 

system grid interface be less than 3.75 cents per kilowatt-hour (1980 dollars) 

in a 14 mph mean wind regime with acceptable design risk. COE shall be 

computed in accordance with DEN 3-153, Exhibit E, summarized as follows: 

CCE = Levelized &nual Cost (1980 $1 
Available Annual Energy 

Where Levelized Annual Cost (LAC) = 
(IIC) x (EFCR) + (LC) x (LFCR) 

+ (PRC) x (PLF) + (AOM) x (ALF) 
and 

- IIC = Initial installed cost - turnkey 
EFCR = Equipment fixed charge rate = .18 

LC = Land cost a $750/acre 
LFCR = Land fixed charge rate = .15 
PRC = Periodic replacement cost 
PLF ' 9  Periodic levelizing factor = CRF ((~l+e)/( l+r))i 
AOM = Annual operation and maintenance costs, average 
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RLF Annual l e v e l i z i n g  f a c t o r  = 2.0 
CPF = C a p i t o l  rcscovery f a c t o r  = 0.089 

e  0 P r i c e  e s c a l a t i o n  r a t e  0.06 
r = Discount  r a t e  0.08 
i a Years a f t e r  i n s t a l l a t i o n  t h a t  PRC c o s t  i s  i n c u r r e d  

and 
A v a i l a b l e  Annual IZnergy (AM) = (AKWH) x (AF) 

where 
A K W H  Annual g r i d  Kwh energy based on t h e  

wind speed d u r a t i o n  regime s p e c i f i e d  
i n  S e c t i o n  3.2.3.1.3, t h e  system e f f i c i e n c y  
s p e c i f i e d  i n  S e c t i o n  3.2.1.3,  and 100% 
a v a i l a b i l i t y .  

k 9  = A v a i l a b i l i t y  f a c t o r ,  based on t h e  a l l o c a t e d  
v a l u e s  s p e c i f i e d  i n  S e c t i o n  3.2.2.9. 

F o r  c l u s t e r  i n s t a l l a t i o n s ,  t h e  p e r  WTG p r o - r a t a  c o s t  and e f f i c i e n c y  of c l u s t e r  

equipment s h a l l  be i n c l u d e d  i n  t h e  a p p r o p r i a t e  COE e q u a t i o n  c a t e g o r i e s .  

A l l  t r a d e t ~ f f s  s h a l l  be r e s p o n s i v e  t o  t h e  g o a l s  of a c h i e v i n g  COE below 3.?5 

c e n t s  p e r  k i lowat t -hour  ( 1980 d o l l a r s )  and minimizing COE w i t h  commercial1.y 

acceptable :  r i s k .  

SYSTEM DEFINITION 

The MOD-5A WTG d e s i g n  s h a l l  be based on t h e  d e s c r i p t i o n  o:E Paragraph 3.1.:., 

f o r  the  purpose  of Paragraph 3.1.2 when i n s t a l l e d  p e r  Paragr.aph 3.1.3, def  inc!d 

p e r  paragi:aph 3.1.4, and compat ib le  w i t h  i n t e r f a c e s  p e r  Paragraph 3.1.5. The 

WTG sys te r l  s h a l l  u t i l i z e  cus tomer  f u r n i s h e d  e lements  p e r  Paragraph 3.1.6, arid 

be capable: of  o p e r a t i n g  i n  t h e  modes d e s c r i b e d  i n  Paragraph 3.1.7. 

3.1.1 SYSTEM DESCRIPTION 

The WTG s h a l l  be a l a r g e ,  two bladed r o t o r ,  h o r i z o n t a l  a x i s ,  p r o p e l l o r  type  

wind tu rb , ine  producing e l e c t r i c a l  ene rgy .  I t  w i l l  be des igned f o r  o p e r a t  i o n  

w h i l e  e 1 e c : t r i c a l l y  connected t o  a n  e n e r g i z e d  c o n v e n t i o n a l  6CI Hertz  a l t e r n a t i n g  
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current utility system. The rotor will be mounted on a tower and be capable 

of maintaining upwind orientation relative to the tower. The WTG will be 

designed for unattended, fully automatic, failsafe operation for a 30 year 

operational service life, and be compatible with electric utility company 

operating, interface, maintenance and equipment requirements. 

The WTG system is comprised of the following equipment and elements: 

Foundation and site 

Ground electrical equipment 

Operation and maintenance 

Rotor assembly (control surfaces, blades, yoke, hydraulics) 

Drivetrain assembly (gearbox, shafting, generator) 

Nacelle assembly (structure for rotor and drivetrain support) 

Tower assembly 

Control subsystem 

Reliability, availability, maintainability and spares 

3.1.2 PURPOSE 

Terms used in this section are defined and specified in Paragraph 3.2.1 and 

following subparagraphs. 

The WTG shall generate 60 Hz electrical power while connected to an energized 

utility network in rated sea level air density wind speeds from low (wind) 

cut-out (VLCO) to high cut-out (VHCO) wind speeds. Startup for generation 

shall be accomplished in rated air density wind speeds from low cut-in (vLCI) 



t o  h i g h  c u t - i n  ( V H C I ) .  The WTG s h a l l  g e n e r a t e  r a t e d  power o u t p u t  a t  t? .e  

u t i l i t y  ne:twork s i d e  of t h e  WTG s i t e  s tep-up t r a n s f o r m e r  when wind speeds  a r e  

between r a t e d  wind speed and VIICO wind speed.  

3.1.3 I N S  TALLATON 

The WTG stmall be c a p a b l e  of  i n s t a l l a t i o n  a t  a  s i t e  a c c e s s i b l e  t o  conven t iona l  

r a i l  a n d / o r  t r u c k  s u r f a c e  t r a n s p o r t a t i o n .  Transpor ta t j .on  and erect!.on 

l i m i t a t i o n s  on w e i g h t ,  s i z e  and a v a i l a b i l i t y  of equipment s h a l l  be cons ide red  

i n  t h e  d e f . i n i t i o n  of  s y s t e n ~  t r a n s p o r t a b l e  a s s e m b l i e s .  

The KG a r ~ d  i t s  components s h a l l  be de f ined  by drawings  and s p e c i f i c a t i o n s .  

A l l  e n g i n e e r i n g  drawings  s h a l l  conform t o  American Mationa:L Standard ANSI Y 

1 4 . 1  (drawing s h e e t  s i z e  and fo rmat ) .  The s e t  of  drawings  s h a l l  p rov ide  t h e  

necessa ry  d e s i g n ,  e n g i n e e r i n g ,  manufactur ing and q u a l i t y  s u p p o r t  in fo rmat io .?  

d i r e c t l y  o r  by r e f e r e n c e  t o  e n a b l e  t h e  procurement ,  wi thou t  a d d i t i o n a l  des ig .1  

e f f o r t  o r  r e c o u r s e  t o  t h e  o r i g i n a l  d e s i g n  a c t i v i t y ,  o f  a n  i t e m  t h a t  d u p l i c a t ? : ;  

t h e  p h y s i c a l  and perfoman.ce  c h a r a c t e r i s t i c s  o f  t h e  o r i g i n a l  d e s i g n .  These 

drawings s ha1 1 n o t  p rov ide  manufactur ing p rocess  informa,:ion u n l e s s  t h i s  

in fo rmat io l i  i s  e s s e n t i a l  t:o accompl ish  manufacture  o f  a n  :Ldentical  i t e m  b : ~  

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

The WTG s h a l l  be o p e r a t e d  by and i n t e r f a c e  wi th  a n  e : . e c t r i c a l  u t i l i t y  

company. ;in i n t e r f a c e  c o n t r o l  document s h a l l  be p repared  5:r GE t h a t  clearl!.  

d e f i n e s  necessa ry  i n t e r f a c : e s  and r e s p o n s i b i l i t i e s .  GE w:L11 m a i n t a i n  the: 

document and o b t a i n  mutual  agreement t o  i t s  c o n t e n t s  by G E  and t h e  u t i l i t } '  

company. EIajor i n t e r f a c e s  <are a s  f o l l o w s .  
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3.1.5.1 E l e c t r i c a l  Network I n t e r f a c e  

The WTG w i l l  f e e d  i t s  n e t  o u t p u t  of up t o  7300 KLJ i n t o  a  60 H z ,  3-phase 

u t i l i t y  network.  Nominal c o n n e c t i o n  t o  t h e  network i s  a t  t h e  t e r m i n a l s  of  a  

f u s e d  manual d i s c o n n e c t  s w i t c h  w i t h  v i s i b l e  b reak  a t  t h e  h igh  v o l t a g e  s i d e  of 

t h e  s i t e  s tep-up t r a n s f o r m e r  v i a  overhead o r  underground c i r c u i t .  The u t i l i t y  

l i n e  s h a l l  p rov ide  between 0.05 and 0.45 p e r  u n i t  impedance p e r  phase t o  an 

i n f i n i t e  bus e q u i v a l e n t  on a  4.16 KV 7.5 bNA base  and o p e r a t e  a t  no l e s s  than  

11 KV and no more than 80 KV L-L. Automatic r e c l o s i n g  d e v i c e s  on t h e  u t i l i t y  

c i r c u i t  s h a l l  be provided w i t h  v o l t a g e  b locks  o r  t h e i r  e q u i v a l e n t  t o  p r e v e n t  

asynchronous  r e c l o s i n g .  Loads may be se rved  by t a p p i n g  t h e  t i e  l i n e  between 

t h e  UTG and t h e  u t i l i t y  t r a n s f o r m e r  s u b s t a t i o n ,  bu t  may be s u b j e c t  t o  more 

than  3% v o l t a g e  f l u c t u a t i o n .  The nominal WTG o u t p u t  a t  t h e  connec t ion  w i l l  

d e l i v e r  v a r i a b l e  average  r e a l  power from z e r o  t o  7300 K1.I and c o n s t a n t  r e a c t i v e  

( l a g g i n g )  power a t  up t o  1500 KVAR (0.98 Pf a t  7300 KV). Opera t ion  i n  a  

c o n s t a n t  v o l t a g e  mode w i t h  f l u c t u a t i n g  v a r s  s h a l l  be  a  s e l e c t a b l e  o p t i o n .  

A u x i l i a r y  power requ i rements  . o f  t h e  W E  when not  g e n e r a t i n g  s h a l l  be s u p p l i e d  

by t h e  u t i l i t y  a t  t h e  connec t ion  p e r  Paragraph 3.1.6.4.  The connec t ion  p o i n t  

a t  t h e  t r a n s f o r m e r  w i l l  be l o c a t e d  abou t  200 f t ,  from t h e  !JTG s u p p o r t  tower t o  

avo id  i n t e r f e r e n c e  w i t h  maintenance and e r e c t i o n  o p e r a t i o n s .  

3.1.5.2 Communication and C o n t r o l  I n t e r f a c e  

Telephone c i r c u i t s  d e f i n e d  p e r  Paragraph 3.1.6.2 s h a l l  be provided f o r  v o i c e  

and d a t a  c o n n u n i c a t i o n  between t h e  G?TG and t h e  u t i l i t y  o p e r a t o r l d i s p a t c h e r  

(nomina l ly  l o c a t e d  up t o  50 m i l e s  away). The IJTG c o n t r o l  sys tem a s  a  minimum 

w i l l  e n a b l e  t h e  u t i l i t y  o p e r a t o t / d i s p a t c h e r  t o :  

a )  Receive WTG s t a t u s  i n f o r m a t i o n  

b )  Enable  a u t o m a t i c  WTG o p e r a t i o n .  

c )  D i s a b l e  a u t o m a t i c  WTG o p e r a t i o n ,  c a u s i n g  a  normal shutdorm if 

g e n e r a t i n g .  

d )  A l t e r  maximum power s e t  p o i n t  t o  below r a t i n g .  



3.1.5.3 O p e r a t i n g  and Main tenance  I n t e r f a c e  - 

The O p e r a t i o n  and  Maintenance  Manuals and  t r a i n i n g  m a t e r i a l s  s h a l l  p r o v i d e  

documen ta t ion  o f  t h e  u t i l i t y  a n d  o t h e r  s e r v i c e  and o p e r a t i o n  personne:.  

i n t e r f a c e s  w i t h  t h e  WTG. 

3.1 .6  CUS1IOPIER FURKISHED O'R SPECIFIED ITEElS 

The WTG d e s i g n  s h a l l  be  c o m p a t i b l e  w i t h  cus tomer  f u r n i s h e d  o r  s p e c i f i e d  i t e n : ;  

i n  con t r ac l :  DEN 3-153 o r  e l s e w h e r e .  The t e r m  cus tomer  i d e n t i f i e s  e i t h e r  NASA 

o r  t h e  WTG owner o r  u s e r .  

The s i t e  s h a l l  be c o n s i s t e n t  w i t h  P a r a g r a p h  3.1.3. Fo r  d e s i g n  p u r p o s e s ,  t h e  

assumed s i t e  i s  i n  t h e  Z l e v e l a n d ,  Ohio ,  a r e a .  The s i t 1 2  i s  l o c a t e d  or1 

g e n e r a l l y  f l a t  t e r r a i n  w i t h  a  s u b s t r a t e  p r e s e n t i n g  no u n u s u a l  o r  a d v e r s e  

f e a t u r e s .  S o i l  t o  a  d e p t h  3f 1 5  f e e t  i s  a s s u n e d  t o  c o n s i s t  o f  a  v e r y  s t i f f  t o  

h a r d  brown s a n d y ,  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 r a g m e n t s .  S p l i t  spool1 

p e n e t r a t i o r ~ s  o f  20 t o  60 blows p e r  f o o t  a r e  assumed,  i n c r e a s i n g  w i t h  r ' ep th .  

i,Iinimum a l l o w a b l e  b e a r i n g  p r e s s u r e s  o f  4000 psf  a r e  asssurned. No drainage: 

problems a r e  assumed.  A s o i l  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  5000 

p s i  i s  assumed.  

3.1.6.1.1 Area 

The nominal  d e s i g n  s i t e  a r e a  r e q u i r e d  f o r  c o n s t r u c t i o n  an ' i  o p e r a t i o n  o f  ; I  

s i n g l e  WTG s h a l l  be 400 f e e t  by 480 f e e t ,  (192 ,000  s q u a r e  f e e t  = 4.41  a c r e s ) ,  

Permanent  .Land u s e  d u r i n g  o p e r a t i o n  may be l i m i t e d  t o  a 100 f e e t  by 300 fee, :  
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strip (1.45 acres) vith limited air rights and maintenance equipment access 

rights on adjacent land. 

3.1.6.1.2 Access 
. 

An access road shall be provided from the nearest public road to the WTG site 

vith the followi,ng characteristics: 

a) Tventy-four foot wide all-weather roadbed o S  eighteen foot wide with 

turnoffs with one time maximum load capability of 300,000 lbs gross 

weight, nominal maximum load capability of 180,000 lbs gross weight 

and 4,000 lb per wheel. 

b) Right-of-way as required to accommodate a 100 foot long load around 

corners with a 70 foot axle distance. 

c) Eleven percent maximum grade. 

d) Twenty foot minimum overhead clearance. 

e) Seventy-five foot minimum turn radius measured to inside of roadbed. 

3.1.6.1.3 Approvals 

The customer will furnish all necessary Federal, State and local government 

approvals, including any FAA approvals or Environmental Impact Statement(s1 

(EIS) related to WTG installation and operation. Permits and licenses for 

construction will be the responsibility of the contractor. 



SYSITEPI SPECIFICATIOEI 
47A380011 

MOD-5A WT(: 
RE;V A NOVEMBER 19811 

The custo!ner s h a l l  p rov ide  a t  l e a s t  two d e d i c a t e d  v o i c e  g r a d e  unswitchc:d 

t e l ephone  c i r c u i t s  between t h e  WTG s i t e  and t h e  u t i l i t y ' s  c tpe ra to r /d i spa tche : r  

s i t e  compc;tible w i t h  Bell  103/113 modem/data s e t  o p e r a t i n g  c h a r a c t e r i s t i c s  t:o 

be used f o r  t r a n s m i s s i o n  o f  i n f o r m a t i o n  s p e c i f i e d  i n  Paragraph 3.1.5.2 and 

v o i c e  comrunicat ion.  Opt i o n a l l y ,  t h e  customer s h a l l  provid,? f o r  t ransmiss ic tn  

of p a r a l l e l  s i g n a l s  i n s t e a d  of t h e  s t a n d a r d  s e r i a l  s i g n a l s  on one c i r c u i t .  

D i s t r i b u t i o n  Line  - 

The custorr:er s h a l l  f u r n i s h  a  d i s t r i b u t i o n  l i n e  from t h e  WTG w i t h  t h e  in te r fac :e  

and c h a r a z t e r i s t i c s  s p e c i f i e d  i n  Paragraph 3.1.5.1 t o  ca . r ry  power t o  t h e  

u t i l i t y  wken t h e  WTG i s  g e n e r a t i n g  and supply  a u x i l i a r y  power when t h e  WTG i.s 

not  g e n e r a t i n g .  A s o u r c e  o f  c o n s t r u c t i o n  power s h a l l  a l s o  be provided.  

E . l e c t r i c a 1  Power I lequirements - 

The custor ier  s h a l l  p rov ide  t h e  f o l l o w i n g  power requirement:; a t  t h e  i n t e r f a c e  

of Paragraph 3.1.5.1: 

a )  f,O KVA, 0.8 power f a c t o r  60 Hz 2 1% f o r  con t inuous  consumption whi1.e 
t h e  WTG i s  not  g e n e r a t i n g ,  which i n c l u d e s  power f o r  t h e  mobile d a t a  
s . c q u i s i t i o n  systein. 

b )  1000 KVA, 0.9 power f a c t o r ,  60 Hz + 1% f o r  p e r i o d s  of up t o  5  minutes  
f 'or s t a r t u p ,  a u x i l i a r i e s ,  and unloaded g e n e r a t o r  rimtoring d u r i n g  low 
~ . i n d  c o n d i t i o n s .  

c )  i:OO KVA, 0.8 power f a c t o r ,  60 Hz, 2 1% a t  480 VAC - + l o % ,  3-phase 
temporary c o n s t r u c t i o n  power. 

d )  0 .1  KVA, 0.8 power f a c t o r ,  60 Hz - + I%, a t  120 VAC - + l o % ,  1-phase i ~ t  

t h e  u t i l i t y  o p e r a t o r / d i s p a t c h e r  l o c a t i o n  t o  power t h e  remote c o n t r o l  
~ . q u i p m e n t .  
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3.1.6.5 Color and Markings 

The customer shall specify the WTG color and marking scheme. The assumed 

color of the system is white with aviation red double bands at the blade 

extremities and on the tower for daytime hazard warning. Assumed FAA hazard 

lighting consists of a white flashing dusk/night duty lamp located only on the 

nacelle. 

3.1.6.6 Mobile Data Acquisition System 

The customer shall provide the contractor with the use of a Mobile Data 

Acquisition System as defined in Contract DEN 3-153, Exhibit B, Paragraph 

2.5.3, including skilled operation and maintenance personnel, during WTG 

checkout, acceptance and initial operation testing. 

3.1.6.7 Utility Control and Storage Space 

The customer shall provide, at the utility's facilities, the following space 

requirements: 

a) At the utility operator/dispatcher location, an office environment 
area of 8 feet by 6 feet, including a standard desk and chair shall 
be provided for installation and operation of the remote control 
interface. 

b) At a utility substation or storage location near the WTG site, an 
area approximately 8 feet by 20 feet by 8 feet high shall be provided 
for storage of WTG spares and maintenance equipment. 

3.1.7 SYSTEM MODES 

The WTG system shall have automatic and manual operational modes. 
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3.1.7.1 &tomat ic  Modes 

The WTG aul:ornatic sequence modes s h a l l  be as  f o l l o w s :  

a )  Lockout 

b) Standby 

c )  So:artup 

d )  Genera t ing  

e )  Normal Shutdown 

f )  Er~ergency Shutdown 

Mode i n t e r a c t i o n s  and major  e n t r y  and e x i t  c o n d i t i o n s  s h a l l  be a s  shown i n  

Table  3.1-1.. 

3.1.7.2 Manual Modes - 

The WTG s h a l l  have manual modes under  c o n t r o l  a t  t h e  s i t e  o n l y ,  w i t h  

c a p a b i l i t y  t o :  

a )  I n i t i a t e  a  shutdown t o  lockout .  

b) I r , i t i a t e  a  t r a n s i t i o n  from lockout  t o  s tandby when t h e  lockoul: 

c 2 . u ~  ing c o n d i t i o n  'has been removed. 

C )  1 r . i t i a t e  s p e c i f i c  c o n t r o l  of  subsystems,  w i t h i n  t h e  c o n s t r a i n t s  of 

t h e  au tomat ic  mode o p e r a t i n g  l i m i t s ,  t o :  
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1) Operate the yaw drive 

2 )  Operate the rotor control  surfaces 

3 )  Operate the IJTG rotor a t  less than 1 RPrf for  rotor pos i t ioning .  

4 )  Operate system commands individually 
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TABLE 3.1-1 
AOTOK4TIC MODE INTERACT IONS 

MODE - ENTRY 

h c k o u  t From p o w e r u p ,  manual mode, s t andby ,  
o r  shutdown on s e n s o r  change o r  com- 
mand e s t a b l i s h e d  a s  lockou t  cond i -  
t i o n  

Standby 'From normal shutdown o r  lockou t  on 
(Ready f o r  manual e n t r y  
o p e r a t  i o n  
w i t h  wind 
i n  o p e r a t -  
i n g  range 
and e n a b l e d )  

S t a r t u p  (Wink From s tandby  on o p e r a t i n g  wind con- 
i n  o p e r a t i n g  d i t i o n s  p r e s e n t  
range and 
procedure  t o  
g e t  t o  gen- 
e r a t i n g  speed)  

Genera t ing  From s t a r t u p  a f t e r  synchronized 
( D e l i v e r y  of  
power t o  g r i d )  

Normal s h u t -  From s t a r t u p  o r  g e n e r a t i n g  on s e n s o r  
down ( o r d e r l y  change o r  command e s t a b l i s h e d  a s  
d i s c o n n e c t  shutdown. From emergency shutdown 
from g r i d  and where a p p r o p r i a t e  t o  change type.  
slow s t o p  of  
r o t a t i o n )  

Emergency From s t a r t u p ,  g e n e r a t i n g ,  o r  normal 
shutdown shutdown on s e n s o r  change o r  command 
( ~ a ~ i d - ,  
l i m i t e d  con- 
t r o l  f e a t h e r -  
i n g  and d i s -  
connect  from 
g r i d )  

EXIT 

To s tandby on removal 
o f  lockou t  caus ing  con- 
d i t i o n  and s i t e  manual 
e n t r y  

To s t a r t u p  on s a t i s -  
f a c t o r y  wind c o n d i t i o n s ,  
w i t h  enab le .  
To lockoiit on s e n s o r  
change 01: command e s -  
t a b l i s h e d  as  lockout  
c o n d i t i o n .  

To normal. shutdown o r  
emergency s h u t d o n  on 
s e n s o r  change o r  command 
e s t a b l i s h e d  a s  shucdown. 
To g e n e r a t i n g  mode a f t e r  
synchroni,zed 

To normal shutdown o r  
emergency shutdown on 
s e n s o r  ch.ange o r  comand  
established a s  shutdown 
TO s tandby on comple t ion  
of shutdown sequence.  
To emergency shutdown 
where a p p r o p r i a t e  t o  
change type .  

To normal shutdown o r  
lockou t  depending on 
type  of s e n s o r  change 
o r  command. 
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3.2 CHARACTERISTICS 

The WTG s h a l l  meet t h e  fo l lowing  sys tem and subsystem d e s i g n  requ i rements  and 

c h a r a c t e r i s t i c s .  

3.2.1 SYSTEH REQUIREMENTS 

3.2.1.1 System Power Output 

The WTG s h a l l  p rov ide  a  r a t e d  e l e c t r i c a l  o u t p u t  a t  t h e  u t i l i t y  i n t e r f a c e  

d e f i n e d  i n  pa ragraph  3.1.5.1 of  7300 KW a t  up t o  1500 KVAR (0.98 PF a t  7300 

KW) a t  69 KV l i n e  t o  l i n e ,  60 h e r t z ,  3  phase.  A s p e c i f i c  u t i l i t y  d i s t r i b u t i o n  

i i n e  v o l t a g e ,  between 11 KV and 80 KV,  may be  u t i l i z e d  i n s t e a d  of  69 KV. For 

c l u s t e r  a p p l i c a t i o n ,  t h e  r a t e d  o u t p u t  i s  d e f i n e d  a t  t h e  c l u s t e r  t i e  t o  t h e  

a t i l i t y  network and i s  a n  average  u n i t  r a t i n g .  The r a t e d  power o u t p u t  s h a l l  

be produced i n  wind speeds  from r a t e d  wind speed (VRAT) t o  h igh  c u t  o u t  wind 

speed (vHCO) a t  s e a  l e v e l  a i r  d e n s i t y  and f o r  ambient t empera tu res  d e f i n e d  i n  

paragraph 3.2.3.2.1. Less than  r a t e d  o u t p u t  s h a l l  be provided a t  a l l  

p r e s c r i b e d  ambient c o n d i t i o n s  f o r  wind speeds  between c u t - i n  wind speed and 

r a t e d  wind speed.  The g e n e r a l  r e l a t i o n  of  power o u t p u t  t o  wind speed a t  sea  

l e v e l  and 7000 f e e t  f o r  s t a n d a r d  a tmospher ic  c o n d i t i o n s  i s  i l l u s t r a t e d  i n  

F igure  3.2-1. Pover v a r i e s  d i r e c t l y  a s  t h e  a tmospher ic  d e n s i t y  r a t i o  Eor wind 

speeds  below r a t e d  power. Power q u a l i t y  a t  t h e  u t i l i t y  t i e  s h a l l  meet IEEE 

519 g u i d e l i n e s .  

3.2.1.2 Design Wind Speed Values 

The WTG s h a l l  be des igned  f o r  o p e r a t i o n  a t  t h e  hub h e i g h t  wind speeds  d e f i n e d  

i n  Table  3.2-1 f o r  s e a  l e v e l  a i r  d e n s i t y  of 0.0763 p c f . ,  and 250 f t .  hub 

h e i g h t  above g rade .  
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TABLE 3.2-1 DESIGN WIND SPEED VALUES 

REFERENCE DESCRIPTION HUB WIND SPEED (MPH) 

VLCO Low cut-out  wind speed where l i g h t  motor ing 12.0 
a t  low RPM c a n  j u s t  be s u s t a i n e d  and s h u t -  
down c y c l e  beg ins  a s  wind speed f a l l s  

VLCI Low c u t - i n  wind speed where a c c e l e r a t i o n  
t o  normal low RPM can be made i n  l e s s  than  
15 minu tes  and s t a r t u p  c y c l e  b e g i n s  a s  
average  wind speed r i s e s  

VRAT Nominal r a t e d  wind speed where WTG produces 32.0 
r a t e d  power o u t p u t  

V H C I  High c u t - i n  wind speed where s t a r t u p  c y c l e  55.0  
beg ins  a s  average  wind speed f a l l s  

VHCO High cu t -ou t  wind speed where shutdown c y c l e  60.0 
b e g i n s  a s  average  wind speed r i s e s  

3.2.1.3 Design E f f i c i e n c y  

0 

The sys tem d e s i g n  s h a l l  be based on t h e  fo l lowing  maximum l o s s e s ,  expressed  a s  

p e r c e n t  of r a t e d  i n p u t  such t h a t  component e f f i c i e n c y  i s  e q u a l  t o  

1 - ( %  l o s s / 1 0 0 )  

Fixed d r i v e t r a i n  l o s s  1.5% 

V a r i a b l e  d r i v e t r a i n  l o s s  1.5% a t  r a t i n g  

Fixed E l e c t r i c a l  l o s s  1.5% 

V a r i a b l e  E l e c t r i c a l  l o s s  3% a t  r a t i n g  

Misce l l aneous  l o s s  4.2% below r a t i n g  
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Rotor aerodynamic e f f i c i e n c y  s h a l l  b e  based on the data i n  Figure 3.2-2. 

Miscellaneous l o s s e s  cons iat  o f  changes i n  rotor aerodynamic e f f i c i e n c y  due t 3  

t i l t ,  t e e t e r ,  wind turbulan,ce, and heading error. Auxiliary power consumptio.a 

and startu:? time l o s s e s  based on 35,000 s t a r t s  in  30 years s h a l l  be include13 

separately i n  energy capture ca lculat ions .  
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ROTOR DESICY PERFORXANCE 



SYiSTEH SPECIFICATION 
4 76313001 1 

HOD- 5A WTar 
Hl3V A NOVEHBER 1983  

3.2 .1 .4  Lleeign L i f e  

The UTC d e s i g n  e e r v i c a  1 . i f e  r h r l l  be 30 yaard. Per iod ic  r e p l a c e m e n t  of  

componanta  s h a l l  b e  u s e d  t o  meet t h i e  r e q u i r e ~ n o l ~ t  I t Itwrrr ~ : r ~ m t  o f  e n e r g y  ce .n  

be  c a l c u l c ~ t e d  p e r  p a r a g r a p h  3.0. L i f e  a l ~ n l l  I I ~  I)rrarrl c b r l  2 2 0  m i l l i o n  r o t c ~ r  

r e v o l u t i o n s  and  35,000 a t a r t - a t o p  c y c l e s .  

3 .2 .1 .5  - F r e q u e n c y  Placemer& 

The WTC s y : # t e m  f r e q u e n c i e s  and oparut inn  al~acdla  sllsl l l,c lc ,c : , r~r , l  L ~ B  a v o i d  loall  

a m p l i f  i c a t  i o n  a t  i n t e g e r  m u l t  i p l e r  ol t l ~ e  d ~ j ~ s r a l  i11g I .  Spec i f i c  

f r e q u e n c i e r ~  t o  a v o i d  a h a 1  1  i n c  ludt? ,  but riot. 11e 1 ill11 l ell, t u :  

a )  Tower b e n d i n g  and a l l  i n t e a a r ~ a ~ ~ l ~ i l ~ l n a  . 

b )  Bi!ade f l u p w i n e  bend in^ ulid e v e n  i l i t n ~ r r r  I I IUI  r i p l e o  

C )  B! a d e  c h u r d w i s e  belid  ill^ nlld ~ ~ d d  i r r ~ r g o r  l u r r  l t i p l n n  

d )  D r i v e t r a i n  t o r s i o n  a n d  a l l  i n t e g e r  nnrlt  i p l e u  

3 .2 .1 .6 .1  D e s i g n  Wind 

The d e s i g n  wind r e g i m e  is  d s f  i n e d  i n  s e c t i o n  3.2.3.1. 

3 .2 .1 .6 .2  S i t e  S p e c i f i c  Wind 

Wind r e g i m e e  w i t h  c h a r a c t e r i s t i c s  o t h e r  t h a n  t h e  d e s i g n  wind r e g i m e  s h a l l  b r  

c o n s i d e r e d  i ~ i t h  r e e p e c t  t o  the s y s t e m  e f f e c t s  o f  a t  l eas t :  

a )  A l l : i t u d e / a i r  d e n s i t y  e f f e c t s  o n  c o o l i n g  and d i e l e c t r k  s t r e n g t h .  
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b) Turbulence effects on loads, number of starts, :high wind-:cut-out and 

cut-in. 

c). Duration effects on load./life. 

Where appropriate, rating revision shall be utilized to accommodate the site 

specific data. 

. .. 

3.2.2 SUBSYSTM REQUIREMENTS 

. . 

The WTG includes the, s.ubsystems . and. elements in paragraph 3.1.5. Performance 

and design requirements for.these are defined in the following paragraphs. 

. . 

3.2.2.1 Foundatiorand Site - .  . . .  . .  . 

The foundation and site ;elements consist of the .tower foundation, ground 

electrical equipment foundation, grounding, fencing, maintenance tie downs, 

erection area preparation and grading. 

