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ABSTRACT 

This r e p o r t  p re sen t s  launch windows f o r  two types of o r b i t s  designed 
t o  be synchronous with the  lunar  o r b i t a l  period. One c l a s s  of conic ,  t he  
1 /8-c lass  o r b i t ,  maintains  a period one-eighth t h a t  of t he  lunar  per iod 
and an  apogee of  approximately one-half t he  lunar  d i s tance .  The second 
type,  1 /2 -c l a s s  o r b i t ,  c o n s i s t s  of a conic  wi th  one-half t he  lunar  per iod  
and apogee r a d i u s  approximately equal t o  the  lunar  d i s t ance ,  an Arenstorf 
Orbit .  Launch windows a r e  presented which r e f l e c t  t he  assumptions and 
c o n s t r a i n t s  app l i cab le  t o  the  s p e c i f i c  geometry of  each c l a s s  and t o  t he  
S-IB/S-IVB/Centaur vehicle .  
o r b i t  is D e c e m b e r  1967 through June 1968 where only  d i s c r e t e  launch 
o p p o r t u n i t i e s  are found. The window fo r  t h e  1 /8-c lass  is less constrained 
and is  shown f o r  each day of  any year. 

The time per iod  considered f o r  t h e  1 /2-c lass  
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SYMBOL AND NOMENCLATURE DEFINITION 

MOP 

S-E Line 

Orb i t  plane of  moon about t h e  ea r th .  

Line through cen te r  of sun and c e n t e r  of e a r t h ,  
p i e r c i n g  the e a r t h  a t  local noon. 

With re ference  to t h e  S-E line, t h e  nad i r  is  t h e  
p i n t  &ere the extens ion  o f  t h i s  l i n e  passes 
through the e a r t h ' s  c e n t e r ,  e x i t i n g  t h e  su r face  
a t  l o c a l  midnight 180° away i n  r i g h t  ascension and 
of  opposi te  s i g n  i n  dec l ina t ion .  

RCA Radius of c lose  approach o f  conic;  perigee.  

E c l i p t i c  Plane o f  e a r t h ' s  r o t a t i o n  about t h e  sun; locus of 
S-E l i n e .  

I n c l  i na  t ion Dihedral angle between two planes.  

Dec 1 ina  t ion Space-fixed dec l ina t ion ;  ' angular  d i s t a n c e  nor th  o r  
south  from e a r t h ' s  celestial equator ;  here.  synonymous 
wi th  l a t i t u d e .  

Line of Apsides Major axis of  conic  extending from per igee  t o  apogee. 

KSC Kennedy Space Center ,  assumed a t  a l a t i t u d e  
of 28.50. 

Cis lunar  Space between e a r t h  and moon. 

Right Ascension Space-f ixed r i g h t  ascension;  angular  d i s t a n c e  
eastward along the  c e l e s t i a l  equator  from the  
ve rna l  equinox, o r  ascending node of e c l i p t i c  
on the  e a r t h ' s  celestial equator ,  t o  g r e a t  
circle passing through po le s  and po in t  being 
defined. 
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TECHNICAL 

LAUNCH WINDOWS 

SYNCHRONOUS 

MEMORANDUM X-53354 

FOR TWO TYPES OF ORBITS 
W I T H  THE LUNAR PERIOD 

Launch windows a r e  presented for two c l a s s e s  of o r b i t s  i n  the  ea r th -  
moon space designed to  have per iods which a r e  synchronous wi th  the  lunar  
o r b i t a l  period. The windows r e f l e c t  t h e  c o n s t r a i n t s  o f  a p a r t i c u l a r  
launch v e h i c l e  ( t h e  Saturn IB/S-IVB/Centaur), t h e  geometrical  c o n s t r a i n t s  
requi red  t o  maintain at  l e a s t  one year of  o r b i t a l  s t a b i l i t y ,  mission 
c o n s t r a i n t s  r e q u i r i n g  the  o r b i t s  to  l i e  i n  o r  near the moon's o r b i t  
plane (MOP), and range s a f e t y  launch azimuth cons t r a in t s .  

For o r b i t s  generated with a period one-eighth t h a t  of  t h e  lunar  
per iod  and o r i en ted  such t h a t  t he  conic 's  l i n e  of aps ides  l ies  i n  the  
MOP and near the  sun-earth l i n e ,  launch oppor tun i t i e s  a r e  found t o  occur 
t w i c e  d a i l y ,  each of approximately 4 1 /2  hours durat ion.  

A launch window f o r  o r b i t s  of  one-half t he  lunar  per iod which 
p e r i o d i c a l l y  pass  near t h e  e a r t h  a d  moon, r e f e r r e d  to  a s  Arenstorf 
o r b i t s ,  i s  generated f o r  t h e  period of December 1967 t o  June 1968. 
These o r b i t s  achieve twice the  apogee d i s t a n c e  of t he  1/8 class and 
a r e  consequently much more a f f e c t e d  by the  moon's per turb ing  force.  
This i n  t u r n  adds t o  the  launch c o n s t r a i n t s ,  r e q u i r i n g  t h a t  t h e  o r b i t s  
generated l i e  embedded i n  the  moon's o r b i t  plane. 
window is  extremely small  when compared wi th  the  1/8 c l a s s .  I n  f a c t ,  
throughout t h e  time period considered, on ly  t h r e e  days i n  May wi th  a 
2-hour ground launch window per  day y ie lded  oppor tun i t i e s  f o r  i n j e c t i n g  
i n t o  a conic  of s u f f i c i e n t  o r b i t a l  s t a b i l i t y .  However, a t rade-off  
study revealed t h a t  it i s  poss ib l e  t o  lower the  i n i t i a l  per igee  a t t i t u d e  
of  t h e  Arenstorf o r b i t ,  thus  increasing veh ic l e  performance c a p a b i l i t y  
and increas ing  the  launch window. 
r e s u l t e d  i n  an  increase  i n  launch window to  10 days. 

The r e s u l t i n g  launch 

,/ This w a s  done f o r  May 1968, and 

I . INTRODUCT ION 

-0 c l a s s e s  o f  o r b i t s  i n  the  earth-moon space designed to  be 
synchronous with the  lunar  o r b i t a l  period a r e  surveyed with r e spec t  
t o  t h e i r  launch windows. One c l a s s  of  conic ,  designated as the  1 /8-c lass  
o r b i t ,  maintains  a period one-eighth t h a t  of t h e  lunar  per iod and reaches  



an apogee o f  approximately one-half  the  lunar  d i s t ance .  The o t h e r  class 
inves t iga t ed ,  the  112-class o r b i t ,  c o n s i s t s  of a conic  wi th  one-half  t h e  
lunar  period and apogee r a d i u s  approximately equal  t o  the lunar  d i s t ance .  
The 112-class o r b i t s  a r e  pe r iod ic  wi th  r e s p e c t  t o  t h e  e a r t h  and moon and 
are r e fe r r ed  t o  a s  Arenstorf o r b i t s .  It i s  the  purpose o f  t h i s  r e p o r t  
t o  present  the launch windows which r e f l e c t  t h e  assumptions and c o n s t r a i n t s  
appl icable  to t h e  s p e c i f i c  geometry of each c l a s s .  

The most s i g n i f i c a n t  c o n s t r a i n t  d i f f e r e n c e  between the  two c l a s s e s  
i s  t h e  requirement t o  embed t h e  o r b i t s  of  the  1 /2-c lass  i n  the  moon's 
o r b i t  plane (MOP) about t h e  e a r t h ,  while  only the  l i n e  of aps ides  of t h e  
118-class i s  constrained t o  l i e  i n  the  MOP. S p e c i f i c a l l y ,  t he  1 /2 -c l a s s  
must maintain a Oo r e l a t i v e  i n c l i n a t i o n  of the  conic plane t o  t h e  MOP 
while  the 118-class o r b i t s  may be of  any i n c l i n a t i o n .  This c o n s t r a i n t  
r equ i r e s  a d i f f e r e n t  approach t o  the  launch window problem f o r  t h e  two 
c lasses . '  
This i n  t u r n  i m p l i e s  a powered plane change t o  produce a window of  any 
apprec iab le  width. The 118-class  f l i e s  t o  a space-f ixed per igee  po in t  
which l i e s  i n  the MOP. This  may be achieved b y ' t h e  proper  geometr ical  
alignment of t he  launch s i t e ,  launch azimuth, and per igee  po in t  wi thout  
t he  necess i ty  of  any powered plane change. 

It r e q u i r e s  the  112-class  t o  f l y  t o  a space-fixed plane.  

The p o s i t i o n  of the  e a r t h  r e l a t i v e  t o  t h e  sun g r e a t l y  a f f e c t s  t h e  
launch window. To maintain o r b i t a l  s t a b i l i t y  f o r  a t  l e a s t  one yea r ,  it 
is necessary f o r  the  l i n e  of aps ides  of  the conics  t o  be near t he  
sun-earth l i n e .  A s  the  112-class  conic  i s  cons t ra ined  t o  l i e  i n  a 
p a r t i c u l a r  plane ( t h e  MOP), t he  launch window i s  severe ly  l imi t ed  when 
the  o r i e n t a t i o n  of t he  major . ax i s  of  t h e  conic  i s  a l s o  constrained.  
Thus, the proper c o n s t e l l a t i o n  of  the  e a r t h ,  moon and sun necessary 
f o r  launch i s  rare  when compared t o  the  d a i l y  launch o p p o r t u n i t i e s  
ava i l ab le  f o r  t h e  118-class.  The t i m e  per iod considered f o r  t he  112-class  
i s  December 1967 through June 1968 where only d i s c r e t e  o p p o r t u n i t i e s  are 
found. The window f o r  the  118-class i s  less  cons t ra ined  and i s  shown 
f o r  any day of any year. 

