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T h i s  paper summarizes a Langley Aerospace Research Summer S c h o l a r s  (LARSS) 
r e s e a r c h  project (Summer 1986) d e a l i n g  wi th  t h e  topic of t h e  e f f e c t i v e n e s s  of aero- 
assist maneuvers to accomplish a change i n  the orbi ta l  i n c l i n a t i o n  of an  O r b i t a l  
T r a n s f e r  v e h i c l e  (OW). This  t a s k  w a s  subject to  O W  d e s i g n  c o n s t r a i n t s ,  c h i e f  of 
which were the axial a c c e l e r a t i o n  (ASMG) and t h e  aerodynamic h e a t i n g  rate (HEATRT) 
l i m i t s  of t h e  OW. The use of v e h i c l e  t h r u s t  t o  replace lost  k i n e t i c  energy and, 
t h e r e b y ,  to i n c r e a s e  t h e  maximum possible change i n  o rb i ta l  i n c l i n a t i o n  was 
i n v e s t i g a t e d .  A re la t ion between time i n  t h e  "hover" orbit  and payload to ~133 w a s  
e s t a b l i s h e d .  The amount of p l a n e  change possible d u r i n g  t h i s  type  of maneuver was 
checked for several r u n s  and a possible t h r u s t i n g  procedure to i n c r e a s e  t h e  p l a n e  
change and s t i l l  get to LEO was suggested.  F i n a l l y ,  t h e  s e n s i t i v i t y  of various 
target parameters  to c o n t r o l l a b l e  independent  v a r i a b l e s  w a s  e s t a b l i s h e d ,  trades 
between t h e  amount of c o n t r o l  a l lowed,  and payload to LEO suggested.  

IlffLEowcTIoR 

The use of t h e  e a r t h ' s  atmosphere to  reduce t h e  energy  of a v e h i c l e  t r a n s f e r -  
r i n g  from geosynchronous orbit  to a low-earth orbi t  has  been d i s c u s s e d  by many 
a u t h o r s ;  see f o r  example r e f e r e n c e  1. I n  a d d i t i o n  t o  l o s i n g  energy,  aeroassist 
maneuvers can also be used f o r  making orbi ta l  p lane  changes.  Many d i f f e r e n t  t y p e s  
of  maneuvers can be used f o r  brak ing/p lane  changes depending on t h e  l i f t  to d r a g  
ra t io  (L/D) of t h e  v e h i c l e .  

I n  t h i s  paper, a s p e c i f i c  maneuver f o r  a v e h i c l e  with a maximum L/D of .45 is  
s t u d i e d .  The v e h i c l e  used is described i n  r e f e r e n c e  1,  and a s k e t c h  of it is shown 
as f i g u r e  1. During t h i s  maneuver, t h e  v e h i c l e  descends to  a perigee a l t i t u d e  based 
on an allowable maximum h e a t i n g  rate. When t h e  v e h i c l e  reaches  t h e  d e s i r e d  perigee, 
t h e  bank a n g l e  is v a r i e d  so t h a t  t h e  v e h i c l e  s t a y s  a t  approximately p e r i g e e  a l t i t u d e  
for a s p e c i f i e d  p e r i o d  of t i m e .  The v e h i c l e  w i l l  be close to  maximum dynamic 
p r e s s u r e  a t  t h i s  a l t i t u d e ,  and so t h e  f o r c e s  f o r  brak ing  or p lane  change w i l l  be 
g r e a t e s t  d u r i n g  t h i s  maneuver. A f t e r  l o s i n g  enerqy i n  t h i s  o rb i t  f o r  a specified 
t i m e ,  t h e  v e h i c l e  w i l l  i n i t i a t e  a maneuver to e x i t  t h e  e a r t h ' s  atmosphere to  a 
s p e c i f i c  low-earth orbit.  

The purpose of t h i s  paper  is to  d i s c u s s  t h e  t r a d e s  between t i m e  i n  t h e  maneuver 
o rb i t  and t h r u s t  to get to the  s p e c i f i e d  low-earth orbi t .  The i s s u e  w i l l  be "what 
payload can be d e l i v e r e d  to low-earth o rb i t  while  meeting o t h e r  mission con- 
s t r a i n t s ? "  The paper w i l l  also d i s c u s s  t h e  s e n s i t i v i t y  of t h e  maneuvers to t h e  
amount of t h r u s t i n g  a v a i l a b l e  f o r  a p a r t i c u l a r  mission.  These s e n s i t i v i t i e s  W i l l  
also i n d i c a t e  how a c c u r a t e l y  t h e  maneuvers must be performed l e a d i n g  to s p e c i f i c a -  
t i o n s  on guidance and i n g t r u m e n t a t i o n  systems. 

The computer program used i n  t h i s  i n v e s t i g a t i o n  is t h e  Program for Optimizing 
Simulated T r a j e c t o r i e s  (POST). This  program w a s  w r i t t e n  i n  t h e  late s e v e n t i e s  and 
has been r e v i s e d  e x t e n s i v e l y .  Deta i l s  of t h e  hasic program are given i n  r e f e r -  
ence 2. The runs  used i n  t h i s  i n v e s t i g a t i o n  begin a t  a geosynchronous orbi t ,  
t r a n s f e r  through t h e  e a r t h ' s  atmosphere for braking ,  and end i n  a low-earth orbit .  
The fo l lowing  s c e n a r i o s  and program steps are common to a l l  runs.  



