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Power-on tumbling
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heat rate
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heat locac
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1.0 SUMMARY

The Apollo T space vehicle was launched from Cape Kennedy, Florida,
at 11:02:45 a.m. e.d.t. on October 11, 1968. After a nominal boost phase,
the spacecraft and S-IVB combination was inserted into an orbit of 123 by
153 nautical miles. Prior to separation of the command and service module
from the S-IVB, the crew manually controlled the spacecraft/S-IVB combin-
ation. After separation, a transposition and simulated docking exercise
was completed. Phasing maneuvers were later executed in preparation for
a successful rendezvous with the S-IVB. During the 10.8-day flight, eight
planned maneuvers using the service propulsion system were completed, and
all major mission objectives were satisfied.

Almost without exception, spacecraft systems operated as intended.
All temperatures varied within acceptable limits and essentially exhibited
predicted behavior. Consumable usage was always maintained at safe levels
and permitted introduction of additional flight activities toward the end
of the mission. Communications quality was generally good, and live tele-
vision was transmitted to ground stations on seven occasions. A test of
the rendezvous radar transponder was completed in support of later flights
with the lunar module. Manual control of the spacecraft by the crew was
good. Even though somewhat hampered by head colds and upper respiratory
congestion, the crew satisfactorily performed all flight-plan functions
and completed the photographic experiments.

A normal deorbit, entry, and landing sequence was completed, with all
parachutes operating properly. The vehicle landed at 260:09:03 in the
Atlantic Ocean southeast of Bermuda. The crew was retrieved by helicopter,
and the spacecraft and crew were taken aboard the prime recovery ship,

USS Essex.



2.0 MISSION DESCRIPTION

The Apollo 7 mission followed the planned mission in almost all re-
spects. The spacecraft was launched at 11:02:45 a.m. e.d.t. on October 11,
1968, from launch complex 34, Cape Kennedy, Florida. The launch phase was
nominal, and the spacecraft was inserted into a 123- by 153-n. mi. orbit.
Table 2-1 contains a sequence of events for the launch phase.

The crew performed a manual takeover of the S-IVB attitude control
during the second revolution, and the control system responded properly.
The spacecraft separated from the S-IVB at 02:55:02, followed by space-
craft transposition, simulated docking, and station-keeping with the S-IVB.

At 03:20:10, a phasing maneuver was performed with the service module
reaction control system to establish the conditions required for the ren-
dezvous scheduled for approximately 1 day later. The maneuver was target-
ed to place the spacecraft approximately T5 n. mi. ahead of the S-IVB at
26:25:00. During the next 6 revolutions, however, the orbit of the S-IVB
decayed more rapidly than anticipated, and a second phasing maneuver was
performed to obtain the desired initial conditions. Table 2-II lists the
orbital elements prior to and after each maneuver.

The first service propulsion maneuver was &a corrective combination
maneuver for the rendezvous and was targeted to achieve the proper phase
and height offset so that the second maneuver would result in an orbit
coelliptic with that of the S-IVB. The two maneuvers resulted in terminal-
phase-initiation conditions very close to those planned.

The terminal-phase-initiation maneuver, performed at 29:16:45,
used an onboard computer solution based on sextant tracking of the S-IVB.
A small midcourse correction was made, followed by braking and final
closure to within TO feet of the S-IVB at approximately. 30 hours. Station-
keeping was performed for about 20 minutes. Final separation consisted of
a 2 ft/sec posigrade maneuver with the reaction control system.

The 2k-hour period following separation was devoted to a sextant
calibration test, a rendezvous navigation test, an attitude control test,
and a primary evaporator test. The crew used the sextant to visually
track the S-IVB to distances of 320 n. mi.

The third service propulsion maneuver, which used the stabilization
and control system, was performed at 75:48:00 and lasted 9.1 seconds. The
maneuver was performed earlier than planned in order to increase the back-
up deorbit capability of the service-module reaction control system and
resulted in moving the orbital perigee to a lower altitude over the
northern hemisphere.



The test of the rendezvous radar transponder was performed later
than planned, during revolution 48, and lock-on with a radar at White
Sands Missile Range was accomplished at 76 hours 27 minutes at a range
of 415 n. mi.

A test to determine whether the radiator in the environmental con-
trol system had degraded was successfully conducted during the period
from 92-1/2 to 97 hours, and operation of the system was validated for
lunar flight.

The fourth service propulsion maneuver was initiated at 120:43:00
for a duration of 0.5 second to evaluate the minimum-impulse capability
of the service propulsion engine. The test was successfully performed
and resulted in a velocity change of 12.9 ft/sec.

At approximately 161 hours, an increase was noted in the temperature
at the condenser exit in fuel cell 2, and as a precautionary measure, this
unit was taken off-line until just prior to the next service propulsion
maneuver.

The fifth service-propulsion maneuver was conducted at 165:00:00.
To assure verification of the propellant gaging system, the firing dura-
tion was increased from that originally planned. The 67.6-second maneuver
produced the largest velocity change during the mission and incorporated
a manual thrust-vector-control takeover approximately half-way through the
maneuver. The maneuver was targeted to position the spacecraft for an
optimum deorbit maneuver at the end of the planned orbital phase.

The sixth service propulsion maneuver was performed during the
eighth day and was a second minimum-impulse maneuver. This firing lasted
0.5 second, as planned, and resulted in a velocity change of 15.4 ft/sec.

The seventh service propulsion maneuver was performed on the tenth
day at 239:06:12 and lasted for T.6 seconds. This maneuver was targeted
to place the perigee at the proper longitude for eventual spacecraft
recovery. Hydrogen stratification and optics degradation tests were also
conducted during the tenth day.

The eleventh, and final, day of the mission was devoted primarily to
preparation for the deorbit maneuver, which was performed at 259:39:16.
The service module was jettisoned, and the entry was performed using both
automatic and manual guidance modes.

The parachute system effected a soft landing at 260:09:03 in the
Atlantic Ocean near the recovery ship, USS Essex. Upon landing, the
spacecraft turned over to an apex-down flotation attitude, but was suc-
cessfully returned to the normal flotation position by the inflatable
bag uprighting system. The crew was retrieved by helicopter, and the
spacecraft was later taken aboard the recovery ship.
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TABLE 2-I.- SEQUENCE OF EVENTS

Event Time, hr:min:sec
Planned® Actual
Launch Phase
Range zero (15:02:45 G.m.t.)
Lift-off (15:02:45.36 G.m.t.) 00:00:00.2 00:00:00. 4
Maximum dynamic pressure 00:01:15.6 00:01:18.5
S-IB inboard engine cutoff 00:02:20.3 00:02:20.7
S-IB outboard engine cutoff 00:02:25.3 00:02:2L4.3
S-IB/S~IVB separation 00:02:24.6 00:02:25.6
S-IVB engine ignition 00:02:26.0 00:02:27.0
Escape tower jettison 00:02:43.3 00:02:46.5
S-IVB engine cutoff 00:10:14.8 00:10:16.8
| Orbital Phase
Orbital insertion 00:10:24.8 00:10:26.8
S-IVB safing start 01:34:27.0 01:34:29.0
S-IVB safing terminate 01:46:28.0 01:46:30.0
S-IVB takeover 02:29:55 02:30:49.1
Spacecraft/S-IVB separation 02:5k4:55.2 02:55:02
First phasing maneuver start 03:20:00 03:20:09.9
First phasing maneuver cutoff 03:20:16.3 03:20:26.7
Second phasing maneuver start 15:52:00 15:52 20049
Second phasing maneuver cutoff 1.51:5200.8.15 15552 :18.5
First service propulsion ignition 26:2k4:55.2 26:2L:55.7
First service propulsion cutoff 26:25:0L4.7 26:25:05.7
Second service propulsion ignition 28:00:56.0 28:00:56.5
Second service propulsion cutoff 28:01:03.8 28:01:0L.
Terminal phase initiate start 29:18:3L4.0 29:16:33

aPlanned times for the launch phase are those calculated prior to
the mission; planned times after orbital insertion are the last updated
time prior to the event.
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TABLE 2-I.- SEQUENCE OF EVENTS - Concluded

Time, hr:min:sec

Event =
Planned Actual
Orbital Phase - Concluded
Begin braking 29:43:34 29:43:55
End braking, begin station-keeping 29:53:3k 29:55:43
Separation maneuver start 30:20:00 30:20:00
Separation maneuver cutoff 30:20:05. 4 30:20:05.4
Third service propulsion ignition 75:47:58.6 75:48:00.3
Third service propulsion cutoff 75:48:07.8 75:48:09.3
Fourth service propulsion ignition 120:L43:00 120:43:00.5
Fourth service propulsion cutoff 120:43:00.4 | 120:43:00.9
Fifth service propulsion ignition 165:00:00 165:00:00.5
Fifth service propulsion cutoff 165:01:05.9 165:01:07.6
Sixth service propulsion ignition 210:08:00 210:08:00.5
Sixth service propulsion cutoff 210:08:00.4 | 210:08:01.0
Seventh service propulsion ignition 239:06:11 239:06:12.0
Seventh service propulsion cutoff 239:06:18.8 | 239:06:19.7
Eighth service propulsion ignition 259:39:15.9 259:39:16.3
Eighth service propulsion cutoff 259:39:27.9 259:39:28.2
Entry Phase
Command module/service module separation 259:43:33.8 | 259:43:33.8
Entry interface (400 000 feet) 259:53:26 259:53:27
Enter blackout 259:56:17 259:54:58
Leave blackout 259:59:14 259:59:46
Drogue deployment 260:03:17 260:03:23
Main parachute deployment 260:0L4:14 260:04:13
Landing 260:08:58 260:09:03

aPlanned times for the launch phase are those calculated prior to
the mission; planned times after orbital insertion are the last updated

time prior to the event.



TABLE 2-II.- ORBITAL ELEMENTS BEFORE AND AFTER MANEUVERS

Before maneuver After maneuver
Maneuver Condition

Planned Actual Planned Actual

Apogee, n. mi. . . . . . - - 15%..5 T53

; Perigee, n. mi. . . . . == == 123.0 1238.3
SussThion Period, min . . . . . . e s, 89.66 89.70
Inclination, deg . . . . — = 35S 5T 31158

Apogee, n. mi. . . . . . 15.15 153.7 166.8 167.5

. Perigee, n. mi. . . . . 123.0 1233 123.2 123.4

S=LVE venting Period, min . . . . . . 89. 66 89.70 89.95 89.96
Inclination, deg . . . . 35 31.58 31.5T 31.58

Apogee, n. mi. . . . . . 166.8 167.5 166.9 167.0

Spacecraft/S-IVB Perigee, n. mi. . . . . 123.2 1284 122.9 125.3
separation Period, min . . . . . . 89.95 89.96 89.94 89.99
Inclination, deg . . . . 31.57 31.58 31.64 31.61

First Apogee, n. mi. . . . . . 166.9 167.0 16k, 1 165.2
TS Perigee, n. mi. . . . . 122.9 12523 122.4 124.8
N Period, min . . . . . . 89.94 89.99 89.88 89.95
p & Inclination, deg . . . . 31.6k 31.61 31.62 31.62
Apogee, n. mi. . . . . . 16L4.0 165.1 164 .4 16L.7

i:ggzgvous Perigee, n. mi. . . . . 122.0 124.7 120.2 120.8
hasin Period, min . . . . . . 89.87 89.95 89.84 89.86
P & Inclination, deg . . . . 31.62 31.62 31.61 31.62
Corrective Apogee, n. mi. . . . . . 164.0 164.6 196.1 194.1
combination Perigee, n. mi. . . . . 120.0 120.6 125.2 123.0
(first service Period, min . . . . . . 89.83 39.86 90.55 90.57
propulsion) Inclination, deg . . . . 31.62 31.62 31.62 31.62

6-2¢




TABLE 2-II.- ORBITAL ELEMENTS BEFORE AND AFTER MANEUVERS - Continued

Before maneuver

After maneuver

Maneuver Condition
Planned Actual Planned Actual
Coelliptic Apogee, n. mi. 196.1 194.1 153.4 153.6
(second Perigee, n. mi. 325.2 123.0 113.9 113.9
service Period, min 90.55 90.57 89.52 89.52
propulsion) Inclination, deg . 31.62 31.62 31.63 31.63
Apogee, n. mi. 153.4 153.6 153.9 154.1
Terminal phase Perigee, n. mi. 113.9 113.9 21,7 121.6
initiate Period, min 89.52 89.52 89.68 89.68
Inclination, deg . 31.63 31.63 31.62 31.61
. Apogee, n. mi. 153.9 154.1 160.9 161.0
?;g:i?:i poase Perigee, n. mi. 121.7 121.6 121.8 122.1
fhrakine) Period, min 89.68 89.68 89.81 89.82
€ Inclination, deg . 31.62 31.61 31.62 31.61
Apogee, n. mi. 160.9 161.0 161.7 161.0
Separation Perigee, n. mi. 121.8 122.1 122.0 122.2
P Period, min 89.81 89.82 89.83 89.82
Inclination, deg . 31.62 31.61 31.6k 31.61
Apogee, n. mi. 159.5 159.4 160.1 159.7
Third service Perigee, n. mi. 121.5 121:3 90.3 89.5
propulsion Period, min 89.76 89.77 89.19 89.17
Inclination, deg . 31.61 3161 31.26 31.23
Apogee, n. mi. 150.T 149.4 156.3 156.7
Fourth service Perigee, n. mi. 88.9 87.5 90.1 89.1
propulsion Period, min 88.99 88.9L4 89.12 89.11
Inclination, deg . 31.24 31.25 31.22 31.24

>
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TABLE 2-IT.- ORBITAL ELEMENTS BEFORE AND AFTER MANEUVERS - Concluded

Before maneuver

After maneuver

Maneuver Condition
Planned Actual Planned Actual
Apogee, n. mi. 147.3 146.5 240.6 2hh. 2
Fifth service Perigee, n. mi. 89.1 87.1 89.8 89.1
propulsion Period, min 88.93 88.88 90.72 90.7T
Inclination, deg . 3125 318.25 30.09 30.08
Apogee, n. mi. 232.1 234.8 236.0 234.6
Sixth service Perigee, n. mi. 90.1 88.5 90.2 88.4
propulsion Period, min 90.58 90.59 90.64 90.58
Inclination, deg . 30.07 30.08 30.05 30.07
Apogee, n. mi. 230.4 228.3 230.3 229.8
Seventh service Perigee, n. mi. 90.2 88.L4 90.0 88.5
propulsion Period, min 90.53 90.24 90.52 90.48
Inclination, deg . 30 0T 30.0T7 29.688 29.87
Apogee, n. mi. 227.8 225.3 — -
Eighth service Perigee, n. mi. 90.0 88.2 — -
propulsion Period, min 90.48 90.39 Entry Entry
Inclination, deg . 29.88 29.88 == e

4=



3.0 TRAJECTORY

The planned trajectory parameters for the phase from lift-off to
spacecraft/S-IVB separation are based on preflight-calculated trajec-
tories; 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 mission data from the Manned Space
Flight Network. The Marshall Space Flight Center provided the trajectory
data for the phase from lift-off to spacecraft/S-IVB separation; a de-
tailed analysis of these data is presented in reference 1. The orbital
trajectory analysis is based on the best-estimate trajectory generated
21 days after the end of the mission.

The earth model for all trajectory analysis contained geodetic and
gravitational constants representing the Fischer ellipsoid. The state
vectors for orbital events, based on analysis in section 3.2, are in the
geographic coordinate system defined in table 3-I. The ground track of
the rendezvous sequence and the locations of the tracking network sites
are shown in figure 3-1.

3.1 LAUNCH

The launch-phase trajectory (fig. 3-2) was nominal during S-IB stage
flight. Planned and actual trajectory parameters agreed well, as shown
in figure 3-2. The actual cutoff times for the inboard and outboard en-
gines were within 1.0 second of the planned times. At outboard engine
cutoff (table 3-II), the velocity, flight-path angle, and altitude were
low by 11.2 ft/sec, 0.05 degree, and 99 feet, respectively.

The S-IVB stage trajectory parameters were also nominal (fig. 3-2).
S-IVB cutoff was 2 seconds later than predicted; velocity and altitude
were low by 1 ft/sec and 463 feet, respectively, and flight-path angle was
high by 0.01 degree (table 3-II). At orbital insertion (S-IVB cutoff plus
10 seconds), the velocity, flight-path angle, and altitude were high by
4 ft/sec, 0.01 degree, and 568 feet, respectively. Trajectory conditions
for the S-IVB stage liquid oxygen dump and for spacecraft/S-IVB separation
are shown in table 3-II.



3.2 EARTH ORBIT i

The trajectory for the command and service module was reconstructed
from spacecraft/S-IVB separation to entry interface (400 000 feet) using
low-speed S-band tracking data. Low-speed skin tracking data were also
utilized when available. The quality of the S-band data was generally
good. For a representative fit, the maximum value of the residuals was
5-Hz for doppler, LOO feet for range, and 0.08 degree for X and Y angles.
More important, the comparison showed a difference in total position of g
less than 1500 feet and a difference in total velocity of less than
1.5 ft/sec. For off-range periods where propagation times beyond the fit
interval were large, the differences in total position and total velocity
were on the order of 3000 feet and 3.0 ft/sec, respectively. A few se-
lected vectors from the Real Time Computer Complex were compared with the
postflight vectors, and the comparison was satisfactory.

Approximately 80 passes of S-band data, representing all stations,
contained anomalous data; this number was less than 10 percent of the
total and did not compromise the trajectory reconstruction. In the fits
where the amount of data and the corresponding data interval were large,
drag was included in the solution vector, which substantially improved
the fits, especially during the period of low perigee. Even though the
skin tracking data were noisy, as expected, the quality was good, and the
data were consistent with the S-band data.

3.2.1 Rendezvous Maneuvers

Conditions and parameters during the rendezvous sequence are presented
in table 3-III. The lack of tracking information during the terminal-
phase-initiate maneuver prevented obtaining any valid vector solutions at
cutoff. Table 3-IV contains a comparison of rendezvous maneuver veloci-
ties, figure 3-1 presents a ground track of the revolutions during rendez-
vous, and figure 3-3 illustrates the relative motion between the command
and service modules and the S-IVB.

At 3:20:09.9, the first phasing maneuver (table 3-IV) was performed
with the reaction control system so that by 26:25:00, the spacecraft would
lead the S-IVB by about 75 n. mi. The retrograde velocity change of
5.7 ft/sec placed the spacecraft in a 165 by 124.8 n. mi. orbit. After
the first phasing maneuver, the S-IVB orbit decayed more rapidly than
expected, and a second phasing maneuver was performed at 15:52:00.9. The
resulting retrograde velocity change of T ft/sec was about 0.5 ft/sec 1
greater than planned and caused the spacecraft to lead by about 84 n. mi.
instead of by the intended 75 n. mi., although this had little effect on
the ensuing targeting. The resultant orbit was 164.7 by 120.8 n. mi.
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The first service propulsion maneuver, a corrective combination ma-
neuver, was initiated at 26:24:55.7 and lasted for 9.5 seconds to achieve
the 1.3-degree phasing and 8-n. mi. height offset required for the co-
elliptic maneuver planned for 1 hour 36 minutes later. The maneuver was
executed as planned, and the resultant ellipse was 194.1 by 123 n. mi.

