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CATAPULT-LAUNCHED AIRPLANES 

By Wilmer H. Reed, IT1 

Some of the newer airplanee  designed  for carrier operations have ' 

high wing loads  and.wing  plan f o m .  with low l if t-curve  slopes.  These 
configurat$ons may require  special  catapulting equipment or  techniques 
to prevent  an  excessive 108s of height when catapulted from the deck a t  
a low att i tude  angle.  A curved ramg installed on the deck forward of 
the  catapult releake point is  considered as a possible  solution t o  this 
problem. I ts  function would be t o  impart  an i n i t i a l  upward ve r t i ca l  
velocity  to  provide more time for the   controls   to   pl tch the a i rp l ane   t o  
the  required  angle of attack  before  settling  could  occur  and also to 
impart  an initial nose-up pitching  velocity so that the development of 
l i f t  would be more rapid. 

An analysis of take-off performance is made by considering a ramp 
of circular-arc prof i le  50 feet long with a t o t a l  rise of 1.73 feet. 
The assumption that the  landfng  gear i s  r igid is used  throughout the 
analysis. A straight-wing  conventional  fighter j e t  airplane and a low- 
aspect-ratio  delta-wing  airplane are used t o  i l l u s p a t e  the effect of 
the ramg. Results of f l ight-path Computations are presented  for 
launchings from a st raight .deck and the curved ramp under conditions of 
insuff ic ient  lift at the   ins tan t  of take-off. For the case of the 
straight-deck  launchings,  the  airplanes  considered  settled from 6 to 
9 f e e t  below deck level,  whereas for sfmilar launching from the curved 
ramp there  was no tendency t o  lose a l t i tude .  

C The design  trend of carrier-based  Jet   airplanes is  toward high wlng 
loadings  and wing plan forms which produce low lift-curve slopes. These  
character is t ics  have an  adverse effect on the  take-off performance  of . - 
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catapulted  airplanes and, for  cases i n  which the ground angle of attack 
is  low, special   catapulting devic,es  or  procedures may be required  to " 

prevent an excessive' loss i n   a l t i t u d e   a f t e r  the airplane  leaves  the deck. - .. 

Various methods of  increasing  the  angle of attack  prior t o  take-off 
are under consideration. Among these are 

(a)  Preloading  the nose-wheel oleo  s t rut  so tha t  when the  catapult  
br idle  i s  released the nose-wh.eel restoring  force will give  the  airplane 
a nose-up pitching  acceleration. 

(b)  Fixing  the  airplane a t  a higher-than-normal ground a t t i tude  
angle by e i ther  pumping up the nose-wheel .oJeo s t ru t   o r   f ix ing   the  tail 
down prior   to   the  catapul t  power stroke.  This  procedure  introduces 
problems associated  with  the  inclination of the   j e t  blast such as  
increased  difficulty and hazard t o  the spotting crew  and greater heating 
of the deck a t  the  catapult   start ing  point.  I$. m y  also  increase  the 
time required  for  spotting  the  airplane on the catapult. 

. . " 

" 

" 

I 

( c )  Using the  catapult  force  .to  provide . a  nose-up pitching  accelera- 
tion  during  the power stroke.  This  procedure  might  be d i f f i c u l t   t o  
control  with  varying  airplane  loadings and inconsistencies. i n  the t i m e  L .  

his tor ies  of catapult  force. It may also be d i f f i c d   t o  obtain  an 
arrangement that i s  directionally stable during  the  catapdt  stroke.  . ". 

- 

P " 

An al ternate  method of reducing the tendency of the  airplane  to 
s e t t l e  after it leaves  the deck is  suggested in  the  present  paper. This  
system incorporates a curved rmp ins ta l led  on the f l i g h t  deck forward" 
of the  catapult  release  point. The function of this ramp would be t o  
impart  an in i t i a l -ve r t i ca l   ve loc i ty  t o  the  catagulted  airplane and thereby 
provide-more  time for  the  controle  to  pitch the ai rp lane   to   the   re idred .  
angle of attack  before settling could OCCUT. I n  addition,  the ramp  would, 
i n  most cases,  provide  an i n i t i a l  nose-up pitching  velocity which would 
reduce the-time  required t o  p i tch  t o  the  necessary  angle of attack. 

