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ABSTRACT 10103

The problem of return to earth from an orbit about
+he moon has been investigated. The orbit is assumed to
be retrograde (opposite the moon's rotation) and inclined
to the lunar equator by not more than 20 degrees,

The method of trajectory calculation used takes account
of the ephemerides of earth, moon, and sun. The investigation
1s made for three times in March 1969.

Earth landing .ites considered arz at Woomera, Australla
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 datz in establishing nominal return conditions and
"snjection window™ 1s 1llustrated.
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SECTION I. INTRODUCTION

As part of a larger effort to establish the feasibillty
of lunar orbit rendezvous as a method for manned lunar
exploration, a study has been made of the return injectlon
conditions which might be required for such a mission.

This report presents the results of the study.

SECTION IX. DISCUSSION
A. PROBLEM STATEMENT

The problem at hand is to determine the injection
conditions which might be utilized for a return flight %o
earth from an orblt 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 veloclty to
assure that the vehicle arrives at the preselected recovery
area and 1s not subjected to excessive thermodynamic or
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deceleratlion loads, In a2 final analysis a reentry window could

be established which would represent all sets of acceptable
reantry conditionz, and whlch would be determined by the
exact aerodynamic characteristics of the vehicle and the
flexibility of the guidance and control zystcm. In this
study, however, the reentry window is approximated by
choosing most of the reentry parameters at a nominal value,

Work done by the author and others at this center, as
well as informatlion avallable 1n the literature, S con-
sidered in the choice of th. reentry conditions. Reentry
is assumed tc take place at a radius of 6498 km from the
earth's center, Since the trajectories were calculated for
an ellipsoidal earth, thlis means reentry altitude wacs
allowed to vary slightly with latitude of reentry. Thc
range from rzentry to touchdown is taken as 4300 n.m. or
72 degrees >f central angle. This i about the average
range of the Apollo type craft when returning from tne
moount, Path angle of 6 degrees below horizontal is approzi-
mately the direction of reentry which is satisfactory for
most vehlcles of the ctype likely to be used for the misslon
and 1s chosen as nominal here,

Reentry veloclty was 1ot restricted to a fixed value
for the followlng reasons. For the veloclties considered
for the departure the reentry velocity measured in a non-
rotating frame varies by only 50 m/é even though return
transit times range from 55 to 100 hours., Thus, when the
reentry velocity is measured with respect to the rotating
garth, 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
400 m/s with respect to the atmosphere is not critical for
those veloclity magnitudes encountered.

Under these assumptlons concerning reentry veloclty we
have, in effect, neglecte¢ the earth's rotation and assumed
that all reentry situations wlll require the same range to
touchdown. Thus, if we would also neglect the non-spherical
shape of the earth, the reentry points would lie on a circle
with the touchdown site at the center,

If the touchdown location 1s speclfied, spherical
trigonometry can be used to determine what combinations of
latitude and longitude lie at the correct angular distance
from the touchdown poilant. Futher, 1f reentry flight 1s

“assumed to occur in a plane, the correct azimuth for each
reentry position 1s determined.



T™we landing points on earth considered are near 3an
Antonlo, Texas, and Woomera, Australia. The latitude of
these places 1s 29.48 degrees north and south, respectively.
The northern location (near San Entcnio) is taken as 261
degrees longltude Emeasured east from Greenviich) and the
southern location (Woomera) is at 135 degrees east longitude.,
Figures 1 and 2 show the azimuth and longitude for vhe
specified reentry condlticns as functions of the reencry
latitude. PFor convenlience the conditions represented o
these flgures will be referred tc as an "arrival circle,’

C. COORDINATE SY3TEMS

At this point it 1s desirable to explaln the system
used to specify position and velocify coordinates at the
moon. All of these coordinates are glven in & selencgrasphic
system which is similar to that used %o specify geocentric
coordinates at the earth. The moon's equator plane is
perpendicular to its axis of rotation. The ziro longltude
meridian crosses the equator on that principal axiz of
inertia which is assumed {(by astronomers) to lie through
the center of the bulge of the moon toward the eartn,.
Since the moon's equator is inclined by 6.6T7 degrees %o
the plane of the moon's orbit about earth, and slnce also
the orbit 1s slightly eccentric while the moon's rotation
rate 1s essentilally constant, the position of the zero
latitude and longitude point seems to move 1n nearly a
circle about the earth-moon line. In addition to this
optical libration there is a small {always less than 0.4%0
degrees) physical libration.