The second service propulsion maneuver (table 3-IV, fig. 3-3) was
initiated at 28:00:56 when the spacecraft was approximately 80 n. mi. be-
hind and 7.8 n. mi. below the S-IVB stage. This 7.9-second firing was
targeted to achieve a coelliptic orbit with the S-IVB, but minor disper-
sions in the actual orbit determination and in the maneuver execution
caused the coellipticity to vary by about 1 n. mi. As a result, terminal
phase initiation occurred about 4.5 minutes earlier than had been targeted
but still well within the maximum of 12 minutes.

The terminal phase initiation maneuver (table 3-IV) was performed
at 29:16:33, and was based on the onboard computer solution, using data
from sextant tracking of the S-IVB. The U6-second maneuver, performed
with the reaction control system, provided a velocity change of 17.7 ft/
sec.

The first midcourse correction was performed at 39:30:42 and was
based on the onboard solution and the backup chart. The reaction control
system was used to achieve a velocity change of 2 ft/sec aft and 0.5 ft/sec
up. A second midcourse correction was computed but was very small and con-
sequently was not performed.

The braking phase (table 3-IV) was initiated at 29:43:55 with visual
line-of-sight rate correction. At 7 minutes 51 seconds before theoretical
intercept, braking was started at a range of 1.2 n. mi. Range-rate con-
trol was initiated at a range of 0.6 n. mi. as compared with the nominal
of 0.5 n. mi. for this rendezvous. The total change in velocity during
the braking phase was 49.1 ft/sec. Braking was completed at 29:55:43,
and the spacecraft and S-IVB were in a 161.0 by 122.2 n. mi. orbit.

3.2.2 Service Propulsion Maneuvers

Six additional service propulsion maneuvers were performed after the
two required for rendezvous. The conditions at ignition and cutoff for.
each of these maneuvers are shown in table 3-III, and the planned and
actual velocity changes and maneuver times are compared in table 3-V.

The velocity magnitudes were determined from platform accelerometer data
and do not include velocity changes from the reaction control plus X
translations prior to each maneuver. The differences between the planned
and actual conditions for the first six maneuvers (table 3-V) resulted
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from the unpredictable tail-off characteristics exhibited by the service
propulsion engine. Figure 3-4 shows the resulting apogee and perigee
altitudes for each maneuver.

To improve the backup deorbit capability of the service module reac-
tion control system, the time of initiation for the third service pro-
pulsion maneuver was advanced approximately 16 hours from the original
flight plan. The maneuver was targeted to lower the perigee point to
90 n. mi. and place it in the northern hemisphere. The in-plane velocity
required to satisfy this orbit was not sufficient to produce a valid test
of the stabilization and control system; therefore, 200 ft/sec in addi-
tional velocity was directed out-of-plane to the south during the maneu-
ver. Ignition occurred at 75:48:00.3, and the orbit resulting from the
9-second firing was a 159.7 by 89.5 n. mi. ellipse.

The fourth service propulsion maneuver was a 0.5-second, minimum im-
pulse, posigrade, in-plane maneuver which was initiated at 120:43:00.L4
and resulted in a 156.7 by 89.1 n. mi. ellipse.

The fifth service propulsion maneuver was targeted for a desired end-
of-mission ground track such that the deorbit maneuver (eighth service
propulsion maneuver) would have at least 2 minutes of Hawaii tracking and
such that if another revolution was required, the service module reaction
control system could provide a deorbit capability from apogee to a landing
at latitude 29 degrees north and longitude 60 degrees west. The required
shift in the orbital plane was accomplished by a large out-of-plane ve-
locity component in combination with an orbital-period adjustment. The
6T-second maneuver was initiated at 165:00:00.5 and resulted in a change
in velocity of 1691 ft/sec and an elliptical orbit of 24LL.2 by 89.1 n. mi.
Because of a late cutoff, the velocity change was 49 ft/sec greater than
planned, but the trajectory was not significantly perturbed.

The sixth service propulsion maneuver lasted 0.5 second, and was the
second minimum-impulse firing. This maneuver was initiated at 210:08:00.5
and was directed out-of-plane because no change in the orbit was desired.

The seventh service propulsion maneuver was targeted to place the
perigee for revolution 163 at longitude L5 degrees west to provide an
optimal deorbit capability. The 8.2-second maneuver was initiated at
239:06:12.0 and succeeded in rotating the line of apsides approximately
30 degrees to the west. A 100 ft/sec velocity change, directed out-of-
plane to the north, increased the firing time and provided a more valid
test of the stabilization and control system. The orbit resulting from
this maneuver was 229.8 by 88.5 n. mi.
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The eighth service propulsion system maneuver was performed to de-
orbit the spacecraft. This 12.L4-second maneuver was initiated at
259:39:16.3. As shown in table 3-III, the actual conditions agreed well
with the planned conditions at cutoff.

3.3 ENTRY

The planned entry trajectory was based upon the state vector obtained
by the Honeysuckle tracking site but with a nominal deorbit maneuver and
integration to drogue deployment added. The planned trajectory differed
from the actual because the 1lift vector was held at a 55-degree roll-right
attitude 60 seconds longer than planned. The actual trajectory values
shown in figure 3-5 were obtained from the best-estimate vector based on
radar tracking after the deorbit maneuver and included corrections for
known inertial measurement unit errors in the guidance and navigation
platform accelerometer data. Table 3-VI presents the planned and actual
conditions at entry interface. The onboard guidance system indicated a
1.0 n. mi. undershoot at drogue deployment compared with a 2.2 n. mi.
overshoot indicated by the reconstructed trajectory.

3.4 S-IVB AND SERVICE MODULE ENTRY

The point of impact for the S-IVB stage was latitude 8.9 degrees
south and longitude 81.6 degrees east (in the Indian Ocean); impact
was at 168:27:00.

At command module/service module separation, the minus X reaction
control engines of the service module should have ignited to impart a
velocity change of about 290 ft/sec posigrade to the service module. At
2 seconds after separation, the plus roll engines should have ignited
for 5.5 seconds to spin-stabilize the service module. Under these con-
ditions, the service module would have remained ahead of and above the
command module during entry, as shown in figure 3-6. Tracking data and
visual observations indicate that the service module may have been tumb-
ling after separation. Because of the apparent separation velocity and
the momentary thrust impingement disturbances noted on the command module
at separation, the minus X thrusters fired. The redundancy in the cir-
cuits which control the firing of these thrusters also suggests that an
electrical failure is very unlikely.

However, the trajectory reconstruction of the service module and
the analysis of the dynamics show that a velocity change of only about
25 to 30 ft/sec occurred, which would be consistent with a failure of
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the roll engines in the service module reaction control system. Without
the roll engines firing, the vehicle would become unstable, and the sub-
sequent tumbling reduces the effective velocity change to the levels
observed. There are no indications available which can either confirm
or deny roll-engine operation.

Figure 3-T7 shows that the two vehicles had different velocities, and
the separation distance was always increasing. The time accuracy of the
trajectory reconstruction was poor; consequently, the actual path of the
service module, shown in figure 3-6, could have been more critical (that
is, closer to the command module) than shown. The time of the thermal
and dynamic disturbances noted in the data from body rates, calorimeters,
and thermocouple measurements in the heat shield are also indicated on
the figure. Proximity of the command module and service module to each
other was such that shock wave and flow disturbances caused by the service
module could explain the thermal and dynamic responses noted. Further-
more, the disturbances were at approximately the time the crew reported
hearing a loud noise.

During the entry period, three objects — the command module, the
service module, and a 1l2-foot insulation disk from between the two
modules — were tracked simultaneously and also sighted visually. The
trajectory reconstruction indicates the service module impacted at
approximately 260:03:00 in the Atlantic Ocean at latitude 29 degrees
north and longitude T2 degrees west.
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TABLE 3-I.- DEFINITION OF TRAJECTORY AND ORBITAL PARAMETERS

Trajectory parameters

Geodetic latitude

Longitude

Altitude

Space-fixed velocity

Space-fixed flight-path angle

Space-fixed heading

Apogee

Perigee

Period

Inclination

Definition

Spacecraft position measured north or
south from the equator to the local
vertical vector, deg

Spacecraft position measured east or
west from the Greenwich meridian to the
local vertical vector, deg

Perpendicular distance from the reference
ellipsoid to the point of orbit inter-
sect, ft

Magnitude of the inertial velocity vector
referenced to the earth-centered, iner-
tial reference coordinate system, ft/sec

Flight-path angle measured positive up-
ward from the geocentric local horizontal
plane to the inertial velocity vector, deg

Angle of the projection of the inertial
velocity vector onto the local geocentric
horizontal plane, measured positive east-
ward from north, deg

Maximum altitude above the oblate earth
model, n. mi.

Minimum altitude above the oblate earth
model, n. mi.

Time required for spacecraft to complete
360 degrees of orbit rotation (perigee
to perigee, for example), min

Angle between the orbit plane and the
equator, deg
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TABLE 3-II.- TRAJECTORY PARAMETERS FOR LAUNCH AND PARKING ORBIT

Condition Planned Actual
Inboard Engine Cutoff
Time, hr:min:sec « « ¢« + « « o o o« & 00:02:20.3 | 00:02:20.6
Geodetic latitude, deg North . 28.67 28.67
Longitude, deg West 80.03 80.67
Altitude, ft . . . . 188 349 186 088
Altitude, n. mi. 31.0 30.6
Space-fixed velocity, ft/sec . TLUO 7394
Space-fixed flight-path angle, deg . 27.28 27.09
Space-fixed heading angle, deg E of N TS 75..87
Outboard Engine Cutoff
Time, hr:min:sec « « « « « & 00:02:23.3 | 00:02:24.3
Geodetic latitude, deg North . 28.69 28.69
Longitude, deg West 79.98 79.98
Altitude, ft . 198 657 198 558
Altitude, n. mi. . . 32.7 32.6
Space-fixed velocity, ft/sec . 7628 7617
Space-fixed flight-path angle, deg . 26.60 26.55
Space-fixed heading angle, deg E of N 7580 TS558
S-IVB Cutoff
Time, hr:min:sec . . . . 00:10:14.8 | 00:10:16.8
Geodetic latitude, deg North . 31..53 3153
Longitude, deg West . . 61.99 61.98
Altitude, £6 < = < & o » = TLT 837 TL8 3Tk
Altitude, n. mi. 123.0 1230
Space-fixed velocity, ft/sec . 25 527 25 526
Space-fixed flight-path angle, deg . -0.01 0.00
Space-fixed heading angle, deg E of N 85.90 85.91




TABLE 3-II.- TRAJECTORY PARAMETERS FOR LAUNCH AND PARKING ORBIT - Continued
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Condition Planned Actual
Insertion (S-IVB Cutoff + 10 Seconds)
Time, hr:min:sec . . . . 00:10:24.8 | 00:10:26.8
Geodetic latitude, deg North . . . . . . . . . 31.58 31.58
Longitude, deg West . . . . . . . 61.99 61.98
ATisatudes £ v e e s . 747 871 748 439
AlGitude s Mo Mite o o ol o o e e el 12350 123.0
Space-fixed velocity, ft/sec 25 5kL9 25 553
Space-fixed flight-path angle, deg . 0.00 0.01
Space-fixed heading angle, deg E of N 86.31 86.32
S-IVB Venting Initiate
Time, hr:min:sec . 01:3L4:27 01:34:29
Geodetic latitude, deg North . . . . 27.84 ST T
Longitude, deg West . . 107.20 107.39
Altitude, ft 750 373 752 413
Altitude, n. mi. 123.4 1237
Space-fixed velocity, ft/sec 25 548 25 560
Space-fixed flight-path angle, deg . -0.09 -0.09
Space-fixed heading angle, deg E of N T4.09 TL.38
S-IVB Venting Terminate
Time, hr:min:sec . . . . . « « « « v « « « « 01:46:28 01:46:30
Geodetic latitude, deg North . 29.39 29.43
Longitude, deg West 54,22 55.2L
Altitude, ft « ¢ v v v v v v v e e e . 769 203 767 308
Altitude, n. mi. . . ., . . 126.5 126.1
Space-fixed velocity, ft/sec . 25 554 25 555
Space-fixed flight-path angle, deg . . . . 0.19 0.18
Space-fixed heading angle, deg E of N 102.59 102.47
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TABLE 3-II.- TRAJECTORY PARAMETERS FOR LAUNCH AND PARKING ORBIT - Concluded

Condition Planned Actual
Spacecraft/S-IVB Separation
Time, hr:min:sec . . « « v v v « « o « . 02:5k4:55 02:55:02
Geodetic latitude, deg North . . . . . . . . 12.99 13.00
Longitude, deg West . . . . . . . . . . 164 .41 16k4. 42
Altitude, FLi s o s G @ v @ oe b . 788 136 819 T62
Altitude, n. mi. . . . . . . 129.63 134.83
Space-fixed velocity, ft/sec . . . . . . 25 524 25 500
Space-fixed flight-path angle, deg . -0.28 -0.30
Space-fixed heading angle, deg E of N 60.87 60.86
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TABLE 3-III.- TRAJECTORY PARAMETERS FOR MANEUVERS
Ignition Cutoff
Condition
Planned Actual Planned Actual
First phasing maneuver (reaction control system)
Time, hAr:minisec . o & < @« o & o o @ o s 03:20:00.0 03:20:09.9 03:20:16.3 03:20:26.2
Geodetic latitude, deg . . . . . . . 25.07 2L .96 24 .68 24h. 46
Longitude, deg . « « « « « « « 4 4 4 e 4 o4 . . —61.72 -61.39 -60.62 -60.02
Altitude, ft . 789 581 789 997 790 031 791 756
Altitude, n. mi. 129.95 130.01 130.00 130.31
Space-fixed velocity, ft/sec . 251532.2 25 531.T 25 526.9 25 525.0
Space-fixed flight-path angle, deg . 0.234 0.236 0.239 0.zLk
Space-fixed heading angle, deg E of N I:110 34 110.26 110.60 110.87
Second phasing maneuver (reaction control system)
Time, hr:min:sec . 15:52:00.0 15:52:00.9 15:52:18.5 15:52:18.5
Geodetic latitude, deg . . . « -31.70 -31.70 -31.7h -31.73
Longitude, deg . -116.36 -119.41 -115.10 -117.10
Altitude, F£t « ¢ « ¢ « ¢ o ¢ o« 0 e 0 o . 1 004 151 1 002 632 1 00k 169 1 002 090
Altitude, n. mi. 165.26 165.00 165.26 16L.92
Space-fixed velocity, ft/sec . 25 281.3 25 283.1 25 274.8 25 277.4
Space-fixed flight-path angle, deg . 0.0 0.0 -0.006 -0.007
Space-fixed heading angle, deg E of N 92.26 92.29 91.59 91.19




TABLE 3-III.- TRAJECTORY PARAMETERS FOR MANEUVERS - Continued

Ignition Cutoff
Condition
Planned Actual Planned Actual
First service propulsion maneuver
Time, hr:min:sec . . 26:24:55.2 26:24:55.7 26:25:0&.7 26:25:05.1
Geodetic latitude, deg . —29./55 -29.56 -29.41 -29.42
Longitude, deg . 106.8 107.7 107.5 107.5
Altitude, ft . . 990 459 990 253 988 920 988 518
Altitude, n. mi. 163.01 162.98 162.75 162.69
Space-fixed velocity, ft/sec . . . . 25 289.4 25 289,9 25 354.2 25 354.0
Space-fixed flight-path angle, deg . -0,110 -0.130 —0.55T -0.556
Space-fixed heading angle, deg E of N T7.T79 M= 82 T7.43 TT7.45
Second service propulsion maneuver
Time, hr:min:sec . . . 28:00:56.0 28:00:56.5 28:01:03.8 28:01:04.3
Geodetic latitude, deg . -22.42 -22.11 -22.19 -22.21
Longitude, deg . 106.77 106.76 10727 107.2k
Altitude, ft . . 902 496 902 269 901 015 901 050
Altitufle, n. mi. 148.53 148.49 148.29 148.29
Space-fixed velocity, ft/sec . 25 k6.7 25 Lk6.5 25 35k.7 25 357.2
Space-fixed flight-path angle, deg . -0.529 -0.516 -0.196 07196 |
Space-fixed heading angle, deg E of N 66.94 66.94 66.74 66.75
’ o
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TABLE 3-III.- TRAJECTORY PARAMETERS FOR MANEUVERS - Continued
Ignition Cutoff
Condition
Planned Actual Planned Actual
Terminal phase initiate
Time, hr:min:sec . . . . . « « . . . . 29:18:34.0 29:16:33.0
Geodetic latitude, deg . . . =31, Th =31.14
Longitude, deg « s« @ « @ « o o & o & s 35.66 26.45
Altitude, £ . « w s - 4 934 90b 931 T69
Altitude, n. mis o § . ¢ o 5 . . s 153.86 153+ 35
Space-fixed velocity, ft/sec . . . . 25 323.4 25 327.1
Space-fixed flight-path angle, deg . 0.043 0.086
Space-fixed heading angle, deg E of N . 91.55 96.63
Station-keeping initiate
Time, hr:min:sec . . . . . . . . . 29:53:3k.0 29:55:43.0
Geodetic latitude, deg . . . . . . . . 23.00 26.06
Longitude, deg . 162.54 171.29
Altitude, ft . ; 775 469 764 351
Atitude, D mis « « ¢« o = o % o v = 127.62 125.80
Space-fixed velocity, ft/sec . . . . . 25 531.7 25 546.1
Space-fixed flight-path angle, deg . 0.238 -0.206
Space~fixed heading angle, deg E of N 67.54 122

CT¢



TABLE 3-III.- TRAJECTORY PARAMETERS FOR MANEUVERS - Continued

Ignition Cutoff
Condition
Planned Actual Planned Actual
Separation maneuver
Time, hr:min:sec . 30:20:00,0 30:20:00.0 30:20:05.4 30:20:05.4
Geodetic latitude, deg . 12.79 12.81 12.63 12.64
Longitude, deg . -88.60 -88.63 -88.32 -88.34
Altitude, ft . 786 6h2 786 598 787 157 784 351
Altitude, n. mi. 129.46 129.45 129.55 129.09
Space-fixed velocity, ft/sec . 25 51L.1 25 51k4.1 25 515.0 25 515,31
Space-fixed flight-path angle, deg . 0.270 0.270 0.271 0.257
Space-fixed heading angle, deg E of N 119.21 119.21 119.28 119.28
Third service propulsion maneuver
Time, hr:min:sec . 75:47:58.6 75:48:00.3 75:48:07.8 75:48:09.3
Geodetic latitude, deg . -16.97 -16.95 -16.69 -16.68
Longitude, deg . 105.52 105551 106.06 106.08
Altitude, ft . 9Ll 885 9Lk 663 9Lk 297 943 708
Altitude, n. mi. 155.51 155.47 155.41 155.31
Space-fixed velocity, ft/sec . 25 326.2 25 326.1 25 22.2 25 273.9
Space-fixed flight-path angle, deg . -0.14%0 -0.1k44 -0.238 -0.237
Space-fixed heading angle, deg E of N 62.84 62.8L4 63.46 63.12
" © v - ’ «
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TABLE 3-III.- TRAJECTORY PARAMETERS FOR MANEUVERS - Continued

