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ABSTRACT
An investigation has been made of the abort problems associated with the manned lunar landing mission. The abort maneuvers and propulsion requirements for returning the crew capsule to Earth are examined for various phases of the mission,
including the Earth-moon transfer, lunar landing, and lunar
launch. Particular attention is given to the lunar landing
phase for which two types of maneuvers are considered:
l)
descending to the lunar surface on a steep flight path at the
terminus of a lunar Impact trajectory, and 2) landing from a
low altitude lunar orbit along a grazing trajectory. The results of the investigation indicate that most of the anticipated abort maneuvers can be accomplished with the lunar takeoff stage. Only those abort maneuvers required during ascent
from the lunar surface are found to require the inclusion of
propulsion capabilities in excess of those needed to accomplish the nominal mission. It is also shown that the abort
propulsion requirements during the landing phase of the mission can be significantly reduced by initiating the landing
from a low altitude lunar orbit.
INTRODUCTION
In recent years considerable attention has been focused on
the flight mechanics of Earth-moon ballistic trajectories
which result either in lunar impact or circumnavigation (l-4).3
These studies generally have been concerned with defining the
magnitudes and accuracies of propulsion requirements needed to
achieve such trajectories and have provided a basis for designing rocket vehicles suitable for launching unmanned
instrument packages to the moon. More recently, increased
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interest has been directed toward the manned lunar landing
mission. The previous flight mechanics studies are applicable to this mission also. However, rocket vehicles for this
application must be designed with an awareness of the propulsion requirements not only to complete the mission successfully, but to abort the mission at any time in the flight plan
as well.
Little information exists defining the vehicle design features needed to provide abort capabilities during lunar
landing missions. The propulsion requirements for abort
during the Earth-to-moon phase of the flight have been described in Ref. 5 for the special case of return from preselected "way stations" to prescribed recovery sites on the
Earth. Further, the abort problems associated with the initial powered-flight launch phases of the mission have been
analyzed in Refs. 6 and 7·
It is the purpose of this paper to
define the more general propulsion requirements for returning
to Earth from any point in the Earth-to-moon transfer, and
during the subsequent lunar landing and launch phases of the
manned lunar landing mission.
A variety of flight profiles have been proposed for a manned
lunar landing mission. Many of these require that the vehicle
first be injected into a circular lunar orbit at a low altitude. Descent to the lunar surface is subsequently accomplished by means of a shallow, grazing trajectory. Although
this approach to the lunar landing can be expected to offer
excellent opportunities to abort the mission during the landing maneuver, it should be recognized that it poses certain
navigational problems due to the multiple propulsive maneuvers
in the vicinity of the moon, the interrupted opportunities for
tracking and communicating with the vehicle from the Earth,
and the limited time during the landing maneuver that the
landing site is in view of the spacecraft. An alternative
method that has been proposed for accomplishing the lunar
landing involves approaching the moon on an impact trajectory
aimed at the intended landing site. Better tracking and communication and simpler navigational requirements are claimed
for this approach, because of the continuous ability to observe
the spacecraft from the time it leaves the vicinity of Earth
until it reaches the lunar surface. However, the choice of
landing site is limited by this approach to the side of the
moon facing the Earth. Furthermore, the steep lunar approach
trajectory for this flight profile suggests that greater propulsion requirements will be needed to effect abort during the
terminal phase of the landing. Both of the above types of
landing trajectories are considered in this paper, i.e., landing from a low-altitude lunar orbit, hereinafter referred to
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as a "parking orbit landing," and landing at the terminus of
an Earth-moon impact trajectory, hereinafter designated a "direct landing."
DESCRIPTION OF PROBLEM
A large number of variables affect the ultimate choice of
flight profile for a lunar landing mission, including such
factors as the Earth launch site, date of launch, flight time,
launch propulsion, intended lunar landing site, etc. It is
beyond the scope of this paper to examine the effects of all
of these variables. Instead, a representative set of mission
variables has been selected and an investigation made of typical abort conditions which must be considered in planning a
manned lunar landing. The results of the analyses then permit
generalization to an extent that will be useful in preliminary
mission studies.
Trajectory Characteristics
The flight profiles assumed for the studies reported herein
are illustrated in Fig. 1 . The spacecraft is launched from an
Earth orbit into either a circumlunar or a lunar impact trajectory. Orbital elements for these Earth-moon trajectories
