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ABSTRACT /o103

The problem of return to earth from an orbit about

the moon has been investigated. The orbit is assumed to

be retrograde (opposite the moon's rotation) and inclined

to the lunar eauator by not more than 20 degrees.

The method of trajectory calculation used takes account

of the ephemerides of earth, moon, and sun. The investigation

is made for three times in March 1969.

Earth landing ites considered are at Woomera, Australia

and San Antonio, Texas. The reentry conditions for landing

at these places are chosen typical of the Apollo spacecraft.

Injection conditions for return from the orbit to the

desired reentry conditions are determined and the use of

this data in establishing nominal return conditions and

"tnjection window" 1s illustrated.
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SECTION I. INTRODUCTION

As part of a larger effort to establish the feasibility

of lunar orbit rendezvous as a method for manned lunar

exploration, a study has been made of the return injection

conditions which might be required for such a mission.

This report presents the results of the study.

SECTION II. DISCUSSION

A. PROBLEM STATEMENT

The problem at hand is to determine the injection

conditions which might be utilized for a return flight to

earth from an orbit about the moon with a view toward the

determination also of what "injection window" is available.

The orbit is assumed to be retrograde (opposite the moon's

rotation) and inclined to the lunar equator by not more

than 20 degrees.

B. REENTRY CRITERIA

At reentry into the earth's atmosphere the return

trajectory must have the correct direction and velocity to

assure that the vehicle arrives at the preselected recovery

area and is not subjected to excessive thermodynamic or
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deceleration loads, In a final analysis a reentry window could
be established which would represent all sets of acceptable
reentry conditions, and which would be determined by the
exact aerodynamic characteristics of the vehicle and the
flexibility of the guidance and control system. In this
study, however, the reentry window is approximated by
choosing most of the reentry parameters at 2 nominal value.

Work done by the author and others at this center, as
well as information available in the literature, was con-
sidered in the choice of th. reentry conditions. Reentry
is assumed to take place at a radius of 64938 km from the
earth's center. Since tne trajectories were calculated for
an ellipsoidal earth, this means reentry altitude was

allowed to vary slightly with latitude of reentry. Th=
range from raentry to touchdown is taken as 4300 n.m. or
72 degrees of central angle. This is about the average
range of the Apollo type craft when returning from the
moun. Path angle of 6 degrees below horizontal is approxi-
mately the direction of reentry which is satisfactory for
most vehicles of the ctype likely to be used for the mission
and 1s chosen as nominal here.

Reentry velocity was aot restricted to a fixed vaiue
for the following reasons, For the velocities considered
for the departure the reentry velocity measured in a non-
rotating frame varies by only 50 m/s even though return
transit times range from 55 to 100 hours. Thus, when the
reentry velocity is measured with respect to the rotating
earth, for all cases reentering with eastward direction

(azimuth between O and 180 degrees), the velocity extremes
encountered are 10,600 to 11,000 m/s, This variation of
4OO m/s with respect to the atmosphere is not critical for
those velocity magnitudes encountered.

Under these assumptions concerning reentry velocity we
have, in effect, neglectec the earth's rotation and assumed
that ail reentry situations will require the same range to
touchdown. Thus, if we would also neglect the non-spherical
snape of the earth, the reentry points would lie on a circie
with the touchdown site at the center,

If the touchdown location is specified, spherical

trigonometry can be used to determine what combinations of

latitude and longitude lie at the correct angular distance

from the touchdown point. Futher, if reentry flight is

_assumed to occur in a plane, the correct azimuth for each

reentry position is determined.

 



  
 

 

Two landing points on earth considered are near San
Antonio, Texas, and Woomera, Australia. The latitude of
these places is 29.48 degrees north and south, respectively.
The northern loeation (near San Antonio) is taken as 261
degrees longitude (reasures east from Greenwich) and the
southern location (Woomera) is at 135 degrees east longitude.
Figures 1 and 2 show the azimuth and longitude for che
specified reentry conditions as functions of the reentry
latitude. For convenience the conditions represented v7
these figures will be referred to as an “arrival circle.”

C. COORDINATE SYSTEMS

At this point it 1s desirable to explain the system
used to specify position and velocity coordinates at the

moon, All of these coordinates are glven in a selenographie

system which is similar to that used so specify geocentric
coordinates at the earth. The moon's equator plane is

perpendicular to its axis of rotation. The zzro longitude
meridian crosses the equator on that principal axis of
inertia which is assumed (by astronomers) to lie through
the center of the bulge of the moon toward the earth.
Since the moon's equator is inclined by 6.67 degrees to
the plane of the moon's orbit about earth, and since also
the orbit 1s slightly eccentric while the moon's rotation
rate is essentially constant, the position of the zero

latitude and longitude point seems to move in nearly a
circle about the earth-moon line. In addition to this
optical libration there is a smail (always less than 0.40

degrees) physical libration.

In this moon-fixed system then, longitude is measured
positive east from 0 to 360 degrees, East on the moon as

on earth is the direction of sunrise. Azimuth is measured
from 0 through 360 degrees starting eastward from north.

