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SYMBOLS 

s t e a d y  aerodynamic in f luence  c o e f f i c i e n t  matr ix  (eq. 3.5-41, 
r e f .  1) 

b semispan of a t h i n  body 

cP p r e s s u r e  c o e f f i c i e n t  

t C; Po matr ix  of i s o l a t e d  th i ckness  induced p r e s s u r e  c o e f f i c i e n t  

ma t r ix  of i n t e r f e r e n c e  c o e f f i c i e n t s  r e l e v a n t  t o  v o r t e x  
i n t e r f e r e n c e  

C chord 

-
C mean aerodynamic chord 

( D l  ma t r ix  of leading-edge pane l  f o r c e  p e r  u n i t  pane l  span 

FX'Fyr FZ components of aerodynamic f o r c e  along Body Axes 

{ f y ma t r ix  of aerodynamic f o r c e  components induced by th i ckness  
b u t  n o t  i n c l u d i n g  th i ckness  i n t e r f e r e n c e  f o r c e s  

ma t r ix  of i n t e r f e r e n c e  aerodynamic f o r c e  components induced 
by th i ckness  

Im,Iyy,Izz,Ixzcomponents o f  moment of i n e r t i a  about Body Axes 

P I 4  i d e n t i t y  m a t r i x  

M Mach number 

%J%,'Z r o l l i n g ,  p i t c h i n g ,  and yawing moments about Body Axes 

E A M t  4 m a t r i x  of Mach number v a r i a t i o n  f o r  c a l c u l a t i n g  t h e  e f f e c t  of 
i s o l a t e d  th i ckness  on body f o r c e s ;  

ra te  of r o l l  

= Pb nondimensionalized P 
2u , 

iii 



- -  

Pe1 s t r u c t u r a l  t r ans fo rma t ion  m a t r i x  - from nodal displacement 
components t o  aerodynamic c o n t r o l  p o i n t  r o t a t i o n s  
(eq. 4.2-101, r e f .  1) 

rate of p i t c h  

- nondimensionalized-
2u , 

dynamic p r e s s u r e  apparent  
(eqs .  2.3-75, r e f .  1) 

dynamic p r e s s u r e  apparent  
(eqs .  2.3-74, r e f .  1 )  

Q 

t o  Reference Axis System 

t o  t h e  F lu id  Axis System 

dynamic p r e s s u r e  d i s t r i b u t i o n  formed as [ 4 
C 

] b u t  does not  
i nc lude  t h e  coord ina te s  of t h e  s l e n d e r  body mean i n t e r 
f e rence  s u r f a c e  pane l s  

dynamic p r e s s u r e  d i s t r i b u t i o n  r e f e r r i n g  t o  t h e  aerodynamic 
c e n t r o i d s  of a l l  aerodynamic segments ( i . e . ,  s l e n d e r  body 
c e n t e r l i n e  segments, s l e n d e r  body mean i n t e r f e r e n c e  sur
f a c e  pane l s ,  and t h i n  body mean s u r f a c e  panels)  
(eq. 3.5-54, r e f .  1) 

R ra te  of yaw 

B - Rb , nondimensionalized R2u 

SW wing area 

[SDs 1 t r ans fo rma t ion  ma t r ix  - from a S t a b i l i t y  Axis System t o  a 
Body Axis System (eqs.  5.3-44, r e f .  1 )  

U X-component of t he  t r a n s l a t i o n a l  v e l o c i t y  of t h e  Body Axis 
System relat ive t o  t h e  I n e r t i a l  Axis System 

Reference Axis System ( f i g .  1 )  

Body Axis System ( f i g .  1 )  

m a t r i x  of t h e  coord ina te s  of t h e  aerodynamic c e n t r o i d s  of a l l  
aerodynamic segments ( i - e . ,  s l e n d e r  body c e n t e r l i n e  seg
ments, s l e n d e r  body mean i n t e r f e r e n c e  s u r f a c e  p a n e l s ,  and 
t h i n  body mean s u r f a c e )  

ma t r ix  of t he  coord ina te s  of t h e  aerodynamic c e n t r o i d s  of a l l  
aerodynamic segments excluding t h e  coord ina te s  of t h e  
s l e n d e r  body mean i n t e r f e r e n c e  s u r f a c e  panels  

ang le  of a t t a c k  

i v  



B 

Y 


6 

6a 

6 e  

Subsc r ip t s :  

B 

E 


E '  

I 


i 

s i d e s l i p  ang le  

f l i g h t  p a t h  angle  

e levon ang le  

a i l e r o n  ang le  

e l e v a t o r  ang le  (6 is s u b s t i t u t e d  i n  p l a c e  of 6, i n  t h e  
l o n g i t u d i n a l  s t a b i l i t y  computation) 

rudder a n g l e  

p i t c h  a t t i t u d e  

m a t r i x  of e las t ic  r o t a t i o n s  a t  c o n t r o l  p o i n t s  

ang le  of bank 

ma t r ix  of flow incidence due t o  a n g l e  of a t t a c k  

m a t r i x  of flow incidence due t o  s i d e s l i p  

ma t r ix  of flow incidence due t o  a i l e r o n  d e f l e c t i o n  

m a t r i x  of flow inc idence  due t o  e l e v a t o r  d e f l e c t i o n  

matrix of flow incidence due t o  rudder  d e f l e c t i o n  

ma t r ix  of flow incidence a r i s i n g  from camber shape 

ma t r ix  of flow incidence a r i s i n g  from a i r c r a f t  motion and 
c o n t r o l  s u r f a c e  d e f l e c t i o n s  

ma t r ix  of flow incidence due t o  r o l l  ra te  

ma t r ix  of flow incidence due t o  p i t c h  ra te  

ma t r ix  of flow incidence due t o  yaw rate 

q u a n t i t y  r e f e r r i n g  t o  Body Axis System 


q u a n t i t y  r e l e v a n t  t o  a f l e x i b l e  a i r c r a f t  


q u a n t i t y  a s s o c i a t e d  wi th  e l a s t i c  increment 


I t h  t h i n  body 


q u a n t i t y  a t  i t h  pane l  


V 



- 

- 

J K  q u a n t i t y  of Kth c e n t e r l i n e  segment of a s l e n d e r  body J 

R q u a n t i t y  r e l e v a n t  t o  a r i g i d  a i r c r a f t  

X,Y,Z  component of t h e  q u a n t i t y  i n  Reference Axis System 

1 q u a n t i t y  eva lua ted  i n  t h e  r e f e r e n c e  f l i g h t  cond i t ion  

m q u a n t i t y  r e f e r r e d  t o  f r e e  stream 

S u p e r s c r i p t s :  

A q u a n t i t y  r e l e v a n t  t o  aerodynamic f o r c e s  

[ I T  t r anspose  of m a t r i x  

l i f t  
cL l i f t  c o e f f i c i e n t ,  

3 1sw 

cD d rag  c o e f f i c i e n t ,  	-drag 

q1sw 
i t c h i n g  moment- -Cm pitching-moment c o e f f i c i e n t ,  �’ - o r 7  

’I13wb 
a c m  

-	 , v a r i a t i o n  of pitch-moment c o e f f i c i e n t  w i t h  ra te  of 

a(%) change of ang le  of a t t a c k  

a c m  
-	 , v a r i a t i o n  of pitch-moment c o e f f i c i e n t  w i th  p i t c h

a(%) rate 

cP l i f t i n g - p r e s s u r e  c o e f f i c i e n t  

v i  
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STATIC AND DYNAMIC STABILITY ANALYSIS OF 

THE SPACE SHUTTLE VEHICLE-ORBITER 

W e i  J. Chyu, Ralph K. Cavin,* and Lar ry  L. Er ickson  

A m e s  Research Center  

SUMMARY 

The l o n g i t u d i n a l  s t a t i c  and dynamic s t a b i l i t y  of a Space S h u t t l e  Vehicle-
O r b i t e r  (SSV O r b i t e r )  model i s  analyzed us ing  t h e  FLEXSTAB computer program. 
Nonlinear  e f f e c t s  are accounted f o r  by a p p l i c a t i o n  of a c o r r e c t i o n  technique  
i n  t h e  FLEXSTAB system; t h e  technique inco rpora t e s  exper imenta l  f o r c e  and 
p r e s s u r e  d a t a  i n t o  t h e  l i n e a r  aerodynamic theory .  A f l e x i b l e  O r b i t e r  model is  
t r e a t e d  i n  t h e  s t a t i c  s t a b i l i t y  a n a l y s i s  f o r  t h e  f l i g h t  cond i t ions  of  Mach 
number 0.9 f o r  r e c t i l i n e a r  f l i g h t  (1 g) and f o r  a pull-up maneuver ( 2 . 5  g) a t  
an a l t i t u d e  of 1 5 . 2 4  km. S t a t i c  s t a b i l i t y  parameters  and s t r u c t u r a l  deforma
t i o n s  of t h e  O r b i t e r  are c a l c u l a t e d  a t  t r i m  cond i t ions .  For t h e  dynamic sta
b i l i t y  a n a l y s i s ,  t h e  c h a r a c t e r i s t i c s  of damping i n  p i t c h  are i n v e s t i g a t e d  f o r  
a Mach number range  of  0 .3  t o  1 . 2 .  The c a l c u l a t e d  r e s u l t s  f o r  bo th  t h e  s t a t i c  
and dynamic s t a b i l i t i e s  are compared w i t h  t h e  a v a i l a b l e  exper imenta l  da t a .  
These comparisons show t h a t  i t  i s  necessary  t o  use t h e  c o r r e c t i o n  technique  
due t o  t h e  n o n l i n e a r i t y .  The c a l c u l a t e d  r e s u l t s  i n d i c a t e  t h a t  t h e  elevon 
e f f e c t i v e n e s s  and t h e  l o n g i t u d i n a l  s t a b i l i t y  are lower f o r  t h e  e l a s t i c  O r b i t e r  
model than  f o r  t h e  r i g i d  model. The g e f f e c t  on t h e  t r i m  s o l u t i o n s  i s  s i g n i f 
i c a n t  f o r  bo th  t h e  r i g i d  and f l e x i b l e  models. Calcu la ted  p i t c h  damping i s  i n  
good agreement w i t h  t h e  exper imenta l  r e s u l t s .  

INTRODUCTION 

A e r o e l a s t i c  e f f e c t s  w e r e  neg lec t ed  i n  most a i r c r a f t  s t a b i l i t y  ana lyses  
u n t i l  r e c e n t l y  when t h e  l a r g e  t r a n s o n i c  and supersonic  a i r c r a f t  posed d i f f i 
c u l t  s t a b i l i t y  problems. The apparent  s t a t i c  s t a b i l i t y  c h a r a c t e r i s t i c s  of 
t h e s e  a i r c r a f t  are d r a s t i c a l l y  a f f e c t e d  by t h e  e l a s t i c  deformations of t h e i r  
low-aspect r a t i o  t h i n  wings and s l e n d e r  fuse l ages .  F u r t h e r ,  t h e  dynamic sta
b i l i t y  i s  s i g n i f i c a n t l y  a f f e c t e d  by t h e  dynamics of  t h e  s t r u c t u r e  through 
unsteady aerodynamic coupl ing  between t h e  r i g i d  body and t h e  s t r u c t u r a l  
motions. For t h e s e  a i r c r a f t ,  a mathematical  model based fundamentally on t h e  
dynamics of a f l e x i b l e  body i s  requ i r ed  t o  p r e d i c t  s t a t i c  and dynamic s t a b i l 
i t y .  To  m e e t  t h i s  demand, a system of d i g i t a l  computer programs known as t h e  
FLEXSTAB system w a s  r e c e n t l y  developed (ref.  I). 

The d i s t i n c t i v e  f e a t u r e s  o f  t h e  FLEXSTAB system are i t s  a b i l i t y  t o  eval
u a t e  s t a t i c  and dynamic s t a b i l i t y ,  t r i m  state,  i n e r t i a l  and aerodynamic 
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loading,  and e las t ic  deformations of a i r c r a f t  c o n f i g u r a t i o n s  a t  subsonic  and 
supe r son ic  speeds.  The FLEXSTAB system w a s  used p rev ious ly  i n  t h e  a n a l y s i s  of 
such modern a i r c r a f t  c o n f i g u r a t i o n s  as t h e  Boeing 707 ( r e f .  2) and t h e  YF-12A 
( r e f .  3 ) .  Because t h e  FLEXSTAB system imposes a r e s t r i c t i o n  of small d i s 
turbances t o  a i r f l o w  by t h e  conf igu ra t ions ,  t h e  c o n f i g u r a t i o n  o f  t h e  Boeing 
707 a i r p l a n e ,  which f a l l s  w i t h i n  t h i s  r e s t r i c t i o n ,  r e s u l t s  i n  good agreement 
between t h e  theo ry  and t h e  experiments f o r  t h e  p r e s s u r e  d i s t r i b u t i o n  on t h e  
wing. However, a complex conf igu ra t ion  l i k e  t h a t  of t h e  YF-12A a i r c r a f t  
r e s u l t s  i n  s i g n i f i c a n t  d i s c r e p a n c i e s  between t h e  t h e o r e t i c a l  r e s u l t s ,  wind-
tunne l  d a t a ,  and f l i g h t - t e s t  d a t a ,  p a r t i c u l a r l y  i n  t h e  r eg ion  of t h e  forebody 
chine and t h e  outboard wing. The d i s c r e p a n c i e s  are a t t r i b u t e d  t o  t h e  v o r t e x  
flow i n  t h e  forebody ch ine ,  a flow t h a t  t h e  l i n e a r  aerodynamic theory w i t h i n  
t h e  FLEXSTAB cannot s imula t e .  

