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ANALYTICAL STUDY OF A FREE-WING/FREE-TRIMMER CONCEPT 

Richard F. P o r t e r ,  David W .  H a l l ,  Joe H .  Brown, J r . ,  
and Gerald M. Gregorek 

Bat te l le  Columbus L a b o r a t o r i e s  

SUMMARY 

P r e v i o u s  s t u d i e s  have i n d i c a t e d  s e v e r a l  b e n e f i t s ,  i n c l u d i n g  subs tan-  

' t i a l  g u s t  a l l e v i a t i o n ,  f o r  a i r c r a f t  employing an unconvent iona l  wing, f r e e  t o  
t p i v o t  about  a spanwise a x i s  forward of i t s  aerodynamic c e n t e r  and s u b j e c t  o n l y  

t o  aerodynamic p i t c h i n g  moments imposed by l i f t  and d r a g  f o r c e s  and a t r a i l i n g -  

edge c o n t r o l  s u r f a c e .  A d i sadvantage  of t h i s  basic  free-wing concept  i s  t h e  

r e l a t i v e l y  low wing l i f t  c o e f f i c i e n t  a v a i l a b l e ,  s i n c e  t h e r e  i s  no mechanism t o  

overcome t h e  powerful  n e g a t i v e  p i t c h i n g  moments a s s o c i a t e d  w i t h  t h e  d e f l e c t i o n  

of h i g h - l i f t  t r a i l i n g - e d g e  f l a p s .  

The free-wing/free- t r immer i s  a NASA-conceived e x t e n s i o n  of t h e  b a s i c  

free-wing concept  in tended  t o  p r o v i d e  s u f f i c i e n t  tr imming power t o  permi t  t h e  

use of h i g h - l i f t  t r a i l i n g - e d g e  f l a p s  on free-wing a i r c r a f t .  The wing i s  con- 

t r o l l e d  by t h e  p i t c h i n g  moment produced about  i t s  h i n g e  a x i s  by t h e  aerodynamic 

f o r c e s  on a s m a l l e r ,  e x t e r n a l  trimmer s u r f a c e  a t t a c h e d  t o  t h e  wing by a boom o r  

e q u i v a l e n t  s t r u c t u r e .  Furthermore,  t h e  t r i m m e r  i t s e l f  i s  f r e e  t o  p i v o t  about  a 

spanwise h i n g e  a x i s  forward of i t s  aerodynamic c e n t e r .  P i t c h  c o n t r o l  of t h e  

e n t i r e  assembly i s  e f f e c t e d  by d e f l e c t i o n  of  a t r a i l i n g - e d g e  f l a p  on t h e  t r i m -  

ming s u r f a c e .  

This  r e p o r t  d e s c r i b e s  an a n a l y t i c a i  s tudy o f  t h e  i o n g i t u d i n a l  behav- 

i o r  of r e p r e s e n t a t i v e  s m a l l  f ree-winglfree- t r immer a i r c r a f t .  I t  i n c l u d e s  a n  

assessment  of t h e  response  t o  symmetric v e r t i c a l  t u r b u l e n c e ,  t h e  n a t u r e  of t h e  

c h a r a c t e r i s t i c  l o n g i t u d i n a l  s t i c k - f i x e d  modes of motion,  and t h e  maximum trimmed 



balanc ing  of  t h e  f ree  t r i m m e r  s u r f a c e ,  w i t h  r e s p e c t  t o  i t s  h inge  a x i s ,  i s  man- 

Background I 

Low wing l o a d i n g  h a s  long  been synonymous w i t h  poor  r i d e  q u a l i t y  i n  
I 

t u rbu lence ,  a f a c t  which h a s  probably  been a s i g n i f i c a n t  d e t e r r e n t  t o  wide- I 

I 
s p read  accep tance  o f  l i g h t  a i r c r a f t  as a p r a c t i c a l  means of  t r a n s p o r t a t i o n .  

The problem i s  compounded by t h e  f a c t  t h a t  l i g h t  a i r c r a f t  spend a major  p o r t i o n  

of t h e i r  f l i g h t  t i m e  a t  t h e  lower a l t i t u d e s  where measurable  t u r b u l e n c e  i s  most 
~ 

l i k e l y  t o  be  encountered ,  even i n  good wea the r .  I 
An i n c r e a s e  i n  wing l o a d i n g  can  b e  expec ted  t o  produce r i d e  improve- 

ment ,  b u t  t h i s  approach i s  c o n s t r a i n e d  by t h e  need t o  m a i n t a i n  low minimum f l y -  ' 
i n g  speeds.  Not on ly  i s  a low speed c a p a b i l i t y  d e s i r a b l e  from a n  o p e r a t i o n a l  

s t andpo in t  f o r  a i r c r a f t  i n  t h i s  c lass ,  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  23) r e q u i r e  a minimum speed of  6 1  k n o t s  o r  l ess  f o r  s i n g l e  eng ine  a i r c r a f t .  

Even with w e l l  des igned  mechanica l  h i g h - l i f t  d e v i c e s ,  i t  appea r s  t h a t  a wing 

loading  of 1900 N / M ~  ( 4 0  l b / f t 2 )  i s  an  approximate p r a c t i c a l  upper  l i m i t ;  t h i s  

may be compared t o  wing l o a d i n g s  of  4300 N / M 2  t o  5300 N/M2 (90  l b / f t 2  t o  

110 1 b / f t 2 )  t y p i c a l  of t h e  commercial  j e t  t r a n s p o r t  a i r c r a f t  which have en joyed  

wide acceptance  by t h e  t r a v e l i n g  p u b l i c .  
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The free-wing concept  i s  a novel  and v e r y  e f f e c t i v e  approach t o  g u s t  

a l l e v i a t i o n  which would appear  t o  have o t h e r  b e n e f i t s  as w e l l ,  b u t  a disadvan-  

t a g e  of t h e  concept  i s  t h e  r e l a t i v e l y  low maximum l i f t  c o e f f i c i e n t  o b t a i n a b l e .  

I 

I 
I The free-wing/free- t r immer is a NASA-conceived e x t e n s i o n  of  t h e  b a s i c  
I 

free-wing concept  i n t e n d e d  t o  p r o v i d e  s u f f i c i e n t  trimming power t o  permi t  t h e  

l use of h i g h - l i f t  t r a i l i n g - e d g e  f l a p s  on t h e  f r e e  wing. 
I 

Free-Wing Concept 

The b a s i c  concept  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 , 3 4 7 , 2 3 0 .  This  p a t e n t ,  now e x p i r e d ,  w a s  i s s u e d  i n  1944 t o  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  1945 as 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  w a s  n e v e r  s u c c e s s f u l l y  flown. 

A s  conceived by Zuck, a free-wing a i r c r a f t  d i f f e r s  from a conven- 

t i o n a l  a i r p l a n e  i n  t h a t  t h e  two p a n e l s  of  t h e  fuselage-mounted wing are f r e e  t o  

move independent ly  about  a spanwise a x i s  and a r e  c o n t r o l l e d  by means of t r a i l -  

ing-edge c o n t r o l  s u r f a c e s .  Each wing p a n e l  i s  comple te ly  f r e e  t o  r o t a t e  about  

i t s  spanwise a x i s ,  s u b j e c t  t o  aerodynamic 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  of ro- 

t a t i o n  i s  l o c a t e d  forward of t h e  chordwise aerodynamic c e n t e r  of t h e  wing p a n e l ,  

as shown i n  f i g u r e  1. The wing i s  brought  t o  an e q u i l i b r i u m  a n g l e  of a t t a c k  

through a b a l a n c e  of moments c r e a t e d  by t h e  t r a i l i n g - e d g e  s u r f a c e ,  which i s  

c o n t r o l l e d  by t h e  p i l o t ,  and t h e  t o r q u e s  produced by t h e  l i f t  and 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  of t h e  free wing i s  caused by 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  main ta in  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 responding t o  n a t u r a l  p i t c h i n g  moments which accompany changes i n  f low 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  increment  due t o  a 

ve r t i ca 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  wind, t h e  r a p i d i t y  of t h e  a l l e v i a t -  

i n g  motion depends upon t h e  p i t c h i n g  moment of  i n e r t i a .  Because of t h e  g r e a t l y  

reduced i n e r t i a  of  t h e  wing p a n e l ,  compared t o  t h e  a i r c r a f t  as a whole,  t h e  

free-wing concept  produces a s i g n i f i c a n t  r e d u c t i o n  i n  t u r b u l e n c e  r e s p o n s e s .  

P r e v i o u s  Vork 

The f i r s t  known a n a l y t i c a l  s t u d y  t o  p r e d i c t  t h e  fundamental  dynamic 

b e h a v i o r  of free-wing a i r c r a f t  p e r m i t t e d  independent motion of t h e  l e f t  and 
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FIGURE 1. CROSS-SECTIONAL ILLUSTRATION OF THE FREE W I N G  

r i g h t  wing p a n e l s  and i s  r e p o r t e d  i n  r e f e r e n c e  1. The f o l l o w i n g  c o n c l u s i o n s  

were drawn from t h i s  e a r l i e r  work: 

(1)  Most a tmospher ic  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  reduced ,  par-  
t i c u a r l y  i n  t h e  root-mean-square (rms) l o a d  f a c t o r  ( 6 2  p e r c e n t  r e d u c t i o n )  and 
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  hand,  t h e  r m s  fuse-  
l a g e  p i t c h  r a t e  w a s  i n c r e a s e d  about  180 p e r c e n t  i n  comparison w i t h  e q u i v a l e n t  
f ixed-wing a i r c r a f t  . 

( 2 )  A l l  s t i c k - f i x e d  modes of motion w e r e  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 t h e  ra te  of d i v e r g e n c e  w a s  found t o  be e x c e s s i v e l y  h i g h  i n  t h e  
approach c o n d i t i o n .  

( 3 )  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  were u n s a t i s f a c t o r y  
because o f  t h e  combinat ion of l o w  r o l l  damping and s p i r a l  d i v e r g e n c e .  

( 4 )  A r t i f i c i a l  s t a b i l i t y  augmentat ion,  i n  t h e  form of  a s imple  r o l l  
damper, p rovided  e x c e l l e n t  l a t e r a l  c o n t r o l  and 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  . 

A s  a r e s u l t  of t h e  v e r y  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  p r e d i c t e d  i n  

r e f e r e n c e  1, a second s t u d y  w a s  performed t o  p r o v i d e  a r e a l i s t i c  and 

4 

i 

I 



t 

‘comprehensive assessment  o f  t h e  p r a c t i c a l  a s p e c t s  of implementat ion of t h e  

‘ f ree-wing  concept  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 .  

Tke second i n v e s t i g a t i o n  i s  r e p o r t e d  i n  r e f e r e n c e  2 .  T h i s  s t u d y ,  
I 

] w h i l e  a n a l y t i c a l ,  w a s  suppor ted  by l i m i t e d  wind-tunnel experiments .  

I From t h e  r e s u l t s  of t h e  second s t u d y ,  t h e  f o l l o w i n g  c o n c l u s i o n s  w e r e  

I drawn: 

(1) The free-wing concept can be appl ied  t o  u n s o p h i s t i c a t e d  low wing 
l o a d i n g  l i g h t  a i r c r a f t  t o  provide  a r i d e  q u a l i t y ,  based on normal 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  t h a t  o f  a i r c r a f t  employing much h i g h e r  wing 
l o a d i n g s .  Compared t o  s imilar  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 ,  r e d u c t i o n s  of 
about  5 4  p e r c e n t  can b e  r e a l i z e d  i n  t h e  r m s  load f a c t o r  increments  i n  c o n t i n -  
uous t u r b u l e n c e .  

(2)  For  free-wing 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 p a n e l  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  and c e r t i f i c a t i o n  c r i t e r i a  can b e  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  augmentat ion,  e i t h e r  a c t i v e  o r  p a s s i v e .  I 

( 3 )  D i f f e r e n t i a l  p i t c h  freedom between t h e  l e f t  and r i g h t  wing 
I p a n e l s  should  n o t  be 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 lass ,  a l though i t  a p p e a r s  ’ t h a t  p a s s i v e  mechanical  d e v i c e s  can 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  which accompany such freedom. 

( 4 )  Leading-edge s l a t s  are necessary  f o r  t a k e o f f  and l a n d i n g  t o  com- I 

p e n s a t e  f o r  t h e  i n h e r e n 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 p a n e l s  should  b e  balanced about t h e  spanwise h i n g e  
a x i s  w i t h  leading-edge s l a t s  r e t r a c t e d .  A b a l l a s t  weight  p e n a l t y  is  i n c u r r e d  

t which might range from 1 .5  p e r c e n t  t o  7.0 percent  of t h e  a i r c r a f t  g r o s s  w e i g h t ,  
I depending on t h e  d e t a i l e d  d e s i g n .  

I Purpose of t h i s  I n v e s t i g a t i o n  

I The purpose of t h i s  work w a s  t o  perform an a n a l y t i c a l  e v a l u a t i o n  of 

I t h e  dynamic c h a r a c t e r i s t i c s  of a n  a i r c r a f t  employing a NASA-conceived concept  

i o f  a wing and wing-trimmer assembly. I n  t h i s  concept ,  t h e  wing i s  f r ee  t o  

, p i v o t  f r e e l y  i n  p i t c h  forward of i t s  aerodynamic c e n t e r ,  and p i t c h  c o n t r o l  i s  

, achieved  by a trimming s u r f a c e ,  which is trimmed by t r a i l i n g - e d g e  f l a p s .  The 

’ tr imming s u r f a c e  i s  a l s o  f r e e  t o  p i v o t  f r e e l y  i n  p i t c h  forward of i t s  aerody- 

1 

I 

namic c e n t e r  b u t  i s  connected t o  t h e  wing by a r i g i d l y  a t t a c h e d  boom. This  

r e p o r t  d e s c r i b e s  an  a n a l y t i c a l  s t u d y  of t h e  l o n g i t u d i n a l  b e h a v i o r  of  represen-  

t a t i ve  s m a l l  f ree-winglfree- t r immer a i r c r a f t .  It i n c l u d e s  an assessment  of t h e  

response  t o  symmetric ve r t i ca l  t u r b u l e n c e ,  t h e  n a t u r e  of  t h e  c h a r a c t e r i s t i c  

~ 

, l o n g i t u d i n a l  s t i c k - f i x e d  modes of motion, and the  maximum trimmed l i f t  
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c o e f f i c i e n t s  o b t a i n a b l e .  Both forward- and aft-mounted trimming s u r f a c e s  are i 
, 

cons idered .  To  avoid  t h e  l a t e r a l - d i r e c t i o n a l  i n s t a b i l i t y  problems found i n  

previous  free-wing s t u d i e s ,  t h e  l e f t  and r i g h t  wing p a n e l s  were c o n s t r a i n e d  

t o  symmetr ical  d e f l e c t i o n s  o n l y ,  r o l l  c o n t r o l  b e i n g  achieved  by t h e  d i f f e r e n -  

t i a l  o p e r a t i o n  of wing f l a p s .  Body a t t i t u d e  ad jus tment  w a s  p r o v i d e d ,  as i n  t h e  

I 

previous  s t u d i e s ,  by a s e p a r a t e  h o r i z o n t a l  s t a b i l i z e r .  I 

I Scope 

The r e s e a r c h  e f f o r t  d e s c r i b e d  i n  t h i s  r e p o r t  i s  l i m i t e d  t o  an  ana ly-  

t i c a l  s tudy  of t h e  s t i c k - f i x e d  l o n g i t u d i n a l  motion and g u s t  a l l e v i a t i o n  charac-  

t e r i s t i c s  of a r e p r e s e n t a t i v e  l i g h t  a i r c r a f t  employing t h e  f ree-wingl f ree-  , 
t r i m m e r  concept .  The a n a l y s i s  w a s  s u p p o r t e d  by t h e  d e s i g n  of several  concep- I 
t u a l  f ree-winglfree- t r immer a i r c r a f t  t o  p r o v i d e  r e p r e s e n t a t i v e  d imens iona l  and 

mass parameters .  i 
I 

S i n c e  b o t h  t h e  free-wing and free- t r immer p a n e l s  w e r e  c o n s t r a i n e d  t o  , 
symmetr ical  p i t c h i n g  motion,  on ly  t h e  l o n g i t u d i n a l  behavior  w a s  ana lyzed .  With I 

no d i f f e r e n t i a l  freedom p e r m i t t e d ,  t h e  a i r c r a f t  could be expec ted  t o  behave 

s i m i l a r l y  t o  c o n v e n t i o n a l  f ixed-wing a i r c r a f t  i n  t h e  l a t e r a l - d i r e c t i o n a l  modes. 

A t t e n t i o n  was conf ined  t o  l i n e a r  a n a l y s e s  of t h e  r e s p o n s e s  t o  sym- 

m e t r i c  v e r t i c a l  g u s t s  and t h e  b a s i c  l o n g i t u d i n a l  f l y i n g  q u a l i t i e s  as i n d i c a t e d  

by t h e  c h a r a c t e r i s t i c  r o o t s  a s s o c i a t e d  w i t h  t h e  s t i c k - f i x e d  l o n g i t u d i n a l  modes. 

The t u r b u l e n c e  responses  were e v a l u a t e d  by computing r m s  v a l u e s  of 

p e r t i n e n t  v a r i a b l e s  i n  response  t o  cont inuous  a tmospher ic  t u r b u l e n c e ,  b u t  no 

a t tempt  w a s  made f o r  a d i r e c t  e v a l u a t i o n  of r i d i n g  q u a l i t i e s  as a f f e c t e d  by 

human t o l e r a n c e  f a c t o r s .  

The fundamental  s t r a t e g y  of t h i s  i n v e s t i g a t i o n  was t o :  

(1) d e r i v e  t h e  e q u a t i o n s  of motion a p p l i c a b l e  t o  an a i r c r a f t  u s i n g  

t h e  free-winglfree- t r immer concept ;  

(2) c r e a t e  a fami ly  of  c o n c e p t u a l  a i r c r a f t  d e s i g n s  t o  p r o v i d e  real is-  

t i c  parameters  f o r  t h e  mathematical  models;  and 

( 3 )  perform a l i n e a r  a n a l y s i s  of t h e  g u s t  a l l e v i a t i o n  c h a r a c t e r -  

i s t i c s ,  handl ing  q u a l i t i e s ,  and o t h e r  f e a t u r e s  p e c u l i a r  t o  t h e  o v e r a l l ' c o n c e p t .  
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SYMBOLS 

'Lmax, 

'ma. c 
C 

, "'hinge 

: H M  

t 
, s  
i sc 

xy 
U 

a C  

"f 

mean aerodynamic chord,  meters ( f e e t )  

maximum s e c t i o n  l i f t  c o e f f i c i e n t  

f ree- t r immer l i f t  c o e f f i c i e n t  

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

maximum wing l i f t  c o e f f i c i e n t  

moment c o e f f i c i e n t  about  aerodynamic c e n t e r  

moment c o e f f i c i e n t  about  h inge  a x i s  

components of f o r c e  t r a n s m i t t e d  from f r e e  trimmer t o  boom, newtons 
(pounds ) 

components of f o r c e  t r a n s m i t t e d  from wing t o  f u s e l a g e ,  newtons 
(pounds ) 

h i n g e  margin,  d i s t a n c e  from aerodynamic c e n t e r  forward t o  h inge  
a x i s ,  expressed  as f r a c t i o n  of chord l e n g t h  

wing r e f e r e n c e  a r e a ,  meters2 ( f e e t * )  

f ree- t r immer r e f e r e n c e  area,  meters2 ( f e e t 2 1  

increment  i n  a i r s p e e d  d i v i d e d  by e q u i l i b r i u m  a i r s p e e d  

d i s t a n c e  of  f ree- t r immer h inge  forward of wing h i n g e ,  meters ( f e e t )  

a n g l e  of  a t t a c k  of f ree- t r immer s u r f a c e ,  r a d i a n s  

a n g l e  of  a t t a c k  of  f u s e l a g e  assembly, r a d i a n s  

a n g l e  of a t t a c k  of wing,  r a d i a n s  

a n g u l a r  d i sp lacement  of f ree  trimmer w i t h  r e s p e c t  t o  wing, r a d i a n s  

wing f l a p  d e f l e c t i o n ,  degrees  

a n g u l a r  d i sp lacement  of wing w i t h  r e s p e c t  t o  f u s e l a g e ,  r a d i a n s  

p i t c h  a n g l e  of f u s e l a g e  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  

r m s  normal l o a d  factor response ,  g ' s  

Laplace  o p e r a t o r ,  l / s ec  

PROCEDURE 

Mathematical  Models 

Although t h e  o r i g i n a l  p l a n  was t o  modify t h e  computer programs used 

i n  t h e  p r e v i o u s  free-wing a n a l y s e s ,  i t  soon became a p p a r e n t  t h a t  t h e  a d d i t i o n a l  

complexi ty  i n t r o d u c e d  by t h e  free- t r immer dynamics d i c t a t e d  t h e  development of 
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new mathematical  models. Furthermore,  whereas t h e  l i n e a r  models used i n  t h e  

prev ious  a n a l y s e s  were d e r i v e d  d i r e c t l y  from t h e  complete  n o n l i n e a r  e q u a t i o n s  

by l i m i t i n g  t h e  motion t o  small  d i s t u r b a n c e s  from s t r a i g h t  and level  e q u i l i b -  

r ium, t h e  c u r r e n t  t a s k  r e q u i r e d  an  unorthodox form of t h e  l i n e a r  model. 

The development of  t h e  i n e r t i a l  f o r c e  and moment terms f o r  t h e  com- 

p l e t e  n o n l i n e a r  e q u a t i o n s  w i t h  e i g h t  d e g r e e s  of freedom i s  g iven  i n  appendix A 

t o  provide  documentation f o r  p o s s i b l e  f u t u r e  s t u d i e s .  The l i n e a r  development,  

which is  conf ined  t o  l o n g i t u d i n a l  motion,  i s  d e s c r i b e d  s e p a r a t e l y  i n  appendix B .  

The l o n g i t u d i n a l  system h a s  f i v e  d e g r e e s  of  freedom. Three v a r i a b l e s  

a r e  r e q u i r e d  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  of  t h e  f u s e l a g e  i n  

t h e  v e r t i c a l  p l a n e ,  and two a d d i t i o n a l  v a r i a b l e s  are r e q u i r e d  t o  d e f i n e  t h e  

angular  d i sp lacements  of t h e  wing and trimmer s u r f a c e s .  With uns teady  aero-  

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

system i s  of t e n t h  order* .  

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  motion 

of  t h e  a i r c r a f t  i n  response  t o  v e r t i c a l  g u s t  v e l o c i t i e s  and c o n t r o l  t a b  d i s -  

placement i s  g iven  by t h e  f o l l o w i n g  e q u a t i o n :  
V 

[AI = [B] 6 t  + [C] 
U O  

Where [A] i s  a 13  by 13 m a t r i x  of t h e  c o e f f i c i e n t s  of 

and [B] and [C] are column matrices.  

The s t a t e  v a r i a b l e  x h a s  1 3  components: ac ,  

It i s  t h e  number of components of t h e  s t a t e  

(1) 

t h e  homogeneous e q u a t i o n s ,  

v e c t o r  which c o n s t i t u t e s  

t h e  primary d e p a r t u r e  from convent ion .  S i n c e  t h e  system h a s  f i v e  independent  

degrees  of freedom, i t  would have been p o s s i b l e  t o  combine most of t h e  equa- 

t i o n s  t o  a r r i v e  a t  a s e t  u s i n g  only  f i v e  independent  v a r i a b l e s .  These would 

l o g i c a l l y  have been u ,  a f ,  8 ,  6 p ,  and 6c .  U n f o r t u n a t e l y ,  t h e  e l i m i n a t i o n  of 

t h e  e i g h t  remaining v a r i a b l e s  i n v o l v e s  c o n s i d e r a b l e  a l g e b r a i c  m a n i p u l a t i o n  

which would have obscured t h e  p h y s i c a l  s i g n i f i c a n c e  and o r i g i n s  of  t h e  i n d i v i -  

d u a l  terms i n  t h e  f i n a l  e q u a t i o n s .  

* The l i n e a r  approximations of r e f e r e n c e  5 were used t o  model t h e  uns teady  l i f t  
phenomena, as d i s c u s s e d  i n  appendix B. 
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Although t h e  r e t e n t i o n  of  1 3  v a r i a b l e s  i n  t h e  e q u a t i o n s  of motion 

seems ponderous,  and i n c u r s  c e r t a i n  p e n a l t i e s  i n  computation t i m e ,  i t  has  t h e  

o v e r r i d i n g  advantage  of g r e a t l y  f a c i l i t a t i n g  t h e  v e r i f i c a t i o n  of each of t h e  

terms i n  t h e  i n d i v i d u a l  e q u a t i o n s  - - a n  advantage of some importance,  s i n c e  no 

p r i o r  a n a l y s i s  of  such a system w a s  i n  e x i s t e n c e  t o  provide  a s t a n d a r d  f o r  

checking t h e  c o r r e c t n e s s  of t h e  model. Since t i m e  d i d  n o t  permi t  t h e  r e s t r u c -  

t u r i n g  of t h e  model i n  condensed, more convent iona l  form, t h e  1 3  e q u a t i o n s  were 

r e t a i n e d  as t h e y  were d e r i v e d .  

Conceptual  A i r c r a f t  Designs 

I n  t h i s  s t u d y ,  a t t e n t i o n  was confined t o  f a m i l i e s  of  a i r p l a n e s  based 

upon two l i g h t  a i r c r a f t  c o n f i g u r a t i o n s  i n  order  t o  assess some b e n e f i t s ,  i f  

any,  a c c r u i n g  t o  l i g h t  a i r c r a f t  of markedly d i f f e r e n t  m i s s i o n s .  The f i r s t  w a s  

a two seat  l i g h t  a i r c r a f t  having t r i c y c l e  gear ,  pusher  p r o p e l l e r ,  and a h i g h  

f r e e  wing w i t h  a f r e e  trimmer placed  two chord l e n g t h s  ahead of t h e  wing h inge  

l i n e  and f i x e d  t o  t h e  wing by two r i g i d  booms. The second a i r c r a f t  w a s  a 

s i n g l e  seat  a g r i c u l t u r a l  a i r p l a n e  having  convent iona l  g e a r  and a t r a c t o r  pro- 

p e l l e r .  The f r e e  wing w a s  mounted lower on t h e  f u s e l a g e  and t h e  f r e e  trimmers 

w e r e  mounted a f t  of t h e  wing on two r i g i d  booms. 

For purposes  o f  d i r e c t  comparison and p a r a m e t r i c  a n a l y s i s  of t h e  

p e n a l t y  and b e n e f i t  o f  f r e e  trimmer c o n t r o l  volume, bo th  forward and a f t  o f  

t h e  wing, t h e  f i r s t  c o n f i g u r a t i o n  w a s  f i t t e d  w i t h  a forward f r e e  trimming 

s u r f a c e ,  r e f e r r e d  t o  i n  t h i s  work as  a forward t r i m m e r ,  two s e p a r a t e  a f t  f r e e  

trimming s u r f a c e s  r e f e r r e d  t o  as a f t  trimmers, a pure  f r e e  wing, and a compara- 

b l e  f i x e d  wing. 

Design summary. - Following accepted procedures  f o r  t h e  c o n c e p t u a l  

d e s i g n  of l i g h t  a i r c r a f t ,  t h e  two t y p e s  of a i r c r a f t  were des igned  i n  enough 

d e t a i l  t o  a l l o w  t h e  c a l c u l a t i o n  of weights  and moments of i n e r t i a .  S t e p s  i n  

t h i s  p r o c e s s  common t o  b o t h  were t h e  i d e n t i f i c a t i o n  o f  a i r c r a f t  m i s s i o n ,  t h e  

c a l c u l a t i o n  of t h e  f l y i n g  s u r f a c e  s i z e s  necessary  t o  f u l f i l l  t h e i r  m i s s i o n s ,  a 

f i r s t  weight  estimate based  on miss ion  requi rements ,  ar! estimate o f  wing x a x i -  

mum t r i m . e d  l i f t ,  t a i l  s i z i n g ,  development of a c o c k p i t  d e s i g n  t h a t  conformed 

t o  MIL-STD-1333, f i r s t  l a y o u t ,  r e v i s i o n  of t h e  weight  estimate, i t e r a t i o n s  t o  

reduce  w e i g h t ,  and t h e  c a l c u l a t i o n  of  moments of i n e r t i a .  Common f e a t u r e s  t o  
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both  a i r c r a f t  are an  a s p e c t  r a t i o  6 r e c t a n g u l a r  wing w i t h  a NACA 23012 s e c t i o n ,  

wing loading  comparable t o  e x i s t i n g  a i r c r a f t  o f  t h e  same c l a s s ,  a t o t a l  f r e e  

trimmer a r e a  t h a t  i s  one-s ix th  t h e  wing area,  a h o r i z o n t a l  t a i l  s i z e d  s t r i c t l y  

f o r  f u s e l a g e  p i t c h  a t t i t u d e  c o n t r o l ,  wing p a n e l s  and t r i m m e r  p a n e l s  t h a t  are 

c o n s t r a i n e d  t o  symmetr ical  d e f l e c t i o n s  o n l y ,  and 1 9  p e r c e n t  chord h i n g e  l i n e s  

f o r  a l l  free s u r f a c e s .  

Previous  work d i c t a t e d  t h a t  t h e  free-wing/boom/trimmer combinat ion 

b a l a n c e  about t h e  h inge  p o i n t  of  t h e  wing. This  i s  an  impor tan t  d e s i g n  con- 

s t r a i n t  which w a s  main ta ined  i n  t h e  c o n c e p t u a l  c o n f i g u r a t i o n s  by c a r r y i n g  a l l  

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

trimmer, wing/boom/trimmer, and f u s e l a g e  were p e r m i t t e d  f o r  p a r a m e t r i c  a n a l y s e s  

d u r i n g  t h e  i n v e s t i g a t i o n .  

