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1.0 SUMMARY

The Apollo 10 space vehicle, with a crew of Thomas P. Stafford,
Commander, John W. Young, Command Mocdule Pilot, and Eugene A. Cerman,
Lunar Module Pilot, was launched from Kennedy Space Center, Florida, at
11:49:00 a.m. e.s.t., May 18, 1969. Following a satisfactory launch
phase, the spacecraft and S-IVB combination was inserted into an earth
parking orbit of 102.6 by 99.6 nautical miles. After onboard systems
were checked, the S-IVB engine was ignited at 2-1/2 hours elapsed time
to place the spacecraft on a translunar trajectory.

At 3 hours, the command and service modules were separated from the
S5-IVB and were then transposed and docked with the lunar module. Forty
minutes later, the docked spacecraft were ejected, and a separation ma-
neuver of 18.8 feet per second was then performed. The S-IVB was placed
into a solar orbit by propulsive venting of residual propellants.

The option for the first spacecraft midcourse correction was not
exercised. A preplanned midcourse correction that adjusted the trajec-
tory to coincide with a July lunar landing trajectory was executed at
26-1/2 hours. The passive thermal control technique was employed through-
out the translunar coast except when a specific attitude was required.

At 76 hours, the spacecraft was inserted into a lunar orbit of 60 by
171 nautical miles. Following two revolutions of tracking and ground up-
dates, a maneuver was performed to circularize the orbit at 60 nautical
miles. The Lunar Module Pilot entered the lunar module, checked all sys-
tems, and then returned to the command module for the scheduled sleep
period.

Activation of the lunar module systems was begun at 95 hours, and
the spacecraft were undocked at 98-1/4 hours. After station-keeping, a
small separation maneuver was performed by the command and service mod-
ules, and the lunar module was inserted into the descent orbit at
99-3/4 hours. An hour later, the lunar module made a low-level pass
over Apollo Landing Site 2, the planned site for the first lunar landing.
The pass was highlighted by a test of the landing radar, visual observa-
tion of lunar lighting, stereo photography, and execution of the phasing
maneuver using the descent engine. The lowest measured point in the tra-
jectory was 47 400 feet from the lunar surface. Following one revolution
in the phasing orbit, about 8 by 194 miles, the lunar module was staged,
and the ascent engine was used to perform an insertion maneuver at about
103 hours. Conditions following this maneuver were identical to those
expected after a normal ascent from the lunar surface, and the fidelity
for the rendezvous which followed was therefore wvalid.
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The rendezvous operation commenced with the coelliptic sequence ini-
tiation maneuver about one-half revolution from insertion, followed by a
small constant differential height maneuver. With the altitude difference
between the two orbits established at the proper 15 nautical miles, the
terminal phase was initiated normally at 105-1/2 hours. Braking was per-
formed on schedule. Docking was complete at 106-1/2 hours, and the crew
transferred into the command module. The ascent stage was jettisoned,
and the ascent engine was fired to propellant depletion at 109 hours.

After a rest period, the crew conducted landmark tracking and photog-
raphy exercises. Transearth injection was performed at 137-1/2 hours.

The passive thermal control technique and the navigation procedures
used on the translunar portion of flight were also performed during the
earth return. Only one midcourse correction, 2.2 feet per second, was
required, and it was made 3 hours prior to command module/service module
separation. The command module entered the atmosphere (400 000 feet alti-
tude), and it landed near the primary recovery vessel, USS Princeton, at
about 192 hours. At daybreak, the crew were retrieved by helicopter.

Al]l systems in the command and service modules and the lunar module
were managed very well. While some problems were encountered, most were
minor and none caused a constraint to completion of mission objectives.
Communications quality at the lunar distance was generally adequate.
Color television pictures were transmitted sixteen times during the mis-
sion for a total transmission time of almost 6 hours, and picture quality
was extremely good.

Crew performance was excellent throughout the mission, and timelines
were followed very closely. Valuable data concerning lungr gravitation
were obtained during the 60 hours of lunar orbit.
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2.0 INTRODUCTION

The Apollo 10 mission was the tenth in a series of flights using
specification Apollo hardware and was the first lunar flight of the com-
plete spacecraft. It was also the fourth manned flight of the command
and service modules and the second manned flight of the lunar module.
The purpose of the mission was to confirm all aspects of the lunar land-
ing mission exactly as it would be performed, except for the actual de-
scent, landing, lunar stay, and ascent from the lunar surface. Additional
objectives included verification of lunar module systems in the lunar
environment, evaluation of mission support performance for the combined
spacecraft at lunar distance, and further refinement of the lunar gravi-
tational potential.

Because of the excellent performance of the entire spacecraft, only
the systems performance that significantly differed from that of previous
missions is reported. This report is concentrated on lunar module flight
results and on those activities involving combined vehicle operations pe-
culiar to the lunar environment. The rendezvous and mission communica-
tions are reported in sections 4 and 5, respectively. A treatise on the
lunar gravitation field and its relationship to lumar orbit navigation
for future missions is contained in section 6. The launch escape system
and the spacecraft/launch~vehicle adapter performed as expected, and their
performance is not documented.

A complete analysis of certain flight data is not possible within
the time frame for preparation of this report. Therefore, report sup-
plements will be published for the guidance, navigation, and contreol sys-
tem; the biomedical evaluation; the lunar photography; and the trajectory
analysis. Other supplements will be published as need is identified.

In this report, all times are elapsed time from range zero, estab-
lished as the integral second before lift-off. Range zero for this mis-
sion was 16:49:00 G.m.t., May 18, 1969. Also, all references to mileage
distance are in nautical miles.
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3.0 MISSION DESCRIPTION

Apollo 10 was an 8-day mission to qualify the combined spacecraft in
the lunar environment. Particular primary objectives were demonstration
of lunar module rendezvous and command module docking in the lunar gravi-
tational field and evaluation of docked and undocked lunar navigation.
The crew timelines used for this mission duplicated those for the lunar
landing mission, with the exception of the actual descent to the surface.
In addition, visual cbservation and sterec photography of Apollco Landing
Site 2, the planned location of the first lunar landing, were to be com-
pleted. Table 3-1 and figure 3-1 are timelines of mission events. Fig-
ure 3-2 is a summary flight plan of the Apollo 10 mission.

The space vehicle was launched at 11:49:00 a.m. e.s.t., May 18, 1969,
and inserted into an earth parking orbit of 102.6 by 99.6 miles. After
2-1/2 hours of system checkout activities, the translunar injection se-
quence was completed precisely using the S-IVB. The command and service
modules were separated from the S-IVB and then were transposed and docked
with the lunar module. The docking latches were secured, the tunnel was
pressurized, and the spacecraft were ejected from the S-IVB at about
L hours. A separation maneuver using the service propulsion system was
then performed, and residual propellants were propulsively vented to place
the S-IVB into a solar orbit.

The option for the first midcourse correction, scheduled for about
12 hours, was not exercised because of the precision of the translunar
injection. Instead, a passive thermal control technique, similar to that
used on Apollo 8, was initialized to stabilize onboard temperatures. The
only translunar midcourse correction, approximately 50 ft/sec, was per-
formed at 26-1/2 hours using the service propulsion system. This correc-
tion was preplanned to adjust the Apollo 10 translunar trajectory to co-
incide with the lunar landing trajectory planned for the month of July.

At about 76 hours, the service propulsion engine was fired for
356 seconds to insert the spacecraft into lumar orbit. The resulting
orbit was 60 by 171 miles; after two revolutions, the orbit was circular-
ized at approximately 60 miles.

The lunar module was entered for the first time at about 82 hours
for a check of systems. Equipment was transferred to the lunar module,
and the tunnel hatch was replaced. After a normal sleep period, the
Commander and the Lunar Module Pilot entered the lunar module for a com-
plete systems check in preparation for the lunar orbit rendezvous.

The spacecraft were undocked at 98-1/4 hours. Following various
radar and communications checks and a command and service module separa-
tion maneuver, the lunar module was inserted into the descent orbit using
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the descent propulsion system, The landing radar was operated success-
fully at saspproximately 8 miles altitude over Landing Site 2; visual wash-
out effects were assessed and photographs of the approach terrain were
taken. Soon after pericynthion passage, a phasing maneuver was performed
to insert the lunar module into an 1i- by 190-mile orbit to establish the
conditions for rendezvous. After one revolution in this orbit, the lunar
module was staged, and sn insertion maneuver was executed at about 103
hours, using the ascent propulsion system. Conditions after this maneu-
ver closely simulated those for a normal ascent from the lunar surface.

Lunar module rendezvous was initiated with the coelliptic sequence
maneuver at 103-3/4 hours using the reaction control system, intercon-
nected with the ascent propellant tanks. The intermediate plane change
maneuver was not required, and at 104-3/4 hours a small (3.0 ft/sec) con-
stant differential height maneuver was performed using the reaction con-
trol system. The Command Module Pilot used VHY ranging and sextant in-
formation to calculate the backup maneuvers he could have used in the
event of certalin lunar module failures. The terminal phase was initiated
accurately at 105-1/4 hours, and docking was performed from the command
module an hour later.

After crew transfer, the lunar module ascent stage was jettisoned,
and the ascent propulsion system was fired to propellant depletion at
109 hours. The firing was nominal and placed the vehicle into a solar
orbit.

The final day in lunar orbit was spent in performing a series of
landmark tracking and platform alignment exercises and stereo and sequence
photography. The transearth injection maneuver was performed accurately
at about 137-1/2 hours using the service propulsion system.

The fast-return flight of about 54 hours duration was completed nor-
mally using the passive thermal control techniques and cislunar naviga-
tion. The only transearth midcourse correction was performed at about
189 hours, or 3 hours prior to entry, and a velocity change of only
2.2 ft/sec was required. The command module was separated from the serv-
ice module at 191.5 hours, followed by entry 15 minutes later.

Entry was controlled by the primary guidance and navigation system
to effect spacecraft landing very close to the target at about 15 degrees
south latitude and 165 degrees west longitude. The crew were retrieved
by helicopter soon after daylight and taken aboard the primary recovery
vessel, USS Princeton, 39 minutes after landing. The spacecraft was re-
covered by the recovery ship 1-1/2 hours after landing.

L
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TABLE 3-1I.- SEQUENCE OF EVENTS

Event

Time,

hr:min:secc

Range zero - 16:49:00 G.m.t., May 18, 1969
Lift-off

Maximum dynamic pressure

S-IC outboard engine cutoff

S-II engine ignition {command)

Launch escape tower jettison

S-IT engine cutoff

S-IVB engine ignition {command)

S-IVB engine cutoff

Parking orbit insertion

S-IVB ignition (translunar injection)
Translunar injection (S-IVB cutoff + 10 sec)
Command and service module separation
First docking

Spacecraft ejection

Spacecraft separation maneuver

First midcourse correction

Lunar orbit insertion

Lunar orbit circularization

Undocking

Command and service module separation maneuver

Descent orbit insertion

Phasing orbit insertion

Lunar module staging

Ascent insertion maneuver

Coelliptic sequence initiation
Constant differential height maneuver

Terminal phase initiation

00:00:00.6
00:01:22.6
00:02:41.6
00:02:43.1
00:03:17.8
00:09:12.6
00:09:13.6
00:11:43.8
00:11:53.8

02:33:28
02:39:21
03:02:h2
03:17:37
03:56:26
04:39:10
26:32:57
75:55:54
80:25:08
98:11:57
98:47:17
99:46:02
100:58:26
102:45:17
102:55:02
103:45:55
104:43:53
105:22:56
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TABLE 3-I.- SEQUENCE OF EVENTS - Concluded

Event

Time,
hr:min:sec

Second docking

Ascent stage Jettison

Final separation maneuver

Ascent engine firing to propellant depletion
Transearth injection

Second midcourse correction

Command module/service module separation
Entry interface (400 000 feet altitude)
Enter communications blackout

Exit communications blackout

Drogue deployment

Main parachute deployment

Landing

106:22:02
108:24:36
108:43:23
108:52:06
137:36:29
188:49:58
191:33:26
191:48:55
191:49:12
191:53:%0
191:57:18
191:58:05
192:03:23
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4.0 RENDEZVOUS

The lunar module was separated from the command module for 8 hours
in lunar orbit, and the maximum separation distance was 340 miles. The
lunar module then returned to the command module after a series of rendez-
vous maneuvers. All phases of lunar module operations were successful,
and all associated mission objectives were accomplished. Computer solu-
tion maneuver times in this section refer to computer time, which is
0.73 second less than elapsed times referenced to range zero.

One of the eleven translation maneuvers performed during the rendez-
vous, the phasing maneuver, will not be a part of the nominal lunar land-
ing profile. Although the duration of the insertion maneuver was not
equal to ascent from the surface, this maneuver had to establish the in-
itial position and velocity conditions that would nearly duplicate the
rendezvous following a lift-off from the lunar surface.

Ground support during the rendezvous was similar to previous mis-
sions. However, Network tracking data were not processed to obtain an
independent solution for the coelliptic sequence rendezvous maneuvers
because this sequence was initiated behind the moon. Instead, telemetry
data of the state vectors from the lunar module computer prior to onboard
navigation updates were used on the ground to compute maneuvers as a back-
up to onboard computations.

4.1 TRAJECTORY

This section contains a brief description of trajectory events and
an analysis of the slight out-of-plane condition that existed at the be-~
ginning of rendezvous. Figure 4-1 depicts the .relative motion between
the lunar module and command module, and figure 4-2 shows their relative
positions during rendezvous. Tables 6-II and 6-IV contain the rendezvous
trajectory and maneuver parameters, respectively.

During the eleventh lunar revolution, & nominal pre-separation ren-
dezvous plan was computed. A comparison of this plan with the actual
and onboard solutions (table 4-I) confirms that the sequence was nominal.

The vehicles undocked during the twelfth lunar revolution. At
98:47:17.4, a maneuver was executed with the service module reaction con-
trol system to establish an equiperiod orbit for a relative separation of
about 2 miles at descent orbit insertion. The planned 2.5-ft/sec separa-
tion maneuver, conducted radially downward also had a residual in retro-
grade horizontal velocity of about minus 0.2 ft/sec. This caused the
separation distance at descent orbit insertion to be sbout 0.4 mile greater
than planned, but the added distance was not critieal.




Descent orbit insertion was the first lunar module maneuver and was
executed accurately and on time with the descent propulsion system to
lower the pericynthion to 8.5 miles. The phasing maneuver was also per-
formed with the descent propulsion system, and the lunar module was in-
serted into a 190- by 12-mile phasing orbit.

The lunar module was staged at 102:45:17, 10 minutes prior to the
insertion maneuver. The insertion maneuver placed the lunar module into
almost precisely the predicted orbit of 46.5 by 11.0 miles. Following
insertion, both vehicles began onboard tracking to compute coelliptic se-
quence solutions. Table 4-I illustrates the excellent agreement between
the final onboard solution for coelliptic sequence .initiation and that
computed on the ground from the original pre-separation state vectors and
incorporating the confirmed maneuvers.

At coelliptic sequence initiation, the onboard sensors first detected
a slight but unexpected out-of-plane position error of about 1 mile at
maximum plane separation. The lunar module out-of-plane solution was
plus 4.1 ft/sec relative to the command module orbit plane. The command
module sextant detected a similar rate of plus 6.4 ft/sec; however, a
misunderstanding in the procedure for comparing the two solutions and
their sign conventions caused the crew to delay any out-of-plane correc-
tion until terminal phase initiation; this delay was acceptable for dis-
persions of this magnitude. The out-of-plane dispersion between the two
vehicles most probably resulted from vehicle ephemeris errors during the
phasing and insertion maneuvers. Maneuver executicn based on an onboard
state vector in error with respect to the orbital plane would create out-
of-plane dispersions.

The constant differential height maneuver was executed under abort
guidance control at 10L4:43:53.4 and established the height differential
at a very constant and nearly nominal value of 14.9 miles.

The lunar module initiated the terminal phase at 105:22:55.6, or
about 2 minutes later than the targeted value calculated before the ren-
dezvous. The expected one-sigma dispersion in this time was about L4 min-
utes. The terminal phase initiation sclution and execution were very
accurate, as evidenced by the two midcourse maneuvers of less than 2 ft/
sec for each.

The braking maneuvers were performed behind the moon, and since the
lunar module had no onboard recorder, no accurate description of this
phase can be given. Nevertheless, the nominal propellant usage and the
lack of any negative crev remarks indicate that braking was performed
effectively. The vehicles were only & few feet apart at Network acquisi-
tion, about 13 minutes after theoretical intercept.
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L.2 CREW PROCEDURES.

The method of operating the guidance, navigation, and control systems
to effect rendezvous was very similar to that for Apollo 9, despite numer-
ous changes made to onboard computer programs. The major differences he-
tween the procedures used for Apcllo 10 and those for Apollo 9 resulted
from (1) a VHF ranging system installed in the command module to provide
navigation data to supplement sextant sightings; (2) the command module
was the active vehicle for all docking operations; and (3} the rendezvous
was conducted in lunar orbit rather than earth orbit, therefore necessi-
tating numercous timeline adjustments.

h.2.1 Lunar Module

The lunar module crew successfully performed all required rendezvous
maneuvers utilizing procedures developed and verified during the Apollo 9
mission and Apollo 10 crew training. The high degree of success was
evident from the reaction control system propellant utilization, which
was about ten percent less than budgeted. Because the nominal rendezvous
procedures, documented in detailed preflight reports, were followed very
closely, they are not repeated. The significant deviations from planned
procedures are discussed in the following paragraphs.