The purpose of t h i s  r e p o r t  i s  t o  d e s c r i b e  t h e  technique of applying t h e  
FLEXSTAB system t o  t h e  s t a t i c  and dynamic s t a b i l i t y  ana lyses  of a f l e x i b l e  
Space S h u t t l e  O r b i t e r  conf igu ra t ion .  The SSV O r b i t e r  c o n f i g u r a t i o n s  f e a t u r e  a 
bulky fuse l age  blended w i t h  a swept t h i c k  wing and forebody chine ( r e f .  4 ) .  
This  type of c o n f i g u r a t i o n ,  as t h a t  of t h e  YF-12AY i s  l i k e l y  t o  cause flow 
s e p a r a t i o n  on most of i t s  s u r f a c e  and v o r t e x  f lows emanating from t h e  l e a d i n g  
edge of t he  wing. The e x a c t  l i n e a r  theory a lone  cannot treat t h i s  kind of 
non l inea r  flow problem. The c o r r e c t i o n  approaches a v a i l a b l e  w i t h i n  FLEXSTAB 
are thus  used i n  t h e  s t a t i c  s t a b i l i t y  a n a l y s i s  by i n c o r p o r a t i n g  t h e  experi
mental  aerodynamic d a t a  i n t o  t h e  l i n e a r  aerodynamic theory.  The l i n e a r  aero
dynamic and s t r u c t u r a l  t h e o r i e s  are used w i t h  t h e  wind-tunnel r e s u l t s  f o r  t h e  
r i g i d  model t o  p r e d i c t  t h e  a e r o e l a s t i c  e f f e c t s  of t h e  a c t u a l  a i r f r a m e  config
u r a t i o n ,  and t h u s  t o  g i v e  improved p r e d i c t i o n s  of t h e  a c t u a l  a i r c r a f t  s t a b i l 
i t y  and e l a s t i c  deformation. For t h e  dynamic a n a l y s i s ,  t h e  c h a r a c t e r i s t i c s  of 
damping i n  p i t c h  are i n v e s t i g a t e d  us ing  t h e  l i n e a r  t heo ry  of FLEXSTAB. 

For t h e  s t a t i c  s t a b i l i t y  a n a l y s i s  t h e  fo l lowing  a n a l y t i c a l  methods i n  t h e  
FLEXSTAB are used: 

1. Linear  aerodynamic and s t r u c t u r a l  t h e o r i e s  - l i n e a r  theory 

2. Implementation of experimental  aerodynamic f o r c e s  and moments i n t o  
t h e  l i n e a r - t h e o r i e s  i n  (1) b u t  using program-computed p r e s s u r e s  - f o r c e  
c o r r e c t i o n  

3 .  Implementation o f  experimental  p r e s s u r e s  i n t o  t h e  l i n e a r - t h e o r i e s  i n  
(1) bu t  u s ing  program-computed f o r c e s  and moments (based on t h e  experimental  
p r e s s u r e s )  - p r e s s u r e  c o r r e c t i o n  

4 .  Implementation of experimental  aerodynamic f o r c e s ,  moments, and l i f t 
i n g  p res su res  i n t o  t h e  l i n e a r  t h e o r i e s  i n  (1) - f o r c e  and p r e s s u r e  c o r r e c t i o n  

The s i m p l e  approach i s  t o  use a l l  l i n e a r  theory as i n  Method 1. When 
t h i s  w a s  done i t  w a s  discovered t h a t  t h e  FLEXSTAB model d i d  no t  always g ive  
good r e s u l t s  f o r  t h e  p r e s s u r e  d i s t r i b u t i o n s  o r  f o r  t h e  f o r c e  and moment coef
f i c i e n t s ,  t h e  zero a lpha  c o e f f i c i e n t s  being p a r t i c u l a r l y  poor. I n  a d d i t i o n ,  
a t  t h e  r e l a t i v e l y  high ang le  of a t t a c k  a t  which t r i m  occur s ,  t h e  wind-tunnel 

2 



d a t a  e x h i b i t  a n o n l i n e a r  v a r i a t i o n  w i t h  angle  of a t t a c k .  A s  mentioned above 
t h i s  non l inea r  behavior  cannot be p r e d i c t e d  by t h e  l i n e a r  theory of FLEXSTAB. 
Consequently, Methods 2-4 w e r e  t r i e d  i n  an at tempt  t o  improve t h e  l i n e a r  
FLEXSTAB r e s u l t s .  

A s  shown i n  r e f e r e n c e  1 (vol .  I, pp. 5-21)  and also i n  t h e  appendix, t h e  
f l e x i b l e  a i r c r a f t  aerodynamic d e r i v a t i v e s  i n  t h e  l i n e a r  theory a n a l y s i s  are 
composed of t h e  sum of two q u a n t i t i e s  - t h e  r i g i d  a i r c r a f t  aerodynamic der iva
t i v e s  and an increment due t o  s t a t i c  a e r o e l a s t i c i t y .  I n  Methods 2-4, which 
u t i l i z e  non l inea r  wind-tunnel f o r c e  and p r e s s u r e s ,  t h i s  s e p a r a t i o n  i n t o  a 
r i g i d  component and an a e r o - e l a s t i c  increment i s  s t i l l  assumed t o  be v a l i d .  

Because of t h e  d i s c r e p a n c i e s  between t h e  non l inea r  experimental  d a t a  and 
t h e  l i n e a r  t h e o r e t i c a l  r e s u l t s  of Method l , , t h i s  method cannot be expected t o  
p r e d i c t  an a c c u r a t e  t r i m  s o l u t i o n  f o r  e i t h e r  t h e  r i g i d  o r  e l a s t i c  case. Since 
t h e  t r i m  s o l u t i o n  f o r  t h e  r i g i d  case depends only on t h e  i n t e g r a t e d  e f f e c t s  of 
t h e  p r e s s u r e s  ( i . e . ,  t h e  p r e s s u r e  d i s t r i b u t i o n  can be wrong s o  long as t h e  
f o r c e s  and moments are c o r r e c t ) ,  Method 2,  which r e p l a c e s  t h e  t h e o r e t i c a l l y  
computed f o r c e s  and moments w i t h  non l inea r  wind-tunnel v a l u e s ,  i s  a p p r o p r i a t e  
f o r  the t r i m  s o l u t i o n  of a r i g i d l y  modeled v e h i c l e .  Since the  a e r o e l a s t i c  
increments i n  t h e  f l e x i b l e  v e h i c l e  a n a l y s i s  depend e x p l i c i t l y  on t h e  p r e s s u r e  
d i s t r i b u t i o n ,  Method 2 would n o t  be a p p r q p r i a t e  f o r  t h e  f l e x i b l e  a i r c r a f t  
a n a l y s i s  un le s s  t h e  p r e s s u r e  d i s t r i b u t i o n  i s  c o r r e c t l y  p r e d i c t e d  by t h e  
method. The i n c o r r e c t  p r e s s u r e  d i s t r i b u t i o n  t h a t  r e s u l t s  from us ing  
Methods 1-2 t hus  w i l l  i n  g e n e r a l  produce i n c o r r e c t  a e r o e l a s t i c  increments ,  
even though c o r r e c t  wind-tunnel va lues  are used f o r  t h e  r i g i d  components of 
t h e  f o r c e  and moment c o e f f i c i e n t s .  Thus, Method 3 w a s  t r i e d  s o  t h a t  t h e  ca l 
c u l a t e d  a e r o e l a s t i c  increments would be based on t h e  measured p r e s s u r e s  of t h e  
r i g i d  wind-tunnel model r a t h e r  than on the  i n c o r r e c t  t h e o r e t i c a l  p r e s s u r e s  by 
Methods 1 - 2 .  

It w a s  expected t h a t  t h e  r i g i d  components of t h e  aerodynamic f o r c e  and 
moment c o e f f i c i e n t s  computed by FLEXSTAB from t h e s e  experimental  p r e s s u r e s  
would be i n  good agreement w i t h  t h e  wind-tunnel r e s u l t s .  Such w a s  n o t  t h e  
case ,  however, and t h e r e  i s  no s a t i s f a c t o r y  exp lana t ion  f o r  t h e  disagreement.  
Consequently, Method 4 w a s  used. I n  Method 4 ,  t h e  experimental  p r e s s u r e s  are  
used f o r  computing t h e  a e r o e l a s t i c  increments ,  and t h e  wind-tunnel f o r c e  and 
moment c o e f f i c i e n t s  w e r e  used ( i n  p l a c e  of t h e  r i g i d  component va lues  
FLEXSTAB computes from t h e  experimental  p r e s s u r e s )  f o r  computing t h e  r i g i d  
aerodynamic d e r i v a t i v e s  and t r i m  s o l u t i o n .  

It should be noted t h a t  t h e  e f f e c t  of t h e  p r e s s u r e  c o r r e c t i o n  i n  Method 3 
i s  t o  make c o r r e c t i o n s  t o  t h e  t h e o r e t i c a l  p r e s s u r e  t e r m s  which are p r e s e n t  i n  
both t h e  r i g i d  and e las t ic  components of t h e  t h e o r e t i c a l  aerodynamic f o r c e .  
As both t h e  f o r c e  and p r e s s u r e  are introduced i n  t h e  c o r r e c t i o n  (Method 4 ) ,  
t h e  e f f e c t  of p r e s s u r e  c o r r e c t i o n  i s  only on t h e  e l a s t i c  increment as i t s  
e f f e c t  on t h e  r i g i d  component i s  superseded by t h e  f o r c e  c o r r e c t i o n .  

The main con tex t  of t h i s  r e p o r t  p r e s e n t s  t h e  techniques of applying t h e  
FLEXSTAB t o  t h e  Space S h u t t l e  O r b i t e r  conf igu ra t ion .  The a n a l y t i c a l  desc r ip 
t i o n  of t h e  technique i s  summarized i n  t h e  appendix which i s  based on t h e  
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voluminous FLEXSTAB. program documents. The c o r r e c t i o n  method is  a l s o  der ived 
i n  t h e  appendix s i n c e  t h e r e  i s  a l a c k  of c l a r i t y  i n  t h e  documents on t h e  
c o r r e c t i o n  method. 

The computations f o r  t h e  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  s tudy are made f o r  
two f l i g h t  cond i t ions :  a ' r e c t i l i n e a r  f l i g h t  (1 g) and a pull-up maneuver 
(2.5 g ) ,  bo th  a t  Mach number 0.9 and an  a l t i t u d e  of 15.24 km. This  f l i g h t  
c o n d i t i o n  is s p e c i f i c a l l y  chosen f o r  t h e  s t a t i c  a n a l y s i s ,  because a t  t h i s  con
d i t i o n  t h e  g r e a t e s t  a e r o e l a s t i c  e f f e c t s  are observed w i t h i n  t h e  Mach numbers 
i n v e s t i g a t e d .  I n  t h e  dynamic s t a b i l i t y  a n a l y s i s ,  a r i g i d  O r b i t e r  i s  t r e a t e d  
us ing  l i n e a r  aerodynamic theory ( r e f .  1). The c h a r a c t e r i s t i c s  of damping i n  
p i t c h ,  as given by t h e  parameters are i n v e s t i g a t e d  f o r  a Mach

and c% 
number range of 0 . 3  t o  1.2.  Throughout t h i s  r e p o r t ,  t h e  a n a l y t i c a l  r e s u l t s  
are compared wi th  a v a i l a b l e  experimental  d a t a .  