.. . 

L .  

Flight-path computations have been made. by considering a ramg of 
circular-arc  profile 50 fee t  long with  a . . total   r ise  of 1.73 fee t .  With 
the assumed catapult-end speed of 85 knots  the upward ver t ical   veloci ty  
a t  the end of the ramp i s  about.10  feet  per second. A conventional 
straight-wing je t  f ighter la i rplane .md a lox-aspect-ratio  delta-wing 
airplane were used as. examples and the  calculated-  take-off  chracteristics 
of these  configurations launched.  from the  r-gp  are compared with similar 
launching8 from a conventional strafght deck. 

. -. 

. . . 

" 
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SYMBOLS 

- A aspect   ra t io  

&r radial   acceleration of ramp 'in g unite 

C wing mean aerodynamic chord - 

CD drag  coefficient, D/qS 

CL lift coefficient,  L/qS - 

c, pitching-moment coefficient,  M/qSF .- 

D -&&g 
" 

e airplane  efficiency  factor 

F deck reaction  force 

- Q -  .... accelerat ion due to   gravi ty  

h distance between fuselage  reference  line- and wheel hub 
I measured i n  plane of symmetry, perpendicular to   fuselage 

reference  l ine 

ky radius  of  gyration  about lateral axis 

L l i f t  . 
2 distance between center of gravity and wheel hub measured i n  

plane of symmetry paral le l   to   fuselage.   reference  l ine 

2 '  defined by equation 5 of appendix A 

M pitching moment (posit ive nose up) 

m airplane mass - 

9 dynamic pressure pv2/2 

R radius of curvature of curved ramp 

S wing area 

S distance  re la t ive t o  air along f l l g h t  path 
+ 
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time 

thruat 

wind speed re la t ive   to   car r ie r  deck 

t rue air speed - 

catapult end speed r e l a t ive   t o  deck 

airplane  weight 

horizontal  distance between catapult-bridle  release  point and 
main wheel hub 

axis i n  direction of free stream 

ver t ica l  axis perpendicular t o   f r e e  stream 

angle of attack 

elevator or elevon  angle 

att i tude  angle 

coefficient of f r i c t ion  

air   densi ty  

flight -path  angle 

deck angle 

Subscripts: 

n noBe w h e e l  

m main  wheel 

t tail wheel 

1 catapult-bridle release point , 
" 

The terms  involving a subscript 0 Cq,, C D ~ ,  and so for th)  are  ( 
the  values of the  coefficients when the  variables upon which they depend 
are zero. . A  dot  over a variable  indicates  differentiation  with  respect 
t o  time.  Definitions of stabil i ty  derivatives  are  given by the  following 
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. examples : 

L &L cr, = 

&L 
=as, 

5 

% = -  ac, 
a(g) 

METHOD 

. In  order   to   evaluate   the  effect  of a curved r a p  on the  take-off 
performance of catapult-launched  airplanes, calculated take-off char- 
ac te r i s t i c s  of launching6 f r o m  a curved ramp are c e a r e d  w i t h  launching8 
from a conventional straight deck. Motion of the airplane was f i rs t  
determined  over the  interval  between the catapult-bridle  release  point 
and the end of the deck (a distance  of 50 feet). The response of the 
airplane  to  conditions which exist a t  the instant   the   a i rplane  rol ls  
from the end of the  deck was then computed for the early stages of take- 
off during  which'the  pilot may have little or  no control  over the air- 
plane's motion. 'The equations of motion a d  the  computational  procedure 
used for  determining the take-off  performance are given i n  appendix A. 

. 

The curved ramp. - The curved ramp used as an example in .the following 
calculations ia a circular   arc   with a 72O-foot raditii which is tangent t o  
and extends 50 feet beyond the  catapult   release  point.  The total rise i s  
1.73 f e e t  and  the width is greater than the airplane tread. With a cata- 
pu l t  end speed  of 85 knots the pitching  velocity of an  afrplane  folluwing 

* the curvature of the ramp is 1l0 per second, the radiELl acceleration i s  
O.gg, and the ver t ical   veloci ty  of the w h e e l s  a t  the end of  the ramp is 
10 feet   per  second. The geometry and r e l a t ive   s i ze  of the ramp and a 
conventional. f ighter   a i rplane are shown fn figure 1. 

