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1.0 SUMMARY

The Apollo 13 mission, planned as a iunar landipg in the Fra Mauro
area, wes aborted because of an ebrupt loss of service module rryogenic
oxygen assceiated with a fire in cne of the two tanhks ot approximately
56 hours. The lunsr module provided the Nnecessary suppert to sustain a
miniman operational condition for a safe return to earth. A elrcumliunar
profile was executed as the most erficient means of earth return, with
the luhar module froviding power and 1ife support witil trancfer to the
command module just prior to entry. Although the mission was unsuceess— |
ful a5 planned, a lunar flyby snd several scieptific eXperiments were
completed.

“he spsce wvehicle, with a crew of James 4. Lovell , Commander:
Fred W, Heise, Jr., Lunar Module Filot; and John L. Zwigert, Jr., Com-
nang Module Pilot; was launched from Kennedy Space Center, Flerida, at
2:13:00 p.m. s.5.t. (19:13:00 Gom.t.) April 1%, 1970. Two days before
launch, the Command Module Filot, as u member of thc ApolTe 14 Wackup
crEw, waE Bubstituted for his prime crew counterpart, who was exposen
and found susceptible to rubella (German measles’). FPrior to lawnch, =
network of meters was instslled in the vicinity of the lavareh site *o
measure clectrical phenomens assceiated with Ssturn ¥ uscent in suppcrt
of findings from the Apclle 12 lightning investigation; satisfactory data
were cbiained. During 2-I1 stage boocst, aw autometic shutdown of ke
center engine occurred because of a divergent dyliamec structural condi-
ticn associated with that engine. Soon efter the Spacecraft was ejected,
the 2-IVB was maneuvered so as to impact on the l.mar surfere and provide
seicmological data, Following this maneuver, a series of earth pheto-
grephs were taken for later use in determining wind profiles in the Apper
gtmosphere. The Jirst midcourse correction incerted the apacezralt into
8 non-free-return trajecicry.

At approximately 56 nours, the pressure in cryogenic oxyeen tark 2
began to rise st en abnormally high rete and, within sbeut 100 secords,
the tenk abruptly lost pressure. The pressure in tenk 1 also dropped
but at & rate surficient to maintain fuel cell 2 in operaticn for spproux—
imately 2 more nours. The logs of oXygen and primary power in the sorvioce
module required en immediate abort of tne missiow. The erew powered up
the lunar mocdule, snd the first maneuver following the incident was made
With the descent propulsion system to Place the epacecraft once agair on
B free-return trajectory. A second meneuver performed with the descent
engine 2 hours afier paszlirg pericynthicn reduced the transearth trmnsit
time and moved the earth landing point from the Indian Qeean to the Soutkh

Pacific. Two small transearth mideourse corrsctions were reguired TLriar
to entry.




The lunar module was Jettisoned 1 hour before entry, which was
perforfied Tominally “using the primary guidance and navigation system.
Lending ocecurred at 1k2:5h:41 within sight of the recovery ship. The

landing point was reported es 21 degrees 38 minutes 24 seconds south

latitude esnd 165 degrees 21 minutes L2 seconds west lopgitude. The crew
were retrieved snd aboard the recovery ship within 45 minutes after land-
ing. .




<.0 INTRODUCTION

Apollo 13 was the thirteenth in a series of missicns using Apcllo
specification flight hardware and was to be the third lunar landing.

The primary missien cobjective wus g precise lunar landing to conduct
ceientific exploration cof deep-rooted surface material,

Beeause an ivflight anomaly im the cryogenic oxygen supply reguired
an abort of the missicon pricr to inserticn into luner orbit, discussions
of 2ystems performance only relste to the abort profile and the system
cenfigurations required as o result of the emergency. A complete dis-
cusglon af the anomaly is presented in reference 1, snd the abort profile
is degeribed ip section 3, Bercause of the added criticality of onboard

consumables, a dlacussicn of uwsage profiles in both vehicles is contained
in section 7.

A complete analyais of all flight datae is not possible within the
time allctited for preparstion of this report,. Therefore, report supple-—
menks will be publiished for ecertain Apollo 13 systems analyses, as shown
in appendix . This sppendix alsec Zists the current status of all Apcllo
migsion supplements, eitker published or in preparation. Other supple-
ments will be published az the need is identified.

Im this report, all actual times prior to earth landing are elapsed
time from renge zero, eztablished as the iutegral seccnd tefore 1ift-aff.
Hange zerce for this mission was 19:13:00 G.m.t., April 11, 1870, ALl
referenres to mileage distance are in navbicsel miles,




3.0 MISETION TESCRIPTION

The Apollo 13 mission was plenned as a precision lunar lancing in
the Fra Mauro bighlends.. The most significant changes to the planned
mizzion proefile from Apollo 12 were the maneuver to ilmpact the depleted
S5-IVE stage on the lwmar surfece and the performance of descent orbit
insertich nsing the service propulsion system. The 5-IVE impact was in-
tended to provide seismologicsl data sensed by the instrument left on
i ) the meon during Apolle 12, FPerfeormance of the descent orhit inserticn
) using the service propulsicn sysiem provides a greater prorellant margin
in the lunar module descent propulsion system, and this reserve would
nave been available during the critical prercisicn landing phase.

Because of a sudden loss of pressure at approximately 56 hours fronm
. one of the bwo serviee modute cryogenic cxygen tanks in bey L, primary
elechbrical power was lost and the mission was aboried. Thersfore, the
remainder of this secticn will ronsider only the abort profile, since
the trajectory prior to the tank incident was nearly identiecal to thsat
of Apollo 12, inciuding the first mideourse meneuver to a non-Iree-return
prafile, as shown in figure 3-1, The majJor trajectory di fference from
. fpolle 12 resulted from an early shutdown of the center engine in the
&6-11 stage of the SBaturr. ¥V, the subsequsnt staging and insertion times

were scmewaat later than plsnned. A listing of significent mission events
- iz contained in table 3-1.
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Figure 3-1.- Apclle 13 missien profile.




TABLE 3-I.- SEQUENCE OF EVENTS

Event

Time ,

hrimin:sec

Fange zero - 19:13:00:00 Gum.t., April 11, 1970
Lift-off - 19:13:00.65 G.m.t., April 11, 1970
&-IC outboard engine cutoff

B=I1 engine ignition {commend tims)

Launch escape ftower Jettison

o=11 engine cutaff

3-IVE engine ignition (command time)

5-IVE engine cutoff

Trenslunsar injection maneuver

6-IVE/command and service module separation
Docking

Gpaceoraft election

Z=IVE separstion meneuver

Flrst midcourse correction (serviee propulsion}
Cryogenic oxygen tank incident

ééﬂﬂﬂd midecurse correction {descent propulsion)
J=1VE 1unar impact

Transearth injection {descent propulsion)

Third midcourse correction (deascent propulsion)
Fourth mideourse correction {IM reaction contral)
Command meodule/service module separation

Undocking

Entry interface
Landing

DO;02: 44
00:02;L45
0O:03:21
Q0:09:53
00:09:5L
Q012430
02:35: 46
13:06:39
03:1%:09
Oh:01:01
ob:18:01
30 :ho 50
55:54:53
61:29:43
TT:56:140
T9:27:39
105:18;:25
137:39:52
13G:01:48
141:30:00
1k2: Lo ke
125441
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After povering up the lunar module, co-aligning the two platforms,
and shutting down all rcommand snd serviee nodule systems folilowing Lhe
vark anomaly, a maneuver was immediately perforwed to retuwrn the space-
craft to a free-retum profile. The maneuver was performed as the second
midcourse gorrection, using the descent propuision system in the deocked
configration, a mode tested successfully during fApolilc 9. The resultart
landging at eartsh would neve been at 152 hours in the Indian Qcean, with
lunar medule systems intended to supperi the srew for the remaining 90
hours.  Becausge consumablez were exiremely marsinal in this emergedacy
mocde and because only minimsel recovery suppcort existed at this esrth
landing loecation, a transearth injection maneuver using the descent pro-
pulsion system was planned Zor executien 2 heurs after passing pericyn-
thicn. Setweern these “wo manewers, an alignment clieck was made of the
lunalr medale inertial platform to verify the manewrer would be exeoubeod
with sufficient accuracy %o permit a safe earth entry.

“ne transearth injecticn maneuver was performed on time, and the
traneearth coast time was snorptened such that landing was bz coour as
atout 142 aours in the South Faeifie, where primary recovery cuprort was
located., Guidance errors during this mansuver necessitated a smell mid-
ccuarse ecrrecticn st atout 10T hours to return thke profected entry lighs
path angle to within specified liriws, TFollowing this firing, the space-
araft wes mancuvered ints 2 nassive thermal contr=ol mode, ard all lunar
notule systems wore powerel down except those abzsolusely required Lo sup-
tcrt the crew. A final midoourse correctian was performcd & bours nefore
entry Lo ralse Lke entry flight-path angle siigntly, zmd tkis maoneuver
wes performed using the lunar medule reaction control system under abort
suidance con4rol.,

Ihe service module wes separated -=3/4% hours before entry, affording
the gorow an oppeortunity to observe arcd photograpn the cdamsged bay 4 srea.
The cormand medule was separated from the service module by using the
I'mar nedule reaction control system. The lunar module wes resained for
a2 long as possible 1o provide maximum electric zoWer in the coimanc
medule for entry,

“ne pomrand moddle was pawered up with the three eniry batieries,
nich hed bBeen Troughnt up to neardly a1l charge using lunsr modile powWer.,
amard modase plat form was aligned 4o the lunar nodule plsatform, and
aeecralt were wndocked TO mirutes befcore entry.  Afser undecking,
2z=ping tunnel pressure rrovided the necessary sezsration velooi Sy
A22n the tws spacecraft. From this point, the mission was completed
neminally, &5 Iin nrevicus flights, with tae zpacecraft landing approxi-
netely L mile from the target point. The lunar eodule, Inzluding the
raciciszctope thermoelectric fusl capsule used Lo power expErimens equiﬁ—
Zent, entered the gicosthere and Irpeoted In the onen sea hetwesn Samce
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3.4

and New Zealand at 25.5 degrees south latitude and 176 degrees west lon-
gitude, with surveillance airersft in the ares. The three crevmen were
enboard the recovery ship, USS Iwo Jime, within 45 minutes of landing,
the fastest recovery time for all Apolle manped flights. A narrative
discussion of the flight end essociated erew asctivities is presented in
seetion 8.0 as a complemeptary description to thiz section.




L,0 TRATHCTORY

The planned trajectory profile was similar to that for Apolio 12
except for descent orbit insertion being performed with the cewvice nro-
pulsion system and the targeting of the spent S-IVE stege for e lunar

] impact. The trajectory had been very close to the nomipal flignt plan

a up Lo the time of abort, which was the first in the Apelle program.
Throughout the manned spaece program, iechriques have been developed and

i testea for the real-time determination of immediste abort requirements ,
but Apaile 13 presented the first situation in which their use waz neces-

sary. Flgure 3-1 shows the mission profile, inecluding the relative loca-
tions of all ma)lor maneuvers.

The analysis of the trajectery from 1ift-of T to spocecraft/S_IVE
seperaticn was based om launch vehicle onboard date, as reported in ref-
erence 2, snd from network tracking data, After separation, the =oiual
trejectory information was determined from thne best estimated tralectory
genersted from tracking and telemetry data. The carth and moon models
used for tie trajectory anslysis are gecnetricelly similer to those used
Ter fApoilc 12, Table 3-I is & listing of major flight avents | and tehle
L-1 @efines the trajectory and maneuver parameters listed {n tebie LTI,

The planned launch =nd earth parking orbit phases for this missicon
were very similar to thoze for fApollc 12. However, during tae sceond
stage (5-II) boost into the planned 100-mile circular parking erbit, ihe
cebter engine cut off about 1327 seconds early snd caused the remaining

_ four engines to burn approximately 34 seconds longer than predicted {ag
discussed in secticn 13.0 and reference 25, Space yvehicle veleelty after
S5-I bocst was 223 ft/sec lower than planred, and as a result, the 3=-IVE
orbital insertion maneuver was approximately % seconds longer than pre-
ddcted, with cutoff velocity within sbout 1.2 ft/see of the planned value.
The total time to orbital insertion wes about 4b seronds longer than pre—
dicted, with actual perking orbit narameters of 100.2 by 9B.0 giles.

A5 on o Apcile 12, the S-IVE was targeted for a high-pericynthion

- free-return transl-mer profils, with the Tirst major spacecraft mareuver
intenced to lower the pericynthion to the planned orbital sltitude aorf

60 miles. Upon executiecn of this maneuver, the spacecraft was intension-

. 811y placed on a non-Tree-return trajectory. The achieved pericynthion
altitude st translimar injection was 415.8 miles. The accuracy of the
translunar injection maneuver was such Lhat the option for the first
planned midcourse correction was not exercised. The wvelocity change re-
qQuired at the second planned midesurse option moint, intended as the time
Tor entering the non-free—return profile, was 23.2 fi/sec. The trajectory

parameters for the translunar injection and all spacecraft manevers are
) Presented in table L-II.
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TABLE 4-I.- DEFIRITION OF TRATECTORY AND OREITAL PARAMETERS

Iralectory Farameters

Geodetie latlitude

melenographic latitude

Longitnde

Altitude

Space-fixed veloelty

Space-fired flight-path angle

Space-fixed heading engle

Apogea
Parigee

Apceynthion

Ferieymthion

FPerind

Inclination

Longitude of the aacending
node

Definiticn

Spacecraft position messured north or south from

the earth's eguetcr to the local wertical vector,
deg

Spacecraft position measured north or south from

the true lunar equatorisl plene to the loral ver-
tlcel wector, deg

Spacecraft positicon messured east or weat from the

body's prime meridien to the local verticsl yec-
tor, dag :

Perpendieculer distance from the reference body to
the peint of orbit intersect, feet or miles; alti-
tude mbore the luner surface iz refersnced to the

altitude of the landing site with respect to mean
lunar radius

Magnitude of the inertisl wvelorcity vector refer-
enced to the body-centered, inertial reference
coordinate system, ft/zec

Flight-path engle measured positive upward from
the body-centered, local hopizontal plane to the
inertial wveloclty vwector, deg

Angle of the projectlon of the inertial velority
vector onto the local beody-centered, horizontel
plane, measured pcoitive esstward from north, deg
Maximun altitude abgve the cblate earth model, milse
Minimum aititude above the cblate sarth model, milss

Mactiomum eltitude above the toon model , refarenced
to landing eite mltitude, miles

Minimum altitude above the moon modal, referenced
to landing aite sltitude, miles

Time required for spacecraft to complete 360 de-
greag of orbit reotaetion, min

Acute sngle formed et the intersection of the orbit
plane and the reference body's eguatorial plane,
deg

Longlitude where the orbit plane crosses the ref-
arsnce body's eguateriml plane from bhelow, deg
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The discarded 5-TIVE stage was targeted for a lunar impect of 3 de-
gre=s south latitude and 30 degrees west longitude. The S-IVE manecuver
Lo achieve lunar impact was initiated at 6 hours, with a Tiring duration .
of 217 seconds using the auxiliary propulsion system, At approximately .
1% hours 17 minutes, tracking data indicated the S-IVE hag acguired an
unexplained velocity increase of asbout 5 ft/sec along a8 projected earth
redins which altered the projected lunar irpact point closer to the tar-
get. The stapge impacsted the lunar surface at TT:56:40 and at z location T
of 2.4 degrees south latitude and 27.9 degrees west longitude. The tar-
geted impact point was 125 miles from the Apells 12 seismometer, and the
getuel peint was Th miles awsy, well within the desired 189 mile radius, "
The B-IVE impact results are discussed in sectien 11.0,

The accuracy of the first midecurse correction (table k-II}, which
placed the spacecraft on the non-rree-return Lrajectory, was such that a
mareuver was not required at the third planned optisn point. However,
berause of the oxygen tank incident, & 38-f4/sec midcourse maneuver was
performed at 61:29:44 using the descent engine te return tae spacecraft
to & free-return traj)ectory. This maneuver alone would heve copused the
cermand module to nemirally land in tne Indian Qcean south of Mauritius
Isiard et approximately 152 hours,

At 2 hours beyond pericynthion, s second descent propulsion maneuver :
waz performed to shorten the return time snd move the sarth landing point
te the South Pecific, The 263.8-second maneuver produced a velocity change
of 860.5 ft/2ec mnd resulted in =g initisl predicted earth landing point "

in the Pacific Ocean at 142:53:00. The transearth trip time was thus re-
duced by about 9 heours,

The first transearth nidcourse correction (table W-ITI), was per-
formed at 105:18:28 using the descent propulsion system. The firing was
conducted at 10 percent throttle and produced a velocity change of about

7.8 ft/sec to successfully raise the entry flight-path angle to minus
6.52 degrees,

Spacecraft navigation for the sborted missien proceeded satisfactor—

ily. Poat-perieynthion navigation procedures were designed to support
transearth injection, and special data processing procedures were re— -
gquired for dusl vehicle tracking prior to entry. Less range data than

usual were received from tracking stations during the ahort phase hecause .
the power amplifier in the spacecraft was turned off for mest of the time *
to conserve glectrical power. The small amounts of range data receiveq

and the resuiting large data arcs, however, were sufficient to maintein
navigation accuracies gpproximutely equivalent to those of Apollo 12.
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The unusual spacecraft configuraticn required that new nrocedures
for entry be developed and werified. The resulting timeline called for
a finel mideourse correction S hours before entrv, separation of the
service module 4 hours 39 minutes before entry, and undocking of the
lunar module et 1 hour 1l minutes before entry. BService moduls SEPAra-
tlen was performed using the lunar module reaction control system. Sep-
aration velocity fellowing lunar module wmdocking was provided using
pressure in the docking tunnel.

The final mideourse correctich maneuver used the lunar module resc-—
tion control system. Landing occcurred at 142:54:41 in the Paecific Ocean
gt 21 degrees 38.h minutes south latitude and 165 degrees 21.7 minutes
west longitude, which was ahout 1 mile from the target point.

o




2.0 COMMAKZ AND SERVICE MODULE PEZRFUEMARCE

"he perfermance of the commend and serviee medule systems is dis-
cussed in this section. The sequential, pyrotecanic, service propulsion,
tnermnal protection, earth lending, and emergency deteciion systems and
arl displsays, econtrocls, and crew provisions operated essentially as in-
tended and are not discussed. The pyrotechnis system, which performed
all desired functione, did exhibit two wminor ancmelies, which are dis-
cussed only in secticme 14.1.6 snd 14.1.10 of the Inmoma™y Suwmmary , ond
two discrepancies in the aperation of crew cquipment were noted, these
becing discussed in secticns 14.3.1 and 14.3.2 of the Anomaiy Summary.
Fxcept for these four ceses, all other ancmalies spye generally mentioned
in this section but are cizeussed in greater detzil in the Anomaly Sum-
mary .

5.1 OBTRUCTURAL AWND Me CHANICAL SYSTEMS

At Lift-oll, measursd winds, both st the surface and in tke region
of meximoen dynamice pressure, snd accelercometer data indicate that struo-
tural loads were well be’ow the established limits during all phascs of
flight. The predicted and caiculaied spacecraft lcade abt 1lift-off, in
whe region of maximun Gynamlc pressure, abt the end of first stage hoost,
and during staging were similar to or less than previows Apollo Ssturn V
launches., Command module sccelercmeter data prior to 8-IC center—cngine
cutcff indicate lorngitudinel oscillastions similer to those meascred con
previous flights. Although longitudinal oseillations in <he S5-I1 engine
structure and propellant sysiem caused early skutdown of the center en-—
gine , the vibraticns at the speeecraf™ during 2-12 bocat had an arplitide
less than 0.05g at a freguency of 10 hertz. 'The maximum oseilletion mos—
sured during either of the two 5-IV3 thrusi periods wss 0.06g, slac ot a

requancy of 16 hertz. Oseillacions during all four launch wehicle beoost
phasep wers within aceepteble spscecraft struciural design limits.

All mechanical systeme functicned properly. Doe mechemical smnaomaly,
however, was & g&s lcak from cne of two brecch sssemblies in “he Ap ey
cover Jjettison system, and this problem is Aiscusscd in section 14.1.6.

In 2dditicn, dockirg tunnel insulslion, which normas ly remains with the
junar module after separation, was noted from photsgraphs to heve cracked
anid expanded radially. Since the cracking iz helieved to oecur cur ing
Fyrotechnic firing and aas been ssen in past Clighta, it ig =ot a problem.

Struciural lemperatures remained within acceptaples limits throughcut
the mission. However, because of the leng cold-zoszk perioi following
powering down, the command module structure exhinited significentiy lower
temperatures than has been cheerved in previous flights.




5.2 FLECTRICAL PIWER

5.2.1 Batteries

Command module battery performence was acceptable throughout the
migslan., HEntry battery © kad been isolated throughout the flight, and
st 53 hours 4O minutes, batteries A and B were also isclated from the
snezcaoralt buses, Batteries A and B were charged a to*zl of three times
ench during the flight, including onee each using power from the lunar
nodile,  Following the cryngernic oxyger incident, bettery & was twice
placed on main bus A to support spacecraft load reguirements. FPreentry
procedires were conducted with the lwmar module supplying power to the
comnand zmodule main bus B through the command snd service module/lunar
modute unbilical and with entry battery © supplying pewer to main bus A,
This configuratien was maintained From & howrs 30 rinutes prior to entry
Antil 2 hours 30 minmutes prior te entry, at waich tipe tne lunar modyle
bztteries were disconnected and £11 eleseosrical power lsads wers assumed
by the command moduie entry batteries.

D.2.2 Fuel Cells

I'rier to lift-off, the crow experienced errstic reacings Irom oall
three fuel cell flow indicstors when cyeling the switea, but aystern Cpa -
stion was normal .

ring the flight, thc three fusl cells opersted as expected until
the sudden lose of pressure in cryogenic oxygen tank 2, as discussed in
section 1%.1.1. PFuel 2ell 3 condenser exit temperature varied geriodie-
wlly. A behavicr present on all previeus flights, end characteristic of
the system under certsin operating conditiens, Scon after the loss of
oxXygen pressure in tank 2, fuel cells 1 and 3 lost power and were shut
down. Fuel cell 2 sustained the total comnand end service module loag
until the depletion of exygen pressure in tank 2.

Unusual varistions in the oxygen flow rakes ta all threese fuel pells
were observed in the 3-minute period preceding the tank pressure loss.
These variations were caused by the simultanecus pressure excursions tak-
ing place in eryogenic oxygpen tank 2. The fuel cell 1 regulated nitrogen
pressurs indication went to the lower linit of the measureren® wher tho
Pressures In cryogenic oxygen tank 2 dropped. Analysis of related fuel
cell parameters confirmed this discrepancy to be a loss of instrumenta-
Lion readout and net an actusl less of the regulated nitrogen pressure.
Performance of fuel ¢=lls 1 and 3 degraded within 3 minutes after the
oxygern tans 2 pressure dropped. The degradation is considered to have
teen caused by the fuel cell oxygen shutoff valves closing abruptly be-
cadse of the shock generated when the bey 4 panel separated. 4 more de-
talled diacussion is contained in reference 1.
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Turing the missicn, the fuel ecells supplied approximately 120 xW-h
of energy st an average current of approximstely 24 arperes per Tuel cell
ar-d gt an average tuz voltage of 20.4 volts.

5.3 CEYOGENIC S'UOBAGE

Cryogenic storage system cperation was setisfactory until L6:40:09,
when thes gquantity indication was lost for cxygen tark 2 (section 1k.1.11).
At sbout 56 hours, “he pressure in oxygen tank 2 suddenly dropped to zoro
and the pressure in cxygen tank 1 began to decey until a1l primary oxygen
was lost. A5 a result, power was lost from fuel cells 1 and 2, and after
oXygen was essentially depieted from tank 1, fuel celil 2 was tawen off-
line. After the flight, a comprehensive review of the history of ecryo-
genic axygen tank 2 was mede Lo determire whether an unfavorable condi-
tiom could nave existed prior to launch., This review included test
records, maserials review dispesitiecns, and failure reports., o positive
irdication of any unfavoranie conditicns prior to shipment o the launrch
sit2 could be found in the tesiing or inspections conducted. However,
to accomplish o medification on ke vac-ion pumps, the complete cxygen
shelf, ircluding the oxymen tanxs, was remcved fram the service wadule
structiure curing which the oxyzen shelf was accidentslly dropred with
no spperent damage .

Affer Initial cryogernic cxygen 1illing during the coun*down deron-
stretion test at Hennedy Epace Tenter, tonk 2 could nct te detanked using
the normal procedures. The problem resulted fronm loose cr misaligned
planbing compeonents in the dog-leg porticn of the tank 7111 peth. After
numerswr: sttempis uring gaseous oXygen purges and higher expulsion pres-
surez, the fluld was boiled off through the use of the tarnt heaters and
Tans, assisted oy pressure cycling. During the detanking sequence, tiac
heaters were on for about & hours, but it was believed that no damage
Wwou_d be sustained by the tank or its ccmponents bercause of the proteo-
tion affcrded by internal thermal switches. However, the usze of the
heaters in detanking required thet the switches cpen undsr a load of
& armperes ei 65 V do, twice the normal flight operating conditions, for
each heater. Tests ghow that opening the switches under these conditions
will fuse the contacts cleoszed and eventually damege Tan motor wirc insu-
igtion. It 1= this damage which is believed to have caused the inflight
failure in tan® 2 and loss of pressure.

Consumable gquantities in ihe cryogsnic storage system are dis-
cussed in zection T.1.
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5.4 COMMUNTICATIONS EQUIPMENT )

The communicaticns system catisfactorily supported the mission. Ecth
S=tand and VIF communicstions were used until translunar injection, aefter
which the WHF was turned off ard the S-hand eguipment was used urtil space-
cralt power-down et approximasely 58 hours. S-baud and VEF voice, eclar
television pictures, and real-time and playbazk telemet~y were satisfac—
tory. Uplink and downlink signal serengths corresponded to preflight
predictions. Communicatiens systen canagement, including sntenne switch-
ing, was grood. "

r

Frior to the television broadcast at approxinately 55 hours, dLffi-
culty was experienced with high-gain antenna acquisition for approximately -
1= minutes. After a change in sracecrart autitude , satisfastory acquisi-
tion was accomplished. Further details concerning this problem are dis-
cagsed in seotion 14,24, )

At sprrexiwately 56 hours, the high-gain antenna sxperienced an ap-
parent switch from narrow teo wide peamwidth, with e resultant temporary
less of telemetry dats. This ocourrence coinesded with the oxygen tenk
rressure less. Post-separastior photographs of the serviee moduls show
damage Lo the high-gain antesna, which iz attributed te the loss af g
Fervice medule cuter panel. Shis damage, as discuss=d in reference 1,
ceused the beam switch and the resultant lpss of date,

From 101:53:00 to 192:02:00 and from 123:0%:00 o 123:12:90, the
communications system was powered up to the extent necessary to trapspit
high-bit-rate telemstry data using the omidirectional antennas . Tke
J-band system was turned on for verification prior to undocxing ard per-
“ormed nominally. The VMF/AM and VHF recovery systems were turned on at -
parachute deployment and cperated nominally throughout recavery.