-\ 

The Orb i t a l  Transfer  Vehicle  (OTV) t i iruots until XiTP ( p r o j e c t e d  a l t i t u d e  of 
perigee) becomes e q u a l  to t h e  ass igned  ( v a r i a b l e )  va lue ,  t h u s  f r e e i n g  t h e  ow from 
a n  i n i t i a l  c i r c u l a r  g e o c e n t r i c  orbi t  and p l a c i n g  it on an e l l i p t i ca l  t r a j e c t o r y .  
Once t h i s  is accomplished, t h e  t h r u s t i n g  i s  ceased and t h e  angle-of-at tack ( ALPPC) 
is changed to  an ass igned  value.  The e l l i p t i c a l  t r a j e c t o r y  w i l l  i n t e r c e p t  the 
atmosphere near orbi ta l  periapse and commence t h e  aeroassist maneuver. The atmos- 
p h e r e  is e n t e r e d  i n t o  t h e  modeling process as soon as the OTV has descended to  an # 

a l t i t u d e  of 400,000 f t .  The O W  is allowed to f a l l  through t h e  atmosphere w i t h o u t  
f u r t h e r  manipula t ion  u n t i l  t h e  f l i g h t  p a t h  angle  a t t a ins  t h e  va lue  of z e r o  ( i d e a l l y  
t h i s  should occur  a t  an a l t i t u d e  of approximately 250,000 f t .  i f  t h e  angle-of -a t tack  
h a s  been p r o p e r l y  chosen) .  Once t h i s  happens, t h e  s t e e r i n g  guidance o p t i o n  t a k e s  
over  t e m p o r a r i l y  to  hold t h e  f l i g h t  pa th  a n g l e  equal  to z e r o  while vary ing  t h e  bank 
a n g l e  to accommodate t h i s .  (The use of any o t h e r  s t e e r i n g  v a r i a b l e ,  o t h e r  than t h e  
bank a n g l e  as t h e  independent  c o n t r o l  v a r i a b l e ,  achieved noth ing  worthwhile - 
u s u a l l y  r e s u l t i n g  i n  wild o u t p u t  as t h e  computer "s t ruggled"  to meet its d i c t a t e s ) .  

a 

For t h e  t h r u s t  cases, t h e  s t e e r i n g  guidance phase ( i .e., t h e  "hovering" phase 
where t h e  f l i g h t  p a t h  a n g l e  is he ld  to  z e r o )  l as t s  f o r  a s p e c i f i e d  t i m e  and is  
fol lowed by v a r i o u s  t y p e s  of thrust ing/maneuvering schemes. For t h e  n o n t h r u s t  
cases, t h e  s t e e r i n g  quidance phase lasts only  so long as to allow t h e  OTV to  possess 
enough k i n e t i c  energy to reescape ,  v i a  s e t t i n g  t h e  bank a n g l e  back to z e r o  and t h e  
angle-of -a t tack  to  a f a v o r a b l e  number a f t e r  t h e  "hovering" phase has  ceased. The 
de t a i l s  of t h e  i n d i v i d u a l  runs are d e s c r i b e d  later. 

PROGRAM PRINCIPLeS l ' W R O I J G ~  TRE USAGE OF THE PROGRAM 

The l i n e  numbers and v a r i a b l e s  referred to  are from the NAMELISTS g iven  i n  t h e  
appendix.  The run numbers a s s o c i a t e d  with t h e  name lists correspond to t h e  runs  
summarized i n  Table I. 

1 .  The name of t h e  v a r i a b l e  to be monitored (minimized) w a s  "measureable 
a c c e l e r a t i o n "  (i.e.,  ASMG: see l i n e  Number 26). 

2. The technique  used f o r  "search/opt imiza t ion"  w a s  t h e  " a c c e l e r a t e d  p r o j e c t e d  
g r a d i e n t "  method (see l i n e  Number 5 ) .  

3 .  The " c o n s t r a i n t  v a r i a b l e s "  ( l i n e  Number 9) were ALTA ( t h e  p r o j e c t e d  a l t i t u d e  of  
o r b i t a l  apogee 1 and HEATRT ( t h e  aerodynamic h e a t i n g  r a t e  1 .  Both v a r i a b l e s  were 
he ld  to +/- 10 u n i t s .  

4 .  The " c o n t r o l  v a r i a b l e s "  ( l i n e  Number 1 5 )  were CRITR ( e v e n t  cr i ter ia)  and BNKPC 
( the  v e h i c l e  bank a n g l e ) .  

5. I n i t i a l  v a l u e s  of t h e  fo l lowing  v a r i a b l e s  were always as such: 

I n i t i a l  A l t i t u d e  (ALTREF) = 19323 n. miles, p e r i g e e  a l t i t u d e  ( A L P )  e q u a l s  
t h e  apoqee a l t i t u d e  (ALAA) 
( i .e., t h e  i n i t i a l  o rb i t  is c i r c u l a r  1 

Azimuth Reference ( A Z R E F )  = 90 d e g r e e s  

Vehic le  Reference Area (SREF) = 153.94 square  f e e t .  

