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ABSTRACT 

Operat ions conducted from a space base i n  low Earth o r b i t  have d i f f e r e n t  con- 
s t r a i n t s  and o p p o r t u n i t i e s  than those  conducted from d i r e c t  Ear th  launch. The 
space base a l lows  assembly-on-orbit o f  payloads and upper s t a g e s  o r  of  m u l t i p l e  
upper s t a g e s ,  an  o p e r a t i o n a l  mode t h a t  r e l i e v e s  many s i z e  and performance con- 
s t r a i n t s .  A space base as a depot permits  t r a n s p o r t a t i o n  of  some p r o p e l l a n t  t o  
o r b i t  a t  marginal  c o s t  t o  t h e  S h u t t l e .  Both o f  t he se  cons ide ra t i ons  f avo r  some 
space s t a t i o n  based opt ions .  But t h e  base o r  s t a t i o n  is i n  an i n e r t i a l  o r b i t ,  
s o  launch window c o n s t r a i n t s  a r e  d i f f e r e n t  than f o r  our customary Ea r th  launch 
sites. This  performance requirement a n a l y s i s  has  been developed t o  provide a 
r e f e r ence  source o f  paramet r ic  d a t a  and case  s o l u t i o n s  t o  assist p o t e n t i a l  space 
s t a t i o n  u s e r s  and space s t a t i o n  and upper s t a g e  developers  t o  a s s e s s  t h e  impacts  
o f  a space s t a t i o n  on missions o f  i n t e r e s t  t o  them. 

This  document con ta in s  t he  r e s u l t s  o f  performance requirements ana lyses  asso-  
c i a t e d  with t r a n s p o r t i n g  s a t e l l i t e s  t o  and from a space s t a t i o n  us ing  a gene r i c  
o r b i t a l  t r a n s f e r  v e h i c l e ( s )  (OW'S). These performance ana lyses  provide param- 
e t r ic  da t a  f o r  a broad c l a s s  of  support  missions a s  wel l  a s  d e t a i l e d  d a t a  f o r  
f o u r  c l a s s e s  o f  missions which a r e  assumed t o  t y p i f y  suppor t  from a space s t a -  
t i o n .  The ana lyses  a l s o  cons ider  a r eusab le  o r b i t a l  t r a n s f e r  v e h i c l e  with and 
without  aerobraking c a p a b i l i t y .  The primary mission c l a s s e s  covered are: 
( a )  geosynchronous missions;  (b) p lane t a ry  missions;  ( c )  Sun-synchronous 
missions and (d)  co-orb i t ing  s a t e l l i t e  suppor t  missions.  

The performance requirements  ana lyses  c o n s i s t  of  t h r e e  s e p a r a t e  bu t  r e l a t e d  
s t u d i e s :  s p a c e c r a f t  d e l i v e r y  and r e t u r n  from a space  s t a t i o n ;  maneuver 
s t r a t e g i e s  and impulse requirements  f o r  space s t a t i o n / o r b i t a l  t r a n s f e r  v e h i c l e  
miss ions ;  and OTV s i z i n g  s t u d i e s .  

The maneuver strategies and impulse requirements  s tudy ( s e c t i o n  1 .0) provides  an 
understanding o f  t h e  o r b i t a l  t r a n s f e r  problem over a wide range of  mission a p p l i -  
c a t i o n s ;  a l s o ,  a database o f  numerical d a t a  f o r  t h e  AV impulse requirements asso- 
c i a t e d  with d i f f e r e n t  maneuver s t r a t e g i e s  i s  provided. 

Sec t ion  2.0 o f  t h i s  document, Space S t a t i o n / O r b i t  T rans fe r  Vehicle  Missions,  con- 
t a i n s  i n t e g r a t e d  f l i g h t  p r o f i l e s  f o r  each o f  t he  mission c l a s s e s  prev ious ly  
noted.  These mission p r o f i l e s  r e f l e c t  implementation of  ope ra t i ona l  planning re-  
quirements and cons ide ra t i ons .  Key gu ide l ines ,  assumptions,  and implementation 
r a t i o n a l e  a s soc i a t ed  with t h e  f l i g h t  design a r e  a l s o  i d e n t i f i e d .  

F i n a l l y ,  t he  r e s u l t s  o f  an OTV s i z i n g  study t o  accomplish t he  var ious  OTV m i s -  
s i o n  c l a s s e s  are contained i n  s e c t i o n  3.0. Seve ra l  con f igu ra t i on  op t ions  a r e  
i n v e s t i g a t e d  and compared. 

Th i s  document r e p r e s e n t s  a more comprehensive and r i go rous  execut ion o f  a March 
1982 series o f  s t u d i e s  done by Science Appl ica t ions ,  Inc.  ( S A I ) ,  J e t  Propuls ion 
Laboratory (JPL), and t h e  Johnson Space Center (JSC) which examined t h e  same 
t o p i c s  i n  a pre l iminary  assessment of  a space s t a t i o n  a s  a t r a n s p o r t a t i o n  system 
node. The r e s u l t s  o f  those  s t u d i e s  warranted t h e  more sys temat ic  e f f o r t .  





1.0 MANEWER STRATEGIES AND IMPULSE REQUIREMENTS 

1.1 INTRODUCTION AND SCOPE OF ANALYSIS 

One p o t e n t i a l  benef i t  of a space s t a t i o n  i n  Earth o r b i t  is i t s  use a s  a t rans-  
por ta t ion  node f o r  the  del ivery  and servic ing of payloads placed i n t o  various 
mission o r b i t s .  This space-based operat ions concept would employ a high energy 
o r b i t a l  t r a n s f e r  veh ic le  (OTV) t o  perform a l l  necessary propulsive maneuvers i n  
t h e  sequence of o r b i t  t r a n s f e r s  from and r e t u r n  t o  t h e  space s t a t i o n .  The OTV 
design may a l s o  include aerodynamic devices t o  accomplish some p a r t  of t h e  trans-  
f e r  sequence by aerobraking maneuvers. Aerobraking can be a very e f f e c t i v e  tech- 
nique f o r  reducing propulsive requirements, p a r t i c u l a r l y  i n  t h e  r e t u r n  phase. To 
f i r s t  order ,  t h e  propulsive requirements can be measured by t h e  t o t a l  ve loc i ty  
change impulse (AV) needed t o  accomplish an o r b i t  t r a n s f e r  sequence. It i s  
important, therefore ,  t o  understand t h e  c h a r a c t e r i s t i c s  of t h e  o r b i t  t r a n s f e r  
problem and t o  obta in  numerical da ta  on A V  impulse requirements over a wide 
range of mission applicat ions.  The o v e r a l l  objec t ive  of sec t ion  1 i s  t o  provide 
such an understanding and database. 

The i n t e n t  is t o  descr ibe  maneuver s t r a t e g i e s  and impulse requirements i n  a 
presenta t ion format t h a t  f a c i l i t a t e s  mission ana lys i s  i n  terms of s p e c i f i c  re- 
s u l t s  y e t  allows more generalized conclusions t o  be drawn a lso .  Since t h e  o r b i t  
t r a n s f e r  parameter space is  multidimensional and covers a wide range, it  neemed 
advisable t o  p lace  some cons t ra in t s  on t h e  problem. The study groundrules and 
assumptions es tabl ished a t  t h e  ou t se t  a r e  a s  follows: 

A. The space s t a t i o n  is  i n  a 200 n. m i .  c i r c u l a r  o r b i t ;  o r b i t  i n c l i n a t i o n  w i l l  
be  t r e a t e d  parametrical ly f o r  severa l  d i s c r e t e  values i n  t h e  range 28.5 t o  
98O; o r b i t  o r i en ta t ion  measured by t h e  nodal longitude ascending on t h e  
equator w i l l  be t r ea ted  a s  a time-related va r iab le  over the  f u l l  poss ib le  
range of 0 t o  360°. 

B. The mission (des t inat ion)  o r b i t  i s  e i t h e r  c i r c u l a r  o r  e l l i p t i c a l ,  but  i n  
t h e  l a t t e r  case  only s p e c i a l  unique o r b i t s  a r e  examined; c i r c u l a r  o r b i t  
period ( a l t i t u d e ) ,  inc l ina t ion ,  and node r e l a t i v e  t o  t h e  s t a t i o n  o r b i t  w i l l  
be t r ea ted  parametrical ly;  e l l i p t i c a l  o r b i t s  w i l l  be e i t h e r  coplanar with 
t h e  s t a t i o n  o r  t h e  semisynchronous, Molniya-type o r b i t  a t  63.5O inc l ina t ion .  

C. AV impulse requirements w i l l  be given f o r  both del ivery  and r e t u r n  o r b i t  
t r ans fe r s .  

D. Transfer  options considered w i l l  include al l-propulsive maneuvers and 
aerobraking-assisted maneuvers. 

E. AV requirements w i l l  be based on optimal two-impulse and/or three-impulse 
t r ans fe r s ;  an upper l i m i t  of approximately two days (48 hours) w i l l  gener- 
a l l y  be imposed on both del ivery  and r e t u r n  t r a n s f e r s ,  but  t h e  s e n s i t i v i t y  
t o  t r a n s f e r  time w i l l  a l s o  be shown; a s i n g l e  atmospheric pass is  assumed 
i n  t h e  aerobraking-assisted maneuvers. 



F. Rendezvous time-phasing requirements  a r e  no t  included i n  t h e  op t imal  t r ans -  
f e r  a n a l y s i s ,  but a r e  considered i n  s e c t i o n  2.0 of  t h i s  r e p o r t .  

The gu ide l ines  s t a t e d  above a r e  bel ieved t o  be p r a c t i c a l ,  whi le  no t  too  r e s t r i c -  
t i v e ,  and se rve  t o  make the  a n a l y s i s  and p re sen t a t i on  formats t r a c t a b l e .  The se-  
l e c t i o n  o f  200 n.  m i .  t o r  t he  space s t a t i o n ' s  o r b i t a l  a l t i t u d e  is based on prev i -  
ous s t u d i e s  t h a t  addressed the  ques t ion  of opt imal  a l t i t u d e  a s  a  t rade-of f  be- 
tween S h u t t l e  payload performance and o r b i t  decay due t o  a tmospheric  drag. 
Small v a r i a t i o n s  about  t he  200 n. d. r e f e r ence ,  and even s l i g h t  e c c e n t r i c i t y ,  
would have no s i g n i f i c a n t  e f f e c t  on t he  mission AV requirements  t o  be 
presented he re in .  S t a t i o n  o r b i t  i n c l i n a t i o n s  o f  28.5, 57 and 98O r e p r e s e n t ,  re- 
s p e c t i v e l y :  ( a )  due e a s t  ETR S h u t t l e  launches having maximum payload perfor-  
mance, (b) FTR range s a f e t y  l i m i t ,  and ( c )  Sun-synchronous ope ra t i ons .  

The range of  c i r c u l a r  mission o r b i t s  encompass low-a l t i tude ,  geos t a t i ona ry ,  and 
h i g h - a l t i t u d e  a p p l i c a t i o n s  with o r b i t  i n c l i n a t i o n s  varying from e q u a t o r i a l  
through sun-synchronous. Seve ra l  d i s c r e t e  o r b i t  per iods  ranging from 1.53 t o  72 
hours  (200 t o  43,970 n.mi. a l t i t u d e )  w i l l  be examined i n  d e t a i l ,  but  t h e  presen- 
t a t i o n  formats  w i l l  a l s o  a l low i n t e r p o l a t i o n  o f  AV requirements  f o r  o t h e r  c a s e s  
t h a t  may be of  i n t e r e s t .  The s p e c i a l  navigat ion-type e l l i p t i c a l  o r b i t  (Molniya) 
considered here  has a  per iod o f  12 hours ,  an i n c l i n a t i o n  o f  63.5', and has  its 
per igee  l o c a t i o n  d isp laced  270' from t h e  ascending node. For convenience t h e  
per igee  a l t i t u d e  is set a t  200 n .  m i . ,  a l though o the r  choices  up t o  400 n .  m i .  
would have small  e f f e c t  on t r a n s f e r  requirements .  

A s  w i l l  be discussed i n  t he  subsec t ion  dea l ing  wi th  o r b i t  geometry and t r a n s f e r  
c h a r a c t e r i s t i c s ,  t h e  Ea r th ' s  ob l a t enes s  causes  t he  o r b i t ' s  ascending node t o  re- 
g r e s s  with time along t h e  equa tor  a t  a  r a t e  depending on a l t i t u d e  and i n c l i n a -  
t i o n .  Hence, even though t h e  space s t a t i o n  and mission o r b i t  i n c l i n a t i o n s  may 
be f i x e d ,  t h e i r  o r b i t a l  plane i n t e r s e c t i o n  and consequently t h e  t o t a l  p lane  
change requirement w i l l  vary with time. This  f a c t o r  cannot be ignored s i n c e  its 
effect w i l l  be manffested as  a t rade-of f  between increased  requirements  f o r  
wlaunch-on-demandw vs.  launch time delay while  wai t ing  f o r  t h e  op t imal  plane o r i -  
e n t a t i o n s  t o  occur .  It should be noted t h a t  t he  op t ion  o f  p ropu l s ive ly  a d j u s t -  
ing  t he  space s t a t i o n ' s  o r b i t  node is much too expensive t o  cons ider .  The p l ane  
o r i e n t a t i o n  f a c t o r  w i l l  be accounted f o r  i n  a  g l o b a l  sense by a l lowing  t h e  
ascending node d i f f e r e n c e  between the  s t a t i o n  and mission o r b i t s  t o  t ake  on a l l  
p o s s i b l e  va lues  i n  t h e  range 0 t o  360'. 

Graphic da t a  o f  t o t a l  AV impulse w i l l  be shown s e p a r a t e l y  f o r  both d e l i v e r y  
and r e t u r n  t r a n s f e r s .  This  a l lows  g r e a t e r  f l e x i b i l i t y  f o r  t he  mission a n a l y s t  
t o  cons t ruc t  h i s  own round t r i p  s cena r io  account ing f o r  mission-unique t iming 
c o n s i d e r a t i o n s ,  p ropuls ion  s t a g i n g ,  and payload d e f i n i t i o n s .  However, by way of 
i l l u s t r a t i o n ,  s e v e r a l  examples o f  t he  use of  t h e  AV da ta  i n  round t r i p  mission 
scena r io s  w i l l  be descr ibed .  

The groundrule  o f  op t imal  (minimum AV) t r a n s f e r s  r e q u i r i n g  e i t h e r  two or  t h r e e  
propuls ive  impulses r e f l e c t s  p r a c t i c a l  maneuver s t r a t e g i e s .  Other nonoptimal 
s t r a t e g i e s ,  perhaps a t  smal l  AV pena l ty ,  could be der ived t o  s a t i s m  unique 
c o n s t r a i n t s ,  b u t  t he se  would depend on s p e c i f i c  vehic le /miss ion  d e f i n i t i o n s .  I n  
the  case  of opt imal  three-impulse t r a n s f e r s  needed f o r  l a r g e  plane change s i t u a -  
t i o n s ,  t h e  t r a n s f e r  time can become very long (even approaching i n f i n i t y ) ;  we 



have t h e r e f o r e  imposed a t r a n s f e r  time c o n s t r a i n t  i n  gene ra t i ng  AV r equ i r e -  
ments t o  b e t t e r  r ep re sen t  p r a c t i c a l  implementations.  

The o rde r  of m a t e r i a l  p r e sen t a t i on  is given by t h e  t a b l e  of con ten t s .  Bas ic  
c h a r a c t e r i s t i c s  of o r b i t  t r a n s f e r  w i l l  be descr ibed  f i r s t ,  followed by s e p a r a t e  
subsec t ions  of g r a p h i c a l  d a t a  formats  f o r  t h e  c i r c u l a r  and e l l i p t i c a l  mission 
o r b i t s .  The f i n a l  subsec t ion  desc r ibes  t h e  use of  t h i s  da t a  f o r  s e v e r a l  example 
mission a p p l i c a t i o n s .  

1.2 CHARACTERISTICS OF ORBIT TRANSFER 

Orb i t  t r a n s f e r  may be def ined a s  t h e  motion of  a v e h i c l e  ( i . e . ,  a t r a j e c t o r y )  
t h a t  starts from a p re sc r ibed  i n i t i a l  o r b i t  motion and ends a t  a p r e sc r ibed  
f i n a l  o r b i t  motion. Suppose t h a t  a l l  motion is governed by an inverse-square 
c e n t r a l  f o r c e  f i e l d ,  ignor ing  f o r  t he  moment smal l  per turb ing  in f luences .  The 
i n i t i a l  and f i n a l  o r b i t s  may have gene ra l  conic  s e c t i o n  geometry ( c i r c l e ,  e l -  
l i p s e ,  parabola ,  hyperbola) i n  three-dimensional space and need not be coplanar .  
The same is t r u e  o f  t h e  t r a n s f e r  t r a j e c t o r y ;  impulsive t r a j e c t o r i e s  may c o n s i s t  
o f  N subarcs  connected by N + 1 impulse p o i n t s .  The t r a n s f e r  time may be  
wopenll, f i x e d ,  o r  cons t ra ined  t o  be less than a prescr ibed  l i m i t .  Rendezvous is 
a s p e c i a l  c l a s s  o f  o r b i t  t r a n s f e r  wherein a time r e l a t i o n s h i p  determines a 
body's p o s i t i o n  i n  i t s  o r b i t .  F i n a l l y ,  op t imal  o r b i t  t r a n s f e r  u sua l ly  r e f e r s  t o  
t h a t  p a r t i c u l a r  s o l u t i o n  which minimizes t h e  sum of  a l l  AV impulses.  

The opt imal  t r a n s f e r  problem has received much a t t e n t i o n  s i n c e  t h e  l a t e  1950's 
and cons iderab le  progress  has been made i n  determining s o l u t i o n s  t o  var ious  prob- 
lem c a t e g o r i e s .  Both a n a l y t i c  and numerical methods have been app l i ed .  Some 
s p e c i a l  cases  l i k e  c i r c l e - t o - c i r c l e  noncoplanar t r a n s f e r s  and c i r c l e - t o - e l l i p s e  
coplanar  t r a n s f e r s  a r e  well understood. Other problems l i k e  noncoplanar c i r c l e -  
t o - e l l i p s e  t r a n s f e r s  do not y i e l d  gene ra l  a n a l y t i c  s o l u t i o n s ;  numerical s ea rch  
methods and paramet r ic  s t u d i e s  t y p i c a l l y  a r e  employed t o  o b t a i n  s p e c i f i c  
answers, m u l t i v a r i a b l e  s o l u t i o n  maps, and p a r t i a l  conclusions regarding opt imal  
t r a n s f e r  c h a r a c t e r i s t i c s .  

The 1969 paper by Gobetz and Doll  is regarded a s  t he  most comprehensive survey 
and d e s c r i p t i o n  o f  impulsive o r b i t  t r a n s f e r  (ref. 1). This  fundamental refer- 
ence spawned subsequent research  which may be found i n  t h e  open l i t e r a t u r e  and 
i n  a few textbooks on t h e  s u b j e c t .  No a t t empt  t o  summarize t h i s  body of 
knowledge w i l l  be made here .  I n s t e a d ,  a p p l i c a t i o n  t o  t h e  problem a t  hand w i l l  
be descr ibed  by example graphic  i l l u s t r a t i o n  and d i scus s ion  of key r e s u l t s ,  
inc lud ing  the  ex tens ion  t o  aerobrak ing-ass i s ted  o r b i t  t r a n s f e r s .  F i r s t ,  however, 
some d e f i n i t i o n s  o f  o r b i t  geometry and p e r t u r b a t i o n s  apropos t o  a space s t a t i o n  
t r a n s p o r t a t i o n  node a r e  d i scussed .  

1.2.1 Orb i t  De f in i t i ons  and Geometry 

F igure  1-1 shows t h e  r e l a t i o n s h i p  between o r b i t  per iod and a l t l t u d e  f o r  both c i r -  
c u l a r  and e l l i p t i c a l  mission o r b i t s .  The minimum d i s t ance  c i r c u l a r  o r b i t  a t  200 
n.  m i .  a l t i t u d e ,  equa l  t o  t h e  space s t a t i o n ' s  a l t i t u d e ,  has a per iod o f  1.53 
hours .  A s l i g h t l y  longer  2-hour per iod o r b i t  has  a c i r c u l a r  a l t i t u d e  of  



907 n. m i .  Geosynchronous (24-hour) o r b i t  a l t i t u d e  is about  19 310 n. m i .  The 
f a r t h e s t  mission o r b i t  considered i n  t h i s  a n a l y s i s  has a 72-hour per iod and a l t i -  
tude of 43 970 n.  m i .  Apogee a l t i t u d e  o f  t he  12-hour e l l i p t i c a l  o r b i t  is approx- 
imately 21 600 n. m i .  . 

O r b i t  o r i e n t a t i o n  a n g l e s  are i l l u s t r a t e d  by t h e  celest ial  sphere p r o j e c t i o n  
shown i n  f i g u r e  1-2 with the  r e f e r ence  plane being t h e  Ea r th ' s  equa tor .  O r b i t  
i nc l i na t . i on  a n g l e s  are denoted by io f o r  t h e  space s t a t i o n  and by im f o r  t h e  
mission o r b i t .  I n  t he  gene ra l  case ,  t h e  two o r b i t s  w i l l  no t  i n t e r s e c t  a t  t h e  
equa tor ;  i .e . ,  t h e i r  ascending node longi tudes  w i l l  be d i f f e r e n t .  Th i s  d i f f e r -  
ence is denoted by ASl = O, - Ro which is allowed t o  t ake  on any va lue  i n  t h e  
f u l l  range o f  360'. 

The consequence o f  ascending node misalinement is t h a t  t h e  s t a t i o n  and mission 
o r b i t  p lanes  i n t e r s e c t  a t  an a n g l e  6 which can be much l a r g e r  than t h e  s imple 
d i f f e r e n c e  between t h e i r  i n c l i n a t i o n s .  This  p lane  change ang le  is a very impor- 
t a n t  parameter i n  determining AV impulse requirements .  S p h e r i c a l  t r igonometry 
g i v e s  the  governing r e l a t i o n s h i p ,  

c o s  6 = c o s  io cos  f, + s i n  io s i n  i, cos AQ (1 ) 

which a p p l i e s  t o  e i t h e r  c i r c u l a r  o r  e l l i p t i c a l  o r b i t s .  Note t h a t  the  range of 
plane change can extend as h igh  a s  180°, ( i f  kJ = 180' and io + im = 180°) 
but  is u s u a l l y  lower f o r  most cases .  For example, i f  io = 28.5O and im = 57O, 
then the  plane change requirements  are 28.5, 61.4 and 85.5O, r e s p e c t i v e l y ,  f o r  
A!J = 0 ,  90 and 180'. F igure  1-3 shows a g raph ica l  contour  p l o t  o f  equa t ion  
(1)  f o r  t h e  space s t a t i o n  o r b i t  a t  28.5' i n c l i n a t i o n .  Other r e p r e s e n t a t i o n s  
of  t h i s  equa t ion  w i l l  be given l a t e r .  It is important  t o  note  t h a t  f o r  t r a n s f e r s  
between c i r c u l a r  o r b i t s  o f  given s i z e  t he  op t imal  t o t a l  impulse depends only 
on the  p lane  change angle .  

Another o r i e n t a t i o n  ang le  becomes important  when t h e  mission o r b i t  is e l l i p t i -  
c a l .  The argument o f  per igee ,  denoted by (IJ i n  f i g u r e  1-2, l o c a t e s  t h e  pos i -  
t i o n  o f  pe r igee  r e l a t i v e  t o  t h e  ascending node on t h e  equa tor .  The o r b i t ' s  
a p s e l i n e  o r  major a x i s  between per igee  ( r  and apogee ( r  is thus  
o r i e n t a t e d  i n  three-dimensional space by t i e  ang le s  o and . Transfer  anal-  
y s i s  between nonplanar c i r c u l a r  and e l l i p  t i c a l  o r b i t s  becomes more convenient if 
t h e  a p s e l i n e  is measured with r e s p e c t  t o  t he  i n t e r s e c t i o n  p o i n t  o f  t he  two o r b i t  
p l anes ;  e.g., t h e  ascending node o f  t he  mission o r b i t  on t h e  s t a t i o n  o r b i t  
plane.  The r e l a t i v e  argument of  pe r igee  h), is r e a d i l y  c a l c u l a t e d  us ing  sphe r i -  
c a l  tr igonometry.  For f i xed  o r b i t  s i z e s ,  t r a n s f e r  impulse requirements  are de- 
termined s o l e l y  by t h e  two r e l a t i v e  o r i e n t a t i o n  a n g l e s  ( 6 , ~ ~ )  which are inde- 
pendent o f  t he  o r i g i n a l l y  chosen e q u a t o r i a l  r e f e r ence  frame. 

1.2.2 Ear th  Oblateness  Pe r tu rba t ions  

The f a c t  t h a t  Earth is not a p e r f e c t  sphere  causes  small p e r t u r b a t i o n s  i n  a l l  
o r b i t  elements of an otherwise Kepler ian con ic  o r b i t .  Other pe r tu rb ing  i n f l u -  
ences such a s  l una r  and s o l a r  g r a v i t y  a l s o  e x i s t  but  t he se  may be ignored t o  



first o rde r  f o r  t h e  range of  o r b i t s  considered here .  The main pe r tu rba t ion  t h a t  
cannot be ignored is the  s e c u l a r  p recess ion  o f  t h e  o r b i t  i n  an i n e r t i a l  coordi-  
n a t e  frame. Th i s  s e c u l a r  o r  nonper iod ic ,  t ime-prevai l ing e f f e c t  is due t o  t h e  
o b l a t e  f i g u r e  of  t h e  Ear th  as represen ted  p r i n c i p a l l y  by t h e  second zona l  har- 
monic c o e f f i c i e n t  J2. The two main e f f e c t s  on t he  o r b i t  a r e  r eg re s s ion  o f  t he  
l i n e  o f  nodes and r o t a t i o n  o f  the  l i n e  of a p s i d e s  ( f o r  e l l i p t i c a l  o r b i t s ) .  
Expressed i n  u n i t s  o f  degrees  per  day, t h e  averaged s e c u l a r  pe r tu rba t ion  rates 
a r e  func t ions  o f  o r b i t  i n c l i n a t i o n ,  s i z e  and shape a s  given by the  equa t ions  

b = -B cos  i (2) 

where J2 = 1.0827 x RE = 3442 n. m i .  is t h e  e q u a t o r i a l  r ad ius  o f  Ea r th ,  
a and e a r e  t he  semimajor a x i s  and e c c e n t r i c i t y  o f  t h e  o r b i t ,  and P is t h e  
o r b i t  per iod i n  hours.  

F igure  1-4 shows t h e  noda l  change with time f o r  space s t a t i o n  o r b i t s  o f  va r ious  
i n c l i n a t i o n s .  A t  28.5' i n c l i n a t i o n  t h e  nodal regress ion  r a t e  is  7 .zO/day; hence 
a time period o f  50 days is requi red  f o r  t he  node t o  move westward along t h e  
equa tor  before  r e tu rn ing  t o  its o r i g i n a l  l oca t ion .  Higher i n c l i n a t i o n  o r b i t s  
have smal le r  r eg re s s ion  r a t e s ,  and longer  time per iods  a r e  necessary  f o r  
p recess ion  through 360'. Note t h a t  f o r  t h e  r e t rog rade  o r b i t  a t  98' i n c l i n a t i o n ,  
t h e  node moves eastward along t h e  equa tor  and completes a f u l l  r evo lu t ion  i n  327 
days . 
The nodal  r eg re s s ion  r a t e  f o r  c i r c u l a r  mission o r b i t s  is shown i n  f i g u r e  1-5 as 
a func t ion  of  o r b i t  period ( a l t i t u d e )  and i n c l i n a t i o n .  This r a t e  is seen t o  
f a l l  off q u i t e  r a p i d l y  with o r b i t  s i z e  and is l e s s  than 1°/day f o r  o r b i t  
per iods  g r e a t e r  than fou r  hours (3464 n. m i .  a l t i t u d e ) .  

The s i g n i f i c a n c e  o f  nodal  r eg re s s ion  on o r b i t  t r a n s f e r  requirements  may be 
i l l u s t r a t e d  by t h e  fol lowing example. Consider payload r e t r i e v a l  from a c i r c u -  
l a r  57' i n c l i n a t i o n  o r b i t  and r e t u r n  t o  a space s t a t i o n  a t  28.5' i n c l i n a t i o n  
with n e g l i g i b l e  s t a y  time before  r e tu rn .  If the  two o r b i t s  had i d e n t i c a l  
ascending nodes and t h e r e  were no ob la t enes s  p e r t u r b a t i o n ,  then t h e  plane change 
requirement would be  57 - 28.5 = 28.5' f o r  both d e l i v e r y  and r e t u r n  t r a n s f e r s .  
Suppose, however, t h a t  a t  some i n i t i a l  time refe rence  the  mission o r b i t  node l ed  
t he  s t a t i o n  node by go0. An immediate launch would r e q u i r e  a p lane  change o f  
61 .go = cos-' (cos  28.5 cos 57) a s  determined by equa t ion  ( 1 ) .  A l t e r n a t i v e l y ,  
one could wa i t  270 + 4.8 56.25 days f o r  nodal real inement;  t he  nodal regres -  
s i on  r a t e s  o f  t h e  two o r b i t s  being 7.2 and 2.40/day a s  determined from f i g u r e  
1-5. Suppose t h a t  an immediate launch were necessary and t h a t  t h e  three-impulse 
t r a n s f e r  time were two days each f o r  d e l i v e r y  and r e t u r n  phases .  The e f f e c t i v e  



plane changes requi red  f o r  d e l i v e r y  and r e t u r n  would then be 59.2 and 71.60, 
r e s p e c t i v e l y ,  which correspond t o  t he  nodal misalinements of 85.2 and 1 1 4 . 0 ~ .  

The n a t u r a l  r eg re s s ion  o f  t h e  node can be used t o  maintain an o r b i t  i n  s u n l i g h t  
the  year  round. A r e t rog rade  o r b i t  is necessary f o r  t h e  eastward nodal motion 
o f  0.985O/day. F igure  1-6 shows t h e  requi red  i n c l i n a t i o n  as a func t ion  o f  a l t i -  
tude  f o r  Sun-synchronous c i r c u l a r  o r b i t s .  

Figure 1-7 i l l u s t r a t e s  t h e  a p s e l i n e  r o t a t i o n  o f  s e v e r a l  e l l i p t i c a l  o r b i t s ,  a l l  
o f  which have a 200 n. m i .  pe r igee  a l t i t u d e .  The r o t a t i o n  r a t e  is h i g h e s t  f o r  
o r b i t s  o f  low i n c l i n a t i o n  and s h o r t  per iod .  For example, a t  28.5' i n c l i n a t i o n ,  
t he  per igee  l o c a t i o n  advances a t  t he  r a t e s  o f  1.2,  0.5 and 0.2'/day, respec-  
t i v e l y ,  f o r  o r b i t  per iods  o f  6 ,  12, and 24 hours.  The r o t a t i o n  rate approaches 
z e r o  a t  t he  so-ca l led  " c r i t i c a l  inc l ina t ion1 '  of 63  .QO. Per igee  recedes  towards 
t h e  ascending node f o r  prograde o r b i t  i n c l i n a t i o n s  above t h e  c r i t i c a l  va lue .  

1.2.3 All-Propuls ive T rans fe r  S t r a t e g i e s  

The s imp le s t  and l e a s t  expensive type o f  o r b i t  t r a n s f e r  occurs  when t h e  depar- 
t u r e  and t a r g e t  o r b i t s  l i e  i n  the  same plane.  I n  t h i s  case ,  t h e  well-known 
Hohmann t r a n s f e r  provides  t he  minimum impulse s o l u t i o n  i n  almost a l l  s i t u a t i o n s  
o f  p r a c t i c a l  i n t e r e s t .  The Hohmann t r a n s f e r  between coplanar  c i r c l e s  is an e l -  
l i p s e  c o t a n g e n t i a l  t o  t h e  c i r c l e s  a long the  a p s e l i n e  of  t h e  e l l i p s e ;  i . e . ,  a 
180' t r a n s f e r  angle  between pe r igee  ( i n n e r  c i r c l e  r ad ius )  and apogee (ou t e r  cir-  
c l e  r ad ius )  o f  t he  e l l i p s e .  This  two-impulse maneuver r e q u i r e s  two a c c e l e r a t i n g  
impulses t o  go t o  a l a r g e r  c i r c l e ,  o r  two d e c e l e r a t i n g  impulses t o  ge t  t o  
a sma l l e r  one. Del ivery and r e t u r n  t r a n s f e r s  a r e  symmetric i n  t h a t  t h e  sum 
o f  t h e  two impulses a r e  i d e n t i c a l  i n  each case.  

Coplanar t r a n s f e r s  between c i r c u l a r  and e l l i p t i c a l  o r b i t s  a r e  a l s o  opt imized,  
i n  most ca se s ,  by two-impulse Hohmann t r a n s f e r s  . When the  e l l i p s e  l ies  o u t s i d e  
of the  circle, then t h e  op t imal  t r a n s f e r  always connects  t h e  c i r c u l a r  r a d i u s  t o  
t h e  apogee o f  t he  e l l i p s e ;  f o r  i nne r  e l l i p s e s  t h e  connect ion is t o  t h e  per igee .  
The opt imal  t r a n s f e r s  f o r  i n t e r s e c t i n g  o r b i t s  connects  t h e  c i r c l e  t o  t h e  apogee 
o f  t he  e l l i p s e .  If the  c i r c l e  is tangent  t o  t he  e l l i p s e  a t  e i t h e r  pe r igee  o r  ap- 
ogee,  t h e  Hohmann t r a n s f e r  degenera tes  t o  a one-impulse maneuver. F i n a l l y ,  t h e  
t o t a l  impulse requirement is the  same f o r  de l ive ry  and r e t u r n  t r a n s f e r s .  

F igure  1-8 shows t h e  AV impulse requirement a s  a func t ion  o f  mission o r b i t  pe- 
r i od  f o r  c i r c u l a r  and e l l i p t i c a l  coplanar  t r a n s f e r s .  In  t h i s  example t h e  s t a -  
t i o n  o r b i t  is c i r c u l a r  a t  200 n .  m i .  a l t i t u d e  and t h e  e l l i p s e  per igee  is a l s o  a t  
t h i s  a l t i t u d e .  The t o t a l  impulse f o r  c i r c l e - c i r c l e  t r a n s f e r  reaches a maximum 
va lue  o f  about  13 500 f t / s e c  a t  a mission o r b i t  per iod near  100 hours  (55 000 
n. m i .  a l t i t u d e ) ,  and then f a l l s  o f f  g r adua l ly  f o r  t r a n s f e r s  t o  h igher  o r b i t s .  
It is g e n e r a l l y  less c o s t l y  t o  t r a n s f e r  t o  a coplanar  e l l i p s e  of  t h e  same energy 
( o r b i t  per iod)  as the  c i r c u l a r  mission o r b i t ;  t h i s  is the  case  a l s o  f o r  t h e  same 
apogee d i s t ance .  

An i n t e r e s t i n g  r e s u l t  f o r  coplanar  c i r c u l a r  t r a n s f e r s  is t h a t  a three-impulse 
b i e l l i p t i c  Hohmann t r a n s f e r  y i e l d s  lower AV than t h e  two-impulse s t r a t e g y  
when the  mission o r b i t  per iod exceeds 63 hours (40 000 n. m i .  a l t i t u d e ) .  The 



opt imal  three-impulse t r a n s f e r  is through i n f i n i t y  (Ear th  pa rabo l i c  escape and 
r e t u r n )  a s  shown by t h e  broken l i n e  curve i n  f i g u r e  1-8. O f  course ,  t h i s  would 
t a k e  i n f i n i t e  t r a n s f e r  time and be somewhat imprac t i ca l .  B i e l l i p t i c  t r a n s f e r s  
t o  a f i n i t e  d i s t a n c e  with a p r a c t i c a l  time c o n s t r a i n t  o f f e r  very l i t t l e  sav ing  
over  t h e  two-impulse s t r a t e g y  f o r  coplanar  t r a n s f e r s .  However, such w i l l  no t  be 
t he  case when l a r g e  p lane  changes are needed. 

Only t h r e e  p o s s i b l e  t r a n s f e r  modes can be op t imal  f o r  noncoplanar c i r c u l a r  
o r b i t s :  two-impulse u s u a l l y  ref e r r e d  t o  a s  "general ized" o r  l 1 t i l t edW Hohmann 
t r a n s f e r ;  three-impulse b i e l l i p t i c a l  t r a n s f e r s  made up of  two t i l t e d  Hohrnanns; 
and t r a n s f e r  through i n f i n i t y .  The two- and three-impulse strategies are 
l o g i c a l  ex t ens ions  o f  t h e i r  p l ana r  s o l u t i o n s  wi th  a l l  maneuvers made on t h e  
common l i n e  o f  nodes between the  i n i t i a l  and f i n a l  o r b i t s ,  and a t  t h e  apse  
p o i n t s  o f  t h e  t r a n s f e r  e l l i p s e .  Each maneuver gene ra l l y  i nc ludes  an out-of- 
plane component t o  change o r b i t  i n c l i n a t i o n ,  but is otherwise c i r c u m f e r e n t i a l l y  
d i r e c t e d  a s  i n  t h e  coplanar  problem. The opt imal  plane change s p l i t  between ma- 
neuvers d i c t a t e s  t h a t  most o f  t he  plane change should be made a t  t h e  outermost 
d i s t a n c e .  The t r a n s f e r  through i n f i n i t y  is  a l i m i t i n g  case o f  t h e  three-impulse 
t r a n s f e r  where a l l  t he  plane change is made a t  t he  second maneuver p o i n t  a t  i n f i -  
n i t e  d i s t a n c e  and a t  i n f i n i t e l y  sma l l  AV c o s t .  

F igure  1-9 shows t h e  boundary curves of  t h e  t h r e e  opt imal  t r a n s f e r  r eg ions  a s  
mapped i n  t he  parameter space o f  plane change ang le  and mission o r b i t  per iod.  
If t h e  requi red  plane change exceeds 60°, t r a n s f e r s  through i n f i n i t y  a r e  glob- 
a l l y  op t imal  f o r  a l l  t a r g e t  o r b i t s .  Such t r a n s f e r s  may a l s o  be op t imal  a t  lower 
plane change angles  depending on t h e  mission o r b i t  per iod ,  and are always .op t i -  
mal i f  t h e  o r b i t  per iod exceeds 63 hours  r e g a r d l e s s  of  t h e  plane change. The re- 
g ion  i n  which two-impulse t r a n s f e r s  are opt imal  ex tends  t o  as h igh  a s  40' p lane  
change f o r  o r b i t  per iods  i n  t h e  range 7 t o  15 hours ,  bu t  f o r  nearby o r  very d i s -  
t a n t  o r b i t s  t he se  t r a n s f e r s  a r e  b e s t  only f o r  r e l a t i v e l y  smal l  p lane  changes.  
Th i s  l e aves  t h e  three-impulse s t r a t e g y  t o  f i l l  t h e  gap f o r  c i r c l e - t o - c i r c l e  
t r a n s f e r s  o f  moderate plane change not  too f a r  removed from t h e  i n i t i a l  o r b i t .  
Actua l ly ,  t h e  three-impulse s t r a t e g y  proves t o  be q u i t e  important  s i n c e  t r a n s -  
fers through i n f i n i t y  are not  o f  any r e a l  i n t e r e s t  except  as a re fe rence  lower 
impulse l i m i t .  Resu l t s  given l a t e r  i n  t h i s  s e c t i o n  w i l l  extend the  th ree-  
impulse boundary t o  a l l  va lues  o f  plane change above 60' wi th  a c o n s t r a i n t  
placed on maximum t r a n s f e r  time. 

