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MPR-SAT-FE-71-2

V LAUNCH VEHICLE FLIGHT EVALUATION REPORT - AS-510
APOLLO 15 MISSION
BY

rn Flight Evaluation Working Group
e C. Marshall Space Flight Center

ABSTRACT

Saturn V AS-510 (/ o 15 Mission) was launched at 9:34:00 Eastern

i i n July 26, 1971, from Kennedy Space Center,

Complex 39, Pad A. " The vehicle lifted off on a launch azimuth of

90 degrees east of north and rolled to a flight azimuth of 80.088 degrees
east of north. The launch vehicle successfully placed the manned space-
craft in the planned translunar coast mode. The S-IVB/IU impacted the
lunar surface within the planned target area.

This was the first Apollo Mission to employ the Lunar Roving Vehicle
(LRV) during Extravehicular Activity (EVA). The performance of the LRV
was satisfactory and resulted in extended EVA, and greatly increased the
crews lunar exploration capabilities.

A1l Mandatory and Desirable Objectives of this mission for the launch
vehicle were accomplished except the precise determination of the lunar
impact point. It is expected that this will be accomplished at a later

date. No failures, anomalies, or deviations occurred that seriously
affected the mission.

Any questions or comments pertaining to the information contained in
this report are invited and should be directed to:

Director, George C. Marshall Space Flight Center
Huntsville, Alabama 35812

Attention: Chairman, Saturn Flight Evaluation Werking
Group, S&E-CSE-LA (Phone 205-453-2462)
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MISSION PLAN

The AS-510 flight (Apollo 15 Mission) is the tenth flight in the Apollo/
Saturn V flight program, the fifth lunar landing mission, and the third
landing planned for the lurar highlands. The primary mission objectives
are: ag perform selenological inspection, survey, and sampling of materials
in the Hadley-Appennine Region; b) deploy and activate the Apollo Lunar
Surface Experiments Package (ALSEP); c) evaluate the capability of the
Apollo equipment to provide extended lunar surface stay time, increased
Extravehicular Activity (EVA), and surface mobility; and d) conduct
inflight experiments and photographic tasks from lunar orbit. The crew
consists of David R. Scott (Mission Commander), Alfred M. Worden, Jr.
(Command Module Pilot), and James B. Irwin (Lunar Module Pilot).

The AS-510 Launch Vehicle (LV) is composed of the S-1C-10, S-1I-10, and
S-1VB-510 stages, and Instrument Unit (IU)-510. The Spacecraft (SC)
consists of SC/Lunar Module Adapter (SLA)-19, Command Module (CM)-112,
Service Moduie (SM)-112, and Lunar Module (LM)-10. The LM has been
modified for this flight and will include the Lunar Roving Vehicle (LRV)-1.

Vehicle launch from Complex 39A at Kennedy Space Center (KSC) is along
a 90 degree azimuth with a roll to a flight azimuth of approximately
805088 degrees measured east of true north. Vehicle mass at ignition is
6,494,710 lbm.

The S-IC stage powered flight is approximately 159 seconds; the S-II stage
provides powered flight for approximately 388 seconds. The S-IVB stage
burn of approximately 145 seconds inserts the S-iVB/IU/SLA/LM/Command and
Service Module (CSM) into a circular 90 n mi altitude (referenced to the
earth equatorial radius) Earth Parking Orbit (EP0). Vehicle mass at

orbit insertion is 309,816 lbm.

At approximately 10 seccnds after EPO insertion, the vehicle is aligned
with the loca?! horizontal. Continuous hydrogen venting is initiated
shortly after EPO insertion and the LV and CSM systems are checked in
preparation for the Traaslunar Injection (TLI) burn. During the second

or third revolution in EPO, the S-IVB stage is restarted and burns for
approximately 356 seconds. This burn inserts the S-IVB/IU/SLA/LM/CSM into
a near free-return, translunar trajectory.
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Within 15 minutes after (LI, the vehicle initiates a maneuver to an
irertial attitude hold for CSM separation, docking, and LM ejection.
Following the attitude freeze, the CSM separates from the LV and the SLA
panels are jettisoned. The CSM then transposes and docks to the LM.
After docking, the CSM/iM is spring ejected from the S-1VB/IU. Following
separation of the combined CSM/LM from the S~IVB/IU, the S-IVB/IU will
perform a yaw maneuver and then an 80-second burn:of the S-IVB Auxiliary
Propulsion System (APS) ullage engines to propel the S-IVB/IU a safe
distance away from the spacecraft. Subsequent to the completion of the
S-IVB/IU evasive maneuver, the S-1VB/IU is placed on a trajectory such
that it will impact the lunar surface in the vicinity of the Apollo 14
landing site. The impact trajectory is achieved by propulsive venting
of liquid hydrogen (LHp) and dumping of residual liquid oxygen (LOX)

and by firing the APS engines. The S-IVB/IU impact will be recorded

by tae seismographs deploved during the Apollo 12 and 14 missions.
S-IVB/IU lunar impact is predicted at approximately 79 hours 15 minutes
after launch.

Several inflight experiments will be flown on Apollo 15. Several experi-
ments are to be conducted by use of the Scientific Instrument Module
(SIM) located in Sector I of the SM. A subsatellite is launched from

the SIM into lunar orbit and several experiments are performed by it.

The inflight experiments are conducted during earth orbit, translunar
coast, lunar orbit, and transearth coast mission phases.

During the 75-hour 36-minute translunar coast, the astronauts will perform
star-earth landmark sightings, Inertial Measurement Unit (IMU) alignments,
general Tunar navigation procedures, and possibly four midcourse corrections.
At approximately 78 hours and 31 minutes, a Service Propulsion System (SPS),
Lunar Orbit Insertion (LOI) burn of approximately 392 seconas is initiated
to insert the CSM/LM into a 58 by 170 n mi altitude parking orbit. Approx-
imately two revolutions after LOI a 22.9-second burn will adjust the orbit
into an 8 by 60 n mi altitude. The LM is entered b, astronauts Scott and
Irwin, and checkout is accomplished. During the twelfth revolution in
orbit, at 100.14 hours, the LM separates from the CSM arnd prepares for the
lunar descent. The CSM is then inserted into an approximateiy 60 n mi
circular orbit using a 3.9-second SPS burn. The LM descent propulsion
system is used to brake the LM into the proper landing trajectory and
maneuver the LM during descent to the lunar surface.

Following lunar landing, three EVA time periods of 7, 7, and 6 hours are
scheduled during which the astronauts will explore the lunar surface in
the LRV, examine the LM exterior, photograph the lunar surface, and deploy
scientific instruments. Sorties in the LRV will be limited in radius

such that the life support system capabiiity will not be exceeded if LRV
failure necessitates the astronauts walking back to the LM. Total stay
time on the lunar surface is open-ended. with a planned maximum of 67
hours, depending upon the cutcome of current lunar surface operations
planning and of real-time operational decisions. After the EVA, the
astronauts prepare the LM ascent propulsion system for lunar ascent.
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The CSM performs a plane change approximately 8 hours before rendezvous.
At approximately 171.7 hours, the ascernt stage inserts the LM into a

9 by 46 n mi altitude lunar orbit. At approximately 173.5 hours the
rendezvous and docking with the CSM are accomplished.

Following docking, equipment transfer, and decontamination procedures,

the LM ascent stage is jettisoned and targeted to impact the lunar surface
at a point near the Apollo 15 Tanding site, but far enough away so as not
to endanger the scientific packages. During the second revolution before
transearth injection, the CSM will perform an SPS maneuver to achieve a

55 by 75 n mi orbit. Shortly thereafler the subsatellite will be launched
into the same orbit. Transearth Injection (TEI) is accomplished at the
end of revolution 74 at approximately 223 hours and 46 minutes with a

139-second SPS burn.

During the 71-hour 12-minute transearth coast, the astronauts will perform
navigation procedures, star-earth-moon sightings, and possibly three
midcourse corrections. The SM will separate from the CM 15 minutes before
reentry. Splashdown will occur in the Pacific Ocean 295 hours and 12

minutes after liftoff.

After the recoveiy operations, a biological quarantine is no* imposed on
the crew and CM. However, biological isolation garments will be available
for use in the event of unexplained crew illness.
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FLIGHT SUMMARY

The eighth manned Saturn V Apollo space vehicle, AS-510 (Apollo 15 Mission)
was launched at 9:34:00 Eastern Daylight Time on July 26, 1971. The
performance of the launch vehicle was satisfactory and at the time of

this report, all MSFC objectives have been successfully accomplished
except for the precise determination of the lunar impact point. Prelim-
inary assessments indicate that the final impact solution will satisfy

the mission objective.

The ground systems supporting the AS-510/Apollo 15 countdown and launch
performed satisfactorily. System component failures and malfunctions
requiring corrective action were corrected during countdown without causing
unscheduled holds. Propellant tanking was accomplished setisfactorily.
Damage to the pad, Launch Umbilical Tower (LUT) and support equipment was
considered minimal.

The vehicle was launched on an azimuth 90 degrees east of north. A roll
maneuver was initiated at 12.2 seconds that placed the vehicle on a flight
azimuth 80.088 degrees east of north. The trajectory parameters from
launch to Translunar Injection (TLI) were close to nominal. Earth Parking
Orbit (EPO) insertion conditions were achieved 4.39 seconds earlier than
nominal at a heading angle 0.143 degree less than nominal. TLI was achieved
0.88 second later than nominal. The trajectory parameters at Command and
Service Module (CSM) separation deviated from nominal since the event
occurred 94.3 seconds later than predicted.

A1l S-IC propulsion systems performed satisfactorily. 1In all cases, the
propulsion performance was very close to nominal. Overall stage thrust

was 0.47 percent lower than predicted. Total propellant consumption rate
was 0.29 percent lower than predicted with the total consumed M!xure Ratio
(MR) 0.35 percent higher than predicted. Specific impulse was 0.18 percent
Tower than predicted. Total propellant consumption from Holddovn Arm (HDA)
release to Qutboard Engine Cutoff (0ZCO) was Tow by 0.03 percent. Center
Engine Cutoff (CECO) was initiated by the Instrument Unit (IU) at

136.0 seconds. (OECO, initfated by LOX low level sensors, occurred at
159.56 seconds which was 0.53 second later than predicted. The LOX residual
at OECO was 31,135 1bm compared to ihz predicted 36,115 1om. The fue)
residval at OECO was 27,142 1bm compared to the predicted 29,404 1bm. The
S-IC experienced a 1-1-2-1 start sequence rather than the planned 1-2-2
sequence. Since engine No. 1 had been replaced after the stage static test,
1t was expected that the planned start sequence would not be attained.
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The S-1i propulsicn system performed satisfactorily throughout flight.
The S-II Engine Start Command (ESC), as sensed at the engines, occurred
at 161.95 seconds. CECO occurred as planned at 459.56 seconds, and OECO
occurred at 549.06 seconds giving an outboard engine operating time of
387.11 or 1.16 seconds less than predicted. The earlier than predicted
S-II OECO was a result of higher than predicted engine performance during
the Tow Engine Mixture Ratio (EMR) portion of S-1I boost. Four of the
eight S-IC retrc motors and all of the S-II ullage motors were removed
for this flight; therefore, the S-IC/S-II separation sequence was
revised. This sequence change extended the coasi period between S-IC
OECO and S-II ESC by on2 second. The S-IC/S-1I separation sequence and
S-I1 engine thrust bul Idup performance was satisfactory. The total stage
thrust at the standard time slice (61 seconds after S-II ESC) was 0.05
percent below predicted. Total propellant flowrate, including pressui-
ization flow, was 0.03 percent below predicted and the stage specific
impulse was 0.02 percent below predicted at the standard time slice.
Stage propellant mixture ratio was 0.03 percent above predicted. Engine
cutoff transients wera normal.

This was the second flight stage to incorporate a center engine LOX feedline
acctmulator system as a POGO suppression device. The operation of the
accum:'~tor system was effective in suppressing POGO type oscillations.

S-I1 hydraulic system performance was normal throughout the flight.

The S-IVE propulsion system operated satisfactorily throughout opera-
tional phase of first and second burms and had normal start and cutoff
transients. S-IVB first burn time was 141.5 seconds which was 3.8 sec-
onds less than predicted. Approximately 2.6 seconds of the shorter
burn time can be attributed to higher S-1VB performance. The remainder
can be attributed to S-IC and S-II stage performances. The engine per-
formance during first bum, as detemmined from standard altitude recon-
struction analysis, deviated from the predicted Start Tank Discharge
Valve (STDV) +130-second time slice by 1.82 percent for thrust and"
J.09 percent for specific impulse. The S-IVB stage first bum Engine
Cutoff (ECO) was initiated by the Launch Vehicle Digital Computer (LVDC)
at 694.7 seconds. The Continuous Vent System (CVS) adequately regulated
LHS tank ullage pressure at an average level of 19.3 psia during ordit
and the Oxygen/Hydrogen (02/H2) burner satisfactorily achieved LH> and
LOX tank repressurization for restart. Engine restart conditionc were
within specified limits. The restart at full open Mixture Ratio Control
Valve (MRCV) position was successful.

Abnormal temperatures wers notzd in the turbine hot gas system between first
burn ECO and second burn ESC. Mcst noticeable was the fuel turbine inlet
temperature. During LH2 chilldown in Time Base 6 (Tg). the temperature
decreased from 130 to -10°F at second ESC. The oxidizer turbine inlet
temperature also indicated a small decrease in temperature. In additiom,
fuel turbine inlet temperature indicated an abnormally fast temperature
decrease after first bum ECO. The cause of the decrease in turbine

inlet temperature was a small leak past the teflon seal of the gas

generator fuel valve poppet.



S-1VB second burn time was 350.8 seconds which wes 5.4 seconds less than
predicted. The engine ;erformance during second burn, .5 determined from
the standard altitude reconstruction analysis, deviated from the predicted
STDV +130-second time slice by 1.83 percent for thrust and 0.09 percent
for specific impulse. Second bum ECO was initiated by the LVDC at
10,553.7 seconds (02:55:53.7). Subsequent to seconu burn, the stage
propellant tanks and helium spheres were safed satisfactorily. Sufficient
impulse was derived from LOX dump, LH2 CVS operation and Auxiliary Propul-
sion System (APS) ullage burns to achieve a successful lunar impact.

The structural loads experienced during the S-IC boost phase were well
below design values. The maximum bending moment was 80 x 106 1bf-in. at
the S-IC LOX tank (30 percent of the design value). Thrust cutoff tran-
sients experienced by AS-510 were similar to those of previous flights.
The maximum longitudinal dynamic responses at the IU were $G.25 g and
$+0.30 g at S-Ic CECO and OECO, respectively. The magnitudes of the thrust
cutoff responses are considered normal. During S-IC stage boost, 4 to

5 hertz oscillations were detected beginning at approximately 100 seconds.
The maximum amplitude measured at the IU was 1t0.06 g. Oscillations in the
4 to 5 hertz range have been observed on previous flights and are considered
to be normal vehicle response to flight environment. POGO did not occur
during S-IC boost. The S-II stage center engine LOX feedline accumulator
successfully inhibited the 14 to 16 hertz POGO oscillations. A peak
response of $0.6 g was measured on engine No. 5 gimbal pad during steady-
state engine operation. As on previous flights, low amplitude 11 hertz
oscillations were experienced near the end of S-II burn. Peak engine No. 1
gimbal pad response was +0.U6 g. POGO did not oc-.ur during S-II boost.
The POGO limiting backup cutoff system performed satisfactorily during the
prelaunch and flight operations. The system did not produce any discrete
outputs. The structural loads experienced during the S-1VB stage burns
were weil below design values. During first burn the S-!VB experienced
low amplitude, 16 to 20 hertz oscillations. The amplitudes measured on
the gimbal block were comparable to previous flights and well within the
expected range of values. Similarly, S-1V8 second burn produced inter-
mittent Tow amplitude oscillations in the 12 to 16 hertz frequency range
which peaked near second burn ECO.

The guidance and navigation system provided satisfactory end conditicns
for the boost to Earth Parking Orbit (EPO) and the boost to TLI. A
navigation update was performed at the beginning of the second revoiution,
because the difference between the IU navigation vector and the tricking
vector at Camarvon exceeded the allowable tolerance defined in Flighit
Mission Rule (FMR) 7-11. The navigation differences following the up-
date were siiall and were well with.n all allowable tolerances at TLI.

A negative shift of approximately 0.25 m/s (0.82 ft/s) occurred in the

Z (down range) accelerometer output approximately one s=cond before range
zero. The probable cause of the shift was vibratics which h:1d the
measuring head off null in the negative direction. The precise effect of



the shift on subsequent navigation errors has not been determined. The
Launch Vehicle Data Adapter ?LVDA) and LYEC performed satisfactorily with
nominal values for component temperatures ana power supply voltages.

The AS-510 zontrol system was differeat from that of AS-509 because of
redesigned filters and a revised gain schedule. Trese changes were made

to stabilize structural dynamics caused by vehicle mass and structural
changes and to improve wind and engine-out characteristics. The systam
performed satisfactorily. The Flight Control Computer {FCC), Thrust /ector
Control (TVC) System, and Auxiliary Propulsion System (APS) satisfied all
requirements for vehicle attitude control during the flight. Bending and
slosh dynamics were adequately stabilized. The prelaunch programed yaw,
roll, and piich maneuvers were properly executed during S-IC boost. During
the maximum dvnamic pressure region of flight, the launch vehicle experi-
enced winds that were slightly greater than the 95-percentile July wind
from a 60-degree azimuth. The maximum average pitch engine deflection

was in the maximum dynamic pressure region. The maximum average yaw engine
deflection occurred with the initial yaw maneuver.

S-1C/S-11 first and second plane separations were accomplished with no
significant attitude deviations. The S-IC retro motors performed as
expected. Separation distance was less than predicted because F-1 engine
impulse "tailoff" was higher than expected. The effect of the closer
S-I1 exhaust plume at engine start resulted in a more severe environment
at the S-IC forward LOX dome and resulted in S-IC telemetry system
damage. Analysis indicates that with an S-IC stage having only four
retro motors, failure of one retro motor to ignite would result in
marginal separation distance and in the 3¢ case, recontact of the two
stages. Consequently, S-IC-11 and subsequent stages will be equipped
with eignt retro motors rather than the planned four.

The AS-510 aunch vehicle electrical systems and Emergency Detection System
(EDS) performed satisfactorily throughout all phases of flight. <Cperation
of the batteries, power supplicvs, inverters, Exploding Bridge Wire (EBW)
firing units and switch selectors was nomal.

Vehicle base pressure and base thermal environments, in gereral, were
simil:r to thoce experienced on earlier flights. The environmental control

system performance was satisfactory.

A1l data systems performed satisfactorily through the flight. Flight
measurements from onboard telemetry were 93.3 percent reliable. Telemetry
performance was nomal except that the S-IC telemetry wzs lost after
S-1C/S-11 separation. Radiofrequency (RF) propagation was generally good,
though the usual problems due to flame effects and staging were experienced
and an additional dropout occurred when S-I1I stage flame impinged on the
S-1C stage at S-II stage ignition. Usable Very High Frequency (VHF) data
were received until 23,225 seconds (6:27:05). The Secure Range Safety
Command Systes (SRSCS) on the S-1C, S-IT, and 3-1VB stages were ready to
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perform their functions properly, on command, if flight conditions during
launch phase had required destruct. Tne system properly safed the S-IVB

on a command transmitted from Beiviuda (BDA) at 701.5 seconds. The perfor-
mance of the Command and Communications System (CCS) was excellent. Uszble
CCS telemetry data were received to 48,240 seconds (13:24:00) at which time
the telemetry subcarrier was inhibited. Ascension (ACN), Canary Island
(CY¥l), Goldstone (GDS), Madrid (M D), and Merritt Island Launch A~a (MILA)
were receiving CCS signal carrier al S-IVB/IU lunar impact. F£iod tracking
data ware received from the C-Band radar, with Carnarver ((R0O) indicating
final Locs of Signal {L0S) at 53,358 seconds (14:45:18).

Al  spects of the 5-IVB/iU lunar impact mission objectives were accom-
pi..hed cuccessfully with the possible exception of the precise determina-
tion of the impact point. Frevious experience and the high quality and
large guantity of tracking data indicate that the final impact solution
will satisfy the remaining mission objective after additional analysis.

it 285,881.5% seconds {79:24:41:55), the S-1VB/IU impacted the lurar sur-
face at approximataly 0.99 degrae south latitude and 11.89 degrees west
longitude with a velocity of 2577 m/s (8455 ft/s). This preliminary impact
point is approximately 154 kilometers {83 n mi) from the target of 3.67
degrees south latitude and 7.58 degrees west jongitude. The mission objec-
tives wopre to maneuver the S-IVB/IU such that it weuld have at least a

50 percent probability of impacting the lunar surface with 350 kilometers
(189 n mi) of the target, and to determine the actual impact point within

5 kilometers (2.7 n mi), and the time within 1 second. The AS-510 target-
ing philosophy for seismic experiment performance and data resolution
defined "preferred,” "acceptable,” and "undesirable” impact regions about
the Apollo 12 and Apolle 14 lunar seismometers. Although the impact loca-
tion is not within the preferred region nor within the acceptable region

of the Ppollo 14 seismometer, the principle seismic experiment investigator
reports that both seismometers gave valuable scientific data from the
impact. The projected impact point resuiting from the APS-1 maneuver was
perturbed in an easterly diraction by unplanned forces acting after the

OX dump. A first force was caused by the ambient helium pressurization
spheres dumping through the ambient helium engine control sphere into the
J-2 engine. Other forces were apparently caused by the IU thermal control
system water valve operaticns and APS attitude engine reactions. Following
the APS-2 maneuver, a smali and gradually decreasing unbalanced force {also
vnplanned) acted during a 5-hour period to perturb the lunar impact to a
point northwest of the target.

All Lunar Roving Vehiclia (LRV) systems performed satisfactorily with the
range capability being approximately twice the predicted value. The total
range traversed was £7.9 x1lometers at an average velocity of 9.3 km/hr;
the maximum velocity was 13 km/hr and the maximum slopes negotiated were
up to 12 degrees. The stopping distance was approximately 4.6 meters froum
10 km/hr, and the braking and steering duty cycles were much less thar
predicted, with estimates of 5 percent of the time given by the crew. The
LRV average energy consumation was 1.87 amp-nr/km with a total consumed
energy of 52 amp-hr. The navigation svstem attained a Lunar Module (LM)
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ciosure error of less than 0.2 kilometer on each traverse while gyro drift
Was negligible. The wander factor (LRV path deviation due to obstacles)
plus wheel slip was approximately equal to the predicted value of 10
percent.

The following list of concerms was recorded curing the lunar surface
operation:

a.

b.

Battery No. 2 volt-ammeter was inoperative at first power up.

Forward steerino was inoperative on Extravehicular Activity (EVA)-1
but was successfully activated on EVA-2 and 3.

Seat belt fastening was excessively time consuming.
Lurar Communication Relay Urit (LCRU) TV dropped out after LM liftoff.

The left front fender extension was missing after EVA-1.
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MISSION OBJECTIVES ACCOMPLISHMENT

Table 1 presents the MSFC Mandatorvy Objectives and Desirable Objectives
as defired in the “"Saturn V Apollo 15/AS-510 Mission Implementation Plan,"
MSFC Document PM-SAT-8010.8 (Rev. A), dated March 5, 1971. An assess-
ment of the degree of accomplishment of each objective is shown. Dis-
cussion supporting the assessment can be found in other sections of this
report as shown in Table 1.

Table 1. Mission Objectives Accomplishment

MSFC MAADATORY ORJECTIVES {MD} DEGREE OF PARAGRAPH iIX
NO. AND DESIRABLE OBIJCCTIVES (DO) ACCOMPL ISHMENT DISCREPANCIES | WHICH DISCUSSED
1 Laurch on a flight azimuth between 80 and Complete Rone 4.1, 9

100 degrees and insert the S-1VB/IU/53C
into the plarcnred circular earth parking
arbi: (mg.

2 Restart the S-IVB during either the second Complete None 4.2.3, 7.6
or third revo.ution and inject the S-1¥8/1U/5C
onto the planned transluner trajectory (MO).

3 Provide the requicred attitude control for Complete None 10.4.4
the S-IVB/IV/SC during TORE (MO).

4 Perfora an evasive mansuver atter eiection Complete None 10.4.4
of the CSW/LM from the S-IVE/IU (DO).

5 Impact the S-VB/1L on the lunar surface Complete None 17.5
within 350 kilometers of lat. 3.65°S, long.
7.58°u (D0).

6 | Ostermine actual impact point within § Probably Analysis 17.8
kilomstars and time of fmpact within Complete not
one second (00). Complete

7 | Aftar fina) LV/SC sesaration, vent snd Complete None 7.13

dusy the reusining gases and propeliants to
safe the S-1V8/IU (DO).




FAILURES. ANOMALIES AND DEVIATIONS

Evaluation of the launch vehicle and LRV data revealed seven deviations.
There were no feilures nor anomalies. The deviations are summarized in

Table 2.
Table 2. Summary of Deviations
B em VENICLE SYSTEM DEVIATION PRDBABLE CAUSE SHGMI |CAMCE PAMGRIOW
REFENENCE
1 Gui dance/ The ¢f fference beteeen the {1) Prapagation of imsertion Nene. A navigation update was 9.2, 9
s Navigation [L nevigation state wecter navigation errors, aad (2) parfamed at the beginning of
ond the traching wector at nNigher thin predicted comtin- the second revolution, 631199
Carnarvea excewdnd thw uauS vent sysEm thrust during seccvis (1:45:11.59). The
allowshle tolerance dfined £PO. aqvigation differences fallawing
by Fiitgnt Mission Wule the updste ware smal! ind wel)
(Pm) 711 within all epplicable tolezamces
at Trama tunar Infoctien (N1).
z S-i0/8-47 S-1C/S-11 wsparation F-1 enging thruat decay lomger The prassure and thermms! emvi- 9.6
Separation slomer them predicted. then was wsad in separation repmant at e S-iC ferward LM
grediction. mn am e the clover 5-11
exhpunt plume wis aere ewre
than expecind and resultsd ia
$-1C amm-critical talemstry
systs damage. Te sssure &
safer, apre poaitivwe teparstien,
S-1C-I1 and suteopuant will e
squinped wi
rather thas the planmed feur.
3 Flight Program/ LOX wenting threugh the Phase reinforcement ov 4 slesh Apprenimstply SO0 lam of LON was 1.10.2, 10.4.2
5-1¥8 Propulsion | nem-prapuisive went fol- wave cavsed by the pitch mpasw- | ventad. The A5-310 90 o i sarth
Towing sarth parting var o local herizental resulted | oreit required @ 14° pitch spmeu-
it insartion. in LOX covering the veat line ver, which vas grester Ve Wm §
di1fyaar and venting through 10 10" agnpywr requised for the
the LK nen-prepulsive wst. 100 & ui ordit e Sreviems fHights
The wfavorable phasing condétien
wi'" e carecid by redging e
conmndnd piich turning retd frem
0.4%/% o sgprenimamly 0.14°/2
durteg We Bgmevar @ leca
Aorizental.
4 s-ive 4500 16f-5 lwpu'ss from A plonned AS-510 sequance T rasulting ipuise devalwed 7.13.8, V2.3
Prepulsion unplanand asbient mliue ) tha [y 1tate wecter, which is
dump throgh the J-2 wmbint eliu e hichup vecter far lumer
engine. in the missie . In casee
pressurizing gas for dumping the Sackwp is resuired,
wdditional prepelients i¥ asre o om Apelle 14, lapact estsiam
av waresrequined W ichiow radtus of 290 @
luar tmpact. Ngumwer, it was could howe sccurved. The
net a0d that became of topulse conld sine Nave coused
bt wiium aad cugine e sddnd wacartainty in the primery
trel bettle intmrcasmaction, comutes fram
the Uiy mbiest haltwm pres- Corvectiwm action
serast could st be retdined s ses taken T3 mlum
hoyand e Wit cmtrol amping saquence La sscastiailly
bottle safimg. the same uperetien & p.
for previous flights.
4 S-Iv8 Foruard Ne. 2 Settery roaam. Tests in precess Nena. Wissian roqui vamets of 1.4
Clectrical ¢ set @)iver the at wender's factary fer the battery were ichiewd with
ander rentesd rating 1t fication of pessidle onus e reserws
ot 24.™Y mpere Mew.s. dficiencies.
Oepleted after supelying
22.21 mpern haurs.
[ Lumar Rovikg Forward stsering Alb tikely usurces have Neme. The firnt E9A wos 20.7.8, 20.80.4
Yekicle (LRV) ingperative during first been inwestigated. Ffuriher camplewd satisfactorily wiing
EVA. tsleatien is mat pmsible only the rear steering. Fomary
because of LAv aats 2 tian, steering was eperetive for the
second and thivd L. Be further
inwstigation is planmed for this
Ve
14 LRy Seat DEits difficult to in tee 1/6 g lumar environ- Appreaimate.; 20 sisutes of LWA 20.11
secure. -t U silrongets experieaced time was lost @mt to entra time
less campression of their seits tahen for securing seu? telts.
which reselted in o higher Seat belts will 3¢ mdi ficd o
3btLiRg pesition mahing sest prowids easer J8jus Suent g
belts Jdiffice’t to secwre. operation. |
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SECTION 1
INTRODUCTION

1.7 PURPQSE

This report provides the National Aeronautics and Space Administration
(NASA) Headquarters, and other interested agencies, with the launch
vehicle and Lunar Roving Vehicle (LRV) evaluation results of the AS-510
flight (Apollo 15 Mission). The basic obiective of flight evaluation
is to acquire, reduce, analyze, evaluate and report on flight data to
the extent required to assure future mission success and vehicle reli-
ability. To accomplish this objective, actual flight problems are
identified, their causes determined, and recommendations made for
appropriate corrective action.

1.2 SCOPE

This report contains the performance evaluation of the major launch
vehicle systems and LRV, with special emphasis on problems. Summaries
of launch operations and spacecraft performance are included.

The official George C. Marshall Space Flight Center (MSFC) position at
this time is represented by this report. It will not be followed by a
similar report unless continued analysis or new information should prove
the conclusions presented herein to be significantly incorrect. Reports
covering special subjects will be published as required.
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SECTION 2
EVENT TIMES

2.1 SUMMARY OF EVENTS

Range zero time, the basic time reference for this report is 09:34:00
Eastern Daylight Time (EDT) (13:34:00 Universal Time [UT]) July 26, 1971.
Range time is the elapsed time from range zero time and, unless otherwise
noted, is the time used tnroughout this report. All data, except as
otherwise defined, presented in "Range Time" are the times at which the
data were received at the telemetry ground station, i.e., actual time of
occurrence at the vehicle plus telemetry transmission time. The Time-
From-Base times are presented as elapsed vehicle time from start of time
base. Vehicle time is the Launch Vehicle Digital Computer (LVDC) clock
time. Figure 2-1 shows the conversion between ground station time and
vehicle time.

Vehicle and ground times for each time base used in the flight sequence
program and the signal for initiating each time base are presented in
Table 2-1. Start times of Tg, T1, and T2 were nominal. T3, T4, and Ts
were initiated approximately 0.6 seconds late, 0.6 seconds early and

4.4 seconds early, respectively, due to variations in the stage burn
times. These variations are discussed in Sections 5, 6 and 7 of this
document. Start times of Tg and T7 were 6.2 seconds late and 0.9 second
late, respectively. Tg, which was initiated by the receipt of a ground
command, started 66.1 seconds late.

A summary of significant events for AS-510 is given in Table 2-2. The
predicted times for establishing actual minus predicted times in

Table 2-2 were taken frcm 40M33627B, “"Interface Control Document
Definition of Saturn SA-507 and Subs Flight Sequence Program" and from
the "AS-510 Launch Vehicle Operational Trajectory for July 26, 1971,
Laun:h".

2.2 VARIABLE TIME AND COMMANDED SWITCH SELECTGR cvNTS

Table 2-3 lists the switch selector events which were issued during the
flight, but were not programed for specific times. The water coolant
valve open and close switch selector commands were issued based on the
condition of two thermal switches in the Environmental Control System
(ECS}. The output of these switches was sampled once every 300 seconds
beginning nominally at 480 seconds, and a switch selector command was
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GROUND TIME MINUS VEHICLE TIME, milliseconds

0 ] 10 15 20 25 » »
RANGE TIME, 1000 SECOMDS
A . A A
0 2:00:00 4:00:00 6:00:00 8:00:00
RANGE TIME, WOURS:MINUTES:SECONDS

Figure 2-1. Ground Station Time to Vehicle Time Conversion

issued to open or close the water valve. The valve was opened if the
temperature was too high and was closed if the temperature was too low.
Data indicate the water coolant valve responded properly to temperature
fluctuations.

Table 2-3 also contains the special sequence of switch selector events
which were programed te be initiated by telemetry station acquisition
and included the follewing calibration sequerice:

FUNCTION STAGE TIME (SEC)
Telemetry Calibrator v Acquisition + 60.0
Inflight Calibrate, ON
TM Calibrate, ON S-1v8 Acquisition + 60.4
TM Calibrate, OFF S-Iv8 Acquisition + 61.4
Telemetry Calibrator U Acquisition + 65.0

Inflight Calibrate, OFF



SR B T N

Table 2-1. Time Base Summary

VEHICLE TIME GROUND TIME
TIME BASE SECONDS SECONDS SIGNAL START
{HR:MIN:SEC) (HR:MIN:SEC)
To -16.94 -16.94 Guidance Reference Release
T 0.58 0.58 IU Umbilical Disconnect
Sensed by LVDC
T2 136.08 136.08 Down range velocity > 500 m/s
at Ty +135.5 seconds as
sensed by LVDC
T3 159.58 159.58 S-1C 0E5CO Sensed by LVDC
T4 549.06 549.07 S-11 OECO Sensed by LVDC
Tg 694 .87 694 .88 S-1VB ECO (Velocity)
Sensed by LVDC
Tg 9624.83 9624.50 Restart Equation Solution
{02:40:24.83) (02:40:24.90)
17 10,553.84 10,553.92 S-1VB ECO (Velocity)
(02:55:53.84) (02:55:53.92) Sensed by LVDC
Tg 16,800.44 16,800.66 Initiated by Ground Command
(04:40:00.44) (04:40:00.66)
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Table 2-2.

Significant Event Times Summary

R R £
1TEM EVENT DESCRIPTION - —R‘Hif“%
SEC SEC SEC SEC
1 GUIDANCE REFERENCE RELEASE -16.9 c.l -17.5 0.2
(GRR)
2 [s~1C ENGINE START SEQUENCE -8.9 0.0 -9.4 0.1
COMMAND {GROUND)
3 [s-1C ENGINE NO.S5 3TART -6.5 Cof -7.1 0.1
4 5-1C ENGINE NO,3 START -6.) Cel -6.9 0.l
S [S-1C ENGINE NO.2 START ~643 €0 -6.0 0.1
6 |S-1C ENGINE NO.%4 START ~6e1 C.0 -6.8 0.2
7 [S~1C ENGINE NO.1 STARY ~56.0 0. -6.5 0.1
8 [ALL S-1C ENGLINES THRUST OK <l.4 C.l -2.0 0.2
9 [RANGE ZERO c.0 -C.b
10 JALL HOLDDOWN ARMS RELEASED 0.3 240 -0.3 0.1
(FIRST MOTION)
11 [Iu UMBILICAL DISCONNECT, START 0.6 -2 0.C 0.0
OF TIME BASE 1 (T1)
12 LEGIN TOWER CLEARANCE YAW 1.7 0.0 1.1 0.1}
MANEUVER
13 [ENO VAN MANEUVER 917 c.0 9.1 0.1
14 BEGIN PITCH AND ROLL MANEUVER 12.2 Cub 1.6 0.6
15 [S-1C QUTBOARD ENGINE CANT 20.5 -0.2 2¢.0 0.0
16 [ENO ROLL MANEUVER 23.0 -0.0 22.4 -0.?
17 jnach 1 65.¢ 0.6 4.4 U7
18 %AIINUH DYNAMIC PRESSURE 82.0 1.7 8.4 1.8
(MAX Q)
19 |S-1C CENTER ENGINE CUTOFF 135.9 -0.li 135.38 ~6.C1
{CECO)
20 J[START OF TIME BASE 2 tT2) 136.1 -G.1 CeC 6.0
21 lenD P1TCH mANEUVER (TILT 156.9 1.0 2.9 1.2
ARREST)
22 [S-1C OUTBOARD ENGINE CUTOFF 159.56 £.53 23.48 C.62
(0ECO)
START OF TIME BASE 3 {T3) 159.6 XY c.0 0.¢

23




Table 2-2. Significant Event Times Summary (Continued)

1 TEN EVENT DESCRIPTION —'RVUHH’EW E%r%
SEC SeC SEC SEC

24 START S-11 LH2 TANK HIGH 159,7 0.6 C.l 0.0
PRESSURE VENT MODE

25 [S-11 LH2 RECIRCULATION PUMPS 153.7 €.5 C.2 0.0
OFF
26 |S=1C/S-11 SEPARATION COMMAND 161.2 (5 1.7 0.0

TO FIRE SEPARATION DEVICES
AND RETRO MOTORS

27 |S- 11 ENGINE START SEQUENCE 161.9 C.5 2.4 0.0
COMMAND (ESCH

28 [S-11 ENGINE SOLENOID ACTIVAT- 162.C 0.6 2.4 0.0
1ON (AVERAGE OF FIVE)

29 |S-11 [GNITION-STOV OPEN 163.0 0.6 3.4 0.0

30 [S-11 CHILLDOWN VALVES CLOSE 164.8 %] 3.3 c.C

31 |S~11 MAINSTAGE 164.9 L) Se4 0.0

32 |S=11 HIGH (5.5) EMR NO. 1 ON 167.4 0eS 7.9 0.0

33 1S-11 HIGH 15.5) EMR NO. 2 ON 167.6 0.5 8.1 0.0

34 |S~11 SECOND PLANE SEPARATION 191.2 n.% 3.7 0.0
COMMAND (JETTISON S-11 AFY
INTERSTAGE)

35 |JLAUNCH ESCAPE TOWER (LET) 19%.9 ~0.% 3.3 ~1.1
JETTISON

36 |ITERATIVE GUIDANCE MODE ( IGM} 202.6 2.0 43.0 led
PHASE 1 INITIATED

37|S-11 CENTER ENGINE CUTOFF 459,56 0.%2 299.98 -0.01
(Ceco)

38 |START OF ARTIFICIAL TAU MODE 493.7 -0.1 324.1 =0.6

39]S-11 LOW ENGINE MINTURE RATIO 483.9 1.5 324.3 ’ 0.9
(EMR) SHIFT (ACTuaL )

40 |END OF ARTIFICIAL TAU NODE ”.2 <.8 6 4.4

41 ]S-11 OUTABOARD ENGINE CUTOFF 549.08 =0.064 309.47 -1.19
(0ECO)

42[S~11 ENGINE CUTOFF INTERRUPT, 549.1 ~Jeb 0.C 0.0

START OF TINE BASE 4 (T4)
(START OF IGM PHASE 3)

43]S-1v8 ULLAGE MOTOR IGNITION 549.9 0.7 C.? 0.0




Table 2-2. Significant Event Times Summary (Continued)

ne-{ EVENT DESCRIPTION VAL AC Y- "“TC‘HF%W
SEC SEC SEC
44 ’s-uls-lvs SEPARATION COMMAND $50.1 ~0.6 1.0 0.0
TO FIRE SEPARATION DEVICES
AND RETRO MOTORS
45 |S-1vB ENGINE START COMMAND 550, 2 ~0.6 1.1 0.0
(FIRST ESC)
46 JFUEL CHILLDOWN PUMP OFF 551.,2 ~0.7 22 0.0
47 [S-1ve IGNITION {STDV OPEN) $53,2 ~0.6 6.1 0.0
48 |[S-1V8 MAINSTAGE 555.7 0.6 6.6 0.0
49 |START OF ARTIFICIAL TAU MODE 557.5 ~1.3 8.8 -0.5
SO |S—1VB ULLAGE CASE JETTISON 561.8 ~0.7 12.8 0.0
51 |[END OF ARTIFICIAL TAU MOODE 6.0 -1.1 n.e 0.3
52 |BEGIN TERMINAL GUIDANCE 661.0 ~2.6 114.0 -1.9
53 |END 1GM PHASE 3 687.8 4.0 138.7 3.3
54 |BEGIN CHI FREE2E 687.8 ~4,0 138, 7 -3.3
$S |S-1vB VELOCITY CUTVOFF 694.68 ~4.40 -0.20 0.00
COMMAND NO. 1 (FIRST ECO)
56 |S=-1V8 VELOCITY CUTOFF 694.79 ~-4.39 -0.09 0.01
COMMAND NO. 2
S7|S-1v8 ENGINE CUTOFF INTERRUPT{  694.9 44 0.0 0.0 :
START OF TIME BASE S (T5) :
58 |S-1vB APS ULLAGE ENGINE NO. 1 695.1 -4.5 0.3 0.0 ;
IGNITION COMMAND :
$9 |S=-IV8 APS ULLAGE ENGINE NO. 2 69%.2 -4.9 O.¢ 0.0
IGNITION COMMAND
60]LOX TANK PRESSURIZATION OFF 696.0 -4.5 1.2 0.0
61 |PARKING ORBIT INSERTION 704.7 -%.4 °.8 0.0
62|BEGIN MANEUVER TO LOCAL 716.3 ~3.3 21.4 1.1
HORI2ONTAL ATTITUDE ]
63| S-1V8 CONTINUOUS VENT 753.9 -84 $9.0 0.0
SYSTEM (CVS) ON
64 |S-1vB APS ULLAGE ENGINE NO. 1 781.8 -4.5 87.0 0.0
CUTOFF COMMAND
65|S-1v8 APS ULLAGE ENGINE NO. 2 781.9 -5 .1 0.0
CUTOFF COMMAND

§
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Table 2-2. Significant Event Times Summary (Continued)

1TEM EVENT DESCRIPTION ACTUAL -PR _RME"%
SEC SEC SEC SEC

66 BEGIN ORBITAL NAVIGATION 195.7 -3.9 160.8 0.5

67 PEGIN S-1VB RESTA®T PREPARA- 9624.9 6.2 0.0 0.0
TIONS, START (- TIME BASE &
(T6)

68 [S-1VB 02/H2 BURNER LH2 ON 9666.2 6.2 61.3 0.0

69 [S-1VB 02/H2 BURNER EXCITERS ON| 9666.5 6.2 4l.06 0.0

70 |S-IVvB 02/H2 BURNER LOX ON 9666.9 6.2 42.0 0.0
(HELEUM HEATER ON)

71 |S-1V8 CVS OFF 9667.1 6.2 62.2 0.0

72 |S-1VB LH2 REPRESSURIZATION 9673,.C 6.2 48.1 0.0
CONYROL VALVE ON

73 |S-1VB LOX REPRESSURIZATION 9673.2 6.2 48.3 0.0
CONTROL VAL VE ON

T4 [S-1VB AUX HYDRAUL IC PUMP 9843.9 6.2 219,0 0.0
FLIGHT MODE ON

75 |S-1VB LOX CHILLDOWN PUMP ON 9873.9 6.2 249,0 0.0

76 |S-1VB LH2 CHILLDOWN PUMP ON 9878.9 6.2 254.0 0.0

77 |s-1v8 PREVALVES CLOSED 9883.9 6.2 259.0 0.0

78 |S-IVB MIXTURE RATIO CONTROL 1067%.0 6.2 45C. 1 0.0
VALVE OPEN

79 |S-1vB ARS ULLAGE ENGINE NO. 1 | 10121.2 6.2 496.3 0.0
IGNITION COMMAND

80 |S-1vB APS ULLAGE ENGINE NO. 2| 10121.3 6.2 49644 0.0
IGNITION COMMAND

81 |S-Ive 02/7H2 BURNER LH2 OFF 1c121.7 6.2 496,08 0.0
(HELIUM HEATER OFF) :

82 [S-1vB 02/H2 BURNER LOX OFF 10126.2 6.2 S01.3 0.C

83 |S-1vB LH2 CHILLOOWN PUNMP OFF | 10194.3 6.2 569.4 0.0

84 1S=-1VB LOX CHILLDOWN PUMP OFF | 1C194.5 6.2 569.6 0.0

85 Is-1v8 ENGINE RESTARY COMMAND 1C194.9 6.2 $7C.0 0.0
(FUEL LEAD INITIATION)
{SECOND ESC)

86[S-1vB APS ULLAGE ENGINE NO. 1 10197.9 6.2 £73.0 0.0
CUTOFF COMMAND




Table 2-2. Significant

Event Times Summary (Continued)

RAN

GE TIME

TIME FROM BASE

ITEM EVENT DESCRIPTION XCTURT XCY-PRED XCYORT ICY-PR
SEC SEC SEC SEC

87 |S-IVB APS ULLAGE ENGIMNE NO, 2 | 10198.C 6.2 573.1 2.C
CUTOFF COMMAND

88 |S-1VB SECOND IGNITION (STDV 16202.9 6.3 578.C C.l
GPEN)

89 [S-1V8B MAINSTAGE 1225, 4 6.3 58C.5 0.1

9C ENGINE MIXTURE RATIO (EMR) 10259.4 6.8 634.5 0.6
CONTROL VALVE SHIFT {BEGIN
VALVE MUVEMENT)

91 [S-1VvB LH2 STEP PRESSURIZATION | 10474.9 6.2 850.C 0.0
(SECUND BURN RELAY OFF)

92 BEGIN TERMINAL GUIDANCE 10526.5 1.9 901.5 ~b4ob

93 [BEGIN CHI FREEZE 12551.5 c.? 926.6 -5.6

94 |S-1vB SECOND GUIDANCE CUTOFF 16553, 69 3.87 -Ce2) -0.03
COMMAND NO. 1 (SECOND ECO)

95 [S-1VB SECOND GUIDANCE CUTOFF 10553. 79 Ce87 -0.12 -C.02
COMMAND NO. 2

96 |S-1VB ENGINE CUTOFF INTERRUPT,| 10553.9 C.9 c.0 0.C
START OF TIME BASE 7

97 |S-1vB CVS ON 12554, 4 0.9 C.5 0.0

98 [TRANSLUNAR INJECTIUN 10563, 7 1.2 9.8 0.1

99 |BEGIN ORBITAL NAVIGAT ION 10706.0 1.9 152.0 t.0

1C) [BEGIN MANEUVER TO LNCAL 1IC7C6.2 2.1 152.3 1.2
HORTZONTAL ATTITUOE

101 [S-1VR CVS OFF 10704. 8 0.9 15€.¢ C.0

102 BEGIN MANEUVER TO TRANSPOSI- 11454.6 1.7 90C .7 0.8
TION AND DUCK ING ATTITUDE
(TOEE)

103 LSM SEPARATION 12147.2 94,3 1593.3 93.4

104 LSM DOCK 12829.5 176.6 ¢215.5 175%.6

105 |SC/LV FINAL SEPARATION 15681.2 128.3 4921.2 127.4

100 [START OF TIME BASE 8 (T78) 168CC. 7 66.1 0.0 0.0

107 {S-1VR APS ULLAGE ENGINE NO. 1 | 16801.8 66,0 1.2 0.0
IGNITION COMMAND

108 #-lvn APS ULLAGE ENGINE NO. 2 | 16802.0 66.0 1.4 0.0

IGNITION COMMAND
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Table 2-2.

Significant Event Times Summary (Continued)

ITEM EVENT DESCRI!PTION ACTU ACT-PRED
SEC SEC SEC SEC

109 [S-1VB APS ULLAGE ENGINE NO. 1 |16881.8 66.0 81.2 0.0
CUTOFF COMMANP

110 [S-1VB APS ULLAGE ENGINE NO. 2 [16882.C 66.C 8l.4 0.0
CUTOFF COMMAND

111 [INITIATE MANEUVER TG LOX DUMP | 17381.8 67.2 581.1 L
ATTITUDE

112 S-1vB CVS ON 17800.6 66.0 1000.0 0.0

113 BEGIN LOX DuMP 18080.6 66.0 1280.0 0.0

114 [S-1v8 CVS OFF 18100. 6 66.0 1300.0 o.c

115 [END LOX DUMP 18128.7 66.1 1328.¢C 0.0

116 H2 NONPROPULSIVE VENT (NPV) ON[ 18377.7 66.0 1577.¢ 0.c

117 JINITIATE MANEUVER TO ATTITUDE | 19633.5 -16C.9 2832.8 -226.9
REJUIRED FOR FINAL S-1vA
APS BURN

118 [s-1vB APS ULLAGE ENGINE NU. 1 | 2C760.7 66.3 396C.0 0.3
IGNITION COMMAND

119 [S-1VB APS ULLAGE ENGINE NO. 2 [ 20760.9 66.3 3960.2 0.3
IGNIT ION COMMAND

120 {S-1VB APS ULLAGE ENGINE NO. L | 21001.7 73.3 4201.0 7.3
CUTOFF COMMAND

121 [S-1VB APS ULLAGE ENGINE NO. 2 | 21001.9 73.3 «2C1.2 7.3
CUTOFF COMMAND

122 | 2ND LUNAR IMPACT MANEUVER COMMAND 35,46 .

123 |S-1VB APS IGNITION 3,001,

124 |S-IVB APS CUTOFF 3,02,

125 | MANEUVER TO LOX DUMP AT7ITUDE 3,93,

126 | 0.3 DEGREE/SECOND ROLL COMMAND »82,

127 | S-IVB/IU LUNAR IMPACT 25,8816 5.8 2,008 SR.5

1926410 LI X
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Table 2-3.

Variable Time and Command Switch Selector fvents

FUNCTION STAGE RANGE TIME TIME FROM BASE REMARKS
{SET) (SEC)

Water Coclant Valve 1] 481.4 Ty +321.8 LVYDC Function

CLOSED

Low (4.8) EMR No. 1 S-11 483.7 T3 +324.) LVDC Function

Low (4.8) EMR No. 2 S-11 483.9 T3 #2243 LVOC Function

Telemetry Caiibrator v 1095.8 Ts +400.9 Acquisition by Ca~ary

Inflight Calibrate ON Revolution )

T™M Caiibrate QN S-1v8 1096.2 e +401.3 Acquisition by Canary
Revolytion |

i

T™ Calibrate OFF S-1v8 1097.2 Tg +402.3 Acquisition by Canary
Revolution !

Telemetry Caiibrator Iy 1100.7 Ty +405.9 Acquisition by Cenacy

Inftight Calibrate QFF Revolution 1

Telemetry Calibratcr Y 3161.8 Tg, +2496.9 Acquisition by Carnarvon

Inflight Calibrate ON Revolution 1

™ Calibrate ON S-1vB 3192.2 Ts +2497.3 Acquisition by Carnarvon
Revolution 1

TM Calibrate OFF S-1vB 3193.2 Tg +2498.3 Acquisition by Carrarvon
Revolution 1

Telemesry Calibrator 1| 3196.8 Tg +2501.9 Acquisition by Carnarvon

Inflight Calibrate OFF Revolution )

Telemetry Calibrator it 5351.8 Tg +4656.9 \

Inflight Calibrate ON

T™ Calibrate ON S-1v8 5352.2 Tc +4657.3 ( Me nced Data, Soldstone,
Texas, MILA, Bermuda

™ Calibrate OFF 5-148 5353.2 To +4658.3 B

Telemetry Calibrator 1y 5356.8 Tg +4661.9

Inflight Calibrate OFF

Telemetry Calibrater 1] 10,773.9 T7 +220.0 Acquisition by

Inflight Calibrate ON Hawaii TLI

T™ Caliorate OFF S-1vB 10,775.3 Ty +221.4 Acquisition by
Hawaii TLI

Telemetry Calibracor (1] 10,778.9 T7 +225.0 Acquisition by

Inflignt Calibrate ON Hawait TLI

?%a;t of Time Base 8 16,300.7 Tg +0.0 CCS Command

'8

g:;:r Ccolant Valve (1] 16,980.7 Tg +180.0 LVDC Function

Water Coolant Valve 1y 17,280.7 Tg +480.0 LVDC Function

CLOSED

g::ir Coolant va’ w 25,080.7 Tg +828u.0 LVDC Function

Water Coolant Valve tu 25,380.8 Tg +8580.1 LVDC Function

CLOSED

Water Coolant Valve {l] 27,780.7 Tg +10980.0 LVDC runcii

CLOSED 8 unciion
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SECTION 3
LAUNCH OPERATIONS

3.1 SUMMARY

The ground systems supporting the AS-510/Apollo 15 countdown and launch
performed satisfactorily. System component failures and malfunctions
requiring corrective action were corrected during countdown without
causing unscheduled holds. Propellant tanking was accomplished
satisfactorily. The space vehicle was launched on schedu.> at 09:34:00
Eastern Daylight Time (EDT) on July 26, 1971, from pad 39A of the
Kennedy Space Center, Saturn “omplex. Damage to the pad, Launch
Umbilical Tower (LUT) and s° Jort equipment was considered ninimal.