5.5 THSTRUMENTATION

The instrumentation systen performed normally except for the follow- )
ing digcrepancies, both of which have occurred on previcus Flights. The
sult pressure measurement indicated 0.5 psi below eabin pressure until )
the command module was powered down. However, when the commarnd modyle
was powersed up at 123 hours, the measurement indircsted correct values,
85 discussed in section 14.,1.%. The potable water gquantity measurement
cperated erratically for a brief pericd early in the mission. This AN om—
aly is described in section 14.1.5. The pressure, tenperature , =nd auan-
tity measurements for oxygen tank 2, along with the fuel eell 1 nitrogen
pressure transducer failure, are discussed in section 14.1.1, since the
aromalovs performance of these systems is related to the tank inc dent.
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The service propulsicn auxiliary propellant geazing system failed prior
to lawnch and 4 measurement waiver was granted. The failure, which re-
sulted in sheorting of the instrumentation power supply., wes caused from
fuel leskage into the peint senscor module within the tank, Similar fedil-
ures have cecurred on previcus flights, snd since this system is inde-

pendent of the primary geaging system, which was operating properly, per-
formanee of the missicn Wwas neot affected.

5.6 GUIDAKO=, NAVIGATICH, AND CONTROL

Perfermance of the guidance, navigeticon, =nd control system was
ncrmal except for two instances. HRandom moticn chserved in the sextent
chail during the zero sotics mede was operaticnelly zrevented vy turning
off power to the cptical system when not in uvse. This problem cecurred
during Apollo 32 and is thought to be caused by a bulldéup of contact
resistance in tne s5iip rings of the half-speed resclver in the sextant
(section 14.1.3). The ecrew reported the 0.05¢ light did noi illuminste
a5 required within 3 seconds after the digital computer had indicated
0.00g. A manusl procedure was therefore required te start ithe entry
nonitor system, which performed nominelly throughout the remaincer of
entry (section 1k,1.5). As a resnlt of the sborted mission, all power
was remcoved from the inertiel platform, including hesters, for sppreoxi-
mately 80 hours. After powering up ard coarse aligning the platform to
tbat of the lunar medule, the command module wes guided to a successful
landing within approximately 1 mile of the target location., Because of
power reatrictiens, the circuwit breaker for the data storsge equipment

recorder wWwes el open during entry, and no entry data are availshle Ter
an entry perforrance saalysis.

All attitude control functions were satisfactory. Initial separs-
tien frem the S-IVE wes performed by thrusting for 1.28 seconds to impart
a veloelty change of 0.86 ft/sec, Afier a manual pitch maneuver, Lhe
commznd and service meodules were decked with the lLumar module. iate dis-
turbances noted at docking were 0.16 deg/sec pesk in pitch and yaw, and
0.60 deg/sec peak in roil.

Ihe passive thermal control modes attempted at T:43:02 and 35:51:40
were not succesaful and had to be reinitiated. The attempt st T:432:02
resulted in s divergent coning angle because the roil rete was estanlished
uzing cne rather than twe roll engines, as reguired by the checklist, In
addition, an incorrect roil rate was loaded ints the digital autopiloat.
The attempt at 32:21:4% resulted in =z divergent coning angle because an
unplanned minimum impulse engine firing oceurred 13 seconds efter faibtig-
ting the roll rate. The engine firing command {(two negative roil engires)
was generated when the roll menual abtitude switch wes changed from the
rate-commend position to the aceelerstion-command position. The engine
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firing could have been aveided procedurally by disabling all engines be-
fore doing any control system switching. The pessive thermal conircl mods
attempted at 32:21:49 is compared with a typieal case in Tfigure 5.5-1,
Which shows the adverse effects of two extranecus Tirings. 4l subze-

quent passive thermal control modes rsing the command znd service module
were established normally.
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Figure 5.v-1.- Comparison of early translunar moneuver to
establiish a paszive thermal control mode.

At the time of the oxygen tank incident, three everts +aock place
that affected conirol system performance: the quad ¢ izolation valves
closed (as discussed in secticn 14.1.1), a voltsge transient ecaused a
computer restart, and the digital sutopilet re-initialized the sttitude
to which it was referenced. The response of the digital autopilot to
these events was as progrsmmed, and rate and attitude errors were roduced
to o nulled condition within 7% seconds. Reference 1 contains e more

complete discussion of spacecraft dynamics during and after the DXY Een
tank anomsly.
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The mly translsation maneuver performed with the service propulsicn
syatem was the first midrourse correction. Spacecraft dynamics during

this maneuver were ncminal, and significant transletion paramsters are
snown in the following table.

First midcourse
Farameter :
correction
Lime
Igniticon, hrimin:sec 30 L0 :Lg 65
Tatoff, hrmin:sec 0405310
[ureticn, min:sec 3.40
Velocity gained, Tt/sec®
(dezired/actual )
X -13,1/-13.2
T =1L oT/-1h.5
% -12.2/-12.3
Veloeity residusl, ft/sec
(spacecraft coordinaotes J#%
X +0,1
by +.2
& +,.3
Entry monitor system +0, T
Engine gimbal nosition, deg
Tnitial
Fitech ' 0.95
Yaw ~i.15
Meximan excursicn
Fitch +0, 4h
Y amw -0.B1
Steady-state
“iteh 1.13
Tau —-0, 44
cutoff
Piton 1.17
Y aw =0 LY
Maximum rate execursicon, deg/sec
Fiteh +{.,08
¥ e +0,16
Foll -0.08
Meximum attitude error, deg
Fitech 3.0k
Y aw -0, 24
Eald +0,183

*Velcelty gained in earth-centered inertial coordinstes,
*¥Veloelwy residuals in spacecraft coordinstes after
trimming has been completed.
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The crew reported a pitch-up disturhance torgue was exerted on the
commend modale soon after undocking until the begianning of entry. Mozt
G thls time, only low-bit-rate telsmetry wes avallable and therefore a
deteiled anelysis is impossible. 4 20-minuts gegment of high-hit-rate
data was received Just pricr to entry, and an unaceounteble plitch-up
torque of G.001 deg/sec? wss observed., The possible contributing causes
for Lhis torgue could have beer gravity gradients, atmzcepheric trimming,
venting through the urbilical , venting through the tunpel hatch, and a
gradual propellant leak, However, none of these iz corsidered to have
teen a single cause, and either = cambination of theze rauses was present
or scme undevermined venting took place.

Table 5.6-I is a surmary of gyro drift measurements deduced from
irTlight alighments. The null-bias drift coe£Ficievts for all three gyres
were updated at 32 haurs, based upon drift rates caleulsted “pom four
Platform alignments. The BElignment pricr to entry was performed by flrst
conducting a coarse alignment to the lunar modple plat form and then usinmg
the automatic ocptics poeitionirvg capability te lceate stars for m rvrecise
alignment, This technique was necessary hecause of the difficulty in
recognizing constellatieons through the scanning telescope as a result
of reflections from the lunar module ard cbscuration by vented particles,

TABLE 5.6-1.- FLATFORM ALIGNMENT SUMMARTY
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lable 5.6-I1 summarizes the inertial component preflight histories.
Velooity differences between the S-IVE instrumept unit and the command
mcdule pletform during esrth ascent indicate = Th-ft/ses difference ip
the Y-axis., A Y-axis difference is typlcal of a command module platform
pgrrecompassing misalignment at lift-off. However, the Y-axia errnr Dag—
nitude is not typical and is the largest observed during ascent to date,
The cause of the discrepanrcy was the magnitude of the null bias drift
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TABLE 5.6-I1.- INERTIAL COMPONENT PREEFLIGHT HISTORY
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coeffirlient for the X~axis, which was 5till within specified limits ; this
coefficient being the most sensitive contribuiter to the gyrocompassing

nisalighment., Table 5.6-II1 is & set of errcr sources which reproduce
the veloeity errors observed during sscent.

After the oxygen tank incident, the platform wes uzed as a reference
to which the lunar madule platform was aligned. All power to the guid-
anee and navigation system, ineluding the inertial measurment unit heasters,
was removed st about 58 hours. Heater power was applied about &0 hours
later, when the inertial measwrement unit was put into stendby and the
computer turned con. PBased upon ground test data and two short periocds
of telemetry, the minimum temperature is estimated teo have reached 559 or
60° F befors power-up. The only significsnt coefficient shift cbserved
after the long cold socak was in the Z-exis accelercmeter bias. The shift
was compensated for by an update at 141 hours from minus 0.04 em/fsec? to
the new value of minus 1.66 cm/sec?. Although no gyro measursments were

obtained just prior to entry, the precision of the landing indicated no
large misalignments.
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TASLE 5.6-IIT.- INSETTAL COMPCONENT EREORS DURING LAITYCH )
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several entry monitor system biss teste were made during the flignt.
The esssceisted sccelerometer exhibited a ztability well within specifi-
cetion limits. Besults of esach test are given in the fellowing table.
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. . Fime Veloeity Accelerometer
Tine interval, change , bias., ft/cec?
ser ftiser ;
Before translunar injecticn 100 +0.8 +0.008
. After translurar inlection 100 +1.0 +0.010
10 hours % minutes 100 +1. & +0, 018
) ’ 20 hours 50 minutes 100 +1.5 +0.015

.0 FEACTION CURTROL

C.T-1 Serviece Neodule

A1l gervice wmodule reaction ccontrol parameters were normal from
lift=-off to the time of the owxyger tenk anomaly. A totel of 55 pounds
- of propellant was used for the initial separation from the 2-IVE, the
surraround maneuver, Gocring and ejection. FPrior o the tank anomaly,
rropellant usage was 137 pounds, 33 poundgs less than predicted Jor that
point in the misaion.

Following the anoway , a1l reacticn contrel guads except U hegan
showing evidence of frequent engine firinga. Data show that =11 propesi-
lant disolstion walves on quad C, both helium dizcletion vaives on guad 1,
and one helium fselation valve on qued B were shoecked to the closed posi-
tion &t the time of the oxygen tarx pressure less. ©n gquad D, the regu-
lated pressures dreopped aomentarily =5 the engines fired with the helium
izolsticen valves closed, The crew recpened Lhe gquad O velwves, and the
engines functioned normally thereafter. EPBecause the quad C propelilant
Isolation velves are powered from bus B, which lost power, the valves

. . could net he recpened and the quad remained inactive Tor the remalnder
- o the flight.

. Tmiring the peak engine asctivity period after the oxygzen tenk inci-
dent, engine package temperatures reached as high as 203 F, which is
normel far the commanded duty cyeles. All reaction control data were
nermal for the configuration and duty cycles that existed, including tke
quad C deta which showsd the systen in a nonuse configuration bhecsuse the
isoleticn valves were closed. System data were normal when checked pricr
to entry at sbout 123 heours, at whien time the total propellant consumed

was 286 pounds (36 pomds from quad A, &5 from B, 33 from O, and 1907
- from D).
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S5.7-2 Command Moduile

The command medule reaction contr»ol aysten helium pressvres and tem-
peratures snd the helium manifold pressures were normel from 1ift—-off to
syswem activabion just prior to entry. Tke pressurcs befors activatian
reflectied the general cooling of the system resulting from the powered
down conTiguration of the command moduie. The heliim souree temperstires
dropyed from 709 to about 35° F during the mlssion. Prior te system acti-
vation the lowest engire injector temperaturs was 15° I'. & preheat cyele
broughat injector temperstures to acceptable lewvels and hot firing checks
were zatlsfactory.

Juss prior to undocking, two injector temgeraturss were 5° F below
minimue. However, engine operation was expected to be normal, despitbe

tne low tonperatures, snd undecking was performed without heating the
ENELNES .

byster decontamirnation at Hawall was normal, excers that the sys-
tem 1 fucl Isolation valve was found to be in the open peositian, ALL
wner propellant isclation velwves were in the normal (clesed) position.
Power from ground servicing egquipment was used *to ¢loze the wvalve, which
operated normally . Fostflight investigaticn of this cordition revealed
Lhat the electirical lesd from the system 1 fuel-valve closing codil was
miswired, making it impossible to eprly power to “his cpii. This ancm—
aiy is discussed in section 14.1.7.

A1l mvailable {ligh+ data and the zenditicn of the system orior to
deartivation at Hawail indicate that the system performed normally from
activation through the propeliant dump end purge operation.

5.0 ZEVIEONMERTAL CONTROL

Iuring the perieds whern it was activated, the command modinle enviren-
mental contrel system performed normally. From the time of powering dowm
et approximately 50 kours until resctivation approximately 1-1/2 hours
before entry, environmental controcl for the intercorrerted cabins was
naintained using lunar module equipnent. Two anomalies assoelated with
tae environmental contrel instrumentation occcurred and are discussed in
sections 14.1.8 and 1L.1.9. An addi‘ional Qiscropancy, noted =fter land-
ing and discussed in sectlon 10.3, was the position of the inlet postlard-
ing ventllation valve at the time aof recovery. This discrepancy is dis-
cuesed in section 14.1,2,

“he oxygen distribtuticrn system operated nominally until deactivation
Following the eryogenic tenk ineident. The sult compressor was turned
of f et 50:19:55, and with the repressurizstion package off line, the =zurge
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tank was isolated 17 minutes later at an indicated pressure of 858 psis,
The £2J0-psi system was reactivated briefly four times from the surge tank
to pressurize the command medule potable water system. TFurther discus-

zion of oxygen usage is pressnted in section 7.1, 3System cperaticn for

entry was satisfactory, with the suit compresser limited to & period of

cperation of only 22 minutes to conserve glectrical power.

uricg the period when the command medule was powered down, the cabkin
temperature slowly decressed to approximetely U3® B and considerable
amounts of moisture condensed on the spacecraft windows and the command
module structiure, Thermal control, after powering up at 140 hours , was
setisfactory, althouph the cabin tempersture remaired very cold during
entry. The command module potable wester served es the main drinking sup-
rly for the crew during the mission, and aspproximately lU pounds were
withdrawn afier powering down, using the S-cunece wmlastic bags. The crew
reported st approximetery 120 houwrs they were uneble to withdraw water
from the potable tank and sssumed it was empty. Approximately & hours
after landing, the revovery crew was a8lso unsble to ogbtain a water asmple
From either the potable or waste water tanks. The recovery perschnel
stated the structure near the tank and lines was very cold to touch, and
an snalysis cof temperstures during the flight in this viecinity show that
freczing in the lines mest likely cecurred. This freezing conditicn could
have existed af the tinme 2 sample wa2s fo be taken. When the spaceseraft
was returned to the manufacturer’'s plant, 24,3 pounds were drained from
whe potable tank, Thas water system was subsequently checked and was found
L0 cperate properiy. Both the hot and ecld potablie water contained gas
bubtles. To eliminate these gas bubbles, which had also been experienced
an previcus missicns, & gas sepsrator cartridege was provided but cot used.

The auxiliary dump nszzle was used for the first time on sn Apollc
mission, Duaping through this nozzle was discontinued zné urine was sub-
sequentiy stored onboard because & considerable rumber of particles werc

evident on the hatch window snd these interfered with navigation sight -
ings.

Upcn recovery, the outlet valve of the postlanding ventilation wes
open and the inlet valve was ciosed, wheress beoth valves sheould heve heern
cpen. This condition is reported in section 10.3.2, and the snomaly is
discussed inp sectimm 14.31.2.




6.0 LIGAR MODULE PERFORMAKCE

The perf'ormance of the lumar module systems is dizcussed in this
secticn. M1 systems that are net discussed sither performed as iatended
ar were not used. Jiscrepasncies and encmeiies are generally menticned

but are discussed in grester detail in the Anowaly Suamary , sections 1h.2
and 14 . 3.

£.1 STHUCTURAL

The strurtursl evaluaticn is based on guidence and contr-ol data,

cabin pressure measuremsnts, comend modulie acceleration data, photo-
praphs, and crew commernts.

Based on msasured cormand module aceelerations and con simulations
1ging sotusl launch wind data, lunar module loads were within struectural
limits during leunch zmé trasslunar injection. Loads during docking and
service propulsicn and descent propulsion maneuvers werc also within
structural limite.

Data telemetered during the oxygen tank incident indicate the ores-
enge of body bending oscillatieonms in the docked zpseeecraft. The asscei-
ated emplitudes, nowecver, were of & very low level, and bending loade in
the ecriticael decking-tunnel srea were well heolow design limits,

6.7 BELECTRICAL FPOWEER

“Le electirical power system performed all reguired furncticns. At
lunar module undocking, the descent batteries had dslivered 4347 smpere-
hours frem a nominel totel capacity of 16C0 ampere-hours, and the ascent
batteries ned delivered 200 ampere-hours from a nominal tobal of 592
ampere-hours., The lunar mzdule iniftiel powered-down configuretion re-
quired an average electiriczl energy rvonsunpiion of 900 watts =t 30 am-
peres. After the seccnd descent propulsion firing, the lunar module was
further powered down to asout a 360-watt (12-ammere) level:; as discussed
in zecticon 7.2, A false batitery 2 malfuncuion and master alarm oceurred
at 359:5L:00 and continued intermittently durirg the periods that the het-
tery was on (discuseed in sectien 14.2.3}. A review of the dsts indicates
thet a current surge of greater than 100 anperes cocurred at QT+13:56
concurrent with a erew report of a thumping noise and spowflakes seen

through the lunar medule window. This occurrence ia Gdiscussed in serc-
tiomn 1L.2.2,
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6.3 COMMUNICATICNS EQUIPMENT

S-band communications were nominal from system actuaticon at BLproxi-—
wmately 58 hours through lunar module undocoking., Except for brief periods
when high-bit-rate data and high-cuality downliznk voice were reqguired,
tow power Lrenemissions, Ttackup volce, and omnidirectional antennas were
used to conserve electrical power. The S-band power amplifier was turned
off by opening the circuilt breaker to provide the higher meodutaticn index
for telemetry. The primary communicstions configuration was low nower,
ioW-bit-rate telemetry, cmidirecticnal anternas, and backup voire on
btagebard. In this eonfiguration, transmission of high-bit-rete data from
the sparecraft wes atiempted using a 210-foot receiving antenna, snd ex-—
cept for regular intervals of data dropout becavse of vehicle attituge
cnenges, these data were of good quality.

I'he updeta link Wwas used when required and performed nominally. Ho
VHF equipment was exercised, and the S-band steerable antenna was never
turned on. The antenna hesters, which normally remsin artivated, were
turned coff to conserve power, and the antenns Lemperature decreaszed to
approximately minus 66 F.  In the passive thermal contral mode, this
temdersture varied between plus end minus 25° F,

6.4 GUIDAKCE, KAVIGATION AND CONTROL

Cystem performance, with one exception, was nominal, during all phases,
At completion of the maceuver to the abttitude for the last midoource core
rection, the attitude errcor needles were not 2erced because of an out-of-

Sequence turn-con procedure for the digitel autcpilot and the inertial
messurement unit.

B.4.1 Attitude Contrel

The performance of the abort guidance system and all attitude contrel
mepects of the digital asutopilot were neominal. Fellowing the service mod-
ule oxygen tank anomaly, power was spplied to the rrimary gulidance system
for use in establishing paseive thermal control modes end to maintain at-
titude contrel until the transearth injection meneuver.

“Le passive thermal control mede after transearth injecticn waz ini-
tiated using the digital autcpilot in the manual minizum impulse aode.
The crew had considerable difficulty in establishing acceptable initial
conditicns for the sassive thermai contrel mede. This diff'iculty wuas
largely caused Ly the recegsity to use the trenslaticn hand controller
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to command rotation sbout the wehicle pitch and roll exes and the atti- |
sude contrcller for yaw commands. The pilot's task was further compli- |
cated by having the flight director attitude indicators poweresd down. '
Without these displays, 1t was necessary to monitcr sttitudes by cbserv-
ing gimbal angles on the diaplay and keytboard aszsembly. Ezcause the
spececraft yew axis was not colncident to thet of the platform yaw axis,
either a piteh or roll command would cause a change in voth of the cor-
responding girbal-angle displsys. After The wehicle attitude was changed
to wmeore closely align with the wlatform ard to redvoce the yaw gimbal-
arigle dispArity, passive thermel ccontrol waz established zatisfactorily.
Both guidance systemse were then powered down until 195 heours, 4% that
time, the abort gulidsnce systenm was powercd up for control during the
filrst transearth midecourse correcticn. The passive thermsl control mode
was reestablished and the abort cystem was powered down.

After completing the caneuver to the atiitude required for the
Tinal midecourse correction, the crew reported that the attitude error
needles were not pulled or the flight director attitude indicetor. 'The
segquence used to povwer uy the platform and to epzbkle the autopilot pre-
rented eerizin computer memeory cells from being prorverly initislized.
Copseguently , an sttitude errcr bias was introduced between the stored
ralues of attitude error and those displayed on the attitude error nee-
dles. When the digital sutopiloct is turned on, a computer routine chocks
the status of an "errcr counter eneble” bit to sce if initializaticn is
required, 1f this bBit is off, a8 1t normally would te, initialization
takes place and the error counter, certain memcry cel s, and the iner-
tiel coupling display unit digital-to-analog cocnverters are =11 zeroed.
If the ecomputer checx finds the error counter enavnled, the ezzumpticn
is made thahb initialization has already taken place and the calowlated
attitude errcr is set inio the error counter for subsegquent display.

The errcr counters for the ccupling display units are used hy the
digital autopilot fexr attitade error displays, buot are salsc used to
drive the platform during s coarse alimmment. A platform coarse align-
ment was perforned at abowut 135 hours, and the errcr-counter-enable
Status bit was set. The digital autopilct was activeted 2 hours later, -
but with the error coumters slresdy ensbled, no initialization took placs
and e bias was intreduced into the aititudes error loop. The atiitude
errers displsyed to the crew st the completion of the sttitude maneuver
pricr to the seventh nideourse correcticn reflected a bias in the pitch,

rall, and yaw sxes of plus 1,3, plus 21.2, and minpus 12.0 degrees, re-
spectively.

Opacecraft dynamics were very small during the zervice module jetti-
son &nd lunar module undocking sequence. Velocity changes imparted ko
the respective wvehicles during each wmaneuver were as follows:
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Platform-sensed velocity changes, ftiseo
Command module axes Lunar module axes
® Y z X Y 7
Service module separation
Flus X translstion FPlatform not power— 0.67 | -0.06] 0.0
Minue X trenslsticn - ed up gt separation (| -1.90 | 0.01 ]| =0.0L
Lunar module undocking ~1.5% | o2 | r.00 | —0.65 | -0.02] o.o0

G.v.2 Translation Manmeuvers

Table &.4-1 sumrarizes the pertinent control system parameters dur-

ing ezch tronslation mancuver. Spacecralt dynamic response daring gll
mansuvers was normal .

The throttle profiles for the first mideourse correctian Performed
by tie Iunar module was 5 seccnds at 12.7 percent follcwed by 27 szecands
at 4O percent. The firirg was preceded by a 10=second, four-jet ullesge
raneuver. A number of plus-¥X Tirings cceourred during the mesneuver be—
cause pitch and roll thrusters were not inhibited by a Verh 65 entrv, as
required by the checklist.

The transearth injection maneuver was performed with the primary
guidanece system controlling the descent propulsien sy=tem, The throttle
Lrofile was § seconds =t 12.6 pervent, 21 seconds at 40 percent, and the
remsinder st full throttle., [During both periods of throttle increase,
the rell-ginhel drive actustor traveled approximately 1.35 degrees nega-
tively from its velue at ignition., These excursicn were somewhat larger
than expected, but simulations hawve since shown them to be normal =nd
result from engine compliance end mistrim. Spacecrart dynamics were
nominal throughout the firing., The first transearth midrourse correcting
was the last maneuver to use the descent rropulsion sysiem. The maneuver
was performed by menually controlling piteh and roll using the hand con-
trollers and by amtomatically contrelling yew with the sbort guldance
System sttitude-hold mode. The lh-second firing was accomplished at
1d-percent throttle with no adverse dynemics.

B4 3 Aiigmment

The lunar medule platform was rcoarso aligned to the command medule
platform a few hours after the cXygen tank incident in prepsraticon for




TABLE 6.4-I.- LUNAR MODULE MANEUVER SUMMARY

ME e
wrennd midecdrye I'renserrtl Third nidrourse Fourth sddeourne
Conditicn .
WOTTCCTloh lujeczirm anrresticr correat]on
N e R GHID TIPS AL SCTS AGS/LFS
Time
Terltlon, fr:min:geg O1:20:483, 0y THia7::6.95 L5 1A R 13T:33:51.5
Catmff, hr:mln:s=a Cl:30::7.7e T 3262 77 15 :1H .z LA7-4G oy
Durmtion, ges il PR A 1h 1.5
¥elesity cbhaoge efore Lrim
testual/dealred )
xe +5 L A+E Y eI I 1L TLOET HNE -1.2/f-1.5
T L PR L I O AT -l Utz
2 I S S LT L T A e I -1.%r5-1.5
¥elooity realzual after
trim, Ftfaer
2 L TN *1.3 rud [N
o _ L +11, ool
Z =L _3 o, a
cletel delive actustor, fa. Eet appilrable 8ot applicakle
Iaitial
risch -, +1,13
Fall -1, =i -0.28
Mogimuam excirs]on
Fitch o1 +1, 16
Fzll N -a.hb
fLendy-state
Fiteh +L, ol 40,21
Fc1o -J1.451 =0 55
Dutcrr
Fitrh +a, .0 +. 2
FolZ . =] A
Kuximug rate excuralern, deg/sro
Fiteh a5 2 a2 +], 2
Frll -G H 0.8 N +1.2
Tew e +1, 5 =g .3 0.2
Meximum atuitude excorgion, deg
Fitch -1.62 =1_A -, B 0.4
Boal rl.E5 +h, T *0.7 =05
raw -5, Ei -L.2 0, 3 L

*Zartbh-centered inepiimd coordioates,

'*ch!ﬂﬂe in velogcity shewn ia Lody ¥-gais Far demseoern

T progulaion Tiringe under contrel of abaret auidpnce
ay=tem,

the nidcourse correction to enter a free-return tra)ectory. In prepar-
ing for the transearth injection meneuver, a cheek of the platform align-
ment accuracy was coapleted by letting the computer point the alignment
optical telescope ot the sun as though marks were to be taken. Besults
0T the sun check angles indicated = platform misalignwents shout any axis
of approximately helf the allcwable l-degree limit; therefore, a plat form
realignment was not required before the maneuver,
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The primary guidance system was powered up at 133-1/2 hours, after
whicn & coarse alignment to the abort guidance system was performed.
The spacecraf{ axes had previously been aligned %o an inertis? reference
usirg the asbort guidance system by sighting on the earth with the crew
optical alignment sight. Alignwent accurecy was refined ty performing
& realignment using the sun and moon &3 sighting targets for the align-
ment optical telesccpe. The star-angle difference of minus 1,12 degrees
resulted alnost entirely from epproximestions in stored luner and solar

ephemeric data and computer routines used to calculate sun and moon posi-
tion vertors, '

B.4.4 Inertial Meszurement TUmit

The inertial messurement unit rerformed properly throughour the mha-
gicn. A preflight history of the inertial components and the inflight
accelerometer blas measurements are given in the following table,

_— Sampie | Standerd "“:;’," Countdown | Flight | Flight
Mesan deviaticn mamp les ol e lewmd BV e AgE
Acceleprometers
£ = Bedle factor arror, DR . . . . . -£81 g 4 -£: A -Tn3
2
Bloa, omfsec™ . , . . . . ., ., . +1.47 2.06 l +1.0 +1. Ly +1,58
¥ - Heale Zmetar arrer, ppm . . . . . -11£5 14 s -1173 -1.94
2
Elas, emfeae™ , . . ., . . . . . ~1.47 G. 005 L —1.hE -1.L2 -1.35
£ - Benle fector orrcy, P . . . . . -2Ly Al L -2y -310
a
Elma, cefaec™ . . . . . . .. ., *1.56 0.01T L +1.57 +1,56 +1.52
G¥rod copes
X = Full bias dedrt, mEPU . . ., . . . +1.1H 1.33 ! 40,3 +0. 4
Acteleration drift, spin refer-
erce axie, mERU/g . . . . . . L -0.93 1.19 Y =2.6 =1.0
Acoceleration drift, input exis,
mERDfE . . . . L . L .. L., -5. 38 2.97 L ~5.5 =4.0
¥ - 0l bims dedrt, =580 ., ., . . 0,13 Q1,30 W 0.0 w01
Accelerption drift, apin refer-
ence axie, mEROVE . . ., ., . . +5 .65 2.75 L +&. +7.4
hoccelermtlon drift, lngut exis,
mEEig . . . . . L L L. e +£.35 L.To L +T.6 +5.0
Z2 = Hfull bies dyirt, =ERY . . . . . . -1.1a 1.01 4 -1.8 0.1
hegeleration drife, spin refer-
ence: axle, mERg . . . . . . . . .28 0.8z 4 -L.5 .0
Acceleration deift, Input axis,
E—-.:'HL-.I’E [l [ 1 = = r ® @ g5 4 [ 3 [ —2-53 1-':'1 J'I' _3a3 -E.D
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64,5 ALborl Guidance Syster Performance

Abart guidance gystem verformaonce was nominal. Ko instrument cmli-—
traticne or compensaticn updates were performed. Unromtensated acceleroo-—
eter biazes anc gyro drilts remained within normal opersting limils even
though heater power was removed from the abort sensor assembly for most
cf’ the flight to conserve electrical power. AL times, the senscr Tackaps
temperature wes as low as 37° F.

