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ABSTRACT 

T h i s  r e p o r t  has been p r e p a r e d  as p a r t  o f  Bellcomm p a r t i c i -  
p a t i o n  i n  t h e  a c t i v i t i e s  o f  t h e  Guidance Sof tware  C o n t r o l  P a n e l  
of t h e  Manned S p a c e c r a f t  Cen te r .  It examines t h e  e n t r y  g u i d a n c e  
e q u a t i o n s  used  for Miss ion  AS-202 from two v i e w p o i n t s .  One i s  
t h e  d e t e r m i n a t i o n  o f  t h e  v a r i a t i o n s  i n  c o n d i t i o n s  a t  t h e  e n t r y  
p o i n t  o v e r  which t h e  gu idance  can  c a u s e  a m i s s  o f  2 0  NM or l e s s  
a t  t h e  t a r g e t  l a n d i n g  p o i n t .  The o t h e r  i s  to a n a l y z e  why t h e  
t r a j e c t o r y  i s  as i t  i s  and d e t e r m i n e  whether  or n o t  t h e  e q u a t i o n s  
seem s u i t a b l e  f o r  u s e  i n  o t h e r  E a r t h  o r b i t a l  m i s s i o n s  as  w e l l  as  
for AS-202. S i n c e  a n o t h e r  v e r s i o n  of  e n t r y  gu idance  has been 
approved  by MSC f o r  l u n a r  m i s s i o n  e n t r y  speeds ,  t h e  u t i l i t y  of 
t h e  p r e s e n t  g u i d a n c e  e q u a t i o n s  was examined o n l y  f o r  E a r t h  sat-  
e l l i t e  speeds .  

The c o n c l u s i o n s  and recommendations r e s u l t i n g  from 
t h e  s t u d y  a re :  

1. The gu idance  e q u a t i o n s  per form w e l l .  For m i s s i o n  
AS-202, t h e  c r i t i c a l  parameter w i l l  be  t h e  f l i g h t  
p a t h  a n g l e  a t  e n t r y .  T h i s  a n g l e  i s  nomina l ly  - 3 . 5 7 O :  
a t  > -2.9' t h e  CM w i l l  s k i p  o u t ,  a t  < -3.87 it  w i l l  
fa17 s h o r t  o f  t h e  t a r g e t .  The gu idance  can  cope w i t h  
wide v a r i a t i o n s  i n  p o s i t i o n ,  v e l o c i t y  magnitude and 
az imuth  a t  t h e  e n t r y  p o i n t ,  w i t h  r e l a t i v e l y  l a r g e  
e r r o r s  i n  ground upda te  data  on CM p o s i t i o n  and 
v e l o c i t y ,  w i t h  L/D r a t i o s  as  low as 0 . 2 5  and g r e a t e r  
t h a n  0 . 5 5 ,  w i t h  l a r g e  I M U  e r r o r s  ( g i v e n  t h e  ground 
u p d a t e ) ,  w i t h  1 0 %  v a r i a t i o n s  i n  a i r  d e n s i t y ,  w i t h  
1 0 0  knot  winds from any d i r e c t i o n ,  w i t h  g r a v i t y  
v a r i a t i o n s ,  w i t h  75% r e d u c t i o n s  i n  CM roll a c c e l -  
e r a t i o n  and 75% r e d u c t i o n  i n  maximum roll r a t e ,  
w i t h  > 5' e r r o r s  i n  t r i m  a n g l e  of  a t t a c k ,  w i t h  < 30' 
roll e r r o r s  i n  l i f t  v e c t o r  p o s i t i o n ,  and w i t h  > 1 0 %  
v a r i a t i o n s  i n  s p a c e c r a f t  we igh t .  

2 .  Accuracy i s  good d e s p i t e  e r r o r s  i n  t h e  e q u a t i o n s  used 
to p r e d i c t  t h e  t r a j e c t o r y  i n  i t s  e a r l y  phases .  These 
e a r l y  e r r o r s  t e n d  t o  be m u t u a l l y  compensatory;  t h e  
f i n a l  phase  guidance  e q u a t i o n s  a r e  t h e  c h i e f  r e a s o n  
f o r  accu racy .  

3. The e q u a t i o n s  a re  p o s s i b l y  more complex t h a n  n e c e s s a r y ,  
b u t  t h e  performance i s  good, and t h e  e q u a t i o n s  have 
a l r e a d y  been coded and t e s t e d  f o r  u s e  i n  t h e  f l i g h t  
computer.  T h e r e f o r e ,  u n l e s s  t h e r e  i s  u r g e n t  need f o r  
computer s t o r a g e  space ,  it i s  recommended t h a t  t hese  
e q u a t i o n s  be used  for a l l  m i s s i o n s  w i t h  e n t r y  speeds 
a t  approx ima te ly  E a r t h  s a t e l l i t e  speed and tha t  t h e  
development e f f o r t  be  c o n s i d e r e d  comple te .  
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CAPABILITIES OF THE ENTRY GUIDANCE 

EQUATIONS FOR MISSION AS-202 

1 .0  I n t r o d u c t i o n  

T h i s  r e p o r t  h a s  been p r e p a r e d  as p a r t  o f  Bellcomm p a r t i -  
c i p a t i o n  i n  t h e  a c t i v i t i e s  o f  t h e  Guidance Sof tware  C o n t r o l  
Panel  o f  t h e  Manned S p a c e c r a f t  C e n t e r .  The r e p o r t  examines 
t h e  gu idance  e q u a t i o n s  used  i n  t h e  e n t r y  phase  o f  Miss ion  AS-202 
from two v i e w p o i n t s .  One i s  t h e  d e t e r m i n a t i o n  o f  t h e  r a n g e  o f  
c o n d i t i o n s  a t  t h e  i n i t i a l  e n t r y  p o i n t  (when t h e  s p a c e c r a f t  
descends  t h r o u g h  400,000 f e e t  a l t i t u d e )  which t h e  e q u a t i o n s  can 
cope w i t h  s u c c e s s f u l l y  enough t o  g i v e  a t e r m i n a l  miss o f  20 NM 
or l ess .*  The o t h e r  i s  t o  a n a l y z e ,  a l b e i t  b r i e f l y ,  why t h e  e n t r y  
t r a j e c t o r y  i s  what i t  i s  and to i n d i c a t e  areas where improve- 
ments may be p o s s i b l e .  

Put a n o t h e r  way, t h e  f i r s t  p a r t  o f  t h i s  r e p o r t  i s  
concerned  w i t h  e n t r y  guidance  as a b l a c k  box, w h i l e  t h e  second 
p a r t  c o n s i d e r s  what i s  i n s i d e  t h e  box. 

The r e p o r t  i s  n o t  concerned  w i t h  d i s p e r s i o n s  or w i t h  
t h e  CEP a t  t h e  l a n d i n g  p o i n t .  T h i s  t o p i c  i s  cove red  i n  t h e  
"Guidance and N a v i g a t i o n  System O p e r a t i o n s  P lan  - Miss ion  AS-202'' 
(GSOP) i s s u e d  by MIT [l] and by MSC r e p o r t s  [21 .  However, ana-  
l y s i s  d u r i n g  t h e  p r e p a r a t i o n  o f  t h i s  r e p o r t  does  conf i rm t h e  
a p p r o x i m a t e l y  1 .0  NM CEP sugges t ed  by MIT, p r o v i d e d  t h a t  t h e  
e x a c t  p o s i t i o n  and v e l o c i t y  of  t h e  s p a c e c r a f t  a t  t he  e n t r y  p o i n t  
are known i n  t he  s p a c e c r a f t  gu idance  computer ,  and p rov ided  t h a t  
t r a j e c t o r y  d i s p e r s i o n s  i n  e a r l i e r  p o s i t i o n s  o f  t h e  f l i g h t  do n o t  
r e s u l t  i n  e n t r y  c o n d i t i o n s  much d i f f e r e n t  from nominal .  (The 
a l l o w a b l e  d e p a r t u r e s  of  e n t r y  c o n d i t i o n s  from nominal  are g i v e n  
i n  t h i s  r e p o r t . )  I n a c c u r a t e  knowledge o f  t h e  e n t r y  c o n d i t i o n s  
leads n a t u r a l l y  t o  a l a rger  CEP. 

The nominal  t r a j e c t o r y  used  i n  t h i s  r e p o r t  was t a k e n  
from t h e  GSOP. Th i s  i s  because t h e  O p e r a t i o n a l  T r a j e c t o r y  ( O T )  
was n o t  ava i l ab le  w h i l e  t h e  r e p o r t  was b e i n g  p r e p a r e d  and  be- 
c a u s e  t h e  Reference  T r a j e c t o r y  C3I employs c o n s t a n t s  i n  t he  
e n t r y  gu idance  e q u a t i o n s  which d i f f e r  from t h o s e  t o  be used  i n  
t h e  a c t u a l  f l i g h t  ( and  i n  the O T ) .  

*See S e c t i o n  3.1 for a d i s c u s s i o n  of t h i s  c r i t e r i o n .  
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The g u i d a n c e  e q u a t i o n s  a l s o  were t a k e n  from t h e  GSOP 
b u t  were c o r r e c t e d  t o  a g r e e  w i t h  t h e  a c t u a l  f l i g h t  computer  p ro -  
gram [11 ,12 ,131 .  
Bellcomm u s i n g  two d i f f e r e n t  computer  programs ( see  Appendix 2 ) .  

nominal  t r a j e c t o r y  and w i t h  comments on t h e  r e q u i r e m e n t s  p u t  on 
t h e  m i s s i o n .  
and u n c e r t a i n t i e s  on guidance  a c c u r a c y  a re  t h e n  examined, f o l -  
lowed by s imilar  d i s c u s s i o n s  on t h e  e f f e c t s  o f  I n e r t i a l  Measuring 
Un i t  e r r o r s ,  of l i f t  t o  d r a g  r a t i o  v a r i a t i o n s ,  o f  v a r i a t i o n s  o f  
o t h e r  s p a c e c r a f t  p a r a m e t e r s ,  and o f  v a r i a t i o n s  i n  e n v i r o n m e n t a l  
f a c t o r s .  

Computer s i m u l a t i o n  work was conducted  a t  

T h i s  r e p o r t  b e g i n s  w i t h  a d e s c r i p t i o n  o f  t h e  GSOP 

The e f f e c t s  of  p o s i t i o n  and v e l o c i t y  d e v i a t i o n s  

These d i s c u s s i o n s  form t h e  f i r s t  p a r t  o f  t h e  r e p o r t .  

The second p a r t  o f  t h e  r e p o r t  i s  conce rned ,  as  no ted  
e a r l i e r ,  w i t h  why t h e  t r a j e c t o r y  i s  as i t  i s .  The g u i d a n c e  
e q u a t i o n s  used  a re  shown, and compar isons  a re  drawn between 
t h e  t h e o r e t i c a l  p r e d i c t i o n s  made by t h e  g u i d a n c e  computer con- 
c e r n i n g  t h e  t r a j e c t o r y  and what  a c t u a l l y  o c c u r s .  

It i s  o r i g i n a l l y  p lanned  t h a t  t h i s  r e p o r t  would con- 
c l u d e  w i t h  an  e v a l u a t i o n  of  t h e  u s e f u l n e s s  o f  t h e  AS-202 e n t r y  
g u i d a n c e  e q u a t i o n s  f o r  a s u p e r - c i r c u l a r  e n t r y  v e l o c i t y  more 
t y p i c a l  of l u n a r  m i s s i o n s  ( 3 6 , 0 0 0  f p s  v i c e  t h e  28,706 f p s  o f  
AS-202) .  It t u r n s  out t h a t  t h i s  i s  n o t  a p p r o p r i a t e ,  s i n c e  t h e  
e q u a t i o n s  proposed  f o r  u s e  a t  s u c h  h ighe r  v e l o c i t i e s  are d i f -  
f e r e n t  (as  s u g g e s t e d  by t h e  e q u a t i o n s  proposeu  f o r  M i s s i o n  
AS-501) .  T h e r e f o r e ,  t h i s  t o p i c  i s  n o t  c o n s i d e r e d  i n  t h i s  re- 
p o r t ,  which i s  t h u s  l i m i t e d  t o  t h e  a p p l i c a b i l i t y  of t h e  e q u a t i o n s  
f o r  e a r t h  o r b i t a l  s a t e l l i t e  speed m i s s i o n s .  

2 . 0  AS-202 Nominal E n t r y  D e s c r i p t i o n  

to t e s t  t h e  heat s h i e l d  o f  t h e  Command Module ( C M ) .  To produce  
t h e  n e c e s s a r y  heat l o a d ,  t h e  f l i g h t  i s  a h igh  l o b  s h o t ,  w i t h  a n  
apogee  i n  e x c e s s  of  650 NM and w i t h  e n t r y  be ing  p receded  by one 
84 second and two 3 second burns by t h e  S e r v i c e  P r o p u l s i o n  Sys tem 
( S P S ) .  The s p a c e c r a f t  p a s s e s  t h r o u g h  t h e  approximate  e n t r y  a l t i -  
t u d e  o f  399,188 f e e t *  w i t h  an i n e r t i a l  v e l o c i t y  of  28,706 f e e t  
p e r  second,  a f l i g h t  p a t h  a n g l e  of  93.57" below t h e  r a d i u s  v e c t o r  
and an az imuth  r e l a t i v e  t o  t r u e  n o r t h  o f  58.65O. The e n t r y  p o i n t  
i s  a t  5.11OS g e o d e t i c  l a t i t u d e  and 134.7g0E l o n g i t u d e .  The t a rge t  
f o r  p a r a c h u t e  opening  ( a t  2 5 , 0 0 0  f e e t  a l t i t u d e )  i s  a t  17.25ON 
g e o d e t i c  l a t i t u d e  and 17O.O0E l o n g i t u d e ,  2 , 6 4 0  NM from t h e  e n t r y  
p o i n t .  

Mis s ion  AS-202, among i t s  o t h e r  o b j e c t i v e s ,  i s  d e s i g n e d  

* 4 0 0 , 0 0 0  f t  i s  t h e  d e f i n i t i o n  of  e n t r y  a l t i t u d e .  The data  
g i v e n  a re  t h o s e  a v a i l a b l e  f r o m  t h e  GSOP 111. 
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F i g u r e  1 shows t h e  t r a j e c t o r y  r e l a t i v e  t o  t h e  E a r t h ,  
b e g i n n i n g  a t  t h e  f i r s t  e n t r y  p o i n t ,  w h i l e  F i g u r e  2 shows a l t i -  
t u d e  and i n e r t i a l  v e l o c i t y  vs.  t i m e .  L i f t  i s  down when t h e  
s p a c e c r a f t  (S/C) p a s s e s  th rough  399,188 f e e t  a l t i t u d e  ( t = O  s e c ) ,  
and t h e n  i s  changed t o  l i f t  up a t  t=94 s e c  when t h e  d e c e l e r a t i o n  
f i r s t  exceeds  0.2 g .  Range and l a t e r a l  c o n t r o l ,  u s i n g  roll con- 
t r o l  o f  t h e  l i f t  f o r c e ,  begin  a t  t=128 s e c ,  c o n t i n u i n g  t h e  p u l l  
up t o  a peak  a l t i t u d e  of  265,157 f e e t  ( 4 3 6  NM from t h e  t a r g e t  a t  
t = 3 7 0  s e c ) .  A second e n t r y  f o l l o w s  and f i n a l  phase  c o n t r o l  be- 
g i n s  a t  t = 4 3 6  s e c ,  l e a d i n g  t o  t h e  p a r a c h u t e  opening  a t  t=850.3 
s e c  a t  25,000 f e e t  a l t i t u d e .  The S/C r e a c h e s  t h i s  p o i n t  w i t h  
an  a c c u r a c y  o f  0.5 NM unde r  nominal c o n d i t i o n s  and has a r e l a t i v e  
v e l o c i t y  of 423 f p s ,  a f l i g h t  p a t h  a n g l e  of  -86.5" and a n  az imuth  
of  249.5". 
s e e  Appendix 1.1 To a c h i e v e  such  a c c u r a c y ,  a p o s i t i o n  and ve lo -  
c i t y  u p d a t e  i s  t r a n s m i t t e d  to t h e  s p a c e c r a f t  p r i o r  t o  t h e  SPS 
b u r n s  n o t e d .  

