
program i n  which f l i g h t  and system operat ional  
experience can be gained pays l a r g e  dividends i n  
providing a more successful  o v e r a l l  operation. 

Concluding Remarks 

Sixteen successful  X - l 5  e n t r i e s  from high - a l t i t u d e s - - t h e  most extreme from 354,200 feet-- 
have provided confidence t h a t  l i f t i n g  e n t r i e s  can 
be made with higher-performance e n t r y  vehicles .  

The X-lg program has offered t h e  opportunity 
t o  a s ses s  and resolve t h e  problems of con t ro l s ,  
displays,  and operat ional  methods required for  
s t e e p  short-t ime e n t r i e s  from high a l t i t u d e s .  
e n t r i e s  are predicted t o  be more severe from a 
c o n t r o l l a b i l i t y  standpoint than e n t r i e s  with a 
l i f t i n g  en t ry  vehicle .  The contact  f l i g h t  ranging 
and recovery of t h e  low-l i f t -drag-rat io ,  high-wing- 
loading X-l5 a i r p l a n e  have become rou t ine .  

Such 

Although instrument f l i g h t  approach and landing 
of l i f t i n g  e n t r y  vehicles  i s  f e a s i b l e ,  some re- 
search e f f o r t  w i l l  be required t o  develop opera- 
t i o n a l  methods and required d i sp lays .  

symbols 

D drag 

L l i f t  

4 dynamic pressure,  psf 

cr angle  of a t t ack ,  deg 

B p i t c h  angle, deg 

J Subscripts :  

m a X  maximum 

min minimum 
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Introduct ion 

Although t h e  X-l5 was not designed t o  i n v e s t i -  
ga t e  the  problems of o r b i t a l  l i f t i n g  reentry,1,2 it 
i s  t h e  f i r s t  research vehicle  capable of p i lo t ed  
f l i g h t  ou t s ide  t h e  sens ib l e  atmosphere and of 
l i f t i n e ;  en t ry .  Because i t s  speed c a p a b i l i t y  i s  
much lower than t h a t  of o r b i t a l  vehicles ,  t h e  X-15 
e n t e r s  much more s teeply,  which r e s u l t s  i n  sho r t e r  
e n t r y  time ( f i g .  1) and, i n  some respects ,  a more 
severe en t ry .  The s t eepe r  t h e  entry,  t h e  more 
r ap id  w i l l b e  t h e  changes i n  important con t ro l  
parameters.  
t h e  X-15 design engineer and a r a the r  severe con- 
t r o l  t a s k  for t h e  p i l o t ,  p a r t i c u l a r l y  i n  abnormal 
or emergency condi t ions.  I n  f a c t ,  t h e  X - 1 5  en t ry  
may prove t o  b e  more severe than t h e  en t ry  of 
l i f t i n g  o r b i t a l  veh ic l e s .  The en t ry  research 
p o t e n t i a l  of t h e  X-15 can b e s t  b e  i l l u s t r a t e d  
( f i g .  2) by comparing t h e  X-15 ve loc i ty  with t h a t  
of an o r b i t a l  l i f t i n g  en t ry  vehicle  with s imilar  
c h a r a c t e r i s t i c s :  
wing loading of 75 ps f .  A s  shown, t h e  X-15 f l i g h t  
envelope adequately covers t h e  a l t i t u d e  and lower 
speed range. 

This resul.ted i n  a formidable t a s k  for  

a l i f t - d r a g  r a t i o  of 1 t o  2 and a 

P i l o t i n g  experience has  been obtained with t h e  
x-15 i n  regions of e s s e n t i a l l y  ze ro  dynamic pres-  
sure and regions of high dynamic pressure,  up t o  
about 2,000 psf. Inasmuch as t h e  Mercury program 
has supplied s i g n i f i c a n t  con t ro l  da t a  a t  zero dy- 
namic pressure,  t h i s  region w i l l  not be considered 
i n  t h i s  paper. Control i n  regions of low and high 
dynamic pressure w i l l  b e  discussed and, based on 
t h i s  experience, t h e  control-system requirements 
f o r  l i f t i n g  e n t r y  w i l l  b e  suggested. Also, t h e  
operat ional  experience obtained during terminal  
guidance, navigation, and landing of t h e  X-15, 
which should be app l i cab le  t o  l i f t i n g  en t ry  vehi- 
c l e s ,  w i l l  b e  discussed. 

x-15 Control Systems 

More than 90 research f l i g h t s  have been made 
with t h e  X-15 a i r p l a n e  using fou r  v a r i a t i o n s  Of 
r eac t ion  con t ro l s  and t h r e e  types of aerodynamic 
con t ro l s  and two a i r p l a n e  configurat ions--ventral  
f i n  on, and lower v e n t r a l  f i n  off. When t h e  o r ig -  
i n a l  ventral-f in-on configurat ion exhibi ted unde- 
s i r a b l e  augmentation-off con t ro l  c h a r a c t e r i s t i c s ,  
t h e  lower f i n  was removed. This r e su l t ed  i n  a 
somewhat lower d i r e c t i o n a l  s t a b i l i t y  but,  more 
important, a configurat ion con t ro l l ab le  by t h e  
p i l o t  throughout t h e  f l i g h t  envelop with t h e  . 
damping augmentation inoperat ive.  3 t  J 

Sixteen X-15 f l i g h t s  have been made t o  high 
a l t i t u d e s  during which low dynamic,pressures were 
experienced and e n t r i e s  were required f o r  recovery. 
A l t i t udes  up t o  354,200 f e e t  have been reached, 
with apogee v e l o c i t i e s  of about 4,500 fps .  
angles  of a t t a c k  as high as 26', recovery normal 

h t r y  

!a 

acce le ra t ions  t o  5.56, and dynamic pressures  of 
1,500 psf were obtained. 
were equipped with conventional aerodynamic con- 
t r o l  systems with three-axis  s t a b i l i t y  augmenta- 
t i o n . 5  
comand con t ro l  s y  tem, the Minneapolis Honeywell- 

Two of t he  X-13 a i rp l anes  

The other  a i r p l a n e  had an adaptive r a t e  

con t ro l  system. 8 
Fach a i r p l a n e  has r eac t ion  j e t s  for con t ro l  a t  

low dynamic pressure.  The X-15 react ion con t ro l s  
were designed t o  b e  used only when the  aerodynamic 
con t ro l  surface e f f ec t iveness  i s  not s u f f i c i e n t  t o  
maintain t h e  des i r ed  vehicle  a t t i t u d e .  The bas i c  
system commands a roll acce le ra t ion  of 5 deg/sec2, 
and p i t c h  and y a w  acce le ra t ions  of 2.5 deg/sec2 f o r  
each of two systems. The X-15 system i s  completely 
dualized t o  provide t h e  r e q u i s i t e  f a i l  s a fe ty  for 
man-operated vehicles .  

Reaction Controls 

Four types of r eac t ion  con t ro l  systems have 
been used on t h e  X - 1 5  i n  h igh -a l t i t ude  f l i g h t s .  
The basic  r eac t ion  con t ro l  system i s  a pure t h r u s t  
command system, b u t  with t h r u s t  proport ional  t o  
s t i c k  de f l ec t ion  outs ide of a dead zone of 15 per- 
cen t  of s t i c k  t r a v e l .  An abrupt  s t e p  i n  control-  
s t i c k  fo rce  of about 2 pounds is  provided a t  about 
50-percent s t i c k  de f l ec t ion  i n  p i t c h  t o  provide a 
f e e l  de t en t  for t h e  p i l o t  a t  approximately one- 
half  t h e  maximum reac t ion  con t ro l  t h r u s t .  The 
rocket motors a r e  commanded through a separate  
side-located three-axis  c o n t r o l l e r .  

The basic  r eac t ion  con t ro l  systems for t h e  
X-15 a i rp l anes  have been modified t o  include 
r eac t ion  r a t e  damping, which provides a second type 
of system. Electronic switching i s  used t o  provide 
r a t e  damping s igna l s  for s t a b i l i z a t i o n  only when 
rocket t h r u s t  i s  not commanded by the  p i l o t .  
f l i g h t  has been made with t h i s  system. 

