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INTRODUCTION 

In  r e c e n t  yea r s  t h e  oblique-wing conf igura t ion  has  been advocated by D r .  R. T. 
Jones ( r e f .  1 ) .  The f i r s t  f l i g h t  tests of t he  concept  were conducted us ing  a low- 
speed remotely p i l o t e d  a i r c r a f t  ( r e f .  2) .  Studies  of t he  oblique-wing concept  have 
shown s u b s t a n t i a l l y  improved t r a n s o n i c  aerodynamic performance a t  Mach numbers up t o  
1.4 and t h e  e l i m i n a t i o n  of s o n i c  booms i n  f l i g h t  a t  Mach numbers as high as 1 .2  
( r e f .  3 ) .  S tud ie s  of subsonic ,  oblique-wing t r a n s p o r t  a i r c r a f t  have shown t h e  poten- 
t i a l  for e i t h e r  increased  range or reduced takeoff  gross  weight  ( r e f .  4 ) .  Common t o  
both  t h e  subsonic  and t r a n s o n i c  conf igu ra t ions  a r e  t h e  a n t i c i p a t e d  i n h e r e n t l y  low 
airport  no i se  and g e n e r a l l y  b e t t e r  low-speed performance c h a r a c t e r i s t i c s .  An over- 
view of oblique-wing technology is  given i n  re ference  5. Although t h e  aerodynamic 
performance b e n e f i t s  of t h e  oblique-wing conf igu ra t ion  occur  a t  t r a n s o n i c  speeds,  
many of t h e  c h a r a c t e r i s t i c s  a s s o c i a t e d  with asymmetry are no t  s t r o n g l y  r e l a t e d  t o  
c o m p r e s s i b i l i t y ,  and thus  ( t o  a l i m i t e d  e x t e n t )  can be eva lua ted  a t  low speeds.  The 
purpose of t h e  AD-1 project w a s  t o  i n v e s t i g a t e  the  low-speed c h a r a c t e r i s t i c s  of an 
oblique-wing conf igu ra t ion .  

The AD-1 w a s  designed and f a b r i c a t e d  to  be a low-speed, low-cost a i r p l a n e  wi th  
which many of t h e  problems a s s o c i a t e d  wi th  an aeroelastic oblique-wing a i r p l a n e  could 
be i n v e s t i g a t e d .  The "low c o s t ,  l o w  speed" concept l i m i t e d  both  t h e  complexity of 
t h e  v e h i c l e  and t h e  scope of t h e  t e c h n i c a l  ob jec t ives .  Low speed allowed t h e  use of 
a low-technology s t r u c t u r e ,  f i x e d  landing  gea r ,  and mechanical c o n t r o l  system. Tech- 
n i c a l  o b j e c t i v e s  were l i m i t e d  by t h e  use of a 40-channel i n s t rumen ta t ion  sys t em.  The 
s p e c i f i c  t e c h n i c a l  o b j e c t i v e s  of the AD-1 program were ( 1 )  assessment  of t h e  unique 
handl ing  and f l y i n g  q u a l i t i e s  of a n  unaugmented, low-speed, oblique-wing v e h i c l e ;  
( 2 )  gene ra l  a p p r a i s a l  of t h e  n a t u r e  and complexity of a f l i g h t  c o n t r o l  system on an 
oblique-wing conf igu ra t ion ;  ( 3 )  v e r i f i c a t i o n  of the s ta t ic  aeroelastic des ign  cri- 
ter ia  f o r  t h e  wing; and ( 4 )  comparison of the f l igh t -de te rmined  aerodynamic d a t a  
wi th  p red ic t ed  values .  

The geometr ic  c o n f i g u r a t i o n  of t h e  AD-1 a i r p l a n e  w a s  s e l e c t e d  from a i r p l a n e  con- 
f i g u r a t i o n s  s t u d i e d  by t h e  Boeing Commercial Airplane Company under c o n t r a c t  to  NASA 
(ref .  3 ) .  While t h e  o v e r a l l  v e h i c l e  des ign  was  s p e c i f i e d  by NASA, t h e  d e t a i l e d  
des ign  and load  ana lyses  were conducted under a con t r ac t ed  e f f o r t  by t h e  Rutan A i r -  
c r a f t  Fac tory ,  Mojave, C a l i f o r n i a .  The a i r p l a n e  w a s  f a b r i c a t e d  under a con t r ac t ed  
e f f o r t  by t h e  Ames I n d u s t r i a l  Corporat ion,  Bohemia, New York. 

This  report p r e s e n t s  an  overview of t h e  bas i c  f l y i n g  c h a r a c t e r i s t i c s  of t h e  AD-1 
a i r p l a n e .  P i l o t  r a t i n g s  and p i l o t  comments were used t o  document v e h i c l e  handl ing 
q u a l i t i e s .  A s imula to r  s tudy  w a s  used to  i l l u s t r a t e  t h e  b e n e f i t s  of  us ing  a b a s i c  
rate feedback c o n t r o l  system to  improve t h e  handling q u a l i t i e s .  

References 6 and 7 document t h e  aerodynamics of t h e  AD-1 a i r p l a n e .  P i l o t  r a t i n g s  
i n  t h i s  report r e f e r  t o  t h e  Cooper-Harper r a t i n g  scale, which i s  expla ined  i n  r e f e r -  
ence 8 and shown i n  table 1. 



NOMENCLATURE 

L i f t  c o e f f i c i e n t  i s  re ferenced  t o  t h e  s t a b i l i t y  a x i s .  A l l  o t h e r  c o e f f i c i e n t s ,  
d e r i v a t i v e s ,  and moments of i n e r t i a  are referenced  t o  t h e  body axes.  
t h e  ang le  between t h e  s t r a i g h t  chord l i n e  on t h e  wing and t h e  perpendicular  to  t h e  
fuse l age  ( f i g .  1 ) .  

Wing sweep i s  

re fe rence  chord,  m ( f t )  C r  

c.g. 

a 

rl 

A 

Coef f i c i en t s :  

CL 

cm 
Cn 

CY 

Nondimensional d e r i v a t i v e s :  

cQP 

'Qr 

cQ13 

"6 
C 

I n e r t i a s  : 

c e n t e r  of g r a v i t y  

angle  of a t t a c k ,  deg 

f r a c t i o n  of semispan 

wing sweep angle ,  deg 

l i f t  f o r c e  

r o l l i n g  moment 

p i t c h i n g  moment 

yawing moment 

s i d e f  o r c e  

damping i n  r o l l  due t o  r o l l  rate, per rad  

damping i n  r o l l  due t o  yaw ra te ,  per rad 

e f f e c t i v e  d i h e d r a l ,  per deg 

a i l e r o n  a u t h o r i t y ,  per deg 

d i r e c t i o n a l  s t a b i l i t y ,  per deg 

r o l l i n g  moment, kg-m2 ( s l u g - f t 2 )  

r o l l - p i t c h  c r o s s  product ,  kg-m2 ( s l u g - f t 2 )  

roll-yaw cross product ,  kg-mz ( s l u g - f t 2 )  

p i t c h i n g  moment, kg-m2 ( s l u g - f t 2 )  



Gains : 

ins t ruments ;  t h e r e f o r e ,  a l l  handl ing q u a l i t i e s  maneuvers w e r e  performed us ing  only  
v i s u a l  r e f e r e n c e s .  

r o l l ,  deg/deg/sec 

p i t c h ,  deg/deg/sec 

yaw, deg/deg/sec 

KP 

KS 
K r  

R a t e s  : 

P r o l l  , deg/sec 

q p i t c h ,  deg/sec 

r yaw, deg/sec 

VEHICLE DESCRIPTION 

The gene ra l  l a y o u t  of t h e  AD-1 a i r p l a n e  ( f i g .  1 )  c o n s i s t s  of a high-f ineness-  
r a t i o  fuse l age  wi th  t w o  t u r b o j e t  engines  mounted on s h o r t  pylons on t h e  side of the 
f u s e l a g e ,  f i x e d  gear, and a h igh-aspec t - ra t io  a e r o e l a s t i c  ob l ique  wing. The geomet- 
r i c  conf igu ra t ion  is  similar t o  t h a t  of t he  t ransonic  t r a n s p o r t  of r e fe rence  3 .  The 
wing can be p ivo ted  i n  f l i g h t  f r o m  Oo t o  60° sweep, r i g h t  wing forward, about  a p i v o t  
p o i n t  a t  t h e  40-percent r o o t  chord loca t ion .  A t o t a l  f u e l  c a p a c i t y  of 270 l i t e r s  
(72  g a l )  is s t o r e d  i n  t w o  f u s e l a g e  tanks  loca ted  f o r e  and a f t  of the wing p i v o t  loca- 
t i o n .  In  f l i g h t ,  the c e n t e r  of g r a v i t y  (c.9.) w a s  g e n e r a l l y  wi th in  a f e w  pe rcen t  of 
t h e  nominal q u a r t e r  r o o t  chord p o s i t i o n .  
g iven  i n  table 2. 