were established with the aid of a three-dimensional, n-body
trajectory simulation programmed for an IBM 7090 digital computer. Trajectory calculations were based upon the geometry
of the solar system on June 4, 1968.
The circumlunar trajectory is employed for the Earth-moon
transfer when a parking orbit landing is to be performed. A
close approach to the moon is desirable for this type of landing. Consequently, the circumlunar trajectory developed for
use in this study approaches the moon to within 18.5 naut.
miles at perselenum (i.e., the point of closest approach to
the moon). A retrograde maneuver is performed at perselenum,
thereby causing the spacecraft to enter a circular lunar orbit
at the perselenum altitude. At some subsequent time, a second
retrograde maneuver is performed that simultaneously reduces
the selenocentric velocity of the spacecraft to zero and the
flight altitude to 10,000 ft. The latter condition was included to represent the standoff height needed to assure
clearance of the lunar terrain during the descent and to permit final lateral adjustments to the desired landing site.
A circumlunar Earth-moon trajectory also may be used for a
direct lunar landing. In this case a propulsive maneuver is
required as the vehicle approaches the moon to alter the
flight path to that of an impact trajectory. It has been
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found, however, that the propulsion requirements for such a
maneuver are relatively large except for landing sites chosen
on the leading edge of the moon. Consequently, in this study,
the direct landing is accomplished at the terminus of an
Earth-moon impact trajectory initially aimed at the intended
landing site.
In the case of a direct landing, the choice of landing site
will influence the characteristics of the impact trajectory
during the final approach to the moon. For example, if the
landing site is chosen at an edge of the lunar disk, the
spacecraft will approach the moon on a grazing trajectory. In
such cases, the propulsion requirements for purposes of abort
will be similar to those required for a parking orbit landing.
For the purposes of this study, however, it was considered desirable to investigate the abort problems for a direct landing
having a relatively steep final approach trajectory. Consequently, a landing site near the center of the lunar disk has
been chosen, located on the lunar equator at a longitude of
approximately 20° west.
Regardless of the type of landing trajectory employed, it is
assumed that the same landing site is chosen. Return to the
earth is then accomplished by means of a powered ascent to
burnout conditions suitable for returning to the Earth with
appropriate re-entry conditions. This phase of the mission is
also illustrated in Fig. 1.
More detailed trajectory information relative to these
flight profiles is presented in Figs. 2 through 6.
Fig. 2
illustrates the variations of geocentric velocity, flight path
angle, altitude, and time along the earth-moon circumlunar and
impact trajectories. Only one set of trajectory parameters is
shown, since the two trajectories are practically identical until the vehicle approaches the vicinity of the moon. The injection conditions chosen for these trajectories are representative of those achievable with Saturn class vehicles
launched from a low-altitude circular earth orbit. For the
circumlunar trajectory the flight time from injection to perselenum is 62.^3 hr., and from perselenum to earth re-entry is
61.9 hr. For the impact trajectory the flight time from injection to impact is 61.63 hr.
Fig. 3 presents similar information for the circumlunar and
impact trajectories in selenocentric terms. It can be seen
that the velocity altitude characteristics for the two approach
trajectories are. virtually identical, and that a maximum velocity of approximately 88ΟΟ fps is achieved in both cases.
Significant differences are to be noted, however, in the
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flight path angles for the two-approach trajectories. At perselenum of the circumlunar trajectory the velocity and altitude are 8710 fps and 18.5 naut. miles, respectively. A
retrograde deceleration of 3260 fps is required to inject the
vehicle into a circular orbit at this altitude.
Figs. 4-6 illustrate the salient trajectory parameters for
the powered phases of the mission as calculated for this
study. Fig. 4 corresponds to the case of a parking orbit
landing whereas Fig. 5· pertains to a direct landing. Fig. 6
presents the trajectory parameters for a launch from the lunar
surface into a trajectory for returning to the earth with
suitable re-entry conditions. The powered trajectories, presented in Figs. 4 through 6, were calculated by means of a
two-dimensional, point mass trajectory simulation programmed
for an IBM 7090 computer. However, the burnout conditions required for the earth return trajectory were established by
means of the η-body program described previously. The propulsion parameters employed in these calculations were chosen on
the basis of considerations discussed in Vehicle Characteristics. The trajectory calculations were based on the use of
gravity turns since preliminary studies indicated that only
minor performance gains could be realized by utilizing optimum steering techniques. The figures present the local trajectory parameters as well as the "ideal" velocity V j _ , i.e.,
the velocity increment achievable by a given rocket in the