1.2.4 Aerobrake-Assisted T rans fe r s  

An o r b i t  t r a n s f e r  veh i c l e  equipped wi th  aerodynamic s u r f a c e s  may u t i l i z e  E a r t h ' s  
atmosphere f o r  purpose of  energy management. S i g n i f i c a n t  reduc t ion  i n  propul- 
s ion-suppl ied AV impulse may r e s u l t  f o r  both d e l i v e r y  and r e t u r n  mission 
phases depending on s p e c i f i c  o r b i t  t r a n s f e r  requirements .  I n  t h e  p re sen t  con- 
t e x t ,  aerodynamic augmentation r e f e r s  t o  a drag device  only.  While t h e  aero-  
brake design may have a smal l  amount of  lift c a p a b i l i t y ,  t h i s  is used f o r  t r a j e c -  
t o r y  c o n t r o l  purposes r a t h e r  than plane change maneuvers; a n  aeromaneuvering ve- 
h i c l e  must have moderate-to-high L/D t o  e f f e c t  any s i g n i f i c a n t  plane change. 
Hence, t h e  aerobrake-ass i s ted  t r a n s f e r  involves  only in-plane v e l o c i t y  r educ t ion  
during t h e  b r i e f  pass  through the  upper atmosphere. 



Figure  1-10 i l l u s t r a t e s  t h e  p o t e n t i a l  s av ings  i n  AV impulse provided by 
aerobraking.  The e f f e c t i v e  drag v e l o c i t y  increment is ca l cu l a t ed  a s  t h e  reduc- 
t i o n  i n  pe r igee  v e l o c i t y  and shown a s  a func t ion  of  t h e  pre-entry o r b i t  parame- 

2 t e r s  f o r  an assumed b a l l i s t i c  c o e f f i c i e n t  o f  23 kg/m (4.7 l b / f t 2 ) .  The t y p i -  
c a l  range of  pe r igee  a l t i t u d e s  f o r  s ing le -pass  aerobraking ope ra t i ons  is 
82-100 km (44-54 n. mi.) .  Note t h a t  t he  drag v e l o c i t y  increment a t  constank per- 
i gee  is v i r t u a l l y  i n s e n s i t i v e  t o  p reen t ry  apogee a l t i t u d e s  above 20 000 n.  m i .  
However, t he  atmosphere cap ture  (non-skipout) l i m i t  is very s e n s i t i v e  t o  pe r igee  
a l t i t u d e .  The a n a l y s i s  of  aerobrake-ass i s ted  t r a n s f e r s  w i l l  assume s ing le -pass  
opera t ion  with an e f f e c t i v e  upper l i m i t  drag reduc t ion  o f  about  8000 f t / s e c .  It 
is recognized t h a t  s p e c i f i c  design temperature l i m i t a t i o n s  may r e q u i r e  h igher  a l -  
t i t u d e  ope ra t i ons  and mu l t i p l e  passes  t o  achieve t he  maximum AV p o t e n t i a l  o f  
aerobrak ing ,  bu t  a t  a c o s t  i n  extended mission time. 

A comparison o f  a l l -p ropu l s ive  and aerobrake-ass i s ted  impulse requirements  is 
shown i n  F igure  1-11 f o r  t h e  r e t u r n  phase of  coplanar  c i r c u l a r  t r a n s f e r s .  The 
AV sav ings  is 550 f t / s e c  f o r  r e t u r n  from a 2-hour o r b i t ,  6220 f t / s e c  from a 
12-hour o r b i t ,  and 8820 f t / s e c  from a 72-hour o r b i t .  Even l a r g e r  s av ings  w i l l  
be seen t o  e x i s t  i n  t he  case of  noncoplanar r e t u r n  t r a n s f e r s .  

1.3 TRANSFER REQUIREMENTS FOR CIRCULAR ORBITS 

This  s e c t i o n  p r e s e n t s  AV impulse requirements f o r  opt imal  t r a n s f e r s  between a 
low a l t i t u d e  space s t a t i o n  and va r ious  mission o r b i t s  having c i r c u l a r  o r b i t  pe- 
r i o d s  ranging from 1.5 t o  72 hours.  The s t a t i o n  o r b i t  is c i r c u l a r  a t  200 n. m i .  
a l t i t u d e .  Orb i t  i n c l i n a t i o n s  with r e spec t  t o  t he  e q u a t o r i a l  p lane  a r e  t r e a t e d  
pa rame t r i ca l l y  over  a wide range of p o s s i b i l i t i e s .  Working graphs show t o t a l  i m -  
pu lse  and t r a n s f e r  time f o r  both de l ive ry  and r e t u r n  mission phases with d i r e c t  
comparison o f  a l l -p ropu l s ive  and aerobrake-ass i s ted  t r a n s f e r  s t r a t e g i e s .  

1.3.1 Method of Analysis  

Schematic diagrams of  t he  var ious  t r a n s f e r  s t r a t e g i e s  a r e  shown i n  f i g u r e s  1-12 
and 1-13. These a r e  shown i n  p l ana r  pe r spec t ive  f o r  drawing convenience, bu t  it 
is understood t h a t  t he  s t a t i o n  and mission o r b i t s  a r e  not  gene ra l l y  coplanar .  
The common l i n e  o f  nodes is i n d i c a t e d ,  and a l l  impulsive maneuvers a r e  made 
a long  t h i s  l i n e  with 180' t r a n s f e r s  between impulses.  The gene ra l i zed  Hohmann 
suba rc s ,  with p lane  change allowed a t  each impulse p o i n t ,  a r e  known t o  y i e l d  t h e  
opt imal  s o l u t i o n  i n  t he  sense of  minimum AV sum. All-propuls ive s t r a t e g i e s  in -  
c lude  both two-impulse and three-impulse t r a n s f e r s ;  t h e  la t ter  employs an i n t e r -  
mediate impulse i nd i ca t ed  by p o i n t  2 a t  an a l t i t u d e  hI equa l  t o  o r  g r e a t e r  
than the  mission o r b i t  a l t i t u d e .  Aerobraking i n  t h e  E a r t h ' s  upper atmosphere is 
l1freel1 energy management i n  t he  sense t h a t  no AV is chargable  a t  t h a t  p o i n t  t o  
t h e  propuls ive  impulse requirement.  Note t h a t  aerobrake-ass i s ted  d e l i v e r y  t r a n s -  
f e r s  a r e  always o f  t he  three-impulse type whereas e i t h e r  two- o r  three-impulse r e -  
t u r n  t r a n s f e r s  may be considered.  The a l l -p ropu l s ive  d e l i v e r y  and r e t u r n  t r ans -  
f e r s  are symmetric and have i d e n t i c a l  s o l u t i o n s .  This  symmetry is no t  g e n e r a l l y  
t r u e  f o r  aerobrak ing  . 



T o t a l  AV can be expressed a s  a func t ion  of  t h e  fol lowing parameters:  ( 1 )  t h e  
a l t i t u d e s  o f  t h e  s t a t i o n  and mission o r b i t s ;  (2)  t he  i n t e rmed ia t e  a l t i t u d e  i n  
t h e  case  o f  three-impulse t r a n s f e r ;  (3 )  t h e  i n d i v i d u a l  plane changes a t  each pro- 
pu l s ive  impulse p o i n t ;  and (4)  t he  a l t i t u d e  of  t he  aerobraking pass  i n  t h e  atmo- 
sphere.  S ince  a l l  maneuvers a r e  of  t h e  nodal  type ,  t h e  t o t a l  p lane  change re- 
quirement must equa l  t h e  sum o f  t h e  i n d i v i d u a l  plane changes; t h i s  is t h e  funda- 
mental  r e l a t i o n s h i p  on t h e  cond i t i on  of  op t ima l i t y .  

With no s i g n i f i c a n t  e f f e c t  on t h e  s o l u t i o n ,  t he  aerobraking a l t i t u d e  may be 
f ixed  a t  any reasonable  va lue  (e .g . ,  44 n. m i . ) .  No plane change occurs  dur ing  
aerobrak ing  s i n c e  it has been assumed here  t h a t  t h i s  is a drag-only maneuver. 

Given t h e  s t a t i o n  and mission o r b i t  a l t i t u d e s  and the  t o t a l  p lane  change between 
o r b i t s ,  t h e  op t imiza t ion  problem involves  t h e  de te rmina t ion  of  t h e  plane change 
s p l i t  between impulses and t h e  i n t e rmed ia t e  a l t i t u d e  o f  a three-impulse t r ans -  
fer .  An upper l i m i t  on t h i s  a l t i t u d e ,  o r  a l t e r n a t i v e l y  on the  t o t a l  t r a n s f e r  
time, may be  imposed f o r  p r a c t i c a l  reasons.  The b a s i c  a l g e b r a i c  equa t ions  of  
t h e  problem and those  der ived from the  c a l c u l u s  are f a i r l y  s t r a igh t fo rward ,  bu t  
w i l l  be omit ted he re  f o r  reasons  o f  b r e v i t y .  The o v e r a l l  system o f  equa t ions  
con ta in  t h e  f r e e  v a r i a b l e s  a s  r a d i c a l s .  A closed-form s o l u t i o n  is appa ren t ly  
no t  f e a s i b l e ,  a l though a s e r i e s  expansion s o l u t i o n  has  been der ived elsewhere.  
An a l t e r n a t i v e  s o l u t i o n ,  and t h e  one adopted here ,  is d i r e c t  numerical i t e r a t i o n  
of t he  non l inea r  a l g e b r a i c  equa t ions .  Convergence is  well-behaved and r ap id  
enough with a reasonable  first guess o f  t h e  v a r i a b l e s  and with t he  use of  t r ack -  
i ng  from one s o l u t i o n  t o  t h e  nex t  nearby case .  A FORTRAN program was w r i t t e n  f o r  
t h i s  purpose and run on a PDP 11-34 computer. Graphic d a t a  formats  were a l s o  
computer-generated. 

1 .3.2 Working Graphs 

Equation (1 )  o f  t h e  prev ious  s e c t i o n  gave t h e  plane change requirement a s  a func- 
t i o n  of  s t a t i o n  and mission o r b i t  i n c l i n a t i o n s  and the  nodal misalinement of t h e  
two o r b i t s .  This  r e l a t i o n s h i p  is graphed i n  f i g u r e s  1-14 through 1-16 f o r  spe- 
c i f i c  s t a t i o n  i n c l i n a t i o n s  o f  28.5, 57 and 98'. The mission a n a l y s t  may use  
t h e s e  graphs where convenient ,  o r  simply so lve  equat ion ( I ) ,  t o  ob t a in  t h e  plane 
change 'angle 6 which se rves  as the  b a s i c  parameter f o r  express ing  the  va r i a -  
t i o n  o f  AV impulse requirements .  

A summary p re sen t a t i on  o f  r e s u l t s  is given first by f i g u r e s  1-17 a and b co r r e -  
sponding t o  t h e  d e l i v e r y  and r e t u r n  phases of  c i r c u l a r  o r b i t  t r a n s f e r .  Contours 
o f  cons t an t  AV a r e  mapped a s  a func t ion  o f  plane change angle  and mission 
o r b i t  per iod .  The d a t a  shown r e f l e c t  t he  b e t t e r  choice of two-impulse o r  
three-impulse s o l u t i o n s  with a 48 hour t r a n s f e r  time l i m i t .  Each graph provides  
an f l a c c e s s i b l e  regionft  comparison of  the  a l l -p ropu l s ive  and aerobrake-ass i s ted  
t r a n s f e r  modes. For example, cons ider  t he  de l ive ry  phase with a AV l i m i t  of  
16 000 f t / s e c .  The a l l -p ropu l s ive  t r a n s f e r  c a p a b i l i t y  ex tends  from a 40' plane 
change f o r  a 1.53-hour o r b i t  t o  an  80' plane change f o r  a 40-hour o r b i t .  Aero- 
braking is  s u p e r i o r  f o r  mission o r b i t  per iods  l e s s  than 12 hours ,  and can 
achieve 180' plane change f o r  o r b i t  per iods  l e s s  than 3.2 hours. An i n t e r e s t i n g  
f e a t u r e  o f  t h e  a l l -p ropu l s ive  t r a n s f e r  mode is t h a t  fo r  smal l  va lues  of p lane  
change the  s h o r t e r  per iod mission o r b i t s  y i e l d  lower Av; i n  t he  range 30 t o  40' 



t he  AV requirement  is not  very s e n s i t i v e  t o  o r b i t  per iod ;  f o r  l a r g e r  plane 
changes t he  t rend  r eve r se s  and it is a c t u a l l y  e a s i e r  t o  g e t  t o  o r b i t s  f a r t h e r  
away from the  space s t a t i o n .  

F igure  1-17b shows the  c l e a r  advantage of  aerobraking on r e t u r n  t r a n s f e r s  t o  t h e  
s t a t i o n .  An impulse c a p a b i l i t y  o f  12 000 f t / s e c  a l lows  r e t u r n  acces s  from a l -  
most a l l  o r b i t  s i z e s  and i n c l i n a t i o n s  even up t o  a 180' plane change. In  con- 
t r a s t ,  a 12 000 f t / s e c  a l l -p ropu l s ive  c a p a b i l i t y  would l i m i t  t he  plane change t o  
on ly  30' and t h e  coplanar  mission o r b i t  per iod t o  under 17 hours (14 000 n.  m i .  
a l t i t u d e ) .  Halving t h i s  c a p a b i l i t y  t o  6,000 f t / s e c  st i l l  a l lows  r e t u r n  from a 
geos t a t i ona ry  o r b i t  with plane changes a s  much a s  50°, whereas a l l -p ropu l s ive  ac- 
ce s s  is l i m i t e d  t o  four-hour per iod coplanar  o r b i t s  and plane changes under 14' 
f o r  nearby o r b i t s .  

The s e t  of graphs presen ted  i n  f i g u r e s  1-18 through 1-24 provide e a s i e r  t o  read 
da ta  formats  of  t o t a l  impulse and t r a n s f e r  time requirements .  Graph p a i r s  a r e  
given f o r  seven s p e c i f i c  mission o r b i t s  having o r b i t  pe r iods  ranging from 1.53 
t o  72 hours.  All-propuls ive and aerobrake-ass i s ted  requirements ,  both two- and 
three- impulse,  a r e  compared f o r  both de l ive ry  and r e t u r n  mission phases.  

The t r a n s f e r  time l i m i t  o f  48 hours was chosen somewhat a r b i t r a r i l y ,  a l though it 
is not  an unreasonable  c o n s t r a i n t .  It is o f  some importance, however, t o  i n d i -  
c a t e  the  s e n s i t i v i t y  t o  t r a n s f e r  time f o r  three-impulse maneuvers having l a r g e  
p lane  change ang le s .  This  is shown i n  f i g u r e s  1-25 through 1-31 f o r  a 90' plane 
change requirement.  Note t h a t  t h e  48 hour nominal l i m i t  g ene ra l l y  occurs  i n  t h e  
downside s e n s i t i v i t y  region;  i .e . ,  a f t e r  t he  knee of t h e  curve. Hence, t h e  pen- 
a l t y  f o r  ha lv ing  the  l i m i t  is u s u a l l y  g r e a t e r  than the  ga in  f o r  doubl ing t h e  
l i m i t .  I f  miss ion /vehic le  design permits  a longer  t r a n s f e r  time o f  f o u r  days o r  
96 hours ,  then ,  depending on mission o r b i t  per iod ,  t h e  AV reduc t ion  is  1 t o  8 
percent  f o r  t he  a l l -p ropu l s ive  mode, 4 t o  7 percent  f o r  aerobrake-ass i s ted  de l iv -  
e r y ,  and 5 t o  25 percent  f o r  aerobrake-ass i s ted  r e t u r n .  A s  a gene ra l  cha rac t e r -  
i s t i c ,  t h e  advantage o f  longer  t r a n s f e r  time becomes more s i g n i f i c a n t  a s  t he  
p lane  change angle  and mission o r b i t  d i s t a n c e  i nc rease .  

1.4 TRANSFER REQUIREMENTS FOR ELLIPTICAL ( M O L N I Y A )  ORBITS 

This  s e c t i o n  p r e s e n t s  AV impulse requirements f o r  opt imal  t r a n s f e r  between a 
low a l t i t u d e  space s t a t i o n  and the  s ~ e c i a l ,  semisynchronous e l l i p t i c a l  o r b i t  of  
12-hour per iod and 63.5' i n c l i n a t i o n .  Transfer  op t ions  considered here  i nc lude  
a l l -p ropu l s ive  d e l i v e r y  and r e t u r n  and aerobrake-ass i s ted  r e t u r n .  Resu l t s  a r e  
given f o r  space s t a t i o n  o r b i t  i n c l i n a t i o n s  o f  28.5, 57 and 98'. 

1.4.1 Method o f  Analysis  

A schematic diagram of  t he  t r a n s f e r  s t r a t e g i e s  is shown i n  f i g u r e  1-32. Only 
three-impulse maneuvers a r e  descr ibed  a s  t he  s t a t i o n  and mission o r b i t  p lanes  
w i l l  g ene ra l l y  be separa ted  by a l a r g e  enough angle  s o  t h a t  two-impulse maneu- 
v e r s  a r e  nonoptimal. For a l l -p ropu l s ive  d e l i v e r y ,  t h e  first impulse e s t a b l i s h e s  
an i n t e rmed ia t e  outbound t r a n s f e r  toward the  region of  nodal i n t e r s e c t i o n  of t h e  
two o r b i t  p lanes .  This  impulse is app l i ed  i n  t h e  nea r - t angen t i a l  d i r e c t i o n  a t  



o r  very c l o s e  t o  t h e  per igee  of  t h e  in te rmedia te  t r a n s f e r .  Only a smal l  amount 
o f  p lane  change occurs  a t  t h i s  po in t .  The second impulse supp l i e s  most of t h e  
necessary  plane change a t  l a r g e  d i s t a n c e ,  t y p i c a l l y  between 4 and 18 Ear th  r a d i i  
depending on the  o r b i t  o r i e n t a t i o n s .  The t h i r d  impulse completes t he  p lane  
change and o r b i t  energy match and is  made somewhere between apogee and per igee  
on the  downside o f  t he  mission o r b i t .  Unlike c i r c u l a r  o r b i t  t r a n s f e r ,  t h e  i m -  
pu l se s  a r e  no t  gene ra l l y  made on t h e  l i n e  of  nodal  i n t e r s e c t i o n  nor a t  apse  
p o i n t s  o f  t h e  t r a n s f e r  e l l i p s e s . .  

Geometric cons ide ra t i ons  would argue t h a t  t h e  op t imal  a l l -p ropu l s ive  r e t u r n  
should be t h e  complementary image of  t he  d e l i v e r y  t r a n s f e r .  That is ,  t h e  
mission o r b i t  a r r i v a l  p o i n t  becomes the  depar ture  p o i n t ,  t he  midcourse impulse 
po in t  has the  same s p a t i a l  l o c a t i o n ,  and the  r e t u r n  po in t  is t h e  same a s  t he  s t a -  
t i o n  depa r tu re  p o i n t .  The t r a n s f e r  a r c s  through these  renumbered impulse p o i n t s  
a r e  simply t he  complementary o r  "unflownn po r t i ons  of  t he  de l ive ry  t r a n s f e r  
arcs. The sum o f  impulses is the  same f o r  de l ive ry  and r e t u r n .  This  i s ,  of  
course ,  t he  i d e a l  s i t u a t i o n  with no account ing f o r  s t a y  time i n  the  mission 
o r b i t  o r  t h e  r e a l  pos i t ion- t ime r e l a t i o n s h i p s  of  v e h i c l e s  i n  t he se  o r b i t s .  Prac- 
t i c a l  round t r i p  s o r t i e s  would r e q u i r e  app rop r i a t e  rendezvous phasing maneuvers 
a t  some expense i n  t o t a l  t r i p  t ime. 

Return with aerobraking is s i m i l a r  t o  t he  a l l -p ropu l s ive  s t r a t e g y  except  for  i n -  
c lu s ion  o f  pe r igee  lowering a t  impulse po in t  2 ,  t h e  subsequent atmospheric 
phase,  and t h e  a d d i t i o n a l  180' subarc  back t o  t he  s t a t i o n  o r b i t .  The t o t a l  i m -  
pu lse  s av ings  o f  aerobrak ing  may be c l o s e l y  approximated by a n a l y t i c  formula 
g iven  t h e  c h a r a c t e r i s t i c s  o f  t h e  a l l -p ropu l s ive  s o l u t i o n .  

Numerical s o l u t i o n s  of  t h e  d e l i v e r y  phase,  a l l -p ropu l s ive  t r a n s f e r s ,  were 
ob ta ined  us ing  a mult i impulse op t imiza t ion  code. This  FORTRAN program is based 
on the  c a l c u l u s  o f  v a r i a t i o n  (pr imer  vec to r )  theory and employs a conjugate  gra- 
d i e n t  search procedure f o r  determining the  opt imal  impulse t imes and p o s i t i o n s .  
Supplementary da t a  and checkpoints  were obtained from t h e  s o l u t i o n  maps given i n  
r e f e r ence  2 .  

1.4.2 Working Graphs 

The plane change r e l a t i o n s h i p  between s t a t i o n  and mission o r b i t  i n c l i n a t i o n s  and 
nodal  d i f f e r e n c e  given by equa t ion  (1 )  is graphed i n  f i g u r e  1-33. For a space 
s t a t i o n  a t  28.5' i n c l i n a t i o n ,  t h e  plane change angle  v a r i e s  between 35 and 92' 
a s  t he  nodal  misalinement i nc reases  from ze ro  to  180'. The corresponding range 
o f  plane changes f o r  s t a t i o n  o r b i t s  a t  57 and 98' is, r e s p e c t i v e l y ,  6 .5  t o  
120.5' and 34.5 t o  161.5'. Hence, t r a n s f e r  t o  t he  Molniya o r b i t  from these  
space s t a t i o n  l o c a t i o n s  is never coplanar  and the  plane change requirement could 
be very l a r g e .  

F igu re s  1-34 through 1-36 show the  t o t a l  AV impulse a s  a func t ion  o f  o r b i t  
nodal  d i f f e r e n c e  f o r  d e l i v e r y  and r e t u r n  t r a n s f e r s .  Minimum impulse requi re -  
ments o f  t h e  a l l -p ropu l s ive  mode a r e  about  9300 f t / s e c  f o r  t h e  57' s t a t i o n ,  13 
800 f t / s e c  f o r  t he  9 8 O s t a t i o n ,  and 14 900 f t / s e c  f o r  t he  2 8 . 5 O s t a t i o n .  Note 
t h a t  t h e  opt imal  nodal d i f f e r e n c e  is near  ze ro  f o r  t he  s t a t i o n s  a t  28.5 and 57' 
i n c l i n a t i o n s ,  bu t  is  c l o s e r  t o  90' f o r  t he  s t a t i o n  a t  98' i n c l i n a t i o n .  Maximum 



impulse requirements corresponding t o  the  condit ion of  1800 nodal misalinement 
a r e  i n  the  range 18 000 t o  19 800 f t / s e c  f o r  the  th ree  s t a t i o n  o r b i t s .  

Aerobraking is seen t o  o f f e r  a very s u b s t a n t i a l  reduction i n  AV f o r  r e tu rn  
t r a n s f e r s  from the Molniya o r b i t  t o  the  space s t a t i o n .  The range of  t h i s  sav- 
ings  f o r  var ious  o r b i t  geometries is 7350 t o  9250 f t / s e c .  

1.5 EXAMPLE APPLICATIONS - DELIVERY AND RETURN WITH STATION AT 28.5' 

Use of the  graphic data formats t o  quickly est imate AV impulse requirements 
w i l l  be i l l u s t r a t e d  f o r  three  examples of  round t r i p  o r b i t  t r a n s f e r s .  The m i s -  
s ion app l i ca t ions  are :  Sun-synchronous c i r c u l a r  o r b i t ;  geos ta t ionary  e q u a t o r i a l  
o r b i t ;  and e l l i p t i c a l  Molniya o r b i t .  The space s t a t i o n  o r b i t  w i l l  be assumed t o  
have a 28.5' i nc l ina t ion .  

1.5.1 Sun-Synchronous Mission Orbi t  

The mission ob jec t ive  is t o  se rv ice  a s a t e l l i t e  i n  a 200 n. m i .  a l t i t u d e ,  near- 
polar  c i r c u l a r  o r b i t  and then re turn  t o  the  space s t a t i o n  base. A one-day ser -  
v ice  time w i l l  be assumed. Figure 1-6 shows t h a t  the  Sun-synchronous tnc l ina-  
t i o n  of  the  s a t e l l i t e ' s  o r b i t  is  97'. It w i l l  be assumed t h a t  launch is not  
t i m e - c r i t i c a l  so t h a t  the  necessary wait ing period f o r  optimal alinement o f . -  - . - -  

o r b i t  nodes is allowable. Figure 1-5 g ives  the nodal regression r a t e s  of t h e  
s t a t i o n  and s a t e l l i t e  o r b i t s  a s  7 .20/day and approximately 1 .oO/day. If  the  op- 
t imal  nodal alinement a t  launch were near An = 0,  then the  'plane change requi re-  
ment would be 68.5' a s  determined from equation ( 1 ) .  Figure 1-18 i n d i c a t e s  t h a t  
a l a r g e  AV savings is obtained by using a three-impulse t r a n s f e r  ins tead  of two 
impulses, even though the  one-way t r a n s f e r  time is much longer; 48 hours ins tead  
o f  0.76 hour (de l ivery)  o r  1.48 hours ( r e t u r n ) .  Furthermore, g r e a t  benef i t  is 
obtained by aerobraking f o r  both del ivery  and re tu rn  t r a n s f e r s .  Aerobraking ca- 
p a b i l i t y  w i l l  therefore  be assumed f o r  t h i s  mission appl ica t ion .  

Since both o r b i t s  a r e  sub jec t  t o  s i g n i f i c a n t  nodal regression over seve ra l  days 
time, p a r t i c u l a r l y  the  s t a t i o n ,  the optimal nodal d i f f e rence  a t  launch could be 
somewhat o f f s e t  from zero.  Taking the  average value of de l ivery  and re tu rn  
plane change angles a s  a performance measure, a quick ca lcu la t ion  shows t h a t  
the  s t a t i o n  node should lead (be e a s t  of )  the  s a t e l l i t e  node by about 20' a t  the  
time of  launch. Then, with the  westward motion of  s t a t i o n  node and eastward mo- 
t i o n  of  s a t e l l i t e  node, the  respect ive  nodal d i f ference  of  the  de l ivery  and re- 
turn t r a n s f e r s  are:  

A% = (1.0 deg/day) x (2 days) - 20 deg = -18 deg 

A% = (1.0 deg/day) x ( 3  days) - 20-(7.2 deg/day) x ( 5  days) = 19 deg 

Equation (1)  gives the  plane change angles of the two t r a n s f e r s  a s  69.9 and 
70 .oO. Figure 1-18a may be read a t  these  angles t o  g ive  the  aerobrake-assisted 



del ivery  and re tu rn  AV impulses of approximately 11 900 f t / s e c  each. Note 
t h a t  the  a l l -propuls ive  three-impulse requirement would be almost double t h i s  
value . 
The previous ca lcu la t ion  f o r  the  bes t  nodal pos i t ion  a t  launch is a moot point  
i n  t h i s  case s ince  the  AV requirement is f a i r l y  i n s e n s i t i v e  t o  small  varia-  
t i o n s  i n  the  hn = 0 region. For example, i f  hn were chosen t o  be zero  a t  
launch, then the  two t r a n s f e r  plane change angles  would have been 68.52 and 
74.87', and the  corresponding del ivery  and re tu rn  impulse t o t a l s  would have been 
11 860 and 12 030 f t / s e c  -- not very d i f f e r e n t .  One f i n a l  point  on t h i s  example 
is the  d i s t r i b u t i o n  o f  AV impulses f o r  both del ivery  and re tu rn  t r ans fe r s .  
These data were not previoualy graphed, but the computer printout gives the follow- 
ing result: 9539 f t / sec  a t  station launch (or s a t e l l i t e  orbit departure); 2085 
f t / sec  a t  the second midcourse point; and 277 f t / sec  a t  s a t e l l i t e  arrival (or 
station return). 

1.5.2 Geostationary Mission Orbi t  

The mission ob jec t ive  i n  t h i s  example is t o  de l ive r  a s a t e l l i t e  t o  a 24-hour 
e q u a t o r i a l  o r b i t  and re tu rn  t o  the  s t a t i o n  base a s  soon a s  poss ib le .  Each t rans-  
f e r  must execute a plane change o f  28.5'. Figure 1-23 ind ica tes  t h a t  a two- 
impulse, a l l -propusl ive  del ivery  is optimal and t h a t  a two-impulse, aerobrake- 
a s s i s t e d  re tu rn  is q u i t e  adequate (1000 f t / s e c  more than the  three-impulse 
r e tu rn ) .  The corresponding t r a n s f e r  times a r e  5.3 hours and 6.0 hours. 

Figure 1-5 shows the  nodal regression i n  the  geostat ionary o r b i t  is neg l ig ib le  
over shor t  time i n t e r v a l s .  With the  s t a t i o n  nodal regress ion  a t  7 .20/day 
( 0 . 3 ~ / h r ) ,  the  a r r i v a l  point  a t  CEO on a 180' t r a n s f e r  w i l l  lead the  s t a t i o n ' s  
(opposi te)  nodal pos i t ion  on the  equator by 1.6'. One could probably re tu rn  i m -  
mediately with l i t t l e  AV penalty,  although the  s t r i c t  optimal condit ion is de- 
pa r tu re  a t  a nodal in te r sec t ion .  Ignoring any rendezvous phasing problems, the  
next such i n t e r s e c t i o n  occurs 178.4 + 15.3 = 11 .h6 hours a f t e r  GEO a r r i v a l .  
This  value needs t o  be adjusted s l i g h t l y  t o  account f o r  the  six-hour r e tu rn  
t r a n s f e r ;  departure f r o m  GEO should occur 11.54 hours a f t e r  a r r i v a l .  

Figure 1 -23a read a t  a plane change angle of 28.5' g ives  the  two-impulse, a l l -  
propulsive AV requirement a t  13 800 f t / s e c ;  the  impulse d i s t r i b u t i o n  is 7970 
and 5830 f t / s e c .  The sum of impulses f o r  the  two-impulse, aerobrake-assisted re- 
turn  is  6325 f t / s e c  with the  d i s t r i b u t i o n  o f  6045 and 280 f t / s e c .  

1.5.3 Molniya Mission Orbi t  

The ob jec t ive  of  t h i s  mission example is t o  car ry  out  an immediate t r a n s f e r  t o  
the  semisynchronous e l l i p  t i c a l  o r b i t  a t  6 3.5' i n c l i n a t i o n ,  remain the re  f o r  
three  days, and then re tu rn  t o  the  space s t a t i o n  base. Assume t h a t  a t  the  time 
of  launch demand the  s t a t i o n  node leads  the  t a r g e t  o r b i t  node by 120'. F i  ure  Q 1-33, o r  equation (11, shows the  plane change angle t o  be approximately 80 f o r  
the  de l ivery  t r a n s f e r .  



All-propuls ive d e l i v e r y  a t  = -1200 r e q u i r e s  a t o t a l  AV impulse o f  about  
17 100 f t / s e c  a s  read from f i g u r e  1-34. The one-way t r a n s f e r  time is 48 hours.  
The three-impulse d i s t r i b u t i o n  (computer p r i n t o u t )  is 9470, 3620 and 4050 
f t / s e c .  The midcourse impulse is made 11.9 hours a f t e r  launch a t  51 400 n. m i .  
a l t i t u d e .  A r r i v a l  a t  t h e  t a r g e t  o r b i t  is a t  a t r u e  anomaly o f  219' and a l t i t u d e  
o f  11 800 n. m i .  

With r e t u r n  t o  t h e  s t a t i o n  seven days a f t e r  launch,  t h e  s t a t i o n ' s  o r b i t  node 
would have regressed  about  50'. The nodal d i f f e r e n c e  between t h e  two o r b i t s  on 
the  r e t u r n  t r a n s f e r  is = -70'. The AV requirement is 6500 f t / s e c  as read 
from f i g u r e  1-34 assuming an aerobrake-ass i s ted  r e tu rn .  Computer r e s u l t s  show 
t h e  impulse d i s t r i b u t i o n  is 3700, 2520, and 280 f t / s e c .  The depa r tu re  impulse 
on t h e  t a r g e t  o r b i t  is a t  a t r u e  anomaly o f  226' and a l t i t u d e  o f  9820 n. mi. The 
midcourse impulse occurs  36 hours a f t e r  depar ture  a t  an a l t i t u d e  o f  52 200 n.  
m i .  

1.5.4 Mission Nomograms and Performance Envelopes 

The preceding paragraphs have ou t l i ned  the  procedure and da ta  sets f o r  qu i ck ly  
e s t ima t ing  mission performance, given a s e t  of i n i t i a l  cond i t i ons .  For u se r  con- 
venience and rapid da ta  acces s ,  these  da ta  have been consol ida ted  and a r e  
presented i n  the  form of  mission nomograms i n  f i g u r e s  1-37(a) through 1-37(d). 
The da t a  p o i n t s  t h a t  a r e  h igh l igh t ed  correspond t o  the  mission examples i n  para- 
graphs 1 .5.1 through 1.5.3. 

Figure 1-37 ( a )  is a repea t  of  f i g u r e  1-5 (nodal  r eg re s s ion  r a t e )  with h igher  res- 
o l u t i o n  f o r  purposes of  e x t r a c t i n g  s p e c i f i c  va lues .  Figures  1-37 (b )  through 
1-37(d) t r a c e  the  example mission. 

Figure 1-37 (b)  i s  t h e  nomogram f o r  payload deploy i n  a low Ea r th  o r b i t .  The ex- 
amples a r e  f o r  a t y p i c a l  Sun-synchronous mission. From the  p l o t  a t  t h e  upper 
l e f t ,  t h e  r equ i r ed  o r b i t  nodal  d i f f e r e n c e  f o r  balancing the  outbound and r e t u r n  
p lane  change is seen t o  be a func t ion  of  t he  s t a y  time i n  t he  mission o r b i t ;  
t h e r e f o r e ,  once t h e  s t a y  t ime is determined, t h e  approximate optimized mission 
parameters  can be determined from t h e  fol lowing s t eps :  

A .  Using t h e  mission s t a y  time a s  a parameter,  t h e  p l o t  i n  t he  upper l e f t  is 
used t o  determine t h e  requi red  nodal d i f f e r e n c e  f o r  t h e  i n c l i n a t i o n  of 
i n t e r e s t ,  i n  t h i s  case  97'; 

B. Once the  requi red  o r b i t  nodal d i f f e r e n c e  has been determined, the  f i g u r e  i n  
t h e  upper r i g h t  is used t o  e x t r a c t  t h e  plane Change ang le  t h a t  r e s u l t s ;  

C.  Having found the  approximate plane change angle ,  t he  p l o t s  on t h e  lower l e f t  
and r i g h t  can be used t o  determine e s t ima te  of  t he  mission performance 
parameters.  

F igure  1-37 ( c )  is t h e  nomogram f o r  payload deploy i n  a 24-hour per iod o r b i t ,  t h e  
example being f o r  a t y p i c a l  geosynchronous mission. S ince  t h e  geos t a t i ona ry  m i S -  

s i on  node vanishes  ( i s  undefined)  f o r  an e q u a t o r i a l  o r b i t  the  e f f e c t  of  mission 
s t a y  time can be descr ibed i n  terms of movement of  t h e  space s t a t i o n  node. 



This is shown i n  the  upper l e f t  p l o t ;  t h i s ,  however, becomes t r i v i a l  s ince  the  
plane change f o r  an optimum time departure is constant a t  28.5' -- independent 
of i n i t i a l  o r b i t  node d i f ference  -- as shown i n  the upper r i g h t ;  as previously 
described, the mission performance parameters can then be determined. 

Figure 1-37 (d)  i s  f o r  a twelve hour e l l i p t i c  (Molniya) mission. Using the f ig-  
ure i n  the  upper l e f t ,  the nodal d i f f e rence  between departure and re turn  is 
shown a s  a function of mission s t ay  time. These cha r t s  may be used i n  the  fo l -  
lowing manner: 

A .  Given a mission s t ay  time, the  nodal d i f ference  between del ivery  and re turn  
is determined from the  upper l e f t  p l o t .  

B. For any prespeci f ied  i n i t i a l  nodal d i f ference  between the  space s t a t i o n  
o r b i t  and the  Molniya o r b i t ,  the  required plane change f o r  de l ivery  is deter -  
mined from the  upper r i g h t  f igure .  

C. The plane change f o r  r e tu rn  can be determined a l s o  from the upper r i g h t  f i g -  
ure by incrementing the  del ivery  o r b i t a l  nodal d i f ference  by the. amount 
es tabl i shed a s  a function of mission s t ay  time. When the  space s t a t i o n  node 
f o r  de l ivery  leads  the  mission o r b i t  the  r e t r i e v a l  nodal d i f ference  w i l l  
move t o  the  l e f t ;  when the  space s t a t i o n  node f o r  de l ivery  is behind the m i s -  
s ion o r b i t ,  the  r e t r i e v a l  node d i f ference  moves r i g h t .  

I n  addi t ion  t o  these  nomograms, the  performance requirements ( r e f l e c t i n g  the ap- 
p ropr ia t e  choice f o r  the  optimum maneuver s t r a t egy)  a r e  shown i n  f igures  1-38 
through 1-41 i n  terms of the  mission envelope t h a t  can be captured. Figures 
1-38 ( a )  through ( c )  r e f l e c t  outbound phase mission envelopes f o r  space s t a t i o n  in- 
c l i n a t i o n  of  28.5, 57 and go0, respect ive ly ,  u t i l i z i n g  an a l l  propulsive OTV; 
f igures  1-39 ( a )  through ( c )  r e f l e c t  the  outbound mission envelopes u t i l i z i n g  
aero-braking a s s i s t .  Figures 1-40(a) through ( c )  address the  r e tu rn  phase 
employing an a l l -propuls ive  OTV, and f igures  l -4 l (a )  through ( c )  depic t  the  mis- 
sion envelope f o r  an aero-braking assist re turn .  
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Figure 1-1 .- Relat ionship between mission o r b i t  per iod and a1 ti tude. 



Figure 1-2.- Space station and mission orbit definitions. 



S t a t i o n  o r b i t  i n c l i n a t i o n  io = 28.5' 
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Figure 1-3.- Plane change contours f o r  space s t a t i o n  a t  28.5 degrees i n c l i n a t i o n .  
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Figure 1-4.- Sun-synchronous circular orbit inclinations. 
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Figure 1-5.- Nodal regression of c i r cu l a r  mission o rb i t s .  
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Figure 1-6.-  Sun synchronous circular orbit inclinations. 
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Figure 1-7.-  Apse1 ine rotation of el l ipt ical  orbits.  



STATION ORBIT ALTITUDE = 200 NM CIRCULAR 

MISSION ORBIT PERIOD (HRS) 

Figure 1-8.- Impulse requirements for coplanar orb1 t transfer. 



