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SUMMARY 

An analytical  study  of  the  short-time  response  characteristics  to 
longitudinal  control  movements  of a swept-wing  airplane  of  low  aspect 
ratio  having  no  horizontal  tail  has  indicated  that  difficulty  reported  in 
landings  aboard an aircraft  carrier may have  been  the  result of a rela- 
tively  larger  time  lag  in  the  regponse  of  the  airplane  in  changing  its 
flight-path  angle  than  exists  on  more  conventional  type  airplanes.  It 
had  been  reasoned  that  reduction of the  airplane's  static  longitudinal 
stability  might  improve  the  response  charaoteristics.  Accordingly, an 
analytical  study of the  effect of reducing  the  static  stability by a 
practical  center-of-gravity  shift has been  made. 

The  results  of  the  limited  analytical  investigation  using  both  three- 
degrees-of-freedom  analog  computations  and  two-degrees-of-freedom  calcula- 
tions  indicated  that  for  the  airplane  considered  changes in longitudinal 
static  stability by a practical  movement  of  the  center  of  gravity  had 
relatively  small  influence  on  the  short-time  response  characteristics  when 
compared  with  the  response  characteristics of a conventional  configuration. 
In  a push-pull  maneuver,  one  in  which a rate  of  descent  is  induced  by  con- 
trol  movement  and  then  checked,  the  effects  of  the  stability  changes  tended 
to  be  compensated,  and  the  response  time  to  check  the  descent  was  rela- 
tively  unaffected. In a single  control  movement,  such  as  may  be  used  in 
a flareout  from a steady  glide,  the  response  time  required  to  check  the 
initial  rate of descent was shortened  somewhat  by  reduced  static  stability. 
An increase  in  the  amount  of  available  up  elevator  resulting  from  trim 
changes  due  to  reduced  static  stability was as  significant  in  changing  the 
response  characteristics as was  the  reduction in stability. The response 
time,  the  time  from a final  control  movement  until a rate of descent  is 
stopped  during  short-time  maneuvers,  was  adequately  estimated  by  calcula- 
tions  based  on  an  analytical  solution  of  the  equations  for  two  degrees  of 
freedom. 
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A~analytical study  of  the  response  to  longitudinal  control  of  three 
different  airplane  configurations  in  landing  approaches  is  presented  in 
reference 1. These  results  indicated  that  airplanes  which  have  either 
separately  or in combination  large  relative  densities  or wing loadings, 
large  pitching  moments  of  inertia,.  small.lift-curve  slopes,  small  elevator 
effectiveness,  and  limited  up-elevator  travel  tend  to  have  poorer  response 
characteristics  than  airplanes  considered as conventional in the  past 
decade. 

The  results of referafice 1 indicate  that  an  airplane  having  no  hori- 
zontal  tail  required  more  time  to  respond to elevator  control  and  lost 
more  altitude in a push-pull  stick  movement  than  did a conventional  air- 
plane.  The  results  of  reference 1, however,  do  not  include  the  effects 
of  center-of-gravity  movement  on  the  response  characteristics.  Movement 
of  the  center  of  gravity  reduces  the  static  stability  of  the  airplane  and 
also  increases  the  amount  of  elevator  available  for  control  manipulation 
.because  of a change  in  control  required  for  trim.  It  might  be  presumed 
that  either  or  both  of  these  factors  could  cause  the  airplane  to  pitch 
more  rapidly  and  thus  to  require  less time,to respond  to  elevator  movement. 
The  effects of center-of-gravity  position  on  the  response  characteristics 
of  the  airplane  having  no  horizontal  tail  therefore  were  studied. 

SYMBOLS 

The  longitudinal  motions  presented  herein  were  calculated  about  the 
stability  axes. A diagram  of  the  axes  showing  the  positive  directions  of 
the  forces  and  moment  is  presented  in  figure 1. 

S wing  area,  sq ft 

c' mean  aerodynamic  chord,  ft 

W weight  of  airplaae.,  lb 
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V velocity,  ft/sec 

k3 acceleration  due  to  gravity, 32.2 ft/sec2 

L lift,  lb 

D drag,  lb 

M pitching  moment,  ft-lb 

CL lift  coefficient, - L 

&v2s 

CD drag  coefficient, - D 

$P+S 

Cm pitching-moment  coefficient, M 
pv 1 2  sc' 

T 

Z 

U 

Y 

8 

6e 

hypothetical  lift  coefficient  at a = 0' based  on  an 
extrapolation  from  approach a, for  lift-curve  slope in 
the  vicinity  of  approach a and  with  an  elevator  deflection 
which would be required  to  trim  at  approach a 

hypothetical  pitching-moment  coefficient  at a = 0' based  on 
an  extrapolation  from  approach a, for  pitching-moment  slope 
in  the  vicinity  of  approach a and  with an elevator  deflec- 
tion  which  would be required  to  trim  at  approach a 

thrust,  lb 

height,  JtV  sin y dt,  ft 

angle  of  attack, 8 - y ,  deg 

flight-path  angle,  deg 

angle  of  pitch,  deg 

elevator  deflection,  deg 



AV 

m e  

6 or q 

Y 

v 
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increment  of  height  from  trimmed  level-flight  condition 

increment  of  angle  of  attack  from.trimmed  level-flight 
condition 

increment  of  flight-path  angle  from  trimmed  level-flight 
conaition . ," . 