F i r s t  concept  - a two p l a c e  l i g h t  a i r c r a f t .  - This  i s  a two p l a c e  

a i r c r a f t  w i t h  t h e  f r e e  t r i m m e r  i n  a forward p o s i t i o n  ahead of i t s  f r e e  wing. 

The b a s i c  m i s s i o n  f o r  s i z i n g  i s  f a i r  weather  t r a i n i n g .  Payload i s  similar t o  

e x i s t i n g  a i r c r a f t  i n  t h i s  m i s s i o n  c a t e g o r y  and i n c l u d e s  two crew and enough 

f u e l  f o r  a 3 hour  f l i g h t .  Fixed wing g r o s s  weight  i s  i n  t h e  680 k i logram 

(1500 pound) c l a s s .  Other  f e a t u r e s  are two p l a c e  s i d e  by s i d e  s e a t i n g  ahead 

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

86 k i l o w a t t  (115 BHP) engine  i n  a pusher  arrangement ,  20 p e r c e n t  chord f l a p s  on 

t h e  f r e e  wing and f r e e  t r i m m e r ,  and a two wing-chord-length a r m  on t h e  f r e e  

t r i m m e r  . 
The fami ly  of c o n f i g u r a t i o n s  i s  l i s t e d  i n  t a b l e  I and f i g u r e s  2(a) to 

2 ( c )  a r e  mul t iv iew drawings of each of t h e  p a r a m e t r i c  v a r i a t i o n s  d e s c r i b e d  i n  
t a b l e  I below: 

TABLE I. FAMILY OF TWO-PLACE LIGHT AIRCRAFT 

C o n f i g u r a t i o n  F i g u r e  D e s c r i p t i o n  

1 A  2 ( a )  Forward f r e e  s u r f a c e  

1 B  2 (b) P u r e  f r e e  wing 

1c 2 (C) A f t  f r e e  s u r f a c e  

1D (Not shown) Fixed-wing e q u i v a l e n t  t o  
c o n f i g u r a t i o n  1 B  

1 0  
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FIGURE 2(a).  TWO SEAT LIGHT AIRCRAFT (CONFIGURATION 1A-- 
FREE WING/FORWARD FREE TRIMMER). 
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12 

FIGURE 2 ( b ) .  TWO SEAT LIGHT AIRCRAFT (CONFIGURATION 1B-- 
PURE FREE WING). FIXED WING CONFIGURATION 1D 
EXTERNALLY IS SIMILAR TO THIS LESS EXTERNAL 
BALANCES ON WING. 



I 

I I 

FIGURE 2 ( c ) .  TWO SEAT LIGHT AIRCRAFT (CONFIGURATION IC-- 
FREE WING/AFT FREE TRIMMER). 
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Table  I1 i s  a summary of geometr ic  d a t a ,  and t a b l e  I11 i s  a weight  

summary f o r  each of  t h e  c o n f i g u r a t i o n s  i n  t a b l e  I. No a t t e m p t  w a s  made t o  

minimize t h e  c o u n t e r b a l a n c i n g  weight  p e n a l t y  due t o  s t a t i c  b a l a n c e  r e q u i r e -  

ments t o  p r o v i d e  a d i r e c t  comparison o f . b e n e f i t s  and p e n a l t i e s  from one 

c o n f i g u r a t i o n  t o  a n o t h e r .  

These c o n f i g u r a t i o n s  are s t r i c t l y  c o n c e p t u a l  and a d d r e s s  o n l y  t h e  

most obvious p r a c t i c a l  d e s i g n  c o n s t r a i n t s .  The p r o p e l l e r  and engine  p lace-  

ment, f o r  i n s t a n c e ,  may n o t  be p r a c t i c a l  i n  a real  a i r c r a f t  because  of  l a c k  of 

p r o p e l l e r  ground c l e a r a n c e .  

Second concept  - a s i n g l e  p l a c e  a g r i c u l t u r a l  a i r c r a f t .  - T h i s  a i r -  

c r a f t  was s i z e d  t o  b e  comparable t o  e x i s t i n g  American a g r i c u l t u r a l  a i r c r a f t  i n  

t h e  1700 k i logram (3800 pound) weight  range w i t h  about  a 0 .5  c u b i c  meter 

(17 cubic  f o o t )  hopper  c a p a c i t y .  F e a t u r e s  of t h i s  a i r c r a f t  d e s i g n  are a s i n g l e  

p l a c e  a i r  c o n d i t i o n e d  and p r e s s u r i z e d  c o c k p i t  surrounded by 40g c r a s h - r e s i s -  

t a n t  s h e l l ,  a 0.45 c u b i c  meter (16  c u b i c  f o o t )  hopper  (approximate ly  590 

1 
I 

1 

I 

I I 

I 

I 

I 

I 

1 
I 

I 
I 
I 

I 
kilogram (1300 l b )  p a y l o a d ) ,  a 227 k i l o w a t t  (305 BHP) engine  w i t h  a c o n s t a n t  speed 
p r o p e l l e r ,  a f u l l y  c a n t i l e v e r e d  wing, s p r a y  b a r s  c a r r i e d  i n  e x t e r n a l  s t r u t s  

under each wing and hinged on t h e  wing main s p a r ,  c o n v e n t i o n a l  g e a r ,  and a mid- 

wing t o  e l i m i n a t e  t h e  need f o r  geometr ic  d i h e d r a l .  

The fami ly  o f  p a r a m e t r i c  c o n f i g u r a t i o n s  examined i s  shown i n  

f i g u r e s  3 ( a )  and 3 ( c )  and t h e i r  d e s i g n a t i o n s  are e x p l a i n e d  i n  t a b l e  I V .  

Geometric d a t a  are p r e s e n t e d  i n  t a b l e  V ,  and weight  d a t a  are shown i n  t a b l e  V I .  
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TABLE 11. SUMMARY OF GEOMETRIC DATA FOR TWO SEAT 
AIRCRAFT VARIATIONS 

d 

Configurat ion 
1c 1 D  I t e m  1 1 A  

Fuse lage  - 
Length,  m ( f t )  
Maximum wid th ,  m ( f t )  ' 1 . 1 Y  (3.9) 
Maximum h e i g h t ,  m ( f t )  ' 1 .31  (4.3) 
S u r f a c e  area, m2 ( f t 2 )  

Span, m ( f t )  
Reference area, 

Exposed area, m2 ( f t 2 >  
Wetted area, m2 ( f t 2 )  

I 6.44 (21.13) 

,18.247 (196.4) 

I 7.77 (25.5) 
Wing - 

m2 ( f t 2 )  110.09 (108.6) 
8.54 (91.9) 

1 7 - 3 8  (187.1) 
Aspect r a t i o  i 6.00 
Taper r a t i o  I 1.00 
Thickness  r a t i o  1 0.12 
Mean geometr ic  

A i r f o i l  i NACA 23012 
Hinge p o i n t  (pe rcen t  I 

chord,  m ( f t )  ' 1.30 (4.25) 

chord) 19.0 
Free s t a b i l i z e r  (each 

s u r f a c e  i f  more than 
one) - 
Span, m ( f t )  
Reference a rea ,  

m2 ( f t 2 )  
Exposed area, :a2 ( f t 2 )  
Wetted area, 1 . 1 ~  ( f t 2 )  
Aspect r a t i o  
Taper r a t i o  
Thickness  r a t i  I 
Mean geometr ic  

chord,  m ( f t )  
A i r f o i l  
Hinge p o i n t  (pe rcen t  

chord)  
C o n t r o l  a r m  (hinge 

p o i n t  t o  h inge  
p o i n t )  , m ( f t )  

Con t ro l  volume 
(hinge p o i n t  t o  
h inge  p o i n t )  

H o r i z o n t a l  t a i l  - 
Span, m ( f t )  
Reference  a r e a ,  

m2 ( f t 2 )  
Exposed area, m2 ( f t 2 )  

3.17 (10.4) 

6.44 (21.13) 
1.19 (3.9) 
1.31 (4.3) 

18.247 (196.4) 

7.77'(25.5) 

10.09 (108.6) 
8.54 (91.9) 

17.38 (li37.1) 
6.00 
1.00 
0.12 

1.30 (4.25) 
NACA 23012 

19.0 

1.0 
0.12 

' 0.52 (1.7) 
1 NACA 23012 

,19.00 

i-2.53 (-8.3) 

I 
I '-0.33 
I 

2.44 (8.0) 

2.14 (23.0) I 1.49 (16.0) 

2.44 (8.0) 

2.14 (23.0) 
1.49 (16.0) 

6.44 (21.13) 
1.19 (3.9) 
1 .31  (4.3) 

18.247 (196.4 

7.77 (25.5) 

10.09 (108.6) 
8.54 (91.9) 

17.38 (187.1) 
6.00 
1.00 
0.12 

1.30 (4.25) 
NACA 23012 

19.0 

1 . 1 4  (3.8) 

0..871 (9.4) 
0.871 (9.4) 
1.77 (19.1) 
1.50 
1.00 
0.12 

0.76 (2.5) 
NACA 23012 

19.00 

1.31 (4.3) 

0.18 

2.44 (8.0) 

2.14 (23.0) 
1.49 (16.0) 

6.44 (21.13) 

1 .31  (4.3) 
1.19 (3.9) 

18.247 (196.4) 

7.77 (25.5) 

10.09 (108.6) 
8.54 (91.9) 

17.38 (187.1) 
6.00 
1.00 
0.12 

1.30 (4.25) 
NACA 23012 

None 

2.44 (8.0) 

2.14 (23.0) 
1.49 (16.0) 
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TABLE 11. (Continued) 

Conf igu ra t ion  
Item 1 A  1B 1c 1D 

Wetted area, m2 ( f t 2 )  
Aspect r a t i o  
Taper r a t i o  
Thickness r a t i o  
Mean geometr ic  

chord, m ( f t )  
A i r f o i l  
Control  arm (hinge 

po in t  t o  one-quarter  
chord),  m ( f t )  

point  t o  one-quarter  
Control  volume (hinge 

chord) 
V e r t i c a l  t a i l  - 

Span, m ( f t )  
Reference area 

Exposed area m2 ( f t 2 )  
Wetted area m 2  ( f t 2 )  
Aspect r a t i o  
Taper r a t i o  
Thickness r a t i o  
Mean geomet r i c  chord, 

A i r f o i l  
Control  z r m  (hinge 

po in t  t o  one- 
q u a r t e r  chord ) ,  m 

Control  volume (hinge 

m2 ( f  t 2 )  

m ( f t )  

( f t )  

point  t o  one- 
quar te .  chord) 

P i t c h  moment of i n e r t i a  - 
Forward trimmer about 

3.03 (32.6) 
2.78 
0.50 
0.09 

0.951 (3.12) 
NACA 0009 

3.05 (10.0) 

0.50 

1.02 (3.3) 

2.02 (21.7) 
2.02 (21.7) 
4.097 (44.1) 
0 .51 
0.50 
0.09 

1.04 (3.42) 
NACA 0009 

2.92 (9.6) 

0.08 . 

3.03 (32.6) 
2.78 
0.50 
0.09 

0.951 (3.12) 
NACA 0009 

3.05 (10.0) 

3.03 (32.6) 
2.78 
0.50 
0.09 

0.951 (3.12) 
NACA 0009 

3.03 (32.6) 
2.78 
0.50 
0.09 

0 .951  (3.12) 
NACA 0009 

3.05 (10.0) 3.05 (10.0) 

0.50 

1.02 (3.3) 

2.02 (21.7) 
2.02 (21.7) 
4.097 (44.1) 
0.51 
0.50 
0.39 

1.04 (3.42) 
NACA 0009 

2.32 (9.6) 

0.08 

0.50 

1.02 ( 3 . 3 )  

2.02 (21.7) 
2.02 (21.7) 
4.097 (44.1) 
0 .51 
0.50 
0.09 

1.04 (3.42) 
NACA 0009 

2.92 (9.6) 

0.08 

0.50 

1.02 (3.3) 

2.02 (21.7) 
2.02 (21.7) 
4.097 (44.1) 
0.51 
0.50 
0.09 

1.04 (3.42) 
NACA 0009 

2.92 ;9.6) 

0.08 

I 

I 
I 

I 
i 
I 

I 
1 

I 
1 
I 
I 

trimmer hinge l i n e ,  
kg-m2 ( s l u g - f t 2 )  1 .2  (1.637) -_____-________ 

Aft trimmer about 
trimmer hinge l i n e ,  

Wing/boom/balances , 

kg-m2 ( s lug - f t z )  --------------- --------------- 
about wing hinge 
l i n e ,  kg-m2 ( s l u g  
f t 2 )  129.7 (175.894) 34.1 (46.283) 

To ta l  a i r c r a f t  about 
a i r c r a f t  c e n t e r  o f  
g r a v i t y  , kg-m2 ----------_--- -------------_ ( s lug - f t2 )  

36.0 (48.839) 

56.8 (77.027) 
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TABLE 111. WEIGHT SUMMARY 

C o n f i g u r a t i o n  
I t e m  1 A  1 B  1c 1 D  

T o t a l  S t r u c t u r e  - 
Wing group i n c l u d i n g  
b a1 ances  
T a i l  group: 

H o r i z o n t a l  
Vert ical  

Body group 
A l i g h t i n g  g e a r  group : 

Main 
Auxi 1 i a r y  

S u r f a c e  c o n t r o l s  
Engine s e c t i o n  
Booms 
Trimmer i n c l u d i n g  
b a l a n c e s  

Engine ( a s  i n s t a l l e d )  
A c c e s s o r i e s  
A i r  i n d u c t i o n  system 
Exhaust s y s  t e m  
Cool ing and d r a i n  
p r o v i s i o n s  
L u b r i c a t i n g  system 
F u e l  system 
Engine c o n t r o l s  
S t a r t i n g  system 
P r o p e l l e r  i n s t a l l a t i o n  
Drive s h a f t  

I n s t r u m e n t s  
E lec t r ica l  group 
F u r n i s h i n g s  

T o t a l  Weight Empty - 
C r e w  
Fuel  : 

P r o p u l s i o n  Group - 

Fixed Equipment - 

I n t e r n a l  
Trapped 

Engine 
Trapped 

O i l  : 

T o t a l  Usefu l  Load 
Takeoff Gross Weight 

353 (779) 311 (685) 338 (746) 236 (521) 

148 (326) 116 (255) 158 (349) 84  (185) 

10 (21) 10 (21) 1 0  (21) 10 (21) 
5 (11) 5 (11) 5 (11) 5 (11) 

88 (193) 88 (193) 88 (193) 88 (193) 

783 (1727) : 698 (1539) 811 (1788) 666 (1469) 
F l i g h t  Design Gross Weight 761 (1679) I 676 (1491) 789 (1740) 644 (1421) 
Landing Design Gross Weight 740 (1631) 654 (1443) 767 (1692) 623 (1373) 

b 1 I 
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FIGURE 3(a ) .  SINGLE SEAT AGRICULTURAL AIRCRAFT 
(CONFIGURATION 2A--FREE WING/ 
FORWARD FREE TRIMMER. 
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FIGURE 3(5 ) .  SINGLE SEAT AGRICULTURAL AIRCRAFT (CONFIGUIIATION 2B-- PURE 
FREE WING). FIXED WING CONFIGURATION 2D IS EXTERNALLY 
SIMILAR TO THIS LESS EXTERNAL BALANCES ON WING. 
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FIGURE 3 ( c ) .  SINGLE SEAT AGRICULTURAL AIRCRAFT 
(CONFIGURATION 2C--FREE WING/AFT 
FREE TRIMMER). 
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TABLE I V .  FAMILY OF AGRICULTURAL AIRCRAFT 

C o n f i g u r a t i o n  F i g u r e  D e s c r i p t i o n  

2A 3 ( a )  Forward f r e e  s u r f a c e  

2B 3 6) Pure  f r e e  wing 

2c 3 ( c )  Af t  f r e e  s u r f  ace 

2D Not shown Fixed-wing e q u i v a l e n t  t o  
Conf igura t ion  2B 

1 . 6  (5.25)  , 1 . 6  (5.25) 1 1 . 6  (5.25) 
20.1 (215.92) 20.1 (215.92) 20.1 (215.92) 

TABLE V .  SUMMARY OF GEOMETRIC DATA FOR SINGLE SEAT 
AGRICULTURAL AIRCRAFT VARIATIONS 

1 . 6  (5.25) 
20.1 (215.92) 

I t e m  

Fuse lage  - 
Length,  m ( f t )  
Maximum w i d t h ,  m ( f t )  
Maximum h e i g h t ,  m ( f t )  
S u r f a c e  area, m2 ( f t 2 )  

Span, m ( f t )  
Reference area , 

m2 ( f t 2 )  
Exposed area, m2 ( f t 2 )  
Wetted area, m2 ( f t 2 )  
Aspect r a t i o  
Taper r a t i o  
Thickness  r a t i o  

Wing - 
10.5  (34.6) 

1 9 . 3  (207.5) 
17.5 (188.8) 
35.7 (384.1) 

Mpnn u p n m p t r i  r r h n r d  

10.5 (34.6)  

19.3 (207.5) 
17.5 (188.8) 
35.7 (384.1) 

C o n f i g u r a t i o n  
2A 2B 2c 2D 

i 

10.5 (34.6) 

19 .3  (207.5) 
1 7 . 5  (188.8) 
35.7 (384.1) 

6 .0  
1 . 0  
0.12 

111 ( L L ) 1.v \ J . I U /  

A i r f o i l  NACA 23012 
Hinge p o i n t  ( p e r c e n t  . .\ -an n m o r a )  I Y  . u  

Free  s t a b i l i z e r  (each 
s u r f a c e  i f  more t h a n  I 

nnp) - - .-- , 
Span, m ( f t )  
Reference  area, 

m2 ( f t 2 )  
Exposed area, m2 ( f t 2 )  
Wetted area,  m2 ( f t 2 )  
Aspect r a t i o  
Taper r a t i o  
Thickness  r a t i o  
Mean geometr ic  chord,  

m ( f t )  

2 .2  (7 .1)  

1 .6  (16.8)  
1 . 4  (15.2) 
2.9 (31.0) 
3.0 
1 . 0  
0.12 

0.7 (2.4) 

10 .5  (34.6) 

1 9 . 3  (207.5) 
1 7 . 5  (188.8) 
35.7 (384.1) 

6 . 0  6 .0  
1 .0  1 .0  
0.12 ! 0.12 

1.8 (5.76) 
NACA 23012 

19.0 

1.8 (5.76) 
NACA 23012 

1 9 . 0  

1 .5  (5.0) 

1 6.0  
1 . 0  
0.12 

1 . 8  (5.76) 
NACA 23012 

119.0 

I 
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TABLE V.  (Continued) 

I t e m  

A i r  f o il 
Hinge p o i n t  ( p e r c e n t  

chord) 
Control  a r m  ( h i n g e  

p o i n t  t o  h i n g e  
p o i n t ) ,  m ( f t )  

p o i n t  t o  h i n g e  
p o i n t )  

Control  volume (h inge  

H o r i z o n t a l  t a i l  - 
Span, m ( f t )  
Reference area,  

m2 ( f t 2 )  
Exposed area, m2 ( f t 2 )  
Wetted a r e a ,  m2 ( f t 2 )  
Aspect r a t i o  
Taper r a t i o  
Thickness  r a t i o  
Mean geometr ic  chord 
A i r f o i l  
Cont ro l  a r m  (h inge  

p o i n t  t o  one-quar te r  
chord) ,  m ( f t )  

p o i n t  t o  one-quarter  
chord) 

Control  volume (h inge  

V e r t i c a l  t a i l  - 
Span, m ( f t )  

C o n f i g u r a t i o n  
2B 2c I 2D 

I 

Reference a r e a ,  

Exposed area, m2 ( f t 2 )  
Wetted area, m2 ( f t 2 )  
Aspect r a t i o  
Taper r a t i o  
Thickness r a t i o  
Mean geometr ic  

chord, m ( f t )  
A i r f o i l  

m2 ( f t 2 )  

22 

2A 

NACA 23012 

19.0 

-1.7 (-5.5) 

-0.15 

3 . 1  (10.3) 

3.2 (34.6) 
2.9 (31.3)  
5 . 9  (63.7)  
3.0 
0 . 5  
0.09 
1.1 (3 .5)  
NACA 0009 

4.2 (13.92) 

0 .4  

1.1 (3.5) 

2 . 1  (22.5) 
2 . 1  (22.5) 
4 .2  (45.7) 
0 . 5  
0 .5  
0.09 

----------__ 

3 . 1  (10.3) 

3 .2  (34.6) 
2.9 (31.3)  
5 .9  (63.7) 
3 . 0  
0 . 5  
0.09 
1.1 (3.5)  
NACA 0009 

4.2 (13.92) 

0.4 

1.1 (3.5) 

2 . 1  (22.5) 
2 . 1  (22.5)  
4 . 2  (45.7) 
0 .5  
0 . 5  
0.09 

1.1 (3.5)  1.1 (3.5)  
NACA 0009 NACA 0009 

1.8 (5.8)  

0.16 

3 . 1  (10.3)  

3 . 2  (34.6) 
2.9 (31.3) 
5 . 9  (63.7)  
3 .0  
0 . 5  
0.09 
1.1 (3.5)  
NACA 0009 

4 .2  (13.92) 

0.4 

1.1 (3.5) 

2 . 1  (22.5)  
2 .1  (22.5)  
4 .2  (45.7) 
0 . 5  
0 . 5  
0.09 

1.1 (3.5) 
NACA 0009 

----------- 

----------- 

----------- 

3 . 1  (10.3)  

3 .2  (34.6) 
2.9 (31.3) 
5.9 (63.7) 
3 . 0  
0 .5  
0.09 
1.1 (3 .5)  
NACA 0009 

4 .2  (13.92) 

1.1 (3.5) 

2 . 1  (22.5)  
2 . 1  (22.5)  
4 .2  (45.7)  
0 .5  
0 .5  
0.09 

1.1 (3.5)  
NACA 0009 
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TABLE V I .  WEIGHT SUMMARY 

I t e m  

T o t a l  S t r u c t u r e  - 
Wing group i n c l u d i n g  
ba lances  
T a i l  group: 

H o r i z o n t a l  
V e r t i c a l  

Body group 
A l i g h t i n g  g e a r  group : 

Main 
A u x i l i a r y  

Surface  c o n t r o l s  
Engine s e c t i o n  
Booms 
T-r i m m e  r i n c l u d i n g  
ba lances  

Engine ( a s  i n s t a l l e d )  
Accessor ies  
A i r  i n d u c t i o n  system 
Exhaust system 

PrcDulsion Group - 

Conf igura t ion  
2A 2B 2c 2D 

537 (1184) ~ 586 (1291) 

(461) 1 (726) 

25 (56) I 25 (56) 
7 (16) 7 (16) 

121  (266) 1 1 2 1  (266) 
I 

64 (141) ! , 64 (141) 

24 (54) , 24 (54) 
5 (11) j 5 (11) 

10 (21) 1 0  (21) 
(68) ----___----. 

1 

(90) --______---. 
268 (591) 268 (591) 

I -----------. ----------- 
I -----__----. Cooling & d r a i n  p r o v i s i o n s !  ----------- ' 

L i b r i c a t i n g  system 
Fuel  system 
Engine c o n t r o l s  
L t a r t i n g  system 
P r o p e l l e r  i n s t a l l a t i o n  

F i r i d  Equipment - 
1.istruments 
E. ' .ectr ical  group 
E Lectronics  group 
F i r n i s h i n g s  
A i r  c o n d i t i o n i n g  
e q u ipme n t 
A u x i l i a r y  g e a r  ( spray  
tank  and nozz les )  

T o t a l  Weight Empty - 
C r e w  
Fuel  : 

I n t e r n a l  
Trapped 

Engine 
Trapped 

O i l  : 

Equipment (AG s p r a y  
o r  d u s t )  

T o t a l  Usefu l  Load 
Takeoff Gross Weight 
F l i g h t  Design Gross Weight 

654 (1441) 465 (1026) 
I 

25 (56) 
7 (16) 

1 2 1  (266) 

64 (141) 
5 (11) 

24 (54) 
10 (21) 

(112) 

25 (56) 
7 (16) 

1 2 1  (266) 

-- . -, 
154 (340) 154 ( 3 4 0 )  (154 ( 3 4 0 ) )  154 ( 3 4 0 )  

I-_---------- 

1 6  (35) 
23 (51) 

___________ ------------ 
I 
I ------------ -_--___-__- 

781 (1726) ' 783 (1726) 783 (1721 

I I I 

Landing Design Gross Weight 
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Handling Q u a l i t i e s  1 

I 

~~ 

Handling q u a l i t i e s  c r i t e r i a  were based upon t h e  requi rements  of t h e  

r e v i s e d  m i l i t a r y  h a n d l i n g  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), and were 

conf ined  t o  an examinat ion of t h e  damping of t h e  phugoid and l o n g i t u d i n a l  s h o r t -  

p e r i o d  modes f o r  s t i c k - f i x e d  motion. Compliance w i t h  t h e  s t a n d a r d s  w a s  d e t e r -  

mined by examining t h e  c h a r a c t e r i s t i c  r o o t s  of t h e  system of e q u a t i o n s .  It is  

recognized  t h a t  t h e  a p p l i c a b i l i t y  of t h e  c o n v e n t i o n a l  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  has n o t  been e s t a b l i s h e d  f o r  free-wing a i r c r a f t .  

When r e p r e s e n t e d  as a polynomial  i n  t h e  o p e r a t o r  A ,  t h e  d e t e r m i n a n t  

of t h e  mat r ix  of  c o e f f i c i e n t s  of e q u a t i o n  (1) becomes a t e n t h  degree  e x p r e s s i o n  

w i t h  e leven  polynomial c o e f f i c i e n t s .  T o  compute t h e s e  c o e f f i c i e n t s ,  e l e v e n  

a r b i t r a r y  r e a l  v a l u e s  of t h e  o p e r a t o r  were s e l e c t e d ,  and t h e  cor responding  

v a l u e s  of t h e  de te rminant  w e r e  computed. Then a set  of e l e v e n  s imul taneous  

e q u a t i o n s  w a s  formed and s o l v e d  f o r  t h e  e l e v e n  c o e f f i c i e n t s .  The r o o t s  of  t h i s  

polynomial were then  o b t a i n e d  by a s t a n d a r d  computer s u b r o u t i n e  t o  a r r i v e  a t  

t h e  c h a r a c t e r i s t i c  r o o t s  of t h e  system. The 10 r o o t s  were t y p i c a l l y  d i v i d e d  

i n t o  four  complex p a i r s  and two h e a v i l y  damped rea l  r o o t s .  

Responses t o  Atmospheric Turbulence 

The responses  t o  a tmospher ic  t u r b u l e n c e  w e r e  computed by u s i n g  t h e  

techniques  o u t l i n e d  i n  appendix C .  A 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  was used 

t o  o b t a i n  t h e  s t a t i s t i c a l  r e s p o n s e s  t o  cont inuous t u r b u l e n c e ,  and a d i s c r e t e  

g u s t  technique w a s  used t o  examine t h e  d e t a i l s  of an  encounter  w i t h  a n  i s o l a t e d  

g u s t  d i s t u r b a n c e .  Only ve r t i ca l  g u s t  components were cons idered .  

D I S C U S S I O N  OF RESULTS 

L o n g i t u d i n a l  C h a r a c t e r i s t i c  Modes 

I n  t h i s  s e c t i o n ,  t h e  c h a r a c t e r i s t i c  modes of a f r e e - w i n g l f r e e -  

t r i m m e r  a i r c r a f t  are d i s c u s s e d  by t h e  u s e  of  s p e c i f i c  numer ica l  examples ,  and 

comparisons are made w i t h  t h e  n a t u r a l  motions of c o n v e n t i o n a l  f ixed-wing a i r -  

c r a f t  and t h e  p u r e  free-wing a i r c r a f t  ana lyzed  i n  r e f e r e n c e s  1 ana 2 .  

It i s  w e l l  known t h a t  t h e  l o n g i t u d i n a l  motion of a c o n v e n t i o n a l  r i g i d  

a i r c r a f t  w i t h  c o n t r o l s  f i x e d  i s  a d e q u a t e l y  d e s c r i b e d  by a set  of e q u a t i o n s  

24 



I y i e l d i n g  f o u r  c h a r a c t e r i s t i c  r o o t s .  These f o u r  r o o t s  are t y p i c a l l y  d i v i d e d  

i n t o  two complex p a i r s ,  one p a i r  d e f i n i n g  t h e  long-period phugoid motion,  and 

t h e  o t h e r  p r i r  r e p r e s e n t i n g  t h e  l o n g i t u d i n a l  s h o r t - p e r i o d  mode. 

