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1 . 0  SUMMARY 

The Apollo 13 mission, planned as a lunar landing in the Fra Mauro 
area, was aborted because of an abrupt loss of service module cryogenic 
oxygen associated with a fire in one of the two tanks at approximately 
56 hours. The lunar module provided the necessary support to sustain a 
minimum operational. condition for a safe return to earth. A circumlunar 
profile was executed as the most efficient means of earth return, with 
the lunar module providing power and life support until transfer to the 
command module just prior to entry. Although the mission was unsuccess­
ful as planned, a lunar flyby and several scientific experiments were 
completed. 

The space vehicle, with a crew of James A. Lovell, Commander; 
Fred W. Haise, Jr., Lunar Module Pilot; and John L. Swigert, Jr., Com­
mand Module Pilot; was launched from Kennedy Space Center, Florida, at 
2 :13:00 p.m. e.s.t. (19:1 3:00 G.m.t.) April 11 , 1970 .  Two days before 
launch, the Command Module Pilot, as a member of the Apollo 13 backup 
crew, was substituted for his prime crew counterpart, who was exposed 
and found susceptible to rubella (German measles). Prior to launch, a 
network of meters was installed in the vicinity of the launch site to 
measure electrical phenomena associated with Saturn V ascent in support 
of findings from the Apollo 12 lightning investigation; satisfactory data 
were obtained. During S-II stage boost, an automatic shutdown of the 
center engine occurred because of a divergent dynamic structural condi­
tion associated with that engine. Soon after the spacecraft was ejected, 
the S-IVB was maneuvered so as to impact on the lunar surface and provide 
seismolo gical data. Following this maneuver, a series of earth photo­
graphs were taken for later use in determining wind profiles in the upper 
atmosphere. The first midcourse correction inserted the spacecraft into 
a non-free-return trajectory. 

At approximately 56 hours, the pressure in cryogenic oxygen tank 2 
began to rise at an abnormally high rate and, within about 100 seconds, 
the tank abruptly lost pressure. The pressure in tank l also dropped 
but at a rate sufficient to maintain fuel cell 2 in operation for approx­
imately 2 more hour:3. The loss of oxygen and primary power in the service 
module required an immediate abort of the mission. The crew powered up 
the lunar module, and the first maneuver followi:CJg the incident was made 
with the descent propulllion system to place the spacecraft once again on 
a free-return trajectory. A second maneuver performed with the des cent 
engine 2 hours after pallsing pericynthion reduced the trans earth transit 
time and moved the earth landing point from the Indian Ocean to the South 
Pacific. Two small transearth midcourse correct:lons were required prior 
to entry. 
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The lunar module was j e ttisoned 1 hour be fore entry , whi ch was 
performe d nominally us ing the primary guidance and navi gation system . 
Landing oc curred at 142:54:41 within sight of the re covery ship.  The 
landing point was reported as 21 degrees 38 minutes 24 s econds s outh 
latitude and 165 degrees 21 minutes 42 s econds west longitude . The crew 
were retri eved and aboard the recovery ship within 45 minutes after land­
ing . 
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2 . 0 INTRODUCTION 

Apollo 13  was the t.hirteenth in a series of missions using Apollo 
specification flight hardware and was to be the third lunar landing. 
The primary mission objective was a precise lunar landing to conduct 
scientific exploration of de ep-rooted surface material. 

Because an inflight anomaly in the cryogenic o:xygen supply required 
an abort of the mission prior to insertion into lunar orbit, discussions 
of systems performance only relate to the abort profile and the system 
configurations required as a result of the emergency. A complete dis­
cussion of the anomaly i.s presented in reference 1, and the abort profile 
is described in section 3. Because of the added criticality of onboard 
consumables, a discussion of us age profiles in both vehicles is contained 
in section 7 .  

A complete analysis of all flight data is not possible within the 
time allotted for preparation of this report. Therefore, report supple­
ments will be published for certain Apollo 13  systems analyses, as shown 
in appendix E .  'I'his appendix also lists the current status of all Apollo 
mission supplements, either published or in preparation. Other supple­
ments will be published as the need is identified. 

In this report, all actual times prior to earth landing are elapsed 
time from range zero, established as the integral second before lift-off. 
Range zero for this mission was 19:13:00 G.m.t. , April 11 , 19 70 . All 
references to mileage distance are in nautical miles. 
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3 . 0  MISSION DESCRIPTION 

The Apollo 13 mission was planned as a precis i on lunar landing i n  
the Fra Mauro hi gh:Lands . The mos t s i gn i ficant change s t o  the p lanned 
mi ssion profi le from Apollo 12 were the man euver to impact the depleted 
S-IVB stage on the lunar s ur face and the performance of  de scent orbit 
insert ion using the s ervice propul s i on sys tem . The S-IVB impact was in­
tended to provi de sei smolo gical dat a s ens ed by the instrument le ft on 
the moon duri ng ApoJ.lo  12 . Performance of the de s cent orb it insert i on 
us i ng the service propuls i on system provides a gre ater propellant margin 
in the lunar module descent propuls i on sys tem, and this res erve would 
have been avai lab le during the critical precis i on landing phase . 

Bec aus e of  a �mdden los s of press ure at approximat ely 56 hours from 
one of the two service module cry ogenic oxygen tanks in bay 4, primary 
e lectrical power was lost and the mis s i on was abort ed. Therefore, the 
remainder of this s ect i on will cons ider only the ab ort pro fi le, s ince 
the traj ectory pri or t o  the t ank i nci dent was nearly i dentical to that 
of Apollo 12, i ncluding the first mi dcours e maneuver to a non-free-return 
profi le , as shown :Ln figure 3-l .  The major trajectory di fference from 
Apollo 12 resulted from an early shut down o f  the center engine i n  the 
S-II stage of the :3aturn V, the subs eque nt staging and insertion times 
were s omewhat late:r than planned.  A listi ng of s i gn i ficant mi s s i on events 
is contained i n  tab:Le 3-I .  

NASA-S-70-5824 

Lunar 
module 

Trans lunar 

Moon at 
earth landing --.!;:.1� �.;t�: 

··;1' .. __ • .. •' 

Fourth 

s- nz: B maneuver 
to lunar impact 

._:�� . 
Th1rd � .. 

' 

'-Second midcourse \ 
correction to enter 
a free-return 

··lij "' 
.�r�:· 

�// 
___ ,,� Moon at 

lift·-off 

Figure 3-1 . - Apollo 13  mi s s i on profile . 

Transearth 
injection 
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TABLE 3-I . - SEQUENCE OF EVENTS 

Eve nt 

Range zero - 19:13:00:00 G . m . t . ,  Apr i l  11, 1970 

Li ft-off - 19:13:00 . 6 5  G . m . t . ,  April 11 , 1970 

S-IC outb oard engi ne cutoff 

S-II engine i gniti on ( command time ) 

Launch es cape tower jett i s on 

S-II engine cutoff 

S-IVB engine ignition ( command time ) 

S-IVB engine cut o ff 

Trans lunar inject i on maneuver 

S-IVB/command and s e rvi ce module s eparat i on 

Docking 

Space c raft eject i on 

S-IVB separat i on maneuver 

First midcourse  corre cti on ( s ervi ce propuls i on )  

Cryogenic oxygen tank inci dent 

Sec ond mi dcours e correct i on ( des cent propuls i on )  

S-IVB lunar i mp act 

Transearth inject i on ( de s ce nt propuls i on )  

Third mi dcours e correct i on ( de s cent propuls i on )  

Fourth midcourse corre cti on (LM re act i on control ) 

C ommand module /service module s eparation 

Undocking 

Entry interface 

Landing 

Time , 
hr:min:sec 

00:02:44 

00:0 2:45 

00:03:21 

00:09:5 3 

00:09:5 4 

00:12:30 

02:35:46 

03:06:39 

03:19:09 

0 4:01:01 

04:18:01 

30 :40 :50 

5 5:5 4:5 3 

61:29:43 

77:5 6:40 

79:27:39 

105:18:28 

1 37:39 :5 2 

138:01:48 

141:30:00 

142:40:46 

142:54:41 
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After powering up the lunar module , co-aligning the two platforms , 
and s hutting down aJ.l command and s ervice module sys tems following the 
tank anomaly, a maneuver was i mmediately performed to return the s pace­
craft to a free-return profi le. The man euver was performed as the s econd 
midcours e correction, using the descent propuls ion sys tem in the docked 
configuration, a mode tes ted s ucces sfully duri ng Apollo 9 .  The res ultant 
landing at earth would have been at 152 hours in the Indi an Ocean , with 
lunar module sys tems intended to s upport the crew for the remaining 90 
hours . Becaus e cons umab les were extremely marginal in this emergency 
mode and b ecause only minimal recovery s upport exis ted at this earth 
landing location , a tran s earth injection man euver us i ng the des cent pro­
pulsion sys tem was planned for execution 2 hours after pas sing pericyn­
thion . Between thes e two man euvers , an alignment check was made of the 
lunar module inertial platform to verify the man euver would be exec uted 
with s ufficient accuracy to permit a s afe earth entry . 

The trans eart h injection maneuver was performed on time , and the 
trans earth coas t time was s hort ened s uch that landing was to occur at 
ab out 1 43 hours in the �3outh Pacific , where primary recovery s upport was 
located. Guidance errors during this maneuver n eces sitated a small mid­
course correction at about 105 hours to return the projected entry flight 
path angle to within s pecified limits . Following this firing, the s pace­
craft was maneuvered into a pas sive thermal control mode , and all lunar 
module sys tems were powered down except thos e absolutely required to s up­
port the crew .  A final midcourse correction was performed 5 hours befo re 
entry to rais e the entry flight-path angle s lightly , and this maneuver 
was performed us ing the lunar module reaction control sys tem under abort 
guidance control . 

The s ervi ce module was s eparated 4-3/4 hours before entry , affording 
the crew an opportunity to obs erve and photograph the damaged b ay  4 area . 
The command module lvas separated from the s ervice module by using the 
lunar module reaction control sys tem . The lunar module was retained for 
as long as pos sible to provide maximum electri caJ. power in the command 
module for entry . 

The command module was powered up with the three entry batteries , 
which had been b rought up to n early full charge us ing lunar module power. 
?he command module platform was aligned to the lunar module platform , and 
the s pacec raft were 1m docked 70 minutes b efore entry . After undocking , 
the es caping tunnel press ure provided the n ecess ary s eparation velo city 
between the two s paGecraft . From this point, the mission was completed 
nominally , as in previous flights , with the s pacecraft landing approxi­
mately 1 mile from the target point. The lunar module, including the 
radioi sotope thermoelectric fuel capsule used to power experiment equip­
ment , entered the atmos phere and impacted in the open s ea between Samoa 
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and New Zealand at 25 . 5  degre es s outh lat i tude and 176 degrees west lon­
gitude , with surveillan ce aircraft in  the area .  The three crewmen were 
onboard the re cove ry ship , USS Iwo Jima , within 45 minutes of landing, 
the fas test recove ry  time for all Apollo manned flights . A narrative 
di s cus sion of the flight and as s oci at e d  crew activities is pre s ented i n  
sect i on 8.0 as a complementary des cripti on t o  this s ection . 
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4 . 0 'l'RAJECTORY 

The planned traje,:tory profile was similar to that for Apollo 12 
except for descent orbit insertion being performed with the service pro­
pulsion system and the targeting of the spent S--IVB stage for a lnnar 
impact. The trajectory had been very close to the nominal flight plan 
up to the time of abort, which was the first in the Apollo program. 
Throughout the manned space program, techniques have been developed and 
tested for the real--time determination of immediate abort requirements, 
but Apollo 13 pres,ented the first situation in \lhich their use was neces­
sary. Figure 3-l shows the mission profile, ineluding the relative loca­
tions of all major maneuvers. 

The analysis of the trajectory from lift-off to spacecraft/S-IVB 
separation was based on lannch vehicle onboard data, as reported in ref­
erence 2, and from net>rork tracking data . After separation, the actual 
trajectory informa1�ion was determined from the best estimated trajectory 
generated from traeking and telemetry data. The earth and moon models 
used for the trajectory analysis are geometricaJ.ly similar to those used 
for Apollo l2. Table 3-I is a listing of major flight events, and table 
4-I defines the trajectory and maneuver parameters listed in table 4-II. 

The planned lannch and earth parking orbit phases for this mission 
were very similar to those for Apollo 12. However, during the second 
stage (S-II) boost into the planned 100-mile circular parking orbit, the 
center engine cut off about 132 seconds early and caused the remaining 
four engines to bUJ:TJ approximately 34 seconds longer than predicted (as 
discussed in seetion 13. 0 and reference 2). Space vehicle velocity after 
S-II boost was 223 f't/sec lower than planned, and as a result, the S-IVB 
orbital insertion maneuver was approximately 9 seconds longer than pre­
dicted, with cutoff velocity within about 1. 2 ft/sec of the planned value. 
The total time to orbital insertion was about 4�. seconds longer than pre­
dicted, with actuaJ. parking orbit parameters of 100.2 by 98. 0 miles. 

As on Apollo 12, the S-IVB was targeted for a high-pericynthion 
free -return transltmar profile, with the first major spacecraft maneuver 
intended to lower the pericynthion to the planned orbital altitude of 
60 miles. Upon execution of this maneuver, the spacecraft was intention­
ally placed on a non-free-return trajectory. The achieved p ericynthion 
altitude at transltmar injection was 415.8 miles. The accuracy of the 
transltmar injection maneuver was such that the option for the first 
planned midcourse correction was not exercised. The velocity change re­
quired at the second planned midco urse option point, intended as the time 
for entering the non-free-return profile, was 23. 2 ft/sec. The trajectory 
parameters for the transltmar injection and all spacecraft maneuvers are 
presented in table 4-II. 
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TABLE 4-I.- DEFINITION OF TRAJECTORY AND ORBITAL PARAMETERS 

TraJectory Parameters 

Geodetic latitude 

Selenographic latitude 

Longitude 

Altitude 

Space-fixed velocity 

Definition 

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

Spacecraft position measured north or south from 
the true lunar equatorial plane to the local ver­
tical vector, deg 

Spacecraft position measured east or west from the 
body's prime meridian to the local vertical vec­
tor, deg 

Perpendicular distance from the reference body to 
the point of orbit intersect, feet or miles; alti­
tude above the lunar surface is referenced to the 
altitude of the landing site with respect to mean 
lunar radius 

Magnitude of the inertial velocity vector refer­
enced to the body-centered, inertial reference 
coordinate system, ft/sec 

Space-fixed flight-path angle Flight-path angle measured positive upward from 
the body-centered, local horizontal plane to the 
inertial velocity vector, deg 

Space-fixed heading angle 

Apogee 

Perigee 

Apocynthion 

Pericynthion 

Period 

Inclination 

Longitude of the ascending 
node 

Angle of the projection of the inertial velocity 
vector onto the local body-centered, horizontal 
plane, measured positive eastward from north, deg 

Maximum altitude above the oblate earth model, miles 

Minimum altitude above the oblate earth model, miles 

Maximum altitude above the moon model, referenced 
to landing site altitude, miles 

Minimum altitude above the moon model, referenced 
to landing site altitude, miles 

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

Acute angle formed at the intersection of the orbit 
plane and the reference body's equatorial plane, 
deg 

Longitude where the orbit plane crosses the ref­
erence body's equatorial plane from below, deg 
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Event 

s-IVB second ignition 

s-IVB second cutot"f' 

I 'l'ranslunar inJection 

"-a-.:. ru.:. .. . �� .,.e!"Vl.CC 0 ·� 
module/s-IVB separation 

Docking 

Spaeecraf't/s-IVB sepa-
ration 

First midcourse correction 
Ignition 
c..toff 

Second midcourse correction 
Ignition 
CUtoff 

Transea.rth injection 
Ignition 
CUtoff 

Third midcourse correction 
Ignition 
CUtoff 

Fourth midcourse correction 
Ignition 
CUtoff 

Service DOdule separation 

Undo eking 

Entry interface 

Reference 
body 

Earth 

Earth 

Earth 

...... e:.r ..... 