increment  of  angle  of  pitch  from  trimmed  level-flight . 

condition 

increment  of  velocity  from  trimmed  level-flight  condition 

increment  of  elevator  deflection  from  trimmed  levelaflight 
condition- 

pitching  angular  velocity, ' radians/sec 

rate of change  of  flight-path  angle  with  time 

rate of change of velocity V with  time 

time  after  first  control  motion,  sec 

time  after  second  control  motion,  sec 

coefficient of drag as a nonlinear  function  of a 

per  deg 

per  deg 

per  .deg 

= xi- per  deg 

= per  deg 
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Dots  over  symbols  represent  derivatives  with  respect  to  time,  for 

example, 7 = 2. a2 
at2 

AIRPLANE CONDITIONS 

The  airplane,  having  no  horizontal  tail,  is an airplane  similar  in 
configuration  to  one  that  reportedly  had  poor  response  to  longitudinal 
control  and  for  which  response  calculations are presented  in  reference 1 
(airplane B). The  new  results  computed  for  this  paper  are  for  a  center- 
of-gravity  position of 0.20E (a  practical  rearward  limit  for  this  air- 
plane  considering  its  entire  speed  range).  These  results  are  compared 
in  this  paper  with  those of reference 1 for which  the  center-of-gravity 
position  was 0.14C. The  results  also  are  compared  with  those  of  a  conven- 
tional  airplane  reportedly  having  good  response  characteristics  in  landing 
approaches,  airplane A of  reference 1. For  convenience  the  designations 
of  airplanes A and B as used  in  reference 1 will  be  maintained  in  this 
paper. The configurations  of  the  airplanes  are  shown  in  figure 2. Perti- 
nent  aerodynamic, mass, and  dimensional  characteristics  for  the  landing 
configurations  of  airplanes A and B for  both  center-of-gravity  positions 
are  given  in  table I. 

PROCEDURE 

The  procedure  used  for  calculations  on  the  analog  computer was the 
same  as  that  described  in  reference 1. In  brief  the  three  longitudinal 
equations of motion  were  used  in  the  analog  calculations.  The  lift  and 
pitching  moment  were  introduced  as  linear  functions of angle  of  attack. 
The  drag  coefficient CD(~) was  introduced  as  a  nonlinear  function of 
angle of attack  because  of  its  large  nonlinear  variations.  Variations  of 
lift,  drag,  and  pitching  moment  with  elevator  deflection  were  introduced 
as  lineax  functions  of  elevator  deflection.  Deflections  of  the  elevator 
and,  therefore,  values  of  Cu$1\6e, CDBe&5eJ and  CQea6e  were  intro- 
duced  as  step  functions.  The  thrust  and  Cmq  were  held  constant. 

The  airplanes  were  initially  trimmed  for  steady  level  flight  at  a 
landing  approach  speed  of 185.8 ft/sec (110 knots).  The  initial  trim 
values  are  given  in  table 11. A disturbance  from  steady  level  flight  was 
initiated  by  deflecting  the  elevator  down  and  holding  the  down  deflection 
for 2 seconds  after  which an attempt  to  stop  the  ensuing  descent  was  made 
by  deflecting  the  elevator  full-up. As noted  in  reference 1 the  amount 
of down  elevator  movement  used  for  airplane A was  such  as  to  result  in  a 
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loss of  altitude  (about 10 feet)  that  might  be  desired  for a final  correc- 
tion  during a landing  approach  aboard a carrier.  The  amount  of  down  ele- 
vator  used  on  airplane B for  both  center-of-Ravity  positions was such  as 
to  cause  descent  paths  similar  to  that  obtained  on  airplane A. The  down- 
elevator  deflections  required  for  airplane B were  based  on  the  total  ele- 
vator  effectiveness  parameter (- VCL, 7 flcmSe me) presented  in  refer- 

!&E 2pky 
ence 1. A s  previously  mentioned  the  elevator was then  deflected  from  its 
down  deflection  to  full-up.  This  procedure was employed  to  get  the  maxi- 
mum response  that  would  be  theoretically  possible  for a given  airplane 
configuration,  although  it was realized  that  such a control  manipulation 
would  not  generally  be  used  by a pilot.  The  elevator  deflection was 
reduced  from  full-up  to a deflection  that  would trim the  airplane  at  the 
angle  of  maximum  lift  and  in  time  to  prevent any appreciable  overshoot  of 
the  angle  of  attack  of maximm lift.  For  airplane B with  the  center  of -. 
gravity  at 0.14E full-up  elevator  trimmed  the  airplane  at  maximum  lift. 

