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ABSTRACT 

The ob jec t ive  o f  t h i s  r epor t  i s  t o  p re sen t  pre l iminary  
r e s u l t s  of i n v e s t i g a t i o n s  i n t o  the problems of earth-moon- 
t a n s i t s  where p a r t i c u l a r  emphasis was placed on the  c l a s s  
of %-- r a j e c t o  considered for Apollo and Support Vehicle 
f l i g h t s y e t  p r o f i l e s ,  v e l o c i t y  budget5-XiiTlaunch 
W I n d o w s  a r e  among the areas  which are given most a t t e n t i o n .  
One of the primary po in t s  is a newly conceived method of 
e s t a b l i s h i n g  a f l i g h t  mechanical c l a s s i f i c a t i o n  of the 
t r a n s i t s .  The c l a s s i f i c a t i o n  is  made by use of  a s i m p l i f i e d  
t i m e  i n v a r i a n t  coordinate system. The r e s u l t s  a r e  empir ica l  
and a r e  generated by t h e  i n t e g r a t i o n  of the equat ions of 
motion by Cowell's method. Impact, as wel l  as fly-by 
t r a n s i t s ,  are treated and r e s u l t s  are extended t o  th ree  
dimensions. 
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PRELIMINARY INVESTIGATION OF THE ASTRONAUTICS 

By Nolan J. Braud 
OF EARTH - MOON TRANSITS 

SUMMARY 

Preliminary information on flight profiles, velocity 
budgets and launch windows f o r  Apollo and Support Vehicle 
flights is presented in this report. A newly conceived 
method of establishing a flight mechanical classification 
of the earth-moon transits is discussed. The results are 
empirical and are designed to contribute to the mission 
mode selection. 

SECTION I. INTRODUCTION 

This report presents preliminary findings of an investi- 
gation of earth-moon transits which is being conducted at 
Marshall Space Flight Center. 
by a request from Office of Manned Space Flight t o  perform 
a trajectory analysis t o  answer certain questions associated 
with the problem of Lunar Logistics System mission mode 
selection. 

The investigation was motivated 

It has been evident for some time that fundamental 
information in a single, integrated report which would pro- 
vide knowledge of important aspects of trajectory behavior 
due to variations in injection conditions would be a signi- 
ficant help in the solution of prob1ems.associated with the 
selection of mission modes. Hence, the approach taken by 
MSFC was t o  attempt to form a useful classification of 
trajectory features which will Serve to indicate trends in 
the behavior of earth-moon transits when injection conditions 
are varied over relatively wide ranges. 

The treatment is expository and illustrative rather than 
mathematical and abstract. 
findings would be more easily and more widely understood. 
This report will be followed by further studies t o  be made 
t o  refine, corroborate, and modify the trends that have 
appeared as a consequence of the preliminary investigations. 

It is hoped that thereby the 
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SECTION 11. FLIGHT PROFILES FOR EARTH-MOON TRANSITS 

A. GEOMETRY OF THE SYSTEM 

An understanding of the astronomical relationships in 
cislunar space is necessary to comprehend fully the signi- 
ficance of certain characteristics of Earth-Moon transits. 
To promote the requisite understanding, this section will 
set forth a brief discussion o f  these relationships. 

- First, let it be noted that the plane of the moon's 
motion about the earth lies at a constant inclination of 
about 5.1' to the ecliptic, (the plane of  the earth's motion 
about the sun) and has a precessional rate of one cycle 
18.6 years. "he earth's equator is inclined by about 23geEo 
the ecliptic and has such a slow precessional rate that it 
may be assumed to be space-fixed. These relationships are 
depicted in Figure 1 at the time o f  the winter solstice 
1960. In connection with this figure, it may be pointed 
out that the 18.6 year period of precessional motion of 
the moon's plane causes the inclination between the moon's 
plane and the earth's equator to vary between the values o f  
about 18 and 28.5 degrees. This has significance when 
considering a fixed launch site (such as the Atlantic Missile 
Range), and will be discussed later. 

The next relationship that may be noted is that the 
moon's equator maintains a nearly constant inclination of 
about 7O t o  the moon's plane of motion. This is depicted 
in more detail in Figure 2, "The Moon-Earth Plane"; however, 
due to the 18.6 year precessional cycle and the monthly 
revolution of the moon about the earth, the alignment of the 
lunar equator as viewed from the earth is constantly changing. 