Earth 

Earth 

Earth 
Earth 

Earth 
Earth 

Moon 
Moon 

Earth 
Earth 

Earth 
Earth 

Earth 

Earth 

Earth 

TABLE 4-II.- TRAJECTORY PARAMETERS 

Translunar phase 

Time, Latitude , Longitude , 
Altitude Space-fixed 

above launch velocity, hr :ri:J..in:sec deg deg pad, miles ft/sec 

2:35:46o4 22o488 142o45E 105o39 25 573o1 

2:41:37 o2 9o398 166o45E l75oTl 35 562o6 

2:41:4702 8o92S 167 o2lE 162.45 35 5 38 .4 

..;>:vv:_,v• ;;> '-I •V •• ,..,0 t.7T.I 4. ... ., .... , .. " " � .  _.. _, -"-' . -

3:19:o8o8 30o21N 118o10W 5 934 o90 21 881.4 

4:01:00o8 31.95N 105o30W 12 455o83 16 619o0 

30:40:4906 22o93N 101.85W 121 381.93 4 682o5 

30:40:53o1 22o80!1 101.86W 121 385 o43 4 685o6 

61:29:4305 20o85N 159o70E 188 371.38 3 065o8 

61:30:17o7 20o74Ji 159o56E 188 393o19 3 093o2 

Transearth phase 

79:27:39o0 3o73N 65o46E 5 465o26 4 547o7 

79:32:02o8 3o62li 64o77E 5 658o68 5 020o2 

105:18:2800 19o63N l36o84w 152 224 0 3 2 4 457.8 
105:18:4200 19o50N J.36o90W 152 215o52 4 456.6 

137:39:51.5 1L35N 113 o39E 37 808o58 10 109o1 

137:40:1300 11.34N ll3o32E 37 776o05 10 ll4o6 

138:01:48o0 l0o88N 108o 77E 35 694o93 10 405.9 
141:30:00o2 1.238 77o55E ll 257.48 17 465-9 

142:40:4507 28o238 173o44E 65083 36 210.6 

Space-fixed 
flight-path 
angle, deg 

o032 
. 

7o182 

7o635 

" -

51.507 

61.092 

TT o464 
TT o 743 

79o364 
79 o934 

72o645 
64o784 

-79°673 
-79 ° 765 

-72o369 
-72°373 

-71.941 
-60 0 548 

-6.269 

Space-fixed 
heading angle, 

deg E of N 

65°708 

59o443 

59.318 

7? ?Q7 ' -. -, . 

79o351 

91.491 

ll2o843 
112o751 

115o464 

116o54 

-1160308 
-117o886 

114 ol34 
114.242 

ll8o663 
ll8o66o 
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The di scarde d  S-IVB s tage was t argeted for a lunar imp act of 3 de­
grees s outh lat itude an d  30 degre es west longitude . The S-IVB maneuver 
to achi eve lunar impact was ini ti at e d  at 6 hours , with a firing durat i on 
of 217 seconds us i ng the auxi li ary propuls i on system . At approximately 
19 hours 17 minut es , t rack ing dat a i ndic at e d  the S-IVB had acqui re d an 
unexp lained velocity i ncre as e  o f  about 5 ft/sec along a p roj ected e arth 
radius which alt ere d  th e p roj ected lunar imp act point clos er to  the t ar­
get .  The s tage imp acted the lunar surface at 77 : 56 : 40 and at a locati on 
of 2 . 4 degrees s outh lat itude and 2 7 . 9 degrees west longitude . The t ar­
gete d  impact point was 125 miles from the Apollo 12 seismomete r ,  and the 
actual point was 74 miles awalf , well within the des i re d  189 mi le radius . 
The S-IVB impact res ults are discus s e d  i n  s ect i on 11 . 0 .  

The accuracy of the first mi dcours e correct ion (table 4-I I ) ,  which 
placed the spacec raft on the non-free-return traj ectory ,  was s uch that a 
maneuver was not re quire d  at the third planned opti on point . However ,  
bec ause of  the oxygen t ank i nc i de nt , a 38-ft / s ec mi dcours e maneuver was 
performed at 61:29 :44 usi ng th e descent engi ne to  return the sp acec raft 
to  a free-return traj ectory . This  maneuver alone woul d  have c aused the 
comman d module to nominally l and in the Indian Oce an s outh of Mau ri tius 
Islan d at approximately 152 hours . 

At 2 hours b ey ond p ericynthion , a second descent propulsion maneuver 
was performed to shorte n  the return time and move the e arth landing point 
to the South Pac i fic . The 26 3 . 8-s econd maneuver p roduced a velocity change 
of  860 . 5  ft / s ec and result e d  i n  an i niti al p re dicted earth landing p oi nt 
in the Paci fic Oce an  at 142 : 5 3 : 00 . The t rans e arth t rip t ime was thus re­
duced by about 9 hours . 

The firs t transearth mi dcourse correcti on (tab le 4-III ) ,  was p er­
formed at 10 5 : 18 : 28 us ing the descent propul s i on system . The firing was 
conducted at 10 percent throttle and p roduce d  a veloci ty change of  about 
7 . 8  ft / s ec to succe ssfUlly rai s e  the e ntry flight-p ath angle to minus 
6 .  5 2  degrees . 

Spacecraft navigat i on for the abort ed mis s ion p roce ede d s atis factor­
i ly .  Post-p ericynthi on navi gati on procedures were des igned t o  support 
trans e arth injecti on ,  an d spec i al data processing procedures were re­
quired for dual vehicle tracking pri or to  e ntry . Les s  range data than 
us ual were receive d  from tracking stat i ons during the ab ort phase bec aus e 
the power ampl i fi er i n  the spacec raft was turned off for most of  the time 
to conserve electrical power . The small amounts of  range data receive d  
an d  the resulting l arge data arcs , however ,  were s uffici ent t o  maintain 
navigat i on acc urac i es app roximately equivalent to thos e of Ap ollo 12 . 



Maneuver Sy�t err. 

Trs.nslunar ir.JectHlTi S-IVR 

First midcour3e Service ;;rvt-".!lsion 
correctiO!l 

Sf!'cond midC'Ol;.!"Sf' Descent propulsion 
correction 

Maneuv�r System 

Trans earth inJection Desc ent propulsion 

Third midcourse Descent p:cpulsion 
correction 

Fourth midcourse Lllllar module reactio 
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TABLE 4-II I . - Ml\NEUVER SUMMARY 

(a) Trans lunar 

Resultant pericynthion conditions 

Ignition time , Firing Velocity 
Altitude 

hr:min:sec 
time, change, above 1andi ng 

Velocity-, Latitude, Longitude , 
sec ft/sec 

site, m:iles 
ft/sec deg deg 

2;)5;46"4 350.8 10 039 B6"e 8H34. 4 l.47N !78.52E 

30:40:1.9.6 3.5 23.2 G) ,;• 8?T7. 9 3.34N l78.9JE 

61;29;4).5 34.2 37.8 116 .. , 8053.4 3.02N 179.29\i 

(b ) Trans earth 

Firing Veloc i ty Resultant entry interface condition 
lgni tion time, 

time , change, hr:min: sec Plight-path Velocity, Latitude, Longitllde, sec ft/sec 
angle, der; ft/sec deg de. 

19;21;39 26).6 860,) llo entry {vacuum perigee = 80.6 miles} 

105;18; 28 ll. .0 7.C -6. ;�4 36 200.6 28.228 113.49E 

137; 39; 51.5 21.5 3.0 - 6 . "6 36 210.9 28.23S l73.46E 

Pericynthion 
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hr:min;sec 

17:56:22 

77;28;39 

17;20;51 

Entry 
arrival time, 

nr:uun:sec 

142; 40o 47 

142;40;46 

-1=' 
I 
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The unus ual space craft configurati on required that new proce dures 
for entry b e  developed and veri fied.  The res ulting timeline called for 
a final midcourse corre cti on 5 hours before entry , separation of the 
service module 4 hours 39 minutes before entry , an d  undocking of the 
lunar module at l hour 11 minutes before entry . Servi ce module separa­
tion was performe d usi ng th e lunar module reacti on control sys te m .  Sep­
aration veloci ty following lunar module undocking was provi ded us ing 
pressure in  the docking tunnel . 

The final midcourse corre ction maneuver used the lunar module reac­
tion control s ys tem . Landing occurre d at 142:54:41 in the Paci fi c Ocean 
at 21 degrees 38.4 minutes s outh lati tude and 165 degrees 21.7 minut es 
west longi tude , whi ch was ab out l mile from the targe t point. 



5 . 0  COJv!t.!AND AND SERVI CE MODULE PERFORMANCE 

5-l 

The performan ee of the command and s ervi ce module systems is dis ­
cus s e d  i n  this s e ct i on .. The sequenti al, pyrot echni c, s ervi ce propuls i on, 
thermal protect i on ,  earth landing, an d  emerge ncy de tection sys tems and 
all di splays, controls , and crew provis i ons operat e d  es senti ally as in­
te nde d and are not cli s c:us se d.  The pyrot e chnic sys tem, whi ch performe d 
all de sired funct i on s , di d exhibit two minor anomali e s ,  whi ch are di s ­
cus s e d  only i n  s e ct i ons 14 . 1 . 6  an d  14 . 1 . 10 o f  the Anomaly Summary , an d  
two discrepan cies in the operati on o f  crew equi1Jment were noted, these 
be ing di s cus sed in s e ct i ons 14 . 3 . 1  an d  14 . 3 . 2  of the Anomaly Summary . 
Except for the s e  four eas e s ,  all other anomal i es are generally mentioned 
in this s ecti on but are di s cus s e d  in gre ater de tai l i n  the Anomaly Sum­
mary. 

5 . 1  Sn\l.JCTURAL AND ME CHANI CAL coYSTEMS 

At li ft-off, me as ure d wi nds , b oth at t he s urface and i n  the regi on 
o:f maximum dynami c pre ss ure, and accelerome ter dat a  indi cate th at struc­
tural lo ads were well below the estab li s hed lim!� ts during all phases of 
flight . The pre di et e d  and calculated spacec ra:ft; loads at li ft-off , in 
the regi on of maximum dynami c pre s sure , at the end of fi rs t stage boost, 
and during s t aging >Vere simi lar to or less than previ ous Apollo S aturn V 
launches . Command module ac celerometer dat a  pr:�or t o  S-IC center-engine 
cut o ff indi c at e  longitudinal os ci llat i ons simi lar to thos e meas ure d on 
previ ous flights . JUthough longitudinal os ci llat i ons in the S-II e ngine 
structure and propellant system caus ed early shutdown of the center en­
gine , the vibrat i ons at the space craft duri ng S-- I I  boost had an amp litude 
less than 0 . 05g at a :frequency of' 16 hert z . The maximum os cillation mea­
sure d duri ng eith er of the two S -IVB thrus t p eri ods was 0 . 0 6g, als o at a 
frequency of 16 h ert z .  Os cillati ons during all four launch vehicle boost 
pha.s es were within acceptab le spac e craft structural des ign limits . 

All me chanical systems fun ct i oned properly . One me chani cal anomaly , 
ho>Veve r ,  >Vas a gas le al<:: from one of t>Vo bre ech as semb li es in the apex 
cover j e ttison system, an d  this problem is  di s cus sed in s e ction 14 . 1 . 6 .  
In addit i on ,  docking t unne l insulation ,  whi ch normally remains >Vith the 
lun ar mo dule after separ at i on ,  was not e d  from photographs to have cracked 
and expanded radially .  Since the cracking is believe d to o ccur during 
pyrot e chnic firing and has been seen in past flight s ,  it is not a problem. 

St ructural te:np erat ure s remained within acceptable limits through out 
the mi ssion . Howeve r, becaus e of' the long cold--s oak period following 
poweri ng down, the comman d module structure exhib ited s igni fi cantly lower 
temperatures than has b e en ob serve d  in previ ous flights . 
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5 . 2  ELECTRI CAL POWER 

5 . 2 .1 Batteries 

Cormnand module b attery performance was acceptable through out the 
mi s sion . Entry b at te ry C had been i solated through out the flight , and 
at 5 8  hours 40 minutes , b atte ri es A and B were als o  is olated from the 
spacec raft buses . Bat te ries A and B were charged a tot al of three t imes 
each duri ng the fligh t , including once each us i ng power from the lunar 
module . Following the cryoge ni c  oxygen i ncide nt , b att ery A was twice 
placed on main bus A to support space craft load requirements . Pre entry 
pro cedures w·ere conducted with the lunar module supplying power to the 
comman d module main bus B through the command and service module/ lunar 
module umbi li c al and with entry b attery C supplying power to main bus A .  
Thi s configurati on was maintained from 6 hours 30 minut es pri or to entry 
until 2 hours 30 minutes  pri or to entry , at whi ch time th e lunar module 
b at teries were di s conne ct ed and all electri cal power loads were as sumed 
by the command module entry batteri es . 

5 . 2 . 2  Fue l Cells 

Pri or to li ft -off , the crew experi enced e rrat i c  readi ngs from all 
three fuel cell flow indi cators when cy cling the switch , but system oper­
ati on was normal . 

During the flight , the t hre e fuel cells operat ed as expect ed until 
the sudden loss of pre s sure in  cryoge nic oxygen t ank 2 ,  as di s cus s e d  in 
s ect i on 14 . 1 .1 .  Fuel cell 3 condens e r  exit temperature vari ed peri odi c­
ally . A beh avi or present on all previous flights , and characteri s ti c  o f  
the system un der cert ain op erat i ng conditi ons . Soon aft er the loss  of  
oxygen pressure in t ank 2 ,  fuel cells l and 3 los t  p ower and were shut 
down . Fuel cell 2 sus tained the tot al command and service module load 
until the depleti on of oxyge n pressure in tank l .  

Unus ual variati ons in the oxygen flow rates t o  all three fuel cells 
were ob se rve d in the 3-minute peri od pre ceding the tank pres sure loss . 
These variat i ons were caus ed by the simultaneous pre ssure excursions tak­
ing place in cryoge nic oxygen tank 2 .  The fuel ce ll l regulated nitrogen 
pressure indi cat i on went to the lower limit o f  the meas urement when the 
pre s s ure in cryoge ni c oxygen tank 2 dropped . Analysis of related fuel 
cell parame ters confi rme d  this di screpancy to be a los s  of instrument a­
t i on re adout and not an actual loss of  the regulat ed nitrogen pres sure . 
Performance of fuel cells l and 3 degraded within 3 mi nutes after the 
oxygen t a nk 2 pressure dropped. The degradat i on is  cons ide red to h ave 
been caus ed by the fuel cell oxyge n shutoff valves  clos ing abruptly be­
cause of the shock generated when the bay 4 panel s eparat e d .  A more de ­
t ai led discus s i on is contained in  reference l .  
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Duri ng the mi s s i on , the fuel ce lls s uppli ed app roximat ezy 120 kW-h 
of ene rgy at an ave rage current o f  approximat e ly 24 amp ere s p er fuel ce ll 
an d at an ave rage b us volt age of 29 . 4  volt s . 

5 .  3 CRY OGENIC STORAGE 

Cryoge ni c sto rage system operat i on was s at i s factory unti l 46 : 40 : 0 9 ,  
when the quantity indi c at i on was lost for oxygen t ank 2 ( s e ct i on 14 . 1 . 1 ) .  
At ab out 56 hours ,. the pre s s ure i n  oxyge n t ank 2 s uddenzy dropp e d  t o  zero 
and the pre s s ure i n  oxygen t ank l b egan t o  de c ay unti l all primary oxygen 
was lo s t .  A s  a re s ult , power w as los t from fue l  cells l and 3 ,  an d aft e r  
oxygen was e s s enti ally deplete d from t an k  l ,  fuel cell 2 w as t aken o ff­
line . Aft e r  the fl.i gh t , a comprehe ns i ve revi ew· o f  the his tory of cryo­
gen i c  oxygen t ank 2 was made to determine whett. er an unfavorab le condi ­
ti on could h ave exi s t e d  prior to l aunch . This review include d  t e s t  
re cords , mat e r i als review dispos i ti ons , an d  failure reports . No p os i tive 
i n di cat i on o f  any unfavo rab le condi t i ons pri or to shipment to the launch 
s i te could b e  found in the t e s t i ng or insp e ct i ons conduct e d .  Howeve r , 
to accomplish a modi fi c at i on on the vac-i on pumps , the complete oxygen 
shelf , includi ng the oxyge n t anks , was remove d from the service module 
s t ructure during •rhi ch the oxygen shelf was acc i de nt ally dropp e d  with 
no apparent damage .. 

Aft er i ni t i al cryoge ni c oxygen filling during the countdown demon­
s t rat i on te s t  at Kennedy Space Center , t ank 2 could not be det anked us ing 
the normal proce dure s .. The prob lem re s ult e d  from loos e or mis aligne d 
p lumb ing components i n  the dog-leg port i on o f  the tank fi ll p ath . Aft e r  
numerous att empts us i ng gase ous oxygen purge s an d higher expulsion pre s ­
sure s , the flui d was b oi le d off through t h e  use o f  t h e  t ank heaters and 
fans , as s i s t e d  by pre s s ure cycling . During t h e  de tanking s e quence , the 
heaters were on for ab out 8 hours , b ut i t  was 1Jelieve d  t h at no damage 
would be sus taine d by the t ank or its components b e c aus e of the prot e c­
t i on afforded by i ntern al the rmal switches . Howeve r , the use of the 
heat e rs in de tanking requi red that the swi tches open under a load o f  
6 amp eres at 65 V clc , twi ce t h e  n ormal flight operat i ng condi t i ons , for 
each heat e r . Tests show that opening the swi tehes un de r thes e condi ti ons 
will fus e t h e  contactE; clos e d  and eventually damage fan motor wire insu­
lat i on .  It i s  this damage which i s  b eli eve d  t o  have caus e d  the infli ght 
failure i n  t ank 2 and los s  o f  pre s s ure . 