Ire 1-9. - Optimal transfer for noncoplanar circular orbit transfers.' 
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F igure  1-10.- Aerobrake p o t e n t i a l  B = 23 kg/m . 



STAT'ION ORBIT ALTITUDE = 200 ,NM CIRCULAR 

MISSION ORBIT PERIOD 

Figure 1-11.- Return transfer requirements for coplanar circular orbits. 



A: 2-IEIPULSE ALL PROPULSIVE 0: 3-IMPULSE ALL PROPULSIVE 

C: 3- IMPULSE WITH AEROSRAKE 

Figure 1-12 .- Circl e-to-circl e transfer strat,egies - delivery phase. 



A: 2-IMPULSE ALL PROPULSIVE B: 3-ItiPULSE ALL PROPULSIVE 

C: 2-IMPULSE WITH AEROBRAKE 

D: 3-IMPULSE b4ITH AEROBRAKE 

Figure 1-13.- Circle-to-circle transfer strat,egies - return phase. 
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ORBIT NODAL DIFFERENCE + A n  (DEG) 

Figure 1-14. - P I  ane change requirements for  s t a t ion  o r b i t  a t  28.5 degrees incl  ina t ion .  



Figure 1-15.- Plane change requirements f o r  s t a t i o n  o r b i t  a t  57 degrees i n c l i n a t i o n .  



ORBIT NODALDIFFERENCE±A_ (DEG)

Figure1-16.-Planechangerequirementsfor stationorbit at 98 degreesinclination.
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STATION ORBIT ALTITUDE = 2 0 0  NM CIRCULAR 

TRANSFER T I M E  L I M I T  = 48 HR 
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(a) Delivery phase. 

Figure 1-17.- AV contours for circular orbit transfer. 
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Figure 1-17.-  Concluded. 
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Figure 1-18.- Effect o f  maneuver strategy options for 
a 1.53-hour circular mission orb i t .  
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( b )  Transfer  t ime.  

Figure 1-18 .- Concluded. 
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-e-e-e- W/AEROBRAKE [ D E L I V E R Y  ONLY) - - - -  W / A E R O B R A K E  [ R E T U R N  ONLY1 

( a )  Total impulse AV. 

Figure 1-19.- E f fec t  o f  maneuver s t r a t e g y  opt ions  f o r  
a  2-hour c i r c u l a r  mission o r b i t .  
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(b)  T ransfer  t ime.  

F igure 1-19.- Concluded. 



- nLL-PROPULSIVE (DELIVERY OR RETURN1 
-e--e- W/AEROBRAKE (DELIVERY ONLY1 - - - -  W/AEROBRAKE (RETURN ONLY) 

( a )  Total impulse AV. 

Figure 1-20.- Effect o f  maneuver strategy options for 
a 4-hour circular mission orb i t .  
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- e 4 4 -  W/REROBRRKE ( D E L I V E R Y  ONLY1 - - - -  W/AEROBRAKE (RETURN ONLY1 

(b)  Transfer time. 

Figure 1-20.- Concluded. 
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( a )  Total impulse AV. 

Figure 1-21.- Effect of maneuver s t ra tegy options for  
a 6-hour c i rcu la r  mission o r b i t .  
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(b )  Transfer time. 

Figure 1-21 .- Concluded. 
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( a )  Total  impulse AV.  

Figure 1-22.- E f fec t  o f  maneuver s t r a t e g y  opt ions  fo r  
a  12-hour c i r c u l a r  mission o r b i t .  
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-9- W/AEROBRAKE (DELIVERY ONLY) - - - -  W/AEROBRAKE (RETURN ONLY1 
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( b )  Transfer time. 

Figure 1-22. - Concluded . 
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( a )  Total impulse AV.  

Figure 1-23.- Effect of  maneuver strategy options f o r  
a 24-hour circular mission orb i t .  
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( b )  Transfer time. 

Figure 1-23 .- Concluded. 



------ F ) L L - P R O P U L S I V E  I D E L  I V E R Y  OR RESLIRi~Il  
-e-e-e- W/AEROBRAKE [ D E L I V E R Y  ONLYl  - - - -  W/AERBBRAKE [RETURN ONLY1 

: I . , 
: ...... . 1.:. . :.; . .  ..).. : - ,  , : 
. . .  ....... - .. - .. 
. . .  . ..... .... .'..'. '.. , ! ;.: 
. . . . .................. .; ............... .... . . . .  . . . . . . . . .  

. . . .  
. .  : ... 48 HR TRANSFER TIME LIMIT ......... 3 :  .i.;.+; ;.:;!. . . . . . . . . . . I . .  ; .  .-.+!.!i: .!.. y i  . . . . ,  I : . .  . . . .  .......... .. i.... .... ....... ... .... .... .... ..: . . .  - - . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  . . . . . . . .  

.; i... ._.i.i.i .;..s ..; i... / i 
. . . .  . . . . . . . . .  . . 

. . ....... ..... . ..... ... .............. .... ......... ....... .... ................ ......... .......... . . . . .  . . .  . . . . . . . . . . . . . . . . .  . , .  .,. : ;.. -. .:. i .; ..i : ;. ..L.i.L i..'.. ;. a. ; : .; :. . -.<.;.;. . ..; . . . . . . . . .  . .  
1 : :  : ,  , 

: : : ; .".t-.l , 
. . . . .  . . . . . .  . . .  . . I : : : :  ..... ... i ; ,.' ;..:.+.: ;:. .,.. i.. ..;. i..i ; .;.,..i..i. .... ;.,.;. ., ..,. . .;.. ..,..,.. ;-; ;..;.. .. ' ;. .,. ,. , . ,. ...... <. *. <.<..* ........ ., .! .... .,.., . . . . . . . .  ..+...... ,..s. .. , . . .  . . . .  . . . .  . . . . . . .  . . . . . . . . . .  . ,  I.: . . , .  : : .  . . . .  . . . . . . . . . . . . , .  . I . . /  . .  

. . .  . . 

. . . .  . . . . .  . . 

. . . . . . . . . . .  . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  4:- ,  . : :  : . . . . . . . . . . . . .  . . .  . . . .  . . . . .  . . ... I.... . . . . . .  -,.. .- .,...*,. . . .  .?.. ?.!. ..,..'..,. ,.. *..; ..** '..?.+.+. .i..;.;..i. i .i..i..c.. ,..I..+.*. ..* ...., .,. ..,..,..,. , .....,..... *..?...(..! ...,..,. .i ..,.. ,..i ..,.. ..I. ,..(..:.. A..,......., .I. I. . . .  . . . .  . .  ? : : :  , : ;  . : . .  : : . .  . . . . . . . . . . .  : . I  : j j i  : : . :  . : . .  . . : :  : : :  . : : .  : . : .  . : : :  . : .  . : .  : . . . . . . . . . . . . . . . . .  . . . . . . . . .  . . .  . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  ..... .................. ........... . .  > :  . : : :  .... .. . .... ................ ...... ....... . . . . . . .  . . . . . . .  . . . .  .!..I..(.... _ _.: _,, .:._. .:..: ^ .  ^ :........ :..l.P ...?... .- :.. : . . .  . . . . .  . . . . . . . . . . . . . .  . . . . .  . : ,  : . : ,  .:; : : ,  : . : :  ::: : : . :  : . : .  : . :  . . . . . . . .  . . 
; . . :  . : .  : : . :  : : : .  . : : .  i . : .  . _ : :  . . . . . . . .  : , : .  : : :  . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  ... ....... ...... ....... . . . ........ ........ ......... ....... . . . . .(. ...i_  ̂ _ .:..:...... .-.- ....:.. ._._._^ ....:.... . _ ^  :.. :. ....-?......-._._._ :..:.. I ." - -  : . . . . . . . . . . . . . . . . . . . . .  . . . . . .  . : .  . . . . . . . . . . . . . . . . . .  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . .  . . . . .  . . . .  . . . . .  . . . . . . . .  ; : . :  . : ; . _  . : , , :  : : : ,  : . . :  : : : :  . : : .  . : : .  ........ . ....................... ..... . . . . . . . . . . . .  . . ...................... . . . . . . . . . . . . . . . . .  . - - - . . . . . . .  . . . . . . . .  . . . . .  . . . . . .  . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,- - -. - -. - - -. - - - - - .- - - - . . . :  . . . .  . . .  . . . . . .  . . . .  . . . .  : : : : :  : . . .  . . . . . .  . . . . . .  

. . 
. . . . . .  . . .  . . . . . .  : : : .  : : : :  : : . :  , . : :  . : . :  : : .  : : : .  : : : :  : . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . , . 
. . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . .  . . .  , , : :  . . : :  . : : ,  . . . :  . . : :  . .... ..... .... .... ....... ..... . . .  . . . . . .  . . . . . .  . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . .  4 _..i.i >..._.. / ....., .:...i '.a&._. % i.: i . .  i i .-... _ &...A. i..:..: ../..:..a. 2. i i.i ;.a,._, .i / l .  / . .<a i i . ;  . . . . . . . . . . . . . . .  . . : : . . .  : : .  . . . . . . . . . . . . . . . .  . . . .  : : : : . , :  . . . .  . . .  . . . . . . . . .  . . . . . . . . . . . . .  ,.,..! , .!.$ *.. i .,.!. '..,..,. '.. . ,.,..! .'" ". .'..,.. . . . .  '. .. ' .'.!.-'. . /  ' . "?  . *  ".! ...... .'.'..'. . . . .  ..'.'.'. '.. "+.;." . .,.;..;.;. ' ; .'..! . ' i (..'. : '."..'. .. '..' ' . . . . .  . . . . . . . .  : : . .  . .  i . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  . . . . . .  . (..( . .  .. , .:..v.p ....... .,..(. :. .! ., !../ .. :..̂ .* .?^ .: ,.. .:.I :.+ .......!.. . . ?. .*.*.-.- . . .,., :..:. .:. . .v, * ^._ ^ : .  . . 

. . . . . . . . . . . . . . .  . . .  . . . . . . . . . . .  . . . . . . . .  : : : .  . . : :  . : . :  . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  . 1 % .  - _ _ . . : . I  ;: _.I. 
. . . . . . . . . .  . . . . . .  . . ... . .  , .  . . . .  . . . . . .  . . . . . . . . . . .  i.; :..I. .i..;.i.: i :.;. .:..:..; : .:...: :. :.:.:.;. . . . . . . .  ;..; 1 .  .:..;.:... .:.:..1. .I: .,.. I.. .:.;.:.;. .:..:..:.:. .:.....-. ..:.I..;.: .....,.......:... : ....,....... > i  . . . . . . . .  . . .  . . .  . . . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . . . .  . . . . . . .  . . . . .  a . . 

PLANCE CHANGE ANGLE 6 (DEG) 

( a )  Total  impulse AV. 

Figure 1-24.- E f fec t  of  maneuver s t r a t e g y  opt ions  f o r  
a  72-hour c i r c u l a r  mission o r b i t .  



PLANE CHANGE ANGLE 6 (DEG) 

( b )  Transfer time. 

Figure 1-24. - Concluded . 
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Figure 1 -25 . -  Sens i t iv i ty  t o  transfel; time for 1.53-hour 
circular mission orbit  with 6 = 90 . 



3-IMPULSE TRANSFERS 

A L L - P R O P U L S I V E  ( D E L I V E R Y  OR RETURN1 
-e-e-e- W/AEROBRf lKE ( D E L I V E R Y  ONLY1 - - - -  W/AEROBRAKE (RETURN ONLY1 

25000 

TRANSFER TIME (HR) 

Figure 1-26.- Sens i t iv i ty  to  t r a n s f e ~  time for  2-hour 
c i rcu la r  mission o r b i t  w i t h  6 = 90 . 
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3-IMPULSE TRANSFERS 

ALL-PROPULSIVE IOEL IVERY OR RETURN1 
-9-9-9- W/AEROBRAKE (DEL IVERY ONLY1 - - - -  W/AEROBRFIKE [RETURN ONLY1 
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TRANSFER TIME (HR) 
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3-IMPULSE TRANSFERS 

F I L L - P R O P U L S I V E  ( D E L I V E R Y  OR R E T U a N I  
-e-0-0- W/AEROBRAKE ( D E L I V E R Y  ONLY1 - - - -  W/AEROBRAKE [ R E T U R N  ONLY1 

25000 

TRANSFER TIME (HR) 

F i gu re  1-28.- S e n s i t i v i t y  t o  t r a n s f e r  t ime  f o r  6-hour 
c i r c u l a r  m i ss i on  o r b i t  w i t h  6 = 90'. 
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Figure 1-29.- Sensi t iv i ty  to  transfer time for 12-hour 
circular mission orbit 'with 6 = 90'. 
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F i gu re  1-30.- S e n s i t i v i t y  t o  t r a n s f e r  t ime  f o r  24-hour 
c i r c u l a r  m i ss i on  o r b i t  w i t h  6 = 90'. 
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3-IMPULSE TRANSFERS 

A L L - P R O P U L S I V E  [ D E L I V E R Y  OR RETURN1 
-e-e-e- W/AEROBRAKE [ D E L I V E R Y  ONLY)  - - - -  W/AEROBRAKE [RETURN ONLY)  

0 2 0 Y 0 6 0 8 0 100 

TRANSFER TIME (HR) 

Figure 1-31.- Sensi t iv i ty  to  t r a n s f e ~  time for 72-hour 
circular mission orbit  with 6 = 90 . 
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Figure 1-32.-  Three-impulse transfer strategies for ell iptical mission orbits. 
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ORBIT NODAL DIFFERENCE +An (DEG) 

F igu re  1-33 .- Plane change requirements f o r  m iss ion  o r b i t  a t  63.5 degrees i n c l  i n a t i o n .  



MISSION ORBIT PARAMETERS 

. . . . . . . . . .  PERIGEE ALTITUDE 200 NM . . . . . . . . . . . . . . .  PERIOD 12HRS 
. . . . . . . . . . .  INCLINATION. 63.5 DEG 

. . . . . . . . . . . . .  ARGUMENT 270 DEG 

ALL-PROPULS IVE 

ORBIT NODAL DIFFERENCE +An (DEG) 

Figure 1-34 .- Impulse requirements f o r  semisynchronous (Molniya) e l  1 i p t i c a l  o r b i t  
t r a n s f e r s  with space s t a t i o n  a t  28.5 degrees i n c l i n a t i o n .  



M I S S I O N  O R B I T  PARAMETERS 

PERIGEE A L T I T U D E  . . . . . . . . . .  2 0 0  NM 
PERIOD . . . . . . . . . . . . . . .  12 HRS 

. . . . . . . . . . .  I N C L I N A T I O N .  63.5 DEG 
ARGUMENT . . . . . . . . . . . . .  2 7 0  DEG 

8 HR TRANSFER T I t 1E  L I l * l I T  

Figure 1-35.- Impulse requirements for  semisynchronous (No1 niya) e l  1 i p t i c a l  o rb i t  
t r ans fe rs  w i t h  space s ta t ion  a t  5 7  degrees incl ina t t ion .  



M I S S I O N  O R B I T  PARAMETERS 

PERIGEE A L T I T U D E  . . . . . . . . . .  2 0 0  NM 
PERIOD . . . . . . . . . . . . . . .  1 2  HRS 
I N C L I N A T I O N .  . . . . . . . . . . .  63.5 DEG 
ARGUMENT . . . . . . . . . . . . .  2 7 0  DEG 

DEL IVERY OR RETURN 

Figure 1-36.- Impulse requirements for semisynchronous (Molniya) ell iptical orbit 
transfers with space station at 98 degrees'inclination. 
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(a)  Expanded r e s o l u t i o n  nodal regress ion r a t e .  

F igure 1-37. - Mission nomograms. 
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(b)  Nomogram f o r  1.5 hour  payload dep loy  o rb1  t. 

F igu re  1-37.- Continued. 
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( c )  Nomogram f o r  24-hour payload deploy o r b i t .  

F igure  1-37.- Continued. 
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MISSION ORBIT PRRRUETERS 
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(d)  Nomogram for 12-hour Molniya e l l i p t i c  payload deploy orbit .  

Figure 1-37. - Concluded. 



- 2 impulse a rea  - - 3 impulse a rea  

100K n. mi. apogee on 
in te rmed ia te  e l l i p s e  

2 0 40 6 0 80 100 
Pay1 oad i n c l  i n a t i o n ,  deg 

( a )  I n c l i n a t i o n  28.5'. 

F igure  1-38.- Accessi b i l  i t y  reg ions f o r  f i xed  d e l  ta-V 
c a p a b i l i t y  - outbound a l l  propuls ive .  
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Pay1 oad i ncl  i nat ion ,  deg 

(b)  I n c l i n a t i o n  57'. 

F igure  1-38. - Continued. 

I - 2 Impulse a rea  

1 - - 3 impulse a rea  

100K n. mi. apogee on 
intermediate  e l l i p s e  



20 40 6 0 80 
Payload incl ination, deg 

(c) Inclination 90'. 

Figure 1-38. - Concl uded. 

- 2 impulse area - - 3 impulse area 
100K n. mi. apogee on 
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0 2 0 4 0 6 0 80 100 
Pay1 oad i ncl  i nat ion ,  deg 

(a) I n c l i n a t i o n  28.5'. 

Figure  1-39. - A c c e s s i b i l i t y  regions f o r  f i x e d  del  ta-V 
capabi l  i t y  - outbound w i t h  aerobraking capabi 1 i ty. 



Payload inclination, deg 

(b) Inclination 57'. 

Figure 1-39. - Continued. 
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Payload inc l ina t ion ,  deg 

( c )  Incl inat ion 90'. 

Figure 1-39. - Concluded. 
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(a) Inclination 28.5'. 

- 2 impulse area - - 3 impulse area 
100K n. mi. apogee on 

intermediate el 1 ipse 

Figure 1-40.- Accessibility regions for fixed del ta-V 
capabil ity - return a1 1 propulsive. 



(
0

(
0

 
0
) 

aJ 
0
) 

C
W

 
L
 
L
 

o
n

 
(0

 
(0

 
-I"

"
 

0
)
-
 

aJ 
0
) 

0
)
-
 

W
 
W
 

0)aJ 
0
 
3
 

n
a

J
 

n
 
n

 
a
+
'
 

E
E

 
(0

 
.I"" 

-I"
"
 

."
I"

"
 

I"
"

 -0
 

C
M

 
M

 
E

a
J
 

(0 
I 

c
:

.
 

.I"" 
0
 

F
 

Â
¥d 

u
 

l
 

c
 

i-4
 



- 2 impulse area - Ã 3 impulse area 

100K n. m i .  apogee on 
intermediate el  l i pse 

20 4 0 60 80 100 
Pay1 oad i ncl inat  ion, deg 

(c )  Incl ination 90'. 

Figure 1-40. - Concl uded. 



- - 2 impulse aerobrak ing  1 - 3 impul se  aerobra  k i  ng 

C i r c u l a r i z e  100  n .  m i .  above space 
s t a t i o n  t o  s t a r t  rendezvous 

100K n .  m i .  apogee on i n t e r m e d i a t e  
e l  1  i pse 1 

Pay1 oad i n c l  i n a t i o n ,  deg 

(a)  I n c l i n a t i o n  28.5'. 

F i g u r e  1-41.- Accessi b i l  i t y  reg ions  f o r  f i x e d  d e l  ta-V 
c a p a b i l i t y  - r e t u r n  w i t h  aerobraking c a p a b i l i t y .  
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Payload i n c l  i n a t i o n ,  deg  

(b )  I n c l i n a t i o n  57'. 

F igure  1-41.- Continued.  
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( c )  Inclination 90'. 

Figure 1-41. - Concl uded . 





2.0 SPACE STATION/ORBIT TRANSFER VEHICLE MISSIONS 

2.1 INTRODUCTION 

Sect ion  2.0 presents  descr ip t ions  of four c l a s s e s  of appl ica t ions  missions which 
t y p i f y  those t h a t  a r e  candidates f o r  being serviced from a space s t a t i o n ,  OTV, 
and f ree- f lyer  system. The generic appl ica t ion  missions t h a t  a r e  addressed are:  
( a )  OTV geosynchronous mission; ( b) OTV planetary mission; ( c )  OTV Sun-synchronous 
mission; and ( d )  space s t a t i o n  supported co-orbiting s a t e l l i t e  operat ions.  Where 
appropr ia te ,  the  above mission c l a s s e s  were f u r t h e r  subdivided within each 
c l a s s  t o  r e f 1 e c t . a  p o t e n t i a l  range of requirement options;  i . e . ,  de l ivery ,  
r e t r i e v a l ,  serv ic ing,  e t c .  For a l l  OTV missions, re turn  of t h e  OTV t o  the  space 
s t a t i o n  is assumed t o  be a standing requirement. 

Each mission is presented i n  terms of  a Conceptual F l i g h t  P r o f i l e ,  i n  which the  
key guidel ines and assumptions, f l i g h t  design considerat ions,  and implementation 
ra t iona le  a re  h ighl ighted .  The p r o f i l e s  have been developed gener ica l ly ,  inde- 
pendent of s p e c i f i c  veh ic le  capab i l i ty  and cons t ra in t s  and independent of any 
s p e c i f i c a l l y  i d e n t i f i e d  mission/payload s e t  of  requirements. These p r o f i l e s ,  
the re fo re ,  a r e  intended t o  r e f l e c t  t y p i c a l  operat ions requirements and t o  serve  
a s  a point  of  departure f o r  the  f l i g h t  design associated with s p e c i f i c  vehic le  
conf igura t ions  and mission-unique requirements. 

2.2 BASIC GUIDELINES AND ASSUMPTIONS 

A. The space s t a t i o n  is i n  a 200 n. m i .  c i r c u l a r  o r b i t  a t  28.5' i n c l i n a t i o n .  

B. The OTV is space-based and is t o  be returned t o  the  space s t a t i o n .  

C. For OTV r e tu rn ,  both al l-propulsive and aerobraking/aeromaneuvering options 
w i l l  be considered. 

D. For aerobraking the  OTV i s  assumed t o  have the following c h a r a c t e r i s t i c s :  

E. The OTV configurat ion;  i . e . ,  number of s t ages ,  propel lant  loading, e t c ,  was 
no t  considered. 

F. The OTV r e tu rns  t o  a 400 n. mi .  low Earth parking o r b i t  p r i o r  t o  rendezvous 
with the  space s t a t i o n .  

G. A c l u s t e r  of co-orbiting s a t e l l i t e s  w i l l  be operat ing i n  an equiperiod,  
noncoplanar o r b i t  ahead of the space s t a t i o n .  

H. F l ight  durat ion was not considered a s  an OTV f l i g h t  design cons t ra in t .  



I. The coast  time required from OTV deployment from the space s t a t i o n  t o  OW ig-  
n i t i o n  is assumed t o  be a minimum o f  45 minutes and a maximum of  six hours 
( four o r b i t s )  t o  encompass s a f e  distance requirements, maneuvering 
cons t ra in t s ,  and OTV p re ign i t ion  detached operat ions.  

J. A space s t a t i o n  based maneuvering system separa te  from the  OW is  used t o  
support f e r ry ing  co-orbit ing s a t e l l i t e s  t o  and from the  space s t a t i o n .  

K. To support OW space s t a t i o n  rendezvous operat ions,  a minimum of two revolu- 
t i o n s  i n  the  LEO parking o r b i t  p r i o r  t o  OTV i n i t i a t i o n  of the  rendezvous ma- 
neuvers is assumed. 

2.3 SPACE STATION/OTV SEPARATION PHASE 

A t  t he  proper time ( a s  indicated by unique mission requirements) the  OW w i l l  
separa te  from the  space s t a t i o n  with a AV-magnitude and d i r e c t i o n  s u f f i c i e n t  t o  
p ro tec t  both the space s t a t i o n  and any space s t a t i o n  supported co-orbit ing s a t e l -  
l i t e s  from a l l  hazards associa ted  with OTV/payload post deployment operat ions.  
Hazards may c o n s t i t u t e  not only s a f e t y  considerat ions,  i .e . ,  recontac t ,  explo- 
s ion and fragmentation, e t c . ,  but a l s o  mission degradation concerns such a s  con- 
tamination,  e tc .  Under the assumption t h a t  a c l u s t e r  of co-orbiting s a t e l l i t e s  
w i l l  be operat ing i n  an equiperiod noncoplanar o r b i t  ahead of  the  space s t a t i o n  
the  s t r a t e g y  employed here is t o  place the  OTV behind the  space s t a t i o n  a t  OTV 
i g n i t i o n ,  providing adequate d is tance  through a combination of separa t ion  AV and 
coas t  time p r i o r  t o  ign i t ion .  

Given a speci f ied  separat ion d is tance  requirement a t  OTV i g n i t i o n ,  the  separa- 
t i o n  ve loc i ty  w i l l  be minimized a t  the  expense of maximizing the  required coas t  
time and vice  versa. STS planning has es tabl i shed 45 minutes a s  a minimum time 
from deployment t o  an upper s tage  ign i t ion ;  however, i n  addi t ion  t o  the  f a c t  
t h a t  t h i s  coast  time was p r inc ipa l ly  associated with minimal postdeployment 
opera t ions ,  the separa t ion  ve loc i ty ,  hence d is tance ,  was i d e n t i f i e d  t o  be a func- 
t ion  of the  type of upper s tage ,  engine s i z e ,  and propel lant  loading. As s i g n i f -  
i c a n t ,  the d is tance  spec i f i ca t ion  took advantage of the STS maneuvering capabil- 
i t y  ( t r a n s l a t i o n  and r o t a t i o n )  fo r  s e l f  protec t ion  and the f a c t  t h a t  t h e  STS 
could be assured of  always t r a i l i n g  the upper s tage ,  thus  negating a recontac t  
concern. 

A s  applied t o  space s t a t i o n ,  p o t e n t i a l  requirements a r e  f o r  the space s t a t i o n  t o  
be ahead of the  OTV r a t h e r  than t r a i l i n g ;  f'urthermore, the  space s t a t i o n  is not 
assumed t o  have the  maneuvering f l e x i b i l i t y  a s  did the STS. Assuming t h a t  the re  
st i l l  remains a dependence upon upper s tage  configurat ion f o r  "safe separa t ion  
d is tancev determination,  a more conservative philosophy may be warranted f o r  
space s t a t i o n  than f o r  STS. This, then, manifests itself i n t o  a coast  time- 
separa t ion  maneuver trade-off suggesting a p o t e n t i a l  mult irevolut ion postdeploy- 
ment coast  t o  minimize separa t ion  AV requirements. 

Figure 2-1 i l l u s t r a t e s  t y p i c a l  r e l a t i v e  motion between the  OW and space s t a t i o n  
during the  postdeployment coast  p r i o r  t o  OTV ign i t ion .  Noted on t h i s  f i g u r e  a r e  
the  candidate OTV nominal ign i t ion  options i n  terms of mul t ip les  of half o r b i t  
post  separa t ion  coast ;  f o r  each option,  the r e l a t i v e  pos i t ion  of  i g n i t i o n  is 



biased t o  account f o r  f i n i t e  burn e f f e c t s  which then becomes a function o f  
the  OTV i n i t i a l  thrust-to-weight as indicated.  

Figures 2-2(a) and 2-2(b) primari ly i l l u s t r a t e  the  e f f e c t s  of the  postdeployment 
coast  on the  r e l a t i v e  motion between the  OTV and space s t a t i o n  during t h e  OTV 
burn. I n  add i t ion  t o  the  above, these f igures  a l s o  show the  p o t e n t i a l  e f f e c t  
the  OTV s t e e r i n g  law can have upon the r e l a t i v e  motion. These f i g u r e s  graphi- 
c a l l y  h ighl ight  one s i g n i f i c a n t  fac t :  the  deployment planning w i l l  need t o  ex- 
tend beyond space s t a t i o n  considerat ions themselves t o  a l s o  embrace considera- 
t i o n s  associa ted  with the operat ions of a nes t  of co-orbit ing s a t e l l i t e s .  Fig- 
u r e s  2-3(a) and 2-3(b) i l l u s t r a t e  the  e f f e c t  of the  OTV i n i t i a l  acce le ra t ion  
(thrust-to-weight) on the  r e l a t i v e  motion during the  OTV burn i n  a manner s i m i -  
l a r  t o  f i g u r e  2-2. 

Therefore, t o  summarize the  above, f'rom a t r a f f i c  con t ro l  point  of view, the  fo l -  
lowing parameters w i l l  inf luence t o  some degree the  deployment planning: ( a )  sep- 
a r a t i o n  AV; (b)  postdeployment coas t  time; ( c )  OTV s t e e r i n g  law; (d )  OTV burn 
p roper t i e s ;  ( e )  co-orbit ing s a t e l l i t e  nes t  loca t ion ;  and ( f )  allowable point  o f  
c l o s e s t  approach. 

2.4 OTV MISSION PHASE 

This  sec t ion  describes the  Conceptual F l i g h t  P r o f i l e  associa ted  with four candi- 
da te  space station/OTV/free-flyer appl ica t ion  mission scenar ios .  The four mis- 
s ion  c l a s s e s  are:  ( a )  an OTV geosynchronous mission; (b )  an OW planetary  m i s -  
s ion;  ( c )  an OTV sun-synchronous mission and (d)  space s t a t i o n  support of co- 
o r b i t i n g  s a t e l l i t e s .  

For each of the above mission c l a s s e s  the  associa ted  p r o f i l e s  contain both the  
key guidel ines  and assumptions r e l a t i n g  t o  mission requirements and the  major 
f l i g h t  phases t h a t  comprise the  respect ive  p r o f i l e .  The f l i g h t  phases pr imar i ly  
address the  appropr ia te  f l i g h t  design considerat ions and r a t i o n a l e  which lead to- 
ward the  s p e c i f i c  conceptual implementation. The implementation d e t a i l s  which 
a r e  i l l u s t r a t i v e  of a t y p i c a l  mission a r e  presented a s  a sequence of events.  

2.4.1 Geosynchronous Missions 

2.4.1.1 Mission Guidelines and Assumptions 

A.  Three c l a s s e s  of geosynchronous mission requirements a r e  assumed: 

1. Delivery of a payload t o  a s p e c i f i c  geographic longitude. 

2. Ret r ieval  and re turn  t o  the  space s t a t i o n  of a ge0Syn~hr0n0~3  payload. 

3. Servicing of mul t ip le  geosynchronous payloads. 

B. The geosynchronous payload is t o  be del ivered t o ,  re t r ieved from, and 
serviced a t  a zero degree inc l ined (equa to r i a l )  o r b i t .  



C .  Constraints  on the  i n e r t i a l  o r i en ta t ion  of the t r a j e c t o r y  p r i o r  t o  a r r i v a l  
a t  geosynchronous o r b i t  were not considered. 

2.4.1.2 Payload Delivery t o  a Specif ied ~ o n g i t u d e  

Typical f l i g h t  p r o f i l e s  and AV requirements f o r  t h i s  c l a s s  of  missions a r e  
summarized i n  the  sequence of events and AV t a b l e s  ( t a b l e s  2-1 and 2-11]. Table 
2-I(a) r e f l e c t s  the option f o r  an a l l -propuls ive  OTV re turn  t o  the  space s t a t i o n  
while t a b l e  2-I(b) r e f l e c t s  the aerobraking/aeromaneuvering r e tu rn  option. 
These p r o f i l e s  are i l l u s t r a t e d  i n  the  o r b i t a l  diagrams shown i n  f i g u r e s  2-4(a) 
through 2-4(d). Discussed below a r e  the  f l i g h t  phases t h a t  comprise the  mission 
c l a s s .  

2.4.1.2.1 Deployment and separa t ion .  - The bas ic  cons idera t ions  and r a t i o n a l e  
t h a t  w i l l  d i c t a t e  the  deployment and separa t ion  s t r a t egy  have been discussed i n  
paragraph 2.3. The timing of t h i s  s e t  of operat ions,  however, w i l l  be driven by 
the  s p e c i f i c  OTV mission i n  terms of meeting OTV i g n i t i o n  requirements. Geo- 
synchronous payloads w i l l  have a requirement f o r  prec ise  placement i n t o  the  
assigned Earth-fixed longitude s l o t  i n  geosynchronous o r b i t .  This requirement 
then d i c t a t e s  t h a t  a uni f ied  s t r a t egy  of timing and maneuvering be implemented 
t o  minimize OTV performance pena l t i e s  and opera t ional  complexities,  while a t  t h e  
same time maximizing the  oppor tuni t ies  t o  perform the  mission. 

The longitude a t  the  time of  a r r i v a l  a t  geosynchronous a l t i t u d e  is dependent 
upon the  Earth-fixed longitude at  the  time of OTV departure from LEO and the  lon- 
g i tude  change incurred during the geosynchronous t r a n s f e r .  

For a standard geosynchronous t r a n s f e r  o rb i t , ,  the  longitude change f o r  the  t rans-  
f e r  is f ixed;  the  OW w i l l  have traversed an i n e r t i a l  angle o f  180' while t h e  
Earth w i l l  have ro ta ted  approximately 80' during the  5-1/4 hour t r a n s f e r .  Thus, 
t h e  Earth-fixed longitude f o r  apogee a r r i v a l  w i l l  be approximately 10oO e a s t  o f  
the  i n j e c t i o n  point  of  the  t r a n s f e r  e l l i p s e .  O r ,  more simply, t o  con t ro l  pay- 
load placement to a spec i f i ed  Earth-fixed longitude,  the  longitude f o r  the  i n i -  
t i a l  t r a n s f e r  maneuver should l i e  10oO west of t h a t  pbint .  

For performance reasons (minimizing the plane change requirements) geosynchro- 
nous e q u a t o r i a l  missions d i c t a t e  t h a t  the OTV i n j e c t  i n t o  a geosynchronous t rans-  
fer o r b i t  a t  o r  near the  equator.  For space s t a t i o n  based opera t ions ,  the  time 
f o r  the geosynchronous t r a n s f e r  o r b i t  i n j e c t i o n  w i l l  be based on a nodal cross- 
ing opportunity t h a t  provides a longitude a t  f i r s t  apogee of the  t r a n s f e r  o r b i t  
wi th in  25' west of  the desired payload placement locat ion .  (The Earth-fixed lon- 
g i tude  traversed between any two successive nodal crossings is a function of 
both o r b i t  a l t i t u d e  and inc l ina t ion ;  f i g u r e  2-5 i l l u s t r a t e s  t h i s  longitude s h i f t  
f o r  a f ixed 28.5' i n c l i n a t i o n ) .  For a 200 n. m i .  o r b i t ,  the  Earth-fixed longi- 
tude between two successive nodal cross ings  is approximately 23.5' which repre- 
s e n t s  a t h e o r e t i c a l  worst case longitude correc t ion  capab i l i ty  t h a t  need be pro- 
vided. However, a 25' longitude cor rec t ion  is assumed i n  the  ana lys i s  i n  order  
t o  account f o r  some i n i t i a l  space s t a t i o n  a l t i t u d e  va r i a t ions ,  t r a n s f e r  o r b i t  
d ispers ions ,  and f l e x i b i l i t y  t o  a l t e r  the  i g n i t i o n  time by one o r b i t  following 
OW separa t ion  from the  space s t a t i o n .  



Two i n j e c t i o n  oppor tuni t ies  per day a r e  a v a i l a b l e ,  one occuring a t  an ascending 
node and one occuring approximately 12 hours l a t e r  a t  a descending node. The 
time of  deployment and separa t ion  is then es tabl i shed by b ias ing  the  time of ar -  
r i v a l  a t  the  i g n i t i o n  node t o  accommodate postdeployment (from the  space 
s t a t i o n )  coas t ing  requirements. 

The separa t ion  maneuver imparted t o  t h e  OTV is timed t o  occur a t  a nodal 
cross ing ( t h a t  is, e i t h e r  ascending o r  descending) corresponding t o  the  des i red  
node f o r  OTV i n j e c t i o n  i n t o  its geosynchronous t r a n s f e r  o r b i t .  This then 
es tab l i shes  the line-of-apsides of the  parking o r b i t  to  be coincident  with the  
line-of-nodes while simultaneously co-locating perigee of the  post  separa t ion  
parking o r b i t  a t  the  same point .  For t h i s  s tudy,  a 20 f p s  posigrade separa t ion  
maneuver was applied t o  the  OTV and a four-orbi t  coast  from separa t ion  t o  OTV ig-  
n i t i o n  was provided f o r  any checkout, a c t i v a t i o n ,  e t c .  , t h a t  may be required.  

2.4.1.2.2 Geosynchronous t r a n s f e r  phase.- The s t r a t egy  employed i n  the  f l i g h t  
design of the  geosynchronous t r a n s f e r  phase is q u i t e  s i m i l a r  t o  present  geo- 
synchronous t r a n s f e r  operat ion concepts; namely ( a )  the  t r a n s f e r  from LEO is a 
standard t r a j e c t o r y  t o  geosynchronous a l t i t u d e  independent of any s p e c i f i c  longi- 
tude phasing requirements and (b)  longitude correc t ions  w i l l  be made i n  t h e  
near-geosynchronous regime. 

The nominal t r a n s f e r  o r b i t  i n j e c t i o n  maneuver is determined from the  fol lowing 
t a rge t ing  c r i t e r i a :  

A .  The desired apogee a l t i t u d e  i s  19 323 n. m i .  (geosynchronous). 

B. Apogee l i e s  on the  equator approximately one-half o r b i t  a f t e r  t r a n s f e r  o r b i t  
i n j e c t i o n .  

C. A 2.2' i n c l i n a t i o n  is achieved, r e f l e c t i v e  of optimizing the  plane change. 

Thus, a f t e r  i n s e r t i n g  i n t o  the  geosynchronous t r a n s f e r  o r b i t ,  t he  OTV/payload is 
i n  a 19 323 n. mi.-by-200 n. m i .  o r b i t  a t  26.3' i nc l ina t ion .  

The geosynchronous t r a n s f e r  phase terminates a f t e r  a coast  o f  approximately 
one-half revolut ion i n  the t r a n s f e r  o r b i t .  S p e c i f i c a l l y ,  t h i s  phase is 
terminated when the  OW a r r i v e s  a t  the  equator ,  a t  which time the  OTV performs 
the  maneuver which es tab l i shes  the  longitude d r i f t  phase of  the  f l i g h t .  

2.4.1.2.3 Geosynchronous longitude d r i f t  phase.- The maneuver t o  i n i t i a t e  t h e  
geosynchronous longitude d r i f t  phase occurs a t  the  equator a f t e r  one-half revolu- 
t i o n  i n  the  t r a n s f e r  o r b i t .  The out-of-plane component of t h i s  maneuver i s  
targeted  t o  place the  OW i n t o  an e q u a t o r i a l  o r b i t  removing the  t r a n s f e r  o r b i t ' s  
26.3' i n c l i n a t i o n .  The hor izonta l  component of t h i s  burn is determined from t h e  
o r b i t a l  period requirement t o  phase f o r  longitude i n  one revolut ion.  Res t r i c t ing  
the  phasing requirement t o  a maximum ncatchupn o f  25O, the  r e s u l t i n g  geosynchronous 
d r i f t  o r b i t  could vary between approximately 19 323 n. mi.-by-17 200 n. mi. and 
19 323 n. m i .  c i r c u l a r  ( f o r  being a t  the  proper longitude a t  the  time of t h e  
manuever). Even without reoptimizing the  plane change p a r t i t i o n i n g  f o r  the  



t r a n s f e r  o r b i t ,  the  t o t a l  a d d i t i o n a l  AV required f o r  longitude phasing is approx- 
imately 20 fps f o r  t h i s  s t r a t egy .  This is shown i n  f i g u r e  2-6(a). For informa- 
t i o n  purposes, f igure  2-6(b) shows the  d r i f t  o r b i t  requirements r e f l e c t i n g  LEO 
departure one revolut ion e a r l i e r  whereby the  OTV longitude a t  geosynchronous a r -  
r i v a l  would be e a s t  of the  desired locat ion  requi r ing  the  OTV t o  " f a l l  backv by 
going t o  a  d r i f t  o r b i t  above geosynchronous. It seems t o  be s u b s t a n t i a l l y  
b e t t e r  f o r  performance t o  plan LEO departure oppor tuni t ies  based on a 25' eas t -  
e r l y  longitude s h i f t  requirement than f o r  maintaining a c a p a b i l i t y  t o  l i m i t  t h e  
s h i f t  t o  12.5'; t h i s  would imply both an e a s t e r l y  and westerly s h i f t  require-  
ment. 