Airplanes  used aa examples. - Two airplanes have been chosen t o  
i l l u s t r a t e  the effect of the  curved ramp. 

Airplane A is a straight-wing  fighter  airplane with moderste aspect 
ra t io .  The physical  characterist ics a d  the aerodynamic data  obtained 
from a wind-tunnel t e s t  of airplane A are presented in table' I. Lo@- 

zontal tail. 
. tudinal  control is provided by elevators mounted on 8; conventional  hori- 
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Airplane B . i a  a low-aspect-ratio,  tailless  configuration  with a 
modified  delta-wing  plan form. T h e  physical  characteristics and wind- 
tunnel  data used i n  the computations for  airplane B w e  given i n   t a b l e  I. 
Longitudinal  control is accomplished by elevons and  trimmers located a t  
the  trail ing  edge. o f  the wing. A t a i l  wheel has  been added to   the  
trlcycle-type  landing  gear  to  ]$rev'eit  .structural .damage. t o   t h e   t a i l  when 
taking  off and landing  at  high  attitude  angles. The s t a t i c   a t t i t u d e  
angle of this confi-&ration is -only 2.7O; however, it is  possible to 
a t t a i n  7.0' by pumping the nose-wheel oleo strut t o  i t s  fu l ly  extended 
posi t ion  or  14.0° by fixing  the  airplane i n  a tail-down  position  with 
the  tai l-wheel  oleo  strut   fully compressed. 

Assumed catapult  and wind speeds. - Take-off calculations have been 
carried  out by assuming an  85-knot catapult end speed for.both  airplanes 
and a wind speed  over the deck of 10 knots  for the case of airplane A 
and 25 knots  for  airplane 8. .With these  airspeeds 'the l i f t  deficiency 
on leaving  the  straight deck was 25 percent  for  airplane A (a t t i tude  
angle, 7.4O) and 38 percent.  for  airplane B (att i tude  angle,  14.0O). A 
25-knot wind. speed i s  the minimum normally considered  for  carrier opes- 
tions; however, the 10-knot  speed was used fo r  airplane A to i l l u s t r a t e  
the  effect  of  the ramp with  this  configuratTon under a c r i t i c a l  condition. 

. - .  

RESULTS AND DISCUSSION 

hunching  c&racteristics of airplane A.- The computed variations 
i n  height, normal acceleration,  angle of attack,  vertical   velocity,   true 
airspeed, and at t i tude  angle   with  horizontal   d is tance  re la t ive  to   the 
carr ier   and  referred  to   the  catapul t   re lease  point   are  shown i n  f igure 2 
for  the case of airplane A launched frijm a s t ra ight  deck and the curved 
ramp. An approximate time scale  determined from the mean  of the veloc- 
i t i e s   i n   t h e  two caaes i s  also .inciuded i n  figure" 2. 

I n  addition to the   a i rplane  character is t ics   l is ted  in   table  I, a i r -  
plane A i s  assumed t a  have a fixed  elevator  deflection of -2.0°. With 
the  center-of  -gravity  location  consideyed  (5-percent  static  margin), 
this   e levator   def lect ion will provide  steady trimmed f l i g h t   a t  O.gCL,ax. 
The att i tude  angle ' ielatJve  to  the  take-off  platform i s  7.40' and i s  the 
static  angle.  Since  the  landing  gear is assumed t o  be r i g i d  and the 
aerodynamic pitching moment, i n   t h i s  case, is less  than'  the moment 
r e q u i r e d   t o   l i f t  the nose wheel, the at t i tude   angle   re la t ive   to  the 
deck remains cmstant   un t i l   the  nose wheel leaves  the end of the deck. 
The airplane  then  acquires a gwe-down pitching  acceleration which i s  
sustained  unti l   the main wheels ,leave the end of the .deck. Aeroayndc  
ground effect ,  which would tend  to  increaee  the nwe-down pitching 
acceleration, was neglected  for the case of airplane A since it-s inf lu-  
ence on pi tching i s  of such brief  duration. 
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Figure 2 shows that the IO-foot-per-second i n i t i a l  ver t ical   veloci ty  
imparted by the-ramp i s  suff ic ient   to   prevent  the subsequent ve r t i ca l  
velocity from becoming negative and the initial pitching  velocity has 
reduced  the  time  required to accelerate upward by about 0.6 second. 
After the nose w h e e l  leaves  the end of the ramp th& normal acceleration 
acting a t  the center of gravity imposes a nose-down pitching  accelera- 
t ion  which tends  to  reduce the pitching  velocity imparted by the ramp. . 
At the t i m e  the main w h e e l s  leave  the end of the ramp the  pitching  veloc- 
i t y   f o r  this case has been reduced  from ll.Oo t o  7:6O per  second. The 
fl ight  path  for  the  straight-deck case dips below deck l eve l  a t o t a l  of 
9 feet whereas for   the  ramp case  the  airplane remalns above  deck l eve l  
and continues  to  climb. The vertical   spread between the flight paths 
of the two cases a t  a distance of w.0 f e e t  from the end  of the deck i s  
about 40 fee t .  

