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SUMMARY 

Tests have been made to  invest igate   the  use of  a sim-ple centering 
spring, which  had no var ia t ion  o f  force  gradient  with impact pressure, 
as an a r t i f i c i a l  feel  device  for   the  e levator   control  of 8 f igh te r  air- 
plane. The tests w e r e  conducted with a Chance Vought FkU-kB airplane 
which was equipped with pyer controls.  

L 
The investigation showed that the centering  spring  alone is not 

- of  force  per  g because of the  excessive  st ick  force  encountered in  
sa t i s f ac to ry  when the spring is strong egough to give  reasonable  values 

landing. When a preload&  spring was included i n  the feel system t o  
remedy this high stick force in landing, and when a bobweight was added 
to  increase the force  per g, the device  gave  variations  of  force  per g 
that were Kithin the required limits over  the  speed range of the test  
airplane a t  the test center-of-gravity  position. Even though the  char- 
a c t e r i s t i c s  of the force  per g were within  the  required limits, t h e  
p i l o t  judged the system to be  unsatisfactory  because of insuf f ic ien t  
centering  tendency at high speed. It would be   d i f f i cu l t   t o   adap t   t h i s  
centering-spring  type  of feel devfce t o   t h e   e l e v a t o r  af 871 airplane 
intended  for  transonic  speeds  because of the  aggravated problems of 
obtaining  sat isfactory  s t ick  forces   throughout  the extended  speed range. 

INTRODUCTION 

The increasfng use of  power controls on high-speed  airplanes h~ 
made necessary  the  development-of art if icial  feel devices to supply a 
s a t i s f a c t o r y   s t i c k  feel  t o  the pilot. In order to  gain  experience  with 
this problem, a Chance Vought FkU-kB airplane was obtained which  had ' 

been  equipped  with  irreversible power controls on all control  surfaces,  

investigation, tests were made of the elevator   feel   suppl ied by a 
t and various feel systems w e r e  ins ta l led  in the   a i rplane.  In the present 
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centering-spring  arrangement. The merits of  such a system are discussed 
and t he   f l i gh t  results are presented  in this paper. 

The airplane was originally- equipped  with an elevator feel system 
consisting  of a bellows and cam arrangement, as sham in figure l ( a ) ,  
which  gave a s t ick  force  proport ional   to  free-stream impact pressure 
and stick  displacement. The cam wa8  designed t o   g i v e  a l inear   s t ick-  
force  variation with stick  displacement, and the  bellows  regulated  the 
s lope   o f   th i s   var ia t ion   in  proportion t o  the impact pressure. The 
resu l t s  of  some previous Navy tests of  this arrangement are presented 
in   reference 1. During these tests it was found. that it w a s  d i f f i c u l t  
t o  obtain  longitudinal t r i m  or precise  longitudinal  control.  The trouble ~ 

was t r aced   t o   f r i c t ion  i n  the  valve which regulated  the flow of  hydraulic 
f lu id  in   the  booster  system. In the  present tests, th i s   t rouble  was 
minimized  by reducing  the  booster  valve  friction as far as possible, 80  

t ha t   s a t i s f ac to ry  evaluation of   the feel  device  could be made. 

Although a fair evaluation of  the bellows and cam or "q" fee l  
system was not made because  of   these  control   d i f f icul t ies   a t t r ibuted  to  
the  booster  system, a similar q feel  system i n  another  airplane has 
been shown t o  be  sat isfactory (ref. 2 ) .  With th i s   fac t   es tab l i shed ,  it 
was decided t o  try t o  develop a simpler elevator fee l  system consisting 
essentially  of  centering  springs  restraining  the  st ick.  If such a feel 
system  could  be made to   g ive   sa t i s fac tory   e leva tor  feel, it would have 
the  advantage of much simpler  construction as compared t o   t h e  q feel 
system. 

DESCRIPTION OF AIRPLANE 

The airplane used in   the  present   invest igat ion w a s  an FkJ-kB N a v y  
Corsair flighter, shown in figure 2, .which w a s  equipped  with power 
controls on all control systems. A drawing of  the  airplane is  shown i n  
figure 3 ,  and the   physical   character is t ics  are l i s t e d   i n   t a b l e  I. A 
detailed  description  of  the power control system  can be found in  refer- 
ence 3 .  