Ignition Cutoff
Condition
Planned Actual Planned Actual
Fourth service propulsion maneuver
Time, hr:min:sec . . « . « « « « . . 120:43:00.0 |120:43:00.4 |120:43:00.4 |120:43:00.9
Geodetic latitude, deg . . . . . . . . 31.38 31.38 31.38 31.39
Longitude, deg . « « « « « « o« & o . . -102.75 -102.78 -102.73 -102.79
Altitude, £t « « v « o« . 4 . . . 609 937 610 161 609 9L8 609 848
AGItnde 5 M Ve siel oh S el e e s 100.38 100.42 100.38 100.36
Space-fixed velocity, ft/sec . . 25 658.9 25 661.2 25 671.9 25 670.6
Space-fixed flight-path angle, deg . . -0.383 -0.383 -0.381 -0.382
Space-fixed heading angle, deg E of N 90.7TT 90.75 90.76 90.75
Fifth service propulsion maneuver
Time, hr:min:sec . « « . « « « « . .+ . 165:00:00.0 | 165:00:00.5 |165:01:05.9 | 165:01:07.6
Geodetic latitude, deg . . . . . . 28.57 28.56 29.47 29.41
Longitude, deg « « « « < « s « o s & -91.09 -91.12 -85.82 -86.24
Altitude, ft . . 720 TTh 720 388 701 234 700 249
Altitude, n. mi. . . . . . . . . 118.62 118.56 115, 1 115.24
Space-fixed velocity, ft/sec 25 518.9 25 519.3 25 707.bL 25 T1k.9
Space-fixed flight-path angle, deg . -0.L482 -0.482 -0.902 -0.912
Space-fixed heading angle, deg E of N 75.46 76.46 81.52 82.70
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TABLE 3-III.- TRAJECTORY PARAMETERS FOR MANEUVERS - Continued

Ignition Cutoff
Condition
Planned Actual Planned Actual
Sixth service propulsion maneuver
Time, hr:min:sec . 210:08:00.0 | 210:08:00.5 |210:08:00.4 | 210:08:01.0
Geodetic latitude, deg . 2h. 4 24 .40 24. 42 24 . 4k
Longitude, deg . ~82.77 -82.81 -82.7h —82.70
Altitude, ft . . 99k 61k 995 9kl 994 225 993 9L3
Altitude, n. mi. . 163.69 163.91 163.63 163.58
Space-fixed velocity, ft/sec . 25 354.1 25 354.7 25 35k.5 25 35L.6
Space-fixed flight-path angle, deg . . -1.169 -1.169 -1.168 -1.168
Space-fixed heading angle, deg E of N T71.67 71.67 TS e 71.73
Seventh service propulsion maneuver
Time, hr:min:sec . . 239:06:11.0 | 239:06:12.0 |239:06:18.8 | 239:06:19.7
Geodetic latitude, deg . 15.06 15.05 1k4.82 14.80
Longitude, deg . -66.20 -66.16 -65.72 -65.68
Altitude, ft . 545 506 545 503 545 583 544 535
Altitude, n. mi. 89.78 89.78 89.79 89.62
Space-fixed velocity, ft/sec . 25 86k4.5 25 86k.6 25 865.7 25 866.4
Space-fixed flight-path angle, deg . -0.224 -0.207 -0.239 -0.242
Space~-fixed heading angle, deg E of N 116.38 116.38 116.30 116.31
% * y = [ 3 ¥
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TABLE 3-III.- TRAJECTORY PARAMETERS FOR MANEUVERS -~ Concluded

Ignition Cutoff
Condition
Planned Actual Planned Actual
Eighth service propulsion maneuver
Pime, X mMin:isec o s o s o o'c @« o 5 0 G e o e G 259:39:15.9 259:31:16.3 259:39:27.9 259:39:28.2
Geodetic latitude, deg . : 13.8k 13.83 1k.20 14.19
Longitude, deg . . -148.63 -148.65 -147.96 -147.98
Altitude, ft . 1 143 L22 1 143 579 1 138 667 1 137 okl
Altitude, n. mi. . 188.18 188.21 187.40 187.13
Space-fixed velocity, ft/sec . . . . ; 25 152.8 25 155.3 24 966.7 24 966.5
Space-fixed flight-path angle, deg . -0.985 -0.988 -1.652 -1.643
Space-fixed heading angle, deg E of N 63.21 63.20 63.38 63.38
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TABLE 3-IV,- RENDEZVOUS MANEUVERS

Local horizontal velocity components, ft/sec Resultant
Maneuver Nominal Expendeda Effectiveb Ground solution Velocity Time
change, sec,
X Y Z X: Y Z X Y z X Y Z ft/sec
First phasing
(reaction control) -6.81 0 0 -5.8] 0 0 -5.T| O 0 -5.71] 0 0 5.7 16.3
Second phasing
(reaction control) o -7.0] 0 0 -6.5] 0 0 7.02 18.5
Corrective combination
(service propulsion)c 55.5 [-1.3 | 200.1 | 64.3 |-3.0 | 204.4] 61.5]|-1.5 | 196.5 | 62.5 |[-1.3 | 196.7 20k4.1 9.4
Circularization
(service propulsion)® | -87.9 | 0.3 |-161.0 |-94.9 | 2.9 }-156.4} -91.0 | 1.2 |-149.8 |-92.0 | 1.3 [-143.0 Jr5e3 T.8
Terminal phase initiate 1,2 | 1.3 -8.8 (a) 15, 511142,.9 =T34 15,2 ||F 2.8 =T.5 el L3.4
Terminal phase finalize
(braking) 13.0 | 0.2 11.5 14.2 | 1k.7 32.0| 13.0| k.6 1,801 12.8 1 2.0 11.3 18.2 798.0
aExpended velocity includes AV required to null residuals.
bEffective velocity is resultant AV required to satisfy target conditionms.
cVelocity components do not include +X translation prior to maneuver.
dData not recorded. '
w ® y . »
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TABLE 3-V.-

SERVICE PROPULSION MANEUVERS

Firing time, sec

Total velocity, ft/sec

Reaction control

No. +X translation

Planned Actual Planned Actual velocity, ft/sec
1 9.5 9.4 202.1 204k .1 4.3
2 T.8 7.8 171.3 173.8 3.8
3 9.2 9.0 206.5 209.7 4.9
in 0.5 0.5 9.8 12.3 ci ol
5 65.9 67.0 16Lk2.7 1691.3 3.7
6 0.5 0.5 il | 1k.2 4.3
T 7.8 G 219.3 220.1 6.1
8 11.9 12.4 343.4 343.6 6.6




TABLE 3-VI.- TRAJECTORY PARAMETERS FOR ENTRY

Condition Planned Actual
Entry Interface (40O 000 ft)
Time, hriminisee . « o o o .o = & o o o 259:53:26 |259:53:27
Geodetic latitude, deg North . 29.92 29.92
Longitude, deg West . +. « « « « « « « . 92.63 92.62
Altitude, n. mi. 65.79 65.79
Space-fixed velocity, ft/sec . . . . . . . 25 8Lk 25 846
Space-fixed heading angle, deg E of N . 87.L4kL 87.47
Maximum Conditions
Maximum entry velocity, ft/sec . . . . . 25 955 25 953
Maximum entry deceleration, g . . 3.3 333
Drogue Deployment Coordinates
Time, hr:min:sec . . . . . 260:03:28 | 260:03:25
Geodetic latitude, deg North . . . . . . . 27.61 827,64
Longitude, deg West . . + « . . . . 6L4.17 &6L.15

®Based on the best estimated trajectory; onboard guidance indicated

drogue deploy at latitude 27.63 deg North and longitude 64.18 deg West,
and USS Essex indicated drogue deploy at latitude 27.54 deg North and

longitude 6L4.07 deg West.
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4.0 LAUNCH VEHICLE PERFORMANCE SUMMARY

The launch vehicle, AS-205, satisfactorily placed the Apollo T space-
craft into orbit. All assigned mission objectives were met, and no flight
anomelies occurred affecting mission accomplishment. A detailed analysis
of launch vehicle performance is contained in reference 1.

After launch, the vehicle rolled from 100 to 72 degrees between
00:00:10.3 and 00:00:38.5. The programmed pitch attitude profile was
accomplished between 00:00:10.3 and 00:02:14.0, at which time an essen-
tially constant pitch attitude was maintained until the initiation of
active guidance 25.3 seconds after separation of the S-IB/S-IVB stages.
Shutdown of the S-IB stage engine occurred at 00:02:24.3 (1.0 second
earlier than predicted). At S-IB stage engine cutoff, the actual tra-
jectory parameters compared with nominal were 11.2 ft/sec low in space-
fixed velocity, 0.02 n. mi. low in altitude, and 0.21 n. mi. long in

range.

Separation of the S~IB/S-IVB stages occurred at 00:02:25.6, followed
1.4 seconds later by ignition of the S-IVB stage. S-IVB stage engine
cutoff occurred at 00:10:16.8 (2.0 seconds later than predicted).

At S-IVB stage engine cutoff, the actual trajectory parameters com-
pared with nominal were 1.3 ft/sec low in space-fixed velocity, 0.1 n. mi.
high in altitude, and 0.6 n. mi. short in range.

Orbital safing of the S-IVB stage was performed successfully, in-
cluding propellant venting, propellant dump, and stage/engine pneumatic
supply dump.

The S~IVB/spacecraft combination responded as expected during the
period of manual control by the crew. The spacecraft/S-IVB separation
sequence was initiated at 02:55:02.



5.0 COMMAND AND SERVICE MODULE PERFORMANCE

5.1 STRUCTURES

5.1.1 Structural Loads Analysis

The spacecraft structural loads, as derived from a command module
triaxial linear accelerometer, the angle of attack indicator (g-ball)
atop the launch escape system, and S-IB engine deflections, were less
than the design values for all phases of flight.

Launch release.- Before lift-off, spacecraft lateral loads result
from steady-state winds, gusts, unsymmetrical S-IB thrust buildup, and
vortex shedding. These external forces cause a large constraining mo-
ment and shear at the base of the launch vehicle. Spacecraft loads
immediately after lift-off are caused primarily by the sudden release of
the spacecraft from this constraining moment and shear.

Calculated interface loads during the launch release phase were com-
pared with predictions (table 5.1-I); the predicted loads were based on
maximum expected unsymmetric thrust buildup and on actual launch vehicle
bending moments measured prior to launch, including the effects of the 20
to 2Lk-knot peak ground winds measured at the 60-foot level (fig. 5.1-1).
Each pair of diametrically opposed S-IB outboard engines, the usual source
of unsymmetric thrust buildup excitation, ignited almost simultaneously;
therefore, the calculated loads were less than predicted. Vortex shed-
ding was neither predicted nor indicated by the vehicle response at the
measured ground wind speeds. Also shown in the table for comparison are
the spacecraft design limit for saturn-V launch release.

Maximum dynamic pressure region.- Large values of spacecraft inter-
face loads occur where the product of dynamic pressure and angle of attack
is maximum (maximum qa). The interface loads (table 5.1-II) were caused
primarily by wind-shear induced body bending. The measured winds in this
region were light but with large shears (fig. 5.1-3). For comparison,
the predicted values and the design limit loads for a Saturn V launch are
also included in the table.

End of first stage boost.- The maximum axial acceleration and com-
pression loads in the spacecraft during a Saturn IB launch are normally
experienced immediately prior to inboard engine cutoff. Spacecraft inter-
face loads for this condition are compared with predicted values (based
on maximum expected axial and lateral accelerations) and design limit
loads for Saturn V in table 5.1-III. Axial and lateral accelerations dur-
ing this period are shown in figure 5.1-L4.




S-IB/S-IVB staging.- The S-IB/S-IVB staging operation was accomplish-
ed smoothly, and the structural loads were of no consequence. Acceler-
ations during this period are shown in figure 5.1-k.

S-1VB powered flight.- Although the crew reported a slightly "bumpy"
S-IVB stage flight, structural loading was insignificant and oscillatory
accelerations did not exceed 0.06g in any direction.

Spacecraft operation.- Loads during the service propulsion maneuvers
were low, as expected, and structural performance was satisfactory. The
maximum steady-state axial acceleration during any manuever was 0.85g,
during the eighth service propulsion maneuver.

Entry.- The peak acceleration during entry was 3.41g, well below the -

20g structural design limit.

5.1.2 Vibration

Sufficient flight vibration data were obtained during launch and dur-
ing a service propulsion maneuver to permit a comparison between the
flight vibration environment and the design criteria. Power spectral den-
sity analyses were made on all vibration measurements for selected times
and were compared with the design criteria. The measured vibrations were
less than the criteria except for the service propulsion helium pressuri-
zation panel and the service module forward bulkhead (see figs. 5.1-5,
5.1-6, and 5.1-7). The data at the lower frequencies are not shown in
the figures because they are invalid. This conclusion is based on an
analysis of the power spectral density data during quiescent periods
prior to first stage ignition.

Helium pressurization panel vibration measurements were made in
three axes: X, radial, and tangential (fig. 5.1-8). The tangential
vibration at lift-off (fig. 5.1-5) exceeded the criteria at 190 Hz; how-
ever, a 1l0-second test at a level L4 dB greater than the criteria shown
is conducted on Apollo systems to simulate transonic flight and covers
the 190 Hz peak. ¢

The X-axis measurement (fig. 5.1-6) on the helium pressurization s
panel showed characteristics completely different from the radial and
tangential data and exceeded the criteria by significant margins. Through-
out atmospheric flight, the X-axis measurement produced unusual data,
typically shown in figure 5.1-9, with a strong 45 Hz oscillation which &
periodically became assymetrical. Note in figure 5.1-9 that the freq-
uency content in the X-axis is greatly different than that in the radial
and tangential directions (figs. 5.1-5 and 5.1-6). Typically, the freq-
uency content in the X, radial, and tangential directions would be ex-
pected to be similar. The data suggest structural deflections at the
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X-axis transducer of about 0.20-inch at lift-off. Deflections of this
magnitude and frequency along the X-axis cculd produce damage to the
structure or the pressurization system. However, pressurization system
operation, including the high-pressure valves and plumbing mounted on the
panel, operated normally throughout the 10.8-day flight. Furthermore,

no other flight data exhibited this response at 45 Hz with magnitudes
near the level observed for the one transducer. For example, the X-axis
transducer located on the hydrogen tank shelf (see fig. 5.1-8) did not
have this type of response. The L45 Hz response is therefore unique to
this one measurement. The examination of ground test data and structure
showed no mechanism that could produce the motion shown in figure 5.1-9.
Postflight tests on similar panels are inconclusive as to the source of
this disturbance. However, a structurally sound panel does not exhibit
the noted vibration characteristics. Because of this and the fact that
the helium system did not exhibit a malfunction or leakage, the panel is
considered to be structurally sound for the vibration environment. The
cause of the noted characteristics in the data can not be explained. 1In
any event, either the data are not valid, or the panel and/or its attached
items were not proper.

As a result of this unusual response, all subsequent service modules
will be examined for proper helium panel installation. During postflight
tests conducted to determine the cause of this response, improper clear-
ance between three tubing clamps on the back side of this panel and the
radial beam shear web was discovered. This situation has been corrected
on subsequent spacecraft by bonding a rubber bearing pad on the radial
beam web at each tubing clamp location to attenuate any impact vibrations.

Vibration of the service module forward bulkhead exceeded the qual-
ification level by significant margins (fig. 5.1-7). As a result, the
vibration criteria for this bulkhead were reviewed, and ground test results
were utilized to revise these criteria where appropriate. The revision
encompassed the measured amplitude with the exception of the peak at about
325 Hz. Equipment in this area will be requalified by subjecting a
180-degree segment of a service module to an acoustic field.

Vibration levels during the service propulsion engine operation and
entry were low, as expected.



TABLE 5.1-I.- MAXIMUM SPACECRAFT LOADS AT LIFT-OFF

Calculated
Interface Load Predicted from flight Dasdgn
data limit
Launch eacape Bending moment, in-1b . . . . . 1 L30 000 1 260 000 3 100 000
system/command
module Axial force, 1i%* . IO =14 300 -12 600 =16 200
Command module/ Bending moment, in-1b . . . . ., 1 710 000 1 k90 000 4 100 000
service module
Axial force, 1b* . . . o e -30 900 =30 200 -36 700
*Negative sign indicates compression.
TABLE 5.1-II.- SPACECRAFT LOADS AT MAXIMUM qa
Predicted using Calculated Dagt
Interface Condition measured winds from flight 1:51?
aloft data o
Flight time, sec . . . 73.5 72.8 75.6
Mach No. « v « o o & o 1.4 1.b 1.3
Dynamic pressure, psf . . . 654 663 686
Angle of attack, deg . . . . 1.2 b U f 10.5
Maximum qa, psf-deg . o e 785 1127 7200
Launch escape Bending moment, in-1b o e 450 000 700 000 1 100 000
system/command
module Axisl force, 1b* . ., . . . -22 000 -21 000 -32 000
Command module/ Bending moment, in-lb . . . 620 000 930 000 2 200 000
service module | 141 force, 1% . . . . . -81 000 -81 000 -96 100
Service module/ Bending moment, in-1b . . . 1 700 000 1 500 000 9 310 000
Sdepres Axial force, 1b* . P -121 000 -121 000 -204 000
Adapter/ Bending moment, in-1b 35 4 100 000 3 800 000 29 010 000
instrument unit | ,.i0) force, 1% . . . . . . -151 000 -147 000 -295 000
#Negative sign indicates compression
TABLE 5,1-III.- MAXIMUM SPACECRAFT LOADS AT END OF FIRST STAGE BOOST
Calculated :
Maximum Design
Interface Load predicted from flight 1imit
data
Axial acceleration, g . e L.h 4.3 5.0
Launch escape Lateral acceleration, g . ] 0.1 0.04 0.11
system/command
module Bending moment, in-1lb . 5 v 214 000 87 000 235 000
Axial force, 1b . . -39 500 -38 500 -l 700
Cotmand | Baduls/ Bending moment, in-1b . . . . . . 690 000 L84 000 773 000
service mcdule Axial force, 1b . . . « . . . . . -99 000 -96 500 -112 000
Service module/ Bending moment, in-1lb . . o 0 . 1 717 000 1 182 000 3 574 000
sdapter Axiel force, 1b . e e .. | -188 000 -183 000 ~370 000
Adapter/ Bending moment, in-1b . . . . . . 3 200 000 1 708 000 6 712 000
instrumentiunlt | p gy Force) B b b o bl = ol . —207 000 -202 000 -551 000
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Figure 5.1-1.- Speed and direction of peak ground winds
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5.2 AERODYNAMICS

As noted in all previous flights, the trend for the hypersonic trim
lift-to-drag ratio to increase with decreasing Mach number was observed
for this flight. The flight-derived lift-to-drag ratio was within the
predicted uncertainty band of +0.03 from the beginning of entry to a
Mach number of L4.0.