The  motion  in  response  to  these  control  manipulations was recorded 
and is presented  in  terms  of  variations  from  initial  conditions o f  veloc- 
ity,  angle  of  pitch,  angle of attack,  flight-path  angle,  and  height  or 
altitude  with  respect  to time. The  lift  due  to  elevator  deflection  for 
airplane B was  relatively  large  when  compared  with  that  for  airplane A, 
primarily  because  airplane B had  no  horizontal  tail  and  used  trailing- 
edge  flaps  for  longitudinal  control. In that  the  change  in  lift  due  to 
elevator  deflection  is  undesirable,  being  in a direction  opposite  to  that 
desired  when  the  elevator  is  moved,  the  effects  of  eliminating  the  change 
in  lift  due  to  elevator  deflection  were  investigated.  Previous  studies 
(ref. 1) have  indicated  that  the  total  elevator  effectiveness  parameter 
is an  important  parameter  regarding  short-time  responses  to  longitudinal 
control  in  landing  approaches  and  an  investigation was made  of  increasing 
this  parameter in the  pull-up  part  of  the  motion  for  airplane B. The 
to.ta1  elevator  effectiveness  parameter  was  increased  arbitrarily  by 
increasing  the  up-elevator  deflection so that  the  parameter  for  airplane B 
equalled  that  for  airplane A. Changing  the  total  elevator  effectiveness 
parameter in this  manner  caused  airplane B ,  to  have  approximately  the  same 
initial  rate  of  change  of  normal  acceleration V y  at  the  time of the 
second  control  motion  as  did  airplane A. The knounts.  of  elevator  deflec- 
tion  from  the  trlmmed  deflection  for  the  various  test  conditions  studied 
are  given  in  table 111. 

The study  presented in this  paper  is  prima;r.i.iy  concerned  with  the 
short-time  response  characteristics  because  in  landing  approaches and 
particularly in landing  approaches  aboard a carrier,  where  difficulties 
have  been  encountered, small altitude.or  heignt  corrections  are  needed 
in  very  short  times.  In  general,  the  results  in  this  paper  are  for  times 
up  to  when  the  altitude  lost  in  the  pushover  is  regained. Bief results 
for  relatively  larger  time  periods  are  also  presented'. 
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RESULTS AND DISCUSSION 

Comparison  of  Airplanes A and B Showing  Effects 

of  Center-of-Gravity  Position 

A comparison  of  the  response  of  airplane B for  both  the 0.14E and 
0.20C center-of-gravity  positions  with  the  response  of  airplane  A,  as 
calculated  on  the  analog  computer  is  shown  in  figure 3 .  For  this  com- 
parison  an  attempt  was  made  to  make  the  pushover  flight  paths  for  air- 
plane B approximately  the  same  as  that  for  airplane A by  the  u-se  of a 
different  amount  of  down-elevator  deflection,  as has previously  been 
mentioned.  The  same  amount  of  down  elevator,  however,  was  used  for  both 
center-of-gravity  positions  of  airplane B in  that  the  amount  of  elevator 
used was based  on  the  total  elevator  effectiveness  parameter  which,  in 
itself,  is  not  affected  by  changes  in  static  stability.  There  appears 
to  be  only  little  influence  of  center-of-gravity  position  on  the  response 
characteristics  of  airplane B. In the  pushover  part  of  the  motion,  air- 
plane B with  the  rearward  center  of  gravity  does  pitch  somewhat  more 
rapidly  than  with  the  forward  center-of-gravity  position,  resulting  in 
somewhat  larger  changes  in  flight-path  angle.  This  difference  in  flight- 
path  angle  causes a slightly  more  rapid loss in  height.  The  time  lag  in 
response  to  up  elevator,  however,  is  about  the  same  for  both  center-of- 
gravity  positions.  The  airplane  with  the  rearward  center-of-gravity  posi- 
tion  does  regain  height  more  rapidly  than  with  the  forward  center-of- 
gravity  position.  This  is  caused  in  part  by  more  available  up  elevator 
as  well  as  the  reduced  stability.  The  more  available up elevator  results 
from  the  fact  that  less  elevator  is  needed  to  trfm  the  airplane  in  the 
Initial  level  flight  for  the  rearward  center-of-gravity  position  (see 
tables I1 and 111). 

Effect  of  Lift  Due  to  Elevator  Deflection 

The  effect  of  eliminating  the  lift  due  to  elevator  deflection  for 
both  center-of-gravity  positions  of  airplane B is  shown  in  figure 4. For 
these  comparisons  the  amount  of  down  elevator  used  in  the  pushover  was 
the  same  for  both  center-of-gravity  positions  and  was  not  adjusted  in a 
manner  to  give  consistent  pushover  flight  paths.  The  effect  of  elimi- 
nating  the  lift  due  to  elevator  deflection is similar  for  both  center-of- 
gravity  positions  in  that  somewhat  more  height is lost  in  the  pushover 
because  of a more  rapid  response  to a down  elevator  of  the  airplane in 
flight-path  angle  when  the  lift  due  to  elevator  deflection  is  zero.  The 
response  time or lag  following  elevator  deflection  is  not  appreciably 
affected,  however,  by  the  elimination  of  lift  due  to  elevator  deflection. 
As  discussed  previously,  the  effects  of  moving  the  center  of  gravity  rear- 
ward  are  to  cause  the  flight-path  angle  to  change  more  rapidly  with  the 
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same elevator  deflection  and  to  lose  somewhat  more  height in the  pushover 
than  for  the  forward  center-of-gravity  position.  The  height  is  regained 
more  rapidly,  however,  again  because  of  the  somewhat  more  rapid  response 
in  flight-path  angle  associated  in  part  to  more  available  control 
deflection. 

