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FOREWORD 

C o n t r a c t  NAS1-17487 b e t w e e n  t h e  N a t i o n a l  A e r o n a u t i c s  and S p a c e  
Admin i s t r a t ion  and t h e  Lockheed-Georgia Company, e f f e c t i v e  August 8 ,  1983, 
p rov ides  under Task No. 1 f o r  prepar ing  a f i n a l  NASA Con t rac to r  Report ,  
documenting t h e  NAS1-16235 LFC Laminar-Flow Con t ro l  Wing Panel  S t r u c t u r a l  Design 
and Developnent (WSSD); Design, Manufacturing, and Tes t ing  Act ivi t ies  f o r  t h e  
pe r iod  o f  September 1,  1980, t h rough  December 23, 1981. C o n t r a c t  NAS1-17487 is 
sponsored by t h e  A i r c r a f t  Energy E f f i c i e n c y  (ACEE)  P r o j e c t  Office o f  t h e  Langley 
Research Cen te r ,  w i th  Lh1 V. Maddalon s e r v i n g  a s  Techn ica l  Monitor.  T h i s  
docunent ,  submi t t ed  i n  f u l f i l l m e n t  of DRL-003-1 o f  t h e  s u b j e c t  c o n t r a c t ,  
c o n s t i t u t e s  t h e  f i n a l  r e p o r t .  

A t  t h e  Lockheed-Georgia Company, t h e  Con t rac t  was accomplished under  t h e  
, cognizance  o f  R. H. Lange, Manager, Advanced Concepts Department, with L. B. 

L ineberger  s e r v i n g  a s  P r o j e c t  Manager, P r i n c i p a l  p a r t i c i p a n t s  i n  t h i s  c o n t r a c t  
e f f o r t  were as  fo l lows:  

R. T. B e a l l  Manufacturing Dev e l o  p e n t  
G. J. Gi lber t  Dev el  o pnen t Test i ng 

C o n t r a c t  NAS1-16235 (WSSD) was sponsored by t h e  A i r c r a f t  Energy E f f i c i e n c y  
P r o j e c t  O f f i c e  o f  t h e  Langley Research Center, with Jack Cheely s e r v i n g  a s  NASA 
Techn ica l  Monitor . .  A t  t h e  Lockheed-Georgia Company, t h e  WSSD c o n t r a c t  was 
a c c a n p l i s h e d  under t h e  cognizance  of R. H. Lange, Manager, Advanced Concepts 
Department,  and R. F. S tu rgeon ,  LFC Program Manager, w i t h  R. R. Euda i ly  s e r v i n g  
a s  P r o j e c t  manager. P r i n c i p a l  p a r t i c i p a n t s  i n  WSSD c o n t r a c t  e f f o r t  were a s  
fo l lows :  5 

J. A. B e n n e t t  
L. B. Brandt 
S. D. Higham 
L. B. Lineberger  
Tom Dasher 
J. A. Kizer 
R. D. O ' B r i e n  
R. T. Bea l l  
L. L. A l l e n  
T. D. S t u l t z  
G, J. Gi lber t  
R. S. F e r r i l l  
J. G. T i b b e t t s  

Aerod ynam i c  s 
Aer od yn an i c  s 
Wing Design 
S t r u c t u r e  Dev e l o  pnen t 
S t r u c t u r e  Dev e lopnen t  
S t r u c t u r e  Develo p e n  t/ Test 
Product ion Costs 
Manufacturing Developnent 
Q u a l i t y  Assurance 
Maifitainab i l i t y  
Te s t i ng 
LFC Systems 
LFC Systems 

T h i s  r e p o r t  is i d e n t i f i e d  as LG84ER0035 by Lockheed-Georgia Company , fo r  
i n t e r n a l  c o n t r o l  pur poses. 
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1.0 S U W R Y  

This report docunen t s  Lockheed’s r e s u l t s  i n  d e s i g n i n g ,  f a b r i c a t i n g ,  and 
t e s t i n g  i n  t h e  September 1980 - December 1981 p e r i o d  under  NASA C o n t r a c t  
NAS1-16235, “Laninar  Flow Con t ro l  Wing Panel S t r u c t u r a l  Design and Developnent ,” 
(WSSD) which c o n t i n u e s  t h e  deve lopnen t  o f  t echno logy  for t h e  i n t e g r a t e d  LFC wing 
s t r u c t u r a l  concep t  i d e n t i f i e d  i n  Phase I, Reference 1. The u l t i m a t e  o b j e c t i v e  
is  t o  pe rmi t  i n c o r p o r a t i o n  of LFC i n t o  long-range commercial j e t  t r a n s p o r t s  i n  
t h e  post-1990 pe r iod .  The specific o b j e c t i v e s  of t h e  WSSD p r o j e c t  reported 
h e r e i n  s u p p o r t  t h i s  program o b j e c t i v e  and i n c l u d e ;  c o n t i n u e  deve lopnen t  o f  
i n t e g r a t e d  LFC wing s t r u c t u r a l  concept  . i d e n t i f i e d  i n  Phase I, and demons t r a t e  
t h a t  t h i s  concep t  can  be e f f i c i e n t l y  app l i ed  t o  s u r f a c e  of  a f u t u r e  commercial 
t r a n s p o r t .  

I n  s a t i s f y i n g  these o b j e c t i v e s ,  t h e  p r o j e c t  was o rgan ized  i n t o  major tasks.  

1.0 Conduct a p r e l i m i n a r y  des ign  of t h e  wing of a 1993 LFC commercial 
t r a n s p o r t  . 

2.0 Design a s u r f a c e  p a n e l  f o r  t h e  selected LFC wing and v e r i f y  by  
a n c i l l a r y  tests. 

3.0 Develop manufac tur ing  p rocesses  for t h e  LFC s u r f a c e  p a n e l  and estimate 
costs  for manufac ture  and maintenance of LFC wing surface. 

4.0 Ver i fy  concep t  by  f a b r i c a t i n g  t h e  a n c i l l a r y  and demons t r a t ion  pane l s .  

An in-depth p r e l i m i n a r y  d e s i g n  o f  t h e  b a s e l i n e  LFC wing was a c c a n p l i s h e d  
d u r i n g  Task 1.0 of t h e  WSSD p r o j e c t .  S t r u c t u r a l  members were located and s i z e d .  
The LXC s u c t i o n  s u r f a c e s  and i n t e r n a l  d u c t i n g  were also located and s i z e d .  The 
wing d e s i g n  inc luded  t h e  fo l lowing  t a sks :  

o LFC wing d e f i n e d  d u r i n g  Phase I was updated and used for t h e  b a s e l i n e  
LFC wing 

0 S t r u c t u r a l  l o a d s  and  s t i f f n e s s e s  were c a l c u l a t e d  f o r  u s e  i n  
p r e l i m i n a r y  d e s i g n  of b a s e l i n e  wing 

o The LFC s u c t i o n  s u r f a c e s  and i n t e r n a l  d u c t i n g  r e q u i r e m e n t s  were 
d e f i n e d  

o An in-depth p r e l i m i n a r y  d e s i g n  of  t h e  LFC wing s t r u c t u r e  and LFC 
sys tems was conducted which inc luded  

- Design loads, stresses and s t r a i n s  

- S e l e c t i o n  p r o c e s s e s  for  a l t e r n a t e  c o n c e p t s  

- Criteria for s u r f a c e  t o l e r a n c e s  

- Cons ide ra t ion  of e n v i r o m e n t a l  effects  



- A c c e s s i b i l i t y  and r e p l a c e a b i l i t y  c o n s i d e r e d  i n  d e s i g n s  

- M a t e r i a l s  

- I n t e g r a t i o n  of LFC sys t ems  

D e t a i l  d e s i g n  and v e r i f i c a t i o n  o f  t h e  s u r  face p a n e l  was accomplished by  
Task 2.0. This  t a s k  c o v e r s  t h e  d e t a i l  d e s i g n  a n a l y s i s ,  t e s t i n g  and v e r i f i c a t i o n  
of  t h e  i n t e g r a t e d  LFC s t ruc tura l  concep t  for  t h e  s u r f a c e  pane l .  The s u r f a c e  
pane l  des ign  inc luded  t h e  tasks:  

o De ta i l  d e s i g n  of  surface pane l .  

- A n c i l l a r y  t e s t  p l a n s  for a l l  M a t e r i a l  V e r i f i c a t i o n  ( M V )  & Concept 
S e l e c t i o n  (CS) specimens 

- Details of  s u r f a c e ' p a n e l  be ing  developed by  MV & CS spec imens  

o Se lec t ed  m a t e r i a l s  

o Ver i f ied  m a t e r i a l  s e l e c t i o n s  

o D e t a i l s  o f  a l l  concep t  s e l e c t i o n  spec imens  d e f i n e d  for  manufac ture  o f  
spec i m  en s 

o De ta i l  d e s i g n  o f  concep t  v e r i f i c a t i o n  and concep t  demons t r a t ion  pane l  

0 Pre l iminary  p l a n s  made f o r  t e s t i n g  co,ncept  v e r i f i c a t i o n  and demon- 
s t r a t i o n  p a n e l s  

NOTE: The concep t  v e r i f i c a t i o n  and concep t  demons t r a t ion  l a r g e  p a n e l s  were 
not  f a b r i c a t e d  or eva lua ted  under t h e  o r i g i n a l  WSSD program. 

Manufacturing Developnent ,  Task 3.0, i s  t h e  major  t a s k  i n  t h e  WSSD p r o j e c t .  
Th i s  t a s k  covers t h e  deve lopnen t  of manufac tur ing  p r o c e s s e s ,  e s t i m a t e d  costs  and 
maintenance o f  t h e  LF C pane l .  Problems were encoun te red  i n  p r o c e s s i n g  material 
f o r  t h e  m a t e r i a l  v e r i f i c a t i o n  p a n e l s ,  b u t  t h e s e  were so lved .  The concep t  
s e l e c t i o n  specimens were more complex t h a n  p l anned ,  and extra e f fo r t  was 
r e q u i r e d  t o  deve lop  t h e  manufac tu r ing  p r o c e s s e s  and tool c o n c e p t s  for t h e s e  
specimens.  

o Conducted p r o d u c i b i l i t y  d e s i g n  s t u d i e s  i n  c o n j u n c t i o n  w i t h  concep t  
s e l e c t i o n  p r o c e s s  d u r i n g  Task 1.0 

o Manufacturing p r o c e s s e s  were developed  for s u r f a c e  p a n e l  

- A l l  material v e r i f i c a t i o n  specimens were f a b r i c a t e d  

- M a n u f a c t u r i n g  p r o c e d u r e s  f o r  c o n c e p t  s e l e c t i o n  s p e c i m e n s  were 
d ev e l o  ped 



o Tooling p rocedures  for s u r f a c e  pane l  were developed 

- Tooling d e t a i l s  were developed for c r i t i c a l  d e t a i l s  by f a b r i c a t i n g  
o f  CS specimens 

- Tool for s u r f a c e  pane l  were des igned  

o Design manufac tur ing  i n t e r f a c e s  have c o n t r o l l e d  d e s i g n  s e l e c t i o n s  

o I n s p e c t i o n ,  main tenance  and r e p a i r  p rocedures  were e v a l u a t e d  f o r  t h e  
surface t o l e r a n c e  cri teria 

o Cost o f  t h e  b a s e l i n e  LFC a i r p l a n e  was estimated and compared t o  
non-LFC a i r p l a n e .  Fuel  costs a r e  shown t o  be approximate ly  $4,000,000 
pe r  year  lower for t h e  LFC a i r c r a f t .  The c a l c u l a t i o n  shows t h a t  t he  
lower f u e l  c o s t s  for LFC offset  t h e  h i g h e r  i nc remen ta l  costs of LFC i n  
less t h a n  s i x  months. The miss ion  f u e l  weight  was 21.7 p e r c e n t  lower 
for the  LFC a i rc raf t .  The empty weight f o r  t h e  LFC a i r c r a f t  was o n l y  
0.6 p e r c e n t  h i g h e r .  Th i s  r e s u l t s  f rom t h e  e f f i c i e n c y  o f  t h e  
in t eg ra l -ws th - s t ruc tu re  s u c t i o n  s y s t e m  which imposes a p e n a l t y  o f  j u s t  
0.71 l b / f t  From these d a t a ,  it can  be s e e n  t h a t  t h e  deve lopnen t  
e f f o r t  expended  d u r i n g  t h e  c o n t r a c t ,  c o n t i n u e d  t h e  d e s i g n ,  
deve lopnen t ,  and tests of  t h e  h i g h l y  e f f i c i e n t  LFC wing box s t r u c t u r e .  

Planning for Task 4.0, F a b r i c a t i o n  of Demonstration Panel was completed.  
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2 .O INTRODUCTION 

?he r e c o g n i t i o n  of  p o t e n t i a l  long-term s h o r t a g e s  o f  pe t ro leum-based  f u e l ,  
ev idenced  by d r a m a t i c  i n c r e a s e s  i n  c o s t s  and p e r i o d s  o f  l i m i t e d  a v a i l a b i l i t y  
since 1973, emphasized t h e  need f o r  improving t h e  fuel e f f i c i e n c y  o f  long-range 
t r a n s p o r t  a i r c r a f t .  I n  1976, i n  response t o  t h i s  need,  t he  NASA es tab l i shed  t h e  
A i r c r a f t  Energy E f f i c i e n c y  (ACEE) progran wi th  t h e  o b j e c t i v e  o f  m a i n t a i n i n g  t h e  
U.S. c o m p e t i t i v e  advan tage  th rough  developnent  o f  new t echno logy  f o r  f u e l  
e f f i c i e n c y .  Of a l l  advanced-technology c o n c e p t s  c u r r e n t l y  under c o n s i d e r a t i o n  
f o r  a p p l i c a t i o n  du r ing  t h e  n e x t  two decades,  Laminar Flow Con t ro l  (LFC) o f f e r s  
t h e  g r e a t e s t  p o t e n t i a l  f o r  improving the fuel  e f f i c i e n c y  o f  t r a n s p o r t  a i r c r a f t .  
Consequent ly ,  LFC i s  included a s  one element o f  the ACEE program. 

Both t h e  t h e o r e t i c a l  m e t h o d s  and e n g i n e e r i n g  and d e s i g n  t e c h n i q u e s  
r e q u i s i t e  t o  the a p p l i c a t i o n  o f  LFC have been r easonab ly  well-known s i n c e  t h e  
mid-1940's. The v a l i d i t y  o f  t h i s  background and t h e  p o t e n t i a l ' o f  LFC were 
p a r t i a l l y  e v a l u a t e d  i n  t h e  1960-1966 per iod  by Northrop a s  a p a r t  o f  t h e  X21A 
LFC Demonstration R o g r a a .  

In t h e  p r o c e s s  o f  fo rmula t ing  t h e  c u r r e n t  LFC Program, t h e  NASA sponsored  a 
"Workshop on Laminar Flow Cont ro l , "  a t  the NASA Langley Research Center  i n  A p r i l  
1976.  A t t e n d e e s  i n c l u d e d  r e p r e s e n t a t i v e s  o f  t h e  a i r c r a f t  i n d u s t r y ,  t h e  
a i r l i n e s ,  t h e  Department o f  Defense, and t h e  NASA. It was t h e  g e n e r a l  concensus 
o f  t h e  p a r t i c i p a n t s  i n  t h i s  workshop t h a t  t h e  f o l l o w i n g  t a s k s  m u s t  be 
accanp l i shed  p r i o r  t o  t h e  i n c o r p o r a t i o n  of LFC on an o p e r a t i o n a l  a i r c r a f t :  

( 1 )  The developnent  o f  LFC s t r u c t u r e  and systems w i t h  a c c e p t a b l e  weight  
and c o s t  p e n a l t i e s .  

(2) The developnent  o f  procedures  f o r  t h e  economical manufac tur ing  o f  LFC 
structure i n  a product ion  environment. 

( 3 )  Demonstrat ion o f  t h e  o p e r a t i o n a l  r e l i a b i l i t y  o f  LFC i n  t h e  a i r l i n e  
e nv i r o men t . 

NASA formula ted  a three-phase  program w i t h  t he  g o a l  o f  deve lop ing  LFC 
technology t o  permi t  a p p l i c a t i o n  t o  a i r c r a f t  i n  t h e  1990 pe r iod .  

The Phase I e f f o r t ,  concluded i n  September 1978, r e s u l t e d  i n  t he  d e f i n i t i o n  
o f  c a n d i d a t e  L F C  systems f o r  a p p l i c a t i o n  t o  f u t u r e  product ion  a i r c r a f t .  Phase 
11, o f  which  t h i s  c o n t r a c t  is  a p a r t ,  i n v o l v e s  t h e  d e s i g n  and deve lopnen t  o f  
selected s t r u c t u r a l  concep t s ,  and i n i t i a l  deve lopnent  and t e s t i n g  o f  selected 
leading-edge  subsystems.  The f i n a l  phase ,  Phase 111, o r i g i n a l l y  env i s ioned  t o  
encanpass  t h e  d e s i g n ,  f a b r i c a t i o n ,  and f l i g h t  demons t r a t ion  o f  an i n t e g r a t e d  'LFC 
sys tem i n  a v a l i d a t o r  a i r c r a f t ,  w i l l  be r e d e f i n e d  a t  some f u t u r e  t i m e .  

A c e n t r a l  problem i n  t h e  d e f i n i t i o n  of a f e a s i b l e  p roduc t ion  c o n f i g u r a t i o n  
f o r  LFC t r a n s p o r t s  is t h e  developnent  of LFC s u r f a c e  d e s i g n s  which s a t i s f y  
aer od yn am i c  r e q u  i r emen t s w i t h o u t  i m p o s i n g  u n a c c e p t a b l e  s t r  uc  t u r  a 1  we i g  h t 
p e n a l t i e s ,  manufac tur ing  c o s t s ,  and o p e r a t i o n a l  r equ i r emen t s .  Consequent ly ,  
d u r i n g  Phase I of the  LFC' p rogran ,  e x t e n s i v e  i n v e s t i g a t i o n s  were conducted i n  
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t h e  development of s t r u c t u r a l  c o n c e p t s  for  t h e  wing-box r e g i o n  of t h e  wing of  an 
L F C  t r a n s p o r t .  A s  a p a r t  of t h e  deve lopnen t ,  a l t e r n a t i v e  s t r u c t u r a l  c o n c e p t s  
were e v a l u a t e d ,  d e t a i l e d  d e s i g n s  were d e v e l o p e d  f o r  s e l e c t e d  c o n c e p t s ,  
manufac tur ing  p rocedures  were e s t ab l i shed ,  and f u l l - s c a l e  s t r u c t u r a l  spec imens  
were f a b r i c a t e d  and tested.  

The selected LFC s u r f a c e  d e s i g n  for t h e  wing-box r e g i o n  i s  a s t r u c t u r a l  
s k i n  and h a t s e c t i o n  s t i f f e n e r  c o n f i g u r a t i o n  with LFC d u c t i n g  and m e t e r i n g  
i n t e g r a t e d  i n t o  t h e  s t r u c t u r e .  The s t r u c t u r a l  e l e m e n t s  are fabricated of 
g raph i t e / epoxy  composites, w i t h  a t i t a n i u m  o u t e r  face sheet for l i g h t n i n g  
p r o t e c t i o n  and r e s i s t a n c e  t o  e r o s i o n  and c o r r o s i o n .  During Phase I, three 3 f t  
x 5 f t  LFC s u r f a c e  p a n e l s  were f a b r i c a t e d  and  s u b j e c t e d  t o  e x t e n s i v e  
envi ronmenta l  and s t r u c t u r a l  t e s t i n g  which v a l i d a t e d  t h e  d e s i g n  concep t .  

The "Laminar Flow Cont ro l  Wing Panel S t r u c t u r a l  Design and Developnent" 
(WSSD) project c o n t i n u e s  t h e  deve lopnen t  of t h e  i n t e g r a t e d  LFC wing' s t r u c t u r a l  
concep t  i den t i f i ed  d u r i n g  Phase I of  t h e  LFC Rogram sponsored  by  t h e  ACEE 
Project o f f i c e  of t he  Langley Research Center .  This report summarizes p r o g r e s s  
i n  t h e  a p p l i c a t i o n  of t h i s  concep t  t o  t h e  wing of a 1993 LFC t r a n s p o r t .  Details  
o f  t h e  LFC system and wing s u r f a c e  s t r u c t u r e  were developed  by  a p r e l i m i n a r y  
d e s i g n  of t h e  wing and v e r i f i e d  by an a n c i l l a r y  t e s t  progran.  Cos t s  of t h e  LFC 
t r a n s p o r t  were compared t o  those of  an  e q u i v a l e n t  t echno logy  non-LFC t r a n s p o r t  
des igned  for t h e  sane miss ion .  Manufactur ing p r o c e s s e s  were descr ibed  and p l a n s  
were o u t l i n e d  for t h e  f a b r i c a t i o n  and t e s t i n g  of a l a r g e  s e c t i o n  of  t h e  wing 
s u r f a c e  t o  demonst ra te  t h a t  t h e  i n t e g r a t e d  LFC wing s u r f a c e  s t r u c t u r a l  c o n c e p t  
can  be e f f i c i e n t l y  a p p l i e d  t o  a f u t u r e  commercial t r a n s p o r t .  

Use of commercial p r o d u c t s  o r  nanes  of m a n u f a c t u r e r s  i n  t h i s  report does 
n o t  c o n s t i t u t e  o f f i c i a l  endorsement  of such  p r o d u c t s  or m a n u f a c t u r e r s ,  e i ther  
expressed or impl i ed ,  by  t h e  Nat iona l  Aeronau t i c s  and Space Admin i s t r a t ion .  
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3.0 ABBREVIATIONS AND S Y ~ O L S  

ACEE 
ACT 
AE 
AL/AL 
ANSWER 
ARF 
A S S Y  
AUX 

C 
CKS 
C L  
co 
COMM l L 
CONT 
CONT l D 
cs 
cv 
D 
DE LAM 
DEMO 
D I A  
DR L 

E 1  
E Q U I V  
E Q  

FAR 25 
F G  
F L T  
FT 
FT/ S E C  
F T G  

I N  
I N B D  
I N D U S T  

J 

K 
KEAS 

A I R C R A F T  ENERGY E F F I C I E N C Y  
ACTUATOR 
A C O U S T I C  E M I S S I O N  
ALUMINUM/ ALUMINUM 
ANALYTIC STRUCTURAL WEIGHT E S T I M A T I O N  R O U T I N E  
AUTOMATED R E S I Z I N G  FOR FLUTTER 
ASSEMBLY 
A U X I L I A R Y  

CHORD, C R U I S E  
COUNTERSINK 
C E N T E R L I N E  
COMPANY 
COMMERCIAL 
CONTROL 
CONTINUED 
CONCEPT S E L E C T I O N  
CONCEPT VER IF  I C A T I O N  

D I V E ,  DIAMETER 
DELAMINATION 
DEMONSTRATION 
DIAMETER 
DOCUMENTS REQUIREMENT L I S T  

BENDING S T I F F E N E S S  
EQUIVALENT 
EQUAL 

FEDERAL A V I A T I O N  REGULATION-TRANSPORT CATEGORY 
F I B E R G L A S S  
F L I G H T  
F E E T  
F E E T  P E R  SECOND 
F I T T I N G  

GR A V I  TAT I ONA L CONSTANT , GRAMS 
GRAMS PER METER SQUARED 
GALLON 
T O R S I O N  S T I F F N E S S  
G R A P H I T E  EPOXY 

I N C H E S  
INBOARD 
INDUSTRY 

J A Y  

K I P S ,  1000 POUNDS 
KNOTS EQUIVALENT A I R S P E E D  
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K I P W I N ,  K / I N  
KS I 

LB 

L E  
LF C 

LB/ F T ~  

M 
MAC 
MAX 1OOX 
MF G 
MI 
M I N  
MV 

N 
NASA 
N D I  
NO 

P 
POR 
PSI 

R 
RC 
RDT& E 
R E F  
RM U 
RT 

S 
SQ 
STA 

t 
TB D 
T-BAR, E 
TEMP 
T I  
T Y  P 

DE 

WRP 
WS 
WSSD 

1000 POUNDS PER I N C H  
1000 POUNDS P E R  SQUARE I N C H  

POU N D S  
POUNDS P E R  SQUARE FOOT 
LEADING EDGE 
LAMINAR FLOW CONTROL 

MACH NUMBER 
MEAN AERODYNAMIC CHORD 
MAGNIFY 100 T I M E S  
MANUFACTURE 
MILE 
MINUTE 
MATERIAL V E R I F I C A T I O N  

NAUTICAL, LOADING 
NATIONAL AERONAUTICS AND S P A C E  A M I N I S T R A T I O N  
NON DESTRUCTIVE I N S P E C T I O N  
NUMBER 

LOAD, POUNDS 
P O R O S I T Y  
POUNDS P E R  SQUARE I N C H  

SHEAR LOAD 

RANK, S T R E S S  R A T I O ,  R A D I U S  
R E S I N  CONTENT 
RESEARCH, DEVELOPMENT, TEST, AND E N G I N E E R I N G  
REFERENCE 
R I P P L E  MEASUREMENT UNIT 
ROOM TEMPERATURE 

SCORE,  S m M E T R Y  
SQUARE 
S T A T I O N  

T H I C K N E S S  
T O  BE DETERMINED 
AVERAGE T H I C K N E S S  I N C L U D I N G  S K I N  PLUS S T I F F E N E R  
TEMPERATURE 
T I T A N  I UM 
T Y P I C A L  

G U S T  VELOCITY 

WING REFERENCE PLANE 
WING S T A T I O N  

MENT 
LAMINAR-FLOW CONTROL WING P A N E L  STRUCTURAL D E S I G N  AND DEVELOP- 
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X 
x/ c 
X 2  1A 
Y 
Z 
ZFW 

& 

I 
77 
0 
E 
Cr 
# 
1 st 
2n d 

It 

0 

AIRCRAFT A X I S  - A F T  
CHORD LOCATION 
NORTHROP LFC T E S T  AIRCRAFT (B-66) 
AIRCRAFT A X I S  - OUTBOARD TO L E F T  
AIRCRAFT A X I S  - U P  
ZERO F U E L  WEIGHT 

SYHBOLS 

AND 
INCH 
PERCENT 
WING S M I S P A N  LOCATION R A T I O  (WS/SEMISPAN LENGTH) 
S T R E S S  
S T R A I N  
MICRO 
DEGREE 
NUMBER 
F I R S T  
SECOND 

9 



10 



4.0 WING CONFIGURATION, DESIGN CONCEPTS, AND HATERIALS 

4.1 WING CONFIGURATION 

During Phase I, Lockheed conducted a comprehensive system s t u d y  t o  e v a l u a t e  
t h e  advantages  o f  Laninar Flow Cont ro l  (LFC) f o r  f u t u r e  t r a n s p o r t  a i r c r a f t  i n  
t h e  1985-1995 time p e r i o d .  The s t u d y  showed t h e  use of LFC r e s u l t e d  i n  
s i g n i f i c a n t  r e d u c t i o n s  of a i r c r a f t  w e i g h t ,  f ue l  c o n s u m p t i o n ,  and d i r e c t  
o p e r a t i n g  c o s t s .  

I n v e s t i g a t i o n s  were conducted to  de termine  t h e  optimun c o n f i g u r a t i o n  ' f o r  a 
4 0 0 - p a s s e n g e r  l o n g - r a n g e  t r a n s p o r t  f e a t u r i n g  LFC. The LFC a i r c r a f t  
c o n f i g u r a t i o n  was opt imized  f o r  a 84,800 l b  payload ,  a r a n g e  o f  6500 n m i  a t  
cruise M = 0.80 and 10,000 f t  f i e l d  l eng th .  This a i r c r a f t  i nc luded  advanced 
technology a p p l i c a t i o n s  such  a s  s u p e r c r i t i c a l  a i r f o i l  s h a p e s ,  a c t i v e  c o n t r o l s ,  
and c a n p o s i t e  pr imary and secondary structures (Reference  1 ) .  

4.1.1 1993 LFC T r a n s p o r t  

The optimun c o n f i g u r a t i o n  o f  t h e  long-range 1993 t r a n s p o r t  w i t h  LFC is 
i l l u s t r a t e d  i n  F igure  1. Engines are mounted on pylons  ex tend ing  from t h e  r e a r  
f u s e l a g e .  This l o c a t i o n  p rov ides  a c l ean  wing f o r  t h e  LFC s u c t i o n  system. The 
240 f t  l ong  f u s e l a g e  is s i z e d  t o  a c c m o d a t e  a t y p i c a l  10/90 passenger  m i x  w i t h  
40 i n  f i r s t  c l a s s ,  s e a t e d  6 a b r e a s t ,  and 362 i n  t o u r i s t ,  s e a t e d  10 a b r e a s t .  
Space  a l l o w a n c e s  a r e  made f o r  g a l l e y s ,  l a v a t o r i e s ,  c l o s e t s ,  c a b i n  c r e w  
p r o v i s i o n s  and rest. a r e a s  f o r  f l i g h t  crews. Space f o r  LD-3 c a r g o  c o n t a i n e r s  is 
provided i n  t h e  u n d e r f l o o r  a r e a  forward of t h e  wing box and a f t  o f  t h e  l a n d i n g  
gea r  compartment. A b u l k  ca rgo  bay i s  a l s o  provided a t  t h e  r e a r  o f  t h e  
p r e s s u r i z e d  b e l l y .  These ca rgo  bays w i l l  accommodate 

A l l t e e - t a i l l l  c o n f i g u r a t i o n  is used w i t h  t h e  r e a r  

L F C  s u c t i o n  c a p a b i l i t y  is provided f o r  t h e  upper 
and h o r i z o n t a l  s t a b i l i z e r .  An independent ly  d r i v e n  
sys t em is  l o c a t e d  under each wing roo t .  

37,000 l b  o f  ca rgo .  

mounted e n g i n e s  . 
and lower s u r f a c e s  o f  wing 
s u c t i o n  pump f o r  t h e  LFC 

4.1.2 Wing Dimensions 1993 LFC Transpor t  

F i g u r e  2 shows t h e  planform geometry, b a s i c  d imens ions ,  and a i r f o i l  c r o s s  
s e c t i o n  o f  t h e  LFC wing. The wing  is swept  25' a t  t h e  l e a d i n g  edge and the 
semispan is  1486.68 i n  (123.89 f t ) .  The wing chord t a p e r s  from 516.34 i n  a t  t h e  
r o o t  t o  304.20 i n  a t  t h e  b a t  break t o  132.91 i n  a t  t h e  t i p .  Wing a r e a  ( b a t t e d )  
is 5724 s q u a r e  feet. Aspect r a t i o  is 11.6, and t h e  t a p e r  r a t i o  i s  0.35. 

The a i r f o i l  s e c t i o n  shown f o r  t h e  b a t  break  is a p p l i c a b l e ,  when s c a l e d  by  
chord  l e n g t h ,  from b a t  break  t o  wing t i p .  Wing t h i c k n e s s  r a t i o  is 0.1128. 
Inboard of t h e  b a t  break  t h e  a i r f o i l  t a p e r s  t o  t h e  c r o s s  s e c t i o n  shown a t  t h e  
r o o t .  

LFC s u c t i o n  c a p a b i l i t y  is  provided from t h e  l e a d i n g  edge  t o  7 5  p e r c e n t  o f  
t h e  b a s i c  wing chord on bo th  upper and lower s u r f a c e s .  

PRECEDING PAGE BLANK NOT FILMED 
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Section at Bat Break 
/WRP ,CHORD LINE 

/ f 1 

Section at Root 

Figure 2. Wing Dimensions & Contours - 1993 LFC Transport 
4.1.3 LFC Wing S t r u c t u r a l  Design 

The b a s e l i n e  LFC wing concept  developed d u r i n g  t h e  LFC WSSD p r o j e c t  is 
shown i n  F igure  3. Airf low from t h e  s l o t s  i n  t h e  l e a d i n g  edge,  upper  and lower 
surfaces th rough  t h e  i n t e r n a l  sys tem of d u c t s  t o  t h e  main t r u n k  d u c t s  i n  t h e  
l e a d i n g  edge is shown by t h e  arrows.  

F i g u r e  4 shows t h e  l a y o u t s  of t h e  basic,  s t r u c t u r a l  geometry of t h e  wing 
and t h e  l o c a t i o n  of t h e  p r i n c i p a l  s t r u c t u r a l  members. 

The o u t e r  box s t r u c t u r e  ex tends  from t h e  root s p l i c e  a t  b u t t  l i n e  123 t o  
t h e  wing t i p .  The wing s p a r s  a r e  loca t ed  a t  18 p e r c e n t  and 75 p e r c e n t  of t h e  
basic  wing chord .  Ribs are spaced g e n e r a l l y  35 i n  a p a r t .  Each a l t e r n a t e  r i b  
serves as  a chordwise d u c t  for t h e  LFC system. me s t r u c t u r e  is sp l i ced  ( for  
a u t o c l a v e  c o n s i d e r a t i o n s )  a t  t h e  batted wing break (W.S. 454.9) and a t  a p o i n t  
approximate ly  213 semispan (Box Sta 1100). Ribs a t  t h e  s p l i c e s  are  bulkhead 
t y p e  and serve a s  f u e l  barriers. A l l  other r i b s  are truss type .  

13 



Figure 3. LFC Wing Structural Design 

35.U' r F R O N T  SPAR (18% C) 
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Figure 4 .  Wing Structural Arrangement - 1993 LFC Transport 
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The 18 p e r c e n t  chord l o c a t i o n  o f  t h e  f r o n t  . s p a r  was selected t o  p rov ide  
s u f f i c i e n t  space  i n  t h e  l e a d i n g  edge c a v i t y  f o r  t h e  LFC t r u n k  d u c t i n g .  The 75 
pe rcen t  chord l o c a t i o n  o f  t h e  r e a r  spar was selected f o r  wing t o r s i o n a l  
stiffness r e a s o n s  and t o  f a c i l i t a t e  l a m i n a r i z a t i o n  o f  t h e  wing s u r f a c e s  t o  75  
p e r c e n t  chord . 

The leading-edge  structure and duc t ing  arrangement  is shown i n  F i g u r e  5. 
The l e a d i n g  edge is segmented i n t o  four  s e c t i o n s  approximate ly  30 f t  i n  l e n g t h .  
The cross s e c t i o n  shows t h e  t w o  trunk lines one on e a c h  s ide of t h e  t r u n k  d u c t  
d i v i d e r .  The forward t r u n k  t r a n s p o r t s  t h e  a i r  from t h e  upper  s u r f a c e  and t h e  
a f t  t r u n k  t r a n s p o r t s  a i r  from the  lower s u r f a c e .  

4.1.3.1 Leading Edge LFC Slot Locat ion  

Layouts  o f  t h e  l e a d i n g  edge s l o t s  were made on a f l a t  p a t t e r n  t o  e s t a b l i s h  
a b a s e l i n e  arrangement  f o r  t h i s  p r o j e c t  a s  shown i n  F i g u r e  6. A compromise was 
worked o u t  t o  segment t h e  l e a d i n g  edge, minimize LFC l o s s e s ,  and ma in ta in  a 
r e a s o n a b l e  s l o t  spac ing .  This c o n f i g u r a t i o n  is shown wi th  t h e  chord s c a l e  25 
times t h e  span scale. 