The Moon-Earth Plane (abbreviated MEP) is used as a 
reference system and has proven to be a valuable tool in the 
study of Earth-Moon transits. The selection of this reference 
system was influenced by the desire to operate with a time 
invariant set of coordinates. The resultant MEP-Related 
System Coordinates are indicated on Figure 3. From the figure, 
by referring to the earth, it is seen that longitude is meas- 
ured easterly in the MEP-earth equator from the translunar 
point. Latitude is measured positive north where north has 
the same sense as the angular velocity vector of the system. 
Azimuth is measured positively clockwise east from north. 
The corresponding MEP-selenographic coordinates are similarly 
measured. The sub-earth point on the moon is used as the 
origin f o r  longitude reference. 
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. 
In addition to this reference system, some of the 

investigation was made by use of the ephemeris related 
coordinate system, a sophisticated mathematical model of 
the Earth-Moon system constructed by JPL. In taking the 
dual approach of using the simplified MEP system and the 
J P L  Ephemeris Model, it was found that each served to 
compliment the other. The simplified MEP model is quite 
useful in developing characteristic patterns whereas the 
realistic JPL model serves to illustrate how the pertur- 
bations, due to various causes, affect the patterns. 

transits in the simplified MEP model. 
The next Chapter introduces the analysis of Earth-Moon 

B. COPLANAR TRANSIT CHARACTERISTICS 

The terminology, "Coplanar Transit," as used in this 
report, is understood to mean a flight whose path is for 
all time imbedded within the Moon-Earth Plane. These transits 
are of a specialized nature and can only exist under certain 
rigid circumstances; however, they display characteristics 
which provide a great deal of inslight into the understanding 
of the more general three-dimensional transits. 

The assumption is made that 185 km perigee altitude 
would be used f o r  all transits, and this will be the case 
in all further discussions unless it is otherwise indicated. 
Therefore, for the coplanar analysis, only velocity magnitude 
and MEP-longitude are open initial parameters. For appropri- 
ately chosen velocity magnitudes, Figure 4 shows the longitude 
variation required to generate a family of transits that com- 
pletely envelops the moon, As it turns out the width of this 
variation is about 2 O .  
transits as they define the ballistic impact pattern on the 
moon is depicted on Figure 5. Also, on this figure there is 
shown the impact flight path angle measured against the local 
vertical, and the deviation of injection longitudes about 
the 60 hour transit perpendicular impact conditions that 
result in tangential or limiting impact flights. 

The behavior of a family of coplanar 

The characteristic features of coplanar Earth-Moon Transits 
at the moon can be seen in more detail in Figure 6. Note first 
that when injection velocity is kept constant, there is a 
unique MEP-longitude f o r  the injection point that results in 
perpendicular impact on the moon. Varying the injection longi- 
tude to both sides results in impacts on the moon with increas- 
ingly shallower impact direction. The area of impact terminates 
on both elids with "grazing impacts, I' i.e., horizontal impact 
veiocity. if tnese fly-by transits are extended past their 
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periselenum l o c i ,  they  i n t e r s e c t  on a l i n e  of  v e r t i c e s  as 
i l l u s t r a t e d  i n  Figure 6. 

A s  was previously ind ica t ed ,  t h e r e  i s  a unique l o c a t i o n  
for t h e  perpendicular  impact f l i g h t  of a given t r a n s i t  t i m e .  
To cont r ibu te  information t o  t h i s  a rea ,  a s tudy was made of 
t h e  perpendicular impact t r a n s i t s  where t o t a l  f l i g h t  times 
of f a i r l y  l a r g e  magnitudes were considered. The r e s u l t s  of 
t ha t  i nves t iga t ion  a r e  shown on Figure 7 for t r a n s i t  times 
of 60, 84, 167 and 350 hours.  The moon i s  t r a v e l i n g  i n  the 
d i r e c t i o n  of t h e  y axis and it i s  seen tha t  all of  t h e  per-  
pendicular impacts occur on i t s  leading  half .  S i t u a t e d  i n  
a symmetric fash ion  around the moon f r o m  the  r e spec t ive  per -  
pendicular impact i s  t h e  re t rograde  and d i r e c t  periselenum 
l o c i  f o r  t h e  60 hour t r a n s i t  fami ly  and the 350 hour family.  
Remembering t h a t  the s h o r t  a r c  l eng th  a r e a  between the 
assoc ia ted  periselenum l o c i  i s  not  access ib l e  by b a l l i s t i c  
t r a n s i t s ,  t h e  f i g u r e  shows t h a t  when t r a n s i t  time i s  open, 
t r a n s i t s  can be designed which r e s u l t  i n  the f u l l  a r e a  of 
t h e  moon being covered by b a l l i s t i c  impacts. 