absence of all external forces. Comparison of the actual and
ideal velocities for these descent and launch trajectories indicates that the trajectory losses for maneuvers performed in
the vicinity of the moon are quite small. Furthermore, it
should be noted that with the propulsion parameters chosen for
this study the ideal velocity required for the direct landing
is approximately 96ΟΟ fps, whereas 9170 fps are required for
the lunar capture and descent maneuvers performed in the parking orbit landing.
Vehicle Characteristics
At the time the mission vehicle is launched into the Earthmoon trajectory, it is assumed to include two propulsive
stages, one for accomplishing the lunar landing and one for
performing the launch maneuver. In order to minimize the
weight of the vehicle at that time it is desirable to utilize
these stages to the greatest possible extent for meeting abort
propulsion requirements as well. For the purposes of this
study, it is assumed that both the lunar landing and launch
stages employ hydrogen and oxygen as propellants. The landing
stage utilizes a pump-fed propulsion system whereas the launch
stage is pressure fed. A specific impulse of 420 sec. is
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representative of the performance achievable with such propulsion systems.
Initial studies were made of a number of vehicle designs,
each having different thrust/weight ratios in the lunar landing and launch stages. The purpose of this preliminary analysis was to establish appropriate values for the thrust/weight
ratios of these stages. Typical results obtained from the investigation for the case of a direct lunar landing are illustrated in Fig. 7 · The figure presents the vehicle weight at
the time of escape from the Earth as a function of the thrust/
weight ratios of the lunar landing and launch stages. It is
clear from the figure that the choice of thrust/weight ratios
does not have a strong effect on the total vehicle weight and
that the optimum thrust/weight ratios for both stages are
slightly less than unity.h
If the lunar launch stage is also to be used for abort purposes during a direct landing maneuver, it can be shown that
the thrust/weight ratio of the launch stage should exceed that
of the landing stage by a factor approximately equal to the
mass ratio r, of the landing stage. Thus
(F/W).
* [r(F/w)]n
1 N /
J
v 1
J
launch
landing
This condition arises from the fact that on a direct landing
the abort propulsion system must not only provide sufficient
impulse to return the vehicle to earth, but must do so sufficiently fast to prevent the vehicle from impacting the lunar
surface. To satisfy the latter requirement, the abort propulsion system must have a thrust/weight ratio equal to or
greater than the largest instantaneous value experienced by
the landing stage. The largest instantaneous thrust/weight
ratio occurs at the end of the landing phase and is a factor r
greater than that at the initiation of retrothrust.
For the propulsion systems assumed in this study, the mass
ratio of the landing stage is approximately two. Thus, according to the preceding criterion, the thrust/weight ratio of
the launch stage should exceed that of the landing stage by a
factor of two. The locus of thrust/weight ratios satisfying
this criterion also is illustrated in Fig. 7 ·
It can be seen
that the thrust/weight ratios of the stages can be selected to
satisfy abort requirements with only a small weight penalty to
the system. Based on these results, values of thrust/weight
ratios of 0 . 5 1 and 1 . 0 , respectively, were chosen in this
k Throughout this ! paper, thrust/weight ratios are expressed in
terms of earth g s .
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study for the landing and launch stages employed for a direct
lunar landing.
A similar analysis vas made for the case of a parking orbit
landing. In this case, however, the optimum thrust/weight
ratio for the landing stage is governed primarily by the parking orbit altitude, as illustrated in Fig. 8.
It can be seen
that low parking orbit altitudes require high thrust/weight
ratios to decelerate the vehicle to zero velocity while descending to a lunar altitude of 10,000 ft. on a gravity turn
trajectory. Two thrust/weight ratios are given in Fig. 8.
The smaller value corresponds to the first ignition of the
landing stage, at which time the vehicle is injected into the
lunar parking orbit, whereas the larger value occurs at the
second ignition that initiates the descent to the lunar surface. Fig. 8 indicates that thrust/weight ratios of 0.282 and
0.359 are appropriate for the first and second ignitions, respectively, of the landing stage employed for a parking orbit
landing from an altitude of l8.5 naut. miles. The results
will be somewhat different for non-gravity turn trajectories
which are more flexible in trajectory control.
Similarly, the propulsion requirements for abort with the
launch stage during a parking orbit landing are considerably
different than those required during a direct landing. Because of the grazing character of the descent trajectory from
a parking orbit, an abort can be accomplished with practically
any thrust/weight ratio in the order of 1 lunar g or more.
Consequently, a thrust/weight ratio of unity, chosen from Fig.
7 to optimize the lunar launch operation, is the clear choice.
Table 1 summarizes the propulsion characteristics chosen in
this study for the lunar landing and launch stages.
Table 1