D e t a i l s  o f  t h e  l e a d i n g  edge LFC system and structure a r e  i l l u s t r a t e d  i n  
F igu re  7. The c r o s s  s e c t i o n s  shown i n  t h i s  f i g u r e  a r e  d e t a i l s  t a k e n  from t h e  
p rev ious  f i g u r e  and show s e c t i o n s  through the \  spanwise d u c t ,  chordwise  d u c t ,  
l e a d i n g  edge j o i n t  and front s p a r  a t t a c h n e n t .  

900" 0 .L+ 
L.E. STA. 

1570.0 1256.0 865.0 O I C  MFG. SPLICE 
r r t- 

I I 1 G 
'MC SPLICE w. s. 454 9 0600T SPLICE 

DIAGONAt SPARS 
,CHORDWISE DUCTS 

6" SPACING 

' \REMOVABLEPNL \ 
OUTER SLOllEO TI SHEET 

Figure 5. Leading Edge Structure & Ducting Arrangement 
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5% C (SPAR) 3% C (SPAR) 
13% C (SPAR) 

18% c 

L.E. STA 1570.0 
UPPER SURFACE i LOWER SURFACE 
* 7 

123.07 
SPLICE 

18% c 
' BOX SPAR 
UPPER C A P  

Figure 6, Leading Edge LFC Slot Locations - Flat Pattern Layout 

ORDWISE DUCT 

FG SPANWISE DUCT 
'CLOSURE STRIP 

Section Thru Chordwise Duct 
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r FASTENERS 

LICE CHANNELS 

Section Thru Splice 
I 

Attachment to Front Spar 

Figure 7, Leading Edge Structure - Details 
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4.1.3.2 T r a i l i n g  Edge F l a p  

F i g u r e  8 shows t h e  p r e l i m i n a r y  arrangement o f  t h e  t r a i l i n g  edge f l a p s  f o r  
t he  1993 LFC a i r c r a f t .  There a r e  6 f l a p  segments  on each s i d e  o f  t h e  a i r c r a f t  
c e n t e r l i n e .  The f l a p  chord is  24 pe rcen t  of t h e  wing chord .  The f o u r  o u t e r  
segments a r e  s imple  h inge  t y p e  wi th  the h i n g e  p o i n t s  l o c a t e d  a f t  o f  t h e  r e a r  
s p a r  and below t h e  lower surface. The h inge  b r a c k e t s  a r e  c a n t i l e v e r e d  o f f  t h e  
rear s p a r  and each b r a c k e t  s u p p o r t s  the inboa rd  and outboard  end o f  a d j a c e n t  
f l a p  segments.  The f l a p s  a r e  deployed ,  i n  a d i r e c t i o n  normal t o  t h e  r e a r  s p a r ,  
by screw j a c k s  and l i n k  mechanisms which permi t  a d i f f e r e n t i a l  i n  t h e  a n g l e  o f  
t ravel  of a d j a c e n t  f l a p  segments. The f l a p  h i n g e s  and b r a c k e t s  a r e  covered  b y  a 
s p l i t  f a i r i n g  a l i g n e d  streanwise. 

Each f l a p  segment i n c o r p o r a t e s  a s econda ry  f l a p ,  w i t h  10 p e r c e n t  wing 
c h o r d ,  o p e r a t e d  independen t ly  o f  t h e  main f l a p  segment. The secondary  f l a p  can 
be deployed r a p i d l y  t o  g i v e  a d d i t i o n a l  f i n e  t u n i n g  c a p a c i t y  f o r  improved l amina r  
flow. Each secondary  f l a p  is  supported by i n t e r n a l  h i n g e s  and is a c t i v a t e d  by 
an e l e c t r o - h y d r a u l i c  a c t u a t o r .  

The two i n n e r  f l a p  segments ,  which a l s o  i n c o r p o r a t e  10 percent chord 
secondary  f l a p s ,  a r e  deployed streamwise. They a r e  supported by  curved t r a c k s  
c o n t a i n e d  w i t h i n  t h e  wing contour  envelope and a r e  a c t i v a t e d  by sc rewjacks .  

The spoilers a r e '  l o c a t e d  on t h e  upper  s u r f a c e  w i t h  one segment f o r  each  
f l a p .  They a r e  suppor ted  by h i n g e  c a n t i l e v e r e d  from the  r e a r  s p a r  and a r e  
h y d r a u l i c a l l y  a c t u a t e d .  

STREAMWISE ON CURVED TRACKS 

ACTIVE CONT. FLAP (10% C) 

I 

4 

FLAP fiq (24% C) 

ACTIVE CONT. ACT. 

Section at Flap Midspan 

ACTUATING MECH. 
HINGE SUPPORT 

FLAP HINGE BRACKET 
SPLIT FAIRING,. ,' 

'S 

Section at Flap H i e  

Figure 8. Trailing Edge Flap Arrangement - 1993 LFC Transport 
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4.1i3.3 Uing Box Cover 

The L F C  wing box upper  cove r  f o r  t h e  1993 LFC t r a n s p o r t  i s  shown i n  F i g u r e  
9. The wing box upper  s u r f a c e  e x t e n d s  from t h e  W.S. 123 root  s p l i c e  t o  t h e  W.S. 
1439 t i p .  The cove r  is  broken i n t o  three s e c t i o n s  for  manufac ture  and s p l i c e d  
a t  W.S. 454 and Box Sta. 1100. Each cove r  segment c o n s i s t s  of a bonded assembly 
of t i t a n i u m  o u t e r  sheet,  g raph te / epoxy  s k i n ,  spanwise  h a t  s t i f f e n e r s ,  r i b  c a p s ,  
r i b  d u c t s ,  spar  c a p s ,  and m i s c e l l a n e o u s  c l i p s .  

Spanwise s l o t s ,  spaced 6 i n  a p a r t ,  are c u t  t h rough  t h e  t i t a n i u m  sheet. 
S l o t  d u c t s  molded i n  t h e  g raph i t e / epoxy  s k i n  are located under  each s l o t .  
Meter ing h o l e s  are d r i l l e d  th rough  t h e  s l o t  d u c t s  t o  co l lec t  t h e  a i r  i n  t h e  h a t  
s t i f f e n e r s  . 

The lower s u r f a c e  of  t h e  wing box i s  similar t o  t h e  upper  s u r f a c e  a s  shown 
i n  F igu re  10. S l o t s  on t h e  lower s u r f a c e  a r e  spaced 12 i n  a p a r t  and a i r  is 
collected i n  each  a l t e r n a t e  spanwise  h a t  s t i f f e n e r .  

Access ho le s  a r e  located i n  t h e  lower s u r f a c e ,  and a con t inuous  S u c t i o n  
s l o t  i s  c a r r i e d  across each a c c e s s  door. Cont inuous s u c t i o n  s l o t s  a r e  provided  
a c r o s s  t h e  splices i n  both t h e  upper  and lower s u r f a c e  cove r s .  

The s u r f a c e  s lo t s  and s l o t  d u c t s  are c e n t e r e d  Over spanwise  ha t - sec t ion  
s t i f f e n e r s .  The g e a n e t r y  of t h i s  c o n f i g u r a t i o n  is  d e p i c t e d  i n  F igu re  11. 
Details  of t h e  manufac tur ing  p rocedures  planned for  t h e  h a t  s t i f f e n e d  wing box 
cover  are  d i scussed  i n  a subsequent  s e c t i o n .  

/OUTER T i  SHEET R I D  wtr> 

SECTION A - A \HAT STIFFENERS (GRIEPI ! 1 

Figure 9. Wing Box Upper Cover - 1993 LFC Transport 
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SPAR 
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SECTION B - B 

Figure 10. Wing Box Lower Cover - 1993 LFC Transport 
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Figure 11. Typical Hat Stiffener Wing Box Cover 
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D e t a i l s  of  t h e  h a t  s t i f f e n e d  cove r  shown i n  F i g u r e  11 a r e  t a b u l a t e d  i n  
Table  I. The e lement  t h i c k n e s s e s ,  number of p l i e s ,  and p l y  o r i e n t a t i o n s  a r e  
shown fo r  s e l e c t e d  l o c a t i o n s  i n  b o t h  t h e  upper  and lower c o v e r s .  

A f u e l  p r e s s u r e  of 8.0 p s i  ( u l t i m a t e )  was inc luded  i n  t h e  t o t a l  l o a d i n g  
a p p l i e d  t o  t h e  wing p a n e l s .  These p a n e l s  were s i z e d  t o  b e  non-buckled. 
Analyses  of t h e  wing c o v e r s  and s p a r s  were conducted u s i n g  a number of 
Lockheed-Georgia Company computer programs fo r  a n a l y z i n g  composi te  s t r u c t u r e .  

S ince  the  t o r s i o n a l  s t i f f eness  (CJ)  r e q u i r e m e n t s  must b e  met, t h e  approach  
used is t o  main ta in  theosame G J  o f  each  e lement  o f  t h e  wing box. For t h e  wing 
s k i n ,  t h e  nunber o f  245 p l i e s  was c a l c u l a t e d  by e q u a t i n % t h e  G J  g r a p h i t e / e p o x y  
and CJ alun&nm from t h e  l o a d s  program. The number of  0 p l i e s  was de termined  
by adding  0 p l i e s  u n t i l  a p o s i t i v e  margin-of-safety was shown. Skin t h i c k n e s s  
exc lud ing  t h e  t i t a n i u m  a r e  shown on F i g u r e  12. The h a t  s t i f fener  crown 
t h i c k n e s s e s  a r e  shown i n  F igu re  13. Averge t h i c k n e s s ,  T-Bar, ( i n c l u d i n g  
t i t a n i u m  s k i n )  is p l o t t e d  on F i g u r e  14. The a v e r a g e  p a n e l  stress ( F i g u r e s  15 
and 16) was c a l c u l a t e d  by  d i v i d i n g  t h e  pane l  l o a d i n g  by  t h e  ave rage  t h i c k n e s s  
(T-Bar). The a v e r a g e  l i m i t  p a n e l  s t r a i n s  shown i n  F i g u r e s  17 and 18 were 
c a l c u l a t e d  by d i v i d i n g  t h e  ave rage  stress by ave rage  moduli .  
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Figure 14. Average Thickness  of Wing Panel  - t 
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Figure 15. Average S t r e s s  i n  Upper Surface  of Wing Panel  
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Figure 16. Average S tres s  i n  Lower Surface of Wing Panel 
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Figure 17. L i m i t  Strain i n  Upper Surface of Wing Panel 
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Figure  18. L imi t  S t r a i n  i n  Lower S u r f a c e  of Wing Panel  

4.1.3.4 Typical  Duct Rib Wing Box Structure 

Figure  19 shows t h e  g e n e r a l  c o n f i g u r a t i o n  o f  a t y p i c a l ,  duc t - type  r i b  and 
d e t a i l s  o f  i t s  assembly. The r i b  is comprised o f  upper  and lower  box-cross- 
s e c t i o n  c a p s ,  which a r e  suppor ted  by a s y s t e m  o f  v e r t i c a l  p o s t s  and  d i a g o n a l  
braces mechanica l ly  a t t a c h e d  t o  t h e  caps .  A l l  members a r e  f a b r i c a t e d  from 
graphi te /epoxy m a t e r i a l .  The r i b  c a p s  and b r a c i n g  members are  s i zed  by 
compressive l o a d s  i n  t h e  s u r f a c e  pane l s .  The c a p s  p rov ide  s u p p o r t  for t h e  
p a n e l s  and t h e  b r a c i n g  members suppor t  t h e  caps .  The maximum compress ive  load  
i n  t h e  upper surface pane l  is o f  g r e a t e r  magni tude than  f o r  t h e  lower t h u s  t h e  
upper r i b  cap  r e q u i r e s  a l a r g e r  number o f  s u p p o r t s  t han  t h e  lower cap.  The p o s t  
and d i a g o n a l  brace  arrangement  shown i n  F igu re  19 s a t i s f y  t h i s  r equ i r emen t .  

A t y p i c a l  cross s e c t i o n  through t h e  r i b  cap  and t h e  chordwise  d u c t  fo r  t h e  
LFC sys t em is  shown i n  F i g u r e  19. The c a p  is comprised o f  t h e  lvTeell 
c ros s - sec t ion ,  pr imary c a p  member, which r e a c t s  a l l  t h e  bending l o a d s  and a 
IIZeetl c ros s - sec t ion  d u c t  w a l l  l o c a t e d  4 i n  from t h e  pr imary  cap .  These members 
are bonded t o  the  s u r f a c e  pane l  s k i n s  and s t i f f e n e r s  and a r e  an i n t e g r a l  p a r t  o f  
t h e  surface panel assembly. The box s e c t i o n  is completed by an  upper c l o s u r e  
member which is mechan ica l ly  a t t a c h e d  t o  t h e  pr imary  cap  and t o  t h e  d u c t  w a l l  
a f t e r  t h e  brac ing  members a r e  i n s t a l l e d .  T h i s  c l o s u r e  can  be removed f o r  
i n s p e c t i o n  o r  r e p a i r  i f  r e q u i r e d .  Blind f a s t e n e r s  are n o t  r e q u i r e d  f o r  t h i s  
assembly. 

F igu re  20 shows t y p i c a l  d e t a i l s  o f  t h e  d u c t  r i b .  D e t a i l s  o f  t h e  b r a c i n g  
members, r i b  cap, molded c l i p s  and a t t a c h n e n t s  are shown. The forward and a f t  
c u t s  o f  t h e  r i b  d u c t s  a r e  a t t a c h e d  t o  t h e  f r o n t  and r e a r  s p a r s  and sealed from 
t h e  fue l  conta ined  i n  t h e  wing box s t r u c t u r e .  

The a r ranganent  of t h e  i n t e r m e d i a t e  r i b s  is similar t o  t h e  arrangement  o f  
t h e  d u c t  r i b s  except  t h e  d u c t  wall is n o t  r e q u i r e d ,  and t h e  c l o s u r e  member is 
rep laced  by a s i n g l e  a n g l e  bonded t o  t h e  pr imary  c a p  member. 
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4.1.3.5 Wing Box S t r u c t u r a l  S p a r s  

The gene ra l  arrangement  and d e t a i l s  of t he  wing-box f r o n t  s p a r  a r e  shown i n  
F i g u r e  21. S t u d i e s  were conducted t o  de te rmine  t h e  arrangement o f  t h e  s p a r  web 
s t i f feners  and t h e  web l o c a t i o n  re la t ive  t o  t h e  s p a r  c a p  v e r t i c a l  l eg .  Both 
v e r t i c a l  and  spanwise s t i f fener  ar rangements  were cons ide red .  'Ihe s t u d y  r e s u l t s  
i n d i c a t e d  t h a t  t h e  b e s t  arrangement  was w i t h  t h e  web located on t h e  forward s i d e  
of t h e  s p a r  cap  v e r t i c a l  l e g  and w i t h  t h e  s t i f f e n e r s  a l i g n e d  spanwise  as  shown 
i n  F i g u r e  21. The spanwise s t i f f e n e r  arrangement  a t  t h e  f r o n t  s p a r  offers  t h e  
l e a s t  d i s t u r b a n c e  t o  LFC a i r  f lowing  through t h e  leading-edge c a v i t y .  

The f r o n t  s p a r  i n  t h e  F i g u r e  21 d e p i c t s  t h e  numerous meter ing  h o l e s  
r e q u i r e d  t o  transfer LFC a i r  from t h e  box s t r u c t u r e  chordwise d u c t s  t o  t h e  
l e a d i n g  edge t r u n k  d u c t s .  These holes vary  i n  diameter from 3.5 i n  a t  t h e  r o o t  
t o  1.9 i n  a t  t h e  t i p  f o r  t h e  lower s u r f a c e  and from 2.30 in t o  1.25 i n  f o r  t h e  
uppe r  s u r  face .  

The genera l  arrangement of t h e  rear s p a r  o f  t h e  wing box s t r u c t u r e  is shown 
i n  F igu re  22. The f i g u r e  shows t h e  l o c a t i o n  o f  t h e  f l a p  h inge  brackets and t h e  
l a r g e  f i t t i n g s  required t o  suppor t  t h e  l a n d i n g  gear  t r u n i o n  and t h e  ou tboa rd  end 
of  t h e  a u x i l i a r y  spar.  The spar web t h i c k n e s s e s  shown i n  F i g u r e  2 3  and F i g u r e  
24 were based on two assumptions:  

o The spar web G J  would be main ta ined .  

o 9 3  percent of  t h e  spa r  web would be +45O p l i e s  and 10 percent would be 
0' plies . - 

I -- __--- - - - c _  - - +  

SPAR CAP INTEGRALLY I 
Ti  :KBOLTS MOLDED WITH BOX S K I N  'METERING HOLES 

n 44 PLACES 

UPPER CAP STIFFENERS 

Y 
SECTION A - A  

Figure 21. Front  Spar Wing Box Structure  
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S t i f f e n e r  s p a c i n g  was v a r i e d  such  t h a t  t h e  web d i d  n o t  buck le  up t o  
u l t i r n a t e  loads .  Allowable S u c k l i n g  l o a d s  were c a l c u l a t e d  u s i n g  computer program 
LG-031. The appl ied  u l t i m a t e  and a l lowab le  s p a r  web s h e a r s  are shown i n  F i g u r e  
25. 

For t h e  b a s e l i n e  wing t h e  s p a r  c a p s  were assumed t o  be a t t a c h e d  w i t h  
mechanica l  fasteners. The s p a r  caps  t o  cover  s k i n s  and t o  s p a r  web f a s t e n e r s  
were s i z e d  t o  c a r r y  t h e  s p a r  web a l l o w a b l e  b u c k l i n g  s h e a r .  Two rows o f  
f a s t e n e r s  were used w i t h  a s p a c i n g  of 5D (5 times d i a m e t e r )  and an edge d i s t a n c e  
of 2.5D (2 .5  times d i a m e t e r ) .  An a l l o w a b l e  g r a p h i t e / e p o x y  b e a r i n g  stress of 80 
k s i  was used. Spar cap  f a s t e n e r  d i a m e t e r s  are shown i n  F igu re  26. 

F lange  w i d t h s  of t h e  spar c a p s  were set  by t h e  f a s t e n e r  s p a c i n g  and edge  
d i s t a n c e  requi rements .  The number of  +45O p l i e s  was k e p t  t h e  same i n  t h e  s p a r  
webs as i n  t h e  cover t o  ma in ta in  t h e  t o r s i o n a l  s t i f f n e s s  o f  t h e  box. The cap  
a l l o w a b l e  buckl ing  l o a d s  were i n c r e a s e d  by i n c r e a s i n g  t h e  number of 0' p l i e s .  
For t e n s i o n - c r i t i c a l  c a p s ,  e x t e n s i o n a l  s t i f f n e s s  was c a l c u l a t e d  and each e lement  
ana lyzed  fo r  i t s  p r o p o r t i o n a l  share of t h e  l o a d  based on a r a t i o  of e lement  
s t i f f n e s s  d iv ided  by t o t a l  s e c t i o n  s t i f f n e s s .  The upper and l o w w  s p a r  cap  l e g  
l e n g t h s  and t h i c k n e s s e s  a r e  shown i n  F i g u r e s  27 and 28, r e s p e c t i v e l y .  
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4.2 DESIGN CONCEPTS 

LFC design concept s t u d i e s  were conducted i n  t h e  following areas: 

o Wing r ib /cap duct  

o Wing spar cap 

o Wing chordwise surface s p l i c e  

o Wing spar web s t i f f e n e r  



The concep tua l  d e s i g n s  were eva lua ted  r e l a t i v e  t o  t h e  c r i t e r i a  a s  l i s t e d :  

o Suc t ion  d u c t  e f f ic iency  

o Weight 

0 Cost 

o S t r u c t u r a l  i n t e g r i t y  

o Manufacturing 

o Ma i n t a i n a b  il it y 

o Design f e a s i b i l i t y  

Appropr ia te  e v a l u a t o r s  i n  each  a rea  were asked to  e v a l u a t e  each concept  i n  
r ega rd  t o  t h e i r  s p e c i a l t y  and t o  score them on a basis  o f  0 t o  10 (10 be ing  t h e  
h i g h e s t ) .  Each e v a l u a t o r  was r e q u i r e d  t o  comment on any  s c o r e s  between 0 and 3 
and between 7 and 10. The purpose of t h i s  requirement was twofold: 

( 1  1 For t h e  low s c o r e s ,  t o  ensure  t h a t  a s imple r e d e s i g n  would n o t  
e l i m i n a t e  t h e  problem areas. 

( 2 )  For t h e  h igh  s c o r e s ,  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of i n c o r p o r a t i n g  
these i n t o  o t h e r  des igns .  

The e v a l u a t o r s  were a l s o  reques ted  t o  p l a c e  t h e  concep t s  i n  p r e f e r e n t i a l  
rank .  

To a i d  them i n  these e v a l u a t i o n s ,  e a c h  e v a l u a t o r  was s u p p l i e d  w i t h  a da t a  
package c o n t a i n i n g  i l l u s t r a t i o n s  and a w r i t t e n  d e s c r i p t i o n  o f  each concep t ,  and 
a l s o  a l i s t i n g  o f  p o s s i b l e  problem a r e a s  which should be cons ide red  i n  t h e  
e v a l u a t i o n s .  A t y p i c a l  e v a l u a t i o n  procedure f o r  concept  s e l e c t i o n  is shown by  
t h e  b l a n k  t a b l e  i n  F igu re  29. 

4.2.1 Wing Rib/Cap Duct 

The chordwise d u c t s  t r a n s f e r  a i r  from t h e  spanwise h a t  s t i f f e n e r s  t o  t h e  
m a i n  c o l l e c t o r  d u c t s  i n  t h e  l e a d i n g  edge of t h e  wing. Suc t ion  d u c t s  are located 
a t  each a l t e r n a t e  r i b  l o c a t i o n  along the  wing span a t  both the  upper and lower 
wing s u r f a c e s .  The b a s e l i n e  LFC wing has  a t o t a l  of 44 chordwise d u c t s .  Duct 
l e n g t h s  r ange  from 204 i n  a t  t h e  wing root t o  80 i n  a t  t h e  wing t i p .  

The h e i g h t  of t h e  r i b  d u c t  tapers from approximate ly  8 i n  a t  t h e  f r o n t  s p a r  
near t h e  wing r o o t  t o  approximate ly  0.5 i n  a t  t h e  rear s p a r .  The w i d t h  of t h e  
d u c t s  is approximate ly  4 i n .  Tnese dimens ions  are  reduced i n  t h e  ou tboa rd  
s e c t i o n  o f  t h e  wing. 

Twenty-nine a l t e r n a t i v e  d u c t  concepts  were i n v e s t i g a t e d  d u r i n g  t h e  s t u d y .  
?he o b j e c t i v e  o f  t h e  s t u d y  was t o  s e l e c t  t h e  c o n f i g u r a t i o n  which best s a t i s f i e s  
t h e  r e q u i r e m e n t s  f o r  d u c t  s u c t i o n  e f f i c i e n c y ,  minimum c o s t  and  w e i g h t ,  
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I (SCORE 0 - 10) (RANK 1 - 5 )  I EVALUATION I 

Figure  29. T y p i c a l  E v a l u a t i o n  P rocedure  f o r  Concept  S e l e c t i o n  

s t r u c t u r a l  i n t e g r i t y ,  p r o d u c i b i l i t y ,  m a i n t a i n a b i l i t y ,  i n s p e c t a b i l i t y ,  and d e s i g n  
f e a s i b i l i t y .  The c o n c e p t s  a r e  grouped i n t o  t h r e e  c a t e g o r i e s .  Group 1: 
concep t s  1 through 15  shown i n  F igu re  30  have tw in  r i b  c a p s  spaced  4 i n  a p a r t .  
Group 2: concep t s  16 through 25 shown i n  F i g u r e  31 have  a s i n g l e  r i b  c a p  w i t h  
an a d j a c e n t  chordwise d u c t .  Group 3: c o n c e p t s  26 through 29 shown i n  F igu re  32 
have t h e  chordwise d u c t  comple t e ly  s e p a r a t e  from t h e  r i b .  

During a p re l imina ry  s c r e e n i n g  of t h e  c o n f i g u r a t i o n s  i n  F i g u r e s  30 and 31 
f i f t e e n  were e l imina ted  because  of r e a d i l y  e v i d e n t  d e f i c i e n c i e s .  Concepts  1, 2, 
3, 8, 12  and 1 3  were e l i m i n a t e d  because  a c c e s s  i n t o  d u c t  c a v i t y ,  for i n s p e c t i o n ,  
main tenance  and r e p a i r ,  c o u l d  n o t  be  achieved  wi thou t  d i s a s s e m b l i n g  t h e  r i b .  
Concepts 5, 6 ,  10,  21 and 2 2  were e l i m i n a t e d  because  of t h e  l a r g e  number of 
b l i n d  f a s t e n e r s  which would b e  r e q u i r e d .  Concepts  26, 27, 28 and 2 9  were 
e l i m i n a t e d  because t h e s e  r e q u i r e  more p a r t s  t h a n  o t h e r  concep t s .  Hence, t h e s e  
would be  heav ie r  and cost1 ie r  . A 1  so, t h e s e  l o c a t i o n s  were somewhat c o n s t r a i n e d  
by t h e  need for a c c e s s  p a n e l s  i n  t h e  lower cove r .  

The remaining c o n f i g u r a t i o n s  were s u b j e c t e d  t o  a f u r t h e r  s c r e e n i n g  p rocess .  

The s m a r y  o f  t h e  f i n a l  r ank / sco re  are shown i n  F igu re  33 for t h e  f o u r t e e n  
concep t s .  Concept No. 16 r e c e i v e d  t h e  f i n a l  r a n k  of  "nunber  one" for b o t h  r a n k  
and score and was t h e  chosen  concep t .  

I 4.2.2 Wing Spar Cap 

Six d i f f e r e n t  s p a r  c a p  c o n c e p t s  were e v a l u a t e d .  These are  i l l u s t r a t e d  i n  
F i g u r e s  34 and 35 d e s c r i b e d  below: 



v 

--cOncep+--+ The s p a r  c a p s  are i n t e g r a l l y  molded w i t h  t h e  s p a r  web and 
a t t a c h e d  t o  t h e  box c o v e r s  w i t h  mechanical f a s t e n e r s .  Titanium shims a r e  
lamina ted  i n  t h e  c a p s  and box c o v e r s  t o  i n c r e a s e  b e a r i n g  s t r e n g t h  i n  h i g h l y  
loaded a r e a s .  

Concep t  2 - Separa te  s p a r  c a p s  e x t e n s i v e l y  mach ined  from t i t a n i u m  
e x t r u s i o n s  are used.  They are attached to  t h e  c o v e r s  and t o  t h e  s p a r  web w i t h  
mechanical  fasteners. Some t i t a n i u m  shim embedments are r e q u i r e d  i n  t h e  box 
c o v e r s ,  and i n  t h e  s p a r  web, t o  i n c r e a s e  b e a r i n g  s t r e n g t h  for t h e  f a s t e n e r s  i n  
c e r t a i n  h i g h l y  loaded a r e a s .  

Concept 3 - The s p a r  caps are s e p a r a t e ,  g raphi te -epoxy,  molded p a r t s .  The 
c a p s  a r e  bonded t o  and mechan ica l ly  a t t ached  t o  the  box c o v e r s ,  and mechan ica l ly  
attached t o  t h e  s p a r  webs. T i t a n i u m  shim embedments a r e  p rov ided ,  i n  both 
h o r i z o n t a l  and v e r t i c a l  spar  cap  l e g s ,  t o  i n c r e a s e  b e a r i n g  s t r e n g t h  i n  c e r t a i n  
h i g h l y  loaded  areas. The box c o v e r s  and s p a r  web a r e  a lso s i m i l a r l y  r e i n f o r c e d  
f o r  t h e  sane reasons .  

Concept 4 - Spar  caps i n t e g r a l l y  molded w i t h  t h e  graphi te-epoxy box c o v e r s  
a r e  used. The s p a r  web is a t t ached  t o  t h e  v e r t i c a l  l e g  of s p a r  c a p  w i t h  
mechanical  f a s t e n e r s .  F a s t e n e r s  through t h e  h o r i z o n t a l  c a p  and cover  a r e  
e l i m i n a t e d ,  t h u s  t i t a n i u m  shim embedments are r e q u i r e d  o n l y  i n  t h e  s p a r  c a p  
v e r t i c a l  l e g  and s p a r  web t o  increase bea r ing  s t r e n g t h  i n  c e r t a i n  h i g h l y  loaded  
a r e a s .  

Concepts  5 and 6 - These concepts  are v a r i a t i o n s  o f  Concept 4 and a r e  
e s s e n t i a l l y  t h e  sane except  f o r  t h e  cross s e c t i o n a l  shapes  o f  t h e  cap.  These 
shapes were der ived  t o  e l i m i n a t e  jogg l ing  of t h e  s t i f f e n e r  f l a n g e  a t  a 
t r a n s i t i o n  p o i n t  l o c a t e d  approximately 50 p e r c e n t  semispan.  

In  e v a l u a t i n g  these concep t s ,  due c o n s i d e r a t i o n  was g iven  t o  t h e  i n t e r f a c e  
o f  the  spar caps  wi th  a d j a c e n t  structure such  a s  box c o v e r s ,  r i b  c a p  d u c t s ,  r i b  
a t t achmen t  members, and t h e  chordwise spl ices .  The t ype  of cap selected may 
a f f e c t  t h e  method o f  assembly and t h e  f a b r i c a t i o n  o f  t h e  cove r s .  

Concept 1: Assembly Sequence - I t  is  des i rab le  t h a t  t h e  s t i f f e n e r s  and r i b  
c a p s  be bonded i n  place i n  t h e  box cover assemblies. A s l o t  m u s t  be provided i n  
t h e  forward edge  o f  each cover  t o  permit  i n s e r t i o n  of t h e  s p a r  caps .  Although 
t h i s  concep t  is a t t r a c t i v e  fran a s p a r  f a b r i c a t i o n  v iewpoin t  it w i l l  be 
d i f f i c u l t  t o  assemble due t o  t o l e r a n c e s  of s p a r  c a p  t h i c k n e s s  and s lo t  
dimension,  and w i l l  a l s o  be  more d i f f i c u l t  t o  seal. A f u r t h e r  d i s a d v a n t a g e  is  
t h a t  t he  t i t a n i u m  o u t e r  sheet cannot  be i n s t a l l e d ,  or t h e  LFC s l o t s  sawed u n t i l  
t h e  c a p c o v e r  f a s t e n e r s  are i n s t a l l e d  a t  the f i n a l  assembly s t a g e .  

Concepts  2 and 3 Assembly Sequence - The s p a r  c a p  can  b e  bonded t o  t h e  
c o v e r s  t o g e t h e r  w i t h  t h e  s t i f f e n e r s  and r i b  cap /duc t s .  Cap t o  cove r  f a s t e n e r s  
are t h e n  i n s t a l l e d ,  t h e  outer t i t an ium sheet bonded i n  p l a c e ,  and t h e  L F C  s l o t s  
sawed t o  c a n p l e t e  t h e  box cover  assembly. Ihe upper and lower c o v e r s  are t h e n  
l o c a t e d  i n  a j i g  and r i b  truss members and r i b  a t t a c h n e n t  members are  i n s t a l l e d .  
The s p a r  web, located on t h e  forward faces of t h e  c a p s ,  is t h e n  i n s t a l l e d  t o  
complete  t h e  wing box assembly. This l o c a t i o n  o f  t h e  web e n s u r e s  e a s y  removal 
f o r  rep lacement  i n  case o f  danage,  and also p rov ides  better a c c e s s  i n t o  t h e  box 
f o r  assembly of t h e  members. 
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Concepts 4, 5 and 6 Assembly Sequence - The assembly sequence  is s i m i l a r  t o  
Concepts 2 and 3 and a l l  of  t h e  advan tages  and d i s a d v a n t a g e s  a lso app ly .  In 
t h e s e  concep t s ,  however, t h e  s p a r  c a p s  are i n t e g r a l l y  molded w i t h  t h e  box 
c o v e r s ,  t h u s  e l i m i n a t i n g  t h e  need f o r  mechanica l  f a s t e n e r s  and t i t a n i u n  sh ims  i n  
t h e  h o r i z o n t a l  l e g  of t h e  c a p s .  

The caps  and c o v e r s  are  s p l i c e d  a t  chordwise  j o i n t s  l o c a t e d  a t  t h e  roo t  
(Box Sta  134) a t  t h e  b a t  b r e a k  (Box Sta 496) and a t  Box Sta 1100. S p l i c e s  are  
accomplished us ing  bonding and mechanica l  fasteners. The c o v e r s  w i l l  be d o u b l e  
s h e a r  s p l i c e d  wi th  chordwise  p l a t e s  l o c a t e d  a t  t h e  i n n e r  and o u t e r  s u r f a c e  of 
each  cove r .  Each c a p  w i l l  b e  s p l i c e d  by means of  a metallic f i t t i n g  l o c a t e d  a t  
t h e  i n n e r  s u r f a c e  of t h e  cap.  Loca l ized  t i t a n i u m  i n s e r t s  w i l l  b e  r e q u i r e d  i n  
t h e  composi te  p a r t s  due  t o  f a s t e n e r  b e a r i n g  c o n s i d e r a t i o n s .  The t y p e  of  s p a r  
c a p  selected may i n f l u e n c e  t h e  complex i ty  of t h e  s p l i c e .  For exanp le ,  i n  
Concepts  1 and 3, t i t a n i u m  shim inserts would be  r e q u i r e d  i n  b o t h  cove r  and cap .  
In Concepts 4, 5, and 6, only a s i n g l e  i n s e r t  may be  r e q u i r e d .  The s e l e c t i o n  of 
Concept 5 would r e q u i r e  a more complex s t epped  s p l i c e  f i t t i n g  because  of  l a c k  o f  
space  between t h e  s p a r  c a p  and t h e  h a t  l e g .  

F i g u r e  36 shows t h e  r e s u l t s  o f  t h e  s p a r  c a p  e v a l u a t i o n .  Concept nunber  6 
r e c e i v e d  t h e  f i n a l  r a n k  of  "number one" for bo th  r ank  and score and was chosen  
f o r  t h e  b a s e l i n e  concept .  

