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INVESTIGATION OF A TILTING-WING 

VERTICAL-TAKE-OFF-AND-LANDING JET AIRPLANE MODEL 

IN HOVERING AND TRANSITION  FLIGHT * 
By Robert H. Kirby  and  James L. Hassell,  Jr. 

This  paper  presents  the  results  of an investigation  of  the  dynamic 
stability  and  controllability  of a proposed  supersonic-cruise,  vertical- 
take-off-and-landing  airplane  configuration.  The  configuration  employs 
a tilting  wing  and  engines  to  accomplish  vertical  take-off  and  landing 
while  maintaining a fuselage-level  attitude.  The  wing,  which  is  effec- 
tively a flat  nacelle  housing  six  jet  engines,  has an aspect  ratio  of 1.07. 

The  investigation  showed  that  the  configuration  had  satisfactory 
take-off,  landing,  and  hovering  characteristics.  It  was  possible  to 
perform  the  transition from hovering  to  normal  forward  flight,  but  the 
stability  and  control  characteristics  of  the  model  in  this  flight  range 
were  considered  unsatisfactory. In the  transition  range  the  wing  inter- 
ference  and  downwash  of  the  low-aspect-ratio  tilting  wing on  the  hori- 
zontal  tail  were so critical  that  satisfactory  longitudinal  stability 
and  trim  could  not  be  achieved  over  the  entire  speed  range  from  hovering 
to  normal  forward  flight  with  any  horizontal-tail  size or height  which 
was  considered  practical.  Unstable  lateral  oscillations  were  also 
encountered  at  several  stages  of  the  transition  and  it  was  necessary  to 
use  artificial  stabilization  in roll and  yaw  to  enable  the  pilots  to 
control  the  model. 

INTRODUCTION 

A research  program  is  being  conducted  at  the  Langley  Aeronautical 
hboratory to  determine  the  characteristics  of a proposed  supersonic- 
cruise,  vertical-take-off  -and-landing  (VTOL)  airplane  confi&ration. 
The  configuration  employs  the  tilting-engine-and-wing-concept  to  accom- 
plish  vertical  take-off  and  landing  while  maintaining a fuselage-level 
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attitude  and  is  intended  to  cruise  in  the  Mach  number  range  of 2 to 3.  
It  was  thought  that  the  wing  of  such a VTOL airplane  could  be  designed 
for  the  supersonic-cruise  condition  instead  of  being  compromised  by  the 
usual  take-off-and-landing  considerations  of  conventional  airplanes  and 
that  the  airplane  might  therefore  have  superior  performance in  addition 
to  having  the  benefits  of  vertical  take-off  and  landing.  The  configura- 
tion  chosen  for  investigation  utilized  six  turbojet  engines.  It  was 
found  in  laying  out  this  configuration  that  the  plan  form  of  the  engines 
and  inlets  afforded  more  wing  area  than  was  required  for  the  supersonic- 
cruise  condition.  There  was,  therefore, no need  for a separate  wing 
since  the  flat  nacelle  of  the  six  engines  could  serve  as  the  wing.  This 
nacelle,  formed by placing  three  engines  side  by  side  as  close  together 
as  possible on each  side  of  the  fuselage,  resulted  in a wing  with an 
aspect  ratio  of 1-07. 

References 1 to 4 present  the  results  of  force-test  investigations 
conducted  at  the  Langley  Laboratory on this  general  configuration. 
Results  of  force  tests  made  at  supersonic  speeds  in  the  Langley  9-inch 
supersonic  tunnel  without  jet  flow  simulated  and  in  the  Langley'4-  by 
4-foot  supersonic  pressure  tunnel  with  the  jet  flow  simulated  by  cold- 
air  jets  are  reported  in  references 1 and 2. Force  tests  made  in  the 
Langley  full-scale  tunnel  at  low  speeds  with  the  jet  flow  simulated  with 
cold-air  jets  are  discussed  in  reference 3 .  Reference 4 includes a 
force-test  investigation of the  effect  of  ground  proximity  on  the  free- 
flight  model of the  present  investigation. 

The  present  investigation was made  by  the  Langley  Free-Flight 
Tunnel Section  to  determine  the  dynamic  stability  and  control  characteris- 
tics  of a model  of  the  proposed  airplane  configuration  in  take-offs  and 
landings,  in  hovering  flight,  and  during  the  transition  from  hovering  to 
normal  forward  flight.  Model  propulsion was provided  by  compressed-air 
jets. 

The  investigation  consisted  primarily  of  flight  tes s. A limited 
number  of  force  tests  were  also  made  to  determine  the  sta i ic  stability 
and  control  characteristics  of  the  flight-test  model  for  the'  purpose 
of  correlation  with  flight-test  results. 