Addi t ional  phys i ca l  c h a r a c t e r i s t i c s  are 

S t r u c t u r a l l y ,  t h e  a i r p l a n e  c o n s i s t s  of a f ibe rg la s s - r e in fo rced  p las t ic  sandwich 
wi th  a co re  of r i g i d  foam. Except f o r  the wing p i v o t ,  a l l  s t r u c t u r a l  components w e r e  
designed to  a 6g l i m i t  load  c a p a b i l i t y  and a 175-knot l i m i t  a i r speed .  The wing p i v o t  
w a s  designed t o  a load  l i m i t  of k25g. 

The primary f l i g h t  c o n t r o l s  w e r e  conventional a i l e r o n ,  e l e v a t o r ,  and rudder ,  and 
were a c t u a t e d  us ing  a mechanical c o n t r o l  system. The rudder  pedals were mechanically 
l i n k e d  t o  t h e  upper rudder;  yaw t r i m  w a s  provided by the  e l e c t r i c a l l y  opera ted  lower 
rudder .  P i t c h  and r o l l  t r i m  w e r e  ob ta ined  from e l e c t r i c a l l y  opera ted  t abs  loca t ed  on 
t h e  e l e v a t o r  and r i g h t  a i l e r o n ,  r e s p e c t i v e l y .  T h r o t t l e  c o n t r o l  w a s  through an elec- 
t r o n i c  engine c o n t r o l  monitor. 
ment pane l .  
swi t ch  o r  a t r i g g e r  on t h e  p i l o t ' s  c e n t e r  s t i c k .  

Wing sweep w a s  i n i t i a t e d  us ing  a swi tch  on t h e  i n s t r u -  
The wing could  be re tu rned  t o  t h e  unswept p o s i t i o n  us ing  e i t h e r  t h e  

I 
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FLIGHT OPERATIONS 

The ope ra t ing  procedures  associated wi th  a t y p i c a l  r e sea rch  f l i g h t  are p resen ted  
t o  provide  i n s i g h t  i n t o  t h e  gene ra l  n a t u r e  of t h e  AD-1 a i r p l a n e .  A chase  p l a n e  p i l o t  
augmented the  AD-1's forward v i s i b i l i t y  and provided a l l  non-research-related com- 
municat ions.  Cont ro l  room eng inee r s  monitored both  the ground t r a c k  and t h e  opera- 
t i o n a l  f l i g h t  l i m i t s .  The f l i g h t  envelopes are shown i n  f i g u r e  3. 

The a i r p l a n e  w a s  normally t a x i e d  us ing  one engine t o  conserve f u e l .  However, i t  
w a s  o f t e n  d i f f i c u l t  to  t u r n  toward t h e  running engine because t h e  main landing  gear 
w a s  inboard  of t h e  engines  and t h e  nosewheel w a s  l i g h t l y  loaded. P i l o t  r a t i n g s  of 
5 t o  6 w e r e  obtained for s i n g l e  engine t a x i ,  while  r a t i n g s  of 3 were ob ta ined  when 
u s i n g  both  engines.  

Takeoff cons i s t ed  of l i f t i n g  t h e  nosewheel a t  a speed of about  60 knots  and hold- 
i n g  a p i t c h  a t t i t u d e  of  abou t  3O u n t i l  t akeoff  occur red  a t  a speed of  about 85 knots .  
P r i o r  to  nosewheel l i f t - o f f ,  s l i g h t  forward s t i c k  p r e s s u r e  w a s  o f t e n  used to  p reven t  
nosewheel bouncing. P i l o t  r a t i n g s  of 2 t o  3 w e r e  ob ta ined  f o r  t akeof f .  

Af t e r  takeoff ,  t h e  v e h i c l e  would climb t o  3800 m (12,500 f t )  be fo re  r e s e a r c h  
t e s t i n g  w a s  begun. S ince  t h e  b e s t  rate of climb w a s  i n  t h e  airspeed range between 
100 and 120 knots ,  m o s t  of t h e  climb w a s  performed a t  a speed of 110 knots .  The rate 
of  climb a t  900 m (3000 f t )  w a s  about  300 m / m i n  (1000 f t /min )  and decreased  t o  about  
200 m/min (660 f t /min)  a t  3700 m (12,000 f t ) .  Single-engine performance i n  t h e  pat- 
t e r n  v a r i e d  f r o m  a s l i g h t l y  p o s i t i v e  ra te  of climb on a h o t  day wi th  maximum gross  
weight  t o  a rate o f  climb of about  60 m/min (200 f t /min )  on a s t anda rd  day wi th  mini- 
mum f u e l  reserves .  Although t h e  i n i t i a l  climbs t o  t h e  tes t  a l t i t u d e  were performed 
w i t h  ze ro  wing sweep, t h e  ra te  of climb remained reasonably  c o n s t a n t  to  about  35O 
wing sweep. The climb t a s k  u s u a l l y  r ece ived  a p i l o t  r a t i n g  of  2. 

Most of t he  r e sea rch  f l y i n g  w a s  conducted a t  an  a l t i t u d e  of 3800 m ( 12,500 f t )  
and w a s  terminated when t h e  a l t i t u d e  dropped below 3000 m (10,000 f t ) .  Maneuvers 
w e r e  performed t o  expand t h e  f l i g h t  envelope f o r  f l u t t e r ,  d ivergence,  and loads, t o  
ana lyze  t h e  aerodynamics, and to  e v a l u a t e  t h e  handl ing  q u a l i t i e s .  S t r u c t u r a l  e x c i t a -  
t i o n  f o r  f l i g h t  f l u t t e r  t e s t i n g  c o n s i s t e d  p r i m a r i l y  of s t i c k  raps. Maneuvers f o r  t h e  
a n a l y s i s  of aerodynamics, f l i g h t  l o a d s ,  and handl ing  q u a l i t i e s  c o n s i s t e d  of doub le t s ,  
windup tu rns ,  slow s i d e s l i p  v a r i a t i o n s ,  l g  d e c e l e r a t i o n s ,  pullup-pushovers,  descen t s ,  
and a i l e r o n  rolls.  

Return t o  base c o n s i s t e d  of a descen t  wi th  t h e  engines  a t  i d l e  and t h e  wing a t  
e i t h e r  Oo or 4 5 O  sweep. The approach t o  l and ing  w a s  u s u a l l y  long  and f l a t  because of 
t h e  moderately high l i f t - t o - d r a g  r a t i o  and t h e  h igh  id l e  t h r u s t  (about  360 N (80  l b ) ) .  
Although speedbrakes or s p o i l e r s  would have improved t h e  approach f l y i n g  q u a l i t i e s ,  
t hey  w e r e  not  cons idered  necessary  t o  e i t h e r  t h e  r e s e a r c h  t a s k s  or t h e  o p e r a t i o n a l  
r e s e a r c h  f l y i n g  of t h e  a i r p l a n e .  

An 80-knot touchdown speed w a s  used t o  provide  an  a i rplane a t t i t u d e  t h a t  allowed 
f o r  adequate forward v i s i b i l i t y  and avoided s c r a p i n g  t h e  t a i l  (which occurred  a t  a 
p i t c h  a t t i t u d e  of 7.5O). 
parable t o  those of a low-performance s a i l p l a n e .  P i l o t  r a t i n g s  were u s u a l l y  3. 