Both c l a s s e s  r e f l e c t  the  c o n s t r a i n t s  of  one p a r t i c u l a r  launch 
v e h i c l e ,  t h e  S-IBIS-IVB/Centaur , which i s  def ined by the  con t ro l  weights  
and descr ibed e x p l i c i t l y  i n  Table I. The f l i g h t  p r o f i l e  c o n s i s t s  of  a 
Sa turn  I B ,  S-IVB, and Centaur burn i n t o  a parking o r b i t .  Af te r  a n  
appropr ia te  coas t  per iod designed t o  p l ace  the  per igee  of  the i n j e c t i o n  
conic  in  t h e  proper p o s i t i o n  under t h e  imposed c o n s t r a i n t s ,  t h e  Centaur 
i s  r e s t a r t e d ,  c u t t i n g  o f f  on the  energy t h a t  produces the  des i r ed  o r b i t a l  
per iod.  The most l i m i t i n g  r e s t r i c t i o n  of t h i s  p a r t i c u l a r  veh ic l e  w i th  
re ference  t o  t h e  launch window i s  the  maximum parking o r b i t  coas t  time 
allowed the  Centaur. To in su re  res ta r t  r e l i a b i l i t y  o f  t h e  Centaur,  a 
maximum of 30 minutes i s  allowed from f i r s t  cu tof f  a t  i n j e c t i o n  i n t o  
the  parking o r b i t  t o  second i g n i t i o n  which i n i t i a t e s  t he  i n j e c t i o n  
maneuver i n t o  the  des  i r e d  conic. 
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11. ONE-EIGHTH CLASS ORBIT 

A. GEOMETRY AND WINDOW 

The 1/8-class  o r b i t  i s  charac te r ized  by a t r a j e c t o r y  wi th  f r e e  
f l i g h t  e l l i p t i c a l  o r b i t s  o f  approximately one-half t he  lunar  d i s t ance  
and synchronous o r b i t a l  per iods of one-eighth lunar  month. The l i n e  of  
aps ides  of t he  i n j e c t i o n  conic  i s  spec i f ied  t o  l i e  i n  the moon's o r b i t  
pidi ie  abouc the  earc'n (MCjPj, or earth-moon piane. However, t h e  o r b i t s  
a r e  not requi red  t o  be embedded i n  t h i s  plane and may be of  any inc l ina t ion .  
The f l i g h t  p r o f i l e  c o n s i s t s  of  a Saturn IB,  S-IVB, and Centaur burn i n t o  
a 555.5 km (300 n. mi.) a l t i t u d e  c i r c u l a r  parking o r b i t .  Af te r  an 
appropr ia te  coas t  period designed t o  p lace  per igee  i n  the  MOP, the 
Centaur i s  r e s t a r t e d ,  c u t t i n g  o f f  on  t h e  energy (C, = - 4.161 km2/sec2) 
t h a t  produces the  des i red  o r b i t a l  period. N o  powered plane changes a r e  
made i n  t h i s  s tudy ,  and the o r b i t s  generated have l i f e t i m e s  exceeding 
one year.  

Vehicle , range s a f e t y  , mission,  and o r b i t a l  s t a b i l i t y  c o n s t r a i n t s  
introduce l i m i t a t i o n s  on t h e  launch oppor tuni t ies .  The c o n s t r a i n t s  
app l i cab le  t o  the  l /B-class  o r b i t  include the  following: 

1. Launch azimuth between 72' and 108*, a range sa fe ty  r e s t r i c t i o n .  

2. Parking o r b i t  coast  not  t o  exceed 30 minutes. This is  a veh ic l e  
c o n s t r a i n t  t o  insure  Centaur restart r e l i a b i l i t y .  

3 .  Line of aps ides  i n  the  MOP. This mission c o n s t r a i n t  p l aces  the  
major a x i s  of the  o r b i t  i n  the  moon's o r b i t  p lane ,  a f ford ing  s l i g h t l y  
b e t t e r  o r b i t a l  s t a b i l i t y .  More important ly ,  t h i s  c o n s t r a i n t  p l aces  a 
g r e a t e r  po r t ion  of the  conic  near the plane o f  major i n t e r e s t ,  t he  MOP, 
the  nearness  being dependent upon the r e l a t i v e  i n c l i n a t i o n  of t he  two 
planes.  

4 .  Ver t i ca l  p ro j ec t ion  of  t h e  sun-ear th  l i n e  ( h e r e a f t e r  r e f e r r e d  
t o  a s  t h e  S-E l i n e )  onto the  MOP near t h e  l i n e  of apsides.  This c o n s t r a i n t  
r e q u i r e s  per igee ,  which is  constrained i n  3 .  above t o  l i e  i n  t h e  MOP and 
t o  a l s o  l i e  a s  near a s  poss ib l e  t o  the S-E l i n e .  The pos i t i on ing  of  
per igee  r e l a t i v e  t o  t h e  S-E l i n e  i s  a prime f a c t o r  i n  determining o r b i t a l  
l i f e t ime .  This e f f e c t  i s  shown i n  Figure 1, where per igee  r ad ius  time 
h i s t o r i e s  a r e  presented f o r  var ious  i n i t i a l  angular d i s t ances  of  t h e  
per igee  r ad ius  from the  S-E l i ne .  Where the  i n i t i a l  per igee  l i es  on 
the  S-E l i n e  (0' case) ,  over one year of  o r b i t a l  s t a b i l i t y  i s  maintained. 

The major s inusoida l  motion of t he  per igee  r ad ius  (RCA), Figure 1, 
is  a t t r i b u t e d  t o  the  sun 's  per turbing force ;  the  small  o s c i l l a t i o n s ,  a s  
shown i n  the Oo case,  a r e  due t o  the moon's pe r tu rb ing  force.  The moon's 
e f f e c t  i s  r e l a t i v e l y  minor and only the  average motion i s  presented f o r  
t he  remaining cases.  
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The a l t i t u d e  o f  t h e  i n i t i a l  per igee  is  determined p r imar i ly  by the 
parking o r b i t  a l t i t u d e  and the  requirement t o  f l y  optimized powered 
t r a j e c t o r i e s  from t h e  parking o r b i t  t o  mission i n j e c t i o n .  Since the  
parking o r b i t  a l t i t u d e  i s  f i x e d ,  i n i t i a l  per igee  a l t i t u d e  a l s o  remains 

' r e l a t i v e l y  f ixed  r e g a r d l e s s  of  t h e  angle  between pe r igee  and t h e  S-E 
l i n e .  However, t h i s  angle ,  o r  t h e  p o s i t i o n  o f  t h e  sun r e l a t i v e  t o  t h e  
i n i t i a l  per igee vec to r ,  does a f f e c t  the  a l t i t u d e  of subsequent per igees .  
Per igees  t h a t  begin on the  S-E l i n e  (Oo) a r e  per turbed  upward i n  a l t i t u d e  
f o r  t h ree  months then  downward f o r  three-months u n t i l  t h e  major a x i s  i s  
aga in  al igned with the  S-E l i n e .  P lac ing  per igee  o f  t h e  i n j e c t i o n  conic 
a t  some angle away from the  S-E l i n e  produces the  same i n i t i a l  a l t i t u d e  
as t h e  nominal 0' case ,  but the  sun i s  now a t  a d i f f e r e n t  r e l a t i v e  
p o s i t i o n  and i t s  e f f e c t  i s  s h i f t e d  by the  amount of time i t  would take  
t o  a l i g n  t h e  l i n e  o f  aps ides  of t h e  space-f ixed conic  wi th  t h e  S-E l i n e .  
The l i n e  of aps ides  of t he  conic  moves wi th  t h e  e a r t h ' s  r o t a t i o n  about 
the sun a t  the  r a t e  of 90° each th ree  months. This  phase s h i f t  o f  t he  
s inusoida l  s o l a r  pe r tu rba t ions  as a func t ion  of  the  d ihedra l  angle  from 
the  per igee vec tor  t o  S-E l i n e  i s  shown i n  the  15' - 135' cases  of 
Figure 1. For example, i f  t h e  i n j e c t i o n  conic  were o r i e n t e d  i n  space 
such t h a t  t h e  per igee  vec to r  was 90' behind t h e  S-E l i n e ,  i t  would take  
t h r e e  months f o r  t h e  e a r t h  t o  r o t a t e  90° i n  the e c l i p t i c  plane;  the sun ' s  
e f f e c t  would b e  s h i f t e d  by th ree  months, wi th  t h e  r e s u l t  o f  pe r tu rb ing  
subsequent per igees  downward causing e a r t h  impact. The amplitude o f  
t he  sun ' s  pe r tu rb ing  e f f e c t  remains cons t an t ,  = 1300 km, such t h a t  place-  
ment of  the con ic ' s  l i n e  of aps ides  anywhere o t h e r  than  on the  S-E l i n e  
would lower the  minimum RCA ( r ad ius  of  c l o s e  approach). I n i t i a l  per igee  
a l t i t u d e ,  d i r e c t l y  dependent upon t h e  parking o r b i t  a t t i t u d e ,  would 
the re fo re  l i m i t  t h e  amount which the  i n i t i a l  per igee  vec to r  could d e v i a t e  
from the  S-E l i ne .  