Apparatus and Tests 

To obtain  the effect of a centering-spring  system  with  the  leaat 
amount of  revis ion  to   the  a i rplane,   the   bel lows of the  or iginal  system 
was replaced  by  rubber shock cords which  gave a constant  force  of  about 
b0 pouqds . A drawing o f  this arrangement is shown i n  figure I (b)  . The 
variation of s t ick  force w i t l i  s t ick  def lect ion is-shown i n  figure 4. 
The slope  through  zero is 2.7 pounds per  degree. A t  large deflections 

. 
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the  slope  increased,  probably  because of increased  tension i n  the shock 
cords.  Figure 5 presents the var ia t ion of elevator  angle  with  st ick  angle.  

With the  s t ick-farce  cal ibrat ion and the  known variat ion of e levator  
angle  with  airspeed and acceleration, as shown in   f i gu re  6 ,  t h e   s t i c k  . 
forces   tha t  can be  expected  with  the  centering-spring  feel s y s t e m  can  be 
derived. These calculated  s t ick  forces ,  shown on figure 7( a) ,  aze pre- 
sented  for  comparison Kith  the flight-test data. It can  be  seen that a 
high  landing  force of 60 pounds is predicted. This high  s t ick  force i n  
landing is caused  mainly by the  large  increment  in  up-elevator  angle 
required  by  the gro-wd e f f ec t .  The force per g a t  a low speed  of 
150 miles per hour i s  within  the  sat isfactory  range,   but   the   force  per  g 
at 300 miles per  hour is below the minimum of 3 pounds per g required 
by the handling-qualities  requirements (ref. 4 ) .  

To re l ieve   the  high s t i ck   fo rce  at landing, a preloaded  spring  could 
be placed in t-he-system 88 shown on figure l(c). The spr ing that was 
subsequently  used had a 16 pounds per  inch spring constant and was 
ins ta l led  w i t h  a preload which corresponded to a I4-pound-pull  force at 
the   s t i ck .  The ca l ib ra t ion   o f   s t i ck   fo rce   aga ins t   s t i ck   pos i t i on   fo r  
t h i s  system is shown I n  f igure  4. With the  preloaded  spring, it should 
be possible   to  malce a landing  without  exceeding an 18-po~d-pu11 force. - 

c One poss-ible  disadvantage  af  including a preloaded  sprfng i n  the  
f e e l  s y s t e m  is that, when the center  of  gravity is at a forward p s i -  
t ion,  it would be  possible  to  experience a decrease in s lope of t he  
var ia t ion of  s t ick   force   wi th  g at higher  values  of g as the s t i c k  
is pulled back past   the  force  break  point.  This i s  i l l u s t r a t e d  i n  f ig-  
ure 7(b)  which presents  the  estimated  st ick-force  variation &gainst g 
fo r  a center-of-gravity  posit ion  of 24 percent mean aerodynamic  chord. 

To increase  the  force.  per  -g so that it will be above the  required 
minimum at high  speeds, a bobweight  can  he added as shown on figure 1( c )  . 
The bobweight t h a t  was used in the  present tests added 2 pounds per g 
to the st ick   force .  With the  increase of 2 pounds p e r  g, the   force  
per g would be within  the  required limits up to 300 miles per hour. 
It appears that, by adding a preloaded  spring and a bobweight t o  the 
centering  spring,  the  feel   system  should  satisfactorily meet the  handling- 
qualities  requirements  within  the  speed range of  t h e  test airplane.  

I n  each  of the  conditions mentioned  above, f l i g h t  tests w e r e  made in  
which the elevator-s t ick-force  var ia t ion  with g i n  steady  turns and the  
force  used in landing were recorded. The f l i g h t  tests w e r e  r e s t r i c t ed  to 
one center-of-gravity  position, 26.7 percent mean aerodynamic  chord. No 
fur ther  rearward movement w a s  possible  because  the  airplane w a s  c lose to 

practical   because a l l  t h e   b a l l a s t   t h a t  could  conveniently  be installed 
* n e u t r a l   s t a b i l i t y  in maneuvers,  and no further  forward movement was 
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ahead o f  the  center of gravity,  had already been employed to   o f f se t   t he  
w e i g h t  of   the  test  equipment and.  booster  insta;lation. The very small 
control  deflections  needed.to maneuver the airplane  aggravated  the  pmb- 
l e m  of  obtaining  satisfactory  values  of  force  per g at  high  speeds and 
at the same time obtain a reasonable  stick  force at landing. 