P i l o t  comments i n d i c a t e d  t h a t  t h e  AD-1's l and ings  w e r e  com- 
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BASIC FLIGHT CHARACTERISTICS 

I n  this s e c t i o n ,  basic s t a b i l i t y ,  c o n t r o l ,  and aerodynamic c h a r a c t e r i s t i c s  of t h e  
AD-1 a i r p l a n e  are d i scussed  i n  p r e p a r a t i o n  f o r  t h e  PILOT RATINGS AND PILOT COMMENTS 
s e c t i o n .  I n s i g h t  i n t o  t h e  v e h i c l e ' s  handling q u a l i t i e s  can be ob ta ined  through an 
understanding of i ts  t r a d i t i o n a l  s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s .  These char- 
acterist ics inc lude  t h e  v a r i a t i o n  i n  aerodynamic performance with wing sweep, l o w  
thrust- to-weight  r a t i o ,  l o w  c o n t r o l  f o r c e s ,  low d i r e c t i o n a l  s t a b i l i t y ,  s l i g h t  s p i r a l  
i n s t a b i l i t y ,  adve r se  a i l e r o n  yaw, and a reduct ion i n  a i l e r o n  c o n t r o l  c h a r a c t e r i s t i c s ,  
r o l l  damping, and r o l l  i n e r t i a  w i th  inc reas ing  wing sweep. Add i t iona l ly ,  i n  t h e  
o b l i q u e  c o n f i g u r a t i o n  (wing swept), t h e  handling q u a l i t i e s  are a f f e c t e d  by many non- 
t r a d i t i o n a l  s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s .  Included i n  t h e s e  e f f e c t s  are 
t h e  moment changes with ang le  of a t t a c k  and load f a c t o r ,  t h e  change i n  s i d e f o r c e  wi th  
a n g l e  of a t t a c k ,  i n i t i a l  s t a l l  on t h e  t r a i l i n g  wing, and i n e r t i a l  coupl ing due t o  Ixy. 

T r a d i t i o n a l  C h a r a c t e r i s t i c s  

The maximum l i f t - t o - d r a g  r a t i o  ( f i g .  4 )  decreases  a t  t h e  higher  wing sweeps, 
caus ing  i n c r e a s e d  speed s t a b i l i t y  and decreased maneuver performance. Because v e r i -  
f i c a t i o n  of oblique-wing aerodynamic performance w a s  n o t  an o b j e c t i v e  of t h e  program, 
t h e  AD-1 des ign  concept d i d  n o t  emphasize minimization of drag. Although higher  max- 
imum speeds could be ob ta ined  with lower drag,  t h e  o v e r a l l  handl ing q u a l i t i e s  would 
s u f f e r  because of poor speed s t a b i l i t y  and a r e l a t i v e l y  h igh  i d l e  t h r u s t .  Hence t h e  
a d d i t i o n a l  p recau t ions  were n o t  taken (and the  expense w a s  n o t  i n c u r r e d )  to  minimize 
d r a g  

A t  i n i t i a l  cl imbout,  t h e  a v a i l a b l e  thrust-to-weight r a t i o  w a s  approximately 0.20, 
whereas a t  test  a l t i t u d e  and an average g r o s s  weight,  t h e  a v a i l a b l e  thrust- to-weight  
r a t i o  w a s  approximately 0.16. Thus the  a i r c r a f t ' s  performance w a s  comparable t o  
t h a t  of a l i g h t  gene ra l  a v i a t i o n  a i r p l a n e .  A t  a i r s p e e d s  below 100 kno t s ,  t h e  c o n t r o l  
f o r c e s  w e r e  comparable t o  those  of a low-performance s a i l p l a n e .  

The t r a n s i e n t  response t o  a rudder i n p u t  took about  t h r e e  c y c l e s  to  damp o u t  and 
w a s  a r e s u l t  of t he  low d i r e c t i o n a l  s t a b i l i t y  d e r i v a t i v e ,  CnBl which is  shown i n  

f i g u r e  5. T h i s  caused t h e  v e h i c l e  t o  "wander" o r  "search" d i r e c t i o n a l l y  and w a s  more 
n o t i c e a b l e  a t  h igh  sweep a n g l e s  and high angles of a t t a c k .  For o p e r a t i o n a l  f l y i n g ,  
t h e  d i r e c t i o n a l  s t a b i l i t y  w a s  considered adequate; however, f o r  p r e c i s e  maneuvering, 
t h e  l o w  d i r e c t i o n a l  s t a b i l i t y  o f t e n  con t r ibu ted  t o  degraded handl ing q u a l i t i e s .  The 
t r a n s i e n t  response t o  e l e v a t o r  i n p u t s  w a s  nea r ly  deadbeat,  whereas t h e  t r a n s i e n t  
response t o  a i l e r o n  i n p u t  provoked t h e  s p i r a l  i n s t a b i l i t y .  The spiral  i n s t a b i l i t y  
w a s  p r i m a r i l y  a r e s u l t  of t h e  e f f e c t i v e  d ihedra l  d e r i v a t i v e ,  CgB, and a s t r o n g  posi- 

t i v e  value f o r  t h e  damping i n  ro l l  due t o  yaw rate  d e r i v a t i v e ,  C 

d e r i v a t i v e s  are given i n  r e f e r e n c e  6. 

Details of these R r  

The r e d u c t i o n  i n  t h e  a i l e r o n  r o l l  a u t h o r i t y  d e r i v a t i v e  (Cg 6,) t h e  r o l l  damping 

d e r i v a t i v e  (Cg ), and t h e  r o l l i n g  moment of iner t ia  (Ix) caused by wing sweep is  

shown i n  f i g u r e  6. 

sweep, b u t  w i t h  t h e  concur ren t  r e d u c t i o n  i n  both Cg 

P 
A t  60° sweep, CRsa i s  about 15 p e r c e n t  of i t s  value a t  z e r o  

and I,, adequate  maneuvering 
P 
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r o l l  a u t h o r i t y  i s  maintained ( f i g .  7). However, as would be expected, t h e  decreases 
i n  1, and Cg 

needed f o r  t r i m  is d i scussed  i n  t h e  nex t  s e c t i o n .  

s t i l l  degrade t h e  hand l ing  q u a l i t i e s .  Addit ional  r o l l  a u t h o r i t y  
P 

N o n t r a d i t i o n a l  C h a r a c t e r i s t i c s  

With inc reas ing  ang le  of a t t a c k ,  t h e  r e s u l t a n t  aerodynamic f o r c e s  on a wing 
rotate forward and become approximately pe rpend icu la r  t o  t h e  wing sweep angle .  For 
an  oblique-wing c o n f i g u r a t i o n ,  t h i s  e f f e c t  creates a s i d e f o r c e ,  which is r e f l e c t e d  i n  
t h e  s i d e f o r c e  c o e f f i c i e n t  ( f i g .  8 ) .  To maintain a c o n s t a n t  heading, t h e  s i d e f o r c e  
must be n e u t r a l i z e d  by u s i n g  e i t h e r  s i d e s l i p ,  bank ang le ,  or a combination of s i d e -  
s l i p  and bank  angle.  An example of t h e s e  t r i m  requirements  f o r  a l i f t  c o e f f i c i e n t  
of 0.3 and 60° of sweep is shown i n  f i g u r e  9. Most of t h e  appa ren t  s i d e f o r c e  and t h e  
r e s u l t i n g  t r i m  requirements could have been e l imina ted  by t i l t i n g  t h e  wing p i v o t  a x i s  
forward about 5 O  and i n c r e a s i n g  t h e  unswept wing inc idence  t o  maintain t h e  same 
unswept geometry (ref. 7 ) .  This  mod i f i ca t ion  would cause t h e  bank ang le  of t h e  wing 
t o  i n c r e a s e  a s  wing sweep inc reased ,  thus al lowing t h e  f u s e l a g e  to  remain s t r a i g h t  
and l e v e l .  This w a s  n o t  r e a l i z e d  du r ing  t h e  AD-1 des ign  phase. 