One 

Two types of r eac t ion  con t ro l  a r e  ava i l ab le  t o  
t h e  p i l o t  with t h e  MH-96 con t ro l  system: a r a t e  
command reac t ion  con t ro l  for manual control  and an 
a t t i t u d e  hold con t ro l  loop. These con t ro l  loops 
have been used on many of t h e  h igh -a l t i t ude  f l i g h t s  
This system a l s o  f e a t u r e s  controls-blending on t h e  
same con t ro l  s t i c k .  The controls-blending is a 
function of aerodynamic con t ro l  effect iveness  and 
occurs only when t h e  aerodynamic con t ro l s  do not 
provide t h e  a i r p l a n e  response required by t h e  
augmentation system or by p i l o t  command. The 
automatic bl'ending switching i s  accomplished by 
t h e  gain changer. 
80 percent of maximum, t h e  r eac t ion  con t ro l s  are 
ac t iva t ed .  The r eac t ion  con t ro l s  a r e  deact ivated 
when a l l  t h e  gains  reach 60 percent as the a i r -  
plane e n t e r s  aerodynamic f l i g h t .  The react ion 
con t ro l s  are not used unti l  required; however, t h e  
p i l o t  does not d i r e c t l y  f i r e  t h e  a t t i t u d e  rockets,  
s ince  h i s  con t ro l  s t i c k  commands a i r p l a n e  r a t e .  

When all t h r e e  a x i s  gains  reach 
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The r a t e  cownand system has a dead zone of about 
1 deg/sec. T h i s  design allows d r i f t  r a t e s  up t o  
t h i s  value. 
hold a t t i t u d e  t o  within 2' during zero dynamic 
pressure .  

Aerodynamic Controls 

The a t t i t u d e  hold loop i s  designed t o  

J 

Airplane des igners  have long sought a con t ro l  
system t h a t  would provide acceptab le  con t ro l  char- 
a c t e r i s t i c s ,  without excessive va r i a t ion ,  over t h e  
f l i g h t  envelope of t h e  vehic le  being designed. Of 
course, t h e  design t a s k  becomes increas ingly  d i f f i -  
c u l t  for t h e  en t ry-vehic le  designer because of t h e  
expanded f l i g h t  envelope. Even t h e  d e f i n i t i o n  of 
an acceptable system i s  not always c l e a r .  Yet, 
based on present  experience and predic ted  f u t u r e  
requirements, a t tempts  a r e  being made t o  design 
acceptab le  con t ro l  systems for t h e  f u t u r e  vehic les .  

Basic aerodynamic con t ro l s .  Aerodynamic con- 
t r o i 7  i s  provided i n  t h e  X-15  through cowen t iona l  
aerodynamic sur faces  using v e r t i c a l  sur faces  for 
y a w  con t ro l  and t h e  ho r i zon ta l  t a i l  for  both p i t c h  
and r o l l  con t ro l .  
sur faces  a r e  ac tua ted  by i r r e v e r s i b l e  hydraulic 
systems. Control fo rce  i s  provided by bungee f o r  
p i l o t  f e e l .  A conventional cen te r  s t i c k  and rudder 
pedals a r e  used for aerodynamic con t ro l ;  however, a 
s ide- loca ted  con t ro l  s t i c k  f o r  p i t c h  and roll con- 
t r o l  is  provided f o r  use i n  high-acceleration 
environments a t  t h e  option of t h e  p i l o t .  Although 
t h e  aerodynamic and r eac t ion  con t ro l s  a r e  blended 
with t h e  aerodynamic con t ro l  s t i c k s  on one of t h e  
X-15's, t h e  o the r  two a i rp l anes  have a separa te  
th ree -ax i s  c o n t r o l l e r  for t h e  r eac t ion  con t ro l s .  

A l l  t h e  aerodynamic con t ro l  

envelope -of the  X - 1 5  a i rp l ane ,  damping augmintation 
about a l l  th ree  axes i s  necessary. Two systems 
t h a t  provide augmentation--the s t a b i l i t y  augmenta- 
t i o n  system and the  adaptive con t ro l  system--are 
being f l i g h t  t e s t e d .  

The s t a b i l i t y  augmentation system> provides 
a u x i l i a r y  aerodynamic damping by ac tua t ing  t h e  
aerodynamic con t ro l  sur faces  t o  oppose the  ro t a -  
t i o n a l  ve loc i ty  of t h e  a i rp l ane .  
of t h e  system a r e  the  cockpit  ga in  se l ec t ion  and 
t h e  inner  connection required f o r  operation of t h e  
l e f t  and r i g h t  ho r i zon ta l  s t a b i l i z e r s  which provide 
both p i t c h  and r o l l  input .  The ga ins  used for most 
of t h e  f l i g h t s  were 0.6 deg/deg/sec i n  p i tch ,  
0.3 deg/deg/sec i n  r o l l ,  and 0.24 deg/deg/sec i n  
y a w .  For the  ventral-on configuration, a yaw-rate 
s i g n a l  was fed i n t o  t h e  r o l l  channel with a ga in  
of 0.54 deg/deg/sec. This system does not provide 
a t t i t u d e  s t a b i l i z a t i o n .  

Unique f ea tu res  

A l a r g e  damper au tho r i ty  i s  required t o  pro- 
v ide  adequate a u x i l i a r y  damping throughout t h e  
aerodynamic por t ion  of t h e  f l i g h t  envelope. The 
system was designed t o  have t h e  same a u t h o r i t y  i n  
p i t ch  and y a w  as t h e  p i l o t  and twice t h e  p i l o t ' s  
au tho r i ty  i n  roll. With l a r g e  au thor i ty ,  a r e l i -  
ab l e ,  f a i l - s a f e  system i s  mandatory. To achieve 
t h i s  f ea tu re ,  t h e  dual-channel concept of a working 
channel and a monitor channel was used. If t h e  

system i s  au tomat ica l ly  disengaged. 
C/ channels do not agree wi th in  spec i f i ed  l i m i t s ,  t h e  

MH-96 system. X-15 f l i g h t s  t o  high a l t i t u d e  

previously discussed and with a more advanced sys- 
tem, t h e  "-5% adapt ive  con t ro l  system.6 
t h e  f ea tu res  of t h e  system a r e :  
changing, r a t e  cownand cont ro l ,  automasic trim, 
acce le ra t ion  l imi t ing ,  hold modes, automatic 
blending of aerodynamic and r eac t ion  cont ro ls ,  
con t ro l - s t i ck  s t ee r ing ,  and improved r e l i a b i l i t y  
and f a i l  sa fe ty .  
t e s t s  of t h e  system w i l l  be  discussed b r i e f l y  i n  an 
attempt t o  ind ica t e  t h e  aerodynamic con t ro l s  t h a t  
w i l l  be required for l i f t i n g  e n t r y  vehic les .  The 
adapt ive  system design goa ls  of independence from 
conf igura t ion  c h a r a c t e r i s t i c s  and ga in  scheduling 
f o r  a p a r t i c u l a r  f l i g h t  environment should be 
appropr ia te  f o r  a l l  fu tu re  vehic les .  

Some of 
se l f - adap t ive  ga in  

These f e a t u r e s  and t h e  f l i g h t  

The design concept of t h e  MH-5% adaptive con- 
t r o l  system i s  shown i n  f i g u r e  3. Control commands 
a r e  introduced t o  t h e  hydraulic ac tua to r s  through 
conventional mechanical inputs  and simultaneous 
e l e c t r i c a l  inputs  t o  t h e  model. The system oper- 
a t e s  on t h e  p r inc ip l e  of using s u f f i c i e n t  l ead  i n  
s e r i e s  with a high forward loop ga in  so t h a t  t h e  
response of t h e  a i r c r a f t  w i l l  be  approximately the  
response of t h e  model. This w i l l  occur if t h e  
system response i s  3 t o  5 times f a s t e r  than t h e  
a i rp l ane  response. 

The se l f -adapt ive  gain-changing f ea tu re  of t h e  
MH-96 adaptive con t ro l  system maintains high ga ins  
i n  an attempt t o  follow t h e  model and, during 
operation i n  reduced dynamic pressure  regions, 
a c t i v a t e s  t h e  r eac t ion  con t ro l s .  By design, t h e  
system has dua l  channels i n  each a x i s  so t h a t  if 
one channel f a i l s  t h e  ga in  changer compensates t o  
t h e  l i m i t  of i t s  ga in  range, thus  providing non- 
degraded performance for some s ing le  f a i l u r e s .  
This f ea tu re  i s  very d e s i r a b l e  for t h e  X-15  because 
of t h e  rap id  changes i n  t h e  opera t iona l  environment 
of t h e  a i rp l ane .  

The use of t h e  r a t e  command con t ro l  f e a t u r e  of 
t h e  adapt ive  system r e s u l t s  i n  a number of uncon- 
vent iona l  f l y i n g  q u a l i t i e s , 8  i n  t h a t  t h e  a i r p l a n e  
no longer r e tu rns  t o  t h e  t r i m e d  angle of a t t a c k .  
Rate command t r i m  i s  a l s o  used and is  an obvious 
companion t o  r a t e  command con t ro l .  