A p i l o t  may have l i t t le  control  over a i rp l ane  motion irurnediately 
after take-off;  therefore  consideration  should  be  given t o  the pos- 
s i b i l i t y  of exceeding the a t a l l  angle of a t tack caked by the initial 
pitching  velocity  imparted by the ramp. Since th&%ngle of  a t tack  did 
not reach  the  steady-state trim value ( 0 . 9 C b x l  f o r  which the control8 
were 'set throughout  the  time  interval  of  about eeconds covered by the . .  
computations, It i s  apparent that the in i t ia l   p i tch ing   ve loc i ty  for the  ' 

case considered is  not  too great. 

- 
- 

Inasmucli as-the angle of attack  reached by the straight-deck case 
is less than that for   the ramp it is possible that some gain  could  be 
realized  without danger of overshooting the stal l  arrgle by se t t i ng  the 
controls  for a s o m e w h a t  higher t r f m  angle of a t tack for the  s t ra ight-  ' 

deck case and thereby  increase  the  pitchtng  acceleration. It is fe l t ,  
however, that this change would not  greatly alter the comparison. 

Launching character is t ics  of airplane B.- A presentation of the 
take-off  characteristics of airplane B launched fr& a s t ra ight  deck 
and the curved ramp is given i n  figures 3 and 4. The  computed variables 
are the same as those for airplane A in   f igure  2. 

Aerodynamic ground ef fec t  as obtained  from  wind-tunnel test of 
airplane B i n  the  presence of a ground board i s  shown i n  table I. These  
e f fec ts  wera accounted fo r  fn the computations for airplane B p r i o r   t o  
leaving  the deck and w e r e  neglected  thereafter. The inclusion of  ground 
ef fec t   for  the case of airplane B wa8 believed t o  be necessary  since  the 
pitching  mment W ~ E ,  f o r  some condi t ions,   suff ic ient   to  lift the nose- 
wheel a t  the  catapult-bridle release point. I n  sucfi cases  the  pitching 
motion i s  influenced by ground e f f ec t  .over the e n t g e   l e n g t h  of the 
50 f o o t  take-off  run. 

Figure 3 shows a comparison of  the  straight-deck and curved-ramp 
- launchings of airplane B. The  control  deflection i s  -g.Oo and the 
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a t t i tude   angle   a t  the .bridle release  point i s  7.0°, the angle  obtained . 

by block,ing  out the nose-wheel oleo s t r u t  t o  i t s  fu l ly  extended  position. 

The  aerodynamic pitching m n t  w a s  s u f f i c i e n t t o  l i f t  the nose 

L 

" 

wheel during  the  straight-deck  take-off  run,  but, due to   the   rad ia l  
ramp acceleration  acting  at-the  center of gravity which i s  forward of 
the main wheels, the same aerodynamic pitching moment i s  insuff ic ient  
t o  l i f t  the nose w h e e l  fo r  the case of the curved ramp. As a result, 
the nose-up pitching  velocity at the end of the s t ra ight  deck is 4.4O 
per second &B comparred with 7.0° per  second for  the  curved ramp. Since 
the  difference i n  nose-up pitching  velocity a t  the instant  of  take-off 
i s  small the  potential  advantage  of the ramp for  this case i s  primarily 
due to   t he  i n i t i a l  ver t ical   veloci ty .  