3.2.2.1.1 Tower Foundation 

The tower foundation shall be designed to carry the steady and cyclic loads 

due to WTG weight, rotor thrust and wind forces, and also carry the 

infrequently occurring limit loads due to seismic disturbance, extreme wind 

speeds and rotor overspeed. Soil pressures in accordance with paragraph 

3.1.6.1 shall be considered in the design. The design shall provide anchor 

boles or other suitable anchor provisions to carry tower loads at the tower 

interface. The design shall provide for conduits for power and signal wiring 

from the to,wer..interior to the .ground equipment location u s i n g b e l o w  grade 



SYST13f SPECIFICATION 
4 7A380 01 1 

MOD-5A WTG 
REV A NOVEMBER 1983 

r o u t i n g .  The d e s i g n  s h a l l  p rov ide  f o r  t h e  grounding system of  paragraph 

3.2.2.1.3. The d e s i g n  shal 'h i n c l u d e  b lade  t e t h e r  and h o i s t  t i e  down p o i n t s .  

The g e n e r a l  foundat  i o n  d e s i g n  s h a l l  be m o d i f i a b l e  t o  accommodilte s i t e  s p e c i f i c  

s o i l  c o n d i t i o n s .  

3.2.2.1.2 Ground E l e c t r i c a l  Equipment Foundation (GEEF) 

The GEEF s t ~ a l l  be l o c a t e d  abou t  200 f e e t  from t h e  tower base  and provide a  

l e v e l  suppor t  s u r f a c e  f o r  t h e  weight and l i m i t  wind and se i smic  loads  of the  

ground elec: t r i c a l  equipment (GEE) o f  paragraph 3.2.2.2. e  d e s i g n  s h a l l  

p rov ide  f o r  c o n d u i t s  f o r  power and s i g n a l  w i r i n g  from t h e  GEE t o  t h e  tower 

foundat  i o n  u s i n g  below grade  r o u t i n g  . The d e s i g n  s h a l l  prov,ide f o r  grounding 

conduc tors  from a t  l e a s t  f o u r  p o i n t s  on t h e  GEE equipms!nt base  t o  t h e  

grounding system of  paragraph 3.2.2.1.3. The d e s i g n  s h a l l  p rov ide  anchor 

s t u d s  t o  s e c u r e  t h e  GEE. 

3.2.2.1.3 Grounding 

The WTG s h a l l  have a  grounding system t h a t  p rov ides  l e s s  than f i v e  ohms 

e f f e c t i v e  r e s i s t a n c e  t o  e a r t h  a s  measured a t  bo th  t h e  tower base and t h e  GEE, 

base.  Conr~ect ion methods and measurement t echn iques  s h a l l  cc~nform t o  s e c t i o r .  

4  of IEEE Standard 142 (Green B o o k ) / ~ N s I  C114.1 "IEEE Recommended P r a c t i c e  for 

Grounding of I n d u s t r i a l  ant! Commerc i a l  Power Sys terns". The grounding sys ten1 

s h a l l  be adequa te  t o  accoareaodate t h e  t r a n s i e n t  c u r r e n t s  due t o  t h e  l igh tn ing ;  

d e f i n i t i o n  of paragraph 3.2.3.2. T e s t  w e l l s  s h a l l  be provided by each 

founda t ion .  A l l  f o u n d a t i o r , ~  . s h a l l  be e l e c t r i c a l l y  connected t o g e t h e r  by thc! 

grounding s,ystem. 
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3.2.2.1.4 Fencing 

A u t i l i t y  t y p e  g a l v a n i z e d  f e n c e  w i t h  l o c k a b l e  g a t e s  s h a l l  be provided around 

a t  l e a s t  t h e  ground e l e c t r i c a l  equipment (GEE) d e s c r i b e d  i n  paragraph 

3.2.2.2. A  f e n c e  may be provided around t h e  tower base .  The fenc ing  s h a l l  be 

l o c a t e d  a t  l e a s t  15 f e e t  from t h e  s t r u c t u r e  and s h a l l  be a t  l e a s t  8  f e e t  

high.  The f e n c i n g  s h a l l  be connected t o  t h e  grounding system. 

3.2.2.1.5 Grading 

A crushed rock  f i l l  s u r f  a c e  s h a l l  be provided w i t h i n  t h e  f e n c i n g  c o n f i n e s .  A 

s u i t a b l e  s u r f a c e  f o r  l i g h t  v e h i c l e  p a r k i n g  and movement around t h e  WTG tower 

base  and t h e  GEE i n s t a l l a t i o n  s h a l l  be provided.  I f  n e c e s s a r y ,  p r o v i s i o n  

s h a l l  be made f o r  d r a i n a g e  away from founda t ion  t o  s o i l  i n t e r f a c e s .  

3.2.2.1.6 Maintenance and Access 

Foundat ion and s i t e  equipment s h a l l  be  s u b s t a n t i a l l y  maintenance-f ree .  The 

f e n c i n g  s h a l l  have s i t e  s e c u r i t y  a la rm s e n s o r s  f o r  unau thor ized  i n t r u d e r  

d e t e c t i o n .  

3.2.2.2 Ground E l e c t r i c a l  Equipment (GEE) 

The GEE c o n s i s t s  o f  t h e  s i t e  step-up t r a n s f o r m e r ,  s w i t c h g e a r ,  c o n v e r t e r ,  

f i l t e r s ,  c a p a c i t o r s ,  UPS, a u x i l i a r y  power supp ly ,  b a t t e r y  power s u p p l y ,  

swi tchboard ,  and ground c o n t r o l  i n t e r f a c e .  The GEE s h a l l  be i n s t a l l e d  on t h e  

f o u n d a t i o n  o f  pa ragraph  3.2.2.1.2, a s  f a c t o r y  subassembled and wired u n i t s .  

I tems and a c c e s s o r i e s  s h a l l  be provided a s  shorn  on s i n g l e  l i n e  drawing 

470387080 and t h e  fo l lowing .  Indoor r a t e d  equipment s h a l l  e i t h e r  be provided 

w i t h  a  p r o t e c t e d  a i s l e  e n c l o s u r e  o r  be housed i n  a  s i t e  f a b r i c a t e d  b u i l d i n g .  
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3.2.2.2.1 Step-up Transformer  

An ou tdoor  o i l  f i l l e d  t r a e ~ s f o r m e r ,  r a t e d  7450 KVA f o r  65 C o i l  r i s e  w i t h  

f o r c e d  a i r  c o o l i n g  s h a l l  p rov ide  s tep-up of  4,160 v o l t  g e n e r a t o r  o u t p u t  t o  a 

nominal 69,000 v o l t  e l e c t r i c a l  network a s  d e s c r i b e d  i n  para6;raph 3.1.5.1. -4 

h i g h  v o l t a g e  v i s i b l e  b reak  fused  d i s c o n n e c t  s w i t c h  s h a l l  be provided e i t h e r  a s  

p a r t  of  th:s t r a n s f o r m e r  assembly o r  mounted on t h e  f i r s t  c i i s t r i b u t i o n  l i n e  

po le .  

3.2.2.2.2 Switchgear  Assembly 

A swi tchgear  assembly s h a l l  be connected t o  t h e  t r a n s f o r m e r  and house o r  

p rov ide  f o r  mounting of  t h e  fo l lowing .  

3.2.2.2.2.1 C i r c u i t  Breakers  

C i r c u i t  b r e a k e r s  s h a l l  be s u i t a b l e  f o r  s t a r t i n g ,  switc:hing and f a u l t  

p r o t e c t i o n  a t  7450 KVA, 4160 v o l t .  I n t e r r u p t i n g  r a t i n g  s h a l l  be s u i t a b l e  t o  

c l e a r  g e n e r a t o r  o r  network f e d  f a u l t s .  

3.2.2.2.2.2 Conver ter  

The conver::er p o r t i o n  o f  t h e  v a r i a b l e  speed g e n e r a t o r  system d e f i n e d  i n  

s p e c i f i c a t i a n  47D380094 o r  47D380115 s h a l l  c o n v e r t  from ge :ne ra to r  v a r i a b l e  

speed f requency t o  60 h e r t z  g r i d  f requency a t  4160 v o l t s .  

3.2.2.2.2.3 F i l t e r s  

Harmonic f i l t e r s  s h a l l  be  provided a s  r e q u i r e d  t o  l i m i t  v o l t a g e  f l u c t u a t i o n s  

a t  t h e  g r i d  c o n n e c t i o n  t o  IEEE 519 g u i d e l i n e s ,  when t h e  WTG i s  o p e r a t i n g .  
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Site specific requirements may require filtering in excess of IEEE 519 

guidelines on a requisition-only basis. 

3.2.2.2.2.4 Capacitors 

Power factor correction capacitors, including the 60 hertz effect of filters, 

shall be provided as necessary to operate in a controlled Var mode at greater 

than 0.98 pover factor. 

3.2.2.2.2.5 UPS 

An uninterruptable power supply at 120 VAC shall be provided with suitable 

rating to operate the control system for a minimum of 30 minutes, including 

sensors and actuators. 

3.2.2.2.2.6 Accessory Power 

Air insulated transformers and protective devices rated to provide 300 KVA, 

480 volt, 3 phase and 208Yl120 volt, 3 phase multiple circuit accessory power 

by step-down from the 4,160 volt system shall be provided. 

3.2.2.2.2.7 Battery Power 

A DC stationary battery and charger system shall be provided for switchgear 

control system operation. Temperature control, voltage drop and venting shall 

be considered in the battery system and connection design. 

3.2.2.2.2.8 Switchboard 

A switchboard shall be provided with electrical protective relaying, 

transducers, and meters. Instrument transformers and connection areas shall 
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be l o c a t e d  i n  m e t a l c l a d  bays, a 8  p a r t  o f  t h e  o v e r a l l  assembly.  

3.2.2.2.2.9 Enc losure  

The equipment e n c l o s u r e  s h a l l  have an t i - condensa t ion  h e a t e r s  provided i n  

i n s u l a t i o n  a r e a s .  Tvo l o c k a b l e  doors  w i t h  s e c u r i t y  sys tem s e n s o r s  s h a l l  be 

p rov ided ,  w i t h  panic-bar  type  i n s i d e  l a t c h  r e l e a s e s .  A means s h a l l  be 

provided f o r  o b s e r v i n g  t h e  WTG from i n s i d e  t h e  e n c l o s u r e .  F l u o r e s c e n t  

i n t e r i o r  l i g h t i n g  and convenience  o u t l e t s  s h a l l  b e  provided i n  t h e  a i s l e  

a r e a .  Rodent and i n s e c t  b a r r i e r s  s h a l l  be inc luded  i n  t h e  des ign .  E x t e r i o r  

a r e a  l i g h t i n g  s h a l l  be provided.  I n l e t  a i r  s h a l l  be mechan ica l ly  f i l t e r e d  t o  

remove a i r b o r n e  p a r t i c u l a t e s .  

3.2.2.2.3 I n t e r l o c k s  

Key i n t e r l o c k s  o r  tamper-proof hardware s h a l l  be provided on equipment a c c e s s  

d o o r s ,  t o  m~schan ica l ly  p reven t  door  opening whi le  equipment is e n e r g i z e d .  

3.2.2.2.4 Ground C o n t r o l  Equipment 

The ground l e v e l  c o n t r o l  eystem s i t e  i n t e r f a c e  d e f i n e d  i n  paregraph 3.2.2.8.2 

s h a l l  be in :a ta l l ed  a s  p a r t  of  t h e  GEE. 

3.2.2.2.5 I n t e r f a c e s  

The GEE equipment has  i n t e r f a c e s  w i t h  t h e  WTG p e r  paragraph 3,,2.2.1.2 and w i t h  

t h e  u t i l i t y  p e r  pa ragraph  3.1.5.1. 

3.2.2.2.6 l i g h t n i n g  P r o t e c t i o n  

L igh tn ing  p r o t e c t i o n  s h a l l  be provided such t h a t  t h e  l i g h t n i n g  model of 

paragraph 3.2.3.2 w i l l  n o t  c a u s e  damage t o  t h e  GEE enc1osu:re o r  equipment.  
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Station class lightning arrestors shall be applied at the utility grid 

connection and elsewhere to avoid over voltages. 

3.2.2.2.7 Instrumentation 

3.2.2.2.7.1 Operational Instrumentation 

The GEE shall provide for sensors, controls and wiring per 47A387005, Signal 

and Command List. 

3.2.2.2.7.2 Engineering Data Instrumentation 

GEE Engineering Data Instrumentation shall be per 47A387005. This 

instrumentation is required on initial units and is a requisition option for 

volume production. A GEE mounted multiplexor capable of handling at least 32 

channels simultaneously shall be used with the Engineering Data 

Instrumentation. - 
3.2.2.2.8 Maintenance and Access 

GEE equipment shall be substantially maintenance free. Periodic inspection of 

insulation, contact surfaces, and moving parts shall be simplified with 

drawout type construction with adequate access space. Provision shall be made 

for at least two voice telephone circuits and a monitor for closed circuit 

nacelle video display. 

3.2.2.3 Operation and Maintenance 

MOD-5A WTG operation and maintenance functions shall be eased by equipment 

design features and personnel training. 
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3.2.2.3.1 P e r s o n n e l  

The K G  s h a l l  be des igned  f o r  o p e r a t i o n  and maintenance by t r a i n e d  t e c h n i c i a n s  

having e l e c t r i c i a n ,  machinist : ,  and mechanic qua l f  f i c a t i o n s .  Opera t ion  of t h e  

WTG, from e i t h e r  t h e  s i t e  01: remote c o n t r o l  l o c a t i o n s ,  s h a l l  o n l y  r e q u i r e  a  

s i n g l e  t e c h n i c i a n .  Maintenance s h a l l  be based on  a  crew of  two t e c h n i c i a n s  

f o r  most o p e r a t i o n s .  A l l  o p e r a t i o n  and maintenance personne l  s h a l l  have 

completed t h e  t r a i n i n g  of paragraph 3.2.2.3.5. 

3.2.2.3.2 S i t e  Opera t ion  

S i t e  o p e r a t i o n  s h a l l  c o n s i s t  o f  t h e  a u t o m a t i c  and manual modes of paragraph 

3.1.7. A p o r t a b l e  maintenance i n p u t / o u t p u t  d e v i c e  may be used t o  p rov ide  s i t e  

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

3.2.2.3.3 R~imote Opera t ion  

Remote o p e r a t i o n  s h a l l  c o n s i s t  o f  t h e  au tomat ic  modes of paragraph 3.1.7.1 

u s i n g  ttis i n t . e r f a c e  o f  paragraph 3.1.5.2.  

3.2.2.3.4 Scheduled Maintenance 

P e r i o d i c  sck.eduled maintenance s h a l l  be used i n  t h e  d e s i g n  of t h e  WTG, 

t o t a l i n g  a n  a l l o c a t e d  number o f  hours  p e r  y e a r  p e r  s e c t i o n  3.2.2.9 f o r  a  

volume product  i o n  WTG. P e r i o d i c  maintenance s h a l l  be used fo:r s e r v i c i n g  and 

l u b r i c a t i o n  f u n c t i o n s  t h a t  do n o t  r e q u i r e  au tomat ic  o p e r a t i o n  and f o r  

d e t e c t i o n  and r e p a i r  o f  n o n - c r i t i c a l  f a i l u r e s  such a s  lamp bu:rnout and minor 

l eakage .  The nominal i n t e r v a l  s h a l l  be 90 days  between i n s p e c t i o n s ,  w i t h  

maintenance on ly  a s  r e q u i r e d .  
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3.2.2.3.5 T r a i n i n g  

The c o n t r a c t o r  s h a l l  p rov ide  a t r a i n i n g  c o u r s e  f o r  u t i l i t y  o p e r a t i o n  and 

maintenance p e r s o n n e l ,  based on t h e  o p e r a t i o n  and maintenance manuals o f  

pa ragraph  3.2 -2 .3 .6 .  T r a i n i n g  s h a l l  c o n s i s t  of  c l a ss room and on - the - -  job 

s e s s i o n s  a s  a p p r o p r i a t e  t o  t h e  s u b j e c t  m a t t e r  and be completed v i t h i n  one 

month of a c c e p t a n c e .  

3.2.2.3.6 Manuals 

The c o n t r a c t o r  s h a l l  p repare  o p e r a t i o n  and maintenance manuals c o n t a i n i n g  

m a t e r i a l  o f  s u f f i c i e n t  d e p t h  and scope  t o  e n a b l e  p e r s o n n e l  of  t h e  s k i l l s  l e v e l  

o f  paragraph 3.2.2.3.1 t o  perform a l l  work r e l a t e d  t o  t h e  manual d e s c r i p t i v e  

t i t l e .  

3.2.2.4 Rotor  Subsystem 

The r o t o r  subsystem c o n s i s t s  o f  a l l  WTG e lements  t h a t  r o t a t e  w i t h  t h e  r o t o r  

and a r e  l o c a t e d  on t h e  r o t o r  s i d e  of  t h e  d r i v e t r a i n  t o  r o t o r  i n t e r f a c e  of 

pa ragraph  3.2.2.4.7 a s  f o l l o w s .  The r o t o r  s h a l l  be c a p a b l e  of o p e r a t i o n  a t  a 

7 degree  t i l t  from 16.2 t o  16 .8  RPM and from 13.2 t o  13.8 RPY. DesF,on 

overspeed s h a l l  be 2 1  RPM (1.25 x 16 .8 ) .  S u r v i v a l  overspeed s h a l l  be 25  RPM. 

3.2.2.4.1 Yoke Assembly 

The yoke assembly c o n s i s t s  of , t h e  yoke,  t e e t e r ,  b r a k e ,  b e a r i n g  assembly,  and 

r o t o r  h y d r a u l i c  a s sembly .  
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3.2.2.4.1.1 Yoke 

The yoke sh;xll  s u p p o r t  t h e  r o t o r  and r e a c t  a l l  r o t o r  l o a d s  ;through b e a r i n g s  

i n t o  a r o t o r  s u p p o r t  spincl le .  It  s h a l l  accommodate i n s t a . l l a t i o n  of t h e  

assembled r c ' t o r  on t h e  n a c e l l e  mechan ica l ly  and e l e c t r i c a l l y  and p rov ide  f o r  

r o u t i n g  o f  w i r i n g .  The yolce s h a l l  accommodate i n s t a l l a t i o n  of  a r o t o r  

s t o p p i n g  b rake  assembly.  

3.2.2.4.1.2 T e e t e r  Assembly 

The t e e t e r  assembly s h a l l  p rov ide  f o r  up t o  +/- 9 d e g r e e s  of  t e e t e r  motion of 

t h e  b lade  l o n g i t u d i n a l  axis abou t  a n  a x i s  normal t o  t h e  hub s h a f t  a x i s .  

Compliant  s t , ~ p s  o r  energy d i e ~ s i p a t i n g  means s h a l l  be provided a t  t h e  l i m i t s  of 

t e e t e r  t r a v e l  t o  l i m i t  r e a c t i o n  l o a d s  t o  non-design d r i v e r  l e v e l s .  A t e e t e r  

mot ion r e s t r i c t i n g  means s h a l l  be provided capab le  of  be ing  c o n t r o l l a b l y  

r e l e a s e d  and a p p l i e d .  The t e e t e r  assembly s h a l l  c a r r y  b l a d e  l o a d s  i n t o  t h e  

yoke.  

3.2.2.4.1.3 Rotor Hydrau l i c  Assembly 

The r o t o r  h y d r a u l i c  assembly s h a l l  c o n s i s t  of  motor,  pump, r e s e r v o i r ,  

accumula to r ,  p i p i n g ,  v a l v i n g ,  and env i ronmenta l  p r o t e c t i o n  d e v i c e s  n e c e s s a r y  

t o  p rov ide  r~ormal  and emergency h y d r a u l i c  p r e s s u r e  and flow t o  o p e r a t e  t h e  

aerodynamic c o n t r o l  o f  pa ragraph  3.2.2.4.3 and r o t o r  mounted h y d r a u l i c  d e v i c e  

needs.  The r o t o r  h y d r a u l i c  assembly s h a l l  be a packaged subassembly d e s i g n  

s u i t a b l e  f o r  mounting on t h e  yoke.  

The b l a d e s  s , h a l l  c o n s i s t  o f  a s t r u c t u r a l / a i r f o i l  geometry opl:imized f o r  low 

c o s t  and weight  and h i g h  pe:rformance. The r e f e r e n c e  configu1:ation s h a l l  be 
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t h e  NACA 64XXX a i r f o i l  s e r i e s  r o t a t i n g  c lockwise  when observed from upwind. 

A l l  b l ade  Loads s h a l l  be c a r r i e d  i n t o  t h e  yoke. A means f o r  one t i m e  f i e l d  

j o i n i n g  o f  spanwise  s e c t i o n s  o f  t h e  b l a d e  s h a l l  be provided.  A means f o r  

f i e l d  j o i n i n g  n o n - s t r u c t u r a l  chordwise ( t r a i l i n g  edge) s e c t i o n s  of  b lade  t o  

ex tend  beyond t r a n s p o r t a t i o n  dimensions  s h a l l  be provided.  The b lades  s h a l l  

c o n s i s t  of  a  c e n t e r  100 f t .  s e c t i o n ,  two i n n e r  s e c t i o n s  and two o u t e r  

s e c t i o n s .  The o u t e r  80 f t .  o f  each b l a d e  s h a l l  i n c o r p o r a t e  a  means f o r  

aerodynamic t o r q u e  c o n t r o l .  The b l a d e s  s h a l l  p rov ide  a  means f o r  a d j u s t i n g  

s t a t i c  mass b a l a n c e  t o  w i t h i n  7000 f t .  l b .  on t h e  complete  r o t o r  about  t h e  

t e e t e r  a x i s .  Nominal b l a d e  performance s h a l l  be p e r  paragraph 3.2.1.3. 

3.2.2.4.3 Aerodynamic Control  ( A i l e r o n s )  

The aerodynamic c o n t r o l  s h a l l  be a  m u l t i p l e  s e c t i o n ,  h y d r a u l i c a l l y  powered, 

e l e c t r i c a l l y  c o n t r o l l e d  d e v i c e  f o r  changing t h e  p o s i t i o n  of  t h e  t r a i l i n g  edge 

p o r t i o n  of  t h e  o u t e r  b lade .  The range s h a l l  be from a l i g n e d  w i t h  t h e  l e a d i n g  

edge p o r t i o n  of  t h e  b l a d e  t o  a t  l e a s t  75 d e g r e e s  tovard  t h e  low p r e s s u r e  (down 

wind) s i d e  of  t h e  a i r f o i l .  

3.2.2.4.3.1 C o n f i g u r a t i o n  

The aerodynamic c o n t r o l  s h a l l  have a t  l e a s t  t h r e e  mechan ica l ly  independent  

s e c t i o n s  on e a c h  b lade .  Each s e c t i o n  s h a l l  be provided w i t h  a n  a c t u a t i n g  

means w i t h  p o s i t i o n  s e r v o c o n t r o l l e r  and energy s t o r a g e  means t h a t  p rov ides  

motion t o  f u l l  d e f l e c t i o n  on l o s s  c o n t r o l  power and /o r  main b l a d e  h y d r a u l i c s .  

A s p r i n g  a p p l i e d ,  h y d r a u l i c a l l y  r e l e a s e d  mechanical  l a t c h  s h a l l  be provided t o  

s e c u r e  t h e  c o n t r o l  s u r f a c e s  i n  t h e  d e f l e c t e d  p o s i t i o n  i n  t h e  absence of 

h y d r a u l i c  power. The h y d r a u l i c  and s t r u c t u r a l  i n t e r f a c e  v i t h  t h e  l e a d i n g  edge 

p o r t i o n  of t h e  b l a d e  and t h e  mechanical  p r o p e r t i e s  and s u p p o r t  of t h e  c o n t r o l  

s u r f a c e s  s h a l l  p r e v e n t  any aerodynamic i n s t a b i l i t y .  The c o n t r o l  s u r f a c e  
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d e s i g n  and i t c t u a t i o n  means s h a l l  produce r e t a r d i n g  t o r q u e  w i t h  one s u r f a c e  

jammed i n  a n  a l i g n e d  p o s i t i o n  f o r  a  hub wind speed o f  1.25 t i n ~ e s  h igh  cut -out  

(WCO).  The aerodynamic c o n t r o l  s h a l l  s low t h e  r o t o r  t o  a n  e q u i l i b r i u m  

v e l o c i t y  r a t i o  ( t i p  s p e e d h i n d  speed)  o f  1.5 o r  l e s s  w i t h  a l l  s u r f a c e s  

o p e r a t i n g  o r  2.0 o r  l e s s  w i t h  one s u r f a c e  jammed. 

3.2.2.4.3.2 Ra tes  and S t o r a g e  Requirements 

The aerodynamic c o n t r o l  and t h e  h y d r a u l i c  supply  o f  paragraph 3.2.2.4.1.4 

s h a l l  have t h e  fo l lowing  r a t e  and s t o r a g e  c a p a b i l i t i e s .  

a )  A c c m u l a t o r  Recharge - The pump c a p a c i t y  s h a l l  be adequa te  t o  charge  

hyd lnau l i c  accumula to r s  w i t h i n  6 minutes  from a no-fluicl c o n d i t i o n .  

b) Cont.inuous Opera t ion  - The pump c a p a c i t y  s h a l l  be adequa te  f o r  up t o  

2  d,egree/second mozion of  a l l  c o n t r o l  s u r f a c e s .  Flow w i l l  be 

d i s t r i b u t e d  between c o n t r o l  motion and o p e r a t i n g  accumulator  

recc,very.  Opera t ing  accumula to r s  s h a l l  be s i z e d  f o r  120 degrees  of 

moti.on o f  a l l  c o n t r o l  s u r f  a c e s .  The con t inuous  c ~ p e r a t  ing  s e r v o  

syst.em s h a l l  be  adequa te  f o r  a  peak r a t e  of 5  degrees  p e r  second. 

c )  Emergency F e a t h e r  - The a c t u a t o r  s t o r e d  energy and c o n t r o l  s h a l l  

p rou ide  f o r  f u l l  c o n t r o l  motion p e r  b lade .  A p a s s i v e  means f o r  

s c h e d u l i n g  emergency f e a t h e r  r a t e  from 1 t o  10 degr,ees pe r  second 

s h a l l  be provided.  

3.2.2.4.4 Lightning P r o t e c t i o n  

L igh tn ing  p r a t e c t i o n  s h a l l  be provided such t h a t  t h e  l i g h t n i n g  model of 

paragraph 3..2.3.2 w i l l  n o t  .zause damage t o  t h e  r o t o r  s t r u c l : u r e ,  b e a r i n g s ,  

h y d r a u l i c  l i ! ~ e s  and d e v i c e s , ,  o r  e l e c t r i c a l  l i n e s  and d e v i c e s .  Lightning 
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conductors shall be added in a manner to minimize electromagnetic reflecting 

area. Shunt current paths shall be provided around bearings. 

3.2.2.4.5 Ice Detection 

The rotor shall have provisions for installation and wiring of an aircraft 

type icing detector on each blade. The detector location shall be accessible 

from the yoke. 

3.2.2.4.6 Instrumentation 

The rotor shall have provision for operational and engineering data 

instrumentations and wiring as follows. 

3.2.2.4.6.1 Operational Instrumentation 

Rotor operational sensors, and controls shall be per 47A387005, Signal and 

Command List. 

3.2.2.4.6.2 Engineering Data Instrumentation 

Rotor Engineering Data sensors and controls shall be per 47A387005. This 

instrumentation is required on initial units and is a requisition option for 

volume production. A rotor mounted multiplexor capable of handling at least 

32 channels simultaneously shall be used with the Engineering Data 

instrumentation. 

3.2.2.4.6.3 Wiring 

Rotor operational wiring shall be routed in continuous metallic conduit, with 

appropriate- surge protection installed at the conduit entry. Rotor 
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Engineer ing  Data Wir ing from s t r a i n  gages  s h a l l  be s u r f a c e  rou ted  wi th  

environment:al p r o t e c t i o n  up t o  c o n d u i t  e n t r y  p o i n t s  t h e n  r o u t e d  s i m i l a r l y  t o  

opera t iona l .  w i r i n g .  

3.2.2.4. ; I n t e r f a c e s  

The r o t o r  subsystem shal l .  i n t e r f a c e  mechan ica l ly  w i t h  t h e  r o t o r  suppori: 

s p i n d l e  tmei~rings, s t o p p i n g  b rake  and d r i v e t r a i n  low speed s h a f t .  Rotor t h r u s  I: 

and grav:.t:r l o a d s  s h a l l  be t r a n s f e r r e d  t o  t h e  s p i n d l e  and r o t o r  to rque  load:; 

s h a l l  be t r a n s f e r r e d  t o  t h e  low speed s h a f t  d u r i n g  o p e r a t i o n  and through t h e  

s t o p p i n g  b rake  and s p i n d l e  s u p p o r t  whi le  s t o p p i n g  and parked.  E l e c t r i c a : .  

s i g n a l  a.ld power l e a d s  s h a l l  be  c o n n e c t a b l e  on t h e  yoke s t r u c t u r e  and be! 

r o u t e d  b o t h  a c r o s s  t h e  t e e t e r  a x i s  t o  t h e  b lade  and t o  t h e  low speed shaft :  

i n t e r i o r .  

3 .2 .2 .4 .E  Maintenance and Access 

Access a l d  suppor t  f e a t u r e s  s h a l l  be provided on t h e  r o t o r  subsystem t o  

minimize i n s p e c t i o n  and lcainaenance l i f e  c y c l e  c o s t s .  Minimum requ i rements  

a r e  a s  fo l lows .  

a )  Blade t e t h e r  p o i n t s  s h a l l  be provided n e a r  t h e  o u t e r  end of t h e  main 

b lade  f o r  restrcniixing b l a d e  p o s i t i o n  i n  e i t h e r  a  h o r i z o n t a l  o r  z. 

v e r t i c a l  p o s i t i o n ,  f o r  t e t h e r i n g  t o  founda t ion .  

b) rtre b lade  and aerodynamic c o n t r o l  d e s i g n  s h a l l  p rov ide  f o r  removal of 

:on t ro l  s e c t i o n s  aiad a c t u a t o r s  w i t h  minimum equipment whi le  t h e  r o t o r  

is  o r i e n t e d ,  r e s t r a i n e d  and t e t h e r e d .  
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C) 'Ihe aerodynamic control design shall provide for hardware, seal, 

sensor and bearing inspection access and minimize disassembly for 

repair. 

d) The rotor hydraulic assembly shall provide for inspection access and 

have provisions for the securing of test devices and for attaching 

rigging for handling components. 

e) The rotor shall have provision for manually positioning and 

restraining teeter angle at either limit of travel. 

f) The rotor assembly shall be capable of being slowly manually 

positioned in rotation and restrained (locked) in either the vertical 

or horizontal blade orientations by drivetrain devices. 

g) The teeter assembly shall have provisions for bearing removal and 

replacement while the rotor assembly is mounted on the drivetrain and 

restrained and tethered in a horizontal blade orientation. 

h) The yoke shall have provision for personnel access to the rotor 

hydraulic assembly, teeter assembly and provide attachment points for 

rigging of blade inspection and maintenance devices. 

3.2.2.5 Drive Subsystem 

The drivetrain subsystem consists of all WTG elements that rotate when the 

rotor is turning and their principal accessories. The main elements are the 

low speed shaft, gearbox, high speed shafting, and the generator. 
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3.2.2.5.1 Low Speed S h a f t  

The l o v  s?eed  s h a f t  s h a l l  t r a n s m i t  t o r q u e  from t h e  r o t o r  yoke! t o  t h e  gearbox.  

A hollow s t a f t  s h a l l  be used t o  p rov ide  f o r  a  r o t a t i n g  wirin.g c o n d u i t  t o  t h e  

r o t o r .  ?he: s h a f t  s h a l l  have f l o a t i n g  ends  t o  acconnnodate misalignment and 

d i f f e r e n t  la1  expansion.  

The gea rban  s h a l l  p rov ide  f o r  s i n g l e  r a t i o  speed i n c r e a s e  frorn t h e  r o t o r  speed 

t o  t h e  gt n e r a t o r  speed ,  s t a t i c  t o r q u e  r e a c t i o n ,  l u b r i c a t i o n  and mounting of 

a c c e s s o r y  dev ices .  