Standard NACA recording  instruments w e r e  used t o  measure airspeed, 
acceleration,  st ick  force,   st ick  posit ion,  Etnd elevator  posit ion.  The 
s t ick   pos i t ion  w a s  measured c lose   to  the s t i c k ,  and the elevator  posi- 
t ion,  at the  elevator  hinge  line. 

RESULTS AND DISCUSSION 

The results o f  t h e   f l i g h t  tests are shown i n   f i gu re  8. Figure 8( a) 
presents the force  per  g,   the  st ick  posit ion,  and the  e levator   posi t ion 
obtained  with  the  simple  center-  spring; figure 8(b)  presents  the  data 
for  the  centering  spring plus the preload  spring;  figure 8( c )  presents 
the  data for .  the centering  spring p l w  the  preload  spring and the 
bobweight. 

With the  centering  spring only i n   t h e  feel system, the   s t ick   force  
used i n  landing w a s  very high, 88 was expected. The actual   force used 
exceeded the  range o f  the  recording  instrument and was  not recorded. 
The p i l o t  fe l t  t ha t  he had t o  pull an excessive  force. me force  per g 
at low speed was sat isfactory,  5.5 pounds per  g being wwured. The 
force per g a t  300 miles per  hour -8 not as low 88 was expected, a 
slope of 3 pounds per g being measured. . .  

- With the  preloaded  spring  included in the feel system, the s t i c k  
force at landing w a s  sa t isfactory.  A maximum st ick   force  of 18 pounds 
was recorded  during  the  landing. An attempt was made t o  maneuver the 
airplane s o  tha t   the   s t ick   pos i t ion  a t  which the force break occur8 
would be  paseed,  but it was found t o  be d i f f i c u l t   t o  do this at the  test  
center-of-gravity  position. 

With the  preloaded  spring and the bobweight included i n  the  feel 
sptem, the  landing  force was again S a t i t 3 f a C t O 3 ? y .  The farce  per  g at 
200 miles per hour wa6 4.8 pounds per g ,  and at 300 miles per  hour wa8 
approximately  the same. B y  comparison of  figures 8( a)  and 8( c ) .  with 
figure 6 it can be seen  that  the force per g does not  decrease with 
increase in airspeed as rapidly as was expected. This result can be 
par t ia l ly   explained by the change i n  variation  of  st ick  angle against 
elevator  angle w i t h  increasing  aimpeed shown on figure 9. The figure 
shows tha t   the  change i n  a t fck angle f o r  a given  change in elevator  angle 
increases  with  increasing  airspeed. This  indicates that the  increasing 
aerodynamic hinge moments a t  higher airspeeds are causing aome s t r e t c h  

f .  

L 
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or   def lec t ion  i n  the  control  linkage. Since  the feel device is located 
near  t h e   s t i c k ,   t h i s   f l e x i b i l i t y  results i n  an increase in s t i ck   fo rce  
per  degree  of  elevator  deflection. 

Even though the  effects of   the  bobweight  and t h e   f l e x i b i l i t y  in 
the  control  linkage  kept the force  per  g  above the 3 pounds per g 
minimm  requirement  and  kept the force  per g constant f r o m  200 t o  
300 miles  per  hour,   the  pilot  w a s  no t   s a t i s f i ed  w i t h  t he  system. He 
fe l t  that the  centering  tendency was insuf f ic ien t  at high  speed. This 
c r i t i c i sm has' been made of  other  airplanes which  had a small variation 
of  s t ick   force   wi th   s t ick   def lec t ion  (ref. 5 ) .  The p i l o t  would have 
preferred ah increase in centering  with  increasing  speed,  such as would 
have been  created  by a q feel  system which would have resul ted i n  an 
increase i n  force  per g with  increasing  speed. 

A f ac to r  which would affect '   the  centering  action  of  the feel devlce 
is the f r i c t i o n  i n  the control  system. Figure 4 shows t h e   f r i c t i o n   i n  
the  test cont ro l   l inkage   to  be about 3 pounds,  which i e   t h e  maximum 
al lowable  f r ic t ion  force  a l lowed  in   the  e levator   control  of a fighter 
airplane.  Th i s  f r ic t ion  force  could keep the  control  lo f r o m  trim posi- 
t i on  i f  the  controls were displaced and then  released. With the  present 
type  of  control system, this  out-of-trim  displacement remains constant 
throughout the speed range, and the  accelerat ions which  might r e su l t  

manual control  s p t e m  the  control   d isplacemnt  would decrease e t h  
increasing  speed, and the resul t ing  accelerat ion would remain  constant. 
Therefore, it would appear  necessary t o  limit the control   l inkage  f r ic-  
t i o n   t o  smaller values  than  are  presently  required  to  obtain  adequate 
centering at high  speeds  with a spring  type of feel system. 

