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SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The p r e d i c t e d  p i t c h i n g  moment c h a r a c t e r i s t i c s  of t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX-29A a i rc ra f t  are presen ted  

f o r  ang les  of a t t a c k  from 0 to  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20° and Mach numbers of 0 . 2 ,  0.6, 0.9,  1 . 2 ,  and 1.5 
f o r  a l t i t u d e s  of sea l e v e l ,  4572 m (15 ,000 f t ) ,  9144 m (30,000 f t ) ,  and 12,192 m 
(40 ,000  f t ) .  These data are for both r i g i d  and f l e x i b l e  a i rc ra f t  and for  t h e  f u l l  
range of con t ro l - su r face  p o s i t i o n s .  The c h a r a c t e r i s t i c s  were e x t r a c t e d  from a 
non l i nea r ,  symmetric, f l e x i b i l i z e d  wind tunne l  d a t a  base. 

INTRODUCTION 

The X-29A is a s i n g l e - s e a t  f i g h t e r - t y p e  research  a i rc ra f t  powered by a s i n g l e  
Genera l  Electric F404-GE-400 eng ine  and is designed to f l y  to  superson ic  speeds. 
The X-29A w a s  cons t ruc ted  w i th  p a r t s  from many e x i s t i n g  a i rc ra f t  i n  an e f f o r t  t o  
reduce cost. An F-SA forward f use lage ,  an F-16 main land ing  gear ,  and F-16 f l i g h t  
c o n t r o l  a c t u a t o r s  w e r e  i nco rpo ra ted  i n t o  t h e  X-29A aircraft.  

The X-29A a i rc ra f t  is a r a d i c a l  des ign  t h a t  i n c o r p o r a t e s  s e v e r a l  emerging and 
unproven techno log ies .  Thick composi te wing covers  on a t h i n  s u p e r c r i t i c a l  forward- 
swept wing wi th  aeroelastic t a i l o r i n g  are used t o  c o n t r o l  s t r u c t u r a l  d ivergence.  
The a i rc ra f t  is approx imate ly  35 p e r c e n t  s t a t i c a l l y  u n s t a b l e  l o n g i t u d i n a l l y  and i s  
c o n t r o l l a b l e  by a d i g i t a l  f ly-by-wire f l i g h t  c o n t r o l  system. 

The predicted p i t c h i n g  moment c h a r a c t e r i s t i c s  of t h e  X-29A a i r c r a f t  are pre- 
s e n t e d  for ang les  of a t t a c k  from 0 to  20° ,  and Mach numbers of 0 . 2  a t  sea l e v e l ,  
0.6 a t  4572 m (15 ,000  f t ) ,  0 .9  and 1.2 a t  9144 m (30,000 f t ) ,  and 1 . 5  a t  12,192 m 
(40 ,000  f t ) .  These d a t a  are f o r  both r i g i d  and f l e x i b l e  a i rc ra f t  over  t h e  f u l l  
range of con t ro l - su r face  p o s i t i o n s .  The c h a r a c t e r i s t i c s  w e r e  e x t r a c t e d  from a 
non l i nea r ,  symmetric, f l e x i b i l i z e d  wind tunne l  data base g iven i n  re fe rence  1 .  
The or ig ina l  wind tunne l  d a t a  may be found i n  r e f e r e n c e  2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A brief d e s c r i p t i o n  of t h e  a i r c r a f t  i s  presented  i n  t h e  appendix. An overview 
of  the X-29A f l i g h t  research  program is g iven i n  r e f e r e n c e  3 .  

Th is  report p r e s e n t s  t h e  f l e x i b l e  and r i g i d  p i t c h i n g  moment c h a r a c t e r i s t i c s  of 
t h e  X-29A a i rc ra f t  and is a summary update of re fe rence  4 .  I t  is an impor tan t  sou rce  
of i n fo rmat ion  due to  t h e  h i g h l y  s t a t i c a l l y  u n s t a b l e  c o n f i g u r a t i o n  of t h e  a i r c r a f t .  