D. METHODS USED AND ASSUMPTIONS

Trajectories for return flights were computed by
numerical integration of t* 2 equations of motion using a

system programmed for high speed computers by the Jet

Propulsion Laboratory. T'- equations of metion include
the gravitational forces .f the earth, moon, and sun with
their coordinates given accurately according to the ephemeris.
aneoblateness effects of both earth and moon are also
included.

 



  

 

Since the first manned .unar flignits are expecte’t *o

oceur near the end of this decade, the time investigated

was chosen to be March 1969. At that time the mocn's

orbit about the earth is inclined by 28.72 degrees, roughly
the largest inclination ever occurring. Also the ‘noon's

perigee occurs at about the same time that it reaches its

minimum (south) declination. (At perigee the moon 13 at
369,400 km distant from earth. At apogee, which in that
month occurs obviously at maximum declination, the distance

is 404,400 km.) Three times in the month were chcsen for
study. These are minimum declination, zero deciination zt

ascending rode, and maximum declination.

The specification of a retrograde orbit of small

inclination indicates injection from iatitudes near the

lunar equator, with westward azimuth, in order to avoid

large performance penalties associated with larcge flight

plane changes. Information available in the literature

(References 1 and 2) soncerning lunar return indicates that

for such conditions the injection longitude will be in the

regicn of 90 to 180 degrees. (This can also be seen from
studies of earth to moon flight using the restricted three-

body approach which has as a feature that for any trajectory

from earth to moon there is a trajectory of the same shape

reflected about the earth-moon line and wh’ch goes in the

opposite direction, namely from moon to eacth. A detaile3

explanation of this phenomenon is given in Reference 3.)

Therefore, injection positions at 0, 10, and 20 degrees

latitude for each of 90, 135, and 180 @egrees longitude

were chosen “or investigation of injection velocity magnitude

ance dizection requirements. The injection radius is held

constant at 1938 tm from the center of the moon or 200 im

above the mean radius of the moon of 1738 km.

Southern latitudes were not considered since by proper

rotation of coordinate systems to acccunt for the previously

mentioned tilt of the moon's axis, the result- could -te

reflected about the earth-moon plane to give an approximation

of conditions for those southern latitudes that happen tc
be symmetric about the earth-moon plane with the northern

latitude used originally. The results would be approximate

only because of the irregular gravity fields cf the non-
spherical moon and earth.

The procedur? followed was to hold stepyvise constant

the position, velocity magnitude, and time of injection and

to isolate for that combination of injection path angie and

azimuth which results in reentry with a 6 degree path angle
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below horizontal at radius of 6498 im from earth. “rds
isolation is done automatically by routines built ints the
trajectory computation program. For each position and
velocity megnitude there are a family of trajectories which
meet these conditions, Not all of these have the specified
"arrival cirele” conditions. The reentry latitude and
azimuth which te preduced is compared graphicaliy with the

acceptable values show in Figures 1 and 2. The crajectorles

which produce desired latitude end azimuth combinations

are considered without regard to longitude. This is
explained by the following reasoning. A return flight

arrived at by the above pro.sdure may resuit in a longi-

tude error the absolute value of wnich cen be at most

180 degrees. Thus, if injection time is adjusted by at
most 12 hours then except for the slight change in the

trajectory shape due to the slightly changed positioning of
moon with respect to earth at the corrected time, the
reentry does occu: at the correct longitude.

SECTION III. RESULTS

At meximum and minimum declination of the moon, injec-
tion conditions were established which oroduce flights to
satisfy the specified reentry conditions for each of the
rine injection lozations. Solutions are found, however,
only for the northern return location, if the moon is at

southernmost declination at departure and conversely
solutions are only at the southern location for departure

from the moon at maximum declination.

ft present, data for the zero declination are available

only for equatorial infection. In this case though, satis-
factory return to either of the return latitudes is seen
to be possible.

Injection path angle and azimuth which produce accept-

able return rlights and the associated flight tines are
shown in Figures 3 thru 26 as functions of injection velocity

magnitude for each of the positions, Figures 3 thru il

show cases for return from minimum declination to San

Antonio, Texas. Figures 12 thru 20 present dats for return
from maximum declination to Woomera, Australia, and Figures

21 thru 26 indicate return conditions from zero jeclination
to both San Antonio and Woomera.  



  

For a fixed declination and distance of the moon, the

location of the point of reentry on the “arrival circle”
(which also defines the inclination of the reentry flight

plane) 18 a function of the injection position and velocity.

For the infection positions and the velocity vectors appli-

cable in‘this study, however, the reentry occurs always

near the same place for a given position of the moon, No

attempt was made here to study the exact behavior of the

reentry point on the “arrival circle.” Such a study may
be made eventually using a system referenced to the moon-

ea-th orbit plane which makes easier the analysis of effects

net related to the moon declination. The effects of changing

declination can then be super-imposed on these due to injec-

tion position and velocity variation. The positions of

reentry encountered in the study are given in the following.