Effect  of  Increased Total Elevator  Effectiveness 

The  results  with  an  increase  of maximum up-elevator  deflection  for 
both  center-of-gravity  positions  for  airplane B are  shown  in  figure 5.  
The  amount  of  down-elevator  deflection  used  in  the  pushover  was  the  same 
for  both  center-of-gravity  positions  and  was  not  adjusted  to  give  consist- 
ent  pushover  flight  paths.  The  amount  used was the  same  as  used  for  the 
data  of  figures 3 and 4 (table 111). The  primary  effect  of  the  increased 
elevator  deflection was to  reduce  the  response  time  to  up  eievator  move- 
ment  and  reduce  the  height  lost  in  the  maneuver.  This  is,  of  course,  the 
same  effect  as  reported  in  reference 1.. A s  discussed  previously,  the 
effect  of  rearward  movement of the  center-of-gravity  position was to  cause 
a somewhat  more  rapid  change  of  the  flight-path  angle  in  the  pushover 
(using  the  same  amount  of  down  elevator)  with  somewhat  more  height  being 
lost.  The  rates  of  change  of  flight-path  angle  in  the  pullup are similar 
primarily  because  the  increment  of  up-elevator  deflection  used has been 
made  the  same  for  koth  center-of-gravity  positions (57.81'). This  amount 
of  up-elevator  deflection,  as  previously  noted, was used  to  make  the  total 
elevator  effectiveness  parameter  of  airplane B the  same  as  that  of  air- 
plane A for  the  pull-up  part  of  the  maneuver. The response  time,  that  is, 
the  time  when  the  descent  is  stopped,  is  again  not  appreciably  affected 
by  center-of-gravity  position,  actually  being  somewhat  larger  for  the 
rearward  than  for  the  forward  center-of-gravity  position.  The  use  of  less 
down  elevator  in  the  pushover  for  the  rearward  center-of-gravity  position 
would  have  made  the  flight  paths  more  alike  for  the  two  center-of-gravity 
positions,  although  it  probably  would  not  have  Influenced  the  response 
tirde  appreciably,  primarily  because  proportional  changes  in  elevator 
deflection  probably  would  have  no  influence  on  response  times. 

The  results  for  airplane B for  both  center-of-gravity  positions,  with 
the maximum up-eievator  deflection  increased  and  with  the  lift  due  to  ele- 
vator  deflection  set  equal  to  zero,  are  compared  with  the  results  for  air- 
plane A in  figure 6. The  results  indicate  that t h e  response  time  is  about 
the  same  for  all  cases - being  of  the  order  of 1 second  after  up-elevator 
movement,  whereas  for  the  original  conditions  shown  in  figure 3 the 
response  time  for  airplane B for  both  center-sf-gravity  positions was 
slmost 2 seconds - nearly 1 second  longer  than  for  airplane A. The 
improvements  caused  by  increased  elevator  deflection  and  eliminating  the 
lift  due  to  elevator  deflection  result  fundamentally  from  the  fact  that 
the  angle  of  attack  and  thus  the  lift  and  flight-path  angle  were  changed 
more  rapidly.  Following  the  movement  of  the  elevator  to  full-up  on  air- 
plane B, the maximum rate  of  change  of  the  angle  of  attack was increased - %% 

1:. 
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about 50 percent by increased  elevator  deflection;  whereas,  the  center- 
of-gravity  movement  increased  the  maximum  rate  of  change  of  angle  of 
attack by only  about 10 percent  (fig. 6), which  is,  in  part,  the  result 
of  more  available  up-elevator  deflection  for  the  rearward  center-of- 
gravity  position. 

Airplane A undoubtedly  has  more  than  minimum  acceptable  response 
characteristics  and  the  comparisons  shown  are  not  intended  to  indicate 
any  large  deficiencies  in  airplane B; as  a  matter  of  fact,  as  noted  in 
reference 1, the  differences  shown may not  be  greatly  significant  and 
only  flight  experience  can  establish  any  criteria  of  minimum  acceptable 
response. 

Effects  of  Response  Characteristics  Over  Long  Time  Periods 

The  relatively  long  time  characteristics,  as  calculated  on  the  analog 
computer,  for  airplane B for  both  center-of-gravity  positions  are  compared 
with  those  for  airplane A in  figures 7 and 8. In  figure 8 the  total  ele- 
vator  effectiveness  parameter  has  been  made  the  same  for  airplane B as  for 
airplane A and  the  lift  increment  due  to  elevator  deflection  has  been  elim- 
inated. A l l  cases  respond  to  the  up-elevator  deflection  in  that  after  the 
descent  is  stopped  and  the  lost  height  is  regained  the  airplanes  continue 
to  increase  height  over  a  considerable  time.  As was noted  in  reference 1, 
it  is  apparent  that  if  an  airplane  is  not  trimmed  at  maximum  lift,  height 
can be gained  generally by an  exchange  of  kinetic  for  potential  energy  and 
that  only  impractically  large  drag-coefficient  changes  could  prevent  such 
an  exchange  of  energy. 