A period of radar updating had been scheduled prior to the staging
maneuver, but the crew reported they were unable to establish radar navi-
gation updating as planned. This resulted from the command module atti-
tude being outside the limits required for proper radar transponder cover-
age.

While under control of the gbort guidance system, lunar module at-
titudes deviated from expected during the staging maneuver. Telemetry
data indicated the automatic mode was engaged twice for short periods
prior to and at staging. BSince the automatic mode had been used previ-
ously to point the lunar module Z-axis at the command module, the guid-
ance system returned the vehicle to that attitude. While considerable
deviation in attitude was experienced temporarily (see section 15.2.1k%),
no adverse effects on the rendezvous resulted.

At the coelliptic sequence initiation maneuver, solutions for the
lunar module out-cf-plane velocity were obtained from both vehicle com-
puters, with the Command Module Pilot reporting a plus 6.4-ft/sec and
the Lunar Module Pilot obtaining plus 4.1 ft/sec. The command module
solution was erroneously changed in sign and then compared with the lunar
module value, thereby presenting an apparent disagreement to the crew.
Since these solutions were both smal)l in magnitude and appeared opposite
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in sign, the crew believed an out-of-plane correction to be unnecessary
and elected to delay this correction until terminal phase initiation,
where in-plane and out-of-plane solutions are combined. Actually, the
agreement in sign of the out-of-plane velocity solutions was wvalid, since
each vehicle computed precisely the same parameter, the out-of-plane ve-
locity of the lunar module. A crew misunderstanding of the sign notation
for this parameter existed and apparently resulted from the fact that all
command-module mirror-image solutions for rendezvous require a sign re-
versal when used by the lunar module crew. Since the determination of
lunar module out-of-plane velocity is a separate routine in the command
module computer and not a mirror-image solution, this parameter should
not be reversed in sign when used for comparison. This fact had not been
made clear encugh before flight, and the crew was acting on what they be-
lieved to be the correct comparison procedure. No difficulties were
encountered by this misunderstanding and subseguent delay in the out-of-
plane correction, since errors of this type do not increase (propagate).
This sign convention will be fully defined in training programs for future
missions.

4.2.2 Command Module

The Command Module Pilot successfully performed all procedures re-
quired during both command-mcdule-azctive translation meneuvers, separa-
tion and docking, and all lunar module maneuvers. As a result, the
Command Module Pilot was able to assist in determining the maneuvers and
was prepared at all times to perform a rendezvous. The excellent per-
formance of crew procedures during this period was reflected in the pro-
pellant usage of the service module reaction control system being consid-
erably less than the budgeted value (see section 7.7). This saving re-
sulted from maintaining minimum attitude rates throughout the rendezvous
and efficient execution of the docking maneuver. Because the nominal
rendezvous procedures were followed very closely, only the significant
deviations from the planned procedures are discussed in the following
paragraphs.

Prior to undocking, an attitude dispersion in yaw developed because
the spacecraft was in the wrong stabilization and control system mode,
but the condition was quickly corrected.

After undocking, initial checks of the rendezvous radar were unsuc-
cessful; however, the transponder power switch in the command module was
recycled and the transponder and radar then operated normally (see sec-
tion 15.1.3). After separation, the rendezvous navigation program was
selected later than planned; consequently, the command module did not
assume the preferred track attitude. When transponder coverage was re-
quested from the lunar module, the command module was maneuvered manually
to the reguired attitudes.
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After insertion, the command module computer initially obtained an
abnormal lunar module apocynthion altitude because a routine data entry
procedure had been overlocked when the insertion maneuver was incorporated
into the cormmand module computer. This altitude discrepancy was promptly
recognized by the Command Module Pilot, who then reloaded the maneuver
and obtained the correct solution.

The taking of navigation marks was discontinued 5 minutes earlier
than specified by the checklist to allow more time for the final compu-
tations of terminal phase initiation.

The Command Module Pilot did not terminate the rendezvous naviga-
tion program until after the terminal phase initiation maneuver. This
delay enabled him to orient the command module to the proper track atti-
tude immediately after this maneuver, after which the terminal phase
solution was incorporated into the command module computer. This rever-
sal of the planned procedure to first incorporate lunar module maneuver
data into the computer and then rotate to the track attitude d4id not
impact the mission.

4.3 GUIDANCE, NAVIGATION, AND CONTROL

Rendezvous navigation was satisfactorily performed, based on the
nearly nominal maneuver solutions and pilot reports of the minor correc-
tive thrusting required during the intercept trajectory. A final compar-
ison of the onboard state vectors with those from the best estimated tra-
jectory is not yet available; however, preliminary indications are that
the state vector update process in both vehicles was satisfactory. Visual
tracking of the lunar module against a sunlit lunar background was diffi-
cult when the sextant was used, and little sighting data are available.

The computer interfaces, data incorporation routines, and recursive
navigation processes of both the VHF ranging and rendezvous radar systems
were thoroughly demonstrated. All solutions executed in the lunar module
were computed by the onboard computer solely from rendezvous radar data.
The close agreement between these completely independent measurement sys-
tems lends evidence to the validity of both sets of data. These data were
satisfactorily incorporated into the respective computers. ’

A11 maneuver solutions executed during the rendezvous were compared
with the velocity changes that had been predicted before flight (table Lh-1),
and the total velocity change required to perform all lunar module maneu-
vers was within 1 percent of the predicted value.
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During the rendezvous, a variety of maneuver solutions were available
in the lunar module (table 4-I). The out-of-plane velocity component was
calculated during the coelliptic sequence initiation and constant differ-
ential height maneuvers but was not used, thus accounting for the small
out-of-plane error of minus 5.7 ft/sec at terminal phase initiation.

Inertial component stabilities in the platforms of both spacecraft
and in the lunar module abort sensor assembly were within specified limits.
Platform alignments were sufficiently accurate to have no appreciable ef-
fect on rendezvous targeting. The digital autopilots in both vehicles
were used satisfactorily during the rendezvous sequence for attitude and
translation control and for automatic positioning of the radar antenna
and optical devices. The lunar module abort guidance system was occasion-
ally used for automatic positioning to facilitate tracking the command
module.

4.4 VISIBILITY

The lighting situation during the Apollo 10 mission was essentially
the same as will be experienced on the lunar landing mission. All re-
quired sightings of landmarks, stars, and the target vehicle were success-
fully made, and no major problems were uncovered. Figure L-3 summarizes
the significant wvisual events for each vehicle during the rendezvous.
Therefore, presently defined procedures for platform alignments, rendez-
vous tracking, terminal phase lighting, and landmark recognition are com-
patible with the lighting environment planned for the lunar landing
mission.

h.5 VHF RANGING

The VHF ranging system performed satisfactorily. The maximum range
measured by the system was 3%0 miles, whereas the maximum specified
operating range is 200 miles, Acquisition was also accomplished at ranges
greater than 200 miles. All acquisitions were performed with a "hot-mike"
configuration in the lunar module, which resulted in two false acquisi-
tions. Both false indications were readily noted by the Command Module
Pilot and reacquisition was accomplished normally. Range correlation be-
tween the VHF ranging and the rendezvous radar was well within the error
limits of the two systems. At ranges between 3000 and 300 feet, the crew
repcrted that the two systems agreed within approximately 100 feet, which
is well within specification limits.




TABLE L-I.- SUMMARY OF RENDEZVOUS MANEUYERS

4.7

Parameters® Lunmﬁ d:-!;:ﬁle Ca-g‘-;ingsz:.ule Ground Pre-n:ljlﬁvuu Ac:zﬁ‘ti‘ :.:get
Separstion maneuver (service module reaction control “system)

Velocity change, ftfsee =X . . . . . . . e e e e 0.0 0.0 -0.1
B 2 0.0 0.0 -0.2
T 2.5 2.% +3.2

Ignition time, hr:min:see . . . . . e e e e e e 98:47:16 98:47:16 $B8:47:26

Residual velocity, ft/sec — X . . . . . e e e e e -5.1
L Y =-0.2
F 0.7

Resultent orbital altitudes, miles . . . « « « « = « . . . 62.9/57.1

Maxizum horizontal trailing distance, miles . . . . . . . 1.8 2.h

Descent orbit insertion (descent engine)

Velocity chamge, ftfsec — X . . . . . e e e e e e -%.9 -63.9 -69.8
T 0.0 0.0 -0.3
ST e e e e e e e e e e -13.8 -13.8 -13.3

Tgnition time, hriminisee . . . . . = & . & o . .. . .. 99 :46:01 99:46:01 99:46:01

Residual velocity, ftfsec - X . . . . . . . . . .. .. . -0.1
E . -0.3
-Z . e e e e e e .. -0.5

Resultant orbital sltitudes, miles . . . . - . - . - - - - 6.9/8.5

Phasing {descent engine)

Velocity change, ft/sec = X &+ o v v 4 v a0 n n 0w s 1656.6 166.6 166.6
Y i e e e e 0.0 0.0 -0.5
B 2 -59.5 -58.8 -58.5

Igition time, hr:minisec . . - . . . . . . C e a e e e 100:58:25 200:58:26 100:58:25

Residual velocity, ftfseec - X . . . . . v v o o v o o o . .2
B N 0.5
2 e e e e e e e e e -0.9

Resultant orbital altitudes, miles . . . . . . . . . PRI 189.8/11.7 189.9/11.7 180.1/12.1

Insertion (escent engine)

Velocity change, ftfsec - X . . . . . . . . PR -183.2 -183.9 -183.2
Y e e e e s e e e +0.2 +0,2 +0.2
= Z e e e e e e e e e -123.5 -12k.0 -124.8

Ignition time, hriminzsec . . . . v ¢ - 4 0 0. v oot 102:55:01 102:59:02 102:5%:01

Residual welocity, ftfsec = X . . v v v + 4 o v v 1 = + » 0.0
-t .. e e e e 0.0
-2 ... e e e 1.3

Resultent orbital altitudes, miles . . . . = . + « « - . . %6.6/11.1 %6.0/10.7 k6.5/11.0

Coelliptic sequence initiation {lunar module reaction control)

Velocity chenge, ftjsec - X . . - . . « e e e e e 5.3 k5.9 45.3 Ls5.9 k5.3
= e e e e e e e e e e e 0.0 0.0 - 0.6 0.0 -0.k
=2 i e h e e e e e e 0.0 0.0 0.0 0.0 0.0

Ignition time, hr:min:sec . . . . . . e e e e e e e e 103:45:55 103:45:55 103:45:55 103:45:34 103:45:55

Reaidual welocity, ftf/asec — 2 . . . -« + = + . =« = « - . . a.0
e . 0.k
- % e e e e e e e 0.0

Resultant orbital altitudes, miles . . « . « o« « « = + - . k7.2/h1.8 b7.8/41.9 BB.T/80.7

Time of constant differsntial height

maneuver, Rr:min:sec . « « . » - + =« 4 w5 = o« o4 o4 .. 10k:k3:52 10k:k3:52 10k :43:51 104:43: 71

Qut-of-plane velocity, Ft/sec . . « « v ¢ 2 4 v = = 4 = o +4.1 +6.4 0.0

#Velocity changes are shown in a local vertical

and ¥ meacured orthogopally to X and 2.

coordinate system with X measured alcug the veloeity wector, Z measured radially dowvmmrd,




TABLE 4-I.- SUMMARY OF RENDEZVOUS MANEUVERS - Concluded

P tera® Lunar module | Commend module Graund Pre-rendezvous | Actual target
ars) guidance guidance nominal solution
Constant differentinl height (lunar module reaction control)
Velocity chenge, ft/sec - X . . . e e e e e e +3.1 +0.3 1.5 Q.0 0.0
-Y ... B e s e e e e e 0.0 0.0 0.0 a.e 0.0
-2 .. - e e e e e 3.0 2.9 2.k 1.7 3.7
Ignition time, hr:min:see . . . . e e e e e e e e 105:43:53 10k:43:52 104:43:52 10k:43:31 10L:53:43
Residual velocity, ftfseec - X . . e e e e e e e e +0.1
-X . - P e e 0.0
-2 .. A s e e e e w 0.1
Resultant orbitel altitudes, miles e e e e e s b7.9/b1.0 k7.0/L2.1 18.8/k2.1
Differential heights, miles . . . C e s e s e e e 1h.9 1h.8 15.% 15.0
Out-of-plape velocity, ft/seec . . .. C e e e =-5.2 -L.2 6.0
Terminal phase initiation {luner module reaction control)
Velocity change, ftfsec - X . . . e e e - . +21.7 +21.T No solu- 22.1 21.7
-Y ... e 5.7 -4.8 tion 0.0 -9
-2 ... e e e e e e 9.6 -3.3 -10.8 -9.7
Ignition time, hr:min:sec . . . . e e .. . 105:22:56 _ 105:23:11 105:21:01
Residual velocity, fitfsec - X . . . e e e e e 0.0
-Y .. . PR - -0.1
-2 .. “ e e e e e e +.1
Resultsnt orbital sititudes, miles e e e e e 57.9/57.9 58.0/L7.9 58.3/46.8
Elevation angle, deg . - . . « . - e e e e e e . 26.6 28.3 26.6
Time slip, min:sec . . . . . . . . e e e e e e e s 1:55 2:10 0:00
First midcourse correction (reaction control}
Velocity change, ftfsec — X . . . C e e e e e e 0.0 0.0
-Y ... -0.4 -0.4
-2 ... e e e e e +1.2 +1.2
Ignition time, hr:min:sec . . . . e e e e e e e 105:37:56 105:37:56
Second midcourse correction (reaction controll)
Velociiy change, ft/fsec - X . . .. e e e e -0.8 -0,8 -0.8
- [ s e e et e e e 1.5 1.7 1.5
-Z ... @ e e s e e e -0.7 -3.0 1.7
Ignition time, hr:min:sec . . . . C e e e e e e e 105:52:56 105:52:56 105:52:56
Braking (reaetion comtrol)
Velocity change, ft/sec - X . . . e e e e e 18.5 18.5 18.6 Behind moon
- e e e e e -2.6 -3.0 0.1
- 25.5 25.3 25.6
Ignition time, hriminisec . . . - e e e e 106:05:%9 106 :06:0k 106:03:59 64.0/56.3
Resultent orbital altitudes, miles e e e e e e 63.3/56.4 63.5/56.9

®Velocity changes mre shown in a local vertical

and ¥ peasured orthogonally to-X and Z.

coordinate system with

X measured along the velocity vector, Z messured radially downoward,
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Ne. Device Command Module Sightings No. | Device Lunar Module Sightings
1 | Crewman Tracked descent orbit insertion 9 | Telescope | Stars Antares and Acrux were used in
sight maneuver darkness to perform a platform alignment
2 | Telescope | Acquired lunar module at dawn 10 | Crewman Saw command module at range of 2500 feet
and with telescope and tracked with sight after separation maneuver
sextant sextant to 14 miles range 11 | Crewman Saw command module flashing light at
3 | Sextant Tracked lunar module prior to sight range of 0.5 mile
phasing maneuver 12 | Unaided Saw thrusters firing during command
4 | Sextant Could not see phasing maneuver module separation maneuver
5 | Sextant Saw lunar module in sextant just 13 | Visual and | Monitored approach to landing site from
after phasing; continued to mark {anding phasing minus 25 minutes to phasing
on lunar module point grid minus 10 minutes. Extremely easy to
6 | Sextant With sextant saw lunar module reco;(gr;nze lar!d_marks and monitor grid
in sunlight at 300 miles range track for position
- 14 | Unaided Landing site recognized obliguely. No
7 | Sextant Tracked lunar module, although A N N
barely visible against sunlit washout over site prior to phasing
surface, at a range of L40 miles 15 | Unaided Saw command module in reflected sunlight
8 | Sextant Not possible to take navigation marks as a yellow dot at a range of 90 miles
after the constant differential height 16 | Unaided Command module light was not visible at
maneuver until after sun had set sunset at range of 60 miles
17 | Unaided Began to see command module light faintly
at range of 42 miles just prior to the
terminal phase maneuver

Figure 4-3.- Significant visual sightings during rendezvous.




5-1

5.0 COMMUNICATIONS

Performance of all communications systems, including those of the
command module and lunar module (see sections T.4 and 8.4) and the Man-
ned Space Flight Network, was generally as expected. The S-band commun-
ications system provided good quality voice, as did the VHF link within
its normal range capabilities. The performance of the command module and
lunar module S-band updata links was nominal. Real-time and playback
telemetry channel performance was excellent. Color television pictures
of high quality were received during each of the sixteen transmissions
from the command module. The received uplink and downlink S-band signal
levels corresponded to predictions. Communication system management, in-
cluding antenna switching, was generally good.

