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AN ANALYTICAL EVALUATION OF TEE EFFECTS OF AI? AWODYNAEQIC 

MODIFICATION AND OF STABILITY AU- ON TEE 

PITCH-UP B3HAVIOR AND PR0BABI;E: PILOT OPINION 

OF TWO FIGETEZ A m  

By Melvin  Sadoff  and John D. Stewart 

The  effects of a w i n g  modification  and of stability  augmentation 
on the  computed  longitudinal  behavior  in  the  pitch-up  region  and  probable 
pilot  opinion of the  pitch-up  characteristics of two  current  fighter  air- 
planes  are  presented. 

The  cornputations  indicated  that  the  addition of a wing leading-edge 
extension  to  one of these  airplanes  would (1) reduce  the  peak  and  over- 
shoot  angles of attack  for all flight  conditions  hvestfgated,  with  the 
exception of those  at  take-off  speeds,  and (2) ahould  lmprove  probable 
pilot  opinion  of  the  pitch-up  behavior  from  unacceptable to unsatis- 
factory - the  category  of  the  elevator-controlled F-84F and F-& 
airplanes.  Added  pitch  damping  provided  by a simple  pitch  damper  with 
constant  gain  did  not  materially  reduce  the  response  overshoots  and 
would  not  be  expected to improve  pilot  opinion m this  airplane.  One 
beneficial  effect  attributable  to  the  pitch damper, however, was a reduc- 
tion  in  the  peak  positive  maneuvering  tail-load  increments. 

For  the  ather  fighter  airplane,  the  computations  indicated  that 
added  pitch  damping  provided  by a s m l e  pitch  damper  with nonlinear gaFn 
reduced  the peak: and  overshoot  values of angle  of  attack  significantly 
for a l l  flight  conditions  considered  but  the  landing  approach.  !This 
should  improve  the  probable  pilot  opinion of the  pitch-up  behavior  for 
this  airplane  from  unacceptable  or  unsatisfactory  to  unsatisfactory  but 
acceptable - the  rating  category  for  the YE"86D and F-86F airplanes. 
The  results  for  this  airplane  equipped  with a stick  pusher,  which  is a 
device  intentied to prevent  pitch-up  altogether,  indicated  that  the  pitch- 
up  region was generally  avoided  with  this  device operata, even far 
extremely  rapid  maneuvers.  Canparison of two  versions  of  this  device 
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showed  that  care  must  be  taken in the  design of such systema t o  minimize 
reductions in the  maneuvering  capabilities of the  airplane. 

INTROlXTCTION 

Desi@  considerations  for  supersonic  fighter  airplanes may, in  some 
cases,  lead  to  configurations  which  would  be  expected  to  have a severe 
pitch-up  problem  at  high  angles of attack.  Three  possible  approaches to 
this  problem  are  the  use  of  aerodynamic  modifications,  stability  augment- 
ers,  and  devices  for  preventing  entry  into  the  pitch-up  region.  Gener- 
a l ly ,  the  approach  selected  would  be  based on carefa weighing of several 
important  factors,  such  as  possible  performance  losses  due to extensive 
aerodynamic  modification,  the  comglexity  of  the  stability  augmenters  or 
pitch-up  preventers  required,  and  the  magnitude of the  basic  pitch-up 
problem. 

". . 

In reference 1 aa analytical  study of the  comparative  pitch-up 
behavior of several  airplanes  is  presented  and  the  computed  results axe 
correlated with documented  pilot  opinion. By comparison of the cm- 
puted  pitch-up  characteristics of new  airplane  designs  with  the  corre- 
sponding results  from  reference 1, the  probable relative severity of 
pitch-up  and  the  associated  probable  pilot  opinion of pitch-up may be 
determined  prior  to  actual  flight  experience.  Applied in this  manner, 
the  method  is  also useful for  investigating  the  effectiveness of aero- 
dynamic  modifications  or of automatic  control  devices  in  altering  the 
severity of pitch-up on existing  airplanes.  This  method  for  estimating - 

probable  relative  severity of pitch-up  is  based on only  the  longitudinal 
dynamic behavior in the  pitch-up  region:  The  effects of othecmodes of 
motion  such  as  roll-off,  airectional  divergence,  and  spin  entry  are not 
considered.  Although  beyond  the  scope of the  present study, some con- 
sideration  should  be  given  to  the  possible  adverse  effects on pilot 
opinion  of  these  other  modes of motion;  this  could  be  based  on an inspec- 
tion  of  wind-tunnel rolling- and yawing-moment  data in the  pitch-up 
region. 1 

. . .. 
.. . 

. .. 

-1 - 

In the  present  report  the  three  approaches  to .the pitch-up  problem . 
noted  above,  that  is,  the  use of aerodynamic  modifications,  stabillty 
augmenters,  and  devices  for  preventing  entry  into  the  pitch-up  region, 
are  assessed  in  the  light of their  specific  application to two example 
supersonic  airplanes - the F-1OlA and F-l&A airplanes.  The  methods  of 
references 1 and 2 are  used to eyduate the  effects  on  the  pitch-up 
behavior  and  on  probable  pilot ophion of pitch-up of a wing leading-edge 
modification  and  of  added  pitch  damping  on  the F-1Ol.A airplane and of' 
added  pitch  damping on the F-l&A airplane. Also presented  are  the 
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results of an analog study of the  effectiveness of a limiting  device, 

F-104A airplane. 
c referred to as a stick  pusher, f o r  preventing  pitch-up  altogether on the 

I- DESCRIPTION OF AIRPIAXES 

Basic  Airplanes 

The  two  example  supersonic fighter airplanes  considered in the 
present  study are the McDonnell F - l U  and  the  Lockheed F,-l&A airplanes. 
Two-view drawings of these  airplanes,  hereinafter  referred  to  as air- 
planes A and B, respectively,  and  their  pertinent  physical  characteristics 
are  presented  in  figure 1 and  table I, respectively. 

W i n g  Modification 

In aadition  to the basic airplane A, a configm-ation w i t h  the w i n g  
leading-edge  extension  modification  shown in figwe 2 was also studied. 