To i l l u s t r a t e  t h a t  t r i m  i s  r equ i r ed  i n  a l l  t h r e e  axes ,  t h e  l g  s t a t i c  aerodynamic 
moments are shown i n  f i g u r e  10. For trimmed f l i g h t ,  both t h e  moments and the  side- 
f o r c e  must be n e u t r a l i z e d .  A trimmed s t e a d y  heading, airspeed, and a l t i t u d e  can be 
ob ta ined  using many combinations of e l e v a t o r ,  a i l e r o n ,  and rudder t r i m .  A t  high wing 1 
sweep, t h e  most common technique f o r  o b t a i n i n g  t r i m m e d  f l i g h t  w a s  to  use  s u f f i c i e n t  
r i g h t  (nega t ive )  rudder  t r i m  t o  a l low t h e  c e n t e r  s t i c k  t o  be l a t e r a l l y  n e u t r a l i z e d .  
A t  60° sweep and 1 4 0  kno t s ,  t h i s  y i e lded  a t r i m m e d  f l i g h t  cond i t ion  with about  l o  of 
nose - r igh t  (nega t ive )  s i d e s l i p  and 7 O  of right-wing-down ( p o s t i v e  1 bank angle .  < 

A properly designed a e r o e l a s t i c  ob l ique  wing has  a balanced span load  a t  a design 
p o i n t .  For  a r i g i d  ob l ique  wing, when l i f t  is inc reased ,  t h e  span-load c e n t r o i d  is 
t r a n s l a t e d  toward t h e  t r a i l i n g  wingt ip;  f o r  an o v e r l y  f l e x i b l e  wing, t h e  span-load 
c e n t r o i d  is  t r a n s l a t e d  toward t h e  l e a d i n g  wingt ip .  The A D - 1 ' s  design p o i n t  i s  a t  a 
l i f t  c o e f f i c i e n t  of 0.3 and 60° sweep, which is a c o n d i t i o n  a t t a i n e d  near  140 kno t s  
a i r s p e e d .  A t  h igher  a i r s p e e d s  (lower l i f t  c o e f f i c i e n t s ) ,  l oad  i n c r e a s e s  on t h e  lead-  
i n g  ( r i g h t )  wing, whereas a t  lower a i r s p e e d s  load  i n c r e a s e s  on t h e  t r a i l i n g  wing. A t  
very slow speeds,  the t r a i l i n g  t i p  w i l l  s t a l l  f irst ,  r e s u l t i n g  i n  a l e f t  r o l l o f f .  
U s e  of a i l e r o n  t o  counter  t h e  r o l l  aggravates  t h e  s t a l l ,  causing t h e  s t a l l  t o  occur 
a t  higher  a i r speeds .  Figure 1 1 ,  which shows an example of t h e  flow over t h e  upper 
s u r f a c e  of the wing a t  s ta l l ,  i n d i c a t e s  t h a t  s t a l l  beg ins  a t  the t r a i l i n g  wing t ip  and 
g r a d u a l l y  progresses  inboard.  T h i s  schematic of t h e  flow w a s  ob ta ined  from i n - f l i g h t  
t u f t  photographs. 

Reference 9 i n d i c a t e d  t h a t  t h e  AD-1 s p i n  model had a "yaw i n t o  t h e  l e a d i n g  wing" 
(yaw-right)  e s t a b l i s h e d  s p i n  mode from which recovery w a s  d i f f i c u l t  w i thou t  f i r s t  
unsweeping t h e  wing. Reference 9 a l s o  i n d i c a t e d  t h a t  t h e  AD-1 model w i th  t h e  wing 
h i g h l y  sweptwould n o t  s u s t a i n  a s p i n  i n t o  t h e  t r a i l i n g  wing (yaw l e f t ) .  However, 
experience with t h e  a i r p l a n e  has been t h a t  a t  low speeds,  t h e  t r a i l i n g  ( l e f t )  wing 
s t a l l e d  f i r s t  and caused t h e  a i r p l a n e  t o  roll and yaw t o  t h e  l e f t ,  away from t h e  
p o t e n t i a l  spin problem. If recovery were n o t  attempted, i n d i c a t i o n s  are t h a t  t h e  
a i r p l a n e  would go i n t o  a steep s p i r a l  t o  t h e  l e f t .  Rapid p u l l u p s  to  s t a l l  a t  high 
a i r s p e e d  were n o t  attempted. 
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For other than lg f l i g h t ,  l a r g e  v a r i a t i o n s  occurred i n  aerodynamic moments 
w i t h  load  f a c t o r ,  as shown by the example of p i t ch ing  moment i n  f i g u r e  12.  These 
e f f e c t s  can be r ep resen ted  as incremental  changes i n  the moments as a func t ion  of 
load f a c t o r ,  as shown i n  f i g u r e  13.  In a phys ica l  sense ,  these e f f e c t s  are detr i -  
mental  t o  t h e  handl ing q u a l i t i e s  bu t  are less d e t r i m e n t a l  f o r  slow maneuvers than 
f o r  r a p i d  ones. Thus, the a i r p l a n e  i s  p a r t i c u l a r l y  s e n s i t i v e  t o  turbulence .  The 
p o s i t i v e  p i t c h i n g  moment increment due t o  load f a c t o r  is analogous t o  a p o s i t i v e  
( d e s t a b i l i z i n g )  moment i n  l o n g i t u d i n a l  s t a t i c  s t a b i l i t y .  The negat ive  r o l l i n g  moment 
increment  due to  load f a c t o r  has the e f f e c t  of r e s i s t i n g  t u r n s  t o  the r i g h t  and steep- 
en ing  t u r n s  t o  the le f t .  The nega t ive  yawing moment increment  due  t o  load f a c t o r  has  
an  "adverse yaw" e f fec t  for r i g h t  t u r n s  and a "proverse  yaw" e f f e c t  f o r  l e f t  t u r n s .  
Thus, r i g h t  rudder  w a s  needed t o  coord ina te  e i t h e r  l e f t  or r i g h t  t u rns .  

A t  the h ighe r  wing sweeps, t h e  magnitude of the c r o s s  product  of i n e r t i a ,  Ixy 
( f i g .  1 4 ) ,  i s  n e a r l y  as large as the  ro l l  i n e r t i a ,  I, ( f i g .  6 ) .  With a high va lue  
f o r  I ,~ ,  a p i t c h - r o l l  i n e r t i a l  coupl ing occurs,  as shown by the example i n  equa t ions  
( 1 ) and ( 2 )  f o r  60° of wing sweep. 

Roll ing + 0.08 ~ ~ ~ ~ $ ~ g )  moments 
. 1  p = -  (1.06 

I X  
( 1 )  

( 2 )  . 1  = -  (0.7, 1 Roll ing 1-06 1 P i t c h i n g )  
moments moments I Y  

To i l l u s t r a t e  the p i t c h - r o l l  coupl ing,  the equa t ions  w e r e  s impl i f ied  by d e l e t i n g  
the  roll-yaw coupl ing effects of t h e  more common and much smaller I,, t e r m .  Although 
t h e  equa t ions  show s i g n i f i c a n t  ro l l  coupl ing i n t o  pi tch,  the  a c t u a l  a i r p l a n e  response 
conta ined  only  minimal coupl ing  because of the very  low Ix/Iy r a t i o  ( f i g .  15) and t h e  
low I, and low ro l l  damping ( f i g .  6 ) .  A t  high sweeps, the  r e s u l t i n g  veh ic l e  t r a n -  
s i e n t  motion is p r imar i ly  i n  r o l l .  

PILOT RATINGS AND PILOT COMMENTS 

P i l o t  r a t i n g s  w e r e  obtained from both the  envelope-expansion f l i g h t s  and from t h e  
guest-pilot-program f l i g h t s .  The envelope expansion w a s  conducted using two p i l o t s .  
Thei r  r a t i n g s  w e r e  g e n e r a l l y  obta ined  near  the end of t h e  envelope-expansion f l i g h t s ,  
a f t e r  each p i l o t  had p rev ious ly  flown to  each rated f l i g h t  condi t ion .  P i lo t s  i n  the 
g u e s t - p i l o t  program had only  one f l i g h t  from which to  e v a l u a t e  and ra te  the handl ing  
q u a l i t i e s .  The r a t i n g s  from these two groups are presented  s e p a r a t e l y .  The handl ing  
q u a l i t i e s  t a s k s  are desc r ibed  i n  the  appendix. 

