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WIND-TUNNEL AND PILOTED FLIGHT SIMU-LATOR INVESTIGATION OF 

A DEFLEXTED-SLIPSTRElAM VTOL AIRPLANE, THE RYAN VZ-3RY 

By Harry A. James, Rodney C .  Wingrove, C u r t  A. Holzhauser, 
and Fred J. Drinkwater I11 

SUMMARY 

A wind-tunnel invest igat ion of a deflected-slipstream VTOL airplane 
w a s  undertaken t o  determine i f  t h i s  type of machine were capable of 
performing a t r a n s i t i o n  from hovering t o  normal f l i g h t .  Suf f ic ien t  addi- 
t i o n a l  information w a s  obtained t o  enable a f l i g h t  simulation of t h i s  
VTOL machine. 
t i o n  of the handling q u a l i t i e s  and t o  give the  p i l o t s  experience i n  
"flying" t h i s  new type of  vehicle; the simulator cockpit was f r e e  t o  
p i t c h  and r o l l .  

The ground simulation was made t o  obtain an e a r l y  indica- 

The wind-tunnel t e s t s  indicated t h a t  t h e  airplane could hover and 
perform a t r a n s i t i o n  out of ground e f f e c t .  
t h r u s t  with decreasing airspeed below 60 knots, and it had s t ick-f ixed 
an$e-of-attack i n s t a b i l i t y  below about 30 knots. An increasing forward 
s t i c k  pos i t ion  w a s  required with decreasing airspeed. 
of approaching the ground during hovering was a pitch-down moment beyond 
the trimming c a p a b i l i t i e s  of the  longi tudinal  control .  
brought under control  by the addition of a leading-edge slat .  

The vehicle  required increasing 

The primary e f f e c t  

This moment w a s  

!The p i l o t e d  simulation w a s  performed with the  d a t a  per ta ining t o  t h e  
Under a i rp lane  out of  the  ground ef fec t  and without a leading-edge slat .  

these conditions, the  p i l o t s  could control the  vehicle  throughout t h e  
speed range and within cer ta in  boundary conditions governed by the  
previously mentioned pitch-up charac te r i s t ics  and by s t r u c t u r a l  l i m i t a t i o n s  
defined by the  manufacturer. 
the  p i l o t s  found it necessary t o  keep low p i t c h  r a t e s .  
control  could be regained a f t e r  moderate pitch-ups by t h r o t t l e  control  
with a lo s s  i n  a l t i t u d e  of from 100 t o  300 f e e t ,  o r  by increasing t h e  
f l a p  def lec t ion  with a much smaller loss i n  a l t i t u d e .  

When the pitch-up boundary w a s  approached, 
Longitudinal 

INTRODUCTION 

Small-scale s tud ies  have indicated both s t a t i c a l l y  (refs. 1, 2, 
and 3) and i n  f ree  f l iAht  ( r e f s .  4 and 5) t h a t  VTOL operation can be 
achieved through 'che def lected slipstream pr inc ip le .  To determine i f  
these indicat ions would be borne out i n  pract ice ,  a tes tbed VTOL machine 
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using t h i s  p r inc ip l e  w a s  constructed.  The a i rp lane  w a s  b u i l t  by Ryan 4 
Aeronautical Company under t h e  auspices of t h e  Office of Naval Research 
and the Arrqy Transportation Research and Engineering Command (TRECOM) . 
Pr io r  t o  f l i g h t  t e s t s  of t h e  machine, i t s  s t a t i c  cha rac t e r i s t i c s  were 
invest igated i n  t h e  Ames 40- by 80-foot wind tunnel ,  and a p i l o t e d  motion 
simulation w a s  made i n  t h e  Ames p i t c h - r o l l  cockpit .  This report  presents  
t h e  r e su l t s  of t h e  s tud ie s .  

. 

Tkie major ob jec t ives  of t h e  wind-tunnel study were t o  determine i f  
t h e  machine c o d &  achieve steady-state VTOL operation; t o  determine under 
what conditions operation would become impossible o r  unsafe from e i t h e r  
an aerodynamic o r  s t r u c t u r a l  l i m i t ;  and t o  obtain t h e  information necessary 
f o r  the p i lo t ed  motion simulation of t h e  a i r c r a f t .  
w a s  conducted t o  obtain an e a r l y  ind ica t ion  of t h e  handling q u a l i t i e s  of 
t h e  airplane i n  the  speed range of 0 t o  33 knots and t o  give t h e  p i l o t s  
t h e  general "feel" and o r i en ta t ion  of f ly ing  t h i s  new type of vehicle .  
The simulation a l s o  served t o  document those cont ro l  problems t h a t  might 
bother  t h e  p i l o t  or make t h e  vehicle  unflyable, and t o  ind ica te  ways f o r  
t h e  p i l o t  t o  cont ro l  t h e  vehicle  i n  both t h e  normal and extreme circum- 
stances.  
with the exception of t h e  s t r u c t u r a l  aspect.  In  addi t ion,  some of t h e  
aerodynamic cha rac t e r i s t i c s  are r e l a t e d  t o  previously reported small-scale 
work, and ex i s t ing  and proposed handling q u a l i t y  requirements are examined 
with respect t o  t h e  p i l o t ' s  comments of t h i s  simulation. 

This ground simulation 

The m t e r i a l  i n  t h i s  repor t  covers a l l  of these  object ives ,  

NOTATION 

wing span, f t  

mean aerodynamic chord, f t  

r o l l i n g  moment 

Qb 
rolling-moment coe f f i c i en t ,  

l i f t  l i f t  coe f f i c i en t  based on s l ipstream ve loc i ty ,  - 
qSs 

hor izonta l - ta i l  l i f t - cu rve  slope 

yawing moment yawing-moment coef f ic ien t ,  
%Sb 

engine torque 
2 pn3Dp5 

propel le r  power coef f ic ien t ,  

p rope l le r  t h r u s t  coe f f i c i en t ,  total thrust 
2. P2Dp4 
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'T,S 

cx,s 

propeller thrust coefficient, based on slipstream velocity, 
total thrust 

SSSP 

longitudinal-force coefficient, based on slipstream velocity, 
longitudinal force , positive in the drag direction 

qSs 

D drag including thrust component 

Dp propeller diameter, ft 

F resultant force, lift) +(drag) , lb 2 2 

g acceleration of gravity, 32.2 ft/sec2 

h height of flap trailing edge above ground or wind tunnel floor, ft 

pressure altitude, ft hP 

0 HP required horsepower 

iiicri3nts of lnertia &xxt t h e  X, y: and z axes and product of 
c inertia about x and z axes, slug-ft2 t 

- 
1x9 Iy 
I, 9 Ixz 

urn propeller advance ratio, - nD J 

L lift, lb 

L',M,N rolling, pitching, and yawing aerodynamic moments about stability 
axes in wind-tunnel results, about body axes in simulator 
section, ft-lb 

Lp' damping in roll, ft-lb/radian/sec 

IIl mass of vehicle, slugs 

n propeller angular velocity, rps 

P,Q,R rolling, pitching, and yawing angular velocities of body axes, 

f',i,fi 
radians/sec 

rolling, pitching, and yawing angular accelerations of body 

slipstream dynamic pressure, calculated from s, + 2 , lb/sq ft 
free-stream dynamic pressure, lb/sq ft 

axes, radians/sec2 

f 9s sP 
s, 
S wing area, sq ft 



disk area of the  two propel lers ,  sq f t  

t h r u s t  of t h e  two propel le rs ,  l b  

t h r u s t  due t o  co l lec t ive  p i tch ,  lb 

t h r u s t  due t o  t h r o t t l e  posi t ion,  lb 

longi tudinal ,  s ide ,  and normal l i n e a r  v e l o c i t i e s  of - Poay axes, 
f t / s e c  

longi tudinal ,  s ide,  and normal l i n e a r  accelerat ions 
axes? f t / sec2  

forward o r  free-stream ve loc i ty ,  f t / s e c  o r  knots 

longi tudinal ,  s ide,  and normal aerodynamic forces  w 
t o  body axes, l b  

of  body 

t h  respec 

angle of a t tack,  measured between body axis (horizontal  fuselage 
reference l i n e )  and free-stream v e l o c i t y  b 

s i d e s l i p  angle, deg 

propel le r  p i t c h  angle, deg 

elevator  def lect ion,  deg, o r  longi tudinal  s t i c k  posi t ion,  
f r a c t i o n  of f u l l  def lec t ion  

def lec t ion  of aft  f lap ,  deg 

rudder def lect ion,  deg 

lateral s t i c k  def lect ion,  f rac t ion  of ful l  d e f l e c 5 o n  

l e f t  spoiler-aileron def lect ion,  deg 

incremental 

damping r a t i o  

propel ler  eff ic iency,  percent 

sl ipstream turning angle measured from t h r u s t  axis, deg 

yaw, p i tch ,  and r o l l  angle of body axes r e l a t i v e  t o  a r b i t r a r y  T 
earth axes, deg 
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. 
4,6,6 yawin;, pitchin,g, and roll in;  angular v e l o c i t i e s  of body axes 

r e l a t i v e  t o  a r b i t r a r y  earth axes, radians/sec 

Wn na t  mal frequency 

DESCRIPTIOAI OF 'NE AIRPLANE 

Sketches and dimensions of t h e  airplane t e s t e d  a r e  given i n  
f igure  1, t a b l e  I, and reference 6 .  
wind tunnel and on the  ground t e s t  stand are presented i n  f igure  2 .  The 
wing w a s  equipped with double-slotted f l a p s  shown at  several  def lec t ions  
i n  f igure  3. 
f r o n t  f lap;  it should be noted t h a t  the def lec t ion  of' tne  r e a r  f l a p  i s  
used as the  reference def lec t ion  throughout the  r e p o r t .  In t h e  fuselase 
w a s  located an 825-horsepower free-turbine j e t  enzine (Lycoming T-53) 
which w a s  geared t o  dr ive two wooden counterrotatin;; propel lers  with 
r o t a t i o n  being down at  the  wing t i p s .  
could be e i t h e r  locked i n  a desired se t t ing  o r  control led remotely. 