One-half revolut ion  a f t e r  i n s e r t i n g  i n t o  the  equa to r i a l  geosynchronous phasing 
o r b i t ,  there  is provision f o r  co r rec t ing  o r b i t a l  d ispers ions .  Planned t o  occur 
e i t h e r  ( a )  a t  the  equator o r  (b)  one-half revolut ion a f t e r  i n s e r t i o n  i n t o  the  
required phasing o r b i t  ( i n  t h a t  order  of  p r i o r i t y ) ,  t h i s  nominally zero fps ma- 
neuver w i l l  provide the  c a p a b i l i t y  t o  c o r r e c t  a l t i t u d e  d ispers ions  r e s u l t i n g  
from the  geosynchronous t r a n s f e r  o r b i t  i n j e c t i o n  and a l s o  i n c l i n a t i o n  disper-  
s ions .  One revolut ion a f t e r  i n s e r t i o n  i n t o  the  geosynchronous longitude d r i f t  
o r b i t ,  t he  OTV performs a maneuver t o  c i r c u l a r i z e  a t  19 323 n. m i .  The OTV 
should be i n  an e q u a t o r i a l  o r b i t  and, hence, no plane change should be required.  

Shown i n  f i g u r e  2-7 is the  r e l a t i v e  motion of the  OTV i n  the geosynchronous 
d r i f t  o r b i t  with respect  t o  the  desired geosynchronous placement. The depen- 
dence of t h i s  motion upon the  required longitude make-up is a l s o  i l l u s t r a t e d .  

2.4.1.2.4 Geosynchronous operat ions phase.- The s p e c i f i c  a c t i v i t i e s  and dura- 
t i o n  of t h i s  phase is a var iable  depending upon the requirements and opera t ions  
associa ted  with the  deployment of the payload from the OW. Included i n  these  
opera t ions  would be a l l  OTV support t o  payload a c t i v a t i o n  and checkout, phys ica l  
r e l ease  of the  payload from the OW, and separa t ing  the  OTV away from the  pay- 
load p r i o r  t o  its re tu rn  to low Earth o r b i t .  

The OTV re tu rn  t o  the  space s t a t i o n  must be i n i t i a t e d  i n  the  v i c i n i t y  of  the  
node of the space s t a t i o n  o r b i t  plane t o  minimize the  performance requirements 
f o r  the  plane change. Two re turn  oppor tuni t ies  a r e  ava i l ab le  each day ( s i m i l a r  
t o  the  geosynchronous del ivery  oppor tun i t i e s )  -- one opportunity corresponding 
t o  the  OW a r r i v i n g  a t  the  space s t a t i o n  o r b i t  plane ascending node and the  
o ther  opportunity occurring a t  the  space s t a t i o n  o r b i t  plane descending node. 
The time between successive nodal cross ings  is approximately 11.7 hours; there-  
f o r e ,  while the  a c t u a l  deployment opera t ions  could be of any dura t ion ,  the  11.7 
hours should be considered the  minimum time the  OW would remain i n  geosynchro- 
nous o r b i t  p r i o r  t o  i n i t i a t i n g  a r e tu rn  t o  LEO and the  space s t a t i o n .  

After deployment of the payload, the  OW w i l l  perform a re t rograde  separa t ion  ma- 
neuver t o  move away from the  payload. The t a rge t ing  and timing c r i t e r i a  f o r  
t h i s  maneuver should provide s u f f i c i e n t  separa t ion  d is tance  between the  OTV and 
the  payload p r i o r  t o  the  OTV LEO t r a n s f e r  o r b i t  burn and not be performed s o  
near  the  LEO t r a n s f e r  o r b i t  i n j e c t i o n  point  a s  t o  force  the  LEO t r a n s f e r  t o  be 
delayed u n t i l  the  next opportunity (11.7 hours l a t e r ) .  For t h i s  study a 20 f p s  
separa t ion  maneuver was assumed with the  companion assumption it may occur any- 
where with respect  t o  t h e  LEO i n j e c t i o n  point .  



2.4.1.2.5 Low Ear th  o r b i t  t r a n s f e r  phase.- Two options a r e  presented here f o r  
the  OTV re tu rn  t o  the  space s t a t i o n .  They are :  (1) an a l l -propuls ive  OTV re- 
tu rn  which requ i res  t h a t  a l l  maneuvers be performed u t i l i z i n g  the  OTV propulsion 
system, and (2) an aerobraking/aeromaneuvering OTV re turn  which s u b s t i t u t e s  f o r  
OTV propulsion i n  the  d i s s ipa t ion  o f . o r b i t a 1  energy of the  t r a n s f e r  o r b i t .  I n  
e i t h e r  case,  the  approach taken is t o  br ing  the  OTV t o  a nominal LEO parking 
o r b i t  p r i o r  t o  i n i t i a t i o n  of  maneuvers f o r  e f f e c t i n g  rendezvous with the  space 
s t a t i o n .  To accommodate any downrange angular separa t ion  (phasing) between the  
space s t a t i o n  and OTV which can be induced by the  s p e c i f i c  f l i g h t  var iables ;  
e.g.,  geosynchronous longitude requirements, durat ion i n  geosynchronous o r b i t ,  
d ispers ion  s e n s i t i v i t y ,  e t c . ,  a 400 n. m i .  c i r c u l a r  o r b i t  is se lec ted .  This  
parking o r b i t  (200 n. m i .  above the  space s t a t i o n )  permits a rendezvous f o r  t h e  
worst phasing s i t u a t i o n  t o  be accomplished wi th in  approximately one day a f t e r  
a r r i v i n g  a t  low Earth o r b i t .  

It  is t o  be noted t h a t ,  while the  phasing is not a t a rge t ing  c r i t e r i a  p r i o r  t o  
at tainment of t h e  LEO parking o r b i t ,  the  same philosophy applied t o  the  o r i en ta -  
t i o n  of the OTV o r b i t  plane i n  low Earth o r b i t  r e l a t i v e  t o  the  space s t a t i o n  
o r b i t  plane could r e s u l t  i n  p roh ib i t ive  performance pena l t i e s  crea ted  by t h e  
required plane change. While there  is almost no movement of the  i n e r t i a l  node 
i n  the  geosynchronous and LEO t r a n s f e r  o r b i t s ,  the  space s t a t i o n  o r b i t  plane 
w i l l  r eg ress  approximately 7.2' per day. Therefore the  planning philosophy i s  
t o  t a r g e t  the  OTV t o  e s t a b l i s h  a plane t h a t  the  space s t a t i o n  w i l l  regress  i n t o  
a t  the time of rendezvous. The concept, t he re fo re ,  is  t o  choose the geosynch- 
ronous departure time t h a t  provides the  proper nodal b i a s  t o  account f o r  t h e  
t o t a l  d i f f e r e n t i a l  nodal regression experienced during the descent from geo- 
synchronous o r b i t  through rendezvous. This is i l l u s t r a t e d  i n  f i g u r e s  2-8 ( a )  and 
2-8 (b)  . Beyond t h i s  timing planning, which app l i e s  t o  both the  a l l  propulsive 
and aerobraking/aeromaneuvering opt ions ,  it is assumed no o ther  e x p l i c i t  
t a rge t ing  provision is made f o r  con t ro l l ing  r e l a t i v e  o r i en ta t ion  between the  OTV 
and space s t a t i o n  o r b i t  planes p r i o r  t o  i n i t i a t i o n  of  LEO rendezvous maneuvers. 

2.4.1.2.5.1 OTV al l -propuls ive  t r ans fe r :  P r io r  t o  OTV a r r i v a l  a t  the  common 
node of  the  space s t a t i o n  o r b i t  plane and the  O T V f s  geosynchronous e q u a t o r i a l  
o r b i t ,  the  OTV executes the  maneuver which p laces  it on a t r a n s f e r  t r a j e c t o r y  
from geosynchronous o r b i t  t o  a prerendezvous LEO parking o r b i t .  By properly t i m -  
ing  t h i s  maneuver, the  OW can nominally be placed i n  a phantom space s t a t i o n  
o r b i t  plane which, a t  the  time of rendezvous w i l l  be coincident  with the  a c t u a l  
space s t a t i o n  o r b i t  plane through maneuvers which achieve the  required change i n  
i n c 1 i n a t i o n . a ~  opposed t o  maneuvers which a r e  required t o  change both inc l ina -  
t i o n  and node. This s t r a t egy  optimizes the  performance requirements f o r  the  OW 
t o  match the  o r b i t  plane of t h e  space s t a t i o n .  

A t y p i c a l  geosynchronous departure window f o r  the  a l l -propuls ive  r e t u r n  is shown 
i n  f i g u r e  2-8(a). T h i s  f i g u r e  i l l u s t r a t e s  the  maneuver loca t ion  dependence upon 
the  phasing between the  OTV and space s t a t i o n  referenced t o  OW a r r i v a l  a t  the  
space s t a t i o n  node. (The f igure  a l s o  r e l a t e s  the  maneuver loca t ion  t o  a nominal 
impulse time). The major cont r ibutor  t o  the  maneuver locat ion  is the d i f feren-  
t i a l  nodal regression between the  OTV and space s t a t i o n  o r b i t  during the  t rans-  
f e r  t o  low Earth o r b i t .  This is independent of phasing and represents  a minimum 
loca t ion  b ias .  To t h i s  is applied an add i t iona l  correc t ion  t o  account f o r  



r e l a t i v e  nodal e f f e c t s  during the LEO rendezvous operat ions.  The maximum loca- 
t ion  b ias ,  approximately 2.92' p r i o r  t o  a r r i v a l  a t  the  instantaneous space 
s t a t i o n  node (equivalent  t o  11.4 minutes) is based on the  worst case phasing 
for  rendezvous. (The approximate worst case phase angle between the  space 
s t a t i o n  and OTV a t  the time o f  Om descent i n i t i a t i o n  is 72O, the  OW ahead 
o f  the space s t a t i o n ) .  

The low Earth o r b i t  t r a n s f e r  maneuver is s i m i l a r  t o  the  s t r a t e g y  employed i n  the  
t r a n s f e r  from LEO t o  geosynchronous o r b i t ,  namely the  t r a n s f e r  from geosynchro- 
nous o r b i t  is a standard t r a j e c t o r y  t o  LEO independent of s p e c i f i c  phasing and 
r e s u l t s  from the following t a rge t ing  c r i t e r i a :  

A .  The desired perigee a l t i t u d e  be 400 n. m i .  

B. Perigee t o  l i e  on the equator approximately one-half o r b i t  a f t e r  t r a n s f e r  
o r b i t  in j ec t ion .  

C. A 26.3' i n c l i n a t i o n  be achieved, r e f l e c t i v e  of  optimizing the plane change. 
Thus, a f t e r  i n s e r t i o n  i n t o  the  LEO t r a n s f e r  o r b i t ,  the  OTV i s  i n  a t r a n s f e r  
o r b i t  with an apogee a l t i t u d e  t h a t  is a function of separa t ion  maneuver, but  
a mximum of 19 323 n. m i .  , a perigee a l t i t u d e  of 400 n. m i .  and a 26.3' in-  
c l i n a t i o n .  Upon a r r i v i n g  a t  the equator ,  the  LEO i n s e r t i o n  maneuver is 
performed. 

2.4.1 .2.5.2 OTV aerobraking/aeromaneuvering t r a n s f e r :  The aerobraking/aero- 
maneuvering t r a n s f e r  option is fundamentally s i m i l a r  i n  t a r g e t i n g  t o  the  a l l -  
propulsive option;  the  primary d i f ference  between the  two opt ions  during t h i s  
phase is  the  t a r g e t s  f o r  the  maneuver t o  i n i t i a t e  the  descent from geosynchro- 
nous o r b i t .  Shown i n  f i g u r e  2-8(b) is the  departure window f o r  t h i s  OTV r e t u r n  
option.  

Preliminary s t u d i e s  have indica ted  t h a t ,  based upon a set of  assumed veh ic le  
c a p a b i l i t i e s  and cons t ra in t s ;  e.g., l i f t - to-drag ,  b a l l i s t i c  c o e f f i c i e n t ,  loads,  
e t c . ,  a f l i g h t  path angle of about -4' a t  ent ry  i n t e r f a c e  (400 000 f t )  w i l l  be 
required.  For geosynchronous descent t r a j e c t o r i e s ,  t h i s  t a r g e t  s e t  corresponds 
to a vacuum perigee of  approximately 45.6 n. m i .  a l t i t u d e .  These same s t u d i e s  
have a l s o  shown t h a t ,  f o r  the veh ic le  f l i g h t  c h a r a c t e r i s t i c s  assumed; e.g., 0.5 
LID, and 5.12 W/CDA, t he re  is s u f f i c i e n t  maneuvering c a p a b i l i t y  t o  a t t a i n  a 2.2' 
i n c l i n a t i o n  change during the aerodynamic f l i g h t  regime. This then permits the  
t r a n s f e r  maneuver t o  be targeted f o r  a 26.3' i n c l i n a t i o n  change a s  opposed t o  
t h e  e n t i r e  28.5O i n c l i n a t i o n ;  thereby,  saving 165 f p s  for  the maneuver. 

A s  previously described f o r  the  OTV a l l  propulsive opt ion ,  OTV t r a n s f e r  from 
geosynchronous o r b i t  is i n i t i a t e d  p r i o r  t o  the  OW a r r i v a l  a t  the  common node be- 
tween the  OTV and space s t a t i o n  o r b i t s .  This maneuver places t h e  OTV i n  an 
o r b i t  with a maximum apogee of 19 323 n. m i . ,  a  vacuum perigee of 45.6 n. m i .  
and an i n c l i n a t i o n  o f  26.3'. After  the i n i t i a l  maneuver is performed, one o r  
more midcourse maneuvers w i l l  be required t o  c o n t r o l  the  f l i g h t  path angle  a t  
400 000 f e e t .  The s e n s i t i v i t y  of ent ry  condit ions a t  400 000 f e e t  a r e  shown i n  
f i g u r e  2-9. Precise navigation and adequate propel lant  f o r  performing the  neces- 
sary  t r a j e c t o r y  cor rec t ions  w i l l  be a requirement. 



Upon reaching 400 000 f e e t  a l t i t u d e ,  the  OTV begins its aerodynamic braking/ 
maneuvering t o  lower the apogee from 19 323 n. m i .  (maximum) t o  400 n. m i .  and 
t o  inc rease  the  i n c l i n a t i o n  o f  the o r b i t  from 26.3' t o  28.5'. Using a s  a 
se lec ted  s e t  of t a r g e t s ,  the i n e r t i a l  ve loc i ty ,  f l i g h t  path angle, and inc l ina -  
t ion  associa ted  with a 28.5' inc l ined 400 n. mi./45.6 n. m i .  o r b i t  a t  340 000 
f e e t ,  the  OTV atmospheric f l i g h t  regime (time below 400 000 f e e t )  is on the  
order  of 450 second durat ion.  The OTV then coas t s  t o  apogee and maneuvers t o  
r a i s e  apogee t o  approximately 400 n. m i .  

The d e t a i l s  associa ted  with aerobraking/aeromaneuvering phase a r e  more f u l l y  
described i n  paragraph 2.5. 

2.4.1.2.6 OTV re tu rn  t o  space s t a t i o n  .- This phase encompasses a l l  events from 
OTV attainment of a low Earth parking o r b i t  through the  rendezvous and space s t a -  
t i o n  recovery of the  OW. While the technique; e.g., a l l -propuls ive  o r  aero- 
braking/aeromaneuvering, produces inherent  d i f ferences  i n  the  manner i n  which 
the  OTV achieves its LEO parking o r b i t ,  the  concept f o r  the  OTV f i n a l  r e tu rn  
phase is based on a s t r a t egy  of maximizing p r o f i l e  s i m i l a r i t y  between the  two 
opt ions  . 
To e f f e c t  t h i s  objec t ive ,  rendezvous phasing operat ions a r e  i n i t i a t e d  from the  
LEO parking o r b i t  a t  the  first ava i l ab le  OTV crossing of the  common node between 
the  space s t a t i o n  and OTV o r b i t  planes. While the nominal mission can theore t i -  
c a l l y  be designed such t h a t  the  proper r e l a t i v e  alinement between the  OW and 
space s t a t i o n  o r b i t  plane can be achieved, opera t ional  planning d i c t a t e s  t h a t  vi-  
a b l e  off-nominal condit ions be accommodated. Scheduling the  phasing maneuver a t  
the  common node provides a capab i l i ty  t o  account f o r  OTV dispers ions  with mini- 
mized e f f e c t  on performance, i n  t h a t  any out-of-plane maneuvers can be combined 
with the  rendezvous in-plane maneuvers. See sec t ion  2.7 f o r  more discussion.  

It has been assumed t h a t  the  OTV dwell a minimum of two revolut ions  i n  the  low 
Earth o r b i t  p r i o r  t o  i n i t i a t i o n  of rendezvous t o  support the required data  acqui- 
s i t i o n ,  processing, and commanding a c t i v i t i e s .  This w i l l  r e s u l t  i n  the  OW, 
p r i o r  t o  i n i t i a t i o n  of the rendezvous sequence, being i n  the  LEO parking o r b i t  
approximately one-half revolut ion longer f o r  the a l l  propulsive option than f o r  
the  aerobraking/aeromaneuvering option. The d i f ference  i n  LEO coast  time occurs 
from the f a c t  t h a t  the  c i r c u l a r i z a t i o n  point  is c h a r a c t e r i s t i c a l l y  180' out-of- 
phase between the two options;  the number of o r b i t s  measured from departure from 
geosynchronous o r b i t  i n t o  the  LEO t r a n s f e r  o r b i t  remains constant .  

2.4.1.2.6.1 LEO parking o r b i t  

A .  All-propulsive option: A t  the  equa to r i a l  crossing,  the  OTV performs a 
maneuver which both nominally c i r c u l a r i z e s  the OTV o r b i t  a t  400 n. m i .  and 
changes the  inc l ina t ion  from 26.3' t r a n s f e r  o r b i t  t o  the  space s t a t i o n  
o r b i t a l  i n c l i n a t i o n  o f  28.5'. 



It should be recognized t h e  above t a r g e t i n g  s t r a t e g y  is  shown a s  base l ine ;  
t he  p r e c i s e  maneuver s t r a t e g y  and a s soc i a t ed  t a r g e t i n g  c r i t e r i a  f o r  i n s e r -  
t i o n  i n t o  t h e  LEO parking o r b i t  should be der ived  from a performance ana l -  
y s i s  based upon OTV GN&C c a p a b i l i t y  and suppor t ing  f l i g h t  sof tware.  Typi- 
c a l l y ,  what must be considered are 

1. Performance imp l i ca t i ons  o f  c o n t r o l l i n g  t h e  r e l a t i v e  o r b i t a l  p lane  (bo th  
i n c l i n a t i o n  and node) with t h i s  maneuver a s  opposed t o  c o n t r o l l i n g  only 
t he  i n c l i n a t i o n  and d e f e r r i n g  the  nodal adjustment f o r  i nco rpo ra t i on  
i n t o  t h e  rendezvous sequence. 

2. Resul tan t  parking o r b i t  o r b i t a l  per iod (and impact on rendezvous t ime)  
from a l t i t u d e  d i spe r s ions .  

3.  Performance imp l i ca t i ons  a s soc i a t ed  with t he  c o n t r o l  o f  post-LEO i n s e r -  
t i o n  o r b i t a l  per iod .  

4 .  The assumed OTV ope ra t i ons  s cena r io  and t a r g e t i n g  l i m i t a t i o n s .  

Following a nominal coas t  i n  t h e  400 n. m i .  c i r c u l a r  LEO parking o r b i t  t h e  
OTV a r r i v e s  a t  t h e  common node between t h e  OTV and space  s t a t i o n  o r b i t s  and 
t h e  rendezvous sequence a s soc i a t ed  with t h e  OTV r e t u r n  t o  t h e  space s t a t i o n  
is i n i t i a t e d .  

B. Aerobraking/aeromaneuvering option:  Upon a r r i v a l  a t  apogee o f  t h e  post-  
aerobraking/aeromaneuvering o r b i t  t h e  OTV then performs a maneuver t o  r a i s e  
p e r i g r e e  from t h e  r e e n t r y  a l t i t u d e  of  approximately 46 n.  m i .  t o  400 n. m i .  
Although t h i s  maneuver is planned t o  t h e o r e t i c a l l y  r e s u l t  i n  a c i r c u l a r  
o r b i t ,  t h e  i naccu rac i e s  i n  t h e  c o n t r o l  during t h e  aerodynamic f l i g h t  w i l l  re- 
s u l t  i n  apogee a l t i t u d e s  d i spersed  from t h e  planned 400 n. m i . ;  t h e r e f o r e ,  
t h e  exac t  maneuver s t r a t e g y  and t a r g e t i n g  c r i t e r i o n  op t ions  t h a t  a r e  a v a i l -  
a b l e  w i l l  need t o  be developed and subjec ted  t o  f u t u r e  a n a l y s i s .  I n  t h e  
i n t e r i m ,  the  assumption f o r  t h e  p re sen t  p r o f i l e  is t h a t  the O W  t a r g e t s  t h i s  
maneuver t o  achieve a predetermined a l t i t u d e ;  i .e . ,  400 n. m i .  

2.4.1.2.6.2 OTV/space s t a t i o n  rendezvous: The maneuvers a s s o c i a t e d  wi th  rendez- 
vous are d iscussed  i n  d e t a i l  i n  paragraph 2.6. While the  maneuver sequence and 
s t r a t e g y  is independent o f  t h e  r e t u r n  op t ion ;  i .e . ,  a l l -p ropu l s ive  aerobraking/  
aeromaneuvering, t he  s p e c i f i c  p r o f i l e  da ta  a r e  not .  This  is due t o  two f a c t o r s :  
( a )  t he  p r o f i l e  time l i n e s  between the  two opt ions  d i f f e r  and (b)  t h e  a l l -pro-  
pu l s ive  s imula t ion  assumed p e r f e c t  guidance, nav iga t ion ,  and c o n t r o l  f o r  the 
OTV wi th  r e s p e c t  t o  being a b l e  t o  achieve t he  des i r ed  o r b i t a l  t a r g e t s  whi le  t he  
aerobraking/aeromaneuvering s imula t ion  u t i l i z e d  a pre l iminary  concept f o r  a con- 
t r o l  a lgo r i t hm and a c t u a l l y  flew an aerobraking/  aeromaneuvering t r a j e c t o r y  t h a t  
r e s u l t e d  i n  a c t u a l  d i s p e r s i o n s  o f  the  des i red  o r b i t a l  t a r g e t s .  

For  t h e  p r o f i l e  contained i n  t h i s  document t he  worst  case  phasing s i t u a t i o n  f o r  
t h e  time l i n e  a s soc i a t ed  with t he  a l l -p ropu l s ive  op t ion  was assumed. (This  worst  
phasing is  f o r  t h e  OTV t o  lead  the  space s t a t i o n  by 72' a t  t h e  t ime t h e  OTV in -  
j e c t s  i n t o  t h e  LEO t r a n s f e r  o r b i t ) .  For t h e  aerobraking/  aeromaneuvering r e t u r n  
op t ion ,  t h e  space s t a t i o n  and OTV geosynchronous state v e c t o r s  used f o r  t h e  



a l l -p ropu l s ive  op t ion  remained t h e  same. The d i f f e r e n c e s  i n  t r a j e c t o r y  between 
t h e  two r e t u r n  op t ions  r e s u l t e d  i n  d i f f e r e n t  phasing cond i t i ons  a t  t h e  time t h e  
rendezvous sequence is i n i t i a t e d .  

Due t o  a  combination o f :  (a)  t r a j e c t o r y  d i f f e r e n c e  between t h e  a l l -p ropu l s ive  op- 
t i o n  and aerobraking/aeromaneuvering option and (b) t h e  d i f f e r e n c e  i n  t h e  loca- 
t i o n  of  t h e  common node; e.g., time of t h e  phasing maneuver between t h e  above 
op t ions ,  t h e  rendezvous f o r  t he  a l l -p ropu l s ive  op t ion  (worst  c a se )  requi red  32 
hours from GEO depar ture  u n t i l  ach iev ing  the  s t a b l e  o r b i t  whereas t he  aerobrak- 
ing/aeromaneuvering opt ion  requi red  13 hours.  

2.4.1.3 Payload R e t r i e v a l  From Geosynchronous O r b i t  

Typica l  f l i g h t  p r o f i l e s  and AV requirements  f o r  t h i s  c l a s s  of  missions a r e  
summarized i n  the  sequence of events  and AV t a b l e s  ( t a b l e s  2-111 and 2-IV). 
Table  2 - I I I ( a )  r e f l e c t s  t h e  op t ion  f o r  an a l l -p ropu l s ive  OTV r e t u r n  t o  t h e  space 
s t a t i o n ;  t he  aerobraking/  aeromaneuvering r e t u r n  op t ion  is shown i n  t a b l e  2- 
III( b )  . The p r o f i l e  d i f f e r e n c e  between t h i s  r e t r i e v a l  mission and t h e  d e l i v e r y  
mission descr ibed i n  paragraph 2.4.1.2 occurs  i n  t he  events  between t h e  es tab-  
l ishment  o f  t he  geosynchronous d r i f t  (phasing)  o r b i t  and the  f i n a l  geosynchronous 
o r b i t .  These two phases of  t he  p r o f i l e  a r e  i l l u s t r a t e d  i n  t h e  o r b i t a l  diagrams 
i n  f i g u r e s  2-10(a) and 2-10(b).  The remainder of  t h e  p r o f i l e s  are a s  prev ious ly  
i l l u s t r a t e d  i n  f i g u r e s  2-4. 

2.4.1.3.1 Deployment and s e p a r a t i o n  phase.- The s t r a t e g y ,  sequence of  even t s  
and t ime l ine  f o r  t h i s  phase of  t h e  payload r e t r i e v a l  mission a r e  i d e n t i c a l  t o  
those descr ibed f o r  t h e  payload d e l i v e r y  mission (paragraphs 2.3 and 2.4.1.2.1 ) . 
It should be noted t h a t  t h e  above is v a l i d  i n  its e n t i r e t y  only i f  t h e  payload 
is performing p r e c i s e  north-south s t a t i onkeep ing  i n  geos t a t i ona ry  o r b i t ;  e .g . ,  
e q u a t o r i a l  o r b i t .  If t h e  payload is permit ted t o  d r i f t  i n  a  north-south d i r e c -  
t i o n  and/or  it was not  p r e c i s e l y  placed i n  an e q u a t o r i a l  o r b i t  t he  s t r a t e g y  must 
be s l i g h t l y  modified t o  accommodate t h e  more gene ra l  s i t u a t i o n .  The r equ i r ed  
modif icat ion is t o  deploy i n  such a  manner t h a t  s e t s  up t h e  geosynchronous t r ans -  
fer  po in t  approximately a t  t h e  common node between t h e  space s t a t i o n  o r b i t  p lane  
and the  des i r ed  geosynchronous p lane .  

I n  order  t o  provide a  c a p a b i l i t y  t o  r e t r i e v e  a geosynchronous payload i n  an  
i n c l i n e d  o r b i t  at anytime throughout t he  year  the  OTV performance should be 
s i z e d  f o r  the  maximum outbound plane change a n t i c i p a t e d .  In t h i s  i n s t ance ,  t h e  
28.5' is  not  t h e  maximum but  r a t h e r  an increment must be added equiva len t  t o  t h e  
des ign- to- inc l ina t ion  of  the  geosynchronous payload o r b i t .  

2.4.1.3.2 Geosynchronous t r a n s f e r  phase.- This phase f o r  the geosynchronous pay- 
load r e t r i e v a l  mission is i d e n t i c a l  t o  t h a t  descr ibed f o r  t h e  d e l i v e r y  miss ion  
i n  paragraph 2.4.1.2.2. 

A s  noted i n  t he  preceding s e c t i o n ,  cons ide ra t i on  of a more genera l ized  payload 
o r b i t  i n c l i n a t i o n  (nonzero) would have the  e f f e c t  o f  l o c a t i n g  the  maneuvers a t  
t h e  common node r a t h e r  than t h e  equa tor .  



2.4.1.3.3 Geosynchronous phasing.- I n  a manner very s i m i l a r  t o  d r i f t i n g  t o  t h e  
des i r ed  l ong i tude  f o r  t h e  de l ive ry  mission (paragraph 2.4.1.2.3) t h e  OTV per-  
forms a maneuver a t  t h e  equa tor  (common node) t h a t  nominally e s t a b l i s h e s  a 
geosynchronous d r i f t  (phasing)  o r b i t  coplanar  with t h e  o r b i t  of t h e  payload. 
I n i t i a t e d  one-half r evo lu t ion  a f t e r  i n s e r t i o n  i n t o  t h e  geosynchronous t r a n s f e r  
o r b i t ,  t h i s  d r i f t  o r b i t  s e rves  t o  provide the  mechanism f o r  e s t a b l i s h i n g  a 
catchup t o  t h e  t a r g e t  payload wi th in  c o n t r o l l a b l e  bounds. 

Cons idera t ions  a s soc i a t ed  with rendezvous t h a t  must be accounted f o r  i n  t h e  
method o f  f l i g h t  implementation a r e  

A .  Var iab le  phasing cond i t i ons .  

B. The time cons t an t  a s soc i a t ed  with maneuvering i n  both t h e  geosynchronous 
t r a n s f e r  and geosynchronous o r b i t s .  

C. Magnitude and d i r e c t i o n  of  requi red  maneuvers. 

D. P a r t i t i o n i n g  of  i n e r t i a l  nav iga t ion  and r e l a t i v e  naviga t ion  phases and 
a s s o c i a t e d  onboard sensor  requirements .  

E. Performance opt imiza t ion .  

F. T ra j ec to ry  s e n s i t i v i t i e s  and c o r r e c t i o n  o p p o r t u n i t i e s .  

The implementation s t r a t e g y  employed f o r  de l ive ry  o f  a payload t o  a s p e c i f i e d  
longi tude  (paragraph 2.4.1.2) appears  t o  be a candida te  op t ion  t h a t  a l s o  has  
p o t e n t i a l  f o r  favorab ly  s a t i s f y i n g  t h e  above requirements f o r  a non-time c r i t i -  
c a l  rendezvous. S p e c i f i c a l l y  

A .  The c a p a b i l i t y  is provided t o  l i m i t  t h e  phasing regime t h a t  must be accomo- 
dated by c o n t r o l l i n g  t he  phasing envelop t o  w i th in  25' p r i o r  t o  committing 
t h e  OTV t o  f r e e - f l i g h t .  

B. The time requi red  i n  t h e  phasing o r b i t  can be l i m i t e d  t o  one r e v o l u t i o n  (24 
hours)  f o r  t h e  phase range considered wi th in  minimal performance impact.  

C. By l i m i t i n g  t h e  phasing range and providing one f u l l  o r b i t  i n  t h e  phasing 
o r b i t ,  t h e  out-of-plane motion can e f f e c t i v e l y  be removed; t h u s ,  pe rmi t t i ng  
a bounded maneuver i n  terms of  magnitude and d i r e c t i o n .  

D. Targe t ing  f o r  a p o s i t i o n  which is o f f s e t  from t h e  payload c o n s i s t e n t  wi th  
OTV onboard t r a c k i n g  can r e a d i l y  be accommodated without  p e r t u r b a t i o n  
t o  the  previous c r i t e r i a .  

E. The performance opt imiza t ion  s t r a t e g y  f o r  a g e n e r a l  geosynchronous t r a n s f e r  
can be l a r g e l y  employed without encounter ing a performance dependence upon 
i n i t i a l  r e l a t i v e  cond i t i ons .  

F. The oppor tun i ty  f o r  phasing and plane change c o r r e c t i o n s  is af forded  approxi- 
mately one-half o r b i t  a f t e r  i n s e r t i o n  i n t o  t he  geosynchronous phasing o r b i t .  



To accommodate a 250 phasing (OTV t r a i l i n g )  t h e  OTV i n s e r t s  i n t o  a 19 323-by- 
17 200 n. m i .  phasing o r b i t  with ze ro  degree i n c l i n a t i o n .  This  maneuver is a 
combined phasing and plane change and is designed t o  p l ace  t he  OTV 50 n. m i .  
ahead of  t he  payload and a t  t he  same a t t i t u d e  i n  one o r b i t .  Unlike t h e  d e l i v e r y  
miss ion ,  t he  payload r e t r i e v a l  r e q u i r e s  a d d i t i o n a l  catch-up of  approximately 0. l o  
i n  order  t h a t  t h e  OTV e s t a b l i s h  t h e  l ead ing  r e l a t i v e  p o s i t i o n .  

Approximately one-half o r b i t  fol lowing i n s e r t i o n  i n t o  t h e  geosynchronous phasing 
o r b i t ,  t h e  OTV performs a midcourse c o r r e c t i o n  i f  r equ i r ed .  F i n a l l y ,  af ter  one 
r evo lu t ion  i n  t h e  geosynchronous phasing o r b i t ,  t h e  OTV i n i t i a t e s  t h e  payload 
rendezvous phase. 

The r e l a t i v e  motion between the  OTV i n  t h e  geosynchronous phasing o r b i t  and t h e  
geosynchronous payload very c l o s e l y  p a r a l l e l s  t o  f i g u r e  2-7 which shows t h e  r e l a -  
t i v e  motion wi th  r e s p e c t  t o  t h e  des i r ed  geosynchronous placement. The s l i g h t  
d i f f e r e n c e  involved is due t o  a smal l  change i n  o r b i t a l  per iod r equ i r ed  t o  a t -  
t a i n  t h e  50 n .  m i .  o f f s e t  p o s i t i o n ;  g r a p h i c a l l y ,  f o r  a l l  p r a c t i c a l  purposes ,  t h e  
o r i g i n  o f  f i g u r e  2-7 can be s h i f t e d  50 n. m i .  t o  t h e  r i g h t  and t h e  r e s u l t i n g  mo- 
t i o n  p r o f i l e  be  i n d i c a t i v e  o f  an i n i t i a l  phasing approximately 0.1' less than 
ind i ca t ed .  

2.4.1.3.4 OTV/payload rendezvous phase.- Following one o r b i t  c o a s t  i n  t h e  
geosynchronous phasing o r b i t ,  t h e  OTV i n i t i a t e s  t h e  s e t  o f  maneuvers and 
a s s o c i a t e d  onboard naviga t ion  t o  e f f e c t  rendezvous with t he  payload. These ma- 
neuvers c o n s i s t  p r imar i l y  of  t h e  OTV e s t a b l i s h i n g  an i n t e r c e p t  t r a j e c t o r y  wi th  
t h a t  of  t he  payload, maintenance of  t he  i n t e r c e p t  t r a j e c t o r y  through t h e  imple- 
mentation of a midcourse c o r r e c t i o n  s t r a t e g y ,  and braking ( n u l l i n g  t h e  r e l a t i v e  
v e l o c i t y  between t h e  OTV and payload by t h e  time the  OTV a r r i v e s  a t  t h e  payload) 
according t o  a predetermined c o n t r o l  s t r a t e g y  of  t he  approach c o r r i d o r  r e l a t i v e  
cond i t i ons .  Addi t iona l  maneuvers f o r  proximity ope ra t i ons  such a s  s t a t i onkeep ing ,  
f l y  around, docking al inement ,  etc. ,  fo l lowing  t h e  OTV a r r i v a l  a t  t h e  payload 
w i l l  a l s o  be requi red .  

To e s t a b l i s h  t h e  i n t e r c e p t  t r a j e c t o r y ,  t h e  fo l lowing  r e l a t i v e  cond i t i ons  were 
t h e  assumed nominal. 

A .  The OTV is 50 n. m i .  ahead of  t h e  payload. 

B. The OTV is a t  t h e  same a l t i t u d e  as t h e  payload. 

C.  The OTV o r b i t  and payload o r b i t  a r e  coplanar .  

D. The r e l a t i v e  v e l o c i t y  between t h e  OTV and payload ( p r i o r  t o  i n t e r c e p t  i n i -  
t i a t i o n )  is  a v a r i a b l e ,  depending upon t h e  phasing t h a t  e x i s t e d  a t  t he  time 
the geosynchronous phasing o r b i t  was e s t a b l i s h e d .  

It should be noted t h a t  t he  preceding r e l a t i v e  cond i t i ons  not  only i n f luence  t h e  
i n t e r c e p t  t r a j e c t o r y  during t h e  rendezvous phase bu t  they a l s o  r e f l e c t  back on 
the  geosynchronous phasing o r b i t  i n  terms of  t he  maneuver t a r g e t i n g  requirements  
( i nc lud ing  midcourse) f o r  t h a t  phase. The 50 n.  m i .  d i s t a n c e  is a p re sen t  as-  
sumption which w i l l  be s u b j e c t  t o  modi f ica t ion  a s  t h e  d e t a i l e d  OTV systems and 



ope ra t i ons  mature.  Primary f a c t o r s  t h a t  w i l l  govern t h e  s e l e c t i o n  of  t he  nomi- 
n a l  aim p o i n t  w i l l  be t h e  accuracy with which t h e  OTV can a t t a i n  t h e  des i r ed  r e l -  
a t i v e  p o s i t i o n ;  t h e  c a p a b i l i t y  of  t h e  OTV onboard t r a c k i n g  senso r s ;  t r a j e c t o r y  
s e n s i t i v i t i e s  t o  ground and onboard system performance; performance impact t o  
recover  from t h e  expected t r a j e c t o r y  d i spe r s ion  envelop; o p e r a t i o n a l  suppor t  
requirement;  e t c .  

Targe t ing  t h e  OTV ahead o f  t he  payload p r i o r  t o  i n i t i a t i n g  t h e  i n t e r c e p t  may be 
more optimum i n  terms o f  performance than t a r g e t i n g  f o r  a t r a i l i n g  p o s i t i o n  i f  
f e a s i b i l i t y  s t u d i e s  show t h a t  t h e  OTV system can accommodate an i n t e r c e p t  maneu- 
ver  t h a t  is t a rge t ed  and executed d i r e c t l y  from a  geosynchronous phasing o r b i t  
w i th in  imposed o p e r a t i o n a l  c o n s t r a i n t s .  This  s t r a t e g y  w i l l  nominally y i e l d  a  
sav ings  i n  AV of  approximately 165 f p s  f o r  t he  worst case  25' phasing. I f  
such s t r a t e g y  is no t  p r a c t i c a l  from o p e r a t i o n a l  cons ide ra t i ons  o r  OTV system 
c o n s t r a i n t s ,  t h e  OTV would be requi red  t o  a t t a i n  what is tantamount t o  a  s t a b l e  
o r b i t  p r i o r  t o  i n i t i a t i o n  of  t h e  rendezvous i n t e r c e p t  maneuver; t h u s  any per- 
formance advantage would be l o s t .  F igure  2-1 1  shows t h e  t o t a l  nominal AV r e -  
quirement t o  rendezvous a s  a  func t ion  of  phasing and t h e  approach quadran t .  
The t a r g e t i n g  f o r  t he  i n t e r c e p t  maneuver was s e l e c t e d  such t h a t  t h e  t ime f o r  OTV 
rendezvous with the  payload was one hour (approximately 15' of c e n t r a l  ang le  a t  
geosynchronous a l t i t u d e ) .  Over t h e  t r a n s f e r  time, t h e  r e l a t i v e  motion between 
t h e  OTV and payload is e s s e n t i a l l y  l i n e a r  with r e spec t  t o  an i n e r t i a l  r e f e r ence  
frame. This  is shown i n  f i g u r e  2-12(a).  Also, with r e spec t  t o  an i n e r t i a l  r e f -  
e r ence ,  a n a d i r  po in t ing  payload w i l l  r o t a t e  only 15'. The r e l a t i v e  motion is 
a l s o  shown i n  a r o t a t i n g  l o c a l  v e r t i c a l  r e f e r ence  frame i n  f i g u r e  2-12(b). 