Although t h e  AD-1 geometry w a s  chosen f o r  i t s  s i m i l a r i t y  t o  supersonic  obl ique-  
wing t r a n s p o r t  des igns ,  many of the  maneuvers performed to  eva lua te  the handl ing 
q u a l i t i e s  w e r e  n o t  t r a n s p o r t - a i r c r a f  t maneuvers. For example, windup t u r n s  are of t e n  
used to  e v a l u a t e  the c a p a b i l i t y  of a maneuvering a i r p l a n e .  Because d e t i c i e n c i e s  i n  
t r a n s p o r t - a i r c r a f t  handl ing q u a l i t i e s  t e n d  t o  be amplified i n  maneuvers l i k e  windup 
t u r n s ,  these types  of maneuvers are e x c e l l e n t  f o r  h i g h l i g h t i n g  d e f i c i e n c i e s  and f o r  
a s c e r t a i n i n g  t h e  need f o r  s t a b i l i t y  augmentation. 
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Envelope -Expans i o n  F1 i gh t Resu l t s  

T r i m .  -Below 30° of wing sweep, p i l o t  r a t i n g s  f o r  the t r i m  t a s k  ( f i g .  1 6 )  and 
p i l o t  comments i n d i c a t e d  s a t i s f a c t o r y  handl ing q u a l i t i e s .  A t  h ighe r  wing sweep 
a n g l e s ,  t he  r a t i n g s  remained adequate ,  b u t  the t a s k  " r equ i r ed  p i l o t  compensation." 
E leva to r  t r i m  a u t h o r i t y  "runs o u t "  a t  airspeeds below 85 kno t s ,  r e q u i r i n g  t h e  p i l o t  
t o  hold "back s t i c k . "  A t  sweep ang les  of 45O and above, it w a s  p o s s i b l e  to  run o u t  
of a i l e r o n  t r i m  (and even a i l e r o n  a u t h o r i t y )  if proper rudder t r i m  w a s  n o t  used. For 
t h i s  reason, t h e  a i r p l a n e  w a s  retrimmed every 5' of sweep f o r  sweep ang les  above 450. 
A t  60° sweep, a t y p i c a l  p i lo t  comment w a s  t h a t  t h e  v e h i c l e  e x h i b i t e d  "a l i t t l e  l a t -  
eral hunt ing which r equ i r ed  a c o n s t a n t  watch." 

Descent. - P i l o t  r a t i n g s  f o r  t h e  descen t  maneuvers ( f i g .  1 7 )  and p i l o t  comments 
i n d i c a t e d  t h a t  t he  a i r c r a f t  w a s  g e n e r a l l y  s a t i s f a c t o r y  below 30° of wing sweep b u t  
degraded a t  the higher  sweep ang les .  With 60° of sweep a t  an a i r s p e e d  of 84 k n o t s ,  a 
p i l o t  commented t h a t  t h e r e  w a s  "no problem ho ld ing  t h e  descent";  however, coming o u t  
of d e s c e n t  the veh ic l e  develops some p i t c h  and r o l l  " o s c i l l a t i o n s  and cross couples  .I1 
With 60° of sweep a t  140 kno t s ,  the p i l o t  stated t h a t  " t r a n s i t i o n  from d e s c e n t  caused 
some r o l l . "  B e l o w  45O of sweep t h e  t a s k  " r equ i r ed  minimal compensation and d i d  n o t  
produce s i g n i f i c a n t  coupling." 

Aileron r o l l s .  - P i l o t  r a t i n g s  obtained for a i l e r o n  r o l l s  t o  both t h e  l e f t  and 
t h e  r i g h t  are shown i n  f i g u r e  18. For sweep ang le s  less than 45O, t h e  p i l o t  had a 
good command of bank ang le  wi th  good r o l l  rate and no tendency t o  overshoot.  A t  30° 
of sweep, only s l i g h t  p i t c h  coup l ing  w a s  noted. A t  sweep ang les  of 45O and above, 
t h e  a i r p l a n e  r e s i s t e d  r o l l i n g  t o  t h e  r i g h t  and o f t e n  r e q u i r e d  rudder t o  adequa te ly  
perform t h e  maneuver. Proper rudder t r i m  w a s  needed t o  a l low f o r  adequate  r i g h t  r o l l  
a u t h o r i t y .  P i l o t  comments o f t e n  i n d i c a t e d  t h a t  rolls t o  t h e  l e f t  were s l i g h t l y  
easier than r o l l s  t o  t h e  r i g h t ,  even though t h e r e  w a s  a tendency to  overshoot  t h e  
d e s i r e d  bank angle .  The degrada t ion  i n  t h e  r a t i n g s  w a s  similar f o r  l e f t  and r i g h t  
r o l l s ,  even though reasons f o r  t h e  deg rada t ion  were d i f f e r e n t .  Many comments i n d i -  
c a t e d  t h a t  the a i r p l a n e  "wandered" ( p r i m a r i l y  d i r e c t i o n a l l y ) ,  making it d i f f i c u l t  to  
maintain coordinated f l i g h t  u s ing  rudder .  I 

Windup turns .  - T h e  windup-turn t a s k  w a s  t h e  m o s t  d i f f i c u l t  handl ing q u a l i t i e s  
t a s k  performed because it r e q u i r e d  close a t t e n t i o n  to p i t c h ,  r o l l ,  and yaw. P i l o t  
r a t i n g s  f o r  windup t u r n s  t o  t h e  l e f t  and t h e  r i g h t  are p resen ted  i n  f i g u r e  19. B e l o w  
45O sweep, p i l o t  comments i n d i c a t e d  t h a t  t h e r e  w a s  no tendency to  overshoot  t h e  
d e s i r e d  g and t h a t  t h e  maneuver r e q u i r e d  "minimal p i l o t  workload." Above 45O sweep, 
t h e  a i r p l a n e  e x h i b i t e d  d i f f e r e n t  c h a r a c t e r i s t i c s  when t u r n i n g  r i g h t  than when t u r n i n g  
l e f t .  When t h e  p i l o t  i nc reased  bank ang le  t o  the r i g h t ,  t h e  a i r c r a f t  "seemed t o  want 
t o  ro l l  o u t  of t he  turn." Once t h e  bank a n g l e  w a s  e s t a b l i s h e d ,  t h e r e  w a s  "no tend- 
ency t o  overshoot gl'; however, it w a s  o f t e n  d i f f i c u l t  to  a t t a i n  h ighe r  l e v e l s  of 
l o a d  factor because a r i g h t  bank of about  55O was r e q u i r e d  t o  a t t a i n  1.5 g. A t  60° 
of sweep, i f  proper rudder t r i m  w a s  no t  used, it w a s  p o s s i b l e  t o  run o u t  of r i g h t  
a i l e r o n  c o n t r o l  a u t h o r i t y  before a t t a i n i n g  t h e  desired 1.5 g. 
l e f t ,  t h e  a i r p l a n e  would tend to  ro l l  f a r t h e r  i n t o  the t u r n  than t h e  p i l o t  had com- 
manded. This w a s  an uncomfortable s i t u a t i o n  t h a t  o f t e n  r e q u i r e d  r i g h t  a i l e r o n  to  be 
h e l d  i n  place t o  coun te r  t h e  i n c r e a s i n g  r o l l  tendency. A t  60° sweep, l ibera l  r i g h t  
rudder  w a s  o f t e n  used t o  r o l l  back t o  a s t r a i g h t  heading. P r i m a r i l y  du r ing  l e f t  
t u r n s ,  an o s c i l l a t i o n  (s imilar  t o  dutch ro l l  b u t  w i th  p i t c h  added) would be superim- 
posed on the maneuver, causing t h e  p i l o t s  t o  r e f e r  t o  t h e  maneuver as l'jerkyll or 
" r a t che ty . "  Proper rudder coord ina t ion  to perform a "smooth" maneuver w a s  n o t  
p o s s i b l e .  