The predicted and flight-derived lift-to-drag ratios and the esti-
mated trim angle of attack are shown in figure 5.2-1.

Accelerometer data and entry position and velocity information were
used to obtain the flight lift-to-drag ratios. The accelerometer data
were corrected for known preflight bias and scale factor errors. The
estimated trim angle of attack was obtained from the flight-derived 1lift-
to-drag ratio and wind-tunnel variation of lift-to-drag ratio with angle
of attack.

The third service propulsion maneuver established an orbit with a
perigee altitude of 90.3 n. mi. At 98:39:00, the Commander reported an
external torquing of the spacecraft at an attitude with the +X axis ver-
tical (assumed to be a 90 degree angle-of-attack). Oscillograph data
indicate a pitch rate of -0.15 deg/sec at 98:39:15 and -0.32 deg/sec at
98:42:45 (see fig. 5.2-2). The state vector at 98:39:15 was:

Latitude, deg north . . . . . . 26.2
Longitude, deg west'. . . . . . 89.2
Altitude, n. mi. . . . . . .. 89.5
Velocity, ft/sec . . . . . . . 25 T739.9
Flight-path angle, deg . . . . -0.08
Heading angle, deg . . . . . . 107.9

An evaluation of these effects was made using the preflight pre-
dicted free-molecular-flow aerodynamic data and a Jacchia dynamic, non-
rotating atmospheric model (see ref. 2) in a six degree-of-freedom com-
puter program to predict the wvehicle rates.

Propagating the state vector forward using approximated center-of-
gravity and inertia data resulted in a peak aerodynamic torque of
1.3 ft-1b, and the predicted rate time history is presented in fig-
ure 5.2-2. The close correlation between the predicted and the measured
rates indicates that the free-molecular-flow aerodynamic model is reason-
ably valid.
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The maximum aerodynamic torque which can occur at this altitude is
approximately 2.2 ft-lb, which can produce pitch rates on the order of
1 deg/sec.
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5.3 THERMAL CONTROL

This section discusses thermal response for those areas which lacked
active temperature control. The spacecraft orientation during the mis-
sion produced a thermal environment which resulted in a general cooling
trend. Measured temperatures of passive elements are shown in fig-
ures 5.3-1, 5.3-2, and 5.3-3.

The temperature response for the service propulsion tank and reaction-
control helium tank for each bay is shown in figure 5.3-1. The service-
propulsion propellant sump tanks remained partially filled throughout the
mission and had less temperature fluctuation than the storage tanks be-
cause of the damping effect of the propellant. The temperature response
for the helium tank in each reaction control quad is shown in figure 5.3-2.
The helium tanks in bays 3 and 5 were affected by the heat from the fuel
cells, as expected; the primary fuel tanks in bays 3 and 5 were also
affected by the fuel cell heat but to a lesser degree. The primary oxidi-
zer tank temperatures for bays 2 and 5 were higher than those for bays 3
and 6 because of the effects of propellant in the service propulsion tanks
(see fig. 5.3-2).

A general cooling trend was followed throughout the mission (figs.
5.3-1 and 5.3-2) and the spacecraft orientation with respect to tank bays
appeared to vary randomly as indicated by the changes in temperature (in-
creases and decreases at any one time). During the cold-soak orientation
from 168 to 172 hours, all tank temperatures decreased. Overall, the
incremental changes were about as anticipated, indicating proper perform-
ance of service module insulation.

The service propulsion feedline temperatures (fig. 5.3-3) remained
relatively stable during the mission and showed a general cooling trend
except for the time from 221 to 227 hours when the service propulsion
feedline and engine heaters were operated for a relatively long period.
The heater operation affected only the engine feedlines and not the dis-
tribution lines. '

The helium tanks for the command module reaction control system,
which were strongly influenced by the temperate cabin environment, main-
tained a moderate environment (fig. 5.3-3). The command module ablator
temperatures remained between 3° and 91° F; this range was slightly warmer
than expected.
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5.4 THERMAL PROTECTION

The forward compartment thermal environment would have been satis-
factory for a lunar return mission, based on preliminary integrated heat-
ing data. The forward heat shield was not recovered, preventing examina-
tion of the temp-plates (temperature indicators), and prior to forward
heat shield jJjettison, the flat apex temperature data were lost because
the tape recorder reached the end of usable tape.

The aft heat shield (fig. 5.4-1) was charred to a depth of approxi-
mately 0.6 inch from the original surface at the stagnation point, and
ablative surface loss was estimated to be 0.05 inch. The center and
downstream side of the aft heat shield charred approximately 0.4 inch in
depth with an estimated 0.07-inch surface loss. The depth of the 1000° F
isotherm closely agrees with the char interface measurements. The temper-
atures measured in depth at five locations from the geometric center of
the aft heat shield are shown in figure 5.4-2. The erratic temperature
data are indicative of spacecraft oscillations. The maximum temperatures
measured at three locations, as a function of depth, are shown in fig-
ure 5.4-3. By extrapolation of these temperatures to the apparent sur-
face, an approximate surface temperature can be obtained.

The crew compartment heat shield experienced low heating, as expected
for an earth orbital entry. The thermal control coating on the plus-Z
windward side was burned off and slightly charred. The coating remained
attached to the lee side with no signs of hot spots. The white paint on
the forward hatch was yellowed, and the two nylon handles were fused and
partially disintegrated. The temperatures measured in depth on the crew
compartment heat shield are shown in figure 5.4-4 and on the forward
hatch in figure 5.4-5. Because the thermocouples in a given stack are
at various depths in the ablator, they indicate the temperature gradient
through the ablator prior to entry. In figure 5.4-5(a), the thermocouple
0.5 inch from the ablator surface rises to 250° F and then drops to about
25° F before rising again. This region on the windward side of the space-
craft experienced separated flow and reduced heating for a short time,
and the thermocouple was cooled by the colder ablator in depth.

The thermal protection system performed well during the mission.
The responses of the thermocouples and the calorimeters indicate a very
erratic motion of the spacecraft during entry; the entry is discussed in
more detail in section 3.0 and 5.16.
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Figure 5.4-1.- Char condition of aft heat shield.
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5.5 EARTH LANDING

The earth landing sequence was performed automatically and all com-
ponents functioned as planned with the system performing well within its
capabilities. No damage to any component was noted.

The first discrete event in the earth landing operational sequence
was forward heat shield Jettison, at an altitude of approximately
23 500 feet. Drogue mortar fire was initiated 1.6 seconds later. The
peak total load exerted on the command module structure by the reefed
drogues was approximately 21 000 pounds at 1.3 seconds after drogue mor-
tar fire. The predicted total load for Apollo 7 was 19 150 pounds. The
load exerted by the disreefed drogues (10 seconds after deployment) was
approximately 19 000 pounds. The crew reported that the drogues operated
normally and were very stable. Postflight examination of the upper deck
showed no evidence of drogue riser contact with the command module struc-
ture. Examination of the parachute disconnect housing ('"flowerpot'") indi-
cated that drogue riser motion was minor.

Drogue disconnect and pilot parachute mortar fire were initiated by
closure of the baroswitches at approximately 10 300 feet. The pilot para-
chutes deployed as planned, and all three main parachutes were deployed
into the first reefed stage of inflation. The peak total load exerted by
the main parachutes in the first stage of reefed inflation was approxi-
mately 28 000 pounds (predicted total reefed load was 32 600 pounds).

The peak total load in the second reefed stage was approximately
23 000 pounds, and the full-open load was about 20 300 pounds.

The command module landed at 260:09:03. The crew reported that the
landing was soft (no accelerometer data were available). Consequently,
the eight attenuation struts for the crew couches did not stroke. The
main parachute disconnect system separated the parachutes from the com-
mand module after landing, and the crew observed the main parachutes

sinking.
5.6 MECHANICAL SYSTEMS

The spacecraft mechanical systems include the canard system, the
uprighting system, the deployment mechanisms for the recovery aids, and
the hatch-operating mechanisms (unified-side, forward-pressure, forward-
ablator, and boost-protective-cover hatches). All components operated
properly.
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The deployment mechanisms for the flashing light and the antennas
operated satisfactorily. The crew did not deploy the sea dye marker.

The uprighting system was activated by the crew about 8 minutes after
the command module turned over to the stable II attitude (apex down). The
vehicle was uprighted by the inflated bags within 4-1/2 minutes, as ex-
pected, even though about 200 pounds of water had flowed into the docking
tunnel, reducing the net uprighting moment.

The unified side hatch was used for egress after landing. The hatch
counterbalance was recharged with the backup nitrogen bottle before the
hatch was opened. The initial charge had bled below acceptable pressure
because the valve was left in the charge position during the mission.

5.7 ELECTRICAL POWER DISTRIBUTION

The electrical power distribution system functioned normally through-
out the mission.

At launch, the voltages on both pyrotechnic buses were 37.2 V dc.
Just prior to landing, these voltages were 36.8 and 35.3 V dc on pyro-
technic buses A and B, respectively.

At command module/service module separation, the dc bus voltages
were below the alarm level. This problem is discussed in section 5.8.

At approximately 32-1/2 hours, a dc bus undervoltage alarm was caused
by switching the 15-ampere load of suit compressor 2 to the bus for a
component redundancy check; the fuel cells were operating at a degraded
voltage output Jjust prior to a purge. The characteristic load voltage
of the fuel cells under these conditions was such that an undervoltage
alarm could be expected with the additional 15-ampere load.

The ac power was supplied by inverters 1 and 2 connected to ac buses
1l and 2, respectively, throughout the mission. During overvoltage fluc-
tuations at 19:46:38, approximately 56:00:00, and 61:12:50, the ac sensors
reacted normally by disconnecting the inverters from the buses. Two drop-
outs of ac bus 1 and one dropout of both ac buses were concluded to have
been caused by an overvoltage resulting from arcing inside a motor switch
(see section 11.0).



5.8 FUEL CELLS AND BATTERIES

5.8.1 Fuel Cells

The fuel cells and radiators performed satisfactorily during the
prelaunch and flight phases. The three fuel cells were activated 35 hours
prior to launch and thereafter shared the spacecraft electrical loads
with the ground support equipment until 2 hours prior to launch, when they
assumed the full spacecraft power load.

During the mission, the fuel cells provided approximately L93 kilo-
watt-hours of energy at an average current of 22.1 amperes per fuel cell
and an average command module bus voltage of 28.8 V dc. The command
module bus voltage was maintained between 26.2 and 30.7 V dc during all
mission phases when fuel cell power was being used, with one exception
discussed in section 5.7. Figure 5.8-1 shows that the actual performance
agreed well with predicted performance. The maximum deviation from equal
load sharing among individual fuel cells was U4 amperes, which was accept-
able. The slight overall degradation of the fuel cell performance with
time shown in figure 5.8-2 was as expected. The variation for specific
increments of time was caused by the state of the fuel cell with respect |

to the purge period.

The thermal performance of all three fuel cells as a function of load
current is summarized in figure 5.8-3. Condenser exit temperatures for J
each of the fuel cells were outside the nominal range (155° to 165° F) at
different times during the flight. The condenser exit temperature on fuel ‘
cell 2 reached 180° F between 161 hours and 163-1/2 hours during the high- ‘
power phase preparatory to the fifth service propulsion maneuver. Fuel
cell 2 was then disconnected from the bus by the crew and allowed to cool
for about 1 hour. At that time, the condenser exit temperature was 154° F
and the fuel cell was reconnected to the bus for the fifth service pro-
pulsion maneuver. This fuel cell exhibited the same anomalous behavior
during subsequent power-up phases of the flight.

The temperature on fuel cell 1 reached 175° F at 164 hours when fuel
cell 2 was open-circuited and the 80-ampere spacecraft load was being
shared by fuel cells 1 and 3. The condenser exit temperature on fuel
cell 3 was frequently 5° F below normal at low power levels and concurrent
low radistor exit temperatures. These problems associated with abnormal
condenser exit temperatures were probaebly caused by contaminants in the
water/glycol; such contamination could have affected the valve that con-
trolled condenser exit temperature (see section 11).
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Fuel cell skin temperatures were maintained between 399° and 439° F
and agreed favorably with predictions. The skin temperaturcs of fuel
cell 2 were consistently higher than those of fuel cells 1 and 3. This
condition could have resulted from fuel cell 2 being physically located
inboard of fuel cells 1 and 3 and therefore unable to radiate as much
heat to bay 4 as the other two fuel cells. Similar characteristics were
also observed during ground testing of spacecraft 2TV-1. The radiator
outlet temperatures ranged from 50° to 100° F during the flight and agree
favorably with predicted values.

Typical performance of the fuel cells in response to cxygen purge
activity is shown in figure 5.8-4. This response, after approximately
700 ampere-hours of operation per fuel cell since the previous purge, shows
that the oxygen purity of 99.97 percent was lower than that of the pre-
launch samples, which measured 99.995 percent. The fuel cell response
to hydrogen purging was not measurable, indicating that high-purity hydro-
gen was being supplied to the fuel cells from the cryogenic tanks.

Calculations based on total ampere-hours generated by the fuel cells
indicate a total consumption of U4L4.25 pounds of hydrogen and 350.15 pounds
of oxygen, including purges. These quantities agree well with measured
cryogenic quantities and the estimated oxygen usage by the environmental
control system. However, figure 5.8-5 shows that the flow meter readings
were consistently higher than the actual usage. Based on total ampere-
hours generated, the fuel cells produced 39L.L4 pounds of water during the
mission. No high pH indications were noted.

5.8.2 Batteries

Three entry and postlanding batteries (A, B, and C) and two pyro-
technic batteries (A and B) were onboard. Except for a period of low
voltage on the entry batteries after command module/service module sepa-
ration at 259:43:33, the voltages and currents delivered by all batteries
remained within the normal range (fig. 5.8-7). Battery C was isolated
shortly after launch and was not utilized again until initiation of the
deorbit phase.

During service propulsion maneuvers, battery A and B voltages and
current-sharing with the fuel cells were within nominal limits; however,
on the later maneuvers, the batteries exhibited lower ratios of power-
sharing as the states of charge decreased (see fig. 5.8-T7). Voltages on
batteries A and B declined in accordance with a normal slope for a load
of 0.021 ampere per battery, caused by the small loads which are contin-
uously tied to battery relay buses. When the total spacecraft electrical
load was imposed on the batteries at command module/service module sepa-
ration, the voltage on battery buses A and B decreased to 26.4 volts,

-
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resulting in main bus voltages of about 25 volts. Consequently, the low-
voltage indication (26.2 volts) came on. The voltage slowly increased
above the alarm level about 12 minutes later. All equipment, however,
operated satisfactorily during this period. The performance of the entry
batteries is presented in figure 5.8-8. These conditions were caused by
both the cool temperatures and the states of charge of the batteries. A
more detailed discussion is given in section 11.

Another flight discrepancy was the inability to fully recharge entry
batteries A and B because the lower charge rate limit of 0.4 ampere was
reached sooner than expected. Figure 5.8-9 indicates charging current
decrease with time, and figure 5.8-10 shows the charger current/voltage
characteristics. The condition resulted from the particular character-
isties of the charger, coupled with the normal line resistance between
the charger and the batteries. Further details are presented in sec-
tion 11.

A third discrepancy, but of less consequence, was leaskage of the
entry battery manifold vent line. Onboard measurements of the manifold
pressure, made before and after the battery vent valve was opened, indi-
cate that cebin air was lesking into the manifold. During postflight
procedures, the batteries were inadvertently removed from the spacecraft
before the source of leaskage could be determined.

Battery C open-circuit voltages from 36.0 to 36.5 V dc (37.0 expected)
were obtained from onboard readouts. The lower open-circuit voltage is
attributed to the cooler temperature of battery C (50° to 60° F, estimated).

The usage timeline is shown in figure 5.8-12 as a total for all three
batteries. Energy replaced by recharging of batteries A and B was:

Discharge, Recharge,
A-h A-h
Battery A 9.3 4.5

Battery B, first charge 11,7 243
Battery B, second charge 16.0 2.2
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The batteries contained the following residual capacities postflight:

Capacity, A-h

Battery A 18
Battery B 17
Battery C 37T

These numbers include 10 A-h per battery, reserved for postlanding
used, although this additional 30 A-h is not shown in figure 5.8-10.

The pyrotechnic batteries performed normally, with a no-load pyro-
technic bus voltage of 36.9 V dec.
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5.9 CRYOGENICS

The cryogenic storage system satisfactorily supplied reactants to
the fuel cells and metabolic oxygen to the environmental control system.
At launch, the total oxygen quantity was 635 pounds (L2.T7 pounds above
the minimum red-line limit), and the total hydrogen quantity was
52.2 pounds (0.7 pound above the minimum red-line imit). The overall
consumption from the system was less than predicted during the flight.

The VAC-ION pumps, which are connected to the vacuum annulus surround-
ing the cryogenic storage tank, were not used during the mission to main-
tain annulus vacuum. As expected, the heat leaks increased at launch,
apparently because of outgassing in the vacuum annulus during launch vibra-
tion. However, the subsequent decrease in heat leak, as shown in fig-
ure 5.9-1, was not expected. This phenomenon will be analyzed to deter-
mine the cause. This reduced heat leak precluded the anticipated oxygen
venting.

Continuous cryogenic quantity balance between pairs of oxygen tanks
and hydrogen tanks was demonstrated. The two oxygen tanks remained with
in the 4 percent (12.9 pounds) quantity balance criterion throughout the
mission without manual balancing. At 167:53:00, the hydrogen tank quan-
tities exceeded the 3 percent (0.84 pound) requirement by 0.4 percent,
and a manual balancing was performed by turning off the heaters in the
tank with the lower quantity (tank 2). Tank 1 then supplied most of the
flow. About 10 hours later, the two hydrogen tanks were equalized, and |
they subsequently remained within 0.5 percent.

The automatic pressure control system maintained tank pressures at
an acceptable level. Typical pressure cycling is shown in figures 5.9-2 ‘
and 5.9-3 for hydrogen and oxygen, respectively.

Thermal gradients within a cryogen produce stratification and could
result in two-phase fluid conditions if the gradients are severe enough.
To eliminate these thermal gradients, fans (mixers) are used in the space-
craft cryogenic tanks to stir the fluid. Tests were performed in flight
to determine the severity of the stratification. For these tests, the
heaters in the tanks were turned on, raising the tank pressure; the heaters
were then turned off, pressure readings taeken, and the fans turned on.
Further pressure readings were taken over the next 4 to 5 minutes. The
test data (figs. 5.9-4 and 5.9-5) obtained from the crew log show that
under normal conditions, stratification does not adversely affect the
tank pressures at quantities of less than 60 percent; consequently, the
fans are not required at the lower values.
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At 76:58:00, the fan-motors in oxygen tank 2 were deenergized because
of an electrical circuit problem, as discussed in section 5.7; these fan-
motors were cycled manually approximately every 12 hours for the remainder
of the mission. Pressure data during these cycles indicate that the tanks
may be operated in this mode with no problems.