Avcelerameter bias shifts associated with the 30-dsy and 3-dsy re-
quirements were well within specification. Table £.4-IT contains pre-
flight caelibration histories Zor the initial componenis of the abort
pguidsence system.

TAHELE &.4=T1,- ABOR! SUZDAKCE SYSTEM EREIKSTALLATTON CALLBRATION LATA

Cangl= STl daad Hup'cer apl cali- .
Aroelerametar TlAE nean, devlation, ol Feallon valys, Flight losd,
LE uE Ammy len (9] Uk
X Ei 1£.1 14 57.2 a0.a
¥ DK R o,¢ a8 -3 -3l.0
r =1.4 2.z 1A LN LT 0
4
Zrohcerd Ainber Flaml auldi- .
Aorelepometer =eonle fackor de vt lon, nt Lratioh ovelus, Filgrt load,
2] Hanp lea pzo F
1 1% .9 15 LT ook
t ah.aD ia -1t =124
2 ik, 1d SRy -daz
Comple Sterdard Fumber Firml raly-
Gyro ACpLle Tactor me s, cevigtion, ct bratinn waliue, Fllght lced,
FpAm Prm BAnT les ppm res
X Bzc BT 18 g Bad
¥ B3 12.% 1h ayn HTa
T AR, 5.5 ! X 15] L50o
Zamrle Erandiargd Humber tinual zali-
Gyro flxed drift nean, deviatlon, of ratian value, 'Flig]'..'.,llli:u.d.
deg/hr depthr SARplep dep T deg/hEe
¥ 0.ce 0 .03 14 1,11 oL
¥ -0, g o.:an L8 -d.Mg -7, 730
Z -2.52 a.o68 14 IS -2 4T
_ Sngpie Standmrd Number Final cali- -
0yra SEin axis moge o= By devialion, of bration value, iight ,lnld"
=g /e leg/hr B aaple=a deg/'hr crgiir
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6.5 REACTION CONTROL

The reaction control system wes activeted at sbout 58 hours. Total
propellant consumption wes Y67 pounds.

About 6 minutes after activation, flight data showed B sizegble de-
crease (approximately 22 psi) in the Eystem-A propellant menifold pres-
sures. Thia decrease coatinued for about 4 or S seconds and wes accom-
paried by an inerease of 7 and 8 psi in the ascent propulsion system fuel
and oxidizer manifold pressures, respectively. These manifola TrESsUre
chenges indicate & high flow rate from the reactisn contral s¥stem. This
was verified by a decrease in the indiceteq guantity by about 15 pounds

At this same time, the indicated positicm for the syEten-4 BEcent-feed
interconnect valves wes gpen.

During pazsive thermal contreol modes, the ¢luster heaters were not
used mnd cluster temperatures ranged from 55° to 97° F,

6.6 DESCENT PROPULSION

With the exception of superoriticel heliwm system performance, de-
scent propulsion system cperation, including engine starts snd throttle
TeSpCnEe, Was normal.

The descent propuision system performed normally during the 3h.3-
second mideourse correction to enter a free—return trajectory. This
maneuver was begun at the minimum throttle position (12 percent of full
thrust), and after 5 seconds, the throttle position was menually incressed
to approximately 37 percent, which was mainteined for the remainder of the
Tiring. The transesrth injection maneuver lasted 26k aeconds. Approxi-
mately 15 seconds pricr to engine shutdewn, the pressurization iselstion
solenold wes closed to gvoid a possible rroblen with propellant-tenk
fracture mecheniea, and the maneuver was completed in the blewdown mode
in which residual heliwm is the sole pressure source. The third system
firing, a mideourse correction maneuver, was l1l3.7 seconds in duretieon
and was performed in the blowdewn mede at the minimem throttle position.
Upon completion of this third and finel descent rrepulsion operation,
more Lhan helf the initisl propsllant lcad remained.

The supercritical helium pressurization syatem displayed abnormel
rerformence, beginning with preflight cperaticns. Preleunch megsurenents
taken during the ccuntdown demonstration test indicated & neminal ground
bressure rise rate of 7.0 psifhr. However, other specisl tests were per-
formed at various condit{ions whieh gave significantly higher rise rates,
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Thne aversge rige rahbe frem 1ift-off to the first descent propulsion ma-
neuver was T.0 psi/hr. Retween the Tirst and second firings, the rise
rate increased to 10.5 psi/hy, and after the second firing, the rise rate
was 33.5 psi/hr. This anomaly is further discussed in section 14.2.1.

4t shout 109 hours when the hnelium bottle pressure had rearched ap-
proximately 1937 psi, the burst diaphragm ruptured and relieved the super-
critical system through e special non-propuisiwve vent. The predicted
rupture range for this vehicle was 1200 * 20 psie. [uring venting, an-
expected motion was imparied o the spacecraft whicn disrupted the motion
establizshed for the passive thermal control meode. The vent tube for the
supercriticel helium tank is ported on two aides by diametricelly opposed
cval-sheped holes. It was criginally believed that the escaping gas would
exit these holes aft 90 degrees to the tube axis such that no net thrust is
produced. However, the pressurs distribwticn in the tube is such that the
two ges piumes have un included angle less than 180 degrees and probably
closer to 90 degrees. Therefore, the component of the gas flow aelcng the
axis of the vent tube produces a net thrust in the opposite direction
which tends to induce a slight roll rate to the wvehiecle. Since wenting
2f the heliur tang would be ceuse for sborting the missicn, the unwented
rotling monent, which is quite small, weould have no ultimate affect cn a
nominal prefile, Therefore, the vent tube configurstion for future sparce-
craft will not be chanpged to one having zero net thrust.

6.7 ENVIFONMENTAL CONTEOL

Environmentsl econtrol system performance was satisfectory during the
ancrt phase of the mission and proviged a habitznle envircenment for the
erew Tor spproximately 53 hours, nearly twice the time of a nominal flight.
Unly one anomsly, reverse oxygen lcakage through one of the ascent stage
sautof T valves, ocourred but did net compromise asysiem performance. Al

crew provisicns performed ss iniended sxeept for cracking of a window
shade, discussed in 14.2.5,

A indicgted totsl of approwirately 290 poungs of weter was used
from the lunar module tanks between activation of the suplimator and
undecking, and an indicated teotol of sbout 50 pounds of woter recained,
Mecst of the water used Tfor drintirg sand food preparstion was cbtained
from the commend meduie potable water tank before 124 hours, and drink-

ing water wes subsequently used from the lunar module tanks. Average
water ussge rates varied between 2.6 and 6.3 1b/hr.
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Total oxygen usage from the three lunar module oxygen tanks was
20.3 pounds over en 82-hour pericd, for an average usage rate of 0.25 1b/
hr. Oxygen remalning in the tanks et undocking was 33.5 pounds. During
translunar coeast, lunar module cabin leskage waz sbout 0.024% 1b/hr, essum-
ing en average cabin pressure of L.5 pais, {ommand module cabin leakage
was estimated Lo have been sbout 0.027 1b/hr. These values indicate an

avergge metabolic consumpticon rete throughout the flight of approximetely
.21 1b/hr.

The installed primary lithium hydroxide certridge was used for ap-
proximately 27 hours {82 man-hours) follewing ectivation of the lunar
module at about 58 hours. The secondary cartridge was selected ot sbout
85 1/2 hours. Iuring cperation of the luner module carbon diexide removal
system, the level was permitted to inerease to an indicated 14.9 mm He,
The primary cartridge iz nominally rated frr a usege cepecltiy of 41 man-
hours at 320 Btu/man-hgur. The secondary cartridge, nominally rated for
about 17.9 man-hcurs, was used for 8 1/2 hours (25 1/2 man-hours). This
cartridge is identiecal to that uszed in the portable life support syztem.
A second primary cartridge was instslled and used for approximete 1y
6 minutes, but for the remeinder of the ntssich, command module 1ithium
nydroxide carfridges were cperated in a speciel arrstgement. One side
of each of two command module cartridges waz covered and sesled with g
plastic bag normally used to store a liguid-cooling egarment. A= shown
in figure 6.7-1, vne corner of the bag was sealed to the inlet of the
gult circult bose, The cabin atrosphere then returned to the lurar nmod-
ule suit circuit through these supplemental cartridges hy way of the twe
outlet hoses. The mess flow through this arrangement wes partially re-
stricted witn tape to properly load the suit-circait compressors. After
approxXicasely 20 hours of operation with two cormand module cartridpes,
#n additional wnit was stacked on each original cartridge to improve the
carbon dicxide removal capability. With this supplementa cenfiguretion,
when only command madule cartricdges were being used, the indicated carbon
dicxlde ievel was maintained between 0.1 and 1.8 2m Hg, The supplements?
removal configuretion using the command module 1ithiwum hydrexide cartridges

was essembled and tested on the ground during the flight prior to its
actuel use in the spooscraft.

Low cabin termperature, resulticg frem a greatly reduced thermal load-
ing fron powered down electrical equipment, was uncomfortable to the orew
during thke return flight. For most of this tima, power levels were main-
tained between 350 and LOC watis, Environmental equipmernt operation,
however, was normal for this “hermal loading, with temperatures of the
weter/glyeol coclant at the sublimatcr inlet of spproximately LEC F.

Cabin temperatures were typicaily between 54° and 60° F, and suit inlet

tenperaetures were maintained between LW0° and W1° F during this porticn
of the {1ight.
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The only onomaly observed in the epvircnmental control system weas
a reverse leakage from the cxygen manifcld through the shutoff valve into
the ascent oxygen tank 2, PFollowing the use of oxyzen from the tank on
two occasions, tenk pressure was permitted to incresse to the regulated
manifeld pressure, Where 1t remained for the durstion of the flight,
The maximwn leskage rate through the valve was epproximately 0.22 1b/hr.
Both the specification leakage rate end the preflight test leaksps rate
were 0.001 1b/hr. The lesking valve would have presernted a problem if

this escent oxygen tank had developed an external leak. TFurther informae
tion regarding this asnemaly is contained in sectiecn 14.2.4 .
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Figure 6.7-1.~ Supplemental carbdon dicxide removal system.
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Figure €.7-1.- Supplemental carbon dicxide removal system.

In using the lunar mecdule water gun to dampen a towel, a piece of
towel material most likely became caught in the gun nozzle when the actu-
ating trigger was released, resulting in water leakage from the nozzle,
The lunar module water gun was returned io earth and during postflight
testing was found to be cperating properly. Postflight testing alsc
showed that resctuation of the valve can flush any towel material from

the gun. The command meodule water gun was satisfactorily used for the
remainder of the mission.




T.0 MISEIDN CONSUMAELES

Consumebles from the command and serviecs nodules were uzed normally
during the 56 heours prior to the ineident, et a modified wsage schedule

for 2 hours after the inecident, and after command module activation just
The lunar module usages ogcurred in the periad following

pricr to entry.
power—-up until the two spacecrzft were uncocked,

7.1 COMMAND AND SERVICE MODULES

Consumable useges Cor the command and service modules prior tao the
ineident were nominal. Followirg the incident and the gitendant shut-
down of comrand nodule power, the only consumables used pricr to entry

were drinking weter and surge-tznk cxygen, regquired to pressurize the
Specific consumable usages Cor appropriaste systems

potable weter tsnik,
are presented in the following paragraphs.

T.1l.1 Service Fropulsicn Prope.lants

The serviece propulsicn eystem was used only for the first midecourse
correction. The propellant loadings listed in the following teble wers
caloulated from gaging system readings and messured densities prior tao

liff=off,
Fuel, 1b Gxidizer, 1b Tatal
Loaded
In tenks 325 BO6 2L 9fn
In lires [ 12L
Total 15 &85 25 0Bk Lo TG
Cornsume d Jz2,3 147 233,73
Femaining at time
of incident 15 592.7 2L 937 Lo 5297
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7.1.2 Femcticon Contrel Fropellants

cervice module.- At the time the system was powered down, reacticn
centrol system propellent usage was 108 pounds higher than predictea.
The higher usage 1s sttributed toc the increased thruster activity requir-
¢d to null the effects of propulsive venting from both oxyegen tagks dur-
ing the inecident. The usages listed in the following teble were palen—
lated from telemetered heliwm tank pressure data using the relationship
between pressure, volume, and temperstyre.,

Fael, 1t Oxidizer, 1b Total
Loaded
Gasd A 1o,k 225.6 336.0
Jaad E 10%.5 225.5 335.0
Guad C 110.1 2254 335.5
Quad D 110,1 226 .2 336.3
Lo, 1 R, T 1342.8
Carngume d o 0e ¥
Femaining gt tine
of system shutdown 1056, 8

*Preflight planned usage was 178 pounds,

Command modu'e, - Command module reaction control system propellant
Msgages cennot be scourately assessed, since telemetry data were not BvAal l-
able during entry. Until the time of communications blackout, approxi-
nately 12 pownds of propellant had been used., For a normal entry, this
velue wouid be considered high; however, the system was activated longer
shen normal and was used during separeticn from the lunar module .

Lcaded quantities, 1b

Bystem 1 Systen 2
Fuel L, 2 WL . &
Oxidizer T7.4 TR, R
T':'ta.lﬁ 122 ) lEBil




T-3

T.1.3 Cryogenic Fluids

Cryogenic oxygen and hydrcogen usages were nominal uwntil the time
of the incident. The pressure decsy in oxygen tank 2 was essentially
instantanecus, while oxygen tank 1 was not depleted until approximately
£ hours following the Inecident. Ussges listed in the following table

are based con an analysis of the electrical power produced by the fuel
cells.

Hydrogen, 1b Cuyeen, 1b
Avelilable at iifft-off
Tank 1 29,0 326.5
Tenk =2 29,2 227.2
Totals 58,2 654.0
Consume d
Tank 1 T.1 TL.G
Tank 2 GO 5.2
Totals 3.0 157.0G
Fersining st the time
af the incident
Tank 1 21.9 255.,0
Tank 2 2.3 2420
Totalis Nz, 2 .o

7.1.k Oxygen

Fellowing the ipcident and loss of pressure in tanx 1, the total
oxyEen supply consisted of 3.77 pounds in the surge tank and 1 pound in
sach of the three repressurization bettles. About 0,6 pound of the oxy-
gen from the surge tank wes used during potable water tank pressuriza-

ticns and to activate the oxygen system pricr ta entry. An additicnal
U.3 pound was used for breathing during entry.

T.1.5 Water

At the time of the ineident, about 38 pownds of water was available
in the potable water tank. During the sbort phase, the crew used Juice
bags to transfer approximately 14 pounds of water from the command module
to the luner medule for drinking and food preparation.




T.1.6 Batteries

The command meoduole was corplstely powercd down as 58 hours L0 minuteos,
L which time 99 smpere-hours remained in the thres entry batteries. By
charging the batteries with lunar module power, availsble battery capacity
was increased to 118 ampere-hours. Figure 7.1-1 depicts the bat tery enerpy
available anc used during entry. At landing, 79 amperc-hours of Snerey
remained,
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7.2 LUNAR MODULE

Following lunar meodule pUWer-up, OXygen, water, and battery power
were consumed st the lowest practical rate to ireresze the duratisn of
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spacecralt suppert from a nominal b4 hours to a required 83 hours plus
rmergina. In acdition, the descent propulsicn and reaction rontrol S5 —-

tems were used to effect all reguired transiation and sttitude maneuvers
fellowing the ircident.

T-2.1 Descent Propulsicn Prope:lants

The leaded quentities of descent propulsion system propeilants shown
in the follewing table wers caleulated from qQuantity readings in the
spacecralt and measured densities prior to 1ift-off.

uel, 1b Oxidizer, 1b Totel
Leaded THE3.6 11 350.9 18 L3u,5
Consumed 32255 5 117.4 8 3Lz .G
Hémaining gt undceking 3A56,1 5 233.5 10 0o1.6

T.2.2 ZEescticn Control Fropellants

The reaction control system provellant consunption, shown in the
followipg table, was caleulated from teleretered helium tank date using
the relationship between pressure, volume, and temperature,

“uel, 1b Oxicdizer, 1b Total
Loaded
System A 1077 203.8 314.5
" Bystem E 107.7 2088 316.5
Total 633.0
Congume 3
System A 220
System B _ 24T
Total hWeaT
Rereining st undocking
Swvatem A 96.5
System B 65.5
Total 166
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T.2.3 Oxygen

Actual oxygen usage closely followed predicted retes from the time
of lunar module power-up until undocking, et which time spproximate Ly
32 pounds of oxygen remsined. The valuess in the Tollewing table are
based on telemetered dasts.

) Femaining after
Loaded,; 1b Consumed, 1b wadocking , Ib
Dezscent stage Lo, 3 21.9 27.4
Ascent stage
Tank 1 2.3 2.3
Tank 2 2. | 2.7
Tot =l 4.0 2l.3 324

“he shutorf valve Iin ascent stege tenk 2 hed reverse leekage (dis-
cussed in section 14.2.47,

T.2.4 Water

uring the sbert phase, linar meodule water, which is used primarily
to cool the cabin and onboard equipment, was the most restrictive consum-—
able. Az a result, extreme measures were taken to shut dewn all nenes-
sential equipment in order to provide the maximim margin possible, At
davneh , the total loaded water available for inflight use was 338 pounds,
At the time of undecking, anproximately 50 pounds of water remained and,
8l the reduced power condition, would have provided an sdditional 15 Esurs
of cooling., The actual waier ussage from the time of initial power-up tao
undocking -is shown in figure 7.2-1.

T.2.5 Batteries

At the time of power up, 2179 ampere-fours of electrical energy was
avallable from the four descent—- and twa ascent-stage bhatteries. As in-
dicoted in flgure 7.2-2, initiel consumption was &t & current of 30 amperes
until the second descent provulsiaon system firing, after which the vehicle
was powered down to s 12-ampere load. At approximately 112 hours, power
was provided to charge the command module entry batteries at a rate of
about | amperes for approximwately 15 hours. The command module was alsq
powered from the lunar module ot an ll-ampere rate for a brief period to
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£.0 PILOTS' BEPORT

8.1 TRAINING

Crew training for Apollo 13 commenced on August 1, 1969, The crew
was based in Houstonm until December 1, 1569, when operations were trans-—
ferred to the lawnch site for finel training., The tredining time was ade-
quate to meet the planned launck dete of 4pril 11, 1570, and all ftrainirg
objectives were met., The only difficulty in ecoordinating the training
activities was the scheduling of the lunar landing treining vehicle for
the Commender. The late availsbility of this wvehicle, the large amcunt
of time required for this type of training, and the need to trave]l be-
tween Houston and Cepe Kennedy complicated the training schedule Fignif-
icantly . Pecause a primary objective was a field geclogy experinent as
rart of the second extravehicwlar excursion, considerzble emphusis was
placed on geology trainirg. A week-long geclogy Tield trip to train the
crew as 'cheervers" was completed early in the training cycle. Later
field trips emphesized practiecal geological procedures and timelines,
Extensive use of field radics, extravehicular equipment, and sssisiance

from missicn contral during these field trips made the trainirg more
effective,

ceveral dzys pricr to launch, the backup Lukar Module Pilot tecams
2ick with meesles. Examinaticns of the prime crew indicated that the
Command Module PFilot was not immune to the disease; therefore, the backup
Command Medule Pilot was substituted. The lest 2 days rriecr to flight
were devoted to integrated training ameong the three crew members , includ-
ing the new Command Module Filot. Flight results indicate that the last
minute chenge of Command Module Pilots was practical and rresented no

training deficiencies, including resdiness for the short zonditicn that
ocourred.

8.2 PEELAUNCH PREPARATTON

The prelaunch tineline was satisfactory, end adeguste time was
allotted for suiting and associated zetivities to meet the ingress tinme.,
The final count was swmooth and rommunicaticns with the Test Condactocr and
the Mission Control Center were adequate. After the fuel cell sslector
knob was rotated and had bteen in the new position for a short time, the
fuel cell flow indicators would alternately rise several scale marks and
then return to normal momerntarily before cyclirg again. Since this ef-
fect was observed for =11 three fusl cells, the possibility of a sensor
ancmely was dismissed. With the crew fully strapped down, some difficulty

wes encountered in removing the helmet protective covers just prior to
egraszs of the closecut personnel.

A
o




8.3 LAWMCH

Ignition and 1{ift-off oecurred on schedule, A listing of malor
Tlight plan ewvents as they cecurred is contained in Tigure 8-1. TFirst-
stage performence wes nominal and coincided very closely with simulations.
Companicstions during the high noise level pheze of flight were excellent.
Staging of the B-IC occcurred nearly on time and was accenpanied by three
Bstinet longitudinal cseillations. S5-IT ignition ana thrusting was
smooth until about 00:05:32, when a sudden buildup in vibration wes felt,
followed by illuminaticn of the number 5 engine out light. 'The Missicn
Control Center confirmed that engine S5 had shut down approximately 2 min-
utes early., 5-1I performance after that time was smooth with na notice—
able sbnormslities. S-11 steging and S-IVE lgnition ccecurred late, st
9 minutes 57 seccnds. B-IVB performance was nominal but seemed to be
acconpanied by more vibretion then was neted during Apclle 8, [The
Apolio 13 Commander had been the Command Mecdule Pilst for Apalle 8], All
three crewmen noted the smell chenge in acceleraticn ceused by the mixture
ratio shifts during 5-II end S-IVE flight. gS-IVE engine cutoff ceourred
=t UU:112:30, with the spacecraft guidenre system registering the folloy-
ing insertion parsmeters: velocity 25 565 ft/sec, spogee 102.6 miles,
and perdiges 100.1 miles.

¢.4 EARTH GRRBIT

The Insertion checklist was completed and disclosed no systems
abnormalitiea. The optics dust eccvers did not Jettiscn whern the shaft
was driven 90 degrees (checklist was in error). However, the star eliegn-
ment program was selected in the computer and the dust covers Jettizoned
when the optics were being driven to the fPirst star; a shift of spproxi-
mately 150 degrees, The chiective of television in earth orbit was to
show the Gulf Cosst line, but this cbjective could not be achieved berause

of cleoud cover. Television Freparaticn was very eassily hendled within
the nominagl timeline.

8.5 TEANSLUNAR INJECTICH

Norinal Tirst-epportunity translunar injection procedures were used
and are sstislactory. Based cn 5-IVE orbit atti+ude hAold, the ground
contrellers updated the spacecraft attitude indicaters from 18 to 20 de-
grzes. This updete was satisfactory and resuited in en essentially zero
theta angle in the orbital rate A eplay during the S-IVE translumar in-
Jecticon., S-IVE vibration was greater during translunar injection than
that experienced during Apolle 8. These vibrations had high-{frequency,
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low-megnitude characteristics but presented no problems for monitoring
of the injection maneaver. At cutoff, the computer-displayed inertial
veleoeity was 35 560 ft/sec, and the antry moniter system acrelerometer
confirmed the maneuver to be within 3 f4/sec of the desired velue.

A.6 MRANSEOSITION AND DOCKING

Frllowing separaticn and translsation, a manual plitch mansuver of
1.5 degfeec was executed. Computer control wos reselscted, and 8 trans-—
letion wes initieted to give a small clesing veloeity. A digital auto-
pllot maneuver was executed to slign the respective mll attitudes.,
Meximum spacecraft separaticon was approximately 80 feet. At the finsl
attitude, the image in the crewman optical alignment sight was slmost
completely wasthed out by the sun reflecticn from the lunar module until
the wvehiclea were separated by & feet or less, Contact was made at ap-
proximately 0.2 ft/sec with a slight roll misslignment. Subszequent tun-
nel inspection revealed a roll index angle of minus 2.0 degrees. The
handles on latches 1 and U were not locked and were recocked and released
manually . GSpacecrafft ejection was normal. Total reaction control fuel
used for Lrensposition, docking, and extrecticn was reported as 55 pounds.

8.7 TRANSELUNAR FLIGHET

B.7.1 Coast Phase Activities

Following translunar injection, earth weather photography was con-
ducted for approximately & hours.

The first pericd of translumar navigetion (FProgram 23} at & hours
was done to establish the apparent horizon attitude for optical marks
in the eomputer. Some manusl meneuvering wad regquired to achieve a
parallel reticle pattern at the point of bhorizon-star superposition.
The second period of navigation messurements was less difficult, snd

toth periods were mccomplished within the timeline mnd reaction control
fuel budget,

The passive thermal control mode was initiated with the digital
auntopilot. A roll rate of 0.3 deg/sec was used with the positive longi-
tudinel spacecraft axis pointed toward eecliptic north pole. An incorrect
entry procedure was uzed on one attempt and reinitisalization of passive
thermal control was reguired. After proper initializaticon, al) thrusters
were disabled snd the spacecraft maintained an attitude for thermal pro-
tection for long periods without aspproaching gimbael lock. Flatform
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alignments (Program 52) with passive thermal control mode retes of
.3 deg/sec were satisfactcory in the optics resolve mode at medium speed,

At sbout 47 hours the Lxygen tank Z guentity senser failed full
scale high, a conditian which was confirmed by the zround.