For  a pure  free-wing a i r c r a f t  with t r i m  p rovided  by 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 h e  p r e v i o u s  a n a l y s e s  have shown t h a t  a n  a d d i t i o n a l  o s c i l l a -  

t o r y  mode a p p e a r s .  The new o s c i l l a t o r y  mode, which w a s  termed t h e  symmetric 

wing p a n e l  mode i n  r e f e r e n c e  1, w a s  e a s y  t o  d i s t i n g u i s h  from t h e  u s u a l  s h o r t -  

p e r i o d  mode because of i t s  h i g h e r  frequency of o s c i l l a t i o n  ( a  consequence of 

t h e  low p i t c h i n g  i n e r t i a  of t h e  wing p a n e l s ) ,  and i t  w a s  t h e  dominant mode 

w i t h  r e g a r d  t o  normal l o a d  f a c t o r  responses  t o  c o n t r o l  i n p u t s  and v e r t i c a l  g u s t  

e x c i t a t i o n .  The r o o t s  a s s o c i a t e d  w i t h  t h e  c o n v e n t i o n a l  s h o r t - p e r i o d  mode, on 

t h e  o t h e r  hand,  d e s c r i b e d  a motion almost  t o t a l l y  conf ined  t o  t h e  p i t c h i n g  of 

t h e  f u s e l a g e  assembly. From an  a n a l y s i s  s t a n d p o i n t ,  t h e  clear p h y s i c a l  and 

numer ica l  s e p a r a t i o n  of t h e s e  modes permi t ted  a r e l a t i v e l y  s t r a i g h t f o r w a r d  

assessment  of t h e  s i g n i f i c a n c e  of p a r a m e t r i c  changes i n  t h e  motions of t h e  

a i r c r a f t  . 
I n  t h e  c u r r e n t  a n a l y s i s ,  t h e  a d d i t i o n  of a s e p a r a t e  f r e e  trimming 

s u r f a c e  creates y e t  a n o t h e r  o s c i l l a t o r y  mode t h a t  i s  r e l a t e d  t o  t h e  p i t c h i n g  

motion of  t h e  t r i m m e r  s u r f a c e .  Although the new mode i s  e a s i l y  i d e n t i f i e d  by 

i t s  h i g h  n a t u r a l  f requency and h a s  a r e a d i l y  understood p h y s i c a l  s i g n i f i c a n c e ,  

t h e  a d d i t i o n  of t h e  s e p a r a t e  s u r f a c e  compl ica tes  t h e  a n a l y s i s  because  of  t h e  

much g r e a t e r  coupl ing  which i t  i n t r o d u c e s  between t h e  motions of t h e  f u s e l a g e  

and wing/trimmer a s s e m b l i e s .  Not on ly  does t h e  i n c r e a s e d  p i t c h i n g  i n e r t i a  o f  

t h e  wing/trimmer p l a c e  t h e  n a t u r a l  f r e q u e n c i e s  of t h e  wing and f u s e l a g e  i n t o  

c l o s e r  proximi ty ;  b u t  i n  a d d i t i o n ,  t h e  t r a n s i e n t  aerodynamic t r i m m e r  f o r c e s  

caused by t h e  ve r t i ca l  motion of t h e  e n t i r e  a i r c r a f t  create s i g n i f i c a n t  p i t c h -  

i n g  moments about  t h e  wing h inge  axis .  A s  a consequence, i n  t h e  terminology of 

r e f e r e n c e  1, t h e  symmetric wing p a n e l  mode and t h e  s h o r t - p e r i o d  mode cannot ,  i n  

g e n e r a l ,  be  e a s i l y  d i s t i n g u i s h e d  w i t h  regard t o  t h e i r  p h y s i c a l  m a n i f e s t a t i o n  

i n  t h e  b e h a v i o r  of  t h e  a i r c r a f t .  For t h i s  r e a s o n ,  t h e  two modes are s imply 

termed mode A and mode B i n  t h e  d i s c u s s i o n  which f o l l o w s .  

The se t  of l i n e a r i z e d  e q u a t i o n s  der ived  i n  appendix B d e f i n e s  a t e n t h  

o r d e r  dynamic system f o r  c o n t r o l s - f i x e d  motion. T y p i c a l l y ,  t h e  10 c h a r a c t e r -  

i s t i c  r o o t s  i n c l u d e  f o u r  complex p a i r s  denot ing  o s c i l l a t o r y  modes and two 

h e a v i l y  damped a p e r i o d i c  modes r e l a t e d  t o  unsteady aerodynamic fcrces.  
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To provide  a n  i l l u s t r a t i o n  of modal b e h a v i o r ,  t a b l e  V I 1  l i s t s  t h e  

numerical  v a l u e s  of t h e  c h a r a c t e r i s t i c  r o o t s  f o r  two c o n f i g u r a t i o n s  which 

d i f f e r  p r i m a r i l y  i n  t h e  l o c a t i o n  of  t h e  trimming s u r f a c e .  The f i r s t  ( forward 

trimmer, c o n f i g u r a t i o n  l A ,  f i g .  2 (a ) )  h a s  a trimming s u r f a c e  l o c a t e d  two wing 

chord l e n g t h s  forward of t h e  wing h i n g e  a x i s .  The second c o n f i g u r a t i o n  h a s  

t h e  same trimmer area and moment arm, b u t  t h e  t r i m m e r  i s  a f t  of t h e  wing h inge .  

Both c o n f i g u r a t i o n s  have a mass ba lanced  f u s e l a g e ,  wing assembly,  and t r i m m e r  

about  t h e i r  r e s p e c t i v e  h i n g e  axes. C a l c u l a t i o n s  were made f o r  a normal c r u i s e  

c o n d i t i o n  of  241 .4  k i l o m e t e r s  p e r  hour  ( 1 5 0  m i l e s  p e r  hour)  a t  a n  a l t i t u d e  of  

1829 meters  ( 6 0 0 0  f e e t ) .  

TABLE V I I .  COMPARISON OF CHARACTERISTIC ROOTS FOR FORWARD 
AND AFT TRIMMING SURFACES 

x:: ),I = 2 . 0 ,  CRUISE FLIGHT 

Mode Forward t r i m m e r  A f t  t r i m m e r  
~ 

Phugoid -0 .0509 - + j 0 . 3 2 1  -0 .0676 - + j 0 . 3 1 3  

Mode A -0 .171  - + j 2 .42  -1 .890  - + j 2.35  

Mode B -2 .38  - + j 5 .12  -0.119 - + j 4 .42  

T r i m m e r  mode -6 .60  2 j 17 .2  -7.57 - + j 17.7  

Aperiodic  - 3 0 . 4 ,  -75 .3  - 3 0 . 5 ,  -75 .1  

F i g u r e  4 i s  a comparison of t h e  r e s p o n s e s  t o  s t e p  d i s p l a c e m e n t s ,  of 

e q u a l  magnitude, of t r a i l i n g - e d g e  c o n t r o l  f l a p s  on t h e  t r i m m e r  s u r f a c e s ,  and 

i l l u s t r a t e s  t h e  i n a d v i s a b i l i t y  of  a t t e m p t i n g  t o  a s s i g n  a s imple  p h y s i c a l  s i g -  

n i f i c a n c e  t o  e i t h e r  mode A o r  mode B .  

Even though modes A and B are t h e  r e s p e c t i v e  g e n e r i c  e q u i v a l e n t s  of 

t h e  shor t -per iod  and symmetric wing p a n e l  modes i d e n t i f i e d  i n  r e f e r e n c e s  1 and 

2 ,  they are c l e a r l y  n o t  un ique ly  r e l a t e d  t o  e i t h e r  t h e  f u s e l a g e  o r  t o  wing mo- 

t i o n  alone.  One of  t h e s e  modes i s  much more h e a v i l y  damped t h a n  t h e  o t h e r ,  b u t  

t h e  r e l a t i v e  damping i s  r e v e r s e d  between t h e  two c o n f i g u r a t i o n s .  Furthermore,  

t h e  mode w i t h  t h e  l i g h t e r  damping r a t i o  a p p e a r s  t o  dominate t h e  response .  The 

forward t r i m m e r  r e s p o n s e  d i s p l a y s  t h e  r e l a t i v e l y  l o n g  p e r i o d  of  mode A ,  w h i l e  
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t h e  a f t  trimmer response  i s  governed by t h e  s h o r t e r  p e r i o d  of  mode B ;  t h e  

dominant mode i n  e i t h e r  c a s e  i s  t h e  one w i t h  t h e  l i g h t e r  damping. 

I t  should  be noted  t h a t  t h e s e  cases are shown o n l y  f o r  i l l u s t r a t i o n ,  

and i t  i s  recognized  t h a t  n e i t h e r  r e p r e s e n t s  a c c e p t a b l e  response  c h a r a c t e r i s t i c s  

from a handl ing  q u a l i t i e s  s t a n d p o i n t .  The shortcomings of c o n f i g u r a t i o n s  such 

as t h e s e ,  w i t h  l a r g e  t r i m m e r  moment arms, w i l l  b e  d i s c u s s e d  i n  t h e  f o l l o w i n g  

s e c t i o n s .  

C o n f i g u r a t i o n  Opt ions  and L i m i t a t i o n s  

The most fundamental  d e s i g n  f e a t u r e  of t h e  free-winglfree- t r immer 

concept  i s  t h e  s i z e  and l o c a t i o n  of t h e  trimming s u r f a c e  re la t ive  t o  t h e  wing. 

A key p o r t i o n  of t h i s  i n v e s t i g a t i o n  w a s  t h e r e f o r e  an  assessment  of t h e  g r o s s  

e f f e c t s  of wingl t r immer geometry. 

For  t h i s  e v a l u a t i o n ,  t h e  pure  free-wing a i r c r a f t  v e r s i o n  of t h e  l i g h t  

a i r c r a f t  of f i g u r e  2(b)  ( c o n f i g u r a t i o n  1 B )  was used as a b a s e l i n e .  The fuse-  

l a g e  and b a s i c  wing were unchanged, and t h e  trimming s u r f a c e  and i t s  s u p p o r t i n g  

s t r u c t u r e ,  as w e l l  a s  t h e  n e c e s s a r y  c o u n t e r w e i g h t s ,  were added t o  t h e  wing. 

For t h i s  p o r t i o n  of t h e  a n a l y s i s ,  m a s s  b a l a n c e  w a s  main ta ined  about  t h e  h i n g e  

a x e s  of the  trimmer s u r f a c e  and t h e  wing/boom/trimmer assembly. I n  t h i s  way, 

t h e  g e n e r a l  e f f e c t s  of trimmer geometry on wing assembly moment of i n e r t i a  were 

i m p l i c i t l y  i n c l u d e d  i n  t h e  p a r a m e t r i c  changes,  and t h e  re la t ive weight  pen- 

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

I n  a s s e s s i n g  t h e  merits of 2ach c o n f i g u r a t i o n ,  f o u r  c r i t e r i a  were 

used: gust  a l l e v i a t i o n ,  h a n d l i n g  q u a l i t i e s ,  maximum o b t a i n a b l e  trimmed l i f t  

c o e f f i c i e n t ,  and r e l a t i v e  weight  p e n a l t y  i n c u r r e d  by mass b a l a n c i n g .  

The g u s t  a l l e v i a t i o n  c h a r a c t e r i s t i c s  of each c o n f i g u r a t i o n  w e r e  

eva lua ted  by comparing i t s  v e r t i c a l  g u s t  response  t o  t h e  v e r t i c a l  g u s t  response  

of t h e  b a s e l i n e  p u r e  free-wing a i r c r a f t  and 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  

wing a i r p l a n e .  The comparison c r i t e r i a  were t h e  r m s  normal l o a d  f a c t o r  re- 

sponse  t o  cont inuous  v e r t i c a l  t u r b u l e n c e  and t h e  peak l o a d  f a c t o r  v a l u e s  com- 

puted  f o r  an  encounter  w i t h  a d i s c r e t e  l - c o s i n e  g u s t  w i t h  a wavelength of 

25 wing chords and ak magnitude of 3.048 meters p e r  second (10 f e e t  p e r  

second) .  

For t h e  cont inuous  t u r b u l e n c e  a n a l y s i s ,  t h e  v e l o c i t y  d e g r e e  of free- 

dom w a s  e l i m i n a t e d  from t h e  e q u a t i o n s  of  motion t o  avoid  l a r g e  c o n t r i b u t i o n s  
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a t  v e r y  low f r e q u e n c i e s  n e a r  t h e  phugoid mode, s i n c e  t h e s e  are  e a s i l y  c o n t r o l l e d  

by p i l o t  a c t i o n .  

of 533 meters (1750 f e e t )  f o r  c o n s i s t e n c y  w i t h  t h e  p r e v i o u s  work of r e f e r e n c e s  

1 and 2 .  D e t a i l s  of t h e  procedure f o r  computing t u r b u l e n c e  r e s p o n s e s  are con- 

t a i n e d  i n  appendix C.  

The Dryden t u r b u l e n c e  spectrum was used w i t h  a s c a l e  l e n g t h  

Although t h e  cont inuous  t u r b u l e n c e  a n a l y s i s  i s  probably t h e  more 

meaningful  of  t h e  two, t h e  d i s c r e t e  g u s t  c a l c u l a t i o n s ,  i n  t i m e  h i s t o r y  form, 

provided  v a l u a b l e  i n s i g h t  i n t o  t h e  d e t a i l e d  behavior  of  t h e  a i r c r a f t  d u r i n g  

g u s t  e n c o u n t e r s .  The 25 chord l e n g t h  g u s t  was used t o  conform t o  t h e  s t a n -  

d a r d s  of  t h e  F e d e r a l  A i r  R e g u l a t i o n s  (FAR 2 3 . 3 3 3 ( 2 ) ( 2 ) ( i ) ) ,  which s p e c i f y  t h i s  

t y p e  of d i s c r e t e  g u s t  f o r  a n a l y t i c a l  proof of compliance 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 comparison of t h L  peak d i s c r e t e  g u s t  l o a d s  w i t h  t h e  

l o a d s  of  t h e  e q u i v a l e n t  fixed-wing a i r c r a f t  t h e r e f o r e  y i e l d s  a r a p i d ,  f i r s t  

o r d e r  estimate of t h e  re la t ive  s t r u c t u r a l  g u s t  l o a d s  which each a i r c r a f t  would 

b e  r e q u i r e d  t o  w i t h s t a n d  f o r  c e r t i f i c a t i o n  purposes .  

With r e g a r d  t o  h a n d l i n g  q u a l i t i e s ,  t h e  pr imary c r i t e r i o n  w a s  t h e  

damping r a t i o  of  t h e  more p o o r l y  damped of t h e  two s h o r t - p e r i o d  modes. The 

m i l i t a r y  h a n d l i n g  q u a l i t i e s  c r i t e r i o n ,  MIL ?-8785B(ASG), r e q u i r e s  t h e  damping 

r a t i o  o f  t h e  s h o r t - p e r i o d  motion t o  l i e  between 0.35 and 1.30 f o r  l eve l  1 per-  

formance.* For  l eve l  3 f l y i n g  q u a l i t i e s ,  a damping r a t i o  of 0.15 i s  p e r m i t t e d .  

Forward t r i m m e r  c o n f i g u r a t i o n s .  - Since t h e  trimming f o r c e  w i t h  f o r -  

ward trimming s u r f a c e s  i s  i n  an  upward d i r e c t i o n ,  thereby  augmenting wing l i f t ,  

t h e  forward t r i m m e r  c o n f i g u r a t i o n s  were i n i t i a l l y  expec ted  t o  o f f e r  t h e  most 

promise.  The i n v e s t i g a t i o n  began, t h e r e f o r e ,  w i t h  a n  a n a l y s i s  of Configura-  

t i o n  1 A  ( f i g .  2 ( a ) ) ,  w i t h  a forward t r i m m e r  moment a r m  of two wing chord 

l e n g t h s  and a n  area r a t i o  of  1 / 6 .  

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

Level 1: 

Level 2: 

F l y i n g  q u a l i t i e s  c l e a r l y  adequate .  

F l y i n g  q u a l i t i e s  adequate  t o  accomplish 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 l o a d  o r  d e g r a d a t i o n  
o f  miss ion  e f f e c t i v e n e s s  e x i s t s .  

Level 3:  F l y i n g  q u a l i t i e s  such t h a t  t h e  a i r p l a n e  can b e  con- 
t r o l l e d  s a f e l y  b u t  p i l o t  workload 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  inadequate ,  o r  b o t h .  
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The r e s p o n s e  t o  cont inuous  t u r b u l e n c e  of u n i t  i n t e n s i t y  w a s  computed 

f o r  t h e  c r u i s e  c o n d i t i o n  of 241 .4  k i l o m e t e r s  p e r  hour  (150 m i l e s  p e r  hour)  a t  an 

a l t i t u d e  of 1829 meters (6000 f e e t ) .  The response  proved t o  b e  d i s a p p o i n t i n g  - 
h i g h e r  than t h e  e q u i v a l e n t  f ixed-wing a i r . c r a f t .  Table  V I 1 1  compares t h e  rms 

r e s p o n s e s  t o  cont inuous  t u r b u l e n c e  as w e l l  as t h e  peak l o a d  f a c t o r  r e s p o n s e s  t o  

d i s c r e t e  g u s t s  f o r  t h e  free-winglforward f r e e  trimmer of  C o n f i g u r a t i o n  l A ,  t h e  

p u r e  free-wing v e r s i o n  of C o n f i g u r a t i o n  1 B  ( f i g .  2 ( b ) ) ,  and t h e  f i x e d  wing 

e q u i v a l e n t ,  C o n f i g u r a t i o n  1 D .  The i n p u t  magnitude used f o r  t h e  Dryden model 

of cont inuous t u r b u l e n c e  i s  n o t  r e l a t e d  t o  t h e  d i s c r e t e  g u s t  i n p u t  magnitude. 

I n s t e a d ,  a v a l u e  of 1 f o o t  p e r  second,  o r  u n i t y ,  w a s  s e l e c t e d  as t h e  r m s  v a l u e  

f o r  reasons  of s i m p l i c i t y .  A s  a consequence, t h e  r m s  l o a d  f a c t o r s  shown a r e  

a p p r e c i a b l y  l ess  t h a n  would a c t u a l l y  be measured i n  t u r b u l e n c e .  

TABLE V I I I .  COMPARISON OF TURBULENCE RESPONSES 

Rms l o a d  f a c t o r  Peak l o a d  f a c t o r  
p e r  u n i t  t u r b u l e n c e  r e s p o n s e  t o  

Conf igura t ion  i n  t ens  i t  y d i s c r e t e  g u s t  
~ ~~ 

Free  wing/ 
f r e e  forward trimmer 
( c o n f .  1A) 0 . 0 2 7 3  0 .730  

Free  wing ( c o n f .  1B) 0.00989 0.348 

Fixed wing ( c o n f .  1D) 0.0191 0.675 

The poor  g u s t  response  of t h e  forward free- t r immer c o n f i g u r a t i o n  can 

b e  expla ined  by an examinat ion of t h e  response  h i s t o r i e s  i n  f i g u r e  5.  For 

t h e s e  encounters ,  a l l  t h r e e  of t h e  a i r c r a f t  of Table  V I 1 1  w e r e  s u b j e c t e d  t o  t h e  

s t a n d a r d  25 chord-length 1 - c o s i n e  g u s t  v e l o c i t i e s  shown a t  t h e  bottom of t h e  

f i g u r e .  I n  t h e  pure  free-wing v e r s i o n ,  t h e  wing b e g i n s  t o  d e f l e c t  a lmost  

immediately a f t e r  e n c o u n t e r i n g  t h e  g u s t ,  t h e r e b y  l i m i t i n g  t h e  l o a d  f a c t o r  

response  t o  t h e  r e l a t i v e l y  low v a l u e  shown i n  t h e  upper trace.  I n  c o n t r a s t ,  t h e  

forward t r i m m e r  s u r f a c e  e x p e r i e n c e s  an  i n i t i a l  upward t r a n s i e n t  l i f t  f o r c e  

b e f o r e  i ts  downward p i t c h i n g  motion can re l ieve  t h e  l o a d .  The t r a n s i e n t  f o r -  

ward t r i m m e r  f o r c e ,  though l a s t i n g  l e s s  t h a n  o n e - f i f t h  of a second,  impar t s  a 

pi tch-up impuse t o  t h e  wing assembly which n o t  o n l y  d e l a y s  t h e  a l l e v i a t i n g  

motion of t h e  wing, bu t  a c t u a l l y  produces a small wing d isp lacement  i n  an  
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a d v e r s e  d i r e c t i o n .  I n  t h e  c a s e  shown, t h e  wing does n o t  b e g i n  t o  p i t c h  down- 

ward u n t i l  t h e  g u s t  h a s  a l r e a d y  passed  i t s  peak v a l u e .  

Aside from t h e  poor g u s t  r e s p o n s e  c h a r a c t e r i s t i c s ,  C o n f i g u r a t i o n  1 A  

i s  u n s a t i s f a c t o r y  from a h a n d l i n g  q u a l i t i e s  s t a n d p o i n t  because of t h e  low damp- 

i n g  of the  dominant s h o r t - p e r i o d  o s c i l l a t i o n .  A s  n o t e d  i n  f i g u r e  4 ,  t h e  

dominant s h o r t - p e r i o d  mode i s  t h e  o s c i l l a t i o n  i d e n t i f i e d  a s  mode A i n  t a b l e  V I I ,  

and t h e  damping r a t i o  of t h i s  mode i s  only  0.0705, which i s  w e l l  below t h e  

lowes t  s t a n d a r d  ( l e v e l  3 )  of MIL-F-8785B(ASG). 

The poor g u s t  response  of C o n f i g u r a t i o n  1 A  i s  r e l a t e d  t o  t h e  t r i m m e r  

volume ( a r e a  t imes moment arm),  w h i l e  t h e  low damping of t h e  o s c i l l a t o r y  mode 

may b e  a consequence of  t h e  r e l a t i v e l y  l a r g e  r o t a t i o n a l  i n e r t i a  of  t h e  wing/ 

boom/forward t r i m m e r  system as compared t o  t h e  s m a l l  p i t c h  damping provided  by 

t h e  f r e e  forward t r i m m e r  a t  t h e  modal f requency .  

To improve t h e  b e h a v i o r  of t h e  forward trimmer c o n f i g u r a t i o n s ,  two 

changes were e x p l o r e d :  t h e  use  of smaller moment arms and t h e  r e l o c a t i o n  of t h e  

h i n g e  a x i s  on t h e  forward trimmer s u r f a c e .  

With r e g a r d  t o  t h e  h inge  a x i s ,  t h e  nominal h i n g e  margin f o r  t h e  

forward trimmer s u r f a c e  of C o n f i g u r a t i o n  1 A  i s  6 p e r c e n t ;  t h a t  i s ,  t h e  h i n g e  

a x i s  i s  l o c a t e d  6 p e r c e n t  of t h e  t r i m m e r  chord forward of t h e  aerodynamic 

c e n t e r .  From ea r l i e r  free-wing a n a l y s e s  i t  i s  known t h a t  t h e  g r e a t e r  t h e  h i n g e  

margin,  t h e  more r a p i d  t h e  a l l e v i a t i o n  of ou t -of - t r im c o n d i t i o n s .  It might b e  

expected t h a t  t h e  unfavorable  p i t c h  impulse imparted by t h e  t r i m m e r ,  a s  i n  t h e  

g u s t  encounter  i n  f i g u r e  5 ,  would b e  reduced by quickening  t h e  response  of t h e  

t r i m m e r  s u r f a c e .  On t h e  o t h e r  hand,  t h e  l a r g e r  t h e  h i n g e  margin t h e  g r e a t e r  

t h e  c o n t r o l  t a b  s i z e  and d e f l e c t i o n  r e q u i r e d  f o r  t r i m ,  and t h e  smaller t h e  max- 

imum trimmed l i f t  c o e f f i c i e n t  of t h e  f r e e  s u r f a c e .  I n  l i g h t  of t h e s e  f a c t o r s ,  

a l i  subsequent a n a l y s e s  f o r  forward trimmers w e r e  made w i t h  a n  assumed trimmer 

h i n g e  margin of 20 p e r c e n t ,  which would p l a c e  t h e  h i n g e  a x i s  a t  about  5 p e r c e n t  

of t h e  trimmer mean aerodynamic chord.  

Table  I X  l i s t s  t h e  r e s u l t s  f o r  two modi f ied  v e r s i o n s  of C o n f i g u r a t i o n  

l A ,  with moment arms of 1 .5  and 1 .0  chord l e n g t h s .  The f ree- t r immer  h i n g e  

margin is  20 p e r c e n t  i n  b o t h  c a s e s .  
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TABLE I X .  RESPONSES OF MODIFIED FORWARD TRIMMER CONFIGURATIONS 
- 

Response 
T r i m m e r  r a t i o  
moment c omp are d 

Rms t o  f i x e d  Mode A Mode B arm, 
wing t u r b u l e n c e  wing, Damping Damping 

chords response  p e r c e n t  Roots r a t i o  Roots r a t i o  

1 . 5  0.0178 98 -0.431 - + j 3.35 0.131 -3.09 - + j 7 .03 0.402 

1 .0  0.0154 81 -0.445 - + j 3.29 0.134 -5.63 - + j 10.67 0.467 

A s  a b a s i s  of comparison, t h e  r m s  g u s t  response  f o r  t h e  p u r e  f r e e  

wing of C o n f i g u r a t i o n  1 B  i s  0.00989, o r  j u s t  52 p e r c e n t  of t h e  fixed-wing 

response .  Even t h e  smaller moment arm c a s e  f a l l s  f a r  s h o r t  o f  t h e  b a s i c  f r ee  

wing, from a g u s t  a l l e v i a t i o n  s t a n d p o i n t ,  a l though a r e d u c t i o n  of 19 p e r c e n t  

from t h e  fixed-wing response  i s  s i g n i f i c a n t .  

It should  be noted  t h a t  t h e  two o s c i l l a t o r y  modes become more wide ly  

s e p a r a t e d  as t h e  p i t c h i n g  i n e r t i a  of t h e  wing assembly d e c r e a s e s .  With de- 

c r e a s i n g  moment a r m ,  t h e  f requency o f  mode B i n c r e a s e s ,  whi le  mode A changes 

only  s l i g h t l y .  

I f  t h e  f u s e l a g e  assembly i s  considered by i t s e l f ,  f r e e  t o  heave and 

p i t c h ,  i t s  c h a r a c t e r i s t i c  motion i s  d e f i n e d  by a c u b i c  e q u a t i o n  w i t h  a w e l l -  

damped r ea l  r o o t  and a n  o s c i l l a t o r y  mode with r o o t s  of -0.712 - + j 3 .43  a t  t h i s  

f l i g h t  c o n d i t i o n .  It  appears  t h a t  mode A of t h e  complete a i r c r a f t  i s  t e n d i n g  

toward t h i s  i s o l a t e d  f u s e l a g e  o s c i l l a t o r y  mode; b u t  d e s p i t e  t h e  numer ica l  

s e p a r a t i o n  of modes A and B ,  b o t h  modes are e v i d e n t  i n  t h e  l o a d  f a c t o r  response  

h i s t o r y  shown i n  f i g u r e  6 f o r  t h e  one chord l e n g t h  moment a r m  c a s e .  

The h a n d l i n g  q u a l i t i e s  s p e c i f i c a t i o n  of MIL-F-8785B(ASG) is  based 

upon t h e  assumption t h a t  t h e  

s imple  second o r d e r  system. 

c l e a r l y  t h e  s u p e r p o s i t i o n  of 

of t h e  d i r e c t  a p p l i c a t i o n  of 

trimmer a i r c r a f t .  

s h o r t - p e r i o d  response i s  

I n  t h e  case a t  hand, t h e  

two s e p a r a t e  o s c i l l a t o r y  

t h e  s i m p l i f i e d  s t a n d a r d s  

e s s e n t i a l l y  t h a t  of a 

s h o r t - p e r i o d  motion i s  

modes, r a i s i n g  a q u e s t i o n  

t o  t h e  f ree-wingl f ree-  

Aft-tr immer c o n f i g u r a t i o n s .  - The most powerful  a f t - t r immer  conf ig-  

u r a t i o n  examined w a s  one based upon Conf igura t ion  l A ,  b u t  w i t h  t h e  trimming 

s u r f a c e  mounted two wing chord l e n g t h s  a f t  of t h e  wing h i n g e  a x i s .  
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FIGURE 6. RESPONSE TO STEP CONTROL INPUT OF MODIFIED 
CONFIGURATION 1 A  AIRCRAFT WITH FORWARD 
TRIMMER MOMENT ARM OF ONE W I N G  CHORD LENGTH. 

The a d v e r s e  s h o r t - p e r i o d  damping of  t h i s  c o n f i g u r a t i o n  h a s  been 

mentioned p r e v i o u s l y  under t h e  d i s c u s s i o n  of l o n g i t u d i n a l  c h a r a c t e r i s t i c  modes, 

and a t i m e  h i s t o r y  of t h e  response  t o  a s t e p  c o n t r o l  i n p u t  i s  shown i n  

f i g u r e  4 .  

The damping r a t i o  of t h e  dominant mode i n  f i g u r e  4 i s  o n l y  0.027, 

which i s  o b v i o u s l y  w e l l  below t h e  s t a n d a r d s  of MIL-F-8785B(ASG), which r e q u i r e s  

a t  least  0.15 f o r  l e v e l  3 f l y i n g  q u a l i t i e s .  The r m s  r e s p o n s e s  t o  cont inuous  

turbulence  were n o t  o b t a i n e d  f o r  t h i s  c o n f i g u r a t i o n  because of e x c e s s i v e  com- 

p u t i n g  t i m e  caused by t h e  l a r g e  s p i k e  i n  t h e  power spec t rum of t h e  normal l o a d  

f a c t o r  response.  

To improve t h e  b e h a v i o r  of  t h e  a f t - t r immer  c o n f i g u r a t i o n s ,  smaller 

moment arms were e x p l o r e d .  Unlike t h e  forward t r i m m e r  cases, however, t h e  

trimmer h i n g e  margin was main ta ined  a t  t h e  6 p e r c e n t  v a l u e  t o  r e t a i n  a rela- 

t i v e l y  h igh  v a l u e  of maximum trimmer l i f t  c o e f f i c i e n t .  Furthermore,  t h e  

t r i m m e r s  i n  a l l  subsequent  cases were assumed t o  b e  mounted on t h e  w i n g t i p s ,  

as s e e n  i n  C o n f i g u r a t i o n  1 C  ( f i g .  2 ( c ) ) .  