Cons umab le quantities :Ln the cryoge nic s to rage system are di s ­
cus s e d  i n  s e ct i on '7 . 1 .  
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5 .4 COMMUNICATIONS EQUIPMENT 

The communicat i ons system s at i s factorily s upport ed the mi s s i on . Both 
S-band and VHF communi cat i ons were us ed unti l t rans lunar i n j ect i on , aft er 
1fhich the VHF was turned off an d th e S-band equipment was used until space­
craft power-down at approximat ely 58 h ours . S-band and VHF voice , color 
televi s i on pict ures , &"ld real-time an d playback telemetry were s at i s fac­
tory . Upli nk an d  downli nk s ignal strength s corresponded to preflight 
pre di ct i ons. Communicat i ons system management , i ncluding antenna switch­
ing , was goo d. 

Pri or to the t elevi s i on bro adc as t at approximately 5 5  h ours , di ffi ­
culty was experi enced with high-gai n antenna acqui sition for approximat ely 
12 minutes. Aft er a change i n  spacecraft at ti tude , s at i s factory acqui s i ­
tion w as  accompli shed. Furt her details concerning this problem are di s­
cus sed in sect i on 14 . 1 . 4 .  

At approximat ely 56 h ours , the high-gain antenna experi enced an ap­
parent s witch from narrow to wide beamwidth , with a resultant temporary 
los s  of t elemetry dat a. This occurrence coinci ded with the oxygen t ank 
pre s s ure los s. Pos t-s eparati on phot ographs of th e s ervice module show 
damage t o  the h i gh-gain antenna , which is at tribut ed t o  the los s of a 
s ervi ce module outer p an el. This damage , as di scus sed in reference 1 ,  
caused the b eam switch and the res ultant los s  of dat a. 

From 101 : 5 3 : 00 to 102 : 0 2 : 0 0  and from 123 : 0 5 : 0 0  t o  123 : 12 : 00 , the 
commQ"licat i ons system was powered up to the extent n ecess ary to transmit 
hi gh-bit-rat e  t elemetry dat a us i ng the omnidirecti onal antennas . The 
S-band system was turned on for veri fic at i on prior to undocking and per­
forme d nomi nally. The VHF/ AM and VHF recovery systems were turned on at 
parachut e  deployment and operated nominally through out recovery. 

5 . 5 INSTRUMENTATION 

'The i nstr1unentati on sys tem performed normally except for the follow­
ing discrepancies , both of which have occurred on previous flights. The 
s ui t  pres sure measurement indicated 0 . 5  psi b elow cabin pressure until 
the command module was powered down. However , when the command module 
was powered up at 12 3  h ours , the me as urement i ndic ated correct values , 
as discus sed in sect i on 14 . 1 . 9 .  The pot able water quanti ty meas urement 
operat ed erratically for a bri ef peri od early in the mi s s i on .  Thi s  anom­
aly i s  describ ed in sect i on 14 .1 . 8 .  The pressure , t emperature , and quan­
t ity meas urements for oxygen t ank 2 ,  along wi th the fuel cell 1 nitro gen 
pressure transducer fai lure , are di scus sed in s ect i on 14 . 1 . 1 ,  since the 
anomalous performance of these sys tems is related to the t ank incident . 
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The s ervi ce propul s i on auxili ary propellant gag i ng sys tem fai le d pri or 
t o  launch and a me asureme nt waive r  was grante d .  The failure , whi ch re­
sult e d  in short ing of the inst rument at i on p ower supply , was c aus e d  from 
fuel leak age i nto the poi nt s ens or module with i n  the t ank . S imi l ar fail­
ure s h ave o c c urre d on previ ous flights , and s i nce this system is inde ­
pendent o f  the primary gagi ng system , whi ch was operat i ng properly , per­
forman ce of the mi s s i on was not affe ct e d .  

5 .  6 GUIDANCE , NAVIGATION , AND CONTROL 

Performance o f  the guidan ce , n avi gat i on ,  and control system was 
normal except fo r t·wo ins t an ce s .  Random mot i on ob s erve d  i n  -che s ext ant 
shaft duri ng the zero opti cs mode was operati onally p re ve nted by turning 
o ff power to the opti c al system when n ot in us e . Thi s  p rob lem o ccurre d 
duri ng Apollo 12 an d i s  thought t o  b e  caus ed by a bui ldup o f  contact 
re s i s tan c e  in the s li p  rings of the h al f-sp eed re s ol ve r  in the sext ant 
( s e ct ion 14 . 1 . 3 ) .  'rhe crew report ed the 0 . 0 5g li gh t  di d not i lluminate 
as req_ui red within 3 se conds aft e r  the dig i t al comp ut er had indi cat e d  
0 . 0 5g . A manual pro cedure was there fore re q_ui re d t o  s t art the e ntry 
mon itor system , whi ch performe d n omi nally throughout th e remai nder of 
entry (section 111 . 1 . 5 ) .  As a re sult of the aborted mi ssion ,  all p ower 
was removed from the i nert i al p l at form , i ncluding h e at ers , for approxi ­
mat ely 80 hours . Aft er p owering up and co ars e ali gn ing th e plat form to 
that o f  the lunar module , the cormnan d module was guide d to a succe s s ful 
landing within approximat e ly l mi le of t he t arge t lo c at i on .  Be c aus e of 
powe r re s tri ct i ons , the circuit breaker for the dat a  s torage eq_uipment 
re corder was le ft op en during e ntry , and no entry dat a are avai lab le for 
an entry performan ce analys is . 

All at ti tude control fun ct i ons were s at i s factory . In iti al s epara­
t ion from the S-IVB was p erforme d by thrus ting for 4 . 28 s econds t o  impart 
a ve lo c i ty ch ange of 0 . 86 ft / s e c .  Aft e r  a manual pitch mane·.1ver ,  the 
c omman d and s ervi ce modules were docked with the lunar module . Rate di s ­
turb anc es not e d  at docking were 0 . 16 de g /s e c  p eak i n  p i t ch an d y aw ,  and 
0 . 60 de g/sec p eak in roll . 

The pas s i ve thermal control modes at temp t e d  at 7 : 4 3 : 0 2  an d 32 : 21 : 49 
we re not succe s s ful an d had to be re initi at e d .  The att emp t at 7 : 4 3 : 0 2 
re sult e d  in a divergent coning angle b e c aus e the roll rate was est ab lished 
us ing one rat he r than two roll engi nes , as req_uired by the che ckli s t . In 
addi t i on , an i ncorre ct roll rate was loade d  i nto the digi t al aut opi lot . 
The at t empt at 32 : 21 : 49 re sult ed i n  a divergent coni ng angle b e c ause an 
unplanned mi nimum impulse engi ne firing o c curre d 13 s econds after init i a­
t ing the roll rat e . The e ngi ne firing command ( two negat i ve roll e ngi ne s ) 
was generat e d  when the roll manual at ti tude swit ch was change d from the 
rat e - c ommand pos i ti on to th e acc e le rati on- command p os i ti on . The engi ne 
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fi ring could have been avoi ded procedur ally by di s abling all e ngi nes be­
fore doing any control sys tem swit ching . The p as s i ve th ermal control mode 
att empte d at 32 : 21 : 49 i s  compare d with a typ i c al c as e  in figure 5 . 6- 1 ,  
whi ch shows the adverse e ffe ct s o f  two e xt raneous fi rings . All sub s e­
quent pas s i ve thermal control modes us i ng the comman d  an d  servi ce module 
were e stab lished normally . 

NASA-5-70-5825 

Yaw gimbal angle, O.:eg 
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Figure 5 .  6-l . - Comp arison o f  e arly t rans lun ar maneuver t o  
e s t ablish a pass ive thermal cont rol mode . 

At the t ime o f  t he oxyge n t ank incide nt , t hre e e ve nts took p l ace 
that affe ct e d  control system performance : t he quad C i s ol at i on valve s 
clo s e d  ( as dis cus s e d  i n  s ect i on 14 . 1 . 1 ) , a volt age t rans i ent caus e d  a 
compute r  re start , an d  the digi t al aut op i lot re -ini t i ali ze d th e at ti tude 
to whi ch i t  was re fe re nce d .  The re sponse of the di gital aut o pi lot t o  
these events was as programme d ,  an d rat e and at ti tude e rrors were reduced 
t o  a nulle d  con di t i on with i n  75 s e con ds . Reference 1 cont ai ns a more 
comp le te di s cus s i on o f  spacec raft dynami cs during and aft er the oxygen 
tank anomaly . 
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The only translat i on maneuver performed with t he service propulsi on 
system was the first mi dcours e correction . Spa.cecraft dynami cs during 
this maneuver were nominal , and s i gn i fi cant trans lat i on parameters are 
shown i n  the following t able . 

Parame ter 

Time 
Ignition , hr :mi n : s ec 
Cut o ff , hr :mi n :  sec 
Durat i on ,  mi n : sec 

Velocity gai ned , ft /se c* 
( de si red/actual ) 
X 
y 
z 

Velocity res idual , f't / s ec 
(spaceeraf't coordinates ) ** 
X 
y 
z 
Entry uoni tor system 

Engine gimb aJ. pos ition , de g 
Initial 

Pitch 
Yaw 

Maximum exeurs ion 
Pitch 
Yaw 

Steady·-Btate 
Pitch 
Yaw 

Cutoff 
Pitch 
Yaw 

Maximum :rate excurs ion ,  deg/sec 
Pitch 
Yaw 
Roll 

Maximum atti tude error , de g 
Pitch 
Yaw 
Roll 

Firs t mi dcourse 
corre cti on 

30 : 40 : 49 . 6 5 
30 : 40 : 5 3 .  14 

3 . 49 

-13. 1/-13 . 2  
-14 . 7/-14 . 5 
-12 . 2/-12 . 3  

+0 . 1  
+0 . 2  
+0 . 3  
+0 . 7  

0 . 9 5  
-0 . 19 

+0 . 44 
-0 . 51 

1 . 13 
-0 . 44 

1 . 17 
-0 . 44 

+0 . 08 
+0 . 16 
-0 . 0 8  

-0 . 04 
-0 . 24 
+0 . 12 

*Velocity gained in earth-centered i nerti al coordi nates .  
**Velocity reBiduals i n  spacecraft coordi nates af'ter 

trimmi ng has b een completed .  
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The crew report ed a p i t ch- up dis turbance t orque was exerted on the 
command module s oon after undocking until the b egi nning of e ntry . Mos t  
of  this t ime , only low-bit-rat e  telemetry w as  avai lable and therefore a 
de tai led analysis i s  imp os sible . A 20-rni nute s egment of high-bit-rate 
dat a  was receive d  j ust  prior to entry , and an unaccountable pit ch-up 
torque of 0 . 001 deg/sec2 was observe d .  The p os s ible contributing causes 
for this torque could have been gravi ty gradi ents , atmospheri c t rimming , 
venting through the umb ili cal ,  venting through the tunnel hat ch , and a 
gradual prop ellant leak . However ,  none of thes e i s  cons i dered to have 
b een a single caus e ,  and e ither a combinat i on of t hese caus es was p res ent 
or s ome undetermined venti ng took p lace . 

Tab le 5 . 6- I  i s  a summary of gyro drift me asurements deduced from 
inflight alignments . The null-bias dri ft coe ffi ci ents for all thre e gyros 
were up dat ed at 32 hours , based upon drift rat es calculat ed from four 
plat form alignme nts . The alignment prior to entry was p erforme d by fi rst 
conducting a coars e alignment to the lunar module plat form and then us ing 
the automat i c  opt i cs p ositioning capabili ty to lo cat e  stars for a pre ci s e  
alignme nt . This  technique was nece s s ary becaus e  of  t h e  di ffi culty in 
re cognizing constellat i ons through the s c anning teles cop e as a result 
of re flect i ons from t he lunar module and obs curat i on by vente d p arti cles . 

TABLE 5 .  6-I . - PLATFORM ALIGNMENT SUMMARY 

Time Option 
hr ::roj n  code 

o;:, : <.5 
05 : 26 \ a )  
l J  : 4 0  ( b )  23:47 (b) 
?3  :49 · ib )  
49:C7 ( t )  

:._Lo : 4 3  ( c )  
-�0 : 52 ( a )  

Star used 

26 Spica, 33 Antares 
35 Ras a.lhague . 44 Enif 
20 Dnoces , 27 Al.kaid 
31 A ret urus , 36 Vega 
::o Menkent , 32 Alphecca 
23 Denebola, 32 Alphecca From lunar module primary 

guidance 
36 Vega, 40 Alte.ir 

"?referreC. aligrunent 
bReference matrix ( REFSMMAT ) 
cCoa.rse alignment 

Star ans:le 
difference, 

deg 

o.oo 
0 . 0 1  
0 . 0 0  
0.01 
0.01 
o.oo 

o.oo 

Gyro torquing angles , Gyro drift , mERU ... 
X y z X y z 

-o .061 -o .ooo +0 .162 -- -- --
+0.175 + 0 . 172 -0.012 -- -- --
-0.123 -o .113 +0.092 -- -- --
-o .283 -0 . 161 +0.1103 + 1 . 4  + 0 . 8  + 2 . 1  
-o .o8L -o. 075 +Q. l46 + 1 . 1  +1 . 0  +1.9 
+0. 285 +0.011 •0.131 -- -- --

-1.253 +0. 385 + 3 . 263 -- -- --

Comments 

Check star 36 
Check star 35 
Check star 31 

Tab le 5 . 6-II summari zes the inert i al component preflight histori e s . 
Velocity di ffere nces between the S-IVB i nstrument unit and the command 
module plat form during e arth as cent indi c at e  a 75-ft / s ec di fference i n  
the Y-axis .  A Y-axis di fference is  typ i c al o f  a command module plat form 
gyrocompassing mi s ali gnment at lift-off . Howeve r , the Y-axi s error mag­
nitude i s  not typ ical and is  the large s t  observed during as ce nt to dat e . 
The cause of  the di s crepan cy was the magnitude of  the null b ias dri ft 
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TABLE 5 . 6-II . - INERTIAL COMPONENT PREFLIGHT HISTORY 

L_ _____________________ ], _�_�_',':l��--------�--�--�--C-o�_'_oo_•_n�--n-I_'''_"_L __ , .. I_i '_�h_t_"_"_''_�·_""_L_'_'_' '_'h_' _"'_._"_"'_' � 
r 

Error 
·- '"" 

value l .. :.u.J t·•' l'"'''' lli•d••t•· after updut..• 
Stand-.rd. NU��ber or 
deviation a.aplea 

X-Scu.lc factor error, ppn . 
Bia,; , =fsec2 . •  , • 

'(-Scale factor error, ppm • 

Bias, cm/aec2 , . . 

l---- ·- -, 
• - t9Y 
. -0.18 
• -lt;>� 

. -0.20 

X-Hull b i11.11 drift, mERU , . . . . 

Acceleration dri ft, spin refer­
ence lU i s ,  mERU/g . 

Accelerat i on  drirt , input 
axis , JDERU/g • •  

Y -Null biu drift, mERU . 

Acceleration dri ft ,  spin refer­
ence ax i s ,  ll'lEl!IJ/g • , 

Acceleration drift , input 
axis, mERU/g 

Z-Null bias drif't , mERU . 

Acceleration drift , spin refer· 
ence axis ,  mERU/g , , , 
Acceleration dri ft , inp.1t. 
uis, mERU/g 

'\rpdated to -0.161 at l l.o l : 3 0 : l10 
�dated to +0.6 at 32:04 :29 
Cupdated to -1.2 &t 32:04:29 
dUpd&ted to -2.9 at 32:04: 2•1 

-O.t>'r 

+2:.' . Ql 
-l .d4 

+0 .11 

-1.96 

-'i . 37 

+19 .17 

21! 

0 .01 

34 

0 . 04 

" 
0.06 

l. 28 

0 . ';8 

6 . 26 

1 . 88 

2 .05 

4 . 28 
1 .  94 

2 .  56 

7 . 14-

Accelero.etera 

-199 -. 'IIIJ 

-0.26 -o.d 

-194 -1'-IU 
-0 .�'{) -•I. 1 : 

Gyroscopes 

+U . '>  -", J J  

-1.0 

• ll:' ... · � .  d 
c -, . _l +1 ,[;(\ -u .0� 

-0.4 

•'· ' -,· 
d -4 _<) • l .vl 

-7. 3 -c . 0  

+21 , 0  ·�' j .  0 

coe ffi cient for the X-axis , whi ch was s ti ll within speci fi e d  limits ; this 
coeff i ci ent being the mos t sensitive contributor to the gyrocompas s i ng 
mi s alignment . 'l'ab le 5 . 6-III is  a set of e rror s ource s whi ch reproduce 
the ve loc ity errors ob serve d duri ng as cent .  