It appears  reasonable  t o  expect  t h a t  rendezvous and docking i n  geosynchronous 
o r b i t  would be an e a s i e r  t a sk  than i n  low Ear th  o r b i t .  

2.4.1.3.5 Geosynchronous opera t ions . -  Following r e t r i e v a l  of t h e  payload by t h e  
OTV f o r  r e t u r n  t o  t h e  space s t a t i o n ,  t h e  OTV is assumed t o  be i n  a  s t a t e  of  read- 
i n e s s  f o r  LEO t r a n s f e r  o r b i t  i n s e r t i o n .  By v i r t u e  of  t h e  planning s t r a t e g y  
employed, a wait of  approximately 10 hours fo l lowing  rendezvous w i l l  be r equ i r ed  
f o r  t h e  first a v a i l a b l e  nodal  oppor tun i ty  t o  i n i t i a t e  t he  descent .  No 
geosynchronous ope ra t i ons ,  o the r  than the  rendezvous and docking a r e  assumed t o  
be r equ i r ed  f o r  t h e  r e t r i e v a l  mission. Unlike t he  d e l i v e r y  mission descr ibed  i n  
paragraph 2.4.1.2 t h a t  requi red  a pre-LEO t r a n s f e r  o r b i t  s epa ra t i on  maneuver, 
t h e  LEO t r a n s f e r  o r b i t  f o r  t he  r e t r i e v a l  mission is i n i t i a t e d  d i r e c t l y  from t h e  
c i r c u l a r  geosynchronous payload o r b i t .  

2.4.1.3.6 Low Ea r th  o r b i t  re turn . -  The r e t u r n  ope ra t i ons  o f  t h e  OTV from 
geosynchronous o r b i t  f o r  t h i s  mission is a s  descr ibed i n  paragraphs 2.4.1.2,  
2 .5 ,  and 2.6 f o r  t h e  OTV r e t u r n  phase of  t h e  de l ive ry  mission. The s p e c i f i c  pro- 
f i l e  has been designed t o  accommodate t he  s p e c i f i c  phasing cond i t i ons .  

2.4.1.4 Se rv i c ing  Geosynchronous S a t e l l i t e  C lus t e r  

This  mission is fundamentally i d e n t i c a l  t o  t h e  r e t r i e v a l  mission (paragraph 
2.4.1.3) with t h e  modi f ica t ion  t h a t :  ( a )  subsequent t o  t h e  i n i t i a l  rendezvous, 



a d d i t i o n a l  geosynchronous phasing segments are i n s e r t e d  t o  permit  rendezvous 
with m u l t i p l e  payloads and (b) p r i o r  t o  LEO t r a n s f e r  i n s e r t i o n  an OTV s e p a r a t i o n  
maneuver w i l l  be requi red .  Th i s  is a l s o  a p p l i c a b l e  fol lowing each s e r v i c i n g  
ope ra t i on ;  however it is expected t o  be a reasonable  assumption t h a t  t h i s  
s epa ra t i on  maneuver can be incorpora ted  as p a r t  of  t h e  r equ i r ed  phasing. Unlike 
t h e  s t r a t e g y  emloyed f o r  t he  i n i t i a l  rendezvous, the  phasing cannot be bounded 
t o  the 25' f o r  t h e  fo l lowing  rendezvous i n  a s  much as t h a t  phasing is e s t ab -  
l i s h e d  by t h e  r e l a t i v e  spacing between t h e  payloads i n  geosynchronous o r b i t ;  
t hus  f o r  a g iven  r e l a t i v e  phasing between payloads,  t h e  only t a c t i c  a v a i l a b l e  is 
t o  t r a d e  o f f  p r o p e l l a n t  with time spen t  i n  t h e  phasing o r b i t .  I n  l i e u  of  o r b i t a l  
diagrams t o  d e p i c t  t h i s  s e r i e s  o f  ope ra t i ons ,  a gene r i c  ( t y p i c a l )  r e l a t i v e  mo- 
t i o n  p r o f i l e  is presen ted  i n  f i g u r e  2-13 t o  convey, p i c t o r i a l l y ,  t he  p r o f i l e  
events .  F igure  2-14 shows t h e  AV t rade-of f  wi th  time spen t  i n  t h e  phasing 
o r b i t .  For information purposes,  should a c o n s t r a i n t  be imposed t h a t  t h e  
phasing o r b i t  a l t i t u d e  no t  exceed t h e  worst  case  f o r  t h e  i n i t i a l  rendezvous; 
e.g., 25' per  o r b i t  catch-up, 8  days ( 8  o r b i t s )  would then be requi red  t o  be  
spen t  phasing t o  rendezvous wi th  a  payload 180' away. 

2.4.2 OTV P lane t a ry  Mission Support 

U t i l i z a t i o n  o f  a  space s t a t i o n  based OTV and a S/C k i cks t age  module i n  suppor t  
of  a  t y p i c a l  Mars mission p r o f i l e  is addressed.  The OTV provides  p a r t  of  t he  i m -  
pu l se  t o  ach ieve  t h e  des i r ed  escape t r a j e c t o r y  by p l ac ing  the  S/C and k i cks t age  
on a high e l l i p t i c  o r b i t  and is then re turned  t o  t h e  space s t a t i o n .  The f i n a l  
impulse is provided by t h e  S/C k i cks t age  module after one r evo lu t ion  i n  t h e  
i n t e r i m  e l l i p t i c  o r b i t .  

2.4.2.1 P l ane t a ry  Mission Support Requirements 

The d i r e c t i o n  of t h e  Ear th  escape t r adec to ry  f o r  a p l ane t a ry  mission is def ined  
by the  v e l o c i t y - a t - i n f i n i t y  vec to r  (V*) whi le  &ge requi red  i n j e c t i o n  energy 

C is s p e c i f i e d  i n  terms o f  3  - t he  magnitude o f  Vm. Optimum i n j e c t i o n  coqdi- 
t i o n s  occur  when t h e  p lane  from which t h e  OTV would depa r t  con ta in s  t he  V* 
r e s u l t i n g  i n  a c o ~ l a n a r  depar ture .  I n j e c t i o n  from any o r b i t  plane which does 
no t  c o n t a i n  t h e  Vco w i l l  r e s u l t  i n  a performance pena l ty  because a  plane 
change w i l l  be necessary t o  s a t i s f y  t he  proper  escape cond i t i ons .  

The requi red  i n j e c t i o n  energy,  '3, changes with time and g e n e r a l l y ,  p l a n e t a r y  
missions a r e  planned wi th in  a  time frame of  minimum '3. This  time frame 
(e .g . ,  p l ane t a ry  launch window) is  governed by t h e  amount o f  v e h i c l e  performance 
a v a i l a b l e .  Typica l ly ,  t h e s e  i n j e c t i o n  windows can be from 20 t o  40 days 
( o r  more) with t he  minimum 3 requirement o f ten  occurring near t h e  middle 
of the  window. 

Previous Ear th-or ig ina ted  p l ane t a ry  mission support  provided t h e  optimum depar- 
t u r e  cond i t i ons  f o r  each d a i l y  window by launch time s e l e c t i o n .  This  made use  
of t he  Ear th  r o t a t i o n  t o  achieve t h e  des i r ed  o r b i t  plane o r i e n t a t i o n  i n  i n e r t i a l  
space a t  a  s p e c i f i e d  t ime. This  freedom of o r b i t  o r i e n t a t i o n  w i l l  not  be  
afforded when suppor t ing  a p l ane t a ry  mission from a space s t a t i o n  s i n c e  t h e  
space s t a t i o n  o r b i t  o r i e n t a t i o n  w i l l  not  be a c t i v e l y  c o n t r o l l e d  and w i l l  be 



determined p r i n c i p a l l y  by t h e  n a t u r a l  and uncont ro l led  f o r c e s  a c t i n g  on t h e  space 
s t a t i o n  over  time. (The space s t a t i o n  o r b i t a l  maneuvering c a p a b i l i t y  w i l l  b e  
very l i m i t e d ) .  

Some f l e x i b i l i t y ,  however, does e x i s t  t h a t  makes u t i l i z a t i o n  of a space s t a t i o n  
base+feas ib le  f o r  p l a n e t a r y  mission suppor t .  The d i r e c t i o n  of  t h e  Ea r th  escape 
o r  VOD is r e l a t i v e l y  cons t an t  ac ros s  t h e  launch per iod while  t h e  space s t a t i o n  
o r b i t  (200 n. m i .  a t  28.5' i n c l i n a t i o n )  is  precess ing  a t  a rate of  =7.2' per  day 
i n  t h e  oppos i t e  d i r e c t i o n  o f  its o r b i t a l  motion. This  means t h a t  t h e  space sta- 
t i o n  o r b i t  p lane  w i l l  p r eces s  a t o t a l  o f  360' every 50 days.  

3 
Assuming t h a t  t h e  abso lu t e  va lue  o f  t h e  d e c l i n a t i o n  of  t h e  Va+ (DLA) is less 
than t h e  i n c l i n a t i o n  of  t h e  space s t a t i o n  o r b i t  (28.5'1, t h e  VCD w i l l  l i e  i n  
t h e  space  s t a t i o n  o r b i t  plane twice during a g iven  50 day per iod.  A t  t h e s e  times 
an  inp l ane  i n j e c t i o n  burn is p o s s i b l e .  I f  i n j e c t i o n  occurs  a t  any o t h e r  time a 
plane change and hence a performance pena l ty  is r equ i r ed  t o  s a t i s f y  t h e  r equ i r ed  
escape cond i t i ons .  

If t h e  IDLA 1 4s g r e a t e r  than 28.5', t h e  space s t a t i o n  o r b i t  p lane  w i l l  never  
c o n t a i n  t h e  V a  and a minimum out-of-plane cond i t i on  e x i s t s  only once every 50 
days. 

From these  cons ide ra t i ons  it becomes obvious t h a t  ra e l y  w i l l  t h e  space  s t a t i o n  E be a l i n e d  op t ima l ly  ( i np l ane  i n j e c t i o n  wi th  minimum 3)  t o  suppor t  a p l an  t a r y  8 mission and a t r a d e  o f f  e x i s t s  between t h e  plane change r equ i r ed  and t h e  3 
requi red  f o r  o f f  optimum launch da tes .  Given a reasonable  i n j e c t i o n  pe r iod  
(e .g . ,  20 t o  40 days)  however, and an OTV of  r e l a t e d  performance c a p a b i l i t y ,  con- 
d i t i o n s  a t  times w i l l  be favorab le  t o  suppor t  some c l a s s e s  o f  p l ane t a ry  miss ions  
from a space s t a t i o n  base.  

2.4.2.2 Mission Guide l ines  and Assumptions 

A. The assumed energy requirements  r ep re sen t  a t y p i c a l  Mars mission.  

C 
B. The assumed enery ( 3) was 12 km2/sec2 which equa tes  t o  an i n j e c t i o n  

AV o f  12 000 f p s .  

C. The OTV provides  approximately 9000 f p s  of  t he  requi red  energy. A space- 
craft k i cks t age  module provides  t h e  remaining 3000 f p s  impulse fo l lowing  sep- 
a r a t i o n  from t h e  OTV. 

D. The OTV s e p a r a t e s  from the  s p a c e c r a f t  wi th in  t he  first h a l f  o r b i t  fo l lowing  
OTV burn te rmina t ion ;  the s p a c e c r a f t  k i cks t age  provides  t h e  f i n a l  impulse 
after  a one o r b i t  c o a s t .  

E. The d e c l i n a t i o n  of  t h e  (DLA) is  +15O p lac ing  t h e  optimum pe r igee  
l o c a t i o n  o f  t h e  escape t r a j e c t o r y  and hence t h e  OTV and k i cks t age  burn 
l o c a t i o n s  near  t h e  equa tor .  



2.4.2.3 Deployment and Separa t ion  Phase 

The nominal ignEtion time f o r  t h e  OTV i n j e c t i o n  burn is d i c t a t e d  by t h e  %J 
and a s s o c i a t e d  3 r equ i r ed  f o r  t he  proper  escape cond i t i ons .  These escape 
cond i t i ons  a r e  achieved by a combination of  t h e  OTV burn and t h e  f i n a l  S/C 
k i cks t age  module. 

The OTV/payload deployment time from t h e  space s t a t i o n  should be planned p r i o r  
t o  t he  s e l e c t e d  OTV i g n i t i o n  time al lowing s u f f i c i e n t  time f o r  systems t e s t s ,  
ach iev ing  s a f e  s epa ra t i on  from t h e  s t a t i o n ,  and o the r  func t ions  t h a t  may be 
requi red .  

Considering the  aforementioned t rade-off  between plane change and o f f  optimum in -  
j e c t i o n  energy requirements  i nhe ren t  i n  t h e  u t i l i z a t i o n  of  a  space s t a t i o n  f o r  
p l ane t a ry  mission suppor t ,  it would appear d e s i r a b l e  t o  design the  t o t a l  system 
t o  accommodate s e v e r a l  p o s s i b l e  backup deployment o p p o r t u n i t i e s  and/or  OTV i n j e c -  
t i o n  o p p o r t u n i t i e s .  S ince  t h e  space s t a t i o n  o r b i t  p recess ion  r a t e  o f  7.20/day 
t r a n s l a t e s  t o  a ' .5° / revolut ion,  t h e  performance pena l ty  f o r  providing s e v e r a l  
consecut ive  o r b i t a l  i n j e c t i o n  o p p o r t u n i t i e s  would be r e l a t i v e l y  smal l  when 
combined wi th  t h e  t o t a l  OTV AV r equ i r ed .  

D e t a i l s  f o r  a  t y p i c a l  OTV/payload deployment and sepa ra t i on  sequence from t h e  
space s t a t i o n  is contained i n  s e c t i o n  2.4. 

2.4.2.4 OTV/Payload Transfer  t o  I n t e r i m  E l l i p s e  

The i n i t i a l  OTV burn (AV-9000 f p s )  p l aces  t h e  OTV/payload on a  high (apogee 
-36 450 n. m i . )  i n t e r i m  e l l i p s e .  The o r i e n t a t i o n  of  t h i s  e l l i p s e  and hence t h e  
OW burn l o c a t i o n  is d i c t a t e d  by t h e  t a r g e t  parameters necessary t o  achieve 
t h e  des i r ed  a r r i v a l  cond i t i ons  a t  Mars. The per igee  l o c a t i o n  of  t h e  e l l i p s e  is 
chosen t o  op t imize  the  S/C k i cks t age  performance i n  ach iev ing  t h e  f i n a l  hyper- 
b o l i c  escape t r a j e c t o r y .  A schematic of  t h i s  po r t i on  of  t h e  mission is provided 
i n  f i g u r e  2-15(a).  

2.4.2.5 OTV Sepa ra t i on  From Payload/OTV LEO Return 

Following i n j e c t i o n  i n t o  t h e  h igh  in t e r im  e l l i p s e ,  t h e  OTV t r a j e c t o r y  suppor t  t o  
t he  combined p l ane t a ry  spacec ra f t / k i cks t age  module is terminated.  The OTV w i l l  
then be r equ i r ed  t o  maneuver from t h i s  p l ane t a ry  i n j e c t i o n  a s s i s t  o r b i t  t o  
low Ear th  o r b i t  and rendezvous with t h e  space s t a t i o n .  The t r a j e c t o r y  r equ i r e -  
ments t o  be s a t i s f i e d  by OTV maneuvering p r i o r  t o  reaching low Ea r th  o r b i t  a r e :  
( a )  e s t a b l i s h i n g  t h e  proper  per igee  a l t i t u d e  c o n s i s t e n t  with requirements  f o r  
e i t h e r  t h e  a l l  p ropuls ive  o r  aerobrak ing  r e t u r n  op t ion  and (b)  e s t a b l i s h i n g  t h e  
proper  o r b i t a l  p lane  wi th  r e s p e c t  t o  the  space s t a t i o n .  

2.4.2.5.1 OW nodal  a l inement/plane change c o r r e c t i o n  maneuver.- P r i o r  t o  OTV 
rendezvous with t h e  space s t a t i o n ,  any nodal misalinement and/or i n c l i n a t i o n  d i f -  
fe rence  between t h e  OTV o r b i t  p lane  and t h e  space s t a t i o n  p lane  must be cor- 
r ec t ed .  The nodal misalinement is caused by t h e  d i f f e r e n t i a l  nodal p r eces s ion  



rates between t h e  two o r b i t  p lanes  whi le  t h e  i n c l i n a t i o n  d i f f e r e n c e  would appear  
i f  a  plane change during t h e  OTV i n j e c t i o n  burn were r equ i r ed .  

Based on t h e  assumption t h a t  a coplanar  OW i n j e c t i o n  burn was p o s s i b l e ,  t h i s  
s p e c i f i c  p r o f i l e  does not  r e f l e c t  a more genera l ized  OTV plane change r equ i r e -  
ment. Th i s  requirement ,  however, should be given cons ide ra t i on  f o r  f u r t h e r  
f l i g h t  des ign  a c t i v i t i e s  and systems a n a l y s i s  t r a d e  s t u d i e s .  

A s  mentioned e a r l i e r  t h e  i g n i t i o n  time and p o s i t i o n  ( d e c l i n a t i o n )  o f  t h e  OTV in -  
j e c t i o n  burn and Bence t h e  l i n e  o f  aps ides  of  t h e  t r a n s f e r  e l l i p s e  is d i c t a t e d  
by t h e  r equ i r ed  Vm and 3 .  Thi s  a l s o  de f ines  t he  l i n e  o f  i n t e r s e c t i o n  of  t h e  
two p l anes  and t h e r e f o r e  t h e  two common nodal p o s i t i o n s  (180' a p a r t )  where t h e  
nodal  c o r r e c t i o n  maneuver must be performed. 

The optimum p lace  t o  perform t h i s  maneuver would be at t h e  common node of t h e  
two p lanes  t h a t  is c l o s e s t  t o  apogee o f  t h e  t r a n s f e r  e l l i p s e  s i n c e  t h e  v e l o c i t y  
of t h e  OTV is less a t  t h a t  p o i n t  and hence, t h e  AV r equ i r ed  t o  change d i r e c t i o n  
is less. Th i s  optimum p o s i t i o n  could e i t h e r  be on t h e  outbound leg o r  t h e  r e t u r n  
leg of  t he  t r a n s f e r  e l l i p s e  depending on t h e  d e c l i n a t i o n  o f  the  OTV i n j e c t i o n  
burn. 

Assuming t h a t  OTV s epa ra t i on  from t h e  S/C/kickstage occurs  s h o r t l y  be fo re  t h e  
first apogee of  t he  t r a n s f e r  e l l i p s e ,  t he  OTV would be f r e e  t o  perform t h i s  
a l inement  maneuver i f  t he  optimum maneuver time occurs  on t h e  r e t u r n  leg. I f  
t h e  s e p a r a t i o n  time from the  OTV is cons t ra ined  by S / C  and/or  k i cks t age  requi re -  
ments on t h e  outbound leg, however, t h e  OTV may not  be f r e e  t o  perform t h i s  ma- 
neuver at t h e  optimum time on t h e  outbound l eg .  Th i s  would probably r e s u l t  i n  
a s i g n i f i c a n t  AV pena l ty  and/or impact on t h e  OTV s t a y  time i n  t h e  t r a n s f e r  
e l l i p s e .  It appears  f e a s i b l e  t h a t  a second r evo lu t ion  i n  t h e  t r a n s f e r  e l l i p s e  
might be r equ i r ed  t o  accommodate t h i s  s i t u a t i o n .  Another a l t e r n a t i v e  would be 
t o  perform t h i s  maneuver after t h e  OTV has  r e tu rned  t o  low Ea r th  o r b i t ,  however, 
t h i s  may a l s o  r e s u l t  i n  a performance pena l ty .  It is not  t h e  i n t e n t  o f  t h i s  
document t o  add re s s  i n  d e t a i l  a l l  of  t he se  cons ide ra t i ons  bu t  t o  i n d i c a t e  
a r e a s  t h a t  need d e t a i l e d  a t t e n t i o n  i n  f u t u r e  t r a d e  s t u d i e s .  

A s  mentioned i n  t h e  g u i d e l i n e s  and assumptions,  f o r  development of  t h e  mission 
p r o f i l e  descr ibed  he re in ,  t h e  OTV i n j e c t i o n  burn was l oca t ed  a t  t h e  equa tor .  
Th i s  p l a c e s  t h e  common node of  t h e  OTV t r a n s f e r  o r b i t  p lane  and t h e  space s t a -  
t i o n  o r b i t  p lane  approximately +go0 from t h e  per igee  p o s i t i o n  ( t r u e  anomaly). 
Assuming t h e  OTV has  t h e  f l e x i b T l i t y  t o  perform t h i s  maneuver on e i t h e r  l e g  of  
t h e  t r a n s f e r  e l l i p s e ,  t h i s  r ep re sen t s  a  "worstv case  i n  terms of  t h e  AV 
requi red  t o  c o r r e c t  f o r  t h e  nodal  misalinement. Th i s  a l s o  r e s u l t s  i n  a  very 
s h o r t  time between t h i s  maneuver and the  OTV c i r c u l a r i z a t i o n  maneuver f o r  t h e  
a l l  p ropu l s ive  case  ( s e e  t a b l e  2-V(a); between t h i s  maneuver and t h e  e n t r y  
i n t e r f a c e  p o i n t  f o r  t he  aerobraking case  ( t a b l e  2-V(b)). 

2.4.2.5.2 OTV a l l -p ropu l s ive  re turn . -  P r i o r  t o  a r r i v a l  a t  apogee of t h e  in- 
terim e l l i p t i c  o r b i t ,  t h e  OTV sepa ra t e s  from t h e  spacec ra f t / k i cks t age .  Separa- 
t i o n  is planned t o  occur  a t  a time t h a t  i n s u r e s  t he  OTV is  a b l e  to meet an apogee 
a r r i v a l  i g n i t i o n  time while  a l s o  providing adequate d i s t a n c e  between t h e  OTV and 



s p a c e c r a f t .  A t  apogee, t h e  OTV a d j u s t s  per igee  t o  t h e  prerendezvous LEO park ing  
o r b i t  a l t i t u d e  o f  400 n. m i .  

P red ica ted  on t h e  assumption t h a t  OTV s e p a r a t i o n  from t h e  s p a c e c r a f t  occurs  be- 
yond t h e  first oppor tun i ty  t o  perform t h e  r e t u r n  p lane  change (which would occur  
p r i o r  t o  apogee a r r i v a l  f o r  t h i s  assumed mission p r o f i l e ) ,  t h e  r equ i r ed  plane 
change is made a t  t h e  second oppor tun i ty  (second c ros s ing  of t h e  common node be- 
tween the  i n t e r i m  e l l i p s e  and space s t a t i o n  parking o r b i t ) .  Th i s  r e s u l t s  i n  t h e  
plane change being performed a f t e r  t h e  per igee  a d j u s t  maneuver. Upon reaching  
p e r i g e e ,  t h e  OTV e s t a b l i s h e s  a prerendezvous LEO park ing  o r b i t ,  a f t e r  which t h e  
rendezvous sequence ( s ee  paragraph 2.6) w i l l  be i n i t i a t e d .  Table  2-V(a) con- 
t a i n s  t he  sequence o f  even t s  f o r  t h i s  mission p r o f i l e  and f i g u r e  2-15(a) pro- 
v ides  a g raph ic  i l l u s t r a t i o n .  

2.4.2.5.3 OTV aerobrak ing  re turn . -  The s t r a t e g y  descr ibed  i n  paragraph 
2.4.2.5.2 (OTV a l l -p ropu l s ive  r e t u r n )  a p p l i e s  t o  t h e  aerobraking r e t u r n  o p t i o n  
as well. The s i g n i f i c a n t  d i f f e r e n c e  between the  two op t ions  l i es  i n  t h e  a l t i -  
tude  adjustment maneuver t a r g e t i n g  performed a t  apogee of  t h e  i n t e r im  p l a n e t a r y  
i n j e c t i o n  e l l i p s e .  Rather than r a i s i n g  per igee  t o  400 n.  mi. a s  was requi red  f o r  
t h e  a l l -p ropu l s ive  op t ion ,  per igee  is t a rge t ed  t o  provide t h e  proper  cond i t i ons  
f o r  e n t r y  i n t o  t h e  atmosphere ( s e e  paragraph 2.5).  The r e s u l t  is t h a t  t h e  OTV 
w i l l  be r equ i r ed  t o  achieve a vacumn per igee  a l t i t u d e  of  approximately 45 n. m i .  

During t h e  aerodynamic f l i g h t  regime, energy is  d i s s i p a t e d  t o  t h e  l e v e l  which 
lowers  apogee t o  400 n. m i .  upon e x i t i n g  t h e  atmosphere. After coas t i ng  f o r  ap- 
proximately one-half o r b i t  (apogee a r r i v a l )  t he  OTV c i r c u l a r i z e s  i n t o  t he  pre- 
rendezvous LEO parking o r b i t .  The remainder of  t h e  rendezvous ope ra t i ons  a r e  
descr ibed  i n  paragraph 2.6. Table  2-V(b) con ta in s  t he  sequence of  events  f o r  
t h i s  mission p r o f i l e  while  f i g u r e  2-15(b) provides  a graphic  i l l u s t r a t i o n .  

2.4.3 Sun-Synchronous Mission 

Guide l ines  and assumptions used i n  developing t h e  Sun-synchronous mission pro- 
f i l e  are as  follows: 

A .  The Landsat o r b i t  is assumed f o r  t he  sun-synchronous s a t e l l i t e  t a r g e t ;  t h e  
o r b i t  parameters are: 383 n.  m i .  a l t i t u d e ,  98.2' i n c l i n a t i o n ,  and a 0930 
l o c a l  time descending node c ross ing .  

B. The aerobraking pe r igee  a l t i t u d e  is 45 n.  m i .  a l lowing  one-pass braking t o  
des i r ed  apogee a l t i t u d e .  

C. The OTV s e p a r a t i o n  sequence assumed is t h a t  descr ibed  i n  s e c t i o n  2.3. 

The f l i g h t  design r a t i o n a l e  f o r  t h r e e  d i f f e r e n t  p r o f i l e  op t ions  a r e  descr ibed:  
( 1 ) an a l l  p ropu l s ive  maneuver sequence, (2 )  an a l l -p ropu l s ive  outbound f l i g h t  
phase with use of  aerobraking i n  t h e  r e t u r n  segment, and (3)  use of  aerobrak ing  
i n  both t h e  outbound and t h e  r e t u r n  segments. The b a s i c  maneuver s t r a t e g y  ap- 
p l i e d  i n  t h e s e  mission p r o f i l e s  t o  minimize OTV energy requirements  is t o  t r a n s -  
fer t h e  OTV i n t o  a very high apogee (approximately 100 000 n. m i . )  e l l i p s e ,  



where, a t  apogee, t h e  l a r g e  p lane  change (28.5O t o  98.20 i n c l i n a t i o n )  i s  per- 
formed; t h i s  is followed by a t r a n s f e r  down t o  low o r b i t .  Fu r the r  propuls ion re -  
quirement reduc t ion  can be r e a l i z e d  by br ing ing  the  OW down from the  high 
e l l i p s e s  by a l lowing  a low-perigee (45 n. m i . )  passage with aerobraking f o r  
energy d i s s i p a t i o n .  Comparison of  energy requirements  f o r  t h e  a l l  p ropu l s ive  
versus  one and two aerobraking segments can be made from t a b l e  2-VIII. 

2.4.3.1 All-Propuls ive Mode 

A d e t a i l e d  sequence o f  events  f o r  t h i s  mode is given i n  t a b l e s  2-VII(a) ,  2- 
VII(b) , and 2-VII( d )  . The p r o f i l e  is p i c t o r i a l l y  represen ted  i n  f i g u r e  2-16 ( a ) .  
The sepa ra t i on  sequence of  t h e  OTV from t h e  space s t a t i o n  is descr ibed  i n  sec- 
t i o n  2.3. 

The amount o f  p lane  change requi red  t o  t r a n s f e r  from t h e  space s t a t i o n  o r b i t  
with an i n c l i n a t i o n  o f  28.5' t o  t h e  Sun-synchronous o r b i t  wi th  an i n c l i n a t i o n  b of  98.2', can vary from 69.7 t o  126.7' depending on t h e  al inement  o f  t h e  as- 
cending nodes of  t h e  two o r b i t s .  Th i s  p r o f i l e  assumes a t r a n s f e r  a t  t h e  best  
(minimum AV c o s t )  nodal a l inement .  This  occurs when t h e  ascending node o f  
t h e  OTV a t  depar ture  co inc ides  with t h e  ascending node of  t h e  Sun-synchronous 
o r b i t  a t  t h e  time of  a r r i v a l .  This  a l inement  occurs  once every 43 days.  
I n  o rde r  t o  determine the  p r e c i s e  l o c a t i o n  of  t h e  node between t h e  i n i t i a l  
OTV o r b i t  and t h e  Sun-synchronous o r b i t  a t  t he  rendezvous p o i n t ,  t he  d i f f e r -  
e n t i a l  nodal  r eg re s s ion  between t h e  o r b i t s  during the  t r a n s f e r  phase must 
be app l i ed .  This  d i f f e r e n t i a l  nodal r eg re s s ion  is app l i ed  t o  t h e  node of 
t h e  Sun-synchronous o r b i t  a t  t h e  t ime of  f i n a l  c i r c u l a r i z a t i o n  t o  o b t a i n  
a phantom t a r g e t  plane.  The node between t h e  OTV plane and t h e  phantom plane  
determines t he  i n j e c t i o n  po in t .  A t  t h i s  node a l a r g e  Hohman t r a n s f e r  is 
performed by t h e  OTV t o  r a i s e  apogee from 210 n. m i .  t o  approximately 100 000 
n. mi. The coas t  t o  apogee r e q u i r e s  approximately 40 hours.  A t  apogee t h e  
OTV performs a maneuver t o  r o t a t e  its plane i n t o  t h a t  of t h e  phantom t a r g e t  
plane.  The out-of-plane component t o  effect t h i s  plane change is only 1262 
f p s .  Th i s  apogee maneuver a l s o  has an inp lane  component t o  r a i s e  the  t r a n s f e r  
e l l i p s e  pe r igee  t o  583 n.  m i . ,  o r  200 n. m i .  above t h e  t a r g e t  o r b i t .  Approximately 
41 hours la ter ,  t h e  OTV a r r i v e s  a t  pe r igee ,  where a Hohman r e t rog rade  t r a n s f e r  
maneuver is performed t o  lower apogee from nea r ly  100 000 n.  mi. t o  583 n. mi. 
The OTV is now i n  a c i r c u l a r  o r b i t  200 n. m i .  above t h e  t a r g e t  Sun-synchronous 
o r b i t  . 
A s  mentioned above, t h e  t r a n s f e r  o r b i t  plane change was executed such t h a t  the  
wedge a n g l e  ( ang le  between the  OTV and t a r g e t  o r b i t  p lanes)  i s  near  ze ro  a t  t h e  
time of  t h e  rendezvous plane change; t h e r e f o r e ,  t h e  two o r b i t s  a r e  e s s e n t i a l l y  
cop lana r ,  with t he  OTV o r b i t  approximately 200 n.  m i .  above t h a t  of t h e  t a r g e t  
s p a c e c r a f t .  A d e t a i l e d  d e s c r i p t i o n  o f  t he  rendezvous phase is d iscussed  
i n  s e c t i o n  2.6. The outbound phase of  t h e  mission r e q u i r e s  approximately 
four  days and four  hours.  

For  t h e  r e t u r n  f l i g h t  phase,  it is necessary t o  f i n d  t h e  node between t h e  sun- 
synchronous o r b i t  a t  depar ture  and the  space s t a t i o n  o r b i t  a t  t h e  time of OTV 
r e a r r i v a l .  For t h i s  p r o f i l e  more than e i g h t  days have e lapsed  between t h e  t ime 
of depar ture  and the  time of  r e t u r n  t o  t h e  space s t a t i o n .  Thus t he  ascending 



nodes of the  Sun-synchronous and space s t a t i o n  o r b i t s  have changed t o  a non- 
optimum alinement. The r e s u l t i n g  plane change f o r  the  r e tu rn  phase is  84.7' a s  
opposed t o  69.7O f o r  the  outbound phase. Targeting f o r  the  plane change f o r  the  
r e tu rn  is s imi la r  t o  the  outbound target ing .  The d i f f e r e n t i a l  nodal regress ion  
during t h i s  f l i g h t  phase is applied to  the  node of the  space s t a t i o n  a t  the  
time of c i r c u l a r i z a t i o n  t o  obta in  a phantom t a r g e t  plane. The node between 
the Sun-synchronous o r b i t  and the  phantom plane determines the  i n j e c t i o n  
point .  The re turn  phase of the  mission is i n i t i a t e d  a t  t h i s  i n j e c t i o n  point  
t o  place the  OTV i n t o  a 100 000 n. m i .  by 383 n. m i .  e l l i p s e .  

A s  i n  the  outbound l e g ,  the  apogee of the high e l l i p s e  is u t i l i z e d  t o  perform 
the  l a rge  plane change. Again, the  maneuver is posi t ioned such t h a t  the  plane 
change w i l l  take out the wedge angle f o r  the  re turn  phase. The apogee maneuver 
a l s o  r a i s e s  the  perigee t o  400 n. mi. , 200 n. m i .  above the  space s t a t i o n  o r b i t .  
A t  perigee, the  OTV c i r c u l a r i z e s  its o r b i t  a t  400 n. m i . ,  and the  standard rendez- 
vous phase described i n  sec t ion  2.6 is ca r r i ed  out .  The re tu rn  phase of the  mis- 
s ion requi res  approximately 4 days 14 hours f o r  a t o t a l  round t r i p  f l i g h t  time 
of approximately 8-3/4 days. The t o t a l  AV required f o r  t h i s  a l l  propulsive 
mission is roughly 42 700 fps. 

2.4.3.2 All-Propulsive Outbound, Aerobraking Return Mode 

A de ta i l ed  sequence of events f o r  t h i s  mode is given i n  t a b l e s  2-VII(a), 2- 
VII(b) ,  and 2-VII(e).  The p r o f i l e  is p i c t o r i a l l y  represented i n  the  l e f t  por t ion  
of f i g u r e  2-16(a) f o r  the  outbound pa r t  of the mission and the  r i g h t  ha l f  of fig- 
ure 2-16(b) f o r  the  r e t u r n  sequence. This mission type is i d e n t i c a l  t o  t h a t  of 
the  al l-propulsive mode except f o r  the  r e tu rn  l e g ,  where aerodynamic drag is 
u t i l i z e d  during a low perigee pass f o r  lowering the  high apogee of the  r e tu rn  
t r a n s f e r  o r b i t .  I n  t h i s  case,  the  apogee plane change is combined with an 
inplane component t o  lower perigee t o  45 n. m i .  The subsequent perigee pass ef-  
f e c t i v e l y  reduces the  100 000 n. m i .  apogee t o  400 n. m i .  One-half o r b i t  l a t e r ,  
the  OTV performs a c i r c u l a r i z a t i o n  maneuver t o  produce a 400 n. mi. c i r c u l a r  
o r b i t .  From t h i s  point  the  OTV/space s t a t i o n  rendezvous phase ( sec t ion  2.6) is  
c a r r i e d  out .  The t o t a l  AV requirement f o r  t h i s  mission type is approximately 
33 700 fps. Tota l  mission durat ion is approximately one hour longer than t h e  
a l l -propuls ive  mission due t o  the  ex t ra  ha l f  o r b i t  required f o r  the  c i r c u l a r -  
i z a t i o n  a t  400 n. m i .  

2.4.3.3 Aerobraking Outbound, Aerobraking Return 

A de ta i l ed  sequence of events f o r  t h i s  mode is given i n  t a b l e s  2-V1I(a), 
2-VII(c), and 2-VII(e). The p r o f i l e  is p i c t o r i a l l y  represented i n  f igure  2-16(b). 
This mission type u t i l i z e s  the aerobraking technique f o r  both the  outbound and 
the  r e tu rn  phases of the mission. The outbound apogee plane change/perigee ad- 
j u s t  maneuver lowers the  OTV o r b i t  perigee t o  45 n. m i .  A s ing le  perigee pass 
lowers the  apogee t o  583 n. mi. (200 n. m i .  above the  Sun-synchronous spacecraf t  
o r b i t ) .  The OTV o r b i t  is c i rcu la r i zed  a t  the  f i r s t  apogee, and the rendezvous 
sequence out l ined i n  a l l -propuls ive  mission descr ip t ion  is executed. The 
aerobraking re tu rn  l e g  was described previously. The t o t a l  AV requirements f o r  
t h i s  mission type is approximately 24 400 fps .  



2 . 4 4  Co-Orbiting S a t e l l i t e  Support Mission 

2 4 1 Co-Orbiting S a t e l l i t e  Concept And Requirements 

This  mission c l a s s  cha rac te r i zes  the appl ica t ion  of  a space s t a t i o n  system t o  
support payloads t h a t  a r e  detached from the  space s t a t i o n  when i n  operat ion but: 
( a )  requi re  frequent  r e v i s i t s  and/or r e tu rn  t o  the  space s t a t i o n  f o r  recovery of 
experiments, resupply, e t c ;  and (b)  r equ i re  redeployment and resumption of opera- 
t i o n s  following a period of  payload turn-around a c t i v i t y  onboard the  space s t a -  
t ion .  Support t o  t h i s  c l a s s  of missions i n f e r  c e r t a i n  opera t ional  c a p a b i l i t y  
( requirements) and implementation. 

The need f o r  frequent  r e v i s i t s  mandates r ead i ly  ava i l ab le  access t o  the  payload. 
This  i n  tu rn ,  implies s tandardized operat ions.  From these c r i t e r i a ,  the  follow- 
ing  requirements can be ext rac ted:  

A .  The payloads must be operated wi th in  l ine-of-sight  of  the  space s t a t i o n  f o r  
communications f o r  normal operat ion.  

B. The maximum ( l imi t ing)  d is tance  between the  payload and space s t a t i o n  f o r  di- 
r e c t  l ine-of-sight is approximately 2400 n. m i .  

C. A space based veh ic le  capable of providing the  required t r anspor ta t ion  ser-  
v ices  must be ava i l ab le .  