SYMBOLS 

The  force-test  data  are  referred  to  the  stability  axes. The 
definitions  of  the  symbols  used  in  the  present  paper  are  as  follows: 

Cm  pitching-moment  coefficient,  My/qSc 



2 rolling-moment coeff ic ient   resul t ing from roll control  deflec- 
t ion,  MX/qSbw 

pitching moment, f t - l b  

ro l l i ng  moment resu l t ing  from roll control  deflection, f t - lb  

dynamic pres s u e ,  @2,. , lb/sq f t  

air   density,   slugs/cu f t  

ve loc i ty ,   f t / sec  

wing area, sq f t  

wing chord, f t  

wing span, f t  

hor izonta l - ta i l  span, f t  

wing incidence measured  from fuselage  longitudinal  axis,  deg 

fuselage  angle of attack, deg 

moment of i n e r t i a  about  longitudinal body axis, s lug-f t  2 

moment of i n e r t i a  about l a t e r a l  body axis, s lug-f t  2 

moment of i n e r t i a  about v e r t i c a l  body axis, s lug-f t  2 

APPARATUS AND TESTS 

Mode 1 

The model  had an  aspect   ra t io  1.07 wing of rectangular  plan form 
which represented  the  f la t   nacel le  needed f o r  six j e t  engines i n  a side- 
by-side  arrangement. A photograph of the  model i s  shown in   f i gu re  1 and 
a drawing  of the model i s  shown i n   f i g u r e  2. It should  be  noted that the  
photograph shows the model w i t h   t h e   h o r i z o n t a l   t a i l   i n  a high  position, 
whereas the drawing  of f igure  2 shows the t a i l  i n  a low posit ion.  T a i l  
posi t ion and s i ze  were two of the major variables  covered  in  this 
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investigation.  Figure 3 shows the  various t a i l  arrangements  investigated 
and f igure 2 and t ab le  I give the d e t a i l s  of t he  final low-tail  
configuration. 

The je t   engines  were simulated i n  this model by small high-pressure 
compressed-air  nozzles  exhausting  into  ejector  tubes t o  give a j e t  of 
approximately  proper  size to  represent  afterburning  turbojet   engines.  
The lower front   surface of the  wing was hinged t o  form the  inlet  as shown 
i n   t h e  photograph  of figure 1. A configuration of t h i s   t ype  would require 
a variable-geometry i n l e t  because  of i t s  wide flight-speed  range,  but  for 
these   t es t s ,   the  model i n l e t s  were set a t  35' (see f i g .  2) t o  approxi- 
mate the  conditions  expected on a ful l -scale   a i rplane  for   the speed  range 
covered in   t h i s   i nves t iga t ion .  For take-off,  the wing was i n  a v e r t i c a l  
posi t ion (iw = 90") t o   d i r e c t   t h e  j e t  exhaust downward, and f o r  forward 
f l i gh t ,   t he  wing was ro ta ted   in to  a horizontal   posit ion.   In  the f i r s t  
pa r t  of the  invest igat ion  the wing was pivoted at 65 percent chord, but  
l a t e r   t h e  wing was sh i f t ed  SO t h a t  it was pivoted a t  55 percent  chord. 
The fuselage  s ta t ion a t  which the wing was  pivoted remained fixed. This 
change was made f o r  two reasons.   First ,  it moved the  center of gravi ty  
forward wi th   respec t   to   the  wing chord in  the  forward-flight  condition 
and  second, it allowed  the  center of g r a v i t y   t o  be moved s t i l l  fa r ther  
forward i n   t h e  model s ince  in   hovering  f l ight   the   pi tch  nozzles  had a 
longer moment a r m  t o  provide  pitch trim. The center-of-gravity  positions 
g iven   in   th i s   paper  are those  for   the model with  the wing a t  = Oo. 

The model center  of  gravity  varied as the  wing was rotated.  With the  
wing pivoted a t  65 percent  chord,  the model center of gravity moved 
rearward  approximately 1 percent  chord when the  wing was rotated from 
iw = 0' t o  iw = 90'. With the  wing pivoted a t  55 percent chord, the 
model center  of  gravity moved forward  approximately 3 percent  chord when 
the  wing was ro t a t ed  from iw = Oo t o  iw = 90'. 

The fuselage w a s  a parabolic body  of revolution and  had a fineness 
r a t i o  of 13.8. A canopy was added a t  the   f ront  of the  model and a large 
f i l l e t  was added  behind  the wing t o  fair out  the  blunt  base of the wing 
center  section. 