O r b i t a l  I n c l i n a t i o n  ( I N C )  = 0.0 degrees  
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Angle-of-Sidesl ip  (BETPC(1)) = 0 degrees 

Bank Angle (BNKPC(1)) = 0 degrees 

Angle-of -Attack (ALPEC( 1 1 ) = 180 d e g r e e s  

These are t h e  c o n d i t i o n s  that e x i s t  from the assumed geosynchronous orbit .  

PESIJLTS MID DISCUSSIOR 

T h i s  s t u d y  w a s  developed i n  t w o  phases.  The first was to  de termine  the minimum 
p e r i g e e  a l t i t u d e  p o s s i b l e  g iven  a s p e c i f i e d  h e a t i n g  c o n s t r a i n t .  The second w a s  to 
examine t h e  e f f e c t  of spending d i f f e r e n t  amounts of t i m e  i n  an almost c o n s t a n t  
a l t i t u d e  "hover" t r a j e c t o r y .  

The f i r s t  phase of t h e  s t u d y  cons idered  t h e  maximum p e n e t r a t i o n  i n t o  the 
atmosphere possible on a r e t u r n  from g e o c e n t r i c  o rb i t  (GEO) b e f o r e  a l l o w a b l e  peak 
h e a t i n g  rates are reached. T h i s  p e n e t r a t i o n  e s t a b l i s h e d  t h e  minimum perigee a l t i -  
tude  f o r  t h e  a e r o b r a k i n g  orbit d u r i n g  a r e t u r n  from GEO. The h e a t i n g  rate w a s  

r e f e r e n c e d  to a u n i t  sphere ,  and d t a r g e t  h e a t  rate of 180 b t u / f t  -sec w a s  estab 

l i s h e d  w i t h  an a b s o l u t e  maximum of 185 b t u / f t  -sec. A f i x e d  angle-of-at tack was 
h e l d  d u r i n g  t h e  a tmospher ic  e n t r y .  These c o n d i t i o n s  i n  combination with t h e  weight  
and aerodynamics of t h e  s u b j e c t  v e h i c l e  r e s u l t e d  i n  t h e  projected perigee a l t i t u d e s  
shown i n  table I1 and f i g u r e  2. 

2 
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The f i g u r e  and table show q u a l i t a t i v e  t r e n d s  t h a t  were p r e d i c t a b l y  demonstrated 
i n  run  after run f o r  three of the POST parameters. Table  I1 does n o t  p r e s e n t  e v e r y  
computer run t h a t  was performed, b u t  because t h e  same t r e n d s  were uniformly and con- 
s i s t e n t l y  observed,  the d i s p l a y e d  range of i t e r a t i o n s  w i l l  be s u f f i c i e n t  to  convey 
i m p o r t a n t  r e l a t i o n s h i p s .  As can be seen  from f i g u r e  2, t h e  periapse a l t i t u d e  is f a r  
more p o t e n t  a parameter for a d j u s t i n g  t h e  aerodynamic h e a t i n g  rate than  is t h e  
angle-of -a t tack .  It  should be noted t h a t  as a c o n t r o l  e f f o r t ,  a l l  of t h e  samples 
(data p o i n t s )  have been t aken  f r o m  cor responding  segments of g iven  runs  where the 
bank a n g l e  (BNKPC) was e q u a l  to t h e  c o n s t a n t  va lue  of zero.  

It  can be n o t i c e d  from t h e  diagram t h a t  most of t h e  angles -of -a t tack  were 
chosen less than 55 d e g r e e s  or g r e a t e r  than 40 degrees. The reason  is t h a t  
angles -of -a t tack  o u t  of t h i s  range tended to  cause  s e v e r a l  v a r i a b l e s  ( e s p e c i a l l y  t h e  
bank a n g l e )  to  e x p e r i e n c e  wild f l u c t u a t i o n s  which i n d i c a t e d  t h a t  t h e  computer w a s  
having  d i f f i c u l t y  s a t i s f y i n g  those  i n p u t  va lues .  I t  should also be poin ted  o u t  t h a t  
f o r  t h e  t h r u s t  cases, t h e  angle-of-at tack w a s  u s u a l l y  chosen to be n e a r  53 degrees. 
T h i s  va lue  w a s  t h e  va lue  which produced t h e  g r e a t e s t  c o e f f i c i e n t  of l i f t  and w a s ,  
t h e r e f o r e ,  u s e f u l  i n  a c h i e v i n g  t h e  maximum plane  change from banking maneuvers. For 
n o n t h r u s t  cases where c o n s e r v a t i o n  of k i n e t i c  energy w a s  paramount, t h e  angle-of - 
a t t a c k  w a s  u s u a l l y  chosen to be near  45 degrees .  T h i s  v a l u e  is t h e  v a l u e  which pro- 
duces  t h e  g r e a t e s t  ra t io  of t h e  l i f t  c o e f f i c i e n t  to t h e  d r a g  c o e f f i c i e n t  and w a s ,  
t h e r e f o r e ,  b e l i e v e d  to be best f o r  s l i c i n g  through t h e  atmosphere with minimal 
e n e r g y  loss. A s  wi th  most phenomena, however, t h e r e  is a t rade-of f  involved  wi th  
t h i s  even though t h e  O W  may be better s u i t e d  aerodynamical ly  f o r  conserv ing  e n e r g y  
u t i l i z i n q  t h e  45-degree angle .  I t  should be remembered t h a t  t h e  OTV p e n e t r a t e s  
s i g n i f i c a n t l y  f a r t h e r  i n t o  t h e  atmosphere t h a n  it would us ing  a n g l e s  w i t h  g r e a t e r  
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lift c o e f f i c i e n t s .  T h i s  c a u s e s  t h e  OTV to  encounter  an atmosphere of far greater 
d e n s i t y  d u r i n g  t h e  d e s c e n t  and could s i g n i f i c a n t l y  exceed t h e  allowable h e a t  rate. 