D. Continuous communication f o r  the  required and con t ro l  of  the  t r anspor t  vehi- 
c l e  must be provided. 

E. The payload pos i t ion  r e l a t i v e  to  the  space s t a t i o n  must be maintained wi th in  
l i m i t s ;  the  r e l a t i v e  pos i t ion  between payloads must be maintained; the  r e l a -  
t i v e  pos i t ion  of the cent ro id  of the nnestw o f  co-orbit ing s a t e l l i t e s  with 
respect  t o  the  space s t a t i o n  must be maintained. 

F. The co-orbiting s a t e l l i t e  nes t  loca t ion  must provide: a n  open cor r idor  f o r  
vehic les  t h a t  a r e  a r r i v i n g  and depart ing the  space s t a t i o n .  

To s a t i s f y  the  above, the  concept is t o  place s a t e l l i t e s  i n  o r b i t s  which possess 
the  following c h a r a c t e r i s t i c s :  

A .  Have a period equal  t o  t h a t  of the  space s t a t i o n .  

B. Result i n  a r e l a t i v e  motion envelope with respect  t o  the  space s t a t i o n  su f f i -  
c i e n t  t o  accommodate spacing requirements f o r  co-orbiting m u l t i p l e  coplanar 
pay1 oads . 

C. Are incl ined with respect  t o  the  space s t a t i o n  o r b i t  plane (and a l s o  
inc l ined r e l a t i v e  t o  the  o r b i t  planes of o the r  s a t e l l i t e  n e s t s )  f o r  
maintaining an open approach and departure co r r idor  t o  the  space s t a t i o n .  

D. Have the  cent ro id  of the  r e l a t i v e  motion envelope such t h a t  a l l  po in t s  along 
the  r e l a t i v e  t r a j e c t o r y  a r e  within line-of-sight.  



The geometry of the  co-orbiting nes t  and space s t a t i o n  is shown i n  f igure  2-17. 
These out-of-plane s a t e l l i t e s  w i l l  "orbi tn  about the  c l u s t e r  cent ro id ,  leaving 
t h e  approach and departure co r r idors  open f o r  incoming and outgoing rendezvous 
vehicle;  e.g.,  space s h u t t l e ,  OTV, e t c .  The c l u s t e r i n g  geometry allows f o r  a 
l a rge  number of o r b i t i n g  s a t e l l i t e s  within reasonable ranges of the space s t a -  
t ion  f o r  v i s i t s  and r e t r i e v a l s .  

2.4.4.2 Mission Guidelines and Assumptions 

A. A space s t a t i o n  based maneuvering system, o r  f e r r y  vehic le  (FV), separa te  
from the  OTV is used t o  t r anspor t  co-orbiting s a t e l l i t e s  t o  and from the  
space s t a t i o n .  

B. The co-orbiting s a t e l l i t e  support mission cons i s t s  of providing the  follow- 
ing services :  

1. Rendezvous and dock with a s p e c i f i c  s a t e l l i t e  located within a "nestw o r  
c l u s t e r  of s a t e l l i t e s .  

2. Return a s a t e l l i t e  t o  the  space s t a t i o n .  

3. Transport a s a t e l l i t e  t o  a s p e c i f i c  loca t ion  within a s p e c i f i c  c l u s t e r  
o f  s a t e l l i t e s .  

C .  The nested s a t e l l i t e s  have stat ionkeeping capab i l i ty  t o  maintain t h e  
c l u s t e r .  

D. The propulsion system t o  be used f o r  co-orbit ing s a t e l l i t e  support mission 
maneuvers is assumed not t o  requi re  l a rge  separa t ion  d is tances  p r i o r  t o  
engine i g n i t i o n .  

E .  The assumed distance between the  cen t ro id  of the  s a t e l l i t e  c l u s t e r  and the  
space s t a t i o n  is 320 n. m i .  ; the  c l u s t e r  envelope, with respect  t o  its 
cen t ro id ,  is assumed t o  be - + 20 n. mi .  downrange and + 10 n. m i .  along the  - 
radius .  

2.4.4.3 Co-Orbiting S a t e l l i t e  Rendezvous 

The scener io  f o r  the co-orbit ing s a t e l l i t e  mission is  p i c t o r i a l l y  represented i n  
f i g u r e s  2-18(a) and 2-18(b). The f e r r y  veh ic le  (FV) i s  deployed from the  space 
s t a t i o n  with an i n i t i a l  separat ion impulse; t h i s  impulse may be imparted by t h e  
deployment system o r  provided by the  veh ic le  i t s e l f .  When s u f f i c i e n t  d is tance  
is gained t o  s a t i s @  space s t a t i o n  contamination c o n s t r a i n t s ,  t h e  FV performs 22 
f p s  retrograde maneuvers (PET of  0 ) .  T h i s  height  maneuver lowers perigee t o  
190 n. m i .  (Ah = 10 n. mi.). Approximately 45 minutes (1/2 o r b i t )  l a t e r ,  a co- 
c i r c u l a r  maneuver is performed t o  produce an FV o r b i t  which is 10 n. m i .  below 
t h a t  of the  t a rge t  nes t  centroid.  The burn is retrograde and provides 24 f p s  
AV. For the next f i v e  hours (approximately),  the  FV coas t s  c los ing the  separa- 
t ion  d i s t ance  t o  the nes t .  A t  approximately 5 hours, the  45 minutes PET, t h e  
FV performs a hor izon ta l ,  posigrade maneuver of 36 f p s .  This maneuver, performed 



i n  the  plane o f  the space s t a t i o n  and nes t  o r b i t s ,  is a t  a point  below the  
nes t  centroid and r a i s e s  the  FV apogee t o  210 n. m i . ,  which is a l s o  the  apo- 
gee of the  t a r g e t  s a t e l l i t e  "orbi t ingw the  nes t  cent ro id .  

The assumed o r b i t  f o r  the s p e c i f i c  t a rge t  s a t e l l i t e  is s l i g h t l y  out of t h e  space 
s t a t i o n / n e s t  plane,  a s  described p i c t o r i a l l y  i n  f igure  2-17. A t  6 hours, 8 
minutes PET, t he  FV crosses ahead of  the  c l u s t e r  centroid o r b i t .  A t  t h i s  
point  a combined plane change and terminal  phase i n i t i a t i o n  (TPI) maneuver of 32 
f'ps is performed t o  (1) r o t a t e  t h e  FV plane i n t o  t h a t  of the  t a r g e t  s a t e l l i t e  
and (2) i n i t i a t e  an i n t e r c e p t  with the  s a t e l l i t e  approximately 33 minutes l a t e r .  
During the terminal phase approach, t h e  FV performs midcourse co r rec t ions  a s  
necessary t o  improve the  i n t e r c e p t .  A t  6 hours, 41 minutes PET, the  FV per- 
forms a 10 fps  braking maneuver t o  a t t a i n  a  s t a b l e  o r b i t  o f f s e t  t o  the  t a r g e t  
s a t e l l i t e .  The FV then approaches and docks with the  t a r g e t .  

2.4.4.4 Space S t a t i o n  Return 

The re tu rn  of the FV (with the  docked s a t e l l i t e )  t o  the  space s t a t i o n  is assumed 
t o  be i n i t i a t e d  a t  the  next crossing of the  space s t a t i o n  a l t i t u d e  (see  f i g u r e  
2-18(b)) ahead of the  cent ro id .  A t  t h i s  po in t ,  a t  a  PET of  7 hours,  38 
minutes, a  plane change (NPC) maneuver is performed (Av = 32 f p s )  t o  r o t a t e  t h e  
plane of the  FV from the t a r g e t  s a t e l l i t e  o r b i t  back i n t o  the  space s t a t i o n  
o r b i t  plane. A t  8  hours PET, the  FV a t  a  Ah o f  10 n. m i .  above the c l u s t e r  
cen t ro id  and space s t a t i o n ,  executes a  hor izonta l ,  posigrade maneuver (Av + 24 
f'ps) t o  produce a 210 n. m i .  coc i rcu la r  o r b i t .  This r e s u l t s  i n  a  constant-  
he ight  c los ing r a t e  toward the space s t a t i o n .  A t  13 hours PET, the  FV exe- 
cutes  an i n t e r c e p t  maneuver (TPI )  of  22 fps.  Following midcourse maneuvers ( a s  
requi red)  during the  i n t e r c e p t  t r a n s f e r ,  the FV a r r i v e s  a t  an o f f s e t  po in t ,  
ahead of the space s t a t i o n .  A t  13 hours, 32 minutes PET, the  FV performs a 
24 f p s  braking maneuver, which r e s u l t s  i n  an o f f s e t ,  s t a b l e  o r b i t  pos i t ion  sev- 
e r a l  thousand f e e t  ahead of the  space s t a t i o n .  The FV then i n i t i a t e s  f i n a l  clo-  
sure  with the  space s t a t i o n .  

2.4.4.5 Co-Orbiting S a t e l l i t e  Return To The Nested Location 

Fundamentally, the  operat ions associa ted  with the r e tu rn  and redeployment of the 
co-orbit ing s a t e l l i t e  t o  its o r i g i n a l  nested loca t ion  and the  subsequent r e tu rn  
of the FV t o  the space s t a t i o n  a r e  v i r t u a l l y  i d e n t i c a l  t o  the  concept f o r  the  
r e t r i e v a l  and the space s t a t i o n  re turn  a s  discussed i n  paragraphs 2.4.4.3 and 
2.4.4.4. 

While t h i s  mission does not requi re  a  rendezvous and docking with a co-orbi t ing  
s a t e l l i t e ,  it does requi re  the FV t o  rendezvous with a point  i n  space; i .e . ,  a  
"phantomw rendezvous, i n  order  t o  preserve its nested re l a t ionsh ip  t o  o ther  co- 
o r b i t i n g  s a t e l l i t e s .  Therefore, i n  order  t o  redeploy the  co-orbit ing s a t e l l i t e ,  
t h e  FV w i l l  be required t o  s a t i s f y  the c l a s s i c a l  rendezvous cons t ra in t s ;  i . e . ,  
achieving a speci f ied  o r b i t  plane,  and a r r i v i n g  a t  a  spec i f i ed  pos i t ion  i n  t h a t  
plane a t  a  spec i f i ed  time. 



Although a s p e c i f i c  sequence o f  events  f o r  t h i s  mission requirement is not  spe- 
c i f i c a l l y  shown, f i g u r e  2-18 e f f e c t i v e l y  "mirrorsfl the  operat ions t o  be performed. 

2.5 OTV AEROBRAKING/AEROMANEWERING PHASE 

The OTV maneuver requirements f o r  the aerobraking/aeromaneuvering phase have 
been described i n  paragraph 2.4. The following paragraphs descr ibe  the  f l i g h t  
segments associated with aerobraking/aeromaneuvering, the  guidance l o g i c  used 
f o r  the  aerobraking/aeromaneuvering t a sk ,  and a f l i g h t  phase ana lys i s  employing 
t h i s  l o g i c .  

2.5.1 Aerobraking/Aeromaneuvering F l i g h t  Segments 

The aerobraking/aeromaneuvering phase cons i s t s  of the three  following f l i g h t  
segments: the i n i t i a l  atmospheric penet ra t ion  segment; the  high-speed e q u i l i b r i -  
um g l i d e  segment; and the e x i t  con t ro l  segment. 

2.5.1.1 I n i t i a l  Atmospheric Penetrat ion Segment 

The function of the i n i t i a l  atmospheric penet ra t ion  segment is t o  guide the OTV 
t o  a t r a j e c t o r y  t h a t  w i l l  c ross  o r  acquire the  desired value of reference accel-  
e ra t ion  i n  a minimum time and with a minimum overshoot of the  reference accelera-  
t i o n .  A t r a j e c t o r y  t h a t  overshoots the reference value of accelera t ion  during 
the i n i t i a l  penetrat ion segment r e s u l t s  i n  a higher peak load f a c t o r  on t h e  OTV. 

2.5.1.2 High-Speed Equilibrium Glide Segment 

The high-speed equilibrium g l i d e  segment is i n i t i a t e d  on the  b a s i s  of  the drag 
acce le ra t ion  of the  OW being equal t o  o r  g r e a t e r  than 95 percent of the r e fe r -  
ence value of drag accelera t ion .  This occurs a t  the  minimum a l t i t u d e  of the  t r a -  
jec tory  corresponding t o  maximum dynamic pressure and maximum surface tempera- 
t u r e .  (The reference drag acce le ra t ion  which contains an added l-g b ias  f o r  
c o n t r o l l a b i l i t y  is  based on a lift vector  down a t t i t u d e  and is updated on a pre- 
determined computational frequency). The equil ibrium g l i d e  t r a j e c t o r y  provides 
ve loc i ty  d i s s ipa t ion  i n  a regime where the  aerodynamic loads and surface  tempera- 
t u r e s  a re  decreasing and a l t i t u d e  is increas ing.  

2.5.1.3 Exi t  Control Segment 

The e x i t  cont ro l  segment cont ro ls  t o  the desired e x i t  ve loc i ty  and f l i g h t  path 
angle.  The reference drag accelera t ion  f o r  an equil ibrium glide t r a j e c t o r y  is 
abandoned f o r  t h i s  segment. The reference drag accelera t ion  now assumes a l i n -  
e a r  reduction i n  accelera t ion  between the  l a s t  value of reference equil ibrium 
g l i d e  accelera t ion  and an assumed value of  zero a t  340 000 f t  a l t i t u d e .  

(NOTE: Several  p r o f i l e s  were considered f o r  the  e x i t  phase of the  t r a j e c t o r y .  
To date,  the  l i n e a r  p r o f i l e  has produced the  most cons is tent  r e s u l t s . )  



2.5.2 OTV Atmospheric Guidance Logic 

I n  order  t o  achieve the  aerobraking maneuvers described i n  paragraph 2.4, a guid- 
ance system is required which w i l l  con t ro l  the  OTV during its f l i g h t  through the 
Ear th ' s  atmosphere. The function of the guidance log ic  is t o  cont ro l  the  reduc- 
t i o n  of  the OTVts ve loc i ty  and hence a lowering of apogee a s  the  veh ic le  passes 
through t h e  Ear th ' s  atmosphere. The OW e x i t s  t h e  Ear th ' s  atmosphere a t  a 
prescribed ve loc i ty ,  f l i g h t p a t h  angle and o r b i t a l  plane inc l ina t ion .  Vehicle 
cont ro l  is obtained by l i f t  vector  modulation about the  ve loc i ty  vector .  

Control during the  i n i t i a l  atmospheric penet ra t ion  segment is accomplished p r i -  
marily by maintaining a l i f t  vector  down a t t i t u d e  u n t i l  0.05 g ' s .  L i f t  vec tor  
modulation then is allowed t o  con t ro l  the drag accelera t ion  e r r o r  and the  a l t i -  
tude r a t e  e r r o r  during the  i n i t i a l  penetrat ion segment. Once the  equil ibrium 
g l i d e  condit ion has been es tabl i shed,  the  t r a j e c t o r y  is con t ro l l ed  t o  a refer -  
ence value of acce le ra t ion ,  DO, which is defined as :  

where g is an acce le ra t ion  BIAS t h a t  is required t o  maintain vehicle con t ro l  
and is  32.2 f /sec2.  

The e x i t  maneuver is i n i t i a t e d  a t  a ve loci ty  of V 1 2  + 3000 where V 1 2  is the  
t a r g e t  e x i t  ve loc i ty  at  340 000 f t  a l t i t u d e .  The reference drag acce le ra t ion  
p r o f i l e ,  DO, f o r  the  e x i t  phase assumes a l i n e a r  reduction with ve loc i ty .  
This  is defined as: 

DO = DO1 (VI - V12) /3000 

where DO1 is t h e  value o f  DO a t  the i n i t i a t i o n  of the  e x i t  phase. 

The reference a l t i t u d e  r a t e ,  R,,, during the e x i t  maneuver is based on 
a l i n e a r  v a r i a t i o n  a s  a function veloci ty ;  i .e . ,  (fi2 - h1 )/3000. where 
d2 is the  t a r g e t  a l t i t u d e  r a t e  a t  340 000 f t  and R1 is the reference  
value of a l t i t u d e  r a t e  a t  the i n i t i a t i o n  of  the e x i t  phase. 

The reference a l t i t u d e  r a t e  during the  e x i t  maneuver is defined as :  

is i n i t i a l i z e d  t o  the reference a l t i t u d e  r a t e  a t  t h e  s t a r t  of the e x i t  
pgase. CD1 is the  current  value of a c t u a l  drag acce le ra t ion  and A t  is the  
in teg ra t ion  time s t ep  used i n  the  simulat ion programs. 



Trajec tory  con t ro l  is based on a reference value of L/D. The l i f t  vector  is 
modulated t o  cont ro l  the  desired v e r t i c a l  component o f  LlD. The r e s u l t a n t  guid- 
ance l o g i c  is defined as: 

(L)  - - (IJ) 6 0  
(Dl canmand = (D) r e f  + (D) 

where 

C16 and C17 a r e  va r i ab le  coe f f i c i en t s  which are updated every guidance integra-  
t i o n  cycle. fl is t h e  current  a l t i t u d e  r a t e .  

2.5.3 F l i g h t  Phase Analysis 

The en t ry  t r a j e c t o r y  is targeted  t o  a ve loc i ty  and f l i g h t p a t h  angle a t  400 000 
f t  a l t i t u d e .  The outbound s t a t e  vector  is targeted  t o  a ve loc i ty ,  a f l i g h t p a t h  
angle, and an o r b i t a l  plane i n c l i n a t i o n  a t  340 000 f t  a l t i t u d e .  

This  inves t iga t ion  assumed an LID of 0.5 and a W/CDA o f  5.12 l b / f t 2 .  The guid- 
ance gains were adjusted f o r  t h i s  vehicle configurat ion.  Figures 2-19(a) 
through 2-19(k) present  t y p i c a l  p l o t s  f o r  an OTV atmospheric t r a j ec to ry .  Table 
2-IX(a) presents  the  tabulated condit ions f o r  a 19 323 n. m i .  x 45.6 n. m i .  
o r b i t a l  e l l i p s e .  Table 2-IX(b) presents  the  tabulated condit ions f o r  95 982 
n. m i .  x 41.0 n. m i .  o r b i t a l  e l l i p s e  and t a b l e  2-IX(c) presents  the  t ab lu la ted  
condit ions f o r  a 9662 n. m i .  x 45.6 n. m i .  o r b i t a l  e l l i p s e .  

The r e s u l t s  i n  t a b l e  I a r e  very good and represent  the  r e s u l t s  of  an atmospheric 
t r a j e c t o r y  f r o m  a Sun-synchronous o r b i t  to a low Earth o r b i t .  The data i n  t a b l e  
I1 represent  the  r e s u l t s  of an atmospheric t r a j e c t o r y  f r a n  a five-geo type  
(95 982 n. mi.) o r b i t  to a low Earth o r b i t .  The atmospheric guidance funct ions  
over a wide range of L/D and W/CDA. Sa t i s fac to ry  performance can be achieved 
by adjustment of  guidance gains.  

2.6 OTV/SPACE STATION RENDEZVOUS PHASE 

The planning considera t ion ,  s t r a t egy ,  and maneuvers f o r  OTV rendezvous with the  
space s t a t i o n  are discussed i n  the paragraphs below. The philosophy is f o r  t h e  
OW t o  re tu rn  t o  a nominal 400 n. mi. LEO parking o r b i t  p r i o r  t o  i n i t i a t i o n  of 
the rendezvous sequence; therefore, t h i s  rendezvous phase w i l l  be common t o  a l l  
OTV missions described i n  paragraph 2.4. 



2.6.1 Rendezvous P r o f i l e  Planning Objectives 

Complementing the  fundamental requirement of bringing together  t h e  OTV and space 
s t a t i o n  a r e  opera t ional  objec t ives  r e l a t i n g  t o  the  manner i n  which the  require-  
ment is t o  be s a t i s f i e d .  Those t h a t  were assumed are a s  follows: 

A. Provide c a p a b i l i t y  t o  accommodate any phasing between OTV and space s t a t i o n  
without incurr ing  a performance penalty. 

B. Minimize the  impact upon OTV performance of o r b i t  plane i n c l i n a t i o n  and node 
e r r o r s .  

C. Provide a minimum a l t i t u d e  separa t ion  between the  OTV and space s t a t i o n  
o r b i t s  o f  25 n. m i .  during the  phasing periods. 

D. Limit the maximum rendezvous time t o  one day. 

E. At ta in  and maintain ( i f  required) an OTV 15 n. mi. standoff  pos i t ion  
t r a i l i n g  the  space s t a t i o n  p r i o r  t o  space stat ion/OW docking. 

F. Provide capab i l i ty  t o  cont ro l  the  OTV approach corr idor  and accommodate t h e  
presence of co-orbiting s a t e l l i t e  c l u s t e r s  ahead of the  space s t a t i o n .  

The s tandardiza t ion  of the r e l a t i v e  t r a j e c t o r y  f o r  the  terminal rendezvous is a 
s i g n i f i c a n t  ob jec t ive  t o  be met. This is necessary t o  insure  t r a j e c t o r y  and 
t imeline compat ib i l i ty  with vehic le  navigation systems, communications, perfor-  
mance, e t c .  

Typical r e l a t i v e  motion between the  space s t a t i o n  and OTV denoting the  extremes 
i n  the  OTV phasing o r b i t  is shown i n  f igures  2-20(a) and 2-20(b). These f i g u r e s  
r e f l e c t ,  i n  time, the r e l a t i v e  t r a j e c t o r y  events occurring from the  l a s t  revolu- 
t i o n  i n  the  phasing o r b i t  through rendezvous. 

2.6.2 Rendezvous Sequence Maneuvers 

2.6.2.1 Phasing Maneuver 

Upon a r r i v a l  a t  the  common node designated f o r  i n i t i a t i o n  of t h e  rendezvous 
a c t i v i t i e s ,  the  OW performs the first i n  a sequence of maneuvers designed t o  es- 
t a b l i s h  a pos i t ion  a t  the  same a l t i t u d e  a s  the space s t a t i o n  but t r a i l i n g  t h e  
s t a t i o n  by approximately 15 n. m i .  ( s t a b l e  o r b i t ) .  The i n i t i a l  maneuver, the  
primary purpose of which is t o  e s t a b l i s h  a t r a j e c t o r y  segment t h a t  accomplishes 
the  major i ty  of phasing (catch-up) between the  OTV and space s t a t i o n ,  is 
targeted  within the  following bounds: 

A .  A l l  OTV maneuvers a r e  t o  r e s u l t  i n  an OTV descent from 400 n. m i .  
( re t rograde)  . 

B. The minimum a l t i t u d e  f o r  the  phasing o r b i t  ( t h e  maximum in-plane AV compo- 
nent) is  225 n. m i . ,  25 n. m i .  above the  space s t a t i m  o r b i t .  



C. A plane change maneuver component, i f  requi red ,  is t o  be combined with the  
phasing maneuver such t h a t  the  OTV is in-plane with the space s t a t i o n  a t  t h e  
s t a b l e  o r b i t  pos i t ion .  The amount of plane change t o  be combined with the  
phasing maneuver -- i n  r e l a t i o n  t o  the  o v e r a l l  plane change requirement -- 
w i l l  be i n  proportion t o  the  required in-plane maneuver requirement ( t h e  
c r i t e r i a  t o  be determined). 

The s t r a t egy  underlying the  above guidel ines  i n  general  provides: 

A .  A propel lant  optimum s e t  of maneuvers independent of the i n i t i a l  r e l a t i v e  
s t a t e  between the  OTV and the  space s t a t i o n .  

B. An a l t i t u d e  buffer  between the  OTV/space s ta t ion/co-orbi t ing  s a t e l l i t e s  
p r i o r  t o  the  OTV commitment and at tainment of the  s t a b l e  o r b i t  pos i t ion  t o  
a l l e v i a t e  recontact  concerns and the  associa ted  t r a f f i c  cont ro l  problems. 

C. An optimum/near optimum method of reducing the performance impact due t o  
misalinement of the  space station/OTV o r b i t  plane when properly apportioned 
among a l l  the maneuvers i n  the  rendezvous sequence. 

The r e s u l t  of  t h i s  s t r a t egy  is t h a t  the  minimum rendezvous time must be commen- 
s u r a t e  with both the  phasing condit ion e x i s t i n g  a t  the  time the  rendezvous se- 
quence is i n i t i a t e d  and a l s o  the r e l a t i v e  catch-up r a t e  t h a t  is ava i l ab le  i n  an 
OTV phasing o r b i t  ranging between 400 n. m i .  c i r c u l a r  and 400 n. m i .  - by 225 n. 
m i .  Figure 2-21 i l l u s t r a t e s  the r e l a t ionsh ip  between the phase angle and t h e  
required phasing durat ion f o r  phasing o r b i t s  t o  be l imi ted  t o  the  above 
c o n s t r a i n t s .  

2.6.2.2 Height Maneuver 

The primary ob jec t ive  of the  height maneuver, the  second planned rendezvms se- 
quence maneuver ( excluding course co r rec t ions  during the  coas t ing  phase) i s  t o  
lower perigee of  the  OTV o r b i t  t o  t h a t  of the  space s t a t i o n  a l t i t u d e ,  200 n. m i .  

Applied a t  a point  which is located i n e r t i a l l y  approximately 180° from the phas- 
ing  maneuver, the  height  maneuver a f fo rds  an opportunity t o  remove the  remaining 
out-of-plane e r r o r s  i n  an optimumhear optimum manner p r i o r  t o  a r r i v a l  a t  the  
des i red  t a r g e t  point  with respect  t o  the  space s t a t i o n .  To accomplish t h i s ,  t h e  
maneuver would be planned such t h a t  it occurs a t  the  appropriate common node 
with the  magnitude and i n  the d i r e c t i o n  consis tent  with a t t a i n i n g  the  des i red  
o r b i t a l  parameters. 

Following t h i s  maneuver the  OTV coas ts  approximately one-half revolut ion.  After 
the  c o a s t ,  the OW is then a t  the  same a l t i t u d e  a s  t h a t  of the  space s t a t i o n ,  
in-plane, and nominally t r a i l i n g  the  space s t a t i o n  by 15 n. m i .  

2.6.2.3 OTV Terminal Rendezvous Maneuvers 

This s e r i e s  of maneuvers embraces a l l  t r a j e c t o r y  con t ro l  requirements f o r  recov- 
ery  of  the OTV from the  point  the  OTV a r r i v e s  a t  the  des i red  s t a b l e  o r b i t  



posi t ion .  Such requirements evolve fr-om: the deact iva t ion  and s a f i n g  considera- 
t i o n s  of the  OTV and/or payload p r i o r  t o  committing t o  recovery of the  system; 
the  operat ions considerat ions associa ted  with the  necessary reconf igura t ion  and 
t r a n s f e r  of cont ro l  of t h e  OTV; t r a f f i c  management around the  space s t a t i o n ,  
e t c .  

The t h i r d  maneuver of the  rendezvous sequence places the  OTV i n t o  t h e  same o r b i t  
a s  t h a t  of the  space s t a t i o n ,  t r a i l i n g  by the  15 n. m i .  This  provides a nomin- 
a l l y  s t a b l e  condit ion t o  perform the necessary reconf igura t ion  funct ions  p r i o r  
t o  committing the  OTV t o  a space s t a t i o n  approach t r a j ec to ry .  A two-orbit s t a y  
a t  the  s t a b l e  o r b i t  pos i t ion  has been a r b i t r a r i l y  assumed f o r  purposes of  t h i s  
document. 

Once the  OTV has been nclearedn f o r  recovery operat ions,  a ' s e t  of maneuvers a r e  
then performed t o  br ing  the  OTV from i ts s t a b l e  o r b i t  pos i t ion  t o  the  space s t a -  
t ion .  The OTV i n i t i a t e s  a maneuver t o  t r a n s i t i o n  from the  15 n.mi. t r a i l i n g  d i s -  
placement t o  a pos i t ion  approximately 1 n.mi. ahead from which standard terminal  
approach opera t ions  inc luding OW proximity opera t ions  would be performed. Dur- 
ing t h i s  phase, midcourse maneuvers w i l l  be performed t o  con t ro l  the  t r a j e c t o r y  
t o  within prescribed limits. One o r b i t  is a l loca ted  f o r  the  i n i t i a l  t r a n s i t i o n  
from a t r a i l i n g  t o  leading pos i t ion  and an a d d i t i o n a l  one-half t o  one f u l l  o r b i t  
( o r  more) w i l l  be required f o r  the  f i n a l  rendezvous operat ions.  



TABLE 2-I.- SEQUENCE OF EVENTS FOR THE ORBITAL TRANSFER VEHICLE GEOSYNCHRONOUS DELIVERY MISSION 

( a )  All-Propulsive Return Option 

Event 
no. Event 

Wedge1 Phase2 Pi tch  Yaw b v r  
PET Duration HA / HP I n c l  angle angle angle angle AV 

d:h:m:s d:h:m:s (n-mi.) (deg) (deg) (deg) (deg) (deg) ( fp s )  Comments 

0 I n i t i a l  space s t a t i o n  
o r b i t  

Outbound Phase 

1 OTV performs sepa- 0:OO:OO:OO 211.0 / 200.0 28.50 0.00 0.00 0.0 0.0 
ra t ion  mnvr 

2 Coast fo r  four 
o r b i t a l  periods 

3 OTV inser t ion  i n t o  0:06:08:05 
geosynchronous 
t r ans fe r  o rb i t  

4 Coast to equator 0:05:16:36 

5 I n s e r t  in to  longitude 0: 11 :24:41 
d r i f t  o r b i t  

6 Coast t o  midcourse 
mnvr 

7 Perform midcourse 0:22:32:34 
mnvr i f  required 

8 Coast to  geosynch 
a l t i t u d e  

20.0 OTV performs a separation 
mnvr from the space s t a t i on .  
DV should be s u f f i c i e n t  t o  
p ro t ec t  the s t a t i on  from 
a l l  hazards associated 
with OTV deployment 
operations.  Sep mnvr 
occurs a t  a nodal crossing.  

Coast duration was assumed 
f o r  any postdeployment 
checkout, ac t iva t ion ,  e t c .  
which may be required. 

0.0 -9.2 7944.8 Opt imumheightandplane  
change Mnvr. 

Coast approximately 1/2 Rev 

0.0 51.1 5598.2 Mnvr DV depends upon amount 
o f  longitude phasing. 
One mv. coas t  f o r  co r r ec t  
longitude placement is 
assumed. 

Coast t o  the  equator o r  
1/2 rev. a f t e r  i n se r t i ng  
i n t o  longitude d r i f t  
o r b i t .  

Midcourse performed i f  or- 
b i t a l  dispersions require i t  

Wedge angle: Angle between OTV and space s t a t i on  o r b i t  planes. 
Phase angle: Measured from the  OW t o  the target  (space s t a t i o n ) ,  pos i t ive  i n  the d i rec t ion  of motion. 



TABLE 2-1.- Continued 

( a )  - Continued 

Event 
no. Event 

wedge1 phase2 Pi tch  Yaw Mnvr 
PET Duration HA / HP I n c l  angle angle angle angle AV 

d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) ( fps)  Comments 

9 Circularize in geo- 1:09:40:27 
synchronous o r b i t  

10 I n i t i a l  geosynchronous 
o r b i t  

11 Perform payload SEP 
mnvr 

12 I n i t i a t e  t ransfer  t o  0:00:00:00 
low Earth parking o r b i t  

13 Coast t o  t he  LEPO 

' Return Phase ' 

0.0 0 .O 262.3 OTV a t t a i n s  the required 
longitude f o r  deployment 
o f  t he  payload. 

OTV i n  geosynchronous o r b i t  
p r i o r  t o  low Earth o r b i t  
t ransfer .  

19323.0 / 19141.0 0.0 28.50 0.0 180.0 20.0 Retrograde separation mnvr 
from P/L. May occur any- 
where WRT t h e  LEO injec t ion .  

19141.0 / 400.0 26.30 2.55 -71.0 0.0 155.2 5781.4 TIC occurs 11 -3 minutes 
p r io r  t o  OTV1s crossing 
the  space s t a t i o n ' s  or-  
b i t a l  l i n e  of nodes. 
This time is dependent 
upon the rendezvous phasing. 

Perform a midcourse 
mnvr i f  required during 
coast .  

14 Inse r t  i n to  the low 0:05:17:32 400.0 / 400.0 28.50 0.62 -84.5 0.2' -172.9 7614.8 TIC occurs a t  equatorial  
Earth parking o r b i t  crossing.  

15 Coast t o  phasing nmr 0:04:34:12 400.0 / 400.0 28.50 

16 Perform rendezvous 0:09:51:44 
phasing w v r  

400.0 / 3 6 . 0  28.50 0.51 -1.4 0.0 180.0 41.2 TIC occurs a t  t he  f i r s t  
common node 3 revs. a f t e r  
LEO t r ans fe r  in jec t ion .  

17 Coast t o  height mnvr 0:20:45:06 400.0 / 376 28.50 

18 Perform height mnvr 1 :06:36:50 

Coast to s t ab l e  
l 9  o r b i t  inser t ion  w v r  

376.0 / 200.0 28.50 0.03 -6.5 0.0 180.0 331.1 TIC occurs a t  the  common 
node. 

coas t  f o r  a 180° t rans-  
f e r .  

; Wedge angle: Angle between OTV and space s ta t ion  o r b i t  planes. 
Phase angle: Measured f m  the  OTV to the target (space s t a t i o n ) ,  pos i t ive  i n  the d i r ec t ion  of motion. 



TABLE 2-1.- Concluded 

( a )  - Concluded 

Event 
no. Event 

Wedge1 phase2 Pi tch  Yaw Mnvr 
PET Duration HA / HP I n c l  angle angle angle angle AV 

d:h:m:s d:h:m:s (n.ml. ) (deg) (deg) (deg) (deg) (deg) ( fps)  Comments 

20 Perform s table  o r b i t  
i n se r t i on  w v r  

21 Maintain s table  
o r b i t  point  

22 I n i t i a t e  terminal 
rendezvous mnvr 
sequence 

23 Rendezvous operations 

N 
I 

W 24 PROX OPS, braking, and 
W docking nmvrs 

200.0/200.0  28.50 0.0 0.25 0.1 180.0 295.0 Stable  o r b i t  i n se r t i on  
completed with the  OTV 
t r a i l i n g  the  space s t a t i o n  
by 15 n. m i .  

A two rev. coas t  assumed f o r  
required prerecovery opera- 
t ions .  

1:10:29:09 0:01:31:56 200.0 / 197.0 28.50 0.00 0.25 0.0 -180.0 5.9 Begin f i n a l  c lose  i n  rendez- 
vous sequence with t he  space 
s t a t i on .  Target f o r  a point  
1 n. m i .  i n  f ron t  o f  t h e  
s t a t i on .  

Perform midcourse mnvrs 
a s  required. 

11.3 Mnvr DV is an accumulated 
DV f o r  the  rendezvous 
operations,  PROX OPS, 
braking, and docking. 

Wedge angle: Angle between OTV and space s t a t i on  o r b i t  planes. 
Phase angle: Measured from the OTV t o  the target  (space s t a t i o n ) ,  pos i t ive  i n  the d i rec t ion  of motion. 



TABLE 2-I.- Continued 

(b) Aerobraking/Aeromaneuvering Return Option 

Event PET Duration HA / HP wedge1 Phase2 Pi tch  Yaw Unvr I n c l  angle angle angle angle AV 
no. Event d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) (Pps) Comments 

Outbound Phase . . 
0 I n i t i a l  space s t a t i on  

o r b i t  

1 OW performs separation 0:00:00:00 
mnvr 

2 Coast f o r  4 o r b i t a l  
periods 

3 OTV inser t ion  in to  0:06:08:05 
geosynchroncus t r ans fe r  
o r b i t  

5 I n s e r t  in to  longitude 0: 11 :24:41 
d r i f t  o r b i t  

6 Coast t o  mldcourse 
m v r  

7 Perform midcourse 0:22:32:34 
mnvr i f  required 

211.0 / 200.0 28.50 0.00 0.00 0.0 0.0 20.0 OW performs a separation 
mnvr from the space s t a t i on .  
DV should be su f f i c i en t  
t o  protec t  the  s t a t i o n  
from a l l  hazards associated 
with OW deployment opera- 
t i ons .  Sep umvr occurs 
a t  a nodal crossing.  

4 Coast t o  equator 0:05:16:36 

8 Coast to geosynch 
a l t i t u d e  

Coast duration was assumed 
for  any postdeployment 
checkout, a c t iva t ion ,  
e tc . ,  which may be required. 

0.0 -9.2 7944.8 O p t h u m h e i g h t a n d p l a n e  
change mnvr. 

Coast approximately 1/2 rev. 

0.0 51.1 5598.2 Unvr DV depends upon amount 
of longitude phasing. 
One rev. coas t  f o r  correc t  
longitude placement is 
assumed. 

Coast t o  the equator o r  1/2 
rev. a f t e r  i n se r t i ng  in to  
longitude d r i f t  o r b i t .  

Midcourse performed i f  
o r b i t a l  dispersions re-  
qu i r e  it. 

Wedge angle: Angle between OTV and space s t a t i on  o r b i t  planes. 
Phase angle: Measured frun the  OTV to the target  (space s t a t i o n ) ,  pos i t ive  i n  the d i r ec t ion  of motion. 



TABLE 2-1.- Continued 

(b) - Continued 

Event 
no. Event 

Wedge1 phase2 Pitch Yaw k v r  
PET Duration HA / RP Inc l  angle angle angle angle AV 

d:h:m:s d:h:m:s (n.mi.) (deg) (deg) (deg) (deg) (deg) (Ips) Comments 

9 Circularize in 1:09:40:27 
geosynchronous o rb i t  

10 I n i t i a l  geosynchronous 
o rb i t  

11 Perform payload SEP w v r  

12 I n i t i a t e  transfer to 0:00:00:00 
lw Earth parking o rb i t  

Coast to EI a t  4WK 
l 3  f e e t  

Return Phase 0 

19323.0 / 19141.0 0.0 28.50 0.0 180.0 20.0 Retrograde separation mnvr 
from P/L. my occur 
anywhere WRT the LEO 
injection . 

19141.0 / 45.5 26.30 2.34 -55.0 0.0 155.2 5924.1 TIC occurs 7.2 minutes 
prior t o  OTV's crossing the 
space s ta t ion 's  o rb i t a l  
l ine  of nodes. This 
time is dependent upon 
the rendezvous phasing. 

14 Aerodgnaaio f l ight  0:05:09:27 0:00:07:33 
regime 

0.0 0 .O 262.3 OTV a t ta ins  the required 
longitude fo r  deployment 
of the payload. 

16 Inser t  in to  the lw 0:05:55:56 
Earth parking orbi t  

OTV i n  geosynchronous o r b i t  
prior to lw Earth o r b i t  
transfer.  

15 Exit 40m feet and 0:05:17:oo 0:00:38:56 377.8 / 44.8 28.50 
coast to  apogee 

17 Coast to phasing 
mnvr 

18 Perform rendezvous 0:09:40:40 
phasing mvr 

Perform a midcourse 
amvr i f  required during 
coast. 

OTV begins aerodynamic 
braking and maneuvering. 

400.0 / 377.8 28.50 0.32 -94.3 0.0 0.0 603.1 TIC occurs a t  apogee. 

391.4 / 258.0. 28.50 0.15 -30.3 0.0 169.3 216.1 TIC occurs a t  the 1 s t  
common node 3 revs. a f t e r  
LEO t ransfer  injection. 

; Wedge angle: Angle between OTV and space s ta t ion o rb i t  planes. 
Phase angle: Measured fram the OTP to  the target (space s ta t ion) ,  positive i n  the direction of motion. 