In  hovering  f l ight,  where the  usual  control  surfaces were not 
effect ive,   p i tch,  yaw, and roll control were a l l  provided i n   t h e   i n i t i a l  
t e s t s  by swiveling  nozzles on t h e   s i x   j e t s  a t  the   rear  of the  wing. For 
hovering  flight,  these  nozzles  could be de f l ec t ed   l a t e ra l ly   fo r   ro l l  
control,   fore and a f t  for   p i tch   cont ro l  and d i f fe ren t ia l ly   fore  and af t  
f o r  yaw cont ro l .   In  later t e s t s  a je t - react ion  control  was added i n  
the  nose of the  fuselage,  which was directed up or down for   p i tch  con- 
t r o l  and l e f t  or r i g h t   f o r  yaw control. When the  nose j e t   con t ro l  was 
instal led,   only roll control was  obtained from the  wing nozzles.  In 
normal  forward f l i gh t   w i th   t he  wing a t  or near Oo incidence,  the 
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conventional  elevator and rudder  provided  pitch and yaw control  while 
the  swiveling  nozzles of the engines  generally  provided roll control. 
I n  a f e w  later t r ans i t i on  and forward f l i g h t  tests,  r o l l  control was 
obtained from d i f f e ren t i a l   e l eva to r   de f l ec t ion   i n   add i t ion   t o   de f l ec t iw  
of the  swiveling  nozzles. The controls were deflected by flicker-type 
(ful l -on or o f f )  pneumatic actuators which were remotely  operated  by 
the  pi lots .   In   addi t ion,   the  model was equipped w i t h  electric-motor 
trimmers on the  controls which could  be  operated  either  in  conjunction 
with o r  independently  of  the  flicker  controls. The swiveling  nozzles 
were deflected,   ei ther  together or differentially,   about 8 O  which 
deflected  the je ts  6.5O for   f l icker   control ,   but  these nozzles were 
capable  of  deflecting  the  jets  for trim about 12' i n  any direction. The 
j e t  cont ro l   in   the  nose of the  fuselage  produced +16 foot-pounds fo r  
pi tch  control  and k8 foot-pounds f o r  yaw control.  

I n  some of t he   t r ans i t i on   f l i gh t s ,   va r ious   a r t i f i c i a l   s t ab i l i z ing  
devices were used t o  move the controls  automatically  in  proportion  to the 
r a t e  of roll or r a t e  of yaw.  The sensing  elements  for the devices were 
rate gyroscopes, which i n  response t o  rate of roll o r  rate of yaw, pro- 
vided  signals  to  proportional  control  actuators.  These actuators moved 
the cont ro ls   to  oppose the   ro l l ing  or yawing motion. A pilot-operated 
override was provided i n   t h e  gyroscope-operated  devices which cut  out 
the  damping act ion and  gave a l l  the  avai lable   control  power t o   t h e   p i l o t  
on  demand. 

Test  Setup and Flight-Test Technique 

Figure 4 shows the   t e s t   s e tup   fo r  the f l i g h t   t e s t s  which were made 
i n  the Langley full-scale  tunnel.  The sketch shows the p i tch   p i lo t ,  
the  safety-cable  operator, and the   th rus t   cont ro l le r  on a balcony a t  
the  side of the t e s t  section. The roll p i l o t  was loca ted   in  an  enclosure 
i n  the lower rear   par t  of the test  section,  and the yaw p i l o t  was a t  the 
top  rear  of the tes t  section. An additional  operator  (not shown i n  
f i g .  4)  w a s  located on the  balcony  near the p i t c h   p i l o t   i n   o r d e r   t o  
control  the wing incidence. The pitch, roll, and yaw p i l o t s  were located 
a t  the best available  vantage  points  for  observing and controlling 
the   par t icu lar  phase  of the motion w i t h  which each w a s  concerned. 
Motion-picture  records were obtained with f ixed   cmeras  mounted near 
the   p i tch  and yaw p i lo t s .  

The a i r  for   the  main propulsion je ts  and fo r   t he   j e t   con t ro l s  was 
supplied  through  flexible  plastic  hoses and the  power for   the  wing- 
t i l t i n g  motor  and the electr ic   control   solenoids  w a s  supplied  through 
wires. These wires and  tubes were suspended  overhead  and taped t o  a 
safety  cable  (1/16-inch  braided  aircraft  cable) from a point  approxi- 
mately 15 f ee t  above the  model down t o  the model. The safety  cable, 
which was a t tached   to  the model above the wing pivot  point, was used t o  
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prevent  crashes  in  the  event of a power or   cont ro1 , fa i lure   o r  in t he  
event   tha t   the   p i lo t s   los t   cont ro l  of the model. During f l i g h t   t h e  
cable was kept  slack so that it would not  appreciably  influence  the 
motions of the  model. 

The tes t   t echnique  i s  best  explained by describing a t y p i c a l   f l i g h t .  
The model hung from the  safety  cable and the power was increased until 
the  model was in  steady  hovering  f l ight.  A t  %his   point   the   tunnel   dr ive 
motors were turned on  and the  airspeed began to   increase .  A s  the  air- 
speed  increased, the a t t i t u d e  of the  fuselage was kept   essent ia l ly  
horizontal,  the wing incidence was reduced,  and the power was adjusted" 
in   order   to   provide  the  thrust   required  to   balance  the  drag of the 
model. The controls and power were operated t o  keep the model as near 
as possible   to   the  center  of t he   t e s t   s ec t ion   un t i l  a pa r t i cu la r  phase 
of t h e   s t a b i l i t y  and control   character is t ics  was t o  be  studied. Then 
the   p i lo t s  performed the maneuvers requi red   for   the   par t icu lar   t es t s  
and  observed t h e   s t a b i l i t y  and control   character is t ics .  The f l i g h t  was 
terminated by gradually  taking up the  slack  in  the  safety  cable  while 
reducing  the power t o   t h e  model. 

The same testing  technique was used for  the  take-off,  hovering, 
and landing tests except that the wind tunnel was  not  necessary and 
most of t h e   t e s t s  were made outdoors i n  s t i l l  air. 