When t u r n i n g  t o  the 
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Pul lup  pushover. - The p u l l u p  pushover w a s  not a r a t e d  maneuver; however, p i lo t  
comments i n d i c a t e d  t h a t  a t  low sweep angles  t h e  a i r c r a f t  w a s  a b l e  t o  a t t a i n  g 
"quick ly  and p r e c i s e l y . "  Above 45O sweep, t h e  maneuvers w e r e  "sloppy, s i n c e  c r o s s  
c o n t r o l l i n g  of p i t c h  and r o l l  was necessary." 

Landings a t  45O sweep. - Severa l  l andings  were made wi th  t h e  wing a t  450 sweep. 
Comments i n d i c a t e d  "good c o n t r o l  a u t h o r i t y  i n  a l l  axes  wi th  no adverse  ground 
e f f e c t s . "  However, forward v i s i b i l i t y  w a s  poor, and 30 t o  40 of bank w a s  needed t o  
main ta in  cons t an t  heading. P i l o t  r a t i n g s  increased  from a 3 f o r  landings  a t  z e r o  
sweep t o  a 5 f o r  l and ings  a t  45O of sweep. 

Turbulence. - Throughout t h e  envelope expansion, the  presence  of l i g h t  t u rbu lence  
degraded t h e  hand l ing  q u a l i t i e s  by 2 t o  3 p i l o t  r a t i n g s ,  which o f t e n  r e s u l t e d  i n  
o v e r a l l  unacceptab le  hand l ing  q u a l i t i e s .  
elastics w e r e  t h e  major f a c t o r  i n  t h e  poor turbulence  response.  

The dynamics r e s u l t i n g  from t h e  wing aero-  

Guest P i l o t  Program 

P i l o t  comments and r a t i n g s  were obta ined  p r imar i ly  for t h e  t r i m  t a s k  ( f i g .  2 0 )  
and for  t h e  windup-turn maneuver ( f i g .  2 1 ) .  Not a l l  tasks  w e r e  r a t e d  by a l l  p i lots .  
The r a t i n g s  and t h e  corresponding p i lo t  comments are g e n e r a l l y  c o n s i s t e n t  w i t h  t h o s e  
ob ta ined  f r o m  t h e  envelope-expansion f l i g h t s .  A l l  t h e  p i l o t s  w e r e  a b l e  t o  f l y  t h e  
a i r p l a n e  t o  600 of sweep and complete the planned maneuvers wi thout  i n t e n s i v e  pre- 
f l i g h t  t r a i n i n g .  

CONTROL SYSTEM AUGMENTATION 

A s t a b i l i t y  augmentation system us ing  rate feedback ( f i g .  2 2 )  w a s  i nco rpora t ed  
i n  a piloted s imula t ion .  T h i s  system w a s  n o t  implemented on t h e  a i r c r a f t .  The simu- 
l a t i o n  w a s  mechanized i n  a f ixed-base,  six-degree-of-freedom s imula to r  t h a t  con ta ined  
t h e  f i n a l  aerodynamic data base  from re fe rences  5 and 6. The gene ra l  l ayou t  of t h e  
in s t rumen t s  and c o n t r o l s  w a s  s i m i l a r  t o  t h e  layout  i n  t h e  a i r p l a n e ,  w i t h  t h e  excep- 
t i o n  t h a t  an e i g h t  b a l l  mounted above the instrument  c l u s t e r  w a s  the only v i s u a l  
a t t i t u d e  r e fe rence .  

Using only p i l o t  A, p i l o t  r a t i n g s  were obta ined  from t h e  unaugmented s imula t ion  
( t h a t  is, ga ins  a t  z e r o )  a t  an a i r s p e e d  of 140 knots  ( f i g .  2 3 ) .  The r a t i n g s  ob ta ined  
were similar t o  b u t  n o t  e x a c t l y  the same a s  those ob ta ined  i n  f l i g h t .  R e s u l t s  show 
t h a t  a c o n t r o l  system u s i n g  only  rate feedback is s u f f i c i e n t  t o  y i e l d  accep tab le  
hand l ing  q u a l i t i e s  r a t i n g s  a t  h igh  wing sweeps. 
f o r  o t h e r  a i r s p e e d s ,  wing sweeps, and maneuvers w e r e  v i r t u a l l y  the  s a m e .  

Although no t  formal ly  r a t e d ,  r e s u l t s  

CONCLUDING REMARKS 

The basic f l i g h t  c h a r a c t e r i s t i c s  of t h e  AD-1 a i r p l a n e  w e r e  d i scussed ,  i n c l u d i n g  
s e v e r a l  s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  t h a t  have e i t h e r  t r a d i t i o n a l l y  a f f e c t e d  
hand l ing  q u a l i t i e s  or t h a t  are unique t o  an oblique-wing veh ic l e .  Of p a r t i c u l a r  
s i g n i f i c a n c e  were t h e  l o w  d i r e c t i o n a l  s t a b i l i t y ,  t h e  unusual  t r i m  requi rements ,  t h e  
r o l l - p i t c h  coupl ings ,  t h e  dynamics r e s u l t i n g  from t h e  wing a e r o e l a s t i c s ,  and t h e  
s ta l l .  P i l o t  r a t i n g s  t h a t  document many of t h e  v e h i c l e ' s  handl ing  q u a l i t i e s  were 
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presented.  
q u a l i t i e s .  Between 30° and 45O of sweep, r a t i n g s  i n c r e a s e ,  g e n e r a l l y  i n d i c a t i n g  t h e  
beginning of a degradat ion i n  hand l ing  q u a l i t i e s  caused by wing sweep. 
deg rada t ion  i n  handl ing q u a l i t i e s  occurred between 45O and 60° of sweep. L igh t  t u r -  
bulence degraded t h e  handl ing q u a l i t i e s  by up t o  t h r e e  p i l o t  r a t i n g s .  
system us ing  ra te  feedback w a s  mechanized on t h e  AD-1 s imula to r .  Simulat ion s t u d i e s  
i n d i c a t e d  t h a t  only rate feedback w a s  necessary to  y i e l d  accep tab le  handl ing q u a l i -  
t ies  a t  t h e  high wing sweeps. 

A t  or below 30° of wing sweep, r a t i n g s  i n d i c a t e  s a t i s f a c t o r y  handl ing 

The primary 

A c o n t r o l  

Ames Research  Center 
Dryden F1 i g h t  Research F a c i l i t y  

N a t i O M l  A e r o M u t i c s  and Space A d m i n i s t r a t i o n  
Edwards, C a l i f . ,  February 14, 1983 
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APPENDIX - HANDLING QUALITIES TASKS 

Maneuvers used t o  e v a l u a t e  t h e  handl ing q u a l i t i e s  included s t a b i l i z i n g  on t r i m ,  
d e s c e n t s ,  a i l e r o n  rolls, windup t u r n s ,  and pu l lup  pushovers. o t h e r  maneuvers r e s u l t -  
i n g  from t h e  o v e r a l l  o p e r a t i o n a l  f l y i n g  t a s k s  were va luab le  i n  d e s c r i b i n g  t h e  g e n e r a l  
n a t u r e  of t h e  veh ic l e .  The modified Cooper-Harper p i l o t  r a t i n g  system ( r e f .  8)  w a s  
used as a basis f o r  a l l  p i l o t  r a t i n g s .  The AD-1 a i r p l a n e  w a s  r a t e d  as i f  it w e r e  a 
t r a n s p o r t  a i r c r a f t .  

The t r i m  task r a t i n g  w a s  an e v a l u a t i o n  o f  t he  d i f f i c u l t y  to a t t a i n  and maintain a 
s t a b i l i z e d  f l i g h t  cond i t ion .  