The t o t a l  l o s s  i n  height following  the  strafght-deck  take-off i s  
6 f ee t  and the  airplane  remains below deck leve l   for  a distance of about 
450 feet .  The airplane after taking off from the curved ramp continues 
t o  climb  and, i n  a distance of 500 feet frm the carr ie r  bow, has 
aZtained a height 36 f e e t  greater than  the  straight-deck  case. The 
minimum rates of climb for  the case of the curved ramp and s t ra ight  
deck are, respectively, 4 and -8 feet   per  second. . 

I n  f igure 4 the ramp launching shown i n  the preceding figure is  
compared with a launching from the s t ra ight   deck- in  which the initial 
att i tude  angle is  14.0' and the control  deflection is  -15.0°. Also 
included i n  the figure are r e su l t s  of computatiogs made for   the ramp 
case i n  which the  control  deflection i s  fixed at -9.0° u n t i l  the maximum 
angle of attack is reached a t  which time the controls-are  moved i n  a 
manner required  to- hold the angle of attack  constant. With the tail-wheel 
oleo s t r u t  fully cmpressed. so that the ground-attitude  angle i s  14.0°, 
it was assumed tha t  the aerodynamic pitching moment for  this case was 
su f f i c i en t   t o  overpower the  restoring  force of the oleo  s t rut  and the 
tail wheel was considered t o  be fixed  against i t s  stop. 

" 

It will be noted fra figure 4 tha t  the control  deflection for the 
r a m  case is l e s s  than that for  the  straight deck. Computations, the 
r e su l t s  of which are not shown i n  figure 4, were a l so  made for  the rami 
take-off  using  the same control  deflection as was used with  the  straight- 
deck launching (-15.0°). These  computations showed that the combined 
ef fec ts  of pitchfng  acceleration due to  the  mt-of-trim  condition and 
pitching  velocity  imparted by the ramp along with the low damping i n  
pitch of airplane B caused the angle of a t tack  to   reach a peak value of 
about 30°; this   value i s  believed t o  be greater  than the s t a l l  angle  of 
this airplane. It waa therefore  hecessary  to use a smaller control 
deflection for the case of the ramp-tg the comparisons presented i n  
figure 4. It should be mentioned %re that the analysis assumes a 
l i n e a r  va r i a t ion   i n  l i f t  and pitching moment with-angle of attack. 
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Consequently, a t  large  angles 'of -attack w h e r e  th i s   assmpt ion  is no 
longer  an  accurate one, the   resu l t s  can  only be interpreted  quali tatively.  

Since the straight-deck ca8e has the higher control   se t t ing of the 
two, as shown in figure 4, the rate of climb for. the  straight-deck  case,  . 
when the controls are assumed t o  remain  fixed, ~ € 1 1  eventually  exceed 
that-of   the ramp. It is possible, however, fo r   t he   p i lo t  to improve the 
r a t e  of  climb of the .ramp case by increasing the control  deflection 
after there i s  assurance that the  stall  angle of  a t tack  w i l l  not  be 
exceeded. An example is considered  wherein  the  controls  are assumed t o  
be fixed a t  -9.OO.until the maximum angle of attack is reached  and 
thereaf ter  are deflected so as to hold the angle of attack constant. 
This  condition  could only be approached Fn the  pract ical .case  s ince 
computations show that the required  control motion has the  form of a 
step  deflection. The elevon  deflection  in this case instantaneously 
changes frcm -9. Oo t o  -16. go at the time the angle of attack reaches a 
maximum value of 24.3O. The deflection  then  approaches a steady-state 
value of -16:5O. The  computed results using the foregoing  assumption 
me ident i f ied   in   f igure  4 by the short  dashed  curve6. 

In   addi t ion  to   the-resul ts   presented  herein  Pl ight-path computations 
were also made for   a i rplane B a t  a l i gh te r  weight (l7,OOO -1bs) and a t  an 
in i t i a l   a t t i t ude   ang le  of 2.70. A t  this angle only 3 percent  of  the 
required l i f t  w a s  developed a t  the end of the deck; however, t h e   i n i t i a l  
ver t ica l   ve loc i ty  and the nose-up pitching  velocity  imparted by the ram 
were suff ic ient   to   prevent  a loss in   he ight  due t o  this l i f t  deficiency 
a t  the  outset  o f  f l i gh t .  The m i n i m u m  vertical veloci ty  f n  this case wa8 
upward 2 feet per second. 

