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R-532
REENTRY GUIDANCE FOR APOLLO

ABSTRACT

The design of the reentry steering for the Apollo spacecraft is
discussed in detail.

Error performance is the critical design factor. A great deal of
effort has been spent to find a system that would steer properly in spite of
navigation errors. The most significant error is in the initial indicated
rate-of-climb. To achieve this error performance a computed reference
trajectory is used during the critical supercircular phase, with control
gains that have been chosen on a statistical basis to minimize the miss
distance.

The many other factors which affected the designare presented. Some
of these are requirements on the trajectory by the heat shield and monitor
system, and limitations onthe attitude maneuvers by the roll control system
fuel.

The performance of the automatic self-contained system using a digital
computer is presented. Guidance toall possible points throughout the entry
corridor is demonstrated.

The detailed computer logic for the Apollo Guidance Computer is also

presented.

by Raymond Morth
January 1966
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PROLOGUE

Since "Apollo Reentry Guidance', R-415, was written several changes
have occurred. These changes as well as more complete performance data
are the subject of this report.

The most significant change is the reduction of the lift-to-drag ratio
(1./D) of the Apollo command module from .5 to .3. This is a profound
change in that thevehicle's performance characteristics have been sharply
reduced. No longeris a 5000 nautical mile range possible for entries near
the undershoot (10 g) limit. The maximum range possgible for a .3 L/D
vehicle is about 2500 nautical miles in this case. This reduced range
capability affects the entire Apollo mission, putting stronger requirements
on such things as thenumber of landing sites, and the time of the lunar month
for return to earth. The entry steering design is also affected, with more
accurate ranging required in the early phases because the final phase has
less capability to correct for deviations.

It was felt since R-415 is essentially out of date, that this report should

be made self-contained, repeating some of the material in R-415.
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I INTRODUCTION

A large amount of experience inreentry from orbit has been gained in
the Mercury and Gemini programs. To date, there has been essentially no
guidance during the reentry phase, though the Gemini spacecraft has a
reentry guidance system, yet the results have been satisfactory. This
raises the question: Isreentry guidance necessary for the Apollo mission?
The answer is an emphatic yes. The main reason lies in the dynamics of
reentry at escape velocity. Although escape velocityisonly 40% greater than
orbital velocity, the sensitivity of reentryrange to variations in the reentry
flight path angle is several orders of magnitude greater than that for the
orbital case. (See Section II for a detailed discussion.) Thus a ballistic
entry or a constant L/D entry would impose unreasonable accuracy
requirementson the preceding phase. Further, even if such accuracy were
possible, large landing point errors would be caused by non-standard
atmospheric conditions and variations in the spacecraft aerodynamic
characteristics. Because, here again, the range sensitivity to these
variations is significantly higher than in the crbital case.

The guidance system must be self-contained because of radio black-out
which iscaused by anion sheath surrounding the vehicle, Though there are
means of penetrating this sheath such as by injecting water and using
extremely high radio frequencies, these methods are as yet unproved, and it
would be unwise to rely on their timely development,

The two objectives of the reentry guidance are, inorder of importance:

1. safe return to the surface of the earth, and

2. landing point control,

These objectives must be achieved in spite of non-ideal equipment
performance and non-standard environmental conditions.

To achieve a safe return the vehicle must be in the reentry "corridor',

i,e. the entry angle must be large enough so that capture by the atmosphere



is assured but not so large so that excessive acceleration will result, (see
fig. 1-1.) The midcourse guidance phase has first responsibility to attain
this corridor.

The reentry guidance then must achieve the landing site while avoiding
excessive g-loads at one extreme and a prolonged ballistic flight at the
other. There isareal chance of the latter since longer ranges are attained
by exiting from the atmosphere at slightly less than satellite velocity. Should
this exit velocity exceed satellite velocity there would be an extended el-
liptical flight from half way to almost all the way around the earth., This
would be highly undesirable since there are limited supplies of power and
oxygen, to say nothing about the recovery problem from an unpredictable

point on the earth,

1-2



0.5

smmms L/D

04

0.3

s | /D

T e
N Ry e e

K3 un n
BT

!

35

- MINIMUM

ENTRY ANGLE

S

0

1

3

T

i L :

25

SR
1
1

=

20

B

NakdeEee

~

(930)

31ONV

AYLIN3

(1000 FPS)

VELOCITY

Fig. H Limit entry angle.

1-3



II CAPABILITIES AND REQUIREMENTS

The Apollocommand moduleis a wingless, axially symmetric reentry
vehicle constructed so that itscenter of gravityis displaced from its axis of
symmetry, The c.g. offset causes the vehicle to trim to a low angle of attack,
about 20 degrees, providing the lift for trajectory control. The trajectory
is controlled by rolling the vehicle about the wind axis with hypergolic
reaction control jets, so that the lift may be directed anywhere in a plane
perpendicular to the velocity vector,

A major vehicle design problem has been to provide sufficient center
of gravity offset so that the vehicle lift-to-drag ratio, L./D, will be large
enough, At present the L./D isabout .3, As the following charts will show,
further reduction of the L./D would seriously degrade the mission,

Shownin fig, 2-1 are maximum range capabilities for a series of low
L/D vehicles which hold 1lift up throughout the reentry trajectory. Range is
plotted against theinitial flight path angle., The first point tonote from this
figure is that long range capabilityisdue more toinitial energy thanto lifting
capability, All vehicles, even the ballistic vehicle (L/D = 0), can achieve a
very large range if they enter at the right flight path angle, But the sensitivity
of range toinitial flight path angleisvery large as seen by the slopes of the
solid lines. For example, a ballistic vehicle going 4000 nautical miles has
a sensitivity of about 10,000 nautical miles per milliradian, This sensitivity
decreases with both increasing L/D and decreasing range, but for ranges
greater than 1500 n.m. the sensitivities are too great to permit anopen-loop
guidance system,

The dotted line in fig., 2-1 shows the cases which have a maximum
acceleration of 10 g's., This line shows the increase in allowable initial
flight path angle with increasing L./D. Further, the figure shows the range
penalty for decreasing L/D. At the 10 g limit, about 2500 n.m, is the
maximum possible range with an L./D of .3 while over 6000 n.m, is possible
with an /D of .4.

The minimum possible range is determined by the maximum g level

that can be tolerated as well as by theinitial entry angle., Figure 2-2 shows































































































































































































































