NOMENCLATURE 

CL l i f t  c o e f f i c i e n t  

CM p i t c h i n g  moment c o e f f i c i e n t  

CM-DF F/R f l e x i b l e / r i g i d  r a t i o  of t he  p i t c h i n g  moment due to  wing f l a p  d e f l e c t i o n  

DC c a m  rd p o s i t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, t r a i  li ng-edge down, p o s i t i v e  , deg 



DF 

DS 

H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwing f l a p  p o s i t i o n ,  t ra i l i ng -edge  down, posit ive, deg 

s t r a k e  f lap p o s i t i o n ,  t ra i l i ng -edge  down, p o s i t i v e ,  deg 

p r e s s u r e  a l t i t u d e ,  m ( f t )  

DISCUSSION AND RESULTS 

The predicted p i t c h i n g  moment c h a r a c t e r i s t i c s  p resented  w e r e  c a l c u l a t e d  for  a 
center -o f -g rav i ty  p o s i t i o n  of f u s e l a g e  s t a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11.46 m (451 .O i n ) ,  w a t e r l i n e  1 .64 m 
( 6 4 . 6  i n ) .  The ang le  of a t t a c k  w a s  va r ied  from Oo t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20° i n  4' increments t o  a t t a i n  
t h e  d e s i r e d  v a r i a t i o n  i n  l i f t  c o e f f i c i e n t .  Lateral c o n t r o l  s u r f a c e  p o s i t i o n s  and 
s ides l ip  a n g l e  w e r e  zero. The data were c a l c u l a t e d  f o r  both f l e x i b l e  and r i g i d  
ai rcraf t  ( f igs .  1 to  1 0 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* 

Mach E f f e c t s  

A t  l o w e r  Mach numbers, the aircraf t  d i s p l a y s  a h igh  degree of s t a t i c  p i t c h  
i n s t a b i l i t y ,  nominal ly 35 percent .  A t  superson ic  speeds, the aerodynamic c e n t e r  
moves a f t  u n t i l  the aircraf t  becomes s t a t i c a l l y  stable near  Mach 1.5. T h i s  is 
because t h e  a i rc ra f t  c e n t e r  of p r e s s u r e  s h i f t s  wi th  i n c r e a s i n g  Mach, which r e s u l t s  
i n  i nc reased  s ta t i c  pitch s t a b i l i t y .  

Above Mach 1.3, the aerodynamic data base is l i n e a r l y  extrapolated from wind 
t u n n e l  data. 

F l e x i b i l i t y  E f f e c t s  

F l e x i b i l i t y  e f f e c t s  are known to  be a f u n c t i o n  of dynamic p r e s s u r e  and a n g l e  
of  a t t a c k .  Rig id  data presen ted  are re fe renced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto z e r o  dynamic p ressu re .  There 
appears  to be a reduc t i on  i n  l i f t  c o e f f i c i e n t  due to f l e x i b i l i t y  a t  l o w  a l t i t u d e s  
and Mach numbers, and an  i n c r e a s e  a t  h igher  a l t i t u d e s  and Mach numbers. There is a 
s l i g h t  overal l  i n c r e a s e  i n  p i t c h i n g  moment. From t h e  speci f ic  a l t i t u d e s  and Mach 
numbers, dynamic p r e s s u r e  e f f e c t s  can be i n f e r r e d .  There is a s l i g h t  o v e r a l l  
i n c r e a s e  ( d e s t a b i l i z i n g )  i n  p i t c h i n g  moment c o e f f i c i e n t  due t o  f l e x i b i l i t y .  These 
c h a r a c t e r i s t i c s  are shown by a s l i g h t  i n c r e a s e  i n  p i t c h i n g  moment, w i t h  a s m a l l  
reduc t i on  i n  l i f t .  

Canard Cont ro l  E f fec t i veness  

F igures  l ( a )  to  2 ( e )  show t h e  e f f e c t  of canard p o s i t i o n  w i t h  vary ing l i f t  
c o e f f i c i e n t  ( a n g l e  of a t tack )  on t h e  pred ic ted  f l e x i b l e  and r i g i d  l o n g i t u d i n a l  
s t a t i c  s t a b i l i t y .  