It can be seen t h a t  per igees  o f f s e t  180' are aga in  acceptab le ,  as 
the  l i n e  of aps ides  i s  once aga in  a l igned  wi th  t h e  S-E l i n e .  This 
six-month cyc le  of sun-dominated pe r tu rba t ions  al lows pe r igees  t o  be 
placed e i t h e r  near t he  incoming S-E l i n e  o r  180' away near the n a d i r ,  
o r  ex tens ion  of t he  incoming S-E l i n e  through the  c e n t e r  o f  t he  e a r t h  
i n  t h e  oppos i te  hemisphere. Thus, a d e s i r a b l e  i n i t i a l  per igee  could 
occur near e i t h e r  l o c a l  noon o r  midnight ,  and launch windows would 
be come ava il ab 1 e twice da i 1 y . 

Placing per igee  i n  t h e  MOP and e x a c t l y  on t h e  S-E l i n e  could occur 
only a t  the nodes o f  t h e  two p lanes ,  t he  e c l i p t i c  and the  MOP, thereby 
r e s t r i c t i n g  launches t o  two per iods  year ly .  However, r e f e renc ing  the  
15' case of Figure 1, we s ee  t h a t  minimum RCA, and consequently o r b i t a l  
l i f e t i m e ,  i s  no t  s i g n i f i c a n t l y  reduced by s m a l l  angular  v a r i a t i o n s  of t he  
per igee  radius .  Since t h e  MOP l i e s  nea r ly  i n  t h e  e c l i p t i c ,  having an  
almost cons tan t  i n c l i n a t i o n  of 5.1', each e n t i r e  year i s  made a v a i l a b l e  
for launch by p l ac ing  per igee  c l o s e s t  t o  the  S-E l i n e  y e t  i n  the  MOP. 
This i s  best  achieved by p l ac ing  the  i n j e c t i o n  c o n i c ' s  per igee  a t  t h e  
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v e r t i c a l  p r o j e c t i o n  of  the  S-E l ine onto the  MOP. 
presented i n  Figure 2 ,  with an example of t he  p ro jec t ion  o f  t he  incoming 
S-E l i n e  a t  a d e c l i n a t i o n  of near + 2 7 O .  Perigees  a r e  poss ib l e  i n  both 
the  upper and lower hemispheres by choosing the  v e r t i c a l  p ro j ec t ions  o f  
e i t h e r  t he  incoming, o r  i t s  nad i r ,  t he  outgoing S-E l i n e .  These per igees  
a r e  comparable to the  near Oo and 180' phasing o f  Figure 1, 

This geometry is  

Figure 2 assumes t h e  i n c l i n a t i o n  of  t h e  MOP t o  the  e q u a t o r i a l  plane 
io be 26.5̂ . This m a x i m u ~ u  iricIiiiaiion is i'ne i n c i i n a t i o n  O F  rrhe mZ? 
wi th in  .5O f o r  t he  years  1967 through 1970. The i n c l i n a t i o n  of t he  
e a r t h ' s  e q u a t o r i a l  plane to  t h e  e c l i p t i c  plane i s  a constant  23.5O, 
while t h e  MOP i s  t i l t e d  a near constant 5.1° t o  t h e  e c l i p t i c .  However, 
t he  l i n e  of nodes, which i s  the  i n t e r s e c t i o n  of t h e  MOP wi th  the  e c l i p t i c ,  
m t a t e s  i n  the  e c l i p t i c  360' every 18.6 years.  This r eg res s ion  of the  
l i n e  of  nodes r e s u l t s  i n  a v a r i a b l e  i n c l i n a t i o n  of t he  MOP t o  the  e a r t h ' s  
equator of from 28.5' maximum t o  1 8 . 5 O  minimum every 18.6 years .  
minimum i n c l i n a t i o n  o f  18.5O occurs  around 1976-1979. 

A 

A launch window for  a l l  p ro jec t ions  of the  S-E l i n e  onto the MOP, 
which i n  t u r n  s p e c i f i e s  t h e  dec l ina t ion  of t he  des i r ed  per igee  throughout 
any yea r ,  i s  presented i n  Figure 3. Since t h e  m a x i m u m  i n c l i n a t i o n  of  t he  
MOP t o  the equator i s  approximately 28.5O, a l l  per igees  cons t ra ined  t o  
l i e  i n  t h i s  plane would be l imi ted  t o  d e c l i n a t i o n s  of 2 28.5O during 
1967 t o  1970 and l ikewise  t o  per igees  between 5 18.5' during the  years  
of minimum inc l ina t ion .  

Spec i f i ca t ion  of launch time, launch azimuth and launch l a t i t u d e  
r e s u l t s  i n  t h e  o r i e n t a t i o n  of the geocentr ic  parking o r b i t  as w e l l  a s  
t he  i n j e c t i o n  conic ,  s ince  no powered plane changes a r e  made. Thus, 
two d a i l y  launch oppor tun i t i e s  occur when t h e  plane spec i f i ed  b y  the  
launch s i te  and launch azimuth passes through e i t h e r  poss ib l e  per igee ,  
i t s e l f  spec i f i ed  by the  v e r t i c a l  p ro j ec t ion  of t h e  incoming S-E l i n e  o r  
i t s  nad i r  onto the  MOP. Allowing a l l  co - ro t a t iona l  launch azimuths of  
from Oo - 180' r e s u l t s  i n  two 12-hour launch per iods  d a i l y ,  o r  t h e  e n t i r e  
24 hours assuming no coas t  t i m e  i n  parking o r b i t  r e s t r i c t i o n .  
launch azimuths t o  between 72O and 108O limits the  window t o  a maximum 
of two 4.5-hour per iods ,  o r  9 hours dai ly .  

Constraining 

Including t h e  m a x i m u m  coast  i n  parking o r b i t  c o n s t r a i n t  f u r t h e r  
limits the  launch window. In  computing the  coas t  r e s t r i c t i o n ,  the  t o t a l  
a r c  from launch t o  per igee  was allowed t o  vary  from a minimum of 3 3 O  to  
a maximum of  146O by t h e  fol lowing breakdown: 
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Min M* - 
Burn a r c  from launch t o  parking o r b i t  24' 24' 

113' Coast a r c  i n  parking o r b i t  O0 

Burn a r c  from parking o r b i t  t o  per igee  9' - 9' - 
TOTAL 33' 146' 

The coas t  a r c  l i m i t  was der ived assuming a 555.5 km (300 n. m i . )  parking 
o r b i t  w i t h  a r e s u l t i n g  5745 second per iod ,  o r  one 360' r e v o l u t i o n  i n  
95.75 minutes. R e s t r i c t i n g  coas t  t i m e  i n  o r b i t  t o  30 minutes a l lows a 
113' a r c  and a d i r e c t  ascent  t r a j e c t o r y  wi th  0' coas t  sets the  lower 
1Lnit .  A schematic of t h e  launch t o  i n j e c t i o n  goemetry i s  presented i n  
Figure 4. Figure 5 shows the  a rea  i n  which per igees  may be a t t a i n e d  
from KSC within the coas t  r e s t r i c t i o n .  Figure 6 p re sen t s  more s p e c i f i c a l l y  
the  range of per igee d e c l i n a t i o n s  between 2 28.5' t h a t  may be obta ined  
from a Kennedy Space Center launch wi th  a coas t  i n  parking o r b i t  
of 30 minutes o r  l e s s  f o r  launch azimuths between 72 and 108 degrees.  

Figures 3 and 6 show t h a t  t he  coas t  r e s t r i c t i o n  wi th in  the 72' - 108' 
launch azimuth r e s t r i c t i o n  i s  a l i m i t a t i o n  only a t  t he  more extreme 
dec l ina t ions  of the  des i r ed  per igee.  I n  t h e  upper hemisphere r e s t r i c t e d  
cases ,  the l a t i t u d e  o f  t he  des i r ed  per igee  i s  so near t he  l a t i t u d e  of  the 
launch s i t e  t h a t  per igee  i s  passed while  s t i l l  burning t o  the  parking 
o r b i t .  Thus,  some launch azimuths a r e  impossible f o r  t he  higher  d e c l i -  
na t ions  of pe r igee ,  not  achieving the  minimum 33' a r c  the  f i r s t  pass  
through the per igee l a t i t u d e ,  and a f t e r  an almost complete r e v o l u t i o n  
i n  the parking o r b i t ,  exceeding the  113' coas t  a r c  on t h e  next  pas s .  
However, even the  most r e s t r i c t i v e  case i n  t h e  no r the rn  hemisphere where 
the  desired per igee  l i e s  a t  +28.5' al lows launch a t  azimuths o f  from 
72' - 83', r e s u l t i n g  i n  a 3.3-hour window. A schematic of  t h i s  case i s  
shown i n  Figure 7a. 