Two-way phase lock with the command module S5-band equipment was
established by the Manned Space Flight Network prior to launch. The
Merritt Island, Grand Bahama Island, Bermuda Island, and USNS Vanguard
stations successfully maintained phase lock through orbital insertion,
except during station-to-station handovers. These handovers were accom-
plished with a minimum loss of data. During the Bermuda coversge, the
uplink and downlink carrier power levels varied rapidly and data were
lost at least once because the antenna switching from cmni B to omni D,
scheduled for 0:06:15, was not performed until 0:10:12.

The USNS Mercury and Redstone ships provided coverage of the trans-
lunar injection maneuver. Early handovers of the command module and in-
strument unit uplinks from Carnarvon to Mercury and of the instrument
unit uplink from Mercury to Redstone were performed because of command
computer problems at Carnarvon and Mercury. The combination of an early
handover of the instrument unit uplink and handover of the command module
uplink at a scheduled time apparently caused operator errors within the
Mercury Station. The Redstone transmitter was activated at the scheduled
handover time; however, the Mercury transmitter was not de-energized until
2 minutes T seconds later. The presence of the two uplink carriers caused
difficulty in acquiring two-way phase lock at Redstone. Even after the
Mercury transmitter was turned off, the Redstone still lost downlink phase
lock suddenly at 2:37:36.5 and could not reacquire solid two-way lock.

Prior to each rest period except the first, the S<band voice sub-
carrier was switched off. With the resulting signal combination, high-
bit-rate telemetry could be received during approximately 25 percent of
each passive-thermal-control revolution at a slanmt range exceeding
200 000 miles.




Communications during the translunar and transearth coast phases
were maintained by the crew switching between omni antennas or between
omni and high gain antennas, by ground command switching between omni
sntenna D and the high gain antenna, or by ground command switching be-
tween omni antennas B and D. The latter technigue was used during the
crew rest periods.

The service module high gain antenna was used extensively in lunar
orbit, and the automatic reacquisition mode was utilized with excellent
results during crew rest pericds. Telemetry and voice data recorded
while the spacecraft line of sight was occluded were played-back through
the high gain antenna during each revolution. Solid frame synchroniza-
tion by the telemetry decommutation system was reported on each playback
of command module data. Solid frame synchronization was established on
the lunar module data played through the command module recorder during
the thirteenth revolution, and this was the only one of the attempted
lunar module dats dumps that contained data. A1l voice dumped at the
recorded speed was of good quality. Voice dumped at 32 times the record
speed was good at all 85-foot stations except Madrid. The 6L-kilohertz
post-detection voice filter at Madrid was relocated during the trans-
earth coast phase and the problem was corrected.

Downlink voice from the Command Module Pilot was not received at the
Mission Control Center until approximately 1k minutes after acquisition
of signal in the twelfth lunar revolution. Prior to acquisition of signal,
the Goldstone station had been selected to relay voice; however, no voice
was received at the Mission Control Center until the Madrid station was
requested to relay voice. Operator errors within the Goldstone station
and at the Goddard Space Flight Center voice control center inhibited
voice transmission to the Control Center. To eliminate similar delays
in establishing two-way voice communications during future missions, the
backup stations will notify the Network Controller in the Mission Control
Center when vehicle transmissions are received but are not being answered
by the Communicator within the Control Center.

The crew reported receipt of an echo during scme dual-vehicle opera-
tions. This echo was heard approximately 2 seconds after a downlink
transmission and at & level considerably lower than the normal uplink
transmissions; therefore, the echo was probably caused by cross-talk
within the ground communications network {see section 12.2).

During the fourth revolution, lunar module commnications equipment
was activated for the first time, and a special series of communications
checks were performed. During these checks, good quality voice and high-
bit-rate telemetry were received while the spacecraft was operating in
the PM and ™ modes and transmitting through the steerable antenna. Good
quality high-bit-rate telemetry data were received and recorded through
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the Goldstone 210-foot antenna, and good quality low-bit-rate telemetry,
backup voice, and normal voice were received through the 85-foot antenna
at Goldstone while the lunar module was operating on an omni antenns.
Reception of normal S-band voice at the site was possible only because
the line-of-sight angle was within a positive gain region of the antenna.
Since the gain distribution of the lunar module omni antennas is such
that positive gain is available only within a small region of the antenna
pattern, reception of normal voice through an 85-foot antenna can be ex-
pected only over a narrow range of line-of-sight angles.

During the check of the S-band backup up-voice, in conjunction with
backup down-voice, the Capsule Communicator received his own transmissions
delayed by the two-way transmission time between the ground and the space-
craft. This retransmission is normal when backup up-voice is used and
the lunar module transmittier is keyed.

The nominal received uplink and downlink carrier power levels, an-
tenna selection, and normal and backup downvoice utilization for selected
lunar module revolutions are presented in figure 5-1. As shown in this
figure, received uplink and downlink carrier power varied 6 4B peak-to-
peak during steerable antenna operation between 98:41:1L4 and 98:53:38.
Variations of 2 dB peak-to-peak were noted between 99:02:00 and 99:07:58,
at which time the signal was lost because the antenna reached its gimbal
limits as the spacecraft was being maneuvered to a platform alignment
attitude. The 6-dB variations in the received carrier power levels are
not commensurate with correct antemnna automatic tracking. Between
98:41:14 and 98:48:00, the line-of-sight to Goldstone was within a re-
gion where signal reflection from the lunar module may have caused the
variations. Between 98:49:00 and 98:53:38, the line-of-sight to Gold-
stone was outside this region, and the cause of the variation is unknown.

At 99:34:57, switching from the steerable to an omni antenna momen-
tarily interrupted uplink phase lock. The transients resulting from the
sudden loss-of-lock caused the lunar module transceiver to reacquire lock
on an uplink subcarrier instead of the carrier. The Madrid station re-
cognized the false lock and reacquired valid two-way lock at 99:37:58.

Between acquisition of signal from the lunar module during the thir-
teenth lunar revolution at 100:26:20 and initiation of the phasing maneu-
ver, steerable antenna auto-track was not maintained, and the omni antenna
with best orientation was selected. This antenna selection negated re-
ceipt of high-bit-rate telemetry and degraded the downlink voice quality.
The problem was probably caused by an improper switch configuration (see
section 15.2.4). The steerable antenna was reacquired prior to the phas-
ing maneuver, and performance was nominal throughout the remainder of
lunar module activities.
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Selection of the omni antenna during the thirteenth revolution re-
sulted in receipt of degraded voice at the Mission Control Center. A
review of the events surrounding selectiocon of the omni antenna has shown
that the backup down-voice mode was selected in accordance with the check-
list. Playback of the voice recorded within the Goldstone station showed
that excellent quality backup voice was received and recorded throughout
the period of omni antenna usage. A playback showed that the speech level
at the interface with the audio lines to the Mission Control Center de-
creased when backup down-voice was selected. The decrease in speech level
degraded the voice quality; therefore, either a backup voice processing
configuration or equipment malfunctions within the Goldstone station
caused the voice communication problems on the thirteenth revolution.

The steerable antenna was pointed to earth, and the antenna manual
mode was selected for the ascent propulsion firing to propellant deple-
tion. Except for a momentary loss of two-wgy lock following ascent-stage
Jjettison, this technigque enabled continuous tracking of the ascent stage
to approximately 122 hours.
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6.0 TRAJECTORY

The targeting data used to calculate the planned trajectory from
lift-off to spacecraft/S-IVB separation were provided by the Marshall
Space Flight Center (ref. 1}; after separation, the planned parameters
are real-time predictions generated by the Real Time Computer Complex
in the Mission Control Center. The actual trajectories are based on
tracking data from the Manned Space Flight Network. The orbital trajec-
tory analysis is based on the best estimated trajectory generated after
the flight.

The following models were used for the trajectory analysis: (1) the
earth model was geometrically the Fischer ellipsoid but containing gravi-
tational constants for the spherical harmonics, and (2) the moon model
was geometrically a sphere containing gravitational constants for the R2
potential. Table 6-1 defines the trajectory parameters and orbital ele-
ments.

6.1 LAUNCH PHASE

The trajectory during S-IC boost was essentially nominal and is
shown in figure 6-1. The center and outboard engines cut off within
1.7 seconds of the planned times; at outboard engine cutoff, wvelocity was
high by 35 ft/sec and flight-path angle and altitude were low by 0.6 de-
gree and 1678 feet, respectively.

The trajectory during S-IT boost was also nominal, as shown in
figure 6-1. The launch escape system was jettisoned within 1.4 seconds
of the predicted time. The S-II engines cut off within 1.4 seconds of
the planned times. The velocity and altitude were low by 43 ft/sec and
2930 feet, respectively, and the flight-path angle was high by 0.007 de-
gree.

The small trajectory deviations during S-IC and S-II boost converged
during the S-IVB firing, and the trajectory followed the predicted profile
through parking orbit insertion. The S-IVB engine cut off within 1 sec-
ond of the planned time. At cutoff, altitude was low by 102 feet, and
flight-path angle and velocity were nominal.




6.2 EARTH PARKING ORBIT

The spacecraft/S-IVB combination was inserted into earth parking
orbit at 0:11:54 with the conditions shown in table 6-II. The parking
orbit was perturbed by the propulsive venting of liquid oxygen through
the S-IVB engine until 2:23:49, the time of preparation for S-IVB restart.
Figure 6-2 shows the ground track for the parking orbit.

6.3 TRANSLUNAR INJECTION AND SEPARATION

The S5-IVB was reignited for the translunar injection maneuver at
2:33:27.6, which was within 3 seconds of the predicted time. As shown
in figure 6-3, the maneuver conditions were nominal, and the engine was
cut off at 2:39:10.5, with translunar injection defined as 10 seconds
later. Table 6-I1 presents the conditions for this phase.

The translunar injection maneuver was performed with excellent re-
sults. The resulting pericynthion altitude solution was 90T7.T7 miles, as
compared with the preflight prediction of 956.8 miles. This altitude
difference is consistent with a 0,5-ft/sec accuracy in the injection
maneuver. Upon completion of circumlunar flight, earth capture of the
spacecraft would have been assured, since the uncorrected flight-path
angle st entry was minus 64.24 degrees. The service module reaction con
trol system could easily have adjusted these entry conditions to accept-
able values if the service propulsion system had failed.

Separation of the command and service modules from the S-IVB was
initiated at 3:02:%2 and docking was completed at 3:17:37, but the esti-
mated distance at turnaround was reported to have been 150 feet, instead
of the intended 50 feet. Crew procedures for this maneuver were based
on those for Apollo 9 and were executed properly; however, a reduced
S-IVB weight from Apollo 9 and the fact that some plus-X translation
velocity remained when an attempt was made to null the separation rate
probably resulted in the increased separation distance. The lower S-IVB
weight affected separation in that the impulse derived during firing of
the pyrotechnic separation charge and the velocity gained from any reaction-
control plume impingement would both be greater than expected. Each of
these effects have been analyzed, and results show the increased separation
distance can be accounted for within the estimation accuracy of the crew.

The spacecraft were ejected normally and then separated from the S-IVB
by a small service propulsion maneuver at 4:39:10. The S-IVB was then
placed into a solar orbit, as in Apcllo 8, by propulsively venting the re-
sidual propellants through the engine for an impulsive velocity gain so
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that the stage passed the trailing edge of the moon. The resultant orbit
had a period of 344.9 days and apohelion and perihelion altitudes of
approximately 82 100 000 and T3 283 Q00 miles, respectively.

The best estimated trajectory parameters for each maneuver are pre-
sented in table 6-II. Tables 6-III through 6~V present the respective
maneuver parameters for each propulsive event and the resulting orhital
parameters. The free-return conditions shown in table 6-VI indicate the
entry interface conditions resulting from each translunar maneuver, as-
suming no additional orbit perturbations. The included results are based
on guidance system telemetry data and on network tracking information.

6.4 TRANSLUNAR MIDCOURSE CORRECTION

The first and only translunar midcourse correction, which was pre-
planned, was executed at 26:32:56.8, using the service propulsion system.
The targeting for this midcourse correction was based on a preflight con-
sideration to have the orbit inclination such that the lunar module ap-
proach azimuth to the landing site would be very close to that for the
first lunar landing. The translunar injection targeting, however, was
still optimum for the earth-moon geometry and launch-window constraints
imposed by the May 18 launch date. A resulting pericynthion altitude of
60.9 miles was indicated for the executed 49.2 ft/sec firing. The maneu-
ver results indicate that an adjustment of 0.39 ft/sec would have been
required to attain the desired nodal position at the moon and 0.1L4 ft/sec
to correct the perilune altitude error..

At the time for the third midcourse correction option (22 hours
prior to lunar orbit imsertion), a velocity change of only 0.7 ft/sec
would have satisfied nodal targeting constraints. However, this maneu-
ver was not executed since the real-time solution at the fourth correc-
tion option, 5 hours before orbit insertion, was only 2.8 ft/sec.

Approximately T hours prior to lunar orbit insertion, a velocity
change of only 3.6 ft/sec was calculated to satisfy the nodal targeting
constraints. However, the perilune altitude was in error such that only
a 0.75 ft/sec correction would actually be required. The extra velocity
change required was for nodal targeting to correct for time dispersions.
Neither constraint was considered mandatory, and the decision was made
not to execute a further midcourse correction, since the perilune alti-
tude at 3.5 hours prior to orbit insertion was determined to be 60.7
miles, very close to nominal.

The translunar trajectory is shown in figure 6-h.
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6.5 LUNAR ORBIT INSERTION AND CIRCULARIZATION

The lunar orbit insertion maneuver was executed using the service
propulsion system. The firing was very near nominal, with a resultant
orbit of 170.0 by 60.2 miles, as compared with the planned orbit of
169.2 by 59.5 miles.

The circularization maneuver was preceded by a 18.1 second propellant
settling firing by the reaction control system. The orbit after cutoff
of the service propulsion system was only slightly elliptical (61.0 by
59.2 miles) and did not impose a significant change to the initial con-
ditions at rendezvous.

The altitude of the lunar module above the vicinity of Apollo Land-
ing Site 2 was 56 783 feet. However, the lowest approach to the lunar
surface (from landing radar determination) was 47 LOO feet.

6.6 RENDEZVOUS

The trajectory analysis for the rendezvous is presented in sec-
tion b, but the trajectory parameters and maneuver results are presented
in tables 6-IT and 6-IV. A ground track is shown in figure 6-5 and an
altitude profile is indicated in figure 6-6.

6.7 TRANSEARTH INJECTION

The transearth injection maneuver was so precise that no transearth
midcourse correction would have been required for a proper entry corridor
at earth. The resulting flight-path angle predicted at the entry inter-
face was minus T7.04 degrees, which would have required only a 0.6 ft/sec
correction at the first transearth option point. Table 6-V presents the
trajectory results for transearth injection. The best estimated trajec-
tory at 15 hours before entry predicted an entry flight-path angle of
minus 6.69 degrees, only 0.17 degree from the planned value. A hydrogen
purge and water evaporator usage during transearth coast perturbed the
trajectory, and the effects of these at the entry interface are presented
in table 6-VI.




6.8 TRANSEARTH MIDCOURSE CORRECTIONS

The only transearth mideourse correction, a 2.2 ft/sec impulse, was
initiated about 3 hours before entry and the results are shown in
table 6-V. ’

6.9 COMMAND MODULE ENTRY

The actual entry trajectory is shown in figure 6-7. The actual
parameters were generated by correcting the guidance system accelero-
meter data for known inertial measurement unit errors. Table 6-VII pre-
sents the actual conditions at the entry interface. The entry flight-
path angle was 0.02 degree steeper than planned and resulted in a peak
load factor of 6.78g. The guidance system indicated only a l.4-mile over-
shoot at drogue parachute deployment, and the postflight trajectory re-
construction indicates a corresponding 1.3-mile overshoot.

6.10 SERVICE MODULE ENTRY

Following command -module/service module separation, the service mod-
ule reaction control system should have fired to fuel depletion; this
firing was to insure that the service module would not enter and endanger
the command module and the recovery forces. Real-time evaluation indi-
cated that the reaction control propellant remaining at separation cor-
responded to approximately 370 seconds of firing time. In terms of wveloc-
ity, this should have resulted in a positive velocity change of 370 £t/
sec, sufficient to have caused the service module to enter the earth's
atmosphere and then skip out (because of the shallow flight-path angle
and near parabolic veloeity). The resulting trajectory would either have
been a heliocentric orbit or an earth orbit with an apogee in excess of
a million miles.

Tracking data predictions indicate that the service module did not
skip out but landed in the Pacific Ocean about 500 miles uprange from the
command module. C-band radar skin tracking from the Redstone ship indi-
cated the impact point of the service module to be 19.14 degrees south
latitude and 173.3T7 degrees west longitude. Based on the separation at-
titude and service module weight of 13 072 pounds, an effective velocity
change of only 55 ft/sec would have resulted in an impact at this location.

Therefore, either the service module became unstable in attitude
some time during the firing or the firing terminated prematurely. Six-
degree—of-freedom simulations have shown that tumbling during the firing
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is very unlikely, and past experience and ground testing of the reaction
control thrusters indicate that a premature thrust termination is not
probable. Although recontact between the two modules was virtually impos-
gible because of the out-of-plane velocity at separation, no conclusive
explanation for the uprange impact location can be given at this time.