After the oxygen tank incident , the plat form was us ed as a reference 
to whi ch the lunar module plat form was aligned.  All power to the guid­
ance and navigat i on syE. tem , including the i nerti al me as urment unit heaters , 
was removed at ab out 5Ei hours . Heat er power was. applied ab out 80 hours 
later , when the inert i al measurement unit was put i nto st andby and the 
c omputer turned on . Based upon ground test dat a and two short peri ods 
of telemet ry ,  the minimUI!l temperature i s  estimat ed to have reached 5 5 °  or 
60° F before po�rer--up . The only signi fi cant coe ffi ci ent s hi :ft observe d 
after the long cold s oak was in  the Z-axi s accelerometer bias . The shift 
was compens ated for by an update at 141 hours from minus 0 .  04 cm/sec2 t o  
the new value o f  minus 1 . 66 cm/sec2 • Although no gyro measurements were 
obtai ne d  j us t  prior to entry , the pre ci s i on of the landing indi cated no 
large mis alignmentB . 
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TABLE 5 . 6-II I . - INERTIAL COMPONENT ERRORS DURING LAUN CH 

Error term 
Uncomp ens ate d One-sigma 

error specifi cation 

Offs et velocity ,  ft/ s e c  
X . . . . -0 . 75 --

y . . . . 1 . 19 - -

z . . . . . -0 . 2 5  --

Bias , em/s ec 
2 

X . . . . . -0 . 0 4  0 . 2  

y . . 0 . 0 3  0 . 2  

z . . . . . . 0 . 099 0 . 2  

Scale factor error , ppm 
X . . . . . . -96 116 

y . . . . . 37 116 

z . -47 ll6 

Null b i as dri ft , mERU 
X . . . . 2 . 7  2 

y . . . 2 . 0 2 

z . . . . . -0 . 3  2 

Accelerat i on dri ft , i nput 
axis mERU/g ,  

z . . . . . . 9 . 0 8 

Ac ce leration dri ft , spi n  
reference axis , mERU/g 

y . . . . 9 . 0  5 

Several entry monitor system bias t ests were made during the flight . 
The as s oc i ated accelerometer exhibited a stability well within specifi ­
cat i on limi ts . Results o f  each test are given i n  the following table . 
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Time 
Time Velo ci ty 

Acce lerometer 
interval , change , 

b i as , ft /sec2 
s ec ft /s ec 

Be fore tra..'1s lilll ar i nject i on 10 0 +0 . 8  +0 . 008 

Aft er trans lilll ar in ject i on 100 +1 . 0  +0 . 010 

10 hours 5 minutes 100 + 1 .  8 +0 . 018 

29 hours 40 mi m:ctes 100 +1 . 5  +0 . 0 15 

5 .  T REACTI ON CONTHOL 

5 . T . l  Servi ce Module 

All servi ce module react i on control parame ters �>rere normal from 
l i ft -off to the time of the oxygen t ank anomalJ' . A tot al o f  5 5  poun ds 
of  propellant was us ed  for the ini ti al s e paration from the S -I VE ,  the 
turnaround maneuve r ,  docking and e j ect i on . Pr'� or to th e t ank anomaly , 
propellant us age 'iTa.S :L3T pounds , 33  pounds le sB than predi cted for that 
point in the mi s s ion . 

Following the anomaly , all re act i on control quads except C began 
showing evidence of freg_uent engine fi ri ngs . Dat a show that all propel­
lant i solat i on valve s on g_uad C ,  both helium i :o olat i on valves 0:1 g_uad D ,  
and one helium i s olat i on valve on g_uad B were shocked to the clos ed p os i­
t ion at the t ime of the oxygen t ank pre s sure los s . On g_uad D ,  the regu­
lated pres s ures dropped mome ntarily as the engines fi re d with the helium 
i s ol at.ion valve s clo s e d .  The crew reopened the g_uad D valve s , and the 
engines funct i oned normally there after . Be caus e the g_uad C propell ant 
i s olat i on valves are powered from bus B ,  whi ch los t  p ower , the valves 
could not be  reopened and the g_uad remai ned inacti ve fo r the remainder 
of the fligh t .  

During the peak engine act ivi ty peri od after the oxygen t ank inci­
dent , engine pack age temperatures reached as high as 203° F, whi ch i s  
normal for the commande d duty cy cles .  All reaction control data were 
normal for the configurat i on an d duty cy cles that exi s te d ,  including the 
g_uad C dat a which s howed the system in a nonus e configuration becaus e the 
i s ol at i on valves were clos ed. System dat a were normal when checked prior  
to  entry at ab out 12 3 hours , at whi ch time the total propellant cons ume d 
was 286 pounds ( (16 pounds from g_uad A ,  6 5  from B ,  33  from C ,  and 102 
from D ) . 
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5 . 7 . 2 Command Module 

The comman d module re act i on control system he lium pre s s ures an d  t em­

p eratures an d  the h e lium mani fold pre s s ure s were normal from li ft - off to 

system acti vat i on j u s t  prior to e nt17 .  The pre s s ures before activat i on 

re fle et e d  the general co oling of the system resulting from the powered 

dowr: con figurat i on of the comman d module . The he li um s ource t emp eratures 

dropped from 70° to ab out 3 5 °  F during the mi s s i on .  Prior t o  system act i ­

vat i on t h e  lowe s t  engi ne i nj e ct o r  temp e rat ure was 15 ° F .  A preheat cy cle 

b roetgnt i nj e ctor temp erat ure s to acceptab le levels an d h ot firing checks 

>-re re s at i s factory . 

Just pri or to undocki ng , two i nj e ctor temperat ure s were 5 °  F below 

minimum . Howeve r ,  engine operat i on was expect e d  to be normal , de s p i te 

the low temp erat ure s , and un do eking was p erformed with out h e at i ng the 
e ngines . 

System de contaminat i on at Hawai i w as  normal , except th at the sys ­

t em l fue l i s olat i on valve was foun d to b e  i n  the open pos iti on . All 

other propellant i s olat i on valves were i n  the normal ( clos e d ) pos i t i on . 

Power from groun d s e rvi ci ng equi pment was us ed to clos e t he valve , which 

operat e d  normally . Pos t flight inve s tigat i on o f  this condi ti on reve ale d 

that the ele ctri c al le ad from the system l fuel-valve clos i ng coil was 

mi swire d ,  making i t  impos si ble to apply power t o  this coi l .  This anom­

aly i s  di s c us s e d  i n  s e ct i on 14 . 1 . 7 .  

All avai lab le fli gh t  dat a an d  t he condi t i on o f  the system pri or t o  

de act i vat i on at Hawai i i ndi cate that the system p er forme d n ormally from 

act ivat i on through t h e  prop ellant dump an d  purge operat i on .  

5 . S  ENVIRONMEN'I'AL CONTROL 

Duri ng the periods when it was activate d ,  the comman d  module envi ron­

mental control system p erforme d normally . From the t ime of powering down 

at approximat ely 5 8  hours un til re act ivat i on approximately 1-1/2 h ours 

b e fore e ntry , e nvironme ntal control for the i nterconn e ct e d  c ab ins was 

maintained us i ng lunar module equipme nt . Two an omal i e s  as s oci at e d  with 
the environmental control i nstrumentation occurre d and are di s cussed  i n  
s e ct i ons 14 . 1 . 8  an d  14 . 1 . 9 .  An addi ti onal dis crepancy , not e d  after l an d­

ing and di scus s e d i n  s ec t i on 10 . 3 ,  was the pos i ti on o f  the i nlet post land­
ing ve nt i lat i on valve at the time of re cove ry . Thi s  di s crepancy i s  di s ­
cu ssed in s e ct i on 14 . 1 . 2 .  

The oxygen di s t ribut i on system op erat ed nomi nally un ti l de act ivat i on 

following the cry oge ni c tank inci de nt .  The s ui t  compre s s or was t urn e d  

o f f  at 56 : 19 : 58 , an d  with t h e  repre s s uri z at i on p ackage o f f  line , t h e  s urge 
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t ank was i s olat e d  1 7  minut e s  lat er at an indi cat e d  pre s s ure of 85 8 p s i a .  
The 20-psi sys tem was reactivat e d  bri efly four t imes from the s urge t ank 
to pre ssuri ze the comman d module pot ab le wat er system .  Further di s cus­
s ion of oxyge n us age is pre s e nted in section 7 . l .  Sys tem operat i on for 
ent ry was s at i s factory , with the suit compres s or limited to a period of 
operat i on of only 22 mi nut es to conserve e lectri cal power.  

During the peri od when the command module was p owered down , the cabin 
temperature slowly de cre as e d  to approximat ely 43° F an d cons iderab le 
amow'1ts o f  moi sture conde ns e d  on the space craft 'windows and the command 
module structure . Thermal control , aft er powering up at 140 hours , was 
s at i s factory , although the cabin temp erature remai ned very cold during 
ent ry . The command module pot able water s erve d as the mai n drinking sup­
ply for the crew during the mi s s  i on ,  and approximately 14 pounds were 
withdrawn aft er poweri ng down , us i ng the 8-ounce plas ti c bags . The crew 
report e d  at approximately 120 hours they were unab le to withdraw wat er 
from the potab le t ank and as sume d it was empty . Approximately 6 hours 
after landing , t he re cove ry  crew was als o unable to obtai n a wat er s ample 
from e i ther the potable or waste wat e r  t anks . T.e1e recove ry  pers onnel 
s t at e d  the s tructure near the t ank and lines was very cold to t ouch , and 
an analy s i s  of temp erature s duri ng the flight in this vi cinity show that 
fre e zi ng in the lines most likely occurre d .  This fre ezi ng condition could 
have exis ted at the time a s ample was to be taken . When the spacecraft 
was returned to the manufacturer ' s  plant , 2 4 . 3  pounds were drained from 
the pot able t ank . The wat er system was s ubsequently check e d  and was found 
to operat e  properly . Both the h ot and cold pot able water contained gas 
b ubble s . To e liminat e these gas b ubbles , whi ch had als o  been experi enced 
on pre vi ous mi s s i ons , a gas separ ator cart ri dge was provi de d but not us e d .  

The auxi li ary dump noz zle was us e d  for the firs t time on an Apollo 
mi s s i on . Dump ing through this noz zle was di s continue d  and urine was sub­
se quently store d onboard becaus e a consi derable number o f  part i cles were 
evi dent on the h at ch window and these i nterfe re d  with navi gat i on s i ght­
ings . 

Upon re cove ry , the outlet valve of the pos tlanding venti lat i on was 
open and the i nlet valve was clos e d ,  whereas both valves should have been 
open . This condi tion is report e d  in sect i on 10 . 3 . 2 ,  and the anomaly is 
dis cus s e d  in s e ct i on 14 . 1 . 2 .  
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6-l 

The performan ce of t he lunar module systenm i s  di s cus s e d  i n  this 
s e ct i on .  All systems -chat are not di s cus s ed e i ther performed as i ntende d  
or were not us e d .  Di s ::repan cies and anomal i es are ge nerally me nti oned 
b ut are di s cus s ed i n  great e r  de t ai l i n  t he Anomal-y Summary , s e ct i ons 14 . 2  
and ll+ . 3 .  

6 . 1 STRUCTURAl. 

'The struct ural evaluat i on i s  bas ed on gui dance a..r:td control dat a , 
cab i n  pre s s ure me asureme nts , comman d module acce lerat i on data , photo­
graphs , and cre·w comments . 

Bas e d  on me as ur e d  command module accelerat i ons and on s imulat i ons 
us i ng act uaj_ launch wind dat a ,  llmar module lo ads were wi thin s tructural 
limi t s  duri ng launch and trans lun ar injection . Loads duri ng docking and 
s ervi ce propuls i on an d de s ce nt propuls i on maneuvers were Ms o within 
structural limits . 

Dat a te leme te re d during the o:xygen t an k  inci dent i ndi c ate the pre s ­
ence o f  body bending o:3 ci llat i ons i n  the do cked space craft . The as s o c i ­
ated amp litude s , ho weve r ,  were o f  a ve ry low leve l ,  and bending loads in 
the criti cal do cking-LmneJ. are a were well b e lO'If de s ign limi ts . 

6 . 2 ELECTRI CAL POWER 

The ele ctri cal pow·er system performe d Ml requi red f1.u1cti ons . At 
lunar module undo ck ing , t he de s ce nt b atteri es had de live re d  1434 . 7  ampere ­
h ours from a nominal tot M c apaci ty of 1600 amp ere -hours , and the as cent 
b at te ri es h ad de li vere d 200 ampere-hours from a nominal t ot M  o f  5 9 2  
ampere -h ours . The lunar mod1.cle i ni ti al powere d-down configurat i on re­
quired an average ele ct ri cM energy cons umption o f  900 watts at 30 am­
peres . After the s eco:ad de s ce nt propuls i on firing , t he lunar module was 
further powere d down t o  ab out a 360-watt ( l2 -8J1J[l ere ) level ; as dis cus s e d  
i n  s e ct i on 7 . 2 .  A fa]_ s e  b atte ry· 2 ma]_fun ct i on an d mas ter Marm o ccurre d 
at 9 9 : 5 4 : 00 and continued inte rmitt ently duri ng the p eriods th at th e b at ­
tery was on ( di s cus s ed i n  s e ct i on 14 . 2 . 3 ) . A revi ew of t h e  dat a indi c at e s  
that a current s urge o f  great e r  than 100 amp ere s oc c urre d at 97 : 13 : 5 6  
concurrent with a c rew report o f  a thump i ng noi s e  an d  s nowflakes s e en 
through the lun ar module wi ndow . This occurrence i s  di s c us s e d  i n  s e c ­
t ion 14 . 2 . 2 .  
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6 . 3 COMMUNI CATI ONS EQUIPMENT 

S-band communi cati ons were nominal from system actuat i on at approxi ­
mately 58 hours through lunar module undo cking . Except for brief peri ods 
when high-bit-rate dat a  and high-quali ty downlink voi ce were requi re d ,  
low power t ransmi s s i ons , backup voi ce , an d  omn idire cti onal antennas were 
us ed to conserve elect ri cal power . Th e S-band power ampli fier was turned 
off by opening the ci rcuit breaker to provi de the higher modulation index 
for telemetry . The primary communi cat i ons configurat i on was low power ,  
low-bit-rat e telemetry , omnidire ct i onal antennas , an d  backup voi ce on 
base-oan d .  In this configurat i on ,  t ransmi s sion o f  high -bit-rate dat a from 
the space craft was attempted us ing a 210-foot re ceiving antenna , and ex­
cept for regular i nte rvals of dat a drop out becaus e o f  vehicle attitude 
change s , these dat a  were of good quali ty . 

The updata link was us ed when re quired and performe d nomi nally . No 
VHF equipment was e xercise d ,  an d  the S-band ste erab le antenna was never 
turne d on . The antenna heat e rs , whi ch normally remai n activat e d ,  were 
turne d off to conse rve power , and the antenna temp erature de c re as ed t o  
approximately mi nus 66° F .  In t h e  pas sive thermal control mode , this 
temperature vari ed between plus and minus 2 5° F .  

6 . 4 GUIDANCE , NAVIGATION AND CONTROL 

Sys tem performance , with one exception , was nominal during all ph ases . 
At completi on of the maneuve r to the att itude for the l as t  midcours e cor­
rect i on ,  the att itude error needles were not zeroed becaus e  of an out -of­
sequence turn-on proce dure for the digital aut opilot and th e i nerti al 
meas urement uni t . 

6 . 4 . 1  Att itude Control 

The perform&�ce of the ab ort gui dan ce system and all at titude control 
aspect s  of the digi tal aut opilot were nominal . Following the servi ce mod­
ule oxygen tank anomaly , power was appli ed to the primary gui dance sys tem 
for us e in estab li shing pas s ive the rmal control mode s and to maintain at ­
ti tude control unti l the t rans earth inject i on maneuver .  

The pas sive th ermal control mode aft er transearth injecti on was i ni­
tiate d  us i ng the digital autop i lot i n  the manual mi nimum impulse mode . 
The crew had con s i derable di ffi culty in e s t ablis hing ac ceptable initi al 
conditions for t he pas s i ve the rmal control mode . This di ffi culty was 
large ly caus ed by the nece s si ty to us e the t rans lat i on h and controller 
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to command rotat i on ab out the vehi cle pitch and roll axes and the atti­
tude controller for ya<,r commands . The pi lot ' s  task was further compli ­
cated b y  having the flight di rector attitude indi cators powered down . 
Without these di splays , it was necessary to mon:l tor atti tudes by observ­
ing gimbal angles on the di spley and keyboard as semb ly . Becaus e the 
space craft yaw axi s was not coi nci de nt to that of the platform yaw axi s , 
either a pitch or roll command would caus e a change in  b oth of the cor­
respondi ng gimb al-angle displeys . After the vehicle attitude was change d 
to more clos ely align wit!) the plat form and to re duce the yaw gimb al­
angle disparity , pas sive thermal control was es tabli shed s atisfactori ly . 
Both gui dance systems w·ere then powere d down unti l  10 5 hours . At that 
time , the abort guidanee system was powere d up :�or control during the 
firs t transearth mi dcourse corre cti on . The pas sive thermal control mode 
was reestabli shed and the ab ort system was powere d down . 