A t  the lower hemisphere per igees ,  t he  33' minimum a r c  i s  always 
achieved, bu t  t he  146' t o t a l  a l lowable a r c  begins  t o  be exceeded f o r  
t h e  more nor ther ly  launch azimuths a f t e r  d e c l i n a t i o n s  of -13'. 
most r e s t r i c t i v e  case  a t  a per igee  d e c l i n a t i o n  of -28.5' a l lows launch 
azimuths of looo - 108' r e s u l t i n g  i n  a 1.5-hour launch window. A 
schematic o f  t he  -28.5' case  i s  shown i n  Figure 7b. 

The 

Since pe r igee  may be chosen near e i t h e r  t he  incoming o r  outgoing 
S-E l i n e ,  an almost cons tan t  4.5-hour window i s  made a v a i l a b l e  by 
choosing perigee to  l i e  i n  the  nor thern  hemisphere where the coas t  time 
r e s t r i c t i o n  has l e s s  e f f e c t .  I n  Figure 3 ,  only a s m a l l  po r t ion  o f  t he  
a v a i l a b l e  launch window i n  the  upper hemisphere i s  l imi t ed  by the  coas t  
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r e s t r i c t i o n .  Since i n c l i n a t i o n  of the MOP t o  t h e  e q u a t o r i a l  plane 
decreases  from 28.5O t o  18.5O, t h e  coas t  r e s t r i c t i o n  e s s e n t i a l l y  
d i sappea r s  f o r  years  beyond 1969 because the  al lowable d e c l i n a t i o n  
o f  pe r igee  is  more c l o s e l y  constrained.  

No c o n s t r a i n t  has been placed on t h e  r e l a t i v e  i n c l i n a t i o n  of  t he  
i n j e c t i o n  conic  t o  the  MOP. Should it be d e s i r a b l e  t o  keep the  o r b i t s  
near  i n  plane r e l a t i v e  t o  the  MOP, the f l e x i b i l i t y  o f  choosing per igee  
tn l i p  in e i t h e r  the upper o r  lower hemisphere i s  l imi ted .  Changing 
pe r igee  from t h e  v e r t i c a l  p ro jec t ion  of  the  incoming S-E l i n e  t o  i t s  
nad i r  changes t h e  launch from one da i ly  launch opportunicy t o  t h e  o t h e r ,  
from one d e c l i n a t i o n  of per igee  t o  i ts  negat ive ,  and from a t r a n s i t  

versa .  
conic wi,ici, is Fn-p:aiie to CL- irnn e, .....-.. 

L I l C  1-1u1 LU ILIULC out  of p12ne, cr vice 

The injection-conic-MOP r e l a t i v e  i n c l i n a t i o n  reduces t o  a func t ion  
of  t h e  KSC launch azimuth and whether per igee  i n  t h e  MOP is  ascending o r  
descending. Referencing Figure 2 ,  the moon travels i n  t h e  MOP from a 
maximum 28.5O d e c l i n a t i o n  south eastwardly down t o  a d e c l i n a t i o n  of  
-28.5O. A s  co- ro t a t iona l  e a s t e r l y  launches are spec i f i ed  wi th in  a 
launch-to-perigee a r c  of  146O, a more in-plane re la t ive i n c l i n a t i o n  of 
the  t r a n s i t  conic  plane t o  the  MOP r e s u l t s  when f l y i n g  t o  per igees  t h a t  
a r e  i n  t h e  descending Thase, the f ront  ha l f  of the  MOP shown i n  Figure 2. 

Then, as the locus of  p ro jec t ions  onto the  MOP ascends from d e c l i n a t i o n s  
of  -28.5O t o  +28.5', t h e  t r a n s i t  planes e s t a b l i s h e d  from KSC t o  m e e t  t hese  
per igees  produce a more out-of-plane r e l a t i o n s h i p ,  as they f l y  from the  
n o r t h e r l y  KSC l a t i t u d e  e a s t e r l y  down to  i n t e r s e c t  an  MOP t h a t  i s  inc l ined  
eastwardly up from south to  north.  

The incoming S-E l i n e  moves from a d e c l i n a t i o n  of 23.5O on June 21 
each yea r ,  sou theas t e r ly  down to  a -23.5O d e c l i n a t i o n  on D e c e m b e r  22, 
r e s u l t i n g  i n  per igees  on the MOP that  move i n  t h e  same d i r e c t i o n  and 
w i t h i n  + 5 O  i n  dec l ina t ion .  Thus, near in-plane launches occur each 
June 2 1 t o  December 22 f o r  per igees  near  t h e  incoming S-E l i n e ,  and 
out-of-plane r e l a t i o n s h i p s  a re  produced dur ing  t h i s  time i f  per igees  
a r e  chosen a t  the  nadi r .  From December 22 t o  June 21 t h e  oppos i te  
r e l a t i a n s h i p  occurs.  A time s c a l e  is  included i n  Figure 3 f o r  t he  
years  of approximately 1967-1970 when the  MOP i s  near  a m a x i m u m  
i n c l i n a t i o n  t o  the  equator  o f  28.5'. 
l i n e  p i e r c e s  t h e  e a r t h  a t  a dec l ina t ion  o f  +23.5O. 
p r o j e c t i o n  of t h i s  l i n e  i n t e r s e c t s  t he  MOP a t  a d e c l i n a t i o n  of  +28.5O. 
On December 22 per igee  reaches i t s  minimum of -28.5' and begins i t s  
6-month ascent .  The i n c l i n a t i o n  of t h e  MOP t o  the  equator  dur ing  t h e  
year  d i c t a t e s  t h e  maximum per igee  dec l ina t ion ,  o r  where t h e  da t e  of 
June 22 and December 22 would a l i g n  wi th  t h e  d e c l i n a t i o n  scale. The 
maximum d e c l i n a t i o n  of per igee during the  years  1976-79 r ep resen t s  a 
per iod  when the MOP i n c l i n a t i o n  i s  near i t s  minimum. A t  t h i s  time on  
June 22, the  v e r t i c a l  p r o j e c t i o n  of t h e  +23.5O incoming S-E l i n e  would 

On June 22 the  incoming S-E 
The v e r t i c a l  
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r e s u l t  i n  per igee  a t  +18.5' and the  e n t i r e  year  would be sca led  uniformly 
between t h e  + 18.5' dec l ina t ions .  The coas t  time c o n s t r a i n t  becomes l e s s  
r e s t r i c t i v e  a s  the  MOP i n c l i n a t i o n  decreases .  

Considering a time per iod of 1967-1970, t h e  optimum launch window 
containing a maximum 4.5-hour window and near  in-plane o r b i t s  would 
occur during the near ly  3% months when t h e  d e c l i n a t i o n s  of the  incoming 
S-E l i n e  pro jec ted  onto the  MOP descend from +18" t o  -13' o r  approximately 
August through e a r l y  Nogember. The rea f t e r ,  a t rade-of f  would occur 
between shortening the in-plane launch window due t o  t h e  coas t  time 
r e s t r i c t i o n  or inc reas ing  the r e l a t c v e  i n c l i n a t i o n  of the o r b i t s  t o  t h e  
MOP by choosing per igee  t o  be a t  the  n a d i r ,  o r  upper hemisphere. 

B. SUMMARY 

The launch azimuth c o n s t r a i n t  o f  azimuths between 72' and 108' most 

The coas t  t i m e  
s eve re ly  l i m i t s  the  1 /8-c lass  o r b i t s .  This c o n s t r a i n t  i n  i t s e l f  limits 
t h e  launch window t o  two per iods  d a i l y  of 4% hours each. 
r e s t r i c t i o n  of 30 minutes reduces the  window f u r t h e r  fo r  o r b i t s  w i th  
per igees  below -13' and above 18" i n  d e c l i n a t i o n .  
r e l a t i v e  i n c l i n a t i o n  of the conic  t o  t h e  MOP i s  maintained,  on ly  one 
launch window p e r  day i s  a v a i l a b l e  and per igee i s  cons t ra ined  t o  be 
near the  incoming S-E l i n e  from June 22 t o  December 22 and near t he  
nadi r  from December t o  June. 

I f  a near in-plane 

Al te rna t ives  a r e  a v a i l a b l e  i f  needed t o  extend the  launch window: 

1. Plane changes could be made, s ince  the  1 /8-c lass  o r b i t  i s  
r e l a t i v e l y  low and performance i s  high. 

2. Su f f i c i en t  o r b i t a l  l i f e t i m e  could be maintained wi th  l a r g e r  
v a r i a t i o n s  o f  per igee  from the  S-E l i n e  than  t h a t  produced by the v e r t i c a l  
p ro j ec t ion  of the  S-E l i n e  onto the MOP. A t  t h e  more extreme d e c l i n a t i o n s ,  
where coast  i s  a window l i m i t a t i o n ,  per igee  could be placed f u r t h e r  from 
t h e  S-E l i ne  a t  a more median dec l ina t ion .  An angular  l i m i t  o f  pe r igee  
from t h e  S-E l i n e  could be e s t ab l i shed  such t h a t  s u f f i c i e n t  o r b i t a l  
l i f e t i m e  is  preserved. 