The f a m i l y  o f  perpendicular  impact t r a n s i t s  i s  shown 
i n  a space-fixed re ference  system i n  Figure 8. From t h e  
f i g u r e  it can be seen tha t  t h e  longer  t r a n s i t s  have t h e  
f e a t u r e  of  crossing the  moon's pa th  p r i o r  t o  t he  a r r i v a l  
a t  t h e  moon and have t h e i r  r e s u l t i n g  perpendicular  impacts 
on t h e i r  r e t u r n  pa th .  I n  t r a n s i t s  of t h i s  na ture ,  i n j e c t i o n  
v e l o c i t y  and impact v e l o c i t y  a r e  s i g n i f i c a n t .  On Figure 9 
a r e  shown these  parameters as func t ions  of  t r a n s i t  t i m e .  
There a re  two f e a t u r e s  here that  a r e  worthy of note .  The 
f i r s t  i s  t h a t  as i n j e c t i o n  v e l o c i t y  v a r i e s , t h e  impact veloc- 
i t y  va r i e s  i n  the  same d i r e c t i o n ;  t he  second i s  that  f o r  
t r a n s i t  times longer  than about 110 hours, t h e  requirement 
on i n j e c t i o n  v e l o c i t y  inc reases .  T h i s  last poin t  would 
seem t o  i n d i c a t e  that ,  from a performance s tandpoin t ,  t h e  
v e l o c i t y  of i n j e c t i o n  should be chosen s o  that  t r a n s i t  
times near to 110 hours r e s u l t .  

T h i s  ma te r i a l  e s s e n t i a l l y  concludes thz  s e c t i o n  on 
coplanar t r a n s i t s .  The emphasis w i l l  now be sh i f t ed  t o  
three-dimensional t r a n s i t s  where some of the  coplanar 
c h a r a c t e r i s t i c s  w i l l  be extended. 

C. THREE DIMENSIONAL TRANSIT CHARACTERISTICS 

I n  Figure 10 terminal  p a t t e r n s  for constant  t r a n s i t  
times with var ious i n j e c t i o n  longi tudes  and azimuths a r e  
shown. Assuming departure  from zero MEP-latitude, two 
coplanar t r a n s i t s  approach the moon i n  a re t rograde  and 
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d i r e c t  sense and i n t e r s e c t  a t  the ver tex .  As previous ly  
s t a t e d  these two f l i g h t s  have about a 2 degree ddfference 
i n  i n i t i a l  longi tude.  Now i f  an azimuth v a r i a t i o n  which 
in t roduces  three-dimensionality i s  made, i t  is  found that 
only about a 3 degree va r i a t ion  is  needed t o  genera te  a l l  
f ly-by t r a n s i t s  tha t  completely envelop the moon wi th  
maintaining 185 km d i s t ance  from the  su r face .  Near earth 
such a fami ly  forms a "horn" as ind ica t ed  i n  the f i g u r e .  
At the  moon, there i s  again a c o l l e c t i o n  of these f l i g h t s  
wi th in  a "horn," the point  of t he  horn being loca ted  a t  
the ver tex  l i n e .  The ver tex  l i n e  i n t e r s e c t s  the  moon approxi- 
mately opposi te  t o  t h e  poin t  o f  perpendicular  impact. Thus, 
t h e r e  appears t o  be a tube-like volume conta in ing  a l l  t r a j e c -  
t o r i e s  i n j e c t e d  from a given l a t i t u d e ,  which impacts over  
the  maximum access ib l e  a r e a  of  t h e  moon and a l s o  conta in ing  
those f l i g h t s  which def ine  a l l  p o s s i b l e  fly-by d i r e c t i o n s .  
The v a r i a b l e  d i r e c t i o n s  of f l y - b y  t r a n s i t s  permits the  
establ ishment  of parking o r b i t s  of d i f f e r e n t  i n c l i n a t i o n s  
i n  re t rograde  and d i r e c t  senses. 

