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INVESTIGATION OF THE APPLICABILITY OF  THE  FREE-WING 
PRINCIPLE TO LIGHT, GENERAL  AVIATION AIRCRAFT 

Richard  F. P o r t e r ,  Ross G. Luce, & Joe H. Brown, Jr. 
BATTELLE 

Columbus L a b o r a t o r i e s  

SUMMARY 

A p r e v i o u s   s t u d y   i n d i c a t e d   s u b s t a n t i a l   g u s t - a l l e v i a t i o n   b e n e f i t s   f o r  
a i r c r a f t   e m p l o y i n g   a n   u n c o n v e n t i o n a l   w i n g ,   f r e e   t o   p i v o t   a b o u t  a s p a n w i s e   a x i s  
fo rward   o f  i t s  ae rodynamic   cen te r   and   sub jec t   on ly   t o   ae rodynamic   p i t ch ing  
moments  imposed  by l i f t  and  drag  forces   and a t r a i l i n g   e d g e   c o n t r o l   s u r f a c e .  
A l though   t he   p r imary   bene f i t   was   found   t o   be   i n  the a t t enua t ion   o f   no rma l   l oad  
f a c t o r   d i s t u r b a n c e s   t h r o u g h   s y m m e t r i c a l   p a s s i v e   m o t i o n  of t h e  wing  panels  , 
r o l l i n g   d i s t u r b a n c e s  were a l s o   r e d u c e d   b y   p e r m i t t i n g   d i f f e r e n t i a l   f r e e d o m   o f  
t h e   l e f t  and r i g h t  w i n g   s e c t i o n s .  

The i n v e s t i g a t i o n   r e p o r t e d   i n   t h i s   d o c u m e n t  i s  a n   e x t e n s i o n   o f   t h e  
p r e v i o u s   s t u d y ,   w i t h   e m p h a s i s   o n   t h e   p r a c t i c a l   a p p l i c a t i o n   o f  the f ree-wing  
c o n c e p t   t o   l i g h t ,   g e n e r a l   a v i a t i o n   a i r c r a f t .   A n a l y t i c a l   w o r k ,   s u p p o r t e d   b y  
l i m i t e d   w i n d - t u n n e l   e x p e r i m e n t s ,  was p e r f o r m e d   t o   e v a l u a t e   t h e   i m p a c t   o f   s e l e c t e d  
d e s i g n   a n d   c e r t i f i c a t i o n   c o n s t r a i n t s   a p p r o p r i a t e   t o   t h e   t y p e   o f   a i r c r a f t   b e i n g  
c o n s i d e r e d .  

I t  i s  concluded   tha t   the   f ree-wing   concept   can   be   appl ied   to   unsophis -  
t i c a t e d ,  l o w   w i n g - l o a d i n g   l i g h t   a i r c r a f t   t o   p r o v i d e   r i d e   q u a l i t y ,   b a s e d  upon n o r -  
m a l   l o a d   f a c t o r   a t t e n u a t i o n   i n   t u r b u l e n c e ,   e q u a l   o r   s u p e r i o r   t o   a i r c r a f t   e m p l o y -  
i n g  much h i g h e r   w i n g   l o a d i n g s .   F u r t h e r m o r e ,   a l l   p e r t i n e n t   h a n d l i n g   q u a l i t i e s  and 
c e r t i f i c a t i o n   c r i t e r i a   c a n  be m e t  w i t h o u t   r e c o u r s e   t o   s t a b i l i t y   a u g m e n t a t i o n ,  
e i t h e r   a c t i v e   o r   p a s s i v e .  

The m a j o r   c o n c e s s i o n s   t o   p r a c t i c a l   c o n s t r a i n t s   i n c l u d e :  (1) t h e   e l i m i n a -  
t i o n   o f   d i f f e r e n t i a l   p a n e l   f r e e d o m   f o r   t h i s   c l a s s   o f   a i r c r a f t ,   t h e r e b y   p r e c l u d i n g  
i n h e r e n t   a t t e n u a t i o n   o f   r o l l i n g   d i s t u r b a n c e s ,  ( 2 )  t h e   i n c o r p o r a t i o n   o f  a f i x e d  
wing-cen te r - sec t ion   be tween   t he   f r ee   pane l s ,   and  (3 )  the   use  of   leading-edge 
s l a t s   f o r   l a n d i n g   a n d   t a k e o f f .  

INTRODUCTION 

Background 

The b a s i c   p r o b l e m   a t t a c k e d   i n   t h i s   i n v e s t i g a t i o n  i s  t h e   r e l a t i v e l y   p o o r  
r i d e   q u a l i t y   o f   a i r c r a f t   w i t h  low  wing   l oad ings   and   t he   ques t   fo r  a p r a c t i c a l  



means o f   c u r i n g   t h i s   d e f i c i e n c y   f o r   l i g h t ,   g e n e r a l   a v i a t i o n   a i r c r a f t .   A t t e n -  
t i o n  i s  focused   on  a unique  design  approach  for   the  improvement   of   rough-air  
comfort  , t h e   f r e e - w i n g   c o n c e p t .  

Low wing   l oad ing   has   l ong   been   synonomous   w i th   poor   r i de   qua l i t y   i n  
t u r b u l e n c e  , a f a c t   w h i c h   h a s   p r o b a b l y   b e e n  a s i g n i f i c a n t   d e t e r r e n t   t o  more  wide- 
s p r e a d   a c c e p t a n c e   o f   l i g h t   a i r c r a f t   a s  a p r a c t i c a l  means   o f   t r anspor t a t ion .  The 
problem i s  compounded b y   t h e   f a c t   t h a t   l i g h t   a i r c r a f t   s p e n d  a major   por t ion   o f  
t h e i r   f l i g h t  t ime a t  the   lower   a l t i tudes   where   measureable   tu rbulence  i s  most 
l i k e l y   t o   b e   e n c o u n t e r e d ,   e v e n   i n  good w e a t h e r .  

An inc rease   i n   w ing   l oad ing   can   be   expec ted   t o   p roduce   r i de   improve -  
m e n t ,   b u t   t h i s   a p p r o a c h  i s  c o n s t r a i n e d  by the   need   t o   ma in ta in  low minimum f l y i n g  
speeds .   No t   on ly  i s  a l o w   s p e e d   c a p a b i l i t y   d e s i r a b l e   f r o m   a n   o p e r a t i o n a l  
s t a n d p o i n t   f o r   a i r c r a f t   i n   t h i s   c l a s s ,   b u t   F e d e r a l   a i r w o r t h i n e s s   s t a n d a r d s  (FAR 
P a r t   2 3 )   r e q u i r e  a minimum s p e e d   o f   6 1   k n o t s   o r  less  f o r   s i n g l e   e n g i n e   a i r c r a f t .  
Even w i t h  we l l  d e s i  ned   mechanica l   h igh- l i f  t d e v i c e s ,  i t  a p p e a r s   t h a t  a wing 
l o a d i n g   o f   4 0   l b / f t 5  i s  an   approx ima te   p rac t i ca l   uppe r  l i m i t ;  t h i s  may be com- 
pared   to   wing   loadings   o f   90   to   110   lb / f t2   typ ica l   o f   the   commerc ia l  j e t  t r a n s -  
p o r t   a i r c r a f t   w h i c h   h a v e   e n j o y e d   w i d e   a c c e p t a n c e   b y   t h e   t r a v e l i n g   p u b l i c .  

An a l t e r n a t i v e   a p p r o a c h   t o   r i d e   i m p r o v e m e n t  i s  a g u s t - a l l e v i a t i o n  
system. A r e v i e w   o f  work i n   t h i s   a r e a  i s  conta ined   in   Appendix  c of t h i s  re-  
por t ;   bu t ,   to   summar ize ,   these   sys tems may r o u g h l y   b e   c l a s s i f i e d   a s   e i t h e r   a c t i v e  
o r   p a s s i v e   i n   t h e i r  mode o f   o p e r a t i o n .  

A c t i v e   g u s t   a l l e v i a t i o n   s y s t e m s   i n c o r p o r a t e  a s e n s i n g   d e v i c e  , u s u a l l y  
a n   a n g l e   o f   a t t a c k   v a n e   o r   a c c e l e r o m e t e r ,   w h i c h '   p r o v i d e s   i n p u t   s i g n a l s   t o  a con- 
t r o l   a c t u a t i o n   s y s t e m   t o   r e l i e v e   p e r t u r b a t i o n s   i n   r o u g h   a i r .   A l t h o u g h   s u c h   s y s -  
tems show g r e a t   p r o m i s e   f o r   c e r t a i n   a p p l i c a t i o n s ,   t h e i r   p o t e n t i a l   f o r   u s e   i n  
l i g h t   c i v i l   a i r c r a f t  i s  s t rong ly   i nh ib i t ed   by   economic   cons ide ra t ions   and   sys t em 
complexi ty  . 

P a s s i v e   g u s t   a l l e v i a t i o n   s y s t e m s   r e l y  upon pure  aerodynamic  and  mechan- 
i c a l   r e a c t i o n s   t o   d i s p l a c e   v a r i o u s   p o r t i o n s   o f   t h e   a i r f r a m e .   A l t h o u g h  most  pas- 
s ive   s chemes   have   p roven   unsa t i s f ac to ry ,  a noteworthy  example i s  t h a t   o f   H i r s h  
( r e f .  1). Al though   h i s   sys t em  appea r s   mechan ica l ly   compl i ca t ed ,  i t  has   been 
s u c c e s s f u l l y   d e m o n s t r a t e d   i n   f l i g h t .  The f r ee -wing   concep t  i s  also  an  example  of  
a p a s s i v e   g u s t   a l l e v i a t i o n   d e v i c e ;   a n d  i t  h a s   a l s o   b e e n   f l o w n ,   a l t h o u g h   i n  a 
somewhat d i f f e r e n t   f o r m   t h a n   c o n s i d e r e d   i n   t h i s   r e p o r t ,  by S p r a t t   ( r e f .   2 ) .  

The  Free-Wing  Concept 

The b a s i c   c o n c e p t  of t h e   f r e e  wing  was d i s c l o s e d  i n  U . S .  P a t e n t  No. 
2 ,347,230,  now e x p i r e d ,   i s s u e d   i n  1944 t o  Mr. D a n i e l  R .  Zuck, who b u i l t  a s m a l l  
p r o t o t y p e   a i r c r a f t   i n   1 9 4 5   a s  a p r i v a t e   v e n t u r e .   T h i s   a i r c r a f t  was neve r   success -  
c e s s f u l l y   f l o w n ,   a n d   t h e   o n l y   a n a l y t i c a l  work known to  have  been  performed  to  
p r e d i c t   t h e   d y n a m i c   b e h a v i o r   o f   s u c h   a n   a i r c r a f t  i s  r epor t ed   i n   Re fe rence  3. 
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A s  conceived  by  Zuck,  a f r e e - w i n g   a i r c r a f t   d i f f e r s   f r o m  a c o n v e n t i o n a l  
a i r p l a n e   i n   t h a t   t h e  two pane l s   o f   t he   fu se l age -moun ted   w ing   a r e   f r ee   t o  move 
independen t ly   abou t  a spanwise   ax i s   and   a r e   con t ro l l ed   by   means   o f   t r a i l i ng -edge  
c o n t r o l   s u r f a c e s .  Each  wing  panel i s  c o m p l e t e l y   f r e e   t o   r o t a t e   a b o u t  i t s  spanwise 
a x i s ,   s u b j e c t   t o   a e r o d y n a m i c  moments b u t   o t h e r w i s e   u n r e s t r i c t e d  by  mechanical 
c o n s t r a i n t s .  To p r o v i d e   s t a t i c   p i t c h i n g   s t a b i l i t y ,   t h e   a x i s   o f   r o t a t i o n  is lo- 
ca t ed   fo rward   o f   t he   cho rdwise   ae rodynamic   cen te r   o f   t he   w ing   pane l ,   a s  shown i n  
F i g u r e  1. The wing i s  b r o u g h t   t o   a n   e q u i l i b r i u m   a n g l e   o f   a t t a c k   t h r o u g h  a b a l -  
ance   o f   moments   c rea ted   by   the   t ra i l ing-edge   sur face ,   which  i s  c o n t r o l l e d   b y   t h e  
p i l o t ,   a n d   t h e   t o r q u e s   p r o d u c e d  by t h e   l i f t   a n d   d r a g   f o r c e s .  

The g u s t   a l l e v i a t i o n   f e a t u r e   o f   t h e   f r e e - w i n g  i s  c a u s e d   b y   t h e   f a c t  
t h a t  a s t a b l e   l i f t i n g   s u r f a c e   t e n d s   t o   m a i n t a i n  a p r e s c r i b e d   l i f t   c o e f f i c i e n t  by 
r e s p o n d i n g   t o   n a t u r a l   p i t c h i n g  moments  which  accompany  changes i n   f l o w   d i r e c t i o n .  
While a l l   s t a b l e   a i r c r a f t   t e n d   t o   r e l i e v e   t h e   l i f t   i n c r e m e n t   d u e   t o  a v e r t i c a l  
g u s t  by p i t c h i n g   i n t o   t h e   r e l a t i v e   w i n d ,   t h e   r a p i d i t y   o f   t h e   a l l e v i a t i n g   m o t i o n  
depends upon t h e   p i t c h i n g  moment o f   i n e r t i a .   B e c a u s e   o f   t h e   g r e a t l y   r e d u c e d   i n -  
e r t i a   o f   t h e  w i n g   p a n e l ,   c o m p a r e d   t o   t h e   a i r c r a f t   a s  a whole ,   the   f ree-wing   con-  
c e p t   p r o d u c e s   s i g n i f i c a n t   r e d u c t i o n s   i n   t u r b u l e n c e   r e s p o n s e s .  

A d i f f i c u l t y  common to a l l   g u s t   a l l e v i a t i o n   s y s t e m s ,   a c t i v e   o r   p a s s i v e ,  
i s  t h e   f a c t   t h a t   t h e   a i r c r a f t   c a n n o t   s i m p l y   b e  made i n s e n s i t i v e   t o   a n g l e   o f   a t t a c k  
c h a n g e s ;   f o r   i f  i t  were, s t a t i c   l o n g i t u d i n a l   s t a b i l i t y  would  be l o s t .   F u r t h e r -  
more ,   the   sys tem  must   d i s t inguish   be tween  angle-of -a t tack   changes   caused   by   tu rbu-  
lence   and   those  commanded by t h e   p i l o t .  A s t rong   a rgumen t   fo r   t he   f r ee -wing   con-  
c e p t  i s  t h a t  i t  i n h e r e n t l y   a v o i d s   b o t h   o f   t h e s e   p r o b l e m s ;   i n s t e a d   o f   r e d u c i n g   t h e  
s t a t i c   l o n g i t u d i n a l   s t a b i l i t y   o f   t h e   a i r c r a f t ,  i t  employs i t  a s   t h e   b a s i c  mechan- 
ism o f   a l l e v i a t i o n .   I n   a d d i t i o n ,   t h e   e q u i l i b r i u m   a n g l e   o f   a t t a c k  i s  r e a d i l y   c o n -  
t r o l l e d  by t h e   p i l o t   t h r o u g h   d i s p l a c e m e n t   o f   t h e   t r a i l i n g - e d g e   c o n t r o l   s u r f a c e .  

P r e v i o u s   A n a l y t i c a l  Work 

The  work r e p o r t e d   i n   R e f e r e n c e  3 was  conducted  under   Contract  No. 
NAS2-5116, and i s  the   on ly  known a n a l y t i c a l   e f f o r t   t o   p r e d i c t   t h e   f u n d a m e n t a l  
dynamic   behav io r   o f   a i r c ra f t   employ ing   t he   f r ee -wing   p r inc ip l e .  In t h a t   s t u d y ,  
the   comple te  se t  of   equat ions  of   motion were developed.  The c o n t r o l s - f i x e d  s e t  
o f   e q u a t i o n s   d e s c r i b e d  a s y s t e m   w i t h   e i g h t   d e g r e e s   o f   f r e e d o m ;   s i x   c o n v e n t i o n a l  
v a r i a b l e s   t o   d e f i n e   t h e   s p a t i a l   p o s i t i o n  and o r i e n t a t i o n   o f   t h e   f u s e l a g e   a s s e m b l y ,  
and two a d d i t i o n a l   v a r i a b l e s   t o   d e f i n e   t h e   r e s p e c t i v e   l e f t   a n d   r i g h t  wing  panel 
d i s p l a c e m e n t s   w i t h  respect t o   t h e   f u s e l a g e .  

The  complete s e t  o f   equa t ions  were t h e n   l i n e a r i z e d   a b o u t  a s t r a i g h t  
and l e v e l   e q u i l i b r i u m   f l i g h t   c o n d i t i o n ,   w h i c h   p e r m i t t e d   t h e   s e p a r a t i o n   o f   t h e  
e q u a t i o n s   i n t o  two uncoupled se t s  d e s c r i b i n g   t h e   l a t e r a l - d i r e c t i o n a l  and  longi-  
t u d i n a l   m o t i o n s ,   r e s p e c t i v e l y .  The c h a r a c t e r i s t i c   r o o t s  of e a c h  se t  o f   e q u a t i o n s  
was   examined   and   convent iona l   power   spec t ra l   dens i ty   t echniques  were u s e d   f o r  
t u r b u l e n c e   r e s p o n s e   c a l c u l a t i o n s .  
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The 

(1) 

The 
a s ses smen t   o f  

f o l l o w i n g   c o n c l u s i o n s  were d rawn   f rom  th i s  e a r l i e r  work: 

Most a t m o s p h e r i c   t u r b u l e n c e   e f f e c t s  were g r e a t l y   r e d u c e d ,  
p a r t i c u l a r l y   i n   t h e  rms l o a d   f a c t o r  ("62 p e r c e n t   r e d u c t i o n )  
a n d   r o l l i n g   d i s t u r b a n c e s  (-25 p e r c e n t   r e d u c t i o n ) .  On t h e  
o t h e r   h a n d ,   t h e  rms f u s e l a g e   p i t c h  ra te  was   i nc reased   abou t  
180 p e r c e n t   i n   c o m p a r i s o n  w i t h  e q u i v a l e n t   f i x e d - w i n g   a i r -  
c r a f t  . 
A l l  s t i c k - f i x e d  modes o f   mo t ion  were s t a b l e   e x c e p t   f o r   t h e  
s p i r a l  mode ,   where   the   ra te   o f   d ivergence   was   found  to   be  
e x c e s s i v e l y   h i g h   i n   t h e   a p p r o a c h   c o n d i t i o n .  

The l a t e r a l - d i r e c t i o n a l   h a n d l i n g   q u a l i t i e s   w e r e   u n s a t i s -  
f a c t o r y   b e c a u s e   o f   t h e   c o m b i n a t i o n   o f  low r o l l  damping 
and s p i r a l   d i v e r g e n c e .  

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

P u r p o s e   o f   T h i s   I n v e s t i g a t i o n  

p u r p o s e   o f   t h i s   s t u d y  was t o   p e r f o r m  a r e a l i s t i c  and  comprehensive 
t h e   p r a c t i c a l   a s p e c t s   o f   i m p l e m e n t a t i o n   o f   t h e   f r e e - w i n g   c o n c e p t  

f o r   l i g h t ,   g e n e r a l   a v i a t i o n   a i r c r a f t .  

A l t h o u g h   t h e   i m p r e s s i v e   g u s t   a l l e v i a t i o n   b e n e f i t s   f o u n d   i n   t h e   p r e v i o u s  
s tudy   s eemed   t o   i nd ica t e  a s t r o n g   p o t e n t i a l   f o r   l i g h t   a i r c r a f t   a p p l i c a t i o n ,   t h e  
scope   had   been   l imi ted   to  a f i r s t - o r d e r   e v a l u a t i o n   o f   t h e   i n h e r e n t   l i n e a r i z e d   d y -  
namic  behavior  of  f r e e - w i n g   a i r c r a f t .  No s p e c i f i c   a c c o u n t   h a d   b e e n   t a k e n  of de- 
s i g n   f e a t u r e s   t h a t   m i g h t   c o n f l i c t   w i t h   c e r t i f i c a t i o n   s t a n d a r d s ;   m a n e u v e r i n g   c o n -  
t r o l   f o r c e   g r a d i e n t s   w e r e   n o t   e x a m i n e d ;   n o   n o n l i n e a r   e f f e c t s   w e r e   i n c l u d e d ;   t h e  
poss ib l e   u se   o f   ae ro -mechan ica l   s t ab i l i t y   augmen ta t ion   s chemes  had n o t   b e e n  
t r e a t e d ;   t h e   a t t i t u d e  trim requi rements   o f   the   fuse lage   assembly   were   no t   con-  
s i d e r e d ;  and ce r t a in   a s sumpt ions   had   been  made w i t h  r e g a r d  t o  unsteady  aerodynamic 
phenomena and  wing  pi tching moments d u e   t o   s i d e s l i p .  The p r e s e n t   r e s e a r c h   p r o -  
gram  was  designed  to   extend  the  previous  work wi th  s p e c i f i c   t r e a t m e n t   o f   t h e  
f a c t o r s   j u s t   m e n t i o n e d .  

Scope 

I n   t h i s   s t u d y ,   a t t e n t i o n  w a s   c o n f i n e d   t o   v a r i a t i o n s   o f   o n e   s p e c i f i c  
h y p o t h e t i c a l   f r e e - w i n g   a i r p l a n e   b a s e d  upon a n   e x i s t i n g   c o n v e n t i o n a l   l i g h t   a i r -  
c r a f t .   T h i s  work s h o u l d   n o t   b e   c o n s t r u e d   a s  a c o m p l e t e   d e s i g n   s t u d y ,  however, 
s ince   on ly   t hose   pa rame te r s   were   exp lo red   whose   i n f luence  i s  considered  most  
r e l e v a n t   t o   t h e   f r e e   w i n g   a p p l i c a t i o n .  
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The i n v e s t i g a t i o n  was a n a l y t i c a l   i n   n a t u r e ,   b u t   s u p p o r t e d   b y  wind 
tunnel   exper iments   on   two  phys ica l   models .  One se t  of expe r imen t s  was des igned  
t o   v e r i f y  the a n a l y t i c a l l y   p r e d i c t e d   s i n g l e   d e g r e e   o f   f r e e d o m   m o t i o n   o f   f r e e -  
w i n g   p a n e l s   i n   p i t c h .  The o t h e r  model   was  used  to   provide  an  empir ical   determin-  
a t i o n   o f   t h e   w i n g   p i t c h i n g  moment c o e f f i c i e n t   i n   s i d e s l i p .  

The c r i t e r i a   f o r   e v a l u a t i n g   t h e   a c c e p t a b i l i t y  o f   c o n f i g u r a t i o n   v a r i a b l e s  
i n c l u d e d   t h e   F e d e r a l   A v i a t i o n   R e g u l a t i o n s ,   P a r t  2 3 ,  and   t he   Mi l i t a ry   Hand l ing  
Q u a l i t i e s   S p e c i f i c a t i o n ,  MIL-F-8785B  (ASG). It should   be   emphas ized   tha t   on ly  
s e l e c t e d   s e c t i o n s  of t h e s e   c r i t e r i a  were u s e d ;   t h a t  i s ,  t h o s e   b e a r i n g   d i r e c t l y   o n  
the   fundamenta l   ques t ion  of t h e   f r e e - w i n g   d e s i g n   a c c e p t a b i l i t y .  
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SYMBOLS 

The   fo l lowing   symbol s   a r e   u sed   i n   t he   ma in   body   o f   t h i s   r epor t ;   add i -  
t i o n a l   s y m b o l s  are  d e f i n e d   i n   e a c h   a p p e n d i x ,   a s   r e q u i r e d .  

A = l a t e r a l   a c c e l e r a t i o n ,   f e e t l s e c '  Y 

c = mean a e r o d y n a m i c   c h o r d ,   f e e t  
- 

C+ = s l o p e   o f   r o l l i n g - m o m e n t   c o e f f i c i e n t  v s .  s i d e s l i p   a n g l e  

CmB = s l o p e   o f   r i g h t   w i n g - p a n e l   p i t c h i n g  moment v s .  s i d e s l i p   a n g l e  

F, = s t ick  f o r c e  , l b  . 
g = a c c e l e r a t i o n   o f   g r a v i t y ,   f e e t / s e c 2  

I = nondimensional  mass  parameter 

Iyl = moment o f   i n e r t i a   o f   e a c h   w i n g   p a n e l   a b o u t   h i n g e   a x i s ,   s l u g - f  t 2 

j = uni t   imaginary   number ,  

n = n o r m a l   l o a d   f a c t o r ,  g u n i t s  

P = a r e a   o f   f r e e - w i n g   p a n e l ,   f e e t  2 

U = t r u e   a i r s p e e d ,   f e e t / s e c  

CY = a n g l e   o f   a t t a c k ,   r a d i a n s   u n l e s s   o t h e r w i s e   s p e c i f i e d  

B = s i d e s l i p   a n g l e ,   r a d i a n s   u n l e s s   o t h e r w i s e   s p e c i f i e d  

6, = l o n g i t u d i n a l   c o n t r o l   s u r f a c e   d e f l e c t i o n ,   r a d i a n s   u n l e s s  
o t h e r w i s e   s p e c i f i e d  

I' = yaw r a t e ,   r a d i a n s / s e c  

0 = p i t c h i n g   a c c e l e r a t i o n ,   r a d i a n s / s e c  

p = a t m o s p h e r i c   d e n s i t y ,   s l u g s / f t  

.. 
3 

= n a t u r a l   f r e q u e n c y   o f   s h o r t - p e r i o d  mode, r a d i a n s / s e c .  
%SP 
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DISCUSSION OF RESULTS 

Wind-Tunnel  Experiments 

Dynamic Pi tching  Behavior   of   Free-Wing  Panels . -   For   the  previous  work 
of   Reference 3 ,  r e l i a n c e  w a s   p l a c e d   u p o n   l i n e a r   a n a l y t i c a l   t e c h n i q u e s   f o r   i n c l u d i n g  
u n s t e a d y   a e r o d y n a m i c   e f f e c t s   o n   s y m m e t r i c a l   w i n g   p i t c h i n g   m o t i o n .   S p e c i f i c a l l y ,  
t h e   f i r s t - o r d e r   l a g   t r a n s f e r   f u n c t i o n   r e l a t i n g   c i r c u l a t o r y   l i f t   c o e f f i c i e n t   t o  
a n g l e   o f   a t t a c k   w a s   o b t a i n e d  by a Lap lace   t r ans fo rma t ion   o f   t he  time d e r i v a t i v e  
o f   a n   e x p o n e n t i a l   f i t   t o   t h e   r e s p o n s e  time h i s t o r y   f o l l o w i n g  a s t e p   c h a n g e   i n  
a n g l e  of a t t a c k .   A p p r o p r i a t e   a d d i t i o n a l   f o r c e s  and  moments were added  to   account  
f o r   t h e   a p p a r e n t   m a s s   e f f e c t s ,   a s   d e s c r i b e d   i n   A p p e n d i x  B of  Reference 3 .  From 
t h i s ,   t h e   c o n c l u s i o n  was  drawn tha t   t he   r educed   f r equency   and   damping   o f   t he  
wing o s c i l l a t o r y   p i t c h  mode a re   dependen t   on   on ly  two pa rame te r s ;   t he   marg in  
sepa ra t ing   t he   h inge   ax i s   f rom  the   ae rodynamic   cen te r ,   and  a mass   parameter   given 
by 3 

8 I y '  
I =  3 

F o r  a s i n g l e   d e g r e e   o f   f r e e d o m ,   i n   p i t c h ,   t h e   c h a r a c t e r i s t i c   e q u a t i o n  
of  the  system i s  a c u b i c ;   g e n e r a l l y   y i e l d i n g   o n e   s t a b l e   r e a l   r o o t   a n d  a complex 
c o n j u g a t e   p a i r   d e s c r i b i n g   a n   o s c i l l a t o r y  mode.  The o s c i l l a t o r y  mode i s  the   one  
o f   p r i m a r y   i n t e r e s t   b e c a u s e  i t  i s  s t r o n g l y   r e l a t e d   t o   t h e   l o n g i t u d i n a l   f r e q u e n c y  
r e s p o n s e   o f   t h e   a i r c r a f t   t o   v e r t i c a l   g u s t s .  The  computed  dimensionless   roots  of 
t h e   o s c i l l a t o r y  mode a r e  shown i n   F i g u r e  2 .  

S i n c e  no d i r e c t l y   a p p l i c a b l e   e x p e r i m e n t a l   d a t a   c o u l d   b e   f o u n d   f o r  com- 
p a r i s o n   w i t h   t h e   a n a l y t i c a l   r e s u l t s ,  and   because   o f   the   impor tance   o f  a r e a l i a b l e  
r e p r e s e n t a t i o n   o f   w i n g   d y n a m i c s   i n   t h e   l o n g i t u d i n a l   e q u a t i o n s   o f   m o t i o n   o f   t h e  
c o m p l e t e   a i r c r a f t ,   w i n d   t u n n e l   e x p e r i m e n t s   w e r e   c o n d u c t e d   t o   p r o v i d e   v e r i f i c a t i o n  
o f   t h e   a n a l y t i c a l   t e c h n i q u e .  A comple te   descr ip t ion   of   the   exper imenta l   p rogram 
i s  con ta ined   i n   Append ix  A ,  b u t   t h e   p r i m a r y   r e s u l t s   a r e  summarized h e r e .  

A d y n a m i c a l l y   s c a l e d   r e f l e c t i o n - p l a n e   w i n g   p a n e l  was  mounted i n   t h e  
Bat te l le -Columbus   subsonic   wind   tunnel .  It was n e c e s s a r y   t o   c o n s t r u c t   t h e   b a s i c  
model a s   l i g h t   a s   p r a c t i c a b l e   t o   o b t a i n  low  mass   parameter   values ,   as   given  by 
Equat ion (1). The model  was b u i l t  u p   o f   b a l s a   r i b s   a n d   s h e e t   c o v e r i n g   w i t h   a n  
a luminum  tube   s e rv ing   a s   t he   h inge   ax i s .   F ive   d i sc re t e   cho rdwise   h inge   ax i s  
p o s i t i o n s   w e r e   a v a i l a b l e   b y   s h i f t i n g   t h e   l o c a t i o n  of t h e  aluminum  tube  with 
r e s p e c t   t o   t h e   b a s i c  wing s t r u c t u r e .  The  aluminum  tube  extended  through  the 
t u n n e l   w a l l   t o   t h e   e x t e r i o r ,   w h e r e   d i s c r e t e   w e i g h t s  were mounted  on moment arms 
t o   p r o v i d e   f o r   v a r i a t i o n   o f   m a s s   p a r a m e t e r   a n d   t o   e s t a b l i s h   t h e  trim a n g l e  of 
a t t a c k   t h r o u g h   a n   u n b a l a n c e d   w e i g h t  moment. 
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The t e s t  t e c h n i q u e   c o n s i s t e d   o f   o b t a i n i n g   o s c i l l o g r a p h   r e c o r d i n g s  of 
r e c o v e r i e s   f r o m   i n i t i a l   d i s p l a c e m e n t s   f o r  a v a r i e t y   o f  mass pa rame te r s ,   t unne l  
s p e e d s ,   h i n g e   a x i s   l o c a t i o n s ,   a n d   e q u i l i b r i u m   a n g l e s   o f   a t t a c k   i n   t h e   l i n e a r  
aerodynamic  range.  The f r equency  and  damping r a t i o   o f   e a c h   d a t u m   p o i n t  were 
then   ex t rac ted   us ing   reduct ion   techniques   f rom  Appendix  I11 of   Reference  4 .  Two 
methods were used;   one   based   on   the  maximum s lope   of   the   recorded  time h i s t o r y  
and   one   based   on   t he   t r ans i en t   peak   r a t io .   The   l a t t e r   me thod  was f o u n d   t o   r e s u l t  
i n  less  s c a t t e r  and a l l   d a t a   p r e s e n t e d  were reduced  by  this  method. 

A summary o f   t h e   e x p e r i m e n t a l   r e s u l t s  and   compar ison   wi th   theory   a re  
shown i n   F i g u r e  3 .  

It s h o u l d   b e   n o t e d   t h a t   f o r   t h o s e   p o i n t s   w i t h   r e l a t i v e l y   h i g h  damping 
( g e n e r a l l y ,   f o r   a n   a f t   h i n g e   a x i s   l o c a t i o n   a n d / o r   s m a l l  mass  parameter) i t  was 
d i f f i c u l t   t o   e x t r a c t  a h igh ly   accu ra t e   damping   r a t io .  It s h o u l d   a l s o   b e   n o t e d  
t h a t   t h e   p a n e l   m o t i o n  i s  no t ,   i n   ac tua l i t y ,   s imp le   s econd-o rde r   behav io r .   Even  
t h e   a n a l y t i c a l   a p p r o x i m a t i o n  i s  a t h i r d - o r d e r   s y s t e m  a n d   t h e   s t a b l e   a p e r i o d i c  
mode w h i c h   a c c o m p a n i e s   t h e   o s c i l l a t i o n   c a n   s i g n i f i c a n t l y   m o d i f y   t h e   i n i t i a l   t r a n -  
s i e n t   r e s p o n s e .  

A l l  f a c t o r s   c o n s i d e r e d ,   t h e   d e g r e e   o f   c o r r e l a t i o n   b e t w e e n   t h e   e x p e r i -  
m e n t a l   r e s u l t s   a n d   t h e   t h e o r e t i c a l   p r e d i c t i o n s  i s  judged   t o   be   qu i t e   adequa te  
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f o r   a c c e p t i n g   t h e   v a l i d i t y   o f   t h e   a n a l y t i c a l   m o d e l .  From a q u a l i t a t i v e   s t a n d -  
p o i n t ,   f u r t h e r m o r e ,  a l l  f r e e   m o t i o n s   t h a t  were obse rved  were w e l l  damped w i t h  
n o   t e n d e n c y   f o r   s t a t i c   o r   d y n a m i c   i n s t a b i l i t y ,   e v e n  when the   wing   was   de l ib-  
e r a t e l y   f o r c e d   i n t o  a c o m p l e t e l y   s t a l l e d   c o n d i t i o n   b y   t o r q u e s   a p p l i e d   t o  the 
s h a f t   e x t e r i o r  to  t h e   t u n n e l .  

Asymmetric P a n e l   D e f l e c t i o n   i n   S i d e s l i p . -   I f   t h e   w i n g   h a s  a p o s i t i v e  
d i h e d r a l   e f f e c t   w i t h   t h e   w i n g   p a n e l s   r e s t r a i n e d   ( n e g a t i v e  C Q ) ,  p o s i t i v e   s i d e -  
s l i p   ( t o   t h e   r i g h t )  w i l l  c a u s e   a n   i n c r e a s e   i n   t h e   l i f t   o n   t h e   r i g h t   w i n g   a n d  a 
d e c r e a s e   o n   t h e   l e f t .   I n t u i t i v e l y   t h e n ,   t h e   i n c r e m e n t a l   p i t c h i n g  moments a b o u t  
t h e   h i n g e   a x i s  w i l l  b e   n e g a t i v e   o n   t h e   r i g h t   w i n g   a n d   p o s i t i v e   o n   t h e   l e f t ,  re- 
s u l t i n g   i n   a n   a s y m m e t r i c   p a n e l   d e f l e c t i o n   i n  a d i r e c t i o n   w h i c h   w o u l d   r e d u c e  the 
d i h e d r a l   e f f e c t .  A d e t e r m i n a t i o n   o f   t h e s e   p i t c h i n g  moments  was  beyond  the  simple 
l i f t i n g - l i n e   t h e o r y   u s e d   i n   t h e   p r e v i o u s   s t u d y ,  so  recourse   was  made t o   a n   a r -  
b i t r a r y   s e l e c t e d   v a l u e   o f   t h e   p i t c h i n g  moment d e r i v a t i v e ,  c , ~ ,  and a s e n s i t i v i t y  
a n a l y s i s   w a s   p e r f o r m e d   t o   d e t e r m i n e   t h e   i m p o r t a n c e   o f   t h i s   u n i q u e   d e r i v a t i v e .  
The c o n c l u s i o n   w a s   r e a c h e d   t h a t   t h e   m o s t   s i g n i f i c a n t   i n f l u e n c e  i s  on  t h e   s p i r a l  
mode s t a b i l i t y ;   t h i s  mode becoming  more r a p i d l y   d i v e r g e n t   a s  C m ~  a s s u m e s   l a r g e r  
( n e g a t i v e )   v a l u e s .  

Wind tunne l   expe r imen t s   were   conduc ted   t o   de t e rmine   r ep resen ta t ive  
v a l u e s   o f  CmB and   t he   r e su l t s   a r e   summar ized   he re .  A more c o m p l e t e   d e s c r i p t i o n  
i s  conta ined   in   Appendix  A .  

The expe r imen t   cons i s t ed   o f   moun t ing ,   i n   t he   w ind   t unne l ,   an   a s sembly  
composed o f  a t y p i c a l   f u s e l a g e   w i t h   i n d e p e n d e n t   l e f t   a n d   r i g h t   p a n e l s ,   a n d   t a k i n g  
s t a t i c   m e a s u r e m e n t s   o f   e a c h   w i n g   p a n e l   d e f l e c t i o n   a s   f u n c t i o n s   o f   s i d e s l i p   a n g l e .  
S i n c e   o n l y   t h e   e q u i l i b r i u m   v a l u e s   o f   p a n e l   d e f l e c t i o n  were o f   i n t e r e s t ,  no  dynam- 
i c   s c a l i n g  was r e q u i r e d .  The  model  was  mounted  on i t s  s i d e   t o   e l i m i n a t e   t h e   e f -  
f e c t s  o f  we igh t   imba lance   abou t   t he   h inge   ax i s .  

The p a n e l s  were e q u i p p e d   w i t h   t r a i l i n g - e d g e   c o n t r o l   s u r f a c e s   t o   p r o v i d e  
d a t a   a t   s e v e r a l  t r immed  angles   o f   a t tack ,  The  smoothed r e s u l t s   a r e   p l o t t e d   i n  
F i g u r e  4 w h i c h   s h o w s   t h e   a v e r a g e   r a t i o   o f   i n c r e m e n t a l   s i n g l e   p a n e l   d e f l e c t i o n   t o  
s i d e s l i p   a n g l e   a s  a f u n c t i o n  of wing l i f t   c o e f f i c i e n t .  The d i sp lacemen t s  were 
e q u a l  and o p p o s i t e   f o r   t h e   l e f t  and r i g h t  w i n g   p a n e l s .   T h e s e   d a t a   a r e   f o r  a 
s i n g l e   h i n g e   a x i s   l o c a t i o n   c o m p u t e d   t o  be 5.6 p e r c e n t   o f   c h o r d   f o r w a r d   o f   t h e  
a e r o d y n a m i c   c e n t e r .  

T h e   e x t r a c t i o n   o f   t h e   d e s i r e d   d e r i v a t i v e ,  C m g ,  f r o m   t h e s e   d a t a  i s  o u t -  
l i n e d   i n   A p p e n d i x  A .  It i s  n o t e w o r t h y   t h a t   t h e   v a l u e ,  so o b t a i n e d ,   f o r   t h e   a p -  
p r o a c h   c o n d i t i o n  i s  a n   o r d e r   o f   m a g n i t u d e   g r e a t e r   t h a n   t h a t   s e l e c t e d  somewhat 
a r b i t r a r i l y   i n   t h e  ea r l i e r  s tudy   o f   Re fe rence  3 .  
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FIGURE 4.  RESULTS  OF SIDESLIP TESTS 

S e l e c t e d   P r a c t i c a l   C o n f i g u r a t i o n  

To p r o v i d e  a l o g i c a l   b a s i s   f o r   t h e   d i s c u s s i o n s   w h i c h   f o l l o w ,   t h e   f i n a l  
s e l e c t e d   p r a c t i c a l   c o n f i g u r a t i o n  i s  b r i e f l y   d e s c r i b e d   i n   t h i s   s e c t i o n .   T h i s   c o n -  
f i g u r a t i o n  i s  shown i n   F i g u r e  5 ,  w h i l e   j u s t i f i c a t i o n   f o r  many o f   t h e   d e s i g n  
f e a t u r e s  i s  g i v e n   i n  more d e t a i l   i n   l a t e r   s e c t i o n s   o f   t h e   r e p o r t .  