GROUP 1 
T W I N  R I B  CAP DUCT 

Figure  30. Rib Cap/Chordwise Duct Concept  A l t e r n a t i v e s  
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SINGLE R I B  CAP - ADJACENT DUCT 
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Figure 31. Rib Cap/Chordwise Duct Concept Alternatives 
G r o w  2 

GROUP 3 
I N DEPEN DENT DUCT 

Figure 32. Rib Cap/Chordwise Duct Concept Alternatives 
Group 3 
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Figure 33. Rib Cap/Dict Concept Selection 

4.2.3 Wing Chordwise Splice 

The upper and lower box c o v e r s  for b o t h  t h e  l e f t  and r i g h t  wings are  
s p l i c e d  a t :  

o Side of Body - WS 123 ( S u r f a c e  Crease)  
o Outer wing/bat  - WS 455 ( S u r f a c e  Crease )  
o Outer wing - B S  1100 (Product ion  J o i n t )  

The box cove r s  a r e  provided w i t h  spanwise s l o t s  for t h e  LFC sys tem and ,  t o  
a c h i e v e  maximun LFC e f f i c i e n c y ,  t h e  s l o t s  must be  c o n t i n u o u s  a c r o s s  t h e  s p l i c e s  
a t  Wing Stat ion 455 and a t  Box S t a t i o n  1100. A t  t h e  wing root ,  however, t h e  LFC 
slots are terminated p r i o r  to t h e  s p l i c e  hence t h e  s p l i c e  p l a t e s  d o  n o t  r e q u i r e  
s lo t s  a t  t h i s  l o c a t i o n .  

Seven concepts  were s u b j e c t e d  t o  a s c r e e n i n g  p r o c e s s  i n  which a n m b e r  of 
t e c h n i c a l  s p e c i a l i s t s  were asked  t o  e v a l u a t e ,  score, and r a n k  each  concept  for 
s u c t i o n  d u c t  e f f i c i e n c y ,  w e i g h t ,  cos t ,  p r o d u c i b i l i t y ,  m a i n t a i n a b i l i t y  and 
s t r u c t u r a l  i n t e g r i t y .  A d a t a  package, c o n t a i n i n g  i l l u s t r a t i o n s ,  a w r i t t e n  
d e s c r i p t i o n  of e a c h  c o n c e p t ,  and a l i s t i n g  of  p o s s i b l e  problem a r e a s  which 
should  be cons idered ,  were g i v e n  t o  each  e v a l u a t o r .  
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CONCEPT 1 

SPAR CAP INTEGRALLY 
MOLDED WITH SPAR WEB 

CONCEPT 2 

SEPARATE T ITANIUM SPAR CAP 

CONCEPT 3 

SEPARATE COMPOSITE SPAR CAP 

Figure 34. Spar Cap - Concept Alternatives 1-3 

A t y p i c a l  chordwise sp l ice  is i l l u s t r a t e d  i n  F i g u r e  37. A s  shown, t h e  
s p l i c e  is of t h e  doub le  s h e a r  t y p e  c o n s i s t i n g  of a t i t a n i u m  o u t e r  p l a t e  and a 
t i t a n i u m  i n n e r  p l a t e ,  o r  r i b  cap .  The end of each composite box cove r  is 
recessed t o  accommodate t h e  o u t e r  s p l i c e  p l a t e ,  and is provided w i t h  a t i t a n i u m  
i n s e r t  t o  maximize b e a r i n g  s t r e n g t h  f o r  t h e  s p l i c e  f a s t e n e r s .  The h a t - s e c t i o n  
s t i f f e n e r s  of t h e  cove r  are t a p e r e d  and t e r m i n a t e d  a t  t h e  s p l i c e .  The o u t e r  
s p l i c e  p l a t e  is provided  w i t h  a series of spanwise ,  machined g rooves  s e r v i n g  a s  
s l o t  d u c t s ,  these b e i n g  located t o  c o i n c i d e  w i t h  t h e  s l o t  d u c t s  i n  t h e  box 
c o v e r s .  To a c h i e v e  an  e f f i c i e n t  LFC sys tem,  f a s t e n e r  heads  are n o t  p e r m i t t e d  t o  
be exposed to  t h e  airstrean. The countersunk f a s t e n e r s  are i n s t a l l e d  f l u s h  wi th  
t h e  o u t e r  s u r f a c e  of  t h e  s p l i c e  p l a t e .  After comple t ion  of t h e  s p l i c e ,  a t h i n  
t i t a n i u a  sheet is bonded to  the  o u t e r  s u r f a c e  of the  s p l i c e .  After bonding is  
comple t e ,  LFC s lo t s  are sawed i n  t h e  sheet t o  a l i g n  w i t h  t h e  s lo t s  i n  t h e  
s u r  faces. 

It should  be noted t h a t  a t  t h e  wing root ,  and a t  Wing S t a t i o n  455, there i s  
an a b r u p t  change of wing con tour  which r e s u l t s  i n  a crease a l o n g  t h e  c e n t e r  of 
each s p l i c e  p l a t e .  
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CONCEPT 4 

SPAR CAP INTEGRALLY 
MOLDED WITH COVER 

CONCEPT 5 

BLOCK TYPE SPAR CAP 
INTEGRALLY MOLDED WITH COVER 

L.-= 

CONCEPT F 6 

TAPERED SPAR CAP INTEGRALLY 
MOLDED WITH COVER 

Figure 35. Spar Cap - Concept Alternatives 4-6 



Figure 37. Typical Chordwise Splice 

The seven c o n c e p t s  which were cons idered  d u r i n g  t h e  e v a l u a t i o n  are d e p i c t e d  
i n  F i g u r e s  38, 39,  and 40. 

Concept 1 - Shown i n  F i g u r e  38, t h e  boundary l a y e r  a i r  passes th rough  t h e  
s l o t  d u c t s  and m e t e r i n g  holes  of t h e  o u t e r  s p l i c e  p l a t e  and i n t o  t r a n s f e r  d u c t s  
formed by machined grooves  i n  the  upper s u r f a c e  of t h e  box cove r  t i t a n i u m  
i n s e r t .  From these d u c t s ,  t h e  a i r  i s  drawn through holes i n  t h e  i n s e r t  i n t o  t h e  
h a t - s e c t i o n  s t i f f e n e r s  located beneath and ,  hence ,  t o  i ts  p o i n t  of evacua t ion .  
Sec t ion  B-B of F igure  38 shows t h e  r e l a t i o n s h i p  of t h e  s p l i c e  p l a t e ,  s l o t  d u c t ,  
and t h e  t r a n s f e r  d u c t  machined i n  t h e  cove r  i n s e r t .  It is  desirable  t h a t ,  i n  
t h e  a r e a  ef box clever ou tboa rd  o f  t h e  recess, t h e  flow o f  a i r  i n t o  t h e  cove r  
s l o t  d u c t  be i s o l a t e d  from t h e  a i r  flow i n  t h e  t r a n s f e r  d u c t  t o  avoid  flow 
mixing. A b a r r i e r  must t h e r e f o r e  be provided t o  i s o l a t e  these two d u c t s .  
S e c t i o n  A-A of  F i g u r e  38 shows t h e  graphi te-epoxy p l i e s ,  o u t s i d e  of  t h e  t i t a n i u m  
i n s e r t ,  t o  be extended t o  t he  recess t h u s  s e r v i n g  a s  t h e  i s o l a t i o n  barr ier .  
T h i s  c o n c e p t  may p r e s e n t  some d i f f i c u l t i e s  t o  m a n u f a c t u r e  b e c a u s e  t h e  
graphi te -epoxy p l i e s  located immediately above the  machined groove  t r a n s f e r  d u c t  
c a n n o t  be e a s i l y  p r e s s u r i z e d  for c u r i n g  of t h e  l a m i n a t e s .  Two possible 
s o l u t i o n s  t o  t h i s  problem a r e :  

( 1 )  P r o v i d e  a removable plug t o  f i l l  t h e  groove  while c u r i n g  t h e  l a m i n a t e s  
and remove t h e  plug a f te r  cu r ing .  

( 2 )  Cut away t h e  composite l a m i n a t e s  i n  t h e  affected area and r e p l a c e  w i t h  
a t i t a n i u n  shim of t h e  same t h i c k n e s s .  
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3 CONCEPT 5 

F i g u r e  40. Chordwise Spl ice  - Concept A l t e r n a t i v e s  5-7 

Concept 2 - Shown i n  F igu re  39 the t r a n s f e r  d u c t  is  located on t h e  i n n e r  
s u r f a c e  of t h e  box cover  t i t a n i u m  i n s e r t .  Boundary l a y e r  a i r  is passed th rough  
t h e  s l o t  d u c t s  and me te r ing  holes of the  o u t e r  s p l i c e  p l a t e  t h rough  l a r g e r  
m e t e r i n g  h o l e s  i n  t h e  i n s e r t  t h e n  into t h e  t r a n s f e r  d u c t s ,  machined i n t o  t h e  
i n s e r t  lower s u r f a c e ,  and t h e n  d i r e c t l y  i n t o  t h e  h a t  s t i f f e n e r s  t o  t h e  p o i n t  o f  
evacua t ion .  'his concep t  e l i m i n a t e s  t he  b a r r i e r / c u r i n g  problem of Concept 1 ,  
b u t  it r e q u i r e s  f i f t e e n  me te r ing  ho le s  i n  t h e  box cove r  i n s e r t .  A p o s s i b l e  
problem conce rns  face-sur face-sea l ing  of cove r  i n s e r t  t o  r i b  cap. Excess  
s e a l a n t  cou ld  block t h e  t r a n s f e r  duc t .  

Concept 3 - Shom i n  Figure 39, t h e  L F C  s u c t i o n  p r o v i s i o n s  fo r  t h e  s p l i c e  
a r e  s u p p l i e d  by two chordwise d u c t s  l o c a t e d  on t h e  i n n e r  s u r f a c e  of the  r i b  cap .  
S u c t i o n  a i r  passes th rough  t h e  o u t e r  s p l i c e  p l a t e  i n t o  t r a n s f e r  d u c t s ,  formed by  
machined g rooves  i n  t h e  cover  t i t a n i u n  i n s e r t .  Holes d r i l l e d  th rough  t h e  i n s e r t  
and t he  r i b  c a p  allow t h e *  a i r  t o  be drawn i n t o  t h e  chordwise d u c t  which t h e n  
t r a n s f e r s  i t  through t h e  f r o n t  s p a r  and i n t o  t h e  l e a d i n g  edge c a v i t y  and hence  
t o  its p o i n t  of  evacua t ion .  The h a t  shaped d u c t s  t a p e r  i n  h e i g h t  from f r o n t  t o  
rear and are bonded t o  the  t i t a n i u n  r i b  c a p  t o  minimize f u e l  l e a k a g e  problems. 

Some possible problems a s s o c i a t e d  with t h i s  concep t  are: 

( 1 )  A hole is  r e q u i r e d  i n  t h e  f r o n t  spar t o  pe rmi t  d u c t  a i r  t o  be drawn 
i n t o  t h e  l e a d i n g  edge  c a v i t y ,  b u t  t h e  h i g h  load c o n d i t i o n s  i n  t h e  spar 
c a p  and c a p  s p l i c e  make it u n d e s i r a b l e  t o  l o c a t e  the  hole  i n  t h i s  
r e g  ion .  
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I ( 2 )  The l ead ing  edge  c a v i t y  i s  d iv ided  i n t o  t w o  major  t r u n k  d u c t s .  The 
forward d u c t  accommodates s u c t i o n  r equ i r emen t s  f o r  t h e  e n t i r e  upper 
s u r f a c e ,  and a p ipe  must be  provided t o  p a s s  a i r  from t h e  mani fo ld  t o  
t h i s  forward c a v i t y  o f  t h e  l e a d i n g  edge. 

( 3 )  The i n s t a l l a t i o n  o f  s p l i c e  b o l t s  w i l l  be  r e s t r i c t e d  by t h e  h e i g h t  o f  
t h e  duc t .  

I t  w i l l  be  v e r y  d i f f i c u l t  t o  match t h e  a i r  f lows o f  t h e  cover  s l o t s  t o  
t h e  cor responding  s l o t s  i n  t h e  s p l i c e  p l a t e .  

(4) 

Concept 4 - Shown i n  F igu re  39, t h e  j o i n t  i s  asymmetric abou t  t h e  r i b  
c e n t e r l i n e .  A l l  t h e  s u c t i o n  for t h e  f u l l  w i d t h  of t h e  s p l i c e  i s  accommodated by 
t h e  r i g h t  hand s i d e  h a t  s t i f feners .  The box c o v e r s  and t i t a n i u m  insert  a r e  
conf igu red  similar t o  t h o s e  descr ibed f o r  Concept 3. The r i b  c a p  i s  bonded t o  
t h e  r i g h t  hand cover assembly  fol lowed by t h e  bonding of t h e  s t i f f e n e r s  j ogg led  
over  t h e  r i b  c a p  f lange .  This  a l lows  d i r e c t  passage  o f  a i r  from t h e  s p l i c e s  
through t h e  c a p  i n t o  t h e  ha t  s t i f f e n e r .  The h a t  s t i f f e n e r  is t a p e r e d  i n  wid th  
t o  permi t  i t s  t e rmina t ion  end t o  be  l o c a t e d  between t h e  s p l i c e  f a s t e n e r s .  The 
l e f t  s i d e  is  conf igured  i n  s i m i l a r  manner a s  shown f o r  Concept 3 and t h e  
s t i f fener  width can be c o n s t a n t  i f  so d e s i r e d .  This  concep t  s o l v e s  t h e  
b a r r i e r / c u r i n g  problems o f  Concept 1 and t h e  face s e a l i n g  problems o f  Concept 2, 
however, t h e  asymmetric n a t u r e  o f  t h e  j o i n t  may r e q u i r e  a d d i t i o n a l  t e s t i n g  
compared t o  a symmetrical  j o i n t .  The t a p e r i n g  s t i f f e n e r  wid th  may also be  a 
problem f o r  t o o l i n g  and f a b r i c a t i o n .  

, 

Concept 5 - Shown i n  F igure  40 is a v a r i a t i o n  o f  Concept 3 and f e a t u r e s  a 
s i n g l e ,  removable d u c t  t o  t r a n s f e r  a i r  from s p l i c e  t o  l e a d i n g  edge. The m i d d l e  
row o f  s p l i c e  b o l t s  is first i n s t a l l e d .  The d u c t  is then  i n s t a l l e d  u s i n g  t h e  

, o u t e r  row o f  s p l i c e  b o l t s  and a double  row o f  f a s t e n e r s  a t t a c h i n g  t h e  d u c t  t o  
t h e  r i b .  Th i s  concept  h a s  t h e  same d i s a d v a n t a g e s  a s  d e s c r i b e d  f o r  Concept 3 a s  
well a s  p o s s i b l e  f u e l  l eak  problems a s s o c i a t e d  w i t h  t h e  s i n g l e  row of f a s t e n e r s  
i n  t h e  d u c t  t o  t h e  r i b  cap  f l a n g e .  

Concept 6 - Shown i n  F igu re  40 i s  a v a r i a t i o n  o f  Concept 5. It  f e a t u r e s  a 
two piece d u c t  c o n s i s t i n g  o f  a t ee  bonded t o  t h e  r i b  c a p ,  and a channe l  a t t a c h e d  
t o  t h e  tee and r i b  wi th  a double  row o f  f a s t e n e r s .  This concept  minimizes  t h e  
f u e l  l e a k  problems of Concept 5; however, it suffers a l l  o f  t h e  d i s a d v a n t a g e s  
descr ibed f o r  Concept 3. 

Concept 7 - Shown i n  F igu re  40 i s  a v a r i a t i o n  of Concept 6 i n  which t h e  
d u c t  v e r t i c a l  d u c t  l e g  i s  i n t e g r a l  w i th  t h e  box cover  which p e r m i t s  an 
a l t e r n a t i v e  method o f  t e r m i n a t i n g  t h e  h a t  s t i f f e n e r s .  A removable  c h a n n e l ,  
a t t a c h e d  w i t h  a double  row o f  f a s t e n e r s ,  t o  t h e  d u c t  l e g  and t o  t h e  r i b  fern?:: 
t h e  d u c t  c l o s u r e ,  Tslis ccr,zapt o f f e r s  a d r y  bay  area f o r  t h e  s p l i c e  b o l t s  which 
may be  a t t r a c t i v e  from a f u e l  l eak  s t a n d p o i n t ,  however, t h e  concep t  s t i l l  
s u f f e r s  t h e  same d i sadvan tages  o f  Concept 3 and i n  a d d i t i o n  there may be  
t o l e r a n c e  b u i l d  up problems a s s o c i a t e d  wi th  t h e  d u c t  c l o s u r e  channe l  wid th .  

The r e s u l t s  o f  s c reen ing  are  shown i n  F igu re  41 which lists t h e  s c o r i n g  and 
rank  f o r  each d i s c i p l i n e .  The f i n a l  s c o r e s  are shown on t h e  bottom l i n e  o f  t h e  
F igu re .  Concepts No. 1 and 2 had s c o r e s  o f  51 and 52 r e s p e c t i v e l y  and were 
judged t o  be  e q u a l  on s c o r e  basis. Concept No. 1 was selected a s  t h e  b a s e l i n e  
concept  based upon i ts  No. 1 r a n k  p o s i t i o n s .  Concepts  No. 5 t h rough  7 r ece ived  
low s c o r e s  because of p o t e n t i a l  p r e s s u r e  d i f f e r e n t i a l s  a t  t h e  s l o t  d u c t .  
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F i g u r e  41. Concept S e l e c t i o n  - Chordwise S p l i c e  

4.2.4 Wing Spar Web S t i f f e n e r  

S e v e n  s p a r  web c o n c e p t s  d e p i c t e d  i n  F i g u r e s  42 a n d  43 a n d  t h ree  
a l t e r n a t i v e s  were i n v e s t i g a t e d .  

The f r o n t  s p a r  web a c t s  as a wal l  for t h e  main t r u n k  l i n e  which col lects  
t h e  s u c t i o n  flow from t h e  lower s u r f a c e  of t h e  wing box. V e r t i c a l  s t i f f e n e r s  
a r e  located i n s i d e  t h e  wing box on t h e  a f t  s i d e  of  t h e  f r o n t  spar web to  p rov ide  
minimum r e s t r i c t i o n s  for t h e  flow i n s i d e  the  main d u c t .  Concepts 1 th rough 6 
and three a l t e r n a t i v e s  of these s i x  concepts  are v e r t i c a l  s t i f f e n e r s  on t h e  a f t  
s ide of t h e  web. Concept 7 u t i l i z e s  spanwise s t i f f e n e r s  on t h e  forward side of  
t h e  web t o  s t i f f e n  t h e  web and t o  provide  a lower r e s t r i c t i o n  for t h e  s u c t i o n  
flow t h a n  would occur  wi th  v e r t i c a l  s t i f f e n e r s  on t h e  forward s i d e  of t h e  web. 

The fo l lowing  g e n e r a l  in format ion  was s u p p l i e d  t o  a id  i n  t h e  e v a l u a t i o n :  

o The s p a r  ex tends  from Box S t a  134 t o  Box Sta 1570 for a t o t a l  l e n g t h  
of 1436 i n c h e s .  T'ne spar heisr't a t  t h e  root is 42 i n c h e s  and t a p e r s  
t o  23 i n c h e s  a t  Box S t a  496 and t h e n  t o  12.5 i n c h e s  a t  t h e  wing t i p .  

o The s p a r  web is attached t o  t h e  s p a r  cap  w i t h  mechanica l  f a s t e n e r s ,  

Concept 1 - Bonded "J" - I n  t h i s  concep t  t h e  "JW cross s e c t i o n  s t i f f e n e r  i s  
The s t i f f e n e r  is  p recu red  and f a b r i c a t e d  from 0" and +453 g r a p h i t e  epoxy p l i e s .  

bonded t o  t h e  s p a r  web. 
- 

Concept 2 - Integra l ly  Molded "JW - T h i s  concep t  is  similar t o  Concept 1 
e x c e p t  _that t h e  s t i f f e n e r  is  i n t e g r a l l y  molded and cocured  w i t h  t h e  spar web. 
The +45" p l i e s  on one  s i d e  of t h e  spar  web are fo lded  t o  form t h e  l e g  and f l a n g e  
e l emen t s  of t h e  s t i f f e n e r .  For t h i s  concep t  t h e  need for a s t i f fener - to-web-  
a t t achmen t - f l ange  is  e l i m i n a t e d  and weight is reduced.  
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Figure 42. Spar Web Stiffener - Concept Alternatives 

Concept 3 - Bonded "Jn Small I n n e r  F l a n g e  - T h i s  concep t  is  s i m i l a r  t o  
Concept 1 except  t h a t  t h e  i n n e r  f l a n g e  is reduced i n  w i d t h  and i n c r e a s e d  i n  
t h i c k n e s s  by the i n c l u s i o n  o f  a d d i t i o n a l  0' p l i e s  i n  t h e  f l a n g e .  I n  t h i ;  
concept  some reduc t ion  of  weight  is achieved  by r educ ing  t h e  volume of 245 
p l i e s  a t  t h e  inner f l ange .  

Concept 3 A  - Cocured "J* Small I n n e r  F l a n g e  - A l t e r n a t i v e  t o  Concept 3 i n  
which s t i f f e n e r s  a r e  cocured w i t h  t h e  s p a r  web. 

Concept 4 - I n t e g r a l l y  Molded *Jn Small I n n e r  F l a n g e  - T h i s  c o n c e p t  is  
similar t o  Concept 3 excep t  t h a t  t h e  s t i f f e n e r  is i n t e g r a l l y  molded and cocured  
w i t h  t h e  s p a r  web i n  similar manner t o  Concept 2. 

Concept  5 - Bonded Blade  - I n  t h i s  concep t  t h e  ' b l a d e '  t y p e  s t i f f e n e r  i s  
f a b r i c a t e d  from 0" and +45" p l i e s .  It can  be precured  and bonded t o  t h e  s p a r  
web. The b lade  t y p e  s t i f f e n e r  is t a l l e r  and h e a v i e r  t h a n  for t h e  p r e v i o u s  
c o n c e p t s ;  however, it may be more e a s i l y  manufac tured .  

Concept  5 A  - Cocured B lade  - A l t e r n a t i v e  t o  Concept 5 t o  which s t i f f e n e r s  
a r e  cocured w i t h  t h e  s p a r  web. 

i 
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Figure 4 3 .  Spar Web Stiffening - Vertical vs Horizontal 

Concept 6 - I n t e g r a l l y  Molded Blade - T h i s  concep t  is s i m i l a r  t o  Conocept 5 
excep t  t h a t  t h e  s t i f f e n e r  i s  i n t e g r a l l y  molded w i t h  t h e  s p a r  web. The 45 p l i e s  
on one  s ide  of t h e  spar web are folded t o  form t h e  l e g  e l emen t s  of t h e  s t i f f e n e r  
b lade .  As t h e  t h i c k n e s s  of 45' p i e s  i n  t h e  web a r e  i n s u f f i c i e n t  t o  meet t h e  
b l a d e  r equ i r emen t s  a d d i t i o n a l  45 p l i e s  are l o c a t e d  i n  t h e  b lade .  For t h i s  
concep t  t h e  need f o r  a s t i f f e n e r  t o  web a t t achmen t  f l a n g e  i s  e l i m i n a t e d  and 
weight is reduced .  

Concept 7 - Spanwise S t i f f e n e r s  - Bonded OJW - I n  t h i s  concept t h e  s p a r  web 
s t i f f e n e r  is o r i e n t e d  s p a n w i s s  i n s t e a d  of  v e r t i c a l .  The "J1' c ross - sec t ion  
s t i f f e n e r  is  f a b r i c a t e d  from 0 and +4S0 g r a p h i t e  epoxy plies.' The spanwise  
s t i f f e n e r  are precured  and bonded t o t h e  forward s i d e  of  t h e  s p a r  web. S ince  
t h e  bonded 1fJ"  was t h e  most promising for v e r t i c a l  c o n c e p t s ,  it was t h e  o n l y  
s t i f f e n e r  c o n s i d e r e d  for ' t he  spanwise concep t .  

The t o t a l  r a n k  scores for t h e  10 s p a r  web s t i f f e n e r  c o n c e p t s  are shown i n  
F i g u r e  44. The spanwise  bonded "JW c o n c e p t ,  No. 7, r e c e i v e d  the  h i g h e s t  score 
and t h e  best r a n k i n g  and was t h e  b a s e l i n e  "selected concept.11 
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Figure  44. E v a l u a t i o n  of  Spar  Web S t i f f e n e r  Concepts  

I 4.3 MATERIAL SELECTION AND EVALUATION 

Developnent work a t  Lockheed and e l sewhere  h a s  shown t h a t  graphi te -epoxy 
m a t e r i a l s  w i l l  produce s i g n i f i c a n t  improvements i n  performance and weight  
r e d u c t i o n s  i n  t r a n s p o r t  a i r c r a f t  t h a t  may become o p e r a t i o n a l  i n  t h e  1990 time 
pe r iod .  In  p a r t i c u l a r  , t h e  T300/5208 h igh  res in  graphi te -epoxy m a t e r i a l  h a s  
been s u c c e s s f u l l y  used i n  L F C  p a n e l  s k i n s  and ha t - sec t ion  s t i f f e n e r s  i n  Phase I 
o f  t h e  LFC developnent  program, as  well a s  i n  o t h e r  advanced composite 
s t r u c t u r e s .  Pr ior  t o  i n i t i a t i o n  o f  t h i s  program, t h e  b a s i c  T300/5208 h igh  res in  
m a t e r i a l  was r ev i sed  t o  T300/5208DV, which was a d e v o l i t i z e d  v e r s i o n  wi th  more 
p r e c i s e  advancement a s  well a s  lower r e s i n  c o n t e n t .  The r e v i s e d  fo rmula t ion  was 
supposed t o  r e s o l v e  p rocess ing  problems exper ienced  by t h e  ae rospace  i n d u s t r y  
w i t h  t h e  b a s i c  T300/5208 m a t e r i a l b  A f t e r  p r o c e s s i n g  p r o b l e m s  w i t h  t h e  
T300/5208DV m a t e r i a l ,  t h e  Hercules  350 F-curing AS4/3502 graphi te -epoxy material 
was e v a l u a t e d .  The AS4/3502 m a t e r i a l  was t e s t e d  t o  t h e  r equ i r emen t s  o f  General 
Dynamics  S p e c i f i c a t i o n  FMS 2023. After t h e  f i rs t  o r d e r  o f  AS4/3502 m a t e r i a l  was 
p rocessed ,  t h e  a r e a l  weight  and resin c o n t e n t  were changed i n  t h e  subsequent  
purchase  o r d e r s  t o  s a t i s f y  p rocess ing  r equ i r emen t s  f o r  t h e  LFC s u r f a c e  pane l s .  
The AS413502 material w i l l  conform wi th  Lockheed S p e c i f i c a t i o n  C-22-1379/114 
wi th  t h e  except ion  o f  areal  weight  and r e s i n  c o n t e n t .  

I n  a p p l i c a t i o n s  wh ich  r e q u i r e  a m i x t u r e  o f  g r a p h i t e - e p o x y  t a p e  and  
i te-epoxy fabrJc ,  a 350 F-curing f a b r i c  i s  r e q u i r e d .  Graphite-epoxy t a p e  
i a l  w i t h  a 250 F c u r e  is not used on thJs program because  o f  t h e  g e n e r a l l y  
hot-wet p r o p e r t i e s .  The F i b e r i t e  350 F-curing HMF 133/34 graphi te -epoxy 

f a b r i c  procured  t o  t h e  r equ i r emen t s  of U. S. Navy S p e c i f i c a t i o n  NAVORD-WS16042 
was used i n  t h i s  grogran  s i n c e  i ts r e s i n  system is c a n p a t i b l e  wi th  bo th  AS4/3502 
and T300/5208 350 F-curing systems.  The a p p l i c a t i o n  i n  t h e  program having mixed 
graphi te -epoxy t ape  and f a b r i c  materials is t h e  r ib-cap d u c t  cover .  Thus, t h e  
F i b e r i t e  HMF 133134 graphi te-epoxy f a b r i c  m a t e r i a l  whose a l l o T b l e  s t r e n g t h s  are 
c a n p a r a b l e  t o  T30015208 f a b r i c  material  w i l l  be  used f o r  350 F f a b r i c  m a t e r i a l  
a p p l i c a t i o n s  i n  t he  remainder  o f  t h e  program. 

0 

Appl i ca t ions  of  250°F-cur i n g  g r a p h i  te-e poxy m a t e r i a l s  are  r e q u i r e d  i n  
s e v e r a l  components o f  t h e  LFC wing s u r f a c e  pane l .  The resin s y s t e m  o f  t h e  
Hercules 250°F-curing A370-5H-1908 graphi te -epoxy f a b r i c  m a t e r i a l  is compa t ib l e  
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w i t h  t h e  AS4/3502 g r a p h i t e - e p o x y  t a p e  m a t e r i a l ,  and  it h a s  b e e n  u s e d  
successfully i n  f a b r i c a t i o n  o f  t h e  a n c i l l a r y  test  s p e c p e n s .  The A370-5H/1908 
graphi te -epoxy f a b r i c  was selected for  u se  i n  250 F a p p l i c a t i o n s  i n  t h e  
remainder  o f  t h e  progran.  Other p o t e n t i a l  ocandida tes  t h a t  were n o t  e v a l u a t e d ,  
b u t  a r e  cons ide red  a s  a l t e r n a t e s  f o r  250 F-curing f a b r i c  a p p l i c a t i o n s ,  a r e  
T300/5225 (Namco) ,  F155 (Hexcel) and BP919 (American Cynanid) f a b r i c  m a t e r i a l .  

APPLICATION 

350°F-CURING TAPE MATERIAL 

350"F-CURING FABRIC MATERIAL 

Table 2 smmarizes graphi te-epoxy m a t e r i a l  a p p l i c a t i o n s :  

PRIMARY ALTERNATE 
MATERIAL MATERIAL 
SELECTION SELECTION 

AS4 /3502 T300/ 5208 

HMF 133/34 T300/5208 

The LFC wing s u r f a c e  concept  used i n  phase I programs conducted a t  Lockheed 
u t i l i z e d  an o u t e r  s u r f a c e  sheet i n  which LFC s u c t i o n  s l o t s  a r e  sawed. This 
outer s u r f a c e  sheet m a t e r i a l  was 6AL-4V annea led  t i t a n i u n  whose t h i c k n e s s  was 
approximate ly  0.020 i n c h .  The same concept  h a s  been used i n  t h e  d e s i g n  and 
f a b r i c a t i o n  o f  specimens i n  t h i s  progran. The re fo re ,  t h e  pr imary c a n d i d a t e  
m a t e r i a l  f o r  t h e  o u t e r  s u r f a c e  sheet i s  6ALJ)V annea led  m a t e r i a l .  

Other a p p l i c a t i o n s  i n  f a b r i c a t i o n  of  t h e  LFC wing surface which r e q u i r e  t he  
use o f  t i t a n i u m  a r e  shims for i n t e r l e a f i n g  graphi te -epoxy l a m i n a t e s  i n  s p l i c e  
j o i n t  a r e a s  f o r  i n c r e a s i n g  f a t i g u e  s t r e n g t h s  i n  t h e  mechan ica l ly  f a s t e n e d  splice 
p l a t e s .  The 6AL-4V a n n e a l e d  t i t a n i u m  shee t  and  p l a t e  p r o c u r e d  t o  t h e  
r equ i r emen t s  of  MIL-T-9046 s p e c i f i c a t i o n  was used s u c c e s s f u l l y  i n  f a b r i c a t i o n  of 
t h e  a n c i l l a r y  test  specimens.  Thus, t h e  6AL-4V annea led  sheet and p l a t e  
m a t e r i a l  was selected f o r  manufactur ing.  

The FM73 f i l m  a d h e s i v e  h a s  been u s e d  s u c c e s s f u l l y  f o r  b o n d i n g  t h e  
graphi te -epoxy ha t -sec t ion  st iffeners t o  g r a p h i t e e p o x y  LFC s u r f a c e  pane l  s k i n s  
and i t  i s  c o n s i d e r e d  a s  t h e  p r i m a r y  c a n d i d a t e  f o r  t h i s  a p p l i c a t i o n  i n  
f a b r i c a t i o n  o f  t h e  LFC specimens i n  t h i s  progran.  The EA9628 and AF163-2 f i l m  
a d h e s i v e s  were e v a l u a t e d  c o i n c i d e n t  w i t h  FM73 i n  a se r ies  o f  m a t e r i a l  
v e r i f i c a t i o n  tests. No d e f i n i t i v e  conc lus ions  could  be drawn from these tests. 
However, t h e  FM73 a d h e s i v e  was s e l e c t e d  f o r  bonding t h e  h a t - s e c t i o n  s t i f feners  
t o  t h e  s u r f a c e  s k i n  l a m i n a t e s  based  on i t s  successfu l  p e r f o r m a n c e  i n  
de l amina t ing  the  graphi te -epoxy lamina tes2  i n  l i e u  o f  bond l ine  f a i l u r e s .  The 
weight o f  t h e  FM73 adhes ive  is 0.06 l b / f t  (PSF) and it may be procured t o  t h e  
r equ i r emen t s  o f  s p e c i f i c a t i o n  MMM-A-132. 

250°F-CURING FABRIC MATERIAL 1 A370-5H/1908 I T300/5225, F155 Bp919 

I I 

TABLE 2. 
SUMMARY GRAPHITE/EPOXY MATERIALS APPLICATIONS 
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The FM123-4 f i l m  a d h e s i v e  i n  t h e  0 . 0 4 5  PSF w e i g h t  h a s  b e e n  u s e d  
s u c c e s s f u l l y  i n  bonding t h e  exterior t i t a n i u m  sheet t o  t h e  graphi te -epoxy 
s u r f a c e  s k i n  l a m i n a t e  i n  Phase I of  t h e  LFC d e v e l o p n e n t  program. In  t h e  
i n t e r e s t  o f  minimizing the rma l  stresses i n  t h e  t i t a n i u n  sheet t o  s u r f a c e  s k i n  
l a m i n a t e  bond and of minimiz ing  flow of  t h e  a d h e s i v e  i n  t h e  s l o t - d u c t  r e g i o n  
d u r i n g  t h e  cure c y c l e ,  two c a n d i d a t e  adhes ives  were e v a l u a t e d .  The FM123-4 agd 
EA9601.afilm a d h e s i v e s  were e v a l u a t e d  and each a d h e s i v e  was cured a t  b o t h  180 F 
and 200 F. Both a d h e s i v e s  were e v a l u a t e d  through t h e  < f a b r i c a t i o n  of S i n g l e  
l a p s h e a r  specimens and p r o c e s s  c o n t r o l  pane l s .  The l a p  shear spec imens  were 
s t a t i c  tested and t h e  p r o c e s s  c o n t r o l  p a n e l s  were s e c t i o n e d  t o  e v a l u a t e  t h e  
a d h e s i v e  flow characterist ics.  The e v a l u a t i o n  r e s u l t e d  i n  s e l e c t i o n  o f  t h e  
FM123-4 a d h e s i v e  p r o c u r g d  t o  t h e  r e q u i r e m e n t s  of  Lockheed S p e c i f i c a t i o n  
STM3O-102 and cured  a t  200 F. This s e l e c t i o n  was based on t h e  fo l lowing :  

( 1 )  Flow character is t ics  of t h e  adhes ive  i n  t h e  s l o t  d u c t  r e g i o n  d u r i n g  
the  c u r e  c y c l e .  

( 2 )  Adhesive b o n d l i n e  t h i c k n e s s  v a r i a b i l i t y .  