In th's moon-fixed system then, longitude 1s measured
pesitive east from O to 360 degrees, East on the moon as
on earth 1s the direction of sunrise. Azimuth is measured
from O through 360 degrees starting eastward from north,

D. METHODS USED AND ASSUMPTIONS

Trajectorlies for return flights were computed by
numerical integration of t*= eguations of motlon using a
system programmed for high speed computers by the Jet
Propulsion Laboratory. T - equations of mction include
the gravitational forces .f the earth, moon, and sun with
their coordinates ziven accurately according to the ephemeris,
Theo?;ﬁgeness effects of both earth and moon are also
Included,




Since the first manned .unar flignhts are expe~tel *¢
occur near the end of this decade, the time investigated
was chosen to be Marech 1969. At that time the moon's
orbit about the earth is inclined by 28.72 degrees, roughly
the largest inclination evar occureing. Alsc the wsocon's
perigee occurs at about the same time that it reaches its
minimum (south) declination. (At perigee the moon 18 at
369,400 kn distant from earth. At apogee, which in that
month occurs obviously at maximum declination, the distance
is 404,800 km.) Three times in the month were chcsen for
study. These are minimum declination, zerc decilnation ct
ascending fode, and maximum deciination.

The specification of a2 retrograde orbit of smail
inclination indicates injection from latlitudes near the
lunar equator, with westward azimuth, in order to avolid
large performance penalties assoclated wilth large flight
plane changes. Information availatle in the literature
(References 1 and 2) 2oncerning lunar return indicates that
for such conditions the injectlion longitude will be in the
region of 90 to 180 degrees. (This can also be seen from
studies of earth to moon flight using the restricted thiee-
body approach which has as a feature that for any trajectory
from eartii to moon there 1s a trajectory of the same shape
reflected about the earth-moon line and wh'ch goes in the
opposite direction, namely from moon to eascth. A& detafled
explanation of this phenomenon is given iIn Reference 3.)
Therefore, injection rositions at O, 10, and 20 degrees
latitude for each of 90, 135, and 180 degrees longitude
were chosen “or investigation of injection velccity magnitude
an¢ dircection requirements. The injection radius 1s held
constant at 1938 lon from the center of the noor or 200 im
above the mean radins of the moon of 1738 imm.

Southern latitudes were not considered since bty proper
rotation of coordinate systems to acccunt for the previocusly
mentioned tilt of the moon‘'s axls, the iesult: could -te
reflected about the earth-moon plane to give an spproximation
of conditions for those southern latitudes that happen tc
be symmetric atout the earth-moon plane with the northern
latitude used originally. The results would be approximate
only because of the irregular gravity flelds cf the non-
apherical moon and earth.

The procedur: followed was to hold stepwise constant
the position, veloscity magnituvde, and time of injcction and
to isolate for that combination of injection path angle and
azimuth which results in reentry with a 6 degree path angle
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below horizontail at radius of €492 km from ezpth., “mis
isolaticn 13 done autometizsally by moutines bullt 1uto the
trajectory computation program. For each position and
velocity magnitude there are g family of trajectories which
meet thesze conditions, Mot all ¢f these have the specified
"arprival cirecle” conditions., The reeatry latitude and
azimuth which 12 produced 1s compared graphically with the
scceptable values showm in Pigures 1 and 2, The <rajlectories
which produce desired latitude and azimuth comblnations

are considered without regerd to longitude. This 13
explained by the foilciuing reasoniag. A return filght
arrived at by the above pro.zdure may resuit in 2 longl-
tude error the absoclute value c¢f wnich cen be 2t most

180 degrees. Thus, if injection time is adjusted by at
mest 12 hyurs then except for the slight change in the
trajectory shape due tc the slightly chanced positloning of
moon with respect to eartn &%t the corrected tirme, the
reentry does cccur at the correct longitude.

SECTION III. RESULIS

At mexinmum and minimum declination of the moon, injec~
tion conditicns were estatlished which vroduce fiights to
satisfy the szpecified reentry conditions for each of the
nine injeccion lozations, Solutions are found, however,
only for the northern return location, 1if the moon 1is at
acuthermost declinatiocn &t departure and coaversely
solutions are only at the southern location for departure
from the moon a%t maximum deciination,

At present, data for the zero declination are available
only for equatorial injection. In this case though, satis-
factory return to either of the return latitudes is seen
to be possible,

Injectinn path angle and azimuth which produce accapi-
able return r'lights and the assacliated flight times are
showm in Figurss 3 thru 26 as functions of injection velocity
magnitude for each of the positions, Figures 3 thru 1l
show cases for return from minimum decliination to Ser
Antonio, Texas, Figures 12 thru 20 present d4ats for return
from maxirum declination to Woomera, Australias, and Figures
21 thru 26 indicate return conditions from zerc leclination
to both San Antonilo and Woomersa,




For a fixed declinaticn and distance ¢f the moon, the
1s:ation of the point of reentry on the "arrival circle”
(vhich alsc defires the inclination of the reentry flignt
plane) 18 a function of the “nlection position and velocity.
Fop the ‘nlfection positions and the veloelty vectors appli- -
cable in-this study, however, the reentry nccurs always
near the same place for a given pcsition of the moon., Ho
attempt was made here to study the exact vehavior of the .
reentr; point on the "arrival circle.” Such a study may
ve made eventually using a system refererced tc the moon-
ea~th orbit glane which makes easler the analysis of efflects
nct related to the moon declination. The effecis of changing
declination can then be super-imposed on these due to injec-
tion position and velocity varlation. The positions of
reentry encountered in the study are glven in the followilng.