Photographs of the airplane i n  t h e  

The def lect ion of  t h e  r e a r  f l a p  w a s  about twice t h a t  of the  

The p i t c h  an$e of the propel lers  

Longitudinal control  w a s  provided by the  elevator  and by def lect ion 
of the  res idua l  t h r u s t  of the j e t  engine. This t h r u s t  def lec t ing  device 
w a s  located on t h e  end of the fuselage ( f i g .  1) , and the t h r u s t  w a s  
def lected equally upward and downward with no ne t  horizontal  force when 
the  react ion control  was  i n  a neutral  pos i t ion .  This neut ra l  pos i t ion  
corresponded t o  a centered s t i c k  and an elevator  def lected -5'. Nl 
forward s t i c k  def lected the  elevator  t o  +lo" and def lected a l l  of t he  
gases out of the  bottom of the rexction control; fd.1 hackw3rd s t i c k  
def lected t h e  elevator  t o  -20° and deflected a l l  of  the gases out of the 
top of the  react ion control .  Longitudinal t r i m  a t  forward speed w a s  
provided by movement of the  s t a b i l i z e r  between 13' and 23' with respect 
t o  t h e  fuselage reference l i n e .  

Direct ional  control  was  provided by the  rudder and by def lec t ion  of 
t h e  r e s i d u a l  t h r u s t  of the  j e t  engine through guide vanes on top and 
bottom of t h e  reac t ion  control .  Fd1 def lec t ion  of the  rudder w a s  25'. 

Latera l  control  w a s  provided by the spoi ler-ai lerons shown i n  
f i g u r e  3(a).  The def lec t ion  of the  spoiler-ailerons w a s  almost l i n e a r l y  
r e l a t e d  t o  the  l a t e r a l  s t i c k  movement, with a maximum spoi le r  def lec t ion  
of  50°. 
t h r u s t  output of the  propel lers .  
u n i t  of the  propel ler  p i t c h  mechanism w a s  connected t o  the l a t e r a l  s t i c k  
t o  increase the p i t c h  angle on one propeller while t h e  p i t c h  of t h e  other  
w a s  decreased, and vice versa.  
funct ion of s t i c k  movement with a maximum p i t c h  angle change of 3' on 
each propel le r .  

Additional lateral  control  was avai lable  by means of d i f f e r e n t i a l  
For t h i s  arrangement, the  remote control  

This d i f f e r e n t i a l  p i t c h  angle w a s  a l i n e a r  
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The moments of i n e r t i a  of t h e  a i rp lane  about each of t h e  axes were 
obtained from the  Ryan Company and a re  given i n  t a b l e  I. 

I WIND-TUNNEL TESTS 

The major port ion of t h e  t e s t s  w a s  d i rec ted  toward conditions and 
forces  simulating l e v e l  unaccelerated f l i g h t ,  t h a t  is, lift about equal 
t o  t h e  airplane weight (2625 l b )  and drag about equal t o  the  hor izonta l  
t h r u s t  component. This w a s  accomplished by an i t e r a t i v e  process wherein 
angle of a t t ack  and t h r u s t  were var ied  t o  achieve t h i s  l g  balance con- 
d i t i o n  for a p a r t i c u l a r  combination of a i rspeed and f l a p  de f l ec t ion .  
Once t h i s  condition was obtained, t he  engine power w a s  unal tered throughout 
t h e  pa r t i cu la r  test  run f o r  which i n f o r m t i o n  w a s  obtained. By t h i s  
technique data were obtained over an angle-of-attack range of -19' t o  
+20° (with respect  t o  hor izonta l  fuselage reference l i n e ) ,  and a s i d e s l i p  
range of -3' t o  +U0. 
def lec t ions  from 0' t o  70° over se lec ted  ranges of free-stream v e l o c i t i e s  
from 100 knots (9, = 34 lb/sq ft) t o  0 knots. The extent  of these  tes ts  
w a s  r e s t r i c t e d  by s t r u c t u r a l  l i m i t a t i o n s  prescr ibed by the  manufacturer. 
I n i t i a l  t e s t s  were made without t h e  reac t ion  control  i n s t a l l e d .  Subsequent 
tests included the  react ion cont ro l  and a l so  the  leading-edge slat  shown 
i n  f igure 3(a).  

The t e s t s  were performed with a range of f l a p  

The lateral cont ro l  system w a s  evaluated with and without d i f f e r e n t i a l  
p rope l le r  p i tch ,  and t h e  longi tudina l  and d i r e c t i o n a l  cont ro l  systems 
were evaluated with and without t h e  reac t ion  cont ro l  i n s t a l l e d .  When t h e  
reac t ion  cont ro l  assembly was not i n s t a l l e d ,  a r e s idua l  t h r u s t  force 
ex i s t ed  which was roughly proport ional  t o  engine power with 100 pounds 
of force ex i s t ing  at  TOO horsepower. 
from the  drag da ta  presented here in  but  was taken in to  account during the  
i t e r a t i v e  process t o  achieve l g  conditions.  When t h e  cont ro l  assembly 
w a s  i n s t a l l ed ,  t h e  t a i l - p i p e  area w a s  decreased and t h e  f u e l  flow w a s  
increased, thus increasing t h e  ava i lab le  t h r u s t  f o r  r eac t ive  cont ro l .  

This t h r u s t  force w a s  not removed 

The wind-tunnel tests were f o r  a f l a p  height of about 17 feet above 
The e f f e c t  of approaching t h e  ground a t  zero forward the  tunnel f l o o r .  

speed was invest igated outs ide of t he  tunnel  with the  a i rp lane  mounted 
on a strain-gage support system at  Oo and 18O angle of a t tack .  

The results of propel le r  ca l ib ra t ions  made with t h e  propel le rs  
i n s t a l l e d  on t h e  a i rp lane  are presented i n  f igu re  4. These ca l ib ra t ions  
were made at  a fuselage angle of a t t a c k  of -19' ( t h r u s t  axis at  -6') with 
flaps re t rac ted  so t h a t  zero l i f t  was approximated. The propel le r  t h r u s t  
was calculated from the  sum of the  measured drag with the  propel le rs  
i n s t a l l e d  and t h e  measured drag of t h e  a i rp lane  with t h e  propel le rs  
removed. The power output of t h e  engine was  calculated from a torque 
gage in t eg ra l  with the  engine and previously ca l ibra ted  by t h e  engine 
manufacturer. Consequently, t h e  power coef f ic ien t  and e f f i c i ency  shown 
i n  f igu re  4 include gearbox and transmission l o s ses  which w e r e  a r e l a t i v e l y  



small but  unknown quant i ty .  No attempt was made t o  assess in te r fe rence  
and in t e rac t ion  e f f e c t s  of  f l a p  def lect ion o r  angle of a t t a c k  on t h e  
propel le r  cha rac t e r i s t i c s .  
f o r  t h e  majority of t he  tests.  

The propel ler  blade p i t c h  w a s  f ixed a t  11-1/2' 

The least count of t he  wind-tunnel balance system w a s  as follows: 

L i f t ,  l b  20 
Drag, l b  2 

Side force,  l b  5 
Yawing moment, f t - lb  150 
Rolling moment, f t - l b  450 

Pitching moment, f t - l b  400 

The tunnel  dynamic pressure was maintained a t  least within k0.2 pound pe r  
square foot  of t he  desired value. 
propel le r  speed va r i a t ion  on propel ler  advance r a t i o  r e su l t ed  i n  a maximum 
t h r u s t  va r i a t ion  of k? percent .  Because of these  va r i a t ions ,  as w e l l  as 
unsteady flow conditions on the  wing and f lap ,  da ta  poin ts  w i l l  be found 
t o  s c a t t e r  considerably Seymd the band indicated by the  l e a s t  count of 
t h e  sca les .  

The e f f e c t s  of t h i s  va r i a t ion  and of  

The values of l i f t  and drag presented i n  t h i s  repor t  include t h e  
d i r e c t  e f f e c t s  of t h rus t ,  t h a t  i s ,  T sin(a+13')  and 
respect ively.  
have been applied t o  t h e  data .  
considered t o  be inapplicable fo r  t h i s  t es t  because of t h e  low free-stream 
v e l o c i t i e s  and r e l a t i v e l y  high values of s l ipstream v e l o c i t i e s  and deflec- 
t i o n s .  Although t h i s  f ac to r  would indicate  the  necess i ty  of r e l a t i v e l y  
l a rge  correct ions,  it would be p a r t i a l l y  compensated f o r  by t h e  small 
s ize  of t he  a i rp lane  compared t o  the tunnel  ( t he  r a t i o  of t h e  wing span 
t o  tunnel width w a s  0.29). 

T c 0 s ( a + l 3 ~ ) ,  
No correct ions f o r  the influence of t h e  wind-tunnel w a l l s  

Normal wind-tunnel w a l l  cor rec t ions  a r e  

No correct ions f o r  s t r u t  t a r e s  o r  s t r u t  in te r fe rence  have been 
appl ied t o  t h e  data .  
i n s ign i f i can t .  