B a s i c   C o n f i g u r a t i o n . -  The a i r c r a f t   s e l e c t e d   f o r   a n a l y s i s  i s  based 
u p o n   a n   e x i s t i n g   c o n v e n t i o n a l   l i g h t   a i r c r a f t ,   t h e   C e s s n a   1 8 2 .  The wing  plan- 
form  has   been   modi f ied   to  a r e c t a n g u l a r   s h a p e   p r i m a r i l y   f o r   c o n v e n i e n c e   i n   t h e  
a n a l y s i s .  The  assumed  gross   weight  i s  2 8 0 0   l b s ,   e q u a l   t o   t h e  maximum weight   o f  
t h e   1 8 2 .   T h e   a i r f o i l  i s  t h e  NACA 23012 s e c t i o n ,   s e l e c t e d   b e c a u s e   o f  i t s  r e l a -  
t i v e l y   h i g h  maximum s e c t i o n   l i f t   c o e f f i c i e n t  a n d   t h e   w e a l t h   o f   p e r t i n e n t   e m p i r i -  
c a l   d a t a   c o n t a i n e d   i n   t h e   l i t e r a t u r e .  The  wing a r e a   o f   t h e   f r e e - w i n g   a i r c r a f t  
i s  s l i g h t l y   g r e a t e r   t h a n   t h a t   o f   t h e   C e s s n a ,   b e i n g  184.4 f t 2   a s  opposed  to  174 
f t 2 .  

The h igh -wing   conf igu ra t ion  was s e l e c t e d   b e c a u s e   o f   t h e   i n t u i t i v e  
d e s i r a b i l i t y   o f   p r o v i d i n g   e x t e r n a l   s u p p o r t   f o r   t h e   w i n g s .  The e x t e r n a l   s t r u t  
arrangement  i s  s i m i l a r   t o   t h a t   o f   t h e   b a s i c  182 a i r c r a f t  and   p rov ides   r e l i e f  of 
bending moments o n   t h e   i n b o a r d   w i n g   h i n g e   b e a r i n g s   a s  wel l  a s   g r e a t l y   i n c r e a s e d  
b e n d i n g   s t i f f n e s s   f o r   f l u t t e r   s u p p r e s s i o n .  The need f o r   e x t e r n a l   s t r u t s   h a s   n o t  
b e e n   e s t a b l i s h e d ,   h o w e v e r ,   s i n c e   n o   s t r u c t u r a l   o r   f l u t t e r   a n a l y s e s   w e r e   p e r -  
formed. On t h e   o t h e r   h a n d ,   t h e   s t r u t   a r r a n g e m e n t   m i g h t   b e   c a r r i e d   f u r t h e r   t o  
a n   i n v e r t e d  "V" a r r a n g e m e n t   t o   r e l i e v e   d r a g  moments a s  wel l  a s  moments d u e   t o  
l i f t   f o r c e s   o n   t h e   w i n g   p a n e l s .  
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F i x e d   C e n t e r   S e c t i o n  .- The f i x e d   w i n g   c e n t e r   s e c t i o n  i s  a p r a c t i c a l  
n e c e s s i t y   t o   p r o v i d e  a c o n v e n i e n t   l o c a t i o n   f o r   f u e l   t a n k s   a n d  to e l i m i n a t e  
in t e r f e rence   be tween   cab in   door s   and   w ing   pane l s   wh i l e  on t h e   g r o u n d .   I n   f a c t ,  
FAR 23.807 s ta tes :  "Emergency e x i t s  must   be   loca ted  to allow escape   w i thou t  
c r o w d i n g   i n   a n y   p r o b a b l e   c r a s h   a t t i t u d e " .  This r e q u i r e m e n t ,   i n   s u b s t a n c e ,   d e -  
m a n d s   t h e   f i x e d   c e n t e r   s e c t i o n   t o   p r e c l u d e   a n y   p o s s i b i l i t y   o f   p a s s e n g e r s   b e i n g  
impr i soned   i n   t he   cab in   by   w ing   pane l   de f l ec t ions .  

Re t r ac t ab le   Lead ing-Edge   S l a t s  .- FAR 2 3 . 4 9   ( b ) ( i )   r e q u i r e s  a minimum 
s p e e d   c a p a b i l i t y   o f   6 1   k n o t s  (CAS) o r  less  f o r   s i n g l e   e n g i n e   a i r c r a f t   c e r t i f i c a t e d  
i n   t h e   N o r m a l ,   U t i l i t y ,  o r  A c r o b a t i c   c a t e g o r i e s .   S i n c e   t h e   t r a i l i n g - e d g e   c o n -  
t r o l   s u r f a c e s   a r e   d e f l e c t e d  upward f o r  trim, t h e  maximum trimmed l i f t   c o e f f i c i e n t  
i s  less  t h a n   t h a t   o f  a convent iona l   wing   of   the  same p lan fo rm.   T ra i l i ng -edge ,  
h i g h - l i f t   f l a p s   c a n n o t   b e   u s e d   d i r e c t l y   u n l e s s  some addi t iona l   mechanism i s  de-  
ve loped   to   overcome  the   powerfu l   nega t ive   p i tch ing   moments .  The a i r c r a f t   h a s  a 
wing   loading   of   15 .2   pounds   per   square   foo t ,  so c o m p l i a n c e   w i t h   t h e   a i r w o r t h i n e s s  
s t a n d a r d s   w o u l d   r e q u i r e  a  maximum trimmed l i f t   c o e f f i c i e n t   o f   n o t  less  than  1 .21.  
It  a p p e a r s   u n l i k e l y   t h a t   v a l u e s  much i n   e x c e s s  of 1.0 a re  a c h i e v a b l e   f o r  a b a s i c  
f r e e  wing   t r immed   by   t r a i l i ng -edge   con t ro l   su r f aces .  

F o r t u n a t e l y ,  a l i t e r a t u r e   s e a r c h   r e v e a l e d   c o n s i d e r a b l e   d a t a   o n   l e a d i n g -  
e d g e   s l a t s   u s e d   w i t h   t h e   s e l e c t - e d  NACA 23012 a i r f o i l   s e c t i o n .  The Handley  Page 
s l a t  seems p a r t i c u l a r l y   a t t r a c t i v e .   T h i s   d e v i c e   n o t   o n l y   y i e l d s  a v e r y   s u b s t a n -  
t i a l   i n c r e a s e   i n   s e c t i o n   l i f t   c o e f f i c i e n t ,   b u t   c a u s e s   a n   a p p a r e n t   f o r w a r d   s h i f t  
i n   a e r o d y n a m i c   c e n t e r   l o c a t i o n ,   t h e r e b y   r e d u c i n g   t h e  t r i m  c o n t r o l   d e f l e c t i o n .  
W i t h   t h i s   d e v i c e ,   t h e  maximum trimmed l i f t   c o e f f i c i e n t  was  computed  to   be  in  
e x c e s s   o f  1 . 4 6 ,  r educ ing   t he  minimum s p e e d   t o   a n   a c c e p t a b l e   5 5 . 5   k n o t s .  

S t ruc tu ra l ly   Coup led   F ree -Wing   Pane l s . -  The l e f t  a n d   r i g h t   f r e e - w i n g  
p a n e l  of t h e   f i n a l   s u g g e s t e d   c o n f i g u r a t i o n  do n o t   h a v e   d i f f e r e n t i a l   f r e e d o m   b u t  
a r e   m e c h a n i c a l l y   c o n s t r a i n e d   t o   p i t c h   o n l y   i n   u n i s o n .   A l t h o u g h   t h e   a n a l y s i s  
i n d i c a t e s  a p o s s i b i l i t y   o f   r e t a i n i n g   d i f f e r e n t i a l   f r e e d o m   w i t h   t h e   a i d   o f   p a s s i v e  
m e c h a n i c a l   s t a b i l i t y   a u g m e n t a t i o n   d e v i c e s ,   t h e   b e n e f i t s ,   f o r   t h i s   t y p e   o f   a i r -  
c r a f t ,   a r e   n o t   j u d g e d   t o   b e   w o r t h   t h e   a d d i t i o n a l   c o m p l e x i t y .   W i t h   t h e   p a n e l s  
r e   t r a i n e d   t o   s y m m e t r i c a l   d i s p l a c e m e n t s   o n l y ,   t h e   l o n g i t u d i n a l   g u s t   a l l e v i a t i o n  
b e n e f i t s   r e m a i n   a n d   t h e   l a t e r a l - d i r e c t i o n a l   h a n d l i n g   q u a l i t i e s ,   s t a b i l i t y ,   a n d  
t u r b u l e n c e   r e s p o n s e s   a r e   i d e n t i c a l   t o   a n   e q u i v a l e n t   f i x e d - w i n g   a i r c r a f t .  

C o n t r o l   S u r f a c e s . -  The c o n t r o l   s u r f a c e s   a r e   s i z e d   t o   p r o v i d e   s u f f i c i e n t  
power to   b r ing   t he   w ing   pane l s  to maximum l i f t   c o e f f i c i e n t   w i t h   t h e   l e a d i n g - e d g e  
s l a t s   i n   e i t h e r   t h e   r e t r a c t e d   o r   e x t e n d e d   p o s i t i o n .   T h e y   a r e  2 0  p e r c e n t  of  
c h o r d   i n   d e p t h   a n d   c o v e r   h a l f   o f   t h e   s p a n   o f   t h e   f r e e   p a n e l s .   T h e i r   o u t b o a r d  
p o s i t i o n   e n a b l e s   t h e m   t o   b e   u s e d   a s   c o n v e n t i o n a l   a i l e r o n s   f o r   l a t e r a l   c o n t r o l .  
An a n t i s e r v o   t a b ,   g e a r e d   o n e - t o - o n e   w i t h   c o n t r o l   s u r f a c e   d i s p l a c e m e n t ,  i s  re- 
q u i r e d  to b r i n g   t h e   m a n e u v e r i n g   s t i c k   f o r c e   g r a d i e n t   t o   a n   a c c e p t a b l e   v a l u e .  
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H o r i z o n t a l   T a i l   S i z e . -  The   prev ious   s tudy   of   Reference  3 h a d   i n d i c a t e d  
the p o s s i b i l i t y   o f   u s i n g   o n l y  a s m a l l   h o r i z o n t a l   s t a b i l i z i n g   s u r f a c e  a t  t h e   a f t  
e n d   o f   t h e   f u s e l a g e   t o   p r o v i d e   a n g l e   o f   a t t a c k   s t a b i l i t y   f o r   t h e   f u s e l a g e   a s s e m -  
b l y .   T h i s   c h o i c e   w a s   r e e v a l u a t e d   i n   t h i s   s t u d y   a n d   t h e   f i n a l   s e l e c t i o n  was a 
h o r i z o n t a l  t a i l  s l i g h t l y   l a r g e r   t h a n   t h e   C e s s n a  182 ( i n   p e r c e n t   o f   w i n g   a r e a ) .  
T h i s   c h o i c e   w a s   m o t i v a t e d   b y   t h e   i n c l u s i o n   o f   t h e   f i x e d   c e n t e r - s e c t i o n  of t h e  wing 
a n d   t h e   r e q u i r e m e n t   t o   p r o v i d e   i n d e p e n d e n t   f u s e l a g e   a t t i t u d e  trim throughout  
t h e   s p e e d   a n d   c e n t e r   o f   g r a v i t y   r a n g e   o f   t h e   a i r c r a f t .  

A i r c r a f t   C e n t e r   o f  Gravi ty . -  The u s a b l e   c e n t e r   o f   g r a v i t y   r a n g e  i s  1.2' 
f e e t   ( 2 2 . 5   p e r c e n t   o f   c h o r d ) ,   a p p r o x i m a t e l y   t h e  same a s   t h e  Ces.sna  182.  The nom- 
i n a l   c e n t e r   o f   g r a v i t y  i s  more f o r w a r d   t h a n   m o s t   c o n v e n t i o n a l   a i r c r a f t ,   b e i n g  
l o c a t e d   a t   t h e  5 p e r c e n t   c h o r d   p o i n t .  

Balanced Wing P a n e l s . -  The a n a l y s e s   t o   f o l l o w   i n d i c a t e s   t h e   n e c e s s i t y  
o f   p r o v i d i n g   s t a t i c   b a l a n c e ,   a b o u t   t h e   h i n g e   a x i s ,   f o r   t h e   w i n g   p a n e l s .  Two 
m e t h o d s   w e r e   c o n s i d e r e d   f o r   a c h i e v i n g   t h i s :   i n t e r n a l   b a l a n c e   w e i g h t s   i n s i d e   t h e  
w i n g   l e a d i n g   e d g e ,   o r   e x t e n d e d   b a l a n c e   w e i g h t s   o n  moment a rms   p ro t rud ing   fo r -  
ward  of   the  wing , i n   s m a l l ,   f a i r e d   n a c e l l e s .  

W i t h   t h e   i n t e r n a l   b a l l a s t ,  a w e i g h t   p e n a l t y   t o t a l i n g   a b o u t  200 l b  i s  
i n c u r r e d .   T h i s  i s  r educed   t o   abou t  88 l b   f o r   e x t e r n a l   m a s s e s   o n   o n e   f o o t   e x -  
tens ion   a rms .   These   mass   ba lance   requi rements   were   computed   us ing   bas ic   wing  
mass d i s t r i b u t i o n   s i m i l a r   t o   t h e   C e s s n a   1 8 2 .  It i s  e x p e c t e d   t h a t   c a r e f u l   d e -  
s i g n ,   u s i n g   t h e   e x t e n d e d   b a l l a s t   c o u l d   r e d u c e   t h e   w e i g h t   p e n a l t y   t o   a b o u t  40 l b .  

L a t e r a l - D i r e c t i o n a l   H a n d l i n g   Q u a l i t i e s  

E f f e c t s   o f   D i f f e r e n t i a l   P a n e l   F r e e d o m . -  Were i t  n o t   f o r   t h e   a d v e r s e  
e f f e c t  on l a t e r a l - d i r e c t i o n a l   h a n d l i n g   q u a l i t i e s ,   t h e  resu l t s  o f   t h e   p r e v i o u s  
s t u d y   i n d i c a t e d  two p r imary   advan tages   o f   i ndependen t   l e f t   and   r i gh t   w ing   pane l s .  
These were (1) a s i g n i f i c a n t   r e d u c t i o n   i n   r o l l   d i s t u r b a n c e s   i n   t u r b u l e n c e   a n d  
(2)  ve ry   power fu l  r o l l  c o n t r o l   e v e n   a t   t h e   l o w e s t   a i r s p e e d s .  

U n f o r t u n a t e l y ,   t h e  same mechanism  which   y ie lds   these   advantages  i s  
a l s o   t h e   p r i m a r y   c o n t r i b u t o r   t o   t h e   i n h e r e n t l y   u n s a t i s f a c t o r y   l a t e r a l   c o n t r o l  
c h a r a c t e r i s t i c s .  The f a c t o r   r e f e r r e d   t o   h e r e  i s  t h e   l o w   e f f e c t i v e   r o l l   d a m p i n g  
d u e   t o   t h e   t e n d e n c y   o f   e a c h   w i n g   p a n e l   t o   p i t c h   i n t o   t h e   l o c a l  r e l a t i v e  a i r  
f l ow  caused   by  a r o l l i n g   r a t e .  I t  may seem p a r a d o x i c a l   t h a t   t h e  low e f f e c t i v e  
r o l l  damping i s  accompanied  by a r e d u c t i o n   i n   r o l l   d i s t u r b a n c e s   i n   t u r b u l e n c e ,  
b u t   t h i s  i s  because  a m a j o r   c o n t r i b u t o r   t o   l a t e r a l   p e r t u r b a t i o n  i s  the   spanwise  
g r a d i e n t   o f   v e r t i c a l   g u s t   v e l o c i t y ,   a n d   t h i s   " r o l l i n g   g u s t "   d i s t u r b s   t h e   a i r p l a n e  
i n   p r o p o r t i o n   t o   t h e   a e r o d y n a m i c   r o l l   d a m p i n g   c o e f f i c i e n t .   I f   t h e   e f f e c t i v e  
ae rodynamic   ro l l   damping  i s  small, t h e   f o r c i n g   f u n c t i o n  i s  reduced .  
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A n o t h e r   s i g n i f i c a n t   e f f e c t   o f   d i f f e r e n t i a l   p a n e l   f r e e d o m  i s  the  reduc-  
t i o n   o f   e f f e c t i v e   d i h e d r a l   c a u s e d   b y   a s y m m e t r i c   p a n e l   d i s p l a c e m e n t s   i n   s i d e s l i p .  
T h i s  i s  o b j e c t i o n a b l e   f o r  two r e a s o n s :  (1) t h e   t e n d e n c y   f o r   s p i r a l   d i v e r g e n c e  i s  
a g g r a v a t e d   a n d   ( 2 )   t h e   s t e a d y   s i d e s l i p   c h a r a c t e r i s t i c s   a r e   s u c h   t h a t   l a t e r a l  
c o n t r o l   d i s p l a c e m e n t   m u s t   b e   h e l d  a w a y   f r o m   t h e   d i r e c t i o n   o f   s l i p   t o   m a i n t a i n  a 
c o n s t a n t   b a n k   a n g l e .  The l a t t e r   t e n d e n c y  i s  i n   c o n t r a d i c t i o n   t o   b o t h  FAR 23.177 
(a ) (2)   and   Sec t ion   3 .3 .6 .3   o f  MIL F-8785B(ASG). 

Modal C h a r a c t e r i s  t i c s  and  Turbulence  Responses.  - The c h a r a c t e r i s t i c  
l a t e r a l - d i r e c t i o n a l  modes  of  motion were computed   us ing   the   equat ions   o f   mot ion  
g iven   i n   Append ix  B y  f o r  two f l i g h t   c o n d i t i o n s :   a p p r o a c h   ( 7 2   k n o t s  CAS,  sea  
l e v e l ,   s l a t s   e x t e n d e d ) ,  and c r u i s e  (125  knots  CAS, 6500 f t ,   s l a t s   r e t r a c t e d ) .  
For   purposes   o f   compar ison ,   computa t ions  were made b o t h   w i t h   a n d   w i t h o u t   d i f -  
f e r e n   t i a  1 pane 1 freedom. 

TABLE 1. COMPARISON OF BASIC FREE-WING CHARACTERISTIC ROOTS 
WITH AND WITHOUT DIFFERENTIAL PANEL FREEDOM 

Approach  Cruise 

No  No 
D i f f e r e n t i a l  D i f f e r e n t i a l  D i f f e r e n t i a l  D i f f e r e n t i a l  

Freedom Freedom Freedom Freedom 

Dutch  Roll  -.651*j1.97 -.252*j1.72 -.906*j2.70 - .446hj2.56 
S p i r a l  .857 .006  15 . 8  54 - .006 73 
R o l l  Mode - .190 -3.87 - .268 -5.99 
Asymmetric -45.5,-7.26 " -30.8*j16.1 " 

Pane l  Mode 

F r o m   t h e   s t a n d p o i n t   o f   c h a r a c t e r i s t i c   m o d e s ,   t h e   k i n d e s t   t h i n g   t h a t   c a n  
be s a i d   o f   d i f f e r e n t i a l   p a n e l   f r e e d o m  i s  t h a t  i t  seems t o  improve   the   du tch- ro l l  
damping.  This i s  f a r   o u t w e i g h e d   b y   t h e   a d v e r s e   e f f e c t s   o f   t h e   s p i r a l   a n d   r o l l  
mode r o o t s .  

The dominant  problem  here i s  t h e   e x t r e m e l y   r a p i d   s p i r a l   d i v e r g e n c e .  
The r a t e   o f   d i v e r g e n c e  i s  p r a c t i c a l l y   t h e  same a t   b o t h   f l i g h t   c o n d i t i o n s ,   w i t h  
t h e  time to   doub le   ampl i tude   be ing  less than   .81   seconds .   This  i s  wel l  below 
t h e   s t a n d a r d s  o f  S e c t i o n   3 . 3 . 1 . 3   o f  MIL-F-8785B(ASG), w h i c h   s p e c i f i e s  a minimum 
a c c e p t a b l e  time to   doub le   ampl i tude   o f  4 seconds .   Fo r   t he   app roach   cond i t ion ,  
t he  recommended v a l u e  i s  a t   l e a s t  12 s e c o n d s   a n d   f o r   c r u i s e  , 20  seconds.  With 
d i f f e r e n t i a l   f r e e d o m   r e m o v e d ,   t h e   s p i r a l  mode i s  s t a b l e   i n   t h e   c r u i s e   c o n f i g u r a -  
t i o n   a n d   t h e   b e n i g n   i n s t a b i l i t y   i n   a p p r o a c h   h a s  a time to   double   ampl i tude   o f  
163 . seconds . 
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A s i d e   f r o m   t h e   s p i r a l   i n s t a b i l i t y ,   t h e   r o l l  mode time c o n s t a n t   ( t h e  
r e c i p r o c a l   o f   t h e   r o o t )   c a n   o n l y  meet Leve l  3 s t a n d a r d s *   w i t h   d i f f e r e n t i a l  
f reedom  permi t ted .   Wi th   no   d i f fe ren t ia l   f reedom,   Level  1 s t a n d a r d s   a r e   e x c e e d e d .  

A c o m p a r i s o n   o f   r e s p o n s e s   t o   c o n t i n u o u s   t u r b u l e n c e  i s  g i v e n   i n   T a b l e  2 .  
These   responses  were computed f o r   t h e  combined e f f e c t s  of u n c o r r e l a t e d   s i d e   a n d  
r o l l i n g   g u s t s   u s i n g   t h e  power s p e c t r a l   d e n s i t y   t e c h n i q u e s   d e s c r i b e d   i n   A p p e n d i x  E 
of   Reference 3 .  The o u t p u t   s p e c t r a  were t r a n c a t e d   t o   i n c l u d e   f r e q u e n c y  compon- 
en ts  on ly   w i th in   t he   t empora l   f r equency   r ange   f rom 0.3 t o  40 r a d i a n s l s e c  . The 
r m s  v a l u e s   a r e   b a s e d  upon i n t e g r a t i n g   t h e   o u t p u t   s p e c t r a   i n   t h i s   i n t e r v a l .  

TABLE 2 .  COMPARISON  OF  TURBULENCE  RESPONSES (UNIT INTENSITY) 

Approach  Cruise  
No  No 

D i f f e r e n t i a l   D i f f e r e n t i a l   D i f f e r e n t i a l   D i f f e r e n t i a l  
RMS Variable  Freedom  Freedom  Freedom F re edom 

R o l l   a n g l e ,   d e g .  .4 18 .465 .503  .3 14 
Yaw a n g l e ,   d e g .  .2 00 -4 04 .lo6 .237 
R o l l  r a t e ,   d e g / s e c  .465 .563 .623  .425 
Yaw r a t e  , d e g / s e c  .183 .444 .190 .385 
L a t e r a l   d i s p l a c e m e n t ,  1 .13  1.22 1 .24   . 871  

Late ra l   l oad   f ac to r ,   . 00791   . 008  1 .0103 .006 5 4  
f t  

g ' s  

The unexpected   observa t ion   f rom  Table  2 i s  t h a t ,   f o r   t h e   c r u i s e   c o n d i -  
t i o n ,   t h e   t u r b u l e n c e   r e s p o n s e s   a r e   s u b s t a n t i a l l y   l a r g e r   f o r   t h e   d i f f e r e n t i a l   f r e e -  
dom c a s e ,   e x c e p t   f o r  yawing  motion.  This i s  c o n t r a r y   t o  t h e  r e s u l t s   i n   R e f e r e n c e  
3 ,  where   r educ t ions  i n  r o l l   d i s t u r b a n c e s   w e r e   n o t e d  f o r  bo th   approach   and   c ru i se .  

*MIL-F-8785B(ASG) d e f i n e s   t h r e e   l e v e l s  o f  a c c e p t a b i l i t y :  

Level  1: F l y i n g   q u a l i t i e s   c l e a r l y   a d e q u a t e .  
'Level 2 :  F l y i n g   q u a l i t i e s   a d e q u a t e   t o   a c c o m p l i s h   t h e   m i s s i o n . .   . b u t  Some 

i n c r e a s e   i n   p i l o t  work  load o r   d e g r a d a t i o n   o f   m i s s i o n   e f f e c t i v e -  
n e s s   e x i s t s .  

s a f e l y   b u t   p i l o t   w o r k l o a d  i s  e x c e s s i v e   o r   m i s s i o n   e f f e c t i v e n e s s  
i s  i n a d e q u a t e  , o r   b o t h .  

Level  3 :  F l y i n g   q u a l i t i e s   s u c h   t h a t   t h e   a i r p l a n e   c a n   b e   c o n t r o l l e d  
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The a d v e r s e   e f f e c t   o f   d i f f e r e n t i a l   f r e e d o m  on r o l l i n g   d i s t u r b a n c e s  was 
t r a c e d   t o   t h e   i n f l u e n c e   o f   t h e   s i d e   g u s t   c o m p o n e n t   a c t i n g   t h r o u g h  Cmp. I n   F i g u r e  
6 ,  t h e  r o l l  r a t e  PSD f u n c t i o n  i s  p l o t t e d   f o r  two t y p e s   o f   i n p u t   d i s t u r b a n c e s :   t h e  
c o m p l e t e   u n c o r r e l a t e d   r o l l i n g   a n d   s i d e s l i p   g u s t s ,   a n d   w i t h   t h e   s i d e s l i p   g u s t s  
omi t ted .   Wi th  no d i f f e r e n t i a l   f r e e d o m ,   m o s t   o f   t h e   d i s t u r b a n c e  i s  caused  by  the 
r o l l i n g   g u s t .   D i f f e r e n t i a l   f r e e d o m   s h o u l d   r e l i e v e   t h i s ,   b u t   t h e  Cm e f f e c t  makes 
t h e   w i n g   p a n e l s   v e r y   s u s c e p t i b l e   t o   t h e   s i d e s l i p   g u s t   c o m p o n e n t  w i t a  the   adverse  
e f f e c t  we have   no ted .  

To summar ize ,   t he   unaugmen ted   a i r c ra f t   w i th   d i f f e ren t i a l   pane l   f r eedom 
h a s   u n a c c e p t a b l e   r a t e s   o f   s p i r a l   d i v e r g e n c e ;   u n s a t i s f a c t o r y   r o l l   d a m p i n g ;   u n a c -  
c e p t a b l e   s t e a d y   s i d e s l i p   c o n t r o l   r e q u i r e m e n t s ;   a n d ,   f o r   t h e   c r u i s e   c o n d i t i o n ,  
s u b s t a n t i a l l y   d e g r a d e d   l a t e r a l   t u r b u l e n c e   r e s p o n s e   c h a r a c t e r i s t i c s .   W i t h o u t   d i f -  
f e r e n t i a l   p a n e l   f r e e d o m ,   o n   t h e   o t h e r   h a n d ,   t h e   l a t e r a l - d i r e c t i o n a l   b e h a v i o r  i s  
i d e n t i c a l   t o  a g e o m e t r i c a l l y   s i m i l a r   f i x e d - w i n g   a i r c r a f t ,  and i s  s a t i s f a c t o r y .  

L a t e r a l - D i r e c t i o n a l   S t a b i l i t y   A u g m e n t a t i o n . -   I n   t h e   p r e v i o u s  work  of 
Reference 3 ,  a n   a c t i v e   s t a b i l i t y   a u g m e n t a t i o n   s y s t e m  (SAS)  was s imulated  which  fed 
back a r o l l   r a t e   s i g n a l   t o   d i s p l a c e   t h e   l a t e r a l   c o n t r o l s .  T h i s  s i m p l e  r o l l  damper 
was f o u n d   t o   b e   v e r y   e f f e c t i v e   i n   p r o v i d i n g   v e r y   g o o d   l a t e r a l - d i r e c t i o n a l   c o n -  
t r o l   c h a r a c t e r i s t i c s  and i n   f u r t h e r   r e d u c i n g   t h e   t u r b u l e n c e   r e s p o n s e s .  

I n   t h e   c u r r e n t   i n v r s . t i g a t i o n ,   u s i n g  t h e  e x p e r i m e n t a l   v a l u e s  of C m p ,  
such a system i s  inadequate   because  i t  does-noth ing   to   improve   the   unacceptab le  
s t e a d y   s i d e s l i p   c h a r a c t e r i s t i c s   c a u s e d   b y   t h e   n e g a t i v e   d i h e d r a l   e f f e c t .  

It  i s  c l e a r   t h a t   t h e   r o l e  o f   a n   a c t i v e  SAS, i n  a c i v i l   a i r c r a f t   o f  
the   type   be ing   cons idered ,   mus t   be   l imi ted   to   p rovid ing   an   improvement   in   de-  
f i c i e n c i e s   w h i c h ,   u n c o r r e c t e d ,   a r e   n o t   t o t a l l y   u n s a t i s f a c t o r y .   T h i s  i s  n o t  t h e  
s i t u a t i o n   h e r e .  The a n a l y s i s   i n d i c a t e s   t h a t  i t  i s  ques t ionab le   whe the r  t h e  b a s i c  
unaugmented a i r c r a f t ,   w i t h   d i f f e r e n t i a l   p a n e l   f r e e d o m ,   c o u l d   b e   s a f e l y   c o n -  
t r o l l e d  by a human p i l o t .  It f o l l o w s   t h a t   a n   a t t e m p t  to  c o r r e c t   s u c h   g r o s s   d e -  
f i c i e n c i e s  by an a c t i v e  SAS w o u l d   p l a c e   t h i s   a i r c r a f t  i n  t h e   c a t e g o r y   o f  a C o n t r o l  
Conf igured   Vehic le  (CCV) . 

S i n c e   a n   a c t i v e  SAS i s  i n a p p r o p r i a t e  , a t t e n t i o n  was focused   on   s eve ra l  
pas s ive   mechan ica l   dev ices   wh ich   cou ld ,   conce ivab ly ,   be  made a s   r e l i a b l e   a s  t h e  
b a s i c   a i r f r a m e   s t r u c t u r e .   T h e s e   m e c h a n i s m s   a r e   d i s c u s s e d   i n   t h e   f o l l o w i n g   p a r a -  
g r a p h s .  

D i f f e r e n t i a l   T o r s i o n   S p r i n g . -  S i n c e  t h e   d i f f e r e n t i a l   f r e e d o m   o f   t h e  
l e f t  and r i g h t   p a n e l s  i s  t h e   b a s i c   c a u s e   o f  t h e  d e f i c i e n c i e s ,  i t  i s  l o g i c a l   t o  
e x p l o r e   t h e   e f f e c t   o f   p a r t i a l l y   r e s t r a i n i n g   t h i s   m o t i o n  by a s i m p l e   t o r s i o n  
s p r i n g .   I n   p r i n c i p l e ,   t h e   t o r s i o n a l   s t i f f n e s s   o f   s u c h  a sp r ing   cou ld  be i n -  
c reased   to   the   po in t   where  no d i f f e r e n t i a l   f r e e d o m   e x i s t e d ,   f o r   a l l   p r a c t i c a l  
p u r p o s e s .   I n   t h i s   a n a l y s i s ,   h o w e v e r ,   t h e   m e a n i n g f u l   r a n g e   o f   s p r i n g   s t i f f n e s s  
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was  reduced   because   uns teady   aerodynamic   e f fec ts  were n o t   e x p l i c i t l y   t r e a t e d  
fo r   a symmet r i c   pane l   mo t ion .   Consequen t ly ,   t he   r ange   o f   sp r ing   s t i f fnes s   was  
c o n f i n e d   t o   v a l u e s   w h i c h   d i d   n o t   y i e l d   e x t r e m e l y   h i g h   f r e q u e n c i e s   o f   o s c i l l a -  
t i o n   f o r   t h e   a s y m m e t r i c   p a n e l  mode. 

For t h e   a p p r o a c h   c o n d i t i o n ,  a m o d e s t   t o r s i o n a l   s p r i n g   s t i f f n e s s   o f  
55 .4  f t - l b / d e g r e e   g a v e   g o o d   r e s u l t s ;   w i t h   t h e   s p i r a l  mode e q u a l l i n g  t h e  Level  2 
s t a n d a r d s   o f  MIL-F-8785B(ASG) , t h e   s t a t i c   s i d e s l i p   c o n t r o l   c h a r a c t e r i s t i c s   b e i n g  
s a t i s f a c t o r y ,  and t h e   t u r b u l e n c e   r e s p o n s e s   b e i n g   s u p e r i o r   t o   t h e   a i r c r a f t   w i t h -  
o u t   d i f f e r e n t i a l   f r e e d o m .   U n f o r t u n a t e l y ,   t h i s  same s p r i n g   c o n s t a n t  was inade -  
q u a t e   f o r   t h e   c r u i s e   c o n d i t i o n ,   s i n c e   t h e   a e r o d y n a m i c  moments a r e   p r o p o r t i o n a l  
to   dynamic   p ressure .  

The t o r s i o n a l   s p r i n g   d e v i c e  was n o t   p u r s u e d   f u r t h e r   b e c a u s e  i t  would 
b e   n e c e s s a r y   t o   d e s i g n   t h e   s p r i n g   t o   p r o v i d e   a c c e p t a b l e   a i r c r a f t   b e h a v i o r   a t  
high  dynamic  pressures  , up t o   t h e   d e s i g n   d i v e   s p e e d   o f   t h e   a i r p l a n e .   C o n s e -  
q u e n t l y ,   a t   t h e   l o w e r   d y n a m i c   p r e s s u r e s ,   w h e r e   l a t e r a l   g u s t   a l l e v i a t i o n  i s  most 
r e q u i r e d   ( s e e   T a b l e  2 f o r   t h e   c a s e  o f  No D i f f e r e n t i a l   F r e e d o m )  , t h e   r e s p o n s e s  
would   t end   to   those   o f   the   r ig id   wing .  

D i f f e r e n t i a l   P a n e l   D i s p l a c e m e n t - A i l e r o n   I n t e r c o n n e c t . -  A mechanical  
l i nkage  was s imula t ed   t o   p rov ide  a c o n t r o l   s u r f a c e   d e f l e c t i o n  , on  each   pane l ,  
t o   o p p o s e   d i f f e r e n t i a l   d i s p l a c e m e n t   o f   t h e   w i n g   p a n e l s .   T h i s   d e v i c e   t e n d s   t o  i m -  
p r o v e   b o t h   t h e   s p i r a l  and r o l l  modes w h i l e   c a u s i n g   m o d e s t   d e t e r i o r a t i o n   o f   t h e  
d u t c h   r o l l   d a m p i n g .   U n f o r t u n a t e l y ,   f o r   g e a r i n g   r a t i o s   b e n e f i c i a l   t o   t h e   m o d a l  
c h a r a c t e r i s t i c s  , t h e   s t e a d y   s i d e s l i p   l a t e r a l   c o n t r o l   d i s p l a c e m e n t s   r e q u i r e d  by 
t h e   p i l o t   a r e   o f   t h e  wrong s i g n ,   f a i l i n g   S e c t i o n   3 . 3 . 1 . 3   o f  MIL-F-8785B(ASG). 

D i f f e r e n t i a l   P a n e l   D i s p l a c e m e n t - R u d d e r   I n t e r c o n n e c t  .- A mechanical  
l i n k a g e  was s i m u l a t e d   t o   p r o v i d e  a r u d d e r   d i s p l a c e m e n t   p r o p o r t i o n a l   t o   d i f f e r -  
e n t i a l  wing  panel  movement.   This  did  not seem t o   h a v e   a n y   p a r t i c u l a r  merit .  
Depending on t h e   s i g n  of t h e   i n t e r c o n n e c t ,   o n e   c a n   e i t h e r   i m p r o v e   t h e   s p i r a l   o r  
r o l l  modes s l i g h t l y ,   b u t   a t   t h e   e x p e n s e   o f   t h e   o t h e r .  

L a t e r a  1 Bobweight -Ai le ron   In te rconnec t  .- A p e n d u l o u s   m a s s ,   s i t u a t e d   a t  
t h e   a i r p l a n e   c e n t e r   o f   g r a v i t y ,  was s i m u l a t e d   t o   p r o v i d e   l a t e r a l   c o n t r o l   h i n g e  
moment p r o p o r t i o n a l   t o   t h e   s e n s e d   l a t e r a l   a c c e l e r a t i o n   ( i n c l u d i n g   t h e   g r a v i t y  
component).  The s e n s e d   a c c e l e r a t i o n  i s  g i v e n   b y ,  

T h i s   q u a n t i t y  i s  n e a r l y   p r o p o r t i o n a l   t o   s i d e s l i p   a n g l e ,   a t  a g i v e n  
d y n a m i c   p r e s s u r e ,   a n d   t h e r e f o r e   p r o v i d e s   a n   o p p o r t u n i t y   t o   c o u n t e r a c t   t h e  Cmp 
p i t c h i n g  moment w i t h o u t   r e s o r t i n g   t o  a s i d e s l i p   v a n e .  
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I n c r e a s i n g   t h e   g a i n  of t h i s   m e c h a n i c a l   f e e d b a c k   t e n d s  to s t a b i l i z e  
t h e   s p i r a l  mode and   improves   the   ro l l   convergence ,   bu t   reduces   the   damping   of  
t h e   d u t c h   r o l l  mode. I n   f a c t ,   f o r   t h e   a p p r o a c h  case, t h e   d u t c h   r o l l  became 
d y n a m i c a l l y   u n s t a b l e   b e f o r e   t h e   o t h e r  modes were adequate ly   improved .  

L a t e r a l   B o b w e i g h t   W i t h   D i f f e r e n t i a l   T o r s i o n   S p r i n g . -   L a s t l y ,  a combina- 
t i o n  was   s imula t ed ,   cons i s t ing   o f   t he   pendu lous   mass   l i nked   t o   a i l e ron   and   t he  
d i f f e r e n t i a l   t o r s i o n   s p r i n g .  The ga in   o f   t he   acce le ra t ion   f eedback  i s  .315  de- 
g r e e s  of c o n t r o l   d e f l e c t i o n   p e r   f t / s e c 2   o f   l a t e r a l   a c c e l e r a t i o n ,   f o r   t h e   c r u i s e  
c o n d i t i o n .   F o r   a p p r o a c h ,   t h e   g a i n  was i n c r e a s e d   t o   r e f l e c t   t h e   r e d u c t i o n   i n  
c o n t r o l   h i n g e  moment a t   t h e   l o w e r  dynamic  pressure.  The m a g n i t u d e   o f   t h i s   g a i n  
was l i m i t e d   t o   p r e v e n t   t h e   d u t c h   r o l l  damping   f rom  de t e r io ra t ing   be low  tha t   o f  
t h e   r i g i d  wing a i r c r a f t   a t   e i t h e r   f l i g h t   c o n d i t i o n .  The s p r i n g   c o n s t a n t  i s  t h e  
aforementioned  55.4 f t .  l b / d e g r e e .  

The r e s u l t s  were good f o r   b o t h   t h e   a p p r o a c h   a n d   c r u i s e   c o n d i t i o n s ,   a s  
shown i n   T a b l e  3 , which   i nc ludes  a comparison of rms tu rbu lence   r e sponses   w i th  
t h o s e   o f   t h e   r i g i d   w i n g   a i r p l a n e .  