Stabflity  Augutenters 

Pitch  dampers.- Two types of pitch  dampers  were  ccmsidered in the 
present  study.  For  airplane A, a pitch  damper was considered  which 

airplane. In this  case,  it was assumed  the mer was operative  at all 
times  with a gain  constant of 52t/V.  (See AppencuX A for definition of 
symbols.) A block diagram of this  lFnear  pitch  damper  is  presented Fn 
figure 3. For  airplane B, a pitch  damper  with a gain of 52t/V was 
again assumed.  For this case,  however,  it  was  assumed the danper becomes 
operative  only in the  pitch-up  region. The set-up  assumed  for  the analog 
cornputations for  this  nonlinear  damper  is shown In block-diagram form in 
figure 4. 

*.; increased  the total pitch damping to five  times that of the  basic 

Stick  pusher.-  The  stick  pusher is a device  designed  by  Lockheed 
Aircraft  Corporation t o  limit the  attainable  airplane angle of  attack  to 
values below  those  at  which  pitch-up  occurs.  The  assumed  operational 
envelope  for  the  stick  pusher,  provided by Lockheed,  is  shown  in figure 5. 
When the  combined si-s from sensors  sensitive  to  pitching  velocity and 



angle  of  attack  reach a predetermined  value  established by t h i s  envelope, 
an action  signal  is  transmitted  to  the  solenoid  valve  actuator  assembly 
which in turn moves  the  stabilizer  and  cockpit  stick  in  unison to the 
trim  position  (i.e.,  the  position  for  zero stick force  .in  steady  level 
flight). If the  pilot  does  not  attempt  to  override  the  device,  the 
stabilizer  returns  to  trim  at  the  rate of about 20' per second. A block 
diagram,  assumed to represent  the  stick  pusher for the analog cmputa- 
tions, is shown in figure 6 .  

The dynamic behavior of airplanes A and B in the  pitch-up  region 
was computed  by means of the  evaluation meuver and the  basic  equations 
of motion  presented in referenc-e 1. A representative  time  history of 
the  evaluation maneuver from reference 1 is reproduced in figure 7. For 
the  present  study-,  since  wfnd-tunnel data indicated a large  decrease in 
control  effectiveness in the  pitch-up  region  for  these two airplanes, 
these  equations of motion  were  modified to include  this  effect. Also, 
the  equations  were  rewritten  in  terms of absolute  rather  than  incremental 
(from n = lg) values of &(u) and Cm(u) since it was  desired to record 
absolute  values  of a and n. The modif'ied  equations  are: 

- 
-mv(6 - dL) = + % S (a) 2t 8.1 qS + w (1) 

and 

Several  flight  conditions  were  selected  for  analysis fo r  each airplane. 
These  are  presented  in  the  table  beluw. 

I I I 

1 1 
A 

B 

0.25 
85 

1.20 
23 

.&I 
975 

Sea level  Take-off 
35,000 

Landing Sea level 
Clean 35,000 
Cl!=€Ul 

353 OOo Clean 
35,000 Clean 

approach 

Center of gravity 
location, - 

C 

0.286 
,286 
.2% 
.20 

9 07 - 07 

I 

. 

* 9  

I .  
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The  basic  aerodynamic data for  these  flight  conditions  were  obtained 
from  wind-tunnel  measurements  provided  by  Lockheed  and McDomell and  are 
presented in figure 8 and  in  table I. 

This  section  is'  divided into two main subsections. In the  first, 
the  computed  pitch-up  behavior  of  the  two  example  airplanes  for all the 
flight  conditions  considered is discussed  in sane detail.  Particular 
emphasis  is  placed on the  effectiveness  of  the wing modification  and of 
the linear  pitch dAmper QU. alrp7e A and  of  the nonlinear pitch  damper 
on airplane B in minimizing  the peak angles of attack  and  the w i n g  and 
tail  loads in pitch-up  maneuvers. Also, the  effectiveness of a prellmi- 
nary version  of  the  Lockheed  stick  pusher for preventing  entry  into  the 
pitch-up  region  is  assessed. In the  second  sectlon,  the  effects of the 
wing modification  and  of  the  pitch  dampers on probable  pilot  opinion of 
the  pitch-up  behavior  of  airplanes A and I3 are  presented  and  discussed. 

With  the  exception of the  take-off and landing-approach condLtions, 
all results  are  presented  for  initial  stick-deflection r-s correspond- 
ing to an average  load-factor  entry  rate into the  pitch-up  region  of 
approximately 0.5g per  second. For the  low-speed  flight  conditions,  the 
initial  stick-deflection ramps were  programned to provide a gradual 
stall  entry  comparable to that  used  by Ames pilots in evaluating l g  
stall characteristics. 

Computed  Pitch-Up Bhaxior  \ 

The  results  of  the  computations  are  presented in figures 9 through 17. 
Computed  pitch-up  time  histories f o r  the  two  example  airplanes. f o r  the 
various flight  conditions  cansidered  are shown Fn figures 9 and 12. Fig- 
ures 10, U, 13, and 14 show  the  variations  WLth  recovery-control  rate of 
the  overshoots in airplane angle of attack and load  factor  and  of  the 
maneuvering  tail-load  increment f o r  airplanes A and B. In figures 15 
through 17, the  effect of stickipusher  operation on the  maneuvering 
boundaries of airplane B is shown. Figures 15 and 16 also show  the 
boundaries  for  the  onset  of  buffeting and lateral  unstead5ness provided 
by Lockheed from flight-test  results. 

Ef'fect  of wing modification.-  The  effects on pitch-up  of  the wing 
madification, as' applied  to  airplane A, may be  determined by comparing 

i c '  the basic  and  modified  airplane A results in figures 9, 10, .and El.. The 
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results  indicate  some  improvement in the  behavior of the  airplane  at Mach 
numbers  of 0.85 and.l.20.  The  peak  angles  of  attack and overshoots  are 
lowered  about 20 to 30 percent  at  the l m r  recovery-control rates. This 
order of improvement may be  sufficient-to  reduce  the  possibility  of 
inadvertent  spin  entries  at  moderate  subsonic Mach numbers. A t  a Mach 
number  of 0.25 at sea level  (fig.  g(c>), no improvement  is  observed, 
since no recovery  occurs  either  for  the  basic or the  modified  airplane, 
even at the maximum recovery-control  rate of 30' per second, within the 
available data limits. An appreciable  increase  in  stability  just  prfor 
to  the  unstable  break  (fig. 8(c)) m y ,  however,  provide  sufficient 
warning to  prevent  inadvertent  pitch-ups  at low speeds. 