After completi ng the maneuve r to  the att itude require d for the 
final midcours e corre ct i on ,  the crew reported that the attitude error 
needles were not m.Llled on the flight director at titude indi cator . The 
sequence us ed to power up the plat form and to enable the aut opi lot pre­
vented certain computer memory cells from being properly initi ali zed. 
Consequently , an a·�ti tude e rror bias >vas introduced between the s tore d  
values of att itude error an d  those displeyed on the att itude error nee­
dle s . When the digi t a.: autopilot is turned on , a computer routine checks 
the status of an "e:rro:c counter e nable " bit to Bee  i f  i niti ali zation is 
required .  If this bit i s  off , as it  normally would be , initiali zation 
takes place and the er:cor counter , cert ain memory cells , and the iner­
tial coupling display \IDi t digital-to-analog convert ers are all zeroed.  
If the computer check :finds the error counter enabled , the ass umption 
i s  made that initiali zati on has already taken place and the calculated 
attitude error :Ls :3 et into the error counter for subsequent displey . 

The error counters for the coupling displ!l(r un its are us ed by the 
digital autopilot for at titude error displeys , but are als o  us ed to 
drive the plat form during a coars e alignment . A plat form coars e align­
ment was performed at about 135 hours , and the error- counter-enable 
status bit was s et .  The di gital autopi lot was activated 2 hours later , 
but with the error counters alre ady enab le d ,  no initi ali zation took place 
and a bias was introduced i nto the attitude error loop . The attitude 
errors di spleye d to the crew at the completion of  the atti tude maneuver 
prior to the s e venth m:l dcours e corre cti on refle ct ed a b i as  in the pitch , 
roll , and yaw axes of plus 1 . 3 ,  plus 21 . 2 ,  and mi nus 12 . 0  degrees , re­
spectively .  

Spacecraft dynami cs were ve ry small during the servi ce module jetti­
s on and lunar module undocki ng sequence . Velocity changes imparted to 
the respective vehiclefl during each maneuver were as follows : 
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Plat form-s ensed ve locity changes ,  ft/ s ec 

Command module axes Lunar module axes 

X y z X y z 

Service module s eparat ion 

Plus X trans lat i on Plat form not power- 0 . 67 -0 .08 0 . 01 
Minus X trans lat i on e d  up at se parat i on -1 . 90 0 . 01 -0 . 0 4  

Lunar module undocking -1 . 54 1 0 . 42 1 1 . 00 -0 . 65 -0 .02  0 . 00 

6 . 4 . 2  Translation Maneuvers 

Table 6. 4-I summari zes the pertinent control sys tem parameters dur­
ing each trans lation man euve r.  Space craft dynami c res ponse during all 
maneuvers was normal . 

The throttle profile for the firs t mi dcours e correct i on performed 
by the lunar module was 5 seconds at 12 . 7  percent followed by 27 seconds 
at 40 percent . The fi ring was preceded by a 10-second, four-jet ullage 
maneuver .  A number of plus -X firings occurre d  during the maneuver be­
cause pitch and roll thrus ters were not inhibited by a Verb 65 entry , as 
requi re d by the checkli s t . 

The transearth i nj e ct i on  maneuver was performe d with the primary 
gui dance system controlling the descent propulsion system. The throttle 
profile was 5 seconds at 12 . 6  percent, 21 seconds at 40 percent , and the 
remainder at full throttle . During both periods of  throttle increase , 
the roll-gimbal drive actuator t raveled approximat eJy l .  35  degrees nega­
tively from its value at ignition . These excurs ion were s omewhat larger 
than expected, but simulations have since shown them to be normal and 
re sult from engine compli ance an d  mistrim . Spacecraft dynami cs were 
nominal throughout the firing . The first t ransearth midcours e corre ction 
was the last maneuver to us e the des cent propulsion system . The maneuver 
was performed by manually controlling pitch and roll using the hand con­
trollers and by automati cally controlling yaw with the ab ort guidance 
system attitude-hold mode . The 14-s e cond firing was accompli shed at 
10-percent throttle with no adverse dynami cs . 

6 . 4 . 3 Alignment 

The lunar module platform was coars e align ed to the command module 
platform a few hours aft e r  the oxygen t ank inc i dent in pre parati on for 
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TABLE 6 .  4-·l . - LUNAR MODULE MANEUVER SUMMARY 

Ma.neuv��r 

Condition 
Second midcourse 'l'ransearth Third midcourse Fourth midcou.rse 

correct ion injection correction correction 

. PGNU�/1JF'S PGNCS/DPS AGS/DPS AGS/DPS 

Time 
Ignition. h r : mi n : s e c  61 o 29 , , 3 . 49 79 o 27 o 38 . 95 105 : 1 8 : 25 137 ' 39 ' 5 1 . 5  
Cutoff, hr :min :sec 6 1 '  30 ' 17 . 72 79 ' 32 o 0 2 .  77 105 o 1 5 o 4 "  137 ' 40 ' 1 3  
Duration,  sec '34 . 2'j 26 3 . 82 11, 2 1 . 5  

Velocity chanp;e before trim 
( actual/des ired) 

x• + 3 . 0 / + 2 . 9  -425 . 9/-426 . 4  7 . 6 ( 7 . 8•• - 1 . 2/-1 . 5  
y - 34 . 2/-34 . 3  +64 4 . 6/+64 5 . 6  -1 .9/-2 . 2  
z -15 . 9/-16 . 2  +378 . 8/+37 9 . 0  -1 . 3/-1 . 5  

Velocity residual after 
trim . ft /sec 

X 
y 
z 

Gimbal drive actuator, i n .  
I 

+U , 2  + l . O  o•• 0 
iJ . O  +0 . 3  0 . 1  

+0 , 3 0 . 0  0 

!lot appli cable Not applicable 
Initial 

Pitch -0 . 02 +0 . 1 3  
Roll 

Maximum excursion i -0 . 34 -0 . 2 8 

Pitch +0 . 31 +0 . 16 
Roll -0 . 2? -0 . 4 4  

Steady-state 
Pitch +0 , 04 +0.21 
Roll -0 . 51 -0 . 5 5  

Cutof'f 
Pitch +0 , 10 + 0 , 2 3  
Roll -0 . 31 -0 . 5 5  

-
Maximum rate excurs ion , deg I sec 

Pitch -0 . 6  +0 . 2  ::!:0 . 2  +0 . 2  
Roll -0 . 8  ±0 . 8  - 0 . 6  +0 . 2 
Yaw ±0 . 2  +0 . 4  +0 . 2  +0 . 2  

Maximum attitude excursion , deg 
Pitch - 3 . 62 -1 . 6  -0 . 6  -0 . 4  
Roll +1 . 69 +6. 7 +0 . 9  -0 . 6  
Yaw -1 . 60 - 1 . 2  +0 . 4  +0 . 4  

*Earth-centered inertial coorclinates . 
**Change in velocity sho' .. 'D in body X-axis for descent propulsion firi ngs Wlder control of abort guidance 

system. 

the mi dcours e co rre ct i on to ente r a fre e-return t raj ectory .  In prepar­
i ng for the trans ea:rt h i njection man euve r ,  a cheek o f  the platform align­
ment accuracy was complete d  by letting the computer point the ali gnment 
opti cal teles cope at the s un  as th ough marks were to be t aken . Results 
of the sun check angles i ndi cated a plat form mi s alignments ab out any axi s 
of approximately h al f  the allowab le 1-degre e limi t ;  therefore , a plat form 
realignment was not required before the maneuver .  
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The primary gui dan ce system was powere d  up at 133-l/2 h ours , aft er 
whi ch a coarse alignment to the abort gui dance sys tem was performe d .  
The spacecraft axes had pre vi ous ly been aligned t o  an i nert i al reference 
us i ng the ab ort guidance sys tem by s i gh ti ng on the e arth with th e crew 
opti c al ali gnme nt s i ght . Ali gnment accuracy was re fined by performing 
a reali gnment us i ng the s un an d moon as s i gh t i ng t arge ts for the align­
me nt opt i cal t e le s cop e .  The s tar-angle di fference of minus 1 . 12 degrees 
re s ult ed almos t entire ly from approximat i ons in s tored lunar and s olar 
epheme ri s  data and computer rout i nes us e d  to cal culate s un and moon p os i ­
t i on vectors . 

6 . 4 . 4 Inert i al Meas ureme nt Unit 

The i ne rt i al measureme nt uni t  performe d properly through out the mi s ­
s i on .  A pre fligh t h i s tory o f  the i nert i al components and the inflight 
accelerome ter b i as me asureme nts are gi ve n  in the following t able . 

Sample St andard 
Number 

Countdown Flight Flight 
Error of 

mean deviation samples 
value load average 

Accelerometers 
---

X - Scale factor error , ppm -681 5 4 -689 -700 

Bias , em/sec 
2 

+ 1 . 4 7  0 . 06 4 + 1 . 4  +1 . 49 +1 . 50 

,, - Scale factor error , ppm -1165 18 4 -1173 -1190 

Bias . em/sec 
2 

-1 . 42 0 . 065 4 -1 . 42 - l .  42 - 1 . 35 

z - Scale factor erro r ,  ppm -244 61 4 -292 -310 

Bias , em/sec 
2 

+1 . 56 0 . 017 4 +l . 57 +1 . 56 +1 . 52 

Gyroscopes 

X - Null bias drift ' mERU + 1 . 1 8  1 . 33 4 +0 . 2  +0 . 4 

Accelerat i on drift , spin refer-
er.ce. axis , mERU/g -0 .93 1 . 19 4 -2 . 6  - 1 . 0  

Acceleration drift , input axis , 
mERU/g -5 . 38 2 . 37 4 -5 . 5  -4 . 0  

y - Null b i as drift , mERU + 0 . 1 3  o .  30 4 0 . 0  + 0 . 1  

Acceleration drift , spin refer-
ence axis ,  mERU/g +5 .65 2 . 75 4 +6 . 4  +7 . 0  

Accelerat i on drift , input axis , 
mERU/g +6 . 35 1. 70 4 +7 . 8  +5 . 0  

z - Null b i as  drift , mERU - 1 . 10 1 . 0 1  4 - 1 . 8  -0 . 1  

Acceleration drift , spin refer-
ence axi s , mERU/g 0 . 2 8  o . 82 4 -0 . 5  0 . 0  

Acceleration dri:rt , input axis , 
mERU/g -2 . 53 1 . 0 1  4 -3 . 3  -2 . 0  
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6 . 4 . :5 Abort Gui dance Sys tem Per fo rmance 

Ab ort gui dan ce sys tem performan ce was nominal . No i ns trument cal i ­
b rat i ons o r  comp ens a;t i on updat e s  were p erforme d .  Uncomp ens at e d  accelerom­
ete r b i as e s  and gy ro dc-i ft s  remai ned withi n normal operat i ng limi ts even 
th ough h eat e r  p ower was remove d from t h e  abort s ens or as s emb ly for mos t 
o f  the flight t o  conse :c-ve e le ct ri cal pow e r .  At time s , the s e ns or package 
temperature was as low as 37° F .  

Ac ce lerome te r  ]) i a�l shi ft s  as soci at e d  wi th t he 3 0 - day and 3-day re­
quirements were we11 wi thi n speci fi c at i on . T ab .Le 6 . 4-II contai ns pre­
fligh t  calib rat i on h i s tories .for t he initi al components o.f t he ab ort 
guidance sys t em .  

'I ABLE 6.  4-II . - ABOHT GUIDANCE SYSTEM PHEINSTAL �AT ION CALIBHA'I'IOH DATA 

Accelerometer bias 
Sample Standard Humber fi nal ca.2_i-

me an ,  devi ation , of 'tration value , 
Flight load, 

"" "" s amples "" 
"" 

X J6 - 9  16 . 3  18 5 7 . 0  6o . o  

y - 32 . 6  10 .0 18 - 32  .o - 31 . 0  

z - 1 . 6  32 . 3  18 4o . (1 4 7 . 0  
--

Accelerometer scale fa.cto 
Jt andard Number Final ca.li-

J� devi at ion ,  of braticn value , 
Flight loa d ,  

ppm s amples ppm Ptm 
. 

X 15 . 0  18 206 266 
y I 16 . 0  1 8  -.i.�:22 -1249 

z I 14 . 0  18 -&lj -822 
-

Gyro scale factor 
Sample St andard Number Fi nal cali-

me81l , devi ation , of brat ion value , 
Plight load , 

PI'" ppm samples ppm ppm 

X 595 8 . 7 18 899 898 

y 

z I 86 3  12 . 9  1 8  870 870 

1495 9 . 5  18 1501 1502 

Gyro fixed drirt 
Sample St andard Number Final ca.li-

me an ,  deviation , of brat ion value , 
Fl ight load . 

d.eg/h r deg/hr samples deg /hr 
deg/hr 

X 0 . 02 0 . 08 1 8  0 . 11 0 . 06 

y -0 . 30 0 . 06 18 -0 . 29 -0 . 30 

z -0 . 5 8  0 .06 18 - 0 . 4 5  - 0 . 4 7  

Gyro spin axis mass 
Sample Standard Number Fina.l ca.li -

mean deviat i on ,  of brat ion value, 
Flight load , 

d.eg/hr deg/hr samples deg/hr 
deg/hr 

X 0 . 86  0 .10 18 0 . 90 0 . 89 
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6 . 5  REACTION CONTROL 

'l'he reaction control system was activated at about 58 hours . Total 
propellant c onsumpt ion >vas 467 pounds . 

About 6 minutes after activat i on ,  flight data showed a s i zeable de­
creas e ( approximately 22 ps i )  in the system-A propellant mani fold pres ­
s ures . This decrease continued for about 4 or 5 seconds an d  was acc om­
panied by an increase of 7 and 8 psi in the as cent propuls ion syst em fuel 
and oxidi zer mani fold pres s ures , respectively . These manifold pres sure 
changes indi cate a high flow rate from the reaction control system . This 
was veri fied by a decrease in the indicated g_uantity by ab out 15 pounds 
At this s ame time , the indi cat e d  pos it i on for the system-A as cent-feed 
interconnect valves was open . 

During passive thermal control modes , the cluster heaters were not 
us e d  and cluster temperatures range d from 55°  to 97° F .  

6 . 6 DESCENT PROPULSION 

With the exception of s upercriti c al helium system performance ,  de­
s cent propulsion system operat ion , including engine st art s and throttle 
response , was normal . 

The descent propul s i on system performed normally during the 34 . 3-
second midcourse c orrection to enter a free-return traj ectory .  This 
maneuver was begun at the minimum throttle pos ition ( 12 percent of full 
thrust ) ,  and after 5 seconds , the throttle position was manually increas ed 
to approximately 37 percent , which was maintained for the remainder of the 
firing . The transe arth inj ecti on m&�euver lasted 264 seconds . Approxi­
mately 1 5  seconds prior to engine shutdown , the pres s uri zat i on is olat i on 
s olenoid was closed to avoid a poss ible problem with propellant-t ank 
fracture mechani cs , and the maneuver was completed in the blowdown mode 
in whi ch res idual helium is the s ole pres sure s ource . The third system 
firing , a midcourse correction maneuver , was 1 3 . 7  seconds in durati on 
and was performe d in the blowdown mode at the minimum throttle pos ition .  
Upon completion o f  this third an d  final des c ent propuls ion operat i on ,  
more than half the initial propellant load remained . 

The s uperc rit i cal helium pressuri z at ion system displayed abnormal 
performance , beginning with preflight operat i ons . Prelaunch measurement s 
t aken during the count down demonstration test indicated a nominal ground 
pres sure rise rate of 7 . 8  psi /hr . However , other special tests were per­
formed at various conditions which gave s igni fi cantly higher rise rates . 
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The ave rage rise rate  from li ft-off to  the firs t des cent propuls ion ma­
neuve r was 7 . 0  ps i /h r .  Between t h e  fi rst an d  s ec ond firings , the ris e  
rate increas ed t o  10 . 5  psi /hr , and aft er th e s econd fi ring , the ris e  rate 
was 33 . 5  ps i /hr . This anomaly i s  further dis cus s ed i n  s e ction 14 . 2  . 1 .  