It i s  expected t h a t  these correct ions would be 

DESCRIPTION O F  MOVING SIMULATOR AND TESTS 

A p i lo t ed  simulation o f  t h e  f l i g h t  of t h e  a i rp lane  w a s  made with a 
six-degree-of-freedom simulation i n  which t h e  p i l o t  and h i s  cockpit are 
f r e e  t o  move around two of t h e  axes, p i t c h  and r o l l .  

The information flow, t h e  simulation computing equipment, and t h e  
servo d r ive  system f o r  t h e  p i t c h  and roll chai r  are presented i n  block 
diagram form i n  f igure  5 .  
con t ro l  motions, which were converted i n t o  appropriate vol tages ,  were t h e  

As  indicated i n  t h i s  f igure ,  t h e  p i l o t ' s  



input t o  an analog computer. 

simulated six-degree-of-freedom vehicle  motions through the  moving 

From these  inputs  and t h e  aerodynamic \ 
derivat ives ,  t he  analog computer simultaneously computed the  aerodynamic 
forces  and t h e  r e su l t i ng  vehicle  motion. 

cockpit and t h e  v i s u a l  cues of t h e  cockpit d i sp lay  as follows: 

The p i l o t  was  presented t h e  
a 

Pitch 
Roll 
Yaw 
Forward motion 
Side motion 
Vert ical  motion 

P i t ch  motions of t h e  cockpit (-15' t o  +40°) 
R o l l  motions of t h e  cockpit  (-1-80' t o  +180°) 
Yaw rate ind ica tor  (-10' t o  +1o0/sec) 
Airspeed ind ica tor  (-10 t o  +60 knots) 
Side ve loc i ty  ind ica tor  (-15 t o  +l5 f t / s e c )  
Rate of climb indica tor  (-50 t o  +30 f t / s ec )  

Figure 6(a) shows an ex terna l  view of t h e  moving cockpit and 
f igu re  6(b) shows t h e  instrument panel and i n t e r n a l  layout of t h e  cockpit 
with the p i l o t ' s  controls  which were similar t o  t h e  f l i g h t  a r t i c l e .  

pedals,  a t h r o t t l e ,  a co l l ec t ive  p i t c h  control ,  a longi tudina l  t r i m  
actuator  ( located on top of t he  s t i c k ) ,  and a f l a p  ac tua tor  ( located on 
top of the t h r o t t l e ) .  - 

The 
p i l o t ' s  controls  shown i n  f igure  6(b)  were: a conventional s t i c k ,  rudder 

1 

To simulate an ac tua l  cont ro l  system, s t i c k  bungees were used t o  
provide forces  proport ional  t o  cont ro l  displacement. 
used were 6 pounds of force  f o r  t h e  5 inch maximum longi tudina l  s t i c k  
displacement, 18 pounds of force f o r  t he  5 inch maximum lateral  s t i c k  
displacement, and 50 pounds f o r  t h e  1-1/2 inch maximum rudder pedal 
displacement. 
obtained i n  t h e  wind-tunnel t e s t s .  The ac tua t ion  rates f o r  t h e  f l a p s  
and adjustable s t a b i l i z e r  used f o r  t r i m  were 5' per  second. 
time constant of 0.5 second was  used t o  simulate engine response t o  
t h r o t t l e  movement and a f i r s t -o rde r  t i m e  constant o f  0.2 second was used 
t o  simulate the  l a g  between la teral  s t i c k  def lec t ion  and t h e  development 
of t h e  ro l l i ng  moment. 

The r e l a t ionsh ips  

These forces  were estimated s ince per t inent  da t a  were not 

A f i r s t -o rde r  

The boundaries o f  t he  simulator study were (1) a speed range from 
0 t o  55 knots, ( 2 )  t he  s t r u c t u r a l  l i m i t  speeds denoted by the  manufacturer, 
and (3) the wing s ta l l .  
aerodynamic cha rac t e r i s t i c s  of t h e  simulated vehicle  a r e  presented i n  
t a b l e  11. Table I1 a l s o  gives the  values of t h e  var ious terms used i n  
t h e  simulation. The s t a t i c  aerodynamic t e r m s  were derived from preliminary 
wind-tunnel r e s u l t s  f o r  t h e  a i rp lane  without leading-edge slat ,  and t h e  
damping terms were estimated. Comparison of values calculated from the  

agreement within the  aforementioned boundaries and f o r  lg l e v e l  f l i g h t .  
Subsequent t o  t he  simulation, addi t iona l  da t a  were obtained, and a 
fu r the r  examination indicated d i f fe rences  i n  values from t h e  preliminary 
r e s u l t s ,  ch i e f ly  i n  values o f  p i tch ing  moment. 

The equations used t o  represent  t h e  motions and 

equations i n  t a b l e  I1 with t h e  preliminary wind-tunnel data showed good ? 

It w a s  concluded t h a t  t he  

I 
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differences were s u f f i c i e n t l y  small t h a t  they would have only a minor 
e f f e c t  on t h e  p i l o t ' s  comments, and therefore the simulation w a s  not 
repeated with the  corrected data.  

An i n i t i a l  period of t h e  study w a s  used t o  fami l ia r ize  each p i l o t  
with the  f l i g h t  c h a r a c t e r i s t i c s  at  speeds near 50 knots, and then the  
s t a b i l i t y  and control  c h a r a c t e r i s t i c s  were invest igated over a speed range 
a t  each of several  f l a p  se t t ings  and power required f o r  l e v e l  f l i g h t .  
The p i l o t s  then "flew" complete t rans i t ions  t o  hovering, invest igated the  
c h a r a c t e r i s t i c s  i n  hovering, and then made the t r a n s i t i o n  back t o  the  
higher speeds. 

FESULTS AND DISCUSSION 

Because of the nature of the study, most of t h e  discussion r e l a t e s  
s p e c i f i c a l l y  t o  the  tes tbed a i r c r a f t  although some implications generally 
applicable t o  t h i s  type o f  VTOL a i r c r a f t  a r e  discussed. Consideration 
i s  given the  hovering and t r a n s i t i o n  charac te r i s t ics  derived from both 
the wind-tmnel study and from the  pi loted ground-simulation s tudies .  

The p i l o t ' s  r a t i n g  system aiid general co~xent ,S  f o r  the complete 
range of t h e  simulation study a r e  presented i n  t a b l e s  I11 and I V .  These 
comments were made by two Ames t e s t  p i l o t s  with hel icopter  experience 
and a r e  representat ive of those of the p i l o t s  who flew t h i s  sirnulation. 

Longitudinal Character is t ics  

Hoverin=;.- Data a t  zero forward speed were obtained both i n  the wind 
tunnel a t  an e f fec t ive  height of  17 feet  and out of the  wind tunnel on a 
strain-gage support system at  ground heights o f  2 and 6 f e e t .  ?"ne varia- 
t i o n s  of turning ancle,  Os, turning efficiency, F/T, and pi tching moment, 
M/TDp, with f l a p  def lec t ion  out of ground e f f e c t  (h  = 17 f e e t )  a r e  shown 
i n  f i g u r e  7. It can be seen from the sketch i n  f igure  7 t h a t  hovering 
i s  possible  out of ground e f f e c t  when the r e s u l t a n t  force,  F ( r e s u l t a n t  
of l i f t ,  t h r u s t ,  and aerodynamic drag),  i s  ro ta ted  t o  a v e r t i c a l  pos i t ion ,  
and when s u f f i c i e n t  t h r u s t  i s  provided t o  produce a resu l tan t  force equal 
t o  t h e  weight of the airplane.  Accordingly, the  a t t i t u d e  of  the  t h r u s t  
ax is  required t o  hover a t  each f l a p  deflection i s  defined by 90'- Os, and 
a reduction i n  F/T 
weight required t o  hover. 
the  t h r u s t  ax is  must be incl ined some 35' ( a  fuselage inc l ina t ion  of 22 ' ) ,  
and the  t h r u s t  required must be 25 percent g r e a t e r  than the  weight of 
the  a i rp lane .  While the  pitching moment required t o  balance the machine 
without t h e  react ion control w a s  sma l l ,  addi t ion of the react ion control  
i n  n e u t r a l  pos i t ion  added a nose-down moment which t o  overcome required 
about 60 percent of the  avai lable  reaction control  ( the maxirnm control  

indicates  an increase i n  the r a t i o  o f  t h r u s t  t o  
A t  the  design point  of  70' f l a p  def lect ion,  
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available w a s  a value of M / q  of about ko.08). Based on v i sua l  f l o w  1 

observations, a portion of the  nose-down moment was traced t o  the force 

from the react ive control .  The var ia t ions  of turning angle, turning 
efficiency, and pitching moment with ground plane height a r e  shown i n  
f igure 8 f o r  several  f l ap  def lec t ions  and a l so  with a leading-edge slat. 
It i s  seen t h a t  approaching the  ground during hovering had a s ign i f i can t  
e f f ec t  on moment but l i t t l e  e f f ec t  on The increase i n  pi tch-  
down moment with decreasing height represents  a c r i t i c a l  control  problem 
since,  without the  slat, the  t r i m  moment required near t he  ground exceeds 
the moment t h a t  can be provided by the  react ion control .  This pitch-down 
moment w a s  decreased by the leading-edge slat. 
the  nose-down moment could be e a s i l y  trimmed with the  react ion control  
(about 50 percent of the maximum control  required) ,  and p r a c t i c a l l y  no 
reaction control  was  required t o  t r i m  when the  airplane w a s  out of t he  
ground e f f e c t .  Reducing f l a p  def lec t ion  on the  airplane without the  
slat would a l s o  bring the t r i m  moment within the  capab i l i t i e s  of the  
reaction control,  but at a cost  of increased hover a t t i t u d e .  

generated on the horizontal  t a i l  by the  iqingement  of t he  v e r t i c a l  j e t  - 

8s or F/T. 