I n  f i g u r e  1 ( a ) ,  canard f l o w  s e p a r a t i o n  is  seen ,as a reduc t ion  i n  canard p i t c h i n g  
moment c o n t r i b u t i o n  a t  low a l t i t u d e  and a t  Mach 0.2. This  occurs when t h e  canard 
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local  ang le  of a t t a c k  (exc lud ing  upwash effects) is i n  excess  of 20' and 1 e s s . t h a n  
-30°. The n e t  effect is t h a t  t h e  a i r c r a f t  approaches n e u t r a l  s ta t i c  s t a b i l i t y  a t  
t h e s e  cond i t ions .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs shown i n  f i g u r e s  l ( b )  and l ( c ) ,  canard s e p a r a t i o n  occurs  a t  
reduced local ang les  of a t t a c k  as Mach number i n c r e a s e s  t o  0.6 and 0.9. This  e f f e c t  
i s  c h a r a c t e r i s t i c  of t h i n ,  s h a r p  leading-edge, l o w  aspect-ratio a i r f o i l s  (similar 
t o  an  F-104 wing). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALoss of l i f t  and canard c o n t r o l  e f f e c t i v e n e s s  is a t t r i b u t e d  to  
canard  f l o w  s e p a r a t i o n  occu r r i ng  a t  r e l a t i v e l y  l o w  local a n g l e s  of a t t a c k ,  which i n  
t u r n  causes  a n e t  i n c r e a s e  i n  s ta t i c  p i t c h  s t a b i l i t y .  

As shown i n  f i g u r e  2 ( c ) ,  f lex ib le  and r i g id  canard e f f e c t i v e n e s s  is c o n s t a n t  a t  
Mach 0.9 fo r  nega t i ve  canard d e f l e c t i o n s  beginning a t  -30' due t o  a c o n s t a n t  f l e x -  
i b l e  canard increment  b e l o w  Mach 1.05. This  r e s u l t s  i n  i d e n t i c a l  data f o r  t h e  -30' 
and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-6OO canard d e f l e c t i o n s .  Because of a l i n e a r  f l e x i b l e  canard increment  begin- 
n ing  a t  Mach 1.05, r i g i d  canard e f f e c t i v e n e s s  is c o n s t a n t  a t  Mach 1.2 f o r  nega t i ve  
canard d e f l e c t i o n s  beginning a t  -20' and p o s i t i v e  d e f l e c t i o n s  beginning a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10'. 
As shown i n  f i gu re  2 ( d ) ,  t h i s  r e s u l t s  i n  i d e n t i c a l  d a t a  for  t h e  -20°, -30°, and 
-60' canard d e f l e c t i o n s  and i d e n t i c a l  d a t a  f o r  the 10 and 30' canard d e f l e c t i o n s .  
Comparisons of f i g u r e s  1 and 2 show l i t t l e  f l e x i b i l i t y  e f f e c t  on canard con- 
t r o l  e f f e c t i v e n e s s  . 

F l a p  Con t ro l  E f fec t i veness  

F igures  3 ( a )  to  8(e)  show t h e  e f f e c t  of f l a p  p o s i t i o n  w i th  vary ing  l i f t  coef-  
f i c i e n t  (ang le  of a t tack) ,  a t  20°, O o ,  and -20' canard d e f l e c t i o n ,  on t h e  p r e d i c t e d  
f l e x i b l e  and r i g i d  l o n g i t u d i n a l  s ta t i c  s t a b i l i t y .  

F lap  c o n t r o l  e f f e c t i v e n e s s  is a func t i on  of f l a p  d e f l e c t i o n  and a n g l e  of attack.  
A s l i g h t  reduc t i on  i n  the l i f t  c o e f f i c i e n t  and p i t c h i n g  moment c o n t r i b u t i o n  w i th  
p o s i t i v e  f l a p  d e f l e c t i o n  is seen  a t  lower ang les  of attack. A t  h igher  ang les  of 
a t t a c k ,  there is a g r e a t e r  reduc t ion  i n  f l a p  c o n t r o l  e f f e c t i v e n e s s .  The p i t c h -  
i n g  moment producing c a p a b i l i t y  of t h e  f l ap  is approx imate ly  50 p e r c e n t  of t h e  
canard c a p a b i l i t y .  