3.  Parking o r b i t  a l t i t u d e  could be r a i s e d ,  i n  e f f e c t ,  extending 
the  angular l i m i t  t h a t  per igee  could d e v i a t e  from the  S-E l i ne .  

111. ONE-HALF CLASS ARENSTORF ORBITS 

This  s e c t i o n  of t h e  s tudy de f ines  acceptab le  launch times and 
acceptable  a s c e n t  t r a j e c t o r i e s  t o  a parking o r b i t  from which i t  i s  
p o s s i b l e  t o  i n j e c t  i n t o  an  Arenstorf- type o r b i t  which i s  pe r iod ic  with 
r e s p e c t  to  the moon and t h e  ear th .  The parking o r b i t  i s  a 575 n. m i .  
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(1065 km) c i r c u l a r  o r b i t  which i s  reached by t h e  method of d i r e c t  a scen t  
us ing  the  i t e r a t i v e  guidance mode (Reference 1). The veh ic l e  used fo r  
t h i s  s tudy i s  the  Saturn IBlCentaur. 
December 1967 t o  June 1968, and f o r  t h i s  study the  earth-moon plane is  
assumed t o  have an e q u a t o r i a l  i n c l i n a t i o n  of 28.3', which is  approximately 
0.25O less than t h e  l a t i t u d e  o f  the  launch s i te .  Therefore,  a s m a l l  
p lane change must be made even on the optimum launch t i m e  i n  o rde r  t o  

per iod  of 5 month and encounters  the moon once every month o r  a t  every 
o t h e r  apogee passage. The Arenstorf o r b i t  i s  def ined by t h e  C3 which i s  
-1.5427107 km2/sec2 and has  an  i n i t i a l  per igee  of  1065 km. 

The time period considered is  

0-6 e-+ in+- &-.-I +h- *.I_ n-rth-mnnn --- --. -..---- plp11p, The P_r~n_c+_ctf n r h i +  rnnqj-derpd has a 

A. THE ASCENT TRAJECTORY 

Construct ing the  ascent  t r a j e c t o r y  cons i s t ed  of  so lv ing  a performance- 
op t imiza t ion  problem. The t r a j e c t o r y  shaping philosophy used i n  t h i s  
s tudy i s  i d e n t i c a l  t o  t h a t  used f o r  s tandard Saturn IB f l i g h t s .  The 
boos ter  t i l t  program w a s  shaped by an i n i t i a l  pi tch-over  maneuver which 
r e s u l t e d  i n  an in-plane zero angle-of-at tack f l i g h t  fo r  t h e  booster .  
The a t t i t u d e  programs fo r  t he  second and t h i r d  s t a g e  f l i g h t s  w e r e  
generated by the I t e r a t i v e  Guidance Mode (IGM) which i s  being used on 
c u r r e n t  f l i g h t s  of  t he  Saturn vehicles .  This program accomplished the  
necessary plane changes t o  put t he  veh ic l e  i n t o  the r equ i r ed  space-fixed 
c i r c u l a r  parking o r b i t .  The optimum p r o p e l l a n t  loading i n  t h e  S-IB and 
the Centaur i s  the m a x i m u m  loading,  bu t  the  optimum p r o p e l l a n t  loading 
i n  the  S-IVB s t age  is 190,000 l b s ,  an o f f - load  of  40,000 lbs.  Mixture 
r a t i o  s h i f t  was used i n  the  S-IVB s tage ,  and the  optimum s h i f t  po in t  w a s  
found t o  be the  point  where 65 p e r  cent  of  t h e  S-IVB p r o p e l l a n t  had been 
consumed a t  high t h r u s t  ( a  mixture  r a t i o  of 5.4) and where t h e  remaining 
35 per  cent  of the S-IVB p r o p e l l a n t  was consumed a t  low t h r u s t  (a mixture  
r a t i o  of 4.6). One f i n a l  parameter was the launch azimuth. For t h e  
optimum launch t ime, t he  optimum launch azimuth i s  90'. 
t h a t  i s ,  before  the  optimum launch time, t h e  optimum launch azimuths were 
s t i l l  90'. For l a t e  launches,  t h a t  i s ,  launches a f t e r  t h e  optimum launch 
time, t h e  optimum launch azimuths were g r e a t e r  than  90'. Launch azimuth 
a s  a func t ion  of launch time is  shown i n  Figure 8. 

For e a r l y  launches,  

B. THE LAUNCH WINDOW GEOMETRY 

The earth-moon plane f o r  a shor t  per iod  of  time can be considered a 
space-fixed plane which can  be defined by i t s  e q u a t o r i a l  i n c l i n a t i o n  and 
i t s  descending e q u a t o r i a l  node. The e q u a t o r i a l  i n c l i n a t i o n  of  t h i s  plane 
v a r i e s  between 18.5O and 28.5' over  a per iod  of about 18.6 years.  During 
the  t i m e  per iod considered i n  t h i s  s tudy,  December 1967 - June 1968, t h e  
i n c l i n a t i o n  v a r i e s  between 28.0' and 28.5'. For t h i s  p a r t i c u l a r  s tudy ,  
an e q u a t o r i a l  i n c l i n a t i o n  of 28.3O has been chosen f o r  t he  t r a j e c t o r y  
ca l cu la t ions .  
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The launch window problem c o n s i s t s  o f  i n j e c t i n g  a v e h i c l e  i n t o  an  
o r b i t  which l i e s  i n  t h i s  plane and which w i l l  pass  near the  moon. An 
even more d i f f i c u l t  problem i s  g e t t i n g  a pe r iod ic  o r b i t ,  a n  o r b i t  i n  
which the v e h i c l e  w i l l  p e r i o d i c a l l y  pass  near the  e a r t h  and the  moon. 
These per iodic  o r b i t s  a r e  Arenstorf o r b i t s  and are the  p a r t i c u l a r  o r b i t s  
f o r  which t h i s  launch window i s  designed. 

The launch window is done i n  two phases. The f i r s t  phase i s  the  
ascent  t r a j e c t o r y  which t akes  t h e  v e h i c l e  from the  launch s i t e  t o  a 
parking o r b i t  which, i n  t h i s  s tudy,  l i e s  i n  the  earth-moon plane.  The 
second phase of  t h e  launch window i s  leaving  t h e  parking o r b i t  and 
i n j e c t i n g  i n t o  the  Arenstorf o r b i t .  With the  f i r s t  phase i s  a s soc ia t ed  
the  concept of a d a i l y  launch window, and wi th  the  second phase i s  
assoc ia ted  the  concent o f  a monthly launch window o r  t h e  i n j e c t i o n  
window. 

The d a i l y  launch window w i l l  be d iscussed  f i r s t .  The l a t i t u d e  of  
the  launch s i te  (Cape Kennedy) is. approximately 28.53' and a v e h i c l e  
launched from t h i s  s i t e  on a 90' azimuth wi th  no plane change w i l l  have 
an equa to r i a l  i n c l i n a t i o n  of approximately 28.53'. (A launch on any 
o the r  azimuth w i l l  r e s u l t  i n  a g r e a t e r  i n c l i n a t i o n . )  The e a r t h  r o t a t e s  
while  the  motion of t he  earth-moon plane i s  n e g l i g i b l e ,  so a t  one i n s t a n t  
during each day the re  w i l l .  be a minimum i n c l i n a t i o n  between the  o r b i t a l  
plane r e s u l t i n g  from a 90' launch and the  earth-moon plane.  This i n s t a n t  
i s  the optimum launch time. In  t h i s  p a r t i c u l a r  case the  i n c l i n a t i o n  of 
the earth-moon plane i s  28.3', so t h a t  t h e  minimum i n c l i n a t i o n  between 
the  o r b i t  plane and the  earth-moon plane i s  about 0.25'. To g e t  i n t o  
the  earth-moon p lane ,  a 0.25' plane change must be made during the  ascent  
a t  the  optimum launch time. A t  any o t h e r  t i m e ,  t h e  i n c l i n a t i o n  between 
the  two planes w i l l  be g r e a t e r  than a t  t he  optimum time. (The maximum 
i n c l i n a t i o n  w i l l  occur 12 hours l a te r  and w i l l  be approximately 57O.) 
For times on e i t h e r  s i d e  of the optimum launch time, t h e  r equ i r ed  plane 
change w i l l  i nc rease  d i r e c t l y  a s  the  time from the  optimum launch t i m e  
i nc reases ,  A launch window i s  then  a per iod of t i m e  on e i t h e r  s i d e  of  
the optimum launch time during which launch can occur without  r equ i r ing  
too l a r g e  a plane change t o  ge t  i n t o  t h e  space-fixed plane.  I n  t h i s  
study a d a i l y  launch window of two hours width,  one hour on e i t h e r  s i d e  
of t he  optimum launch time, can be achieved wi th  a spacec ra f t  weight of  
3800 lbs .  This information i s  shown g raph ica l ly  i n  Figure 9. Figure 10 
shows the e a r t h ,  the  earth-moon plane and the  launch s i te .  Point  L 2  
r ep resen t s  t he  optimum launch t i m e ,  t h e  t i m e  when t h e  launch s i t e  i s  
c l o s e s t  t o  t he  earth-moon plane.  Point  L1 r e p r e s e n t s  the  launch s i t e  
one hour before the optimum launch t ime,  and po in t  L 3  r ep resen t s  t he  
launch s i t e  one hour a f t e r  t h e  optimum launch t i m e .  This  f i g u r e  shows 
the  movement of the  launch s i t e  r e l a t i v e  t o  the  earth-moon plane.  Poin ts  
01, 02  and 03 r ep resen t  the  parking o r b i t  i n j e c t i o n  po in t s  r e s u l t i n g  from 
launching a t  L1, L2 and L3,  r e spec t ive ly .  Since launch can occur any t i m e  
when t h e  launch s i t e  i s  between L1 and L ~ ,  t he  o r b i t a l  i n j e c t i o n  poin t  can 
l i e  anywhere between O1 and 03. 
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The monthly launch window (a l so  r e f e r r e d  t o  as t h e  i n j e c t i o n  window) 
a r i s e s  from t h e  l i f e t i m e  r e s t r i c t i o n  on the  Centaur. Reference t o  Figure 
11 w i l l  f a c i l i t a t e  t h e  explana t ion  of the  monthly launch window. This 
f i g u r e  i s  a schematic diagram showing the  e a r t h ,  the parking o r b i t ,  and 
the  lunar  o r b i t ,  a l l  of which l i e  in  t h e  earth-moon plane so t h a t  a l l  
maneuvers can be made without  any plane change. 