A s  seen,  some of t h e  combinat ions of angle-of-at tack and p r o j e c t e d  perigee 
a l t i t u d e  resu l ted  i n  b r a k i n g  orbits t h a t  exceeded t h a t  a l lowable  h e a t  rate. The 
e x a c t  optimal a n g l e  for the n o n t h r u s t  cases w a s  n o t  decided upon due to  t i m e  con- 
s t r a i n t s ,  and t h e  angle-of -a t tack  v e r s u s  h e a t  rate trade-off  is one area where 
f u r t h e r  r e s e a r c h  should be conducted. Based on t h e s e  r e s u l t s ,  an angle-of -a t tack  of 
53 degrees was  he ld  throughout  t h e  a tmospher ic  pass phase of each mission.  This  is  
shown i n  Table 11 as an a l p h a  of 53 degrees d u r i n g  e n t r y  and an a lpha  of 53 d e g r e e s  
d u r i n g  e x i t .  

I n  phase t w o ,  the "hover" trajectories e n t e r e d  j u s t  after perigee were 
examined. S e v e r a l  m i s s i o n  s c e n a r i o s  were used. A l l  runs  began from a g e o c e n t r i c  
o rb i t  and u l t i m a t e l y  were to end i n  a low-earth orbi t .  However, so t h a t  the s e n s i -  
t i v i t y  of v a r i o u s  parts of t h e  trajectories could be analyzed,  some of t h e  runs  were 
s topped  when t h e  v e h i c l e  escaped t h e  atmosphere (400,000 f t .  a l t i t u d e )  and t h e  
c o n d i t i o n s  were noted. 

Three mission o b j e c t i v e s  were cons idered ,  and they  were a l l  r e l a t e d  to  the t i m e  
t h e  v e h i c l e  s t a y e d  i n  t h e  so-ca l led  "hover" t r a j e c t o r y .  The f i r s t  miss ion  w a s  to  
de termine  how long t h e  v e h i c l e  could s t a y  i n  t h e  "hover" t r a j e c t o r y  and s t i l l  get to  
400,000 feet w i t h o u t  t h r u s t i n g  and then how much t h r u s t  was r e q u i r e d  to g e t  t h e  
vehicle i n t o  a LEO wi th  a 160-naut ical-mile  apoqee. 

The second mission was to de termine  how long t h e  v e h i c l e  could s t a y  i n  t h e  
"hover" t r a j e c t o r y  and s t i l l  escape to  a LEO with a 160-naut ical-mile  p e r i g e e  with- 
o u t  any t h r u s t i n g .  The t h i r d  mission w a s  to determine,  i f  t h e  v e h i c l e  s t a y e d  i n  t h e  
"hover" t r a j e c t o r y  f o r  300 seconds,  how l a r g e  a p lane  change would be possible and 
how much t h r u s t  would be r e q u i r e d  to g e t  t h e  v e h i c l e  to a LED with a 160-naut ical-  
m i l e  per igee .  For a l l  miss ions ,  t h e  LEO must be c i r c u l a r i z e d  to a 160-naut ical-mile  
o rb i t .  The major c o n s t r a i n t s  on t h e  miss ions  are t h a t  t h e  h e a t  should not  exceed 

185 b t u / f t  -sec and t h e  f i n a l  v e h i c l e  weight  must be 10,000 pounds. 

table I i n d i c a t e s  t h a t  t h e  v e h i c l e  could s t a y  i n  the "hover" t r a j e c t o r y  f o r  149 
seconds and s t i l l  escape to  t h e  edge of t h e  atmosphere wi thout  any t h r u s t i n g .  Then, 
wi th  10.6 seconds of t h r u s t i n g ,  t h e  v e h i c l e  could be p u t  on a t r a j e c t o r y  t h a t  would 
have an apogee of 160 n a u t i c a l  miles. This  t r a j e c t o r y  would r e q u i r e  a d e l t a  
v e l o c i t y  of 483 f t / s e c  f o r  c i r c u l a r i z a t i o n ,  l e a v i n q  a v e h i c l e  weight of 17,900 
pounds. The bank a n g l e  sequence r e q u i r e d  to meet t h e  mission requirements  r e s u l t e d  
i n  a p lane  change of 3.29 degrees .  
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The f i r s t  mission s c e n a r i o  w i l l  now be d i s c u s s e d .  The summary of run 3 from 

The second miss ion ,  when t h r u s t  w a s  used b e f o r e  c i r c u l a r i z a t i o n ,  had a "hover" 
t i m e  of 128 seconds.  A f t e r  c i r c u l a r i z a t i o n  i n t o  a 160-naut ical-mile  LEO, t h e  f i n a l  
v e h i c l e  weight was 19,288 pounds. Because of t h e  s h o r t e r  t i m e  i n  t h e  "hover" o rb i t ,  
t h e  p lane  change that  r e s u l t e d  was 2.86 deqrees. 