With the  slat in s t a l l ed ,  

,The pi lo ted  simulation was based on preliminary pitching-moment da t a  I 
obtained i n  the  wind tunnel without leading-edge slat and out of the 
ground e f f ec t .  For these conditions, the  pi tching moment provided by the  
reaction control  w a s  considered t o  be marginal t o  s a t i s f ac to ry  by the 
p i l o t .  The maximum pi tching moment avai lable  f o r  maneuvering a f t e r  the- 
unbalanced moment w a s  trimmed corresponded t o  an i n i t i a l  angular accelera- 
t i o n  of about 0.7 radian per second squared. It i s  in t e re s t ing  t o  note 
t h a t  a value of 1 radian per second squared was suggested f o r  VTOL 
machines i n  reference 10; t h i s  value was  based on control  moments 
considered to  be sa t i s f ac to ry  for hel icopters .  

Transition.- The lift, drag, and moment cha rac t e r i s t i c s  of  the  
machine a t  various forward speeds (away from the ground) a re  shown f o r  
various f l a p  def lect ions i n  f igure  9 (no leading-edge slat)  and f igure  10 
(with leading-edge slat) .  As noted previously, these da t a  were obtained 
by adjusting power and a t t i t u d e  t o  approximate l i f t  equal t o  weight and 
drag equal t o  zero a t  each f l a p  def lec t ion .  
var ied while tunnel speed and engine power were held constant.  
da ta  shown i n  f igures  9 and 10, it i s  possible  t o  examine the  s t a t i c  
longitudinal cha rac t e r i s t i c s  t h i s  machine would have i n  a t r a n s i t i o n  
from hovering t o  normal f l i g h t  a t  a.n a l t i t u d e  out of the  ground e f f ec t .  
To f a c i l i t a t e  such an examination, these data  a re  summarized i n  f igures  11 
and 12 for l g  l e v e l  f l i g h t .  Figure 11 (no leading-edge s l a t )  and f ig -  
ure 12  (with leading-edge slat) present the e f f e c t  of forward speed on 

Then angle of a t t ack  was 
From the  

( a )  Fuselage angle of a t tack  

(b)  Thrust required 

( c )  Power required 



(d)  Change i n  pi tching moment w i t h  angle o f  a t tack,  s t i c k  fixed, 
(dM/&) measured a t  constant airspeed and power 

( e )  Change i n  pi tching moment with speed, s t i c k  fixed, (dM/dU,) 
calculated from measurements of the  moment change with t h r u s t  a t  constant 
angle of a t t a c k  and from the change i n  t h r u s t  with v e l o c i t y  obtained from 
t h e  propel le r  ca l ibra t ion  

( f )  Out-of-trim moment with longitudinal control  neutral '  

(g )  S t ick  pos i t ion  required t o  t r i m  with react ion control  i n s t a l l e d ,  
calculated from f a i r e d  moment curves ( f )  (Symbol a t  end of curve denotes 
f l a p  def lec t ion . )  

The r e l a t i v e  importance of (a) ,  ( e ) ,  and (g) has not been assessed i n  
f l i g h t  f o r  t h i s  type of vehicle .  For a conventional a i rplane i n  which 
power e f f e c t s  are small, the  angle-of-attack s t a b i l i t y  has been of 
primary importance and i s  indicated by the  s t i c k  pos i t ion  v a r i a t i o n  with 
speed. 

The r e s u l t s  of f igure  11 from a t r a n s i t i o n  standpoint show t h a t  

(a) The t h r u s t  and power required a t  any airspeed a r e  p r a c t i c a l l y  
independent of f l a p  deflection; for all cases, t h e  t h r u s t  and power 
v a r i a t i o n  with airspeed i s  unstable below 60 knots; t h a t  is, t h r u s t  and 
power required f o r  l e v e l  f l i g h t  decrease with speed increase.  

17 \ m, \ u 1 ~ i i c  b Li~ ln-L 'Lad p i  L d i i u g - u U i u c i i i  ~ l i ~ ~ i g e  w.Lt;i Z A L & ~  ~f ~i%.& at 
constant airspeed and power w a s  unstable f o r  some f l a p  configurations a t  
speeds less  than 42 knots; increasing f l a p  def lec t ion  f o r  a given speed 
reduced t h i s  i n s t a b i l i t y .  However, s t a b i l i t y  w a s  not present f o r  any 
f l a p  def lec t ion  t e s t e d  below 2 0  knots a t  the  given center of g r a v i t y  loca- 
t i o n .  A 30-percent chord forward movement of t h e  center  of grav i ty  would 
be required t o  provide a t  l e a s t  neutral  s t a b i l i t y  a t  the  low forward 
speeds; such a change could not be tolerated i n  hovering with t h e  ex is t ing  
react ion control .  To obtain m a x i m u m  stick-fixed longi tudinal  s t a b i l i t y  
i n  t r a n s i t i o n ,  the  maximum possible  flap def lec t ion  should be scheduled 
at each airspeed. 

( e )  Stick-fixed pitching-moment s t a b i l i t y  with speed d i d  not e x i s t  
i n  the  speed range tes ted ,  t h a t  is ,  a.nose-down moment w a s  obtained by 
increasing forward speed a t  a constant angle of a t tack  and power. 

(d)  Out-of-trim pi tching moments decrease rapidly (1) with increasing 
f l a p  def lec t ion  at  a given speed and (2)  as speed i s  increased above 
15 knots with f laps  def lected.  This la t ter  moment change i s  undesirable 
i n  t h a t  increased forward s t i c k  deflection i s  required f o r  t r i m  as forward 
speed i s  decreased. 

h e s e  pitching-moment d a t a  include d a t a  other  than shown i n  f igures  9 
and 10, and they correspond t o  a -5' elevztor def lec t ion .  



Comparison of the  d a t a  i n  f igures  11 and 12 shows t h a t  the addi t ion 
of the leading-edge slat  (used t o  reduce nose-down moment during hovering 
near the ground) had only a small e f f e c t  on the angle of a t tack,  t h r u s t ,  
and power required f o r  l g  l e v e l  f l i g h t .  However, t h i s  slat  increased 
t h e  nose-up moment near 13 knots t o  the  l i m i t  of the  longi tudinal  control,  
and i t  increased the angle-of-attack i n s t a b i l i t y  throughout the  speed 
range tes ted .  

\ 

- 

Figure 1 3  presents the  v a r i a t i o n  of several  bas ic  control  parameters 
of the airplane out of ground e f f e c t  and without a s la t  during a t r a n s i -  
t i o n  scheduled t o  minimize the out-of-trim pi tching moments i n  order t o  
r e t a i n  a l a r g e  port ion of t h e  control  f o r  maneuvering, and f o r  which 
consideration w a s  also taken o f  the  st ick-fixed s t a b i l i t y  and s t i c k  posi- 
t i 0 3  change with speed and f l a p  def lec t ion .  It i s  seen by examination 
of the  fac tor  t h a t  t h e  a i rp lane  w i l l  exhib i t  st ick-fixed angle- 
of-attack i n s t a b i l i t y  from hovering t o  a speed o f  20 knots, n e u t r a l  
s t a b i l i t y  u n t i l  about 40 knots, and s t a b i l i t y  above 40 knots. 
t h i s  t rans i t ion ,  the a t t i t u d e  w i l l  change from 22' nose-up a t  hover t o  
about -loo at  24 knots and remain a t  -10' u n t i l  f l a p  r e t r a c t i o n  i s  com- 
p l e t e .  
various compromises i n  t h e  fac tors  considered. 

dM/aa 

During 

It should be noted t h a t  numerous t r a n s i t i o n s  can be planned with 
.? 

Figure 14(a)  summarizes the  effect iveness  of t h e  s t a b i l i z e r  and 
elevator without reac t ive  control  f o r  conditions corresponding t o  l g  
l e v e l  f l i g h t  and a l s o  shows a comparison with the t h e o r e t i c a l  effect iveness  
calculated from references 7 and 8 with the  assumption t h a t  the  dynamic 
pressure a t  t h e  horizontal  t a i l  i s  t h a t  of t h e  f r e e  stream. 
these r e s u l t s ,  it appears t h a t  the  loca t ion  of the  horizontal  t a i l  surface 
w a s  such t h a t  the e f f e c t i v e  dynamic pressure a t  the t a i l  w a s  t h a t  of the  
f r e e  stream. Figure 14(b)  shows t h e  maximum pitching-moment control  and 
the maximum accelerat ion i n  p i t c h  avai lable  a t  various forward speeds 
with and without the  react ion control  i n s t a l l e d .  It must be recognized 
t h a t  the moment created by the  react ion control  r e s u l t s  from t h e  res idua l  
t h r u s t  of the  j e t  engine, and t h a t  t h i s  t h r u s t  i s  approximately propor- 
t i o n a l  to  the  power output of the  engine. A s  w a s  noted e a r l i e r ,  t h e  
propeller t h r u s t  and power required f o r  l g  f l i g h t  were p r a c t i c a l l y  
independent of f l a p  def lec t ion  a t  a given speed ( f i g .  l l ( b ) ) ,  and there- 
fore,  a single-valued curve f o r  the  avai lable  control  momelit versus speed 
i s  obtained f o r  l g  f l i g h t .  A s  shown i n  f igure  14(b) ,  t h e  minimum 
control  avai lable  e x i s t s  near 25 knots where the  power and free-stream 
dynamic pressure a r e  low and ne i ther  reac t ion  nor e leva tor  has much 
power. 