3.2 PRELAUNCH MILESTONES

A chronological summary .7 prelaunch milestones for the AS-510 launch
is contained in Table 3-1.

3.3 COUNTDOWN EVENTS

The AS-510/Apollo 15 terminal countdown was picked up at T-28 hours on
July 24, 1971, at 19:00:00 EDT. Scheduled holds were initiated at

T-9 hours for a duration of 9 hours 34 minutes, and at T-3 hours

30 minutes for a duration of 1 hour. Launch occurred on schedule at
09:34:00 EDT on July 26, 1971, from pad 39A of the Kennedy Space Center
(KSC), Saturn Launch Complex.

3.4 PROPELLANT LOADING
3.4.1 RP-1 Loading

The RP-1 system successfully supported countdown and launch without
incident. Tail Service Mast (TSM) 1-2 fill and replenish was accom-
plished at T-13 hours and S-IC level adjust and fill line inert at
about T-1 hour. Both operations were completed as planned. Launch
countdown support consumed 212,060 gallons of RP-1.

Launch damage was not extensive or serious. The Ansul dry powder fire
extinguisher system activated inadvertently in LUT room 4A. The Ansul
system failure should be evaluated and design corrective action taken if
required to prevent problem recurrence. Extensive cleanup was required.

i Sl ot 57
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Table 3-1.

AS-510/Apollo 15 P~2launch Milestones

DATE

ACTIVITY OR EVENT

May 18, 1970

June 13, 1970

June 26, 1970

July 6, 1970

July 8, 1970

July 8, 1970
September 15, 1970
September 16, 1970
September 17, 1970
November 17, 1370
November 17, 1970
January 14, 1971
March 15, 1971
April 15, 1971

April 27, 197
April 28, 1971
May 8, 1971
May 11, 1971
June 7, 1971
June 9, 1971
June 22, 1971
July 6, 1971
July 13, 1971
July 14, 1971
July 24, 197
July 26, 1971

S-11-10 Stage Arrival

S-1VB-510 Stage Arrival

Instrument Unit (IU)-510 Arrival

S-1C-10 Stage Arrival

Spacecraft/Lunar Module Adapter (SLA)-19 Arrival
S-IC Erection on Mobile Laur.cher (ML)-3

S-II Erection

S-1VB Erection

IU Erection

Lunar Module (LM1)-10 Arrival

Launch Vehicle (LV) Electrical Systems Test
Command and Service Module (CSM)-112 Arrival
Lunar Roving Vehicle (LRV)-1 Arrival

LV Propellant Dispersion/Malfunction Overall Test
(0AT) Complete

LV Service Arm OAT Complete

LRV Installation

Spacecraft (SC) Erection

Space Vehicle (SV)/ML Transfer to Pad 39A
SV Electrical Mate

SV OAT No. 1 (Plugs In) Complete

SV Flight Readiness Test (FRT) Completed
RP-1 Loading

Countdown Demonstration Test (CDDT) Completed (Wet)
CODT Completed (Dry)

SV Terminal Countdown Started (T-23 Hours)
SV Launch




3.4.2 LOX Loading

As a result of an overloading condition discovered during the CDDT, the
predicted S-IVB LOX mission load input to the Propellant Tanking
Computer System (P7CS) was rescaled downward. This rescaling avoided a
recalibration of the S-IVB stage Propellant Utilization Electronics
Assembly {PUEA). There were no operational difficulties encountered by
conducting the launch countdown with the PTCS operating with a modified
full load point.

The LOX system supported countdown and launch satisfactorily. The fill
sequence began with S-1VB fill command at 00:17:00 EDT, July 26, 1971,
and was completed 2 hours 43 minutes later with all stage replenish
nornal at 03:00:00 EDT. Replenish was as planned. Minor LOX leaks

were noted auring loading operations and a pneumatic leak was discovered
in the $-I1VB main fuel valve actuator hnusing early in countdown.

S-11 LOX loading, which was normal, started at T-7 hours 38 minutes and
was completed at T-6 hours 57 minutes. The LOX tank Overfill Sautoff
(OFSO) point sensor indicated a splashiig wet condition as expected at
T-33 minutes at the initiation of LOX helium injection. The OFSO sensor
reached a maximum of 7.6 percent wet for one minute during the early
part of helium injection. At 7-12 minutes, the LOX OFSO sensor returned
to a totally dry state and remained dry through the terminal sequerce.

Total vehicle LOX consumption during launch countdown was 592,000 gallons.

fhe LOX storage area, cress-country and Mobile Launcher (ML) equipment
was free of launch damage with the exception of minor blast damage to

the LUT.

During vaive complex maintenance on ML, July 20, 1971, a leak was
discovered in the pneumatic actuator housing cover of the S-IVB main
fill valve A207. T1nc cover was removed, the actuator shaft lubricated
and tne valve cycled repectedly. Minor leakage persisted after the
cover was reinstalled. This (cndition did not affect valve operation
and was accepted for launch.

During LOX loading operations on July 26, 1971, what appeared to te a
minor seal leak was noted on the Ai26 replemish pump. The leak did not
affect pump performance and pump bearing temperature remained normal
throughout loading operations. Postlaunch tests are planned to
determine source of leakage.

At the start of S-IC fast fill on July 26, 1971, filter A224 in the
Jower S-IC fiil and drain line began leaking. The leak disappeared
about 5 minutes later when the filter nad completely chilled down.

The filter 1id gasket will be replaced during normal postlaunch filter
element changecut.

3-3




3.4.3 LHy Loading

During CODT, the S-1VB LH? Depletion Sensor No. 1 failed "wet" after LOX
ioading and prior to the start of LH2 loading. Investigation disclosed
that the level sensor control unit had been misadjusted during calibration
such that its response to input changes was approximately 10 times too
great. The controller was recalibrated. During inspection, prior to
final cable reconnection, it was discovered that the unit coaxial
connector teflon insulatiun had been punctured. The controller was
removed and replaced.

The LH2 system successfully supported countdown and launch. The fill
sequence began with start of S-1I loading at 03:11:00 EDT, July 26, 1971,
and was completed 86 minutes later when all stage repienish was estab-
lished at 04:37:00 EDT. S-II replenish was automatic until Terminal
Countdown Start (TCDS) at T-187 seconds with one exception at T-3 hours,
when both the S-IT and S-IVB levels were temporarily controlled in the
manual mode to obtain reference data in the event of a Propellant
Utilization (PU) system failure. S-IVB replenish was cbntrolled
manually from T-1 hour until TCDS per the loading procecdure. Two minor
problems were encountered with the LUT vent lines; two leak alarms were
noted during fill and replenish cperations; and the S-I1VB heat exchanger
supply valve failed to open after launch. However, none of these
affected loading operations. Launch damage was not excessive or serious.
Launch countdown support consumed about 470,000 gallons of LHp.

3.5 S-II INSULATION

Overall performance of the insulation system on the S-1I-10 stage was
satisfactory prior to and during launch of the AS-510. No anomalies of
the insulation system from data readout and visual observation (opera-
tional television) were observed. Purge pressures and flows in the
forward bulkhead uninsulated area and "J" ring area were satisfactory.
Vacuum in the common bulkhead was recorded as 1.2 psia, well below the
redline value of 5 psia.

The heat leak to the LH; was estimated to be approximately 65,000 BTU
for the total mission. This was well within the allowable of
209,000 BTU.

A limited number of defects were noted in the external insulation during
post-CDDT inspection. The defects included 12 foam divots (occurring
primarily around the feedline areas), 3 cork insulation debonds, and

15 coating blisters. These defects were repaired within the allotted
schedule time.

Post-CDDT inspection also revealed defects in the internal spray or
ablative insulation. These defects were limited to approximately 4-square
inch debgnded arcas at six locations and hairline cracks located in the
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vicinity of the engine No. 3 area. The ablative insulation was
considered acceptable based on structural and heating criteria and
no rework was required.

A1l rework if required, however, could have been accomplished within a
24-hour turnaround interval.

3.6 GROUND SUPPORT EQUIPMENT
3.6.1 Ground/Vehicle Interface

In general, performance of the ground service systems supporting all
stages of the launch vehicle was satisfactory. Overall damage to the
pad, LUT, and support equipment from the blast and flame impingement
was considered minimal. Detailed discussion of the Ground Support
Equipment (GSE) is contained in KSC Apollo/Saturn V (AS-510) "Ground
Support Evaluation Report.”

The S-IVB J-2 engine start tank pressure reached 1400 psia during the
plus time operation of Countdown Demonstration Test (CDDT). Flight
Mission Rule 7-20 was changed from 140G to 1450 psia for the first
opportunity restart pressure limit in the start tank. The pressure
remained below the launch redline and reached 1390 psia prior to
restart.

The PTCS satisfactorily supported countdown and launch operations.
There was no damage or system failures noted. During all-stage
replenish at about T-2 hours 20 minutes, immediately after the S-IC
LOX boiloff.test, the tank was replenished to an indicated level of
100.16 percent flight mass. The level remained at this value for

20 minutes with the replenish valve closed before any noticeable
change was observed. Subsequent operation of the replenish system
was normal for the remainder of the countdown. A design investigation
is recommended.

The Data Transmission System (DTS) satisfactorily supported countdown
and launch. There were no failures or anomalies and no launch damage.

The Environmental Control System (ECS) performed satisfactorily
throughout countdown and launch. Changeover from air to GN2 purge
occurred at 23:10:00 EDT, July 25, 1971, 24 minutes before resuming

the count at T-9 hours. GN2 purge was terminated at 09:44:00 EDT,

July 26, 1971. One minor problem and one waiver condition were
encountered during countdown operations but did not seriously affect
system support. During inspection of the chiller solenoid valves at
about T-21 hours, water was found in the connection compartment of
chiller No. 1 valve A6973. The valve was replaced. The cover was

left off so that if water entered the replacement it could drain off
before the electrical terminals were shorted. Similar failures of this
valve occurred on April 21, 1971, and June 23, 1971. Additional failure
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analysis has been requested. S-IVB aft compartment temperature fell below
specifications for about 1 hour on July 20, 1971 when ECS electrical wires
were disconnected to allow replacement of failed ECS linear power control-
ler components. Normal temperature was restored when power controller

work was completed. A waiver request was prepared by S-IVB engineering to
cover specification deviation. No adverse effects to tha S-IVB were reported.

Launch damage was minor and confined to slightly scorched ducts and
some loose anchor studs on the remote air plenum attached to the ECS
room exterior wall.

The Holddown Arms (HDA) and Service Arm Control Switches (SACS) satisfac-
torily supported countdown and launch. A1l HDA released pneumatically
within a 3-millisecond period. The retraction and explosive release
lanyard pull was accomplished in advance of ordnance actuation with a
45-millisecond margin. The pneumatic reiease valves No. 1 and No. 2
opened simultaneously 24 milliseconds after the SACS armed signal. The
SACS primary switches closed within 27 milliseconds of each other at

449 and 476 milliseconds after commit and the SACS secondary switches
closed simultaneously 1.112 seconds after commit. Launch damage was
minimal.

Overall performance of the Tail Service Masts (TSM) was satisfactory.
Mast retraction times were nominal; 2.307 seconds for TSM 1-2,

2.151 seconds for TSM 3-2 and 2.688 seconds for TSM 3-4, measured from
umbilical plate separation to mast retracted. There was a minimal
amount of heat and blast damage to all masts.

At about T-6 hours 25 minutes the TSM 3-2 accumulator pressure meter (M4)
indicated approximately 150 psig lower than the alternate monitoring
facilities. This indicated that an end item component in the Launch
Control Center (LCC) Panel had experienced some degradation. System
pressure switch status was monitored as an indication of system readi-
ness for the remainder of the countdown. Troubleshooting and corrective
action were posiponed until after launch.

The Preflight and Inflight Service Arms (S/A 1 through S/A 8) supported
countdown satisfactorily. The performance of the Inflight Service Arms

was within design parameters during terminal count and liftoff. Only

expected minor damage, similar to previous launches, occurred on the

lower Preflight Service Arms (S/A 1, 2, and 3). Damage on the Inflignt
?ervice Arms was also minor, with damage judged even less than on previous
aunches.

3.6.2 MSFC Furnished Ground Support Equipment
The S-IC Mechanical GSE performance for countdown and launch was nominal.
Launch damage was negligible and only one minor problem occurred. The

Ansul fire extinguisher activated, apparently due to launch vibrations,
blanketing Mobile Launcher Room 4Ab equipment with chemical powder.
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The S-IC electrical GSE satisfactorily supported countdown and launch.

No failures or anomalies were noted in any of the electrical GSE systems.
Launch damage was minor.

A1l ground power and battery equipment satisfactorily supported countdown
from the start of precount through launch. A1l systems performed within
acceptable limits. No significant damage occurred to ground power equip-
ment during AS-510 launch. A minor problem occurred at T-48 hours when
the S-IVB flight battery console intermittently printed out erroneous

voltage values and channel numbers. The consvle was replaced and no
problems were experienced with the replacement.

The Hazardous Gas Detection System (HGDS) became active in countdown and
launch operations at 23:00:00 EDT, July 25, 1971, and maintained satis-
factory support through liftoff with no significart system problems.

The system continued to operate satisfactorily after launch and was

secured at 13:30:00 EDT, July 26, 1971. There was no reportable launch
damage to the HGDS or the HGDS sample lines.

The S-IC flight control system performed satisfactorily throughout pre-
launch checkout and flight. One waivered exception was encountered.

At about T-4 hours 30 minutes the No. 3 pitch actuator indicated a gain
of 0.352 at switch point 2. Nomiral at this point is 0.300 and the
upper limit is 0.342. This condition had been anticipated. A waiver
request dated May 12, 1971, increased the upper limit for No. 3 pitch

actuator to 0.362. Because of this prior approval no impact to count-
down operations resulted.

i B i R g N b
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SECTION 4
TRAJECTORY

4.1 SUMMARY

The vehicle was launched on an azimuth 90 degrees east of north. A roll
maneuver was initiated at 12.2 seconds that placed the vehicle on a
flight azimuth of 80.088 degrees east of north. The reconstructed tra-
jectory was genera.ed by merging the following four trajectory segments:
the ascent phas -, parking orbit phase, injectiocn phase, and post
Translunar Injcction (TLI) phase. The analysis for each phase was
conducted separately with appropriate end point constraints to provide
trajectory continuity. Available C-Band radar and Unified S-Band (USB)
tracking data plus telemetered guidance velocity data were used in the
trajectory reconstruction.

The trajectory parameters from launch to TLI were close to nominal.
Earth parking orbit insertion conditions were achieved 4.39 seconds
earlier than nominal at a heading angle 0.143 degree less than nominal.
TLI was achieved 0.88 second later than nominal. The trajectory
parameters at Command and Service Module (CSM) separation deviated from
nominal since the event occurred 94.3 seconds later than predicted.

4.2 TRAJECTORY EVALUATION
4.2.1 Ascent Phase

The ascent phase spans the interval from guidance reference release
through parking orbit insertion. The ascent trajectory was established
by using telemetered guidance velocities as generating parameters to fit
tracking data from five C-Band stations and one S-Band station. Approxi-
mately 15 percenti of the C-Band tracking data and 10 percent of the
S-Band tracking data were eliminated due to inconsistencies. The launch
phase portion of the ascent phase, (1iftoff to approximately 20 seconds),
was established by constraining integrated telemetered guidance
accelerometer data to the best estimate trajectory.

Actual and nominal altitude, surface range, and cross range for the
ascent phase are presented in Figure 4-1. Actual and nominal space-
fixed velocity and flight path angle during ascent are shown in

Figure 4-2. Actual and nominal comparisons of total inertial accelera-
tions are shown in Figure 4-3. The maximum acceleration during S-IC
burn was 3.97 g.
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Figure 4-3. Ascent Trajectory Acceleration Comparison

Mach number and dynamic pressure are shown in Figure 4-4. These
parameters were calculated using meteorological data measured to an
altitude of 58.0 kilometers (31.3 n mi). Above this altitude, the
measured data were merged into the U. S. Standard Reference Atmosphere.

Actual and nominal values of parameters at significant trajectory event
times, cutoff events, and separation events are shown in Tables 4-1,
4-2, and 4-3, respectively.

4.2.2 Parking Orbit Phase
Orbital tracking was conducted by the NASA Manned Space Flight Network.
Four C-Band stations (Merritt Island, two Bermuda radars and Carnarvon)

provided six data passes. Two S-Band stations (Texas and Merritt Island)
furnished two additional tracking passes.
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Figure 4-4. Dynamic Pressure and Mach Number Comparisons

The parking orbit trajectory was obtained by integrating a comprehensive
orbit model with corrected insertion conditions forward to 10,010 seconds
(2:46:50). The final insertion conditions were obtained through 2
differential correction procedure in the Orbital Correction Program (OCP)
which adjusted the preliminary estimate of insertion conditions to final
values in accordance with relative weights assigned to the tracking data.
The orbital acceleration model was derived from telemetered guidance
velocity data generated by the ST-124M-3 guidance platform.

A comparison of actual and nominal parking orbit insertion parameters is
presented in Table 4-4. The ground track from insertion to S-IVB/CSM
separation is given in Figure 4-5.

4.2.3 Injection Phase

The injection phase was generated by the integration of the telemetered
guidance accelerometer daia. These accelerometer data were initialized
from a parking orbit state vector at 10,010 seconds (02:46:50) and were
constrained to a state vector at TLI obtained from the post TLI tra-
jectory. The S-Band tracking data available during the early portion of
the injection phase were not used in the trajectory reconstruction
because the data were inconsistent with parking orbit and translunar
orbit tracking solutions.

Comparisons between the actual and nominal space-fixed velocity and
flight path angle are shown in Figure 4-6. The actual and nominal
total inertial acceleratioi: comparisons are presented in Figure 4-7.
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Table 4-1. Comparison of Significant Trajectory Events

EVENT PAPAMETER RCTUAL NOMINAL ACT-NOM
First Motion Range Time, sec [UNR} 0.3 0.0
Total Tnertial Acceleratinn, mrs? 10.61 10.74 013
(fr/s?) (34.81) {35 24) } (-0.43)
(a) (1.0a) (vie) | (-e.02)
Mach ) Range Time, sec 65.0 64.3 0.6
Altitude, hm 1.8 1.7 9.1
{n mi) (4.2) (4.2) (0.0}
Maximus Dynamic Pressure Range Time, sec 82.0 80.3 1.7
Dynamic Pressure, N/gm 3.68 3.5) a.17
(1bf/FLe) (768.5R) (733.08) (35.50)
Altitude, km - 13.7 13.1 0.6
“nomi) (7.4) (7.1} (0.3)

Maximym Total lnertia)
Acceleration: S-1C Range Time, sec 159 .56 V58.27 1.29
Acceleration, MIa 3. 97 37.90 1.07
(ft7s¢) {127.85) (124.38) (2.57)
(q) (3.97) . (3.86) {0.11)
S-11 Ranae Time, sec 459 .56 459.¢4 0.52
Acceleration, '”32 17.55 17.59 -0.04
(fe/s¢) (57.58) (57.7) (-0.13)
(q) {1.79) (1.79) (0.0)
S-1VB st Burn Range Time, sec #%4.67 599 .06 -4.39
Acceleration, m/§2 6.40 6.34 0.06
(ft/s¢) (21.00) (20.80) {0.20)
{a) {0.65) (0.65%) (c.0)
S-1V8 2nd Burn Range Time, sec 10,553.6) 10,582.7) 0.88
Acceleration, w/;2 13.93 13.49 n.44
(ft/s¢) (45.70) (A4.26) (1.44)
ia) (1.42) (1.38) (0.04)

Maximum Earth-Fixed

Velocity: S-1C Range Time, sec 160.00 160.27 -0.27
Velocitv, m/s Z2,380.9 2,379.5 9.4
(Ft/s) (7.837.6) (7,806.8) (30.8)
S-11 Range Time, sec 550.00 550.79 -0.79
Yelocitv, m/s 6,584.1 6,5731.8 10.3
(ftss) (21,601 4) (21.567.6) (33.8)
S-1vB st Burn Range Time, sec 704 67 709.26 -4.139
Velocitv, m/s 7,389.1 7,389.5 -0.4
(ft/s) (24.242.5) {24,243.8) (-1.3)
S-1V8 2nd Burn Ranqe Time, sec 10,554.00 10,552.94 1.06
Velocity, m/s 10,436.5 10,433.6 2.9
(ft/s) (34.240.5) (34,231.0) (9.%)

NOTE: Tiwes used are vchicle times.
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Table 4-2. Comparison of Cutoff Events

PARANETER I ACTUAL [ NOMINAL l ACT-NOM ACTUAL l NOMINAL I ACT-ROM
S-1C CECO {ENGINE SOLENOID) S-1C OECO (ENGINE SOLENCID)
Range Time, sec 135.96 136.07 -0.1 159 56 189.0) 0.53
Altitude, km 46.8 7.3 -0.5% 68.2 68.6 -0.2
(n mi) (25.3) (25.5) (-0.2) (36.9} {(37.0) (-0.1)
Space-Fixed Velocity, m/s 2,088.7 2,061 .4 -16.7 2,756.4 2.742.2 9.2
(fe/s) (6.708.3) (6.,763.1) {-54.8) (9,043 3) (9.003.1) {10.2}
Flight Path Angle, deg 24.217 23 403 -0.186 21.268 27.523 -n.257
Heading Angle, deg 82.494 82.533 -0.039 82.129 B2.215 -0.086
Surface Range, km 48.1 4.7 -0.6 90.0 89.5 0.5
(n mf) (26.0) (26.3) (-0 3) (48.6) (48.3) (0.3)
Cross Range, im 0.2 0.2 0.9 0.3 0.4 -0.1
(n mi) (0.1) (0.1) (0.0) (0.2) (0.2) {(0.0)
Cross Range Velocity, m/s 1.9 5.6 -1.7 6.8 10.4 -3.6
{vt/s) (12.8) (18.4) (-5.6) {22.3) (34.1) (-11.8)
S-11 CECO (ENGINE SOLENOID) S-11 OECO (ENGINE SOLENOID)
Range Time, sec 459.56 459 .04 0.52 549,06 $49.70 -0.64
Altitude, km 178.2 178.2 0.0 176.3 175.8 6.5
(n m1) (96.2) (96.2) (0.0) (95.2) (94.9) {0.3)
Space-fined Velocity, m/s 5,713.4 5,708.4 5.0 6,995.0 6,985.2 9.8
(fe/s) {18,744.8) (18.728.3) (16.5) (22.949.5) (22,912.3) {32.2)
Flight Path Angle, deg -0.285 -0.352 0.067 0.059 0.025% 0.034
Heading Angle. deg 87.150 87.10% 0.049 89.863 89._864 -0.001
Surface Range, hkm 1,103.8 1,100.6 3.2 1,619.6 1,622.9 -3.)
(n mi) (596.0) (594.3) {(r.7) (874.5) (876.3) (-1.8)
Cross Range, km 16.1 15.8 0.3 29.5 291 0.4
(n ot) (8.7} (8.5) (0.2) (15.9) (15.7) (0.2)
Cross Range Velocity, m/s 121.6 118.0 3.6 181.48 179.2 2.2
(re/s) (399.0) {1871} (1n.9) (595.1) (587.9) (r7.2)
S-1V¥® 1ST GUIDANCE CUTOFF SIGNAL S-1V8 2ND GUIDANCE CUTOFF SIGRAL
%
Range Time, sec 694.67 699.06 -4.39 10,553.6) 10,552.73 0.68
Altitude, ke 172.6 171.8 0.8 307.5 0.8 -3.3
(n @) (93.2) {92.8) (0.4) (166.0) {167.8) (-1.9)
Space-Fined Veloctity, m/s 7,801.9 ?,002.% -0.6 10,852.9 10,850.6 [ %}
(fet/s) (2%,596.6) (25.598.8) (-2.0) {35,606.6) (35.599.1) (7.5)
Flight Path Angle, deg 0.013 -0.002 0.018 6.952 7.142 -0.19C
Heading Angle, deg 95.149 95.29) -0.184 12.782 72.930 -0.148
Surface Range, ke 2,605.4 2,631.8 -28.2
{n mi) (1,406.8) (1,422.0) (-15.2)
Cross Range, ke 6.9 62.2 -0.13
(n =) (33.9) (33.6) (-0.2)
Cross Range Velocity, m/s 265.8 266.7 -0.9
(ft/s) (ar2.0) (825.0) (-2.0)
Inclination, deg 29.605 29.69¢ -0.0M
Descending Node. deg 108.419 108.45) -0.034
€ccentrictity 0.9749 0.9750 -0.000"
¢ #rg? 21,522,508 RICITRITE BRI
(re2/48) (-16,388,107) ! (-16,304,861) | (-83,646)

ROTE: Times used are vehicle times.

* t, is twice the specific energy of ordit
ek
3

where ¥V = [hertial Velocity

v " Gravit:tional Comstant
R = Radius vector from center of earth
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Table 4-3. Cormparison of Separation Events

PARAMETER I ACTINAL I NOMNAL I ACT-HOM
S-1¢/S-11 SEPARATION

Range Time, sec 161.2 160 .8 0.4

Altyrtude, km 70.1 0.8 -0.3

{n mi) (37.9) (38.0) {-0.1)

Space-Fixed Velocity, m/s 2.762.2 2.,753.4 8.8

(ft/s) (9,062.3) (9.033.5) (28.8)

Flight Path Anale, deg 21.02! 21.251 -0.230

Heading Angle, deg 82.144 82.23 -0.087

Surface Range, km 33.5 93.3 0.2

{n mi) (50.9) (50.4) (0.1)

Cross Range, km 6.3 0.4 -0.1

(nmi) {(n.2) (0.2) (0.0}

Cross Range Velocity, m/s 7. 10.7 -3.6

{(ft/s) (23.3) {3s.1) (-11.8)

Geodetic Latitude, deq N 2R 748 2R, 746 0.002

Longitude, dea £ -79.661 -79.663 0.002
S-11/S-1VYR SEPARATION

Range Time, sec 550.1 550.8 -0.7

Altitude, hm 176.3 175.8 0.5

{n mi) (95.2) (94.9) {n.3)

Space-fixed Velocity, m/s 6,999.0 6,988.7 10.3

(ft/s) K22.962.6) (22.,928.8) (33.8)

Flight Path Angle, dea n.0ey n.0ys 0.032

Headina Angle, deg 89.900 89.901 -0.001

Surface Range., km 1,626.3 1,629.8 -3.5

(n mi) (R78.1) (880.0) {(-1.9)

Cross Range, km 29.7 29.3 0.4

{(nmi) (16.0) (15.8) (0.2}

Cross Range velocity, m/s 182.0 179.7 2.3

(ft/s) (597.1) (589.6) (7.5)

Geodetic Latitude, deq N 29.843 29.847 -0.004

Longitude, dea E -63.922 -63.886 -0.036
S-1VB/CSM SEPARATION

Range Time, sec 12,1472 12,052.9 94.3

Altitude, ku 7.,459.8 6,927.7 482 .1

(n mi) (4.028.0) (3,762.7) (260.3)

Space-fFixed Velocity, m/s 7.494.1 7.631.5 -137.4

(ft/s) [24.,586.9) (25,037.7) (-450.8)

Flight Path Angle, deg 46.01) 45.046 0.965

Heading Anole, deg 112.493 111.816 0.677

Geodetic Latitude, dea N 19.957 2n.728 -0.767

Longitude, deg E -62.502 -64.048 1.546

NOTE: Times used are vehicle times.
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Table 4-4. Parking Orbit Insertion Conditions

PARAMETER ACTUAL NOMINAL ACT-NOM
Range Time, sec 704.67 709.06 -4.39
Altitude, km 172.6 171.8 0.8
(n mi) (93.2) (92.8) (0.4)
Space-Fixed Velocity, m/s 7.803.7 7,804.0 -0.3
(ft/s) (25,602.7) (25,603.7; (-1.0)
Flight Path Angle, deg 0.015 0.000 0.015
Heading Angle, deg 95.53 85.674 -0.143
({nclination, deg 29.679 29.685 -0.006
Descending Nocde, de3 109.314 109.330 -0.016
Eccentricity 0.0003 0.0000 0.0002

Apogee*, km 169.5 166.7 2.
(n mi) (91.5) (90.0) (1.5)
Perigee*, km 166.0 166.5 -0.5
(n mi) (89.5) (89.9; (-0.3)
Period, min 87.84 87.82 0.02
Geodetic Latitude, deg N 29.365 29.346 0.019
Longitude, deg & -53.081 -52.791 -0.290

NOTE :
see Figure 2-1,

Ranje Times used are times of occurrence at the vehicle,

*Based on a spherical earth of radius 6,378.165 km (3,443.934 n mi).
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Figure 4-6. Injection Phase Space-Fixed Velocity and Flight Path
Angle Comparisons

The space-fixed velocity was greater than nominal with deviations more
noticeable towards the end of the time period. The actual and nominal
targeting parameters at S-IVB second guidance cutoff are presented in
Table 4-2. The actual and nominal translunar injection conditions are

compared in Table 4-5.
4.2.4 Post TLI Phase

The post TLI trajectory spans the interval from translunar injection to
S-1VB/CSM separation. Tracking data from two C-Band stations (Merritt
Island and Bermuda) and three S-Band stations (Goldstone, Goldstone Wing
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Figure 4-7. Injection Phase Acceleration Comparison

and Texas) were utilized in the reconstruction of this trajectcry segment.
Telemetered post TLI guidance velocity data were used to derive the post
TLI nonpotenti.l accelerations during this phase. The post TLI trajectory
reconstructioy utilizes the same methodology as outlined in paragraph
4.2.2. The 5-IVB/CSM separation concitions are presented in Table 4-3.



Table 4-5. Translunar Injection Conditions

PARAMETER ACTUAL NOMINAL ACT-NOM

Range Time, sec 10,563.69 10,562.74 0.95
Altitude, km 321.1 324.8 -3.7
(n mi) (173.4) (175.4) (-2.0)
Space-Fixed Velocity, m/s 10,845.6 10,842.3 3.3
(ft/s) (35,582.7) (35.571.9) (10.8)
Flight Path Angle, deg 7.408 7.596 -0.188
Heading Angle, deg 73.188 73.338 -0.150
Inclination, deg 29.684 29.696 -0.012
Descending Node, deg 108.418 108.452 -0.034
Eccentricity 0.9762 0.9761 0.0001
€y, m?/s? -1,438,810 -1,445,581 6,771
(ft2/s2) (-15,487,222) (-15,560,108) (72,822)

NOTE: Times used are vehicle times.
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SECTION 5
S-1C PROPULSION

5.1 SUMMARY

A11 S-IC propulsion systems performed satisfactorily. OGverall stage thrust
was 0.47 percent lower than predicted. Total propellant consumption rate
was 0.29 percent lower than predicted with the total consumed Mixture

Ratio (MR? 0.35 nercent higher than predicted. Specific impulse was

0.18 percent lower than predicted. Total propellant consumption from
Holddown Arm (HDA) release to Outboard Engine Cutoff (OECO) was low by

0.03 percent.

Center Engine Cutoff (CECO) was initiated by the Instrument Unit (IU) at
136.0 seconds which was 0.1 second earlier than planned. OECO, initiated
by LOX Tow level sensors, occurred at 159.56 seconds which was 0.53 second
later than predicted. The LOX residual at OECO was 31,135 1bm compared

to the predicted 36,115 1bm. The fuel residual at OECO was 27,142 1bm
compared to the predicted 29,404 1bm.

The S-IC experienced a 1-1-2-1 start sequence rather than the planned
1-2-2 sequence. Since engine No. 1 had been replaced after the stage
static test, it was expected that the planned start sequence would not
be attained.

Stage static tests have shown an inability to closely predict the starting
time of an engine in the stage. based on acceptance test firing data,
prior to its firing in the stage. The actual start sequence caused no
prublems.

Higher than normal LOX turbopump seal purge flowrate was experienced
during the first 45 seconds of flight. Based on the GN2 storage sphere
pressure decay, the AS-510 flowrate was approximately 65 percent greater
than the previous maximum flowrate for a similar system configuration
(AS-509). It was known prior to flight that the engine No. 3 purge
flowrate was higher than normal but within acceptable limits. The sphere
capacity was adequate and all system requirement pressures were met.
Therefore, the system performance is considered to have been nomal in
view of the acceptance history of engine No. 3.



The S-IC hydraulic system performed satisfactorily.
5.2 S-1C IGNITION TRANSIENT PERFORMANCE

The fuel pump inlet preignition pressure was 45.6 psia and within the
F-1 engine model specification limits of 43.3 to 110 psia.

The LOX pump inlet preignition pressure and temperature were 83.3 psia
and -287.3°F and were within F-1 engine model specification limits, as
shown by Figure 5-1.

The planned 1-2-2 start was not attained. Engine position starting order
was 5, 3, 2-4, 1. By definition, two engines are considered to start
together if their combustion chamber pressures reach 100 psig in a
100-millisecond time period. Engine No. 1 had not been static fired on
an S-IC stage so that only acceptance test times were available for the
engine No. 1 start time prediction. Stage static tests have demonstrated
an inability to closely predict the starting time of an.engine in the
stage, based upon acceptance test firing data, prior to its firing in

the stage. The actual start sequence caused no problems. Thrust build-
up rates were as expected, as shown in Figure 5-2.

LOX PIMP INLET PRESSURE, psia

60 80 100 120 140 160 180
-265
106 PREDICTED
STARTING
REGION

» - _--_l-— - — p—--—-L—-y—- - ey 3 -275:-
° 102 . + t .
] ' / A g
2 . ACTUAL N s
= l —~ 95.8°K (-287.3°F) 1 b
w w. .

g 98 -57.4 N/om (83.3 psia) + *
-3 L/ ! | -285 8
-  § :I
2 ! 2
=9 3
3
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Figure 5-1. S-IC LOX Start Box Requirements
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Figure 5-2. S-IC Engines Thrust Buildup

It should be expected during future S-IC operations that there is a low
probability of obtaining a 1-2-2 start sequence if any engine is replaced
after static firing.

5.3 S-IC MAINSTAGE PERFORMANCE

S-IC stage propulsion performance was satisfactory. The stage site
thrust (averaged from time zero to OECO) was 0.47 percent lower thar
p-edicted. Total propellant consumption rate was 0.29 percent lower
than predicted and the total consumed mixture ratio was 0.35 percent
higher than predicted. The specific impulse was (.18 percent lower

than predicted. Total propellant consumption from HDA release to OECO
was low by 0.03 percent. See Figure 5-3. For comparison of F-1 engine
flight performance with predicted performance, the flight performance
has been analytically reduced to standard conditions and compared to

the predicted performance which is based on ground firings and also
reduced to standard conditions. These values are shown in Table 5-1

and are at the 35 to 38-second time slice. The largest thrust deviation
from the predicted value was -25.8 K1bf for engine No. 5. Engines No. 2,
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Table 5-1. S-1C Individual Standard Sea Level Engine Performance

RECONSTRUCTION | DEVIATION | AVERAGE

PARAY TER EnGINg PREDICTED DEVIATION
R
ANALYSIS PERCENT PERCENT
hrust ) 1521 1527 0.394
103 1of 2 1822 1510 -0.78¢
) 1522 1510 -0.788 -0.683
4 1522 1514 -0.526
5 1523 1497 -i.707
Specific Impulse, ) 265.6 265.7 0.0377
1of-s/1bm 4 264.9 264.6 -0.113
k| 264.) 263.9 -0.151 -0.113
4 265.4 265.2 -0.0754
] 264.9 264.2 -0.264
Total Flowrate 1 5728 5747 0.332
1.~/ 2 S744 5705 -0.679
k] 5758 5720 -0.660 -0.577
4 5734 5709 -0.436
5 5749 5666 -1.444
Mixture Ratio ) 2.2N 2.2 0
LOX/Fuel 2 2.275 2.268 -0.308
3 £.281 2.275 -0.263 -0.238
4 2.263 2.257 -0.265
5 2.274 2.266 -0.352

NOTE: Perfogmnce levels were reduced to standard sea level and
pump inlet conditions. Data were taken from the 35 to
38-second time slice.

3, and 4 had lower thrust than predicted by 12.2, 11.8, and 7.5 KIbf,
respectively. Engine No. 1 was high by 5.8 KIbf. The average of an
five engines was 1512 KI1bf compared to the predicted 1522 Kibf.

It <hould be noted that this was the first Saturn V stage to be laiunched
witn engines that had been reorificed to a new power level after stage
static test without the benefit of a second stage static test to validate
proper power level with the new orifices. Overall performance was
sufficiently close to predicted values to verify the acceptability of
reorificing engines without the benefit of a stage static test.

The turbopump LOX seal purge pressure, measured at engine No. 1 customer
connect point, showed a higher than normal initial decay. This behavior
has been attributed to engine No. 3 which exhibited a high purge flow-
rate during acceptance tests. See paragraph 5.8 for further details.
This caused no problems for the AS-510 flight.
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5.4 S-IC ENGINE SHUTDOWN TRANSIENT PERFORMANCE

The F-1 engine thrust decay transient was normal. The combustion chamber
pressure oscillogram for engine No. 3 showed that the pressure transducer
sense tube was momentarily obstructed during shutdown. This phenomenon
has been observed before during engine test firings and on AS-505 and
caused no problem on AS-510.

The cutoff impulse, measured from cutoff signal to zero thrust, was
667,656 1bf-s for the center engine and 2,64.,945 1bf-s for all outboard
engines. These values are 4.3 and 10.8 percent, respectively, above the
predicted values. For this analysis, thrust chamber pressure was
assumed to go to zero four seconds after the engine cutoff command.

Due to the revised S-IC/S-1I staging sequence used on this flight, a

more complete definition of the F-1 engine thrust decay characteristic

is desirable for flight data evaluation (sec paragraph 10.6). Figure 5-4
presents the normalized thrust decay characteristics for the four outboard
F-1 engines on the AS-510.

Center engine cutoff, initiated by a signal from the IU at 136.0 seconds,
was 0.1 second earlier than planned. Outboard engine cutoff, initiated
by a signal from the LOX low level sensors at 159.56 seconds, was

0.53 second later than the nominal predicted time of 159.03 seconds.

Most of the OECO deviation, which was small when compared to the 3-sigma
limits of +3.92, -3.38 seconds, can be attributed to low thrust.

The AS-510 and subsequent S-IC stages employ a 1.6 second LOX cutoff
timer delay setting as compared to 1.2 seconds on AS-501 through AS-509.
Increasing the timer setting allows an additional 6700 pounds of usable
LOX residuals to be consumed. The LOX pump net positive suction head
at the OECO signal ranged from 101 to 108 feet of LOX for the four out-
board engines. This is well above the F-1 engine model specification
minimum value of 65 feet.

5.5 S-IC STAGE PROPELLANT MinAGEMENT

The S-IC stage does not have an active prepellant utilization system.
Minimum residuals are obtained by attemptirg to load the mixture ratio
expected to be consumed by the engines plus the predicted unusable
residuals. Also, a small additional amount of usable fuel (fuel bias)
is loaded to minimize maximum residuals. An analysis of the usable
residuals experienced during a flight is a good measure of the perform-
ance of the passive propellant utilization system.

The residual LOX at OECO was 31,135 1bm compared to the predicted value
of 36,115 1bm. The fuel residual at OECO was 27,142 1bm compared to the
predicted value of 29,404 1bm. A summary of the propellants remaining
at major event times is presented in Table 5-2.
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Figure 5-4. Normalized AS-510 Outboard Engine Thrust Decay
Characteristic

5.6 S-IC PRESSURIZATION SYSTEMS
5.6.1 S-IC Fuel Pressurization System

The fuel tank pressurization system performed satisfactorily, keeping
ullage presstre within acceptable limits during flight. Helium Flow
Control Valves (HFCV) No. 1 through 4 opened as planned and HFCV No. 5
was not required.’

The low flow prepressurization system was commanded on at -96.96 seconds
and was cycled on a second time at -2.72 seconds. High flow pressuriza-
tion, accomplished by the onboard pressurization svstem, performed as
expected. Helium flow control valve No. 1 was comanded on at

-2.70 seconds and was supplemented by the ground high flow prepressuriza-
tion system until umbilical disconnect.
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Table 5-2. S-IC Propellant Mass History

c LEVEL SENSOR
EVENT PREDICTED, LBM DATA, LBM RECONSTRUCTED, LBM
LOX FUEL LOX FUEL LOX FucL
Ignition 3,310,079 | 1,413,921 - 1,410,798 3,312,030 | 1,410,798
Command
Holddown 3,241,889 | 1,395,058 - 1,378,599 3,238,286 | 1,389,703
Arm Release
CECO 420,640 192,289 - 195,373 428,798 195,688
0ECO 36,118 29,404 - 26,572 31,135 27,142
Separation 30,585 26,457 - - 25,369 24,023
Zero Thrust 30,457 26,368 - - 25,236 23,929
NOTE: Predicted and reconstructed values do not include pressurization gas so they will compare
with level sensor data.

Fuel tank ullage pressure was within the predicted limits throughout
flight as shown in Figure 5-5. Helium flow control valves No. 2, 3,

and 4 were commanded open during flight by the switch selector within
acceptable limits. Helium bottle pressure was 2990 psia at -2.75 seconds
and decayed to 500 psia at OECO. Total helium flowrate and heat exchanger
performance were as expected.

Fuel pump inlet pressure was maintained above the required minimum Net
Positive Suction Pressure (NPSP) during flight.

5.6.2 S-IC LOX Pressurization System

The LOX pressurization system performed satisfactorily and all performance
requirements were met. The ground prepressurization system maintained
ullage pressure within acceptable limits until launch commit. The on-
board pressurization system performed satisfactorily during flight.

This was the first launch with ECP627 incorporated. This ECP redesigned
the LOX tank vent and relief velves. This redesign was to correct a
failure-to-close problem that occurred during the AS-508 launch. The
redesign eliminated some potential mechanical interferences and acded a
second closing spring to the pneumatic actuator. Valve performance
during the AS-510 CDDT and launch countdown was within requirements.

The AS-508 precblem is considered closed.

The prepressurization system was initiated at -71.96 seconds. Ullage
pressure increased to the prepressurization switch band and flow was
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S-1C Fuel Tank Ullage Pressure

terminated at -57.58 seconds.
additional times at -41.59, -21.76, and -5.21 seconds.
the high flow system was commanded on and maintained ullage pressure
within acceptable limits until launch commit.

Ullage pressure was maintained within the predicted limits as shown in
GGX flowrate to the tank was as expected.
flowrate after the initial transient was 45.9 1bm/s at CECO.

Figure 5-6.

The low flow system :as cycled on three
At -4.65 seconds

FUEL TANK ULLAGE PRESSURE, psia

The maximum GOX

The LOX pump inlet press.re met the minimum NPSP requirement throughout

flight.

The performance of the heat exchangers was as expected.

5.7 S-IC PNEUMATIC CONTROL PRESSURE SYSTEM

The control pressure system functioned satisfactorily thr~ughout the

S-IC flight.
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Sphere pressure was 2942 psia at liftoff and remained steady until CECO
when it decreased to 2830 psia. The decrease was due to center engine
prevalve actuation. There was a further decrease to 2455 psia after
0ECO.

The engine prevalves were closed after CECO and OECO as required.
5.8 S-1C PURGE SYSTEMS
Performance of the purge systems was satisfactory during flight.

The turbopump LOX se2l storage sphere pressure was 2950 psia at liftoff
which was within the preignition limits of 2700 to 3300 psia. The
spherc pressure was within the predicted envelope throughout flight and
was 2200 psia at OECO.

Higher than normal purge flows were experienced during the first

45 seconds of flight. This was observed at the storage sphere pressure,
Figure 5-7, and the engine No. 1 customer connect point pressure,

Figure 5-8. Based on the storage sphere pressure decay, the flowrate
was between 0.14 and 0.22 1bm/s. The previous maximum flowrate for a
similar configuration was observed on AS-509. For that flight the
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Figure 5-7. S-IC Purge Systems Storage Sphere Pressure

flowrate was -between 0.08 and 0.13 1bm/s. The AS-510 flowrate represents
approximately a 65 percent increase over the AS-509 flowrate.

Turbopump seal purge flowrate is measured during acceptance test, and is
nominaily less than 0.010 lbm/s uring engine operation. However, engine
No. 3 (position 3) exhibited a maximum purge flowrate of 0.0288 1bm/s
during its acceptance testing. This corresponds to a maximum flowrate

of 0.0334 1bm/s when corrected to account for acceptance test vehicle
configuration differences. The high flowrate occurred between start
transition and 55 seconds of mainstage, at which time the intermediate
seal seated and the purge flowrate dropped to 0.0021 lbm/s. The
acceptance test characteristics of engine No. 3 match the characteristics
of the flight data.

Thé purpose of the purge is to provide a positive pressure in the turbo-
pump intermediate seal to assist the carbon segmented dynamic intermediate
seal to maintain a separation between the LOX seal cavity and No. 1
bearing lubrication seal vent low pressure areas.

The turbopump intermediate seal is a dynamic seal with carbon segments
spring loaded to ride the turbopump shaft. Ouring transition to main-
stage speed the carbon segments are unseated from the skaft due to shaft
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motion. The spring force aided by the purge pressure reseats the carbon
segments usually within the first 30 to 50 seconds of mainstage operation.
The amount of unseating of the seal and the recovery time vary with each
engine. The results of this operating caaracteristic may be observed in
the turbopump LOX seal purge pressure, which is characterized by a drop
in pressure during initial operation due to increased purge gas flow
through the seal. A high purge gas flowrate to any individual engine

in the stage will be indicated by a drop in the No. 1 turhopump LOX

seal pressure due to the common manifold system.

The turbopump LOX seal purge flowrate experienced during *he AS-510
flight, although higher than experienced on previous flights, is con-
sidered normal in view of the acceptance test history of engine No. 3.

The sphere capacity was adequate and all system pressure requirements
were met.

5.9 S-IC POGO SUPPRESSION SYSTEM
The POGO suppression system performed satisfactorily during S-IC flight.

Outboard LOX prevalve temperature measurements indicated that the out-
board LOX prevalve cavities were filled with gas prior to liftoff as

5-12



planned. The four resistance thermometers behaved during the AS-5i0
flight similarly to those on the AS-509 flight. The temperature
measurements in the outboard LOX prevalve cavities remained warm

(off scale high) throughout fiight, indic-ting helium remained in the
prevalves. The two thermometers in the ce:ter engine prevalve were
cold, indicating LOX in this valve as planned. The pressure and
flowrate in the system were nominal.

5.10 S-IC HYDRAULIC SYSTEM

The performance of the S-IC hydraulic system was satisfactory. Ali
servoactuator supply pressures were within required timits.

The enaine control system return pressures were within predicted limits
and the engine hydraulic controi valves operated as planned.
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SECTION 6
S-I1 PROPULSION

6.1 SUMMARY

The S-I1I propulsion system performed satisfactorily throughout the flight.
The S-II1 Engine Start Command (CSC), as sensed at the engines, occurred
at 161.95 seconds. Center Engine Cutoff (CECO) occurred as planned at
453.56 seconds, and Outboard Engine Cutoff (OECO) occurred at 549.06
seconds giving an outboard engine operating time of 387.1 or 1.2 seconds
less than predicted. The earlier than predicted S-II OECO was a result
of the higher than predicted engine performance duiing the low Engine
Mixture Ratio (EMR) portion of S-II boost.

four of the eight S-IC retromotors and all of the S-1I ullage motors were
removed for this flight; therefore, the S-IC/S-Il separation sequence was
revised. This sequence change extended the coast perind between S-IC
OECO and S-II ESC by one second. The S-IC/S-11 separation sequence and
S-11 engine thrust buildup performance was satisfactory.

The total stage thrust at the standard time slice (61 seconds after S-II
ESC) was 0.05 percent below predicted. Tota! propellant flowrate,
including pressurization flow, was 0.03 percent below predicted and the
stage specific impulse was 0.02 percent below predicted at the standard
time slice. Stage propellant mixture ratio was 0.03 percent above
predicted. Engine Cutoff (ECO) transients were normal.

This was the second flight stage to incorporate a center engine LOX
feedline accumulator system as a POGO suppression device. The operation
of the device was effective in suppressing POGO type oscillations.

The propellant management system performance was satisfactory throughout
propellant loading and flight and all parameters were within expected
limits. Control of EMR was accomplished with the two-position pneu-
matically operated Mixture Ratio Control Valves (MRCV). The Instrument
Unit (IU) velocity dependent low EMR command occurred 0.6 second earlier
than the trajectory simulation. S-II OECO was initiated by the LOX
depletion ECO sensors as planned.



The performance of the LOX and LH, tank pressurization systems was
satisfactory. This was the first flight stage to utilize bootstrap
pressurization line orifices in place of the regulators to control
inflight pressurization of the propellant tanks. Ullage pressure in
both tanks was adequate to meet or exceed engine inlet Net Positive
Suction Pressure (NPSP) minimum requirements throughout mainstage.

The engine servicing, recirculation, helium injection, and valve
actuation systems performed satisfactorily.

S-I1 hydraulic system performance was normal throughout the flight.
6.2 S-I1 CHILLDOWN AND BUILDUP TRANSIENT PERFORMANCE

The engine servicing operations required to condition the engines prior
to S-11 engine start were satisfactorily accomplished. Thrust chamber
jacket temperatures were within predicted limits at both prelaunch and
S-1I ESC. Thrust chamber chilldown requirements were -200°F maximum at
prelaunch commit and -150°F maximum at engine start. Thrust chamber
temperatures ranged between -300 and -257°F at prelaunch commit and
between -242 and -204°F at ESC. Thrust chamber temperature warmup rates
during S-IC boost agreed closely with those experienced on previous
flights.

Start tank system performance was satisfactory. Both temperature and
pressure conditions of the engine start tanks were within the required
prelauncn and engine start boxes as shown in Figure 6-1. Prelaunch

and S-IC boost start tank temperature and pressure heat-up ratés were
normal and no indication of start tank relief valve operation was noted.

As a result of the countdown hold experienced during the AS-509 launch,
a special start tank rechill test was conducted during the AS-510 Count-
down Demonstration Test (CODT). This special test was conducted to

(1) establish criteria for a start tank rechill to increase the total
countdown hold duration available, and (2) determine pressure decay
(relief valve flow) characteristics of the start tank relief valves on
the AS-510 S-1I engines. The abbreviated start tank rechill was
demonstrated to be a satisfactory procedure for extending the S-11 hold
capability to upwards of 5 hours. A period of 5 minutes is required to
complete each rechill cycle. Each cycle yields .n additional 38 minutes
of hold time as shown in Figure 6-2. At least six such rechill cycles
are available.