Typical propulsion characteristics
for lunar landing and launch stages.
Initial thrust/
weight ratio
(Figs. 7 and 8)

Direct descent landing
Landing stage
Launch stage
Parking orbit landing
Landing stage (ist ig^nition)
Landing stage (2nd ig^nition)
Launch stage
a

O.5I

1.0
Ο.282

0.359
1.0

Ideal velocity,
fps (Figs, k
through 6)

96oo
9500
3260
59io
9500

a

a

Hovering and final touchdown requirements are not included.
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ABORT CURING T H E EARTH-MOON T R A N S F E R

The earliest requirement for an abort during the lunar landing mission can occur while the vehicle is outbound on the
Earth-moon transfer trajectory. At that time the vehicle will
include one or more propulsive stages which can be utilized to
redirect the flight path such that an early return to earth is
achieved. Frequently, the abort situation will dictate the
fastest possible return to Earth, in which case all of the
available abort propulsion would be used. Thus, the abort
problem reduces to one of utilizing the available propulsion
to alter the magnitude and direction of the vehicle velocity
such that an early return to the Earth is accomplished with
suitable re-entry conditions. The flight mechanics of this
type of abort situation are illustrated in Fig. 9> which shows
abort return trajectories resulting from the use of one of the
available lunar stages.
Calculations were made of the return conditions which result
from an abort during the Earth-moon trajectory, the results of
which are presented in Figs. 10 and 1 1 . The calculations were
based on the use of abort velocity increments of 10,000 and
20,000 fps. These increments correspond approximately to the
use of one or both of the lunar landing and launch stages.
The free-flights portions of the abort trajectories were calculated by means of two-body Keplerian mechanics, whereas the
powered abort maneuver was computed with the aid of a trajectory simulation program. In all cases the abort velocity increment was applied in such a manner as to result in a return
perigee altitude of 135*000 ft. The latter value was chosen
to assure acceptable re-entry conditions. The results of the
calculations are presented in Figs. 10 and 1 1 and indicate the
re-entry velocity, re-entry flight path angle, and totalflight time as functions of the altitude at which the abort is
initiated. It can be seen that an abort of this type can result in a relatively rapid return of the vehicle to the earth.
It also should be noted in Figs. 10 and 1 1 that the re-entry
velocity increases with increasing altitude at the time of
abort. This is because, at high altitudes, the abort velocity
increment becomes large compared to the local trajectory velocity. Consequently, the abort maneuver not only redirects
the flight path angle back toward the Earth, but increases the
magnitude of the velocity as well. The data presented in
Figs. 10 and 1 1 extend only up to that abort altitude at which
the resulting re-entry velocity is parabolic. At higher altitudes either smaller velocity increments would have to be
utilized, or additional thermal protection would be required
for the re-entry vehicle. For this reason, abort with a
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20,000-fps velocity increment is limited to flight altitudes
from injection to 45,000 naut. miles, whereas an abort with a
velocity increment of 10,000 fps can be accomplished up to altitudes of approximately l40,000 naut. miles. Beyond that altitude velocity increments less than 10,000 fps will provide
parabolic return to Earth, as illustrated in Fig. 1 2 . However,
it can be seen that at these altitudes the total flight time
to return to Earth becomes quite large and, in terms of propulsion requirements, it becomes equally attractive to return
to the Earth on a circumlunar trajectory.
ABORT DURING A PARKING ORBIT LANDING
The parking orbit landing involves two propulsive maneuvers.
The first maneuver occurs at perselenum of the circumlunar
trajectory and injects the vehicle into a lunar parking orbit.
The second maneuver accomplishes the final descent to the
lunar surface.
The propulsion requirement for an abort during the injection
maneuver is essentially equal to the retrograde velocity increment imparted to the vehicle prior to the abort. Thus, the
maximum propulsion requirement occurs at the end of the injection maneuver and is equal to 32ÔO fps. It should be noted
that throughout this maneuver the velocity of the vehicle is