V a r i a t i o n  i n  f l a p  p o s i t i o n  has an e f f e c t  on stat ic  p i t c h  s t a b i l i t y  a t  h i g h e r  
ang les  of attack. A n  apparen t  increase i n  upwash w i t h  p o s i t i v e  f l a p  de f l ec t i on  a t  
Mach 0.6 and 0.9 enhances canard f l o w  s e p a r a t i o n ,  thereby  i n c r e a s i n g  s t a t i c  s t a b i l -  
i t y .  
f l o w  separa t i on .  

A reduc t i on  i n  t h e  canard local ang le  of a t t a c k  d e l a y s  t h e  f lap- induced canard 

F l e x i b i l i t y  e f f e c t s  are known t o  be a func t i on  of dynamic pressure and f l a p  
d e f l e c t i o n .  Comparisons of t h e  r i g i d  and f l e x i b l e  c o e f f i c i e n t s  i l l u s t r a t e  t h e  
small e f f e c t  of f l e x i b i l i t y  on f l a p  e f f e c t i v e n e s s  a t  l o w  a l t i t u d e  and Mach number 
cond i t i ons  corresponding t o  l o w  dynamic p ressu re .  A t  h igher  Mach number c o n d i t i o n s  
( h i g h e r  corresponding dynamic p r e s s u r e s ) ,  f l e x i b i l i t y  e f f e c t s  become s t r o n g e r  excep t  
a t  h ighe r  f l a p  d e f l e c t i o n s  where the effects are no t  modeled. As shown i n  f i g u r e  1 1 ,  
t h i s  causes a reduc t ion  i n  f l a p  c o n t r o l  e f f e c t i v e n e s s .  

S t r a k e  Cont ro l  E f fec t i veness  

F igures  9 ( a )  t o  1 0 ( e )  show t h e  e f f e c t  of s t r a k e  p o s i t i o n  wi th  vary ing l i f t  coef-  
f i c i e n t  ( a n g l e  of a t t a c k )  on the pred ic ted  f l e x i b l e  and r i g i d  l o n g i t u d i n a l  s ta t i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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s t a b i l i t y .  The s t r a k e  p i t c h  c o n t r o l  e f f e c t i v e n e s s  i s  less than t h e  canard or t h e  
f l a p ,  b u t  i t  appears to  be very  n e a r l y  l i n e a r  to  20° a n g l e  of  a t t a c k  w i th  l i t t l e  
v a r i a t i o n  due to  f l e x i b i l i t y .  Va r ia t i on  i n  strake p o s i t i o n  seems to  have minimal 
e f f e c t  on stat ic p i t c h  s t a b i l i t y .  

CONCLUDING REMARKS 

A t  l o w  Mach numbers, t h e  a i r c r a f t  is approx imate ly  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA35 p e r c e n t  s t a t i c a l l y  
uns tab le .  The aircraf t  becomes s l i g h t l y  stable near  Mach 1.5. This  is because 
t h e  a i r c r a f t  c e n t e r  of p r e s s u r e  s h i f t s  a f t  w i t h  i n c r e a s i n g  Mach, which r e s u l t s  i n  
i nc reased  stat ic p i t c h  s t a b i l i t y .  

F l e x i b i l i t y  e f f e c t s  were inferred to  be a f unc t i on  of dynamic p r e s s u r e  and a n g l e  
of a t t a c k .  These characterist ics are shown by a s l i g h t  i n c r e a s e  i n  p i t c h i n g  moment, 
w i th  a s m a l l  reduc t i on  i n  l i f t .  Canard and s t r a k e  con t ro l - su r face  e f f e c t i v e n e s s  
does  n o t  appear  to  be s e n s i t i v e  to f l e x i b i l i t y ,  b u t  f l a p  e f f e c t i v e n e s s  i s  
reduced s l i g h t l y .  