At ab out 109 hours when the heli um b ottle press ure had reach ed ap­
proximately 1937 ps i ,  the burst di aphragm rupture d and reli eve d the s uper­
critical system through a sp eci al non-propulsi ve vent . 'rhe pre di ct e d  
rupture range for this vehi cle was 1900 ± 2 0  ps i a .  During venting , un­
expect e d  mot ion was impart e d  to the s pacecraft which dis rupted the motion 
established for the pas s ive thermal control mode . The vent tube for the 
supercri ti cal helium t ank is port e d  on two s i de s  by diametri cally oppos ed 
oval-shaped hole s . It was origi nally beli eve d that the e s c aping gas wou1d 
exit thes e holes at 90 degre es to the tube axis s uch th at no n et thrus t is  
produced .  However , the pre s s ure distribut i on i n  the tube is  such th at the 
two gas plumes h ave an included angle less  than 180 degrees and probably 
closer to 90 degrees . There fore , the component o f  the gas flow along the 
axis of the vent tube produces a net thrus t in the oppos ite direct ion 
whi ch tends to induce a s light roll rat e  to the vehi cle . Since venting 
of the helium t ank would be c aus e for ab ort ing the mis s i on , the unwante d 
rolling mome nt ,  whi ch i s  quite small , would have no ultimate  effe ct on a 
nominal profile . 'I'herefore , the vent tube configuration for fut ure space­
craft wi ll not b e  change d to one having zero n et thrus t .  

6 .  7 ENVIRONMENT.AL CONTROL 

EnvironmentaJ_ control system performance •'as s atisfact ory during the 
abort phase of the mi E: s i on and provi de d a hab itable e nvironment for the 
crew for approximately 83 hours , near1y twi ce the time of a nominal flight . 
Only one anomaly , revers e OXYgen le akage through one of th e as cent s tage 
shut off valves , oec:urre d but did not compromis e  sys tem performance . .All 
erew provis i ons performe d as i ntende d  except for cracking of a wi ndow 
shade , discus s ed i n  1� . 2 .  5 .  

An indi c at e d  tot al o f  approximately 290 pounds o f  water was us e d  
from the lunar module t anks b etween act ivati on of the sub 1imator and 
undocking , and an indi c at e d  tot al o f  about 50 pounds of water remained.  
Most o f  the water us ed for drinking and food preparat i on was obtai ned 
from the command module pot ab le wat e r  t ank b e fore 124 hours , and drink­
ing water was sub sequently use d  from the lunar module t anks . Ave rage 
water us age rat e s  vari ed b etwe en 2 . 6 and 6 . 3  lb/hr . 
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'l'ot al oxygen us age from the three lunar module oxyge n t anks was 
20 . 3  pounds over an 82 -h our peri od ,  for an average us age rate of 0 . 2 5  lb / 
h r .  Oxygen remai ning i n  the t anks at undocki ng was 33 . 5  pounds . During 
translunar coas t , lunar module cabin leak age was ab out O . Ol4 lb /hr , as sum­
ing an ave rage cabin pressure of 4 . 5  ps i a .  Command module cabin leakage 
'tTas estimated t o  have b een ab out 0 . 027 lb /hr .  These values  i ndi cat e  an 
ave rage me tabol i c  consumption rate throughout the flight of  approximately 
0 . 21 lb /hr . 

The ins talled primary li thium hydroxi de cartri dge was us e d  for ap­
proximately 27 hours ( 82 man-hours ) following act i vat i on of the lunar 
module at ab out 5 8  h ours . The se condary cartri dge was s elect ed at about 
85 l/2 hours . During operat i on of the lunar mo dule carb on di oxide removal 
system , the level was permi tt e d  t o  i ncre as e  to an i ndi cated 14 . 9  mm Hg . 
The primary cart ri dge i s  nominally rated for a us age capacity of  41 man­
hours at 520  Btu/man-hour . The se condary cartridge , nomi nally rated for 
about 17 . 9  man-hours , was used for 8 l/2 h ours ( 2 5  l/ 2 man-hours ) .  This 
cartri dge i s  i denti cal to that us ed in the port ab le li fe s upport system . 
A se cond primary cart ri dge was installed and us ed for approximately 
6 minute s ,  but for the remai nder of  the mis s i on ,  command module lithium 
hydroxide cart ri dges were op erated i n  a special arrangement . One s i de 
of each of  two command module cart ri dge s was covered and seale d with a 
plas ti c  bag normally use d  to s tore a liqui d-cooling garment . As shown 
in fi gure 6 .  7-l , one corner of the bag was s eale d to the i nlet of the 
s uit  circuit hose . The cabin atmosphere then returned to the lunar mod­
ule sui t  circuit through these s upplemental cart ridges by way of the two 
outlet hoses . The mas s flow through this arrangement was partially re­
s tri ct ed  with t ape  to properly load the s uit-circui t compress ors . After 
approximately 20 h ours of operat i on with two command module cart ri dges , 
an addi tional unit was stacked on each original cartri dge to improve the 
carbon dioxi de removal capability . With this supplemental configuration ,  
wh en only comman d module cartri dge s were being us e d ,  the indi cat ed carb on 
di oxide leve l  was maintained between 0 . 1 and 1 . 8  mm Hg . The supplemental 
removal configurat i on us i ng the command module li thium hy droxide cartri dges 
was as s emb le d an d  teste d on the ground during the flight prior to its 
actual us e in the space craft . 

Low cab in temperat ure , re sult ing from a gre atly reduced thermal load­
i ng from powere d down e lect ri cal equipment , was uncomfort able to the crew 
during the return fligh t . For mos t of this time , power levels were main­
tained between 350 and 400 wat ts . Environme ntal equipment operat i on ,  
howeve r ,  was normal for this thermal loadi ng , with temperatures of  the 
wate r/gly col co olant at the s ub limator i nlet of approximat ely 46° F .  
Cab i n  temperatures were typically between 54° and 60° F ,  an d sui t  inlet 
temperatures were maintai ned between 40° and 41° F during th is port i on 
o f  the fligh t.  
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The only anomaly obs erve d i n  the environmental control system was 
a revers e leakage f'rom the oxygen manif'old through the shutof'f' valve into 
the as cent oxygen t ank 2 .  Following the use o f'  oxygen from the t ank on 
two occasions , t ank pressure was permitt ed to incre as e  to the regulat ed 
manif'old pressure , w'here it remai ned f'or the durati on of' the f'ligh t .  
The maximum leakage rate through the valve was approximately 0 .  22 lb /hr . 
Both the speci fi cat i on le akage rate an d  the pre flight test leakage rate 
were 0 .  001 lb/hr . �'he le aking valve would have presented a problem if 
this as cent oxygen t ank had developed an ext ernal leak . Further informa­
t i on regarding this anomaly i s  contained i n  s e ct ion 14 . 2 . 4 .  

NASA-5-70-5826 
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Figure 6 .  7-1. -· Supplement al carbon dioxide removal system. 
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NASA-S-70-5827 

Figure 6 . 7-1 . - Supplement al carbon dioxide removal system.  

In usi ng the lunar module wat er gun to dampen a towel ,  a pi ece of 
towel mate ri al most likely b ecame caught in the gun nozzle when the actu­
at ing trigge r was released, resulting in water leakage from the nozzle . 
The lunar module water gun was returned to earth and during pos tflight 
testing was found to be operat ing properly . Pos t flight testing also 
showed that reactuation of the valve can flush any towel materi al from 
the gun . The command module water gun was s atis factorily used for the 
remainder of the mis s i on .  
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7 . 0  MISSION CONSUMABLES 

Consumab les from the command and s ervi ce modules were us ed normally 
during the 56 hours prior to the inci dent , at a modi fi ed us age s ch edule 
for 2 hours af't er the incident , and af't er command module act i vati on j ust  
prior to entry . The lunar module us ages occurred i n  the period following 
power-up until the two space craft were undocked . 

7 . 1  COMMAND AND SERVICE MODULES 

Consumable us age s for the command and s erv.L ce modules prior to the 
inci dent were nomi nal .  Following the incident and the attendant shut­
down of command module power , the only consumables us ed prior to entry 
were drinking water an d  surge -tank oxyge n ,  requLred to pressuri ze the 
potable water t ank . S:[lecifi c  consumab le us ages for appropri ate systems 
are presented in  the following paragraphs . 

7 . 1 . 1  Service Propuls ion Propellants 

The service propulsion system was us ed on�� for the first mi dcourse 
correcti on .  The prop ellant lo adings listed in  the following t able were 
calculated from gaging system readings and me asured densities prior to 
lif't-off. 

Loaded 
In tanks 
In lines 

Total 

Consume d 

e Remaining at t im 
of inci de nt 

Fue l ,  lb 

15 606 
79 

15 685 

92 . 3  

15 592 . 7  

Oxi di zer ,  lb Total 

24 960 
124 

----

2 5  084 40 769 

_14 7 2 39 . 3  

2 4  937 40 529.7 
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7 . 1 . 2  Reaction Control Propellants 

Servi ce module . - At the time the system was powere d down , reaction 
control system propellant us age was 108 pounds higher than predi ct ed .  
The higher us age i s  att ributed to the i nc reas ed thruster activity requir­
ed to null the e ffe cts of propulsive venting from both oxygen t anks dur­
ing the incident . The us age s  liste d  i n  the following t ab le were calcu­
lated from telemetered helium t ank pressure dat a  usi ng the relationship 
between pressure , volume , and temperature . 

Fuel ,  lb Oxidi zer ,  lb Total 

Loaded 
Quad A llO . 4  225 . 6  336 . 0  
Quad B 1 09 . 5 225 . 5  335 .0  
Quad C llO .l 225 . 4  335 . 5  
Quad D llO .1  226 . 2  336 . 3  

440 .1 902 . 7  1 342 . 8  

Consume d 2 86*  

Remaining at time 
of system shut down 1056 . 8  

*Pre flight planned us age was 178 pounds . 

Command module . - Command module re action control system propellant 
usage s  cannot be ac curately as s es s ed , since telemetry data were not avail­
able duri ng entry . Until the t ime of communicat ions blackout , approxi­
mat ely 12 pounds of propellant h ad been us ed. For a normal entry , this 
value would be considered high ; however , the system was activated longer 
than normal and was used duri ng s eparat i on from the lunar module . 

Loaded quanti ti es , lb 

System l System 2 

Fuel 44 . 2  44 . 6  
Oxi di zer 77 . 8  78 . 5  

Tot als 122 . o  123 . 1 
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7.1.3 Cryoge nic Fluids 

Cryogenic oxygen and hydroge n u s ages were nomi nal unti l the t ime 
of the inc i dent . The pres sure decay i n  oxygen t ank 2 was essenti ally 
instantaneous , whi le oxygen tank 1 was not de pleted until approximat ely 
2 h ours following the i ncident . Us age s li sted i n  the following t ab le 
are b ased on an analysis of the electri cal power produ ced by t he fuel 
cells .  

Hydroge n ,  lb Oxyge n ,  lb 

Avai lab le at lift-off 
Tank 1 29.0 326.8 
Tank 2 29.2 327.2 

Totals 58.2 654.0 

Consume d 
Tank 1 7.1 71.8 
Tank 2 � 85 .2 

Totals 14.0 157.0 

Remai ning at the t ime 
of the i nci dent 

Tank 1 21.9 255 . o 
Tank 2 22.3 242.0 

Tot als 44.2 497.0 

7 .1.4 Oxygen 

Following the i nc i dent and los s  of pre s sure in  t ank 1, the tot al 
oxygen supply consisted of  3.77 pounds i n  the surge t ank and 1 pound in  
each of  the thre e repressuri zat i on bottles . Ab out 0.6 pound of  the oxy­
ge n from the surge t ank was u s ed during pot ab le water tank pressu riza­
t ions an d  to act ivat e the oxygen system prior to  entry . An addit ion al 
0.3 pound was u s e d  for breathing duri ng entry . 

7.1.5 Water 

At the time o f  the i ncident , about 3 8  pounds o f  water was available 
in  the potable water tank . Duri ng the abort phas e ,  the crew u s ed j u i ce 
bags to t rans fer approximately 14 pounds o f  wat e r  from t he command module 
to the lunar module for drinking and food preparat i on .  
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7 . 1 . 6 Batte ries 

The command module was completely powere d down at 58 h ours 40 mi nutes , 
at whi ch time 99  ampere-hours remai ned i n  the three entry b atteries . By 
charging the b att e ri es with lunar module power , avai lab le battery capacity 
was increased to 118 ampere -hours . Figure 7 . 1-l depi cts the battery energy 
avai lab le an d use d  during entry . At l anding, 29 ampere -hours of energy 
remai ne d.  
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Following lunar module power-up , oxyge n ,  wat e r ,  an d battery power 
were consumed at the lowest practi cal rate to i ncre as e the durat i on of 
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space craft s upport from a nominal. 44 hours to a requi re d  83 hours plus 
margins . In addi ti on ,  the de s ce nt propuls i on and re act i on control sys­
tems were us ed to e ffect all required t rans lation and att itude maneuvers 
following the i nc i dent . 

7 . 2 .1 Des ce nt Propuls i on Propellru1ts 

The loaded quanti ti e:;; of de s cent propuls i on system propellants shown 
in the following t ab le were calculated from quanti ty readi ngs i n  the 
spacecraft and me as ure d de nsi ti es prior to li ft -off. 

Fue l ,  lb Oxi di ze r ,  lb Tot al. 

Loade d 70 83 . 6  ll 35 0 . 9  18 434 . 5  

Consumed 3225 . 5  5 ll 7 . 4 8 342 . 9  

Remaining at undoc king 385 8 . 1  6 2 33 . 5  10 091 . 6  

7 . 2 . 2 React i on Control Propell ants 

The re act i on control system propellant consumption , shown in the 
followi ng tab le , was calculat e d  from telemetere d heli um t ank dat a us i ng 
the relat i ons hip between pre ss ure , volume , and temperat ure. 

Loade d 
System A 

· System B 

Tot al 

Consumed 
System A 
System B 

Total 

Remaining at undo 
System A 
System B 

Tot al. 

:Fue l ,  lb 

107 . 7 
107 . 7  

eking 

Oxidi zer , lb Total 

20 8 . 8  316 . 5  
208 . 8  316 . 5  

6 33 . 0  

220 
247 

46 7 

. 

96 . 5  
69 . 5  

166 
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7 . 2 . 3  Oxygen 

Actual oxygen us age clos ely followed predi cte d  rat es from the t ime 
of lunar module power-up until undocking , at which time approximately 
32 pounds of oxygen remained. The value s in the following t able are 
based on telemetere d  dat a .  

Loade d ;  lb Consume d ,  lb Remai ning after 
undocking , lb 

Des cent s tage 49 . 3  21. 9  2 7 . 4 

Ascent s tage 
Tank 1 2 . 3  2 . 3  
Tank 2 2 .4 

--

a
2 .  7 

Tot al 54 . 0  21 . 9  32 . 4  

aThe shutoff valve in as cent stage t ank 2 had revers e leakage ( di s ­
cus sed i n  section 14 . 2 . 4 ) .  

7 . 2 . 4 Water 

During the abort phase , lunar module water, which is used primarily 
to cool the cabin m1 d onboard equi pment , was the most restri ctive cons um­
ab le . As a re sult , ext reme me as ures were taken to shut down all nones ­
sential equi pment in order to provi de the maximum margin pos sible . At 
launch , the tot al loade d water available for i nflight us e was 338 pounds . 
At the t ime of undocking , approximately 50 pounds of water remained and , 
at the reduce d power condition , would have provided an additi onal 18 hours 
of cooling . The actual water us age from the t ime of initial power-up to 
undocking is  shown in figure 7 . 2-1. 

7 .  2 .  5 Batteries 

At the time of power up , 2179 ampere-hours of electri cal energy was 
available from the four des cent- and two as cent-stage batteries . As in­
dicated in figure 7 . 2-2 , initi al consumpti on was at a current of 30 amperes 
until the second des cent propulsion system firing , after which the vehi cle 
was powered down to a 12-ampere load. At approximat ely 112 hours , power 
was provi ded to charge the command module entry b atteri es at a rat e of 
about 7 ampere s for approximately 15 hours . The command module was als o 
powered from the lunar module at an 11-ampere rat e  for a brief period to 
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operate the re action control heaters and telemetry equipment . The es ti­
mated total energy t rans fe rred to the command module was approximat ely 
129 ampere hours . A total of 410 ampere hours remained in the lunar mod­
ule batteries at 1�he time of undo cking . 
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8 . 0  PII.DTS ' REPORT 

8 . 1  TRAINING 

Crew training for Apollo 13  commenced on Augus t 1 ,  1969 . The crew 
was b as ed in Houston until December 1 ,  1969 , when operat i ons were trans­
ferred to the launch s :L te . for final training . 'rhe training time was ade­
quate to me et the planned launch date of Apri l U ,  1970 ,  and all t raining 
obj ect ives were me t .  'rhe only di ffi culty in coordinating the training 
activities was the :3cheduling of the lunar landlng training vehicle for 
the Commander .  The late avai lab ility of this vehicle , the large amount 
of time require d for this type of t raining , and the need to travel be­
tween Houston and Cape Kennedy complicated the training s chedule s igni f­
icantly . Becaus e a primary obj e ctive was a fi eld geology experiment as 
part of the second ext ravehicular excurs ion ,  consi derable emphas is was 
placed on geology training . A we ek-long geology field trip to train the 
crew as "observers " wa.s completed early in the training cycle . Later 
field trips emph as i zed practical geologi cal procedures and timelines . 
Ex:tensi ve use of fi eld radios , extravehicular equipment , and assis tance 
from mi ssion control during these fi eld t rips made th e t raining more 
e ffecti ve . 