Because t h e  X-15  augmentation servo has 
l imi t ed  con t ro l  au tho r i ty ,  automatic t r i m  is  used 
t o  provide f u l l  sur face  a u t h o r i t y  for t h e  adapt ive  
system by  energizing t h e  t r i m  a c t u a t o r  so t h a t  t h e  
servo i s  permitted t o  operate about i ts cen te r  
pos i t ion  f o r  a l l  f l i g h t  condi t ions .  However, t h e  
automatic t r i m  would not be  required i f  a f u l l -  
a u t h o r i t y  Servo Were used i n  t h e  system. 

Normal-acceleration l imi t ing  i s  a design 
f e a t u r e  of t h e  X - 1 5  con t ro l  system t h a t  l i m i t s  
t h e  e n t r y  acce le ra t ion  t o  a des i red  p rese t  value.  

Outer-loop p i t ch  angle,  angle  of a t t ack ,  hank 
angle,  and heading hold modes a r e  a p a r t  of t h e  
system. These modes have been used on many of t h e  
extreme fligh.ts t o  enable t h e  p i l o t  t o  obta in  more 
p rec i se  f l i g h t  d a t a .  

have been made with t h e  conventional system 
h*-2 

The con t ro l - s t i ck  s t ee r ing  mode of t h e  adapt- 
i ve  system was designed t o  allow t h e  p i l o t  t o  
a l t e r  t h e  hold a t t i t u d e  during hold-mode operation. 
This mode, however, has not been used as intended, 
s ince  t h e  p i l o t  can overpower any of t h e  automatic 
modes i n  t h e  system. AS a r e s u l t  of t h e  adaptive- 
system modes, con t ro l - s t i ck  s t ee r ing  i s  probably 



t i ie l e a s t  apprcc ia ted  by t h e  p i l o t s .  1 
i 
j 
S tude without augmentation. P a i l  s a f e t y  i s  equal ly  

For t h e  X - 1 5  a.pplication, extremely high 
rei-iability i s  a requiremcnt because of t h e  low 
p robab i l i t y  of a successfu l  en t ry  from high a l t i -  

i.mportant, s i n c e  a l a r g e  t r a n s i e n t  i n  a high- 
dynam1.c-pressure region would r e s u l t  i n  t h e  de- 
s t r u c t i o n  of t h e  a i r p l a n e .  The redundancy configu- 
rat , ion sel .ezted provides t h c  genera l ly  incompatible 
objec t ives  of re l iab i . l j . ty  and f a i l  s a f e t y .  Com- 
p l e t e  dual. damper channels a r e  provided. The 
adapt ive  . feature  permits one channel t o  be l o s t  
w i t h  1 i t t l . e  o r  no l o s s  i n  system perfomance. The 
ga in  computers a r e  inter locked,  when operative; t o  
prevent o v e r c r i t i c a l  ga in  following a l imi t -cyc le  
c i r c u i t  Zai lurc  and t o  provi.de t h c  des i red  l i m i t i n g  
e f f e c t  f o r  hard-over f a i l u r e s .  For model o r  o ther  
f a i l u r e s ,  conventjonal monitor c i . rcu i t s  disengage 
both channels when required.  This problem, com- 
bined v i t h  t h e  NASA d e s i r e  f o r  increased f l e x i -  
b i l i t y ,  l e d  t o  t h e  incorporat ion of a f ixed-gain 
damper system as a f inal .  backup system. 

Contr ibut jons t o  Entry Tcchnology 

lint ry Cont ro l  Fxupcri enc c 

'The f l e x i . b i l i t y  of t h e  X - l 5  operat ion and t h e  
nvmbcr of  con t ro l  systems ava i l ab le  f o r  evaluat ion 
have provi.ded cn7.uahl.e r l j .ght experience which 
should be applica1il.e t o  t h e  design of f u t u r e  
vehic les .  P l igh t  da t a  have been obtained with 
a t t i t u d c  and r a t e  command cont ro l  systems and with 
a t t i t u d e  hold modes over a wide ra,nge of a l t i t u d e s  
and dynamic pressures  of i n t e r e s t .  

Reaction-control experience.  P l i g h t  experi-  
ence a t  low dynamic pressure during en t ry  has  been 
obtained with four  reac t ion  cont ro l  systems: a 
simple acce le ra t ion  o r  t h r u s t  commarid con t ro l  sys-  
'tem, acce le ra t ion  command with r a t e  damping, a r a t e  
comand system, an6 t h e  r a t e  command system with 
bola modes. For t h e  p i lo t ed  con t ro l  system, of 
equal importance a r e  t h e  e f fec t iveness  of t h e  
system conf igura t ion  and t h e  con t ro l  f u e l  used 
during t h e  con t ro l  t a s k .  
low-dynamic-pressure por t ion  of two X-15  e n t r i e s  
from high a l t i t u d e s  with t h e  p i l o t  u t i l i z i n g  t h e  
acce le ra t ion  cormnand reac t ion  con t ro l  system 
( f i g .  4 ( a ) )  and t h e  r a t e  command reac t ion  cont ro l  
system ( f i g .  I t ( b ) ) .  Entry dynamic-pressure 
bui ldup t o  600 psf i s  shown. The con t ro l  t a s k s  
were similar. The p i l o t  w a s  asked t o  hold t h e  
heading angle  t o  t h e  des i red  value, t h e  bank angle  
t o  Zero, and t h e  p i t ch  a w l e  constant  u n t i l  angle  
of a t t a c k  equaled 20', and then t o  hold angle  of 
a t t a c k  cons tan t .  

Figure !I- presents  t h e  

The p i l o t ' s  inputs  f o r  t h e  manual acce le ra t ion  
command con t ro l  system a r e  charac te r ized  by pulse-  
typc apcra t ion .  Although 'the rocket t h r u s t  r e -  
sponse i s  propor t iona l  ou ts ide  of t h e  deadband, 
t h i s  f e a t u r e  of t h e  system has not been used nor 
appreciated b y  t h e  p i l o t s .  
band i n  t h e  system because i t  made prec ise  con t ro l  
d i f f i c u l t .  With t h e  manual system, p i l o t i n g  
tcchniquc i s  al~l. important for reasonable  reac t ion  
control fuel  consumption. 

They d i s l i k e d  t h e  dead- 

Although both  con t ro l  t a s k s  were r a t ed  as 
s a t i s f a c t o r y  by t h e  p i l o t s  (based on t h e  Cooper 
sca l e? ,  it i s  apparent  t h a t  t h e  a i rp l ane  motions 
i n  t h e  low- and high-dynamic-pressure regions f o r  

t h e  r a t e  command system a r e  cont ro l led  much nearcr  
t o  t h e  des i red  values .  The p i l o t  ra t ings ,  reac t ion  
con t ro l  f u e l  used, and t h e  dynamic pressurc a t  
which the pil.ot l as t  used t h e  reac t ion  cont ro ls ,  
which i s  an  important considerat ion i n  fucl con- 
sumption, f o r  t hese  en t ry  con t ro l  t a s k s  were: 

P i l o t  r a t i n g  Sa t i s f ac to ry  S a t i s f a c t o r j  

Fuel used 63 pounds 214 pounds 

(3) ( 2 )  

330 psf 1130 psc Dynamic pressure 
a t  last  pulse  

For t h i s  f l i g h t  ( f i g .  4(b)) t h e  p i l o t  d id  not 
choose t o  cont ro l  t h e  heading during entry,  and t h e  
r a t e s  developed d u r i w  t h e  o s c i l l a t i o n  were 
s l i g h t l y  l e s s  than t h e  deadband threshold of t h e  
MH-96 reac t ion  con t ro l  system. The motions wcre, , 
however, damped by t h e  aerodynamic damping system 
as dynamic pressure increased.  

The reac t ion  c o n t r o l s  were used t o  much higher 
than expected dynamic pressures  i n  these  e n t r i e s .  
An experienced p i l o t  can use t h e  manual t h r u s t  
command e f f ec t ive ly  t o  damp a i rp l ane  osci l . la t lons 
t h a t  tend t o  p e r s i s t  a t  10.1 dynamic pressures .  
These o s c i l l a t i o n s  would, of course, he damped by 
an  augmented o r  r a t e  command system. It appears 
t h a t  t h e  p i l o t  was using t h e  acce lera t ion  comand 
c o n t r o l s  t o  high dynamic pressure f o r  t h i s  purpose 
( f i g .  & ( a ) ) .  From a p i l o t i n g  standpoint,  reac t ion  
damping augmentation i s  e spec ia l ly  des i r ab le  i n  
regions of law dynamic pressure.  The X-13 acce l -  
e r a t ion  command reac t ion  con t ro l  systems havc been 
modified by adding r a t e  damping. 
t h a t  has  been made with t h e  system, it performed 
s a t i s f a c t o r i l y .  