The following taeble indicates that the quantities of hydrogen and
oxygen used during the mission and the calculated usage by the environ-
mental control system and fuel cells agree to within 0.7 pound of hydro-
gen and 3.5 pounds of oxygen, both within instrumentation accuracy. The

hydrogen and oxygen quantity profiles are shown in figures 5.9-6 and 5.9-7.

Item

Predicted usage prior
to flight

Actual quantity used

Calculated usage from
fuel cells and environ-
mental control system

Oxygen, 1b

558.6

Lsk.0
450.5

Hydrogen, 1lb

48.8

45.0
uk.3
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5.10 SEQUENTIAL
The sequential system performed satisfactorily.
5.11 PYROTECHNIC DEVICES
All pyrotechnic devices functioned as expected.
5.12 LAUNCH ESCAPE

Performance of the launch escape system was satisfactory. The tower
Jettison motor fired as programmed to remove the launch escape system,
including the boost protective cover, from the command module.

5.13 EMERGENCY DETECTION

The emergency detection system performed satisfactorily. The crew
reported that the applicable indications from the launch vehicle were
properly displayed and that there were no indications of excessive launch
vehicle rates or attitude reference failure. The angle-of-attack dynamic
pressure measured by the g-ball sensor system located on the launch escape
system was lower than in any previous Saturn/Apollo flight (5 percent was
indicated; 100 percent is abort limit). The launch vehicle pressure dis-
play meters were checked against telemetry data and were adequate for use
by the crew as an abort cue.

5.14 COMMUNICATIONS

The communication system satisfactorily supported the mission, and
the applicable mission objectives were achieved. The S-band and VHF links
provided good quality voice communications except during the launch phase,
when the crew failed to receive certain uplink transmissions and the down-
voice was garbled because of improper procedures and/or malfunctioning
receivers at the ground stations. The quality of the dumped (recorded)
voice ranged from poor to good. The performance of the real-time and
dumped telemetry channels was consistent with the received signal strengths.
The quality of television pictures during the seven broadcasts ranged from
fair to excellent. More than 94 percent of the commands transmitted were
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verified by the spacecraft updata link equipment; in each instance, the
unverified commands had been transmitted during a period of weak signal
strength.

The S-band carrier phase modulation by voice and telemetry subcar-
riers was interrupted at 65:13:58, and real-time telemetry was then trans-
mitted on the S-band FM link. Full S-band communications capability was
restored at T2:36:32 when the crew selected the alternate S-band trans-
ponder.

5.14.1 Command and Service Module Equipment

The spacecraft S-band communications system performed satisfactorily,
except for the loss of S-band PM subcarriers from 65:13:58 to T2:36:32.
Real-time telemetry and television were time-shared on the backup S-band
FM mode until the crew switched to the PM alternate transponder, restoring
normal operation. (See section 11 for a further discussion of the dis-
crepancy. )

An excessive audible noise is a characteristic of the loss of phase
lock with the ground. The crew effectively controlled this noise level
by adjusting the volume control to a minimum setting whenever the slow
buildup of background noise was noted and used this change in noise level
as a convenient indication of impending loss of phase lock. Quieting of
the background noise when the volume controls were set at a minimum pro-
vided an indication that phase lock with the ground had been established.

Because the crew could not determine which S-band antenna provided
optimum performance, the antennas were generally switched on request from
the ground; however, switching was requested so frequently that the task
became objectionable to the crew.

The quality of the VHF voice communications was generally very good.
The periods of garbled or fading voice were near the times of acquisition
or loss of signal. The VHF voice (duplex-B mode) was satisfactory during
the countdown and launch phase until approximately 00:07:00 when the voice
communications received at the Mission Control Center became garbled and
did not completely clear until the simplex-~A mode was selected. Satis-
factory operation of the duplex-B mode was verified at about 0T7:30:00
(see section 11 for further discussion of the discrepancy).

The recovery forces did not receive the VHF recovery beacon signal
while the spacecraft was on the parachutes. (See section 11 for a fur-
ther discussion of this discrepancy.)
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A successful track of the onboard rendezvous radar transponder was
achieved with a ground-based radar during the 48th revolution. Frequency
track was maintained for 57.5 seconds while the spacecraft line-of-sight
velocity passed through the interval bounded by approximately *6500 ft/sec;
this exceeds the range rate requirement for a lunar mission. Range acqui-
sition occurred 8 seconds after AUTO-TRACK ENABLE was commanded manually
at initial frequency lock. The RANGE GOOD data period lasted for
49.5 seconds and terminated upon loss of frequency track, and the radar
range to the spacecraft varied between 396 and L1l4 n. mi. during the en-
tire tracking period. The transponder frequency track was reported by
the crew to have lasted about 3 minutes, based on onboard computer indi-
cations.

5.14.2 Command and Service Module/Manned Space Flight Network

S-band RF two-way phase lock with the spacecraft S-band transponder
was established by the Manned Space Flight Network prior to launch and
was successfully maintained until the handover from the Bermuda Island
site to USNS Vanguard (figs. 5.14-1, 5.14-2, and 5.14-3). At that time,
downlink communications were interrupted for approximately 1 minute
(fig. 5.1k-L4). The duration of the interruption may have been increased
because the spacecraft omnidirectional antennas were switched 21 seconds
after initiation of handover. Transfer of the uplink from USNS Vanguard
to the Canary Island site resulted in a 5-second loss of downlink communi-
cations (figs. 5.14=4 and 5.14-5). The received carrier powers at all
network sites agreed with premission predictions.

The VHF duplex-B (ground-to-spacecraft on a 296.8 MHz carrier and
spacecraft-to-ground on a 259.7 MHz carrier) was the prime voice commun-
ications link; however, simultaneous transmissions via S-band provided
immediate backup (fig. 5.14-6).

From 00:07:06 to 00:08:05, both the Grand Bahama Island and Bermuda
Island sites were transmitting voice to the spacecraft on the VHF link.
Voice transmissions to the spacecraft from the Bermuda site via VHF were
terminated at 00:09:50 and were not resumed until 00:11:57. As shown in
figure 5.14-6, the MODE IV MARK, which the crew did not hear, was trans-
mitted on S-band only. The results of a qualitative evaluation of the
ground voice receiver outputs are also presented in the figure. Although
the received VHF signal power at Bermuda (fig. 5.14-7) was sufficient to
support good voice communications, the receiver output was garbled from
acquisition to 00:09:50. The output of the receiver cleared up after
it was removed from NETWORK 1. The garbled voice at the output of the
Bermuda VHF receiver also degraded the outputs of the S-band and VHF
receivers at Grand Bahama during the time that the two sites were simul-
taneously connected to NETWORK 1. The output of the VHF receiver at the
Canary Island site was also garbled until the simplex-A mode was selected
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at 00:19:17. The failure of the crew to receive certain uplink trans-
missions resulted from improper procedures at the ground station, and
the garbled voice resulted from improper procedures and/or malfunction-
ing receivers at the Bermuda and Canary Island sites.

During the launch phase, good telemetry data were received except
during short intervals when the performance was perturbed by the launch
vehicle plume, launch events, or S-band handovers (figs. 5.14-1 through
5.14-k4). Each of the three commands transmitted were verified by the
spacecraft updata link equipment.

The performance of the communicetions system during the earth-orbit
phase is highlighted in figures 5.14-8 through 5.1L4-15 and summarized by
station pass in table 5.14-I. S-band communications during most of the
earth-orbit phase were maintained by the crew switching between opposite
omnidirectional antennas when required by ground cue, when the performance
of the telemetry and/or voice channels was marginal, or when the onboard
display indicated weak uplink carrier power.

The performance of the S-band PM system was nominal except for the
period from 65:13:58 to 72:36:32, as previously discussed. In general,
the telemetry channel performance was consistent with the received carrier
power. The crew reported receipt of clear voice communications each time
the S-band system was utilized. The overall performance of the S-band
downvoice channel was good, and in general, was better than that of the
VHF voice.

A total of 3793 commands, including 55 computer loads and two central
timing equipment updates, were transmitted during the earth-orbit phase.
The onboard updata link equipment did not verify 241 commands that were
transmitted during periods of weak signals.

The S-band FM system was successfully utilized for television trans-
missions, numerous dumps of data and voice that had been recorded on the
data storage equipment, and real-time telemetry backup to the PM system.

The VHF simplex-A mode was utilized as the prime voice communications
link for the first half of the earth-orbit phase. During the second half,
the VHF link provided the uplink voice, and the S-band system the down-
voice. The VHF link was adequate in both cases.

Coverage of the eighth service propulsion system maneuver (deorbit
maneuver) was provided by the network site at Hawaii. The average downlink
carrier power during the maneuver was minus 85 dBm (fig. 5.1L4-16), and
telemetry channel performence was nominal. After the handover from Hawaii
to USNS Huntsville at 259:41:09, two-way communication between the space-
craft and USNS Huntsville was intermittently lost from 259:42:50 until
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loss of signal at 259:45:23. S-band communications blackout occurred at
259:54:58 and lasted for 5 minutes 2 seconds. The final loss of signal,
by the Bermuda site, occurred at 260:02:13. The performance of the voice
and telemetry channels was normal during the deorbit and entry phase.

5.14.3 Spacecraft/Apollo Range Instrumentation Aircraft

Several checks of the communications link between the spacecraft and
the aircraft were conducted and included relay of VHF and S-band voice,
receipt and recording of real-time and dump telemetry, and receipt and
recording of dump voice. In general, the S-band voice relays were more
successful than the VHF relays. The real-time and dump telemetry data
recorded during portions of the aircraft coverage were subsequently dumped
to the network sites.



+ ’
TABLE 5.1L4-I.- COMMUNICATION SYSTEM PERFORMANCE DURING EARTH ORBIT PHASE
Site | Rev Event AOS LOS Remarks
MIL | 1/2 01:36:31 | 01:44:50 | The first dump of voice and telemetry data recorded on space-
craft data storage equipment was effected during this station
pass. The dump was accomplished using the S-band FM link and
a tape speed 32 times faster than the record speed. The
quality of voice was degraded by background noise and ranged
from poor to good. The quality of the dumped telemetry data
was good. The received S~band PM link carrier power compared
favorably with permission predictions.
GWM 5 Communications Correct operation of the VHF duplex-B voice communications
check link was reverified. The speech-to-noise ratio of the re-
ceived downlink voice averaged +20 dB and the intelligibility
was good.
HAW 1t Communications Operation of the VHF duplex-A voice communications link was
check checked. The intelligibility of the received downlink voice
ranged from fair to good.
ACN 9 Communications A check of the VHF simplex-B voice communications link was
check performed. The downlink speech intelligibility was degraded
by a tone on the site recording and ranged from fair to good.
CRO 1T First service 26:23:03 26:31:03 | The performance of the communication system was nominal. The
propulsion received S-band carrier power corresponded to premission pre-
maneuver dictions (see fig. 5.1L4-8).
CRO | 18 | Second service | 27:57:37 | 28:06:0L4 | As shown in figure 5.14-9, the average received S-band down-

propulsion
maneuver

link carrier power was -78 dBm. The performance of the com-
mand, telemetry, and voice channels was nominal. The speech-
to-noise ratio of the recorded S-band downvoice averaged

+11 dB, and the downvoice quality and intelligibility were
good.

69-¢



TABLE 5.14-I.- COMMUNICATION SYSTEM PERFORMANCE DURING EARTH ORBIT PHASE - Continued

Site

Rev

Event

A0S

LOS

Remarks

TEX

TEX

RED

19

33

b1

Formation-
flying with
S-1VB

Communications
check

30:12:55

52:21:41

30:19:17

52:39:06

The site provided communications support for approximately

6 minutes while the command and service module was flying

in formation with the S-IVB. A 40 dB increase in received
carrier power was noted when omnidirectional antenna C was
selected at 30:16:20. The line-of-sight tc the spacecraft
entered the south keyhole of the Texas antenna at 30:17:00
and emerged at approximately 30:18:20. Considering the weak
carrier power received during this pass, the telemetry
channel performance was nominal.

The S-band uplink signal combination consisting of voice and
updata operating in conjunction with the downlink combina-
tion of backup voice and low bit rate telemetry was checked.
The quality and intelligibility of the backup downvoice
ranged from fair to good. Each of the three commands trans-
mitted were accepted by the spacecraft updata link equipment.
As expected, the telemetry frame synchronization was inter-
rupted by backup voice modulation (fig. 5.14-10). Tests
have shown that these interruptions can be minimized by
selection of the MSFN receiver 50-Hz carrier tracking loop
(inflight doppler rates necessitated use of the T00-Hz loop).
Since the doppler rates during the translunar coast, lunar
orbit, and transearth coast phases of future Apollo missions
will not require use of the 700 Hz loop, Goddard Space Flight
Center has been requested to utilize the 50 Hz loop when the
spacecraft is in one of the above mission phases and backup
downvoice and low bit rate telemetry are transmitted.

Transmission of the S-band telemetry and voice subcarriers
on the PM carrier was interrupted at approximately 65:13:58.
See section 11 for description of this anomaly.
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TABLE 5.14-I.- COMMUNICATION SYSTEM PERFORMANCE DURING EARTH ORBIT PHASE - Continued

Site| Rev Event A0S LOS Remarks
TEX | 45 | Television T1:41:14 | 71:48:40 | Coverage of the first television broadcast from an Apollo
MIL transmission spacecraft was provided by the Texas and Merritt Island sites.
Even though performance was somewhat limited by weak signal
strength, the picture quality ranged from fair to excellent.
CRO | L6 72:35:05 | 72:4L4:21 | Full capability of the S-band PM link was restored during this
pass by selecting the primary S-band transponder (see
fig. 5.14-11 and section 11).
CRO | 48 | Third service 75:44:58 | 75:50:19 | As shown in figure 5.14-12, the performance of the S-band
propulsion RF system and the telemetry channel were nominal
maneuver B
TEX 60 | Television 9522527 95:33:12 | The communication system performance was nominal. As shown
transmission in figure 5.14-13, the total received signal power during
the majority of the Merritt Island coverage was -T5 dBm.
MIL 95:30:02 95:36:35 | This received signal power provided excellent television
picture quality as evidenced by the photographs in
figure 5.14-13, and resulted in a video signal-to-noise
ratio greater than 16 dB.
HAW 63 Communications 99:53:57 | 99:57:0k4 | S-band signal combination check:
ehtecic Uplink Downlink
Carrier Carrier
Voice Voice
Updata

Seven commands were transmitted. Two which were transmitted
near loss-of-signal were not verified. The speech-to-noise
ratio of the recorded downvoice averaged +23 dB during the
evaluation period. Voice quality and intelligibility were
good.
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TABLE 5.14.-I.- COMMUNICATION SYSTEM PERFORMANCE DURING EARTH ORBIT PHASE - Concluded

Site| Rev Event A0S LOS Remarks

TEX | 76 |Fourth service |120:42:30 |120:47:55 | The average S-band received downlink carrier power was
propulsion -83 dBm. The command and telemetry channels performed
maneuver nominally.

MIL | 104/|Fifth service [164:59:10 |165:05:02 | As shown in figure 5.14-1L, received downlink carrier power

105 |propulsion variations as large as 15 dB were observed. Three commands
maneuver were transmitted and accepted by the spacecraft. The telem-
etry chennel performance was consistent with the received
carrier power.

CYI | 118 |Communications |186:11:38 [186:18:56 | Crew confirmed receipt of very clear voice during the check
check of the S-band backup voice.

6DS | 120 | Communications [190:36:06 |190:43:01 | The message "THIS IS A TEST OF EMERGENCY KEY" was transmitted
check in Morse code utilizing the emergency key capability. A clear

1-KHz tone was audible each time the transmitter was keyed.

GYM 121 | Communications [192:13:01 |192:19:50 | A check of the spacecraft voice relay capability was conducted
check between 192:15:41 and 192:16:18 by relaying the voice output

of the spacecraft VHF receiver to the Guaymas site on the
S-band link. The quality of the relayed voice varied from
fair to good.

MIL 132/|Sixth service 210:04:15 | 210:13:29 | The received downlink carrier power during the maneuver was

133 | propulsion approximately -82 dBm. The voice quality was good during
maneuver the majority of the pass. The spacecraft updata link equip-
ment accepted each of the three commands which were trans-
mitted.

ANG | 151 |Seventh service|239:04:2L4 [239:10:24 | As shown in figure 5.14-15, the received downlink carrier
propulsion power increased from -100 to -90 dBm during the maneuver.
maneuver The performance of the voice and telemetry channels was

consistent with the received carrier power. Each of the
three commands transmitted was accepted and verified by
the spacecraft’ updata link equipment.
- -
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5.15 INSTRUMENTATION

The spacecraft instrumentation system adequately supported the mis-
sion and provided satisfactory data for postflight mission analysis.

5.15.1 Operational Instrumentation

The general operation of the 298 operational measurements and the
associated equipument was good. Only four measurements required waivers
prior to the mission. After lift-off, all operational instrumentation
measurements operated satisfactorily except for two biomedical instru-
mentation parameters, discussed in section 5.19. Twelve of fifteen temp-
plates (passive temperature indicators) were lost because the forward
heat shield was not recovered. Of the three remaining temp-plates, one
of the two located on the forward hatch of the command module was lost,
while the other indicated a nominal temperature rise. The third temp-
plate, mounted on the inside of the hatch, showed no response, as ex-
pected.

A launch hold of 2 minutes 45 seconds caused the central timing
equipment to be in error at launch. This error was corrected by an update
over Carnarvon during the first revolution. The central timing equipment
continued to operate satisfactorily until the eighth revolution when at
12:07:26, it read 00:42:09, indicating that a reset had occurred at
11:25:17. The timing equipment was updated at 12:26:20 over Hawaii and
continued to read correctly for the remainder of the mission. The cause
of the reset is attributed to electrical interference discussed in sec-
tion 11.

The data storage equipment, which recorded data for 130 hours of the
flight, worked well, recording and dumping both high- and low-bit data.
However, time required for phasing the rewinding and playback with ground
stations left much to be desired because of the short time available over
a station. On a lunar mission, the time over a station would be suffi-
cient to preclude such a problem. During entry, the recorder operated
until the end-of-tape limit was reached at 260:08:48, approximately
20 seconds prior to landing.

5.15.2 Flight Qualification Instrumentation

The flight qualification instrumentation operated satisfactorily
except for high-level commutator 1, which became erratic during entry
at 259:43:49.6. This commutator processed forward and aft heat shield
pressure and temperature measurements and two structural measurements.
The commutator performed satisfactorily during the first 5 minutes of
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the entry phase, then exhibited nonsynchronous operation for approximately
6 seconds, and finally provided good data for an additional 1 minute

30 seconds. Thereafter, except for one period of approximately 3 seconds,
the commutator processed only 18 channels of data until the end of re-
corded data. The commutator problem is further discussed in section 11.