( 3 )  Adhesive bond s t r e n g t h .  

( 4 )  B o n d l i n e  f a i l u r e  mode. G r a p h i t e - e p o x y  l a m i n a t e  d e l a m i n a t i o n  i s  
desired. 

Subsequent t o  t h e  above descr ibed  e v a l u a t i o n ,  FM123-2 f i l m  a d h e s i v e  was 
used i n  t h e  f a b r i c a t i o n  of  s e v e r a l  a n c i l l a r y  t e s t  specimens.  The FM123-2 
a d h e s i v e  h a s  the  same f o r m u l a t i o n  as  t h e  FM123-4 a d h e s i v e  b u t  it is  on a mat 
carrier.  Since FMl23-2 adhes ive  e x h i b i t s  character is t ics  t h a t  are comparable  t o  
FM123-4 adhes ive ,  it was selected a s  an a l t e r n a t e  for t h e  FM123-4 f o r  bonding 
t h e  t i t a n i u n  sheet t o  t h e  graphi te -epoxy s u r f a c e  s k i n  l a n i n a t e .  

A s p e c i f i c  r equ i r emen t  exis ts  for  bonding an e x t e r i o r  t i t a n i u m  sheet t o  t h e  
wing chordwise j o i n t  r e g i o n .  The FMl23JI or FMl23-2 f i l m  a d h e s i v e  was selected 
f o r  t h i s  a p p l i c a t i o n .  The a d h e s i v e  bond w i l l  be accomplished w i t h  t h e  a i d  of 
portable heaters. 

A t h i n  fi lm a d h e s i v e  is  r e q u i r e d  for bonding t h e  t i t a n i u m  sheets forming 
t h e  l a n i n a t e  for  s p l i c i n g  t h e  LFC wing surface s t r u c t u r e .  A s imilar r equ i r emen t  
exis ts  for bonding t i t a n i u m  sheet i n t e r l e a v e s  t o  uncured graphi te -epoxy t a p e  
lay-ups i n  the f a b r i c a t i o n  of  t r a n s i t i o n  r e g i o n s  of LFC wing s u r f a c e  s t r u c t u r e s  
i n  which mechanica l ly  f a s t e n e d  j o i n t s  are r e q u i r e d .  The AF147U a d h e s i v e  (3M 
Company) having a weight  of 0.03 PSF and procured  t o  t h e  r e q u i r e m e n t s  of 
MMM-A-132 s p e c i f i c a t i o n  has been used s u c c e s s f u l l y  i n  these a p p l i c a t i o n s  i n  t h e  
f a b r i c a t i o n  of a n c i l l a r y  concep t  s e l e c t i o n  specimens.  The FM300 adhes ive  was 
selected a s  an a l t e r n a t e  for these a p p l i c a t i o n s .  

Adhesive m a t e r i a l s  a p p l i c a t i o n s  are s m a r i z e d  i n  Table  3. 



APPLICATION 

1. 

2. 

3. 

4. 

5 .  

GRAPHITE-EPOXY HAT-SECTION 
STIFFENERS To GRAPHITE-EPOXY 
SURFACE SKIN LAMINATE 

EXTERIOR TITANIUM SHEET TO 
GRAPHITE-EPOXY SURFACE 
SKIN LAMINATE 

EXTERIOR TITANIUM SHEET TO 
WING CHORDWISE JOINT REGIONS 

TITANIUM SHEETS FOR FORMING 
THE LAMINATE FOR SPLICING 
THE LFC WING SURFACE 
STRUCTURE 

TITANIUM SHEET INTERLEAVES 
TO UNCURED GRAPHITE-EPOXY 
TAPE LAY-UPS IN THE 
TRANSITION REGIONS OF LFC 
WING SURFACE STRUCTURES 

PRIMARY 
ADHESIVE 
SELECTION 

FM73 

FM123-4 

FM123-4 

AF147U 

AF147U 

ALTERNATE 
ADHESIVE 
SELECTION 

EA9628 
AND 

AF163-2 

FM123-2 

FM123-2 

FM300 

FM300 

TABLE 3. 
SUMMARY OF ADHESIVE MATERIAL APPLICATIONS 
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5.0 DESIGN REQUIRElIENTS FOR LFC WING SURFACE AND STRUCTURE 

5.1 DESIGN STRUCTURAL CRITERIA 

The s t r u c t u r a l  d e s i g n  c r i t e r i a  f o r  bo th  t h e  L F C  and non-LFC a i r c r a f t  comply 
wi th  FAR 25 s t r u c t u r a l  d e s i g n  c r i t e r i a .  A d e s i g n  l i f e  goal of 90,000 f l i g h t  
h o u r s  is used f o r  t h e  long-range a i r c r a f t .  

The a i r c ra f t  are des igned  for a 2.58 symmetric maneuver load  c o n d i t i o n  i n  
accordance  w i t h  FAR 25. Advanced technology and materials are a p p l i e d  t o  both 
LFC and non-LFC a i rc raf t .  Act ive  controls are u t i l i z e d  t o  reduce  wing bending 
manents.  An a c t i v e  g u s t  l o a d  a l l e v i a t i o n  system is  used  t o  reduce  wing bending 
due  t o  g u s t .  P re l imina ry  s i z i n g  r o u t i n e s  u s e  a g u s t  v e l o c i t y ,  UDE = 40 f p s  i n  
l i e u  o f  50 f p s .  Ac t ive  f l u t t e r  suppress ion  is  used t o  p rov ide  t h e  FAR 25 (1 .2)  
speed margin above d i v e  speed.  A soft landing .  g e a r  p e r m i t s  t h e  u s e  o f  a t a x i  
load factor of l.5g and the  use  of re laxed  s t a t i c  s t a b i l i t y  p e r m i t s  l o c a t i o n  of 
t h e  a f t  c e n t e r  o f  g r a v i t y  limit a t  55 p e r c e n t  MAC. A s p e e d - a l t i t u d e  schedu le  
shown i n  F igu re  45 was d e r i v e d  u s i n g  FAR 25 r equ i r emen t s  for a 7.5 degree  u p s e t  
for 20 seconds  fol lowed by a 1.5g pull-up. The fo l lowing  weights  were used f o r  
s t r u c t u r a l  des ign :  

o Gross weight  = 592,205 l b s  i n c l u d i n g  218,679 l b s  o f  f u e l .  

o Maximun ze ro  f u e l  weight = 373,526 l b s  

o Design l a n d i n g  weight  = 484,849 l b s  

ALTITUDE 
lo00 FT 

AIRSPEED - KEAS 
F i g u r e  45. Design Airspeeds  

- 400 KCAS 

PRECEDING PAGE BLANK NOT FILMED 



5.2 DESIGN LOAD CONDITIONS 

IDAD ' r y w  

I . MANIBJVt?R-GROSS 

2. mSlTlVE GUST 

7 .  IUSITIVE GUST 

4. NFCAI'IVE GUST 

5. #FfiAT\VE GUST 

6. TAXI 

7. !IANEUVIIR Z N  

The aerodynamic c o n f i g u r a t i o n  from t h e  Phase I s t u d i e s  was used t o  p r o v i d e  
t h e  i n p u t  d a t a  t o  t h e  s t r u c t u r a l  l o a d s  progran ,  ANSWER ( A n a l y t i c a l  S t r u c t u r a l  
and Weight Es t imat ion  Routine)  and t o  t h e  f l u t t e r  a n a l y s i s  program, ARF (Auto- 
mated Resizing f o r  F l u t t e r ) .  

VEICIIT I.1IEL Ude VF4 
N, (1.H) (1.R) (FPS) ( K T S )  MACH 

2.5 592 205 218 679 0 400 .604 

2.258 592 205 218 679 50 350 -78  

2.679 373 526 0 w 350 .78 

- -2's 592 205 218 679 -50 350 .'R 

- -679 373 526 0 -50 350 .78 

-1.5 592 205 218 679 - - - 
2.5 373 526 0 0 400 .a 

The seven c r i t i c a l  load c o n d i t i o n s  for t h e  b a s e l i n e  LFC wing are shown i n  
Table  4. 

The wing t o r s i o n a l  s t i f f n e s s  d i s t r i b u t i o n  r e q u i r e d  for f l u t t e r  p r e v e n t i o n  
was determined by  means of t h e  f l u t t e r  o p t i m i z a t i o n  computer program ARF. T h i s  
program o p e r a t e s  i n  c o n j u n c t i o n  w i t h  t h e  s t r u c t u r a l  s y n t h e s i s  program ANSWER t o  
deve lop  minimun weight  wing d e s i g n s  which s a t i s f y  both s t r e n g t h  and f l u t t e r  
speed c o n s t r a i n t s .  Tab le  5 shows t h e  estimated s t i f f n e s s  r equ i r emen t s .  

ARF u s e s  g e a n e t r i c ,  mass, and a v a i l a b l e  s t i f f n e s s  da t a  computed by  ANSWER 
for an i n i t i a l  s t rength-opt imun d e s i g n ,  and per forms a wing f l u t t e r  a n a l y s i s .  
If t h e  f l u t t e r  speed for t h i s  d e s i g n  is  less t h a n  t h a t  r e q u i r e d ,  t h e  program 
computes f l u t t e r  v e l o c i t y  weight  d e r i v a t i v e s  for each of n i n e  spanwise  wing 
segments  and i t e r a t i v e l y  r e s i z e s  t h e  wing s t r u c t u r e  ( E 1  and GJ) t o  a c h i e v e  t h e  
r e q u i r e d  f l u t t e r  speed w i t h  a minimun e x p e n d i t u r e  of weight .  The r e s u l t i n g  
t o r s i o n a l  s t i f f n e s s  d i s t r i b u t i o n  i s  f i n a l l y  i n p u t  as  a d e s i g n  r equ i r emen t  t o  

ANSWER t o  make t h e  f i n a l  i t e r a t i o n  i n  t h e  aeroelastic loads  c a l c u l a t i o n s  and 
s t r e n g t h  si z i  ng . 

Because t h e  LFC d e s i g n  concept  i n c l u d e s  a c t i v e  f l u t t e r  s u p p r e s s i o n ,  t h e  
wing was s t r u c t u r a l l y  s i z e d  for an unaugmented f l u t t e r  speed e q u a l  t o  t h e  d e s i g n  
d i v e  speed of 400 KEAS. The r e q u i r e d  20 p e r c e n t  f l u t t e r  s a f e t y  margin is t o  be 
provided by  t h e  a c t i v e  f l u t t e r  suppres s ion  system. Analyses  and tes ts  of proto- 
t y p e  f l u t t e r  suppres s ion  sys t ems ,  i n c l u d i n g  wind t u n n e l  tes ts  conducted by  
Lockheed-Georgia Company, i n d i c a t e  t h a t  a 20 p e r c e n t  f l u t t e r  speed i n c r e a s e  is  
a c h i e v a b l e  w i t h  a s ing le-channel  a c t i v e  f l u t t e r  s u p p r e s s i o n  system. 
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0 

20 

2 0  

2 0  

2 0  

0 

0 

TABLE 4. 
LOAD CONDITIONS FOR BASELINE LFC WING 



Two f u e l  c o n d i t i o n s  were analyzed for f l u t t e r ;  m i s s i o n  f u e l  (218,680 
pounds) and empty. P rev ious  e x p e r i e n c e  i n d i c a t e s  t h a t  adequa te  f l u t t e r  speeds 
for i n t e r m e d i a t e  f u e l  c o n d i t i o n s  can  be achieved  by  t h e  p rope r  d e s i g n  of t h e  
f u e l  system. 

The c r i t i c a l  wing l i m i t  bending manents a r e  shown i n  Table 6. 

?he c r i t i ca l  estimated wing t i p  limit d e f l e c t i o n s  for the LFC b a s e l i n e  wing 
are shown i n  Table  7. The cr i t ical  estimated maximun wing p a n e l  s u r f a c e  load 
p e r  i n c h  for t h e  b a s e l i n e  wing is shown i n  Table  8. The ultimate s p a r  loads 
shown i n  Table  9 were t aken  from t h e  ANSWER o u t p u t .  

SEMI SPAN 
4l 

75 

55 

35 

14 

E l  

L B - I N ~  x 10-10 

4.7 

14.9 

34.8 

97.0 

GJ 

LB- IN^ x 10-10 

4.9 

15.5 

35.0 

56.0 

TABLE 5. 
WING STIFFNESS REQUIREMENTS FOR DESIGN 

SEMI SPAN 
9b 

75 

55 

35 

14 

UP 
IN-LB x 10-7 

1.0 

3.4 

a. 0 

16.0 

DOWN 

IN-LB x 10-7 

- . 4  

-1.6 

-4.2 

-a. 2 

TABLE 6. 
WING DESIGN LIMIT BENDING MOMENTS 
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UP 
(IN) 

182 

DOWN 
(IN) 

-91 

SEMI SPAN 

75 

UPBEND I NG 

I 7.1 1.0 

Q ( K I P S  I IN) 

DOWNBEND ING 

( K I P S  I IN) 

55 

35 

14 

2 6  0. 1 

15.9 1.7’ 

25.7 2 4  

29.1 2 8  

7.6 0.3 

+ 2.76 

+ 16.8 

+ 55.7 

+101.4 

+I%.& 

+219.0 

+30)01.2 

+332.1 

-165.0 

13.7 0.4 

.90 
2.06 

3.05 

3.88 

4.61 

5.26 

6.51 

4.76 

8.49 

14.7 1.1 

TEST SECT ION 

TABLE 8. 
WING DESIGN SURFACE LOADS - ULTIMATE 

SFM I - 
SPAN 

.95 

.85 

.75 

.65 

.55 

.45 

.353 

.253 

.I45 

- 

FE 
UPPER 

CAP 

3) 
- 2.76 

- 21.9 

- 55.7 

-101.4 

-156.4 

-219.0 

-301.2 

-332.1 

-327.4 

iT SPAR 

WEB 
SHEAR 

I 
UPPER 

CAP 

3) 
- 1.9 

- 15.4 

- 39.2 

- 71.3 

-1 10.0 

-154.0 

-212.0 

-282.0 

-349.0 

rR SPAR 

CRUSHING 

-458.5 

-560.0 

-617.4 

-639.5 

-693.7 

-641 - 9  I -653.5 
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5.3 ENVIRONMENT REQUIREMENTS 

The b a s e l i n e  LFC wing s u r f a c e  p a n e l s  were des igned  for: 

o Temperature r ange  for -65' t o  160'F 
o Fore ign  object  damage c o n s i d e r a t i o n  

o L igh tn ing  s t r ike  
o Corros ion  environment  

- f u e l s  
- l u b r i c a n t s  

.- o i l s  
- c l e a n i n g  f l u i d s  
- a n t i - i c e  f l u i d s  

- s a n d / r a i n  
- h y d r a u l i c  f l u i d s  

This environment  is r e p r e s e n t a t i v e  of  those encountered  i n  a i r l i n e  opera-  
t i o n .  

5.4 GENERAL REQUIREMENTS 

S p e c i a l  emphasis was p laced  on c o n s i d e r a t i o n  for  p r o d u c i b i l i t y  , mainte-  
nance ,  i n s p e c t i o n ,  and repair  of the  LFC wing s u r f a c e  s t r u c t u r e  and associated 
LFC sys t ems  on t h e  wing s u r f a c e  of t h e  1993 t r a n s p o r t  a i r c r a f t .  Einphasis was 
p laced  on ma in ta in ing  the  wing s u r f a c e  for LFC and n o t  on s t r u c t u r a l  r e p a i r .  

To t h e  e x t e n t  possible ,  f a b r i c a t i o n  and assembly t e c h n i q u e s  and i n s p e c t i o n  
me thods  d e m o n s t r a t e d  d u r i n g  t h i s  d e v e l o p m e n t  p rogram a r e  c o m p a t i b l e  w i t h  
e x i s t i n g  c u s t a n e r  maintenance p r a c t i c e s ,  s u p p o r t  e q u i p n e n t ,  and pe r sonne l  s k i l l  
l e v e l s .  S p e c i f i c  equipment needed for u s e  i n  i n - s e r v i c e  i n s p e c t i o n  are 
i d e n t i f i e d .  

5.5 LFC SUCTION SYSTEH REQUIREMENTS 

The LFC s u c t i o n  system was developed d u r i n g  Phase I and reported i n  S e c t i o n  
6.3 of NASA c o n t r a c t o r  report CR159253, Reference 1. These c r i t e r i a  are summar- 
i zed below : 

o Both s u r f a c e s  are l amina r i zed  t o  75 p e r c e n t  chord. 

o Suc t ion  s l o t s  s t a r t  a t  1.2 p e r c e n t  chord on t h e  upper  and 1.1 p e r c e n t  
chord on t h e  lower s u r f a c e .  

o S u c t i o n  is a p p l i e d  t o  chordwise s p l i c e s  and t o  access doors. 
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o Design L i m i t  P r e s s u r e s  a re  -3.0 p s i  (ground checkou t )  t o  +2.5 p s i  
(purge) .  

o Two washer s l o t s  are used on t h e  upper  s u r f a c e  and as  many a s  p o s s i b l e  
on t h e  lower s u r f a c e .  

The s l o t  w i d t h s  and s p a c i n g s  are t a b u l a t e d  i n  Table  10 for the  upper  and 
lower s u r  faces. 

The dimensions of t h e  s l o t  d u c t s  between 18 and 70 p e r c e n t  chord are shown 
i n  F igu re  11. Meter ing holes i n  t h e  s l o t  d u c t s  are  0.05 i n  i n  diameter spaced  
0.30 i n  center - to-center .  I n t e r n a l  d u c t i n g  c o n s i s t s  of t h e  spanwise  h a t  d u c t s  
and chordwise r i b  d u c t s .  A 0.50 i n  diameter m e t e r i n g  hole on t h e  forward s i d e  
of t h e  ha t  meters t h e  flow t o  t h e  chordwise r i b  d u c t s .  The r i b  d u c t s  are spaced  
a t  70 i n ,  and feed t h e  flow through holes i n  t h e  f r o n t  s p a r  t o  t h e  l e a d i n g  edge  
collector duc t s .  

5.6 PRODUCIBILITY DESIGN REQUIREMENTS 

For u s e  i n  e s t i m a t i n g  p roduc t ion  costs ,  a se t  of ground r u l e s  is  d e f i n e d .  
These are l i s t e d  below: 

UPPl 

x/c 
0012 
.018 
.a27 
.037 
.048 
.062 
.076 
.092 
.loo 
.200 
.700 

SURFAC 
SLOT 
WIDTH 
( I N . )  

.0035 

.0035 

.0050 

.W50 

.0050 

.W50 

.010 

.010 

.010 

.013 

.013 

DESIGN 
SLOT 

SPACING 
( I N .  1 
-62 
.62 
1.12 
1.25 
1.25 
1.75 
5.00 
5.00 
5.00 
6.00 
6.00 

L O W  

X/C 
.011 
.017 
,025 
. 035 
.046 
.059 

.073 

.089 

.loo 

.200 

.700 

L SURFACI 
SLOT 
WIDTH 
( I N . )  
.003 
.003 
.004 
-004 
.006 
-006 
0006 
.006 
0006 
.015 
-015 ' 

DESIGN 
SLOT 

SPACING 
(IN.) 

.875 

.920 
1.50 
1.50 
2.30 
2.65 
3.25 
3.25 
3.25 
12.00 
12.00 
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0 A l l  cos t s  a re  expressed i n  January 1, 1981 dol la rs  

o Total Production: 350 u n i t s  
o Production Span: 10 years 
o Production Rate: 1.5 t o  4 u n i t s  per month 
o Learning Curves: 

- Labor: 75 percent - Material: 96 percent 

5.7 SURFACE ACCEPTANCE CRITERIA 

The operatlonal acceptarke c r i t e r i a  for t h e  surface deformation defects  is  
shown i n  Table 11. These allowable variations (.030 (10.0) = 0.30 i n .  height i n  
10 i n .  length) were used t o  evaluate the t e s t  panels. Most of t h e  smoothness 
c r i t e r i a  a re  based on t h e  NOR 61-141 (Ref 3) (X-21) c r i t e r i a .  The downstep a t  a 
s l o t  edge of 0.002 i n  was selected a r b i t r a r i l y  t o  account for the increase i n  
t h e  loca l  velocity of the boundary layer above the X-21 design. 

DEFECT 

WAV I NES S 

STEP, JO I NT - DOWN 

- UP 

STEP, SLOT EDGE - DOWN 

- UP 

- DOWN 

GAP, JOINT - CHORDWISE 

- SPANWISE 

GAP, SLOT - .013 NOMINAL 

I 

PARAMETER 

HEIGHT (LENGTH) 

HE I GHT 

HE I GHT 

HE I GHT 

HE I GHT 

THICKNESS 

W I DTH 

W I DTH 

W I DTH 

ALLOWABLE 
VARIATION 

,030 ( 10.0) 
.006 

,0137 
,002 

.008 

.030 

.lo1 

.I61 

.CHI13 

TABLE 11. 
SURFACE DEFORMATION DEFECTS 
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Operational acceptance c r i t e r i a  for the i n t e r i o r  deformation defects  i s  
l i s t e d  i n  Table 12. The metering-hole diameter allowable var ia t ion of 0.001 i n  
represents the most d i f f i c u l t  tolerance t o  maintain. 

DEFECT 

SLOT DUCT - .081.32 

TRANSFER DUCT - 20I20 

MFTERING HOLE - .OS2 

The operational acceptance c r i t e r i a  for  the outer surface a re  shown i n  
Table 13. Allowable cracks i n  the outer sheet i n  the slot-duct area a re  l imited 
t o  0.15 i n  (distance from s l o t  t o  s l o t  d u c t  wall) .  Cracks i n  other areas of the 
outer sheet are assuned to  be w i t h i n  the smoothness s tep and gap c r i t e r i a ,  and 
no other l imitat ions a r e  imposed. Allowable delamination of the outer sheet i s  
l i m i t e d  t o  0.25 i n  dianeter.  

ALLOWABLE 
PARAMETER VARIATION 

HEIGHTIWIDTH .0041.016 

HEIGHTIWIDTH . I  
DIAMETER .001 

t u 1 H 1 
J 

TABLE 12. 
INTERIOR DEFORMATION DEFECTS 
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DEFECT 

CRACK 

OUTER S H W  - DUCT AREA - BOND AREA 

DELAM I NAT I ON 

OUTER SHEET - BOND AREA 

PARAMETER 

LENGTH 
LENGTH 

D I A M D E R  

ALLOWABLE 
V A R I AT I ON 

.15 
NO L I M I T  

.25 

I 

TABLE 13. 
OUTER SURFACE - DEFECTS 
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6.0 DEVELOPHENT TEST PROGRAH AND S P E C I H E N S  

The o v e r a l l  p l an  f o r  deve lop ing  t h e  LFC wing s u r f a c e  is  summarized i n  
F i g u r e  46. A series o f  m a t e r i a l  v e r i f i c a t i o n  (MV)  specimens were f a b r i c a t e d  and 
tested t o  v e r i f y  t h e  m a t e r i a l s  and processes .  Concept s e l e c t i o n  ( C S )  specimens 
were used t o  deve lop  t h e  c r i t i c a l  des ign  d e t a i l s ,  t o o l s  and manufac tur ing  
p rocesses .  Concept v e r i f i c a t i o n  ( C V )  w i l l  be accanp l i shed  by  t h e  manufac ture  
and tes t  o f  t h e  l a r g e  s u r f a c e  pane l .  The f i r s t  p a n e l s  made on t h e  wing s u r f a c e  
t o o l  w i l l  be  s t r u c t u r a l l y  tested to  v e r i f y  t h e  des lgn  and t h e  t o o l .  These p a n e l s  
a r e  i d e n t i f i e d  as  CV-1 and CV-2. The l a r g e  pane l  assembly w i t h  r i b s ,  r i b  d u c t s ,  
chordwise j o i n t s  and s p a r  caps  is i d e n t i f i e d  as CV-4.  CV-4  w i l l  be i n s t a l l e d  i n  
a s imula t ed  wing' box f o r  t e s t i n g  t h e  i n t e g r a t e d  LFC wing structure under  sirnu- 
l a t e d  f l i g h t  l o a d s .  The C V  p a n e l s  were n o t  f a b r i c a t e d  i n  t h e  o r i g i n a l  WSSD 
program, b u t  it is planned t o  f a b r i c a t e  some o f  these p a n e l s  i n  a l a t e r  program. 

&' TEST FIXTURE 

Figure 46.  Integrated Wing Surface Panel Development 
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6.1 MVI SPECIMEN 

Thi r ty  lap-shear  specimens,  d e s i g n a t e d  MV1, were used t o  s c r e e n ,  e v a l u a t e  
and select  t h e  a d h e s i v e s  and bonding tempera tures .  The MV1 t e s t  specimen is 
shown i n  Figure 47. Photographs shown i n  F i g u r e  48 show t e n  f a i l e d  MV1 s p e c i -  
mens t h a t  were tested a t  room tempera ture .  The t e n  specimens were f a b r i c a t e d  
w i t h  FM123-4 a d h e s i v e  of which f i v e  specimens were c u r e d  a t  180°F and f i v e  
specimens were cured  a t  200 F. 0 

6 . 2  MV2 SPECIMEN 

Twenty-four specimens,  d e s i g n a t e d  MV2, and shown i n  F i g u r e  49, were used t o  
e v a l u a t e  t h e  s l o t  d u c t s ,  m e t e r i n g  h o l e s ,  and bond of t i t a n i u m  s h e e t  t o  t h e  
gcaphi te /epoxy s u r f a c e .  In p a r t i c u l a r ,  a minimum flow a d h e s i v e  was d e s i r e d  t o  
p r e v e n t  t h e  a c c u n u l a t i o n  of a d h e s i v e  i n  t h e  s l o t  d u c t s .  The MV2 specimen is  
shown i n  Figure 50. 

6 . 3  MV3 SPECIMEN 

M V 3  was des igned  t o  e v a l u a t e  t h e  effect  of combined ax ia l  and shear l o a d s  
i n  t h e  wing s u r f a c e  w i t h  s l o t  d u c t s  w i t h  c l o s e l y  spaced m e t e r i n g  h o l e s .  

The photographs i n  F i g u r e  51 are close-up and d i s t a n t  v iews  of t h e  M V 3  
specimen i n s t a l l e d  i n  t h e  t e s t i n g  machine. In  t h e  close-up v iew on t h e  l e f t ,  
t h e  specimen test s e c t i o n ,  i n c l u d i n g  t h e  s l a n t e d  s l o t  d u c t  w i t h  t h e  m e t e r i n g  
h o l e s ,  is  c l e a r l y  v i s i b l e .  In  t h e  view on t h e  r i g h t ,  t h e  e n t i r e  MV3 specimen i s  
shown i n  t h e  t e s t  machine wi th  accompanying i n s t r u n e n t a t i o n  and load  c o n t r o l  and 
moni tor ing  equipment. 

I 1 I I  I 

I i  i I  I 0' REF. I I l . o l l  

1 - 5 . 0 1 4  t 
I -4 +O. 5" -4 1.0l i- 
I I I 

F I 
1 i 

I 

Figure  47. Material V e r i f i c a t i o n  T s t  Specimen - MV1 
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FM 123-4 
CURED AT 1809 

TESTED DRY AT RT 

F M  123-4 
CURED AT 2009 

TESTED DRY AT RT 

Figure 48. Failed MV1 Specimens - M123-4 Adhesive (Room Temperature) 

OBJECTIVE: EVALUATE PROCESSES FOR FABRICATION OF G I E  
LAMINATES, FORMING LFC SLOT DUCTS, AND 
DRILLING SLOT DUCT METERING HOLES 

MATERIALS: T300I5208 G I E  TAPE 
AS413502 G I E  TAPE 

COMPRESSION TESTS 

ENVIRONMENTAL CONDITIONS 

- ROOM TEMPERATURE 

- CONDITIONED DRY AT -659 AND TESTED AT -65OF 
- "HOT- WET' ' 
- "COLD-WET" 

Figure 49.  MV2 Specken Test (24  Specimens) 
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I T  

i I I + . 0 5 2 '  DIA. 

SECTION A-A 

6A1-4V T i  SHEET' 

I 
T30015208 OR AS4/3502 LAMINATE 

- 

Figure 50. Material Verification Test Specimen - MV2 

CLOSE-UP V IEW DISTANT V I E W  

Figure 51. MV3 Specimen Installed in Testing Machine 
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6 . 4  M V ~  SPECIMEN 

MV4 was s i m i l a r  t o  t h e  MV2 specimen w i t h  t h e  a d d i t i o n  of a h a t  s t i f f e n e r .  
The o b j e c t i v e  of t h i s  t es t  was t o  e v a l u a t e  t h e  a d h e s i v e s  and processes f o r  bond- 
i n g  t h e  g r a p h i t e / e p o x y  h a t s  t o  the  g r a p h i t e / e p x y  s k i n .  

The photographs ,  shown i n  F i g u r e  52, are close-up and d i s t a n t  views o f  a 
t y p i c a l  MV4 specimen i n s t a l l e d  i n  a u n i v e r s a l  t e s t i n g  machine.  The h a t - s e c t i o n  
s t i f f e n e r  s i d e  of t h e  specimen is shown i n  both views. The c lose-up  v iew on t h e  
r i g h t  shows t h e  specimen i n s t r u n e n t a t i o n  on t h e  h a t - s e c t i o n  s t i f f e n e r  s i d e  o f  
t h e  specimen, i n c l u d i n g  a c o u s t i c  emission m o n i t o r i n g  i n s t r u n e n t a t i o n .  

6.5 MV5 SPECIMEN 

MV5 was des igned  t o  v e r i f y  t h e  m a t e r i a l s  and p r o c e s s e s  selected for t h e  
wing s u r f a c e .  The s k i n s  and h a t s  were f a b r i c a t e d  wi th  Hercules  AS4/3502 graph-  
i t e / e p o x y  t a p e .  FM73 was used t o  bond t h e  g r a p h i t e / e p o x y  h a t s  t o  t h e  g r a p h i t e /  
epoxy s k i n .  Meter ing holes were d r i l l e d  i n  t h e  s l o t  d u c t s ,  and t h e  t i t a n i u m  
s k i n s  were bonded w i t h  FM123-4 adhesive.  Slots  were c u t  i n  t h e  t i t a n i u m  o u t e r  
s k i n .  The dimens ions  and c o n f i g u r a t i o n  o f  MV5 a r e  shown i n  F i g u r e  53. 

DISTANT VIEW CLOSE-UP v IEW 

Figure 52. Typical MV4 Specimens in Test Machine 
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F i g u r e  5 3 .  Katerial V e r i f i c a t i o n  Specimen MV5 

6.6 CSl SPECIMEN 

CS1 was designed t o  e v a l u a t e  t h e  d e s i g n  and p r o d u c i b i l i t y  o f  a chordwise  
r ib-cap  d u c t / h a t - s t i f f e n e d  LFC wing s u r f a c e  assembly. D e t a i l s  o f  t h e  CS1 s p e c i -  
men a r e  shown i n  F i g u r e  54. The photograph,  F i g u r e  55, shows t h e  f i rs t  CS1 
specimen t h a t  was f a b r i c a t e d .  As shown, t h e  specimen is comple te  w i t h  t h e  ex- 
c e p t i o n  of t h e  r ib-cap  d u c t  c o v e r  which w i l l  b e  m e c h a n i c a l l y  f a s t e n e d  t o  t h e  
r ib-cap  d u c t .  

6.7 CS2 SPECIMEN 

?he second group of  concept  s e l e c t i o n  specimens was f a b r i c a t e d  and t e s t e d  
t o  e v a l u a t e  t h e  s p a r  c a p  d e s i g n  and s p a r  c a p  t o  s p a r  web j o i n t .  F i g u r e  56 shows 
t h e  CS2 concept  s e l e c t i o n  specimen. A cross s e c t i o n  of t h e  specimen i s  pre- 
s e n t e d  which shows t h e  g r a p h i t e / e p o x y  p l y  o r i e n t a t i o n s .  F i g u r e  57 shows t h e  
s p a r  c a p  l e g  t o  s p a r  web j o i n t .  Th i s  t h i n n e r  member i n  t h e  j o i n t  specimen r e p r e -  
s e n t s  t h e  s p a r  web whi le  t h e  t h i c k e r  member r e p r e s e n t s  t h e  s p a r  c a p  l e g .  



RIB CAP' 

TEST STRAP 
k 

..J 

SKIN 

7 
12 w1 

I I DUCT W A U  
I 
I 

+6.0"+4W' " -1 /DUCT CLOSURE 

Material: G/E Tape 
HAT STIFFENERS 8 Woven Fabric 

Ti OUTER SHEET 

Figure 54. Concept Selection Specimen CS1 

Figure 55. CS1-1 Test Specimen Less Rib Cap Duct Cover 
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/ ( 3 6  PLY) .10R" 
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fY 

2.65' 
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.424" ~ 

(80 PLY) 

.016" TITAN IUM FACE SHEET 

-.087" I 

I- 
SECTION A - A  

F i g u r e  56. Concept  S e l e c t i o n  Specimen CS2- 

40' 
9.76" 

9.76" . 
.245" 
(REF) 

HL12-12-12 PIN 
AN960C616 WASHER 
HL94-12 COLLAR 

Figure  57. Concept S e l e c t i o n  J o i n t  T e s t  Specimen - CS2-3 
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6.8 CS3 SPECIMEN 

The CS3 concept  s e l e c t i o n  specimen is  t h e  d e s i g n  of  an wing upper  s u r f a c e  
chordwise j o i n t  a t  t h e  55 p e r c e n t  semi-span of t h e  1993 LFC t r a n s p o r t  wing. 
This d e s i g n  concep t  w i l l  be developed and used a s  t h e  end chordwise j o i n t  fo r  
both the  concep t  v e r i f i c a t i o n  and the  concept  demons t r a t ion  pane l s .  F i g u r e  58 
shows t h e  CS3 concept  s e l e c t i o n  specimen i n c l u d i n g  d e f i n i t i o n  of t h e  o v e r a l l  
specimen dimensions.  The h a t  s t i f f e n e r  and surface s k i n s  a r e  shown as  t h e y  a r e  
t r a n s i t i o n e d  i n t o  the  j o i n t  area. F igure  59 shows t h e  cross s e c t i o n  of  t h e  CS3 
concep t  s e l e c t i o n  specimen a t  t h e  s l o t  d u c t  c e n t e r l i n e .  The LFC s u c t i o n  flow 
system is  i n d i c a t e d  by  curved arrows w i t h  c o l l e c t i o n  i n  t h e  h a t  s t i f f e n e r .  
F i g u r e  6 0  shows t h e  h a t  s t i f f e n e r  po r t ion  of t h e  CS3 concep t  s e l e c t i o n  specimen. 
Cross - sec t ions  a r e  t aken  a t  f o u r  l o c a t i o n s  a l o n g  t h e  h a t  s t i f f e n e r  w i t h  
i d e n t i f i c a t i o n  of t h e  nunber  of graphi te /epoxy p l i e s  a t  each cross s e c t i o n .  