In  figure 7, the  effect  of  center-of-gravity  position was the  attain- 
ment  of  a  much  larger  increase  in  flight-path  angle  for  the  rearward 
center-of-gravity  position  primarily  because  the  airplane  pitched  up  for 
a  longer  time.  The  result  of  the  difference  in  flight-path  angle  was  a 
larger  change  in  height.  The  additional  amount  of  up-elevator  deflection 
available  for  the  rearward  center-of-gravity  position  influenced  this 
motion  to  some  extent  as  well  as  did  the  differences  in  stability. 

In  figure 8 with  increased  elevator  deflection  (the  amount  of  up 
elevator  used  being  the  same  for  both  center-of-gravity  positions,  see 
table 111), the  effect  of  center-of-gravity  position  is  not  as  great. 
The  differences  shown  are  the  apparent  effects  of  the  change  in  stability 
as  well  as  the  influence  of  the  change  on  the  transient or early  part  of 
the  motion  wherein  the  angle  of  pitch  and  flight-path  angle  assume  some- 
what  different  variations  with  center-of-gravity  position. 
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A factor  -for  the 
planes  in  response  to 

Some.Additiona1  Considerations 

evaluation.of  the  Short-time  characteristics  of  air- 
longitudinal  control  appears  .to be the  response  or 

lag  time  which  is  required  for  the  airplane  to  respond  to  contrql  movement 
in  the  sense  that an induced  or  existing  rate  of  descent  can  be  stopped.’ 
In short  time  periods,  differences  in  response,time  appear  to  be  the  pri- 
mary difference  between  airplanes A and B reported  herein  and in refer- 
ence 1:. The  response  time  used herein-is-defined a s  the  time  from  final 
control  movement  to  when  the  rate of change  of  height  is  zero.  The  rate 
of  change  of  height  is  the  vertical  velocity  or  rate  of  sink, 
V sin 7 “V7 which  can only  be  zero  when  the  flight-path  angle y is 
zero. 

A solution of-the equations  of  two  degrees  of  freedom  for a single 
elevator  control  movement  such  as  is  used in a pushover  is  presented  in 
the  appendix  of  reference 1. A similar  solution  of  the  equations  of  two 
degrees  of  freedom  for a second  control  movement  as  would  be  used  in a 
pullup  following a pushover  are  presented  herein.  For  this  solution  the 
conditions  which  exist  at  the  time  of  the  second  control  motion  as a 
result  of a previous  control  motion  are  used  to  establish  constants  of 
the  equation.  This  solution  is  as.follows: 

7 - c . . +  
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where 

and 

&el  f,irst  elevator  movement 

fie2 second  elevator  movement  measured  from  first  movement 

t tlme  from  beginning of motion  or  first  elevator  movement 

I- time  from  second  elevator  movement 

71 flight-path  angle  which  exists  at  time  tl  when  second 
control  movement  is  made 

i.1 and Y l  
.. 

flight-path-angle  derivatives  which  exist  at  time  tl 
when  second  control  movement  is  made 

mmm9mmL 

I 
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71 = (c2 Bel + c1 A8 el b) 
I -  
i' tl - .) - 

J 

I- - 

L -1 

and 

.. rl = -(". AEe1 + C1 
2 

r 1 

L "I 

These express ions   for .  yl, il, and, 7 .  . d i f f e r  somewhat from those 
presented  in appendix A of reference 1 by the  addi t ional  C3 terms making 
these  expressions mope complete  even  though the  C3 t e rns   a re  normally 
not   s ignif icant ly   large.  - 
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A so lu t ion   for  T i n  equation (1) with  the  equation set t o  zero will 
giqe the lag  o r  response time required from the  time of the second con- 
t r o l  motion u n t i l  the rate of descent i s  stopped.  Equation 1, however, 
i s  not amenable t o  a general   or  analytic  solution because of i t s  t ran-  
scendental form  and only  graphical o r  numerical   solutions  for  specific 
cases are pract ical .  It must be pointed  out that in two-degrees-of- 
freedom solutions, 7  becomes a divergent  quantity  with time because of 
the  assumption  that  the  velocity i s  constant;  therefore any solutions of 
equation (1) must be l imited  to   very  short  time per iods   a f te r  any f i n a l  
control movement. 

Solut ions  for  7 in  equation (1) f o r  airplanes A and B for   both 
center-of-gravity  posit ions  for  the  conditions  presented  in  f igure 3 are  
presented in   f i gu re  9. The d i f fe rences   in   the   l ag  times between the  two 
airplanes and the  small d i f fe rences   in   l ag  time f o r  the two center-of- 
gravity  posit ions of airplane B are indicated as they were on f igure 3 .  
The various components of  7 made up from the  constant  (independent of 
time), osci l la tory  ( funct ion of .eat  cos ut), and time proportional 
(direct   function of t ime)  parts of equation (1) are   a l so  shown on f ig -  
ure 9. In   f i gu re  9 (and on the  other remaining figures)  these  various 
components are designated as ya, 
equation (1), 

7, = (Cl nSe2b + C2 A6 
e2) $ 

I- - 

7b, and 7c, respectively, where from 

+ ( C3 + yl + Fl 2 + i.; - 1 
b b 

7 1 
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and 

The e f f ec t  of center-of-gravity movement is to   increase  the  var ious com- 
ponents  but i n  a manner that they  tend  to  compensate  one another when 
added, with  the result of only small actual  differences  in  the  .response 
time. 