TABLE 3 .  EFFECT OF COMBINED LATERAL BOBWEIGHT AND 
TORSION  SPRING AUGMENTATION 

R o l l  Mode Time C o n s t a n t  
S p i r a l  Mode T ime  t o  Double 

Amplitude 

Approach C r u i s e  
.352 sec .471 sec 
19.5 sec 19.2  sec 

Reduct ion   in  RMS Response 
R o l l   a n g l e  6.8%  11.7% 
Yaw a n g l e  2 . a 2.5% 
R o l l   r a t e  13.4%  29.4% 
Yaw r a t e  3.4% 2 . 0% 

L a t e r a l   D i s p l a c e m e n t  2 .8% 6 .6% 

L a t e r a l   A c c e l e r a t i o n   5 . 9 %  6 .O% 

The r o l l  mode time c o n s t a n t  i s  s u p e r i o r   t o   t h e   L e v e l  1 requ i r emen t s  of 
MIL-F-8785B(ASG) w h i c h   s p e c i f i e s  maximum va lues   o f   1 .4   s econds   fo r   c ru i se   and  
1 . 0   s e c o n d   f o r   a p p r o a c h   f o r   t h i s   c l a s s   o f   a i r p l a n e .  The s p i r a l  mode, though un- 
s t a b l e   i n   b o t h   c o n f i g u r a t i o n s ,  i s  on ly   s l i gh t ly   be low  the   Leve l  1 s tandards   which  
s p e c i f y  a time t o   d o u b l e   a m p l i t u d e   o f  20 seconds   o r   more .  An a d d i t i o n a l ,   a n d  i m -  
p o r t a n t ,   b e n e f i t  of t h i s  SAS c o n f i g u r a t i o n  i s  t h a t   t h e   s t e a d y   s i d e s l i p   l a t e r a l  
c o n t r o l   d i s p l a c e m e n t   h a s   t h e   p r o p e r   s i g n ,   m e e t i n g   S e c t i o n   3 . 3 . 1 . 3   o f  MIL-F-8785B 
(ASG) . 
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T h e   e n c o u r a g i n g   r e s u l t s   o b t a i n e d  must be  tempered  by the unde r s t and ing  
t h a t   t h e   a n a l y s i s  was i d e a l i z e d   i n   s e v e r a l   r e s p e c t s .   F o r   e x a m p l e ,   t h e   d e t a i l e d  
dynamic   behav io r   o f   t he   pendu lous   mass -con t ro l   su r f ace   mechan ica l   sys t em  was   no t  
i n c l u d e d ;   a n d   t h e   e f f e c t s   o f   e x t r a n e o u s   s e n s e d   l a t e r a l   a c c e l e r a t i o n s   c a u s e d   b y  
r u d d e r   d e f l e c t i o n ,  or p l a c e m e n t   o f   t h e   b o b w e i g h t   o f f   t h e   a c t u a l   a i r p l a n e   c e n t e r  
o f   g r a v i t y ,  were n o t   e x a m i n e d .   I n   a d d i t i o n ,   t h i s   s y s t e m  would r e q u i r e ,   i n   p r a c -  
t i c e ,  t h e   i n c o r p o r a t i o n   o f   s e p a r a t e   a u x i l i a r y   c o n t r o l   s u r f a c e s   t o   p r e v e n t   t h e  
annoyance   o f   mo t ion   f eedback   t o   t he   p i lo t ’ s  lateral  con t ro l   sys t em.  

C o n c l u s i o n s   R e g a r d i n g   D i f f e r e n t i a l   P a n e l   F r e e d o m . -  The l i m i t e d   a n a l y s i s  
j u s t   d i s c u s s e d   h a s  shown t h e   p o s s i b i l i t y   t h a t   p a s s i v e   m e c h a n i c a l   s t a b i l i t y   a u g -  
m e n t a t i o n   c a n   p r o v i d e   a c c e p t a b l e   h a n d l i n g   q u a l i t i e s   a n d   r e d u c e d   l a t e r a l - d i r e c -  
t i o n a l   t u r b u l e n c e   r e s p o n s e s   f o r   a i r c r a f t   w i t h   d i f f e r e n t i a l  wing panel   f reedom. 
N e v e r t h e l e s s ,  i t  i s  c o n c l u d e d   t h a t   d i f f e r e n t i a l   f r e e d o m  i s  n o t   j u s t i f i e d  on t h e  
b a s i s   o f   t h e   b e n e f i t s   d e r i v e d   v e r s u s   t h e   c o m p l e x i t y   i n v o l v e d ,   f o r   u n s o p h i s t i c a t e d  
l i g h t   a i r c r a f t   o f   t h e   t y p e   b e i n g   c o n s i d e r e d .  

T h i s   c o n c l u s i o n  i s  s t r e n g t h e n e d   b y   t h e   f a c t   t h a t   o t h e r  means a r e  avail-  
a b l e   f o r   i m p r o v i n g   t h e   l a t e r a l   t u r b u l e n c e   b e h a v i o r   o f   t h e   a i r c r a f t   w i t h o u t   d i f -  
f e r e n t i a l   p a n e l   f r e e d o m ;   s p e c i f i c a l l y ,   t h e   s i m p l e ,   f a i l - s a f e ,   l o w - c o s t   w i n g - l e v e l -  
i n g   d e v i c e s   c u r r e n t l y   i n   u s e  on s e v e r a l   l i g h t   a i r c r a f t .  The f a i l u r e   o f   s u c h  a 
sys tem  would   no t   p resent  a f l i g h t   s a f e t y   p r o b l e m   s i n c e   t h e   s t a b i l i t y   c h a r a c t e r -  
i s t i c s  are  a c c e p t a b l e   w i t h o u t  it-, p rov ided   t he   w ing   pane l s   do   no t   have   d i f f e ren -  
t i a l  f reedom. 

L o n g i t u d i n a l   H a n d l i n g   Q u a l i t i e s  

C h a r a c t e r i s t i c  Modes.- The l i n e a r   l o n g i t u d i n a l  s e t  o f   e q u a t i o n s ,   i n -  
c l u d i n g   c o n t r o l   s y s t e m   d y n a m i c s ,  i s  given  in   Appendix B. The c h a r a c t e r i s t i c   e q u a -  
t i o n  i s  a t e n t h   d e g r e e   p o l y n o m i a l ,   g e n e r a l l y   y i e l d i n g   f o u r   o s c i l l a t o r y  modes  and 
two a p e r i o d i c   r o o t s .   F o r   t h e   a p p r o a c h   c a s e ,   o n e  o f   t he   o sc i l l a to ry   modes ,   appea r -  
i n g   p r i m a r i l y   i n  w i n g   p a n e l   d e f l e c t i o n ,   s p l i t s   i n t o  two a p e r i o d i c   r o o t s   b e c a u s e  
of t h e   r e d u c e d   e f f e c t i v e   h i n g e   m a r g i n   w i t h   s l a t s   e x t e n d e d .  

The c h a r a c t e r i s t i c   s t i c k - f r e e  modes  of t h e   n o m i n a l   c o n f i g u r a t i o n   a r e  
g i v e n   i n   T a b l e  4 .  

The c h a r a c t e r i s t i c  m o d a l   b e h a v i o r   a n d   o t h e r   h a n d l i n g   q u a l i t i e s   c r i t e r i a  
were i n v e s t i g a t e d   f o r   t h e   c r u i s e  and   approach   condi t ions   over  a r a n g e   o f   v a l u e s  
of k e y   c o n f i g u r a t i o n   p a r a m e t e r s .   T h e s e   p a r a m e t e r s   i n c l u d e d :   h o r i z o n t a l   t a i l  
s i z e ,  w ing   pane l   imba lance ,   a i rp l ane   cen te r  of g r a v i t y   p o s i t i o n ,   c o n t r o l   s u r f a c e  
imbalance ,   and   longi tudina l   cont ro l   sys tem  bobweight   mass .   The   handl ing   qua l i -  
t i e s  c r i t e r i a  were chosen  f rom MIL-F-8785B(ASG) , a n d   a r e   i n t e n d e d   t o   i n c l u d e   a l l  
o f   t h o s e   s t a n d a r d s   w h i c h   a r e   i n t i m a t e l y   a f f e c t e d   b y   t h e   f r e e - w i n g   d e s i g n .   S p e -  
c i f  i c  c r i t e r i a   a r e   d i s c u s s e d   s e p a r a t e l y   i n   t h e   f o l l o w i n g   p a r a g r a p h s .  
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TABLE 4. STICK-FREE  CHARACTERISTICS ROOTS  FOR 
NOMINAL  CONFIGURATION 

Mode Approach   Cru ise  
~~ ~~ 

Phugoid -0.275kj  .367 -. 0 2 2 e j   . I 9 1  
Fuse lage   Shor t -Pe r iod  -3.02kj3.10 -4.56Sj6.52 
Symmetric Wing P a n e l  -11.1, -13.7 -23.2Sj7.82 
Con t r o  1 Sys tem -15 .6 f j19 .5  -27.7Sj5.10 
A p e r i o d i c  -5.24,  -32.9 -85 .1 ,   -26 .1  
- - - . . ~ - ~  ~ 

P h u g o i d   S t a b i l i t y . -  The phugoid  damping r a t i o  i s  governed  a lmost   ex-  
c l u s i v e l y   b y   t h e   l o c a t i o n  of t h e  w i n g   p a n e l   c e n t e r   o f   g r a v i t y   w i t h   r e s p e c t   t o   t h e  
h i n g e   a x i s .  The e f f e c t  i s  m o s t   i n   e v i d e n c e   a t   t h e   a p p r o a c h   c o n d i t i o n ,   w h e r e ,  
w i th   t he   w ing   pane l   c .g .   p l aced   . 75  f t   a f t  o f   t he   h inge   ax i s ,   t he   phugo id  damp- 
i n g   g o e s   t o   z e r o .   F o r w a r d   p a n e l   c . g .   l o c a t i o n s   a r e   b e n e f i c i a l   r e s u l t i n g   i n  
lower  phugoid  f requency  and  an  improved  damping  ra t io .  

The b e n e f i c i a l   e f f e c t   o f   s l i g h t l y   f o r w a r d   p a n e l   c . g .   l o c a t i o n s  i s  
f o r t u n a t e   s i n c e ,   i f   t h e  p a n e l s   a r e   b a l a n c e d   i n   t h e   c r u i s e   c o n d i t i o n  , e x t e n s i o n  
o f   t he  s l a t s  w i l l  cause a s l i g h t   f o r w a r d   d i s p l a c e m e n t  of the  wing  c .g .  

Sect ion  3 .2 .1 .2   of  MIL-F-8785B(ASG) r e q u i r e s  a phugoid  damping r a t i o  
of a t   l e a s t  .04 f o r   L e v e l  1. For   t he  case of   balanced  wing  panels ,   the   phugoid 
damping r a t i o   i n   t h e   a p p r o a c h   c o n f i g u r a t i o n  i s  . 0 7 5 ,   a n d   f o r   c r u i s e ,  .116. 

Short-Period  Damping.-  The  damping r a t i o  o f   t he   sho r t -pe r iod  mode,  which 
a p p e a r s   p r   m a r i l y   a s  a p i t c h i n g   o s c i l l a t i o n  of   the   fuse lage   assembly ,  i s  a f f e c t e d  
by two p a r a m e t e r s ;   t h e   h o r i z o n t a l   t a i l   s i z e ,  a n d   t h e   a i r p l a n e   c e n t e r   o f   g r a v i t y  
l o c a t i o n .   F i g u r e  7 r ep resen t s   t he   uppe r   ha l f   o f   t he   complex   p l ane   o f   t he   cha rac -  
t e r i s t i c  r o o t s ,   a n d   c o n t a i n s  a map o f   s h o r t - p e r i o d   r o o t s   a s   f u n c t i o n s   o f   t h e s e  
two p a r a m e t e r s   i n   t h e   c r u i s e   c o n d i t i o n .   A l s o  shown i s  t h e   c o r r e s p o n d i n g   r o o t   f o r  
a n   e q u i v a l e n t   f i x e d - w i n g   a i r c r a f t   w i t h   c e n t e r   o f   g r a v i t y   a t   2 5   p e r c e n t   o f   m a c . ,  
and t h e   c o n s t r a i n t   b o u n d a r y   r e p r e s e n t i n g   t h e   L e v e l  1 s t anda rd   o f   s ec t ion   3 .2 .2 .1 .2  
MIL-F - 8785B (ASG) . 

It c a n   b e   s e e n   t h a t ,   a l t h o u g h   t h e   s h o r t   p e r i o d  damping r a t i o  i s  r educed  
by t h e   f r e e - w i n g   c o n c e p t ,   c o m p l i a n c e   w i t h   t h e   c r i t e r i o n  i s  n o t   d i f f i c u l t .  The 
h o r i z o n t a l  t a i l  s i z e  and  nominal  c.g.  (5 p e r c e n t  mac) were c h o s e n   p a r t l y  on t h e  
b a s i s   o f   t h e s e   d a t a .  

W i t h   r e g a r d   t o   v a r i a t i o n  of t h e   c e n t e r   o f   g r a v i t y   f r o m   n o m i n a l ,   F i g u r e  8 
c o n t a i n s   r o o t   l o c i   f o r   b o t h   t h e   a p p r o a c h   a n d   c r u i s e   c o n f i g u r a t i o n .  It may be 
conc luded   t ha t   t he   sho r t -pe r iod   damping   s t anda rd   can   be  met f o r   b o t h   f l i g h t  re -  
g i m e s   t h r o u g h o u t   t h e   c e n t e r   o f   g r a v i t y   r a n g e   o f   t h e   a i r p l a n e .  
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LEVEL 1 

Real Axis I 
FIGURE 7. EFFECT  OF   RELATIVE  HORIZONTAL  TAIL   S IZE AND 

AIRPLANE  CENTER  OF  GRAVITY ON SHORT-PERIOD 
MODE 

Minimum  damping 
mtI0 

-8 -7 -6 -5  -4 -3 -2 -I 1 2  I Real Axis 
FIGURE a .  EFFECT OF AIRPLANE CENTER OF GRAVITY ON 

SHORT-PERIOD,  STICK-FREE 
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M a n e u v e r i n g   S e n s i t i v i t y .  - In   Sec t ion   3 .2 .2 .1 .1   o f  MIL-F-8785B(ASG), 
upper   and  lower  bounds  on  short-per iod  f requency are s p e c i f i e d   a s   f u n c t i o n s   o f  
n o r m a l   l o a d   f a c t o r   d i v i d e d   b y   a n g l e - o f - a t t a c k   c h a n g e  , where t h i s   r a t i o  i s  de- 
t e r m i n e d   b y   t h e   r e s p o n s e   t o  a s t e p   e l e v a t o r   i n p u t .   T h i s   c r i t e r i o n   c a n n o t   b e  
a p p l i e d ,  as p r e s e n t e d ,   t o   t h e   f r e e - w i n g   a i r c r a f t   b e c a u s e   t h e   s h o r t - p e r i o d  mode 
i s  n o t   t h e   p r i m a r y   m e c h a n i s m   f o r   l o a d   f a c t o r   c h a n g e s ;   i n s t e a d ,   t h e   l o a d   f a c t o r  
response i s  governed  by  the  wing  panel   mode,   while   the  short   per iod i s  l a r g e l y  
r e s t r i c t e d   t o   t h e   p i t c h i n g   m o t i o n   o f   t h e   f u s e l a g e   a s s e m b l y .  

The c r i t e r i o n   a s   s t a t e d ,   s p e c i f i e s   f o r  Level 1, f o r   t h e  most  demanding 
f l i g h t   p h a s e s ,  

.28 5 0 I; 3.6 . 
F o r t u n a t e l y ,   f o r   o u r   p u r p o s e s ,   t h e   b a c k g r o u n d   i n f o r m a t i o n   c o n t a i n e d   i n  

Reference 4 d e m o n s t r a t e s   t h a t   t h e   s p e c i f i e d   q u a n t i t y  of  Equation 3 i s  e q u i v a l e n t ,  
f o r   c o n v e n t i o n a l   a i r c r a f t ,   t o   t h e   r a t i o  of i n i t i a l   p i t c h i n g   a c c e l e r a t i o n   t o   t h e  
f i n a l   s t e a d y - s t a t e   l o a d   f a c t o r   i n c r e m e n t .  With t h i s   i n   m i n d ,   t h e   c r i t e r i o n   c a n  
be   t r ans fo rmed   t o ,  

C o m p l i a n c e   w i t h   t h i s   c r i t e r i o n  was t h e n   c h e c k e d ,   d i r e c t l y ,  by  examining 
time h i s t o r i e s  of r e s p o n s e s   t o   s t e p   l o n g i t u d i n a l   c o n t r o l   d i s p l a c e m e n t s .   F o r   a p -  
p roach   t he   va lue   o f   t he   c r i t e r ion  i s  .6 s e c - 2 ,   w h i l e   f o r   c r u i s e ,  i t  i s  1.31 sec’2. 
Both are  w e l l   w i t h i n   t h e   b o u n d a r i e s  of Equat ion 4 .  

The e x i s t e n c e   o f   t h i s   c r i t e r i o n  i s  f u r t h e r   s u b s t a n t i a t i o n   o f   t h e   b e n e -  
f i c i a l   e f f e c t   o f   f u s e l a g e   p i t c h i n g   r e s p o n s e   t o  wing  panel   displacement .  I t  might 
be  thought   that   the   removal   of   mechanical   coupl ing  between  the  f ree-wing  panels  
and t h e   f u s e l a g e  would make the   fu se l age   a s sembly   i n sens i t i ve   t o   w ing   ang le   o f  
a t t a c k .   T h i s  i s  n o t   t h e   c a s e ,   n o r  would i t  be d e s i r a b l e .  The primary  mechanism 
o f   t h e   c o u p l i n g  i s  the   change   i n  downwash a t  t h e  h o r i z o n t a l   t a i l  i n  response  to  
c h a n g e s   i n   w i n g   l i f t   c o e f f i c i e n t .  The r e s u l t i n g   p i t c h i n g   o f   t h e   f u s e l a g e  i s  n o t  
o n l y   e s s e n t i a l   t o   t h e   p i l o t   i n   a n t i c i p a t i n g   t h e   l o a d   f a c t o r   i n c r e m e n t ,   b u t   a l s o  
p r o v i d e s   t h e   p i l o t   w i t h   t h e   a b i l i t y   t o  damp the  long-period  phugoid  motion  by 
m a n i p u l a t i n g   t h e   c o n t r o l s   i n   r e s p o n s e   t o   p i t c h   a t t i t u d e   c u e s ,   a s   d e m o n s t r a t e d   i n  
Refe rence   3 .  
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v e r l n P   C o n t r o l   F o r c e s . -  MIL-F-8785B(ASG) p l a c e s   l i m i t a t i o n s   o n   t h e  
m a n e u v e r i n g   c o n t r o l   f o r c e s   r e q u i r e d   f o r   b o t h   s t e a d y   m a n e u v e r s   a n d   f o r   s i n u s o i d a l  
l o a d   f a c t o r   r e s p o n s e s   a t   a l l   f r e q u e n c i e s .  

F o r   w h e e l   c o n t r o l l e r s ,   t h e  minimum f o r c e   g r a d i e n t   f o r   s t e a d y   m a n e u v e r s  
i s  g i v e n   i n   T a b l e  V of   Reference  4 .  It i s ,  

Equat ion  5 a p p l i e s  down t o  a minimum o f  6 l b / g  . The a i r c r a f t   u n d e r  
c o n s i d e r a t i o n   w o u l d   b e   c e r t i f i c a t e d   i n   t h e   n o r m a l   c a t e g o r y ,   w h i c h   r e q u i r e s  a 
l i m i t  maneuver ing   l oad   f ac to r   o f  +3.8 g ' s .  

From t h e  same s o u r c e ,  

The limits o f   a c c e p t a b l e   s t i c k   f o r c e   f o r   t h e   s u b j w t   a i r c r a f t   a r e ,  
then  : 

W 

The f a c t o r s   w h i c h   i n f l u e n c e   t h e   s t i c k   f o r c e   g r a d i e n t   a r e :   a i r p l a n e   c e n -  
t e r   o f   g r a v i t y   l o c a t i o n ,  w i n g   p a n e l   i m b a l a n c e ,   c o n t r o l   s u r f a c e   i m b a l a n c e ,   a n d   t h e  
presence  of  a bobwe igh t   e f f ec t   i n   t he   l ong i tud ina l   con t ro l   sys t em  componen t s  
mounted i n   t h e   f u s e l a g e .   T h e s e   f a c t o r s   a r e   d i s c u s s e d   i n   t h e   f o l l o w i n g   p a r a g r a p h s .  

A i r p l a n e   C e n t e r   o f   G r a v i t y . -   I f   t h e   c e n t e r   o f   g r a v i t y  i s  i n  a forward  
l o c a t i o n ,   t h e   a n g l e   o f   a t t a c k   o n   t h e  wing c e n t e r   s e c t i o n  i s  r e d u c e d   i n  a pu l l -up  
maneuver   by  the  act ion o f  the  mass moment o f   t h e   f u s e l a g e   a c t i n g   a b o u t   t h e   h i n g e  
a x i s .  The r e d u c e d   c e n t e r   s e c t i o n   l i f t   r e q u i r e s  a g r e a t e r   f r e e - p a n e l   d i s p l a c e m e n t  
t o   a t t a i n  a p r e s c r i b e d   n o r m a l   l o a d   f a c t o r ,   c o n s e q u e n t l y   t h e   c o n t r o l   s u r f a c e   d e -  
f l e c t i o n   a n d   t h e   s t i c k   f o r c e   a r e   b o t h   i n c r e a s e d .   F o r   a f t   c . g .   l o c a t i o n s ,   t h e  
t r e n d  i s  r e v e r s e d   a n d   t h e   s t i c k   f o r c e   p e r  g i s  reduced .  

The s m a l l e s t   s t i c k   f o r c e   g r a d i e n t   o c c u r s   a t   t h e   a f t   a i r p l a n e   c . g .  limit 
i n   t h e   a p p r o a c h   c o n f i g u r a t i o n ,   s i n c e   e x t e n s i o n   o f   t h e   l e a d i n g   e d g e   s l a t s   e f f e c -  
t i ve ly   r educes   t he   h inge   marg in  and d e c r e a s e s   t h e   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 .  

W i t h   t h e   p l a i n   c o n t r o l   s u r f a c e s   s i z e d   t o   b r i n g   t h e   a i r p l a n e   t o  maximum 
l i f t   c o e f f i c i e n t ,   t h e   s t i c k   f o r c e   g r a d i e n t  was  found to   be   unacceptab ly   low,  
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a b o u t   2 . 0   l b / g .   F o r   t h i s   r e a s o n ,   a n   a n t i - s e r v o   t a b   w a s   s i m u l a t e d   t o   p r o v i d e   a n  
e f f e c t i v e   i n c r e a s e   i n  Ch6.  Using  data  from  Appendix B.5 o f   Reference  5, a n   a n t i -  
s e r v o   t a b   r u n n i n g   o n e   t h i r d   t h e   c o n t r o l   s p a n   a n d   3 0   p e r c e n t   o f   t h e   c o n t r o l  
su r f ace   chord   and   gea red  1 t o  1 w i t h   c o n t r o l   d e f l e c t i o n ,   r a i s e d   t h e   s t i c k   f o r c e  
g r a d i e n t   t o   a c c e p t a b l e   v a l u e s .   W i t h   t h i s   d e v i c e  , t h e   f o r c e   g r a d i e n t   a t   t h e  
nominal   c .g .   for   approach  i s  16 lb/g,   and var ies  *1.25 l b / g   a t   t h e   f o r e   a n d   a f t  
c . g .  limits, r e s p e c t i v e l y .  

I n   c r u i s e ,   t h e   s t i c k   f o r c e   g r a d i e n t  i s  a p p r e c i a b l y   h i g h e r ,   v a r y i n g   f r o m  
2 8 . 5   l b / g   a t   t h e   a f t  limit t o   3 4 . 9   l b / g   a t   t h e   f o r w a r d  l i m i t .  Bo th   a r e  w e l l  be- 
low t h e  maximum a c c e p t a b l e   v a l u e   o f  43 l b / g .  

Wing Pane l   Imba lance . -   The   l oca t ion   o f   t he   w ing   pane l   cen te r   o f   g rav i ty  
w i t h   r e s p e c t   t o   t h e   h i n g e   l i n e   h a s  a p o w e r f u l   e f f e c t   o n   t h e   s t i c k   f o r c e   g r a d i e n t  
i n   m a n e u v e r i n g   f l i g h t .  The s t i c k   f o r c e   g r a d i e n t   c h a n g e s   a b o u t  1 l b / g   f o r   e v e r y  
inch   o f   pane l  c .g . t r a v e l ,   i n   t h e   a p p r o a c h   c o n f i g u r a t i o n .  

A s  m e n t i o n e d   p r e v i o u s l y ,   t h e   p a n e l   c . g .  w i l l  b e   s l i g h t l y   f o r w a r d   w i t h  
s l a t s   e x t e n d e d ,   i f   t h e   p a n e l s   a r e   b a l a n c e d   i n   t h e   c l e a n   c o n f i g u r a t i o n .   T h i s  i s  
b e n e f i c i a l   b e c a u s e   o f   t h e   r e l a t i v e l y  low f o r c e   g r a d i e n t s   i n   t h e   a p p r o a c h   c o n d i -  
t i o n .  

The v a r i a t i o n   o f   f o r c e   g r a d i e n t   w i t h   p a n e l   c . g .  i s  approximate ly   the  
same i n   c r u i s e   a s   i n   t h e   a p p r o a c h   c o n f i g u r a t i o n .  

Con t ro l   Su r face   Imba lance . -  An i m b a l a n c e d   c o n t r o l   s u r f a c e   w i t h   c . g .  
a f t  o f   t h e   c o n t r o l   h i n g e   i n c r e a s e s   t h e   s t i c k   f o r c e  per g s l i g h t l y ,   b u t   n o t   s i g -  
n i f i c a n t l y .  The m o s t   n o t i c e a b l e   e f f e c t   f r o m   t h i s   a n a l y s i s  was a n   i n c r e a s e   i n  
t h e   f r e q u e n c y   o f   t h e   w i n g   p a n e l   o s c i l l a t o r y  mode accompanied  by a s l i g h t   r e d u c t -  
i n g   i n  damping r a t i o .  

A l though   mass   ba l anc ing   o f   t he   con t ro l   su r f aces   was   no t   found   t o   be  
c r i t i c a l   i n   t h i s   s t u d y ,  a f l u t t e r   a n a l y s i s   m i g h t   i n d i c a t e   t h e   d e s i r a b i l i t y   o f  
b a l a n c e d   c o n t r o l   s u r f a c e s .  

Bobweight.- A s  expec ted ,  a b o b w e i g h t   i n c r e a s e s   t h e   s t i c k   f o r c e   g r a d i e n t  
bu t   r educes   t he   damping   r a t io   o f   t he   fu se l age   sho r t -pe r iod   mode .  The d e l i b e r a t e  
use  of   mass   imbalance,   in   the  fuselage-mounted  components  of  t h e   c o n t r o l   s y s t e m ,  
i s  not  recommended. 

I n   a d d i t i o n   t o   t h e   s t e a d y - s t a t e   s t i c k   f o r c e   g r a d i e n t ,   S e c t i o n   3 . 2 . 2 . 3 . 1  
o f  MIL-F-8785B(ASG) r e q u i r e s   t h a t   t h e   a m p l i t u d e   o f   s t i c k   f o r c e   p e r  g f o r   s i n u -  
s o i d a l   i n p u t s   b e   n o t  less  than  6 l b / g   a t   a l l   f r e q u e n c i e s .   I n   t h e   d i s c u s s i o n   o f  
Reference 4 ,  i t  i s  impl i ed   t ha t   t he   phugo id  mode is  d i s r e g a r d e d .   F o r   t h i s   r e a -  
son ,   the   a i r speed   degree   o f   f reedom  was  removed in   t he   computa t ions   u sed   t o   app ly  
t h i s   c r i t e r i o n .  
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The  dynamic s t i c k   f o r   p e r  g i s  p r e s e n t e d   i n   F i g u r e  9 f o r   t h e   c r i t i c a l  
case of  a f t   a i r p l a n e   c e n t e r   o f   g r a v i t y   f o r   b o t h   a p p r o a c h   a n d   c r u i s e .   T h e s e   d a t a  
i n d i c a t e   t h a t   S e c t i o n   3 . 2 . 2 . 3 . 1  i s  s a t i s f i e d .  

Conc lus ions   Rega rd ing   Long i tud ina l   Hand l ing   qua l i t i e s . -  From t h i s   i n -  
v e s t i g a t i o n ,  i t  i s  c o n c l u d e d   t h a t   t h e   f r e e - w i n g   a i r c r a f t   c a n   b e   d e v e l o p e d   t o  
ma tch   t he   Leve l  1 s t a n d a r d s   o f  MIL-F-8785B(ASG). A f u r t h e r   s i g n i f i c a n t   c o n c l u -  
s i o n  i s  t h a t   t h e   w i n g   p a n e l s   s h o u l d   b e   b a l a n c e d   a b o u t   t h e   h i n g e   a x i s  wi th  the 
s l a t s   r e t r a c t e d .   T h i s   f e a t u r e  i s  needed   to   p revent   degrada t ion   of   the   phugoid  
d a m p i n g   a n d   t h e   c o n t r o l   f o r c e   g r a d i e n t s   i n   m a n e u v e r i n g   f l i g h t .  

I n e r t i a l   C o u p l i n g   E f f e c t s   o n  Wing P a n e l s  

A l l  o f   t h e   a n a l y s i s   d i s c u s s e d   t o   t h i s   p o i n t   h a s   u s e d  a l i n e a r   r e p r e s e n -  
t a t i o n   o f   t h e   a i r p l a n e ,   w i t h   c o m p l e t e   s e p a r a t i o n   o f   l o n g i t u d i n a l   a n d   l a t e r a l -  
d i r e c t i o n a l   b e h a v i o r .  On t h e   o t h e r   h a n d ,  i t  i s  wel l  known t h a t   l a r g e   s i m u l t a n e -  
o u s   a n g u l a r   r a t e s   a b o u t  m o r e   t h a n   o n e   a x i s   c a n   r e s u l t   i n   s u b s t a n t i a l   c o u p l i n g  
e f f e c t s   b e t w e e n   t h e s e   m o t i o n s .  

E x c e p t   f o r   t h e i r   p o s s i b l e   i n f l u e n c e   o n   t r a n s i e n t   p a s t - s t a l l   m o t i o n s ,  
i n e r t i a l   c o u p l i n g  phenomena a r e   u s u a l l y   s i g n i f i c a n t   o n l y   w i t h   r e s p e c t   t o   v e r y  
maneuverable , h i g h - d e n s i t y   a i r c r a f t .   N e v e r t h e l e s s ,   b e c a u s e   o f   t h e   u n i q u e   p i t c h  
freedom of the   f r ee -wing   pane l s ,  i t  seemed  prudent   to   examine   the   poss ib i l i ty   o f  
d a n g e r o u s   i n e r t i a l   p i t c h i n g  moments on t he   w ing   i n   l a rge   d i sp l acemen t   maneuver s .  
The d e t a i l s   o f   t h i s   i n v e s t i g a t i o n   a r e   c o n t a i n e d   i n   A p p e n d i x  D, b u t   a r e  summar- 
i z e d   h e r e .  

The c o m p l e t e   n o n l i n e a r   e q u a t i o n s   d e s c r i b i n g   t h e   p i t c h i n g   m o t i o n   o f   t h e  
wing  panels  was  examined  to estimate t h e   p r o b a b l e   r e l a t i v e   m a g n i t u d e  o f  each  term 
in   normal   maneuvers .  It w a s   c o n c l , J d e d   t h a t   a n g u l a r   r a t e s   c o n s i s t e n t   w i t h   r o u t i n e  
maneuvers i n   l i g h t   a i r c r a f t  would n o t   g e n e r a t e   s i g n i f i c a n t   i n e r t i a l   p i t c h i n g  
moments u n l e s s   l a r g e   w i n g - p a n e l   c e n t e r   o f   g r a v i t y   d i s p l a c e m e n t s  were p e r m i t t e d .  
S i n c e   l a r g e   p a n e l   ' c . g .   o f f s e t s   a r e   n o t   t o  be e x p e c t e d   € o r   o t h e r   r e a s o n s ,   o n l y  
t h o s e   l a r g e   a n g u l a r   r a t e s   a s s o c i a t e d   w i t h   a u t o r o t a t i o n a l   m a n e u v e r s   ( s p i n s   a n d  
s n a p   r o l l s )   w e r e   c o n s i d e r e d   f u r t h e r .  

Although i t  i s  m o s t   u n l i k e l y   t h a t  a f r e e - w i n g   a i r c r a f t   c o u l d   b e   s p u n ,  
b e c a u s e   o f   t h e   i n h e r e n t   s t a l l   r e s i s t a n c e   o f   t h e   t r a i l i n g - e d g e   c o n t r o l l e d   w i n g  
p a n e l s ,  i t  was  assumed t h a t   t h e   a i r c r a f t  was e x e c u t i n g  a spinning  maneuver  and 
t h e   i n f l u e n c e   o f   t h e   i n e r t i a l   a n d   a e r o d y n a m i c   p i t c h i n g  moments  was  computed. A 
t o t a l   r o t a t i o n a l   r a t e   o f   o n e   r e v o l u t i o n   p e r   s e c o n d   w a s   a s s u m e d ,   w i t h   t h e   a i r c r a f t  
c e n t e r   o f   g r a v i t y   d i s p l a c e d   t e n   f e e t   f r o m   t h e   a x i s   o f   t h e   s p i n .  

C o n s i d e r i n g   t h e   i n e r t i a l  terms a l o n e ,  two e f f e c t s   d o m i n a t e ;   t h e   g y r o -  
s c o p i c  term which  depends  upon  the  difference  between  the yaw and r o l l  moments 
o f   i n e r t i a   o f   t h e   p a n e l s ,   a n d   t h o s e  terms dependent   upon  panel   imbalance  about  

30 



FIGURE 9. DYNAMIC STICK FORCE PER g 

31 

I 



t h e   h i n g e   a x i s .  The l a t t e r   c o n t r i b u t i o n   c o u l d   b e   q u i t e   l a r g e  , if pe rmi t t ed ,   and  
C o n s t i t u t e s   a n o t h e r   c o m p e l l i n g   r e a s o n   t o   p r o v i d e  s t a t i c  b a l a n c e   f o r   t h e  wing 
Pane l s .   Bo th   o f   t hese  terms p r o v i d e   i d e n t i c a l   p i t c h i n g  moments t o   t h e  l e f t  and 
r i g h t   w i n g s ,  SO t h e i r   i n f l u e n c e   e x i s t s   r e g a r d l e s s   o f   w h e t h e r   o r   n o t   d i f f e r e n t i a l  
panel   motion i s  permi t ted .   These  terns,  s ing ly   and   i n   combina t ion ,   t end  to r o -  
t a t e   t h e  wing   pane l s   i n to  a p l a n e   s u c h   t h a t   t h e   l o n g i t u d i n a l   ( c h o r d w i s e )   a x i s   o f  
the  wing i s  n o r m a l   t o   t h e   a x i s   o f   s p i n .  The leading  edge  of   the  wing  panel  
would  be  pointed  e i ther   toward o r  away  f rom  the  spin  axis   depending  on  the  s ign 
o f   t h e   w i n g   p a n e l   c . g .   o f f s e t .  

F o r t u n a t e l y ,   t h e   a e r o d y n a m i c   p i t c h i n g  moment t ends   t o   domina te ,   even  
f o r   t h i s   r a p i d   s p i n   r a t e   a n d   t h e  low  assumed a i r s p e e d  (59 k n o t s ) .  The i n f l u e n c e  
o f   t he   ae rodynamic   p i t ch ing  moment i s  t o   c a u s e   t h e  w i n g   p a n e l s   t o   a l i g n   w i t h   t h e  
a x i s  of t h e   s p i n .  For  an  assumed mass imbalance  of   one  s lug-foot   per   panel ,  
t h e  combined e f f e c t s   o f   i n e r t i a l   a n d   a e r o d y n a m i c  terms y i e l d e d   e q u i l i b r i u m   a n g l e s  
o f   a t t a c k   b e l o w   t h e  s t a l l  w i t h   r e l a t i v e l y   s m a l l   c o n t r o l   d e f l e c t i o n s .  

Whether o r   n o t   t h e   a b s e n c e   o f   c o r r e c t i v e   c o n t r o l   w o u l d   s u s t a i n   t h e   s p i n  
was no t   examined   because   on ly   modes t   con t ro l   su r f ace   de f l ec t ions   wou ld   be  re- 
q u i r e d   t o   b r i n g   t h e   w i n g   o u t   o f   s t a l l   a n d   s t o p   t h e   a u t o r o t a t i o n .   I n   a l l   c a s e s ,  
t h e   d i r e c t i o n   o f   c o n t r o l   t r a v e l  i s  i n t o   t h e   a t t a c h e d   f l o w   s i d e   o f   t h e   s u r f a c e ,  
s o  t h e   c o n t r o l   d e f l e c t i o n  i s  e f f e c t i v e   i n   p r o v i d i n g   s u b s t a n t i a l   c o r r e c t i v e   p i t c h -  
ing  moments. 

I f   t h e   w i n g   p a n e l  i s  b a l a n c e d ,   t h e   e q u i l i b r i u m   a n g l e   o f   a t t a c k   f o r   z e r o  
c o n t r o l   d e f l e c t i o n   w o u l d   b e   z e r o   s i n c e   t h e   r e m a i n i n g   i n e r t i a l   t e r m   v a n i s h e s  when 
t h e  p a n e l s   a r e   a l i g n e d   w i t h   t h e   s p i n   a x i s ,   a n d   t h e   a e r o d y n a m i c  moment dominates  
a t   a l l   o t h e r   a n g l e s   o f   a t t a c k .  

The c o n c l u s i o n  i s  r e a c h e d   t h a t   n o n l i n e a r   c o u p l i n g  i s  o n l y   s i g n i f i c a n t  
i n  a v io len t   maneuver   o f   the   assumed  type .   Fur thermore ,   maneuvers   o f   th i s   sor t  
can   on ly  pers i s t  i f   a u t o r o t a t i o n  i s  p r e s e n t .   S i n c e  i t  appea r s   t ha t   t he   w ing   can  
a lways   be   b rought   ou t   o f   s ta l l   th rough  modes t   cont ro l   movement ,  no u n c o n t r o l l a b l e  
s i t u a t i o n   c a n   r e a s o n a b l y  be e x p e c t e d .  

Takeoff  and  Landing 

S t a t i c  Low-Speed C h a r a c t e r i s t i c s . -   C o n s i d e r i n g   f l i g h t   t h r o u g h   t h e  com- 
p l e t e  s p e e d   r a n g e   o f   t h e   a i r c r a f t ,  i t  i s  d e s i r a b l e   t o   p r o v i d e   a n   i n d e p e n d e n t  
a t t i t u d e  trim c a p a b i l i t y   f o r   t h e   f u s e l a g e   a s s e m b l y .   I n t u i t i v e l y ,   t h e   f u s e l a g e  
a t t i t u d e   s h o u l d  be  tr immed  to  minimize  the  combined  profile  and  induced  drag a t  
a n y   s e l e c t e d   l i f t   c o e f f i c i e n t .  The trim s t a b i l i z e r   s e t t i n g   w o u l d ,   o f   c o u r s e ,  
d e p e n d   o n   t h e   c e n t e r   o f   g r a v i t y   l o c a t i o n .  
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F i g u r e  10 shows t h e   v a r i a t i o n   o f   f u s e l a g e   a t t i t u d e   a n d   w i n g   p a n e l  
d e f l e c t i o n  (with r e s p e c t   t o   t h e   f u s e l a g e )   f o r   t h e  two extreme a i r p l a n e   c . g .  
l o c a t i o n s .   T h e s e   d a t a  a re  f o r  a f i x e d   f u s e l a g e  t r i m  s e t t i n g ,   s e l e c t e d   t o   y i e l d  
z e r o   p a n e l   d e f l e c t i o n   a t   1 2 1   k n o t s  EAS., w i t h   t h e   a i r p l a n e  c . g .   a t   t h e   a f t  
limit. A t  the   approach   speed   of  72 kno t s   t he   w ing   pane l   de f l ec t ion   wou ld   be  
a b o u t  5.5 d e g r e e s  , i n c r e a s i n g   t o   p e r h a p s  9.5 d e g r e e s   a t   t o u c h d o w n ,   f o r   t h e   a f t  
limit c.g.   With  the same f u s e l a g e  trim s e t t i n g ,   b u t   t h e   f o r w a r d  limit c . g . ,   t h e  
approach   speed   wing   pane l   def lec t ion   would   be   over  11 degrees   and  would rise to 
a b o u t   1 7   d e g r e e s   a t   t o u c h d o w n .  It i s  no tewor thy ,   however ,   t ha t   even   fo r   t he  
o u t - o f - t r i m   c o n d i t i o n   w i t h   f o r w a r d   c . g . ,   t h e   f u s e l a g e   a t t i t u d e  a t  minimum speed 
i s  o v e r  8 d e g r e e s   n o s e - u p .   T h i s   n a t u r a l   t e n d e n c y   f o r   n o s e - u p   a t t i t u d e s  a t  low 
speed   should  make inadver ten t   p remature   nose-wheel   contac t   wi th   the   runway un- 
l i k e l y  . 

I f   t h e   s t a b i l i z e r   s e t t i n g  i s  a d j u s t e d   t o   y i e l d   z e r o   p a n e l   d e f l e c t i o n ,  
t h e   f u s e l a g e   a n g l e   o f   a t t a c k   d e p e n d s   o n l y   s l i g h t l y  on a i r p l a n e   c e n t e r   o f   g r a v i t y  
a s  shown i n   F i g u r e  11. 