METHOD OF ANALYSIS 

Geometry D e f i n i t i o n  of t h e  O r b i t e r  

The O r b i t e r  c o n f i g u r a t i o n  ( r e f .  4 )  is  desc r ibed  by us ing  t h r e e  types of 
component bodies  i n  t h e  Geometry D e f i n i t i o n  Program of t h e  FLEXSTAB: (1) a 
s l e n d e r  body, (2)  a t h i n  body, and (3)  an i n t e r f e r e n c e  body ( f i g .  1 ) .  The 
O r b i t e r  f u s e l a g e  i s  r ep resen ted  by a s l e n d e r  body of r e v o l u t i o n  whose cross-
s e c t i o n a l  areas are t h e  same as those o f  t h e  f u s e l a g e .  The l i n e  s i n g u l a r i t i e s  
r e p r e s e n t i n g  t h e  f u s e l a g e  are extended downstream from t h e  p h y s i c a l  fu se l age  
(o rde r  of 100 f u s e l a g e  l e n g t h s ) .  This procedure w a s  adopted t o  more accu
r a t e l y  r e p r e s e n t  t h e  a c t u a l  f low f i e l d  a f t  of t h e  blunt-base fuse l age  ( r e f .  1, 
pp. 3-101, vo l .  I V Y  and/or  vo l .  1 1 ) .  The camber l i n e  f o r  t h e  s l e n d e r  body i s  
t h e  locus  of t h e  area c e n t r o i d s  of fuse l age .  The wing i s  rep resen ted  by a 
t h i n  body which i s  e s s e n t i a l l y  t h e  p r o j e c t i o n  of t h e  wing planform onto a mean 
p lane .  This p r o j e c t e d  wing p l ane  i s  subdivided i n t o  pane l s  with which 
JXEXSTAB a s s o c i a t e s  a p p r o p r i a t e  aerodynamic s i n g u l a r i t i e s  and c o n t r o l  p o i n t s  
( f i g .  1 ) .  The 3.5" d i h e d r a l  of t h e  wing w a s  neg lec t ed  i n  o r d e r  t o  ensu re  coni
p a t i b i l i t y  w i t h  s t r u c t u r a l  da t a .  Wing camber and th i ckness  e f f e c t s  are 
desc r ibed  by t h e  wing a i r f o i l s  ( f i g .  2) a t  v a r i o u s  spanwise s t a t i o n s .  The 
b l u n t  a i r f o i l  t r a i l i n g  edge of t h e  O r b i t e r  has  been r ep laced  wi th  a sha rp  
t r a i l i n g  edge i n  keeping wi th  a FLEXSTAB requirement.  The O r b i t e r  v e r t i c a l  
t a i l  i s  excluded i n  t h e  geometry d e s c r i p t i o n .  S t u d i e s  of t h e  r i g i d  case  i n d i 
cate t h a t  t h e  omission of t h e  t a i l  and t h e  wind d i h e d r a l  ang le  i n  t h e  geometry 
d e f i n i t i o n  has l i t t l e  e f f e c t  on t h e  r e s u l t s  of t h e  l o n g i t u d i n a l  s t a b i l i t y  
a n a l y s i s .  I n t e r f e r e n c e  e f f e c t s  due t o  wing-induced downwash on the  fuse l age  
are approximately accounted f o r  by i n t r o d u c i n g  an i n t e r f e r e n c e  body of polyg
o n a l  c r o s s  s e c t i o n  ( f i g .  1 ) .  The v o r t e x  s i n g u l a r i t i e s  a s s o c i a t e d  wi th  t h e  
pane l s  on t h e  i n t e r f e r e n c e  s h e l l  are used t o  account f o r  t h e  normal component 
of f low induced by t h e  wing. I n  d e f i n i n g  t h e  O r b i t e r  geometry t h e  body f l a p  
w a s  no t  i nco rpora t ed  i n t o  t h e  p re sen t  a n a l y s i s  because t h e  f l a p  would i n t e r 
sect t h e  i n t e r f e r e n c e  body i n  a manner which cannot b e  accommodated by t h e  
e x i s t i n g  FLEXSTAB. 
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A r a t h e r  lengthy sequence of computer runs w a s  conducted f o r  t h e  r i g i d  
v e h i c l e  i n  an  e f f o r t  t o  determine what combinations of geometric parameters  
r e s u l t  i n  aerodynamic s t a b i l i t y  d a t a  t h a t  more c l o s e l y  c o r r e l a t e  w i th  a v a i l 
a b l e  wind-tunnel da t a .  The e f f o r t  i nvo lves  changing shape and l o c a t i o n s  of 
t h e  i n t e r f e r e n c e  body, and modifying the  panel ing scheme and s i n g u l a r i t y  d i s 
t r i b u t i o n  t o  o b t a i n  an improved estimate f o r  l i f t  and moment-curve s lopes .  It 
r e s u l t s  i n  t h e  O r b i t e r  geometry shown i n  f i g u r e  1, which c o n s i s t s  of 50 con
t r o l  p o i n t s  e q u a l l y  spaced along t h e  fuse l age ,  98 f in i t e - e l emen t  pane l s  on t h e  
wing, and 1 2 0  pane l s  on t h e  i n t e r f e r e n c e  body. Computations w i t h  a l a r g e r  
number of f in i t e - e l emen t  pane l s  and more densely d e f i n e d - a i r f o i l  than t h a t  
shown i n  f i g u r e s  1 and 2 w e r e  a l s o  t r i e d  bu t  they y i e l d e d  no f u r t h e r  conver
gence i n  t h e  numerical  r e s u l t s .  

The S t r u c t u r a l  Model 

The Ex te rna l  S t r u c t u r a l  I n f l u e n c e  C o e f f i c i e n t  (ESIC) program w a s  used t o  
couple FLEXSTAB t o  e x t e r n a l l y  generated s t r u c t u r a l  and i n e r t i a  r e p r e s e n t a t i o n s  
f o r  t h e  O r b i t e r .  The s t r u c t u r a l  model w a s  provided by t h e  S t r u c t u r e s  Group of 
Rockwell I n t e r n a t i o n a l  Space Divis ion.  The model w a s  a r educ t ion  of a l a r g e  
f in i t e - e l emen t  model of t h e  O r b i t e r  e x i s t i n g  i n  Rockwell's computer program, 
ASKA. An i n t e r f a c e  w a s  c r e a t e d  between t h e  ou tpu t  d a t a  t ape  obtained from 
ASKA and subprogram ESIC of t h e  FLEXSTAB system. '  

The model provided by Rockwell I n t e r n a t i o n a l  has  a very dense nodal 
r e p r e s e n t a t i o n  f o r  t h e  wing; i t  con ta ins  200 nodes, e a c h - o f  which possesses  
t h e  Z degree of freedom ( f i g .  3 ) .  I n  t h e  leading-edge area of t h e  wing, where 
no s t r u c t u r a l  nodes are a v a i l a b l e ,  t h e  FLEXSTAB i n t e r p o l a t e s  t h e  s t r u c t u r a l  
p r o p e r t i e s  of nearby nodes t o  the  aerodynamic c e n t r o i d  of t h e  proper  aero
dynamic model. 

The r e p r e s e n t a t i o n  of t h e  f u s e l a g e  s t r u c t u r e  invo lves  d i f f i c u l t i e s  i n  
r e p r e s e n t i n g ,  by a s i n g l e  l i n e  of nodes l o c a t e d  along t h e  c e n t e r l i n e  of t h e  
f u s e l a g e ,  t h e  s t r u c t u r a l  asymmetry induced i n  t h e  fuse l age  by t h e  upper "clam 
s h e l l "  cargo doors.  The f u s e l a g e  s t r u c t u r a l  model provided by Rockwell I n t e r 
n a t i o n a l  con ta ins  n i n e  s t r u c t u r a l  nodes each posses s ing  X and Z degrees of 
freedom. The necessary s t r u c t u r a l  d a t a  f o r  t h e  r i g i d  O r b i t e r  computation are 
shown i n  f i g u r e  1, and are i n p u t  d i r e c t l y  t o  t h e  FLEXSTAB program. 

Aerodynamic Representat ion 

Sta t ic  stabiZity analysis- One of t h e  major concerns du r ing  the  course of 
t h i s  s tudy w a s  t o  select  an aerodynamic r e p r e s e n t a t i o n  which, t o g e t h e r  w i t h  an 
a p p r o p r i a t e  O r b i t e r  geometry d e f i n i t i o n ,  accounts f o r  non l inea r  flow e f f e c t s  
on t h e  aerodynamic s t a b i l i t y .  It i s  ev iden t  t h a t  t h e  n o n l i n e a r  flow phenom
ena, such as t h e  flow s e p a r a t i o n  on most of t h e  O r b i t e r  s u r f a c e  and t h e  v o r t e x  
flows on t h e  swept wing, cannot be desc r ibed  mathematically by t h e  l i n e a r  
aerodynamic theory w i t h i n  t h e  FLEXSTAB. However, t h e  l i n e a r  theory s o l u t i o n s  

'The i n t e r f a c e  w a s  prepared by A. R. C u r t i s ,  Lockheed-California Company. 
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are of va lue  i n  p rov id ing  gene ra l  aerodynamic t r e n d s ;  t hey  a l s o  provide 
t h e o r e t i c a l  r e f e r e n c e  t o  which a c o r r e c t i o n  on t h e  d e f i c i e n c y  of t h e  theory 
can be made. A sequence o f  computations w a s  conducted applying t h e  fol lowing 
methods of aerodynamic r e p r e s e n t a t i o n :  

1. Linear  aerodynamic and s t r u c t u r a l  t h e o r i e s  - l i n e a r  theory 

2. Implementation of experimental  aerodynamic f o r c e s  and moments i n t o  
t h e  l i n e a r  theory s o l u t i o n  of (1) b u t  u s ing  program computed p r e s s u r e s  -
f o r c e  c o r r e c t i o n  

3 .  Implementation of experimental  l i f t i n g  p r e s s u r e s  i n t o  t h e  l i n e a r -
t h e o r i e s  s o l u t i o n  of (1) b u t  u s ing  program-computed f o r c e s  and moments (based 
on t h e  experimental  p r e s s u r e s )  - p r e s s u r e  c o r r e c t i o n  

4.  Implementation of experimental  aerodynamic f o r c e s ,  moments and l i f t 
i n g  p res su res  i n t o  t h e  l i n e a r  theory s o l u t i o n  of (1) - f o r c e  and p r e s s u r e  
c o r r e c t i o n  

The a n a l y t i c a l  d e t a i l s  of t h e  above methods are desc r ibed  i n  t h e  appendix 
of t h i s  r e p o r t ;  t h u s  only t h e  summary of t h e  c o r r e c t i o n  techniques and t h e  
computational procedures are descr ibed i n  t h i s  s e c t i o n .  The experimental  
f o r c e s  and moments (CL, CD, Cm) d a t a  are p u t  i n t o  t a b u l a r  forms as a f u n c t i o n  
of ang le  of a t t a c k  and elevon d e f l e c t i o n ,  as shown i n  f i g u r e  4 ,  and are pro
vided as i n p u t s  t o  t h e  FLEXSTAB. The experimental  l i f t i n g  p res su res  are 
implemented i n t o  t h e  FLEXSTAB by r e p r e s e n t i n g  t h e  p r e s s u r e s  on both t h e  wing 
and f u s e l a g e  by a l i n e a r  f u n c t i o n  of t he  ang le  of a t t a c k ;  t h a t  i s ,  

where the  s u b s c r i p t  i denotes  the  i t h  body s t a t i o n ,  and s u p e r s c r i p t  WT 
denotes wind-tunnel d a t a .  The c o e f f i c i e n t s  ACWT and ACpWT are  chosen s o  

P i o  i a 
t h a t  t h e  non l inea r  experimental  d a t a  f o r  0" < c1 < 14.5' are approximated by 
t h e  a n a l y t i c a l l y  f i t t e d  expres s ion  (1) i n  the  range of s e l e c t e d  parameters; 
namely, 01 i n  t h e  p r e s e n t  cons ide ra t ion .  The choice of t h i s  range of a i s  
j u s t i f i e d  i f  t he  c a l c u l a t e d  t r i m  ang le s  f a l l  w i t h i n  t h e  range. The opt imal  
l i n e a r  approximations,  as those  shown i n . f i g u r e  5, are app l i ed  t o  50 fuse l age  
s t a t i o n s  and t o  98 wing s t a t i o n s .  

I n  t h e  approach f o r  implementing t h e  experimental  d a t a  i n t o  t h e  l i n e a r  
theory,  t h e  s e p a r a t i o n  of the aerodynamic d e r i v a t i v e s  i n t o  a r i g i d  component 
and i n t o  an a e r o e l a s t i c  increment,  as i n  t h e  l i n e a r  theory a n a l y s i s ,  i s  s t i l l  
assumed t o  be v a l i d ;  t h a t  i s ,  
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where X r e p r e s e n t s  a, 6,, o r  Q 

AFZBAp:: 

i n  t h e  case of 

E '  

l o n g i t u d i n a l  a n a l y s i s .  The 
e f f e c t  of t h e  experimental-aerodynamic f o r c e  and moment implementation ( i n  
Method 2 o r  4 )  is on t h e  terms [FmA,F z B ~ ,M ~ B ~ ]on ly ,  ~which are in t e rpo 

l a t e d  from t h e  t a b u l a t e d  i n p u t  d a t a .  The o b j e c t i v e  of t h e  f o r c e  implementa
t i o n  i n  Methods 2 and 4 i s  t o  f o r c e  t h e  t r i m  s o l u t i o n s  t o  be a c c u r a t e l y  corre
l a t e d  wi th  t h e  wind-tunnel d a t a .  Since t h e  t r i m  s o l u t i o n  f o r  t h e  r i g i d  case 
depends only on t h e  i n t e g r a t e d  e f f e c t s  of t he  p r e s s u r e s ,  t h e  f o r c e  c o r r e c t i o n  
al lows t h e  experimental  f o r c e  d a t a  t o  r e p r e s e n t  g l o b a l  e f f e c t s  of t h e  non
l i n e a r  flow on the  r i g i d l y  modeled a i r c r a f t  ( i . e . ,  t h e  r i g i d  t e r m  i n  eq. ( 2 ) ) .  

