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NATIONAL ADVISORY C Q 4 U T I Z E  FOR  AERORAUTICS 

AIRPLANES IN TBE ANGLE-OF-AWACK RANGE 

E3y Hubert M. Drake, G l e n n  E. Robinson, and Albert E. K u h l  

Loads  measurements  have  been  made  with  the  swept-wtng  Bell  X-5 and 
Douglas D-558-11 research  airplanes  during  flights  in  which  reductions 
of longitudinal  stability  were  experienced when the  pilots  attenqted  to 
perform  routine  test mneuvers at  moderate mlues of lift.  The  horizontal- 
tail  loads and pftching  accelerations  that  were  developed  during  pitch 
divergences are not considered  to  be  excessive;  however,  the  over-all 
airplane  limit load could  be  inadvertently  exceeded  over a range  of  alti- 
tudes  which  varied  widely  with  Mach  nmiber  and was determined  by  the  sta- 
bility  boundary and the maximum-lift boundary. A t  angles of sttack  above 

of pressure  which  resulted  in reduced bending  moments.  The  vertical 
tail of the X-5 airplane was nearly  as  effective  during  lateral  diver- 
gentes at  high  angles  of  attack as it  was at normal attitudes.  Unex- 
pectedly  large  internal wing structural loads were  encountered  durfng a 
spin  resulting from a pitch-up of the X-5. 

. the  stability  boundary  there was an inward  shift of the  lateral  center 

. 

A current,  serious  aerodynamic  problem  related  to  the  high-speed 
flight of swept-wing  airplanes is the  tendency  toward  reduction of longi- 
tudinal  stability  found  to  occur  at  moderate  values of lift.  The  resulting 
dynamic  overshoot or pitch-up  is  the  subject  of  much  recent  study. Such 
regions of reduced  stability  have  been  traversed  during  flight-test 
maneuvers of the  Bell X-5 and Douglas D-558-11 research  airplanes  which 
are being  investigated  by  personnel of the NACA Hfgh-Speed  Flight  Research 

Research  and  Development Corrrmand, U. S. A i r  Force,  and  the  Bureau  of 
Aeronautics,  Department of the  Navy,  respectively. 

Station  at Fdwds Air Force  Base,  Calif.  in  cooperation  with  the  Air 
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Turn and  pull-up  maneuvers  which  were  performed  during  the  investi- 
gations  were  intended only to  reach  the  stability boundary of the  air- 
planes,  but  the  reductions of stability  caused  the  airplanes  to  pitch 
up  to  large  angles of attack.  At  these  high  angles of attack,  the 
D-53-11 would  occasionally, and the X-? would usually, encounter a 
dkectional divergence  which  would  result in large  angles of sideslip 
and r o l l .  This behavior w8s not  unexpected and the  maneuvers  were there- 
fore  performed,  whenever  possible,  at high altitudes  in  order  to  prevent 
the  development  of  excessive loads. The loads that  were  experienced  at 
angles of attack  above the lift break  are  the  subject of this  report. 

RZSULTS AND DISCUSSIOM 

Figure 1 shows  the  general  arrangements of the  X-5 and D-558-11 air- 
planes.  The X - 5  has the  horizontal tail located  almost  in  line  with  the 
variable-sweep  wing,  which for the  investigation xith which this  report 
is  concerned was set  at 590 sweepback of the  quarter-chord  line.  The 
D-59-11 airplane has 35O sweepback of the wing quarter-chord  line  and 
its  horizontal  tail  is  located  in a relatively  higher  position, halfway 
up  the  vertical  tail.  The  physical  characteristics of these  airplanes 
are  described  in  greater  detail  in  references 1 and 2. 

The maximum angles of attack and sideslip  measured  during  inadvertent 
maneuvers from turns  and pull-ups are sham in figure 2 for each  airplane. 
The  line  in  the  upper  part of the  figure I s  the  stability  boundary at 
which  the  airplane  pitches,  and  the  points  indicate  the  peak  values of 
angle of attack  that  have  been  attained  as a result of this  longitudinal 
divergence.  The  extreme  angles of attack  at low Mach  nunibers for the 
X-? were  encountered  during a spin which  resulted f r o m  the  longitudinal 
and  directional  instabilities.  The  lower  portion of figure 2 shows  the 
angles of sideslip  reached ae a result of the  directional  instability 
at  high  angles of attack. No directional  divergence has been  encountered 
at  supersonic  Mach numbers with the D-558-11, but oscillations of the 
amplitude  shown  have  been  encountered  during  the  recoveries from pull-ups. 

Because  the  pitching mtions result from stabi l i ty  deficiencies, 
rather  than from control mtions, it  is of Interest t o  see  what  range 
of  pitching  accelerations was encountered in these  motions. In figure 3 
are  presented  the  accelerations attained both durbg the  pitch-up and 
during the  pitch-down in the recovery f r o m  the  maneuver.  Most  of  the 
pitch  accelerations  were  smaller than 2 radians  per  second  per  second 
although a  few were  considerably  Larger.  However,  the  Navy  design 
requirement, f6 radians  per  second  per  second, was not  exceeded,  although 
it  approached by the D-558-11 airplane. 