Aside from e s t h e t i c  improvement, t h e  tip-mounted t r i m m e r s  are 

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

wing. The a f t  t r i m m e r  e x p e r i e n c e s  a t r a n s i e n t  l i f t  change, upon g u s t  p e n e t r a -  

t i o n ,  j u s t  l i k e  t h e  forward s u r f a c e  o f  C o n f i g u r a t i o n  1 A ;  b u t  i n  t h i s  c a s e  t h e  

t r a n s i e n t  f o r c e  on t h e  a f t  t r i m m e r  i s  b e n e f i c i a l ,  s i n c e  i t  produces a f a v o r a b l e  
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p i t c h i n g  moment on t h e  main wing. With t h e  outboard  l o c a t i o n ,  t h e  t r i m m e r  i s  

exposed t o  a s t r o n g  upwash increment  from i n c r e a s e d  c i r c u l a t i o n  i n  t h e  t r a i l i n g  

v o r t e x  system of t h e  wing. The upwash i n c r e a s e s  t h e  magnitude of  t h e  t r a n s i e n t  

t r i m m e r  f o r c e  and enhances t h e  r e l i e v i n g  p i t c h i n g  moment on t h e  wing. I f  t h e  

trimmer i s  mounted d i r e c t l y  behind t h e  wing, t h e  i n f l u e n c e  of t h e  wing a p p e a r s  

as a n  i n c r e a s e  i n  downwash ( f o r  a n  upward g u s t ) ,  and t h e  a l l e v i a t i n g  t r a n -  

s i e n t  moment from t h e  trimmer i s  reduced.  

Table  X l i s t s  t h e  b e h a v i o r  of a i r c r a f t  i n  c r u i s e  f l i g h t  w i t h  t i p -  

mounted a f t  t r i m m e r s  f o r  two moment a r m  l e n g t h s ' a n d  f o r  an  area r a t i o  of 116,  

as b e f o r e .  

TABLE X. BEHAVIOR OF TIP-MOUNTED AFT-TRIMMER CONFIGURATIONS 

Response 
Moment compared 

a r m ,  Rms t o  f i x e d  Mode A Mode B 
wing t u r b u l e n c e  wing, Damping Damping 

chords  response  p e r c e n t  Roots r a t i o  Roots r a t i o  

-1.5 0.0132 69 -0.509 - + j 4.54 0 .111  -1.77 - + j 2.97 0.512 

-1.0 0.0104 54 -1.11 - + j 3.32 0.317 -1.67 - + j 5 . 2 8  0.302 

The g u s t  a l l e v i a t i o n  of t h e  one chord l e n g t h  moment a r m  configu-  

r a t i o n  ( C o n f i g u r a t i o n  lC, f i g .  2 ( c ) )  i s  e x c e l l e n t ,  inasmuch as i t  i s  v i r t u a l l y  

i d e n t i c a l  t o  t h e  pure  f r e e  wing, which reduced t h e  response  t o  52 p e r c e n t  of 

t h e  fixed-wing v a l u e .  Furthermore,  t h e  computed damping r a t i o s  of b o t h  modes 

exceed t h e  l eve l  3 requi rements  (0 .15)  of MIL-F-8785B (ASG), and a lmost  meet 

t h e  l e v e l  1 s t a n d a r d  (0 .35) .  

The l a r g e r  moment arm l e n g t h  (one and a h a l f  wing chords)  is  i n f e -  

r i o r  t o  t h e  smaller moment a r m  c a s e  w i t h  r e s p e c t  t o  b o t h  t u r b u l e n c e  response  

and s h o r t - p e r i o d  damping. 

S i n c e  t h e  l i t e r a l  a p p l i c a t i o n  of the MIL-F-8785B (ASG) s h o r t - p e r i o d  

damping s t a n d a r d s  i s  open t o  q u e s t i o n  because of  t h e  bimodal n a t u r e  of t h e  re- 

sponse ,  t i m e  h i s t o r i e s  of l o a d  f a c t o r  response t o  s t e p  c o n t r o l  d i sp lacement  

were computed and are shown i n  f i g u r e  7. The r e s p o n s e  of t h e  smaller moment 

arm c o n f i g u r a t i o n ,  i n  p a r t i c u l a r ,  would appear  t o  be a c c e p t a b l e  from an  i n t u i -  

t i ve  v iewpoin t .  
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FIGURE 7. COMPARISON OF LOAD FACTOR RESPONSES TO STEP CONTROL INPUT 
FOR TWO CONFIGURATIONS WITH TIP-MOUNTED AFT TF.IW-ERS 

E f f e c t  of c o n f i g u r a t i o n  on maximum l i f t  c o e f f i c i e n t .  - The p r i n c i p a l  

advantage of t h e  e x t e r n a l  trimmer concept  o v e r  t h e  b a s i c  f r e e  wing i s  t h e  f e a -  

s i b i l i t y  of improving t h e  maximum trimmed l i f t  c o e f f i c i e n t  of t h e  a i r c r a f t .  I f  

t h i s  were t h e  only  c o n s i d e r a t i o n ,  t h e  forward trimmer c o n f i g u r a t i o n  w i t h  a 

l a r g e  moment arm would be a t t r a c t i v e ,  because i t  would permi t  t h e  u s e  of rela- 

t i v e l y  powerful wing f l a p s  and would c o n t r i b u t e  an upward f o r c e  t o  augment t h e  

wing l i f t .  

U n f o r t u n a t e l y ,  very  powerful  e x t e r n a l  trimming s u r f a c e s ,  mounted 

e i t h e r  forward o r  a f t  of t h e  wing, have been found t o  have a d v e r s e  dynamic 

c h a r a c t e r i s t i c s  w i t h i n  t h e  scope of  t h i s  s t u d y ,  a s  p r e v i o u s l y  d i s c u s s e d .  

These c i rcumstances  prompted a b r i e f  i n v e s t i g a t i o n  of t h e  methods of i n c r e a s i n g  

t h e  trimming power w i t h  r e l a t i v e l y  modest moment arms. 

The fundamental  problem is  t h e  l a r g e  n e g a t i v e  p i t c h i n g  moment, which 

i n e v i t a b l y  accompanies t h e  t r a i l i n g - e d g e  f l a p  d e f l e c t i o n  r e q u i r e d  f o r  h i g h  wing 

l i f t  c o e f f i c i e n t s .  

t h e  fol lowing e q u a t i o n :  

The wing p i t c h i n g  moment about  i t s  h i n g e  a x i s  i s  g i v e n  by 

- (HM) C k  ( 2 )  - - 
Cmhinge ‘,a. c . 
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I 

C i s  always l a r g e  and n e g a t i v e  f o r  l a r g e  t r a i l i n g - e d g e  f l a p  
ma.c. 

t 
d e f l e c t i o n s ;  f o r  example, i t  h a s  a v a l u e  of about -0.40 f o r  20 p e r c e n t  f l a p s  

d e f l e c t e d  40’. 

The moment a v a i l a b l e  from t h e  e x t e r n a l  trimming s u r f a c e  t o  c o u n t e r  

t h e  wing moment of e q u a t i o n  (2) i s  as fo l lows:  

- x:: sc 
‘mtrimmer - C s ‘L C 

(3)  

S i n c e  t h e  maximum l i f t  c o e f f i c i e n t  of a f r e e  trimming s u r f a c e  con- 

t r o l l e d  by a t r a i l i n g - e d g e  t a b  can b e  expected t o  be about  1 . 0 ,  t h e  maximum 

trimmer p i t c h i n g  moments which can be obta ined  are g i v e n  i n  t a b l e  X I .  

TABLE X I .  MAXIMUM TRIM MOMENT CAPABILITY 
FOR PLAIN TRIMMERS 

1.0  1 / 6  

1 . 5  116 

2.0 116 

0.167 

0.250 

0.333 

1 . 0  115 0.200 

1 . 5  1/51 0.300 

2.0 115 0.400 

It should  be noted  t h a t  on ly  t h e  l a s t  c a s e  l i s t e d  i n  t a b l e  X I  could  

provide  s u f f i c i e n t  power t o  t r i m  t h e  cons tan t  p i t c h i n g  moment (C ) of a 

wing w i t h  20 p e r c e n t  f l a p s  d e f l e c t e d  40° ,  should l a r g e  d e f l e c t i o n  b e  r e q u i r e d .  

I n  t h a t  case, no e x c e s s  moment would b e  a v a i l a b l e  t o  c o u n t e r  t h e  moment due t o  

l i f t  i n  e q u a t i o n  ( 2 ) .  

ma. c. 

I n  r e f e r e n c e  2,  t h e  l i f t  c a p a b i l i t y  of a p u r e  free-wing a i r c r a f t  w a s  

improved by u s i n g  a leading-edge Handley-Page s l a t  on t h e  NACA 23012 a i r f o i l  

s e c t i o n ,  u s i n g  d a t a  from r e f e r e n c e  3. This  device y i e l d e d  a computed maximum 

trimmed CL of 1 .46 f o r  a r e c t a n g u l a r  wing of a s p e c t  r a t i o  6.  I f  such  a d e v i c e  

were used on t h e  free- t r immer s u r f a c e s ,  t h e  i n c r e a s e d  trimmer power would pro- 

duce t h e  maximum rnornents given i n  t a b l e  X I I .  

Although t h e  trimming power is i n c r e a s e d  s i g n i f i c a n t l y  by t h e  trimmer 

leading-edge s l a t  (46 p e r c e n t ) ,  l a r g e  wing f l a p  d e f l e c t i o n s  s t i l l  cannot  be 
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TABLE X I I .  MAXIMUM TRIM MOMENT CAPABILITY FOR TRIMMERS 
EQUIPPED WITH HANDLEY-PAGE LEADING-EDGE SLAT 

- sC 

S ‘ m t r  immer 
~~ 

1 . 0  116 0 . 2 4 3  

1 . 5  116 0 .365 

2 .0  115 0.487 

1 . 0  115 0 . 2 9 2  

1 . 5  115 0 . 4 3 8  

2 .0  1 1 5  0 .584 

t o l e r a t e d  f o r  moment arms of 1 . 5  chord l e n g t h s  o r  less .  For t h i s  r e a s o n ,  o n l y  

smaller f l a p  d e f l e c t i o n s  are c o n s i d e r e d  i n  t h e  fo l lowing  c a l c u l a t i o n s .  

To p r o v i d e  p a r a m e t r i c  i n f o r m a t i o n ,  t h e  d a t a  i n  f i g u r e  119  of r e f e r -  

ence 4 were used t o  d e r i v e  a s i m p l e ,  approximate r e l a t i o n s h i p  between t h e  

maximum s e c t i o n  l i f t  and p i t c h i n g  moment c o e f f i c i e n t s  of t h e  NACA 23012 a i r -  

f o i l  with v a r i a t i o n  i n  t h e  d e f l e c t i o n  of a 20 p e r c e n t  s l o t t e d  f l a p .  T h i s  

r e l a t i o n s h i p  i s  : 

= 0 . 3 5  - 0 . 2 4  C1,,, (C1 - > 1 . 5 )  ( 4 )  
‘ma.c. max 

I f  i t  i s  assumed t h a t  t h e  f i n i t e  wing l i f t  c o e f f i c i e n t  i s  80 p e r c e n t  

of  t h e  maximum s e c t i o n  l i f t  c o e f f i c i e n t ,  e q u a t i o n  ( 4 )  becomes 

= 0.35  - 0 . 3 0  CL ( 5 )  ‘ma.c. maxw 

I f  t h e  f l a p  i s  d e f l e c t e d  j u s t  s u f f i c i e n t l y  t o  produce CL , t h e  max, 
s u b s t i t u t i o n  of e q u a t i o n  ( 5 )  i n t o  e q u a t i o n  ( 2 )  p r o v i d e s  a convenient  e x p r e s s i o n  

f o r  t h e  t o t a l  p i t c h i n g  moment of t h e  wing about  i t s  h i n g e  a x i s  a t  CL 

t h e  nominal h i n g e  margin of 0 . 0 6 ,  t h e  e x p r e s s i o n  i s  

. For 
max, 

= 0 . 3 5  - 0 . 3 6  CL ( 6 )  
Cmhinge ma% 

Equat ing  t h e  h i n g e  moment o f  e q u a t i o n  (6 )  t o  t h e  a v a i l a b l e  trfmmer 

moments of t a b l e s  X I  and X I 1  p r o v i d e s  an estimate of t h e  maximum p e r m i s s i b l e  

wing lift c o e f f i c i e n t .  I g n o r i n g  t h e  c o n t r i b u t i o n  of t h e  f u s e l a g e  assembly,  

which i s  a f u n c t i o n  of f u s e l a g e  c e n t e r  of g r a v i t y  and trimmed a t t i t u d e ,  t h e  



t o t a l  trimmed a i r p l a n e  l i f t  c o e f f i c i e n t  i s  

I 

SC + - c  - 
c L t o t a l  - ‘LW - s ~c (7) 

where t h e  p l u s  s i g n  i s  used f o r  t h e  forward trimmer c o n f i g u r a t i o n s  and t h e  

minus s i g n  is  used f o r  a f t  trimmers. 

T a b l e  X I 1 1  l i s t s  t h e  t o t a l  trimmed a i r p l a n e  l i f t  c o e f f i c i e n t s  ob- 

t a i n a b l e  w i t h  t h e  20 p e r c e n t  wing f l a p s  d e f l e c t e d  j u s t  enough t o  p r o v i d e  t h e  

u s a b l e  maximum wing l i f t  c o e f f i c i e n t .  

TABLE X I I I .  MAXIMUM AIRPLANE LIFT CAPABILITIES FOR WING 
EQUIPPED WITH 20 PERCENT SLOTTED FLAPS 

T o t a l  CL - x; - sC Usable  
Forward 

‘LmaxW degrees  trimmer A f t  trimmer 6 f  S - 
C 

[ P l a i n  trimmer ] 
1 . 0  116 1 .44  6.6 1.60 

1 . 5  116 1.67 1 3 . 0  1 . 8 3  

2.0 116 1 .90  19.4 2.06 

1 . 2 7  

1 .50  

1 . 7 3  

1 .0  115 1 . 5 3  9 . 1  1 . 7 3  

1 . 5  115 1.81 1 6 . 8  2.01 

2.0 1 1 5  2.08 24.5 2.28 
1 

1 . 3 3  

1 . 6 1  

1.88 

[Leading-edge s l a t  on t r immer]  

1 .0  11’6 1 .65  12 .4  1 .89  1 . 4 1  

1 . 5  116 1 . 9 9  21.8 2.23 1 .75  
I 

I 2.0  116 2.33 31.3 2.57 2.09 

1 .0  115 1.78 16.2 2.07 1 .49  

1 . 5  115 2.19 27.5 2.48 1 .90  1 2.0  115 2.59 38.7 2.88 2.30 

I 

1 

, 

Another  p o s s i b l e  approach t o  a h i g h - l i f t  c a p a b i l i t y  would b e  t o  
I 

p r o v i d e  a leading-edge s l a t  on t h e  wing i t s e l f ,  i n  combination w i t h  t r a i l i n g -  
l edge f l a p s .  

i Reference 3 p r o v i d e s  d a t a  f o r  t h e  NACA 23012 a i r f o f l  w i t h  a Handley- 

Page leading-edge s l a t  and a 26 p e r c e n t  s l o t t e d  f l a p .  From t h e  d a t a  i n  

f i g u r e  7 of r e f e r e n c e  3 ,  i t  may be deduced t h a t  t h e  aerodynamic c e n t e r  of t h e  
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a i r f o i l  s e c t i o n  s h i f t s  forward t o  about  t h e  1 9  p e r c e n t  chord p o s i t i o n  as t h e  

leading-edge s l a t  i s  extended.  S i n c e  t h i s  i s  a l s o  t h e  p o s i t i o n  of t h e  nominal 

h i n g e  a x i s  l o c a t i o n ,  i t  would b e  n e c e s s a r y  t o  move t h e  h inge  forward t o  p r o v i d e  

s t a t i c  wing s t a b i l i t y  w i t h  t h e  s l a t  extended.  I f  a new h i n g e  l o c a t i o n  i s  

s e l e c t e d  a t  1 5  p e r c e n t  chord ,  t h e  h i n g e  margin would b e  10  p e r c e n t  w i t h  t h e  

I 

s l a t  r e t r a c t e d  and 4 p e r c e n t  w i t h  t h e  s l a t  ex tended .  1 

Using t h e  d a t a  i n  r e f e r e n c e  3 ,  and a g a i n  assuming 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  80 p e r c e n t  of  t h e  maximum s e c t i o n  v a l u e ,  t h e  r e l a t i o n -  

s h i p  between t h e  p u r e  p i t c h i n g  moment about  t h e  aerodynamic c e n t e r  (0 .19Z)  and 

t h e  maximum l i f t  c o e f f i c i e n t  (bo th  of  which a r e  f u n c t i o n s  of f l a p  d e f l e c t i o n )  

i s ,  with t h e  leading-edge s l a t  ex tended ,  

= 0.665 - 0 . 4 3 8  CL ( 8 )  
a .  c .  max 

‘m 
W 

I f  t h e  new hinge  margin i s  0 . 0 4 ,  

= c  - 0 .04  CL (9) m C 
T i n g e  a .  c .  W 

S u b s t i t u t i n g  e q u a t i o n  ( 8 )  i n t o  e q u a t i o n  (9), t h e  h inge  moment about  

t h e  wing h i n g e  when t h e  wing i s  a t  t h e  maximum l i f t  c o e f f i c i e n t  as determined 

by f l a p  d e f l e c t i o n ,  i s  

C = 0.665 - 0 . 4 7 8  CL (10) 
T i n g e  max w 

Equat ing t h e  h inge  moment of e q u a t i o n  (10) w i t h  t h e  a v a i l a b l e  

trimmer power i n  t a b l e s  X I  and X I 1  y i e l d s  t h e  d a t a  l i s t e d  i n  t a b l e  X I V .  

The d a t a  f o r  t h e  v a r i o u s  h i g h - l i f t  c o n f i g u r a t i o n s  a r e  summarized i n  

f i g u r e  8 f o r  t h e  smaller of t h e  two a r e a  r a t i o s  cons idered .  It may b e  s e e n  

t h a t  the  maximum l i f t  c o e f f i c i e n t  of t h e  p u r e  f r e e  wing i s  e a s i l y  exceeded,  

even f o r  a f t  trimmers w i t h  r e l a t i v e l y  s m a l l  moment arms. 

Weight p e n a l t i e s .  - I n  a n  a t t e m p t  t o  assess t h e  weight  p e n a l t i e s  f o r  

each of t h e  free-winglfree- t r immer combinat ions s t u d i e d ,  each wing-trimmer com- 

b i n a t i o n  w a s  added t o  one b a s i c  f u s e l a g e  i n c o r p o r a t i n g  a l l  f i x e d  and d i s p o s a b l e  

weight i t e m s  f o r  bo th  t h e  two seat  l i g h t  a i r c r a f t  and t h e  s i n g l e  seat  a g r i c u l -  

t u r a l  a i r c r a f t  ( t a b l e s  I11 and V I ) .  

For  t h e  two seat  l i g h t  a i r c r a f t ,  g i v e n  a fixed-wing b a s e l i n e  (Con- 

f i g u r a t i o n  1 D  i n  t a b l e  1111, t h e  f o l l o w i n g  r u l e s  w e r e  used:  a l l  non-wing/ 
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# TABLE XIV. MAXIMUM AIRPLANE LIFT CAPABILITIES FOR WING EQUIPPED 
WITH LEADING-EDGE SLAT AND FLAPS 

Usable Total CL 
- sc cL 6F Forward X' 

max - C 

1.0 116 1.90 6.9 2.07 

1.5 116 2.09 12.8 2.26 

1.74 

1.92 
I 2.0 116 2.28 18.8 2.45 2.11 

1.0 115 1.98 9.3 2.18 1.78 

1.5 115 2.21 16.4 2.41 2.01 I 

2.0 115 2.43 23.6 2.63 2.23 
I 

1 [Leading-edge slat on trimmer] I 
I 1.0 116 2.08 12.3 2.32 1.83 

1.5 11 6 2.35 21.1 2.60 2.11 

I 1.0 115 2.19 15.8 2.48 1.90 

1.5 115 2.52 26.3 2.81 2.23 

f 
I 

I 

trimmer weight items were to remain constant, wing area was to remain constant 

at 10.1 square meters (108.6 square feet), trimmer area was to remain constant 

at 1.7 square meters (18.1 square feet), wing/boom and trimmer free surfaces 

were to be externally countzrbalanced, and useful load was to be constant. The 

free-winglforward-trimmer configuration (configuration 1A in fig. 2(a)) had 

an empty weight 26 percent greater than its fixed-wing counterpart and 18 per- 

cent greater than a comparable pure free-wing aircraft. 

I 

I 
i 
I 

I 

1 I The free-wing/aft 

trimmer configuration (configuration 1C in fig. 2(c)) had an empty weight 

32 percent greater than its fixed-wing counterpart and 23 percent greater than 

I a comparable pure free wing. (These weights reflect no attempt to minimize 

the weight gain of various configurations by making efficient use of some items 

of fixed weight as counterweights for wings and trimmers.) These weights 

essentially reflect the penalties incurred in modifying a fixed- or pure free- 

I 

I wing aircraft to free-wingjfree-trimmer configurations without redesigning the 

basic aircraft . 
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leading-edge slat ( ref .  2 1 
Pure free wing E .- c 

x 7  s OO I 2 

0 20% slotted wing flaps, plain trimmer 

@ Wing L-E slat &flaps, plain trimmer 
@ I 1  II II 1 1  , trimmer with 

@ I1 I 1  1 1  , trimmer with 

I I I L-E slat 

II 

L-E slat 

I 2 
Moment Arm from Wing Hinge, wing chords 

( a )  Forward t r i m m e r s .  (b)  Af t  trimmers. 

FIGURE 8. MAXIMUM TRIMMED AIRPLANE L I F T  COEFFICIENTS OF VARIOUS 
FREE-WING/FREE-TRIMMER CONFIGURATIONS. 

Following t h e  same r u l e s  f o r  t h e  s i n g l e  s e a t  a g r i c u l t u r a l  a i r c r a f t ,  

t h e  results a r e  somewhat d i f f e r e n t .  Cons ider ing  t h e  fixed-wing c o n f i g u r a t i o n  

( c o n f i g u r a t i o n  2 D  i n  t a b l e  I V )  as a b a s e l i n e ,  t h e  free-wing/af t - t r immer con- 

f i g u r a t i o n  ( c o n f i g u r a t i o n  2 C  i n  f i g .  3 ( c ) )  had a n  empty weight  2 1  p e r c e n t  

g r e a t e r  than  c o n f i g u r a t i o n  l A ,  i t s  fixed-wing c o u n t e r p a r t ,  and 7 p e r c e n t  

g r e a t e r  than  t h e  comparable p u r e  free-wing a i r c r a f t .  

t r i m m e r  c o n f i g u r a t i o n  ( c o n f i g u r a t i o n  2A of  f i g .  3 ( a ) )  had an  empty weight  

8 percent  g r e a t e r  t h a n  i t s  fixed-wing c o u n t e r p a r t  b u t  5 p e r c e n t  less t h a n  a 

comparable pure  free-wing a i r c r a f t .  

The free-wing/forward-  

This  comparison b r i n g s  up impor tan t  d e s i g n  c o n s i d e r a t i o n s .  F i r s t ,  

an  af t - t r immer c o n f i g u r a t i o n  i n c u r s  t h e  h i g h e s t  weight  p e n a l t y  because  t h e  

c e n t e r  of g r a v i t y  of t h e  t r i m m e r  s u r f a c e  i s  a f t  o f  t h e  wing h i n g e  l i n e  and 

does nothing t o  a l l ev ia t e  t h e  counterweight  needed t o  b a l a n c e  t h e  f r e e  wing 

about  i t s  h i n g e  l i n e .  Secondly,  a forward-trimmer c o n f i g u r a t i o n  is  more 

e f f i c i e n t  from a weight  s t a n d p o i n t  i n  t h a t  i t  i n c u r s  a lower weight  p e n a l t y  

t h a n  an a f t  trimmer. Since  t h e  weight  of  t h e  forward trimmer o f f s e t s  t h e  
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weight  needed t o  b a l a n c e  t h e  wing about  i t s  h inge  p o i n t ,  i t  can,  i f  p r o p e r l y  

s i z e d  and p l a c e d ,  p r o v i d e  a l i g h t e r  t o t a l  wing weight  t h a n  a p u r e  f r e e  wing. 

Obviously,  a t r a d e o f f  must b e  made on a configuration-by-config- 

! 

u r a t i o n  b a s i s  t o  s i z e  t h e  e x t e r n a l  tr imming s u r f a c e ,  and t o  d e c i d e  whether  

one i s ,  i n  f a c t ,  n e c e s s a r y .  For  s t a t i c  ba lance ,  t h e  boom/trimmer combinat ion 

must create j u s t  enough moment about  t h e  wing h i n g e  a x i s  t o  b r i n g  t h e  wing/ 

boom/trimmer c e n t e r  of g r a v i t y  t o  t h e  wing hinge a x i s .  On t h e  o t h e r  hand,  t h e  

wing/boom/trimmer p i t c h  i n e r t i a  must b e  as low as p o s s i b l e  t o  p r o v i d e  accep- 

t a b l e  h a n d l i n g  q u a l i t i e s .  The trimmer must a l s o  b e  c l o s e  enough t o  t h e  wing t o  

p r o v i d e  a r i d e  q u a l i t y  comparable t o  t h a t  of p u r e  free-wing a i r c r a f t  and f a r  

enough ahead of t h e  wing t o  p r o v i d e  adequate  c o n t r o l  power f o r  g e n e r a t i n g  

h i g h  trimmed wing l i f t  c o e f f i c i e n t s .  

S e n s i t i v i t y  t o  Mass Imbalance 

A l l  of t h e  c o n f i g u r a t i o n s  examined t o  t h i s  p o i n t  have i n c o r p o r a t e d  

t h e  l o n g i t u d i n a l  mass b a l a n c i n g  of t h e  t h r e e  major  components. Although t h e  

f u s e l a g e  c e n t e r  of  g r a v i t y  is  c a l c u l a t e d  t o  be approximately 0 .61 meter (2 f e e t )  

below t h e  wing h i n g e ,  t h e  l o n g i t u d i n a l  displacement  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  i s  z e r o .  

t h e  trimming s u r f a c e  c o i n c i d e  e x a c t l y  w i t h  t h e i r  r e s p e c t i v e  h i n g e  a x e s .  

The c e n t e r s  of  g r a v i t y  o f  t h e  wing/boom/trimmer assembly and 

The e f f e c t s  of mass imbalance i n  each  of  t h e  t h r e e  major  components 

were examined by computing t h e  l o c i  o f  t h e  c h a r a c t e r i s t i c  r o o t s  as t h e  c e n t e r s  

of  mass d e v i a t e d  i n  t h e  f o r e  and a f t  d i r e c t i o n s .  For c o n s i s t e n c y ,  t h e  a i r c r a f t  

i n  C o n f i g u r a t i o n  1 C  w a s  used throughout ,  w i t h  a tip-mounted a f t  t r i m m e r  pos i -  

t i o n e d  one wing chord l e n g t h  behind t h e  wing h i n g e  axis.  

Two f l i g h t  c o n d i t i o n s  w e r e  examined f o r  each case: t h e  nominal 

c r u i s e  c o n d i t i o n ,  which w a s  f l i g h t  a t  241.4 k i l o m e t e r s  p e r  hour  (150 m i l e s  

p e r  hour)  a t  a n  a l t i t u d e  of 1829 meters (6000 f e e t ) ,  and a n  approach c o n d i t i o n ,  

which w a s  f l i g h t  a t  121.0 k i l o m e t e r s  p e r  hour (75 miles p e r  hour)  a t  'sea level.  

The assumed approach speed i s  30 p e r c e n t  above t h e  minimum speed o b t a i n a b l e  

w i t h  a s l a t t e d  trimier and v ing  f l a p s  and s l a t s  (case  4 i n  f i g .  8 (b ) )  a t  a 

g r o s s  weight  of  810.88 ki lograms (1788 pounds). 

l i f t  c o n f i g u r a t i o n ,  t h e  wing h inge  margin i s  assumed t o  b e  4 p e r c e n t  d u r i n g  

approach,  as d i s c u s s e d  i n  t h e  preceding  s e c t i o n .  The combinat ion of low 

For c o n s i s t e n c y  w i t h  t h e  high- 
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a i r s p e e d  and reduced wing h inge  margin i s  i n t e n d e d  t o  p r o v i d e  t h e  h i g h e s t  

s e n s i t i v i t y  t o  mass imbalance because of t h e  h i g h e r  r a t i o  of  i n e r t i a l  f o r c e s  

t o  aerodynamic f o r c e s .  

Fuse lage  c e n t e r  of g r a v i t y  l o c a t i o n .  - While t h e  wing assembly and 

trimming s u r f a c e  can be des igned  t o  have a n  i n v a r i a n t  c e n t e r  of g r a v i t y ,  t h e  

f u s e l a g e  assembly c o n t a i n s  a l l  v a r i a b l e  and d i s p o s a b l e  l o a d  i t e m s  , and provi -  

s i o n  must b e  made f o r  a r e a s o n a b l e  c e n t e r  of g r a v i t y  range .  