(No r e q u i r e m e n t  i s  s p e c i f i e d  f o r  AS-202 e n t r y  a c c u r a c y ,  

Guidance a c c u r a c y  i s  a c h i e v e d  i n  Apol lo  e n t r y  by r o l l i n g  
t h e  CM t o  p u t  t h e  l i f t  f o r c e  i n  t h e  p r o p e r  d i r e c t i o n .  Both r a n g e  
and l a t e r a l  e r r o r  are' c o n t r o l l e d  s i m u l t a n e o u s l y  i n  t h i s  way.  The 
computer  program computes a q u a n t i t y  c a l l e d  Y, which i s  a conse r -  
v a t i v e  estimate (Y < 40 NM) o f  t h e  l a t e r a l  c a p a b i l i t y  o f  t h e  CM. 
I f  f u l l  l i f t  up or down i s  r e q u i r e d  f o r  r a n g e  c o n t r o l ,  t h e n  l a t e r a l  
c o n t r o l  i s  p e r m i t t e d  o n l y  t o  t h e  e x t e n t  of +15" r o t a t i o n  o f  t h e  
l i f t  from f u l l  up o r  down; t h e  r o t a t i o n  i s  r e v e r s e d  when t h e  p r e -  
d i c t e d  l a t e r a l  m i s s  exceeds  Y/2. I f  f u l l  l i f t  up or down i s  n o t  
r e q u i r e d ,  t h e n  t h e  roll changes s i g n  when t h e  p r e d i c t e d  l a t e r a l  
m i s s  exceeds  Y. F i g u r e  3 shows* t h e  roll command, l a t e r a l  m i s s  
and Y (or Y/2) v e r s u s  range-to-go ( n o t e  t h a t  t h e  t r a j e c t o r y  e v e n t s  
move from t h e  r i g h t  t o  t h e  l e f t  i n  t h i s  p l o t ) .  The t r a j e c t o r y  i s  
w e l l  p l anned ,  w i t h  o n l y  6 NM l a t e r a l  m i s s  be ing  p r e d i c t e d  a t  t h e  
s t a r t  of e n t r y ,  The roll command i s  s e e n  t o  change s l o w l y  o v e r  
most  of t h e  f l i g h t ,  w i t h  two to t h r e e  o s c i l l a t i o n s  a t  t h e  end o f  
t h e  f l i g h t  (when l a t e r a l  c a p a b i l i t y  i s  l e a s t  and l a r g e  e r r o r s  
canno t  be  t o l e r a t e d ) .  

The h e a t i n g  r eau i r emen t  f o r  t h i s  m i s s i o n  i s  t ha t  t h e  
2 h e a t i n g  r a t e  a t  i t s  f i r s t  peak exceed 7 0  E t u / f t  / s e c ,  exceed 

5 0  B t d f t  / s e c  a t  t h e  second p e a k ,  and t h a t  t h e  t o t a l  heat exceed 
20,000 B t u / f t  . These r a t e s  a re  due t o  c o n v e c t i v e  h e a t i n g  o n l y ,  
and a p p l y  f o r  t h e  ho t  s p o t .  Note t h a t  t h e y  a re  p e r  s q u a r e  f o o t ,  
n o t  f o r  t h e  t o t a l  e n t r y  heat s h i e l d .  Formulas f o r  t h i s  c a l c u l a -  
t i o n  are i s s u e d  by t h e  S t r u c t u r e s  and Mechanics D i v i s i o n ,  M S C ;  
s i m u l a t i o n  r e s u l t s  and h e a t i n g  r e q u i r e m e n t s  a re  c o n s i s t e n t  w i t h  
e a c h  o t h e r .  

2 
2 

~~ 

*The marks on a l l  of  t h e  p l o t s  a re  1 0  seconds  a p a r t .  
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F i g u r e  4 shows t h e  t i m e  h i s t o r y  of  c o n v e c t i v e  hea t  
r a t e  and t o t a l  c o n v e c t i v e  h e a t  f o r  t h e  GSOP nominal  m i s s i o n .  The 
f i r s t  h e a t i n g  r a t e  peak o c c u r s  o n l y  1 5 0  s e c .  a f t e r  e n t r y  b e g i n s ,  

r a p i d l y  a f t e r  t h a t  t o  low l e v e l s  which f u l f i l l  one f u r t h e r  

more t h a n  60  seconds .  I n  t h i s  nominal  t r a j e c t o r y ,  t h i s  i n t e r v a l  
l a s t s  f o r  1 0 1  s e c .  
CM makes i t s  second e n t r y  i n t o  t h e  a tmosphe re ,  b u t  peaks  a t  o n l y  

2 * 
4 8 . 2  B t u / f t  / s e c .  

and r e a c h e s  7 4 . 1  B t u / f t  2 / s e c ,  a n  a c c e p t a b l e  v a l u e .  

r e q u i r e m e n t ,  t h a t  t h e  h e a t  r a t e  f a l l  below 19 B t u / f t  2 / s e c .  f o r  

It r e d u c e s  

Heat r a t e  t h e n  r i s e s  r a p i d l y  a g a i n  as t h e  

E n t r y  g u i d a n c e  i s  a l s o  r e q u i r e d  t o  keep d e c e l e r a t i o n  
t o  l e s s  t h a n  l o g .  
b e t t e r  t h a n  t h i s ,  t h e  peak  be ing  o n l y  3 .6g .  On t h e  f i r s t  e n t r y ,  
t h e  peak i s  o n l y  s l i g h t l y  above l g  w i t h  t h e  l a r g e r  d e c e l e r a t i o n s  
coming a f t e r  t h e  second e n t r y .  

F i g u r e  5 shows t h a t  t h e  AS-202 e n t r y  d o e s  much 

T h i s  t r a j e c t o r y  i s  r e p r e s e n t a t i v e  o f  o r b i t a l  speed  
e n t r y  t r a j e c t o r i e s ,  which a r e  d e s i g n e d  t o  keep  h e a t i n g  t o  a c c e p t -  
ab l e  l e v e l s  b u t  s t i l l  pe rmi t  r a n g e  c o n t r o l .  The i n i t i a l  phase  
r e d u c e s  t h e  v e l o c i t y  'below sk ip -ou t  l e v e l s ,  b u t  t h e  t r a j e c t o r y  i s  
k e p t  a t  h i g h  a l t i t u d e s  t o  reduce  h e a t i n g  and a c h i e v e  r a n g e .  
F i g u r e s  6 and 7 show a l t i t u d e  v s  i n e r t i a l  v e l o c i t y ,  and range- to-go  
vs  i n e r t i a l  v e l o c i t y ,  b e a r i n g  o u t  t h e s e  s t a t e m e n t s .  Second e n t r y  
o c c u r s  r e l a t i v e l y  c l o s e  t o  t h e  l a n d i n g  s i t e  b u t  w i t h  v e l o c i t y  and 
f l i g h t  p a t h  a n g l e  combina t ions  which keep d e c e l e r a t i o n  and h e a t i n g  
low w h i l e  p e r m i t t i n g  l a n d i n g  p o i n t  c o n t r o l .  

3 . 0  L i m i t i n g  C o n d i t i o n s  f o r  Guidance Accuracy 

3 . 1  E f f e c t s  o f  P o s i t i o n  V a r i a t i o n s  on F o o t p r i n t s  

T h i s  s e c t i o n  c o n s i d e r s  t h e  e f f e c t s  o f  p o s i t i o n  v a r i a t i o n s  
from nominal  a t  t h e  e n t r y  a l t i t u d e  upon t h e  a c c u r a c y  a t  t h e  t a r g e t ,  
and a l s o  n o t e s  t h e  e f f e c t s  on h e a t i n g  and d e c e l e r a t i o n .  P e r f e c t  
n a v i g a t i o n  data  a t  t h e  s tar t  o f  e n t r y ,  and nominal  L/D are  assumed. 

F i g u r e  8 shows two major  c u r v e s  superimposed on a 
p r o j e c t i o n  of  t h e  E a r t h ,  w h i l e  F i g u r e  9 shows t h e  same c u r v e s  w i t h  
a d d i t i o n a l  data  on r e c t a n g u l a r  g raph  p a p e r .  The o u t e r  c u r v e  i s  
t h e  s o - c a l l e d  f o o t p r i n t :  i t  l o c a t e s  where t h e  CM would go i f  t h e  
r o l l  a n g l e  ( O o  roll p u t s  l i f t  up )  were h e l d  c o n s t a n t  ( t h r o u g h o u t  
t h e  f l i g h t )  a t  t h e  v a l u e s  marked. The i n n e r  c u r v e  shows t h a t  par t  
of t h e  f o o t p r i n t  i n  which t h e  t a r g e t  c o u l d  be l o c a t e d  and r e a c h e d  
by t h e  CM w i t h  a miss l e s s  t h a n  20  NM.  These c u r v e s  a re  t h u s  

# 
The O p e r a t i o n a l  T r a j e c t o r y  may e n t e r  a t  h i g h e r  v e l o c i t y ,  and 

meet t h i s  h e a t i n g  r a t e  r equ i r emen t  a l s o .  With t h e  a d d i t i o n  of  
r a d i a t i v e  h e a t i n g  e f f e c t s ,  t h e  50 Btu/f t*/sec W i l l  be  m e t  i n  t h e  
GSOP t r a j e c t o r y  a l s o .  
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an  i n d i r e c t  approach  t o  f i n d i n g  t h e  e f f e c t  o f  p o s i t i o n  v a r i a t i o n s  
a t  e n t r y .  
c o n d i t i o n s ,  t h e y  a l s o  imply where i t  c o u l d  come from t o  r e a c h  t h e  
t a r g e t .  F o o t p r i n t s  a re  a somewhat t r a d i t i o n a l  method o f  i l l u s t r a -  
t i n g  t h i s  t o p i c .  

By showing where t h e  CM c o u l d  go g i v e n  nominal  e n t r y  

There i s  no accu racy  r e q u i r e m e n t  f o r  AS-202 ( see  Appen- 
d i x  l), a l t h o u g h  t h e  CEP s p e c i f i e d  i n  t h e  g e n e r a l  Apo l lo  Program 
S p e c i f i c a t i o n s  [ 9 ]  i s  1 0  NM,  i . e . ,  50% of  t h e  f l i g h t s  s h o u l d  m i s s  
b y  1 0 N M  a l t h o u g h  downrange and c r o s s r a n g e . r n i s s e s  a r e  ne i the r  e q u i -  
p r o b a b l e  n o r  u n c o r r e l a t e d .  
a u t h o r s  o f  t h i s  r e p o r t  a s  a c r i t e r i o n  o f  a c c u r a t e  g u i d a n c e .  

d i s t a n t  from t h e  e n t r y  p o i n t ,  and i s  t 186 NM wide a t  i t s  b r o a d e s t  
p o i n t .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  most o f  t h i s  l o n g i t u d i n a l  
r a n g e  i s  a c h i e v e d  b y  hav ing  t h e  l ift upwards and t h a t  t 100' roll 
t r a j e c t o r i e s  c o r r e s p o n d  c l o s e l y  w i t h  l o g  peak d e c e l e r a t i o n  t r a j e c -  
t o r i e s .  

Using 20 NM i s  a n  a r b i t r a r y  c h o i c e  o f  the 

The unguided  f o o t p r i n t  e x t e n d s  from 840 NM t o  5 ,253  NM 

It i s  a l s o +  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  nominal  t a rge t  
can  be  r e a c h e d  ( t h e o r e t i c a l l y )  by hav ing  a c o n s t a n t  v e r t i c a l  l i f t -  
t o - d r a g  r a t i o  (L /D)  e q u a l  t o  ( L / D )  nominal Cos 45O, i . e . ,  i f  t h e  
L/D i s  p u r e l y  v e r t i c a l  and e q u a l s  0.707 of  t h e  nomina l ly  0.34 L/D 
r a t i o .  Use o f  t h i s  L/D r a t i o  i s ,  i n  f a c t ,  one of  t h e  g u i d i n g  
p r i n c i p l e s  i n  m i s s i o n  p l a n n i n g .  I n  a gu ided  t r a j e c t o r y ,  t h i s  
r e s u l t  i s  a c h i e v e d  by  v a r y i n g  t h e  r o l l  a n g l e ,  as o c c u r s  i n  AS-202. 

The a c c u r a t e  guidance  r e g i o n  e x t e n d s  from 1 , 4 6 0  NM t o  
3 ,470 NM from t h e  e n t r y  p o i n t ,  and i s  t 150  NM wide a t  i t s  b r o a d e s t  
p o i n t .  (Accuracy f a l l s  o f f  r a p i d l y  a s - t h i s  i n n e r  boundary i s  ex- 
c e e d e d . )  The Apo l lo  Program S p e c i f i c a t i o n  [ g l  r e q u i r e s  1 , 5 0 0  NM t o  
2 , 5 0 0  NM, which i s ,  t h e r e f o r e ,  more t h a n  a d e q u a t e l y  m e t  w i t h  AS-202 
e n t r y  c o n d i t i o n s .  It i s  stressed t h a t  t h i s  c u r v e  a p p l i e s  o n l y  f o r  
t h e  i n i t i a l  p o s i t i o n  and v e l o c i t y  c o n d i t i o n s  a t  t h e  s t a r t  of  e n t r y .  

While i t  i s  u n l i k e l y  i n  AS-202 t h a t  t h e  t a r g e t  w i l l  be  
changed i n  f l i g h t ,  or j u s t  b e f o r e  f l i g h t ,  t o  a v o i d  bad weather 
c o n d i t i o n s ,  t h i s  i n n e r  curve  shows t h e  bounds w i t h i n  which t h i s  
cou ld  be done .  F i g u r e  1 0  shows t h e  e f f e c t s  on h e a t i n g  and maximum 
d e c e l e r a t i o n  of  such  a change. 

F i g u r e  1 0  shows t h a t  as t h e  downrange d i s t a n c e  i s  
decreased,  t h e  f i r s t  heat r a t e  peak i n c r e a s e s ,  t h e  second heat peak 

d e c r e a s e s  (and  e v e n t u a l l y  d i sappea r s ) ,  t h e  t i m e  be low l g / B t u / f t  / s e c .  
heat  r a t e  d e c r e a s e s  ( t o  z e r o )  and t h e  t o t a l  heat d e c r e a s e s .  A t  no 
r a n g e  does  t h e  second peak c o n v e c t i v e  h e a t  r a t e  r i s e  above t h e  

d e s i r e d  50 B t u / f t  / s e c  f o r  t h e  e n t r y  c o n d i t i o n s  u s e d .  

2 

2 
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It s h o u l d  be no ted  t h a t  t h e  heat  r a t e s  and l o a d s  f o r  
AS-202 are  i n s u f f i c i e n t  t o  q u a l i f y  t h e  h e a t  s h i e l d  f o r  s u p e r c i r -  
c u l a r  v e l o c i t y  e n t r i e s .  
t e s t  of t h e  h e a t  s h i e l d  ( s e e  F i g u r e  11). 
AS-202 q u a l i f y  t h e  heat  s h i e l d  f o r  E a r t h  o r b i t a l  m i s s i o n s .  
a l s o  o f f e r  s u f f i c i e n t  data  so  t h a t ,  by e x t r a p o l a t i o n ,  t h e  heat  
s h i e l d  may be  q u a l i f i e d  f o r  s h a l l o w  LOR v e l o c i t y  e n t r i e s ,  b u t  n o t  
f o r  t h e  f u l l  r a n g e  o f  LOR e n t r i e s .  
s h i e l d s  f o r  LOR m i s s i o n s  must await m i s s i o n s  AS-501 and AS-502. 

as r a n g e  d e c r e a s e s ,  b u t  t h i s  e f f e c t  i s  r e l a t i v e l y  s l i g h t ,  t h e  
maximum d e c e l e r a t i o n  remain ing  l e s s  t h a n  1 0  G i n  t h e  a c c u r a t e  
g u i d a n c e  r e g i o n .  T o t a l  heat l o a d  i s  l e a s t  when d e c e l e r a t i o n  i s  
g r e a t e s t ,  b u t  peak heat  r a t e  i s  t h e n  i n c r e a s e d  and r a n g e  capa-  
b i l i t y  r educed .  
r e q u i r e m e n t s  and heat  s h i e l d  c a p a b i l i t y .  

I n  p a s s i n g ,  however, i t  i s  p r o p e r  t o  n o t e  t h a t  t h e  
a d j u s t m e n t  of  c e r t a i n  c o n s t a n t s  i n  t h e  gu idance  e q u a t i o n s  c a n ,  f o r  
example,  change t h e  second peak h e a t  r a t e .  
c a s e  i n  t h e  Refe rence  T r a j e c t o r y  [3] and was a l s o  borne  o u t  by 
s i m u l a t i o n  work a t  Nor th  American A v i a t i o n  

seeming ly  w i t h o u t  d e l e t e r i o u s  e f f e c t s  on o t h e r  a s p e c t s  o f  t h e  
m i s s i o n .  Why t h e  gu idance  c o n s t a n t s  were changed t o  p r e s e n t  v a l u e s  
i s  n o t  known t o  t h e  w r i t e r s ,  e x c e p t  t h a t  t h e y  do r e d u c e  t h e  hea t inp .  
(which  i s  a p p r o p r i a t e  f o r  l a t e r  m i s s i o n s ) .  