On t h e  onc f l i g h t  \/ 

Althowzh t h e  en t ry  experience with t h e  - . .  
reac t ion  con t ro l  syst,ems has heen l imited,  t h e  
reac t ion  cont ro l  f u e l  usage has  been recorded and 
t rends  a r e  ind ica ted  that-may be of i n t e r e s t .  
P i l o t i n g  and s imulator  experience i s  a1.l important 
when consider ing f u e l  used t o  accomplish a cont ro l  
t a s k  with t h e  manual t h r u s t  command reac t ion  
con t ro l  system. With t h i s  system, f u e l  usage has 
been r e l a t i v e l y  high, i n  f a c t ,  h igher  than designed 
f o r .  The reac t ion  con t ro l  f u e l  capac i ty  required 
for  t h e  s t a b i l i z a t i o n  and angle-of-at tack se tup  f o r  
e n t r y  con t ro l  t a s k s  vas determined during simulated 
f l i g h t s  of t h e  X-15 design a l t i t u d e  (250,000 f t )  
mission. During e a r l y  a l t i t u d e  f l i E h t s ,  it became 
apparent t h a t  more f u e l  was being used by t h e  p i l o t  
than a n t i c i p a t e d .  Thus, a f u e l  t r a n s f e r  system was 
designed t o  enable t h e  p i l o t  t o  t r a n s f e r  f u e l  from 
t h e  engine fiel-pump source t o  insure  adequate 
reac t ion  con t ro l  f u e l .  Average f u e l  consumption 
has been about 90 percent  of t h e  design valnc, and 
on 40 percent  of t h e  e n t r i e s  usage was higher than 
predic ted .  

F l i g h t s  with t h e  iW-% r a t e  command system 
( f i g .  4(b)) have indicated t h a t  t h i s  system w i l l  b e  
much more e f f e c t i v e  than t h e  manual cont ro l  system 
f o r  con t ro l  and S tab i l i za t ion  during operat ion i n  
a low-dynamic-pressure environment. However, with d' 
t h e  r a t e  command system, d r i f t  r a t e  below t h e  
threshold l e v e l  of t h e  system can r e s u l t  i n  un- 
wanted excursions i n  vehic le  a t t i t u d e .  
f u e l .  it a m e a r s .  w i l l  he  less  than reauired for  
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t h e  manual t h r u s t  comand system. 

F l i g h t s  t o  high a . l t i t ude  using t h e  var ious 
a t t i t u d e  hold f e a t u r e s  of t h e  MH-% r eac t ion  con- 
t r o l  system re su l t ed  i n  p rec i se  con t ro l  and some- 
what less react ion-control  f u e l  consumption than 
with t h e  manual r eac t ion  con t ro l  system. The 
p i l o t s  have appreciated t h e  r eac t ion  hold modes, 
e spec ia l ly  i n  t h e  secondary c o n t r o l  modes such as 
roll. 

The r eac t ion  con t ro l s  have been used t o  much 
higher dynamic pressure than the  value a t  which t h e  
effect iveness  of t h e  aerodynamic and r eac t ion  con- 
t r o l s  i s  equal.  This value f o r  t h e  X-15 en t ry  i s  
approximately 50 psf t o  75 p s f .  I n  some instances,  
dynamic pressures  a s  high as 400 psf t o  500 psf 
were reached before  t h e  p i l o t  switched t o  aero- 
dynamic con t ro l s .  This operat ional  technique has 
contr ibuted t o  t h e  high f u e l  consumption. Use of 
t h e  r eac t ion  c o n t r o l s  t o  high dynamic pressures  
may r e s u l t  from the  r ap id  buildup i n  dynamic pres-  
su re  t h a t  i s  pecu l i a r  t o  s t eep  e n t r i e s .  

With manual r eac t ion  con t ro l s  some of t h e  
excess f u e l  consumed has  been used e f f e c t i v e l y  by 
t h e  p i l o t  as a damping device.  
e spec ia l ly  i n  y a w  where rapid,  p rec i se ly  timed 
inpu t s  of t he  rudder c o n t r o l  were impossible with 
t h e  rudders h u t  could be accomplished e a s i l y  with 
a hand c o n t r o l l e r .  

This  has been t r u e .  

SAS experience.  The s t a b i l i t y  augmentation 
system has provided s a t i s f a c t o r y  c o n t r o l  for the 
p i l o t  throughout t h e  aerodynamic f l i g h t  envelope of 
t h e  airplane;1° however, t h e  development of t h e  
system w a s  f raught  with problems. The damper- 
system r e l i a b i l i t y 7  was poor e a r l y  i n  t h e  program. 
Since t h e  recovery from hikh a l t i t u d e  was doubtful  - 
with t h e  augmentation inoperat ive,  a hackup damping 
augmentation system w a s  designed and i n s t a l l e d  i n  
two of t h e  X - 1 5  a i rp l anes .  When s tud ie s  indicated 
t h a t  t h e  a i r p l a n e  would be more con t ro l l ab le  with 
t h e  lower v e n t r a l  f i n  removed,3 t h i s  configurat ion 
change was made so t h a t  t he  f l i g h t  program could 
continue while t h e  backup damper system was being 
designed. Other system modifications were made t o  
avoid S t r u c t u r a l  coupling with the  l i g h t l y  damped 
h o r i z o n t a l - t a i l  surfaces? and l i m i t  cycles  at  high 
aerodynamic ga ins .  The system w a s  designed with 
t h e  f l e x i b i l i t y  of manual gain changing, which 
allowed v e r s a t i l e  f l i g h t  planning f o r  research 
purposes. En t r i e s  have been made with t h e  system 
from a l t i t u d e s  of approximately 250,000 f e e t  
( f i g .  4 ( a ) ) .  

Mi-% experience.  Except f o r  spec i f i c  f l i g h t  
t e s t s  t o  i n v e s t i g a t e  t h e  operation of t h e  adapt ive 
con t ro l  system with port ions of t h e  system d e a c t i -  
vated, a l l  f l i g h t s  have been made using t h e  com- 
p l e t e  adapt ive con t ro l  system, which includes the  
automatic gain changer. The ga in  changer s e t s  t h e  
channel gains  as high as possible ,  avoiding objec- 
t i onab le  l imi t - cyc le  amplitudes. 
r e s u l t s  from t h e  n o n l i n e a r i t i e s  of t h e  X-15 
control-system hardware and must be designed 
around. The p i l o t s  have r a t ed  t h e  adapt ive mode of 
con t ro l  as exce l l en t .  The system provides p o s i t i v e  
con t ro l  and good a i r p l a n e  damping throughout t h e  

includini:  en t ry  f l i g h t .  

The l i m i t  cycle  

v acrodynamic f l i g h t  envelope of t h e  airplane,  

Although t h e r e  was some speculat ion among 
p i l o t s  and designers  on t h e  a c c e p t a b i l i t y  of t h e  

p i t c h - r a t e  command c o n t r o l  system, p i l o t s  have had 
no problem adapting t o  t h i s  type of system f o r  
any phase of t h e  alt i tude f l i g h t  from zero dynamic 
pressure t o  landing. The l o s s  of t h e  speed sta- 
b i l i t y  of t h e  a i r p l a n e  has been noted by t h e  p i l o t s  
e spec ia l ly  during t h e  g l i d e  t o  t h e  landing s i t e  
when a t t e n t i o n  is  required ou t s ide  of t h e  cockpi t .  
P i t c h - r a t e  t r i m  has  been accepted only as a by- 
product of t h e  system mechanization. With t h i s  
t r i m ,  an e x t r a  d i s p l a y  quant i ty-- the long i tud ina l  
con t ro l  surface position--was d e s i r a b l e  s ince  t h e  
surface pos i t i on  i s  not r e l a t e d  t o  t h e  cockpit  t r i m  
con t ro l  pos i t i on .  

By means of t h e  hold modes a v a i l a b l e  t o  t h e  
x-15 p i l o t ,  an e n t i r e  a l t i t u d e  f l i g h t ,  except for 
landing b u t  including entry,  can b e  flown auto-  
ma t i ca l ly  by r e s e t t i n g  t h e  hold modes t o  t h e  
desired values during spec i f i c  phases of t h e  m i s -  
s ion.  With t h e  r ap id  changes t h a t  occur during 
t h e  x-15 f l i g h t s ,  l i t t l e  time i s  a v a i l a b l e  t o  s e t  
t h e  hold modes accurately.  Often, when t h e r e  was 
i n s u f f i c i e n t  t i m e  t o  c o r r e c t l y  t r i m  t o  t h e  des i r ed  
hold a t t i t u d e ,  t h e  p i l o t s  have overpowered t h e  
system. Some p i l o t s  have preferred t o  f l y  t h e  
prime c o n t r o l  quant i ty ,  p i t c h  a t t i t u d e ,  for  
example, and al low t h e  system t o  hold bank angle  
and heading. By design, t h e  hank angle  i s  he ld  t o  
zero if t h e  hold mode i s  engaged when t h e  bank 
ary1.e i s  l e s s  than 7".  Thus, t h i s  mode does not  
r equ i r e  a p rec i se  s e t - i n  of t h e  des i r ed  quan t i ty .  