A supplemental report will be published after a thorcugh dynamic analysis
of service module separation.

6.11 LUNAR ORBIT DETERMINATION

As on Apollo 8, the most significant navigation errors were encoun-
tered in lunar orbit. However, the general quality of the orbit deter-
mination and prediction capabilities was considerably better than that
of Apollo 8 because of a more effective data processing procedure and
the use of a greatly improved lunar potential model.

The procedure for orbit determination during Apollo 8 included tra-
jectory fits for only one front-side pass, whereas for Apollo 10, two
pass fits were employed with considerably greater accuracy. With a more
precisely determined orbit, the prediction capability was correspondingly
improved. However, this improvement was largely restricted to in-plane
elements, since determination of the orbit plane was found to be more
precise with a one-pass sclution than with two passes. This fact stems
from s known deficiency in the new lunar potential model, called the R2
Model. The following table compares the orbit prediction capabilities
for Apollo 8 and 10, with data added to indicate the accuracy expected
before the Apollo 10 flight using the R2 Model.

Position errors, ft/rev
Position parameter Apollo 8 Apollo 10 Apollo 10
inflight? preflight’® inflight
In-plane
Downtrack 15 000 3000 2000
Radial 1 500 500 500
Crosstrack 500 500 2000

®Based on triaxial moon model.
bBased on Apollo 8 postflight results and use of R2 Model.
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The significant problem in determining the orbit of Apollo 10 was
that, while the orbit plane was changing, the new RZ2 Model did not pre-
dict this change. As a result, the ground track for Apollo 10 passed
about 5 miles south of the intended landing site (2). Figure 6-8 shows
the prediction errors of the R2 Model for both inclination and longitude
of the ascending node, both of which are used to establish the orbit
plane. The previous model, called the triaxial moon model, exhibited
the same error characteristic in these parameters, but prediction of in-
plane elements was considerably less accurate (as shown in previous
table). The R2 Model accounts for most orbit perturbations except those
which tend to rotate the orbit plane, and this latter weakness is evident
primarily for inclinations less than 10 degrees. Another model, referred

" to as the 13th-order model, is the most accurate of all models for deter-

mining the plane of near-equatorial orbits, but it is greatly inferior
in terms of predicting changes in in-plane parameters.

The procedure in the next flight most likely will be to use the
two-pass fit procedure in combination with the R2 Model for predicting
in-plane elements, but the predictions of orbit inclination and nodal
location would be constrained to those cobserved during the latest orbit
determination. Discrete and overlapping orbit determinations during the
next flight are now planned for every revolution; therefore, the errors
in predicting the plane will be largely limited to the reduced amounts
shown in figure 6-7 for only one revolution. If orbit predictions for
greater than one revolutions are required (e.g., descent orbit insertion),
either the R2 Model or the 13th-order mcdel can be used to predict only
the plane-defining elements for maneuver targeting purposes. In addition,
the targeting for all major maneuvers, including lunar orbit insertion,
descent orbit insertion, and powered descent, can be biased to account
for the known error in the R2 Model.

One further effect which caused the improvement in orbit determina-
tion and prediction for Apollo 10.was the difference in groundtrack loca-
tion. Apollo 10 passed over a region of the lunar surface which appears
to have smaller mass variations than those of Apollo 8. The primary
difference is that Apollo 10 passed over Sinus Medii, whereas Apollo 8
traversed Sinus Aestuum. According to studies performed at the Jet Pro-
pulsion Laboratory, there are mass concentrations at both of these surface
features, but the larger concentration is at Sinus Aestuum.

The R2 lunar potential model was developed specifically for the
Apollo Program, whereas previous models used were generated for both
Avollp and unmanned lunar vroiects with different mission reguirements.

The R2 Model was available before Apollo 8, but there was insufficient
time to incorporate and verify this model in both the ground computing
complex and the onboard software.
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TABLE 6-I.- DEFINITION OF TRAJECTORY AND ORBITAL PARAMETERS

Perameter Definition
Geodetic latitude Spacecraft position measured north or south

from the earth's equator to the local vertical

vector, deg )
Selenographic latitude Spacecraft position measured north or south

from the true lunar equatorial plane to the

local vertical vector, deg )
Longitude Spacecraft position measured east or west from

the reference body's prime meridian to the

local vertical vector, deg
Altitude Perpendicular distance from the reference body

surface to the point of orbit intersect, ft or

miles
Space-fixed velocity Magnitude of the inertial velocity vector

referenced to the body-centered, inertial

reference coordinate system, ft/sec

/_\\_

Space-fixed flight-path
angle

Space-fixed heading
angle

Apogee

Perigee

Apocynthion
Pericynthion

Period

Flight-path angle measured positive upwérd
from the body-centered, local horizontal plane
to the inertial velocity vector, deg

Angle of the projection of the inertial velocity
vector onto the local body-centered, horizontal

plane, measured positive eastward from north,
deg

Maximum altitude above the oblate earth model,
miles

Minimum altitude above the oblate earth mcdel,
miles

Maximum altitude above the moon model, miles
Minimum altitude above the moon model, miles

Time required for spacecraft to complete
360 degrees of orbit rotation, min




TABLE 6-1L.— TRAJECTORY PARAMETERS

6-9

. < Space-fixed Space-rixed Space-fixed
Event :z;y h::;’z:sec I‘“";;“de’ L““:Zt“de' M:ﬁ;‘:”’ velocity, | rlight-patn | heading angle,
: : & € ft/sec angle, deg deg E of N
Launch Phase
8-IC center engine cutoff Earth 0:01:15.2 2B.75% 80.16w 234 6 LT3 22.81 76 .46
S-IC cutboard engine cutoff Earth 0:02:41.6 22.868 T9.71W 35.2 g 029 18.95 15.58
5-IT inboard engine eutoff Earth 0:07:h0.6 31.100 &9 . how 96.7 18 630 1.03 T9.5T7
S-II outboard engine cutoff Earth 0:09:12.6 31.92K 6k .oz 101.2 22 632 0.7h 82,46
8-IVB engine cutoff Earth 0:11:43.8 32.680 53.00W 103.4 25 563 0.01 B88.50
Parking Orbit
Parking orbit insertiom Earth 0:11:54 3270 52.530 193.3 25 568 0.00 88.93
S5-IVB restart preparation Earth 2:07:09 32.678 92.37TE 106.3 25 568 0,03 .79
Translunar Injection
5-IVB ignition Earth 2:33:27.6 25.763 135.5LE 106.9 25 561 0.05 69.17
5-IVB cutoff Earth 2:39:10.5 1k, 078 159.13E 1727 35 586 6.92 61.26
Translwnar injection Earth 2:39:20.5 13.635 159.92E 119.9 35 563 T.38 61.06
Compand module/5-IVB separation Earth 3:02:42.4 23.008 139.35W 3 503.3 25 556 13.93 67.47
Separation maneuver
Ignition Earth 4:39:09.8 31.TON 11h.86w 17 938.5 1h 220.2 65.15 91.21
Cutoff Earth k:39:12.7 31.70M 1h.8mw 17 9hh.T 1h 203.7 65.10 91.22
Firat midcourse correction
Ignition Earth 26:32:56.8 26340 Ly B2 110 150.2 5 09k .4 71.30 108.36
Cutoff Earth 26:33:03.9 26.3h8 45 .85W 110 155.9 5 111.0 771.80 108.92
Lunar Orbit Phase
Lunar orbit insertion
Ignition Moon 75:55:54.0 1.768 162.60W 95.1 8 232.3 -11.70 -65.71
Cutoff Moon 76:01:50.1 0.19K 1Th.60E 61.2 5 k719 -0.90 =T7.75
Lupar orbit circularization
Ignition Moon 80:25:08.1 0.558 153. 46E 60.% 5 LBh.T 01 -84. 79
Cutoff Moon 80:25:22.0 0.57N 152.70E 59.3 5 348.9 0.01 -85.00
Undocking Moon 98:11:57 0.528 146, k2R 58.1 5 357.9 -0.09 -83.7
Separation
Ignition Moon 98:47:17.% 0.628 38.37E 59.2 5 352.2 0.15 ~90.84
Cutof? Moon 98:47:25.T 0.61N 38.00E 59 .2 5 352.1 a.15 -90.84
Descent orbit insertion
Ignition Maon 99:46:01.6 0.663 139.67W 61.6 5 339.6 -0.15 -89.19
Cutoff Moon 99:46:28.0 0.695 151.12W 61.2 5 271.2 -0.03 -8.13
Phasing mancuver
Igaiticn Moon 100:58:25.9 0.285 11.19W .7 5 512k 1.19 -91.09
Cutoff Meon | 100:59:05.9 0.348 13.67W 9.0 5 672.9 1.88 -91.05
Staging Moon | 102:45:16.9 0.82% 51.23F 31.4 5 605.6 -3.06 -90.75
Ascent orbit fnsertion
Ignition Moon | 102:55:02.1 0.308 19.588 11.6 5 705.2 -0.78 —-91.06
Cutoff Moon |102:55:17.6 0.295 18.728 n.7 5 520.6 0.9 —51.06
Coelliptic sequence initistion
Ignition #Moon 103:45:55.3 0.638 157w Lh.7 5 335.5 -0.16 -89.10
Cutoff Moon 103:L6:22.6 0.588 143.13% Lh.6 5 381.7 -0.19 -89.08
Constent differential height
Ignition Moon 10k:h3:53.3 0.59N 36.988 b3 5 3987 0.20 =90.91
Cutoff Moan 104:43:55.0 0.594 36.898 43.8 5 3949 ©.17 =90.92
Terminal phase initiation
Ignition Moon | 105:22:55.6 1.088 8h.16W L8.4 5 3609.2 -0.02 ~90.04
cutoft Moon |1205:23:12.1 1.095 85.63W 47.0 5 396.7 -0.10 -90.34
Docking Moon 106:22:02 1.120 gh.03® sh.7 g 365.9 0.03 -89.7T0
Final separation
Ignition Moon | 10B:43:23.3 0.63N 23.27% 57.3 5 352.3 0.21 -90.95
Cutoff Moon 108:33:29.9 ¢.670 22.9%E 57.6 5 352.1 0.21 -90.95
Ascent engine firing to depletiocn
Ignition Moon 108:52:05.5 0.18K 3.2 59.1 5 343.0 0.21 -9L.15
Cutaff Moon  {108:56:1k.5 o.huN 20 208 8.7 9 056.h 11.63 -90.81
Transearth injection
Ignition Moon 137:36:28.9 0.3u8 155.72E 56.0 % 362.7 -0.u -73.60
Cutoff Noon 137:39:13.7 0.42% 1k} 628 56.5 8 987.2 2.53 -76.68
Pransearth Phase
Second midcourse correction
Tgnition Earth |188:49:58 0.590 88.8kE 25 570.% 12 5%0.0 -69.65 119.3k
Cutoff Earth |188:50:0h.7 0.598 88.82E 25 557.% 12 s43.5 -69.64 119.3k




TABLE 6-III.- TRANSLUNAR MANEUVER SUMMARY

Besultant pericynthion conditions

. Valocity
Ignition time, | Firing time,
Maneuver Systen hr:min:sec sec ;:;nge, Altitude,| Velocity, | Latitude, | Longitude, | Arrival time
sec miles ft/see deg deg hr:min:sec
Translunar injecticn 8-IVB 2:33:2T7.6 ~31+2.9 907.7 6596 4, 39N 170.97TW 76:10:18.4
Commend and service mod- Reaction contrel 3:02:42.4 3.3 0.7 898.9 6608 4.33N 171.06W 76:10:19.1
ule/S~IVE separation
Spacecraft/S-IVB Service propulsion 4:39:09.8 2.9 18.8 286.1 T67Th 3.61N 179.32W 76:40:01.4
separation
First midcourse correc- Service propulsion | 26:32:56.8 7.1 4.2 60.9 8352 0.67TN 177.65E T6:00:15.2

tion

0T-9



TABLE 6-IV.~- LUNAR ORBIT MANEUVER SUMMARY

Resultant orbit

A s Velocity
Maneuver System Ignition time, | Firing time, change , - : -
hr:min:sec sec £ /sec Apocynthion, | Pericynthion,

miles miles

Luner orbit insertion Service propulsion 75:55:5L,0 356.1 2982.4 170.0 60.2

Lunar orbit circularization | Service propulsion 80:25:08.1 13.9 139.0 61.0 59.2

Command module/lunar module | Command module 98:47:17.4 8.3 2.5 62.9 57.7
separation reaction control

Descent orbit insertion Descent propulsion 99:L6:01.6 27,k 71.3 60.9 8.5

Phasing Descent propulsion 100:58:25.9 40.0 176.0 190.1 12,1

Ascent orbit insertion Ascent propulsion 102:55:02.1 15.5 220.9 46,5 11.0

Coelliptic sequence initia- | Lunar module 103:45:55.3 27.3 4s.3 8.7 Lo.T
tion reaction control

Constant differential Lunar module 10k:43:53.3 1.7 3.0 48.8 ho,1
height reaction controcl

Terminal phase initiation Lunar module 105:22:55.6 16.5 24,1 58.3 L6.8
reaction control

Final separation Lunar module 108:43:23.3 6.5 2.1 64.0 56.3
reaction control

Ascent engine firing to Ascent propulsion 108:52:05.5 249.0 4600.0 -2211.6 56.2

depletion

-

=9



TABLE 6-V.- TRANSEARTH MANEUVER SUMMARY

) Firing | Velocity Resultant entry interface conditions
Event System Ignition time, time change
hr:min:sec ’ * | Flight-path | Velocity, | Latitude, | Longitude, | Arrival time
sec ft/sec 4
angle, deg ft/sec deg deg hr:min:sec
Transearth injection Service propulsion | 137:36:28.9 164.8 3680.3 ~7.04 36 314.8 23.908 1T3.4L4E 191:48:38.9
After hydrogen purge and | Not applicable 177:01:00 N/A 0.3 -6.69 36 31k.7 23.695 174.11E 191:48:50.9
water boiler dump
Second midcourse correc- | Reaction control 188:49:58.0 6.7 2.2 -6,54 36 314.0 23.608 174,398 191:48:54.4
tion

TABLE 6-VI.- FREE RETURN CONDITIONS FOR TRANSLUNAR MANEUVERS

Entry interface conditions
Vect d iption Vector time,
ector descripiio hr:min:sec Velocity, Flight-path angle, Latitude, | Longitude, Arrival time,
ft/sec deg deg deg hr:min:sec
After translunar injection 2:41:00 36 083 6l 24 20,478 62.95W 167:50:04.8
After command and service 4:31:00 36 084 =64 .72 21.32N 58.83W 167:36:47.5
medule/3-IVE separation
After aeparation maneuver 1121:00 36 121 ~64.,48 16.38N 98 .8ow 153:13:05.6
After first mideourse correction 29:21:00 36 140 -13.18 T.388 5k, 50R 149:31:03.3
Before lunar orbit insertion 72:21:00 36 140 -13.19 T.368 54 . 54E 149:30:47.6

19



TABLE 6-VII.- ENTRY TRAJECTORY PARAMETERS

Entry interface (LOO 000 feet altitude)

Time, hr:min:sec . . . . . .
Geodetic latitude, deg south
Longitude, deg east . . . . .
Atitude, miles . . . . . . .
Space-fixed velocity, ft/sec

Space-fixed flight-path angle, deg

-

.

Space-fixed heading angle, deg east

Maximum conditions
Velocity, ftfsee . . . . . .

Acceleration, g . . . . . . .

Drogue deployment
Time, hr:min:sec . . . . . .
Geodetic latitude, deg south

Recovery ship report . . .
Best-estimate trajectory .
Onboard guidance . . . . .
Target . « ¢« ¢ &« & « « « .

Longitude, deg west

Recovery ship report . . .
Best-estimate trajectory .
Onboard guidance . . . . .
Target . « .+ « « « « ¢« « &

- - . e - - - - -

- - - . - - - . .

. e - . . . LI -

« a L] - - - . . -

L] e . . - - - . e

6-13

191:48:5L.5
23.60
17%.39

65.8

36 31h
-6.5k4

71.89

36 397
6.78

191:57:18.0

15.03
15.06
15.07
15.07

16L.65
16L.65
164.65
16L.67
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7.0 COMMAND AND SERVICE MODULE PERFORMANCE

Performance of command and service module systems is discussed in
this section. The sequential, pyrotechnic, thermal protection, earth
landing, power distribution, and emergency detection systems operated
as intended and are not documented. Discrepancies and anomalies are
mentioned in this section but are discussed in detail in section 15.

T.1 STRUCTURAL AND MECHANICAL SYSTEMS

T.1.1 Structural Loads

Spacecraft structural loads, based on measured-acceleration, angular
rate, aerodynamic, and engine-performance data, were less than design
values for all phases of flight.

At lift-off, peak wind gusts were 20 knots at the 60-foot level and
82 knots at 47 000 feet. The predicted and calculated spacecraft loads
at lift-off, in the region of maximum dynamic pressure, at the end of the
first stage boost, and during staging are shown in table T.1-I.