8.7.2 Firet Mideourse Correction

The first mideourse correction maneuver, performed gt the second
cptich polnt, was completely nominal. The service propulzion engine was
started and stopped en time, md residuals were negligible. In econjunc-
tion with this service propulsion maneuver, s2ome differences were noted
with respect to the command module simuletor. When gimbal motors were
tumed on, an 8- to 10-ampere increase was noted, with a slightly faster
Jump than had been seen in the simulator. The mejor distinetion was the
fact that fuel cell flowrate indiesticns are barely seen to move, whereas
there is & very noticeable change in the simulstor., At engine ignition,
the ball valve indicators moved slewly ta open, but in the simidator,
they instantaneously move to Cpen. After turning off the battery bus
ties, the battery voltage 2lowly roze fram 32 volts to the Qpen cireuit

voitege of gbout 3T volts, whereas in the imulator there is an instantan—
E0UE recovery.

The television presentaticn during the mideourse correcticon maneuver
a8 well as during trenspositicn snd docking, interfered with nermal OPer -
aticnal functions te m degree not zeen ip training. The lunar module
pilot was forced 4o spend full +time adjusting, pointing, and narrating
the televisieon broadeast. A suggested alternstive for telecasting durding
dynamic events is te hawve the ground de all commentary, Crew-designated
television can be conveniently performed during a lull pericd when ful]
ctienticon can be given to presentatiom regui rements

L

8.7.3 Cryogenic Oxygen Tank Incident

AL approximately 55 hours 5& minutes, a loud noise was heard when
the Command Module Filot was in +he left me8h, the Commander in the lower
squizment bay, and the Lunar Hodule TPilot in tne funnel. The noize was
tomparablae te that noted in exercising the luner module repressuriczation
valve, The Command Module Filot and Lunap Hodule Pilot also reported a
minor vibreticn or tremcr in the spacecraft

fpproximately 2 seconds later, the Cormand Module Filot reported a
caster olarm snd a main-bus-F wmdervoltage light. Veoltage readouts from
main bus B, fuel cell 3 current, and reactant flows were normal, and it
was concluded a transient had cecurred. The Commsnd Module Pilot then
initiated erforts to install the tunnel hat ch,
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The Lunar Module Pilot proceeded 1o the right seat and found the
ac-bus-=Z and ac-bus-2-overlcad warning lights on, with main bus B wolt—
age, fuel-cell-3 current, and fuel-cell-3 reactant flow indications off-
scele low. Inwverter £ was then removed from main bus B.

On switching ac electrical loads ko ac bus l, the main bus A under—
voltage light illuminated, with a corresponding reading of 25.5% volts,
4 check of the Tuel eells revealed fuel rcell 1 reactant flow to be ZETD.
AL all times, fuel cells 1 and 2 were tied to main bus A and fuel eell 3
to main bus B, with the proper grey flags displayed,

Efforts to instail the tunnel haetch were terminated when the Cope
mander observed venting of material from the service module area, He
then reported the cxygen tank 2 pressure was zero and 0¥y gen tank 1 pres-

sure was decreasing. This information pispointed the problem source to
within the command end service modules,

At gromd reguest, fuel cells 1 and 3 regulator pressures were read
frem the systems test meter, confirmine the loss of these fuel pells.
AC bus 2 was tied to foverter 1, and the emergency poWwer=down procedurs
was initiated to reduce the current flaw to 10 amperes. At ground re-
quest, fuel cell 1 and, shortly thereafter, fuel rell 3 were shutdown in
sn &ttempt to stop the dscreade in ocxygen tank 1 pressure.

Lunar module powerup was handied quite efficientiy by identifying
selected segments of an existing procedure, the "Lunar Module Systems
Activetion Checklist." However, the crew had to delete the very high
Trequency portion of the communications activation. This procedure also
assumed auited operaticns, 8o the crew had to turn on suit flow valves
and unstow hoses to establish eir flow. This extended Fower-up biended
well with the preparation for the subseguent midecurse meneuver to enter
& free return trajectory. A similar real-time update to the 2-hour scti-
vation section of the "lunar Module Contingeney Thecklist" was salso guite
adequeats. Lunar medule activation was completed at the ftime fuesl cell 2
reactent flow wert 1o zero because of oxygen depletion. The command and
aervice modules were then powered down gompletely sccording to a ground-
genersted procedure, To form & starting baseline for subsequent proce-
dures, each switch and circuit breasker in the command module was posi-
ticned according to ground instruections.

Fotsble water wes obinined by pericdicalliy pressurizing the poteble
tank with surge-tenx oxygen and withdrawing poteble water until the pres-
sures egualized. This method provided potable water for erew nse until
24 hours prior to entry, at which time weter =auld not be withdrawn from
the potable tenk and it appeared to be exhsusted [section c. 8],
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The hatch, probe, and drogue were secursd in the courches by lap belt
end shoulder harmess restraints to prevent movement during subsegquent
maneuvers .

8.7.4 Mideourse Correcticn to B Free Return

A deacent propulsion system maneuver to reestablish a free-retwn
trajectory was planned for El—le hours using primary guidence. The
docked configuration was maneuvered manually te null out guidance system
error needles using the thrust/translation controller sssembly for roll
and pitch control and the sttitude controller essembly for yaw control.
It was not difficudt to control the docked configurstien in this manner.
There was, however, some concern as to the effect the use of the thrust/
translstion controller assembly would have on the trajectory. After the

error needles were nulled, attitude wes maintained uajing primary guidance
with sttitude contrel in "Auto."

Frimary guidanece system performance was pominal during the midcourse
maneuver to a free return. There Were no vehicle sttitude excursions,

and the firing time was as predicted. The abort guidanece system was not
powered up for this maneuver.

After the free-return midecurse correction, the spacecraft was ma-
neuversd manuslly to the passive thermal control mode sttitudes. The
pessive thermal contrel mode techniques consisted of maneuvering in the
pulse mode 90 degrees In yaw once each howr using the pulse mode. To
conserve povwer, the atiitude indfcators were turned off after the initiasl
passive thermal econtrol mode wes started, and attitude monitoring wes ac-
complished by obzerving gimbal angle readouts from the displesy keyhoard.

To conserve remnctlon contrel fuel when holding en attitude, = wide
deadhand was established using priwmary guidance. Because the rlatform
was nol aligned with a passive thermal contrel mods reference matrix,
yawing the wvehicle each hour resulted in inner and middle gimbal engle
devistions. The crew could not determine any standard procedure to keep
the middle angle constant during the meneuver. As the apacecraft maneu-
vered from cne guadrant to the next, the same thrust/translstion rontrol-

ler assembly input would result in a different =ffect in controlling the
middle gimbal angle.

B.7.5 Platform Aligmment
To essure the alighnment sccuracy of the lunar module platform for

the transesrth injection maneuver, a check was made st T4 hours utilizing
the sun for reference. The metheod involved & platform alignment program
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(P52, option 3}, loading the sun vectors, and utilizing an eutomatic atti-
tude maneuver. The null point was approximately cne-half a sun diemeter
te the right of the sun's edgs. A two-diameter offset was ellowable, so
the platform was considered sacceptable.

Initial ocubtside cbservations through the lunar module windows indi-
catied that normal platform alignments using a star reference would be ex-—
tremely Aifficult because of the large smount of debris in the wieinity
of the spacecraft, This debris apparently originated during the tank
incident. A subseguent chservation when the spacecraft was in the moon's
shadow indicated thet an elignment at that time would have been femsible
because of the improved visual contrast. Crew training for aun/earth and
sun/moon alighments in the simnlatcre should be emphasized to hendle con-
tingencies such as ccocwrred during Apecllo 13.

8.8 TRANSEARTH INJECTLICH

Maneuvering to the proper sttitude for transearth injection was dons
manuslly with the thrust/transletion econtroller sssembly and attitude
controller assembly while tracking primasry guldsnce error needles. The
error needles were nulled, and the spacecraft was then placed in the pri-
mary guidance automatic control mede to maeintain attitude,

Guidence system performance was agein nominal and there were no sig-
nificant attitude excursions. The thrattle profile was started in the
idle positicn, then moved to 40 perecent for 21 seccnds, and Tinally to
Tull throttle for the remainder of the firing. The maneuver residusls
were 0.2, 0.0, and 0.3 ft/see in the X, Y, and Z axes, respectively. Ths
gbort guidance system was povered up end was used to moniter both attitude

and veloeity change and egreed with primary system readouts throughout the
MEneIver.

8.9 TRANSEARTH COAST

8,9.1 Coest Fhase Activities

To esteblish a passive thermal contreol mode during initlial transearth
coast, the spacecraft was menually maneuvered to the initiel attitude by
rulling cut the attitude error needles. In this positien, spacecraft
rates were monitored by the ground, When rates were sufficiently damped,
2l yaw-right pulse inpuis were made to establish az vehicle relling metion.

The resulting meneuver placed the apparent moon and earth moticn horizen-
tal with respect to the lunar module windows.

L3
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After the passive thermal rontrol mode was esteblished, the lunaer
module was powered down accerding to the contingency checklist for an
gxergency povwer-dcwn. Minor modifications were made to this rrocedurs
te account for passive thermsl control mode gperstion. The spacecraflt
functions remalning were low-bit-rate telemetry, S-band tracking end
yolee, caution and werning sensing, eabin repressurization capabllity,
and the operaticn of the glyeol purps and suit fans.

A series of master alarms and battery cauwtion lights was noted and
isclated to descent-stage battery 2. In view of the equal distribution
of the 12 amperes being supplied by all betteries in the powered down
made , reverse current was ruled out, and because cf the lew current load,
overtemperature was alsc ruled out. Therefore, the problem wasz attributed
to a sensor (discussed in section 14.2,3)., To prevent recurring alarms,
the master alsrm circuit bresker was opened.

After the firat descent propulsion maneuver, the ground provided a
wori/rest schedule which kent either the Commander or the Lunar Module
Filet on watch at all times. This schedule was followed at firat with
the command module being utilized as & sleeping area. However, after
Tunar module power-down, the commend mrdule egbin Lemmerature decressed
to the point thet it wes unasceptable for use B85 & rest stetion., There—
after, all three crew pembers remained in the luwnar module and ANy Eleep
was in the form of short naps. The lunar module also cocled down to mn
extent where zleep was not possible for approximately the last 16 hours.

The potable water availahle was used sclely for drinking and re-
hydrating juices. o waker was expended in rehydratable foecds, since

there was &n ample supply of both prepared wetpacks and nonrehydratable
fooda (breads, brownies, food cubes, ete, ).

It became apparent that there were insufficient lithiug hydroxide
cartridges in the lunar medule to support the abort missicn, even with
allowsble "carbon dioxide lewvels extended to s partial pressvre of 15 mm
Hg. With ground instructicns, & system wes econstructed which attached
& commend medule 1ithium hydroxide cartridge to emch of two lunar module
suit hoses. WYhe Commender's rermaining hose was placed in the tunnel ares
to provide fresh oxygen to the commend module , while the Lunar Module
Pilot's remaining hose was positicned in the lunar module environmental,
contrel area. At g later time, & second cartridge was added in series
Lo the cartridges iritielly installed, as shown in figure 6.7-1. In each
case, the drop in carbon dicidde levels reported by the ground showed
satisfactory operaticn of this improvised carbon diexide remeval system,

Harlier, at approximately 73 hours, the command rodule windows had
become nearly opaque with water dropleta, This moisture contamination
continued to incresse, snd at approximately 110 hours a thin wafer film
gppeared on the interior command madule strueture itself, a= well as on
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the lunar medule windows. Despite this condensation becauge aof the ro-
wuced cabin temperature, at no time did the humlidity reach levels whigh
were uncomfortable to the rrew. ''he moisture on the limar module windows
disappeared shartly after poWer=up aob approximately 135 hours. The pon-
densation generally disappeared after parachute deployment, although the
structure remained ecold even after ianding.

After the cormand module auxiliary urine dump, used throuch the zide
batch, was cxercised, the crew was requested by the ground 4o inhibit ail
further overboard durps =0 a5 not to interfere with navigution sightings.
This single dump was noted to seriously degrade visibility through the
comuanc modile hatch window. Since this restrietion was never retracted,
all subseguent urine collestions were stowed cuboard, The containers
utilized for urine collecticns were the =iy lunar module urine transfer
bags, three command module backup waste bags , the condenzate container,
twe weter collecticn bage for the portable 1ife 2Upport systenm, and taree
arine collectlon deviees., The commard module weEs Lo stowags compartment
gppeared ta bhe full with orly seven foeal bagz stowad in this area. Add-
~ng to the waste siowage problen was the s+ilfnesz of the suter foezl
bugs,

At approximately 10% hours, the crow perforned z manvsl descent
profulsicon maneuver to improve the entry angle, Since the primary guid-
Aance and navigation system was powered down, alignment was acccmpliisned
manually . The spacecraft wes maneuvered te place the cusps of the earth's
termminator on the Y-axis reticle of the orewmen cpilval alignment sight.
The flluminated portion of the earth wss then nlazed at the top of the
reticle. This procedure positioned the lunar module Feoxis perpendioul ar
wo the earth's terminstor and permitted s retrograde mansuver to be per-
formed perpendicular to the flieht path to steepen the entry angle. The
rroper piteh attitude was mainteined by positicning the sun in the top
center portion of the telescope. With the spacecraft in the proper atti-
tude, a body-axis alignrent using the abort guidanre system was followed
immediately by entry into an atiitude held mode. This sequence resulted
in attitude indications of zero for all axes and permnitted use cf the at-
titude error needles to mointain attitude. Attitunde control during the
maneuver was performed by manually nulling the pitch and roll error nec-—
dles. This maneuver necessarily required crew-cooperatisn, since the
Lurar Module Pilot centrolled pitch and the Commander controlled raoll.,
Yaw attitude was maintained gutcrmatically by ths short guidance systern.
The Command Module Pilet called aut the engine siart and stop times, and
the entire 1lb-second firing was verformed at 10 percent tnrust. The en-
gine was shut down 1 second short of the caleulated Piring tise to pre-
¢lade an overburn which might requirs use of mirus-X Lhrusters and cause
plune impingement on the command moduis, The control mnd alignment tech-
niques to accomplish such a contingency midecurse manenver are believed
Lo be satisfactary.
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The peseive thermal control mode wes reestablished by rolling 90 de-
grees with reference to the sbort-guidance-driven attitude displays. This
maneuver placed the terminator parsllel to the X-mwls of the erewmen opti-
cal alignment sight. Rates were nulled in pitch end roll with the thrust/
translation controller assembly. Yaw was &Z8in automatically contrclled
by the sbort guidenre svystemn, Mulling rates to zero was impozsible be-
cauze of the inaccurate readout of the rate needles. Whern ratez appeared
to be nulled, yaw control wes placed in the reaction control puilse mede,
Twelve yaw-right pulses wers then used to start the passive thermal con-

trol mode maneuver. Because rates could not he completely nulied, scme
rell-pitch coupling was cbserved.

At spproximately 109 hours, the burst disk in the supercritical
helium tank ruptured, as expected, The venting caused an unexpected re-
versal in the lunar module yaw rate [commend module roll] during passive
thernal control at about twice the initisl value and also introdured some

piteh metion, HNe sttempt wes made, however, to reestablish Hanually &
stable passive thermal control mode.

8.9.2 Entry Preparation

The unprecedented powered-down state of the cormmand module reguired
gereration of several new procedures in preparation for entry. The ecom-
mend module was briefly powered up to assess the operation of critical
systems using both cnboard and telemetered Instrumentation. Any required
pover in the command module had been supplied during transearth ecoast from
the lurar module through the umbilicel conneectors. It was through this
means that the entry batteries wers fully chearged, with battery A requir-
ing 15 howrs and hattery B approximately 3 hours. While these procedures
represented a radical departure from normal operation, all were under-
standable and emsily mccomplizhed to achieye the desired system resdiness.

Equipment transfer and stowage in both the command module and lunar
module was completed about T hours pricr to entry, with the exeception of
the camerss that were to be used far service module photography. 4t 6-1/2
hours before entry, command modnle activity included powering up the in-
Strumentation and placing entry battery € cn main bus Ay With mein bus B
gtill powered from the lunar modula. The commarnd module reaction control
thrusters were preheated for 20 minutes, and all instriumented engines were

cobserved to be above the migimum operating temperature 10 minutes after
heater operation was terminated,
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8.9.3 PFinal Mideourse Correction

Lunar nodule powerup for the final mideourse correction meneuyer
was perlormed sccording toc the prescribed tontingency checklist, with
cnly miner deviations furnished by the ground. Zhortly afterward, the
lunar module windows cleared of moisture and the cabin tempersture again
became comfortable. Approximately 6 hours befcre =ntry, the paEsive
thermal control mode was terminsted and the sSpacecral was maneuvered to
place Lthe earth in the crewmen optical alignment sight with the termina-
tor parallel to the ¥ axis in preparation for the midecurse maneuvar. At
that time, a sun/meon =lignment was made, foeguisition of these bodies
was made by pitching up in a plare roughly parallel to the ecliptic plane.
The sun filter made viewing through the telesoope reticle very diff]oult.
The spacecraft was controlled by the Lunar Module FPilot Feam CoTIAL d:
given by the Commander, who responded when the reticle lines btisccted the
moon =rnd sclar dizks. Three sets of marks were taien on each body . The
initial maneuver to the lfiring sttitude for the final midoourse corresticn
wias dene manually using the esrth as a reference 4n the same rmannsyr as kh=
previcus maneuver. This prococdure prezented no troblems , ever thougn the
earth disk was ceonsiderably larger =t this time.

With primary guidance available, guidance system stesring was man-
ua-ly followed to trim the spacecraft attitudes Tor the mopcivrer. Al-
Lhough the displayed attitudes looked favorsble in comparison to grownd-
supplied and cut-the-window readings, the primary guidange steerine
needles read full sesle left in roil and yaw (section 6.L). AL aoout
137 hours M) rinutes, the lunar module reaction control syslem was used
to provide a 2.0-t/=ec veloeity correctian. The maneuver was conpieted
using msnual pitch and roll control =nd short guldence yaw contrel in =
cenner similsr to thab for the previous mideogurse correchion.

8.9.4 Service Module Seperstion and Fhaotography

Following the lunar medule usneuver to the servics module separation
aititude, the command module pletform hesters were activated, the command
module reacticn control aystem was pressurized, and each individual throsft-
er was fired. An sbort guidance attitude reference was provided with all
zeros displayed on the sttitudes error nocedlss., The lunar module was
pleced in an attitude hold mode using tke sbort guldanre systenm; Xesxis
Lranslation was monitored om the displeys. After the reaction control
sysiem check was gompieted, the Commander conductod a plus=-X translaticn
reneuver of 0,5 ft/see, followed Immediately by servics module Jettizon.
The pyro activation was heard snd o minus Q,5-7t/sec trarslation maneuver
was lmmedistely commenced to remave the Previcusly added velcelty sné
rreclude service module reccntact. The Jotbison dynemics csuzed the un-

docked wehicles to piteh down about 19 degreces . Control was then switched
to prirmary guidance minimum impulse, and a pitchup maneuver wes started to
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sight the service module in the docking window. 'tThe lightensed spacecraft
comblination wae ensily moneuvered using attitude contrel in betk the man—
ual minimum-impilse and amomatic sttitude-hord modss,

The service module first gppeasred in the docking window at a dis-
tance of about B0 feet. The entire bay 4 outer panel was missing, and
torn Kylar insuletion was seen procruding from the bay. Because of the
brilliant reflections from the Mylar, it was difficult to see or ghoto—
greph any detsils inside the bay, Initial photography of the service
nodule was conducted through the docking window using the command medule
TU-mr camers and en 80-mm lens. This cawera, the 16-mm seguence camers
with a TS-mm lens, and the comuand mcdule electriec still camersa with a
2%30-mm lens were then operated while viewing through the right-hand win-
dow. Camera seitings were made seccording o ground inst-uctions. Na

magazine designation was mude by the ground for the sequonce camera, so
the surface color film was uzcd.

pon completion of photography, the two docked vehinles wore manen-
vered back to the servies mocdule scparation attituds in preparation for
the rommand module alignment. Star observation through the command mod-
nle cptics ia this attitude wes poor because of light reflecting from the
lunar module, and the Commander varied the pitexr attitude by approximstely
20 degroes 1n an sttempt to improve star visibility. These attitude ex-
cursions, however, were not effective, and the spacecra®™ was returned
to the originel separation sttitude for the command meodule alignment.

B.9.9 Comaané Modwe Activation

A, 2-3fZ2 hours prior to entry, the command medule was fully powered
up and lunar module power transfer was terminated. After command module
computer aciivation, the unfavorable spacecraft attitude delayed communi-
cations signal loekup =nd the ensuing ground uplink commasds. The stable
pletforn was cocarse aligned to grouwnd-supplied reference angls=s, and en
optical fine alignment made using two stars. Particles venting from the
command module umibilical area impeded command module aptics operation.
With xshe lunar module attached to the command module and the command
modile optics pointed away from the sun, individual stars were barely
visible through the optiecs. Also sun reflecticns from the lunar module

sublimator and the rneareet reaction control guad prevented positive iden-
tifiestion of constellations,

8.9.6 Lunar Module Undocking

The maneuver to the undocking attituds was made by the lunar module.
Time consuming coperations were followed to avoid gimbal lock of both space-
craft platforms. Because of the difference in alignwents between the two
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spacecralt, considerable difficulty was encowmtered in maneuvering to the
Jupar medule undocking abtitude without driving the command module plet-
form into gimbal lock. The maneuver required & complicated procedurs
using the lunar module platform and cleose cooperation between the Com-
mender and Command Module Pilot. The resulting maneuver also used up con-
siderable lunar module reacticn contrel fuel. The final wndocking atti-
tude was very close to command module gimbal lock attitude, A different
command module alignment procedurs should have been used to prevent the
probability of gimbal lock.

Hatch closeocut in both spacecraft was normal, and s suceessful rcom-
mand module hateh integrity check was maede, with a differential pressure
of 3.4 psi. The command module environmental contrcl snd autopilct sys—
wems were activated, and the lunar medule was undocked 1 hour before en—
try. Lunar mecdule jettiscn wes slightly louder than service module jet-
Lison and the lunar medule was stable as it translated awgy using only
tunnel pressure, While contrellable by a single reacticm contrcl engine

pulse , there was a rcontipuous pitch-up torgus on the commend module which
rersisted vntil entry.

4.10 ENTRY AHD LANDING

The entry attitude and platform alignment were confirmed by e suc-
ressful sextsnt ster check and moon ceoculation within 1 second of the
predicted time. The pre-entry check and initislizstion of the entry
monitor system were normal., However, entry monitor system operaticn was
initiated manually when the 0.0% light remained off 3 seconds after the
actual 0.05g time {as dlscussed in section 14.1.5.). In addition, the
entry monitor system trace was unexpectedly nerrow and regquired excessive
concentration to read. The guided entry wes normal in all respects and
was characterized by smooth cantrol inputs. The first acceleration pesk
reached approximately Sgz.

Lanoing decelerations were miid in comperison o Apollo 8, and the
spacecraft remained in the steble I flotation attitude aftsr parachute
release, Recovery proceeded rapidly and efficiently. Stendsrd Navy 1ife
vests were passed to the crew by recovery personnel. For ease of donning
and egress, these are preferable to the standard underarm flotation equip-
ment. They would elso quite effectively keep an unconscisus crewnman's
head out of the water.
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4.0 EBIOMEDECAL EVATUATTON

This zecticen iz a summary of Apcllo 13 medical findings, based on
preliminary analyzes of bilomedical data. From the medical point of view,
the first 2 deys of the fApollo 13 mission were ccompletely routine. The
bicmedical datsa were excellent, snd physiclegiceal parameters remained
within expected ranges. Dally crew status reports indiecsted that the
crewmern were obteiring adeguate sleep, no medicetions were taken, and
the radisticn dosage was exschly as predicied.

4.1 BIDINSTRUMENTATION AND PHYSIOLOGICAL LATA

“he blemedical data were exeellent In quality diuring the period
from leunch to the cecurrence of the inflight incident. Prysiolagical
data for the remainder ¢f the mission were wvery scant. The command
nodule wes completely powered down, and this eliminatea simulianecas
biomedical monitcoring cepability. In the lunar module, only cne electro-—
cardiogrem signal [or cre crewnan st a time can be monitored. Fowever,

gven these medical data were sacrificed to imsrove slr-to-ground commun-
irations,

Prior to the gbort condition, physiclegical parameters were well
within expected ranges. Just prior to the inecident, heart and respira-
tory rates of the crevmen were as follows.

Crewman Heart ra?e, Sespiretory Fate,
beats /min breaths min
{omrander 65 18
Commend Medule Pilot G5 15
Lunsr Module Pllot Te 12

At 55:5L:5h, a telemetry dropout was onserved. Immedistely after
tne ineident, crew heart rates ranged from 105 to 136 beats/min. These
heart rates are well within ncyrmal limits and sre indicative cf stress
and an incressed workload,

aring the entry phase, biomedical data on the Command Module Filot
and Lunar Moduls Pilot were availakle. The Command Module Filot's heart
rate ranged from &0 to 70 beats/min. The Lunar Module Piloct's heart rate
ranged from 100 to 125 beats/min, which in contrast to his basal rate wes
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an indicaticn of an inflight illness detected after flight. The Commsnder
hadi remocwved his bicharness shortly after the emergency incident; hence,
na bicnediczl data were available from him during the entry.

5.2 INFLIGHT HISTORY

3.2.1 Adaptation to Weightlessness

Ihe Commander and the Command Module Pilot both regorted a feeling
cf fullness in the head lazting for several hours on the first day of
tae misgion. The Lunhar Module Pilst reported a similar feeling end also
thet he felt 1ike he was "hanging upside dovm." The Commender reported
that all ersewmen had red eyes the First day of the mission.

Upon swekening on the second dasy of the mission, the Lunar Mgdule
Filet complained of a severe heagache. He tosk two Bsplrin, ate bresk-
fast, and became immedistely engaged Iin unrestrained phyaical activity.
Ez then became nauseated, vwomited onee, and lay down for several hours.
He then experienced no further nausea. The Lunar Mcdule Pilcot continued
to take two espirin every 6 hours to prevent recurrence of the headache.
After the inflight incident, he took espirin con only cne occasion.

9.2.2 Cabin Environment

The major medical concern, recognized immedistely after the ahert
decisicn, was the possibility of carbon diexide buildup in the lunar
Lodule atmosphere. GBince the physiclogical effects of inereased sarbon
dicxide concentraticn are well known and readily recognizable with proper
bicnedical moniteoring, the sllewsble limit of carbon dioxide buildup was
inereased from the nominal 7.6 te 15mm Hg. The carben dioxide level was
sbeve 7.0mm Hg for only a b-hour period, snd no adverse physiclogical
effects or degradaticn in crew performance resulted from this elevated
concentration. Modified wse of the lithium hydroxide cartridess (sec-
ticn 6.7) maintained the carbon dioxide partial pressure well below lmm
Hg for the remainder of the flight.