Miss ion  AS-201 embodied a h i g h  h e a t  r a t e  
T o g e t h e r  AS-201 and 

T h e y  

F u l l  q u a l i f i c a t i o n  o f  t h e  heat 

F i g u r e  1 0  a l s o  shows t h a t  peak d e c e l e r a t i o n  i n c r e a s e s  

Miss ion  p l a n n i n g  c o o r d i n a t e s  t h e s e  f a c t o r s  w i t h  

T h i s  happened t o  be  t h e  

[7]. Second peak h e a t i n g  
r a t e s  as h i g h  as 70 B t u / f t  2 / s e c  can  be  a c h i e v e d  i n  t h i s  way, 

R e t u r n i n g  t o  t h e  o r i g i n a l  t o p i c  of  t h i s  s e c t i o n ,  
F i g u r e s  8 and 9 may be used  t o  i n d i c a t e  t h e  p o s s i b l e  v a r i a t i o n  i n  
t h e  e n t r y  p o i n t  p o s i t i o n .  B u t  i n  so  d o i n g  i t  must be  remembered 
t h a t  t h e  i n e r t i a l  v e l o c i t y  v e c t o r  must s t a y  a t  i t s  nominal  v a l u e .  
From a f l i g h t  mechanics  v i ewpo in t ,  t h i s  i s  a d i f f i c u l t  c o n d i t i o n  
t o  ge t  i n  p r a c t i c e  - s h o r t e r  f l i g h t s  would p r o b a b l y  e n t e r  more 
s t e e p l y ,  e t c .  Changing t h e  e n t r y  f l i g h t  p a t h  a n g l e  from -3.57O t o  
-3.27", for example,  i n c r e a s e s  t h e  maximum and minimum a c c u r a t e  
r a n g e s  by o v e r  300 NM. Thus,  a t r a j e c t o r y  which has an  i n i t i a l  
e n t r y  f u r t h e r  downrange t h a n  nominal ,  and which i s  a l s o  s h a l l o w  ( f o r  
t h e  same r e a s o n )  has a double  p e n a l t y  t o  pay.  
t h e  t a r g e t  i s  r educed  and ,  by  b e i n g  s h a l l o w ,  t h e  minimum a c c u r a t e  
r a n g e  i s  i n c r e a s e d :  f o r  bo th  r e a s o n s ,  t h e  margin  between t a r g e t  
r a n g e  and minimum a c c u r a t e  range i s  r e d u c e d .  

The i n i t i a l  r a n g e  t o  

The GSOP l i s t s  t h e  i n d i c a t i o n  e r r o r s  ( l a )  i n  p o s i t i o n  
a t  e n t r y  s t a r t  as some 61,622 f t  downrange and 29,053 f t  c r o s s  
r a n g e .  I n d i c a t i o n  e r r o r s  r e f e r  t o  t h e  d i f f e r e n c e  between t h e  
p o s i t i o n  es t imate  computed b y  t h e  G&N s y s t e m s  and t h e  a c t u a l  
p o s i t i o n .  C o n s i d e r i n g  t h a t  t h e  pu rpose  of t h e  G&N guidance  i s  
t o  make t h e  e s t i m a t e d  p o s i t i o n  e q u a l  t h e  t a r g e t  p o s i t i o n ,  t h e n  t h e  
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i n d i c a t i o n  e r r o r s  can  be used t o  s u g g e s t  t h e  v a r i a t i o n  o f  t h e  
a c t u a l  t r a j e c t o r y  from nominal .  Having t h e  ground u p d a t e  t h e  
G & N  sys t ems  es t imate  does  n o t ,  of c o u r s e ,  make t h e  a c t u a l  t r a -  
j e c t o r y  become t h e  nominal  t r a j e c t o r y .  R a t h e r ,  i t  i n f o r m s  t h e  
G & N  sys tem t h a t  t h e  a c t u a l  t r a j e c t o r y  i s  n o t  nominal .  Hence, 
t h e  ground u p d a t e  w i l l  r educe  o n l y  t h e  i n d i c a t i o n  e r r o r s ,  p ro-  
mot ing  a c c u r a t e  g u i d a n c e ,  b u t  n o t  r e s t o r i n g  a c t u a l  t r a j e c t o r y  
c o n d i t i o n s  t o  nominal .  (See  S e c t i o n  3 . 3  f o r  e f f e c t s  of  i n d i -  
c a t i o n  e r r o r s ) .  

Thus t h e s e  e r r o r s  o f  some 1 0  and 4 . 5  NM can  be 
i n t e r p r e t e d  as t r a j e c t o r y  v a r i a t i o n s .  Comparison w i t h  t h e  
g u i d a n c e  a c c u r a c y  f o o t p r i n t  d imens ions  shows c l e a r l y  t h a t  
p o s i t i o n  v a r i a t i o n s  a t  t h e  e n t r y  a l t i t u d e  w i l l  have no p r a c t i -  
c a l  e f f e c t  on a c c u r a c y  a t  touchdown. 

3 . 2  E f f e c t  o f  V e l o c i t y  V a r i a t i o n s  

V e l o c i t y  v a r i a t i o n s ,  f o l l o w i n g  t h e  d i s c u s s i o n  of  t h e  
p r e v i o u s  s e c t i o n s ,  are  v a r i a t i o n s  i n  t h e  a c t u a l  v e l o c i t y  from 
nominal  v a l u e s .  I n  what f o l l o w s ,  a g a i n  as i n  t h e  p r e v i o u s  sec -  
t i o n ,  t h e  i n d i c a t i o n  e r r o r s  a r e  c o n s i d e r e d  t o  be z e r o ,  i . e . ,  
t h e  ground has p e r f e c t l y  updated  t h e  p o s i t i o n  and v e l o c i t y  
es t imates  i n  t h e  G&N sys t ems .  The p o s i t i o n  a t  e n t r y  a l t i t u d e  
i s  c o n s i d e r e d  nominal ,  ( a s  i s  t h e  L/D r a t i o ) .  

F i g u r e s  1 2 ,  1 3  and 1 4  are  of  i n t e r e s t .  F i g u r e  1 2  
shows f l i g h t  p a t h  a n g l e  and v e l o c i t y  magni tude  e f f e c t s ,  cons id -  
e r i n g  az imuth  nominal .  The upper  c u r v e  i s  p e r h a p s  t h e  most 
i m p o r t a n t  c u r v e  i n  t h e s e  f i g u r e s ,  f o r  i t  shows t h e  s k i p  o u t  
boundary .  The s p a c e c r a f t  should n o t  b e  a l lowed  t o  s k i p  o u t ,  i f  
i t  i s  a l l  p r e v e n t a b l e  by c o n t r o l l i n g  t h e  SPS burn  a t t i t u d e .  One 
r e a s o n  i s  t h a t  i t  i s  v e r y  d i f f i c u l t  t o  p r e d i c t  where t h e  CM w i l l  
go once  i t  s k i p s  o u t  - some s i m u l a t e d  t r a j e c t o r i e s  f o r  c o n d i t i o n s  
n e a r  t h e  c u r v e  showed two f u l l  o r b i t s  b e f o r e  l a n d i n g .  By t h i s  
t i m e ,  s p a c e c r a f t  e l e c t r i c a l  power w i l l  be exhaus ted  and t h e  
s p a c e c r a f t  w i l l  be u n c o n t r o l l a b l e .  

U n f o r t u n a t e l y ,  t h e  data  i n  t h e  GSOP s u g g e s t  t h a t  t h i s  
p o s s i b i l i t y  must be c o n s i d e r e d .  At t h e  nominal  v e l o c i t y  of 2 8 , 7 0 6  
f p s ,  t h e  minimum t o l e r a b l e  f l i g h t  p a t h  a n g l e  i s  some - 2 . g 0 ,  where 
t h e  nominal  i s  -3.57".  T h i s  r e p r e s e n t s  a v a r i a t i o n  o f  + 335 f p s  
up .  The GSOP g i v e s  64  f p s  a s  lo for t h i s  v a r i a t i o n ,  so 335 f p s  i s  
+ 5 . 2 0 .  By p u r e ,  t h e o r e t i c a l  Gauss i an  p r o b a b i l i t y  t h e o r y ,  5 . 2 ~  i s  
some p r o b a b l e ,  and might be c o n s i d e r e d  i g n o r a b l e .  But i t  i s  
f a r  b e t t e r  t o  be  p r u d e n t  and p r e p a r e d  t h a n  t h e o r e t i c a l l y  p u r e .  Or, 
m a t h e m a t i c a l l y ,  t h e  common assumpt ions  o f  Gauss i an  p r o b a b i l i t y  
d i s t r i b u t i o n  may be a p p r o p r i a t e  o n l y  n e a r  t h e  mean of  t h e  d i s t r i -  
b u t i o n  and n o t  n e a r  t h e  t a i l s .  C e r t a i n l y  t h e  p r e s e n t  s i t u a t i o n  i s  
n o t  " t a i l  t r i v i a l " .  F l i g h t  c o n t r o l l e r s  shou ld  c a r e f u l l y  mon i to r  
t h e  f l i g h t  p a t h  a n g l e  p r e d i c t e d  a t  e n t r y .  
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The lower curve in Figure 12 shows the boundary beneath 
which the CM will fall short of its target. 
the critical flight path angle is -3.87", a -150 fps variation. 
This is some 2.3a, for which the associated Gaussian probability is 
0.01. Preparedness is again justified. 

At nominal velocity, 

This lower boundary is not a log boundary, which is much 
further below and is not shown. High deceleration rates are not a 
significant factor in Earth orbital entry with the AS-202 guidance 
equations. It is, of course, possible to purposely provoke high 
g's by assuming rather unusual conditions: the entry guidance, in 
such cases, abandons range and lateral control in an effort to 
prevent high g's, and performs rather well. Section 5 notes an 
abort trajectory in which high g's occur. 

Figure 13 shows azimuth and velocity magnitude effects, 
considering flight path angle nominal. At nominal velocity, fairly 
broad ranges of azimuth can be tolerated, between 5 4 . 6 O  and 61.6O 
with 58.65O nominal. 
500 fps laterally, these limits are some 2,000 fps left and 1,500 
fps right. The GSOP .gives 23 fps as la. 

Since lo of azimuth represents approximately 

Figure 14 completes the discussion, showing flight path 
The skip angle and azimuth effects for nominal velocity magnitude. 

out boundary forms the upper curve - it breaks somewhat rapidly 
(and with results varyfng between skip out and poor accuracy) as 
the azimuth limits are reached. 

These curves show that the flight controller must strive 
most importantly for control of the flight path angle at the entry 
point - not so shallow that a skip-out can occur or so steep that the 
CM will fall short. This he can do with little regard for azimuth 
or velocity magnitude, since large variations in both of these are 
tolerable. 

3.3 Effect of Position and Velocity Indication Errors 

In this section it is assumed that the actual trajectory 
conditions are nominal, but that there are uncorrelated position 
and velocity indication errors. This situation corresponds to errors 
in the position and velocity update furnished by the ground to the 
G&N system when a nominal flight has occurred. For  G&N indications, 
the reverse situation is more generally true - the G&N indication 
is more likely to be nominal and the actual trajectory not, which 
situation is considered in the previous sections. 

Table I shows the actual misses (when the actual alti- 
tude is 25,000 ft) caused by la levels of G & N  indication errors, 
using values taken from the GSOP. The errors exDected from the 
update, as given in Reference 2, are some 6,000 ft and 5 fps, lo, 
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I 
1 

b o t h  l e s s  t h a n  t h e  v a l u e s  used f o r  T a b l e  I .  
r e p r e s e n t s  e r r o r s  a t  g rea t e r  t h a n  l o  l e v e l s  f o r  t h e  u p d a t e .  

r e m a r k a b l y  a f f e c t e d  by r e a s o n a b l y  e x p e c t a b l e  l e v e l s  of t h e  u p d a t e  
e r r o r s .  

Thus T a b l e  I a l s o  

The t a b l e  i n d i c a t e s  t h a t  qu idance  a c c u r a c y  i s  n o t  

I 
I 

A d d i t i o n  a n a l y s i s  d e t e r m i n e d  a p p r o x i m a t e l y  t h e  l e v e l s  
o f  e r r o r  which can  be t o l e r a t e d .  These a r e :  o v e r  1 0 0 , 0 0 0  f t .  i n  
downrange p o s i t i o n ,  o v e r  2 0 , 0 0 0  f t .  i n  a l t i t u d e ,  o v e r  8 0 , 0 0 0  f t .  i n  
c r o s s r a n g e  p o s i t i o n ,  o v e r  5 0  f p s  i n  downrange v e l o c i t y ,  o v e r  200 f p s  
i n  v e r t i c a l  v e l o c i t y  and ove r  1 0 0  f p s  i n  c r o s s  r a n g e  v e l o c i t y ,  a l l  
g i v e n  a t  t h e  s t a r t  o f  e n t r y .  I n  p a r t i c u l a r ,  a n  u n c e r t a i n t y  i n  
v e r t i c a l  v e l o c i t y  does  n o t  cause  s k i p  o u t  as a n  a c t u a l  v a r i a t i o n  may.  

Cons idered  i n  l i g h t  of t h e  u p d a t e  e r r o r s ,  (nomina l  
t r a j e c t o r y ,  u p d a t e  e r r o r s )  t h e s e  l i m i t s  s u g g e s t  t h e r e  i s  no problem.  
I n  t h e  l i g h t  of  G & N  sys tem i n d i c a t i o n  e r r o r s ,  ( i n d i c a t i o n  nominal ,  
a c t u a l  t r a j e c t o r y  n o t  nominal)  t h e  l i m i t s  i n  downrange p o s i t i o n ,  
a l t i t u d e  and v e r t i c a l  v e l o c i t y  a r e  a t  a p p r o x i m a t e l y  2 . 5 0  l e v e l s ;  
l a r g e r  l i m i t s  a re  d e s i r a b l e .  S t i l l ,  t h e  l a t t e r  c o n d i t i o n  i s  l e s s  
r e a l i s t i c  t h a n  hav ing  t h e  G & N  i n d i c a t i o n  nominal  and t h e  a c t u a l  
t r a j e c t o r y  o f f  nominal ,  Bnd so t h e  a n a l y s i s  i n  t h e  p r e v i o u s  s e c t i o n s  
i s  p r e f e r r e d  f o r  t h i s  l a t t e r  c o n d i t i o n .  

The c o u p l i n g  between downrange and c r o s s  r a n g e  miss 
i s  p a r t i a l l y  due t o  r o t a t i o n  o f  t h e  downrange d i r e c t i o n  as t h e  
o r b i t  changes d u r i n g  f l i g h t .  The az imuth ,  f o r  example,  changes  from 
58.65' a t  s t a r t  o f  e n t r y  t o  90.36', t h e  o r b i t  i n c l i n a t i o n  from 31.72' 
t o  17.14' and t h e  r i g h t  a s c e n s i o n  o f  t h e  a s c e n d i n g  node from 161.47O 
t o  100.75O. 

The c o u p l i n g  i s  a l s o  due t o  t h e  gu idance  e q u a t i o n s  them- 
s e l v e s .  
t h e  gu idance  s y s t e m ,  t h e  e r r o r s  c o u l d  be expec ted  t o  p r o p a g a t e  
f a i r l y  i n t a c t  t h r o u g h  t h e  t r a j e c t o r y  e x c e p t  f o r  t h e  r o t a t i o n  e f f e c t  
n o t e d  above and f o r  t h e  e f f e c t  o f  t h e  n e a r l y  45' r a n g e  a n g l e  covered  
i n  t h e  f l i g h t .  T h e r e  would b e  some d i f f e r e n c e s  s i n c e  t h e  a c t u a l  
d e c e l e r a t i o n  i s  sensed  b y  t h e  a c c e l e r o m e t e r s  and i n c o r p o r a t e d  i n t o  
t h e  i n d i c a t e d  p o s i t i o n  and v e l o c i t y .  But t h e  gu idance  e q u a t i o n s  
a l s o  u s e  t h e  measured d e c e l e r a t i o n  d i r e c t l y  i n  an i m p o r t a n t  way, and 
t h u s  t h e r e  i s  a d i r e c t  e f f e c t  o f  t h e  a c t u a l  t r a j e c t o r y  on t h e  roll 
command as w e l l  as t h e  i n d i r e c t  e f f e c t  t h rough  p o s i t i o n  and v e l o c i t y  
For example,  t h e  l i f t  i s  r o t a t e d  from down t o  up when t h e  measured 
a c c e l e r a t i o n  f i rs t  exceeds  0 . 2 g ,  and t h e  nex t  ma;ior gu idance  a c t i o n  

I f  o n l y  t h e  i n d i c a t e d  p o s i t i o n  and v e l o c i t y  were used  by 

o c c u r s  when t h e  es t imate  o f  v e r t i c a l  v e l o c i t y  becomes more p o s i t i v e  
t h a n  -700 f p s .  
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t9 25 
-9.25 

t64.05 
-64.05 

t23. 
-23. 

Table 1 

+0.8 
-0.5 

-4.7 
+5.4 

+1.1 
-1.2 

E f f e c t  of P o s i t i o n  and V e l o c i t y  I n d i c a t i o n  Errors 

( A c t u a l  C o n d i t i o n  a r e  nomina l )  
a t  S t a r t  of E n t r y  on Guidance Accuracy 

E r r o r  

Downrange p o s i t i o n .  f t .  

A l t i t ude ,  f t  . 

Track ( p o s i t i v e  r i g h t ) ,  f t .  