L 
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. Exanples of the  variations of horizontal-tail load during the 
pitch-ups  are  shown  in  figure 4. The  variations  with  angle of attack 
of the  airplane and wing normal-force  coefficients are shown  to  indicate 
the  lift  conditions  existing  during  the  -ewer.  The  pitch-up,  indicated 
by  the  ticks, usually occurs  just  before  the  break  in  the  normal-force 
curve  and  the  airplane  is  pitched  to  angles  of  attack  near, or even 
exceeding, maximum lift. Were  the  pitch-up  not  present,  the  usable 
flight  region  would  extend to higher  lifts  and  be  lFmited  by  the  buffeting 
occurring  at  angles of attack  near maximum wing lift,  and  the  angles of 
attack  beyond  maximum  lfft normally would  not  be  penetrated. 

The  horizontal-tail loads are  shown  in  the  center  portion of fig- 
ure 4. The  curve  labeled  "structuraltt  indicates  the actual tail  load 
measured  by  strain  gages.  Correcting  this  load  for  the  tail-inertia 
load  produced  by  the  measured  tail  acceleration  gives  the  curve  entftled 
"aerodynamic. " By w e  of the measured pitch- angular accelerations 
the  aerodynamic loads were  corrected  to a condition of zero  pitching 
acceleration and are termed '%balancing." !The  balancing  tail  loads  at 
high  angles of attack  decrease  to  quite low values.  The  pitching of the 
airplane,  however,  produces a large  positive  increment  and  results  in an 
aeroaynamlc load that  continually  increases  with  angle of attack. The 
structural load is  relieved samewhat by  the  tail  inertia,  but has a 
variation similar to  that of the  aeroaynamic load. 

The  envelope of the  structural  buffet  loads  encountered  by  the  tail 
.L during  these  maneuvers  is  shown at the  bottom of figure 4. Although not 

indicated in this  figure,  the X-5 buffets  even  at  zero  lift  because  its 
tail I s  almost  directly  behind  the wing and is  immersed in the  dfsturbed 
wing wake.  The  magnitude of the  buffeting is very low and is  barely 
perceptible  to  the  pilot. As the  airplane  pitches  to  high  lift  there is 
an increase  in  the  buffet  magnitude.  The  greatest  nragnitude  that has 
been  measured  is  about f400 pounds at 40,000 feet. 

The  buffeting of the D-558-11 for the subsonic  example shown in 
figure 4 starts at about 30 angle of attack 8 8  compared  wfth  about 
16O angle of attack  for the supersonic  maneuver.  There  is 89 abrupt 
increase in magnitude  as  the  linear lift range is exceeded,  with a peak 
value of about *,OW pounds bebg reached  at 24O angle of attack,  after 
which  the  buffet  loads  decrease  slightly.  The  peak  buffet loads in  the 
maneuver  shown  at  supersonic  speeds  are smaller; however, maximum lift 
was not  attained  during  this  maneuver. 

The maximum measured total  structural  tail loads, including  buffet 
loads, were  reached  near a Mach  number of 0.9 for  both  airplanes and 
did  not  exceed 1,500 pounds  for  the X-5 or 3,500 pounds  for  the D-558-11 
at 40,000 feet. A comparison of these  values  WLth  the  tail  design loads 

load of the horizontal tail would not be  exceeded  at  altitudes  above 
10,OOO feet  for  either  airplane. 

. indicates  that in pitch-ups  to  these  high  angles of attack  the  limit 
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The wing loads resulting f r o m  the  instability  are  critical only 
for  certaln  ranges  of  altitude,  as  shown  in  figure 5. The ~llaxlmum lift 
determined  at  high  altitude was used  to  establish  the  altitude  above 
which  the  limit  load  factor,  7.33g,  could  not be exceeded;  the  variation 
of  this  altitude  with  Mach  number  is  represented  by  the  solid  line  in 
the  figure.  The  dashed  line  represents  the  altitude  variation  below 
which  the  stability  boundary  cannot  be  reached  without  exceeding  the 
limit load factor.  The  shaded  area  between  the two lines  is  therefore 
the  altitude  range  where  the 1-t load  factor may be inadvertently 
exceeded as a result of the  instability.  The  upper  boundary  has  not 
been  defined  through  the  entire Mach rider range.  Figure 5 shows  that, 
for  the  present  speed  range of the X-5, flight  testing  above 30,000 feet 
should  prevent  inadvertently  exceeding  the  limit load factor. The D-59-11, 
however, becawe of its  large  speed  range,  requires  altitudes  considerably 
above 50,OOO feet if the  region  above  the  stability boundary is  to  be 
safely  investigated  at  supersonic  speeds.  One  point  that  this  figure 
brings  out  is  that  the  horizontal-tail loads discussed  previously do not 
limit  the  airplanes  anywhere in the  flight  range,  as  the  over-all  design 
limit load factor  c8n be exceeded  at  higher  altitudes  than  that  at  which 
the  horizontal-tail loads become  critical. 

