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SUMMARY

The design powered-descent trajectory for ithe lunar landing mission
of the Lunar Excursion Module (LFlM) is divided into three operational phases:
an initial breking phase, a final approach phase, and a landing phase, as
reported in reference 1. This paper contains an updating of the analysis
reported in reference 1 on the operational tradeoffs available in these
phases of the descent. Several itrajectories were found that yield satis-
factory operational.features which allow sdequate pilot control of the final
approach along with visibility and consideration of lighting due to the sun
angle. These trajectories at the same time satisfy the abort and fuel

economy criteria.
INTRODUCTION

The powered descent and landing trajectory is perhaps the most critical
phase of the lunar landing mission. Because of the increzsed weight of the
IFEM and the added coﬁstraint of a speclfied thrust profile during Phase I
(or Braking Phase) of the IEM powered descent, a re-examinabtion of the
analysis of reference 1 is deenwed necessary. Congideration 1s given to
pilot control and pilot safely since the crew is eypecled Lo assess the
landing area and monitor the automatic descent. This may result in pilot
manual control of a minor or even major portion of the powered descent.

In order for the crew to be able to perform these functions properly, such
factors as the trajectory characteristics of the final approach, the
attitude of the spacecraft, abort considerations, and the visibility limits
of the spacecraft windows must be accommodated. Tradeoffs between these

factors and the need for minimum fuel expenditure is discussed.

The purpose of this paper is to present a re-examination of the
reference 1 analysis on the important trajectory chsracteristics of the
lunar landing maneuver to lo-gale and to examine these masncuver character-

istics in the light of assumed operational criteria.

- A R £ | T A A 7, =Y Ry B ST e S e e — . B



i e G

ey o o e

-2 -
PHASES OF POWERED DESCENT

The powered descent portion of the lunar landing missions is a
continuous thrust mansuver of several minutes duration and is initiated
at or near the pericynthion of the descent transfer orbit (figure 1).
This maneuver may logically be described in three phases: braking phase,

final approach phase and landing phase.

In the initial phase, far from the landing site, the important consider-
ation is optimum fuel performance. This braking phase is continued to a
point where a modification to the trajectory is necessary to allow the crew
to assess the approach to the landing site visually. This latter point is
as yet undefined and is subject to tradeoffs which are examined in this

paper.,

The second phase, final approach phase, succeeds the braking phase
and continues down to the initiation of the landing phase. It is during
this second phase that the visual asscssment of the landing area is made

by the crew, *

The terminal phase of the descent trajectory, which is not discussed
in the text of this paper, is the landing phase and extends from termination

of the final approach phase to the lunar surface.

A sketch of the powered degcent is given in figure 2.

SCOPE OF CALCULATIONS

Since a previous study (see reference 1) involved a wide scope of
parameters, the present investigation is limited to a more desirable range
of these same variables. The initial conditions of the powered descent were
pericynthion conditions at 50,000 feet (v=5583 fps, ¥ =0°). The axis system

is shown in figure 3.
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PRAKING PHASE

The braking phase of this descent is based on the calculus of variations
technique reported in reference 2 for two-dimensional motion, a circular
gravitaﬁional body, and a specified_thrust profile as shown in figure L.

The specific impulse Tor this analysis was also varied linearly. The final
éonditions for the braking phase are specified by the desired conditions

at hi-gate for the final approach phage.
FINAL APPROACH PHASE

For the final approach phase, the three major parameters were varied

in the following manner. Two values for hi-gate, h,, were considered:

2
ht = 6000 ft and ht = 8000 {t. The attitude,é%, waz varied from 120° to
140°, The throttle setting, TR, was varied from 0.6 to 0.k of the maximum
thrust level of 10,500 lbs. The terminal conditions of the final approach
phase were a velocity of 62 fps with a flight path angle of -14 deg at an
altitude of 7CO0 ft. The landing site vas assumed to 56 2800 1t downrange
since that would constitute a constant Tlight path of -1k deg to touchdown.
The equations bf motion for this phase are based on the same assumpltions

that were used in the braking phase.
RESULTS AND DISCUSSION

The primary objective of this analysis is to present the variations
in pertinent paramelers of the powered lunar descent due to the varying
of the attitude, £, and throttle ratio, TR, of the final approach phase.
Tradeoffs are examined to determine trajectories that have desirable opera.-
tional features, but also, meet the fuel requirements of the descent. Few
of the cases considered have a total characteristic velocity, Vc’ of over
6100 fps; (see figure 5) therefore falling outside the reasonable limits

as far as fuel economy is concerned. The higher the attitude (i.e., closer
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to the optimum) and throttle ratio (optimun value would be 1.0) the lower
the characteristic velocity. Bul these cases desiroy visibility and increase

the approach velocity near the surface.

The minimum desirable look angle is 35 deg, which is 10 deg above the
lower widow limit. As chown in figure 6 this constraint eliminates an
attitvde of 140 deg for both the hi-gates of 8000 £t and 6000 ft. All other

gttitudes will salisfy this constraint.

Since the flight path angle is restricted to a maximum of 20 deg.,
figure 7 will eliminate an attitude of 120 deg except at a very low throttle
ratio, But, even then the fuel expenditure becomes prohibitive. Also, the
high throttle ratios for attitudes‘of 125 deg and 130 deg exceed the
20-deg flight path angle limitation.

Another operational factor to be considered is the time to assess the
landing area. It can be seen from figure 8 that the time of Phase II for
the cases considered varieg from approximately 50 seclto 150 sec. 1t is
agsumed that a minimum time would be about 75 sec; therefore, as 1n the
case of the flight path angle, eliminating high throttle ratios with atti-
tudes of 120, 125, 130 and even 135 deg.

For completeness the range-to-go from hi-gate is presented in figure 9.
This parameter is also a function of the attitude and throttle ratio, but
operationally is reflected in the flight path angle and look angle, A
short range would necessarily cause a steep flight path but may have adequate
vigibility because of the nearer-to-the-vertical attitude of the spacecrafi

reguired to maintain this steep flight path.

Since certain combinations of these important parameters are desired
along with reasonable fuel consumption, figure 10 presents the look angle,'
/9, and the flight path angle, El, crossplotted versus the characteristic
velocity and the pitch angle or attitude and figure 11 shows the range, R,

and the time, t, crossplotted versus the same variables.
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A nominal trajectory would have a Ilight path angle of about 15 deg
and a look angle of 35 deg. Figure 10 shows that this would regquire a
pitch angle of about 130 deg during Phase II and would cost 6025 fus
characteristic velocity. To find the throttle ratio it is necessary to
return to figure 5 with this attitude and characteristic velocity to
ascertain the throttle ratio is about 0.48. The trajectory characteristics

of this trajectory are presented in figure 12.

This method was also employed to determine a trajectory with a 20-deg

flight path angle and a look angle of 35 deg (see figure 13). Although

a 20-deg flight path angle is believed to be a design maximum, figure 14
represents trajectory characteristics for a trajectory with a 25-deg flight
path and an improved look angle of Lo deg. Notice that the vertical descent
rate remains large even at low altitude., Also, the time to assess the

landing area is below TO sec.
CONCILUDING REMARKS

A re-examination of the analysis reported in reference 1 concerning
the powered descent portion of the landing mission of the lunar excursion
module (LEM) is presented with special emphasis on the compromises imposed
by various operational considerations. The design landing trajectory was
divided into three operational phases. The initial braking phase is concerned
primarily with fuel economy; the second phase, the final approach, emphasizes
pilot control and visibility; and the final phase, the landing phase, is
from the end of the final approach to termination at touchdown on the lunar
surface, Flight salety, including abort considerations, and fuel economy
are overriding criteria throughout all phases of the descent. This design
landing technique was found to yield several trajectories with satisfactory
operational features which allow the pilot adequate control of the final

approach and at the same time satisfy the abort and fuel economy criteria.
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The landing phase was not considered in the scope of this analysis. This
re-exsmination confirms the selection of trajectory parameters made in

reference 1, even with the current weight and throttle limits.
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