Downrange v e l o c i t y ,  f p s  

V e r t i c a l  v e l o c i t y ,  f p s  

T rack  v e l o c i t y ,  f p s  

E r r o r  
Magnitude 
t61,622 
-61,622 

t11,542 
-11,542 
t28053 
-28053 

Downrange 
Miss, NM 

+2.3 
-2.5 

-1.6 
1.8 

+1.2 
-1.1 

Errors are  l a  f o r  G&N s y s t e m .  

k o s s r a n g e  
Yiss, NM 

-1.1 
+ o . g  

+0.8 
-1.0 
+2.4 
-2.1 

to. 1 
+0.7 

+3.5 
-3.0 

+2.3 
-2.3 

CI-- 
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It is interesting to note that Table I shows that a 
downrange position uncertainty of 61,622 ft (1O.l.NM in range) at 
the start of entry becomes only some 2.3 NM range uncertainty at 
parachute altitude. This is due in part to the guidance acting 
on a mixture of measured data and estimated data but in greater 
part is a natural consequence of orbital mechanics. As a check, 
the transition matrices in circular orbit were numerically eval- 
uated for a range angle equal to the range angle of this entry 
trajectory. The downrange and cross-range uncertainties to be 
expected agree well with what is shown in Table I. A circular 
orbit was used because most of the entry trajectory is spent at 
fairly high altitude with little percentage variation in dis- 
tance from the center of the earth. What Table I does not show 
is the uncertainty in altitude at parachute opening: 
61,622 ft downrange initial uncertainty, the final altitude un- 
certainty is 51,952 ft with the estimate being at 76,952 ft. 
altitude. 

for the plus 

The fact that indication errors do affect the actual 
trajectory has important bearing on computational techniques for 
the development of CEP estimates. MIT's method [l], for example, 
is to take the time history of the accelerations from a perfectly 
nominal trajectory and to develop the indication errors by linear 
methods, without considering any alteration of the trajectory. 
This method seems, on the basis of the discussion above, 
inappropriate for the entry trajectory. The data presented in the 
table are the results of separate trajectory simulations for each 
uncertainty and are the differences between the error-free landing 
point and the landing point reached when the particular error is 
included. 

3.4 Inertial Measuring Unit Effects 

The Inertial Measuring Unit (IMU) in the CM is aligned 
before launch by optical and, primarily, by gyrocompassing tech- 
niques. The X axis of the stable member is upwards, along the 
local gravity vector (as it is sensed by the accelerometers). The 
declination of apparent gravity at KSC is given as 28.523169' [11. 
The Z axis is aligned l04.ggOl0 East of true North, and the Y axis 
is to the right, looking downrange. The IMU ceases gyrocompassing 
and goes inertial on receipt of the Guidance Reference Release 
signal, approximately 5 seconds before lift-off. During these 5 
seconds the apparent azimuth increases to lO5O, the desired launch 
azimuth. The platform is not realigned during flight. 

As noted earlier, errors in the IMU cause indication 
errors, and are one cause of deviations of the actual trajectory 
from nominal. When the position and velocity of the CM are updated 
from the ground, the indication errors are reduced, but the plat- 
form is not realigned. Thus the i-nitial misalignment of the IMU 
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at the start of entry is dependent upon the misalignment at 
launch and the drifting errors which accumulate during flight. 
Total flight time is short enough that platform drift error 
coefficients may be assumed constant throughout the flight 
(the correlation time for errors is said to be of the order 
of 20 hours). 

The errors considered here are the uncompensated 
errors. 
ware programs which cause the gyros to be torque pulsed 
appropriately. 
accelerometer errors. Thus the errors considered here are the 
variations from the average errors. 

Average drift in the gyros is accounted for by soft- 

Software equations compensate for average 

The la values of these errors are given in the 
G S O P  [l]. They are not given here because they are classified. 
Trajectories were computed to determine the individual effect 
of each error source at + 30 and - 30 levels. 
errors, the RSS effect is 1.29 NM downrange (which is at a true 
azimuth of 9 0 . 3 6 O  at the target) and 2.15 NM crossrange. 
the - 3a errors, the RSS effects are 1.31 NM downrange and 
1 . 7 1  NM crossrange. 
mately 0.775 NM due to I M U  errors only. The correlation coef- 
ficient is high, about 0.7, between downrange and crossrange 
miss. The CEP corresponding to these errors is 0.91 NM, in 
good agreement with the G S O P  estimate of 1 . 0  NM (although the 
G S O P  data is based on indication errors, not actual miss). 

For the + 3a 

F o r  

The net miss on a la basis is thus approxi- 

The largest contributors to downrange miss are Z gyro 
drift, X axis initial misalignment, Z accelerometer bias, and 
misalignment of the Y accelerometer in the XY plane. 
range miss, the Z gyro drift dominates, with Y and Z acceler- 
ometer biases, X axis initial misalignment, and misalignment 
of the Y accelerometer in the XY plane as additional contributors. 

For cross- 

It appears from this investigation that only a 
malfunctioning I M U  can cause misses at the target greater than 
20 N M . ,  provided the position and velocity of the CM are updated 
prior to entry. Without the update, the G S O P  suggests a CEP of 
9 . 9  NM. Requiring the update is not unreasonable; the I M U  was 
designed to be used only for short periods, with realignment to 
be made before use. 

3.5 Effect of L/D Variations 

The G&N guidance equations expect that a lift-to-drag 
(L/D) ratio of 0.33 will be available from the spacecraft at 
high velocities. By the Apollo Program Specification, the L/D 
is to be 0.34 + 0.04. But it is known that the measurement of 
L/D in hypersonic tunnels is difficult, that small c.g. motions 
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c a n  c a u s e  c o n s i d e r a b l e  change ( +  0 . 0 1 5  L/D change f o r  + 0 . 3 "  
X a x i s  c . g .  mot ion  or 0 . 2 "  Z a x r s  c . g .  m o t i o n ) ,  and t h a t  a b l a t i o n  
e f f e c t s  change t h e  L/D. 

Cons ide r  t h e n  t h a t  t h e  d r a g  c o e f f i c i e n t  i s  nominal  and 
t h a t  t h e  l i f t  c o e f f i c i e n t  i s  n o t .  
p a t h  a n g l e  l i m i t s  a r e  most a f f e c t e d  b y  L/D v a r i a t i o n s ,  s o  F i g u r e  15 
has been  p r e p a r e d  t o  show t h e  e f f e c t s .  

I n v e s t i g a t i o n  shows t h a t  f l i g h t  

The s k i p  o u t  cu rve  a g a i n  shows i t s e l f  i n  t h i s  f i g u r e  
and i s  s e e n  t o  b e  a f f e c t e d  by  L/D i n  o n l y  a minor  way .  
o u t  c u r v e  was o b t a i n e d  under  a c t i v e  g u i d a n c e  - i n i t i a l  l i f t  down 
f o l l o w e d  l a t e r  by l i f t  up - b u t  t h e  same c u r v e  i s  o b t a i n e d  for 
l i f t  down o n l y  f o r  a l l  p r a c t i c a l  p u r p o s e s .  

T h i s  s k i p  

With a nominal f l i g h t  p a t h  a n g l e ,  e n t r y  g u i d a n c e  h a n d l e s  
L/D i n c r e a s e s  w i t h  no problem and can  h a n d l e  L / D ' s  as low as 0 . 2 5 .  

With s t e e p  t r a j e c t o r i e s  t h e r e  i s  t h e  n a t u r a l  t endency  t o  
f a l l  s h o r t .  I n c r e a s e d  L/D f o r e s t a l l s t h i s  e f f e c t .  When L/D i s  
l o w  and t h e  t r a j e c t o r y  i s  s h a l l o w ,  i t  becomes d i f f i c u l t  t o  p r e d i c t  
whe the r  a s k i p  o u t  or a f a l l  s h o r t  w i l l  o c c u r ,  which i s  why t h e  
r e g i o n  n e a r  t h e  " i n t e r s e c t i o n "  of  t h e  s k i p  o u t  and f a l l  s h o r t  
c u r v e s  i s  marked as it  i s  i n  t h e  f i g u r e .  

A d d i t i o n a l  a n a l y s i s  shows t h a t  i f  b o t h  L and D change 
( k e e p i n g  t h e  same r a t i o )  b y  as much as + 50%, t h a t  s u c c e s s f u l  
t r a j e c t o r i e s  s t i l l  r e s u l t .  

- 

T h i s  i s  s o ,  of  c o u r s e ,  because  t h e  l i f t  and drag a re  
s e n s e d  b y  t h e  G & N  s y s t e m  as t h e y  c a u s e  CM a c c e l e r a t i o n s .  Thus 
t h e  G & N  e s t i m a t e s  of  p o s i t i o n  and v e l o c i t y  are  k e p t  a c c u r a t e ,  
t h e  p r o b a b l e  l a n d i n g  p o i n t  can s t i l l  b e  p r e d i c t e d ,  and c o r r e c t i v e  
a c t i o n  t a k e n  t o  r e a c h  t h e  t a r g e t  ( i f  enough L/D i s  a v a i l a b l e ) .  

The p r o b a b l e  L/D v a r i a t i o n s  a r e ,  t h e r e f o r e ,  no t  t o  
b e  f e a r e d .  

3 .6  O t h e r  S p a c e c r a f t  Parameter  V a r i a t i o n  E f f e c t s  

p r e v i o u s  s e c t i o n ,  t h e  e f f e c t s  o f  o t h e r  s p a c e c r a f t  p a r a m e t e r s  were 
i n v e s t i g a t e d .  

I n  a d d i t i o n  t o  t h e  L/D v a r i a t i o n  e f f e c t s  d i s c u s s e d  i n  t h e  

Roll O r i e n t a t i o n  of L i f t ,  t h a t  i s ,  t h e  a n g l e  by which t h e  l i f t  
i s  n o t  i n  t h e  s p a c e c r a f t  X-Z p l a n e ,  was i n v e s t i g a t e d .  A 15' 
e r r o r  was i n s e r t e d :  t h e  miss remained under  0 . 5  a m .  T h i s  i s  
b e c a u s e  t h e  a c t u a l  l i f t  f o r c e  i s  s e n s e d  b y  t h e  a c c e l e r o m e t e r s .  
The roll a n g l e  t ime  h i s t o r y  i s  a f f e c t e d  by  t h i s  v a r i a t i o n ,  b u t  
t h e  gu idance  e q u a t i o n s  s u c c e s s f u l l y  cope w i t h  i t .  T h i s  e r r o r  
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would a l s o  c o r r e s p o n d  to r e a d o u t  e r r o r s  (or m i s a l i g n m e n t )  of 
t h e  roll gimbal  r e s o l v e r .  
Roll A c c e l e r a t i o n  and Rate L i m i t s  were a l s o  checked .  The 
s i m u l a t i o n s  used  i n  t h i s  s t u d y  d i d  n o t  i n c l u d e  a p e r f e c t  simu- 
l a t i o n  o f  t he  a u t o p i l o t ,  a l t h o u g h  t h e  s i m u l a t i o n s  are  t h o u g h t  
to be r e a s o n a b l e .  Nominal r o l l  a c c e l e r a t i o n  was 10" / sec2  and 
nominal  roll r a t e  l i m i t  was 15'/sec ( a b o u t  t h e  S/C X a x i s ) .  
Reducing the  a c c e l e r a t i o n  t o  2 .5 ' /sec2 d i d  n o t  a f f e c t  t h e  
g u i d a n c e  a c c u r a c y .  
dos  n o t  a f f e c t  t h e  gu idance  a c c u r a c y .  I n  b o t h  c a s e s ,  t h e  g u i d a n c e  
e q u a t i o n s  a d j u s t  t h e  roll a n g l e  time h i s t o r y  t o  compensate for 
t he  v a r i a t i o n s .  T h i s  i s  o f  i n t e r e s t  e s p e c i a l l y  for manual c o n t r o l  
of e n t r y  or f o r  u se  of o n l y  one o f  t h e  two roll t h r u s t e r s .  Auto- 
p i l o t s  for a t t i t u d e  c o n t r o l  d u r i n g  e n t r y  s h o u l d  be as s imple  as 
p o s s i b l e  - h i g h  a c c u r a c y  i s  s imply  n o t  r e q u i r e d .  

Weight o f  t h e  s p a c e c r a f t ,  f o r  a 10% v a r i a t i o n ,  h a s  no i m p o r t a n t  
e f f e c t  on t h e  gu idance  accu racy .  T h i s  i s  because  t h e  d e c e l e r a -  
t i o n  i s  s e n s e d .  If t h e  weight i s  r educed ,  t h e  d r a g  f o r c e  c a u s e s  
g r e a t e r  d e c e l e r a t i o n .  There i s  some se l f  s t a b i l i z i n g  e f f e c t  i n  
t h a t  t h e  r e s u l t i n g  p lower  v e l o c i t y  would r e d u c e  t h e  d r a g  f o r c e ,  
b u t ,  i n  any c a s e ,  t h e  e n t r y  gu idance  e q u a t i o n s  a d j u s t  t h e  roll 
a n g l e  t i m e  h i s t o r y  to compensate f o r  t h e  change .  
Angle of A t t a c k  for t r l m  aerodynamic moment a l s o  has l i t t l e  e f f e c t  
on t h e  gu idance ,  f o r  a v a r i a t i o n  o f  5" .  It i s  c o n s i d e r e d  here 
tha t  CL and CD, t he  t r i m  l i f t  and d r a g  c o e f f i c i e n t s ,  a r e  n o t  
changed as t r i m  a n g l e  o f  a t tack  i s  changed,  a l t h o u g h  t h i s  i s  a n  
a r t i f i c i a l  a s sumpt ion .  
mi sa l ignmen t  o f  t h e  IMU, a l t h o u g h  5"  i s  f a r  beyond such  a m i s a l i g n -  
ment.) Angle o f  a t t a c k  v a r i a t i o n  a f f e c t s  t h e  RCS f u e l  usage :  r o l l  
and  yaw are  c o o r d i n a t e d  s o  t h a t  t h e  n e t  mot ion  o c c u r s  abou t  t h e  
v e l o c i t y  v e c t o r ,  which i s  d i s p l a c e d  by t h e  a n g l e  o f  a t t a c k  f rom 
t h e  s p a c e c r a f t  X a x i s .  If the a c t u a l  a n g l e  o f  a t t a c k  d i f f e r s  f rom 
t h e  nominal ,  the  amount o f  yawing w i l l  be i n  e r r o r ,  aerodynamic 
t r i m  a t t i t u d e  w i l l  b e  d i s t u r b e d ,  and a d d i t i o n a l  RCS t h r u s t i n g  w i l l  
o c c u r  to r e s t o r e  t r i m .  But t h i s  i s  c o n s i d e r e d  minor .  

3.7 Environment V a r i a t i o n  E f f e c t s  

Up to 30" roll e r r o r  can  be t o l e r a t e d .  

Reducing t h e  roll ra te  as low as =!!'/see a l s o  

( T h i s  e r r o r  i s  a l s o  e q u i v a l e n t  t o  a p i t c h  

Atmospheric  d e n s i t y  v a r i a t i o n s  o f  + 10% have l i t t l e  
e f f e c t  on gu idance  a c c u r a c y .  T h i s  i s  b e c a u s e  t h e  a c c e l e r a t i o n  
o f  t h e  s p a c e c r a f t  i s  s e n s e d  by t h e  G&N sys t em.  

But peak h e a t i n g  rates are a f f e c t e d .  An i n c r e a s e  i n  
a i r  d e n s i t y  o f  10% r e d u c e s  t h e  magnitude o f  t h e  f i r s t  h e a t i n g  
r a t e  peak 2%, i n c r e a s e s  t h e  second peak  by 11% (to 5 3 . 7  B t u / f t  / s e e ,  
m e e t i n g  t h e  r e q u i r e m e n t )  and  r e d u c e s  t h e  t o t a l  hea t  by 7.5% 
(to 19,793 B t u / f t ,  l ess  t h a n  t h e  r e q u i r e m e n t ) .  
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The v a l u e  of g r a v i t y  a l s o  does  no t  a f f e c t  g u i d a n c e  accu-  
r a c y .  I n  t h e  b u l k  of computer s i m u l a t i o n s  made, t h e  o b l a t e n e s s  
of  t h e  E a r t h  was i n c l u d e d  u s i n g  t h e  J ,  H and D terms C141.  The 
e f f e c t  o f  t h e  Sun and Moon was no t  c o n s i d e r e d .  I n  t h e  gu idance  
computer ,  n a v i g a t i o n  i s  computed u s i n g  on ly  t h e  J term,  and u s i n g  
t h e  s o - c a l l e d  "Average-G" method, s e e  F i g u r e  1 8 .  T h i s  Average-G 
t e c h n i q u e  works ve ry  w e l l ,  c a u s i n g  an e r r o r  of  o n l y  73  f e e t  i n  
p o s i t i o n  and 0 . 1 4  f p s  i n  i n e r t i a l  v e l o c i t y  a t  t h e  end of  e n t r y .  
If t h e  major  g r a v i t a t i o n a l  a t t r a c t i o n  c o n s t a n t  u i s  changed b y  
.0007% (which i s  t h e  probably  u n c e r t a i n t y  i n  i t ) ,  t h e  e f f e c t  on 
m i s s  i s  n i l .  Also  n e g l i  i b l e  are t h e  g r a v i t a t i o n a l  a t t r a c t i o n  
of  t h e  Sun and t h e  Moon $for which s p e c i a l  t e s t s  were made) .  

Winds of  1 0 0  k n o t s  b lowing  s t e a d i l y  from any d i r e c t i o n  
t h r o u g h o u t  t h e  t r a j e c t o r y  w i l l  have l i t t l e  e f f e c t  on t h e  accu racy  
t o  t h e  25,000 f t  a l t i t u d e  p o i n t .  T h i s  e f f e c t  i s  sensed  b y  t h e  
a c c e l e r o m e t e r s  and t h e  t r a j e c t o r y  compensated.  