' 

Seve ral deys prior to launch , the b ackup Lun ar Module Pilot became 
s ick with me as les . Examinat i ons of the prime crew indi cated that the 
Command Module Pilot was not immune to the dise as e ;  therefore , the b ackup 
Command Module Pilot was substituted.  The last 2 deys prior to flight 
were devoted to integrated training among the three crew members , i nclud­
ing the new Command Module Pilot . Flight results indi cate that the last 
minute change of Command Module Pilots was practi cal and presented no 
training defi cienci es , including readi ness for the abort conditi on that 
occurre d. 

8 .  2 PRELAUNCH PREPARATION 

The prelaunch timeli ne was s atis factory , and adequate time was 
allotted for sui ting and as soci at e d  activiti es to meet the ingress  t ime . 
The final count was smooth and communicat i ons with t he Test  Conductor and 
the Mi ssion Control Center were adequat e . Afte r  the fuel cell sele ctor 
knob was rot ated and had been in the new positi on for a short time , the 
fuel cell flow indicators would alternately ris e  s everal s c ale marks and 
then return to normal momentarily before cycling again . Since this e f­
fect was observe d  for all thre e fuel cells , the pos sibili ty of a s ensor 
anomaly was dismissed. With the crew fully strapped down , s ome difficulty 
was encountere d  in removing the helmet protective covers j us t  prior t o  
egress of  the clos eout pers onnel . 
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8 . 3  LAUNCH 

Ignition and li ft -off o c curre d on s chedule . A l i s ti ng of maj or 
flight p lan events as they occurred is  contai ned in figure 8-l . Firs t­
st age performance was n ominal and coi nci de d  very clos ely with simulat i ons . 
Communicat i ons duri ng the high noi s e  level phas e of fli ght were excellent . 
Staging of the S-IC oc curre d n early on t ime and was accompanied by three 
di sti nct longitudinal os ci llati ons . S-I I igniti on and thrus ting was 
smooth unti l  ab out 00 : 0 5 : 32 ,  when a sudden bui ldup in vibrat i on was felt, 
followed by illuminat i on of the numb er 5 engine out li gh t .  The Mis si on 
Cont rol Center confirme d that engine 5 h ad shut down approximately 2 min­
ute s  early . S-I I  performance after that t ime was smooth with no not i ce­
able abnormalities . S-II s t aging and S-IVB ign iti on occurre d late, at 
9 minutes 5 7  s e con ds . S -IVB performance was nomi nal but s e eme d t o  be 
accompanied by more vibrat i on than was not e d  duri ng Apollo 8. [The 
Apollo 13 Commander had be en the Command Module Pilot for Apollo 8 ] . All 
three crewmen not e d  the small change in acce lerati on caus ed by the mixture 
rat i o  shi ft s  during 8-II and 8-IVB fligh t .  S -IVB engine cut o ff oc curre d 
at 0 0 : 12 : 30, with the space craft guidance system regi steri ng the follow­
ing i ns ert i on parameters : velocity 2 5  5 6 5 ft /s ec, apoge e  102 . 6  mi les ,  
and perigee 100 . 1  mi le s . 

8 . 4  EARTH ORBIT 

The ins ert i on checkli st was complete d  and di s clos e d  no systems 
abnormalities . The optics dus t covers di d not j etti s on when the shaft 
was driven 90 degre es ( checkli st was i n  error ) .  Howeve r, the star align­
ment program was s e lect e d  in the computer and the dus t cove rs j ett is oned 
when the optics were being driven to the fi rs t s t ar ; a shi ft of approxi­
mat ely 150 degre es . The obj e ct i ve of televi s i on in e arth orb it was to 
show the Gulf Coast line, but this ob j ect i ve could not be achieve d  because 
of c loud cove r .  Televi s i on preparat i on was very e as i ly handled within 
th e nominal timeline . 

8 .  5 TRAN8LUNAR I NJECTION 

Nomi nal firs t-opportunity t rans lunar inject i on procedure s were us e d  
and are s at i s  factory . Bas ed o n  8-IVB orbit attitude hol d, the ground 
controllers up dat e d  the spacecraft at titude indi cators from 18 to 20 de ­
grees . Thi s  updat e  was s at i s factory and result e d  i n  an essenti ally zero 
theta angle in the orbital rate display duri ng th e 8-IVB t rans lunar in­
ject i on .  8 -IVB vibrat i on was gre at e r  during t rans lunar i nj ect i on th an 
that experi enced during Apollo 8 .  Thes e vibrat i ons had high -fre que ncy, 
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low-magnitude charact e ristics but pre s ented no problems for monitoring 
of the inject i on man euver .  At cutoff , the comput;er-di spleyed inert i al 
velocity was 35 5 60 ft / s ec , and the entry monitor sys tem accelerometer 
confirmed the maneuve r to be within 3 ft / s ec of the des i red value . 

8 . 6  TRANSPOSITION AND DOCKING 

Following s eparat i on an d  trans lat i on ,  a manual pitch maneuver of 
1 . 5  deg/s ec was executed .  Computer control was reselected ,  and a trans­
l ation was initiated to give a small clos ing velo ci ty . A digital auto­
pilot maneuver was executed to align the respect:i ve roll atti tudes . 
Maximum spacecraft s eparat i on was approximately 8o fe et . At th e final 
att i tude , the image i n  the crewman opti cal alignment sight was almos t 
completely washed out by the sun re fle ction from the lunar module until 
the vehi cles were separat e d  by 6 feet or les s .  Contact was made at ap­
proximately 0 . 2  ft / s ec with a sli gh t  roll mi s alignme nt . Subs equent tun­
nel inspection revealed a roll index angle of minus 2 . 0  degre es . The 
handles on lat ches 1 and 4 were not locked and were recocked and releas e d  
manually . Space craft e ject i on w as  normal . Total react i on control fuel 
us ed for t ransposition ,  docking , and extract i on was reported as 5 5  pounds . 

8 . 7  TRANSLUNAR FLI GHT 

8 . 7 . 1  Coas t  Phas e  Activities 

Following trans lunar inject i on , e arth weather photography was con­
duct ed for approximat ely 6 hours . 

The firs t peri od of trans lunar navigat i on ( Program 2 3 )  at 6 h ours 
was done to es tablish the apparent horizon at titude for opti cal marks 
in the computer. S ome manual maneuvering was re qui re d  to achi eve a 
parallel reticle pattern at the point of hori zon·-star superposition . 
The s e cond peri od of navigat i on meas urements was less di ffi cult , and 
both peri ods were ac complished within the time line and re act i on cont rol 
fuel budget . 

The pas sive thermal control mode was initi at e d  with the digit al 
autopilot . A roll rat e of 0 . 3  de g/ s e c  was us ed 1.-ith the pos itive longi ­
tudinal space craft axis pointed toward eclipti c north pole . An incorrect 
entry procedure was us ed on one attempt and rei niti ali zat i on of pas sive 
thermal control was :require d. Afte r  proper ini t:i ali zat i on ,  all thrus ters 
were dis abled and the space craft maint ained an attitude for thermal pro­
tect i on for long peri ods without approaching gimbal lock . Plat form 
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alignments (Program 5 2 )  with pas sive thermal control mode rates of 
0 . 3  deg/sec were s atis factory in the optics res olve mode at medium speed . 

At ab out 47 hours the oxygen t ank 2 quanti ty sens or fai le d full 
scale high , a condi tion whi ch was confirme d by the ground. 

8 . 7 . 2  First Midcours e Corre cti on 

The first midcourse correction maneuver ,  performed at the se cond 
opt ion point , was completely nominal . The s ervi ce propulsion engine was 
started and stopped on time , and resi duals were negligible . In conjunc­
tion with this s ervi ce propulsion maneuver ,  s ome di ffere nces were noted 
with respect to the command module simulator.  When gimb al motors were 
turned on , an 8- to 10-ampere increase was noted ,  with a s lightly faster 
jump than had been seen in the simulator.  The maj or dis tinction was the 
fact that fuel cell flowrate indi cations are b arely s een to move , whereas 
there is a very noticeab le change in the simulator . At engine igniti on , 
the ball valve i ndicators move d slowly to open , but in the s imulator , 
they instantaneous ly move to open . After turning off the batt ery bus 
t i es , the battery voltage s lowly rose from 32 volts to the open circuit 
voltage of about 37 volts , whereas in the simulator there is an instantan­
eous recove ry .  

The television presentati on during the midcours e correction maneuver ,  
as well as during transposi ti on and docking , interfered with normal oper­
ational functions to a degre e not se en in training . The lunar module 
pilot was force d to spend full time adj us ting , pointing , and narrating 
the television broadcas t .  A sugges te d  alt ernative for telecasting during 
dynami c events is to have the ground do all commentary . Crew-designated 
television can be conveni ently performed during a lull period when full 
attention c an be given to pres entat i on re quirements . 

8 . 7 . 3  Cryogenic Oxygen Tank Incident 

At approximat ely 5 5  hours 54 minutes , a loud noise was heard when 
the Command Module Pilot was in the left seat ,  the Commander in the lower 
equipment bay , and the Lunar Module Pilot in the tunnel . The noise  was 
comparable to that noted in exerci sing the lunar module repressuri zati on 
valve . The Command Module Pi lot and Lunar Module Pilot als o  reported a 
minor vibration or t remor in the space craft . 

Approximately 2 seconds lat er ,  the Command Module Pilot report ed a 
master alarm and a main-bus -B undervoltage ligh t .  Voltage readouts from 
main bus B ,  fuel cell 3 current , and reactant flows were normal , and it 
was concluded a t ransient had occurred .  The Command Module Pi lot then 
initi ated e fforts to install the tunnel hat ch . 
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The Lunar Module Pilot proceeded to the right seat and found the 
ac-b us -2 and ac-bus-2-overload warning lights on , with main bus B volt­
age , fuel-cell-3 current , and fuel-cell-3 reactant flow indi cations off­
s c ale low . Inverter 2 was then remove d from mai n bus B .  

On switching ac electri cal loads to ac bus 1 ,  the main bus A under­
voltage light illuminated,  with a corresponding re ading of 25 . 5  volts . 
A check of the fu.el cells revealed fuel cell 1 re actant flow to be zero . 
At all times , fuel cells 1 and 2 were tied to main bus A and fuel cell 3 
to main bus B ,  with the proper grey flags di splayed. 

Efforts to install the tunnel hat ch were terminat ed when the Com­
mander observe d venting of materi al  from the servi ce module are a.  He 
then reported the oxygen tank 2 pressure was zero and ozygen tank l pres­
sure was decreasing . Thi s information pinpointed the problem s ource to 
within the comman d and servi ce modules . 

At ground request , fuel cells l and 3 regulator pressures were read 
from the systems test meter ,  confirming the los s ·  of thes e fuel cells . 
AC bus 2 was ti ed. to inverter l ,  and the emergency power-down procedure 
was initiated to reduce the current flow to 10 amperes . At ground re­
quest , fuel cell l and, shortly thereafter , fuel cell 3 were shutdown in 
an attempt to stop the de creas e in oxygen tank l pressure . 

Lunar module powerup was handled quite e ffici ently by identi fying 
selected segments of an existing procedure , the "Lunar Module Systems 
Activation Checklist . "  However , the crew had to delete the very high 
frequency porti on of the communications acti va:tion . This procedure als o 
as sumed suited operations , s o  the crew had to turn on suit flow valves 
and unstow hos es to estab lish air flow . This extended power-up blended 
well with the prepa:rat i on for the subsequent midcours e maneuver to enter 
a free return traj e ctory .  A similar re al-time update to  the 2-hour acti­
vation section of the "Luna:r Module Contingency Che cklist" was also quite 
adequate . Lunar module activation was complet•:d at the time fuel cell 2 
reactant flow went to zero becaus e  of oxygen d•:pletion . The command and 
servi ce modules were then powered down complet•:ly according to a ground­
generated procedure . To form a starting b as eline for subsequent proce­
dure s ,  each switch and circuit breaker in the command module was posi­
tioned accordi ng to ground instructi ons . 

Pot able water was obtained by periodi cally pressur� z�ng the potable 
tank with surge -tank o:xygen and withdrawing pot able water until the pres­
sures equali zed .  'I'hi :3 method provided potable wat er for crew use until 
24 hours prior to entry , at which time wat er could not be withdrawn from 
the potable t ank and it appeared to be exhauste d  [ secti on 5 . 8 ] . 
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The hat ch ,  probe , and drogue were s ecured in the couches by lap belt 
and shoulder harness restraints to prevent movement during subsequent 
maneuvers . 

8. 7 . 4  Mi dcours e Corre cti on  to a Free Return 

A des cent propulsion system man euver to ree st ablish a free-return 
trajectory was planned for 61-l/2 h ours us ing primary gui dance . The 
docke d configurat i on was maneuvered manually to null out gui dance system 
error needles us ing the thrus t/trans lation controller as s embly for roll 
and pitch control and the at titude controller as semb ly for yaw control . 
It was not diffi cult to control the docked configurat ion in this manner . 
There was , howeve r ,  s ome concern as to the e ffect the us e  of the thrus t /  
translat i on controller as sembly would have o n  the traj ectory . Aft er the 
error needles were nulled ,  attitude was mai ntained us ing primary gui dance 
with at titude control in "Auto . "  

Primary gui dance system performance was nominal during the midcours e 
maneuver to a fre e re turn . There were no vehi cle at ti tude excurs i ons , 
and the firing time was as pre di cted.  The ab ort gui dance system was not 
powere d up for thi s maneuve r .  

Aft er the fre e-return mi dcours e corre ct i on ,  the spacecraft w as  ma­
ne uve red manually t6 the pas s ive thermal control mode attitudes . The 
passive thermal control mode te chniques cons isted of maneuvering in the 
pulse mode 90 degre es in yaw on ce e ach hour using the puls e mode . To 
cons erve power , the attitude indi cators were turned off after the initi al 
pas sive thermal control mode was s tarted , and attitude monitoring was ac­
complished by ob serving gimb al angle re adout s from the displalf keyboard . 

To conserve react i on control fuel when h olding an at titude , a wi de 
deadband was established us ing primary guidance . Be caus e the platform 
was not aligned with a pas sive thermal control mode reference matrix , 
yawing the vehi cle e ach hour resulted in inner and middle gimbal angle 
deviat i ons . The crew could not determine any standard procedure t o  keep 
the mi ddle angle constant during the maneuver .  As the space craft maneu­
ve red from one quadrant to the next , the s ame thrus t/trans lation control­
ler as s embly input would res ult in a di fferent effect in controlling the 
mi ddle gimbal angle . 

8 .  7 .  5 Plat form Alignment 

To as s ure the alignment accuracy of the lunar module platform for 
the trans earth inj e ct i on maneuve r ,  a check was made at 74 h ours ut ilizing 
the sun for reference . The me thod involve d a platform alignment program 
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( P52 , option 3 ) , loading the sun ve ctors , and utili zing an automat ic  atti­
tude maneuver. '11le null point was approximately one-half a sun di ameter 
to the right of the sun ' s  edge . A two-di ameter offs et was allowable , s o  
the platform w as  considere d  acceptable .  

Initial outs ide observations through the lunar module windows indi­
cated that normal. platform alignments using a star reference would be ex­
tremely diffi cult because of the large amount o f  debri s in the vi cinity 
of the spacecraft . '11lis debris apparently originat ed duri ng the t ank 
inci dent . A sub sequent observation when the spacecraf't was in the moon ' s  
shadow indi cated that an alignment at that time would have been feasible 
becaus e  of the improved visual contrast .  Crew training for sun/earth and 
s un/moon alignments in the s imulators should be emphas i ze d  to handle con­
t ingencies such a.s occurred during Apollo 13. 

8 . 8  TRANSEARTH INJECTION 

Maneuvering to the proper at titude for trans earth inj ection was done 
manually with the thrus t/translation controller as s embly and attitude 
controller assenib ly  while tracking primary guidance error needles . The 
error needles were nulle d ,  and the spacecraft was then placed in the pri­
mary guidance automati c  control mode to maintain attitude . 