The  results f o r  a pllach number  of 1.20 at 35,000 feet s h m  in  fig- 
ure 9(b) also indicate  that  critical wing loads may be  experienced during 
supersonic  pftch-up  maneuvers  for  both  the  basic and modffied  airplanes. 
Peak  airplane  load  factors  of 8 to gg,  corresponding  to  overshoots  of 
3 and  kg,  are shown for  this  flight  condition  (see  figs. g(b) and U(a)). 

The effects  of  the wing modification on the  maneuvering tall-load 
increments  are  relatively small. Peak  values of about 10yOOO pounds at 
a Mach  number of 0.85 and 22,000 pounds  at a Mach  number of 1.20 a r e  shown 
in  figures 10(b) and ll(b). It should be  recognized  that  these values 
rder only to  the  out-of-balance  portion of the  total.  maneuvering tail 
load.  They do not include  the t a i l  loads  required for balance.  Addi- 
tional  information  is  presented  in  Appendix B relative to maximum posi- 
tive  and  negative  total  maneuvering  tail  loads in pitch-up  maneuvers  for 
two  of  the  flight  conditions  considered  for  airplane A in the  present 
study. 

Effects  of linear pitch  damper.-  The  effects of increased  pitch 
damping on the  pitch-up  behavior  of  airplane A were  first  investigated 
by  arbitrarily  increasing  the  pitch  damping @ to five tlmes  the normal 
aping at low angles of attack.  The  actual  decrease in control  effec- 
tiveness was not  taken  into  account in thfs initial study, The  results 
obtained  (figs. 10 and 11) indicated a sufPicient  order of improvement 
in the  pitch-up  characteristics to w a n t  further  investigation  of a 
pitch  damper  which  realistically  reflects  the  large  decrease in control. 
effectiveness  of  the  airplane  at  high  angles  &:attack  (fig. 8). The 
type  of  pitch  damper  assumed for.%he.andog computations.is shown in 
block-diagram  form in figure 3. The  computed  results  with  this  damper 
operating  (figs. 9y loy and U) show that  relatively 6malL reductions in 
the  peak and overshoot angles of  attack  and lo& factors  were realized _.  

with  this  type  of danger. 

Beneficial  effects  attributable.  .to"norind  operation of the linear 
pitch  damper  are a redgction In the  severity of the  recovery  transients 
(lower  negative  peak e )  and an associated  reduction in peak  maneuvering 
ta21-load  increments  to  about 50 percent of the values f o r  the  basic 
airphne. - (See  figs.  lO(b) and U ( b ) .  ) - 
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FZfect  of  nonlinear  pitch  damper.-  Initially, a pitch damper with 
constant  gain similar to the  type  assumed  in  the  analysis on airplane A 
was investigated on airplane B:' However,  since no appreciable  reduction 
in the  overshoots was noted with this  type of mer, it was decided to 
try  -the nonlinear type  shown in block-diagram f o m  in figure 4. It msy 
be  seen  from  the  inset  figures  that  the gain was nonlinear, varying from 
0 for a < a* to 52t/V  for a > a*. The  pitch  damper  thus  becomes  oper- 
ative  when  two  conditions  are  satisfigd,  that As, a exceeiJs  some  critical 
vdue 'a* (in the  present  case a a? eth) ana e exceeas  6th. The damper 
remains  in  operation until either 8 attains 8 predetermined  large  nega- 
tive value of the order of 5 radians  per  second  squared  or a decreases 
below  the  critical d u e  u*. The  effect8 of this m e r  on the  pitch-up 
behavior of airplane B are  shown in figures 12, 13, and 14. These  results 
show  that  the  nonlinear  pitch  damper  effects an appreciable  improvement 
in the  pitch-up  behavior  for a l l  flight  conditions  with  the  exception of' 
the  landing  approach.  For  example,  at a Mach  number of 0.80 at 35,000 
feet,  the  peak  angles of attack  were  reduced  from  values  sme*t in 
excess  of 28O to  about 24' at l o w  recovery-control  rates  (fig. =(a) ) . 
The  overshoots a& maneuvering tafl-load  increments  (Pig. 13)  are roughly 
only 50 percent of comparable d u e s  for  the  basic ailple. At a Mach 
number  of 0.973, the eak e of attack and  airplane  load  factor  were 
reduced  from  about 32 to 2 and from 7.2g to 6.6g, respectidy, at a 
recovery-control  rate of 20° per second  (fig.  =(b) ) . The results in 
f fgures 13 and 14 indicate  that  the  effectiveness of the  pitch  damper 
apparently  increases a6 the  recovery-control  rate  is rewdTu$ Q@gw 20° per -- 
second. Also shown in figures 13 and 14 is the benefhial effect 'of the 
pitch damper Fn reducing  the  maneuvering tail-load increment  tram  about 
12,000 to 6,000 pounds. 

8 7  

It  should  be  pointed  out  that  the  pitch  damper  system  illustrated 
in figure 4 was designed to investigate only  the  principle of switching 
on the dRglper as a function of both a and e'. Questions of system relia- 
bility,  servo  authority,  and  methods of mechanization  were not examined. 
Also, the  indicated kprovement in the  pitch-up  behavlor of amlane B 
due  to  the  pitch m e r  would  be  realized  only if the  reductions In peak 
angles of attack were  sufficient to prevent  or  minfmize  the  possibility 
of spin  entry or other  uncontrollable  motions  in  roll and yaw. This would 
have  to  be  established by referrhg to  wind-tunnel data on the  rolling 
and  yawing  derivatives  at  high  angles of attack  for  this  airplane. 