The arc between 0, and O3 r ep resen t s  poss ib l e  o r b i t a l  i n j e c t i o n  
p o i n t s ,  O1 r ep resen t ing  the  i n j e c t i o n  p o i n t  f o r  t he  ea r l i e s t  p o s s i b l e  
d a i l y  launch and O3 r ep resen t ing  t h e  i n j e c t i o n  po in t  f o r  t h e  latest 

of o t h e r  v a r i a t i o n s ,  such a s  t h e  moon’s p o s i t i o n  about t h e  ear th .  Poin t  
B is  a t y p i c a l  p r o j e c t i o n  of t he  earth-moon l i n e ,  a l i n e  between t h e  cen te r  
of  t h e  moon and the cen te r  o f  t h e  ea r th ,  onto the parking o r b i t .  B i s  
def ined t o  always l i e  on the opposi te  s i d e  of  t he  e a r t h  from t h e  moon. 
The a r c  from 01 t o  C i s  the  coast ing arc .  The o r b i t a l  coas t  time cannot 
exceed 30 minutes;  t h e r e f o r e ,  f o r  the 575 n. m i .  c i r c u l a r  o r b i t ,  t he  
arc O1 C cannot exceed 101.5O. Point C i s  the  second i g n i t i o n  po in t  f o r  
the Centaur and CE i s  t h e  burn a r c  which, f o r  t h i s  parking o r b i t  and 
given energy l e v e l  of t h e  Arenstorf o r b i t ,  is about loo. Poin t  E i s  
the  lunar  i n j e c t l t n  point .  The perigee of t he  Arenstorf o r b i t ,  Point  D ,  
i s  roughly midway between C and E. 

d a i l y  iaunci,. - - - -  &---  --:-c- ,-:11 Illese L W U  pVLl’L” W I L L  r a a i n  f ixed reg2rd less  

A t  launch, condi t ions  a r e  as shown i n  Figure 11. The earth-moon l i n e  
i s  a t  B and the  moon i s  a t  M2. 
i s  a t  p o i n t  D ,  t h e  apogee w i l l  be a t  po in t  M3. The Arenstorf  o r b i t  
considered has  a per iod of  5 lunar  month. 
t h e  s p a c e c r a f t  w i l l  be a t  M 3 .  During t h a t  i n t e r v a l  of  t i m e ,  t he  moon w i l l  
a l s o  have moved from M2 t o  M3. One-half l una r  month l a t e r ,  t he  spacec ra f t  
w i l l  be back a t  M 3  and the  moon w i l l  be a t  MI; t hus ,  t h e  spacec ra f t  w i l l  
approach the  moon c l o s e l y  only  a t  every o t h e r  apogee passage,  o r  once 
each month. The t r a j e c t o r i e s  which pass  near the  moon i n  the  f i r s t  
apogee passage are r e f e r r e d  t o  as closed loop t r a j e c t o r i e s  (Reference 2). 

Since the  per igee  of t h e  Arenstorf o r b i t  

Thus, k lunar  month a f t e r  launch 

It should be noted t h a t  i n  order t o  synchronize t h e  per iod of the 
Arenstorf  o r b i t  wi th  the  period of t h e  moon i t  w a s  necessary t o  r e q u i r e  
t h a t  a t  l una r  i n j e c t i o n  the angle  between the earth-moon l i n e ,  p o i n t  B ,  
and t h e  pe r igee  of  t h e  Arenstorf  o r b i t ,  po in t  D,  be roughly 90° measured 
counterclockwise from B t o  D. (The exac t  va lue  v a r i e s  from day t o  day.) 
This p a r t i c u l a r  case i l l u s t r a t e d  here also included t h e  m a x i m u m  o r b i t a l  
c o a s t ,  t h e  arc O1 C. If the case  of no o r b i t a l  coas t  is considered,  
t h a t  i s ,  i f  i g n i t i o n  occurs  a t  the  o r b i t a l  i n j e c t i o n  p o i n t ,  then t h e  
pe r igee  p o i n t  D moves back on t h e  o r b i t  1 0 1 . 5 O .  To main ta in  t h e  same 
r e l a t i v e  angle  between B and D,  point  B must move backward on t h e  o r b i t  
by 101.5O; t h i s  has  t h e  e f f e c t  of moving t h e  moon from M 2  back roughly 
t o  t h e  po in t  M,. Since t h e  coas t  can vary any des i r ed  amount from 0 t o  
30 minutes ,  then the  moon may be anywhere o n  t h e  a r c  between M 1  and M2. 
In  f a c t ,  t h i s  a r c  may be 101.5O which i s  approximately 28 per  cent  of a 
lunar  month o r  approximately 7.6 days. 
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Another p o s s i b i l i t y  f o r  increas ing  the  monthly launch window which 
has not  yet been considered i s  to  sychronize t h e  per iod  o f  t h e  Arenstorf 
o r b i t  with t h e  moon's o r b i t  such t h a t  a t  t h e  s p a c e c r a f t ' s  f i r s t  apogee 
passage the  moon w i l l  be 180' away and a t  t h e  s p a c e c r a f t ' s  second apogee 
passage there  w i l l  be a c lose  approach to  the moon. This  type t r a j e c t o r y  
is  r e fe r r ed  to as a n  open loop t r a j e c t o r y .  For t h i s  p o s s i b i l i t y  t he re  
would be a c l o s e  approach t o  t h e  moon on each even apogee passage,  whereas 
on the cases discussed previous ly  the re  would be a c l o s e  approach t o  the  
moon on each odd apogee passage. 

The geometry of  t h i s  p a r t i c u l a r  p o s s i b i l i t y  i s  shown i n  Figure 1 2  
f o r  t h e  30-minute o r b i t a l  coast .  The moon i s  a t  M4 a t  launch and w i l l  
be a t  M I  when the spacec ra f t  i s  a t  M3. The second t i m e  t h e  spacec ra f t  
g e t s  t o  M3 the  moon w i l l  be there .  In  t h i s  case ,  t he  requi red  angle  
between B'  and D measured counterclockwise from B '  t o  D i s  approximately 
270'. For t h e  zero o r b i t a l  coas t  p o s s i b i l i t y ,  t h e  per igee  po in t  D would 
be moved backward on the parking o r b i t  by 101.5', and t h e  moon would 
correspondingly be moved backward i n  i t s  o r b i t  by 101.5'. Consequently, 
f o r  t h i s  p a r t i c u l a r  type of o r b i t  synchronizat ion,  launch can occur a t  
any t i m e  when the  moon i s  roughly between M 3  and M4 o r  approximately 
7.6 days each lunar  month. By inc luding  the  p o s s i b i l i t y  o f  us ing  both 
open loop and c losed  loop t r a j e c t o r i e s ,  t he  monthly launch window can 
be doubled t o  give about 15 days o u t  of  t h e  month dur ing  which launch 
can occur ,  
and M 2  o r  between M3 and M4. 

I n  summary, launch can occur when the  moon i s  between M I  

A most use fu l  and d i r e c t l y  app l i cab le  r e p r e s e n t a t i o n  of  t h e  information 
shown schematical ly  i n  Figures  11 and 12  i s  a p l o t  o f  t he  l a t i t u d e  of  the  
per igee po in t s  r e s u l t i n g  from i g n i t i n g  immediately a f t e r  i n j e c t i o n  i n t o  
the parking o r b i t  (Figure 13) o r  a f t e r  30 minutes of  parking o r b i t  coas t  
time from po in t s  O1 and 03 (Figure 14). 