orbital or greater, and the flight path angle is approximately
horizontal. Consequently, an abort during the lunar injection
maneuver can be accomplished with relatively modest thrust/
weight ratios and with the thrust applied nearly tangential to
the flight path.
During the second propulsive maneuver (i.e., the descent to
the lunar surface) the velocity of the vehicle is less than
orbital, and the flight path becomes progressively steeper.
Consequently, an abort during this maneuver requires the application of thrust of suitable magnitude and orientation to
perform a "pull-up" before the vehicle impacts the lunar surface. The flight mechanics of this abort situation are illustrated in Fig. 1 3 . The pull-up need not result in a circular
lunar orbit. An elliptic orbit would.be equally satisfactory
provided that the perselenum is sufficiently high to assure
clearance of the lunar terrain. The propulsion requirements
for either case would be quite similar since the grazing nature of the descent trajectory would always result in an orbit
of small eccentricity.
Calculations have been made of the propulsion requirements
for an abort during the descent to the lunar surface. The
calculations were based on the descent trajectory illustrated
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in Fig. k- and the use of the lunar launch stage for performing
the abort. The propulsion requirements were computed by means
of a number of powered flight trajectory simulations in which
the vehicle was flown from points on the descent trajectory
into low-altitude, circular lunar orbits. A subsequent propulsive maneuver was then calculated which would return the
vehicle to the Earth on a relatively slow transfer trajectory
(approximately 3-l/2 days). Two cases were considered in
these trajectory simulations: (l) returning the vehicle to the
original lunar parking orbit at an altitude of 18.5 naut.
miles with subsequent lunar escape, and (2) placing the vehicle into a lunar parking orbit the altitude of which is chosen
to minimize the sum of the propulsive maneuvers required for
injection into the orbit and return to the Earth. The results
of these calculations are presented in Fig. ik in terms of the
ideal velocity increment required for both the pull-up into
orbit and the subsequent lunar escape. It can be seen that
the velocity required for abort into a parking orbit of variable altitude is considerably less than that required for
abort back to the original parking orbit. In either case,
however, the propulsive capability of the lunar launch stage,
as given in Table 1, is adequate for accomplishing the abort
maneuvers·
It is interesting to note in Fig. lk the optimum variation
of the lunar orbit altitude following an abort. For an abort
early in the descent trajectory, where the local velocity is
high and the flight path is virtually horizontal, the loss in
altitude during the abort maneuver is very small. As the time
of abort increases, the changes of flight path angle and velocity result in a rapid lowering of the optimum orbit altitude after abort. In fact, during the latter portion of the
descent trajectory the optimum orbit altitude after abort must
be constrained to assure clearance of the lunar terrain. The
data in Fig. ik are based on a minimum orbit altitude of 6
naut. miles after an abort.
ABORT DURING A DIRECT LANDING
Only one propulsive maneuver is performed during a direct
lunar landing. At an appropriate time prior to lunar impact,
retrothrust is applied to simultaneously reduce the velocity
of the' vehicle to zero and the altitude to 10,000 ft. An
abort during this type of landing requires that the vehicle
perform a pull-up to prevent impacting the lunar surface.
Furthermore, since the vehicle is on an impact trajectory from
the time of'Earth departure, an abort prior to initiating
retrothrust also will require a propulsive maneuver. In
either event an abort initiated in the vicinity of the moon
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generally will result in the trajectory being deflected around
the moon, as illustrated in Fig. 1 5 .
It should be noted that, prior to the start of retrothrust,
the vehicle approaches the moon with hyperbolic velocities.
An efficient abort initiated during this period of time generally will result in a hyperbolic abort trajectory around the
moon. Conversely, an efficient abort maneuver initiated late
in the retrothrust phase, when the vehicle velocities are
small, will place the vehicle in an elliptical orbit around
the moon. In both cases a second propulsive maneuver then