The d e s c e n t  t a s k  w a s  a maneuver similar t o  t h e  approach t a sk .  While airspeed w a s  
h e l d  c o n s t a n t ,  t h e  t h r o t t l e s  were r e t r a c t e d  t o  i d l e  f o r  a 60-m (200- f t )  d e s c e n t  i n  
a l t i t u d e .  The e v a l u a t i o n  considered t h e  d i f f i c u l t y  to  o b t a i n  a s t a b i l i z e d  d e s c e n t  
and then  smoothly recover  a t  a new t r i m  condi t ion.  

The a i l e r o n  r o l l  t a s k  w a s  to  s t a b i l i z e  on a new bank ang le  between 20° and 30° 
from t h e  t r i m m e d  bank ang le  and then r e t u r n  t o  c o n s t a n t  heading. Ro l l  rates w e r e  
t y p i c a l l y  30 deg/sec. With t h e  wing swept, a i l e r o n  rolls w e r e  performed t o  both t h e  
l e f t  and r i g h t .  Rudder w a s  used when needed f o r  coord ina t ion .  The p i l o t  e v a l u a t i o n  
considered r o l l  a u t h o r i t y ,  r o l l  rate,  and overshoot tendencies .  

The windup t u r n  c o n s i s t e d  of an i n c r e a s e  i n  load factor to  1.5g followed by rol l -  
o u t  on a 90° heading change. Airspeed w a s  held c o n s t a n t ,  and power w a s  used t o  t r y  
t o  maintain a l t i t u d e .  The p i l o t s  eva lua ted  the  a b i l i t y  to  hold a i r s p e e d ,  smoothly 
a t t a i n  t h e  load f a c t o r ,  and r o l l  o u t  on a 90° heading change. A t  60° wing sweep, the 
t a s k  w a s  o f t e n  modified t o  r o l l  o u t  on a 180° heading change. This provided more 
t i m e  t o  accomplish t h e  maneuver b u t  d i d  n o t  appear to  change t h e  f i n a l  r a t i n g s .  

The pullup-pushover t a s k  c o n s i s t e d  of varying load f a c t o r  up t o  1.59, down t o  
0.5g, and back t o  t r i m  w h i l e  holding c o n s t a n t  heading. The p u l l u p  w a s  performed 
f i r s t  t o  avoid r a p i d  bu i ldups  i n  i n i t i a l  a i rspeed.  The e v a l u a t i o n  considered t h e  
d i f f i c u l t y  of smoothly varying load f a c t o r  while maintaining heading. The d u r a t i o n  
of a t y p i c a l  maneuver w a s  30 sec. 
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TABLE 1. - MODIFIED COOPER-HARPER HANDLING QUALITIES RATING SCALE 
AND MILITARY SPECIFICATION DEFINITION OF FLYING QUALITIES LEVELS 

task or required operation' 

(a) Modified Cooper-Harper rating scale (from ref. 8). 

Aircraft Demands on the pilot in selected Pilot 
characteristics task or required operation rating 

Excellent 

Good 

Pilot compensation not a factor 

Pilot compensation not a factor 

Highly desirable for desired performance 

Negligible for desired performance 

unpleasant for desired performance 

deficiencies 

Fair; some mildly Minimal pilot compensation required 

deficiencies 

1 

2 

3 

Is it 
satisfactory 

without 
improvement? 

Major Adequate performance not attainable 
deficiencies with maximum tolerable pilot compen- 

sation. Controllabilitv not in auestion 

4 

5 

Deficiencies M' *Jr but annoying Desired performance requires 
warrant deficiencies moderate pilot compensation 

Adequate performance requires 
considerable pilot compensation 

7 

Very objectionable Adequate performance requires 
but tolerable extensive pilot compensation 
deficiencies 

Is adequate 
performance 

attainable with a 
tolerable pilot 

workload? 

1 6 1  
N~ Deficiencies - require -+ Major Considerable pilot compensation 

improvement deficiencies is required for control 

Major Intense pilot compensation 

I I 1  I 

Level Flying qualities clearly adequate for the mission flight 
phase. 

Pilot decisions 

Definition of required operation involves designation of flight phase andlor 
subphases with accompanying conditions 

(b) Military Specification definition of 
levels of flying qualities. 

Flying qualities adequate to accomplish the mission 

degradation In mission effectiveness, or both, exists. 

Flying qualities such that the airplane can be 

mission effectiveness is inadequate, or both. 
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TABLE 2 . -PHYSICAL CHARACTERISTICS OF AD-1 AIRPLANE 

T o t a l  he igh t .  m ( f t )  . . . . 
Wing (A = Oo) - 
Total  l eng th .  m ( f t )  . . . . . . . . . . . . . .  

Reference and unswept span. m ( f t )  . . . . .  
Aspect ra t io  . . . . . . . . . . . . . . . .  
Reference and a c t u a l  planform ..... m2 ( f t 2 )  

Reference and unswept chord ( r o o t ) .  m ( f t )  . 
A i r f o i l  . . . . . . . . . . . . . . . . . .  
Dihedral angle.  deg . . . . . . . . . . . .  
T w i s t .  deg . . . . . . . . . . . . . . . . .  
Root incidence angle .  deg . . . . . . . . .  
Quarter chord sweep angle.  deg . . . . . . .  
Leading edge sweep angle .  deg . . . . . . .  
Average chord. m ( f t )  . . . . . . . . . . .  
Wing p i v o t  l o c a t i o n  . . . . . . . . . . . .  

. .  . .  

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

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

. . . . . . .  . . . . . . .  . . . . . . .  . . . . . . .  
NACA 361 2.02. . . . . . . .  . . . . . . .  . . . . . . .  . . . . . . .  . . . . . . .  . . . . . . .  . . . . . . .  

Sweep angle  range. deg . . . .  
Horizontal  t a i l  . 

Planform ..... m2 ( f t 2 )  . . .  
Span. m ( f t )  . . . . . . . . .  
Average chord. m ( f t )  . . . .  
Root chord. m ( f t )  . . . . . .  
Dihedral angle .  deg . . . . .  
Incidence angle.  deg . . . . .  
Leading edge sweep angle .  deg 
A i r f o i l  . . . . . . . . . . .  

V e r t i c a l  t a i l  - 
Area (exposed).  m2 ( f t2 )  . . .  
Span (exposed).  m ( f t )  . . . .  
Root chord. m ( f t )  . . . . . .  Average chord. m ( f t )  . . . .  
Leading edge sweep angle .  deg 
A i r f o i l  . . . . . . . . . . .  
Aileron hinge l i n e  . . . . . .  
Aileron span ( t o t a l ) .  m ( f t )  . 
Aileron ..... each. m2 ( f t 2 )  . 

Primary c o n t r o i  s u r f a c e s  - 

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

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

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

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

. 2.06 (6.75) 
11.80 (38.80) 

8.60 (93.00) 
9.80 (32.30) . 1.30 (4.28) . . . .  11.2 

40 ( c o n s t a n t )  . . . . . .  0 . . . . .  -2 . . . . . .  2 . . . . . .  0 . . . . . . .  1 . 0.88 (2.90) . . . .  0.4cr . . .  0t060 

2.40 (26.00) . 2.40 (8.00) . 1.00 (3.30) . 1.60 (5.40) . . . . . .  0 . . . . . .  0 . . . . .  45 . . NACA 0006 

1.30 (14.40) . 1.10 (3.70) . 1.20 (3.90) . 1.80 (5.80) . . . . .  43 . . NACA 0006 

. . .  o.75cr 
3.70 (12.00) . 0.28 (3.00) 

Y Aileron r o o t  ........ - ... . . . . . . . . . . . . . . . . . . . . . .  .... 
Aileron r o o t  ...... . ( f t )  . . . . . . . . . . . . . . . . . . .  0.20 (0.65) 
Aileron range. each. deg . . . . . . . . . . . . . . . . . . . . . . . .  225 
Elevator hinge l i n e  sweep angle .  deg . . . . . . . . . . . . . . . . . . .  0 
Elevator  ..... m2 ( f t 2 )  . . . . . . . . . . . . . . . . . . . .  0.46 (5.00) 
Elevator average chord. . ( f t )  . . . . . . . . . . . . . . . . .  0.19 (0.62) 
Elevator  r o o t  chord. . ( f t )  . . . . . . . . . . . . . . . . . .  0.23 (0.75) 
Elevator  range. deg . . . . . . . . . . . . . . . . . .  25O up to 150 down 