Based on 

The foregoing discussion of s t a b i l i t y  and control  problems i n  a 
t rans i t ion  was  based e n t i r e l y  on wind-tunnel results. 
experience with conventional a i r c r a f t  enables a completely v a l i d  interpre-  
t a t i o n  of such wind-tunnel r e s u l t s  i n  the  case of unconventional VTOL 
a i r c r a f t .  I n  l i e u  of f l i g h t  t e s t s ,  t h e  simulator w a s  used t o  determine 
the p i l o t ' s  react ion t o  the  s t a b i l i t y  and control  c h a r a c t e r i s t i c s  shown . 
t o  e x i s t  in  the  wind-tunnel t es t s .  I n  general, t h e  p i l o t  w a s  given the  
task  of slowing the a i r c r a f t  and determining the minimum speed a t  which 

Doubt ex is t s  t h a t  
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control  could be maintained under specified conditions, f o r  example, 
f ixed f l a p  def lec t ion .  After some experience under the  specif ied condi- 
t ions ,  the  p i l o t  w a s  given f r e e  choice of the  parameters and then he 
defined the  l imi t ing  f l i g h t  conditions a t  each speed f o r  which control  
could be maintained. 
simulation study; f igure  19 shows the  summary r e s u l t s  of the study arid 
defines t h e  l i m i t s  within which the  p i l o t s  concluded the  airplane could 
a c c o q l i s h  t r a n s i t i o n .  

Figures 15 t o  18 show example cases taken from t h e  

As  w a s  noted e a r l i e r ,  f o r  a constant f l a p  se t t ing ,  decreases i n  
speed w i l l  c rea te  pos i t ive  pi tching moments. This c h a r a c t e r i s t i c  requires  
t h e  p i l o t  t o  push forward on the s t i c k  as he decreases speed a t  a constant 
f l a p  se t t ing ;  i n  addi t ion t o  t h i s  s t i c k  pos i t ion  i n s t a b i l i t y ,  st ick-fixed 
s t a t i c  i n s t a b i l i t y  (pitching-moment var ia t ion with aqgle of a t t a c k )  
exis ted below about 35 knots. l e s s  than 60°), 
there  w a s  a c r i t i c a l  speed below which t h e r e  w a s  i n s u f f i c i e n t  longi tudinal  
control  t o  keep t h e  airplane from pitching up out of control.  Figure 15 
presents  a t i m e  h i s t o r y  of a t y p i c a l  pitch-up taken from the simulation 
r e s u l t s  t o  i l l u s t r a t e  t h e  s i t u a t i o n  where the  r a t e  of increase i n  moment 
was  l a r g e  enough t o  o f f s e t  the  f u l l  longi tudinal  control  input of the  
p i l o t .  The p i l o t s  found they could regain control  of t h e  vehicle  beyond 
iiie I l r L t a t i o n  of a,vailable longitudinal control  by the  reduction of 
power; t h i s  reduced the  nose-up pitching moment and allowed tliz m c e  -Le 
be lowered and speed t o  be regained. The loss  i n  a l t i t x d e  during t h i s  
type of recovery w a s  general ly  from 100 t o  300 f e e t .  Figure 16  presents  
a t i m e  h i s t o r y  of  a moderate pitch-up control led by the reduction of 
power. Another method of controll ing pitch-up, which resu l ted  i n  only a 
small l o s s  i n  a l t i t u d e ,  w a s  t o  lower the f l a p .  By t h i s  method, t h e  air- 
speed w a s  kept above the  minimum control speed f o r  the  new f l a p  s e t t i n g .  
The p i l o t s  found actuat ion r a t e s  of 5' per  second were s u f f i c i e n t  t o  
control  moderate pitch-ups but lower actuat ion r a t e s  were marginal. Fig- 
ure 17 shows a t i m e  h i s t o r y  where the pitch-up w a s  controlled by a change 
i n  f l a p  s e t t i n g .  The minimum speeds f o r  which t h e  simulated airplane 
could be control led by the  aforementioned techniques are compared i n  
f igure 19 with values of (1) pitching moment (with centered s t i c k ) ,  at 
several  speeds and f l a p  deflections,  which had t o  be balanced f o r  l e v e l  
l g  f l i g h t  and (2)  the  m a x i m u m  available longi tudinal  control  used f o r  
the  simulation.2 It i s  seen t h a t  the simulated vehicle  could be flown 
at  speeds below which there  w a s  insuf f ic ien t  longi tudinal  control  t o  
keep t h e  a i rp lane  from pi tching up. 
t e r i s t i c s  i n  r e l a t i o n  t o  the  longitudinal control  avai lable ,  t h e  p i l o t s  
determined minimum comfortable t r a n s i t i o n  speeds f o r  each f l a p  s e t t i n g  
as shown i n  f igure 19. The p i l o t s  were able t o  maneuver t h i s  vehicle  
through t r a n s i t i o n  with sa t i s fac tory  a t t i t u d e  control  when the  pi tching 
r a t e s  were kept low and a suff ic ient  speed margin w a s  maintained t o  s t a y  
out of t h e  pitch-up region. Time h i s t o r i e s  of t y p i c a l  t r a n s i t i o n s  from 
40 knots down t o  0 and from 0 up t o  4d knots a r e  shown i n  f igure  18. To 

It should be pointed out again t h a t  differences i n  the  pi tching 
moment shown i n  f igures  19, 11, and 1 4  a r e  not due t o  inaccurate s i m u l a -  
t i o n  (see Description of Simulator and Tests ) .  

For each f l a p  s e t t i n g  (6f 

By considering t h e  pitch-up charac- 

2 
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avoid the pitch-up problem mentioned above, the  p i l o t s  would general ly  
I 

"lead" with the f l a p  actuator  and then follow up with t h e  t h r o t t l e  t o  
maintain a steady decrease i n  speed and lead with the  t h r o t t l e  and follow 
with the f l a p  when increasing speed. The increase i n  t h r o t t l e  o r  corre- I 

sponding increase i n  t h r u s t  required a t  the lower speeds i s  shown i n  
f igure  U ( a )  . 
w a s  used, t h i s  type of t r a n s i t i o n  l e d  the p i l o t  t o  l o s e  a l t i t u d e  when 
decreasing speed and t o  gain a l t i t u d e  when increasing speed as sho-m on 
t h e  time h is tory .  The p i l o t s  f e e l  t h a t  a l t i t u d e  control  f o r  t h i s  vehicle  
w a s  very good, as indicated by the  rate-of-climb indicator ,  and t h a t  i f  
they were given an absolute a l t i t u d e  reference they would have had l i t t l e  
d i f f i c u l t y  i n  maintaining a l t i t u d e  during t r a n s i t i o n .  Comparison of t h e  
flap-speed r e l a t i o n  of comfortable p i l o t e d  t r a n s i t i o n s  ( f i g .  19) with 
t h a t  prepared on the  b a s i s  of wind-tunnel d a t a  ( f i g .  13)  show general  
agreement. 

For t h i s  simulation, where only a rate-of-climb indica tor  

Figure 19 a lso  presents  the  angles of a t t a c k  corresponding t o  the 
control  boundaries i n  balanced l g  f l i g h t  conditions. As  t h i s  f igure  
indicates,  the s t ruc ture  l i m i t  and control lable  l i m i t  form a corr idor  
where t r a n s i t i o n  i s  possible,  and the  s t ruc ture  l i m i t  and the  minimum 
comfortable t r a n s i t i o n  speed form a corr idor  where t r a n s i t i o n  i s  most 
e a s i l y  controlled by the p i l o t .  The width of t h e  corridor,  it w i l l  be 
noted, can be expanded by r a i s i n g  the  s t r u c t u r a l  l i m i t  speeds f o r  each 
f l a p  deflection. The other  boundary of the  corr idor  may be expanded by 
moving the center of grav i ty  forward t o  increase the longi tudinal  
s t a b i l i t y  and t o  reduce the  nose-up moment. 
airplane,  longi tudinal  t r i m  c a p a b i l i t i e s  i n  hovering f l i g h t  would prevent 
u t i l i z a t i o n  of t h i s  l a t t e r  change. 

i 

However, on t h i s  p a r t i c u l a r  

The p i l o t s  found the  response t o  longi tudinal  control  sluggish, 
especial ly  i n  the  speed region near 20 knots. 
t u d i n a l  and l a t e r a l  dynamic s t a b i l i t y  c h a r a c t e r i s t i c s  which were calculated 
from the s t a t i c  tunnel data, and f igure  2 1  shows these longi tudinal  
charac te r i s t ics  i n  re la t ionship  t o  the  r e s u l t s  of f l i g h t  tests of a 
fighter-type airplane ( r e f .  9 ) .  Reference 9 ind ica tes  t h a t  the  dynamic 
longi tudinal  c h a r a c t e r i s t i c s  f a l l  i n  a region where t h e  p i l o t  opinion . 

indicated slow, sluggish response. Table I V  ind ica tes  t h a t  t h e  p i l o t ' s  
opinion o f  the  longi tudinal  s t a b i l i t y  being unsat isfactory i s  i n  agreement 
with the  r e s u l t s  of reference 9. It must be noted t h a t  the p i l o t  opinions 
f o r  reference 9 were based on fighter-type a i rp lanes  with a constant 
s t i c k  force per g; whereas, f o r  the VTGL simulation, t h e  p i l o t  has 
r e s t r i c t e d  his opinion t o  a l e s s  maneuverable type of vehicle  with 
al together  d i f fe ren t  s t i c k  force control  c h a r a c t e r i s t i c s .  A preliminary 
e s t i m a t i o n  of desired control  f o r  VTOL machines w a s  presented i n  refer-  
ence 10 where an i n i t i a l  accelerat ion i n  p i t c h  of 1 radian per  second 
squared was suggested f o r  a vehicle  of 2600 pounds, presuming t h a t  art i-  
f i c i a l  damping could be provided a t  a l e v e l  required from f l i g h t  t e s t s .  
This c r i te r ion  appears t o  be of the  r i g h t  order of magnitude since the 
p i l o t s  considered the  longi tudinal  cont ro l  marginal below 30 knots and 