=In the  presznt  study, it was  convenient  to  select a* as  the  value 
of a at  which 8th was attained  for an 6 of 0.5g per  second. Ear- 
ever,  other  values  for a* could be selected (e .g.,  values corresponding 
t o  a \ of zero at  various  Mach  numbers). It is only necessary  to 
select a* at 8 level sufficiently high that  the  damper does not  become 
operative during abrupt  maneuvers  below  the  pitch-up  region. 
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Effect of stick  pusher.- A s  noted  previously,  the  stick  pusher  is a 
device  designed  to limit the  attainable  airplane  angle of attack  below 
those  at  which  pitch-up  occurs . This device in block-dhgram form is 
shown in figure 6. In an attempt  to  simulate  partial  overriding of the 
device  by  the  pilot, a recovery-control rate of 15O per  second,  in  addi- 
tion  to a maximum recovery-control  rate of' 23' per second, was assumed. 
Also, various values of  control-system  time  constant T from 0 to 0.5 
seconds  were  considered. In addition  to  the normal maneuver  rate of 
O.5g per  second.,2  rates of 1 and 3g per  second  were  investigated  to  check 
the  operation of the  device in rapid  maneuvers.  With  the  exception of 
the  case  at 0.80 Mach  number  and 35,000 feet,  for  which a peak  angle of 
attack  of 17' was attained  (for  assumed  values of ri, T, and  Earec of 
3g per  second, 0.2, and 15' per  second,  respectively), no significant 
effect m s  noted  with  variations of these qwtities within  the limits 
investigated.  The foUow5ng discussion is, therefore,  primarily  concerned 
with  the  results  obtained  for  values of 6, 7 ,  and 6srec of 0.58 per 
second, 0, and 25O per  second,  respectively. 

Figure l2 presents  canparative  time  histories-for  airplane B illus- 
trating  the  operation  and  effect of the  stick  pusher. It is  apparent 
that  the  device performs its  function  well;  that  is,  the meximum values 
of a attained  are w e l l  below  those  where  pitch-up  is  experienced. 
However,  some loss in the  maneuvering  capabilities  of  airplane B is indi- 
cated as  shown  by  the  results in figures 15 and 16. In these  figurest  the 
maximum values  of a, CL, and n, attainable for the  airplane  with  the 
stick-pusher system operating, are c e r e d  with values  corresponding  to 
a (2% of zero and the maximum values  attained  with  the  basic airplane 
in  pitch-up  maneuvers  for a recovery-control  rate of 20° per  second. The 
permissible  steady-state  maneuvering  accelerakion  boundary  as a function 
of Mach  number,  based on the zero C& boundary  furnished  by Loclrheed, 
is  shown i n  figure 17. Also shown in figure 17, are  two  boundaries  which 
represent  limitat$ons  imposed in gradual  maneuvers (6 * 0) by  two  versions 
of the  stick-pusher.  The  lower  curve  represents  results of the  present 
study  for an early  version of the  stick  pusher  for  which an operational 
envelope  furnished  by  the  manufacturer (fig. 5 )  was  assumed.  Subsequent 
to the completion of t he  present  investigation, an improved  version of the 
stick  pusher was developed  by  Lockheed  which  reduced  the  maneuverability 
loss to that  Indicated  by  the upper stick-pusher  boundary in figure 17. 
This improvement WBS effected primarily by the  incor  ration of 8 eo-called 
washout  circuit which reduces  the  magnitude of the  cantribution  to  the 
stick-pusher  activation signal in gradual  maneuvers  (see  ref. 3) .  

.. - 

?For the  landing-approach  conditions (M = 0.23 at. sea level), the 
stabilizer  entry  rate was programmed to  provide a gradual s t a l l  entry 
rate similar to that  used  by Ames research  pilots in evaluating low- 
speed or lg stall  characteristics. 
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U this  section a qditative assessment is presented of' the  effect 
of a w i n g  modification  and of pitch  dampers on probable  over-all  pilot 
opinion  of  the  pitch-up  behavior of two  example  supersonic  airplanes. 
The  prediction  is  based on a comparison of the  computed  angle-of-attack 
and  load-factor  overshoots for these  airplanes  with  the  corresponding 
values  from  reference 1 for six reference  airplanes for which  pilot 
opinion was obtained.  The  flight  conditions  selected  for  the  evaluation 
are 0.85 &ch number at 35, OOO feet for airplane A and 0 .&I Mach  number 
at 35,000 feet for airplane B, since  these flight conditions  corresponded 
closely to  those  for  which  pilot opinion was provided  for  the six refer- 
ence  airplanes (i.e., M = 0.w at 35,000 ft). 

It  should  be  pointed  out  that the procedure  outlined in reference 1 
for  estimating  probable  pilot opinion of pitch-up  is  based  only on the 
longitudid dynamic  behavior in the  pitch-up region. The  effects of 
other  modes of motion,  such  as  roll-off,  directional  divergence, or spin 
entry,  are not considered. E these  other  modes of motion  are  suspected 
to  be  important in a given case,  comparisons,  such  as  those  presented in 
the  following  sections,  should  serve  as a preliminary guide to  the prob- 
able  relative  severity  of  pitch-up.  Although  beyond  the  scope of the 
present  study, a supplementary analysis of  the  fmsortance of these  other 
modes  of  motion  should be made based on wind-tunnel r o l l i n n  and yawlag- 
moment data at high angles of attack.  Reference 4 presents such data for 
a model. similar 3n configuration  to  that  of  airplane B. 

Effect of wing modification.-  Figure 18 presents a cnmparison of the 
overshoots  at 0.65 Mach  number  and at 35,000 feet  for  several  configura- 
tions of airplane A with  values taken from  reference 1 for  the six refer- 
ence  airplanes.  Theee  results  Fndicate  that.the  attitude  overshoots for 
the  basic  airplane  (fig. 18(a)) are as much as 50 percent  greater  than 
those for any of  the  reference  airplanes  and  would  probably  result  in an 
over-all  pilot  opinion of pitch-up  (based on question V of table II) of 
unacceptable,  particuhrly if the  airplane  were  precipitated into an 
inadvertent  high-speed stall or  spin. A description of the  pilot  rating 
schedule  used is presented in table III. The  effect of the wing leading- 
edge  extension  (fig. 2) was to  reduce  the  angle-&-attack  overshoots  to 
values  comparable to those  for  the F-aF a w e  at l o w  recovery-control 
rates  and  to  values  between  those for the F-84F and F - l m  airplanes at 
the  higher  recovery-control rates. Shce there is same  efidence  presented 
in  reference 1 that  the  pilot  forms his opinions on the  basis  of an 
airplane's  behavior  at low recovery-control  rates,  the  pilot  opinion  for 
this  configuration  (airplane A) should  be  comparable  to  that f o r  the 
elevator-controlled F-84F airplane,  particularly if a,n inadvertent  spin 
entry or other  UnsyrOmetrical  maneuver is avoided.  Although  this  indicated 
improvement in pilot  opinion  from  unacceptable to unsatisfactory may not 
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be  considered  si-icant on  the  example  airplane  which has a severe 
pitch-up  problem,  these  results  should  not rule out the  use of relatively 
shple aerodynamic  modifications  (such  as  that  considered  here) in other 
cases  with  basically  less  serious  pitch-up  problems.  For  example, 
flight-test  results  presented in reference 5 kdicated that  the  additian 
of a wing leading-edge  extension  eliminated  pftch-up  entirely  over  most 
of the speed  range  of an airplane  with a moderately  severe  pitch-up 
problem. 