will be required to return the vehicle to the earth. This
large variation in possible abort trajectories is further complicated by the fact that the orientations of the lines of apsides for the abort trajectories also vary with the time of
abort. Two examples of this effect are illustrated in Fig.15An abort hyperbola, entered before initiating retrothrust,
will have a perselenum considerably beyond the intended landing site, whereas an abort ellipse entered shortly before the
final touchdown will have a perselenum close to the intended
landing site.
Propulsion requirements have been calculated for an abort
during the direct landing trajectory illustrated in Fig. 5·
This trajectory is representative of the steep descent paths
followed in landings of this type. Two-dimensional, powered
flight trajectory simulations were computed with the aid of an
IBM 709O to establish the propulsion requirements for the
first propulsive abort maneuver (i.e., to deflect the trajectory so as to avoid impacting the moon). In these simulations
it was assumed that the lunar launch stage described in Vehicle Characteristics was used for performing the abort maneuvers. A number of simple steering modes (such as thrusting at
a constant angle with respect to the local horizontal) were
used for these simulations to find suitable propulsive maneuvers that would deflect the trajectory around the moon. The
resulting simulations also identified the orbital elements of
the resulting abort trajectories.
The second propulsive maneuver, that transfers the vehicle
from the abort trajectory to a trajectory suitable for returning to earth, was evaluated by simple two-body, sphere-ofinfluence calculations. In all cases the return trajectory
was calculated to have a hyperbolic asymptote and velocity
relative to the moon suitable for initiating a 3-l/2 day return to the earth. Transfer to the return trajectory from an
abort ellipse was assumed to occur at that point on the ellipse at which the required velocity increment could be added
tangentially. For those cases in which the abort trajectory
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after the first propulsive maneuver was near parabolic or hyperbolic, the transfer to the desired return trajectory was
assumed to occur at large distances from the moon.
The second propulsive maneuver was evaluated for each suitable first propulsive maneuver found in the powered flight
simulations. In this manner it was possible to identify the
combination of maneuvers that resulted in the smallest overall
propulsion requirement for an abort. This procedure was repeated at each of a number of positions along the direct landing trajectory. The results of these calculations are presented in Fig. l 6 .
It can be seen that the propulsion requirements increase as the vehicle approaches the moon, decrease sharply after the initiation of retrothrust, and remain
essentially constant during the final powered phase of the
landing. The initial increase of the propulsion requirements
is due to three factors: (l) the velocity of the vehicle increases during the coasting approach to the moon, (2) the trajectory turning required to miss the moon increases, and (3)
the abort trajectories after the first propulsive abort maneuver are generally hyperbolic with asymptotes unfavorably oriented relative to the asymptote of the Earth return trajectory. These three factors adversely affect the propulsion requirements for both the first and second propulsive maneuvers,
as can be seen from Fig. l 6 .
The abort propulsion requirements decrease after the start of retrothrust due to a rapid
transition of the abort trajectories from poorly oriented hyperbolae and ellipses of high eccentricity to ellipses of moderate eccentricity and more favorable orientation. This effect can be seen in Fig. l6 by the decrease of the propulsion
requirement for the second propulsive maneuver immediately
after the start of retrothrust. The propulsion requirements
for abort during the final powered phase of the landing remain
essentially constant due to the compensating effects of lower
vehicle velocities and larger trajectory turning angles associated with aborts at that time.
The data presented in Fig. l6 indicate that, with the
thrust/weight ratios assumed in this study for the lunar
ing and launch stages, an abort is possible at all times
ing a direct lunar landing. However, the ideal velocity
quired for abort briefly exceeds that available from the
launch stage used in this study.