- become greater  with  increasing  afrspeed. With a q feel system o r  a 

An incidental  result of the test was that the cam and r o l l e r  type 
of  device, sham in figure 1, was considered t o  be a poor means to  
provide a centering  force.   This  device  introduced  relatively  high  fric- 
t ion  forces  in the   control  linkage wuch  aggravated  the problem of 
obtaining  satisfactory  centering. The device also caused the s t i c k  
forces to be  very  sensi t ive to t he   e f f ec t s  of d i r t  o r   o ther  small 
irregularities that  might appear on the  face  of   the  cam. 

Although the tests w e r e  limited t o  airspeeds below 300 miles per  
hour, some conclusions  regarding the use of  such 8 feel system on a 
transonic  airplane can be made. It has been  pointed  out t h a t   t h e  
f l e x i b i l i t y  in the control  system  tended  to make the stick-force varia- 
t ions  more sa t i s fac tory .  It is  poss ib le   to  imagine enough f l e x i b i l i t y  
in the   cont ro ls   to  make the f e e l  entirely ea t i s fac tory  below the transonic- 
speed range. However, i f  the  amlane were flown in the  transonic-speed 
range where the  hinge moments of  the  elevator are l i ke ly   t o   i nc rease  
rapidly, o r  to change in an e r r a t i c  manner, such   f l ex ib i l i t y  i n  the 
control  linkages  could  lead t o  large, detrimental  changes i n  the   cont ro l  
of the  a i rplane.  - For instance, it might lead   to  an excessive  increase - - 
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in   the   s t ick   force   requi red   for  t r i m  as the  transonic-speed  range was 
entered. It would therefore  appear  necessary to- . tEe  linkage r i g i d  
for  transonic airplanes. 

. " 

* 
If it io assumed that   the   control   l inkage is r igid,   calculat ions 

show that, even with  the 2-pound bobweight, the   force   per  g would 
decrease t o  a value below the  required m i n i m  a t  some speed above 
300 miles per  hour.   This  difficulty might be overcome without  resorting 
t o  a cuntinuous  variation  of  force  gradient  with dynamic pressure  by 
varying  the  centering-spring  constant  ir.two or F r e  steps  throughout 
t he  speed range. Such an arrangement might involve less mechanical 
complication than the  continuously  varhble system. With a higher  spring - 

constant, it would be  possible  to  extend the sat isfactory  range of force 
per g f o r  t h e  feel. s y s t e m .  Far example, i f  the  spring  constant In t he  
present sy-stem could  be  doubled at 400 miles per  hour,   the  variation of 
force per g with  airspeed would appear a6 shown i n  f igure 10. Such-an 
arrangement would extend the sa t i s f ac to ry  range t o  600 mlles per  hour. 

T k  force  per g of  the  bobweight 1s included i n  the  calculated 
da ta  of f igure 10. It is not f e l t  that the sat isfactory  range of the 
feel  system  could be extended by increasing  the bobweight force.  The 
p i l o t ' s  opinion i n  the  present tes t  and the  results of  reference 5 
indicate  that it is necessary  to  have an adequate  centering  force BB 
well as a sa t i s f ac to ry   va r i a t ion  of force  per  g t o  have a sa t i s f ac to ry  
s t i c k  feel. For this added reason it would appear  necessary t o  have a 
variable  centering-spring  constant as a s t e p  towards making t he  feel  
system sa t i s f ac to ry   fo r .  a transonic  airplane.  To further  insure  adequate 
centering,  5t may be necessary  to  limit the   f r i c t ion   i n   t he   con t ro l  
system t o  smaller vaiues than  *e- pfeseri%lji .allowed. 

. .  

." . .. . . . ." - . - - 

C O K L U S I O N S  

Tests of some simple  types of  feel devices in the   e leva tor  system 
of a Chance Vought FbU-4B.8irplane equipped w i t h  a power control  sptem 
have yielded the fallowing  conclusions : 

1. A centering  spring, which gave no var ia t ion of  force gradient 
with impact pressure and was strong enough t o  give  reasonable  force  per 
g values, w a s  unsat isfactory because of the excessive  st ick  forces 
e n m u t e r e d  i n  landing. 