The  results in figure  18(b) also indicate  that  the  load-factor over- 
shoots for both  the  basic and modified  airplane A are  moderate and can- 
parable  to  values  computed for the F-100A airplane. This is  due 
prhcipally to  the  higher w i n g  loading and  lower lut-curve slope in the 
pitch-up  region  for  ailplane A.  

Effect  of  linear  pitch  damper.-  Figure 18 presents a comparison of 
the  angle-of-attack  and  Load-factor  overshoots,  with and without the 
linear  -pitch damper operating on airphne A, with  corresponding  values 
fo r  the six airplanes  investigated fn reference 1. The  effect  of  the 
linear  pitch  damper on the  pitch-up  behavior af afmplane A was  to.reduce 
the a overshoots  about 10 t o  20 percent  (fig. 18(a)). It  is  apparent 
that  these  relatively s m a l l  reductions Fzl avershoot  would not be  expected 
to  materially imprave probable  pilot opinion over that  for  the  basic 
airplane.  Despite  the lack of effectiveness of the  type of pitch damper 
assumed in the  present  calculations,  it  is  felt  further  consideration of 
some  form of pitch  damper is warranted,  particularly in v iew of the more 
encouraging  results  obtained  with  the nonlinear type of pitch  damper 
assumed  for  airplane B. 

It  should  be  pointed  out  that w W e  the  linear  pitch  damper wag 

relatively  ineffective on the  example  airplane  which has a severe  pitch- 
up  problem, a similar  approach on airplanes  with  milder  pitch-up  tenden- 
cies may prove  somewhat  more  effective and should be  considered  as  one 
possible  approach to the problem. 

ETfect of nonlinear  pftch  damper .- Figure 19 presents a comparison 
of the  angle-of-attack and load-factor  overshoots,  with and without  the 
nonlinear-pitch damper for airplane B, with  corresponding  values  for  the " 

six  airplanes  considered  in  reference 1. In view of the  large  attitude 
overshoots  and  the  associated  extreme  angles of attack (w > 28.6O) 
indicated f o r  the  basic  airplane B at the  lower  recovery-control  rates, 
probable  pilot  opinton  should range fram unsatisfactory to unacceptable 
(see  table III). 

Comparison of the  overshoots for the  nonlinear  pitch-damper configu- 
ration  with  those  for  the  basic  airplane B in figure lg(a) indicates  that 
the  damper  reduces  the a overshoots  to  values  comparable  to  those 
experienced  by  the YF-86D airplane. The probable  pilot  opinion 

. .. ". 

" 



corresponding  to  these  overshoots should be  unsatisfactory  but  acceptable. 
It  should  be  mentioned in connection with the interpretation  of  these 
results  that  the  peak  angles of attack  evgn  with  the  pitch  dAmper  oper- 
ating  are  still of the  order of 24' to 26 at the  lower  recovery-control 
rates (fig. 1 2 )  because of the  relatively  high angles of attack  associated 
with  onset of pitch-up. Poor controlLability in r o l l  and yaw at  these 
high  angles  of  attads  may  affect  pilot opinion adversely  and cannot be 
accounted  for  by  the  type of comparison  shown in figure 19. 

For  airplanes  with  somewhat  milder  pitch-up  tendencies  than  those 
considered in the  present  study,  this  approach  should  prove  effective in 
m i z i n g  the  pitch-up  problem to an acceptable  degree. 

CONCLUSIONS 

An analytical  evaluation has been made  of  the  effects of a wing 
4 modification  and of stability  augnentation on the  pitch-up  behavior  and 

'probable  pilot  opinion of the  pitch-up  characteristics of two  fighter 
airplanes  with  severe  pitch-up  tendencies.  Pitch-up  behavior was com- 
puted  for  several  flight  conditions,  while  pilot  opinion was estimated 
for  these two airplanes  for a Mach  number of about 0.9 at 35,000 feet. 
The  results of this  analytical study indicated  the following: 

1. The  addition of the wlng leading-edge  +ension  to  airplane A 
reduced  the  peak  and  overshoot  angles of attack  for  the lower recovery- 
control  rates  about 20 to 30 percent  at Mach nunibers of 0.85 and 1.20. 
This  order of improvement may be sufficient  ta  reduce  the  possibility  of 
iaadverteqt  spin  entries at the  lower  Mach  nmiber.  At  the  higher Mach 
number, an increase in the maneuverhg capabflity  before  onset of pitch- 
up  of  about lg with no penalty in increased  load  factor was obtained due 
to a decrease in overshoot load factor. 

2. Probable  pilot opinion of the  pitch-up behador of -the modified 
airplane A at a. Mach number of 0.85 at 35,000 feet  should  be  -roved 
from unacceptable to unsatisfactory - the  category of the elevator- 
controlled F-84F and F-86A airplanes. 

3.  The  effect of added  pitch damping, provided  by a shple pitch 
damper  wlth  constant gain, did not materfally  reduce  the overshoots on 

' airplane A and w d d  not be expected to inrprove  pilot  opinion  appreciably. 