6.9 CS4 SPECIMEN 

The CS4 concept  s e l e c t i o n  specimen t e s t  is t h e  l a s t  i n  t h e  series of t h e  
concep t  s e l e c t i o n  specimen group.  The purpose  of t h i s  t e s t  is t o  e v a l u a t e  t h e  
LFC wing s u r f a c e  chordwise j o i n t  des ign  a t  t h e  f r o n t  s p a r  i n t e r s e c t i o n  i n c l u d i n g  
t h e  s p a r  c a p  s p l i c e .  me-half of t h i s  j o i n t  specimen was fabricated of  s tee l  i n  
t h e  i n t e r e s t  of minimizing costs,  Figure 61 d e p i c t s  t h e  CS4 concept  s e l e c t i o n  
specimen and g i v e s  t h e  o v e r a l l  specimen d imens ions .  The mechanica l  f a s t e n e r  
p a t t e r n s  are shown a s  well as  t h e  s t a b i l i z i n g  s u p p o r t  p l a t e .  

E 
CHORDWISE 
JOINT 

--SYM- 
_I 

TRANSFER CAVITY L -  a.oy 

t 
1 

SYM 

SPECIAL COUNTERSUNK WASHERS 
FG DUCT PLATE 

FG DUCT BLOCK\ ' /  

HAT STIFFENER - GIE/  G I E  & Ti  
INTERLEAVES 

Figure 58. Concept Selection 

COUNTERSUNK I BOLTS, J ' I L R ~ B  CAP 

NUTS. WASHERS 

Specimen CS3 
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T i  OUTER SHEET TRANSFER CAVITY I N  

TRANSFER CAVITY I N  

METERING HOLES 

TRANSFER HOLES T i  INTERLEAVES 

T i  SPLICE PLATE 

T i  OUTER SHEET TRANSFER CAVITY I N  
FG DUCT PLATE \ TRANSFER CAVITY I N  I I  

SLOT DUCT, 

\ FG DUCT BLOCK 
T i  SPLICE PLATE 

METERING HOLES 

HAT STIFFENER I 

G I E  
T i  SPLICE PLATE 

Figure 59. Concept Selection Specimen CS3 Cross Section at Slot 
Centerline 
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Figure 60. Concept Selection Specimen CS3 Hat Stiffener 
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Figure 61. Concept Selection Specimen CS4 

6.10 CONCEPT V E R I F I C A T I O N  S P E C I M E N  

A p lan  was prepared t o  v e r i f y  t h e  s t r u c t u r a l  c o n c e p t s  and demons t r a t e  t h e  
i n t e g r a t e d  LFC sys t em i n  t h e  wing s u r f a c e  o f  a f u t u r e  t r a n s p o r t .  A r e p r e s e n t a -  
t i ve  s e c t i o n  o f  t h e  wing s u r f a c e  was selected which is t y p i c a l  o f  t h e  wing s u r -  
f a c e  o f  a long-range t r a n s p o r t .  The a r e a  selected for t h e  d e t a i l  d e s i g n ,  f a b r i -  
c a t i o n ,  deve lopnent ,  and demonst ra t ion  is  loca ted  a t  t h e  55 percent semispan a s  
shown i n  F igure  62. 

Design surface l o a d s  a t  s e l e c t e d  semispans are  t a b u l a t e d  f o r  t h e  wing box 
of  t h e  long-range t r a n s p o r t .  Surface loads f o r  t h e  55  pe rcen t  semispan loca -  
t i o n ,  Table  8 ,  were used f o r  s t r u c t u r a l  a n a l y s e s .  

General  r equ i r emen t s  and p l ans  for t h e  d e s i g n  and developnent  o f  t h e  con- 
c e p t  v e r i f i c a t i o n  pane l  are: 

Design Loads: 

- NX = 15.9 k i p s / i n  

- NXY = 1.7 k i p s / i n  

Panel  Basic Dimensions 

- Width = 79.68 i n  

- Length = 102.00 i n  

- Radius = 790.60 i n  
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F i g u r e  62. T e s t  P a n e l  Loca t ion  

CV4 Tool T r y  Panel  

- (2) CV1 Test Pane l s  

- ( 3 )  CV2 T e s t  P a n e l s  

CV4 Test  Panel  

- I n s t a l l  i n  Box-Shaped S e c t i o n  

- Test CV4 Panel/Box Assembly i n  C-130 Wing Test F i x t u r e  

A p re l imina ry  d e s i g n  of t h e  concep t  v e r i f i c a t i o n  pane l  was completed and 
shown i n  F igure  6 3 .  Ihe p a n e l  h a s  a chord  of 80 i n  and a span  of 102 i n .  It 
c o n t a i n s  t h e  chordwise s p l i c e ,  s p a r  cap ,  two d u c t  r i b s ,  one  t y p i c a l  r i b  and t h e  
LFC wing s u r f a c e  me te r ing  and d u c t i n g  system. 

The f i rs t  concep t  v e r i f i c a t i o n  pane l  fabricated on t h e  new t o o l  w i l l  be a 
too l  t r y  panel. This p a n e l  w i l l  b e  c u t  i n t o  t h e  smaller specimens shown i n  
F i g u r e  64 fo r  component t e s t i n g .  These smaller p a n e l s  are i d e n t i f i e d  as  CV1 and 
CV2. The a n c i l l a r y  t es t  p lan  c a l l s  for a t h i r d  p a n e l ,  CV3, for flow measurements  
under  load. CV1 w i l l  be used f o r  CV3 tes ts  p r i o r  t o  t he  CV1 s t r u c t u r a l  tests. 

A cross s e c t i o n  o f  t h e  CV4 t oo l  t r y  p a n e l  is shown i n  F i g u r e  65. This  
f i g u r e  shows t h e  l o c a t i o n  of  t h e  h a t s ,  s l o t s  and s p a r  c a p s .  The ar rangement  
shown p e r m i t s  t h e  CV1 and CV2 s p e c h e n s  t o  be c u t  o u t  of t h e  t oo l  t r y  Panel. 
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Figure 65. CV4 (Tool Try) Panel Cross Section 

6.10.1 CVl Specimen 

Two CV1 t e s t  p a n e l s  w i l l  be c u t  o u t  o f  t h e  t o o l  t r y  pane l .  The d imens ions  
o f  t h e s e  pane ls  are: 

- Four h a t  s t i f f e n e r s  pe r  pane l  

- Hat s t i f f e n e r s  s p a c i n g  = 5.167 i n  

- LFC s l o t  spac ing  = 5.90 i n  

- Panel wid th  = 21.8 i n  

- Panel l e n g t h  = 60.0 i n  

C V 1  is a long  c o l m n ,  compression specimen. 

6.10.2 CV2 Specimen 

Three CV2 test  p a n e l s  w i l l  be  c u t  o u t  o f  t h e  t o o l  t r y  pane l .  F i g u r e  66 
shows t h e  CV2 tes t  specimen. Three specimens w i l l  be  assembled a s  shown and 
used f o r  t e n s i o n ,  compression and f a t i g u e  t e s t i n g .  

6.10.3 CV4 Specimen 

The CV4 t e s t  pane l  is shown i n  F igure  63. A t e s t  box s i m u l a t i n g  a wing box 
The box W i l l  a p p l y  w i l l  be  used for  t e s t i n g  t h e  concept  v e r i f i c a t i o n  panel  CV4.  

a x i a l  and t o r s i o n a l  s h e a r  l o a d s  s i m i l a r  t o  t h o s e  i n  an a c t u a l  wing box. 
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F i g u r e  66. CV2 T e s t  Specimen 

The p lan  for modi fy ing  t h e  C-130 c e n t e r  wing test  f i x t u r e  is  shown i n  
F i g u r e  67. Although d e s i g n  and mod i f i ca t ion  of t h i s  t e s t  f i x t u r e  was no t  
scheduled  t o  begin  u n t i l  l a t e r ,  t h e  c u r r e n t ,  proposed m o d i f i c a t i o n  is shown i n  
t h i s  i l l u s t r a t i o n .  Some of t h e  f e a t u r e s  of t h i s  tes t  f i x t u r e  a r e :  

o T e s t  box assembly is  a t t ached  t o  dummy boxes  mounted between two end 
load er s . 

o Bending manent is  a p p l i e d  by four  load a c t u a t o r s .  

0 Torsion load is a p p l i e d  by four load a c t u a t o r s .  

o Closed-loop servo-cont ro l led  l o a d i n g  ar rangement  w i t h  load  measure- 
ments  from load t r a n s d u c e r s  i n  series w i t h  load a c t u a t o r s .  

Loads w i l l  be a p p l i e d  up t o  t h e  l i m i t  d e s i g n  load. S u r f a c e  smoothness ,  
s l o t  w i d t h s  and flow measurements w i l l  be made a t  no load  and under l o a d i n g  
c o n d i t i o n s .  

6.11 CONCEPT DEHONSTRATION PANEL 

The planned concep t  demonst ra t ion  p a n e l  w i l l  i n c o r p o r a t e  t h e  LFC s u c t i o n  
sys tem d e s i g n  r e f inemen t s  developed and v e r i f i e d  i n  t h e  a n c i l l a r y  t e s t  program. 
The concep t  demons t r a t ion  pane l  is t o  be f a b r i c a t e d  wi th  t h e  same tool used i n  
f a b r i c a t i n g  t h e  CV4 t e s t  pane l s .  The demons t r a t ions  performed w i t h  t h i s  pane l  
w i l l  e s t a b l i s h  t h e  d e s i g n  and manufactur ing f e a s i b i l i t y  of an L F C  t r a n s p o r t  wing 
s u r  face. 
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END LOADER SUPPORT 
(TYPICAL BOTH ENDS) 

V4 OR DEMO PANEL IN TEST BOX 

TORSION LOAD ACTUATOR (4 )  

Figure 67. CV4 Panel Test F i x t u r e  



7.0 PETHODS OF ANALYSIS 

The ae rodynan ic  c o n f i g u r a t i o n  from t h e  Phase I studies was used t o  p r o v i d e  
t h e  i n p u t  da ta  t o  t h e  s t r u c t u r a l  l o a d s  program, ANSWER, and t o  t h e  f l u t t e r  
a n a l y s i s  progran ,  ARF. 

The wing t o r s i o n a l  s t i f f n e s s  d i s t r i b u t i o n  r e q u i r e d  f o r  f l u t t e r  p r e v e n t i o n  
was de termined  by  means of t h e  f l u t t e r  o p t i m i z a t i o n  canpu te r  program ARF. This 
program o p e r a t e s  i n  c o n j u c t i o n  w i t h  t h e  s t r u c t u r a l  s y n t h e s i s  program ANSWER 
t o  d e v e l o p  minimun weight  wing d e s i g n s  which s a t i s f y  both s t r e n g t h  and f l u t t e r  
speed c o n s t r a i n t s .  

Cons ide rab le  r e s o u r c e s  have  been expended a t  t h e  Lockheed-Georgia Company 
for t h e  deve lopnen t  of c a n p u t e r i z e d  methods of a n a l y s i s .  F i g u r e  68 lists t h e  
computer programs used e x t e n s i v e l y  i n  t h i s  report. 

Progran LGO3l p r e d i c t s  b u c k l i n g  loads  for f l a t  p a n e l s ,  such  a s  s p a r  webs, 
s u b j e c t e d  t o  b i a x i a l  compression o r  combined t e n s i o n  and shear i n p l a n e  loads.  
Program LG080 p r e d i c t s  peak stresses around c u t o u t s  i n  webs. Program LG041 
c a l c u l a t e s  margins  of s a f e t y  for  an i n t e g r a l l y  h a t - s t i f f e n e d  s u r  f a c e  p a n e l  
s u b j e c t e d  t o  c a n b i n a t i o n s  of i n p l a n e  b i a x i a l  loads and shear p l u s  normal pres- 
s u r e .  In  t h i s  program, a beam-colunn a n a l y s i s  is performed and marg ins  o f  
s a f e t y  are c a l c u l a t e d  for s e v e r a l  c r i t i ca l  modes of f a i l u r e .  A p a r t i a l  l i s t  of 
modes of f a i l u r e  a r e :  

o Maximun stress or s t r a i n  i n  s k i n  a t  r i b  or mid-bay between s t i f f e n e r s  

o Maximun stress or s t r a i n  i n  s t i f f e n e r  a t  r i b  or mid-bay 

o I n i t i a l  buck l ing  of s k i n  

o Local  buck l ing  of s t i f f e n e r  crown or l e g  

Program LG014 p r e d i c t s  t he  load i n  each  e lement  of an open s e c t i o n  g iven  
t h e  t o t a l  load and dimension of each e lement  of t h e  s e c t i o n .  This program i s  
used i n  t h e  s i z i n g  of s p a r  caps .  Program LG062, used p r i m a r i l y  i n  s i z i n g  r i b  
s t r u t s ,  c a l c u l a t e s  margins-of-safety for open s e c t i o n s  s u b j e c t e d  t o  b i a x i a l  
i n p l a n e  loads  and shear p l u s  normal p r e s s u r e .  Margins-of-safety a r e  c a l c u l a t e d  
for s e v e r a l  c r i t i c a l  modes of f a i l u r e ,  i n c l u d i n g :  

o S t r a i n  i n  s k i n  

o S t r a i n  i n  s t i f f e n e r  f l a n g e s  or web 

o Local buck l ing  of s t i f f e n e r  f l a n g e s  or web 

o T o r s i o n a l / f l e x u r a l  buckl ing  of s t i f f e n e r  
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Figure 68. Computer Analysis Programs 
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8.0 HANUFACTURING PROCESSES AND PROCEDURES 

P r i o r  t o  WSSD c o n t r a c t  award, t h e  m a t e r i a l  used i n  Phase I, NARMCO T300/ 
5208, was r e v i s e d  t o  t h e  DV s p e c i a l  formula t ion  as  a r e s u l t  of problems a t  
Lockheed and General Dynanics i n  process ing  t h e  5208 system. The D V  s p e c i a l  
fo rmula t ion  was a d e v o l i t a l i z e d  v e r s i o n  wi th  a more precise advancement. 

Pane ls ,  12  i n  x 12 i n ,  40-ply l amina te s  t o  t h e  s a n e  o r i e n t a t i o n  as  planned 
f o r  t h e  s u r f a c e  pane l  s k i n ,  were l a i d  up t o  check p rocess ing  o f  t h i c k  l a m i n a t e s .  
A t o t a l  o f  10 l a m i n a t e s  was made fran Narmco T300/5208DV. None was p e r f e c t ,  b u t  
an  a c c e p t a b l e  p r o c e s s  was developed.  

Table 14 shows t h e  extreme s e n s i t i v i t y  o f  Narmco T300/5208DV t o  b r e a t h i n g  
d u r i n g  cure. A breather wi th  holes punched on 0.5 i n  c e n t e r s  was r e q u i r e d  t o  
v e n t  t h e  l a m i n a t e s .  The Airtech A4000-P3 f i l m  had d e f i n i t e  boles t h a t  allowed 
resin t o  f low as  well a s  v e n t i n g  a i r .  Tr ia ls  wi th  b r e a t h e r s  w i th  smaller h o l e s  
which allowed o n l y  a i r f l o w  were n o t  s u c c e s s f u l .  Prebled p a r t s  could be cured  
wi thout  such  a t t e n t i o n  t o  ven t ing .  l h e r e f o r e  an open b r e a t h e r  w i t h  an open 
ove rb leed  must be used.  The c u r e  c y c l e  a s  shown i n  F igu re  69 for t h e  T300/5208 
DV material g e n e r a l l y  produced accep tab le  laminates. 

After t h e  e a r l y  problems w i t h  t h e  DV s p e c i a l  f o r m u l a t i o n ,  Hercu le s  AS4/3502 
material was cons ide red  s i n c e  General Dynanics was q u a l i f y i n g  it t o  t h e  sane 
s p e c i f i c a t i o n s  as NARMCO T300/5208. 

The first l o t  o f  Hercules  AS4/3502 g raph i t e / epoxy  tape m a t e r i a l  was 
i n v e s t i g a t e d  i n  a p rocess  deve lopnent  s t u d y  similar t o  t h a t  conducted w i t h  the  
Narmco T300/5208 t a p e  m a t e r i a l  a s  presented i n  F igu res  70  and 71. Four p a n e l s  
were fabricated w i t h  AS4/3502 material u s i n g  d i f f e r e n t  bleeds and b r e a t h e r s .  
A l l  four panels  were cured i n  a s i n g l e  a u t o c l a v e  run and a l l  t h e  p a n e l s  were 
found t o  be acceptable. 

The photomicrographs,  F igu re  72, show t h e  d i f f e r e n c e s  i n  t h e  cured  T300/ 
5208 and AS4/3502 g raph i t e / epoxy  l a n i n a t e  systems.  Note t h e  tendency o f  t h e  
T30015208 m a t e r i a l  t o  form long ,  laminar  v o i d s ,  whereas  t h e  AS4/3502 c o n t a i n s  
more discrete  and d i s c o n t i n u o u s  vo ids .  

The photomicrographs,  F igu re  73, are examples o f  e x c e l l e n t  q u a l i t y  lami- 
n a t e s  of bo th  T300/5208 and AS4/3502 m a t e r i a l s .  It is noted t h a t  t h e  T300 f i b e r  
r e s u l t e d  i n  more p r e c i s e  p l y  layers .  

The photograph shown i n  Figure 74 of a rejected MV5 s k i n  pane l  l a m i n a t e  
i l l u s t r a t e s  t h e  s e n s i t i v i t y  of the T300/5208 m a t e r i a l  t o  s l i g h t  p r o c e s s i n g  
v a r i a t i o n s .  The s k i n  pane l  was cured on t h e  same p l a t e n  a s  was a h a t - s e c t i o n  
s t i f f e n e r  of t h e  sane material. Hat s t i f f e n e r  t o o l i n g  was made from a heavy 
a l u n i n u n  p l a t e  which heated a t  a slower sa te  than  t h e  s k i n  pane l  du r ing  t h e  c u r e  
cycle. A t empera tu re  g r a d i e n t  of 10-20 F existed a c r o s s  t h e  pane l  f o r  a s  much 
a s  an  hour u n t i l  t h e  t empera tu re  s t a b i l i z e d .  A p o r t i o n  of t h e  s k i n  pane l  con- 
t a i n e d  heavy p o r o s i t y ,  whereas o t h e r  s e c t i o n s  were o f  a c c e p t a b l e  q u a l i t y .  

I n i t i a l  p rocess  s t u d i e s  w i t h  t h e  Hercules AS4/3502 material  r e s u l t e d  i n  
e x c e l l e n t  q u a l i t y  p a n e l s ,  b u t  the  first s k i n  pane l  l a n i n a t e  produced for t h e  MV2. 
specimens con ta ined  heavy p o r o s i t y .  An i n v e s t i g a t i o n  was conducted t o  d e t e r m i n e  
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t he  cause  of theoheavy p o r o s i t y .  It was d e t e r m i n e d t h a t  t h e  p r w e s s  s t u d y  l a m i -  
nates had a 3.5 F pe r  minute  h e a t  r ise and t h e  r a t e  of h e a t i n g  x a s  unifogm. 
Less t h a n  ten minu tes  were r e q u i r e d  t o  h e a t  t h e  l a m i n a t e s  from 250 F t o  270 F. 
P r e s s u r e  was a p p l i e d  t o  t h e  p rocess  s t u d y  l a m i n a t e s  a f te r  a 60 minute  d w e l l  a t  
2ZO0F. The s k i n  pane l  l a m i n a t e  f o r  t h e  MV2 specimens also exper ienced  a nominal 
3 F pe r  minute h e a t  r i se ,  b u t  it r e q u i r e d  more . than  45 minutes  t o  h e a t  t h e  pane l  
l a m i n a t e  from 250°F t o  270°F. The panel  l a m i n a t e  was n e a r l y  j e l l e d  b e f o r e  
pressure was a p p l i e d ,  which caused heavy p o r o s i t y .  
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The revised c u r e  c y c l e  for t h e  AS4/3502 material is p resen ted  i n  F igu re  71. 
No process ing  problems This c u r e  cycle h a s  also been adopted for t he  T300/5208. 

have occurred s i n c e  adop t ing  t h i s  r e v i s e d  c u r e  c y c l e .  
0 The d e c i s i o n  was made t o  u s e  t h e  AS4/3502 a s  t h e  pr imary  350 F g r a p h i t e /  

epoxy t a p e  m a t e r i a l .  C u r r e n t l y ,  it i s  more r e a d i l y  a v a i l a b l e ,  less expens ive ,  
and less sensi t ive t o  ven t ing  than  t h e  T300/5208 material. The AS4/3502 t a p e  
m a t e r i a l  was purchased t o  the2 General Dynamic S p e c i f i c a t i o n  FMS2023 w i t h  a 
r e v i s e d  a r e a l  weight  of 150 g/m . 
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0 OPEN BREATHER (VENT ON .5 INCH CENTERS) MUST BE USED 

0 OPEN OVERBLEED REQU I RED 

CURE- 

HEAT TO 27e AT 3%/MIN UNDER VACUUM 

DWELL AT 27w FOR 75 MINUTES UNDER VACUUM 

APPLY 85 P S I  PRESSURE 

DWELL AT 2709, 85 PSI, 29" VACUUM FOR 90 MINUTES 

HEAT TO 35OoF 

CURE AT 350%, 85 PSI, FOR 120 MINUTES 

COOL TO 1609 UNDER PRESSURE 

0 PREBLEEDING DURING LAYUP REDUCES NEED FOR OPEN VENT 

F i g u r e  69. P r o c e s s i n g  Summary - NARMCO T300/5208 DV 

NO. OF SPECIMENS 

4 12 IN. x 12 IN. 40 PLY LAMINATES 

BLEEDER/ BREATHER STUDY 

NO. 1 - 6 PLIES OF BLEEDER S VENTED ON 4 IN. CENTERS 

NO. 2 - 6 PLIES OF BLEEDER S VENTED ON 0.5 IN. CENTERS 

NO. 3 - PREBLED - 1 PLY OF BLEEDER S VENTED ON 4 IN. CENTERS 

NO. 4 - PREBLED - 1 PLY OF- BLEEDER S VENTED ON 12 IN. CENTERS 

CURE 

USED T30015208 SCHEDULE 

RESULTS 

ALL PANELS WERE EXCELLENT 

F i g u r e  70. Development of P rocess ing  for H e r c u l e s  AS4/3502 
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APPLY VACUUM - HEAT TO 27OoF AT 3'FIMINUTE 

RECORD T IME AT 25OoF 
DWELL 30 MINUTES AT 27OoF UNDER VACUUM 

DO NOT EXCEED 50 MINUTES AFTER 250% WITHOUT FULL PRESSURE 

REVISED CURE CYCLE 

APPLY 85 P S I  

DWELL AT 2709, 85 PSI ,  FULL VACUUM FOR 90 MINUTES 

RELEASE VACUUM AND HEAT TO 350'F AT 3'FIMINUTE 

CURE 120 MINUTES AT 35OoF UNDER 85 P S I  

COOL TO 160'F UNDER PRESSURE 

RESULT 

0 GOOD LAMINATE 

REVISED CURE CYCLE APPLIED TO T300/5208 WITH GOOD RESULTS 

Figure 71. Development of Processing for Hercules AS4/3502 

HERCULES AS4/3502 
(MAG lOOX) 

HIGH POROSITY 

NARMCO T300/5208 
(MAG 1OOX) 

Figure 72. Comparison of Forosity in Thick Laminates 
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HERCULES AS4/3502 
(MAG 1OOX) 

NARMCO T300/5208 
(MAG 1OOX) 

VOID FREE 
Figure 73. Comparison of Porosity in Thick Laminates 

Figure 74. Effect of Temperature Gradient Across Platen 
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9.0 TOOLING 

85 

One of  t h e  major  accomplishments o f  t h e  WSSD p r o j e c t  was t h e  development 
o f  t o o l i n g  concep t s  f o r  t h i c k  composite s t r u c t u r e .  Hard t o o l i n g  t o  t h e  o u t e r  
s u r f a c e  contour  was necessa ry  t o  h o l d  t he  r i g i d  s u r f a c e  c o n t o u r s  and t h e  s t r ic t  
r equ i r emen t s  f o r  s u r f a c e  smoothness.  S k i n s  w i t h  40 t o  50  p l i e s  o f  g r a p h i t e /  
epoxy tape were fabricated on the s u r f a c e  tools with low r e s i n  c o n t e n t  m a t e r i a l .  
Hat s t i f f e n e r s  and s p a r  caps  w i t h  t h i c k n e s s e s  exceeding  0.5 i n  were s u c c e s s f u l l y  
f a b r i c a t e d  free o f  vo ids  and po ros i ty  with the  t o o l s  developed f o r  these 
components. Complex t o o l i n g  f o r  t r a n s i t i o n  o f  t h e  h a t  st iffened s u r f a c e s  and 
t h e  s p a r  caps  i n t o  chordwise j o i n t s  were made and v e r i f i e d  d u r i n g  t h e  WSSD 
p r o j e c t .  

Sk ins  were cured on a f l a t  aluninum p l a t e  w i t h  a shaped aluninum s t r i p  
t a c k  r i v e t e d  to  t h e  p l a t e  t o  form t h e  s l o t  d u c t  as shown s c h e m a t i c a l l y  i n  F i g u r e  
75. The f irst  s i x t e e n  p l ies  were l a i d  up and c u t  i n t o  s t r i p s  t o  f a l l  between 
t h e  s l o t  d u c t  formers .  Mold r e l e a s e  was used over  t h e  e n t i r e  t o o l  t o  a l l o w  
removal o f  t h e  p a r t  from t h e  t o o l  a f t e r  cu r ing .  F i g u r e  76 shows t h e  12 i n  w i d e  
prepreg  t a p e  used t o  f a b r i c a t e  t h e  sk ins .  Also shown is the s k i n  t o o l  w i t h  t h e  
f i r s t  16 p l i e s  i n  p l ace .  

S e a l i n g  o f  t h e  layup to  c o n t r o l  res in  bleed was found t o  be ex t r eme ly  
impor t an t .  Narmco 5209 and Hercules 3502 both  have an ex t remely  deep v i s c o s i t y  
d r o p  o f  i n i t i a l  h e a t i n g ,  r each ing  one t o  two p o i s e  a t  270°F. S e a l i n g  the  t o o l  
and p reven t ing  free resin f low are v i t a l  i f  void free l a m i n a t e s  are t o  be  
produced. 

Hat s t i f feners  were l a i d  up  i n  a female aluminum t o o l  shown s c h e m a t i c a l l y  
i n  F i g u r e  77. Grea t  care was requi red  t o  a s s u r e  t h a t  t h e  prepreg  nes t ed  i n t o  
t h e  i n s i d e  r a d i u s .  In  f a c t  t h e  radius had t o  be i n c r e a s e d .  Also, c a r e  i n  l a y u p  
and bagging was necessa ry  t o  form a good o u t s i d e  r a d i u s  a t  t h e  f l ange .  S e a l i n g  
was found t o  be even more c r i t i c a l  on t h e  h a t  s t i f f e n e r s  t han  on t h e  s k i n s  s i n c e  
it was i n h e r e n t l y  more d i f f i c u l t  t o  seal  these tools. F u r t h e r  development i n  
l a t e r  t o o l  d e s i g n s  pa id  more a t t e n t i o n  t o  d e s i g n i n g  t h e  t o o l s  f o r  s e a l i n g .  The 
i n n e r  rubber  plug was found t o  be necessary  t o  form both  t h e  i n s i d e  shape and 
t h e  f l a n g e  r a d i u s .  F igu re  7 3  shows t h e  ha t  s t i f fener  l a y u p  i n  p rog res s .  The 
r i g h t  photograph shows t h e  a t t empt  t o  s e a l  t h e  t o o l  e n d s  t o  c o n t r o l  r e s i n  flow. 
L a t e r  d e s i g n s  used a c losed  end mold t o  s i m p l i f y  resin sea l ing .  

Tool ing t o  produce t h e  CS1 specimen was d i f f i c u l t  and cumbersome, All 
d e t a i l s  possible were precured.  However, it would have been impossible t o  
p recu re  t h e  f a b r i c  c l i p  d e t a i l s  as t h e  d e s i g n  was based on these be ing  l a i d  up 
a s  a preform and cocured i n  p lace .  Rubber blocks were used t o  provide  p r e s s u r e  
from expansion and from e x t e r n a l l y  a p p l i e d  a u t o c l a v e  p r e s s u r e .  A l l  prep reg  
d e t a i l s  were l a i d  up on t h e  rubber  b locks  and p o s i t i o n e d  i n t o  place a g a i n s t  t h e  
s k i n / h a t / r i b  web d e t a i l s .  It is much easier t o  l a y  up a h i g h l y  formed item l i k e  
t h e  c l i p s  on a male rubber  layup block than  a female c a v i t y .  D i f f i c u l t y  was 
exper ienced  i n  ho ld ing  the  precured frame assembly normal t o  t h e  s k i n  s u r f a c e .  
I t  was f i n a l l y  n e c e s s a r y  t o  use  an e x t e r n a l  f i x t u r e  t o  p reven t  movement under  
a u t o c l a v e  p r e s s u r e  and tempera ture .  F i g u r e  79 shows t h e  many precured d e t a i l s ,  
uncured d e t a i l s ,  and t o o l i n g  p a r t s .  
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NYLON BAG\ 

\ \  < -  - '-4 R A N  DAM 

TO VACUUM 
MOLD RELEASE 

ALUMINUM PLATE SLOT DUCT MOLD 

VA 

h PLIES - GRlEP 
16 PLIES - GRlEP Y 

NYLON RELEASE FABRIC 

Figure 75. Schematic of Skin Layup for Cure 

NARMCO ~ 3 0 0 / 5 m 8  TAPE SKIN PANEL LAYUP ON TOOL 
FIRST 16 PLIES DOWN 

Figure 76. Graphite/Epoxy Skin Layup 
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TO VACUUM - 7 

181 GLASS --- - 181 GLASS ( 2  PLIES) 

DAPCO BLUE NO. 1 RUBBE 
170 HARDNESS -BREATHER - (PERFORATED NYLON) 

-POLYESTER MAT ( 2  PLIES) 

- G I E  HAT 
ALUMINUM CAUL- -ALUMINUM CAUL ~. 

VACUUM SEAL 

/ C ~ A T  WITH MOLD RELEASE 
ALUMINUM FEMALE TOOL 

Figure 77. Schematic of Hat Layup for Cure 

HAT STIFFENER TOOL WITH 
LAYUP IN PROGRESS 

Figure 78. Fabrication of Hat Stiffener 
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F i g u r e  79. Assembly of CS1 Specimen 

F a b r i c a t i o n  t o o l i n g  for t h e  CS2 s p a r  c a p  specimen was based on e x p e r i e n c e  
ga ined  on p r i o r  specimens.  It would have been i m p o s s i b l e  t o  b l e e d  a l a m i n a t e  
t h i s  t h i c k ,  so it was planned t o  t oo l  f o r  no b l e e d .  Hard p r e c i s i o n  t o o l i n g  was 
needed t o  form t h e  d e t a i l  shape  r e q u i r e d  for a s p a r  cap.  F i g u r e  80 shows t h e  
machined aluminum t o o l .  The removal member was a l lowed t o  f l o a t  downward t o  
s t o p s ,  b u t  no l a t e ra l  movement was p e r m i t t e d .  I t  was t h o u g h t  t h a t  t h e  bag would 
form the i n t e r i o r  s u r f a c e  w i t h o u t  t o o l i n g ;  however,  t h i s  was a bad assumption.  
F i g u r e  81 shows t h e  result. S i g n i f i c a n t  f i b e r  wash o c c u r r e d .  A r u b b e r  a n g l e  
b l o c k  was then c a s t  t o  t h e  d e s i r e d  i n t e r n a l  d imens ions  of t h e  s p a r  cap.  The 
second specimen was f a b r i c a t e d  u s i n g  t h i s  i n n e r  s u r f a c e  too l ,  which c o m p l e t e l y  
e n c a p s u l a t e d  t h e  l a y u p  e x c e p t  for t h e  e n d s ,  which were s e a l e d  w i t h  " A i r  Dam" 
p u t t y .  A perfect p a r t  was produced. S e c t i o n s  of t h e  s p a r  c a p  specimen a r e  
shown i n  t h e  l e f t  photograph of F i g u r e  81. Note t h e  improvement i n  t h e  
c ross -sec t ion  between t h e  f i rs t  and second t es t  specimen d u e  t o  t h e  u s e  of t h e  
r u b b e r  f i l l e r  b l o c k s  shown i n  t h e  r i g h t  photograph of F i g u r e  81. 

P l y  t e m p l a t e s  r e q u i r e d  t o  l a y  up t h e  CS3 h a t  s t i f f e n e r  are shown i n  F i g u r e  
82. Tooling shown i n  F i g u r e  83 was developed f o r  f a b r i c a t i o n  of  t h e  CS3 
chordwise  j o i n t .  The l e f t  photograph shows t h e  h a t - s e c t i o n  s t i f f e n e r  mount 
t o o l  and t h e  r i g h t  photograph shows t h e  c e n t e r  r u b b e r  mold b l o c k  for  t h e  hat-  
s e c t i o n  s t i f f e n e r .  

The CS4 specimen was t h e  most complex specimen produced under  t h e  
c o n t r a c t .  Accordingly,  t h e  t oo l  was t h e  most complex and p r e c i s e  t o  be 
d e s i g n e d .  Again, t h e  accumulated e x p e r i e n c e  from a l l  p r e v i o u s  specimens was 
used t o  design and f a b r i c a t e  t h e  t oo l s  for CS4. More a t t e n t i o n  was g i v e n  t o  
s e a l i n g  t h e  too l  t o  p r e v e n t  r e s i n  flow; t h e r e f o r e ,  an e x c e l l e n t  p a r t  was 
produced on t h e  f i r s t  run  w i t h  no problem. 
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AS SEMBLED DISASSEMBLED 

Figure 80. CS2 Spar Cap Specimen Tool 

SECTION OF 1ST AND 2ND 
SPAR CAPS 

RUBBER TOOL BLOCK 
USED TO ELIMINATE 

FIBER WASH IN 
2ND SPECIMEN 

Figure 81. CS2 Spar Cap Specimen and Tool 
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Figure 82. Ply Templates 

HAT RUNOUT CENTER RUBBER 
AND MOLD 

Figure 83. CS3 Chordwise J o i n t  Tools 



ORIGINAL PAGE 1s 
OF POOR QUALlW 

lYPE 

C W ' L  

C W ' L  

COMM'L 

C W ' L  
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NEW 
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10.0 QUALITY ASSURANCE 

PART No. 
IOR EQU1V.I SOURCE 

SURlRONIC 3 lAYLOR-WSOI(  

ITBD)' TAYLOR-HWSm 

7lOJ4DO LOCKHEED 

7 X G W  LOCKHEED 

7- LOCKHEED 

11BDl lOCXHEL D 

MARK SONIC 
I OR I V  

57AZZl4 AuTDMlION 

ITBDI LOCKIEED 

INDUSI. 