Tests 

F l igh t   t e s t s . -  The investigation  consisted  primarily of f l i g h t  
t e s t s   t o  determine  the  s tabi l i ty  and control   character is t ics  of t he  
model i n   ve r t i ca l   t ake -o f f s  and landings i n  s t i l l  air, i n  hovering  f l ight 
i n  s t i l l  air, and  during  the  transition between  hovering  and  normal 
forward f l i g h t .  The t e s t   r e s u l t s  were obtained  both from the   p i lo t s '  
observations  and  opinions of the  behavior of the  model and from motion- 
picture  records of the  motions of the model. 

The take-of f   t es t s  were made by rapidly  increasing  the power t o   t h e  
model u n t i l  it took  off.  The model was then  hovered a t  various  heights 
above the ground t o  s tudy   the   s tab i l i ty  and control   character is t ics  of 
the model i n  and out of  ground proximity.   In  these  tests  the  ease w i t h  
which the  model could  be  flown in  s teady  hovering  f l ight  and  maneuvered 
from one posi t ion  to   another  was studied. Landings were made by reducing 
the model power s l ight . ly  so that the model descended  slowly u n t i l   t h e  
power  was cut  off  abruptly as the  landing  gear  touched  the ground. 

The t r a n s i t i o n   f l i g h t   t e s t s  were made i n   t h e  Langley fu l l - sca le  
tunnel. These f l i g h t s ,  which were made a t  airspeeds from 0 t o  65 knots, 
corresponded t o  slow  constant-altitude  transitions.  Since small 
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corrections  or  adjustments  to  the  tunnel  airspeed  could  not be made 
quickly,   the  pitch  pilot  and power operator had t o  make adjustments 
continually  in  order  to  hold  the model in   the   cen ter  of t he   t e s t   s ec t ion .  
F l igh ts  were a l so  made i n  which the  airspeed was held  constant   a t   in ter-  
mediate  speeds so t h a t   t h e   s t a b i l i t y  and cont ro l   charac te r i s t ics  a t  
constant  speed  could be studied. 

S ta t ic   force   t es t s . -  A l imited number of f o r c e   t e s t s  were made t o  
determine some of t h e   s t a t i c   s t a b i l i t y  and cont ro l   charac te r i s t ics  of 
t he   f l i gh t - t e s t  model fo r   t he  purpose of cor re la t ion   wi th   f l igh t - tes t  
r e su l t s .  The longitudinal and l a t e r a l   s t a b i l i t y  and control  character- 
i s t i c s  of the model  were studied  in  the  wing-incidence range of 0' 
t o  30' f o r  a range of values of thrust coeff ic ient .  All fo rce   t e s t s  
were made in  the  12-foot  octagonal  section of the  Langley f ree- f l igh t  
tunnel w i t h  a ver t ical-s t rut   support  system  and  strain-gage  balances. 
No wind-tunnel  corrections have  been app l i ed   t o   t he  data. 

RESULTS AND DISCUSSION 

A motion-picture  film supplement t o   t h i s  paper has been  prepared 
and i s  available on loan. A request-card form and a description of the  
film w i l l  be  found a t  the  back i f  th is  paper, on the page immediately 
preceding  the  abstract and  index  pages. 

Hovering Fl ight  

The model could  be flown smoothly  and eas i ly   in   hover ing   f l igh t  
and could  be maneuvered t o  any desired  posit ion a t  will. The swiveling 
nozzles on t h e   j e t s  a t  the   rear  of the wing provided good cont ro l lab i l i ty  
i n  a l l  three  directions,   pitch,  roll, and yaw.  The je t - react ion  control  
on the nose  of the  fuselage, which was in s t a l l ed  on the model during  the 
l a t e r   p a r t  of the  invest igat ion  for   pi tch and yaw control,   also gave 
good cont ro l lab i l i ty   in   hover ing   f l igh t .  

The motions  of the model i n   p i t c h  and r o l l  were very  steady.  Since 
t h e   s t a b i l i t y  was not   s tudied  in   detai l ,  it i s  not known whether the 
model had unstable  pitching and ro l l i ng   o sc i l l a t ions  such a s  had been 
experienced  previously  with  tilting-wing  propeller-driven models ( r e f .  5 ) .  
It was clear ,  however, that  the model did  not   tend  to  start an osc i l l a t ion  
as quickly  as  the  propeller-driven models  and was consequently  easier 
f o r   t h e   p i l o t s   t o   f l y .  The yawing motions, as would be  expected, seemed 
about   neutral ly   s table   in   hovering  f l ight .  
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Take-offs  and  landings were easy  to  perform  with  this model and 
when the model was flown  close t o   t h e  ground there  was no noticeable 
d i f fe rence   in   the   f ly ing   charac te r i s t ics   o r   in   cont ro l   e f fec t iveness .  
This r e s u l t  i s  i n  agreement w i t h  the  force- tes t  data presented  in   ref-  
erence 4 which included  an  investigation of t he   e f f ec t  of  ground  prox- 
imity on this same model. 

