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STUDY OF LEM ABORT TRANSFER TRAJECTORIES

Py Amelim J. Casey and Paul J. Stull
SUMMARY

The results of an Investigation of the orbital transfer cheracter-
istics for LEM aborts from the Hohmann descent transfer and from circular
parking orhitz attained after aborting from the powered descent and from
the lunar surface are presented. The variation of the required charac-
teristic velocity and the time required to compizte rendezvous indicates
that the present allowances of 500 to 600 fps and 10.5 hours contingency
time are sufficient for most =hort situations. The exception applies to
those aborts from the lunsr surfece initiated bhetween 1.0 and 2.1 hours
after the time for a nominal lasunch. Aborts during this period may not
be completed autoncmously by the LEM, but require phasing maneuvers by
the CM.

R

INTRODUCTTON

At any time after LEM separation from the CSM a mission abort may
be necessary due to scme system failure, for example, life support, de-
scent propulsion, or prime guidance systems. The trasjectories necessi-
tated by these aborts are gererslly divided into two parts: (1) subor-
bital powered flight, and (2) orbitsl transfer or coasting flight o
intercept and rendezvous with the CSM. These two flirht regions are
eoncerned with different operational parameters and hence require sep-
arate investigations. It is the purposze of this report to determine
only the family of orbital transfer trajectories for LEM aborts during
all phases of the landing mission.
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In this abort trajectory study calculations are bssed on the two-
impulse conic equalions. The trajectories are constrained t6 have a

T
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% ' clear pericynthion altitude of 50 000 feet, a time to rendesvous of

by legs than 10.5 hours, and velocity (fuel) requirements within “he

& LEM AV budget. Transfer trajectories for aborts off the Hohmann de-
i scent transfer, powered descent, and surface are investigated.
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STATEMENT OF PROBLEM

A sketch of the nominal LEM mission is shown in figure 1. The CSM
and TEM are initially in a circular parking orbit at o gautical miles
above the lunar surface, From this orbit, the LEM is separated from
the CM and injected into a Hohmann descent transfer to a pericynthion
altitudc of 50 000 feet. At this point, the powered descent to the
lunar surface is begun by the LEM. After completing the lunar surface
misasion, the LM is launched to 50 000 feet in the plane of the ortite
ing CSM. The launch is terminated with conditions required to insert
into a Hohmann ascent transfer to rendezvous with the USM in the park-
ing orbit,

Assuming an abort decision is necessary any time after LEM separs~
tion, there are three possible phsses in the nominal mission during
which the LIEM can inject into an abort trajectory. These phases are:
(1) the Hohmsmn (coasting) descent transfer, (2) powered descent to the
lunar surface, and (3) the lunar surface.

Hohmann Descent Transfer Phase

Figure 2 (a) 1llustrates an abort trajectory from the Hohmann de-
scent phase. Due to the abundance of propulsion (i.e., descent and as-
cent propulsion) available for an abort during this part of the missionm,
many types of abort trajectories could be investigated. The two extreme
sbort trajectories sre considered herein: (1) minimm AV abort trans-
fer, and (2) high AV or quick-time aborts. The first type is required
for minimum fuel reference purposes and also indicates aborts that could
be performed by the low thrust reaction control system (RCS) if main
engine fajilures necessitate the abort. The quick-time sbort illusirates
the type of aborts availlavle using the propulsion of either or both the
ascent and descent engine. ¥For exsmple, such trajectories may be necese
sary in the event of a life support system malfunction during this first
susteined manned operation of the IEM.

Powered Descent Phase

An abort from the powered descent phase is illustrated in fige
ure 2 (b). First, a continuous powered abort flight back to a circular
orbit at %0 000 feet altitude must be performed. At this point, the
LFM is inserted into an abort transfer trajectory that will intercept
the CSM. It is not the purpose of this report to investigate the sub-
urbital phase of this abort, but rather to investigate the transfer
phase. Reference powered abort trajectories used for suborbital flight
are defined in the gection on scope of caleulations.
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Surface Phage

A surface abort is defined as an anytime launch situation, That
isg, the CSM may not be at a favorable position for economical (fuel or
time) LEM launch to perform intercept and rendezvous. Hence, ap :illue-
trated in figure 2 (c), this abort is accomplished in three parts;
launch to a parking or phasing orbit, coamst in phasing orbit for favoer-
able transfer conditions, and finally, transfer to intercep! and ren-
dezvous. Again, a standard or reference suborbital powered launch
trajectory is arsumed.

SCOPE OF CALCULATIONS

For this study, the circular parking orbit of the Apollo vehicele is
the nominal 80-nautical-miles ortit. It ie assumed tlat the LEM lands
in the plane of the CSM orbit and, therefore, the aborts off the Holmann
descent transfer and powered descent are plamar trajectories. However,

o
due to surface rotation, surface aborts may he initiated up to % out
of the plane of the orbiting CSM and still be consistent with the LM
design AV budget.