As hasbeen  mentioned, t he   e f f ec t  of center-of-gravity  position on 

f t e response of airplane B as presented i n   f i g u r e s  3 t o  8 included  the 
f f e c t  of  more available  up-elevator  deflection  for  the  rearward  center- 

of-gravity  position  because.02 the different amounts of elevator  required 
f o r  trim. Calculations by use of equation (1) using  the same control 
movements for  both  center-of-gravity  positions  are.included  in  figure 10. 
The re su l t s  show that with the same control  movements -the time lag  becomes 
grea te r   for  the rearward center-of-gravity  posit ion  than  for the forward 
position. It may be  reasoned that t h i s  may be the result of a somewhat 
larger  value of yl ( a t  T = 0) f o r  the rearward center-of-gravity  posi- 
t ion.   Calculations  for which the i n i t i a l  pushover control  movement was 
reduced f o r  the rearward  center-of-gravity  position so that 71 was the 
same for  both  center-of-gravity  positions are a lso  shown i n  figure 10. 
The r e su l t s  show only l i t t l e  difference  in   lag time and indicate that the 
difference  in   avai lable   e levator   def lect ion i s  apparently as important t o  
the motion as is the  change i n   s t a b i l i t y .  

Calculations  for  airplane B with-increased up elev&tor and C 
, .  

equal t o  zero are compared w i t h  calculat ions  for  airplane A in   f i gu re  11. 
The re su l t s  show an improvement i n  l ag  time for   a i rp lane  B i n   t h e  same 
manner as shown i n  figure 6. 

A comparison of the variat ion,  of 7 with time as .calculated by 
equation (1) and  by the  analog computer is made i n  figure 12. The analog 
computer resul ts   general ly  show  somewhat la rger   var ia t ions   in  7 and 
longer  response times which would appear t o  be a d i rec t  result of an 
increase in   veloci ty   indicated in, f o r  example, figure 3. Some differ- 
ences i n  the analog computations a l so  exist for   a i rp lane  A and airplane B 
with the rearward,centes-of-gravity position  because of a third control 
motion  used t o  prevent the airplanes from stalling. m s  third.movement 
was not used f o r   t h e  forward  center-of-gravity  position of airplane B. 
On any account, it would appear that equation (1) could  be  used t o   e v a l -  
uate reasonably  accurate  response  times as w e l l  as indicate approximate 
differences i n  response times between different  configurations.  
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Additional  calculations  were  made,  by  use  of  equation (l), of  the 
time  required  to  check an established  rate  of  descent  in a steady 10 to 
1 glide  (fig. 1 3 ) .  An initial  glide-path  angle  of  about  and  the 
maximum  available  elevator  deflection  were  used  for  these  calculations. 
Airplane A responds  more  quickly  than  does  airplane B. The  effect  of 
center-of-gravity  position  is  more  prominent  on  the  response  of  air- 
plane B than  it  was  for a control  induced  disturbance,  even  when  the  same 
amount  of  elevator  deflection  was  used.  It  would  appear  then  that  in a 
control  induced  disturbance  the  effects  of  stability  changes  tend  to  be 
compensated  for  during  short  time  periods,  whereas  for  responses  to  single 
control  movements,  as  in  checking a glide,  reduced  static  stability  tends 
to  improve  response  characteristics  somewhat. 

Differences  in  the  response  characteristics  are  shown  in  figures 10 
and 13 between  the  two  center-of-gravity  positions  for  airplane B when 
the  same  control  deflections  were Wed for  both  center-of-gravity  posi- 
tions  and  the  same  initial  flight-path  angles  existed.  In  figure 10 for 
a control  induced  descent  the  response  time  is  somewhat  larger  for  the 
rearward  center-of-gravity  position,  whereas  in  figure 13 when  checking 
a steady  glide  the  response  time  is  somewhat  shorter  for  the  rearward 
center-of-gravity  position  than  for  the  forward  center-of-gravity  posi- 
tion.  This  difference  is  primarily  caused  by  the  existence  of  deriva- 
tives  of rl in  the  control  induced  motion  which  are  zero  in  the  steady 
glide  case. This reiterates  the  fact  that  the  effects  of  changes  in 
stability  tend  to  compensate  themselves  in a control  induced  checked 
maneuver;  whereas  in a single  control  motion  quicker  response  is  possible. 

CONCLUSIONS 

The results  of a limited  analytical  investigation  using  both  three- 
degrees-of-freedom  analog  computations  and  two-degrees-of-freedom  calcu- 
lations  indicated  the  following  conclusions  regarding  the  short-time 
response  to  longitudinal  control  of a swept-wing  airplane  of  low  aspect 
ratio  having  no  horizontal  tail  during  landing  approaches: 

1. Changes  in  longitudinal  static  stability  by a practical  movement 
of  the  center-of-gravity  had  relatively small influence  on  the  short- 
time  response  characteristics  of  the  airplane. 