A p e c u l i a r i t y   o f   t h e   f r e e - w i n g   a i r c r a f t  i s  t h e   f a c t   t h a t   t h e  maximum 
wing l i f t   c o e f f i c i e n t  i s  n o t  a f i x e d   v a l u e ,   b u t   d e p e n d s   o n   t h e   f r e e   p a n e l   d e f l e c -  
t i o n   r e l a t i v e   t o   t h e   c e n t e r   s e c t i o n .   U s i n g   s e c t i o n   d a t a   f r o m   R e f e r e n c e  6 f o r   t h e  
NACA 23012  with  Handly  Page s l a t  ex tended ,   the  maximum s e c t i o n   l i f t   c o e f f i c i e n t  
i s  a b o u t  2 . 0 .  T h e s e   n o n l i n e a r   s e c t i o n   d a t a   w e r e   u s e d   i n  a l i f t i n g - l i n e   c o m p u t e r  
program t o  compute  the maximum trimmed  wing l i f t   c o e f f i c i e n t .  To be   conserva-  
t i v e ,  t h i s   v a l u e  was d e t e r m i n e d   b y   r e s t r i c t i n g   t h e  maximum l o c a l   l i f t   c o e f f i c i e n t  
t o  1 . 9 .   S i n c e   t h e   s p a n w i s e   l i f t   d i s t r i b u t i o n   d e p e n d s   o n   p a n e l   d e f l e c t i o n ,  so 
d o e s   t h e  maximum trimmed  wing l i f t   c o e f f i c i e n t .   F i g u r e  12 d e p i c t s   t h r e e   l i f t  
d i s t r i b u t i o n s   w h i c h   y i e l d e d   t h e  same maximum l o c a l   l i f t   c o e f f i c i e n t .  The wing 
p a n e l   d e f l e c t i o n s   a r e   z e r o  and f.1 r a d i a n  ( 5 . 7 3  d e g r e e s ) .  The maximum trimmed 
wing l i f t   c o e f f i c i e n t s   f o r   t h e s e   t h r e e   c a s e s   a r e   g i v e n   i n   T a b l e  5 .  

TABLE 5. EFFECT OF  PANEL  DEFLECTION ON MAXIMUM 
WING LIFT COEFFICIENT AND TRIM CONTROL 
DEF E C  TION 

Maximum  Trimrried 
~~ 

P a n e l   D e f l e c t i o n  Wing L i f t   C o e f f i c i e n t   C o n t r o l   D e f l e c t i o n  

- 5 . 7 3 0  1.28  -21.80 
0 .o 1.46 -24. Oo 

+5.73O 1 . 5 0  -25 .@' 
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Equivalent  Airspeed,  ft/sec 
(a )  c . g .  of A f t   L i m i t  

Equivalent Airspeed, ft/sec 

(b)  c . g .  a t  F o r w a r d  L i m i t  

F I G U R E  10. TRIM  ANGLES  FOR  FIXED  STABILIZER  SETTING 
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FIGURE 11. FUSELAGE  ATTITUDE  FOR ZERO PANEL  DEFLECTION 
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FIGURE 12. LIFT  DISTRIBUTIONS YIELDING SAME MAXIMUM LOCAL CL 



Takeoff  and  Landing  Dynamics .- The s u b j e c t   o f   l i f t - o f f   a n d  touchdown 
dynamic  b .ehavior   required a c u r s o r y   e x a m i n a t i o n   b e c a u s e   o f   t h e   u n i q u e   p i t c h   f r e e -  
dom o f   t h e   f u s e l a g e   a s s e m b l y   a n d   t h e   p o s s i b i l i t y   o f   u n d e s i r a b l e   t r a n s i e n t   m o t i o n s  
d u r i n g   t h e s e   p h a s e s .  

T h e   r e d u c t i o n   i n  downwash a t   t h e   h o r i z o n t a l  t a i l ,  d u e   t o   g r o u n d   e f f e c t ,  
w a s   i n c l u d e d ;   u s i n g   t h e   e x p r e s s i o n   f o r  downwash increment   g iven   in   Appendix  B . 7  
of  Reference 5. No e f f e c t   o n   w i n g   p i t c h i n g  moment was   i nc luded ,   s ince   i n fo rma-  
t i o n   i n   R e f e r e n c e  7 i n d i c a t e s  a n e g l i g i b l e   d i r e c t   e f f e c t   o n   w i n g   p i t c h i n g  moment 
i f   t h e   r a t i o   o f   w i n g   a l t i t u d e   t o   c h o r d   l e n g t h  i s  g r e a t e r   t h a n   1 . 2 .   F o r   t h e  
a i r c r a f t   u n d e r   s t u d y ,   t h e   r a t i o  i s  o v e r  1.1, so t h e   e f f e c t  was   d i s r ega rded .  

Takeoff   Motion.-   Using  the  equat ions  of   motion  given  in   Appendix B ,  
several  time h i s t o r i e s  were computed   to   depic t   the   t akeoff   maneuver   fo l lowing   an  
a b r u p t   w i n g   p a n e l   d e f l e c t i o n .  The speed  was  assumed  constant a t  6 5   k n o t s .  To 
p r o v i d e   a n   i n i t i a l   d i s t u r b a n c e ,   t h e   i n i t i a l   c o n d i t i o n s  were s u c h   t h a t  no weight  
was o n   t h e   l a n d i n g   g e a r .   T h i s   c o u l d   r e p r e s e n t  a d i s turbance   caused   by   runway 
u n d u l a t i o n s .  A s t e p   l o n g i t u d i n a l   c o n t r o l   i n p u t  was   appl ied  a t   z e r o  time t o   b r i n g  
the  wing  panels  from a z e r o   l i f t   c o n d i t i o n   t o  C &ax. 

No unusual   mot ions  were o b s e r v e d   f o r   a n y   o f   t h e   s i m u l a t e d   t a k e o f f s .  
F igure   13  i s  a t y p i c a l   h i s t o r y .  The fuse l age   mo t ion  i s  w e l l  damped and i s  qual-  
i t a t i v e l y   s i m i l a r   t o   t h a t   o f  a c o n v e n t i o n a l   a i r p l a n e .   T h i s   c a s e  was w i t h   b a l -  
anced  wing  panels .  

Landing  Motion.-   Figure 14 i s  a t i m e   h i s t o r y   o f  a r e l a t i v e l y  smooth 
l a n d i n g   w i t h   a n   i n i t i a l   s i n k   r a t e   o f   s l i g h t l y   o v e r  2 .O f t / sec .  The wing   pane ls  
were ba lanced ,   t he   nomina l  c .g .   loca t ion   was   used ,   and   the   speed   was   he ld   con-  
s t a n t   a t   6 5   k n o t s .  The l o n g i t u d i n a l   c o n t r o l  was  maintained a t  a c o n s t a n t   v a l u e  
throughout   the  maneuver .   Al though i t  appea r s   t ha t   t he   w ing   pane l  i s  responding  
to   t he   l and ing   impac t ,  i t  must b e  remembered t h a t   t h e   p a n e l   d e f l e c t i o n  i s  meas- 
u r e d   w i t h   r e s p e c t   t o   t h e   f u s e l a g e .   C o n s e q u e n t l y ,   o n l y   t h e   f u s e l a g e   a t t i t u d e  i s  
d i s t u r b e d  by t h e   l a n d i n g   g e a r   r e a c t i o n s ,   b u t   t h i s   m o t i o n   m a k e s  i t  a p p e a r   t h a t   t h e  
p a n e l  i s  a l s o   d i s t u r b e d .  

With  the  assumed  constant   speed,   the   nose  wheel   does  not   touch  the 
runway ;   and   t he   mo t ion   conve rges   t o   one   i n   wh ich   t he   ma in   gea r  i s  s u p p o r t i n g   o n l y  
a p a r t   o f   t h e   a i r p l a n e   w e i g h t   w i t h   w i n g   l i f t   p r o v i d i n g   t h e   d i f f e r e n c e .  I t  may 
b e   c o n j e c t u r e d   f r o m  this t h a t  i t  w o u l d   b e   e a s i e r   t o   h o l d   o f f   t h e   n o s e   w h e e l   w i t h  
the   f r ee -wing   des ign   t han   w i th  a c o n v e n t i o n a l   l i g h t   a i r p l a n e .   I n  a c o n v e n t i o n a l  
a i r c r a f t ,   t h e   p i t c h - d o w n   t r a n s i e n t   c a u s e d   b y   m a i n   g e a r   c o n t a c t   r e d u c e s   t h e   l i f t  
on   t he   en  t i r e  wing  and i t  i s  s o m e t i m e s   d i f f i c u l t   t o   p r e v e n t   t h e   n o s e   g e a r   f r o m  
contac t ing   the   runway  a lmost   immedia te ly   a f te r   main   gear   touchdown.  

The e f f e c t   o f   a i r p l a n e   c e n t e r   o f   g r a v i t y   p o s i t i o n  was  examined  by  simu- 
l a t e d   l a n d i n g s   a t   b o t h   c . g .  limits. I n   a d d i t i o n ,   t h e   i n i t i a l  ra te  o f   s i n k   w a s  
s e t  a t  6 . 0   f t / s e c   t o   d e p i c t   h a r d   l a n d i n g s .  The  time h i s t o r i e s   a r e   g i v e n   i n  
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FIGURE 13. COMPUTED  TAKEOFF  HISTORY 
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Figure   15 ,   fo r   t he   ba l anced   w ing   pane l   cond i t ion .  The f u s e l a g e   s t a b i l i z e r  trim 
was i d e n t i c a l   f o r   b o t h   l a n d i n g s ,   a n d   t h i s  i s  r e f l e c t e d   i n   t h e   l o w e r   p i t c h   a t t i -  
t ude   o f   t he   fo rward   c -g .   ca se .  I n  t h i s   c a s e ,   t h e   n o s e   w h e e l   c o n t a c t e d   t h e   r u n -  
way b r i e f l y   d u r i n g   t h e   i n i t i a l   t r a n s i e n t  , but   remained   of f   the   runway  in   the   sub-  
s e q u e n t   m o t i o n .   W i t h   t h e   a f t  c . g .   p o s i t i o n ,  two bounces   a re   observed   bu t   the  
nose   wheel   remains   c lear   o f   the   runway.  

A d d i t i o n a l   s i m u l a t i o n s  were performed  to   examine  the e f f e c t  o f  wing 
panel   unbalance .  Two r e l a t i v e l y   s o f t   l a n d i n g s   a r e  shown i n   F i g u r e   1 6   f o r   p a n e l  
c . g .   d i s p l a c e m e n t s   o n e   f o o t   f o r e   a n d   a f t   o f   t h e   h i n g e   a x i s ,   r e s p e c t i v e l y  . 

With   t he   pane l  c .g . f o r w a r d   o f   t h e   h i n g e   a x i s ,   t h e   l a n d i n g  i s  a c t u a l l y  
improved s l i g h t l y ;   a s  may be   seen   by   compar ing   F igures   16(a)   and   14 .   The   tendency  
f o r  t h e   p a n e l   d e f l e c t i o n  to d e c r e a s e ,   i n   t h i s  case, immedia t e ly   r educes   t he  l i f t  
and i n h i b i t s   p o s s i b l e   b o u n c i n g .  

The   oppos i te  i s  t r u e   o f   t h e   c a s e  shown i n   F i g u r e   1 6 ( b )   w i t h   t h e   p a n e l  
c . g .   o n e   f o o t   a f t   o f   t h e   h i n g e  l i n e .  It w o u l d   a p p e a r   p r a c t i c a l l y   i m p o s s i b l e   t o  
perform a no -bounce   l and ing   i n   t h i s   cond i t ion   because  of the   t endency  for  t h e  
p a n e l   a n g l e - o f   a t t a c k   t o   i n c r e a s e   i n   r e a c t i o n   t o   t h e   l a n d i n g   i m p a c t .  The s i t u a -  
t i o n  i s  a n a l o g o u s   t o   t h a t   f o u n d   i n   e a r l i e r   " t a i l - d r a g g e r "   l i g h t   a i r c r a f t ,   b u t  i s  
compounded  by t h e  much more r a p i d   p i t c h i n g   r e s p o n s e   o f   t h e   w i n g   p a n e l s   a s   c o m p a r e d  
t o   t h e   a i r c r a f t   a s  a whole.  

The behav io r   o f   t he  a i r c ra f t  d u r i n g   l a n d i n g   c o n s t i t u t e s   a n o t h e r   r e a s o n  
f o r   n o t   p e r m i t t i n g   t h e  wing  panel   c .g .  to l i e  a f t   o f   t h e   h i n g e   a x i s .   A s i d e   f r o m  
t h i s ,   t h e   l a n d i n g   o f   t h e   f r e e - w i n g   a i r c r a f t   a p p e a r s   t o   p r e s e n t   n o   s p e c i a l   p r o b -  
lems; a t  least  f o r   t h e   c a s e   e x a m i n e d   h e r e   w i t h  no d i f f e r e n t i a l   p a n e l   f r e e d o m .  

Gust   Alleviat ion  and  Ride  Comfort  

We a r r i v e  now a t  t h e   " r a i s o n  d 'etre" o f   t he   f r ee -wing   concep t ;   t he  
g u s t   a l l e v i a t i n g   b e h a v i o r   a n d   t h e   e f f e c t s   o f   t h i s   a l l e v i a t i o n   o n   t h e   r i d e   q u a l i t y  
o f   t h e   a i r c r a f t .  It will b e   s e e n   t h a t   a l t h o u g h   t h e   s t r u c t u r a l   l o a d   a l l e v i a t i o n  
i s  v e r y   s u b s t a n t i a l ,   t h e   p r i m a r y   b e n e f i t  i s  an  improvement i n   r i d e   q u a l i t y .  

Discrete V e r t i c a l   G u s t   R e s p o n s e . -  A series o f  time h i s t o r i e s  was com- 
p u t e d   i n   w h i c h   t h e   n o m i n a l   f r e e - w i n g   a n d   e q u i v a l e n t   f i x e d - w i n g   a i r c r a f t  were sub- 
jec t e d   t o  a d i s c r e t e   " 1 - c o s i n e "   g u s t   o f   v a r y i n g  wave l e n g t h .   F i g u r e   1 7  shows 
t h e   r a t i o   o f   p e a k   l o a d   f a c t o r   i n c r e m e n t s   a n d   i l l u s t r a t e s   t h e   f a c t   t h a t   t h e   f r e e -  
wing i s  most effect ive a t   t h e   l o n g e r  wave l e n g t h s .  FAR 2 3 . 3 3 3 ( c ) ( 2 ) ( i )   s p e c i f i e s  
a 2 5   c h o r d   l e n g t h   g u s t   o f   t h i s   s h a p e   f o r   c o m p l i a n c e   w i t h   t h e   s t r u c t u r a l   g u s t   l o a d  
c r i t e r i o n .  A t  t h e   c r u i s e   c o n d i t i o n  shown,   the   response   o f   the   f ree-wing   a i r -  
c r a f t  i s  5 4   p e r c e n t   o f   t h e   r e s p o n s e   o f  i t s  f i x e d - w i n g   c o u n t e r p a r t .  A t  t h e   l o n g e r  
wave l eng ths ,   t he   f r ee -wing   l oad   f ac to r   i nc remen t  i s  even   more   d ramat ica l ly  re- 
duced ,   approaching  22 p e r c e n t   o f   t h e   c o n v e n t i o n a l   a i r p l a n e   v a l u e .  
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Response  to   Cont inuous  Turbulence.-  The t r e n d   t o w a r d   g r e a t e r   g u s t  
a l l e v i a t i o n   a t   l o n g   w a v e l e n g t h s  i s  s u p p o r t e d   b y   t h e   r e a c t i o n   t o   c o n t i n u o u s   t u r b u -  
l e n c e .   F i g u r e  18 shows   t he   l oad   f ac to r  power s p e c t r a l   d e n s i t y   a s  a f u n c t i o n   o f  
t e m p o r a l   f r e q u e n c y   f o r   b o t h   a i r c r a f t .  A t  t h i s   c r u i s e   c o n d i t i o n ,  a 25   chord  
l e n g t h   g u s t   w o u l d   c o r r e s p o n d   t o  a f r equency   o f   abou t  11 r a d i a n s / s e c o n d .   C l e a r l y ,  
t h e   p r i m a r y   b e n e f i t   o f   t h e   f r e e - w i n g  i s  i n   e v i d e n c e   o f   t h e   l o w e r   f r e q u e n c i e s  
( longe r   wave leng ths )  . 

A comparison  of rms r e s p o n s e s   t o   u n i t   t u r b u l e n c e   i n t e n s i t y  i s  g i v e n  
i n   T a b l e  6 f o r   t h e   f r e e - w i n g   a i r p l a n e   a n d   t h e   e q u i v a l e n t   f i x e d - w i n g   a i r c r a f t   a t  
t he  same c r u i s e   c o n d i t i o n .  The s t i c k - f i x e d   r e s p o n s e s   a r e  shown s i n c e   t h e y   a r e  
p r a c t i c a l l y   i d e n t i c a l   t o   t h e   s t i c k - f r e e   r e s u l t s  and no s t i c k - f r e e   d a t a   w e r e  
g e n e r a t e d   f o r   t h e  f ixed-wing   a i rp lane .  

TABLE 6 .  COMPARISON  OF RMS RESPONSES TO UNIT 
TURBULENCE INTENSITY 

V a r i a b l e   F r e e  Wing Fixed Wing 

N o r m a l   l o a d   f a c t o r ,   g ’ s  .00844  .0184 
P i t c h   r a t e   d e g / s e c  .266  .112 
P i t c h   a c c e l e r a t i o n ,   d e g / s e c  2.28  1.24 
Wing pane l   d i sp l acemen t ,   deg  .052 9 ” 

The  most s i g n i f i c a n t  item i n  t h i s  comparison i s  t h e   f a c t   t h a t   t h e  rms 
l o a d   f a c t o r   f o r   t h e   f i x e d - w i n g   a i r c r a f t  i s  2.18 times a s   g r e a t   a s   t h e   f r e e - w i n g  
a i r p l a n e .   S t a t e d   a n o t h e r  way,   the   f ree-wing   provides  a 5 4   p e r c e n t   r e d u c t i o n  i n  
rms l o a d   f a c t o r   r e s p o n s e .  

The d a t a   i n   T a b l e  6 were computed on the   a s sumpt ion   t ha t   t he   w ing  
ba lance   weight  i s  c a r r i e d   i n t e r n a l l y   i n   t h e   l e a d i n g   e d g e .   I f   t h e   b a l l a s t  were 
p o s i t i o n e d   o n e   f o o t   f o r w a r d   o f   t h e   l e a d i n g   e d g e   i n   s m a l l ,   f a i r e d   n a c e l l e s   t o  
r e d u c e   t h e   w e i g h t   p e n a l t y ,   t h e   p i t c h i n g  moment of i n e r t i a  would  be  increased 
by 3 6   p e r c e n t .   F o r t u n a t e l y ,   c a l c u l a t i o n s   i n d i c a t e   t h a t   t h e   n o r m a l   l o a d   f a c t o r  
response   would   increase   on ly   by   about  2 p e r c e n t ,  rms, w h i l e   t h e   o t h e r  rms 
va lues   wou ld   be   v i r tua l ly   i den t i ca l .   S ince   t he   w ing   p i t ch ing  moment of 
i n e r t i a  i s  v e r y  much s m a l l e r   t h a n   t h a t  of t h e   e n t i r e   a i r c r a f t ,   f o r   r e a s o n a b l e  
w i n g   m a s s   p l a c e m e n t ,   t h e   l o a d   a l l e v i a t i o n   a p p e a r s   t o   b e   r e l a t i v e l y   i n s e n s i t i v e  
t o   t h e   s p e c i f i c  wing  mass d i s t r i b u t i o n .  
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An i n t e r e s t i n g   o b s e r v a t i o n  i s  t h e   s u r p r i s i n g l y   s m a l l  rms wing  panel  
d i s p l a c e m e n t   r e q u i r e d   t o   p r o v i d e   t h e   a l l e v i a t i o n .   E v e n   i n   r e l a t i v e l y   h e a v y   t u r -  
b u l e n c e ,   s a y  10 f t / s e c  rms, the rms panel   d i sp lacement   would   be   on ly  a l i t t l e  
o v e r   o n e   h a l f   o f  a d e g r e e .  

On t h e   a d v e r s e   s i d e ,   t h e   p i t c h   r a t e   a n d   p i t c h   a c c e l e r a t i o n   r e s p o n s e s  
a r e  approximate ly   doubled  as  compared to  t h e   f i x e d - w i n g   a i r p l a n e .  The s i g n i f  i- 
c a n c e   o f   t h i s  i s  n o t  known s i n c e  no q u a n t i t a t i v e   r i d e   q u a l i t y   c r i t e r i a   a r e   a v a i l -  
a b l e   w h i c h   e x p l i c i t l y   a c c o u n t   f o r   p u r e   a n g u l a r   r a t e s .   I f   s u b s e q u e n t   e x p e r i -  
m e n t a t i o n   s h o u l d   f i n d   t h i s   o b j e c t i o n a b l e ,  i t  would   be   expec ted   tha t  a s imple  
p i t c h  damper   could  reduce  these  motions.  

R ide   Comfor t   Cr i t e r i a . -   A l though   t he   quan t i t a t ive   measu re   o f   r i de  
q u a l i t y  i s  i n  i t s  i n f a n c y ,  a l i t e r a t u r e   s e a r c h   r e v e a l e d  two c r i t e r i a  which were 
t h e n   a p p l i e d   t o   t h e   f r e e - w i n g   l i g h t   a i r c r a f t .   T h e s e   a r e   d i s c u s s e d   i n   t h e   f o l l o w -  
ing  paragraphs . 

Boeing Low-Wing-Loading STOL C r i t e r i o n . -  I n  Reference  8 ,  a r e l a t i v e l y  
s i m p l e   c r i t e r i o n   o f   a c c e p t a b l e   r i d e   q u a l i t y  was   employed .   Th i s   c r i t e r ion ,   based  
o n  expe r i ence   w i th   commerc ia l  j e t  t r a n s p o r t   a i r c r a f t ,   s t a t e s   t h a t   a n  rms load  
f a c t o r   o f  .ll g ' s  i s  a c c e p t a b l e   w i t h  a p r o b a b i l i t y   o f   e x c e e d a n c e   o f  10-3 o r  less.  

To a p p l y   t h i s   c r i t e r i o n   a t  a g i v e n   f l i g h t   c o n d i t i o n ,   t h e   t u r b u l e n c e  
i n t e n s i t y   r e q u i r e d  to a c h i e v e  . ll  g ' s  rms i s  computed   and   then   the   p robabi l i ty  
of e n c o u n t e r i n g   t u r b u l e n c e   o f   t h e   c o m p u t e d   i n t e n s i t y  i s  e s t i m a t e d .   F o r   o u r   p u r -  
pose   he re ,   t he   P robab i l i t y   o f   Exceedance   da t a   con ta ined   i n   Re fe rence  4 was  used. 
T h e s e   d a t a   a r e   f o r   n o n s t o r m   t u r b u l e n c e   a n d   a r e   b e l i e v e d  t o  b e   a p p r o p r i a t e   f o r  
l i g h t   a i r c r a f t   o p e r a t i o n s .  

A s  a n   a d d i t i o n a l   p o i n t   o f   r e f e r e n c e ,   a n o t h e r   a i r c r a f t   w a s   u s e d   t o  com- 
p a r e   w i t h   t h e   l i g h t   a i r c r a f t .   T h i s  was a h y p o t h e t i c a l   r i g i d  j e t  t r a n s p o r t   w i t h  
a wing  loading  of 90 l b / f t 2 ,   c h o s e n   b e c a u s e   a i r c r a f t   o f   t h i s   t y p e   a r e  known to 
h a v e   a c c e p t a b l e   r i . d e   q u a l i t y .  

The l i g h t   a i r c r a f t   w e r e   c o n s i d e r e d   i n   c r u i s e   f l i g h t   a t  125 k n o t s  EAS a t  
a n   a l t i t u d e   o f  6 5 0 0  f e e t .  The j e t  t r a n s p o r t  was  assumed  to   be  f lying a t   t h e  same 
a l t i t u d e ,   b u t   a t   t h e   r e a l i s t i c   o p e r a t i o n a l   s p e e d   o f  2 5 0  k n o t s  EAS. 

A c o m p a r i s o n   o f   t h e   t h r e e   a i r c r a f t   a p p e a r s   i n   T a b l e  7 .  
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TABLE 7 .  PROBABILITY  OF EXCEEDING .ll g I s  RMS 
~~ 

RMS 
G u s t   I n t e n s i t y   P r o b a b i l i t y  

Required  of  Exceedance 

F r e e - w i n g   l i g h t   a i r c r a f t  13.3 f t / s e c  -1.5 x 10-7 
F i x e d - w i n g   l i g h t   a i r c r a f t  6 . O  f t/sec 5 . 1  x 10-3 
J e t  T r a n s p o r t  8 .45 f t /sec .18 x 10-3 

It i s  s e e n   t h a t   t h e   f r e e - w i n g   l i g h t   a i r c r a f t  i s  f a r   s u p e r i o r   t o   t h e  
a c c e p t a b l e   s t a n d a r d   o f   t h i s   c r i t e r i o n .   I n   f a c t ,   t h e   p r o b a b i l i t y   o f   e n c o u n t e r i n g  
nons to rm  tu rbu lence   o f   13 .3   f t / s ec  rms i s  van i sh ing ly   sma l l   and  i s  o f f   t h e   s c a l e  
o f   t h e   d a t a   p r e s e n t e d   i n   R e f e r e n c e  4 .  The f i g u r e   o f   1 . 5  x 10-7  was  determined  by 
a r o u g h   e x t r a p o l a t i o n   o f   t h e   g i v e n   d a t a .  

T h e   f i x e d - w i n g   l i g h t   a i r c r a f t   d o e s   n o t  meet t h e   s t a t e d   c r i t e r i o n ,   e x -  
ceed ing  . ll  g ' s  r m s  o v e r   f i v e  times a s   f r e q u e n t l y   a s   p e r m i t t e d .   T h i s   f a c t  i s  a 
d e m o n s t r a t i o n ,   i n c i d e n t a l l y  of t h e   e x t r e m e   n o n l i n e a r i t y   i n v o l v e d   i n   r e l a t i n g  rms 
r e s p o n s e s   t o   s u b j e c t i v e   r i d e   c o m f o r t .   A l t h o u g h   t h e   f i x e d - w i n g   v e r s i o n   o f   t h e  
l i g h t   a i r c r a f t   h a s  a l o a d   f a c t o r   r e s p o n s e   o n l y   s l i g h t l y   o v e r  twice a s   g r e a t   a s  
t h e   f r e e - w i n g ,   t h e   f r e e - w i n g   a i r c r a f t  i s  a b o u t   f o u r   o r d e r s   o f   m a g n i t u d e   s u -  
p e r i o d   f r o m   t h e   s t a n d p o i n t   o f   t h i s   p a r t i c u l a r   r i d e   q u a l i t y   c r i t e r i o n .  

The j e t  t r a n s p o r t ,   a s   m i g h t  be e x p e c t e d ,   e x c e e d s   t h e   s t a n d a r d s   o f   t h e  
c r i t e r i o n ,   e x p e r i e n c i n g   t h e   a c c e p t a b l e  rms l o a d   f a c t o r   o n l y   a b o u t   o n e   f i f t h   a s  
o f t e n   a s   p e r m i t t e d .   N e v e r t h e l e s s ,   t h e   f r e e - w i n g   l i g h t   p l a n e  i s  a c t u a l l y   s u p e r i o r  
t o   t h e  j e t  t r a n s p o r t  bv a s u b s t a n t i a l   m a r g i n ,   a c c o r d i n g   t o   t h e   c r i t e r i o n .  

Grande ' s   Sub jec t ive   D i scomfor t   Index . -  An i n t e r e s t i n g   a p p r o a c h   t o   t h e  
q u a n t i t a t i v e   m e a s u r e   o f   s u b j e c t i v e   d i s c o m f o r t  i s  g i v e n  by D .  L.  Grande i n   R e f e r -  
e n c e s  9 and 10. Data were o b t a i n e d   b y   s u b j e c t i n g   f l y i n g   p e r s o n n e l   t o   s i n u s o i d a l  
acce le ra t ions   o f   va r ious   f r equenc ie s   and   ampl i tudes .   Us ing   t he   concensus  of 
s u b j e c t i v e   o p i n i o n s ,   t o l e r a n c e   s p e c t r a  were o b t a i n e d   f o r   r a t i n g s  of "Mildly 
Annoying",  "Extremely  Annoying",  and  "Alarming". By i n v e r t i n g   t h e s e   t o l e r a n c e  
s p e c t r a ,   t h e   r e l a t i v e   d i s c o m f o r t   p e r  g a t   v a r i o u s   f r e q u e n c i e s  i s  o b t a i n e d .  
F igu re   19  shows  the   d i scomfor t   spec t rum  for   the   "Mi ld ly   Annoying"   ra t ing .   For  
t h e   p u r p o s e s   o f   t h i s   i n v e s t i g a t i o n ,   t h e   m a g n i t u d e   o f   t h e   d i s c o m f o r t   i n d e x  was 
t r u n c a t e d   a t   t h e   l o w e s t   f r e q u e n c i e s   b e c a u s e   n o   d a t a  were p r e s e n t e d   i n   t h a t   r e g i o n  
i n   t h e   c i t e d   r e f e r e n c e s .  

The m a i n   p o i n t   o f   i n t e r e s t  i s  t h e   s h a r p  rise i n   d i s c o m f o r t   a t   f r e -  
quencies   be low 2 o r  3 cyc le s   pe r   s econd .   Th i s   r eg ion   migh t  be c a l l e d   t h e   a i r -  
s i ckness   band .   Th i s  i s  e s p e c i a l l y   s i g n i f i c a n t  when i t  i s  r e c a l l e d   t h a t   t h e  p r i -  
mary a l l e v i a t i o n   e f f e c t   o f   t h e   f r e e - w i n g  i s  i n   t h e   l o w e r   f r e q u e n c i e s   a s   i l l u s -  
t r a t e d   p r e v i o u s l y   i n   F i g u r e  18. 
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U s i n g   G r a n d e ' s   a n a l y t i c a l   t e c h n i q u e ,   t h e   d i s c o m f o r t   s p e c t r u m  i s  
s q u a r e d ,   m u l t i p l i e d  by t h e   n o r m a l   l o a d   f a c t o r  PSD f u n c t i o n  of F i g u r e  18, and 
i n t e g r a t e d   t o   o b t a i n  a s u b j e c t i v e   d i s c o m f o r t   i n d e x   p e r   u n i t   t u r b u l e n c e   i n -  
t e n s i t y .  It i s  t h e n   p o s s i b l e   t o  compute t h e   t u r b u l e n c e   i n t e n s i t y   w h i c h   w o u l d  
cause   t he  rms d i s c o m f o r t   i n d e x   t o   e q u a l   u n i t y ,   y i e l d i n g   t h e   s u b j e c t i v e   r a t i n g  
d e s i g n a t e d  by the   d i scomfor t   spec t rum  be ing   u sed .  

U s i n g   t h i s   t e c h n i q u e ,  a t u r b u l e n c e   i n t e n s i t y   o f   s l i g h t l y  less t h a n  7 
f t j s e c  rms wou ld   y i e ld   t he   "Mi ld ly   Annoy ing"   r a t ing   fo r   t he   f i xed -wing   l i gh t  
a i r c r a f t   i n   c r u i s e .  By c o n t r a s t ,  a t u r b u l e n c e   l e v e l  of  19 f t/sec rms would 
be r e q u i r e d   t o   r e a c h   t h e  same degree  of d i s c o m f o r t   i n   t h e   f r e e - w i n g   a i r p l a n e .  
When one c o n s i d e r s   t h e   r e l a t i v e   l i k e l i h o o d  of. e n c o u n t e r i n g   t u r b u l e n c e   i n t e n s i -  
t i e s  of t h e s e   m a g n i t u d e s ,   t h e   r e s u l t s  are d r a m a t i c .   A l t h o u g h   i n t e n s i t i e s  of 
7 f t j . s e c   o r  more c o u l d   b e   e x p e c t e d   o c c a s i o n a l l y   i n   f a i r   w e a t h e r   c u m u l o u s   c l o u d s  
and   might   be   encountered   in  clear a i r  about  1 p e r c e n t  of t h e  time a t   t h e   l o w e r  
a l t i t u d e s   ( r e f .  4 ) ,  t h e   p r o b a b i l i t y  of encoun te r ing  a t u r b u l e n c e   l e v e l  of  19 
f t j s e c  i s  v i r t u a l l y   z e r o   i n   a n y   c o n d i t i o n s   o t h e r   t h a n   t h u n d e r s t o r m   a c t i v i t y .  

Spec ia l   Mechanica l   Des ign   Cons idera t ions  

A f r e e - w i n g   l i g h t   a i r c r a f t   d e s i g n   b a s e d  upon t h e   r e s u l t s  of t h i s  
s tudy  would r e q u i r e   s p e c i a l   m e c h a n i c a l   a n d   s t r u c t u r a l   d e s i g n   c o n s i d e r a t i o n s  
n o t   e n c o u n t e r e d   w i t h   c o n v e n t i o n a l   a i r c r a f t .   T h e s e   f a c t o r s   w e r e   n o t   e x p l i c i t l y  
t r e a t e d   i n   t h e   c u r r e n t   s t u d y   s i n c e   t h e y  would  most   appropriately be addres sed  
i n  a more s p e c i f i c  a n d   d e t a i l e d   d e s i g n   s t u d y ;   n e v e r t h e l e s s ,  some g e n e r a l  com- 
m e n t s   a r e   o f f e r e d   i n   t h e   f o l l o w i n g   p a r a g r a p h s .  

Mechanical   Stops on Pane l   D i sp lacemen t .   Wi th   ex te rna l ly   suppor t ed  
p a n e l s ,  a t  l e a s t ,   t h e   w i n g s   a r e   o b v i o u s l y   n o t   f r e e   t o   r o t a t e   t h r o u g h  a complete 
360 degrees .  It  would  be  necessary  to   ensure  enough  f reedom  to   preclude  the 
p o s s i b i l i t y  of e n c o u n t e r i n g  a m e c h a n i c a l   s t o p   f o r   a l l   r e a s o n a b l e   c o m b i n a t i o n s  
of speeds ,  center of g r a v i t y   l o c a t i o n s ,   f u s e l a g e   s t a b i l i z e r   s e t t i n g s ,   a n d  
maneuvers .   This   would  not   seem  to   be a p a r t i c u l a r l y   d i f f i c u l t   d e s i g n   p r o b l e m ,  
a n d   t h e   e f f e c t s  of l i m i t e d   p a n e l   d e f l e c t i o n  on a i r c r a f t   b e h a v i o r  were no t   ex -  
amined i n   t h i s   s t u d y .  

A s  a p r a c t i c a l  matter, i t  would   be   necessary   to   p rovide  a g u s t   l o c k  
d e v i c e   f o r   t h e  wing p a n e l s   w h i l e   t h e   a i r c r a f t  i s  parked on the  ground.   Candi-  
date   systems'   might   be  in   the  form of a n   e x t e r n a l   c l a m p i n g   d e v i c e   o r   a n   i n t e r n a l  
p in   a r r angemen t ,   such  as u s e d   i n   c o n v e n t i o n a l   a i r c r a f t   t o   p r o t e c t   t h e   c o n t r o l  
sys tem  f rom  gus ty   sur face   winds .   S ince   the   wing   pane ls ,   themselves ,  are a major 
componen t   o f   t he   l ong i tud ina l   con t ro l   sys t em,   t he   p rov i s ions  of FAR 23.679, con- 
ce rn ing   con t ro l   sys t em  locks ,   wou ld  be mandatory.  
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A e r o e l a s t i c  Phenomena.-  With  regard t o   s t a t i c   e l a s t i c   d e f o r m a t i o n s ,  
two effects  are o f   p r i m a r y   i n t e r e s t :   t h e   t o r s i o n a l   s t i f f n e s s  of t h e   i n t e r -  
c o n n e c t i n g   s t r u c t u r e   i n   r e s i s t i n g   d i f f e r e n t i a l   p a n e l   d e f l e c t i o n s   a n d  the 
rearward   bending  of t h e   h i n g e  axis caused   by   d rag   loads .  

The f i r s t  of these, the t o r s i o n a l   s t i f f n e s s  of t h e   p a n e l   i n t e r -  
connec t ,  i s  impor t an t   because  of t h e   p o s s i b i l i t y  o f   r e d u c e d   a i l e r o n   e f f e c -  
tiveness, o r   r e v e r s a l ,   a t   h i g h   d y n a m i c   p r e s s u r e s .   I n   t h e   e v e n t   t h a t   t h e  re- 
q u i r e d   i n t e r c o n n e c t   t o r s i o n a l   s t i f f n e s s  creates a se r ious   we igh t   pena l ty ,   two  
p o s s i b i l i t i e s   e x i s t   t o  re l ieve t h e   d i f f e r e n t i a l  wing t o r s i o n :   a u x i l i a r y   c o n -  
t r o l   s u r f a c e s ,   m o u n t e d   i n b o a r d  on the   w ing   and   mechan ica l ly   l i nked  t o  r e spond  
t o   d i f f e r e n t i a l   p a n e l   d e f l e c t i o n ;  and  the  use of s p o i l e r s   € o r  l a t e ra l  c o n t r o l  
i n s t e a d  of d i f f e r e n t i a l   m o t i o n  of t h e   p r i m a r y   t r a i l i n g - e d g e   c o n t r o l   s u r f a c e s .  

The rea rward  s t a t i c  bending of t h e   h i n g e   a x i s .   m u s t   b e   c o n s i d e r e d  
s i n c e  i t  w o u l d   b e   e s s e n t i a l   t o   i n s u r e   a d e q u a t e   c l e a r a n c e ,   f r o m   t h e   h i n g e   a x i s  
t o   t h e   t r a i l i n g   e d g e ,   t o   p r e v e n t   m e c h a n i c a l   i n t e r f e r e n c e   b e t w e e n   t h e   f r e e  
p a n e l s   a n d '   t h e   f i x e d   c e n t e r   s e c t i o n .  

Wi th   regard   to   dynamic   aeroe las t ic   phenomena ,   the   in f luence   o f   bending  
s t i f f n e s s  on f l u t t e r   s p e e d   w o u l d   r e q u i r e   e x a m i n a t i o n   f o r   t h e   p a r t i c u l a r   c a s e   a t  
h a n d   w h e r e   t h e   w i n g   h a s   z e r o   s t r u c t u r a l   s t i f f n e s s   i n   s y m m e t r i c   t o r s i o n .  A l -  
t hough   no   i n su rmoun tab le   f l u t t e r   p rob lem would  be a n t i c i p a t e d   f o r  a low-speed 
a i r c r a f t ,   t h e   u n i q u e   p i t c h   f r e e d o m  would  demand some a t t e n t i o n .  
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Conc lus ions  

From t h e   r e s u l t s   o f   t h i s   i n v e s t i g a t i o n ,  the f o l l o w i n g   c o n c l u s i o n s  
may be  drawn: 

(1) The f ree-wing   concept   can   be   appl ied  to u n s o p h i s t i c a t e d  
l o w   w i n g   l o a d i n g   l i g h t   a i r c r a f t   t o   p r o v i d e   r i d e   q u a l i t y ,  
b a s e d   o n   n o r m a l   l o a d   f a c t o r   a t t e n u a t i o n ,   e q u a l   o r  
s u p e r i o r  t o  a i r c r a f t   e m p l o y i n g  much h ighe r   w ing   l oad ings .  
Compared t o   s i m i l a r   l i g h t   a i r c r a f t   i n   c r u i s e   f l i g h t ,  re- 
d u c t i o n s   o f   a b o u t  54 p e r c e n t   c a n   b e   r e a l i z e d   i n   t h e  rms 
l o a d   f a c t o r   i n c r e m e n t s   i n   c o n t i n u o u s   t u r b u l e n c e .  

(2) F o r   f r e e - w i n g   a i r c r a f t   w i t h o u t   d i f f e r e n t i a l  wing  panel 
freedom, a l l   p e r t i n e n t   h a n d l i n g   q u a l i t i e s   a n d   c e r t i f i c a -  
t i o n   c r i t e r i a   c a n   b e  met w i t h o u t   r e c o u r s e   t o   s t a b i l i t y  
a u g m e n t a t i o n ,   e i t h e r   a c t i v e  or p a s s i v e .  