Winds blowing on ly  below some 6 5 , 0 0 0  f t  can  c a u s e  misses 
o f ,  s a y ,  two or t h r e e  miles .  T h i s  i s  because  t h e  G & N  sys tem 
c e a s e s  a c t i v e  guidance  when i t s  e s t i m a t e  of  t h e  r e l a t i v e  v e l o c i t y  
( i g n o r i n g  winds )  f a l l s  below1,OOO f p s ,  which o c c u r s  a t  a p p r o x i -  
m a t e l y  6 5 , 0 0 0  ft. The CM t a k e s  some 34 seconds  t o  descend from 
6 5 , 0 0 0  f t  to 4 0 , 0 0 0  f t ,  19 seconds more t o  r e a c h  3 0 , 0 0 0  f t ,  and 
11 seconds  more t o  r e a c h  25,000 f t .  With t h e  p a r a c h u t e  open, 
i t  i s  e s p e c i a l l y  a f f e c t e d  b y  w inds ,  b u t  winds below 2,500 f t  
s h o u l d  be low (<28 k t s .  [ 1 4 1 )  t o  p e r m i t  r e s c u e  and r e c o v e r y  
o p e r a t i o n s .  

The j e t  s t r e a m  t y p e  o f  wind i s  t h u s  of  c h i e f  i n t e r e s t .  
A t  , s a y ,  300 k t s .  , i t  exceeds  t h e  99 p e r c e n t i l e  winds ( o f  some 
20C k t s ) .  But 3 0 0  k t s .  i s  only some 1 / 1 2  mi l e / second ,  s o  t h e  
m i s s  s h o u l d  be l e s s  t h a n  5 miles and more p robab ly  l e s s  t h a n  3 
mi l e s  s i n c e  t h e  j e t  s t r e a m  i s  n o t  deep .  

4 . 0  E n t r y  Guidance Equa t ions  

4 . 1  E n t r v  Tra . i ec to rv  Phases  

F i g u r e s  17-30 a r e  f low c h a r t s  f o r  t h e  e n t r y  gu idance  
computa t ions .  They a re  t a k e n  from t h e  GSOP [l], and have been 
a n n o t a t e d  t o  show how t h e y  o p e r a t e d  f o r  m i s s i o n  AS-202. 
F i g u r e  1 6  i s  a r e p e a t  of F i g u r e  1, b u t  i s  marked t o  show t h e  
d i f f e r e n t  phases of t h e  e n t r y  t r a j e c t o r y .  

The nominal mi s s ion  sequence  of  e v e n t s ,  i n s o f a r  as 
e n t r y  i s  conce rned ,  b e g i n s  some 4 ,322seconds  a f t e r  l a u n c h  
when t h e  CM/SM s e p a r a t i o n  sequence i s  i n i t i a t e d .  En t ry  mode 
i s  commanded 5 seconds  l a t e r  and b y  4 ,373seconds  t h e  CM i s  
a t  t h e  e n t r y  a t t i t u d e .  The p i t c h  and yaw a n g l e s  a r e  s e t  f o r  
aerodynamic t r i m  of t h e  C M ,  and t h e  r o l l  g imba l  a n g l e  i s  
some -165 ,  f o r  l i f t  down (nominal ly  1 8 0 ° ,  b u t  t h e  t a rge t  i s  
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t o  t h e  r i g h t  o f  t h e  t r a j e c t o r y  s o  t h e  l i f t  i s  d i r e c t e d  1 5 O  

t o  t h e  r i g h t ) .  

Al though a n  i n d i c a t o r  l i g h t  i s  l i t  when t h e  
d e c e l e r a t i o n  f i r s t  r e a c h e s  O.O5g, t h e  f i r s t  r e a l  e v e n t  i n  
t h e  e n t r y  i s  when 0 . 2 g  i s  e x p e r i e n c e d .  L i f t  i s  t h e n  r e v e r s e d  
from -165O t o  0' ( l i f t  u p )  and t h e  CM b e g i n s  t h e  I n i t i a l  Roll 
phase  ( f i g .  2 0 )  o f  f l i g h t .  T h i s  o c c u r s  2,194 NM from t h e  
t a r g e t  and 9 4  seconds  a f t e r  t h e  e n t r y  p o i n t  ( f o r  t h e  r e m a i n d e r  
of  t h i s  s e c t i o n  t = O  when t h e  CM passes t h r o u g h  4 0 0 , 0 0 0  f t  
a l t i t u d e  - t h e  " e n t r y "  a l t i t u d e ) .  

T h i s  roll a t t i t u d e  i s  h e l d  u n t i l  t h e  v e r t i c a l  
v e l o c i t y  becomes more p o s i t i v e  t h a n  -700  f p s  a t  128 seconds  
and w i t h  2 , 0 3 4  NM t o  go.  
t o  be somewhat s t a b i l i z e d  a t  t h i s  p o i n t  ( c a p t u r e d  by  t h e  
a tmosphe re ,  b u t  s t i l l  w i t h  enough ene rgy  t o  have u s e f u l  r a n g e  
c a p a b i l i t y ) .  

The CM t r a j e c t o r y  i s  c o n s i d e r e d  

A t  t h i s  p o i n t ,  t h e  r ema in ing  t r a j e c t o r y  t o  t h e  
t a r g e t  i s  p l anned  and t h e  c o n t r o l  numbers computed which 
gove rn  t h e  r e s t  o f  t h e  t r a j e c t o r y .  (More i s  said abou t  
t r a j e c t o r y  p l a n n i n g  i n  s e c t i o n  4 . 2 ) .  It t u r n s  o u t  t ha t  
t h e  i n i t i a l  a t t e m p t  a t  t r a j e c t o r y  p l a n n i n g  i s  s a t i s f a c t o r y ,  
i . e . ,  t h a t  t h e  v e l o c i t i e s  p r e d i c t e d  are n o t  t o o  g r e a t ,  and 
s o  t h e  Cons tan t  Drag phase  of t h e  t r a j e c t o r y  i s  n o t  needed 
( i t  b e i n g  used  as r e q u i r e d  t o  r e d u c e  v e l o c i t y  t o  safe  l e v e l s ) .  
The CM t h e r e f o r e  e n t e r s  t h e  U p c o n t r o l  phase i m m e d i a t e l y .  
L i f t  up i s  c o n t i n u e d ,  w i t h  z e r o  v e r t i c a l  v e l o c i t y  b e i n g  
a c h i e v e d  a t  1 7 0  s e c o n d s ,  1 ,843 NM t o  go .  

and 255,339 f t .  t h e  a c c e l e r a t i o n  f a l l s  below 6 f p s 2 .  T h i s  
p o i n t  i s  1,243 NM from t h e  t a r g e t .  T h i s  low a c c e l e r a t i o n  
i s  d e f i n e d  as t h e  beg inn ing  o f  t h e  B a l l i s t i c  phase ( f i g u r e  
2 4 ) .  
t h e  d e c e l e r a t i o n  n e v e r  f a l l s  below 4 . 2  f p s 2 .  
i s  h e l d  c o n s t a n t  ( a t  48O, t h e  l a s t  command g i v e n  b e f o r e  
e n t e r i n g  t h i s  phase ) .  

L i f t  up i s  s t i l l  c o n t i n u e d  u n t i l  a t  318 seconds  

The f l i g h t  i s  n o t  r e a l l y  b a l l i s t i c ,  however,  s i n c e  
The roll a n g l e  

The F i n a l  phase ( f i g u r e  25 )  b e g i n s  when t h e  
d e c e l e r a t i o n  r i s e s  above 6 . 5  f p s 2 ,  which o c c u r s  a t  436 
s e c o n d s ,  a t  a n  a l t i t u d e  o f  255,339 f e e t ,  w i t h  a r a n g e  t o  
go of  791NM. I n  t h i s  phase,  t h e  r a n g e  which w i l l  r e s u l t  
from t h e  p r e s e n t  t r a j e c t o r y  i s  computed, u s i n g  p r e s e n t  
v e l o c i t y  magni tude ,  v e r t i c a l  v e l o c i t y  and d e c e l e r a t i o n  as 
t h e  i m p o r t a n t  v a r i a b l e s .  The  t e c h n i q u e  employes a r e f e r e n c e  
t r a j e c t o r y  ( r a n g e ,  v e r t i c a l  v e l o c i t y  and d e c e l e r a t i o n  v s .  
v e l o c i t y  magn i tude )  and i n f l u e n c e  f u n c t i o n s  abou t  t h a t  
t r a j e c t o r y  t o  accoun t  f o r  d e v i a t i o n s .  T h i s  p r e d i c t e d  r a n g e  
t o  b e  cove red  i s  compared with t h e  r a n g e  t o  t h e  t a r g e t ,  
and  t h e  e r r o r  c o n v e r t e d  i n t o  L/D command u s i n g  a n o t h e r  i n -  
f l u e n c e  f u n c t i o n .  
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Note t h a t  r ange  c o n t r o l  i s  a t t e m p t e d  o n l y  d u r i n g  t h i s  
f i n a l  phase  of t h e  t r a j e c t o r y .  The t e c h n i q u e  i n  t h e  e a r l i e r  
p h a s e s  aims s imply  a t  c a r r y i n g  o u t  t h e  p l anned  t r a j e c t o r y  - a t  
e n t e r i n g  the  B a l l i s t i c  phase w i t h  t h e  p l anned  v e l o c i t y  and 
d e c e l e r a t i o n .  The obv ious  i m p l i c a t i o n  i s  t ha t  i f  t h e  p l anned  
t r a j e c t o r y  i s  a c h i e v e d ,  t h e  miss w i l l  be small. T h i s  i s  
d i s c u s s e d  more f u l l y  i n  s e c t i o n  4 . 2 .  

La te ra l  C o n t r o l  ( f i g u r e  2 8 )  i s  a t t e m p t e d  th roughou t  
t he  f l i g h t ,  e x c e p t  f o r  t he  B a l l i s t i c  phase .  But v e r t i c a l  L/D 
r e q u i r e m e n t s  f o r  l o n g i t u d i n a l  c o n t r o l  take p recedence ,  and 
l a t e r a l  c o n t r o l  i s  r educed  to a q u e s t i o n  of r o l l i n g  r i g h t  o r  
l e f t .  Tha t  i s ,  suppose  t h e  v e r t i c a l  L/D wanted can be ach ieved  

( r o l l  a n g l e )  ) : t h e n  t h e  l a t e r a l  c o n t r o l  d e t e r m i n e s  whether  the  
+60° o r  -60" i s  to be u s e d .  To r educe  t h e  amount of r o l l i n g ,  
t h e  l a t e r a l  l o g i c  p e r m i t s  the l a t e r a l  e r r o r  to d r i f t  back  and 
f o r t h  between l i m i t s  g i v e n  a s  t h e  q u a n t i t y  Y .  That  i s ,  suppose 
t h e  r o l l  a n g l e  a c t u a l l y  i s  +5O", and the  commanded roll i s  +60° .  
L a t e r a l  l o g i c  w i l l  u se  +60° u n l e s s  t h e  l a t e r a l  m i s s  exceeds  Y, 
i n  which c a s e  the  -60" w i l l  b e  u s e d .  

by a r o l l  a n g l e  of +60° o r  -60" (L/D v e r t i c a l  = L/D max c o s  

If full l i f t  u p  o r  down i s  r e q u i r e d  f o r  l o n g i t u d i n a l  
c o n t r o l ,  n o t  much i s  a v a i l a b l e  for l a t e r a l  c o n t r o l .  The l o g i c  
i n  F i g u r e  28 p e r m i t s  r o l l  a n g l e s  of +l5" from 0' o r  180" i n  
such  a c a s e .  Th i s  gives  some l a t e r a l  c o n t r o l ,  b u t  n o t  as much 
as might  be d e s i r e d .  So Y/2 i s  used  a s  t h e  s w i t c h i n g  c r i t e r i a ,  
i . e . ,  a more s t r e n u o u s  effort i s  made to keep t h e  t a r g e t  dead 
a h e a d .  Y i s  always c o n s e r v a t i v e  and so i s  Y/2. 

Late ra l  motion t u r n s  o u t  to be r a t h e r  smooth and s h o u l d  
be c o m f o r t a b l e  f o r  t h e  crew when t h i s  gu idance  i s  used  f o r  manned. 
m i s s i o n s .  Toward the  end  of t h e  f l i g h t  t h e r e  are  two or t h ree  r o l l  
o s c i l l a t i o n s ,  r e q u i r e d  because l a t e r a l  c a p a b i l i t y  i s  r e d u c i n g  
r a p i d l y ,  b u t  t h e y  s h o u l d  not be annoying .  

4 . 2  T r a j e c t o r y  P lann ing  and Execu t ive  Compared 

A s  can be s e e n  from F i g u r e  17 and the  p r e v i o u s  d i s -  
c u s s i o n ,  t h e  e n t r y  t r a j e c t o r y  can  be d i v i d e d  i n t o  s i x  p h a s e s .  
These are  

1. Pre-O.2g phase ( l i f t  down) 

2 .  I n i t i a l  ~011 ( l i f t  u p )  

3. Cons tan t  Drag 

4.  Upcon t ro l  
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5 .  B a l l i s t i c  Phase 

6 .  F i n a l  Phase 

The f i r s t  phase  i s  used t o  promote c a p t u r e  and 
p r e v e n t  s k i p - o u t :  as i s  seen  e a r l i e r ,  i t  canno t  do t h i s  
i f  t h e  f l i g h t  p a t h  a n g l e  i s  t o o  s h a l l o w  ( f i g u r e s  1 2  and 1 5 ) .  
The second phase  i s  t o  p reven t  t o o  deep  a p e n e t r a t i o n  i n t o  
t h e  a tmosphere  a f t e r  c a p t u r e  i s  i n s u r e d .  

Af te r  t h e s e  two unguided p h a s e s  a re  comple ted ,  
t h e  G & N  program a t t e m p t s  t o  p l a n  t h e  r ema inde r  o f  t h e  
t r a j e c t o r y .  What happens depends upon t h e  p r e s e n t  speed  
and t h e  r a n g e  t o  go .  I n  t h e  nominal  m i s s i o n  ( and  f o r  
f l i g h t s  w i t h  t o t a l  r a n g e s  g r e a t e r  t h a n  abou t  2 , 3 0 0  N M )  
i t  t u r n s  o u t  t h a t  t h e  c o n s t a n t  d r a g  phase  i s  n o t  needed 
and t h e  B a l l i s t i c  phase  i s .  So t h e  p l a n n i n g  r o u t i n e  
(see F i g u r e s  2 1  and 2 3 )  computes f o u r  major  numbers,  c a l l e d  
V1, A O ,  VL and Q7, as w e l l  a s  t h e  r a n g e s  (ASKEP, e t c . ,  i n  
F i g u r e  2 2 )  t o  be t r a v e r s e d  i n  t h e  d i f f e r e n t  p h a s e s .  V1 and 
A0 a p p l y  t o  t h e  f i r s t  p a r t  of t h e  u p c o n t r o l  phase  - i f  
t h e  t h e o r e t i c a l  t r a j e c t o r y  impl i ed  by t h e  e q u a t i o n s  a t  t o p  
l e f t  i n  F i g u r e  2 4  o c c u r s ,  t h e  v e l o c i t y  V w i l l  e q u a l  V1 when 
t h e  d e c e l e r a t i o n  D e q u a l s  A O ,  and t h e  v e r t i c a l  v e l o c i t y  RDOT 
w i l l  t h e n  be  z e r o .  ASPDWN i s  t h e  r a n g e  p r e d i c t e d  t o  be 
n e c e s s a r y  f o r  t h i s  t o  o c c u r .  

VL and Q7 a p p l y  f o r  t h e  second p a r t  o f  t h e  Up- 
c o n t r o l  phase .  If t h e  t h e o r e t i c a l  t r a j e c t o r y  i m p l i e d  by 
t h e  e q u a t i o n s  i n  t h e  lower h a l f  o f  F i g u r e  2 4  o c c u r s ,  t h e n  
V w i l l  e q u a l  VL when D e q u a l  Q7 and t h e  f l i g h t  p a t h  a n g l e  
w i l l  b e  e q u a l  t o  G A M A L .  ASPUP i s  t h e  r a n g e  p r e d i c t e d  
n e c e s s a r y  f o r  t h i s  t o  o c c u r .  

The r ange  ASKEP i s  o f  n e x t  i n t e r e s t  - i t  i s  t h e  
r a n g e  p r e d i c t e d  f o r  t h e  B a l l i s t i c  p h a s e ,  d e f i n e d  as t h a t  
pa r t  o f  t h e  t r a j e c t o r y  between D < Q7 and D > Q7 t 0.5 f p s 2 .  

The B a l l i s t i c  phase l e a d s  t o  t h e  f i n a l  p h a s e ,  f o r  
which a s t o r e d  r e f e r e n c e  t r a j e c t o r y  i s  used  t o  compute t h e  
g u i d a n c e  commands. The  p r e d i c t e d  r ange  i n  t h i s  phase  i s  
t h e  sum of  ASPl and ASP3. A S P l  i s  a n  approx ima t ion  based 
on t h e  s t o r e d  r e f e r e n c e  t r a j e c t o r y :  ASP3 i s  a c o r r e c t i o n  
f o r  t h e  d i f f e r e n c e  between t h e  p r e d i c t e d  i n i t i a l  f l i g h t  
p a t h  a n g l e  (which e q u a l s  - GAMAL b y  t h e  assumpt ion  of  
B a l l i s t i c  f l i g h t )  and t h e  f l i g h t  p a t h  a n g l e  i m p l i c i t  i n  
t h e  s t o r e d  r e f e r e n c e  t r a j e c t o r y . *  

*Th i s  r e p o r t  w i l l  no t  go i n t o  t h e  approx ima t ions  i n v o l v e d  
i n  t h e  development  o f  t h e  e q u a t i o n s  used  i n  e n t r y  gu idance ,  f o r  
t h a t  s u b j e c t  s h o u l d  be cons ide red  b y  i t s e l f  i n  a s e p a r a t e  r e p o r t .  
Such work i s  i n  p r o g r e s s .  E 2 5 1  
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How t h i s  a l l  t u r n s  ou t  i s  summarized i n  T a b l e  11, 
which g i v e s  a comparison of t h e  p l anned  and a c t u a l  t r a j e c t o r i e s  
f o r  t h r e e  r a n g e s  - t h e  nominal AS-202 m i s s i o n ,  a maximum r a n g e  
t r a j e c t o r y ,  and t h e  s h o r t e s t  r a n g e  t r a j e c t o r y  (2,380 NM which 
was t h e  B a l l i s t i c  Phase .  F i g u r e s  31 and 32 show t h e  l o n g  and 
s h o r t  t r a j e c t o r i e s  . 