If, now, i n i t i a l  conditions s t a r t i n g  from some non-zero 
l a t i t u d e  a r e  considered then ,  as the i n s e t  shows, a similar  
horn r e s u l t s .  I n  t h i s  case the end nea r  the earth maintains  
a depar ture  d i r e c t i o n  which i s  nea r ly  orthogonal t o  a 
c i r c u l a r  r i n g  on the ear th 's  su r face .  The geometry of t h i s  
fami ly  a t  the  moon is  similar t o  that discussed before  w i t h  
t he  except ion t h a t  the  l i n e  of v e r t i c e s  (and a l s o  the per -  
pendicular  impact p o i n t )  is ro ta ted  out of the Moon-Earth 
Plane. 

The c i r c u l a r  r i n g  o f  i n j e c t i o n  l o c i  i s  a c t u a l l y  Bn area 
of l a t i t u d e  and longi tude combinations from which g iven  
t r a n s i t s  t o  the  moon may be s t a r t e d .  The behavior of t h i s  
c i r c u l a r  r i n g  f o r  varying transit t i m e  i s  such that  i t  gets 
larger i n  diameter and i t s  center  moves eastward with 
s h o r t e r  t r a n s i t  times. A f u r t h e r  e l abora t ion  of the p a t t e r n  
of  ear th  i n j e c t i o n  loca t ions  is shown i n  Figure 11 where 
the  " r ing"  has been pro jec ted  onto  the e a r t h ' s  su r f ace .  One 
of t h e  s i g n i f i c a n t  po in t s  t o  be made here  i s  that even though 
a l l  t r a n s i t  f l i g h t s  a r e  s t a r t e d  a t  per igee  with f l i g h t  pa th  
angles  of 90 degrees aga ins t  l o c a l  v e r t i c a l ,  a p+opelled 
phase could be assumed t o  be merged i n t o  t h e  free f l i g h t  pa th  
a t  any poin t  along i ts  path. T h i s  is shown I n  F'lgure 11 
where i n j e c t i o n  r ings  f o r  90, 80, and 70 degree f l i g h t  pa th  
angles  are ind ica t ed .  The arrows s i g n i f y  some of the depar ture  
azimuths f o r  the  horns t h a t  contain the families of f ly-by  
t r a j e c t o r i e s  t h a t  envelope the  moon. 
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Because the  Earth-Moon system r o t a t e s  w i t h  a c e r t a i n  
angular  ve loc i ty  around i t s  barycenter ,  t h i s  v e l o c i t y  
component e n t e r s  the  requirement on i n j e c t i o n  v e l o c i t y  i n  
that as the  i n j e c t i o n  conic i s  i n c l i n e d  t o  a greater degree 
t o  the MEP, more i n j e c t i o n  v e l o c i t y  i s  needed t o  make up 
f o r  t h a t  l o s t  by not  u t i l i z i n g  the r o t a t i o n  of the system. 

F i g u r e  12 provides some i l l u s t r a t i v e  information on the 
v a r i a t i o n  of  impact po in t s  f o r  constant  impact pa th  angles ,  
constant i n j e c t i o n  ve loc i ty ,  and var ious i n j e c t i o n  longi tudes  
and azimuths. T h i s  p a t t e r n  i s  b u i l t  around the perpendicular  
impact t r a n s i t  (launched from zero  l a t i t u d e )  and shows how 
the l o c i  of impact po in t s  f o r  constant  impact pa th  angles  
form concentric c i r c l e s  about a l i n e  through the normal 
approach d i r e c t i o n .  Figure 13 shows the corresponding 
p a t t e r n  f o r  the  former family as w e l l  as f o r  a family of 
t r a j e c t o r i e s  launched from 5 degrees MEP-latitude wi th in  the  
i n j e c t i o n  r i n g  on the  ear th 's  su r face .  

The behavior of t he  l o c a t i o n s  of perpendicular  impacts 
as t h e  i n j e c t i o n  p o s i t i o n  is  var ied  throughout the i n j e c t i o n  
r i n g  i s  shown on Figure 14. The r i n g  of i n j e c t i o n  l o c a t i o n s  
was shown t o  be e s s e n t i a l l y  c i r c u l a r ;  however, the p a t t e r n  
of perpendicular impacts i s  rather more e l l i p t i c a l  w i t h  i t s  
major ax is  i n  an almost north-south l i n e .  The perpendicular  
impact p a t t e r n  l i e s  on the  lead ing  half of t he  moon as shown 
i n  t h i s  f igu re .  Periselenum l o c i  and the  locus of t h e i r  
v e r t i c e s  i s  the  sub jec t  of Figure 15. One periselenum l o c i  
shown in  the  f i g u r e  i s  tha t  f o r  zero  l a t i t u d e  of i n j e c t i o n ;  
t he  o ther  i s  f o r  5 degree i n j e c t i o n  l a t i t u d e .  The a c t u a l  
l o c i  have been pro jec ted  to the  l u n a r  su r face .  Each p e r i -  
selenurn has an a l t i t u d e  o f  185 km and when a l l  f l i g h t s  a r e  
extended they meet at t h  ver tex  po in t .  The e l l i p t i c  