( 3 )  D i f f e r e n t i a l   p i t c h   f r e e d o m   b e t w e e n   t h e   l e f t   a n d   r i g h t  
w i n g   p a n e l s   s h o u l d   n o t   b e   p e r m i t t e d   f o r   a i r c r a f t   i n   t h i s  
c l a s s ;   a l t h o u g h  i t  a p p e a r s   t h a t   p a s s i v e   m e c h a n i c a l   d e -  
v i c e s   c a n   b e   a p p l i e d   t o   c o r r e c t   t h e   s e r i o u s   l a t e r a l  
d e f i c i e n c i e s   w h i c h  accompany  such  freedom. 

( 4 )  L e a d i n g   e d g e   s l a t s   a r e   n e c e s s a r y   f o r   t a k e o f f   a n d  
l and ing   t o   compensa te   fo r   t he   i nhe ren t  low maximum 
trimmed l i f t   c o e f f i c i e n t s   o b t a i n e d   w i t h   t r a i l i n g - e d g e  
c o n t r o l   s u r f a c e s .  

(5 )  The free-wing  panels   should  be  balanced  about   the 
s p a n w i s e   h i n g e   a x i s   w i t h   l e a d i n g   e d g e   s l a t s   r e t r a c t e d .  
A b a l l a s t   w e i g h t   p e n a l t y  i s  incur red   which   might   range  
f rom  abou t   1 .5   t o  7 . 0  p e r c e n t   o f   t h e   a i r c r a f t   g r o s s  
weight ,   depending  on t h e   d e t a i l e d   d e s i g n .  
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APPENDIX A 

SUPPORTING WIND TUNNEL  EXPERIMENTS 

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

This   appendix  i s  a d i s c u s s i o n   o f   t h e   e x p e r i m e n t a l   p r o g r a m   t h a t  was  con- 
d u c t e d   i n   t h e   B a t t e l l e - C o l u m b u s   L a b o r a t o r i e s '   S u b s o n i c  Wind Tunnel .   Included is  
a d e s c r i p t i o n   o f   t h e   d e s i g n  and f a b r i c a t i o n   o f   t h e   m o d e l s ,   c a l i b r a t i o n  test ,  wind 
t u n n e l  test  p rocedure ,   and   da t a   ana lys i s   and   r e su l t s .  

The experimental   program was d e s i g n e d   t o   o b t a i n  a l i m i t e d  amount  of  data 
t h a t   c o u l d   b e   u s e d   t o   s u b s t a n t i a t e  some o f   t h e   a s s u m p t i o n s   u s e d   i n   t h e   t h e o r e t i c a l  
a n a l y s i s .  Two models were des igned   and   f ab r i ca t ed   t o   s tudy   t he   p i t ch   damping  
c h a r a c t e r i s t i c s   a n d   t h e   y a w i n g   e f f e c t s  on f r e e l y  mounted  wing  panels. 

The " P i t c h  Model"  was  a r e f l e c t i o n   p l a n e  model t h a t  was  mounted h o r i -  
z o n t a l l y   w i t h i n   t h e  wind  tunnel  t e s t  sec t ion .   This   model  was u s e d   t o   s t u d y   t h e  
damping c h a r a c t e r i s t i c s   i n   t h e   p i t c h   d i r e c t i o n   f o r   v a r i o u s   p i t c h   i n e r t i a s ,   p i t c h  
a x i s   l o c a t i o n s   a n d   f r e e   s t r e a m   v e l o c i t i e s .  The o ther   model ,  "Yaw Model",  was  a 
sca led-down  vers ion   of  a Cessna 305A a i r c r a f t .  The   wing   pane l   sec t ions   o f   th i s  
model were c a p a b l e   o f   f r e e l y   r o t a t i n g   i n d e p e n d e n t l y   a b o u t   t h e   1 5   p e r c e n t   p i t c h   a x i s .  
This  model  was  used t o   s t u d y  yaw e f f e c t s  on p a n e l   a n g l e   o f   a t t a c k .  The  model  was 
i n s t a l l e d   w i t h   t h e   w i n g   p i t c h   a x i s   v e r t i c a l   i n   t h e  test  c a b i n   t o   e l i m i n a t e   g r a v i t y  
e f f e c t s  on t h e   w i n g   p a n e l s   a n d   t o   a l l o w   a n   i n c r e a s e   i n   t h e   o v e r a l l   s i z e   o f   t h e  
mode 1. 

The p i t c h  model  was t e s t e d   a t   t h e   t h r e e   w i n d   v e l o c i t i e s   o f   5 0 ,   8 0 ,  and 
1 2 0   f p s ,   a n d   t h r e e   p i t c h   a x e s   l o c a t i o n s  of 10.13,   15.13,   and  17.63  ercent   chord.  
The  model i n e r t i a  was var ied   f rom  2 .35  x to   1 .0  x IO-' s l u g - f t f  which 
co r re sponded   t o  mass   parameter   values ,as   def ined  by  Equat ion (1) o f   t h i s   r e p o r t ,  
ranging   f rom  approximate ly   10   to   45 .  The yaw model  was t e s t e d   a t  wind v e l o c i t i e s  
of  80, 120,  and  180  fps.  The trim a n g l e  was va r i ed   f rom 0 t o  2 6.0 deg rees .  The 
p i t c h   a x i s   l o c a t i o n   f o r   t h e  yaw model was a t   1 5   p e r c e n t   c h o r d .  

V a r i o u s   c a l i b r a t i o n  tests were c o n d u c t e d   t o   e n s u r e   t h a t   t h e   m o d e l s  were 
a e r o d y n a m i c a l l y   s i m i l a r   t o   t h e   r e s p e c t i v e   f u l l - s c a l e   s y s t e m s .   A i r f o i l   f o r c e   a n d  
moment da t a   ob ta ined   du r ing   t he   p rog ram were compared   wi th   publ i shed   in format ion  
f o r   t h e   a i r f o i l   c r o s s - s e c t i o n ,   w h i c h  was used ,   t he  NACA 0015. A l imi ted   amount   o f  
d a t a  was o b t a i n e d   w i t h   t u f t s  o n   t h e   s u r f a c e   o f   t h e   m o d e l s   t o   i d e n t i f y   a n y   l o c a l  
s e p a r a t i o n   r e g i o n s   a n d   t o   d e f i n e  s t a l l  a n g l e   o f   a t t a c k .  
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Because   o f   t he   l ead  time involved ,   the   models  were des igned  a t  t h e   v e r y  
beginning   of   the   to ta l   research   program.   Consequent ly ,   ne i ther   model  i s  an exact 
d u p l i c a t e   o f   t h e   f i n a l   c o n f i g u r a t i o n   s e l e c t e d   i n   t h e   o v e r a l l   i n v e s t i g a t i o n .  To be  
s p e c i f i c ,   b o t h   m o d e l s   u s e d   t h e  NACA 0015 a i r f o i l ,   w h i l e   t h e   s e l e c t e d   f r e e - w i n g  
des ign   employs   the  NACA 23012 s e c t i o n .   I n   a d d i t i o n ,   n e i t h e r  mode l   i nco rpora t ed   t he  
s h o r t ,   f i x e d   c e n t e r   s e c t i o n   f o u n d   n e c e s s a r y   i n   t h e   m a i n   e f f o r t   o f   t h e   i n v e s t i g a t i o n .  
B e c a u s e   o f   t h e   g e n e r a l   n a t u r e  of t h e   s t u d y ,  i t  i s  n o t   b e l i e v e d   t h a t   t h e s e   d i s -  
c r e p a n c i e s   s e r i o u s l y   i m p a i r   t h e   a p p l i c a b i l i t y   o f   t h e   e x p e r i m e n t a l   r e s u l t s .  

A t o t a l   o f  230 t e s t  p o i n t s  were ob ta ined   fo r   bo th   mode l s ,   no t   i nc lud ing  
r e p e a t e d   d a t a .   R e p e a t e d  test p o i n t s  were r u n   t o   e x a m i n e   t h e   r e p e a t a b i l i t y  of t h e  
r e s u l t s .  

Sca l ing   Pa rame te r s  

The sca l ing   pa rame te r s   u sed   t o   des ign   t he   w ind   t unne l  t es t  m o d e l s   a r e  
d i s c u s s e d   i n   t h i s   s e c t i o n .  The pa rame te r s   t ha t  were u s e d   c a n   b e   c a t e g o r i z e d   i n  
g e n e r a l   a s   a e r o d y n a m i c   s t a t i c   a n d   d y n a m i c   s c a l i n g   p a r a m e t e r s .  Dynamic s i m i l a r i t y  
o f   t he  t e s t  m o d e l s   w i t h   f u l l - s c a l e   s y s t e m s  i s  e s s e n t i a l   i f   t h e  wind  tunnel  test  
r e s u l t s   a r e   t o   b e   u s e f u l   i n   p r e d i c t i n g   t h e   c h a r a c t e r i s t i c s   o f   f u l l - s c a l e   s y s t e m s .  

The  procedure  fol lowed was t o   s e l e c t   a n   a i r f o i l   s h a p e   ( w i t h  s i m p l e  
geometry)   which   had   prev ious ly   been   tes ted  so t h a t  i t s  s t eady- s t a t e   ae rodynamic  
c h a r a c t e r i s t i c s  were w e l l  e s t a b l i s h e d .   U s i n g  a s i m p l e  geometry   would   a l so   s impl i fy  
f a b r i c a t i o n .   B a s e d   o n   t h e s e   c o n s i d e r a t i o n s ,   t h e  NACA 0015 p r o f i l e  was chosen.  The 
1 5   p e r c e n t   t h i c k   a i r f o i l  was c h o s e n   b e c a u s e   o f   s t r u c t u r a l   r e a s o n s   t h a t  w i l l  become 
a p p a r e n t   i n   t h e   m o d e l   d e s i g n   s e c t i o n .  

Al though  aerodynamic   sca l ing   wi th   regard   to   wind   tunnel   t es t ing  i s  a 
common p r a c t i c e ,  i t  i s  n e c e s s a r y   t o   e x a m i n e   t h e   s c a l i n g   p a r a m e t e r s   i n   l i g h t  o f  t h e  
s p e c i f i c  test goa l s   o f   t h i s   p rog ram.   In   t he   expe r imen t s   t o   be   pe r fo rmed   i n   t h i s  
p rog ram,   t he   p i t ch   mo t ion   o f   f r ee ly   moun ted   w ing   pane l s   abou t   s e l ec t ed   h inge   axes  
was t o   b e   s t u d i e d .   F o r   s u c h  tes t s  i t  was n e c e s s a r y   t o   c o n s i d e r   t h e   f o l l o w i n g  
c h a r a c t e r i s t i c s   o f   t h e  NACA 0015 p r o f i l e :   ( 1 )   l i f t  a n d   d r a g   c o e f f i c i e n t   d a t a ,  
(2)  moment c o e f f i c i e n t ,   a n d   ( 3 )   a e r o d y n a m i c   c e n t e r .  

The l i f t  a n d   d r a g   c h a r a c t e r i s t i c s   f o r   t h e  NACA 0015 a i r f o i l  were ob ta ined  
from  Reference A - 1 .  T h e s e   r e s u l t s   i n d i c a t e   t h e   i n f l u e n c e   o f   R e y n o l d s  number  on t h e  
l i f t  a n d   d r a g   c o e f f i c i e n t s   t h a t  were measu red   du r ing   va r ious  wind t u n n e l   e x p e r i -  
ments. If t h e  test  Reynolds number i s  i n   t h e   r a n g e   o f  3  x lo5 t o  3.5  x lo6 and t h e  
a i r f o i l   a n g l e   o f   a t t a c k  i s  less t h a n   1 0   d e g r e e s ,   t h e   l i f t   a n d   d r a g   c o e f f i c i e n t s   a r e  
independent  of  Reynolds  number.  Aerodynamic moment and  aerodynamic  center  i s  a l s o  
independent   of   Reynolds  number for   the   condi t ions   ment ioned   above .   Based   on   th i s  
i n f o r m a t i o n   a n d   t h e   f a c t   t h a t   a e r o d y n a m i c   s i m i l a r i t y  i s  r e q u i r e d ,   t h e  test Reynolds 
number shou ld   no t   be  less than  3.0 x lo5. S ince   t he   w ind   t unne l  i s  l i m i t e d   t o  a 
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speed   range   of  25 t o  250 f t / s e c ,   t h e  minimum Reynolds   number   condi t ion   def ines  a 
minimum model s i z e .  

The aerodynamic   da ta   o f   Reference  A - 1  were u s e d   f o r   c o m p a r i s o n   w i t h   d a t a  
o b t a i n e d   f r o m   s t e a d y - s t a t e  tests t h a t  were pe r fo rmed   du r ing   t h i s   s tudy .   These  
test  r e s u l t s  are d i s c u s s e d   i n   t h e   C a l i b r a t i o n   s e c t i o n .  

The v o r t e x   s y s t e m   g e n e r a t e d  a t  t h e  t i p  of a f i n i t e   w i n g  w i l l  a l t e r   t h e  
a e r o d y n a m i c   c h a r a c t e r i s t i c s   o f   t h e   w i n g .   C o r r e c t i o n s   d u e   t o   f i n i t e   w i n g   e f f e c t s   o n  
t h e   l i f t - c u r v e   s l o p e   a r e   p r e s e n t e d   i n   E q u a t i o n  (1) 

where a i s  t h e   f i n i t e  w i n g   l i f t - c u r v e   s l o p e ,  a, is  the   two-d imens iona l   l i f t - cu rve  
s l o p e ,  e i s  t h e   s p a n   e f f i c i e n c y   f a c t o r  and 43 i s  a s p e c t   r a t i o .  The s p a n   e f f i c i e n c y  
f a c t o r   f o r  a r e c t a n g l e   p l a n f o r m  i s  0.953. 

The s t e a d y - s t a t e   s i m i l a r i t y   p a r a m e t e r s   d i s c u s s e d   a b o v e   a p p l y   t o   b o t h   o f  
t h e   m o d e l s   t o   b e   u s e d   i n   t h i s   s t u d y .  The  model t o   b e   u s e d   t o   s t u d y   t h e   a e r o d y n a m i c  
p i t c h   d a m p i n g   c h a r a c t e r i s t i c s   m u s t   a l s o   b e   d y n a m i c a l l y   s c a l e d   t o   s i m u l a t e   t h e  
motion  of a f u l l - s c a l e   w i n g .  The s c a l i n g   p a r a m e t e r   u s e d   f o r   t h i s   p u r p o s e  was 
d e r i v e d   i n   R e f e r e n c e  A-2. The  dynamic s c a l i n g   p a r a m e t e r  i s  r e f e r r e d   t o   a s  mass 
parameter  and i s  g iven   by   t he   fo l lowing   equa t ion :  

-8Iy 
I =  3 , 

PSC 

where I y  i s  t h e   p a n e l   p i t c h  moment o f  i n e r t i a   a b o u t   t h e   p i t c h   a x i s ,  S i s  t h e   p a n e l  
p l an fo rm  a rea ,  c i s  chord  length,   and p i s  a m b i e n t   ( f r e e - s t r e a m )   d e n s i t y .  

To s imula t e   t he   dynamic   behav io r   o f   an   ac tua l   wmg,   t he  mass  parameter 
term s h o u l d   b e   d u p l i c a t e d   i n   t h e   w i n d   t u n n e l   m o d e l .   T y p i c a l   f u l l - s c a l e   v a l u e s   o f  
t h e  mass  parameter term a r e   g i v e n   i n   R e f e r e n c e  A-2 and  range  from  about 5 t o  50. 
I n   t h e   d e s i g n   o f   t h e   p i t c h   m o d e l ,   t h i s  term s t r o n g l y   i n f l u e n c e d   t h e  model  design. 

The p r i m a r y   d i f f i c u l t y   i n   t h e   d e s i g n   a n d   f a b r i c a t i o n  of t h e   p i t c h   m o d e l  
was t o   o b t a i n   s u f f i c i e n t l y  low v a l u e s   o f   t h e  mass  parameter.  By keep ing   t he  
s t r u c t u r e   a s   l i g h t   a s   p r a c t i c a b l e ,   v a l u e s   a s  low as   10  were ach ieved .   Th i s   va lue  
r ep resen t s   an   approx ima te   uppe r  limit o f   t h o s e   c o m p u t e d   f o r   a c t u a l   l i g h t   a i r c r a f t  
wing  panels .  
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Wind Tunnel Wal'l C o r r e c t i o n   F a c t o r s  

The r e a s o n   f o r   d e t e r m i n i n g   t h e   r e l a t i o n s h i p s   f o r   t u n n e l  wall c o r r e c t i o n s  
i s  two- fo ld .   Dur ing   t he   des ign   s t ages   o f   t he   w ind   t unne l   mode l ,   t he   co r rec t ion  
f a c t o r s  are u s e f u l   i n   e s t a b l i s h i n g   o v e r a l l   m o d e l   s i z e   l i m i t a t i o n s .   S e c o n d l y ,   i f  
t h e   c o r r e c t i o n   f a c t o r s   f o r  a p a r t i c u l a r   m o d e l  are l a r g e ,   t h e n   a p p r o p r i a t e   c o r r e c t i o n s  
t o   t h e  wind t u n n e l   d a t a   s h o u l d   b e  made. T h i s   s e c t i o n  w i l l  i n c l u d e   d i s c u s s i o n s   o f  
t h e   g e n e r a l   t u n n e l  wall c o r r e c t i o n   f a c t o r s ,   t h e   c o r r e c t i o n   f a c t o r s   f o r   t h e   " p i t c h  
model",  and a s u b s e c t i o n   o n   t h e  "yaw model" c o r r e c t i o n   f a c t o r s .  

Tunnel Wall I n t e r f e r e n c e  

S i n c e   a n   e a r l y   i n v e s t i g a t i o n   o f   t u n n e l   w a l l   i n t e r f e r e n c e   e f f e c t s  by 
P r a n d t l ,  much research   has   been   done  on s tudy ing   t he   i n f luence  of t u n n e l   w a l l s .  
The r e s u l t s  of t h e s e   s t u d i e s   a r e   r e p o r t e d  i n  an AGARD r epor t   by   Garne r ,   Roger s ,  
Acum, and  Maskell   (Ref.   A-3).   Pope  (Ref.  A-4) a l s o   g i v e s  a complete  account  of 
w a l l   i n t e r f e r e n c e   e f f e c t s .  The i n f o r m a t i o n   p r e s e n t e d   i n   t h i s   s e c t i o n  was  ob- 
ta ined   f rom  these  two r e f e r e n c e s .  Most  of the   working   re la t ionships   were   ob-  
tained  from  Reference  A-4. 

The i n t e r f e r e n c e   o f   t u n n e l  walls i s  d u e   t o   t h e   f a c t   t h a t   t h e   f l o w   a b o u t  
the  model  i s  c o n f i n e d   d u r i n g   t u n n e l   t e s t i n g ,   b u t   i n   a c t u a l   f l i g h t   t h e   f l o w  is  n o t  
conf ined .  The c o n f i n e m e n t   l e a d s   t o  two b a s i c   t y p e s   o f   e r r o r s ,   ( 1 )   t h e   v a r i a t i o n   o f  
stream c o n d i t i o n s   d u e   t o   m o d e l   b l o c k a g e ,   a n d   ( 2 )   t h e   e f f e c t s   o n   t h e   s t r e a m l i n e  
c u r v a t u r e .  The f i r s t   t y p e   o f   e r r o r  i s  r e f e r r e d   t o  as b l o c k a g e   i n t e r f e r e n c e   a n d  
u s u a l l y  arises due t o  the  volume  occupied  by  the  model   and i t s  wake. S t r e a m l i n e  
c u r v a t u r e   e f f e c t s  are known as l i f t   i n t e r f e r e n c e   s i n c e   t h e y  are u s u a l l y   a s s o c i a t e d  
w i t h   c i r c u l a t i o n   o r   v o r t i c i t y   a r o u n d   t h e   m o d e l .  

S o l i d   b l o c k a g e   v e l o c i t y   e f f e c t   € o r   w i n g s   a n d   b o d i e s  i s  g iven   by   t he  
f o l l o w i n g   e q u a t i o n s ,   r e s p e c t i v e l y :  

Av 
sbw Vm 31 2 

K1'Tl(wing volume) 
8 = - =  

C 

K3T (body  volume) 
8 =" Av - 
sbB Vm c3/2 Y 

(A-3) 

(A-4) 

where 8 i s  t h e   i n c r e m e n t a l   v e l o c i t y   d u e   t o   s o l i d   b l o c k a g e ,   a n d  K1 and K3 are body- 
shape  sb f a c t o r s   g i v e n   i n   F i g u r e   6 : 1 5   o f   R e f e r e n c e  A-4 as a func t ion   o f   body   t h i ck -  
n e s s   r a t i o ;  T1 i s  a f a c t o r   d e p e n d i n g   o n   t h e   t u n n e l  test  sec t ion   shape ,   and   model -  
s p a n   t o   t u n n e l - w i d t h   r a t i o  as shown i n   F i g u r e   6 : 1 6   o f   t h e  same re fe rence .   Fo r  
b o d i e s   o f   r e v o l u t i o n  a m o d e l - s p a n   t o   t u n n e l - w i d t h   r a t i o   e q u a l   t o   z e r o  i s  g e n e r a l l y  
assumed: C i s  t h e  t es t  s e c t i o n  area, Vm i s  i n d i c a t e d  a i r  v e l o c i t y .  
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Wing  volume  and  body  volume  can  be  estimated  using  the  following 
relationships: 

wing  volume = 0.70 tcb,  (A-5) 

where t is wing  thickness,  c  is  chord  length,  and  b  is  span; 

body  volume = 0.45 .edL , (A-6) 

where is  length  and  d  is  maximum  diameter  of  the  body.  Solid  blocking  for  a  wing- 
body  combination  is  simply  the  sum  of  each  component as determined  from  the  above 
relationships. 

The  incremental  velocity  due  to  wake  blockage  is  given  as 

where S is wing  area  and C, is  drag  coefficient. 
03 

The  drag  increments  due to wake  blockage  for  a  wing  and/or  body  are  given 
by 

K T (wing  volume) 
AC, - - 1 1  

C 312 ‘D ’ 
W m 

K,T, (body  volume) 

The  total  blockage  correction  then  is: 

E = €   + E  sb wb ’ 

(A-9. 

(A- 10) 

Before  showing  how  these  correction  factors  are  used,  the  correction 
factors  associated  with  lift  interference  will  be  discussed. It is  shown  in 
Reference A-4 that  angle  of  attack  corrections  due  to  streamline  curvature  effects, 
Amsc,  can  be  expressed  as; 

and  the  total  correction  to  angle of attack, Aa, is  expressed  as 

Aa, = (1 + T2) 6 (S/C) CL , (A- 12) 
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where 6 is  referred  to as the  boundary  correction  factor  and  is  given  as a function 
of wing-effective-span  to  tunnel-width-ratio  and  tunnel-shape  in  Figure  6.30  and 
6.32  of  Reference A-4 for  uniform  and  elliptical wing loading,  respectively. 

An  effective  wing  span  is  used  to  account  for  the  rolling-up  of  the  wing 
tip  vortex  system. The  effective  wing  span,  be,  is  given  by 

b + bv 
b =- 
e  2 (A-  13) 

where b /b  is  the  vortex-span  to  wing-span  ratio  from  Figure 6:23 of  Reference  A-4. 
V 

The  term T2 in  Equations  A-11  and  A-12  is a function  of  tail-length  to 
tunnel-width  ratio  and  tunnel  shape.  Figure 6:34 of  Reference A-4 provides  data 
for  various  values of effective  wing-span to tunnel-width  ratios.  The  "tail  length" 
is  defined  as  one-quarter  of  the  wing  chord  length. 

Equation A-11 for Aasc can  be  simplified  if  linearity  is  assumed  for 
small  values,  of  "tail  length"  to  tunnel-width  ratio. 

The  resulting  equation is 

(A- 14) 

where  for a particular  test  facility  both B and ,d(t dT2 ,B) ) will  be  known  constants. 
This  eliminates ?2 from  the  correction  equation  and  expresses Aasc in  terms of model 
chord  length. 

t 

The  additive  lift  correction  due to  lift  interference,  ACLsca  is 

ACL = -A@ a , sc (A- 15) 
sc 

where a is  the  wing  lift  curve  slope.  The  additive  correction  to  the  moment  co- 
efficient, AC, , is 

sc 

ACm = -0.25ACL . 
sc  sc 

(A- 16) 

For  these  tests  it  was  more  convenient  to  correct  just  the  angle of 
attack  rather  than  the  angle of attack  and  lift.  To  make  angle  corrections, 
should  be  determined  by  using  c/2  as a tail  length,  instead  of  c/4.  For a linear 
approximation  as  in  Equation  A-14, AaSc is  doubled when tail  length  is  assumed 
equal  to  c/2.  The  moment  correction  wlll  then  be 

T 2  

ACm = 0.125Aasc12a . (A- 17) 
sc 
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The f o l l o w i n g  is a sunrmary o f   t h e   t u n n e l  w a l l  c o r r e c t i o n  factors and how 
t h e y   a r e   u s e d   t o   c o r r e c t   t u n n e l   c o n d i t i o n s   a n d   m o d e l   d a t a .  

t u n n e l   v e l o c i t y :  V = V m ( l  + E )  , (A- 18) 

where c = 8 + E and V is  i n d i c a t e d   t u n n e l   v e l o c i t y .  
s b  wb m 

dynamic  pressure:  q = q,(l + 26) , (A- 19) 

Reynolds  number: R = R m ( l  + e )  , (A-20) 

l i f t   c o e f f i c i e n t :  CL = CL (1 - 2c) - T 2 k  a , 
m 

(A-21) 

where ha = S(S/C) cL . 
a n g l e   o f   a t t a c k :  a = am + [ S(s/c)c,] (1 + T ~ )  , (A-22) 

p i t c h i n g  moment c o e f f i c i e n t :  
r 1 

C = IC, ] (1 - 26) + 0.25 T2Aaa , 
m1/4  1/4 

d r a g   c o e f f i c i e n t :  

(A-23) 

(A-24) 

P i t c h  Model 

I n   t h i s   s u b s e c t i o n ,   t h e   t u n n e l   w a l l   i n t e r f e r e n c e   r e l a t i o n s h i p s   t h a t  were 
de f ined   i n   t he   p rev ious   s ec t ion   a r e   u sed   t o   e s t ima te   t he   magn i tude   o f   t he   co r rec t ion  
f a c t o r s   a s s o c i a t e d   w i t h   v a r i o u s  model s i z e s   i n   t h e   B a t t e l l e - C o l u m b u s   S u b s o n i c  Wind 
Tunnel.  The t u n n e l   h a s  a t es t  s e c t i o n   t h a t  i s  55 inches  i? height   and  39 inches  
wide .   This   g ives  a t o t a l  test  s e c t i o n   a r e a   o f  C = 14.9 f t  . 

The p i t c h  model  was  a r e f l e c t i o n   p l a n e  model  mounted  on t h e   s i d e   w a l l   o f  
t h e   t u n n e l .  The t u n n e l   w a l l   c o r r e c t i o n s   f o r  a r e f l e c t i o n   p l a n e  model  can  be 
t r e a t e d   a s   t h o u g h   t h e   e n t i r e  model  was i n  a t u n n e l   o f   d o u b l e   t h e   w i d t h   o f   t h e   e x i s t i n g  
tunne l .   Usua l ly  a s l i g h t l y   l o w e r   l i f t   c u r v e   s l o p e  and s l i g h t l y   h i g h e r   i n d u c e d   d r a g  
w i l l  be  determined  from a r e f l e c t i o n   p l a n e  model  compared t o  a complete  model  because 
o f   v o r t e x   s h e d d i n g   i n   t h e   r o o t   b o u n d a r y   l a y e r   a d j a c e n t   t o   t h e   t u n n e l   w a l l .  

The a i r f o i l   s h a p e   b e i n g   u s e d   f o r   t h i s  model  was  an NACA 0015 a i r f o i l .  The 
p r o f i l e   d r a g   c o e f f i c i e n t   f o r   t h i s   a i r f o i l   a t  a l i f t   c o e f f i c i e n t  of 0.8 i s  approx- 
imate ly   0 .015 .  The d r a g   c o e f f i c i e n t   a t   a p p r o x i m a t e l y   1 0   d e g r e e s   a n g l e   o f   a t t a c k  i s  
used   because   t h i s   gave  maximum wake b l o c k a g e   e r r o r s   a n d   a l s o   b e c a u s e   t h i s  was t h e  
maximum a n g l e   o f   a t t a c k   u s e d   w i t h   t h i s   m o d e l .  
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The tunnel  parameter  terms, K ’  and  T1,  for  the  15  percent  thick  wing  for 
an effective  tunnel  width-to-height  ratlo of 1.42 are  given by 1 

K1 = 1.04 , 

‘rl = 0.87 . 
T can  be  assumed  constant  over a  wing-span  to  tunnel-width  ratio of zero 

to 0.8 for a tunnel  width-to-height  ratio  of 1.43  (which  corresponds  to  the BCL 
tunnel). 

1 

Substituting  these  values  into  Equations  A-3  and  A-7  results  in  the 
following  equations  €or  solid  model  and  wake  blocking. 

E = 0.83 x 10 c b , -3 2 
sbw (A-25) 

E = 1.26 x cb . wb (A-26) 

These  give  the  total  velocity  increment  in  percent  of  tunnel  velocity, 
due  to  solid  model  and wake blocking  as; 

c - =  (0.083~ + 0.0126)  cb . (A-27) 

Figure A-1 is a plot of the  blockage  errors  that  will  exist  for  the  15 
percent-thick  airfoil  for  various  wing  chord  lengths  and  spans.  The  dashed  line 
represents a  wing  whose  semi-span is 80 percent  of  the  tunnel  width. 

The  lift  interference  error  for  various  size  models  was  estimated  by  using 
Equation A-22 to  correct  only  the  angle of attack  as a function  of  model  size  and 
wind  tunnel  shape.  This  can  be  rewritten  in  terms  of  percent  angle.  The  resulting 
expression  is 

= 10 (1 + T 2 )  6 ( S I C )  ; 2 cL 
CY 

(A-28) 

The  linear  approximation  is  used  to  express T2 and  since  corrections are only  made 
to  angle of attack, a value  of  c/2  is  used  for  tail  length.  Here, T2 is  given  by 

(A-29) 

dT2 where d ( 4  lB) is  equal  to 2.5 for  the  tunnel  shape  parameter, h = 0.705. Sub- 
stituting [his value  for T2 into  Equation  A-28  and  simplifying  gives 

- = 515 (1 + 1.25 f )  6 ( S I C )  . 
CY 

(A-  30) 

From  Figure A-1, the  lift  curve  slope  for  this  profile  is  approximately 0.09 over 
the  linear  range. 
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The v o r t e x   s p a n   w i d t h   f o r   t h i s   w i n g  i s  approx ima te ly   equa l   t o   0 .86   o f   t he  
geometr ic   span   for   wing  aspect r a t i o s   b e t w e e n  4 and 8 and a taper r a t i o   o f   1 . 0 .  
T h e r e f o r e ,   t h e   e f f e c t i v e   s p a n  i s  be = 0.93b. From F igure   6 :30   o f   Re fe rence  A-4 f o r  
a t u n n e l   s h a p e   f a c t o r   o f  A = 0.705 and e f f e c t i v e   s p a n - t o - t u n n e l   w i d t h   r a t i o s  less 
than   about  0.70, t h e   b o u n d a r y   c o r r e c t i o n   f a c t o r ,  6, i s  a p p r o x i m a t e l y   e q u a l   t o  a con- 
s t a n t   v a l u e   o f   0 . 1 1 8 .   S u b s t i t u t i n g   f o r  6, C and B i n   E q u a t i o n  A-30, g i v e s   t h e  
fo l lowing:  

- = 2.04   (1  + 0 . 3 8 5 ~ )   c b  . 
CY (A-31) 

F igu re  A-2 is  a p l o t  of t h e   a n g l e   e r r o r   i n   p e r c e n t   o f   a n g l e   f o r   v a r i o u s   s i z e   m o d e l s .  
The d a s h e d   l i n e   r e p r e s e n t s  a  model w i t h  a 
width.   Various  values   of   wing aspect r a t i  
for   cor responding   va lues   o f   wing   span   and  

From F i g u r e  A-2 f o r  a wing  with 
6 . 5 ,   t h e   a n g l e  of a t t a c k   c o r r e c t i o n   w o u l d  

semi-span   of   80   percent   o f   the   tunnel  
o are shown c r o s s - p l o t t e d   i n   F i g u r e  A-12 
chord.  

an   0 .75 - f t   cho rd   and   an   a spec t   r a t io   o f  
b e  9 .5   percent .   This   would  approximately 

r e p r e s e n t   a i ,   a n g l e   o f   a t t a c k   e r r o r   o f   1 . 0   d e g r e e   a t   1 0   d e g r e e s .   S i n c e   t h e   a n g l e  of 
a t t a c k   h a s   b e e n   c o r r e c t e d   t o t a l l y ,   w i t h  t a i l  l e n g t h   d e f i n e d  as c / 2 ,   t h e r e  would  not 
b e   a n y   c o r r e c t i o n   t o   t h e   l i f t   c o e f f i c i e n t .   T h e r e f o r e ,   t h e   e r r o r s   i n d i c a t e d   i n  
F igu re  A-2 w o u l d   b e   r e p r e s e n t a t i v e   o f   t o t a l   e r r o r s .  

The c o r r e c t i o n   t o  moment c o e f f i c i e n t   c a n   b e   e s t i m a t e d   u s i n g   E q u a t i o n s  
A-17 and A-14 and ,   once   aga in ,   assuming a l i n e a r   r e l a t i o n s h i p   f o r  T 2 .  The 
r e s u l t i n g   e q u a t i o n   f o r   t h e  moment c o r r e c t i o n  i s  

ACm = 0.89 x 10 c b a  . -4 2 

sc 
(A- 32) 

An a p p r o x i m a t e   e x p r e s s i o n   f o r   t h e   p i t c h i n g  moment c o e f f i c i e n t   a b o u t   t h e   1 5   p e r c e n t  
c h o r d   l o c a t i o n   f o r   t h e  NACA 0015 a i r f o i l   s e c t i o n  i s  given  by 

‘m = 0.077 CL . 
15X 

(A- 33) 

Assuming t h a t   t h e   a e r o d y n a m i c   c e n t e r   f o r   t h i s   w i n g  i s  a t  the   22 .5   percent   chord ,  
a n d   u s i n g   0 . 0 9   f o r   t h e   l i f t   c u r v e   s l o p e ,   t h e   e q u a t i o n   f o r   p i t c h i n g  moment co- 
e f f i c i e n t  i s  

= 6.94  x  10 a . - 3  
‘m 

15% 
(A- 34) 

I f   E q u a t i o n  A-34 i s  d i v i d e d   i n t o   E q u a t i o n  A-32, t h e   r e l a t i v e   p e r c e n t   e r r o r   i n   t h e  
moments abou t   t he   15   pe rcen t   cho rd   s t a t ion   can   be   e s t ima ted   fo r   va r ious   mode l  
s i z e s   b y  

(A-35) 
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Figure  A-3  r e p r e s e n t s   t h e   e r r o r  i n  p i t c h i n g  moment c o e f f i c i e n t   a b o u t   t h e   1 5  per-  
c e n t   c h o r d   p i t c h  axis f o r   v a r i o u s   m o d e l   s i z e s .   F o r  a model   with a 1- foot   chord  
and a span   of  80 p e r c e n t  of t h e   t u n n e l   w i d t h ,   t h e  moment c o r r e c t i o n  would  be 
a p p r o x i m a t e l y   6 . 5   p e r c e n t   o f   t h e   p i t c h  moment va lue .  

Moment c o r r e c t i o n   f a c t o r s   f o r   d i f f e r e n t   p i t c h  axis l o c a t i o n s   c a n   b e  
e s t i m a t e d   f r o m   F i g u r e  A-3 by m u l t i p l y i n g   b y   t h e   r a t i o   o f   t h e  s ta t ic  marg in   fo r  
t h e   1 5   p e r c e n t   c h o r d   p i t c h   a x i s   t o   t h e  new p i t c h  axis s t a t i c   m a r g i n .   F o r  
i n s t a n c e ,   f o r   p i t c h   a x i s   l o c a t i o n s   o f   1 0   p e r c e n t   a n d  20 p e r c e n t   c h o r d   m u l t i p l y  
t h e   r e s u l t s  o f   F igu re  A-3 by   0 .60   and   2 .75 ,   r e spec t ive ly ,   t o   ob ta in   an   e s t ima ted  
moment c o r r e c t i o n   f a c t o r .  

Based  on t h e   c o r r e c t i o n   f a c t o r   d a t a   f o r   t h e   p i t c h   m o d e l ,  i t  was found 
t h a t  a   mode l   cou ld   be   bu i l t   and   t e s t ed   i n   t he   t unne l   wh i l e  s t i l l  k e e p i n g   t h e  
c o r r e c t i o n   f a c t o r s  less than   10   pe rcen t .  From b l o c k a g e   c o n s i d e r a t i o n s ,  it 
a p p e a r e d   t h a t   t h e s e   e r r o r s   c o u l d   b e   k e p t  less t h a n   1 / 2   p e r c e n t   o f   t h e   s t r e a m  
v a l u e s   f o r   m o d e l   s i z e s  up t o   1 . 0   f o o t   i n   c h o r d   l e n g t h .  

Yaw Model 

Tunnel wall i n t e r f e r e n c e   f o r   t h e  yaw model are d i s c u s s e d   i n   t h i s   s u b -  
s e c t i o n .  The a n a l y s i s   f o l l o w s   t h e  same p r o c e d u r e   t h a t  was c a r r i e d   o u t   f o r   t h e  
p i t c h   m o d e l   c o r r e c t i o n s   i n   t h e   p r e v i o u s   s u b s e c t i o n .  The yaw model c o n s i s t e d   o f  
two f r e e l y  mounted  wing  panels  and a f u s e l a g e   s e c t i o n .  The pane l s  were each  
i n d e p e n d e n t l y   f r e e   t o   p i t c h   a b o u t   t h e   1 5   p e r c e n t   c h o r d   a x i s .  

The  wind tunnel   model  was  a sca led-down  vers ion   of  a Cessna 305A (L-19) 
a i r c r a f t ,   e x c e p t   t h e   w i n g s  f o r  t h e  wind  tunnel  model were r e c t a n g u l a r .  They were 
des igned   u s ing  a NACA 0015 p r o f i l e   w i t h  a r e c t a n g u l a r   p l a n f o r m .   I n   o r d e r   t o  
i n c r e a s e   t h e   s i z e   o f   t h e  model  and e l i m i n a t e   g r a v i t a t i o n a l   e f f e c t s ,   t h i s  model 
was  mounted i n  a v e r t i c a l   p o s i t i o n   i n   t h e   t u n n e l .  The t u n n e l   s h a p e   p a r a m e t e r   f o r  
t h i s   t y p e   o f   m o d e l   i n s t a l l a t i o n  is c a l c u l a t e d  on t h e   b a s i s   t h a t   t h e   t u n n e l   h e i g h t  
i s  now the   tunnel   wid th   and   the   tunnel   wid th   becomes   tunnel   he ight .   Therefore ,  
t h e   t u n  e l  h e i g h t - t o - w i d t h   r a t i o  i s  equa l   t o   0 .71 .  The t es t  s e c t i o n   a r e a ,  C ,  i s  
14.9 f t  . !.? 