The pressure decay characteristics of the start tank relief valves were
shown to be repeatable throughout the operating range during CDDT as
shown in Figure 6-3. Only three of the five engines exhibited pressure
decay and these were limited to a zone of 1365 to 1320 psia.
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During launch operations, all engine helium tank pressures were within
the prelaunch and engine start 1imits of 2800 to 3450 psia. Engine
helium tank pressures ranged between 2998 and 3090 psia prior to launch
(at -19 seconds) and between 3120 and 3225 psia at S-I1 ESC.

The LOX and LHy, recirculation systems used to chill the feed ducts,
turbopumps, and other engine components performed satisfactorily during
prelaunch and S-IC boost. Engine pump inlet temperatures and pressures
at S-I11 ESC were well within the requirements as shown in Figure 6-4.
The LOX pump discharge temperatures at S-1I ESC were approximately 14°F
subcooled, well below the 3°F subcooling requirement.

Deletion of the S-II ullage motors did not adversely affect the recircu-
lation system. The engine inlet temperatures were similar to those of
previous flights at S-II ESC. The characteristic temperature rise of
the LOX pump discharge temperature between S-1C QOECO and S-II ESC
increased from approximately 1.5°F, as seen on previous flights, to
approximately 2.5°F for this fiight. This temperature rise difference
was as predicted because of the additional one second coast time during
S-1C/S-11 separation. *

Prepressurization of the propellant tanks was accomplished satisfactorily.
Tank ullage pressures at S-II ESC were 41.2 psia for LOX and 28.4 psia
for LH2.

S-1I ESC was received at 161.9 seconds and the Start Tank Discharge

Valve (STDV) solenoid activation signal occurred 1.0 second later. The
engine thrust buildup was satisfactory and well within the required thrust
buildup envelope. All engines reached mainstage levels within 3.1 seconds
after S-II ESC.

6.3 S-II MAINSTAGE PERFORMANCE

The propulsion reconstruction analysis showed that stage performance during
mainstage operation was satisfactory. A comparison of predicted and re-
constructed performance of thrust, specific impulse, total flowrate, and
mixture ratio versus time is shown in Figure 6-5. Stage performance during
the high EMR portion of flight (prior to CECO) was very close to predicted.
At the time of ESC +61 seconds, total stage thrust was 1,169,661 1bf which
was 648 1bf (0.05 percent) below the preflight prediction. Total pro-
pellant flowrate, including pressurization flow, was 2770.4 1bm/s;

0.03 percent beiow predicted. Stage specific impulse, including the

effect of pressurization gas flowrate, was 422.2 lbf-s/ibm; 0.02 percent
below predicted. The stage propeliant mixture ratio was 0.03 percent above

predicted.

Center engine cutoff was initiated at ESC +297.6 seconds as planned. This
action reduced total stage thrust by 232,541 1bf to a level of 932,634 1bf.
The EMR shift from high to low occurred 321.9 seconds after ESC. The
change of EMR resulted in further stage thrust reduction and at ESC

+350 seconds, the total stage thrust was 799,259 1bf; thus, a decrease
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in thrust of 133,375 1bf was indicated between high and low EMR operation.
S-1T1 burn duration was 387.1 seconds, which was 1.2 seconds less than
predicted.

Individual J-2 engine data are presented in Table 6-1 for the ESC

+61 second time slice. Good correlation between predicted and recon-
structed flight performance is indicated by the small deviations. The
performance levels shown in Table 6-1 have not been adjusted to standard
J-2 altitude conditions and do not include the effects of pressurization
flow.

Table 6-1. S-II Engine Performance

( PERCENT PERCENT
PARAMETER eNGINE | preDrcTED | RECONSTRUCTION | rnnrvIDuAL | AvERAGE
DEVIATION [ DEVIATION

3 1 231,394 233,173 0.77

Thrust, Tof 2 236,478 235,406 -0.45
3 235,256 234,833 -0.18 -0.05

4 233,939 232,950 -0.42

5 233,243 233,300 0.02

Specific Inpulse, i 425.1 425.1 0

lgf-s/lbm ° 2 424.9 424.1 -0.19
3 423.7 423.7 0 -0.02

4 424.6 424.6 0

5 424.1 424.4 0.07

Engine Flowrate, 1 544.3 548.5 0.77

1bm/s 2 556.6 555.0 -0.29
3 5585.2 554.3 -0.16 -0.02

4 551.0 548.7 -0.42

5 550.0 550.0 0

Engine Mixture ] 5.59 5.60 0.18

Ratio, LOX/LHZ 2 5.62 5.65 0.53
3 5.59 5.60 0.18 0.1i

4 5.57 5.58 0.18

5 5.56 5.53 -0.54

NOTE: Performance levels at ESC +61 seconds. Values do not include

effect of pressurization flow.
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One minor engine performance shift was observed and attributed to a
typical shift in Gas Generator (GG) oxidizer system resistance on
engine No. 4. A 1500 1bf increase in thrust resulted from this
performance shift.

6.4 S-II SHUTDOWN TRANSIENT PERFORMANCE

S-11 OECO was initiated by the stage LOX depletion cutoff system as
planned. The LOX depletion cutoff system again included a 1.5 second
delay timer. As in previous flights (AS-504 and subsequent), this
resulted in engine thrust decay %observed as a drop in thrust chamber
pressure) prior to receipt of the cutoff signal. The precutoff decay
was similar to that observed on AS-509 flight, but somewhat greater
than experienced on AS-508. This was due to the incorporation of the
two-position MRCV on AS-509 and subsequent vehicles.

Again, the largest thrust chamber pressure decay was noted on engine

No. 1 with first indications of performance change visible at 0.95 second
prior to cutoff signal. Total pressure decay on engine No. 1 was 210 psi
while the decays of the other three outboard engines were 175 psi, as
expected.

At S-II OECO total thrust was down to 548,783 1bf. Stage thrust dropped
to 5 percent of this level within 0.4 second. The stage cutoff impulse
through the 5 percent thrust level is estimated to be 101,700 1bf-s.

6.5 S-II STAGE PROPELLANT MANAGEMENT

Flight and ground loading performance of the propellant management
system was nominal and all parameters were within expected limits,
except for the apparent failure of the LH, 60 percent liquid level
point sensor. The S-II stage used a Propellant Utilization (PU)
system with velocity dependent IU signals to command the two-
position MRC.

The facility Propellant Tanking Control System (PTCS) and the stage
propellant management system properly controlled S-II loading and
replenishment. All loading redlines were easily met at the -187 second
comnit point. The new LOX redline (overfill shutoff sensor 5 percent
wet) was met within 4 minutes after LOX tank helium injection was
actuate?, which is a 14 minute improvement over AS-509 (2 percent wet
redline).

Open-1oop control of EMR during flight was successfully accomplished
with the MRCV. At ESC, helium pressure drove the valves to the engine
start position corresponding to the 4.8 EMR. The high EMR (5.5) command
was received at S-II ESC +5.6 seconds as expected. Helium pressure was
thereby relieved and the return spring moved the valves to the high EMR
position providing a nominal EMR of 5.5 for the first phase of the
Programed Mixture Ratio (PMR).
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The command to Tow EMR occurred at ESC +321.8 seconds; 0.6 second earlier
than the MSFC trajectory time. The average EMR at the low position was
4.81 as compared to a predicted 4.71. This higher than planned low EMR
operation when corrected to standard altitude conditions was within the

2 sigma +0.06 mixture ratio tolerance. The EMR shift command time
deviation is most likely attributable to use of an IU low EMR guidance
presetting.

Outboard engine cutoff was initiated by the LOX tank propellant depletion
system following a 1.5-second time delay at ESC +387.11 seconds, which is
1.16 seconds earlier than planned. The earlier OECO was the result of
increased propellant flows at low EMR. Based on point sensor and flow-
meter data, propellant residuals (mass in tanks and sump) at OECO were
1373 1bm LOX and 3730 1bm LHp versus 1396 1bm LOX and 2996 1bm LH»
predicted. The high LH2 residuals were the result of the higher than
planned engine performance at low EMR. A +780 1bm LH2 PU error at OECO
remained within the estimated 3-sigma dispersion of #2500 1bm LH,.

Review of the LHp point sensor liquid level measurement revealed that

the 60 percent sensor did not actuate in flight when the LHy level passed
this sensor. Proper operation of the sensor, however, was observed
during the ground loading operation. Therefore, it can be concluded that
the sensor failed sometime between LH, loading and S-II boost. This
sensor is used for flight evaluation only and has no other function in
flight. The only other inflight failure of this sensor was observed
during AS-502 flight.

Table 6-2 presents a comparison of propellant masses as measured by the
PU probes and engine flowmeters. The best estimate propellant mass is
based on integration of flowmeter data utilizing the propellant residuals
determined from point sensor data. These mass values were 0.10 percent
more than predicted for LOX and 0.04 percent more than predicted for LH2.

6.6 S-II PRESSURIZATION SYSTEM
6.6.1 S-II Fuel Pressurization System

LH2 tank ullage pressure, actual and predicted, is presented in Figure 6-6
for autosequence, S-IC boost, and S-II boost. The LHp vent valves were
closed at -94.0 seconds and the ullage volume pressurized to 35.0 psia in
approximately 20.1 seconds. One make-up cycle was required at approxi-
mately -44.0 seconds and the ullage pressure was increased to approximately
34.9 psia. Ullage pressure decayed to 34.1 psia at S-IC ESC at which time
the pressure decay rate increased for about 20 seconds. The increased
decay rate was attributed to an increase in ullage volume when the liquid
level lowered at S-IC thrust buildup. This decay is normal and has been
noted on previous launches.
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Table 6-2. AS-510 Flight S-II Propellant Mass History

EVENT PREDICTED, LBM PU SYSTEM ENGINE FLOW -
(TRAJECTORY) ANALYSIS, LBM * METER INTEGRATION
(BEST ESTIMATE), LBM

Lox LHp LOX LH2 LOX LH2

Liftoff 835,500 158,675 835,013 158,732 836,366 158,735

S-11 &SC 835,500 15€,662 836,820 158,064 836,366 158.721

S-11 PU valve 104,076 24,809 103,700 24,900 102,707 24,957

Step Cmd

2 Percent Point 15,795 3242 15,850 3831 16,428 4242

Sensor

S-11 CECO 1396 2996 1391 3223 1373 3750

S-I1 Residual After 1124 2880 Data Not Data Not 1082 3636

Thrust Decay Usable Usable

NOTE Table is based on mass in tanks and sump only. Propellant trapped external to tanks and LOX
sump is not included.

*Liftoff data based on pressurized ground data system. All other
PU System propellant quantities based on flight data system.
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Figure 6-6. S-II Fuel Tank Ullage Pressure
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The LHp tank ullage pressure redline commit time was changed from
-30 seconds to -19 seconds for AS-510 and subsequent flights. This
change was made because of a problem with the LOX tank vent valve
during CODT. This problem is discussed in paragraph 6.6.2.

The LH2 vent valves opened during S-IC boost to control tank pressure;
however, no main poppet operation was indicated. Differential pressure
across the vent vaive was maintained by the primary pilot valve within
the allowable low mode band of 27.5 to 29.5 psid. Ullage pressure at
engine start was 2%.4 psia exceeding the minimum engine start require-
ment of 27.0 psia. The LHy vent vaives were switched to the high vent
mode prior to S-II ESC.

Ullage pressure during S-11 boost has been previously controlled by a
regulater installed in the Llhp tank pressurization line. For this and
subsequent flights, the regulator has been replaced by an orifice with
m~ximum tank pressure controlled by the LH» vent valves. For this flight
the ullage pressure was controlled by the LH2 vent valves throughout the
S-I1 boost period and remained within the 30.5 to 33.0 psia allowable
band. The vent valves actuated open at 169.4 seconds and remained open
unt®l approximatelv 550.5 seconds. The ullage pressure was approximately
1.0 psi lower than predicted because the vent valves controlled the
pressure at the reseat-level rather than the crack-level. This is an
acceptable condition and no corrective action is planned.

Figure 6-7 shows LH, total inlet pressure, temperature, and NPSP for the
J-2 engines. The parameters were close to the predicted values tarough-
out the S-I1 flight period. NPSP remained above the minimum requirement
throughout the S-II burn period.

€.6.2 S-II LOX Pressurization System

LOX tank ullage pressure, actual and predicted, is presented in Figure 6-8
for S-1I burn. After a 2-minute cold helium chilldown flow through tke
LOX tank, the vent valves were closed at -184 seconds and the LOX tank
was pressurized to the pressure switch setting of 38.7 psia in 34.8 sec-
onds. The LOX tank ullage pressure increased to 40.0 psia because of
cormon bulkhead flexure due to the LH2 tank prepressurization. The LOX
tank ullage pressure rediine comit time was changed from -30 seconds to
-19 seconds for this and subsequent flights because of the LOX vent valve
problem that occurred during CDDT. This time change provides for a
longer ullage pressure monitcoring time before launch commit. The LOX
vent valve No. 1 had an abnormally long closing time and did not fully
close during the CDDT special accumulator test. Subsequent valve
operations appeared to be normal including a special LOX ullage pressure
decay test that was conducted during the CODT. The LOX vent valve
problem was attiributed to frost accumulation on the poppet seat due to
the valve being open during the 5 hours preceding the problem. The LOX
vent valves “ere not replaced, but the countdown procedures incorporated
a periodic cycling of the vent valves when cperating at cryogenic
temperatures.
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Figure 6-8. S-1I LOX Tank Ullage Pressure

LOX tank ullage pressure just prior to S-II ESC was 41.2 psia. Since
the pressure regulator for the LOX tank was also replaced by an orifice
(similar to the LHp system), the LOX tank vent valves controlled the
maximum tank pressure.

The LOX tank ullage pressure was within approximately 1 psi of the pre-
flight prediction. Vent valve No. 1 opened, and after one cycle,
remained open from 189 seconds unti! 198.8 seconds. Vent valve No. 2
had one open-close cycle at 191.3 seconds but otherwise remained closed.
Ullage pressure decreased at a relatively constant rate to 38.3 psia at
S-11 OECO. LOX pump total inlet pressure, temperature, and NPSP are
presented in Figure 6-9.
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6.7 S-11 PNEUMATIC CONTROL PRESSURE SYSTEM

The pneumatic control system functioned satisfactorily throughout the S-1IC
and S-1I boost periods. Bottle pressure was 2910 psia at -30 seconds.

The pressure decayed to 2490 psia after S-II OECO because of the allowed
slight leakage and normal valve activities during S-11 burn.

6.8 S-II HELIUM INJECTION SYSTEM

The performance of the helium injection system was satisfactory. The
supply bottle was pressurized to 2900 psia prior to liftoff and by S-II
ESC the pressure was 1720 psia. Helium injection average total flowrate
during supply bottle blowdown (-30 to 163 seconds) was 67 scfm.

6.9 POGO SUPPRESSION SYSTEM

A center engine LOX feedline accumuiator was installed on the S-II stage
as a POGO suppression device. This was the second flight stage to
incorporate an accumulator system and the analysis results indicate that
the accumulator suppressed the S-II POGO oscillations.

The accumulator system consists of (1) a bleed system to maintain sub-

cooled LOX in the accumulator through S-IC boost and S-II engine start,
and (2) a fill system to fill the accumulator with helium subsequent to
engine start and maintain a helium filled accumulator through S-II CECO.

Figure 6-10 shows the required accumulator temperature at engine start,
the predicted temperatures during prelaunch and S-IC boost, and the
actual temperatures experienced during AS-510 flight. As can ce seen,
the maximum allowable temperature of -281.5°F at engine start was
adequately met (-294.2°F actual).

Figure €-11 shows the accumulator LOX level versus time during accimulator
fili. As can be seen, the full time was 6.2 seconds which is within the
5 to 7 second requirement.

After the accumulator was filled with helium, it remained in that state
until S-I11 CECO when the helium flow was terminated by closing the two
fill solenoid valves. There was no sloshing or abnormal liquid level
behavior in the accumulétor during center engine operation. Figure 6-12
shows the helium injection accumulator fill .pply bottle pressure during
accumulator fill operation. As can be seen, the supply bottle pressure
was within the predicted band, indicating that the helium sage rates
were as predicted.
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6.10 S-II HYDRAULIC SYSTEM

S-II hydraulic system performance was normal throughout the flight.
System supply and return pressures, reservoir volumes, and system fluid
temperatures were within predicted ranges. A1l servoactuators responded
to commands with good precision. The maximum engine deflection was
approximately 1 degree in pitcn on engine No. 1 at initiation of
[terative Guidance Mode (IGM). Actuator loads were well within design
limits. The maximum actuator load was approximately 6300 1bf on the

yaw actuator of engine No. 1 at CECO.
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SECTION 7

S-1VB PROPULSION

7.1 SUMMARY

The S-IVB propulsion system performed satisfactorily throughout the
operational phase of first and second bums and had nomal start and
cutoff transients. S-IVB first burn time was 141.5 seconds, 3.8 seconds
less than predicted. Approximately 2.6 seconds of the shorter bum time
can be attributed to higher S-1VB thrust. The remainder can be attributed
to S-IC and S-1I stage performances. The engine performance during first
burn, as determined from standard altitude reconstruction analysis,
deviated from the predicted Start Tank Discharge Valve (STDV) +130-second
time slice bv 1.82 percent for thrust and 0.09 percent for specific
impulse. The S-IVB stage first burn Engine Cutoff (ECO) was initiated
by the Launch Vehicle Digital Computer (LVDC) at 694.7 seconds.

The Continuous Vent System (CVS) adequately regulated LH2 tank ullage
pressure at an average level of 19.3 psia during orbit and the
Oxygen/Hydrogen (02/H2) burner satisfactorily achieved LH2? and LOX tank
repressurization for restart. Engine restart conditions were within
specified Yimits. The restart at full open Mixture Ratio Control Valve
(MRCVY) position was successful.

Abnormal temperatures were ncted in the turbine hot gas system between
first burn ECO and second bum Engine Start Command ?ESC). Most notice-
able was the fuel turbine inl:t tempeva:ure. During LH2 chilldown in
Time Base 6 (Tg), the temperature decrr.ased from 130 to -10°F at second
ESC. The oxidizer turbire inlet tempei-ature also indicated a small
decrease in temperature. In addition, fuel turb’ne inlet temperature
indicated an abnormally fast temperature decrease after first burm ECO.
The cause of the decrease in turbine inlet temperature was a small leak
past the teflon seal of the fuel poppet gas generator fuel inlet valve.

S-1VB second burn time was 350.8 seconds, which was 5.4 seconds less than
predicted. The engine performance during second burm, as determined from
the standard altitude reconstruction analysis, deviated from the STDV
+130-second time slice by 1.89 percent for thrust and 0.09 percent for
specific impulse. Second burn ECO was initiated by the LVDC at

10,553.7 seconds (02:55:53.7).




A trend to siightly higher than predicted propuision systems performance
during first and second burn has also been noted on several preceding
flights. Therefore, che preflight predictions for AS-511 are being
reassessed.

Subsequent to second burn, the stage propellant tanks and helium spheres
were safed satisfactorily. Sufficient impulse was derived from LOX dump,
LHp CVS operation and Auxiliary Propulsion System (APS) ullage burns to

achieve a successful lunar impact.
7.2 S-1VB CHILLDOWN AND BUILDUP TRANSIENT PERFORMANCE FOR FIRST BURN

The thrust chamber temperature at launch was well below the maximum
aliowable redline limit of -130°F. At S-IVB first burn ESC, the tempera-
ture was -151°F, which was within the requirement of -189.6 +110°F.

The chilldown and loading of the engine GHy» start tank and pneumatic
control bottle prior to liftoff was satisfactory.

The engine control sphere pressure and temperature at liftoff were

3000 psia and -168°F. At first burn ESC the start tank conditions

were within the required region of 1325 +75 psia and -170 +30°F for
start. The discharge was completed and the refill initiated at first
burn ESC +3.8 seconds. The refill was satisfactory and in good agreement
with the acceptance test.

The propellant recirculation systems operation, which was continuous from
before liftoff until just prior to first ESC, was satisfactory. Start
and run box requirements for both fuel and LOX were met, as shown in
Figure 7-1. At first ESC the LOX pump inlet temperature was -294.9°F

and the LHp pump inlet temperature was -421.6°F.

The first burn start transient was satisfactory, and the thrust buildup
was within the Timits set by the engine manufacturer. This buildup was
similar to the thrust buildups cbserved on AS-506 through AS-509. The
MRCV was in the closed position (5.0 EMR) prior to first start, and
performance indicates it remained closed during first burn. The total
impulse from STDV to STDV +2.5 seconds was 213,695 1bf-s.

First burn fuel lead followed the predicted pattern and resulted in
satisfactory conditions as indicated by the fuel injector temperature.

7.3 S-1VB MAINSTAGE PERFORMANCE FOR FIRST BURN

The propulsion reconstruction analysis showed that the stage performance
during mainstage operation was satisfactory. A comparison of predicted
and actual performance of thrust, specific impulse, total flowrate, and
Mixture Ratio (MR) versus time is shown in Figure 7-2. Table 7-1 shows
the thrust, specific impulse, flowrates, and MR deviations from the
predicted at the STDV open +130-second time slice.
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Table 7-1. S-IVB Steady State Performance - First Burn
(STDV +130-Second Time Slice at Standard Altitude Conditions)
PARAMETER PREDICTFD | RECONSTRUCTION | FLIGHT D:\EI;‘%%N
DEVIATION | rpoM PREDICTED
Thrust, 1bf 199,335 202,965 3630 1.82
Specific Impulse, 427.2 427.6 0.4 0.09
1bf-s/1bm
LOX Flowrate, 387.72 394.61 6.89 1.78
1bm/s
Fuel Flowrate, 7-..84 80.06 1.22 1.52
1bm/s
Engine Mixture 4.912 4.929 0.011 0.22
Ratio, LOX/Fuel

Table 7-2. S-IVB-510 J-2 Engine Performance Acceptance Test Tags

L'"Gas generator shift

PERFORMANCE | MIXTURE RATIO | GAS GENERATOR
PARAMETER ESC +280 SEC | ESC +440 SEC | CHANGE* CON"ROL VALYVE CONTRIBUT1ON***
CONTRIBUTION**
MRCV, deg 3.0 29.2 1.8
Thrust, 1bf 202,190 198,642 4554 3000 1554
EMR, LOX/Fuel 1.94 4.89 0.05 0.06 Negligible
ISP, sec 427.50 427.80 0.30 0.30 Negligible
*Performance change during acceptance
**ixpected change using engine gain factors

The specific impulse and EMR were well within the predicted bands.
thrust and propellant flowrates were higher than nominal, but also within

the predicted bands. The higher thrust and flowrates for flight can be

attributed to a combination of two conditions:

The

a. A higher nominal MRCV setting of approximately 30.8 degrees as
compared to the planned predicted nominal setting of 30.0 degrees.
The MRCV setting was within the requirement of 30.0 $1.0 degrees.

b. A higher than predicted Gas Generator (GG) system performance.




[t should be noted that the estimated higher MRCV setting is basea on
engine performance reconstruction. The MRCV positior indicator can oniy
be used for trend data.

Operation of the J-2 engine during the stage acceptance firing near the
null (5.0 EMR) position exhibited a bi-level performance condition. This
condition was typical of a GG system performance shift. The lower level
was used for the flight prediction. Table 7-2 provides comparative
results from the acceptance test data, where the equivalent MRCV angles
were 31.0 and 29.2 degrees. The resulting thrust and EMR change due to
the valve movement was -4554 1bf and 0.05 units, respectively. Using
established engine gain factors, the corresponding thrust change should
be -3000 1bf for a 1.8-degree MRCV movement. The remaining -1554 1bf
thrust change is attributed to a lower level of GG performance which
occurred at the 29.2-degree MRCV setting. The flight reconstruction
results indicate that this lower level of GG performance did not occur
during flight.

The resulting higher thrust and flowrates for flight caused shorter than
expected burn times but did not significantly affect the overall S-1VB
stage performance, as indicated by the near nominal specific impulse for
the two burns and near nominal residuals following second burn.

Although specific impulse during first burn was near nominal as previously
noted, actual flight performance values were slightly higher than pre-
dicted, as shown in Table 7-1. While the slightly higher than ncminal
specific impulse has little significance for a single flight, similar
deviations occurred on AS-505 through AS-509 with the exception of

AS-507 which had a slightly less than nominal deviation (-0.002 percent);
therefore, the preflight predictions for AS-511 are being reassessed.

The perfermance of the J-2 engine helium control system was satisfactory
during mainstage operation. The engine control bottle was connected to
the stage ambient repressurization bottles; therefore, there was little
pressure decay. Helium usage is estimated as 0.30 1"~ during first burn.

7.4 S-1VB SHUTDOWN TRANSIENT PERFORMANCE FOR FIRST BURN

S-1VB ECO was initiated at 694.7 seconds by a guidance velocity cutoff
command which resulted in a 3.8-second less than predicted burn time.
Approximately 2.6 seconds of the shurter burn time can be atiributed to
higher S-IVB thrust. The remainder can be attributed to S-IC stage and
S-I1 stage perfornance.

The ECO transient was satisfactory. The total cutoff impulse to zero
percent of rated thrust was 42,482 1bf-s which was 2168 1bf-s higher
than predicted. Cuteff occurred with the MRCV in the 5.0 position.
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7.5 S-IVB PARKING ORBIT COAST PHASE CONDITIONING

The LHp CVS performed satisfactorily, maintaining the fuel tank ullage
pressure at an average level of 19.3 psia. This was well within the
18 to 21 psia band of the inflight specification.

The continuous vent regulator was activated at 753.9 seconds and was
terminated at 9667.1 seconds. The CVS performance is shown in Figure 7-3.

Calculations based on estimated temperatures indicate *hat the mass
vented during parking orbit was 2293 1bm and that the boiloff mass was
2513 1bm.
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7.6 S-1VB CHILLDUWN AND BUILDUP TRANSIENT PERFORMANCE FOR SECOND BURN

Repressurization of the LOX and LH tanks was satisfactorily accomplished
by the Op/Hp burner. Burner "ON" command was initiated at 9666.9 seconds.
The LHp repressurization control valves were opened at burner "ON"

+6.1 seconds, and the fuel tark was repressurized from 19.5 to 30.2 psia
in 177 seconds. There were 25.6 1bm of cold helium used to repressurize
the LH, tank. The LOX repressurization control vaives were opened at
burner "ON" +6.3 seconds, and tne LOX tank was repressurized from 36.8

to 40.1 psia in 120 seconds. There were 3.5 lbm of helium used to
repressurize the LOX tank. LHp and LOX ullage pressures are shown in
Figure 7-4. The burner continued to operate for a total of 455 seconds
providing nominal propellant settling forces. The performance of the
AS-510 Op/Hp burner was satisfactory as shown in Figure 7-5.

The S-IVB LOX recirculation system satisfactorily provided conditioned
oxidizer to the J-2 engine for restart. The LOX and fuel n~ump inlet
conditions are plotted in the start and run boxes in ¢ .. "-6. At
second ESC, the LOX and fuel pump inlet temperatures «» - - 4.0 and
-419.2°F, respectively. Fuel recirculation system perfc ....ce was
adequate and conditions at the pump inlet were satisfactory at second
STOV open. The fuel prevalve "closed" indication was not received
during restart chilldown. The prevalve operated normally, and the
failure to pick up the "closed" indication was due to a microswitch

or telemetry problem (see Table 15-3), rather than actual prevalve
movement. Second burn fuel lead generally followed the predicted
pattern and resulted in satisfactory conditions, as indicated by the
fuel injector temperature. Since J-2 start system performance was
nominal during coast and restart, no helium recharge was required from
the LOX ambient repressurization systen (bottle No. 2). The start tank
performed satisfactorily during second burn blowdown and recharge
sequence. The engine start tank wac recharged properly and it maintained
sufficient pressure during coast. The engine control sphere first burn
gas usage was as predicted; the ambient helium spheres recharged the
control sphere to a nominal level for restart.

The second burn start transient was satisfactory. The thrust buildup
was within the limits set by the engine manufacturer and was similar
to the thrust buildup on AS-506 through AS5-509. The MRCV was in the
proper full open (4.5 EMR) position prior to the second start. Tne
total impulse from STDV to STDV +2.5 seconds was 196,985 1bf-s.

The helium control system performed satisfactorily during second burn
mairstage. There was little pressure decay during the burn due to the
connection to the stage repressurization system. An estimated 1.1 1bm
of helium was consumed during second burn.

Atnormal temperatures were noted in the turbine hot gas system between
first burn ECO and second burn ESC. Most noticeable was the fuel turbine
inlet temperature. During LH2 chilldown in Tg, the inlet temperature
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decreasad from 130 to -10°F at second ESC. The oxidizer turbine inlet
temperature also indicated a small decrease in temperature. In addition,
fuel turbine inlet temperature indicated an abnormally fast temperature
decrease after first burn ECO. Fuel and oxidizer turbine inlet tempera-
ture data are presented in Figure 7-7 for first burn and Fiqure 7-8 for
second bum. The cause of the decrease in turbine inlet temperature

was a small leak past the teflon seal of the fuel poppet gas generator
inlet valve,

7.7 S-1VB MAINSTAGE PERFORMANCE FOR SECOND BURN

The propulsion reconstruction analysis showed that the stage performance
during mainstage operation was satisfactory.

The second burn time was also shorter than predicted. This can be
primarily attributed to the higher than predicted S-IVB thrust.
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A comparison of predicted and actual performance of thrust, specific
impulse, total flowrate, and MR versus time is shown in Figure 7-9.
Table 7-3 shows the thrust, -pecific impulse, flowrates, and MR
deviations from the predicted at the STDV open +130-second time slice
at standard aititude conditions. The 130-second time slice thrust was
1.89 percent higher than predicted. The higher than predicted thrust
during second burn is attributed to the same reason as for first burn.
The MRCV position measurement can only be used as a gross measurement,
since during second burn the measurement was erratic after returning to
the closed position and engine performance simulations do not substantiate
any MRCV movement.

The specific impulse for second burn, as discussed for first burn in
paragraph 7.3, although near nominal was slightly higher than predicted,
as shown in Table 7-3. While the slightly higher than nominal specific
impulse has little significance for a single flight, similar deviations
occurred on AS-505 through AS-509; therefore, the preflight predictions
for AS-511 second burn are being reassessed.
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Table 7-3. S-IVB Steady State Performance - Second Burn
(STDV +130-Second Time Slice at Standard Altitude Conditions)

. FLIGHT PERCENT
PARAMETER PREDJICTED ! RECONSTRUCTION DEVIATION DEVIATION
FROM PREDICTED
Thrust, 1bf 199,335 | 203,11 3776 1.89
Specific Impulse, 427.2 427.6 0.4 0.09
1bf-s/1bm
LOX Flowrate, 387.72 394.87 7.15 1.84
1bm/s
Fuel Flowrate, 78.84 80.17 1.33 1.69
1bm/s
Engine Mixture 4.918 4.926 0.008 0.16
Ratio, LOX/Fuel

7.8 S-IVB SHUTDOWN TRANSIENT PERFORMANCE FGR SECOND BURN

S-1VB second ECO was initiated at 10,553.7 seconds (02:55:53.7) by a
guidance velocity cutoff command for a burn time of 350.8 seconds. The
burn time was 5.4 seconds less than predicted.

The ECO transient was satisfactory. The total cutoff impulse to zero
thrust was 43,927 1bf-s which was 2898 1bf-s higher than predicted.
Cutoff occurred with the MRCV in the full closed (5.0 MR) position.

7.9 S-1VB STAGE PROPELLANT MANAGEMENT

This was the second stage to use the pneumatically operated two-position
MRCV. The operation of the valve was essentially identical to that
demonstrated on AS-509.

A comparison ot propellant mass values at critical flight events, as
determined by various analyses, is presented in Table 7-4. The best
estimate full load propellant masses were 0.07 percent greater for LOX
and 0.19 percent greater for LH2 than predicted. This deviation was
well within the required loading accuracy.



Table 7-4. S-I1VB Stage Propellant Mass History

PU INDICATED
PREDICTED { CORRECTED) PU VOLUMETRIC FLOW INTEGRAL BEST ESTIMATE

EVENT UNLTS L0X L2 LOX kg Lox [ Lot o Lox LHp
S-1C Liftoff 1om 195,657 43,530 195,933 43,570 195,393 43,335 195,658 43,534 195,748 43,674
First S-1vB iom 195,557 43,59 195,993 43,570 195,393 43,935 195,668 43,54 195,788 43,674
ESC
First S-iVR 1bm 139,547 2,200 140,657 32,213 140,222 479 140,093 32,281 140,263 32,406
Cutoff
Second $-1v8 Tbm 139,359 29.742 139,996 29,708 139,606 29,9316 139,460 29,726 139,665 29,789
ESC
Second S5-IVB Yom 3821 1726 952 1810 4192 1800 4243 maea 248 ne
Cutoff
The masses shown do not include mass below the main engine valves,
as presented in Section 16,

Extrapolation of best estimate residuals data to depletion, usinyg the
propellant flowrates, indicated that a LOX depletion would have occurred
approximately 9.41 seconds after second burn velocity cutoff. Since LH2
slosh amplitude was decaying at second burn ECO the fuel required, at LOX
depletior, to compensate for slosh effects was less than the predicted
150 1bm.

During first burn the MRCV was positioned at the closed position for
start and remained there, as programed, for the duration of the burn..

The MRCV was commanded to the 4.5 MR position 119.9 seconds prior to
second ESC. The MRCV, however, did not actually move until it received
engine pneumatic power at ESC +0.6 second. The MRCV took approximately
250 milliseconds to reach the open (4.5) position.

At second ESC +64.5 seconds, the valve was commanded to the closed
position (approximately 5.0 MR) and remained there throughout tha
remainder of the flight.

7.10 S-IVB PRESSURIZATION SYSTEM

7.10.1 S-1VB Fuel Pressurization System

The LH pressurization system met all of its operational requirements.
The LH2 pressurization system indicated acceptable performance during
prepressurizatior, boost, first burn, coast phase, and second burn.

The LHp tank prepressurization ccamand was received at -96.5 seconds and
the tank pressurized signal was received 11.8 seconds later. Following
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the termination of prepressurization, the ullage pressure reached relief
conditions (approximately 31.4 psia) and remained at that level unti)
Tiftoff, as shown in Figure 7-10. A small ullage collapse occurred
during the first 15 seconds of boost. The ullage pressure returned to
the relief level by 125 seconds due to self pressurization. A similar
ullage collapse occurred at S-IC/S-II separation. The ullage pressure
returned to the relief level 33 seconds later.,

During first burn, the average pressurization flowrate was approximately
0.69 ibm/s, providing a total flow of 96.5 1bm. Throughout the burn, the
ullage pressure was at the relief level, as predicted.

After the post insertion maneuver to the local horizontal, the No. 2 CVS
Nozzle temperature dropped t- the saturation point and remained there for
20 seconds. Sloshing LH2 entered the CVS and some LH2 (appruximately

10 1bm) was vented through nozzle No. 2. Since it has been experienced
on most of the previous flights (AS-501, AS-502, AS-503, AS-506, AS-507,
and AS-508), the introduction of LH2 into the CVS ducts is not a new
occurrence and does not pose a problem. The effect was greater on AS-510
because the size of the post insertion maneuver was larger than those
employed on previous flights. More detailed information is given in
paragraph 10.4.2.
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The LH, tank was satisfactorily repressurized for restart by the 0p/H
burmer. The LH2 ullage pressure was 30.8 psia at second burn ESC, as
shown in Figure 7-11. The average second burn pressurization flowrate
was 0.72 1bm/s until step pressurization, when it increased to 1.45 lbm/s.
This provided a total flow of 309.0 1bm during second burn. Significant
venting during second burn occurred at second ESC +280 seconds when step
pressurization was initiated. This behavior was as predicted.

The LHy purp inlet NPSP was calculated from the pump interface tempera-
ture and total pressure. These values indicated that the NPSP at first
burn ESC was 16.6 psi. At the minimum point, the NPSP was 7.7 psi above
the required values. Throughout the burn, the NPSP had satisfactory
agreement with the predicted values. The NPS? at second burn STDV was
7.9 psi, which was 3.4 psi above the required value. Figures 7-12 and
7-13 summarize the fuel pump inlet conditions for first and second burns.

7.10.2 S-IVB LOX Pressurization System

LOX tank prepressurization was initiated at -167 seconds and increased
the LOX tank ullage pressure from ambient to 41.0 psia in 15.1 seconds,
as shown in Figure 7-14. Five makeup cycles were required to maintain
the .0X tank ullage pressure before the ullage temperature stabilized.
At -56 seconds the LOX tank ullage pressure increased from 40.1 to
42.0 psia due to fuel tank prepressurization. The pressure then
decreased to 40.6 psia at liftoff.
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During boost there was a nominal rate of uilage pressure decay caused by
an acceleration effect and ullage collapse. No makeup cycles occurred
because of an inhibit until after T4. LOX tank ullage pressure was

37.2 psia just prior to ESC and was increased at ESC due to a makeup

cycle.

During first burn, five over-control cy:les were initiated, including

the programed over-control cycle initiated prior to ESC. The LOX tank
prepressurization flowrate variation was 0.24 to 0.32 1bm/s during under-
control system operation. This variation is normal and is caused by
temperature effects. Heat exchanger performance during first -“urn was

satisfactory.

During orbital coast, the LOX tank ullage pressure experiencad a decay
similar to that experienced on the AS-509 flight. This decay was within

the predicted band, and was not a problam.
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Following earth parking orbit insertion, a LOX slosh wave covered the LOX
vent line diffuser. A concurrent ullage pressure increase to the relief
setting resulted in ligquid venting through the LOX Non-Propulsive Vent
(NPV) system. The slosh wave was caused by the pitch maneuver to the
Tocal horizontal. The AS-510 90 n mi earth orbit required an 18-degree
pitch maneuver, which was greater than the 6 to 10 degree maneuver
required for the 100 n mi orbit on previous flights. The APS ullage
engines were on to provide propellart settling, but due to the longer
time requirement, the engines were shut down befcre the maneuver was
completed. The pitch rate was arrested shortly afte: termination of the
ullage engine firing, increasing the liquid slosh relative to the tank.
More detailed informaticn is given in paragraph 10.4.2.

LOX nonpropulsive venting occurred from apnroximately 750 to 1280 seconds.
The lack of ullage pressure decay during the -~riod of the high NPV

nozzle pressure, 815 to 878 seconds, indicates that iiquid was venting.

A calculated 515 1bm of LOX was vented during this interval. During the
remainder of the nonpropulsive venting, approximately 6 1bm of helium

and 47 1bm of GJIX were vented.

Repressurization of the LOX tank prior to second burn was required and
was satisfactorily accomplished by the burner. The tank ullage pressure
was 39.9 psia at second ESC and satisfied the engine start requirements.

Pressurization system performance during second burn was satisfactory.
There was one over-control cycle, which was nominal. Helium flowrate
varied between 0.32 to 0.39 1bm/s. Heat exchanger performance was
satistactory.

The LOX NPSP calculated at the interface was 23.7 psi at the first burn
ESC. The NPSP decreased after start and reached a minimum value of
22.6 psi at 1 second after ESC. This was 7.4 psi above the required
NPSP at that time. The LOX pump static interface pressure during first
ourn followed the cyc'ic trends of the LOX tank ullage pressure.

The NPSP calculated at the engine interface was 21.6 psi at second burn
ESC. At all times during second burn, NPSP was cbove the required level.
Figures 7-15 and 7-16 summarize the LOX pump c.nditions for first burn
and second burn, vespectively. The run requirements for first and
secord burns were satisfactorily met.

The cold helium supply was adequate to meet all flight requirements. A.
first burn ESC, the cold helium spheres contained 378 1bm of helium. At

the end of second burn, the helium mass had decreaseq io 145 1bm.
Figure 7-17 shows helium supply pressure history.

7.11 S-IVB PNCUMATIC CONTROL PRESSURE SYSTEM

The stage pneumatic system performed satisfactorily during all phases of
the mission.
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During flight, the regulator discharge pressure remained at approximately
470 psi until 3G,035 seconds (08:20:35). At this time, the propellant
tank vent.valves were commanded closed in an attempt to isolate a
disturbance that the vehicle was experiencing. During these non-
programed valve actuations, the regulator discharge pressure shifted
from approximately 470 to 513 psia.

The pressure remained at 513 psia until the vent valves were reopened at
32,280 seconds (08:58:00). When the vent valves were opened, the pressure
dropped from approximately 513 to 470 psia and then returned to 513 psia

and remained at that level (see Figure 7-18).

This observed pressure trend was probably due to leakage past the primary
regulator poppet. This leakage could have resulted from low temperatures
that are expected during translunar coast. When the vent valves were
reopened, the demand exceeded the pilot leakage, resulting in a momentary
shift back down to the primary regulator regulating band.

During gqualification testing on the regulators, this type of operation
was observed while flow testing the regulator below the specification

temperature operating limit of -85°F.
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Figure 7-18. Pneumatic Regulator Discharge Pressure
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7.12 S-1VB AUXILIARY PROPULSION SYSTEM

The APS demonstrated close to nominal performance throughout flight and
met control system demands as required out to the time of flight control
computer shutoff at approximateiy 37,185 seconds {10:19:45).

The oxidizer and ruel supply systems performed as expected during the
flight. The propellant temperatures measured in the propellant control
modules ranged from 84 to 105°F. The APS propellant usage was between
the nominal and the mean +3 sigma predicted usage. Table 7-5 presents
the APS propellant usage during specific portions of the mission.

During the mission the APS Apullo regulator outlet pressure increased in
module No. 1 and decreased in module No. 2 as a result of thermal effects.
Module No. 1 He pressurizing tank temperature decreased with regulated
Pressure maintained between 193 and 204 psia, and module No. 2 He
Pressurizing tank temperature increased with regulated pressure main-
tained between 189 and 194 psia. This thermal effect on the regulator
outlet pressure is normal and has been observed on previous flights.

The APS ullage pressures in the propellant tanks ranged from 188 to

200 psia.

The performance of the attitude control thrusters and the ullage thrusters
was satisfactory throughout the mission. The thruster chamber pressures
ranged from 95 to 102 psia. The ullage thrusters successfully completed
the three sequenced burns of 86.7, 76.7, and 80.0 seconds; and the two
ground commanded lunar impact bums of 241 seconds at 20,761 seconds
(05:46:01) and 71 seconds at 36,001 seconds (10:00:01). The "Barbecue"
Ro11 Maneuver was successfully completed prior to flight control computer
shutoff.

The longest attitude control engine firing recorded during the mission
was 3.523 seconds on the module No. 2 pitch engine at 785.716 seconds.

The average specific impulse of the attitude control thrusters was
200 1bf-s/1bm for Module No. 1 and 204 1bf-s/1bm for Module No. 2.

7.13 S-IVB ORBITAL SAFING OPERATIONS

The S-1VB high pressure systems were safed following J-2 engine cutoff.
The thrust developed during the LOX dump was utilized to provide a
velocity change for the lunar impact maneuver. The manner and sequence
in which the safing was performed is presented in Figure 7-19.

7.13-1 Fuel Tank Safing
The LHp tank was satisfactorily safed by utilizing both the NPV and the
CVS, as indicated in Figure 7-19. The LHS tank ullage pressure during

safing is shown n Figure 7-11. At second ECO, the LH2 tank ullage
pressure was 32.2 psia; after three vent cycles, this decayed to
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Table 7-5. S-IVB APS Propellant Consumption

8¢-L

MODULE NO. 1 MODULE NO. 2
TIME PERIOD OXIDIZER FUEL OXIDIZER FUEL

LBM J!PERCENT LBM | PERCENT LBM ! PERCENT LBM | PERCENT
Initial Load 203.2 126.0 203.1 125.7
First Burn (Rol1l Control) 0.4 0.2 0.2 0.2 0.4 0.2 0.2 0.2
ECO to End of First APS 18.2 9.0 13.6 10.8 4.4 74 1.2 8.9
UNaging (86.7 sec time
period)
End of First Ullage Burn to 11.0 5.4 6.8 5.4 7.3 3.6 4.3 3.4
Start of Second Ullage
Burn
Second Ullage Burn 12.6 6.2 9.4 7.5 14.0 6.9 10.0 8.0
(76.7 sec duration)
Second Burn (Roll Control) 0.3 0.1 0.2 0.2 0.3 0.1 0.2 0.2
ECO to Start of First Lunar 30.2 4.9 21.3 16.9 36.6 18.0 25.8 20.5
Impact Burn at 20,761 sec
First Lunar Impact Uldage 32.0 15.7 26.0 20.6 35.1 17.3 28.0 22.2
Burn (241 sec duration)
From End of First Lunar 16.0 7.9 10.0 7.9 14.9 7.3 9.2 7.3
Impact Burn to Start of
Second Lunar Impact Bumn
at 36,001 sec
From Start of Second Lunar 12.0 5.9 9.3 7.4 14.7 7.2 11.0 8.8
Impact Burmn to FCC Cutoff
(approximately 37,185 sec)
Total Propellant Usage 132.7 65.3 96.8 76.9 137.7 67.8 99.9 19.5

NOTE: The APS propellant consumption presented in this table calculated
from helium bottle pressure and temperature measurements.
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Figure 7-19. S-IVB LOX Dump and Orbital Safing Sequence

approximately zero. The ullage pressure remained at zero during the
lockup period which began at 30,000 seconds (08:20:00). The mass of
vented GHp and LHp agrees with the 2314 1bm of residual liquid and
pressurant in the tank at the end of powered flight.

7.13.2 LOX Tank Dumping and Safing

Immediately following second burn cutoff, a programed 150-second vent
reduced LOX tank ullage pressure from 39.0 to 17.8 psia, as shown in
Figure 7-20. Approximately 70 1bm of helium and 125 1bm of GOX were
vented overboard. As indicated in Figure 7-20, the ullage pressure
then rose gradually due to self-pressurization, to 22.5 psia at the
initiation of the Transposition, Docking, and Ejection (TD&E) maneuver.

The LOX tank dump was initiated at 18,080.6 seconds (05:01:20.6) and
was satisfactorily accomplished. A steady-state liquid flow of 370 gpm
was reached within 14 seconds. Gas ingestion did not occur during dump.
The LOX residual at the start of dump was 4030 lbm. Calculations
indicate that 2579 1bm of LOX was dumped. During dump, the ullage
pressure decreased from 24.5 to 24.0 psia. LOX dump ended at 18,128.7
seconds (05:02:08.7) as scheduled by clcsure of the Main Oxidizer Valv.
(MOV). A steadv-state LOX dump thrust of 709 1bf was attained. The
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total impulse before MOV closure was 33,130 1bf-s, resulting in a calcu-
lated velocity change of 29.99 ft/s. Figure 7-21 shows the LOX dump
thrust, LOX flowrate, oxidizer mass, and LOX ullage pressure during LOX

dump.

At LOX dump termination +242 seconds, the LOX NPV valve was opened and
remained open until 30,035 seconds (08:20:35). The LOX and LHp valves
were closed to determine if nonpropulsive venting was the source of

stage disturbances during translunar coast. No apparent changes resulted
from the valve closures. Thus nonpropulsive venting is apparently rot
the source of the Tg disturbances. The LOX NPV valve was reopened and
latched at 32,280 seconds (08:58:00).

LOX tank ullage pressure decayed from 24.5 psia at 18,370 seconds
(05:06:10) to near zero pressure at approximately 24,000 seconds
(06:40:10). It increased to approximately 1 psia during the period

the NPV valve was closed, and subsequently decayed again when the NPV
valve was opened. Sufficient impulse was derived from the LOX dump,

LHy CVS operation, and APS ullage burn to achieve a successful lunar
impact. For further discussion of the lunar impact, refer to Section 17.
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7.13.3 Cold Helium Dump

A total of approximately 140 1bm of helium was dumped during the three
programed dumps which occurred as shown in Figure 7-19.

7.13.4 Ambient Helium Dump

The two LOX ambient repressurization spheres were dumped through the

LOX ambient repressurization control module into the LOX tank NPV system
for 40 seconds. During this dump, the pressure decayed from 2890 psia
to approximately 1250 psia.

The LH> ambient repressurization helium was dumped via the engine control
sphere (26.1 1bm) and the fuel tank (15.5 1bm). The 1050-second engine
control sphere safing period began at 18.081 seconds (05:01:21), and the
60-second LHp ambient helium dump began at 18,762 seconds (05:12:42).

The pressure decayed from 2890 to 250 psia.

The helium dumped through the engine LOX dome and GG purge systems is
estimated to be 31.5 1bm from 18,080.6 (05:01:20.6) to 18,821.7 seconds
(05:13:41.7). This includes the helium mass from the five LH2 ambient re-
pressurization spheres, one LOX ambient repressurization sphere, and the
J-2 engine helium control bottle. This dump was normal for the sequence
and system interconnection of AS-510 but the resulting 4500 1b sec of
impulse was not identified for preflight lunar impact planning. For
prior flights, the ambient repressurization spheres were partially dumped
through the propellant tank NPV systews dvring T7. The sequence for
AS-510 was changed to delay the LH2 ambtiont helium dump to a later time

in the mission so that the gas could be us>d to obtain more delta velocity
if required to achieve lunar impact. It was not recognized that the LH2
ambient helium pressurant could not be retained beyond engine helium
control bottle safing. A corrective change in system sequencing is under
consideration for future flights.

7.13.5 Stage Pneumatic Control Sphere Safing

The stage pneumatic control spnere and LOX repressurization sphere No. 2
were safed by initiating the J-2 engine pump purge and by flowing helium
through the engine pump seal cavities for 3600 seconds. This activity
began at 16,801 seconds (04:40:01) and satisfactorily reduced the
pressure in the spheres from 2200 to 1100 psia.

7.13.6 Engine Start Tank Safing
The engine start tank was safed during a period of approximately
150 seconds beginning at 14,155 seconds (03:55:55). Safing was

accomplished by opening the sphere vent valve. Pressure was decreased
from 1290 to 10 psia with 3.0 1bm of hydrogen being vented.
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7.13.7 Engine Control Sphere Safing

fhe safing of the engine control sphere began at 18,081 seconds (05:01:21).
‘he helium control solenoid was energized to vent helium through the engine
purge system. The initial pressure in the sphere was approximately 3100
psia. At this time, gaseous helium from the LH? ambient repressurization
Jottles began flowing to the engine conirol sphere. Helium from the
control sphere and repressurization bottles continued to vent until

19,131 seconds (05:18:51).

During this time, the pressure in the repressurization bottles had
decayed from about 2890 to 250 psia. Part of this decay was due to
safing of the repressurization bottles which occurred within the time
spar. of the controi sphere safing. The control sphere pressure decayed
to 125 psia. Subseguent to closing of the control solenoid, the control
sphere repressurized to 225 psia witnout any noticeable decay in the
ambient repressurization bottles pressure. During the safing, a tetal
of 32.0 1bm or helium was vented.

7.14 HYDRAULIC SYSTEM
The S-IVB hydraulic system performance was satisfactory during the entire

mission (S-1C/S-1I boost, first and secord burns of S-1VB, and orbital
cuast).
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SECTION 8
STRUCTURES

8.1 SUMMARY

The structural loads experienced during the S-IC boost phase were well
below design values. The maximum bending moment was 80 x 106 1bf-in

at the S-IC LOX tank (30 percent of the design value). Thrust cutoff
transients experienced by AS-510 were similar to those of previous
flights. The maximum longitudinal dynamic responses at the Instrument
Unit (IU) were $0.25 g and +0.30 g at S-IC Center Engine Cutoff (CECO)
and Outboard Engine Cutoff (JECO), respectively. The magnitudes of the
thrust cutoff responses are considered normal.