All the AV's for the abort transfers are impulsive and are cale
culated by solving ILambert's problem for the conlc trajectory glven a
transfer time and an initial and final radius. A AV of arvound 600 fps
is allowed for aborts off the powered descent prlior to phasing for nome.
inal lsunch conditions. For abvorts off the powered descent occurring
after this phasing, as well as sborts from the surface, a AV of 400 fps
is allowed,

Out~of-plane corrections are asgumed to be performed at a node be-
tween the CSM orbit plane and the IEM transfer orbit plane. An addil-
tional AV of 48 fps is considered to be conservative for this correc-
tion,

All aborts muet have a clear pericynthion of 50 000 feet for safety,
with the exception of the quick time aborts, for which only an initial
positive flight path argle need be assumed. The clear perieynthion
trajectories are found by iterating on transfer time. The quick-time
eborts are limited to transfer times from 40O to 1200 seconds since
times shorter than this would require a continuous powered flight anal-
ysis (as opposed to impulsive).

Initial conditions for the orbital flights are established from
typical suborbital trejectories exemplified in flgure 2 by the altitude
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time histories for the powered landing and sborts off this landing.
The range angles and flight times for these suborbital trajectcries are
given in table 1.

The reference descent 1s terminated at 1000 feet. Two minutes of
translation and hover time are allowed from this point to the surface.
Avorts during this two-minute phase are congidered to be the same as
surface aborts,

For surface aborts, the time to rendezvous (time in phasing orbit
plus transfer time) 1s assumed to be limited to a 10.5«hour contingency
time which is consistent with current LEM 1life support systems and power
system design.

TLESULTS

Presented here are the characteristics of the families of orbital
transfer trajectories for aborts from the three phases of the LEM mis-
sion. These chavacteristics are AV to give an indication of fuel,
pericynthion altitude for safety, and total time for life support system
deglgn.

Abort Transfers - Hohmann Degcent

Two types of transfers are analyzed for aborts from the Hohmann
descent; namely, minimum AV saborts snd quick-time aborts.

The injection velccity Avl and the rendezvous velocity AN2

of the minimmm AV abort trajectories off the Hohmann descent transfer
are shown in figure 4 as a function of the time from LEM/CSM separation,
The time from LM seperation to initietion of tb2 powered deszent
(perieynthion) is only 0.97 hour or 348L seconds. However, to invegtie
gate the effect of continued coast in the Hohmann transfer orbit beyond
pericynthion, separation times up to 2.1 hours are shovm. This type of
transfer can be made if time is not critical, The results indicate that
the AV for sborting incresses to 480 fps (at pericynthion); however,
by coasting beyond pericynthion for another 0,97 hours (apocynthion)

the AV for aborting is reduced to 270 fps. =

The pericynthion altitude, hp, for these traneférs is always
greater than or equal to 50 000 feet as depicted in figure 5, thus ad-
hering to the clear pericynthion requirement for safety.

B
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: The total time of the abort transfer T and the transfer angle ©
z of the minimm AV abort transfers are presented in figure 6 as a func-
tion of the time from separation (time of abort). The time to rendez-
vous is never greater than 2.8 hours, while © wvaries from 150° to
350°, The discontinuity around 270 seconds 1is due to the fact that two
"minimm" AV aborts occur -- one with a € > 180° and the other with
a 0 <180° One of these is a "local minimum", wheress the other is
an "absolvte minimm". At the TRO-second abort time, it happens that
the transfer angles of the local and absolute minimum transfers are
switching positions (© > 180° +to © < 180°). Although the AV pen-
alty is less than 1 fps between the local and absolute minimums, the
absolute is plotted in each instance, that is, absolute within the per=-
icynthion resgtrictions imposed.
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The results of the quick-time sborts (transfer times from 400 to
1200 sec) are depicted in figure 7. The AVy, for each transfer time

is varied with the time of abort. There are no pericynthion restric-
tions on these sborte. The AV, is shown to be as large as 6000 fps

B for these impulsive transfers., While it is realized that AV's of
this magnitude cannot be input impulsively, the results do indicate the
order of magnitude of the ANQ required for specified quick-time sborts.

Algo, since the AV design limits for the descent (AV = 7400 fps) and
ascent (AV = 6600 fps) stages are each greater than the NV required,

then only one of these engines would be required for the quick-time
shorts.
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Abort Transfers — Powered Descent

The orbital transfers off the powered descent are initialized from
the suborbital reference trajectories presented in teble I. The ANl

and AN2 for the coasting transfers for aborts during powered descent

BRI

SEH IR

%1 are shown as a function of time of sbort firom the beginning of the

3 owered descent (50 000-foot altitude). The total veloeity required
§, ANl +<ANé) decreapes ag the LEM descent trajectory spproaches the

%, ‘ gurface. In faect, the abori transfer becomes a Hohmann transfer (same
r as nominal launch trajectory) for an abort at the 1700-foot altitude
%2 ) point, Aborts below this point are conesildered to be the same as the
%% surface aborts to be discussed in the next section.

. The transfer angle © and the transfer time T for aborts off

the powered descent are presented in figure 9 ag a function of the aboxrt
time. The transfer angle is shown to vary from 178° to 268° while T

ranges from 1 hoﬁr ‘o l% hours.