CONCLUDING RENARKS 

A n  analysis i s  made of the e f f ec t  of a curved ramp ins ta l led  on a 
car r ie r  deck forward of the  catapult  release point  for the purpose  of 
improving the take-off perfQrmance of catapult-launched airpla&s. The 
ramp under consideration i s  a circular-arc   prof i le  50 feet long with a 
total rise of 1.73 feet. The assumption that the  landing  gear is r i g i d  
has been  used  throughout the  analysis.  

The results of f l ight-path computations for  a straight-wing 
conventional  fighter j e t  airplane  launched-  with  insufficient l i f t  showed 
that, in   the  case of a s t r a igh t  deck, the   f l igh t   pa th  dipped below deck 
leve l  a t o t a l  of 9 feet whereas, for the rmp case, the  airplane con- 
tinued to climb after leaving  the ramp.  The vertical   spread between the 
f l ight   paths  a t  a distance  of 500 f ee t  from the end  of the deck is about 
40 feet. Similar  computations were made f o r  a low-aspect-ratio delta- 
wing airplane. The t o t a l  loss in   he ight   for  this. configuration  subsequent 



t o  a straight-deck  launchim waa 6 fee t  aqd the  airplane remained below 
deck leve l   for  a diatance of about 450 feet.  Sett1,ing  did  not  occur for 
the  case of the ramp launching and, i n  a ,distance of -500 feet ,   the 
height  attained wa-s 36 feet  greater  than  the  height of the correspondirig 
straight-deck  launching. 

Langley Aeronautical  Laboratory, 
National Advisory Committee for  Aeronautics, 

Langley Field, V a .  
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APPENDIX A 

METHOD OF CO- TAKE-OFF FERFO€?MANcE ' 

Equations  of motion.- T h e  system of moving axis with  the or ig in  
t aken  at the airplane center of G a v i t y  and the  &.finition of forces - 
and angles are  shown in figure 5.  A summation of t he   i ne r t f a  and 
external  forces and momenta acting a t  the center of  gravity when the 
airplane is in the position indicated by figure 5 y r d u c e s  for the 
controls  -locked case 

The l i f t ,  drag, and pitching moment i n  terms of aerodynamic coefficients 
are 

- .  

where 
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The terms C k ,  CD,, and % are the  values of the  coefficients when 8 

the  variables upon which they depend a2e zero. The thrust  of turbojet-  
propelled  airplanes i s  considered  constant  for  the  range of speeda - 
involved. 

If a t a i l  w h e e l  alone i s  in  contact w i t h  the deck the  subscript- m 
i n  equations ( A l )  is  replaced by t and the  equations  then  define  the 
motion a f t e r  the main wheeis leave- the end of t;he"deck. When all wheels 
are clear of the deck, the deck reaction  force  vanishes and the resul t ing 
equations of motion represent  the . .  airborne . condition. 

.. . " 

I n  order to  simplify  the  analysis,  the  following  general assllmptione 
have been made: 

(1) The controls  are  fixed. 

(2)  Unsteady l i f t  effects are  neglected. 

(3 )  Angular displacements  are small. 

(4)  A l inear   var ia t ion of l i f t  and pitching moment wi th  angle of 
attack i s  assumed. 

( 5 )  Rolling  friction i s  neglected. 

(6)  Landing g e a r - i s  assumed t o  be r ig id .  

Airplane motion prior  to  take-off.-   In  order  to  obtain  particular 
solutions of the equations  of motion representative of the airborne 
condition, it is  necessary t o  determine-the  airspeed,  angle of attack, 
attitude  angle, and pitching  velocity at the instant  the wheels ase 
clear of the deck. When these  quantities were comguted it was assumed 
that, during  the  take-off  run, a distance-of 50 feet ,  changes i n  angle 
of attack and attitude  angle.have a negligible  effect  on acceleration 
due t o  thrust and the  variations of speed in this region do not  affect  
pitching.  Accordingly, the increment in  airspeed was determined frm 
equation (Ala) and the angle  of  attack,  attitude  angle, and pitching 
ve loc i ty   a t   the  end of the deck were found by ~ s o l v i ~ ~  equations (Alb) 
and ( A ~ c )  simultaneously. 