landdurrelunar

Fig. l6 also illustrates the abort propulsion requirements
for thrust/weight ratios less than unity in the launch stage.
In these cases it. is found that abort cannot be accomplished
from all points during the retrothrust phase. This is because
without adequate thrust acceleration, the downward motion of
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the vehicle cannot he stopped in time to prevent the vehicle
from impacting on the moon. In fact, an abort with low
thrust/weight ratios from within a few miles of the lunar surface is only possible because the nominal trajectory was
shaped to reach zero velocity at an altitude of 10,000 ft. In
the cases where abort is possible with low thrust/weight ratios, the vehicle actually approaches the lunar surface to
within 10,000 ft. It is interesting to note that the data
presented for abort with low thrust/weight ratios confirms the
required relationship between thrust/weight ratios of the
landing and launch stages postulated in Vehicle Characteristics.
Fig. 16 also indicates the propulsion requirements for a direct (rather than circumlunar) return to Earth initiated during the final coasting approach to the moon. The data indicate that such a maneuver is possible but requires significantly more abort velocity than that needed for a circumlunar
return to Earth.
ABORT DURING THE LUNAR LAUNCH
For the landing site selected in this study, return to Earth
is accomplished by means of a single-burn launch trajectory
which terminates in a 2-l/2 day moon-Earth transfer orbit.
Earth return via a low lunar parking orbit would permit the
use of a somewhat more efficient launch trajectory, but it was
felt that the resulting moderate performance gain would be
offset by the complication of requiring a second burning period. The characteristics of the direct lunar launch trajectory
are illustrated in Fig. 6.
An abort during the powered ascent will require a propulsive
maneuver approximately equal to the ideal velocity still to be
gained at the time of the abort. Some reduction of this requirement is possible by using a minimum-energy return trajectory involving longer flight time; however, only modest savings can be obtained in this manner. The abort propulsion requirements for such a min imum -energy return to Earth are illustrated in Fig. 1 7 . These propulsion requirements are based
on the use of an abort propulsion system having a thrust/
weight ratio of unity and a specific impulse of k-20 sec. The
effect of employing a min imum-energy Earth return trajectory
is evident by the fact that there are no propulsion requirements for abort during the last 7 seconds of the launch trajectory.
Fig. 17 indicates that the propulsion requirements for abort
to Earth during the lunar launch trajectory are large.
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Further, at this point in the mission the vehicle contains no
significant propulsion capability beyond that required for the
launch itself, and any attempt to incorporate such capabilities in the vehicle will result in a severe weight penalty to
the system. Consequently, it appears to be preferable to design the launch stage for high reliability, thereby reducing
the probability of an abort during the lunar launch trajectory, rather than to provide a propulsive abort capability in
the vehicle. (in attempting to achieve high reliability in
the launch stage, it should be borne in mind that the stage
should have restart capabilities to permit its use for aborts
prior to the lunar launch. Consequently, the launch stage
should not employ solid propellants.)
The preceding discussion applies to early lunar landing missions for which it is essential that the crew be returned to
earth in the event of an abort during the lunar launch. In
later missions, however, it may be possible to recover space
crews either from lunar orbits or from arbitrary locations on
the surface of the moon. It is interesting to examine the extent to which such additional rescue capabilities will relieve
the abort problem during lunar launch. It will be noted that
Fig. 17 also presents the propulsion requirements for aborts
either to the lunar surface or to lunar orbits, and it is seen
that such alternate abort modes greatly reduce the propulsion
requirements during the early portion of the launch. Thus, if
all modes of abort are available to the vehicle an abort propulsion capability of only 3500 fps would be required to satisfy all abort situations.
CONCLUSIONS
This study has examined the propulsion requirements for
aborting a lunar landing mission at any time from Earth escape
to Earth return. Although the methods of calculation employed
in the studies included various approximations, and the chosen
geometry of Earth, moon, and landing site may not correspond
to any specific mission, it is believed that the results of
the study indicate the general characteristics of such abort
problems. The following general conclusions may be drawn from
the results of this study.
1) The lunar landing and launch stages are suitable for accomplishing many of the required abort maneuvers during a lunar landing mission. These stages can be designed to permit
such secondary usage with small weight penalties to the overall system.
2)

The lunar landing and/or launch stages offer attractive
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propulsion characteristics for aborting the mission during the
Earth-moon transfer.
3) Abort is possible at all times during the lunar landing,
regardless of whether the landing is accomplished from a lunar
parking orbit or at the terminus of a lunar impact trajectory.
In the case of a parking orbit landing, the lunar launch stage
is adequate for accomplishing the abort. However, for a direct landing, the ideal velocity requirement for abort briefly
exceeds that available from the lunar launch stage used in
this study.
4) Although abort is possible during either parking orbit
or direct landings, the relative simplicity of the abort maneuvers for the parking orbit landing make it preferable to
the direct landing.
5) An abort during the lunar launch requires the use of a
stage not otherwise needed for the mission. Furthermore, the
propulsion requirements for such an abort are so large that to
include such a stage in the vehicle would impose a prohibitive
weight penalty on the system. Consequently, high reliability
in the lunar launch stage appears to be a preferable design
approach to that of providing a separate propulsive stage.
It should be recalled that this paper has dealt only with
the case of a mission abort with subsequent return of the vehicle to Earth. Although such conditions are appropriate for
early lunar missions, future lunar operations may permit the
recovery of space crews who abort from their intended missions
either to a lunar orbit or to the lunar surface. If these
flight options are considered in abort studies, one can expect
to find a significant reduction in the propulsion requirements
for abort.
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Fig. 6

Powered ascent trajectory from the lunar surface for
return to Earth
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Effects of stage thrust/weight ratios on mission
performance
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