During S-IC stage boost, the expected 4 to 5 hertz first longitudinal
mode responses occurred between 100 seconds range time and S-IC CECO.
The maximum amplitude measured at the IU was +0.06 g. Oscillations
in the 4 to 5 hertz range have been observed on previous flights and
are normal vehicle resporses to the flight environment. POGO did not
occur during S-IC boost.

The S-1I stage center engine LOX feedline accumulator successfully
inhibited the 14 to 16 hertz POGO oscillations. A peak response of
1+0.5 g was measured on engine No. 5 gimbal pad during steady-state
engine operation. As on previous flights, low amplitude 11 hertz
oscillations were experienced near the end of S-1I burn. Peak engine
No. 1 gimbal pad response was +0.06 g. POGO did not occur during S-II
boost. The POGO limiting backup cutoff system performed satisfactorily
during the prelaunch and flight operations. The system did not produce
any discrete outputs.

The structural loads experienced during the S-IVB stage burns were well
below design vaiues. During first burn the S-1VB experienced low ampli-
tude, 16 to 20 hertz oscillations. The +0.04 g maximum amplitude
measured on the gimbal block was comparable to previous flights responses
and well within the expected range of values. Similarly, S~IVB second
burn produced intermittent low amplitude responses (t0.05 g) in the 12

to 16 nertz frequency range which peaked near second burn cutoff.
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8.2 TOTAL VEHICLE STRUCTURES EVALUATION
8.2.1 Longitudinal Loads

The structural loads experienced during boost were well below design
values. The AS-510 vehicle liftoff occurred at a steady-state accel-
eration of 1.20 g. Maximum longitudinal dynamic response measured
during thrust buildup and release was +0.20 g in the IU and +0.50 g
at the Command Module (CM), Figure 8-1. Comparable values have been
seen on previous flights.

The longitudinal loads experienced at the time of maximum bending
moment ?80.] seconds) were as expected and are shown in Figure 8-2.
The steady-state longitudinal acceleration was 2.06 g as compared
to 1.9 g on AS-509 and AS-508.

Figure 8-2 also shows that the maximum longitudinal loads imposed on
the S-IC stage thrust structure, fuel tank, and intertank area occurred
at S-IC CECO {(136.0 seconds) at a longitudinal acceleration of 3.79 g.
The maximum longitudinal loads imposed on all vehicle structures above
the S-IC intertank area occurred a2 ~-IC OECO (155.6 seconds) at an
acceleration of 3.97 g.

8.2.2 Bending Moments

The peak vehicle bending moment occurred during the maximum dynamic
pressure phase of boost at 80.1 seconds, Figure 8-3. The maximum
bending moment of 80 x 106 1bf-in at station 1156 was approximately
30 percent of design value.
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Figure 8-1. Longitudina)l Acceleration at IU and CM During Thrust
Buildup and Launch
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Lateral response of the vehi.le at Viftoff was comparable to those seen
on previous flights. The maximum response level seen at the CM was
approximately 0.114 Grms as compared to the AS-509 maximum of 0.111 Grms.

8.2.3 Vehicle Dynamic Characteristics
8.2.3.1 Longitudinal Dynamic Characteristics

During S-IC stage boost, the significant vehicle response was the
expected 4 to 5 hertz first longitudinal mode response. The low
amplitude oscillations began at approximately 100 seconds and continued
until S-IC CECO. The peak amplitude measured in the IU was approximately
+0.06 g, the same as seen on AS-509. The AS-510 IU response during the
oscillatory period is compared with previous flight data in Figure 8-4.
The change in the previous flight envelope prior to 110 seconds (Refer-
ence: AS-509 report MPR-SAT-FE-71-1) is based on further analysic of
AS-509 data. Spectral analysis of engine chamber pressure measurements
shows no detectable structural/propulsion coupled oscillations. POGO
did not occur during S-iC voost.
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The AS-510 S-1C CECO and OECO transient resporses were similar to those
of previous flights. The maximum longitudinal dynamics resulting from
CCCO were $0.25 g at the IU (the same as measured on AS-509) and $0.55 g
at the CM, Figure 8-5. For OECO the maximum dynamics at the IU were
$0.30 g (+0.35 g on AS-509) and +i.02 g at the CM, Figure 8-6. Note

that the minimum CM acceleration level of -0.80 g occurred at approxi-
mately the same time and is of the same magnitude as on previous flights,
unaffected by the change in the S-IC/S-1I separation sequence.

AS-510 was the second vehicle on which the S-11 stage center engine
accumulator was installed to suppress the 16 hertz POGO phenomenon.
The flight data show that the 16 hertz oscillations were inhibited
with amplitudes comparable to those seen on AS-509, Figure 8-7. The
peak 14 to 20 hertz center engine gimbal response was approximately
+0.6 g, the same as observed on AS-509. POGO did not occur.

A transient response was experienced shortly after accumulator fill was
initiated. The peak response of the LOX pump inlet pressure was
approximately 45 psi peak-to-peak with a frequency of 68 hertz, Figure 8-8.
The response of the center engine gimbal pad at the corresponding time
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During S-II Burn (8 to 20 Hz Filter)
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and frequency was less than +0.5 g. Both of these responses were
comparable to those measured on AS-509.

As on prior flights, 11 hertz oscillations were noted near the end of
S-1I burn. The AS-510 responses were in general lower than those seen
on previous flights. Table 8-1 presents a summary of peak engine No. 1
gimbal pad responses for all flights.

During AS-510 S-IVB first burn, low frequency (16 to 20 hertz) longi-
tudinal oscillations similar to those observed on previous flights
were evident. The AS-510 amplitudes ($+0.04 g at gimbal block) were
well below the maximum measured on AS-505 (+0.3 g) and within the
expected range of values.

AS-510 S-IVB second burn produced intermittent 12 to 16 hertz oscillations
similar to those experienc2d on previous flights. The oscillations,
beginning approximately 80 seconds prior to cutoff, peaked at approxi-
mately 10 seconds prior to cutoff with +0.05 ¢ measured on the gimbal
block. This compared to $0.06 g on AS-509.

8.2.4 \Vibration

There were no significant vibration environments identified on AS-510.
A comparison of AS-510 data with data from previous flights show similar
trends and magnitudes.

The data from AS-510 were limited in frequency range as compared to

previous data. This was caused by the change in the data acquisition
system from single-sideband/FM to FM/FM. Direct comparison of similar
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Table 8-1. Post S-II CECO 11 Hertz Oscillations

RANGE ACCELERATION LOX LEVELS
TIME AT PEAK LOX LEVEL AT PEAK AT 1/3 AMPLITUDE
AMPLITUDE PEAK . FREQUENCY AMPL ITUDE { INCHES OF LOX)
FLIGHT (SE”ONDS) AMPLITUDE (5) (H2) (INCHES OF LOX) START | STQP
501 N0 MEASUREMENT OF ACCELERATION
//// /////// ///7 ////// / 7/// 37 ///
/ 50’27%/ //fé/f/ 777 /lior// / 4 //2 /
%5 ///// // % 36 =
504 0.18 11.6 8 14 6
505 545 0.22 11.0 16 23 14
506 NO LOW FREQUENCY OSCILLATION INSTRUMENTATION
507 545 0.09 1.4 15 27 12
508 582 0.17 1.1 19 217 9
509 542 0.16 11.0 26 32 18
510 540 0.06 1.0 18 30 14

b/ DATA QUESTIONABLE
// AS-502 - 2 ENGINES OUT

AS-502 & AS-503 - LARGE
ATTENUATION AT 11 HZ ON
E} ACCELERATION

data can not be made due to frequency roll-off characteristics. However,
correlation is obtained when frequency ranges are compatible. Figure 8-9
shows a comparison of AS-510 data with previous flight data for
compatible frequency ranges.

8.3 S-11 POGO LIMITING BACKUP CUTOFF SYSTEM

The backup cutoff system provides for automatic S-II CECO if vibration
response levels exceed predetermined levels within the preselected
frequency band. The system consists of three sensors, a two-out-of-three
voting logic, an engine cutoff arming function, and an automatic disable
function which is effective until the arming operation has occurred.

The system did not produce discrete outputs at any time. The accelerometer
analog outputs were well below the levels which would produce o discrete
output even during the engine start period when the system was not armed.
After arming, the analog output did not exceed 1 g.
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SECTION 9
GUIDANCE AND NAVIGATION

9.1 SUMMARY

The guidance and navigation system provided satisfactory end conditions
for the boost to Earth Parking Orbit (EPO) and the boost to Translunar
Injection (TLI). A navigation update was performed at the beginning of
the second revolution because the difference between the Instrument

Unit (IU) navigation vector and the tracking vector at Carnarvon exceeded
the allowable tolerance defined in Flight Mission Rule (FMR) 7-11. The
navigation differences following the update were small and were well
withtn all allowable tolerances at TLI.

A negative shift of approximately 0.25 m/s (0.82 ft/s) occurred in the

Z (down range) accelerometer output approximately one second before range
zero. The precise effect of the shift on subsequent navigation errors
has not been determined. The Launch Vehicle Data Adapter (LVDA) and
Launch Vehicle Digital Computer (LVDC) performed satisfactorily with
nominal values for component temperatures and power supply voltages.

9.2 GUIDANCE COMPARISONS

The postflight guidance error analysis was based on comparisons of the
ST-124M-3 platform system measured velocities with the final postflight
trajectory established from external tracking data (see paragraph 4.2).
Velocity differences from Earth Parking Orbit (EPO) are shown in

Figure 9-1. A positive velocity difference indicates trajectory data
greater than the platform system measurement. The curves shown were
generated by using a platform system error model to smooth the observed
velocity differences. At EPO the differences were 1.47 m/s (4.82 ft/s),
1.36 m/s (4.46 ft/s), and 0.47 m/s (1.54 ft/s) for vertical, cross range
and down range velocities, respectively. These differences are relatively
small and well within the accuracy of the data compared and/or the speci-
fied 1imits for hardware errors. There was no indication of any acceler-
ometer measuring head located on the ST-124M-3 platform reaching the
6-degree stop during thrust buildup. The maximum transient noted was
about 3 degrees for both the down range and cross range accelerometers.
However, the output of the down range accelerometer was negative from
about 1.4 seconds before Time Base 1 (T;) to about 12.8 seconds after Ty.
One possible cause of the negative output was high frequency vibrations.
Lack of adequate vibration measurements severely compromises rigorous
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Figure 9-1. Trajectory and ST-124M-3 Platform Velocity Comparison,
Boost-To-EPO (Trajectoiy Minus LVDC)

analysis. The resultant velocity bias was about -0.25 m/s (-0.82 ft/s).
Although the velocity errors are relatively small, it should be noted that
the differences are all additive, the result of which is a radius vector
error at EPO greater than that observed on previous Saturn V flights.

The time history of the platform velocity comparisons for the second S-IVB
burn mode are not shown. Due to insufficient tracking data, the trajectory
for the out-of-orbit burn was constructed by constraining the telemetered
velocities to parking orbit and translunar trajectory solutions. The LVDC
and postflight trajectory state vectors are in very good agreement at TLI.

Platform system velocity measurements at significant event times are shown

in Table 9-1 along with corresponding values from both the postflight and
Operational Trajectories (OT). The differences between the telemetered
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Table 9-1. Inertial Platform Velocity Comparisons
(PACSS 12 Coordinate Zystem)

VELOCITY - M/S {FT/S)

VERTICAL CROSSRANGE DOWN RANGE

EVENT DATA SOURCE ) (v) (2)
Guidance (LVDC} 2€57. 1 -6.70 2201.53
(8719.52) (-21.98) (7222.87)
S-IC Postflight Trajectory 2658.32 -5.57 2202.09
0£CO (8721.52) (-18.27) (7224.70)
Opera%iona) Trajectory 2662.36 -1.83 2189.87
(8734.78) (-6.00) (7184.61)
Guidance (LVDC) 3332.15 -0.55 6802.55
(10,932.25) {-1.80) {22,318.08)
S-11 Postfiight Trajectory 3333.57 0.93 6803.00
QECO (10,936.91) (3.05) (22,319.55)
Operational Trajectory 3334.11 -1.33 6793.87
(10,938.68) (-4.36) (22,289.60)
Guidance (LVDC) 3167.44 -0.15 7600.88
(10,391.86) (-0.49) (24,937.27)
S-1v8 Postflight Trajectory 3168.90 1.22 7601.35
Firs® £CO (10,396.65) (4.00) (24,938.81)
Cperational Trajectory 3170.86 0.05% 7602.30
(10,403.08) (0.16) (24,341.93)
Guidance (LVOC) 3167.10 -0.15 7602.50
{10,39C.75) (-0.49) (24,942.59)
Parting Postflight Trajectory 3168.57 .21 7602.97
Orbit (10,395.57) (3.97) (24,944.13)
Insertion Operational Trajectory 3170.46 0.05 7603.79
(10,401.77) {0.16) {24,946.82)
Guidance (LVDC) 1618.78 47.26 2711.09
(5310.96) (155.05) (8894,65)
S-1y8 Postflight Trajectory 1621.09 51.29 2708.50
Second ECO* {5318.54) (168.27) (8886.15)
Operational Trajectory 1623.37 48.79 2710.89
(5326.02) (160.07) (8894.00)
Guidance (LVDC) 1620.20 47.35 2714.55
(5315.62) {155.35) (8906.00)
Trans lunar Postflight Trajectory 1622.67 51.4% 2712.06
Injection® (5323.72) (168.67) (8897.83)
Operational Trajectory 1624.56 48.86 2713.89
(5329.92) (160.30) (8903.84)

*Values represent velocity change from Time Base 6.

NOTE: Unless otherwise noted the event times quoted in this section
are range time of actual occurrence as recorded at the vehicle
(i.e. no transmission delay).
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and postflight trajectory data reflect some combination of quidance hard-
ware errors and tracking errors along with the probable down range velocity
bias of -0.25 m/s (-0.82 ft/s) during boost-to-EPO. When the navigator
was updated at about ©311.6 seconds (1:45:11.6), the velocity bias was
eliminated. The differences between the telemetered and OT values reflect
differences in actual and nominal performance and environmental conditions.
The values shown for the secend S-IVB burp mode represent component veloc-
ity changes from Tg. The characteristic velocity determined from the
telemetered valocities during second burn to Engine Cutoff (ECO) was

2.20 m/s (7.22 ft/s) less than the OT due to an approximately 5.4 second
shorter burn time. The telemetered data indiceted 0.85 m/s {2.79 ft/s)
greater than the postflight trajectory. This difference is probably due

to small inaccuracies in the vector components to which the guidance
velocities were constrained to generate the out-of-orbit trajectory. The
measured velocity increase due to thrust decay betweer ECO and TLI was

0.53 m/s (1.74 ft/s) greater than the 0T. The velocity increase after
first S-IVB ECO was 0.13 m/s (0.43 ft/s) higher than the OT.

Comparison of navigation {PACSS 13) positions, velocities, and flight path
argle at significant flight event times are shown in Table 9-2. Positicn
and velocity component differences between the LVDC and OT values for the
boost-to EPO data reflect off-nominal flight environment and vehicle
performance. The navigation update is refiected in the differences at Tg,
second ECO, and TLI. First guidance cutoff signal was given with only
0.03 m/s (0.10 ft/s) and a radius vector of 23 meters (75 feet) less than
the OT prediction. Second S-1VB ECO was given with C3 deviation of

7272 m¢/32 (OT minus LVDC). The LVDC and postflight trajectory data are
in good agreement for the events shown. The magnitude of the compoient
position and velocity differences at EPO are comparable to those nuteu on
previous Saturn V vehicles. However, the postflight inertial coordinates
of altitude and range were greater than those from the LVDC. On previous
flights, the altitude and range deviations were small or of cpposite sign
and minimized the error in radius vector. Figures 9-2 through 9-5 show
the state vector differences between the postflight trajectory and LVDC
during parking orbit. The LVDC data were projected from time of update
(6328.533 seconds [1:45:28.533] from Guidance Reference Release [GRR]) to
Te to show what the deltas would have been without an update. Vent thrust
was higher than the programed values used in the LVDC. Figure 9-6 presents
the continuous vent thrust profile used in the LVDC along with the post-
flight reconstruction and nominzl profiles. The continuous vent accel-
eration was reconstructed from telemetered velocities adjusted for
acceleration bias. AS-510 vent thrust was higher than the 0T nominal but
within the predicted tolerance. The deviations between the pustflight
trajectory and the LVDC state vectors at EPO were propagated to TLI plus

9 hours to determine a Midcourse Correction (MCC). Using the programed
vent, a MCC of about 6.4 m/s (21.0 ft/s) would be required. The EPO
deviations combined with the reconstructed vent yielded about 8.6 m/s
(28.2 ft/s) MCC. Due to the state vector differences at EPO and the
buildup during parking orbit between tracking and LVDC telemetry, a
decision was made to update the LYDC state vector. The basis for AS-510

9-4



G-6

Table 9-2.

Guidance Comparisons (PACSS 13)

POSITIONS VELOCITIES FLIGHT PATH
DATA METERS (FT) M/s (F1/5) ANGLE (DEG)
EVENT SOURCE " . -
Xs Ys ZS R )(5 Yo Zs Vg Y
Guidance 6,429,574.3 29,652.9 159,631.5 6,441,620.7 934,69 59.54 2590.62 [ 2754.72[ 21.26006
(LvoC) (@.21,212.3) | (97.286.4)|  (523,725.4) | (21,133,926.2) |  (3066.57) | (195.34) (8493.41) |  (9037.80)
5-1¢ Postflight 6,439,630 4 29,740.7 159,696.4 6,441,679.0 935.48 60. 65 2592.07 | 2756.38! 21.26575
0ECO Trajectory | (21,127,396.5) | (97.874.0)]  (523,938.5) | (21,934.017.3) | (3089.17) | (199.00) (8504.18) |  (9043.26)
Opsrational | 6,439,827.0 29,830.0 158,990.0 6,441,858.0 944.23 64,40 257399 |  2747.20 | 21,5234
Trajectory |- (21,128,040.0) | (97,869.0)|  (521.621.0) | (21,i4,705.0) | (3097.86) | (211.28) (8461 24) | (9012.99)
~Suidance %,27€,039.1 51,239.1] 1,869,081 6,548,645 4 | -1991.80 27,60 £704.61 6994, 33| 0.04164
(Lvoc) (20,890,679.1) | (168,107.3)| (6.132,1€5.8) | (21,d85,057.1) | (-6534.78) | (156.17) | (21,996.75) | (22,947.48)
5-11 Postfiight 6,276,515.3 51,8703 1,869,349.2 6,549,183.2 f  -1990.05 49.01 6705.82 |  €c95.08f 0.08939
0L29 Trajectory | (20,592,241.8) | (170,178.3)| (6,133,035.5) | (21,486,821.7) | (-6529.03) | (160.80) | (22,000.71) | (22,949.62)
Opcrational 6,274,978.0 §1.382.0 1,872,710 6,548,672.0 -1995,08 t6.71 6094.26 6985.37 0.0251
Trajectory (20,567,199.0) (168,577.0)] (6,144.129.0) (21,485,146.0) (-6545.44) (153.25) (21,962.73) | (22,917.89)
Gutdance 5,883, 387.2 57,548,0]  2,866,607.7 €,544,837.5 | -3418,24 38.67 7013.80 [ 780Z.51| -0.0.313
(Lvoc) (19.302,451.4) | (188,805.8)| (9,404,880.9) | (21,472,564.0) | (-11,214.70) | (126.87) | (23.011.15; | 125,598.79)
S=1vE Postflight $,884,137,0 68,364.4 2,866,935.6 6,545,669.9 -3415.93 39.67 7014.20 7801.87] 0.01N8
First ECO | Trajectory | (19,304,910.5) | (191,484.3)| (9.405,956.7) | (21,875.295.0) |(-11,207.13) | (130.14) | (23,012.47) | (25.5%6.69)
operational 5,869,872.0 57,702.0(  2,094,215.0 6,544,861.0 f  -3451.00 38.33 6997.70 |  7602.88 -0.0021
Trajectory | (19,258,110.0) | (189.312.0)| (9,495,467.0) | (21,472,642.0) |(-11,322.18) | (125.74) | (22.958.32) | (25,596.68)
Guidance §,048,776.8 §7,930.7 2,936,557.3 6,544 ,838.8 -3902.03 37.92 6974, 1% 7804,131 -0.0004%
(tvoc) (19,188,900.3) | (190,061.4)| (9,634,374.3) | (21,472,868.2) | (-11,489.60) | (124.41) | (2..881.07} | (25,6G4.10)
Parking Postflignt 5,049,555.2 58,757.4 2,936,888.9 6,545,690.6 -3499,89 38.95 6974.72 7803.68] ¢.015u6
Srbit Trajectory | (19,191,458.2) | (192,773.8)| (9,635,462.3) | (21,475,362.8) | (-11,482.59) | (122.75) | (22,880.33) | (25.602.63)
Insertion | perational 5,834,941,0 58,082.00  2,963,999.0 6,544,861.0 -3534. 66 37.63 6957.54 T804.01]  -0.7002
Trajectory | (19,143,509.0) | (190,556.0)| (9,724,407.0) | (21.472,641.0) [(-11,596.64) | (123.45) | (22.826.87) | (2s,603.70)
Guidance 673,941.3 | -95.762.2| -6,516,853.3 6,552,308.3 7763.65 3%.57 79778 | 7e0d €2l 0.93%3
(Lvoc) (2,211,003.5) | (-314,180.4) [(-21,380,752 3) | (21,497,074.5) | (25,471.29) | (119.98) (2617.39} | (25.605.71)
Time Prctilight 676,024.7 -96,101,1 -6,516,395,7 6,552,072.8 7763.27 36.7¢ B800.72 7804, 54|  ©.03005
3ase £ Trajectory (2,217,928.9) | (-315,293.3)[(-21,379,25} .2} (Z! 496,301.8) | (25,470.04) (120,47} (2627.04) | (25,605.45)
Operational 665,763.0 -95,069.0  -6,515,630.0 50,246.0 7765.59 35.98 787.38 w0t 490 GLoAoa
Tragectory | (2,184.360.0) | (-311:308.0)|(-21,376.340.0) | (212490307 0) | (25,7767 | (11a.69) (2583.2%) | (25.608.57)
Guldance 6,395,354.9 -8802,9[ -1,934,222.1 6.681,456.2 437667 168,45 9930.29 | 10,653.31] 6.95%44
(L¥0C) (20,982,135.5) | (-28,880.9)[ (-6,345,873.0) | (21,920,768.1) | (14,359.15) | (ss2.66) | (32.579.69) | (35.607.57)
5-1v8 Postflight 6,395,749.4 -8395.0|  -1,934,482.0 6,681,908.5 4376.14 172.9 9930.00 | 10,852.91 6.9523¢0
Second £CO | Tragectory | (20,983.09.) | (-27.542 7)| (-6.348.526.8) | (21:922,372.0) | (14.35701) | (567.29) | (32.578.78) | (34606 é0)
Operational 6,411,726.0 -7721.0|  -1,892,487.0 6,685,192.0 430 .42 164.09 994275 [ 1o.mso.s1|  ronan
Trajectory | (21,035,845.0) | (-25,352.0)| (-6,208,947.0) | (21.933,088.0) | (18,243.81) | (S54.76) | (32,627.58) | (35,59%.98)
Guidance 6,438,694 1 76,4 -1,834,786.6 6,695,018.6 4292 53 168.76 995851 |  10,845.93| 7.4097%
(LvDC) (21,124,324.5) | (-23,347.8)( (-5,019,641.1) | (21,965,288.1) | (14,083.10) | (883.67) | (32.673.59) | (35.583.7¢)
Translunar | Postfiight 6,439,097.6 -6663.4  -1,835,023.3 €,695,471,0 492,17 13.23 998,67 | 10,845,630 1.40753
Injection | Trajectory | (21,125,648.2) | (-21,0617)| (-6.080.4058) (21,966,768.6) | (14,081.92) | (568,35} | (32,672.79) | ‘35.362.79)
Operational | 6,454,723,0 -6035.0{  -1,792,907.0 6,699,105.0 4256.99 169. 34 9970.28 | 10.842.38]  7.1947
Trajectory | (21,176,914.0) | (-19,799.0)| (-5,882,240.0) | (21,978,690.0) | (13,966.49) | (585.58) | (32,730.773 | (35.571.98)
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update was any one of three parameters outside of 1.6 sigma. Update
comparisons are discussed in paragraph 9.3 Table 9-3 presents the state
vector differences at TLI between the LVDC and both the OT and postflight
trajectory. The LVDC telemetry indicated a radius vector 4086 meters
(13,406 ft) lower than the OT and 452 meters (1484 ft) lower than the
postflight trajectory. LVDC total velocity was 3.59 m/s (11.78 ft/s)
higher than the OT value and 0.30 m/s (0.98 ft/s) higher than the post-
flight trajectory. The LVDC and postflight trajectory were in very good
agreement at TLI. Due to higher than expected S-IVB thrust, the proper
cutoff conditions were met earlier than predicted. Table 9-4 shows the
accuracy of the guidance system in achieving the targeted end conditions.
The performance of the guidance system was satisfactory.

Table 9-3. State Vector Differences at Translunar Injection
OPERAT IONAL POSTFLIGHT
PARAMETER TRAJECTORY TRAJECTORY
MINUS LVDC MINUS LVDC
AXg, meters 16,029.0 403.5
(ft) (52,589.0) (1323.7)
AYg, meters 1081.0 453.0
(ft) (3549.0) (1486.1)
AZg, meters 41,880,9 -236.7
(ft) (137,401.0) (-776.7)
AR, meters 4086.0 452.4
(ft) (13,406.0) (1484.5)
AXg, M/ -35.54 -0.36
(ft/s) (-116.61) (-1.18)
aYg, m/s 0.58 4.47
(ft/s) (1.91) (14.68)
62, m/s 11.33 -0.24
(ft/s) (37.18) (-0.80)
tVg, m/s -3.59 -0.30
(ft/s) (-11.78) (-0.98)




Table 9-4. First and Second Burn Terminal End Conditions
ERROR
PARAMETER TARGETED ACTUAL (ACT-TARG)
FIRST BURN
Terminal Velocity, 7804.0613 7804 .0725 0.0112
m/s (ft/s) (25,603.56) (25,603.59) (0.037)
Radius, m 6,544 ,846.0 6,544,847 .47 1.47
(ft) (21,472,330.8) |(21,472,335.58) (4.823)
Path Angle, deg 0.0 -0.0008569 [-0.00038569
Inclination, deg 29.684184 29.684265 0.000081
Descending Node, deg 109.33139 109.353047 -.000092
SECOND BURN

Eccentricity 0.976239353 0.976248033 | 0.000008680

Inclination, deg 29.70000941 29.70003996 | 0.00003055

Descending Node, deg 108.452407 108.452690 0.000283

Argument of 137.040844 137.039504 | -0.001340

Perigee, deg

Energy, C3 m2/s2 -1,438,863.99| -1,438,340.30 -523.69
(ft2/s2) (-15,487,414.00) |(-15,481,777.19) | (-5636.81)

9.3 NAVIGATION AND GUIDANCE SCHEME EVALUATION

9.3.1 Navigation Evaluation

The identification of the navigation error source has bezn emphasized by
the implementation of a navigation update for the first time in the Saturn
program. The implementation wus required because the difference between
the IU and tracking vectors at Camarvon exceeded the tolerance defined

in FMR 7-11. The agreement betwen tracking and the navigation solutions
before and after second burn has focused attention on navigation perfor-
mance during first burn and the first revolution of EPO.

Comparisons of navigation and final postflight trajectory solutions for
significant event times are listed in Table 9-2. The velocity differences
and pesition component differences at EPO are similar to those seen on the
past five flights (Table 9-5). The AS-510 radius magnitude difference,
however, is greater than that of any of the five preceding flights. The
low navigator radius, caused by the X and Z component position errors
adding rather than canceling, may have been sufficient to cause the sub-
sequent violation of FMR 7-11. The propulsive vent during the early
portion of the first revolution was higher than nominal and, therefore,
terided to amplify the differences between tracking and IU navigation.

Q.12



Table 9-5. Parking Orbit Insertion Difference Summary
(LVDC Telemetry - Final Trajectory)

1

PARAMETER VEHICLE NUMBER
AS-506 AS-507 AS-508 AS-509 AS-510
X, m 464 300 -521 349 -778
(ft) (1522) (984) (-1709) (1145) (-2552)
Y, m -1280 -523 -1573 -786 -827
(ft) (-4199) (-1716) (-5161) (-2579) (-2713)
Z, m -243 480 504 -638 -332
. (ft) (-797) (1575) (1654) (-2093) (-1089)
X, m/s -1.16 1.05 -1.77 0.83 -2.14
_ (ft/s) (-3.81) (3.44) (-5.81) (2.72) (-7.02)
Y, m/s -1.21 -1.72 -3.10 -1.79 -1.03
_ (ft/s) (-3.97) (-5.64) (-10.17) (-5.87) (-3.38)
Z, m/s -0.33 .23 0.2 -0.37 -0.57
(ft/s) (-1.08) (0.75) (0.66) (-1.21) (-1.87)
R, m 286 475 -236 17 -852
(ft) (938) (1558) (-774) (56) (-2795)
V, m/s 0.21 -0.61 0.87 -0.72 0.45
(ft/s) (0.69) (-2.00) (2.85) (-2.36) (1.48)

The inertia) platform Z (down range) accelerometer output exhibited a
negative shift of approximately 0.25 m/s (0.82 ft/s) (Figure 9-7). The
shift was not representative of vehicle motion and remained as a Z veloc-
ity offset until the navigation update was implemented. The sampled
measurement of the Z accelerometer float deflection indicated a maximum
deflection of 2.9 degrees during the period where the shift first became
evident (Figure 9-8). A float contact with a mechanical stop does not
appear to be the probable cause of the velocity offset.

Both output pulse trains from one channel of the Z accelerometer were
telemetered via FM channels having sufficient bandwidth to permit
reconstruction of the Z accelerometer output (Figure 9-9). The velocity
offset shift did not occur as a discrete event. The offset was accumulated
over a one-second period while the output was oscillating at approximately
40 hertz.

The navigation update implemented at 6328.533 seconds (1:45:28.533),
referenced tc GRR, increased the orbit apogee by 2297 meters (7536 ft)

and the perigee by 2752 meters (9029 ft) (Table 9-6). The estimated time
remaining before restart preparations initiation was increased about seven
seconds. The simulations required to determine the net effect of the
navigation update have not been processed nor analyzed.
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Table 9-6. Navigation Update Comparisons
NAVIGATION VECTOR| ACTUAL UPDATE INITIAL UPDATE
PARAMETER PRECEDING UPDATE VECTOR VECTOR
Time From GRR, sec 6324.05 6328.533* 6328.21
X, m 4,248,190.5 4,242,351.0 4,239,768.0
(ft) (13.937 x 106) | (13.918 x 106) (13.910 x 106)
Y, n 81,279.0 82,104.0 82,349.0
(ft) (266.660 x 103) [(269.367 x 103) (270.171 x 103)
Z, m 4,984,553.0 4,992,605.0 4,993,971.0
(ft) (16.353 x 106) | (16.380 x 106) (16.384 x 106)
X, m/s -5940.2 -5948.8 -5948.2
(ft/s) (-19,488.6) (-19,507.0) (-19,514.9)
Y, m/s 39.1 39.3 39.7
(ft/s) (128.3) (128.9) (130.2)
Z, m/s 5059.4 5050.8 5048.8
(ft/s) (16,598.9) (16,570.7) (16,564.1)
R, m 6,549,770.791 6,552,128.491 6,551,500.622
(ft) (21.4885 x 106) |[(21.4962 x 106) | (21.49416 x 106)
vV, m/s 7802.886 7801.581 7802.118
(ft/s) (25,599.7) (25,595.4) (25,597.2)

Apogee Radius, m

(ft)

Perigee Radius, m

(ft)

Period, sec ™

€.556,125.065
(21.5094 x 106)

6,549,328.458
(21.4870 x 106)

5278.889

6,558,422.408
(21.5169 x 106)

6,552,0860.3
(21.4961 x 106)

5281.94

6,958,305.644
(21.5165 x 106)

6,551,489.368
(21.4941 x 106)

5281.513

*Actual update time dirfers from loaded implementation time by
0.322 seconds because of LVDC navigation routine characteristics.




Tracking information and telemetered navigation data were acquired during
the first pass over the Canary Islands ground station and were extrapolated
forward to 3360 seconds (0:56:00). The extrapolation of the IU navigation
was 16,313 meters (53,520 ft) farther down range than the tracking vector
and the projected LVDC apogee was 2.46 kilometers (1.33 n mi) below that of
the projected tracking vector. A comparison at Carnarvon at 3360 seconds
(00:56:00) revealed differences of 14,545 meters (47,720 ft) and 2.134 kilo-
meters (1.152 n mi). These exceeded the limits of 7268 meters (23,845 ft)
and 1.759 kilometers (0.95 n mi) specified in FMR 7-11. The decision to
perform a navigation update was based on Carnarvon data and a tentative up-
date vector was generated based on Carnarvon tracking. The vector was up-
linked at Goldstone to become =ffective at 6328.21 seconds (1:45:28.21),
from GRR which was about the time of midpass over Vanguard. Goldstone
tracking was then used to generate a vector for uplinking at Bermuda. The
implementation time was the same as that loaded at Goldstone. This was a
planned part of the procedure. The first vector was sent to assure some
improvement. The implemented vector was based on later tracking data and
was therefore less susceptible than the first to off-nominal vent
perturbation.

9.3.2 Guidance Scheme Evaluation

Available data indicate that the events scheduled at preset times occurred
within acceptable tolerances. All flight program routines, including
variable launch azimuth, time tilt, iterative guidance, navigation and
minor loop functions, were accomplished properly. Times of occurrence of
major boost phase guidance and navigation events are shown in Table 9-7.
Implementation of these events occurred within the one computation cycle
tolerance following scheduled start and stop times. The navigation error
apparent at parking orbit insertion may have accumulated during the boost
period, but flight program navigation routines were properly implemented
based upon measured input data.

9.3.2.1 First Boost Period

A1l first stage maneuvers were performed within predicted tolerances and
Iterative Guidance Mode (IGM) performance for first boost was nominal.

The steering commands telemetered during first boost are illustrated in
Figures 9-10 and 9-11. Table 9-4 shows the terminal end conditions for
{irst burn. Terminal conditions were obtained by linear forward extrapo-
ation,

9.3.2.2 Earth Parking Orbit

Parking orbit guidance proceeded as expected. Table 9-8 presents the
commanded steering angles for major events.

Real-time radar tracking data indicated a navigation error outside the
allowable tolerance of FMR 7-11. Analysis of the flight program response
to input data shows that the flight program performed properly based upon
the data received through the LVDA.
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Table 9-7. Boost Phase Guidance Event Times
RANGE iTME AT THE VEMICLE, SECONDS TIME IN BASE, SECONDS
EVENT ACTUAL 2:::238# :‘;"Tm“:l ACTUAL NOMINAL A,ﬁw,‘s"
PREDICTED 1)) NOM

Begin Tower Clearance (sYaw) 1.68 1.67 0.01 Ty +1.107 Ty 1.0 0.107
End Tower Clearance (-Yaw) 9.66 9.67 -0.00 Ty +9.084 T) #9.0 0.084
Complete Tower Clearance 1.2 - - Ty +10.644 Ty +10.48 0.164
Start Pitch and Rol) 12.2) 11.64 0.57 Ty +11.63% Ty #3t1.07 0.565
End Rol 23.02 - - Ty +22.443 Ty #23.13 0.687
freeze Pitch Command 156.17 156 .00 0.17 T2 +20.087 - -
Stog Pitch 156.94 - - Tz +20.854 - -
Start 1GM Guidance 202.62 200.64 1.98 T3 +43.045 T3 +41.82 1.225
SMC Enable 222.63 200.27 2.% T3 #63.053 T3 +61.74 1.303
S-11 CECO 459.56 459.03 0.53 T3 +299.9N T3 +299.9% 0.0
S-11 Low (4.8) EMR No. 1 On 483. 483.77 -0.06 T3 +324.128 T3 +325.26 -1.132
and Start Artificial Tau
End Artificial Tau 494.22 495.02 -C.80 T3 +334.646 T3 #336.1) -1.464
End Chi Freeze, Start 3rd Phase 557.51 $58.77 -1.26 Tq +9.459 Ty +9.39 -1.036
1& and Artificial Tau
SMC Turn On 565.11 565.27 -0.16 T4 +15.054 T4 415.20 0.8%4
End Artificial Tau 567.00 568.14 -1.14 Ty #17.948 Tg +18.92 -9.972
Start Terminal Guidance 663.00 665 .64 -2.64 T4 +113.950 T4 411545 -1.500
Ertgr GM High Speed Cutoff 687.80 691.77 -3.97 T4 +138.748 T4 +141.) -2.552
(thy Freeze)
S IVB Velocity Cutoff CMD 694.67 699.06 -4.19 T4 +145.617 T4 +148.66 -3.00
Start S-1V8 Second Burn IGM 10,209.04 10,202.59 6.45 T +584.209 Te *583.77 0.830
SMC Turn On 10,221.08 10,214.59 6.49 Tg +596.248 T, +594,57 1.678
"ixture Ratio Control Vaive 10,258.79 10,252.59 6.20 Tg +633.953 Te +663.96 -0.047
{lose and Start Artificial Tau
Tnd Artificial Tau 10,289.58 | 10,282.59 6.99 Te +664.751 | Te * 663.00 1.743
Start Terminal Guidance 10,526.37 10,524.%0 1.98 Te +901.542 Tg +906.12 -4.578
End 1GM Begin Chi Freeze 10,551 .42 10,550.84 1.58 Te +926.590 Tg +932.65 ~6.060
S-1¥8 2nd Guidance Cutoff (MD 10,553.61 10,552.73 0.88 Te *928.780 T +934.32 -5.540

Table 9-8. Coast Phase Guidance Steering Commands at Major Events
FLIGHT ‘Ml!ﬁ_ﬁmnﬁﬁﬁli_.
PERIOD EVENT TIME, SECONDS LL (X PITCH (Y YAM (2
Earth Initiate Orbital Guidance Tg +0 -0.1646 -104.2746 0.0976
Parking Chi Freeze
Orbit

Initiate Maneuver to T5 +21.402 0.0000 -117.4047 0.2708
Local Horizontal
Initiate Orbital Tg +100.799 - - -
Navigation
Post Initiate Orbital Guidance T7 40 -0.5218 -68.0302 1.4565
Tl Chi Freeze
Initiate Orbital Ty +152.034 - - -
Navigation
Initiate Maneuver to Ty +152.257 0.0000 -86.723 0.8978
Local Horizontal
Inttiate TDEE Maneuver T; +900.700 180.000 -12.8739 -39.6221
TOAE - Haneuver Complete T7 +1200 - - -
Initiate Lunar Impact Tg +581.124 180.000 16.6985 -40.0797
Local Reference Maneuve.,




A navigation update was commanded through the Goldstone telenetry station
at Tg +4682 seconds with an implementation time of Tg +5616.4 seconds.
The mode and data commands making up the navigation update were properly
stored by the flight program. After further tracking a revised naviga-
tion undate was commanded at Tg +5376 seconds with an implementation time
the same as for the first update. The revised update properly replaced
the original update and was implemented at the proper time. At the time
of implementation of the update orbital time-te-go (time until start of
Tg) showed a shift of approximately 6.7 seconds. The shift in state
vector parame.ers showed a decrease in down range dicplacement and an
increase in altitude.

9.3.2.3 Second Boost Period

Sequencing of restart preparations occurred as scheduled relative to the
start of Tg. Tg was initiated at 9641.772 seconds (2:40:41.772) after
GRR (9624.832 seconds [2:40:24.832]). Transfer ellipse target parameters
ware computed and telemetered just prior to initiation of second burn IGM.

The guidance steering commands are shown in Figures 9-12 and 9-13.

Table 9-4 shows the terminal end conditions for the S-IVB second burn.
Terminal conditions were obtained by linear forward extrapolation.
Targeted values were those telemetered at GRR and at second bum IGM
start.

9.3.2.4 Post TLI Period

Post TLI guidance proceeded as expected. Table 9-8 presents the commanded
steering angles for some major events.

Two lunar impact ullage bums were commanded from Mission Control Center-
Hous ton (MCC-H) at 19,629 seconds (5:27:09.0) and 35,486 seconds
(9:51:26.0), respectively. The first burn of 241 seconds duration was
started at the commanded time of 20,760 seconds (5:46:00.0). The second
burn was commanded to start at 36,000 seconds (10:00:00.0) with a duration
of 71 seconds. Both burns were properly implemented by the flight program
with the desired attitude changes occurring upon acceptance of the Digital
Command System (DCS) commands and the ignition and burn durations occurring
as commanded.

The solar heating avoidance roll maneuver was commanded at Tg +20,362
seconds (5:39:22) followed by the Flight Control Computer (FCC) power
off command at Tg +20,3€3 seconds (5:39:43). No further maneuver capa-
bility existed after this time,
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9.4 GUIDANCE SYSTEM COMPONENT EVALUATION

Data analysis results indicate that the LVDA and LVOC performed as pre-
dicted for the AS-5'0 mission. Ccuponent temperatures and voltages were

nominal.
9.4,1 LVDC and LVDA

Two occurrences of error mcnitor register Bit 3 indications of a signal
disagreement at the LVDA Interrupt Control Latch {INTC) were observed.
The first occurred at GRR as a result of the GRR interrupt and the
second occurred at GRR +5401 seconds (1:30:01; as a result of a DCS
interrupt. As in previous missions, these sigral disagreerents were
expected aud did not affect mission success.

No indication of malfunction was observed in any hardware, including
attitude error, telemetry, discrete, and switch selector command cutput

circuitry.
9.4.2 ST-124M Stabilized Platform Subsystem

The ST-124M Stabilized Platform Subsystem (SPS) performed nominally
throughout the mis ion. All electrical and environmental parameter
data indicated operation was within previously observed operating limits.

A velocity shift of approximately -0.25 m/s (-0.82 ft/s) in the Z axis
at approximately -1.4 seconds was indicated by LVDA data. This was
verified by counting pulses on oscillograms of telemetered accelerometer
outputs, {Figure 9-9). The Z accele-ometer gyro pickoff was relatively
quiet at the time of the wvelocity shift. Investigation of the cause of
the velocity shift is in progress.

Typical servo loop operation was indicated by the telemetry data. Minimal
excursions were observed at liftoff (see Figure 9-14). The 5 hertz oscil-
lations were again evident before and after S-1C CECO at approximately the
same amplitude of previous vehicles (0.3°P-P).

CS separation caused the following deflections:

X gyro = 0.8°P-P
Y gyro = 0.8°P-P
Z gyro = 0.4°P-P

The accelerometer servo loop operation appeared to be nominal. On this
vehicle the pickoff information was telemetered on the CP-1 link only.
Figure 9-14 depicts the excursions of the three pickoffs. As can be
seen the Z channel was relatively quiet at -1.4 seconds.
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Figure 9-14, ST-124M Accelerometer and Gyro Pickoff Detlections

Near Liftoff

separation the accelerometer pickoff deflections were:

At CSM

X = 1.8°P-P

Y = 1.8°P-P

Z = 1.2°P-P
Proper vehicle attitude information was derived from the gimbal angle
resolvers. The flight program did not switch from fine to backup gimbal

resolvers.
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As on the AS-509 IU, the inertial gimbal temperature at liftoff was
315°K (107°F). The typical decrease in temperature occurred after
liftoff, bottoming out at 309.7°K (98.0°F) at 26,700 seconds (7:25:00.u),

then)rising to 310.7°K (99.I°F) at 42,200 seconds (11:43:20.0) (last
data).

The gas bearing differential and irternal ambient pressures remained
within desired limits throughout the mission.

The platform AC power supply maintained proper voltages. Gyro and

accelerometer wheel power remained constant as depicted by the summation
current data.
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SECTION 10
CONTROL AND SEPARATION

10.1  SUMMARY

The Flight Control Computer (FCC), Thrust Vector Contrel (TVC) System,
and Auxiliary Propulsion System (APS) satisfied all requirements for
vehicle attitude control during the flight. Bending and slosh dynamics
were adequately stabilized. The prelaunch programed yaw, roll, and pitch
maneuvers were properly executed during S-IC boost.

During the maximum dynamic pressure region of flight, the launch vehicle
experienced winds that were slightly greater than the 95-percentile July
wind from a 63 degree azimuth. The maximum average pitch engine deflec-
tion occurred in the maximum dynamic pressure region. The maximum average
yaw engine deflection occurred during the yaw maneuver for tower clearance.

S-IC/S-11 first and second plane separations were accompiished with no
significant attitude deviations. The S-IC retiro motors performed as
expected. Separation distances were less than predicted because F-1
engine impulse "tailoff" was higher than expected. The effect of the
closer S-II exhaust plume at engine start resulted in a more severe
environment at the S-IC forward LOX dome and resulted in S-IC telemetry
system damage. Analysis indicates that with an S-IC stage having only
four retro motors, failure of one retro motor to ignite would result in
marginal separation distances and, in the 30 case, recontact of the two
stages. Consequently, S-IC-11 and subsequent stages will be equipped
with eight retro motors rather than the planned four. At Iterative
Guidance Mode (IGM) initiation, guidance commanded a pitch-down maneuver
as predicted. The S-1I retro motors and S-1VB ullage motors performed
as expected and provided a normal S-11/S-1VB separation.

Satisfactory control of the vehicle was maintained during first and second
S-IV8 bums and during coast in Earth Parking Orbit (EPO?. After insertion
the maneuver to the local horizontal required a larger change in vehicle
attitude than on previous vehicles. Propellant slosk activity resulting
from this pitch maneuver was greater than previously experienced and caused
liquid to flow into the forward portion of the LOX tank and vent through
the LOX nonpropulsive vent. For subsequent missions this condition will

be corrected by reducing the pitch turning rate during the maneuver.
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During the Command and Service Module (CSM) separation from the S-1VB/
Instrunent Unit (IU) and during the Transposition, Docking and Ejection
(TD&E) maneuver, the control system maintained the vehicle in a fixed
inertial attitude to provide a stable docking platform. Following TD&E,
S-IVB/IU attitude control was maintained during the evasive maneuver, the
maneuver to lunar impact attitude, the LOX dump, and the APS burns.

10.2 S-IC CONTROL SYSTEM EVALUATION
The AS-510 control system performed satisfactorily during S-IC boost.

Because of changes in structural dynamics, the AS-510 control system
filters were different than those of the AS-509. 1In addition, the control
system gains were increased to improve wind and engine-out response.

The peak wind speed was 18.59 m/s (35.2 knots) at 14 kilometers (7.6 n mi)
with an azimuth of 63 degrees. This wind was greater than the 95-percen-
tile July wind from this direction. Approximately 10 percent of the
available pitch plane engine deflection was used (based on the average
pitch engine gimbal argle). The S-IC outboard engines were canted as
planned.

A1l dynamics were within vehicle capability. In the region of high dynamic
pressure the maximum angles of attack were 2.63 degrees in pitch and 1.34
degrees in yaw. The maximum average pitch and yaw engine deflections in

the maximum dynamic pressure region were 0.54 and 0.26 degree, respectively.
Both deflections were due to wind shears. The absence of divergent bending
er slosh dynamics shows that these modes were adequately stabilized.

Vehicle attitude errors required to trim out the effects of thrust unbal-
ance, thrust misalignment, and control system misalignments were within
predicted envelopes. Vehicle dynamics prior to S-IC/S-1I first plane
separation were within staging requirements.

Maximum conirol parameters during S-IC burn are listed in Table 10-1.
Pitch and yaw time histories are shown in Figures 10-1 and 10-2. Dynamics
between 1iftoff and 40 seconds result primarily from guidance commands.
Between 40 and 100 seconds, maximum dynamics were caused by the pitch tilt
program, wind magnitude, and wind shears. Dynamics from 100 seconds to
separation were caused by high altitude winds, separated airflow aero-
dynamics, Center Engine Cutoff (CECO), and tilt arrest. The transient ot
CECO indicates that the center engine cant was 0.23 degree in pitch and

0.0 degree in yaw.

The attitude errors between 1iftoff and 20 seconds indicate that the
equivalent thrust vectur misalignments prior to outboard engine cant

were -0.03, 0.07, and 0.07 degree in pitch, yaw, and roll, respectively.
These errors are required to trim out the effects of thrust unbalance,
offset center of gravity, thrust vector misalignment, and control system
misalignments. The equivalent thrust vector misalignment: after outboard
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Table 10-1. Maximum Control Parameters During S-IC Flight
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- . R S ) {
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N LYy { id9u) (766)
oy g |
Acceleration, w/ef - 1o 52.4 0.6l .3
LI VaN S| {-¢.89) {2.00)

engine cant were -0.02, 0.05, and 0.09 degree in pitch, yaw, and roll,
respe ively.

Figure 10-3 shows measured angle-of-attack time histories.

The predicted and measured misalignments, slow release forces, winds, and
thrus t-to-weight ratio are shown in Table 10-2.

10.3 S-I1 CONTROL SYSTEM EVALUATION

The S-II stage attitude control system performance was satisfactory. The
vehicle dynamics were within expectations at all times. The maximum
values of pitch parameters occurred in response to IGM Phase I initiation.
The maximum values of yaw and roll control parameters occurred in response
to S-1C/S-11 separation conditions. The maximum control parameter values
for the period of S-II burn are shown in Table 10-3.

Between S-IC OECO and initiation of 1GM Phase I, commands were held
constant. Significant events occurring during this interval were S-IC/
S-11 separation, S-II stage J-2 engine start, second plane separation,
and Launch Escape Tower (LET) jettison. Pitch and yaw dynamics during
this interval indicated adequate control stability as shown in Figures
10-4 and 10-5, respectively. Steady state attitudes were achieved
within 10 seconds from S-I1C/S-II separation.

At IGM initiation, guidance com.ands caused the vehicle to pitch down
instead of up as for previous flights. The transient magnitudes experi-
enced were similar to previous flights.

At S-1I CECO, the guidance routines reacted properly to the decrease in
total thrust. Flight and simulated data comparison, Figures 10-4 and
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Table 10-2.

AS-510 Liftoff Misalignment Summary

PARAMETER

PREDICTED 35 RANGE

LAUNCH

PITCH YAR ROLL

PITCH YAW ROLL

Qutboard Engine
Misalignment, deg

Center Engine
Misalignment, deg

Vehicle Stacking &
Pad Misalignment, deg

Attitude Error at
Holddown Armm Release,
deg

$0.34 | +0.34 $0.34

$0.34 | 20.34 -

t0.29 | +0.29 0.0

-0.03 0.07 0.07

0.23 0.0 -

0.06 -0.04 0.0

0.0 -0.06 0.01

Peak Soft Release
force Per Rod, ® (1bf)

Wind

Thrust to Weight Ratio

415,900 (93,500)

19.55 m/s (38 knots)
at 161.5 meters
(530 feet.)

1.212

Data not available

6.2 m/s (12.0 knots)
at 161.5 meters
(530 feet)

1.224

Table 10-3. Maximu~ Control Parameters During S-II Burmn

PITCH PLAE YA PLANE ROLL PLANE
PARAMETER AMPLITUDt | RANGE i1ML | AMPLITUDE | RANGE TIME | AMPLITUDE | RANGE TIME
B (SEC) {SEC) (SEC)
Attitude Error, deg 2.1 206.0 0.4 228.2 -2.9 164.0
Angular Rate, deg/s -1 206.5 vl 162.0 1.4 165.0
Average Gimbal Angle, 0.9 204.5 -u.3 163.5 -0.9 166.0
dey

10-5, show agreement at those events of greatest control system activity.
Differences between the two can be accounted for largely by engine loca-
tion misalignments, thrust vector misalignments, and uncertainties in
engine thrust buildup characteristics. Based on static firing tests, the
effective thrust misalignments were 0.0, -0.1, and 0.14 degree for the
pitch, yaw and roll axes, respectively.