Transi t ion  Fl ight  

Prel iminary  tes ts . -  The t r a n s i t i o n   t e s t s  from  hovering t o  normal 
forward f l i g h t  were s t a r t ed  w i t h  the  model center of g r a v i t y   a t  
0.58  chord, w i t h  the  wing p i v o t   a t  0.65 chord,  and  with  the  horizontal 
t a i l   i n   t h e   h i g h   p o s i t i o n .  A t  high  wing-incidence  angles (75' t o  650)  
the  model experienced  large nose-up pitching moments which could  not 
be trimmed by combined def lect ion of the  je t   nozzles  and horizontal  
s t ab i l i ze r .  After the model reached a cer ta in  speed, it pitched up 
despite  full-down  control and d r i f t ed  back i n   t h e   t e s t   s e c t i o n  as the  
airspeed of the  tunnel  continued  to  increase.   In  an  effort   to  over- 
come t h i s  diff icul ty ,   var ious changes i n   t h e  model configuration were 
made. Three different   horizontal- . ta i l   heights   (high,  mid, and low as 

shown i n   f i g  . 3)  were t r i e d .  T a i l  spans  from = 1.00 t o  1.50 were 

t r i e d .  Various  high-lift  devices on the  all-movable  horizontal t a i l  
were t r i e d   i n  an  attempt  to improve i t s  effectiveness.  None of these 
changes,  however, provided enough improvement in   longi tudina l   s tab i l i ty  
and control .   In   order   to   get  s t i l l  more control moment and more 
s t ab i l i t y ,   t he  wing pivot was  moved forward t o  55 percent  chord  and  the 
model center of gravi ty  w a s  moved t o  48 percent  chord, which was the 
most forward  position a t  which the model could  be trimmed i n  hovering 
f l i g h t .  With these changes the model could  be  flown  from a wing incidence 
of 90' down t o  about 30°, but a t  th i s   po in t  a violent  pitch-up  occurred. 

b 

bW 

A t  t h i s  point   in   the  invest igat ion the force- tes t   data  of re fer -  
ences 1 t o  3 became available and showed that only a low horizontal- ta i l  
posi t ion would g ive   s a t i s f ac to ry   s t ab i l i t y   i n  a  normal f l ight   condi t ion 
a t  both  subsonic  and  supersonic  speeds and that a t a i l  span of about 

- = 1.25 was required. A t a i l  posi t ion below the wing-chord plane was 

ruled  out  in  order  to keep the wing j e t s  from passing Over t h e   t a i l  as 
the wing was t i l t e d .  It was decided,  therefore,  to  continue  the  inves- 
t i ga t ion  with the low horizontal   posit ion shown in   f i gu res  2 and 3 and 

with - bt - - 1.25. This t a i l  was on the same plane as the wing, so the 

je t   nozzles  were deflected downward approximately 3' i n  an attempt t o  

b t  

b W  

b W  

"_ . ._ . - .. . . . . .. 
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keep t h e   j e t  from  impinging on the t a i l  when the w i n g  incidence was 0'. 
Since  the  high  vertical  t a i l  was no longer needed t o  support  the  hori- 
zontal  t a i l  and  since it was thought that a v e n t r a l   v e r t i c a l  t a i l  would 
be i n  a more favorable  flow  region and thereby more e f f ec t ive ,   t he   ve r t i -  
c a l  t a i l  was changed to   the  configurat ion shown i n   f i g u r e  2. The 
remainder of the  discussion  deals only wi th   th i s   f ina l   conf igura t ion .  

Longitudinal  stabil i ty and control   character is t ics . -  With the   r e su l t s  
of the   p re l iminary   f l igh t   t es t s  as a guide, some exploratory  force  tes ts  
were made  on the   f l i gh t - t e s t  model. It was found i n   t h e s e   t e s t s  that 
the   bes t   l ong i tud ina l   s t ab i l i t y   i n   t he  30' wing-incidence  range was 
obtained  with 0' t a i l  incidence and t h a t   t h i s  t a i l  incidence  provided 
about as good stability  over  the  entire  wing-incidence  range as could 
be obtained w i t h  a variable-tail-incidence  arrangement. Even w i t h  
0' t a i l  incidence, however, the  horizontal  t a i l  w a s  not   effect ive enough 
t o  make the model s t a t i ca l ly   s t ab le  a t  30' wing incidence,  apparently 
because of the   var ia t ion   in  downwash across the t a i l  span. Tuft studies  
of the  f low  pat tern  a t   the   horizontal- ta i l   posi t ion showed that the 
center  portion of the t a i l  span was s t a l l e d  by  the w i n g  downwash while 
t h e   t i p s  of t h e   t a i l  were s t a l l e d  from the upwash resu l t ing  from the 
wing-tip  vortices. Only a very small portion of the  t a i l  span  between 
these two regions was e f f e c t i v e   i n   t h e  30' wing-incidence  range. When 
the model was f l i gh t - t e s t ed  with the  horizontal  t a i l  f ixed a t  0' and 
with an  elevator  installed,  it w a s  found that the  model was too  unstable 
a t  iw = 30' to   permi t   the   t rans i t ion   to   be  completed consis tent ly  
w i t h  the  center of gravi ty  at 48 percent  chord. 