It w a s  found convenient t o  express airspeed i n  terms of dynamic 
pressure and t o  use air   d is tance along the f1ie;ht  path as the independ- 
e n t  variable  rather  than time. For the  case OF the   s t ra ight  deck, the 
terms y and $$ are zero  during  the  take-off  run;  therefore, when 
ro l l i ng   f r i c t ion  i s  neglected,  equation ( A l a )  becomes 

t 



NACA RM L52105 r? 13 

If the drag  force is assumed t o  be constant during.the take-off  run 
and the  subst i tut ion 

vc + u 
VC 

s =  X 

is made, the increment i n  q a t  the end of the s t ra ight  deck (x = 5 0 )  
becomes 

For a corresponding 

(A3 1 

take-off from the curved ramp the increment i n  q 
i s  amewhat  less-becauae of -the 1.73 .feet of height  gained.  Equating 
the work required  to lift the  airplane 1.73 fee t   t o   t he  change in kinet ic  
energy  gives 

therefore, a t  x = 50 

Rewriting  equations ( a b )  and (Alc) in accordance  with  the  assumptions 
of no r o l l i n g   f r i c t i o n  and sinall. angles produces 

where 
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The difference i n  the local  deck angle and the  a i rplane  a t t i tude 
angle, @ - 8, i s  practically  constant during the  take-off;  therefore 
2' ,  may be satisfactor-i ly approximated by- its value a t  x = 0 

=_ 

I t  w i l l  be nateil that  equations (A5) apply  for  the  kase in which the 
nose wheel I s  not  touching  the deck. Since  the  landing  gear is assumed 
t o  be r igid,  this condition  exista whenever the aerodynamic pitching 
moment during  take-off is sufficient  to  pr0duce.a nose-up pitching 
acceleration  or when the nose wheel r o l l s  from the end of the deck.. I n  
the  case  with  the nose wheel i n  contact  with  the deck the motion of the 
airplane  before  the..nose wheel  reaches the-.end of the deck (s t ra ight   o r  
with ramp) i s  defined purely by the geometry of the  .take-off  platform.. 

" 

The normal accSler-ation at   the   center  of gravity i n  g unite may 
be expressed i n  terms of the raQia.1 acceleration of  the r a p  by the 
re la t ion  . .  . .  " .  

I 

where , I " 

When F i n  equations (A5)  i s  eliminated and the- resulting  equation6 i s  
combined with  equation (A6) the  pitching  acceleration becomes 

The angle-of-attack change during the take-off  run was small and, as a 
consequence,  changes i n  the lifi and pitching moment i n  this  region were 
neglected. The pitc-hing  acceleration  given -by equation (A7)  was there- 
fore assumed t o  be constant over the  region  in which the nose wheel was 
f ree  of the deck. 

. .  

" 

L - 
The values of a, 8 ,  and - dB, a t   the   ins tan t   the  main wheels leave as 

the deck (x = 5 0 )  may be computed from 'the  following  relations: - 
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e = eo + io at + go a t 2  

J 

The term Bo and i ts  derivatives ere evaluated at x a Y  the  distance 
between the   b r id le   re lease   po in t  and the main wheeli- a t  the t i m e  the 
nose w h e e l  leaves  the deck. When these  quant i t ies  are expressed in 
terms of the deck  geometry,  they may be  writ ten 

XOf 2 80 = 6 1  + 
+ 2, 

- 
R 

VC eo = - 
R 

where 

and the aerodynamic damping i n   p i t c h  i s  neglected. 

When the  pitching  acceleration B evaluated a t  the bridle release 
point i s  posit ive  (nose ug) the nose wheel l i f ts  a t  :x = 0 and A t  i n  

equation (A8) is  given  the  value -. 50 When the  pitching  acceleration 

is equal t o  or less than zero a t  the bridle release point  the nose w h e e l  
VC 

remains in   contact   wi th  the  deck until X = 50 - (2n t Zm) i n  which 
case A t  = Zn + 2, 

vc 
- 
- 
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The quantit ies q, 8, a, and - de evaluated a t  the end  of the ds 
deck  by the  preceding  approximate  relations.(eqs. ( A 3 ) ,  (Ab), and ( A 8 ) )  
were found t o  be i n  good agreement with  an  analytical   aolution  of a 
l inearized form of equat.ion (Al) i n  which the  variations of l i f t ,  drag, 
and pitching moment-during the take-off  run were accounted  for. 