I n  c r u i s e ,  t h e  a i r c r a f t  of C o n f i g u r a t i o n  1 C  could t o l e r a t e  a 

forward displacement  of about  0 . 6  meter ( 2  f e e t ) ,  which i s  47 p e r c e n t  of t h e  

mean aerodynamic chord ,  and an  a f t  movement of even g r e a t e r  magni tude,  accord-  

i n g  t o  t h e  r o o t  l o c u s  p l o t s  i n  f i g u r e  9 .  A t  t h e  forward l i m i t ,  mode A damping 

d e t e r i o r a t e s  t o  t h e  l e v e l  3 s t a n d a r d s  of MIL-F-8785B (ASG), and t h e  phugoid 

mode becomes n e a r l y  n e u t r a l l y  s t a b l e .  A s  t h e  f u s e l a g e  c e n t e r  of g r a v i t y  moves 

a f t  from t h e  wing h i n g e ,  t h e  o n l y  a d v e r s e  e f f e c t  a p p e a r s  t o  b e  some degrada- 

t i o n  o f  the  damping of mode B. 
I n  t h e  approach case, t h e  e f f e c t s  are more pronounced, and t h e  

movement of t h e  c h a r a c t e r i s t i c  r o o t s ,  as s e e n  i n  f i g u r e  1 0 ,  h a s  l i t t l e  resem- 

b l a n c e  t o  t h e  c r u i s e  c o n d i t i o n .  The damping r a t i o  of mode A i s  s l i g h t l y  

i n f e r i o r  t o  l e v e l  3 s t a n d a r d s  even f o r  a mass ba lanced  f u s e l a g e ,  and even a 

s m a l l  a f t  movement i s  s u f f i c i e n t  t o  cause  a t o t a l l y  u n a c c e p t a b l e  dynamic 

i n s t a b i l i t y .  I n  a d d i t i o n ,  a forward d isp lacement  of less t h a n  0 . 3  meters 

(1 f o o t )  would be s u f f i c i e n t  t o  produce an  u n s t a b l e  phugoid motion. 

A s  mentioned e a r l i e r ,  t h e  coupl ing  of f u s e l a g e  and wing motion is 

much more i n  ev idence  w i t h  t h e  e x t e r n a l  trimmer arrangements  t h a n  w i t h  t h e  pure  

f r e e  wing concept .  For t h i s  r e a s o n ,  and because C o n f i g u r a t i o n  1 C  appeared t o  

b e  o n l y  margina l ly  a c c e p t a b l e  i n  approach ,  a b r i e f  e x c u r s i o n  w a s  made t o  

e x p l o r e  the  e f f e c t s  of changes i n  t h e  aerodynamics of t h e  f u s e l a g e  assembly. 

S p e c i f i c a l l y ,  a l a r g e - t a i l  v e r s i o n  of C o n f i g u r a t i o n  1 C  w a s  hypothes ized  i n  

which t h e  f u s e l a g e  s t a b i l i z e r  moment a r m  w a s  h e l d  c o n s t a n t  b u t  t h e  e f f e c t i v e  

area of the  s t a b i l i z e r  w a s  doubled.  T h i s  m o d i f i c a t i o n  s u b s t a n t i a l l y  i n c r e a s e d  

t h e  s t a t i c  a n g l e  of a t t a c k  s t a b i l i t y  of t h e  f u s e l a g e  assembly,  t h e  f u s e l a g e  

p i t c h  damping c o e f f i c i e n t ,  and t h e  s l o p e  of t h e  f u s e l a g e  l i f t  curve.  

The v a r i a t i o n  of f u s e l a g e  c e n t e r  of g r a v i t y  was t h e n  r e p e a t e d  f o r  

t h e  l a r g e - t a i l  v e r s i o n .  The r e s u l t i n g  r o o t  l o c i  are p l o t t e d  i n  f i g u r e  11 f o r  
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approach and f i g u r e  1 2  f o r  c r u i s e .  Again,  t h e  approach c a s e  i s  t h e  more s e n s i -  

t i v e ,  bu t  t h e  f u s e l a g e  c e n t e r  of g r a v i t y  could  d e v i a t e  0 . 3  meter (1 f o o t )  f o r -  

ward and 0 .6  meter ( 2  f e e t )  a f t  b e f o r e  v i o l a t i n g  t h e  leve l  1 phugoid s t a n d a r d s  

o r  t h e  l e v e l  3 s h o r t - p e r i o d  damping s t a n d a r d s ,  r e s p e c t i v e l y .  These d e v i a t i o n s  

would correspond t o  a f u s e l a g e  c e n t e r  of  g r a v i t y  range of  about  7 1  p e r c e n t  of 

t h e  wing mean aerodynamic chord.  

Although t h e  approach dynamics of  t h e  l a r g e - t a i l  v e r s i o n  are  i m -  

proved and t h e  s e n s i t i v i t y  t o  f u s e l a g e  imbalance i s  d e c r e a s e d ,  t h e  m o d i f i c a t i o n  

would not  be wi thout  i t s  p r i c e .  Comparing f i g u r e s  9 and 1 2 ,  t h e  damping r a t i o  

of mode B i n  c r u i s e  f l i g h t  i s  a d v e r s e l y  a f f e c t e d ;  and more i m p o r t a n t l y ,  t h e  

turbulence  response  i s  i n f e r i o r  t o  t h e  o r i g i n a l  c o n f i g u r a t i o n ,  C o n f i g u r a t i o n  1 C .  

The t u r b u l e n c e  response  w i l l  be  covered i n  a subsequent  s e c t i o n .  

Because of t h e  coupl ing  between t h e  dynamics of t h e  f u s e l a g e  and 

wing assembly w i t h  e x t e r n a l  t r i m m e r ,  i t  i s  d i f f i c u l t  t o  come t o  d e f i n i t e  con- 

c l u s i o n s  r e g a r d i n g  t h e  e f f e c t s  of f u s e l a g e  c e n t e r  of g r a v i t y  d isp lacement .  

N e v e r t h e l e s s ,  from t h e  f o u r  d a t a  p o i n t s  provided  by t h e  two f l i g h t  c o n d i t i o n s  

and two t a i l  s i z e s ,  i t  may b e  concluded t h a t  forward d isp lacement  of t h e  fuse-  

l a g e  c e n t e r  of g r a v i t y  d e c r e a s e s  t h e  damping of t h e  phugoid mode and t h a t  a f t  

displacement  d e c r e a s e s  t h e  damping of one of  t h e  s h o r t - p e r i o d  modes, e i t h e r  

A o r  B .  F u r t h e r ,  t h e  e f f e c t  of f u s e l a g e  imbalance i s  more pronounced a t  low 

speeds and depends upon t h e  aerodynamic d e s i g n  of t h e  f u s e l a g e  assembly. Sig- 

n i f i c a n t l y ,  however, t h e  p e r m i s s i b l e  range can b e  comparable t o  fixed-wing 

a i r c r a f t  . 
Wing assembly imbalance.  - The c e n t e r  of g r a v i t y  of t h e  complete  

wing assembly, i n c l u d i n g  t h e  t r i m m e r  mass, w a s  p e r m i t t e d  t o  move through a 

d i s t a n c e  of 1 5  p e r c e n t  of t h e  wing chord f o r e  and a f t  of t h e  wing h i n g e .  The 

r e s u l t i n g  r o o t  l o c i  a r e  p l o t t e d  i n  f i g u r e  13  f o r  t h e  c r u i s e  c o n d i t i o n  and 

f i g u r e  1 4  f o r  t h e  approach c o n d i t i o n .  

A s  shown by f i g u r e  13 ,  t h e  p r e s c r i b e d  c e n t e r  of g r a v i t y  d i s p l a c e -  

ment has no s i g n i f i c a n t  e f f e c t  on any of t h e  c h a r a c t e r i s t i c  modes. For t h e  

approach c o n d i t i o n ,  on t h e  o t h e r  hand,  l a r g e  forward c e n t e r  of  g r a v i t y  d i s p l a c e -  

ments ( i n  e x c e s s  of about  1 2  p e r c e n t  of wing chord)  cause  an i n s t a b i l i t y  i n  

mode A .  A s  p l o t t e d  i n  f i g u r e  1 4 ,  no s e r i o u s  d e t r i m e n t a l  e f f e c t s  are  n o t e d  f o r  

a f t  d i sp lacements .  
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Although t h e  c o n f i g u r a t i o n  under  examinat ion a p p e a r s  t o  be v e r y  

t o l e r a n t  t o  wing c e n t e r  of g r a v i t y  d i s p l a c e m e n t ,  t h e  a d v e r s e  e f f e c t  of a f t  

movement of t h e  c e n t e r  of  g r a v i t y  d u r i n g  l a n d i n g  was n o t  ana lyzed .  I n  r e f -  

e r e n c e  2 ,  i t  was concluded t h a t  an a f t  wing p a n e l  c e n t e r  of g r a v i t y  would make 

a smooth landing very  d i f f i c u l t  because of t h e  tendency f o r  t h e  f r e e  wing t o  

p i t c h  upward i n  response  t o  a f i n i t e  l a n d i n g  impact.  The a b r u p t  i n c r e a s e  i n  

a n g l e  of a t t a c k ,  i n  t u r n ,  would cause  a bounce which could l e a d  t o  a ser ies  

of encounters  w i t h  t h e  runway b e f o r e  s u f f i c i e n t  a i r s p e e d  l o s s  w a s  ach ieved  t o  

remain on the  ground. The l a n d i n g  impact s i m u l a t i o n  was n o t  r e p e a t e d  f o r  t h e  

free-winglfree- t r immer concept ,  b u t  t h e r e  i s  no r e a s o n  t o  e x p e c t  t h e  r e s u l t s  

t o  b e  s u b s t a n t i a l l y  d i f f e r e n t .  

It may b e  concluded t h a t  small  v a r i a t i o n s  i n  wing c e n t e r  of g r a v i t y  

(of t h e  order  of a f e w  p e r c e n t  of wing chord)  w i l l  have no s i g n i f i c a n t  e f f e c t  

on t h e  i n - f l i g h t  c h a r a c t e r i s t i c  modes, b u t  a f t  c e n t e r  of g r a v i t y  l o c a t i o n s  

should  b e  avoided t o  f a c i l i t a t e  smooth l a n d i n g s .  

T r i m m e r  imbalance.  - The t r i m m e r  c e n t e r  of g r a v i t y  w a s  d i s p l a c e d  

up t o  5 percent  of  t h e  trimmer chord f o r e  and a f t  o f  i t s  h i n g e  a x i s ,  and t h e  

c h a r a c t e r i s t i c  modes w e r e  found t o  b e  v e r y  s e n s i t i v e  t o  t h i s  parameter .  

An a f t  imbalance of  t h e  t r i m m e r  i s  e s p e c i a l l y  t o  b e  avoided ,  as 

evidenced by t h e  movement of t h e  phugoid r o o t s  i n  f i g u r e  15 f o r  c r u i s e ,  and i n  

t h e  i n s t a b i l i t y  of mode A i n  f i g u r e  1 6  f o r  t h e  approach c o n d i t i o n .  For  t h e  

l a t t e r  case ,  an a f t  d i sp lacement  of o n l y  0 .4  p e r c e n t  of t h e  t r i m m e r  chord pro- 

duces a dynamic i n s t a b i l i t y .  For forward c e n t e r  of g r a v i t y  movement, g r e a t e r  

t o l e r a n c e  i s  e x h i b i t e d  b e f o r e  t h e  phugoid mode i s  d e s t a b i l i z e d  f o r  t h e  ap- 

proach c o n d i t i o n .  

S i n c e  t h e  damping r a t i o  o f  mode A i n  t h e  approach c o n d i t i o n  i s  o n l y  

margina l ly  a c c e p t a b l e ,  even w i t h  no imbalance,  f u r t h e r  numer ica l  experimenta-  

t i o n  w a s  performed t o  i n s u r e  t h a t  t h i s  s i g n i f i c a n t  r e s u l t  w a s  n o t  e x c e s s i v e l y  

c o n f i g u r a t i o n  dependent .  Again,  t h e  l a r g e - t a i l  v e r s i o n  of C o n f i g u r a t i o n  1 C  w a s  

used.  I n  t h i s  case, mode A improved b u t  mode B became u n s t a b l e ,  w i t h  an a f t  

displacement  only  s l i g h t l y  i n  e x c e s s  of 1 p e r c e n t  of  t h e  trimmer chord.  

Because of t h e  c r i t i c a l i t y  of t h i s  parameter ,  t h e  numer ica l  e x p e r i -  

ment w a s  r e p e a t e d  w i t h  a forward trimmer c o n f i g u r a t i o n  t o  e x p l o r e  p o s s i b l e  

d i f f e r e n c e s .  C o n f i g u r a t i o n  1 A  w a s  s e l e c t e d  w i t h  a forward s u r f a c e  a t  a moment 

52 



I' 

Level Level 

MIL-F-87858 ( A S G )  
minimum damping rotio 
requirements 

FJumbers on root loci indicate 
displacement of trimmer center 
of gravity fore (t) or o f t  ( - )  
of trimmer hinge, in fraction of 
trimmer chord length 

Real Axis 
I -I-*+ 4-+++-;2+ 

- 8  -7 -6 -5 -4 -3 -2 - I  1 2 3 4  

(a) Short-period modes. 

Fi 

A S G )  
rotio 

I I I I 
I 1 I I 

-0.8 -0.7 -0.6 -0.5 

(b)  Phiigoici mode. 

FIGURE 15. EFFECT OF TRIMMER IMBALANCE ON CHARACTERISTIC ROOTS 
OF CONFIGURATIONlC. CRUISE FLIGHT WITH 6 PERCENT 
WING HINGE MARGIN. 

53 



MIL - F- 87858 ( ASG ) 
minimum domping rotio 
requirements 

Numbers on roof loci indicote 
displocement of trimmer center 
of grovity fore (+) or cf t  ( - )  
of trimmer hinge, in fraction of 
trimmer chord length 

( a )  S h o r t - p e r i o d  modes. 

(b)  Phugo id  modes. 

F I G U R E  16 .  E F F E C T  O F  TRIMMER IMBALANCE ON C H A R A C T E R I S T I C  ROOTS 
O F  C O N F I G U R A T I O N  1 C .  APPROACH C O N D I T I O N  W I T H  4 
P E R C E N T  WING H I N G E  MARGIN. 



~ 

I 

I o c c u r r i n g  w i t h  an a f t  imbalance of  less t h a n  1 p e r c e n t  of t h e  t r i m m e r  chord.  

a r m  of  two wing chords.  With r e g a r d  t o  t h e  consequences of a f t  trimmer i m -  

b a l a n c e ,  t h e  r e s u l t s  w e r e  v i r t u a l l y  t h e  same, a dynamic i n s t a b i l i t y  of mode B 

, It would appear  t h a t  t h e  e f f e c t  of a f t  imbalance i s  t h e  same 
I whether  t h e  t r i m m e r  i s  l o c a t e d  f o r e  o r  a f t  of t h e  wing h inge .  A r e a s o n a b l e  

' e x p l a n a t i o n  f o r  t h i s  o b s e r v a t i o n  i s  t h a t ,  i n  b o t h  c o n f i g u r a t i o n s ,  an  a f t  im-  ' b a l a n c e  of  t h e  p a n e l  t e n d s  t o  d e f l e c t  t h e  t r i m m e r  i n  t h e  d i r e c t i o n  t h a t  en- 

hances t h e  a n g u l a r  a c c e l e r a t i o n  of t h e  wing. 

I 
I n  c o n c l u s i o n ,  no a f t  imbalance of t h e  t r i m m e r  s u r f a c e  should  b e  

A s m a l l  forward imbalance (of the  o r d e r  of one p e r c e n t  of t r i m m e r  p e r m i t t e d .  

chord) may b e  t o l e r a t e d ,  a l though t h e  e f f e c t  may b e  f e l t  i n  reduced damping of 

t h e  phugoid a t  low s p e e d s .  f 

General  Comments on Conf igura t ion  Options 

i 
I 

I 
1 c a p a b i l i t i e s  ( f i g .  8>, t h e  af t - t r immer c o n f i g u r a t i o n s  appear  t o  o f f e r  inher -  

Although t h e  forward trimmer c o n f i g u r a t i o n s  a f f o r d  h i g h e r  l i f t  

I e n t l y  b e t t e r  g u s t  a l l e v i a t i o n .  Furthermore,  f o r  t h e  s t i c k - f i x e d  l o n g i t u d i n a l  

motions ana lyzed  i n  t h i s  s t u d y ,  t h e  af t - t r immer c o n f i g u r a t i o n s  e x h i b i t  b e t t e r  

dynamic b e h a v i o r  (compare f i g .  6 and 7 ) .  

F i g u r e  17  summarizes t h e  normal load  f a c t o r  r e s p o n s e s  t o  cont inuous  
1 

t u r b u l e n c e  f o r  b o t h  t y p e s  of c o n f i g u r a t i o n s  f o r  t h e  c r u i s e  c o n d i t i o n .  Config- 

u r a t i o n  lC, w i t h  a tip-mounted a f t  trimmer with a moment a r m  of  one chord 
I 

I l e n g t h ,  w a s  s e l e c t e d  f o r  t h e  a n a l y s i s  of imbalance e f f e c t s  because i t  a p p e a r s  

t o  be r e p r e s e n t a t i v e  of promising c o n f i g u r a t i o n  c h o i c e s .  For  completeness ,  

t h e  t u r b u l e n c e  responses  were a l s o  c a l c u l a t e d  f o r  t h e  approach c o n d i t i o n  f o r  

t h i s  c o n f i g u r a t i o n ;  t h e s e  responses  a r e  shown i n  f i g u r e  18. 

I 

I 

1 

The a d v e r s e  e f f e c t  of t h e  free-wing p r i n c i p l e  on f u s e l a g e  p i t c h i n g  
I 

I 

response  is  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n s  of r e f e r e n c e s  1 and 2 .  The devel-  

opment of p a s s i v e  o r  act ive f u s e l a g e  p i t c h  dampers would b e  an i n t e r e s t i n g  

t e c h n i c a l  c h a l l e n g e  because  of t h e  i n f l u e n c e  of f u s e l a g e  c h a r a c t e r i s t i c s  on 

t o t a l  a i r c r a f t  b e h a v i o r  which h a s  been noted  f o r  t h e  free-winglfree- t r immer 

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

I 
I 

One d i s a d v a n t a g e  of a f t  trimming s u r f a c e s  is  t h e  n e c e s s i t y  f o r  , 
g r e a t e r  b a l l a s t  forward of t h e  wing h inge  t o  a c h i e v e  mass b a l a n c e  of t h e  wing 
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assembly. It seems p o s s i b l e ,  however, t o  reduce t h e  s e v e r i t y  of t h i s  p e n a l t y  

by clever d e s i g n  o f  s p e c i f i c  a i r c r a f t .  For  example, l a n d i n g  l i g h t s ,  a v i o n i c s  

equipment,  b a t t e r i e s ,  and o t h e r  constant-mass f i x e d  i t e m s  of equipment could ,  

i i n  p r i n c i p l e ,  b e  p laced  i n  t h e  forward wingt ip  booms t o  reduce t h e  r e q u i r e d  

1 mass of a d d i t i o n a l  i n e r t  weight .  I n  a d d i t i o n ,  j u d i c i o u s  c h o i c e s  of wing sweep 
' and t a p e r  may move t h e  wing c e n t e r  of g r a v i t y  forward w i t h  r e s p e c t  t o  t h e  wing 

I h i n g e  a x i s .  

I 

I 

Another i n t r i g u i n g  p o s s i b i l i t y  f o r  tip-mounted a f t  t r i m m e r s  i s  t h e  

use of t h e s e  s u r f a c e s  f o r  l a t e r a l  c o n t r o l .  Although no l a t e r a l - d i r e c t i o n a l  

a n a l y s i s  w a s  i n c l u d e d  i n  t h i s  s t u d y ,  t h e  trimming s u r f a c e s ,  moved d i f f e r e n -  

t t i a l l y ,  could  be expec ted  t o  p r o v i d e  powerful r o l l  c o n t r o l .  

I CONCLUSIONS 

The fo l lowing  conclus ions  may be drawn from t h i s  i n v e s t i g a t i o n :  
I 

I 

(1) For t h e  trimmer a r e a  r a t i o  considered ( 1 / 6 ) ,  t h e  most 
promising c o n f i g u r a t i o n  employs wingtip-mounted trimming 
s u r f a c e s  p l a c e d  a f t  of t h e  wing h i n g e  l i n e  w i t h  a moment 
a r m  of one wing chord l e n g t h .  Of t h e  c o n f i g u r a t i o n s  examined 
i n  t h i s  s t u d y ,  t h i s  arrangement a l o n e  could p r o v i d e  e x c e l l -  
e n t  a l l e v i a t i o n  of v e r t i c a l  gus t  l o a d s  w h i l e  exceeding t h e  
maximum l i f t  c a p a b i l i t y  of pure free-wing c o n f i g u r a t i o n s ,  
and w h i l e  meet ing fundamental  c r i t e r i a  f o r  t h e  s t a b i l i t y  
of t h e  s t i c k - f i x e d  l o n g i t u d i n a l  modes. 

( 2 )  For  v e r t i c a l  g u s t  a l l e v i a t i o n ,  forward t r i m m e r s  a r e  i n f e r i o r  
t o  aft-mounted s u r f a c e s  because of a d v e r s e  wing p i t c h i n g  
moments caused by t r a n s i e n t  aerodynamic f o r c e s  on t h e  t r i m -  
ming s u r f a c e s .  

(3) Mass b a l a n c i n g  of t h e  t r i m m e r  s u r f a c e  about  i t s  h inge  a x i s  
i s  v i t a l  f o r  p r e c l u d i n g  adverse e f f e c t s  on t h e  s t a b i l i t y  of 
t h e  c h a r a c t e r i s t i c  modes. In  p a r t i c u l a r ,  a f t  imbalance 
must b e  avoided.  

( 4 )  L o n g i t u d i n a l  displacement  of t h e  c e n t e r  of  g r a v i t y  of t h e  
f u s e l a g e  assembly appears  t o  be more s i g n i f i c a n t  f o r  f r e e -  
wing/free- t r immer c o n f i g u r a t i o n s  t h a n  f o r  pure free-wing 
a i r c r a f t .  Forward displacement  d e c r e a s e s  t h e  damping of  t h e  
phugoid mode w h i l e  a f t  displacement  d e c r e a s e s  t h e  damping 
of one of t h e  s h o r t - p e r i o d  modes. The e f f e c t  of f u s e l a g e  
imbalance i s  more pronounced f o r  slow-speed f l i g h t ,  and the 
s e n s i t i v i t y  depends upon t h e  aerodynamic d e s i g n  of t h e  fuse-  
l a g e  assembly. 
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(5) S m a l l  v a r i a t i o n s  i n  t h e  wing assembly c e n t e r  of  g r a v i t y  (of I 

t h e  o r d e r  of a few p e r c e n t  of  wing chord)  have no s i g n i f i -  
c a n t  e f f e c t  on t h e  i n - f l i g h t  c h a r a c t e r i s t i c  modes, b u t  c e n t e r  
of g r a v i t y  l o c a t i o n s  a f t  of  t h e  wing h i n g e  a x i s  should  b e  
avoided t o  f a c i l i t a t e  smooth l a n d i n g s .  

Forward-trimmer c o n f i g u r a t i o n s  are more e f f i c i e n t  from a weight  
s t a n d p o i n t  t h a n  a f t  t r i m m e r s ,  and c o u l d ,  i f  p r o p e r l y  s i z e d  and 
p l a c e d ,  p r o v i d e  a l i g h t e r  t o t a l  wing weight  t h a n  a p u r e  f r e e -  I 

wing. The a f t - t r immer  c o n f i g u r a t i o n  i n c u r s  a h i g h e r  weight  
p e n a l t y  because of  t h e  a d d i t i o n a l  counterweight  needed t o  
b a l a n c e  t h e  wing assembly about  i t s  h i n g e  a x i s .  

( 6 )  

I 
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APPENDIX A. DEVELOPMENT OF EQUATIONS OF MOTION 

Introduction 

In deriving the equations of motion, each free surface and the fuse- 

lage assembly are considered free bodies at first. After the individual sets of 

equations are written with respect to the most convenient axis systems, they are 

combined into a single set, referred to the wing hinge axis system. The 

equations are consolidated by eliminating the common forces and moments that act 

between the various components. The equations are then linearized for conven- 

ience in the analysis. 

Symbols 

Symbols that are defined each time they are used have been omitted 

from this list. 

a 

F 
F 

g 

H 

[I1 

2 linear acceleration, meters/second2 (feet/second ) 

force , newtons (pounds) 
reversed effective force, newtons (pounds) 

acceleration due to gravity, meters/second2 (feet/second ) 

angular momentum, radians/second 

inertia tensor (shown in equation (31)  for forward trimmer and 
after equation ( 4 4 )  for wing-boom assembly), kilogram-meters2 

moment, newton-meters (foot-pounds) 

reversed effective moment, newton-meters (foot-pounds) 
mass, kilograms (slugs) 

roll rates about x,y,z axes, respectively, radians/second 
2 

inertial linear acceleration, meters/second2 (feet/second ) 
velocity vector components about x,y,z axes, respectively, 
meters/second (feet/second) 

velocity, meters/second (feet/second) 

stability axes 

wing hinge axes 

2 

(slug-feet 2 ) 

wing panel axes 

trimmer hinge axes 

59 



X" ,Y 11 , Z" trimmer p a n e l  a x e s  

6 d e f l e c t i o n  a n g l e  of  s u r f a c e ,  r a d i a n s  

P p o s i t i o n  v e c t o r ,  meters ( f e e t )  

w a n g u l a r  v e l o c i t y ,  r a d i a n s l s e c o n d  

1 1 ,Iz u n i t  v e c t o r s  a l o n g  x , y , z  a x e s ,  r e s p e c t i v e l y .  

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

C f r e e  t r i m m e r  s u r f a c e  

cg c e n t e r  of g r a v i t y  

CH trimmer hinge  

F f u s e l a g e  

H wing h inge  

0 wing h inge  l i n e  i n t e r s e c t i o n  w i t h  a i r c r a f t  p l a n e  of symmetry 

0 '  trimmer hinge  l i n e  i n t e r s e c t i o n  w i t h  a i r c r a f t  p l a n e  of 

P wing panel  

W wing 

WB wing/boom assembly 

WH wing h inge  

X , Y , Z  a x e s  o t h e r  t h a n  s t a b i l i t y  

A L A  

x '  Y 

symmetry 

I wing p a n e l  a x i s  system 

t r i m m e r  axis .  7 1  

Coordina te  Systems 

The s i x  c o o r d i n a t e  systems d e s c r i b e d  below w e r e  employed. 

Convent ional  s t a b i l i t y  a x i s  system. Fol lowing s t a n d a r d  p r a c t i c e ,  t h e  

b a s i c  s e t  of c o o r d i n a t e s  f o r  d e s c r i b i n g  t h e  a i r c r a f t  motion has  i t s  o r i g i n  a t  

t h e  c e n t e r  of g r a v i t y  of t h e  complete a i r c r a f t .  The x-axis  i s  a l i g n e d  w i t h  t h e  

v e l o c i t y  v e c t o r  of t h e  a i r c r a f t  i n  t h e  r e f e r e n c e  c o n d i t i o n ,  t h e  y-ax is  e x t e n d s  

t o  t h e  r i g h t  of t h e  p l a n e  of  symmetry, and t h e  z -ax is  completes  t h e  r ight-hand 

set .  These c o o r d i n a t e s  a r e  f i x e d  i n  t h e  a i r c r a f t  and r o t a t e  w i t h  i t .  The 

o r i e n t a t i o n  of t h e  s t a b i l i t y  a x i s  system w i t h  r e s p e c t  t o  a n  i n e r t i a l l y  f i x e d  

r e f e r e n c e  is d e f i n e d  by t h r e e  s t a n d a r d  E u l e r  a n g l e s .  The sequence of r o t a t i o n  

used t o  d e f i n e  t h e s e  a n g l e s  i s :  (1) r o t a t i o n  about  t h e  z -ax is  th rough t h e  yaw 

a n g l e ,  $, ( 2 )  r o t a t i o n  about  t h e  y-ax is  th rough t h e  p i t c h  a n g l e ,  0 ,  and ( 3 )  

r o t a t i o n  about  t h e  x-ax is  through t h e  r o l l  a n g l e ,  4 .  
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I 

I 

Hinge a x i s  system. The h inge  system of a x e s ,  x , y  , z  h a s  i t s  o r i g i n  H H H' 

H i n  t h e  p l a n e  of  symmetry of t h e  a i r c r a f t .  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  a x i s  of r o t t i t i o n  of t h e  r i g h t  wing panel .  For s i m p l i c i t y ,  t h e  wing p a n e l s  

are  assumed t o  have no geometr ic  d i h e d r a l .  Consequently,  z l i e s  i n  t h e  p l a n e  

of symmetry, and t h e  n e g a 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  a x i s  of  r o t a t i o n  of t h e  

l e f t  wing p a n e l .  The h inge  a x i s  syscem 1s p a r a l l e l  t o  t h e  s t a b i l i t y  a x i s  s y s t e m ,  

and i s  t h e r e f o r e  f i x e d  i n  t h e  f u s e l a g e  assembly f o r  a g i v e n  f l i g h t  c o n d i t i o n .  

P a n e l  a x i s  system. The p a n e l  a x i s  system x ' ,  y ' ,  z ' ,  i s  s imilar  t o  

H 

H 

t h e  h i n g e  a x i s  system, but  r o t a t e s  w i t h  t h e  wing p a n e l s .  When d e a l i n g  w i t h  t h e  

wing p a n e l s ,  t h e  p a n e l  a x i s  system is r o t a t e d  about  t h e  y - a x i s  through t h e  d i s -  

placement a n g l e  6 
H 

P '  

Forward t r i m m e r  h inge  a x i s  system. The forward trimmer h inge  a x i s  

system, 'LH, 

varies from t h e  s t a b i l i t y  a x i s  system by 6 o n l y .  I ts  o r i g i n  i s  a t  t h e  i n t e r -  

s e c t i o n  of t h e  forward trimmer h inge  l i n e  and t h e  a i r c r a f t  p l a n e  of symmetry. 