The maximum range  m i s s i o n  shows up b e s t .  T h i s  i s  
p r o p e r ,  f o r  t h e  B a l l i s t i c  phase i s  t h e n  a r e l a t i v e l y  h i g h  l o b  
w i t h  a p r e d i c t e d  f l i g h t  p a t h  a n g l e  o f  1.16' a t  e x i t .  That  i s ,  
t h e  a s sumpt ion  of  z e r o  d r a g  i n  B a l l i s t i c  f l i g h t  i s  most c l o s e l y  
r e a l i z e d  i n  t h i s  t r a j e c t o r y .  A s  t h e  r a n g e s  g e t  s h o r t e r ,  t h e  
p r e d i c t e d  B a l l i s t i c  r a n g e  i s  s e e n  t o  b e  l e s s  and l e s s  a c c u r a t e  
w i t h  an  e r r o r  of 2 2 5  NM (412 NYJI p r e d i c t e d ,  187 NM a c t u a l )  
for t h e  s h o r t e s t  r a n g e  t r a j e c t o r y .  

P l a n n i n g  f o r  t h e  Upcont ro l  phase  has similar e r r o r s .  
It i s  b e s t  f o r  t h e  l o n g e s t  range  m i s s i o n  and makes e r r o r s  s imilar  
t o  t h o s e  f o r  t h e  b a l l i s t i c  phase .  The e r r o r s  compensate f o r  e a c h  
o t h e r ,  however,  which i s  one r e a s o n  t h e  gu idence  works w e l l .  

Thus i t  a p p e a r s  t h a t  t h e  e n t r y  gu idance  ph i losophy  
has two ma jo r  f e a t u r e s  - a B a l l i s t i c  phase  used t o  c o n t r o l  t h e  
r a n g e  i n  a f a i r l y  g r o s s  way, and a F i n a l  phase  which i s  c a p a b l e  
of h i g h  a c c u r a c y .  I t  would seem t h a t  t h e  e a r l y  phases might  
be s i m p l i f i e d  - t h e  computa t ions  seem complex f o r  t h e  a c c u r a c y  
a c h i e v e d  and t h e r e  a r e  many " t u n i n g  f a c t o r s "  i n  t h e  e q u a t i o n s  - 
b u t  t h e  r e s u l t s  a r e  v e r y  good, and a l l  of  t h e  r e q u i r e m e n t s  are 
m e t  h a n d i l y  ( a t  l e a s t  f o r  t h e  t y p e  m i s s i o n  c o n s i d e r e d  i n  t h i s  
r e p o r t  ) . 

H i s t o r i c a l l y ,  t h e  approach used f o l l o w s  from t h e  
work b y  Sanger  on t h e  o r i g i n a l  r o c k e t - g l i d e  bomber [16], 
and from work on t h e  Dynasoar v e h i c l e  [17, 181. Much o f  
t h i s  e a r l y  work i s  d i s c u s s e d  i n  r e f e r e n c e  1 9 ,  which i s  an  
e x c e l l e n t  su rvey  of  e n t r y  t e c h n i q u e s  and problems.  I n i t i a l  
MIT p r o p o s a l s  a r e  documented i n  r e f e r e n c e  20, p r e p a r e d  when 
t h e  Apo l lo  L/D was t o  b e  0.5. S a n g e r ' s  bomber and t h e  
Dynasoar  were b o t h  h i g h  L/D v e h i c l e s  ( >  1 or 2 ) .  When t h e  
Apo l lo  L/D was reduced  t o  0 . 3 4 ,  t h e  approach  i n  r e f e r e n c e  20 
was m o d i f i e d  t o  t h e  p r e s e n t  v e r s i o n .  The A I A A  J o u r n a l  of  
S p a c e c r a f t  and Rockets  i n  p a r t i c u l a r  c o n t i n u e s  t o  show new 
a p p r o a c h e s  [21, 22, 231 which g e n e r a l l y  aim towards  s i m p l i f i c a t i o n s  
i n  t h e  t echn iques .*  

The accu racy  c a p a b i l i t i e s  of  t h e  f i n a l  phase  
g u i d a n c e  were b rough t  o u t  i n  a s p e c i a l  s e t  o f  s i m u l a t i o n  
r u n s .  I n  t h e s e  r u n s  t h e  i n i t i a l  c o n d i t i o n s  were t h o s e  of 
t h e  b e g i n n i n g  of  t h e  f i n a l  p h a s e  i n  t h e  nominal m i s s i o n ,  
b u t  t h e  t a r g e t  p o i n t s  were a r b i t r a r i l y  ( a n d ,  e f f e c t i v e l y ,  

*Refe rence  24, M I T ' s  d i s c u s s i o n  of e n t r y  gu idance ,  has been  
d i s t r i b u t e d  s i n c e  t h i s  r e p o r t  was p r e p a r e d .  



BELLCOMM, INC. 3 19 - 

s u d d e n l y )  moved uprange  o r  downrange. 
o r  l e s s ,  t h e  r u n s  showed t h a t  t h e  t a r g e t s  c o u l d  be  moved 
as much as 200  NlvI downrange o r  2 6 0  NM u p r a n g e .  The down- 
r a n g e  l i m i t  was de te rmined  by t h e  f u l l  l i f t  up c a p a b i l i t y  
and t h e  uprange  l i m i t  by t h e  l o g  l i m i t .  A t  t h e  g l i m i t  t h e  
g u i d a n c e  behaved we l l ,  p e r m i t t i n g  no more t h a n  11.7 g t o  o c c u r .  
F i g u r e  28  shows t h e  g l i m i t e r  l o g i c  and ,  i n  p a r t i c u l a r ,  i n -  
d i c a t e s  a n  improvement t o  be i n c o r p o r a t e d  f o r  l a t e r  m i s s i o n s ,  
which s h o u l d  f u r t h e r  improve g l i m i t i n g  and keep t h e  peak  
c l o s e r  t o  t h e  r e q u i r e d  log max. 

F o r  a miss o f  20 NM 

The B a l l i s t i c  phase t y p e  o f  t r a j e c t o r y  i s  n o t  used  
f o r  r a n g e s  l e s s  t h a n  some 2,300 NM, What happens t h e n  i s  
t h a t  t h e  t r a j e c t o r y  r ange  p r e d i c t i o n  o v e r s h o o t s  t h e  r a n g e  t o  
t h e  t a r g e t .  A s  n o t e d  i n  F i g u r e  2 2 ,  when t h i s  happens t h e  
CM b e g i n s  a Cons tan t  Drag phase.  The e q u a t i o n s  i n  F i g u r e  
23 c o n t r o l  t h e  L/D t o  g e t  t h e  d e c e l e r a t i o n  D t o  e q u a l  D O ,  
which i s  a l w a y s  g r e a t e r  t h a n  1 .25g .  Thus t h e  CM s lows  
down. Every two s e c o n d s ,  t h e  G&N s y s t e m  t r i e s  a g a i n  t o  
p l a n  a t r a j e c t o r y ,  and c o n t i n u e s  t o  f a i l  u n t i l  f i n a l l y  t h e  
computed VL f a l l s  below 18 ,000  f p s ,  and t h e  f i n a l  phase  i s  
begun ( see  t h e  midd le  l e f t  of F i g u r e  2 1 ) .  F i g u r e  33 shows 
a 1 , 5 5 3  NM t r a j e c t o r y  which d o e s  t h i s .  

Thus t h e r e  i s  no formal  p l a n n i n g  of  t h e  s h o r t  r a n g e  
t r a j e c t o r y  - t h e  gu idance  hangs up i n  t h e  Cons tan t  Drag phase  
u n t i l  t h e  f i n a l  phase  i s  begun. O f  c o u r s e ,  t h i s  i s  what was 
i n t e n d e d  by t h e  d e v e l o p e r s  of t h e  g u i d a n c e  scheme. 

It a p p e a r s ,  t h e r e f o r e ,  t h a t  t h e  d e s i g n e r s  of  t h e  
Apo l lo  e n t r y  gu idance  have done a tho rough  and comple te  j o b .  
One can  h y p o t h e s i z e  t h a t  t h e  t e c h n i q u e  c o u l d  b e  s i m p l i f i e d :  
more i m p o r t a n t l y  , t h e  t e c h n i q u e  g i v e s  h i g h  a c c u r a c y  and 
s a t i s f i e s  a l l  r e q u i r e m e n t s ,  g i v e n  t h e  AS-202 t r a j e c t o r y  
c o n d i t i o n s .  Wi th in  t h o s e  r e q u i r e m e n t s  i t  w i t h s t a n d s  o f f -  
nominal  c o n d i t i o n s  w e l l .  

5 . 0  Abort  T r a j e c t o r i e s  i n  t h e  AS-202 Miss ion  

Two abnormal  c o n d i t i o n s  i n  t h e  AS-202 m i s s i o n  are  
c o n s i d e r e d  i n  t h i s  s e c t i o n .  One i s  when t h e  f i r s t  S e r v i c e  
P r o p u l s i o n  Sys tem (SPS)  burn  i s  u n s u c c e s s f u l  and t h e  second  
i s  when t h e  second SPS b u r n  i s  u n s u c c e s s f u l .  

I n  t h e  G & N  computer,  two l a n d i n g  p o i n t s  are  s t o r e d  - 
t h e  P a c i f i c  s i t e  ( a t  17.5ONY 170'E) and t h e  A t l a n t i c  s i t e  
( a t  4 O N ,  31OW). Which s i t e  i s  t o  b e  used i s  de te rmined  by  t h e  
f o l l o w i n g  p r o c e s s .  The G & N  computer computes t h e  f r e e  f a l l  
t i m e  ( T f f )  t o  280,000 f t .  
CM/SM s e p a r a t i o n  i s  commanded (if t h e  ground has no t  a l ready  

When t h i s  f a l l s  below 1 6 0  s e c o n d s ,  
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o r d e r e d  t h e  s e p a r a t i o n ) .  
magni tude  i s  checked;  if i t  i s  greater  t h a n  24,196.2 f p s ,  
t h e  P a c i f i c  s i t e  i s  u s e d ;  i f  l e s s ,  t h e  A t l a n t i c .  T h i s  
c r i t e r i o n  i s  t o  b e  compared w i t h  t h e  f o l l o w i n g  normal  
i n e r t i a l  v e l o c i t i e s :  2 1 , 7 5 1  f p s  a t  f i r s t  SPS i g n i t i o n ;  
25,416 a t  SPS c u t - o f f ;  2 2 , 4 4 0  f p s  a t  apogee ;  25,116 f p s  a t  
second  SPS i g n i t i o n ;  and 27,959 f p s  a t  f i n a l  SPS c u t - o f f .  
It a p p e a r s  t h a t  d i f f i c u l t i e s  can  a r i s e  i f  t h e  f i r s t  SPS 
b u r n  i s  p a r t i a l l y ,  b u t  n o t  f u l l y ,  comple t ed ,  f o r  a CM touch-  
down i n  A f r i c a  i s  t h e n  p o s s i b l e .  T h i s  has n o t  been f u l l y  
i n v e s t i g a t e d  by t h e  w r i t e r s ,  c o n s i d e r i n g  i t  beyond t h e  scope  
o f  t h i s  r e p o r t .  

5 s econds  l a t e r ,  t h e  v e l o c i t y  

It t u r n s  o u t  t h a t  i f  t h e  SPS does  n o t  i g n i t e  a t  a l l  
t h e  f i r s t  t i m e ,  t h a t  t h e  A t l a n t i c  s i t e  can  a lmos t  b e  r e a c h e d  
( see  F i g .  34) .  F u l l  l i f t  up i s  used  ( even  t h e  i n i t i a l  
a t t i t u d e  i s  changed t o  f u l l  l i f t  u p ) ,  and t h e  CM f a l l s  some 
36 NM s h o r t .  The e n t r y  i s  v e r y  s t eep  (-7.5O f l i g h t  p a t h  
a n g l e )  and t h e  g ' s  immedia te ly  r i s e  t o  1 2 . 3  g even  though 
l i f t  i s  f u l l  up a l l  t h e  t i m e .  The f i r s t  h e a t i n g  r a t e  peak  
i s  9 0 . 9  B t u / f t 2 / s e c ;  t h e r e  i s  no second p e a k ,  and t h e  t o t a l  
heat i s  o n l y  4 , 0 6 4  B t u / f t 2 .  

. 

It a l s o  t u r n s  o u t  t h a t  i f  t h e  second SPS b u r n  
f a i l s ,  t h e  CM cannot  r e a c h  t h e  P a c i f i c  s i t e  ( see  F i g .  
It f a l l s  s h o r t  by  1 ,634  NM. 
(-5.38O f l i g h t  p a t h  a n g l e )  and 7 . 5  g ' s  o c c u r  i n  t h e  i n i t i a l  
p l u n g e .  L i f t  i s  up c o n t i n u a l l y  a f t e r  t h e  0 . 2  g l e v e l  i s  
s e n s e d ,  b u t  t h e  r a n g e  c a p a b i l i t y  i s  j u s t  n o t  s u f f i c i e n t .  
The t a rge t  i s  2 , 6 9 0  m i l e s  from t h e  e n t r y  p o i n t ,  b u t  t h e  e n t r y  
i s  t o o  s t eep  - t o o  much energy  i s  l o s t  i n  t h e  i n i t i a l  p lunge  
i n t o  t e a tmosphere .  

B t u / f t 2 .  

3 5 ) .  
Here a g a i n  t h e  e n t r y  i s  s teep  

The f i r s t  h e a t i n g  r a t e  peak i s  115 .5  
B t u / f t  9 / s e c ,  t h e  second 1 0 . 5 ,  and t h e  t o t a l  heat i s  on ly  8,924 

6 .0  Summary and Concu l s ions  

T h i s  s t u d y  has i n v e s t i g a t e d  t h e  c o n d i t i o n s  under  
which a c c u r a t e  g u i d a n c e  i n  t h e  e n t r y  phase can  b e  m a i n t a i n e d .  
A c c u r a t e  gu idance  i s  a r b i t r a r i l y  d e f i n e d  as a m i s s  less  t h a n  
20 NM a t  t h e  25,000 f t  a l t i t u d e  ( a t  which t h e  p a r a c h u t e  
o p e n s ) .  F o r  t h i s  s t u d y  t h e  t r a j e c t o r y  c o n d i t i o n  and s imilar  
data were t a k e n  from t h e  G & N  Sys tem O p e r a t i o n s  P l a n  [l]. 
The r e s u l t s  of t h e  s t u d y  i n d i c a t e  t h e  f o l l o w i n g :  

1. The G & N  s y s t e m  can a c c u r a t e l y  g u i d e  t h e  command 
module t o  any p o i n t  i n  a n  area e x t e n d i n g  from 
1 , 4 6 0  NM t o  3,470NM down-range t o  t h e  e n t r y  
p o i n t  and up t o  t 150 NM t o  t h e  s i d e .  The - 
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2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

t a r g e t  p o i n t  l i e s  2 , 6 4 0  NM downrange, i n  t h e  
c e n t e r  of t h i s  a r e a .  

V a r i a t i o n s  i n  a c t u a l  s p a c e c r a f t  p o s i t i o n  as i t  
p a s s e s  t h r o u g h  4 0 0 , 0 0 0  f t  ( t h e  " e n t r y  a l t i t u d e " )  
have no e f f e c t  on g u i d a n c e  a c c u r a c y ,  c o n s i d e r i n g  
e x p e c t e d  l e v e l s  of t h e  v a r i a t i o n s .  

Guidance accu racy  i s  most i m p o r t a n t l y  a f f e c t e d  by 
v a r i a t i o n s  i n  f l i g h t  p a t h  a n g l e  ( a t  t h e  e n t r y  
a l t i t u d e ) .  Nominally,  t h e  a n g l e  i s  -3.57'. I f  
i t  i s  more p o s i t i v e  t h a n  - 2 . 9 ' ,  t h e  s p a c e c r a f t  w i l l  
s k i p  o u t  of t h e  a tmosphere ,  and can  make s e v e r a l  f u l l  
o r b i t s  a f t e r  s k i p  o u t ,  e x h a u s t i n g  s p a c e c r a f t  e l e c t r i c a l  
power while  s t i l l  i n  o r b i t .  Commanding c o n s t a n t  f u l l  
l i f t  down has n e g l i g i b l e  e f f e c t  i n  such  c a s e s .  If t h e  
f l i g h t  p a t h  a n g l e  i s  more n e g a t i v e  t h a n  -3.87', t h e  
t r a j e c t o r y  w i l l  f a l l  s h o r t  of t h e  t a r g e t .  