The canard is t h e  m o s t  powerful  p i t c h  c o n t r o l  s u r f a c e  w i th  almost t w i c e  the 
p i t c h i n g  moment producing c a p a b i l i t y  of t he  f l a p .  The st rake zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis the least ef fec t i ve  
p i t ch  c o n t r o l  s u r f a c e  b u t  ma in ta ins  a n e a r l y  l i n e a r  c o n t r o l  e f f e c t i v e n e s s  beyond zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20° ang le  of  a t t a c k .  The f l a p  is t h e  most e f f e c t i v e  l i f t i n g  s u r f a c e ,  fo l lowed by 
t h e  canard and t h e  s t r a k e .  

The canard is s e n s i t i v e  to  changes i n  local ang le  of  a t t a c k  due to  t h e  t h i n  
s u r f a c e  and t h e  s h a r p  l ead ing  edge combined w i th  a l o w  a s p e c t  r a t i o .  Loss of 
l i f t  and canard c o n t r o l  e f f e c t i v e n e s s  i s  a t t r i b u t e d  to canard f low s e p a r a t i o n  
t h a t  occurs  a t  r e l a t i v e l y  l o w  local ang les  of  a t t a c k  caus ing  a n e t  i n c r e a s e  i n  
s ta t i c  p i t c h  s t a b i l i t y .  

S t a t i c  p i t c h  s t a b i l i t y  appears  to  be a func t i on  of f l a p  p o s i t i o n  a t  h igher  a n g l e s  
o f  attack. T h i s  may be due to  a f lap- induced canard s t a l l  or a canard- in f luenced 
w ing t i p  s t a l l .  Reducing t h e  canard local ang le  of  a t t a c k  tends  t o  d e l a y  t h e  change 
i n  p i t c h  s t a b i l i t y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Nat iona l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A m e s  Research Center 
Dryden l i g h t  e s e a r c h  F a c i l i t y  
Edwards, C a l i f o r n i a ,  October 22,  1986 

APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- AIRCRAFT DESCRIPTION 

The X-29A i s  a s i n g l e - s e a t  f i gh te r - t ype  ai rcraf t  ( f i g s .  1 2  and 1 3 )  w i t h  a c l o s e l y  
coupled canard immediately ahead of a t h l n  s u p e r c r i t i c a l  forward-swept wing. The 
wing lead ing  edge i s  f i x e d ,  w i t h  fu l l -span v a r i a b l e  camber t r a i l i nq -edge  f l ape rons  
( f i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 4 )  to  maximize t h e  l i f t / d r a g  ra t io  and to  prov ide la te ra l  c o n t r o l .  An a f t -  
body strake f l a p  prov ides  the  a i r c r a f t  w i t h  th ree-sur face  l o n g i t u d i n a l  c o n t r o l .  
Add i t iona l  phys i ca l  c h a r a c t e r i s t i c s  are presented  i n  table 1 .  
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 -AIRCRAFT GEOMETRY AND MASS CHARACTERISTICS 

T o t a l  he igh t .  m ( f t )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . . . . . .  
T o t a l  leng th .  m ( f t )  . . . . . . .  
wing 

Reference planform a rea .  m2 ( f t2)  
Reference span. m ( f t )  . . . . .  
Reference chord. m ( f t )  . . . . .  
R o o t  chord.  m ( f t )  . . . . . . .  
Aspect ra t io  . . . . . . . . . .  
Taper ra t io  . . . . . . . . . .  
A i r f o i l  . . . . . . . . . . . . .  
A i r f o i l  t h i ckness .  roo t .  pe rcen t  
A i r f o i l  t h i ckness .  t i p .  pe rcen t  
D ihedra l  ang le .  deg . . . . . .  
Twist. deg . . . . . . . . . . .  
R o o t  i nc idence  ang le .  deg . . . .  
Quarter-chord sweep angle.  deg . 
Leading-edge sweep ang le .  deg . 