The automatic t r i m  provides full .  surface 
a u t h o r i t y  f o r  t h e  adapt ive system. This  i s  espe- 
c i a l l y  d e s i r a b l e  i n  low-dynamic-pressure regions,  
and t h e  p i l o t s  have appreciated t h e  increased 
damping. For t h e  sho r t  en t ry  t imes of t h e  X - 1 5  
a i rp l ane ,  it has not been poss ib l e  t o  a s ses s  t h e  
effect iveness  of t h e  f u l l  surface a u t h o r i t y  of t h e  
system f o r  t r i m  a t  low dynamic pressures .  
f o r  longer-time e n t r i e s ,  t h i s  f e a t u r e  should be 
much more important i n  conserving r eac t ion  c o n t r o l  
fue l .  

However, 

The p i l o t s  consider  t h e  normal-acceleration 
l i m i t e r  t o  b e  a highly d e s i r a b l e  sa fe ty  f ea tu re  
because t h e  acce le ra t ion  required for en t ry  
approaches t h e  a i r p l a n e  s t r u c t u r a l  acce le ra t ion  
l i m i t .  For more extreme e n t r i e s  than have been 
flown i n  t h e  program, t h e  acce le ra t ion - l imi t ing  
f ea tu re  would h e  necessary s ince  higher  acce le r -  
a t i o n s  would be required f o r  longer  per icds  of 
time for recovery. 

The X-15 adapt ive system has been very 
r e l i a b l e .  Only one component has f a i l e d  i n  f l i g h t  
during 2 years  of operation, which includes 
21 f l i g h t s  covering a wide po r t ion  of t h e  f l i g h t  
envelope. This  f a i l u r e  d id  not degrade t h e  per- 
formance of t h e  system, b u t  caused a small b i a s  i n  
y a w  t h a t  was de tec t ab le  b y  t h e  p i l o t  as only a 
s l i g h t  d i r e c t i o n a l  m i s t r i m .  I n  850 hours of t o t a l  
operat ing time on t h e  f l i g h t  system, only seven 
component f a i l u r e s  have occurred, and f i v e  were 
t h e  r e s u l t  of human e r r o r .  This  enviable r e l i -  
a b i l i t y  record can be a t t r i b u t e d  t o  good design and 
s o l i d - s t a t e  e l ec t ron ic s .  
and b u i l t  around 1958-59 s t a t e -o f - the -a r t  
components; thus,  subsequent improvements should 
make f u t u r e  systems more r e l i a b l e .  
r e s u l t i n g  from human e r r o r ,  however, w i l l  s t i l l  
present  problems. 

The system was designed 

Fa i lu re s  



Ertr:, Control Requirements parameters and t h a t  it i s  conceivablc that even . . 
systems with lower gains  may he  acccptahle  f o r  
higher-performance vehic les  with longer-t-i mc 
e n t r i e s .  Certainly,  t h e  fixed-gain concept shou1.d 
be consj.dered f o r  manual c o n t r o l .  

Some of t h e  c o n t r o l s  which have cont r ibu ted  t o  
t h e  SUCCESS of t h e  X - l j  program may not be rcqnired 
f o r  t h e  o r b i t a l  l i f t i n g  en t ry  vehicle ,  for example, 
t h e  adapt ive ga in  changer, which i n i t i a l l y  prompted 
t h e  adapt ive design concept.  
important reason f o r  including t h e  gain changer 
would be f o r  f a i l  s a f e t y .  With t h i s  fea ture ,  
c e r t a i n  system f a i l u r e s  may occur without dcgradjne 
system performance. 
however, t h e  p i l o t  may have t ime t o  recognizc such 
system malfunctions and switch t o  backup modcs, by 
v i r t u e  of t h e  longer en t ry  t-i.me avai1abl.e. 
of i n t e r e s t  t o  note t h a t  present  des-i.Cn t rcndc 
appear t o  be toward t h e  t r i p l y  redundant systcm, 
which also would el iminate  t h e  nccci f o r  t h e  gain 
changer for f a i l  s a f e t y .  

Perhaps t h c  most 

For l i f t i n g  en t ry  vehicles, 

It :is 

Reaction c o n t r o l s .  What a r e  t h e  f e a t u r e s  i n  a 
r eac t ion  con t ro l  sirstem t h a t  ,will enable t h e  p i l o t  
t o  con t ro l  e f f e c t i v e l y  during entry? All of t h e  
X-15  p i l o t s  have endorsed t h e  con t ro l s  blending of 
aerodynamic and reac t ion  c o n t r o l s  ac t iva t ed  by t h e  
same c o n t r o l l e r .  The propor t iona l - thrus t  command 
rcac t ion  con t ro l  has not  been appreciated by t h e  
p i l o t s ,  nor have they  used t h e  con t ro l  as a propor- 
t i o n a l  control. dcv ice . l l  I n  a l l  instances,  it has 
been used as an  on-off c o n t r o l .  The use of r a t e  
command reac t ion  cont,rols r e s u l t e d  i n  much more 
preci.::e con t ro l  and, a p p r e n t l y ,  consumed l e s s  
f u e l .  The react, ion augmentation vas  appreciated 
by t h e  p i l o t s .  Tor e n t r i e s  of t h e  type considered 
hercin,  t h e  pi l .ots  have used reac t ion  c o n t r o l s  t o  
dynamic pressures  severa l  t imes higher  than ex- 
pected.  This r c su l t ed  i n  'the use Of more reac t ion  
con t ro l  f u e l  durine: severa l  e n t r i e s  than predicted 
o r  designed f a r .  The dradband design of 15 percent  
of s t i c k  de f l ec t ion  was considered t o  bc excessive 
by t h c  p i l o t s .  

Aerodynamic c o n t r o l s .  A ca re fu l  examination 
of t h e  f l i g h t  records when t h e  adapt ive  con t ro l  
system vas used i n d i c a t e s  t h a t  t h e  f u l l y  adapt ive 
gain-changer f ea tu re  of t h e  X - l 5  system may not  h e  
required lor many f l i g h t  regimes. Recognizing t h a t  
t h e  s implest  system may be t h e  b e s t ,  a study w a s  
made u t i l i z i n g  t h c  complete six-degree-of-freedom 
X - 1 5  s imulator  and a breadboard adapt ive con t ro l  
system which could be al . tered as des i red .  
command system a t  various forward loop ga ins  with 
model following and reac t ion-cont ro ls  blcnding was 
used t o  inves t iga t e  t h c  c o n t r o l l a b i l i t y  of t h e  X - 1 5  
dur j~ng e n t r i e s  from 360,000 f c e t .  The p i l o t ' s  t a s k  
was pr imar i ly  a p i tch-axis  t a s k  i n  which he was t o  
hold an  angle  of a t t a c k  of 25" u n t i l  t h e  normal 
acce le ra t ion  reached about jg ,  then hold 5g u n t i l  
l e v e l  f l i g h t  was a t t a i n e d .  
a t t i t u d e  were t o  be held as c lose  t o  zero as pos- 
sib1.e. These e n t r i e s  ( f i g .  9) show very l i t t l e  
d i f fe rence  i n  t h e  p i l o t ' s  a b i l i t y  t o  perform t h e  
mancuvcr, except f o r  t h e  e n t r y  a t  t h e  lowest ga in  
s e t t i n g .  I n  t h i s  entry,  l a r g e r  devia t ions  occurred 
i n  a l l  t h r e e  cont ro l led  parameters. The p i l o t  f e l t  
t h a t  excessivc and continuous a t t e n t i o n  was r e -  
quired a t  t h e  lower gain,  whereas t h e  moderate-gain 
and adapt ive-gain e n t r i e s  were almost equal ly  
acceptable .  These simulated e n t r i e s  compare w e l l  
wi th  an  a c t u a l  f l i g h t  en t ry  from 354,200 f e e t  
(righL s i d e  or f i g .  3)  i n  which t h e  adapt ive con- 
t r o l  system was flown manually by t h e  p i l o t .  