The flight qualification tape recorder operated satisfactorily and
recorded data during the launch phase from lift-off minus 32 seconds to
00:03:12, during the fifth service propulsion maneuver (164:59:31.7 to
165:01:56.5), and during entry from 259:39:56.6 until the end-of-tape
limit was reached at 260:02:55.1 (approximately 6 minutes 39 seconds prior
to landing).

The 167 flight qualification measurements and associated equipment
operated satisfactorily. Three measurements were waived prior to lift-
off, six measurements failed during the mission, and ten measurements
provided questionable data.

Five of seven low-range heat-flux calorimeter measurements located
in the aft heat shield failed during entry. These calorimeters measured
the initial heating of entry but then failed either because the increasing
heat load exceeded the heat capacity or because the transducer bond was
weak and the transducer was dislodged by ablator outgassing. These five
sensors were missing from the heat shield at recovery.

The crew compartment heat shield bond line temperature at location 3
exhibited normal data through lift-off but indicated open-circuit at the
start of the fifth service propulsion maneuver.

Nine thermocouple temperature measurements were questionable during
entry. Six of these thermocouples exhibited characteristics indicative
of improper installation of wire splices, such as were found on the
Apollo 6 spacecraft. These splices create additional thermocouple junc-
tions, and the data become meaningless during a heat pulse.

The X-axis vibration measurement on the helium pressure panel was
erratic during the launch phase in that the data were unsymmetrical and
greater in amplitude than anticipated. Tests are being conducted on
similar instrumentation in an attempt to reconstruct the questionable
data.
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5.16 GUIDANCE, NAVIGATION, AND CONTROL SYSTEMS

Performance of the guidance, navigation, and control systems was
satisfactory throughout the mission. Launch monitoring, manual attitude
control, and all other functions required while the spacecraft was at-
tached to the S-IVB were nominal. Spacecraft attitude and translation
control during separation, transposition, and the simulated docking exer-
cise were proper. The crew satisfactorily used the sextant to perform
many inertial measurement unit (platform) alignments. Several times, the
system was brought up from a powered-down condition and an inertial refer-
ence established using the scanning telescope for constellation recogni-
tion. Data were obtained on daylight star visibility through both instru-
ments. Several landmark tracking exercises provided sufficient data to
assess the feasibility and determine the accuracy of the technique.

The guidance, navigation, and control system used sextant tracking
data to calculate the rendezvous maneuvers. All significant attitude
control modes were exercised and performed properly. The primary and
backup thrust vector control systems performed satisfactorily. Manual
takeover of one maneuver was successfully accomplished. Attempts to de-
fine an earth horizon locator for star/horizon sightings were not success-
ful; however, star/lunar landmark measurements were easily made. Passive
thermal control initiation procedures were demonstrated, and information
concerning use of the technique in cislunar space was obtained. The
command module/service module separation sequence was nominal, as were
the subsequent maneuvers to entry attitude. Entry guidance and control
were performed automatically after 202 000 ft.

Three hardware problems occurred, but none reduced the operational
capability. The rotational hand controller minus-pitch breakout switch
inadvertently remained closed during a manual attitude maneuver. The
trouble cleared itself and the controller operated properly for the re-
mainder of the flight. The Commander's attitude indicator exhibited ab-
normal behavior in that it did not indicate properly when the backup atti-
tude reference was displayed; performance was normal with the primary
system. The entry monitor system AV/RANGE counter behaved abnormally
in both AV and ENTRY modes; this behavior had been observed preflight.
Analyses of many areas of the guidance and navigation system is continu-
ing, and the results will be reported in supplemental reports.
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5.16.1 Mission Related Performance

Ascent/S-IVB coast.- The inertial measurement unit was inertially
fixed at 0.42 second after lift-off upon receipt of the lift-off dis-
crete from the launch vehicle instrument unit. Launch monitoring func-
tions began immediately, with the display of inertial velocity, altitude
rate, and altitude on the computer display and keyboard, and angular rate
and attitude error on the flight director attitude indicator. The dis-
played data were nominal and reported to be adequate for abort monitoring
purposes. The attitude errors displayed (fig. 5.16-1) are the difference
between the actual gimbal angles and those computed by the computer based
on stored ascent profile information. The normal delay in receipt of
the lift-off discrete by the computer caused the apparent roll and pitch
errors shown. As on previous flights, the maximum excursions occurred in
the maximum dynamic pressure region and were not caused by this delay.

A omparison of spacecraft and S-IVB gimbal angles for this period is con-
tained in figure 5.16-2. Some evidence of flexure between the two plat-
form mounts is indicated. The slope of the yaw axis difference was not
caused by drift, but by crosscoupling of the initial azimuth misalignment
as the vehicle pitched over to the horizontal. Although not shown on the
figure, the yaw axis difference remained essentially constant from the
end of the pitch program to orbital insertion.

The following table lists preliminary guidance system errors at in-
sertion based on the difference between the spacecraft and S-IVB state
vectors:

Axis Position, ft Velocity, ft/sec
X -2 200.4 -5.16

Y +15 818.2 +59.3

Z +873.9 +0.08

The large out-of-plane error (Y-axis) was caused by an allowable gyro-
compassing error at lift-off. All components indicate excellent inertial
component performance.

Manual attitude control of the spacecraft/S-IVB combination was
demonstrated satisfactorily. Rates in each axis were commanded using the
rotational hand controller, the spacecraft computer, the S-IVB control
computer, and the S-IVB attitude control engines. The following table
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contains a comparison of the rates expected and achieved and shows that
the performance was as expected:

At Expected ‘Coupling. Instrument Spacecraft
display unit unit rate gyros
Pitch, deg/sec
Minus -0.3 -0.297 -0.290 -0.30
Plus +0.3 +0.302 +0.301 +0.28
Roll, deg/sec
Minus -0.5 -0.460 -0.L469 -0.4l
Plus +0215 +0.505 +0.499 +0.50
Yaw, deg/sec
Minus -0.3 -0.33 -0.331 -0.32
Plus +0e 3 +0.33 +0.328 +0.30

Spacecraft/S-IVB separation.- The spacecraft/S-IVB separation dynamics
are shown in figure 5.16-3. The largest transient was 1.35 deg/sec about
the pitch axis. The 16-Hz oscillation shown in yaw is near the natural
frequency of the gyro and is probably ringing in response to an impulsive
input. The transposition and simulated docking after separation were
satisfactorily controlled by the stabilization and control system.

Attitude reference system alignments.- The primary and backup attitude
reference systems (inertial measurement unit and gyro display coupler) were
satisfactorily aligned on many occasions. Table 5.16-I lists pertinent
information about the inertial measurement unit alignments made with the
sextant. The star ‘angle differences were small in all cases. The differ-
ences provided a check of sighting accuracy because they were determined
by the angle measured between stars used for the alignment and the angle
calculated from ephemeris data. The gyro torquing angles also provided a
measure of alignment accuracy and sighting repeatability in those cases
where alignments were repeated within a short time. The capability of
determining platform drift was demonstrated. A number of alignments with
each of the three options were performed by all crew members, and there
were no significant differences in results. Automatic star selection and
optics positioning routines were successfully used, although an idiosyn-
crasy (no Apollo navigation star was in view) associated with the use of
the automatic star selection routine (pick-a-pair) caused two computer
restarts. At least one daylight alignment was made using the auto-optics
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positioning. Spacecraft attitude control was used only to place stars
within the optics drive limits, and no difficulty was reported.

Several backup techniques were demonstrated, including platform
alignment with the crewman optical alignment sight, and gyro displsay
coupler alignment with the telescope. A platform alignment using the
sextant and backup alignment programs was also performed. This tech-
nique, although not scheduled for use, was satisfactorily used when the
optics MARK circuit was suspected of malfunctioning. This apparent mal-
function was later proved to be a procedural error.

Orientation determination and star visibility.- The inertial measure-
ment unit was inertially oriented by use of the scanning telescope each
time the guidance and navigation system was powered up. The telescope
provided no operational problems at night; however, the one attempt in
deylight was not successful because of star recognition problems. A num-
ber of star visibility tests were performed to establish how susceptible
the optics were to stray light from outside the field-of-view and also to
determine whether visibility degraded as the flight progressed. These
tests required counting the number of stars observed in a known field of
view, and from this count, the field luminance of the instrument could be
determined. For each test, the telescope shaft axis was directed at a
point in inertial space along the orbital track and separated from the
sun by an angle of 120 degrees (best case) or 70 degrees (worst case).
Further, the attitude was constrained to provide the maximum shielding of
the optics from earthlight. Star counts were made at L-minute intervals
for 12 minutes, either starting at sunrise or starting 12 minutes before
sunset and continuing until sunset.

Analyses of these tests are continuing. The preliminary indications
are that in all cases, the star magnitude thresholds obtained from the
counts were lower than anticipated, possibly because the Mylar-covered
spacecraft structure may have intruded into the optics field of view;
this consideration was not used in the preflight predictions. Evidence
was also obtained that debris cloud effects were temporary.

The optic surfaces did not degrade significantly during the mission.
This was verified by removing the eyepieces late in the mission and ob-
serving the moon through the optics outer surface. If the optics had been
degraded, a glare would have existed around the moon, indicating the pres-
ence of an oily coating, and no glare existed. Finally, the test results
indicate that the telescope is not usable for constellation recognition
when the sun is within 60 to 70 degrees of the field center, but is usable
at angles of 120 degrees or more.

A check was made of sunlight effects on the sextant. With the sex-
tant pointed as shown in the two cases of figure 5.16-L, star counts were
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attempted. In each case, the navigation star was sighted, but no addi-
tional stars were observed, even though plus-6 magnitude stars were in
the field of view. This indicates that the luminance is too high to see
adjacent stars.

Orbital navigation and landmark tracking.- The feasibility of the
landmark tracking technique was demonstrated, and efficient crew proce-
dures were developed. The initial difficulties were caused by lack of
actual experience, minimum preflight training, and ground procedural
problems such as selecting landmarks outside the automatic optics posi-
tioning limits and scheduling successive landmarks too close together.

As the crew gained experience and the procedural problems were resolved,
the crew were able to complete landmark tracking tasks with little dif-
ficulty. The Commander would establish an initial spacecraft pitch atti-
tude and rate and, if the offset required it, an initial roll to allow
easy acquisition. The landmarks were then tracked by the navigator with
the optics controls, which proved to be adequate. The first series in-
volved only updating of the landmark position. The second sequence uti-
lized the onboard state vector update option, followed by automatic
tracking on the next revolution. Both techniques were successful. Known
and unknown landmarks were tracked, and sufficient data were obtained to
allow assessment of navigation accuracy. The initial telescope trunnion
angle was set at 38 degrees, which reduced the delay in the automatic ac-
quisition sequence. This technique proved to be efficient and easy to
complete.

Sextant tracking of the S-IVB.- The S-IVB was successfully tracked
in all desired visibility conditions with the sextant before, during, and
after the rendezvous, and out to a maximum range of 320 miles. Automatic
optics positioning modes were used with excellent results. During post-
flight crew debriefings, the crew reported sighting the S-IVB at a range
of nearly 1000 n. mi.

Rendezvous.- Onboard rendezvous computations began after 28:00:00
with the selection of the computer rendezvous navigation program and the
maneuver to the sextant acquisition attitude. No data are avaiable from
this sequence or the subsequent initiation of the pre-terminal phase ini-
tiation program; however, the crew reported that all operations were
nominal. Table 5.16-II lists the computer-generated terminal phase ini-
tiation time and the actual terminal phase velocities for the four cycles
through the targeting program. The number of sextant marks taken is also
included. The computations were nominal. These mark data were also used
to update the target state vector in the computer. All updates were small,
the largest being 0.6 ft/sec on the first mark.

Approximately 8 minutes before terminal phase initiation, the crew
reported that the sextant wandered off the target. This was caused by the
inadvertent selection of the reaction control system firing program, in
which automatic optics positioning capability is not available.
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The maneuver to terminal phase initiate attitude was completed using
a combination of manual and automatic control modes. Table 5.16-III con-
tains pertinent ground and onboard data for the terminal phase initiate
translation maneuver. The crew intended to apply the in-plane components
of the onboard computer solution but only half the out-of-phase component
in an attempt to move the location of the common node shead of the rendez-
vous point. The low-bit-rate data availasble indicate that the actual
velocity applied was very close to the computer solution but that the
maneuver was 4 to 5 seconds early. Because of the limited data, an accu-
rate reconstruction of the relative trajectory is not possible; however,
the final ground solution, based on this reconstruction, indicates that
the computer solution was accurate.

After terminal phase initiation, the midcourse correction program
was selected, and the sextant marking schedule was resumed. Maneuver
velocities for the first midcourse correction are shown in the following
table. Because of the uncertainties in the actual state vectors, the
onboard computer solution cannot be evaluated accurately; however, the
difference from that applied was small and would have had little effect
on the rendezvous.

Velocity to be gained, ft/sec

Axis
Computer Backup Applied
=3.7 =1.7 -2.0
+0.4 - 0
+0.2 4.2 +0%5

Following the maneuver, the marking schedule was again resumed and
the second midcourse solution computed. This time, the onboard and back-
up solutions were less than 1 ft/sec, and no correction was performed.

The braking phase (table 5.16-IV) started at 29:43:55 and lasted
11 minutes 48 seconds. The braking was started at a range of 1.2 n. mi.
at 7 minutes 51 seconds prior to the time of theoretical intercept.
Range-rate control was initiated at a range of 0.6 n. mi.

Attitude and translation control.- The attitude control modes used
during the mission are listed in table 5.16-V. Although all significant
modes were tested, the most commonly used were the stabilization and con-
trol system minimum-impulse and acceleration-command manual modes. Wide
and narrow deadband attitude hold was demonstrated using both the digital
autopilot and the stabilization and control system. Although body rates
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were not established prior to the tests, and convergence to a minimum-
impulse limit cycle was not demonstrated, sufficient activity occurred
to insure the systems capabilities. The final portion of the maneuver to
terminal phase initiate attitude was made automatically with the digital
autopilot configured for a 0.5 deg/sec maneuver rate (fig 5.16-5). The
figure is based on data obtained from a low-bit-rate dump with a sample
rate of once every 5 seconds. The angle residuals appear to have been
reduced within the attitude deadband with acceptable tolerances at the
end of the maneuver. A number of manual attitude maneuvers were made
with various mode configurations. The crew reported that control capa-
bility and flexibility were adequate.

Translation maneuvers with the reaction control system were performed
in all axes. Figure 5.16-6 shows the Y-axis translations associated with
the Y-accelerometer test early in the mission and indicates that signifi-
cant cross coupling was present. The varying disturbance torque evident
in the yaw rate is attributed to propellant motion. Plus X translations
preceded each service propulsion system firing (figs. 5.16-T through
5.16-14).

Several instances of aserodynamic torquing were noted after the peri-
gee was reduced to approximately 90 n. mi. The disturbance was reported
to be most noticeable near perigee with the longitudinal axis of the
spacecraft perpendicular to the velocity vector. Further discussion is
contained in section 5.2.

Thrust vector control.- Thrust vector control of service propulsion
engine maneuvers was successfully demonstrated with both the digital auto-
pilot and the stabilization and control system. Table 5.16-VI itemizes
the maneuvers and pertinent parameters. Figures 5.16-T through 5.16-14
contain appropriate dynamic parameters for each maneuver. The second,
third, and fifth maneuvers show propellant slosh effects, while the first
and eighth maneuvers show little or no slosh excitation. The minimum
impulse maneuvers are shown in figures 5.16-4 and 5.16-6. The velocity-
to-be-gained plots (fig. 5.16-15 through 5.16-22) indicate proper cross-
product steering for the guidance-system controlled firings and accept-
able pointing errors for the stabilization-and control-system controlled
firings. In all cases, the impulse realized during tailoff was larger
than predicted (12 000 lb-sec compared with 9599 1lb-sec). Postflight
analysis of the shutdown circuit showed a diode in parallel with the
helium tank pressure relay; this diode contributed to the excess velocity
accrued by causing a 100 to 150-millisecond lag in dropout of the relay
which in turn controls the ball valve shutoff sequence. The allowance
for tailoff was revised for the seventh and eighth maneuvers with more
accurate results (table 5.16-VI). All engine gimbal trim estimates were
within expectations. A manual tekeover was successfully initiated during
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the fifth service propulsion maneuver. Transients were small, as shown in
figure 5.16-23, and manual control was adequately demonstrated. Velocity
residuals were satisfactorily reduced to near zero with the reaction con-
trol system after the first, second, and eighth maneuvers.

Midcourse navigation/star horizon/landmark.- A number of star/earth

horizon measurements were scheduled, but all attempts to perform these
sightings were unsuccessful. This failure resulted partially from the
difficulty of the control task at the relatively high earth-orbital rates,
but primarily from the crew's inability to define a horizon locator, which
was the primary purpose of these tests. The dichroic filter in the sex-
tant landmark line-of-sight did not aid in land/sea definition and actu-
ally smoothed out the horizon such that it was impossible at earth orbital
ranges to define a locator for repeatable sightings. The crew stated that
at longer ranges, the sightings should be accomplished with ease. The
capability for performing star/lunar landmark sighting was demonstrated
using the star Alphard and lunar landmark 5 (crater Diophantus).

Passive thermal control.- The primary objective of the passive ther-
mal control tests was to validate procedures for passive thermal control
through examination of initial rate and attitude data. Figures 5.16-2L
and 5.16-25 contain time histories of spacecraft attitude during the roll
and pitch passive thermel control modes, respectively. Stability charac-
teristics of each mode mey be observed from the attitude time histories
after attitude hold is relinquished in the two non-stabilized axes. The
roll mode test stability characteristics were considered good with the
pitch axis divergence attributable to aerodynamic disturbances. The roll
axis divergence during the pitch mode test cannot be attributed to aero-
dynamics. These results indicate that the roll mode will be more stable
in an environment in which aerodynamic moments are negligible.

Command module/service module separation.- The command module/service
module separation dynamics were similar to those experienced on previous
missions. Peak excursions in rate were minus 1.56, plus 0.84, and minus
0.22 deg/sec in pitch, roll, and yaw, respectively. The disturbances
essentially disappeared after 1 second.

Entry.- A time history of dynamic parameters during entry is shown
in figure 5.16-26. As noted, the spacecraft was controlled manually until
259:57:26 and automatically by the digital autopilot thereafter. The
crew switched to dual reaction control system operation at 259:58:29
after reporting a large pitch disturbance and other visual observations
(see section 11). The only sbnormality visible in the data during this
period occurred approximately 15 seconds before the crew switched to
dual-system operation. At this time, sharp, but relatively small, ampli-
tude changes were discernible in the pitch and yaw rate data. (See sec-
tion 3.) Coupling of roll activity into both pitch and yaw axes occurred

throughout the entry.
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The proportion of the total fuel used to damp pitch and yaw rates
was higher than predicted. All the excess was used in the 2-minute
period before drogue deployment after the spacecraft entered the aero-
dynamically unstable transonic region. Simulations to reproduce flight
results using transonic aerodynamic coefficients and gusting winds show
fuel usage of this order is to be expected under these conditions with
dual system operation.