The e f f e c t  of t h e  p r e s s u r e  implementation i n  Method 3 i s  t o  make correc
t i o n s  t o  bo th  t h e  t h e o r e t i c a l l y  c a l c u l a t e d  r i g i d  and e l a s t i c  t e r m s  i n  t h e  
r i g h t  s i d e  of equa t ion  (2 )  t o  account f o r  t h e  l o c a l  non l inea r  flow e f f e c t s .  

I f  t h e  experimental  f o r c e  and p r e s s u r e  implementations are app l i ed  t o  t h e  
FLEXSTAB (Method 4 )  simultaneously,  t h e  e f f e c t  of t h e  p r e s s u r e  i s  on t h e  
e las t ic  increment t e r m  only wh i l e  t h e  e f f e c t  of t h e  p r e s s u r e  on t h e  r i g i d  t e r m  
i s  superseded by t h e  f o r c e  d a t a  t h a t  are allowed t o  r e p r e s e n t  completely t h e  
g l o b a l  e f f e c t s  o r  t h e  r i g i d  t e r m  i n  equat ion ( 2 ) .  The t r i m  s o l u t i o n s  and t h e  
c a l c u l a t e d  p r e s s u r e  d i s t r i b u t i o n  on a f l e x i b l e  a i r c r a f t  t hus  have t h e  combined 
e f f e c t s  from the f o r c e  and p r e s s u r e  d a t a  measured on t h e  r i g i d  wind-tunnel 
model and t h e  r e s u l t s  of t he  t h e o r e t i c a l l y  c a l c u l a t e d  e l a s t i c  increment.  The 
o b j e c t i v e  of t h i s  scheme i s  t o  f o r c e  t h e  t r i m  s o l u t i o n s  t o  be a c c u r a t e l y  cor
r e l a t e d  wi th  t h e  wind-tunnel d a t a ,  and allow t h e  experimental  f o r c e s  and pres
s u r e s  t o  r e p r e s e n t  bo th  t h e  g l o b a l . a n d  t h e  l o c a l  e f f e c t s  of t h e  non l inea r  flow 
whi l e  t h e  e l a s t i c  e f f e c t s  are c a l c u l a t e d  t h e o r e t i c a l l y .  Since t h e  l i n e a r  
theory a lone  cannot t reat  t h e  non l inea r  flow phenomena which are i n h e r e n t  w i t h  
the Orbi ' ter  c o n f i g u r a t i o n ,  an e f f o r t  w a s  focused on seek ing  a c o r r e c t i o n  
approach i n  which t h e  l i n e a r  theory s o l u t i o n s  are implemented wi th  experimen
t a l  d a t a .  Methods 2 and 3 are  i n v e s t i g a t e d  be fo re  Method 4 i n  o rde r  t o  f i n d  
an approach by which t h e  l i n e a r  theory i s  i n t e g r a t e d  w i t h  less experimental  
d a t a  than is  Method 4 and y e t  one capable  of p r e d i c t i n g  t h e  remaining experi
mental  d a t a  c o r r e c t l y .  Although Methods 2 and 3 are shown t o  be i n a p p l i c a b l e  
t o  t h e  O r b i t e r ,  i t  should be noted t h a t  t h e i r  techniques (appendix) are v a l i d  
and may be app l i ed  t o  o t h e r  a i r c r a f t  con f igu ra t ions .  The a p p l i c a t i o n  of t h e  
above c o r r e c t i o n  techniques t o  a r e a l i s t i c  a i r c r a f t  has  never been r epor t ed .  
This  i s  probably due t o  t h e  l a c k  of experimental  d a t a  and a t  least  p a r t i a l l y ,  
t o  t h e  n a t u r e  of t h e  technique,  which r e q u i r e s  a time-consuming e f f o r t  t o  pre
p a r e  t h e  r e q u i r e d  c o r r e c t i o n  d a t a  t o  make t h e  d a t a  compatible w i t h  t h e  
FLEXSTAB system. This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of computations based on 
t h e  l i n e a r  theory and/or  t h e  l i n e a r  theory implemented w i t h  experimental  da t a .  
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Lhjnamic s t a b i l i t y  analysis- The l i n e a r  aerodynamic theory  i n  FLEXSTAB 
( r e f .  1 )  i s  used t o  compute t h e  p i t c h  parameters ,  C+ and Cd f o r  a r i g i d  
O r b i t e r  i n  t h e  Mach number range of 0.3 t o  1 .2 .  

RESULTS AND DISCUSSION 

S t a t i c  S t a b i l i t y  and Elas t ic  Deformation 

Four a n a l y t i c a l  methods w e r e  used t o  determine which method g ives  s t a t i c  
s t a b i l i t y  and t h e  l i f t i n g  p res su res  comparable w i t h  exper imenta l  d a t a ,  and 
thus  t h e  one t h a t  can be  used t o  estimate c o r r e c t l y  t h e  a e r o e l a s t i c i t y  e f f e c t  
and t h e  a i r c r a f t  deformation.  The r e s u l t s  of  computations based on t h e  f o l 
lowing methods are p resen ted .  A l l  of t h e  r e s u l t s  are f o r  t h e  O r b i t e r  config
u r a t i o n  dep ic t ed  i n  f i g u r e s  1 and 2. The computation f o r  t h e  r i g i d  O r b i t e r  
model is  compared w i t h  t h e  wind-tunnel d a t a  f o r  Mach number 0.9 a t  a = 10" 
and 6 = 0 " .  

Linear theory method- The c a l c u l a t e d  l i f t i n g  p r e s s u r e s  are shown i n  
f i g u r e  6 .  On t h e  fuse l age  s u r f a c e s  a t  x = 1 3  t o  25 m where p o t e n t i a l - l i k e  
f low e x i s t s  due t o  t h e  s t r a i g h t  contour  of t h e  f u s e l a g e ,  t h e  c a l c u l a t e d  pres
s u r e  i s  i n  good agreement wi th  t h e  experiment.  On t h e  nose and t a i l  r eg ions  
of t h e  fuse l age ,  d i sc repanc ie s  of p r e s s u r e s  are noted  between t h e  c a l c u l a t e d  
and t h e  exper imenta l  r e s u l t s ,  bu t  t h e  q u a l i t a t i v e  t r end  of t h e  c a l c u l a t e d  
p r e s s u r e  d i s t r i b u t i o n  i s  similar t o  t h a t  measured on t h e  wind-tunnel model. 
This  i n d i c a t e s  t h a t  t h e  p r e s s u r e  d i sc repanc ie s  are s t r o n g l y  a s soc ia t ed  w i t h  
t h e  non l inea r  f low occur r ing  on the  nose and t a i l  r eg ions  of  t h e  fuse l age .  
The l i f t i n g  p res su res  on t h e  wing a t  v a r i o u s  spanwise s t a t i o n s  are shown i n  
f i g u r e s  7(a) - (g) .  It  i s  noted t h a t  t h e  agreement between t h e  c a l c u l a t e d  pres 
s u r e  and t h e  measurements i s  f a i r l y  good i n  t h e  midchord r eg ion  of t h e  
inboard  wing s e c t i o n .  The agreement, however, i s  poor i n  t h e  reg ion  nea r  t h e  
l e a d i n g  and t h e  t r a i l i n g  edges and a l s o  on t h e  outboard wing s e c t i o n .  These 
d i sc repanc ie s  are a t t r i b u t a b l e  t o  v o r t e x  f low on t h e  leading-edge r eg ion  and 
on t h e  outboard s e c t i o n  of t h e  wing, and t o  f low s e p a r a t i o n  nea r  t h e  t r a i l i n g -
edge reg ion .  

The zero aerodynamic c o e f f i c i e n t s  c a l c u l a t e d  by us ing  l i n e a r  theory  are 
shown i n  t a b l e  1. The c a l c u l a t e d  CL, and Cm, are comparable t o  t h e  experi
mental  r e s u l t s  w i t h i n  an o r d e r  of magnitude, whereas t h e  c a l c u l a t e d  

cDOshows a s m a l l  d rag  r e l a t ive  t o  the  experimental  r e s u l t .  The c a l c u l a t e d  s t a t i c  
s t a b i l i t y  c o e f f i c i e n t s  are shown i n  t a b l e  2. The comparison of  t h e  r e s u l t s  of 
t h e  l i n e a r  theory  (Method 1 )  w i th  t h a t  of  Methods 2 o r  4 (which are essen
t i a l l y  i n t e r p o l a t e d  from t h e  wind-tunnel da t a )  shows t h a t  t h e  agreement 
between the  r e s u l t s  from t h e  l i n e a r  theory  and experiments i s  gene ra l ly  good, 
w i t h i n  an  o rde r  of magnitude. The agreements i n  and C are 

"0e x c e l l e n t .  

Force correction method- This  method provides  t r i m  s o l u t i o n s  f o r  which 
t h e  t r i m  ang le  i s  c a l c u l a t e d  i n  an  i t e r a t i v e  manner from t h e  t abu la t ed  exper i 
mental  da t a .  The l i f t i n g  p res su res  are then  c a l c u l a t e d  us ing  t h e  l i n e a r  
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theory f o r  t h e  t r i m  ang le s .  The computation r e s u l t s  i n  t r i m  ang le s  ct = 9.5" 
and 6 = 7 . 4 " ,  and t h e  corresponding p r e s s u r e s  shown i n  f i g u r e s  8 and 9. 
These r e s u l t s  are compared w i t h  those  from t h e  l i n e a r  theory and experiments 
which s p e c i f y  a = 10" and 6 = 0" .  It  shows t h a t  t h e  e f f e c t  of t h e  elevon 
d e f l e c t i o n  i s  t o  i n c r e a s e  the  p r e s s u r e  on t h e  t a i l  region of t h e  fuse l age  and 
on t h e  t r a i l i ng -edge  r eg ion  of t h e  wing. However, t h i s  method s t i l l  does n o t  
p r e d i c t  a c c u r a t e l y  t h e  experimental  p r e s s u r e s  ( f i g .  9 ) .  It  i s  obvious t h a t  
t h e  l i n e a r  aerodynamic r e p r e s e n t a t i o n  of t h e  a c t u a l  flow by t h i s  method i s  
poor and thus  Method 2 would n o t  be a good choice f o r  s tudying t h e  a e r o e l a s t i c  
e f f e c t s .  

Pressure correction method- Inco rpora t ion  of t h e  experimental  p r e s s u r e  
d a t a  i n t o  FLEXSTAB through t h e  use of equa t ion  (1) r e s u l t s  i n  t h e  d i s t r i b u 
t i o n s  of p r e s s u r e s  given i n  f i g u r e s  6 and 7 .  The match of t h e  r e s u l t s  of t h i s  
scheme and those of experiment i s  e x c e l l e n t ,  i n d i c a t i n g  t h a t  t h e  experimental  
p r e s s u r e s  are c o r r e c t l y  incorporated.  i n t o  t h e  l i n e a r  theory s o l u t i o n .  The 
aerodynamic d e r i v a t i v e  r e s u l t s  from t h i s  method are shown i n  t a b l e  3 and are 
compared wi th  those  i n t e r p o l a t e d  from experiments.  It i s  noted t h a t  t h e  
r e s u l t s  f o r  CL,, CLQ, CDQ, and C q  are i n  good agreement. However, t h e  d i s 

agreement of Cmo, Cm6, C L ~  i s  r a t h e r  c o n t r a d i c t o r y  t o  t h e  f a c t  t h a t  t h e s e  

parameters are r e l a t e d  t o  the  aerodynamic f o r c e s  t h a t  are mathematically i n t e 
g ra t ed  from t h e  experimental  p r e s s u r e s  and thus  should ag ree  w i t h  t h e  measured 
f o r c e s  and moments. Since Cmoy Cm,, and C L ~  are a s s o c i a t e d  wi th  t h e  elevon 
i t  l e a d s  t o  t h e  b e l i e f  t h a t  t h e  disagreement i s  a t t r i b u t a b l e  t o  t h e  O r b i t e r  
elevon which i s  geomet r i ca l ly  de f ined  i n  t h e  computation d i f f e r e n t l y  from the  
wind-tunnel model; t h a t  i s ,  t h e  t r a i l i n g - e d g e  r eg ion  of t h e  wing is  smoothed 
and t h e  edge i s  assumed t o  be c losed  i n  t h e  computation whereas t h e  O r b i t e r  
a c t u a l l y  has  a b l u n t  t r a i l i n g  edge wi th  t h i c k n e s s  v a r i e d  from 7.62 t o  17.65cm. 
This  method i s  considered i n a p p r o p r i a t e  f o r  use i n  t h e  a e r o e l a s t i c i t y  s tudy  
s i n c e  some of t h e  aerodynamic f o r c e s  and moments are s t i l l  n o t  c o r r e c t l y  
p r e d i c t e d .  