Figure 20 shows the longi- 

' 

.. 



s a t i s f a c t o r y  above 30 
f e l l  below 0.8 radian 
squared, respect ively.  

knots - speed ranges where the  i n i t i a l  accelerat ion 
per second squared and above 0.8 radian per  second 

Lateral-Directional S t a b i l i t y  

The var ia t ions  of r o l l i n g  moment, yawing moment, s ide force,  l i f t ,  
drag, and pi tching moment with s ides l ip  angle a re  presented i n  f igure  22 
f o r  several  f l a p  def lec t ions  a t  various forward speeds. These d a t a  were 
obtained i n  t h e  wind tunnel f o r  the airplane without react ion cont ro l  
and without a leading-edge s la t .  The e f f e c t  of forward speed on t h e  
l a t e r a l  and d i r e c t i o n a l  s t a b i l i t y  derivatives,  dL'/dp and dN/dP, a t  0' 
angle of s i d e s l i p  i s  shown i n  f igure  23. A s  a reference, curves f o r  
dCddf3 of 0.005 and dC,/dp of -0.005 are included i n  t h i s  f igure .  
Based on the  simulation, t h e  p i l o t s  considered t h e  l a t e r a l - d i r e c t i o n a l  
s tab i l i ty  t o  be unsat isfactory a t  the  lower speeds and marginal a t  t h e  
higher speeds. 3 

Latcral-Direct.inna1 Control 

The lateral  control  charac te r i s t ics  measured i n  the  tunnel  tes ts  
a r e  shown i n  f igure 24 f o r  several  f lap def lec t ions  a t  various forward 
speeds. 
accelerat ion calculated f o r  f u l l  s t i c k  def lec t ion  are presented i n  
f igure  25 f o r  various forward speeds a t  conditions corresponding t o  l g  
l e v e l  f l i g h t .  The use of spoi le r  alone provided r o l l i n g  moments through- 
out the  speed range because it w a s  located i n  t h e  propel ler  slipstream; 
however, t h i s  control  produced adverse yawing moments a t  the  lower speeds. 
Addition of t h e  d i f f e r e n t i a l  propeller p i t c h  approximately doubled the  
r o l l i n g  moment a t  the  lower speeds, and the  adverse yawing moments were 
g r e a t l y  reduced. 

The maximum r o l l i n g  moment and t h e  maximum i n i t i a l  r o l l i n g  

The effectiveness of the rudder a t  various speeds without reac t ion  
control  i s  summarized i n  f igure  26(a) .  
over t h e  25' rudder def lec t ion  range t h a t  w a s  t e s t e d .  The yawing moment 
i s  proport ional  t o  t h e  free-stream dynamic pressure,  indicat ing t h a t  t h e  
s l ipstream i s  below t h e  rudder. It is  a l so  evident t h a t  rudder effec- 
t iveness  w a s  unaffected by 12' of s ides l ip .  The e f f e c t  of forward speed 
on t h e  yawing moment and calculated maximum yawing accelerat ion obtained 

This effect iveness  w a s  maintained 

31n the  e a r l y  stages of t h e  simulation, the  p i l o t  w a s  given e i t h e r  
t h e  yaw rate ind ica tor  o r  t h e  s ide  veloci ty  indicator  separately.  Neither 
arrangement w a s  considered sa t i s fac tory  by the p i l o t s  and both instruments 
were i n s t a l l e d  together f o r  the  remainder of t h e  study. The p i l o t s  f e l t  
t h i s  d i s p l a y  of d i r e c t i o n a l  motion was only marginal and therefore  they 
could not evaluate the  d i r e c t i o n a l  s t a b i l i t y  c h a r a c t e r i s t i c s  with complete 
confidence. 



with f u l l  d i r e c t i o n a l  control  def lec t ion  (25' rudder) with and without 
reactive control  i s  presented i n  f igure 26(b) .  
var ia t ion of maximum control  with speed i s  s i m i l a r  t o  t h a t  of t h e  elevator  
p lus  reaction control  i n  t h a t  a minimum value i s  obtained around 25 knots, 
a speed where minimum engine power i s  required and t h e  free-stream dynamic 
pressure i s  low. 

It i s  seen t h a t  t h e  

During the  simulation, the  p i l o t s  found t h e  l a t e r a l  control  general ly  
marginal when the  s p o i l e r  only w a s  used and they found the  previously 
mentioned adverse yaw t o  be bothersome. 
with the d i f f e r e n t i a l  pi tch,  t h e  la teral  control  w a s  considered t o  be 
sa t i s fac tory  but t h e  nonlinear yaw versus s t i c k  var ia t ions  ( f i g .  24) 
would sometimes cause the  p i l o t  t o  induce d i r e c t i o n a l  o s c i l l a t i o n s  which 
were d i f f i c u l t  t o  damp out, espec ia l ly  at  the  higher speeds. I n  t h e  
hovering region the l a t e r a l - d i r e c t i o n a l  control  operation w a s  l i k e  t h a t  
of a hel icopter .  If the  p i l o t  wanted t o  t u r n  t h e  vehicle,  he would keep 
the  wings l e v e l  and yaw about the  same point  on t h e  ground using only 
rudder control. For t h i s  configuration, t h e  p i l o t s  could t u r n  t h e  vehicle  
with yaw r a t e s  of 5' t o  10' per  second, t h e  highest  r a t e s  tes ted ,  with 
no d i f f i c u l t i e s .  If the  p i l o t  wanted t o  induce s ide  v e l o c i t i e s  o r  correct  
f o r  side ve loc i ty  var ia t ions ,  he would have t o  bank t h e  vehicle  using the  
la teral  control.  The p i l o t s  found t h a t  with t h e  s p o i l e r  and d i f f e r e n t i a l  
propel ler  p i t c h  combination they could handle s ide  v e l o c i t i e s  over 10 
knots. With only t h e  s p o i l e r  f o r  l a te ra l  control,  they  found they could 
handle side v e l o c i t i e s  only up t o  3 knots, because thq adverse d ihedra l  
e f f e c t  would cause r o l l i n g  moments grea te r  than the  ava i lab le  l a t e r a l  
control .  The p i l o t s  found t h a t  if they d i d  g e t  i n t o  t rouble  i n  the  
hovering condition as a r e s u l t  of t h e  vehicle  r o l l i n g  off and t h e  s ide  
ve loc i ty  increasing, they w e r e  able t o  recover by using the  rudder t o  
t u r n  into t h e  r o l l  and thus convert s ide  ve loc i ty  i n t o  forward v e l o c i t y  
as i n  helicopter operation. This recovery procedure i s  opposite t o  t h a t  
which the p i l o t  i s  used t o  i n  the  r e l a t i v e l y  high-speed region where, 
with posi t ive dihedral  e f fec t ,  he w i l l  put i n  opposite rudder t o  o f f s e t  
r o l l i n g  off on one wing. 
hovering condition t h e  r e l a t i v e  dihedral  e f f e c t  (dL'/dv) w a s  var ied 
because o f  uncer ta in t ies  i n  t h e  wind-tunnel d a t a  a t  low speeds. 
shows the p i l o t  ra t ings  of t h e  two la teral  control  systems f o r  a n e u t r a l  
dihedral  e f fec t ,  and f o r  a l a r g e  amount of negative d ihedra l  e f fec t ;  the  
values used represented t h e  extremes of t h e  reasonable f a i r i n g s  through 
the  wind-tunnel data .  As  would be expected, t h e  p i l o t s  f e l t  the  controls  
t o  be more s a t i s f a c t o r y  with increases i n  dihedral  e f f e c t ,  but  t h e  
increases f a l l  within the  s c a t t e r  of r a t i n g s  f o r  the  two p i l o t s .  

When the  s p o i l e r s  were combined 

1 

- 

In  the  invest igat ion of l a t e r a l  control  i n  the  

Figure 27 

The r o l l i n g  moment obtained by def lec t ing  t h e  s t i c k  from n e u t r a l  t o  
f u l l  def lect ion and the  calculated maximum r o l l i n g  acce lera t ion  were 
presented previously at  various forward speeds i n  f igure  25 f o r  conditions 
corresponding t o  l g  l e v e l  f l i g h t .  These values are shown i n  f igure  28 
i n  re la t ion  t o  control  r a t i n g s  of fighter-type a i rp lanes  as proposed i n  
reference 11. Comparison of t h e  r a t i n g s  t h a t  would be predicted by t h i s  
method with those obtained during the  simulation show t h a t  a good correla- 
t i o n  was obtained with the r o l l  t i m e  constant of 0.7 which w a s  obtained 

7 
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from an estimated value of r o l l  damping. Also included i n  f igure 28 are 
the  values of r o l l i n g  accelerat ion proposed f o r  VTOL vehicles  i n  re fer -  
ence 10 and the  roll-damping requirements equivalent t o  t h e  steady-state 
r o l l i n g  v e l o c i t y  necessary t o  s a t i s f y  mi l i ta ry  spec i f ica t ions  f o r  h e l i -  
copters ( r e f .  1 2 ) .  These c r i t e r i a  were s a t i s f i e d  by t h e  use of s p o i l e r s  
plus  d i f f e r e n t i a l  p rope l le r  p i tch .  Under these conditions the p i l o t s  
considered the  controls  t o  be marginal t o  s a t i s f a c t o r y .  With s p o i l e r s  
only, these c r i t e r i a  were not s a t i s f i e d  and t h e  p i l o t s  considered t h e  
controls  less acceptable. Although good cor re la t ion  w a s  obtained with 
all three  c r i t e r i a ,  it should be pointed out t h a t  t h i s  would not 
necessar i ly  be possible  with a different  value of the  r o l l  time constant 
or maximum r o l l  cont ro l  power i n  f igure  28. 