The entry interface velocity and flight-path angle were greater than
predicted by 2.2 ft/sec and 0.009 degree, respectively. The planned ve-
locity at the entry interface altitude was 25 84L.2 ft/sec with a planned
flight-path angle of minus 2.063 degrees. The computer-calculated values
were 25 8L6.4 ft/sec and minus 2.072 degrees for velocity and flight-path
angle, respectively. These entry parameters compare favorably with the
interface conditions obtained from the best estimated radar vector follow-
ing the deorbit maneuver. Altitude and range during the entry are shown
in figure 5.16-27.

The spacecraft reached the entry interface at 259:53:26 with the
initial roll guidance program in operation, and the computer indicated an
inertial range of 1594 n. mi. to landing. The spacecraft, however, was
being manually held at the entry trim conditions predicted for the 0.05g
level. The computer switched to the entry post-0.05g program at 259:55:38.
After 0.05g, the spacecraft was rate damped in pitch and yaw, and the crew
maintained the 1lift vector up until shortly after 0.2g. The computer
sensed 0.2g at 259:56:06 and change to the final phase program. The crew
made the go/no~go check on the displayed downrange error against the ground
predicted value after the computer changed to final phase. The difference
was approximately 10 n. mi., well within the plus or minus 100 n. mi. tol-
erance set for the downrange error value. Simultaneously with the go/no-go
check, the spacecraft was being manually rolled to a 55-degree roll-left
1lift vector orientation. This backup 1lift vector orientation was to be
held for about 30 seconds while the computer go/no-go check was being
completed. As soon as a GO decision was made, the entry could have been
controlled from the computer commands. However, the crew maintained the
backup bank angle until the first non-zero roll command (minus 15 degrees)
was issued from the computer at about 202 000-foot altitude.

In figure 5.16-28, the computer commended bank angle (roll command)
and the actual bank angles are presented as a function of time. Compari-
son of the two parameters indicate very good response of the spacecraft
to the bank angle commands after the spacecraft was turned over to the
digital autopilot. Table 5.16-VII is a comparison of the telemetered navi-
gation data and guidance commands with a reconstructed set, developed by
calculating the navigation and guidance commands directly from accelerom-
eter data. This comparison indicates that the computer correctly inter-
preted the accelerometer data.
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A summary of the landing data is shown in figure 5.16-29. The com-
puter display indicated an undershoot of 1 n. mi. The recovery forces
estimate of landing point was 6L4.07 degrees west longitude and 27.54 de-
grees north latitude; this would result in a 7.78 n. mi. overshoot. Ade-
quate radar tracking vector data were not obtained after communications
blackout; therefore, no absolute navigation accuracy can be determined.
However, a reconstructed trajectory has been produced by applying the
platform errors (table 5.16-VIII) to the accelerometer data. The cor-
rected accelerometer data trajectory indicated a landing at 64.15 degrees
west longitude and 27.64 degrees north latitude for an overshoot of
1.9 n. mi. The comparison of the computer navigation data with this
reconstructed trajectory (table 5.16-VII) shows that the computer had
a downrange navigation error of approximately 2.2 n. mi. at drogue de-
ployment. This error is within the l-sigma touchdown accuracy predicted
before the mission.

5.16.2 Guidance and Navigation System Performance

Inertial system.- Performance of the inertial system met all mission
requirements. Parameter stability was meintained through nine system
shutdown/power-up sequences. System accuracy during the ascent to orbit
was satisfactory, based on preliminary analyses. Table 5.16-IX contains
a summary of the important inertiel parameter statistics teken from pre-
flight data, including the measured data during countdown and the compen-
sation values loaded in the computer erasable memory for flight.

Figure 5.16-30 shows the time history of velocity errors during the
ascent phase. These comparisons show the difference between the space-
craft data and the instrument unit data (launch vehicle guidance system
measurements that have been corrected for known errors).

Table 5.16-X lists the error sources that have been identified dur-
ing preliminary analysis of the launch phase. These sources were selected

primarily on the criteria that they satisfy the observed errors in velocity.

Secondary criteria were that the selected error sources be consistent with
the prelaunch calibration histories and that they be consistent with in-
flight measurements.

Early in the mission, observation of the Y-accelerometer register
indicated that no accelerometer pulses were accumulating, although the
preflight bias measurement showed 0.24 cm/sec2. A small plus and minus
Y-axis translation test verified that the accelerometer and associated
electronics were functioning satisfactorily. Thus, it appeared the
instrument bias had shifted from the preflight value to essentially zero.
Subsequently, the onboard computer compensation for the bias term was
updated to zero. Behavior such as this is called null coincidence and
has been noted on a number of accelerometers in factory tests.
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During free-flight phases, the accelerometer bias can be determined
‘ from the rate at which accelerometer pulses are accumulated in the accel-
erometer input registers. These results are degraded by external forces
\ such as serodynamic drag, venting, and waste water dump and by residual
propulsive components from attitude meneuvers with the center of mass
displaced from the center of rotation. The following table summarizes
3 the data from selected checks of the inflight bias.
-~ ® Time, hr:min Bias, cm/sec?
From To X Y Z
L3
F « L:39 L:52 0.275 0 0.215
142:55 14h:20 0.318 0 0.209
| 14420 145:05 0.294 0 0.208
| 142:55 145:05 0.309 0 0.208

A 13-minute check was performed after spacecraft separation from the

‘ S-IVB, but before any orbital maneuvers or system shutdowns. The latter
series of checks determined the biases for essentially complete revolu-

‘ tions; using a complete revolution for bias determination tends to remove
the influence of aerodynamic drag, but it does increase the effects of

N other disturbing forces. The results of these bias determination are
considered to be satisfactory.

Successive (back-to~back) inertial system alignments determined the
ability to measure zero-g bias drift. The inertial system was first al-
igned prior to the rendezvous maneuver. Several revolutions later, the
system was aligned to the same desired stable member orientation. The
gyro~torquing angles (the angles through which the stable member was mov-
ed to re-achieve the desired inertial attitude) were recorded. This test
showed that the average stable member drift over that period was plus 0.7,
minus 1.8, and minus 0.2 mERU, respectively, for the X, Y, and Z gyro
axes. The results indicate that the inflight drift determination tech-
nique is satisfactory and that the stable member drift met mission require-

s ments.

Guidance and navigation system temperatures were nominal throughout
y the mission. Although entry was performed using the environmental con-
trol system secondary cooling loop, which does not service the inertial

* measurement unit, no adverse effect was noted.

= Computer system.- The performance of the computer hardware and soft-
ware was satisfactory. The programs used are listed in table 5.16-XI.
Although a number of alarms and restarts were recorded, the cause in each
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case was isolated either to a procedural error or to transients result-

ing from one or more switching functions which had caused alarms in ground

testing. Two of the noise sources were the cabin lights and the cryogenic

fans. Both caused DOWNLINK TOO FAST alarms inflight as well as prior to

flight. Procedural errors that caused restarts were associated with the

inertial measurement unit alignment program, use of the external change-
in-velocity program, and attempts to teke horizon sightings with the

landmark line-of-sight in the orbital navigation program. @

Optical system.- The sextant and the scanning telescope properly per- =
formed their functions throughout the mission. When the optics dust covers
were jettisoned after orbital insertion, 180 degrees of telescope shaft
rotation was required, which is normal for counter-clockwise rotation. e
Clockwise rotation would have required only about 90 degrees. The crew >
reported that the optics drives operated smoothly in all modes and pro-
vided adequate control capability.

5.16.3 Stabilization and Control System Performance

The stabilization and control system performance was satisfactory.
An attitude reference drift check of the gyro display coupler made early
in the flight provided values smaller than expected. The drift values,
accumulated over a period of 1 hour 15 minutes, were 2.96, 0.80, and
0.0 deg/hr in pitch, yaw, and roll, respectively.

Two hardware problems were noted. An inadvertent breskout switch
closure was reported in the Commander's rotation hand controller, and
flight director attitude indicator no. 1 did not operate properly in the
pitch axis when the backup attitude reference was displayed (see sec-
tion 11).

5.16.4 Entry Monitor System

The AV counter in the entry monitor system was used to measure changes

in X-axis velocity for all maneuvers and to terminate the service propul- o
sion system maneuvers controlled by the stabilization and control system.
The X-axis accelerometer bias measurements made prior to each service .

propulsion maneuver exceeded preflight expectations. An intermittent
malfunction in the counter occurred during the final countdown and also
during the mission. The malfunctions appeared in the most significant
digit on the counter, which indicated 9 at times during the setup proce-
dures for the propulsion system firings. Another counter anomaly, detected
and isolated preflight, concerned the entry range-to-go function. This
malfunction was determined to have no adverse effect on the mission.
Section 11 contains a discussion of both of these anomalies.
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Figure 5.16-31 contains a reproduction of the g/velocity trace on
the scroll retrieved postflight. Also shown are the pre-entry test
patterns and a trace reconstructed in a postflight simulation. All indi-
cations are that the g/velocity function operated properly.



TABLE 5.16-1.- SUMMARY OF INERTIAL MEASUREMENT UNIT ALIGNMENTS

ii?;;n m:;::ra Programb Option E?Zh:r Star identification zyro torqu: e dzg Star d;z;erence,
2:12 CMP 52 N 2, Diphda; 4, Achunar -00.012 +00.023 +00.186 00.002
5:16 CMP 52 1 N 1, Alpheratz; 3, Navi 00.000 00.012 00.001 00.000

12:40
23:10
25:16
26:00
39:40
51:L40 LMP 52 > N L2, Peacock; 33, Antareas -00.420 -00.179 +00.1k9 00.001
51:51 LMP 52 3 N L2, Peacock; 33, Antareas +00.021 | -00.0L44 +00.017 00.000
69:30
72:30
Th:0b
90:30
91:57 CMP 52 3 N 14, Canopus; 25, Acrux 00.04Y4 00.019 00.001 00.000
97:45

117:00

118:36

120:00

121:L45

139:19 CMP 52 1 N 14, Canopus; 6, Acamar -00.062 | -00.008 | -00.090 00.000

139.28 CMP 52 2 N 11, Aldebaran; 16, Procyon +00.001 -00.021 -00.006 00.000

140:49 MP 52 2 N 6, Acamar; L5, Fomalhaut -00.080 +00.692 -01.378 00.001

145:16 CDR e 3 N 2, Diphda; 45 Fomalhaut -00.093 +00.0k42 -00.00T7 00.001

8cMP - Command Module Pilot; LMP - Lunar Module Pilot; CDR - Commander.
PSee table 5.16-XV.
€ ® ¥ " =
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TABLE 5.16-I.- SUMMARY OF INERTIAL MEASUREMENT UNIT ALIGNMENTS - Concluded

Time,
hr:min

Crew

a
member

Programb

Option

Day or
night

Star identification

Gyro torque angle, deg

X

Y

A

Star difference,
deg

161:30
16L:20
165:50
193:20
193:26
205:30
206:40
208:15
211:10
212:31
214:10
233:47
23L:0b
235:20
238:10
25k4:55
256:20
257:50

CDR

CMP

52

52

52

52

51/52

52

13,
12,
12
12,

ke

12

Capulla; 11, Aldebaran
Rigel; 15, Sirius
Rigel; 11, Aldebaran
Rigel; 11, Aldebaran

Rigel; 15, Sirius

Rigel; 15, Sirius

-00.199
+00.029
+00.001
+00.780

+00.72k

+00.008

+00. 06k
-00.006
-00.004
+01.308

+00.376

-00. 02k

+00.093
-00.030
-00.012
-03.096

-01.690

+00.003

00.001

00.001

00.000

00.001

00.000

00.000

8CMP - Command Module Pilot; LMP - Lunar Module Pilot; CDR - Commander.
PSee table 5.16-XV.
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TABLE 5.16-I1.- RENDEZVOUS SOLUTION COMPUTATIONS

Computation Ignition time, Keloed oy cliange, te ek Number of marks
cycle hr:min:sec _— TPFb (cumulative)
Ignition time load 29:23:00 == — —_
First recycle 29:20:29.93 17.2 18.0 0
Second recycle 29:12:25.73 QLS 20.5 10
"Bonus" recycle 29:15:53.66 177 18.9 16
Final cycle 29:16:45.52 T 18.5 27
#Perminal phase initiate.
P rerminal phase finalize (braking).
- . .

90T-¢
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TABLE 5.16-III.- TERMINAL PHASE INITIATION
Ground-computed 3
Quantity Nominal 222°3€:r Intended | Actual Be:tae:z;mated
Transmitted | Final P mejechery
Change in velocity (local
horizontal), ft/sec
X 1k4.2 15.0 15.0 15.6 15.6 15.7 15.5
Y A5t 1.9 2.8 300 1 555 27T 2.9
/2 -8.8 -7.5 -7.5 -7.9 -7.9 =T.7 -7.3
Total 16.7 16.9 3k LT 2725 Wt 17.4
Duration, sec Lo,k 46.0 L3.h
Time, hr:min:sec 29:23:05 29:18:34 29:17:36 | 29:16:46 | 29:16:L6 | 29:16:33 29:16:27
Attitude (local
horizontal), deg
Roll 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pitch 32.6 26.3 26.1 26.4 26.8 26.8 24.9
Yaw 6.1 T 10.6 10.9 5hs N5 10.7
Velocity residual after
cutoff, ft/sec
X s0 0.0 0.0 0.0 0.1 0.0
Y 0. .0 0.0 0.3 0.0
Z O .0 0.0 -0.2 00

LoT-¢
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TABLE 5.16-IV.- TERMINAL PHASE BRAKING

Best estimate

Quantity Nominal Ground Actual tra ecbory
Velocity change (vertical system), ft/sec
Effective
X 1320 12.8 1320 30
Y 0.2 2.0 3T 4.6
Z 1055 1SS 1058 1208
Total 17.4 172 18.0 18.2
Expended
X - = k4.2 o
Y = - f1h.7 —
A - - #32.0 —
Total P18.2 19,4 49.1 19.4
Ratio (expended/effective) 1.05 1.13 2.73 1.07
Braking time, hr:min:sec
Begin 29:55:01 29:49:08 29:43:55 29:42:33
End 30:00:36 29:55:19 29:55:43 29:54:00
Braking duration, min:sec 5235 6:11 11:48 11:27
Time from theoretical intercept, min:sec 2:54 3:49 a5l 8:5k
Range at beginning of braking, n. mi. 0.5 035 1.2 155
Time of theoretical intercept, hr:min:sec 2985755 29:352: 57 29:51:45 29:51:27

NOTE: Effective AV is equivalent to theoretical AV for braking.

aExpended AV is total along each axis; not vector-summed.

bBased upon simulated braking with no errors; AV components not available.

80T-S
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TABLE 5.16-V.- CONTROL MODE USAGE
Control Verified Verified
bt Mode Type of control by crew by telemetry
report data
CcMC Automatic Automatic maneuver at L deg/sec
Automatic Automatic maneuver at 0.5 deg/sec X
Automatic Automatic maneuver at 0.2 deg/sec X 7.4
Automatic Automatic maneuver at 0.05 deg/sec
Hold Manual maneuver at 4 deg/sec
Hold Manual maneuver at 0.5 deg/sec X
Hold Manual maneuver at 0.2 deg/sec X
Hold Manual maneuver at 0.05 deg/sec X
Hold Limit cycle within 5-deg deadband X X
Hold Limit cycle within 0.5~deg deadband X X
Free Manual command with rotational hand controller X
Free Manual command with minimum impulse controller X
Any mode Manual translation X X
SCS Rate command Manual maneuver at high rates X
Rate command Manual maneuver at low rates X
Rate command Limit cycle within high rate, maximum deadband (8 deg) X
Rate command Limit cycle within high rate, minimum deadband (4 deg) X
Rate command Limit cycle within low rate, maximum deadband (4.2 deg) X
Rate command Limit cycle within low rate, minimum deadband (0.2 deg) X X
Accel. command Manual commands X X
Minimum impulse | Manual commands X X
Any mode Translation, manual X X
Any mode Reaction control system direct, manual

60T~



TABLE 5.16-VI.- GUIDANCE AND CONTROL MANEUVER SUMMARY

Service propulsion maneuver and control mdea

Condition 1 2 3 L 5 < 7 3
DAP-TVC DAP-TVC SCS-AUTO DAP-TVC DAP-TVC scs-RTE oMp® DAP-TVC SCS-AUTO DAP-TVC
Time
Ignition, hr:min:sec 26:2k:55.66 | 28:00:56.47 | 75:48:00.27 | 120:43:00.kk | 165:00:00.42 | 165:00:36.00 |210:07:59.99 | 239:00:11.97 | 259:39:16.36
Cutoff, hrimin:sec 26:25:05.02 | 28:01:04.23 | 75:48:09.37 | 120:43:00.92 | 165:00:36.00 | 165:01:07.37 |210:08:00.k9 | 239:06:19.67 | 259:39:28.15
Duration, sec 9.36 7.76 9.10 0.48 - 66.95 0.50 7.70 11.79
Velocity, ft/sec
Desired/actual
X 206.1/208.7 | 175.0/178.1 | 211.0/21k.8 13.0/15.3 - 1644.0/1693.0 | 15.3/18.6 225.0/226.3 349.4/3k9.6
Y 2.4/3.k 0.8/-0.2 3.3/3.2 0.1/0.1 - 22.k/20.3 -0.2/-0.k 0.0/1.h -1.9/-2.7
Z 11.7/13.5 8.8/10.3 11.4/9.3 0.6/0.6 - 84.2/83.7 0.9/0.8 11.4/8.5 -18.6/-20.6
Pointing error, ft/sec
Over/under velocity +2.2 +43.1 +3.4 +2.3 -— - +3.3 +1.3 -0.1
Lateral 2.1 1.8 2.4 0.0 - - 0.2 3.2 2.3
Engine gimbal
position, deg
Initial
Pitch -0.81 -0.81 -0.98 -0.81 -0.64 -0.56 -0.68 -0.90 -0.68
Yaw -0.27 -0.31 -0.56 -0.48 -0.4k -0.74 -1.19 -1.k0 -1.2k
Maximum excursion
Pitch change +0.30 +0.40 +0.30 +0.30 +0.66 -0.21 +0.30 +0.30 +0.31
Yaw change -0.46 -0.52 -0.51 -0.67 -1.45 +0.21 -0.b3 -0.h5 -0.h6
Steady-state
Pitch -0.77 -0.80 -0.70 -— -0.56 -0.6k - -0.70 -0.6k
Yaw -0.27 -0.18 -0.27 - -0.27 -0.61 - -1.20 -1.11
Cutoff
Pitch -0.68 -0.6k -0.68 -_— -0.56 -0.56 -_ -0.55 -0.68
Yaw -0.22 -0.31 -0.31 - -0.74 -1.07 - -1.20 -1.32
Rate excursion, deg/sec
Pitch -0.08 0.52 0.73 0.0 -1.04 0.40 -0.28 0.53 0.20
Yaw -0.08 0.60 0.68 1.28 1.88 -0.48 -0.12 0.55 0.0
Roll -0.08 0.0 0.08 0.0 -2.03 0.0 -0.38 0.15 0.0
Attitude error, deg
Pitch +0.28 -0.17 0.67 - 0.0 0.46 - 0.71 o.
Yaw +0.2k 0.31 1.02 - -0.35 -0.98 - .0 9.60
Roll -3.61 -1.71 0.0 - -5.0 0.0 - 0.0 -3.60
“DAP TVC - digital autopilot thrust vector control
SCS - stabilization and control system
RTE CMD - rate command
bMu.uual takeover
. -
. 3 - v
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TABLE 5.16-VII.- ENTRY NAVIGATION AND GUIDANCE RECONSTRUCTION
Loo 000 ft 0.2g 202 000 ft Guidance termination
Condition
Computer Simulated Computer Simulated Computer Simulated Computer Simulated