Some a p p r o x i m a t e   g e o m e t r i c   v a l u e s   f o r   t h i s   a i r c r a f t   a r e   l i s t e d   b e l o w :  

R = 6.70 

= 4.65 

dmax/C = 0.77 

where &,, and  dmax a r e  body l e n g t h  and maximum d iame te r .  The tunne l   pa rame te r s  
K1, Kg,  and ‘rl f o r   t h i s  model a r e :  
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K1 = 1.04 

K3 = 0.93 

1w = 0.87 

Tlb = 0.87 . 
The  volume  of  the  wing  and  body  was  approximated  by  the  following 

equa t ions :  

wing  volume = 0.105 c  b , and 

body  volume = 1.24 c . 
2 

3 

These  volumes are b a s e d   o n   t h e   g e o m e t r i c   s i m i l a r i t y  parameters l i s t e d   a b o v e   f o r  
t h i s   a i r c r a f t .   S u b s t i t u t i n g   t h e   a b o v e   r e s u l t s   i n t o   E q u a t i o n s  A-3 and A-4 g i v e s  
t h e   s o l i d   b l o c k a g e   c o r r e c t i o n s   e x p r e s s e d  i n  terms of wing  chord  length  and  span 
for   the   wing   and   body,  

E = 1.65  x  10 c  b , and -3 2 
sbw (A-36) 

E = 1.74 x 10 -2 c 3  
sbB (A-37) 

The  wake b lockage   for   the   wing   and   body  a re   expressed   as  

e = 2.52  x  cb , and wb (A- 38) 

6 = 0.0173 c . 2 
wb (A- 39) 

Summing the   b lockage   f ac to r s   fo r   t he   w ing-body   combina t ion   g ives   t he   fo l lowing  
r e s u l t s   f o r   p e r c e n t   e r r o r   i n   t u n n e l   v e l o c i t y :  

e = ( 0 . 1 6 5 ~  + 0.0252)  cb + ( 1 . 7 4 ~  + 1 . 7 3 ) ~  , 2 (A-40) 

F igu re  A-4 i s  a p l o t   o f   t h e   b l o c k a g e   c o r r e c t i o n   f a c t o r s   f o r   v a r i o u s   s i z e  yaw 
models. 

Using  Equation A-31, a n   e s t i m a t e   o f   t h e   a n g l e   e r r o r s   o r   c o r r e c t i o n  
t h a t  m u s t   b e   a p p l i e d   t o   t h e   t u n n e l   d a t a  was ob ta ined .   S ince   t he   t unne l   pa rame te r s  
a r e   a p p r o x i m a t e l y   e q u a l   a n d   t h e   a i r f o i l   s h a p e  i s  s i m i l a r ,   t h e   r e s u l t s   o b t a i n e d  
i n   F i g u r e  A-2 can   be   u sed ,   i f  some o f   t h e   p a r a m e t e r s   a r e   r e d e f i n e d .   F i g u r e  A-5 
i s  a r e p l o t   o f   F i g u r e  A-2 f o r   t h e   p a r a m e t e r s   a p p r o p r i a t e l y   r e d e f i n e d   a n d   a l s o   f o r  
an   add i t iona l   w ing   span   va lue   o f  4 f e e t .  The a n g l e   c o r r e c t i o n   f a c t o r s   i n  
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FIGURE A - 4 .  BLOCKAGE CORRECTION  FOR  VARIOUS S I Z E  YAW MODEL 
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Wing Chord,ft 

FIGURE  A-5 .  ANGLE OF ATTACK  ERRORS DUE TO  TUNNEL WALL INTERFERENCE 
FOR VARIOUS SIZE YAW MODELS 
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Figure  A-5 a re   based   on  a " t a i l  l e n g t h "   o f   c / 2 ,   t h e r e f o r e ,   t h e   l i f t   c o e f f i c i e n t s  
d o   n o t   h a v e   t o   b e   c o r r e c t e d   f o r   l i f t   i n t e r f e r e n c e .  

The aerodynamic moments were c o r r e c t e d   u s i n g   E q u a t i o n  A-35.  Once 
a g a i n ,   s i n c e   t h e   m o d e l  was similar, b a s i c a l l y  the same tunne l   shape   pa rame te r  
h o l d s ,  so t h e   r e s u l t s   o f   F i g u r e  A-3 can  be  used.  Some o f   t h e   p a r a m e t e r s   i n  
F i g u r e  A - 3  m u s t   b e   r e d e f i n e d   a s   i n   t h e   a n g l e   c o r r e c t i o n   d a t a .   S i n c e   t h i s   m o d e l  
had a f i x e d   h i n g e   a x i s   a t   t h e  15 p e r c e n t   c h o r d   l o c a t i o n ,   t h e   e r r o r   i n  moment a t  
t h i s   l o c a t i o n  i s  g iven   by   Equat ion  A-35 i n  terms of   model   s ize .  

F igu re  A-6 i s  a p l o t   o f   t h e  moment c o r r e c t i o n   d a t a   f o r   t h e  yaw model. 
B a s e d   o n   t h e   r e s u l t s   o f   a n g l e   e r r o r s   f o r   v a r i o u s   m o d e l   s i z e s ,   a n d   o n   t h e   g e o m e t r i c  
c o n s t r a i n t   p l a c e d  on t h e  yaw model ,   the  moment c o e f f i c i e n t   c o r r e c t i o n   d a t a  was 
de te rmined   for   model   s izes   up   to  a c h o r d   l e n g t h   o f   o n e   f o o t .  

Des ign   and   Fabr ica t ion   of  Model 

Deta i l s   concern ing   the   des ign   and   fabr ica t ion   of   the   wind   tunnel   models  
a r e   p r e s e n t e d   i n   t h i s   s e c t i o n .   I n f o r m a t i o n   p r e s e n t e d   i n   t h e   s e c t i o n s   o n   " S c a l i n g  
Parameters"  and "Wind T u n n e l   C o r r e c t i o n   F a c t o r s "   a r e   u s e d   i n   t h i s   s e c t i o n   t o  
d e f i n e   v a r i o u s  limits t h a t  were p laced   on   t he   spec i f i c   des ign   o f   each   mode l .  
S p e c i f i c   d e t a i l s   o f   e a c h  model a r e   d i s c u s s e d   i n   t h e   s u b s e c t i o n s   e n t i t l e d   " P i t c h  
Model"  and "Yaw Model". 

P i t c h  Model 

The p i tch   model  was des igned   a s  a r e f l e c t i o n   p l a n e  model  having  an NACA 
0015  sect ion  and a rec tangular   p lanform.   This .mode1 was mounted t o   r o t a t e   f r e e l y  
i n   p i t c h   a b o u t   s e l e c t e d   h i n g e   a x e s .  

From a c o n s t r u c t i o n   s t a n d p o i n t ,  a l a r g e  model i s  p r e f e r r e d .  The 
p r i n c i p a l   c o n s t r a i n t   o n  model s i z e  was t h e   d e s i r a b i l i t y   o f   a c h i e v i n g   a n   a s p e c t  
r a t i o   ( f u l l   s p a n )   o f   6 . 5 ,   r e p r e s e n t a t i v e   o f   l i g h t   a i r c r a f t ,   w h i l e   k e e p i n g   t h e  
model  span t o   n o t  more than  80 p e r c e n t   o f   t h e   t u n n e l   w i d t h .  

A r e f l e c t i o n   p l a n e  model   span  of   approximately 30 inches  and a chord 
l e n g t h   o f  9 i nches  was s e l e c t e d  on t h e   b a s i s   o f   t h e s e   c o n s i d e r a t i o n s .   S i n c e  i t  
wa? p r e v i o u s l y   e s t a b l i s h e d   t h a t   t h e   R e y n o l d s  number should   no t   be  less than  3.0 x 
10 , a t u n n e l   s p e e d   o f   7 5   f t / s e c  was r e q u i r e d   t o   a c h i e v e   a e r o d y n a m i c   s i m i l a r i t y  
t o   f u l l - s c a l e   w i n g s .   T h i s   t u n n e l   s p e e d   v a l u e   i n c l u d e s   t h e   e f f e c t   o f   t h e   t u n n e l  
t u r b u l e n c e   f a c t o r   o f   1 . 0 8 .  
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To e c h i e v e   d y n a m i c   s i m i l a r i t y   i n   t h e   o s c i l l a t i o n   e x p e r i m e n t s ,   t h e   m a s s  
pa rame te r   de f ined   by   Equa t ion  A-2 mus t   be   dup l i ca t ed .   Fo r  a model with a 9- inch 
chord   l ength ,  a mass parameter a s  low as 1 0   r e q u i r e s  a r a t i o  Bf pk tch  moment of  
i n e r t i a   t o   p l a n f o r m  area of n o t  more  than  1.25 x s l u g - f t   / f t  . 

It was de termined  that  a s o l i d   w i n g   p a n e l ,   e v e n   i f   c o n s t r u c t e d   o f   b a l s a -  
wood, w o u l d   h a v e   e x c e s s i v e   p i t c h i n g   i n e r t i a   a b o u t  a r e p r e s e n t a t i v e   p i t c h   a x i s  a t  
15 p e r c e n t   c h o r d .  As a r e s u l t ,  a s t r u c t u r e  was  designed with b a l s a   l e a d i n g   a n d  
t r a i l i n g   e d g e s ,   r i b s ,   s t r i n g e r s ,   a n d   s h e e t   s k i n .  

An a luminum  tube   was   des igned   in to   the   model   to   re inforce   the  wooden 
s t r u c t u r e   a n d   t o  act as t h e   h i n g e  axis o f   t he   w ing .  The t u b e   r a n   a p p r o x i m a t e l y   t h e  
f u l l   s p a n  of t h e  model  and  extended 6 i n c h e s   o u t s i d e   t h e   r i b  a t  t h e   r o o t   o f   t h e  
wing.   The  tube  s ize  was 5 / 8 - i n c h   i n   d i a m e t e r   w i t h  a 60-mi l   wal l .  The s u p p o r t   t u b e  
was a t t a c h e d   t o   t h e  wooden s t r u c t u r e  a t  th ree   l oca t ions - -O ,  50, and  95  percent 
span.  The r i b s   a t   t h e s e   l o c a t i o n s  were i n c r e a s e d   i n   s i z e  f rom  1 /8- inch   to   1 /2- inch  
t h i c k .  The tube  was j o i n e d   t o   t h e  wooden r i b s   w i t h   m o u n t i n g   b r a c k e t s   t h a t  were 
p e r m a n e n t l y   b o l t e d   t o   t h e   r i b s .   R i g i d   a t t a c h m e n t  was accompl i shed   w i th   p ins   t ha t  
ex tended   th rough  the   a luminum  tube   and   bracke ts .   Deta i l s   o f   the   a t tachment  
b r a c k e t s   a r e  shown i n   F i g u r e  A-7. The h o l e s   i n   t h e   m e t a l   m o u n t i n g   b r a c k e t s   a r e  
f o r   s e t t i n g   v a r i o u s   p i t c h   a x i s   l o c a t i o n s .  The ho le s   co r re spond   t o   nomina l   p i t ch  
ax is   loca t ions   o f   10 ,   12 .5 ,   15 ,   17 .5 ,   and  20 percent   chord .  The  model  was  supported 
i n   t h e  wind  tunnel   by  placing  the  5/8- inch  a luminum  tube  (which  extended  f rom  the 
r o o t   o f   t h e   w i n g )   t h r o u g h   t h e   t u n n e l   w a l l   a n d   i n t o  a 3/4- inch  a luminum  tube  that  
was permanently  mounted  to  the  model  support   mechanism on r o l l e r   b e a r i n g s   o u t s i d e  
t h e   t u n n e l  t e s t  c a b i n .  The  5/8- inch  tube  and  3/4- inch  tube were p inned   t oge the r  
e l i m i n a t i n g   a n y   r e l a t i v e   m o t i o n   b e t w e e n  them. An a d d i t i o n a l   s u p p o r t   p o i n t  w a s  
b u i l t   i n t o   t h e  model a t   t h e  75  percent   span.   This   support  was b a s i c a l l y  a b e a r i n g  
and   hous ing   tha t   s l ipped   over   the   5 /8- inch   a luminum  tube .  The b e a r i n g   h o u s i n g  
was des igned  so t h a t   f o u r  wires c o u l d   b e   a t t a c h e d   t o  i t  and   b rough t   ou t s ide   t he  
t u n n e l   f o r   r i g i d   s u p p o r t .  The wires were n o t   a t t a c h e d   t o   t h e   t u n n e l   d u e   t o   t u n n e l  
v i b r a t i o n .  

The b e a r i n g s   i n   t h e  model  and  on the   suppor t   f r ame   ou t s ide   t he   t unne l  
were low f r i c t i o n   r o l l e r   b e a r i n g s   t h a t   c a n   w i t h s t a n d   n o r m a l   l o a d s   o f  up t o  250 
pounds ,   for   ex tended   per iods .  The loads   expe r i enced   by   t he   bea r ings   du r ing   t he  
t es t  were well below t h i s   v a l u e .  

The   componen t s   u sed   t o   va ry   t he   i ne r t i a   and   cen te r   o f   g rav i ty   l oca t ion  
o f   t h e  model were l o c a t e d   o u t s i d e   t h e   t u n n e l  on t h e   3 / 4 - i n c h   t u b e   t h a t   a c t e d   a s   t h e  
model   support .   Since  these  components  were o u t s i d e   t h e   t u n n e l ,  i t  was p o s s i b l e   t o  
make i n e r t i a  and c e n t e r  of g r a v i t y   c h a n g e s   d u r i n g   t e s t i n g .  The i n e r t i a   o f   t h e  
model  was v a r i e d  with two w e i g h t s   t h a t   c o u l d   b e   p l a c e d   a t   d e s i r e d   d i s t a n c e s   f r o m  
t h e   p i t c h   a x i s .  Two weights  were used a t   e q u a l   d i s t a n c e s   f r o m   t h e   p i t c h   a x i s   t o  
v a r y   m o d e l   i n e r t i a  so tha t   t he   sys t em  cen te r   o f   g rav i ty   wou ld   no t   be   changed .   Wi th  
t h e   a d d i t i o n   o f   t h e   w e i g h t s ,   t h e   m o d e l   i n e r t i a   c o u l d   b e   i n c r e a s e d   f r o m   1 . 2  x  10-4 
t o  4 . 3  x loe3 s l u g s / f t 2   i n  a s e l e c t i v e   f a s h i o n .  A d i sk   shaped   p i ece   o f   l ead  was 
u s e d   t o   v a r y   t h e   m o d e l ' s   c e n t e r   o f   g r a v i t y .   T h i s   w e i g h t  was suppor ted   on   the  same 
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rod  which  was  used  to  support  the  inertia  weights.  Although  this  weight was for 
changing  center of gravity,  its  use  also  adds  to  the  system  inertia. 

Angle of attack  was  measured  with a potentiometer  that  was  attached  to 
the  end  of  the  314-inch  support  tube. A 3-turn  potentiometer was used  that  had a 
linearity  specification  of 0.1 percent  over  the  full  range  of  the  potentiometer. 

Yaw  Model 

The  purpose  of  the  yaw  model  was  to  measure  the  influence of yaw  angle 
on  angle of attack of the  freely  mounted  semi-span  panel  sections.  The  model  was 
designed so that  each  semi-span  section  could  rotate  independently  about a common 
hinge  axis.  As  in  the  previous  subsection,  the  information  presented  in  the 
Scaling  Parameter  and  Wind  Tunnel  Correction  Factors  section  was  used  to  establish 
various  geometric  boundary  conditions.  Since  the  purpose of the  yaw  model  was  for 
determining  static  condition of angle  of  attack,  dynamic  scaling was not  necessary. 
Aerodynamic  similarity  of  the  model  was  ensured  based on the  same  Reynolds  number 
consideration  as  for  the  pitch  model. 

This  model  was  designed  to  be  mounted  vertically  in  the  wind  tunnel. 
The  advantages  in  installing  the  model  vertically  were: (1) a bigger  model  could 
be  used  in  the  tunnel  (the  height of the  test  section  is  greater  than  the  width 
of the  test  section),  and (2 )  gravity  forces on the  freely  mounted  wing  panels  were 
eliminated. 

The  wing  cross-section  and  planform  for  this  model  were  the  same  as  for 
the  pitch  model.  Therefore,  the  aerodynamic  characteristics  outlined  in  the 
previous  section  for  the  pitch  model  also  apply  to  this  model. A minimum  test 
Reynolds  number  condition of 3.0 x lo5 existed  to  ensure  that  the  aerodynamic 
forces  were  properly  simulated. 

The  model  span  was  to  be  no  greater  than 44 inches  which  corresponds  to 
80 percent  of  the  tunnel  height.  Based  on a  span  of 44 inches  and  an  aspect 
ratio  of  7.0,  the  wing  chord  was  about 6 inches. The tunnel  corrections  for a 
model  with a  6-inch  wing chord  were  less  than 10 percent  in  angle  of  attack,  and 
the  moment  correction  was  less  than 3 percent. 

The fuselage  section  of  this  model was scaled  from a Cessna  305A (L-19) 
aircraft. The  scale  factor  was  approximately  1  inch on the rode1 represented 1 
foot  on  the  full-scale  aircraft. 

Figure  A-8  shows  the  various  components  of  this  model.  The  hinge  axis 
was at the  15  percent  chord  location.  Tabs  were  designed  into  the  wing so that 
various  trim  angles  could  be  set  aerodynamically. The tabs  were  maintained  at 
specified  angles with rods  that  extended  through  the  tabs.  Small  potentiometers 
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FIGURE A - 8 .  COMPONENTS OF YAW MODEL 
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were  mounted  in  the  wing  tips,  to  measure  angle  of  attack.  Figure A-9 is  a  detailed 
picture of the  potentiometer  attachment.  The  potentiometer  wiper  shaft was locked 
to  the  main  pitch  bar  and  a  bracket  was  used  to  rigidly  attach  the  potentiometer 
body  to  the  wing  cross-section.  The  electrical  wires  to  the  potentiometers  were 
run inside  the  pitch  axis  tube  from  the  center  of  the  fuselage,  where  the  wires 
were  brought t o  the  outside of the  tunnel  through  the  model  support  tube. 

The model  was  attached  to  a  flat  plate  which,  in  turn,  was  welded  to  a 
cylindrical  tube  that  acted  .as  the  main  support.  The  tube  extended  outside  the 
test  cabin  through  a  hole  in  the  cabin  wall.  The  tube  was  attached  to  the  tunnel 
model  support  mechanism on roll  bearings so that  the  tube  could  rotate  about  its 
axis  (to  allow  variation  in  yaw  angle). 

On  the  main  support  tube  outside  the  tunnel,  a  pointer  and  protractor 
were  arranged so that  yaw  angles  could  be  visually  set  and  recorded  during  a  run. 
The scale  was  such  that  it  could  be  read  accurately  to 0.25 degrees. 

Calibration  Test 

Prior  to  performing  the  wind  tunnel  tests,  various  calibration  tests 
were  performed.  These  tests  included  the  calibration of the  potentiometers, 
vacuum  test  of  the  pitch  model  to  measure  the  inertia  and  friction  forces  of  the 
bearings,  tuft  studies  of  both  models  to  visually  observe  flow  irregularities,  and 
steady-state  aerodynamic  force  measurements.  Included  in  this  section is an  over- 
all estimate  of  the  total  error  band  for  these  data,  based  on  the  calibration 
tests  and  instrumentation  used. 

Pitch  Model 

The  pitch  inertia  for  this  model  was  estimated  originally  by  summing  the 
theoretical  values of the  various  model  components  about  the  15  percent  chord  axis. 
Since  wing  inertia  was  an  important  quantity  in  these  tests,  it  was  decided  that 
an experimental  evaluation  of  the  model  inertia  be  obtained to  verify  the  theoretical 
calculation.  During  the  inertia  test,  it  was  possible  to  also  obtain  estimates of 
the  pitch  damping  due  to  bearing  friction.  Although  the  model  was  designed  to 
have  minimum  bearing  friction,  an  estimate  of  the  frictional  damping was.desirable 
to  compare  to  the  aerodynamic  damping  and  ensure  that  such  effects  were  small. 

Prior  to  performing  the  vacuum  test  the  potentiometer  for  measuring 
angle of attack  was  calibrated. The potentiometer  was  found  to  be  linear  to  with- 
in 1.0  percent  over  an  angle of attack  range  of  10  degrees. 
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FIGURE A-9.  DETAIL  OF  POTENTIOMETER ATTACHMENT 



The  wing  and  support   p la tes  were p l a c e d   i n  a vacuum  chamber f o r   t h e  in- 
e r t i a  tests t o   e l i m i n a t e   t h e   i n f l u e n c e   o f  a i r  c i r c u l a t i o n   a b o u t   t h e   w i n g .  The 
p r e s s u r e ' i n   t h e  chamber was main ta ined  a t  112 mmHg. The  wing  was set  up i n  a 
p e n d u l u m   f a s h i o n   w i t h   t h e   p i t c h   a x i s  a t  t h e   1 5   p e r c e n t   c h o r d   l o c a t i o n .  The 
g o v e r n i n g   e q u a t i o n   o f   m o t i o n   f o r   t h i s   s y s t e m  i s  well known and  given  by 

I 'e' + rngx s i n  8 + Fsgn6 = 0 , 
Y 

(A-41) 

where I = i n e r t i a   a b o u t   p i t c h  axis 
Y 
0 = a n g u l a r   d i s p l a c e m e n t  

m = mass  of  wing 

F = t o r q u e   d u e   t o   f r i c t i o n  

4 = d i s t a n c e   b e t w e e n   p i t c h   a x i s   a n d   c e n t e r   o f   g r a v i t y  
- 

g = g r a v i t a t i o n a l   c o n s t a n t  . 
Equat ion A-41 is  th?  s i m p l e  pendulum  equat ion   of   mot ion   wi th   the  

a d d i t i o n a l  damping term, F s g n e ,   t o   a c c o u n t   f o r   c o n s t a n t   f r i c t i o n a l   t o r q u e .  Based 
on t h e   s o l u t i o n  of Equat ion  A-41, t h e   f o l l o w i n g   e x p r e s s i o n s   f o r   p i t c h   i n e r t i a   a n d  
f r i c t i o n a l   t o r q u e   c a n   b e   o b t a i n e d :  

I = $ , and 
Y W  

(A-42) 

(A-43) 

where w i s  na tu ra l   f r equency   and  6 i s  ampl i tude   decay   per   cyc le .  

The na tu ra l   f r equency   and   ampl i tude   decay  were measured   du r ing   t he   expe r i -  
mental  test .  The c e n t e r  of g r a v i t y  was de te rmined   by   p lac ing   the   model   on  a set 
o f   k n i f e   e d g e s .  The c e n t e r   o f   g r a v i t y  was  found t o   b e   a t   t h e  32 .6   percent   chord  
l o c a t i o n   f o r   t h i s   c o n f i g u r a t i o n   ( p i t c h   a x i s   a t   1 5   p e r c e n t   c h o r d ) .  The l ead   we igh t  
used   to   counterba lance   the   model   weighed   1 .02   lbs .   Table  A - 1  l i s t s  t h e   d i s t a n c e s  
from t h e   p i t c h  axis w h e r e   t h i s   w e i g h t  was t o   b e   l o c a t e d  to e n s u r e   t h a t   t h e   c e n t e r  
o f   g r a v i t y   c o i n c i d e s   w i t h   t h e   p i t c h  axis. 

The i n e r t i a  of the   sys t em was  changed i n   t h e  same manner as d u r i n g   t h e  
wind t u n n e l  tests. Data were t a k e n   w i t h   t h e   i n e r t i a   w e i g h t s  a t  2 and 6 inches   f rom 
t h e   p i t c h   a x i s   a n d   w i t h   n o   w e i g h t s .   T a b l e  A-2 l i s t s  t h e   n a t u r a l   f r e q u e n c i e s   a n d  
a m p l i t u d e   d e c a y s   t h a t  were m e a s u r e d .   T h e   i n e r t i a   a n d   f r i c t i o n a l   t o r q u e   v a l u e s  
t h a t  were c a l c u l a t e d   f r o m   t h e s e   d a t a   a r e   a l s o   i n c l u d e d   i n   t h e   t a b l e .  The  agree- 
ment  between  model i n e r t i a   o b t a i n e d   f r o m   t h e o r e t i c a l   p r e d i c t i o n s   a n d   e x p e r i m e n t a l  
r e s u l t s  i s  w i t h i n  2 pe rcen t .  The i n e r t i a   d i f f e r e n c e  fo r  t h e  no  weight  and  weight 
a t  6 inches  i s  i n   e x c e l l e n t   a g r e e m e n t   w i t h   p r e d i c t e d   c h a n g e s  (see n o t e   i n   T a b l e  
A-2).  The e x p e r i m e n t a l l y   m e a s u r e d   v a l u e s   o f   i n e r t i a  were u s e d   i n   t h e   d a t a   a n a l y s i s .  
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TABLE  A-1.  WEIGHT  LOCATION  FOR  MODEL  CENTER OF GRAVITY 
TO COINCIDE WITH PITCH AXIS 

Pitch  Axis  Location, 
Percent  Chord,  Xp 

Weight  Location  From 
Pitch  Axis,  -Vs (in.) 

10.13 
12.63 

15.13 

17.63 

20.13 

2.58 
2.29 

2 .oo 
1.72 

1.43 

The  frictional  torque  values  determined  from  the  test  results  are  much 
less  than  the  predicted  aerodynamic  moments  associated  with  this  model.  For 
example,  the  aerodynamic  moment  about a pitch  axis  located  7.5  percent  chord  from 
the  center  of  pressure  would  be  0.38  lb.  inches,  for an angle  of  attack  of  one 
degree  and a velocity of 50  ftlsec.  If  the  frictional  torque  values  are  sub- 
stituted  into  the  equation  for  aerodynamic  moment,  the  resulting  angle of attack 
due  to  this  moment  about  zero  angle  is  0.18  degree.  This  implies  that  for  the 
velocities  of  interest  the  angle of attack  deviation  due  to  frictional  torque 
should  be  less  than 5 0.18  degree. 

TABLE  A-2.  VACUUM  TEST RESULTS 

Measured 
Natural  Measured  Amp 1  i tude  Fr  ic t iona 1 

Run  Frequency,  Inertia (I ), Decay  Torque 
Configuration w cps  Slug  ftZY IY/S Rate  1b.-in. 

No weights 1.37 2.48 x 1.35 x 0.130 0.066 
Weights  at 2 inches 1.21  3.08 x 1.68 x 0.127 0.064 
Weights  at 6 inches* 0.81 6.90 x  loe3 3.78 x 0.124 0.063 

* 
From  theoretical  calculation,  the  addition of weights  at 6 inches  from  pitch  axis 
should  increase  inertia  by  4.3 x ?lug  ft2.  The  difference  in  inertia  for 
these  two  configurations  is 4.42 x 10- slug  ft . 2 
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The  wing was a l s o   c h e c k e d   f o r  twist deformat ions .  Once a g a i n ,   t h e   p i t c h  
axis was set a t   1 5   p e r c e n t   c h o r d   d u r i n g   t h e s e  tests. T o t a l  twist a n g l e s  were 
m e a s u r e d   b y   r i g i d l y   s u p p o r t i n g   t h e   w i n g   t i p   a n d   a p p l y i n g  moments a t  t h e   s u p p o r t  
b a r   u s e d   t o   v a r y   i n e r t i a .  The r e s u l t s   o f   t h i s  test i n d i c a t e d   t h a t   t h e  twist a n g l e  
was less than  314 of a d e g r e e   f o r   p r e d i c t e d  maximum aerodynamic  moments.  The 
r e s u l t s  were u s e d   t o   c o r r e c t   t h e   s t a t i c - a e r o d y n a m i c   d a t a   t h a t  were o b t a i n e d   f o r  
t h i s  wing. 

The f l o w   f i e l d   o v e r   t h e   u p p e r   s u r f a c e   o f   t h e   w i n g  was o b s e r v e d   v i s u a l l y  
b y   a t t a c h i n g   t u f t s   t o   t h e   s u r f a c e .  The t u f t s  were u s e d   t o   d e f i n e   t h e   o n s e t   o f  
s t a l l ,   f l o w   . d i s t u r b a n c e s   a t   t h e   t u n n e l   w a l l - w i n g   r o o t   j u n c t i o n  and   f l ow  d i s tu r -  
b a n c e s   o f   t h e   w i n g   s u p p o r t   b r a c k e t   a t   t h e  80 pe rcen t   span   l oca t ion .  The t u f t e d  
wing i s  shown i n   F i g u r e  A-10. The t u n n e l   a i r   v e l o c i t y  was  50 f t / s e c   f o r   t h e s e  
tests.  A low t u n n e l  a i r  v e l o c i t y  was chosen   because   t he   e f f ec t s   wou ld   be   more   p ro -  
nounced a t  lower  speeds.  The f l o w   d i s t u r b a n c e s   a t   t h e   w a l l - m o d e l   i n t e r f a c e  were 
a p p a r e n t   a t   a b o u t  8 degrees .  The d i s t u r b a n c e   a t   t h e   w a l l   n e v e r   e x t e n d e d   o u t s i d e  
the   t unne l   wa l l   boundary   l aye r ,   wh ich  is approximate ly  2 i n c h e s   t h i c k .  The e f f e c t s  
o f   t h e  wall i n t e r f a c e   c a n   b e   a c c o u n t e d   f o r  by  assuming a r e d u c t i o n   i n   t h e   w i n g  
span  (Ref. A - 4 ) .  Based on t h e   v e l o c i t y   p r o f i l e   t h r o u g h   t h e   b o u n d a r y   l a y e r   a t  
t h e   w a l l ,  a r educ t ion   i n   span   o f  1 i n c h  was used i n  t h e   d a t a   a n a l y s i s .  

The f l o w   d i s t u r b a n c e   a t   t h e  wire s u p p o r t   b r a c k e t  was n o t   a p p r e c i a b l e  
u n t i l   a n   a n g l e   o f   a t t a c k   o f   1 0   d e g r e e s  was reached .  The e f f e c t s   o f   t h e  wire were 
n o t   a c c o u n t e d   f o r   i n   t h e   d a t a   s i n c e   t h e y  were minor i n   t h e   a n g l e   o f   a t t a c k   r a n g e  
o f   i n t e r e s t .  

O n s e t   o f   s t a l l  was n o t e d   a t   a b o u t  12 t o  13 degrees   and was o s c i l l a t o r y  
i n   n a t u r e .   A l s o ,  i t  was o b s e r v e d   t h a t   a t   h i g h e r   a n g l e s   o f   a t t a c k   t h e   f l o w   d i s -  
turbances  near   the  tunnel   wal l   and  behind  the  support   bracket   became  qui te   pro-  
nounced .   For   angles   o f   a t tack   be tween 0 and & 10 d e g r e e s ,   t h e   f l o w   f i e l d   o v e r   t h e  
uppe r   su r f ace  was f a i r l y   u n i f o r m .  Based  on t h e s e   r e s u l t s ,   t h e   d y n a m i c  tests were 
l i m i t e d   t o   a n g l e s   o f   a t t a c k   b e t w e e n  0 and & 10  degrees .  

Data were o b t a i n e d   a t   v a r i o u s   t i m e s   d u r i n g   t h e   d y n a m i c  t es t  p h a s e   t o  
e n s u r e   t h a t   t h e   b e a r i n g s  were n o t   d e t e r i o r a t i n g .  The e r r o r   i n   a n g l e   o f   a t t a c k  was 
measured   for   tunnel   wind   speeds   o f   50 ,  80, and  120 f t l s e c .  The  measurements were 
performed  by f i r s t   s e t t i n g  a trim ang le   o f   a t t ack   be tween  0 and & 10 degrees   and 
t h e n   p h y s i c a l l y   d i s t u r b i n g   t h e   w i n g   f r o m  t r i m  a n d   r e l e a s i n g  i t .  The  aerodynamic 
moment f o r c e d   t h e   w i n g   b a c k   t o   e i t h e r  a new t r i m  o r   t h e   o r i g i n a l  trim a n g l e .   T h i s  
was r e p e a t e d  a  number of  times t o   o b t a i n   a n   a c c u r a t e   e s t i m a t e   o f   t h e   s c a t t e r   b a n d .  
A l l  t h e   d a t a   o b t a i n e d  was w i t h i n  a s c a t t e r  band  of 0.30 degrees .  

S t e a d y - s t a t e   a e r o d y n a m i c   d a t a  were o b t a i n e d   f o r   t h e   p i t c h   m o d e l   a t   t h r e e  
t u n n e l   v e l o c i t i e s .   T h e s e   d a t a   a r e   c o m p a r e d   w i t h   p u b l i s h e d   d a t a   t o   e s t a b l i s h   t h e  
v a l i d i t y   o f   t h e   r e s u l t s .  

The  aerodynamic moment a s  a f u n c t i o n   o f   a n g l e   o f   a t t a c k  was  measured  by 
app ly ing  a known e x t e r n a l  moment a n d   m e a s u r i n g   t h e   r e s u l t i n g   a n g l e   o f   a t t a c k .  
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FIGURE A-10. PITCH MODEL  INSTALLED I N  TEST  CABIN 
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The moment c o e f f i c i e n t   a b o u t  some p i t c h   a x i s  i s  given  by 

(A-44) 

where  q '   and S '  a r e   c o r r e c t e d   v a l u e s   o f   t u n n e l   d y n a m i c   p r e s s u r e   a n d   w i n g   a r e a ,   a n d  
c i s  wing  chord  length.   The moment, M, i s  g i v e n   i n  terms o f   t h e   a p p l i e d   f o r c e   a n d  
d i s t a n c e  from t h e   p i t c h   a x i s   o f   t h e   a p p l i e d   f o r c e   b y  

M = F r   c o s  (Y , (A-45) 

where r i s  e q u a l   t o   0 . 5   f e e t ,  F i s  the   app l i ed   we igh t ,   and  CY i s  the  measured 
a n g l e   o f   a t t a c k .  

S u b s t i t u t i n g   E q u a t i o n  A-45 i n t o   E q u a t i o n  A-44 and  assuming  small   angles  
(less than   10   deg rees )   g ives  

0.5F 
c* q ' s ' c  

= -  

P 
(A-46) 

The aerodynamic moment d a t a   f o r   a l l   t h e   p i t c h   a x e s   c a n   b e   c o m p a r e d   i f  
t h e  moments a r e   r e f e r e n c e   t o  a s p e c i f i c   p i t c h   a x i s   l o c a t i o n .   U s i n g   t h e   1 0   p e r c e n t  
p i t c h   a x i s   a s   t h e   r e f e r e n c e   a x i s ,  moment d a t a   f r o m   t h e   o t h e r   p i t c h   a x e s   l o c a t i o n s  
a r e   t r a n s f e r r e d   t o   t h e  10 p e r c e n t   b y   t h e   f o l l o w i n g   e q u a t i o n :  

-I 

'm - c m  - - X s m  

10% P 
X s m  ' (A-47) 

where X s m  i s  t h e   s t a t i c   m a r g i n   f o r   t h e   1 0   p e r c e n t   a x i s   l o c a t i o n   a n d  Xsm i s  t h e  
s t a t i c   m a r g i n   f o r   s e l e c t e d   a x i s   l o c a t i o n .   F i g u r e  A - 1 1  i s  a p l o t   o f  moment co- 
e f f i c i e n t   f o r   a l l   t h e   d a t a   r e f e r e n c e d   t o   t h e  10 p e r c e n t   p i t c h   a x i s .  The a n g l e s   o f  
a t t a c k   h a v e   b e e n   c o r r e c t e d   f o r   l i f t   i n t e r f e r e n c e   d u e   t o   t h e   t u n n e l   w a l l s .  The 
moment d a t a  i s  w i t h i n   1 5   p e r c e n t   o f   t h e   d a t a   p r e s e n t e d   i n   R e f e r e n c e  A-1.  The 
r e s u l t s   o f   t h e s e  tes ts  i n d i c a t e   t h a t   t h e  mode l   adequa te ly   s imu la t e s   t he  NACA 0015 
a i r f o i l .  

- 1  

Since   the   aerodynamic  moment was  measured f o r   t h r e e   d i f f e r e n t   p i t c h   a x e s ,  
t h e  moment d a t a  was c r o s s - p l o t t e d   a g a i n s t   p i t c h   a x i s  to e s t i m a t e   t h e   l o c a t i o n   o f  
aerodynamic   cen ter .  The r e s u l t s   a r e   i n   g e n e r a l   a g r e e m e n t   w i t h   t h e   r e s u l t s   o b t a i n e d  
i n   R e f e r e n c e  A - 1  a n d   i n d i c a t e s   t h a t   t h e   a e r o d y n a m i c   c e n t e r  i s  between  19  and 23 per -  
cen t   cho rd .  The s t a t i c   m a r g i n  was c a l c u l a t e d   f o r   t h e   v a r i o u s  model   conf igura t ions  
us ing  a va lue   o f   22 .5   pe rcen t   cho rd   fo r   t he   ae rodynamic   cen te r .  
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FIGURE A-11 .  MOMENT COEFFICIENT  REFERENCED  TO 1077 P I T C H  AXIS 
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Yaw  Model 

A special  calibration  plate  was  designed  to  calibrate  the  potentiometers 
that were installed  in  the  wing  tips of this  model. The potentiometers were found 
to be linear  to  within 1.0 percent  for 2 10 degrees. 

Tufts  were  taped  to  the  wing  panels  to  visually  observe  stall. The 
tunnel  air  velocity was adjusted  to 80 ftlsec  for  the  stall  test. It was  observed 
that  stall  occurred  at  about 11 to  12  degrees.  Based on these  results,  panel 
angles of attack were limited  to a maximum  of 8 degrees  during  the  yaw  test. 

The  effect  due  to  bearing  force  in  each of the  wing  panels  was  measured 
in a similar  manner  that was followed  in  the  pitch  model  test.  Enough  data were 
obtained  to  determine  the  maximum  deviations  in  angle  of  attack  due  to  these 
forces.  The  maximum  deviation  for  both  panels  was  found  to  be 0.35 degrees. 

Prior  to  performing  the  yaw  angle  test,  the  panel  deflections  caused  by 
selected  tab  angle  settings  was  measured  at  zero  yaw  angle.  The  tunnel  velocity 
for  the  initial  tab  angle  test  series  was 80 ft/sec.  Tab  angles  could  be  accurately 
set  to  within  1/4  degree.  Figures A-12 and A-13 are  plots  of  the  individual  panel 
angle  of  attack  as a function  of  tab  angle  for  tunnel  velocities of 80 ,  120,  and 
160  €t/sec.  Similarity of the  panel  response  curves  indicate  that  the  two  wing 
panels  were  geometrically  similar.  Symmetry  of  the  response  curves  about  zero  tab 
angle  indicates  that  the  panels  were  symmetrical. 

TEST PROCEDURE 

The  information  presented in  this  section  includes  installation  of  the 
models  and  the  procedure  that  was  followed  during  the  wing  tunnel  experiments. 
The  section  is  subdivided  into  sections  entitled  "Pitch  Model  Test"  and  "Yaw  Model 
Test" . 

Pitch  Model  Test 

The model  is  shown  installed  in  the  test  cabin  in  Figure  A-10. The model 
pitch  axis  was  aligned  in  the  test  section  with  the  use  of  permanent  reference 
points  that  are  located  in  the  side  walls  of  the  tunnel. The model  pitch  axis 
extended  through  the  west  tunnel  wall  and  was  attached  to  the  model  support  mechan- 
ism on roller  bearings.  This  mounting  technique  has  two  advantages:  first,  angle 
of  attack  can  be  measured  by  measuring  the  rotation of the  pitch  axis;  and, 
secondly,  the  inertia  and  center of gravity of the  wing  can  be  varied  from  outside 
the  tunnel. The pitch  bar  was  isolated  from  the  tunnel  wall so that  tunnel 
vibrations  would  not  excite  the  model. 
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FIGURE A-13.  E F T  PANEL ANGLE OF ATTACK AS A FUNCTION OF TAB ANGLE 
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A d d i t i o n a l   s u p p o r t  wires were u s e d   t o   r e d u c e   w i n g   d e f l e c t i o n s   d u e   t o  
span-wise  moments.  The wires were a t t a c h e d   t o   t h e  model a t  t h e  75 p e r c e n t   s p a n  
l o c a t i o n .  The wires were b r o u g h t   t h r o u g h   s m a l l   h o l e s   i n   t h e   t u n n e l   c e i l i n g   a n d  
f l o o r  and were a t t a c h e d   r i g i d l y   t o   t h e   b u i l d i n g   s t r u c t u r e .   F o u r   i n d e p e n d e n t  wires 
were used so tha t   a l i gnmen t   o f   t he   mode l   p i t ch  axis could   be   main ta ined  when t h e  
wires were p u l l e d   t a u t .  

The p o t e n t i o m e t e r   s i g n a l ,   w h i c h   i n d i c a t e d   a n g u l a r   p o s i t i o n s   o f   t h e  
model,  was  recorded  on a s t r i p  c h a r t   r e c o r d e r .  The maximum f requency   response   o f  
t h i s   r e c o r d e r  i s  100   cps .   This   response  i s  well a b o v e   t h e   p a n e l   f r e q u e n c i e s   t h a t  
were  observed.  The p a r a m e t e r s   t h a t  were va r i ed   du r ing   t he   dynamic  tes t  were: 

wind t u n n e l   v e l o c i t y  

wing i n e r t i a  

c e n t e r   o f   g r a v i t y   o f   t h e   w i n g  

0 .  p i t c h   a x i s   l o c a t i o n .  