Z '  CH i s  f i x e d  w i t h  r e s p e c t  t o  t h e  wing p a n e l  a x i s  system and 

P 

Forward t r i m m e r  p a n e l  a x i s  system. The forward trimmer system of 

a x e s  x", y", z" h a s  i t s  o r i g i n  a t  t h e  same p o i n t  as t h e  t r i m m e r  h inge  a x i s  

system. The forward trimmer p a n e l  a x i s  system, however, i s  f i x e d  i n  t h e  forward 

trimmer p a n e l ,  i t s  x-axis  be ing  t h e  forward trimmer chord l i n e  a t  t h e  a i r c r a f t  

p l a n e  of symmetry. This  a x i s  system i s  f r e e  t o  r o t a t e  from t h e  forward trimmer 

hinge  system through t h e  d isp lacement  a n g l e  6 

c o i n c i d e  and b o t h  are  p a r a l l e l  t o  t h e  y ' - ,  y -, y -, and y-axes a t  all times. 

only .  The Y"- and YhH-axes 
C '  

H F 
Fuse lage  a x i s  system. The f u s e l a g e  a x i s  system x F , y F , ~ F  i s  f i x e d  

w i t h i n  t h e  f u s e l a g e  a t  t h e  wing h inge .  I ts  o r i g i n  i s  a t  t h e  i n t e r s e c t i o n  of 

t h e  a i r c r a f t  p l a n e  of symmetry and t h e  wing h inge  l i n e ,  s i n c e  t h i s  i s  t h e  p o i n t  

about  which t h e  f u s e l a g e  r o t a t e s .  The x -ax is  i s  p a r a l l e l  t o  t h e  f u s e l a g e  

r e f e r e n c e  l i n e  (FRL),  p o s i t i v e  forward.  The a x i s  y i s  c o i n c i d e n t  w i t h  y and F H 
y ' ,  and x and z v a r y  from x and z by t h e  f u s e l a g e  p i t c h  a n g l e ,  E. The fuse-  

l a g e  p i t c h  a n g l e  is  u s u a l l y  small enough t o  be  n e g l e c t e d .  

of f u s e l a g e  p i t c h  a n g l e  on a i r c r a f t  c h a r a c t e r i s t i c s ,  E w a s  i n i t i a l l y  set  a t  a 
v a l u e  o t h e r  t h a n  z e r o  and f u s e l a g e  aerodynamic and i n e r t i a i  c h a r a c t e r i s t i c s  

r e c a l c u l a t e d  t o  r e f l e c t  i t s  s t a t i c  v a l u e .  

F 

F F H H 
To assess t h e  e f f e c t  
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Whenever e q u a t i o n s  of motion are t o  b e  formula ted ,  t h e y  always d e r i v e  

from t h e  a p p l i c a t i o n  of  two p r i n c i p l e s ;  namely, t h e  p r i n c i p l e  of  motion of  t h e  

mass c e n t e r  and t h e  p r i n c i p l e  of moment of momentum. The p r i n c i p l e  o f  motion of  

t h e  mass c e n t e r  a p p l i e s  o n l y  t o  c e n t e r s  o f  g r a v i t y  and t h i s  w a s  c a r e f u l l y  

a p p l i e d  t o  each of t h e  f r e e  b o d i e s  ( f u s e l a g e ,  wing/boom and t r immer) .  

p r i n c i p l e  of  moment of  momentum i s  v a l i d  f o r  p o i n t s  of r o t a t i o n  o t h e r  t h a n  t h e  

mass c e n t e r ,  i f  compensation i s  made f o r  t h e  o f f s e t  c e n t e r  of g r a v i t y .  T h i s  

compensation w a s  g e n e r a l l y  n e c e s s a r y  f o r  e a c h  f r e e  body, s i n c e  t h e  v a r i o u s  

a u x i l i a r y  a x i s  systems w e r e  n o t  g e n e r a l l y  l o c a t e d  a t  c e n t e r s  of  g r a v i t y .  

The 

Unl ike  t h e  case f o r  a c o n v e n t i o n a l  a i r c r a f t ,  w i t h  t h e  free-wing air- 

c r a f t  the  e q u a t i o n s  of  motion cannot  be summarily r e f e r e n c e d  t o  t h e  s t a b i l i t y  

a x e s  centered  a t  t h e  a i r c r a f t  c e n t e r  of g r a v i t y .  I n  f a c t ,  t h e  l o c a t i o n  o f  t h e  

a l l - u p  a i r c r a f t  c e n t e r  of g r a v i t y  i s  v a r i a b l e ,  dependent upon t h e  r e l a t ive  

p o s i t i o n  of  t h e  wing/boom/trimmer. 

c u r r e n t  a n a l y s i s .  The h inge  a x i s  system can b e  used a s  t h e  " p r i n c i p a l  

re ference"  r a t h e r  t h a n  t h e  s t a b i l i t y  a x i s  system. It is  f i x 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  and p a r a l l e l  t o  t h e  s t a b i l i t y  a x i s .  A l l  f o r c e  and moment c o n t r i -  

b u t i o n s  from t h e  v a r i o u s  f r e e  b o d i e s  can b e  r e f e r e n c e d / c o o r d i n a t e d  w i t h  r e s p e c t  

t o  t h i s  a x i s  system, even though i t  i s  n o t  l o c a t e d  a t  t h e  a i r c r a f t  c e n t e r  of 

g r a v i t y ,  n o r  a t  t h e  c e n t e r  of g r a v i t y  of any of t h e  v a r i o u s  f r e e  b o d i e s .  

T h i s  v a r i a b i l i t y  has  n o t  been ignored  i n  t h e  

Free-Body Equat ions  

General  p rocedure .  To d e r i v e  forward trimmer and wing p a n e l  f o r c e  

e q u a t i o n s ,  f i r s t  t h e  p o s i t i o n  v e c t o r ,  p ,  from t h e  p a n e l  h inge  a x i s  ( c o o r d i n a t e  

sys tem o r i g i n )  t o  t h e  p a n e l  c e n t e r  of g r a v i t y  i s  w r i t t e n  i n  t h e  most convenient  

c o o r d i n a t e  system. This  a l l o w s  t h e  v e c t o r  t o  b e  f i x e d .  The p o s i t i o n  v e c t o r  i s  

t h e n  t r a n s f e r r e d  t o  t h e  wing h i n g e  a x i s  system and d i f f e r e n t i a t e d  twice  w i t h  

r e s p e c t  t o  t i m e .  To t h i s  is t h e n  added t h e  t i m e  d i f f e r e n t i a l  of i n e r t i a l  

v e l o c i t y .  

To d e r i v e  forward trimmer and wing moment e q u a t i o n s ,  f i r s t  t h e  pos i -  

t i o n  v e c t o r  from t h e  p a n e l  h i n g e  a x i s  t o  t h e  pane l  c e n t e r  of g r a v i t y  i s  w r i t t e n  
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.. 
i n  t h e  a p p r o p r i a t e  a x i s  system, as  b e f o r e .  Then t h e  momentum t e r m ,  mR, and t h e  

a n g u l a r  momentum t e r m ,  H ,  a re  w r i t t e n  i n  t h e  a p p r o p r i a t e  a x i s  systems.  The 

v e c t o r  p, and t h e  terms mR and H are  t r a n s f e r r e d  t o  t h e  wing h i n g e  a x i s  system 

b e f o r e  b e i n g  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  t i m e  as n e c e s s a r y  t o  w r i t e  t h e  

a p p r o p r i a t e  moment e q u a t i o n s .  

The above s t e p s  a l s o  a p p l y  t o  t h e  f u s e l a g e  moment e q u a t i o n s ,  b u t  t h e s e  

e q u a t i o n s  i n v o l v e  o n l y  t h e  f u s e l a g e  and s t a b i l i t y  a x i s  systems.  

The a i r c r a f t  w i l l  be  broken down i n t o  t h r e e  f r e e  b o d i e s  f o r  a n a l y s i s :  

t h e  forward t r i m m e r ,  wing/boom assembly and f u s e l a g e .  

Forward trimmer p a n e l  f o r c e  equat ions .  I n  t h e  forward trimmer p a n e l  

axis system i n  f i g u r e  19,  t h e  p o s i t i o n  v e c t o r  of  t h e  forward t r i m m e r  pane l  

c e n t e r  of g r a v i t y  i s  as f o l l o w s :  

where, because of  symmetry, Y" = 0. This  t r a n s f e r s  t o  t h e  forward trimmer 

h i n g e  a x i s  system (which i s  m u t u a l l y  p a r a l l e l  t o  t h e  wing p a n e l  a x i s  system) 

through t h e  forward trimmer p a n e l  d e f l e c t i o n  a n g l e ,  b C .  

t o  t h e  wing h i n g e  a x i s  system through t h e  wing p a n e l  d e f l e c t i o n  a n g l e ,  6p .  

f i g u r e  20. 

c g  

T h i s  can be t r a n s f e r r e d  

See  

Before t h e  forward trimmer c e n t e r  of g r a v i t y  p o s i t i o n  v e c t o r  can b e  

w r i t t e n  i n  t h e  wing h inge  a x i s  system, t h e  forward trimmer h i n g e  a x i s  ( o r i g i n  

of  b o t h  forward trimmer a x i s  s y s t e m s ) ,  must be l o c a t e d  w i t h  r e s p e c t  t o  t h e  wing 

h i n g e  a x i s  ( o r i g i n  of b o t h  wing a x i s  sys tems) ,  s o  t h a t  

The r e s u l t  i s  

I 1 + Z '  s i n  6p]1xH + [-XI1 s i n ( d c  + tip) - X I C H  s i n  6 + Z ' C H  c o s  GPIlZH. (12)  
CH c g  
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FIGURE 1 9 .  ILLUSTRATION OF AXIS SYSTEMS 

Wing /boom P C C G B  
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FIGURE 20. ANGULAR RELATIONSHIPS OF AXIS SYSTEMS 



Since the vertical offset of the forwarL trimma center of gravity from its 

hinge is effectively zero, the second term in the preceding equation may be 

'dropped. 

I 
velocity and w is angular velocity of the wing hinge in that system, or 

-, I I , Now, define wing hinge velocity terms, VH and W where V is inertial H' H 

H 

and 
I I I 

w = plxH + qLyH + rlZH . H 

Then the trimmer panel center of gravity inertial acceleration may be 

,found in the wing hinge axis system as follows: 

~ 

i 

I 

I 

I 

I 
I 
I 

I 

1 

I i I 

v =  ccg (Pccg)WH 'H 
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Unit vectors differentiate to: 

I I d A  
- (IxH) = rl - qlZH dt YH 

Therefore, the preceding expression for forward trimmer inertial acceleration 

becomes, upon expansion, 

.. 
+ 6p[-X"cg sin(6 + 6 ) - X' sin 6 + Z I C H  cos 6 ] 

C P CH P P 

+ i [-icrcg cos(6 + 6 ) - B (If' + 6 ) + XICH cos 6 P C P P cg P P 

2 2 + Z f C H  sin 6 ) I  + (-r - q )[xtIcg cos(dC + 6 ) + XICH cos 6 P P P 

sin 6 1 + (4 + pr)[-2' sin (Ac + 6 ) - XICH sin 6 + "CH P cg P P 

+ ZtCH cos 6 3 + 2qL-i x" cos ((Sc + 6p) - i (XI cos (6c + 6p) P c cg P cg 

+ Z T C H  sin 6 ) ]  + u - rV + qwl lxH -\ + XICH cos 6 
P P 

-L 

(a ) = { (pq + ?) [xttCg + 6 ) + x ' ~ ~  cos 6 + Z V C H  sin 6 1 ccg Y P P P 

+ 2r [-iC~" + 6 + i (- XI' s i n ( 6  + 6 - xlCH sin 6 

+ Z i H  cos 6 ) ]  + (-6 + qr)[-X" 

cg P P cg C P P 

sin ( 6 c  + 6p) - xtCH sin 6 P cg P 

+ Z f C H  cos 6 ] - 2p[-i x" c o s ( 6  P = cg C P P cg + 6 ) - i; (x" C O S ( b c  + ") 

1 + xlCH cos 6 + Z t C H  sin 6 ) ]  + v + rU - pw) lyH . (19) P P 
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(Equat ion 1 9  cont inued)  

(Z = { (- 4 + pr)[Xtfcg cos  ( 6 c  + 6 

- 2q[- d X" s i n  ( 6 c  + 6 + d (- XI! s i n ( 6 c  + 6 p )  

- X I C H  s i n  6 

+ xvCH cos 6 + zvch s i n  6 3 ccg z P P P 

c cg P P cg 

2 2  + zvcH cos 6p>  3 + (-4 -p ) [-P' 
P cg 

s i n ( 6  C + 6 p )  

- X I C H  s in  6 + ZICH cos 6 3 - 6 x" cos (6c  + (Sp) 
P P c c g  

F i n a l l y ,  c o l l e c t i n g  terms by s i n e s  and c o s i n e s  y i e l d s :  

.. 2 + q2 + r 1 [ ~ l f ~ ~  cos(gC + 6 11 + (6 + ;I + pr)(-XtCH s i n  6 

+ "CH P P 

P P P 

+ r ] (XIcH cos  6 + ZfCH s i n  6 ) + U - 2  2 
P 

cos 6 ) - [ (q  + 6p) 

- r V  + qW 

I + pq + + ]  K'' c g  C P  P P cos(& + 6 ) ]  + (21-6 - fi + q r )  (-XIcH s i n  6 

I 
I 
I 

+ ZICH cos 6 ) + (2p6 + pq + ')(XICH cos 6 + ZVCH s i n  6 ) + V 

- pW + r U  (20) 

P P P P 
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(Equation 20 cont inued  ) 

c) I 
L + p ] (-XIcH s i n  6 + ZtCH c o s  6 ) - (6 + ;1 - p r ) ( X t C H  c o s  6 

P P P P 

+ ZVCH s i n  6 ) + W + pV - qU . (20)' 
P 

Then, a p p l y i n g  t h e  fundamental  Newtonian l a w ,  t h e  t h r e e  e q u a t i o n s  
i 

I 
d e s c r i b i n g  t h e  f o r c e s  a t  t h e  o r i g i n  of t h e  wing h inge  a x i s  system t h a t  a re  

a s s o c i a t e d  w i t h  t h e  a c c e l e r a t i o n  of t h e  forward t r i m m e r  p a n e l  a re  a s  f o l l o w s :  

Wing p a n e l  f o r c e  e q u a t i o n s .  I n  t h e  wing p a n e l  a x l s  cystem i n  

f i g u r e  1 9 ,  t h e  p o s i t i o n  v e c t o r  of  t h e  wing p a n e l  p l u s  boom c e n t e r  of g r a v i t y  i s :  

I I I -L = x '  1 + Y '  1 , + z '  1 ,  . 
'WBcg c g  X I  cg Y cg z 

Again, Y' = 0 because t h e  f r e e  body i s  symmetrical about  t h e  x l - z '  
cg 

p lane .  The a p p r o p r i a t e  a n g u l a r  t r a n s f e r  must be made t o  write t h i s  p o s i t i o n  

v e c t o r  i n  t h e  wing h inge  a x i s  system. 

Simp 1 i f  y i n g  moment ar  i 1 y t o  
I -L A 

'WBcg = 'xH 1 xH + 

y i e l d s ,  w i t h  VH and w t h e  same as b e f o r e ,  
H 
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Expanding t h i s  i n  i t s  component form y i e l d s :  , .. * 2  2 
) = [-(q + 6p) - r ](XIcg c o s  6 + Z '  s i n  6 ) + (6 + 6 + p r )  

(aWBcg x P cg P P 

I (-XI s i n  6 + Z '  c o s  6 ) + U + qW - r V  cg P cg P 

1 ) = (2pi  + pq + ?)(XIcg cos  6 + Z' s i n  6 ) + (21-6 - p + q r )  (28) 
(aWBcg y P P cg P P 

(-XI s i n  6 + Z '  cos  6 ) + V - pw + r U  
I cg  P cg P 

- 2  .. 
I ) = (-6 + p r  - i ) ( x '  c o s  6 + Z' s i n  6 ) + [-(q + 6p) 
I (aWBcg z P cg P c g  P 

2 - p  ] (-XIcg s i n  6 + Z' c o s  6 ) + W + pv - qu . 
P c g  P 

I Again, apply ing  t h e  fundamental  Newtonian l a w ,  t h e  t h r e e  e q u a t i o n s  
I 

d e s c r i b i n g  t h e  f o r c e s  e x i s t i n g  a t  t h e  o r i g i n  of t h e  wing h inge  a x i s  system t h a t  

are a s s o c i a t e d  w i t h  a c c e l e r a t i o n  of  t h e  wing p a n e l s  are: 

j ('xH'WB - - %B (2 WBcg 1 x 

Trirmer-panel  mcment e q u a t i o n s .  The t r i m , e r - p a n e l  moment e q u a t i o n s  

w i l l  f o l l o w  t h e  g e n e r a l  form f o r  moments about o f f s e t  p o i n t s :  



The f i r s t  term w i l l  b e  r e f e r e n c e d  t o  t h e  forward trimmer p a n e l  system 

where a l l  i n e r t i a s  and a n g u l a r  v e l o c i t i e s  w i l l  b e  t h o s e  of  t h e  forward t r i m m e r  

p a n e l  about i t s  h inge  axis system. The p o s i t i o n  v e c t o r ,  p ,  w i l l  b e  expressed  i n  

t h e  forward trimmer p a n e l  a x i s  system i n i t i a l l y ,  as  w i l l  t h e  l i n e a r  momentum 

term, mK. All of t h e  terms w i l l  be  t r a n s f e r r e d  t o  t h e  wing h i n g e  a x i s  system 

and combined a t  t h a t  t i m e .  

x 

The a n g u l a r  momentum t e r m  i s  of t h e  form: 

S i n c e  the  h inge  a x i s  system i s  composed of a x e s  of mass symmetry, a l l  p r o d u c t s  

of i n e r t i a  a r e  z e r o .  The a n g u l a r  v e l o c i t y  terms can b e  found by c o n s i d e r i n g  t h e  

r e l a t i o n s h i p  of t h e  canard t o  t h e  wing h inge  a x i s .  The o n l y  freedom t h e  forward 

t r i m m e r  has  w i t h  r e s p e c t  t o  t h i s  p o i n t  is  i n  p i t c h  and i s  s o l e l y  a f u n c t i o n  of 

t h e  displacement  a n g l e s  6 and 6 , such t h a t  
P C 

Hol  can t h e n  b e  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  t i m e  t o  y i e l d  t h e  f i r s t  t e r m  i n  

t h e  moment e q u a t i o n .  

The p o s i t i o n  v e c t o r ,  which i s  t h e  a r m  t o  compute t h e  moment of 

momentum, r u n s  from t h e  forward trimmer hinge  p o i n t  t o  t h e  forward t r i m m e r  

c e n t e r  of g r a v i t y  and can  b e  expressed  as: 

To s i m p l i f y  t h i s  a b i t ,  l e t  Z" = 0 t o  r e f l e c t  t h e  nominal d i f f e r e n c e  i n  t h e  z ' l  
cg 

c o o r d i n a t e  of t h e  forward t r i m m e r  c e n t e r  of g r a v i t y .  

wing hinge a x i s  system through t h e  forward trimmer p a n e l  and wing p a n e l  axis 

systems y i e l d s  

T r a n s f e r r i n g  t h i s  t o  t h e  
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IC 
I Next, t h e  v e c t o r  R must be found. 

0' 

x I x 
Ro' = a + Po - o' 0 

IC :\ d2 I I 

Ro' = vo + 7 j  ( x ' o ' l x '  + z l o ' l z ' )  
d t  

IC d2 K~~ = v0 + -  [ ( x t O I  cos  6 + z f O I  s i n  6 >i' + (- xtOI s i n  6 
d t 2  P P xH P 

! 
I + Z I 0 '  c o s  6 ) l z H ]  

P 

' Now, f o r  convenience,  l e t  

= X f 0 '  cos  6 

= - XIo I  s i n  6 + Z '  cos  6 . 

+ Z f 0 '  s i n  6 
PO'X P P 

P o ' z  P 0 '  P I 
~ 

I 
i Expanding y i e l d s ,  

1L 2 2  
= t - [ < d  + q)  + r I ( X ' ~ '  cos  6 + z t O I  s i n  6 + ( 6  + p r  + 4)  

I Ro 'x  P P P P 

I (- xvOI s i n  6 + z f O I  cos  6 ) + i~ + qw - r v )  -ixH 
P P 

I 

I 
I O ' Y  P P ( 4 0 )  

I 

x 
R = [(2pSP + pq + ? ) (X 'o ,  c o s  6 + Z t O I  s i n  6 ) + (2rdp + q r  - 6 )  

(- X' 

R O I z  = {-(ti 

s i n  6 + z f O I  cos  6 + ir + r U  -  WIT 
0 '  P P YH 

2 .. IC 

I - p r  + t ) ( X '  cos 6 + Z t O I  s i n  6 ) - [(EP + q )  + p21 
P 0 '  P P 

+ z f O I  cos  6 (- x T O I  s i n  6 + i + pv - q u )  TzH . I 
P P 
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F i n a l l y ,  since t h e  m a s s  i nvo lved  i s  t h a t  o f  t h e  forward  trimmer a l o n e ,  t h e  

moment e q u a t i o n s  become, 
A r 

- m XI' [ [ -  ~ ' ~ , ( 2 r E i  + q r  - i,> 
c cg  P 

(Mo1Ix = { 1- p(kc  + p; + q) Ixx  + F I Z Z  
C C P 

+ z f O I  (2p i  

+ q r  - 611 c o s  6 + i + r U  - ~ W I ]  s i n  (6 + 6 ) + ~ $ 1 ~ ~  + r < i -  

+ pq + ] s i n  6 + [ x f 0 ,  (2p6 + pq + F) + z f O I  (2rSp 
P P P 

C P C P  L 

) 
C 

I Z Z  
+ p r ) ~  c o s  6 - ir + rV - qwl] s i n ( d c  + 6 ) + p r ( I x x  - 

P P [ c  
r 2 2 

[ (6p  + q)  + mCX1'Cg[[- X' + P 1 + Z ' o I ( 6 p  + ;1 - p r ) ]  s i n  6 
0 '  P 

+ pV1 c o s  (6 + 6 ) + (ic + ;s' + 4 ) I  1-i 3 C P P YYc YH 

1 

- r ( i c  + f; + q ) I z z  l s i n ( 6  + 6 ) + [- p ( i C  + i; 
C P P 

(Mot ) z  = 1- +Ixx 
C P C 

+ q) Ixx  + +I + mcX" [ [-  X V o , ( 2 r 6  - i, + q r )  + Z 'o I (2p6p  
Z Z  cg P C C 

+ i- + p q ) ] s i n  6 + [X 'oI (2p6  + F + pq)  + Z f O I  ( 2 r6  - i, 
P P P 
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I Wing/boom moment e q u a t i o n s .  The wing/boom moment e q u a t i o n s  are  

w r i t t e n  most c o n v e n i e n t l y  i n  t h e  p a n e l  a x i s  s y s t e m  (shown i n  f i g u r e  1 9 ) ,  

because  i n  t h i s  system, t h e  moments and products  of i n e r t i a  are c o n s t a n t s .  The 

moments are t h e n  t ransformed t o  t h e  h inge  a x i s  system f o r  l a t e r  u s e .  

An unusual  f e a t u r e  o f  t h e  p a n e l  axes  i s  t h a t  t h e  o r i g i n  i s  d i s p l a c e d  

I from t h e  wing/boom c e n t e r  of g r a v i t y .  Because of t h i s ,  t h e  more g e n e r a l  form 

of t h e  p r i n c i p l e  of  t h e  c o n s d e r v a t i o n  of moment of momentum must be used.  

i s  : 

T h i s  

x ( 4 2 )  - L A  

M = H + (;) x m(R) 

I 
The components of t h e  H v e c t o r  a r e  t h e  i n e r t i a l  terms found i n  t h e  

1 
i r e d e r i v e d  h e r e  because t h e y  are developed i n  many t e x t s .  

c o n v e n t i o n a l  E u l e r  e q u a t i o n s  f o r  t h e  r o t a t i o n  of a r i g i d  body. These are n o t  

T h e i r  form i s  more 

g e n e r a l  t h a n  t h a t  shown f o r  t h e  forward tr imer i n  e q u a t i o n  (31) i n  t h a t  

p r o d u c t s  of i n e r t i a  are  inc luded .  
I 

1 

I The second t e r m ,  caused by t h e  o f f s e t  c e n t e r  of  g r a v i t y ,  r e q u i r e s  t h e  

development o u t l i n e d  below. 

I n  t h e  wing p a n e l  a x i s  system, t h e  p o s i t i o n  v e c t o r  t o  t h e  wing/boom 

c e n t e r  of  g r a v i t y ,  p ,  i s  c o n s t a n t ,  and i s  given by 
- 

I A I 

( 4 3 )  - 
'o-WBcg - X'WB1xI + Z'&' . 

I n  t h e  wing h i n g e  system, t h i s  i s  

The a n g u l a r  momentum term w i l l  b e ,  t h e n ,  t h e  t i m e  d e r i v a t i v e  of 

F i n a l l y ,  t h e  l i n e a r  momentum can be found by not ing  t h a t  
A I A 

R = U l x H  + VTYH + WlzH . 
0 

( 4 5 )  
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The moment e q u a t i o n s  can  be w r i t t e n  i n  t h e i r  f i n a l  forms by c r o s s i n g  
I x & 

i n t o  R m u l t i p l y i n g  by % and adding  Ho t o  o b t a i n :  ’0-WBccg 0’ B Y  

A 

(V + r U  - P W ) ( - X ’ ~ ~  s i n  6 + Z I W B  c o s  6 ) ] l x H  
zzWB - %B P P 

+ q r I  

+ ?IZzWB + mwB (V + r U  - pw) (XIwB c o s  6 
YZWB P 

- ( p r  + 2111 

I 

I 
+ Z’WB s i n  6 I l l z H  . 

P 

Fuse lage  moment e q u a t i o n s .  Consider  t h e  f u s e l a g e  as a weight  sus-  
~ 

pended from a wing and connected t o  i t  by a s i n g l e  p i n  j o i n t  so  t h a t  i t  i s  f r e e  

t o  r o t a t e  about  t h i s  p o i n t  u n l e s s  c o n s t r a i n e d  by p h y s i c a l  s t o p s  o r  aerodynamic 

f o r c e s  on some a u x i l i a r y  trimming s u r f a c e  a t t a c h e d  t o  i t .  It should  be 

a p p a r e n t ,  t h e n ,  t h a t  l o n g i t u d i n a l  motion w i l l  occur  about  t h i s  wing h inge  a x i s  

f o r  t h e  f u s e l a g e  as w e l l  as f o r  t h e  f r e e  w i n g l f r e e  t r i m m e r  combinat ion.  

d e s c r i b e  t h e  moments a c t i n g  on t h e  f u s e l a g e ,  i t  i s  a g a i n  n e c e s s a r y  t o  c o n s i d e r  

t h e  g e n e r a l  form of t h e  e q u a t i o n  f o r  t h e  c o n s e r v a t i o n  of  a n g u l a r  momentum. 

To 

A I A 1L 
MF = h + ( p F )  x m ( R  ) . P o  

Recall t h a t  t h e r e  a re  t h r e e  a x i s  systems f i x e d  a t  t h e  i n t e r s e c t i o n  

of t h e  wing h inge  l i n e  and t h e  a i r c r a f t  p l a n e  of symmetry: 

system f i x e d  i n  t h e  wing, t h e  wing h i n g e  a x i s  system m u t u a l l y  p a r a l l e l  t o  t h e  

t h e  wing p a n e l  a x i s  
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a i r c r a f t  s t a b i l i t y  axis  system, and t h e  f u s e l a g e  axis system w i t h  xF p o s i t i v e  

forward and para l le l  t o  t h e  f u s e l a g e  r e f e r e n c e  l i n e  and y p o s i t i v e  r i g h t  and 

c o i n c i d e n t  w i t h  t h e  wing h inge  l i n e .  Z i s  o r thogona l  t o  t h e s e  two axes, 

p o s i t i v e  downward. 

of g r a v i t y  are f i x e d  p o i n t s  i n  t h e  f u s e l a g e  a t  any p o i n t  i n  t i m e  and ,  hence ,  

have f i x e d  c o o r d i n a t e s  i n  t h e  f u s e l a g e  a x i s  s y s t e m .  Assuming t h a t  t h e  f u s e l a g e  

c e n t e r  of g r a v i t y  l i e s  i n  t h e  a i r c r a f t  p l a n e  of symmetry, t h e  p o s i t i o n  v e c t o r  

from t h e  wing h i n g e  p o i n t  t o  t h e  f u s e l a g e  c e n t e r  of g r a v i t y  w i l l  be:  

F 

F 
Both t h e  f u s e l a g e  c e n t e r  of g r a v i t y  and t h e  a i r c r a f t  c e n t e r  

S i n c e  t h e  l i n e a r  v e l o c i t y  o f  t h e  o r i g i n  of t he  s t a b i l i t y  axis  sys tem i s  t h e  

v e l o c i t y  of t h e  f u s e l a g e  c e n t e r  of g r a v i t y ,  
I I I I 

Ro = UlX + V l y  + WlZ . 
However, t h e  wing h inge  a x i s  system is p a r a l l e l  t o  t h e  a i r c r a f t  s t a b i l i t y  axis  

sys tem,  so  

I I I 

R = U 1  + VTYH + W l z H  , 0 xH 

and 

where 

Then, t h e  second term i n  e q u a t i o n  ( 4 8 )  becomes: 

The remain ing  t e r m  on t h e  r i g h t  s i d e  of equa t ion  ( 4 8 )  i s ,  as b e f o r e ,  t h e  

i n e r t i a l  t e r m  found i n  t h e  conven t iona l  Eu le r  e q u a t i o n s  f o r  t h e  r o t a t i o n  of a 

r i g i d  body. 
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The components of the applied fuselage moment defined by equation ( 4 8 :  , 
become : 

The moments applied to the fuselage assembly, represented by the sides 

to the left in equations ( 5 4 1 ,  contain contributions from the reversed effective 

forces and moments of the wing panels, booms, and trimmer. In actuality, they 

also contain gravity moments due to the weight of the fuselage, wing panels, 

booms, and trimmer. 