3.2.2.5.2 1 Opera t ing  C h a r a c t e r i s t i c s  

Nominal gs:a~:box c h a r a c t e r i s  t i c s  s h a l l  be : 

a )  1.ai:ed o u t p u t  speed:  1380 RPM 

b )  Ia!:ed i n p u t  speed:  16.8 RPM 

c )  E.af:ed i n p u t  t o r q u e :  3.39 m i l l i o n  f t .  l b .  

d )  $ t a t i c  l i m i t  t o r q u e :  2 t imes  r a t e d  to rque  

e )  C p e r a t i n g  l i m i t  t o r q u e :  1.3 t imes  r a t i n g  f o r  1.35 p e r c e n t  of l i f e  

£1 Cpe:ra t ing l i f e :  223 m i l l i o n  i n p u t  r e v o l u t i o n s  o v e r  30 y e a r s .  

g)  Fotiat ion:  CW i n p u t  when viewed from i n p u t  s h a f t  end 
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3.2.2.5.2.2 Lubrication 

The gearbox shall provide for both auxiliary shaft driven and motor driven 

lubrication pumps. The WTG nacelle subsystem shall provide heating and 

cooling functions for the lubrication system. The lubrication system shall 

provide the proper lubrication of all gearbox bearings, while the WTG is 

operating within the design environmental conditions. The lubrication system 

shall provide for bringing the gearbox input from raced RPM to a stop, 

unloaded, without electric power available and for one complete rotation of 

the input shaft unloaded at . 2  RPM without lubricant flow. 

3.2.2.5.2.3 Accessories 

The gearbox shall provide for mounting of sensors, railings, holding brake 

caliper, rotor manual positioner, and attachment and rigging points for 

maintenance. A continuously' engaged shaft shall be provided for mounting of a 

holding brake disk. A rotating wiring conduit shall be provided concentric 

with the input shaft. Mounting for a mating slip ring shall be provided on 

the gearbox opposite the rotor end. The slipring shall provide for continuous 

rotation of electrical circuits between the nacelle and the rotor. 

3 . 2 . 2 . 5 . 3  High Speed Shafting 

The high speed shafting shall transfer torque from the gearbox to the 

generator and provide floating ends for alignment compensation. 

3 . 2 . 2 . 5 . 4  Generator 

The generator shall be part of a variable speed subsystem as defined in 

specifications 47D380094 or 47D380115 with the following characteristics. 
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a)  Rated o u t p u t :  7300 K W ,  0.98 p f .  

b)  Xated v o l t a g e :  4160 V L-L 3-phase, 60 h e r t z  

C )  Speed: 0  - 300 R.PM motor ing ,  960 - 1440 RPM g e n e r a t i n g ,  r o t a t i o r .  

z i t h e r  d i r e c t i o n .  

d)  Temperature: c l a s s  F i n s u l a t i o n  and c l a s s  F r a t e d  r i s e  a t  r a t e d  

3 u t p u t .  

e )  Cooling:  s h a f t  f a n s ,  duc ted  o u t l e t .  

f )  Bear ings:  two, oi .1 r i n g  and f l o o d  l u b r i c a t e d ,  c h r u s t  and e x t e r n a l  

load c a p a b i l i t y  a t  d r i v e  end. 

g )  Ambient: ANSI sta,ndard r a t i n g s .  System d e r a t i n g  f o r  t empera tu re  and 

a l t i t u d e  a s  approp~: ia te .  

h )  P r o t e c t i o n  and A ~ c ~ e s s o r i e s :  p e r  drawing 47D387080 ( e l e c t r i c a l  s i n g l e  

l i n e  d iagram).  

3.2.2.5.5 Rotor  Stopping Brake 

The r o t o l -  s topp ing  b rake  o p e r a t i n g  on t h e  r o t o r  yoke s h a l l  be h y d r a u l i c a l l y  
I powered :irom t h e  yaw h y d r a u l i c  assembly.  The d e s i g n  s h a l l  p rov ide  f o r  100 

h o u r s  . o f  engagement wi thou t  h y d r a u l i c  pump o p e r a t i o n .  The r o t o r  b rake  holding: 

to rque  s h a l l  be two m i l l i o n  it. l b .  and t h e  d e s i g n  s h a l l  the rmal ly  p rov ide  f o r  

s t o p p i n g  t h e  r o t o r  i n e r t i a  from a  speed of 12 RPM. The r o t o r  s t o p p i n g  brake 

s h a l l  be capab le  of b e i n g  manual ly  a p p l i e d  f o r  r o t o r  lock ing .  
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3.2.2.5.6 Rotor Positioner 

The rotor positioner shall provide for manual and automatic control of rotor 

orientation. Operation shall be at no more than 2 degrees per second average 

rate at a torque level of no more than 0.15 of rated gearbox torque. 

Intennittent drive motion is acceptable. 

3.2.2.5.7 Lightning Ptotection 

Lightning protection shall be provided such that the lightning model of 

paragraph 3.2.3.2 will not cause damage to the gearing, structure, bearings, 

hydraulic lines and devices or electrical lines and devices. Shunt current 

paths (around bearings), surge capacitors, and voltage limiting devices shall 

be provided where necessary. 

3.2.2.5.8 Instrumentation 

3.2.2.5.8.1 Operational Instrumentation 

Drivetrain operational instrumentation sensors and controls shall be per 

47D387005, Signal and Command List. 

3.2.2.5.8.2 Engineering Data Instrumentation 

Drivetrain engineering data instrumentation sensors and controls shall be per 

47D387005. This instrumentation is required on initial units and is a 

requisition option for volume production. Rotor and nacelle mounted 

multiplexors shall be used to transmit data. 



SYSTEM SPECIFICATION 
47A380011 
MOD-SA W'IG 

REV A NOVEMBER 1983 

3 .2 .2 .5 ,9  I n t e r f a c e s  

The d r i ~ e t r a i n  subsystem mechan ica l ly  i n t e r f a c e s  w i t h  t h e  r o t o r  subsystem a t  

t h e  yokt! and b rake  and w i t h  t h e  n a c e l l e  subsystem a t  t h e  gecirbox and generat .Dr 

mouncint; l o c a t i o n s .  A l l  i n t e r f a c e s  s h a l l  p rov ide  fclr i n t e r c h a n g e a b l e  

connect:.on o f  h y d r a u l i c  l i n e s  and e l e c t r i c a l  power and s i g n a l  c i r c u i t s .  

3.2.2.5.10 Maintenance and Access 

Access rmcl suppor t  f e a t u r c ! ~  s h a l l  be  provided on t h e  d r i v e t r a i n  subsystem I:o 

minimize i n s p e c t i o n  and t t a in tenance  l i f e  c y c l e  c o s t s .  Minimum requ i rements  

a r e  a s  fo l lows.  

a )  l h e  gearbox and g e n e r a t o r  s t r u c t u r e  s h a l l  haqre p r o v i s i o n  f c r  

pe r sonne l  a c c e s s  t o  i n s p e c t i o n  and s e r v i c e  1ocar:ions and p rov ide  

a t t achment  p o i n t s  f o r  r i g g i n g  of maintenance d e v i c e s  and s a f e t y  l i n e s .  

b)  The l u b r i c a t i o n  sys tem s h a l l  have p r o v i s i o n  w i t h  a  f i l t e r  f o r  

c a n n e c t i o n  of  a  p o r t a b l e  pump f o r  manual f i l l i n g ,  d r a i n i n g ,  and 

c i r c u l a t i o n  o f  l u b r i c a n t .  

c)  G:rease l u b r i c a t e d  s e a l s  and c o u p l i n g s  s h a l l  ke provided w i t h  

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

d )  Geznerator b e a r i n g s  s h a l l  be r e p l a c e a b l e  wi thou t  g e n e r a t o r  r0 to . r  

rctmova 1. 

e )  Valving and f i t t i n g s  s h a l l  be provided f o r  connec t ion  of  a  manual. 

pumping d e v i c e  t o  t h e  r o t o r  s t o p p i n g  brake.  
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f )  Gearbox covers and high speed stage design shall provide for major 

maintenance operations without gearbox removal from the nacelle. 

g) Replaceable element filters, delta pressure indicators, access 

openings, sample valves, sight gages and similar devices shall be 

provided in the lubrication system. 

3.2.2.6 Nacelle Subsystem 

The nacelle subsystem consists of the rotor support structure bedplate 

structure, fairing, yaw subsystem, hydraulic assembly, lubrication system 

components, control system assembly, maintenance hoist and accessories. The 

nacelle subsystem supports the rotor and drivetrain. 

3.2.2.6.1 Bedplate and Rotor Support 

The bedplate and rotor support shall provide structural support for the rotor 

spindle and drivetrain subsystems, and carry all reaction loads through the 

yaw bearing into the tower. The bedplate shall provide for mounting of all 

items in section 3.2.2.6, accessories and accessible routing of hydraulic and 

electric21 circuits. Minimum access and work spaces shall be provided using 

MIL-STD-1472 as a guide. The bedplate shall have attachment points for 

assembled nacelle lifting. Metal containers shall be secured to the bedplate 

fcr storage of standard tools. A lube oil subsystem shall be field mounted 

underneath the bedplate. The rotor support spindle shall support the yoke of 

paragraph 3.2.2.4.1 using a rolling element bearing assembly capable of 

reacting weight, thrust and dynamic loads. 

3.2.2.6.2 Fairing 

The fairing shall provide an enclosed space around nacelle mounted WTG items 

and reduce environmental exposure for these items and maintenance personnel. 
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The f a i r i n j ;  r i t r u c t u r e  s h a l l  p r o v i d e  f o r :  mounting o f  two wind s e n s o r  s u p p o r t s  

a t  t h e  end o p p o s i t e  t h e  r o t o r ;  mounting of  g e n e r a t o r  c o o l i n g  e x h a u s t  d u c t i n g ;  

mounting o l  maintenance l i g h t i n g  f i x t u r e s ;  mounting of  convenience  o u t l e t  and 

c o n d u i t  rmci; mounting o f  a f i r e  p r o t e c t i o n  system; mounti.ng o f  a i r c r a f t  

hazard  1iglit:Lng; mounting o f  p e r s o n n e l  a c c e s s  openings  and s a f e t y  f i t t i n g s  f o r  

a c c e s s  t o  :he r o t o r  and f a i r i n g  mounted i t e m s ;  mounting o f  openings  f o r  major 

maintenancl! ;access by e x t e r n a l  c r a n e  o r  h o i s t ;  mounting of  l u b e  o i l  c o o l e r .  

3.2.2.6.2. L Wind Sensor  idounting 

The two w i l d  s e n s o r  mountings s h a l l  l o c a t e  t h e  s e n s o r s  a t  a  mi~iim-urn of 30 f e e t  

a p a r t  p a r a l l e l  t o  t h e  r o t o r  p l a n e ,  and w i t h  s u f f i c i e n t  v e r t i c a l  h e i g h t  above 

t h e  r o t o r  a x i s  t o  p r e v e n t  s imul taneous  r o t o r  b lockage of bo th  s e n s o r s .  The 

mountings : ; h a l l  p rov ide  f o r  s e n s o r  s e r v i c i n g  from t h e  n a c e l l e .  

3.2.2.6.2. ! A i r  Flow and Duc,ting 

Genera to r  cc ,o l ing  a i r  s h a l l  be drawn f r o o  w i t h i n  t h e  f a i r i n g  and t h e  hea ted  

exhaus t  a i r  s h a l l  be  duc ted .  The e x h a u s t  d u c t i n g  s h a l l  p rov ide  a t empera tu re  

c o n t r o l l e d  cleans of  d i r e c t i y ~ g  e x h a u s t  a i r  t o  e i t h e r  i n s i d e  o r  o u t s i d e  t h e  

f a i r i n g .  . i ir e n t r a n c e  t o  t h e  f a i r i n g  s h a l l  be mechan ica l ly  f i : . te red t o  remove 

a i r b o r n  p a r t i c u l a t e s  w i t h  1oc.vers f o r  c o n t r o l l e d  s h u t o f f .  

3.2.2.6.2. .)  F i r e  P r o t e c t i o n  

The f i r e  p r o t e c t i o n  system s h a l l  p rov ide  f o r  r e l e a s i n g  a  non- toxic  f i r e  

e x t i n g u i s h i n g  a g e n t  w i t h i n  t h e  n a c e l l e  and f o r  ~ o n t r o l  sys tem s e n s o r  i n p u t s  

i n d i c a t i n g  t h a t  f i r e  c o n d i t i o n s  a r e  sensed  and t h a t  t h e  a g e n t  has  Seen 

r e l e a s e d .  
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3.2.2.6.2.4 Maintenance Hoist 

A boom type maintenance hoist shall be installable on top of the rotor support 

structure. The hoist shall be capable of raising 10,000 lb. from the ground. 

The hoist shall be maneuverable to reach fairing access hatches and yoke 

equipment and be usable for rotor inspection and maintenance. 

3.2.2.6.2.5 Maintenance Light and Power 

a) Maintenance lighting shall provide for illumination of at least 10 

foot candles in all accessible areas and at least 50 foot candles in 

maintenance working areas using fixed and moveable sources. 

b) Maintenance power outlets shall provide GFI protected 120 volt, 15 

ampere, 60 hertz service and be located 20 feet apart around the 

interior of the fairing. Each end of the nacelle shall also contain 

protected outlets for two 208 volt, and two 480 volts, 3 phase 

circuits, each rated at 15 amperes. Nacelle power shall be supplied 

from one feeder 480 volt, 3 phase circuit with step-down and circuit 

protection provided in the nacelle. 

3.2.2.6.2.6 Hazard Lighting 

The fairing shall provide for mounting of FAA approved white flashing 

duskldsrk hazard lighting fixtures. The lighting shall comply with the 

requirements of DOT, FAA Advisory Circular 7017460 - 1F "Obstruction Marking 

and ~ i g h t  ing". 
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3.2.2.6.3 ?law Subsystem 

The yaw s l b s y s t e m  s h a l l  c a r r y  a l l  b e d p l a t e  l o a d s  i n t o  t h e  tower ,  p rov ide  f o r  

c o n t r o l l e c  c o n t i n u o u s  r o t a t i o n  i n  e i t h e r  d i r e c t i o n ,  p rov ide  p e r s o n n e l  a c c e s s  

from t h e  i.ower t o  t h e  n a c e l l e ,  and p rov ide  f o r  e l e c t r i c a l  c i r c u i t  c o n t i n u i t y .  

3 .2 .2 .6 .3 , l  Yaw Drive  Assembly 

The yaw j r i v e  assembly s h a l l  c o n s i s t  of t h e  yaw b e a r i n g  assembly,  d r i v e  

a c t u a t o r s  a.ad g r i p p e r s ,  h o l d i n g  b r a k e s ,  a  n a c e l l e  mounted h y d r a u l i c  s u p p l y ,  

and c o n t r o l s .  The d r i v e  s h a l l  be c a p a b l e  of r o t a t i n g  t h e  n a c e l l e  a t  a n  

average  r iL t12  o f  a t  l e a s t  0.250 d e g r e e s  p e r  second i n  e i t h e r  d i r e c t i o n .  The 

h o l d i n g  b r a k e s  s h a l l  p rov ide  s u f f i c i e n t  t o r q u e  t o  l o c k  yaw i n  a l l  o p e r a t i n g  

c o n d i t i o n s .  Yaw d r i v e  s t i f f n e s s  and damping i n  bo th  d r i v i n g  and non-dr iv ing 

modes s h a l l  minimize sys tem response  t o  p e r i o d i c  e x c i t a t i o n s .  The h y d r a u l i c  

supp ly  shi~l:L be  des igned  t o  s u p p l y  t h e  yaw d r i v e  and t h e  r o t o r  s t o p p i n g  brake 

f l o w  and I)rc?ssure r e q u i r e m e n t s .  

3.2.2.6.3 2  S l i p  Ring 

The yaw 3 l i p r i n g  s h a l l  p rov ide  con t inous  r o t a t i o n  c a p a b i l i t y  f o r  c i r c u i t s  

between t t le  n a c e l l e  and tower. 

3.2.2.6.4 L i g h t n i n g  P r o t e c t i o n  

L i g h t n i n g  p r o t e c t i o n  s h a l l  be provided such  t h a t  t h e  l i g h t n i n g  model of 

paragraph 3.2.3.2 w i l l  n o t  c a u s e  damage t o  s t r u c t u r e ,  b e a r i n g s ,  h y d r a u l i c  

l i n e s  anc d e v i c e s ,  o r  e l e z t r i c a l  l i n e s  and d e v i c e s .  Shur:t c u r r e n t  p a t h s  

around be<.r:.ngs and v o l t a g e  l i m i t i n g  d e v i c e s  s h a l l  be provided where n e c e s s a r y .  
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3.2.2.6.5 Instrumentation 

3.2.2.6.5.1 Operational Instrumentation 

Nacelle operational instrumentation sensors, controls and wiring shall be per 

4713387005, Signal and Command List. 

3.2.2.6.5.2 Engineering Data Instrumentation 

Nacelle engineering data instrumentation sensors, controls and wiring shall be 

per 47D387005. This instrumentation is required on initial units and is a 

requisition option for volume production. A nacelle mounted multiplexor shall 

provide for at least 32 data channels. 

3.2.2.6.6 Interfaces 

The nacelle subsystem interfaces with the rotor subsystem at the support 

spindle, with the drivetrain subsystem at the gearbox and generator mounting 

locations and with the tower subsystem below the yaw structure. All 

interfaces shall provide for connection of hydraulic lines and electrical 

power and signal circuits. 

3.2.2.6.7 Maintenance and Access 

Access and support features shall be provided on the nacelle subsystem to 

minimize inspection end maintenance life cycle costs. Minimum requirements 

are as follows; in addition to requirements shown in other paragraphs of this 

section. 



SYSI'PI SPECIFICATION 
47A380011 

MOD-5A WTG 
REV A NOVEMBER 1983 

a )  e n a c e l l e  and yaw a r e a s  s h a l l  have modular j a c k s  l o c a t e d  b). 

m i n t e n a n c e  a r e a s  and w i r i n g  f o r  t e l ephone  communic~~t ion  o n  a t  l e a s t :  

two c i r c u i t s .  

b) The n a c e l l e  s h a l l  have p r o v i s i o n  f o r  mounting and w:ir ing o f  a  c losec .  

c i r c u i t  v i d e o  moni tor .  

c )  ~ a l v i n g  and f i t t i n g s  s h a l l  be provided f o r  connecti.on of  a  p o r t a b l e  

pumping d e v i c e  t o  t h e  yaw d r i v e  h y d r a u l i c  system. 

8 )  The yaw a r e a  s h a l l  have s u i t a b l e  a t t achment  p o i n t s  f o r  removal and 

s e r v i c i n g  of  t h e  s I . ip r ing  and yaw d r i v e  components. 

3.2.2.7 rower Subsystem - 

The towel. subsystem c o n s i s . t s  of  t h e  tower s t r u c t u r e ,  nacel1.e a c c e s s  d e v i c e ,  

tower l i g h t i n g  and tower w i r i n g .  

3.2.2.7.1 Tower S t r u c t u r e  

The towel. , s t r u c t u r e  s h a l l  c a r r y  i t s  own and a l l  n a c e l l e  r e a c t i o n  l o a d s  i n t c  

t h e  tower f o u n d a t i o n ,  and p rov ide  f o r  pe r sonne l  a c c e s s  i n t o  che tower base  by 

means of a  l o c k a b l e  m e t a l l i c  door.  The t o p  of  t h e  tower s h a l l  p rov ide  f o r  

anchor ing  and s e r v i c i n g  o f  zhe n a c e l l e  a c c e s s  d e v i c e  and p rov ide  f o r  pe r sonne l  

a c c e s s  fr3m t h e  tower i n t o  "he n a c e l l e .  The tower s h a l l  l o c a t e  t h e  r o t o r  a x i s  

f o r  blade c l e a r a n c e  of  50 f e e t  above t h e  l o c a l  grade.  For o p e r a t i n g  l o a d s ,  

t h e  a b s o l u t e  wind azimuth can  be  assumed t o  vary  i n  a  Gaussiian manner w i t h  3Cm 

degree  s t a n d a r d  d e v i a t i o n .  
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3.2.2.7.2 Nace l l e  Access Device 

The tower  s h a l l  p rov ide  an  i n t e r n a l l y  mounted 480 v o l t ,  e l e c t r i c a l l y  powered 

n a c e l l e  a c c e s s  d e v i c e  c a p a b l e  of  moving up t o  650 pounds of  pe r sonne l  and 

equipment from t h e  ground t o  n a c e l l e  l e v e l  i n  l e s s  than 4 minutes  one way. 

Con t ro l  of  d e v i c e  movement s h a l l  be provided on t h e  d e v i c e ,  a t  ground l e v e l ,  

and a t  t h e  t o p  of  t h e  tower.  A means of  descending the  tower from any a c c e s s  

d e v i c e  e l e v a t i o n  w i t h o u t  t h e  u s e  o f  e l e c t r i c a l  power s h a l l  be provided.  A 

p r o t e c t e d  l a n d i n g  p l a t f o r m  s h a l l  be provided a t  t h e  top of  t h e  tower. Access 

d e v i c e  power s h a l l  be  i n t e r r u p t a b l e  from t h e  Ground E l e c t r i c a l  Equipment 

e n c l o s u r e .  

3 . 2 . 2 . 7 . 3  Tower L i g h t i n g  and Power 

Tower i n t e r i o r  l i g h t i n g  s h a l l  p rov ide  f o r  i l l u m i n a t i o n  of a t  l e a s t  10 f o o t  

c a n d l e s  when swi tched  on a t  e i t h e r  t h e  t o p  o r  bottom of  t h e  tower.  

Maintenance power o u t  l e t s  s h a l l  p rov ide  weatherproof  GFI p r o t e c t e d  120 v o l t ,  

15 ampere, 60 h e r t z  s e r v i c e  and be l o c a t e d  a t  t h e  tower base  and a t  the  

n a c e l l e  a c c e s s  d e v i c e  and l a n d i n g s .  A weatherproof  480 v o l t ,  3  phase o u t l e t  

s h a l l  be provided a t  t h e  tower base  and a t  t h e  n a c e l l e  a c c e s s  d e v i c e  l a n d i n g s .  

3 . 2 . 2 . 7 . 4  Tower Wiring 

The a c c e s s  d e v i c e  i n s t a l l a t i o n  s h a l l  p rov ide  f o r  s u p p o r t i n g  and p r o t e c t i n g  

power and s i g n a l  w i r i n g  from t h e  yaw s l i p r i n g  t o  t h e  tower founda t ion  

c o n d u i t i n g .  
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3.2.2.7.5 L i g h t n i n g  R o t e c t i . o n  

L igh tn ing  p , r o t e c t i o n  s h a l l  be  provided such t h a t  t h e  l i g h t n i n g  model of  

pa ragraph  3.2.3.2 w i l l  n o t  c a u s e  damage t o  t h e  s t r u c t u r e  o r  e l e c t r i c a l  l i n e s  

and d e v i c c : ~ ,  L i g h t n i n g  c u r r e n t s  s h a l l  be  t r a n s f e r r e d  from a t  l e a s t  t h r e e  

p o i n t s  a t  t h e  tower base  i n t o  t h e  grounding sys tem s p e c i f i e d  i n  paragraph 

3.2.2.1.1. 

3.2.2.7.6 I n t e r f a c e s  

The tower subsystem i n t e r f a c e s  w i t h  t h e  n a c e l l e  subsystem a t  t h e  yaw b e a r i n g  

and w i t h  t h e  tower f o u n d a t i o n  anchors .  The tower s t r u c t u r e  s h a l l  p rov ide  

s u i t a b l e  t . e a r i n g  and anchor  r e a c t i o n  f e a t u r e s  t o  c a r r y  tower l o a d s  i n t o  t h e  

founda t ion .  A l l  i n t e r f a c e s  s h a l l  provide  f o r  connec t ion  of  e l e c t r i c a l  power 

and s i g n a l  c i r c u i t s .  

3.2.2.7.7.1 Eng ineer ing  Data I n s t r u m e n t a t i o n  

Tower e n g i n e e r i n g  d a t a  s e n s o r s  s h a l l  be p e r  47D387005, Sig ,nal  and Command 

L i s t .  T h i s  i n s t r u m e n t a t i o n  i s  r e q u i r e d  on i n i t i a l  u n i t s  and i s  a  r e q u i s i t i o n  

o p t i o n  f o r  volume produc t ion .  The ground mounted m u l t i p l e x c ~ r  s h a l l  be used 

f o r  d a t a  t r z~nsmiss ion .  

3.2.2.7.8 blaintenance and Access 

The tower s h a l l  be des igned f o r  low maintenance and provicie f e a t u r e s  t h a t  

minimize i n s p e c t i o n  and mai.ntenance l i f e  c y c l e  c o s t s .  Minimum requ i rements  

a r e  : 
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a) The tower base, nacelle access device, and access device Landings 

shall have modular jacks and wiring for telephone communications on 

at least two circuits. 

b) The tower shall provide for rigging points for interior and exterior 

access to all surfaces for inspection and refinishing. 

c) The tower shall provide for controlling condensation runoff on 

interior surfaces if necessary to avoid corrosion acceleration. 

d) The tower door and nacelle access device and landing gates shall have 

site security system sensors for intruder detection. 

3.2.2.8 Control Subsvstem 

The control subsystem consists of the equipment necessary to sense and 

manipulate data from WTG operational sensors and controls; perform decision 

logical processes; perfonn computations; generate operational and maintenance 

comands; store data windows of WTG performance both before and after shutdown 

initiation fault occurrance; and maintain communication for transmittal of 

data and comands between elements of the WTG, the local control interface, 

and the remote control interface specified in paragraph 3.1.5.2. The control 

subsystem shall provide for operation in the modes of paragraph 3.1.7 with 

continually operating data collection, communication and fault monitoring 

functions. 
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3 . 2 . 2 . 8 . 1  C o n t r o l l e r  

The c o n t r o l l e r  equipment € ; h a l l  c o n s i s t  of a n  enc losed  rac:k l o c a t e d  i n  the  

n a c e l l e  \rh:.ch s e n s e s  and c c n t r o l s  a l l  WTG f u n c t i c n s .  The c o r ~ t r o l l e r  equipment: 

s h a l l  a s  a  minimum prov ide  f o r :  c o n n e c t i o n  and s i g n a l  c o n d i t i o n i n g  of  s e n s o r  

i n p u t s  a l d  command outputs ; ;  dynamic c o n t r o l  o f  b lade  and g e n e r a t o r  contro: .  

e l ements  f a i l s a f  e e l e c t r c ~ n i c s ;  r e a l  t ime genera  t i o n ;  d a t a  window memory : 

non-vo la~  i1.e memory; watchdog e l e c t r o n i c s ;  and p o r t s .  The con t ro l l e i :  

equipmen: s h a l l  be  powered by t h e  u n i n t e r r u p t a b l e  power :;upply d e f i n e d  i n  

s e c t i o n  :1 . : ! .2 .2 .2 .5 .  - 
3 . 2 . 2 . 8 . : !  S i t e  I n t e r f a c e  

The s i t e  i n t e r f a c e  s h a l l  c o n s i s t  of a  d i s p l a y  panel  and a  t e i m i n a l .  The pane l  

s h a l l  prov.ide: d i s c r e t e  node i n d i c a t i o n ;  l i m i t e d  d a t a  i n d i c a t i o n  o f  bladl? 

c o n t r o l  p o s i t i o n ,  R P M ,  power, wind speed and wind d i r e c t i o n ;  key switc 'n 

c o n t r o l  w e r  WTG mode; p o r t  f o r  connec t ing  t h e  t e r m i n a l ;  p o r t  and modem f0 . r  

c o n n e c t i  lg l i n k  t o  remote i n t e r f a c e  pe r  paragraph 3.1.6.2; connect  i o n  t 3 

c o n t r o l l ~ ! r .  The t e r m i n a l  s h a l l  p rov ide  t h e  f u n c t i o n s  g e n e r a l l y  a v a i l a b l e  on .a 

p r i n t i n g  d a t a  t e r m i n a l  i n c l u d i n g  a lphanumeric  d i s p l a y  and keyboard e n t r y .  

3 . 2 . 2 . 8 . 3  Remote I n t e r f a c e  

3 . 2 . 2 . 8 .  I .  1 Standard  Remote I n t e r f a c e  

The s t a r .da rd  remote i n t e r f a c e  s h a l l  c o n s i s t  of  a modem and a  t e r m i n a l  t h a t  

p rov ides  t h e  f u n c t i o n s  g e n e r a l l y  a v a i l a b l e  on a  p r i n t i n g  t e r m i n a l  i n c l u d i n g  

a l p h a n u u e r i c  d i s p l a y  and keyboard e n t r y .  
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3.2.2.8.3.2 S i t e  S p e c i f i c  Remote I n t e r f a c e  

Where u s e r  r equ i rements  a r e  f o r  p a r a l l e l  r a t h e r  than  s e r i a l  s i g n a l s ,  t h e  u s e r  

s h a l l  p rov ide  f o r  s i g n a l  hand l ing  of  s t a n d a r d  WTG s i g n a l s  a t  t h e  s i t e  

i n t e r f a c e .  

3.2.2.8.4 S u p e r v i s o r y  C o n t r o l  P r i o r i t y  

The c o n t r o l l e r  o f  paragraph 3.2.2.8.1 s h a l l  be  capab le  of f a i l s a f e  a u t o m a t i c  

K G  o p e r a t i n g  c o n t r o l  a f t e r  enab led  by t h e  s i t e  and remote i n t e r f a c e s .  

Cont inuous  i n t e r f a c e  communication s h a l l  rrot be r e q u i r e d  t o  m a i n t a i n  a u t o m a t i c  

o p e r a t i o n .  The remote i n t e r f a c e  s h a l l  be  a b l e  t o  e n a b l e  and d i s a b l e  a u t o m a t i c  

mode, a l t e r  maximum power s e t t i n g ,  a l t e r  r e a c t i v e  power s e t t i n g ,  and t r a n s f e r  

c o n t r o l  t o  t h e  o t h e r  i n t e r f a c e .  The s i t e  i n t e r f a c e  s h a l l  be a b l e  t o  do a l l  

remote i n t e r f a c e  f u n c t i o n s  p l u s  e n t e r  manual c o n t r o l  f u n c t i o n s  of paragraph 

3.1.7.2, and read o u t  i n f o r m a t i o n  s t o r e d  i n  t h e  d a t a  window. Lockout 

c o n d i t i o n s  o c c u r r i n g  d u r i n g  a u t o m a t i c  o p e r a t i o n  s h a l l  r e q u i r e  s i t e  i n t e r f a c e  

o p e r a t i o n  i n  o r d e r  t o  e n f o r c e  o n - s i t e  i n s p e c t i o n .  

3.2.2.8.5 C o n t r o l  Func t ions  

The c o n t r o l l e r  s h a l l  p rov ide  c o n t r o l  of sequencing between t h e  a u t o m a t i c  modes 

of pa ragraph  3.1.7.1 and t h e  f o l l o w i n g  c o n t r o l  f u n c t i o n s .  

3.2.2.8.5.1 Yaw P o s i t i o n  C o n t r o l  

The p o s i t i o n  c o n t r o l  f u n c t i o n  s h a l l  p rov ide  f o r :  

a )  Averaging wind azimuth e r r o r .  
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b) Geznerating commnds t o  t h e  yaw d r i v e  t o  p o s i t i o ~ a  t h e  r o t o r  a x i s  

upwind o f  t h e  tower  w i t h i n  a n  average  wind azimuth e r r o r  of  +I- 8  

d e g r e e s  f o r  r o t a t i o n a l  modes. 

c )  Genera t ing   command.^ t o  t h e  yaw d r i v e  f o r  d i r e c t i o n a . 1  r o t a t i o n  of t h e  

n a c e l l e  i n  manual mode. 

d )  Moni to r ing  o f  d r i v e  o p e r a t i o n  f o r  f a u l t  d e t e c t i o n .  

e )  Local  c o n t r o l  of  d r i v e  components f o r  c o o r d i n a t i o n  and sequencing.  