TABLE 2-I.- Concluded 

(b) - Concluded 

Event PET Duration HA / HP wedge1 Phase2 Pi tch  Yaw hvr I n c l  angle angle angle angle AV 
no. b e n t  d:h:m:s d:h:m:s (n.mi.) (deg) (d-) (deg) (deg) (deg) ( fp s )  Comments 

19 Coast to height mnvr 0:02:26:23 391.4 / 258.0 28.50 

20 Performheightmnvr 0:12:07:03 258.8 / 200.0 28.50 0.00 -1.6 0.0 -172.3 319.5 TIC occurs a t  the  common 
node. 

2 1 Coast t o  s t ab l e  
o r b i t  inser t ion  wnvr 

0:00:43:42 258.8 / 200.0 28.50 Coast f o r  a 180' t r ans fe r .  

22 Perform s t ab l e  o r b i t  0: 12:50:45 200.0 / 200.0 28.50 0.00 0.25 -1.2 180.0 99.9 Stable  o r b i t  i n se r t i on  com- 
in se r t i on  mnvr pleted with the  OTV t r a i l i n g  

the space s t a t i o n  by 15 n. m i .  

Maintain s t ab l e  o r b i t  
23 po in t  

A two rev. coast  assumed f o r  
required prerecovery opera- 
t ions.  

24 I n i t i a t e  terminal 0:15:54:44 0:01:31:56 200.0 / 197.0 28.50 0.00 0.25 0.0 180.0 5.9 Begin f i n a l  c lo se  in 
rendezvous mnvr rendezvous sequence with 
sequence the  space s t a t i on .  Target 

f o r  a po in t  1 n. mi. i n  
f ron t  o f  the  s t a t i on .  

25 Rendezvous operations 0:17:26:&0 0:00:46:00 

26 Prox OPS, braking, and 0:18:12:40 
docking unvrs. 

Perform midcourse mnvrs 
a s  required. 

11.3 h v r  DV is an accumulated 
DV f o r  the  rendezvous 
operations,  PROX OPS, 
braking, and docking. 

Wedge angle: N l e  between OTV and space s t a t i o n  o r b i t  planes. 
Phase angle: Measured from the  0TV to the  t a rge t  (space s t a t i o n ) ,  pos i t ive  in the  d i r ec t ion  of motion. 



TABLE 2-11 .- A V  SUMMARY FOR GEOSYNCHRONOUS PAYLOAD DELIVERY MISSION 

OTV a l l -  OTV aerobraking/ 
propulsive aeromaneuvering 

Flight segment return re turn 

Outbound phase 

OTV/space s t a t i on  separation 20.0 fps  20.0 f p s  
Geosynchronous t ransfe r  o r b i t  inser t ion  7944.8 7944.8 
Geosynchronous longitude d r i f t  o rb i t  inser t ion  5589.7 5589.7 
Circularization a t  geosynchronous a l t i t u d e  262.3 262.3 

Subtotal  13816.8 fp s  13816.8 f p s  

Return phase 

OTVlpayload separation 
LEO t ransfer  o r b i t  inser t ion 
LEO parking o r b i t  inser t ion  
OTV rendezvous phasing maneuver 
OTV height maneuver 
OTV s tab le  o rb i t  maneuver 
OTV terminal rendezvous maneuvers 

20.0 f p s  20.0 f p s  
5781.4 5924.4 
7614.8 603.1 

41.2 216.1 
331 1 319 *5 
295 -0 99 -9 

17.2 17.2 

Subtotal  14100.7 f p s  7199.9 f p s  

Total mission requirements 27917.5 fps  21016.7 fps 



TABLE 2-111.- SEQUENCE OF FYENTS FOR THE ORBITAL TRANSFER VEHICLE GEOSYNCHRONOUS RETRIEVAL MISSION 

( a )  All-Propulsive Return Option 

 edge' Phase2 Pi tch  Yaw h v r  
Event PET Duration HA / HP I n c l  angle angle angle angle AV 

no. Event d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) ( fp s )  Coments 

0 I n i t i a l  space s t a t i o n  
o r b i t  

1 OTV performs separa- 0:00:00:00 
t i on  mnvr 

2 Coast fo r  four 
o r b i t a l  periods 

3 OTV inser t ion  i n t o  0:06:08:05 
geosynchronous t r ans fe r  
o r b i t  

4 Coast t o  f i r s t  nodal 
crossing 

5 In se r t  i n t o  geo- 0:11:24:41 
synchronms phasing 
o r b i t  

6 Coast To midcourse 
mnvr 

. Outbound Phase 

211.0 / 200.0 28.50 0.0 0.0 0.0 0.0 20.0 OTV performs a separation 
mnvr from the  space 
s t a t i on .  DV should be 
s u f f i c i e n t  t o  p ro t ec t  
t h e  space s t a t i o n  from 
a l l  hazards associated 
with OTV deploy operations 
Sep mnvr occurs a t  a 
nodal crossing.  

Coast duration was assumed 
f o r  any postdeployment 
checkout, ac t iva t ion ,  e t c .  
which may be required. 

19323.0 / 200.0 26.30 2.2 3.0 0.0 -9.2 7944.8 Optimum height and plane 
change mnvr. 

Coast approximately 1/2 rev. 

19323.0 / 17174.0 0.0 28.50 -14.8 0.0 51.1 5598.2 Mnvr DV depends upon phasing 
requirement. Phasing 
mnvr t o  achieve OTV placement 
50 n. m i .  in f r m t  o f  
payload and a t  t he  same 
a l t i t ude .  One rev. coas t  
i n  phasing o r b i t  is assumed. 

7 Perform midcourse 0:22:32:34 19323.0 / 17174.0 0.0 28.50 
mnvr i f  required 

Coast t o  the  equator o r  1/2 
rev. a f t e r  i n se r t i ng  i n t o  
phasing o r b i t .  

Hidcourse performed i f  orbi-  
tal dispers ions  require it. 

I Wedge angle: Angle between OTV and space s ta t ion  o r b i t  planes. 
Phase angle: Measured from the OW t o  the target (space s t a t i o n ) ,  pos i t ive  i n  the d i r ec t ion  of motion. 



TABLE 2-111.- Continued 

( a )  - Continued 

Event 
no. Event 

wedge1 phase2 Pitch Yaw h v r  
P f i  Duration HA / HP I n c l  angle angle angle angle AV 

d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) ( a s )  Comments 

8 Coast t o  geasynch 
a l t i t u d e  

9 I n i t i a t e  rendezvous 1:09:40:27 0:01:00:00 19325.0 / 18600.0 0.0 28.50 
with payload 

10 PROX OPS, braking 1:10:40:27 
and docking with P/L 

-1.5 0.0 171.4 OTV i n i t i a t e s  i n t e r cep t  t r a -  
jec tory  from t h e  leading 
50 n. mi. o f f s e t  pos i t ion .  

18.4 0.0 85.6 OTV r e t r i e v e s  payload a f t e r  
Prox OPS, braking and 
docking operations.  

RETURN Phase 

11 Coast to f i r s t  nodal 0:10:03:14 19323.0 / 19323.0 0.0 28.50 
opportunity to i n i t i a t e  
LEO descent 

N 
I 12 I n i t i a t e  t ransfer  t o  1 :20:43:41 19323.0 / 400.0 26.30 2.44 84.3 0.0 155.3 5751.6 TIG occurs 9.5 minutes p r i o r  
W low Earth parking o r b i t  t o  OTV1s cross ing t h e  space 
\O s t a t i o n 1 s  o r b i t a l  l i n e  o f  

nodes. This tlme is depend- 
ent  upon the  rendezvous 
phasing. 

13 Coast to the LEW Perform a midcourse mnvr 
i f  required during 
coast .  

14 I n s e r t  i n to  the low 2:02:04:29 400.0 / 400.0 28.50 0.36 83.1 0.2 -172.9 7633.3 TIC occurs a t  equa to r i a l  
Earth parking o r b i t  crossing.  

15 Coast t o  phasing 
mnvr 

16 PerForm rendezvous 2:06:39:01 
phasing mnvr 

400.0 / 340.9 28.50 0.25 166.3 0.0 180.0 97.5 TIG occurs a t  t he  f i r s t  
common node 3 revs. a f t e r  
LEO t r a n s f e r  In jec t ion .  

17 Coast to  height mnvr 0:12:W:17 400.0 / 340.9 26-50 

Wedge angle: Angle between OTV and space s t a t i o n  o r b i t  planes. 
Phase angle: Measured from the  OTV to the  t a rge t  (space s t a t i o n ) ,  pos i t ive  i n  the  d i r ec t ion  of motion. 



T m E  2-111.- Continued 

(a) - Concluded 

Wedge1 phase2 Pitch Yaw Unvr 
Went PET Duratim HA / HP In01 angle an@ angle angle AV 
no. Event d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (dag) (deg) (deg) (ips) kaments 

Perform heiat mnvr 

Coast to stable 
orbi t  insertion amr 

Perfom stable o rb i t  
insertion m v r  

Maintain stable 
orbi t  point 

I n i t i a t e  terminal 
rendezvaus mnvr 
sequence 

PROX OPS, braking, and 
docking mvrs. 

2:18:46:18 351.0 / 195.6 28.50 0.01 -3.9 0.0 180.0 321.8 TI0 occurs a t  the common 
node. 

C o a s t  f a  a 180° trans- 
fer.  

2:19:34:48 200.0/200.0 28.50 0.0 0.25 -37.0 180.0 309.4 Stable o rb i t  insertloo com- 
pleted with the OTV t r a i l i n g  
the space s ta t ioo by 
15 n. ad. 

A two n v .  coast assumed fo r  
required prerecovery 
operations. 

2:22:38:47 0:01:31:56 200.0 / 197.0 28.50 0.00 0.25 0.0 180.0 5.9 Begin f l n a l  close i n  rendez- 
vw sequence with the 
spaoe station. Target for  
a point 1 n. mi. i n  f ront  
of the station. 

Perfom ridcoume m v r s  
as required. 

11.3 Unvr DV is an accumulated 
DV f o r  the rendezvous 
operations, PROX OPS, 
braking, and docking. 

; Wedge angle: Angle between OTV and space station o rb i t  planes. 
Phase angle: Measured fran the OTV to the target (space s ta t ion) ,  positive i n  the direction of motion. 



TABLE 2-111.- Continued 

(b) Aerobraking/Aeromaneuvering Option 

wedge1 phase2 Pi tch  Yaw h v r  
Event PET Duration M / HP InCl angle angle angle angle AV 
no. Event d:h:m:s d:h:m:s (n.mi.) (deg) (deg) (deg) (deg) (deg) ( fps)  Comments 

Outbound Phase 

0 I n i t i a l  space s t a t i o n  
o r b i t  

1 OTV performs separa- 0:00:00:00 
t i on  mnvr away from 
space s t a t i on  

2 Coast POP four 
o r b i t a l  periods 

20.0 OTV performs a separa t ion  
mnvr from the  space 
s t a t i on .  DV should be 
s u f f i c i e n t  t o  protec t  
t he  space s t a t i o n  from 
a l l  hazards associated 
with OTV deploy operations. 
SEP mnvr occurs a t  a 
nodal crossing.  

Coast dura t ion  was assumed 
f o r  any postdeployment 
checkout, a c t iva t ion ,  
e tc . ,  which m y  be required.  

3 O N  t ransfer  t o  0:06:08:05 19323.0 / 200.0 26.30 2.2 3.0 0.0 -9.2 7944.8 Optimum height and plane 
geosynchronous o r b i t  change mnvr. 

4 Coast t o  f i r s t  nodal 
crossing 

5 I n s e r t  i n to  longitude 0:11:24:41 
d r i f t  o r b i t  

6 Coast t o  mldcwrse 
mnvr 

7 Perform midcourse 0:22:32:34 
mnvr i f  required 

0:05:16:36 19323.0 / 200.0 26.30 Coast approximately 1/2 rev.  

19323.0 / 17174.0 0.0 28.50 -14.8 0.0 51.1 5598.2 Mnvr DV depends upon 
phasing requirement. 
Phasing mnvr t o  achieve 
rev f o r  OTV placement 50 
n. m i .  i n  f ron t  of payload 
and a t  the  same a l t i t ude .  
One rev.  coast  i n  phasing 
o r b i t  is assumed. 

Coast t o  the equator o r  1/2 
rev. a f t e r  i n se r t i ng  i n t o  
phasing o rb i t .  

Hidcourse performed i f  orbi-  
t a l  d ispers ions  require  it. 

Wedge angle: Angle between OTV and space s t a t i o n  o r b i t  planes. 
Phase angle: Measured frcm the  OTV t o  the target  (space s t a t i o n ) ,  pos i t ive  i n  the  d i rec t ion  of motion. 



TABLE 2-111.- Continued 

(b) - Continued 

Event PEr Duration IU / AP wedge1 phase2 Pitch Yaw Unvr Incl  angle angle angle angle AV 
no. Event d:h:m:s d:h:m:s (n.mi.) (deg) (dcg) (deg) (deg) (deg) ( 0 s )  Comaents 

Coast to geospch 
a l t i tude  

I n i t i a t e  rendezvous 1 :09:40:27 0:01:00:00 19325.0 / 18600.0 0.0 28.50 -1.5 0.0 171.4 0271 i n i t i a t e s  intercept 
with payload t ra jectory from the leading 

50 n. mi. of fse t  position. 

Rox  OPS, braking 1:10:40:27 
and docking with PA. 

19323.0 / 19323.0 0.0 28.50 18.4 0.0 85.6 OTV re t r ieves  payload a f t e r  
PROX OPS, braking and 
docking operations. 

Coast t o  f i r s t  nodal 0:10:03:07 19323.0 / 19323.0 0.0 28.50 
opportunity to  i n i t i a t e  
LEO descent 

I n i t i a t e  t ransfer  t o  1:20:43:34 
low Earth parking 
o rb i t  

Coast to EI a t  400K 
f e e t  

19323.0 / 45.5 26.30 2.44 83.9 0.0 157.0 5893.5 TIG occurs 9.6 minutes pr ior  
t o  OTV1s crossing the space 
s t a t i o n l s  o rb i t a l  l ine  of 
nodes. This time is depen- 
dent upon the rendezvous 
phasing. 

Aerodynamic f l igh t  2:01:56:17 0:00:07:33 
reg- 

Perform a midcourse mnvr 
i f  required during 
coast. 

OTV begins aerodynamic 
braking and maneuvering 

Exit 400K fee t  and 2:02:03:50 0:00:39:27 398.5 / 44.8 28.50 
coast t o  apogee 

Inser t  into the low 2:02:43: 17 400.0 / 398.5 28.50 0.54 58.7 0.0 0 .O 601.0 TIC occurs a t  apogee 
Earth parking o rb i t  

Coast to phasing 
WVF 

Perform rendezvous 2:06:26:06 400.0 / 361.6 28.50 0.37 125.7 0.0 153.3 68.9 T I G  occurs a t  the f i r s t  
phasing m r  common node 3 revs. a f t e r  

LEO transfer  injection. 

; Wedge angle: Angle between OTV and space station o rb i t  planes. 
Phase angle: Measured from the 0271 to  the target (space s ta t ion) ,  positive in  the direction of motion. 



TABLE 2-111.- Concluded 

(b) - Cmcluded 

wedge1 phase2 'p i tch  Yaw Mnvr 
Event PFP Duration K 4 / W  I n c l  angle angle angle angle AV 
no. Event d:h:m:s d:h:m:s (n-mi.) (deg) (deg) (deg) (deg) (deg) ( ip s )  Comments 

Coast t o  height mnvr 0:13:54:43 

Perform hei&t  m v r  2:20:20:49 

Coast t o  s t ab le  
o r b i t  inser t ion mnvr 

Perform s t ab le  o r b i t  2:21:06:59 
inser t ion mnvr 

Maintain s t ab le  o r b i t  
point 

I n i t i a t e  telminal 3:00:10:58 0:01:31:56 
rendezvous mnvr 
sequence 

Rendezvous operations 3:01:42:54 0:00:46:00 

PROX OPS, braking, and 3:02:28:54 
docking mnvrs 

363.3 / 200.0 28.50 0.00 -5.4 0.0 -175.6 326.2 node. TIG occurs a t  the  common 

Coast for a 180' t rans-  
f e r .  

200.0 / 200.0 28.50 0.00 0.25 -1.2 180.0 275.3 Stable  o r b i t  inser t ion com- 
pleted with the OTV trail 
ing the  space s t a t i o n  by 
15 n. m i .  

A tuo rev. coast  assumed 
f o r  required prerecovery 
operations. 

200.0 / 197.0 28.50 0.00 0.25 0.0 180.0 5.9 Begin f i n a l  c lose  i n  rendez- 
vous sequence with the  
space s ta t ion.  Target 
f o r  a point 1 n. m i .  i n  
f ron t  of the  s ta t ion.  

Perform midcourse wvrs 
a s  required. 

11.3 M v r  DV is an accumuiated 
DV f o r  the rendezvous 
operations, PROX OPS, 
braking and docking. 

' Wedge angle: Angle between OTV and space s t a t ion  o r b i t  planes. 
Phase angle: Measured from the  OW to the  target  (space s t a t ion ) ,  pos i t ive  i n  the d i rec t ion of  motion. 



TABLE 2-1V.- AV SUMMARY FOR GEOSYNCHRONOUS PAYLOAD RETRIEVAL MISSION 

OTV a l l -  OTV aerobraking/ 
propulsive aeromaneuvering 

Flight segment return re turn 

Outbound phase 

OTV/space s t a t i o n  separation 20.0 fps  20.0 fps  
Geosynchronous t ransfe r  o rb i t  inser t ion 7944.8 7944.8 
Geosynchronous phasing o rb i t  inser t ion (25 deg) 5598.2 5598.2 
Geosynchronous rendezvous intercept  maneuver 171.4 171.4 
Geosynchronous rendezvous braking maneuver 85.6 85.6 

Subtotal  13820.0 f p s  13820.0 f p s  

Return phase 

LEO t ransfe r  o rb i t  inser t ion 
LEO parking o r b i t  inser t ion 
OTV rendezvous phasing maneuver 
OTV height maneuver 
OTV s t ab l e  o r b i t  maneuver 
OTV terminal rendezvous maneuvers 

Subtotal  14130.8 f p s  7182.1 fp s  

Total missim requirements 27950.8 fp s  21002.1 f'ps 



TABLE 2-V.- ORBITAL TRANSFER WEHICLE PLAHETARY FLIGRT SCENARIO 

(a)  All-Propulsive 

Event 
no. Event 

PET Duratlon HA / AP wedge1 Phase2 Pitch Yaw h w  Inc l  angle angle angle angle AV 
d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) (0s) Comments 

0 I n i t i a l  space station 
orb i t  

1 om p e r f o m  
separation 
mmr 

2 OTV transfer 
to high e l l ipse  

3 OTV separation 
fra! payload 

4 om mn*r 

to adjust perigee 
a l t i tude  

6 OW node 
adjustment 
W v r  

7 S / C  kick stage 
injection burn 

210 / 2 0 0  28.5 0 0 0 0 20 SEP A 0  should be suff icient  
t o  protect the s tat ion from 
a l l  hazards associated 
with MV deployment 
operations. 

8930 Unvr places perigee 
i n  optimum position 
for  f ina l  S/C k i  k stage 
burn target.  t o  s a t i s r p t  

T/ Raises perigee a l t i tude  
t o  s e t  up OTV return 
t o  spaoe s tat ion 

Uidcourse performed i f  
o rb i ta l  dispersions re- 
quire it. 

982 Unvr performed a t  common 
node of OW orb i t  plane 
and spaoe s tat ion o r b i t  
plane. 

(3000) Final mnvr t o  place S I C  
on hyperbolic escape 
trajectory. 

Wedge angle: m l e  between OTV and space s tat ion orbi t  planes. 
Phase angle: Ueasured imQ the OW to the target (space s tat ion) ,  posi t i re  i n  the direction of motion. 



TABLE 2-V.- Continued 

( a )  - Concluded 

wedge1 phase2 Pitch Yaw Mnvr 
PET Duration HA / HP I n c l  angle angle angle angle bV 

d:h:m:s d:h:m:s (n.mi.) (deg) (dee) (deg) (deg) (deg) ( f p s )  Connnents 
Event 

no. Event 

OTV ci rcular -  22: 26 
i za t ion  w v r  

Coast to phasing 
mnvr 

Perform rendezvous 26 : 35 
phasing m v r  

Coast t o  height 
m v r  

Perform height 28 : 59 
m v r  

Coast to s t ab l e  
o r b i t  inser t ion  
mnvr 

Perform s t ab l e  
o r b i t  i n se r t i on  
m v r  

Cmst  a t  s t ab l e  
o r b i t  point  

TBD 

Perform phasing T BD 
mnvr 

200 / TBD 

Perform midcourse TBD 
mnvr i f  required 

Perform f i n a l  
approach m v r  t o  
space s t a t i o n  

1 Wedge angle: Angle between OTV and space s t a t i o n  o r b i t  planes. 
Phase angle: Measured fm the  OTV to the t a rge t  (space s t a t i o n ) ,  pos i t ive  i n  t he  d i rec t ion  of motion. 



TABLE 2-V.- Continued 

(b) Aerobraking 

Wedge1 phase2 Pi tch  Yaw Mnvr 
PET Duration HA / HP I n c l  angle angle angle angle AV 

d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) ( i p s )  Comments 
Event 
no. Event 

0 I n i t i a l  space s t a t i on  
o r b i t  

20 SEP AV should be s u f f i c i e n t  
t o  p ro t ec t  t he  space 
s t a t i o n  from a l l  hazards 
associa ted  with OTV 
deployment operations.  

1 OTV performs 
separa t ion  
mnm 

2 OTV t r ans fe r  
t o  high e l l i p s e  

8930 Mnvr places  perigee 
i n  optimum pos i t i on  
f o r  f i n a l  S/C ki$k s t a g e  
burn t o  s a t i s Q  Vm 
t a rge t .  

OTV separation 
frcnn payload 

OTV mnvr t o  
ad jus t  perigee 
a l t i t u d e  

62 Raises perigee a l t i t u d e  
t o  s e t  up OTV r e tu rn  
t o  SOC 

OTV midcourse 
mnvr 

TBD Midcourse performed i f  
o r b i t a l  d ispers ions  r e -  
qu i r e  it. 

OTV node 
adjustment mvr  

OTV entry  
in t e r f ace  

Entry in t e r f ace  defined 

Aerobraking mnvr 

S/C kick stage 22 : 22 
in j ec t ion  burn 

OPV e x i t  atmosphere 22:24 

Wedge angle: Angle between OTV and space s t a t i o n  o r b i t  planes. 
Phase angle: Measured from the  OTV t o  the  t a rge t  (space s t a t i o n ) ,  pos i t ive  i n  t he  d i r ec t ion  of motion. 



TABLE 2-V.- Concluded 

(b) - Concluded 

Event PET Duration HA / HP 
wedge1 phase2 Pitch Yaw h w  

no. Event d:h:m:s d:h:n:s (n.mi.) Incl  
angle angle angle angle AV 

(deg) (deg) (deg) (deg) (deg) (Ips) Comments 

O W  circular- 23 : 04 
ization mvr 

Coast to phasing 
rmlv!' 

Perfom rendezvous 26 : 18 
phasing anvr 

Coast to height 
W V F  

Perform height 
Wvr 

Coast t o  stable 
o r b i t  insertion 
mnvr 

Perfom stable 46:23 
orb i t  insertion 
w v r  

200 / 200 

200 / TBD 

TBD Coast a t  stable 
o r b i t  point 

Perform phasing TBD 
w v r  

Perform nidcourse TBD 
w v r  i f  required 

Perform f inal  
approach mvr to 
space station 

; Wedge angle: Angle between OW and space station orbi t  planes. 
Phase angle: Measured frcm the O N  t o  the target (space s tat ion) ,  positive in  the direction of notion. 



TABLE 2-V1.- OTV ENERGY REQUIREMENTS FOR PLANETARY MISSION SUPPORT 

AV f'ps Total  

SEP maneuver 
Transfer to h i m  e l l i p s e  

A l l  propulsive re turn 
Perigee adjustment maneuver 
Nodal alinement maneuver 
LEO c i rcu la r iza t ion  
Phasing maneuver 
Height/plane change maneuver 
Stable o rb i t  inser t ion  

Aerobraking re turn 
Perigee adjustment maneuver 
Nodal alinement maneuver 
LEO c i rcu la r iza t ion  
Phasing maneuver 
Height /plane change 
Stable  o rb i t  inser t ion 



TABLE 2-VI1.- ORBITAL TRANSFER VEHICLE RENDEZVOUS WITH LANDSAT 

(a)  Transfer To High Alti tude Apogee 

Event 
no. Event 

Wedge' phase2 Pitch Yaw Mnvr 
HET Duration M / H P  Inc l  angle angle angle angle AV 

d:h:rn:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) (fps) Comments 

0 I n i t i a l  space s t a t ion  
o r b i t  

1 OTV performs SEP 0:O:O:O 
m v r  

2 Coast to ascending 
node 

3 OTVinse r t ion in to  0:4:55:35 
high e l l i p .  
t r ans fe r  o r b i t  

4 Coast to apogee 

20.0 OTV performs a separation 
mnvr from the space s t a t ion .  
SEP AV should be s u f f i c i e n t  
t o  protect the space 
s t a t ion  from a l l  hazards 
associated with OTV de- 
ployment operations. 
SEP mvr occurs a t  a 
nodal crossing. 

Coast duration was assumed 
f o r  any postdeployment 
checkout, ac t ivat ion,  e tc .  
which may be required. 

9798 Optimum height mnvr 
occurs near the  equator. 

Coast approximately 1/2 
rev. Uidcourse mnvrs 
w i l l  be made i f  needed. 

I Wedge angle: Angle between OTV and space s t a t ion  o r b i t  planes. 
Phase angle: Measured from the  OTV to the target  (space s t a t ion ) ,  pos i t ive  i n  the  d i rec t ion of motion. 



TABLE 2-VI1.- Continued 

(b)  Outbound Propulsive 

wedge1 Phase2 Pi tch  Yaw h v r  
Event M3T Duration H A / W  I n c l  angle angle angle angle AV 

no. Event d:h:m:s d:h:m:s (n.mi.1 (deg) (dm)  (deg) (deg) (dm)  ( ips)  Coarments 

1 Beight/plane 1:21:36:26 
change m v r  

2 Coast t o  low Earth 
parking o r b i t  

3 I n s e r t  i n t o  lcw 3:14:36:45 
Earth parking o r b i t  

4 Coast to phasing 
mnw 

5 Perfom rendezvcus 3:14:51:45 
phasing mnvr 

6 Coast to height/plane 
change a t  the  conmon 
node mnvr 

0. 122.9 1504 +v 
nec 
i n c  
Fen 

r (made a t  apogee) 
essary t o  achieve 98.2' 
l i na t ion  a t  time of 
dezvous with Landsat. 

course mnvn w i l l  
made i f  necessary. 

occurs near nodal 
ss ing.  

-74.8 0. -180.0 178 This phasing mnvr was 
done a t  the  f i r s t  common 
node of  the O W  and Landsat. 
I n  r e a l i t y  some time should 
be a l lo t ed  f o r  o r b i t  veri-  
f i c a t i o n  (waiting f o r  the 
t h i r d  o r  fourth conwmn node 
should be su f f i c i en t ) .  

; Wedge angle: Angle between OTV and space s t a t ion  o r b i t  planes. 
Phase angle: Measured f m  the O'TP t o  the target  (space s t a t i o n ) ,  pos i t ive  i n  the d i rec t ion of motion. 



TABLE 2-VI1.- Continued 

(b)  - Concluded 

Wedge1 phase2 Pi tch  Yaw Mnvr 
Event NET Duration AA / HP I n c l  angle angle angle angle AV 

no. Event d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) ( ip s )  Connnents 

7 Per fow height/ 3:15:44:0 467 / 383 98.2 -64.5 0. -180.0 312 For the  idea l  rendezvous 
plane change s i tua t ion  no AV would be 
mnvr required t o  fu r the r  a l i n e  

the nodes. Approximately 
20 ips i n  the out-of- 
plane di rec t ion is included 
i n  t h i s  AV t o  account f o r  
dispersions.  Since the 
out-of-plane component 
is root-sum-squared with 
the  in-plane component 
of  307 ips, the AV needed 
f o r  plane change is 
negl ib le .  

8 Coast t o  s table  
o rb i  t inser t ion 
mnvr 

9 Perform s t a b l e  4:09:19:39 
o r b i t  i n se r t ion  
mnvr 

0.25 0. -180. 140 Stable  o r b i t  i n se r t ion  com- 
pleted with the OTV t r a i l -  
ing the Landsat by 15 
n. m i .  The mnvrs required 
t o  move the OTV t o  a point 
1 n. m i .  in f ron t  of  t he  
Landsat pr ior  t o  f i n a l  
approach is not included. 

Wedge angle: Angle between OTV and space s ta t ion o r b i t  planes. 
Phase angle: Measured f r a a  the  OTV to the target  (space s t a t ion ) ,  pos i t ive  i n  the d i rec t ion of motion. 



TABLE 2-VI1.- Continued 

( c )  Outbound Aerobraking 

Event KET Duration K4 / AP 
wedge1 phase2 Pi tch  Yaw m v r  

no. Event d:h:m:s d:h:m:s (n.mi.) I n c l  
angle angle angle angle AV 

( d e d  (deg) (deg) (deg) (deg) (fps) Comments 

1 Height/plane 1:21:36:26 
change mvr 

0. 125.7 1453 Mnvr is performed t o  
take  advantage of  aero- 
braking i n  Ear th ' s  
atmosphere. 

Coast to perigee 1:16:41:0 100 000 / 45 98.2 

Coast t o  583 n. mi. 
a l t i t u d e  

Circular ize  i n  low 3:15:5:4.55 
Earth parking 

Coast to phasing 
w v r  

-136.9 0. -180. 56 Done a t  the f i r s t  common 
node; could be accomplished 
a t  l a t e r  ccmmon node if 
addi t ional  time is required. 

Perform rendezvous 3:16:02:18 
phasing mnvr 

Coast to height/ 
plane change 
mnvr 

-123.9 0. -180. 308 Approximately 20 i p s  i n  
the  out-of-plane d i r ec t ion  
is included i n  t h i s  A V  t o  
account f o r  common node 
dispersions.  

Perform height/ 3:16:55:19 
plane change 
mnvr 

Coast t o  s t ab le  
o r b i t  inser t ion 
w v r  

1 Wedge angle: Angle between OTV and space s t a t ion  o r b i t  planes. 
Phase angle: Measured f r an  the OTV t o  the target  (space s t a t i o n ) ,  pos i t ive  i n  the d i rec t ion of motion. 



TABLE 2-VI1.- Continued 

(c) - Concluded 

wedge1 Fhase2 Pi tch  Yaw Mnvr 
Event UET Duration HA / HP I n c l  angle angle angle angle AV 
no. Event d:h:m:s d:h:m:s (n.ml.1 (deg) (deg) (deg) (deg) (deg) (Qs) Comments 

10 Perform s t ab le  4:10:47: 14 
o r b i t  inser t ion 
mnvr 

383 383 98.2 0.25 0. -180.0 262 Stable  o r b i t  i n se r t ion  com- 
ple ted  with the  OTV t r a i l -  
ing the  Landsat by 15 
n. m i .  The h v r s  required 
t o  move the  OTV t o  a point  
1 n. m i .  i n  f ront  of the 
Landsat p r io r  t o  f i n a l  
approach a re  not included. 

I Wedge angle: Angle between OW and space s ta t ion o r b i t  planes. 
Phase angle: Measured from the OTV t o  the target (space s t a t i o n ) ,  pos i t ive  i n  the d i rec t ion of  motion. 



TABLE 2-VI1.- Continued 

(d)  Return Propulsive 

Event 
no. Event 

wedge1 Phase2 Pitch Yaw b v r  
HET Duration HA / HP Inc l  angle angle angle angle AV 

d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) ( fps)  Comments 

1 OTV inser t ion in to  4:16:38:01 
high e l l i p t i c  
t ransfer  o rb i t  

2 Coast t o  apogee 1:20:48:42 100 000 / 383 98.2 84.72 

3 Height/plane 6:13:26:43 
change mnvr 

4 Coast to low 1:20:49:29 lM)OO0/400  28.5 

N 
Earth parking 

I o r b i t  u 
Cn 5 Inse r t  i n to  low 8:10:16:12 400 / 400 28.5 

Earth parking 
o r b i t  

6 Coast to phasing 
mnvr 

7 Perform rendezvous 8:13:34:30 
phasing m r  

8 Coast to height/ 
plane change a t  t he  
common node 
mnvr 

95.82 The mnvr is positioned 
such tha t  the plane change 
a t  apogee w i l l  take out t he  
wedge angle for  the rendez- 
vous phase of  the r e tu rn  
leg.  

0. 132.3 1665 Knvr made a t  apogee 
necessary t o  achieve 
28.5' inc l inat ion a t  
time of  rendezvous with 
space s ta t ion.  

-99.5 0. 180.0 145 Mnvr done a t  second 
common node of OTV and 
space s t a t ion .  

Wedge angle: Angle between OTV and space s t a t ion  o r b i t  planes. 
Phase angle: Measured from the  OW t o  the target  (space s t a t i o n ) ,  pos i t ive  i n  the d i rec t ion of motion. 



TABLE 2411.- Continued 

(d )  - Concluded 

Event HET Duration HA / HP wedge1 phase2 Pitch Yaw h r  I n c l  angle angle angle angle AV 
no. Event d:h:m:s d:h:m:s (n.mi.) (deg) (deg) (deg) (deg) (deg) ( Ips)  C-ents 

9 Perform height/ 8:14:23:25 
plane change a t  the 
common node mnvr 

10 Coast to  s t ab le  
o r b i t  inser t ion 
mnvr 

11 Perform s table  9:06:49:54 
o r b i t  inser t ion 
mnvr 

-87.6 0. 180.0 339 21 Ips i n  the yaw d i r ec t ion  
is included In t h i s  A V  
t o  account fo r  dispersions.  

.25 0. 180.0 193 Stable  o r b i t  i n se r t ion  
completed with the  OW 
t r a i l i n g  the space s t a t ion  
by 15 n. m i .  The w v r s  
required t o  move the  
OW t o  a posit ion 1 
n. m i .  i n  f ront  of  the  
space s t a t ion  pr ior  
t o  f i n a l  approach a r e  
not incl.uded. 

; Wedge angle: Angle between OW and space s ta t ion o r b i t  planes. 
Phase angle: Measured from the OW t o  the target  (space s t a t i o n ) ,  pos i t ive  i n  the  d i r ec t ion  of motion. 



TABLE 2-VI1.- Continued 

( e )  Return Aerobraking 

Event 
no. Event 

wedge1 phase2 Pi tch  Yaw Mnvr 
MET Duration HA / HP Inc l  angle angle angle angle AV 

d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) ( ip s )  Comments 

1 OTV inser t ion i n t o  4: 16:38:1 
high e l l i p t i c a l  
t r ans fe r  o rb i t  

2 Coast to apogee 1:20:48:42 1 0 0 0 0 0 / 3 8 3  98.2 84.72 

3 Beight/plane 6:13:26:43 
change mnvr 

4 Coast t o  perigee 1:20:36:34 l W 0 0 0 / 4 5  28.5 

5 Coast t o  400 n. m i .  0:02:18:09 400 / 45 28.5 

6 Circular ize  8:12:21:26 
i n  low Earth 
parking o rb i t  

7 Coast to phasing 0:02:35:27 400 / 400 28.5 

8 Perform rendezvous 8 : 14 :56 :53 
phasing mnvr 

9 Coast to height/ 
plane change 
rrmVF 

9582 The mnvr is posit ioned 
such that the  plane 
change a t  apogee w i l l  
take out the wedge angle 
f o r  t he  rendezvous phase 
of  the r e tu rn  leg.  

0. 133.7 1628 Mnvr is performed t o  
take advantage of  
aerobraking i n  Earth's  
atmosphere. 

-157.1 0. -180.0 33 Done a t  t he  second 
common node; could be 
accomplished a t  l a t e r  
cammon node alinements 
i f  addi t ional  time is 
required. 

' Wedge angle: Angle between OTV and space s t a t i o n  o r b i t  planes. 
Phase angle: Measured fmm t he  OTV t o  the  t a rge t  (space s t a t ion ) ,  pos i t ive  i n  the d i rec t ion of motion. 



TABLE 2-VI1.- Concluded 

( e )  - Concluded 

Event 
no. Event 

wedge1 phase2 Pitch Yaw Mnvr 
HET Duration HA / HP I n c l  angle angle angle angle AV 

d:h:m:s d:h:m:s (n.mi.1 (deg) (deg) (deg) (deg) (deg) ( Ips)  Co-nts 

10 Perform height/ 8:15:46:30 
plane change 
mnvr 

11 Coast to s t ab le  
o r b i t  inser t ion 
mnvr 

12 Perform s t ab le  
o r b i t  inser t ion 
mnvr 

380 / 200 28.5 -142.6 0. 180. 344 Approximately 20 ips 
i n  the  out-of-plane 
d i r ec t ion  is inoluded 
in t h i s  AV t o  account 
f o r  common node dis- 
persions. 

0.25 0. -180. 306 Stable  o r b i t  inser t ion 
completed with the  OTV 
t r a i l i n g  the  space s t a t i o n  
by 15 n. m i .  The mnvrs 
required t o  move the 
OTV t o  a posi t ion 1 
n. mi. i n  f ront  of the 
space s t a t i o n  p r io r  t o  
f i n a l  approach a r e  not 
included. 

Wedge angle: Angle between OW and space s t a t ion  o r b i t  planes. 
Phase angle: Measured frcm the OTV t o  the target  (space s t a t i o n ) ,  pos i t ive  i n  the d i rec t ion of motion. 