v e r t i c a l  t a i  1 

A r e a .  m2 ( f t 2 )  . . . . . . . . .  
Span. m ( f t )  . . . . . . . . . .  
Chord. m ( f t )  . . . . . . . . .  
Root chord. m ( f t )  . . . . . . .  
Aspect r a t i o  . . . . . . . . . .  
Taper r a t i o  . . . . . . . . . .  
A i r f o i l  . . . . . . . . . . . .  
A i r f o i l  t h i ckness .  r o o t .  pe rcen t  
A i r f o i l  t h i ckness .  root. p e r c e n t  
Quarter-chord sweep ang le .  deg . 
Leading-edge sweep ang le .  deg . 
Planform a rea .  m 2  ( f t 2 )  . . . . .  
Span. m ( f t )  . . . . . . . . . .  
Chord. m ( f t )  . . . . . . . . .  
Root chord.  m ( f t )  . . . . . . .  
Aspect r a t i o  . . . . . . . . . .  
Taper r a t i o  . . . . . . . . . .  
A i r f o i l  . . . . . . . . . . . .  
A i r f o i l  t h i ckness .  r o o t .  pe rcen t  
A i r f o i l  t h i ckness .  t i p .  pe rcen t  
D ihedra l  ang le .  deg . . . . . .  
Quarter-chord sweep ang le .  deg . 
Leading-edge sweep ang le .  deg . 
Def lec t ion  range. deg . . . . .  

Canard 

. . . . . . . . . . . . . . . . . .  4.36 (14.29) 

. . . . . . . . . . . . . . . . . .  14.67 (48.1) 

. . . . . . . . . . . . . . . . .  17.187 (185.0) . . . . . . . . . . . . . . . . . .  8.29 (27.2) . . . . . . . . . . . . . . . . . .  2.2 (7.216) . . . . . . . . . . . . . . . . . .  2.96 (9.72) . . . . . . . . . . . . . . . . . . . . . .  4.0 . . . . . . . . . . . . . . . . . . . . . .  0.4 . . . . . . . . . . . .  GAC K-Mod2 s u p e r c r i t i c a l  . . . . . . . . . . . . . . . . . . . . . .  6.7 . . . . . . . . . . . . . . . . . . . . . .  4.9 . . . . . . . . . . . . . . . . . . . . . . .  0 . . . . . . . . . . . . . . . . . . . . . . .  7 . . . . . . . . . . . . . . . . . . . . . . . .  5 . . . . . . . . . . . . . . . . . . . . .  -33.73 
e . - 2  9.27 

. . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  

3.14 (33.75) . 1.68 (5.5) 
2.03 (6.67) 
2.36 (7.75) . . . .  2.64 . . .  0.306 
S y m m e  t r  i c a 1 . . . .  4.0 . . . .  4.0 . . .  41.05 . . .  47.00 

. . . . . . . . . . . . . . . . . .  11.28 (37.0) . . . . . . . . . . . . . . . . . .  4.15 (13.63) 

. . . . . . . . . . . . . . . . . .  1.66 (5.46) . . . . . . . . . . . . . . . . . .  2.32 (7.61) . . . . . . . . . . . . . . . . . . . . . .  1.47 
e 0.318 . . . . . . . . . . . . . . . . . .  Symmetrical 

. . . . . . . . . . . . . . . . . . . . . .  5.0 . . . . . . . . . . . . . . . . . . . . . .  3.5 . . . . . . . . . . . . . . . . . . . . . . .  0 
23.08 . . . . . . . . . . . . . . . . . . . . .  42.00 . . . . . . . . . . . . . . . . . .  + 3 0 t o - 6 0  
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . (Concluded) 
~~ ~~ 

Wing f l a p  
Hinge l i n e .  p e r c e n t  of wing r o o t  chord . . . . . . . . . . . . . . .  
Area. m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Half.span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . .  
Root s t a t i o n .  p e r c e n t  of wing hal f -span . . . . . . . . . . . . . .  
Root chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . .  
Hinge-l ine sweep ang le .  deg . . . . . . . . . . . . . . . . . . . .  
D e f l e c t i o n  range. deg . . . . . . . . . . . . . . . . . . . . . . .  
Half.span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . .  
Area. m 2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Root chord. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . .  
Hinge-l ine sweep ang le .  deg . . . . . . . . . . . . . . . . . . . .  