The t h i r d  mission allowed t h e  v e h i c l e  to s t a y  i n  t h e  "hover" o rb i t  f o r  300 
seconds and then t h r u s t  was r e q u i r e d  to  g e t  t h e  v e h i c l e  to  a 160-naut ical-mile  
apogee. A t  apogee, t h r u s t  was a g a i n  added to c i r c u l a r i z e  t h e  o r b i t .  The t h r u s t i n g  
to  o b t a i n  a 160-naut ical-mile  apoqee occurred  i n  t w o  ways. F i r s t ,  a s i n g l e  burn 
o c c u r r i n q  a f t e r  t h e  300-second "hover" w a s  used to g e t  t h e  v e h i c l e  on a t r a j e c t o r y  
w i t h  a 160-naut ical-mile  apoqee. I n  t h e  second case, a two-burn sequence w a s  used. 
The f i r s t  burn was j u s t  long enough to g e t  t h e  v e h i c l e  to t h e  edge of t h e  atmos- 
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phere;  then,  the second burn p u t  t h e  v e h i c l e  on a t r a j e c t o r y  w i t h  a 160-naut ical-  
m i l e  apogee. Run 11 of table I summarizes t h e  r e su l t s  of the one burn mission.  The 
e n e r g y  loss associated with performing t h e  burn i n  t h e  atmosphere is apparent .  The 
burn time is long, and, even though the v e h i c l e  gets on a t r a j e c t o r y  w i t h  a 
160-naut ical-mile  apogee, the o rb i t  that  t h e  v e h i c l e  is  on h a s  less energy  than  
t h o s e  of miss ions  1 and 2. Therefore ,  a l a r g e  v e l o c i t y  change w a s  r e q u i r e d  for 
c i r c u l a r i z a t i o n .  The f i n a l  v e h i c l e  weiqht  w a s  v e r y  close to the 10,000 pound 
minimum acceptable weight.  The longer time i n  the *hover* orb i t  r e s u l t e d  i n  a plane 
change of 10.84 degrees. 

The two burn miss ions  were of two types .  Both burned once i n  t h e  atmosphere to  
e n s u r e  t h a t  the v e h i c l e  m u l d  reach  the edge of the atmosphere and t h e n  a second 
t i m e  to get t h e  v e h i c l e  i n t o  an orbi t  wi th  t h e  d e s i r e d  apogee a l t i t u d e .  The b u r n s  
were performed i n  t w o  ways. In  run 8, t h e  burns were i n  t h e  orbi ta l  plane and -re 
des igned  to get t h e  v e h i c l e  to a s p e c i f i e d  apogee a l t i t u d e .  I n  run 15, the burns 
were n o t  o n l y  des igned  to achieve  a s p e c i f i e d  apogee a l t i t u d e  b u t  also t h r u s t e d  out- 
of-plane to i n c r e a s e  t h e  p lane  change for t h a t  mission.  The NAMELISTS showing the 
d i f f e r e n c e s  i n  t h e  i n s t r u c t i o n s  to t h e  computer f o r  runs  8 and 15 are given i n  t h e  
appendix.  Although no e f f o r t  w a s  made to opt imize  t h e  v e h i c l e  a t t i t u d e  during 
r u n  15, this run was c l e a r l y  s u p e r i o r  to run 8. A s  seen from t h e  run summaries of 
Table  11, t h e  burns  used i n  run 8 a c t u a l l y  reduced t h e  p lane  change possible from 
t h e  aerodynamic f o r c e s  d u r i n g  t h e  300-second "hover." While t h e  burns achieved the 
miss ion  o b j e c t i v e s ,  t h e i r  implementat ion as s p e c i f i e d  i n  t h e  program NAMELIST 
r e s u l t e d  i n  a reduced p lane  change. A l s o ,  even though run 15 gave an i n c r e a s e d  
p lane  change and had a longer  burn,  t h e  r e s u l t i n g  orbit  had more energy  a t  apogee 
t h a n  t h e  run 8 o r b i t  so t h a t  t h e  c i r c u l a r i z a t i o n  t h r u s t  was less. The end r e s u l t  
w a s  t h a t  run 15 had a g r e a t e r  p lane  change and s t i l l  delivered more weight to t h e  
160-naut ical-mile  LEO. The reason  for t h e  d i f f e r e n c e s  between runs 8 and 15 have 
n o t  been comple te ly  examined, and de termining  why run 15 w a s  as s u c c e s s f u l  as i t  w a s  
is a n  area f o r  f u r t h e r  s tudy .  

For comparison t h e  f u e l  used for an impulsive maneuver w a s  c a l c u l a t e d .  The 
i m p u l s i v e  maneuver w a s  s p l i t  i n t o  two parts f o r  easier comparison, however, t h i s  is 
n o t  an optimal t r a n s f e r .  The f u e l  r e q u i r e d  f o r  a loo plane  change was  about 3,000 
pounds, where a Hohmann t r a n s f e r  between GM) and LEO r e q u i r e d  about 16,000 pounds of 
f u e l .  An a l l - i m p u l s i v e  t r a n s f e r  and 10 degree p lane  change could use as much as 
19,000 pounds of f u e l  l e a v i n g  8,500 pounds of payload. However, i f  t h e  t r a n s f e r  w a s  
done us ing  an aeroassist maneuver and a 10 degree  p lane  change w a s  done i m p u l s i v e l y ,  
t h e  r e s u l t  could he a to ta l  p lane  change of 12.86 d e g r e e s  with over  16,000 pounds i n  
f i n a l  orbi t .  A d d i t i o n a l  in format ion  on t h e  aeroassist and direct impuls ive  
transfers are g iven  i n  r e f e r e n c e s  3 and 4. 