In  order  to  permit  the  center of grav i ty   to   be  moved f a r the r   fo r -  
ward, a je t - react ion  control  was in s t a l l ed  a t  the  nose of the fuselage 
t o  provide  the  increased trim required  for  hovering  f l ight.  This j e t  
was then  used as the  react ion  pi tch and yaw control   instead of the 
swiveling  nozzles on the wing. 

Figure 5 shows some representative pitching-moment  curves  obtained 
from the  exploratory  force  tests on the   f ina l   conf igura t ion  (shown i n  
f i g .  2 )  f o r  a range of wing-incidence  angles  from 0 t o  30°. These 
pitching-moment data a re   r e f e r r ed   t o  34 percent  chord,  the most forward 
p o s i t i o n   a t  which the model could  be trimmed  and flown i n  hovering 
f l i g h t  with the  nose-jet   pitch  control.  These data were obtained by 
interpolat ing between the   r e su l t s  of var ious  force  tes ts   to   obtain 
pitching-moment  curves for   the  case  in  which the   t h rus t  was equal   to   the 
drag and the  pitching moment  was zero a t  approximately  the  angle of 
a t tack a t  which the  model was actual ly  flown at each wing incidence. 
The top  curve of f igure 5 shows that the model was about  neutrally  stable 
a t  iw = 30° with a fuselage  angle of a t tack of 0' and was unstable 
a t   posi t ive  fuselage  angles .  The curves  also show that the model was 
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s tab le  at wing-incidence  angles  of 20° or  less. I n  order t o   f l y   w i t h  
iw = 0' at  the  speed a t  which the   t r ans i t i on  was t o  be  completed i n  
these tests, the fuselage  angle of a t tack  had t o  be  about 1.5' t o   o b t a i n  
the  necessary l i f t  from the  wing. Since, for   s tab i l i ty ,   the   fuse lage  
angle of a t tack  af had t o  be  kept  near 0' at  iw = 30°, 9 was 
brought up from 0' t o  15' approximately as indicated by the  dashed l i n e  
on f igure  5 as the wing incidence was reduced  from 30' t o  0'. The data 
of f igure  5 have  been p lo t t ed   fo r  a condition  of  appropriate  elevator 
def lect ion and p i tch- je t   def lec t ion   to   t r im  the  model a t  the  fuselage 
angle of a t tack  indicated at each wing incidence. These data show t h a t  
bo th   s t ab i l i t y  and p i tch  t r i m  could  be  obtained a t  iw = 20° or  less. 

With t h i s   f i n a l  model configuration  (low tail ,  t a i l  incidence  fixed 
a t  Oo, nose j e t ,  and  center of gravi ty  at 0.34 chord)  the  transit ion 
between  hovering  and  normal  forward fl ight  could  be completed  success- 
f u l l y  and consistently  by  keeping  the  fuselage  angle of attack  about 0' 
f o r  wing-incidence  angles  of 30' and  above  and by  gradually  Winging 
af up as iw was reduced  from 30' t o  0'. The longi tudina l   s tab i l i ty  
and control of the  model was considered  satisfactory  except a t  wing- 
incidence  angles  near 30'. The p i t c h   p i l o t  had t o  use  extreme  care t o  
avoid a pitch-up a t  iw = 30' and therefore  did  not  consider  the stabil- 
i t y   s a t i s f ac to ry .  A t  wing-incidence  angles above 30' the  model seemed 
s table  a t  low fuselage  angles of a t tack  but  would p i tch  up if af was 
allowed t o  become too  high.  In  general, however, at the  higher wing- 
incidence  angles  the  airspeed was low and the  model motions were rela- 
t i ve ly  slow, so t h e   p i t c h   p i l o t  found the model re la t ive ly   easy   to  
control.  A t  wing-incidence  angles  of 20° or  less the model w a s  s table  
throughout  the  angle-of-attack  range and w a s  ea sy   t o   f l y .  