4. For  airplane B, added  pitch damping, provided  by a pitch m e r  
with nonlinear gain,  reduced  the  peak and overshoot  values of angle of 
attack  significantly f o r  a l l  flight  conditions  considered  except  the 
landing approach. 1 



5. Probable p i l o t  opinion of the  pitch-up  behavior of airplane B 
with  added  pitch damping at a MEtch number of 0.80 at 35,000 feet  should 
be  improved  from  unacceptable or unsatisfactory  to  unsatisfactory  but 
acceptable - the  rating  for  the YE-86D and F-86F airplanes. 

6. The  effect of the  stick  .pusher was to prevent  the  attainment of 
angles of attack at which  pitch-up occurs for airplane B. Re6dtS for two 
versions of this system indicated  that  care  must  be  taken  to  insure  that 
the  maneuvering  capabilities of the  &irplane  are  not  compromised. 

Ames Aeronautical Laboratory 
National  Advisory  Cormnittee for Aeronautics 

MofYett  Field, Calif., Nov. 7, 1957 
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airplane  lift  caeff  icient, - L 
cis 

airplane  pitching-moment  coefficient  about  airplane  center of . 

wing mean aerodynamic chord, ft 

acceleration  due to gravity, 32.2 ft/sec2 

pressure  altitude, ft 

parameter  denoting  the  ratio of airplaae daurphg to 
horizontal-tail damping 

constants defining operational boundazy f o r  Lockheed  stick 
pusher 

distance from airplane center o f  gravity to  aerodynamic 
center of horizontal tail, ft 

airplane lift, lb 

horizontal-tail lift, lb 

maneuvering tail-108~3 increment, 

FI 

I# 

airplane mass, - slugs 

pitchlng  moment  about  airplane  center of gravity, f t - lb  

g’ 

airplane normal force,  assumed  equivalent to 

airplane normal load factor, w IT 
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increment in n from value at pitching-acceleration  threshold 
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airplane normal load  factor  due  to a, assumed  equivalent to 
CL (a) SS 

W 

increment Fn n' from d u e  at pltching-acceleration 
threshold  to & 

load-factor rate at entry into  pitch-up  region,  g/sec 

dynamic  pressure, %, lb/sq ft V2 

differential  operator 

wing area, sq ft 

horizontal-tail area, sq ft 

time,  sec - 

airplane  velocity,  ft/sec 

airplane  weight,  lb 

airplane  angle of attack, deg or radians 

increment in a from a* to amax 
value of a at  pitching-acceleration  threshold, deg 

flight-path  angle,  radians 

stabilizer  aagle,  deg or radians 

stabilizer  angle  due  to  pilot  stick  deflection, deg or 
radians 

stabilizer  angle  due  to  pitch damper operation,  deg or 
mdim6 . .. . . " .  . . . 

angle of  pitch,  radians 

mass density of air, slugs/fts 
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th 
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over 

max 

airplane  longitudinal  short-period daqfng r a t i o  

control system time constant, sec 

airplane  longitudinal  short-period frequency 

curve defining variation of ahplane lift coefficient with a 

curve defining Variation of air-plane pitching-mment coeffi- 
cient with a 

curve defining varation of stabilizer effectiveness with a 

pitch  damping  derivative due to pitch damper, 

a( 
dt 

d2G 
equivalent  notation for - at2 

Subscripts 

threshold  value at which p i l o t  is first cognizant of pitch-up 

recovery 

overshoot 

maximum. value 
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APPENDIX B 
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H O R I Z O N T A L "  LaADs 7N PITCH-UP 

In a previous  section of this  report  the  maneuvering  tail-load  incre- 
ment ALy- was presented as a function of recov&ry-control  rate  for 

airplanes A and B. It was noted  that  this  represents only a portion of 
the  total  aerodynamic  load  on  the  tail;  that  is,  the  balancing load waa 
not  included. In this  section a more  complete  analysis  which indudes 
the  balancing  tail  load  is  presented  for  airplane A f o r  Mach  numbers  of 
0.85 and 1.20 at 35,000 feet. 

emax 

Figure 20 shows  the  variation  of  the  total  aerodynamic  load and of 
the  maneuvering and balancing  components w i t h  recovery-control  rate. 
Also shown in figure 20 are  the  values of angle of attack at whlch  these 
loads occur.  It  will  be  noted  that  these  loads are referred  to  as 
"first-peak''  and If second-peak" loads. The  first-peak  total  load  is a 
negative  (down)  load for stable.  %ail-off  configurations  and  occurs shortly 
after  the  onset of pitch-up  at  the  time  the peak positive  pitching  accel- 
eration  is  attained.  The  second-peak  total  load  may  be  elther  negative 
or positive  and  occurs  at  the  time..the peak negative  pitching  acceleration 
is  reached  during  the  recovery  phase of the  pitch-up  maneuver.  The 
maneuvering  component of this load was previously  presented in figures 10 
and U. The  first-peak  total  loads in figures go(&) and  20(c)  were  deter- 
mined  by  addlng  the  maneuvering  component, -Iy(O-) &, to  the balanchg 
component.  Values  of e- are  presented in figure 21 as a function of 
recovery-control  rate,  and  the bahnclng tall load was determined from 
the  tail-off  pitching-moment  curves in figure 22 at  the  values  of angle 
of  attack  at  which 0- occurred  (fig. 20). I i a  similar manner, the 
second-peak  total  loads  in  figures  20(b)  and 20(d) were  determined. 

.. 

These  results  inaicate  that  the  first-peak  loads  are  critical Fn 
supersonic  pitch-up  maneuvers  where  the  pilot does nut attempt  to  check 
the  pitch-up;  that  is,  zero  recovery  control  rate in figure 20(c). At 
subsonic  speeds,  the  second-peak loads are  genera.lly  critical in a post- 
tive  sense  where  the  pilot  attempts  to  check the pitch-up by applying 
rapid  recovery  control  (fig. 20(b) ) . 
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'pABI;E 1.- AIRPLKNE CHARACTERISTICS USED IN ANALYSIS 
(a) A i r p l a n e  A 

Airplane  weight, lb . . . . . . . . . . . . . . . . . . . . . . 
Airplane mass , slugs . . . . . . . . : . . . . : . . . . : . . 
Airplane  pitching  moment of inertia,  slug-ft2 . . . . . . . . . 
Wing area, sq ft . . . . . . . . . . . . . . . . . . . . . . . 
Wing mean  aerodynamic  chord, ft . . . . . . . . . . . . . . . . 
Center-of-gravity po6Ltion~ percent F . . . . . . . . . . . . . 
Horizontal-tail length, f t  . . . . . . . . . . . . . . . . . . 
Horizon". tail 
Deflection  limits,  deg . . . . . . . . . . . . . . . . . . . 
Maximum deflectfon  rate , deg/sec . . . . . . . . . . . . . . 
Dynamic  pressure , lb/sq ft . . . . . . . . . . . . . . . . . 
True  velocity , f t/sec . . . . . . . . . . . . . . . . . . . . 
C% + cm;L (assumed  invariant  with a),'per radian per sec . . 