A f e a t u r e  of POST is t h e  c a l c u l a t i o n  of t h e  s e n s i t i v i t y  of t h e  target v a r i a b l e s  
to  v a r i a t i o n s  i n  s e l e c t e d  independent  v a r i a b l e s .  For t h e  miss ions  examined, t h e  
target v a r i a b l e s  were f i n a l  apogee a l t i t u d e  and maximum h e a t  rate, and t h e  independ- 
e n t  v a r i a b l e s  cons idered  were perigee a l t i t u d e  of t h e  e n t r y  o rb i t  and bank angle .  
The s e n s i t i v i t i e s  are summarized i n  Table  111. The most i m p o r t a n t  f a c t  i l l u s t r a t e d  
i n  Table  Ill appears  to be that the fewer c o n t r o l s  a v a i l a b l e ,  t h e  more s e n s i t i v e  t h e  
error i n  perigee a l t i t u d e .  If perigee is missed by 1 n a u t i c a l  m i l e ,  then apogee 
would he i n  error by 287.8 n a u t i c a l  m i l e s .  More s i g n i f i c a n t l y ,  i f  apogee is to be 
attained to  w i t h i n  5 n a u t i c a l  miles, then p e r i g e e  must be attained to w i t h i n  .058 
n a u t i c a l  miles. The o t h e r  runs where t h r u s t  is added are n o t  s e n s i t i v e  to  perigee 
a l t i t u d e .  These r e s u l t s  i l l u s t r a t e  t h e  t r a d e  between payload d e l i v e r e d  and system 
s e n s i t i v i t y .  By adding t h r u s t ,  a less a c c u r a t e  guidance system can be used, b u t  a t  
t h e  expense of payload d e l i v e r e d .  The h e a t  rate is a f u n c t i o n  of perigee a l t i t u d e ,  
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and the perigee is reached b e f o r e  any t h r u s t i n g  is i n i t i a t e d .  The table shows that 

a 1-naut ical-mile  error i n  perigee w i l l  r e s u l t  i n  a 10 b t u / f t  -sec change i n  h e a t  
rate. Halving t h e s e  numbers would give a more acceptable h e a t  rate error, and a 
perigee error of t h i s  magnitude is n o t  unreasonable .  The t r a d e s  implied by Table  
111 are areas f o r  f u r t h e r  s tudy.  

2 

Follow-up r e s e a r c h  c o n t i n u i n g  t h e  work commenced w i t h i n  t h i s  paper can be 
cont inued  a l o n g  s e v e r a l  avenues.  One such avenue is exper imenta t ion  with t h e  use of 
c r i t e r i o n  v a r i a b l e s  o t h e r  than those  which can be d i s c o n t i n u o u s  (such as ALTA); 
a n o t h e r  avenue of f u t u r e  r e s e a r c h  might be an i n v e s t i g a t i o n  of why or haw t h e  
p r o p e l l a n t  burned reaches  a maximum v a l u e  and then  f a l l s  o f f  when a t t e m p t i n g  to  
a c h i e v e  t h e  g o a l  of p l a n e  change v i a  t h r u s t i n g  (see run 15 and Table  I ) .  One more 
area t h a t  d e s e r v e s  f u r t h e r  o b s e r v a t i o n  is t h a t  of d e v i s i n g  better a l g o r i t h m s  or 
"schemes" f o r  u s i n g  t h r u s t  to  a c h i e v e  v a r i o u s  ends ( t h i s  is r e l a t e d  somewhat to  t h e  
above s u g g e s t i o n  that t h e  cri terion v a r i a b l e s  being used should he r e c o n s i d e r e d ) .  
Much f u r t h e r  r e s e a r c h  can be done concerning t h e  best choice  of v a r i a b l e s  to be 
i n c l u d e d  under t h e  POST i n p u t  f i l e  s e c t i o n  e n t i t l e d  "CONTROL VARIABLES" (see l i n e  
number 15 of any of t h e  enc losed  programs i n  t h e  appendix) .  It has  become e v i d e n t  
t h a t  when t h e  i d e a l  or opt imal  i n p u t  is n o t  known, then one should keep t h e  
var iables  inc luded  i n  t h i s  s e c t i o n  to a m i n i m u m .  As one closes i n  after many 
i t e r a t i v e  attempts to the d e s i r e d  o u t p u t  goal, then more variables can be s a f e l y  
c l a s s i f i e d  as c o n t r o l  variables. 