10.4 S-1VB CONTROL SYSTEM EVALUATION
The TVC System provided satisfactory pitch and yaw control during powered

flight. The APS provided satisfactory roll ccntrol during first and
second burns.
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During S-1VB first and second bums, contro) system transients were experi-
enced at S-11/S-1VB separation, guidance initiation, Engine Mixture Ratio
(EMR) shift, terminal guidance mode, and S-1VB Engine Cutoff (ECO). These
transients were expected and were well within the capabilities of the con-
trol system.

10.4.1 Control System Evaluation During First Burn

S-IVB first bumm pitch attitude error, angular rate, and actuator position
are presented ir Figure 10-6. First bum yaw plane dynamics are presented
in Figure 10-7. The maximum attitude errors and rates occurred at IGM
initiation. A summary of the first burn maximum values of critical flight
control parameters is presented in Table 10-4.

The pitch and yaw effective thrust vector misalignments during first burn
were 0.29 and -0.30 degiree, respectively. A steady state roll torque of
6.33 N-m (4.62 1b“-ft) counterclockwise looking forward required roll APS
firings during first bum. The steady state roll torque expe'ienced on
previous flights has ranged between 61.4 N-m (45.3 1bf-ft) counterclockwise
and 54.2 N-m (40.0 1bf-ft) clockwise.

Propellant sloshing during first burn was ohserved on data obtained from
the Propellant Utilization (PU) mass probe sensors. The propellant slosh
did not have any noticeable effect on the operation of the attitude control
system.

10.4.2 Control System Evaluation During Parking Orbit

The APS provided satisfactory orientation and stabilization during parking
orbit. Following S-IVB first ECO, the vehicle was maneuvered to the in-
plane local horizontal, and the orbital pitch rate was established. The
pitch attitude error and pitch angular rate for this maneuver are shown in
Figure 10-8.

The maneuver to the local horizontal on AS-510 required a change in vehicle
attitude of approximately 18 degrees in pitch (see Figure 10-8). This
change in pitch attitude although predicted was considerably greater than
the 6 to 10 degree maneuvers on previous Lunar Orbit Rendezvous (LOR)
missions and resulted from the lower altitude parking orbit -- 90 nautical
miles as compared to 100 nautical miles on previous missions.

Propellant slosh activity resulting from the pitch maneuver appeared to be
greater on AS-510 than on previous missions, and the resulting large ampli-
tude LOX slosh wave caused liquid to flow into the forward portion of the
LOX tank. The LOX norpropulsive vent opened at approximately 775 seconds
GET (Time Base 5 [T5] +80 scconds) and started venting liquid at approxi-

mately 815 seconds GET.

The larger slosh amplitudes on AS-510 were due primarily to the larger
pitch maneuver which took correspondingly longer to complete. Initiation
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Table 10-4. Maximum Contro) Parameters During S-IVB First Bum
P1TCH PLANE YAW PLAM ROLL PLANE
PARAMETER A4PLITUDE RANGL T1Mi NAPLITULE RANGE TIME AMPL1TUDE RANGE TIME
(SLC) (5eC) (SEC)

Attitude Error, deg 1.67 559.5 -0.09 554.6 -U.49 557.3
Angular Rete, deg/s -0.79 561.3 -0.20 $54.0 -0, 10 hY .9
Maxinwum Gimbal Angle, 1.0 559.5 U.75 %45 - -
deg
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of the maneuver by establishing a negative pitch rate of 0.3 degrees per
second resu’ted in phase reinforcement of the slosh wave. However, the
pitch rate was not arrested until after termination of the APS ullage
engine bum.

A simulation of LOX slosh activity during the Tg pitch maneuver was
conducted for which it was assumed that the liquid surface was quiescent
prior to maneuver initiation. The simulation results indicate that the
slosh wave amplitude following the maneuver was larger by a factor of two
than on previous missions, and the amplitude reached a maximum near the
time that LOX was vented.

For subsequent missions the condition will be corrected by reducing the
commanded pitch rate during the maneuver from 0.4 to 0.14 deg/s.

10.4.5 Control System Evaluation During Second Burn

S-1VB second burn pitch attitude error, angular rate, and actuator posi-
tion are presented in Figure 10-9., Second burm yaw plane dynamics are
also presented in Figure 10-10. The maximum attitude errors and rates
occurred at guidance initiation. A summary of the second burn maximum
values of critical flight contro) parameters is presented in Table 10-5.

Control system attitude error transients resulted from pitch and yaw
attitude commands at the termmination of the artificial Tau guidance mode
(28 seconds before ECO).

The pitch and yaw effective thrust vector misalignments during second burn
were approximately 0.33 and -0.25 degree, respectively. The steady state
roll torque during second burn ranged from 3.36 N-m (2.47 1bf-ft) clockwise
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Table 10-5. Maximum Control Parameters During S-IVB Second Bum
PITCH PLANE YA4d PLANE ROLL PLANE ]
PARAMETER ANWPLITUDE | RANGL TIME AMPLITUDE | RANGE TIHE AMPLITUDE | RANGE TIME
(SEC) (SEC) (StC)
Attitude Error, deg 2.4 10202.2 -0.79 10203.4 0.8 10320
Angular Rate, deg/s -1.58 10215.1 0.18 12047 -0.1 10240
Maximum Gimbal Angle, 1.3 W213.5 -0.75 211.3 -
deg
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looking forward at the low EMR to 7.54 N-m (5.55 1bf-ft) counterclockwise
at the 5.0:1.0 EMR.

Propellant sloshing during second burn was observed on data obtained from
the PU mass probe sensors. The propellant slosh did not have any notice-
able effect on the operation of the attitude control system.

10.4.4 Control System Evaluation After S-IVB Second Burn

The APS provided satisfactory orientation ard stabilization from Translunar
Injection (TLI) through the S-1VB/IU passive thermal control maneuver
("Barbecue Maneuver"). Each of the planned maneuvers was performed
satisfactorily.

Significant periods of interest related to translunar coast attitude con-
trol were the maneuver to the inplane local horizontal following second
burn ECO, the maneuver to the TD&E attitude, spacecraft separation, space-
craft docking, lunar module ejection, the maneuver to the evasive ullage
burn attitude, the maneuver to the LOX dump attitude, the maneuver to the
lunar impact ullage burn attitude, the maneuver to the vemier ullage burn
attitude, the second maneuver to the LOX dump attitude, and the "Barbecue
Maneuver." The pitch attitude error and angular rate for events during
which telemetry data were available are shown in Figure 10-11.

Following S-IVB second ECO, the vehicle was maneuvered to the inplane lecal
horizontal at 10,706 seconds (2:58:26) (through approximately -26 degrees

in pitch and -0.6 degree in yaw), and an orbital pitch rate was established.
At 11,455 seconds (3:10:55), the vehicle was commanded to maneuver to the
separation TD&E attitude (through approximately 120, -40, and -180 degrees
in pitch, yaw, and roll, respectively).

Spacecraft separation, which occurred at 12,147 seconds (3:22:27), appeared
normmal, as indicated by the reiatively small disturbances induced on the
S-1VB.

Distrubances during spacecraft docking, which occurred at 12,830 seconds
(3:33:50), were iarger than on previous flights, Docking disturbances
required 3,480 N-s (783 1bf-s) of impulse from Module 1 and 3,040 N-s

(683 1bf-s) of impulse from Mocdule 2. The largest docking disturbances

on previous flights occurred on AS-508 and required 2,930 N-s (658 1bf-s)
of impulse from Module 1 and 2,180 N-s (490 1bf-s) of impulse from Module
2. Lunar module ejection occurred at 15,481 seconds (4:18:01) with normal

dis turbances.

At 16,260 seconds (4:31:00), a maneuver was initiated to attain the desired
attitude for the evasive ullage burm. This involved maneuvering from the
TD&E yaw attitude of -39.6 degrees to +40.0 degrees. At 16,802 seconds
(4:40:02) the APS ullage engines were commanded on for 80 seconds to pro-
vide the necessary separation distance between the S-1VB and spacecraft.
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The maneuver to the LOX dump attitude was performed at 17,382 seconds
(4:49:40). This was a two-axis maneuver with pitch commanded from 179.1
to 209.0 degrees and yaw from 40.0 to -40.0 degrees referenced to the in-
plane local horizontal. LOX dump occurred at 18,081 secords (5:01:21)
and lasted for 48 seconds.

At 19,629 seconds (5:27:09), a ground command was sent to perfom a maneu-
ver to the desired attitude for the APS ullage burn for lunar target
impact. This was also a two-axis maneuver and resulted in a ditch maneuver
change from 209.0 to 192.0 degrees and a yaw attitude maneuver change from
-40.0 to -22.0 degrees referenced to the inplane local horizontal. At
20,761 seconds (5:46:01) the APS ullage engines were commanded ON for

241 seconds to provide AV for lunar target impact.

Beginning at 35,486 seconds (9:51:26), a series of ground commands were
sent to maneuver the vehicle to the desired attitude for a vernier lunar
impact APS ullage burn. This maneuver was a two-axis maneuver with the
yaw maneuver delayed 33 seconds. The maneuver resulted in a pitch atti-
tude change from 192.0 to 28.0 degrees (in a negative direction) and a
yaw attitude change from -22.0 to -40.0 degrees referenced to the inplane
local horizontal. At 36,001 seconds (10:00:01) the APS engines were
commanded ON for 71 seconds to provide AV fcr a more accurate lunar target
impact.

During the period between the first and second APS ullage burn fur the
lunar impact (approximately 22,000 seconds [6:06:40] to 35,000 seconds
[9:43:20]) the APS made corrections for cyclic low level lateral distur-
bances. Figure 10-12 presents the average pitch control thruster thrust
between the lunar impact APS ullage burns. Also shown on Figure 10-12 is
the IU Thermal Conditioning System (TCS) water valve operation. The figure
shows that the disturbance increased for 20 minutes after the IU TCS water
valve was cycled open. There appears to have been a low level force after
the 20 minute period following the opening of the water valve until the
next water valve cycle. Figure 10-13 shows the pitch, yaw, and roll plane
dynamics durind a single IU TCS water cycie. Computer simulations of the
IU TCS sublimator forces on the S-IVB stage resulted in pitch, yaw, and
roll plane dynamics similar to Figure 10-13. The one-sided attitude con-
trol system firings were controlling a negative pitch yaw disturbing torque
Tocated approximately 45 degrees between position planes I and II.

The average lateral force on the vehicle between the lunar impact APS

ullage burns is approximately 0.85 N (0.19 1bf). The average lateral

force on the vehicle between the 20-minute period following the opening

of the water valve, and the next cycle is approximately 0.36 N (0.08 1bf).
The effect of this lateral force on the stage between the two APS ullage
burms was sufficient to cause a significant lunar impact point perturbation,

see Section 17.

At 36,593 seconds (10:09:53) a series of ground commands were sent to
maneuver the vehicle back to the LOX dump attitude for the passive thermal
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control maneuver ("Barbecue Maneuver"). This maneuver was a single-axis
pitch maneuver since the yaw attitude was already at the LOX dump attitude.
The maneuver resulted in a pitch maneuver change from 28.0 degrees to
209.0 degrees {in a positive direction) referenced to the inplane local
horizontal.

At 37,162 seconds (10:19:22) the S-IVB was ground commanded to maneuver in
the positive roll direction and established a corresponding roll angular
rate of approximately 0.5 deg/s. Following initiation of the "Barbecue
Maneuver," a Digital Command System (DCS) command was received at

37,185 seconds (10:19:45) to inhibit the IU FCC leaving the S-IVB stage

in a "Barbecue" or tumbl2 mode until lunar impact.

APS propellant consumption for attitude control and propellant settling
prior to the APS burm for lunar target impact was higher than the mean
predicted requirements. This is attributed to the higher usage during
Tg. The total propellant (fuel and oxidizer) used prior to ullaging for
lunar impact oV was 56.4 kilograms (124.2 1bm) and 56.5 kilograms (124.7
1bm) for Modules 1 and 2, respectively. This was 37.4 and 37.9 pcreeng
of the total available in each module (approximately 149.3 kilograms
[329 1bm]). APS propellant consumption is tabulated in Section 7,

Table 7-5.

10.5 INSTRUMENT UNIT CONTROL COMPONENTS EVALUATION

The flight program minor loop implemented all guidance commands, providing
satisfactory attitude error outputs through the Launch Vehicle Data
Adapter (LVDA) to the FCC. No minor loop error telemetiry occurred during
the mission. The FCC and control rate gyros functioned satisfactorily
throughout the mission.

10.6 SEPARATION

A1l separations and assoc‘ated sequencing wera accomplished as planned,
however the S-1C/S-1I separation distance at the time of S-II ignition

was less than previous flights and less than predicted for the AS-510
flight. See Figure 10-i4. Changes that affected the separation distance
were deletion of four of the eight S-IC retro motors, deletion of the

S-1I ullage motors, anc ‘aying of all events in T3 for one second to
increase the separation distance. The difference between the observed

and predicted separation distance, Figure 10-15, is attributed to a greater
F-1 engine “tailoff" impulse than that used in the separation distance
prediction. See Figure 10-16. The F-1 thrust decay was normal and not
appreciably different from previous (AS-505 through 509) flights. The
effect of the S-1! exhaust plume at engine start resulted in a more severe
environment at the S-IC forward LOX dome than seen on previous flights
(Figure 10-17) and resulted in S-IC telemetry sysiem damage as discussed
in Section 15.3.2.
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Analysis indicates that with an S-IC stage having only four retro mctors,
faiiure of one retrc motor to ignite would result in marginal separation
distances and, in the 30 case, recontact of the two stages. See Figure
10-18. Consequently, S-IC-11 and subsequent will be equipped with eight
retro motors rather thin the planned four.

Second plane separation occurred as predicted. There were no significant
vehicle attitude disturbances attributable to the second plane separation.
Calculations indicate that the separation dynamics were similar to previous
flight experience and were completed at 192.4 secords.

S-11/S-1IVB separation was normal with nominal S-1I retro motor and S-I1VB
ullage motor performance. Vehicle dynamics were well within staging limits.

Vehicle dynamics were normal during CSM separation and the TD&E maneuver.
The vehicle maintained a stable docking platform during the docking
attempt.
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SECTION 11
ELECTRICAL NETWORKS AND EMERGENCY DETECTION SYSTEM

11.1 SUMMARY

The AS-510 launch vehicle electrical systems and Emergency Detection System
(EDS} performed satisfactorily throughout all phases of flight. The S-IV8
forward battery No. 2 depleted sooner than on previous flights and did not
deliver its rated capacity of 24.75 ampere hours. Operation of all other
batteries, power supplies, inverters, Exploding Bridge Wire (EBW) firing
units and switch selectors was normal.

11.2 S-IC STAGE ELECTRICAL SYSTEM

The S-IC stage electrical system performance was satisfactory. Battery
voltages were within performance limits of 26.3 to 32.0 vdc during powered
flight. The battery currents were near predicted and below the maximum
limits of 50 amperes for each battery. Battery power consumption was
within the rated capacity of each battery, as shown in Table 11-1.

Table 11-1. S-IC Stage Battery Power Consumption

POWER CONSUMPTION*
RATED PERCENT
BUS CAPACITY OF
BATTERY DESIGNATION (AMP-MIN) AMP-MIN CAPACITY
Operational 1D10 500 27.6 5.5
Instrumentation 1020 500 88.4 17.6

*Battery power consumptions were calculated from power transfer
(T -50 seconds) until S-1C/S-11 separation.
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The two measuring power suppl'ies were within the 5 +0.05 vdc limit during
powered flight.

A1l switch selector channels functioned as commanded by the Instrument
Unit (IU) and were within required time limits.

The separation and retromotor EBW firing units were armed and triggered as
programed. Charging time and voltage characteristics were within perform-
ance limits.

The range safety command system EBW firing units were in the required
state-of-readiness for vehicle destruct, had it been necessary.

11.3 S-II STAGE ELECTRICAL SYSTEM

The S-I1 stage electrical systein performed satisfactorily. Battery voltages
remained within specified limits through the prelaunch and flight periods.
Bus currents also remained within required and predicted limits. Main bus
current averagec 32 arceres during S-IC boost and varied from 45 to 51
amperes dJuring S-II boost. Instrumentation bus current averaged 21 amperes
during S-IC and S-II boost. Recirculation bus current averaged 89 amperes
during S-IC boost. Ignition Lus current averaged 27 amperes during the S-II
ignition sequence. Battery power consumption was within the rated capacity
of each battery, 3s shown in Table 11-2.

Table 11-2. S-II Stage Battery Power Consumption

POWER CONSUMPTION* | TEMPERATURE (°F\1
RATED PERCENT
BUS CAPACITY OF
BATTERY DESIGNATION | (AMP-HR) { AMP-HR | CAPACITY MAX MIN

Main 20N 25 14.0V 40.0 93.0 84.0
Instrumentation 2021 35 10.21 29.2 87.0 83.0
Recirculation No. 1 2051 30 12.87 42.9 86.0 81.0
Recirculation No. 2 2051 30 12.91 43.0 80.0 74.5

2061

*Battery pow:r consumptions were calculated from activation until
S-11/5-1V8 .eparation and include 6.5 to 6.9 AMP-HR consumed during
the battery activation procedure.
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The five temperature bridge power supplies, the three instrumentation
power supplies, and the five LH2 inverters all performed within acceptable
limits.

A1l switch selector channels functioned as commanded by the IU and were
within required time limits.

Performance of the EBW circuitry for the separation systems was satisfac-
tory. Firing units charge and discharge responses were within predicted
time and voltage limits. The range safety command system EBW firing units
were in the required state-of-readiness for vehicle destruct, had it

been necessary.

11.4 S-1VB STAGE ELECTRICAL SYSTEM

The S-IVB stage electrical system perfcrmance was satisfactory. The battery
voltages, currents, and temperatures remained within the normal range for
the required battery lifetime, except forward No. 2 battery which depleted
at 25,600 seconds (07:06:40) after supplying only 89.7 percent of the rated
capacity. Battery voltage and currents are shown in Figures 11-1 through
11-4. Battery power consumption and capacity for each battery are shown in
Table 11-3.

The three 5-vdc and seven 20-vdc excitation modules a1 performed within
acceptable limits. The LOX and LHz chilldown inverters performed satisfac-
torily.

All switch selector channels functioned as commanded by the IU and were
within requived time limits.

Performance of the EBW circuitry for the separation system was satisfactory.
Firing units charge and discharge responses were within predicted time and
voltage limits. The range safety command system EBY firing units were

in the required state-of-readiness for vehicle destruct, had it been

necessary.
11.5 INSTRUMENT UNIT ELECTRICAL SYSTEM
11.5.1 Summary

The IU power distribution network for AS-510 was modified to provide
redundant power to the ST-124M platform and its associated components.
The redundant power modification was accomplished by diode "OR"ing the
6D10 and 6D30 batteries. This configuration performed satisfactorily
throughout the flight (see paragraph 11.5.2). A1l battery voltages,
currents, and temperatures remained in the normal range during launch

and coast periods of flight. Available data extend through 42,200 seconds
(11:43:20) of the flight. Battery voltages, currents, and temperatures

11-3



CURRFNT, amps

YOLTAGE, dc

CURRENT, amps

VOLTAGE, dc

(1) TRANSFER TO INTZRNAL POWER

(1) RANGE SAFETY NO. 1 OFF

(7) FORWARD NO. 2 BATTERY HEATER CYCLE

(+) FORWARD NO. 1 BATTERY UNIT 2 HEATER CYCLE
) FORMARD NO. 1 BATTERY HEATER CYCLE

ACCEPTABLE LIMITS
EXPECTED
~—— ACTUAL

(§) T/M TRANSMITTER CURRENT

40 T 1 T 1 I ’
| | | b L
» B 4! I
R R B G A A | R T
S ey R
2 T S A S pn el BN S R i R
s Ohel 1L L T[@:" | el el @ o
ol 1 le@ O [ ] 5 | L
‘ o |
5 @ i ! : 1 . ! ! .
T Ty ot IR
L0 Z 3 & 5 6 7 8 9 10 11 12 i3 W s 16 17 18 19
RANGE TIME, 1000 SELONOS
L 1 A H 1 L
0 1:00:00 2:00:00 3:00:00 4:00:00 5:00:00

RANGE TIME, HOURS:MINUTES:SECONDS

30 . -
25 Y J S S | I
zo 4 4 I o0 . o
s [ NG Sl mmes D1 ¥ s B 20 Y 20 2ol aMw=c
: Do T I ! ~ T

10 ! [ | L
5 | T [ -

€ 21 22 23 24 2 2 21 228 29 W N ¥ 33 N ¥ ¥ N 338

RAWGE TI4E, 1000 SECONOS
L i A N L
6:00:00 7:00:00 8:00:00 9:00:00 10:00:00

Figure 11-1.

RANGE TIME, HOURS:MINUTES:SECONDS

S-IVB Stage Forward No. 1 Battery Voltage and Current



VOLTAGE, dc

CURRENT, amps

VOLTAGE, dc

CURRENTY, amps

RANGE SAFETY NO. 2 OFF — = =~ EXTRAPOLATED
PY INVERTER POWER OFF ACTUAL

PU INVERTER POMER CN

FORWARC NO. 2 BATTERY DEPLETION

grmsrsa TO INTERNAL PONER ACCEPTABLE LIMITS
]

8 — - -—+ - i

6}— - S R — | —
o ‘

4 — ma o KD N R ]

o I ! i

N Lot

-1 0 1 2 3 D) S 6 ? 8 9 10 M 12 13 14 15 16 WV

RANGE TIME, 1000 SECONDS
1 L 1 1 1

1:00:00 2:00:00 3:00:00 4:00:00
RANGE TIME, HOURS:MINUTES:SECONUS

nm|92021222324252621202930313233343536
RANGE TIME, 1000 SECONDS

1 1 1 1L
5:00:00 6:00:00 7:00:00 8:00:00 9:00:70 10:00:00
RANGE TIME, HOURS:MINUTES:SICONDS

Figure 11-2. S-IVB Stage Forward No. 2 Battery Voltage and Current



ACCEPTABLE LIMITS

----- EXPECTE
ACTUAL
(1) TRANSFER TO INTERNAL PONER AFT NO. 2 BATTERY {AIT 2 HEATER CYCLE
(2) AFT NO. ) BATTERY UNIT 2 HEATER CYCLE AFT NO. 2 BATTERY HEATER CYCLE
(3) ENGINE START TYPICAL
(s) ENGINE CUTOFF A) AFT NO. ) BATTERY MEATEK CYCLE
(3) AFT NO. 1 BATTERY HEATER CYCLE 8) AFT NO. | BATTERY UNIT 2 HEATER CYCLE
) BURNER FIRING C) AFT NO. 2 BATTERY HEATER CYCLE
(1) PASSIVATION D) AFT NO. 2 BATTERY UNIT 2 HEATER CYCLE

(5) ULLAGE ENGINES ON

R2r
$ 2t
.l
:
g

k13 - . oL i i R e J R S L -
“ B R IR IR VU A gmmude g BN
RS B (RN A ﬁfz%@
= L N S ! _L RO YOS I
IR B o my )
1o O [0 | O 0! lewlhl [ 1 L2

MY I G s e I S o & -@EIE ey L,

o &S T R i L.

-1 0 1 2 3 [} 5 6 7 9 9 10 W 12 13 W 8 W% 17 w1

RANGE TIME, 1000 SECONDS
; I:llll:w 2:“’:@ 3:6:& 4:“’:@ S:&:w
RANGE TIME, HOWS:MINUTES:SECONDS

2r
3 »nk
y
-
2 2

i il '

—— H‘__ F_
> I ik | |

l: i - r ] eomed
54 manl .
° ul L
19 20 21 2 23 26 25 2 22 2 -2 0 N R P N X ¥ ¥ B
RARGE TINE, 1000 SECONDS

CURRENT,, amps
80

1 1 I ] 1
$:00:00 7:00:00 8:00:00 9:00:00 10:00:00
RANGE TIME, HOURS :RINUTES:SECONDS

Figure 11-3. $-IVB Stage Aft No. 1 Battery Voltage and Current

11-6



VOLTAGE, dc

VOLTAGE, dc

CURRENT, awps

TR O RO g s SO 5 e <4

(') TRANSFER TO INTERNAL POMER (AU HYDRAULIC PUMP ON *CCE"W‘LE LINITS

(1) LOX & LH2 CHILLDOWN PUMPS OFF  (1)LOX & LH» CHILLDOWN PUMPS ON — === EXPECTED
(1) ENGINE START (0 AFT NO. 5 BATTERY HEATER CYCLE (NOT DATA) ACTUAL
() AUX HYDRAULIC PUMP OFF (1) NO LOAD - LIMITS DO NOT APPLY
(1) AUX HYDRAULIC PUMP CYCLE

64 . —— @ ® . ; T

4 0 10 N 12 13 19
RANGE TIME, 1000 SECONDS
i 1 1 \ 1 A
0 1:00:00 2:50:00 3:00:00 4:00:00 5:00:00
RANGE TIME, HOURS :MINUTES:SECONDS
64
soF
56
82}
48 |
100 T
w —
sob— _
40 T T

N i il

192011%23242526272029&3‘31333‘355313
RANGE TINE, 1000 SECONDS

L N i | L 9§
6:00:00 7:00:00 8:00:00 9:00:00 10:00:00
RANGE TIME, HOURS:MINUTES:SECONDS

Figure 11-4. S-IVB Stage Aft No. 2 Battery Voltage and Current

n-7



Table 11-3. S-IVB Stage Battery Power Consumption

POWER CONSUMPTION
RATED

CAPACITY PERCENT OF

BATTERY (AMP-HR) AMP-HR* CAPACITY
Forward No. 1 300.0 150.89 50.2
Forward No. 2 24.75 22.21%* 89.7
Aft No. 1 300.0 113.15 37.7
Aft No. 2 75.0 32.94 43.9

*  Actual usage was computed from battery activation to
37,162 seconds (11:43:20).

** The battery voltage fell below the defined depletion level of
26.0 volts at 25,600 seconds (07:06:40). Calculations of
actual power consumption was terminated at this time.

are shown in Figures 11-5 through 11-8. Battery power consumption and
capacity for each battery are shown in Table 11-..

The 56-vdc power supply maintained an output voltage of 55.8 to 56.6 vdc,
well within the required tolerance of 56 +2.5 vdc.

The 5-vdc measuring power supply performed nominally, maintaining a
constant voltage within specified tolerances.

The switch selector, electrical distributors, and network cabling
performed nominally.

11.5.2 Battery 6D10 and 6D30 Load Sharing Analysis

The ST-124M platform and associated componsnts requires 9.75 amperes. The
original current sharing predictions shown in Table 11-5 were made based

on an assumption of a 50/50 sharing ratio for the diode "OR" configuration
between batteries 6010 and 6D30. Flight data indicate a voltage difference
existed between the 6D11 and 6D31 bus. This voltage difference requires
correcting the predicted 50/5C assumption to an 80/20 sharing ratio basis.

1n-8



Table 11-4. 11U Battery Power Consumption
POWER CONSUMPTION
RATED
CAPACITY PERCENT OF

BATTERY (AMP-HR) AMP-HR* CAPACITY
6D10 350 196.0 56.1
6020 350 341 .5%* 97.3%*
6030 350 280.0 80.2*
6040 350 324.8 92.8

*  Actual usage was computed from battery activation to
37,162 seconds (10:19:22).

** The CCS transponder which was powered by the 6D20 battery was
operating at S-IVB/IU lunar impact which occurred at 285,882
seconds (79:24:42). Power consumption until S-iVB/IU lunar
impact was calculated based on nominal operation.

Table 11-5. IV Load Sharing Comparison
BATTERY ORIGINAL REVISED ACTUAL DELTA
PREDICTED PREDICTED (AMPS )* (AMPS )*
BUS (AMPS) (AMPS)*
6D30 15.08 18.01 19.40 1.39
6D11
6030 26.68 23.76 24.20 0.44
6D31

* Based on flight data for first 750 seconds.
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Througnout flight, a shifting in the current sharing ratio between 6D10
and 6D30 batteries may be seen in Figures 11-5 through 11-8. This
shifting is to be expected for this network configuration as the 6D11
and 6031 voltage differential changes. Complete shifting of the total
redundant load to either battery is not indicated in the AS-510 flight
data.

11.6 SATURN V EMERGENCY DETECTION SYSTEM (EDS)

The performance of the AS-510 EDS was normal and no abort limits were
exceeded. All switch selector events associated with EDS for which data
are available were issued 2t the nominal times. The discrete indications
for EDS events also functionad normally. The performance of all thrust
OK pressure switches and associated voting logic, which monitors engine
status, was nominal insofar as EDS cperation was concerned. S-II and
S-1VB tank ullage pressures remained within the abort limits, and
displays to the crew were normal.

The maximum dynamic pressure difference ser.ad by the Q-ball was
0.84 psid at 79.9 seconds. This pressure was only 27 percent of the
EDS abort limit of 3.2 psid.

As noted in Section 10, none of the rate gyros gave any indication of

angular overrate in the pitch, yaw, or roll axis. The maximum angular
rates were well below the abort Timits.
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SECTION 12

VEHICLE PRESSURE ENVIRONMENT

12.1  SUMMARY

The S-IC base heat shield was instrumented with two differential
pressure measurements. The AS-510 flight data have trends and
magnitudes similar to those seen on previous flights.

The AS-510 S-11 base pressure environments are consistent with the
trends and magnitudes seen on previous flights.

12.2 BASE PRESSURES
12.2.1 S-1C Base Pressures

The S-IC base heat shield was instrumented with two differential

(internal minus external) pressure measurements. The AS-510 flight

data, Figure 12-1, show good agreement with previous flight data with
similar trends and magnitudes. The maximum difterential pressure of
approximately 0.20 psid occurred at an altitude of approximately 3.7 n mi.

12.2.2 S-11 Base Pressures

The S-11 stage base heat shield forward face pressures are presented in
Figure 12-2 together with the postfiight analytical values and the data
band from previous flights. The AS-510 data compare favorably with
previous flight data.

Figure 12-3 presents the S-II thrust cone pressure history. The flight
data are slightly higher than the data band of the previous flights and
are in good agreement with the postflight analysis.

The heat shield aft face pressures, Figure 12-4, were within the previous
flight data band. The reduction of the J-2 engine precant angle from

1.3 to 0.6 degree was not reflected in increased heat shield aft face
pressures.

12.3 S-IC/S-11 SEPARATION PRESSURES

Toe AS-510 S-IC/S-II staging sequence was different from previous flights,
The resulting forward skirt pressure environment was greater than previ-
nusly experienced. A detailed discussion of the staging conditions and
increased pressure environment is found in Section 10-6.
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SECTION 13
VEHICLE THERMAL ENVIRONMENT

13.1 SUMMARY

The AS-510 S-IC base region thermal environments exhibited trends and
magnitudes similar to those seen on previous flights.

The base thermal environments on the S-II stage were consistent with the
trends and magnitudes seen on previous flights and were well below design
Timits.

Aerodynamic heating environments and S-IVB base thermal environments were
not measured on AS-510.

13.2 S-IC BASE HEATING

Thermal environments in the base region of the AS-510 S-IC stage wer2
recorded by two total <alorimeters and two gas temperature probes which
were located on the base heat shield. The sensing surfaces of the total
calorimeters were mounted flush with the heat shield surface. The base
gas temperature sensing surfaces were mounted at distances aft of the
heat shield surface of 0.25 inch (C0050-106) and 2.50 inches (C0052-106).
Data from these instruments are compared with AS-509 flight data and are
presented in Figures 13-1 and 13-2. The AS-510 data exhibit similar
trends and magnitudes as previous flights. The maximum recorded total
heating rate was approximately 24.67 Biu/ft2-s and occurred at an alti-
tude of 10.8 n mi. The maximum gas temperature was approximately 1664°F,
recorded 2.5 inches aft of the heat shield, at an altitude of 11.3 n mi.
In general, CECO on AS-510 produced a spike in the thermal environment
data with a magnitude and duration similar to previous flight data.

Ambient gas temperatures under the engine cocoons (measurements C0242-101
through C0242-105) were within the band of previous flight data and
within predicted values. These temperatures are shown in Figure 13-3.

13.3 S-11 BASE HEATING
Figure 13-4 presents the AS-510 total heating rate throughout S-II burn,
as recorded by transducer C0722-206 on the aft face of the base heat

shield. The postflight analytical curve for this transducer and the
nrevious flight data band are also shown for comparison. The analytical

13-1
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Figure 13-3. S-IC Ambient Gas Temperature Under Engine Cocoon

heat rate represents the thecretical response of the transducer to the
total thermal environment reflected by thermal math models. Key flight
parameters relating to engine performance, engine position, and reference
temperatures are used in the postflight analysis. The math models are
based on both thecretical and empirical postulates. The flight data for
AS-510 are higher than that recorded during previous flights. This was
expected since the J-2 engine precant on the S-11-10 stage was reduced
from 1.3 degrees to 0.6 degree. Due to the uncertainty of engine
deflections during the period CECO to performance mixture ratio shift,
no attempt was made to predict the effect of CECO on heat shield aft
face heating rates. The flight measured heating rates were well below
the maximum design allowable values.

Figure 13-5 shows the AS-510 flight data and postflight analysis of the
heat shield recovery temperature transducer, C0731-206. The aralytical
temperature curve represents a calculated transducer reading based on
math models using key flight parameters. The gas recovery temperature
is an analytically derived value computed from the flight measurement
datc. Note that the flight values are the probe temperatures and not
the g&s recovery temperatures. The AS-510 flight gas recovery tempera-
ture values were expected to be on the high side of the previous flight
data due to the reduction of the S-1I1-10 stage J-2 engine precant angle.
Figure 13-5 shows that this is not substantiated by the flight data.
However, as indicated by the data envelope from previous fiights, a
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considerable probe temperature variation exists between different flights

which cannot be explained by the variation of the parameters considered
in the analysis alone. Also, since the initial temperature is below the
probe range, it is not possible to determine if the probe temperature is
biased.

Figure 13-6 shows the AS-510 flight data and postflight analysis of the
heat shield aft radiation heat rate. The analytical radiation heat rate
represents the heat rate at the transducer location and is derived from

a

math model. Good agreement is obtained between flight and the post-

flight analytical values and with previous flignt data.

There were no structural temperature measurements on the base heat shield
and only three thrust cone forward surface temperature measurements in
the base region. To evaluate the structural temperatures on the aft
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surface of the neat shield, a postfiight analysis was performed using
maximum AS-510 postflight analysis base heating rates. The maximum
postflight analysis temperature was 950°F which compares favorably with
previous flights, and was well below the maximum design temperatures of
1460°F (no engine out) and 1550°F (one control engine out). The effec-
tiveness of the heat shield and flexible curtains was evidenced by the
relatively low tenperatures recorded on the thrust cone forward surface.
The maximum measured temperature on the thrust cone forward surface was
29°F  The measured temperatures were well below design values.

13.4 VEHICLE AEROHEATING THERMAL ENVIRONMENT

Aerodynamic heating environments were not measured on the AS-510 S-IC
stage. Due to the similarity in the trajectory, the aerodynamic heating
environments are telieved to be approximately the same as previous flight
environments. Flow separation on the AS-510 vehicle was observed frem
ground optical data (Melbourne Beach) to occur at approximately

110 seconds. The forward point of flow separation versus flight time is
presented in Fiqure 13-7. The effects of CECO during the AS-510 flight
were similar to previous ilights. At higher altitudes the measured
location of the forward point of flow separation is questionable due to
loss of resolution in the ground optical data.

13.5 S-1C/S-1I SEPARATION THERMAL ENVIRONMENT

The AS-510 S-I1C/S-11 staging sequence was different from previous flights.
The resulting forward skirt thermal environment was more severe than pre-
viously experienced. A detailed discussion of the staging conditions ard
thermal environment is found in Section 10-6.
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SECTION 14
ENVIRONMENTAL CONTROL SYSTEMS

14.1 SUMMARY

The S-1C stage forward compartment ambient temperaturcs were maintaired
above the minimum performance limit during AS-510 countdown. The S-IC
stage aft compartment envircnmental conditioning system performed
satisfactorily.

The S-1I thermal control and compartment conditioning system appavently
performed satisfactorily since the ambient temperatures external to the
contatners were normal, and there were no problems with the equipment in
the containers.

The Instrument Unit (IU) Environmental Control System (ECS) performea
satisfactorily for the duration of its mission. Ccolant temperatures,
pressures, and flowrates were maintained within the required Vimits.

14.2 S-IC ENVIRONMENTAL CONTROL

The S-1C stage forward skirt ECS has three phases of operatiun durine
prelaunch operations. When onboard electrical systems are energized,
but pricr to cryogenic loading, conditioned air is used to maintain
the desired environment. When cryogenic loading begins, warmed GN2 is
substituted for the conditioned air. The third phase uses a warmer
GN» flow to offset the cooling effects caused by S-11 stage J-2 engine
thrust chamber chilldown. A1l three phases functioned satisfactorily
as evidenced by ambient temperature readings.

The most severe prelaunch forward cumpartment thermal environment
(-77°F at C0206-120) occurred during J-2 engine chilldown and was
above the minimum perf.rmance limit of -90°F. During flight the
lowest forward compartment temperature measured was -125.6°F at
instrument Jocation C0206-120.

After the initiation of LCX loading, the temperature in the vicinity of
the battery {12K10) decreased to 65°F which is within the battery
qualification limits of 35 to 95°F. The temperature increased to 79°F

at liftoff. Just prior to liftoff, the other ambiert temperatures ranged
from 70°F at instrument location C0203-115 to 90.3°F at instrument loca-
tion C0205-115. During flight the lowest aft compartment temperature
recorded was 60.8°F at inst~ument location C0203-115.
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14.3 S-IT ENVIRONMENTAL CONTROL

The engine compartment conditioning system maintained the ambient
temperature and thrust cone surface temperatures within design ranges
throughout the Taunch countdown. The system also maintained an inert
atmosphere within the compartment as evidenced by the ab-ence of H2 or
02 indications on the hazardous gas monitor.

No equipment container temperature measurements were taken. However,
since the ambient measurements external to the containers were satis-
factory and there were no problems with the equipment in the containers,
it is assumed that the thermal control system performed adequately.

14.4 IU ENVIRONMENTAL CONTROL
14.4.1 Thermal Conditioning System

Performance of the IU Thermal Conditicning System (TCS) was satisfactory
throughout flight. The temperature of the coolant supplied to the cold-
plates and internally cooled ccuponents was continuously maintained
within the required 45 to 68°F temperature band.

Figure 14-1 shows the TCS coolant control temperature (C0015-601) out to
41,000 seconds (11:23:20). The range of measurement C0015-601 does not
allow reading the minimum cuolant temperature; however, extrapolation of
the data indicates that the coolant temperature did not drop below the
specification limit.

Sublimator performance during ascent is presented in Figure 14-2. The
water control valve opened at approximately 183 seconds allowing water
to flow to the sublimator. Significant cooling of the sublimator was
evidenced at approximately 215 seconds at which point the temperature

of the coolant began to rapidly decrease. This high cooling rate during
the first 120 seconds after water valve opening is typical of a fast
starting sublimator. At the first thermal switch sampling (480 seconds)
the coolant temperature was below the actuation point, hence the water
valve was closed. At the second thermal switch sampling, the coolant
temperature was still below the actuation point and the water valve
remained closed.

Figure 14-1 shows temperature control parameters over the time span for
which data has been received. Sublimator cooling was nominal as evidenced
by normal (C0015-601) coolant temperature cycling through 40,000 seconds
(11:06:40) into the flight. Following water valve closure at approxi-
mately 20,580 seconds (05:43:00) the water line pressure, as indicated by
measurement 30043-601, leveled off at about 0.72 psia rather than
continuously decreasing to zero as normally cbserved during the sublimator
drying out cycle. The indicated pressure remained at this level until the
water valve reopened at approximately 22,680 seconds (06:18:00), at which
time tiic indicated pressure rose to approximately 3.0 psia. Once the
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Figure 14-2. IU Sublimator Performance During Ascent

water valve closed at approximately 22,980 seconds (06:23:00), the
indicated pressure decreased to a level of 1.95 psia and remained at
this level throughout the remaining data even though several water

valve cycles were experienced. At the time of each occurrence and
thereafter, sublimator cooling was evidenced by cycling of coolant
control temperature, water inlet temperature, and water flowrate. The
water line temperature sensor indicated a value less than 32°F just
prior to the initial and final leveling off of pressure (D0043-601).
This suggests that the probable cause for the pressure inconsistency

was ice formation at or on the pressure transducer. Such an inconsis-
tency could occur if the water immediately adjacent to the transducer
diaphragm were to freeze leaving a small hole which allowed the pressure
to instantaneously increase during the next water valve cycle and allow-
ing more water to reach the transducer diaphragm. The water induced
through the small hole could freeze, completely sealing off the trans-
ducer diaphragm with a positive pres.ure entrapped. Tnis ice blockage
would physically prevent the diaphragm from returning to its undistended
(zero pressure) position. In any case, the erroneous pressure indication

had no effect on TCS operation.
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Hydraulic performance of the TCS was as expected throughout the tine
period for which data have been evaluated. System flowrates and pressures
are presented in Figure 14-3. No significant changes in performance were
noted throughout this time span.

The TCS GN2 supply pressure decay, which is indicative of GN2 usage rate,
was nominal, as shown in Figure 14-4,

A1l component temperatures remained within their expected ranges through-
out the primary IU mission, (Figure 14-5) and continued under ECS control
throughout the time span for which data have been evaluated.

The thermal shrouds were effective in shielding the IU components from
solar heating as evidenced by the low-normal component temperatures. This
is especially significant since the IU was never in the earth's shadow
after 10,200 seconds (02:50:00).

14.4.2 ST-124M-3 Gas Bearing System (GBS)

The gas bearing system performance was nominal throughout the IU
mission. Figure 14-6 depicts ST-124M-3 platform pressure differential
(D0011-603) and platform internal ambient pressure {D0012-603).

The GBS GNo supply sphere pressure decay was nominal, as shown in
Figure 14-7.
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SECTION 15
DATA SYSTEMS

15.1 SUMMARY

A1l data systems performed satisfactorily throughout the flight. Flight
measurements from onboard telemetry were 99.8 percent reliable.

Telemetry performance was normal except that the S-IC telemetry was lost
after S-1C/S-11 separation. Radio Frequency (RF) propagation was generally
good, though the usual problems due to flame effects and staging were
experienced and an additional dropout occurred when S-II stage flame
impinged on the S-1C stage at S-1I stage ignition. Usable VHF data were
received until 23,225 seconds (6:27:05). The Secure Range Safety Command
Systems (SRSCS) on the S-IC, S-II, and S-IVB stages were ready to perform
their functions properly, on command, if flight conditions during launch
phase had required destruct. The system properly safed the S-IVB on a
command transmitted from Bermuda (BDA) at 701.5 seconds. The performance
of the Command and Communications System (CCS) was excellent. Usable CCS
telemetry data were received to 48,240 seconds (13:24:00) at which time
the telemetry subcarrier was inhibited. Ascension (ACN), Canary Island
(CY1), Goldstone (GDS), Madrid (MAD), and Merritt Island Launch Area
(MILA) were receiving CCS signal carrier at S-IVB/IU lunar impact at
285,882 seconds (79:24:42). Good tracking data were received from the
C-Band radar, with Carnarvon {CR)) indicating final Loss of Signal (LOS)
at 53,358 seconds (14:49:18).

The 58 ground engineering cameras provided good data during the launch.
15.2 VEHICLE MEASUREMENT EVALUATION

The AS-510 launch vehicle had 1353 measurements scheduled for flight;

three measurements were waived prior to start of the automatic countdown
sequence leaving 1350 measurements active for flight. Three measurements
failed during flight resulting in an overall measurement system reliability
of 99.8 percent.

A summary of measurement reliability is presented in Table 15-1 for the
total vehicle and for each stage. The waived measurements, failed
measurements, and partially failed measurements are listed by stage in
Tables 15-2 and 15-3. None of these listed failures had any significant
impact on postflight evaluation.

181



Table 15-1. AS-510 Measurement Summary

MEASUREMENT S-IC S-11 S-IVB INSTRUMENT TOTAL
CATEGORY STAGE STAGE STAGE UNIT VEHICLE
Scheduled 296 553 275 229 1353
Waived 3 0 0 0 3
Failures 0 0 3 0 3
Partial 5 0 2 0 7
Failures
Questionable 0 0 0 0 0
Reliability, 100.0 100.0 98.9 100.0 99.8
Percent

15.3 AIRBORNE VHF TELEMETRY SYSTEM EVALUATION

15.3.1 Performance Summary

Performance of the eight VHF telemetry links was generally satisfactory,
however, as indicated in Table 15-4, several data dropouts occurred.

A1l inflight calibrations occurred as programed and were within
specifications.

Data degradation and dropouts were experienced at various times during
boost, as on previous flights, due to the attenuation of RF signals.
Signal attenuation was caused by main flame effects, S-IC/S-I1 staging,
S-II ignition, and S-11 second plane separation. In addition to the
normal expected data dropouts at S-IC/S-II separation, an unexpected
data dropout was experienced approximately three seconds after separation
and S-IC telemetry was lost at 164.7 seconds. On AS-510 the expected
dropout occurred at about 161.3 seconds followed by a second dropout
observed in all stage telemetry channels at approximately 164 seconds.
The apparent cause was a reflected plume effect when the S-II stage
flame impinged on the S-IC stage, since the S-IC was closer to the S-II
engines at ignition than on previous missions. Loss of this data, how-
ever, posed no problem since losses were of such short duration as tc
have little or no impact on flight analysis. The second unexpected
dropout was the loss of both S-IC telemetry links at 164.7 seconds.
This occurrence is discussed in paragraph 15.3.2.
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Table 15-2. AS-510 Flight Measurements Waived Prior to Flight

MEASUREMENT ' MEASUREMENT TITLE NATURE OF FAILURE REMARKS
NUMBER l
S-1C STAGE
L0002-119 LOX Level, Sensor Segment, Shorted Probe KSC MWatver 1-B-510-4
Position I Segment or Cabling
Inside LOX Tank
L0010-119 Segment ldentification Shorted Probe KS” Waiver [-B-510-4
Position (I Segment or Cabling
Inside LOX Tank
L0O013-119 LOX Level, Time Correlation Shorted Probe KSC Waiver 1-B-510-4
Position 11 Segment or Cabling

Inside LOX Tank

Table 15-3. AS-510 Measurement Malfunctions

;‘ AEASUREMENT FAILURE DURAT IO
: NUMBER MEASUREMENT TITLE NATURE OF FAILURE SATISFACTORY REMARKS
(RANGE
TIME) OPERATION
__ MEASUREMENT FAILURES, S-1VB STAGE
7
C0199-401 Temperature, Thrust Slow response to -300 seconds !Prior to Probably the result of
Chamber Jacket temperature change ~300 inadequate sensor-to-
seconds Jacket thermal contact
00264-403 Pressure-Oaidizer Pump Dats offset, ervatic -100 seconds |Prior to Trensducer pradably
Inlet, C) Coupled during burn pertods -100 sensitive to thermsl
seconds shock and/or hamidity
XC112-404 Event, Fuel Failed to indicate 9384 seconds |[Prior to Probably due to high
Prevalve Closed “closed” when pre- 9684 contact resistance in
valves were closed seconds tatkback microswitch
PARTIAL MEASUREMENT FAILURES, S-1C STAGE
A000Y-118 Acceleration, Rectification error at 2.5t 150 seconds | Same phenomena seen on
Longi tudinal tiftoff seconds previous flight
€0003-102 Tewperature, Failed 45 seconds 45 seconds | Probable transducer
Turbine Manifold, Off scale high failure
Engine No. 2
€0003-104 Temperature, Failed S to 145 21 seconds | Probable transducer
Turbine Manifold, Off scale high seconds fatlure
Engine No. 4
XG124-120 LOX Tank Vent Valve Data noisy 0 to 9% 65 seconds | Moisy switch comtacts
seconds
¥0001-102 Turbopump RPM Data erratic 20 seconds 20 seconds | Some usable data after
20 seconds
PART [AL MEASUREMENT FAILURES, S-1VE STAGE
00221-415 Pressure Ullage Data erratic. 25,400 Prior to Probable tramsducer
Control Lhasber Should be zero paia seconds 25,400 amplifier failure
No. 2-4 seconds
002%5-403 Pressure - Asbient Lower than normal data 12,400 Prior to Probabie transducer
Helium Preumatic tevel seconds 12,400 or transducer
Sphere seconds amplifier fatlyre
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Table 15-4,

AS-510 Launch Vehicle Telemetry Links

FREQUENCY

FLIGHT PERIOD

LINK (Wi2) MODULATION §STAGE (RANGE TIME, SEC) PERFORMANCE SUMMARY
AF-1 256.2 FH/FM S-1C 0 to 164.7 Data Dropouts
AP-1 244.3 PCM/FM S-1IC 0 to 164.7 Range Time (sec) Duration (sec)
161.4 1.5
164.5 -
164.7 See paragraph
15.3.2
BF-1 241.5 FM/FM S-11 0 to 800 Data Dropouts
BF-2 234.0 FM/FM S-11 0 to 800 Range Time (sec) Duration (sec)
. . 136.5 0.8
BP-1 248.6 PCM/FM S-11 0 to 800 137.6 2.4
161.3 2.5
163.9 30
168.7 0.6
192.4 1.4
CF-1 258.5 PCM/FM S-1VB | Flight Duration Data Dropouts
Range Time (sec) Duration {sec)
161.3 1.1
164.5 1.5
DF-1 250.7 FM/FM 1Y Flight Duration Data Dropouts
oP-1 245,3 PCM/FM v Flight Duration |Rarge Time (sec) Duration (sec)
P-] . =T 3 ]6] -‘ (Dp‘]) 0-9
?CCSB 2282.5 PCM/FM v light Duration 163.0 (DP-1B) 7.0
164.6 (DP-1) 0.9
193.0 (0P-1B) 2.0

The performance of S-IVB and IU VHF telemetry systems was normal during

earth orbit, S-IVB second burn, and final coast.

Usable VHF telemetry

data were received to 2”.680 seconds (6:18:00) for the IU VHF and tc

23,225 seconds (6:27:05) for the S-IVB VHF telemetry system.

A summany

of available VHF telemctry coverage showing Acquisition of Signal (AOS
and LOS for each station is snhown in Figure 15-1.
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Figure 15-1. VHF Telemetry Coverage Summary

15.3.2 S-IC Telemetry Data Loss After Separation

The S-IC stage AP-1 and AF-1 telemetry links RF signal degraded to a
level that caused data dropout at about 164.7 seconds, shortiy after
S-1C/S-11 separation. Weak S-IC stage RF signals continued to be
received at ground stations up to 225 seconds. The continuing RF signal
indicated that S-I1C stage transmitters were functioning but antenna gain
was severely attenuated. The received signal strengths were about the
levei to be expected from the RF radiating from a coaxial cable without
antenna. It appears the problem occurred in the RF link between 5-IC

RF canister and antennas. Previous flights have experienced random
instrunentation losses in the S-IC forward skirt area due to the pressure
and temperature environment during separation. The more severe environ-
ment (see paragraph 10.6) created by slower S-1C/S-II separation appar-
ently damaged the equipment associated with RF output. Possible
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failure modes are: (1) Severed RF coaxial cables; (2) Shorted RF coaxial
cables; (3) Failure within cable bundle to RF canister applying power
to coaxial switch; and (4) Damage to RF canister.

Since S-1C stage operational telemetry is not required after separation,
there is no impact on RF system for subsequent flights.

15.4 C-BAND RADAR SYSTEM EVALUATION

The C-Band radar performed satisfactorily during flight, although several
of the ground stations 2xperienced problems with their equipment which
caused some loss of signal. The phase front disturbance reported on
previous missions occurred only once ana was not as severe as on some
previous missions.