the lunar  su r face .  It is  the small e l l i p s e  i n  Figure 15. 
For any given ver tex  poin t  on the locus of v e r t i c e s ,  i t  i s  
t o  be understood t h a t  conics of approach may have any d i r e c t i o n .  
Figure 16 dep ic t s  a family of f ly-by t r a j e c t o r i e s  which were 
generated by use of t he  ephemeris program. The f a c t  tha t  all 
members of t h i s  family go through a common po in t  ( t he  ver tex)  
implies that  when using the  o r b i t a l  mode t h e r e  are only two 
azimuths of approach t o  any s p e c i f i e d  landing s i t e  that  i s  
not  a t  t h e  ver tex  l i n e  o r  d i a m e t r i c a l l y  oppos i te ,  T h i s  
s i t u a t i o n  w i l l  be discussed more i n  the next  s e c t i o n .  

The r e s u l t s  presented up t o  now have been through use of 
the MEP-Related System Coordinates. A t r a n s i t i o n  t o  the 
geographical coordinates  has been performed but  w i l l  no t  be 
presented here because of the d e t a i l e d  d e s c r i p t i o n  involved. 
By way of a summary, the  "Sa l i en t  Fea tures"  o r  c h a r a c t e r i s t i c s  
t h a t  have been brought out i n  t h i s  s e c t i o n  are shown on 
Figure 17. 

na tu re  o f  the locus of v e r t ' c e s  \ i s  a l s o  shown p ro jec t ed  onto 
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SECTION 111. VELOCITY BUDGET AND OTHER CHARACTERISTIC FEATURl3S 

The l ay ing  out of a Velocity budget for l u n a r  missions 
r equ i r e s  the cons idera t ion  of many inf luence  f a c t o r s .  One of 
these involves  the i n c l i n a t i o n  of the f l i g h t  plane t o  the MEP. 
To understand how t h i s  va r i a t ion  of i n c l i n a t i o n  occurs,  t h e ,  
launch s i t u a t i o n  has t o  be inves t iga ted .  I f , f o r  s i m p l i c i t y  s 
sake, a due east launch from AMR (28.5 l a t i t u d e )  i s  assumed, 
i t  i s  found tha t  f o r  most loca t ions  of the moon i n  i t s  o r b i t  
there are two launch oppor tuni t ies  p e r  day. These are i n d i -  
ca ted  i n  views (a)  and (b) of Figure 18 - for  the moon a t  
maximal and nodal dec l ina t ions .  One notes  that i n  view (a ) ,  
w i th  the moon a t  m a x i m a l  dec l ina t ion ,  the two t r a n s i t  condi- 
t i o n s  have equal i n c l i n a t i o n s  t o  the l u n a r  plane; however, 
when the moon i s  a t  a nodal point ,  f o r  ins tance ,  (view ( b ) ) ,  
the two oppor tun i t i e s  have v a s t l y  d i f f e r e n t  i n c l i n a t i o n s .  

Whenever poss ib le  i t  would be d e s i r a b l e  t o  s e l e c t  the 
s o l u t i o n  which r e s u l t s  i n  the  smaller i n c l i n a t i o n ,  because 
of the  increase  i n  ve loc i ty  required as the  plane of the 
i n j e c t i o n  conic becomes more inc l ined  t o  the MEP. A d i r e c t  
demonstration of th i s  e f f e c t  i s  shown on Figure 19. I n  
t h i s  f i g u r e ,  t he  v e l o c i t y  a t  periselenum r e s u l t i n g  from 
i n c l i n a t i o n  of the i n j e c t i o n  conic t o  the MEP i s  ind ica t ed .  
T h i s  s i t u a t i o n  r e s u l t s  because of t h e  inc rease  i n  i n j e c t i o n  
v e l o c i t y  required as the  i n j e c t i o n  conic is  inc reas ing ly  
i n c l i n e d  t o  the MEP. T h i s  increase  i n  i n j e c t i o n  v e l o c i t y  
is  r e f l e c t e d  by a r a t i o  of about  f o u r  t o  one i n  an inc rease  
of periselenum ve loc i ty .  From the  f i g u r e  i t  is  seen that  
f o r  a 57 degree i n j e c t i o n  i n c l i n a t i o n  there is an inc rease  
of about 40 m/s i n  periselenum a r r i v a l  ve loc i ty .  T h i s  same 
example requi red  an increase  of about 10 m/s i n  i n j e c t i o n  
v e l o c i t y  . 