.. -.  . 

Mach  number , 0.85 at 35,000 feet . . .. .- 

I 1 *25zt 
CG, per  radian per 8ec .. . . . . , . . . . . . . . . - v 

Mach  number, 1.20 at 35,000 ft 
Dynamic  pressure; lb/sq ft . . . . . . . . . . . . . . . . . 502 
True  velocity,  ft/sec . . . . . . . . . . . . . . . . . . . . z ,168 

+ (assumed  invariant  with a), per radian per sec . . -0.09 

I Cq; per radian per sec . . . . . . . . . . . . . . . 
Mach number, 0.25 at s e a  level 

. .. 

Dynamic preseure , lb/sq ft . . . . . . . . . . . . . . . . . 98 
True  velocity,  ft/sec . . . . . . . . . . . . . . . . . . . 287 
C G  + Cm;, (assumed invariant with a) , per radian per' sec . . -0.267 

I 1 .25tt %, per  radian per sec . . . . . . . . . . . . . . . v %.(a) 
1 1 



For  design  combat  configuration: 
Airplane  weight, W, lb . . . . . . . . . . . . . . . . . . . .  15,200 
Airplane mass, m, slugs . . . . . . . . . . . . . . . . . . .  472 
Airplane  pitching moment  of inertia, Iy, slug-ft2 . .  ; . . .  56,655 
Center-of-gravity  position,  percent 'E . . . . . . . . . . . .  7 
Horizontal-tail  length, Z t ,  ft . . . . . . . . . . . . . . . .  20.4 
Mach number, 0.80 at 35,000 ft 
Dynamic  pressure, q, lb/sq ft . . . . . . . . . . . . . . .  222 
True  velocity, V, ft/sec . . . . . . . . . . . . . . . . . .  778 

+ % (assumed  invariant  with a), per radian  per  sec . -0.081 
1 .25zt w, per  radian  per  sec . . . . . . . . . . . . .  

Dynamic  pressure, 9, lb/sq ft . . . . . . . . . . . . . . .  330 
True  velocity, V, ft/sec . . . . . . . . . . . . . . . . . .  949 
% + % (assumed  invariant  with a), per radian  per  sec . . -0.093 

V cms p 
Mach  number, 0.975 at 35,000 ft 

I w, per  radian  per  sec . . . . . . . .  .- . . . .  1.252~ 
V %&a) I 

Min5mum lamling weight  configuration: 
Airplane  weight, W, lb . . . . . . . . . . . . . . . . . . . . .  l2,360 
Airplane mass, m, slugs . . . . . . . . . . . . . . . . . . .  384 
Mrplane pitching  moment of inertia, Iy, slug-ft2 . . . . . .  52,752 
Center-of-gravity  position,  percent 'E . . . . . . . . . . . .  20 
Horizontal-tail  length, 2 t ,  ft . . . . . . . . . . . . . . . .  19.16 
%ch number, 0.23 at sea level 
Dyaamic  pressure, g, lb/sq ft . . . . . . . . . . . . . . .  78 
True  velocity, TT, ft/sec . . . . . . . . . . . . . . . . . .  *. 256 
% + '2% (assumed  invariant  with a), per  radian  per  sec . -0.145 

I . . . . . . . . . . . . .  1.25~~ %, per  radian  per  sec v %js(a) I 
Horizontal  tail 
Deflection  limits,  deg . . . . . . . . . . . . . . . . . .  -l7.3,+5 
pllaximum deflection  rate,  deg/sec . . . . . . . . . . . . . .  25 

Wing  mean  aerodynanlc  chord, 'E, ft . . . . . . . . . . . . . .  9 . 9  
wing ma, s, sg ft . . . . . . . . . . . . . . . . . . . . .  196.1 
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~~ 11.-  QUESTIONPIAIRE FOR PILOT PITCK-UP RATING 

I Is pitch-up  region  useful a t  a l l   f o r  maneuvering? Yes  or No. 

I1 Consider the  following  situations: 

A .  

B. 

C. 

D. 

If you are  tracking a target  airplane and enter  the  pitch-up 
region, what i s  your assigned  rating of your ab i l i t y   t o  
return t o  o r  remain on the  correct  flight  path t o  continue 
the  tracking? 

If you have entered  the  pitch-up  region during a gunnery run, 
what rating would you give  the  airplane as a gun p1atfoi-m f n  
the  pitch-up  region? 

If rating  for A and B is-poor,  i s  reason other than insuffi- 
cient or  inadequate  controllability? 

How would you ra te  this airplane with regard t o  the tendency 
for a  pilot  to  apply  rapid and perhaps excessive  control 
during  pitch-up  recoveries? 

I11 Rate  the  pitch-up  according t o  abruptness. (What is  response 
quantity which  you f ee l  i s  related  to   the abruptness of pitch-up?) 

N Rate  the  pitch-up  according t o  overshoot load  factor. (What is 
your definition of overshoot load factor?) 

v What rating do you assign the  airplane  with  regard t o  how much 
pitch-up restr ic ts   or  limits maneuverability of the airplane? 
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0 Satisfactory - Satisf ies   s tabi l i ty  and control requirements. 

Marginally Satisfactory - Pitch-up barely  perceptible. Does 
1 not  appreciably r?imlnfsh usefulness of the 
2 airplane  in  performing 8 desired task. 

Abruptness of airplane  response and over- 
shoot in   a t t i tude  or  load factor during 
pitch-up  not much increased  mer comparable 
satisfactory  airplane. Little tendency f o r  
the  pilot  to apply  rapid and excessive 
corrective  control. 