3.2.2.8. .i.:! Rotor  Torque Cont ro l  

The rotol .  t o r q u e  c o n t r o l  f u n c t i o n  s h a l l  p rov ide  f o r :  

a) Sending p o s i t i o n  r e f e r e n c e  s i g n a l s  t o  p a i r s  of  c o n t r o l  s u r f a c z  

p o s i t i o n  s e r v o a c t u a t o r s .  

b )  ~ : l e c t r i c a l  ad jus tment  o f  i n d i v i d u a l  c o n t r o l  s u r f a c e  p o s i t i o . ~  

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

C )  Genera t ing  a n  i n i t i a l  p o s i t i o n  r e f e r e n c e  and a  speed r e f e r e n c z  

cc)mmand ramp f o r  s t a r t u p  t o  a c h i e v e  o p e r a t i n g  speed i n  a r e a s o n a b l e  

t.ime w i t h  r e s p e c t  t o  wind c o n d i t i o n s .  

d )  Genera t ing  pos i t i c ln  r e f e r e n c e  commands f o r  speed c o n t r o l  w i t h  a  g o a l  

t o  m a i n t a i n  +/- 1 . 0  RPM t o  a speed r e f e r e n c e  from 3 t o  17 RPM a t  t h e  

r o t o r .  

e )  Genera t ing  a  speed r e f e r e n c e  command ramp f o r  shutdo,m.  
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f )  Monitor ing o f  d i f f e r e n t i a l  c o n t r o l  a n g l e  and command mismatch f o r  

f a u l t  d e t e c t i o n .  

g) Closed loop  c o n t r o l  of each  c o n t r o l  s u r f a c e  p o s i t i o n  i n  r esponse  t o  

p o s i t i o n  r e f e r e n c e  commands ( i n c o r p o r a t e d  w i t h  a c t u a t i o n  o f  paragraph 

h)  Genera t ing  a  speed r e f e r e n c e  cownand t o  maximize s u b r a t e d  wind power 

o u t p u t .  

i)  Genera t ing  p o s i t i o n  r e f e r e n c e  commands f o r  l i m i t e d  p o s i t i o n  c o n t r o l  

i n  manual mode. 

3.2.2.8.5.3 Hydraul ic  Systems Control  

The h y d r a u l i c  sys tems c o n t r o l  f u n c t i o n  s h a l l  p rov ide  f o r :  

a )  Genera t ing  c o m a n d s  t o  e n a b l e  and d i s a b l e  t h e  r o t o r ,  yaw and 

l u b r i c a t i o n  h y d r a u l i c  sys tems f o r  au tomat ic  and manual modes. 

b) Moni to r ing  p r e s s u r e ,  f low,  l e v e l  and t empera tu re  c o n d i t i o n s  a s  

a p p r o p r i a t e  f o r  f a u l t  d e t e c t i o n .  

c )  Local  c o n t r o l  of accumulator  p r e s s u r e ,  f low, c o o l i n g  and h e a t i n g  a s  

a p p r o p r i a t e  t o  sys tem o p e r a t i o n .  

3.2.2.8.5.4 E l e c t r i c a l  System Cont ro l  

The e l e c t r i c a l  sys tem c o n t r o l  f u n c t i o n  s h a l l  p rov ide  f o r :  
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a )  Genera t ing  commando t o  e n a b l e  o p e r a t i o n  o f  t h e  g e n e r a t o r  a s  a 

v a r i a b l e  speed d r i v e  t o  a c c e l e r a t e  t h e  wind r o t o r  from z e r o  t o  

approx imate ly  4 RPM. 

b)  Genera t ing  commands t o  synchron ize  t h e  g e n e r a t o r  t o  t h e  u t i l i t y  a t  

wind r o t o r  speeds  anywhere between 1 2  and 17 RPM. 

c) Genera t ing  a i r g a p  t o r q u e  commands a s  a  f u n c t i o n  of  speed and maximum 

u s e r  power s e t  p o i n t  t o  p rov ide  no more t h a n  120% of  r ,a ted  t o r q u e  and 

an . z f f e c t i v e  dynamic a i r g a p  c h a r a c t e r i s t i c  o f  160% +/- 2 0 h a t e d  

t o r q u e  p e r  RPM a t  t h e  wind r o t o r .  The c o n v e r t e r  o f  paragraph 

3.2.2.2.2.2 s h a l l  f o l l o w  t h e  command. 

d )  Genera t ing  r e a c t i v e  power r e f e r e n c e  commands o r  o p t i o n a l l y  v o l t a g e  

r e f e r e n c e  commands a s  a  f u n c t i o n  of u s e r  s e t  p o i n t .  The c o n v e r t e r  of 

par i .graph 3.2.2.2.2.2 s h a l l  f o l l o w  t h e  commands and p rov ide  f o r  a 

rnsncal s e l e c t i o n  of r e a c t i v e  power o r  v o l t a g e  c o n t r o l  node.  

e )  Mcni to r ing  v o l t a g e ,  power p o s i t i o n  and t empera tu re  c o n d i t i o n s  a s  

a ~  p r , o p r i a t e  f o r  f a u l :  d e t e c t  i o n  and command mismatch. 

3.2.2.8.5.5 T e e t e r  R e s t r i c t 0 . r  Con t ro l  

The t e e e e l .  r e s t r i c t o r  c o n t r o l  f u n c t i o n  s h a l l  p rov ide  f o r  app ly ing  t h e  

r e s t r i c t o r  af: r o t o r  speeds  below 11 RPM and r e l e a s i n g  t h e  r e s t r i c t o r  a t  r o t o r  

speeds  abolre 11 RPM. Local c o n t r o l  of t h e  r e s t r i c t o r  s h a l l  be used t o  app ly  

l i g h t  dampin& re8 t r i c t i o n .  
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3.2.2.8.5.6 R o t o r  S topp ing  Brake Cont ro l  

The r o t o r  b rake  c o n t r o l  s h a l l  p rov ide  f o r :  

a )  Genera t ing  a  c o m a n d  t o  r e l e a s e  t h e  b rake  f o r  s t a r t u p .  

b )  Genera t ing  a  comand  t o  a p p l y  t h e  b rake  on shutdorm f o r  r o t o r  speed 

l e s s  t h a n  8  RPN o r  a f t e r  aerodynamic c o n t r o l  s u r f a c e s  a r e  dep loyed .  

c )  Genera to r  cominands t o  r e l e a s e  and a p p l y  t h e  b rake  f o r  r o t o r  

p o s i t i o n i n g  and manual modes. 

3 . 2 . 2 . 8 . 5 . 7  Rotor  P o s i t i o n i n g  Cont ro l  

The r o t o r  p o s i t i o n i n g  c o n t r o l  s h a l l  p rov ide  f o r :  

a )  Genera t ing  c o m a n d s  t o  t h e  r o t o r  p o s i t i o n i n g  d e v i c e  of paragraph 

3 . 2 . 2 . 5 . 6  f o r  r o t a t i o n  of t h e  r o t o r .  

b )  Genera t ing  c o o r d i n a t i o n  commands f o r  t h e  r o t o r  s t o p p i n g  b rake  of 

pa ragraph  3.2.2.8.5.6 d u r i n g  p o s i t i o n i n g  o p e r a t i o n .  

3 . 2 . 2 . 8 . 5 . 8  F a i l s a f e  Emergency Shutdo-m C o n t r o l  

The f a i i s a f e  c o n t r o l  f u n c t i o n  s h a l l  p rov ide  f o r  s e p a r a t e  hardware t o  i n i t i a t e  

an  emergency shutdown i n  response  t o  c r i t i c a l  backup s e n s o r  anomaly,  manual 

i n p u t ,  c o n t r o l l e r  command, c o n t r o l l e r  ma l func t ion  o r  l o s s  of  c o n t r o l  power. 

An emergency shutdown s h a l l  c o n s i s t  a s  a  minimum of aerodynamic c o n t r o l  

s u r f a c e  o p e r a t i o n  a t  t h e  emergency f e a t h e r  r a t e  of pa ragraph  3 .2 .2 .4 .3 .3  and 

a p p l i c a t i o n  of t h e  r o t o r  s t o p p i n g  brake a f t e r  a  time d e l a y .  When the  
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aerodynamic c : o n t r o l s  a r e  f u l l y  f e a t h e r e d ,  a n  emergency s h u t d o ~ m  s h a l l  l e a d  t o  

a  normal stut.down sequence i f  t h e  c o n t r o l l e r  i s  a c t i v e  and power i s  a v a i l a b l e .  

3 . 1 . 2 . 8 . 5  .S F a u l t  Monitor Corltrol  

The f a u l t  o . o r ~ i t o r  c o n t r o l  f u n z t i o n  s h a l l  p rov ide  f o r :  

a )  Ccmparing a l l  s e n s o r  v a l u e s  :o expec ted  s t a t e  and alarm r e f e r e n c e  

v: . lues.  

b) Gi:nerating commands f o r  mode t r a n s f e r  o r  shutdown on viilue mismatches. 

3.2.2.8.5.:.0 Manual C o n t r o l  

The manua:. c o n t r o l  f u n c t i o ! ~  s h a l l  p rov ide  f o r  s i t e  i n t e r  f a c e  c o n t r o l l e d  

o p e r a t i o n  :.n t h e  manual modes of pa ragraph  3.1.7.2. 

3.2.2.8.5.  11 Data Window 

The d a t a  w i d o w  f u n c t i o n  s h a l l  p rov ide  f o r :  

a )  R e t e n t i o n  of a l l  s e n s o r  and c r i t i c a l  ave rage  v a l u e s  !lime sampled and 

t i g 3 e d  a t  1 .0  second i n t e r v a l s  f o r  up t o  120 seconcls p r i o r  t o  any  

f s u l t  i n d i c a t i o n .  

b )  R e t e n t i o n  o f  a l l  s e n s o r  and c r i t i c a l  ave rage  v a l u e s  sampled and t ime 

tagged a t  1 .0  secorrd i n t e r v a l s  f o r  up t o  180 seconds  fo l lowing  t h e  

l a s t  f a u l t  i n d i c a t i o n .  
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c )  S e l e c t a b l e  d i s p l a y  o f  r e t a i n e d  v a l u e s  a t  t h e  s i t e  i n t e r f a c e  i n  

e n g i n e e r i n g  u n i t s .  D i s p l a y  s h a l l  be r e q u i r e d  p r i o r  t o  e x i t  from a 

l o c k o u t  mode. 

3.2.2.8.5.12 Opera t ing  Accumulation 

The o p e r a t i o n  accumula t ion  f u n c t i o n  s h a l l  p rov ide  hardware and s o f t w a r e  f o r :  

a )  Accumulation of  t o t a l  t ime and hours  when a v e r a g e  wind i s :  l e s s  t h a n  

VLCI, from VLCI t o  VRAT, from VRAT t o  VHCI ,  and g r e a t e r  t h a n  V H C I  a s  

d e f i n e d  i n  paragraph 3 . 2 . 1 . 2  and based on one minu te  average  wind 

s p e e d s ,  and h o u r s  when o u t p u t  i s  p o s i t i v e .  

b )  Accumulation o f  u n a v a i l a b l e  t ime  when sys tem node i s  manual o r  

l o c k o u t  and u s e r  commanded u n a v a i l a b i l i t y  i n  s t andby  i n h i b i t  mode. 

c )  Accumulation o f  d a i l y  KW-hours based on a  one minute average  and 

o v e r a l l  t o t a l  KW-hours. 

d )  Accumulation o f  r o t o r  r e v o l u t i o n s .  

e )  Disp lay  of s e l e c t e d  s o f t w a r e  accumulated v a l u e s  p e r i o d i c a l l y  a t  t h e  

s i t e  o r  remote i n t e r f a c e .  
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3.2.2.8.5.13 Data Display 

The data iisplay function shall provide for display of time: tagged sensor, 

average a11d command values in engineering units with automa.tic updating at 

approximately 15 minute intervals or on change of mode at the site and remote 

interface. 

3.2.2.8.6 Instrumentation 

3.2.2.8.6.1 Operational Instrumentation 

Operational instrumentation sensors, controls, device range, resolution, 

accuracy and other parameters shall be per 47D387005, Signal and Command 

List. Signa.1 conditioning shall be supplied as needed. 

3.2.2.8.6.2 Engineering Datin Instrumentation 

Engineering data instrumentation sensors, controls, device ranges, resolution, 

accuracy and other parametars shall be per 47D387005, Signal and Command 

List. This instrumentation is required on initial units and is a requisition 

opt ion for volume product ion. 

The contrl~l subsystem shall provide signal conditioning and multiplexing of 

Engineerirg Instrumentation System (EIS) sensors. Each data channel shall be 

frequency modulated into a band of +/-  125 Hz about a center firequency of from 

1000 to 8i01l Hz in 500 Hz increments. The resulting 16 data channels plus a 

9500 Hz reference frequency shall be multiplexed and be capable of driving 

2000 ft. of 75 ohm coaxial cable with BNC connector termination. A triple 

conductor calibration line shall interconnect all signal conditioners. 
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Up t o  s i x  m u l t i p l e x ~ d  l i n e s  s h a l l  be provided p e r  L E G  f o r  a t o t a l  of  96 d a t a  

c h a n n e l s .  I n t e r f a c e  i n f o r m a t i o n  provided by GE t o  t h e  customer f u r n i s h e d  

r e c o r d i n g  and p r o c e s s i n g  f u n c t i o n  s h a l l  i n c l u d e  channe l  a s s i g n m e n t s ,  

c a l i b r a t i o n  d a t a ,  and d i s p l a y  requ i rements .  

3.2.2.8.6.3 User I n s t r u m e n t a t i o n  

User  i n s t r u m e n t a t i o n  s h a l l  be provided a s  n e c e s s a r y  t o  meet t h e  r e a s o n a b l e  

needs  o f  t h e  connected u t i l i t y  f o r  maintenance and o p e r a t i n g  d a t a  c o l l e c t o n .  

I n i t i a l  d e v i c e  r a n g e s ,  r e s o l u t i o n  accuracy  and o t h e r  parameters  s h a l l  be per  

4713387005, S i g n a l  and Couuitand L i s t .  

3.2.2.8.6.4 Wiring 

C o n t r o l  sys tem w i r i n g  e x t e r n a l  t o  t h e  c o n t r o l l e r  c a b i n e t  s h a l l  be rou ted  i n  

con t inuous  m e t a l l i c  c o n d u i t .  

3.2.2.8.7 L i g h t n i n g  P r o t e c t i o n  

L i g h t n i n g  p r o t e c t i o n  s h a l l  be provided such t h a t  t h e  l i g h t n i n g  model of 

p a r a r g r a p h  3.2.3.2 w i l l  n o t  c a u s e  damage t o  t h e  c o n t r o l  system. S h i e l d i n g  and 

v o l t a g e  l i m i t i n g  d e v i c e s  s h a l l  be provided where n e c e s s a r y .  S t r a i n  gages  

mounted on t h e  r o t o r  may be expendable .  

3.2.2.8.8 I n t e r f a c e s  

The c o n t r o l  subsystem i n t e r f a c e s  w i t h  t h e  n a c e l l e ,  r o t o r ,  d r i v e t r a i n ,  tower 

and s i t e  equipment f o r  mechanical  and e l e c t r i c a l  i n s t a l l a t i o n .  The network 

i n t e r f a c e  i s  pe r  paragraph 3.1.5.2.  S i t e  and remote o p e r a t o r  i n t e r f a c e s  a r e  

d e s c r i b e d  i n  pa ragraphs  3.2.2.8.1 th rough  3 . 2 . 2 . 8 . 5 .  
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3.2.2.8.9 Maintenance and Ascess 

Control sy stem hardware s h a l l  be  provided with f e a t u r e s  t o  minimize WTG 

inspec t ion  and maintenance l i f e  cyc le  c o s t s .  Minimum requi.rements a r e  as  

follows : 

a )  D:.agnostic func t ions  s h a l l  be b u i l t  i n t o  the c o n t r o l l e r .  

D) No :Lower than board l e v e l  replacement s h a l l  be used f o r  maintenance. 

c )  A : . l  e l e c t r i c a l  connect ions a t  major devices  s h a l l  be keyed t o  ease 

a:~sembly, t e s t  and replacement. 

d) A 1 1  sensor  and comninnd l i n e s  s h a l l  have t e s t  po in ts  where they leave 

tile c o n t r o l l e r  f o r  s i n g l e  l oca t ion  maintenance checks. 

e )  A :sensor s imulator  and connection s h a l l  be a v a i l a b l e  f o r  major 

c:reckouts. This i s  a non-de l iverable  simulatoi: f o r  use on 

i  stalla at ion. 

f )  Tie s i t e  and remot. i n t e r f a c e s  s h a l l  have the c a p a b i l i t y  eo d r i v e  

e i t  her hard copy o r  non-hard copy terminal  devices .  

g) All  motor con t ro l  c i r c u i t s  s h a l l  have loca l / au ton~a t i c  and l o c a l  

s t a r t / s t o p  switches on c o n t r o l l e r s  located near  the motor. 
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3.2.2.9 Reliability, Availa5ility, Maintainability, Spares 

3.2.2.9.1 Reliability, Availability, Maintainability 

The U T G  reliability shall be consistent with the requirement that availability 

shall not be less than 92 percent when wind is between VLCO and VHCO as 

defined in paragraph 3.2.1.2 over a 30 year operational life for volume 

production in single or cluster installations. 

3.2.2.9.2 Reliability 

Reliability allocations shall be as shown in Table 3.2.2.9-1. 

System Efean Time Between Failures (SMTBF) are for the duty cycle of paragraph 

3.2.1.1 and the wind characteristic of paragraph 3.2.1.2 on an annualized 

basis. A mature system (after infant mortality) is assumed. 

Reliability methodology shall be per document 47A380020 "Reliability, 

AvailabiliCy, Maintainability and Failure Modes and Effects Analysis Plan". 

3.2.2.9.3 Availability 

System availability allocations shall be as shown in Table 3.2.2.9-1. 

Average Annual Outage (AAO) time I s  the sum of scheduled and unscheduled times. 

Availability methodology shall be per document 47A380020. 
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Sys tem maintainability a l l o c a t i o n s  s h a l l  be  as shorm i n  T a b l e  3.2.2.9-1. 

Mean Time 1'0 R e p a i r  (EITTR) h o u r s  p e r  s y s t e m  f a i l u r e  assume a  f u l l  s p a r e s  a n d  

o n - s i t e  n a i n t e n a n c e  crew a . . r a i l a b i l i t y .  S i n g l e  u n i t  i n s t a l l a t i o n s  and f i r s t  

u n i t s  hav ? ' ~ i g h e r  MTTR r e f l e c t e d  d u e  t o  e x p e r i e n c e .  

F l a i n t a i n a ~ i l i t y  methodology s h a l l  be p e r  document 478380020. 
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TABLE 3.2.2.9-1 

RAM ALLOCATIONS 

Mature 
Vo 1 ume 
Product i o n  

SMTB F 

C l u s t e r  C l u s t e r  

MTTR AAO 

28 89 .8  

19.8 56.6 

15.0 35.5 

6.4 38.6 

S i n g l e  

AAO 

197.7 

124.5 

68.0 

85.1 

F i r s t  

AAO 

250 

141 

110 

120 
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3.2.2.9..i M a i n t a i n a b i l i t y  F e a t u r e s  

The WTG s t : a l l  have t h e  m a . i n t a i n a b i l i t y  and a c c e s s  f e a t u r e s  d e s c r i b e d  i n  t h e  

subsys  te l l  r equ i rements  pa ragraph  o f  t h i s  S e c t i o n  3.2.  i:. General  shop 

f a c i l i t i ~ i s  s h a l l  be  assurned f o r  o f f - s i t e  work. MIL-STD-1472 s h a l l  be used a s  

a  guide  fclr a c c e s s .  Sing1.e pe r son  l i f t i n g  requ i rements  s h # a l l  n o t  exceed 40 

lb .  Comnercia l ly  a v a i l a b l e  t e s t  equipment and t o o l s  s h a l l  be used a s  much a s  

p o s s i b l e  a 

3 .2.2.9. 5 S p a r e s  

The WTG dtbsign s h a l l  i n c l u d e  a  l i s t i n g  of  s p a r e  p a r t s  r e q u i r e d  t o  meet t h e  

a v a i l a b i l i t y  g o a l s  o f  pa ragraph  3.2 .2 .9 .3  based on t h e  r e l i a b i l i t y  a l l o c a t i o n s  

o f  parag;rz~ph 3.2.2.9.2.  S e p a r a t e  l i s t i n g s  s h a l l  be preps:.-ed f o r  1s t , 2nd, 

3 rd ,  s i n g l e  and c l u s t e r  i n s t a l l a t i o n s .  

3.2 .2 .9 .7  Maintenance Personne l  

C l u s t e r  i n s t a l l a t i o n  maintenance and r e p a i r  manpower sha1.l be based on a  

d e d i c a t e d  crew and s i n g l e  i n s t a l l a t i o n  maintenance and r e p a i r  manpower s h a l l  

be based cln a  per- job b a s i s  c o n t r a c t  o r  g e n e r a l  crew. Crews s h a l l  be t r a i n e d  

pe r  para gx aph 3.2 .2 .3  i n  o r d e r  t o  meet t h e  m a i n t a i n a b i l i t y  g o a l s  o f  paragraph 

3.2.2.9.4 
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3.2.3 Environment 

3.2.3.1 Design Wind Environment 

The WTG s h a l l  be  des igned  f o r  optimum cost -of-energy computed p e r  paragraph 

3.0 i n  a mean wind environment o f  14  m i l e s  p e r  hour (6 .3  mps) measured a t  32.8 

f e e t  ( l h )  abovc ground l e v e l .  

3.2.3.1.1 Extreme Wind 

The WTG s h a l l  be des igned  t o  s u r v i v e  a maximum d e s i g n  wind of  120 m i l e s  p e r  

hour (53.6 mps) measured a t  32.8 f e e t  (10m) abovc ground l e v e l .  Loads s h a l l  

be computed f o r  no t u r b u l e n c e  ( z e r o  g u s t s )  and a v e r t i c a l  g r a d i e n t  exponent of 

0.04 a s  used i n  paragraph 3.2.3.1.2. 

3.2.3.1.2 Design V e r t i c a l  Wind Grad ien t  

The s t e a d y  wind speed v a r i e s  w i t h  v e r t i c a l  d i s t a n c e  above ground l e v e l  

dependent on wind speed and s u r f a c e  roughness  a s :  

Log (vZ/VR) = A x log  ( Z / Z R )  
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Where VZ * Steady wind a t  e l e v a t i o n  2, mph 

VR Steady wind a t  re ference  e l eva t ion  ZR, rnph 

A Ver t i ca l  g rad ien t  exponent 

Z Elevat ion of i n t e r e s t ,  f e e t  

ZR Reference e l eva t ion ,  32.8 f e e t  (lorn) 

A0 = Surface rzughness exponent, 0.35 

VH a Homogeneoas wind speed f o r  A = 0, 150 rnph (157 mps) 

3.2.3.1.3 Design Annual Wiad Duration 

The s t e a i y  wind speed v a r i e s  annual ly i n  accordance with a  Weibull 

d i s t r i bu t : . o r~  a s  : 

H = 8'61) x EXP [ - (VICR) "* KR ] 

Where H = Annual time t h a t  VR i s  g r e a t e r  o r  equal  t o  V, hours 

V = Wind speed a t  re ference  e l eva t ion  ZR, rnph 

CR = Weibull s c a l e  f a c t o r  a t  ZR, 16.04 rnph ( 7 . 1 7  mps) 

KR = Weibull shape f a c t o r  a t  ZR,  2.29 

* = denotes  opera t ion  of r a i s i n g  t o  a  power 

The above de f ines  a mean wind of 14 rnph a t  ZR = 32.8 f e e t .  Weibull parameters 

f o r  e levat i .ons o the r  than Z,R may be derived i n  accordance with the  method of '  

Exhib i t  B ,  3.1.2, Contract DEN 3-153. 
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3.2.3.1.4 Design Wind Turbulence  

Wind t u r b u l e n c e  i s  c h a r a c t e r i z e d  a s  a Gauss ian random p r o c e s s  around t h e  

s t e a d y  wind speed a t  r e f e r e n c e  e l e v a t i o n  w i t h  s t a n d a r d  d e v i a t i o n s  o f :  

Where SD(R,X) = Turbulence s t a n d a r d  d e v i a t i o n  a s s o c i a t e d  w i t h  VR, mps 

VR a Reference e l e v a t i o n  s t e a d y  wind speed ,  mps 

Z R  Reference  e l e v a t i o n ,  32.8 f e e t  ( 1 h )  

ZO = Sur face  roughness  l e n g t h ,  0.0162 f e e t  (0.053 rn) 

X = d e n o t e s  l o n g i t u d i n a l  d i r e c t i o n a l  

Y = d e n o t e s  l a t e r a l  d i r e c t i o n  

Z = deno tes  v e r t i c a l  d i r e c t i o n  

3.2.3.1.4.1 Spectrum 

The spect rum of  t u r b u l e n c e  i s  c h a r a c t e r i z e d  by :  
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Where FX ( n , z , v )  = z v e r a g e  a n n u a l  spect rum f o r  l o n g i t u d i n a l  component 
o f  v i n d  t u r b u l e n c e ,  MPS x ?lPS x Sec. ,  f o r  frequelncy n ,  a t  h e i g h t  
Z ,  and v i n d  speed V .  

n  - c i r c u l a r  f r equency ,  hz  

FIX = N/NOX 

N = reduced f requency = NZ/V, d i m e n s i o n l e s s  

NOX =: constan:  f o r  X d i r e c t i o n  = 0.0144, d i n 8 ? n s i o n l e s s  u s i n s  
s i i n i l a r  equa Zions,  l a t e r a l  and v e r t i c a l  components a r e  
c h a r a c t e r i z e d  ??i t h :  

NOY = c o n s t a n t  f o r  Y d i r e c t i o n  = 0.0265 

NOZ = c o n s t a n t  f o r  Z d i r e c t i o n  = 0.0962 

The t u r b u l e n c e  l o n g i t u d i n a l  s t a n d a r d  d e v i a t i o n ,  SDX, f o r  u s e  i n  de te rmin ing  

g u s t  ampl i tude  i s  o b t a i n e d  f:rom t h e  s q u a r e  f o o t  of t h e  i n t e g r a l  of  Fx(N,Z,V) x 

d n  over  t h e  f r e q u e n c i e s  from n(min) t o  n(max) where t h e  l i m i t s  a r e  

r e p r e s e n t a t i v e  of  t h e  WrG response  c h a r a c t e r i s t i c s .  Gust ampl i tude  

p r o b a b i l i t y  i s  determined by u s e  of t h e  Standard d e v i a t i o r l  i n  a  Gauss ian 

random prc c t : ss  a s :  

P ( A X )  = (0.299/SDX) x EXP ( - (0 .5)  x (0 .75 x AX/SDX)**2) 

Where P(AX) = p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  l o n g i t u d i n a l  g u s t  
a m p l i t u d e ,  AX 

AX = l o n g i t u d i n a l  g u s t  ampl i tude  , mps 

SDX = l o n g i t u d i n a l  d i r e c t i o n  g u s t  s t a n d a r d  d e v i a t i o n  from 
i n t e g r a l  e v a l u a t i o n ,  mps 
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This probability model is valid to AX 2*SDX. For larger amplitudes, a 

Rayleigh filtered distribution should be used to fit measured data. The above 

model produces conservatively large amplitude probabilities for AX greater 

than 2*SDX. The P(AX) expression is based on NASA WEPO PIR #151 which 

utilizes a 4/3 multiplier on SDX instead of the Contract DEN 3-153, Exhibit B, 

section 3.1.3 multiplier of 1. 

3.2.3.1.4.2 Time History Gust Model 

A first estimate of gust model shape is: 

VX (t) a +/-  (AX/2 )  x (1 - cos (6.283 x t/TX)) 

Where VX(t) = longitudinal gust amplitude with time relative to steady 
wind, mps 

AX = longitudinal gust amplitude, mps 

TX gust period, sec 

The gust period may be selected at the modal periods of the WTG for worst case 

response. The most probable period is: 

TAX (50%) = .74 x (ST/SA) x AX 

Where TAX = longitudinal period of amplitude AX, sec 

ST = (4/3) x 'IM 

SA = ( 4 / 3 )  x SDX 
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?M - .5 x square root of 
({:integral of F X ( I  Z,V) x dn)/(integral of n*n*FX(hI,Z,V) x dn)) with 
integrals evaluated from n(min) to n(max) as in para,graph 3.2.2.1.4.1 

Similar I-e;lationships apply in the y and z directions. The rrbove ~mplitude i j 

based on NASA WEPO PLR #I51 which is half the amplitude in Contract DEN 3-153, 

Exhibit I \ ,  section 3.1.3. 

3.2.3.2 Ocher Environmental Conditions 

3.2.3.2.:. Temperature 

The WTG shall be designed to survive in ambient temperatures from -40' C t.3 

+52* C (-40' F to +125O I?).  The WTG shall be designed to operate i : ~  

ambient 1:eroperatures from -18' C to +40°c (0' F to +104O F). 

3.2.3.2.:: Seismic 

The WTG shall be capable of withstanding Zone 3 siesmic intensity as defined 

in the Ur.ifonn Building Coda of issue date in effect on April 2, 1982. 

3.2.3.2. :I Moisture 

The WTG shall be designed to withstand exposure to precipitation and arnbien.: 

humidity conditions of : 

Rain - 4 inches/hour 

Hail - 1 inch diameter, 50 lb/cu.ft., 66.6 ft/sec impact velocity on 

horis orrtal and vertical surfaces 
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I c e  - 2 i n c h  t h i c k n e s s ,  60 l b / c u . f t .  n o n a p e r a t i n g  on a l l  e x t e r n a l  s u r f a c e s  

Snow - 21 l b / s q . f t .  b l a d e s ,  41 l b / s q . f t .  o t h e r  h o r i z o n t a l  s u r f a c e s  

Humidity - Exposure e q u i v a l e n t  t o  MIL STD 210 B. 

3.2.3.2.4 L igh tn ing  

D i r e c t  and nearby s t r i k e s  w i t h  c u r r e n t - t i m e  h i s t o r i e s  p e r  F i g u r e  3.2.3-1 s h a l l  

be c o n s i d e r e d  i n  t h e  d e s i g n  of  l i g h t n i n g  p r o t e c t i o n  d e t a i l s .  The WTG s h a l l  

w i t h s t a n d  such s t r i k e s  and p rov ide  f o r  a  d i s c h a r g e  p a t h  t o  e a r t h .  
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- O I C & M T l C  REPRESENTATION OF L lGl lTWl f f i  CDOEL 

(Wote k h t  the dlagrrm i s ~ ~ ~ t  to scale.) 

FIGURE 3.2.3-1 

LIGHTNING CURRENT VS. T M E  



SYSTM SPECIFICATION 
4 7A380011 

HOD-5A WTG 
REV A NOVEMBER 1983 

3.2.3.2.5 Impact 

The WTG shall be designed to sustain impact of a 4 lb. bird moving at 51.3 

ftlsec into the rotor plane. Small arms projectiles shall be deflected or 

absorbed without structural degradation. 

3.2.3.2.6 Intruders 

Unauthorized personnel are considered as an environmental condition. The WTG 

design shall consider vandalism and prevent entry to secured areas. 

3.2.3.2.7 Altitude 

The K T G  shall be designed for application at altitudes from sea level to 7000 

feet. Derating of cooling and insulation characteristics dependent on air 

density may be utilized for application above 3300 feet. 

3.2.3.2.8 Miscellaneous 

Design sand, dust, salt spray, and fungus exposure shall be equivalent to MIL 

STD 210 B. Solar radiation shall be 363 BTU/sq.ft.-hr for 4 hours per day. 

Other environmental data shall be per NASA Technical Paper 1359. 

3.2.4 Transportation 

The WTG shall be designed for both rail and truck transport. Elements that 

exceed general truck limitations shall be rail transportable to a site 

rail-head then transferred to the site on the access roadway defined in 

paragraph 3.1.6.1.2. General constraints are as follows: 



Item - 
Maximum wc:il;ht 

Maximum 1 6  ngth 

Maximum vj.dP:h 

Ra i l  - 

85 f t .  
(120 f t . )  

Figure 3.2.4-1 

Figure 3.2.4-1 
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Trucla -- 
70,000 lb.  

(200,000 Ib. 

50 f t .  
(150 f t . )  

12 f t .  
(14 f t . )  

10 f t .  
(12 f t . )  

Values i n  ! ?a t en thes i s  a r e  p o s s i b l e  a t  added c o s t  due t o  s p e c i a l  r ou t ing ,  

e s c o r t s  arid permits.  R a i l  l i m i t s  a r e  more severe i n  the  Northeast.  
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RAIL SIZE LIMITS 
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3.2.5 De s ign Loads -- 
Design l o r d s  s h a l l  be computed w i t h  an a n a l y t i c a l  model r e p r e s e n t a t i v e  of t h e  

t ranigient  dynamic behav ior  o f  t h e  wind t u r b i n e  s t r u c t u r e  , c o n t r o l  s y s  tem and 

v i n d  ., 

3 2 . 1  gormal Opera t ing  Lc~ads 

Normal o p z r a t i n g  l o a d s  sha l l .  be based on t h e  c o n d i t i o n s  of Table  3.2.5-1. 