I f  launch azimuth va r i a t ions  between 70 and 110 degrees 
are assumed, i t  i s  found t h a t  the s i t u a t i o n  is as depic ted  
on Figure 20. T h i s  f i g u r e  g i v e s  information on launch windows 
as a func t ion  of the dec l ina t ion  of t he  moon. To understand 
the f i g u r e ,  i t  must be remembered tha t  a launch azimuth 
v a r i a t i o n  from 70 t o  110 degrees w i l l  al low a continuous 
launch opportuni ty  over a r e l a t i v e l y  long per iod.  I n  t h i s  
case the launch window width i s  about 5 hours and s i n c e  
there a r e  two such oppor tuni t ies  equa l ly  d is tanced  on each 
s ide  of the reference i n j e c t i o n  meridian, t i m e  referenced 
from it is  used. Looking a t  t h e  zero  d e c l i n a t i o n  po in t  
one f i n d s  the  launch window extending from th ree  t o  e i g h t  
hours on bc th  s i d e s  of t h i s  reference time. As the l u n a r  
d e c l i n a t i o n  a t  a r r i v a l  increases ,  t h e  d i s t ance  o r  t i m e  
between the two launch windows decreases  t o  the poin t  



where for a lunar  d e c l i n a t i o n  equiva len t  t o  the AMR l a t i t u d e  
the launch window i s  t e n  hours i n  width. 

Now, consider ing the  e l l i p t i c  na ture  of the l u n a r  o r b i t ,  
i t  is i n t e r e s t i n g  t o  observe i t s  e f f e c t  on i n j e c t i o n  v e l o c i t y  
requirements. For t h i s  purpose refer t o  Figure 21 where, as 
a funct ion of t r a n s i t  t i m e  from i n j e c t i o n  t o  periselenum, 
the i n j e c t i o n  v e l o c i t y  a t  a 400 km i n j e c t i o n  a l t i t u d e  is 
depic ted .  The shaded por t ion  represents  requirements f o r  
var ied  Earth-Moon pos i t i ons .  The upper l i m i t  is  that r e s u l t -  
i ng  when the moon is  near  i t s  apogee d i s t ance  whereas the  
lower l i m i t  has t h e  moon nea r  i t s  per igee  d i s t ance .  T h i s  
area provides d e f i n i t e  bounds for planning the energy requi re -  
ment of t r a n s i t s  from 66 t o  90 hours. It is  t o  be noted here 
that the required v e l o c i t y  seems t o  be achieving a minimum 
near  90 hours which i s  s l i g h t l y  a sh i f ted  v a r i a t i o n  of the 
t r end  ind ica ted  on Figure 9. It may a l s o  be pointed out 
that if, from performance viewpoints, the  payload r e s t r i c t s  
the maximum achievable i n j e c t i o n  energy, that energy l e v e l  
prescr ibes  a range of t r a n s i t  times which can be accommodated. 
An example i s  t h a t  the  v e l o c i t y  of 10,770 m/s al lows t r a n s i t s  
from 69 t o  more than 90 hours. 

Similar  information on the periselenum a r r i v a l  v e l o c i t y  
f o r  a 185 km a l t i t u d e  of periselenum i s  shown on Figure 22. 
Again the  upper and lower bounds correspond t o  the moon 
near  apogee and per igee,  r e spec t ive ly .  