(IBM LOCKHEED 

The purpose of t h e  development of s u r f a c e  accep tance  c r i t e r i a  shown i n  
S e c t i o n  5.7 is t o  e s t a b l i s h  a b a s e l i n e  for i d e n t i f y i n g  i n s p e c t i o n  methods and 
measurement equipment for e v a l u a t i o n  of t he  1993 LFC a i r c r a f t  wing s t r u c t u r e .  A 
p r e l i m i n a r y  assessment  of i n s p e c t i o n  methods and measurement equipment i n d i c a t e s  
t h a t  commercial ly  a v a i l a b l e  equipment ,  Table 15, is adequa te  e x c e p t  for s u r f a c e  
waviness  and s u r f a c e  s t e p  measurements. S u r f a c e  waviness  and s u r f a c e  s t e p s  a r e  
planned t o  be measured by a Lockheed designed r i p p l e  measurement u n i t  (RMU). 

Q u a l i t y  of f l a t ,  composite s k i n s  was e v a l u a t e d  u s i n g  u l t r a s o n i c  ltC1t s c a n s ,  
measured t h i c k n e s s e s ,  and r e s i n  con ten t s .  Q u a l i t y  of c o r n e r s  i n  h a t s  and o ther  
s h a p e s  were based on d e s t r u c t  tests of f irst  a r t ic les  and p rov ing  t h e  too l .  

Adhesive bonding was used e x t e n s i v e l y  for assembly of s t r u c t u r a l  e l emen t s .  
F i t  up of mating s u r f a c e s  and normal p rocess ing  of t h e  a d h e s i v e s  and adhe rends  
provided e x c e l l e n t  bonds. After p r e f i t t i n g  t h e  b o n d l i n e s  were checked u s i n g  
v e r i f i l m .  Where a c c e s s i b l e ,  bonded p a r t s  were checked u s i n g  u l t r a s o n i c  "C" 
scans .  Bl ind a r e a s  depended on c o n t r o l  of t h e  s u r f a c e  t r e a t m e n t ,  f i t  up and 
c o n t r o l  of t h e  bonding p rocess .  Problems were found i n  t h e  c o n t r o l  of t h e  
s u r f a c e  t r e a t m e n t  of t h e  r i b  c l i p s  t o  r i b  cap  and a weak bond r e s u l t e d .  T h i s  
problem was corrected by c a r e f u l  c o n t r o l  of t h e  s u r f a c e s  p r ior  t o  bonding. 

DIAL 'INDICA~OR 

lHlCKNESS C A W  

MAGNIFIER, MASURING 

RlPPlE MAWRE UNIT 
IRWI 

UIRASOEIIC Wll  

- 7RANSDUCER 

- SIANDARD. NDI 

SUCTION RS1 sfl 

APRlCAl lOI l  

MASURE EXTERIOR SURFACE ROUCHMSS 

MODIFIES PROfllWnER 10 MASURZ 
MAXIMUM RANCE OT ROVGMJLSS AMPI IlUoC 

MASURE SlfP A I  EXlLRlOR SURFACE JOINTS 
AND SLO1 LDCL 

MASURE GAP AT EXlERlOR SURFACE SlOlS 

MEASURL CAP A 1  EXTERIOR SURFACE lOlHTS 

MAWRE EXTlRlOR SURFACE WAVIMSS 

MASURE r n w w w D I s m D  OT a m  
SMEI BOND AREA 

SENSES UlRASONlC SICNAL FOR II4-INCH 
D I M E R  OLFECl 
IOMIIFIES PROFILE OF ACCEPlA8LE 
UlRASONK READING 

TO CHECK-Wl SUCTION FLOW RATE IN SLOT- 
#IC1 SYSTEM 

TABLE 15. 
OPERATIONAL INSPECTION SUPPORT EQUIPMENT 

LFC WING PANEL 

C - a  91 
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11.0 FABRICATION AND ASSEMBLY OF TEST SPECIMEN 

11.1 FABRICATION OF GRAPHITE/EPOXY S K I N  

The schemat ic  of t h e  graphi te /epoxy s k i n  l ayup  is  shown i n  F igu re  75. The 
aluminum s lo t  d u c t  molds were tack riveted t o  the  aluninum tool p l a t e .  Mylar 
and nylon release f a b r i c  were n e x t  placed on t h e  s l o t  d u c t  mold and aluminum 
p l a t e .  The graphi te /epoxy s k i n  was l a i d  up i n  three modules. Module number 1 
was made up o f  16 p l i e s  and c u t  i n t o  s t r i p s  t o  f i t  between s lo t  d u c t  molds, 
F i g u r e  78. Module numbers 2 and 3 were made o f  12 p l i e s  each l a i d  on t o p  of 
Module No. 1. The g raph i t e l epoxy  s k i n  was prepared  f o r  c u r i n g  by adding:  

o Nylon release f ab r i c  

o Bleeder ( p o l y e s t e r  mat) 

o Brea the r  ( p e r f o r a t e d  nylon)  

o Glass cloth overb leed  

o Resin dam 

o Vacuum seal 

o Nylon vacuum bag 

o Vacuum t u b e  

The l e f t  photograph i n  F igu re  84 shows a s k i n  pane l  laminate lay-up p r i o r  
t o  a p p l i c a t i o n  of  r e f e a s e  f a b r i c  and bleeders. The r i g h t  photograph on t h e  
shows a sma l l  d r i l l  press be ing  used t o  d r i l l  me te r ing  h o l e s .  These holes were 
d r i l l e d  u s i n g  855 s o l i d  carbide circuit  board d r i l l s .  D r i l l  speed was 8,000 t o  
10,000 r e v o l u t i o n s  pe r  minute.  

11.2 FABRICATION OF GRAPHITE/EPOXY HAT STIFFENERS 

F i g u r e  77 shows a schematic of t h e  hat-st iffener layup for c u r e ,  w i t h  a 
female aluminum mold and a DAPCO Blue No. 1 rubber  plug m a t e r i a l  used f o r  
t o o l i n g .  The release c o a t ,  r e l e a s e  f a b r i c ,  and bleeder system are i d e n t i f i e d  i n  
t h e  f i g u r e .  The g raph i t e / epoxy  hat has 44 p l i e s  i n  the crown and 18 p l i e s  i n  
t h e  l e g s .  

I n  F igu re  78, t h e  l e f t  photograph shows t h e  ha t - sec t ion  s t i f f e n e r  t o o l  
w i t h  lay-up of a graphi te /epoxy s t i f f e n e r  i n  p rog res s .  The hat-stiffener t o o l  
is  a female aluminum metal t o o l  contoured t o  t h e  o u t s i d e  con tour  o f  t h e  
h a t - s e c t i o n  s t i f f e n e r .  The r i g h t  photograph shows a bagged ha t - sec t ion -  
s t i f f e n e r / t o o l - a s s e m b l y  ready  f o r  au toc lave  cure. 
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SKIN PANEL READY 
FOR BAGGING 

DRILLING METERING 
HOLES IN SKIN PANEL 

F i g u r e  84. Graphi.:e/Epoxy Sk in  P a n e l  

11.3 ASSEMBLY OF TITANIUM SHEET, G/E SKINS AND G/E HATS 

A l l  bonding s u r f a c e s  were prepared  for bonding by a S r a s i v e  c l e a n i n g  w i t h  
The h a t s  were tonded  t o .  

g r a p h i t e / e p o x y  s k i n  u s i n g  FM 73 a d h e s i v e  c u r e d  for  one  hour  a t  250 F and 35 
aluminum oxide g r i t  fol lowed by washing wi th  a s o l v e n t .  
t h e  
PSI 

Cleaned and primed t i t a n i u m  sheet was t h e n  bonded t o  t h e  prepared  s u r f a c e  
of t h e  lamina te  with FM123-4 a d h e s i v e .  The a d h e s i v e  was c u r e d  a t  200°F a t  30 
PSI. After bonding, s l o t s  were c u t  i n  t h e  t i t a n i u m  sheet u s i n g  a h i g h  speed  
Steel jeweler's saw. The t i t a n i u m  sheet g r a p h i t e / e p o x y  b o n d l i n e  was t h e n  
u l t r a s o n i c a l l y  i n s p e c t e d .  F i g u r e  85 shows t h e  completed MV5 specimen. 

11.4 FABRICATION AND ASSEMBLY OF RIB-TO-SURFACE 

The CS1 specimen was used t o  d e v e l o p  m a n u f a c t u r i n g  p r o c e d u r e s  for  assembly 
of t h e  r i b  d u c t  t o  t h e  h a t s  and wing s u r f a c e .  F i g u r e  5 4  is  a three-v iew 
p r e s e n t a t i o n  of t h e  c o n f i g u r a t i o n  of t h e  CS1 c o n c e p t  s e l e c t i o n  specimen. During 
f a b r i c a t i o n  and t es t  of t h e  first Cs1 specimen,  d i f f i c u l t y  was e x p e r i e n c e d  i n  
o b t a i n i n g  a good r e l i a b l e  bond. me t o o l i n g  was r e v i s e d  a s  shown i n  t h e  
lef t  photograph i n  F i g u r e  86. The major  s t e p s  i n  t h e  r e v i s e d  f a b r i c a t i o n  p l a n  
for t h e  CS1 specimen were a s  follows: 

o Precure d e t a i l s  ( h a t s ,  s k i n ,  c o v e r ,  and a n g l e s )  

o Bond h a t s  t o  s k i n  and i n s p e c t  
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Cocure r i b  web t o  s u r f a c e  panel  and inspect 

Cocure d u c t  w a l l  t o  s u r f a c e  pane l  and i n s p e c t  

I n s t a l l  r i b  c l i p  f a s t e n e r s  

I n s t a l l  duc t  cover  

Bond t i t a n i u m  and s k i n  and slot 

r i g h t  photograph i n  F igure  81 shows d u c t  cover  i n  p l a c e  r e a d y  f o r  
f a s t e n e r s .  

11.5 FABRICATION OF SPAR CAP 

F i g u r e  56 shows t h e  CS2 concept  s e l e c t i o n  specimen which is t h e  f r o n t  s p a r  
c a p  of t h e  1993 LFC t r a n s p o r t  wing. The c r o s s  s e c t i o n  o f  t h e  specimen shows t h e  
v a r i a t i o n  i n  g r a p h i t e / e p o x y  p l y  o r i e n t a t i o n s ,  w i t h  t he  l i g h t  a r e a  r e p r e s e n t i n g  
t h e  245' p l i e s  and t h e  da rk  a r e a  r e p r e s e n t i n g  the  0' p l i e s .  The major s teps  i n  
t he  f a b r i c a t i o n  p lan  f o r  t h e  first CS2 s p a r  cap  specimen were a s  fo l lows :  

0 Use g r a p h i t e / e p o x y  - Hercules  AS4/3502 

o Use hand t o o l  on mating s u r f a c e s  s u i t a b l e  f o r  t h e  Demonstrat ion P a n e l  

o Precompact under p r e s s u r e  

o Use vacuum bag t o  form inner  c o r n e r  

I n s p e c t i o n  of  the first specimen showed washing o f  f ibers t o  t h e  i n n e r  
c o r n e r  o f  t h e  vacuum bag s i d e  o f  the  spedimen accompanied by some p o r o s i t y .  

Figure 85. MV5 Specimen Ready for Potting Ends 
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READY FOR FASTENERS 

F i g u r e  86.  Development of CS1 R i b  Duct Spec'imen 

I n  f a b r i c a t i o n  of t h e  second CS2 s p a r  c a p  specimen,  a r u b b e r  block was 
used t o  prevent  f iber  wash. The l e f t  photograph i n  F i g u r e  81 shows cross- 
s e c t i o n s  of both  the  f i r s t  and second CS2 s p a r  c a p  specimens.  The r i g h t  
photograph shows t h e  rubber  t o o l  b l o c k  used t o  e l i m i n a t e  t h e  f i be r  wash i n  t h e  
second CS2 s p a r  cap  specimen. 

11.6 F A B R I C A T I O N  O F  CHORDWISE J O I N T  

The t h i r d  concept  s e l e c t i o n  specimen,  CS3, was used t o  d e v e l o p  t h e  
c r i t i c a l  chordwise s p l i c e  r e q u i r e d  i n  a t y p i c a l  wing s u r f a c e .  F i g u r e  58 shows 
t h e  CS3 test specimen comple te  w i th  a l l  associated hardware.  The specimen 
l e n g t h  is t h a t  r e q u i r e d  f o r  p a n e l  t r a n s i t i o n  i n t o  t h e  s p l i c e  a r e a  p l u s  4 i n c h e s  
on each end t o  provide  for i n s t a l l a t i o n  of t h e  specimen i n  t h e  t es t  f i x t u r e .  
The specimen width i s  t h e  minimum n e c e s s a r y  t o  a c h i e v e  a s a t i s f a c t o r y  t e s t  of 
t h e  s p l i c i n g  concept .  Even though t h e  s t i f f e n e r  s p a c i n g  is  6 i n c h e s ,  t h e  
s p e c i m e n  was w i d e n e d  t o  7 i n c h e s  a n d  t h e  f a s t e n e r  s p a c i n g  c losed  t o  
approximate ly  3.75 f a s t e n e r  diameters t o  allow two rows of f a s t e n e r s  on each 
s i d e  of t h e  s t i f f e n e r  c e n t e r l i n e .  The c o v e r  l o a d  a t  55 p e r c e n t  semispan 
l o c a t i o n  i s  15980 l b / i n .  

F i g u r e  59 shows a c u t  t h r o u g h  t h e  chordwise  j o i n t .  It shows a l l  e l e m e n t s  
of t h e  sp l ice  and t r a n s f e r  d u c t s  a c r o s s  t h e  j o i n t .  A s l o t  i n  t h e  t i t a n i u m  o u t e r  
sheet ,  a s l o t  d u c t  i n  a f i b e r g l a s  d u c t  p l a t e ,  and m e t e r i n g  holes p r o v i d e  
c o n t i n u o u s  LFC s u c t i o n  s lo t  across t h e  j o i n t .  The major  s t e p s  t h a t  were used i n  
f a b r i c a t i o n  of t h e  CS3 chordwise  s p l i c e  specimen s u r f a c e  s k i n  a r e  a s  follows: 
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o M a t e r i a l s  

Hercules AS4/350$ G / E  t ape  
3M Co. AF147 350 F adhesivg - .03PSF unsuppor ted  
American cyanamid FM73 250 F a d h e s i v e  - .06 PSF 
6AL-4V t i t a n i u m  

o Too l ing  

Tool  t o  outer mold l i ne  
Use i n n e r  c a u l  p l a t e  f o r  h a t  runou t  mat ing  s u r f a c e  
Form t i t a n i u m  shims t o  3' break  

0 Cure 

Use cure c y c l e  shown i n  F igu re  71 .  

The major s t e p s  i n  t h e  f a b r i c a t i o n  p l an  for h a t - s e c t i o n  s t i f f e n e r  segment 
for  t h e  CS3 chordwise  s p l i c e  specimen were as  fo l lows :  

o Material 

Hercu le s  AS413502 G / E  t a p e  

o Tool ing  

Female mold - machined from aluminum 
Hard edge c a u l  p l a t e s  - t o  form f l a n g e  f a y i n g  s u r f a c e  
Formed rubber  center plug 
Templates  for p l y  layup 

o Process ing  

Debulk each  20 p l i e s  under vacuum 
Cure us ing  same procedure a s  used f o r  MV5 h a t  s e c t i o n  s t i f f e n e r s  

The major s t e p s  t h a t  were used i n  assembly o f  t h e  CS3 chordwise  s p l i c e  
specimen were a s  fo l lowing:  

o D r i l l  me te r ing  h o l e s  i n  sk in  

o P repa re  h a t  and s k i n  s u r f a c e  for bonding 

o Bond h a t  t o  s k i n  

o Form r i b  c l i p  

o Assemble d e t a i l s  a t  j o i n t  

o Drill chordwise j o i n t  ho le s  

0 Complete assembly of specimen 
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One of the two h a t  runout  specimens shown i n  F i g u r e  87 h a s  t h e  b o l t  h o l e s  
d r i l l e d  through t h e  t i t a n i u m  lamina ted  j o i n t .  The photograph shows i n n e r  view 
of t h e  j o i n t  specimen a f te r  t h e  two h a t  r u n o u t  specimens have  been b o l t e d  
t o g e t h e r .  A f i b e r g l a s s  d u c t  p l a t e  w i t h  a t r a n s f e r  c a v i t y  and t h e  o u t e r  t i t a n i u m  
s h e e t  are a t t a c h e d  t o  comple te  t h e  LFC s l o t  a c r o s s  t h e  chordwise  s p l i c e .  

11.7 FABRICATION OF CORNER CHORDWISE SPAR JOINT 

The f o u r t h  concept  s e l e c t i o n  specimen,  CS4, was s e l e c t e d  t o  d e v e l o p  a 
t y p i c a l  chordwise s p a r  c a p  s p l i c e ,  The d e s i g n  f o r  s p l i c i n g  t h e  s p a r  c a p s  i s  

' s i m i l a r  t o  t h a t  f o r  t h e  c o v e r  s p l i c e  i n  t h a t  c e n t r o i d  c o n t r o l  is  m a i n t a i n e d  and 
t i t a n i u m  is  bonded i n t o  t h e  g r a p h i t e / e p o x y  a t  t h e  j o i n t ,  F i g u r e  61. S i n c e  t h e  
s p a r  c a p s  are i n t e g r a l l y  manufactured w i t h  t h e  c o v e r s ,  t h e  t i t a n i u m  bonded i n t o  
t h e  s p a r  c a p s  must b e  c o m p a t i b l e  w i t h  t h e  t i t a n i u m  bonded i n t o  t h e  c o v e r s .  The 
s p a r  c a p  s p l i c e  was d e s i g n e d  by  d e t e r m i n i n g  t h e  l o a d  i n  t h e  v e r t i c a l -  
f l a n g e l e f f e c t i v e - w e b  and s i z i n g  t h e  v e r t i c a l - f l a n g e  s p l i c e  p l a t e s  t o  c a r r y  t h e  
l o a d  from both members. 

The f a b r i c a t i o n  p l a n  for t h e  CS4 concept  s e l e c t i o n  specimen is  as follows: 

o Tool ing - u s e  combinat ion of CS2 and CS3 

o Tool ing must be a d a p t a b l e  t o  CV4 

o A l l  t i t a n i u n  was formed t o  n e t  shape  

o Precured d e t a i l s  were used 

Figure 87. CS3 Chordwise Joint Assembly 
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12.0 TEST PROCEDURES AND EVALUATION OF RESULTS 

A n c i l l a r y  specimen and component tests were conducted t o  s u p p o r t  and 
s u b s t a n t i a t e  t h e  d e s i g n ,  a n a l y s i s ,  and f a b r i c a t i o n  t e c h n i q u e s  f o r  t h e  wing 
s u r f a c e  s t r u c t u r e  of a 1993 LFC t r a n s p o r t  a i r c ra f t  wing a t  approx ima te ly  55 
p e r c e n t  semispan. Developmental tests were t o  be conducted i n  t h e  f o l l o w i n g  
c a t e g o r i e s  t o  e s t a b l i s h  t h e  r e q u i r e d  assurance :  

o M a t e r i a l  v e r i f i c a t i o n  

o Concept s e l e c t i o n  

o Concept v e r i f i c a t i o n  

O f  t h e  above three c a t e g o r i e s ,  t h e  first two c a t e g o r i e s  were completed and 
are r e p o r t e d  h e r e i n .  The t es t  procedures  and e v a l u a t i o n  of r e s u l t s  are r e p o r t e d  
i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  

12.1 MATERIAL VERIFICATION SPECIMENS 

F i v e  groups  of specimen tests were conducted t o  v e r i f y  t h e  performance of 
c a n d i d a t e  m a t e r i a l s  i n  s e l ec t ed  a p p l i c a t i o n s .  D i s c u s s i o n s  of  t h e  t e s t  
p rocedures  and test r e s u l t s  a r e  presented  i n  t h e  fo l lowing  s u b s e c t i o n s  for e a c h  
of t h e  f i v e  groups  of specimens. 

12.1.1 Hv1 Lap Shear Specimens 

T h i r t y  s i n g l e  l a p  shear specimens, shown i n  F igu re  47, were s t a t i c  tes ted 
t o  f a i l u r e  t o  e v a l u a t e  two cand ida te  a d h e s i v e s  f o r  bonding t i t a n i u m  sheet t o  
graphi te -epoxy wing s u r f a c e  s k i n  l amina te s .  The pr imary  o b j e c t i v e  o f  the3e 
tests was t o  e s t ab l i sh  t h e  lowest a c c e p t a b l e  a d h e s i v e  c u r e  t empera tu re  i n  order 
t o  minimize t h e  r e s i d u a l  stresses i n  t he  a d h e s i v e  bond l ine  r e s u l t i n g  from t h e  
d i f f e r e n c e  i n  t h e  the rma l  c o e f f i c i e n t s  of expans ion  of t h e  two adherends  a s  well 
a s  t he  flow characterist ics of t h e  adhes ive  d u r i n g  cu re .  The c a n d i d a t e  adhe- 
s i v e s  e v a l u a t e d  were FM123-4 (American Cynamid) p d  EA9601.2 (Hysol  D i v i s i o n  of  
Dexter  Corp.) whose degsities werg 0.045 l b / f t  . The two c u r i n g  tem e r a t u r e  
i n v e s t i g a t e d  were 18,O F and 200 F. The test c o n d i t i o n s  were -65 F, room 
t e m p e r a t u r e ,  and +160 F w i t h  both wet and d r y  specimens.  

2 

I n  p r e p a r a t i o n  of t h e  l a p  shea r  specimens for t e s t i n g ,  l o a d i n g  t a b s  were 
bonded t o  both ends  of each  tes t  specimen t o  minimize t h e  i n t r o d u c t i o n  of 
e c c e n t r i c  loads i n t o  t h e  s i n g l e  o v e r l a p  j o i n t  as shown i n  F i g u r e  47. The 
r e s u l t s  of the  30 l a p  shear specimens are p r e s e n t e d  i n  Table  16. The c r i t e r i a  
for s e l e c t i n g  t h e  adhes ive  were: (1 )  flow character is t ics ,  (2)  b o n d l i n e  
t h i c k n e s s  v a r i a b i l i t y ,  ( 3 )  bond l ine  s t r e n g t h ,  and ( 4 )  f a i l u r e  mode desired t o  be 
predominant ly  g r a p h i t e e p o x y  lamina te  de l amina t ion .  Upon comple t ing  t h e  l a p  
shear tests i n  a d d i t i o n  t o  an e v a l u a t i o n  of a d h e s i v e  flow c h a r a c t e r i s t i c s  
deve loped  wi th  bonded pane l  specimens, t h e  FM123-4 adhes ive  cu red  a t  200°F was 
selected over  t h e  EA9601.2 a d h e s i v e  us ing  t h e  aforementioned c r i t e r i a .  



NUMBER 
OF 

SPECIMENS 

FN123-4 

FN123-4 

EA9601.2 

EA9601 . 2 
FN123-4 

FM123-4 

180 

200 

180 

200 

200 

200 

TEST 
m. 
(OF) 

R.T. 

R.T. 

R.T. 

R.T. 

(-65) 

(160) 

SPECIMEN 
EXPOSURE 

DRY 

DRY 

DRY 

DRY 

DRY 

WET 

4.6 

5.1 

4.9 

4.9 

2.5 

1.5 

TABLE 16. 
LAP SHEAR SPECIMEN TESTS 

12.1.2 MV2 Surface Element T e s t s  

S u r f a c e  e lement  specimens w i t h  t i t a n i u m  s h e e t  bonded t o  graphi te -epoxy 
wing s k i n s  having LFC d u c t s  and me te r ing  h o l e s  were f a b r i c a t e d  and tested.  The 
specimen drawing is shown i n  F i g u r e  50. A s l o t  d u c t  was molded a l o n g  t h e  
l o n g i t u d i n a l ’ c e n t e r l i n e  of t h e  g r a p h i t e - e p o x y  wing  s k i n  l a m i n a t e  d u r i n g  
f a b r i c a t i o n  of t h e  l amina te  fo l lowed by d r i l l i n g  me te r ing  h o l e s  th rough  t h e  b a s e  
of t h e  s l o t  d u c t .  Then t h e  t i t a n i u m  s h e e t  was adhes ive  bonded t o  t h e  g r a p h i t e -  
epoxy l amina te  w i t h  FM123-4 adhes ive .  After c u r i n g  t h e  adhes ive ,  a s l o t  was 
sawed i n  t h e  t i t a n i u m  s h e e t  a long  t h e  s l o t  d u c t  c e n t e r l i n e .  A t o t a l  of 23  
specimens were f a b r i c a t e d  and tested.  Twenty-four specimens were planned t o  be 
tested,  b u t  one specimen was damaged d u r i n g  manufac tu re  and was d i s c a r d e d .  

Each specimen was mounted i n  a s p e c i a l  t es t  f i x t u r e  which i n  t u r n  was 
i n s t a l l e d  i n  a u n i v e r s a l  t e s t i n g  machine for compress ive  t e s t i n g  t o  f a i l u r e .  
P r i o r  t o  t e s t i n g ,  selected specimens were ins t rumen ted  w i t h  a x i a l  s t r a i n  gauges  
located as follows: 

( 1 )  Mid-length of t h e  specimen d i r e c t l y  o p p o s i t e  t h e  s l o t  d u c t  i n  t h e  
l amina te  

(2) Mid-length of t h e  specimen on t h e  graphi te -epoxy l a m i n a t e  and h a l f  
way between an edge of t h e  specimen and t h e  s l o t  d u c t  c e n t e r l i n e  

( 3 )  Mid-length of t h e  specimen on t h e  t i t a n i u m  s h e e t  and h a l f  way between 
an edge of t h e  specimen and t h e  centerline of t h e  s l o t  d u c t .  

100 



A l l  specimens werrtm6ezrTTi-a 400-kip u n i v e r s a l  t e s t i n g  machine having  a 
load  range  of 80 k i p s  wi th  an accuracy  of 20.5 percent o f  i n d i c a t e d  load  o r  -0.1 
p e r c e n t  of t h e  load range  whicheve- i s  greater. The s t r a i n  i n d i c a t o r  was a 
model SCE 062 whose accuracy  is  25 p i n / i n  o r  20.5 p e r c e n t  o f  i n d i c a t e d  s t r a i n ,  
whichever is g r e a t e r .  The specimens tested a t  t empera tu re  were monitored w i t h  a 
model TMP 206 recorder w i t h  an accuracy  o f  25'F. 

+ 

NUMBER 

SPECIrnS 

3 

3 

3 

3 

2 

3 

3 

3 

OF 

The tes t  r e s u l t s  from t h e  23 specimen tes ts  are summarized i n  Tab le  17. 
Twelve of t h e  specimens were f a b r i c a t e d  us ing  t h e  AS4/3502 graphi te-epoyx 
m a t e r i a l  and t h e  r e m a i n i n g  1 1  s p e c i m e n s  were f a b r i c a t e d  u s i n g  T300/5208 
graphi te-epoxy material. . I n  Table  17, t h e  average  i n i t i a l  f a i l u r e  l o a d s  and  
ave rage  maximum s t r a i n s  a t  f a i l u r e  a r e  shown f o r  each  specimen group.  Three  
specimens,  f a b r i c a t e d  w i t h  each o f  t h e  two graphi te-epoxy m a t e r i a l s ,  were s t a t i c  
tes ted to  f a i l u r e  a t  room tempera ture  and t h e  remaining 17 specimens were 
env i ronmen ta l ly  cond i t ioned  and s t a t i c  tested t o  f a i l u r e .  The i n i t a l  f a i l u r e  i n  
a l l  tests, wi th  t h e  excep t ion  o f  one, was disbond o f  t h e  t i t a n i u m  sheet from t h e  
graphi te-epoxy l amina te .  Test r e s u l t s  were compared for t h e  two  graphi te-epoxy 
m a t e r i a l s  and for each of t h e  fou r  t es t  c o n d i t i o n s .  The comparisons are 
summarized i n  Table  18 and they  are shown as pe rcen t  i n c r e a s e s  and d e c r e a s e s  i n  
ave rage  i n i t i a l  f a i l u r e  l o a d s  and average maximum s t r a i n s  a t  f a i l u r e .  The 
pe rcen t  changes are based on t h e  t e s t  r e s u l t s  from t h e  specimens f a b r i c a t e d  w i t h  
t h e  T300/5208 DV graphi te-epoxy m a t e r i a l .  Re fe r r ing  t o  Table 18, t h e  AS413502 
graphi te-epoxy m a t e r i a l  i n  t h e  ma jo r i ty  of tests performed better than  t h e  
T300/5208 DV m a t e r i a l .  Thus,  a l l  subsequent  t es t  specimens and components were 
fabricated w i t h  t h e  AS4/3502 graphite-epoxy material w i t h  t he  excep t ion  of t h e  
MV3 specimen and a p o r t i o n  o f  t h e  MV4 specimens. 

GRAPIIITE-EPOXY SPEC1 MFA 
MATERIAL EXPOSURE 

T300/52tlBDV DRY 

AS4/3W2 DRY 

T30015208DV DRY 

AS4/3502 MY 

T30Of5206DV COLD W I T  

AS4/3W2 COLD V I P  

T300/5208DV WT U1.T 

AS413502 lloT urn 

'I'FST 
TEnP . 
(OF) 

R.T.. 

R.T. 

- 65 

- 6 5  

- 6 5  

- 6 5  

+ I 6 0  

+If50 

AVERAGE 
INITIAL 

FAII,URE LOAD 
(LB)  

48 .733  

55,000 

57 503 

73.767 

6o.m 

76 ,967  

56,667 

62,600 

AVERAGE 
MAX STRAIN 
AT FAIWRE 
u l N . / I N . )  

6 , 4 5 0  

6.265 

7.497 

8 . 4 5 6  

8,130 

11,017 

1 0 , 4 7 0  

IO,  547 

TABLE 17. 
SUM.IP,RY OF AVERAGE MV2 SPECIMEN TEST RESULTS 
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A V C  INITIAL PERCENT A V C  MAX 
GRAI'II  I'fE TFST FA 1 LURE CHAWI.: I N  STRAIN AT 

EPOXY SPFL: I HEN TFMP . LOAD FAIL. WAD PAllllRE 
MATERIAL EXPOSURE ("V) (1.B) ( X )  (p lN. / lN. )  

6 .450  TUX)/5208UV DRY R.T. 48 ,773  
AS4/3502 DRY R.T. 55.000 6 , 2 6 5  

7.497 TU)0/5208DV DRY -65 57 * 533 
AS4/7502 DRY -65 73,767 8 , 4 6 5  

8, 130 T300/5208DV COLD W E T  -65 60,~rn 
AS4/3'932 COLD W E T  -65 76,967 11 ,013  

10.480 TWO/520RDV H(YT W E T  + I 6 0  56.467 
AS4f 3Ti02 Irn W E T  +160 62,hoo 10,547 

12 .9  

2 8 . 2  

27 .0  

10.9 

PEx(:Ewr 

( X )  

CHANGE I N  
MAX S I ' R A I N  

-2 .9  

12.9 

35.5 

0 . 7  

12.1.3 MV3 Surface Element with Slot Duct Fatigue Test 

An LFC s u r f a c e  s k i n  element  specimen having  a s l o t  d u c t  r eg ion  t h a t  is 
i n c l i n e d  a t  an ang le  t o  t h e  specimen load  a x i s ,  so t h a t  s h e a r  l o a d s  are 
in t roduced  i n t o  s lo t -duc t  r eg ion  c o n t a i n i n g  t h e  me te r ing  h o l e s ,  was f a b r i c a t e d  
and f a t i g u e  t e s t e d .  The MV3 test specimen was f a b r i c a t e d  u s i n g  T300/5208 DV 
graphi te-epoxy t a p e  m a t e r i a l ,  Aluminum and f i b e r g l a s s  l o a d i n g  t a b s  were bonded 
and mechanica l ly  f a s t e n e d  t o  both  ends o f  t h e  specimen t o  f a c i l i t a t e  t e s t i n g .  
F i g u r e  88 shows t h e  i n s t r u m e n t e d  tes t  r e g i o n  o f  t h e  t es t  specimen. The f a t i g u e  
l o a d s  test spectrum app l i ed  t o  t h e  test specimen was r e p r e s e n t a t i v e  o f  t h o s e  
l o a d s  t h a t  would occur  i n  t h e  upper wing s u r f a c e  of t h e  1993 LFC t r a n s p o r t  a t  
t h e  55 percent  wing semispan l o c a t i o n .  The spectrum c o n s i s t s  o f  219,404 load  
cycles i n  a l i f e t i m e  which is r e p r e s e n t a t i v e  o f  90,000 f l i g h t  hour s .  

The tes t  specimen was ins t rumented  wi th  s i x  p a i r s  o f  ax i a l  s t r a i n  gages  
and t h r e e  p a i r s  o f  s t r a i n  r o s e t t e s ,  a l l  i n s t a l l e d  back-to-back, a s  shown on 
F i g u r e  88. I n  a d d i t i o n ,  two p a i r s  of  a c o u s t i c  emission t r a n s d u c e r s  were l o c a t e d  
on t h e  specimen approximate ly  16.00 i n  from each  end of t h e  specimen. For  
t e s t i n g ,  t h e  ins t rumented  MV3 specimen was i n s t a l l e d  i n  a l a t e r a l  s u p p o r t  
assembly,  and then  t h e  s p e c i m e n / l a t e r a l  s u p p o r t  assembly was mounted i n  t h e  
c y c l i c  t e s t i n g  machine. 

The fol lowing sequence o f  test l o a d s  was a p p l i e d  t o  t h e  MV3 t e s t  specimen: 

( 1 )  Two l i f e t i m e s  of c y c l i c  l o a d s  were a p p l i e d  a t  room tempera tu re  i n  
accordance wi th  t h e  f a t i g u e  l o a d s  spectrum i d e n t i f i e d  p rev ious ly .  
One l i f e t i m e  r e p r e s e n t s  219,404 load  c y c l e s .  

( 2 )  Two l ifetimes o f  c y c l i c  l o a d s  a s  d e s c r i b e d  i n  ( 1 )  above, b u t  
increased  by 20 pe rcen t ,  were a p p l i e d  a t  room t empera tu re .  



_- 1 APPLIED LOAD 

Figure 88. Instrumented Tes t  Sec t ion  of MV3 Specimen 
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( 3 )  A s t a t i c  compression load  was a p p l i e d  a f t e r  t h e  MV3 t e s t  specimen was 
condi t ioned  d r y  t o  -65 F. The s t a t i c  compression load a p p l i e d  t o  t h e  
specimen was t h e  maximum l o a d  i n  f a t i g u e  loads spectrum i d e n t i f i e d  i n  
( t )  above,  b u t  i n c r e a s e d  by a factor of 1.2 t o  a magnitude of  -25,856 
pounds. 

specimen us ing  t h e  loads spec t rum d e f i n e d  i n  (2) above. 