The crew reported having experienced an oscillatory longitudinal
acceleration during S-IC shutdown and staging. During this staging, the
maximum negative acceleration was 0.55g in the command module. The longi-

"tudinal accelerations measured in the command module agreed well with the

predicted values (fig. T7.1-1). Accelerometer data indicate no structur-
ally significant coscillaticons during the S-1I and first S-IVB firings.

The crew reported low-level, high-frequency lateral and longitudinal oscil-
lations during the S-IVB translunar injection firing. The maximum ampli-
tude, as measured at the command module forward bulkhead, was 0.05g at

combined frequencies of 15 and 50 hertz; this amplitude is well within
acceptable structural levels.

Marshall Space Flight Center has determined that the 15 hertz fre-
quency is consistent with the unmecoupled thrust oscillations produced by
the J-2 engine and the 50 hertz frequency is consistent with the oscilla~
tions produced by cycling of the hydrogen tank non-propulsive vent valves.

Although the docking hardware was not instrumented, the initial
contact conditions for both docking events produced only minimal loading
of the probe and drogue. Based on analysis of onboard film and crew
comments , the following conditions demonstrate nearly perfect docking
operation.




First Second
docking docking

Axial velocity at contact, ft/sec . . . . <0.3 <0.3
Lateral velocity at contact, ft/sec 0 0
Angular velocity at contact, ft/sec 0 0
Angular misalignment at contact,

deg . . . . i h e e e e e e e e e 0 0
Lateral displacement at

contact, in . . . . . . . . . o . . .. 1.0 -
Initial contact-to-capture time,

S€C 4 4+ v 4 v e st e e e e e e e e e <1 <1
Probe retraction time, sec . . . . . . . T.0 -
Docking ring contact velocity,

ft/sec . . . . . e e e e e e e e e e 0.1 -
Roll attitude misalignment after

docking, deg . . . . . . . . . . . . . -0.1 +0.1

The command module angular rates during the first docking were less
than 1.0 deg/sec prior to probe retraction and 1.75 deg/sec during ring-
latch actuation. The maximum calculated bending moment at the docked
interface was 330 000 in-1b, well within structural limits. No rate data
were recorded during the second docking; however, because of the similar-
ity in initial conditions and the lower lunar module inertia, loads are
believed to have been less than during the first docking.

Structural loads during all service propulsion maneuvers were well
within design limit values. During entry, the maximum longitudinal ac-—
celeration was 6.78g.

T.1.2 Mechanical Systems
All mechanical systems performed nominally.

The undocking procedure requires the crew to verify that command
module roll commands are inhibited until the command module cabin-to-
tunnel differential pressure is 3.5 psid or greater. This pressure mini-
mum was not attained on Apollo 10 because the tunnel could not be vented.
Prior to the first undocking, the roll engines were fired while the dif-
ferential pressure was less than 3.5 psid while the docking latches were
disengaged. As a result, the command module moved 3.5 degrees in roll
with respect to the lunar module, but this slippage caused no difficulty.
Tests have shown that relative movements of at least 180 degrees are per-
missible. ‘
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Four retaining springs were added on Apocllo 10 to contain the docking-
ring pyrotechnic charge holder following lunar module Jjettison. The two
springs on the minus Y side failed to capture the charge holder. This is
discussed further in section 15.1.20.

T.1.3 Thermal Control

The temperature responses of all passively controlled elements re-
mained within normal operating limits. Passive thermal control during
the translunar and transearth coast phases involved a roll maneuver of
three revolutions per hour, with the spacecraft longitudinal axis main-
tained perpendicular to both the sun-earth and earth-moon lines. This
technique was used for 54 hours of the T3-hour translunar coast period
and 36 hours of the Sh-hour transearth coast. Temperatures for the ser-
vice propulsion and reaction control system tanks remained within a range
of 57° to 87° F. During periods when passive thermal control was not
used in coasting flight, these temperatures ranged from 54° to 95° F.

In lunar orbit, the only passive thermal ccnirol employed was dur-
ing the crew sleep periods; for those, the spacecraft longitudinal axis
was maintained at 45 degrees to the sun line. During the first sleep
period, the temperature of the helium tank in service module reaction
control quad A reached 98° F. The helium tank temperature is monitored
as a measure of reaction control propellant tank temperature, which is
not instrumented. An allowable maximum limit of 108° F on the helium
tank was established. This limit was set to preclude the propellant tank
temperatures from exceeding the allowable of 118° F. Because the quad A
helium tank temperature was approaching 108° F, the orientation of the
solar impingement point was changed from between quads A and B to directly
on quad B for the remaining sleep periods. Service propulsion tank tem-
peratures in lunar orbit varied from 57° F (27° above minimum) to 90° F
(18° below maximum). At the same time, reaction control helium tank tem-
peratures varied between 60° F (13° above minimum) and 101° F (7° below
maximum) . '

Some insulation on the forward hatch was blown loose during tunnel
pressurization, and particles were dispersed throughout the cabin. No
insulation remained after entry. This problem is discussed in section
15.1.17.




TABLE T.1-I.~ MAXIMUM

SPACECRAFT LOADS DURING

LAUNCE PEASE

Lift-off Maximum ge End of first-stage boost Steging
Interface Losd Y T a 5 2 5 >
Calculated™ |Predicted Celeculated Predicted Calculated | Predicted ca.lculs.teda Predicted
Launch escape |Bending moment, in-lb . . . 670 000 | 1 010 000 637 000 510 000 193 000 172 000 105 000 ok 000
:z;z;:/°°““’“d Axial force, 1b . . . . . . -12 500 -11 000 -23 200 -2 000 -35 400 -35 800 5 200 6 000
Command module/ |Bending moment, in-1b . . . 890 000 | 1 340 00O 717 000 520 00D 710 000 59k 000 155 000 | 1%0 000
service module | 101 force, 1b . . . -29 00 -36 000 -91 1400 -Bl 000 -84 200 -89 600 12 300 1k 000
, | service module/ |Bending moment, in-1b . . . 2 490 000 | 1 590 000 2510 000 | 2 810 000 450 coo | Lok ooo
adapter Axial foree, 15 . o . . . . -201 200 -19k 500 -288 000 -296 000 35 000 k0 500
Adapter/instru- |Bending moment, in-1b . . . 9 052 000 | T 100 000 L 050 000 | 5 060 000 850 000 | 760 000
ment unit Axiel foree, 1b . . . . . -206 000 | -293 200 46 000 .{ -Lb1 000 57 600 | 65 000
NOTE: Negative axial force indicates compression.

The flight conditions at

meximum Qo were:

Condition Measured Predictedb
Flight time, sec , - 82.6 81.1
Mach HO. & v 4 0 & 4 & o+ a 1.7 2.7
Dynamlic pressure, psf . . . 695 670
Angle of attack, deg . . . . L.o7 3.95
Meximum qo, paf-deg . ., . . 2760 2660

®0aleniated from flight data.
bPredicted Apolle 10 loads for Saturn V, bleck II design conditicns.

The accelerations at the end of first-stage boost were:

Accelerstion Measured Pred.ictedb
Longitudinel, g . . . 3.97 b, ok
Lateral, & . « « « « . 0.06 0.05
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7.2 ELECTRICAL POWER

T.2.1 Fuel Cells

The three fuel cells were activated 57 hours prior to launch and
shared the spacecraft loads with ground support equipment until they
assumed the full load 12 hours prior to launch.

The fuel cells provided approximately 387 kW of energy at an average
total current of TO amperes and an average bus voltage of 29 V de¢ for
three-cell operation and 28 V de for two-cell operation. Based on total
generated power, reactant consumption was 35 pounds of hydrogen and
276 pounds of oxygen, excluding purges; these quantities agree with meas-
ured cryogenic guantities.

At 120:46:49, a short in the ac pump package (or its associated wir-
ing) for fuel cell 1 caused the associated circuit breaker to trip. At-
tempts to reset the breaker resulted in a master alarm and illumination
of bus undervoltage and failure lights; therefore, fuel cell 1 was removed
from the bus. The failure in the pump circuit is discussed in section
15.1.7. ©Subsequently, fuel cell 1 was kept operative by connecting it
to the bus only when the skin temperature cooled to 370° F and then re-
moving it when the temperature reached 420° to 425° F. Three such cycles
were completed. Although the cell continued to be operational, the useful
life was limited because the water produced could not be removed and the
performance was diminished by the associated increase in electrolyte water
concentration. To remove some of the water, a continuous hydrogen purge
was initiated at about 167 hours. Three hours later, the purge was ter-
minated, and the hydrogen flow took 30 minutes to decay to zero. As the
flow approached zero, the regulated pressure increased to a maximum of
T1.L4 psia before slowly decaying to the normal level of 62 psia. These
anomalies are discussed in greater detail in section 15.1.8.

The condenser exit temperature on fuel cell 2 exhibited periodic dis-
turbances of a few degrees throughout the flight. On several occasions
during lunar orbit, the temperature disturbances excited oscillations of
about two cycles per minutes within a 20° F temperature range. These os-
cillations occurred while under two-fuel-cell operation, with radiator
temperatures less than 80° F, and frequently triggered the caution and
wvarning lower temperature limit. The oscillations ceased when the rad-
iator temperatures went above 115° F. The average exit temperature was
within the normal range during the oscillation behavior, and fuel cell
performance was not affected. This anomaly is discussed in section
15.1.21.

”
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Fuel cell 3 performance was normal in every respect throughout the
flight. All parameters remained within nominal limits during two-cell
and three-cell operation.

7.2.2 Batteries

The entry and pyrotechnic batteries performed satisfactorily. Bat-
tery bus voltages were maintained at normal levels, and battery charging
was nominal. Until separation of the command module and service module,
the battery capacity was always above 96.6 A-h; this level was reached
at about 5 hours. A time history of the entry battery capacity remaining
is presented in figure T.2-1l. Battery A contained Permion separators and
battery B contained the new cellophane separators. The difference in
charging performance between these two batteries was insignificant under
load; however, battery B delivered as much as 50 percent more current.
Figure 7.2-2 is a comparison of the current-voltage characteristics ex-
hibited by the batteries during the Apollo 8, 9, and 10 missions. All
batteries were at a high state of charge prior to command module /service
module separation.
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T.3 CRYOGENIC STORAGE

The c¢ryogenic storage system satisfactorily supplied reactants to
the fuel cells and metabolic oxygen to the environmental control system.
At launch, the total oxygen quantity was 629.0 pounds, or 125.8 pounds
above the minimum requirements; the total hydrogen quantity was 55.1
pounds, or 5.0 pounds above the minimum.

The usage during the mission corresponds to an average fuel-cell
current of T70.5 amperes and an average oxygen flow rate to the environ-
mental control system of 0.43 1b/hr. The hydrogen usage agrees with the
average power level to within the accuracy of the quantity measurement
system.

Two low-pressure caution and warning alarms resulted from thermal
stratification and the associated pressure decay. This behavior was ex-
pected since the fans are only used periodically. Hydrogen tank heater
selection and manual operation were similar to Apollo 9 because of the
settings of the caution and warning alarms and the tank pressure switches.
After approximately 169 hours, the hydrogen system was controlled manually
as a result of an apparent failure in the automatic pressure control sys-
tem. This incident is discussed further in section 15.1.9.

7.4 COMMUNICATIONS EQUIPMENT

The S-band communication system provided excellent voice quality and
the VHF/AM link provided good voice within its normal range capability.
The quality of recorded voice played back from the data storage equipment
was generally good. The performance of the real-time and playback telem-
etry functions was excellent and consistent with received power levels.
The quality of c¢olor television pictures was nearly always excellent.

The black-and-white television camera was never used. The received down-
link S-band signal levels for both the PM and the FM links corresponded
to preflight predictions,

Switching between record and playback modes of the data storage
equipment, high- and low-bit-rate telemetry, and most antenna configura-
tions was accomplished by real-time ground commands to relieve crew work-
load.
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7.4.1 Onboard Equipment

VHF duplex-B, which employs A transmitter and B receiver, was used
satisfactorily for the launch phase. Over the Canary Island station,
the VHF simplex—A mode was selected and performed nominally until the
expected slant range-limit was exceeded during translunar coast. While
the spacecraft were in lunar orbit, VHF was again used in simplex-A (the
primary communication mode }, and performance was satisfactory in all but
one instance. At about 95 hours, a check of the VHF simplex-A was unsuc-
cessful; however, a subsequent check was satisfactory. A switch config-
uration problem is suspected; see section 15.1.5 for more detail.

During recovery, the VHF voice link (simplex-A) and recovery beacon
operated satisfactorily. VHF recovery beacon antenna 1, however, did
not deploy properly (see section 15.1.13).

The S-band equipment provided the primary air-to-ground link through-
out most of the mission. S-band squelch was available for the first time
and operated satisfactorily. The squelch inhibits noise when the uplink
voice subcarrier is lost. The primary PM S-band transponder was used
continuously through the primary power amplifier. The updata link was
used frequently to perform ground-commanded switching functions in the
communications system, as well as for computer updates.

Communications during passive thermal control were maintained by
switching between two diametrically opposed omnidirectional antennas (B
and D) or by switching between the high-gain antenna and omni D. The
high-gain antenna was used to transmit to earth telemetry and voice re-
corded on the data storage equipment while the spacecraft were behind
the moon.

The performance of the VHF ranging system is discussed in section 4.0.

T.4.2 Television

Sixteen color television transmissions were made from the spacecraft.
The total time of these telecasts was 5 hours 47 minutes 35 seconds, and
the system performed nominally. Color and resolution were consistent with
design specifications and test performance. 8Signal-to-noise ratios for
the television signal were consistent with those of the received carrier.

Two minor problems were experienced with the television camera. A
horizontal distortion appeared as a bulge on the side of the earth. This
problem was noted in preflight testing and is attributed to electroamag-
netic interference within the camera. The second problem was the inabil-
ity of the automatic light-level control to accommodate small bright ob-
Jjects, as evidenced by the cloud cover image saturation when viewing the




T-12

earth at lunar distance. This problem is not serious encugh to require
a change in the light-level control loop for the next mission. New cam-
eras will have improved light-level control characteristics. )

7.4.3 High Gain Antenna

The high gain antenna automatically deployed at command module/S-IVB
separation and was activated soon thereafter. At approximately 3 hours,
the crew confirmed proper operation. The antenna was powered continually
until just before command module/service module separation, except for s
few brief periods to conserve electrical power.

A1l three modes (manual, automatic, and reacquisition) and all three
beamwidths were used at various times. The manual mode was used 67 per-
cent of the operating time, and the automatic mode 24 percent. A review
of signal strengths shows excellent correlation with predictions.

Reacquisition performance.- A check of the autcmatic reacquisition
mode was performed during the second lunar revolution. Narrow beam was
selected, and the manual pitch and yaw controls were set to approximately
the predicted earthrise direction prior to loss of signal. Acquisition
was accomplished on time, and the narrow-beam antenna gain was available
almost immediately. Thus, so long as the spacecraft does not block the
line of sight to earth, the high-gain antenna can be used without crew
attention during lunar operations.

High gain/omnidirectional switching.- During transearth flight, es-
sentially continuous communications, with narrow beam gain available more
than half the time, were provided during passive thermal control without
crew attention. Switching between the high gain and omni D antennas
through ground command was generally accomplished before the high gain
antenna reached the scan limit. This switching precluded the antenna's
driving against the mechanical gimbal 1imits for approximately 30 percent
of each spacecraft revolution.

Data indicate that the antenna generally acquired from a relatively
large offset angle from the boresight axis, based on the duration of dats
loss when switching was performed. When switching from high gain to
omi D and between omni D and B, data were lost for only a few seconds;
when switching from omni D to high gain, the loss generally lasted from
10 to 30 seconds but was still within minimm design requirements.

Inflight tests.- A reacquisition test similar to that performed dur-
ing Apollo 8 was conducted, except that the ground-station transmitter
pover was reduced to 500 watts (minus 13 dB) from the 10 kilowatts normal
for a distance of 120 000 miles. Transmitter power was reduced to deter-
mine whether phase lock would be lost when the antenna was slewed to the
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predicted earthrise position. The reacquisition test involved two re-
volutions of the spacecraft at a roll rate of approximately 3 revolutions
per hour. The antenna was in the reacquisition/narrow-beam configuration.
Two reacquisitions were performed, and data indicate the antenna switched
to wide beam and slewed as reguired upon reaching the scan limit. The
antenna also returned to the earthset side of the spacecraft, hit the
mechanical gimbal stop, and remained there for approximately one-third

of a revolution (7 minutes). The antenna tracked normally in wide beam
when the earth was within the scan-1imit warning zone and then switched
to narrow beam as the earth exited the warning zone. This test also veri-
fied the ability of the antenna to provide high gain communications ap-
proximately 60 percent of the time and showed that antenna contact with
the mechanical gimbal stops cannot be prevented by a practical reduction
in transmitter power.

A reflectivity test, originally scheduled for approximately 27 hours,
was performed at 168 hours at a distance of 120 000 miles. This test
verified the probabilities of acquisition interference resulting from
service module reflection for antenna look angles near the plus-X axis.