The r a t e  

S i d e s l i p  and r o l l  

The r e s u l t s  of t h i s  study a r e  s m a r i z r d  i n  
f i g u r c  6 i n  terms of p i l o t  opinion of t h e  en t ry  
con t ro l  t a s k  f o r  each of t h e  systems inves t iga ted .  
From these  da ta  it i s  apparent t h a t  successfu l  
e n t r i e s  can b e  accomplished with c i t h e r  of t h e  sys- 
tcms and . that  acceptable  p i l o t i %  performance and 
r a t i n g s  a r e  obtained with t h e  moderate fixed-gain 
r a t e  command system. It i s  i n t e r e s t i n g  t o  note  
t h a t  t h e  p i l o t  r a t i n g s  for a c t u a l  f l i g h t  a r e  some- 
what h e t t e r  than those f o r  t h e  s imulator  t e s t s .  
Also, t h e  p i l o t  s t a t e d  t h a t  cont ro l l ing  t h e  a i r -  
plane was somewhat e a s i e r  i n  f l i g h t  than on t h e  
simulator because of t h e  add i t iona l  v i s u a l  and 
motion s t i m u l i  ava i l ab le  i n  f l i g h t  and t h e  b e t t e r  
mechanical condi t ion of t h e  a i rp l ane  con t ro l  sys-  
tem. 

I t  should be rcmcmbcrcd t h a t  t h e  X-15 en t ry  
i s  severe from t h e  standpoi.nt of r a t e  of change of 

The r a t e  command con t ro l  can provide sati.s- 
f ac to ry  con t ro l  and damphg over t h e  v ide  rengc of 
aerodynamic c h a r a c t e r i s t i c s  from o r b i t a l  speed t o  
landing and, so, appears t o  be t h e  logical.  choicc 
for t h e  primary con t ro l  system of a l i . f t i n g  en t ry  
vehicle .  The companion r a t e  t r i m  has not  been so  
widely accepted, hu t ,  if properly mechanized, w i l l  
provide acceptable  t r i m .  F u l l  u t i l i z a t i o n  of t h e  
c a p a b i l i t i e s  o f  t h e  p i l o t  o r  p i l o t s  woulcl probably 
remove t h e  requirement f o r  automatic ' t r i m ,  s incc  
some memb,er of t h e  crew could monitor t h i s  quant i ty  
during 'the long en t ry  t imes.  Similar ly ,  the 
acce lera t ion- l imi t ing  f ea tu re  may not  bc rcquired; 
t h e  onset of acce lera t ion  f o r  these  e n t r i e s  w i l l  he  
much slower than i n  t h e  X - 1 5  en t ry .  During c e r t a i n  
abor t  s i t u a t i o n s ,  however, acce le ra t ion  1-i.miting 
may h e  d e s i r a b l e .  Detai led s tudies  of t h e  mi.ssion 
and abor t  s i t u a t i o n  w i l l  be  required t o  defl.nc t h c  
des i red  acce lera t ion  l i m i t i n g .  

~ 0J 

Hold modes w i l l  c e r t a i n l y  be desirab3e to 
reduce crew workload during t h e  cn t ry  and perhaps 
provide more prec ise  con t ro l  of f l - ight  path f o r  
energy management and aerodynamic-heatiw consid- 
e ra t ions .  Automatic switching of aer0dynami.c and 
reac t ion  cont ro ls  may not  he  required,  inasmuch as 
t ime w i l l  he  ava i l ab le  f o r  manual switching. By 
monitoring such f a c t o r s  as copt ro l  e f fec t iveness  
and reac t ion  con t ro l  f u e l  conswnpti.on, it should 
be obvious when switching i s  requircd.  

R e l i a b i l i t y  and f a i l  s a f e t y  w i l . 1  bc  as v i t a l  
i n  t h e  design of t h i s  system as i n  t h e  X-15  adapt-  
i v e  system, however, i n  a somewhat diffc,ri-nt 
manner. 
longer operat ing t ime f o r  a mission, bu t  perhaps 
f o r  fewer missions.  m i l - s a f e t y  phil.osophy appl.ird 
i n  p a s t  manned-system desie;ns should bc adhered Lo. 

Entry Simulation 

Design r e l i a b i l i t y  must be hascd on much 

I n  preparat ion for t h e  X - 1 5  program, scvi.ra.1 
s imulat ion programs''Jl3 were conducted t o  prcwrc 
t h e  p i l o t s  f o r  t h e  extreme a l t i t u d e  arid specd 
missions of which t h e  X-15 i s  capable .  A s  t h c  
program has progressed, t h c  six-degree-of-fr~i.rlom 
fixed-base s imulator  has bccn relicti upon Iic!avi l y  
f o r  many operat ional  a s p e c t s .  The siniulator hac. 
been used by t h e  p i l o t s  t o  p rac t i ce  each l X { ; l ~ L . ' ~ ' '  
Thus, as a by-product o t h c  program, r1nl.n Iiavc 
been obtained t h a t  a i d  n diifinine: i.hc ::iml.aI,t~i' 
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I requirements for high-performance a i rp l anes .  After  
X - l 5  f l i g h t s ,  t h e  p i l o t ' s  opinions of t h e  en t ry  
con t ro l  t a s k  i n  f l i g h t  and on t h e  fixed-base simu- 
l a t o r  have been compared. Such a comparison i s  
presented i n  f i g u r e  7 ,  A s  expected, con t ro l l a -  
b i l i t y  was ra t ed  s l i g h t l y  higher  i n  f l i g h t  than on 
t h e  fixed-base s imulator .  None of t h e  k ines the t i c  
cues of f l i g h t  a r e  dupl icated on t h e  simulator,  
and, of course, t h e r e  i s  g r e a t e r  motivation i n  
f l y i n g  t h e  a c t u a l  a i rp l ane .  However, t h e  mechanics 
of t h e  e n t r y  con t ro l  t a s k  on t h e  simulator were 
rated s imi l a r  t o  t h e  f l i g h t  con t ro l  t a sk .  

- 

The i n i t i a l  X-15 p i l o t s  were exposed t o  t h e  
en t ry  con t ro l  t a s k  on a moving-base simulator which 
dupl icated t h e  e n t r y  acce le ra t ion  environment. 
Although t h e  p i l o t s  d id  not f e e l  it was necessary 
t o  prepare for each X-15  f l i g h t  i n  t h i s  manner, 
exposure t o  t h e  expected acce le ra t ion  d id  g ive  them 
confidence t h a t  t h e y  could perform t h e  con t ro l  t a s k  
under t h e  acce le ra t ion  environment. The perform- 
ance of p i l o t s  with and without t h e  centSifuge 
experience, however, has been equal ly  acceptable .  

Navigation and Recoverx 

Ranging and navigation. A s  important for sa fe  
recovery as t h e  con t ro l  of veh ic l e  a t t i t u d e  f o r  
s t a b i l i z a t i o n  during e n t r y  i s  t h e  con t ro l  of t h e  
r a t e  of dissipat ion-of  enkrgy, o r  con t ro l  of t h e  
range of t h e  vehicle .  Although ranging i s  not t h e  
problem with t h e  X-15 t h a t  it w i l l  be with t h e  
o r b i t a l  e n t r y  vehicle,  similar energy-management 
con t ro l s  must be exercised by t h e  X-15 p i l o t  for 
successful  recovery of t h e  vehicl6 a f t e r  atmos- 
pheric entry.  

For h igh -a l t i t ude  X - l 5  f l i g h t s  requir ing - e n t r i e s  f o r  recovery, t h e  maximum range from launch 
t o  landing has  been about 280 miles, which occurred 
on t h e  highest  a l t i t u d e  mission made t o  da t e .  

s eve ra l  e n t r i e s  were flown on t h e  s imulator .  Dur- 
ing steep, short-t ime e n t r i e s ,  t h e  modulation of 
l i f t - d r a g  r a t i o  has very l i t t l e  e f f e c t  on range 
u n t i l  recovery t o  l e v e l  aerodynamic f l i g h t  i s  
achieved ( f i g .  8 ) .  
t h e  p i l o t  con t ro l s  range by modulating t h e  vehicle  
l i f t - d r a g  r a t i o  o r  by tu rn ing  f l i g h t .  
cockpi t  d i sp l ay  of t h e  range c a p a b i l i t y  of t h e  ve- 
h i c l e  during en t ry  w i l l  be required f o r  o r b i t a l  
l i f t i n g  en t ry  vehicles .  Such a d i sp lay  has not 
been necessary i n  the  X - 1 5 ;  however, a mechaniza- 
t i o n  is  planned f o r  f u t u r e  use by the  X-15 p i l o t s .  