Summation of Equations 

Force equations. Summation of the force equations for the total air- 

craft will be simple and of the form: 

F - m g sin 8 = ma(U + qW - rV) x,aero + Fx,thrust a 

+ m g cos e sin + = m (V + rU - pW) y,aero -t Fy,thrust a a F 

+ m g cos 8 cos  + = ma(W + pV - qU) Fz., aero + Fz,thrust a 

( 5 5 )  

Moment equations. The moment equations will express that the sum of 

all externally applied moments, gravity moments, and moments generated by the 
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1 wing/boom/trimmer combinations on the fuselage must equal the fuselage inertial 

moments, or 

A i -L -+ 
'applied to = hF + (pF) x mF(RF) . 

, fuselage 

Broken into components, the scalar equations are: 

I 

M x,aero + Mx, thrust + Mx,fuselage + Mx,wing/boom/trimmer 
gravity gravity 

+ Mx,due to reversed effective 'x,reversed effective forces 
moments at the hinge (inertial) at the hinge 

+ qr(lz~F - IyyF) - maZFcg (V - pW + rU) . 

M y ,aero + My, thrust + My,fuselage + My,wing/boom/trimmer 
gravity gravity 

y,reversed effective + My,reversed effective 
moments at hinge forces at hinge 

+ M  

M z ,aero + M ~ ,  thrust + M ~ ,  fuselage + M~ ,wing/boom/trimmer 
gravity gravity 

z , r ever sed e f f ec t ive 
moments at hinge 

+ z , r ever s ed e f f ec t ive 
forces at hinge 

+M 

IxxF) + 11! s (V - pw + r u > .  a Fcg + pq!I - 
YYF 

( 5 7  1 

(59) 
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M a e r o  and M t h r u s t  terms are  d e a l t  w i t h  i n  appendix B ,  and t h e  g r a v i t y  f o r c e  I 

terms appear below: 

m g c o s  e s i n  41 - _ -  
x , f u s e l a g e  'Fcg F 

M 

g r a v i t y  

m g c o s  e c o s  41 - ZFcgmFg s i n  8 (60) - 
y , f u s e l a g e  - - %cg F 
g r a v i t y  

M 

m g c o s  8 s i n  $ . - 
M z , f u s e l a g e  - XFcg F 

g r a v i t y  

I n  d e r i v i n g  t h e  r e v e r s e d  e f f e c t i v e  moment t e r m s  i n  e q u a t i o n s  (57) t o  

( 5 9 ) ,  note  t h a t  t h e  y-components of t h e s e  moments cannot  be t r a n s m i t t e d  t o  t h e  I 

f u s e l a g e  through t h e  wing h inge ,  s i n c e  by d e f i n i t i o n ,  t h e  wing h i n g e  i s  a 

f r i c t i o n l e s s  p i n  j o i n t .  P r a c t i c a l l y  speaking ,  f r i c t i o n  f o r c e s  would e x i s t ,  bu t  , 

t h e  c a l c u l a t i o n  of t h e i r  magnitude i s  beyond t h e  scope of t h i s  work. 

reversed  e f f e c t i v e  moments a t  t h e  h inge ,  t h e n ,  w i l l  be: 

I 

The 
I 
I 

- - - (Max + M o ' x >  
Mx,reversed e f f e c t i v e  

moments a t  hinge 

- 
Mz,reversed e f f e c t i v e  - - (Moz + M0Iz) 

moments a t  h inge  

The t o t a l  e q u a t i o n  i s :  

Next,  c o n s i d e r  t h e  moments due t o  r e v e r s e d  e f f e c t i v e  f o r c e s  a t  t h e  

The i n e r t i a l  a c c e l e r a t i o n s  of  t h e  t r i m m e r  c e n t e r  of g r a v i t y  and of t h e  h inge .  

wing/boom c e n t e r  of g r a v i t y  were expressed  i n  t h e  wing h inge  c o o r d i n a t e  system. 

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

system. These f o r c e s ,  i n  f a c t ,  act  a t  t h e  c e n t e r  of  g r a v i t y  of t h e s e  two f r e e  

b o d i e s .  

accounted f o r  as a c t i n g  a t  t h e  h i n g e  p o i n t s  of t h e  trimmer and of t h e  wing. 

Consider t h e  e x p l a n a t i o n ,  by way of f i g u r e  2 1 ,  as f o l l o w s :  

It i s  p o s s i b l e  t o  show how, w i t h  o n l y  one e x c e p t i o n ,  t h e y  can  be 
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FIGURE 21. FORCES AND ACCELEMTION VECTORS ACTING ON 
WING/BOOM/FORWARD TRIMMER ASSEMBLY 

To t h e  e x t e n t  t h a t  t h e s e  d e r i v a t i o n s  have cons idered  t h e  "reversed 
' e f f e c t i v e  moment'' due t o  c e n t e r  of g r a v i t y  o f f s e t  i n  t h e  moment-derivations 

( G )  x m(R) about  t h e  h inge  p o i n t s ,  i t  would be redundant  t o  c o n s i d e r  i t  a g a i n .  

T h e r e f o r e ,  bo th  of t h e  r e v e r s e d  e f f e c t i v e  f o r c e s  can  be s h i f t e d  t o  t h e i r  

r e s p e c t i v e  h inge  p o i n t s .  

r e a c t i o n  i s  a c t i n g  a t  t h e  h inge  and t h e  moments r e s u l t i n g  on t h e  f u s e l a g e  are 

c a l c u l a b l e .  For t h e  trimmer f o r c e ,  t h e  process  i s  more involved .  F i r s t ,  t h e  

f o r c e  can indeed  be viewed as a c t i n g  a t  t h e  t r i m m e r  h i n g e .  Furthermore,  i t  

can t h e n  be s h i f t e d  t o  t h e  wing h inge  as  long as t h e  g r o s s  moment due  t o  t h i s  

x 

I 

For t h e  wing/boom f o r c e ,  t h i s  i s  a complete  step-the 

~ ' s h i f t  i s  a l s o  accounted f o r .  

The p r o c e s s  of g e t t i n g  t h e  r e a c t i o n s  a t  t h e  wing h inge  is ,  t h e r e f o r e ,  

s t r a i g h t f o r w a r d ,  except  f o r  t h i s  one moment. Note h e r e  t h a t  t h e  y-components 

of t h i s  moment, as f o r  t h e  p u r e  i n e r t i a l  moments, cannot  be t r a n s m i t t e d  through 

i 

1 t o  t h e  f u s e l a g e .  
I 

I n  summary, t h e  r e v e r s e d  e f f e c t i v e  f o r c e  a c t i n g  a t  t h e  wing h i n g e  i s  

g i v e n  by: 

L I 

- - -  - + F ); 'hinge (Fx,trimmer,H + F ~ H ) l ~ H  (Fy,trimmer,H yH yH 

(63) 
-\ - 

(Fz,trimmer,H + F ~ H ) l ~ H  . 
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The reversed  e f f e c t i v e  moments due t o  f o r c e s  a t  t h e  h i n g e ,  t h e n ,  w i l l  b e  t h i s  

f o r c e  m u l t i p l i e d  by i t s  moment arm. I n  v e c t o r  n o t a t i o n ,  t h i s  i s :  

-+ I A 

M r e v e r s e d  e f f e c t i v e  = (PI x (Fhinge ) ,  

f o r c e s  a t  h i n g e  

-+ where p is t h e  p o s i t i o n  v e c t o r  of  t h e  wing h i n g e  a x i s  w i t h  r e s p e c t  t o  t h e  

summation point- the wing/boom c e n t e r  of g r a v i t y :  
1 -I 

p = XlxH + Z l z H  = 0 . 
Then, t h e  moment due  t o  r e v e r s e d  e f f e c t i v e  f o r c e s  a t  t h e  wing h i n g e  becomes: 

- I - 1 

( p ) x  'hinge)= Z(Fy,trimmer,H + FyH)l~H + [X(Fz, t r immer,H + F ~ H )  

1 - - - - 
(Fx, t r i m m e r  , H + FxH) yH X(Fy, trimmer ,H 

A + F ) l Z H  = 0 . 
YH 

The components of t h i s  y i e l d  p a r t i a l l y  t h e M  r e v e r s e d  e f f e c t i v e  f o r c e s  f o r  

e q u a t i o n s  ( 5 7 ) ,  ( 5 8 ) ,  and (59 ) .  What is  now n e c e s s a r y  i s  t h e  c o n t r i b u t i o n  from 

t h e  cross-product  of t h e  p o s i t i o n  v e c t o r  from t h e  wing h i n g e  t o  t h e  trimmer 

h i n g e  i n t o  t h e  r e v e r s e d  e f f e c t i v e  f o r c e  a c t i n g  a t  t h e  t r i m m e r  h inge .  The f o r c e  

i s  j u s t :  

X , Y , Z  

A A A 

1 - _ -  
x , t r i m m e r , ~  'XH F y , t r i m m e r , ~  YH - F  trimmer hinge  

r e v e r s e d  e f f e c t i v e  
f o r c e  

- 
F z ,  t r i m m e r  , H  'zH 

The necessary  p o s i t i o n  v e c t o r  is  c o n s t a n t  i n  t h e  wing p a n e l  axis system, b u t  i t  

must be expressed  i n  t h e  wing h inge  a x i s  system. I n  t h e  p a n e l  a x i s  system, t h e  

v e c t o r  is:  

The f i n a l  form of t h e s e  moments, due t o  t h e  t o t a l  r e v e r s e d  e f f e c t i v e  f o r c e s ,  i s :  
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- + F ) + (ZrCH c o s  6 - - - 
i Mx,reve r sed  e f f e c t i v e  [Z(Fy, t r immer,H yH P 

f o r c e s  a t  h inge  
I 

1 

- X I C H  s i n  6 )F I 
I i p y ,  trirnmer,H]'xH 

- - - - 
y , r eve r  sed e f f e c t i v e  
f o r c e s  a t  h inge  

[X(Fz, t r immer,H + F ~ H )  - Z(Fx, t r immer,H 

FxH) 'yH 

2 

I 

f o r c e s  a t  h ing  
I 

I 

+ "CH sin 'plFy, t r i m m e r , H ] l z ~  

t 
b g r e v i t y  f o r c e  a r e  shown i n  e q u a t i o n s  (55).  Defining a p o s i t i o n  v e c t o r  from t h e  

i wing h inge  t o  t h e  wing/boom/trimmer c e n t e r  of g r a v i t y  as f o l l o w s :  

L a s t ,  t h e  g r a v i t y  moment must be c a l c u l a t e d .  The components of t h e  

I - I - 
- c o s  6 + z s i n  6 )1 + (-XWBccg s i n  6 

I 

'o-WBccg - (%Bccg p WBccg P xH P 
I 

- I 

cos  6 ) I z H  , 
-I- 'WBccg P 

, t h e  moment due t o  g r a v i t y  a t  t h e  wing h inge  i s , w i t h  

-\ I 1 

YH 
g c o s  8 s i n  @ 1 xH + %BC WWBC = -%BC g s i n  0 1 

I 

zH + %BC g COS e COS + 1 i 
- XWBC sin 6p)mWBC ' ( p )  x (WWBC) = - (2; cos  6 

I -b I 
~ 

I WBC P 
g c o s  0 s i n  @ lxH 

I + ( n o n - t r a n s m i t t a b l e  y-terms) 

zH + SiBc cos 6 + ZWBC s i n  6p)%BC g cos  e s i n  @ 1 
P 

(70) 

I F i r i a l i y ,  a l l  t h e s e  p a r t s  may b e  summed t o  y i e i d  t h e  t o t a l  moments 

, a c t i n g  on t h e  f u s e l a g e  a t  t h e  wing h inge  due t o  i n e r t i a l  f o r c e s :  
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I -- - 
- [ZFcg% + (ZwBc cos 6 - sBC sin Gp)mwBc]g cos e sin @ x,aero + Mx,thrust P I 

(Max + Mo'x) + [Z(Fy,trimmer,H yH P ~ 

M 

i - - + F ) + (ZICH cos 6 

- 
1 I 

y,aero + My,thrust - s c g  m F g cos 8 cos 4- 'FcgmFg sin e + [X(FZ,trimmer,H M 

2 
'IxyF 

- 2 
F y, trimmer ,H 1 = +IZzF + (qr - ;)IxzF - (pr + G ) I ~ ~ ~  + (q 

I 

I (V - pW + rU) . 
+ pq(lyyF - IxxF) + maXFcg 

M M are given in their entirety in equations ( 4 7 ) ;  Mo~x, ?I o I y y  M O I z  are Max' oy'  o z  
given in equations ( 4 1 ) ;  trimmer forces are expressed in the wing hinge 

coordinate system in equations ( 2 1 ) ;  and, finally, wing/boom force equations 

are given in the wing hinge system in equations (29). 
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APPENDIX B .  DEVELOPMENT OF LINEARIZED 
LONGITUDINAL EQUATIONS OF MOTION 

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

The sys tem i s  composed of  t h r e e  r i g i d  b o d i e s  coupled t o g e t h e r  by 

geometr ic  and k i n e m a t i c  c o n s t r a i n t s .  The t h r e e  b o d i e s  are t h e  f r e e  trimmer 

p a n e l ,  t h e  wing/boom assembly, and t h e  f u s e l a g e  assembly. 

Force and moment e q u a t i o n s  are developed f o r  each f r e e  body i n  

l i n e a r i z e d  form, w i t h  motion conf ined  t o  t h e  v e r t i c a l  p l a n e .  Although 

t h e s e  i n d i v i d u a l  e q u a t i o n s  i m p l i c i t l y  c o n t a i n  t h e  geometr ic  and k i n e m a t i c  

c o n s t r a i n t s ,  t h e  f o r c e s  t r a n s m i t t e d  through t h e  trimmer h i n g e  and t h e  wing 

h i n g e  are t r e a t e d  as s e p a r a t e ,  dependent v a r i a b l e s .  Furthermore,  because  of  

t h e  complexi ty  of  t h e  r e p r e s e n t a t i o n  of unsteady aerodynamic f o r c e s ,  i t  i s  

a l s o  convenient  t o  t rea t  t h e  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 s  of t h e  wing and 

trimmer s u r f a c e s  as a d d i t i o n a l  e x p l i c i t  v a r i a b l e s .  

A s  d e r i v e d  and employed i n  t h i s  s t u d y ,  t h e  e q u a t i o n s  r e p r e s e n t  a 

d e p a r t u r e  from c o n v e n t i o n a l  a n a l y s i s .  Although t h e  number of dependent equa- 

t i o n s  could  have been reduced,  and a l l  o f  t h e  f o r c e s  and moments could  have 

been r e f e r r e d  t o  t h e  t o t a l  a i r c r a f t  c e n t e r  o f  g r a v i t y ,  as i s  customary, t h e  

p h y s i c a l  s i g n i f i c a n c e  and o r i g i n s  of t h e  i n d i v i d u a l  terms i n  t h e  e q u a t i o n s  

would have become obscure .  I n  s h o r t ,  t h e  i n d i v i d u a l  e q u a t i o n s  are r e t a i n e d  

as t h e y  were d e r i v e d  t o  f a c i l i t a t e  t h e i r  v e r i f i c a t i o n  - n o t  a t r i v i a l  con- 

s i d e r a t i o n  f o r  such  a complex system. 

Coordina te  Systems 

Four c o o r d i n a t e  systems were employed i n  t h e  d e r i v a t i o n  of  t h e  l i n e a r  

l o n g i t u d i n a l  e q u a t i o n s .  These are i d e n t i c a l  t o  t h e  systems used i n  t h e  non- 

l i n e a r  d e r i v a t i o n ,  b u t  they  are b r i e f l y  descr ibed  h e r e  f o r  completeness .  

Wing h i n g e  a x i s  system. The wing hinge a x i s  system, xh, yh,  zh,  

i s  t h e  pr imary a x i s  system used t o  d e f i n e  t h e  f u s e l a g e  p i t c h  a n g l e ,  p i t c h i n g  

rate, and t r a n s l a t i o n a l  v e l o c i t y  components of t h e  t o t a l  a i r c r a f t  motion. 

The o r i g i n  is  a t  t h e  i n t e r s e c t i o n  of  t h e  wing hinge a x i s  and t h e  p l a n e  of  

l a te ra l  symmetry of  t h e  a i r c r a f t .  The %-axis i s  p o s i t i v e  forward i n  t h e  

d i r e c t i o n  of  f l i g h t ,  i n  t h e  e q u i l i b r i u m  c o n d i t i o n .  The y,-axis is  p o s i t i v e  
I I  
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toward the right wing. 

downward. 

The zh-axis completes the right-handed set, positive , 

i 
The wing hinge axes are fixed with respect to the fuselage assembly 1 

1 
and rotate with the fuselage in pitch. 

Wing panel axis system. In the wing panel axis system, XI, y', z ' ,  

the origin is coincident with the origin of the wing hinge axis system, but 

the panel axes are fixed to the wing and rotate in pitch with the wing panels. 

The x'-axis is parallel to a reference chord line in the wing and is positive 

toward the leading edge. 

Trimmer hinge axis system. The trimmer hinge axis system, x 

z is parallel to the wing panel axis system, but the origin is at the 
C' 

yc, cy 1 

intersection of the free-trimmer hinge axis and the plane of lateral symmetry. , 
Trimmer panel axis system. The trimmer panel axis system, XI', y", z " , ;  

is coincident with the origin of the trimmer hinge axis system, but is fixed I 

I 

I 

in the free-trimmer surface and rotates in pitch with it. The x'I-axis is 

parallel to a reference chord line in the trimmer and is positive toward the 

leading edge. I 

S ymb o Is 

%Bcg 

- 
C 

acceleration of center of gravity of free trimmer, 

meters/second2 (feet/second ) 

acceleration of fuselage center of gravity, meters/ 

second2 (feet/second ) 

acceleration of the center of gravity of wing boom 

assembly, meters/second2 (feet/second ) 

mean aerodynamic wing chord, meters (feet) 

mean free trimmer chord, meters (feet) 

2 

2 

2 

C 
DF 

fuselage drag coefficient 

W 0 
'D ' 'D 

0 
C 

cL C ' CLW 

profile drag coefficients of free trimmer and wing, 

respectively 

lift coefficients of free trimmer and wing, respectively 
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equilibrium lift coefficients of free trimmer and wing, 

I W respectively 0 
cL ’ cL 

0 
C 

CL Y CL , CL lift-curve slopes per radian for free trimmer, wing, 
l a c1 a W F and fuselage, respectively, per radian I C 

I L 

C 
l m  

= aCL/Xt, per radian 

pitching moment coefficient 

= ac,/aaF, per radian 

= ac /a&, per radian 

m C 

F a 

m 

= acm/a lg \ , per radian 
1 0 1  

C 1 m6t 

dCD 
! -  2 

dCL 

E 

= ac /a6t, per radian m 

induced drag factor 

ratio of wing semiperimeter to span 
I 

components of force transmitted from free trimmer to wing 

boom, newtons (pounds) 

components of force transmitted from wing to fuselage 

2 acceleration of gravity, meters/second2 (feet/second ) 

transfer functions relating lift coefficient to angle of 

attack for free trimmer and wing, respectively 

transfer functions relating lift coefficient to gust 

velocity for free trimmer and wing, respectively 

c-tb Fx ’ FZ c+b 
I 

F , FZ 
, 
I newtons (pounds) 

XW-tF W-tF 

g 

I Glc’ GIW 

C t 
I 

T 

’ I  
Y‘ 

pitching moment of inertia of fuselage assembly about wing 

hinge axis, kilogram-meters2 (slug-feet ) 

pitching moment of inertia of windboom assembly about wing 

hinge axis, kilogram-meters2 (slug-feet ) 

pitching moment of inertia of free triiniier about its hinge 

axis, kilogram-meters2 (slug-feet ) 

distance from quarter chord of wing to quarter chord of 

free trimmer, measured positive forward, meters (feet) 

2 

2 

2 
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R 
t 

mc %B 

4 
S 

S 

U 
C 

U 

v 

W 
g 

ac X 

XF 

xC , 

x;H 

h h 

X 

X' 
cg 

X" 
cg 

z F  

zdH 

Z' 
cg 

c 1 c 1  c' F' 

C 
6 
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distance from quarter chord of wing to quarter chord of 

fuselage mounted horizontal tail, measured positive 

rearward, meters (feet) 

mass of free trimmer, wing/boom assembly, and fuselage 

assembly, respectively, kilograms (slugs) 

pitch rate of fuselage, radians/second 

wing reference area, meters2 (feet 

free trimmer reference area, meters2 (feet 

2 

2 

true airspeed, meters/second (feet/second) 

increment in airspeed divided by equilibrium airspeed 

gust velocity, positive upward, meters/speed (feet/second) 

component of velocity along z -axis, meters/second 

(feet/second) 

distance from leading edge to aerodynamic center of wing, 

meters (feet) 

distance from wing hinge forward to fuselage center of 

gravity, meters (feet) 

distance from hinge point to one-half chord point for free 

trimmer and wing, respectively, meters (Feet) 
xi-coordinate of trimmer hinge axis relative to wing hinge, 

meters (feet) 

x'-coordinate of center of gravity of wing/boom, relative 

to wing hinge, meters (feet) 

distance of free-trimmer center of gravity forward of hinge 

line, meters (feet) 

z -component of displacement of fuselage center of gravity 

with respect to wing hinge, meters (feet) 

2'-coordinate of trimmer hinge axis relative to wing hinge, 

meters (feet) 

z'-coordinate of center of gravity of wing/boom, relative 

to wing hinge, meters (feet) 

angle of attack of free-trimmer, fuselage, and wing, 

respectively, radians 

displacement of free-trimmer with respect to wing, positive 

leading edge up, radians 

h 
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____ 

displacement of wing with respect to fuselage, positive 

leading edge up, radians 

displacement of control tab on free trimer, positive 

trailing edge down, radians 
&t 

E downwash angle, radians 

8 pitch angle of longitudinal fuselage axis with respect to 

horizon, radians 

atmospheric density, kilograms/meter3 (slugs/foot ) 

coordinates of wing boom center of gravity in wing hinge 

x Laplace operator, per second 

P 
3 

px ' OZ 
cg cg axis system, meters 

P 9 P z  
H 

C C 
"H 

coordinates defined by equation (97) 

Trimmer Free Body 

The complete nonlinear expression for the acceleration of the center 

of gravity of the trimer, expressed in the wing hinge axis system, is 

developed in appendix A .  Eliminating the lateral-directional variables, the 

nonlinear expressions for the longitudinal acceleration are 

.. 
[XI1 cos (Ac + 6 ) ]  + ( 6  + 4) (-xhH sin 6 + ZiH cos 6 ) 
cg P P P 

- 2  
- [ ( q  + 6 I ( x ~ ~  cos tip + zbH s i n  6 ) + i + qw P P (73) 

.. 
+ ZbH cos 6 3 - ( 6  + 4) [XAH cos 6 + ZAH sin 6 I + W - qU 

P P P 

In the equilibrium state, all angular rates and accelerations are 

zero, as are all translat.iona1 accelerations. Furthermore, the x-axis of 

the wing hinge system is aligned with the direction of motion. 

Taking the differentials of equations (73), and denoting the 

equilibrium values of  the variables by the subscript zero, the linearized 

form of the expressions for the acceleration of the trimmer center of gravity is: 
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.. 
(a ) = LJ + [zbH cos 6 - XbH sin 6 ]({  + 6p) 

PO PO ccg x 

.. 
+ [-X" sin(6 + AC )I({ + 6 + AC) 

P 0 cg 

(a ) = w + [-uo1q + [-zbH sin 6 - xbH cos 6 I x 
PO PO ccg z 

.. 
( 4  + 6 ) + [-xi; cos (6 + 6 > 1 ( 4  + 6p + 6c) C PO 0 P 

( 7 4 )  

In equation ( 7 4 )  and in all subsequent linear equations, a variable 

without the zero subscript is understood to be a perturbation from the 

equilibrium value. 
, 

, 
The forces acting on the trimmer surface to cause the acceleration d 

~ 

defined by equation ( 7 4 )  are composed of aerodynamic forces, weight forces, 
1 

and the force transmitted to the trimmer through its hinge. 
1 

The basic force equation for the trimmer is, then, I 

I I 

+mcp'+G b-tc = m a  c ccg 
C 

Faero ( 7 5 )  ' 
The circulation lift on the surface is based upon the angle of 

I 

attack as defined at the one-half chord point by the velocity component nor- 

mal to the surface. 

In the trimmer panel axis system, 

where Vzl l  and V 
chord point. 

are the components of the inertial velocity at the one-half 
XI1 

Differentiating equation ( 7 6 ) ,  

but 

sin (6 + 6c 1 
PO 0 

c cos (6 + 6c ) 
PO 0 

tan a = 
0 
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I 

I Substituting equation (78) into ( 7 7 ) ,  
sin(6 + 1 

PO 0 dVxll 
dVzlf - cos(6 + 1 

P O  0 d(tan ac)  = ~ u cos (6 + 1 
P O  0 

0 

(79) 

The velocity components at the one-half chord point can be shown 

be : 
= [U + ( q  + iP)(-xcH sin 6 + ZhH cos 6 )] + 

VXl 1 P 

I 

I 
I 

+ zkH sin 6 )]cos(6 + 
P + [W - (q + i; )(XbH cos 6 P P P 

I 
Taking differentials, 

d V x l r  =ao sin ( 6  + 6c ) (6 + 6 c )  + cos(6  + 6 C ) [ d U  

cos 6 )(q + iP)l - sin(& 

i PO 0 P PO 0 

I PO 
+ 6 c  ) x 

+ ‘;H PO PO 0 
I + (-xkH sin 6 

I [dW - (X& cos 6 + ZhH sin 6 ) ( q  + ip) 1 
PO P O  

I dVzfl = U COS (6 + 6 ) ( 6  + 6 ) + sin(6 + 6 ) [dU (81) C 
PO 0 

C P  C Po 0 
0 I 

I P O  

I 

cos 6 ) (q + Bp)]-cos(6 + 6 C x 
+ ‘hH P O  PO 0 

I + (-X& sin 6 

[dW - (XbH cos 6 + Z i H  sin 6 ) ( q  + ip)l 
PO PO 

I + i ; )  - ic(q + Eip C 

dW I 

F’ Substituting equation (81) into (79), and recognizing that - = ry 

, uO 

the angle of  attack of the trimmer surface with respect t o  still air is 
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a = 6  +6c+clf- 
C P  

XkH cos 6 + zkH sin 6 + x cos(6 + 6 j 
PO PO PO 0 )  

C C 

i x  
0 

U 

The last term in equation (82) is the induced angle of attack at the 

trimmer caused by the vortex system about the wing surface. It is evaluated 

using a vortex-lattice computer program for the particular wing-trimmer geome- 

try being considered. 

Note that no explicitly defined lag is included to allow for the in- 

duced velocity to propagate upstream (fwd trimmer) or downstream (aft trimmer) 

following a change in the bound vortex system on the wing. On the other hand, 

the C itself lags the change in angle of attack by a time constant depen- 

dent upon the ratio of wing chord to flight speed. Consequently, the induced 

angle of attack increment at the trimer will lag any change in the wing 

angle of attack by the same time constant. 

LW 

Equation (82) may be written 

(83 Lw 
a = a + 6 + 6 + [Clli + [C2]q + [C3]i + [C4]C 
C f P  C P C 

where 
h 

xiH cos 6 + Z' sin 6 + X cos(& + 6 ) 
C PO 0 

C PO CH PO 

0 
U 

c1 = c2 = - 

n 
cos(6 + 6c ) 

uO PO 0 

C c 3 = - -  

dclC c4 = - dC 
LW 

In operational notation, where q = 6 and X is the differential (Laplace) 
operator, 

[-lI~r~ + [lla, + [l + (ci)X]6 + [l + (c3)h]6 + [(c2)x]e + [c4]c = 0 (85) 
LW P C 

Equation (85) is the first in the set of linear equations describing 

the total system. It represents the angle of attack increment of the free 
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' trimmer caused by motion of the aircraft with respect to still air. 
~ ment in angle of attack caused by a vertical gust is not included in equation 

The incre- 

I 

(85) because the transient aerodynamic phenomena for gust penetration are 

different than for aircraft motion with respect to still air. For convenience, 

the vertical gust effects will be incorporated directly into the equation for 

trimmer lift coefficient. 
I 

The circulation lift on the trimmer surface arising from aircraft ' motion is based on the angle of attack of equation (85) plus an incremental 
camber caused by pitching and an effective increment caused by control tab 

deflection. The transient aerodynamic calculations and procedures are based on 

I reference 5, and a discussion of the techniques as applied to the previous 
analyses is contained in appendix B of reference 1. 

1 

The circulatory lift caused by aircraft motion is 

G (t) is the lag function approximating the delay in the buildup 
1, ' of circulatory lift following a change in angle of attack. From reference 5, 

the lift function for an aspect ratio of 6, following a step change in angle 

1 of attack, is 

-0.598 c t 
= CL [l - 0.361e 1 Aa (87) 

circ. a cL 

The corresponding transfer function relating lift coefficient to 

; angle of attack is obtained by taking the Laplace transform of the time 

derivative of equation (87) (ref. 6). 