0 

( 4 )  Twelve a d d i t i o n a l  l ifetimes o f  c y c l i c  t es t  l o a d s  were a p p l i e d  t o  t h e  

P r i o r  t o  beginning  t h e  f a t i g u e  test ,  a d i sp lacemen t  and s t r a i n  su rvey  was 
made. During the  f a t i g u e  t e s t ,  d i sp lacemen t  and s t r a i n  d a t a  were reco rded  upon 
t h e  complet ion of each  one-half  l i f e t ime  up t o  and i n c l u d i n g  f o u r  lifetimes. I n  
a d d i t i o n  t o  the  d i sp lacemen t  and s t r a i n  s u r v e y s ,  t h e  MV3 specimen tes t  s e c t i o n  
was X-rayed a f t e r  each one-half l ifetime th rough  t h r e e  lifetimes and a f t e r  t h e  
f o u r t h  lifetime. The r a d i o g r a p h i c  f i l m  developed a f te r  t h e  f i rs t  lifetime 
showed s e v e r a l  d e l a m i n a t i o n s  less t h a n  one-half i n c h  i n  l e n g t h  i n  t h e  v i c i n i t y  
of t h e  s lo t  d u c t  and a t  approx ima te ly  mid-length of t h e  t es t  s e c t i o n .  Subse- 
quen t  X-rays showed no appa ren t  i n c r e a s e  i n  t h e  damage. By t h e  end of t h e  
e i g h t h  lifetime, a l l  a x i a l  s t r a i n  gages  were i n o p e r a t i v e  and one  channe l  of one  
of t h e  s i x  strain rosettes was i n o p e r a t i v e .  The specimen d i d  n o t  f a i l  upon 
comple t ion  of 16 lifetimes of c y c l i c  l o a d s  and t h e  t e s t  was suspended.  

, 12.1.4 W 4  S i n g l e  Ha t -S t i f f ened  S u r f a c e  Specimen T e s t s  

S i n g l e  ha t - sec t ion  s t i f f e n e d  LFC wing s u r f a c e  e lement  specimens were 
f a b r i c a t e d  and t e s t e d  t o  e v a l u a t e  t h e  p r o c e s s e s  f o r  f a b r i c a t i o n  o f  t h e  
graphi te-epoxy h a t - s e c t i o n  s t i f f e n e r ,  and bonding of t h e  h a t - s e c t i o n  s t i f f e n e r  
t o  t h e  r e p r e s e n t a t i v e  graphi te-epoxy wing s u r f a c e  s k i n  l amina te .  A s l o t  d u c t  
was molded along t h e  l eng thwise  c e n t e r l i n e  of t h e  wing s u r f a c e  s k i n  l a m i n a t e ,  
and m e t e r i n g  ho le s  were d r i l l e d  th rough  t h e  b a s e  of t h e  s lo t  d u c t .  The specimen 
assembly was completed by bonding t h e  t i t a n i u m  f a c e  sheet t o  t h e  specimen 
subassembly  and t h e n  machining t h e  s l o t  i n  t h e  t i t a n i u m  f a c e  s h e e t  ove r  t h e  s l o t  
d u c t .  F igu re  89 is a drawing of t h e  MV4 s i n g l e  h a t - s t i f f e n e d  wing s u r f a c e  
e lement  specimen. 

T h i r t e e n  MV4 t e s t  specimens were f a b r i c a t e d  and tested.  The i n i t i a l  t e n  
tes t  specimens were f a b r i c a t e d  w i t h  T300/5208 DV graphi te -epoxy m a t e r i a l  and t h e  
remain ing  t h r e e  specimens were f a b r i c a t e d  w i t h  AS4/3502 graphi te -epoxy material. 
Three cand ida te  adhesives were used i n  bonding h a t - s e c t i o n  s t i f f e n e r  t o  t h e  wing 
s u r f a c e  s k i n  element .  Two specimens were bonded w i t h  each of t h e  three 
c a n d i d a t e  adhes ives .  These i n i t i a l  s i x  specimens were s t a t i c  tested t o  f a i l u r e  
a t  room tempera ture  i n  a compress ive  mode. The c a n d i d a t e  a d h e s i v e s  used i n  
assembly of t h e  i n i t i t a l  s i x  specimens were FM73 (American Cynamid), EA9628 
(Hysol  D iv i s ion  of Dexter  Corp) ,  and AF163-2 (3M Company) f i l m  adhes ives .  Pr ior  
t o  t e s t i n g ,  the ends  of t h e  MV4 specimens were p o t t e d  i n  steel  end frames and 
t h e  specimen ends were machined f l a t  and p a r a l l e l .  Also, t h e  specimens were 
ins t rumen ted  with a x i a l  s t r a i n  gauges  l o c a t e d  a t  t h e  mid-length and a t  t h e  
qua r t e r - span  length  from one end of each  specimen. I n  a d d i t i o n ,  three of t h e  
i n i t i a l  s i x  specimens were a c o u s t i c  emis s ion  ( A E )  moni tored  d u r i n g  t h e  s t a t i c  
tests. Two AE t r a n s d u c e r s  were l o c a t e d  on t h e  t i t a n i u m  face s h e e t  approx ima te ly  
2.50 i n  from each end o f  t h e  three MV4 specimens.  
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Figure 89. MV4 Test Specimen 
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After complet ing t h e  i n i t i a l  s i x  s t a t i c  t e s t s ,  t h e  r e s u l t s  were reviewed 

and one  of t h e  three c a n d i d a t e  adhes ives  was selected for f a b r i c a t i o n  of t h e  
remain ing  MV4 test  specimens.  The ave rage  t es t  r e s u l t s  are p resen ted  i n  T a b l e  
19. Refer r ing  t o  Table  19 ,  n e i t h e r  of t h e  three c a n d i d a t e  a d h e s i v e s  showed a 
d e f i n i t e  advantage ove r  t h e  o t h e r  a d h e s i v e s .  The FM73 a d h e s i v e  was selected for  
f a b r i c a t i o n  of  a d d i t i o n a l  MV4 specimens and f u t u r e  program specimens and 
components based on its usage  i n  t h e  p r e v i o u s  phase of t h i s  program a s  well as  
b e i n g  s e l e c t e d  a s  t h e  bes t  a d h e s i v e  from a s u r v e y  on  a d h e s i v e s  f o r  
metal-to-metal bonds i n  an Air Force  program. 

Four a d d i t i o n a l  MV4 t es t  specimens were f a b r i c a t e d  and tested.  Two of 
these specimens were s t a t i c o t e s t e d  t o  f a i l u r e  i n  a compress ive  mode a f te r  hav ing  
been cond i t ioned  d r y  t o  -65 F. The ave rage  f a i l u r e  load of t h e s e  two spec imens  
was 99 ,750  pounds. No i n i t i a l  d e l a m i n a t i o n s  of t h e  t i t a n i u m  face shee t lg raph-  
i te-epoxy laminate adhes ive  bonds occur red  i n  these tests as occur red  i n  t h e  s i x  
MV4 specimens tested a t  room t empera tu re  p r e v i o u s l y  d i s c u s s e d .  

The t h i r j  a d d i t i o n a l  MV4 t es t  specimen was c o n d i t i o n e d  i n  an env i ronmen ta l  
chamber a t  160 F and 95-100 p e r c e n t  r e l a t i v e  humidi ty  u n t i l  t h e  m o i s t u r e  c o n t e n t  
was approximately one p e r c e n t  Then t h e  specimen was s t a t i c  tested t o  f a i l u r e  
i n  a compressive mode a t  160 F. F a i l u r e  occur red  a t  80,000 pounds and t h e  
maximum s t r a i n  achieved  a t  f a i l u r e  was 8100 m i c r o i n / i n .  The t i t a n i u m  f a c e  sheet 
s e p a r a t e d  from t h e  graphi te -epoxy l a m i n a t e  and t h e  t o p  end of t h e  specimen 
*I broom ed I* . 

'0 

~ 

NUMBER 
OF 

SPECIMENS ADHESIVE 

2 m73 

The fou r th  a d d i t i o n a l  MV4 specimen was f a t i g u e  tested a t  160°F a f t e r  b e i n g  
c o n d i t i o n e d  a t  160°F and 95-100 p e r c e n t  r e l a t i v e  humidi ty  u n t i l  each  specimen 
con ta ined  approximate ly  one p e r c e n t  moi s tu re .  The c o n s t a n t  ampl i tude  conk 
p r e s s i v e  load spectrum c o n s i s t e d  of 200,000 load  c y c l e s ,  a maximum g r o s s  
compression stress, and a stress r a t i o ,  R of  +10.0. The f a t i g u e  l i f e  g o a l  was 
f o u r  l ifetimes ( i . e . ,  800,000 load  c y c l e s ) .  F a t i g u e  t e s t i n g  of t h e  MV4 specimen 
commenced and a f t e r  accumula t ing  22,900 c y c l e s ,  t h e  t e s t  was suspended because  a 
command ve r sus  measured load  error l i m i t  was exceeded. Examination of t h e  lower 
end of t h e  MV4 specimen r e v e a l e d  e x t e n s i v e  f r e t t i n g  damage and t h e  s l o t t e d  
t i t a n i u m  face s h e e t  was disbonded over  approx ima te ly  25 p e r c e n t  of t h e  t o t a l  

AVERAGE AVERAGE 
TEST INITIAL FINAL 

TEMP. FAILURE FAILURE 
(OF) LOAD (LB) LOAD (LB) 

R.T. 78,500 114,250 

2 

2 

EA9628 R.T. 81 ,OOO 103,750 

AF 163-2 R.rr. 79,250 108,250 

TABLE 19. 
ROOM TEMPERATURE IW4 SPECIMEN TEST RESULTS 
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bonded a r e a .  The specimen was repgired and c y c l i c  t e s t i n g  was con t inued  a f t e r  
s t a b i l i z i n g  t h e  t empera tu re  a t  160 F. Upon comple t ing  f o u r  l ifetimes (800,000 
c y c l e s b  of f a t i g u e  t e s t i n g ,  t he  specimen was r e s i d u a l  s t r e n g t h  tested to  f a i l u r e  
a t  160 F. The specimen f a i l ed  i n  compression a t  116,000 pounds and a t  a maximum 
s t r a i n  o f  approximate ly  8700 mic ro in / in .  A t  f a i l u r e ,  t h e  s l o t t e d  t i t a n i u m  face 
sheet s e p a r a t e d  on both  sides o f  t h e  s l o t .  I n  a d d i t i o n ,  t h e  graphi te-epoxy s k i n  
and hat-section s t i f f e n e r  f a i l e d  approximately two i n c h e s  from t h e  specimen 
c e n t e r l i n e .  

The remaining three MV4 specimens were removed from a MV5 mult i -hat-  
s t iffened specimen for the purpose o f  eva lua t ing  t h e  t i t a n i u n  face s h e e t l g r a p h -  
i te-epoxy l amina te  adhes ive  bond subjec ted  t o  a hot-wet environment  and then  
c y c l i c  loaded .  The specimens removed from t h e  MV5 mul t i - tes t - s t i f fened-spec imen 
were 20 i n  long ,  whereas t h e  ten o r i g i n a l  specimens were 12 i n  long.  

Two of t h e  three MV4 specimens removed from the  MV5 mul t i -ha t - s t i f f ened  
specimen were f a t i g u e  tested t o  t h e  same f a t i g u e  l o a d s  spectrum and environment  
a s  t h e  p r e v i o u s l y  described MV4 f a t i g u e  test specimen. The t w o  specimen tes ts  
were suspended a f t e r  accumula t ing  400,000 and 50,000 load c y c l e s .  I n  bo th  
tests,  t he  s l o t t e d  t i t a n i u n  f a c e  shee t  disbonded from t h e  graphi te-epoxy 
l amina te .  No a d d i t i o n a l  t e s t i n g  was conducted on these two MV4 specimens.  

It was r e a l i z e d  t h a t  t h e  c o n s t a n t  ampl i tude  f a t i g u e  loads s p e c t r u n  a p p l i e d  
i n  t h e  above described three MV4 hot-wet tes ts  was s e v e r e  since t h e  maximum load 
i n  t h e  c o n s t a n t  ampl i tude  s p e c t r u n  was t h e  des ign  l i m i t  l oad .  Thus, t h e  f a t i g u e  
l o a d s  spectrum was r e v i s e d  as fo l lows:  

(1 Apply 55 p e r c e n t  l i m i t  compressive load  t o  t h e  MV4 specimen a t  room 
t empera tu re  and conduct  a s t r a i n  survey .  L i m i t  compressive load  is 
63.6 k i p s .  

( 2 )  I n c r e a s e  t h e  s p e c i m e n  t e m p e r a t u r e  t o  160°F c o i n c i d e n t  w i t h  
a p p l i c a t i o n  of 4,999 c y c l e s  o f  compression-compression loads,  R = 
+10.0, and a maximum load  equal t o  55 p e r c e n t  l i m i t  load. 

(3)  I n c r e a s e  t h e  maximun load  i n  each load c y c l e  t o  7 5  p e r c e n t  of l i m i t  
compressive l o a d ,  R = +10.0, and app ly  500 load  cycles a t  160 F. 0 

( 4 )  Reduce t h e  maximun load i n  each load  c y c l e  t o  55 p e r c e n t  of l i m i t  
compressive l o a d ,  R = +10.0, and app ly  5000010ad c y c l e s  d u r i n g  which 
t h e  specimen t empera tu re  is reduced from 160 F t o  room t empera tu re .  

( 5 )  Continue c y c l i n g  w i t h  t he  maximum load  i n  each  c y c l e  equa l  t o  55 
pe rcen t  l i m i t  l oad ,  R = +10.0, and room t empera tu re  for 189,499 
c y c l e s .  

( 6 )  Complete t h e  l ifetime of  c y c l i c  l o a d s  w i t h  a p p l i c a t i o n  o f  one c y c l e  
of l i m i t  compressive load a t  room t empera tu re  du r ing  which a s t r a i n  
su rvey  w i l l  be accomplished. 

(7) Repeat above s t eps  for three times t o  ach ieve  f o u r  l ifetimes of 
t e s t i n g  the  MV4 specimen. 
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The t h i r - d  -MVbspeeiRPen removed from t h e  MV5 m u l t i - h a t - s t i f f e n e d  specimen 
was f a t i g u e  t e s t e d  t o  t h e  above r e v i s e d  spectrum. After c o n d i t i o n i n g  t h i s  
specimen s i m i l a r l y  t o  &he p r e v i o u s  t h r e e  hot-wet f a t i g u e  spec imens ,  t h e  specimen 
was s t a b i l i z e d  a t  160 F and f a t i g u e  t e s t e d .  A t o t a l  of 800,000 c y c l e s  ( f o u r  
l i f e t i m e s )  were a c c u m u l a t e d  w i t h o u t  i n c i d e n t .  T h u s ,  t h e  o b j e c t i v e  of 
accumula t ing  fou r  l ifetimes of f a t i g u e  t e s t i n g  wi thou t  a d isbond f a i l u r e  of t h e  
t i t a n i u m  f a c e  shee t /g raph i t e -epoxy  bond l ine  was s u c c e s s f u l l y  achieved .  

12.1.5 HV5 M u l t i - H a t s t i f f e n e d  Surface  Specimen Tests 

M u l t i - h a t - s e c t i o n - s t i f f e n e d  LFC wing  s u r f a c e  p a n e l  s p e c i m e n s  were 
f a b r i c a t e d  and tested t o  v e r i f y  t h e  manufac tur ing  p r o c e s s e s  and m a t e r i a l s  for 
u s e  i n  f a b r i c a t i o n  of an LFC wing s u r f a c e  pane l .  The MV5 m u l t i - h a t - s t i f f e n e d  
pane l  specimens had a c o n f i g u r a t i o n  similar t o  t h e  MV4 s i n g l e  h a t - s t i f f e n e d  
specimen except  t h e  MV5 spec imens  had three ha t - sec t ion  s t i f f e n e r s .  F i g u r e  5 3  
is a s k e t c h  of t h e  MV5 specimens.  Both b a s i c  m a t e r i a l s  and a d h e s i v e  b o n d l i n e s  
i n  t h e  MV5 mul t i -ha t - sec t ion - s t i f f ened  specimens were e v a l u a t e d  for s i m u l a t e d  
envi ronmenta l  c o n d i t i o n s ,  impact  damage, and compression l o a d i n g  t o  f a i l u r e .  

A t o t a l  of f i v e  W 5  t es t  specimens was f a b r i c a t e d .  Four of t h e  f i v e  
specimens were tested i n  t h e  MV5 series of tests and t h e  f i f t h  specimen was 
s e c t i o n e d  i n t o  three MV4-type specimens which were t e s t e d  as  hot-wet f a t i g u e  
specimens,  and those tests are d e s c r i b e d  i n  S e c t i o n  12.1.4. 

The fo l lowing  m a t e r i a l s  were used i n  f a b r i c a t i o n  of t h e  MV5 specimens:  

( 1  AS413502 preimpregnated graphi te-epoxy t a p e  m a t e r i a l  was used i n  
f a b r i c a t i o n  of t h e  h a t - s e c t i o n  s t i f f e n e r s  and s u r f a c e  s k i n  l a m i n a t e s .  

(2 )  0.016 i n  6A1-4V a n n e a l e d  t i t a n i u m  shee t  m a t e r i a l  was u s e d  i n  
f a b r i c a t i o n  of t h e  specimen face sheet. 

(3)  FM73 (American Cynamid) f i l m  a d h e s i v e  was used t o  bond t h e  g r a p h i t e -  
epoxy h a t - s e c t i o n  s t i f f e n e r s  t o  t h e  graphi te-epoxy s u r f a c e  s k i n  
lamina tes .  

( 4 )  FM123-4 (American Cynamic) f i l m  a d h e s i v e  was used t o  bond t h e  
t i t an ium face sheets t o  t h e  grap i te -epoxy s u r f a c e  s k i n  l a m i n a t e s .  

Prior t o  t e s t i n g  t h e  MV5 spec imens ,  t h e  e n d s  of each  specimen were p o t t e d  
i n  s tee l  end frames and t h e n  t h e y  were machined f l a t  and p a r a l l e l .  Each of t h e  
f o u r  MV5 specimens were ins t rumen ted  w i t h  18 a x i a l  s t r a i n  gauges  i n s t a l l e d  back- 
to-back. The gauges were located a t  t h e  specimen mid-length and approx ima te ly  
3.00 i n  from both ends  of t h e  specimen. 

A l l  f o u r  MV5 spec imens  were s t a t i c  t e s t e d  t o  f a i l u r e  i n  a compress ive  
mode. The test envi ronments  and specimen codes  are defirred i n  Table  20. The 
two MV5 specimens t h a t  were impacted had t h e  s i m u l a t e d  damage imposed u s i n g  a 
0.500 i n  d iameter  aluminum p r o j e c t i l e  f i r e d  from an a i r  gun. Both MV5 spec imens  
were impact  damaged wi th  t h e  p r o j e c t i l e  f i r e d  a t  approx ima te ly  200 f t / S e C .  The 
MV5 specimen t e s t  r e s u l t s  a r e  summarized i n  Tab le  21. Refegr ing  t o  t h i s  t a b l e ,  
t h e  f a i l u r e  load of t h e  non-impacted specimen tes ted  a t  -65 F was approx ima te ly  
3 p e r c e n t  g r e a t e r  t han  t h e  non-impacted specimen t e s t e d  a t  room temperoature. 
S i m i l a r l y ,  t h e  f a i l u r e  load  of t h e  impact  damaged specimen tested a t  -65 F was 



approximate ly  18 p e r c e n t  g r e a t e r  than  t h e  f a i l u r e  load of t h e  impact  damaged 
specimen test'ed a t  room tempera tu re .  In a l l  f o u r  specimen t e s t s ,  t h e  i n i t i a l  
f a i l u r e  was s e p a r a t i o n  of t h e  t i t a n i u m  face sheet from t h e  graphi te-epoxy s k i n  
l a m i n a t e .  T h i s  f a i l u r e  was followed by s e p a r a t i o n  of t h e  h a t - s e c t i o n  s t i f f e n e r s  
from t h e  graphi te-epoxy s k i n  l amina te .  

MV5-DNR 

MV5-DIR 

MV5-DNC 

MV5-DIC 

A s u c t i o n  test was conducted on t h e  f o u r t h  MV5 specimen. I n  p r e p a r a t i o n  
for t h e  s u c t i o n  test, t h e  c e n t e r  ha t - sec t ion  s t i f f e n e r  d u c t  and t h e  s l o t  d u c t  
were sealed a t  both ends  of the  specimen by  t h e  p o t t i n g  compound a p p l i e d  for  u s e  

TESTED DRY AT ROOM TEMPERATURE 

IMPACTED SPECIMEN W I T H  SPECIMEN SUBJECTED 
TO A COMPRESSION LOAD OF 191,000 POUNDS, 
AND TESTED DRY TO FAILURE AT ROOM 
TEMPERATURE 

TESTED DRY AT -65OF 

A SUCTION F L O W  TEST WAS CONDUCTED AT ROOM 
TEMPERATURE FOLLOWED BY IMPACTING SPECIMEN 
WITH I T  SUBJECTED TO 150,000 POUNDS 
COMPRESSIVE LOAD. THEN THE SPECIMEN WAS 
TESTED DRY TO FAILURE AT -65OF. 

I I SPECIMEN ENVIRONMENT AND PROCEDURES CODE 

TABLE 20. 
MV5 SPECIMEN CODES AND TEST ENVIRONMENTS 

TEST FAILURE 
SPECIMEN SPECIMEN TEMPERATURE LOAD 

CODE I M P A C T  (OF) (LB) 

MV5-DNR NO ROOM TEMP 312,500 

MV5-DIR YES ROOM TEMP 225,000 

MV5-DNC NO -65 322, 000 

MV5-DIC Y E S  -65 265,000 

TABLE 21. 
MV5 SPECIMEN TEST RESULTS 
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i n  conduct ing  t h e  s t a t i c  compression test, A hole  was d r i l l e d  t h o u g h  t h e  
p o t t i n g  compound t h a t  s e a l e d  O n K e n d  o f  t h e  c e n t e r  ha t - sec t ion  s t i f f e n e r .  A 
pneumatic  f i t t i n g  was a t t a c h e d  t o  t h e  p o t t i n g  compound s u r f a c e  ove r  t h e  hole and 
a s u c t i o n  l i n e  was a t t a c h e d  t o  t h e  f i t t i n g .  A flometer was i n s t a l l e d  i n  t h e  
s u c t i o n  line f o r  making f low measurements. A p r e s s u r e  t a p  was i n s t a l l e d  i n  t h e  
p o t t i n g  compound on each end o f  t h e  c e n t e r  h a t - s e c t i o n  s t i f f e n e r  for measuring 
p r e s s u r e  l o s s e s  d u r i n g  t h e  s u c t i o n  flow tests. 

A s u c t i o n  tes t  was conducted and t h e  r e s u l t s  are p r e s e n t e d  i n  F i g u r e s  90  
and 91. These r e s u l t s  are p a r t i c u l a r l y  i n t e r e s t i n g  s i n c e  t h e y  p rov ide  d a t a  
which r e l a t e  d i r e c t l y  t o  an a r e a  of concern  which arose d u r i n g  t h e  SC-2 
development tes t  conducted i n  t h e  Leading Edge F l i g h t  Tes t  C o n t r a c t  (NAS1-16219) 
(Refe rence  2). I n  p a r t i c u l a r ,  F i g u r e  90  shows e x c e l l e n t  agreement  between 
p r e d i c t e d  and measured s l o t  p l u s  m e t e r i n g  o r i f ice  p r e s s u r e  l o s s e s ,  which was n o t  
achieved  i n  t h e  SC-2 development t es t .  Thus,  t h e  r e s u l t s  from t h e  MV5 s u c t i o n  
tests r e i n f o r c e  conf idence  i n  t h e  c u r r e n t  p r e d i c t i o n  method for d u c t i n g  sys tem 
p r e s s u r e  l o s s e s .  

F igu re  91 p r e s e n t s  local s l o t  flow v a r i a t i o n s  o b t a i n e d  d u r i n g  t h e  test .  
R e s u l t s  are shown for two flow l e v e l s  a t  1-in s p a c i n g  i n t e r v a l s  a long  the  e n t i r e  
s l o t  l e n g t h ,  and over  and between me te r ing  o r i f ices  a t  e i ther  end of t h e  s lo t .  
A t  t h e  h igher  flow rate shown i n  F i g u r e  91,+ 10.6 SCFM (Standard  Cubic F e e t  Per  
Minu te ) ,  t h e  l o c a l  flow v a r i a t i o n  is w i t h i n  -5 p e r c e n t  across t h e  specimen span .  
Th i s  scatter i n c r e a s e s  t o  abou t  -20 p e r c e n t  superimposed upon an i n c r e a s e  i n  
l o c a l  s l o t  flow o f  abou t  60 p e r c e n t  from t h e  inboa rd  t o  t h e  ou tboa rd  end of t h e  
s l o t  when t h e  t o t a l  flow r a t e  is decreased t o  4.6 SCFM. A comparable  s l o t  flow 
for  the LFC 1993 t r a n s p o r t  a t  t h e  c r u i s e  d e s i g n  p o i n t  would be between t h e  two 
flows shown, and t h e  flow v a r i a t i o n  would b e  s a t i s f a c t o r y .  The local  flow 
measurements shown i n  t h e  lower p o r t i o n  of F i g u r e  91 were t a k e n ,  a l t e r n a t e l y ,  
ove r  and between me te r ing  o r i f i ce  l o c a t i o n s .  These d a t a  show no c o r r e l a t i o n  of 
l o c a l  s l o t  flow wi th  me te r ing  or i f ice  l o c a t i o n .  The r e s u l t s  i n d i c a t e  s a t i s -  
f a c t o r y  performance of the s l o t  and m e t e r i n g  o r i f i ce  geometry as  tested. 

+ 

12.1.6 S u m a r y  of Material V e r i f i c a t i o n  Tests 

The summary of t h e  f i v e  groups  of m a t e r i a l  v e r i f i c a t i o n  tests is shown i n  
F i g u r e  92. 

The MV1 s i n g l e  l a p  s h e a r  tests r e s u l t e d  i n  t h e  s e l e c t i o n  o f  t h e  FM123-4 
adhes ive  cured  a t  200 F. The FM123-4 a d h e s i v e  y i e l d e d  h i g h e r  s t r e n g t h  wi th  low 
f l o w  c h a r a c t e r i s t i c s .  

0 

The MV2 s u r f a c e  e lement  compression tests r e s u l t e d  i n  t h e  s e l e c t i o n  of t h e  
AS4/3502 g r a p h i t e  epoxy m a t e r i a l .  The AS4/3502 C / E  m a t e r i a l  y i e l d e d  h i g h e r  
s t r e n g t h  w i t h  void free t h i c k  l amina te .  

The MV3 s u r f a c e  e lement  f a t i g u e  t es t  v e r i f i e d  t h e  f a t i g u e  l i f e  of t h e  
g r a p h i t e  s k i n  w i t h  sma l l  me te r ing  ho le s .  The MV3 specimen d i d  n o t  f a i l  upon 
comple t ion  of 16 lifetimes of c y c l i c  l o a d s .  

The MV4 s i n g l e  h a t - s t i f f e n e d  s u r f a c e  specimen tests v e r i f i e d  t h e  u l t i m a t e  
s t r e n g t h  and f a t i g u e  l i f e  of t h e  FM73 a d h e s i v e  bonds of t h e  h a t s  t o  s k i n s .  

110 



ORIGJNAL PAGE 1s 
OF POOR QUALITY 

0.3 I 

0.10 

0.05 

% 
'IN 

0.010 

0.005 

0 .oo 1 
0 

PREDICTED BAND FOR 

0 MEASURED DATA, RUN 1 

Q MEASURED DATA, RUN 2 

x PREDICTED DATA; /J 
METERING ORIFICE DIA. (DG) 
=0.055 IN 

101 0.002 ,004 .o 1 .03 
SLOT CORRECTED FLOW - WLfi/6 (L&, 

lsEC/~~ OF SLOT) 

Figure 90. Comparison of Predicted and Measured Slot Plus Metering 
Orifice Pressure Losses for MV5 Specimen 

111 



ORIGINAL PAGE 19 
OF POOR QUALITY 

TOTAL FLOW 

10.6 SCFM 

4.6 SCFM 

------- MEASUREMENTS 
@ I - IN INTERVALS 

540- 

520 

500 

480- 

460- 

Z 

5 V 

I 

3 
0 
J 
LL 

I- 

3 
;i 
3 

v) 

V 

= 

- 

(a) MEASUREMENTS AT ONE-INCH INTERVALS ALONG ENTIRE SLOT LENGTH 

METERING ORIFICE 
LO CATIONS 

20 c / 

MEASUREMENTS i t  @0.15 I N  INTERVALS 

0. I I I I A I I I I J 

L S U C T I O N  END OUTBOARD END f 
OF SLOT OF SLOT 

(b) MEASUREMENTS OVER AND BETWEEN METERING ORIFICES AT 
INBOARD AND OUTBOARD END OF SLOTS 

Figure 91. Local S l o t  Flow Variation Over MV5 Specimen 

112 



TEST 

Mv1 

- 

Flv2 

Mv3 

Mv4 

Mv5 

SELECTED 
MATERIALS VERIFICATION 

FM 123-4 o LOW FLOW 
CURED AT 200°F o HIGH STRENGTH 

AS 4 I35 02 o VOID FREE 
CURE CYCLE o HIGH STRENGTH 

GRAPHITE SKIN o FATIGUE 
METERING HOLE o ULTIMATE 

GRAPHITE HATISKIN 0 FATIGUE 
m7 3 o ULTIMATE 

PANEL o ULTIMATE 
o IMPACT 
o SUCTION 

Figure 92. Summary of Material Verification Tests 

The MV5 mul t i -ha t - s t i f f ened  su r face  tests v e r i f i e d  t h e  complete  s u r f a c e  
pane l  f o r  compression loads .  The MV5 t es t  a l s o  eva lua ted  t h e  pane l  r e s i s t a n c e  
t o  impact  damages. Suc t ion  f low measurements made on one specimen c o r r e l a t e d  
ve ry  c l o s e l y  w i t h  p red ic t ed  va lues .  

12.2 CONCEPT SELECTION SPECIMEN 

Four groups o f  concept  s e l e c t i o n  (CS) specimens were used  t o  deve lop  t h e  
c r i t i c a l  des ign  d e t a i l s ,  t o o l s ,  and manufactur ing p rocesses .  D i scuss ion  o f  t h e  
t es t  procedures  and t e s t  results are p resen ted  i n  t h e  fo l lowing  s u b s e c t i o n s  for 
each  o f  t h e  f o u r  specimens: 

0 CS1 Rib d u c t  t o  s u r f a c e  specimen 
o CS2 Spar  cap  specimen 
o CS3 Chordwise s p l i c e  specimen 
o CS4 Spar-Cap/chordwise s p l i c e  specimen 

12.2.1 CS1 Rib Cap Duct/Hat-Stiffened-LFC Wing Surface Assembly Specimen 

The pr imary o b j e c t i v e  o f  these tests was t o  e v a l u a t e  t he  d e s i g n  and 
p r o d u c i b i l i t y  o f  a c h o r d w i s e  r i b - c a p  d u c t / h a t - s t i f f e n e d  LFC wing s u r f a c e  
assembly.  The test specimens were designed t o  s a t i s f y  t he  LFC and s t r u c t u r a l  
r equ i r emen t s  o f  t h e  1993 LFC t r a n s p o r t  wing upper s u r f a c e  a t  i ts  55 p e r c e n t  
semispan.  The des ign  c o n d i t i o n  for t h e  CS1 t e s t  specimen was a s t a t i c  t e n s i o n  
load  a p p l i e d  t o  t h e  rib-cap web combined wi th  fuel  p r e s s u r e  load  a g a i n s t  t h e  
r ib -cap  d u c t .  
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F i g u r e  54 shows a s k e t c h  of t h e  CS1 specimen.  F i g u r e  55 shows t h e  f i r s t  

CS1 specimen, 

The des ign  u l t i m a t e  load  for  t h e  t e n s i o n  pul l -of f  c o n d i t i o n  was 21,600 l b ,  
and t h e  s imula ted  f u e l  p r e s s u r e  a p p l i e d  t o  t h e  r ib-cap  d u c t  w a l l s  ranged from 0 
t o  8 .0  p s i .  

I n  p r e p a r a t i o n  for s t a t i c  t e s t i n g ,  t h e  CS1-S-1 specimen s k i n  s u r f a c e  was 
a d h e s i v e  bonded t o  a 1.0 i n  t h i c k  aluminum p l a t e  which, i n  t u r n ,  was clamped t o  
t h e  lower p l a t e n  of t h e  u n i v e r s a l  t e s t i n g  machine. The 1.0 i n  aluminum p l a t e  
had three machined s l o t s  f o r  r e d u c t i o n  of t h e  p l a t e  s t i f f n e s s  a c r o s s  i ts  w i d t h  
t o  p rov ide  for  an a c c u r a t e  load  i n t r o d u c t i o n  i n t o  t h e  specimen. I n  a d d i t i o n ,  
t h e  pe r iphe ry  o f  t h e  specimen was clamped t o  t h e  aluminum p l a t e  t o  minimize p e e l  
stresses i n  the specimen/aluminum p l a t e  bond l ine .  The p u l l - o f f  test l o a d  was 
in t roduced  into t h e  specimen through an aluminum s t r a p  mechan ica l ly  a t t a c h e d  t o  
t h e  rib-cap web. Tens ion  load a p p l i e d  t o  t h e  r i b  c a p  t e n d s  t o  s e p a r a t e  i t  from 
t h e  wing s u r f a c e  s t r u c t u r e .  

Test loads  were a p p l i e d  t o  t h e  specimen i n  inc remen t s  of 4000 l b .  Noises 
emanated from t h e  specimen when t h e  t es t  load reached approximate ly  12,000 l b .  
These n o i s e s  may have been the  o n s e t  o f  d i sbond ing  and/or  d e l a m i n a t i o n s  i n  t h e  
specimen as  f a i l u r e  occur red  a t  approximate ly  13,000 l b .  The specimen f a i l u r e  
mode was a shear  f a i l u r e  i n  t h e  a d h e s i v e  bonds j o i n i n g  t h e  s t r u c t u r a l  e l e m e n t s  
t o  the  rib-cap web. The specimen f a i l u r e  load was much lower than  t h e  d e s i g n  
u l t i m a t e  load o f  21,600 l b .  An i n v e s t i g a t i o n  of t h e  f a i l e d  CS1-S-1 spec imen 
r e v e a l e d  t h a t  the  rib-cap web bonded s u r f a c e  was contaminated  on t h e  o u t s i d e  
w a l l  o f  t h e  r i b  d u c t .  A s  a r e s u l t ,  a q u a l i t y  bond was n o t  achieved  d u r i n g  
f a b r i c a t i o n  and t h e  premature f a i l u r e  occur red .  A second specimen, CS1-S-2, was 
f a b r i c a t e d  and tes ted.  The CS1-S-2 specimen f a i l u r e  load  was 24,500 l b  compared 
t o  a d e s i g n  u l t i m a t e  l o a d  21,600 l b .  The f a i l e d  specimen is shown i n  F i g u r e  
93. 