The test  m a t r i x   t h a t  was r u n   i n c l u d e d   t h r e e   t u n n e l   v e l o c i t i e s ,   t h r e e  
wing i n e r t i a s ,  two c e n t e r  of g r a v i t y   l o c a t i o n s   a n d   t h r e e   p i t c h   a x i s   l o c a t i o n s .  

' The test  c o n d i t i o n s   t h a t  were r u n   a r e   l i s t e d   i n   T a b l e  A-3. 

The po ten t iome te r  was   checked   be fo re   and   a f t e r   eve ry   p i t ch   ax i s   change .  
This  was a c c o m p l i s h e d   b y   s e t t i n g   t h e   w i n g   a t   s e l e c t e d   a n g l e s  of  a t t a c k  (0, 5 10) 
a n d   n o t i n g   t h e   p o t e n t i o m e t e r   s i g n a l .  

The  dynamic tests were per formed  by   d i s turb ing   the   wing   f rom i t s  trim 
a n g l e  of a t t a c k   b y   m e c h a n i c a l l y   d i s p l a c i n g  i t  t o  2 10 degrees .  A mechanical  
ho ld ing   device  was u s e d   t o   e n s u r e   t h a t   t h e   i n i t i a l   c o n d i t i o n s   ( a n g u l a r   d i s p l a c e m e n t  
and v e l o c i t y )  upon r e l e a s e  were i d e n t i c a l   f o r   a l l  tests.  It was de te rmined   du r ing  
t h e  shake-down t e s t  t h a t  it was imposs ib l e   t o   ho ld   t he   w ing   s t eady   enough  by  hand 
a t  2 10 degrees .  

A few s t e a d y - s t a t e   d a t a   p o i n t s  were repea ted   du r ing   t he   dynamic  t e s t ,  
f o r   e a c h   p i t c h   a x i s   s e t t i n g  a n d   t u n n e l   v e l o c i t y   f o r   c o m p a r i s o n   w i t h   t h e   c a l i -  
b r a t i o n   d a t a .   T h e s e   s p o t   c h e c k s  were made t o   e n s u r e   t h a t   t h e  model  was n o t   o u t   o f  
ad jus tmen t   i n   any  way. 

Yaw Model Test 

As s t a t e d   e a r l i e r ,   t h e  main  support   bar  of  t h i s  model  was a l i g n e d   i n   t h e  
t u n n e l   u s i n g   t h e   t u n n e l   w a l l   r e f e r e n c e   p o i n t s  so t h a t   t h e  model  was a c t u a l l y  
v e r t i c a l   i n   t h e   t u n n e l .  The  main  support   bar  extended  through a c l e a r a n c e   i n   t h e  
tunne l   wa l l .   Th i s   ba r  was connec ted   to   the   model   suppor t   mechanism  outs ide   the  

86 



TABLE A-3. TEST MATRIX FOR PITCH MODEL 

Model Conf igura t ion  
Tunne 1 cy Mass 

Run V e l o c i t y  x t r i m  Parameter  
Number f t/sec 7' cfkrd T 

13 120 
120 
120 
120 
120 

16 120 
120 
120 
120 
120 
120 
120 

17  120 
120 
120 
120 
120 
120 
120 
120 
120 

18  80 
80 
80 
80 
80 
80 
80 
80 

19  80 
80 
80 
80 
80 
80 
80 
80 

10.13 
10.13 
10.13 
10.13 
10.13 

17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 

15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 

15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 

10.13 
10.13 
10.13 
10.13 
10.13 
10.13 
10.13 
10.13 

.585 
,880 

1.205 
1.625 
1.625 

.363 

.5 18 

.983 

.426 
1.237 

.7 17  
1.237 

.390 

.545 
1.010 

.487 
1.264 

.644 
1.169 

.869 
1.489 

.487 

.441 
1.061 

.642 
1.107 

.869 

.359 

.869 

.625 

.780 
1.245 

.425 
1.045 

.458 
1.078 
1.325 

0 
0 

-3.5 
-4.2 
+4.2 

0 
0 
0 

-3.0 
-5.8 
+6.5 
+6.7 

0 
0 
0 

-1.0 
-3.0 
-4.0 
+8.0 
+6 .O 
+6.0 

0 
0 
0 

-1.0 
-1.0 
-6 .O 
+4.0 
+6 .O 

0 
0 
0 

4.0 
4.0 
3.0 
5.6 

-4 .O 

17.5 
26.3 
36.0 
48.6 
48.6 

10.8 
15.5 
29.4 
12.7 
37 .O 
21.4 
37 .O 

11.70 
16.3 
30.2 
14.6 
37.8 
19.3 
35 .O 
26 .O 
44.5 

14.6 
13.2 
31.8 
19.2 
33.1 
26 .O 
10.7 
26.0 

18.7 
23.4 
37.2 
12.7 
31.3 
13.7 
32.2 
39.6 
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Model Conf igura t ion  
Tunne 1 - CY Mass 

Run Ve loc i ty  trim Parameter xP Number f t / s e c  % c h o r d   s l u g  IY i n .   d e g r e e s  I 
- 

2 1  

20 80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 

50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

22 40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 

23  40 
40 
40 
40 
40 

17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 

17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 
17.63 

15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 
15.13 

10.13 
10.13 
10.13 
10.13 
10.13 

.332 

.365 
,520 
.430 
.585 

1.050 
.396 
.551 

1.016 
.722 
.997 

1.028 
.563 
.408 
.363 
.518 
.983 
.430 
.585 

1.050 
,442 
,562 
.597 

.453 
1.073 

.608 

.390 

.545 
1.010 

.489 

.644 
1.109 

.559 
1.179 

.724 

1.215 
.7  15 
.560 

1.180 
.456 

5.0 
6.0 
6.0 

-4.0 
-2 .o 
-2.0 
-3.0 
-3.0 
-3.0 
-7 .O 
-7 .O 

0 
0 
0 

-5.0 
-5.0 
-5.0 
-3.0 
-3.0 
-3.0 

5.0 
5.0 
5.0 

0 
0 
0 

4.0 
4.0 
4.0 

-3.0 
-3.0 
-3.0 
-6.0 
-6 .O 
-6.0 

0 
0 

1.0 
1.0 
6 .O 

10 .o 
10.9 
15.6 
12.9 
17.5 
31.4 
11.8 
16.5 
30.4 
21.6 
29.8 

30.7 
16.8 
12.2 
10.9 
15.5 
29.4 
12.9 
17.5 
31.4 
13.2 
16.8 
17.8 

13.5 
32.1 
18.2 
11.7 
16.3 
30.2 
14.6 
19.2 
33.1 
16.7 
35.2 
21.6 

36.4 
21.4 
16.8 
35.3 
13.6 
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- "- 

. Model  Configuration 
Tunne  1 CY Mass 

Run Velocity 
- 
xP =Y 2 trim  Parameter 

Number  f  tlsec % chord  slug  in.  degrees T 

23 40 
40 
40 
40 
40 
40 
40 
40 

10.13 
10.13 
10.13 
10.13 
10.13 
10.13 
10.13 
10.13 

.611 
1.076 
.425 
.595 
.750 
.710 

1.330 
.785 

6 .O 
5.0 
7.0 
-1.0 
-1.0 
-4 .O 
-4.0 
-5.0 

18.3 
32.2 
12.7 
17.8 
22.4 
21.2 
39.8 
23.5 

tunnel  on  roller  bearings so the  model  could  be  rotated  in  the  yaw  direction.  Zero 
yaw  angle  was  established  with  reference to the  tunnel  floor  and  ceiling. 

The  instrumentation  leads  from  the  individual  potentiometers  in  the  wing 
tips were brought  outside  the  tunnel  through  a  center  hole  in  the  support  bar. A 
strip  chart  recorder  was  used  to  record  the  potentiometer  signals  which  represented 
angles of attack  for  the  individual  wing  panels. The yaw  angle  was  mechanically 
set  by  hand  using  a  pointer  and  protractor. The pointer  was  attached  to  the 
support  bar  outside  the  tunnel  and  the  protractor  was  fixed  to  the  model  support 
structure. A clamping  arrangement  was  used  to  rigidly  set  selected  yaw  angles. 

The  yaw  angle  was varied  over 2 12  degrees  in  increments  of  2  degrees 
for  various  tab  angles  and  three  tunnel  velocities  (80,  120,  and  160  ft/sec). 

A total of 144  data  points  were  run  in  this  phase  with  additional  points 
to  check  repeatability  of  the  results. 

Test  Results 

The results  of  the  wind  tunnel  experiments  for  each of the  models  are 
presented  in  this  section.  The  results of the  pitch  model  will  be  presented 
first.  Each of the  traces  were  analyzed  using  techniques  defined  in  Reference  A-5 
to  obtain  damping  ratio  and  frequency  response. A summary  of  the  data  is  con- 
tained  in  Figure  3 of the  main  body of this  report. 



Yaw model r e s u l t s  were recorded  on s t r i p  c h a r t s .  The i n d i v i d u a l   p a n e l  
a n g l e s   o f   a t t a c k  were reco rded   s imul t aneous ly   and   t he  yaw a n g l e   n o t e d  on each  of 
t h e   t r a c e s .  

A l l  o f   t h e   d a t a   f r o m   t h e  yaw tests i n d i c a t e d  a l i n e a r   r e l a t i o n s h i p  
between  panel   angle   of   a t tack  and yaw angle .   The  data   f rom a l l  t h e   r u n s   a r e  
p l o t t e d   i n   F i g u r e  A-14. P a n e l   a n g l e   o f   a t t a c k  was r e f e r e n c e d   t o   p a n e l  trim a n g l e  
a t   z e r o  yaw i n   F i g u r e  A-14 so  t h a t   a l l   t h e   d a t a   c o u l d   b e   c o m p a r e d .  A l l  t h e   d a t a  
l i e  w i t h i n  5 1 5   p e r c e n t   o f   a n   a v e r a g e   l i n e a r   v a r i a t i o n .  

The s l o p e   o f   t h e   i n d i v i d u a l   d a t a   c u r v e s  were c a l c u l a t e d  and p l o t t e d   i n  
F igu re  A-15.  The s l o p e  hlt.l@ i s  p l o t t e d   a s  a f u n c t i o n   o f  t r i m  a n g l e   a t   z e r o  yaw, 

* 

Data  Reduct ion 

As p r e v i o u s l y   m e n t i o n e d ,   t h e   o s c i l l a t o r y   r e s p o n s e s   o f   t h e   p i t c h   m o d e l  
were analyzed  using  s tandard  methods  found  in   Appendix I11 of   Reference  A-5. A 
d i s c u s s i o n  i s  found i n   t h e  main  body  of t h i s   r e p o r t .  

For   the  yaw model ,   pane l   equi l ibr ium i s  r e a c h e d   w h e n ,   f o r   z e r o   s i d e s l i p ,  

't + 'm6 p 
6 = O  

m6t P 

where 

6 = c o n t r o l   t a b   d e f l e c t i o n ,   r a d i a n s  

6 = w i n g   p a n e l   d e f l e c t i o n ,   r a d i a n s  

t 

e 
C = s l o p e   o f   p a n e l   p i t c h i n g  moment v e r s u s   t a b   d e f l e c t i o n  

mst 

C = s l o p e   o f   p a n e l   p i t c h i n g  moment v e r s u s   p a n e l   d e f l e c t i o n  . 
m6 

P 

From F igures  A-12 and  A-13, 

s 
IF1 - " 2  ' 

t 
(A-48) 
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U s i n g   t h e   l i f t i n g - l i n e   c o m p u t e r   p r o g r a m   d e s c r i b e d   i n   A p p e n d i x  B o f  
Reference  A-2, and   t he   geomet ry   o f   t he  yaw mode l   w ing   pane l s ,   an   e f f ec t ive   h inge  
margin   o f   5 .6   percent   o f   chord  was  computed  based  on  the  above  ratio.   This  would 
p l a c e   t h e   a e r o d y n a m i c   c e n t e r   o f   t h e   w i n g   p a n e l s   a t   2 0 . 6   p e r c e n t   c h o r d ,   a s s u m i n g  
t h a t   t h e   h i n g e  axis o f   t h e  model was p r e c i s e l y   l o c a t e d   a t   1 5   p e r c e n t .   T h i s  i s  i n  
good  agreement   wi th   the   p rev ious ly   ment ioned   aerodynamic   cen ter   pos i t ions  
e x t r a c t e d  from t h e   p i t c h  model d a t a ,   t h e   v a r i a t i o n   b e i n g   f r o m  19 t o   2 3   p e r c e n t   o f  
chord.  

The l i f t i n g - l i n e  program  was  used to c o m p u t e   v a l u e s   o f   t h e   s l o p e   o f   l i f e  
c o e f f i c i e n t   v e r s u s   t a b   d e f l e c t i o n  a n d   p a n e l   d e f l e c t i o n ,   r e s p e c t i v e l y .   T h e s e  
v a l u e s  were t h e n   u s e d   t o   c o m p u t e   t h e   s l o p e   o f   t r i m m e d   l i f t   c o e f f i c i e n t   v e r s u s  
pane l   de f l ec t ion .   Then ,   u s ing   t he  t r i m  cu rves   o f   F igu re  A-12 and  A-13, t h e  
trimmed l i f t   c u r v e   s l o p e   o f   t h e   f r e e - p a n e l s  was  computed. 

U s i n g   t h e   a v e r a g e - s l o p e   l i n e   o f   F i g u r e  A-15, t h e   v a r i a t i o n   o f   p a n e l  
d e f l e c t i o n   w i t h   s i d e s l i p   a n g l e  was t h e n   d e t e r m i n e d .   T h i s   w a s ,   f o r   t h e   r i g h t   w i n g  
pane 1, 

A6 

AB = - . 2 3 1  CL - .162 (A-49) 

The d e s i r e d   d e r i v a t i v e ,   r e l a t i n g   p a n e l   p i t c h i n g  moment t o   s i d e s l i p   a n g l e  
was then  computed  from, 

(A-50) 

Where 

'm = s l o p e  of r i g h t   p a n e l   p i t c h i n g  moment d u e   t o   r i g h t   p a n e l  
R 6  d i sp lacement  

P 

'm = s l o p e   o f   r i g h t   p a n e l   p i t c h i n g  moment d u e   t o   l e f t   p a n e l  
R d i sp lacement  

6L 

mB 
C = s l o p e   o f   r i g h t   p a n e l   p i t c h i n g  moment due t o  s i d e s l i p .  

Values  of Cm and C were computed   f rom  the   l i f t ing- l ine   p rogram 

R 6  "R 
D 6L 

and were -.183 a n d   - . 0 1 6 ,   r e s p e c t i v e l y .   S u b s t i t u t i n g   t h e s e   v a l u e s   i n   E q u a t i o n  A-50 
y i e l d e d   t h e   v a r i a t i o n   o f  C w i t h   s i d e s l i p ,  mB 

C = -.0192 CL -.0135 . 
mB 

(A-51) 

93 



References 

A-1.  Jacobs, E. N.  and  Sherman,  A.:  Airfoil  Section  Characteristics  as  Affected 
by  Variations of the  Reynolds  Number.  NACA  Report  586,  1937. 

A-2.  Porter,  Richard F.  and  Brown, Joe H., Jr.: Evaluation of the  Gust 
Alleviation  Characteristics  and  Handling  Qualities of a  Free-Wing  Aircraft. 
NASA  CR-1523,  April,  1970. 

A-3.  Garner,  H.  C.,  Rogers,  E.  W.  E.,  Acum,  W.  E.  A.,  and  Mashel,  E.  C.: 
Subsonic  Wind  Tunnel Wall  Corrections.  AGARD  ograph  109,  October,  1966. 

A-4.  Pope,  Alan:  Wind  Tunnel  Testing.  2nd  Edition, John Wiley & Sons,  New  York, 
1954. 

A-5.  Chalk, C.  R., et al: Background  Information  and  User  Guide  for MIL-F- 
8785B (ASG), Military  Specification--Flying  Qualities of Piloted  Airplanes. 
AFEDL-TR-69-72,  August,  1969. 

94 



APPENDIX B 

MATHEMATICAL  MODELS 

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

The . e q u a t i o n s   o f   m o t i o n   f o r   f r e e - w i n g   a i r c r a f t  were d e v e l o p e d ,   f o r   t h e  
c o n t r o l s - f i x e d   c a s e ,   i n   A p p e n d i x  A of Reference B-4. These   equa t ions  were f i r s t  
deve loped   in   comple te   nonl inear   form  and   then   l inear ized   about  a s t r a i g h t   a n d  
l e v e l   f l i g h t   c o n d i t i o n .  

F o r   t h e   p r e s e n t   a n a l y s i s ,   o n l y   s l i g h t   m o d i f i c a t i o n s  were made t o   t h e  
o r i g i n a l  s e t  o f   l i n e a r i z e d   e q u a t i o n s ;   c o n s e q u e n t l y ,   t h e   d e v e l o p m e n t  i s  n o t  
r e p e a t e d   h e r e .  On t h e   o t h e r   h a n d ,  some a d d i t i o n a l   r e l a t i o n s  were deve loped   fo r  
t h i s   s t u d y ;   s p e c i f i c a l l y ,   t h e  dynamic   equa t ions   o f   mo t ion   o f   t he   l ong i tud ina l  
con t ro l   sys t em,   and   t he   equa t ions   u sed   t o   s imu la t e   t he   t akeof f   and   l and ing   be -  
h a v i o r   o f   t h e   a i r c r a f t .  

The ma themat i ca l   mode l s   d i scussed   he re   r equ i r ed   t he   e s t ima t ion   o f  
numerous  aerodynamic  and i n e r t i a l   p a r a m e t e r s .   T h e s e  were computed o r   o b t a i n e d  
through many s o u r c e s ,   n o t a b l y   R e f e r e n c e s  B - 1 ,  B-2,  and B-3, a s  wel l  a s  unpub- 
l i shed   communica t ions   w i th   t he   Cessna   A i rc ra f t  Company and p e r s o n n e l   a t   N o r t h  
Caro l ina   S ta te   Univers i ty ,   Depar tment   o f   Mechanica l   and   Aerospace   Engineer ing .  

Symbo 1 s 

The fo l lowing   symbol s   a r e   u sed   i n   t h i s   Append ix .   &re   de t a i l ed   de f in -  
i t i o n  of s e v e r a l   o f   t h e s e   q u a n t i t i e s   a r e   f o u n d   i n   R e f e r e n c e  B-4.  Those  quanti-  
t i e s  d e f i n e d   e x p l i c i t l y  i n  Equa t ions  B-8  a r e   n o t   r e p e a t e d   h e r e .  

Ce = c h o r d   l e n g t h   o f   c o n t r o l   s u r f a c e   a f t   o f   h i n g e ;   f e e t  

ch,  = c o n t r o l   s u r f a c e   h i n g e  moment d e r i v a t i v e   w i t h   r e s p e c t   t o  
a n g l e   o f   a t t a c k  

c h s   = c o n t r o l   s u r f a c e   h i n g e  moment d e r i v a t i v e   w i t h   r e s p e c t   t o  
c o n t r o l   s u r f a c e   d i s p l a c e m e n t  

C h i  = c o n t r o l   s u r f a c e   h i n g e  moment d e r i v a t i v e   w i t h   r e s p e c t   t o  
r a t e   o f   c o n t r o l   d e f l e c t i o n  

C p  = g a i n   c o n s t a n t ,   a i l e r o n   d e f l e c t i o n   p e r   u n i t   r o l l   r a t e ,   s e c o n d s  

C v  = g a i n   c o n s t a n t ,   a i l e r o n   d e f l e c t i o n   p e r  unit r o l l   r a t e   a n g l e  
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D = l a t e r a l   p a t h   d i s p l a c e m e n t ,   f e e t  

e = l o c a t i o n   o f   c o n t r o l   s u r f a c e  c . g .   a f t   o f   c o n t r o l   h i n g e ,   f e e t  
Y 

e 

g = a c c e l e r a t i o n   o f   g r a v i t y ,   f e e t I s e c 2  

h = v e r t i c a l   p a t h   d i s p l a c e m e n t ,   f e e t  

I, = moment o f   i n e r t i a   o f   c o n t r o l   c o l u m n ,   s l u g - f e e t 2  

InT = t o t a l  moment o f   i n e r t i a   a b o u t   r o l l   a x i s ,   s l u g = f t  2 

IXYp = X - Y p r o d u c t   o f   i n e r t i a   o f   r i g h t   w i n g   p a n e l ,   s l u g - f t 2  

IxzT = X - Z t o t a l   p r o d u c t  of i n e r t i a ,   s l u g - f t  2 

I y 1  = moment o f   i n e r t i a   o f   e a c h   w i n g   p a n e l   a b o u t   h i n g e   a x i s ,   s l u g - f t  2 

IyzP = Y - Z p r o d u c t   o f   i n e r t i a  of r i g h t  w ing   pane l ,   s lug - f t  2 

I =  
ZZT 

''e = 

Kg = 

K@ = 

L =  

& =  
h 

M =  

m,, = 

m =  e 

MR = 

N =  

P =  

P =  

t o t a l  moment o f   i n e r t i a   a b o u t  yaw a x i s ,   s l u g - f  t 

combined moment of i n e r t i a  o f   b o t h   c o n t r o l   s u r f a c e s   a b o u t   t h e i r  
h i n g e s ,   s l u g - f t  

g e a r i n g   r a t i o   b e t w e e n   c o n t r o l   c o l u m n   a n d   c o n t r o l   s u r f a c e   d i s p l a c e -  
men t 

g a i n   c o n s t a n t ,   e l e v a t o r   d e f l e c t i o n   p e r   u n i t   p i t c h   a n g l e  

r o l l i n g  moment , f t - l b  

d i s t a n c e   f r o m   w i n g   a x i s   t o   c o n t r o l   s u r f a c e   h i n g e ,   f e e t  

p i t c h i n g  moment o n   f u s e l a g e ,   f t - l b  

mass  of  bobweight,   slugs 

t o t a l  m a s s   o f   c o n t r o l   s u r f a c e s ,   s l u g s  

r i g h t  w ing   pane l   p i t ch ing  moment i n   l a t e r a l - d i r e c t i o n a l   e q u a t i o n s  , 

2 

2 

f t - l b  

yawing moment , f t - l b  

a r e a  of   each   f ree-wing   pane l ,   fee t2 ;   and   wing   pane l   p i tch ing  moment 
i n   l o n g i t u d i n a l   e q u a t i o n s ,   f t - l b  

r o l l   r a t e  , r a d i a n s l s e c o n d  
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I 

q = p i t c h   r a t e ,   r a d i a n s l s e c o n d  

r = yaw r a t e ,   r a d i a n s l s e c o n d  

U = t r u e   a i r s p e e d ,   f e e t / s e c o n d  

u = d i m e n s i o n l e s s   a i r s p e e d   v a r i a b l e ,  AU/U 

Vg = v e r t i c a l - g u s t   v e l o c i t y ,   f e e t / s e c o n d  

X = l o n g i t u d i n a l   f o r c e ,   l b  

Y = l a t e r a l   f o r c e ,   l b  

Z = norma l   fo rce  , l b  

of = i n e r t i a l   a n g l e   o f   a t t a c k   o f   f u s e l a g e ,   a n g l e   b e t w e e n   l o n g i t u d i n a l  
a x i s   a n d   p r o j e c t i o n  of i n e r t i a l   v e l o c i t y   v e c t o r   i n   p l a n e   o f  
symmetry , r a d i a n s  

@ = i n e r t i a l   s i d e s l i p   a n g l e ,   a n g l e   b e t w e e n   l o n g i t u d i n a l   a x i s   a n d  
p r o j e c t i o n  of i n e r t i a l   v e l o c i t y   v e c t o r   i n   h o r i z o n t a l   p l a n e ,   r a d i a n s  

8, = s i d e s l i p   g u s t   v e l o c i t y ,   l a t e r a l   g u s t   v e l o c i t y   d i v i d e d   b y   a i r s p e e d  

6 = a i l e r o n   d e f l e c t i o n ,   o r   a s y m m e t r i c   c o n t r o l   s u r f a c e   d e f l e c t i o n ,  a 
n u m e r i c a l l y   e q u a l   t o   d i s p l a c e m e n t  of r i g h t   s u r f a c e ,   r a d i a n s  

6 = e l e v a t o r   d e f l e c t i o n ,   o r   s y m m e t r i c a l   s u r f a c e   d e f l e c t i o n ,   r a d i a n s  

6 = d i s p l a c e m e n t   a n g l e   o f   r i g h t   w i n g   p a n e l   w i t h   r e s p e c t   t o   f u s e l a g e  

e 

a x i s ,   r a d i a n s  

6 6 = r i g h t  and l e f t  c o n t r o l   s u r f a c e   h i s p l a c e m e n t s ,   r a d i a n s  
tR’ tL 

0 = p i t c h   a n g l e  of l o n g i t u d i n a l   f u s e l a g e   a x i s   w i t h   r e s p e c t   t o   h o r i z o n ,  
r a d i a n s  

h = L a p l a c e   o p e r a t o r ,   l / s e c o n d  

cp = r o l l   a n g l e ,   r a d i a n s  

cpg = r o l l i n g   g u s t ,   l / s e c o n d  

$ = yaw a n g l e ,   r a d i a n s  
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L i n e a r i z e d   E q u a t i o n s   o f   b b t i o n  

L a t e r a l - D i r e c t i o n a l   E q u a t i o n s . -  A s  d e r i v e d   i n   R e f e r e n c e  B-4, t h e   l i n -  
e a r i z e d  set of e q u a t i o n s   d e s c r i b i n g   t h e  l a t e r a l - d i r e c t i o n a l   m o t i o n  o f  t h e   a i r -  
c r a f t   s y s t e m  i s  shown a s   E q u a t i o n  (B-1). 

P 

-5, 
-NPw 

0 

"Rp 

0 

0 

i, + 

-Np-N,X 

-yB 

-2MRB 

0 

0 

The m a t r i x  of  coof f   i c i en t s   o f   t he   homogeneous   equa t ions  [ B ] ,  i s  g i v e n  
by  Equat ion (B-2 ) .  

IB1 = 

2MR. (-X' t MR. X +  M -M ) (M -M ) 0 
B b R b ~  R6tR 

0 0 - 1  0 

U 0 0 -x 

F o r   s i m u l a t i o n  of t h e   v a r i o u s   l i n k a g e s   i n v o l v e d   i n   t h e   s t u d y   o f   t h e  
p a s s i v e   m e c h a n i c a l   s t a b i l i t y   a u g m e n t a t i o n   s c h e m e s  , a p p r o p r i a t e   a d d i t i o n a l  ele- 
ments were added ,  on an   ad   hoc   bas i s  to t hese   fundamen ta l   equa t ions .  

A s  w r i t t e n ,   t h e s e   e q u a t i o n s   i n c l u d e   d i f f e r e n t i a l   p a n e l   f r e e d o m .  To 
s i m u l a t e   t h e   r i g i d   w i n g   a i r c r a f t ,   w i t h o u t   s u c h   f r e e d o m ,   a l l   e l e m e n t s   o f   t h e  
f o u r t h  column of m a t r i x  [ B ] ,  w i th   t he   excep t ion   o f   t ha t   i n   t he   fou r th   row,   were  
se t  e q u a l   t o   z e r o .   T h i s   e f f e c t i v e l y  removed  the  influence o f  d i f f e r e n t i a l   p a n e l  
m o t i o n   o n   t h e   o t h e r   v a r i a b l e s .  
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I 

A p a r t  of t h i s   i n v e s t i g a t i o n   i n v o l v e d   t h e   a s s e s s m e n t  of c o n t r o l   d e -  
f l e c t i o n s   r e q u i r e d   t o   m a i n t a i n   s t e a d y   s i d e s l i p   w i t h   c o n s t a n t   h e a d i n g .  To a c -  
c o m p l i s h   t h i s ,   t h e   b a s i c   e q u a t i o n s  were m o d i f i e d   t o   i n c l u d e   t h e   r u d d e r   c o n t r o l ,  
and a l l   r a t e  a n d   a c c e l e r a t i o n  terms were s e t   e q u a l   t o   z e r o .   W i t h   r u d d e r   d e f l e c -  
t i o n   c o n s i d e r e d  as t h e   i n d e p e n d e n t   v a r i a b l e ,   t h e  s t a t i c  v a l u e s  of   bank  angle ,  
s i d e s l i p ,   d i f f e r e n t i a l   p a n e l   d e f l e c t i o n ,  a n d   a i l e r o n   c o n t r o l   d e f l e c t i o n  were 
o b t a i n e d   t h r o u g h   t h e   s o l u t i o n  of Equat ion  ( B - 3 ) .  

-1 

'p 

B 

6P 

6 a 

O LB 6P 
2L 

0 NB 2N 6P 

0 

-L 
6R 

6R 

6R 

-N 

-Y 

0 

L o n g i t u d i n a l   E q u a t i o n s . -  The l i n e a r i z e d  set  o f  e q u a t i o n s   d e s c r i b i n g  
t h e   l o n g i t u d i n a l   m o t i o n  of t h e   a i r c r a f t ,   w i t h   c o n t r o l s  f k e d ,   i n   r e s p o n s e   t o  
v e r t i c a l   g u s t   v e l o c i t i e s ,  was d e r i v e d  i n  Reference  B - 4  and   appea r s   be low  a s  
Equat ion  ( B - 4 ) .  

V 
gv 

The m a t r i x  of c o e f f i c i e n t s  [A] is ,  
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*bP 
0 

0 

- x + ,  0 0 

0 -1 0'  

0 0 -x 

I n   E q u a t i o n  ( B - 5 ) ,  a s   o r i g i n a l l y   d e r i v e d  i n  Reference  B - 4 ,  a s imple  
a l g e b r a i c   e x p r e s s i o n   w a s   u s e d   t o   d e f i n e   t h e   e l e v a t o r   ( s y m m e t r i c a l   c o n t r o l )   d i s -  
p l acemen t ,   a s   s een   i n  the f i f t h  row o f   t h e   m a t r i x .   T h i s  was modi f ied  i n  t he  
c u r r e n t   s t u d y   t o   i n c l u d e   t h e   d y n a m i c   c h a r a c t e r i s t i c s  of t h e   l o n g i t u d i n a l   c o n t r o l  
sys t em.   Th i s   equa t ion  i s ,  

where 

H.  = -Kgmeeeth- I b e K g  
4 

H = U(xbmb+Kgmeee) 
4 
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The v a l u e s   o f  Ch and Ch, were obtained  f rom  Appendix B of   Reference  
B-2.  However, t h e s e   v a l u e k  so o b t a i n e d   a r e  two d i m e n s i o n a l   s e c t i o n   d a t a .  To 
a c c o u n t   f o r   f i n i t e  wing e f f e c t s ,  a l i f t i ng   l i ne   compute r   p rog ram  was   u sed   t o  
o b t a i n   c o r r e c t i o n   f a c t o r s   f o r   l o c a l   f l o w   e f f e c t s   o n   t h e  Ch, d e r i v a t i v e .   T h i s  
was n e c e s s a r y   b e c a u s e   t h e   l o c a l   a v e r a g e   a n g l e   o f   a t t a c k   a t   t h e   c o n t r o l   s u r f a c e  
depends   no t   on ly   on   t he   f r ee - s t r eam  ang le   o f   a t t ack   bu t   w ing   pane l   and   con t ro l  
s u r f a c e   d e f l e c t i o n s  as  well .  The remain ing   h inge  moment d e r i v a t i v e ,   C h i ,  was 
ob ta ined   f rom  Refe rence  B-5.  The mass a n d   i n e r t i a   d a t a   f o r   c o n t r o l   e l e m e n t s  
were ob ta ined   by   compar i son   w i th   s imi l a r   i n fo rma t ion   con ta ined   i n   an   unpub l i shed  
communica t ion   f rom  the   Cessna   Ai rcraf t  Company. 

Takeoff   and  Landing  Equat ions.  - F o r   t h e   s t u d y   o f   l a n d i n g   a n d   t a k e o f f  
d y n a m i c   b e h a v i o r ,   s e v e r a l   m o d i f i c a t i o n s   a n d   a d d i t i o n s  were made t o   t h e   f u n d a -  
m e n t a l   l o n g i t u d i n a l  se t  of   Equat ion  ( B - 4 ) .  S p e c i f i c a l l y ,   t h e   r e a c t i o n   f o r c e s  
f rom  con tac t   w i th   t he   runway   su r face  were i n c l u d e d   i n   t h e   v e r t i c a l   f o r c e   a n d  
f u s e l a g e  moment e q u a t i o n s ,   t h e   e f f e c t   o f  t h e  reduced downwash a t   t h e   h o r i z o n t a l  
t a i l  d u e   t o   g r o u n d   e f f e c t  was i n c l u d e d   a s  was  the  weight moment caused  by  dis-  
p l a c e m e n t   o f   t h e   f u s e l a g e   a s s e m b l y   c e n t e r   o f   g r a v i t y   f r o m   t h a t  of t h e   t o t a l  
a i r c r a f t .  

The   landing   gear   forces   were   computed   on   the   assumpt ion   tha t   the   l and-  
ing   gea r   behave  as s i m p l e   l i n e a r   s p r i n g s   w i t h  a f o r c e   p r o p o r t i o n a l   t o   t h e   d i s -  
t ance   t ha t   t he   whee l   wou ld  be  below  the  runway  level   i f   the   ground were n o t  
p r e s e n t  . 

The r e d u c t i o n   i n  downwash caused   by   g round  e f fec t  was taken  f rom 
Appendix B .7 of  Reference  B-2. . 
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APPENDIX C 

REVIEW OF GUST ALLEVIATION  SYSTEMS  FOR  COMPARISON 
WITH THE FREE-WING  AIRCRAFT'S  PERFORMANCE 

L o n g i t u d i n a l   t u r b u l e n c e  may i n d u c e   b o t h   p i t c h   a c c e l e r a t i o n s   a n d   n o r m a l  
a c c e l e r a t i o n s .   D e p e n d i n g   o n   t h e   p o s i t i o n   i n   t h e   a i r c r a f t   w h e r e   t h e s e   a c c e l e r a -  
t i o n s  are r e c o r d e d ,   t h e   p i t c h i n g   m o t i o n  may b e   s e n s e d  as n o r m a l   a c c e l e r a t i o n .  
I n   t h e   c o m p a r i s o n s   t o   f o l l o w ,   t h e   a c c e l e r a t i o n   r e d u c t i o n s   a r e   w i t h   r e f e r e n c e   t o  
a m i d - p o s i t i o n   i n   t h e   a i r c r a f t   o r   t o   t h e   c . g .   l o c a t i o n .   I n   o n e   c a s e ,   t h e  work 
t h a t  i s  d i s c u s s e d   d e a l s   w i t h   o n l y   a n   i s o l a t e d   w i n g .  

It i s  c o n v e n i e n t   t o   c l a s s i f y   l o n g i t u d i n a l   g u s t   a l l e v i a t i o n   s y s t e m s  
accord ing   to   which   of   the   fo l lowing   techniques  i s  used: 

( 1 )   P i t c h i n g   t h e   e n t i r e   a i r c r a f t  by   use   o f   the   e leva tors  
t o   m a i n t a i n   c o n s t a n t   a n g l e   o f   a t t a c k  

( 2 )  V a r i a t i o n   o f   w i n g   i n c i d e n c e   t o   m a i n t a i n   c o n s t a n t  
a n g l e   o f   a t t a c k  

( 3 )   O p e r a t i o n   o f   f l a p s ,   s p o i l e r s ,   o r   d e f l e c t o r s   t o  
o f f  s e t  t h e   l i f t   i n c r e m e n t s  on the  wing. 

A b r o a d   c l a s s i f i c a t i o n   o f   t h e   f r e e - w i n g   c o n c e p t   m i g h t   p l a c e  i t  i n  
c a t e g o r y  ( 2 ) .  However, i t s  g u s t   a l l e v i a t i o n   p e r f o r m a n c e  i s  c o n s i d e r a b l y   s u p e r i -  
o r   t o   t h a t   a c h i e v a b l e   b y   d i r e c t   m e c h a n i c a l   c o n t r o l   o f   t h e   w i n g   i n c i d e n c e .  

Tab le  C - 1  shows a comparison  of some notab le   examples  of a n a l y s e s   a n d  
expe r imen t s  on l o n g i t u d i n a l   g u s t   a l l e v i a t i o n   s y s t e m s .  The c o r r e l a t i o n   o f   t h e s e  
e x a m p l e s   w i t h   t h e   s u g g e s t e d   c l a s s i f i c a t i o n s  i s  a s   f o l l o w s :  

Example I 
Example I1 
Examp le  III 

Example I V  
Example V 
Example V I  

C l a s s  3 
C l a s s  1 
Use  of f i x e d   s p o i l e r s  i s  a minor 

method  and i s  o u t s i d e  the t h r e e  
m a j o r   c l a s s e s   o f   s y s t e m s .  

C l a s s  2 
C l a s s  3 
C l a s s   3 .  

It i s  d i f f i c u l t   t o   f i n d   e x a m p l e s   o f   s u b s t a n t i a l   a n a l y t i c a l  and e x p e r i -  
m e n t a l   e f f o r t s   i n   w h i c h   q u a n t i t a t i v e  RMS l o a d   f a c t o r   r e d u c t i o n   r e s u l t s   a r e   p r e -  
s e n t e d   a n d   i n   w h i c h   t h e   p r i n c i p a l   o b j e c t i v e  was  to  reduce  the RMS l o a d   f a c t o r .  
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Two o f   t h e   e x a m p l e s   p r e s e n t e d   i n   T a b l e  C - 1  are b a s e d   o n l y   o n   d i s c r e t e   g u s t  
m o d e l s   a n d   t h u s   o n l y   p e a k   l o a d   r e d u c t i o n   r e s u l t s  are  a v a i l a b l e .   T h e s e   r e s u l t s  
a r e   o f  l i t t l e  v a l u e   i n   j u d g i n g   t h e   p o t e n t i a l  of these   me thods   fo r   improved   r i de  
q u a l i t y .  They a r e   i n c l u d e d   o n l y   f o r   t h e i r   p o s s i b l e   v a l u e   i n   g i v i n g  a g e n e r a l  
i d e a   o f   t h e   e f f e c t i v e n e s s   o f   t h e   m e t h o d s .  

A b i b l i o g r a p h y  of t h e   l i t e r a t u r e   t h a t  was   surveyed   in   compi l ing   these  
examples i s  i n c l u d e d   a t   t h e  end of t h i s   s e c t i o n .  The s o u r c e s   o f   t h e   r e s u l t s  
r e p o r t e d   i n   T a b l e  C - 1  a re  a l s o   i n d i c a t e d   i n   t h e   T a b l e .  

From Tab le  C - 1 ,  i t  may be n o t e d   t h a t   t h e   g r e a t e s t   r e d u c t i o n   i n  RMS 
l o a d   f a c t o r ,   a c h i e v e d   i n   a n   e x p e r i m e n t a l   f l i g h t   i n v e s t i g a t i o n ,  was 35 p e r c e n t .  
T h i s  i s  the  Example I case, which  was a r e l a t i v e l y   l o n g - t e r m   a n d   w i d e l y   r e p o r t e d  
NACA program. Many NACA TN p u b l i c a t i o n s   h a v e   d e a l t   w i t h   t h e   v a r i o u s   p h a s e s  of 
t ha t   p rog ram.  The f i g u r e   o f  60  p e r c e n t   r e d u c t i o n   i n   l o a d   f a c t o r   h a s   b e e n  re- 
p o r t e d   i n  some non-NACA s o u r c e s   a s   r e p r e s e n t a t i v e   o f   t h e   o v e r a l l   r e s u l t s .   T h i s  
i s  m i s l e a d i n g   f o r ,   a s  w i l l  be   no ted   i n   Tab le  C - 1 ,  t h e  60 p e r c e n t   r e d u c t i o n  i s  
in   peak   l oad   f ac to r   and  i s  a t   t h e   n a t u r a l   f r e q u e n c y   o f   t h e  tes t  a i r c r a f t .  