The s e n s i t i v i t y  t o  midcourse co r rec t ions  of these Ear th-  
Moon t r a n s i t s  i s  considered next .  I n  t h i s  respec t  an inves-  
t i g a t i o n  was conducted on midcourse v e l o c i t y  requirements t o  
enforce  the attainment of the reference t i m e  and p o s i t i o n  of 
periselenum. Various t r a n s i t s  were inves t iga t ed  where three-  
sigma i n j e c t i o n  e r r o r s  were assumed, The procedure was t o  
determine t h e  required co r rec t ion  a t  var ious times of f l i g h t  
on t r a n s i t s  ranging from 60 t o  90 hours. 
shown on F i g u r e  23 where the  parameter ind ica t ed  i s  the 
percentage of f l i g h t  time elapsed versus the t o t a l  re fe rence  
t r a n s i t  t i m e  when co r rec t ion  i s  made. The f i g u r e  i n d i c a t e s  
that the e a r l i e r  the  co r rec t ion  i s  made the cheaper i t  i s  
and that  more co r rec t ion  v e l o c i t y  is  needed a t  the same 
r e l a t i v e  point  f o r  longer  t r a n s i t  times. 

To summarize some of t h e ' v e l o c i t y  inpu t s  which have 
been discussed, reference i s  made t o  Figure 24. The requi re -  
ments f o r  a 90 hour t r a n s i t  are used as reference  where 
i n j e c t i o n  ve loc i ty ,  periselenum a r r i v a l  v e l o c i t y  and midcourse 
v e l o c i t y  requirements are weighed a g a i n s t  one another  and a 
comparative f i g u r e  is quoted. A s  i t  t u r n s  out ,  the 66 hour 

The r e s u l t s  are 
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t r a n s i t  r equ i r e s  128  m/s more v e l o c i t y  than the  90 hour 
t r a n s i t  while t he  72 hour t r a n s i t  r equ i r e s  69 m/s more 
v e l o c i t y  than the  90 hour t r a n s i t .  So from a pure per- 
formance s tandpoint  t he  longer t r a n s i t  times up t o  about 
90 o r  100 hours a r e  favored because of a smal le r  burden 
on the v e l o c i t y  budget. 

It was stated i n  Section I tha t  the moon's equator  has 
a constant  i n c l i n a t i o n  of about 7 degrees t o  the MEP and 
that i t s  alignment as viewed from the e a r t h  i s  cons t an t ly  
changing. .Figure 25 shows the monthly cycle  f o r  a p a r t i c u l a r  
a-llgnrnent of the l i n e  of nndes between l u n a r  equatcr and t h e  
Moon-Earth plane.  From t h i s  f i g u r e  i t  may be noted tha t  
the l u n a r  equator  appears t o  precess  through 360 degrees 
during a s i n g l e  month as seen by a viewer on Earth.  
Earth-Moon t r a n s i t s  are referenced t o  the moon's plane of 
motion, i t  can be shown t h a t  the selenographic  coordinates  
upon a r r i v a l  a t  the  moon a r e  q u i t e  dependent upon the 
p a r t i c u l a r  p o s i t i o n  of the moon wi th in  i t s  o r b i t .  If, i n  
a d d i t i o n  t o  t h i s  phenomenon, the l i b r a t i o n a l  motion of  the 
moon i s  considered t h e  locus of v e r t i c e s  as shown i n  F i  u r e  
15 i s  somewhat per turbed.  
t h e  two d a i l y  launch oppor tuni t ies  depar t ing  from AMR i n  a 
due east d i r e c t i o n .  The note on the  moon's radial d i s t a n c e  
and d e c l i n a t i o n  refers t o  the f a c t  that f o r  the month under 
i n v e s t i g a t i o n  the moon is at i t s  per igee  d i s t ance  when it 
has i t s  maximum dec l ina t ion .  