Force and pressure correction method- Because of t h e  foregoing r e s u l t s  i t  
w a s  decided t h a t  t h e  l i n e a r  t h e o r i e s  implemented wi th  f o r c e  and p r e s s u r e  cor
r e c t i o n s  would be used t o  compute t h e  a e r o e l a s t i c i t y  e f f e c t  and t h e  O r b i t e r  
s t r u c t u r a l  deformation. Table 4 shows t h e  c a l c u l a t e d  r e s u l t s  of t r i m  solu
t i o n s  i n c l u d i n g  the  aerodynamic c o e f f i c i e n t s  and d e r i v a t i v e s  f o r  t h e  r i g i d  and 
e l a s t i c  cases .  The comparison of t h e  r i g i d  and e l a s t i c  cases ,  bo th  a t  t h e  
s a m e  f l i g h t  cond i t ion  (1 g o r  2.5 g ) ,  i n d i c a t e s  t h a t  t h e  a e r o e l a s t i c  e f f e c t s  
are n e g l i g i b l y  s m a l l .  However, i t  i s  noted t h a t :  

1. A s l i g h t l y  l a r g e r  e levon t r i m  ang le  i s  requ i r ed  i n  t h e  e l a s t i c  case  
than i n  t h e  r i g i d  case t o  account f o r  t h e  a e r o e l a s t i c  e f f e c t s .  

2 .  A s  t h e  O r b i t e r  i s  assumed t o  be f l e x i b l e ,  C i s  inc reased  b u t  
cmO 

i s  decreased.  This r e s u l t s  i n  p r a c t i c a l l y  no change between .the r i g i d  and t h e  
e l a s t i c  cases  a t  t r i m  cond i t ion  i n  t h e  l o n g i t u d i n a l  s t a b i l i t y ,  Cm. 

3 .  The elevon e f f e c t i v e n e s s  i n  c o n t r o l l i n g  l i f t  (CL6 ) and l o n g i t u d i n a l  
s t a b i l i t y  (Cmo) i s  decreased when t h e  O r b i t e r  i s  assumed f l e x i b l e .  
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4. The a e r o e l a s t i c  e f fec t  on l i f t  and d rag  c o e f f i c i e n t s  is  n e g l i g i b l y  
s m a l l ,  a l though a s m a l l  amount of l o s s  i n  l i f t  i s  evidenced by a s m a l l  
decrease i n  CL, o r  %L . a 

5. The n e g l i g i b l y  s m a l l  a e r o e l a s t i c  e f f e c t  on C% and Cm i n d i c a t e s  
t h a t  t h e  dynamic s t a b i l i t y  s t u d y  may b e  confined t o  t h e  r i g i d  cgse only.  

The e f f e c t s  of g load ing  on t h e  t r i m  cond i t ions  as observed from t a b l e  4 are 
as fo l lows  f o r  bo th  t h e  r i g i d  and elastic cases: 

1. Higher g-load cond i t ion  r e q u i r e s  h i g h e r  trimming of ang le s  a, 8 ,  
and 6 .  

2. The zero d e r i v a t i v e s  CL, and Cmo are no t  a f f e c t e d  by t h e  i n c r e a s e  

of g-loading whereas t h e  d e r i v a t i v e s  
cLa 

and C are g r e a t l y  a f f e c t e d .  
ma 

Thus t h e  O r b i t e r  a t  h igh  g-load c o n d i t i o n  l o s e s  i t s  e f f e c t i v e n e s s  i n  l i f t  and 
l o n g i t u d i n a l  s t a b i l i t y  c o n t r o l .  

3 .  	 The e f f e c t  of g-load change on and CDa i s  n e g l i g i b l y  small. 
cDO 

4. The d e r i v a t i v e s  of CL, CD, and Cm w i t h  r e s p e c t  t o  6 and 6 are 
p r a c t i c a l l y  independent of g-load condi t ion.  

Figure 10 shows t h e  e s t ima ted  p r e s s u r e  d i s t r i b u t i o n s  on t h e  f u s e l a g e  
under t r i m  cond i t ion  i n  t h e  two f l i g h t  cases. The p r e s s u r e  increment due t o  
a e r o e l a s t i c  e f f e c t  is n e g l i g i b l y  small s o  t h a t  f i g u r e  1 0  a c t u a l l y  r e p r e s e n t s  
t he  r e s u l t s  of bo th  t h e  r i g i d  and e l a s t i c  models. The r e s u l t s  are compared 
wi th  t h e  experimental  d a t a  f o r  which a and 6 are 10" and 0", r e s p e c t i v e l y .  
The e s t ima ted  p r e s s u r e s  f o r  t h e  t r i m  l-g f l i g h t  case .(a = 9.5",  and d = 7.6") 
ag rees  wi th  t h e  experiment except  n e a r  t h e  t a i l  ( x  = 28 m) where t h e  esti
mated p r e s s u r e  shows a peak i n d i c a t i n g  t h e  i n t e r f e r e n c e  from the  elevon 
d e f l e c t i o n  (6 = 7.6") .  On t h e  upstream reg ion  of t h e  f u s e l a g e  ~ ( x= 0 t o  1 0  m) 
the  p re s su re  varies g r e a t l y  due t o  t h e  ab rup t  change i n  camberline s l o p e s .  

I n  t h e  midsect ion of t h e  f u s e l a g e  t h e r e  s t i l l  e x i s t s  apprec i ab le  p r e s s u r e  
v a r i a t i o n  which i n d i c a t e s  t h a t  t h e  p r e s s u r e  i s  recove r ing  from t h e  ab rup t  
p r e s s u r e  change i n  t h e  forebody. Figure 1 0  a l s o  shows t h a t  t h e  p r e s s u r e  is  
apprec iab ly  h ighe r  i n  t h e  2.5-g f l i g h t  ca se  than i n  t h e  l -g  f l i g h t  case. 

Figure 11 shows t h e  c a l c u l a t e d  p r e s s u r e  d i s t r i b u t i o n  on t h e  wing when t h e  
O r b i t e r  is i n  t h e  t r i m  cond i t ion .  Since t h e  c a l c u l a t e d  t r i m  ang le s  (a = 9.5" 
and 6 = 7.6") f o r  t h e  l -g  load  cond i t ion  are n o t  e x a c t l y  t h e  s a m e  as those of 
experiment (a = 10" and 6 = 0") ,  t h e  computation shows a p r e s s u r e  rise on 
the elevon area. The p r e s s u r e  r ise due t o  e levon d e f l e c t i o n  covers only t h e  
elevon area on t h e  inboard s e c t i o n  of t h e  wing. On t h e  outboard s e c t i o n  of 
t h e  wing t h e  p r e s s u r e  r i se  i s  extended f a r t h e r  upstream of the  elevon area. 
The t r end  of the' chordwise p r e s s u r e  d i s t r i b u t i o n  on t h e  wing i s  similar f o r  
both t h e  l-g and 2.5-g load cond i t ions .  However, i n  t h e  outboard r eg ion  of 
t h e  wing where t h e  semispan i s  l a r g e r  than 44.20%, t h e  h igh  ang le  of a t t a c k  i n  
the  2.5-g f l i g h t  cond i t ion  g ives  rise t o  a sudden p r e s s u r e  i n c r e a s e  i n  t h e  
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leading-edge region.  This  p re s su re  rise produces a l a r g e  p r e s s u r e  d i f f e r e n 
t i a l  between t h e  leading-edge and midchord r eg ion  of t h e  wing and thus causes 
t o t a l  t w i s t  on t h e  wing outboard s e c t i o n .  On t h e  wing nea r  t h e  27.1% semispan 
a s i g n i f i c a n t  p r e s s u r e  rise occurs  a t  x / c  = 0.25, due t o  t h e  i n t e r f e r e n c e  of 
t h e  p r e s s u r e  rise on t h e  a d j a c e n t  fuse l age .  

The r e s u l t s  of t h e  e s t ima ted  fuse l age  displacements are shown i n  f i g 
u r e  12  f o r  1-g and 2.5-g load  cond i t ions .  The fuse l age  appears  t o  deform i n  
t h e  i n v e r t e d  "U-shape" w i t h  maximum displacement occur r ing  a t  t h e  downstream 
end of t h e  fuse l age .  It i s  n o t i c e d  t h a t  a r a t h e r  sha rp  i n f l e c t i o n a l  d i sp l ace 
ment occurs  on t h e  f u s e l a g e  a t  x = 19 m and 2 7  m. The i n f l e c t i o n  a t  
x = 27 m i s  a t t r i b u t e d  t o  t h e  s t r u c t u r a l  d i s c o n t i n u i t y  a t  t h a t  l o c a t i o n  where 
t h e  cargo bay m e e t s  t h e  fuse l age .  The i n f l e c t i o n  a t  t h e  middle r eg ion  of 
f u s e l a g e ,  x = 19 m y  i s  caused by t h e  f i r s t  mode bending of t h e  f u s e l a g e  
s t r u c t u r e .  

Figures  1 3 ( a ) - ( i )  shows t h e  e s t ima ted  wing s t r u c t u r a l  displacements  a t  
span l o c a t i o n s  corresponding t o  those  of t h e  p r e s s u r e  d i s t r i b u t i o n  shown i n  
f i g u r e  10. The f i g u r e s  d i s p l a y  i n c r e a s i n g l y  l a r g e r  displacements  toward t h e  
outboard r eg ions  of t h e  wing. A very l i t t l e  twist t o  t h e  wing i s  observed 
f o r  t h e  1-g load  cond i t ion .  However, i n  t h e  2.5-g maneuver case, a t w i s t  
occurs  on t h e  t r a i l i ng -edge  r eg ion  of t h e  wing, account ing f o r  t h e  p r e s s u r e  
rise due t o  t h e  elevon d e f l e c t i o n .  A t w i s t  a l s o  occurs  toward t h e  l e a d i n g  
edge of t h e  outboard region of t h e  wing wi th  semispan l a r g e r  than 61.28%, 
account ing f o r  t h e  sudden p r e s s u r e  rise due t o  t h e  l a r g e  ang le  of a t t a c k  i n  
t h e  2.5-g f l i g h t  cond i t ion .  The t w i s t s  t h a t  occurred i n  t h e  leading- and 
t r a i l i ng -edge  r eg ions  are i n  t h e  oppos i t e  d i r e c t i o n s  and thus  r e s u l t  i n  a 
concave-shaped displacement on t h e  outboard r eg ion  of t h e  wing. T w i s t  does 
no t  occur  on t h e  l e a d i n g  edge p o r t i o n  of t h e  inboard r eg ion  of t h e  wing except  
n e a r  t he  extreme inboard s e c t i o n  of t h e  wing (27.1% semispan),  where a t w i s t  
occurs  n e a r  t h e  l e a d i n g  edge due t o  i n t e r f e r e n c e  from t h e  p r e s s u r e  rise on t h e  
a d j a c e n t  fuse l age .  

Dynamic S t a b i l i t y  

The c h a r a c t e r i s t i c s  of t h e  p i t c h  damping of a r i g i d  O r b i t e r  model w a s  
i n v e s t i g a t e d  us ing  the  l i n e a r  theory approach of t h e  FLEXSTAB ( r e f .  1 ) .  
Figure 1 4 ( a )  shows t h e  c a l c u l a t e d  p i t c h  damping r ep resen ted  by c%iand cmQ 
i n  t h e  Mach number range of 0.3 t o  1 . 2 .  The corresponding C@ + C m e  are 

shown i n  f i g u r e  14(b) t o g e t h e r  w i th  t h e  experimental  r e s u l t s  ( r e f .  5 ) .  The 
fol lowing information on t h e  damping c h a r a c t e r i s t i c s  can b e  drawn from 
f i g u r e  1 4 :  

1. The c a l c u l a t e d  C$ + C q  i s  i n  good agreement w i t h  t h e  experimental  
r e s u l t s .  

2.  The nega t ive  va lue  of C 6  + cqj  i n d i c a t e s  t h a t  t h e  O r b i t e r  config
u r a t i o n  posses ses  a s t a b l e  p i t c h  damping a t  subsonic  and supe r son ic  speeds.  
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3 .  As t he  Mach number i s  inc reased  from 0.3 t o  0.8 t h e  va lue  of 

C d  + cqj is  decreased,  i n d i c a t i n g  t h a t  t h e  damping i s  inc reased  w i t h  

i n c r e a s i n g  subsonic  Mach number. This i nc reased  s t a b l e  c o n d i t i o n  is  a t t r i b 
u t ed  t o  t h e  dec rease  i n  bo th  t e r m s  

cm& and 
as shown i n  f i g u r e  1 4 ( a ) .  As 

t h e  Mach number i s  inc reased  t o  1 . 2 ,  Cm.^a +  cYj is i n c r e a s e d ,  i n d i c a t i n g  t h a t  

t h e  O r b i t e r  becomes less s t a b l e  i n  p i t c h  damping w i t h  i n c r e a s i n g  supe r son ic  
speed. This  less s t a b l e  cond i t ion  is  a t t r i b u t e d  t o  t h e  i n c r e a s e  from 0.85 t o  
1.45 of t h e  t e r m  C g .  

CONCLUSIONS 

The FLEXSTAB a n a l y s i s  of t h e  l o n g i t u d i n a l  s t a b i l i t y  of a Space S h u t t l e  
Vehicle-Orbiter model d i s c l o s e s  t h e  following. 