E x p e c t a b l e  v a r i a t i o n s  i n  v e l o c i t y  magni tude  and 
head ing  have n e g l i g i b l e  e f f e c t s  on gu idance  a c c u r a c y .  

Errors i n  G & N  sys tem e s t i m a t e s  of  p o s i t i o n  and v e l o c i t y  
have un impor t an t  e f f e c t s  on gu idance  a c c u r a c y ,  p r o v i d e d  
t h e  a c t u a l  t r a j e c t o r y  c o n d i t i o n s  are  s a t i s f a c t o r y .  
T h i s  a p p l i e s  c o n s i d e r i n g  t h e  l e v e l  o f  e r r o r s  e x p e c t e d  
from ground d e t e r m i n a t i o n  o f  t h e  s p a c e c r a f t  o r b i t .  
A t  t h e  l e v e l  o f  e r r o r s  e x p e c t e d  from G & N  sys t em nav i -  
g a t i o n ,  e f f e c t s  become i m p o r t a n t  i f  t h e  e r r o r s  i n  
downrange p o s i t i o n ,  a l t i t u d e  and v e r t i c a l  v e l o c i t y  
i n d i v i d u a l l y  exceed t h e  2 . 5 ~  l e v e l ,  a p p r o x i m a t e l y .  

I n e r t i a l  Measuring Un i t  ( I M U )  e r r o r s  are  t o l e r a b l e  up 
t o  l e v e l s  a t  which  t h e  I M U  would b e  c o n s i d e r e d  t o  b e  
m a l f u n c t i o n i n g .  

L i f t  t o  drag (L/D) r a t i o  c a n  b e  as low as 0 . 2 5  w i t h o u t  
a f f e c t i n g  guidance  a c c u r a c y .  The upper  l i m i t  was n o t  
de t e rmined  b u t  i s  g rea t e r  t h a n  0 . 5 5 .  T h i s  a p p l i e s  f o r  
nominal  d r a g ,  w i t h  l i f t  v a r y i n g  from nominal .  But +50% 
v a r i a t i o n s  i n  l i f t  and drag,  s i m u l a t n e o u s l y ,  a re  a l s o  
t o l e r a b l e .  L/D v a r i a t i o n s  have on ly  a minor  e f f e c t  on 
s k i p o u t  c o n d i t i o n s .  

Guidance accuracy  i s  n o t  a f f e c t e d  b y  10% v a r i a t i o n s  
i n  a i r  d e n s i t y ,  by 1 0 0  knot  winds from any d i r e c t i o n s ,  
by t h e  o b l a t e n e s s  of t h e  e a r t h  or by t h e  nominal  
u n c e r t a i n t y  i n  i t s  g r a v i t y  c o n s t a n t .  
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8 .  Guidance accu racy  i s  n o t  a f f e c t e d  by 75% r e d u c t i o n s  i n  
r o l l  a c c e l e r a t i o n  c a p a b i l i t y  o f  t h e  s p a c e c r a f t ,  by 75% 
r e d u c t i o n s  i n  r o l l  r a t e  l i m i t s ,  by 5' v a r i a t i o n s  i n  
t r i m  a n g l e  of a t t a c k ,  by 30' r o l l  o f f s e t  o f  t h e  l i f t  
f o r c e ,  o r  by 1 0 %  v a r i a t i o n  i n  s p a c e c r a f t  mass. Manual 
c o n t r o l  u s i n g  one s e t  of t h r u s t e r s  s h o u l d  b e  s a t i s f a c -  
t o r y .  A u t o p i l o t s  f o r  e n t r y  s h o u l d  be as s i m p l e  as 
p o s s i b l e  s i n c e  a t t i t u d e  a c c u r a c y  i s  n o t  c r i t i c a l .  

The AS-202 nominal e n t r y  t r a j e c t o r y  i n c l u d e s  5 p h a s e s :  
l i f t  down, l i f t  up, u n c o n t r o l ,  b a l l i s t i c ,  and f i n a l  
p h a s e .  
t h e  r ema in ing  t r a j e c t o r y  and t h e n  a t t empt s  to e x e c u t e  
t h e  p l a n .  T h i s  p l a n n i n g  i s  n o t  done v e r y  w e l l  due ,  
a p p a r e n t l y ,  t o  poor  a n a l y t i c a l  a p p r o x i m a t i o n s  i n  t h e  
e q u a t i o n s ,  b u t  t h e  e r r o r s  t e n d  to compensate  each o t h e r .  
I n  t h e  s u b j e c t i v e  o p i n i o n  of  t h e  wri ters ,  t h e  gu idance  
e q u a t i o n s  u s e d  are p r o b a b l y  more complex t h a n  n e c e s s a r y .  

Accuracy i s  a c h i e v e d  p r i n c i p a l l y  i n  t h e  f i n a l  phase  
i n  which e r r o r s  o f  some 200 NM c a n  be c o r r e c t e d .  

9 .  

A t  t h e  end of  t h e  l i f t  up ,  t h e  G & N  sys t em p l a n s  

1 0 .  The g l i m i t e r  s e c t i o n  o f  t h e  g u i d a n c e  e q u a t i o n s  i s  n o t  
u sed  i n  t h e  nominal e n t r y ,  i n  which t h e  maximum d e c e l e r -  
a t i o n  i s  o n l y  3.6 g .  When t e s t e d  unde r  a d v e r s e  condi -  
t i o n s  t h e  maximum g ' s  e x p e r i e n c e d  r o s e  as h i g h  as 11 .7g ,  
above t h e  l o g  maximum s p e c i f i e d .  Improvements i n  t h i s  
s e c t i o n  are t o  be i n c o r p o r a t e d  f o r  AS-204 and l a t e r .  

Based on these  r e s u l t s  t h e  c o n c l u s i o n  o f  t h e  s t u d y  i s  
t ha t  t h e  e n t r y  g u i d a n c e  program pe r fo rms  w e l l ,  f u l f i l l i n g  a l l  of  
t h e  r e q u i r e m e n t s  p u t  upon it by Apol lo  Program S p e c i f i c a t i o n s .  
While i t  may be complex, i t  i s  a l s o  a comple t e ,  working program, 
a l r e a d y  coded and t e s t e d  f o r  Apol lo  computer u s e .  It i s  recom- 
mended f o r  u s e  i n  AS-202 and i n  Apol lo  m i s s i o n s  where e n t r y  i s  
a p p r o x i m a t e l y  a t  ear th  o r b i t a l  speed. I t s  u t i l i t y  f o r  supe r -  
c i r c u l a r  e n t r y  s p e e d s  was not  de t e rmined  i n  t h i s  s t u d y ;  a mod i f i ed  
v e r s i o n  of these e q u a t i o n s  has a l r e a d y  been proposed  by MIT f o r  
s u p e r c i r c u l a r  s p e e d s ,  and approved by t h e  Guidance Sof tward  C o n t r o l  
P a n e l ,  MSC, NASA. 
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AS-202 Requi rements  and D i r e c t i v e s  - E n t r y  Phase 

1 
1 
I 
t 
m 
B 

I n s o f a r  as e n t r y  i s  conce rned ,  t h e  f o l l o w i n g  d i r e c t i v e s  
and r e q u i r e m e n t s  are  p e r t i n e n t .  

"Apol lo  F l i g h t  Mission Assignments"  (M-D MA 500-11,  
SE 010-000-1,  September  1 0 ,  1 9 6 5 )  s t a t e s  t h a t  m i s s i o n  AS-202 
p r imary  o b j e c t i v e s  i n c l u d e  v e r i f i c a t i o n  o f :  t h e  o p e r a t i o n  of  t h e  
CM h e a t  s h i e l d  (adequacy  f o r  e n t r y  from low e a r t h  o r b i t ) ,  G & N ,  
and e v a l u a t i o n  o f  t h e  h e a t  s h i e l d  a t  h i g h  h e a t  l o a d  d u r i n g  e n t r y  
a t  a p p r o x i m a t e l y  28,000 f t / s e c  v e l o c i t y .  

"Apol lo  Program S p e c i f i c a t i o n "  (SE 005-001-1, R e v i s i o n  A ,  
March 1, 1 9 6 6 )  s t a t e s  r e q u i r e m e n t s  as fo l lows: .  ( a l s o  s e e  l a t e r )  
3 . 5 . 1 . 2 2  E n t r y  The CM s h a l l  be c a p a b l e  o f  c o n t r o l l e d  f l i g h t  
t h r o u g h  t h e  e a r t h ' s  ,a tmosphere t o  any p r e s e l e c t e d  impact  p o i n t  
h a v i n g  a ground r a n g e  between 1500 NM and 2500 NM from t h e  e n t r y  
p o i n t  ( d e f i n e d  as t h e  p o i n t  a t  which t h e  v e h i c l e  f i r s t  descends  
t h r o u g h  t h e  400,000 f t  a l t i t u d e  l e v e l ) .  A d d i t i o n a l l y ,  t h e  CM 
s h a l l  be c a p a b l e  o f  s a f e  f l i g h t  t o  a l l  ex tended  r a n g e s  between 
2500 NM and 3500 NM. Both of t h e s e  s h a l l  be  p o s s i b l e  wi thou t  
e x c e e d i n g  a 1 0  g d e c e l e r a t i o n  f o r  i n e r t i a l  v e l o c i t i e s  up t o  36,500 
f p s  and e q u a t o r i a l  i n c l i n a t i o n s  between t 90'. The d e s i g n  l i m i t  
e n t r y  l o a d  f o r  a l l  CM systems s h a l l  be a-20 g d e c e l e r a t i o n .  

3 .5 .1 .23  Aerodynamic C h a r a c t e r i s t i c s  The CM s h a l l  have an  o f f s e t  
c e n t e r  of  g r a v i t y  ( c g )  which w i l l  p roduce  a l i f t - t o - d r a g  r a t i o  o f  
0 . 3 4  + 0 . 0 4  a t  Mach 6 .  The d i r e c t i o n  o f  t h e  l i f t  vec toE  s h a l l  be 
c o n t r o l l a b l e  t h r o u g h  t h e  use of  t h e  a t t i t u d e  c o n t r o l  subsystem. 
3 . 5 . 2 . 5 . 2  Accuracy .... The Pr imary  N a v i g a t i o n  Guidance and 
C o n t r o l  System s h a l l  be capab le  of  g u i d i n g  t h e  CM d u r i n g  e n t r y  t o  
t h e  p r e s e l e c t e d  p o i n t  of  p a r a c h u t e  deployment w i t h i n  a 1 0  NM CEP. 

"AS-202 Appendix t o  t h e  Apol lo  Program S p e c i f i c a t i o n "  

(March 1 9 6 6 )  s t a t e s  as f o l l o w s :  

1 . 0  Scope ... These r e q u i r e m e n t s  are  p r e s e n t e d  i n  t h i s  Appendix 
as d e v i a t i o n s  t o  t h e  r e q u i r e m e n t s  s p e c i f i e d  f o r  equipment f o r  
t h e  l u n a r  l a n d i n g  m i s s i o n  ... Unless  o t h e r w i s e  n o t e d ,  t h e  p a r a -  
g r a p h s  i n  t h i s  Appendix r e p l a c e  i n  t h e i r  e n t i r e t y  t h e  i d e n t i c a l l y  
numbered p a r a g r a g r a p h s  i n  t h e  body o f  t h e  s p e c i f i c a t i o n .  
3 . 5 . 1 . 2 2  The CM s h a l l  b e  capab le  of  c o n t r o l l e d  f l i g h t  t h r o u g h  
t h e  e a r t h ' s  a tmosphere  t o  a p r e s e l e c t e d  impact  area hav ing  a 
ground r a n g e  of 2500 NM f r o m  t h e  e n t r y  p o i n t  ... T h i s  s h a l l  be 
p o s s i b l e  f o r  a nominal  i n e r t i a l  e n t r y  v e l o c i t y  o f  28,500 f p s  and 
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a flight path angle of - 3 . 5 O .  The design limit entry load for 
all CM systems shall be a 20 g deceleration. 
3.5.1.23 Aerodynamic Characteristics No Change. 
3.5.2.5.2 Accuracy Deleted. 

Heat Load Requirements The Structures and Mechanics 
Division (ES) of the MSC has placed the following requirements 
on AS-202. For  heat due only to convection effects, as calculated 
by the formula 

2 3 .15  6 = 7201.321-\J_;;_a_ ( 2 6 , 0 0 0  ' ) 
s.1 

Btu/ft /see 

(which applies for an L/D = 0 . 3 4 ) ,  the first heat pulse shall 
exceed 70 Btu/sq. ft./sec, and the second shall exceed 50 Btu/sq. 
ft./sec. Between the first and second pulse, the heat rate shall 
fall below 19 Btu/sq'.ft./sec for more than 60 sec, and the total heat 
shall exceed 2 0 , 0 0 0  Btu/sq.ft. This formula is appropriate for 
heating at the hot spot on the CM heat shield. 
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A P P E N D I X  I1 

S i m u l a t i o n  Computer Programs 

The t r a j e c t o r i e s  d i s c u s s e d  i n  t h i s  r e p o r t  were computed 
u s i n g  two computer  programs c a l l e d  "Monte C a r l o  E n t r y "  (MCE) and 
Bellcomm Apol lo  S i m u l a t i o n  Program (BCMASP). F e a t u r e s  o f  t h e s e  
programs a re  d i s c u s s e d  i n  t h i s  s e c t i o n .  

MCE i s  a program developed  by W .  G .  H e f f r o n  and J .  E .  
Holcomb of Bellcomm, w i t h  t h e  a s s i s t a n c e  o f  Mrs. S .  B .  Watson. 
It i s  l a r g e l y  i n  FORTRAN. I n t e g r a t i o n  i s  accompl ished  u s i n g  t h e  
Adams-Bashforth f o u r  p o i n t  p r e d i c t o r  e q u a t i o n  w i t h  " p r e c i s i o n -  
and-a-ha l f" ,  w i t h  Runge-Kutta e q u a t i o n s  t o  s t a r t  t h e  p r o c e s s .  
MCE programming i n c l u d e s  t h e  e f f e c t s  o f  up t o  106  changes  i n  
nominal  d a t a ,  e . g . ,  p o s i t i o n ,  v e l o c i t y ,  and a t t i t u d e  r e a d o u t  
u n c e r t a i n t i e s ,  d e v i a t i o n s  and/or  p e r t u r b a t i o n s  from nominal  
v a l u e s  ( c o r r e l a t e d  p r  u n c o r r e l a t e d ) ,  a t m o s p h e r i c  d e n s i t y  changes ,  
v e h i c l e  mass change ,  I n e r t i a l  Measuring Un i t  ( I M U )  e r r o r s ,  e t c .  
It has t h r e e  modes o f  o p e r a t i o n  c a l l e d  Monte C a r l o ,  S e n s i t i v i t y  
M a t r i x  and S i n g l e  Run. I n  a Monte C a r l o  r u n ,  e r r o r  s o u r c e s  a re  
assumed t o  be no rma l ly  d i s t r i b u t e d ,  1 sigma v a l u e s  a re  i n p u t ,  
random v a l u e s  are computed based on t h e  i n p u t ,  and a t r a j e c t o r y  
computed. T h i s  i s  r e p e a t e d  a s  o f t e n  as  r e q u e s t e d ;  mean v a l u e  and 
s t a n d a r d  d e v i a t i o n s  ( f o r  some 78 q u a n t i t i e s )  are computed a t  
s e l e c t e d  t r a j e c t o r y  e v e n t s  o r  t imes ,  as r e q u e s t e d .  I n  a S e n s i -  
t i v i t y  Mat r ix  r u n ,  a no -e r ro r  t r a j e c t o r y  i s  r u n  f i r s t ,  fo l lowed  
by s i n g l e  e r r o r  s o u r c e  t r a j e c t o r i e s  f o r  e a c h  non-zero e r r o r  s o u r c e  
i n p u t .  The d i f f e r e n c e  between t h e  n o - e r r o r  t r a j e c t o r y  and ,  s a y ,  
t h e  t r a j e c t o r y  i n  which X gyro b ias  d r i f t  i s  non-zero i s  t h u s  
due  t o  t h e  non-zero X gy ro  b i a s  d r i f t  and shows t h e  s e n s i t i v i t y  
of t h e  t r a j e c t o r y  t o  t h a t  e r r o r  s o u r c e .  An a s sumpt ion  o f  
l i n e a r i t y  i n  t h e  s e n s i t i v i t y  i s  i m p l i e d  (which t u r n s  o u t  t o  be 
a p p r o p r i a t e  f o r  t h e  e n t r y  t r a j e c t o r y ) .  From t h e  s e n s i t i v i t y  
m a t r i x  and knowledge of t h e  s t a n d a r d  d e v i a t i o n s  o f  t h e  e r r o r  
s o u r c e s ,  t h e  program deve lops  c o v a r i a n c e  m a t r i c e s  a t  s e l e c t e d  
t r a j e c t o r y  e v e n t s  o r  t imes  by m a t r i x  methods.  

I n  t h e  S i n g l e  Run mode o f  o p e r a t i o n ,  t h e  e r r o r  s o u r c e s  
are i n c o r p o r a t e d  a t  t h e  v a l u e s  i n p u t  and a s i n g l e  t r a j e c t o r y  
computed. 