I f  

T h i s  is  depicted i n  Figure 2g f o r  

It was s t a t e d  earlier tha t  i n  the  o r b i t a l  approach the 
ve r t ex  l o c a t i o n #  determines f u l l y  the azimuth of approach t o  
any landing s i t e .  A brief desc r ip t ion  of t h i s  s i t u a t i o n  
i s  provided w i t h  reference t o  Figure 27. At ten t ion  i s  
brought t o  the ver tex  motion during a month i n  March-April 
1969 for due e a s t  launches from AMR. Along w i t h  t h i s ,  the  
assumed landing s i t e  i s  i n  the Sea of T ranqu i l i t y  which i s  
a t  about 30 degrees longitude and 2 degrees l a t i t u d e .  Noting 
tha t  on a given day the  vertex has a f ixed  loca t ion ,  i t  i s  
eas i ly  seen that f o r  each vertex l o c a t i o n  there is only the  
pa i r  of t r a n s i t s  which pass over the desired landing s i t e .  
So i f  the re  i s  any d e s i r e  t o  have a va r i ab le  azimuth of  
approach t o  a given landing s i te ,  i t  would mean designing 
the t r a n s i t  from an envelope which has i t s  ver tex  a t  another  
l oca t ion .  T h i s  would mean waiting u n t i l  the day of t he  
month when the ver tex  i s  properly placed. The geometry 
c i t e d  here allows a v a r i a t i o n  of  some 30 degrees i n  azimuth 
of approach as the  ver tex  loca t ion  goes from i t s  maximum t o  
minimum l a t i t u d e .  I n  t h i s  case the chosen landing s i t e  i s  
about 30 degrees away from the ve r t ex  p a t t e r n .  A s  the  s i t e  
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moves e i t h e r  t o  t h e  ve r t ex  poin t  or away by 180 degrees,  
the ava i lab le  azimuth of approach widens t o  360 degrees, o r  
the approach can be, made from any d i r e c t i o n ,  These consider- 
a t i o n s  a re  very important i f  a beacon i s  considered f o r  use 
i n  t h e  landing procedure of t he  o r b i t a l  approach. 

Some cons idera t ion  was given t o  the requirements on 
v e l o c i t y  f o r  d i r e c t  landing on the  moon. T h i s  problem was 
treated f o r  72 hour coplanar t r a n s i t s  and the r e s u l t s  are 
i l l u s t r a t e d  i n  Figure 28. 
were tha t  of 30,000 l b  t h r u s t ,  90,000 l b  (Ear th)  weight, 
and an engine s p e c i f i c  impulse of 425 seconds. The parameters 
of i n t e r e s t  a r e  the  a l t i t u d e  of i g n i t i o n  of the braking 
s t a g e  and the  v e l o c i t y  required t o  touchdown with zero v e l o c i t y .  
They are  presented as a func t ion  of the c e n t r a l  angle  a t  impact 
measured from the perpendicular  impact l oca t ion .  It i s  seen 
that  the normal approach r equ i r e s  a t o t a l  braking v e l o c i t y  
of about 3000 m/s w i t h  the s t a g e  i g n i t i n g  a t  about 800 km. 
A s  the approach moves out t o  the edge of the moon both i g n i -  
t i o n  a l t i t u d e  and t o t a l  v e l o c i t y  decrease t o  a po in t  and then 
the ve loc i ty  starts increas ing  whi le  t he  i g n i t i o n  a l t i t u d e  
i s  constrained t o  above 100 km. What i s  a c t u a l l y  t ak ing  
p lace  here i s  t h a t  what would normally have been nea r  moon 
f ly-by t r a n s i t s  are being braked s o  tha t  they  are i n  a sense 
d i r e c t  landing approaches. From t h i s  i t  can be seen that  
nea r  t angen t i a l  approaches are most economical and that 
fly-bys up t o  a c e r t a i n  a l t i t u d e  can be accommodated and 
s t i l l  not exceed the  v e l o c i t y  required by the d i r e c t  i n  o r  
normal approach. Also of note  i s  the f a c t  that  by t h i s  
method the a r e a  t h a t  can be reached on the moon by d i r e c t  
approach i s  g r e a t l y  extended. 

The performance assumptions made 

I n  conclusion, information which would inf luence  a 
launch window s e l e c t i o n  i s  given on Figure 29. It shows 
the ve loc i ty  magnitudes a t  i n j e c t i o n  and a r r i v a l  a t  the 
moon f o r  t h e  two launch oppor tuni t ies  w i th in  a month f o r  
66 hour t r a n s i t s .  The two upper parameters a r e  those of 
i n j e c t i o n  whereas the  lower pa i r  are f o r  periselenum a r r i v a l  
ve loc i ty .  An example might c i t e  how t h i s  could be used f o r  
launch window (number o f  days i n  a month) determinat ion.  If 
i t  i s  assumed that the  maximum achievable energy o r  v e l o c i t y  
i s  10,780 m/s then launch oppor tun i t i e s  would occur between 
March 6 - 18 and Apr i l  3 - 12, approximately. O f  course, 
t h e r e  are r e l a t e d  a reas  of v e l o c i t y  magnitude a t  periselenum. 
So by such a considerat ion,  the a v a i l a b i l i t y  of days s u i t a b l e  
f o r  launch i n  a given month can be found, 
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