1. Experimental aerodynamic f o r c e  and p r e s s u r e  c o r r e c t i o n  t o  t h e  l i n e a r  
theory i s  requ i r ed  i n  t h e  s ta t ic  s t a b i l i t y  a n a l y s i s  t o  account f o r  t h e  non
l i n e a r  aerodynamics a s s o c i a t e d  wi th  t h e  O r b i t e r  c o n f i g u r a t i o n  and t h u s  t o  g ive  
an improved p r e d i c t i o n  of t h e  a e r o e l a s t i c  e f f e c t  on t h e  s t a b i l i t y .  

2 .  The a e r o e l a s t i c  e f f e c t  i s  s m a l l .  However, i t  is ev iden t  t h a t :  

a. 	 A s l i g h t l y  h ighe r  e levon t r i m  ang le  than  t h a t  i n  t h e  r i g i d  case 
is  r e q u i r e d .  

b.  	 The elevon e f f e c t i v e n e s s  and t h e  l o n g i t u d i n a l  s t a b i l i t y  are lower 
f o r  t h e  e las t ic  O r b i t e r  model than f o r  t h e  r i g i d  mod&. 

C. 	 The a e r o e l a s t i c  e f f e c t s  on t h e  l i f t  c o e f f i c i e n t s  C F ~and CL,
and on t h e  d rag  c o e f f i c i e n t s  CD, and CD, are n e g l i g i b l y  small. 

d. 	 The c a l c u l a t e d  O r b i t e r  deformation shows an i n v e r t e d  "U-shape'' 
f u se l age  displacement and a concave shape displacement on t h e  
outboard r eg ion  of t h e  wing. 

3 .  The g e f f e c t  on t h e  t r i m  s o l u t i o n s  i s  ev iden t  f o r  both t h e  r i g i d  
and e l a s t i c  O r b i t e r  models. The e f f e c t s  are: 

a. 	 Higher g f l i g h t  cond i t ion  r e q u i r e s  h i g h e r  t r i m  a n g l e s ,  a, 8, 
and 6 .  

b. 	 Higher g f l i g h t  cond i t ion  r e s u l t s  i n  lower a e f f e c t i v e n e s s  on 
the  l i f t  c o n t r o l  and l o n g i t u d i n a l  s t a b i l i t y .  

c. The d rag  of t h e  O r b i t e r  and t h e  d e r i v a t i v e s  (CLQ, CDQ, C q )  and 

( C L ~ ,  C D ~ ,Cm6 ) are independent of t h e  g cond i t ion .  
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4 .  The dynamic s t a b i l i t y  a n a l y s i s  of t h e  p i t c h  damping, C g  + C%, for a 
r i g i d  model i n  a Mach number range from 0.3 t o  1 . 2  i n d i c a t e s  t h a t :  

a.  	 The c a l c u l a t e d  p i t c h  damping i s  i n  good agreement wi th  t h e  exper
imental  r e s u l t s .  

b. 	 The O r b i t e r  posses ses  a s t a b l e  p i t c h  damping w i t h i n  t h e  Mach num
b e r  range i n v e s t i g a t e d .  However, t h e  p i t c h  damping s t a b i l i t y  i s  
inc reased  w i t h  i n c r e a s i n g  subsonic  Mach number, and is  decreased 
wi th  i n c r e a s i n g  supe r son ic  Mach number. This decrease i n  t h e  
s t a b i l i t y  i s  a t t r i b u t e d  t o  t h e  i n c r e a s e  of C,$ toward h ighe ra
p o s i t i v e  v a l u e s  w i t h  t h e  i n c r e a s i n g  supe r son ic  Mach number. 

Ames Research Center 
Na t iona l  Aeronautics and Space Adminis t ra t ion 

Moffet t  F i e l d ,  C a l i f o r n i a  94035, November 7 ,  1977 
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APPENDIX 

AERODYNAMIC FORCE AND PRESSURE DATA INCORPORATED I N T O  THE 

LINEAR THEORY SOLUTION - A FLEXSTAB CORRECTION 

A c o r r e c t i o n  method of t h e  FLEXSTAB by i n c o r p o r a t i n g  experimental  aero
dynamic f o r c e s  and/or  l i f t i n g  p r e s s u r e  d a t a  i n t o  t h e  s o l u t i o n  of t h e  l i n e a r  
t heo ry  is  desc r ibed .  The o b j e c t i v e  of t h e  method i s  t o  amend t h e  l i n e a r  
t heo ry  s o l u t i o n  t o  account f o r  t h e  non l inea r  flow e f f e c t s .  The d a t a  t o  be 
used f o r  such purposes can be those obtained e i t h e r  by experimental  o r  analyt
i c a l  methods; however, i n  t h e  p r e s e n t  computation the  former approach i s  used. 
The fol lowing d e s c r i b e s  f i r s t  t h e  l i n e a r  theory by which t h e  FLEXSTAB normally 
s o l v e s  t h e  s t a t i c  a e r o e l a s t i c i t y  problem and then in t roduces  t h e  c o r r e c t i o n  
method t o  account f o r  t h e  n o n l i n e a r i t i e s  i n  t h e  c a l c u l a t i o n  of a e r o e l a s t i c i t y  
e f f e c t s .  The developments of t h i s  c o r r e c t i o n  method desc r ibed  i n  t h i s  appen
d i x  are t h e  summary of those given i n  r e f e r e n c e  1. The e s s e n t i a l s  of t h e  
c o r r e c t i o n  method, desc r ibed  i n  t h e  voluminous FLEXSTAB program are p resen ted ,  
and t h e  v a l i d i t y  of t h e  techniques are d e l i n e a t e d .  Some mathematical formu
l a t i o n s  i n  FLEXSTAB are extended t o  improve t h e  v e r i f i c a t i o n  of t he  techniques 
presented i n  FLEXSTAB. Mathematical terms i n  equa t ions  no t  e s s e n t i a l  f o r  
showing t h e  technique are given only f o r  t h e i r  p h y s i c a l  s i g n i f i c a n c e .  The 
d e t a i l e d  mathematical expres s ion  of t hese  terms can be found i n  r e f e r e n c e  1. 

The S t a t i c  T r i m  Problem 

An a i r c r a f t  i n  s t eady  r e fe rence  f l i g h t  can be desc r ibed  by t h e  fol lowing 
c l a s s i c a l  equa t ions  of motion: 

MU1(R1 - P1 t a n  ctl) - Mg cos s i n  $1 

MU1(R1 t a n  6, - Q1) - Mg cos el cos $1 = 

where M denotes  t h e  a i r c r a f t  mass. The components of f o r c e  and couple,  t h e  
las t  terms of equa t ion  (Al) ,  produced by p ropu l s ion  system are assumed t o  be 
l i n e a r  f u n c t i o n s  of t h e  t h r u s t  T1, f o r  example, SBl q B T T 1 .  The p r e s e n t= 

study treats t h e  r e e n t r y  f l i g h t  problem assuming T1 = 0. 
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t h e  a i r c r a f t  
6a ,  9 

The aerodynamic f o r c e s  are assumed t o  be l i n e a r  func t ions  of 
motion al, B1, P1, Q1, R1, and t h e  c o n t r o l  s u r f a c e  s e t t i n g ,  d e l ,  
and 6 r l .  

F A =  A + #  ~ , + F ; Q + #  6 e l  
*1 F*O *a Q *6e 

# = eB~1 + ~t~ A
p1 + Fp R~ + FA 6al  + F~~ 6 r ,  

YB 1 f3 P YBR YB6a 6 r  

. # = #  + #  a l + C B 9 1+ #  6 e l  
ZB 1 ZBO Z B a  Q ZB6e 

6 a  

#Bl = #Bo $B ""1 $B QQ1 #B 6 e6e1 

& = gBB,  + @ p1 + d R~ + & 6al + @ 6 r ,  
1 B ZBP ZBR Z B ~  ZB6ra 

Equation (Al) c o n t a i n s  1 2  p a r a m e t e r s  (UlyV1, W1, P I ,  Q , ,  R1, +1, � I i ,  T1, 
6 e ,  6a, and 6r), 6 of which need t o  be s p e c i f i e d ;  t h e  remaining unspec i f i ed  
p a r a m e t e r s  are solved from t h e  s i x  equa t ions  of motion. I n  t h e  p r e s e n t  compu
t a t i o n ,  six parameters - U1, P1, Q1, R1, +1, T - are s p e c i f i e d  i n  which T = 0 
i s  assumed f o r  t h e  r e e n t r y  f l i g h t .  For a s t eady  pull-up w i t h  load f a c t o r  n ,  
Q i s  c a l c u l a t e d  by us ing  Q = (n - l)g/U. The equa t ion  of motion i s  so lved  
f o r  t h e  t r i m  cond i t ion  by t h e  FLEXSTAB us ing  Newton's i t e r a t i o n  method. 

The FLEXSTAB has t h e  c a p a b i l i t y  of s o l v i n g  l i n e a r  and non l inea r  t r i m  
problems : 

Linear ease- Equation (Al) i s  l i n e a r i z e d  as follows: 

The equa t ion  (A3)  i s  solved us ing  t h e  l i n e a r  aerodynamic assumption of (A2). 
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Nonlinear case- Equation (Al) i s  solved f o r  two n o n l i n e a r  cases: 

1. Linear  aerodynamics and non l inea r  kinematics .  I n  t h i s  case t h e  
l i n e a r  aerodynamic f o r c e  r e p r e s e n t a t i o n  of (A2) i s  used i n  conjunct ion w i t h  
equa t ion  (Al) t o  formulate  t h e  t r i m  problem. 

2. Wind-tunnel aerodynamics and non l inea r  kinematics .  I n  t h i s  case 
equa t ion  (Al) i s  so lved  w i t h  t h e  aerodynamic f o r c e  d a t a  (non l inea r )  obtained 
by experimental  o r  a n a l y t i c a l  methods. 

The FLEXSTAB y i e l d s  t h e  fol lowing t r i m  s o l u t i o n :  t h e  c o n t r o l  s u r f a c e  
s e t t i n g  ( & e l ,  &a,,  cSr,), t h e  angle  of a t t a c k  [a1 = tan-l(Wl/Ul)], t h e  ang le  of 
s i d e s l i p  [B1  = tan'- l(V,/U,)] ,  and t h e  f l i g h t - p a t h , a n g l e  (yl = �I1- al). 

The Linear  Theory 

Linear aerodynamic equations- A n a l y t i c a l  expres s ions  f o r  t he  aerodynamic 
f o r c e s  (terms on t h e  r i g h t  s i d e  of equa t ion  (Al) are p resen ted .  Aerodynamic 
f o r c e s  f o r  r i g i d  and f l e x i b l e  a i r c r a f t  are given s e p a r a t e l y  s o  t h a t  t h e  aero
e l a s t i c i t y  e f f e c t s  can be d i s t i n g u i s h e d .  A e r o e l a s t i c  e f f e c t s  from t h e  propul
s i o n  system are n o t  considered.  

The Reference Axis System f o r c e  and moment v e c t o r  can be transformed i n t o  
t h e  Body Axis System by a simple s i g n  change f o r  each of t h e  v e c t o r  components 
s i n c e  the  two systems are c o l i n e a r  b u t  o p p o s i t e l y  d i r e c t e d ,  t h a t  i s ,  

(A4 

where 

and 

I-1 0 
-1[SI  E -1 

0 -1 
-1 


The aerodynamic f o r c e s  14)a r e  a t t r i b u t e d  t o  t h e  l o c a l  aerodynamic f o r c e s  a t  
each of t he  n pane l  segments. They can be expressed as follows: 

1 (A5 
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- -  

I 

where 

and { f A l l  

The m a t r i x  [T;] i s  termed t h e  rigid-body mode shape m a t r i x  and expressed as 

- 1  0 0 '  

0 0 1 
- -

- A  T = 'i 0 -Xi 
[$il -

0 1 0 

- -
0 -Zi 'i 
- -

-Yh i  xi 0 

X i ,  Y i ,  and Z i  are t h e  coord ina te s  ( i n  the  Reference Axis System) of t h e  cen
ter  of p r e s s u r e  a t  t h e  i t h  pane l  o r  s l e n d e r  body segment relative t o  t h e  
c e n t e r  of m a s s .  

The t e r m  {fA 1 ,  denotes t h e  v e c t o r  of t h e  s l e n d e r ,  i n t e r f e r e n c e ,  and t h i n  
body f o r c e s  expressed i n  t h e  Reference (Mean) Axis System. Based on t h e  
l i n e a r  aerodynamic r e p r e s e n t a t i o n  i n  FLEXSTAB, { f A ) ,  can b e  w r i t t e n  as 

where, 

r e p r e s e n t s  t h e  l i f t i n g - p r e s s u r e  c o e f f i c i e n t s .  The s t eady  flow inc idence  { $ M ) ~  
can be expressed as: 
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P h y s i c a l  s i g n i f i c a n c e  of t h e  t r ans fo rma t ion  matrices i n  equat ion (A6) are 
desc r ibed  as fol lows:  

[TfT]  - A  m a t r i x  t h a t  t ransforms t h e  p r e s s u r e  from t h e  l o c a l  t h i n  and 
slender-body a x i s  system t o  t h e  Reference Axis System (eq. 3.5-30, r e f .  1 ) .  