The BDA FPQ-6 and FPS-16 radar reported a large amount of modulation on
the downlink signal during launch, however, this did not affect tracking.

The Carnarvon ground station had acquisition problems during the second
revolution. This was due to initially locking on a sidelobe.

MILA achieved late acquisition during Translunar Coast (TLC) because of
antenna pointing problems; however, once MILA acquired the signal, ihey
maintained track for 9.5 hours. Carnarvon was the last station to main-
tain track and indicated final LOS at 53,358 seconds (14:49:18).

A summary of available C-Band radar coverage showing AOS and LOS for each
station is shown in Figure 15-2.

15.5 SECURE RANGE SAFETY COMMAND SYSTEMS EVALUATION

Telemetered data indicated that the ccmmand antennas, receivers/decoders,
Exploding Bridge Wire (EBW) networks, ard destruct controllers on each
powered stage functioned properly during flight. They were in the
required state-of-readiness if flight conditions during the launch had
required vehicle destruct. Since no arm/cutoff or destruct commands

were required, all data except receiver signal strength remaired unchanged
during the flignt. Power to the S-1VB stage range safety command systems
was cut off at 701.5 seconds by ground command from BDA, thereby deacti-
vating (safing) the.systems.

15.6 COMMAND AND COMMUNICATION SYSTEM EVALUATION

The performance of the CCS was excellent. No onboard equipment mal-
functions occurred. Ground stations were able to acquire and maintain
two-way lock with the CCS until S-IVB/IU lunar impact.

The RF portion of the CCS performed satisfactorily with minor exceptions

during boost, earth orbit, and translunar coast. Downlink data dropouts
occurred during S-1C/S-11 staging and at S-II second plane separation.

15-6
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Figure 15-2. C-Band Radar Coverage Summary
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Other downlink dropouts were caused by vehicle antenna nulls, multipath
effects, and station handover. None of these 4ropouts caused any signif-
icant loss of data.

Uplink dropouts occurred during S-1C/S-11 staging and at S-II second
plane separation. The usual ground station handover dropouts during
TLC were of extremely short duration.

The last CCS telemetry data were received at 48,240 seconds (13:24:00)
when the telemetry subcarrier was inhibited by a scheduled switch
selector command. ACN, CYI, GDS, MAD, and MILA indicated tracking LOS

at lunar impact at 285,882 seconas (79:24:42). A summary of CCS coverage
giving A0S and LOS for each station is shown in Figure 15-3.

The performance of the command section of the CCS was satisfactory. All
ground commands were accepted by the onboard ejuipment on the first
transmission. The multi-word lunar impact commands were transmitted in
the Message Acceptance Pulse (MAP) override mode so that command trans-
mission would not be interrupted. The CCS command history is shown in
Table 15-5.

15.7 GROUND ENGINEERING CAMERAS

In general, ground camera coverage was good. Fifty-eight items were
received from KSC and evaluated. Seven items had unusable timing. As
a result of these seven failures, system efficiency was 88 percent.
Tracking coverage was excellent, with all cameras acquiring data.
Specific emphasis was given to the modified separation cequence of

the S-I1C/S-I1 =tages and the flame impingement on the S-IC upper dore.
The separation rate of the stages was reduced from Melbourne Beach
tracking films.
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Figure 15-3. CCS Coverage Summary
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Table 15-5. Command and Communication System Command History, AS-510

RARGE TIME TRANSMITTING COMMAND NUMBER OF WORDS REMARKS

SECONDS HRS :MINS:SECS STATION TRANSMITTED

5,377 1:29:37 G0S Navigation Update (NU) 3¢ Accepted

5,403 1:30:03 608 Sector Cump for NU 3 Accepted

6,07 1:43: 1 BOA Havigation Update 36 Accepted

6,118 1:41:58 BOA Sector Zump for NU 3 Accepted

16,00 §:71.00 MAD Yaw Atritude Maneuver ) Accepted

16,800 :40:00 MAD g Initiate t Accepted

19,629 5:27:09 MAD turar Impact (5 hr 30 min)} 8 Accepted -

19,665 5:27:4% MAD Lunar Impact Dumps 28 Accepted

22,123 6:05:43 MAD Set Antenna Low Gainm ] Accepted

29.967 8:19:27 GDS LOX NPV Valve Unlatch and 9 Accepted
Closed

29,983 8:19:49 GDS LHy Latch Relief Valve 9 Accepted
tnlatch and Closed

30,009 8:20:0? G3S LH2 Tank Vent 85T 9 Accepted
Close Cycle

30,027 8:20:27 GDS LOX Tank Vent BST 9 Accepted
Close Cycle

32,281 8:58:01 GDS LH2 Latch Relief Valve 21 Accepted
Operi and Latch

32,30 8:59:01 GDS LOX NPY Valve Open 21 Accepted
and Latch

34,979 9:42:59 GDS Set Antennas Omni 1 Accepted

35,486 5.51:26 GDS 2nd Lunar Impact 3urn 8 Accepted
(10 hr 0 ming

35,492 9:51:32 [ 2nd Lunar Impact Buen 8 Accepted

35,497 9:51:37 GDS 2~4 Lunar Impact Burn 8 Accepted

35,502 9:51:42 GDS 2nd Lunar Impact Burn 8 Accepced

35,507 9:51:47 3Ds 2nd Lunar lmpact Burmn 8 Accepted

35,519 9:51:59 60s 2nd Lurar lmpact Burn 8 Accepted

35,67 9:54:31 GDS 2nd Lunar Impact Dumps 28 Accepted

36,593 10:09:53 GDS Lunar Impact +30 deg 8 Accepted
Pitch

36,598 10:09:58 [h] Lunar Impact +30 deg 8 Accepted
Pitch

36,603 10:10:93 GDS Lumar Impact +30 deg 8 Accepted
Pitch

36,607 10:10:07 GDS Lunar Impact +30 deg 8 Accepted
Pitch

36,612 10:10:12 GOS Lunar Impact +30 deg 8 Accepted
Pitch

36,617 10:10:17 50S Lunar Impact +30 deg 8 Accepted
Pitch

37,162 10:19:22 GODS 31 deg Lunar Impact 8 Accepted
Roll

37,183 10:19:43 GDS FCC Power “A" Off 3 Accepted

37,193 10:19:53 G0S FCC Power “B= Off k] Accepted
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SECTION 16
MASS CHARACTERISTICS

16.  SUMMARY

Total vehicle mass, determined from postflight analysis, was within
0.52 percent of prediction from ground ignition through S-IVB stage
final shutdown. This small variation indicates that hardware weights,
propellant loads and propellant utilization during powered flight were
close to predicted values.

16.2 MASS EVALUATION

Postflight mass characteristics are compared with final predicted mass
characteristics (MSFC Memorandum S&E-ASTN-SAE-71-60) and the final
operational trajectory (MSFC Memorandum S&E-AERQO-FMT-95-71).

The postflight mass characteristics were determined from an analysis of
all available actual and reconstructed data from S-IC ignition through
S-IVB second burn cutoff. Dry weights of the launch vehicle are based
on actual stage weighings and evaluation of the weight and balance log
books (MSFC Form 998). Propellant loading and utilization was evaluated
from propulsion system performance reconstructions. Spacecraft data
were obtained from the Manned Spacecraft Center (MSC).

Differences in dry weights of the inert stages and the Toaded spacecraft
were all within 0.39 percent of predicted, which was well within accept-
able limits.

During S-IC burn phase, the total vehicle mass was less than pradicted
by 3677 kilograms (8107 1bm) (0.13 percent) at holddown arm release, and
by 3086 kilograms (6804 1bm) (0.37 percent) at S-IC/S-II separation.
These differences are attributed to S-IC stage burn characteristics, dry
weight, and propellant loading. S-IC burn phase total vehicle mass is
shown in Tables 16-1 and 16-2.

During S-II burn phase, the total vehicl2 mass was more than predicted
by 575 kilograms (1269 1bm) (0.09 percent) at ignition, and by 595 kilo-
grams (1312 1bm) (0.28 percent) at S-1I/S-1VB separation. These
differences are due primarily to S-II and S-IVB stage propellant loading
which was higher than predicted. Total vehicle mass for the S-II burn
phase is shown in fables 16-3 and 16-4.
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Total vehicle mass during both S-IVB burn phases, as shown in Tables 16-5
through 16-8, was within 0.33 percent of the predicted values. A differ-
ence of 140 kilograms (309 1bm) (0.08 percent) from predicted at first
burn ignition was due largely to a greater than predicted propellant
loading. The difference at completion of second burn was 216 kilograms
(475 1bm) (0.33 percent), reflecting a larger than expected LOX residual.
Total vehicle mass at spacecraft separation was 236 kilograms (520 1bm)
(1.43 percent) greater than predicted.

A summary of mass utilization and loss, both actual and predicted, from
S-IC stage ignition through spacecraft separation is presented in

Table 16-9. A comparison of actual and predicted mass, center of
gravity, and moment of inertia is shown in Table 16-10.
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Table 16-1. Total Vehicle Mass--S-IC Burn Phase--Kilograms

GROUND 1G4l TIU. HOLLDO .« « Cenlenr OVuTHSARD S=1C/5=11
EVENTS Al ' «rlhASt enGiat CuiuHF 2wl CuTurr SkPARATION
PRED ACT PRI ACT PREY AT Pby aAct Pibu ACt
RANGE T1vE=-=SEC ~6450 -6edw vaeldu Yelu 136eu? L3%e 4y -3 PY¥7'3 127e30 lbuaeb? lodedy
DRY STYAGE 129999, 149B21la  1993ve  1eP82le  icwu¥9e  sav0cle  Lc¥Irse levECaa L.yv?f. 198
LOX 1IN TANK 1480310. 1491184 16636V le66975e LlOyv3Je  ]/<64de litile 0. 7197 ‘oda
LOX BELOW TANK 21.15. 21127, {1675, 21887t FYTELN clo?le Locede i3love 3113, Lul3sde
LOX ULLAGE GAS 130, 194, 236, 225, 294, 2291, 3306 4393, 337 3. 23004
FUEL IN TANK 637030, 635616s ©26/91s 620364 Blichn YT 5Ty, s de Suwes “v38a
FUEL BE_OW TANK 4313, “313,. 59964 SYYb ., SvYY0. >9vbe 99 3 PFRLYY SY2de G458
FUEL ULLAGE GAS 39. 0. 39. w3 216, <2de Ly 29de FELY “52.
N2 PURGE GAS 36, 36, 3be. 36 Y. 19 L9 19 ade L9
HELIUM IN BOTTLE 288, 288, 238 2854 lile iod. abe Tde 93 T6.
FROSTY 635, 639, 635 635. 340 3460 3400 Jeve 340 340,
RETROROCKET PROP 513 913 Side 513 513 513, 213 313, 513, 213
OTHER 239. 239 239, 239 239, el 239, 239 ¢39
TOTAL S5STAGE 22747120 2276005¢ 2135277« 2231021s 12381 164520e 10i0die lo0083s 157028
TOTAL S=I1C/S=1} IS wl32 4119 “l32. “wll9e 413¢e “wilYe “l132e “llV, “lade #il9,
TOTAL 5-11 STAGE Assoo‘:: asahu: «88005. 483493. &3T7T8ke 4BdLTle “B7786s 48H271e 487784 88716
TOT S=[1/S=1vB IS5 3645, 36al. 3645 J66le 3Ibed. 3bale 3ol 366l 366 3064l
TOTAL 5=1vB STAGE 120663¢ 120798. 120663. 120798e 4299%3e 120TU/e  1295%3e  12u/uTls  12U933e [2UTUT.
TOTAL INSTRU UNIT 2037, 2035, 2037, 2035, 2037, 293%. 2037 FIERY 2ul3Te FUEFY
TOTAL SPACECRAFT 52713, 52723, 52773, 9¢723. 52773, D2T723e 22/13 52123 22772 2¢723.
TOTAL UPPERSTAGE 671238, 671812 ©6/12%8s 671812 6/0%¢0s 71500 670%20e ©/l%0Ue BH7UY20e ©715UJe
TOTAL VENICLE 2965950, 2945317 2906510, 2902833 10H3307. LUNBYLTe BI5692e 334551 82lblse 4245208,

Table 16-2. Total Vehicle Mass--S-IC Burn Phase--Pounds

GROUND T1GNTITIUN HOLLDUeN CENTLR QUTBUARD S=1C/5~11
EVENTS AR nELcASE e Ine CUTOFF EnGlaE CUTOFF SEPARATION

PREV AT PREU ACY

136.07 13%.90 15vau2 1b%e50 16U.69 16l+29

RANGE TIME==S5EC

ORY STAGE 296600a 286208e J866J0e 206208e <J866UJVs 2004UBs  CBOOUVe BORVUYe QBOLIVe 286408
LOX IN TANK 3263527, 3265493« 319366¢e 3IL1FUU3L.  3T72468e IEVIBJ. 25%1%e 2l¢le 1665, lev3.
LOX BELOW TANK “6552. 46577, 4pllTe LTS REY eBlYle “n2ld. 3300V 29Vla. 28V Qe 23075,
LOX ULLAGE GAS “19. “2le 520, “9%. 6637, 6374 Tadée 1392, Te3dle Tevud,
FUEL [N TANK 1400612 1601239, 13818394 1376484¢ 17906¥. 182407 JCr{1 X 14000 13321, 10a37.
FUEL BELOW TANK 99509, 990 13219, 13217 13219 13213 131300 13li0e 431360 13136,
FUEL ULLAGE GAS 86 8de dbe Yo, al6. YT YT 952 9344 550,
N2 PURGE GAS 30. [N 0. Bu. w3 “3e “de w3 LY “3.
HEL[UM IN BOTTLE 63t. 630, 636 62d. 240 <384 1387, 172, 184, i68.
FROST 1400, 1400 1e0Ve JLRN 190, 1904 15Ue 790, 150 123,
RETRORQCKET PROP 113¢e 1132 1l3ce L13¢ Lls3ce A3 1i3ce Ll3de 1i3¢s ilads
OTHER 928, 528 523 528 EPL T 220, 2¢0. 5¢de 924 Sed.
TOTAL STAGE 5014883e 5213323, 4927932+ 49185 Us F091w4s YeULGTe 2027i8e 3955U37. 3542%0. l4bla?,
TOTAL 5=i7/5=]1 1§ 9113, Yod 3. Jllue 9083, vlive 083, Flive Yudde 914 Yuss.
TOTAL S=1i STAGE 10755869 LUT6Ysse LLT580Ys LUTOYG3e JUTD30)e 1UTLADY, 10723dLe 1070455 LU75381e LO70e55,
TOT S~lI/8=ivB IS 8033, 8029, 3030, Bulve dUsoe U 8vibe cud9e dusde [IPE N
TOTAL S=Ivb STAGE 265974 266315, ¢69374s 266315, <65774%  200lids 205774 6LLLDs  £O3TTa, 2661ad.
TOTAL INSTRU UNIT 692 4487, 492 LaB7e GaYle weB?,. LY PR “iadle “avee “unl,
TOTAL SPACECRAFT 116345 116235« 116245 116235. 11i6345¢ 1.6¢3% 116395 " 1lo23%. Li6isede 1lbasd,
TOYAL UPRERSTAGE 1673027, 1681092 1eT3827Ts 16d1u92s 16791376 lbovevas J6TR1537e 16804Vee 1479139 luBusus,
TOTAL VEH{CLE 64946 !10e baY4ulbde 6407799, 63796526 238HId6s 24Uvbb]e LDh)loY0e 183260Le 1033390 LBLODYL.

e e cmemee e e mem e mc e mcmm e ——————————— ——————— -——————————o [ . e m e scmame- e erarremseereanesen.
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Table 16-3.

Total Vehicle Mass--S-11 Burn Phase--Kilograms

$=1C IGNITION 5=11 s~ S=1] $~11/8~1ve
EVENTS IGNITION MA INSTAGE ENGINE CUTOFF SEPARAT ION
PRED ACT PRED ACT PRED ACT PRED ACT PRED ACY
RANGE TIME==SEC =650 =650 162639 163,00 164439 164,90 509.09 549406 350449 330.10
§~1C/78=11 SMALL 1§ slbe 61% Qe Qe Qe Qs
$=1C/3=11 LARGE 1§ 3519%. 3504, 3915, 3504, 3515, 3506,
$=1C/S=11 PROPELLAN? O Qe O Oe [ 1% 0
TOTAL S=1C/$=11 1S 4132, «119 3513,  3506e  3515. 3506,
DRY STAGE 33720, 35790, 35720, 35790, 35720, 35790, 35720, 35790, 35720, 33790,
LOX IN TANK 370976 379369« J78976¢ 379369« 370326¢ 378916e e33e €220 500. .20,
LOX 3ELOW TANK 737, 737, 137, 137, 800, 800, 181, 187, 187, 7,
LOX ULLAGE GAS 139, 157, 199, 157 1620 160¢ 1076, 190ae 1083, 1906,
FUEL 1N Tank 7197,  72000e T1967. 71996s 11785, ?1781. 1359, 1700, 13040 1649,
FUEL BELOW TANK 104, 104, 110 11l 127, 127 123 123 123 123,
FUEL ULLAGE GAS 63 63e T 63e 3 3. 2. 803, T74e 003,
INSULATION PURGE GAS 17, 17. Oe [ 1% Oe Qe
FROST 206, 206. Qe Qe - 1Y Qs
START TANK 13. 13. 13 13 20 20 2 2e 2e 2.
OTHER 36, 34, ELYY kLY 36, 3, LTS 34, LYY 36,
TOTAL S~11 STAGE A80005: ABD493.  4BTTB4e  4B8271. 487194s 4BT678. 41309. AL771.  41128. 41588.
TOT S=11/5~1v8 IS 3643, 364l 3649, 3641. 3645, 3eale 3645, Jesle 3665.  3esl,
TOYAL S=1v8 STAGE 120643,  120794. 120532. 120707. 1205%2. 120707« 120%%3. 120707, 120550. 120705.
TOoTAL v 2037, 2035, 2037 2035, 2037, 2035 2037, 203%. 2037, 2035,
TOTAL SPACECRAFT 82773, 32723, 527734 52723e  327713s 527234  68606.  485%)e 48606 4859)e
TOTAL UPPER STAGE 179100. 179198. 179009« 179108+ 17900¥, 179108« 17688)c 1769T6s 176838. 170976,
TOTAL VEWICLE 671238: 6T71812. 670309, 670886 669719. b70291e 216150 216748. 215967. 216562.
Table 16-4. Total Vehicle Mass--S-11 Burn Phase--Pounds
S=1C IGRITION 581 s=11 s=t1 S=~i1/5=1v8
EVENTS 161 TION MA LS TAGE ENGINE CUIOFF SEPARATION
PRED act VRED act PRED act PRED ACT PRED [Y4)
RANGE TIME=-=SEC B T R T} I 162437 1o3.00 16443y 100 S4v.0Y 5494006 290469 S5Vl
§=1C/5=11 SHMALL i$ 1360. 13560 e Ve ' Ue
$=1C/5=01 LARGE 1§ 1750, 121 115Qa 11214 77900 1227,
5=1C/S=11 PROPELLANT Ge Ve Qe Ve ' Ve
TOTAL S=lC/S=i1 IS 9110, 9083, 77504 1727, 7750, 7727,
ORY STAGE 76750 7906, 16750 769044 750 78904, Te 750, 16906 707%0. 70904,
LOX IN TANK W35500s 836366¢ BI550U¢ 836366« BI4S08. $35368e 1396, 1373, 1103, 1082,
LOX BELOW TANK 10254 1625 1624, 162%. 1768, 1764, 1736, 1736, 1136. 1736,
LOX ULLAGE GAS 352, 7. 3%2. T, 397, 333, alde. 199, LY S 199,
FUEL IN TANK 158675« 150735 158662. 158721e 158192. 158250, 2996, 3750, 2875, 3636,
FUEL BELOw TANK 231, 231. 244, 285, 282, 282, PRrs 272 272 <72
FUEL ULLAGE GAS lele 161 181 a8le 163, 1as, 1703 1776 1708, 1776.
INSULATION “URGE GAS 38, ETH ' 0. Oe [’
FROST 30, 452, Ca 0s [ Oe
STARY Ta® 304 30. 30 30. Se Se 3 s. Se Se
OTMER Téa T6. te. 16e 6. T6. 16, Te. 76 6.
TOTAL S=1! STAGE 1075869, 1U76983e 1075380s 1076453« 10764079s 1073)66¢ 91070. 92091¢ 90873, 916086,
16T S~11/8=1v8 1S 8034, 8029, 8030, 9029, “Q3u. suzve [TYT N w0dY. 9030, 8029,
TOTAL S=Ivb STAGE 265973, 260315. 265773, 260115, 265773, 266115, 265273, 260113, 265788, 206110,
TOTAL U 4492 4487, [N} Y 407, 44924 1N 692, k87, 892, 4487,
TCTAL SPACECRAFT 11635 116235: 116365, 116235 1ledede 116235 107155 107027« 107155, 107127,
TOYAL UPPER STAGE 196b6% 3750806 JVebaB.  IVen66e  aGkBe  3V6BbGe  3HDDH. 3BT, 3USeh3. 385TH3,
TOTAL VEMICit 179827 148139 s 1?7779 1679048, 1476478, 1677739 &T62¢Ve 677849, 616127 477439,
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Table 16-5.

Total Vehicle Mass--S-IVB First Burn Phase--Kilograms

$=iC 1GWITION S=ivy s=1ve s=~ive S-ivy
EVENTS 1040 T[ON MAlNSTAGLE enelne CUTURF tNU DECAY

PRED ACt VREV act PREV ACT (RN act PREV At
;:;(.: ﬁ:{:';EE -------- :;:s; ~6e5U 553479 353420 596429  595:7W  09veu?  bksbT 039edY 694,90
LRy ;uc,( o 11385, 11625, 11362, 11606, 11362, 114064 1iduve Lidev, 11300, 11365,
LOA IN Tank 88582, S88414 38577,  yBbu4le Y TY N 8509 63130 63635,  63i03s bIesBa
LOR RAELOs TAaNK 166, 190, 160, 1664 1804 1du. 18v. 180, 180. 180,
LOR ULLAGE GAS 16. 13 20 i3e 25 13. 0. 59, 109 80,
FJEL [N TANK 19750, 19758, 1975, 19784, 19698, 19737, Le583e 1e617, e573. Le0b7,
FUEL HELOwW TaMwK 21. 2l 264 2%, ' r{-13 ¢6e L6e 260 40e
FULL ULLAGE GAS 20. L7 20. 176 20 17, 68, 53, 6d. 53.
ULLAGE ROCKET PROP 53, %3, e 9e
APS PROPELLANT 235, 296, 29%. 298, 2929, 2984 de3e 298, 283, <90.
MELIUM IN BOTTLES 198. 203. 198, 203. 1984 03. 177, 178, 177, 78,
FROSY 138, 136, &5, &5, a5, &5, &5a LTS L3 1Y a5,
START TANK GAS 2. 2. 2. 2. Oe Ve 3. 3o 3. 3.
OTHER 25 25 25, 25 254 2% 25« 5. 25, 25
TOTAL S=1v8 STAGE 120643, 1207980 120486, 1206ale 120317, 1¢0483s 89925¢ 9YUIe8. 89888  F0alhe
TOTAL U 2037, 2U35%. 2037, ddd%e 2uatle U35 euate 2035 2Uile 2033,
TOTAL SPACECRAFY 48604, “8591s  48604.  48591. @H606s  40591.  4B8604.  4B59L. 4BO06. 48591,
TOTAL UPPERSTAGE 506424 50627, 50662, 50627, 506424 50627, 20642. 50627, 50642« 50027,

160567, 140976, 140930« 1e0930.
Table 16-6. Total Vehicle Mass--S-1VB First Burn Phase--Pounds
S=1C IGNITION s-ive S~1v8 S~ivy S=1ve
EVENTS IGNLITION MALMSTAGE ENGINE CUTOFF END DECAY

PRED act PRED act PRED ACT PRED aCy PRED act

RANGE T|ME==SEC =6+5%0 -8e 5V 9%3.79 553420 556.29 335.70 $99.07 9407 9929 694:.90
L

ORY STAGE 25100, 25198, 25049, 29147, 25049, 25147, 24914, 23012, 209140 25012
LOX IN TANK 195290, 195421e 195279 195821. 194997. 195129« 139180« 13989%6. 139119. 139835,
LOX RELOwW TANK 367. 36l 7. 3ele Il 397. 3972, 7. 397. 397,
LOX ULLAGE GAS 3. 30. “be 30 35, 30« 220¢ 132 220¢ 133«
FUEL IN TANK 43%42, 43626 43333, 43¢17. 43420 43513, 32152, 32350, 32129 32336,
FUEL BELOW TANK LY I LY I} 58 37, L1 1Y 38. 50, 0. 8. 90,
FUEL ULLAGE GAS L1 YY 30. LI 38 4% 38. 150e 117 131 410
ULLAGE ROCKET PROP 118. 110 22. 22
APS PROPELLANT 63C, 3% 630, 3% 300 5% 626 . 626, (1}
HELIUM IN BOTTLES 437, (LY Y 437, S48 436 8. 3%, 34, 3N, 393,
FROST 300. 300. 100. 100. 100 100« 100e 100« 100« 100,
START TANK GAS Se e L 3 le le Te Te Te Te
OTMER 56 57e 56 97 56 87, 56 7. 56e $T.
TOTAL S~1vB STAGE 269970s 206313« 203626 205908, 20325 205577, 190252« 199189, 198149, 199103,
ToTAL IV 492, et 92, “ep7. «492, 487, 492, 8. 92, 28
TOTAL SPACECAAFT 107155, 107127, 107155« 107127« 107155. 107127, 107158, 107127, 1071533« 10%a27.
TOTAL UPPERSTAGE 111647:  111616s 111647: 111614s 111647. 1116160 1116AT. 1116l&. 1L184Te 1MlM8AA.
TOTAL VEMICLE 377621. 377929« 377273, 377502« 376901. 3V7191s 309990 310799, 30%31s. 310717,
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Table 16-7.

Total Vehicle Mass--S-1VB Second Burn Phase--Kilograms

S=lvH S~-1vB S=1ve S=1v8 SPACECRAFT
EVENTS IGNITION MALNSTAGE ENGINE CUTOFF END DECAY SEPARATION
ACTY PRED ACT PRED ACT PREL ACT PRED acy
RANGE TIME==SEC 10196499 102u2.90 10299409 1020580 10952681 10553061 10553400 1055380 1535289 15400.00
ORY STAGE 11300. 11345, 11300, 11345, 11300 113435, 1130v. 11345, 11300. 11345,
LOX IN TANK 63049, 63184, 6291%. 623065, 1566, 1793, 1939, 1732 1671, 1064,
LOX BELOw TaMK 166, 166« 180. 180. 180. 180 180 180, 166. Lot
LOX ULLAGE GAS 125 102. 125. 102 198. 197. 198. 197, 198. 197,
FUEL IN TANK 13456, 13479, 13406, 13428, Tel. 754, 751. Ted, [ B 0.
FUEL BELOW TANK 26, 26. 26, 26. 264 26. 26. 26. 21. 21.
FUEL ULLAGE GAS l186. lhb. 186, les, 295. 278, 29%. 2738. 271 490,
APS PROPELLANT 227, 237, 227, 237. 22%. 237, 22%. 237, 202, 214,
HELIUM [N BOTTLES 1484 165, 1648, 165. 90. 97. V0. %. 90. 9%.
FROST 4% 4% «5 45, 45 65, 45 [} 1Y a5 “5,
START TANK GAS 2. 2 Q. Qe 3. 3. 3. 3 3. de
OTHER 25. 25 25 25. 25, 2% 2% 25 25 25
TOTAL S-1v8 STAGE 8875, 8689254 88591 ¢ 88766, 1671868, 16949, lebble 14913, 13797, 16035,
TOTAL v 2037, 2033, 2037. 2035, 2037, 203%. 2037, 2035, 2037, 2935,
TOTAL SPACECRAFY 48604, 48591. 4B6Qs6. “8591. «8604. «8591. ©8604. «8591. 25, 25,
TOTAL UPPERSTAGE 506424 950527« 50642, 50627 50642« 50627. 50642. 50627. 2603 266l
TOYAL vVvHICLE 1393964 139552. 139233. 129393, 65360, 65576, 65323 55540, lesbl. 16097,
Table 16-8. Total Vehicle Mass--S~-IVB Second Burn Phase--Pounds
S=I1vR S=1v6 5=1ve S~iva SPACECRAF Y
EVENTS IGRITEON MAINSTAGE ENGINE CUTOFF END DECAY SEPARAT ION
PRED ACT PRED ACT PRED act PRED ACT PREV ACY
RANGE TIME=-=SEC 10296,59 1U2C2490 10199409 10209680 10552e8 . 10533461 1055500 10553480 1535289 15480400
DRY STAGE <914 25012. 24914, 25012  2491&.  25012.  AY1&e  25%002. 26916, 2%0)2.
LOX IN TANK *G91e 139298, 138712 139035, 3454, 3876, 3394, 819, 3266, 3609.
LOX BELOW TANK 367, 367, 397, 397, 397, 397, 397, 397, 387, 7.
LOX ULLAGE CAS 275, 225 276 2254 ©38. 4306, €38, 436 430. 036,
FUEL IN TANK 29662, 29741, 29556. 29604, 1678, L166a. 1656 1662, Qe O
FUEL RELOW TANK 58, 58, 58. 58. 58. 58. 58. 50, 48 8.
FUEL ULLAGE GAS 410, 319, 410, 319. 651 613. 651 Ola. 9599 262,
APS PROPELLANT 501, 524, 501, S24. 97, 523 “97. 523, asl. «73,
HEL [UM 1IN BOTTLES 328, 365, 328. 385 199, 214 199 213. 199. 13
FROST 100. 10J. 100. 100. 100« 100, 100 100. 100. 100,
START TANK GAS 5, Se le [ T. 7o Te Te Te 7,
OTMER 56 57 56 S?. 56. s7. See 571, S6. S?.
TOTAL S=IVB STAGE 195669, 196067 i99311. 19%697, 32449, 3evs le 32367, 32878, 30419, 30ves.
ToraL lu w492, “aB’, bVl “ell. “b92. 4B 7. 4692 a687, 92 oad?.
TOTAL SPACECRAFY 107182, 107127 107155« 107127+ 107195 107127 107195. 1lu7127. 1380, 1300,
TOTAL UPPERSTAGE 111647, Liibles 111647¢ lil6les lll6ale 1llolés llloele lilbiee %972, 2867,
TOTAL VMICLE 307316, 307661s 306958e 3073)ie 144096. 18657)c leaylue  leae92, Jod 9. Joull.




Table 16-9.

MASS HISTORY

$=1C STAGE» TOTAL
$=1C/S=11 1S+ TOTAL
S=11 STAGEs TOTAL
S=11/S=1vB IS» TOTAL
S=l1VB STAGEs TOTAL
INSTRUMENT UNIT
SPACECRAFTe TOTAL

18T FLT STG AT IGN
THRUST BUILDUP

1ST FLY STG AT MDAR
FROST
MAINSTAGE
N2 PURGE GAS
THRUST DECAY=1E
ENG EXPENDED PROP
S-11 INSUL PURGE
f=11 FROST
3=1VB FROST
THRUST DECAY=OE

1ST FLY STG AT OECO
THRUST DECAY=OE
S=1C/8=11 ULL RKT

1ST FLT STG AT SEP
STG AT SEPARATION
S=1C/S=11 SMALL IS
$=1C/S=11 ULL RKT

2ND FLT STG AT SSC
FUEL LEAD
S=1C/8=11 ULL RKT

2ND FLT STG AT IGN
THRUST BUILDUP
START TANK
$=1C/s=11 uLL RKT

2ND FLT STG AT MS
MA INSTAGE
LES
$=1C/S=11 LARGE 1S
TO & ENG PROP

ZND FLT STG AT COS
THRUST DECAY
$S=IV8 ULL RKT PROP

2ND FLT STG AT SEP
STG AT SEPARATION
$=11/8-1v8 1S DRY
S=11/5=1v8 PROP
S=1v8 AFT FRAME
S=1VB ULL RKT PROP
S=lvB DET PKG

3RD FLT STG AT SSC

Flight Sequence Mass Summary

PREDICTED

KG LBM
22764712« 5014883,
4132. 9110.
©88005« 1075869¢
3665, 8G38.
120643, 265974,
2037 4©492¢
527173, 11563465,
29459506 6494710,
*39460. =86951.
2906509« 6407759,
=294, =650,
=2069284¢ ~4561993.
=164 «37.
-959. =2115¢
=189 «418e
-1l7. =38,
=204 =450.
«90¢ «200.
Qe Qe
835452« 1841058,
=3838. =8461.
Oe Qe
831614 1833396,
=160688¢ =354256.
=-616e =136Q.
°. o.
670309« 1477779,
Oe Qe
Qe Qe
670309 1877779,
«$78¢ «=1276e
=1ls =29,
Oe Oe
669719« 1476470,
-4435822. =982871.
=4168. «9190¢
=351%. «77%0¢
=62e =137.
2161%0¢ 476529
-10v. =397¢
=de =5
219967, 476127,
=41128. 90673,
*316%. 6978
-480. =1060¢
=2le L1 1Y
«le =3e
=le =3
171168, 377362

16-7

ACTUAL
LBM

2274004« 5013323,
4119, 9083,
488493 1076963,
3641, 8029.
120798. 266315.
2035, 4487,
52723, 116235,
29450160 6494415,
429840 94763
2902832 6399652,
=29, =650
=2068461¢ =4560179¢
=16e «37.
=1005. =2217.
=189. -410.
=17, =38
=206¢ =450
=90 =200
Je Qe
832551 18354610
=6023¢ -8869.
O O
028527 1826592.
=157028¢ =346187.
=615 =13%6.
Oe Qe
670084 1479048,
Qe Qe
(' Qe
670004 14790480
=382+ =1284¢
b § V) =25
Qe Qe
670291e¢ 1477739
=043843s =902915.
-4131, =9108.
«=3506¢ =7727.
-$3e =139
216748. 477049,
=183, =405
=2 =S
216562 477639,
-»1588. «91686¢
«3160. -£967.
=481. =10620
=2l =48,
=le »3e
=le =3,
171308, 377670«



Table 16-9.

“ASS MISTCRY

RO FLT STG 1ST $SC
ULLAGE <OCKET FROP
FUEL LEAD

IPD FLT STG 1.7 IGN
ULLAGF ROCKET PROP
START TANK
THRUST BUlLDUP

3RC FLT STG 1ST wS
JLLAGE ROCKET CASE
MAINSTAGE
APS

3RD FLT STO 1ST COS
THRUST DECAY

3RD FLT STG 1IST ETD
ENGINE PROP
FUEL TANK LOSS
LOX TANK LOSS
APS
START TANK
02/H2 BURNER

3RD FLT STG 2ND S$SC
FUEL LEAD

3RD FLT STG 2ND IGN
START TANK
THRUST BUILDUP

30 FLT STG 2ND MS
MAINSTAGE
APS

3RD FLT STIG 2ND COS
THRUST DECAY

3RD FLT STG 2nD ETD
JETTISON SLA
(-1
S=]vB STAGE LOSS

STRT TRANS/DOCK
CSM

ENO TRANS/DOCK
csH
LM
S~lve STAGE LOSS

LAU VER AT S/C SEP
S7C NOT SEPARATED
1V
S~ivB STAGE

B e P e o e n

B e R WM S

Flight Sequence Mass Summary (Continued)

16-8

DREDICTED

KG LEM
171168, 31736¢.
-39, -8He
=0 LIV
171128, 377213,
«J, =22
-l. -k
=156, =345,
170959, 376901,
-6le =155
=30328. ~66863,
-le =he
140567 309899.
=37, -82.
140530, 309816,
=18, =4Qe
=996 -21917,
~&3, =96
=564 =125
=Qe -2
-Te =16,
139406 307339,
=10. =23,
139396, 307316,
=1 -4
-160. =354,
139233, 306958,
=-73871« ~=162858.
-le —bhe
6536C. 1464096,
-37. -.2.
65323, 144014,
=1170. -2581.
=30384. -66987,
462 =-1018.
33305. 736217,
30384, 66987,
63690. 140414,
=30384. =-66987,
=16423. ~36207.
42l -928.
16461, 36291,
-625¢ =1380.
=2037. ~6492,
-13797. «30419.

ACTUAL

KO +BM
4113008 377670,
-39, -84,
Qe Qe
171268, 3717582
-9 =2l
2 —h
=165, =365,
171090, 377191,
=61, ~135,
=30052. -66255.
=0 -2
140976 310799,
=317, =82,
140938, 310717,
~18. 40,
~1084.s =-2391.
=204, ~%5].
-60. -133.
- -2
b =16,
139563, 307684.
=10, =23,
139592, 307661,
=1l b,
=156 346,
139393, 307311,
73817, <=162739.
=0 =le
65576, 18657) .
=35, -T784
65540, 164492
-1172. =-2584.
=30356. -66925,
-459, =101
33552, 73971
303%6. 06925,
63909, 140896,
=303%6. -66925,
=16437. =36238.
-4l8. «922
166917, 3681i.
=625 -1380.
=2035%, “<4hBT,
-l4035, =3094b4,
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Table 16-10.

Mass Characteristics Comparison

MASS

LONG[ TUDINAL RADIAL ROLL MOMENT PITCH MOMENT  YAW MOMENT
Coebe (X STA,) CeGo OF LIMERTIA OF INERTIA CF INERTIA
EVENTY
KILO 0/0 METERS METERS KG=M2 0/0 KG=M2 9/0 KG=M2 0/0
POUNDS DEVe INCHES DELTA INCHES DELTA X10=6 DEVe X10-6 DEVe X1lU=6 DEVe
130000, 96342 Vel618
PRED 286600, 367.8 20035, 2e056) 166539 160479
$=1C STAGE DRY ————— conmen ————— ——— —————
129622, 90342 04000 CeCH1B 060000
ACTUAL 286208, =0413 1367.8 0600 244351 040000 26538 =0el3 166516 =0el3 164457 =0,13
4132, 4ls734 0.1616
PRED 9110, 164341 643639 Oel03 Ce0b4 Oelbb
S=[C/S=[1 INTER~ emmnee ik d ettt e meee- ceameee
STAGEs TOTAL 4120, 0le736 0e¢000 Celbl6 V0000
ACTUAL 9083 =029 164361 0000 6463639 0s000V Vel03 =0429 Vo063 =0429 0e064 =029
35720, «T.932 0elT72
PRED 78750, 1887.1 669778 Qe582 1e984 10997
S=11 STAGEsDRY —————— —————— ————— ———— e
35790, 474932 06000 041772 040000
ACTUAL 78904, 0420 1887,1 0600 649778 000000 04583 0s20 le9b8 CegV 20001 V620
3646, 660638 0.,0647
PRED 8034, 261547 205695 06064 04063 Qe0ké
S=]1/8=]VB INTER= onease conoe .. cosws cocosses consmes
STAGE»TOTAL 3642, 660436 =06002 040647 V40000
ACTUAL 8029¢ ~0010 261546 =0010 205495 00000 04064 =0sel0 Qe0bld =0410 0s044 =0410
113685, 726562 062265
PRED 25100, 285600 849196 0082 0+298 Qo298
S=IVE STAGEORY cencoe cosens cmooe CLE s T - .
116430, T26542 0.000 UA2265 000000
ACTUAL 25198, 0039 285640 0e00 849196 0Ue00UU Q04083 0439 Qe299 0439 0e¢299 0439
2038, 826407 064750
PRED 4692 324404 1847042 0e019 0.010 04009
VEHICLE INSTRUMENT - an e o - v - w = - w L LT TV ¥
UNIT 2035, 82,407 06000 004750 040000
ACTUAL 44B8Te =0010 320444 060018,7042 040000 0e0l9 =010 UeUl0 =0610 0009 =0,610
527173, 916452 040975
PRED 116345, 36005 J.8418 04099 le688 le 688
SPACECRAF T ’ ¥ 07 AL - aran e Somees —-—ees - mmese coasoms
52723, 914640 =04012 0,0991 0Q.0016
ACTUAL 116235¢ =0408 360000 =0e50 349051 00632 04099 =040 1s679 =0s53 14679 =0e53

AR o

¢ st SR
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Table 16-10.

Mass Characteristics Comparison (Continued)

MASS LONGI TUDINAL RADIAL ROLL MOMENT PITCH MOMENT  YAW MOMENT
CeGe (X STAe) CeGe OF INERTIA OF INERTIA  OF INERTIA
EVENT R -
KILO 0/0 METERS METERS KG=M2 0/0 KG=¥2 0/0 KG=M2 0/0
POUNDS  DEVe INCHES DELTA INCHES DELTA X10-6 OEVs X10-6 DEVe Xl0=6 DEVe
2945951, 304493 040047
PRED 6494710 120005 001886 34593 8894635 889.571
1ST FLIGHT STAGE -——an- ome—— -——=- —————-- e
AT IGNITION 2945317, 304505 04012 000050 040002
ACTUAL 6496415s 0400 120009 0647 021972 040085 30594 0004 8894458 =0401 889+393 =0401.
2906511, 304439 040050
4ST FLIGHT STAGE PRED  6407759. 119844 0.1972 34628 8904598 8904533
AT HOLDDOWN ARM —————— B s
RELEASE 2902833, 300452 04012 040048 =23.0001
ACTUAL 6399652 =0s12 119849  0s47 041923 =040U48 34629 0003 8900316 =0s02 8900250 =ved2
835453, 464836 0.0170
157 FLIGHT STAGE PRED 1841858, 184349 06711 3.612 4634057 4424996
4T OUTBOARD ENGINE=====e—esca=m=e —————e e ———-- B cmeeene
CUTOFF SIGNAL 832551, 464993 04156 040172 040002
ACTUAL 1835461s =0¢34 1850e1l 6017 046797 0e0085 34612 000 4384331 =146 384270 =1406
831615, 474006 00172
PRED 1833396 185045 006799 34610 %27.900 4374840
1ST FLIGHT STAGE =reesesce<——e== cemmee R ———— ——————— ceomee-
AT SEPARATION 828529, 47¢l7¢ 04167 040176 000002
ACTUAL 1826592+ =GCo36 185T¢l 6061 046887 0s0087 34610 ~0eCU 324758 =1416 324697 =lsid
6703100 55.98¢ 040192
2ND FLIGMT STAGE PRED 1477779, 2206441 047580 0e956 139,768 1394775
AT START SEQUENCE cemee= cseonn ceee- e ceceene
COMMAND 670885, 55,982 =00004 040194 00002
ACTUAL 1679048+  0sU9 220440 =0s15 067665 CoO08S 06956 0420 31394728 =002 1394743 =UeDl
669719 550987 040192
FRED 1476478, 220402 047580 04956 1394763 139770
2ND FLIGHT STAGE =eeremeccecmece ———oee oo —eeem ——eoces B
AT MAINSTAGE 670291 55,983 ~04004 04Ul9 040002
ACTUAL 1477739, 0409 2206440 =0el5 047665 000085 00958 0420 139723 =002 1394738 =340l
2161506 714490 060579
PRED 476529 281645 202026 04866 440961 “4e967
2ZND FLIGHT STAGE ——eeee m—eene c—ee- S e
AT CUTOFF SIGNAL 2167496 T1e445 =0s045 000580 000000
ACTUAL 477849+ 0428 2812e7 =178 202848 0.0021 06868 0426 45,186 0e50 45.199 Ve52
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Table 16-10.

Mass Characteristics Compas

[P L

an (Continued)

‘AAS S CONGI TUDINAL RADIAL ROLL MOMENT PITCH MOMENT YAW MOMENT
CeGe (X STA) CeGe OF INERTIA OF [INERTIA OF INERTIA
EVENT comeeeemen- ——eeme cememesmeeomeeaee e e L
KILS 0/0 4ETERS METERS KG=M2 0/0 KG=M2 J/0 KG=M2 0/0
JOUNDS  DEVe INCHES DELTA INCHES OELTA Xi0=6 DcVs X10=6 DEVe Xl0=6 DEVe
215968, 71511 Ue0579
PRED 76127, 2815e6 242826 QeB60b Lbeddd bhoBéb]
2ND FLIGHT STAGE =e=e-eceecemasees —————- —————- ———— —————- m————
AT SEPARATION 216563 716467 =00064 000580 Qe000V
ACTUAL 6T7439, Qe28 281346 =leT6 24,2848 0e0U21 VeB6S8 Oe26 454059 Ued0 ©56072 Ved2
171169, 776295 0s0385
3KD FLIGHMT STAGE PRED 377362. 304361 151895 0e207 136953 13950
AT 1ST START $SEQ® wwocosvcomcccvcccena coscos L T coceces = 2|  ececoce=e -~——meee
VENCE COMMAND 1713048 77290 ~04204 040385 =060900
ACTUAL 377670, 0408 304249 =0el8 125163 =0,0022 00207 OQe2¢ 136952 0e00 430949 =Vel0
171128. 77296 000385
PRED 377272 30630 le5)85 Oe207 134952 130949
IR0 FLXG“Y SIAQE cooons - eser e = cmeoe scacese secccnn
AT 1ST IGNITION 171268, 770291 =040064 G4GC385 =Ue00UQ
ACTUAL 377582, Jeud 3042,9 “0el8 [65163 =CeVU22 Ve2VUT Usle 136951 UeVU 1369648 =Ue00
170960 174297 000385
PRED 3769C1l. 3043,2 le5185 Qe2u7 13e¥51 l3eY48
IRD FLIGHMT STAGE cmeccse —oowme= Ll eccoee —eescos
AT 1ST MAINSTAGE 171091, 776292 =06s006 (40385 =0,000V
ACTUAL 377191, 0008 3043.,0 =Colb .659163 =Ue0V22 U207 OQeldé 134951 0600 134967 0400
160558, 784183 Qe0bbé
3RD FLIGHT STAGE ©ORED 3U9899. 3078.1 le8288 00206 13641435 13e)132
AT 18T CUTOFF S1G oscooss cones ——- - o mw e coccnas
NAL 1409760 780165 =QeUlB UeU4b3 =vellLY
ACTUAL 310799, Ce29 307743 “0e72 18266 =000022 00207 0Oe24 130146 0609 L3eled 0,09
140%530. 78.1685 0e0467
IRD FLIGHMT STAGE PRED 309816, 3076861 1e8386 Qe206 13elde 13131
AT 1ST END THRUST cecona P— - R FpE——
ODECAYs START COAST 1640939, 780166 =0,018 0,06462 =0,0003
ACTUAL 310717, Qe29 307744 “0e72 168266 =0e0120 Vo207 0e23 136165 0608 134162 V08
139407, 780166 060465
3R0 FLIGHYT STAGE PRED 307339, 3078.% le8312 04205 13,128 13.125
AT 2MD sf‘ﬂ" SEO- soe s ossces LYY Y 1] LY Ter ¥ Y P escoves
UEMCE COMMAND 139563 784185 =0e0ll V0666 040001
ACTUAL 307684, Qedl 307d61 0ol 1le8363 0VeDUSL 06206 0el7 13ei3é 0JeU3 134ilY veuld
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Table 16-10. Mass Characteristics Comparison (Continued)

MASS
EVENT commosaaane
KILO
POUNDS
139396,
PRED 307316,
RO FLIOHT STAGE ~e .
AT ZND IGNITION 139553,

ACTUAL 307661,

139234,

PRED 306958,
3RO FLIGHY STAGE
AT 2N MAINSTAGE 139394,
ACTuAaL 307311,

et PR DR R L L B R T L L L LD L L R

LONGI TUD INAL RADIAL ROLL MOMENT PITCH MUMENT  YAW MOMENT

CoeGe (X STAL) Cele OF INERTIA OF INERTIA OF INERTILIA
070 METERS METERS KG=M2 ©0/0 KG=M2 /0 KG=M2 0/0
DEVe INCHES DOELTA INCHES ODELTA xl0=-6 ODtve «10=6 DEVe XiU-6 LEVe

784194 00465

307845 le8312 06205 13.130 136127

784183 =06010 0Ue0666 0,00V}
Vell 3078.1 “Qebl 168363 Ve0USL VecUO JedT 13el33 a3 13el3]l Vel

784199 Q005
3078.7 leddi? 04209 13.127 L3sl26

- oo e L L L L 1 3 - ey .. .. LU L1 )
7841880 =0s011 060666 V.0001
Qall 30782 0okt 1e8363 UVe005] 04206 0627 134131 0406 130128 0603

6536l 864080 00972
3P0 FLIGHT STAGE PPRPED 146096, 338849 248296 Uel04 950211 50208
AT ¢ND CUTCFF bt dadd -mooa Ll d —seaoee eccans
SIGNAL, 65576 36018 =0e06]1 0640970 =0.0002
ACTUAL 16657, 0233 338645 =2eb]l 348199 ~“060097 0.20% 0264 5.276 ledé Sel T2 le23
65326, 86,089 00972
30 FLIGHT STAGE PRED le6Cle, 3389.3 38296 UelU« 54201 L+l98
AT NC END THRUSY eersasssscweese cocene ceeeww -—wm- cmwame- - o ——
DECAY 65260 B6e027 =00062 VsVFTO =lslUV2
ACTUAL 166492, Ve3) 338649 ookt 348199 =U,0097 04205 Qe24 9266 le25 20463 129
33306 794256 0.0922
PRED 734627, 312043 3e6716 Delbbd lebdl lebid
CSM SEPARATED sesscsecocase- . ecesme conaes ——eoe cnvcas croseee
33553, 79192 =Ye064 V09IV =Le0LL2 |
ACTUAL 73971, Vel4 3117.8 =2e92 36623 =0e0093 JeleT 0436 le675% 2409 Le&T0 ¢e09
63691, d5.619 Oel}71l
PRED 140414, 33708 “webldd Qel96 ©e530 bedll
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SECTION 17
LUNAR IMPACT

17.1  SUMMARY

A11 aspects of the S-TVB/IU Lunar Impact mission objectives were
accemplished successfully except the precise determination of the
impact point. Previous experience and the high quality and large
quantity of tracking data indicate that the final impact solution

will satisfy the remaining mission objective after additicnal analysis.
At 285,881.55 seconds (79:24:41.55), the S-1VB/IU impacted the lunar
surface at approximately 0.99 degrees south latitude and 11.89 degrees
west longitude with a velocity of 2,577 m/s (8,455 ft/s). This pre-
liminary impact point is approximately 154 kilometers (83 n mi) from
the target of 3.65 degrees south latitude and 7.58 degrees west
longitude.

The mission objectives were to maneuver the S-IVB/IU such that it

would have at least a 50 percent probability of impacting the lunar
surface within 350 kilometers (189 n mi) of the target, and to deter-
mine the actua’ impact point within 5 kilometers (2.7 n mi), and the
time within 1 second. The AS-510 targeting philosophy for seismic
experiment performance and data resolution defined "preferred,"
“acceptable,” and "undesirable" impact regions about the Apollo 12 and
Apollo 14 lunar seismometers. Although the impact location is not within
the preferred region nor within the acceptable region of the Apollo 14
seismometer, it is within the acceptable region of the Apollo 12 seis-
mometer, and the principle seismic experiment investigator reports that
both seismometers-gave valuable scientific data from the impact.

The projected impact point resulting from the APS-1 maneuver was perturbed
in an easterly direction by unplanned forces acting after the LOX dump.