The launch windows can.be obtained by imposing the  information shown 
i n  Figures 13 and 14 on a p l o t  of t he  d e c l i n a t i o n  of t he  requi red  va lue  
of t h e  per igee po in t  D as a func t ion  of time. (The phase of  t he  dec l ina -  
t i o n  of  the requi red  value o f  D i s  approximately 90' behind the d e c l i n a t i o n  
of the  moon f o r  lunar  encounter a t  f i r s t  apo'gee passage and approximately 
90' ahead of t h e  d e c l i n a t i o n  o f  t he  moon f o r  lunar  encounter a t  the  second 
apogee passage.) Figure 15 shows the  d e c l i n a t i o n  of the  r equ i r ed  va lue  
of D a s  a func t ion  of t i m e  f o r  December 1967 and May 1968 f o r  lunar  
encounter a t  the f i r s t  apogee passage wi th  t h e  information i n  Figures  13 
and 14 imposed. 
from i g n i t i o n  a t  the e a r l i e s t  and l a t e s t  o r b i t a l  i n j e c t i o n  p o i n t s ,  
r e spec t ive ly ,  and D" and D"' r ep resen t  the  per igee  p o i n t s  r e s u l t i n g  
from i g n i t i o n  a f t e r  30 minutes of  o r b i t a l  coas t  t i m e  from the  e a r l i e s t  
and la tes t  i n j e c t i o n  p o i n t s ,  r e spec t ive ly .  Figure 16,  analogous t o  
Figure 15 b u t  drawn 180' o u t  of phase t o  i t ,  g ives  information r e l a t i n g  
t o  which launch can occur i n  o rde r  t o  have a c l o s e  approach t o  the moon 
on the  second apogee passage and succeeding even apogee passages.  

Po in t s  D and D '  r ep resen t  t he  per igee  p o i n t s  r e s u l t i n g  
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On Figure 15 the  p r o j e c t i o n  o f  po in ts  D and D"' onto the  ho r i zon ta l  
s c a l e  g ives  t h e  i n t e r v a l  when launch can occur f o r  a c l o s e  approach t o  
the  moon on t h e  f i r s t  apogee passage and each odd apogee passage t h e r e a f t e r ,  
Likewise,  i n  Figure 16,  the  p ro jec t ion  of p o i n t s  D and D"' onto  the  
h o r i z o n t a l  scale g ives  similar i n f o m a t  ion  r e l a t i n g  t o  even apogee 
passages. However, as i t  s h a l l  now be seen,  some of  t h e  r e s t r i c t i o n s  
which must be s a t i s f i e d  w i l l  narrow t h i s  launch window. 

When the  requi red  per igee  l ies between t h e  p o i n t s  D and D'  on 
Figure 15, t h e  requirement of a d a i l y  launch window o f  2 hours cannot 
be s a t i s f i e d .  For in s t ance ,  t h e  day of  t h e  month which r e q u i r e s  t h a t  
t he  pe r igee  be a t  D (on Figure 15) would have only  one i n s t a n t  a t  vhich 
launch could occur. That i n s t a n t  would be the  ear l ies t  poss ib l e  moment 
i n  the  2-hour launch window. As the  r equ i r ed  pe r igee  p o i n t  moves from 
D t o  D ' ,  t h e  d a i l y  launch window gradual ly  widens from one i n s t a n t  t o  2 
hours. Thus, on ly  on the  days a f t e r  t h e  requi red  pe r igee  po in t  g e t s  t o  
o r  p a s t  D'  w i l l  the  d a i l y  launch window be widened t o  2 hours. 

S imi l a r ly ,  t he  o r b i t  coas t  time r e s t r i c t i o n  of 30 minutes w i l l  
e l imina te  t h e  reg ion  between D" and D"'. 
i n t o  t h e  parking a t  t h e  earliest  poss ib le  launch time, m e d i a t e  i g n i t i o n  
r e s u l t s  i n  p l ac ing  the pe r igee  a t  D. I f ,  i n s t ead  o f  immediate i g n i t i o n ,  
a c o a s t  time of 30 minutes i s  used,  t h e  per igee  w i l l  be a t  D". The days 
which r e q u i r e  a per igee  p a s t  D" w i l l  r e q u i r e  more than  30 minutes of 
o r b i t a l  coas t  f o r  t h e  e a r l i e s t  launch t i m e .  

I f  t h e  spacec ra f t  i s  in j ec t ed  

To summarize, t h e  requirement of a 2-hour d a i l y  launch window excludes 
t h e  r eg ion  from D t o  D ' ,  and the  r e s t r i c t i o n  o f  30 minutes o r b i t a l  coas t  
time excludes t h e  reg ion  from D" t o  D"'. 
narrowed from the  region between D and D"' t o  t h e  r eg ion  Between D' and 
D" by these  two requirements.  

Thus, the  launch window i s  

One o t h e r  c o n s t r a i n t  which has  n o t  been mentioned t o  t h i s  p o i n t ,  
bu t  which must be s a t i s f i e d ,  i s  one r e l a t i n g  t o  the  s t a b i l i t y  of  t he  
o r b i t .  This c o n s t r a i n t  i s  t h a t  t h e  i n i t i a l  per igee  of t h e  Arenstorf 
o r b i t  must l i e  on o r  w i th in  a few degrees o f  t h e  ear th-sun l i n e  ( t h i s  
means t h a t  t he  per igee  must occur near l o c a l  noon o r  l o c a l  midnight),  
This r e s t r i c t i o n  cannot widen the  launch windows shown thus  f a r ,  bu t  
w i l l  narrow them. Figures  17 and 18 g ive  the  d a t e s  i n  December 1967 
and May 1968 when s t a b l e  o r b i t s  may be achieved as w e l l  as t h e  expected 
l i f e t i m e  of  t h e  o r b i t s  [2]. 

Figure 19 shows p l o t s  o f  t he  dec l ina t ion  of the requ i r ed  pe r igee  
p o i n t s  f o r  c losed  loop and open loop t r a j e c t o r i e s  f o r  December 1967. 
The p o i n t s  D'  and D", shown previously i n  Figures  15 and 16, are shown 
on t h i s  p lo t .  These r ep resen t  t he  range o f  per igee  p o i n t s  which may be 
r e a l i z e d  wi th  the def ined launch vehicle .  Also shown and denoted by X 
and X '  a r e  the  requi red  pe r igee  po in t s  of t he  t r a j e c t o r i e s  shown i n  
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Figure 1 7  which r ep resen t  s tab le .  o r b i t s .  
onto t h e  ho r i zon ta l  a x i s  r ep resen t s  t he  launch days which a r e  poss ib l e  
a f t e r  s a t i s f y i n g  a l l  launch veh ic l e  c o n s t r a i n t s .  The p r o j e c t i o n  of 
p o i n t s  X and X '  onto t h e  ho r i zon ta l  a x i s  r e p r e s e n t s  days on which s t a b l e  
o r b i t s  can be achieved with a l i f e t i m e  g r e a t e r  than 90 days. Only where 
these  two a r e a s  overlap a r e  a l l  requirements  and r e s t r i c t i o n s  s a t i s f i e d .  
Figure 19  shows t h a t  t he re  a r e  only  about 2 days (December 4 and 5 )  on 
which launch can  occur f o r  the  closed loop t r a j e c t o r i e s  and the re  a r e  
no days on which launch can occur f o r  t he  open loop t r a j e c t o r i e s .  Figure 
20 g ives  the same information a s  descr ibed i n  Figure 19 ,  but is  f o r  
May 1968. Launch da te s  f o r  open loop t r a j e c t o r i e s  occur  on May 1 and 
May 2 and aga in  on May 30. Launch da te s  f o r  c losed loop t r a j e c t o r i e s  
a r e  May 15 and May 16. 

The p r o j e c t i o n  of D '  and D" 

December 4 and lj9 on which a c losed  loop t r a j e c t o r y  i s  poss ib l e  
a f t e r  s a t i s f y i n g  a l l  c o n s t r a i n t s ,  a r e  days which g ive  a l i f e t i m e  of on ly  
90 days ( see  Figure 17). The i n j e c t i o n  windows on May 1, 2 ,  and 30 g ive  
a whole year l i f e t i m e .  Those on May 15 and 16 aga in  g ive  only  a 90-day 
l i f e t i m e .  Thus, i n  t h i s  per iod considered (December 1967 - May 1968),  
w e  f i n d  only 3 days on which a l l  c o n s t r a i n t s  are s a t i s f i e d  and which y i e l d  
a y e a r ' s  expected l i f e t ime .  The i n j e c t i o n  window f o r  t h e  Arenstorf o r b i t s  
is  seen t o  be very  narrow fo r  t he  e x i s t i n g  Centaur vehic le .  I f  the  
Centaur ' s  l i f e t i m e  could be extended only  about 15 minutes ,  t h a t  would 
have t h e  e f f e c t  of moving D" i n  Figures 19 and 20 f u r t h e r  along the  
curve such t h a t  t h e  whole a rea  of o r b i t  s t a b i l i t y  could be encompassed 
and the  launch window would be opened up considerably.  

Another p o s s i b i l i t y  f o r  increas ing  the  i n j e c t i o n  window i s  by not  
r equ i r ing  a two-hour d a i l y  launch window. I f ,  f o r  i n s t ance ,  on ly  a one-hour 
d a i l y  launch window were requi red  and t h a t  time could be taken from the 
optimum launch time t o  one hour a f t e r  the optimum launch t ime, D" could 
be moved from i t s  present  p o s i t i o n  t o  a p o s i t i o n  approximately ha l f  way 
between i t s  p resent  p o s i t i o n  and the p o s i t i o n  of D " ' .  This would add 
about one day to  the  i n j e c t i o n  windows shown i n  Figures  19 and 20. 