Unsatisfactory  but  Acceptable - Fit&-up is more apparent. More 

5 

6 
7 
8 

Unsatisfactory 

Unacceptable 
9 
10 

or less Mff icu l ty   ee r i enced  performing 
the desired task. Abruptness of airplane 
motion and overshoot i n  attitude  or  load 
factor  during  pitch-up  considerably  increased 
over that  for  marginally  satisfactory atr- 
plane. There may be some tendency for   the 
pi lot  t o  apply  rapld and perhaps excessive 
corrective  control. 

- Pitch-up  severe  ranging from controllable 
only ~5th the greatest difficulty to   pract i -  
cally  uncontrollable. Abruptness of airplane 
motions during  pitch-up  appm-  degree 
where pi lot  feels he  has little or  no control 
over the overshoots i n  at t i tude or load  factor, 
Which are relatively  large. Increased tendency 
f o r  the  pilot   to  apply  rapid and  excessive 
corrective  control. 

- Pitch-up so severe that airplane i s  uncon- 
trollable. me abruptness of the  airplane 
motions and the magnitude of the overshoots 
are  so extreme, even a t  high  altitude,  that 
the  pilot  would not consider approaching the 
pitch-up boundary because of concern f o r  the 
structural integrity of the airplane. Some 
possibillty of enterin@; into a spin or  other 
unusual maneuver from which recovery may be 
diff icul t   or  impossible. 

L 
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P 67-45' 1 

(a) AirplEtne A. 

0 0 
(b) Airplane B . 

Figure 1. - Two-view drawings of t h e  two example airplanes. 
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Basic  airplane 

Modified  airplane 



. . 

I t t 1 

I 

Main servo 

0, = 5 cps 

5 = 0.7 critical 

Figure 3.- Block aiagcam of linear pitch aamper. 
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Figure 4. - Block diagram of  nonlinear pi tch damper. 
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Figure 5.- !Pyplcal. operatioJlal. envelope for e t l c k  pusher. 
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Relay  notation 

NO - Normally open 
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NC - Normally  closed 
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Figure 6. -  Block diagram representing stick pusher for  analog study. 
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-30 

Incremental  elevator 
-20 

position, A s , ,  deg 
- I  0 

0 

I O  
Incremental angle of 
attack, n u ,  deg 

I O  

0 
4 

Incremental  airplane 
load  factor, An, g 2 

0 
Incremental airplane 
load  factor d u e  to 2 
angle of attack, An', g 

0 
I 

.. 0 
Pitching acceleration, 8, 

radians/sec2 
- I  

-2 

4,000 
Maneuvering  tai I - 
load  increment, 0 
(ALtB# Ib) 

-4,OOC 

Figure 7. - T h e  history of standard pitch-up  evaluation  maneuver. - 



30 

1.6 

I. 2 

.8 

CL 
.4 

-.4 

radian 

- NACA RM A57KO'T 

(a) Airplane A; 6, = -4'; M = 0.83; hp = 35,000 .feet . 
Figure 8.- Aerodynamic characteristics of ehe-two fighter airplanes obtained from 

wind-tunnel  measurements. 
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Qb, deg 

(b) Airplane A; 6, = -4'; M = 1.20; hp = 35,000 feet. 

Figure 8. - Continued. 
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(c) Airplane A; 6, = -bo; M = 0.25; hp = sea l e v e l .  

Figure 8.- Continued. 
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(d) Airplane B; 6, = 0'; M = 0.80; hp = 35,000 feet. 

Figure 8.- Continued. 
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Airplane B; 6, = oo; M =-0.23; hp = 6- ievel. 

Figure 8.- Concluded. - 
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Figure 9.- Typical t& htstories of 'computed  pitch-up maneuvers; 
airplane A. 
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Figure 9.- Continued. 
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(c) M = 0.25 at sea level-; ini t -1  6 programmed to provide gradual low-s@ed 

s - k l l  entry. 

Figure 9.- Concluded. 
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Figure 10,- Variation of several response quantities with recovery-control rate; airplane A; 
M = 0.85; hp = 35,000 feet. W .Q 
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Figure, 10.- Concluded. 
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Figure ll.- Variation of several response quantities with recovery-control rate; airplane A; 
hi = 1.20; hp = 35,oOO f ee t .  c 
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(a) M = 0.80 a t  hp = 35,000 feet (fi LII 0.5). 

Figure 12.- Ty-pical time histories of cmputed pitch-up maneuvers; airplane B. 
w 
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(b) M = 0.975 at hp = 35,000 feet (6 * 0.5). 

Figure 12.- Continued. 
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(c) M = 0.23 at hp = sea level; initial 6 programmed to provide 

gradual low-speed s t d l  entry. 
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Figure 12.- Concluded. 
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Figure 13.- Variation of several response quantities with recovery-control rates; airplane B; 
PI = 0.80; hp = 35,000 feet. 
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Figure 14.- Variation with recovery-control rate of several respmse quantities; airplane B; 
M = 0.975, 4 = 35,000 feet. 
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Figure 15.- Maximum angles of attack and lift coefficients attajnable for unimpeded etick- 
pusher operatian and their relationship to pitch-up w a r n i n g  and pitch-up boundaries; 
hp = 35,000 feet. 
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Figure 17.- Maneuvering capabilities of airplane B; hp = 35,000 feet, 
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Figure 18.- Comparison of the angle-of-attack and load-factor over- 
shoots for  airplane A with results f o r  the six .reference airplanes. 
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Figure 18.- Concluded. - 

. 

80 



mACA RM WE07 tv”-L 55 

I8 

16 

I4 

12 

rn 
Q) 

u IO 
L 

Q > 
0 

L 

U 
8 

6 

4 

2 

0 1 
0 IO 20 30 40 50 60 70 80 

Figure 19.- Ccrmparipon of the angle-of-attack and load-factor over- 
shoots f o r  airplane B with results for the six reference  airplanes. 
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Figure 20.- Concluded. 
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Figure 21.- Variation  with  recovery-control ra te  of the maximum positive 
and negative  pftching  accelerations;  airplane A, hp = 35,000 feet. - 
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Figure 22.- Wind-tunnel measurements of. the variation of pitching moment 
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