La te ra l   s t ab i l i t y  and control   character is t ics . -  The model could  not 
be  flown  through  the  transition from  hovering t o  forward f l ight   without  
a r t i f i c i a l   s t a b i l i z a t i o n   i n  yaw and roll. There were two wing-incidence 
ranges i n  which l a t e r a l   o s c i l l a t o r y   i n s t a b i l i t y  w a s  encountered. One 
was a t  very low forward  speeds where the w i n g  incidence was TO0 or 80'. 
In   this   condi t ion  an  unstable   la teral   osci l la t ion,  which appeared t o  be 
predominantly a yawing osci l la t ion,  developed and the   p i lo t s  could  not 
s top   t h i s  motion. A rate-type yaw damper in s t a l l ed   t o   ac tua t e   t he  
wing j e t   nozz le s   fo r  yaw control   s tabi l ized  the  osci l la t ion and made 
the model easy t o   f l y   i n   t h i s  high-wing-incidence  range. The ra te -  
gyroscope  sensing  element f o r   t h i s  damper was mounted  on the wing so 
tha t  it provided yaw damping i n  hovering f l i g h t  and roll damping i n  
forward f l i g h t  where the  wing had been r o t a t e d   t o  Oo incidence.  In 
addition, a r a t e  damper was ins ta l led  on the  rudder  surface which pro- 
vided yaw dmping when the  rudder  surface became effect ive as the  tunnel 
airspeed  increased. 
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With the  addi t ion of a r t i f i c i a l  yaw damping the  model was easy t o  
f l y  from lateral   considerations down t o  a wing incidence of  about 20' 
but a t  th i s   po in t   t he  model developed a v io l en t ly   uns t ab le   l a t e ra l   o sc i l -  
l a t i on  of relatively  high  frequency which t h e   p i l o t  could  not  control. 
This  oscil lation  appeared  to  be a pure  roll ing  oscil lation,  probably 
because  the yaw damper  on the  rudder  surface  offered  considerable 
r e s t r a i n t   i n  yaw. "he use of a r a t e  damper operating on the  je t   nozzle  
f o r   r o l l   c o n t r o l  seemed t o  make t h e   l a t e r a l   o s c i l l a t i o n   s l i g h t l y   s t a b l e  
bu t   t he   l a t e ra l  motions were s t i l l  uncontrollable. The reason f o r  t h i s  
was, apparently, as follows: "he roll p i lo t   obse rved   t ha t   t he   ro l l  
control was re la t ive ly  weak a t  wing-incidence  angles  of 20' o r   l e s s .  
With t h i s  low control  effectiveness, he did  not have a posi t ive  control  
t o   f l y   t h e  model steadily  near  the  center  of  the  test   section. In  t ry ing  
to   con t ro l   t he  model the  roll p i l o t  had t o  give  relatively  long  control 
inputs and since  his  control  overrode  the rate damper, the damping act ion 
was cut  out  for  relatively  long  periods.   This  cutt ing  out of the damper 
evident ly   resul ted  again  in  the development  of an  uncontrollable  roll ing 
osc i l la t ion .  

A few s t a t i c   f o r c e   t e s t s  were made wi th   t he   f l i gh t  model t o   d e t e r -  
mine the  effectiveness  of  the j e t  nozzles  for roll cont ro l   in   the  w i n g -  
incidence  range  from 20' t o  0'. The r e s u l t s  of   these  tes ts   are  shown 
in   f i gu re  6 for   the  horizontal  t a i l  on and off  along  with  the  results of 
force tests made t o  determine  the  effectiveness  of  differential   elevator 
def lect ion  for   rol l   control .   Figure 6 shows that   the   horizontal  t a i l  
reduced  the  rolling  effectiveness of t he  j e t  nozzles by  approximately 
one-half a t  a wing-incidence  angle of 20° and a fuselage  angle of a t tack  
of  about 5', which w a s  one fl ight  condition, and by  approximately  the 
same amount a t  a wing-incidence  angle  of 0' and a fuselage  angle of 
a t tack of 15O, which was another  f l ight  condition. The data of f igure 6 
a l so  show tha t   d i f fe ren t ia l   e leva tor   def lec t ion  was ef fec t ive   in   p ro-  
ducing ro l l   cont ro l ,   par t icu lar ly  at Oo w i n g  incidence. 

With a rate damper on the j e t  nozzle f o r   r o l l   c o n t r o l  and t h e   r o l l  
p i lo t   cont ro l l ing   on ly   d i f fe ren t ia l   def lec t ion  of the   e leva tor   for  
manual control,  the  transi3ion  could  be  completed t o  normal  forward 
f l ight   consis tent ly .  The d i f f e ren t i a l   e l eva to r   ro l l   con t ro l  gave the  
r o l l   p i l o t  a more posi t ive  control   to   s top  the  motions  of   the model and 
also  allowed  the rate damper on the  j e t  nozzles   to  work f u l l  time. 

CONCLUDING REMARKS 

This  investigation of t h e   s t a b i l i t y  and  control   character is t ics   of  
a vertical-take-off-and-landing  airplane model with a tilting-wing-and- 
engine  arrangement  has shown tha t   t he  model had satisfactory  take-off,  
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hovering,  and  landing  characteristics.  The  model  could  be  flown  easily 
in  hovering  flight  without  artificial  stabilization,  and  satisfactory 
control  could  be  obtained  easily  either  entirely  from  swiveling  nozzles 
on  the  jet  engines or from  auxiliary  jet-reaction  pitch  and  yaw  controls 
in  the  fuselage  used  in  conjunction  with roll control  from  the  swiveling 
nozzles  on  the  jet  engines.  Ground  proximity  had no effect  on  the  hov- 
ering  characteristics  of  the  model. 

It was  possible  to  perform  the  transition  from  hovering  to  normal 
forward  flight,  but  the  stability  and  control  characteristics  of  the 
model  in  this  flight  range  were  considered  unsatisfactory. I n  the 
transition  range  the  wing  interference  and  downwash  of  the  low-aspect- 
ratio  tilting  wing  on  the  horizontal  tail  were so critical  that  satis- 
faktory  longitudinal  stability  and  trim  could  not  be  achieved  over  the 
speed range  from  hovering  to  normal  forward  flight  with  any  horizontal- 
tail  size  or  height  which  was  considered  practical.  Unstable  lateral 
oscillations  were  also  encountered  at  several  stages  of  the  transition 
and  it  was  necessary  to  use  artificial  stabilization  in  roll  and  yaw 
to  enable  the  pilots  to  control  the  model. 