One  change in the  loading of the wing that  results from the  reduc- 
tion of longitudinal  stability is sham in  figure 6. Here  the  measured 
variation of the  lateral  center of pressure of the  additional afr load 
with  Mach rider is  shown  for  the  stable  flight  range  and fo r  the  region 
above  the  stability boundary. The  Lateral  center-of-pressure  location 
for  the  exposed wing area  of  the X-5 remine constant  with Mach number 
at  about  percent  of  the semi~pan in  the  stable  range,  but  moves 20 
to 25 percent  inboard  when  the  stability  boundary  is  passed. The center 
of pressure  for  the D-558-11 shows 8 similar,  though  smaller,  shift 
inboard f r o m  the  conetant  location  it has in the  stable  range.  These 
inboard  shifts  result  in a decreased wfng bending  moment  as  the  stability 
boundary is passed. 

Turning now to loads resulting from lateral-stability  deficiencies, 
figure 7 shows  several  lateral  divergences  at  high lif't  for  the X-5. In 
the  top  portion of the  figure  ere shown the  variations of angles of 
attack  with  sideslip  existing  during t h e  divergences. The variations 
of  unsymmetrical  horizontal-tail load and  aerodynamic  vertical-tnil  load 
are  shown  in  the  lower  plots.  The  large  rolling and pitching  motions 
accompanying  these  divergences  are  probably  the  cause of sone of the 
variations in the  measured loads. These  vertical-tail-load  measurements 
show that,  even  though  the  airplane has become  directionally  unstable, . 
the  vertical  tail  is still being loaded up as  the alrplane sideslips  to 
large  angles.  The  vertical-tail  load  per  degree of sideslip measured 
for  the X-5 in  divergences  over  the Mach nlrniber range is slightly  less 
than  that  measured in the n o m 1  flight  range;  this  result  indicates  that 
only a slight  reduction in the  vertical-tail  effectiveness  occurs at 
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. these  large  angles of attack.  The  vertical-tail  loads  measured  would 
not  be  critical  above  about 15,000 feet  if  the same divergences  were 
encountered  at  lower  altitudes  than  those  represented  in  the figme. The 

linear  and,  although  probably  affected  by  the  rolling  motions,  generally 
indicate  positive  effective  dihedral  through  about loo sideslip. 

- unsymmetric  horizontal-tail  loads  measured  during  these  maneuvers  are  non- 

Mention  might  be  made  of  one  occurrence of unexpectedly  high  loads 
resulting from stability  deficiencies of the X-g airplane. A spin 
resulted from the longitudinal and directional  instabilities  at a Mach 
number of 0.7 and  an  altitude  of 43,000 feet. As a result of the  high 
rate of rotation  in  the  spin,  centrifugal  forces  tending  to  unsweep  the 
wing  were  developed.  "his  subjected  the  sweep  mechanism  to R compressive 
load  three  times  greater than the lnaxirmrm expected i n  normal flight  at 
59O sweep.  Fortunately,  the  mechanism was designed for compression  loads 
equal  to  the  expected  tenefon  load,  which was approximately  the value 
obtained in the  spin. 

The  pitch  accelerations and horizontal-tail  loads  developed  during 
pitch  divergences  to  high  angles  of  attack  with  the X-5 and D-558-11 air- 
planes  were  not  excessive.  The  over-all  airplane  limit  load  could  be 

with  Mach  number  and was determined by the  stability  boundary  and  the 
mimum-lift boundary. At  angles of attack  above  the  stability  boundary, 
there  is  an  inward  shift of the  Lateral  center of pressure  which  results 
in  reduced wlng bending  moments.  The  vertical  tail  of  the X-5 was nearly 
as effective  during  lateral  divergences at high  angles of attack as it 
was at n o m 1  attitudes.  Unexpectedly large internal w i n g  structural 
loads  were  obtained  during a spin resulting f r o m  a pitch-up. 

- .  inadvertently  exceeded  over a range of altitudes  which  varied  widely 

Langley  Aeronautical  Laboratory, 
National  Advisory  Committee  for  Aeronautics, 

Langley Field, Va., April 8, 1953. 
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X - 5  D-558- I I  
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Figure 1.- General arrangements of X - 3  and D-558-11 research atrplanea. 
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Figure 2.- Variations wfth Mach number of maximum sngles of at tack a 
and sideslip p maswed during inadvertent maneuvers. 



8 NACA RM ~ 5 3 ~ 1 6  

61 \DESIGN CONDITION 

0 1 O 0  

0 

-6 
.4 

x-5 

.6 .8 
M 

I I I 
I .o 

D-558- I t  v 
I 
.6 .b 1.2 1.4 

I I 

M 

Figure 3 .- Variation with  Mach number  of  pitching acceleration 9 
measured  during  pitch-up amd recovery. 
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Figure 5.- Variation with Mach Tlumber of altitudes at which limit load 
factor may be  inadvertently exceeded as a result of instability. 
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Figure 6.- Variation with Mach number of lateral center-of-pressure 
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Figure 7.- Variations with angle of sideslip of angle of attack, 
unsymmetrical horizontal-tail l oad  L q ,  - %, and aerodynamic 
vertical-tail load + at high lift during directional  divergences 
of the X - 5  amlane. 
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