For return to Wcomera from the maxirmm dGeclination,
the reentry lies between 19 and 24 degrees south latitude
having flight plane inclinatlion of 32 to 34 degrees to the
earth's equator while for return from zero declination, the
reentry ocaurs between 11 and 15 degrees north latitude with
inelination of 38 to 40 degrees. For return tc San Antonic
from minimum declination, the reentry latitudes are uLetween
20 and 23 degrees north with inclination being 32 tc 34
degrees. For return to San Antcnlo from zero declination, '
the latitudes are from 8 to 12 degrees south and inelinpations
from 36 to 38 degrees.

Since San Antonio and Woomera are positicred 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 oppcsite hemisphere
if the moon were always at the same distance and orientatiocn
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 astudy 1t was noticed that for short
t_ansit times (50 to 90 hours) the injection velocity magni-
tude reqguired is g ecater at the moon's apogee than 1t 1s =at
the perigee while for long transit times (> 90 hours) the
sitvation reverses. (A sl.ilar phenomenon cccurs in flight
from earth to moor. with a comparison of arrival velscity
with respect to the moon as a function of flight time and
distance to moon.) Due to this difference in velocity .
rejuirement, the curves are given for smaller veloclitles to
about 2.5 im/sec for the minimum declination curves
(noinciding here with smallest earth-mocn distance) end to .
2.4 wm/sec for raximum declination.




From the information given in the above {igures and ]
certain performance data 2 nominal injection situastion cau e
be established and launch window determinatlions can be o
made, One simple arbitrary case is offered. Thic vase E
12 bazed on the assumption of an equaborial circular orbit .
of a 2 hr 7 minute period around the moon. In order %o £
establizh a nominal case we also assume that we want fo 1
return to a preselected point on earth in a specified E
transit time and to use a minimum of propeilant in the
departurs maneuver,

Performance studies have been made by Space Projectis
Section II of this branch to determine the characteristis
velocity requirzd for these orbital maneuvers, The resulis
o the studies will be given in detail in reports heing
prepared by that zectlon; nowever, an example of the results
is glver. here as part of the 1llustration of detemmination
of nominal injection and iaunch windosw.

For injectlon at 1923 lm radius the study showoed that
optimum transfer would be made from ciroular orbit radiuc
of about 1932 km which 1s the orbit of the period specifled
2bove. (Thlis optimum altitude change during the maneuver
is of courge also a function of the injection velocity
magnitude and direction; however, the efflect on performanca
is small.) The optimm patk angle at injsctlon is given
then as a function of injection velocity in Plgure 27
under the assumpticn of constant injection radluc and no
change in flight planc oriertation. Pigure 28 shows the
characteristic velocity required for variation of vaiacity
direction from optimum. This curve has been fourd to be
representative of changes in either path angle or azimuth
or of combined changes from the optimm. Thus, lor each
injection position on the moon the difference in reguired
injection directlon an¢ the optimum dirsction can be deter-
mined, and the velocity penalty can be read from the figure,

The total velucity required for tranafler 18 glven as
a function of flight time in Pigure 29. Here the spmil
change in latlitude which takes nlace when azimuth change:
are made dJuring the injection mmneuver %us bLeen n&g&&eueé
The injection latitude i{s aszaumed *g be alweys oo
longitude is gliven a2 the pazameter.  The time of =
declination was used in this case, !rua this ear%@'e&w e
ncminal njection s determine& an& an aggrantantiﬁm %f &
the "injection window" is made as follows.. :




If the moon 1is near the maximum declination and we
desire a return of 77 hr duraticn the injection longitude
from which the least veloecity increment is reguired is
 seen in Figure 29 to be 180 degrees. The nominal injection
time is established to satisfy these longltude and flight
time reguirements. If we now consider early and late
departures, we note that for the crbit period in consider-
ation the longitude changes by about 3 degrees per minute
sc that for each minute early that Injection occurs the
veloeity increment 1s read on the curve for 3 degrees
greater longitude at the same flight time and likewise

for each minute late the longitude decrezses by 3 degrees.
(Mcre nearly exact would be to say, read the curve for
flight time adjiusted by the correct numoer of minutes, but
obviscusly a few minutes are negligible here.) It is
noticed that if the delay 1s to te greater than a few
minutes, 1t may be advantageous to walt one more orbit

of 2 hours and 7 minutes from nominral time and reduce flight
time by that amount. (This assumed, the ccrrect longitude
is again achlieved at reentry. This is not exactly true
due to change of trajectory shape for smaller transit

time as well as the change of the mocn'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 lcnger
delay occurs, a second nominal Injection may take place

at longltude of 177 degrees and the veloclty penality for
dispersions about the new nominal may be determined agailn
as above.

The velocity penalty for departure at non-cptimum
"time as determined in the above example l1s shown in
Figure 30 plotted against the time deviation.

SECTION IV, CONCLUSIONS

The results presented may be used tc determine injection
ccnditicna for return to earth from retrogradc orbits abou
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 alsc be made.

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