A first force was caused by the ambient helium pressurization spheres
dumping through the ambient helium engine control sphere into the J-2
engine. Other forces were apparently caused by the IU Thermal Control
System (TCS) water valve operations and APS attitude engine reactions.
Following the APS-2 maneuver, a small and gradually decreasing unbalanced
force (also unplanned) acted during a 5-hour period to perturb the vehicle
trajectory. This perturbation coupled with the inaccuracy invoived in

the real time tracking analyses leading to the APS-2 maneuver resulted

in the lunar impact being northwest of the target.
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17.2 TRANSLUNAR COAST MANEUVERS

Following Command and Service Module (CSM)/Launch Vehicle (LV) separation
at 12,147 seconds (3:22:27) the CSM was docked with the Lunar Module (LM)
at 12,829 seconds (3:32:49) and tne CSM/LM was then ejocted from the
S-1VB/IU at 15,481 seconds (4:18:01). After CSM/LM ejection, the S-1VB/IU
was maneuvered tc the inertially-fixed attitude as required for the
evasive burn. Timebase 8 (Tg) was initiated 66 seconds later than nominal
at 16,801 seconds (4:40:01,. The Auxiliary Propulsion Svstem (APS) ullage
engines were started 1 second following Tg and burned for 80 seconds to
provide a near-nominal spacecraft/launch vehicle separation velocity

(ser Table 17-1). Following a maneuver to the Continuous Vent System
(CVS) and LOX dump attitude, the initial lunar targeting velocity changes
were accomplished by means of a 300 second CVS vent starting 1000 seconds
after Tg and a 48 second LOX dump starting 1280 seconds after Tg. The
velocity changes resulting from these two maneuvers were near nominal

(see Table 17-1).

A first APS lunar impact targeting burn (APS-1) was determined in real
time by the Lunar Impact Team (LIT) at the Huntsville Operations Support
Center. The specifications for this APS burn (described in Tables 17-1
ang 17-2) were sent from the Mission Control Center at Houston (MCC-H) by
the Booster Systems Engineer (BSE) to the S-IVB/IU. At 3960 seconds
after Tg, a 241 second APS burn was initiated giving a near-nominal

velocity change.

Table 17-1. Comparison of Longitudinal Velocity Increments

VELOCITY INCREMENT, M/S (FT/S)

EVENT ACTUAL | NOMINAL ACT-NOM

APS Evasive Burn 2.95 3.10 -0.15
(9.68) (10.17) (-0.49)

CVS Vent 0.42 0.47 -0.05
(1.38) (1.54) (-0.16)

LOX Dump 9.14 8.53 0.61
(29.99) (27.99) (2.00)

APS Impact Burn 1 9.90 9.98 -0.08
(32.48) (32.74) (-0.26)

APS Impact Burn 2 2.98 2.99 -0.01
(9.78) (9.81) (-0.03)
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Table 17-2. Translunar Coast Maneuvers

EVENT INITIATION DURATION 4y PITCH YAN
(SEC) (SEC) (n/s) | (og6) | (0€6)
CSM/LV Separation 12,147 - -0.10 138 -40
CSM/LM Docking 12,829* 500 -0.08* | 148 -40
LM Ejection 15,481 - -0.25 172 -40
APS Evasive Burn 16,802 80 2.95 176 40
CVS Venting 17,801 300 0.42 209 -40
LOX Dump 18,081 48 9.14 209 -40
Helium Dump 18,081 675 1.37 209 -40
APS Lunar Impact Burn | 20,760 r{}] 9.90 192 -22
TCS & APS Thrust 1 22,680 300 0.08* 262 41
TCS & APS Thrust 2 25,080 300 0.08* | 262 4]
TCS & APS Thrust 3 27,480 300 0.08* | 252 ]
TCS & APS Thrust 4 29,880 300 0.08* 262 41
TCS & APS Thrust § 31,980 300 0.08* | 262 2
TCS & APS Thrust 6 34,080 300 0.08* 262 4
APS Lunar Impact Burn 2 36,001 n 2.98 28 -40
*Calculated from tracking observations
Note: Attitudes are the local horizonia)
orientation of the change in velocity.

A second APS lunar impact targeting burmn (APS-2) was determined by the LIT
in real time following analyses by the MCC-H of tracking data obtained
after the APS-1 burn. The MCC-H analysis gave a lunar impact point of
9.3 degrees south latitude and 11.0 degrees east longitude. The specifi-
cations for the APS-2 burn were commanded by the BSE from MCC-H and at
36,001 seconds (10:00:01), a 71 second APS-2 burn was initiated giving a
velocity change near the real time predicted value. Shortly after APS-2
and a return to a good communication attitude, a Passive Thermal Control
(PTC) "barbecue" maneuver was initiated by commanding the vehicie to roll
and then turning off the Flight Control Computer (FCC).

Table 17-1 provides a comparison of the actual and nominal velocity
increments resulting from the planned maneuvers. A1l maneuver start
times, durations, and attitudes were nominal except for the APS-2

burn which started 30 minutes later than initially planned. Table 17-2
lists data for the planned maneuvers and also includes data for several
unplanned velocity changes.

17-3




Figure 17-1 presents the line-of-sight range rate residuals from a
Goldstone tracking station and depicts graphically several of the
S-IVB/IU velocity changes. Residuals are obtained by differencing
observed range rate data from a tracking station with calculated

range rate data from a sophisticated orbital model fitting portions

of the data (Observed minus Calculated). Fiqure 17-2 shows residuals
from Madrid tracking data that are associated with the docking and
ejection maneuvers. Figure 17-3 gives Madrid and Texas tracking data
residuals for the APS evasive burn. The magnitude of the range rate
residual for each maneuver is dependent upon the geometrical considera-
tions associated with the station location, the line-of-sight, and the
vehicle attitude. This is clearly evident in Figure 17-3 for the LOX
Dump and the APS-1 maneuvers as well as the APS evasive maneuver.
Figure 17-4 is a comparison of the real time predicted and actual
accumulated longitudinal velocity changes.

17.3 TRAJECTORY PERTURBING INFLUENCES

The range rate residuals shown in Figure 17-3 give clear evidence of a
significant velocity change following the LOX Dump. This velocity
change was caused by an unplanned force due to the ambient helium
repressurization spheres dumping through the ambient helium engine
control sphere into the J-2 engine (Helium Dump). This force perturbed
the projected APS-1 lunar impact point east of the target. Figure 17-5
shows this impact point at 1.67 degrees south latitude and 4.44 degrees
east longitude, which is 309 kilometers (167 n mi) from a postflight
impact point of 4.33 degrees south latitude and 5.4C degrees west
Tongitude. This latter point is 69 kilometers (37 n mi) from the
target point, and was obtained by propagating the postflight recon-
structed CSM separation state vector through the various planned
maneuvers to the moon. The 309 kilometers (167 n mi) movement was
obtained by adding the Helium Dump v~locity change maneuver to the
analysis.

Figure 17-5 depicts the MCC-H lunar impact point at 9.3 degrees south
Tatitude and 11.0 degrees east longitude that was obtained by analyzing
tracking data in real time. The tracking data used was obtained after
the APS-1 burn was completed. This impact point was used to determine
the APS-2 burn for retargeting 589 kilometers (318 n mi) back to the
desired location at 3.65 degrees south latitude and 7.58 degrees west
longitude (see Figure 17-5). It is to be noted that the real time MCC-H
determined impact point is 305 kilometers (165 n mi) southeast of the
postflight reconstructed impact point which incorporated the Helium
Dump. The following discussion outlines additional trajectory pertur-
bations which may account for some of the 305 kilometers (165 n mi)
distance, with tracking uncertainties probably accounting for the
remainder.

Figure 17-6 shows line-of-sight range rate residuals for the Goldstone
tracking station with only the first 4300 seconds of the tracking data
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after the anomalous thrust used to reconstruct a trajectory between the
APS burns. The residuals from 25,200 seconds (7:00:00) to 36,001 seconds
(10:00:01) show velocity changes that indicate non-gravitational forces
were acting which slow the S/IVB/IU and perturb the lunar impact to the
east. These velocity changes correlate with the times of the IU/TCS
sublimator cycling and the subsequent APS reaction firings that maintain®
the vehicle attitude. A conservative line-of-sight residual difference
of 57 mm/s (0.19 ft/s) for one of the velocity change cycles is obtained
from Figure 17-6. This figure shows six similar velocity changes over
the period from 22,680 seconds (6:18:00) through 35,000 seconds (9:43:20).
The residual change for the first cycle is masked in Figure 17-6 because
data through the first cycle were used in the trajectory reconstruction.
Attributing the residual velocity changes to forces arising from the
TCS/APS operations and performing the appropriate geometrical analysis
leads to a force acting at 262 degrees pitch and 41 degrees yaw (relative
to local horizontal) which has a total velocity change of 0.08 m/s

(0.26 ft/s) per cycle. These maneuvers would be sufficient to move the
impact point 155 kilometers (84 n mi) east and 46 kilometers (25 n mi)
south of the projected APS-1 impact point. In addition, the perturbation
of the tracking data caused difficulty in obtaining an accurate state
vector on whick to base the APS- ' burn.

Following the APS-2 burn at 36,001 seconds (10:00:01), that retargeted
the S-IVB/IU to the desired impact point, a small unbalanced non-
gravitational force perturbed the early period of the post APS-2 tra-
jectory. This turce contributes to the final impact being perturbed to
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a point 154 kilomeéters (83 n mi) northwest of the target. Figure 17-7
shows selected range rate residuals arising from the best reconstructed
lunar impact trajectory to date. The analysis determined a state vector
at 10:00:00 using tracking data from 26:26:00 to lunar impact. The
residuals from the two Madrid tracking data sets (depicted in Figure 17-7)
show an excellent fit and consistent tracking data over the total time
period. The Goldstone tracking residuals, presented in Figure 17-7 and
obtained from the same trajectory which gives the Madrid residuals, show
a definite inconsistency in the early tracking data. An analysis of
these tracking residuals indicates that the vehicle is being acted upon
by a small unbalanced non-gravitational force which increases the
velocity of the S-IVB/IU and perturbs the lunar impact to the west. The
effect of this unbalanced force decreases gradually and after 5 hours

it cannot be detected in the tracking data residuals. A low frequency
oscillation (1.25 cycles per hour) modulating the higher frequency roll
oscillation (13.5 cycles per hour) s evident in the Goldstone residuals
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of Figure 17-7. The initial long period immediately following the
"barbecue” roll initiation is 2880 seconds and roughly correlates with
the 2000 to 2400 second TCS/APS periods prior to the APS-2 burn. The
continuation of the TCS operation following the shutdown of the flight
control computer may account for the small non-gravitational force
perturbing the early portion of the post APS-2 trajectory. Since the
APS system no longer maintains attitude control, the TCS forces would
also produce an unbalanced moment which would perturb and greatly
complicate the roll motion. After a period of time, the net force
perturbing the vehicle trajectory should reduce to zero since the
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complicated rotational motion would probably distribute the TCS forces

into many different directions. Additionally, the rotational frequencies §
should increase. These hypotheses are all supported by the evidence 1
contained in the tracking data range rate residuals.

17.4 Trajectory Evaluation i

Table 17-3 presents the actual and nominal geocentric orbit parameters
of the S-1VB/IU trajectory after the APS-2 burn. These parameters are
near nominal. As discussed in Paragraph 17.2, after the APS-2 burn was
complete the PTC maneuver was initiated by commanding a roll rate of

5 rotations per hour. MCC-H reported a roll rate of 0.659 degree per
second during the early post APS-2 tracking period. This is equivalent
to 6.5 rotations per hour. The Goldstone tracking residuals presented
in Figure 17-7 give a frequency of 13.5 cycles per hour for the early
tracking period. This frequency is modulated by a lower frequency of
1.25 cycles per hour at 11:00:00. Since there are two omni antennas
providing the tracking data, the observed frequency of 13.5 cycles per
hour is twice the rotational frequency c¢f the S-IVB/IU. A rotational
rate of 6.75 revolutions per hour compares well with the reported MCC-H
value of 6.59 revolutions per hour. The Madrid tracking residuals
presented in Figure 17-7 show that the PTC rotation became more
complex and faster at 28:00:00, 17.0 cycles per hour modulated by a
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Table 17-3. Geocentric Orbit Parameters Following APS-2 Burn

FARAMETER ACTUAL NOMINAL ACT-NOM
Apogee, km 503,764 504,991 -1,227
(n mi) (272,0M) (272,673) (-662)
Eccentricity 0.974504 0.974804 -0.000300
C,* kmz_lzz -1.5€21327 -1.558768 -0.003559
(n mid/s2) (-~0.455502) (-0.454464) (-0.001038)
Perigee Radius, km 6,505 6,443 62
(n mi) (3,512) (3,479) (33)

* €3 1s twice the specific energy of orbit

frequency of 2.57 cycles per hour, Again, Madrid residuals near lunar
impact show an even more complex and faster PTC rotation, 20.0 cycles
per hour modulated by a frequency of 4.5 cycles per hour. Considering
the doubiing effect mentioned above, the apparent tumble rate near
lunar impact is about 10 cycles per hour or equivalently 1.0 degree per
second. It is noted that the amplitude of the range rate residuals for
the AS-510 S-1IVB/1IU is significantly less than the modulation of the
AS-509 S-1VB/IU. This factor assists in more precisely determining the
lunar impact point.

17.5 Lunar Impact Condition

Figure 17-8 presents the lunar landmarks of scientific interest relative
to the S-1VB/IU impact. Analysis to date indicates the S-1VB/IU impacted
the moon at 0.99 degree south latitude and 11.89 degrees west longitude.
This impact point is accurate within about 10 kilometers (5 n mi) and

will require further analysis to meet the mission objective of 5 kilometers
(2.7 n mi). The high quality and large quantity of tracking data plus
previous lunar impact trajectory reconstruction experience indicate the

5 kilometers objective will be met. Impact parameters and miss distances
are presented in Table 17-4., The distance fron the impact point to the
target is 154 kilometers (83 n mi) which is within the 350 kilometers

(189 n mi) mission objective. The distance to the Apollo 12 seismometer
is 353 kilometers (191 n mi) and the distance to the Apollo 14 szismometer
is 188 kilometers (102 n mi). The impact tine presented in Table 17-4 is
determined from the loss of signal (LOS) as recorded in Table 17-5 and

is accurate within 0.1 second satisfying the mission objective. This
table presents recorded LOS times, the range to the impact point, the
transmission delay, and the corrected impact time.
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Table 17-4. Lunar Impact Conditions
PARAMETER AT IMPACT ACTUAL NOMINAL ACT-NOM
Stage Mass, kg 14,007 13,964 4)
{(1om) (30,880) (30,785} (95)
Moon Centered Space-Fixed 2,517 - 2,579 -2
Velocity, m/s (ft/s) (8,455) (8,461) (-6)
Impact Angle Measured from 27.83 3N.04 -3.2
Vertical, deg
Incoming Heading Angle 83.46 81.37 2.09
Measured From North to
Nest, deg
Apparent Primary Tumble ~1.0 0.5 0.5
Rate at Impact, deg/s
Selenographic South Latitude, 0.99 J.65 -2.66
deg
Selenographic West Longitude, 11.89 7.58 4N
deg
Impact Time, HR:MIN:SEC 79:24:41.55 79:14:35.37 00:10:06.18
Distance to Target, km 154 0 154
(n mt) (83) (0) (83)
Distance to Apollo 12
Setsmometer, km 353 478 -125
(n mt) (191) (258) (-67)
Distance to Apollo 14
Seismometer, km 188 3ot -113
{(n =) {102) {(16)) {-61)

Scientific influences defined desirable AS-510 lunar impact objectives
which are more stringent than the mission objective of hitting within

350 kilometers (189 n mi) of the target point.
regions of preferred and acceptable impact were defined.

For seismic purposes,

Figure 17-9 shows these regions and the Apollo 15 impact point. The
acceptable region lies greater than 250 kilometers (135 n mi) and less

than 575 kilometers (310 n mi) from a seismometer.

The preferred region

is additionally defined to lie within a wedge of 20 degrees extending
eastward from the Apollo 14 seismometer.
point is not in the preferred region, the distance of 353 kilometers

(181 n mi) from the Apollo 12 seismometer is acceptable.

17.6 Tracking Data

Although the Apollo 15 impact

Figure 17-10 shows the tracking data available to the Trajectory
Determination group. Both C-Band and S-Band data of good quality
were received. Table 17-6 shows the tracking site locations and

configurations.

17-13




Tabie 17-5. Lunar Impact Times

TRACKING STATION RECORDED TIME ON RANCE LIGHT TImE CORRECTED
JULY 29, s {x™m) DELAY (SEC) RANGE TIME
(GMT-HR:M;N:SEC; (MR:MIN:SEC)
Merritt [sland 20:58 .42.87 397,217 1.325 719:24:41 .55
Madrid 42.88 369,534 1.33) 41.55
Goldsione 42.35 399,878 1.334 41,52
Greenbelt 42.87 397,930 1.327 41.54
Ascension 42 .90 396,473 1.322 41 .58
AVERAG
NOTE: Range Zero at 13:34:00 GMT VERAGE
on July 26, 1971
79:24.41.55
285,881.55 SEC

SELENOGRAPHIC SOUTH LATITUDE, deg

0 v v
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Table 17-6.

S-IVB/IU Tracking Stations

STATION LOCATION

CONFIGURATION

ABBREVIATION

Madrid, Spain

Madrid, Spain

Ascension Island

Canary Island

Merritt Island, Florida
Gireenbelt, Maryland
Corpus Christi, Texas
Goidstone, California
Goldstcne, California
aual, Hawatd

Guam Island

Carnarvon, Australiz
Tidbinbilla, Australia
Canberra, Australia
Insertion Ship

Bermuda Island

Bermuda Island

Merritt i1stand, Florida

Carnarvon, ﬁhstralla

DSN 85' S-Band
MSFN 85' S-Band
MSFN 30' S-Band
MSFN 30' S-Band
MSFN 30' S-Band
MSFN 30' S-Band
MSFN 30' S-Band
DSN 85' S-Band
MSFN 85' S-Band
MSFN 30' S-Band
MSFN 30' S-Band
MSFN 30' S-Band
DSN 85' S-Band
MSFN 85' S<Band
FPS-16M C-Band
FPS-16 C-Band
FPQ-6 C-Band
TPQ-18 C-Bard
FPQ-6 C-Band

MADW
MADS
ACN3
cY13
MIL3
NTF3
TEX3
GDSW
60S8
HAW3
GWMA
CRO3
HSKN
HSK8
VANC
BDAC
80QC
WILC
CROC
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SECTION 18
SPACECRAFT SUMMARY

Tre Apollo 15 mission, the first of three flights in the J series of

Bpollo missions, was launched from Kennedy Space Center, Florida at

9:34:00 Eastern Daylight Time (13:34:00 Universal Time) on July 26, 1971.
The spacecraft was manned by Colcnel David R. Scott, Commander; Major
Alfred M. Worden, Jr., Command ¥odule Pilot; and Lt. Colonel James B. Irwin,
Lunar Module Pilot. The spacecraft/S-1VB combination was inserted into

a parking orbit of 91.5 by 92.5 miles for systems checkout and prepara-

tion for translunar injection, which was initiated about 2.75 hours

after liftofr.

Shortly arter the command and service module separated from the S-IVB,
the color television camera was activated to observe docking with the
Lunar Module (LM), and separation of the combined spacecraft from the
S-1VB. The crew observed the venting of the S-IVB tanks which was
followed by the auxiliary propulsion system firing which targeted the
S-IVB to a lunar impact. During the separation phase, a shorted condi-
tion in the control circuit to bank A of the service propulsion system
occurred, requiring bank A to be used in the manual mode for the lunar
orbit insertion and transearth injection firings. The first midcourse
correction was performed at about 28.75 hours with a velocity change of
5.3 ft/s,and the second midcourse correction of 5.4 ft/s was performed
at about 73.5 hours. The impact of the S-IVB stage at about 79.4 hours
was recorded by the Apollo 12 and 14 seismometers, and was about 83 miles
from the preselected point, and approximately 102 miles east/northeast
of the Apollo 14 landing site.

The service propulsion system was fired for 398.4 seconds during the

lunar orbit insertion maneuver at about 78.5 hours, inserting the space-
craft into a lunar orbit 170.1 by 57.7 miles. The descent orbit insertion
maneuver was performed at about 82.5 hours. Some 13 hours later, a

3.2 ft/s trim maneuver was required to raise the perilune altitude. The
spacecraft were separated at about 100.75 hours, after which a 68.3 ft/s
circularization maneuver was perfo-med using the service propulsion system.

The 741-second powered descent initiation maneuver was performed at
104:30:09 and the LM landed in the Hadley Rille region of the moon at
104:42:30. At lunar touchdown, the low-level propellant light illuminated,
indicating a total hover time of 111 seconds remaining. The best estimate
of the landing location is 26 degrees, 6 minutes, 10 seconds north latitude
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and 3 degrees, 38 minutes, 55 seconds east longitude on the Rima Hadley
Lunar Photomap, First Edition, April 1970.

About 2 hrurs after landing, the Commander performed a 33-minute standup
extravehicular activity by extending his upper body through the top hatch.
From this position, he described and photographed the surrounding lunar
surface.

The first lunar extravehicular activity began at 1192:39:10. The crew
egressed, activated the television camera, made relevant comments, and
quickly became acclimated to the lunar environment. The Lunar Roving
Vehicle (LRV), Apollo lunar surface experiments package, and related gear
were unstowed. Some difficulty was experienced in detaching the LRV from
the LM. Checkout of the LRV disclosed that front wheel steering was in-
operative. After verifying that all other LRV systems were operative and
that adequate vehicle control could be maintained with rear wheel steering,
the crew proceeded to explore the lunar surface. The first traverse

was made by passing close to Nameless, Quadrant, Pooh and Canyon Craters
on the way to the first stop at Elbow Crater. An enthusiastic crew pro-
vided a colorful commentary on the lunar features as they were observed,
and as samples were obtained and documented. Hadley Rille and St. George
Crater were covered in exacting detail. The return traverse was made
using the LRV navigation system, which provided accurate vectoring to the
LM landing site. After returning to partially unload and to retrieve
additional gear, the crew drove to the selected Apollo lunar surface
experiments package deployment site, approximately 360 feet west/northwest
of the LM. The Apollo lunar surface experiments package was deployed and
two drilling operations were partially performed. The lunar surface was
more difficult to drill than expected. Duration of the first lunar surface
extravehicular activity was 6 hours and 32 minutes.

The second traverse began at about 142.25 hours and after recycling LRV
switches and circuit breakers, the LRV front wheel steering was restored.
This traverse was east of the first, but also in a southerly direction.
After passing in sight of Index, Arbeit, Crescent, Dune, and Spur Craters,
the crew stopped in the sampling area. The return traverse closely
followed the outbound route. Drilling was completed, and the second of
two probes was emplaced while the nearby area was photographed. Returning
to the LM, the United States flag was erected, and sanples were stowed.
This traverse lasted approximately 7.25 hours and communications were
satisfactory despite the fact that the LM operated with a broken antenna
blade, which was repaired with tape prior to the extravehicular activity.

The third day of lunar expicration was cut short to allow the crew rest

and to meet the 1iftoff timeline. A curtailed traverse was made to pick

up the deep core samples, visit Scarp and Rim Craters, and investigate the
region named The Terrace. The traverse was roughly in a westerly direction
from the landing site. More samples were obtained and trouble was experi-
anced with the 16 and 70-mm cameras. On return, the LRV was parked at a
vantage point to allow television coverage of 1iftoff. Durirg the three

18-2



extravehicular periods totaling 19 hours 46 minutes and 12 seconds of
lunar exploration, approximately 171 pounds of lunar material were col-
lected for return to earth. Dust and high sun angles caused some heat
management problems with the communications equipment, and te evision
picture quality was degraded; however, the crew dusted the space radiators
and camera lens, and this restored near nominal operation.

After 66 hours 54 minutes and 53 seconds on the lunar surface, the ascent
stage lifted off the lunar surface at 171:37:23 and attained a 42.5 by
9.0 mile orbit. From this orbit, the crew performed a nominal LM-active
rendezvous, and docking was completed at about 173.5 hours.

During the lunar stay, the command and service module had orbited the
moon 34 times and functioned as a scientific satellite. The LM was
Jettisioned one revolution later than planned -ecause of difficulty
with the tunnel ventiny or sealing. Jettisoning occurred at about
179.5 hours, and the LM deorbit maneuver was initiated about 1.5 hours
later. The LM impact occurred at 181:29:36 at 26 degrees 21 minutes
north latitude and O degree 15 minutes east longitude, about 12 miles
from the planned impact point and about 50 miles west of the Apoilo 15
landing site. Impact was recorded by the Apollo 12, 14, and 15 seismic
stations.

The laser altimeter malfunctioned after 24 lunar revolutions and could
not be restored to an operative condition. The lunar sirface television
camera which had provided good coverage of liftoff, was <ycled on again
at about 211.25 hours and operated normally for about 13 minutes before
the downlink signal was abruptly lost. A1l efforts to restore video
transmission failed. The subsatellite was deployed at about 222.5 hours.
A11 systems were operating and the subsatellite orbit was approximately
76.3 by 55.1 miles. The lunar orbital phase of the Apollo 15 mission

was terminated by the transearth injection maneuver at 223:48:45.

The transearth coast extravehicular activity began at about 242 hours.
Television coverage was provided while the Command Module Pilot retrieved
film cassettes and examined the scientific instrumentation module for any
abnormalities. The extravehicular activities lasted approximately 38 min-
utes which was about 20 minutes shorter than planned.

The only midcourse correction of the transearth phase was performed at

the seventh midcourse correction opportunity. The maneuver was 24.2 sec-
onds in duration and provided a velocity of 5.6 ft/s. The entry flight
path angle, as a result, was reduced to a nominal minus 6.51 degrees.

The command module was separated from the service module 15 minutes prior
to entry interface. The entry was nominal and the spacecraft was observed
on the main parachutes. Later, one of the three main parachutes collapsed,
but a safe landing was made at 295:11:53. The landing coordinates, deter-
mined by the onboard computer, were 26 degrees, 7 minutes, 48 seconds
noith latitude, and 158 degrees, 7 minutes, 12 seconds west longitude,
about 1 mile from the planned landing point. The crew were brought aboard
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the recovery ship by helicopter about 39 minutes after landing. The
Apollo 15 mission was successfully concluded with the placing of the
command module aboard the recovery ship about 1.5 hours after landing.
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SECTION 19
APOLLO 15 INFLIGHT DEMONSTRATION

There were no MSFC inflight demonstrations for the Apollo 15 flight.
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SECTION 20
LUNAR ROVING VEHICLE

20.1 SUMMARY

A1l Lunar Roving Vehicle (LRV) systems performed satisfactorily with the
range capability being approximately twice the predicted value. The total
range traversed during the three traverses was 27.9 kilometers at an aver-
age velocity of 9.3 km/hr; the maximum velocity was 13 km/hr and the maxi-
mum slopes negotiated were up to 12 degrees. The stopping distance was
approximately 4.6 meters from 10 km/hr, and the braking and steering duty
cycles were much less than predicted, with estimates as low as 5 percent
of the time given by the crew. The LRV average energy consumed was 1.87
amp-hr/km with a total consumed energy of 52 amp-hr. The navigation system
attained a Lunar Module (LM) closure error of less than 0.2 kilometer on
each traverse while gyro drift was negligible.

The wander factor (LRV path deviation due to obstacles) plus wheel slip
was approximately equal to the predicted value of 10 percent.

The following concerns occurred during the lunar surface operation:
a. Battery No. 2 volt-ammeter was inoperative at first power up.

b. Forward steering was inoperative on Extravehicular Activity (EVA)-1
but was successfully activated on EVA-2 and 3.

c. Seat belt fastening was excessively time consuming.

d. Lunar Communication Relay Unit (LCRU) TV dropped out after LM 1iftoff.
e. The left front fender extension was missing after EVA-1.

A detailed description of the LRV may be seen in paragraph 20.14.

20.2 DEPLOYMENT

There were three occurrences during LRV deployment which were not nominal,
although their significance on the deployment operation was minimal. These
occurrences were:

a. Both support arm latch mechanisms unlatched (corrected by crew during
normal inspection procedures).

20-1



b. Saddle did not release although pin was out. (Crew accomplished release
with manual force. Could be avoided by using proper release procedure.)

c. Two chassis pins were not flush with hinge. (Crew used deployment tool
and normal procedures to push pins into latch.)

Details of nominal deployment are described in paragraph 20.14.
20.3 LRV TO STOWED PAYLOAD INTERFACES

The interfaces between the stowed payloads and LRV were adequate.
20.4 LUNAR TRAFFICABILITY ENVIRONMENT

Prior to the Apollo 15 mission a series of environmental constraints (oper-
ations envelope) were established for use as design criteria for the LRV
lunar surface operations. These design criteria outlined the expected range
of surface temperature, radiation levels, meteoroid flux rates, etc., as
well as a spectrum of surface roughness for use in mission plarring and
trafficability analyses. Because premission photography (2G-m:ter resolu-
tion) left much co be desired in providing answers to the basic questions
relative to the expected vehicle trafficability, it was necessary to make
certain conservative assumptions regarding these factors for the Apollo 15
landing site.

In general, the environment was more favorable than anticipated in the
normal case. Premission scientific traverse planning assumed that the
crew would require at least a 10 percent wander fz.tor to reach the various
scientific stations on the traverse. Based on preliminary data obtained
from the real-time operations, preliminary data from analysis of soil
samples, and cursory examination of available photography and discussions
with the Apollo 15 crew during their debriefings, these operational enve-
lopes were not exceeded. Based on real-time observations the premission
wander factor seems to have been a good value for this landing site. During
“he Standup EVA (SEVA), the crew described the surface as good from a
“rafficability standpoint, since only a small percentage of the surface
ppeared to be covered with fragmental debris. See Figure 20-1 for a map
howing the LRV traverses. The crew further remarked that the surface
looked very much like the Apollo 14 site ir terms of the amount of hummocky
surface; however, tie surface looked as if it would offer no problem to the
LRV. The mare surface at the site, as shown by TV and surface photography,
shows that the surface is indeed gently undulating (hummockh) in detail and
although abundantly cratered, there is a very smail percentage of the sur-
face littered with blocky debris. Craters near the LM, although 25 to 30
meters in diameter, had smooth interiors and very small amouits of blocky
ejecta indicating that the fragmental layer was relatively thick at this
site. In terms of surface roughness, the entire area traversed by the LRV
can now be classified a smooth mare surface; however, some photography
does show blocky craters and crew comments indicate other types of roughness
as indicated by the series of large depressions or swales (apparently very
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0ld subdued craters) which were traversed by the LRV during EVA-3. Further
discussion cf suii .ce roughness is contained in paragraph 20.6. The mean
regional slope dist:ibution of the surface traversed by the LRV was much
less than had been assumed prior to the Apollo 15 mission. A comparison
of the premission estimates and postmission assessments of the slope dis-
tribution for EVA's 1, 2, and 3 can be made on Figures 20-2 through 20-5.
The Tatter estimates were based on map distances corresponding tc lunar
surface profile segments ranging between 10C m and 500 m. The topographic
data used to obtain range of slopes was a 1:15,840-scale topographic map
compiled by NASA MSC from Orbiter V photographs with a photographic
resolution of 20 m. [n general, the fine-grained surface material cf the
Apennine-Hadley region is characterized by a slightly cohesive granular
soil with bulky grains in the silt-to-fine-sand size range which exhibits
adhesive characteristics when in contact with other surfaces. The soil
conditions encountered during EVA's 1, 2, and 3 were variable. As
expected, at locations of different geologic history, variations in the
consistency, packing characteristics, and gradation of the lunar soil
were cbserved to depths varying from a few centimeters to a few tens of
centimeters. The LRV mobility performmance could be matermally affected
by these soil ccnditions. The available information indicates that the
soil conditions at the Apollo 15 landing site do not appear to be sub-
stantially different .rom those encountered during previous Apollo
missions. In general, the material appears to be more cohesive than that
encountered at the Apollo 14 site and at least as cohesive as that
encountered at the Apoilo 11 and Apollo 12 sites.

Figure 20-6 shows gradation curves from grain-size analyses performed at
the Lunar Receiving Laboratory on several lunar soil sampies obtained
during the Apollo 15 mission. These curves are compared with the grain-
size distribution of the crushed basalt, designated as LSS (WES Mix), that
was used as a Tunar soil simulant for LRV wheel-soil interaction studies
performed at the U. S. Amy Engineer Waterways Experiment Station (USAE
WES), Vicksburg, Mississippi. The physical and mechanical properties of
the five consistencies at which this simulant was placed, designated
respectively as LSSy through LSS5, are listed in Table 20~1 and are
compared with ranges of corresponding lunar soil properties obtained
during missions prior to Apollo 15.

For. comparison purposes, listed below are a limited amount of preliminary
quantitative or semi-quantitative lunar soil mechanics data that have been
obtained from real-time observations and photographic coverage, and post-
mission analyses on lunar soil samples from the Apennine-Hadley region:

(1) The bulk density of the double-core tube soil sample (#U03/L04),
obtained at Station 2 of EVA 1 (near St. Geoqe Crater), 1is
estimated to range between 1.4 g/cm3, along tae upper 27 to 29 cm,
and 1.64 g/cm3 along the lower section of th: tube which is

34.9 cm long.
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(2) The bulk density of the three upper sections of the de;g core
vbtainec at the ALSEP site is estimated to be 1.62 g/cm”,
1.84 g/cm3, and 1.75 g/cm3 in order of jacreasing depth. Each
of these sections is 39.9 cm long.

The cohesion of the material in the vicinity of the soil
mechanics trench is estimated to be 0.1 MN/cm¢ (0.15 psi) and
the rate of its Sesistance to genetration with depth to range
between 4.1 N/cm? and 5.4 N/cmd (15 psi/in to 20 psi/in).

(3)

The average depth of crew bootprints was 1 cm (0.4 in).
However, bootprints as deep as 15 cm (6 in.) were also
developed especially on soft rims of fresh craters.

(4)

It is indicated that the physical and mechanical properties of the soils
traversed by the LRV were within the range of the properties of the lunar
soil simulants LSSy through LSS5 used in terrestrial LRV wheel-suil
interaction studies.

20.5 WHEEL-SOIL INTERACTION

Information relative to the inieraction of the vehicle with the iunar
surface was extracted from: (1) crew descriptions; (2) photographic
coverage of the EVA activities, including a short 16 mm movie taken
with the Data Acquisition Camera (DAC) while the vehicle was in
motion along segments of the EVA 2 traverse; and (3) LRV amp-hr
integrator, odometer and speedometer readouts. On the basis of

this information, the LRV interaction with the lunar surface can

be summarized as follows:
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Table 20-1.

L AR R 0 L e e et ST

I R

Physical Properties of Lunar Soil Simulant

b BULK DENSITY

EQUIVN.:N' ANGLE OF PENETRATION RESISTANCE
SOUnZE VOID RATIO DRY OF ! UNAR INTERNAL COHESION GRADIENT
LSS SOl FRICTION 2

(g/cm3) (g/cm3) (deg) (N/am®) (pst) (N/cm3) (psi/in)
Premission Estimates 0.55-1.1 1.50-2.00 e e 35-45 0.03-0.14 (0.05-0,20) 0.4-2.6 (1.5-9.6)
From Surveyor 1, III,
v, VI, & V1]
Orbiter 1-V
Apollo 11, 12, 14
Luna 9, 13, 16, 17
Lunokhod 1
LSSy (Loose - Air Dry) 0.90 1.52* 1.63 ** 38.5 0 0 0.2 (0.8)
LSSz (Intermediate 0.83 1.58 1.69 39.0 0.03 (0.05) 0.6 (2.2)

Density - Air Cry)

LSS3 (Densa - Air Dry) 0.74 1.66 1.78 40.0 0.06 (0.08) 1.8 (6.5)
LSSy iLoose - Moist) 0.90 1.52 1.63 38.5 0.08 (0.11) 1.0 (3.7)
LSSg (Dense - Moist) 0.69 1.n 1.83 0.0 0.29 (0.30) 6.4 (23.6)

* - Dry Bulk Density of LSS (Specific Gravity of Solids - 2.89)
*+ _ Equivalent Bulk Density of Lunar Sofl (Specific Gravity of Solids - 3.1), Based on the Same Void Ratio
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The general impression of the crew was that the LRV exerted a very

Tow ground prescure on the lunar surface. This observation is also
corroborated by numerous photographs obtained during the lunar surface
EVA's, With both crewmen onboard the vehicle and the weight of the
vehicle and its payload evenly distributed am.ng the wheels, the depth
of the wheel tracks was on the average of 1 1/4 c¢cm (1/2 in) and
varied between an imperceptible amount and 5 cm (2 in). High wheel
sinkage was usually developed when the vehicle was traversing small
fresh craters. Because of its light weight, on one occasion the LRY
had the tendency to slide down a rather steep slope sideways as soon
as the crew had stepped off the vehicle. To prevent sliding, the

crew took turns holding it.

The 50-percent chevron-covered wire-mesh wheels of the LRV developed
excellent t-action with the lunar surficial material. In most cases

a sharp imprint of the chevron tread was clearly discernible, indi-
cating that the surficial soil possessed a small amount of cohesion
and that the amount of wheel slip was minimal. The latter observation
is also corroborated by the small error of traverse closure in the
odometer and navigation systems, which were based on a constant wheel-
slip bias of 2.3 percent. Also, an average LRV wheel sinkage of

1-1/4 cm (1/2 in) at a wheel slip of 2.3 percent is in agreement

with data obtained from the USAE WES wheel-s2il interaction tests cn
lunar soil simulants.

The crew reported driving was quite easy when the vehicle was cperated
on level surface which was relatively free of obstacles. On this type
of surface tne indicated vehicle speed, which was not corrected for
wheel slip, ranged between 10 km/hr and 12 km/hr, with one maximum
spced readout of 13 km/hr. In these instances the throttle setting
was reported to be at or close to 100 percent. When the vehicle ran
across crater fields with a high density of small craters (1 m to

2 m diameter) with low rims, the maximum indicated vehicle speed fc;
confortable riding was 6 km/hr to 7 km/hr. At all of these speeds,

no wheel slip could be detected. From terrestrial experience, a

wheel slip of less than about 20 percent is not detectable by the
vehicle driver. In one instance at the ALSEP site, the wheels
attained a 100 percent siip when the vehicle was being started from

a stand-still position. While spinning, the wheels dug into the lunar
soil to a depth of ~pproximately 13 cm (5 in); i.e., down to the
lower part of the wheel rim. This contiigency did not delay the
mission and did not impose undue inconvenience to the crew who 1ifted
the vehicle out of the depression and placed it on undisturbed soil
and resumed their activities.

During hard-over turns executed at high speeds, the momentum of the

vehicle tended to maintain it along a straight line course until its
speed would be reduced by a sufficient amount to allow the wheels to
turn. In those instances, the vehicle would tend to slide sideways.

20-9



Driving on previously developed LRV tracks did not materially change
the performance of the vehicle, although the crew commented
that in some instances the vehicle speed tended to increase.

On the basis of crew debriefings and EVA photographic coverage, it
appears that the LRV was operated on slopes ranging in slope angle
between 0 degrees and 12 degrees. Because of its light weight and
the excellent traction obtained by the LRV wire-mesh wheel on the
lunar soil, the general performance of the vehicle on these slopes
was reported to be very satisfactory. On the basis of wheel-soil
interaction tests performed on lunar soil simulants prior tn the
mission, the maximum slope angle that could be negotiated by the
LRV had been estimated to be 20 degrees. It appears that the slopes
actually negotiated at the Apennine-Hadley region represented about
60 percent of the vehicle's maximum slope climbing capability.

Maneuvering the vehicle on slopes did not present any serious problems.
It was reported that the vehicle could be controlled more easily on
up-slope than down-slope. When the vehicle was traversing along
slope contours, the resulting ride was somewhat uncomfortable and the
wheels on the down-slope side tended to displace the soil laterally
and to sink by a greater amount than the wheels on the up-slope side.
It was also reported that the most preferable way to cross a crater
was not to drive cross-slope, but: (1) to drive the vehicle

down to the bottom of the crater along the gradient of the crater
slope; (2) to drive it across the bottom of the crater; and (3) to
drive it up-slope, again along the gradient of the slope.

Based on crew observations, it appears that no perceptible amount of
soil was ccllected inside the wheel when the vehicle was in motion.
This observation is in agreement with the behavior of the lunar soil
simulant used in the USAE WES wheel-soil interaction tests within the
range of wheel slip realized during the LRV operation on the lunar
surface.

During the performance of the wheel-soil interaction task ("Grand
Prix"? at high vehicle accelerations, a "rooster tail" was developed
by fine-graineu material ejected from the wheels. The maximum height
of the trajectory of the ejected material was 4.5 m (15 ft).

Because of the presence of the tenders the material was being ejected
forward fram the uncovered sides of the wheels. As reported by the
crew, ejected dust was below the level of vision.

During the "Grand Prix" exercise, the crew observed that some of the
vehicle wheels were airborn in some instances, although the crewman
driving the vehicle, had no sensation of this vehicle behavior.

The vehicle's response to braking was reported to be excellent. The

wheels tended to completely lock and the vehicle came to a complete
stop within one to three vehicle lengths.
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1. As a result of the vehicle interaction with the lunar surface a thin
layer of very fine-grained material tended to cover the surface of
the vehicle components over a long period of time. The accumulated
particles appeared to be evenly distrihuted over the vehicle surface.
However, the material could be easily brushed off.

In summary, it appears that the LRV wheel-soil interaction at the
Apennine-Hadley region is consistent with expectations based on premission
terrestrial wheel-soil interaction studies on lunar soil simulants.
Accordingly, the existing MSFC lunar soil medel appears to be adequate

for LRV performance evaluation purposes.

20.6 LOCOMOTION PERFORMANCE

The locomotion performance of the LRV was satisfactory and met all of the
demands required by the Apollo 15 mission. However, as the mission pro-
file was well within the expected capabilities of the LRV, the vehicle

was never operated under performance-limiting conditions or under degraded
operating modes. Consequently no direct quantitative information exists
regarding its limiting mobility performance capabilities at the Apennine-
Hadley region.

A postmission evaluation of the energy consumed by the LRV during EVA's
1, 2, and 3 was made using the MSFC power profile computer model. The
results of these calculations are shown and compared with real-time LRV
amp-hr integrator readouts in Figure 20-7.

On the basis of the information obtained relative to the roughness of the
lunar surface traversed by the LRV, this analysis has been based on two
surface roujhness models: One corresponding to a Smooth Mare Low-Range
PSD and the other to a perfectly smooth surface with the same regional
slope distribution. These two limiting conditions were used because, on
the basis of current information, the surface roughness coefficient K
along the LRV traverses at the Apennine-Hadley region is estimated to

be within the range of 0 to 17.5, corresponding to K values for "Perfectly
Smooth Surface" and "Smooth Mare, Low-Range PSD" surface models. The pre-
mission estimates and postmission assessments of this coefficient are used
as constants of proportionality to calculate power losses in the LRV
dampers as a function of the square of the vehicle speed. These data are
shown in Figure 20-8. By comparing the weighted average of the premission
estimates on K with the current assessments, it can be seen that the power
losses in the dampers may have been overestimated in premission power
profile analyses by a factor of 5.2.

The MSFC LRV power profile computer program was also used to obtain
estimates on the maximum steady state velocity attained by the LRV and
corresponding wheel slip at full throttle as a function of slope angle.
The results of these calculations are shown in Figures 20-*, 20-10 and
20-11. Inasmuch as the wheel slip calculations corresponding to a
"Perfectly Smooth Surface" are almost identical to the ones obtained for
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Figure 20-7. LRV Energy Consumed

the "Smooth Mare Low-Range PSD" surface, they are not shown on a separate
plot. The computer estimates of both the velocity and the wheel-slip
appear to be consistent with crew observations.

Finally, on the basis of the average values from the LRV amp-hr integrator
readouts at the beginning and the end of each EVA, the reconstructed
vehicle traverse routes and the reconstructed mission timeline estimates
on .the LKV range at the Apennine-Hadley region were made and are shown

in Table 20-2.

On the basis of this analysis, the following conclusions can be made:
(1) Assuming that the LRV amp-hr integrator readouts are correct,
the agreement between the estimated and "actual" performance

of the LRV is very satisfactory, even by terrestrial vehicle
mobility performance standards.
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MSFC Computer Program Estimates on LRV Wheel Slip
Versus Slope Angle Under Full Throttle (Maximum
Velocity) Conditions
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Table 20-2.

Reconstructed LRV Total Range

8712 WATT-HR BATTERY
=10 PERCENT DRAWDOWN

8712 WATT-HR BATTERY
=10 PERCENT DRAWDOWN

-1600 WATT-HR CONTINGENCY

MSFC LRV Recons tructed +7.7 +5.7
Power Profile, km 82.8 7' 65.9 974

LRV Amp-Hr Integrator 123.0 97.9

Readouts (Based on

Median Values at the

Beginning and End of
7. km

Each EVA

Percent Difference
Between Coiputer 32.7 +9.
Estimates and Amp-Hr '
Readouts

LRV Amnp-Hr Integrator
Readouts (Bas~d on
Median Values at the
Beginning and End of
EVA's 1, 2, and 3*
(See Figure 20-7), km
Percent Difference

Between Computer 29.4 +6.6
Estimates and Amp-Hr *7=10.1

| Readouts
*Reading at end of EVA-3 taken after meter tapped.

w o

3.

~J
=+
o
o WO

]
o0

117.3 93.4

+6.)
29.4 1004

(2) Appreciable deviation between premission LRV power consumption
estimates and actual LRV data on the Apennine-Hadley region
can be attributed mainly to conservative estimates of the slope
distribution and roughness characteristics of the lunar surface.

(3) The lunar soil model used in LRV performance evaluation is
adequate and consistent with lunar soil mechanics and wheel-soil
interaction data obtained from the Apollo 15 mission.

(4) Deviations between the current MSFC LRV power profile computer
estimates and "actual" LRY performance data can be attributed
mainly to the following sources:

(a) Inaccuracies in the LRV amp-hr integrator readouts.
(b) Errors in postmission estimates of the regional slope

distribution at the Apennine-Hadley region which were
made on the basis of a 20-m resolution topographic map.
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(c) Inaccuracies in estimating power losses due to navigation,
steering, etc., which according to the current estimates
were about 30 percent of the estimated traction-drive
losses.

(d) Errors in estimating actual distances traversed by the LRV.

(e) Variable soil conditions at the Apennine-Hadley region.
region.

20,7 MECHANICAL SYSTEMS
20.7.1 Harmonic Drive

The harmonic drive performed satisfactorily; no excessive power consump-
tion or temperatures were noted nor was any mechanical malfunction appar-
ent. All wheel drives were cperational tiuroughout the mission.

20.7.2 Wheels and Suspension

The wheels and suspension systems performed as expected, verifying
adequacy of the design.

20.7.3 Brakes

The crew commented that the brakes appeared to perform as they had
expected although they took longe~ to stop than they had experienced
with the 1 g trainer as anticipated. The crew also commented that they
learmed to brake down to 5 km/hr or less when avoiding craters or other
obstacles to prevent sliding. During the "Grand Prix" exercise the
vehicle was brought to a stop from 10 km/hr in about three vehicle
lengths or less according to the crew. Evidence indicates that or a
rolling surface of the type at Hadley base, the brake system performed
as expected.

20.7.4 Suspension and Stability

The crew reported that the suspension system performed well during lunar
traverse. The suspension system produced a low frequency "rocking" type
ride, which was predominantly a pitching motion. Very little roll was
noticed. The suspension reportedly did "bottom out" a few times. One
specific instance was when the LRV encountered a 30 centimeter high
obstacle at a velocity of 10 km/hr. This was expected for obstacle: of
this size.

The LRV was sensitive in the area of controllability. When steering with
the rear wneels only, as was the case throughout EVA-1, the front wheels
tended to dig in while the rear end drifted out when making a sharp turn
at high speeds. The LRV did a 180 degree spin-out once uuder this
steering mode, With the front wheel steering operable and the rear
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steering electrically disconnected, as was the case for a short time
during EVA-2, the rear wheels apparently drifted off center causing ar
undesirable crabbing motion. Subsequently, the crew chose to return to
the Double Ackermann steering mode and utilized it for the remainder of
EVA-2 and al} of EVA-3. Double Ackermann steering proved to be very
sensitive. After a little driving experience, however, the crewman
driving reported thut this steering mode was good although he had to pay
close attention to . “iving.

The sliding breakpoint was estimated as being between 5 km/hr (3.125 mph)
and 7 km/hr (4.375 mph). The LRV tended to slide straight ahead instead
of turning when giver a steering command at high speeds. With driving
experience, the crew decided that the best driving practice was toc brake
before entering a turn.

The LRV was exceedingly stable and had no tendency to roll even when in

a spin-out condition. The wheels did become airborne occasionally, but
did so independent of one another and did not cause a controllability
problem. The crew reported that during the "Grand Prix" all four

wheels were off the ground for a short period of time. The criver,
however, did not sense that the wheels were off at this time. The chassis
stayed relatively horizontal while driving. Driving cross slope, although
stahle, proved to be an uncomfortable driving condition.

20.7.5 Hand Controller

The hand controller performed satisfactorily with no apparent problems.
The manner of steering was a "bang-bang" action. The steering soft stops
were of no consequence. The usual mode for applying throtitle was to apply
full throttle and then back off to the desired speed. The reverse mode
performed satisfactorily.

20.7.6 Loads

Instrumentation was not available on the LRV t> ascertain lcads induced
on the vehicle. In addition, the 16 mm camera failure during the "Grand

Prix" nullifies the only other source of data. However, no apparent
load problems were encountered since the crew reported no problems in this

area.
20.8 ELECTRICAL SYSTEMS

The LRV electrical systems performed adequately with no major problems.
20.8.1 Batteries

The batteries proved to be more than adequate for this mission based on
amp-hr meter readings. Configuration via current and speed indications
was inconclusive due to lack of crew readouts. Amp-hour meters indicated

a total usage of 52 amp-hr out of a nominal capacity of 230 amp-hr for
the two batteries, leaving a residual of 178 amp-hr.
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20.8.2 Traction Drive System

The traction drive system appears to have worked nominally. There were
no indications of any off nominal conditions and all four units performed
as expected. The crew indicated that the temperature of the units all
remained below 200°F which is the lowest indication of the meter. During
sorties the current readings were approximately 10 amps/battery for speeds
ranging from 8 km/hr to 12 km/hr. The crew indicated at the debriefing
that the throttle position was about 90 percent of full throttle which was
consistent with the other data.

20.8.3 Distribution System

The electrical distribution system provided power to all functiors as
required with the exceptici of the battery No. 2 volt-ammeter which
failed to function during the mission.

20.8.4 Steering

After LRV deployment, the forward steering did not respond to crew
commands. Routine procedural checks were made with negative results

and EVA-1 was initicted and completed using only the rear steering.

The crew reported no difficulty in driving the LRV and experienced

good mobility rates. Prior to initiating the LRV traverse during EVA-2,
the crew performed recommended corrective action operations with the
forward steering and repcrted that the forward steering was functioning.
gSAfgrther Rrob]em was encountered with the forward steering throughout

-2 or EVA-3.

The following information was taken from the communication link during
LRV operation:

a. Steering circuit breaker depressed and power switch placed in Bus A.
No steering response was noted.

b. Traction drive units were found to be operating, indicating that the
+15 volt power supply was operational.

c. Steering switch was changed to Bus C position and there was still no
steering response.

d. The crew attempted to physically turn wheels and were unable to 4o so.
(Tnay assumed that they were to try to correct a binding condition and
so applied an impulse force rather than a more desirable steady force
to overcome the reverse 256:1 gear ratio.)

e. Steering drive was applied with all other power off and the ammeter
observed, but no movement was detected.
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f. The crew at this point turned steeriig power off for tne front wheels
and began EVA-1.

g. Wheels tracked well during entire EVA-1.

h. At the beginning of EVA-2, steering power was turned on and the front
steering began to work.

i. After EVA-2 had begun, the crew found steerinqg a little sensitive to
the Double Ackerman cenfiguration and turncd the rear steering power
of f.

j- The crew indicated that the rear whe~ls were wandering and so returned
to Double Ackerman. (The length of time that rear power was off was
very short; approximately 1 or 2 minutes.)