[TRANSt] - A m a t r i x  t h a t  transforms t h e  th i ckness  induced p r e s s u r e ,  t h a t  
S is0 , t o  components of f o r c e s  i n  the  l o c a l  t h i n  and slender-body ax isis ,  {Cp} 

systems (eq. 3.5-31, r e f .  1 ) .  

[TTF] - A  m a t r i x  t h a t  t ransforms f o r c e s  on t h e  mean camber s u r f a c e  t o  t h e  
components expanded i n  l o c a l  Body Axis System (eq. 3.5-32, r e f .  1 ) .  

-
[TFp] - A ma t r ix  t h a t  t ransforms l i f t i n g  p r e s s u r e  q{Cp} on a pane l  ele

ment t o  t h e  components of f o r c e  i n  l o c a l  t h i n  and slender-body a x i s  
(eq.  3.5-33, re f .  1 ) .  

The v a r i o u s  t e r m s  on the  r i g h t  s i d e  of equa t ion  (A6) can be given t h e  
fol lowing g e n e r a l  i n t e r p r e t a t i o n s :  

1. F i r s t  t e r m :  There are two components; one r e p r e s e n t i n g  t h e  e f f e c t  of 
i s o l a t e d  th i ckness  on body f o r c e s  and t h e  second r e p r e s e n t i n g  t h e  e f f e c t  of 
Mach number v a r i a t i o n s  on t h e  f o r c e s  induced by i s o l a t e d  th i ckness  e f f e c t s .  

2. Second t e r m :  This  term accounts f o r  t h e  e f f e c t s  of l i f t i n g  p r e s s u r e s  
and i n t e r f e r e n c e  p r e s s u r e  on t h e  body f o r c e s .  The l i f t i n g  p r e s s u r e s  h e r e  
r e p r e s e n t  those caused by camber shape, e l a s t i c  r o t a t i o n ,  a i r c r a f t  motion, and 
c o n t r o l  s u r f a c e  d e f l e c t i o n s .  

3 .  Third t e r m :  This  t e r m  r e p r e s e n t s  t h e  components of body f o r c e s  aris
i n g  from leading-edge p a n e l  f o r c e .  

The second t e r m  i s  of primary i n t e r e s t  t o  t h e  p r e s e n t  s tudy  because,  as 
i n d i c a t e d  i n  equa t ions  (A6) t o  (A8), i t  i s  dependent on t h e  problem motion 
v a r i a b l e s .  Note t h a t  {Cp}, i n  equat ion (A7), i s  p a r t i a l l y  computed from t h e  
o p e r a t i o n  of t h e  s t eady  aerodynamic in f luence  c o e f f i c i e n t  ma t r ix  [Ape]1 
t h e  sum of camb>r inc idence  v e c t o r  { $ c } ~ ,t h e  motion incidence v e c t o r  
i nvo lv ing  a i r c r a f t  r o t a t i o n ,  and c o n t r o l  s u r f a c e  d e f l e c t i o n ,  and a i r c r a f t  
deformation {e"). 

on 

Linear structurai! equations- The s t r u c t u r a l  displacements ( 6 1 ,  are coni
puted from t h e  a p p l i e d  aerodynamic f o r c e ,  {QA}, by 

= [ ~ l l { Q A } ,  (A91 
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where [e], i s  termed t h e  unconstrained f l e x i b i l i t y  matr ix .  The deformation 
inc idence  v e c t o r  (0); is r e l a t e d  t o  {SI, by 

(e*}, = [Pgl{611 W 0 )  

AThe a i r l o a d s  { f T ) ,  of aerodynamic load p o i n t s  can be transformed t o  s t ruc 
t u r a l  node f o r c e s  by 

A
{Q

A l 1  = [pT1
T{fTI1 (Al l )  

S u b s t i t u t i o n  from equa t ions  (A9) and (Al l )  t o  equa t ion  (A10) y i e l d s  an expres 

s i o n  f o r  deformation inc idence  i n  terms of aerodynamic segment f o r c e s ,  

{f$I,: 


where 


Combined aerodynamic and s tructural  equations- I n  o rde r  t o  o b t a i n  a 
l i n e a r  expres s ion  i n  t h e  unspec i f i ed  t r i m  v a r i a b l e s ,  t he  t h i r d  t e r m  i n  equa
t i o n  (A6) r e p r e s e n t i n g  t h e  leading-edge c o r r e c t i o n  e f f e c t s  i s  d e l e t e d  from t h e  
aerodynamic r e p r e s e n t a t i o n .  S u b s t i t u t i o n  of equat ion (A7) i n t o  equat ion (A6) 
reduces equa t ion  (A6) t o  t h e  fol lowing form: 

Awhere t h e  t e r m  {fT}1 is  de f ined  by those  t e r m s  i n  t h e  r i g h t  s i d e  of (A6) 
which post-mult iply [TfT] a f t e r  leading-edge c o r r e c t i o n  e f f e c t s  have been 
d e l e t e d .  Furthermore , { f$} i s  sepa ra t ed  i n t o  two p a r t s  : 

where 

and 



AE x p l i c i t  exp res s ion  of {fT}1 i n  t e r m s  of {e*} can now b e  e l imina ted  by sub
s t i t u t i n g  equa t ions  (A12) and (A15) i n t o  equa t ion  (A14), t h a t  i s ,  

I n  o r d e r  t o  save t h e  computational t i m e  i n  m a t r i x  o p e r a t i o n s ,  equa t ion  (A17) 
i s  reduced t o  t h e  form: 

where t h e  a e r o e l a s t i c  m a t r i x  i s  i d e n t i f i e d  as: 

i n  which 

The d e r i v a t i o n  of equa t ion  (A18) can be accomplished by us ing  a mat r ix  
i d e n t i t y  , 

Aerodynamic derivatives for a f l ex ib l e  aircraft- Combining equa t ions  (A4) , 
(A5), (A13), ( A 1 8 ) ,  and (A19) l e a d s  t o  a complete expres s ion  f o r  t h e  t o t a l  
aerodynamic f o r c e s  i n  t h e  Body Axis System: 

where 

The l o n g i t u d i n a l  aerodynamic d e r i v a t i v e s  can now b e  ob ta ined  by equa t ing  equa
t i o n s  (A2) and (A20): 
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where 

AkjE 

The s u b s c r i p t  E r e f e r s  t o  an  e l a s t i c  a i r c r a f t .  

Aerodynamic d e r i v a t i v e s  f o r  a r i g i d  a i r c r a f t - The f l e x i b l e  a i r c r a f t  aero
dynamic d e r i v a t i v e s  expressed by equa t ions  ( A 2 2 )  t o  ( A 2 6 )  c o n s i s t  of two 
q u a n t i t i e s  - t h e  r i g i d  a i r c r a f t  aerodynamic d e r i v a t i v e s  and an increment due 
t o  t h e  s t a t i c  a e r o e l a s t i c i t y .  This i s  accomplished by decomposing t h e  ma t r ix  
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[ G o ]  i n t o  r i g i d  and a e r o e l a s t i c  increment components by us ing  t h e  i d e n t i t y  of 
t h e  a e r o e l a s t i c  ma t r ix  [fir1]: 

For a r i g i d  a i r c r a f t  t h e  f l e x i b i l i t y  ma t r ix  van i shes ;  t h a t  i s ,  [&TI = 0, and 
t h e r e f o r e  [6]y1 = I 4.  

The a e r o e l a s t f c  component of [i5]Y1 can, t h e r e f o r e ,  b e  expressed as 
[AD-'] = [ f i ] i l  - 14. It fol lows t h a t  [ G o ]  of equa t ion  (A21) can a l s o  be 
sepa ra t ed  i n t o  two components: one f o r  r i g i d  a i r c r a f t  component [ G o R ]  and t h e  
o t h e r  f o r  a e r o e l a s t i c  increment component [GoE]; t h a t  i s ,  

where 

For a r i g i d  a i r c r a f t  t he  e l a s t i c  r o t a t i o n  t e r m  ( 8 " )  vanishes  i n  equa
t i o n  (A12), t h a t  is ,  [COT] = 0, and the  aerodynamic f o r c e s  become 

The l o n g i t u d i n a l  aerodynamic d e r i v a t i v e s  can b e  obtained by equa t ing  equa
t i o n s  (A2) and (A29): 

Ak] 
R 

(A30) continued on next  page 
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A '  
FXB

9 
FPIZB

Q 

4 BQ 

(A301 concluded 

AeroeZastic increment t o  the aerodynamic derivatives- S u b s t i t u t i o n  from 
equat ion ( A 2 8 )  t o  equa t ion  ( A 2 2 )  s e p a r a t e s  t he  aerodynamic d e r i v a t i v e s  f o r  a 
f l e x i b l e  a i r c r a f t  i n t o  two p a r t s :  one f o r  t h e  r i g i d  a i r c r a f t  and t h e  o t h e r  
f o r  t h e  a e r o e l a s t i c  increment;  t h a t  i s ,  

. . 
A 

PXBX 

Ip 
ZBA 

4 BA 

. .  
A 

FXBh 
A 

FZBh 

4 BA 

where t h e  s u b s c r i p t  A t akes  

+ 

R 


o r  6,. The a e r o e l a s t i c  increment t o  

t h e  aerodynamic d e r i v a t i v e s  can be w r i t t e n  as 

E' ( A 3 2 )  continued on nex t  page 
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(A32) concluded 

Implementation of Experimental Aerodynamic Force I n t o  t h e  Linear  Theory 

Force correction- The approach of implementing t h e  experimental  aerody
namic f o r c e s  i n t o  t h e  l i n e a r  theory s o l u t i o n  of t h e  FLEXSTAB i s  based on t h e  
t h e o r e t i c a l  foundat ion t h a t  aerodynamic d e r i v a t i v e s  are composed of r i g i d  CO'P 

ponents and e l a s t i c  component increments.  

The e f f e c t  o f  t h e  experimental  aerodynamic f o r c e  i n c o r p o r a t i o n  i s  on t h e  
r i g i d  t e r m  only i n  equa t ion  (A31). The e las t ic  increment t e r m  on t h e  r i g h t  
s i d e  of equa t ion  (A31) i s  c a l c u l a t e d  based on t h e  l i n e a r  t h e o r i e s  r ep resen ted  
by equat ion ( A 3 2 ) .  

I n  t h i s  approach, t he  r i g i d  component of t h e  t r i m  s o l u t i o n  i s  forced t o  
r e p r e s e n t  t h e  wind-tunnel d a t a  a c c u r a t e l y ,  and t o  a l low t h e  experimental  d a t a  
t o  r e p r e s e n t  g l o b a l  e f f e c t s  of t h e  non l inea r  flow. The l i n e a r  theory i s  t o  
use t h e  r i g i d  wind tunne l  r e s u l t s  as a b a s e l i n e  t o  estimate t h e  e l a s t i c  
e f f e c t s  of t he  a c t u a l  a i r f r ame  conf igu ra t ion .  

The aerodynamic f o r c e  d a t a  are supp l i ed  t o  t h e  FLEXSTAB system i n  terms 
of CL, CD, and Cm which are t a b u l a t e d  f o r  va r ious  ang le s  of a t t a c k  f o r  con
s t a n t  elevon d e f l e c t i o n s .  Since t h e  d a t a  f o r  CL, CD, and Cm are measured i n  
r e fe rence  t o  a S t a b i l i t y  Axis System, t h e  d a t a  are transformed t o  a Body Axis 
System i n  o rde r  t o  be compatible wi th  equa t ion  (Al).  The equa t ion  of t r ans 
formation can be w r i t t e n  as fol lows:  

Swhere [SD ] i s  a t r ans fo rma t ion  ma t r ix  de f ined  i n  chap te r  5 of r e fe rence  1. 
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I 

Implementation of Experimental P res su re  I n t o  t h e  Linear  Theory -
P r e s s u r e  Correct ion 

The e f f e c t  of t h e  p r e s s u r e  c o r r e c t i o n  i s  twofold - one on t h e  r i g i d  aero
dynamic d e r i v a t i v e s  and t h e  o t h e r  on t h e  a e r o e l a s t i c  increment t o  t h e  aerody- ,
namic d e r i v a t i v e s .  These e f f e c t s  can be demonstrated as fol lows.  The body 
f a c e  expressed i n  t h e  l o c a l  coord ina te  system can be w r i t t e n  i n  t h e  form: 

I n  n E X S T A B ,  t h e  l a s t  term i n  equa t ion  (A34) is  omitted s o  t h a t  i t  can be 
expressed as 

where 

{FA}, = [6]T1 

Equation (A35) t ransforms t h e  normal f o r c e  components a t  t h e  aerodynamic cen
t r o i d s  {FA], expressed i n  t h e  Reference Axis System t o  components on t h e  
l o c a l  a x i s  system The normal p r e s s u r e  c o e f f i c i e n t s  are de f ined  i n  
terms of {FA}, by 

where 

1 1 1 1
[T ] = Diag - -, . . .  