9.2.3 Sleen

Ihe crew reported sleeping well the first 2 days of the mission.
Yhey all slept about 5-1/2 hours during the first sleep perigd. During
the second period, the Commander, Command Module Filot, and Lunar Module
Pilot slept 5, 6, and @ hours, respectively. The third sleep period was
scheduled for 01 hours, but the sxygen tank ineident st 56 hours pre-
cluded eleep by any of the crew wmntil approximately 80 hours .
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After the incident, the cormand module was used a3 s3leeplng quarters
until the cabin temperature becems teoo cold. The crew then sttempted to
sleep in the lunsar medule or the decking tunnel, but the temperature in
these aress also dropped too low for prolenged, sound sleep. In addition,
conlant pump neise from the lunar module and frequent communications with
the ground further hindered sleep. The total aleep obtained by each ecrew-
man during the remainder of the mission after the incident Is estimeated

to have been 11, 12, and 19 houra for the Comnender, Command Module Pilat,
end Lunar Module Filot, respectively.

9.2.4 Water

Freflight testing of teoth command medule end lunar module water sup-
plies revealed neo significant contaminanta. The nickel content from sam-
ples teken at the commend module hot water port was 0.05 mg/l. Elevated
nitckel concentration has been a consistent finding in previcus missiona
and has been ruled acceptable in view of no detrimentsal effects on crew
rhysiclogy. Thers was a substantial buildup in totsel bacterial coaunt
from the time of final Tf1lling of the ccmmand module potable water systen
until fipal preflight sampling 2L hours prior to launch. This count was
deemed arcceptable under the assumption the first inflight chlorinseticon
wouwld reduce the bacterial population to specification levels. Preflight
procedures will be reviewed to investigaste methods of preventing growth
ol organisms in the command module water system during the countéown
phase. The inflight chlorination schedule was fcllowed prior to the in-
cident, after which the potable water was not chlorinated again.

The crew rationed water snd used it sparingly after the oxygen tank
incident. Not more then 24 ounces of water were consumed bty each crewman
after the incident. The crew reported that the julce bags contained sbout
20 percent gas, but that this amount was not enough to cause any distress.

3.2.5 Food

The flight menus were similer to those of prior Apollc missionas and
were designed o provide approximately 2100 kilccelories per man per day.
The menus were selected on the basis of crew preferences determined ay
preflight evaluaticon of representative flight focds., There were no mod-
ifications to the menu as a result of the late crew change. New food
itemz for this miszsion included mestballs with sauce, cranberry—orange
relish, chicken asnd rice soup, pecans, natural orange juice crystals,

peanut butter, and jelly. Mustard and tomato cetsup were also proviced
for the sandwiches,




Lthe crew followed the flight menus prior to the inflight ineident
ard maintained a ccmplete log of foods eonsumed. To conserve water dur-
ing the abort phase, the crew consumed only those foods whirh did not
require water for rehydration. The crew drenk juieces in rreference to
plain water to help maintain their electrolyte balance.

The crew's comments shout the quality of the food were generally
favoreble, but they reported that food packsging and stowage could be
improved. The crew enccuntered some difficulty in removing the meal
packages from the loweér equipment bay food container and in replacing

some uneaten food items. Preflight briefings of future crews szhould
alleviate these difficulties.

Syneresis, or geparation of a liguid from = solid, ocrurred in some
of the canned sandwich spreads, partieularly the ham salad. The free
liguid escaped when the can was cpened, and the saled was too dry to
spread. The crew commented on the positive pressure in the bread pack-
fg2es, which was expected since there was only a slight wvacuum on these
packeges. Any additional vacuum would compress the bread to an unaccept-
able state, and if the packages were punctured, the bread would become
dry and hard. The crew recommended a change which has been implemented

wherein Veloro petches will be asttached to the bread, mustard, and catsup
paciages,

2.2.6 Radiaticn

The personal radlation dosimeters were inadvertently stowed in the
pockets of the crewmen'’s suits shortly after lift-off. The Command Mod-
uwle Filot's dosimeter was wnatowed st 23 hours and was hung under the
command and serviece module opties for the remasinder of the mission., The
Tinzl reading from this dosimeter yielded a net integrated {wncorrected)

dose of 410 mrad. The other two dosimeters yielded net doses of 290 and
340 mrad,

The ¥an Allen belt dosimeter registered = maximum skin dose rate of
2.2F rad/hr and 8 maximum depth dose rate of 1.35 rad/hr while ascending
through the belt at gbout 3 hours. Dose rates during descending belt
passage snd total integrated doses were not cbtained because of command

module power-down and later, by the absence of high-bit-rate telemetry
during the entry phase,

The erewmen were examined by total body gamma spectroscopy 30 days
before flight and 6 and 16 days after recovery. Analyses of the £ ammsa
spectrum data for each crewman revealed no induced radigactivity. How-
ever, the analyses did show a significant deeresse in total body potassium
{K*?) for each crewman as compared to preflight walues. Total body potas-

slum values determined on the second postflight examination had returned
to preflight wvalues for each crevman.
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The sheorbed dose from ignizing radiation was spproximetely 250 mred,
which 15 wall below the thresheld of detecteble medicel effects. The
crew-absorbed dose from the neutron compenent of the SHAP-2T7 (part of ex-—
peripnent package} radiation cannot be determined guantitatively et tais

time, Freliminary eveluations indicated theat it was elso well below the
threshold of detectable medical effects.

0.2.7 Medicaticns

The crew ettempted to use the Afrin spray bottles but reported they
were uneble to obtain sufficient spray, as discussed in section 1L.3.3.
The crew slzo reported that the thermcmeter in the medicel kit did nct
register within asc¢ale., Fostflight snelysics of the medical kit hes shown
that thke thermometer cperstes properly and a procedural error resulted
in the failure to obtain a correct oral tempersture inflight. Medica-
ticne used by each of the crewmen are shown in the fellowling table:

O e WInar Medicstion Time of use
Comman de r 1 tspirin Inknow:a
1 Dexedrine £ or 3 hours prior io
entry
Commend Module Pilot 1 Lomeotil After 98 hours
= Aspirin - Inknown
1l Dexedrine-Hyoscine | 1 or 2 hours prior to
entry
Lunar Module Filot 2 Aspirin every cecond mission dey until
& hours the incident
1 Dexedrine-Hycscipe { 1 or 2 hours pricr o

entry

G.2.5 Visusl Fhencmena

The crew reported seeing point flashea or streaks of light, as had
been previously cbserved by the Apclle 1l and 12 crews. The crewner
ware aware of these flashes only when relawed, in the dark, and with
thelir eyes closed. They deseribed the flashes as "pinpoint novas,”
"reman esndles," and "similar to traces in a cloud chamber." More noirct
flashes than stresks were opserved, and the coler was slways white.

Estimeties of the frequency ranged from U flashkes per hour to 2 flashes
per minute.
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$.3 PHYSICAL EXAMINATICNS

Freflight physical exsminations of both the primary end backup crews
were conducted 30 days prior to lmunch, and exsminations of the primary
crew only were conducted 15 and 5 days prior to launch. The Lunar Module
Filot guffered a sore throat 18 days before launch, end throat swabs from
all three erewmen were cultured on two occeasions. Since the organiam
identified was not considered pethogenie and the crew showed ne symptoms
ol 1llness, ne treatment was necessary.

Eight days before flight, the primary Command Module Pilot was ex-
posed to rubella (German measles) by a member of the backup crew. The
physical examination 3 days before flight weas normal, but laboratory
studies revealesd that the primary Command Medule Filot hed no immunity
T2 rubella. Consequently, on the day prior to launch the final decision
was made to replace the primary Cowmand Msdule Pilot with the backup Com-
mand Module Pilot., A complete physical examination had been conducted on
the backup Command Module Filet 3 days before flight, and no significant
findings wers present in any preflight histories or examinations.

Fostflight physical exeminatiocns were conducted immediately after
recovery. Theae physical examinations were normal, slthough all crew-
men were extremsly fatigued end the Iunar Module Filot had a urinary
tract infection. While stending during portions of his postfiight physi-
cel examination, the Lunar Module Pilet had severasl episodes of dizziness,
which were attributed to fatigue, the effects of weightlessness , and the
urlnary tract infecticn. The Commander, Command Module Filot, and Lunar
Module Pilet exhibited weight losses of 14, 11, and 6.5 pounds, respec-
tively. In the final b or 5 hours of the flight, the Lunar Module Filot
drank considerably more water than did the other crewmen and posaibly
replenished his earlier body fluid lcsses.

The Comsand Module Pilot had & slight irritaticon at the site of the

Euperior sensor on the upper chest, bBut the Commeander and Lunar Module
Filet had no irritation at any sensor sites.
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10,0 MISBICN SUFPORT PERFORMANCE

10,1 FLIGHT CONTEOL

The cperaticnal support provided by the flight control “eam was sat-
isfactory end timely in safely returniag the Apolla 13 erew. Onily the
inflight problems which Influyenced flight control ocperaticn and their
resultant effects on the Tlight plan are discussed.

Prior to launch, the supercritical helium pressure in the lunar
module descent propulsion system increased at an sbnormally high rate.
nfter cold scak and verting, the rise rate wes consldered acceptable for
launch., At 56 hours durirg the first entry inte the Iunar medule, the
rise rate and pressure were reported to be satisfactory; therefore, =
syerial wventing procedure was not reguired.

A master csuticn snd werning slesrm at 38 acurs indieated the hydro-
gen tenk pressures were loaw. As a result, 1t was planned to use the
crycgenic tenk fans more often thar scheduled to provide a more even
distribution af fluid end So stabllize heat and pressure rise rates.

The tweo tanks centaining eryocgenic oxygen, used for fuel ccll opera-
ticn and erew breathing, experienced e problem st ebout 56 hours, as de-
scribed in section 14.1.1 and reference 1. This condition resulted in
the following flight corntrel decisions:

a. Abort the primery missicon and atitemvt & zafe return to earth ss
rapidly as poasible.

b. Shut down 81l command end service meodule sysiems to conserve
consunmablea for entry.

2. Use the lunar module for Zife support ard any propulsive maneu-
TETE .

Fowering down ¢f the commend and service modulss znd powering un of
the lunar module were completed at 5B:+40:00, The optimum plan for a
safe and quick return reguired mn immediete descent engine firing to a
free-return circumlunar trajectory, with & pericynthion-plus-2=hour ma-
neuver (transearth injection) to expedite the landing o sbout 142:30:00.
Two other mideourse corrections were performed, the first using the de-
zeent engine. Only essential 1life support, nevigation, instrumentation,
and communication systems were cperated to maximize electricel power and
cocling water margine. tailed monitoring of 211 eonswnables was con-
tinuously maintained to assess these margins, and the erew was always
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advised of thelr ccnsumables status. A4 procedure was develored on the
ground and used by the ¢rew to allow uae of command module lithium hy-
droxide cartridges for cerbon dioxide remgval in the lunsar moduie environ-
mental control system {see seption £.8). The passive thermal control

mode was established using the lunar module resction control system and
was sabiazfaetarily maiptained thircughaut tranzearth coast.

A maicr flight control function, in addition to the monitoring of
systems stetus and maintaining of consumable quantities above red-line
values, was to Getermine the procedures to be used immediately pricor Lo
and durding entry. After satisfaoctory procedures were sstablished, they
were verified in a sinulater prior to advising the crew. These procedures
called for first separating the service module, remaining on lunar module
envircnomentael control and power es lete as poszible, coaligning the two
platforms, and sepersting the lunar module using tunnel pressure. The
comoant module tunnel hateh was installed snd a lesk check was performed
or.or to lunar module undocking, which oceurresd abguat 1 neur before entry.
A1] spacecraft ocperations were normal from undecking throueh landing,
whica occurred very close Lo the established tarzet.-

10,2  NETWORX

The Mission Control Center and the Manned Space Flight Network pro-
vided execellent zupnort throughout this sborted mission. Minor preblems
aeourred at di fferent sites around the network, but all were corrected
with no consequence to flight contrel support. Momentary data losces
pogurred seven differ=nt times as e result of power arplifier faults,
somputer procesgor executive buffer denletion, or wave guide fzults., On
each oceecasion, date lock-up was regalned in just & few mirnutes.

10.3 RECOVERY OPERATIONE

The Department of Defense provided recovery support commensurate with
mizsion plenning for Apclle 13. Because of the emergency which resulted
in premature termineticn of the miszafon, additicnal suppert was provided
oy the Department of Defense end offers of assistance were made by npany
foreign nations, ineluding England, Frence, Greece, Spain, Germany,
Uruguay, Prazil, Kemya, the Ketherlsnds, Hationalist Chims, end the Soviet
Union. 45 a result of this wvoluntary suppert, e total of 21 ships and
17 mircrafi were sveilable for supporting an Indian Ocesn landing, axnd
51 ships and 21 aireraft for an Atlantic Ocean landing. In the Pacific
Opearn, there were 13 ships and 17 aircraft known to be mvailable over and
above the forces designeted for primary recovery support.
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Support for the primary reeovery area consisted of the prime recovery
Ehlp, Us3 Iwo Jima, five helicopters from the Iwo Jima, and two HO-130H
Tespue eircraft. Later, the experimentel mine sweesper, D5 Granville
Hall, and two HC-130H aireraft were added to the end-of-mission arrsy.

Crrie Df the helicopters, designated "Recovery,' carried_the flight sur-
geor ., and was utilized for retriEval of the crew. Two of the helicopters,
‘ﬂealgn&ted "Swim 17 and "Swim 2." carried swimmers and the necessary re-
rovery equipment. A fourth helicopter, designated "Photo! wes used as

a photographic platform, and the fifth helicopter, designated "Belay,"
served as a communications relsy aireraft. The four alreraft, dezignated
"Jamca Rescue 1, 2, 3, and L," were positioned to irack the command mod-
ule after exit frem blackout, as well as wo provide pararescue capabllity
Fad the command meduale landed uprangs or downrange ol the target polint.
Tae UES Granville Hell was pesitioned o provide support in the ewvent
that a constant-g {backup) entry had to be flewn. Table 10.3-T lists £11
the dediested recovery forces for the Apollas 132 mission,

TAELE 10,3~I.~ REECOVERY SUPFORT

- . minm op—rer

SuppartE
Zand s
anding area Number  [nit Remarks
launch sits 1 LCu Lunding craft utility (landieg crart wilh coomand

module retricvel capebility] = U35 Faiute

i ER-3E Helicopter with para-rescue tesy ateged from Petrick
AFE, Florida

E z EH-33C | Helicopters capeble of lifting the comeand modules;
} rarh with para-rescue team staged from Fatrick AFR,
; Floride
1 ATF
g 8H-1 Helicopters steged from Norfolk NAS, Virginia
Launch abgrt 1 b USS New
3 HC-130H | Fixed wing mircraft; ome each staged froem McOoy AFE,
Floride,; Femae AFH, Wew Mexioeo, and Lales AFH,
AZOres
Eerth orbit an USS Bew

Fa M

HC-130H | Fixed wing afveraft staged from Ascaraian

Frimary end-of=-missicno,
Hid-Faclfic earth
arblital , and deep—
EpAacE ascobdary

LPH US5 Iwo Jime

LD USE Benjamin {Htoddert

SH=-3D Heliceptere steaged rrom USS lws Jiea

HC=130H | Fixed wing aivcraft staged from Bickem AFE, Hownii

—_—

Fad o

l!""J.'I:It.u.l ship support = 5

Totael alrereft support = 23
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10.3.1 Commend Module Location snd Retrieval

. The Iwe Jima's position was established accurately using e satelliie
navigalion eystem. A navigation fix was cbtained at 181k GC.m.t.,
April 17, 1970, and the position of the ship at spacecraft landing was
dead-reckoned back to the time of landing and determined to he 21 degrees
34.7 minutes acuth letitude and 165 degrees 23,2 minutes west longitude.
At landing e redar range of 8000 yerds and a visual bearing of 158.9 de-
grees east of north (4rue heading) were obtained from vhich the command
module landing point was determined to be 21 degrees 38 minutes 2L sec-
onds south latitude end 155 degreea 21 minutes L2 seconds west lengitude.
wnis positicom is Judged 4o bhe accurate to within S00 vards.

The ship-based aircraft wers deployed relative to the Iwo Jime and
were ou station 20 minutes pricr to landing. They departed atation to
commence recovery activities upon receiving notice of visual contact with
the deseending command module. Figure 10.3-1 derict an approximationg o

the recovery force pesitions Just pricr to the sighting of tae command
module.,

NASA-5-T0-5A%%
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= " | . 1A ilu‘-ﬂll J-i.u
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'Lﬁ Edi‘
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E Swim 1 Reuowvery aret deploymenl
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£
>
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F —
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i
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| & —aileg pooenl
Targel, priqlill g Iiul:rlzl.ldl pu nL
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Wi'r 5l ongitnce

Figure 10.3-1.- Recovery support at earth landing.
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The first reported slectronie contect by the recovery forces was
through S-tend contact by Samca Fescue b, A visusl sighting report by
the Fecovery nelicopter was received and wes followed chortly thereafter
by aquisiticn of the recovery beacon signal bty the Recovery, Phacto, and
Cwim 1 helicopters. PFuael dump was noted and volce contact was made with
the degecending spacecraft, although no latitude and lengitude data were
received. The command medule landed at 1807 G.m.t. and remained in the
stable 1 flotation attitude., The flashing light wes operating and the

inflaticon of the uprighting system commenced abeout 10 minutes stbseguent
to landing.

After coanfirrming the integrity of the cormang medule and the status
of the crew, the Reccvery helicopter crew attempted to recover the main
parachutes with grappling hooks and flotation gear prior teo their sinking.
Swim 1 snd Swim 2 helicopters arrived on scene and imnmediately rroceeded
Wwith retrieval. BSwim 2 deployed swimmers <o provide flotstian to the
spacecraft, and Swim 1 deployed swimmers teo retrieve the aspex cowver, which
was located uowind o the spaceeraft. The flight srewv was cnhosrd the
recovery helicopter 7 minutes after they had egressed the rcommand module,
and they srrived aboesrd Iwo Jime at 1553 C.r.t.

Command module retrieval toox place at 21 degrees 39.1 minutes sgouth
“atitude end 169 degrees 20.9% minutes west longpitude at 1938 C.m.t. one

main parachute and the apex cover were retrieved bty =mall toat and broucht
ancard.

The light crew remained shoard the Ivo Jima overnight and were {lown
to Fago Pege, Samoz, the following merning. & C=-14]1 aireraft then ook
the crew to Hawell, end follewing a ceremeny asnd sn overnight stay, they
wvere returned to Eouston.

Upon arrival of the Iwo Jima In Eawali, the command module was o f-
loaded and taken tc Hickam Air Force Base fzor deactivaticn. Two and one

helf deays later, the command moduls was flown to the manufacturer's plant
at Dovmey, Celifornis abeoard a C-133 sircraft.

The following is a chronelogical listing of events during Lhs TECOVEILY
operaticns.
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Event

Y

Time
G.m.%.

5-band contact by Semoas Rescus b

Visuasl contact by Swim 2

VHF recovery heacon contaet by Recovery/Swim 1
helicopters

Voice contect by Recovery helicopter

Visuel contect by Relmy/Recovery hellcopters/

Twe Jime
Command module lended, remained in stable I

cwimmers deployed to retrieve main parachutes
First swimmer deployved to command module
Flotation coller infleted

Life preaerver unit delivered to lesd swimmer
Command moduile hetch opened

Helicopter pickup of flight crew completed
Recovery helicopter on board Iwo Jims

Command module secured aboerd Iwo Jima

Flieght crew departed Iwec Jima

Flightltrev arrival in Houaton

Ive Jima arrlval in Hewaii

Bafing of ccmmand module pyrotechnics cmmpletgﬁ
Degctivation of the fuel and oxidizer completed

Commend module delivered to Downey, Californis

April 17, 1970

14801
1802

15803
1803

1307
1509
1316
1824
15631
1832
1342
1853
1936
April 1B
1820
0330
1530

-April 25

0235

April 26
14928
1han




10.3.2 Postrecovery Inspection

Although the standerd format waz followed during the deactivation
and postrecovery insvecticn of the command module, it should be noted

that extreme caution was taken during these operations to insure the
integrity of the command module for postflight evalustion of the anomely .
After deactivetion, the command module waz secured and guarded.

The fellowing discrepancies were noted during the postrepovery
inspection:

a. oOome of the radiclumineacent disks were broken.

b. The apex cover was broken on the extravehicular hapndle side.
2, The docking ring was burned and brcken.
d. The right-hand roll thruster was blistered.

g. A yellowish/tan film existed on the outside of the hatch win-
dow, left and right rendezvous windows, and the righ*-hand winceow.
. Thke interior surfaces of the command module were wvery damp and

cold, zesumed to be condensaticn; there was no pooling of water on the
floor.

g- Water samples cculd not be taken from the spacecraft tanks [(dis-
cussed in section S5.87}.

h. The postlanding ventilation exbaust valve was open and the inlet
valve was elosed; the poetlending ventilaetion valve unlock handle was
apperently jawmed between the lock and uniock positions (section 14.1.2).

i. There was more snd deeper heet stresking in the area of the
compressien and shear pads then has been normally observed.
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11.C  EXPERIMENTS

11.1 ATMOSSHER_C FLECITRICAT FHENOMERA

Az & result of the electricsel disturbences experienced during the
Ap=lls 12 launch, the value of further researcsa in this area was recog-
nized end several experiments were performed pricr to and during the
Apollo 13 launch to study certein aspects of Isunch-phese electriecal phe-
nemera., The separalte experizents consisted of measuremncnts of the stmoa-
pheric electric field, low-freguency and very-low-FCrequency radio ncise,
the airfearth current density, end the electrical scurrert flowing in ike
earth's surfaece, all of which result from perturbotions generated by the
lzunch wvehicle end its exhaust plume. The analysis of the Apolle 12
lightning iaecidernt iz reported in reference 3.

11.1.1 *lectric MMeid Mepsurements

A5 shown in fizures 11.1-31 ané 21.1-2, a network cof nine celibrated
electric field meters wae installsd in the area to the north aqd west of
the launch site. Cever of the fleld meters vwers connected Lo muliiplie
charrel reccrders o wnat oy exearsions of the eleectrie field intensity
conld Te ressured over a wide range of values. A4 special device was op-
crated 2t site 5, Loceted mn the beach 4 mlles narthwest of the launcey
site. This devige was installed to measure rapid changss I the elcetrie
Ticld erd was used, itogethey with a sfewics deteewcr, to sensse the electro-
megnetlie radiation gencrated bty lightrning or other significans slectrical
discharges .

T1lustrative dete from the field insirumernts durirvg launch sre shown
In Tigure 11.1-3. Very large pertuwbaticns of the normal electric field
were recorded on meters at sites 1, 2, sand 3 loeated nesr the launch
tower. First, there was a rapid increase in the pogsitive direction,
foellewed by a slower negative decresse. Data teken at zite b, hawever,
did not indircate any significant veriaticns in field intensity, Excollent
recards at several senzs’tivity levels were obtained at site 7. The ficld
rerturbation immedistely following leunch roze to a maximum o 1200 wolas/
meter in sbcut 2% scoonds. The direction of field change thern reversed,
and @ negative pesk of some 300 valts/meter wes reached in a&ocut 215 zsec-
onds.  Thaereafter, the field gradually returned o the unperturbed value.

At site f, the recerd was similar 4o thkat for site 7 with ar initial
positive expursion followed by a slower negative gharge. At this statisn,
however, thers were large fluctuaticns superiwmpozed on the reccrd, as

snown in figure 11.1-2(b}. Thesze fluctustiscns ecouid heve been calsed oy
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Figare 11.1-1.- Field meter locasion in the —zunch site ares.
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Figure 11.1-2.- Field meter locations in the proximity
of the launch complex.

gravel and dust stirred up by the exhaust of the laurch wvehicle engine.
After leunch, a quantity of such debris was found neasr the surface of the
field meter and its surrcunding area. After the ogcillations had subsided
at T plus L0 seccnds, there was a large negative fisld of approximately
minus 3000 volts/meter which probably resulted from the exheust and stean
clouds that tended to remsin over site 6.

Because of access restrictions to sites 8 and 9, the corresvonding
recorders were sterted seversl hours Pricr to launch and unfortunately
had stopped before lift-off. Howewver, substantial positive and negative
field perturbations found on the ztationary parts of the records were
greater than anything fournd on the maving portion. Comparison of these
records with those from sites 6 and 7 confirmed that the only large field
Perturbations were these accompanying lauach. Conseguently, the peak
excursions of the records at sites 8 and % could be confidently assceciated
With the maximum field perturbations cecurricg just after lift-off.
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No aignificant perturbstion in the slectrie field was produced by
the launech e¢loud st ataticns b or 5, although small-scale Tluctnuations,
apparently resulting from vibraticns, can be seen on the records of the
fine weather field at both stationa.

The field-change and sferics detectors at site 5 zave ne indicaetion
of any lightning-like discharge during launch, although sporadic signals
were later recorded during the afterncon of launch dey. These signals
probably came from lightning in a celd froot which was stalled some dige
tance to the northwest of the launch site and which rassed over the
laznch site on April 12.

The above field meter records indicate the lsunch of the fpollo 13
vehicle produced a significant separation of electrical charge which
c?uld posaibly incremse the hazard in an otherwise marginal weather
sltuaticn. At the present time the location snd samount of the charge on

the vehicle or exhaust clouds or a eombination thereof are not well under-
stood.
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It is krnowm that the electrostatic potentizls develep on Jel air- -
craft, These are caused by an engine caarging current, which iz talaneced
by & corona current less frem the mircraft. For s conventional Jet mir-
craft, the equilibriur potentisl ean sarproach a million wolts. For the
Saturn V launch wehicle, the charging current may be larger then that of
2 Jet aircraft, and therefore, the equilibrium potential for +he Saturn
venicle might be on the order of a millicn volts or more.
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11.1.2 Very-Low and Low=Freguency Fedio Neise

Te monitor the low-freguency radioc neise, & broad-band antenna sys-—
tem was used at z2ite T to feed five receivers, tuned respectively to
1.5 kHz, 6 kHz, 27 kHz, 51 kHz, and 120 kHz.

During launch, a sudden onset of radic noise was obeerved almest
goipneclidently with the ztart of the electric field perturbation. This
onEet was very well marked on =11 but the 1.5 kHz channesl. Following
onset, the noise levels gt 120 end at 51 kHe tended to decrease slowiy
in intensity for some 20 zeconds. However, the noise levels at 27 and
at & kHz Inereased and rsached their mexima after sbout 15 seccnds.
Furthermore , subatantial neise at 1.5 kH2 was first apperent at 5 sec-
onds after lift-off and glan pesked out in sbout 15 seconds.

If +the Saturn V vehicle is cherged to & potential of several miliion
velts, corona discharges will be produced which, in turn, gerperate radic
noise, The onzet of these discherges should occour very scon efter 1i7t-
alff and reach a maximum when the launch wekiele %z still eclcoee to the
groand. #Hadio noise records strongly support this conclusicn. The sud-
den onset of the nolse probebly corresponds c¢losely to 1lift-off. It ia
interesting that., at abcout 1% seccnds sefter lifi-off, the noise became
enhanced at the lower rather than the higher frejuencies. This thenomensn
implies that larger dizscharges cceur at these timea. The maost intense
discharges would be expected to occcur scon after the launch vehicle and
its exhaust plume clear *the launch tower.

11.1.3 Measurement of Telluric Current

The experiment teo nmeasure tellurice current consisted of g1 electreade
Placed 2loze to the launch site and two electrodes spaced spproximately
2500 feet from the base electrode gt a 90-degree included angle (ahown
in figure 11.1-2). The telluric current system failed to detect azy launch
aeffects., I{ was expected thaet the current would show en incresse until
the vehicle exhaust plume broke effective electrical contact wita ground.
The high density of metgllic conducteors in the ground nesr tke launch site
mey have functioned as g short eircuit, which would have negated the de-
tection of any chasnges in the current level.