S t r a k e  f l a p  

Root s t a t i o n .  p e r c e n t  of s t r a k e  ha l f -span . . . . . . . . . . . . .  
D e f l e c t i o n  range . deg . . . . . . . . . . . . . . . . . . . . . . .  
Hinge l i n e .  p e r c e n t  of v e r t i c a l  s t a b i l i z e r  chord . . . . . . . . . .  
Span. m ( f t )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Rudder 

. . .  0.75 
2.85 (9.35) 

1.33 (14.32) . 0.28 
0.74 (2.43) . . . .  42.0 . -10 t o  +25 

0.64 (2.08) 

0.48 (5.21) . . . . .  0 
0.76 (2.50) . . . . .  0 . . . .  c30 

0.70 
2.03 (6.67) 

A r e a .  m 2 ( f t 2 )  . . . . . . . . . . . . . . .  
Root s t a t i o n .  percent of v e r t i c a l  s t a b i l i z e r  
Root chord. m ( f t )  . . . . . . . . . . . . .  
Hinge-l ine sweep ang le .  deg . . . . . . . .  
D e f l e c t i o n  range. deg . . . . . . . . . . .  
Empty weight. N (lb) . . . . . . . . . . . .  
Usefu l  load. N (lb) . . . . . . . . . . . .  
Fue l  load. N ( l b )  . . . . . . . . . . . . .  
Gross weight .  N ( lb)  . . . . . . . . . . . .  
Engine . . . . . . . . . . . . . . . . . . .  
Sea- leve l  s ta t i c  t h r u s t .  N ( l b )  . . . . . .  

Masses 

Powerplant 

e 0.68 (7.31) 
0.18 . . . . . . . . . . . .  0.71 (2.33) . . . . . . . . . . . . . . . .  e 2 7  . . . . . . . . . . . . . . . .  230 

. . . . . . . . . .  62. 195 (13. 948) . . . . . . . . . . .  17. 310 (3882) . . . . . . . . . . .  16. 329 (3662) . . . . . . . . . .  79. 505 (17. 830) 

S i n g l e  General Electr ic F404-GE-400 . . . . . . . . . .  71. 400 (16. 012) 
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FIGURES 

Figure Desc r ip t i on  

1 CM as a f unc t i on  of CL; f l e x i b l e ,  vary ing DC. 

( a )  Mach zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.2, H = sea l e v e l ,  D F  = 0, D S  = 0. 

( b )  Mach = 0.6, H = 4572 m (15,000 f t ) ,  D F  = 0, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADS = 0. 

( c )  Mach = 0.9, H = 9144 m (30,000 f t ) ,  DF = 0, DS = 0. 

( d )  Mach = 1.2, H = 9144 m (30,000 f t ) ,  DF = 0, DS = 0. 

( e )  Mach = 1.5, H = 12,192 m (40,000 f t ) ,  DF = 0, DS = 0. 

2 CM as a f unc t i on  of CL; r i g i d ,  vary ing  DC. 

( a )  Mach = 0.2, DF = 0, DS = 0. 

(b) Mach = 0.6, DF = 0, D S  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0. 

( c )  Mach = 0.9, DF = 0, DS = 0. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

, 4 

( d )  Mach = 1.2, D F  = 0, DS = Q. 

( e )  Mach = 1.5, DF = 0, D S  = 0. 

CM as a f unc t i on  of CL; f l e x i b l e ,  vary ing DF. 

( a )  Mach = 0.2, H = sea l e v e l ,  DC = 20, DS = 0. 

( b )  Mach = 0.6, H = 4572 m (15,000 f t ) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADC = 20, DS = 0. 

( c )  Mach = 0.9, H = 9144 m (30,000 f t ) ,  DC = 20, DS = 0. 

(d )  Mach = 1 .2 ,  H = 9144 m (30,000 f t ) ,  DC = 20, D S  = 0. 

( e )  I4ach = 1.5, H = 12,192 m (40,000 f t ) ,  DC = 20, DS = 0. 

CM as a func t i on  of CL; r i g i d ,  vary ing DF. 