The yawing accelerat ion required f o r  m i l i t a r y  he l icopters  i s  0.4 
radian per  second squared (ref.  1 2 ) .  Comparison of t h i s  value with those 
calculated f o r  the  airplane ( f i g .  26) shows t h a t  the  avai lable  accelerat ion 
i s  l e s s  than t h a t  specif ied throughout the t r a n s i t i o n  speed range; however, 
the p i l o t s  found the d i r e c t i o n a l  control s a t i s f a c t o r y  throughout t h e  speed 
range. It should be noted, howev-er, for t h i s  Simulation, the  p i l o t s '  
"feel" f o r  d i r e c t i o n a l  reference w a s  considered only marginal. 

Analysis i n  Dimensionless Form 

It w a s  noted e a r l i e r  t h a t  t h e  primary purpose of t h e  invest igat ion 
was d i rec ted  toward obtaining da ta  t o  examine t r a n s i t i o n  f l i g h t  of a 
spec i f ic  VTOL machine. Consequently, insuf f ic ien t  d a t a  were obtained t o  
provide a comprehensive analysis  i n  a coef f ic ien t  form; however, it w a s  
f e l t  worthwhile t o  present t h e  available d a t a  i n  the  manner slcgested f o r  
VTOL vehicles  by references 1 and 13. 
calculated dynamic pressure i n  t h e  s l i p s t r e a m  r a t h e r  than the  dynamic 
pressure of the  f r e e  stream, thereby avoiding i n f i n i t e  coef f ic ien ts  a t  
hovering speeds. The lift, drag, and pitching-moment d a t a  a r e  presented 
i n  t h i s  manner i n  f igure 29 f o r  several f l a p  def lec t ions .  The reader 
should be reminded t h a t  the  t h r u s t  used f o r  t h e  calculat ion of s l ipstream 
dynamic pressure w a s  obtained a t  one angle of a t t a c k  i n  the  presence of 
t h e  a i rp lane  and t h a t  no corrections f o r  in te r fe rence  o r  angle of a t t a c k  
have been applied.  A chart  used f o r  the conversion of t h r u s t  t o  s l ipstream 
dynamic pressure and t o  t h r u s t  coeff ic ient  i s  given i n  f igure  30 f o r  the  
various free-stream v e l o c i t i e s  of t h e  invest igat ion.  The e f f e c t  of s l i p -  
stream t h r u s t  coeff ic ient  on lift and drag (based on the  sl ipstream dynamic 
pressure)  a t  a given angle of a t tack  i s  given i n  f igure  31 and i s  a l s o  
compared with the  var ia t ion  predicted by t h e  semiempirical method of 
reference 13. Since considerable separation ex is ted  a t  high f l a p  deflec- 
t i o n s  with low t h r u s t ,  it i s  surprising t h a t  such good agreement i s  
obtained with a method t h a t  was t o  be l imi ted  t o  flow conditions where 
air-flow separation does not e x i s t .  The d e p e e  of separation ex is t ing  
f o r  
f l a p  lift increment i s  two t o  three  times t h e  value measured. Comparison 

This method proposed the use of a 

CT,S = 0 (props o f f )  i s  indicated by t h e  f a c t  t h a t  the  t h e o r e t i c a l  
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of the da ta  at 
small-scale semispan da ta  (refs. 2, j, and 14)  shows t h a t  lower turning 
angles and e f f i c i enc ie s  were obtained with the  fu l l - sca le  vehic le .  

CT,S = 1.0 (zero forward speed) with those of comparable - 
- 

CONCLUDING FXMfUKS 

Wind-tunnel t e s t s  and a piloted-motion simulation were conducted 
with an a i rp lane  designed t o  take off and land v e r t i c a l l y  by def lec t ing  
t h e  propel ler  s l ipstream with l a rge  chord f l a p s .  The major por t ion  of 
t h e  invest igat ion was d i rec ted  toward f l i g h t  during t r a n s i t i o n  (from 0 
t o  60 knots) out of ground e f f e c t .  

The wind-tunnel t e s t s  made out of ground e f f e c t  showed t h a t  t h e  
airplane could hover with a 70' f l a p  def lec t ion  when t h e  t h r u s t  axis was 
incl ined 35' and a thrust-to-weight r a t i o  of 1.25 w a s  applied.  
from hovering t o  a flaps-up speed w a s  indicated t o  be possible  with 
several  combinations of f l a p  de f l ec t ion  and angle of a t t ack  f o r  each 
forward speed. For all cases, t h e  va r i a t ion  of t h r u s t  and power required 
with forward speed was  unstable below 60 knots, t h a t  is ,  t h r u s t  and power 
decreased with increasing forward speed. 
i n s t a b i l i t y  ex is ted  f o r  some f l a p  def lec t ions  at  speeds less than 42 
knots.  Increasing f l a p  de f l ec t ion  at a given speed reduced t h i s  ins ta -  
b i l i t y ;  however, longi tudina l  s t a b i l i t y  was impossible t o  r e a l i z e  below 
25 knots with the  ex i s t ing  center-of-gravity loca t ion .  In  addi t ion,  t h e  
s t i c k  had t o  be moved forward t o  t r i m  t he  a i rp lane  as t h e  speed w a s  
decreased with f l a p s  def lected.  

Transi t ion 

- 
Stick-fixed angle-of-attack 

I n  s p i t e  of  these  undesirable s t a t i c  longi tudina l  cha rac t e r i s t i c s ,  
t he  p i l o t s  t h a t  f lew the  simulation could cont ro l  t h e  vehic le  throughout 
t h e  t r ans i t i on  speed range; t h i s  w a s  possible  within c e r t a i n  boundary 
conditions governed by the  previously mentioned pitch-up c h a r a c t e r i s t i c s  
and by s t r u c t u r a l  l imi t a t ions  defined by the  airframe manufacturer. 
t h e  pitch-up boundary was approached, t h e  p i l o t s  found it necessary t o  
keep l o w  p i t c h  rates;  longitudinal.  cont ro l  could be regained after moderate 
pitch-ups by t h r o t t l e  cont ro l  with a l o s s  i n  a l t i t u d e  of from 100 t o  300 
feet  o r  by increasing t o  f l a p  def lec t ion  with a much smaller l o s s  i n  
a l t i t u d e .  
t r a n s i t i o n  by the  use of t h r o t t l e  and by the  choice of f l a p  def lec t ion  
and angle of a t t ack  where a l a r g e  por t ion  of t h e  longi tudina l  cont ro l  
was avai lable  f o r  maneuvering. 

When 

The p i l o t s  were able t o  f l y  t h i s  vehicle  comfortably through 

The l a t e ra l -d i r ec t iona l  s t a b i l i t y  and cont ro l  c h a r a c t e r i s t i c s  of 
t h i s  machine were not g r e a t l y  a f f ec t ed  by f l a p  de f l ec t ion  at  a given 

wing spoi lers ,  and t o  be s a t i s f a c t o r y  with t h e  spo i l e r s  i n  combination 
with d i f f e r e n t i a l  p rope l le r  p i t ch .  

speed. The p i l o t s  found the  l a t e r a l  cont ro l  t o  be marginal with only % 

The handling cha rac t e r i s t i c s  of t h e  vehicle  as r a t ed  by the  p i l o t s  
t h a t  f l ew  t h e  simulation compared moderately w e l l  with those predicted 



by existing criteria based either on conventional fighters or on 
helicopters, where applicable. 
it should be pointed out, however, that more research is needed, espe- 

Although these results are encouraging, 

1 cially in the areas correlating simulation and flight results and in the 
- measurements of basic handling characteristics of VTOL aircraft. 

J Limited force and moment measurements at zero forward speed, out of 
3 
! 
+ the wind tunnel, showed that proximity to the ground created a large 

pitch-down moment with practically no change in the turning angle or 
turning efficiency. 
capability of the existing longitudinal control; however, the addition 
of a leading-edge slat reduced pitching moment sufficiently that it could 
be trimmed both in and out of ground effect. The effect of hovering 
either in or out of ground effect was not investigated in the piloted 
simulation. 