2. With a preloaded  spring  included i n  t he   f ee l  system t o  reduce 
the   s t ick   forces  when landing and a bobweight included t o  increase the 
force per g, the   e leva tor   s t ick- farce   charac te r i s t ics   sa t i s f ied   the  
minimum requirements  over  the  lfmited  speed  range of t h e  test a i rp l ane  
at the test  center-of-gravlty  poeition. 
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3 .  The centering  force  provided by the  feel   system at high  speeds 
was cons iaered  to  be  unsatfs  factory.  

4. Sat isfactory  e levator   s t ick-force  character is tFcs  would be  dif-  
f i cu l t   t o   ob ta in   w i th  the centerfng-spring  type of feel device on an a i r -  
plane  intended  for  transonic  airspeeds. 
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TABLE I 

CHARACTEXISTICS O F  F4U-4B AIKPLAm 

Weight. lb  . . . . . . . . .  
Wing span. ft . . . . . . . .  
Total w i n g  area. sq Ft . . .  
Root chord. ft . . . . . . .  
Wing center   sect ion . . . . .  
Wing t i p   s e c t i o n  . . . . . .  
Incidence.  deg . . . . . . .  
Stab i l i ze r  span. ft . . . . .  
Stab i l i ze r  area. sq ft . . .  
Elevator area. s q  ft . . . .  
Fin area. sq  ft . . . . . . .  
Rudder area. sq ft . . . . .  
Aileron area. sq ft . . . . .  

Tip chord. f t  . . . . . . . .  

Dihedral  (outer panel).  deg . 
Stab i l i ze r  maximum chord. ft 

Flap area. s q  ft . . . . . .  
Engine . P r a t t  & Whitney . . 
Propeller . Hamilton  Standard 

. . . . . . . . . . . . . . . . .  12. 676 . . . . . . . . . . . . . . . . .  40.98 . . . . . . . . . . . . . . . . .  276.3 . . . . . . . . . . . . . . . . . .  8.75 . . . . . . . . . . . . . . . . .  3.94 . . . . . . . . . . . . . . . .  IUCA 23018 . . . . . . . . . . . . .  i . NACA 23009 . . . . . . . . . . . . . . . . .  2 . . . . . . . . . . . . . . . . .  8.5 . . . . . . . . . . . . . . . . .  16.3 . . . . . . . . . . . . . . . . .  2.82 . . . . . . . . . . . . . . . . .  28.6 . . . . . . . . . . . . . . . . . . .  24.6 . . . . . . . . . . . . . . . . .  7.34 . . . . . . . . . . . . . . . . .  14.7 . . . . . . . . . . . . . . . . .  18.1 
36.4 . . . . . . . . . . . . . . .  R-2800- 18w . . . . . . . . .  4 blade, Constant  speed 

. "" . . . . . . . . . . . . . . . . . . .  

" 

. 
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(b) Simple centering-epring feel  system. 

(c) Modifications to simple system. 
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Figure 2.- The F k r - b  test airplane. 
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Figure 3 .  - D r a w i n g  of the F4U-43 airplane. 
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Figure 4.- Variation of the stick force w i t h  stick def lec t ion   for   the  
various f ee l  syatem arrasgerents. 

, 
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Figure 5.- Vaxiation of stick angle u3.a elevator angle for t h e  
F4U-4B airplane. 

t 
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Figure 6.- Variation of elevator-imgle with airspeed and acceleration Fn- 
the clean and landing conditions for the P.4U-4B airplane. Center of 
gravity, 26.7 percent mean aeradynamic chord. 
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Accele&n , y 

(a) Centering spring. ’ (b) Centering sprFng  plus (e) Centering spring PrelmCkd spring, E 
preloaded spring. and bobweight. P 

Figure 8.- Variation of stick force, stick  position, and elevator p o s i t i m  z 
measured in fll&t with the various feel system arrangements In t h e  ul r 
FJUJ-43 airplane. C e n t e r  of gravity, 26.7 percent mean aerodynamic 8 
chord. 

P rn 
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Figure.9.- Variation of elevator angle w i t h  stick angle at variouer air- 
speeds in the ~4U-43 airplane. 
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Figure 10.- Variation o f  stick force  per g with airspeed for  the centering- 

spring type O f  feel syetem with a variable spring constant and a 2-paund 
bobveight. 
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