3.2.5.2 *normal Opera t ing  Loads 

Abno.rma1 o ~ , e r a t i n g  l o a d s  s t ~ a l l  be based on t h e  c o n d i t i o n s  clf Table 3.2.5-2. 

Abno:rmal o p e r a t i n g  l o a d s  a r e  i n f r e q u e n t l y  o c c u r r i n g  and p r ~ d u c e  l i m i t  load 

cond : i t ions  o r  d e f i n e  e x t e n t  of s u r v i v a b l e  damage. 

3 . 2 3 . 3  blandling Loads 

Hand l i n g  l c a d s  a r e  t h o s e  r e s u l t i n g  from shop o p e r a t i o n s ,  sh:ipping , e r e c t i o n ,  

and y e p a i r  a c t i v i t i e s .  Attachment p o i n t s  and r i g g i n g  l i n e s  oE a c t i o n  s h a l l  be 

cons: idere  i i n  a d d i t i o n  t o  wind, t empera tu re ,  shock and v i b r a t i o n  loads .  

S e c t i o n  5 . 2 . 2  of 47A38002, S t r u c t u r a l  Design C r i t e r i a ,  provicles d e f i n i t i o n  of 

hand:Ling Load f a c t o r s  w i t h  r e s p e c t  t o  weight.  
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TABLE 3.2.5-1 NORMAL OPERATING LOAD CONDITIONS 

Environment (See Temperature Note) 

Startup/Shutdown 

Loss of Load 

The survival temperature range shall be considered in the parked condition and 
the operating temperature range shall be considered in other normal operating conditions. 
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TABLE 3.2.5-2 ABNORMAL OPERATING LOAD CONDITIONS 

I Environment  

Impact 

H a i l  - .-- Fauna 

P a r t i a l  C o n t r o l  Jam 
(one  s u r f a c e  s t u c k )  

C o n t r o l  M a l f u n c t i o n  
( h a r d  o v e r  t o  maximum 
t o r q u e )  

Overepeed 
( 50% s u r v i v a  1 )  

Brakes On 
( a p p l i c a t i o n  w h i l e  
g e n e r a t i n g )  

Weight 

Ice - Snow - 

Wind 
! 0-6G 120 
MPH MPH 

Mean Gust - Extreme 

x x 

x x 

x 

x 

Shock 

S e i s m i c  V i b r a t i o n  

x 

x 

P a r t i a l  Blade  F a i l u r e  x 

G e n e r a t o r  M a l f u n c t i o n  x 
(bad  s y n c )  

x 

x 
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SECTION 4.0 
VERIFICATION 

4.1 V e r i f i c a t i o n  Methods and Requirements 

V e r i f i c a t i o n  t h a t  t h e  WTG compl ies  w i t h  t h e  requi rements  o f  Sec t i on  3.0 s h a l l  

be  accomplished b y  t h e  methods of i n spec t i on ,  ana lys is ,  demonstrat ion,  and 

t e s t .  

4.1.1 I n s p e c t i o n  Method 

The i n s p e c t i o n  method c o n s i s t s  o f  v i s u a l  obse rva t i on  o r  measurement o f  

drawings, i tems o r  h i g h e r  l e v e l  assembl ies t o  e s t a b l i s h  compl iance w i t h  

requi rements .  

4.1.2 Ana l ys i s  Method 

The a n a l y s i s  method c o n s i s t s  o f  c a l c u l a t i o n s  and e v a l u a t i o n  u s i n g  mathematical  

models, e x t r a p o l a t i o n  o f  da ta  f r om  s i m i l a r  u n i t s ,  hand o r  computer methods, 

and drawing rev i ew  t o  p r e d i c t  performance o r  e s t a b l i s h  compl iance w i t h  

requirements.  

4.1.3 Demonst ra t ion Method 

The demonst ra t ion method c o n s i s t s  o f  pe r fo rming  ac observed a c t i v i t y  where t h e  

ooserver  q u a l i f i c a t i o n s  and/or t h e  a c t i v i t y  procedure p e r m i t  e s t a b l i s h i n g  

compl iance w i t h  requi rements  by op in ion .  

4.1.4 Tes t  Method 

The t e s t  method c o n s i s t s  o f  pe r f o rm ing  an a c t i v i t y  w i t h  c a l  i b r a t e d  

i n s t r u m e n t a t i o n  o r  s p e c i a l  equipment, f o l l o w i n g  a  d e t a i l e d  procedure,  t o  

acqu i r e  d a t a  e s t a b l i s h i n g  compl iance w i t h  requi rements  o r  d e f i n i t i o n  o f  

performance. 

4.1.5 V e r i f i c a t i o n  Requirements 

The requi rements  o f  Sec t i on  3  s h a l l  be v e r i f i e d  i n  accordance w i t h  Table  4.1-1. 



SYSTEM SPECIFICAT1014 
47A3800 1 1 

MOD-5A WTEi 
R E V  A NOVEMBER 1983 

PARAGRAP ! 

TABLE 4.1-1 

o f  

VERIFICATION REQUIREMENTS 

REQUIREMENT VERIFICATION LEVEL 

ITEM 

. REQUI REKNTS 
System D e f i n i t i o n  
System Descrmipt ion 
Purpose 
I n s t a l  l a t i o n  
Drawings 
I n t e r f a c e  
E l e c t r i c a l  Network I n t e r f a c e  
Comun ica t i on  and Con t ro l  I n t e r f a c e  
Operat ing a r d  Maintenance I n t e r f a c e  
Customer Furn ished o r  S p e c i f i e d  I tems 
Loca t ion  
Area 
Access 
Approvals 
Commun i c a t  i on 
D i s t r i b u t i o r  L ine  
E l e c t r i c a l  Fower Requirements 
Co lo r  and Markings 
Mob i le  Data A c q u i s i t i o n  System 
U t i l i t y  Cont ro l  and Storage Space 
System Modes 
Automatic Modes 
Manual Modes 
C h a r a c t e r i s t i c s  
System Requi rements 
System Power Output 
Design Wind Speed Values 
Design E f f i c i e n c y  
Design L i f e  
Frequency P': acement 
Wind C h a r a c t e r i s t i c s  
Design Wind 
S i t e  S p e c i f i c  Wind 
Subsystem Requirements 
Foundat ion and S i t e  

N = NONE 
SY = SYSTEM 
SS = SUBSYSTEM 
I = INSPECTION 
A =AN,ALYSIS 
D = DEiYONSTRATION 
T = TEST 
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REQUIREMENT 

PARAGRAPH ITEM 

VERIFICATION LEVEL 

N = NONE 
SY = SYSTEM 
SS = SUBSYSTEM 
I = INSPECTION 
A = ANALYSIS 
D = DEMONSTRATION 
T  = TEST 

Tower Foundat ion 
Ground E l e c t r i c a l  Equipment Foundat ion (GEEF) 
Ground i ng 
Fenc i ng 
Grad i ng 
Maintenance and Access 
Ground E l e c t r i c a l  Equipment (GEE) 
Step-up Transformer 
Switchgear Assembly 
C i r c u i t  Breakers 
Converter 
F i  l t e r s  
Capaci tors 
UPS 
Accessory Power 
B a t t e r y  Power 
Switchboard 
Enc losure 
I n t e r l o c k s  
Ground Con t ro l  Equipment 
I n t e r f a c e s  
L i g h t n i n g  P r o t e c t i o n  
I ns t r umen ta t i on  
Opera t iona l  I ns t r umen ta t i on  
Engineer ing Data I ns t r umen ta t i on  
Maintenance and Access 
Opera t ion  and Maintenance 
Personnel 
S i t e  Operat ion 
Remote Opera t ion  
Scheduled Maintenance 
T r a i n i n g  
Manu a  1 s  
Ro to r  Subsystem 
Yoke Assembly 
Yoke 
Teeter  Assembly 
Ro to r  Hyd rau l i c  Assembly 
B l  ades 
Aerodynamic Con t ro l  ( A i  l e r o n s )  
Con f i gu ra t i on  
Rates and Storage Requirements 
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REQUIREMENT 

PARAGRAP; i H TEM 

L igh tn ing  Pmmtect ion 
I c e  Detec t ion  
1nstrunentti:ion 
Operat ional Ins t rumenta t ion  
Engineering Data Ins t rumenta t ion  
Wl r i ng  
In te r faces  
Maintenance and Access 
D r i v e  Subsystem 
Low Speed Shaf t  
Gear box 
Operat ing Charac te r i s t i cs  
Lub r i ca t i on  
Accessories 
High Speed Shaf t ing 
Generator 
Rotor  Stopping Brake 
Rotor  Pos i t i  oner 

3.2.2.5 .i' L igh tn ing  P r o t e c t i o n  
3.2.2.E.E; Instrument a t i o n  

Operat ional  Ins t rumenta t ion  
Engjneering Data Ins t rumenta t ion  
In ter faces 
Ma in tenanc~  and Access 
Nacel 1 e Subsystem 
Bedplate and Rotor  Support 
F a i r i n g  
Wind Sensor Mounting 
A i r  Flow and Duct ing 
F i r e  P r o t e c t i o n  
Maintenance Ho is t  
Maintenance L i g h t  and Power 
Hazard L igh t ing  
Yaw Subsystem 
Yaw Dr ive  Assembly 
S l i p  Ring 
L igh tn ing  Protect ion 
Ins t rumenta t ion  
Operat ional  Ins t rumenta t ion  
Engineering Data Ins t rumenta t ion  
In te r faces  
Maintenarce and Access 

VERIFICATION LEVEL 

N = NONE 
SY = SY1jTEM 
SS = SU13SYSTEM 
I = INljPECTION 
A =ANALYSIS 
D = DEMONSTRATION 
T TEST 
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REQUIREMENT 

PARAGRAPH ITEM 

Tower Subsystem 
Tower S t r u c t u r e  
Mace1 1 e  Access Device 
Tower L i g h t i n g  and Power 
Tower Wir ing 
L i g h t n i n g  P r o t e c t i o n  
I n te r f aces  
I ns t r umen ta t i on  
Engineer ing Data I ns t r umen ta t i on  
Maintenance and Access 
Con t ro l  Subsystem 
C o n t r o l l e r  
S i t e  I n t e r f a c e  
Remote I n t e r f a c e  
Standard Remote I n t e r f a c e  
S i t e  S p e c i f i c  Remote I n t e r f a c e  
superv iso ry  Con t ro l  P r i o r i t y  
Con t ro l  Func t ions  

VERIFICATION LEVEL 

N = NONE 
S Y  = SYSTEM 
SS = SUBSYSTEM 
I = INSPECTION 
A = ANALYSIS 
D = DEMONSTRATION 
T  = TEST 

Yaw P o s i t i o n  Con t ro l  
Ro to r  Torque Con t ro l  
Hyd rau l i c  System Cont ro l  
E l e c t r i c a l  System Con t ro l  
Teeter  R e s t r i c t o r  Con t ro l  
Ro to r  Stopping Brake Con t ro l  
Ro to r  P o s i t i o n i n g  Cont ro l  
F a i l s a f e  Emergency Shutdown Con t ro l  
F a u l t  Mon i t o r  Con t ro l  
Manual Cont.ro1 
Data Ldindow 
Opera t ing  Accumulat ion 
Data D i sp lay  
I ns t r umen ta t i on  
Opera t fona l  I ns t r umen ta t i on  
Eng ineer ing  Data I ns t r umen ta t i on  
User I n s t r u n e n t a t  i o n  
W i r i ng  
L i g h t n i n g  P r o t e c t i o n  
I n t e r f a c e s  
Maintenance and Access 
R e l i a b i l i t y ,  A v a i l a b i l i t y ,  M a i n t a i n a b i l i t y ,  Spares 
R e l i a b i l i t y ,  A v a i l a b i l i t y ,  M a i n t a i n a b i l i t y  
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P ARAGR 1P H ITEM 

R e l i a b i l i t y  
Avai l a b i  1 i ty 
M a i n t a i n a b i l i t y  
Mainta i  natbi 1 i t y  Features 
Spares 
Mai ntenanc,e Personnel 
Env i ronment 
Design Wind Environment 
Extreme Wind 
Design V e r t i c a l  Wind Gradient 
Design Annual Wind Durat ion 
Design Wind Turbulence 
Spectrum 
Time Hi stclry Gust Model 
Other Environmental Condit ions 
Temperature 
Sei smic 
Moisture 
L i  gMn i ng 
Impact 
In t ruders  
A1 t i  tude 
M i  scel  1 aneous 
Transporat-ion 
Design Loads 
Normal Operat ing Loads 
Abnormal Operat i ng Loads 
Hand1 i n g  L.oads 

SYSTEM SPECIFICATION 
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VERIFICATlON LEVEL 

N = NONE 
S Y  = :SYSTEM 
SS = :SUBSYSTEM 
I = INSPECTION 
A = ANALYSIS 
D = IDEMONSTRATION 
T = 'TEST 
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4.2  Tes t .Tv~es  Reauirements 

I n  a d d i t i o n  t o  requi rements  v e r i f i c a t i o n  t e s t s  o f  Sec t i on  4.1, t e s t s  s h a l l  be 
conducted f o r  t h e  purposes of  i tem,  assembly, o r  system acceptance, 
i n t e g r a t i o n ,  f u n c t i o n a l  v e r i f i c a t i o n  and des ign  development. 

4.2.1 Acceptance Tests 

Acceptance t e s t s  a re  conducted as f o rma l  demonst ra t ion o f  performance o r  
f u n c t i o n  w i t h  customer wi tnesses and i n  accordance w i t h  a  m u t u a l l y  approved 
t e s t  procedure. Test  r e s u l t s  s h a l l  be approved b y  t h e  wi tnesses as a  
p r e r e q u i s i t e  t o  d e l i v e r y  o f  t h e  i tem, assembly o r  system. 

4.2.2 I n t e g r a t i o n  Tes ts  

I n t e g r a t i o n  t e s t s  v e r i f y  i n t e r f a c e  c o m p a t i b i l i t y  between an i tern and a  mat ing  
i t e m  o r  assembly. Phys i ca l  and f u n c t i o n a l  i n t e g r a t i o n  o f  a l l  WTG subsystems 
i s  r equ i r ed .  

4.2.3 Func t i ona l  Tes ts  

Func t i ona l  t e s t s  v e r i f y  t h e  i t e m  o r  assembly f u n c t i o n  o r  performance 
( i n c l u d i n g  s t r u c t u r a l  i n t e g r i t y )  and ab i  1  i t y  t o  opera te  a t  des ign  capabi  1 i t y  
o r  w i t h i n  des ign  l i m i t s .  

4.2.4 DEVELOPMENT TESTS 

Development t e s t s  p r o v i d e  s u b s t a n t i a t i o n  f o r  a  des ign  concept, m a t e r i  a1 
c o n f i g u r a t i o n ,  a l i owab le  l oad  l e v e l  o r  manufac tu r ing  process p r i o r  t o  f i n a l  
r e l e a s e  o f  p r o d u c t i o n  drawings. WTG development t e s t i n g  i s  expected i n  t h e  
des ign  o f  t h e  r o t o r  and d r i v e t r a i n .  

4 .2 .5  Tes t  Requirements 

WTG i tems,  assembl ies and systems s h a l l  be t e s t e d  i n  accordance w i t h  Tab le  
4.2-1. 
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TABLE 4.2-1 

Test  Requirements 

Paragraph I t e m  Test  Category 
A = Acceptance 
I = I n t e g r a t i o n  
F = Func t i ona l  
D = Developn~en t 

SYSTEM 
System Modes 

A (Customer) 
A,I,F ( Loca l  & Remote) 
A,I,F (Ra t ing ,  P vs V )  
I,F (Cu t - in ! ,  R a t i n g )  
I, F (Measur~!ment s ) 

Power Out p u t  
Design Wind Speed 
Frequency P I  acement 

Foundat ion & S i t e  

A, I (Tower) 
A, I  (GEE) 
I,F (Check R.esistance) 
I (Grounding, S e c u r i t y )  

Tower Founda1:ion 
GEE Foundat ion 
Gromding 
Fenc i  ng 

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

A, I,F,D ( V a r i a b l e  Speed 
Subsystem :I 

A l l  I tems 

Ro to r  Subsys tern - 
Yoke Assembly 
Blades 
Aerodynamic Con t ro l  

A, I,F (A1 1 Subsystems) 
A, I,F (Proo f ) ,  D (P rope r t i es : )  
A, I ,F (Ac tua to r s  & Surface), 

D ( A c t u a t o r s )  
1 ,F 
I ,F ( C a l i b r a t i o n )  

I c e  D e t e c t i o n  
I ns t r umen ta t i on  

D r i v e t r a i n  

I,F (A l ignment )  
A, 1,F (Ra t io ,  Sensors, Lube) 
I , F  
A, I,F,D (Val-i ab l e  Speed 

Subsystem, T i  1 t 
I,F (Yoke/N,scel l e  
F 
I,F (Cal  i b r , s t i o n )  

Low Speed Skiaf t  
Gear box 
H i  ghspeed S h a f t i n g  
Generator 

Stopping Brake 
Ro to r  P o s i t i o n e r  
I ns t r umen ta t i on  



Paragraph Item Test Category 
A = Acceptance 
I = Integration 
F = Functional 
D Development 

Nace 1 le 

Bedplate & Rotor Support 
Fairing 
Wind Sensor Mounting 
Air Flow & Ducting 
Fire Protection 
Maintenance Hoist 
Light & Power 
Hazard Lighting 
Yaw Drive ASM 
Slipring 
Lightning Protection 
Instrumentation 

Tower Subsystem 

Structure 
Access Device 
Lighting & Power 
Wiring 
Lightning Protection 
Instrumentation 

Control Subsystem 

Controller 
Site Interface Device 
Remote Interface Device 
Supervisory Control Priority 
Control Functions (All) 

Instrumentation 
Lightning Protection 
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I (Rotor & Drivetrain) 
I,F 
I, F 
1,F (Filtration) 
1,F (Alarm, Seal in ) 
1,F (Accessibi 1 ity 
F 

B 
1,F (Control) 
1,F (Rates, Control) 
A, I ,F (Resistance) 
I 
1,F (Calibration) 

A, 1 
A, 1,F (Weight, Rate) 
F 
I,F 
I 
I,F (Calibration) 

A, I, D (Software) 

A;I,F (Customer) 
I,F,D 
I,F,D (Interaction, 
Software Devel o ~ m e n t  ) 

I,F (Calibration, €IS) 
I 
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SECTION 5.0 

PF;.EPARATION FOR DELI VERY 

The c o n t r ~ t o r  shall provide control of the delivery requirements of all 

deliverablo items in order to assure quality and prevent. damage, loss, 

deteriorization or unauthorized substitution. Procedures for packaging, 

packing, narking and shipping shall be established and maintained, in 

compliance with Interstate C m n e r c e  Commission rules and regulations, i n  order 

to providt! secure transport and clear identification at the destination and 
during er~ct.ion. 





Volume I1  
Book 2 

APPENDIX B 
DESIGN LOAD TABLES 





A ~ ~ e n d i x  B Desian Load Tables 

Conten t s  -. 

Descr i ~ t  ?on Tlable No. 

F3t  igue Load Histograms 
For Types I ,  11,  & IIA 
Combined Loads 

i3lades X = O  
Blades X =. l  
Blades X =.2 
Blades X =.25 
Blades X =.3U 
Blades X =.40 
Blades X=.50 
Blades X =.60 
Blades X =.70 
Blades X=.80 
Blades X=.90 
Teeter Bearings (Rota t ing)  
Rotor  Center1 ine (Non-rotat  ing)  
Rotor/Nacel 1 e I n t e r f a c e  
Yaw Bear ing 
Tower 185' 
Tower 117' 
Tower 51 ' 
Tower Base ( 1 3 ' )  

Type I 1  I  Fat igue Lodds 
Half-Range Loads 
Mid-Range Loads 

L i m i t  Loads 
50% Overspeed 
Hurr icane - Rotor  Upwind 
Hur r icane - Rotor Downwind 
Hurr icane - Tow~zr Wind Pressures 
Cont ro l  lvlalfunction - 60 mph 
Gust 8 Rsted Wind Speed/Shutdown 
Cycloconver ter  ~Yishap 
Teeter Brake Appl i c a t  i on  

H.-1 t h r u  H-6 
Ha-7  t h r u  H-12 
H-13 t h r u  H-18 
H-19 t h r u  H-24 
H-25 t h r u  H-30 
H--31 t k r u  H-36 
H-37 t h r u  H-42 
H--43 t h r u  H-48 
H.-49 t h r u  H-54 
H--54 t h r u  H-60 
H-61 t h r u  H-66 
H-67 t h r u  H-72 
H-73 t h r u  H-78 
H-79 t h r u  H-84 
H-85 t h r u  H-90 
H-91 t h r u  H-96 
H-97 t h r u  H-102 
H-103 t h r u  H-108 
H-109 t h r u  H-114 



032~57,$.:, . 2 ; ~ ; ~ ~  .: .s, 
T A B L E  H- 1 i d  

C W H U L A T I V E  F A T I W E  HISTOGRAM OUTPUT @! poo&' (Jumw 
0. R BLADE VX 

I HALF-RANGE F A T I G U E  LOADS I MID-RANGE 
! ! 

TOTAL CYCLES = 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 1 5 2 E  0 6  AVERAGE HEAN I S  0 . 5 8 7 E  06 

T A B L E  H-  2 
C L U N U L A T I Y E  F A T 1  CUE H I S T O G R A M  OUTPUT 

1 HALF-RANGE F A T I W E  LOADS 1 HID-RANGE 
I 1 
I I 

LOAD LE Y E L S  L O A D / 5 0 %  AT RATED I HEAN 

( T Y P E S  1+2I 1 I 

TOTAL CYCLES 0 0 . 9 3 9 E  0 9  

IS 0.1161E 0 6  AVER- IS 0 . 3 9 ~ t  04 



TABLE H- 3 
C W M U L A T I V E  F A T I W E  HISTOGRAM W T P U T  

0 .  R BLADE VZ 

I HALF-RANGE F A T l W E  LOADS I MID-RANGE 
! : 

no. CYCLES Q M P * O B  i LOAD LEVELS NORMALIZED L O A D / ~ ~ X  A T  RATED i MEAN 
I N  3 0  YEARS 
I T W E 5  1+21 

---=t LOAD LEVELS 
I 

TABLF H- 4 
CUIICIULATIVE FAT IGUE HISTOGRAM W T P U T  

- 0 .  R BL4DE Mk 

I HALF-RAMGE FATIGUE LOADS I MID-RANGE 
I ! 

NO. C Y C L E S  C C M P ~  i LOAD LEVELS NORMALI ZED LOAD!SQL AT RATED I MEAN 
I N  30 YEARS --- -- I 
(TYPES 1+21 I I 

TOTAL CYCLES - 0 .359E  09 

R-mmt 06 h~~ I S  -0 .99DE 05 



TABLE I t  5 
QAPIL ILAT IVE  FAT ICUE HISTOGRAH DUTPLlT 

0. R BLADE WY 

I HALF-RANGE FATIGUE LOADS 1 MID-RANGE 
! ? 

TOTAL CYCLES 0 . 3 5 3 E  09 

ROOT HEAN CUBED I S  0 . 1 6 5 E  0 7  AVERAGE PIEAN I S  0 . 1 0 2 E  0 8  

TABLE H- 6 
C W W U L A T I V E  FATIGUE HISTOGRAM OUTPUT 

I HALF-RANGE FATIGUE LOADS I MID-RANGE 
I 1 
1 I 

LOAD LEVELS L O A D / 5 0 5  AT RATED I MEAN 

(TYPES 1+2 i  1 1 

TOTAL CYCLES - 0 . 3 5 9 E  09 

RW- I S  O.El38E 0 7  A n  I S  -0.lm 07 



TASLE 1)- 7 
W L A T I V E  F A T I W Z  HISTOGRAM OUTPLlT OF: POOR IQUALBT"~: 

0 . 1 0 0 R  B1.ADE VX 
- 

I HA1.F-RANGE FAT ICY€ LOADS I HID-R,hNGE 
F 

TOTAL CYCLES - C.35;9€ 09 

ROOT WIl CUkmJS 0 . 1 O b E  06 AVERAGE MEAN I S  0.558E 06 

- 
TABLE I+ 8 

(XICbRILATIVE FATIGUI: HISTOGRAM OUTPLI? 

- 0 . 1 0 0 R  IDLADE W 

I HALF-RANGE F A T I W E  LOADS I HID-RANGE 
! 



TABLE H- 9 
CLWULITSYE FBTHGUE HISTOGRAM WTPUT 

_-I_______--_______----_____-_I-------_-____---____________-- 

TOTAL CYCLES = O.359E 03 

ROOT # E A R  CUBED I 3  0 .130F 03 A V E R A G E  WEAX 15 -0.512E 05 

Tf'lAL CYCLES = 6.353E 99 

W m 3 E D  IS U . 8 5 i E  b~ c ~ w w  . . 



TABLE it-11 
C ~ U L A T I V E  FATIGUE nlsTOtRui OUTPUT 

O.1WR BL ?SE MY 
- 

HALF-RANGE FATIWE LOmS ! MID-RANGE 

TOTAL CYCLES - 0.355.E 09 

ROOT MEAN N B E U J  O.144E 07 AVERAGE MEAN IS  0.858E 07 

TABLE I t 1 2  
CWHULATIVE FATIGUE HISTOGRAM OUTPUT 

I HALF-RANGE FATIGUE LOADS I MID-R,bWGE 
I 1 
I I 

NO. LOAD LEVELS 
I W  3 
(TYPES 1+2) 1 I 
------------] ............................ I ------- 

O.lBOE08 O.lrSO2OI 0. -0.56OEO7 0. -0 .89  0. - 1.05 1 -0.752E 06 
O.18OE 06 0..0030 I 0.560E 07 - 0.570E 07 0.89 - 0.91 1.05 - 1.07 I -0.787E 06 
O.18OE 08 0. g ) O  I 0.5% 07 - 0.57& 07 0.91 - 0.92 

: :::!SO:: : ::;84~ :: I ::589E :; :::$ 
O.18OE08 0.100301 0 .589E07 -0 .594E07  0 . 9 4 - 0 . 9 5  1.10 - 1.11 I -0.814E 06 
0.180E08 0.150201 0 .594E07 -0 .598E07  0 . 9 5 - 0 . 9 5  1.11 - 1.12 I -0.812E 06 
0.179E 08 0. ,0020 1 0.598E 07 - O.602E 07 0.95 - 0.96 1.12 - 1.13 I -0.808E 06 
0 . 1 8 0 ~  oe o. g 3 0  I 0.60 E 07 - 0.606 07 0.96 - 0.97 - 1.13 1 -0.803E06 

 so^^ i :::& s: - ;:d :; - - 8::: - :::: l::i - - i 2:::;; E 
0.180E 08 0.10030 1 0.614E 07 - 0.618E 07 0.98 - 0.99 1 . 1 5 -  1.16 1-0 .817E06 
0.179E 08 0 .~5030  1 0.618E 07 - 0.623E 07 0.99 - 0.99 1 . 1 6 -  1.16 1-0 .843E06 
0.180E 08 0.'0030 I 0.623E 07 - 0.627E 07 0.99 - 1.CO 1.16 - 1.17 1 -0.864E 06 
0.179E 08 0,ZOO I O,6& 07 - 0.432E 07 1.00 - 1.01 1.17 - 1.16 I -0.875E 06 

:::GEE E i  :: 150:: i k637E  8: I 8:fZ :: ::8: - - :::x i :::RE E 
0.179E 08 0.10000 1 0.644E 07 - 0.652E 07 1.03 - 1.04 1.20 - 1.22 I -0.894E 06 
0.180E 08 0.tSOM) 1 0.652E 07 - 0.666E 07 1.04 - 1.06 1.22 - 1.24 I -0.9OlE 06 
0.718E 07 0.P7COO 1 0.666E 07 - 0.675E 07 1.06 - 1.08 1.24 - 1.26 1 -0.905E 06 
0.718E 07 0 ,9000 I 0.675E 07 - 0.691E 07 1.08 - 1.10 1.26 - 1.29 I -0 06 

' m ~ a  : "0 3999: ! ::%EE :: - ::XE 8: : : i t  - :::: - - 
----- -------- ----- - 

TOTAL CYCLES - 0.3f9E 09 

n o D T T E  0.606E 07 



TABLE #-I3 
C W W L A T I V E  FATIGUE i 4 I S T O G R I H  W T F n  

0.2WR ILLDE VX 

QWI@!NAL, PAGE %S 
OF .POOR Q19m 

PALF-RANGE F A T I G U E  LCADS ! MID-RANGE 

TOTAL CVCLES = Q.395E 09 

ROOT XEAW CUBES I S  0.751E 05 A V E R A G E  K E A M  I S  0.517E 0 6  

TABLE W-14 
CKAXULdTIVE FATIGUE KISTOGRAX OUTPUl  

I #&LF-EANGE FATPGUE LOADS I H I P R A N G E  
I I 
1 I 

I D .  CYCLES C& P408 i LOAD LEVELS ----- LOAD/JO;  AT RATED I MEAN 
1 W B t ) b  5 5 
( T Y P E S  142 I I I 

TOTAL CYCLES = 0.355E 09 

R- IS O.'d45E 05 AVE8 8 



TABLE I t 1 5  
X R M U L A T I Y E  F & T I C U E  H I S T O G R U  OUTPUT 

QR4G]&jAL Pj\GE 
OF POOR QIIAQITY 

I HALF-RAMOE F A T I W E  LOADS I HID-XAMGE 
! 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN C U I E D  1 5  O s i E  C§ AVERAGE HEAN I!; - 0 . 8 4 8 E  05 

TABLE H-16 
t WP:ULAT I V E  FATIGUE H I  STOG3d.M OUTPUT 

TOTAL CYCLES 0 0 . 3 5 9 E  09 

I S  0 . n E  05 AVERAGE #m IS -0.- 03 



TABLE H-17 
W L A T I V E  FATIWE HlSTCCRAH OUTPUT 

0.200R BLADE Kf 
- ~ - ~ - - - - - - - - -- 

= 
I HALF-RANGE FATICUE LOADS I MID-RANGE 
I 1 
I 1 

YO. CYCLES C I A  PRO8 I LOAD LEVELS NORHALIZEO LOAD/50% AT RATED 1 HEAN 
IN 30 YE$RS ---- I LOAD LEVELS 

1 ---------------l---------------------------------------I------- 
O.1BOE 08 0.05000 I 0. - 0.537E 06 0. - 0.11 0. - 0.53 1 0.606E 07 
O.18OE 08 0.10000 1 0.537E 06 - 0.609E 06 0.11 - 0.13 0.53 - 0.60 I 0.624E 07 
O.18OE 08 0.15000 I 0.609E 06 - 0.663E 06 0.13 - 0.14 0.60 - 0.65 1 0.638E 07 

9 . 1 7 9 E  C8 0.20000 1 0.663E 06 - 0.71 

: : in-  - 
0.180E 08 0.35000 1 0.794E 06 - 0.835E 06 0.17 - 0.17 0.78 - 0.82 1 0.676E 07 
0.179E 08 0.40000 I O.835E 06 - 0.876E 06 0.17 - 0.18 0 .82-  0.86 I 0 . 6 8 6 E 0 7  
O.18OE 08 0.45000 1 0.076E 06 - 0.918E 06 0.18 - 0.19 0.86 - 0.90 1 0.691E 07 

0.90 - 0.94 1 0.69BE 07 

X - : ; X:E s: - 
0.179E 08 0.65000 I O.PO6E 07 - 0.llOE 07 0.22 - 0.23 1.04 - 1.08 1 0.716E 07 
0.180E 08 0.70000 1 0.llOE 07 - O.l l6E 07 0.23 - 0.24 1.08 - 1.16 I 0.723E 07 
0.179E 06 0.75000 1 O.ll6E 07 - 0.123E 07 0.24 - 0.26 1.14 - 1.21 I 0.728E 07 

O.18OE 08 0.95000 I O.155E 07 - 0.179E 07 0.32 - 0.37 1.52 - 1.75 1 0.77BE 07 
0.718E 07 0.97000 1 0.179E 07 - 0.197E 07 0.37 - 0.41 1.75 - 1.93 1 0.794E 07 
0.718E 07 0.99000 1 0.197E 07 - 0.235E 07 0.41 - 0.49 1.93 - 2.31 I 0.B29E 07 

2.31 - 3.06 I - I -------------------------------------------- -- ~ 
TOTAL CYCLES 0.359E 09 

TABLE H-18 
CLMWLATIVE FATIGUE HlSTOGRAM OUTPUT 

TOTAL CYCLES - 0.359E 09 

ROO- I S  0.4Z5E- I S  -0.647E 06 



'I Hal. F-RANGE FATI WE LOADS f MIPRIiIIGE 

I I 
NO. CYCLES tllCl PROS I LOAD LEVELS 
IN  30 YEARS ---- - I LOAD LEVELS 

NORMALIZED LOAD/SQL AT RATED I HEAll 

I TYPES 1+21 1 

TOTAL CYCLES - 0.355,E 09 

ROOT MEAN CUBEUS 0,664E 05 AVERAGE MEAN I S  0.490E 06 

TABLE h-20 
ClRlMULATlVE FATIGUE HISTOGRAM OUTPUT 

1 HALF-RANGE FATIGUE LOADS I MID-RANGE 
I I 
I 1 

-- --- LOAD LEVELS LOAD/SO; A T  RATED I MEAN 

(TYPES I + 2 i  
s 1 

I I ----------- 1--- 

0. - 0.74 
0.74 - 0.75 
0.75 - 0.76 

::+; - ::z - 
0.78 - 0.79 
0.79 - 0.79 

0.81 - 0.82 
0.62 - 0.82 
0.82 - 0.83 
0.83 - 0.84 
0.84 - 0. 4 

s::: - 8:f: - 
0.86 - 0.87 
0.87 - 0.89 
0.89 - 0.91 
0.91 - 0.93 

7K-R - 

TOTAL CYCLES - 0. 159E 09 

p n s - B 7 ! m D 3  A m -  1s 0 . m  M 



TCGLE H-21 
CUPKULATIVE FATIGUE KISTOGRI?.H W T P U T  

4.250R BLADE VZ 

f 
NO, CYCLES C U i  ?ROB I LOAD LEVELS 

i 
XORXALIZED LOAD/s@% AT RATED I KEAY 

1111 0 YEARS ---- 1 LOAD LEVELS 
(PI € 5  1+21 I 

P i B L E  H-22 
C W J i J L S T i V E  FATIGUE #!STOGRAH CUTPUT 

I XPLF-RA3GE F A T I W E  LCADS 1 MID-RANGE 
! 