Another p o s s i b i l i t y  i s  t o  lower the  per igee  a l t i t u d e  of the  Arenstorf 
o r b i t ;  t h i s  i n  t u r n  implies  lowering t h e  parking o r b i t .  With a lower 
parking o r b i t ,  the  def ined veh ic l e  should have s u f f i c i e n t  performance 
c a p a b i l i t y  t o  enable the  placement of  the d a i l y  launch window i n  a 
nonoptimum place ,  namely, one t o  th ree  hours a f t e r  the optimum launch 
t i m e  such t h a t  t he  i n j e c t i o n  po in t s  occur c lose r  t o  the  a rea  of s t a b i l i t y .  
From those i n j e c t i o n  p o i n t s ,  30 minutes of o r b i t a l  coas t  time w i l l  encom- 
pass  the  area of s t a b i l i t y ,  thus increas ing  the i n j e c t i o n  window. 
I n t u i t i v e l y ,  one would suspect  t h a t  lowering the  per igee  a l t i t u d e  of the 
Arenstorf o r b i t s  would narrow the  r eg ion  of s t a b i l i t y ;  t h i s  i s  indeed the  
case ,  bu t  fo r tuna te ly  the r eg ion  of s t a b i l i t y  i s  not narrowed nea r ly  so 
much as  one might suspect.  Figure 21 g ives  the  reg ion  of s t a b i l i t y  f o r  
May 1968 for  an  Arenstorf o r b i t  which has  a per igee  of  only 200 km. 
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Comparing t h i s  f i gu re  t o  Figure 18, which has a pe r igee  a l t i t u d e  o f  
1065 km, shows t h a t  each i n j e c t i o n  window l o s e s  only  about two days,  
one day on each end o f  the window. 
r equ i r ed  pe r igee  l a t i t u d e s  of t he  t r a j e c t o r i e s  r e f e r r e d  t o  i n  Figure 21 
wi th  t h e  r eg ion  of s t a b i l i t y  ind ica ted  between X and X'  a s  before.  The 
area a c c e s s i b l e  t o  t h e  veh ic l e  is tha t  between D '  and D". The overlapping 
area i s  the  i n j e c t i o n  window. There are two time per iods  i n  May-June 1968 

now reach  a l l  o f  t h e  days during the f i r s t  t i m e  period and a l l  but about 
1/2 day o f  the  las t  t i m e  period. 

Figure 22 shows a p l o t  of t h e  

dur ing  wbicil sia;lr "pea :ocp &--;--+--;-.- L * U J G G L V L  &_.A 9-n nncc:hlo = - - - - - - - - -  The vehic.le. can 

S imi l a r ly  f o r  t he  closed loop t r a j e c t o r i e s ,  a i l  bu t  about 1 / Z  day 
of  the  i n j e c t i o n  window per iod  is access ib l e  to  t h e  launch vehic le .  Thus, 
lowering t h e  parking o r b i t  a l t i t u d e  has increased t h e  i n j e c t i o n  window. 
Figures 21 and 22 r e v e a l  about 10 days which give a y e a r ' s  expected 
l i f e t i m e .  This compares wi th  3 days on which o r b i t  can be achieved 
wi th  a y e a r ' s  expected l i f e t i m e  f o r  t h e  higher a l t i t u d e  parking o r b i t .  

c. SUMMARY 

A spacec ra f t  i n  a n  Arenstorf o r b i t  p e r i o d i c a l l y  pas ses  near t h e  
e a r t h  and t h e  moon and consequently r ece ives  l a r g e  p e r t u r b a t i o n s  from 
the  moon. A s  a r e s u l t  of t hese  pe r tu rba t ions ,  t he  per igee  o s c i l l a t e s .  
To have a long l i f e t i m e  ( t o  prevent  t h e  pe r igee  from dipping i n t o  t h e  
atmosphere too soon), it  i s  des i r ab le  to  have t h e  i n i t i a l  pe r igee  as 
high as poss ib le .  The upper l i m i t  on t h e  a l t i t u d e  o f  t h e  i n i t i a l  pe r igee  
i s  determined by the performance c h a r a c t e r i s t i c s  o f  t h e  launch vehic le .  
The upper l i m i t  w a s  determined t o  be 575 n. m i .  (1065 km) f o r  a payload 
of t h e  o r d e r  of 4,000 lbs.  The Arenstorf o r b i t  i s  r equ i r ed  t o  l i e  i n  
t h e  plane o f  t h e  moon's o r b i t  about the e a r t h ;  t h i s  i s  reached by going 
through a c i r c u l a r  parking o r b i t  which i t s e l f  l i es  i n  t h e  MOP and which 
has an a l t i t u d e  equal. t o  t h e  a l t i t u d e  o f  the pe r igee  of t h e  Arenstorf 
o r b i t .  I n  t h e  time per iod  considered (December 1967 - June 1968), the  
MOP has  an i n c l i n a t i o n  approximately equal  t o  the  l a t i t u d e  o f  t h e  launch 
s i t e  such t h a t  i t  i s  p o s s i b l e  t o  ge t  i n t o  t h e  MOP from t h e  launch s i t e  
wi th  only  a s m a l l  plane change f o r  a 2-hour d a i l y  launch window. The 
r e q u i r i d  va lues  of t h e  d e c l i n a t i o n  of t h e  pe r igees  o f  t h e  Arenstorf 
o r b i t s  f o r  t h i s  time per iod  are extremely negat ive ,  and as a r e s u l t  
l a r g e  coas t  t i m e s  i n  t h e  parking o r b i t  are requi red  t o  reach  them, 
c o a s t  t i m e s  very  near the  maximum coas t  time c a p a b i l i t y  of t he  Centaur 
which is 30 minutes. These cons idera t ions  r e s u l t  i n  s eve re ly  l i m i t e d  
launch windows. There are no days i n  December and only  t h r e e  days i n  
May which g ive  a y e a r ' s  expected l i f e t ime .  A t r adeof f  s tudy  revea led  
t h a t  i t  i s  p o s s i b l e  t o  lower the  per igee  o f  t h e  Arenstorf o r b i t  t o  200 km, 
thus  inc reas ing  veh ic l e  performance c a p a b i l i t y ,  and inc reas ing  t h e  launch 
windows. This w a s  done f o r  May only and i n  t h a t  month t h e  launch window 
w a s  increased t o  10 days which g ive  a y e a r ' s  expected l i f e t i m e .  
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TABLE I 

CONTROL WEIGHTS FOR S-IB/S-IVB/CENTAUR 

S-IB S t a g e  

S-IVB P r o p .  

s-IVB S t a g e  

Shroud 

S-IVB P r o p .  

CENTAUR 

C e n t a u r  Prop.  

P a y l o a d  

111,656 l b s .  

880,514 l b s .  

30,740 l b s .  

5,600 l b s .  

190,000 l b s .  

5,950 lbs .  

30,000 l b s .  

Varied 

TOTAL 

- 

1,254,460 + P a y l o a d  
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of the Sun-Earth Line Onto the Moon's 1 Placed at the Vertical Projection 

Decliktion of Desired Perigee (deg) 

Reference Time Chosen Midway Between Due East Launch Opportunities 

Azimuth Restriction 72'- 108' Km 
Coast Restriction S 3 0 m i n  1-4 

Descending Perigee Represents Near In -Plane Launch 
Ascending Perigee Represents Out -Plane Launch 

Scale for Period of Near Maximum 
of MOP to EQ (1967-1970) 1 

FIG.3 LAUNCH WINDOW FOR 118 CLASS ORBIT 
19 



Sun -Earth 
Line 

Max Coast \ \ Launch 

C is lu na r Conic 

/-- Parking Orbit \ \ 

FIG. 4 LAUNCH TO INJECTION 

t Injection 

- Perigee 

SCHEMATIC 1/8 CLASS ORBIT 
I 

20 



w a 

21 



0 cu 
0 0 0 

cu 
I 

0 
3 

22 



I 

w 
W 
W 

W a 

- 
a 

a 
0 
LL 

23 



I 
24 



0 
0 
QD 
rc) 

I- 

r 
=I 
0 
I 
0 

0, 
CI 

c - 

0 

t 

u! 
0 
I 

25 



Parking Orbit  
La t i tude  of 

LI : Launch S i te  I h r  P r i o r  t o  Opt imum Launch Time 
Lo:  Launch S i t e  a t  Optimum Launch T i m e  
L3: Launch S i te  I h r  A f t e r  Opt imum Launch Time 

0, : Orbital Injection Point Resulting from Launching at L, 
O2 : Orbital Injection Point Resulting from Launching at L2 
O3 : Orbital Injection Point Resulting from Launching at L3 

FIG. IO THE LAUNCH SITE 
RELATIVE TO THE EARTH-MOON PLANE 

AT VARIOUS LAUNCH TIMES 
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FIG.12 POSITION OF THE MOON 
RELATIVE TO THE EARTH AT LAUNCH 

FOR OPEN LOOP TRAJECTORIES 
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