Time, hr:min:sec 259:53:28 259:53:28 259:57:06 259:57:06 259:57:26 259:57:26 260:02:20 260:02:20
Parameter

X position, ft 20 314 Lh7.0 20 314 648.0 18 583 873.0 18 584 252.0 17 k91 316.0 17 491 782.0 15 006 438.0 15 007 346.0

Y position, ft -126 287.1 -126 280.0 -109 069.5 -109 071.5 -88.281.6 -88 298.4 ~115 586.3 -115 715.6

Z position, ft 6 430 460.7 6 430 h23.6 10 134 4Sk.0 10 134 452.0 11 825 984.0 11 826 015.0 14 661 135.0 1k 661 311.2

X velocity, ft/sec -8675.8 -867k.9 -13 095.5 -13 094.3 -13 T43.k4 -13 Th2.0 -1880.8 -1873.1

Y velocity, ft/sec 91.9 91.9 122.6 122.6 562.6 562.6 -150.9 -153.6

Z velocity, ft/sec 24 348.9 2k 349.0 22 309.9 22 310.2 19 L8k.1 19 48L.5 784.3 783.5

TABLE 5.16-VIII.- ONBOARD COMPUTER ENTRY NAVIGATION ACCURACY
400 000 ft 0.2g 202 000 ft Drogue deploy
Condition
Computer BET® Computer BET Computer BET Computer BET

Time, hr:min:sec 259:53:26 259:53:26 259:56:06 259:56:06 259:57:26 259:26 260:0k:46 260:04:46
Parameter

X position, ft 20 331 736.0 20 330 961.0 18 583 873.0 18 583 237.7 17 491 316.0 17 490 62k.0 14 908 790.0 1k 90k 996.1

Y position, ft -126 469.6 -126 616.2 -109 069.6 -109 396.8 -88 281.6 -88 T04.8 -139 003.3 -139 6£3.7

Z position, ft 6 381 T45.8 6 377 2k2.2 10 134 L54.0 10 130 069.0 11 825 984.0 11 821 647.2 14 706 501.0 1k 699 352.6

X velocity, ft/sec -8616.7 -8615.2 -13 095.5 -13 095.2 -13 Th3.h -13 Thk.8 -1229.4 -1282.6

Y velocity, ft/sec 91.5 90.4 122.6 121.6 562.6 561.6 -355.1 -335.5

Z velocity, ft/sec 24 367.6 24 368.0 22 309.9 22 310.8 19 L8L.1 19 L8k4.0 740.5 T2k.5

®Best estimate trajectory.




TABLE 5.16-IX.- INERTIAL COMPONENT PREFLIGHT HISTORY

Errar Sample Standard No. Countdown Flight
mean deviation samples value load
Accelerometers
X - Scale factor error, ppm -233.88 35.41 -306 -300
Bias, cm/sec2 0.24ks 0. 051 8 0.24 0.2k
Y - Scale factor error, ppm -144.00 42.13 10 -235 -190
Bias, cm/sec2 0.251 0.017 10 0.25 0.2k
Z - Scale factor error, ppm -319.12 46.58 -Lo8 -3L40
Bias, cm/sec2 0.188 0.063 0.16 0.17
Gyroscopes
X - Null bias drift, mERU -0.843 1.17 10 1.44 =055
Acceleration drift, spin reference axis, mERU/g 6.52 9.02 10 11.95 3.9
Acceleration drift, input axis, mERU/g 8.64 k.15 7 6.7 8.2
Acceleration drift, output axis, mERU/g 3513 QT 10 3.8 -
Y Null bias drift, mERU -0.21 0.90 T -0.43 0.0
Acceleration drift, spin reference axis, mERU/g -0.868 0.75 T -0.k42 -0.k4
Acceleration drift, input axis, mERU/g 9.12 12.40 7 11.2 11.6
Acceleration drift, output axis, mERU/g 1Lzl 0.9 it T -
7 - Null bias drift, mERU -0.39 2215 7 =1, 37 -0.6
Acceleration drift, spin reference axis, mERU/g -11.53 T.14 7 —16.2 =858
Acceleration drift, input axis, mERU/g 21 .11 2.13 f 16.2 20.8
Acceleration drift, output axis, mERU/g 2.49 0.58 T 2.4 -

eTT-¢
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TABLE 5.16-X.- INERTIAL SUBSYSTEM ERRORS USED

IN FIT OF BOOST VELOCITY ERRORS

Error Observed Specification

Z velocity offset, ft/sec 1.87 -
Bias, cm/sec2

X 0.0k

Y 0.03

Z 0.01
Null bias drift, mERU

X 0.9

Y. 5.0

Z 05 2
Acceleration drift, input axis,

mERU/g

X -12.1 8

Y 6.5

Z -10.7 8
Acceleration drift, spin reference

axis, mERU/g

Y -2.2 5
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TABLE 5.16-XI.- COMPUTER PROGRAMS USED

No. Description

01 Prelaunch initialization

02 Prelaunch gyrocompassing

03 Prelaunch verification of gyrocompassing

05 Guidance, navigation, and control system start-up

06 Guidance, navigation, and control system power down

11 Earth orbit insertion monitor

20 Rendezvous navigation

21 Ground track determination

22 Orbital navigation

23 Cislunar midcourse navigation

27 Computer update

30 External AV prethrust

34 Rendezvous terminal phase iniation

35 Terminal phase midcourse

Lo Service propulsion thrusting

L1 Reaction control thrusting

L7 Thrust monitor

51 Inertial measurement unit orientation determination

52 Inertial measurement unit realignment

53 Backup inertial measurement unit orientation determination

54 Backup inertial measurement unit realignment

61 Entry maneuver to command module/service module separation attitude

62 Entry command module/service module separation and pre-entry
maneuver

63 Entry initialization

N Entry — post - 0.05g

67 Entry — final phase
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Figure 5.16-10. - Spacecraft dynamics during fourth service propulsion maneuver.
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Figure 5.16-11. - Spacecraft dynamics during fifth service propulsion maneuver.
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Figure 5.16-12. - Spacecraft dynamics during sixth service propulsion maneuver.
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Figure 5.16-13. - Spacecraft dynamics during seventh service propulsion maneuver.




NASA-S-68-6330

off
P, 4x on— A
+, X on —I

off
-P, +X On :J,I—_Off
'P, -X On Off

Solenoid 1 On off
Solenoid 2 On =k 7 off

+Y, +X On off
+Y, -X On

Off
=Y, +X On —I_Oﬂ
=Y, -X On c=h

Off
+R, +Z On off
+R, -Z On off
+R, +Y On off
+R, -Y On

off
-R, #Z0n —r—o"
R, -2 0=l o
-R, +Y On off
=R, =Y. On

Pitch gimbal position, deg

Yaw gimbal position, deg

o

Pitch attitude error, deg

Yaw attitude error, deg

Roll attitude error, degq

o

[
w

o

[
w

wn

o

'
w

Pitch rate, deg/sec

Yaw rate, deg/sec

Roll rate, deg/sec

5-128

B
T i i : I
[ H |
|
= - = i
: +X translation on : & | Service propulsion ignition command ;
oL L - W = Pitch rate ; _____\5~ !
! o ! ! |
i — Pitch gimbal position | \/-\!_. ] -
! I Belesls LI )t S S et DU o el U0 QUL = =, 1 S | i '
|_:_ . = N R, TN e T T o Y 1 '
SL | oo = : ; +X translation off ! Service propulsion engine cutoff
e : : i ‘
> ( ™ 3 = : i
2 | | \
1 i - | | '
! : ! |
or L. 4~ Yaw rate : ! :
1 | I I
| ] | |
e .f Yaw gimbal position : : ! ! «/——-————/_
1 v ]
TR P e | | | A =
_5 L — . 1 .
= = | | .
! I I !
o’ | S ! ! i -
1 1 1 H
PR 1! - i ! !
= : . ; i i -
il | __y Roll rate ' ! {
; R 1
| | I !
- — I | {
| i | !
i - ¥ : i i 8
=5i= i S % - | I i -
I I ! I
I I ! I
1 L 1 L] 1 | | 1 ] 1 {
259:39:02 259:39.05 259:39:10 259:39:15 259:39:20 259:39:25 259:39:30 259:3%:33

Time, hr:min:sec

Figure 5.16-14. - Spacecraft dynamics during eighth service propulsion maneuver (deorbit).
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service propulsion maneuver.
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5.17 REACTION CONTROL SYSTEMS

All reaction control system parameters were normal throughout the
mission except for measurements from one propellant quantity sensor that
had failed prior to flight. The reaction control systems operated satis-
factorily, and all test objectives were satisfied.

5.17.1 Service Module Reaction Control System

A l-second static firing of the four plus X engines was performed
25 minutes prior to launch to purge the system of gas in the lines and
to verify response of the system. The crew reported that they could
audibly detect each firing.

The helium regulators for the service module reaction control system
maintained the helium and propellant manifold pressures within nominal
limits throughout the mission.

The total propellant consumption during the flight is shown in fig-
ure 5.17-1. With the major exception of rendezvous, propellant consump-
tion approximated the predicted usage as adjusted for flight plan changes.
The rendezvous required approximately 37 pounds or 11 percent more than
predicted.

The propellant usage for each quad is shown in figure 5.17-2. The
maximum mismatch in propellant quantity remaining among the four quads
was maintained within 36 pounds by selectively varying combinations of
one-, two-, and four-jet roll maneuvers and two- and four-jet plus X
translations. A comparison of ground calculations with the onboard gage
readings is shown in figure 5.17-2 for quads A, C, and D. The sensor for
quad B failed before launch (see section 5.15). The telemetered gage read-
ings have been converted from percent to weight of propellant remaining.

The fuel and oxidizer are each stored in two tanks, primary and sec-
ondary, with 38 percent of the total in the secondary tanks. Because of
the uncertainty in the ground calculations (primary gaging system), the
crew was requested to switch from the primary to the secondary tanks for
each quad when the ground calculated quantity reached 43 percent remain-
ing. This procedure precluded the possibility of supplying only oxidizer
or only fuel to the engines, a condition which would be detrimental to
the engines. To accomplish the switchover at 43 percent, the crew was
instructed to switch at onboard gage readings of 46 to 54 percent, de-
pending on the quad (as shown in table 5.17-1).

This variance from 43 percent was the correlation noted between
ground calculations and the indication on the cabin gage. The major
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contributing factor to this disparity was the selected helium pressure

at propellant depletion used for the gage design. This and other factors
are incorporated into a calibration nomograph, which was used to obtain
corrected gage readings. The time of switchover, the telemetered and
corrected gage readings, and the ground calculated quantity are also
shown for comparison in table 5.17-I. As noted, the variance between
ground calculations and corrected gage readings is 0.4 to 1.7 percent of
full scale, whereas the differences for the uncorrected values are 2.L to
8.7 percent. The cabin gage readings are then sufficiently accurate to
be used as the primary gaging system by the crew, when corrected.

The primary quad heaters were activated at insertion and performed
normally throughout the mission. During periods of low firing activity,
all quad package temperatures were maintained between 117° and 141° F.
The maximum quad package temperature resulting from aerodynamic heating
during launch was 127° F on quad D. The maximum quad package temperature
resulting from engine firing activity was 198° F on quad A after the
rendezvous maneuvers. The quad package temperature limits are T0° F and
210° F.

The primary propellant tank outlet temperatures were initially at
approximately 75° F, then decreased during the flight for all quads and
reached a minimum of 33° F on quad A after 10-1/2 days. The helium tank
temperatures closely followed the variations in primary propellant tank
outlet temperatures; however, the helium tanks remained 5° to 10° F
warmer.

5.1T7.2 Command Module Reaction Control System

No helium leakage was indicated prior to activation of the command
module reaction control system. The system was activated prior to the
deorbit maneuver at 259:39:02, the propellant isolation valves were
opened shortly thereafter. Both manual and automatic control were used
during entry in combinations of dual- and single-system firings, and the
system performed normally.

A total of 50 pounds of propellant was used (29 and 21 pounds from
systems A and B, respectively). The amount of propellant used during a
particular event can be determined from figure 5.17-3. The momentary
decreases in propellant expended after any usage are associated with
system and instrumentation thermal stabilization. Consequently, the
stabilized values indicate the amount of propellant consumed.

The helium tank temperatures remained between 77° and 59° F prior to
activation of the system. The instrumented engine injectors remained
above 46° F, eliminating the necessity for the valve warm-up procedure.
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During postflight testing, an inadvertent opening of the oxidizer
isolation valves was noted. It is suspected that the valves were damaged
by hydraulic hammering during system activation. This is discussed fur-
ther in section 11.
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TABLE 5.17-I.- SECONDARY TANK SWITCHOVER

Quad
Condition
A B € D
Time of switchover,
hr:min . 167:00 165:00 14k4:00 193:16
Required cabin gage readings
for switchover,
percent L6 L9 54 L9
Telemetered gage reading,
percent L6 - 53 L9
Corrected telemetered gage
readings using
fig. 5.17-2, percent . L1 == L6 43
Ground calculated propellant
remaining at switchover,
percent 43.6 42.8 L4.3 43.4
(142 1b) | 140 1b) (145 1b) | (142 1b)
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5.18 SERVICE PROPULSION

Operation of the service propulsion engine during the eight planned
maneuvers was satisfactory. A 3-hour cold-soask test was performed sfter
the fifth maneuver without any notable decrease in propellant line tem-
peratures. The propellant utilization and gaging system and the propel-
lant thermal control system operated satisfactorily.

5.18.1 Engine Performance

A comparison of calculated and predicted steady-state values is
shown in table 5.18-I. The calculated values were obtained from the
simulation that best matched the command module computer acceleration
data and provided the best estimate of the specific impulse (31L4.0 sec-
onds). Measured chamber pressure during the fifth maneuver is shown in
figure 5.18-1.

The flight performance adjusted to the standard inlet conditions
yields a thrust of 20 721 pounds, a specific impulse of 314 seconds, and
a propellant mixture ratio of 1.60; all values are within approximately
1l percent of the values for the acceptance tests of the engine.

The results of the relatively short first, second, third, seventh,
and eighth engine operations are compared with the results of the fifth
operation (long-duration) in table 5.18-II. The values shown were taken
midway through each firing and all were nominal.

Operation of the pressurization system was satisfactory, without any
indication of leakage. The helium supply pressure and the propellant
ullage pressures indicated a nominal helium usage for the eight engine
operations.

A summary of the shutdown transients for six engine operations (the
minimum impulse firings are not included) is presented in table 5.18-III.

No start transient analysis is given, as recent ground tests have
shown that the response of the flight-type chamber pressure transducer is
thermally affected, thus giving erroneous indications during this period.
The total impulse of shutdown transients (calculated from cutoff signal
to zero-percent thrust) was nominal for the six full engine operationms.

The time from cutoff signal to 1l0-percent of steady-state thrust was with-

in specification limits. The start and shutdown transients during the
fifth operation are shown in figure 5.18-2.

The calculated total impulse from the two minimum-impulse operations

(table 5.18-IV) was significantly higher than predicted utilizing either
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chamber pressure or incremental velocity data. Chamber pressure during
the two minimum impulse firings is shown in figure 5.18-3.

During the first engine operation, an oxidizer interface pressure
spike of 250 psia occurred at ignition; however, this has been observed
during ground tests and is considered normal for a dry start (no propel-
lant between the ball valves).

5.18.2 Propellant Utilization and Gaging System

The onboard gaging system indicated 22.3 percent oxidizer and
22.2 percent fuel at propellant temperatures of T1° and 72° F, respective-
ly. Analysis of one oxidizer sample yielded a density of 90.16 1bm/ft 3
at the loaded temperature of T1° F and under a pressure of 190 psia. At
72° F and under a pressure of 190 psia, analysis of one fuel sample yield-
ed a density of 56.42 lbm/ft3.

Calculated propellant loads utilizing the onboard gaging system and
the densities obtained from the samples were as follows:

Total mass loaded, lbm

Propellant

Actual Planned
Oxidizer 6026.7 6029 .4
Fuel 83710.6 3727.9
Total 93T 3 975T7.3

&pssumes 20 pounds inadvertently drained overboard prior to
launch.

The propellant utilization and gaging system was operated in the
primary mode for all service propulsion operations except the fifth, when
it was switched to the auxiliary mode, which provided primary sump tank
and total auxiliary (point sensors) propellant mass readings. Data from
the fifth maneuver indicated that the auxiliary gaging system operated
satisfactorily, with two point sensors being uncovered in both the oxi-
dizer and fuel systems. The oxidizer primary gaging system operated as
expected. The fuel primary system, however, exhibited shifts of approxi=-
mately 0.5 percent between firings, and also unexpected upward shifts
as large as 1.5 percent after the initial lockout. This upward shift was
less evident in the fifth maneuver than the other seven. Only after
20 seconds into the fifth maneuver did the fuel primary probe operate as
expected.
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5.18.3 Propellant Thermal Control

The service propulsion thermal control system maintained the re-
quired temperature. The rate of temperature decrease of the propellant
lines was better (less) than predicted. The minimum temperature was
55° F for the oxidizer and fuel engine feedlines and was 50° and 52° F
for the oxizizer and fuel system feedlines, respectively. Most of the
decrease in propellant line temperature resulted from the colder propel-
lants moving into the lines from the tanks during each firing. The tank
propellant temperatures decreased continually throughout the mission, as
expected.

The bi-propellant valve temperature remained above 50° F prior to
all firings, with heater operation necessary before the sixth and eighth
firing to maintain the 50° F temperature. A 3-hour heater test of the
A/B bank showed approximate temperature increases of 2° F/hr on the engine
lines and 3° F/hr on the engine valve. This heating rate was about twice
that observed during a previous 3-hour test using only the A-bank heaters.
After the fifth firing, a 3-hour cold-socak test showed no notable decrease
in propellant line or engine valve temperatures.




5-161

TABLE 5.18-I.- STEADY-STATE PERFORMANCE

Parameter Predicted | Measured Calculated
Instrumented
Oxidizer tank pressure, psia . . . . 175 178 178
Fuel tank pressure, psia . . . . . . 1S 15765 176
Oxidizer interface pressure,
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