LDAE LEVELS LOAD/SO% AT RATED i HEAW 

I I 

TOTAL CYCLES = 3 . 3 5 9 :  0 9  

ROOT AEii8  KUieEO I S  0 . 5 9 r d ~  r m m  EEAX IS -0.559E 05 



TABLE K . 2 3  
(UWMULATIVE FATIGUE HISTOGRAM OUTPUl  

O.25OR B L I S E  MY 
- 

1 HALIZ-RANGE FAT IGUE LOADS I HID-RANGE 
! I 

no. CYCLES C L ~ W I R O ; ~ ~  
I N  30 YEARS --.- I 

LOU) LEVELS WORHALIZED LOAD/50% AT RATED WEAN 
- AD LEVELS +z 1 1 

TOTAL CYCLES - 0.:159: 0 9  

ROOT HEAN C U B H Q L ' I  O . lO8E  0 7  AVERAGE MECH I S  0 ,624E  0 7  

- 
TABLE H.-24 

C U M U L A T I V E  FAT lGUE I+ISTOGRAW O U l P U  

I HALF-RANGE FAT IGUE LOADS I HID-RANGE 
I 
I 

I 

LDAD LEVELS NORHA 
I 

HEAN 

l TYPES 1+2 r 
LOAD 

1 

TOTAL CYCLES 1 0. 159E 0 9  

p m s  0.34BE 07 IS 4 . 5 4 9 E  06 



TABLE H-25 
W L & V S V E  F A T I W E  HISTUGRAE:  BLiTPUP 

? HALF-16DLtE F A T I W E  LOADS # ID-RANGE 

TOTAL CYCLES 0.359E 09 

ROOT # € A #  CUBED IS O.QORE 04 AVERAGE WECW I S  0.459E W 

PA%LE W-26 
C R X U L C T I V E  F A V I G L I E  H I S T O G R A M  OUTPUT 

TOTAL CYCLES - 0.35JE D¶ 
ROOT # m d W  IS 0.8LISE 05 A . AG 



TABLE H-27 
C W L A T I V E  FATIGUE HISTOGRAM W T P U T  

~ , . r [ p q g E ; ~  7;5;;= Ls 
>QE PGfJl? . Q ~ > A ~ ~ [ ~ ' ~  

0.3001 BLADE V Z  

I HALF-RANGE FAT IGUE LOADS 
I 

I WID-RANGE 

I 
I 
I 

YO. CYCLES CLM PRO0 I LOAD LEVELS MORMALI$ED LOAD/5QL AT RATED I HEAl l  
LOAD L E  E L 5  

I 

TOTAL CYCLES = O.35OE 09 

ROOT MEAW C U B l K ' S  0 . 1 2 7 E  0 5  AVERAGI MEAN I S  - 0 . 7 B l E  05 

- 
TABLE I+ -28  

MULAT IVE F A T ~ G U E  nl  sToGRAn OUTPUT 

I IA1.F-RANGE FAT IGUE LOADS 
I 

I MID-RAHGE 

I 
I 
1 

LOAO/5U% A T  RATED I HE& -1 EVELS 1- 

( TYPES 1 * 2 1  I 

TOTAL CYCLES - 0 .  3 5 0 E  09 

F r C U B l b [ S v 6 1 ; 1 m  I S  4 . 9 4 O E  05 



T A B L E  H-29 
C W L A T I V E  F A T I G U E  H I S T O G R M  W T P U T  

O . W R  B L A D E  WY 

1 HALF-RANGE F A T I G U E  LOADS MID-RANGE 
1 
I 

10. CYCLES C'W PROB I L O A D  L E V E L S  
f 

MORl4ALIZED LOAD!S(rL AT RATED I MEAN 
L O A D  L E V E L S  I 

TOTAL CYCLES - 0 . 3 5 5 E  0 9  

WOO: MEAN CUBED I S  0 . 9 4 4 E  06 AVERAGE HEAN I S  0 . 5 5 0 E  0 7  

T A B L E  H-30 
C U M W L A T I V E  F A T I G U E  HISTOGRAM OUTPUT 

P HALF-RANGE F A T I G U E  LOADS 1 WID-RANGE 
I 1 
* I 

LOAD!5(r. AT RATED 1 MEAN 

( T Y P E S  1 + 2  1 
I 

I I 

0. I B O E  
O.18OE 

----+HE3 
0.1BOE 
0 . 1 6 0 E  
0.1e.OE 
0.179E 

0 .  1 l O E  
0 . 1 7 9 E  
0 . 1 3 0 E  

0 . 1 7 9 E  
O.18OE 
0 . 7 P I E  

TOTAL CVCLES = 0 . 3 5 9 E  09 

I S  O.ZP15E 07 AVERAGE HEAN I S  -0.567E 06 



TABLE H-31  
CLiMlL lLATIVE F A T l W E  HISTOGRAM OUTPUT 

0 .400R  BLADE VX 

I HALF-RANGE F A T l W E  LOADS I MID-RANGE 
! f 

no. CYCLES cw PRDB i LOAD LEVELS NORMALIZED LOAD/~QX AT RATED i HEAN 
AD LEVELS 

i 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROD1 MEAN CUBED I S  O . 4 8 1 E  05 AVERAGE WEAN IS 0 . 3 8 7 E  06 

TABLE H-32  
W L A T I V E  FAT IGUE HISTOGRAM OUTPUT 

I HALF-RANGE FAT IGUE LOADS I MID-R.hNGE 
! : 
1 1 

cw 
- 1  

W E ---- LOAD/5DZ AT RATED I MEA,4 

(TYPES 1 + 2 I  1 I 

TOTAL CTCLES - O . X m 3 E  0 9  

A- 1S 0 . 5 5 4 E  b~ 0 . 4 4 0 E  04 



TABLE H-33 
C W L A T l V E  FATIGUE HlSTOCRAM WTPUT 

I HALF-RANGE FATIGUE LOADS I MID-RANGE 
1 I 
I 1 

YO. CYCLES CUM PRO8 I LOAD LEVELS NORMALIZED LOAD/5Ot AT RATED I MEAN 
I N  30 YEARS ---- I LOAD LEVELS 
E - L 2 r  - - - - ;  - - - - - - - - - - - - - - - - - - - - -  + I 

1 ------ 
O.18OE 08 0.05000 1 0. - O.505E 04 0. - 0.09 0. - 0.54 1 -0.616E 05 
0.100E 08 0.10000 I 0.505E 04 - O.92E 04 0.09 - 0.10 0.54 - 0.61 1 -0.633E 05 
0.180E 08 0.15000 1 0.572F 04 - 0.623E 04 0.10 - 0.11 0.61 - 0.67 1 -0.645E 05 
0. 79E 08 0.20000 I 0.623E 04 - 0.668E 04 0.11 - 0.12 0.67 - 0.77 1 -0.65 E 05 

8 8 8:%% 1 I:::% 2 - 8:%E K - - kii - 8::; 8::: - 8::: - i 2:td~ k 
O.18OE 08 0.35000 1 0.750E 04 - 0.789E 04 0.13 - 0.14 0.00 - 0.84 I -0.680E 05 
0.179E 08 0.40000 1 0.789E 04 - 0.829E 04 0.14 - 0.15 0.84 - 0.89 1 -0.687E 05 
0.180E 08 0.45000 1 0.819E 04 - 0.870E 04 0.15 - 0.16 0.09 - 0.93 1 -0.694E 05 
0. OE08 0 0 0 1  70E 04 - 0.912E 04 0.16 - 0.16 - I -0.700E 05 

8 : k i  8: 8-%!% 1 &l P - 8:;lE # - - 8::: - 8::; : - - :::a i 2:;:;: 2 
0.179E 08 0.65000 1 0.1DDI 05 - 0.106E 05 0.18 - 0.19 1 .08 -  1.13 1 -0 .711E05  
O.18OE 08 0.70000 1 0.1WE 05 - 0.112E 05 0.19 - 0.20 1 .13 -  1.19 1 - 0 . 7 2 4 E M  
0.179E 08 0.75000 1 O.Il2E 05 - 0.118E 05 0.20 - 0.21 1.19 - 1.27 1 -0.730E 05 
0.179E 08 0.800 0 I 0.1 8 05 - 0 .  6E 05 0.21 - 0.23 1.27 - 1.35 1 -0.734E 05 

8 : E  I :  2 - 8 :  8::: - 8::: - - : - : i 2:::- - 
O.18OE 08 0.95000 I O.15OE 05 - 0.174E 05 0.27 - 0.31 1.61 - 1.86 1 -0.777E 05 
0.718E 07 0.97000 1 0.174E 05 - 0.190E 05 0.31 - 0.34 1.86 - 2.04 I -0.797E 05 
0.718E 07 0.99000 I 0.190E 05 - 0.226E 05 0.34 - 0.40 2.04 - 2.42 I -0.835E 05 
0.323E 07 0.99900 I O.22bE 05 - 0 0.40 - 0.51 2.42 - 3.07 I -0.869E 05 
0 . 3 2 3 ~  ~b 0.99990 1 o.daTE 05 - 0 - - I -0.74n 05 ------------ ------------------------- 

TOTAL CYCLES - 0.359E 09 

ROOT W AN 0. 6 0 0 

TABLE H-3* 
CWULATIVE FATIGUE HlSTOGRAW MnPUT 

-- 

HALF-RANGE FATIGUE LOADS I WID-RANGE 
! 

TOTAL CYCLES - 0,359E 09 

R W T  1 5  0.2 



TABLE H-35 
W L A T I V E  FATIGUE HISTOGRAM OUTPUT 

0.400R BLADE HY 

I HALF-RANGE FATIGUE LOADS I #Ill-RANGE 
! ! 

10. CYCLES CW PRO0 ! LOAD LEVELS NORMALIZED LOAD/5QZ AT RATED ; MEAN 
LOAD LEVELS I 

----------I ...................... I ----.----- 
0.180E 08 0.(6000 1 0. - O.290E 06 0. - 0.10 0 .  - 0.50 I O . : I 7 2 E 0 7  
O.18OE 08 0.1.0060 1 0.290E 06 - 0.332E 06 0.10 - 0.11 0 . 5 0 -  0.57 1 0.38OE07 
0.180E 08 0.1.5000 I 0.332E 06 - 0.365E 06 0.11 - 0.12 0.57 - 0.63 I 0.365E 07 

!MOO I 0.36 E 06 - 0.393 W 0.12 - 0.13 O,63 - 0.6: 8&189E 07 

-$-! 0 8::: 1 8::: 8:;: I 00::7 I 0 . 2 7  
0.180E 08 0.05000 I 0.444E 06 - 0.473E W 0.15 - 0.16 0.77 - 0.81 I O.400E 07 
0.179f 08 0.4-0000 I 0.470E 06 - 0.495E 06 0.16 - 0.17 0.61 - 0.85 1 0.4.03E 07 
0 .180~  08 0.~,5000 I 0.295~ 06 - 0 . 5 2 1 ~  06 0.17 - 0.18 0.85 - 0.90 1 0.4-E 07 
0.1BOE 08 0 ';0000 06 - 0.569- 0.18 - 0.19 0.90 - 0.95 1 O.409E 07 

3!YOtm 8:KE B ! . t , ~ o f % ! ! #  P - 8:% B 8::: - 8::: - - t i :  Y:E i 0 0 : : : i Y  
0.179E 08 0.65000 1 O.bO7E 06 - 0.641E W 0.21 - 0.22 1.05 - 1.10 1 O.4.15E 07 
0.180E 08 0.70000 1 0.641E 06 - 0.678E 06 0.22 - 0.23 1 . 1 0 -  1.17 1 0 . 4 . 1 7 E 0 7  
0.179E 08 0.75000 I 0,678E W - 0.721E 06 0.23 - 0.24 1.17 - 1.24 1 0.4.2OE 07 
0 79E 08 0. 0900 I 0.7 E 06 - 0.771E 06 0.24 - 0.26 1.24 - 1 3  I 0.4.22E 07 

31R, 8 % ~  2 "~!OOS I i:i&~ % - 8 : 5 E  O - - I::: - 00::: ::i: 1 i : f :  f "~::FE 0O: 
O.18OE 08 0.95000 I 0.914E 06 - 0.?07€ 07 0.31 - 0.36 1 . 5 9 -  1.85 1 0 . 4 . 4 3 E 0 7  
0.718E 07 0.97000 1 0.107E 07 - 0.119E 07 0.36 - 0.40 1.85 - 2.05 I 0.452E 07 
0.718E 07 0.99000 1 0.119E 07 - 0.143E 07 0.40 - 0.48 2.05 - 2.46 I O.47lE 07 

-------------------------------------------------------- 
TOTAL CYCLES 0.359E 09 

ROOT MEAN CUBED I S  0.712E 06 I V E R A G E  MEAN I S  0.410E 07 

TABLE H-36 
CWWLATIVE FATIGUE HISTOGRAM OUTPUT 

I HALF-RANGE FATIWE LOADS 1 MID-RANGE 
I I 
I I 

LOAD LEVELS LOAD!SO- AT RATED I MEAN 

ITYPES 1+2) I I 

TOTAL CYCLES - 0.359E 09 

p) I S  07 A- IS - 0 i n8E  06 



TABLE H - 3 7  
C U M U L A T I V E  F A T I G U E  HISTOGRAM OUTPUT 

0 . 5 0 0 R  BLADE VX 

I HALF-RANGE F A T I C U E  LOADS 1 MID-RANGE 
1 ! 

NO. CYCLES CUU PRO0 i LOAD L E V E L S  
I N  3 0  V E t R S  ----- I 

NORMALIZED LOAD/SQ. AT RATED i WEAN 
LOU) L E V E L S  

TYPES 1 2 )  I 

TOTAL CYCLES - 0 . 3 5 9 E  09 

ROOT HEAN CUBED I S  0 . 3 4 l E  0 5  AVERAGE MEAN I S  0 . 3 0 4 E  0 6  

TABLE H - 3 0  
CLICHUILATIVE F A T I G U E  HISTDGRAH O U T P U l  

0 . 5 0 0 R  BLADE W 

I HALF-RANGE F A T I G U E  LOADS I WID-RANGE 



T A B L E  W-39 
C U K W L A T I V E  F A T I G U E  HISTOGRAM OUTPUT 

0 . 5 0 0 R  BLADE VZ 

, , - . .  57. "-r "- we:; bLn\ J U ~ ? ,  ,a*- d $AzS :a 
OF - . A  W D R  ~ g z ~ ; l ? - q  

1 HALF-RANGE F A T I W E  LOADS I M I D - R A N G E  
i ? 

TOTAL CYCLES 0 . 3 5 9 E  0 9  

ROOT I S  0 . M E  05 AVERAGE MEAN I S  4 . 6 0 3 E  0 5  

TABLE I t 4 0  
CLMMULATIVE F A T I G U E  HISTOGRAM OUTPUT 

0 . 5 0 0 R  BLADE MX 

I HALF-RAWGE F A T I G U E  LOADS I MID-RANGE 
I I 
I 

C W  PROB 1 LOAD LE VELS /SO% AT RATED 1 MEAN ----- s I 
( T Y P E S  1+21 I I 

TOTAL CYCLES - 0 . 3 5 9 E  09 

P 1s 0 . 2 4 4 ~  w 



TABLE H-41 
CUCOl l lLATlVE F A T I G U E  HISTOGRAM OUTPUT 

! HALF-RANGE F A T I G U E  LOADS ! HID-RANGE 

I' 
YO. CYCLES CW PRO8 I LOAD L E V E L S  

I 
YORHALIZED LOAD/5OT AT RATED I HEAN 

AD L E V E L S  
I 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 5 2 6 E  0 6  AVERAGE MEAN I S  0 . 2 8 6 E  0 7  

TABLE H-42 
C U W U L A T I V E  F A T I G U E  HISTOGRAM W T P U T  

! HALF-RANGE F A T I G U E  LOADS ! MlD-RANGE 

i 
/5QL AT RATED I H E  

i 
AN 

( T Y P E S  l + 2 )  I I 

- -  ~ ------------------- - - -  ------ 
TOTAL CYCLES - 0 . 3 5 9 E  09 

R- 1s 0 . 1 0 3 E  07 ~~'nmrma 1s - 0 . 4 4 2 ~  06 



TABLE H-43 
CWLATIVE FATIWE HISTOGRAM WPUT 0 R i G l X ~ b  1s 

0 . 6 ~ ~  BLADE vx .OF POOR Qad~g-y  
I HALF-RANGE FAT IGUE LOADS 
1 

I Il l ) -RANGE 
! 

NO. CYCLES ~ W I  BRJB i ---- LOAD LEVELS NORMALIZED L O A D / ~ ~ -  AT RATED i MEAN 
LOAD LEVELS 

I 1 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 2 1 8 E  05 AVERAGE MEAN I S  0 . 2 1 4 E  0 6  

TABLE H-44 
cWCWLI \T IVE  FATIGUE HISTOGRAM OU~PUT 

0.6DOR BLADE W 

I MLF-RANGE FATIGUE LOADS 
I 

I MID-RANGE 

1 
1 

LO4D LEVELS 
I 

LOAD/50*  AT RATED I MEAN 

(TYPES 1 * 2 !  I 
I 

TOTAL CVCLES 0 . 3 5 9 E  0 9  

A- 1 5  0 . m 0 4  



TABLE H - 4 5  
CUWIWLATIVE F A T I G U E  HISTOGRAM OUTPUT 

0 . 6 0 0 R  BLADE VZ 

I 
I 

HALF-RANGE F A T I W E  LOADS I MID-RANGE 

I 
NO. CYCLES C W  PRO0 I LOAD L E V E L S  

i 
WORMALIZED LOAD.'50% AT R A T E D  1 MEAN 

N 3 0  Y ARS ---- I +A, LOAD L E V E L S  
I 1 

-----------------l------------------------------------------I----- 

---------------------------------------- 
TOTAL CYCLES = 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 9 1 3 E  0 4  AVERAGE MEAN I S  - 0 . 4 7 6 E  05 

TABLE H - 4 6  
C W M U L A T l V E  F A T I G U E  HISTOGRAM OUTPUT 

1 HALF-RANGE F A T I G U E  LOADS 1 MID-RANGE 
1 
I 

1 

LOAD L E V E L S  
I 

CLM PRO0 I LOAD/SWm ----- AT RATED 1 MEAN 

( T Y P E S  1+2;  I 
I 
I 

T O T A L  CYCLES - 0 . 3 5 9 E  0 9  

R- IS 0 . 1 5 5 E  05 



TABLE H-47 
C L M U L A T I V E  FATIGUE HlSTOCRAM OUTPUT 

0 . 6 W R  BLADE HY 

I ULF-RANGE FAT IGUE LOADS 1 MID-RANGE 
I I 
I 1 

NO. CYCLES cw PROB I LOAD LEVELS N o R n r L l  ZED  LOAD/^^ AT RATED I nUw 
I N  30 YE$RS -- I AD LEVELS 

I 

TOTAL CYCLES - 0 . 3 5 9 E  09 

ROOT MEAN R l E E D  I S  0 .354E  0 6  AVERAGE MEAN I S  0 . m  0 7  

TABLE H-48 
C U M U L A T I V E  FATIGUE HISTOGRAM OUTPUT 

I HALF-RANGE F A T I W E  LOADS 1 WID-RANGE 
I I 
I I 

- LOAD L E  VELS LOAD/SV4 AT RATED 1 MEAN 
s I 

ITYPES 1 + 2 r  I ---- - - - - - -  1 ----- I 

TOTAL CYCLES am 0 .359E  09 

R o D T m  IS 0 . 5 - P  w 



TABLE H-49 
C W L A T I V E  FATIGUE HISTOGRAM OUTPUT 

0 . 7 0 0 R  BLADE VX 

I HALF-RANGE FATIGUE LOADS 1 MID-RAUGE 

ROOT MEAN CUBED I S  0 . 1 2 5 E  0 5  AVERAGE MEAN I S  0 . 1 2 5 E  0 6  

TABLE H-50 
C W M U L A T I V E  FATlGUE HlSTOGRAM OUTPUT 

I HALF-RANGE FATIGUE LOADS I MID-RANGE 
! 

LOAO!~QS AT RATED i HE AN 

( T Y P E S  Is2. I 
I 



TCBLE H - 5 1  
C U W U L I T I V E  F A T I G U E  H l  STOGRAM OUTPUT 

I HALF-RANGE F A T I G U E  LO1SS 1 MID-RANGE 
I 

----------,-----------------------------------------------.-- 

TOTAL CVCLES 0 0 . 3 5 9 E  0 9  

TABLE H+2 
I X M U L A T I V E  F A T I G U E  HISTOGRAM OUTPUT 

0 . 7 0 0 R  BLADE MX 

I HALF-RANGE F A T I G U E  LOADS 1 WID-RANGE 
1 

TOTAL CYCLES - 0 . 3 5 9 E  09 

1 R K ) T I Y E * W  IS 0.73OE 06 d m  WEAR I S  -0m 4.1, 



TABLE H-53 
QlCbl l lLATlVE F A T I W E  HISTOGRAM OUTPUT 

O.7OOR BLADE HY 

! CULF-RANGE FATlQlE LOADS MID-RANGE 

ROOT MEAH CUBED I S  0 . 1 9 6 E  06 AVERAGE MEAN I S  0 . 9 7 7 E  06 

TABLE H-54 
C W L A T I V E  FATIGUE HISTOGRAM OUTPUT 

I HALF-RANGE FATIGUE LOADS I MID-RANGE 
! ! 

1 
LOAD/SW a AT R A ~ E D  I MEAN 

( T Y P E S  1+21 
5 I 

I 

TOTAL CYCLES - 0 . 3 5 9 E  09 

1 5  0. -AbtMEANIS-0.2  06 



NO. CYCLES CJH PaoB i i 
LOAD LEVELS NORMALIZED LOAD/SQL AT RATED I MEAN 

LOAD LEVELS 
1 

TOTAL CYCLES = 0.:359E 09 

ROOT MEAN CU8EI) I S  0 . 4 8 0 i  0 4  AVERAGE KEAW I S  0.640E 05 

TAGLE #+6 
C W W L A T I V E  F A T I W E  HIST5GR4H OUTPUT 

1 3ALF-RANGE FATIGUE LOADS I MlCI-RANGE 
1 1 
i I 

LOAD/5V  
I W  30 YEARS 

i AT RATED I IIEAN 
1 

(TYPES 1+2 1 I I 

---------- -- ----------- 
TOTAL CYCLES = 3.359E 09 

p m  I S  0.535E 04 &-- 



TABLE H 5 7  
C l M W L A T I V E  FATIGUE HISTOGRAM OUTPUT 

I HALF-RANGE FAT IGUE LOADS I WID-RANGE 
! ! 

NO. CYCLES CLM PROB i LOAD LEVELS IIORMALIZED LOADISCK AT RATED i MEAN 

TOTAL CYCLES 0 . 3 5 9 E  09 

ROOT MEAN CUBED I S  0 . 3 7 8 E  0 4  AVERAGE MEAN I S  -0 .205E 0 5  

TABLE H - 5 8  
W U L A T I V E  FATIGUE HISTOGRAU OUTPUT 

I HALF-RANGE FAT IGUE LOADS 1 MID-RANGE 
I I 
I 1 

LOAD/SO!A LOAD LEVELS AT RATED I MEAN 
5 I 

(TYPES 1 + 2 !  I I 

TOTAL CYCLES - 0 . 3 5 9 E  09 

i 4 P P - W  



T A B L E  H - 5 9  
W L A T I Q E  FATIGU: HISTOGRAM Cl lTPUT 

I HALF-RANGE F A T Z W E  LOADS I MID-RlhWGE 
! ! 

10. CYCLES cw PI'IB i LOU) LEVELS NORMALIZED LOAD IS^ AT RATED i ~ E A I I  
I N  30 YE?RS - - -  I AD L E V E L S  ~m i zr I I 

--I ---.- 

T O T A L  CYCLES - 0 . 3 5 9 E  0 9  

ROD1 MEAN CUBED I S  0 . 7 4 Q E  05 AVERAGE MEAN I S  0 . 3 8 3 E  06 

T A B L E  H - 6 0  
C U X K U L A T I V E  FATIGUE. HISTOGRAM OUTPUT 

I W L F - R A N G E  F A T I G U E  LOADS I MID-RlrNGE 
I I 
I I 

LOAD/SO A T  R A T E D  I n E A n  
I 

( T Y P E S  1+2I I I 

T O T A L  CYCLES - 0 . 3 5 ' i E  09 

R- I S  0 . 1 1 4 E  Ep- 



TABLE H - 6 1  
C l l lOR lLAT IVE  F A T I W E  HISTOGRAM W T P U l  

0 . 9 0 0 R  BLADE VX 

I HALF-RANGE F A T I W E  LOADS I MID-RANGE 
i ! 

NO. CYCLES ~ P R O B  i I 
LOAD LEVELS NORMALIZED LOAD/S(K AT RATED I MEAN 

AD LEVELS 
1 

TOTAL CYCLES = 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 1 6 4 E  0 4  AVERAGE MEAN I S  0 . 2 1 7 E  0 5  

TABLE I t 6 2  
C U M U L A T I V E  F A T I W E  HISTOGRAM OUTPUT 

I HALF-RANGE FATIGUE LOADS 
I 

1 MID-RANGE 

I 
I 
I 

LOAD/SO% AT RATED I MEAN 

(TYPES 1 + 2 )  I 
I 

TOTAL CYCLES = 0 . 3 5 9 E  09 

u ~ i  1, o.lm w 



TABLE 3-63 
W U L A T I V E  F A T I G U E  HISTCGRAK WTPUP 

O.FDO2 BLADE VZ 

HALF-RAHGE F A T I W E  LOADS 

TOTAL CYCLES 0 0 . 3 5 9 E  0 9  

-MAWS 0 . 1 7 6 E  0 4  AYERAGE WEAN I S  - 0 . 8 9 2 E  0 4  

TABLE H-64 
CLI)CPIULATIVE F A T I G U E  HISTOGRAH OUTPUT 

I HALF-RANGE F A T I W E  LOADS I MID-ItANGE 
1 I 
I 

NO. CYCLES CUM 
I 

PRoa I 
EARS ----- LQAD LEVELS LOAD!50'* AT RATED I HE,hN 

I 
( T Y P E S  1 4 2 )  I 1 

TOTAL CYCLES - O..3§9E 0 3  

-3 I S  0 . 8 0 t l E  03 AVfilAGE MEAN 1 5  -0.11Lt 0 5  



TABLE H-65 
U A M J L A T I V E  FATIGUE HISTOGRAM W P U T  

0 .900R  BLADE UY 

t HALF-RANGE FAT IGUE LOADS I MID-RANGE 
! 

NO. CYCLES CUM PRO0 ! -- LOAD LEVELS NORMALIZED LOAD/SQI  AT RATED t MEAN 
AD LEVELS 

I I L - - - - - - - - - -  I - - - - , - , - , - - - - - - - - -  1- 

TOTAL CYCLES - 0 .359E  09 

ROOT MEAN CUBED I S  0 . 2 1 3 E  05 AVERAGE MEAN I S  0 . 1 0 6 E  06 

TABLE H-66 
U W U L A T l V E  FATIGUE HISTOGRAM OUTPUT 

- - - - - - - 

HALF-RANGE FATIGUE LOADS 

~- - 

I MID-RANGE 
! 

TOTAL CYCLES = 0 . 3 5 9 E  0 9  

R- I S  0 . 1 3 A E  05 A-. 05 



T A ~ L E  H- 6 7  
CUMULATIVE F A T I W E  HISTOGRAM OUTPUT 

TOTAL CYCLES - 0 . 3 5 5 l E  0 9  

ROOT MEAN CUBED I S  0 . 2 9 8 E  0 6  AVERAGE MEAN I S  - 0 . 4 3 8 E  0 2  



TABLE H- 68 
N C l L l L A T I V E  FAT IGUE HISTOGRAM OUTPUT 

TEETER BRNG W 

1 HALF-RANGE FAT IGUE LOADS I CORRESPONDING MID-RANGE LOAD D I S T R I B U T I O N  
1 

i f 
NO. CVCLES CUM PRO0 1 
I N  3 0  YEARS ------- 1 

LOAD LEVELS NORMALIZED LOAD/50% AT RATED I MEAN STANDARD MAXIMUM MIN IHUM 
LOAD LEVELS D E V I A T I 0 ) I  m 1*21 L - - - -  - , - - - - - I 1 ------------------ 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED IS 0 . 3 1 6 ~  06 AVERAGE MEAN IS - 0 . 4 9 2 ~  0 3  

TABLE H- 6 9  
CUMULATIVE FAT IGUE HISTOGRAM OUTPUT 

TEETER BRNG VZ 

HALF-RANGE FAT IGUE LOADS ! CORRESPOMDING MID-RANGE LOAD D I S T R I B U T I O N  

TOTAL CVCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 1 8 5 E  05 AVERAGE MEAN I S  - 0 . l B 6 E  0 6  



T A B L E  H- 7 0  
N Y L A T I Y E  F A T I W E  W I I T B R A H  DYTPUT OF POOR w m  

TEETER BRWG #X 

I HALF-RAMGE F A T I W E  LOADS I CORREI.POYDlNG KID-RANGE L O A D  D l S T R l B U T l O N  : ! 
LOAD LEVELS WOXWLIZED LOCD/SV~ AT RATED i WEAPI STAYDARD GAXIW MINI- 

L O A D  L E V E L S  PEVl ATZOW 
I 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - -  

TOTAL CYCLES I 0 . 5 5 9 E  0 9  

ROOT MEAN CUBEC I S  0 . 2 0 6 E  06 AVERAGE WEAK I S  0 . 6 9 1 E  0 5  

- 
T A B L E  H- 71 

W M U L A T I V E  F A T I G U E  HISTOGRAM OLnPUT 

I HALF-RANGE F A T I W E  LOADS 1 C O R R E I P O K D I H G  WID-RANGE LOAD t ! S T R I B L n I O N  
I 1 
I I 

---- LOAD L E V E L S  L O A D / S V *  AT RATED 1 # E A r  STAiJDARD MAXIMUP P I I N I W U N  
DEVIAY 

I T Y P E S  1'2) I 

T O T A L  CYCLES = O.:I59E 09 

ROOT HEAH CUBE11 I S  O . 8 8 L E  05 AVE4AGE HEAM I S  0 . 6 9 L E  05 



TABLE H- 7 2  
CLIIILILATIVE F A T I G U E  HISTOGRAH O U T P U  

TEETER BRWG HZ 

I HALF-RANGE F A T I W E  LOADS I CORRESPONDING WID-RANGE LOAD D I S T R I B U T I O N  
1 ! 