From the above data the following possibiliiies may explain the failure:
a. Mechanically frozen motor or gear.
b. Open motor circuit:

(1) Brush contact lost on either of the two brushes.

(2) Front steering circuit breaker open.

(3) Pole side of steering power switch open.

c. Wiper command potentiometer open due to lubricant or otner material
(something that might be removed either from exercise of the hand
controller, vibration or heat).

The first possibility seems to fit the information that the steering tended
to track well and that the crewmen were unabie to physically move the
wheels. However, tests on the quality test vehicle revealed that the meter
deflects slightly when the hand control is energized, so this should have
been detected by the crew. The movement is small enough, however, to be
missed if not observed carefully, and with the suit on could have been
missed rather readily.

The second possibility would satisfy the fact that current was not observed,
but fails to explain why the wheels did not wander. Other available data
give evidence that the wheels may or may not track reasonably well depending
upon the operating conditions.

The third possibility would explain the fact that the current deflection
was absent and would perhaps explain the inability of the crew to tum

the wheels. However, it fails to explain the lack of wander when power
was off. In conclusion, none of the possibilities are ruled out but at
the same time none explain the situation well enough to reach a definite

solution.

20-20



2U.8.5 Amp-Hour Integrator

Just after deployment, the values read from the amp-hour meters showed an
oftset from the expected full scale reset values. Later sufficient read-
ings were recorded that indicated proper operations, but it . expected
that a nunber of smail discrepancies in the read values were result of
the crew members reading the meters from different angles.

20.9 CONTROL AND DISPLAY CONSOLE

The Control and Display <onsole (C&DC) proved adequate in all areas with
the exception of some difficulty ir reading meters. Amp-hour and bat:-ery
current meters were especially difiicult to read due to the large scale
divisions. There was an offs:t from the expected full scale readings on
the amp-hour meters. The battery No. 2 volt-ammeter did not register
during the entire mission.

20.10 NAVIGATION SYSTEM

Performance of the navigation system was satisfactory. In addition to
supplying navigation support for the LRY, the system, by using range anc
bearing readings from known landmarks, determined the location of the LM
on the moon.

Table 20-3 sumnarizes the navigation performance.
20.11 CREW STATION

The seat belt design was the principal problam involving the crew station.
The velcro used to tie down the loose end of the seat belt prevented the
seat belt from being lengthened. The crew commented that the seat belt
woula have been usable had they been 2ble to lengthen it, but it would
still have required too much time and effort. A modified seat belt for
LRV No. 2 and No. 3 is considered necessary.

The velcro tans on the upright portion of the seat were not used. The
crew feels that had this velcro been used, their movement would have been
overly restrained and the driver would have had difficulty positioning
himself relative to the hand controller.

Ingress was accomplished by sitting on the edge of the seat with crewman's
back to the LRV, then swinging the legs around against the foot rest, then
pressing back on the foot rest to erect the body. In doing this the
Portable Life Support System (PL5S) would slightly hang on the PLSS support
on back of the seat. The crew stated that possibly a better ingress
procedure should be used.

The outboard toeholds were not used as they were a hindrance to ingress
and were removed and stowed. Egress was accomplished without difficulty.
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Table 20-3. LRV Navigation System Performance
TRAVERSE [ TRAVERSE I TRAVERSE 111
Odometer Distance 10.3 km 12.5 km 5.1 km
Map Distance 9.0 km 11.7 km 4.5 km

Ride Time
Park Time

Total Time of
Traverse

Averace velocity
Mobility Rate
Number of
Navigation
Checks

Number of
Navigation
Updates

Navigation
Closure Error

Maximum Position
Error

GYRO Drift Rate
GYRO Misalignment

Percent Wander

approx. 62 min
approx. 74 min

approx. 13 jin

10.0 km/hr
8.7 km/hr
1

less than 200 m

less than 300 m

little or inone
small

14

approx. 83 min
approx. 154 min

approx. 237 min

9.0 km/hr
8.46 km/hr
]

less than 200 m

less than 350 m

little or none
small

7

approx. 35 min
approx. 82 min

approx. 117 min

8.7 km/hr
7.54 km/hr
0

less than 200 m

less than 250 m

little or none
small

i6

Definitions

Map Distance - Map distance traveled, neglecting deviations arvund small
craters.

Ride Time - The tiwwe spent riding. including minor stops, from departuire
to arrival at the LM.

Average Velocity - The odometer reading at the end of the traverse divided

by the ride time.

Mobility Rate - The map distance divided by the ride time.
Navigatioun Closure Error - The position error in the navigation system at
the end of the traverse.

speed - mcbility rate

x 100 percent

Percent Wander -

mobility rate
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There were no apparent visibility problems caused by the LRV, aitiough
the crew commented that l-meter diameter subdued craters were not visible
more than 3 meters from the vehicle.

20.12 THERMAL
20.12.1 Summary

The LRV-1 thermal control system performed satisfactorily during the
Apclio 15 mission. Although some deviations from preflight predictions
occurred during the LRV-1 mission, all components were maintained within
design temperature limits during the transportation, extravehicular, and
cooldown periods.

Significant dust degradation of the space radiators resulted in a lack of
cooldown during the post EVA-2 cooldown period. However, no restriction
on LRV operation during EVA-3 resulted. Minimal design and/or crew pro-
cedure changes will be necessary to assure clean radiators for cooldown
periods on subsequent missions.

20.12.2 Transportation Phase

A11 components were maintained within storage temperature limits during
the transportation phase (translunar coast, lunar orbit, LM landed
attitude).

Prior to EVA-1, the temperature readings were 298°K (78°F) and 300°K
(80°F) for battery No. 1 and battery No. 2, respectively. These tempera-
ture deviations from the predicted value of 283°K (50°F) did not degrade
EVA-1 capabilities. Possible explanations being investigated include a
different attitude timeline and hijh temperature bias on meters.

20.12.3 Extravehicular Activity Periods

A11 components remained within operational temperature limits throughout
the three lunar surface EVA's. As predicted, motor temperatures were
off-scale low throughout the EVA's. Comparisons between predicted and
actual battery temperatures during the three EVA's are presented in
Figures 20-12 through 20-14. The temperatures were computed based on
preliminary EVA timelines.

Major rarameters affecting thermal performance of the LRV batteries are:

50i1 model, damping power, vehicle orientation, driving time, and distance
traversed. Correlation of analytical and actual battery temperatures will
be improved with more complete definition of these influencing parameters.

Predicted and measured temperatures for the batteries during cooldown 1

are presented in Figure 20-15. Zooldown 1 is defined as the period
between the end of EVA-1 and beginning of EVA-Z. The predicted
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temperatures were computed using a radiator solar absorptance (aog) of
0.07 (clean surface) and with the right side of the vehicle facing the
solar vector as specified in the ICD 13M07391. The LRV was parked headed
North, resulting in a slight increased radiator solar heat load and
decreased cooldown rate. Dust accumulation on the radiator was not
indicated during cooldown 1.

The battery dust covers should close automatically at 283°K (50°F).
Battery No. 1 cover closed during cooldown 1. However, the temperature
meter indicated 253°K (68°F). This indicates that either the bimetallic
actuator spring malvunctioned or the temperature gage was reading high
(see transportation phase).

Cooidown 2 - Predicted and measured battery temperatures during cooldown
2 are shown in Figure 20-16. The radiators' heat load was higher than
predicted due to dust coverage and the northerly parking position.

Radiator temperatures with dust coverages of 5 and 15 percent in combi-
nation with the northerly parking attitude were determined. The 15 per-
cent (as = 0.45) indicates temperatures slightly above the measured values.

Minor changes in the design, preflight checkout, and operational procedures
are being considered to preclude dust accumulation on future missions.
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20.13 STRUCTURES

No structural damage to the LRV was noticed by the crew, although a close
inspection was not performed. A preliminary review of LRV photos reveals
no wheel wire mesh breakage. Tiaese photos, however, do show that the
forward portion of the left front fender was missing after EVA-1., Cause
of this is unknown.

20.14 LUNAR ROVING VEHICLE DESCRIPTION

The LRV was the first manned vehicle to traverse the lunar surface. The
LRV was stowed in the LM stowage bay and deployed on the lunar surface
after landing. This section contains general information pertaining to
the LRV operational capabilities and subsystem descriptions.

20.14.17 LRV Qverall Description

The LRV system on the lunar surface consists of the LRV, the structure
for securing the LRV to the LM stowage bay and the mechanism for deploying
the LRV from the LM onto the lunar surface.

The LRV (Figure 20-17) is a four-wheeled, self-prcielled, manually con-
trolled vehicle to be used for transporting crewmen and equipment on the
lunar surface. The vehicle has accommodations for two crewmen and the
stowed auxiliary equipment designed for the particular mission.

The LRV system is comprised of the Mobility Subsystem, Electrical Power
Subsystem, Control and Display Console (C&DC), Navigation Subsystem, Crew
Station, Thermal Control Subsystem and Space Support Equipment. Each sub-
system is described in subsequent paragraphs.

20.14.2 Subsystem Description
20.14.2.1 Mobi)ity Subsystem

The mobility subsystem consists of the chassis and equipment and controls
necessary to propel, suspend, brake and steer the LRV. Each wheel includes
an open wire mesh tire with chevron tread covering 50 percent of the sur-
face contact area. The tire inner frame provides a stiff load path to
accommodate high impact lcads. Each wheel has a decoupling mechanism and
can be decoupled from the traction drive by operating the two decoupling
mechanisms which allow the wheel to “"free-wheel" about a bearing indepen-
dent of the drive train. This decoupling mechanism can also be used to
re-engag2 the wheel with the traction drive. Decoupling disables the
brake on the affected wheel. When the LRV is folded for stowage in the LM
the front and rear wheels are compressed together. Upon deployment of the
vehicle and unfolding of the wheels the wheel bulge retention wire is
reieased and the wheel assumes its nommal contiguration.
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Figure 20-17. Deployed LRV Without Stowed Payload

Each LRY wheel is provided with a separate traction drive, consisting of

a harmonic drive gear reduction unit, drive motor and brake assembly. Each
traction drive also contains an odoneter pickup which transmits a pulse to
the navigation subsystem at the rate of nine pulses per wheel revolution.
The four hamonic drive gear reduction units transmit torque to each wheel,
Input torque to the four harmonic drives is supplied by the four electric
ggn{e motors. The hammoiic drive reduces the motor speed by a ratio of

The drive motors are direct current series, brush-type motors which operate
from a nominai ingut voltage of 36 vdc. Speed control for the motors is
furnished by pulse width modulation from the drive controller ~lectronic
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package. Each motor is instrumented for thermal monitoring. An analog
temperatuire measurement from a thermistor at the stator field is displayed
on the C&DC. In addition, each motor contains a thermal switch which
closes on increasing temperature at 400°F and provides an input signal to
the caution and warning system to actuate the warning flag.

Each traction drive is equipped with a mechanical brake actuated by a

cable connected to a linkage in the hand controller. Braking is accom-
plished by moving the hand controller rearward. This operation de-energizes
the drive motor and forces brake shoes against a brake drum which stops the
rotation of the wheel hub. Equal braking force for the left and right
wheels is accomplished by rcuting the cables through an equalizer device.
The forward and rear brakes are actuated by separate cables.

The chassis is suspended from each wheel by two pairs of suspension arms
connected between the LRV chassis and each traction drive. Loads are
transmitted from the suspension amms to the chassis through torsion bars.
Wheel vertical travel and rate of travel is limited by a linear damper
conrected between the chassis and each traction drive. The deflection of
the suspension system and wheels combine to allow 14 inches of chassis
ground clearance when the LRV is fully loaded and 17 inches when unloaded.

Forward movement of the hand controller about the T-handle throttle pivot
axis proportionately increases forward speed. A constant torgue of about
6 in.-1b is required to move the hand controller beyond tne limit of the
dead band. The 9-degree posit.o. corresponds to a pulse duty cycle of
approximately 50 percent, at each drive motor. The maximun power setting
is achieved by pivoting the hand controller to the hard stop {maximum)
position at approximately 14 degrees. To decelerate, the hand controller
is pivoted toward neutral. To plar< the vehicle in neutral, the hand
controlier is pivoted to the zero +1/2 degree position. To operate the
vehicle in reverse, the reverse inhibit switch is placed in the up position
and the hand controller pivoted rearward about the throttle pivot point.
The vehicle must be brought to a full stop before a direction change is
commanded. This is required to prevent the possibility of some wheels
being in forward and some in reverse upon reapplication of power. The
hand controller will remain in the existing forward or reverse speed
position in the crewmen "hands off" condition. Pivoting the hand controller
left or right about the roll pivot point proportionally changes the wheel
steering angle. The steering control, like the throttle control, has a
1/2 degree neutral dead band on either side of zero. A torque of 7 in.-1b
is required to roll the hand controller beyond the neutral position to
begin steering angle change. The hard controller is spring loaded to
return to the neutral steering position when released. If the wheels are
iiot aligned with the LRV centerline, they will autoinatically return to thc
aligned position when the steering system is turmed on.

Braking is initiated with the LRV in either forward or reverse by pivoting

the hand controller reanard about the brake pivot point. Forward and
reverse power is disabled when the brake is displaced 15 degrees. A 3-inch
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rearward displacement of the hand controller 2ngages and locks the parking
brake. To disengage the parking brake, the hand controller is placed in
the steer left position. The Drive Control Electronics (DCE) accepts
forward and reverse speead control signals from the hand controller and
transmits them to the drive motors in a format which allows drive motor
speed control. In addition, the DCE accepts odometer signals from the
traction drives and processes the signals for speedometer readout and
navigation system usage.

20.14.2.2 Electrical Power Subsystem

The electrical power subsystem consists of two batteries, distribution
wiring, connectors, switches, circuit breakers and meters for controlling
and monitoring electrical power.

The two batteries are of silver zinc construction and have a nominal
voltage of 36 +5/-3 vdc and each has a capacity of 121 ampere hours.
Both batteries are normally used simultaneously on an approximate equal
load basis during LRV operation by selection of various load-to-bus
combinations through circuit breakers and switch settings on the control

and display console.

The batteries are located on the forward chassis enclosed by the therma!
blanket and dust covers. Battery Nec. 1 (on the left side) is connected
thermally to the navigation Signal Processing Unit (SPU), and serves as
a partial heat sink for the SPU. Battery No. 2 (on the right side) is
trermally tied to the navigation Directional Gyro Unit (DGU) and serves
as a heat sink for the DGU.

Each battery is protected from excessive internal pressure by a pressure
relief valve that is set to open at 3.1 to 7 psi differential pressure.
The relief valve closes when the differential pressure is below the
vaive's relief pressure. Each battery is capable of carrying the entire
LRV electrical load, and the circuitry is designed such that in the event
one battery fails, the entire electrical load can be switched to the
remaining battery.

During normal LRV operation, the navigation system power remains on during

the entire sortie. To conserve power for increased range, all mobility

elements (i.e., traction drives, steering motors, electronic controller,

gnd power supplies) are turned off if a stop is to exceed 5 minutes
uration.

The normally open temperature switches in the batteries and drive motors
close on increasing temperatures. When either battery reaches 125°F or
any drive motor reaches 400°F, the temperature switch closes, energizing
the "OR" logic element and the driver. The driver then sends a 10-milli-
second 26 volt pulse to the coil of the electromagnet which relvases the
magnetic hold on the indicator at the top of the console and a spring
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loaded flag flips up. The crewman can reset the flag by pushing it down
even though the cause has not been eliminated. The flag will not flip

up again unless an overtemperature occurs on another battery or traction
drive or the initial overtemperature subsides and then recurs. The par-
ticular hign temperature item can be selected for continuoLs monitoring

on the control and display console analog meters.

20.14.2.3 Control and Display Console

The C&DC (Figure 20-18) is se arated into two main functicnal areas:
Navigation on the upper area :* the panel and monitoring and co...rols on

CAUTION/WARNING LATCH
(DISCARDED AFTER LRV

DEPLOYMENT)
ALARM
INDICATOR
(ALARM
POSITION)
ATTITUDE
INDICATOR
INDICATOR
DAMPER

SUN SHADOM DEVICE

) SWITCH
GUARD

SWITCH
GUARD

rigure 20-18. Control and Display Console
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the lower area of the panel. The C&DC legends are activated with radio-
active Promethium which provides visibility of displays under lunar shadow
conditions.

The attitude indicator provides indications of LRV pitch and roll. It
indicates PITC upslope (U) or downslope (D) within a range of +25 to

-25 degrees in 5-degree incremer ; and indicates ROLL within a range of
25 degrees left to 25 degrees right in l-degree increments. The pitch
and roll readings are transmitted to Mission Control Center (MCC) for
navigation update computation. The heading indicator displays the LRV
heading with respect to lunar north. The initial setting and updating
of this instrument is accompliched by operating the GYRO TORQUING switch
LEFT or RIGHT. The HEADING indicator was set to read 270 degrees at KSC
prior to launch. This setting will allow minimum gyro torquing time on
the lunar surface to adjust to the required heading.

The bearing indicator displays bearing to the LM in 1-degree digits. In
the event of power loss to the navigation system, the bearing indication
will remain displayed.

Distance indicator displays distance traveled by the LRV in increments of
0.1 kilometer. This display is driven from the navigation signal proce:sing
unit which receives its inputs from the third fastest traction drive odom-
eter. Total digital scale capacity is 99.9 kilometers. Range indicator
displays the distance to the LM, and is graduated in 0.1 kilometer incre-
ments with a total digital scale capacity of 99.9 kilometers. Speed
indicator shows LRV velocity from 0 to 20 km/hr. This display is driven

by the odometer pulses from the right rear wheel, through the SPU.

The sun shadow device is used to determine the LRV heading with respect to
the sun azimuth. When deployed, the device casts a shadow on a graduated
scale when the vehicle is facing away from the sun. The point at which
the shadow intersects the scale is transmitted by the crew to MCC for
navigation update. The scale length is 15 degrees either side of zero
with 1-degree divisions. The sun shadow device can be utilized at sun
elevation angles up to 75 degrees.

20.14.2.4 Navigation Subsystem

The navigation subsystem provides heading, bearing, range and distance
information for the astronauts. The system consists of a directional
gyro unit, a signal processing unit, an integrated position indicator,
a sun shadow device and an attitude indicator. Vehicle input signals
are processed in the signal processing unit and displayed as follows:
heading with respect to lunar north, bearing back to the LM, range back
to the LM, total distance traveled and vehicle velocity.

The navigation subsystem is initialized by momentarily transferring the
system reset switch to SYSTEM RESET position and back to OFF which
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initializes reset of all digital displays and internal registers to zero.
Initialization is performed at the start of each EVA only. Alignment of
the directional gyro is accomplished by measuring the pitch and roll of
the LRV using the attitude indicator ard measuring the LRV orientation
with respect to the sun using the sun shadow device. This infcrmation is
relayed to MCC where a heacing angle is calculated. The gyro is then
adjusted by slewing with the torquing switch until the heading indicator
reads the same as the calculated value. The heading angle of the LRV is
implicit in the output from the gyro, which is generated by a three wire
sync.ro transmitter. The heading indicator in the Integrated Position
Indicator contains a synchro control transformer and an electromechanical
servo system which drives the control transformer until a null is achieved
with the inputs from the gyro. There are four odometers in the system,
one for each traction drive unit. Nine odometer pulses are generated for
each revolution of each wheel. These signals are amplified and shaped in
the motor controller circuitry and enter the line receiver in the SPU.

The odometer pulses from the right rear wheel enter the velocity processor
for display on the LRV SPEED indicator.

Odometer pulses from all four wheels enter the odometer logic via the SPU
line receivers. This logic selects the third fastest wheel for use in the
distance computation. This insures that the odometer output pulses will
not be based on a wheel which is locked, nor will they be based un a wheel
that has excessive slip.

20.14.2.5 Crew Station

The crew station consists of seats, footrests, inboard handholds, outboard
handholds, armm rest, floor panels, seat belts, fenders, and toeholds.

LRV seats are tubular aluminum frames spanned by nylon. The seats are i
folded flat onto the center chassis for launch and held in place by Velcro
tiedown straps. After LRV deployment on the lunar surface the tiedown
straps are removed and the seats are erected to the operatioral position
by the crew. The seat back is used to support and restrain the PLSS from
lateral motion when the crew is positioned for LRV operation. Velcro pads
on the seat backs mate with Velcro on the crewman's PLSS to aid in latera!
restraint. These pads, at crew option, can be ccvered to prevent seat
back/PLSS attachment. Covers for tnese pads are provided as part of the
LRV and can be installed or removed at KSC before LRV installation in the
LM. For launch, each footrest is stowed against the center chassis floor
and secured by two Velcro straps. The footrests are deployed by the crew
on the lunar surfaze. Inboard handholds are constructed of 1 inch 0.D.
aluminum tubing and are used to aid the crew during ingress and egress.
The handholds also contain payload attach receptacles for the 16 mm data
acquisition camera and the LCRU low gain antenna. Outboard handholds are
integral parts of the chassis and are used to provide crew comfort and
stability when seated on the LRV and for attachment of tne seat belt. The
arm rest is used to support the arm of crewmen during hand controller

manipulation.
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A seat belt is provided at each seat. The seat belts are constructed of
nylon webbing. The belt end terminates in a hook which is secured to the
cutboard handhold. Belt length adjustment is provided by an adjustment
buckle. A stretch section of the belt permits nommal fastening and
release.

Each wheel is covered by a fiberglass fender. To pemit LRY .olding for
LM installation, the fenders were required to be compressed into a smaller
envelope “han their operational configuration, resulting in each fender
having a depioyable extension. The deployable portion of each fender is
positioned by the crewman during LRV deployment on the lunar surface.

The front fenders also have a flap at the rear end to provide increased
dust protection.

There are two toeholds, one on either side of the vehicle. The toehold
is used to aid the crew in ingressing and egressing the LRV. The toehold
is formed by dismantling the LRV/LM interface iripods, and using the leg
previous ly used as the tripod center member as the toehold. The tripod
member is inserted into the chassis receptacle to form the operational
position of the toehold. The floor panels in the crew station area are
beaded aluminum panels. The floor is structurally capable of supporting
the full weight of standing crewmen in lunar gravity.

A1l instruments on the C3DC are mounted to an aluminum plate. The extemal
surfaces of the C&DC are coated with thermal contro! paint and the face
plate is black anodized and isolated from the instrument mounting plate by
radiation shields and fiberglass mounts. Themal control of tne C&DC is
totally passive. Handholds, footrests, tubular sections of seats and
center and aft floor panels are anodized. The underside of the center
chassis floor panels are covered with aluminum foil iusulation to prevent
LRV components fram becoming too cold during translunar flight. The
traction drive assemblies are coated with thermal control paint to minimize
solar energy absorbed and utilizes its own mass in conjunction with the
suspension assembly to store heat energy released by the traction drive
motor and harmonic drive. The steering motor utilizes the camplete
steering motor and transmission assembly and chassis to store heat energy
released by the steering motor. The hand controller primary source of
heating is from solar energy. The surface finish is such that a minimum
of solar energy is absorbed. Each of the above units utilizes energy
transfer to deep space while vehicle is parked botween sorties to lower
the starting temperature of each sortie.

20.14.2.6 Thermal Control

Thermal control systems are incorporated into the LRV to maintain tempera-
ture sensitive components within the appropriate temperature limits during
the translunar phase of a mission and during its operational iife on tke
lunar surface. Thermal control systems consist of special surface finishes,
multilayer insulation, space radiators, thermal straps, and fusible mass
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heat sinks. In addition, the LM thermal blanket encloses the lower portion
of the stowed LRV to prevent heat damage to the LRV from the LM descent
engine during the Fire-Until-Touchdown phase of lunar landing.

The basic concept of thermal control for forward chassis components is
energy <torage during operation with subsequent energy transfer to deep
space while the vehicle is parked between sorties. During operation heat
energy released in the DCE is stored in the DCE and the DCE thermal control
unit (a fusible mass device). Heat energy released in the SPU is stored in
the SPU, the SPU thermal cortrol unit (a fusible mass device) and battery
No. 1. The SPU is thermally connected to battery No. 1 by means of the
SPU thermal strap. Heat energy released in the Directional Gyrc Unit (DGU)
is stored in the DGU, and by means of the DGU themal strap in battery

No. 2. Space radiators are mounted on the top of the SPU, DCE, battery
No. 1 and Battery No. 2. Fused silica second surface mirrors are bonded
to the radiators to minimize the solar energy absorbed by an exposed
radiator, and to minimize the dz=gradation of the radiating surface by the
space and lunar environment. Tre space radiators are exposed only during
the parking period between sorties. During sortie operation the space
radiators are protected from 1unar dust by covers on battery No. 1 and the
GCE; the SPU radiator and the radiator on battery No. 2. These dust covers
are opened manually at the end of a sortie. An overcenter laich holds the
dust covers open until battery temperatures reach 45 t5°F, at which time a
bimetallic spring disengages the overcent latch allowing the dust covers
to close. The SPU dust cover is slaved to the battery No. 1 dust cover.

In addition to the dust covers, a multi-layer insulation blanket is pro-
vided to protect the forward chassis components from the space and luna=
surface environments. The exterior, and certain portions of the interior,
of the mu:ti-layer insulation blanket are covered with a layer of Beta
Cloth to protect against wear and direct solar or hot gas heat loads.

In addition to protective cooling, thermal instrumentation display at the
C&DC is provided,for the traction drives and batteries. The display takes
the form either of a discrete warmning by a waming flag activated by a
thermostat or an analog temperature display, (as sensed by a themmistor).
Analog temperaiure thermistors are located on the external case of each
drive motor and on the main battery bus within each battery. Thermistors
located in each assembly are monitored by a bridge circuit in the C&DT
and the output of the bridge drives the display meters, which are cali-
brated in degrees Fahrenheit. By interrogating the temperature display
meters, an overtemperature condition can be isolated to the specific sub-
assembly and corrective action initiated.

20.14.2.7 Space Support Equipment

The Space Support Equipment (SSE) consists of two hasic subsystems of
hardware, the structural support subsystein and the d:ployment hardware
subsystem. The function of the structural support subsystem is to .
structurally support the LRV in the LM during launch boost, earth-lunar



transit and landing. The function of the deployment hardware subsystem
is to deploy the LRV from the LM to the lunar surface after landing.

The deployment hardware system consists of bellcranks, linkages and pins
to releas~ the LRV from the structural support subsystem, thus allowing
the LRV to deploy from the LM. It also consists of braked reels, braked
reel operating tapes, braked reel cables, LRV rotation initiating push-
of f spring, deployment cable, telescopic tubes, chassis latches, release
pin mechanisms, and LRV rotation support points. See Figure 20-19. A
deployment manipulation tool is also provided. The tool provides a
contingency method for pulling deployment quick release pins and cables.

: LRV STONED IN QUADRANT
ASTRONAUT REMOVES INSULATION © ASTRONAT BEPLOY
BUANKET, DEPLOYMENT RANIPULATION  © Favst STORAGE Bat Wi
TOOL, AND DEPLOYS OPERATING TAPES RIGHT HAND DEPLOYMENT
© ASTRONAUT (PERATES DEPLOTMENT TAE
RELEASE MECHANISM

CENTER STEEL

@ AFT CHASSIS UNFOLDS
© REAR WHEELS UNFOLD

@ AFT CHASSIS LOCKS IN © FORMARD CHASSIS UNFOLDS
POSITION @ FRONT WHEELS UNFOLD
CENTER STEEL
LEFT HAND N OEPLOYMENT
DEPLOYMENT

TAPE

®

© FORWARD CHASSIS LOCKS © ASTRONAUT DISCOMNECTS LRY

IN POSITIpN. ASTRONAUY FROM SSE
LOWERS LRV TO SURFACE © ASTRONAUT UNFOLDS SEATS,
#P“[' LEFT HAND DEPLOYMENT FOOTRESTS, (FINAL STEP)

Figure 20-19. Deployment Sequence
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APPENDIX A
ATMOSPHERE

A.1 SUMMARY

This appendix presents a summary of the atmospheric environment at
launch time of the AS-510. The format of these data is similar to
that presented on previous launches of Saturn vehicles to permit
comparisons. Surface and upper levels winds, and thermodynamic
data near launch time are given.

A.2 GENERAL ATMOSPHERIC CONDITIONS AT LAUNCH TIME

At launch time, the Cape Kennedy launch area was experiencing fair
weather resulting from a ridge of high pressure extending westward,
from the Bermuda High, through central Florida. See Figure A-1.

Surface winds in the Cape Kennedy area were light and southerly as
shown in Table A-1. Wind flow aloft is shown in Figure A-2

(500 millibar level). The maximum wind belt was located north of
Florida, giving less intense wind flow over the Cape Kennedy area.
Winds were light and variable from the surface to 10.5 kilometer
(34,450 ft) altitude.

A.3 SURFACE OBSERVATIONS AT LAUNCH TIME

At launch time, total sky cover was 7/10, consisting of high thin
cirrus at 7.6 kilometers (25,000 ft). Temperature was 303°K (85.7°F).
A1l surface observations at launch time are summarized in Table A-1.
Solar radiation data are given in Table A-2.

A.4 UPPER AIR MEASUREMENTS

Data were used from three of the upper air wind systems to compile
the final meteorological tape. Table A-3 summarizes the wind data
systems used. 0Only the Rawinsonde and the Loki Dart meteorological
rocket data were used in the upper level atmospheric thermodynamic
analyses.
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Figure A-1. Surface Weather Map Approximately 1 1/2 Hours
Before Launch of AS-510

A.%.1 Wind Speed

Wind speeds were light, being 3.6 m/s (7.0 knots) at the surface,
increasing to a peak of 18.59 m/s (36.2 knots) at 13.75 kilometers
(45,110 ft). The winds began decreasing above this altitude, reaching
a minimum of 7.0 m/s (13.6 knots) at 16.35 kilometers (53,640 ft)
altitude. Above this altitude, the wind speed continued to increase,
as shown in Figure A-3; a maximum speed of 76.0 m/s (147.7 knots) was
measurad at 55.75 kilometers (182,900 ft) altitude.

A.4.2 Wind Direction

At launch time, the surface wind direction was 160 degrees. The wind
direction was quite variable with increasing altitude to 8.0 kilometers
(26,000 ft). Above this level, wind direction was easterly to

58.0 kilometers (190,290 ft) altitude. Figure A-4 shows a complete
wind direction versus altitude profile.
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500 MILLIBAR HEIGHT
CONTOURS AT 1200 z
JuLY 26, 1971

CONTINUOUS LINES INDICATE HEIGHT CONTOURS IN
FEET ABOVE SEA LEVEL. DASHED LINES ARE 1SO-
THERMS IN DEGREES CENTIGRADE. ARROWS SHOW
WIND DIRECTION AND SPEED AT THE 500 MB LEVEL.
(ARROWS SAME AS ON SURFACE MAP).

Figure A-2. 500 Millibar Map Approximately 1 1/2 Hours
Before Launch of AS-510

A.4.3 Pitch Wind Component

The pitch wind velocity component (compcnent parallel to the horizontal
projection o€ the flight path) at the surface was a headwind of 0.6 m/s
(1.2 knots). A maximum headwind of 17.82 m/s (34.6 knots) was observed
at 13.73 kilometers (45,030 ft) altitude. See Figure A-5.

A.4.4 Yaw Wind Component
The yaw wind velocity component (component normal to the horizontal

projection of the flight path) at the surface was a wind from the right
of 3.54 w/s (6.9 knots). The peak yaw wind velocity in the high dynamic
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Table A-1. Surface Observations at AS-510 Launch Time

:}{T!En ls’g:- TEM- DEW visl- HEIGHT bdind
PERATURE [POINT| BILITY AMOUNT | SKY COVER | OF BASE | SPEED
AT
LOCAT IO 0 | mOR o ek | e Lorewmwsy | Trvee | werems | wgy | 0IR
{mn) | (PSIAY [ (°F)  [(*F) | (STAT mI) (FEET) | (umoTs) | (0E8)
NASA 150 m (495 ft) ol 10.196) 303.0 [296.5] 16 ? Cirrus 7,620 3.6 |60
Tower ** (18.79){ (85.7; [74.G)| (10) 25.000) | (7.0}
Cape Kennedy W | 10.183] 301.4 [295.3{ ~-- -- -- -- 4.0 |70
Raw insonde (14.77)| (82.2) {n.s) (7.8)
Measurzaents
Pad 39A Lightpole 0 -- .- -- -- .- - 5, ) oeq 1560
w183 m (10.0)
(60.0 ft)*
LUT Pad 39A 0 -- -- .- e - .- . S.4e4% 158mee
161.5 m (530 ft)* (10.5)
i
* Above natural grade.
** NASA 150 meter ground wind tower facility located at Cape Kennedy.
«** | ainute average about T-0.

Table A-2. Solar Radiation at AS-510 Launch Time, Launch Pad 39A

DATE HOUR ENDING | TOTAL HORIZONTAL | NORMAL DIFFUSE

£ST SURFACE INCIDENT (SKY)

July 26, 1971]  05.00 0.00 0.00 0.00
06.00 0.0} 1.01 0.01

07.00 0.09 0.30 0.04

08.00 0.31 0.80 0.01

09.00 0.60 1.07 0.00

10.00 0.8 1.15 0.00

11.00 0.97 1.06 0.04

pressure region was from the left of 7.34 m/s (14.2 knots) at 13.43 kilo-
meters (44,040 ft). See Figure A-6.

A.4.5 Component Wind Shears

The largest component wind shear (ah = 1000 m) in the altitude range of

8 to 16 kilometers (26,247 to 52,493 ft) was a pitch shear of 0.0110 sec-!
at 11.23 kilometers (36,830 ft). The largest yaw wind shear, at these
lower levels, was 0.0071 sec-l at 14.43 kilometers (47,330 ft). See
Figure A-7.

A.4.6 Extreme Wind Data in the High Dynamic Region
A summary of the maximum wind speeds and wind components is given in

Table A-4. A summary of the extreme wind shear values is given in Table
A-5.
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Table A-3. Systems Used to Measure Upper Air Wind Data for AS-510

RELEASE TIME PORTION OF DATA USED
START END
TIME
TYPE OF DATA | 1w | AIME — —
() | T-0 | Autrruoe | DL muTivoe | T E
(MIN) M A M FTER
(ft) : (ft) | -0
(MIN) (MIN)
FPS-16 Jimsphere | 1350 16 125 16 13,750 63
(410) (45,117)
Rawinsonde 1384 | 10 14,000 | s6 20,75 | 9
(45,931) (81,200)
Loki Dart 1505 | 91 58,000 | 91 25,000 | 116
(190,286) (82,020)

A.5 THERMODYNAMIC DATA

Comparisons of the thermodynamic data taken at AS-510 launch time with
the annual Patrick Reference Atmosphere, 1963 (PRA-63) for temperature,
pressure, density, and Optical Index of Refraction are shown in

Figures A-8 and A-9, and are discussed in the following paragraphs.

A.5.1 Tamperature

Atmospheric temperature differences were small, generally deviating less
than 2 percent from the PRA-63, below 45 kilometers (147,640 ft) altitude.
Air temperatures were warmer than the PRA-63, from the surface and through
13 kilometers (42,650 ft). Above this altitude, temperatures deviated
about tha PRA-63 values. See Figure A-8.

A.5.2 Atmospheric Pressure
Atmospheric pressure deviations were greater than the PRA-63 pressure
values from the surface to 58.0 kilometers (190,290 ft) altitude. A1l

pressure values versus altitude were within 6 percent of the PRA-63
values, as shown in Figure A-8.
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Table A-4.

Maximem Wind Speed in High Dynamic Pressure Region for

Apollo/Saturn 501 through Apollo/Saturn 515 Venicles

MAX IMUM wiNg MAXIMUM WIND COMPONENTS
VEH '
Ngnéghz SPEED nIR ALT PITCH {Wy) ALT YAW (W;) ALT
NS | pgn) | /S KM /S KM

(KNOTS) [ VO (FT) (KNOTS) {FT) {(KNQTS) (FT)

AS-501 26.0 2N 11,80 24.3 11.50 12.9 9.00
(5G.5) {37.700) (47.2) (37,700) 1 (25.1) (29,500)

AS-502 27.1 255 12.00 a1 12.00 12.9 15.75
(52.7) (42 ,600) (52.7) (82,600)| (25.1) (51,700)

AS-503 3.8 284 15.2?2 31.2 15.10 22.6 15.80
(67.6) (49,900) {60.6) (49,500) | (43.9) (51,800)

A5-504 76.2 264 11.73 74.% 11.70 21.7 11.43
(148.1) (38,480) | (144.8) {38,390) | (82.2) (37,500)

AS-505 2., 270 14.18 40.8 13.80 18.7 14.85
(82.5) (46,520) (79.3) (45,280) | (36.3) {48,720)

AS-506 9.6 297 11.40 7.6 11.18 7.1 12.05
(18.7) (37,800) (14.8) (36,680)| (13.8) (39,530)

AS-507 47.6 245 14.23 47.2 14.23 19.5 13.65
(92.5) (46.,670) (91.7) (46,670} | (37.9) (44,780)

AS-508 55.6 252 13.58 £5.6 11.58 15.0 12.98
(108.1) (44,540) | (108.1) (44.,540)| (29.1) (42,570)

AS-509 52.8 259 13.93 52.8 13.33 24.9 10.20
(102.6) (43,720} | (102.6) (43,720) | (48.5) (33,460)

As-s10 18.6 063 13.75 17.8 13.73 7.3 13.43
{36.2) (45,110} | (34.6) (45,030} | (14.2) (44,040)




Table A-5. FExtreme Wind Shear Values 1n the High Dynamic Pressure
Region for Apollo/Saturn 501 through Apollo/Saturn 510 Vehicles

(ah = 1000 m)
PITCH PLANE YAW PLANE
VEHICLE
NUMBER SHEAR ALTITUDE SHEAR ALTLLUDE
(SEC-T) KM (sec-1)
(FT) (FT)
AS-501 0.0066 13.00 G.0067 10.00
(32,800) (32,800)
AS-502 0.0125 1490 0.0084 13.28
(4%,300) (43,500)
AS-503 0.0103 16.00 0.0157 15.78
(52,500) (51,800)
A5-504 0.0248 15.15 0.0254 14.68
(49,700) (48,160)
AS-505 0.0203 15.30 0.0125 15.53
(50,200) (50,950)
AS-506 0.0077 14.78 0.0056 10.30
(48,490) (33,790)
AS-507 0.0183 14.25 0.0178 14.58
(46,750) (47,820)
AS-508 0.0166 15.43 0.0178 13.98
(50,630) (45,850)
AS-509 0.0201 13.33 0.0251 11.85
(43,720) (38,880)
A5-510 0.0110 1.3 0.0071 14.43
(36,830) (47,330)
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A.5.3 Atmospheric Density

Atmospheric density deviations were small, being within 9 percent of the
PRA-63 for all altitudes. Surface density was 1.52 percent less than
the PRA-63 density value. Density deviations became positive above

5.5 kilometers (18,040 ft). See Figure A-9.

A.5.4 Optical Index of Refraction

Optical Index of Refraction was 10.7 x 107° units lower than the
corresponding value of the PRA-63. The deviation became less negative
with altitude, and it arproximated the PRA-63 at high altitudes, as is
shown in Figure A-9., The maximum value of the Optical Index of Refrac-
tion was 2.37 x 10-6 units greater than the PRA-63 at 14 kilometers
(45,930 ft).

A.6 COMPARISON OF SELECTED ATMOSPHERIC DATA FOR SATURN V LAUNCHES
A sumary of the atmospheric data for each Saturn V launch is shown in
Table A-6.

Table A-6. Selected Atmospheric Observations for Apollo/Saturn 501 through
Apollo/Saturn 510 Vehicle Launches at Kennedy Space Center, Florida

VEMICLE DATA SURFACE DATA TWFLIGHT COWDITIONS
I RELATIVE Winpe WAXIMUR WIhD IR 8-16 % LAYER
VERIQLE DATE NEAREST LAUNGH PRESSURE TEMPERA- WIMIDITY CLOVOS
NIGER mwTE COMPLEX LI TURE °C  PERCENT SPEED OLRECTION ALTITUDE  SPEED  DINECTION
! ) x/S tée ) w/s %5
43-301 9 Rov 67 0700 EST % 13.263 17.5 $5 8.0 n 1710 cusmilus 1.5 6.0 n
AS- 502 4 Apr 68 0700 €ST BA 10.200 20.9 <] S.4 132 $/10 stretocumulus . 13.00 na 258
1710 cirvus
45-593 &l Lec 68 arst €57 394 '3.207 150 as 1.0 60 4770 irms 15.22 M8 284
45-504 | 3 Mar 69 1100 EST 194 10.085 19.6 (] 6.9 160 710 stratocumlus. | 1173 6.2 264
1¢/10 altostratus
AS-505 |18 way 69 1249 £DT N 10.1%0 2.7 4] 8.2 28 4710 cumlus, 14.18 .S °to
2/10 altocumslus,
t 4 10710 ctrma
15-506 |16 Ju) 69 0932 €0t b ] s vy 23 i} 13 s 110 camitus, ne 98 297

2/10 altocumsius,
9/10 cirvostratus

AS-507 |14 nov 69 1172 EST 394 10.081 20.0 92 6.8 0 10/10 stratocummlus 4.2 ©v.e 245
with rain
AS-308 1t apr 70 1413 &St A 10.119 24.4 57 6.3 15 4710 altacumulw 13.58 58.6 52
10/10 cirrestratus
A5-509 [NJes N 1603 EsT A v 2.7 - $.0" /8™ 110 cumle 3.3 2.8 288
[ % o W 10 dlomwle
A3-$10 126 11 N 0934 EOT ) 0.1% 20.8 Q $.10e 156 7/30 cirres 1u» 18.4 [ ]

S.4ve 1540

“Ingtantanecus readings fron charts at T-0 frem srensmsters of launch pad at 18.) m (60.0 ft) on lewnch complen 39 (AMB). Herghts of sngmomete: -
are swove naturat Jreee.

ot instantanseut . Nt ene Sisute sverege abewt T-0.

Pe=0ug ninute sverage reedings frem charts at T-C frem sasmamaters o LUT at 16).5 &

{330 ft) above saturel grede.
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APPENDIX B
AS-510 SIGNIFICANT CONFIGURATION CHANGES

B.1 INTRODUCTION

The AS-510, tenth flight of the Saturn V series, was the eighth manned
Apollo Saturn V vehicle. The AS-510 launch vehicle configuration was
essentially the same as the AS-509 with significant exceptions shown in
Tables B-1 through B-4, The Apollo 15 spacecraft structure and components
were essentially unchanged from the Apollo 14 configuration. However, the
Lunar Module (LM) descent stage was changed to make provisions for storing
and deploy1ng the Lunar Roving Vehicle (LRV). A detail description of the
LRV is contained in paragraph 20.14. The basic launch vehicle description
is presented in Append1x B of the Saturn V Launch Vehicle Flight Evaluation
Report, AS-504, Apollo 9 Mission, MPR-SAT-FE-69-4.

Table B-1. S-IC Significant Configuration Changes

SYSTEM CHANGE REASON
F-1 Engines Reorifice of five engines to yield Approximately 600 pounds of
1,522,000 1bf rated thrust. additional payload capability to
translunar injection s realized.
Lox Redesign of LOX vent and relief valves. To minimize the probability of valve
fatlure during countdown.
Increase outboard engine LOX dlpleﬂon To permit an increase in payload.
system time delay from 1.2 to 1.6
seconds.
S-1C/s-11 Deletion of four retromotors from Weight and cost savings.
Scparation S-1C stage.
Data Modifi-ation of PCM/DOAS and RDSM To improve performance and increase
telemetry assambly. Also incorporation reliabiiity,
of new presampling filter and power
supply cards,
GSE Replacement of APCO/Wintec regulators Reducs vibration in primery
with grow regulators in the S-IC regulation system.

preumatic console primary nitrogen
regulation syst-




Table B-2. S-II Significant Configuration Changes
SYSTEM CHANGE REASON

Instrumentation Addition of five engine LHp inlet temperature To provide redundant launch redline
transducers and four valve actuation and measurements .
helium injection pressurc transducers.

Propulsion Engine vent and relief valves for start bottle To improve reliability by selection of
conditioning have replacement vent port check check valve used on S-11 stage prevalve
valves. and recirculation valve solenoid valves.
Addition of nonflight relief valves to LHp To protect the LH; tank vent valve
tank vent valve sensing port covers. sensing element against excessive

pressure during checkout operations.
Deletion of the four remaining ullage Analysis has verified satisfactory
motors. flight conditions without the motors.
Reduction of engine precani angle from To reduce probability of interstage
1.3 to 0.6 degrea outboard. collision during separation.
Replacement of propellant tank pressurization To increase system reliability and
requlators with orifices. capability.

Electrical Addition of disable circuitry for center To disable a malfunctioning G-switch
engine G-switch backup cutoff system. prior to switch selector arming

command,

Structure Use of S-11-11 type neavier forward skirt. An S-11-11 type structure wes the only
available skirt to replace tt scheduled
ttem damaged 1n a structural test.

6SE Addition of £7-41 blee. orifice and redundant To provide accurate st.ge servicing
check valve in GHy start bottle pressurization repeatibility.
system.

Elimination of $S7-41 propellant incompatible To improve sys‘em safety.
conditjons and add a new GOX venting system.
Addition of $7-41 GHp vent system, including To improve system safety.
GN2 purge provisions.
Tab._ B-3. S-IVB Significant Configuration Changes
SYSTEM CHANGE REASON
Instrumentation Addition of two pressure and two vibration Incorporation of modified measyre-
measurements to the flight telemetry ment program.
system.
Addition of static fire or vibration test To detect tantalum capacitor shorts
requirement for telemetry equipment plus in telemetry equipmert due to
X-ray of reworked or new component boards. internal solder particles in the
capacitor.
Propulsion Incorporation of new seat material in To provide new seat material of a
fuel tank prepressurization module check nondelamfnating material.
valve.
Hard cap approximately 29 leak check Reduce potential helium leakage
ports in each APS medule. paths in APS module conoseal joints.
Electrical Modification of the LH2 depletion To protect against a single point
sensor system electrical circuitry flight fallure.
to utiltze the ulsting {spare) fourth
depletion sensor 1n & 3 out of 4 voting
logic. The system was formerly a
2 out of 3 voting system,

B-2
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Table B-4. 1IU Significant Configuration Changes
SYSTEM CHANGE REASON
Environmental The Viton-A 0-ring seals in the half-inch To improve seal and prevent leakege.
Control and one-inch quick disconnect adapters and
the dynamic 0-ring in the one-half inch
quick disconnect socket were replaced with
0-rings of Ethylene Propylene (EPR). The
Viton-A O-rings in the one-inch socket were
replaced with a new Jow compression set
fluorocarbon.
The 8una-N 0-ring on the stem of the hand To improve seal and prevent leakage.
valve was replaced with an 0-ring of EPR
material.
Networks Redundant battery power for ST-124M platforw. To remove potential single point
The 6010 and 6030 batteries provide redundant of platform fallure.
power to the platform through a diode OR
circuit.
Instrumentation The command and communication system transponder SIN 4942 diodes are less susceptible
and power supply diodes CR 17 through CR 24 were to physical and electrical stress.
Communications changed from UTR-11 to SIN 4942,
Added measurements B0001-601, Acoustic Correlation of sound pressure levels
(sound detection by microphone); and with Panel 2) vibration.
£0029-603 and E0040-603, LU vibration
mounted on ST-124M platform Panel 21.
Added measurements A0012-403, D0266-401, S-1¥8 vibration msasuressnts
00264-403, £0042-403, and E0098-411. telametered via IV OF-1.
Deleted measurements EC007-603, £0008-603, Not effective for AS-510.
and E0009-60). These measurements were
ST-124M platform support vibration
measurements.
Flight The compensating filters lacated in the The addition of the Lunar Roving
Control flight control computer have been ¢ Yehicle to AS-510 made the filter
in accordance with the vehicle body dymamics, changes necessary.
and propellant/oxidizer sloshing dynamics.
Flight NI b4
Progrem

TO Test - Capability has been previded to
compare the time into the launch window
calculated at Guidance Reference Release
uith'that computed in the prepare-to-launch
routine.

EIRST 800ST

Tower Avoidance - The launch tower avoidance
yan maneuver has been modified to begin the
first minor loop after it is comeanded.

Accelerometer Backups - The I-channe)
accelerometer backup biases and the S-1C
engine out backup biases have bean added
to the target tape.

TIIt Arvest - Capability has been provided
to modify t11t arrest time differently for
S-1C center engine out than for S-IC
outboard engine out.

To prevent 3 gross azimuth ervor.

Provides » more precise time for
initiation of tower aveidance.

To allow updating these quantities
via the targeting tape.

To optimize performance for S-1C
center engine out condition.
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Table B-4. 1IU Significant Configuration Changes (Continued)

SYSTEN CHANGE REASON
Flight FLIRST 800ST {CONTINUED)
Program S-1vB Cutoff - Equal priority given to all Program reliability improvement.

S-1VB cutoff indications. The first
cutoff indication reccived (INT2, INT7,
D122, or high speed loop cutoff) will be
honored.

COND_BOOST

Mainstage Thrust Test - A test has teen
provided to distinguish between an
unacceptable zero accelerometer change
and a nonthrusting 5-1VB engine between
Tg +580.5 and Tg +590 seconds.

Command Module Computer Cutoff - Capability
has been provided to issue the S-IVB
cutoff switch selector command as a
function of an interrupt from the cosmand
module computer after guidance reference
failure and spacecraft control.

ORBITAL PHASE

Solar Heating Avoidance - A preprogrammed
maneuver has been provided for IU solar
heating avoidance on the lunar impact
trajectory.

Lunar Impact - The following capabilities
have been added to the lunar impact digital
cormand System cosmand:

To cosmand lunar impact maneuver changes
independent of ullage burns.

To negate an ullage burn commanded by
a previous lunar impact command.

SIGNIFICANT DATA CHANGES
Target to a 90 n mi parking orbit.

Change launch window opening and closing
to 80 and 100 degrees, respectively.

Delay the S-1C retromotor fire signal,
S-11 start command, arming the S-11
engine-out indications and enabling
the S-11/5-1V8 early staging
capability.

To avoid navigation error in the
event main stage thrust i~ not
achieved.

Additional S-1v8 TL1 cutoff accuracy.

To avoid overheating of command ard
communication system transponder.

To be able to maneuver to a different
attitude without ullage bum.

roll attitude change command provides
an alternate method for achieving
solar heating avoidance.

Required because of additiona) Lunar
Roving Vehicle weight.

Increased payload caused limits change,
Necessary because of S-11 ullage

engine removal and remova) of
4 of 8 S-1C retromotors.

B-4

MSFC—RSA, Ala




APPROVAL

SATURN V LAUNCH VEHICLE FLIGHT EVALUATION REPORT
AS-510, APOLLO 15 MISSION

By Saturn Flight Evaluation Working Group

The information in this report has been reviewed for security classifi-
cation. Review of any information concerning Department of Defense or
Atomic Energy Commission programs has been made by the MSFC Security
Classificaticn Officer. The highest classification has been determined
to be unclassified.

At anley XFragpr

Stanley L. Fragge
Security Classification Officer

This report has been reviewed and approved for technical accuracy.

J}’)i?2&1~4§Z;;é%2%qc§%/cjzz

George H. McKay, Jr.
Chairman, Saturn Fljght Evaluation Working Group

L J
gheyman K. Weidner
Director, Scierice and Engineering

A Hodte
1;‘:\,R1chard G. Smith

Saturn Program Manager




 DATE
FILMED

DEC 14 1973