For return to Woomera from the maximum declination,

the reentry lies tetween 19 and 24 degrees south latitude

having flight plane inclination of 32 to 34 degrees to the

earth's equator while for return from zero declination, ‘he

reentry occurs between 11 and 15 degrees north latitude with

inelination of 38 to 40 degrees. For return to San Antonio

from minimum declination, the reentry latitudes are tetween

20 and 23 degrees north with inclination being 32 to 34

degrees. For return to San Antonio from zero declination,

the latitudes are from 8 to 12 degrees south and inclinations
from 36 to 38 degrees.

Since San Antonio and Woomera are positioned at symmetri-

cal latitudes, the return latitudes could be expected to be

the same for return from the extreme declination in either

hemisphere to the recovery point in the opposite hemisphere

if the moon were always at the same distance and orientation

with respect to the earth. The above figures for reentry

latitude reflect the changes in moon position and orientation
which occur during the month studied.

In the course of the study it was noticed that for short

t-ansit times (50 to 90 hours) the injection velocity magni-
tude required is g-eater at the moon's apogee than it is at
the perigee while for long transit times (> 90 hours) the
situation reverses. (A siintlar phenomenon cecurs in flight

from earth to moor. with a comparison of arrival velocity
with respect to the moon as a function of flight time and
distance to moon.) Due to this difference in velocity
requirement, the curves are given for smaller velocities to
about 2.5 lan/sec for the minimum declination curves
(coinciding here with smallest earth-moon distance) and to
2.4 km/sec for raximum declination.
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Prom the information given in the above ficures and
certain performance data 2 nominal injection situation cau
be established and launch window determinations can be
made. One simple arbitrary case is offered. This case
is based on the assumption of an equatorial circular orbit
of a 2 hr 7 minute period around the moon. In order to
establish a nominal case we also assume ‘that we want to
return to a preselected point on earth in a specified
transit time and to use a minimum of propellant in the
departure maneuver.

Performance studies have been made by Space Projects
Section II of this branch to determine the characteristic
velocity requircd for these orbital maneuvers. The results
of the studfes will be given in detail in reports being
prepared by that section; nowever, an example of the result:
is giver. here as part of the illustration of determination
of nominal injection and iaunch window.

For injection at 1933 lo radius the study showed that
optimum transfer would be made from circular orbit radius
of about 1932 km which is the orbit of the period specified
above. (This cptimum altitude change during the maneuver
is of course also a function of the injection velocity
magnitude and direction; however, the effect on performance
is small.) The optimum path angle at injection is given
then as a function of injection velocity in Pigure 27
under the assumpticn of constant injection radius and no
change in flight plane orfertation. Figure 2@ shows the
characteristic velocity required for variation of velocity
direction from optimum. This curve has been found to be
representative of changes in either path angle or azimuth
or of combined changes from the optimum. Thug, for each
injection position on the moon the difference in required
injection direction anc the optimum direction can be deter-
mined, and the velocity penalty can be read from the figure.

The total velucity required for transfer is given as
a function of flight time in Figure 29. Here the semil
change in latitude which takes lace when azimuth changes
are made during the injection maneuver hae been neglected.
The injection lntitude is assumed to be always cers and
longitude is given as the parameter. The time of sandman:
declination was used in this case. From this curve the
nominal tnjection is detemained and an approxisatic: of
the “injection window" is made as follows.

  

 
 



If the moon is near the maximum declination and we

desire a return of 77 hr duration the injection longitude

from which the least velocity increment is required is

seen in Figure 29 to be 180 degrees. The nominal injection

time is established to satisfy these longitude and flight

time requirements. If we now consider early and late
departures, we note that for the orbit period in consider-

ation the longitude changes by about 3 degrees per minute

so that for each minute early that Injection occurs the
velocity inerement is read on the curve for 3 degrees

greater longitude at the same flight time and likewise
for each mimute late the longitude decreases by 3 degrees.

{Mere nearly exact would be to say, read the curve for

flight time adjusted by the correct number of minutes, but

obyicusly a few minutes are negligible mere.) It is

noticed that if the delay is to be greater than a few

minutes, it may be advantageous to wait one more erbit

of 2 hours and 7 minutes from nominal time and reduce flight
time by that amount. (This assumed, the ccrrect longitude
is again achieved at reentry. This is not exactly true

due to change of trajectory shape for smaller transit

time as well as the change cf the moon's position with
respect to the earth, which takes place in the 2 hr 7

minute period. The assumption is, however, sufficiently

accurate for this first approximation.) If this longer
delay occurs, a second nominal injection may take place
at longitude of 177 degrees and the velocity penalty for
dispersions about the new nominal may be determined again

as above.

. Tne velocity penalty for departure at non-cptimum
time as determined in the above example is shown in
Figure 30 plotted against the time deviation.

SECTION IV. CONCLUSIONS

The results presénted may be used tc determine injection
conditions for return to earth from retrograde orbits about
the moon inclined by as much as 20 degrees (and with certain
location of the lines of nodes of the orbit and equator).
Approximations of return injection windows can also be made.

The results indicate that return can be made to at
least one of the two chosen sites regardless of the moon's
position relative to earth and that reasonable injection
windows are available. 
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