YO. CYCLES CUM woe i ---- LOAD LEVELS YORWALIZED LOAD/~VL AT RATED i WEAN STANDARD M A X I M ~ ~  M I N I M ~ ~  
AD LEVELS D E V I A T I O N  

1 1 

- - - - - - - - - - - - - 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT HEAN CUBED I S  0 . 3 2 0 E  06 AVERAGE MEAN I S  - 0 . 2 0 7 E  0 7  

TABLE H- 7 3  
CUMULATIVE F A T I G U E  H l S T O t R A H  OUTPUT 

ROTOR-CL-STA VX 

I HALF-RANGE F A T I G U E  LOADS I CORRESPONDING MID-RANGE LOAD D I S T R l B U T I O U  
? 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT WEAN CUBED I S  0 . 1 2 1 E  05 AVERAGE WEAN I S  -0 .307E W 



TABLE H- 7 4  
tCIIRJLATI.VE FATIGUE HISTOGRAM OUTPUT 

TOTAL CYCLES 0 . 3 5 9  E 0 9  

ROOT MEAN CUBED 1'; 0 . 6 5 1 E  01 AVERAGE MEAN I S  0 . 6 0 7 E  0 3  

TABLE H- 7 5  
CUMULATIVE FATIGUE HISTOGRAM OUTPUT 

I HALF-RANGE FATIGUE L O U I S  1 CORRESPONDING MID-RANGE LOAD D I S l ' R I B U T l O N  
! I 
1 1 

0 0  I LOAD LEVELS LOAD/SQ . AT RATED I MEAN -- 
(TYPES 1 + 2  i I I 

TOTAL CVCLES - 0 . 3 5 9 E  09 

ROOT MEAN CUBED I S  0 . 1 7 1 E  0 5  AVERAGE MEAN I S  - 0 . l B I E  06 



TABLE H- 76 
CWULATIVE FATIWE HISTOCRAM OUTPUT 

ROTOR-CL-STA MX 

I HALF-RANGE FATIWE LOADS I CORRESPONDING MID-RANGE LOAD DISTRIBUTlON 
I 1 
I 1 

YO. CYCLES CCM PRO0 I --- LOAD LEVELS NORMALI$ED LOAD/SOT AT RATED I MEAN STANDARD M A X I M  MINIMUH 
LOAD I E ELS DEVIATION 

I I ---- ------I------------------------------- ---I ---- ------ 
0. 0. 1 0. - 0.129E 05 0. - 0.05 0. - 0.08 1 0. 0. 0. 0. 
0. 0. I 0.129E 05 - 0.257E 05 0.05 - 0.11 0.08 - 0.15 1 0. 0. 0. 0. 
0. 0. 1 0.257E 05 - 0.386E 05 0.11 - 0.16 8.15 - 0.23 I 0. 0. 0. 0. - 0.5 05 0.16 - 0.22 .23 - 0.31 I 0. E 05 0.200E 01 0.22 E 05 0.22 E 05 

I :  I::$-I:ii - 8::: I 8::: 1 I:& 3 I : 2 4 1 ~  03 I:i*h 
0.201E 08 0.30286 I 0.772E 05 - 0.901E 05 0.33 - 0.38 0.46 - 0.54 I 0.225E 05 0.261E 04 0.230E 05 -0.173E 04 
0.432E 08 0.42302 1 0.901E 05 - 0.103E 06 0.38 - 0.43 0.54 - 0.62 I O.213E 05 0.556E 04 0.230E 05 -0.174E 04 
0.508E 08 0.56438 I 0.103E 06 - O.ll6E 06 0.43 - 0.49 0.62 - 0.69 I 0.178E 05 O.82OE 04 0.229E 05 -0.293E 04 
0.449 08 0.68928 I 0. 06 - 0.12 06 0.49 - 0.54 0.69 - 0.77 1 0.137E 05 0.785E 04 0. 9E 05 -0.173E 04 - 4 

I :  O.~IOE 08 I:;:%: 0.89865 i I O.154E I: !'# g 06 : - 0.167E 8: ! g % W  0.92 - 1.00 I 0.729E k i  04 ::%: O.274E P 06 ~k 0.225E P 05 -8: -0.173E ::W4 0s 06 0.65 - 0.71 
O.lO2E 08 0.92698 I 0.167E 06 - 0.173E 06 0.71 - 0.73 1.00 - 1.03 1 0.655E OL 0.142E 04 0.224E 05 -0.173E 0 4  
0.674E 07 0.94575 I 0.173E Ob - 0.178E 06 0.73 - 0.75 1.03 - 1.06 1 0.650E 04 0.116E 04 0.224E 05 0.633E 04 

0.228E 07 0.98892 1 0.194E 06 - 0.200E 06 0.82 - 0.84 1.16 - 1.19 I 0.633E 04 0. 0.633E 04 0.633E 04 
0.153E 07 0.99319 1 0.200E 06 - 0.205E 06 0.84 - 0.86 1.19 - 1.22 I 0.633E 04 0. 0.633E 04 0.633E 0s 
0.986E 06 0.99594 1 0.2OSE 06 - 0.210E 06 0.86 - 0.89 1.22 - 1.26 I 0.633E 04 0. 0.633E 04 0.633E 04 
0.609 06 0.99763 I 0.210E 06 - 0 - I: %! 0 I:::::: 1 8:::FE - 8 
O.l lbE 06 0.99954 1 0.226E 06 - 0.232E 06 0.95 - 0.98 1.35 - 1.38 I 0.633E 04 0. 0.633E 04 0.633E 04 
0.129E 06 0.99990 1 0.232E 06 - 0.237E 06 0.90 - 1.00 -------------- 1 . 3 8 -  1.42 I 0.633EO4 0. 0.633E 04 0.633E 04 ........................................................ 

TOTAL CYCLES - 0.359E 09 

ROOT MEAN CUBED I S  0.124E 06 AVERAGE HEAN I S  0.163E 05 

TABLE H- 77 
CUMULATIVE FATIGUE HISTOGRAM OUTPUT 

TOTAL CfCLES - 0.359E 09 

ROOT MEAN CUBED I S  0.135E 06 AVERAGE HEAN I S  O.lO8E 06 



- 
TABLE H- 78 . ?r.--- "2 

W J L A T I V E  F A T I W E  HISTOGRAH OUTPLn 
U\.L=<. -,-A- ,:,:'-;:~k sC_ 

30TOA-CL-STA HZ 
OF p c ~ o ~  qulxaTv 

3 GMLF-RARGE FATIWE LOADS 1 CORRESI'ONDING WID-RANGE LOAD D I S T R I B U T I O W  
! 

TOTAL CYCLES = 0 . 3 5 9 E  0 9  

ROOT HEAW CUBED I S  0.3P4E 06 AVEJAGE UEAU I S  - 0 . 2 0 7 E  0 7  

TABLE H- 7 9  
C f l X U L A T I V E  F A T I W E  HISTOGRAM OLITPUT 

TOTAL CYCLES - 0 . 3 5 9 E  69 

ROOT WEAH CUBEC IS O . 1 3 1 E  0 5  AVERAGE MEAN I S  - 0 . 5 9 0 E  0 6  



TABLE H- 80 
W L A T I V E  F A T I W E  H l S T O G R A H  W P U T  

1 HALF-RANGE F A T I W E  LOADS I CORRESPONDING WID-RANGE LOAD D I S T R I B U 7 1 0 N  
! ; 

YO. CYCLES CIA PROB i --- LOU LEVELS NORWALIZEO L O A D / ~  AT RATED i MEAN STAWDARD WXIMW HINIMUM 
LOAD L E V E L S  D E V l A T I O I l  

I I 

-- - - 

TOTAL CYCLES = 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED IS 0 . 3 2 6 ~  0 4  AVERAGE nEAw IS 0 . 6 1 7 ~  oo 

TABLE H- 8 1  
C L M U L A T I V E  F A T I G U E  HISTOGRAM OUTPUT 

ROTOR-UAC VZ 

1 HALF-RANGE F A T I G U E  LOADS I CORRESPOWDIYG MID-RANGE LOAD D I S T R I B U T l O h  

YO. 
f 

5 C W  PRO0 I LOAD L E V E L S  LOAD/SO% AT RATED I ME 
t 

I I -- AN M A X l H L M  W l N l M U H  

(TYPES 1 + 2 1  -- I 

TOTAL CYCLES - 0 . 3 5 9 E  09 

ROOT MEAN CUBED 1 5  0 . 1 2 1 E  05 AVERAGE MEAN I S  - 0 . 2 2 0 E  06 



'ABLE I+ 0 2  OzbGiiT+?;ii P:=;zE 
C W U L A T I V E  FA?IGUE HISTOGRAM OUTPUT 

ROTOX-MAC I X  
OF 1=om QGALiW 

1 HALF-WlKGE F A T I G U E  LOADS 1 CORRE!;PONDING HID-RANGE LOAD D I S T R I B U T I O N  
Z 

TOTAL CYCLES - 0.359E 0 9  

ROOT WEAN CUBED I S  0 . 9 5 6 E  0 5  AVERAGE MEAN IS 0 . 8 6 1 E  0 4  

TABLE H- 83 
C W U L A T I Y E  F A T I G U E  HISTOGRAM OUTPUT 

ROTOW-WAC W 

I KPLF-RANGE F A T I G U E  L 0 4 D S  
I 

I CORRESPONDING MID-RANGE LOAD C l I S T R I B U T I O N  

I 
I 

cm  PRO^ 1 LOAD LEVELS i AT RATED I HEAU 
1 

L O A D / S W  ---- M A X I ~ ~ ~  M I N I ~ ~ ~  
I 

( T Y P E S  1+2 i  1 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT WEAN CUBED I S  0 . 5 0 7 :  05 AVE4AGE HEAW IS - 0 . 4 9 4 E  07 



TABLE H- 84 
CUMULATIVE FATIGUE HISTOGRAM OUTPUT 

- -  - 

1 HALF-RANGE FATIWE LOADS I CORRESPONDING HID-RANGE LOAD DISTRIBUTION 
I 1 
I 1 

NO. CYCLES CUM PROB 1 LOAD LEVELS NORMALIZED LOAD/SQi AT RATED 1 MEAN STANDARD HAXIMUM HINIHUM 
I a Y E i R S  - - -  I DAD LEVELS I DEVIATION 
I 

_---_-_-------- - - -_-_-------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

TOTAL CYCLES - 0.359E 09 

ROOT MEAN CUBED I S  0.314E 06 AVERAGE MEAN I S  -0.207E 07 

TABLE H- 85 
CWULATIVE FATIGUE HISTOGRAH OUTPUT 

YAW BRNC VX 

I HALF-RANGE FATIGUE LOADS I CORRESPOHDING HID-RANGE LOAD DISTRIBUTION 
! t 
1 

LOAD/SQ; AT RATED I HEAN HAXIHUH MINIHUM 
5 

(TYPES 1+2; I - - - - - -  1 ---- I - - - - - - - - -  1--- 

0.  0 .  i 0. - 0 . 1 3 3 ~  04 0 .  - 0.05 0. - 0.08 i o. 0.  0 .  0. 
0 .  0 .  1 0.133E 0b - 0.265E 04 0.05 - 0 . 1 1  0.08 - 0.15 I 0.  0 .  0. I: I 0.26 E Ob - 0.39 04 0.11 - 0.16 0.15 - 0.23 I 0 .  0 .  0 .  

4 - 
8 : 1 8 6 ~  07 0 1 9  8 - : &  8:;: - 8::: - o":;: - 0:B i $ : i 1 9 ~  07 I : 2 8 7 ~  04 $ 1 1 1 9 ~  07 -::119~ 07 

- 
O.426E 08 0.12392 1 0.663E 04 - Q.?%E 05 C.27 - 0 .33  3 - 0.46 I -0.119E 07 0.287E 04 -0.119E 07 -0.119; 07 
0.984E 08 0.39791 I 0.796E 04 - 0.929E 04 0.33 - 0.38 
0.455E 08 0.52452 1 0.929E D4 - O.1WE 05 0.38 - 0.43 

08 0.5 9e I o. 06 os - o. 9 05 0.43 - 0.49 

o"# 81 8::!f: 1 I:!d B - 8:# I - - 8::: - !:E 
0.238E 08 0.79841 1 O.144E 05 - 0.159E 05 0.60 - 0.65 0.85 - 0.92 1 -0.121E 07 0.202E 0 1  -0.120E 07 -0.121E 07 
0.252E 08 0.86864 1 0.159E 05 - 0.172E 05 0.65 - 0.71 0.92 - 1.00 I -0.l21E 07 0.119E 04 -0.120E 07 -0.121E 07 
0.133E 08 0.90561 1 0.172E 05 - 0.178E 05 0.71 - 0.73 1.00 - 1.03 1 -0.121E 07 0.627E 03 -0.120E 07 -0.121E 07 

1.03 - 1.06 I -0 

0.421E 07 0.97757 1 0.195E 05 - O.20OE 05 0.00 - 0.82 1.13 - 1.16 1 -0.121E 07 O.181E 03 -0.121E 07 -0.121E 07 
0.297E 07 0.98584 1 0.200E 05 - O.2WE 05 0.82 - 0.84 1.16 - 1.19 I -0.121E 07 0.  -0.121E 07 -0.121E 07 
0.200E 07 0.99140 I 0.206E 05 - 0.211E 05 0.84 - 0.86 1.19 - 1.22 I - 0 . l 2 l E  07 O.18lE 03 -0.121E 07 - 0 . l 2 l E  07 
0. 8 07 0.99498 1 0. E 05 - 
8 %  E 1::ZE i 8:& E P: 
0.271E W 0.99925 1 0.228E 05 - 0.233E 05 0.93 - 0.95 1.32 - 1.35 P -0.1211 07 O.128E 03 -0.121E 07 -0.121E 07 
0.151E 06 0.99968 1 0.233E 05 - 0.239E 05 0.95 - 0.98 1.35 - 1.38 : -0.121E 07 0. -0.121E 07 -0.121E 07 
0.817E 05 0.99990 I 0.239E 05 - 0.244E 05 0.98 - 1.00 1.38 - 1.42 . -0.121E 07 O.128E 03 -0.121E 07 -0.121E 07 _ - _ - _ - - - - _ _ _ _ - _ - - _ - - - - - _ - - - - - -  ----- ------------ 

TOTAL CYCLES = 0.359E 09 

ROOT MEAN CUBED I S  0.130E 05 AVERAGE MEAN I S  -0.12OE 07 



Y A n  33RIG W( 

I PLLF-RANGE FATIWE LOADS I CORRESPONDING WID-RANGE LOAD DISTRIBUTION 
I 
I 

YO. CYCLES m paoe I -- LOL?~  LEVELS EPRF~AL~;ED LQADISIB AT RATED I WEAN STANDARD MAXIMUM n ~ n r n u n  
LOAD LE ELS DEVIATION 

I I I --- I---- --- 

TOTAL CVCLES - 0.359E 09 

ROOT MEAN CUBED I S  0.933E 05 AVEaAGE HEAN I S  -0.264E 06 

TABLE H- 89 
CX3JLGTIVE FAT1 WE HlSTOGRM OUTPUT 

;; !<ALF-RANGE FATIGUE LOU!S I CORRESPI~NDING WID-RANGE LOAD DISTRIBUTION 
I 

1 I 
-5Vm AT RATED I UEA 

I 
(TYPES 1+2 1 I I I .................................. I ...................... 

0. 0. I 0. - 0.115E 05 0. - 0.02 0. - 0.08 1 0. 0. 0. 0. 
0. 0. I 0.215E 05 - 0.451E 09 0.02 - 0.03 0 .08 -  0.15 1 0. 0. 0. 0. 
0. 0. 1 0.43 L 05 - 0.646 05 0.03 - 0.02 0.15 - 0.23 I 0. 0. 0. 0. 

8:0r4t  M k M 0 2 3  II:::$ % 1 8:d P !:E 1 81% : ?  X:3: 4 3 7 5 3 ~  07 ::102E 04 -91753E 07 -::753E 07 
0.173E 07 0.00505 1 0.108E 05 - O.l29E 06 0.08 - 0.10 0.38 - 0.46 1 -0.822E 07 0.979E 06 -0.659E 07 -0.94OE 07 
0.558E 07 0.02060 1 O.1129E C6 - 0.151E 36 0.10 - 0.11 0.46 - 0.54 I -0.119E 07 0.979E 06 -0.659E 07 -0.94OE 07 

0.54 - 0.62 I -0.818E 07 0.989E 06 -0.659E 07 -0.94OE 07 
0.62 - 0.69 I -0. 7 7 0.997E 06 -0.659 

7 =&.:%:: O& 1 i:%b ::!% :; ~ : d % - 0 : 9 4 0 E  07 
- - 

0.393E O e  0.41900 I 0.217E C6 - 0.25CE 06 0.17 - 0.19 0.85 - 0.92 1 -0.814E 07 0.102E 07 -0.659E 07 -0.940E 07 
0.379E 08 0.52454 1 0.258E 06 - 0.280E 06 0.19 - 0.21 0.92 - 1.00 1 -0.813E 07 0.102E 07 -0.659E 07 -0.940E 07 
0 . 1 ~ ~  09 0.81500 1 0 . 2 8 0 ~  a5 - 0 . 3 5 ~  c ~ e  0.21 - 0.27 2.00 - 1.30 1 -0.812E 07 0.103E 07 -0.659E 07 -0.945E 07 
0.4 4 Oa 0.9 309 I 0.  6 E 06 

10%{- 
0.27 - 0.33 1.30 - 1.59 1 -0.8 7 O4E07-0 .  9E 7 O 9 3 E 0 7  8:iE S: 8 :  i 8 :  - . 8::: - 8:3 - - * 1 :  :::: z:&!bkbk~ :: -::&&-0:970E 07 

0.241E 07 0.99488 I O.Sl1E W - 0.69St 06 0.45 - 0.51 2.18 - 2.48 1 -0.101E 07 0.945E 06 -0.659E 07 -0.978E 07 
0.109E 07 0.99791 1 O.693E 05 - 0.77GE 06 0.51 - 6.37 2.46 - 2.77 I -0.774E 07 O.BO4E 06 -0.692E 07 -0.966E 07 
0.358E 06 0.99890 1 0.77tE W - 3.85:E 06 8.57 - 0.63 2.77 - 3.07 I -0.797E 07 0.733E 06 -0.713E 07 -0.938E 07 

06 - 3.94..E CbS 0.63 - 0.69 

0.249E 05 0.99986 1 O . l l l E  07 - O.ll:;E 07 0.22 - 0.88 3.95 - 4.25 I -0.772E 07 0.412E 06 -0.746E 07 -0.854E 07 
0.100E 05 0.99989 1 O.l l9E 07 - 0.121E 07 0.80 - 0.94 4.25 - 4.54 I -0.779E 07 0.355E 06 -0.754E 07 -0.854E 07 
0.486E 04 0.99990 I 0.127E 07 - 0.13SE 07 0.94 - 1.00 -------- ------- -- 4.54 - 4.84 1 -0.783E 07 0.365E 06 -0.761E 07 -0.853E 07 

-PA---------- ------- 

TOTAL CYCLES - 0.359E 09 

ROOT MEAN CUBED P S  0.329E 06 AVERAGE REAH I S  -Q.B13E 07 



TABLE H- 90 
CUMULATIVE F A T I W E  HISTOGRAM W P U T  

YUI BRNG HZ 

I HALF-RANGE F A T I W E  LOADS I CORRESPONDING MID-RANGE LOAD D l S T R I B U T I O N  

f ! 
no. CYCLES CUM PROB i LOAD LEVELS NORMALIZED LOADI~~~; AT RATED i HEAN STAHDARD nrx~nun MINIMUM 

YEARS -- I LOAD L E V E L S  
1+2 i 

D E V I A T I O N  
1 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 3 4 7 E  06 AVERAGE MEAN I S  - 0 . 2 0 5 E  0 7  

TABLE H- 9 1  
C U l U L A T l V E  F A T I G U E  HISTOGRAM OUTPUT 

I HALF-RANGE F A T I G U E  LOADS 1 CORRESPONDING MID-RANGE LOAD D I S T R I B U T I O N  
! I 

cw PROD i LOAD LE VELS 4 A T  RATED I MEAN MAXI~UH nlnlnun 1 
LOAD/5Q -- 

( T Y P E S  1 4 '  I 
1 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED 1 5  0 . 1 3 0 E  05 AVERAGE MEAN I S  - 0 . 1 2 3 E  0 7  



TABLE H- 9 2  
N K U L A T l V E  F A T I W E  HISTOGRAk OUTPUT 

FWER 105 W 

I WLF-RANGE F A T I C U E  LOADS I CORRESPONDlNG WID-RANGE LOAD D I S T R I B U T I O N  

TOTAL CYCLES = 0 . 3 5 9 E  0 9  

ROOT WEAN CUBED I S  0 . 1 2 4 E  05 AVERAGE HEAN I S  O . 1 4 0 E  0 4  

TABLE H- 93 
C W U L A T I V E  FATIGUE HISTOCRAW OUTPUT 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 1 7 5 E  05 AVERAGE MEAN I S  - 0 . l 6 5 E  0 6  



T A B L E  I t  94 
C U M U L A T I V E  F A T I G U E  H I S T O G R A M  OUTPUT 

T W E R  1 8 5  MX 

! HALF-RANGE F A T I G U E  LOADS ! CORRESPONDIMG UID-RANGE LOAD D I S T R I B U T I O N  

i 
YO. e Y C L E S  CUM PRO0 I L O A D  L E V E L S  

i 
NORMALIZED LOAD/~VL AT RATED 1 MEAN STANDARD C U X I C ~ ~ ~  nInInw 

ARS -- I LOAD L E V E L S  D E V I A T I O N  
- -  r - - - - - - - - - - - - - -  1 - - - - -  - - - -  - ---- - ----- I 

TOTAL C l C L E S  - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 9 3 5 E  OS AVERAGE MEAN I S  - 0 . 2 6 4 E  06 

T A B L E  H- 9 5  
C U M U L A T I V E  F A T I G U E  H I S T O G R A M  OUTPUT 

TOWER 185 MY 

1 HALF-RANGE F A T I G U E  LOADS ! CORRESPONDING MID-RANGE LOAD D l S T R l B U T l O N  

Kw PRO0 1 
i 

L O A D  LOAD/50% AT RATED I HEAN 
f MAXIMUM M I N I M L M  

--A I 
( T Y P E S  1 + 2  I - I I 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  O . l O 6 E  0 7  AVERAGE MEAN I S  - 0 . 2 2 9 E  0 7  



TABLE H- 96 
CWLATIYE FkTlWE HISTOCRAM OUTPL'I 

TWER 185 HZ 

OIWIG~NWL ' PAS$ ES 
CIF POOR QUALlT'Y 

I HALF-RANGE FATltUE LOADS I CORREjPOHOING HID-RANGE LOAD CISTRI8UTlOh 
f ! 

- -- 

TOTAL CYCLES - 0.359E 09 

ROOT MEAN CUBED I S  0.839E 06 AVERAGE MEAN I S  -0.199E 07 

TABLE H- 97 
CWULATIYE FATIGUE HISTOGRAM OUTPUT 

1 HALF-RANGE FATlWE LOADS I CORRESPONDING MID-RANGE LOAD [IISTRIBUTION 
1 I 
I 1 

PRO8 I LOAD LEVELS LOAD/IWh AT RATED I MEAN MAXIMUI H I ~ I M U ~  --- 5 
(TYPES 1*2)  

I 
I --------I ---- 1 --------------- 1 ..................... 

0 .  0 .  I 0. - 0 . 1 3 3 E 0 4  0.  - 0 . 0 5  0.  - 0.08 I 0. 0 .  0 .  0 .  
0. 0 .  I 0.133E 04 - 0.265E 04 0.05 - 0.11 0.08 - 0.15 1 0. 0 .  0. 8 : 0 .  1 0.26 E 04 - 0. 98E 04 0.11 - 0.16 0.15 - 0.23 1 0. 0 .  0 .  

8 : i w ~  07 8 : m n 9  I 8:& 8: - 8:h 8P 8::: - 8 -  - : 4:144E 07 8:288E 04-::143~ 07 -::144E 07 
0.426E 08 0.12392 I 0.663E 04 - 0.79bE 04 0.27 - 0.33 0.38 - 0.46 I -Q.l44E 07 0.287E 04 -0.143E 07 -0.144E 07 
0.984E 08 0.39791 I 0.796E 04 - 0.929E 04 0.33 - 0.38 0.46 - 0.54 1 -0.144E 07 0.239E 04 -0.143E 07 -0.145E 07 
0.455E 06 0.52452 I 0.929E 04 - 0.106E 05 0.38 - 0.43 -0.144E 07 0.399E 04 -0.143E 07 -0.145E 07 
0 E 08 O H 9 8  i 0.1WQ 05 - Q . H g  05 0.43 - 0.49 0.62 - 0.69 -0.144 07 0 .  04 -0.143E 07 0 14 E 07 

81 7 3 2  i 3 3 - 8 :  % 8::: - 8::: - - - - Ieif-F&m 8:;: - 8% i -kid i; 8% E 2:%E i17 - 0 1 1 ~ 5 ~  07 
0.238E 08 0.79841 I 0.146E 05 - 0.159E 05 0.60 - 0.65 0.85 - 0.92 1 -0.145E 07 0.200E 06 -0.145E 07 -0.145E 07 
0.252E 08 0.86864 1 0.159E 05 - 0.172E 05 0.65 - 0.71 0.92 - 1.00 1 -0.145E 07 0.119E 04 -0.145E 07 -0.145E 07 
0.133E 08 0.90561 I 0.172E 05 - 0.178E 05 0.71 - 0.73 
0.8 9E 07 0. 92982 1 0.17 E 05 - 0.184E 05 0.73 - 0.75 1.03 - 1.06 1 -0. 4 07 2 E 03 -0.145E (m 1.00 - 1.03 I -0.145E 07 0.543E 03 -0.145E 07 -G.l45E 07 

8: 8:ZPt 1 8:kXTE: Z 8::: - 8::: - - ::g :::: ~ : k k ! % ~  8; 18:t:ZL k7 -0:14st 07 
0.421E 07 0.97757 1 0.195E 05 - 0.100E 05 0.80 - 0.82 1.13 - 1.16 I -0.145E 07 O.128E 03 -0.145E 07 -0.145E 07 
0.297E 07 0.98584 I 0.200E 05 - O.P+E 05 0.82 - 0.84 1.16 - 1.19 I -0.145E 07 0.  -0.145E 07 -0.145E 07 
0.200E 07 0.99140 I O.2WE 05 - 0.211E 05 0.84 - 0.86 

07 0. 
1.19 - 1.22 I -0.145E 07 O.128E 03 -0.145E (17 -0.145E 07 

99498 1 0 0.86 - 0.89 -0.145E 07 0 4 E 07 eo+&,, -8: :::: ;17 -0: 145E 07 
0.271E 06 0.99925 1 0.228E 05 - 0.233E 05 0.93 - 0.95 1.32 - 1.35 I -0.145E 07 0 128E 03 -0 145E 07 -0 145E 07 
O.151E W 0.99968 1 0.233E 05 - 0.239E 05 0.95 - 0.98 1.35 - 1.38 1 -0.145E 07 0 : 1 2 8 ~  0 3 - 0 : 1 4 5 ~  07 - 0 : 1 4 5 ~  07 
0.B17E DS 0.99990 1 0.239E 05 - 0.2&4E 05 0.98 - 1.00 1.38 - 1.42 I -0.145E 07 0.128E 03 -0.145E 07 -0.145E 07 -- - _ - _ _ - _ _ _ _  ------ --------- - ----- --- - - - - -  _ _---._---_- 

TOTAL CYCLES - 0.359E 09 

ROOT MEAN CUBED I S  0.130E 03 AVERAGE HEAH I S  - 0 . l U E  07 



TABLE H- 98 
W L A T I V E  FATIGUE UISTOGRAH OUTPUT 

TOWER 117 W 

I HALF-RANGE FATlaE LOAOS 1 CORRESPONDING MID-RANGE LOAD DISTRIBUTION 
I 

------------------------ 

TOTAL CYCLES = 0.359E 09 

ROOT MEAN CUBED I S  0.137E 05 AVERAGE MEAN IS  0.145E 04 

TABLE H- 99 
QIWULATIVE FATIGUE HISTOGRAM OUTPllT 

I HALF-RANGE FATIGUE LOADS I CORRESPONDING MID-RANGE LOAD DlSTRIBUTION 
! ! 
1 I 

LOAD LE VELS LOAD/SVA AT RATED I MEAN HAXIMUU MINIHUM 

(TYPES l*21 I 1 

0. 0. i 0. - 0 .923~  03 0. - 0.01 0. - 0.08 i 0. 0. 0. 0. 
0. 0. 1 0.923E 03 - O.185E 04 0.01 - 0.02 0.08 - 0.15 I 0. 0. 0. 0. 

0. I 0.18 06 - 0.277E 04 0.02 - 0.03 0.15 - 0.23 1 0. 0. 0. 0. 

::823~ 06 2 2  
- - : E:g - ::% - "o:: - "o% I -::197E 06 ::238E 05 -!:178E 06 -::228E 06 

- 
0.280E 07 0.01008 1 0.462E 04 - 0.554E OL 0.05 - 0.06 0.38 - 0.46 I -0.178E 06 0.453E 05 -0.763E 05 -0.228E 06 
0.608E 07 0.02702 1 0.554E 01 - 0.646E 04 0.06 - 0.07 0 - 0.54 1 -0.177E 06 0.464E 05 -0.763E 05 -0.228E 06 
0.106E 08 0.05656 1 0.646E 04 - 0.738E 04 0.07 - 0.08 0.54 - 0.62 1 -0.173E 06 0.490E 05 -0.763E 05 -0.228E 06 

0 6 2  - 0.69 I -0 

0.251E 08 0.28866 I 0.102E 05 - 0 . l l l E  05 0.11 - 0.11 0.85 - 0.92 I -0.156E 06 0.547E 05 -0.763E 05 -0.228E 06 
0.258E 08 0.36050 1 0.111E 05 - O.12OE 05 0.11 - 0.12 0.92 - 1.00 I -0.152E 06 0.552E 05 -0.763E 05 -0.228E 06 

1.00 - 1.54 1 -0.141E 06 0.549E 05 -0.756E 05 -0.228E 06 
1.54 - 2.09 I -0. 