To 
i l l u s t r a t e  t h e  range c a p a b i l i t y  4 of the  a i rp l ane ,  

During pu l lou t  t o  l e v e l  f l i g h t ,  

Certainly,  

The X - l 5  f l i g h t s  have been planned conserva- 
t i ~ e l y . 1 ~  A ground c o n t r o l l e r  monitors t h e  f l i g h t s  
and, with precomputed range t r a c k s  and f l i g h t  r ada r  
range data ,  suggests f l i g h t - p a t h  con t ro l  changes t o  
a s s u r e  sa fe  ranging of t h e  a i r p l a n e  following an 
entry.  By plan, a l l  f l i g h t s  have been VFR. 
Although much of t h e  research information requested 
must be obtained by f l y i n g  a p rec i se  instrument 
f l i g h t  plan, terminal  ranging has  been b y  v i s u a l  
wilot ina.  Of course.  it i s  t h e  wilot  who must 
j u Q e  f i n a l l y  on t h e ' a t t i t u d e s  and configurat ions 
flown. Missions a r e  olanned and o rac t i ced  t o  
acquaint t h e  p i l o t  with all f l i g h i - p l a n  v a r i a t i o n s  
l i k e l y  t o  be encountered i n  f l i g h t .  The p i l o t s  

-. have ind ica t ed  t h a t  they can see t h e  landing s i t e  
under t h e  VFR condi t ions and can i d e n t i f y  t h e  s i t e  
from t h e  maximum a l t i t u d e  a t t a ined ,  350,000 f e e t ,  
and from a range of 160 miles.  

The X - 1 5  e n t r i e s  have been planned with some 
80 t o  100 miles excess range during t h e  nonaero- 
dynamic p h q e  of f l i g h t  and some 40 t o  60 miles 
excess range i n  t h e  aerodynamic phase ( f i g .  9 ) .  
By modulating f l i g h t  pa th  and l i f t - d r a g  ratio, t h e  
p i l o t s  have had no d i f f i c u l t y  a r r i v i n g  over t h e  
landing s i t e  a t  a nominal high key of 20,000 fee t  
and a Mach number of 0.8. The operat ional  envelope 
of t h e  X-13 f l i g h t s  (crosshatched a rea )  is compared 
t o  t h e  minimum range required t o  r e t u r n  t o  Edwards 
( s o l i d  l i n e ) .  
recovery been marginal (dashed l i n e ) .  I n  t h i s  
s i t u a t i o n ,  t h e  p i l o t ,  engrossed i n  checking onboard 
systems, ballooned s l i g h t l y  during pul lout  and 
nca r ly  overflew t h e  landing s i t e .  But, with a c a l l  
from t h e  ground monitor, he performed a s t e e p  t u r n  
and was a b l e  t o  land on t h e  south end of t h e  l ake  
r a t h e r  than on the  north lakebed as planned. 

On only one occasion has the  

Key f a c t o r s  i n  t h e  con t ro l  of range have been 
angle  of a t t a c k  and speed brakes.  By fl-ying t h e  
angle of a t t a c k  for maximum l i f t - d r a g  r a t i o ,  t h e  
p i l o t  can achieve maximum range; by modulating 
speed brakes and by turning f l i g h t ,  m i n i m  range 
i s  obtained. Although t h e  e f f ec t iveness  of t h e  
speed brakes (which have a drag increment1? approx- 
imatcly equal t o  the drag of t h e  vehicle)  
i n  reducing range i s  considered t o  b e  s a t i s f a c t o r y  
by t h e  p i l o t s ,  t hey  have expressed a d e s i r e  for 
more f l e x i b i l i t y  i n  t h e  operat ion of t h e  brakes.  
The present  brake system is  r e l a t i v e l y  slow ac t ing ,  
about 5" of brake de f l ec t ion  per  second. This  
r e s u l t s  i n  a r a t e  of change of drag c o e f f i c i e n t  of 
about 0.01 per  second o r  an incremeht i n  l i f t - d r a g  
r a t i o  of about 0.2 per  second. A f a s t e r - ac t ing  
speed brake, p a r t i c u l a r l y  i n  c losing,  would al low 
more p rec i se  con t ro l  of range i n  t h e  approach t o  
landing. A speed-brake c losu re  r a t e  twice as 
r ap id  as the  present  r a t e  is  des i r ed  by the  p i l o t s .  
I n  add i t ion  t o  being used as a range-control 
device, t h e  speed brakes have been used t o  increase 
t h e  d i r e c t i o n a l  s t a b i l i t y  of t h e  a i r p l a n e  i n  f l i g h t  
a t t i t u d e s  where t h e  l e v e l  of s t a b i l i t y  was c r i t i c a l .  
Also, t hey  have been used t o  modulate o v e r a l l  
performance during engine operat ion t o  enable t h e  
p i l o t s  t o  obtain more p rec i se  f l i g h t  research d a t a .  

cx = 0' 

With t h e  X-15, t h e r e  have been no ranging and 
recovery problems i n  operat ing VFR. 
navigation has  been by con tac t  f l i g h t  with ground 
monitoring. 
only a clear-weather recovery a r e a  of about 
200 miles around t h e  intended landing s i t e .  This 
has  been t h e  usual  mode of operat ion of t h e  X-15,  
inasmuch as t he  e n t i r e  a l t i t u d e  f l i g h t  plan ?e- 
qu i r e s  instrument f l i g h t  through atmospheric entry.  
The p i l o t  then navigates VFR t o  a r r i v e  over t h e  
landing s i t e  a t  t h e  des i r ed  high-key pos i t i on  for 
approach and landing. 

Terminal 

IFR en t ry  and VFR recovery r equ i r e  

Approach and landing. Successful recovery of 
an e n t r y  vehicle  r equ i r e s  a safe landing a t  t h e  
des i r ed  l a n d i m  s i t e .  I n  1958, a momam was _, , - - 
i n i t i a t e d  s p e c i f i c a l l y  t o  determine a s a t i s f a c t o r y  
techniaue for accura t e l !  and reweatedlv landing 
l o w - l i f t  -drag-rat i o  a i rp l ane  s , lg> 17 i n  p a r t i c u l a r ,  
t he  X-15. 
loading of the  X-15,  for example, combine t o  pro- 
duce, i n  t h e  landing approach, one of t h e  most 
challenging a i r c r a f t  t o  land. 

- 

The low l i f t - d r a g  r a t i o  and high wing 

Since the  s t eep  approach of e n t r y  veh ic l e s  
has  def ied successful  ground-based simulation, a 
f l i g h t  program was conducted with a i rp l anes  having 



; .h i lar  c h a r a c t e r i s t i c s .  This program proved t o  b e  
of g r e a t  value t o  t h e  X-15 p i l o t s  i n  acquaint ing 
them ,with t h e  approach and landing expfcted of t h i s  
c l a s s  of vehic les .  Now, a f t e r  many landings,  t h i s  
phase of 'the f l i g h t  has become rout ine  and spot  
lacdings a r c  requested of t h e  p i l o t s .  These r e -  
ques ts  serve t ~ "  purposes:  they he lp  t o  prepare 
t h c  p i l o t s  f o r  emergency landings,  and they provide 
da ta  on t h e  l.andi.ng requiremcnts f o r  f u t u r e  
vehic les .  Tauchdom dispers ion  with t h e  X-15 i s  
s h o m  i n  f i g u r e  10. Touchdown has occurred within 
i-2,>00 f e e t  of the des i red  ze ro  point ,  and 70 per- 
cent  of t h e  non-emergency landings have occurred 
within t1,000 r c c t  of the des i red  poin t .  Sl ideout ,  
shown a l s o  on fi.gurc 10, has ranged from about 
b,O00 Ccet t o  8,F(00 f e e t .  
1 i t t l . e  d i r w t i . o n a l  con t ro l  of t h e  X - 1 5  below 
100 !<riots, l .a teral  s l i d e o u t  has  nominally been about 
200 l'ect, bu t  val:des as high as ?,a00 f e e t  have 
been recorded f a r  crosswind 1andi.ngs on a damp 
lakcbed. Howcver, with e f f e c t i v e  nosewheel s t e e r -  
ing,  it appcars t h a t  l ow- l i f t -d rag - ra t io  g l i d e r s  
with specd brakes f o r  drag modulation could be 
landed successfu l ly  on 2-  t o  3-mile runways. X-15  
touchdo5m v e r t i c a l  vc loc i ty  has averaged 3.4 f e e t  
pcr  second, with a range of 0.5 t o  9.5 f e e t  per  
second. 

Al.thou~h t h e  p i l o t  has 

Most or these approaches have been from a 
high-key posi. t ion of 20,000 f e e t  and a h c h  number 
of 0.8, wi.th a c i r c u l a r  overhead approach p a t -  
t e rn .16  This typc of pa t t e rn l8  has  been prefer red  
for  visual.  landing approaches, as a l l  of t h e  X - l >  
approaches have been. The s t r a i g h t - i n  approach has 
t h e  ndvantagc of rcducing pj.lot judgment requi re -  
ments, s ince  only drag modulation i s  necessary t o  
i n s u r e  t h e  proper a i r speed .  
with l i f t i n g  en t ry  vehic les  may requi re  s t r a i g h t - i n  
approaches o r  perhaps some technique not  y e t  
deael.oped. Certainly,  new disp lays  w i l l  be  r e -  
qwircd f o r  t hese  s teep,  high r a t e  of descent  IFI? 
approaches and high landing spccds. 