( a )  Mach = 0.2, DC = 20, DS = 0. 

(b )  Mach = 0.6, DC = 20, DS = 0. 

( c )  Mach = 0.9, DC = 20, DS = 0. 

( d )  Mach = 1 . 2 ,  DC = 20, DS = 0. 

( e  1 Mach = 1.5, DC = 20, DS = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.  

a 



Figure 

5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

7 

8 

Descr ip t i on  

CM as a f u n c t i o n  of CL; f l e x i b l e ,  vary ing  DF. 

( a )  Mach = 0.2, H = sea level,  DC = 0, DS = 0. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(h) Mach = 0.6, H = 4572 m (15,000 f t ) ,  DC = 0, DS = 0. 

( c )  Mach = 0.9, H = 9144 m (30,000 f t ) ,  DC = 0, DS = 0. 

( d )  Mach = 1.2, H = 9144 m (30,000 f t ) ,  DC = 0, DS = 0. 

( e )  Mach = 1.5, H = 12,192 m (40,000 f t ) ,  DC = 0, DS = 0. 

CM as a f unc t i on  of CL; r i g i d ,  vary ing  DF. 

( a )  Mach = 0.2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADC = 0, DS = 0, 

(b )  Mach = 0.6, DC = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ,  DS = 0, 

( c )  Mach = 0.9, Dc = 0, DS = 0. 

( d )  Mach = 1.2, DC = 0, DS = 0. 

( e )  Mach = 1.5, DC = 0, D S  = 0. 

CM as a func t i on  of  CL; f l e x i b l e ,  vary ing  DF. 

( a )  Mach = 0.2, H = sea l e v e l ,  DC = -20, DS = 0. 

( b )  Mach = 0.6, H = 4572 m (15,000 f t ) ,  DC = -20, DS = 0. 

( c )  Mach = 0.9, H = 9144 m (30,000 f t ) ,  DC = -20, DS = 0. 

( d )  Mach = 1.2, H = 9144 m (30,000 f t ) ,  DC = -20, DS = 0. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( e )  Mach = 1.5, H = 12,192 m (40,000 f t ) ,  DC = -20, DS = 0. 

CM as a func t i on  of CL; r i g i d ,  vary ing  DF. 

( a )  Mach = 0.2 ,  DC = -20, DS = 0. 

(b )  l4ach = 0.6, DC = -20, DS = 0. 

(c)  Mach = 0.9, DC = -20, DS = 0. 

( d )  Mach = 1 . 2 ,  DC = -20, DS = 0. 

( e )  Mach = 1.5,  DC = -20, DS = 0.  
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14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure Descr ip t i on  

9 CM a s  a func t i on  of CL; f l e x i b l e ,  vary ing DS. 

( a )  Mach = 0.2, H = sea  l e v e l ,  DC = 0, DF = 0. 

( b )  Mach = 0.6, H = 4572 m (15 ,000  f t ) ,  DC = 0, DF = 0. 

( c )  Mach = 0.9, H = 9144 m (30,000 f t ) ,  DC = 0, DF = 0. 

( d )  Mach = 1.2, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH = 9144 m (30,000 f t ) ,  DC = 0, DF = 0. 

( e )  Mach = 1.5, H = 12,192 m (40,000 f t ) ,  DC = 0, D F  = 0. 

CM a s  a f unc t i on  of CL; r i g i d ,  vary ing  DS. 

( a )  Mach = 0.2, DC = 0, DF = 0. 

( b )  Mach = 0.6, DC = 0, DF = 0. 

( c )  Mach = 0.9, DC = 0, DF = 0. 

( d )  Mach = 1.2, DC = 0, D F  = 0. 

(e )  Mach = 1.5, DC = 0, DF = 0. 

Wing f l a p  p i t c h  control f l e x i b l e / r i g i d  r a t i o .  

X-29A a i r c r a f t .  

General  c o n f i g u r a t i o n  of X-29A a i r c r a f t .  

X-29A f u l l - span  f l a p  geometry. 
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Figure  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12. X-29A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 13. General configuration of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X-29A aircraft zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
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