Airplane  motion after take-off.- I n  the absence  of t he  deck reaction 
force,  equations ( A l )  define  airplane motion for the airborne  condition. 
When it is noted that 7 = 8 - a, equations (Al) and (A2)  combine t o  
y ie ld  three simultaneous  differential  equations where the unknown 
variables a r e  q, . a, and 0 .  These equations are as follows: 

i n  which 

al = - PT 
m 



3w 

PSCL, 

a 7 = - -  2m 

Equations ( A 9 ) ,  subject t o  the in i t ia l   condi t ions  q, a, 8 ,  and - de ds 
evaluated a t  the   po in t  where the   a i rp lane  leaves the deck, were integrated 
o n  the Bell Telephone Laboratories X-66744 re lay  computer at t he  Langley 
Laboratory by using  the Runge-Kutta numerical method. A description  of 
t h i s  step-by-step  procedure  for  solvfng  simultaneous  differential equa- 
t ions  may be found i n  reference l. 



1. Scucorough, James €3.: Ewerical Mathematical Anaiysis. The Johns 
EoFkins  Press (Baltimore), 1930, PP. 299-303. 

* 
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Characteristic 

w, lb 
my slugs 
ky, ft 
Vc, knots 
U, knots 
T, lb 

A 

Center-of-gravity  location,  percent 

2 m  ft 
4nt ft 
It, ft 
%, ft 
2nt ft 

s, Sq ft 

E, ft 

mean aerodynamic chord 

Airplane A I Airplane B I 
19 , 000 
590-0 
7 -  30 
85 
25 
8,000 

557 
2.02 
18.25 

22.0 
1.9 
5.2 

12.0 
2.8 
14.3 

. . 
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TABLE I.- Concluded . 

CHARACTERISTICS OF AIRPLANES USED I N  CALCULATIONS 

Airplane A 

Without  ground 
e f f ec t  

Characterist ic 

cLO 0.53 
C L ~ ,  per  radian 

'LEe' per radian 

4.27 
0-57 

cDO 

Cmo 
dcm 
E L  . . .  

e 

- 
Cm,, per  radian 

0.11 

0.735 
0.028 

-0.050 

-0 214- 
%e, per radian -1.080 I 

-12.70 

-5.M 

Airplane B 

Without ground 
e f fec t  

-0.11 
2.64 
0.49 
0. ooa 
0.422 
0.058 

-0.120 

-0.316 
-0.271 

-0.70 

0 

With  ground 
e f f ec t  

-0.22 
3.67 
0: 52 

0.040 

0.830 
0.103 

-0.164 
-0.565 
-0.291 

-0.70 

0 

%'he experimental variation of % with C L ~  was nonlinear and 
had a value of Q0 of 0.04. The closest  linear  approximation t o  the 
exgerimental data, par t icu lar ly  a t  the higher lift coefficients,  involved 
using a value of C D ~  of zero. 

" 
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Figure 1.- G e ~ m e t r y  and relative size of the circular-arc ramp and a 
conventional fighter airplane, 
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Figure 2. - Calculated take-off characteristics of airplane A. .6, = -2.0' 
and B i  = 7.4' f o r  the  straight deck and curved ramp. 
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Figure 2.- Concluded. 
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Figure 3.- Calcukted take-off characteristics of airplane B. &, = -9.0° 
and B i  =- 7.0' fo r  the straight kck and curved ramp. 
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Figure 4.- Calculated take-off characterietice of airplane B. 8, = -15.0G 
and 81 = 14.0° f o r  the s t ra ight  deck and Be = -9.0' and 0 i  = 7.0° d 

f o r  curved pamp. A l s o  shown is the case where the  control  deflection 
is  varied so t ha t  the amle of attack remains constant at i ts  peak 
value. 
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Figure 4.- Concluded. - 
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Figure 5.- Forces and moments acting on a catapult-launched airplane when 

the maln wheels are in contact with the deck. 
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