TABLE 2-VII1.- ENERGY REQUIREMENTS FOR PROPULSIVE AND AEROBRAKING METHODS 

Transfer  t o  High Al t i tude  Apogee 

Maneuver 

SEP maneuver 
High e l l i p t i c  o r b i t  i n s e r t i o n  

AV, fps 

Outbound Propulsive 

Maneuver 

Height/plane change maneuver 
Low Earth o r b i t  c i r c u l a r i z a t i o n  
Phasing maneuver 
Height/plane change maneuver 
S t a b l e  o r b i t  i n s e r t i o n  

AV, fps 

Out bound Aerobraking 

Maneuver 

Height/plane change maneuver 
Low Earth o r b i t  c i r c u l a r i z a t i o n  
Phasing maneuver 
Height/plane change maneuver 
S tab le  o r b i t  i n s e r t i o n  

Return Propulsive 

Maneuver 

High e l l i p t i c  o r b i t  i n s e r t i o n  
Height/plane change maneuver 
Low Earth o r b i t  c i r c u l a r i z a t i o n  
Phasing maneuver 
Height/plane change maneuver 
S tab le  o r b i t  i n s e r t i o n  

AV, fps 



TABLE 2-VII1.- Concluded 

Return Aerobraking 

Maneuver 

High e l l i p t i c  orbit insertion 
Height/plane change maneuver 
Low Earth orbit  circularization 
Phasing maneuver 
Height/plane change maneuver 
Stable orbit  insertion 

AV, FPS 



TABLE 2-1X.- POSTAEROBRAKING EXIT CONDITIONS 

( a )  Entry from 19 323 x  45.6 n. m i .  E l l i p t i c  Orbit  

Entry conditions a t  400 000 ft. a l t i tude :  

Incl inat ion = 26.3 deg 
I n e r t i a l  veloci ty  = 33828.60 Pps 
I n e r t i a l  f l ightpath  angle = -3.9918 deg 

Target Actual Target Actual 

Altitude - ft 340 000 340 108 400 000 400 173 

I n e r t i a l  veloci ty  - f p s  26 322 26 347 26 250 26 237 
rU 

I n e r t i a l  f l ightpath  angle - deg 0.93266 0.9642 1.2839 1.2612 
I-' 

Incl inat ion - deg 28.5 28.5024 28.5 28.499 

W = 5.121b/f t2  L = 0.50 m x i m u m l o a d f a c t o r = 2 . 0 g ~ s  - - 
CDA D 



TABLE 2-1X.- Continued 

(b) Entry from 95 982 x 41.0 n. m i .  E l l i p t i c  Orbit  

Entry conditions a t  400 000 f t .  a l t i tude :  

Incl inat ion = 97.964 deg 
, I n e r t i a l  velocity = 35718 fps 
I n e r t i a l  f l ightpath  angle = -4.7 deg 

Target Actual Target Actual 

Altitude - f t  340 000 341 261 400 000 400 670 

I n e r t i a l  veloci ty  - fp s  26 594 26 611 26 521 26 514 

10 
I 

I n e r t i a l  f l ightpath  angle - deg 1.33 1  .YO1 1.71 1.707 
cn 
10 

Incl inat ion - deg 97.965 97 -932 97.966 97.937 

W = 5.121b/f t2  L = 0.50 maximumloadfactor=2.4g1s - - 
CDA D 



TABLE 2-1X.- Concluded 

( c )  Entry from 9662 x 45.6 n. mi. E l l i p t i c  Orbi t  

Entry conditions a t  400 000 f t .  a l t i t u d e :  

Inc l ina t ion  =26.3 deg 
I n e r t i a l  ve loc i ty  = 32578.0 f p s  
I n e r t i a l  f l igh tpa th  angle = -3.99 deg 

Target Ac tua  1 Target Actual 

Al t i tude  - ft 340 000 340 723 400 000 400 998 

I n e r t i a l  ve loci ty  - f p s  26 322 26 349 26 250 26 240 

IU 
I 
D\ 

I n e r t i a l  f l igh tpa th  angle - deg 0.93266 1.0073 1.2839 1.2973 
L3 

I n c l i n a t i o n  - deg 28.5 28.468 28.5 28.472 

W = 5.12 l b / f t 2  L  = 0.50 maximum load factor = 1.83 g ' s  - - 
CDA D 



Co-orhiting 5 
s a t e l l i t e  

"""7 
20 * OTV ahead 

Assumptions: 
1 )  20 fps posigrade OTV separation maneuver 

2) O N  ign i t i on  i s  biased by 1/2 of the bum tin 

3) Typical OTV AV . 7945 fps 

Vehicle Impulsive ON Igni t ion,  revs fmrn space stat ion separation 
i gn t t t on  

s tat ion 

Fipure 2-1.- Typical r e l a t i v e  m t i o n  between the O N  and s p c e  stat ion 
during the pos tdep lopn t  coast p r i o r  t o  ON Ign i t i on .  



OTV t g n t t i o n ,  revs 
from space s t a t l o n  
separat ion 

0 0.5 
0 1.0 
A 2.0 

Symbol = 2 mtn t ime t i c k s  
from OTV t g n t t t o n  

OTV ahead o f  space 
s ta t ion ,  n. mi. 

Assumptt ons: 
1)  20 fps  postgrade OTV separat ion maneuver 
2) OTV i g n i t i o n  i s  blased by 1/2 o f  the burn t ime 
3) Typica l  OTV AV = 7945 fps 
4) T/W = 0.1 
5) Burn time = 1911 sec 
6) LVLH t n i t l a l  attitude: 

P = -12 deg 
Y = 0 deg 
R = 0 deg 

7) LVLH p i t c h  r a t e  0.013 deg/sec r e l a t i v e  t o  i n s t a n t  LVLH 

(a) OTV p i t c h i n g  dur tng burn. 

OTV behind space 
s ta t ion .  n. mi. 

F lgure 2-2.- E f f e c t  of pos tdep lopen t  coast  t ime on r e l a t i v e  mot ion du r ing  OTV burn. 



Assumptions: 
1) 20 fps  posigrade OTV separation maneuver 
2) OTV i g n i t i o n  i s  biased by 112 o f  the burn t ime 
3) Typ ica l  OTV AV = 7945 fps 
4) T/W = 0.1 
5) Burn t ime = 1911 sec 
6) I n i t i a l  burn a t t i t u d e  

P = -62.1 deg 
Y = 0 deg 
R = 0 deg 
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(d) Low Earth o r b i t  t rans fe r  phase - OTV aerobraking option. 

Figure 2-4.- Continued. 
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(a)  OTV all-pmpulslve return optfon. 

Ftgure 2-8.- lmpulslve geosynchronous departure tlme for optimum OTV return to space station. 



(b)  OTV aerobrakinglaeromaneuvcrlng option. 

F igure  2-8.- Concluded. 
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Figure 2-14.- AV required to phase i n  geosynchronous orbit.  
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Figure 2-16.- Concluded. 
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(a) OTV atmospheric flight a1 tltude profile. 

Figure 2-19.- Flight proflles. 
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(b)  Viscous i n t e r a c t i o n  p r o f i l e .  

F igure 2-19.- Continued. 
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(c)  Dynamlc pressure p r o f i l e .  

F igure 2-19.- Continued. 
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(d) Load factor profile. 

Figure 2-19.- Continued. 
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(e) Roll command profile. 

Fjgure 2-19.- Continued. 
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(f) Rol l  angle p r o f i l e .  

Figure 2-19.- Continued. 
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(g) Reference drag acceleration and drag acceleration profile. 

Figure 2-19.- Continued. 
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(h) I n e r t i a l  v e l o c i t y  p r o f i l e .  

F igure 2-19.- Continued. 



( i )  Inertial flightpath angle profile. 

Figure 2-19.- Continued. 



(j) Inclination profile. 

Figure 2-19.- Contlnued. 
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Figure 2-19.- Concluded. 



(a) 400 n. n i  .I225 n. mi. phasing o r b i t  (min inu) .  

Velocity 

Phasing uneuver  

300 - - ---- LEO parking o r b i t  

200 n. mi. space stat ion o r b i t  

(b) 400 n. mi. c i r cu la r  phasing o r b l t  ( u x l * r ) .  

300 

: I 
e ; 200 
; t 
2 z 
II 5 
: : l o o -  - 
2 4 - 
z 

7 . O  - I t  > 0 

B - . n 

E loo 

Figure 2-20.- Typical n l a t i v e  m t l o n  during ONlsprca s ta t i on  rendezvous 
phase ( rotat ing curv i l inear  coordirut* system). 

1 Earth Phasing maneuver 

- 
Height maneuver 

. : 

Stable o r b i t  maneuver ( if required) 

V A a 
~ e r m i n r l  rendezvous maneuver 

I I I I I I I I I 1 1 

. C - 
6 9 200 . .  
= z 
C "  

= :: [ = 
0 :loo- - c 4 

> 
7. s - ; I  0 .  > 

B - . n 

roo 

ZMH) leOO 1600 1100 1200 lo00 800 600 4Oa 200 0 9 m  10 000 

O N  l u d i n g  s p c e  station+mV t r a i l i n g  space stat lon 

Horizontal dlsplacment. n. ml. 

- &--k 
Height maneuver 

Stable o r b l t  maneuver ( i f  required) 

v A J 
Ten ina l  rendezvous uncuver  

I I I I I I I I I 1 A 1  I I 1 
2000 1800 1600 1100 1200 1000 800 600 400 200 0 2& 9100 9600 9800 10 000 

O N  leadlng space station+ ON t r l i l l n g  space stat ion 

Horizontal displacement, n. mi. 



Space s t a t i o n  i n  200 n. mi. c i r c u l a r  o r b i t  

400 n. mi./400 n. mi. 

ru 
I 
w 400 n. mi./225 n. m i .  
0 
m OTV phasing o r b i t  

7 
0- 
Q) Assumptions 
CL N + 1/2 revo lu t ions i n  phasing o r b i t  

0 20 40 60 80 100 120 140 160 f 180 -160 -140 -120 -100 -80 -60 -40 -20 0 

OTV t r a i l i n g  space s t a t i o n  +t- OTV leading space s t a t i o n  

Phase angle a t  the t ime 06 t he  phasing maneuver, deg 

Figure 2-21.- Phasing o r b i t  coast requirements as a f u n c t i o n  o f  phase angle. 



3.0 OTV SIZING 

3.1 INTRODUCTION 

The concept of space based operat ions p ivo t s  around the  development of  an effi- 
c i e n t ,  high energy, o r b i t a l  t r a n s f e r  vehic le  s tage .  The O T V f s  a r e  fueled and 
mated t o  t h e i r  payload(s) at  the  space s t a t i o n  and then de l ive r  the  payloads t o  
t h e i r  f i n a l  des t ina t ion .  

The d i r e c t  t r anspor ta t ion  c o s t s  f o r  the  payloads then reduce t o  the  cos t  of 
de l ive r ing  the  various ma te r i a l s  t o  LEO plus  replacement cos t  of any expended 
s t ages .  When the  O T V t s  a r e  recovered, t h e i r  replacement c o s t s  can be amortized 
over 10 t o  15 f l i g h t s ,  making them a very small percentage of  the  opera t ion ' s  
cos t .  Thus the  d i r e c t  operat ions d o l l a r  cos t  of de l ive r ing  a pound of  payload 
t o  GEO is simply t h e  S h u t t l e  launch cos t  per pound of cargo t o  the  space base 
mul t ip l ied  by the  number of pounds of  cargo required a t  the  space base per pound 
of  payload del ivered t o  GEO. 

This  l a t t e r  number is given f o r  each case i n  t h i s  study and is used i n  compari- 
son of c o s t s  o r  cos t  e f fec t iveness .  

S iz ing  of  the  OTV is c r u c i a l  t o  t h i s  opera t ional  cos t  e f fec t iveness .  Previous 
s tud ies  have tended t o  t i e  OTV s i z i n g  t o  some p a r t i c u l a r  payload requirement 
coupled with some s p e c i f i c  S h u t t l e  l i f t  capab i l i ty .  This can e a s i l y  r e s u l t  i n  
an OTV s tage  t h a t  is i n e f f i c i e n t  when considering overa l l  operat ions.  

This  present  study views the  OTV a s  p a r t  of a general ized t r anspor ta t ion  system 
with the  following c h a r a c t e r i s t i c s  : 

A .  The S h u t t l e  w i l l  be the  primary launch veh ic le  t o  low Earth o r b i t .  

B. The OTV w i l l  be a high energy s tage  t h a t  is r e s t a r t a b l e ,  has long dura t ion  
(weeks) mission time capab i l i ty ,  has extensive on-board i n t e l l i g e n c e ,  and is 
designed t o  f i t  i n s i d e  t h e  Shu t t l e  f o r  del ivery t o  LEO. 

C. The propel lant  is LOX/H2. 

D. Space based missions a r e  not constrained t o  the  weight of propel lant  and pay- 
load t h a t  can be del ivered i n  an i n t e g r a l  number of f u l l  S h u t t l e  f l i g h t s .  

3.2 GROUNDRULES AND CONSTRAINTS 

A. OW ISP = 460 sec .  

B. OTV burnout w t .  = 4000 lb .  + .08 X (propel lant  wt.) 
Propel lant  w t .  = usable  propellant  i n  f u l l  s tage.  

C. Aerobraker capab i l i ty  is a k i t  add-on t o  regular  s tage .  

D. Two-stage operat ion uses two i d e n t i c a l  f u l l y  fueled OW s tages  i n  s e r i e s .  



E. h o p e l l a n t  capaci ty  quoted is usable  propel lant .  Residuals and veh ic le  re- 
serves are included i n  burnout weight. 

F. AV Wldgets are 

1. Geosynch Impulsive 

Outbound AV = 14 000 f p s  
Return AV = 14 000 f p s  

2. Geosynch Aerobraking 

Outbound AV = 14 000 f p s  
Return AV = 7 000 f p s  

3. Sun-Synchronous Impulsive 

Outbound AV = 20 800 f p s  (bes t  departure time) 
Return AV = 21 700 f p s  (worst r e tu rn  time) 

4 .  Sun-Synchronou s Aerobraking 

Outbound AV = 12 600 fps  (bes t  departure time) 
Return AV = 12 600 f p s  (worst r e tu rn  time) 

3.3 OTV OPERATIONS 

3.3.1 S h u t t l e  Based Operations 

S h u t t l e  based opera t ions  use the  OTV as a d i r e c t  extension of t h e  S h u t t l e  vehi- 
cle. For a GEO del ivery  mission the  S h u t t l e  is launched with a fueled OTV i n  
the  bay at tached t o  the  GEO bound payload. The t o t a l  weight (OTV, p rope l l an t ,  
and payload) may not exceed the  S h u t t l e  deployed cargo capab i l i ty .  

When LEO is reached the  Shu t t l e  deploys the  OTV which then t r a n s f e r s  its pay- 
load t o  GEO. If the OTV is t o  be recovered it deploys the  payload and re tu rns  
t o  LEO where it is recovered by t h e  Shu t t l e  e i t h e r  immediately o r  on a l a t e r  
launch. 

3.3.2 Space Based Operations 

Space basing u t i l i z e s  a space s t a t i o n  as a s torage  and opera t ions  depot. The 
Shu t t l e ,  over a number of f l i g h t s ,  de l ive r s  the  various mission elements 
(OTV1s, propel lant ,  and payloads) t o  the  depot. The payloads and OTV1s are 
checked out and readied f o r  f l i g h t .  They a r e  mated t o  each o ther  and t h e  OTV1s 
are fueled.  The OTV then departs  from the  space s t a t i o n  and t r anspor t s  the  pay- 
load t o  its f i n a l  des t ina t ion .  After the  payloads a r e  separated,  the  O T V 1 s  re- 
tu rn  t o  the  space s t a t i o n  f o r  use on subsequent missions. 



Rather extensive s torage ,  checkout, r e p a i r ,  and handling f a c i l i t i e s  a t  the  
space s t a t i o n  a re  implied i n  t h i s  concept. 

3.4 FLIGHT PROFILES 

3.4.1 Space S ta t ion  t o  CEO - Impulsive Transfer  

Impulsive t r a n s f e r  t o  GEO from a low ea r th  o r b i t  ( see  sec t ion  2.4.1) a t  28.5' 
i n c l i n a t i o n ,  begins with a l a rge  (8000) f p s  posigrade burn a s  the  OTV crosses  
the  equator.  This  r a i s e s  apogee t o  the  GEO a l t i t u d e  of  19 323 n. m i .  and 
makes "2' of  the plane change. A t  apogee a second burn o f  =6000 fps c i r c u l a r i z e s  
and provides the  remainder of  the  plane change (26.5'). The payload is 
deployed a f t e r  which the  OTV rendezvous with any payload t h a t  is t o  be returned 
and r e t r i e v e s  it. The OTV then coas t s  around the  GEO o r b i t  u n t i l  it crosses  
the  plane of the  space s t a t i o n  (one of  t h e  space s t a t i o n  nodal cross ing 
points )  where a mirror image of the outbound t r a n s f e r  is performed t o  r e tu rn  
t o  the  space s t a t i o n  o r b i t  fo r  rendezvous. 

3.4.2 Space S t a t i o n  t o  CEO - Aerobraking Transfer  

An aerobraking OTV uses the  standard al l- impulsive t r a n s f e r  outbound t o  
GEO. Aerobraking is only of use during the r e tu rn  t r i p .  

The first burn of  the  re turn  l e g  is a retrograde burn t h a t  makes the  e n t i r e  
28.5' plane change and drops perigee t o  =45 n. m i .  This d ips  the  lower end 
of the  o r b i t  i n t o  the  atmosphere where a cont ro l led  aerobraking maneuver 
d i s s i p a t e s  energy t o  bring apogee down t o  near  space s t a t i o n  a l t i t u d e .  The 
OTV e x i t s  the  atmosphere, coas t s  up t o  apogee and c i r c u l a r i z e s  i n  prepara t ion  
f o r  rendezvous. The net  r e s u l t  is a reduction i n  the  AV required from the  
rocket  engine of =7000 fps. 

3.4.3 Space S t a t i o n  t o  Sun-Synchronous - Impulgive Transfer  

The sun synchronous o r b i t s  considered here a r e  a t  an i n c l i n a t i o n  o f  98O 
and an a l t i t u d e  of  380 n. m i .  The space s t a t i o n  is a t  an i n c l i n a t i o n  o f  
28.5' and an a l t i t u d e  o f  200 n. m i .  The plane change necessary t o  t r a n s f e r  
between the two o r b i t s  (i. e., the  wedge angle between t h e  two o r b i t  planes)  
va r i e s  from a minimum of  69.5' when the  nodes a re  a l ined  t o  126.5' when 
they are 180' out  of phase. The r e l a t i v e  precession r a t e s  of the  two o r b i t s  
a r e  such t h a t  they r o t a t e  through the  e n t i r e  cycle of  plane changes requirements, 
from minimum t o  maximum and back t o  minimum again,  i n  approximately 40 days. 

It was assumed t h a t  the  t r a n s f e r  t o  Sun-synch was s t a r t e d  a t  the  bes t  poss ib le  
time (minimum plane change required).  Because the  round t r i p  time is f a i r l y  
lengthy, it was fu r the r  assumed t h a t  the  re turn  was a t  t h e  worst poss ib le  
time (maximum plane change). 



For l a rge  plane changes such a s  these ,  a nthree-impulsev t r a n s f e r  is u t i l i z e d  
t o  minimize propel lant  (Av) requirements. A t  the  nodal cross ing of the  two 
o r b i t  planes the  OTV makes a la rge  posigrade burn ("10 000 fps )  r a i s i n g  apogee 
t o  a s  high a value a s  p r a c t i c a l  (here  100 000 n. m i .  was used) and leaving pe r i -  
gee unchanged. The vehic le  then coas t s  up t o  apogee where a properly d i rec ted  
burn makes the  plane change (while the  OTV is moving very slowly) and a l s o  
r a i s e s  perigee t o  near  the  Sun-synchronous a l t i t u d e .  The OW then coas t s  down 
t o  the  new perigee where a l a r g e  re t rograde  burn ("10 000 fps)  r e c i r c u l a r i z e s .  

Returning is a mirror image of the  process. 

3 . .  Space S t a t i o n  t o  Sun-Synchronous - Aerobraking Transfer  

Transfer r ing  t o  Sun-synch with an aerobraker again uses a Nthree-impulsen type 
t r a n s f e r .  An i n i t i a l  l a r g e  posigrade burn t r a n s f e r s  from a 200 n. m i .  c i r c u l a r  
t o  a 100 000 x 200 n. m i .  e l l i p s e .  After  coas t ing  t o  apogee a second burn makes 
the  plane change and a l s o  lowers perigee t o  about 45 n. m i .  s o  that the  OTV w i l l  
e n t e r  the  atmosphere. The OTV coas t s  down i n t o  the  atmosphere around per igee  
and uses  guided aerobraking t o  reduce apogee a l t i t u d e  t o  near  Sun-synchronous 
o r b i t  a l t i t u d e .  The OTV then coas t s  up t o  t h i s  a l t i t u d e  and performs a 
c i r c u l a r i z a t i o n  burn. 

The re turning sequence is e s s e n t i a l l y  the  same. Both outbound and r e t u r n  a r e  
t r a n s f e r s  from one low c i r c u l a r  o r b i t  t o  another in a d i f f e r e n t  plane using an 
intermediate high e l l i p s e  t o  reduce the  cos t  of the  plane change. Aerobraking 
is used i n  each case t o  d i s s i p a t e  the  energy of  the  intermediate e l l i p s e .  

The OTV s tages  were assumed t o  have the following c h a r a c t e r i s t i c s :  

The propel lant  is LOX/Hydrogen with a mixture r a t i o  of 6:1 and ISP = 460 
Sec. 

The s t age  is designed t o  be del ivered i n  the  S h u t t l e  bay. A s i n g l e  s t age  would 
be bas ica l ly  a cy l inder  15 f t  i n  diameter and of varying length  depending on 
p rope l l an t  capaci ty  but  no g r e a t e r  than 60 f t  long. The s tage  would have one 
o r  more rocket motors a t  one end, a s e t  of  propel lant  tanks i n  the  middle, and 
an a t t i t u d e  control/avionics/payload-interface module a t  the  o ther  end. Stages 
with propel lant  capac i t i e s  of at  l e a s t  100 000 l b  could be f i t t e d  within t h e  
60 f t  l i m i t .  

The nominal i n e r t  weight sca l ing  law used was burnout weight equals  4000 l b  + 
.08 x usable propel lant  wt. 

It was assumed that the  aerobraking c a p a b i l i t y  could be added t o  the  s t age  a s  
an add-on k i t .  K i t  weights of  4000 and 8000 l b  were examined. 



Stages could be stacked one behind the  o ther  and provide sequen t i a l  propulsion 
f o r  two-stage operat ions.  A l l  s t ages  were i d e n t i c a l  and interchangable between 
single s tage  and dual  s tage  operat ions.  

The OW'S a r e  reusable with a long term (severa l  weeks) onorbit  fueled opera- 
t ion .  

3 6 TWO-STAGE OPERATIONS 

Two-stage operat ions cons i s t  of  taking two i d e n t i c a l  OW'S and mounting them 
one behind the  o ther  with the  payload i n  f r o n t  of  the  forward ( top)  s tage .  
When used i n  t h i s  manner the  first (bottom) s t age  is burned near ly  t o  deple t ion  
y ie ld ing  a AV o f  "6000 f p s  (depending on the  payload). It then shu t s  down and 
separa tes  and the  top s tage  completes the  required i n i t i a l  Av. The bottom 
s tage  c o a s t s  1 rev (=4  h r )  and uses its remaining propel lant  t o  r e c i r c u l a r i z e  
i n  its o r i g i n a l  o r b i t  and rerendezvous with the space s t a t i o n .  The top s t age  
continues on t o  complete the normal mission. 

For an aerobraking OW, a f t e r  separa t ion  the  bottom (empty) s t a g e  d ips  i n t o  t h e  
atmosphere t o  slow itself back down before f i n a l  c i r c u l a r i z a t i o n .  

For t h i s  study it was assumed t h a t  the  bottom s tage  was always recovered even 
when the  top s t age  is expended. 

3.7 RESULTS 

The r e s u l t s  of  t h e  performance study a r e  shown i n  f i g u r e s  3-1 through 3-10. 

Each f igure  is i n  two p a r t s ,  both p lo t t ed  aga ins t  OTV propel lant  capacity (OTV 
s i z e ) .  Pa r t  (a)  of each f igure ,  de l ivery  capab i l i ty ,  shows cargo del ivered  pe r  
Om f l i g h t .  Pa r t  (b ) ,  de l ivery  ef fec t iveness ,  converts  t h i s  t o  pounds of weight 
del ivered t o  LEO (Shu t t l e  cargo) f o r  each pound del ivered  t o  the  f i n a l  des t ina-  
t ion .  Weight t o  LEO includes propel lant  f o r  the  OW, weight of the  payload t o  
be del ivered ,  and replacement weight for  any Om's expended. 

Figure 3-1 shows performance f o r  a S h u t t l e  based operat ion ( i . e . ,  no space 
s t a t i o n )  t o  a f i n a l  cargo des t ina t ion  of CEO. This would cover standard opera- 
t i o n s  f o r  the  period a f t e r  OTV a v a i l a b i l i t y  and before space s t a t i o n  opera t ions  
commence. It was assumed t h a t  aerobraking would not i n i t i a l l y  be ava i l ab le  s o  
no such cases  were included here. 

Performance is shown f o r  OW expended (one-way case)  and f o r  the  case wi th  Om 
returned empty. These a r e  given f o r  S h u t t l e  deployed cargo per f l i g h t  of  50K 
lb ,  60K lb ,  and 7OK lb .  These a r e  the  only cases where S h u t t l e  l i f t  c a p a b i l i t y  
is a parameter. Note t h a t  i f  the  OTV is  optimally s i zed  f o r  the  expendable case 
it is too small f o r  any re tu rn  c a p a b i l i t y  a t  a l l  and while under-sizing has a 
sharp impact on capab i l i ty ,  overs iz ing  the  OTV is  not  t e r r i b l y  c o s t l y  i n  perfor-  
mance. 



Figure 3-2 a l s o  g ives  c a p a b i l i t y  t o  CEO f o r  a one-way ( s t age  expended) f l i g h t ,  
but i n  t h i s  case f o r  a space based system. Both s i n g l e  s tage  and dual s t age  
operat ions a r e  shown. I n  the  two-stage case only the  top s t age  is expended ( l e f t  
a t  CEO). The bottom s tage  is recovered. No aerobraking is shown a s  there  is 
no aerobraking opportunity outbound t o  geosynch. Two-stage operat ions show a 
s l i g h t  advantage i n  Shu t t l e  de l ivery  requirements ( f i g u r e  3-2b) and i n  addi- 
t i o n ,  only expend ha l f  a s  many s tages .  Expending t h e  top s t age  o f  a two-stage 
stack provides a method of  de l ive r ing  very l a rge  payloads t o  GEO. 

Figures 3-3, 3-4, and 3-5 show space based performance t o  GEO with the  OW'S 
returned. The cases considered were: no payload returned,  payload returned 
equal  t o  one-half the  payload del ivered ,  and the  payload returned equal  t o  the  
payload del ivered  (round t r i p  case) .  Two-stage and s ing le  s tage  operat ions with 
and without aerobraking a r e  considered. 

The r e s u l t s  shown i n  these f igures  follow some very d e f i n i t e  t rends.  

A .  Two-stage operat ions show s u b s t a n t i a l l y  b e t t e r  performance , both i n  pay- 
load per f l i g h t  and i n  e f f i c i ency ,  than s ing le  s t age  opera t ions  and al low 
the  use of smaller s tages .  

B. Aerobraking shows considerable advantage only where the re  is returned 
payload. 

C. The del ivery  cos t  curves ( f i g u r e  3-3b, 3-4b, 3-5b) exh ib i t  a t y p i c a l  shape 
throughout the  study. Direct  de l ivery  c o s t s  decrease sharply wi th  in- 
creas ing OTV s i z e  u n t i l  the  knee of the  curve is reached. Thereaf ter  the  
performance e f f i c i ency  increases  but only slowly. 

The OTV s i z e  necessary f o r  e f f i c i e n t  operat ion ( i . e . ,  t o  c l e a r  the  knee of the  
curve) va r i e s  with the  manner of operat ion.  For the most p a r t ,  however, it 
seems t h a t  t o  an OTV s tage  s i z e  of  a t  l e a s t  50K l b ,  with probably 60 t o  70K 
l b  being b e t t e r ,  would be required f o r  e f f i c i e n t  two-stage opera t ions ,  and 
roughly twice t h a t  s i z e  is indicated f o r  the  equivalent  s i n g l e  s tage .  A t  
l e a s t  a 70K l b  t o  80K l b  OTV s i z e  (propel lant  capacity)  is required f o r  any 
reasonable e f f i c i ency  f o r  a s ing le  s tage  vehicle f ly ing  round-trip t o  GEO. 

A l l  of the  s i z e s  indicated a r e  considerably l a r g e r  than the  optimum S h u t t l e  
based OTV s i z e ,  which is i n  the  30 000-40 000 l b  range of OTV propel lant  
(depending upon S h u t t l e  l i f t  c a p a b i l i t y ) .  

Figure 3-6 shows the  s e n s i t i v i t y  of the  r e s u l t s  t o  changes i n  the  bas ic  OTV 
i n e r t  weight sca l ing  laws. These were impulsive del ivery  missions t o  CEO with 
the s tages  returned empty. The general t rends remain the same but the  a c t u a l  
optimum s i z e  w i l l  be very much a function of the  a c t u a l  s c a l i n g  law of the  f i n a l  
design. Note a l s o  t h a t  a s tage  weight reduction of  2000 l b  reduces the  weight 
required i n  o r b i t  by 15 t o  20 percent .  This means t h a t  f o r  a spaced based OTV, 
i f  the  OTV i n e r t  weight can be reduced by designing the  s t r u c t u r e  f o r  OTV engine 
t h r u s t  l e v e l  only and the  OW is launched unfueled, the  added e f f i c i ency  may more 
than make up f o r  the  l o s t  Shu t t l e  payload on the  OTV launch f l i g h t .  I n  t h i s  con- 
t e x t  one must consider t h a t  f o r  an OTV with a ten mission l i f e s p a n ,  approximately 
one S h u t t l e  launch i n  15 w i l l  carry a replacement OTV. Thus, the  t o t a l  ( f u e l )  



l o s s  of payload t o  LEO f o r  launching an empty OW would be a maximum of around 
6 percent .  The e f f i c i ency  gain of a l i g h t  OTV could well  be g rea te r  than t h a t  
value. 

Figure 3-7 g ives  OTV one-way del ivery  c a p a b i l i t i e s  t o  a Sun-synchronous o r b i t  
( i n c l i n a t i o n  = 98O, 500 x 500 n. m i .  a l t i t u d e )  from a space s t a t i o n  i n  a 28.5' 
o r b i t .  The f i n a l  ( top)  s t age  is expended i n  each case. These t r a n s f e r s  a r e  
nthree-impulsen u t i l i z i n g  an intermediate e l l i p t i c  o r b i t  with a very high 
(100 000 n. m i . )  apogee. The d i f f e r e n t i a l  nodal regression of space s t a t i o n  
and des t ina t ion  o r b i t s  r e s u l t s  i n  a minimum plane change occurrence about 
every 40 days. It was assumed the  t r a n s f e r  took place a t  t h a t  time. 

A s  i n  previous r e s u l t s  where high A v ' s  were involved the two-stage operat ions 
provide a d e f i n i t e  advantage. Aerobraking, which f o r  t h i s  t r a n s f e r  reduces i m -  
puls ive  AV by some 40 percent ,  more than doubles the  payload capab i l i ty .  More- 
over, two-stage aerobrakers ind ica te  the  p o s s i b i l i t y  of de l ive r ing  60K l b  c l a s s  
payload t o  the  Sun-synchronous o r b i t .  This  is beyond the  cu r ren t ly  planned Shut- 
t l e  capab i l i ty  f o r  a s i n g l e  d i r e c t  launch t o  these high inc l ina t ions .  

Figures 3-8, 3-9, and 3-10 give  OTV round-trip capab i l i ty  t o  these  same Sun- 
synchronous o r b i t s ,  again s t a r t i n g  from a 28.5' i n c l i n a t i o n  space s t a t i o n .  

The performance shown is f o r  OTV aerobraking both outbound and returning.  There 
is i n s u f f i c i e n t  performance, with the i n e r t  weights considered here,  t o  r e tu rn  
the  OTV i f  e i t h e r  l e g  of the t r i p  is all-impulsive. 

Again, performance is shown f o r  th ree  cases: the OTV returned empty, one-half 
t h e  outbound payload returned,  and a s  much payload returned a s  del ivered 
(round-tr ip) .  

The r e s u l t i n g  t rends  a r e  s i m i l a r  t o  those f o r  the geosynchronous des t ina t ion .  
Generally OTV s i z e s  o f  60 t o  70K l b  and two-stage operat ions provide reasonably 
e f f i c i e n t  operat ions.  In  e f f e c t  we f ind  t h a t  a s tage  s ized  and designed f o r  ef-  
f i c i e n t  t r anspor t  t o  GEO with the  f l e x i b i l i t y  of mul t i s tage  opera t ions ,  provides 
the  c a p a b i l i t y  f o r  operat ions t o  sun-synchronous o r  any o ther  very d i s t a n t  Ear th  
o r b i t .  

3.8 CONCLUSIONS 

A. Optimum OTV s i z i n g  f o r  space based operat ions is considerably d i f f e r e n t  
( l a r g e r )  than f o r  S h u t t l e  based operat ions.  

B. Undersizing the  OTV sharply reduces e f f i c i ency ;  oversizing does not .  

C. Aerobraking provides s i g n i f i c a n t  advantage over al l - impulsive operat ions and 
the required technology should be vigorously pursued. It is worth noting,  
however, t h a t  most of t h i s  advantage is l o s t  unless  the  OW can aerobrake 
while carrying the various OTV payloads. 



D. Dual s taging ( i d e n t i c a l  s tages)  i s  more e f f i c i e n t  than s i n g l e  s t age  
operat ions,  and allows use of smaller  s tages .  The a b i l i t y  t o  s tack  s t ages  
o f fe r s  considerable opera t ional  f l e x i b i l i t y .  

E. Manifesting of mul t ip le  payloads per OTV f l i g h t  w i l l  be required,  s ince  most 
cu r ren t  GEO s a t e l l i t e s  a r e  smaller  than the  c a p a b i l i t y  shown. 

F. Space basing decouples OTV performance from S h u t t l e  l i f t  capab i l i ty  per  
f l i g h t .  S h u t t l e  performance can then be optimized i n  terms of l b / d o l l a r  
r a the r  than l b / f l i g h t .  

G. Space basing would allow e f f e c t i v e  use of dual  s taging,  aerobraking, and OTV 
sca l ing .  It would make poss ib le  development of extens ive  payload r e t r i e v a l  
and/or refurbishment c a p a b i l i t i e s  with the  r e s u l t a n t  s u b s t a n t i a l  p o t e n t i a l  
c o s t  savings. 

However 

To achieve these b e n e f i t s ,  the  OTV must be s i zed  and designed f o r  space 
based operat ions.  The operat ions and opera t ional  techniques must not be 
constrained t o  those of  a Shu t t l e  based operat ion.  

H. Optimum OTV s i z i n g  w i l l  be very dependent on the  i n e r t  weight sca l ing  law 
of the  OTV design. The s i z i n g  study should be redone during the  design 
phase with exact i n e r t  weight r e l a t i o n s i p s .  For the i n e r t  weights used i n  
t h i s  study an OTV propel lant  capacity of a t  l e a s t  60 000 t o  70 000 I b  
seems t o  be indicated.  



(a )  Del i very capabi 1 l ty.  

Figure 3-1. -  Shuttle based OTV performance to G E O .  
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20 30 40 50 60 70 80 x lo3 
OTV propel 1 ant capaci ty/s tage , 1 b 

(b)  Del i very effectiveness. 

Figure 3-1. - Concl uded. 



30 40 5 0 60 70 
OTV propel 1 ant capaci ty/s tage, 1 b 

(a)  Delivery capabi 1 i ty.  

Figure 3-2 . -  Space based OTV one-way cargo to G E O  
(top stage expended). 



30 40 5 0 60 70 
OTV propel 1 a n t  capaci ty /s  tage, 1 b 

( b )  D e l i v e r y  e f fec t iveness .  

Figure 3-2. - Concluded. 



( a )  Del i v e r y  capabi 1 i t y .  

F igure  3-3.- Space based OTV performance t o  GEO 
(s tage(s )  r e t u r n e d  empty). 
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OTV propel 1 ant capaci ty/stage, l b  

( b )  Delivery effectiveness. 

Figure 3-3.  - Concluded. 



( a )  Del i very capabi 1 i ty.  

F i  ure 3-4 . -  Space based OTV performance to  G E O  
?returned cargo = 112 outbound cargo).  



3 0 40 5 0 60 70 
OTV propel 1 a n t  capaci tylstage, I b 

(b) De1 i very effectiveness. 

Figure 3-4 .  - Concl uded. 
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OTV propellant capacitylstage,  l b  

( a )  Delivery capabil i t y .  

Fi ure 3 - 5 . -  Space based OTV performance to  GEO 
?cargo returned = cargo del ivered) . 
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OTV propellant capacitylstage, 1 b  

(b) Delivery effectiveness. 

Figure 3 -5 .  - Concluded. 
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O T V  propellant capacitylstage, 1b 

(a) Delivery capability. 

Figure 3-6.- Space based OTV performance to GEO for 
various OTV inert weight scaling laws. 



4 0 50 6  0 
OTV p r o p e l l a n t  capac i t y l s t age ,  1b 

(b )  Del i v e r y  e f f ec t i veness .  

F i gu re  3-6 .- Concluded. 



20 30 40 50 6 0 70 80 x 
OTV propellant capacitylstage, 1 b 

(a) Del i very capabi l ity . 
Figure 3-7.- Space based OTV one-way cargo to Sun-synchronous orbit 

(top stage expended). 
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OTV pPopel lant capacitylstage, 1 b 

(b) Delivery effectiveness. 

Figure 3-7. - Concl uded. 
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OTV propellant capacfty/stage, 1 b  

(a) Delivery capability. 

Figure 3-8.- Space based OTV performance to Sun-synchronous orbit 
(stage(s) returned empty). 
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OTV propellant capacity/stage, I b 

( b )  Delivery effectiveness. 

Figure 3-8. - Concluded. 
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OTV propel 1 ant capaci ty/stage, 1 b 

( a )  Delivery capabil i ty. 

Fi ure 3-9.- Space based OTV performance to Sun-synchronous orbit 
?returned cargo = 112 del lvered cargo). 
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(b )  Del i v e r y  e f fec t iveness .  

F igure  3-9. - Concluded. 



20 30 40 50 6 0 70 80 x lo3 
OTV propellant capaci ty/stage, 1b 

( a )  Del i very capabi 11 ty. 

F i  ure 3-10.- Space based OTV performance to Sun-synch 
!returned cargo = delivered cargo). 
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OTV propel 1 ant capaci ty/s tage , 1 b 

(b) Deli very effect1 veness. 

Figure 3-10. - Concluded. 



4.0 CONCLUDING REMARKS 

The del ivery  and r e t r i e v a l  of payloads u t i l i z i n g  a  Space S ta t ion  have d i f f e r e n t  
cons t ra in t s  and oppor tuni t ies  than those u t i l i z i n g  ground-based t ranspor ta t ion .  
These space-based operat ions would need t o  employ a  high energy o r b i t a l  t rans-  
f e r  veh ic le  (OW) t o  perform a l l  necessary propulsive maneuvers i n  t h e  sequence 
of o r b i t  t r a n s f e r s  from and r e t u r n  t o  t h e  Space Sta t ion.  I n  addi t ion ,  detached 
operat ions i n  the  v i c i n i t y  of t h e  Space S ta t ion  would a l s o  requ i re  a space- 
based vehic le  t o  t ranspor t  t h i s  c l a s s  of payload t o  and from t h e  space base. 

A Space S t a t i o n  would permit assembly-on-orbit of payloads and upper s tages ,  thus 
re l i ev ing  many configurat ion s i z e  and performance const ra in ts .  The Space S t a t i o n  
a s  a  depot would permit Shu t t l e  t ranspor ta t ion  of some propel lant  t o  o r b i t  a t  
marginal costs .  These considerat ions w i l l  favor some space-based options. The 
s u i t a b i l i t y  of a  Space S ta t ion  a s  a  t ranspor ta t ion  node f o r  a given mission ap- 
p l i c a t i o n  w i l l  depend upon mission-window requirements, performance requirements, 
and veh ic le  capab i l i ty  and cons t ra in t s ,  This performance requirements ana lys i s  
is intended t o  provide t h e  d a t a  base from which p o t e n t i a l  Space S ta t ion  users  and 
upper s t age  developers a r e  ab le  t o  assess  t h e  s u i t a b i l i t y  and impact of a Space 
S ta t ion  on t h e i r  missions. 
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