. . . . . . . . . . . . . . . . . . . . .  0.14 (1.51) 
Rudder hinge l i n e  sweep angle .  deg . . . . . . . . . . . . . . . . . . . .  0 

Rudder average chord. . ( f t )  . . . . . . . . . . . . . . . . . .  0.24 (0.77) 
Rudder r o o t  chord. . ( f t )  . . . . . . . . . . . . . . . . . . .  0.28 (0.91) 
Rudder range. deg . . . . . . . . . . . . . . . . . . . . . . . . . . .  f 2 5  

Rudder ..... m2 ( f t 2 )  

Masses - 
Empty weight.  N ( l b )  . . . . . . . . . . . . . . . . . . . . . .  6450 (1450) 
Useful load. N (lb) . . . . . . . . . . . . . . . . . . . . . .  2930 (695)  

Gross weight. N (lb) . . . . . . . . . . . . . . . . . . . . . .  9540 (2145) 

Engines . . . . . . . . . . . . . . . . . . . . . . . . . .  Two TRS-18-046 
Sea-level  s ta t ic  t h r u s t .  each. N ( l b )  . . . . . . . . . . . . . .  979 (220)  

Fuel load. N ( l b )  . . . . . . . . . . . . . . . . . . . . . . .  2110 (475)  

Powerplant - 
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Figure  1 .  General c o n f i g u r a t i o n  of AD-1 airplane. 
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Figure 2 .  Instrument panel. 
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F igure  3.  F l i g h t  e n v e l o p e .  
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(b) A n g l e  of a t t a c k  a s  a 
f u n c t i o n  of wing sweep. 

0 

F i g u r e  4 .  A c t u a l  a s p e c t  r a t i o  
and untrimmed maximum l i f t - t o -  
d r a g  r a t i o .  
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Figure 5 .  D i r e c t i o n a l  s t a b i l i t y  
d e r i v a t i v e  re fe renced  t o  f l i g h t  
center of g r a v i t y .  
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Figure 6 .  R o l l  c o n t r o l ,  damping, 
and moment  of iner t ia  v a r i a t i o n  
w i t h  sweep .  
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Figure 7 .  R e l a t i v e  a i l e r o n  con- 
trol p o w e r .  

Figure 8 .  V a r i a t i o n  i n  s i d e -  
force c o e f f i c i e n t  w i t h  a .  
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Figure 9 .  Bank angle  or 
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Figure 1 0 .  Untrimmed moment 
coefficients at  u n i t y  l oad  
f a c t o r ,  referenced t o  f 1 i g h t  
center of g r a v i t y .  
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Figure 1 1 .  Trai l ing-wing upper- 
s u r f a c e  f l o w  f i e l d  f o r  A = 60’. 
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Figure 1 2 .  Untrimmed p i t c h i n g  
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f l i g h t .  F l i g h t  c o g .  
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Figure 1 3 .  Effects of load factor  o n  moment 
coefficients. F l i g h t  c . g .  

19 



.30 r 

Ixy' 
2 kg-m 

300 

200 

100 

0 

- 

10 20 30 40 50 60 

Figure 1 4 .  R o l l - p i t c h  cross 
product  a s  a f u n c t i o n  of wing 
sweep .  

80 knots 

8 

Pilot 
rating 

0 Pilot A 
0 Pilot B 
Flag denotes 
turbulence 

100 knots 

F-- -  - - - - -  - 

F 
Figure 1 6 .  
t a s k .  

P i l o t  r a t i l l g s  f o r  t r i m  

.15 - 

0 10 20 30 40 50 60 

Figure 1 5 .  
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Figure 17 .  P i l o t  r a t i n g s  for  
d e s c e n t  t a s k .  

20 



0 Pilot A 
0 Pilot B 
Flag denotes 
turbulence 

100 knots 
p - - - - - - - - - 

0 Pilot A 
0 Pilot B 
Flag denotes 
turbulence 

100 knots 

F - - - - - - - - -  t 
- - d - -  
O O  

- - - -  a - - - -  
Level 1 

rating 

0 u 0 - 
120 knots - - - - - - - - - - -  

Level 3 - 

140 knots - - - - - - - - - - -  lo 

8 

6 

4 

2 

Pilot 
rating 

120 knots - - - - - - - - - - -  
Level 3 - 

140 knots 

I= - - - - - - - -  
l o  

8 

6 

4 

2 

Pilot 
rating 

d - 

15 30 45 60 
A, deg 

0 15 30 45 60 
A, deg 

0 15 30 45 60 
A, deg 

0 

(b) L e f t  aileron rolls.  (a) R i g h t  aileron rolls. 

Figure 18. Pilot r a t i n g s  for  aileron roll  t a s k .  

2 1  



0 Pilot A 
0 Pilot B 
Flag denotes 
turbulence 

0 Pilot A 
0 Pilot B 
Flag denotes 
turbulence 

2 p e y l 1 ,  , , 
0 

120 knots 
10 - - - - -  - - - - - 

Level 3 

8 F 
Pilot 

rating 

0 15 30 45 60 
A,  deg 

100 knots 

I----------- 
I- 

0 v 

10 

8 

6 

4 

2 

0 

Pilot 
rating 

- 
Level 1 - 

100 knots 

F - - - - - - - - -  

120 knots 

0 
0 0  - - - - - - - - - -  

B o  
Level 1 

Pilot 

140 knots 

I = - - - - - - - - -  

9 0 

0 15 30 45 60 
A ,  deg 

0 15 30 45 60 
A, deg 

0 15 30 45 6 0  
A, deg 

( a )  Right wirdup t u r n s .  ( b )  L e f t  windup t u r n s .  

Figure  19 .  P i l o t  r a t i n g s  fo r  windup-turn t a s k .  

0 15 30 45 60 
A ,  deg 

Figure  20 .  Gues t -  
p i l o t  r a t i n g s  of 
t r i m  t a s k  a t  130 
k n o t s .  
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Figure  2 1 .  
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Guest p i l o t  r a t i n g s  of the windup- 

Elevator 
Longitudinal 

center 
stick 

& Aileron 
Lateral 
center 
stick 

Rudder Rudder 
pedals 

Figure  2 2 .  S i m u -  
l a t o r  r a t e  feed- 
back c o n t r o l  s y s t e m  
o p t  ion.  

23 



deg deg deg 
deglsec deglsec deglsec 
--- 

0 Unaugmented 
0 0.5 0 0 
0 0  0.5 0 
a 0  0 0.25 
U 0.5 0.5 0 
a 0.4 0.4 0.25 

6 

4 

Pilot 
rating 

-6-G - -kb 
rm 

deg deg deg 
deglsec deglsec deglsec 
--- 

0 Unaugmented 
0 0.5 0 0 
0 0  0.5 0 
a 0  0 0.25 
U 0.5 0.5 0 
a 0.4 0.4 0.25 

0 15 30 45 60 
A, deg 

( a )  T r i m .  ( b )  Descent. 

KP’ Kr, Kq’ KP’ Kr, 
deg deg deg - - ~  dag deg 

Kq’ 
deg - ~ -  

deglsec deglsec deglsec deglsec deglsec deglsec 

0 Unaugmented 
0 0.5 0 0 
0 0  0.5 0 
a 0  0 0.25 
U 0.5 0.5 0 
a 0.4 0.4 0.25 

0 15 30 45 60 
A, deg 

(c) R i g h t  aileron 
roll 

0 Unaugmented 
0 0.5 0 0 
0 0  0.5 0 
a 0  0 0.25 
U 0.5 0.5 0 
a 0.4 0.4 0.25 

Level 1 

0 15 30 45 60 
A, deg 

( d )  L e f t  a i l e r o n  
roll. 

F i g u r e  23. S i m u l a t o r  p i l o t  r a t i n g s  i n c l u d i n g  the 
e f f ec t s  o f  u s i n g  r a t e  f e e d b a c k  a u g m e n t a t i o n  a t  
140 knots. 
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