The desired transfer function is i 
I 

- 
0.361h 

u cL G1 ( A )  = 1 - 
C 0 -  a A + 0.598 7 C 

C I 

The circulation lift on the trimmer arising from a vertical gust 

v is 

= G2 (t)$ 
C C 0 

cL 
gust 
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G (t) is the function approximating the lag in circulatory lift 2 
build-up folfowing the penetration of a vertical gust. Using the approxi- I 

, mate indicia1 response function from reference 5, and following the procedure 

described above, the corresponding transfer function, in Laplace operator 

notation, is 

0.488X - 0.272X - 0.193X 
T T  

Since it is desirable to define the instantaneous gust velocity at , 
I the main lifting surface, the difference in gust velocity between the trimmer 

and the wing will be approximated by i 
T7 " V V R  -=3+_gs gC 

uO uo uo uo 

I 

I 
Combining the various contributions the circulatory lift coefficient 

of the trimmer is 
n 

Letting - 
c- c c5 = - 
TU 

0 

t C6 = - 

cl 
cL 

C 

and multiplying by the denominator of equation ( 8 8 ) ,  the final expression, 

in operational form is: 



R v 
uO 

U 
= -[CL (C6)(0.639A + 0.598 $)I6 - [G2 ( A  + 0.598 r)($A + l)]: 

0 c1 C C c o  t 
C 

Equation (94) is the second in the set of linearized equations 

describing the complete system. 

The inertial pitching moment about the trimmer hinge axis can be 

obtained from equation (41) of appendix A .  Ignoring the lateral-directional 

variables, the nonlinear expression for the pitching motion of the trimmer 

is 

L aero 

+ m XI! {[-XI (i  + 4)' + Z '  ( 6  + ;~>lsin 6 + [XI ( 6  + 4) c cg CH p CH P P CH P 

CH P P P 
2 + z '  (A + q) ]cos 6 - 6 + qUlcos(6 + t ic)  

In linearized form, the fundamental trimmer pitching equation is, 

therefor e 
.. 

M = [I ll16c + [Iy" + mcPz (ZAH cos 6 - xkH sin 6 
PO PO 

C 
H Y 

aero YC 
.. 

(ZhH cos 6 - xhH sin 6 ) + mcp% (zkH sin 6 
p, PO 

C PO 
C 

K + mcPz 
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where 

Aside from t h e  c i r c u l a t o r y  l i f t  o f  e q u a t i o n  ( 9 4 ) ,  a l i f t  f o r c e  arises 

from the a p p a r e n t  mass of a i r  a c c e l e r a t e d  by t h e  trimer motion. 

f o r c e ,  a c c o r d i n g  t o  reEerence 5 , i s  

T h i s  l i f t  

D i f f e r e n t i a t i n g  e q u a t i o n  (83),  

To compute t h e  p i t c h i n g  moment a c t i n g  on t h e  trimmer, t h e  I 

I apparent-mass l i f t  i s  s e g r e g a t e d  i n t o  components a r i s i n g  from plunging  accel- 

e r a t i o n  ( a c t i n g  a t  t h e  one-half  chord p o i n t )  and from p u r e  r o t a t i o n  ( a c t i n g  

a t  t h e  t h r e e - q u a r t e r  chord p o i n t ) .  

Accordingly,  t h e  l i f t  a c t i n g  a t  t h e  one-half  chord p o i n t  i s  

p u  s 5 o c c ( A  
T - - - i  4) P C 

\u - E C 
Y 

m1/2 

and the  l i f t  a c t i n g  a t  t h e  t h r e e - q u a r t e r  chord p o i n t  i s  

The f o r c e s  a c t i n g  on t h e  f r e e  s u r f a c e  a r e  shown i n  f i g u r e  2 2 .  

I 
I I 

- 
Hinge a x i s  (shown i n  a f t  FLC -t-+/ p o s i t i o n  f o r  c l a r i t y  i n  

4 d e r i v a t i o n )  

FIGURE 22. AERODYNAMIC FORCES A C T I N G  ON FREE SURFACES 
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I 

I From t h e  f i g u r e ,  t h e  increment  i n  aerodynamic p i t c h i n g  moment is: 
- - 

A 

(102) 
A cc A C  

I 
M = M 6 + Lcirc(Xc+ + L X + L (Xc - r) 

I 
I YC a e r o  6t m1/2 m3/4 

- 
C 

- C ) ] ( P ;  + bc) 
4 P 

Equat ions  (103) and (96) can b e  combined. Combining terms and 

c o n v e r t i n g  t o  o p e r a t i o n a l  n o t a t i o n ,  t h e  trimmer p i t c h i n g  moment e q u a t i o n  is: 
I 

2 
I 

I 
[(C22)A + (C30 - C31)X]6 C + [-(C30)X]ac + [-C29]CL 

C 

i 
I 

2 + [(C27)A]aF + [(C23)A + (C30 - C31)A]6 + [(C24)A2 
P 

+ (C25)AIe + [(C26)X]u = +[C28]6t 

I where 

I c22 = I Y" I 

+ mcp (zbH s i n  6 + X '  cos 6 ) 
PO CH PO 

C 
"H 

C24 = C23 

C25 = m p Uo 

C 
" " H  

C26 = m p 

C27 = -C25 

2 -  
C28 = c 112 PU0ScCc 

" 6  
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- 
2 A c  C29 = 1/2 pU S (X + F) o c  

p u s ?  o c c  
E xC 

C30 = 

- 
PU0ScEc A cC 

C31 = E (xc - 

Equation (104) is the third equation in the set describing the 

complete system. 
I 

The physical coupling between the free-trimmer and the wing is 

implicitly incorporated into equations (851, ( 9 4 ) ,  and ( 1 0 4 ) ,  but to depict 

the effect of the trimmer on the wing/boom assembly, the force acting at 
I 

I 

the trimmer hinge must be evaluated. 1, 

From equation ( 7 5 ) ,  the force transmitted from the trimmer to the 

boom (F ) can be calculated, since c-tb 

- _ -  Fb+c = AF + Amcg - m a aero c c  C 
Fc-tb 

I If the aerodynamic force is computed in the wing hinge axis system, 

the trimmer lift force can be defined as acting solely in the - z  direction and 

the drag force as acting solely in the -% direction. 
h 

Since we are dealing with perturbations from the nominal values in 

the linearized equations, 
I 4 

= -AL 1 - A D ~ T ~  
H H aero c z  AF 

C 

The weight force, expressed in the wing hinge axis system, is 
1 I A 

mcg = [-m g sin e l l  + [m g cos 811 
H C Z "H C 

So, in linearized form, 

From equations ( l o g ) ,  (107) ,  and (106) ,  the x-component of the force 

transmitted from the trimmer to the boom is 

The drag of the surface is 
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Taking differentials, the linearized form is 

(112) 
2 

NOSC ICL 
2 dCD )Puosclu + [-- 

dCD c2 ADc = [(C + - 
C Do C dCi Lo C dCt Lo C 

Incorporating equations (112) and (74) into equation (110), 

= [C7]li + [C9](4 + 'B ) + [ClO](;l + 'B + SC) + [Clllu 
P P 

(113) c-tb x F 

+ [C12]CL + [a310 
C 

c7 = m u  

~9 =7nC(zkH cos 6 - XbH sin 6 ) 

C10 =-m [-,'I sin(6 + 6 ) + Z" cos(6 + 6c )] 

c o  

PO Po 

PO 0 cg PO 0 
C c cg 

2 
c11 = -[cD + - 1 PU0Sc 

dCD 2 
2 cL puosc 

C C 

c12 = - - 
dCL o 

C 

C13 = -m g 
C 

Finally, in operational notation, the x-component of the force trans- 

[ mitted from the trimmer to the boom is 
+ [C12]CL + [(C9 + C10)X2]6 t [C13 + (C9 + C10)X2]0 

P [-I 1 Fx 
c-tb C 

(115) 2 + [(ClO)X 16 + [Cll + (C7)hIu = 0 
C 

i Equation (115) is the fourth of the set of equations describing 

' the total system. 

Similarly, the z component of the hinge force is h 
- - -ALc - mc(accg)z 

c-tb FZ 
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The increment of lift has contributions 

(equation (92)), the apparent-mass lift (equation 

p u  s c changes : 
6. 2 o c c  

= CL [1/2 PUoSc1 + E C ALC 
C 

from the circulation lift 

(9811, and airspeed , 
i 

( 1 1 7 j  2 
+ [CL Puosclu 

0 
i C 

where 

C14 = -m U c o  

C15 = - C 1 4  

C17 = m (Z' sin 6 + x& cos 6 ) 
PO PO 

PO 0 

c CH 

C18 = mc[X" cos(6 + 6c ) I 
cg 

2 c19 = -1/2 pu s o c  
2 -  

E 
~uosccc c20 = - 

c21 = -cL PU& 
on 

L 

or, in operational notation, 

1-1 1 FZ + [(C14)X]aF + [(C15)X + (C17 + c18)X2]e 
c+b 

+ [(C17 + C18)A2]6 + [(C18)X216 + [C19]CL 
(3 

C P 

I 

(119) I 

I 
(120) 

+ [(C20)A]a + [C21]U = 0 
C 

Equation (120) is the fifth in the set of linear equations describing 
the total system. 

Wing/Boom Assembly Free Body 

The nonlinear expressions for the acceleration of the center of 
gravity of the wing/boom assembly are obtained by eliminating the lateral- 
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jirectional variables from equation (28) in appendix A .  

I (121a) 

- (6p + 4)(XLg cos 6 + Z '  sin 6 ) 
P cg P 

In linearized form, these expressions become 

Considering the wing/boom assembly as a free body, the motion is 
I 

I 
'governed by the aerodynamic lift and drag forces, the force transmitted from 

the free trimmer to the boom through the trimmer hinge, the force transmitted 

1 from the fuselage to the wing through the wing hinge, and the force of 
gravity. Thus , 

-1 A 

I + Fc+b + ''$W -k T d i  = % B G  (123) 
WB cg 

aero F 

The aerodynamic force on the wing/boom assembly can be represented 
I 1 as 

=-AD i - AL i WB xH WB zH WB aero F 

I By analogy to equation (112), 

By analogy to equation (82), the geometrical angle of attack of 

the wing, in linearized form, based upon the normal velocity at the one-half 

I 
, 

1 chord point, is 

The last term in equation (126) is the induced effective angle of 

attack increment caused by the vortex system on the free trimmer system. 
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1 

where 

Equation (126) will be written as 

+ 6 + [C33](q + ip) + [C341CL 
% = c l F  p C 

,. 
c33 = - - cos 6 U 

0 PO 

(127 

c34 = - 

C 
dCL 

So, in operational notation, 

[ l ] a w  + [iiaF + [i + ( c x ) A ] ~  + [ ( c 3 3 ) ~ 1 e  + [c34]cL = o ( i 2 9 ) ,  

Equation (129) is the sixth in the set of linearized equations 1 

C P 

I representing the system. 

A s  with the trimmer surface, the circulatory lift coefficient of 

the wing has contributions from the motion of the airplane and from the I 

vertical gust velocity. 

where - 
C C36 = - 

n’O 

In operational notation, 

0.639X + 0.598 7 uO 

c l  - 

0 
U GI - CL E 

c1 W A + 0.598 7 

1 (133) 
- 0.488X - 0.272A - 0.193A G2 - CL [l - 

uO uO uO A + 0.455 - A + 1.04  - A + 4 . 7 1 -  e c e “W 

Equations (132) and (133) are the operational equivalents of the 

indicia1 response function given in reference 5 for a wing of aspect ratio 6. 

For computer mechanization of the homogeneous equations, it is 

desirable to eliminate the denominators of the coefficients. 

multiplying equation (130) by the denominator of equation (132) .  

This is done by 

The final expression for the wing lift coefficient is 
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I 

v 

w o  
+ 0.598 r ) ] e  uO = [ - ( A  + 0.598 r ) G 2  uO I u  _g 

Equat ion  (134) is  t h e  seven th  i n  the  set of 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  system. 

The t o t a l  wing l i f t  f o r c e  i s  made up of t h e  c i r c u l a t o r y  l i f t  

d e f i n e d  by t h e  l i f t  c o e f f i c i e n t  of equa t ion  (134),  and t h e  l i f t  due t o  t h e  

a c c e l e r a t i o n  of t h e  appa ren t  mass of a i r  sur rounding  t h e  wing. 

m a s s  l i f t  i s  

The appa ren t  

o u  sc ou  sc pu-sc . 
' 0  ; s J = T ( ; s J - 6 p ) + + 6  ' 0  

P 
A. 

Lw =E 
m 

A c t s  a t  112 
chord chord 

-'.Acts a t  314 
T 

I n  l i n e a r  form, t h e  increment  of l i f t  on t h e  wing i s  

Equat ions  (136) ,  (125) ,  (115) ,  (120) ,  and (122) can be  s u b s t i t u t e d  i n t o  

e q u a t i o n  (123) t o  o b t a i n  e x p l i c i t  e q u a t i o n s  f o r  t h e  components of t h e  f o r c e  

t r a n s m i t t e d  from t h e  wing t o  t h e  f u s e l a g e  through t h e  wing h inge .  

t i o n a l  n o t a t i o n ,  t h e s e  are: 
I n  opera-  

+ [C38 + (C4O)Alu + [C39]C + [ l ] F x  
Lw c-tb 

[-1IF 
%F 

2 + [C43 + (C42)A 1 0  + [(C42)A216 P = 0 

+ [C44]C + [(C45)X]% + [C46]u 
Lw [-1IF 

%F 

+ [ l l F Z  + [(C47)X]CrF + [(-C47)A + (C49)A2]0 
c-tb 

+ [(C49>A2]6 P = 0 
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where 

2 1 PUoS D 2 cL 
dCD 2 C38 =-(c + - 

0 dC % 
b W 

dC.. n 

,u;s u 
c39 = - - 

W 0 
2 cL 

LW 
dC 

C42 = -mwB(-xrg s i n  6 + Z '  c o s  6 ) 
P O  c g  PO 

-%Bg 

c44 = - 1 / 2  p u  s 

c43 = 

2 
0 

puosc 
c45 = - ~ E 

C46 = -C pUES 

IJ LO 

(139) 

C47 = C40 

c49 = %(X:g cos  6 + Z '  s i n  6 ) 
Po ' 

PO cg 

Equat ions (137) and (138) are t h e  e i g h t h  and n i n t h  e q u a t i o n s  i n  t h e  

l i n e a r  set d e s c r i b i n g  t h e  system. 

The p i t c h i n g  moment about  t h e  wing h inge  caused by t h e  f o r c e  

a p p l i e d  t o  t h e  boom by t h e  f r e e  trimmer i s  t h e  cross-product  of  t h e  v e c t o r  

from the  wing h inge  t o  t h e  trimmer h i n g e  and t h e  a p p l i e d  f o r c e .  

t u d e  i s  

The magni- 

) Fx E$ = (-X& s i n  6 + ZAH cos  6 
C P O  '0 c-tb 

FZ 
- (XiH c o s  6 + zAH s i n  6 

PO '0 c-tb 

For small d i s p l a c e m e n t s ,  t h e  increment  i n  p i t c h i n g  moment about  

t h e  hinge a x i s  due t o  g r a v i t y  i s  

Mwe i g h  t = [ - ~ B g z ; g l ( e  + 6 P ) (141) 
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By analogy to equation (103), but allowing for the fact that the i 
wing boom aerodynamic center may not be at the quarter-chord point, the 

 aerodynamic moment on the wing is 
I 

- x  PU0SC A 

- "p> 2 A  c 
= [1/2 puos(x + 7 - -=c>1c + [E c LW 

M 
'aero 

The inertial pitching moment on the wing boom assembly is obtained 

from equation (47) in appendix A by eliminating the lateral-directional terms: 
.. 

- (ir + qw)(-xAg sin 6 + Z' cos s >I 
I P cg P 

In linearized form, this becomes: I .. 

where 

= X' cos 6 + Z '  sin 6 
=g PO cg PO 

pX 
cg 

I Combining equations (140), (141), (142), and (143), the pitching 
I 

moment equation for the wing boom assembly is, in operational form: 
I 

[C51 + (C56 - C59)X + tC50)X2]6 + [C51 + (C52)X + (C56)X2]0 
P i 

I + [(C53)X]U + [C54]CL + [-(C52)XlaF + [(C55)X]a 
W W 

, + [C58]FZ = o  
c-tb c-tb X 

+ [C57]F 

i Equation (146) is the tenth in the series of linear equations where 

C50 = I 

C51 = %gZAg 
Y' 

(147a) 

U %BPx o C52 = 
cg 
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U 
0 

c 5 3  = 
cg 

Fuselage Assembly Free Body 

- x  
ac C )  c 5 4  = -112 p U 0 S ( X  '7 - - 2 A  c 
c 

( 1 4 7 b )  

N O S E  X h 

c 5 5  = - - E 

C57 = X& sin S - ZiH cos 6 
PO PO 

PO PO 
C58 = XiH cos 6 + ZhH sin S 

In linear form, 

M = I 4 + [m,fFuol~ + [-%XFUol&F + [mFX$Jolq ( 1 4 9 )  
YF inertial YF 

The applied moments on the fuselage assembly arise from aerodynamic 

moments and the weight moment caused by the offset center of gravity. 

The weight force vector is 
--L I A 

FF = (-%g sin 8 ) 1  f (m g cos 0 )  lZ 
X H F  H 

The pitching moment caused by the weight force is the cross-product 

of the position vector from the wing hinge to the fuselage center of gravity 

and the weight force vector: 

Or, in linearized form, with 8 = 0, 
0 

1 0 4  



M = [-?gz,ie Y 
Fwe i gh t 

I The aerodynamic moments on t h e  fuse l age  w i l l  be  assumed t o  have con- 

t r i b u t i o n s  from aF,  q ,  6p ,  V and $ . 
g' g 

~ For t h e  a n g l e  of a t t a c k  c o n t r i b u t i o n ,  

L -  - - cm AMaero 1 / 2  PUoSC(aF + agust)  

F a a 

where 
v a i l  

a = A - L X  
uo uo uo g u s t  

S ince  most of t h e  moment arises from the  h o r i z o n t a l  t a i l  on t h e  

I f u s e l a g e ,  i t  i s  reasonab le  t o  use  t h e  g u s t  v e l o c i t y  a d j u s t e d  f o r  t h e  pene t r a -  

t i o n  t i m e  from t h e  wing t o  t h e  t a i l .  The re fo re ,  t h e  p i t c h i n g  moment con t r ibu -  

t i o n  from f u s e l a g e  a n g l e  of a t t a c k  i s  

V R V  
= 1 / 2  PUoSCCm 2 -  (aF +A, L A )  

uo uo a e r o  AM 
0 F a a 

(155) 

The aerodynamic p i t c h  damping t e r m  inc ludes  a c o n t r i b u t i o n  from 

i t h e  g u s t  g r a d i e n t  il 
= 1 / 4  pUoSCCrn (q - 2) (156) 

1 A'aero q q uO 

The downwash a n g l e  a t  t h e  h o r i z o n t a l  t a i l  can  be  expressed  i n  terms I 

~ of  wing 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  as fo l lows:  

de 1 
da C, cL 

e = -  - 

W L 
aW 

, Thus, t h e  e f f e c t  of wing l i f t  on t h e  f u s e l a g e  p i t c h i n g  moment w i l l  
I 
I be  
I 

de - 
2 da - - [Cm 1 / 2  PU0SC -ICL 

W 
W a cL a e r o  AM 

E cL 

Combining t h e  a p p l i e d  moments and s e t t i n g  t h o s e  equa l  t o  t h e  i n e r -  

t i a l  p i t c h i n g  moment, t h e  f u s e l a g e  p i t c h i n g  equat ion  becomes, i n  o p e r a t i o n a l  

n o t a t i o n ,  
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2 [C62 + (C65 - C61)A - (C59)A 10 + [(C~O)X]U + [C63 + (C61)A]aF 

+ [C66]CL + { [ C63] +[ (C64) (C63) - C65]Xl$ = 0 
v 

W 0 

where 

c59 = I 
YF 

C60 = -m Z U 

C61 = m FSUo 

C62 = -m gz F F  

C63 = 1/2 pUiScC m 

F F o  

F a 

C64 = - - 
uO 

C65 = 1/4 P U ~ S ( ~ ) ~ C ~  
q 

I 

I 

I 
I 

(159) ' 

I 

I 

I 

Equation (159) is the eleventh in the set of linear equations des- 

cribing the system. 

The components of the acceleration of  the center of gravity of the 

fuselage can be expressed in the wing hinge axis system as: 

In linearized form, with q = w = 0, 
0 0 

(aF 

(aF 

l X  = ir + z 4 

Iz = w - uoq - XF4 

F 
cg 

cg 
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The dynamic equation for motion in the % direction is, 

And, 
'I 

= -ADF = -[C pU;S]u 
DF X 

AF 
aero 

Substituting equations (164) and (162) into (163), the airspeed 

equation is obtained. In operational form, this is: 

[C69 - (C67)AIu + [C70 + (C68)X2]8 + [1]F = o  
"w +F 

where 
C67 = %Uo 

C68 = -%ZF 

c69 = , - C  pULS 
DF 

-?Fg C70 = 

Equation (165) is the twelfth in the set of equations describing 

the total system. 

The equation of motion in the z direction is h 

cg %+F aero 
?(aF I z  = F + AFZ 167) 

The aerodynamic force increment in the z direction is assumed to h 
be dependent upon af, u, and V . 

g 

= -[cL 1/2 pUoS]aF 2 + [CL Puoslu 2 + [CL 1/2 Puoslu 2 (168) 
0 F a 

0 
F 

F 
aero a AFZ 

Substituting equation (168) and (162) into (167), and writing in 

operational form, the thirteenth and last of the set of linear equations is 

obtained: 
'I 

[C72 - (C67)A]aF + [(C67)X + (C71)XL18 + [l]FZ 
W+F 

v 
+ [C73]u = -[C72] 

uO 

where 
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C 6 7  = m U 
F o  

C 7 1  = %XF 

C72 = -C 112 p u i s  
F La 

LF 

2 c73 = -c puos 
0 

are: 

Matrix Form 

( 1 7 0 4  

As derived, the state vector of the system has 13 components. These 
1 

'a i c  
- 

C 
' cL 
, 

C 
6 

F 
c+b X 

z 
' F  

c-tb 

W c1 

T I = C  
LW 

6 
P 

U 

c1 
j 

F i  
c A 

In matrix form, the equations of motion are: 

v 
[ A I Z  = [ B V t  + [ C I  _g u 

0 

I 
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perturb the system. 

Conversion to First-Order Form 
I 

The numerical integration of the equations of motion requires that 
I 

1 an explicit solution be developed for the highest derivative required for 
~ each variable. 

W’ Although two of the variables of equation (172), ac and a 

,appear in nonderivative form, their first derivatives are used elsewhere 

I in the set of equations because of the unsteady aerodynamic functions. 
To modify equation (172) for direct numerical integration, the 

a and a equations were replaced by their time derivatives, and all lower 

order derivative terms were moved to the right side of the equality sign. 
C W 

In the computer subroutine for evaluating the derivatives at each 
instant of time, it was necessary to perform a simultaneous solution for 

the 1 3  highest-order derivatives of the modified equations. This solution, 

combined with another 12 direct integrations for the lower order variables, 

yielded the current values of all quantities needed in the integration 

process. 

t 

I 

Aerodynamic Coefficients 

I The aerodynamic coefficients of the representative aircraft were 

A vortex-lattice program, modified at 1 estimated from two primary sources. 
I 
I Battelle Columbus Laboratories by using the method described in reference 7, 1 was used to predict the static wing and free-trimmer characteristics; the 

approach outlined in reference 8 was used to estimate the primary contribu- 
tions of the fuselage and fuselage-mounted stabilizing surface. 

Geometrical data for the analyses were obtained from the three- 

vi2w drawings of the candidate aircraft contained in the main body of the 

report. 

1 
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I 

Static Wing/Trimmer Coefficients 

Lift-curve slope. The lift-curve slopes for the isolated wing and 

trimmer surfaces were obtained from the vortex lattice program by using 12 

spanwise vortex elements per semispan. 

value was 4 .276  per radian. 

For aspect ratio 6 ,  the resulting 

Profile drag coefficients. The section profile drag coefficient I 

I for both surfaces was broadly estimated to be 0.01. 

Mutual interference coefficients. Because of their close proximity, 

the wing and trimmer have significant mutual interference effects. To account 
for this phenomenon, the effective induced angle of attack on each surface 

was computed as a function of the lift coefficient on the other surface. I 

I 

I Using the appropriate relative geometry of the surfaces, the 

influence coefficients were computed from: 

dac 
dC 
LW 

CL - c;, 
C c 1  

C 
a LW c;. 

C 

- c' 
- -  - c5J Lw 1 

I 

In equations ( 1 7 3 ) ,  the prime superscript denotes the value obtained 

without the presence of the other lifting surface. 

Representative values, so obtained, are given in table XV for an 

area ratio of 1 / 6 .  

TABLE XV. MUTUAL INTERFERENCE COEFFICIENTS 

C 
- 
C 

da 

dC 
C 

LW 

daw 

C 
dCL 

2.0 -0 .50  0 .0226  -0 .0140  
G .  7 5  -0 .364  0 . 0 7 7 8  -0 .0122 

-0.759; 0 0 .0898  0 .00585  
-1.50,k 0 0 . 0 2 7 7 2  0.004473 

ik Tip-mounted aft trimmers. 
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Induced drag coefficients. The induced drag coefficients for both 
1 the wing and trimmer surfaces were estimated to be 0.0624. 

Fuselage Coefficients 

The aerodynamic coefficients of the fuselage and fuselage-mounted 

horizontal stabilizer were estimated by assuming an equivalent circular body 

i with area distribution as used in the aircraft shown in figure 2 of the main 
body of  the report. 

Following the method of reference 8, the lift and moment contribu- 
tions of the fuselage and horizontal tail were determined. The reference 

point for the moment coefficients was the wing hinge axis. 

Fuselage-tail lift-curve slope. The lift coefficient of the 

fuselage-tail assembly, as a function of fuselage angle of attack is estimated 

to be: 
= O.0O751(aF - 4") + 0.000033(~~~ - 4 " )  + (0.0104)(0.55aF) (174) 

1 From which C = 0.758 per radian. 

F La 

Fuselage static angle of attack stability. Similarly, the slope of 

I the fuselage moment coefficient with respect to angle of attack is 

= -0.006 - 0.00015aF per degree m C 

F a 

~ From which C = -0.344 per radian. 
I 
I 

m 
F c1 

(175) 

I Pitch damping coefficient. The pitch damping coefficient was esti- 

I 
t 
I horizontal tail. On this basis, C = -4 .76 per radian. 
I q 

mated on the assumption that all damping arises from the forces on the 

m 
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L 
U 

uX 

0 

R 

t h e  

APPENDIX C .  METHOD OF COMPUTING TURBULENCE RESPONSES 

S ymbo Is 

scale l e n g t h  of t u r b u l e n c e ,  meters ( f e e t )  

a i r s p e e d ,  meters / second ( f e e t / s e c o n d )  

r m s  v a l u e  of v a r i a b l e  x 

power s p e c t r a l  d e n s i t y  f u n c t i o n  

s p a t i a l  f requency ,  r a d i a n s l m e t e r  

Responses t o  Continuous Turbulence 

Equat ion (1) i n  t h i s  r e p o r t  d e s c r i b e s  t h e  d e t e r m i n i s t i c  response  of 

l o n g i t u d i n a l  system t o  t h e  v e r t i c a l  g u s t  v e l o c i t y .  

For  random t u r b u l e n c e  r e s p o n s e s ,  t h e  f requency response  f u n c t i o n  i s  

output  spec t rum f o r  a v a r i a b l e ,  x ,  i s  g i v e n  by t h e  f o l l o w i n g  e q u a t i o n  ( r e f  6 ) :  .Ihel 

used t o  compute t h e  spectrum of t h e  r e s p o n s e  f o r  each v a r i a b l e  of  i n t e r e s t .  

X where - is  t h e  modulus of a frequency response  f u n c t i o n  which d e f i n e s  t h e  re- 
% 

sponse of t h e  v a r i a b l e  t o  t h e  g u s t  v e l o c i t y .  I 

The root-mean-square response  of  t h e  v a r i a b l e  i s  t h e  q u a n t i t y  of 

i n t e r e s t ,  and i t  i s  t h e n  computed from: 

I n  t h e  numer ica l  i n t e g r a t i o n  o f  e q u a t i o n  (178) ,  t h e  a c t u a l  l i m i t s  of 

i n t e g r a t i o n  were from s p a t i a l  f r e q u e n c i e s  cor responding  t o  tempora l  f r e q u e n c i e s  

ranging from 0 . 3  t o  40 r a d i a n s  p e r  second,  u s i n g  t h e  r e l a t i o n s h i p  

(179) 
w R = -  

uo 

Only v e r t i c a l  g u s t  components were c o n s i d e r e d ,  and t h e  Dryden power 

s p e c t r a l  d e n s i t y  f u n c t i o n  w a s  used w i t h  a scale  l e n g t h  of 5 3 3 . 4  meters 

(1750 f e e t )  and an  r m s  g u s t  i n t e n s i t y  o f  0.305 meters p e r  second (1 f o o t  p e r  

second) .  The Dryden spectrum i s  g i v e n  by 

1 1 2  



The frequency response  f u n c t i o n  w a s  computed d i r e c t l y  a t  each f r e -  

quency by s e t t i n g  t h e  g u s t  v e l o c i t y  e q u a l  t o  j w  i n  t h e  e q u a t i o n s  of motion.  

I n  t h i s  way, t h e  s t e a d y - s t a t e  s i n u s o i d a l  response of  each  v a r i a b l e  of i n t e r e s t  

w a s  computed f o r  each  v a l u e  o f  t h e  s i n u s o i d a l  gust  v e l o c i t y  f requency,  w. The 

a b s o l u t e  magnitude of  t h e  response  f u n c t i o n  w a s  t h e n  computed, as a f u n c t i o n  

of  f requency ,  t o  o b t a i n  t h e  r e q u i r e d  frequency response f u n c t i o n  f o r  u s e  i n  

e q u a t i o n  ( 1 7 7 ) .  

t 
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