The MCE program, i n  a d d i t i o n k o  normal  l i s t i n g s  o f  
t r a j e c t o r y  r e s u l t s ,  a l s o  c r e a t e s  a b i n a r y  t a p e  o f  da ta .  A pro-  
gram c a l l e d  PLOTAP, developed by  Mrs. s.  B .  Watson w i t h  t h e  
a s s i s t a n c e  of M r .  J .  E .  Holcomb, u s e s  these  data  t o  c r e a t e  t h e  
p l o t s  shown i n  t h i s  r e p o r t .  
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In calculating a trajectory, MCE performs the following 
computations. It determines the CM attitude for aerodynamic trim 
with the roll angle controlled and computes the lift and drag 
forces and orientation (1962 standard atmosphere is used; trim 
lift and drag coefficients and trim angle of attack come from 
tables). IMU drift rates and accelerometer readings are then 
computed. Gravity forces are computed for an oblate earth. Every 
two seconds the entry guidance computations are performed 
(including the average g navigation algorithm) resulting in a 
roll command ( r o l l  about the relative velocity vector). Required 
gimbal angles are computed and a "bang-bang" minimum time with 
limited rate and acceleration autopilot is simulated which pro- 
duces a time history table of r o l l  gimbal angles. The variables 
are then integrated and the program returns to the attitude com- 
putation routine. A north pole inertial axis system is used, 
with the x-z plane being the Greenwich meridian at Guidance Reference 
Release (GRR), except that platform computations are made in plat- 
form axes ( x axis i,s local plumb bob at the pad at GRR, z axis 
is a given azimuth from true north at GRR). One entry trajectory, 
which requires some 840 seconds flight time, takes 1.8 minutes on the 
IBM 7044 computer using 1 second time steps for all computations 
except the guidance routine, or 1.2 minutes using 2 second time steps. 

The BCMASP program was developed by Bell Telephone 
Laboratories for Bellcomm and modified for the present study by 
Mr. I. Bogner with the assistance of Mr. W. G. Heffron. BCMASP 
is largely in FORTRAN and uses four point Runge-Kutta equations 
for integration. It includes the JPL ephemeris for sun and moon, 
the effects of earth oblateness, and the 1962 standard atmosphere. 
(BCMASP is being furnished to MSC and MSFC at the present time). 

For purposes of this study, BCMASP has two basic modes of 
operation - Single Run (as in MCE) and Perturb. Perturb mode is 
similar to the Sensitivity Matrix mode in MCE, one error source 
being inserted at a time and trajectory differences being listed. 
BCMASP includes the simulation of an Inertial Measuring Unit having 
the standard error sources. 

In calculating a trajectory with BCMASP the roll attitude 
is computed using a simplified rate limiting autopilot, with pitch 
and yaw assumed to be in aerodynamic trim. Lift and drag are 
computed using tabulated lift and drag coefficients and resolved 
along aerodynamic trim axes. IMU drift -rates and accelerometer 
readings are calculated. Gravity forces are computed for an oblate 
earth. (Sun and moon effects can be included.) The entry guidance 
computations are entered every two seconds (including the average 
g navigation algorithm) producing the new roll angle command. 
Variables are integrated and the program returns to lift and drag 
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c o m p u t a t i o n s .  I n e r t i a l  a x e s  of  1 9 5 0 . 0  ( f i r s t  p o i n t  o f  Aries)  
are  t h e  b a s i c  c o o r d i n a t e  a x e s ,  b u t  i n e r t i a l  a x e s  o f  d a t e  and 
p l a t f o r m  a x e s  a re  a l s o  used as  a p p r o p r i a t e .  One e n t r y  t r a j e c t o r y  
r e q u i r e s  some 1 . 5  m i n u t e s  on t h e  IBM 7044 u s i n g  2 second t i m e  1 

8 
s t e p s .  



BELLCOMM, INC. 

DISTRIBUTION LIST 

NASA Headauarters 

T. A. Keegan - NASA/MA 
P. D. SChrOCk - NASA/MAT 

MSC 

E. E. Aldrin/CB 
J. P. Bryant/FM13 
M. D. Cassetti/FM7 
D. C. Cheatham/EG2 
A. Cohen/PD4 
E. M. Crum/EX3 
R. C. Duncan/EG 
L. Dunseith/FM2 
J. Funk/EG22 
T. F. Gibson, Jr./EG22 (5) 
C. A. Graves, Jr./FM5 (5) 
C. Huss/FM3 
M. V. Jenkins/FM 
J. P. Mayer/FM 
P. J. Stull/EG22 
H. W. Tindall, Jr./FM 
C. C. Thomas/CF22 
J. W. Tolin, Jr./FM5 
J. L. Tomberlin/FC 
R. Ward/PM2 

- 

Bellcomm. Inc. 

G. M. Anderson 
D. R. Anselmo 
J. 0. Cappellari, Jr. 
K. R. Carpenter 
J. P. Downs 
D. R. Hagner 
J. E. Holcomb 
J. A. Hornbeck 
B. T. Howard 
B. Kaskey 
P. R. Knaff 
B. H. Liebowitz 
H. S. London 
J. L. Marshall 
J. Z. Menard 

V. S. Mummert 
I. D. Nehama 
B. G. Niedfeldt 
T. L. Powers 
I. M. Ross 
P. F. Sennewald 
R. V. Sperry 
T. H. Thompson 
W. R. Thompson 
R. L. Wagner 
S. B. Watson 
Central Files 
Department 1023 
Library 



T '850.3 SEC 
PARACHUTE OPENS 
H =25000 F T  
V=1496 FPS 
MISS 0.6 NM 

T = 436 SEC 
FINAL PHASE MAX HEAT RATE 
BEGINS 
H = 255339 F T  

RANGE 791 NM T = 370 SEC 
PEAK H 

V=23462 FPS 
RANGE 1043 NM 

H = 265157 FT T = 170 SEC 
MINIMUM H 
H =218337 F T  
V 26700 FPS 
RANGE 1843 NM 

T '128 SEC 
H = 232406 FT 
V = 28262 FPS 
RANGE 2034 NM 

T = 94 SEC 170° 
H = 263870 F T  

RANGE 2194 NM 

MAX HEAT RATE 
74.1 BTU/FT~/SEC 

-1  oo 

\* 

h 
H = 399188 F T  
V=28706 FPS 

-2OO 

I 

-30 
/ 
\ 

' $  \'* 
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(ALTITUDE EXAGGERATED 20X) 
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FIGURE 8 - AS-202 GUIDED AND UNGUIDED FOOTPRINTS 
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ASKEP = 664.6 nm 

ASPI = 668. I nm 

ASPUP = 337.7 nm 

ASP3 = 134.0 nm 

ASPDWN = 225.05 nm 

ASP = 2029.5 nm 

THETNM = 2034. I nm 
VCORR = -39. f p s  

ATK = 3437.7468 nm} rad 

42 = -1002 nm 

43 = 0.07 nml fps 

RE = 21202909 f t  

H S  = 28500 f t  

Q5 = 7050 nm 
Q6 = 0.0349 rad 
LAD = 0.3 

>25 m i  i s  p r e d i c t e d ,  
slow down b e f o r e  
beginning upcont ro l  

= 25766- 197 fps 

V1= V1+ VCORR 
HIND = 1 

L DIFFOLD = DlFF I 
Ref i ne t r a j e c t o r y  

FIGURE 22 - M I T  FLOW CHART - RANGE PREDICTION COMPUTATIONS 

2 
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I f  command i s  l i f t  
downwards and 0>5.4IKj, 
per form a g - l i m i t i n g  
t y p e  o f  o p e r a t i o n  and 
i ns i  s t  on no 1 i f t  down 

LATSW = I n o t  used i n  
nominal AS-202 f l  i g h t  

F I GURE 

C20 = 175 f p s 2  

C17 = 0 .00497 / fps  
H S  = 28500 f t .  

L a t e r a l  l o g i c  r o l l  c o n t r o l  

23 - MIT FLOW CHART-CONSTANT DRAG PHASE 

= 5.4116 

(Rev. 1 - 7 / 6 5 )  



REV1 SlON 

Latera l  r o l l  control  

LAD 
K C  I 

KC2 

H S  = 
C 1 6  
C17 

i 
Steering t o  
D = 47, ( V  = VL) 

VREF 1 FACT1 [ I - s Q R T ( f A C T 2 D + A L P ~  from v = VI 
I 

VSAT = 25766.197 f p s  

DHOOK VREF 

l L / D  1 bEWD-K&,fACTOR [$E: FACTOR( RDOT-RDOTREF)+V-VREF]~ 

+-I GO TO NEGTEST 

FIGURE 24 - M I T  FLOW CHART - UPCONTROL PHASE 

(Rev. 2 - 9/65) 



IS D-(Q7*  K O M l N l  PO$? 

SELECTOR. PREDICT3 
G O T 0  PREDICT3 

I E x i t  f rom " B a l l i s t i c "  
f l i g h t  i n t o  f i n a l  I phase 

D > 0.136 i n  
b a l l  i s t i c  phase, 
AS- 202 m i  ss i on 

MAINTAIN ATTITUDE CDNTCOL 

Hold I s t  ro l  
( ZEROBIDESLIA k 0 I W E  OF 

AllACK NEAR ITS TRIMVALUE) 

OUT TO C D U  WITH 
ROLL, PITCH, B YAW COMMANDS 

FIGURE 25 - MIT FLOW CHART - BALLISTIC FLIGHT PHASE 

(Rcv. 1 - 7/f i5)  



€0 control  t h e  t ime = 788. sec 
f l i g h t  w i t h  range t o  go 

= 1.2 nm. 
I I a l t .  = 63150 f t  

k 

(Hold l a s t  r o l l  command) 

i f  overshoot has LAD = 0 . 3  

PREDANGL = RTOGON) + ~2 (VI [RDOT-RDOTREF (VI] 
+ F1 ( V )  (0 -DREFR(V) ]  

FIGURE 26 - MIT FLOW CHART - FINAL PHASE 

(Rev.  1 - 7/65) 

f i n a l  phase uses V ,  
ROT, D and s e n s i t i v i t y  
coef f i c i  e n t s  t o  pred i c t  
range and t o  correct  
L/D t o  va lue which 
restores reference 
condit ions.  Gain o f  
4. makes t h i s  occur 
quick ly  
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GMAX IOG = 322. fps2  

H S  = 28500. f t  

X = t h a t  RDOT which w i l l  l e a d  t o  I O G ,  
i f  f u l l  l i f t  up i s  app l ied  now 

& GO TO 310 

L a t e r a l  roll c o n t r o l  

FIGURE 28 - M I T  FLOW CHART - G L I M I T E R  CONTROL 



down for  range or 0 2% I S  GONE?AST ZERO? 

NO 
Approximate maximum 
l a t e r a l  range, rad ians  

KlROLL= KlROLL 

l i f t  up o r  down 
f o r  range o r  G 
c o n t r o l .  can do 
l a t e r a l  c o n t r o l  

I i f  needed I 
i f  headed t o  
reduce 1 a t e r a l  

h 4 b v 
ROLLC = KZROLL COS-' ( L/D/LAD) + 2n KlROLL 

F I G U R E  29 - MIT FLOW CHART - LATERAL L O G I C  

T h i s  formula  changes 
t h e  r o l l  command i n  
t h e  " l e a s t  mot ion"  
d i r e c t i o n  t o  min- 



U g T O  
VZ 
i;T 
R 
RTE 
GTR 
iVE 

EN1 
EELV 
E 

URT 

A 0  
AHOOK 
A LP 
A S K E P  
A S P 1  
A S P U P  
A S P 3  
ASPDWN 
A S P  
COSG 
D 
D o  
DHOOK 
D I F F  
D I F F O  L D  
DR 
D R E F  
DVL 

FIGURE 30 - D E F I N I T I O N S  OF VARIABLES USED I N  FLOW CHARTS 

VARIABLES F O R  RE-ENTRY CONTROL 

INITIAL TARGET VECTOR 
UNIT VECTOR NORTH (NORTH POLE) 
VELOCITY VECTOR 
POSITION VECTOR 
VECTOR EAST A T  INITIAL T A R G E T  = UZ * (NOT U N I T )  

EARTH RATE VECTOR 

(UN I T) 

NORMAL TO ETE AND Uz KTE * ijz (NOT UNIT)  

TARGET+VECTOR 
UNIT NORMAL TO TRAJECTORY P L A N E  
INTEGRATED ACCELERATION VECTOR 
GRAVITY VECTOR 
INITIAL DRAG F O R  UPCONTRL 
T E R M  IN GAMMAL COMPUTATION 
CONST F O R  UPCONTRL 
K E P L E R  RANGE 
FINAL PHASE RANGE 
UPRANGE 
GAMMA CORRECTION 
RANGE DOWN T O  P U L L - U P  
P R E D I C T E D  RANGE = ASKEP+ASPl+ASPUP+ASP3+ASPDWN 
COSINE (OAMMAL) 
T O T A L  ACCELERATION 
CONTROLLED CONST DRAG 
T E R M  IN GAMMAL COMPUTATION 
THETNM-ASP (RANGE DIFFERENCE) 
PREVIOUS VALUE OF D I F F  
R E F E R E N C E  DRAG FOR DOWNCONTROL 
R E F E R E N C E  DRAG 
vs1 -VL 

(Rev.1 - 7/65) 



E 
F1 
F 2  
F3 
F A C T I  
F A C T 2  
FACTOR 
GAMMAL 
GAMMALl  
KA 
K l R O L L  
K2ROLL 
LATANG 

LEQ 

L / D  
P R E D A N C L  

Q7 
RDOT 
R D O T R E F  
RDTR 
ROLLC 
RTOCO 
SL 
T 
THETA 
THETNM 
V 
v1 
V l O L D  

FIGURE 30 - (Cont'd) 

( F I N A L  P H A S E )  
( F I N A L  P H A S E )  
( F I N A L  P H A S E )  

E C C  E N T  RICITY 
DRANGE/D DRAG 
DRANGE/DRDOT 
DRANGE/D(L/D)  
CONST FOR U P C O N T R L  
CONST FOR U P C O N T R L  
USED IN U P C O N T R L  
F L I G H T  PATH A N G L E  A T  V L  
S I M P L E  FORM OF GAMMAL 
ACCELERATION L E V E L  TO R O L L  LIFT U P  
INDICATOR F O R  R O L L  SWITCH 
INDICATOR F O R  R O L L  SWITCH 
L A T E R A L  RANGE 
EXCESS C. F. OVER GRAV = (VSQ-1) GS 
DESIRED L I F T  TO DRAG RATIO ( V E R T I C A L  P L A N E )  
PREDICTED, RANGE ( F I N A L  PHASE)  
MINIMUM DRAG F O R  U P C O N T R O L  
A L T I T U D E  RATE 
R E F E R E N C E R D O T  F O R U P C O N T R L  
R E F E R E N C E  RDOT F O R  DOWNCONTRL 
R O L L  COMMAND 
RANGE T O  G O  ( F I N A L  PHASE)  
SIN OF LATITUDE 
T I M E  
DESIRED RANGE (RADIANS) 
DESIRED RANGE (NM) 
VELOCITY MA GNITUDE 
MITIA L VELOCITY FOR V P C O N T R L  
PREVIOUS VALUE OF Vl 



VCOHR 

v I. 
\'S 1 

VELA RS 

VSQ 
W T  

x 
Y 

SWITCHES 

RELVELSW 
EGS W 

HUNTIND 
HIND 
LATSW 
GONEPAST 

FIGURE 30 - (Cont 'd)  

VELOCITY CORRECTION F O R  U P C O N T R L  
EXIT  VELOCITY FOR U P C O N T R L  
VSAT OR V I ,  WHICHEVER IS S M A L L E R  
V L ~ / V S A T ~  
NORMALIZED VELOCITY SQUARED = v2 / V S A T ~  
EARTH RATE X TIME 
INTERMGDIATE VARIABLE USED IN G LIMITER 
L A T E R A L  MISS LIMIT 

INITIAL S T A T E  

R E L A T I V E  VELOCITY SWITCH ( 0) 
F I N A L  PHASE SWITCH ( 0) 
INITIAL PASS THRU HUNTEST (0) 
INDICATES INTERATION IN HUNTEST (0) 

(0) 

INDICATES OVERSHOOT O F  T A R G E T  (0) 
NO L A T E R A L  CONTROL WHEN ON 



F I G U R E  31 - A 3 2 8 2  NM ENTRY TRAJECTORY 
(ALT I TUDE EXAGGERATED 20X) 



- IO0 

E a -  

- -\oo 

b 
5 

F I G U R E  32 - A 2380 NM ENTRY TRAJECTORY 
( A L T I T U D E  EXAGGERATED 20X) 



F IGURE 33 - A 1553 NM ENTRY TRAJECTORY 
( A L T I T U D E  EXAGGERATED 2 0 X )  



FIGURE 34 TRAJECTORY AFTER F I R S T  SPS BURN FAILS 
(ALTITUDE EXAGGERATED 2 O X )  



T =  
H =  
V =  

NOMINAL TARGET 
LAT = 17.25 N 
LONG = 170.00 E 

\ P O -  - 
-1 -- - T = lclc18.82SEC 

H = lcO0,OOOTT I C  

V = 26331 FPS 

2! 

F I G U R E  35 - TRAJECTORY AFTER SECOND SPS BURN F A I L S  
( ALT I TUDE EXAGGERATED 20X) 