Langley  Aeronautical  Laboratory, 
National  Advisory  Committee  for  Aeronautics, 

Langley  Field,  Va.,  June 18, 1958. 



NACA RM ~58~26 C- 13 

REFERENCES 

1. Jones,  Robert  A.,  and  Rainey,  Robert W.: Wind-Tunnel  Investigation 
of Two Vertical-Take-Off-and-Landing  Jet  Boniber  Airplane  Configura- 
tions  at  Mach  Numbers of 1.94 and 2.40. NACA RM L56H22a, 1956. 

2. Lord,  Douglas  R.:  Longitudinal  Stability  Investigation  of a Vertical- 
Take-Off-and-Landing  Airplane  Configuration  With  Simulated  Jet 
Intake  and  Exhaust  at  Mach  Numbers of 1.61 and 2.01. NACA RM L57K03, 
1958 

3. Scallion,  William I., and  Cone,  Clarence D., Jr.:  Wind-Tunnel  Inves- 
tigation  of  the  Low-Speed  Stability  and  Performance  Characteristics 
of a Jet-Powered  Low-Aspect-Ratio  Vertical-Take-Off-and-Landing 
Configuration  With  Engines  Buried  in  Tiltable  Wings.  NACA 
RM ~58~02, 1958. 

4. Newsom,  William  A.,  Jr.:  Effect  of  Ground  Proximity on Aerodynamic 
Characteristics  of Two Horizontal-Attitude  Jet  Vertical-Take-Off- 
and-Landing  Airplane  Models.  NACA RM ~57~16, 1957. 

5 .  Lovell,  Powell  M., Jr., and  Parlett,  Lysle P.: Hovering-Flight  Tests 
of a Model  of a Transport  Vertical-Take-0,ff  Airplane  With  Tilting 
Wing  and  Propellers.  NACA TN 3630, 1956. 



MASS AND GEOMETRIC CHARACmISTICS OF MODEL I N  FINAL 

LOW-TAIL CONFIGURATION W I T H  & = 0' 

Weight. lb . . . . . . . . . . . . . . . . . . . . . . . . . .  41.00 

Center of gravity.  percent of w i n g  chord . . . . . . . . . . .  34.00 

Moments of iner t ia :  
I~. slug-ft  2 . . . . . . . . . . . . . . . . . . .  0.67 (approx.) 

I~. slug-ft  2 . . . . . . . . . . . . . . . . . . .  5.25 (approx.) 
I ~ .  slug-ft  2 . . . . . . . . . . . . . . . . . . .  5.90 (approx . ) 

Wing : 
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . .  1.07 
Area. sq i n  . . . . . . . . . . . . . . . . . . . . . . . .  960 
Span.in . . . . . . . . . . . . . . . . . . . . . . . . . .  32.00 
Dihedral  angle. deg . . . . . . . . . . . . . . . . . . . .  0 

Vertical  tai l :  
Aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . .  1.02 
Area. sq i n  . . . . . . . . . . . . . . . . . . . . . . . .  153 
Mean aerodynamic  chord. i n  . . . . . . . . . . . . . . . . .  12.5 

center of gravi ty) .   in  . . . . . . . . . . . . . . . . . .  52.5 
T a i l  arm (length from 0.25 M.A.C. of t a i l  t o  model 

Horizontal tai l :  
Aspec t ra t io  . . . . . . . . . . . . . . . . . . . . . . . .  5.71 
Area. sq i n  . . . . . . . . . . . . . . . . . . . . . . . .  280 
Mean aerodynamic  chord. i n  . . . . . . . . . . . . . . . . .  7.00 
T a i l  arm (length from 0.25 M.A.C. of t a i l   t o  model 

center of gravi ty) ,   in  . . . . . . . . . . . . . . . . . .  54.5 



Figure  1.- Photograph of model i n   h i g h - t a i l   c o n f i g u r a t i o n .  L-95469 
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Figure 3.- Tail  sizes  and  positions  tried  during  flight-test  program. A l l  dimensions  are  in 
inches. 



Figure 4.- Transition  test  setup  in  Langley  full-scale  tunnel. 
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Figure 5.- Representive  pitching-moment  curves for final  configuration 
in  the 0' to 30 wing-incidence  range for the  case of thrust equal 
drag  at af at  which C, = 0. C, referred  to 34 percent chord. 

0 



.IO 

.O 8 

.06 

Cl 

.04 

.o 2 

0 
0 

Control Horlzontal tall 

0 +_ 8" Jet nozzle def  lectlon o f f  
0"" t 8" Jet nozzle deflection on 
A"---- 2 15' Dlff. elevator deflectton on 

Iu 
0 

I w = O O  

/ 
A 

/ 

lw=200 

,m' 
/ 

/ 
/ 

\ A 

5 IO 
Qf ,deg 

15 0 5 IO 
a f  ,deg 

Figure 6.- R o l l  control  effectiveness  for  final  configuration. 
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