No e v i d e n c e   w a s   f o u n d   i n   t h i s   s u r v e y   t o   i n d i c a t e   t h a t  a RMS l o a d   f a c -  
t o r   r e d u c t i o n   b e t t e r   t h a n  35 pe rcen t   has   eve r   been   demons t r a t ed .   Example  V ,  
b a s e d   o n   a n a l y s e s   r a t h e r   t h a n   f l i g h t   e x p e r i m e n t s ,   s u g g e s t s   t h e   p o s s i b i l i t y  of 
50-70 p e r c e n t  RMS r e d u c t i o n s .  . Of  c o u r s e ,   t h e o r e t i c a l l y ,   1 0 0   p e r c e n t   r e d u c t i o n  
i s  p o s s i b l e .  The  Example V s t u d y   r e p o r t  c i t e s  s e v e r a l   p o t e n t i a l   p r o b l e m s   a n d  
p r a c t i c a l   c o n s t r a i n t s   t h a t   w o u l d   l i k e l y   p r e v e n t   t h e   a c h i e v e m e n t   o f   t h e  50-70 
p e r c e n t   r e d u c t i o n .  The Example V a n a l y t i c a l  model   involved  an  advanced  tech-  
nology,  low-wing  loading STOL a i r c r a f t   s y s t e m   a n d   m o d e r n   s t a b i l i t y   a u g m e n t a t i o n  
s y s t e m   t e c h n i q u e s .   I f   t h i s   s y s t e m  comes t o  a ha rdware   demons t r a t ion   s t age ,  i t  
might  prove a new pe r fo rmance   fo r  RMS l o a d   f a c t o r   r e d u c t i o n .  However, i t  i s  n o t  
l i k e l y   t o   g r e a t l y   e x c e e d   t h e  35 p e r c e n t   r e d u c t i o n   t h a t   h a s   b e e n   d e m o n s t r . a t e d   i n  
t h e  Example I and  Example V I  cases. 

Each   o f   t he   t h ree   c l a s ses  of  g u s t   a l l e v i a t i o n   m e t h o d s   h a s  some 
c h a r a c t e r i s t i c   l i m i t a t i o n .   T h e s e   l i m i t a t i o n s   a r e   s u m m a r i z e d   a s   f o l l o w s :  

Class I 

( a )  H i g h   v a l u e s   o f   p i t c h i n g   v e l o c i t y   a r e   r e q u i r e d ,   r e s u l t i n g  
i n   l a r g e   a c c e l e r a t i o n s   a t   p o i n t s  away  f rom  the   c .g .  
po s i  t i o n  

P r e d i c t i o n   o f   l a g   e f f e c t s .  

Long i tud ina l   con t ro l   p rob lem- - see   Example  I comments, 
Table  C - l  
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( b )   L a r g e   c o n t r o l   f o r c e s   a r e   r e q u i r e d   t o   d i r e c t l y   c o n t r o l  
w ing   i nc idence  

( c )   P r e d i c t i o n   o f   l a g   e f f e c t s .  

C l a s s  3 

( a )   L o n g i t u d i n a l   c o n t r o l   p r o b l e m   a s   i n   C l a s s  2 

(b)  Downwash f r o m   c o n v e n t i o n a l   f l a p s   p r o d u c e s   a d d i t i o n a l  
a d v e r s e   p i t c h i n g   m o t i o n   s i n c e  i t s  a c t i o n  on t h e   t a i l  
c a n   b e   i n   t h e  same d i r e c t i o n   a s   t h e   g u s t  

( c )   P r e d i c t i o n   o f   l a g   e f f e c t s .  
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?ABU C-1. COUPARISNS OF GUST ALLCVUTIOH SYSIEW 

Descr ip t ioa  of CustlAcccleratLon sourca Of Result. Nature of CuDt or Parccnt   Reduct ion  in   Percant   Reduct ion  in   Notabla  System or 
Allevist ins  Devica  Reported  Turbulence  Encounter Peak h a d   F a c t o r  RHS Load Factor EXP. Procedure  Lis. Coments 

Pl ight   inuea t i8a t lanr   Exper imenta l   f l igh t  
by NASA using 'Beech inves t ign t ion .   F l igh t#  
C-45. Experlmental  were made in clear a i r  
and t h e o r e t i c a l   r c s u l t a   t u r b u l c n c a   a t  2,500 It 
are reported Ln NASA a t  130 K t .  

NACA T!i 2416, NASA iN 
TN 0 - 6 4 3 .  NACA 1 N  2 4 1 5 ,  

D-532, NACA TU 3612.  

3 7 4 6 .  
NACA TN 3591.  NACA m 

60 percent a t  the  
n a t u r a l  frequency 
of the   a i rp lane  
(0.6 cps) .  

4 0  p e r c e n t   a t  2 cpm. 

Using on occeler- 
m e t e r  88 the  gust 
sensor ra ther   than 

normal  oceeleratlon 
the  gust vane, the  

a l l e v i a t i o n  w'7a 
repor ted  t o  be 
about 40-45 psrcant.  

was cf fec t iv .  i n  
reducing  the accel-  
erat1onr a t  .I1 
frequencies up to  
about 2 cpr.  

Typ ica l   o f  sy.tems 

or other  controls 
t ha t   ope ra t e   f l aps  

to   o f f se t   1 i f t " i f  
the l i f t  increment 
due t o  change of 
angle of a t t a c k  is 
el lmlnatcd,   the  

F1.p ~ Y P -  (1) e levator ,  will be 
16 percent i n e f f c c t l v c  f o r  

producing a change 
i n  the d l r e c t i a n  
of   the   f l lghr   pa th .  P1.P (2) 

3J percent 

In the  system  dascribad. 
d e f l r c t i o n  of the  con- 
trol column pcducad  a 
d e f l e c t i o n  of the  in- 
board a levator  and 
thruuzh  the L U ~ O N ~ L C  
c o n t r o l  system, a f l a p .  
d t f l e c t l o n  t o  produce 
l i f t  and p i tch ina  6mcenc 

t o  change  artituCe.Tha 
i n  the   des i red   d i rec t ion  

vane. senslna the  chanaa 
in angle of a t tack .  
caused  the  f laps t o  
re tUrn  LO neutra l  so 
t h a t   t h e   a i r c r a f t  ra- 
m l n c d  a t  the new m g l a  
of a t tack .  

11. A mass-ovrrbalmcrd ulscou$ly Analyt ical   invsst l -   Cnnt lnuoua randca 40 percent a t  t h s  20 percent   Slmplif ied rcprc- Aircraf t  model  had r e l c  
r e s t r a i n e d  e levator  i s  used to  sation for  a l ight ly   turbulenca/PSD  tech-   natural   f requency sencation of re- t i v r l y  large picchin; 
a l t e r   t he   !ong i tud ina i  motions damped a i r p l a n a  modal niquat.   of  the  airplane.   sponae LO u n i t  step  i n e r t i a  and s t a t i c  
(increasing the shor t -per iod  damping f l y i n g  a t  X 0.7 a t  
catto) induced by t h e   d i r e c t   e f f e c t  S.L. NACA TN 4113. vnl id  for *lL air-  edge  gust  The system 
of  the gust loads.  c r a f t .  No pro -   has   neg l ig ib l e   e f f ec t  

gust input La not margin. In a sharp  

v l s l o n  was made for u n t i l  the f i r s t  5 p e s t  
elevator  control.   has  been  reached. 
Elevator occupied 
th@ entire exposed 

the  t a i l .  
t r a i l i n g  edge of 

111. ? k e d  spoi1era. 2.5 parcant  AircraLC model taot.d Sharp adga gust 
o f  tha loca l   chord  i n  height.  i n   L m g l a y   g u s t  
extending along 90 percent of tha   tunnel .  KACA 0012 
vios span and mounted perpendicular a ir fo i l .  
to  the  upper  surfaca  of  ' the  wing a t  
a p o s i t i ~ ~  12 percent  of  tho  local NACA 1753 (1941)) 
chord a f t  of the  leading  edge. 

No reduction. Not datarminad.  Spoiler  caused Test covered  only the 
rsmponsa s l i g h t l y  a p p r e c i a b l e   p i t c h i n g   p o s s i b i l i t i e s  of an up- 
wean u i t h  tha nnt lon  i n  t h e  gusts gust.  Action iu a 
spoi lers   than  but   the   incremental   negat iva gust is  s u b j a c t  
without. angle of p i t c h  was t o  conjecture-- 

a m 1 1  a t  the t i m e  of probably not so 

88 fpm foruard  speed  gradient  distance  of 
and 10 Ips  l a x .  @ a t  12 chorda .   e f fec t   d id  not 

Cradiant guar with 30 percent maxlraum L and the   e f f ec t ive .  
correctioa for  i t s  

va loc i ty .   r ad ica l ly  change tha  
.ccclerat ion  incre-  
ments. 



V. A 30 percenr  chord elwaror Md L o v Y i n g - h d h :  Conrinuoua random 
18 p r c e n t  chord rear s e w n t  of a IlOL Transporr Ride CurbulenceIPSD tech- 

Not dctemioed. - Deacent: 70 par- Pirch rate response Dlacrete 1-cos gusrs wra 

f u l l  span. double   s1atred  f lap war'. SmoorhIn~  ?aasIbIl-  niques. 
cent a t  mid-craft  would not neet ala0 used in   t ha  acalgsea 

usad LO .!fact gumt a1hviatIon i n  Icy  Study. Tha 
posi t ion.   handl ing  qual i t ies  t o  d a f i n s  surface rata 

che  1on:Irudinal  uoda under tha con- 8oaing Cmp*ny.?ln*l landing Approlch: rhc  pitch rata feed-  effecca. 
requlremcnta wlchour and displacaaant IImit 

s r a b i l i r y  aumanrarios ryatem. Iha January, 1971. 
rrol of a apac le l   r i de  smoorhing  IlpOrL. 03-8514-2. 44 percent a t  mid- back. 

S U  myarm consisra of hro feedback 
loops: v e r r i c a l  scceleratioa 
drlvin:  rha a f r  aegorot of tha  f u l l  
.pan f l a p  and p i tch  angular rate 
driving  the  e levator  for satisfactory 
handling puaiitles. 

Cain schedulin& as a function of 
t l i g h r  condition. may be required. 
but IC warn not Included I n  rhIs  heavy turbulence can 
aaalyrlcal srudy. cause  cxcesalva 

A l s r a r a l  SAS load  reduction syatam 
uas also rvaluarrd I n  r h l s  ecudy. 

craft posirion. 
Strucrural f l ax ib i l -   dea l ing  w l r k  rhc lareral 

The r e s u l t s  of tb srudy 

- Cruise: 50 percrnr i c y  may prevent  tha  loads  reduction indlcara 
a t  mid-crafr  reduction i n  c m  t he   poss ib l l l t y  of 60 
posit ion.   load  factor ro the  percenr u x l r u n  raeuc- 

extent Indlcatcd  with Lions (rms) a r  tha  a f t  
the   r ig id  body mdcl   pos i t ion  i n  the aircraft. 
used In rhla srudy. 
Control  system "on- 
l i n e s r i t i e s  during 

structure1 loading 
and reduced  scabilIry. 

V I .  A concept orlglnatad by a 
Prmchun. R.n; Hirsch. circa 1938. . 

BASA S? 218  (1971) ~ p e r i m e n t a l  f l i g h t  Not deterdned .  Result* are The mechanlcal c m -  HIrsch's s y a t u  b a  t h e  

A f l l s h r  art lc la  wa. b u i l t  and 
flown mucce.sfully i n  1 9 ~ 4 .  !!any J*nmv, 1957. PP 13- 
f l ight .  usre made rhcreaf te r  and 28. 
Hirsch was p r w t I n g  the concapr as 
lare sa 1967. WC-NI-IS?ACC. No. 

105, July ,  1967. PP 
In rble schema rha borhonral re11 1s 41-56. 
freed ro rotat. about a chordwiea h1n:a 
.XIS. Yhen rha gusr forces on the 
horisont.1 t a i l  causa IC t o  move, a 
c r a i l i n g  edge win8 t l a p  i s  drlvan 
through uchanlc.1  linkage t o  offaec  
rbs 11fr i n c r e u n r .  Hirsch  recog- 
a i z t d  the Importance of the  long wava 
lengrh guars and concrlvrd th. Idea ol 
s raatward sensor ( the  horizonem1 Ca11) 
Ineread of a forward sensor. Hlrrch's 
demnscrs t ion  aIrcrafr vas a 1-11 CwiD 
engine aircrafr having t h h  feature a d  
oIhRrs for IatrIal gust aIlevIarion. 
Ibis Involved  mvabla win: t ips   l inkad  
ro the   ruddrr .  

invcmtixation. similar t o  p l e r i t y  of  the  system  advantag  char  tha 
m m  NO. bp, Example 1. 11 an apparent ihi- stmbiliry  problen da- 

tarion although  scribad I n  I above Is 
35 percent   Hlrsch 's   a i rcraf t   corracted autoutIcal ly .  

did make I I ~ ~ L L O Y S  M up elevator input 
euccerrful f l i g h t s .  wlll grnerara a dounnard 

force on ch. hor izonta l  
c e l l .  dr lv lng  i r  down. 
Through che a a c h m i c a l  
linkagr rhm uinp f l a p  
u l l l  bt   dr iven do-n. 
increasinq win: l i f t  a d  
g iv ing  proper conrrol. 
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APPENDIX D 

INERTIAL COUPLING  MOMENTS ON FREE-WING  PANELS 

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

A l t h o u g h   i n e r t i a l   c o u p l i n g   e f f e c t s   a r e   g e n e r a l l y   i n s i g n i f i c a n t   f o r  
l i g h t   a i r c r a f t ,   t h e   u n i q u e   p i t c h   f r e e d o m  of  the  wing  panels  prompted a l i m -  
i t e d   i n v e s t i g a t i o n   o f   t h e s e  phenomena.  The o b j e c t i v e   w a s   t o   a s s e s s   t h e   p r o b a -  
b i l i t y   o f   e n c o u n t e r i n g   l a r g e   i n e r t i a l   p i t c h i n g  moments  which  might  overpower 
t h e   c o n t r o l   s u r f a c e s   a n d   r e s u l t   i n   a n   u n c o n t r o l l a b l e   m a n e u v e r .  

Symbo 1 s 

Ixl , I Iz , = moments o f   i n e r t i a  of r i g h t  wing   pane l   measured   in  
Y p a n e l   a x i s   s y s t e m ,   s l u g - f e e t '  

I x ' y ' '   ' x ' z ' '   I y ' z '  = p r o d u c t s   o f   i n e r t i a   o f   r i g h t   w i n g   p a n e l   m e a s u r e d   i n  
pane l  axis sys t em,   s lug - fee t2  

5 = mass  of   one  wing  panel ,   s lugs 

p , q , r  = r o l l   r a t e ,   p i t c h   r a t e ,   a n d  yaw r a t e ,   r e s p e c t i v e l y ,  
m e a s u r e d   a b o u t   a i r c r a f t   b o d y   a x e s ,   r a d i a n s / s e c  

R = r a d i a l   d i s t a n c e   f r o m   s p i n   a x i s   t o   a i r c r a f t   c e n t e r  of 
g r a v i t y  , f e e t  

U , V , W  = components  of a i r c r a f t   v e l o c i t y   a l o n g   t h e   a i r c r a f t  
body   axes ,   f ee  tf second 

- 
X = l o n g i t u d i n a l   c o o r d i n a t e   o f   h i n g e   a x i s   m e a s u r e d   i n  

a i r c r a f t  body   axes   sys t em,   f ee t  

X '  Z' = l o n g i t u d i n a l  and   normal   coord ina tes  of wing   pane l   cen ter  
cg' cg of g r a v i t y   m e a s u r e d   i n   p a n e l   f i x e d   a x e s ,   f e e t  

- 
Z = c o o r d i n a t e  of h i n g e   a x i s   m e a s u r e d   a l o n g   a i r c r a f t  Z 

body a x i s ,  f e e t  
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= a n g l e   o f   a t t a c k   b e t w e e n   a i r f l o w   a n d   r e f e r e n c e  
c h o r d   l i n e   o f  wing s e c t i o n ,   r a d i a n s  

6 = symmetrical c o n t r o l   s u r f a c e   d i s p l a c e m e n t ,   p o s i t i v e  e t r a i l i n g   e d g e  down, r a d i a n s  

6, = d i sp lacemen t  of w i n g   p a n e l   w i t h   r e s p e c t   t o   f u s e l a g e ,  . 
p o s i t i v e   l e a d i n g   e d g e   u p ,   r a d i a n s  

8 = p i t c h   a n g l e   o f   l o n g i t u d i n a l   f u s e l a g e  axis wi th  r e s p e c t  
t o   h o r i z o n ,   r a d i a n s  

cp = r o l l   a n g l e ,   p o s i t i v e   r i g h t  wing  down, r a d i a n s  

a = a n g u l a r   r a t e   a b o u t   s p i n   a x i s ,   r a d i a n s j s e c o n d  

w wzl = r o l l i n g  and   yawing   angular   ra tes ,   respec t ive ly ,   measured  
X I  ' i n   p a n e l   f i x e d   a x e s ,   r a d i a n s j s e c o n d  

Wing-Panel   P i tch ing   Equat ion  

The development of t he   comple t e   non l inea r   equa t ions   o f  mo- 
t i o n  i s  con ta ined   i n   Append ix  A of Reference D - l .  Using tha t   deve lopmen t ,   t he  
p i t c h i n g  moment e q u a t i o n   f o r   e a c h  wing   pane l   can   be   expressed   as   Equat ion   (D-1) .  

+I,ff[(p+qr) cos8,- (i-qpIsin8, Products 

+[I~.IA [(p' -r2) - sin 2Sp 
2 + pr Cos 28.3 }Gyroscopic  Precession 

+ Aerodynamic Pitching Moment 



The  moments   and   products   o f   iner t ia  are w i t h   r e s p e c t   t o  a r i g h t - h a n d  
o r t h o g o n a l   c o o r d i n a t e   s y s t e m ,   f i x e d   t o   t h e   w i n g   p a n e l .   T h e   o r i g i n  i s  on t h e  
wing  hinge axis  and l i e s  i n  the plane  of   symmetry  of  the a i r c r a f t .  The x '  a x i s  
co inc ides   w i th   t he   r e f e rence   chord   l i ne   o f   t he   w ing   pane l   w i th   pos i t i ve   d i r ec -  
t i o n   t o w a r d   t h e   l e a d i n g   e d g e .  The p o s i t i v e  y a x i s   c o i n c i d e s   w i t h   t h e   h i n g e  
a x i s   o f   t h e   r i g h t   w i n g   p a n e l .  This coord ina te   sys t em i s  i d e n t i c a l   t o   t h e  
pane l   ax i s   sys t em  desc r ibed   i n   Append ix  A of   Reference D-1 .  

P roduc t   o f   Ine r t i a   Te rms . -   Equa t ion  (D-1) a p p l i e s   t o   e i t h e r   t h e   r i g h t  
o r   l e f t  w i n g   p a n e l ,   t h e   d i f f e r e n c e   b e i n g   t h a t   t h e  Iyfzl  and I x l y l  p roduc t s   o f  
i n e r t i a   a r e   o f   o p p o s i t e   s i g n   f o r   t h e   l e f t   p a n e l .  It f o l l o w s   t h a t   i f   t h e   w i n g  
p a n e l s  were t o   h a v e   d i f f e r e n t i a l   f r e e d o m   ( w h i c h   t h e y   a r e   n o t ,   i n   t h i s   i n v e s t i -  
g a t i o n )   t h e   o n l y  asymmetric e f f e c t  of i n e r t i a l   c o u p l i n g  would  be  through  the 
i n f l u e n c e   o f   t h e s e  terms. 

For   t he   p r imary  case o f   i n t e r e s t ,   d i f f e r e n t i a l   p a n e l   f r e e d o m  i s  n o t  
p e r m i t t e d .   C o n s e q u e n t l y ,   t h e   e f f e c t s   o f   t h e   a f o r e m e n t i o n e d   p r o d u c t   o f   i n e r t i a  
terms c a n   b e   d i s r e g a r d e d   b e c a u s e   t h e   c o n t r i b u t i o n s   o n   t h e   l e f t   a n d   r i g h t   p a n e l s  
a r e  o f   o p p o s i t e   s i g n   a n d   c o u n t e r a c t   e a c h   o t h e r .  

The r ema in ing   p roduc t   o f   i ne r t i a  term o n l y   e x i s t s   i f   t h e   r e f e r e n c e  
c h o r d   l i n e  i s  n o t  a p r i n c i p a l . a x i s .   T h i s  term i s  always  small   and  can  be e l imi -  
n a t e d   e n t i r e l y   e i t h e r  by  proper  mass a r r angemen t   o r   by  a s l i g h t   r o t a t i o n  of t h e  
r e f e r e n c e  x '  a x i s   t o   c o i n c i d e   w i t h   t h e   c h o r d w i s e   p r i n c i p a l   a x i s   o f   t h e   a v e r a g e  
wing c r o s s   s e c t i o n .  

E l imina t ion   o f   t he   p roduc t  o f  i n e r t i a  terms p e r m i t s   c o n c e n t r a t i o n  on 
t h e  two r e m a i n i n g   i n e r t i a l  terms; those  due  to   wing  panel   imbalance  about   the 
h i n g e   l i n e   a n d   t h e   g y r o s c o p i c  term. 

Normal  Maneuvers 

Because   o f   the   complexi ty   o f   the   ind iv idua l  terms of Equat ion (D-1) , 
g e n e r a l i z a t i o n  of the   magni tudes  i s  d i f f i c u l t ;   t h e s e   b e i n g   d e p e n d e n t  upon t h e  
maneuver   be ing   conduc ted   and   t he   w ing   pane l   de f l ec t ion   w i th   r e spec t   t o   t he  
a i r c r a f t  body a x i s .  

Gyroscopic  Term.- A t t e n t i o n  i s  f i r s t   c o n f i n e d   t o   t h e   g y r o s c o p i c  term 
s i n c e  i t  c a n n o t   b e   e l i m i n a t e d   e v e n   i f   t h e  wing p a n e l s   a r e   b a l a n c e d .   I n   f a c t ,  
f o r   n e a r - p l a n a r   o b j e c t   s u c h   a s   w i n g   p a n e l s ,  

Iz"Ixl =" If 
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P h y s i c a l l y ,   t h i s   t e r m   r e p r e s e n t s   t h e   t e n d e n c y   f o r   t h e   w i n g   p a n e l s   t o  
assume a n   a t t i t u d e   i n   w h i c h   e i t h e r   t h e   r o l l i n g   o r   y a w i n g   v e l o c i t y   ( w i t h   r e s p e c t  
t o   t he   w ing   pane l s   t hemse lves )  i s  ze ro .  This o b s e r v a t i o n  i s  c e r t a i n l y  
no t   obv ious   f rom  Equa t ion   (D-1 ) ,   bu t  i t  i s  c l e a r   f r o m   E q u a t i o n  (A-19)  of  Ref- 
e r e n c e  D-1 .  I n   t h a t   r e f e r e n c e ,   t h e  term i s  g i v e n  by 

Moment inc remen t  = ( I K l - I Z I ) w x I  w z 1  0 - 3 )  

I n   E q u a t i o n  (D-1)  , t h e   s i m p l i f i e d   f o r m   o f   E q u a t i o n  (D-3) h a s   b e e n  mod- 
i f i e d  to e x p r e s s   t h e   a n g u l a r  ra tes  i n  terms o f   a i r p l a n e   b o d y   a x i s   r a t e s   a n d  
p a n e l   d e f l e c t i o n   w i t h  respect t o   t h e   f u s e l a g e   l o n g i t u d i n a l   a x i s .   T h i s  was  done 
t o   p r o v i d e  a b e t t e r  means  of e s t i m a t i n g   t h e   p o t e n t i a l   m a g n i t u d e s   o f   t h e   p e r t i -  
n e n t   f a c t o r s .  

F i r s t  of a l l ,  i t  was e s t a b l i s h e d   t h a t   t h e   a i r c r a f t   r o l l  and yaw r a t e s  
e x p e r i e n c e d   i n   n o r m a l   m a n e u v e r s   i n   l i g h t   a i r c r a f t   a r e   n o t   o f   s u f f i c i e n t  mag- 
n i t u d e   t o   c a u s e  a s i g n i f i c a n t   e f f e c t   f r o m   t h i s   t e r m .   C o n s i d e r   f o r   e x a m p l e  a 
f u l l   d e f l e c t i o n   a i l e r o n   r o l l .  A t y p i c a l  maximum r o l l   r a t e   f o r   a n   a i r c r a f t  of 
t h i s   t y p e  i s  no t   expec ted   t o   exceed  90 d e g / s e c .   I n   a d d i t i o n ,   t h e   w i n g   p a n e l  
d e f l e c t i o n   c o u l d  be e x p e c t e d   t o   b e   r e a s o n a b l y   s m a l l ;   b u t ,   t a k i n g   t h e   w o r s t  
h y p o t h e t i c a l   c a s e   w i t h  6p = 45 d e g r e e s ,   b u t  no  yawing r a t e ,   t h e   p i t c h i n g  moment 
caused  b y   t h e   e n t i r e  term wou ld   be   abou t   8 .35   f t - l b   fo r   t he   s e l ec t ed   nomina l  
a i r c r a f t .  

F u r t h e r m o r e ,   i n   n o r m a l   m a n e u v e r s ,   t h e   l a r g e s t   p r o d u c t s   o f   r o l l i n g   a n d  
yawing ra tes  t a k e   p l a c e   i n   c l i m b i n g   o r   d e s c e n d i n g   t u r n s .   C o n s i d e r i n g  a s p i r a l  
maneuver   wi th   the   p i tch   angle  a t  45 d e g r e e s ,   t h e  maximum p r o d u c t   o c c u r s   a t  limit 
l o a d   f a c t o r   a t   t h e   m a n e u v e r i n g   s p e e d *   o f   t h e   a i r c r a f t .  The r e s u l t i n g   p a n e l  
p i t c h i n g  moment i s  less  than  2 f t - l b .  

Wing-Panel   Imbalance.-   For   those terms i n   E q u a t i o n  (D-1)  which  depend 
o n   w i n g   p a n e l   i m b a l a n c e ,   l a r g e r   i n e r t i a l  moments a re   poss ib l e .   Aga in   a s suming  
a r o l l   r a t e  of 90 d e g r e e s   p e r   s e c o n d ,   t h e   v e r t i c a l   d i s p l a c e m e n t   o f   t h e   h i n g e  
a x i s   f r o m   t h e   a i r c r a f t   c . g . ,   f o r   t h e   n o m i n a l   a i r c r a f t ,  would c a u s e  a c e n t r i f u g a l  
e f f e c t   p r o d u c i n g  wing   p i tch ing  moments  of t h e   o r d e r   o f  3 . 1  f t - l b  p e r  inch  of  
p a n e l  c .g .  d i s p l a c e m e n t   f r o m   t h e   h i n g e   a x i s ,   i f   t h e   p a n e l   d i s p l a c e m e n t  i s  s m a l l  
such   t ha t   cos6p" l .  

F o r t u n a t e l y  , t he   ae rodynamic   p i t ch ing  moment dominates  . The aerody-  
n a m i c   p i t c h   s t i f f n e s s   o f   e a c h  wing p a n e l  a t  t h e   c r u i s e   c o n d i t i o n  i s  abou t  130 
f t - l b   p e r   d e g r e e .  A t  t h e   a b s o l u t e  minimum s p e e d ,   w i t h   t h e   r e d u c e d   e f f e c t i v e  
h inge   marg in   w i th   s l a t s   ex t ended ,   t he   ae rodynamic  moment p e r   d e g r e e  i s  o n l y  
a b o u t   1 3   f t - l b ,   b u t   e v e n   t h i s   v a l u e  i s  m o r e   t h a n   s u f f i c i e n t   t o   d o m i n a t e   t h e  
g y r o s c o p i c  term. 

,-he maneuvering  speed i s  d e f i n e d   h e r e  as  t h e   l o w e s t   e q u i v a l e n t   a i r s p e e d   a t  
which i t  i s  p o s s i b l e   t o   r e a c h   t h e   d e s i g n  limit l o a d   f a c t o r   o f   $ 3 . 8   g ' s .  
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To e n v i s i o n   t h e   m o s t  extreme adve r se   cond i t ion ,   pe rhaps   t he   mos t  
s i g n i f i c a n t   i n e r t i a l  e f fec ts  i n   n o r m a l   o p e r a t i o n s   c o u l d   b e   e n c o u n t e r e d   i f   t h e  
a i r c ra f t  s u f f e r e d  a s h a r p   l a t e r a l   g u s t   u p s e t   a t  minimum speed  and  no  correct ive 
a i l e r o n   c o n t r o l  was u s e d   t o   s t o p   t h e   r o l l .   I f   t h e   p a n e l s  a re  ba lanced   i n   t he  
c l e a n   c o n f i g u r a t i o n ,   t h e   p a n e l   c . g .  would b e   s l i g h t l y   f o r w a r d  of t h e   h i n g e   a x i s  
w i t h  s la t s  ex tended .  This d i sp lacemen t  i s  expec ted   t o   be   sma l l ,   pe rhaps   one  
i n c h .   I f   t h e   a s s u m e d   l a t e r a l   u p s e t   p r o d u c e d  a s t e a d y   r o l l   r a t e   o f  90 deg / sec ,  
a s   u s e d   i n   t h e   p r e v i o u s   e x a m p l e ,   t h e   i n e r t i a l  moment w o u l d   s c a r c e l y   b e   n o t i c e -  
a b l e .  

Autoro ta t iona l   Maneuvers  

The l a r g e s t   a n g u l a r   r a t e s ,  and   presumably   the   mos t   p ronounced   iner t ia l  
c o u p l i n g   e f f e c t s ,   a r e   e x p e r i e n c e d   i n   a u t o r o t a t i o n a l   m a n e u v e r s   ( s p i n s  and  snap 
r o l l s )   f o r   a i r c r a f t   i n   t h e   c l a s s   b e i n g   c o n s i d e r e d .  

Although i t  i s  m o s t   u n l i k e l y   t h a t   t h e   f r e e - w i n g   a i r c r a f t   c o u l d   b e  
b rough t   t o  a c o m p l e t e   s t a l l ,  a p r e r e q u i s i t e   f o r   t h e   t y p e  o f  mot ion   cons idered  
i n   t h i s   s e c t i o n ,   t h e   a n a l y s i s   c o u l d   n o t   b e   c o n s i d e r e d   c o m p l e t e   w i t h o u t  a 
c u r s o r y   e x a m i n a t i o n   o f   t h e   p a n e l   p i t c h i n g  moments i f   s u c h  a condi t ion   were   ex-  
pe r i enced .  

F o r   t h i s   p u r p o s e ,  i t  was  assumed t h a t   t h e   a i r c r a f t  was i n  a s t e a d y  
sp inn ing   mo t ion   abou t  a v e r t i c a l   s p i n   a x i s   ( d y n a m i c a l l y ,  a s n a p   r o l l  i s  a simi- 
l a r  maneuver, so no l o s s   o f   g e n e r a l i t y  i s  i n v o l v e d ) .   I n   t h i s   m a n e u v e r ,   t h e  
a n g u l a r   r a t e s   a b o u t   t h e   a i r c r a f t   b o d y   a x e s   a r e :  

p = - 0 s i n 0  

q = Rsincpcos8 

r = ~ o s c p c o s 8  

I n  a s t e a d y   s p i n ,   t h e   p i t c h i n g   r a t e  i s  g e n e r a l l y   s m a l l   b e c a u s e   t h e  
bank  angle  (cp) i s  s m a l l .   F u r t h e r m o r e ,   t h e   p r i m a r y   i n e r t i a l  term of i n t e r e s t  i s  
t h e   g y r o s c o p i c   e f f e c t   w h i c h   d o e s   n o t   d e p e n d   u p o n   t h e   p i t c h   r a t e .   F o r   t h e s e  
r e a s o n s ,   t h e   a n a l y s i s  was s i m p l i f i e d  by a s suming   ze ro   bank   ang le ,   r e su l t i ng   i n :  

p = -!&in0 

q = o  ( D - 5 )  

r = & o s 8  
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Gyroscopic   Term.-   Equat ions (D-5) may b e   s u b s t i t u t e d   i n t o   t h e   g y r o -  
s c o p i c  term of Equa t ion   (D-1 ) ;   and ,   u s ing   t he   r e l a t ions   be low,  

Iz'-Ix' = I 
Y '  

The gy roscop ic  term then  becomes, 

Gyroscopic  moment = I - s i n z a  
rl 

Y '  2 

I f  Equa t ion  (D-8) i s  p l o t t e d   v e r s u s   a n g l e  of a t t a c k ,   f o u r   e q u i l i b r i u m  
a n g l e s  of a t t a c k  w i l l  be   noted.   Only two  of t h e s e   a r e   s t a b l e ,  as i n d i c a t e d   b y  
t h e   n e g a t i v e   s l o p e s   a t   a n g l e s   o f   a t t a c k  of f90° i n   F i g u r e  D-1. 

F o r  a r a t e   o f   s p i n   o f  1 r e v o l u t i o n   p e r   s e c o n d ,   t h e  maximum magnitude 
o f   t h e   g y r o s c o p i c  moment f o r   t h e   s e l e c t e d   n o m i n a l   a i r c r a f t  i s  o n l y ,  

sz Iy,l = 1 3 4 .   f t - l b  (D-9) 

P h y s i c a l l y ,  the gyroscop ic  term t e n d s   t o   r o t a t e   t h e  wing   pane l s   i n to  a 
p l ane   no rma l   t o   t he   ax i s   o f   sp in  (CY = f goo), w i t h   n o   p r e f e r e n c e   a s   t o   w h e t h e r  
o r   n o t   t h e   l e a d i n g   e d g e   o f   t h e   w i n g  i s  poin ted   toward   or  away f rom  the   sp in  
a x i s .  The o t h e r  two p o s i t i o n s   o f   e q u i l i b r i u m   a r e   a t  CY = 0 and LY = 180 d e g r e e s ,  
b u t   t h e s e   a r e   u n s t a b l e   u n d e r   t h e   e f f e c t   o f   t h i s   i n e r t i a l  term a l o n e .  

F o r t u n a t e l y ,   t h e   a e r o d y n a m i c   p i t c h i n g  moment comple te ly   dominates   the  
gy roscop ic  term, even a t   v e r y  low dynamic   p ressure .  The wing  panel i s  on ly  
s t a b l e ,   u n d e r   t h e   i n f l u e n c e   o f   t h e   a e r o d y n a m i c  moment , a t   t h e   a n g l e   o f   a t t a c k  
commanded by t h e   c o n t r o l   s u r f a c e   d e f l e c t i o n .   P a r t i c u l a r l y   i n   t h e   r a n g e  of u se -  
f u l   l i f t   c o e f f i c i e n t s   ( r e l a t i v e l y   s m a l l   a n g l e s  of a t t a c k ) ,   t h e   g y r o s c o p i c  moment 
i s  i n s i g n i f i c a n t ,   e v e n   i n   t h i s   r a p i d   s p i n n i n g   m a n e u v e r .  

Wing Panel   Imbalance . -   Unl ike   the   gyroscopic  term, the  wing  panel  i m -  
b a l a n c e   e f f e c t   d e p e n d s  upon t h e   r a d i u s   o f   t h e   s p i n .   I n   t h e   o f f s e t - c . g .   t e r m s   o f  
Equa t ion  ( D - l ) ,  i t  can  be shown t h a t   t h e   f a c t o r s   c o n t a i n i n g  X and Z r e p r e s e n t  
t h e   c o n t r i b u t i o n   o f   t h e s e   q u a n t i t i e s   t o   t h e   r a d i a l   d i s t a n c e   f r o m   t h e   s p i n   a x i s  
t o   t h e   h i n g e   l i n e .  The a n a l y s i s  i s  g r e a t l y   s i m p l i f i e d   i f   t h e s e   q u a n t i t i e s   a r e  
i g n o r e d ,   i m p l y i n g   t h a t   t h e   d i f f e r e n c e   i n   r a d i a l   d i s t a n c e   f r o m   t h e   s p i n   a x i s ,  R ,  
i s  t h e  same f o r   t h e   a i r p l a n e   c e n t e r   o f   g r a v i t y   a n d   t h e   h i n g e   a x i s .  

S i n c e   t h e   o f f  se t  of  the  wing c .g . normal to  the   chord   l i ne  i s  bound 
to   be   ve ry   sma l l ,   on ly   t he   chordwise   d i sp l acemen t ,   X ' cg ,  i s  c o n s i d e r e d .   A f t e r  
a p p r o p r i a t e   s u b s t i t u t i o n s   s i m i l a r   t o   t h o s e  made p r e v i o u s l y ,   t h e   p i t c h i n g  moment 
c o n t r i b u t i o n  i s ,  
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Imbalance moment = -m$' ~ h z C O s ~ r  
cg (D-10)  

The r a d i a l   d i s t a n c e ,  R ,  i s  d i f f i c u l t   t o   e s t i m a t e   w i t h   p r e c i s i o n ,   b u t  
i t  i s  u s u a l l y  a f r a c t i o n  of t h e   s p a n   o f   t h e   a i r p l a n e   ( r e f .  D-2) .  F o r   t h i s   a n -  
a l y s i s ,  i t  was  chosen as  10 f e e t .   A g a i n   u s i n g   o n e   r e v o l u t i o n   p e r   s e c o n d   a s   t h e  
s p i n   r a t e  , t he  maximum v a l u e   o f   t h e   o f f s e t  c . g .  term i s  214. f t - l b s   p e r   i n c h  
o f   d i s p l a c e m e n t   f r o m   t h e   h i n g e   a x i s .   F u r t h e r m o r e ,   t h i s  maximum v a l u e   o c c u r s  
a t   z e r o   a n g l e   o f   a t t a c k   a s  shown i n   F i g u r e  D - 2 .  

A s  men t ioned   p rev ious ly ,   t he  wing p a n e l   s h o u l d   b e   b a l a n c e d   w i t h   s l a t s  
r e t r a c t e d ,   b u t   w i t h   s l a t s   e x t e n d e d ,  X I c g  w i l l  have a p o s i t i v e   v a l u e ;   a n d ,   f r o m  
E q u a t i o n   ( D - l o ) ,   t h e   e f f e c t   o f   t h i s   o f f s e t  i s  a t e n d e n c y   f o r   t h e  wing p a n e l   t o  
r o t a t e   t o  a p lane   normal   to   the   ax is   o f   sp in   wi th   the   l ead ing   edge   po in ted  away 
f r o m   t h e   s p i n   a x i s .   T h i s   c a n   b e   s e e n  i n  F i g u r e  D-2 w h e r e   t h e   o n l y   s t a b l e   e q u i l -  
i b r i u m ,   a s   i n d i c a t e d  by t h e   n e g a t i v e   s l o p e ,  i s  a t  a n   a n g l e   o f   a t t a c k  of  -90 
d e g r e e s .  

T o t a l   E f f e c t  of Combined  Moments.- D e s p i t e   t h e   r a t h e r   s e v e r e   n a t u r e   o f  
t he   p re sc r ibed   sp inn ing   maneuver ,   t he   ae rodynamic   con t ro l  power i s  more  than 
a d e q u a t e   t o   b r i n g   t h e  wing p a n e l s   o u t   o f   s t a l l   e v e n  a t  an  assumed  low  airspeed 
of   59  knots .  

F i g u r e  D-3 shows t h e   i n e r t i a l  and   aerodynamic   cont r ibu t ions  as w e l l  
a s   t h e   t o t a l   p i t c h i n g  moment v a r i a t i o n  w i t h  a n g l e  of a t t a c k .   F o r   t h e   i n e r t i a l  
t e r m s ,   t h e   c u r v e s   o f   F i g u r e s  D - 1  and D-2 were  combined,  with a mass  imbalance  of 
one   s lug   foo t   (XIcg  = 1 . 9   i n c h e s   f o r w a r d   o f   t h e   h i n g e   a x i s ) .  The c o n t r o l   s u r -  
f a c e   d e f l e c t i o n   o f  - 8 . 3  degrees  was s e l e c t e d   t o   e s t a b l i s h   a n   a r b i t r a r y  trim 
a n g l e   o f   a t t a c k   o f  10 d e g r e e s   t o   d e m o n s t r a t e   t h e   a b i l i t y   o f   t h e   a e r o d y n a m i c  
moments t o   o v e r p o w e r   t h e   i n e r t i a l   e f f e c t s .  
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' .FIGURE D-1. GYROSCOPIC  WING  PITCHING MOMENT I N  STEADY S P I N  
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FIGURE D-2. WING PITCHING MOMENT CAUSED EY IMBALANCE ABOUT 
€IINGE AXIS, STEADY S P I N  
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