Instrument approaches 

Of somewhat more importancc f o r  t h e  l i f t i n g  
en t ry  vehic le  than f o r  t h e  X - 1 5  a i rp l ane  i s  t h e  
ex te rna l  v i s i b i l i t y  required t o  land vehic les  with 
low l i f t - d r a g  r a t i o s  and high wing l o a d i w s , l 9  
s ince  t h e  problems of hea t  pro tec t ion  w i l l  b e  much 
more complex than wi'th t h e  X-15.  The X-15 p i l o t  
has 180" of per iphera l  vis ion and about 17.5" of 
forward vis ion,  10' up and 7.5" down. With t h i s  
f i e l d  of v i s ion  and with t h e  a s s i s t ance  of an  
e s c o r t  a i rp lane ,  t h e  X - l >  landings have become 
rout ine .  Actually,  i n  t h e  landing a t t i t u d e  t h e  
p i l o t ' s  downward v i s ion  i s  l imi ted  t o  about 0' by 
a i rp l ane  a t t i t u d e .  Two ].andings have been made 
with rcduced v i s ion  on one s i d e  when t h e  cockpi t  
g l a s s  sha t t e red  as a r e s u l t  of aerodynamic heat ing.  
For one of these  l a n d i m s ,  t h e  e n t i r e  s i d e  g l a s s  
panel was opaque. 

Aerodynamic Heati.n& 

Only a cursory t reatment  of t h e  aerodynamic- 
heat ing r e s u l t s  t h a t  have been obtained during t h e  
X-15 program w i l l  b e  presented i n  t h i s  paper.  More 
complete da t a  a r e  included in references 20 t o  23. 
Although aerodynamic hea t ing  has not  been a problem 
on any of t h e  X - l 5  e n t r i e s ,  by v i r t u e  of t h e  design 
temperature of 1,200' F, pred ic t ions  of aerodynamic 
hea t ing  on t h e  a i rp l ane  have been made f o r  each of 
t h e  a l t i t u d e  e n t r y  missions.  The temperature- 
pred ic t ion  process developed f o r  t h i s  program 
involves  t h r e e  d i g i t a l  computer programs. F i r s t ,  

I ,  

t h e  l o c a l  flow i s  computed f o r  t h e  condi t ions 
expected during t h e  f l i g h t .  
f lows a r e  used t o  c a l c u l a t e  t h e  aerodynamic hea t  
t r a n s f e r  t o  t h e  a i rp l ane  surfaces .  Then, t h e  
d i f f e r e n t i a l  equation descr ib ing  t h e  time- 
dependent heat ing of t h e  thin-skinned a reas  i s  
in tegra ted  t o  g ive  sk in  temperature as a func t ion  
of time during t h e  f l i g h t .  Final ly ,  t h e  aero- 
dynamic-heating inputs  a r e  used t o  c a l c u l a t e  t h e  
t r a n s i e n t  heat ing of i n t e r n a l  s t r u c t u r a l  a r eas  
where hea t  t r a n s f e r  i s  by conductlon and/or 
r a d i a t i o n .  

The computed local 

L/ 

Figure 11 compares t h e  ca lcu la ted  and meas- 
ured wing temperatures durine; an X - 1 5  a l t i t u d e  
f l i g h t  t o  315,000 f e e t .  The predic t ion  methods 
now being used were a r r ived  a t  by u s i w  cmpir ical  
coe f f i c i en t s  developed t o  modify t h e  bas i c  theo- 
r e t i c a l  ca lcu la t ions  and improve t h e  a c t u a l  prc- 
d i c t i o n  process.  The X - 1 5  e n t r i e s  made t o  da te  
a r e  not  temperature-limited,  as o r b i t a l  e n t r i e s  
would be expected t o  be; however, temperaturc- 
pred ic t ion  methods f o r  t h c  X - l 5  appear t o  be 
acceptable  and should provide add i t iona l  i n s i g h t  
i n t o  t h e  aerodynamic heat ing of t h e  o r b i t a l  en t ry  
vehicle .  

Addit ional  Contr ibut ions of t h e  X - 1 5  Program 

I n  add i t ion  t o  t h e  operat ional  cont r ibu t ions  
t o  en t ry  technology a l ready  discussed, 'the X - l >  
program has made many o ther  contr ibut ions,  although 
perhaps more s u b t l e .  For example, a t  l e a s t  up t o  
Mach numbers of 6, t h e  measurement and predic ' t ion 
methods used t o  determine t h e  s t a b i l i t y  and cont ro l  
derivatives*' of complicated configurat ions have 
been ve r i f i ed  with a c t u a l  f l ight-determined der iv-  
a t i v e s .  Both p i l o t s  and designers  have gained 
increased confidence i n  t h e  methods of pred ic t ing  
handling q u a l i t i e s  and t h e  1.evels of s t a b i l i t y  
required a t  hypersonic speeds. A l l  of t h e  maneu- 
vers  required of en t ry  vehic lcs  have been performed 
by t h e  X - 1 5  p i l o t s ,  using a s ide- located cont ro l le r ,  
i n  an  acce lera t ion  environment as h o s t i l e  as would 
be expected during o r b i t a l  entry.  

Airplane systems25 have been designed and 
made t o  funct ion i n  a l l  of t h e  envi.ronments t h a t  
w i l l  b e  opera t iona l  f o r  t h e  l i f t i n g  en t ry  vehic le .  
P i l o t s  have proved t h a t  t h e  human can cont ro l  
e f fec t ive ly  i n  many f l i g h t  regimes from Zero e t o  
high g .  For t h e  X - 1 5  program, t h e  p i l o t  w a s  
in tegra ted  i n t o  t h e  design far  e a r l i e r  and more 
completely than with any previous desj.Cn. 
success of t h i s  program a t t e s t s  t o  t h e  wisdom of 
including t h e  p i l o t  i n  a program a t  i t s  beeinning. 

The 

Although t h e  degree of aerodynamic heat ing a t  
somc loca t ions  on t h e  a i rp l ane  was predicted,  
o thcr  loca t ions  sustained hea t  damage during 
rout ine  f l i g h t .  Locations such as landing-gear 
doors requi re  much b e t t e r  s e a l s  than o r ig ina l ly  
bel ieved.  Also, sk in  o r  s t r u c t u r a l  Junctures 
where t h e  boundary l a y e r  was t r ipped  resu l ted  i n  
much higher  hea t  loads,  sometimes buckling t h e  
sk in .* l  
fac tory ;  however, t h i s  type of gear,  it appears,  
required a new design c r i t e r i a  because of t h e  
r a d i c a l l y  d i f f e ren t  rebound reac t ion  loads t h a t  
a r e  experienced with t h e  gear  i n  t h i s  rearward 
loca t ion .  

Skid-type landing gear26 proved satis-  
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Fina l ly ,  t h e  X - l 5  program has demonstrated 
t h a t  an incremental-performance-buildup f l i g h t  
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program i n  which f l i g h t  and system operat ional  
experience can be gained pays l a r g e  dividends i n  
providing a more successful  o v e r a l l  operation. 

Concluding Remarks 

Sixteen successful  X - l 5  e n t r i e s  from high - a l t i t u d e s - - t h e  most extreme from 354,200 feet-- 
have provided confidence t h a t  l i f t i n g  e n t r i e s  can 
be made with higher-performance e n t r y  vehicles .  

The X-lg program has offered t h e  opportunity 
t o  a s ses s  and resolve t h e  problems of con t ro l s ,  
displays,  and operat ional  methods required for  
s t e e p  short-t ime e n t r i e s  from high a l t i t u d e s .  
e n t r i e s  are predicted t o  be more severe from a 
c o n t r o l l a b i l i t y  standpoint than e n t r i e s  with a 
l i f t i n g  en t ry  vehicle .  The contact  f l i g h t  ranging 
and recovery of t h e  low-l i f t -drag-rat io ,  high-wing- 
loading X-l5 a i r p l a n e  have become rou t ine .  

Such 

Although instrument f l i g h t  approach and landing 
of l i f t i n g  e n t r y  vehicles  i s  f e a s i b l e ,  some re- 
search e f f o r t  w i l l  be required t o  develop opera- 
t i o n a l  methods and required d i sp lays .  

symbols 

D drag 

L l i f t  

4 dynamic pressure,  psf 

cr angle  of a t t ack ,  deg 

B p i t c h  angle, deg 

J Subscripts :  

m a X  maximum 

min minimum 
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