2. In  a push-pull  maneuver,  that  is,  one  in  which a rate  of  descent 
is  induced  by  control  movement  and  then  checked,  the  effects  of  changes 
in  stability  tended  to  be  compensated  and  the  response  time  to  check  the 
descent  was  relatively  unaffected. 
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3. In a  single  control movement such as may be used i n  a f lareout  
from  a  steady  glide,  the  response time required  to  check the initial 
rate of descent was shortened somewhat  by reduced s t a t i c   s t a b i l i t y .  

4. An increase  in   the amoqnt of available  up-elevator  deflection 
resul t ing from trim changes due t o  a reduction of s t a t i c   s t a b i l i t y ,  was 
as s ignif icant  i n  changing the  response  characterist ics as were changes 
i n  s t ab i l i t y .  

5.  The response time, that is, the time from a f ina l   con t ro l  move- 
ment u n t i l  a rate of descent i s  stopped for  short-time maneuvers, was 
adequately  estimated by calculations based on analyt ical   solut ion of 
the  equations of two degrees of freedom. 

Langley Aeronautical  Laboratory, 
National Advisory Committee f o r  "Aeronautics, 

Langley Field, Va., July 21, 1954. 

REFERENCE 

1. Bihrle, William, Jr . , ind Stone,  Ralph W., Jr . : Analytical  Studies 
of the Response t o  Longitudinal  Control of Three Airplane  Configura- 
t ions i n  Landing  Approaches. NACA RM L33BlO, 1953. 



NACA RM L54HO4 

TABU I.- AERODYNAMIC, MASS, AND DIMENSIONAL  CHARACTERISTICS 

[Aerodynamic  characteristics  are  referred  to  stability  axes; mass 
and  aerodynamic  characteristics  given  for  landing  configuration. 1 

Characteristics 

Wing  area, sq ft . . . . . . . 
Mean  aerodynamic  chord, ft . . 
Weight,  lb . . . . . . . . . . 
Center  of  gravity, 
percent E . . . . . . . . . 

Moment  of  inertia  about 
Y axis,  slug-ft2 . . . . . . 

Radius  of  gyration  about 
Y axis, ft . . . . . . . . . 

Airplane  relative-density 
coefficient, p . . . . . . 

C, per  radian . . . . . . . 
9 C&, per  deg . . . . . . . . 

CL~, per  deg . . . . . . . . 
per  deg . . . . . . . . 

$ per  deg . . . . . . . . . 
C h  per  deg . . . . . . . . . 
cD6, 

%/CL . . . . . . . . . . . . 
Go . . . . . . . . . . . . .  
CL, . . . . . . . . . . . . . 
6e-j deg . . . . . . . . . . 

iirplane P 

400.0 

19,642 

25 

40,658 

8.28 

8.17 

77.4 

-0.0172 
o.00600 
0.00056 

-12.0 

-0.01034 
0.0842 
-0.123 
0.04550 
0.814 
-18 

T Airplane B 

s.g.  at 0.147 

535 9 3 
1.3 69 
22,862 

14 

43,750 

7.85 

40.7 
-1.5 

-0.0050 

0.01025 

0. ooogo 
-0.00675 

-0.129 

-0.187 
-30 

0.0525 

0.1475 

2.g.  at 0.2Oc' 

535 3 
13 69 
22,862 

20 

43,750 

7-85 

40.7 
-1.5 

-0.0050 
0.01025 

o.00090 
-0.00362 
0.0525 
-0.069 
0.0669 
-0.083 

-30 
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TABI;E 11.- I N I T I A L  TRIM VALUES FOR STEADY LEVEL 

F L I G m  AT ll0 KNOTS (185.8 FT/SEC) 

A i r p l a n e  se, deg T, lb 6, deg 7, deg a, deg 

A 5.0 (1.5' up s t a b i l i z e r )  2,642 4.46 0 4.40 

B, c.g. a t  0.14E 

19.85 B, c.g. at 0.20E 

-20.0 4,770 21.85 0 ~1.83 

-8.4 4,289 19.85 0 

"" . "" .. ._...._. ... ... .... ."_... ". ., ...., .... .... . .. .""." 



TABLF: 111.- EXXVATOR D E I 5 E C T I O N S  USED DUR7NG PUSH-PULL MANEUVERS AND COMPARISON OF 

RESULTING PARAMETERS AFFECTING  LONGITUDINAL  MOTION 

Airplane 

l?uu-up 
as,, de63 me 

(from push- 

deflection) 

F q  
UP ) 

down (for PILI" 

Original  elevator  deflection 

(a) 

I 
I 

A 1.00 1.00 1.00 -24.86 1.86 

B, c.g. at 0.14E 

2.06 0.45 1.04 -25 93 c4.33 B, c.g. at 0.203 

1.14 0.25  0.58 -14.33 c4 33 

Increase up-elevator deflection 
1 

B, c.g. at 0.14E 

1.00 2.33 c-57. 81 c4 33 B, c.g. a t  0.20E 

2.33 c-57. 81 c4.33 

$mameter indicates to ta l  available  elevator  effectiveness in causing a rate of  change of 
flight-path angle (neglecting change in  l i f t  due to  elevator  deflection). 

bpar-ter indicates change in  lift due t o  elevator  deflection. 

as for airplane A (neglecting change i n  l i f t  due t o  elevator  deflection). 
aSe values resut in  the ini t ia l   ra te  of change  of y being  approximately the same 



Iu 
0 

\ s  

Figure 1.- Sketch showing s t a b i l i t y  axes. Arrows indicate  positive 
direction of forces, moment, and angles. 
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(a) Airplane A. 