The results of the test showed that the antenna could acquire in wide
beam and then lock up on a side lobe of the narrow beam, or once having
acquired, the antenna could track continuously in wide beam mode with no
evidence of beam switching, or the antenna could acquire and track satis-
factorily.

Acquisition problems experienced during this test were expected on
the basis of ground test data.

Performance during service propulsion maneuvers and staticn hand-
overs.- During the translunar midcourse correction (service propulsion
system), the high gain antenna was in the auto-track mode with medium
beam. No change in either uplink or downlink signal strengths was cbser-
ved during or after the firing, which lasted approximately 7 seconds.
Antenna performance before and after the lunar orbit insertion maneuver
verified that the antenna is not adversely affected by a prolonged ser-
vice propulsion firing. At approximately 28 hours, a ground station
hand-over from Goldstone to Madrid, with the high gain antenna in auto-
track and narrow beam, was accomplished with no significant loss of data.
- Several subsequent station handovers were accomplished with the same
excellent results.

Performance discrepancies.-— No significant problems were encountered
with the high gain antenna throughout the mission. The antenna being
driven into a scan limit and various switching problems resulted in in-
terrupted communications. Normal operating procedures quickly restored
communications in all cases. During a television program at approximately
132.5 hours, the antenna stopped tracking and switched to wide beam upon
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entering a scan limit zone and data were lost. The spacecraft had under-
gone a 0.5-deg/sec pitch rate prior to the dropout, and normal narrow-
beam tracking was resumed approximately T minutes later, after the atti-
tude rate was changed so that the earth line-of-sight was outside the
scan limit.

T.5 INSTRUMENTATION

The instrumentation system, consisting of 283 operational measure-
ments , adequately supported the mission. Only two measurements failed,
and a malfunction in the data storage equipment (onboard recorder) caused
a momentary loss of data.

The carbon dioxide partial-pressure measurement became questionable
sbout 3 hours after lift-off and was considered to have failed. The
measurement has a history of failures attributed to moisture from the
sult coolant loop.

The package temperature of the nuclear particle detection analyzer,
located in the service module, became intermittent at about T3 hours,
probably because of a wiring failure between the thermocouple and signal
conditiocner.

About 33 seconds of recorded data were lost during entry because the
tape transport in the data storage equipment momentarily slowed during
cabin repressurization. The pressure differential across the recorder
cover caused it to contact the tape reel sufficiently to slow the trans-
port mechanism (see section 15.1.11).

During the loading of propellants for the service propulsion system,
several auxiliary point sensors in the propellent gaging system failed.
Subsequently, the fuse in the power supply was found open. The auxiliary
system was waived for flight.

The oxygen flow meter for fuel cell 1 failed to respond during the
countdown, and the measurement was waived. The nuclear particle detector
and analyzer package temperatures were also waived because of VHF radio-
frequency interference, but this interference did not significantly af-
fect measurement data from the flight.
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7.6 GUIDANCE, NAVIGATION, AND CONTROL

Performance of the guidance and control systems was excellent through-
out the mission, as discussed in the following paragraphs. Performance
during the rendezvous is discussed in section L.

7.6.1 Mission Related Performance

The inertial measurement unit was released from gyrocompassing and
was inertially fixed at 0.73 second, after recognition of the launch
vehicle lift-off signal. Monitoring of the first-stage roll and pitch
programs was nominal, and accurate position and velocity comparisons were
generated for go/no-go evaluations. The velocities measured by the pri-
mary guidance and the entry monitor systems were very close to those

‘telemetered by the launch vehicle and those calculated from ground track-

ing.

Transposition, docking, and ejection were performed without diffi-
culty. The separation distance reported after transposition was larger
than expected because of a longer plus-X than minus-X translation and be-
cause of the pyrotechnic impulse applied to a relatively lightweight S-IVB.
Spacecraft dynamics during docking and ejection were very similar to those
experienced during the Apollc 9 mission.

The alignment data for the inertial measurement unit are recorded in
table 7.6-I, and results are comparable to those of previous missions.
The system remained powered and aligned throughout the flight; therefore,
the capability for a platform orientation determination while docked was
not demonstrated. Inability of the crew to recognize constellations was
not conclusive because no attempt was made in the optimum sun-impingement
attitude for the optics. Constellation recognition is required for ori-
entation determination.

Midcourse navigation techniques using star/horizon measurements with
either the earth or moon horizon and using star/lunar-landmark sightings
were exercised with excellent results. Twenty-two sets of star/horizon
and nine sets of star/lunar-landmark sightings were made (table T7.6-1I).
The initial sets of earth sightings were made to establish and verify the
altitude of the horizon. Based on these measurements, the onboard compu-
ter compensation for horizon altitude was updated from 24 to 3L kilometers.
The optics were calibrated before each group of sightings, and the bias
error was within the anticipated tolerance. The crew reported that the
star/lunar-landmark sightings were easier to perform than the star/horizon
measurements and that the star/earth-landmark sightings could have been
made since identifiable features of Saudi Arabia and Mexico were visible
and free from cloud cover throughout the mission.
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The return-to-earth targeting program was exercised several times to
calculate midcourse corrections. A comparison of the velocity changes
determined onboard with those calculated on the ground indicates that a
safe return could have been made if communications had been lost. A com-
parison of the respective solutions for the transearth midcourse correc-
tion at 176:40:00 showed the following results:

Velocity change, ft/sec

Onboard Ground
X 2.5 2.2
Y 0.0 0.0
Z 0.1 -0.1

A series of landmark tracking sequences (table T.6-1I1) was conducted
while docked and undocked in lunar orbit. The primary objective was to
provide additional data on the lunar potential model, and the preliminary
indications are that the desired results were obtained (see section 6),
The pitch technique was used for all sequences.

A1l attitude control functions were satisfactory, both docked and
undocked. Passive thermal control was used extensively enroute to and
returning from the moon (table 7.6-IV). The roll axis technique was used
exclusively, generally under digital autopilot control., During the first
attempt (first sleep period), attitudes quickly reached and oscillated at
one edge of the 20-degree pitch and yaw deadbands. On subsequent maneu-
vers, the roll rate was increased from 0.1 to 0.3 deg/sec, the deadbands
were increased to 30 degrees, and all body rates were carefully nulled be-
fore the roll rate was established. These changes resulted in long periods
(on the order of 20 hours) without thruster activity. Representative atti-
tude control performance during translunar and transearth coast is shown
in figure T7.6-2.

A summary of data for major translation maneuvers is contained in
table T7.6~V. All maneuvers were performed under digital autopilot con-
trol.

The primary guidance system was employed throughout the entry phase,
and the events reconstructed from telemetry data are shown in figure T.6-3.
Dynamic parameters during the entry phase are presented in figure T.6-k.
The pitch and yaw oscillations were comparable to those experienced dur-
ing the Apollo 4, 6, and 8 missions, with long periods of operation within
the rate deadbands. The veloecity and flight-path angle at entry interface,
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as calculated onboard, were 36 315 ft/sec and minus 6.54 degrees, respec-
tively, and compare almost exactly with the interface conditions obtained
from the tracking data. The spacecraft computer reached entry interface
with the entry-initialization program in command but at that time properly
switched to the post-0.05g entry program. The system indicated a desired
inertial entry range of 1376.7 miles and a predicted cross-range error of
plus 11.8 miles.

The guidance system indicated that the peak deceleration during first
entry was 6.8g at a velocity of 31 995.5 ft/sec and the peak deceleration
during second entry was 4.6bg at a velocity of 9972.2 ft/sec. The onboard
computer terminated its guidance routine when the relative velocity drop-
ped below 1000 ft/sec.

Figure 7.6-5 is a summary of landing-point data. The onboard com-
puter indicated a landing at 164 degrees 39 minutes west longitude and
15 degrees 4.2 minutes south latitude, or 1.4 miles downrange from the
target, based on telemetered computer data at drogue deployment. The
recovery forces estimated the landing point to be 164 degrees 39 minutes
west longitude and 15 degrees 2 minutes south latitude, or 2.5 miles
from the target. The best estimated trajectory shows a landing point of
164 degrees 39 minutes west longitude and 15 degrees 3.6 minutes south
latitude, or 1.3 miles from the target. Table 7.6-VI presents a compari-
son of computer navigation data with the best estimated trajectory and
shows a navigation error at the entry interface of 0.21 mile in position
and 212 ft/sec in velocity. This error, when propagated through entry
to drogue deployment, results in a miss distance of approximately
0.2 mile, well within the predicted l-sigma touchdown accuracy.

T.6.2 Guidance and Navigation System Performance

A statistical summary of inertial component test history is contained
in table T7.6-VII. The accelerometer bias and gyro-null bias drift, the
only quantities measurable in flight, indicate excellent stability. The
gyro drift computed from back-to-back aligmments is shown in table T.6-I.
The accelerometers show evidence of the dual moding also experienced on
Apollo T; this moding appears as a zero bias in zero-g throughout trans-
lunar and transearth coast. The accelercmeter biases also indicate a de-
pendence on temperature; figure T7.6-6 covers the lunar orbit period when
the primary evaporator was not operating. Figure T.6-7 contains a time
history of velocity differences between the S-IVB and spacecraft guidance
systems during ascent. The error buildup, assuming perfect S5-IVB guid-
ance, indicates performance well within the resal-time go/no—-go criteria.
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The sextant and scanning telescope operated properly throughout the
entire mission. The crew reported that the shaft and trumnion drive sys-
tems worked smcothly in all modes and that control capability was adequate.

Computer performance was excellent throughout the mission. All re-
quired guidance, navigation, and control functions within the computer
were accomplished without incident, and no computer restarts were recorded.
State vector updates, erasable memory. dumps, and clock updates were rou-
tinely accomplished by network commands. Program alarms and operator
error indications were observed, but none were associated with hardware
malfunctions. The interface with the VHF ranging system was operational
for the first time, and performance was excellent (see section 5.0).

7.6.3 Entry Monitor System Performance

The entry monitor system satisfied all required backup and monitor-
ing functions. The velocity counter was used to monitor all service
propulsion and reaction control translation maneuvers, and the measured
velocities agreed closely with those computed by the primary system.

The accelerometer bias measured in flight was reported to have been
0.003 ft/sec. Although a scroll scribing problem (see section 15.1.12)
was encountered during entry preparation, the system operated properly
and would have provided the necessary backup capability if required.
Figure 7.6-8 shows the scroll markings recorded during entry.

7.6.4 Stabilization and Control System Performance

All attitude control functions of the stabilization and control
system were nominal throughout the mission. However, late in the mission,
the attitude reference provided by the gyro display coupler was reported
to have drifted excessively (see section 15.1.10 for further discussion).




TABLE T.6-I.- PLATFORM ALIGNMENT

SUMMARY

Gyro torquing angle,

hzj:.z;; Io’;:fz:% Star used deg ﬁ??eiﬂgiz ) o it W Ccmments
X ¥ Z deg X Y Z
0:41 -0.102 | +0.034 | -0.076 - -— - —
5:15 3 21 Alpherd; 30 Menkent +0.117 | -0.093 | +0.001 Q0001 =1.7 +1.k 0.0
T:48 1 1 Alpheratz; 41 Dabih =0.066 |+0,007 | -0.069 00001 Reference matrix change
2lk:30 3 23 Denebola; 30 Menkent +0,360 | ~0,290 | -0,0b40 00002 =1.4 +1.2 =0.2
45106 3 36 Vega; 4l Enif +0,431 {-0,366 | -0.063| ooo01 -1.4 j+1.2 J-0.2
51:52 3 23 Denebola; 32 Alphecca +0.163 |-0.111 | -0.018 00002 -1.6 {+1.1 |-0.2 | Check star 31 (Arcturus)
T1:L5 0.198 | 0.001 | 0.392 Refarence matrix change
The1T 3 22 Regulus; 24 Gienah +0.057 | -0.035 | -0.00k| 00000 -1.5 |+0,9 |+0.1
77115 3 25 Aerux; 33 Antares +0,078 | -0.04k4 1 -0,036 30001 ~1.8 | +1.0 |=0.8 | Check star 30 {Menkent)
79:24 3 23 Denebola; 30 Menkent +0.048 | =0.053 | +0.007 00001 -1,5 |+1.6 |+0.2
81:20 3 30 Menkent; 35 Rasalhague +0,062 1-0.017 | -0.007 00001 -2.0 [ +0.6 |=0.2
95:14 1 30 Menkent; 34 Atria +0.339 |-0.251 | -0.039 00001 Reference matrix change
99:15 3 40 Altair; L2 Peacock +0,078 |-0.069 | -0.031 -1.3 +l.1 -0.5
103:00 3 37 Nunmki; 4k Enif +0,091 |-0.073 | -0.005| oooo01 -1.6 [+1.3 |-0.1 | check star 41 (Dabih)
119:11 3 44 Enif; 45 Fomalhaut +0.335 | -+0.272 § =0.035 00001 -1.4 | +1.1 |-0.2
121:13 3 17 Regor; +0,056 |-0.020 | -0.011 - =1.8 |+0.7 [+0.}
122:58 3 1 Alpheretz; 2 Diphda +0.0L6 {-0,0b2 | -0.012| 00001 -1,8 |+1.6 |-0.5
124150 3 1 Alpherstz; 2 Diphda +0.024 |-0.028 | -0.007] 00000 -0.9 |+1.0 [-0.3
126150 3 1 Alpheratz; 2 Diphda +0.0kk [-0.028 | -0.007| ©o000 21,5 |+0.9 |-0.2
132:49 3 26 Spica; 33 Antares +0,146 [-0,102 | -0.037] oono2 -1.6 {+1.1 |-o.u
132:52 3 2L Gienah; 33 Antares +0,010 |+0,00k4 [ -0.010 00000 - - —-— Repeat
136:40 3 2 Diphda; 41 Dabih +0.072 }-0.075 | -0.027| oo000C -1.3 [+1.3 |-0.3
139317 1 40 Alteir; 45 Fomalhaut +0.015 |-0.021 | -0.013 ﬁeference matrix change
150:34 3 26 Spica; 27 Alkaid +0.202 |-0.202 | -0,035] 00000 1.2 [+1.2 |-0.2 )
165:05 3 21 Alphard; 25 Acrux +0,286 | -0,239 | +0,058 00001 -1.3 |+1l.1 -0.3
176:33 3 32 Alphecca; L0 Altair +0,207 [=0.18k [ -0,012 00001 Reference matrix chenge
Reference matrix change
187:41 3 30 Menkent; 34 Atris -0.222 | -0.098 | -0.159] 00001 +1.3 |+0.6 |-1.0 | Check star 25 (Acrux)
190:11 3 +0.045 | ~0.034 | +0.016 00002 -1.3 +1.0 +0.5
190:14 3 +0.002 | -0.005 | +0.001 Repeat

®] - Preferred; 2 - Nominal; 3 - Reference matrix.
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TABLE {.6-II.- MIDCOURSE NAVIGATION

Time Diatance
Group | Set/marks Star Horizon Landmark hr: * ] from earth, Remarks
r:min
miles
1 1/3 4o Altair Earth near 5:33 25 000 | This group of sightings determined the differentisl height of the
2/3 Lo Altalr Earth near horizon. Software updated with data obtained. Optics calibration
3/3 33 Antares Earth far wag 0,005 degree,
L/3 33 Antares Earth far
5/3 Peacock Earth near
2 1/3 44 Enif Earth near 25:00 106 000 Unable to calibrate because of earthshine., Used same bias as
2/3 37 Nunki Earth far previcusly.
3/3 37 Nunki Earth far
L/3 37 Nunki Earth far
5/3 45 Fomalheut |Earth near
3 1/3 26 Splea Taruntius P | 151:00 Sightinge performed on lunar landmarks; distance was 50 000 mlles
2/3 23 Densbola Taruntius P from the moon. Crew reported this set was performed with ease and
3/3 31 Arcturus Taruntius P was not as difficult as star/horizen measurements. Optics calibra-
4/3 2k Gienah Secchi K tion was 0.003 degree.
5/3 26 Spica Secchi K
6/3 31 Arcturus Secchi K
7/3 26 Spica Messier B
8/3 23 Denebola Messier B
9/3 31 Arcturus Messier B
L 1/3 2 Diphda Earth near 165:20 12¢ 000
2/3 Lh  Enif Earth far
3/3 45 Fomalhaut |Earth far
5 1/3 2 Diphda Earth near 167:16 121 000 Optics calibration was 0,005 degree.
2/3 44 Enif Earth far .
3/3 45 Fomalhaut |Earth far
6 1/3 2 Diphda Earth near 171:35 107 000 Optics calibration was 0,003 degree,
2/3 LL EBnif Earth far
3/3 45 Fomalhaut |Earth far
T 1/3 2 Diphda Earth near 17h:00 98 000 Optics calibration was 0.003 degree.
2/3 Li  Enif Barth far
3/3 45 Fomalhsut |Earth far

oz-L
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TABLE T7.6-I1I.- LUNAR LANDMARK TRACKTNG

Mark time, hr:min:sec

Landmark N;k:r Optics and mode® Remarks
First Second o
82:43:28 82:45:k0 F1 5 Sextant, resolved | Good marking. Pitch rate was 0.2 degfsec.
Started marking about 1-1/2 minutes early.
82:59:55 83:03:05 Bl 5 Sextant, resolved { Pitch rate was 0.15 degfgsec, a little low.
96:30: 130 0 Terminated in order to maneuver to high-
gain antenna attitude.
121:43:17 | 121:45:07 CP1 5 Sextant, resolved
121:56:57 121:57:21 CP2 2 Sextant, resolved [ Lost target in sextant; too much glare.
122:11:06 122:12:h7 Fl 5 Sextant, resolved | Almest lost during transfer from scanning
telescope to sextant because of brightness
and presence of two images in sextant,
122:31:36 | 122:32:47 130 5 Sextant , resolved
123:41:36 { 123:43:38 |- cP2 5 Sextant, resolved | Tracked different landmark from first pass.
123:55:37 | 123:57:11 cp2 5 Sextant, resclved
124:08:37 | 12k:09:28 F1 4 Scanning tele- In attitude hold. Ran out of trunnion before
scope, resolved all marks were completed.
12h:28:5Lk | 12k:30:36 130 5 Sextant, resolved | Started sbout 50 seconds early.
125:40:02 | 125:41:h5 CPl 5 Scanning tele-
scope, resolved
125:53:58 125:55:33 cp2 4 Scanning tele- Started late. Pitch rate too slow. Ran out
scope, resolved of trunnion.
126:06:38 | 126:08:16 F1 5 Scanning tele—
scope, resolved
126:27:34 | 126:29:34 130 5 Sextant, resolved
127:37: 127:40:15 CPL 5 Scanning tele-
scope, resolved
127:52:31 | 127:53:51 cp2 b Scanning tele- Low pitch rate; ran out of trunnion.
scope, resolved -
128:05:12 | 128:06:46 Pl b Scanning tele— Low piteh rate; ran out of trunnion.
scope, resolved
128:25:37 | 128:27:46 130 5 Sextant, resolved
134:17:47 | 134:19:18 Bl i Scanning tele- Pitch rate not fast enough.
scope, resclved
13k:30:00 | 13%:31:h7 150 5 Scanning tele- Had right target on first mark but

scope, resolved

switched to wrong target on last four.