11.1.4 Messurement cf the Air/Earth Current Density

Three balloons contalning instruments designed Lo meassure the siz/
earth current Adensity were launched: at 6:52 p.m, on April 9, 1970, and
at 1:14 p.m., snd 1:52 p.m. on April 11, 1970. The firast two balloans
provided the "feir weather' base for the experiment. At lift-off, the
third balloon was sbput 12.2 miles southesast of the launch site at an
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altitude of 20 000 feet. Torty—five seconds after lift-off, the current
density, which hed been cseillating at a frequency of gbout 15 cycles
per miaunte, showed s marked increase in amplitude, This wvearisticn in
current was agaln observed when the balloon reached an sltitude between
LD CCO and 50 OO0 feet., The frequency of the gbserved current variaticn
was also noted from the balloon released et 1:1L p.m. The canse of the
oscillating ecurrent and the enhancement thereof are not yvet understood.

ll.2 EARTH PEQTOGRAPHY APPLIED TO JEOSYRCHEOWOUS SATELLITES

The determinaticn of the wind field in the atmosphere is one of the
zrime requlrements for aceurate long-renge mmerical weather predicticn.
Wind fields are slsa the most difficult to measure with the desired sam-
ple density (es discussed in ref. L). The cutput of the gecsyncarenous
fidvanced Technolegy Satellites T and IIT is now bheing used 8s & crude
estinate of wind fields by comparing the translation of clouds between
guccessive frames 20 minutes erart. This comparison does not define the
wind field, however, as a function of height above the surface, which is
an important restriction to data apvlication. The ability to determine
the height of ecloud elements would add this dimension to the setellite
wind Iield analysis. A capebility to determine ¢loud height has been
demonstrated bty use of sterecgraphie photeogrammetry con lov altitude photo-
grapns taken from Apelle 6 {ref. 5). This success suggests that eleud
heights and therefore wind velocity may also be determined by using data
gathered from peirs of goosynchronous satellites located 10 to 20 degrees
apart in longitude. Calculations indicate, however, that stereoscopic
determination of ecloud heights from gecaynchrorcus altitudes wounld be

nerginal , at best, hecause of the small disparity angles invalwved
‘ref. &],

Ta ald in a test of the feasibkility of performing stereczconic de-—
termination of ¢loud height at Bynchronoua altitudes, a series of earth-
centered photograpns gt 20-minute intervals , beginning zgon after trans-
lunar injectiocn, were plenned. The photographs required for this test
aould only have been acguired from an Apclle lunar missicn. A precise
record of time of photography was reguired to reconstruct the geometry
involved. Eleven photographs were taken, and a precise time record was
obtalined, The deseription ef the locatlion of the spacecraft at the time
ol zach photograph is given in table 11.2-1, along with the time of tho-
tography , the enlargement regquired on each frare for aormalizatior, and
the distance between rhotogravhic points. The experiment was successful,
enc all photographs ere of excellent guality. To support the analysis
af these photogrephs, aircraft reports, synoaptic weather charts and sat-
ellite photographs for ihe time of photograpny have been acgquired. Un-
Tfortunately, Advanced Technology Satellite I was cut of operatich on
the day of photography.
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TABLE 1l.2-1.- EARTH WEATHER FHOTOGRAPHY
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The 11 photographs have been normalized so that the earth is the
same size in all fremes. Frames 8590 and 8591 have heen further enlarged.
By viewing these two frames under & stereoscope, pronounced apparent relief
13 seen in the cloud patterns. The relief is so pronounced, in fact, that
it cannct be sttributed solely to height differences of cleuds. It appears
to result, in part, from the relative horizontal motion in the cloud fields,
that 1s, clcuds moving in the same direction es the spacecraft appear far-

ther away than those moving ia the direction cpposite that of the space-
crett.

11.3 EEISMIC DETECTICH OF THIRD STAGE LUNAH IMPACT

In prier luner missions, the third stsge has been separated Trom the
spacecraft with the intenticn of entering & soler orbit through a near-—
miss, or "slingshot,” approach to the meon. For Apollo 13, an opportuniiy
was avallable to gein further data on large=-rass fmpact phencrmera which
apuld be derived using the seismic equipment deployed during Apollo 2.
The irpact of the lunar maodule ascent stage during Apcllo 12 pointed up
certeln unexplaired seismologicel events which the B-IVE impact was ex-
pected ta reproduce.
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The 5-IVE impacted the lunar surfece at 3:00:41 p.m. e.5.%.,
April 1L, 1370, traveliing at = speed of 5600 miles/hr. Steage weight
8t the time of impact was 30 700 pounds, The collision ooeurred gt a8
latitude of 2.4 degrees scuth and a longltude of 27.9 degrees west, which
is approximately T4 miles west-northwest from the experiment statiop in-
stalled during Apalle 12. The energy relesse from the impact was equiv-
alent to an explosion of T.T tons of trinitrotoluens {TNT ).

Seismic signals were first recorded 28.4 seconds after impact angd
continued for over 4 hours. Some slgnals were so large that seismometer
sensitivity had to he reduced by command frem earth to keep the data an
sC8le. Peak signsal intensity ceceurred 10 minutes after initial onzet.
The peak value was 8 times larger than thet recorded from the Apolls 12
ascent stage lmpact, whick occeurred at g range of L0 miles from the seis-
mic staticn and was equivaelent to 1 tor of TNT. An expanding gas clcud,
which presumably EWwent cut over the lunar surface from the o=IVE impact
point, was recorded by the lunar ionosphere detector deployed during
Apcllo 12. Detection of thiz oloud began approximately 8 seconds hefors
the first seismic signel and lssted TO seeconds,

The character of the signal from the S—TVE lmpact is identical to
that of the ascent stage impact and those frepm naturel events, presumed
to be metecrold impacts, which are being recorded at the rate of gbout
onE per day, The S-IVE seismic energy is believed toa have renetrated inteo
the moon to a depth of from 20 4o L0 kilometers. The 1nitial signal was
unusually clear and travelled te the aseizmic stetion at a velocity of
4.8 km/secd, which is near that rredicted from laboratory measurements
using Apello 12 lunar rock samples., Thls result implies Lhat, to depths
of st least 20 kilometers, the moon's outer shell may be formed from the
game crystalline rock material as found st the surface. No evidence of
8 lower boundary to this material hss been feund in the seismie signal,
although it is eclear the material is tco dsnse to form the entire moon.

An unexplained characteristic of the S-IVB impact is the rapid buildup
Trom its heginning to the peak value. This initial stage of the signal
cannot be expleined sclely by the scettering of seismic waves in & rubble-
type material, as was thought possible frem the emaecent stage impact data.
Several alternete hypotheses are under study, but ne firm conclusions have

been reached. Signal scattering, however, may explain the character af
the later part aof the signal.

The Tact that such precise targeting mccurasy was possible far the
S=IVE impact, with the resulting seismie signals =zo large, have greatly
encouraged selamologists to study possible future S-IVE impacts. For
renges extended to 300 kilometers, the date return esuld brovide a means
for determining moeon structures to depths approaching 200 kilometers.




12.0 ASSESSMENT OF MISSION OBJECTIVES

The four primary cbjectives (see ref. 7) essigned te the Apollo 13
mission were as follows:

a. Perform selenclogical inspection, survey, and asmpling of ma-
terials in a preselected region of the Fra Mauro Tormation.

- r- b. Deploy and activate sn Apollo lunar surface experiments package.
2. Further develop man's capability to work in the lunar environment.

d. Obtain photographs of candidate exploration sites.

Thirteen detailed oblectives, listed in table 12-I and described in

reference B, were derived from the four primary cblectives., HNone of
these objectives were accomplished because the misgion was sborted. Inp

TABLE 12-1.- DETAILED QEJECTIVES AND EXFERIMENTS

lescripticn Completed
B Televiaicn coverage No
c Contingency sample collecticn Ho
D celected sample collection Ho
E Evaluation of landing sccuracy techniques Ho
F Photographs of candidate exploretion sites No
(5 Extravehiculer communication performance o
- H Tunar 501l mechknices No
I [im light photography No
J - Selencdetic reference point update No
K CEM orbital science photography No
L Transearth lunar phetography No
M EMU water consumption measurement No
N Thermal coating degradation No
ALZEP IIT Apolle lunar surface experiments package No
- 2059 Lunar field gealogy . No
S-0810 Solar wind composition No
S—-16h S-band transponder exercice HNo
=170 Downlink histatic radar chservations of the Maoon Ho
3-1TH Gegenschein from lunar orbit Ho
S-184 Lunar surface close-up photography - HNo
T-029 Pilot deascribing function Yes




additicon to the spacecraft and lunar aurfarce objectives, the following
two launch vehicle secondary obJectives were masigned:

a. Attempt to impart the cxpended 53-IVE stage on the lunsr surface
within 350 km of the targeteda impact peoint of 3 degrees scouth latitude
and 30 degrees west longitude under nominsl flight control conditions to
excite the Apolleo 12 zeismometer;

b. Postflight deterrination of the actual time and lporation of S-IVE
impact to within 1 second.

Poth abjectives were accomplished, and the results are documented in
reference 2, The impact was successfully detected by the seismemeter and
is repcrted in grester detail in sectieon 1l.3.

Seven sclentific experiments, in addition to those cantained in the
Junar surfece experiment Package, were gslso assigned as follows:

a. Lunar field geclogy (8-050)

b. Pilot describing function (T-029)

c. 2olar wind ecmposition (S8-080)

d. 3-band transponder exercise (S-164)

2. Downlink bistetic radar cbheservations of the moon (S-2170)

. OGegenscheln abservation from lunar orbit (5-1T78)

g+ Lunar surface closeup photography [S—184)

The pilet deseribing function experiment (T-029) was a success, in
that deta were obteined during ranually controlled spacecraft maneuvers

which are available to the prineciple irvestigator. Nene of the other
experinents was attempted,
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13.0 ELAUNCH VEHICLE SUMMARY

The Apollo 13 apace vehicle wea launched from pad 4 of complex 39,
Kenrnedy Space Center, Flerida., ZExcept for the high-amplitude, low-
Trequency cecillations which resulted in premsture cutoff of the S-IT
zenter englne, the basie performance of the launch vehiecle was norual.
Despite the anomaly, a1l launch vehicle chlestives were achieved, as dis-
cussed in referenze 2. In eddition, the S5-IVE lunar impect experiment
Wwas sccomplisaed, as discrszed in section 11.3%.

The wvehicle was launched on an azZmuth %0 degrees east of north,
and & roll maneuver at 12.5 seconds placed the wehiecle on & flight armi-
rmath af T72.043 degrees easl of north. Trajectory toremeters were close
te anominagl during S-IC and 2-I1 waost until esrly shutdown of the center
engine. The premsture cutoef? caused considersble deviations from certain
nominal launch-wehiecle tralectory paremeters which were particularly evi-
dent &t Z2-I1 outooard engine sutoff. Despite these deviations, the guid-
ance system is designed to cperate such that an effircient boost iz roen-
ducted uwnder engine-cut conditions, and near-neminal tralectory parameters
were gehieved st crbital inssrticn and at translunar injecticn.  Pecause
of the wedueed effective thrust, however, these reapective events ocourred
44,07 and 13.56 seconds later tnan predicted. After svacecraft election,
various 5-IVE attitude ané propulsive mansuvers placed the wehicle eon =&

lunar impact trajectery very close o the desired target (section 11.3Y.

Structural losds experienced during S-IC toost were well Delow design
values, with maximum lateral leads avproximately 25 percent of tne design
value. As 3 result of aigh arplitude longitudinel oselllations during
5-I1 toost, the center engine sxpsriernced a 132-second premacure cuteff,
At 330.6 seconds, the Z-II crossteam osgillesticns reached a peak smplitudes
of +33.7Tg. Corresvondineg center-engine chamber oressure osc:ll=tions of
£225 psi initieted engine cuteff through the "thrust OK" switeckes. These
responees were the highest measured anplitude for sny 2-T1 flipht. Excect
Tor the unexpected nigh amplitude, ocseillations in this range are an in-
herent chararteristiic of the present 8-IT structure/provulsion configura-
tion end hawve been exzerienced corn trevious flights. Aceeleration lewvels
experienced at varicus wvehisle stations during the zeriocd of peak ceeil-
lgticns indicate <het the vehiecle did not transmit the large nagnitude
cseillations to tke spacceraft. Iunstallation of an acewnulsicr in the
center-engine ligquid oxygen line iz being inecerworated on future wehicles
to decocuplie the line from the crcossbeamr, and therefore suppress any vibra-
ticn amplitudes. Additiom of a vibraticnm detection sysiem which would
moritor structural response in the 1h—teo-20 Hz range and initiate engine
cutoff 1T wivrzticns spproach a dangerous lesvel is alsc under investige-—
tion as a backup.
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The pilet describing function experiment (T-029) was a success, in

that data were obtained during memially controlled spececraft maneuvers
which are aveilable to the principle investigator, None of the other
experiments was attempted,
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14.0  ANCMALY SUMMARY

This sectien contains a discussicon of the significant problems cr
discrepancies noted during the Apello 12 wmissiaon.

14,1 COMMAND AND SERVICE MODULES

14.1.1 Loss of Cryogenic Cxygen Tank 2 Pressure

At approximetely 55 Lours 55 minutes inta the Apollo 13 mbssion,
the crew heard and felt the vibraticne from a sharp "tang." coineident
with a computer restert and e raster alsrm associsted with & meirn-bus—3
uwndervoltage condition., Within 20 seccnds, the crevw made en immedinte
verification of slectrical-system rarsme=ters, which apreared normal.

However, the crew reported the following barberpole indications from the
service nodule reaction control system:

&. Heliwm 1 on guads B and G
b, Helium 2 on quad O

¢. OSecondary propellant valwves on guads A and C.

Approximately 2-1/2 minutes after the noise, fuel cells 1 and 3
ceased genersting electrical vower.

“he first indication of & problem in cryogenic oxXygen tank 2 cecurred
when the guantity gage went to & full-scale reading at 46 hours Lo minvtes.
For the next 9 hours, system cperstion was normal. The next abrormzl irn-
dication ceecurred when the fans in Eryogenic oxygen tank 2 were turrned or
at 55:53:20. Approximaetely Z seconds after energizing the fan circuit, a
short was indicated bty the cwrrent trece from fuel cell 3, which was sup-
plying power Lo the oxygen tank 2 fans. Within zeveral additionsl seconds,
two other shorted conditions occurred,

Llectrical shorts in the fan circuit ignited the wire insulation,
causing pressure and temperaturs ircreasses within cxygen tank 2. During
the pressure rise periocd, the fuses opened in both fan circuits in CIYa—
geniz oxygen tank 2, 4 short-eircult conduction in +the quantity gaging
sy¥stem cleared itself and then began an open—cireuwit conditien. When
the pressure reached the tank-2 relisf-valve full-flew conditicons of
1008 paia, the pressure decrsased for about o seconds , after which time
the relief walve probebly reseated, cmusing anctaer nementary preszure
increase. Approximaetely 1/4 second after this momentary pressure in-

crease, 8 vibration disturbance wes noted on the command medule acceler—
ometers.
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“he next series of events gecurrped within & fraction of =& second
between the accelercmeter disturbsnces and a mementary loss of data.
Burning of the wire insuletien reached the electriesl conduit leading
from inside the tube to the externsl plug causing the tank line to burst
becauze of overheating. The ruptured electrical conduit ecsused the waoyuum
Jacket to over pressurize and, In turn, caused the blow-out plug in the
vaguur. Jacxet to rupture, Sone mechanism, possibly the burning of in-
sulation inm bay U4 combined with the oxygen buildup in thet bay, caused
& rapld pressure rise which resulted in separation of the cuter panel.
Ground tests, however, have not substantisted the burning of the Mylar
insulation under the conditions which probably existed just after the
tank rupture. The panel deparation shoek closed the fusl cell 1 and 2
cxXygen reactant shubt-off valves snd seversl propellent end helium fsola-
tion valves in the reactieon control system. Dats were lost for about
1.8 seconds ms the high-gain antenns switched from narrow beam to wide

beam, because the penel, when geparating, struck and dameged cne of the
antenna dishes.

Fellowing recavery of the data, the vehiecle hed experienced & trans-
lation change of about 0.4 fi/sec, Primarily in a plane narmal to bay L,
The oxygen tank 2 pressure indication wes at the lower limit aof the read-
oui. The oxygen tank 1 hesters were on, and the tank 1 Prezzure was de-
faying rapidly. A main-bus-3 underveltage alarm end a computer restart
aleo cccurred at this time,

Fuel cells 1 and 3 gperated for about 2-1/2 minutes after the re—
actant valves clomed, During this period, these fusl e=lls consimed the
0xygen trapped in the plumbing, thereby reducing the presgure below mini-
mm requirements and causing total loss of fuel eell current and voltage
ocutput from these two fuel eells. Because of the lossg of performance by
iwo of the three fuel eells and the subsequent load switching by the crew
nunergus associated master alerms cccurted ag expected.

Temperature changes were noted in bays 3 and 4% of the service module
ir response to & high heat pulae or high pressure surge. Fuel cell 2 was
turned off about 2 hours later because of the lass of Pressure from eryo-
genic oxygen tank 1.

Tae eryogenic oxygen tank design will be changed to eliminate the
mechanisms which could initiate buraing within the tenk and wltimately
lead to a strustursl feilure of the tank or its componenta. All electri-
cal wires will be stainless-stesl shesthed and the guantity probe will he
made from stainless steel instesd of slwminum. The Till-line plumbing
internal to the tank will be improved, and B means of wearning the erew of
an ingdvertent closure of either the fuel cell hydrogen or oxygen valves
Will be provided. A third cryogenic c¥ygen tank will bhe added to the
fervice module for subseguent Apolle missicns. The Tuel cell oxygen




supply valve will be redesigned to isolrete Foelytetrafluorcethylene-
coated wires from the oxygen. Warning systems at the Mission Controcl

Center will be modified to provide more immediste gnd visible warnings
of encmalies in all systems.

& more thorough discussicn of +his ancmaly is presented in refer-
gnge 1.

This snomaly is ~lgsed,

14.1.2 Postlanding Vent Velve Malfunction

During postlanding activities, recovery perscnnel discoversd thg+

the Dostlanding ventilstion inlet valve was closed and the exhayst valye
WERS Ofen.

The wventilation va ve is opened by firzt pulling the rostlarnding vent
valve unlocd kandle, The handle is attached by & cable to twe pins whicn
mechanically lock the ventilation valves closed, Onee the handle is pull-
ed, the postlanding vant fan switoh is pleced Lo either the high or low
positicn. This cperation opens both wventilstion valves and actuates the
postlanding blower. The recovery forees found the switch setting 4o be

proper, but the vent valve unloek handle wasg partially cut instead of
completely out,

The inlet wvalve locking pin was not in the full opeit position
(fig. 14-1), = condition whiech would keep the valve in the closed pogi-

tion even though both the pin and slot were measursd to be within design
Llelerances,

A check of the operation of the valves with different prll peositicns
of the kandle from locked to full Op&€n regulres about one Inch of travel
and was made with the feliowing results:

2. With the handle extended only 1/4 “neh or ess fram the walvye
iccked position, toth rlungers remained loecxed.

b. With the handle extended from 5/16 to 3/5 inch from “he valve—
locked positicn, the exhaust wvalve opened but the inlet valve remained
closed. This condition duplicates that of the position of the handle and
the creration of the valwve found on ths Apelle 13 spacecraft after flight .

@, VWhen the hendle was extended from 3/8 inch to Tull travel from
the valve-locked wosition, both the inlet and mnd exheust valves cpened.

Testing wverified that spplication of Fower ta the valves while the
Iocking pins ere bteing released will Frevent tne pin from being pulled
to the unlack position beceuse the drive =haft torsue binds the lock pin.
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Figure 14-1.- Post-landing vent valve Zock.

The valve-lock mechanism *igging tolerances were found to he within speci-
fications. When reassembled in the spacecraft, the malfunction wes dupli-

cated with only partial travel of the handle.

The ventilation system was designed with two flexible concral-cable

assemblies linked to one nandle, which is pulled to cperate the twa valwves.

An inherert characteristic of this design is that coe soatrol ecable will
nearly always slightly lag the other when the handle is pulled. At fual:
exiension of the handle, the travel in each csble as5enldly 1s more than
sufficient to disengage both Flungers and allew both valwves te operate.

Checkout prosedures pricr to flight were found to te saticsfactory. There

was ne evidence of mechaniecal failure or malfunction nor were any sut-
cf-tolerance companents found.




Yo guard sgainst operstioral problenms of this type in the futuare, a
cavtion note has Leen added in the 4polle Dperstions Yardbosk to actiatc
the ventilation walve handle owver its full trevel hofore switchineg on the
postlanding vent fan.

Thi=s anomeiy iz cipsed.

1%.1.3 Shart Fiuctuations in the FZero Opties Mode

Baginning at spprroxirmatsly U0 hours, Tluctuaticqs of as mick zs

L.3 degree were ghsorved in the computer readous of ke optlcs sharlt
. angle. The system had teer powered up throughout the fligh snd hag
besn in the zero optics mode since the star/heorizen nevigation sigktings
a4t 31 heurs. COrew cbservation of the manusl readeut subseguently con-
Tirmed that thke flurtusliorn was sctually caused 9y motion of tho shalt.
The circumstances and time of occcurrence were alemost identical <o g sip—
Llar situation which ocourred during the Apolle 12 mizeicn,

A simplified schemsatic of the opties sha®™ servo loop mechanization
iz shown in fieure 1h-2. 1In the zerc optiecs mode, the sinc ocutputs of
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Figure 14-2.- Zers omtics mode circuitry.
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the helf-speed end 1f-speed resolvers are routed through a coarse/fire
switching network to the motoar drive amplifier and are wsed to null the
eystem. Fate feedback from the motor Sachometer is routed to the drive
snplifier through a compensAation network which rewmcves any oies in the
signal. When the zero optics mode is selected, the coupling-data-unit
counter and the computer register which rertains the shaft angle ares
zerced for 15 seconds end then released to fellow the l6-speed resclver,
The helf-speed resclver, the fire/coarse switching network, snd the tacq-
ometer feedbacx compensation are uzed snlv in the zerec cptics mede.

An investigstion conducted after Apalle 12 8id not iderntify a defi- o
nite source of the Eroblem, since extreme sorrosieorn from ass=g water after
landing prevented memningful exemination of the mechanical drive aystem
ard restricted testing to the power ant servo sasembly which econtains the
major electronie components. No abnormal indicaticns were found in the
Apcllo 12 system; however, the failure symotons were reproduced on =
treadbcard by tresking down the isclatian ECross & tranaforner in the
tachometer feedoack compensaticn networi, Although denctting and testing
cf the astual transformer failed to zroduce any evidence of malfunctisa,
this mechanism was considered = likely candidate for a random Ta’laro.

The recurrence of the problem under selmost Ldentiecal circumstances
during Arollo 13 indicates thai the cause is qore likely generie than
randor and that it is time or vacuunm derzendent. '[tke susceptibility of
the zhaft axis ra*her than the trunnion axis alsc tends to abt=olve com-
ponenis common to both axes, suech as tre electronics and the motor drive
arplifier. The shaft loop kas beer shawn to ba more sensitive than the
trunnion to hermoniezs of the S00-hertz reference voltages introduced into
the Forward laop; however, because the level of the required null offset

voltage is well ahove that ovailshle by induction, this mechanism is can-
sidered unlikely.

The most likely candidate is the half-speed resolver, which i3 usegd
only for the gshaft pxis and only to provide an unanmbiguous zero referchnce.
The reference voltage ia aprlied to the rotor through slip rings
(fig. 14-3), comnnected as shown in figure 1h-L, Tf any resistance is
present irn the common ground path through the slip ring, a portion of the o
reference woltage will appear across the gquadrature winding and induce & '
finite output {dirffersnt thar zera), PZero ocutput is equivalent to zerc
degrees in shaft rotation.

Sirulated changss in slip ring impedance were made on the half-speed
resolver in the shaft loop (fig., 14-L}. An impedance af 50 ohms produred
an offset of arproximately plus 0.% degree in sextant shaft angle. The
trunnion loop does not use this T¥re of resolver or connection.

Some evidence of susceptibility to vacuum was exhibited irm this
¢lass of resclvers during gualificaticn testing when wvariaticns of approx-
imately 5 chms were cbserved in the 2lip ring resistance during thermal
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Figure lh-lb.- Cne-nslf speed resclwver.

vacuum testing. The tests were run with the units rotating at 1 rpm,

hewever, and the monentary resistance changes disappeared with the wiping .
action. -

The testing of the helf-speed resolver with resistance in the lowr
side of the sine winding and the wvacuun susceptibility exhibited during
gualification testing clesely duplicate the characteristies of inflight
"zero outics” operation. The slip-ring mecnarism Iz wnique to the shaft-
axis, since none of the other resolvers in the system use slip rings.
This resocliwver iz in the optics head, which is wvented te a vacuum. The
rotation of the cnties head in & normal cperation would wipe the slip

rings clean and explain the delay in the fluctuaticons for some hours after
seleciing zero optics.
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Correctiwve action to nigh resistance on the brush/slip rings of thke
resolver is not reguired since accurate zeroing is unaffected =nd there
ig no effect in the operation of the system other then system readout
wisn not in use., This condition cen be expected to recur in future Apallo
flight. TFubure crews will te briefed on this situsticn.

This anomely is closed.

14.1.% High-Gain Antenna Aequisition Problem

FPrior to the television transmicsiea at appreximately 55 hours,
difficulty was exyperienced in abiaining Aigh-—gein anterna acqguicition
and tracking. The Command Module Filot hed manually adjusted tke antenna
=ettings 1o plus 23 degrees in piteh and 267 degrees in yaw, as recuested
oy tke ground T kours earlier. The most faversble settings lor 55 hours
were actuslly plus 5 degrees in piteh arnd 237 degrs=es in vaw., Tn= 4irf-
Terence between these two sets of sngles pointed the artenns norezight
axils approximately 35 degroes awsy from the Line of sTEnt to the ground
ztetion.

Whern {he transmissisn wes switched “rem the cmnidirectienzl antenna
to the manual mode of the aigh-gain sntenna, ‘here wee s & dB decrease in
uplink signal etrength and a 17 4B decrease in downlink signal streneth,
With the high-gain antenna in the wide beer mode and nearly boresighted,
the uplinx and downlink signal strengths should have baeen at lesst el
to the signel strength obtained with an cmnidirectional antenna, A/ com-
rarizon of the wide-, mediun-, and narrowv-besn transmit snd reoeive pat--
termns indicates the high-gain antenna mode was in a medium-beam, manual
mrde at the time of aeguisition and remeined in this configuration until
the reacquisiticn neode was selected at 55:00:10.