The c u r r e n t  s t u d y  has  e s t a b l i s h e d  a r e l a t i o n  between perigee a l t i t u d e  of the 
b r a k i n g  t r a j e c t o r y  and t h e  h e a t  rate on t h e  v e h i c l e .  The method of b r a k i n g  
involved  s t a y i n q  i n  a "hover" o rb i t ,  where the  chanqe i n  f l i g h t  pa th  a n g l e  e q u a l s  
zero ,  for s p e c i f i e d  p e r i o d s  of t i m e  to lose energy.  The e f f e c t  of p lane  changes w a s  
i n v e s t i q a t e d .  A r e l a t i o n  between t i m e  i n  t h e  "hover" o rb i t  and payload to  LEO w a s  
e s t a b l i s h e d .  The amount of p lane  change p o s s i b l e  d u r i n g  t h i s  type of maneuver w a s  
checked f o r  s e v e r a l  runs and a possible t h r u s t i n q  procedure to  i n c r e a s e  the plane  
change and s t i l l  get to  LED w a s  sugges ted .  F i n a l l y ,  t h e  s e n s i t i v i t y  of v a r i o u s  
t a r g e t  parameters to c o n t r o l l a b l e  independent  v a r i a b l e s  w a s  e s t a b l i s h e d ,  t r a d e s  
between t h e  amount of c o n t r o l  a l lowed,  and payload to  LEX) suggested.  
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RUN 3 

ORIGINAL PAGE ZS 
SIE POOR QUALITY 1 -- 

? -- 
4 -- 
s -- 
b -- 
? -- 
e -- 
9 -- 

i n  -- 
11 -- 
11 -- 
1 3  -- 
1 4  -- 
1- -- 
1 b  -- 
l? -- 
l ?  -- 
1 9  -- 
20 -- 
2 1  -- 
22 -- 
2 2  -- 
24 -- 
2 5  -- 
2 6  -- 
27 -- 
2 9  -- 

-- 

z e  -- 
3 0  -- 
3 1  -- 
3 2  -- 
3 3  -- 
34 -- 
35  -- 
3b -- 
37 -- 
39 -- 
40 -- 
4 1  -- 
4 )  -- 
43 -- 
4 4  -- 
4 5  -- 

31) -- 

*E -- 
4 ?  -- 
4 0  -- 4r -- 
5@ -- 
s 1  -- 
5 ?  -- 
5 3  -- 
5 4  -- 
s5 -- 
5 b  -- 
'I? -- 
5 ?  -- 
so -- 
bo -- 
e 1  -- 
b 2  -- 
b 3  -- 
b 4  -- 
b 5  -- 
66 -- 
tlr -- 
bP -- 
?E -- 
71 -- 
7 2  -- 
7 3  -- 
74 -- 
75 -- 
7 6  -- 
'I? -- 
7r -- 
?P -- 
I C  -- 
e l  -- 
n z  -- 
y a  -- 
9. -- 

6 D  -- 

(I. -- 
nb -- 

I 
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RUN 6 ORIGINAL PAGE TS 
OF POOR QT.JALITY 

LSSEARCH 
OPT.-lr 
OPTVAR.6HXMAXl r M A X X T R ~ l r ? C T C C ~ ~ O l s  

- .- 

PERT..O~~ .ir.ir.ir.ir 
SRCWM 4r I ACCELEPATED PROJECTED 6RADfENT 
OPTIH -1ODOr 

C *** CONSTRAINT V A R I A B L E S  *** 
NOEPV 2 r  
DEPVR W A L T A  r6HHCATRTr 
DEPVAL . lbCr lOOr  

DEPPH .lDODr4Dr 

WINDVm3r 

' DEPTL - 1 O r l O r  

C *** CONTROL V A R I A B L E S  *** ._ - 

INDVR.6HCRITR r6HBNKPClrLHCRITR r 

1 WDPH.36 r S O r 2 O r  
U. 4D.3900DDOrO.Or133r 

1 

. -_ . . . . -. . - . ... - 

S 

TABLL.6HTVClT r0.46000 S 

TABLE.6HUOlT ;0,100,€NDPHS.l S 

- .  
LSTAB 

L I T A B  

LSGENDAT 

- 'ENDPHS.1 S 

-- 4b -- 41 -- 60 -- 49 -- so -- 51 -- $2 -- 53 -- 54 
55 -- 56 -- 57 -- 58 -- 5q -- b0 - b1 -- 61 -- 6S -- 64 -- b9 -- 6t -- b7 -- bI -- bq -- 70 -- 71 -- 72 -- 73 -- 1 4  -- 1 5  -- 7b -- 71 -- T@ -- 1 9  -- 80 -- e1  -- 82 -- e1 -- 84 

-- 

8 -  

' -0 

I -- 
I -  

I - -  ... . -- 
' e  
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RUN 8 

. .  1 -- 
2 -  
3 -- 
4 -- 
5 -- 
6 -- 
7 -- 
b -- 
9 -- 

l o  -- 
11 -- 
1 2  -- 
13 -- 
1 4  -- 
15  -- 
1 0  -- 
1 7  -- 
1 8  -- 
19 -- 
2 0  -- 
2 1  -- 
22 -- 
23 -- 
2 4  -- 
25 -- _ _  -- 
26 -- 
2 7  -- 
Z b  -- 
2 9  -- 
30 -- 
31 ?- _. . __-- 
32 -- 
33 -- 
34 -- 
35 -- 
36 -- 
37 -- . 
38 -- 
39 -- 
4L -- 
4 1  -- 
42 -- 
43 -- . - -  
44 -- 
45 -- 