12.2.2 CS2 Spar Cap and S i n g l e  Lap Shear J o i n t  Specimen 

The primary o b j e c t i v e s  of these tests were t o  e v a l u a t e  t h e  s p a r  cap  d e s i g n  
concep t  and t h e  spar-cap t o  spar-web j o i n t .  S p e c i f i c a l l y ,  t h e  spar-cap l e g s  t o  
which t h e  spar  web and t h e  wing l e a d i n g  edge are  at tached were tested for  
compress ive  buckl ing s t a b i l i t y .  The s i n g l e  l a p  spar-cap t o  spar-web j o i n t  was 
s t a t i c  tested i n  a t e n s i l e s h e a r  mode. 

The spa r  cap  specimen,  CS2-1, is  r e p r e s e n t a t i v e  of t h e  upper  f r o n t  s p a r  
cap  of t h e  1993 LFC t r a n s p o r t  wing. It was des igned  t o  s a t i s f y  t h e  d e s i g n  
r e q u i r e m e n t s  of t h e  t r a n s p o r t  wing a t  i ts 55 p e r c e n t  semispan.  F i g u r e  56 shows 
t h e  CS2-1 spa r  cap specimen. A s  shown i n  t h i s  f i g u r e ,  t he  s p a r  c a p  f l a n g e  is  
i n t e g r a l  w i t h  t h e  upper  wing s u r f a c e  cove r  and t h e  f l a n g e  on t h e  t es t  specimen 
ended a t  t h e  f lange/cover  t r a n s i t i o n  l o c a t i o n .  

The CS2-1 s p a r  cap specimen was des igned  for a compression load i n  t h e  
specimen and t h e  p r e d i c t e d  f a i l u r e  load  was approx ima te ly  163.6 k i p s .  

Prior t o  compress ive  t e s t i n g ,  bo th  e n d s  of t h e  CS2-1 specimen were p o t t e d  
i n  s tee l  end-frames u s i n g  Magnabond 69-9, P a r t s  A and B, p o t t i n g  compound. 
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Figure 93. F a i l e d  CS1-S-2 Test Specimen 

C o m p r e s s i o n  l o a d s  were a p p l i e d  t o  t h e  CS2-1 s p a r  c a p  s p e c i m e n  i n  
i n c r e m e n t s  o f  20 k i p s  up t o  and inc lud ing  100 k ips .  T h e r e a f t e r ,  t es t  l o a d s  were 
a p p l i e d  i n  increments  of 10 k i p s  u n t i l  f a i l u r e  occur red .  F a i l u r e  o c c u r r e d  a t  
180 k i p s  which was approximate ly  10 percent above t h e  p r e d i c t e d  f a i l u r e  load .  

The s i n g l e  l a p  j o i n t  specimen is r e p r e s e n t a t i v e  of  t h e  ‘upper f r o n t  
spar-cap t o  spar-web j o i n t  o f  t h e  1993 LFC t r a n s p o r t  wing a t  its- 55 percent 
semi-span l o c a t i o n .  F i g u r e  57  shows t h e  CS2-2 and -3 s i n g l e  l a p  s h e a r  j o i n t  
specimens.  

The CS2-2 and -3 s i n g l e  l a p  j o i n t  specimens were assembled wi th  two 0.375 
i n  mechanical  f a s t e n e r s .  The p red ic t ed  f a s t e n e r  b e a r i n g  f a i l u r e  load on t h e  
s p a r  web element was approximate ly  16.0 k i p s .  

The CS2-2 and CS2-3 s i n g l e  l a p  j o i n t  specimens were s t a t i c  t e s t e d  i n  a 
t e n s i l e - s h e a r  mode. Both specimens were tested i n  t h e  75-kip MTS t e s t i n g  
machine. The CS2-2 specimen f a i l e d  a t  14,700 l b .  A b e a r i n g  f a i l u r e  i n i t i a t e d  
i n  t h e  t h i n n e r  p a r t  which was r e p r e s e n t a t i v e  o f  t h e  s p a r  web. F i n a l  f a i l u r e  
o c c u r r e d  a s  a n e t  t e n s i o n  f a i l u r e  through one o f  t he  f a s t e n e r  holes o f  t h e  
t h i n n e r  p a r t  of t h e  j o i n t  specimen. The CS2-3 j o i n t  specimen f a i l e d  a t  14 ,040  
lb .  The f a i l u r e  mode was t h e  same a s  t h e  CS2-2 specimen w i t h  an i n i t i a l  b e a r i n g  
f a i l u r e  fol lowed by a n e t  t e n s i o n  f a i l u r e  through one ho le .  The specimen l o a d s  
were approximate ly  90 percen t  of t h e  p red ic t ed  f a i l u r e  load .  
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12.2.3 CS3 Wing S u r f a c e  Chordwise J o i n t  Specimen 

The o b j e c t i v e  of t h i s  t es t  was t o  e v a l u a t e  an LFC upper  wing s u r f a c e  
chordwise jo in t  d e s i g n  concept .  T h i s  chordwise  j o i n t  was deemed n e c e s s a r y  i n  
the manufacture  o f  t h e  t r a n s p o r t  a i r c r a f t  and was l o c a t e d  c o i n c i d e n t  w i t h  a wing 
r i b .  

The wing chordwise j o i n t  specimen,  CS3, is r e p r e s e n t a t i v e  of an upper  wing 
s u r f a c e  chordwise j o i n t  for t h e ' 1 9 9 3  LFC t r a n s p o r t .  It was d e s i g n e d  t o  s a t i s f y  
t h e  d e s i g n  requi rements  of t h e  t r a n s p o r t  wing a t  i ts  55 p e r c e n t  semi-span. 
F i g u r e  58 shows one-half of t h e  chordwise j o i n t  specimen and it is symmetr ica l  
a b o u t  t h e  jo in t  c e n t e r l i n e .  As shown i n  t h i s  f i g u r e ,  t h e  h a t - s e c t i o n  s t i f f e n e r  
t a p e r s  i n  h e i g h t  a s  it approaches  t h e  j o i n t  a r e a .  The j o i n t  is made u s i n g  i n n e r  
and o u t e r  t i t a n i u m  splice p l a t e s  w i t h  h i g h  s t r e n g t h  b o l t s  f a s t e n i n g  t h e  s p l i c e  
p l a t e s  t o  t h e  CS3 specimen ends.  F i g u r e  59 shows a cross s e c t i o n  t h r o u g h  t h e  
CS3 specimen a long  the LFC s lo t  c e n t e r l i n e .  Also, t i t a n i u m  i n t e r l e a v e s  are  
i n c o r p o r a t e d  i n  t h e  j o i n t  area of t h e  specimen t o  p r o v i d e  s u f f i c i e n t  b e a r i n g  
s t r e n g t h .  

F i g u r e  9 4  shows t h e  h a t - s t i f f e n e r  s ide of t h e  CS3 wing chordwise j o i n t  
specimen. P r i o r  t o  compress ive  t e s t i n g  i n  a u n i v e r s a l  t e s t i n g  machine,  both 
e n d s  of t h e  CS3 specimen were pot ted  i n  steel  end-frames u s i n g  Magnabond 69-6, 
P a r t s  A and B, p o t t i n g  compound. 

F igu re  94. CS3 Specimen Ready f o r  Preparation for Testing 
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Upon i n s t a l l a t i o n  i n  t h e  u n i v e r s a l  t e s t i n g  machine, l a t e r a l  s u p p o r t  was 
provided a t  t h e  c e n t e r l i n e  of t h e  j o i n t  t o  r e p r e s e n t  t h e  wing r i b  s u p p o r t  i n  t h e  
a i r c ra f t  wing. During manufac ture  o f  t h e  specimen,  aluminum a n g l e s  were 
a t t a c h e d  t o  t h e  spec imen ' s  i n s i d e  s p l i c e  p l a t e  u s ing  t h e  rows of mechanica l  
f a s t e n e r s  located closest t o  the specimen c e n t e r l i n e  for a t t achmen t  of t h e  
l a t e r a l  s u p p o r t  s t r u c t u r e .  

Compression loads were a p p l i e d  t o  t he  CS3 specimen i n  inc remen t s  of 10 
k i p s  i n  t h e  400-kip u n i v e r s a l  t e s t i n g  machine. D e f l e c t i o n  d a t a  were recorded a t  
each increment  up t o  80 k i p s .  The d i a l  gauges  were removed and t h e  l o a d i n g  
i n c r e a s e d  u n t i l  f a i l u r e  occur red  a t  119,000 l b .  The f a i l u r e  load was 8 p e r c e n t  
above t h e  p r e d i c t e d  f a i l u r e  load .  F a i l u r e  occur red  n e a r  one  end of t h e  pot ted  
s tee l  frames. 

12.2.4 CS4 Surface-Chordwise Joint/Spar-Cap S p l i c e  Specimen 

The p r i n c i p a l  o b j e c t i v e  of t h i s  test was to  e v a l u a t e  t h e  wing s u r f a c e  
chordwise j o i n t  d e s i g n  concept  a t  t h e  f r o n t  s p a r  i n t e r s e c t i o n .  T h i s  j o i n t  
i n c l u d e s  t h e  f r o n t  s p a r  c a p  s p l i c e .  

The wing chordwise specimen, CS4, was r e p r e s e n t a t i v e  of an upper  wing 
s u r f a c e  chordwise j o i n t  for t h e  1993 LFC t r a n s p o r t .  It was des igned  t o  s a t i s f y  
t h e  d e s i g n  r equ i r emen t s  o f  t h e  t r a n s p o r t  wing a t  i ts  55 p e r c e n t  semi-span. 
F i g u r e  61  shows t h e  spar-cap chordwise j o i n t  specimen. 

Pr ior  t o  compress ive  t e s t i n g ,  t he  e n d s  of t h e  CS4 specimen were pot ted i n  
s teel  end-frames u s i n g  Magnabond 59-6, p a r t s  A and B, p o t t i n g  compound. L a t e r a l  
s u p p o r t  p r o v i s i o n s  were inc luded  a t  t he  mid-length of t h e  specimen t o  p rec lude  a 
g e n e r a l  i n s t a b i l i t y  f a i l u r e  d u r i n g  the compression t e s t ,  F i g u r e  9 5  shows t h e  
in s t rumen ted  CS4 specimen i n s t a l l e d  i n  t h e  u n i v e r s a l  t e s t i n g  machine w i t h  t h e  
l a t e r a l  s u p p o r t  i n  p l ace .  

Compression l o a d s  were a p p l i e d  to  t h e  CS4 specimen i n  inc remen t s  of 20 
k i p s  up t o  140 k ips  and 10 k i p s  above 140 k i p s  i n  t h e  400-kip u n i v e r s a l  t e s t i n g  
machine. D e f l e c t i o n  d a t a  were recorded a t  each increment  up t o  1 5 Q p  k i p s .  The 
d i a l  gauges  were removed and t h e  loading  i n c r e a s e d  u n t i l  f a i l u r e  occur red  a t  
154,000 lb .  The f a i l u r e  load was 12 p e r c e n t  below t h e  p r e d i c t e d  f a i l u r e  load .  
F a i l u r e  occur red  nea r  one  end of t h e  po t t ed  steel  frames. 

12.2.5 Sunnary of Concept S e l e c t i o n  T e s t s  

The summary of the  f o u r  groups o f  concep t  s e l e c t i o n  tests is  shown - i n  
F i g u r e  96. The CS1 chordwise rib-cap d u c t l h a t - s t i f f e n e d  LFC wing s u r f a c e  
assembly  was u l t i m a t e  tested f o r  t he  c r i t i c a l  t e n s i o n  pu l l -o f f  c o n d i t i o n .  The 
f a i l u r e  load for CS1 specimen test exceeded t h e  p r e d i c t e d  f a i l u r e  l o a d  by  
approx ima te ly  13.3 p e r c e n t .  

The (32-1 s p a r  cap  was t e s t e d  for compress ive  buck l ing  s t a b i l i t y .  The 
CS2-1 specimen f a i l e d  a t  approximate ly  10 p e r c e n t  h i g h e r  load t h a n  p r e d i c t e d .  

Two CS2-2, -3 s i n g l e  l a p  specimens r e p r e s e n t i n g  t h e  spar-cap l e g  t o  spar 
web j o i n t  were t e s t e d  t o  fa i lure  i n  a t e n s i l e - s h e a r  mode. The f a s t e n e r  b e a r i n g  
f a i l u r e  stress was approximate ly  90 pe rcen t  of t h a t  used i n  t h e  w i n g  a n a l y s i s .  
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The CS3 wing s u r f a c e  chordwise  j o i n t  specimen was u l t i m a t e  compress ive  
tes ted.  The 
CS4 surface-chordwise j o i n t / s p a r  c a p  s p l i c e  was u l t i m a t e  compress ive  tes ted.  
The f a i l u r e  load was 12 p e r c e n t  below t h e  p r e d i c t e d  f a i l u r e  load .  

The f a i l u r e  load  was 8 p e r c e n t  above t h e  p r e d i c t e d  f a i l u r e  l o a d .  

Figure 95. Instrumented CS4 Specimen Installed in Universal 
Testing Machine 

TEST - 
LOAD 

PREDICTED/FAILURE 
SPECIMEN (PERCENT) 

cs1 RIB DUCT/SUmACE +13.3 

cs2- 1 SPAR CAP +lo. 

-10. 

+ 8. 
-12. 

CS2-2,-3 SPAR CAP/SPAR WEB JOINT 

cs3 CHORDWISE SPLICE 

cs4 SPAR-CAP/CHORDWISE SPLICE 

Figure 96. Summary of Concept Selection Tests 
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13.0 COST OF LFC COMPOSITE UING STRUCTURE 

During Phase I of Reference 1 Lockheed conducted a comprehensive system 
s t u d y  t o  e v a l u a t e  t h e  advantages  of  Laminar Flow Con t ro l  (LFC) f o r  f u t u r e  
t r a n s p o r t  a i r c r a f t  i n  t h e  1985-1995 time pe r iod .  The s t u d y  showed t h e  u s e  o f  
LFC r e s u l t e d  i n  s i g n i f i c a n t  r e d u c t i o n s  o f  a i r c r a f t  we igh t ,  f u e l  consumption and 
direct  o p e r a t i n g  c o s t s .  

I n v e s t i g a t i o n s  were conducted t o  de t e rmine  t h e  optimum c o n f i g u r a t i o n  f o r  a 
4 0 0 - p a s s e n g e r  l o n g - r a n g e  t r a n s p o r t  f e a t u r i n g  LFC a n d ,  a s  a b a s e l i n e  f o r  
comparison,  a s i m i l a r  a i r c r a f t  without  LFC. The t w o  a i r c r a f t  c o n f i g u r a t i o n s  
were opt imized  f o r  t h e  same m i s s i o n ,  def ined  by a 84,800 l b  payload ,  a range  o f  
6500 n m i  a t  cruise M = 0.80 and 10,000 f t  f i e l d  l e n g t h .  Both a i r c r a f t  i nc luded  
advanced technology a p p l i c a t i o n s  such a s  s u p e r c r i t i c a l  a i r f o i l  shapes ,  a c t i v e  
c o n t r o l s ,  and composi te  pr imary and secondary structures, 

The optimun c o n f i g u r a t i o n  of t h e  long-range 1993 t r a n s p o r t  a i r c r a f t  
w i thou t  t h e  LFC system is i l l u s t r a t e d  i n  F i g u r e  97. The d e s i g n  f e a t u r e s  a 
wide-body f u s e l a g e ,  low wing, low h o r i z o n t a l  s t a b i l i z e r  and fou r  plyon-mounted 
e n g i n e s  benea th  t h e  wing. The wing has a span o f  246.7 f t  and c o n t a i n s  a l l  o f  
t h e  mis s ion  fue l  i n  t h e  wing box s t r u c t u r e .  The 226-f t  long f u s e l a g e  is s i z e d  
t o  accommodate a t y p i c a l  10/90 passenger  m i x  w i t h  40 i n  f i r s t  c l a s s ,  s e a t e d  6 
a b r e a s t ,  and 362 i n  t o u r i s t ,  s e a t e d  10 a b r e a s t .  Space a l lowances  a r e  made f o r  
g a l l e y s ,  l a v a t o r i e s ,  c l o s e t s ,  c a b i n  crew p r o v i s i o n s  and rest a r e a s  f o r  f l i g h t  
crews. Space f o r  LD-3 ca rgo  c o n t a i n e r s  is  provided i n  t h e  u n d e r f l o o r  a r e a  
forward of  t h e  wing box and a f t  , o f  t h e  l a n d i n g  gea r  compartment. A b u l k  c a r g o  
bay is also provided a t  t he  r e a r  of the  p r e s s u r i z e d  b e l l y .  These ca rgo  bays  
w i l l  accommodate 37,000 l b  o f  ca rgo .  

The optimum c o n f i g u r a t i o n  o f  the long-range 1993 t r a n s p o r t  w i t h  LFC h a s  
eng ines  mounted on pylons  ex tending  from t h e  r e a r  f u s e l a g e ,  F i g u r e  98.- T h i s  
l o c a t i o n  p rov ides  a clean wing f o r  t he  LFC s u c t i o n  system. The f u s e l a g e  is 
s i m i l a r  t o  t h a t  of t h e  non-LFC des ign  excep t  t h e  l e n g t h  is i n c r e a s e d  t o  240 f t  
t o  accommodate eng ine  mounting s t r u c t u r e  a f t  o f  t h e  passenger  cab in .  A "tee- 
t a i l "  c o n f i g u r a t i o n  is used w i t h  the rear-mounted engines .  

LFC s u c t i o n  c a p a b i l i t y  is  provided f o r  t h e  upper and lower s u r f a c e s  o f  
wing and h o r i z o n t a l  s t a b i l i z e r .  An independen t ly  d r i v e n  s u c t i o n  pump f o r  t h e  
LFC system is l o c a t e d  under each wing r o o t .  

The L F C  and t u r b u l e n t  a i r c r a f t  b a s e l i n e  c o s t s  have been e s t i m a t e d  by 
u t i l i z a t i o n  of  p a r a m e t r i c / c o s t  models based on h i s t o r i c a l  d a t a  and s i m i l a r i t y  
w i t h  o t h e r  p a r t s  o f  known c o s t .  Cost estimates f o r  t h e  LFC and t u r b u l e n t  
a i r c r a f t  c o n f i g u r a t i o n s  s t u d i e d  f o r  t h i s  program were gene ra t ed  by t h e  Lockheed- 
Georgia  Company's A c q u i s i t i o n  Cost Program. This is a pa rame t r i c  program based 
on a c t u a l  c o s t s  of  e x i s t i n g  a i r c r a f t  systems. A i r c r a f t  v a r i a b l e s  such a s  
a i r c r a f t  c o n f i g u r a t i o n ,  s t r u c t u r a l  weight, g r o s s  weight ,  f u s e l a g e  volume, speed ,  
and range  were cons ide red  when e s t ima t ing  t h e  LFC and t u r b u l e n t  a i r c r a f t  sys tem 
c o s t s .  Economic v a r i a b l e s  were i d e n t i c a l  f o r  bo th  t h e  LFC and t u r b u l e n t  
c o n f i g u r a t i o n s  t o  e n s u r e  c o n s i s t e n t  comparisons.  The c o s t i n g  ground rules used  
i n  t h i s  s t u d y  a r e  l i s t e d  a s  fo l lows:  
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-226.0 FT. 
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Figure 97. Equivalent 1993 Transport Without LFC 

I 
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240.0 FT* 247.5 F T . 2  

Figure 98. 1993 LFC Transport 
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o 1981 D o l l a r s  

o 350 Product ion  U n i t s  

o Maximum 4 Uni tdMonths  

o Comparable Technology 

o 1993 Graphi teIEpoxy 

o New Design f o r  t h i s  Mission 

Except  f o r  t he  wing-mounted e n g i n e s  o f  t h e  t u r b u l e n t  d e s i g n ,  t h e  p lanforms 
of  t h e  LFC and non-LFC wings a r e  very similar. The planforms and compara t ive  
d a t a  f o r  t h e  two wings a r e  shown i n  Figure 99. 

Leading-edge s l a t s  a r e  provided on t h e  t u r b u l e n t  wing. However, t h e y  a r e  
n o t  r e q u i r e d  on t h e  LFC wing. Tra i l ing-edge  f l a p s ,  s p o i l e r s ,  and a i l e r o n s  a r e  
s i m i l a r  f o r  bo th  d e s i g n s .  

The e s t ima ted  cumula t ive  average c o s t  f o r  t h e  t w o  wings were a s  fo l lows :  

Turbulent  wing  
LFC wing 

$12,116,000 
1 1,074,000 

S u s t a i n i n g  c o s t s  and p r o f i t s  should be added t o  t h e  above p roduc t ion  
c o s t s .  Cost f o r  f a b r i c a t i n g  t h e  wing box is approximate ly  55 p e r c e n t  o f  t h e  
t o t a l  wing. These c o s t s  a r e  approximately equa l  t o  e q u i v a l e n t  me ta l  wings. The 
d a t a  show t h a t  t h e  use  o f  LFC permi ts  a s l i g h t  r e d u c t i o n  i n  wing a r e a ,  a s l i g h t  
i n c r e a s e  i n  a s p e c t  r a t i o ,  and an inc rease  i n  wing t h i c k n e s s ,  which results i n  a 
lower wing weight .  

Comparison of t h e  LFC and t u r b u l e n t  (non-LFC) a i r c r a f t  F i g u r e  100 shows 
t h a t  t he  a p p l i c a t i o n  o f  a LFC system i n  the  a i r c r a f t  des ign  p e n n i t s  a r e d u c t i o n  
i n  g r o s s  weight of 8.5 p e r c e n t  and a r e d u c t i o n  i n  t h e  miss ion  f u e l  weight  o f  
21.7 p e r c e n t .  Other items o f  i n t e r e s t  t a b u l a t e d  i n  t h e  weight comparison,  
F i g u r e  100, i l l u s t r a t e  t h e  r e l a t i v e l y  sma l l  p e n a l t i e s  imposed by LFC, such  a s  
t h e  s u r f a c e  and system p e n a l t y  o f  0.6 pe rcen t  o f  empty weight. Th i s  r e s u l t s  
from the  e f f i c i e n c y  of  the  i t e g r a l - w i t h - s t r u c t u r e  s u c t i o n  system which imposes 
a p e n a l t y  of  j u s t  0.71 LB/FT . From these d a t a ,  it can be seen t h a t  t h e  e f f o r t  
expanded du r ing  t h i s  c o n t r a c t  e f f o r t  r e s u l t e d  i n  t h e  d e s i g n ,  development,  and 
t e s t i n g  o f  a h i g h l y  e f f i c i e n t  LFC wing box structure. 

9 

I n p u t  of  v a r i a b l e s  t o  t h e  bas i c  a c q u i s i t i o n  program would y i e l d  c o s t  
e s t i m a t e s  f o r  a i r c r a f t  systems equ iva len t  i n  technology t o  t h e  d a t a  base  i n  t h e  
program. Unmodified i n p u t  d a t a  would r e s u l t  i n  a c q u i s i t i o n  c o s t  e s t i m a t e s  f o r  a 
current s t a t e -o f - the -a r t  a i r c r a f t .  This would r e p r e s e n t  a conven t iona l  aluminum 
a i r c r a f t  w i t h  e x i s t i n g  systems.  I n p u t  d a t a  was t h e r e f o r e  modif ied t o  reflect  
t h e  cost e f f e c t s  o f  t h e  new technology i n c o r p o r a t e d  i n  bo th  t h e  LFC and 
t u r b u l e n t  a i r c r a f t  c o n f i g u r a t i o n s .  
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11.55: 
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123.89 FT 
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n 

Figure 99. Wing Comparison 1'393 Transport LFC vs Turbulent 

0 BASIC WING AREA, FT2 

0 ENGINE THRUST (EA.), LB 

0 WEIGHT EMPTY, LB. 

0 GROSS WEIGHT, LB. 

0 FUEL, LB. 

0 LFC PENALTY, LB. 
(NOT RESIZED) 

TURBULENT 

5,461 

36,790 

252,478 

645,073 

274,164 

- 

LFC 

5,293 

33,540 

253,885 

590,496 

214,711 

9,607 

96 CHANGE 

- 3.2 

- 8.8 

t 0.6 

- 8.5 

-21.7 

t 3.8 

Figure 100. Characteristics Comparison (Approximate) 
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DOLLARS PER AIRCRAFT IN MILLIONS 

A b a s e l i n e  t u r b u l e n t  a i rc raf t  was e s t i m a t e d  f o r  comparison w i t h  t h e  LFC 
a i r c r a f t  be ing  designed.  The f i rs t  s t e p  was t o  i s o l a t e  t h e  system and s t r u c t u r e  
t h a t  w i l l  change due t o  t h e  LFC des ign  c o n f i g u r a t i o n .  Cost increments p e c u l i a r  
t o  these LFC des ign  concep t s ,  i.e. surface s lo t s ,  l e a d i n g  edge c l e a n i n g  sys tem,  
LFC s u c t i o n  system and d u c t s ,  rear mounted e n g i n e s ,  t i t a n i u m  outer s k i n s ,  etc. 
were i s o l a t e d  for use  i n  demonst ra t ing  t h e  c o s t  impact  of v a r i o u s  parameter  and 
d e s i g n  changes which w i l l  occur  throughout  t h e  program. 

Cost factors for the  LFC des igns  were developed i n  d e t a i l  down t o  a l e v e l  
s u f f i c i e n t  t o  permit comparison w i t h  a baseline t u r b u l e n t  a i rc raf t .  The LFC 
a c q u i s i t i o n  eost p e n a l t i e s  are summarized . i n  F igu re  101. 

An a c q u i s i t i o n  cost comparison is shown for the  t u r b u l e n t  (non-LFC) and 
LFC a i r c ra f t  i n  F i g u r e s  102 and 103. 

The LFC a i r c r a f t  a c q u i s i t i o n  c o s t  is $1,900,000 more than  an e q u i v a l e n t  
technology t u r b u l e n t  a i r c r a f t ,  F igure  104. Fuel  r equ i r emen t s  for t h e  LFC 
a i r c r a f t  are shown t o  be s i g n i f i c a n t l y  lower than  t h o s e  for t h e  t u r b u l e n t  
a i r c ra f t .  Fuel  requi rements  i n  t e n s  of  " s e a t  s t a tu t e  mile pe r  ga l lon"  a re  
shown i n  Reference 1 ,  F i g u r e  174 f o r  v a r i o u s  s t a g e  l e n g t h s  i n  terms of s t a t u t e  
miles. The inc remen ta l  fuel  c o s t s  based on  $1.50 p e r  g a l l o n  are c a l c u l a t e d  for  
two 3800 s t a tu t e  mile f l i g h t s  p e r  day. The c a l c u l a t i o n  shows t h a t  t h e  lower  
f u e l  costs f o r  LFC offset  t h e  higher inc remen ta l  costs of LFC i n  less than  s i x  
months. Fue l  costs are shown t o  be approximately $4,000,000 per yea r  lower f o r  
t h e  LFC a i r p l a n e .  

LFC SUCTION SYSTEM, ENGINES, DUCTS, CONTROLS 2 .03  

LEADING EDGE CLEANING SYSTEM 0.40 

SURFACE PANEL SLOTS, METERING HOLES, 
TITANIUM FACE SHEETS, MISCEUANEOUS 0.76 - 

WTAL 3.19 

Figure 101. LFC Acqu i s i t i on  Cost P e n a l t i e s  
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DOLLARS PER AIRCRAFr IN MILLIONS 

0 ACQUISITION COST PENALTY, LFC SYSTEM + 3.19 

0 ACQUISITION COST BENEFIT 

- SMALLER WING 

- REDUCED ENGINE S I Z E  

- NO LEADING EDGE DEVICES 

- LIGHTNING STRIKE 

- MI SCEUANEOUS 

0 TOTAL LFC PENALTY 

- 1.29 

+ 1.90 

Figure 102. LFC Acqufsition Cost Increment 

(1981 DOLLARS - MILLIOIIS) 

RDT&E 

RECURRING, 350 AIRCRAFT 

TOTAL 

AVERAGE PRICE FOR 350 

COST INCREASE PER AIRCRAFT 

TURBULENT LFC % CHANGE 

3,040 3,170 +4.3 

24,690 25,200 +2.1 

27,730 28,370 

79.2 81.1 +2.4 

1.9 

Figure 103. Acquisition Cost Comparison 
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TURBULENT LFC - 
$1,900,000 - COST INCREASE PER A/C 

SEAT MPG (REF. 1) 93 119 

FUEL, PER DAY 32,700 GAL. 25,300 GAL. 
(TWO 3800-MILE FLIGHTS) 

COST PER DAY Q $l.SO/G&* $49,000 $38,000 

COST PER YEAR (360 DAYS) $17,640,000 $13,680,000 

- INCREMENTAL FUEL COST PER YEAR $ 3,960,000 

Figure 104. Incremental Fuel Costs Projected for Turbulent 
versus LFC 
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14 .O CONCLUDING REHARKS 

An LFC long  range  t r a n s p o r t  was def ined  d u r i n g  Phase I (Ref. 1 )  o f  t h e  LFC 
Program. T h i s  t r a n s p o r t  is i l l u s t r a t e d  i n  F igu re  1. An i n t e g r a t e d  LFC wing 
s t r u c t u r a l  concept  was i d e n t i f i e d  and some components were tested f o r  t h e  wing 
for t h i s  t r a n s p o r t .  T h i s  wing was used a s  t h e  b a s e l i n e  wing f o r  c o n t i n u i n g  t h e  
development of t h e  LFC wing s u r f a c e .  S t r u c t u r a l  loads and s t i f f n e s s e s  were 
c a l c u l a t e d  for use  i n  p r e l i m i n a r y  des ign  of the  b a s e l i n e  wing. 

An in-depth p re l imina ry  des ign  of t h e  b a s e l i n e  LFC wing was accomplished.  
S t r u c t u r a l  members were located and sized. The LFC s u c t i o n  s u r f a c e s  and 
i n t e r n a l  d u c t i n g  were a l s o  l o c a t e d  and s i z e d .  Detail des ign  and v e r i f i c a t i o n  o f  
t h e  s u r f a c e  pane l  were accomplished. The a n c i l l a r y  t e s t  p l a n s ,  manufac tur ing  
p r o c e s s e s  and t e s t i n g  ,for a l l  t h e  material v e r i f i c a t i o n  and concept  s e l e c t i o n  
specimens'  were completed.  Detail  
d e s i g n  of t h e  c o n c e p t  v e r i f i c a t i o n  and  c o n c e p t  d e m o n s t r a t i o n  p a n e l  was 
completed.  P re l imina ry  p l a n s  were made for t e s t i n g  concept  v e r i f i c a t i o n  and 
demons t r a t ion  panels .  The f a b r i c a t i o n  and t e s t i n g  o f  t h e  concept  v e r i f i c a t i o n  
and t h e  demonst ra t ion  p a n e l s  w a s ' n o t  accomplished under  t h e  WSSD p r o j e c t .  These 
LFC development a c t i v i t i e s  were deferred u n t i l  some l a t e r  i n i t i a t i v e .  Cost o f  
t h e  b a s e l i n e  LFC a i r c r a f t  was es t imated  and compared t o  a non-LFC a i r c ra f t .  
Fue l  c o s t s  are .shown t o  be approximately $4,000,000 pe r  year  lower f o r  t h e  LFC 
a i r c r a f t .  The c a l c u l a t i o n  shows t h a t  t h e  lower f u e l  costs f o r  LFC of fse t  t h e  
h i g h e r  i nc remen ta l  costs of LFC i n  less than  s i x  months. The miss ion  f u e l  
weight  was 21.7 p e r c e n t  lower f o r  t h e  LFC a i r c r a f t .  The empty weight  f o r  t h e  
LFC a i r c r a f t  was on ly  0.6 pe rcen t  h igher .  Th i s  r e s u l t s  from t h e  e f f i c i e n c y  o f  
t h e  i t e g r a l - w i t h - s t r u c t u r e  s u c t i o n  system which imposes a p e n a l t y  o f  j u s t  0.71 
LBIFT . From these d a t a ,  it can be seen  t h a t  t h e  development a c t i v i t i e s  
expanded du r ing  t h e  c o n t r a c t  e f f o r t  cont inued t h e  d e s i g n ,  deve lopnen t ,  and tests 
of t h e  h i g h l y  e f f ic ien t  LFC wing box s t r u c t u r e .  

Materials were selected and v e r i f i e d  by. t es t .  

2 
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15 .O ADVANCED DEVELOPMENT REQUIREMENTS 

Major r equ i r emen t s  for t h e  development of LFC s t r u c t u r e  c e n t e r  around t h e  
u s e  of a d v a n c e d  c o m p o s i t e  m a t e r i a l s  and  c h a r a c t e r i s t i c s  p e c u l i a r  t o  t h e  
f a b r i c a t i o n  of LFC s u r f a c e s .  Inc luded  a r e  t h e  fo l lowing:  

1. 

2. 

3. 

( 1 )  I n  t h e  development of composite LFC wings,  a d d i t i o n a l  e f f o r t  is  
r e q u i r e d  i n  i n v e s t i g a t i n g  t h e  ma in  l a n d i n g  g e a r  s u p p o r t  a r e a ,  
chordwise j o i n t s ,  access pane l s ,  w ing / fuse l age  j o i n t s ,  and hybr id  LFC 
l e a d i n g  edge pane l s .  

(2) Continued development o f  surface s l o t t i n g  p rocedures  is  r e q u i r e d .  
,Advances i n  laser and water j e t  , t e c h n i q u e s  should  be moni tored  t o  
e v a l u a t e  p o t e n t i a l  improvement? l e a d i n g  t o  reduced s l o t  w i d t h s  and 
faster c u t i n g  r a t e s .  

I n  a d d i t i o n ,  a f ive -ax i s  d r i v e  system should  be developed for sawing 
s l o t s .  T h i s  s y s t e m  would t r a c k  t h e  s l o t  and  m a i n t a i n  e x a c t  
saw-to-skin d e p t h  c o n t r o l  reducing  saw exposure  t o  a minimum. Saw 
t o r q u e  would be moni tored  and c o n t r o l l e d  by a microprocessor t o  a l l o w  
s t o p p i n g  t h e  saw p r i o r  to  f a i l u r e .  After r e p l a c i n g  a worn or broken 
saw, t h e  computer s y s t e y  would r e t u r n  t h e  saw to  t h e  e x a c t  spot where 
it s topped ,  w i t h  minimum . d i s r u p t i o n  i n  t h e  s l o t  sawing process. 

(3  1 I n  advanced m a t e r i a l s  development, powdered aluminum sheet m a t e r i a l s  
should  be cons ide red  as a c a n d i d a t e  for  the  s l o t t e d  o u t e r  s u r f a c e .  
Powdered aluminum i s  c o r r o s i o n  r e s i s t a n t  and  no  a n o d i z i n g  or 
c o r r o s i o n  p r o t e c t i o n  would be r e q u i r e d .  Powdered t i t a n i u m  sheet 
m a t e r i a l  should  be eva lua ted  as  a c a n d i d a t e  for a porous o u t e r  s k i n .  
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