*When sextant was used, the scanning telescope was used to

prior to tracking.

acquire and identify the landmark




TABLE 7.6~IV.- PASSIVE THERMAL CONTROL SUMMARY

. Initial rate,
Time, hrimin Roll rate, | Deadband, deglace Cone angle (C), deg . Cone angle W . .
deg/sec deg - divergence rate (a), omments
Start stop Pltch Yaw Initial Later Maximum rad/hr#*
10:06 13:00 0,10 20 0.022 -0.005
13:05 | 2k:25 0.07 20
28:01 | 29:22 0.35 30 30 30 after 1 hr 30 Quads A and C dis-
abled for starting
roll rate
29:51 | 5L:20 0.3 30 0.0012 | 0.0006 6 21 after 15 hr 30 0.11 All queds on; hit
deadband at 51:20
5h4:15 TL:06 0.3 30 0.0015 0,0003 3 26 after 14 hr 30 Q.15
139:40 | 150:30 0.3 30 =0.000k 0.0008 6 13.5 after 9 hr 14 0.09%
15k:2k4 | 16Lk:50 0.3 30 Stopped for mid-
course correction
172:14 {1TL:02 0.3 30
175:18 |176:02 0.3 30 0.0005 | -0.0006 2.1 5.7 after 2 hr 0.45
176:40 | 186:48 0.3 30

¥The ccne angle

C 1s determined by: C =

at
CO e

and the divergence rate a was determined from flight data.
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TABLE T.6-V.- MANEUVER SUMMARY

Parameter

Maneuver

First midcourse correction

Lunar orbit insertion

Lunar orbit eircularization

Transearth injection

Time
Ignition, hr:min:sec 26:32:56.8 75:55:54,0 80:25:08.1 137:36:28.9
Cuteff, hr:min:sec 26:33:03.9 76:01:50,1 80:25:22.0 137:39:13.7
Durstion, min:sec 0:07.1 5156.1 0:13.9 2:44.8
Veloeity after trimming, ft/sec
(actual/desired)
X -26.2/-26.1 2440.2/2540.3 135.0/135.4 -2931,1/=-2931.2
Y -39.8/-38.9 100k.6/1004.8 21.9/22.0 -1953.7/=1854. 4
Z -13.9/-13.4 1389.1/1389.2 11.0/11.L -877.5/-876.0
Veloelty residual, ft/sec
X -0.2 0.0 +0.5 +0.3
b4 0.0 -0.2 =04 +1.6
2 +0.3 0.0 ~0.L -0.1
Entry monitor -0.9
Engine gimbal position, deg
Initiael
Pitch +0.87 +0,91 +1.83 -0.59
Yaw -0.17 -0.10 -0.70 +0.91
Meximun excursion
Piteh 0.65 0, ik +0.22 0.3k
Yaw +0.49 -0.38 +0,29 +0.59
Steady-state
Pitch +0.87 +1.20 +1.52 -0.55%
Yaw -0.23 +0.57 -0.53 +0,91
Cutoff
Pitch +0.8% +1.61 +1.52 -0.72
Yaw -0.23 +0.57 -0.53 -0, 74
Meximum rate excursion, deg/sec
Pitch -0.3k4 +0.31 -0.20 +0, 48
Yaw +0.22 +0,12 -0,08 -0.32
Roll -0.20 -0.46 -0.32 -1.,00%
Maximum ettitude error, deg
Pitch +0.27 +0,23 <0.1 <0.1
Yaw +0.1b <0.1 <0.1 <0,1
Roll -0.33 -5.0% -1.,L5 -5.0%
*Saturated.

NOTE: Velocities are in earth-centered inertial cocrdinates.

All maneuvers made with service propulsion system.
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TABLE T.6-VI.- ENTRY NAVIGATION

Parameter Onboard computer Best-estimated
trajectory
Altitude of 400 000 feet (191:48:55)
X position, £t . . . . . . . 11 976 1Tk 11 976 7Lk
Y position, ft . . . . . . . -15 451 660 ~-15 452 783
Z position, ft . . . . . . . -8 506 213.9 -8 506 0Lo.2
X velocity, ftfsec . . . . . 27 48L.5 27 485.5
Y velocity, ft/sec . . . . . 20 511.8 20 510.1
Z velocity, ft/see . . . . . 11 927.6 11 926.6
Peak g (191:50:1k)

X position, ft . . . . . . . 14 134 875 14 135 504
position, ft . . . . . -13 745 026 -13 76 279

Z position, ft . . . . . -7 51k 8h2.5 -7 514 ThO.7
X velocity, ft/sec . . . . . 23 s5h6.8 23 547.0
velocity, ft/sec . . . . . 18 698.4 18 697.1

Z velocity, ft/sec . . . . . 10 93k4.5 10 933.6

Program 67 (191:51:10)
X position, ft . . . . . . . 15 260 899 15 261 505
Y position, ft . . . . . . . -12 817 684 -12 818 976
Z position, ft . . . . . . -6 961 509.1 -6 961 Lik4. 8
X velocity, ft/sec . . . 17 017.5 17 016.7
Y velocity, ft/sec . . . . . 15 798.5 15 798.2
Z velocity, ft/sec . . . . . g 351.5 9 311.2
Lo seconds prior to drogue deployment (i9l:56:38)

X position, ft . . . . . . . 17 683 418 17 683 006
Y position, ft . . . . . .. -9 869 311.0 -9 870 3k2.2
Z position, ft . . . . . . . -5 419 055.1 -5 418 997.5
X velocity, ft/see . . . . . 333.5 328.0
Y velocity, ft/sec . . . . . 1697.6 1699.1
Z velocity, ft/seec . . . . . 310.5 310.7




TABLE 7.6-VII.- INERTIAL COMPONENT PREFLIGHT HISTORY - COMMAND MCDULE
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Error Sample Standard No. of Countdown Flight
mean deviation samples value load
Accelercmeters
Scale factor error, ppm . . . . . -178 50.737 4 =120 -100
Bias, cm/sec2 e e e e e e e -0.065 0.136 i -0.1k -0.27
Scale factor error, ppm . . . . . -237 8.485 2 =277 -230
Bias, cm/sec2 e e e e e e e -0.055 0.162 2 -0.05 -0.07
Scale factor error, ppm . . + .+ . - -129 65.053 =124 -80
Blas, cm/sec> . . . . v v e a4 -0.045 0.035 2 0.01 0.05
Gyroscopes
Null bias drift, mERU . . . . . . 0.4 0.152 3 -1.0 0.4
Acceleration drift, spin reference
axis, mERU/g . . . . . + . . . 9.8 0.282 2 8.4 10.0
Acceleration drift, input
axis, mERU/g . + « + « 4+ o « « 2.3 T.212 2 9.1 1.0
Null bias drift, mERU . . . . . . -1.3 0.655 3 -2.2 -1.3
Acceleration drift, spin reference
axis, mERU/g . . . . . . . . . 3.h 2.969 2 b7 3.0
Acceleration drift, input
axis, mERU/g . . . . + « .« . . 8.7 - 3.818 2 10.9 13.0
Null bias drift, mERU . . . . . . 0.9 1.h436 3 1.7 1.2
Acceleration drift, spin reference
axis, mERU/g . . + + + + . . . 0.9 8.061 2 -3.7 7.0
Acceleration drift, input
axis, mERU/g . . . . . . . . . 8.6 +0. L2} 2 16.4 11.0
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T.7 REACTION CONTROL SYSTEMS

Performance of the service module reaction control system was nomi-
nal. The total propellant consumption, as shown in figure 7.7-1, was
580 pounds (282 pounds below the predicted usage); usage from each quad
is shown in figure 7.7-2. During all phases, quad-package temperatures
remained well below the maximum allowable. Two problems, discussed 'in
greater detail in section 15, are summarized below.

The command module reaction control system operated as expected dur-
ing entry. Prior to launch, the helium pressurization system for system 1
developed a small leak; the leak could not be located but caused the pres-
sure in system 1 to decrease from U4 psia at launch to 30 psia at system
activation just prior to entry. However, operation of the helium pressur-
ization system after activation was not affected.

The isolation burst disc in the oxidizer supply of system 2 was in-
advertently ruptured during prelaunch checkout. As a result, oxidizer
filled the manifold between the burst disc and the engines after the pro-
pellant isclation valves were opened during the countdown. Because both
the isolation and engine valves were redundant, as were the two systems,
the decision was made to launch with the burst disc ruptured. After
orbital insertion, the propellant isolation valves were closed, as plan-
ned; however, to preclude damage from thermal expansion of the oxidizer,
the engine valves were opened to vent the oxidizer in the lines.

Approximately 1 minute after command module/service module separa-
tion, system 2 was disabled and system 1 was used for entry control as
planned. Both manual and automatic control modes were used. As shown
in figure 7.7-3, 38 pounds of propellant were consumed for attitude con-
trol during entry.
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7.8 SERVICE PROPULSION SYSTEM

Service propulsion system performance was satisfactory during each
of the five maneuvers, with a total firing time of 545 seconds. The
actual ignition times and firing durations are contained in table 6-III.
The longest engine firing was the 356-second lunar orbit insertion maneu-
ver. The fourth and fifth service propulsion maneuvers were preceded by
a plus-X reaction control translation to effect propellant settling, and
all firings were conducted under automatic control.

_ Engine transient performance during all starts and shutdowns was
satisfactory, with no excessive chamber pressure overshoots on any maneu-
ver. Steady-state pressures during each of the five firings were con-
sistent with those of previcus flights and confirm that performance was
essentially nominal. However, gaging system data indicate a lower-than-
expected mixture ratio.

The primary gaging system operated normally during propellant load-
ing, but the auxiliary system did not. Eleven oxidizer and two fuel
point-sensors either failed or displayed intermittent operation prior to
launch. The propellant tanks were loaded to correspond with a mixture
ratio of 1.6.

The mode selection switch for the propellant utilization and gaging
system was set in the primary position for all service propulsion maneu-
vers. The propellant utilization valve was in the normal position for
the first, second, and fourth engine firings. The third firing was ini-
tiated with the propellant utilization valve in the normal position, but
during the firing, the crew made several valve position changes in an
attempt to maintain the propellant unbalance within the desired 100-pcund
limit. The fifth firing was also initiated with the valve in the normal
position, but after the 5-second ignition transient, the valve was placed
in the increase position for the remainder of the firing to reduce the
indicated unbalance.

Figure 7.8~1 shows the telemetered gaging quantities and telemetered
unbalance that was indicated to the crew at selected times, and the approx-
imate times at which the position of the propellant utilization valve was
changed. The computed indicated unbalance shown in the figure essentially
agrees with that reported by the crew. The telemetry data show that the
unbalance indications prior to crossover were lower than the actual unbal-
ance. First, the minus-0.4 percent adjustment bias in the oxidizer tank
primary gage caused an increasing negative error in the tank reading as
the oxidizer level approached zero. This zero adjustment bias was in-
corporated to prevent erroneous storage-tank readings after crossover, as
was experienced during Apollo 9. At the bottom of the tank, the error
would therefore be approximately 97 pounds. ©Secondly, the oxidizer level
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exceeded the maximum gageable quantity in the sump tank because oxidizer
was transferred from the storage tank to the sump tank as a result of
helium absorption from sump tank ullage. These two effects together ex-
plain the indicated step in the unbalance at crossover because all oxi-
dizer in the sump tank becomes gageable soon after crossover and the error
from the storage tank is no longer present., The step at crossover was
between 150 and 200 pounds (increase) and is expected to occur on future
flights.

During the third firing, the indicated unbalance was slightly in-
creasing after crossover, even with the propellant utilization valve in
the increase position, When the valve was moved to the normal position
for the last 24 seconds of the firing, the rate of increase in the unbal-
ance became progressively greater. At the end of the firing, data show
an unbalance of approximately 460 pounds on the increase side. After
crossover, the telemetered indications for both storage tanks were zero,
verifying that the zero-adjustment bias in the primary gage for the oxi-
dizer storage tank achieved the desired results.

At the end of the fifth firing, the crew reported displayed quantity
readings of 9.2 percent for oxidizer and 6.7 percent for fuel, with the
unbalance meter off-scale (greater than 600 pounds) on the increase side.
These values indicate that the unbalance continually increased from the
end of the third firing, even though the valve was in the increase posi-
tion for almost the full duration of the fifth firing.

Based on the telemetered gaging data and predicted effects of the
propellant utilization valve positions, mixture ratios of about 1.52 for
the normal valve position were derived, compared with an expected ratio
of 1.58. The expected ratio was lower than for most engines to account
for results from the actual engine acceptance test. Nonetheless, the
flight mixture ratio was approximately h-percent lower than the expected
value at the normal position of the propellant utilization valve. The
reason for the downward shift in mixture ratio is unexplained, but an
analysis for the engine to be used on the next flight shows more than
adequate margin with a shift of this magnitude. However, the propellant
utilization valve operated normally and provided the expected mixture
ratio changes as indicated by the changes in oxygen interface pressure
and verified by computer simulations.
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T.9 ENVIRONMENTAL CONTROL SYSTEM

The environmental control system provided a habitable environment
for the crew and adequate thermal control of the spacecraft equipment.

The performance of the oxygen distribution system was normal and
was comparable to previous flights. As usual, the cabin fans were not
used during the mission, and adequate oxygen circulation was achieved by
selective placement of the suit hoses. After docking, the command module
was pressurized to approximately 5.48 psia, and the pressure equalization
valve between the command module and the lunar module was opened; after-
ward, the equalized cabin pressures stabilized at approximately 3.7 psia.
The repressurization oxygen supply increased the combined cabin pressure
to the operating level of 5.0 psia.

Prior to undocking, the tunnel vent valve failed to depressurize the
tunnel. As a result, alternate procedures were established to perform
the command module hatch integrity check: for the initial undocking,
lunar module cabin pressure was decreased to 3.5 psia; for the final un-
docking, the command module cabin pressure was increased to 5.3 psia,
Postflight inspection of the tunnel vent valve revealed that the wvalve
port did not have the required vent holes. Section 15.1.16 has a detailed
discussion of this anomaly.

Operation of the carbon dioxide sensor was erratic throughout the
mission. Historically, the sensors have frequently operated improperly.
The operation of the lithium hydroxide canisters in parallel and the
overlapping changeout periods precludes any reliance on instrumentation.

During the launch countdown, servicing difficulty was experienced
with the water-separator wicks in the suit heat exchanger. Gas pene-
trated the water/gas separation plate at a pressure below the specifica-
tion value of 2.6 psi. Incomplete wetting of the wick during servicing
will cause a premature breakthrough when pressure-tested. The water in-
jection pressure was then increased from the normal L4 psi to 10 psi to
achieve a gas breakthrough level within specification limits. The sep-
arator was tested and inspected postflight and found to be normal in all
respects. The suit heat exchanger performed normally throughout the en-
tire flight.