O.244E 07 0.99426 1 O.3BOE 05 - 0.446E 05 0.39 - 0.46 3.17 - 3.71 1 -0.135E 06 0.497E 05 -0.578E 05 -0.228E 06 
0.117E 07 0.99752 1 0.446E 05 - 0.511E 05 0.46 - 0.53 3.71 - 4.26 I -0.153E 06 0.519E 05 -0.542E 05 -0.228; 06 
O.413E 06 0.99875 I 0.511E 05 - 0.576E 05 0.53 - 0.60 4.26 - 4.80 I -0.187E 06 0.376E 05 -0.774E 05 -0.228E OC 

06 0.99938 1 0.576E 05 - 0.64 05 0.60 - 0.66 4.80 - 5.34 I -0. 6 06 0 .  4E 05 -0.77 E -0.228E 06 - - 6 I::: 1 2::: 31% I : ~ : & - ! !  - 8 : : E b  
0.1921 05 0.99987 I 0.771E 05 - O.836E 05 0.80 - 0.87 4 - 6.97 1 -0.213E 06 0.198E 05 -0.184E 06 -0.228E 06 
0.795E 04 0.99989 I 0.836E 05 - 0.901E 05 0.87 - 0.93 6.97 - 7.51 I -0.211E 06 O.205E 05 -0.184E 06 -0.228: 06 
O.305E 04 0.99990 I 0.901E 05 - 0.966E 05 0.93 - 1.00 7.51 - 8.05 1 -0.218E 06 0.178E 05 -0.184E 06 -0.228E 06 -------------------------------------------------------------- 

TOTAL CYCLES - 0.359E 09 

ROOT HEAN CUBED I S  0.189E 05 AVERAGE MEAN I S  -0.145E 06 



TABLE H - 1 0 0  
ClRQlLATlVE F A T I W E  HISTOCRAM OUTPLn 

TOWER 1 1 7  MX 

I HALF-RANGE F A T I G U E  LOADS I CORRESPONDING MID-RANGE LOAD D l S T R l B U T I O N  
! 

TOTAL CYCLES - 0 . 3 5 9 E  09 

ROOT MEAN CUBED I S  0 . 9 3 5 E  05 AVERAGE WEAN I S  - 0 . 2 6 4 E  06 

TABLE H - 1 0 1  
CLiMULATlVE F A T I G U E  H I S T W R A M  OUTPUT 

I HALF-RANGE F A T I W E  LOADS I CORRESFONDING MID-RANGE LOAD D I ! ; T R I B U T I D N  
! 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 2 3 1 E  0 7  AVERAGE MEAN I S  0 . 7 6 1 E  0 7  



TABLE H - 1 0 2  
C W L A T I V E  FATIGUE HISTOGRAM OUTPUl 

TOWER 1 1 7  HZ 
- ~ - 

HALF-RANGE F A T I W E  LOADS 

- - 

I CORRESPONOIUG HID-RANGE LOAD D I S T R I B U T I O N  
? 

NO. n c u s  cw PROB i ---- LOAD LEVELS NORMALIZED LOAD/50% AT RATED ! MEAN STANDARD CUXIHIJM M I N I C U M  

--+vky::IRs LOAD LEVELS D E V I A T I O N  
I I L-------------r-----------------------------------I-- --------------- 

TOTAL CYCLES - 0 . 3 5 9 E  ,W 

ROOT WEAN CUBED I S  0 . 1 7 5 E  0 7  AVERAGE HEAN I S  - 0 . 1 8 9 E  0 7  

TABLE H - 1 0 3  
CLMULATIVE FATIGUE HlSTOGRAM OUTPUT 

- - 

HALF-RANGE F A T I W E  LOADS 

-- - -  

! CORRESPOWOING MID-RANGE LOAD O l S T R I B U T I O N  

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 1 3 0 E  05 AVERAGE HEAN I S  -0 .163E 0 7  



TABLE H-104 
W L A T I V E  FATIGUE HISTOCRAH OUTPUT 

SWER 5 1  W 

I HALF-RANGE FAPICUE LOADS I CORi(ESPOIID1NG MID-RANGE LOAD DISTRIBUTIOI; 
! 

TOTAL CYCLES - 0.359E 09 

ROOT MEAN CUBED I S  0.141E 05 AVERAGE MEAN I S  0.146E 04 

TABLE H-105 
CUKULATIVE FATIGUE H I  STOCRAM OUTPUT 

TWER 5 1  VZ 

I HALF-RANGE FATIGUE LOADS I CORRESPCINDING MID-RANGE LOAD DIS'IRIBUTlOh 
! 
1 

W PRO0 I LOU) LE VELS LOAD/SVA AT RATED I MEAN -- 
(TYPES 1+2! 1 1 

0.  0. i 0. - 0 . 9 6 2 ~ 0 3  0. - 0 . 0 1  0.  - 0.08 i 0.  0. 0. 0 .  

8 : 0. I 0.962E 03 - 0.192: 04 0.01 - 0.02 0.08 - 0.15 I 0.  0. 0. 
I 0 . 1 9 2 ~  C* - 0.  8; 04 0.02 - 0.03 0.15 - 0.29 I 0. 0. 8. - -0- 

8 : 8 1 8 ~  06 8 : m 2 2 r  I 8::::: B I 8:%1 P 81% I 8:E : - 8:%: : - 8 : 1 9 7 ~  06 8 : 2 3 8 ~  05 -::177~ 06 -0 .227~  06 
0.286E 07 0.01025 I 0.481E 06 - 0.577: 04 0.05 - 0.06 0.38 - 0.46 1 -0.176E I6 O.467E 05 -0.760E Q5 -0.227E 06 
0.621E 07 0.02754 1 O.577E 04 - 0.673E 04 0.04 - 0.07 0.46 - 0.44 1 -0.175E 06 0.474E 05 -0.760E 05 -0.227E 06 
0.108E 08 0.05771 1 0.673E 04 - 0.769' 04 0.07 - 0.08 0.54 - 0.62 1 -0.171E 06 0.499E 05 -0.76OE 05 -0.227E 06 

-0 5 1 00.6 E 04 - 0.8651 04 0.0e - 0.09 0.62 - 0.69 I -0. 66 16 0. 7 05 -0.760E 0 -0 227E 06 

8 : # ~ 8 :  8::d!:1 8::&B-8::Pi& E : K - 8 : K '  - - - - - -6 8::: - 8::: i -::M !E ::!% 3 -::28E $-0.227~ 06 
0.255E 08 0.29450 1 0.106E 05 - O.115E 05 0.11 - 0.12 0.85 - 0.92 1 -0.155E 0 %  0.548E 05 -0.760E 05 -0.227E 06 
0.262E 08 0.36740 1 O.115E 05 - O.125E 05 0.12 - 0.13 0.92 - 1.00 1 -0.151E 06 0.551E 05 -0.760E 05 -0.227E 04 
0.138E 09 0.75215 1 0.124E 35 - O.19Oi 05 0.13 - 0.10 1.00 - 1.52 1 -0.141E 0 %  0.548E 05 -0.753E 05 -0.227E 04 

05 0.20 - 0.26 1.52 - 2.04 1 -0. 27 06 0 05 -0.7 7E 0 -0 227 06 - - 4 6  
- ::% ~:!d 1: :% gg -;:k&-O.Z27E 06 

0.261E 07 0.99412 1 0.385E 05 - 0.450E 05 0 .40  - 0.46 3.08 - 3.60 1 -0.137E 0% 0.511E 05 -0.576E 05 -0.227E 06 
0.122E 07 0.99751 I 0.450E 05 - 0.514C 55 0.46 - 0.53 3.60 - 4.12 I -0.lSOE 06 O.52OE 05 -0.540E 05 -0.227E 06 
O.443E 06 0.99874 1 0.514E 05 - 0.579E 05 0.53 - 0.60 4.12 - 4.63 I -0.186E 06 0.374E 05 -0.770E 05 -0.227E 06 

4.63 - 5.15 I -0 E IX 0. 3 0 -0.772E -0 227E 06 - - -6 $::? - ::ti i S%!EE 8:m 4::&-0:227E 06 
0.192E 05 0.99987 1 0.774E 05 - 0.839E 05 0.80 - 0.87 6.19 - 6.71 1 -0.212E IX 0.19BE 05 -0.183E 06 -0.227E 06 
O.8WE 04 0.99989 1 0.839E 05 - O.BO4E 05 0.87 - 0.93 6.71 - 7.23 I -0.211E 106 O.2ME 05 -0.183E 06 -0.227E 06 
0.341E Q4 0.99990 1 0.904E 03 - 0.963E 05 0.93 - 1.00 -- ................................... 7.23 - 7.75 I -0.215E I% 0.19BE 05 -0.183E 06 -0.227E 06 

TOTAL CYCLES = 0.359E 09 

ROOT MEAN CUBED I S  0.193E 05 AVERAGE HEAN I S  -0 . l44E 06 



TABLE H-106 
C L W L A T I V E  F A T I W E  HISTOGRAM OUTPLl l  

T O ~ E R  51 nx 

! HALF-RANGE F A T I W E  LOADS 1 CORRESPONDING MID-RANGE LOAD D I S T R I B U T I O N  
i 

YO. CVCLES UAI PRO0 I LOAD LEVELS 
i 

-- NORMALIZED LOAD/SO% AT RATED I MEAM STAYDARD MAXIMUM M I N I H U H  
LOAD LEVELS 

I 
D E V I A T l O N  

TOTAL CYCLES - 0 .359E  09 

ROOT MEAN CUBED I S  0 . 9 3 5 E  05 AVERAGE MEAN I S  Q . 2 6 4 E  06 

TABLE H - 1 0 7  
C L W L A T I V E  F A T I W E  HISTOCRAM OUTPUT 

TOTAL CYCLES - 0 .359E  09 



TABLE H - 1 0 8  
C L W L A T I V E  F A T I G U E  HISTOGRAM O U T P U l  

T W E R  51 MZ 

I HALF-RANGE F A T I G U E  LOADS I CORRESPOUDIUG MID-RANGE LOAD D l S l R l B U T I O N  
! ! 

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

(1007 MEAN CUBED I S  0 . 2 5 1 E  0 7  AVERAGE MEAN I S  - 0 . l B O E  0 7  

TABLE H - 1 0 9  
C l M U L A T l V E  F A T I G U E  HISTOGRAM O U T P U l  

TOTAL CYCLES = 0 . 3 5 9 E  0 9  

ROOT MEAH CUBED I S  0 . 1 3 0 E  0 5  AVERAGE MEAN I S  -0 .185E 0 7  



TABLE H-110 
W L A T I V E  FATIGUE HISTOGRAW OllTPVl 

TOHER BASE W 

1 HALF-RANGE FATIGUE LOADS 1 CORRESPONDING MID-RANGE LOAD DISTRIBUION 
! ! 

YO. CYCLES m PROB i 
A R S  I 

LOAD LEVELS NORMALIZED LOADISO~ AT RATED i HEAN STANDARD nrxlwun MINIMUM 
LOAD LEVELS DEVIATION 

+2 1 I I 
--------------]--------------------I---------------------- 

0. - 0.796E 03 0. - 0.03 0. - 0.08 I 0. 0. 0. 0. 
0. 0. 1 8:796~ 03 - 0.159E 04 0.03 - 0.07 0.08 - 0.15 I 0. 0. 0. 0. 
0. 0. I 0.159E 04 - 0.239E 04 0.07 - 0.10 0.15 - 0.23 I 0.  0. 0. 8: 0. I 0. 39E 04 - O.318E 04 0.10 - 0.14 0.23 - 0.31 1 0. 0. 0. 

8: I: I !:hi P - 8:W: O 8::: - 8::: - - 8:31 - 8 :  f 8: - 8: I: 8: 
0. 0. I 0.477E 04 - 0.557E 04 0.21 - 0.24 0.46 - 0.54 I 0.  0. 0. 0. 
0. 0. 1 0.557E 04 - 0.636E 04 0.24 - 0.27 0.54 - 0.62 1 0. 0. 0. 0. 
0. 0. 1 0.636E 04 - 0.716E 04 0.27 - 0.31 

0.307E 08 0.14666 I 0.955E 04 - 0.103E 05 0.41 - 0.45 0.92 - 1.00 1 0.214E 04 O.448E 03 0.252E 04 0.157E 04 
0.498E 08 0.28524 1 0.103E 05 - 0.113E 05 0.45 - 0.49 1.00 - 1.10 1 0.201E 04 0.445E 03 0.252E 04 0.129E 04 
0.413E 08 0.40024 1 O.ll3E 05 - 0.123E 05 0.49 - 0.53 1.10 - 1.19 I O.181E 04 O.466E 03 O.252E 04 0.753E 03 

1.19 - 1.29 1 E 0 4 0 . 4 5  3 0  04 0.165E 03 - 3 : - t::: n ::~~%kd# n 8::53~ 03 
0.395E 08 0.79603 1 0.153E 05 - 0.163E 05 0.66 - 0.70 1.48 - 1.57 I 0.102E 04 0.271E 03 O.2OOE 04 0.753E 03 
0.347E 08 0.89161 I 0.163E 05 - 0.172E 05 0.70 - 0.74 1.57 - 1.67 1 0.916E 03 0.270E 03 0.200E 04 0.554E 03 
0.197E 08 0.94748 1 0.172E 05 - 0.182E 05 0.74 - 0.79 1.67 - 1.76 1 0.905E 03 0.248E 03 0.129E 04 0.253E 03 
0. 7E 08 0.97730 1 0.182 M - 0 E 05 0.79 - 0.83 

I:&: 8: 8:::;:: ! 8 : d  E - 8% t[i - - 8::f - 8::: 
0.674E 06 0.99902 1 O.212E 05 - 0.222E 05 0.91 - 0.96 2.05 - 2.14 I 0.753E 03 0. 0.753E 03 0.753E 03 
0.317E 06 0.99990 1 0.222E 05 - 0.232E 05 0.96 - 1.00 2.14 - 2.24 I 0.753E 03 0. 0.753E 03 0.753E 03 

TOTAL CYCLES - 0.359E 09 

ROOT WEAN CUBED I S  O.142E 05 AVERAGE MEAN I S  0.147E 04 

TABLE H-111 
CUHULATlVE FATIGUE HISTOGRAM OUTPUT 

1 HALF-RANGE FATIWE LOADS I CORRESPONDING HID-RANGE LOAD DISTRIBUTION 
I 1 
I I 

LOAD/SQ LOAD LEVELS a AT RATED 

(TYPES 1+21 I I 

TOTAL CYCLES - 0.359E 09 

ROOT MEAN CUBED I S  0.194E 05 AVERAGE MEAN I S  -0.144E 06 



- -. 
T A B L E  H - 1 1 2  i $ ! ~ ; , ~ ~ y J ~ ~  . ps:,&z 

WLATIVE FATIWE HISTNRAM ~ P U  - L * . > ~ L .  - 
TOWER BASE MX 

-- 

I HALF-RANGE F A T I G U E  LOADS 
! 

I CORRESPONDING MID-RANGE LOAD D I S T R I B U T I O N  
! 

NO. CYCLES m PROB t LOU) LEVELS NORMALIZED LOU)/~VL AT RATED i MEAN STANDARD nrxlnuw M I N I ~ ~ M  
AD L E V E L S  D E V I  A T I O N  

TOTAL CYCLES - 0 . 3 5 9 E  0 9  

ROOT MEAN CUBED I S  0 . 9 3 5 E  0 5  AVERAGE MEAN I S  - 0 . 2 6 4 E  06 

TABLE H - 1 1 3  
C L M U L A T l V E  F A T I G U E  HISTOGRAM OUTPUT 

TWER BASE nv 

I KALF-RANGE F A T I W E  LOADS I CORRESP3NDlNG HID-RANGE LOAD D I S T R I B U T I O N  
! ! 
1 1 

LOAD!50'; AT RATED I MEAN 
s 

TOTAL CYCLES = 0 . 3 5 9 E  09 

ROOT MEAN CUBED I S  0 . 4 6 0 E  0 7  AVERAGE WEAN I S  0 . 2 4 5 E  OB 



TABLE H - 1 1 4  
Q l r l l L A T I V E  F A T I W E  H l S T O C R I I I  WTPW 

--- 
T W E R  BASE 112 

- -- 

HALF-RANGE F A T I W E  LOADS 
- -  

! CORRESPONDING HID-RANGE L O U  D ~ S T R I B I ~ T I O Y  

TOTAL CVCLES - 0 . 3 5 9 E  09 

ROOT HEAN CUBED I S  0 . 3 2 2 E  0 7  AVERAGE MEAN I S  - 0 . 1 7 2 E  0 7  



TABLE 111-1 

TYPE I 1  I HALF-RANGE LOADS 

INTERFACE l b  f t - 1  b - 
X I O - ~  X I O - ~  x ~ o - ~  X I O - ~  ) , lo-  ti x 10-6 

BLADE .90R 

.80R 

.70R 

.60R 

.50R 

.4 OR 

.30R 

.25R 

.ZOR 

. I  OR 

0 R 

TEETER BRGS. 

ROTOR CL 

ROTORINUCELLE 

YAW BEARING 

TOWER 185 

TOWER 117 

TOWER 51 

TOWER BASE 

NOTE: There a r e  35,000 Type I 1 1  cyc les  i n  30 years. 

B-59 



TABLE 111-2 

TYPE 111 MID-RANGE LOADS 

Vx VY V z M x MY Mz 

I NTERFHC E I b  f t - l b  

XI o - ~  X I O - ~  x ~ o - ~  X I O - ~  x ~ o - ~  

BLADE .90R . I 5 4  

.80R .447 

.70R .920 

.6 OR 1.52 

.50R 2.14 

.40R 2.73 

.30R 3.23 

.25R 3.46 

.20R 3.67 

. 1  OR 4.0 1 

OR 4.1 1 

TEETER BRGS. - .0613 

ROTOR CL -3.12 

ROTORINACELLE -5.87 

YAW BEARING -12.0 

TOWER 185 -12.3 

TOWER 117 -13.7 

TOWER 51 -14.5 

TOWER BASE -1  5.6 

NOTE: There  a r e  35,OUO Type I 1 1  c y c l e s  i n  3 0  y e a r s .  

B-60 



TABLE L-1.  50% OVERSPEED @ 47 MPH 

(SURVIVAL CONDITION) 

I NTERFACE l b  f t - 1  b - 

BLADE .90R .0707E6 

.80R .207E6 

.70R .426E6 

.60R .705E6 

.50R .996E6 

.40R 1.28E6 

.30R 1.52E6 

.25R 1.62E6 

.20R 3 .74E6 

1 O R  1.91E6 

OR 2.00E6 

TEETER BRGS. - +.305E6 

ROTOR CL -.267E6 

ROTORINACELLE - .540E6 

YAW BEARING -1.28E6 

TOWER 185 -1.37E6 

TOWER 117 -1.53E6 

TOWER 5 1  -1.73E6 

TOWER BASE -1.93E6 



TABLE L - 2 a  EXTREME WIND C O N D I T I O N  1 3 0  MPH BLADES UPWIND 

V x VY V z Mx MY Mz 

INTERFACE l b  f t - 1  b 

~ 1 0 - 5  XIO-5 ~ 1 0 - 5  X ~ O - 6  X ~ O - 6  XIO-6 

BLADE .90R 

.8 OR 

.70R 

.60R 

.50R 

.40R 

.30R 

. 2  5R 

.20R 

.1 OR 

OR 

TEETER BRGS. 

ROTOR C L  

ROTOR/NACELLE 

YAW BEARING 

TOWER 1 8 5  

TOWER 1 1 7  

TOWER 5 1  

TOWER BASE 



TABLE L-i lb EXTREME WIND C O N D I T I O N  130 MPH BLADES CIOWNWIND 

INTERFACE l b  f t - l b  - 
x 10-5 x io -5  x 1 w 5  XIO-6 :(I 0-6 XIO-6 

BLADE .90R 0. - +.0147 ,095 1 .0167 - ,0897 +.0138 - 
.80R 0. - +.0460 -222 ,0515 - ,401 - +.0719 

.70R 0. - +. 103 .378 .096 1 - ,995 - +.220 

.60R 0. +. 186 .565 . I60  -1.93 - + .509 - 

.50R 

.40R 

.30R 

.25R 

.20R 

. I  OR 

OK 

TEETER BRGS. 

ROTOR CL 

ROTOR/NACELLE 

YAW BEARING -9.74 0. 4.36 0. 17 .O 0. 

TOWER 185 -10.5 0. 4.3 6 0. 34.5 0. 

TOWER 117 -11.9 0. 4.36 0. 64.2 0. 

TOWER 51 -13.6 0. 4.36 0. 93.0 0. 

TOWER BASE -15.4 0. 4.36 0. 115. 0. 



TABLE L - 2 c  

L I M I T  LOADS DUE TO EXTREME WIND CONDITIONS 

( 1 3 0  MPH) 

TOWER WIND PRESSURES 

HEIGHT 
(FT  

PRESSURE 
( L B / F T  

TO BE ADDED TO LOAD I N 

TABLE L - 2 a  o r  TABLE L - 2 b  



TABLE L-3. CONTROL MALFUNCTION @ 6 0  MPH 

(AILERONS I N  POWER POSITION - 0 ° )  

I NTERFACE I b  f t - 1  b - 

BLADE .90R .0355E6 

.80R .0948E 6 

.7 OR .215E6 

.60R .356E6 

.50R .505E6 

.40R .647E6 

.30R .7 74E6 

.2 5R .833E6 

.2OR .889E6 

.1 OR .987E6 

OR 1.06E6 

TEETER BRGS. 2.97E5 

ROTOR CL -3.30E5 

ROTOK/NACELLE -6.17E5 

YAW BEARING -1.26E6 

TOWER 185 -1.34E6 

TOWER 117 -1.51E6 

TOWER 51  -1.71E6 

TOWER BASE -1.91E6 



TABLE L-4. 99.99%'ILE GUST AT RATED (32-48 MPH) 

FOLLOWED BY DESYCHRONIZATION, 25% OVERSPEED, 

AND SHUTDOWN 

Vx Vy Vz Mx MY 

INTERFACE l b  f t - 1  b 

BLADE .90R .0504E6 

.80R .147E6 

.70R .314E6 

.60R .5 15E6 

.50R .7 12E6 

.40R .9 12E6 

.30R 1.09E6 

.25R 1.17E6 

.20R 1.25E6 

.10R 1.38E6 

OR 1.46E6 

TEETER BRGS. - +2.92E5 

ROTOR CL -2.75E5 

ROTOR/NACELLE -5.52E5 

YAW BEARING -1.26E6 

TOWER 185 -1.34E6 

TOWER 117 -1.51E6 

TOWER 51 -1.71E6 

TOWERBASE -1.91E6 

NOTES: Vy & Mz ( o f  b l a d e  ) a r e  subsequent t o  f ea the r .  

Vz & My May have oppos i t e  s i g n  & equal magnitudes as shown above f o r  
b l ade  s t a t i o n s  outboard o f  .60R. 



TABLE L-5 CYCLOCONVERTER MISYAP 

D R I V E  T R A I N  TORQUE-MZ = 5 . 8 7 E 6  F T - L B  

o CAN OCCUR I N  CONJUNCTION WITH ANY OTHER LOAD 

CONDIT ION EXCEPT HURRICANE (TABLE  L - 2 )  

o TO BE APPLIED AT INTERFACES BELOW 

TEETER BEARING 

ROTOR CENTERLINE 

YAW BEARING 

A L L  TOWER 



TABLE L - 6  TEETER BRAKE APPL ICATION 

BRAKE MOMENT = - + 2.76E6 F T - L B  

o TO BE ADDED TO NORMAL OPERATING LOADS AT 

- BLADE ROOT My ( 1 / 2  LOAD PER BLADE)  

- TEETER BEARINGS M y  

- ROTOR CENTER L I N E  MX - OR My 

- ROTOR/NACELLE MX - OR My 

- YAW BEARING MY 

o NORMAL OPERATING LOADS TO BE USED WITH THE ABOVE 

ARE : 

AVE MEAN LOAD - + ROOT MEAN CUBED LOAD 

WHICH APPEAR I N  TABLES H-1  THROUGH H-114.  
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ABBREVIATIONS 





A  A0 

AASHTO 

ac 

AC I 

A /  C 

AGPA 
A1 LSTAB 

A1 SC 

ASCE 

ASCII 

ASTER 

ASTM 

AW G 

AWS 

baud 

BESG 

C B I  

CD 

C DS 

C E C 

CCW 

c fm 

C GT 

C I 

C I S  

CMD 

C OE 

cov 
C P U  

CRT 

C V N  

d c  

DOE 

Amperes 

average annual  outage t i m e  

American A s s o c i a t i o n  o f  S t a t e  Highway and T r a n s p o r t a t i o n  O f f i c i a l s  

a l t e r n a t i n g  c u r r e n t  

American Concrete  I n s t i t u t e  

a i r c r a f t  

Amer i c a n  Gear Manufac tu re rs  Assoc ia t i on  

A i l e r o n  S t a b i l  i t y  A n a l y s i s  

American I n s t i t u t e  o f  S tee l  C o n s t r u c t i o n  

American S o c i e t y  o f  C i v i l  Engineers  

American Standard f o r  Computer I n f o r m a t i o n  1nterc.hange 

a  computer program 

kmer i c a n  S o c i e t y  f o r  T e s t i n g  M a t e r i a l s  

American Wire Gauge 

American Welding S o c i e t y  

t h e  s a t e  o f  t r ansm iss i on  o f  da ta  f r om  one p a r t  01' computer t o  another  

backup emergency shutdoNn 

Chicago B r i d g e  and I r o n  

coef f i c  i e n t  o f  d r a g  

c o n t r o l s  d a t a  system 

c o n t r o l  e l e c t r o n i c s  c a b i n e t  

coun te r c l ockw i se  

c u b i c  f e e t  p e r  m i n u t e  

c rack  g rowth  t h r e s h o l d  

c u t -  i n  

c y c l e  i n t e r c e p t  s t r e s s  

command 

c o s t  o f  energy  

c o e f f i c i e n t  o f  v a r i a t i o n  

c e n t r a l  p rocess ing  u n i t  

cathode r a y  t u b e  

Charpy V-notch t e s t  

d i r e c  t c u r r e n t  

Department o f  Energy 



ECL 

E HD 

EMC 

ES 

EPTAK 

EM1 

E SG 

F l b l E  A 

f pm 

f PY 
FRP 

f t .  

9  

G 

g a l .  

G B  I 

GETSS 

GETSTAB 

g  Pm 
Hz. 

I ITR I  

I / O  

i n .  

I SM 

k  

k i p s  

ks  i 

k V 

k  W 

k Wh 

I bs .  

1 b/MDGL 

LEFM 

L MC 

LVDT 

Eptak c o n t r o l  language 

e l  astohydrodynamic 

e q u i v a l e n t  m o i s t u r e  c o n t e n t  

eng inee r i ng  i ns t r umen ta t i on  system 

t r a d e  name f o r  c o n t r o l l e r  f r o m  Eagle S igga l  D i v i s i o n  o f  G u l f  and 

Western I n d u s t r i e s  

e l ec t r omagne t i c  i n t e r f e r e n c e  

emergency shutdown 

f a i l u r e  modes e f f e c t s  a n a l y s i s  

f e e t  p e r  m inu te  

f a i l u r e s  p e r  y e a r  

g l a s s  f i b e r - r e i n f o r c e d  p l a s t i c  

f e e t  

a  u n i t  o f  a c c e l e r a t i o n ,  equal  t o  32 f t / s e c  o r  9.8 m/sec 

g iga ,  a  p r e f i x  meaning one b i l l i o n  

g a l l o n s  

Gougeon B ro the rs  Incorpora tedde  

G E  Tu rb i ne  System A n a l y s i s  

a  computer program 

g a l l o n s  p e r  m inu te  

H e r t z  

I l l i n o i s  I n s t i t u t e  o f  Technology, Research I n s t i t u t e  

i n p u t / o u t p u t  

i nch  

i n p u t  s  i g n a l  manager 

k i l o ,  a  p r e f i x  meaning 1000 

a  u n i t  o f  f o r c e  o r  we igh t ,  k i l opounds ,  o r  1000 pounds 

a  u n i t  o f  s t r e s s ,  k i p s  pe r  square inch,  o r  1000 p s i  

k i l o v o l t s ,  o r  1000 V o l t s  

k i l o w a t t  o r  1000 Wat ts  

k i l o w a t t - h o u r s ,  o r  1000 Watt-hours 

pounds 

pounds pe r  1000 square f e e t  o f  doub le  g l u e  l i n e  

l i n e a r  e l a s t i c  f r a c t u r e  mechanics 

laminae m o i s t u r e  c o n t e n t  

l i n e a r  v a r i a b l e  d i f f e r e n t i a l  t rans fo rmer  



mps 
MTBF 

MTTR 

Pi S 

m/sec 

Inp s  

Pl UX 

14 d 

K #A 
N 

NASA 

f \ASTRAh 

1, DT 

N E W  

I\c -m 

i<SD 

G&P1 

01 5 

0 SM 

P 

P CS 

PGC 

P SC 

PIR 

P  LV 

PPm 

PROM 

psf  

ps i 

PWHT 

QAERO 

m i l l i ,  a p r e f i x  meaning .001 

mega, a p r e f i x  meaning 1,000,000 

m i l  1 ikmperes, o r  .00 l  o f  an Ampere 

m o i s t u r e  con ten t  

m i l l i l i t e r  

m i l e s  pe r  hour  

meters  p e r  second 
mean t i m e  between f a i l u r e s  

mean t i m e  t o  r e p a i r  

s t r u c t u r a l  marg in  o f  s a f e t y  

meters  p e r  second 

meters  per  secand 

mu1 t i p l e x e r  

megaWatt, o r  one m i l l  i o n  Wat ts  

megawatt-Amperes, o r  a  m i l l i o n  Watt-Amperes 

Newton, t h e  u n i t  o f  f o r c e  i n  t h e  m e t r i c  system 

N a t i o n a l  Aeronau t i cs  and Space A d m i n i s t r a t  i on  

a  computer program 

N i l - d u c t i l i t y  t r a n s i t i o n  

N a t i o n a l  E l e c t r i c a l  Kanu fac tu re rs  A s s o c i a t i o n  

Newton-meter, t h e  u n i t  o f  moment i n  t h e  m e t r i c  system 

normal shutdown 

o p e r a t i n g  and maintenance 

o p e r a t i o n a l  i n f o rma t i on  system 

o u t p u t  s  i g n a l  manager 

p e r  r e v o l u t i o n  

p i t c h  change system 

P h i l a d e l p h i a  Gear C o r p o r a t i o n  

p a r t i a l  span c o n t r o l  

progarm i n f o r m a t i o n  r e p o r t  

p i t c h  1  i n e  v e l o c i t y  

p a r t s  p e r  m i l l  i o n  

programmable r e a d  o n l y  memory 

pounds p e r  square f e e t  

pounds p e r  square i n c h  

pos t -we ld  hea t  t r ea tmen t  

a  computer program 



r ad/ sec 

RAM 

RAN 

RF P 

R MC 

ROF1 

SCAMP 

'rn i n  

'max 
S-lu 

SOW 

STRAP 

s  S U 

T  BD 

T6R 

T F T  

TRAC 

t t y  

TV I 

U  BC 

UP s 
U  DR I 

v 

Vac 

W 

WEPO 
WTG 

W T 

W I NDLD 

W I NDOPT 

r a t i o  o f  a c t u a l  s t r e s s  t o  a l l o w a b l e  s t r ess ,  o r  minimum f a t i g u e  

s t r e s s  c y c l e  t o  maximum f a t i g u e  s t r e s s  c y c l e  

r a d i a n s  p e r  second 

ranoom access memory 

r e 1  i a b i l  i ty ,  a v a i l a b i l i t y ,  and m a i n t a i n a b i l  i t y  

r eques t  f o r  p roposa l  

r o o t  mean cubed 

read  o n l y  memory 

r e v o l u t i o n s  pe r  m inu te  

room tempera tu re  

S t i f f n e s s  Coup l ing  Approach Modal -Synthes is  Program 

S t r u c t u r a l  Composites, I n c o r p o r a t e d  

a  computer code f o r  c o n t r o l  system a n a l y s i s  

min imum s t r e s s  

max imum s t r e s s  

s t r e s s  vs. number o f  c y c l e s  

Statement of Work 

S t a t i c  Row A n a l y s i s  Program 

Saybol t un i v e r a l  seconds 

t o  be determined 

t o  be r e s o l v e d  

t r a n s v e r s e  f i l a m e n t  t ape  

T r a n s i e n t  Ro to r  Ana l ys i s  Code 

t e l e t y p e  

t e l e v i s i o n  i n t e r f e r e n c e  

Un i fo rm B u i l d i n g  Code 

u n i n t e r r u p t i b l e  power s u p p l y  

U n i v e r s i t y  o f  Dayton Research I n s t i t u t e  

V o l t s  

a1 t e r n a t  i ng  v o l t a g e  

c o n s t a n t  v o l t a g e  

Watts 

Wind Energy P r o j e c t  O f f  i c e  

w ind  t u r b i n e  gene ra to r  

we igh t  

a  computer program 

a  computer program 
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