Figure 2. - Three-view drawings of airplanes  investigated. 
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39.73' ~-1 . 43.89' _I 

. 

(b) Airplane B. 

Figure 2.- Concluded. 

#' 
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Figure 3. -  Comparison of response to   avai lable   longi tudinal   control  on 
airplane A and airplane B with  center of gravity a t  0.20E and 0.14E. 
I n i t i a l  trim values  given  in  table 11. 
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Figure 4. - Effect of eliminating  the change i n   l i f t  due to   e leva tor  
deflection on the  response of airplane B with  the.center of gravity 
a t  0.20E and 0.14E. I n i t i a l  trim values  given in   t ab l e  11. 



0 1 2 - 3 4  5 6  
Time, sec 

20 - c.g. 14% ; C =o 
I O  LSe 

$ -to --- c . g . 2 0 % E ;  "LS, 

h 
G o  

- "" c.g 14% 2 
increased  elevafor deflection; 

= O  

-20 

-30 
"" c.g. 20% c' 

increased elevafor  deflection; 

Vulues of OS,  without increased 
deflection  are not included on 
this flpure 

Time,  see 

Figure 5.- Effect of increasing  up-elevator  deflection and of eliminating 
the change i n  l i f t  due to   e levator   def lect ion on the response of 
airplane B with  the  center of gravity a t  0.20E and 0.14E. I n i t i a l  
trim values  given  in  table 11. 
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Figure 6. - Comparison of response to   longi tudinal   ,control  on airplane A 
and airplane B with  center of g rav i ty   a t  0.20E and 0.14E. Airplane B 
for  both  center-of-gravity  positions has increased  up-elevator  deflec- 
t i on  and the change i n  l i f t  due t o  elevator  deflection el.iminated. 
I n i t i a l  trim values  given i n  tab le  11. 



NACA RM L 9 H O 4  

- - - Airplane B c.g. 14% 5 

30 

20 

b P IO 
r : *  

- 10 

- 20 
0 1 2 3 4 5 6 7 8 9 1 0  11 I2 13 14 15 16 I7 f8 19 20 21 22 

Time, sec 

Figure 7.- Comparison of response to   ava i lab le . longi tudina1   cont ro l  on 
airplane A and airplane B with  center of gravi ty  a t  0.205 and 0.14E 
f o r  a long  period of time. I n i t i a l  trim values  given  in table 11. 
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Figure 7.- Concluded. 
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Figure 8.- Comparison of response to   longi tudinal   control  on airplane A 
and airplane B with  center of gravity at 0.20c' and 0.14E f o r  a long 
period of time.  Airplane B for  both  center-of-gravity  positions bas 
increased  up-elevator  deflection and the change i n  l i f t  due t o   e l e -  
va tor   def lec t ion   e l imina ted .   In i t ia l  trim values  are  given  in 
tab le  11. 
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(d) Summury. 

Figure 9.- Comparison of response to available  longitudinal  control  on 
airplane A and  airplane B with center of gravity  at 0.20E and 0.14.E 
from  two-degrees-of-freedom  calculations.  Initial trim values given 
in table 11. 



- NACA RM L9HO4 

25 

20 

0 

-5 

- /O 

25 

20 

0 

-5 

-3  

- 4  

-5 
0 .2 9 .6 .8 l0 12 14 16 18 2Q 22 

r, see 

IC/ Summary. 

Figure 10.- Effect of use of various amounts of e levator   def lect ion on 
the  response of airplane B with the  center of gravi ty  a t  0.20E as  
compared t o  that f o r  airplane B with  the  center of gravity of 0.145 
Based  on two-degrees-of-freedom calculations.  Initial trim values 
given i n   t a b l e  11. 
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(c) Summary. 

Figure 11.- Comparison of response to   longi tudinal   control  on airplane A 
and airplane B with  center of gravity a t  0.20E and 0.14E. Airplane B 
for  both  center-of-gravity  posit ions has increased  up-elevator  deflec- 
t i o n  and the change i n   l i f t  due to   e levator   def lect ion  e l iminated.  
Based on two-degrees-of-freedom ca lcu la t ions .   In i t i a l  trim values 
given i n   t a b l e  11. 
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Figure 12.- Comparison of the  response to available  elevator  control of 
airplane A +nd airplane B with  the center of gravity at 0.20E and 

.0.14E as- calculated by analog.  and  two-degrees-of-freedom  calculations. 
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Figure 13.- Comparison of the  response when checking a rate of descent 
in a  steady  glide of airplane A and  airplane B with the  center of 
gravity  at 0.20E and 0.14E. Based on two-degrees-of-freedom 
calculations. 
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