._ - 

-- 46 -- 47 -- 48 -- 40 -- 50 -- 5 1  -- 52 -- 53 
54 -- 55 -- 56 -- 57 
50 -- 5P -- 6G -- 61 -- b2 -- 63 -- 64 -- 65 -- 66 -- 61 -- 68 -- 6q -- 70 -- 7 1  -- 72 -- 73 -- 74 -- 75 -- 73 -- 77 -- 7rj -- 79 

-- 01 -- 82 -- 8 3  -- 64 -- 85 -- 86 

C t  

-- 

-- 

-- tta 

-- e i  -- 

, -- -- -- 
, -- 
I -- .. . . .. . . . . -- -- 
, -- -- -- 
I -- 
' -- 
I -- 
I -- 
, -- -- 
' -- 
, -- 
, -- 
I -- 
1 -- 
I -  

I -- 
I -- 
I -- -- 
' -- 
I -- 
I -- 
, -- 
I -- 
1 -- 
I -- 
I -- 
I -- -- 
' -- 
I -- 
, -- 
I -- 
, -- 
I -- -- 



s 

I S T A R  

. . .. 
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-- 

4b -- 
47 -- 
4u -- 
SO -- 
5c -- 
5 1  -- 
53 -- 
54 -- 
$14 --. 
56 -- 
5u -- 
59 -- 
60 -- 
61 -- 
62 -- 
b3 -- 
6 5  -- 
66 -- 
67 -- 
68 -- 
6O -- 
I(, -- 
71 -- 
72 -- 
73 -- 
74 -- 
1 5  -- 
77 -- 
70  -- 
TO -- 
60 -- 
e 1  -- 
62 -- 
83  -- 
95 -- 
8 5  -- 
85 -- 
r r  -- 
e? -- 
tl? -- 
9s -- 

52 -- 

sr -- 

64 -- 

76 -- 

12 DRIGINAE PAGE B 
DX POOR QUALITY 
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Projected Perigee A l t .  Heat Rate Angle of Attack 
[ALTP] Nautical Miles [HEATRT] Btu/Ft.*-Sec. [ALPPCI Degrees 

37 029 
37 . 29 
37 29 
37 29 
37 029 
37 29 
37.29 
37 29 
38 
38 
38 
38 
38 
38 
38 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40.1 
40 .2 
40.2 
40.3 
40.3 
40.4 
40.4 
40.5 
40.5 
40 - 6  
40.6 
42 
42 
42 
42 
42 
45 
45 
45 
45 
45 

21 0 
21 1 
21 3 
208 
267 
2 06 
207 3 
209 
21 8 
216 
200 
209 
203 
199 
21 1 
189 
182 
1 89 
182 
185 
184.5 
179 
184 
189 
194 
185 
194 
182 
181 
181 .9 
181 .2 
180 
179.5 
180.4 
178.7 

177 .8 
178.7 
161 
160.8 
163 
166 
170 
124.9 
125 
125 
125 
1 26 

179.6 

55 
53 
50 
6 0  
20 
65 
62 
57 
40 
40 
60 
45 
50 
55 
45 
45 
55 
45 
55 
50  
50 
60  
55 
45 
40 
50 
40 
52 
54 
52 
52 
54 
54 
52 
54 
52 
54 
52 
55 
6 0  
50 
45 
40 
60  
65 
6 0  
55 
50 
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P r o j e c t e d  Perigee A l t .  Heat R a t e  A n g l e  of Attack 
[ALTP] N a u t i c a l  Miles [ALPPCI Degrees [ HEATRT] B t u / F t  * -Sec . 

38 
40 
40 
40 
40.1 
40.2 
40.3 
40.3 
40 . 35 
40 35 
40.5 
41 
41 

20 1 
189 
189 
189 

181.9 
180.3 

182.7 

180.3 
18004 
180.4 
179 06 
179.1 
175.2 

55 
45 
45 
45 
52 
52 
54 
54 
53 
53 
52 
45 
51 
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lABLE 111 8816ITIVI!CIES 

-10.0 

-9 -9 

-1 0 e o  

- 
---- 

0 

0 

0 
- 

A A p o g e e  A l t .  A A p o g e e  A l t .  

0 I -4.9 l 3  I 

0.0 I 0 

I l 5  I -.5 I 0 

A H e a t  R a t e  
A Bank Angle I A Heat Rate 1 A Perigee A l t .  

-10.0 ----+-+ -10.0 
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l i m i t s  of t h e  O W .  The use of v e h i c l e  t h r u s t  to replace lost  k i n e t i c  energy and, 
t h e r e b y ,  to  i n c r e a s e  t h e  maximum possible change i n  o rb i t a l  i n c l i n a t i o n  was 
i n v e s t i g a t e d .  A r e l a t i o n  between t i m e  i n  t h e  "hover" orbi t  and payload to  LM) w a s  
e s t a b l i s h e d .  The amount of p lane  change possible d u r i n g  t h i s  type of maneuver w a s  
checked for s e v e r a l  runs and a possible t h r u s t i n g  procedure to i n c r e a s e  t h e  p l a n e  
change and s t i l l  g e t  to LEO was suggested.  F i n a l l y ,  t h e  s e n s i t i v i t y  of var ious 
t a r g e t  parameters to c o n t r o l l a b l e  independent  v a r i a b l e s  w a s  e s t a b l i s h e d ,  t r a d e s  
between t h e  amount of c o n t r o l  a l lowed,  and payload to LEO suggested.  
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