Abort Trangsfers — Surface Aborts

A1l transfers for surface aborts are referenced to conditions at
burnout of nominal launch (50 000 ft). It should be noted that this
does not correspond to conditions that exist immediately upon touchdown.
It does, however, correspond to conditions for an abort from the
1700=~foot altitude point in the descent trajectory; hence, aborts during
this last 2% minutes of the descent are ldentical to aborts for the

first 2% minutes after nominsgl launch. A plot of variation of the time

to rendezvous (time in phasing orbit plus Hohmann transfer time) with
time after nominal launch is shown in figure 10. The time to rendez~
vous varies linearly from .97 hour to 10.5 hours (contingency limit)
for the f1-st 62 minutes of surface stay time. Since the period of the
CSM is approximately 2.1 hours, 1t 1s obvious then that it will be about
another 1.1 hours until the CSM position is eagain correct for a nominsl
launch to Hchmann transfer conditions. The results shown in figure 10
are not necessarily the best for time considerations., In fact, after
10.75 minutes stay %ime, the rendezvous time would be less if the LEM
walted for the second pass of the CSM over the lending site and per-
formed sn immediate launch to Hohmann transfer conditions. After this
point, the time in the pheasing orbit is greater than the remsinder of
the CSM period. However, 1f the IEM had to leave the lunar surface,
Hohmuru phasing conditions could be obtalned by waiting in the phasing
orbit as shown in figure 10, although the rendezvous time would be
graater.

Aborts af-er 1 hour stay time and before 2.1 hours stay time re-
quire phesing meneuvers by the CSM s well as the LEM, as discussed in
reference 1. However, 4.5 minutes prior to the 2.l-hour stay time, the
TEM could abort and perform an intercept trensf{er other than a Hohmann
trensfer. In this case, the phase angle at the end of the powered
launch would be less thah the phase engle necegsary for a Holmenn trens-
fer, and since the LEM orbitel velocity is greater than that of the CSM,
Hohmann phasing conditions could not be obtained within the contingency
time by wailting in the phesing orbit, therefore necessitating another
type of trensfer. Figure 11 shows the transfer engle and rendezvous
time as & function of phase angle for these tran.flers. The variation
of Avl, ANQ, and ANT with phase angles is shown in figure 12, These

are planar transfer requirements (see Scope of Caleviletions for out-of-
plane consideration), The AVy veries from Hohmann impulse of 198 fps

to 503 fps (neer maximum AV aveilable for perfect launch). After this

time the ANT becomes prohibitive and CSM puasing meneuvers become

necessary. It 1s to be noted that the sbort problem from the lunar sur-
face 1s of a cyclic nature and the results in figures 10, 11, and 12
will recur at the campletion of each CSM orbit.
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A summarization of shorts during all 3 phases of the LEM misslon is
shown in figure 13. Aithough the chart is terminated at 4.5 hours after
the LEM is separated from the CSM, sborts beyond this time are repre-
sented by the cyclic pattern occurring between 2.2 ard 4.2 hours. The
length of this period corresponds te¢ the orbital period of the CSM.

This plot depicts only one such period, but the pattern may be repeated
for the lifetime of the LEM.

There is a discontinulty in the total AV curve at .97 hour,
that is, the initiation of the powered descent, A AV of 1C0 fps must
be added since sborts from the powered descent terminate at circular
orbital conditiong, and all other aborts sre off the Hohmann descent.

CONCLUDING REMARKS

The results of an investigetion of the orbital transfer character-
isties for LEM aborts from the Hohmann descent transfer and from cir-
cular parking orbits atteined after aborting from the powered descent
and from the lunar surface r-ve been presented., The variation of the
required charssteristic velocity and the time required to complete
rendezvous indicate that the present allowances of 500 to 600 fps and
10.% hours contingency time are sufficient for most abort situations.
The exception applies to those sborts from the lunsr surface initiated
betwzen 1,0 and 2.1 hours after the time for a nominal launch. Aborts
during this period may not be completed autmrnomousiy by the LEM, but
require phaging maneuvers by the CSM,
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’ TABLE I.- RAROE ARGIES, FLIGHT TDRES, AR TAV, :
- OF REFERENCE TRAJEOTORIES
Tralectory Rm@;@g angle, ﬂigzétiﬁ,
Powerzd descent™ 1.7 55,1
advort 37 sec afier atart .
: of povered descent™® 2.06 28,6
] Avort 187 sec after start 3 !
‘ of powered descent - 8.69 . gh.8 .
i Abort 307 gec after sgiayt . -4 ] 3
% of povered descent 10.6% 41,6 Cog . ,
$
H . :
; Avort 425 sec after start
! of powered deoeent 9.96 401.1 ;
| *ermirated at 1000 feet altitule vith T5 fps hoﬂsg@t&l
o velocity (T/H ) .
- ‘; *37 aborts and ihe lauach tmjectary terminate at 50 000 feet : P
altitude with circular arbital velocity ('rﬁ » 55) :
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