This pitch-down moment was beyond the trimming 
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TABU I.- GEOIVETRIC DATA OF AIRPLANE 
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Wing 
A r e a . s q f t  . . . . . . . . . . . . . . . . . . . . . . . . .  125 

Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . .  4.40 

Mean aerodynamic chord. f t  . . . . . . . . . . . . . . . . .  5.33 

span. ft  . . . . . . . . . . . . . . . . . . . . . . . . . .  23.4 

Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  1 . 0 

Sweepback. deg . . . . . . . . . . . . . . . . . . . . . . .  0 
Incidence. deg . . . . . . . . . . . . . . . . . . . . . . .  22 
Twist. deg 0 . . . . . . . . . . . . . . . . . . . . . . . . .  
A i r f o i l  sect ion . . . . . . . . . . . . . . . . . . . . .  NACA 4418 

Span of one flap. f t  . . . . . . . . . . . . . . . . . . . .  10.0 
Distance from fuselage center l i n e  t o  

inboard end. f t  . . . . . . . . . . . . . . . . . . . . . .  1.25 
Chord 

Fore flap.  f t  . . . . . . . . . . . . . . . . . . . . . . .  3.29 
A f t  f lap.  f t  . . . . . . . . . . . . . . . . . . . . . . .  3.05 

Span of one slat. f t  . . . . . . . . . . . . . . . . . . . .  10.0 
Distance from fuselage center  l i n e  t o  

inboard end. ft  . . . . . . . . . . . . . . . . . . . . . .  1.27 
Chord. f t  . . . . . . . . . . . . . . . . . . . . . . . . . .  1.67 

Area. sq f t  . . . . . . . . . . . . . . . . . . . . . . . . .  52.0 

Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . .  3.13 

Mean aerodynamic chord. f t  . . . . . . . . . . . . . . . . .  4.18 

Flap 

LedLng-edge slat 

Horizontal t a i l  

span. ft  . . . . . . . . . . . . . . . . . . . . . . . . . .  12.75 

Taper r a t i o  . . . . . . . . . . . . . . . . . . . . . . . . .  1 . 0 

Sweepback. deg . . . . . . . . . . . . . . . . . . . . . . .  0 
Dihedral. deg . . . . . . . . . . . . . . . . . . . . . . . .  0 
T a i l  length (wing F/4 t o  t a i l  F / k )  . . . . . . . . . . . .  13.76 

Ver t ica l  tail.  sq ft  . . . . . . . . . . . . . . . . . . . . .  18.8 
Fuselage 

Length. f t  . . . . . . . . . . . . . . . . . . . . . . . . .  28.0 
Frontal  area. sq f t  . . . . . . . . . . . . . . . . . . . . .  13.3 
Maximum width. f t  . . . . . . . . . . . . . . . . . . . . . .  2.3 

Engine . . . . . . . . . . . . . . . . . . . . . . . .  Lycoming T53 
Propel ler  . . . . . . . . . . . . . . . . .  3-bladed wooden H a r t z e l l  

Diameter. f t  . . . . . . . . . . . . . . . . . . . . . . . .  9.167 
Thrust axis inclination. r e l a t i v e  t o  . . . . . . . . . . . . . . .  fuselage reference l ine .  deg 13 

I ~ .  siug-ft2 . . . . . . . . . . . . . . . . . . . . . . . .  2371 

I ~ .  siug.ft2 . . . . . . . . . . . . . . . . . . . . . . . .  107 

Moments of i n e r t i a  (weight = 2689 lb) 
Ix. slx-ft$ . . . . . . . . . . . . . . . . . . . . . . . .  1442 

Iz. slug-ft2 . . . . . . . . . . . . . . . . . . . . . . . .  3398 
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TM&FI 11.- EQUATIONS O F  MOTION 

(a) The equations of motion of the  simulated vehicle  f o r  t h e  s i x  degrees 
of freedom about the  body axes - 

Applied Rates of change 
aerodynamic Gravi ta t ional  of l i n e a r  

forces  forces  momentum 

X - mg s i n  8 = m(fi-vR+wQ) 

Y + mg cos 8 s i n  cp = m(+-wP+uR) 

Z + mg COS 8 COS cp = m(c-uQ+vP) 

Applied aerodynamic Rates of change of 
moments angular momentum 

L' = Ix$-Ixz(fi+PQ) +(Iz-Iy)QR 

M I&+ I ~ ~ ( P  - R ~ )  + ( I ~ -  I,)PR 

N = I$+ I ~ ~ ( - $ +  QR) + ( I ~ -  I,)PQ 

Rates of changes of Functions of 
or ien ta t ion  angles angular v e l o c i t i e s  

4, = P +  ( Q  s i n  cp+R COS cp)tan 8 

= Q cos cp-R s i n  cp e 
G = ( Q  s i n  cp+R cos cp)sec 8 
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TABLE 11.- EQUATIONS OF MOTION - Concluded 

(b)  Aerodynamic terms re la t ive  t o  the  body axes 

Y = - 2 5 ~ -  ( 0 . 2 3 2 ~ + 0 . 0 0 0 8 8 5 ~ ) +  

Z = 400 - 215% - 0 . 5 2 6 ~ ~  - 6 3 ~  - (0.80 + 0 . 0 2 5 ~ ) ~  - (1 33% + 0.0037jT) 6, 

L' = (150 - 2 . l u  - 0 -0246f)v + (-1000 + 42.46, + 320% + 4.76,%) 6s 
when d i f f e r e n t i a l  p rope l le r  p i t ch  
augments spoi le r  l a t e r a l  control  - 21OOP + (200 + 8u)R + 

M = -2800 + 53. ?U + ( 4 2 8  - 0 . 3 1 6 ~  - 0.047 6f) T - (ll~, + 0 -048T) 6, 

- 38%(it-13) + ( 3 ? - 8 . ? & ) w -  (840+16u)Q 

N = ( o . ~ u + o . o ~ ~ ~ ~ u ) v +  ( 2 . 9 ~ + 0 . 0 1 1 T ) ~ -  (5.66, +3.3~,)6s+ (l3OO-l5u)P 

- (800 + 2.5u)R 

+I (1600) (6s + 0.3) f o r  6s < -0.3 

6s>0 .3  
when d i f f e r e n t i a l  

spo i l e r  l a t e r a l  control  

( 1 6 0 0 ) ( 6 ~ - 0 . 3 )  f o r  

0 f o r  -0 .3<Ss<0.3  propel ler  p i t ch  augments 

where, 

6, = +15O 

6R = 

6s = +1 ( L i m i t  a t  0.8 for  above equations) 

6f = oo t o  70° 

it = 13' t o  23' 
T = (600<Ttp<4000) + (-2000<Tcp<2000) - 9 . 3 ~  
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Minimum comfortable 
Flap se t t ing ,  speed, knots 

A B 

deg P i l o t  

20 --- 45 
40 30 35 
50 20 --- 
60 20 24 
70 0 5 

TABLE IV.- PILOT OPINION - Concluded 

(b) P i l o t  determined minimum comfortable and control lable  speeds 

Minimum control lable  
speed, knots 

P i l o t  

A B 

31 
22 20 

None None 
None None 

--- 

--- 15 -18 
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A-23991 

(a) With flaps f u  ly deflected. 

Figure 2.- The airplane mounted i n  the Ames 40- by 80-foot wind tunnel. 
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Figure 4. - Propeller c h a r a c t e r i s t i c s .  



34 

I 

1 



Y 

t 

m 
N 
N 
Ln N 

k 

0 
k 
k 
0 

0 cu 
0 

% 

-5 
-P 
.rl 
Pi 
k 
0 

0 
0 

i? 
.rl > 
k 
0 
4 
k 
a, 
-P x w 
cd 

CI 

W 



36 



37 

.8 
F/T 

.6 

. 

. *  

.12 

.08 

- 04 
WTDp 

0 

-.Oh 

-. 08 

0 10 20 -30 40 5’0 60 70 80 90 100 
6f 

Figure 7.- Effect of f lap def lect ion on turning effect iveness  and 
pi tching moment at U, = 0, h = 17 f e e t .  
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.. 

300 

Thrust, 
Ib 2000 

1000 

0 

800 

600 

400 
HP 

200 7, - "e 

I I 

10 20 30 40 50 60 70 80 90 100 
u, ,knots 

(a) Fuselage angle of a t tack,  t h r u s t ,  and power required.  

Figure 11.- Summary of longitudinal c h a r a c t e r i s t i c s  for l g  l e v e l  
f l igh t ;  leading-edge s la t  off,  it = 23'. 
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moment with neu t r a l  s t i ck ,  foot-pounds with 
posi t ion t o  t r i m .  

6e = -5O;  and s t i c k  

Figure 11.- Concluded. 
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(a) Fuselage angle of attack, thrust, and power required. 

Figure 12.- Summary of longitudinal characteristics f o r  lg level flight; 
leading-edge slat on, it = 23'. 
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(b) Stabi l i ty ;  pi tching moment with neu t r a l  s t i c k  (6, = -5'); s t i c k  
pos i t ion  t o  t r i m ;  reac t ion  cont ro l  on. 

Figure 12.- Concluded. 
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Figure 13.- Example of a t r a n s i t i o n  program for t h e  ai rplane w i t h  
reac t ion  control  on; leading-edge slat  o f f ,  it = 23'. 
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(a) S t a b i l i z e r  and elevator  effect iveness  without reac t ion  control .  
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(b) Pitching moment and calculated maximum pi tching accelerat ion 
obtained with full s t i c k  movement from n e u t r a l  posi t ion;  
@e = 1 3 O .  

Figure 14.- Longitudinal control  c h a r a c t e r i s t i c s  f o r  l e v e l  f l i g h t .  
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Figure 15.- Time h i s to ry  of an uncontrolled pitch-up i n  the  simulation. 
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i n  the simulation. 
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t h e  simulation. 
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Figure 19.- Boundaries selected by the pilot in the simulation; leading- 
edge slat  o f f ,  it = 23'. 



61 

2 

0 

k 
.\ 

(a) Lateral-directional dynamic characteristics for three degrees of 
freedom. 

0 I 1 
I I I I I I I 1 

0 10 20 30 40 50 60 
v, knots 

(b) Longitudinal dynamic characteristics for two degrees of freedom. 

Figure 20.- Short period longitudinal and lateral-directional dynamic 
characteristics. 
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Figure 22.- Effect of s i d e s l i p  on the  force  and moment c h a r a c t e r i s t i c s  of  
t h e  a i rp lane  a t  l g  balance angles of a t t a c k  and thrus t ;  leading-edge 
slat of f ,  react ion cont ro l  o f f ,  it = 2 3 O ,  6, = 0’. 
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