The primary evaporator began operation soon after 1lift-off but dried
out after operating only a few minutes. The secondary coolant system was
then activated and operated without difficulty until the primary radiators
became operational. The primary evaporator was deactivated and was not
reserviced or reactivated until just prior to lumar orbit insertion. It
dried out again during the second lunar revolution and was not reactivated
until just prior to entry. The failure to operate was caused by a micro-
switch adjustment (see section 15.1.4}.
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During most of the translunar and transearth coasts, the spacecraft
was maintained in a passive thermal control mode, and the primary radi-
ators provided excellent spacecraft cooling. During lunar orbit coast,
the primary radiators provided all spacecraft cooling, except for the
brief period when the primary evaporator was operating. The maximum
radiator outlet temperature during each revolution ranged between 61°
and 75° F. This caused the peak suit inlet and water/glycol inlet tem-
peratures for the electronic-equipment cold-plate network to increase
approximately 18° F above normal for brief periods but caused no crew
discomfort. Typical coolant system operation during lunar orbit is shown
in figure T7.9-1.

The potable water tank was serviced with water prior to lift-off to
provide a maximum amount of hydrogen-free water. However, the crew found
that there was too much gas in the preflight-loaded water (see section
15.1.1kh).

During one chlorine injection, chlorine solution leaked from the
fitting and the buffer ampule would not back-fill with water when the
plunger was unscrewed. The flight ampules, used and unused, were exam-
ined for defects, and no anomalous conditions were found. The problem
was probably caused by a procedural error; the needle may not have been
fully inserted into the rubber gland and therefore would not penetrate
into the water. This could account for both the leakage of the chlorine
and the failure to obtain water in the buffer ampule.
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T.10 CREW STATION

The crew provisions, displays, and controls at the crew station
operated satisfactorily for the mission.

A major point made by the crew was that the Velcro had insufficient
holding power. Testing indicates that the holding capability of the new
low flammability Velcro compares favorably with the all-nylon type used
in the Gemini spacecraft. The reported problem apparently resulted from
the small contact areas, in some cases 1/2-inch square, making proper
alignment and maximum contact difficult.

The crew also commented on the lack of accessible stowage space for
near-simultaneous operations using many different crew items. As a cor-
rective measure, springs with snaps on each end will provide more ready-
access stowage. These springs will act as a bungee-type hold-down and
will attach to snaps already in the spacecraft. )

The crew stated that the cushion inserts used to protect cameras
and other fragile equipment were very bulky and wasted space which could
be put to a better use. An evaluation of these cushions has been made.
Some minor areas (e.g., penlights) were found where the cushions could

be reduced or eliminated. Action is in progress to resolve the effec- N

tivity of these changes to subsequent spacecraft.
The following anomalies were noted:

a. A two-compartment bag with inlet and outlet valves was provided
to separate objectionable gas from the drinking water. The separation
was accomplished by spinning the bag; however, the bag did not function
as intended (section 15.1.14).

b. The couch strut brace, which is normally stowed for launch, was
inadvertently left in the unstowed position and connected to the couch.
With the strut in place, the couch cannot stroke properly at landing
(section 15.1.6).

¢. Water pressure from the drinking water dispenser appeared to be
less than normal for a short period during the seventh day of the mission
(section 15.1.15). :

d. The 16-mm Sequence camera operated intermittently near the end
of the mission (section 15.3.3).

The forward hatch stowage bag was not used during the mission. As
a result of comments by the Apollo 9 crew, the bag had been redesigned
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to allow easier stowage. However, the need for the bag on future space-
craft is being evaluated.

The displays and controls were satisfactory, except for the follow-
ing discrepancies. The launch vehicle engine warning annunciator operated
intermittently during prelaunch testing of the engine indicators (section
15.1.18). The digital event timer jumped 2 minutes during preparations
for the first midcourse correction. The same timer alsoc jumped in inere-
ments of 10 seconds at other times in the flight (section 15.1.19).

All caution-and-warning master alarms noted during the flight have
been correlated with out-of-1imit system performance, except for one
without an annunciator indication and one during entry. Although these
two alarms are unéxplained, they are of no significance because other
data indicate satisfactory system performance.

During prelaunch operations in the altitude chamber, three caution
and warning master alarms occurred without the accompanying annunciator
indications. One alarm was associated with docking simulator contact
and the others with accelerations in the tunnel area; none could be re-
peated outside the altitude chamber. No anomalous conditions were found
at the time of the alarms. Additionally, no master alarms occurred dur-
ing the docking operstions during the mission.

An additional repeatable master alarm occurred during prelaunch
operations when the fuel cell switch was rotated to the fuel cell 1 posi-
tion. The oxygen flow measurement, which provides an input to the fuel
cell 1 caution and warning channel, was indicating zero flow on both the
telemetry and the cabin meter. The oxygen flow input to the caution and
warning comparator could cause a master alarm if the input to the com-
parator could cause a master alarm if the input to the comparator was
between minus 5 millivolts and plus 10 millivolts. In switching to the
fuel cell 1 position, the meter impedance was introduced to the oxygen
flow transducer; the impedance load on the transducer in turn tripped
the master alarm.
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7.11 CONSUMABLES

The usage of all liquid consumables, including eryogenies, is sum-
marized in this section. Electrical power consumption is discussed in
section T.2.

7.11.1 Service Propulsion System Propellants
The quantities of service propulsion propellant loaded and consumed

are shown below. The loadings were calculated from gaging system read-
ings and measured densities prior to lift-off.

Fuel, 1b Oxidizer, 1b
Loaded
In tanks 15 630 2h 973
In lines 79 124
15 709 25 097
Consumed ' 14 309 22 234
Remaining at separation 1 koo 2 863

T7.11.2 Reaction Control System Propellants

Service module.- The propellant utilization and loading data for the
service module reaction control system are presented below. Consumption
.was calculated from telemetered helium tank pressures using the relation-
ships between pressure, volume, and temperature.

Fuel, 1b Oxidizer, 1b

Loaded
Quad A 106.9 226.9
Quad B 109.4 22k .9
Quad C 109.4 2057
Quad D 109.4 225.3
Total 438.1 902.8
Consumed 207.1 372.8

Remaining at separation 231.0 530.0
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Command module.- The propellant loading and utilization data for the
command module reaction control system are tabulated below. Consumption
was calculated from pressure, volume, and temperature relationships.

Fuel, 1b Oxidizer, 1b
Loaded
System A 43.9 78.3
System B 4.1 _18.2
88.0 156.5
Consumed
System A 11.6 20.5
System B o 0
Remaining at parachute deploy
System A 32.3 57.8
System B 4.1 78.2
T6.1 136.0

T.11.3 Cryogenics

The cryogenic hydrogen and oxygen quantities loaded at lift-off and
consumed during the mission are given in the following table. Consump-
tion values are based on the electrical power produced by the fuel cells.

Hydrogen, lb Oxygen, 1b
Loaded
Tank 1 27.8 312.5
Tank 2 27.3 316.5
55.1 629.0
Consumed
Tank 1 20.0 174.0
Tank 2 18.8 172.9

38.8 346.9
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Remaining at separation

Tank 1 7.8 138.5
Tank 2 8.5 143.6
16.3 282.1

T.11.4% Water

The water quantities loaded, consumed, produced, and expelled dur-
ing the mission are summarized in the following table.

Quantity, 1b

Loaded
Potable water tank 37
Waste water tank _ 18
Produced inflight
Fuel cells 316
Lithium hydroxide, metabolic L2
Dumped overboard (including urine) 318
Evaporated ' - 5
Remaining postflight
Potable water tank 37
Waste water tank 53
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8.0 LUNAR MODULE PERFORMANCE

This section is a discussion of lunar module systems performance.
The more significant problems encountered are described in this section
and are discussed in detail in section 15.2.

8.1 STRUCTURAL AND MECHANICAL SYSTEMS

8.1.1 Structural Loads

No structural instrumentation was installed on the lunar module;
consequently, the structural performance evaluation is based on lunar
module guidance and control and cabin pressure data, on command module
acceleration data, and on analytical results.

Iunar module Joads during boost were inferred from command module
accelerations to have been within structural iimits. During S-IC shut-
down on Apollo 9, interference was detected between the descent stage
aft oxidizer tank and the descent stage upper deck without any effect on
system operation. The validity of an analysis which predicted less tank
response for Apollo 10 was substantisted by good agreement between the
predicted and measured command module accelerations (see fig. T.l-1} and
normal operation of systems.

Loads at docking, as discussed in section T.1l.1, were well within
structural limits.

The command module linear accelerometers and lunar module guidance
and control rate data and lunar module cabin pressure data indicate that
structural performance was nominal prior to ascent stage jettison. During
the ascent stage jettison the lunar module cabin pressure decayed abruptly
(see section 15.2.12).

8.2 THERMAL CONTROL

The passive and active thermal control systems performed nominally,
and no thermal problems were evident during the mission. The lunar mcd-
ule insplation performed satisfactorily, as evidenced by a total change
in bulk propellant temperature of 3° F for the entire mission. Rendez-
vous and landing radar temperatures remained within predicted limits.




The paint on the lunar module skin outboard of the right front win-
dow-blistered. This surface had been painted with black Pyromark paint
for glare reduction, not thermal control. For the Apollo 10 lumar module,
the Pyromark was painted over silicon oxide, which does not provide a
proper bond. For subsequent lunar modules, the black Pyromark is applied
directly to the anodized aluminum, which will provide a good bond.

8.3 ELECTRICAL POWER

The power distribution system performed nominally during the mission.

The voltages on both de buses were maintained above 29 volts with
maximum total loads of 84 amperes. The ac bus voltages were maintained
between 116 and 118 volts at 40O hertz.

The descent, ascent, and pyrotechnic batteries performed satisfac-
torily. At staging, the descent batteries had supplied 440 A-h of a
nominal total capacity of 1600 A~-h. The difference in load-sharing at
staging was 12 A-h on batteries 1 and 2 and 16 A-h on batteries 3 and L.
On Apollo 9, these differences, at the same discharge level, were 18
and 28 A-h, respectively. A capacity history is shown in figure 8.3-1.

At the completion of the ascent propulsion firing to depletion,
the two ascent batteries had delivered a total of approximately 318 A-h;
the rated capacity was 296 A-h per battery at 28 volts. After the
firing, the ascent batteries were allowed to deplete with the two de
buses tied together. The battery voltages remained above 28 volts until
battery 5 had delivered 346 A-h and battery 6 had delivered 330 A-h.
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8.4 COMMUNICATIONS EQUIPMENT

Operation of the communication equipment was nominal, except as
briefly discussed in the following paragraphs. All tests were success-—
fully completed except the relay tests, which were deleted because of
time limitations, and the steerable antenna tracking test during the roll-
over maneuver, which was not performed because of antenns operational
problems at the time.

During the beginning of lunar orbit revolution 13, the S-band steer-
able antenna did not track properly. Ground station data indicate the
antenna was at a fixed position, and changes in vehicle attitude were
causing a gradual drop in signal level. The cause, verified by the crew,
was that the antenna mode switch was changed from SLEW (manual) to OFF
instead of to AUTO (see section 15.2.4).

During revolution 13, the S-band backup voice on the omnidirectional
antenna was marginal at the Mission Control Center. This problem has been
isolated to the Network (see section 15.2.3).

Transmission from the lunar module to the command module on simplex-A
was not obtained during two periocds of revoluticn 10. The first was at
94 hours 46 minutes, when the Lunar Module Pilot had returned to the com-
mand module. At the time, the circuit breaker which supplies voltage for
transmitter A was open, and the link could not be used. Use of simplex-A
was unsuccessfully attempted a second time at about 95 hours. Numerous
configuration changes were being made in both vehicles, and the two ve-
hicles were probably not configured simultaneously for VHF A communica-
tions (see section 15.1.5).

A short interval of lunar module Qump data was received from 99:35:10
to 99:38:52, then modulation of the carrier, as recorded at various ground
stations, ceased abruptly (see section 15.29).
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8.5 INSTRUMENTATION

The operational instrumentation system monitored 139 analog and digi-
tal measurements and 130 bilevel events. The performance was satisfactory
except as discussed in the following paragraphs.

The indicated fuel manifold pressure in reaction control system A
was low after launch and decreased to zero during the ascent engine firing
to depletion. The system operated properly; therefore, the transducer
first shifted negative, then failed completely. The transducer measuring
oxidizer manifold pressure in system B also shifted negatively after
launch.

The temperature on the radioisotope thermal generator cask read
"upper level" during the flight. Before launch, the reading was correct.
At 10 000 feet, this measurement is switched from a transducer on the
cask to one behind an adjacent heat shield. Either the barometric switch
or an open circuit in the transducer wiring are considered the probable
sources of failure.

The ullage pressure for the descent oxidizer tank read zero on the
cabin display prior to the descent engine firing. A redundant measure-
ment was normal, and another measurement using the same display meter
also was normal. The probable cause of failure was the transducer or the
26-gage wire between the transducer and the display.

The indicated temperature in the primary coolant loop was zero during
the first manning, when pump 2 was used. During the second manning,
pump 1 in the primary loop was used and the measurement was normal. The
temperature measurement is connected through the pump selection switch,
with a jumper wire between the pump 1 and pump 2 contacts; thus, the
measurement is routed to the display meter regardless of which pump is
selected. Since the measurement read correctly in one position and not
the other, a broken jumper wire is the probable cause of failure.

Five thrust chamber pressure switches in the reaction control system
either failed or were intermittent. System operation was not affected.

All of the above instrumentation anocmalies are discussed in addi-
tional detail in Section 15.2.11.




8.6 LUNAR MODULE GUIDANCE AND CONTROL

The performance of the guidance and control systems was excellent.
Power-up, initialization, and alignment of the primary and abort guidance
systems were accomplished as planned except that the scheduled inflight
calibration of the abort guidance system was omitted. Following undocking,
the inertial measurement unit was aligned three times and the abort guid-
ance system was frequently aligned to the primary system.

Guidance and control of all ascent and descent engine firings was
nominal. A gimbal drive actuator alarm occurred during the phasing ma-
neuver; however, the data indicate normal operation. The suspected cause
is motion with no drive command present (see section 15.2.1). The ascent
propulsion firing to depletion was controlled by the abort guidance sys-
tem. )

Al]l attitude control operations were nominal, including those during
the staging maneuver when the vehicle rotated to an attitude which pointed
the Z-axis toward the command module. The yaw rate gyro output during
this period was incorrect (see section 15.2.10),

8.6.1 Mission Related Performance

The guidance and control systems were powered up prior to undocking.
During loading of the primary system erasable memory, the abort system
time initialization constant had to be reloaded to correct a load. Trans-
fers of the state vector from the primary to the abort guidance were ac-—
curately accomplished (table 8.6-I).

The initial alignment of the primary system was nominal, as indicated
by the command module platform gimbal angles. However, a subsequent gimbal
angle comparison indicated & shift of approximately 3.5 degrees about the
X-axis. This shift was at the docking interface, apparently in response
to command module roll thruster firings. Three optical alignments were
performed after undocking (table 8.6-II), and the small gyro torquing
angles from the first alignment indicate that the docked alignment was
accurate to well within the reported 3.5-degree shift. The gyro torquing
angles obtained from the second and third alignments indicate either an
alignment error or a larger than expected shift in the X-axis gyro drift.

The abort system alignment accuracies were within the specified
computational transfer error of 0.067 degree (table 8.6-III). Before
and after undocking, the rendezvous parameter display calculations from
both the primary system and the abort system were used to check for state
vector and alignment agreement between the two systems. This display is
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used during rendezvous to determine the elevation angle of the command
module with respect to the lunar module local horizontal, assuming the
Z-axis is pointing at the command module. When the comparison was made,
differences of up to 36 degrees were noted, but they disappeared after
undocking. The angle calculated by the primary system is the angle be-
tween the spacecraft Z-axis and the local horizontal plane. The angle

" calculated by the abort system is the angle between the Z-axis and the

intersection of the local horizontal and orbital planes. The two angles
are equivalent and comparable only when the Z-axis is in the orbital plane
(zero yaw angle). The apparent dependence on docking occcurred because the
Z-axis normally is rotated into the orbital plane after undocking.

All attitude control operations were nominal even during the attitude
gyrations at staging. The crew remarked on the great amount of control
authority available in the lightweight ascent stage configuration; however,
operation was as expected.

Pertinent information from each of the transiation maneuvers is sum-
marized in table 8.6-IV. Spacecraft dynamics during the phasing maneuver
are shown in figure 8.6-1; although a gimbal drive actuastor alarm occurred
14 seconds after ignition, the behavior of the actuators was nominal. If
the gimbal trim had been incorrect, the thruster duty cycle would have
been much higher. Figure B.6-2 shows velocity-to-be-gained during this
maneuver and also indicates nominal performance.

Figures 8.6-3 and 8.6-4 present the time histories for the insertion
maneuver, which was inadvertently performed in a 0.3-degree rather than
the intended 1.0-degree deadband. Despite this, the maneuver results were
nominal. Figure 8.6-5 presents gimbal angles for this maneuver. Although
the crew remarked on the apparent "wallowing" tendency, the performance
was as expected.

Figures 8.6-6 and 8.6-T7 present the ascent firing-to-depletion his-
tories. The variation in the thruster duty cycle was caused by movement
of the center of gravity toward the thrust vector.

8.6.2 Pri