S ’ S  ’ S  , . . .  
AP [’;Ml ’ ’ZM2 ZMn zw1 zw2 

SZG and Szw denote area f o r  n t h  slender-body segment and mth thin-bodympanel ,  r e s p e c t i v e l y .  S p e c i f i c a l l y ,  f o r  a s l e n d e r  body on t h e  p l ane  of sym
metry, t h e  area S Z ~i s  given as 

S ZMi = TAi 

where A i  is  t h e  area p r o j e c t i o n  of i segment on x-y p l a n e  as shown i n  
f i g u r e  1. The area of t h e  wing pane l ,  SZW,, is  t h e  a s s o c i a t e  pane l  area on 
t h e  wing mean s u r f a c e .  
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FLEXSTAB al lows t h e  u s e r  t o  provide l i n e a r  c o r r e c t i v e  i n p u t s  t o  modify 
t h e  p r e s s u r e  computed us ing  t h e  l i n e a r  theory.  Assume t h a t  a t  t h e  i t h  aero
dynamic c o n t r o l  p o i n t ,  t h e  p l o t  of v e r s u s  ang le  of a t t a c k  is  as shown 
i n  f i g u r e  15. Suppose f o r  FLEXSTAB,A C P i  

wh i l e  from experiment 

ACWT = ACpiWT + A C F  a 
P i  0 i, 

FLEXSTAB c o r r e c t s  equa t ion  (A36) by adding t h e  t e r m  

+ AC c1 
AcPi  0 P i ,  

where 

WT - ACPiAcpi - Acpi F 
0 0 0 

The non l inea r  experimental  d a t a  are, i n  p r a c t i c e ,  r ep resen ted  by a l i n e a r  
approximation. The d a t a  are added on equa t ion  (A35), and t h e  co r rec t ed  pres
s u r e  and aerodynamic f o r c e  can be expressed as: 

FLEXSTAB transforms normal p r e s s u r e  t o  normal f o r c e s  us ing  t h e  ma t r ix  
[T

FP 
] = [T

AP 
3-l. The c o r r e c t e d  form f o r  equa t ion  (A19) becomes 

and t h e  co r rec t ed  body f o r c e  corresponding t o  (A20) becomes 
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The c o r r e c t e d  aerodynamic d e r i v a t i v e s  can be de r ived  by comparing t h e  corre
sponding terms i n  equa t ions  ( A 4 2 )  and ( A 2 0 ) .  I n  e l a s t i c  case, 

I n  the  r i g i d  case:  

FA 
C 

Fp 
Z B O  C 

FA 
YB 0 

C 

R 

Equations ( A 4 3 )  t o  ( A 4 6 )  g ives  the  co r rec t ed  a e r o e l a s t i c  increment i n  t h e  
fol lowing form: 
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E'  

1 1  

The e f f e c t  of p r e s s u r e  on t h e  aerodynamic d e r i v a t i v e s  i s  i n d i c a t e d  by t h e  l a s t  
t e r m  i n  each of t h e  above equa t ions ,  ( A 4 3 )  t o  ( A 4 8 ) .  Note t h a t  a l l  o t h e r  
d e r i v a t i v e s  are una f fec t ed .  

Implementation of Experimental  Force and P res su re  i n t o  t h e  Linear  Theory -
Force and P res su re  Cor rec t ion  Method 

A s  t h e  experimental  f o r c e  and p r e s s u r e  are implemented i n t o  FLEXSTAB, the  
supp l i ed  f o r c e  d a t a  are used only i n  t h e  r i g i d  p a r t  of t h e  computation by 
us ing  equa t ion  ( A 3 3 ) ;  t h e  p r e s s u r e  d a t a  are used only i n  t h e  computation of 
t h e  a e r o e l a s t i c  increments  by us ing  equa t ions  ( A 4 7 )  and ( A 4 8 ) .  The g l o b a l  and 
l o c a l  e f f e c t s  are thus  achieved by implementing f o r c e  and p r e s s u r e  d a t a ,  
r e s p e c t i v e l y .  
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TABLE 1.- CALCULATED AND EXPERIMENTAL AERODYNAMIC 
COEFFICIENTS FOR A R I G I D  ORBITER 

Method 	 ".,--
I 
.0.17 0.001 

2 and 4 -.08 .08 
-.09 .003 

Experiment .08t-.08 
~ - .  

TABLE 2.- STABILITY COEFFICIENTS FOR A RIGID-ORBITER 
CONFIGURATION (M = 0.9,  1.0 g )  

cL 
c1 

'D 
c1 

I C m 
c1--I-=- ~ 

! I. 6. .  1 
I 

Method 1 0.029 0.005 -0.015 

Methods 2,  4 ,  .007 .004 -.009and experiment  
I__i_ 

Method 1 0.73 

.68  -1.99 

( l / r a d >  
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TABLE 3.- AERODYNAMIC DERIVATIVES FROM METHODS 2 ,  3, AND 4 

. .  . .  

Method 3 

Methods 2 ,  4 ,  
and ~ experiment  1
. . .  

Method 3 

Methods 2 ,  4 ,  
and experiment  
..._ 

Methods 2, 4 ,  
and experiment  
. . . ~  ~ ~~ 

. - .  . _ _  

Method 3 

Methods 2,  4 ,  
and experiment  
._ ._  

cLO cDO 

-0.09 0.003 

-.08 1 .08 

cD a a 


-0.002 

-.004 

( l / d e g )  

- 1  7
-0.199 

0.029 0.029 

.00-71 -004 -.009 

( l / d e g )  
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TABLE 4.- AERODYNAMIC FORCES AND MOMENTS FOR THE R I G I D  
AND n E X I B L E  ORBITER AT TRIM CONDITION 

1 ' g  L g -
R i g i d  E l a s t i c  Rig id  Elastic 

9.5 9 . 5  19.7 19 .7  
-11.0 -11.1 -47.8 -50.4 

7.4 7.6 12 .5  13.7 

- .080 -.067 - .080 -.067 

.080 .080 .080 .080 

.060 .054 .060 .054 

. I 7  .17 .012 . O l O  

.02 .02 .018 .017 

- .004 .004 .019 .020 

3.90 3.80 3.72 3.65 

.68 .66 1 .36  1 .33  

-1.99 -1.94 -1.99 -1.94 

.007 .005 . O l O  .008 

.004 .004 .007 .006 

-.009 -.008 - .007 -.006 

~~ 
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EXTENDED 
CIRCULAR CROSS SECTION FUSELAG E INTERFERENCE BODY2, m /CENTERED ON CAMBERLINE -7 

GRAVITY 

-15 
THIN BODY (WING) 

10 - TYPICAL 
CONTROL 

Y n  m 

5 

0 

--+1 
\ INTERFERENCE BODY 

STRUCTURAL DATA 
WEIGHT: 84163 n 
MOMENTSOF INERTIA (REF. TO BODY AXES) 

Ixx = 1.1829x 108 kg/m2 
l y y  = 8.8239x IO8 kg/m2 
Izz = 9.0297x 108 kg/m2 
1x2 = 2.8748 x IO7 k g / d  

. - 1 
I 
I 
I 

--J -X  

0 5 10 15 20 25 30 35 
x, m 

Figure 1.- Orbi te r  geometry and s t r u c t u r a l  d a t a .  

w 
w 



6.95%SEMISPAN 

- l t  

-‘t 
-1 

39.1% 
-1 

-:: 10 15X-CHORDWISE LENGTH, m 20 25 

Figure 2.- O r b i t e r  wing p r o f i l e .  

Figure 3.- Overlay of aerodynamic pane l s  and s t r u c t u r a l  node p o i n t s .  
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.5 . / 
CL 

/' 

0 

-40"' 

.o-5-1--'I 1 
5 
I I I I I 

0 10 15 20 25 
01, deg 

(a) Lift coefficient. 

M, = 0.9 
.6 

.4 

CD 

.2 

" ~ 

-5 0 5 10 15 20 25 
a,deg 

(b) Drag coefficient. 

Figure 4 . - Experimental aerodynamic forces and moments. 
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M, = 0.9 
m3 r 

0 

0" 

0 I I I I , /- I 
I I 1 - n 1 

15"-, _------ 0 / 
--/

-.1 I I I I 1 
-5 0 5 10 15 20 25 

E,deg 

(c) Pitch-moment c o e f f i c i e n t .  

F igure  4.- Concluded. 

2 FUSELAGE ACp vs B ( X  = 11.81 m, M, = 0.9) 
0 W.T. DATA 
-EMPIRICAL (LINEARLY FITTED TO 

W.T. DATA 0 < (Y < 14.5') 
1 - ,FLEXSTAB (LINEAR THEORY) 

ACP 

0, 0 0 
_ _ _ _  . _ _ - - - - - - - -

ACp = -3.8224~+ 0.310397 

-2 I I I I I 
-15 -10 -5 0 5 10 15 

cy 

(a )  Fuselage p res su re .  

F igure  5.- Experimental  l i f t i n g  p r e s s u r e s  r e p r e s e n t a t i o n .  
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WING ACp vs cx (AT X = 11.653 m,Y = 3.72 m, M, = 0.9) 

0 W.T. DATA -EMPIR ICAL (LINEAR LY FITTED TO 
W.T. DATA 0 < cx < 14.5")--FLEXSTAB (LINEAR THEORY) 

0 

4)) 

ACp = 0.05215~~0.13740-

1 1 1 I I I 
-10 -5 0 5 10 15 

01 


(b)  Wing p res su re .  

Figure 5.- Concluded. 

Ib 
0.5 

ACP 

0 

-0.5 

5 10 
0t b : l  

Figure 6.- L i f t i n g  p r e s s u r e s  on 

METHOD 1 (LINEAR THEORY)-METHODS 3 & 4 
0 EXPERIMENT 

01 = lo", 6 = oo 
M = 0.9 

yv '\ 
' A
b LA. 

\ 
\ 
\ 
\ 
\ 
\ 

15 20 25 30 35 
I x, m I I I I 

f u s e l a g e  (Methods 1, 3, 4,  and experiment).  
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--- 2 METHOD 1 
METHODS 3 & 4 

0 EXPERIMENT 

M = 0.9 
a = IO0, 6 = oo 

-1 II I 
0 .5 1 .o 

X I C  

(a )  27 .1% semispan. 

-I' I 1 
0 .5 1.o 

x I C  

(b) 35.4% semispan. 

Figure 7 .- Chordwise l i f  t ing-pressure  d i s t r i b u t i o n  (Methods 1, 3,  4 ,  and 
experiment) .  
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\ 
\ 

ACP 

-1 I I I 
0 .5 1.o 

XJC 

( c )  44.2% semispan. 

2 

\ 
\ 

1 

ACP 

a 

-1 1 I 
0 .5 1.o 

X I C  

(d)  52 .7% semispan. 

F igure  7 .- Continued. 
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61.3%SEMISPAN 

-1 _I 
0 .5 1.o 

X/C 

( e )  61.3% semispan. 

-1 
0 
- I I 

.5 1.0 
x I C  

( f )  78.3% semispan. 

Figure 7 .- Continued. 
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I I 
5 1.0 

X I C  

(g) 95 .4% semispan. 

Figure 7 .  - Concluded. 

1.o 

.5 M = 0.9 

0 

-.5 

I I I I I I I ' I 
0 5 10 15 20 25 30 35 

x, m 

Figure 8.- L i f t i n g  p res su res  on fuse l age  (Methods 1, 2 ,  and experiment) .  
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2

1 -

OL 6 -METHOD 2 9.5" 7.4" 
METHOD1 I O "  0" 

0 EXPERIMENT I O "  0" 

M, = 0.9 

0 .5 
X J C  

1.o 

(a) 27.1% semispan. 

2.-

ACP 

0 

-1 - I I 
0 .5 1.o 

X I C  

(b)  52.7% semispan. 

Figure 9.- Lifting pressures on wing (Methods 1, 2, and experiment). 
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-1 1 I I 
0 5 1 .o 

x/c 

( c )  95.4% semispan. 
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Figure  10.- Est imated l i f t i n g  p r e s s u r e s  on fuse l age  a t  1-g and 2.5-g f l i g h t  
cond i t ions .  
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Figure 11.- Estimated lifting pressures on wing at 1-g and 2.5-g flight 
conditions. 
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Figure 11.- Continued. 
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F igure  11.- Continued. 

46 



1 
i t

\ I \  

- o - o T - T ,  00 0 


I ,." I 
0 

5 1.0 
x IC 

(g) 78.36% semispan. 

I 0 ' 1  
I 0 

.5 1.o 
x l c  

(h) 86.90% semispan. 

Figure 11.- Continued. 
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Figure 12 . - O r b i t e r  f u s e l a g e  deformation.  

48 

32.773 




t-' 5 
2 
w 
E w25 

A 
n 
E 
4 
N 

0 

G I 


l g  

0 2.5g 

X I C  

(a )  27% semispan. 

.5 1.o 
X I C  

(b)  35.44% semispan. 


Figure 13.- O r b i t e r  wing deformation. 
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Figure 15.- Var i a t ion  o f  ACPi w i t h  angle  of a t t a c k .  
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