Starting at 55:00:10 and continuing to 55:00:40, deep repeti<ive
transients appreximately every © seconds were noted on the rhasze modula-
ted downlink carrier (fig. 14-5), This type of signature can be caused
by & malfunction which would shift the scan-limit and sgan-limit—werning
Tunetion lines, as illustrated in figure 1L-5, These furetion lines
would have tc shift such that they are both oesitioned between the anterna
manuel settings and the <rue line of sight to carth. Alsc, the antenns
would hewve to te operating in the auto-reacouisition mode to provide these
slgnatwres, The antepna functions which szused ke cyciie inflight EF
signatures resulting frem a shift In the functicn lines can be zxplained
with the aid of figures 14-5 a&nd L-€, with the letters A, B, C, and D
corresponding to events durding the cycle. Starting at aporoXimately
55:00:10, the antenna wes switched from manual to auto resequisiticon with
the teamwidth switch in the medium-bean position. TFrom noint, A to ihe
secan limit function line just prior to point B, tke antenna aeguired the
carth in wide team, When the antenna reached the scan limit function
line, the antenne control logie would switch the system to the manusl
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Figure 1h-5.- Shifs in zcan-limit, secan—-limit-warning 1l ustrated.

mode and drive back toward the manual settings until the sean 1°m°t warn-
ing funzticn line =t zeint £ was reached, thereby rainltginting wide-baam
operation. When the sntenna reaches the scan limit warning function line,
the system would autcmatically switeh to the mediun-tearm mode and con-
tinue to drive in the manual mode un*il the menual sestice error was
nualied out at Toint &, The antenns would then switeh to the sulo-trark
nede end repeat the cyole. The most important feature of this ~wele is
that the antenna moves at the manual scan rate between zoints B ard D,
which 1s confirmed ©y the rapid changes in the dewnlink signal strength.

System testing with s similar anternna and electrornics box zshowed EF
signatures comparable to those cgbserved in flight., Thais ceoasistency was
accomplished by placing the target ingide the 2cen limits end the menual
setting outside the scan limits. These two positions were separasted ap-
proximately 35 degrees, which matched the actusl angular senarstion ex-
perienced. ‘Under these cconditiens, the antenna cycled between the target
ard the manual setting while cperating in the auto-rescguisition mode ard
produced the cyelic EY signature. Since *the inflight leoss of signal o
eaxth wss not near the sean limit, the failure recnaris=w would be a =hifs
in the seen-limit function line.

Elements ir the scan-limit anéd scar~limft-warn’'ng circalt were
shorted and opened to determine the effect on the scan-limit shift. The
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Figure 1h-£.- Pecorded signal cgirengths during
high-gain antenna operation.

rezults of this test shifted the scan-limit funetions but did not oroduce
the rnecessary change in the scan-1imit Elcpe. Consequently, a feilure in
the =zlectronic box 1= ruled cut.

“he cnly comporent identified with a failure mode that wous3 rroiuce
a 2hilt In the scan-1imit funectienz arnd o shidt change iz the O-axis in-
duction potentiometer locaied in the s"tenne. This potentiometor iz used
o provide a valtage preportionsl to the Ceaxis gngilar orientation ané
coensists ¢f three separate coils, escsa with symmetrical winding on oopo-
site sides of the rotor or stator, These coils include the crimary wind-
lng on the stator, the compenssation or bias wirding on the ststor, and
the linear output winding loeated on the roter. The biag winding is azed
to shift the normal =70 degrees linear output to & new linear cutput over
Lhe range of from minus 10 to plus 130 degrees.

lhe woltages {or the C-sxis inducticn Potentiometer and the f—axis
Sunetion genersteor, also loested in the antenna, add tocgether in thke
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electronic hox and trigesr the antenns logic to produce the scan-limit
Tunections when the voltage sum resaches = threshold value. Under normal
cperating conditicns, the threshald voltage is reached when the C—gxis
angular travel iz hetweern 9% and 115 degrees,

The failure mode of the C—sxis ipducticn Fotentiometer is s short
in the stator excitatien winding. Sheorting cne half of the stater's
Primary winding to ground would Froduce o greater sleope in the curve
showing the induction poienticretsr trans formaticn ratio versus angular
travel. This slepe ineresse would produce nonlinear effects becausze the
magnetic flux ia concentrated in one-half of the primary windiag. Fur-

ther analysisn is in progress to estsblish the particular fallure and what
mlght have caused the cordition.

A Le5T will be performed at the launch site o Tuture spacecraft 4o
preclude launching with either a bad O-axis or d-axic generator.

fin anemaly rencrt will be putlisked whern the anaiyeis iz commlete.

Thiz anomaly is cpen.

14.1.5 Entry Monitor System 0.05g Light Malfunction

The entry monitor system 0.0%g light 4id not illuminste within 3
secends after an 0.05g conditien was sensed by the guidance system. Tha

cred 2tarted the system manually as prescribed by ewitching to the hark-
up cositlon,

The entry monltor system is dezigned to shart autonatically when
C.Che iz sensed by the Eystem accelerometer. When this sernsing accurs,
the 0.0%2 light should come on, the sercll sheuld begin to drive, and the
lrarge-to-go counter should begin to count down. The erew revcrted the
light failure but were ursble to verify whether or mot the arroll or

counter responded before the switeh was manually chenged to the backup
mode.,

The failure had ta be in the light, in the 0.05% sensing rechanism,
or in the mode switch, mode switcning could alsc have beern premature.

An enlarged photegraph of the scroll was examined in detall to de-
termine if the ascroll started Froperly. While no abnormal indicatieons
were gbserved, the interpretation of these data is not concluaive,

A ecomplete functional test was perforned aad the flight problem
could not ve duplicated. The system was ocold semked for T hours at
307 F. While the system was slowly warming up, continucus funetienal
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Lests were being perfeormed to determine if thermal gradlients could have
caused the problem, The sysiem oversted mormally throughout all tests.

Following verificaticn of +he light and sensing circuit, the mode
sWiteh was exsmined in detail. Tests were performed to determine cone
tact resistance, and the switch was examined by X-ray for corductive
conteminants and by dissection for nonccnductive contaminants . Ko evi-
dence of any switch preblems wes indiceted.

The extensive testing ard analyses and the consistency with which
the peatflight test date repsated rreflight acceptence test results in-
dicate the problem was most likely cansed either by the Command Module
filot responding too gquickly to the 0.05g light not coming cn or by an
intermittent hardware fallure that cleared itself during entry.

Bazed on these findings, a change is not warranted tg existing pro-
cedwes or hardware on future flights.

Thie anomaly is clozed.

14.1.6 Gas Leak in Apex Cover Jettisen System

During postflight inspectior, it was Aiscovered that propellent gas
had lesked from the gussei-L breech sssembly, which is a vart of the apex
cover jettisen system (fig. 1L-7). 2 hole was burned through the slum-
irum gussez cover plate (fig. 1L-8), end the fiberglass pilct parachute
MerLer cover on the parachute side of . the guseset was charred but not
penetrated. Tiae leskage occurred at the breech-rlenunm interface
(fig. 14-9). Tke breech end plenum are bolted male and female parts
Wwhich are sealed with a large O-ring backed up with a Teflon rirg, as
shown in figure 14-7. During cperaticn, the breecn presaure reacheg
approximately 14 000 psi and the gas temperature exceeds 2000° F. e
Q-ring and backup ring were burned throvogh and the metal parts were
ercded by the hot gas at the leakt path. The system is ccmpletely re-
dundant in that either thruster system will effect gpex cover Jettison.
Ho evidence of gas leaksge existed on the previous firings of 56 -mits.

Tre poselible causes of the gas leskage include:

a, Uut of teolerence parts — Measurement of +<he Tailed rarts indi-
cete acceptable dimensions of the metal parts.

t. Damaged O-rings - The 21 CCO-:si gtatic rraoof-pressure test was
guceessful.

€. Gap in backup ring - The installation procedure specifies the
baczup ring msy be trimmed on assembly to meet installation reguirenents,
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but does not specify any dimensional control over the scarf joint.

Since the gap portion was burned away, a gap in the backup ring could
have caused the problem.

Material and dimensional controls and improvement of assembly pro-
cedures will minimize the possibility of gas leakage without necessitat-
ing a design change. However, to protect against the possibility of
lesking gas with the existing design, a thermal barrier of polyimide
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sneet (fig, 14-10) will te applied <o the intericr of the breech plenum
ered ot Juture spaceeralt. The protection provided by the peolyimide has
been zrool-tested by firing the assembly witheut the O-ring, simulating
A worst-case condition.

This anomzaly is clased,
MASA-5-70-5H50

0.04=inch pelyimide
backed by aluminum plate
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backed by 0.031-inch Inconel Theuster ! \
|| K= —
“ﬁgﬁqf
. "\h\. [
Breech -plenum o \_Gusset
Phenolic support assembly

Twa layers of
0.Q4~inch polyimide

Figure 1bk-10.- Tunnel gusset protecticon.

14.1.7 Beaction Control Isoletion Valve Failure

Diring postilight decontamineticn &f the covmand module rescticon
contral system, the system 1 fuel izolation valve was found open when
it should nave been closed. All other propellant isalaticn valves were
in the closed position. The subsequent failure investigation revealed
that the lead from the fuel valve closing ¢oil) was wired to an unused
pin on a8 terminael beerc instead of to the proper pin. X-rays of the

terminal board and elezecut phetogranks indieste the mliswiring occcurred
durire initial installaticn.

The miswired valve {fig. 1L-11) passed the functional checks during
tuildup and checxout hecause, even with the closing coll lead completely
dizconnected, the wvalve can be rlosed through an inductive counling with
the okxidizer-valve clesing coll. That is, s reverse-polarity wvoltage can
be genersted in the oxidizer wvalve opening ecil threugh a "trans former”
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zotion. This voltage is applied to the Tuel valve opering emil where it
induces a magnetic field flux 4hat cleses the fusl valve. With 28 wolts
ar more on the speeecraft bus, this phencmenon was consistently repeat-—
eble. With 24 to 28 valts on the bus, the valve would cecasionally olese
ord with less than 24 volts, the valve would not close, Since preflight
testing 1z accomplished at 28 volts, the functional tests aig pot dis-
¢lcee the miswirirng, TLCuring the mizsion, the voltage was such that thre

vaive did not close when rommanded and therefore w5 found open atter the
T1ight.

Certain compohents are wired into the spacecralt wiring harness oy
irgerting criwvped, pinned ends of the wiring into terriral teards of the
Spacecralft harness. In many cases, this wiring is pert of closecut ir-
stallations and circuit werification ean only oe aceomplished through
Tunctional checks of the component. This ancraly has pointed cut the
ract that ecircuits verified in *hiz panrer must he analyzed to determine
if functional checks provide an Blequate verification, All cirecits
have deen snelyzed with the result tkat the servise madule and command
rodule reaction control systern propellant isclsation valves are the only
cemponents which reguire additional testing. Pesistance checks will be
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perlorned on all future spacecraft to prave that the isolation valves
are Troperly wired.

This anomaly is clesed,

14.1.8 Potable Water Quantity Fluctuations

The poteble water quantity messurement fluctusted briefly on two
oczasions during the missiom. 4R gbhout 23 hours, the reading decreasod
Irem 98 to T9 percent for sbout 5 miautes and then returred to a normal
resding of approximately 102 percent. Another fluctuatinn was notad at
abocut 37 howrs, at which time the reading decreased frem its uppor limit
to 83.5 gercent. The reading then returned to the urper limit ir g pericd

L d

o2 T gzoonds.

Frefligat fluetuaticns of from 2 to f Dercent nezar the full lews]
were chserved onece during the countdown demonstrazicn test, and a pos-
sible eariler fluctuation of sbout 4 percent gt the half-full level was
noted during the flight readiness test.

Tnis tramséucer has sterated erretically orn twa previous wmissions.
Testing a’ter Apollo § traced the Tailure during that mission to moisture
contamination within the transduacer. Sipilar flucturations noted during
Apcllo I2 were traced to a minute quantity of undeterrired contaminsticn
o the surface of the resistance wafer. Characteristiecally, the signal
level decreased first to indicate ar incresse in the resistance but re-
turned to more normal realings as the wafer clesned itsel®, [isassembly
of the Apollc 13 transducer and water tank did not rreduce evidence of
elther contaringticn or corrosicn, The spacecraft wiring which ooild
have produced the problem was checked and no intermittents were found.

The measurement is not essential for Tlight safety o» missiecn sucz-
cesg, The potables water tank is continually refilled wita fuel ecll pro-
dart water, and when the potable water tank is full, fuel cell produrt
water is automaticelly diverted tc the waste water tank, which is pericd-
ically dumped overboard. Water frop the potable water tark is used mainly
For drinsing end food recconstitutlon. Sinece fuel cell water generation
rates can be computed from power generation levels and singce potable
watar usage ratez can be estimarved with reascnsble zoouracy , the quantity
of water in the potable water tank can he determined with gcceptable
azcaracy without the gquantity measurement.

Ihis ancmaly is clcsed.
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1h,1.9 Suit Pressure Transducer Failure

Durirg launch the suit pressure transducer reeding remained consist-
ent with cabin pressure until 00:02:45, then suddenly dropped from 6.7
to 5.7 peia colncidentelly with S-II engine ignition {fig. 14-12)., The
difference between the two messurements dearegssd to enly 0.2 by 1-1/2
hours, when the rabin reached its noemingl regulated pressure of 5.0 peia.
For this shirtslseve mode, the suit and csbin bressure readings should
be nearly equal. During normal variations in the command module cabin
rressure, the suit pressure messuremepnt reapeonded sluggishly and indicated
az much as 1 psi low. Subsequently, the measurement output decayed mnd
remalned in the 4.1 to 4.3 psisa renge for a cabin pressure of 5.0 nsia
until system desctivation at sbout 59 hours (rig. 14-12).
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Figure 14-12.- S5uit and cabin pressure.
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During periods when the lunar module and the command module cabins
were interconnected, the lunar module and command medule cabin pressure

readings were approximately equal, verifying the gperation of the rommand
module cabin pressure trarsducers,
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The suit nmeasurement indicated correctly during the brief instrn-
mentatiorn power—up pericds at 102 and 123 kours. However, Jjust prior to
entry, the suit indication was approxinstely 0.3 psi lower <khan osbino
pressure tut incressed to 7.7 zmeiz whern the cabin fressure was reading
13.9 psis Just prior to landing.

This transducer also behaved crraticszlly on Apolle 12, Fostflisht
analysis of both the Apollo 12 and Apello 13 itransducers de<erm’ned the

cause to be interral contaminstion from electroless nickel plating
particlss,

The transducer iz a variable reluctance irstrurent actuated by
ti“Terential zressure applied across & twisted Bourdorn tube. The housing,
including the cavity corntaining the RBourdon tube and the wvariavle reluc-
tance elements, 1s nigkel plated. The Zourdon tube—wvariasble reluectance

'. ...'I -
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assembly end the sense port fitting are scldered 1a place. Inspection

cf the failed units indicatesz that the Tleking occurs adlacent to the
solder, :

The most probable cause of the problem 1s Focr plating achesion to
the aluminum base metal. D[Differential expansicn between the solder and
the sluninum may cause the plating to ecrack. Moisture from the environ-
mental eondrol system suit leeow could then wenebrate the vlating, corrcde
the aliminum bese metal and cause the plating to peel and flake. The
nickel flakea oculd then enter the zir gap of the variasble reluctance
elements and affect the measurement .

laspeetion aleo revesaled that both the cabin and suts loop rressure
transducers contained various contaminants ident’ fied =s =alder flux,
glazs beads (0.0L mm diarmeter), snd fibers fram the wipers used in tne
transducer manufeecturer's eclear rosmy all of waich could Fotentially
aflect the transducer aperasicn.

o asaure that one of the pressurc transducers is cperative, the.
Apolle 14 cabin pressure transducer will be disassemtled, the plating

Will be inspected and the iassrument will te rleared, redassemblsd gnd
installed.

For Apolla 1% and subseguent, the suit and cabin pressure transducsrs
will bte disassermbled and cleaned. Tke plating will be inspected for
cracking or flaking and the units will be regssembled. The suit Fressure
tranzducers wilil be reasserbled without soldering.

Thiz ancmaly iz elcased.

14.1.10 Gas Leak in Electrical Circuit Interrupter

Iuring postflight inspeection of the command medule, propellant RS
was noted to have escaped from the left-hand electrical ecirouit inter—
rupter, mounted in the lower equipment bay, and deposited soot orn adja-
cent equipmenz. The right-hand circuit interrupter showed ne evidence
of & gas leakrage. The removed breech, showing the disclaced Je=ring and
crushed attenuator bleock, is shewn in figure 1L-13,

The two interrupters open the electrical gircuits about 30 milli-
seccrds before the wires are severed by the cormand meodule/service module
umbiliecsl guillotine. As illustrated in the figure, & cam fork is maved
by a piston, which is operated by propellant ges fror redumdant rartridges,
o function a 1ift plate. Motion of thie plate disconnests the male and
Temale portiors of electrical econnecteors located, respectively, in the
1ift plate and in the base plate of the interrupter. At the coempletion

oY the stiroke, the fork iz brought to rest hy impacting and crushing an
gluminum block mounted on the interrupter housing.
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The worse-case tolerance tuildup is when the ferk contacts the
attenuatcr block end the piston O-ring is 0.0TS inch from entering the
chamfer in the breech assermbly. The O-ring enters this chanfer when
the block has heen erushed about 94 percent, at which pelnt an O-ring
Gdisplacement and accompanying ges escape could be expecied. The factors
which affect the degree of attenustor crushing are generally uncontrol-—
lable within narrow limits and include;

8. &liding frietier of the many electrical contact pine ., the
several camming and for¥-to-plate surfaces, and the piston

b. Forces exerted by the springs, which hold the 1ift and pase
rlates together ir the aszerbled position

¢. Fropellant ges pressure end the similtasecus increaze of Tres-
aure in the two breeches and the plenum

d. Simultaneous ccourrerce of the electrical Tiring signals +c
the two cartridges

=. FPhysical properties of the attenuster bilock.

Based upon an analysis of the interrupter design, its loecation,
ang 1ts relaticonship te adjscent equipment , it iz coneluded that gas
will not escare prior to the completicn of the degdfacing functicon and
that, askauld such escape oceur, the gas will not adversely affect amy
ather components. Therefore, no hardware modification is NECSSSArY .

“his anomaly is closed.
14,2 LUNAR MODULE

14.2.1 fbnormal Supercritiecal Helium FPressure Rise

During the initial cold-soak pericd following loading of supercrit-
ical helium during the Apcllo 13 courtdown demonsiration test, the helium
exfiibited 8 pressure rise rate approximately three times greater than ex—
pected. A preflight test was devised to determine the pressure-rize rate
that would exist at the tine of descent engine firing for lunar descent.
The predicted tank conditions at that time would be appreximately 500 psia
pressure and L8 pounds of helium. Normal procedures were not nsed +o
reach 900 psia because 100 hours would have been reguired and the lsunck
schedule would have been impacted; therefore, the presaure was raised to
00 psia by flowing warm helium through the tank hest exchanger. The sub-
sequent pressure rige rate was sbnermally high at 14.9 psi/heur. The gb-
normelity of this rate wes confirmed by repeating the test on two other
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heliam tanks, cne at the merufacturer's plant end the other st the Manned
Spacecraft {enter. The results indicated pressure risc razes of B8 and
3.7 psi/hour, respectively,

The hest-leak test during the countdown demcorstration indicated a
normal rise rate of 7.9 pai/hour at 6UD psia, whereas the epecial test
showed an abnormel rise rate of 14.9 pei/nour abeve 900 psia. At some
helium temperature eguivalent tc a pressure between 643 and 900 peia, the
rise-rate characteristics would increase in the manner extibited during
the countdewn demonstraticn test. Extrepelating these resulte 4o the
Flight corditions, it was determined that the helium tank was fuily cap-
Bble of supporting a lurar landing timeline, and the decision was made to
procead with the flight using the existing tank.

The prelaunch-sztandby rize rate was a normal 7.8 mei/hour. TDuring
Tlight, the zero-g rise rate of T psi/hour was slightly higher then ox—
peeted, but =£ill satisfacto=y. TFollowing the first doscent engine f{ir-
ing =t 61-1/2 hours, *7Me rize rate ‘necressed ta 10.5% psi/hour, rather
than returring to its normal vslue, as shewn in figure 1L-14. pfter the
second firing at T9-1/2 hours, the rise rate again increasad, thiz tire
w0 aprroximately 33 psifhour until socut 109 hours, whaen the heliame<ank
burst dise rugtured ot 1937 pefa, as it should have and verted the remain-
ing helium cvertoard.

The heljum tenk Zs a double-walled titanium Fressure veswel, with
173 layers of gluminized Mylar insulation between the two shells. ™e
anrular region is eveeuated to a level of 1077 torr during the marufac-
turing vrocess.

The mest likely causc of the snomaly is e tank-insalatien degradn-
“icn which would resuwlt in increased heat econduction to the helivm, The
Insuleting characteristics of the arnuler vacuum in tank was most likely
degraded by the introduction of 2 contaminant lprobably hydrogen) in ex-
trerely small corcentrations {appraximately 10”6 pounds ). These contam-~
Inants wier vaporized can extonentially increese the thermal conduetivity
in provortion to their vaper pressure, as indiceted by szecisel tests.
While loading helium into the tark, the comtaminants would freeze noohn
the inner shell. In the frozen state, the pressure of the contaminsnt is
too low to significantly affect the thermal conductivity. Howevwer, the
flow check which preceded the cold-socak cperetion would vapcrize the con-
taminants in the vieinity cof the heat exchanger lines whieh pass through
the annulus. The subsequent increase in thermsal conductivity could cause
the abhormally high pressure-rise rate chbserved duricg the cold scsalk.
These vapors weuld sleowly condense on the eold (107 R} inner well, re-
sulting in the pressure rise rate droping to the rominal level, 83 wWes
gbserved. The rise rate would remain norral wntil the helium temperature
Inereased above the wvaporization temperature of the contaminant.
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Figure 14-14%.- Inflight profile of supercritical
helium tank pressure.

L sgreening test was devised for all future flight tanks to supple-—
ment normal hellium tank teeting. The purpese cof this test 1z to deter-
mine tne pressure rise rate for o wide range of helium temperstures from
approximetely 9% o 123° E. For a perfect tank, the stesdy-stpte.rise
rate should remain at spproximately 8 psi/hour over the entire rarge of )
temperaturea. The Apclle 14, 1%, and 16 tanks have been subjected to the
screening test, and each exhinit the same phensmena cbserved during
Apolle 13, but Lo & lesser degree. For new tanks, the manufacturer will
periodically analvze the gases removed from the vacuur jacxet during puno
dowvn for possible contaminants., The pressure in the jacket will be mea-
sured 2 cr 3 weekg after pumpdown to vwerify vacuum integrity.

This ancmely is closed.
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1L.2.2 Abnormel Descent Stage Noisze

At 97 hours 14 minutes, the crew reported a thamping noise and snow-
flekes venting from gquadrant U of the lunar module dezcent stage (fig. 14-15).
#11 four descent batteries experienced current transients at 97:13:53 for
about 2 seconds, with corresponding drops in de bus voltege {fig. 1k-14/).
Llzo, the water glycol pressure differeniisal for tne heat Lransport sys—

tem decreased momentarily, indicating that the glycol pump momentarily
slowed down.

MNASA-5-FO-5R257

Battery 2 W i

Battery control assembly

Baltery 1

Figure 14-15.- Descent stege battery Zocation.
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the thunpire noise occurred at aaout the seme time a5 the curront
spikes. The current spikes show thgt = momentary short circuit exisied
in the Lunar-Module-Pilot =ide of the do eleptricg? svete™, which inecludes
descent batterdies 1 and 7 {rig, 14=15). The curren+ surge was not of
sulffigient duration either to open the balarce-losd cross—tie riroait
breakers, %o display & reverse current indicaticn, oar to trip a Tattery-
oll relay as A result of an evercurrent ccnditieon,

The data show that descent battery o experienced at least a Bl-arpere
current surge. This conditisn could have beer o reverse current Into *he
bettery, sinece the instrumentstion system does not indicate 4he direction
of current.  Immediately aficr the current surges, battery 1 currer:t re-
turned to its criginal value while battery 2 provided sbhout &9 rercent of
the total current load. After sustaining a surgs load, the battery termi-
nal veltage nermally ineresses for g short period of time, Since hatlerr 2
cxperienced the higkest surge, it should ave temrorarily sssumed tho -oat
—cad.  Within 10 minutes all batteries were preperly sharing the curroat
“oed, &ad no sutgecrent sbnorme] performence was chserved, At N R
tattery 2 gave an ‘niZcation of = battery malfunction, dizcuszsed in meve
detail in the next secnion.

“vldence Xndicates trat battery 2 may have experisrced an e2lectrieca”
fault of some type. The most probatle condition is clectrolyts leskiag
From one or more cells and bridging the hiph-voltege ar low-voltage ter-
ninal to the batiery case (fig. 14-1T7)., This bridging results ir walew
electrolysiz and Subzequent. igniticn of the hydregen ard eoxyeen so gerer-
sted.  The accompanying “explosion" would then blew off or ripture the
agal of the battery 1id and eszuse both o thump ard venting of ths free
11quids In the battery case, resulting in “snowflaxes "

Peetflight tests have showr thao following:

7. blectrolyte can leaw past the Teflcon reteornticn serecns ihstelled
iri cach cell to rrevent leakaps.

t.  The descent battery cells contain an EX2e3slve anount of fres
electrolyts,

2. The petting does nel adhere to the Lattery case, cunsequentlyr,
ary free electralyte can reacily peretrate the Interface betweer the
Potting &nd the cmse and aridge between the termirais and case.

2. Oroe an 2lacrirclyte bridge is Tormed, eleciralysis will produce
hydrogen and cxvper Fus .

€. 4 bridge at the positive ‘erminal cen preduce o current surge of
as much sz 150 arperes.
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 For Apml%a1lF ord subsequent missicns, the descent batteriss wilj be
modlfied to minimize the harards asseciated with electralyte leskage

NASA-5-70-5859
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The vattery potting will be imeroved to prevent electralvte bridging
Fetween the battery terminals and case. These improvements iic]ude cdztf
ing the inside of the battery rzase with epoXY paint belore the ﬁattcryqiﬂ
azsembled gnd changing the potting maeterial used at the ends of the casze
to & material which has better ashesien characteristies. Alse tﬂﬂ rell
D@imneys will be manifsolded together and to the cace ventnva’vé wﬁ;h i
Plastlc tubing, i i

In addition, *ests are being performed to determins if the guantisy
mf Tree elegirolyte in eack cell can be reduced. Preliming»y results iﬁ-
dicate a reduction of from 360 te LD oo per ecell {5 possitle.
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e designe of other Apcllo betteries have been reevaluated, and all
are considepred safe except the lunar nmodule ascent batteries and the lunar
surface drill battery. The ascent batteries snd s new battery to be in-
stalled in subsequent service modules will receive the same corrective
acticn applied to the cesecent bvattery. The lunar surface drill battery,
whick previcpusly was unpotted, will be potted.

Tnis ancmaly is closed.

14.2.3 Deseent Battery 2 Malfunetion Light On

The battery maifurncticon light iliumirated st about 100 hours with a
corresponding master alarm. The maifuncticn, isclatsd to baticry 2, could
bLovre been ceused by an sverpurrent, g reversg-carrent congiticon, an aver-

temperatuare econdition, o possivtly an erronecas indiecation., The legic
“ur these malfunction cocnditicns iz shown In figure 1a=13.
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A battery overpurrent cgn be Tuled ocut because automatic removal of

the battery from the bus would have cocarred.
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A reverse—current conditicn can be ruled out because, if the batteory
iz removed frem and reaprlied to the bLus, the reverse-current circuit has
a ouilt-in delay of sbout 5 seconds before the reverse—current relay is
egain activated te illuminate the light. Batiery power was removed frem

Bnd replaced on the bus in flight, and the light Imredistely illuminatedq
again when the baitery was reconnected.

An over-temperature zondition can te ruled out neceuses, atter the
satfery was repleced cn the bz, the 1ight remained illumirated for =
orief period and then began flickering intermittently. 2 flickering
light cannest be caused by the temperature sensing switeh because of a
temperature hysterssis of approximately 20° F in the switch. The water
elycol loor temperature alse indiecated thar the battery temperature was
normal .

Either a short between the tempersture switch wires to ground or =
convarination in the suwiliary relsy would actuste the lighk=. The shorted
fondition cculd have resulted “rom electrolyte shorting witkin the battery
cese azsoclated with the current surges discussed in the previous section,
Contamination af the auxiliary reley has cceurred i tke past, and TEelays
a_ready pactkaged were not retrofitted since a false over-temperatire ind:-
cation car be identified @z it was here.

Corrective action is Ezing taken to wrevent eleoirolytse shorts as-
sociated with the previously discussed battery ancnaly which should elir-
inate this type af s=psor proolem in future spacecraft. Lo further cor-
rective action to eliminate cortaminatier in the auxiliary relsy is re-
quired,

This encmaly is closed.

1h.2.5  Ascent Oxygen Tank 2 Shutoff Valve Leak

During the flight, the pressure in the asecen< stAge CcXygen tank 2
increased, indicating a reverse leakage through the shuto®f valve from
the oxygen manifold (fig. 14-19) into the tsnk. The lesk rate, with =
maximum differential pressure of 193 pei, varied frer about .72 1b/hr
(7O 000 scefur) o zerc when the tank pressure reached manifeld pressure.
Allowable leakage for the walve in either directier. is 360 zee/hr.  Pre-
flight test data irdicate a reverse leakage of 360 sec/hr 842 no exces—
sive leaxing in the forwsrd direction.

“he internal portion af three walves aof this t¥ze nad been replaced
previcusly on the spacecraft becsuse of excsssive leakage through the
ascent axygen tank 1 shuteff wvalve. In one valve, a rolled O-ring
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Tigure 14-19.- Owxygen-supply system.

(fig., 1L-20) coused the leakage. Wher the wvalve is installed, the for-
ward O-ring can be rolled and damaged whnen it passes the manifold il v
In the cther twa velves, the cguse was not identificd and was assimed to

e cocntominaticon.

The production tolerances of the velve and bore were examines to
gdetermine if a tolerance buildup problem existed. The manyfscturer's

speciiication to which the walve was desighed requires thet the S-ring
be subjected to a compressicorn of between 0.0215% gnd .0225 inel:, whercas
the O-ring supplier recommends between C.01% and .07 inech. The added
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handle
Figure 14-20.- Ascent stage tank shutoff valve.

conpression allowed in the valve design would aggravate the tendancy for
the O-ring to roll durirg walve assembly.

Leak tests previcusly performed cn the valve were inadequate, in
that only reverse leakage st high pressure was determined. For Tuture
vehieles, forward and reverse leskage at baoth nigh and low pressures
will be neasured to detect any defective wvalves.

This ancmaely is elozed.

14.2.5 Cracked Windew Shade

The lelft-kand window shade skhowed three large separations when it
was first placed ir the stowed positiocn during flight (fig, 1h-21%, n
Bete Cloth backing is stitched to the inner surface of the Aclar shade.
The cracks propagated from the sewing stitek holes an the periphery of
the shade. About 1/8-inch-long cracks extended from about 80 percent

of the atitch holes in a direction parallel witk the curl syis of the
shade.
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Uracking a5 & result of Aclar emorittlement has azourred before,
Lherefore, the Apelle 13 shades were examined prior to flight. Since
no eracks were found, the shades were aporoved for flight.

The Aclar supplier has developed a heating and quencining praocess
Lo provide materlal with an elongaiion in excess ol 25 percent, as com-
pared to eloangetions of from & to 12 percent for the failed shades.
Chacdes for future vehicles will be fabricated from this mare ductile
material., The Aclar will be reinforced with Mylar Lape before the Betg

Cioth backing is stitehed to the shade. The modified shades have been
requalified for the next flight.

This aneomely iz closed. )
li.3  GOVERNMENT FURNISHED ESUIRMENT

1%.3.1 Logse lenz Bumper On Lunar Module 1é-mm Camers

For leunch, the lo-mm carera is mounted to goin® through the Luner -
Kodule Pilot's window with the 10-mm lens and bumper sttached. At the
tire of inflight lurar medule inspection, the bumper was found to have
separated from the camera lens. The bumper was replaced and remained
zttached for the remalnder of the flight., Losseness has been eEXpeEri-
enced during previcus lers/bumper assemblies.

To prevent recurrence of the problem, the mating surface of the
bumper will be swaged for future missions so as %o provide an interfer-
ence fit with the internal surface threads of the 10-mm l=ns assemaly,

This anomely iz ¢losed.

1L.3.2 Fallure oaf the Interval Timer Set Krob

The cnboard interval timer, whieh has two timing ranges {0 to £ and
O to A0 minutes), is stewed in the command module for erew use in timing
such routine functicns es fuel ecell purges, cryogenic system fan eycles, -
and 5o forth. A teone advises the crew when the set time pericd has
elapsed, TPrior to 55 hours, the time-period set knob came off in a8 crew-
man's hand because of & loosened set screw. The set serew had been se-
cured with a special grivping compound. Fostflight examirstion of other
flight timers {ndicated that this compound epparently does not provide
g2 strong endgh retention forece for this aprlication. Therefore, the

knobks en timers for future flights will ve secured to the shat™ with =a
roll pin.

Thnis mnomaly 1s closed.
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L4.3.3 Improper Nasal Spray Operation

When attempts were made to use the two nasal spray bottles in the
command module medieal kit, no medication ecculd be obtained from one
bottle and only two or three sprays could be obteined from the other.

On previgus flights, there had been a tendency for the spray to be re-
lessed too fast, therefore a piece of cotton was inserted in the 9-co
bottle to hold the 3 2 of medication. Chambter tests and ambient snelf-
life tests have indicated that this change was satisfactory. Those tests
have also shownh that, for best results, the bottle should be squeezed
where the eoctton is located. Tositiflight exeminetion of the one returned
bottle demonstrated satisfactory opereticn wnder normel gravity. The
returned tottle still centeined 2.5 ce of medicetion after Tive or six
test sprays.

Medigal kKits feor future Tlights will include nese drops packaged

the same as the eye drops. This packaging hes been satisfactiory on ore-
rigus Flight for eye drops.

This aromely is clesed.
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15.0  CONCLUSIONS

The Apollo 13 mission was the first in the Program requiring an
emergency abort, with the Gemini VIII mizsicn the only prior case in
manned spaceflight where a flight wes terminated early. The excellent
performance of the lunar module systems in a backup capacity snd the
training of both the flight ecrew and ground SuUppory personnel resulted
in the safe and efficient return of tke crew. The following conelusions
Ere drawn froem the informaticn contained in thiz report.

2. The mission wes aborted because of the total less of orimary
okygen in the service module. This loss resulted fraow an inconpatibility
between switeh design and preflipght procedures, a condition which, when
combined with an abnormal preflight detanking procedure, casused an in-
Tlight shorting end o repid cxidaticon within chne of twe redundsant storage
tanks. The oxideticn then resulted in e less of pressure integrity in
the relsted tark and eventuzlly in the remaining tank.

b. The concept of a backup orew was proven for the first time when
3 days pricr to Tlight the backup Command Module Pilot was sube<itited
for his prime-crew comterpart, who was exposed and susceptible to
rubells [German measles).

2. The performance of lunar medule systems demonstrated an erer-
gency cperaticonal capebility. Lunar module syvstems supported the creaw
for a pericd approxinately 4wice their intended design 1ifetime .

d. The effectivensss of prefiight erew trairning, especielly in con-
Junetion with ground persomnel, was reflected in the skill and precision
with wnick the crew responded to the EMETESNIY .

e. Although the mission was net a complete suceess, a lunar flyby
mission, including three planned experiments (lightning phenomena, earth
pactography, and S-IVE lunar impact), was completed and in®ormation which
would have ctherwise been unavailsable, rezsarding the long=term beckup
capability of the lunar module, was derived.



APFENDIX A - VEHICLE DESCRIPTICNS

The configuratioen of the Apolle 23 spacecralt and launch vehicle
was nearly identieal to that of Apollo 12, and the spacecralt/lazneh
vehiele adapter and launch eseape system underwent no chenges. Tke fou
changes to the commend and service modules and the 1umar module gre dis-
cussed in the follewing paragraphs. A discuscion of the chenges to the

Apnlle lunar surface experiments package and a listing of the swacecraft
mass properties are also presented,

A1 COMMAND AND SERVICE ODULES

The structure in the forward end of the derking tunnel was reirn—
Toreed to accommodate the expected higher Parachute lcads due to the in-
creased weight of the command module. Ip the seguential system the tinming
=ignel which disables the roll engines during service module separation
was cnanged from & 5.5« to a 2-zecond interval, and a cutoff time of
=5 seconds was incorporeted for the translation engines instead of allow-
ing them to fire until the pronellant was depleted. These timirg changes
were instituted to minimize the effects of fuel slosh and to improve
service-module separstion characteristics. The strivline units in the
high-gain antenna were changed 4o an improved design. A detachahle ilser
waes provided for installine over the cabin heat exchanger exhsust to asesint
in collection of free ivnar dust after erew transfer from the lunar modute.
An extra urine filter, in addition te the Pricary and backup units, was
stowed and could bte used to reduce the rossitility of a elogeged urine trann-
fer line. Also inecluded was a lunar topographic camera, which could be
irstalled in the command module hateh window for nigh resclution photog-
raphy of the lunar surface from orbit. The camera provided a %.5-irch
Z1lm format and had an 18-inch foeasl length and image-motion commensatson,
The photogranhs would yield & resclution of appreximetely 12 feet and
would inelude & 15-mile square area cn the surface for each freme expoged.

4.2 LUNAR MODULE

Tke thickness of the cuter=-zkin shielding for the forward hatch was
inereased from 0.004 to J.010 inch to irprove the resistance to the tear-
ing that was neoted cn Apclle 12. The J-ring nandle on the medelarized
equirnent storage asserbly was changed to = loeoped cable to simplify the
deployment operation. The thermal insulatiorn for the 1landing gear was
medified to reduce the “ctel ipsulaticon weilght by Z7.2 pournds. Both a
color and & black-and—white television camera were included Tor incressed
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reliebility of televisicn coverage on the lunar surfeco, The primary
guidence programs were rodified teo zermit reentiy inte the autocmatiec and
awtitude hold modes of cperation after manual control was exercisad; this
change was incorporated to vwrovide improved final descent cepabllity in
the event of obscursbicn from lunar dust. The evert timer was madi fied
¢ that after it counted down to zmero, it would count ur automaticeslly
and thus reduce crew workload during critical events., %Me dezeent nro-
Fulsion gysiem was ckanged to include a bypass linc eround the fael fheliye
heat exchanger such that if {4he heat exchanger should freeze during vent-
ing, pressures would equalive on both s5ides of the heat exchanger. The
zensing point for the water sevarator drain *tenk was changed Tror the
locatior of the carbon dicwide sensor to a point upstream of the suit
fanz, thus eliminating migration of water to thke carbon ficxide sensor
anc improving ite operation. A removeble fliow limiter was added teo Lhe
inlet for the prizsarvy lithium hydroxids cartridge o reducs the water
zenarator speed and te rminimize the possibility of condensed water ir
the suit, A dust filter was incorporated at the inlet of the cebia Man
%o reduce the amount of free lunar dust in the eabin. Hedesiensd wazer/
gryocl and oxyegen disconnects having redundant seals were installed +o
improve reliability and tc permit un to S5 degrees of connsctor m-saliorn-
ment. To decrease the possibility of lunar dust eccntamins*tiaon, a bruash
wes added for cleaning the suits before ingress., the bristles on the
vacuwn brush were chnanged from Teflon to Nyler, and & cover was added ta
the luner sample tote Dag.

“he extravehicular mooility unit wnderwent several modifications to
leprove lunar surface capability. Scuff patehes were msdéed to the pres-
fure garment assembly to prevent wear of the thermal/metecrcid garment
caused by chaffing of the lunar boots. 4 device was added in the negk
areez of the pressure suit to provide drinking water to tke crewmen during
extravenicular activity. A center eyeshade was installed at thke top of
trhe extravehicular wvisor assembly to reduce incoming glare and to aid in
cark adaptaticn when entering shadow. fbrasicn cover gloves wers ireluded
To be used over the extravehicular gloves to reduce wear and heat condus—
ticn during eore drilling operations. The electrical coronnector orn the
remote control unit for the pertable 1ife support systom was redesigned
tao permit easier engegement. The manufscturing tecnnigue for the regu-
lator in the coxygen purge system was medified to minirmive the possinility
of gas leakage.

A.3  EXPERINMEHT ZQUIFMENT

The Apclle lunar surface exzsriment package stowed for Apclio 13
was similer to that Tor Apgllse 12, However, the sglar wind spectrometer,
magnetometer, and suprathermal ion detector, ineluded on Apollo 12, were
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Celeted freom Apollo 13. A heat flow experiment end a chazrged particle
eavirenment detector were mdded for Apelle 13. The cold-rathode ion qape
experinent depleved during Apollo 12 was significantly modified faor
Apollo 13, .

The Apolle Junar surfsce experiments package consistied of two sub-
packages 88 shown in figures A-l and 8-2. These were stowed in tne lamar

modiule seientific eguiprent bsy.
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Flgure A-1.- Experiment subpackage rumber 1.

A.3.1 Eest Flow Eaperiment

he heat flow experiment was designed to reasure the thermzl grailent
ocf the upper 3 metera aof the lunar crust and the tnermal conduectivivy of

the lunar surface materisls. Lunsr keat {low ecalculations could be haned
or the measuremen<s.

The experiment gonsizted cof an electronies pacfage =nd two ssnsar
prebes which were to ve placed in bore holes, predrilled by the crew using
the Apoalle lunar surface drili. At eard end of the Frobe was a gradiecn=
hest szensor with heater coil, = Ting sensor 10 rcentimeters from ezen end,
and four thermocsuplies in the proke cable. The prcbhe consisted of twe
Si=-centimeter sections joined at a Z2-inch spating with a flexible spring.
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Figure A-2.- Experiment subpackage number 2,
A.3.,2 Charged Farticle Lunar Envircnment Experiment

"he charged particle lunar enwironment experiment was designed to
measure the ensrgy of proteons and electrons in the energy range of L0 to
T0 electron valts, The experiment consisted of two detector/analvzer
packages , eack oriented for minimuw exposure to the eelystic path of the
sun, one for the east-west plane arnd one for the north-scuth plane. Each
of' the detecteor peckeges had s5ix particle energy detectors. A complete
measurement of all energy ranges would be made every 1%.5L seconds.

A.3.3 Cold Cathode Gage Experiment

The cold ecathade gage experiment was designed to measure the density
of the lunar atmasphere by zensing the particle density immediately arcund
its depleyed position. An electrical current would be produced in the
gage proportioral to particle depnsity. Pressure of tne spbient atmosphere
rould be galeulated, based on the measurements of the density of the
neutral etoms.

The experiment consisted of an elestronics packags with sunshield
and reflector, to shade the thermal plate from the direct sunlight, and
& sensor vackage with aperfure and dust cover.




A.4 LAUNCH VEHICLE

Spray Toam was used exclusively a3 insulation in the S-IT stege Lo
reduce welght. A fourth battery was installed in the instrument unit to
extend the tracking capebility to lunar distesnce in support of the S-IVE
lunar jmpact experiment. Telemetry measurements in the inertial plat form
vere added and, in some cases, were relocated to provide a more complete
analysis of platform vibratiems. TFour wires were added to the distriburor
n the emergency detection system, lceated in the instrument unit, to

provide antomatie ground commeand capability at spacecrafs sepaerastion in
the event of a econtingency separation.

L.2 MASS FRUPERTIES

Spacceralt mass properties for the Apello 12 mission are swamarized
in takle A=T. 'These data represent the conditicns oz determined from
pestrlight analyses of expendable losdings and usage durding the flight.
Varigtiens in spacecraft mass properties sre determined for each signirlf-
icant missicn phase from 1lift-off through landing. Expendshles usagce is
bzeed on reported real-time and posiflight data as presented is other
secvlons of this repert. The weights and centers of gravity cof the in-
dividusl cotmsnd and service modules and of the lunar module ascent and
descent stages Wers messured prior to flight, and the irertia values ware
caleulated, All changes incorporated after the actusl weilghing were mon-
itored, and the spacecralt mass Troperties were updated,
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APPENDIY B - BPACECBAFT HISTORIES

The history of command and service module (CEM 109} cperetions at
the memufacturer's faeility, Downey, California, is shown in fligure B-1,
and the operaticns st Xennedy Space Qenter, Florida, in figure B-2.

The history of the lunar module (ILM=7} st the manufaecturer's faeril-
1ty, Bethpage, New York, is shown in figure B-31, and the operaticns at
Kennedy Speece Center, Florida,., in figure B-U.
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Pigure E-1.- Checkout flow for comrmand ané service mednles
at cchtractor's facility.
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Figure E-Z.- Command and service module checkoln
higtory at Kennedy Svace (enter,
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¥igure B-3.- Checxout flow for lurar module at
cortractor's faeility.
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APFFFRDIX € - POSTFLIGET TESTING

The command module arrived st the contractor's feeility in Downey,
Calilornia, on April 27, 1970, after reaction contrel systiem deactivation
and vvrctechnic safing in Hawaii. Pestflight testing and inspecticu of
the comuand module Tor evaluation of the inflight performance and 1nves-
tigatien of the fiight irregularities were conducted at tke contractor's
and vendors' facilities in azgordance with approved Apollo Spacecralt
Hardware Utilizeticn Bequesis [ASHUR's ). The tests performed as & result
af inflight problens ars described in table ©-I and discuszed in the ae-
propriate systems performance septicns of this revort. Testz being con-

ducted for cther purnoses fn accordence with other ASAUR's and the hasic
contract are not Included.

TARBLE C-I.- POSTFLIGAT TESTING SUMMALY
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1 1
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SyRLe wyeh Lo Sperate yvalwe | TheER rexncve
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k
1hsns TJo deteroine wne zauses 8 Follare Parfore callbewtlos =keoa, dis- G-t campiste
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AR To detesmine the cpgme of fwjoore Hemoore . Jlpasarcatle, snd pET- Hat zompleie
=f Lhe putwale water transucer Tore fo:lars =rpalywid
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o. g Lrdication duripes eatry Eyziem w-idcait, cnechk the TuR- )
mevlors, Teen, ard wirlog
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APFENDIX D = DATA AVATLABILITY

Tahles I-1 snd D11 are summeries of the dats made aveilsble Tor
systems performence mnelyzes snd ancmaly investigations. Table D-T lists
the dats from the command and service modulea, and table D=-II, for the
lunayr module. For edditicnal information regerding datza availsbility,

the status listing of all missici data in the Central Metric Date File,
puilding 12, M5C, should be consulted.

TAELE D-I.- COMMAND AND SERVICE MODULE DATA AVATLABITITY

ey e Aunge E:?:E:“ . Hilewals ':““‘Ff;&r-" D'?ﬂﬁg "3'::33_ ‘3?5&1 Speolal
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a1:LA al:55 CyI X ' X X X, i

O02:25 PR | 240 X X ¥ x

C2: T ra: b HAW *

(P Caal Haw K % x ]

Lo P ) 13:5% a0 X X X i w b
ab:uL D 28-S HEFH X X 4 i

k- 38 12;: b9 [ x X i

12;uQ 16 LY MLFTY ¥ ¥ %

1i:.48 17:1 43K H o q A

" 20:3T M5FH % X A

17:-15 aL-nd HaT X x X 1 X

S- 5T 270l Mo £ X ¥

Z2h:53 IT: L2 G0S ¥ " i X A

FT:01 Lo:ss M3FE ¥ X ]

3r; 33 Lo-4y 15K X ® X x i

wil o4tk hL:afH MSFH X X X

Lh:-35 52137 WoFH i X A

] ERCH] LH:z3 oI5 i X i z ¥ L X
G AT ZB- 30 KETY s i X

101:53% | 1c1:58 Gl ¥ X

123:-03 129-12 iG0E X X

1-2512 | 1a1s08 s X A

ihO:1l5 [ 1hZ:33 Wo X ¥ * l

AL | LL1:s0 (] b X

1bk1:28 | 1b2:1y CRz X

1L2:12 | 142:36 G HE X X %

1Lz-35 | 1b2:LL ARTH X X X

laz-4d | Lkz:548 AATA X X %




TAHLE D-I1.- LUNAR MODULE DATA AVAILABRTLITY - Coneluded
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APPENDIX E ~ MISS3TON REPORT SUPFPLEMENTS

Table E-I contains a listing of all supplemental reports that are
or will be published for the Apollo 7 through Apolloc 13 mission TEPOrts.
Alsa indiested in the table is the present status of eazch report not
published cor the publication date for those which have been completed.




TARLE E-I.~ MISSION REPORT SUPPLEMENTS

Supplement . Publication
numbe Title date /status
dipello 7
1 rajectory Reconstruction end Anelysis May 1963
2 Communication System Performance June 1969
3 Guidance, Navigatiaon, and Control System Hovenher 1969
Ferformance Analysis
L HBeaction Control Systen Performance August 1069
% Cancelled
& Entry Postriight fnalysis Tecember 1563
Apollo B
1 TraJectory Reconstruetion and Analysis December 1969
2 Guidance, Navigation, end Contral System November 1969
Performance Anslysis
3 Ferformance of Command end service Module Mareh 1970
Reasction Contrel System
L Service Propulsion System Finsal Flight September 1970
' Evaluation
£ Anelysis of Apelle 8 Photography and December 1969
Visnal Observations
T Entry Postflight Anslysis December 1940
Apellao @
1 Trajectory Recons*ructicon and Analysais November 1G65
2 Command and Service Module Guidance, Navi- Rovember 10960
gation, aend Control System Performance
3 Lunar Module &bort Guidance System FPerform- November 1660
' snce Analysis
] Performance of Command and Service Module April 1970
Beaction Contrel Svstem
5 Service Propulsicn System Final F1light December 1949
Evaluatiocn
& ferformance of Lunar Module Reacticn Control Final rewview
Syaten
7 Ascent Propulsicn System Final Fiight December 1069
Evglugtion
g Descent Propulsion System Final Flight Sertember 1970
Evaluation
g Cancelled
10 Streoking Test Aralvsis Decembear 1960
11 Communiecaticns System Performance December 1960
12 Entry Postfiight Analysis

December 1969




TABLE L-I.- MISSION SEPORT SUPPLEMENTS - Continued

IZI-'-J
il

Supplement

Title Publication
numbe - date/status
Apolle 10
1 Tralectory Reconstruction and fnalysis March 1370
= Guidarce, Favigaticn, and Contral Cysten Decenber 1960
Performance Apalysis
3 Performance of Command and Serviee Module Final review
Reaction Control Systen
I Service Propulsion System Final Flight September 1970
Evalugtion
M Performance of Lunar Module Beartion Control Final review
Sy s tem
f Ascent Propulsion System Final Flight January 1970
Evaluation
T Dezcent Propulsicn System Final Flight January 1970
Evaluation
3] Cancelled
Q Aralysis of Apcllo 10 Photography end Visusl In publiraticn
Observations
10 Entry Postflight Analysis December 19659
11 Comerunications System Performance Decenbher 19FQ
Apolie 11
1 Trajectory Beeconstruction and Analysis May 1970
2 Guidance, Navigation, and Control System September 1970
Ferformance Analysis
3 Performance of Command and Service Module Review
Reaction Control System
L Service Propulsion System Final Flight Review
Eveluaticn
5 Ferformance of Lunar Module Beaction Control Reviaw
System
£ Ascent Propulsicn Systenm Final Flight September 1370
Evaluaticon
T Descent Fropulsion System Final Flight September 1970
Evaluaticn
g Cancelled
! Apolle 11 Preliminary Science Report Decemoer 196G
10 Communicaticne System Performance January 1970
13 Entry Postflight Analysis

April 1970
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TABLE E-I.— MISSION E¥PORT SUFFLEMENTS - Ceneluded

Supplement Title Publication
number date/status
Apollo 12
1 Trajectory Teconstructicn and Arelysis September 1470
2 Cuidance, Havigation, and Control Sysiem Sevtenber 1570
Performance Aralysis
3 Service Propulsion Bystem Final Flight Freparation
Evaluation
5 Aacent Propulsiosn System Final Flignt Preparation
Evalugtion
o Desecernt Propulsicn System Final Flight Prevaration
Evalualisn
& Lpolla 12 Preliminary Science Report July 1270
T Landing Site 3election Processes Finel review
fpello 13
1 Guidance, Navigaticon, and Control System Feview
Performance Analysis
2 Descent Preopulsicn System Final Fiight Freparaticn
Eveluation
3 krtry Tostflight Aralysis Cancelled
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APOLLD JPACECRAYY FLIGHT EISTORY

{Centlnwed from inside Froaot cover)

Mlssion Soacecreft, Sescription Loaurrch date Launzh site
Apalls 4 SC=0L1T Supercircular Bov. ©, 2567 Kennedy Snace
LTA=10R ant—r 8% lunar Ceoter, Fla.
return welozity
Apodllo 5 TH-_ Firaw Lunar Jew., 22, 1984 Cape Keanedy,
moedula flight rla.
Apcllo B al-Dz0 Verification of Aznvil 4, 12£R Eenredy Spave
LTA-ZK 2lesed-Loo Center, Fla.
eMergeacy detection
s¥yster
foclle T CEM 102 Firat manned flight+; Cet. 11, 1908 Croe Xermedy,
earti-nroitel LG
Apolla 8 C3M 10 Firzt manoed Jumar Dec, 21, 1964 Hennedy Hpace

aroital Fligkt, rirst
maro=d Saturo ¥V raunch

Apotlo 9 CEM 104 First mEnnsd lupa- Mar. 3. LYAQ Yenmedy Spece
IM-5 codule rlight: earth vetiler, Fla.,
crb il rondeavels ; DWA
Apclic 10 CHM 106 Firat liner orhit Mzy 18, 1943 #rnoedy Space
LM~u recdervoud; low Dea3s Center, Fla.
ovor lucRPr surface
Apcllc 11 COM 107 Flrst luner landing waly 16, 1989 Henneiy Space
M5 Center, Fla.
Apollo 13 C3M 103 Second “unar londing Eow., 1Lk, 1ugg KEennedy fpace
M=z Center, Pla.
Apollo 1% CEM 105 Aborted duricg trans- April 11, 1%T0 Kennedy Space
LM=T lunar flight barcsnse Center, Fla.

of oryogenic oxygen loss