Guidance system performance was again nominal and there were no s ig­
nificant att itude excursi ons . The throttle profile was s tarted in the 
idle pos ition ,  then move d to 4o percent for 21 s econds , and finally to 
full throttle for the remainder of the firing . The maneuver residuals 
were 0 . 2 ,  0 . 0 ,  and 0 . 3  ft/sec in the X ,  Y ,  and Z axes , respectively . The 
abort guidance system was powere d up and was us ed to monitor both att itude 
and velocity chan.ge and agreed with primary system readouts throughout the 
maneuver. 

8 . 9 TRANSEARTH COAST 

8 . 9 . 1  Coast Phase Activities 

To establi sh a pass ive thermal control mode duri ng initial trans earth 
coast , the space craf't was manually maneuvered ·to the initi al attitude by 
nulling out the attitude error needles . In this position , spacecraft . 
rates were monitored by the ground. When rates were s uffi ciently dwnpe d ,  
21 yaw-right pulse inputs were made t o  establish a vehicle rolling motion . 
The resulting maneuver place d the apparent moon and earth motion hori zon­
t al  with respect to the lunar module windows . 
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After the pas s ive thermal control mode was e s tablished, the lunar 
module was powere d down acco rdi ng to the conti ngency ch ecklist for an 
emergency power-down . Minor modi fi c ations were made to this procedure 
to account for pas sive th ermal control mode operat i on . The space craft 
funct i ons remaining were low-bit-rat e  telemetry , S-band tracking an d  
voi ce ,  caut ion an d  warning sensing , cabin repre s s uri zat i on capabili ty , 
an d  the operat i on o f  the glycol pumps and sui t  fans . 

A s eri es of master alarms an d  battery caution lights was noted and 
i s olat e d  to des cent-stage battery 2 .  In vi ew of the equal distribution 
of the 12 amperes being s upplied by all batt eri es in the p owered down 
mode , reverse current was ruled out , an d  becaus e  of the low current load , 
overtemp erature was als o rule d out . There fore , the problem was attribut ed 
to a sensor ( dis cus sed in s e ction 14 . 2 . 3 ) . To prevent re curring alarms , 
the mas ter alarm circUit breaker was opened. 

Aft er the firs t de scent propuls ion man euve r ,  the ground provi ded a 
work/rest s chedule whi ch kept either the Commander or the Lunar Module 
Pilot on wat ch at all times . This s chedule was followed at first with 
the command module being ut i li ze d  as a s le epi ng are a .  However , after 
lunar module power-down , the comman d module cabin temperature de creas e d  
t o  the point that i t  was unacceptable for us e as a re st station . There­
aft e r ,  all three crew memb ers remained in the lunar module and any s leep 
was in the form of short naps . The lunar module als o coole d down t o  an 
extent where s le ep was not poss ible for approximately the las t 16 hours . 

The p otab le water available was us ed s ole ly for dri nking and re­
hydrat ing j ui ces . No water was expende d in rehydrat ab le foods , since 
there was an ample supply of both prepare d wetpacks and nonrehydratable 
foods (bre ads , b rownies , food cub es , e t c . ) .  

It became apparent that there were ins uffi ci ent lithium hydroxi de 
cartridges in the lunar module to s upport the abort mi s sion , even with 
allowab le · carbon di oxide levels extended to a parti al pre s s ure o f  15 mm 
Hg . With ground i nstructi ons , a system was cons truct ed which att ached 
a command module lithium hydroxi de cartridge to e ach of two lunar module 
suit hos e s . The Commande r ' s  remai ning hos e was placed i n  the tunnel area 
to provide fre sh o:xygen to the command module , while the Lunar Module 
Pilot ' s  remai ning hose was pos itioned in the lunar module environmental 
control are a. At a lat e r  time , a s e cond cartridge was added in s eries 
to the cart ridges initi ally installed , as shown in fi gure 6 . 7-l . In each 
case , the drop in carbon di oxi de levels reported by the ground showed 
s atisfactory operat i on of this improvi sed carb on di oxi de removal system. 

Earlier , at approximately 73 hours , the command module windows had 
b ecome nearly opaque with water droplets . Thi s  mois ture contamination 
continue d to incre as e ,  and at approximately 110 hours a thin wafer film 
appeared on th e interior command module structure its el f ,  as well as on 
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the lnnar module windows . Despite this condensat i on becaus e of the re­
duced cabin temperature , at no time did the humi dity reach levels whi ch 
were uncomfortable to  the crew. The mois ture on the lunar module windows 
dis appeared s hortly af't er power-up at approximat ely 135 hours . The con­
densat i on generally dis appeared after parachut e deployment , although the 
structure remained cold even after landing . 

After the command module auxi li ary urine dump , us ed through the s i de 
hat ch ,  was exe rcised ,  the crew was requested by the gronnd to i nhibit all 
further overb oard d��s s o  as not to i nterfere with navigation s ighti ngs . 
Thi s  s ingle dump was noted to seri ous ly degrade vi sibili ty through the 
command module hatch window . Since this restri ction was never retracted , 
all subsequent uri ne collecti ons were stowed o:nboard . The containers 
ut ili zed for urine collections were the six lunar module urine trans fer 
bags , three comman d module backup was te bags , the condens at e  contai ner , 
two water colle cti on bags for the portable li fe support system , and three 
urine collect i on devi ces . The command module was te s towage compartment 
appeared to be  full with only seven fe cal bags s towed in this area . Add­
ing t o  the waste s towage problem was the stiffn es s  of the outer fecal 
bags . 

At approximately 105 hours , the crew performed a manual des cent 
propulsi on maneuve r to improve the e ntry angle . Since the primary gui d­
ance and navigat i on system was powered down , alignment was accompli shed 
manually . The space craft was maneuvered to place the cusps of the e arth ' s  
terminator on the Y-aids reti cle  o f  the crewmen optic al alignment s ight . 
The illuminat e d  port i on of  the earth was then placed at the top of the 
reticle . Thi s  proce dure pos itioned the lunar module X-axi s perpendi cular 
to the earth ' s  terminator and permitted a retrograde maneuver t o  be per­
formed pe rpendi cular to the fli ght path to steepen the entry angle . The 
proper pitch attitude was maintained by pos i ti oning the s nn i n  the top 
center port i on of the tele s cope . With the spacecraft in the proper atti ­
tude , a body-axis alignment usi ng the abort gui dance sys tem was followed 
immediat ely by entry into an attitude hold mode . This  sequence resulte d 
in att itude i ndi cat i ons of  zero for all axes and permi tted use of the at­
titude error ne edles to maintain attitude . Att itude control during the 
maneuver was performed by manually nulli ng the pitch and roll error nee­
dles . This maneuv-er nece s s arily re quired crew·- cooperat i on ,  since the 
Lunar Module Pilot controlled pitch and the Commander controlled roll . 
Yaw att itude was maintained automati c ally by the abort gui dance system. 
The Command Module Pilot called out the engine start and stop times , and 
the entire 14-second :fi ring was performed at 10 percent thrus t .  The en­
gine was shut down 1 s econd short of the calculated firi ng time to pre­
clude an overburn whi ch might require us e of mi nus -X thrusters and cause 
plume impingeme nt on the command module . The control and alignment tech­
niques to accomplish such a contingency midcou:rse maneuver are beli eved 
to b e  s atisfactory . 
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The pas sive thermal control mode was re established by rolling 90 de ­
grees with reference to the ab ort -gui dance-driven attitude displ�s . This 
maneuver placed the terminator p arallel to the X-a.xis of the crewmen opti­
cal alignment sight . Rates were nulled i n  pitch and roll with the thrust/ 
translat ion controller as sembly .  Yaw was agai n  automati cally controlled 
by the abort gui dance system. Nulling rat es to zero was impos s ible be­
cause of the inaccurate readout of the rate needles . When rates appeared 
to be  nulled ,  yaw control was placed i n  the reaction control puls e mode , 
Twelve yaw-right pulses were .then us ed to  s tart the p as sive thermal con­
trol mode maneuver. Because rat es could not be completely nulled , s ome 
roll-pitch coupling was observed.  

At approximately 109 hours , the burst disk in the supercritical 
helium tank rupture d ,  as expected. The venting caused an unexpected re­
ve rs al in the lunar module yaw rat e [ command module roll ] during p as sive 
thermal control at about twice the initial value and als o i ntroduced s ome 
pitch motion .  No attempt was made , however ,  to reestablish manually a 
stable pas sive thermal control mode . 

8 . 9 . 2  Entry Preparat i on 

The unprecede nted powered-down state of the command module required 
generat i on of several new procedures in preparat i on for entry . The com­
mand module was briefly powered up to as sess the operation o f  critical 
systems us ing both onboard and telemetere d instrumentation .  Any required 
power in the command module had been supplied during transearth coas t  from 
the lunar module through the umbili cal connectors . It was through this 
means that the entry batteries were fully charged ,  with battery A requir­
ing 15 hours and battery B approximat ely 3 hours . While these procedures 
repres ented a radical departure from normal operation , all were under­
standable and eas i ly accomplished to achieve the desired system re adiness . 

Equipment transfer and stowage i n  b oth the command module and lunar 
module was completed about 7 hours pri or to entry , with the exception of 
the cameras that were to  be us ed for s ervi ce module photography . At 6-1/2 
hours before entry , command module activity included powering up the in­
strumentation and placing entry battery C on main bus A ,  with main bus B 
still powered from the lunar module . The command module reaction control 
thrus ters were preheated for 20 minutes ,  and all instrumented engines were 
observed to be ab ove the minimum operating temperature 10 minutes after 
heater operation was terminated. 
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8 .  9 .  3 Fi nal Midcours e Correcti on 

Lunar module powerup for the final rni dcours e correction maneuver 
was performed according to the pre s cribed contingency checklist , with 
only minor devi at ions furnished by the ground. Shortly aft erward, the 
lunar module windows cle are d of moi sture and the cabin t emperature again 
became comfortable . Approximately 6 hours before entry, the p as s ive 
thermal control mode vras termi nat ed and the spacecraft was maneuvered to 
place the earth in the crewmen optical alignment sight with the termina­
t or parallel to the Y axis in preparat i on for the midcours e maneuver .  At 
that time , a s un/moon alignment was made . Acquisition of these  bodi es 
was made by pitching up in a plane roughly parallel to the ecliptic plane . 
The sun filter made vi ewing through the tele s cope reticle very di ffi cult . 
The spacecraft was controlled by the Lunar Module Pi lot from commands 
given by the Commander, who responde d when the reti cle lines bis ect ed the 
moon and solar di sks . Three sets of marks were t aken on each body . The 
init ial maneuver to the firing at titude for the final rni dcourse correction 
was done manually using the earth as a reference in the s ame manner as the 
previous maneuver .  This proce dure presented no prob lems , even though the 
earth disk was considerably larger at this time . 

With primary guidance avai lable, gui dance system s teering was man­
ually followed to trim the spacecraft attitudes for the maneuver .  Al­
though the displayed attitudes looked favorable in compari s on to ground­
s upplied and out-the-window readings , the primary guidance steering 
needles read full s cale left i n  roll and yaw ( se ction 6. 4 ) . At about 
137 hours 40 minutes , the lunar module reaction control system was us ed 
to provide a 2 . 9-ft /sec  velocity corre ction . ��he maneuver was completed 
using manual pitch and roll control and abort guidance yaw control in a 
manner similar to that for the previous rni dcours e correction .  

8 . 9 .4 Service Module Separation and Photography 

Following the lunar module maneuver to the s ervi ce module s eparati on 
attitude, the command module plat form heaters were activat e d ,  the command 
module reaction control system was pressuri zed ,  and each indivi dual thrus t­
er was fired. An abort guidance att itude re ference was provided with all 
zeros di splayed on the attitude error needles . The lunar module was 
placed in an attitude hold mode using the abort. guidance system ; X-axis 
translation was monitored on the displays . Af't.er the reaction control 
system check was complete d ,  the Colll!llander conducted a plus-X trans lation 
maneuver of 0 . 5  ft/ se c ,  followed immedi at ely by servi ce module j ettison . 
The pyro act ivat i on was heard an d a minus 0 . 5-rt / s ec translation maneuver 
was imme di at e ly comme nced to remove the previ ously added velocity and 
preclude s ervice module recontact . The j e tt i s on dynami cs caus ed the un­
docked vehi cles to pitch down ab out 10 degre es .. Control was then switched 
to primary guidance minimum impulse, and a pi tchup maneuver was started to 
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s ight the service module i n  the docking window . The lightened spacecraft 
comb inat i on was eas i ly man euvered usi ng attitude control in b oth the man­
ual minimum-impuls e an d  automati c at titude-hold modes . 

The servi ce module first appeared i n  the docking window at a dis ­
tance o f  about 8o fe et . The entire bay 4 outer panel was mi s s i ng , and 
torn Mylar insulat i on was s e en protruding from the bay . Becaus e of the 
brill i ant reflect i ons from the Mylar , it was di ffi cult to see or photo­
graph any detai ls insi de the b ay .  Ini ti al photography of the s ervi ce 
module was conduct e d  through the docking window us i ng the command module 
70 -mm camera and an 80-mm lens . This  camera ,  the 16-mm s eque nce camera 
with a 75-mm lens , an d  the command module electri c s t i ll camera with a 
250-mm lens were then operated while vi ewing through the right-hand win­
dow . Camera settings were made according to ground i nstructi ons . No 
magazine de sign at i on was made by the ground for the seque nce camera ,  s o  
the s ur face color film w as  use d .  

Upon completion o f  photography , the two docked vehicles were maneu­
vered back to the s ervi ce module s eparat i on att itude i n  preparation for 
the command module alignment . St ar observat i on through the command mod­
ule opti cs i n  this attitude was p oor because of light re flecting from the 
lunar module , and the Commander vari ed the pitch atti tude by approximately 
20 degrees i n  an att empt to improve star vi sib ility . The s e  att itude ex­
curs i ons , however , were not effe cti ve , and the spacecraft was returned 
to the original s eparat i on attitude for the command module alignment . 

8 . 9 . 5  Command Module Activat i on 

At 2-l/ 2 hours pri or to e ntry , the command module was fully powered 
up and lunar module power trans fer was terminated.  After command module 
computer activation , the unfavorab le spacecraft attitude de layed communi­
cat i ons s i gnal lockup and the ensuing ground uplink commands . The s table 
plat form was coars e aligned to groun d-supplied reference angles , and an 
opti cal fi ne alignment made us ing two s tars . Part i cles venting from the 
command module umi bi li cal are a impede d  command module opti cs operat i on .  
With the lunar module at tached to the command module and the command 
module opti cs poi nted away from the sun ,  i ndivi dual stars were b arely 
vi sible through the opti c s . Als o  sun reflect i ons from the lunar module 
sub limator and the neares t re acti on control quad prevente d positive i den­
t i fi cati on of constellat i ons . 

8 . 9 . 6  Lunar Module Undocking 

The maneuve r to the undocking att itude was made by the lunar module .  
Time consuming operat i ons were followed to avoi d  gimbal lock o f  both space­
craft plat forms . Becaus e of the di ffe rence in alignments between th e two 
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space craft , considerable di ffi culty was e ncount•ered in maneuvering to the 
lunar module undocking attitude without driving the command module plat­
form into gimbal lock . The maneuver required a complicated procedure 
using the lunar module plat form and close cooperation b etween the Com­
mander and Command Module Pilot . The resulting maneuver also used up con­
siderable lunar module re acti on  control fuel .  I'he final undocking atti­
tude was very close to command module gimbal lock attitude . A di fferent 
command module alignment proce dure s hould h ave been us ed to prevent the 
probability of gimbal lock . 

Hat ch clos eout i n  b oth spacecraft was normal , and a success ful com­
mand module hatch integrity check was made , with a di fferenti al pressure 
of 3 . 4  psi . The command module environmental control and autopilot sys­
tems were activat e d ,  and the lunar module was undecked 1 hour before en­
try .  Lunar module jetti s on was s lightly louder than s ervi ce module j et­
t ison and the lunar module was stable as it  trans lated awey using only 
tunnel pressure . While controllable by a single reaction control engine 
pulse , there was a. continuous pitch-up torque on the command module whi ch 
persisted until entry . 

8 . 10 ENTRY AND LANDING 

The entry attitude and platform alignment were confirmed by a suc­
cessful sextant s tar check an.d moon occulation within 1 se cond of the 
predi cte d  time . �lle pre-entry check and i nitiali zation of the entry 
monitor system were normal . However , entry monitor system operation was 
initiated manually when the 0 . 0 5g light remaine'd off 3 s econds af'ter the 
actual 0 . 05g time ( as di s cus sed in s ecti on 14 . 1 . 5 . ) .  In additi on , the 
entry monitor system trace was unexpectedly narrow and required excessive 
concentration to read. The guided e ntry was normal in all respects and 
was characteri zed by smooth control input s . The firs t acceleration peak 
reached approximately 5g . 

Landing decelerations were mild i n  comparis on to Apollo 8 ,  and the 
space craft remained in the stable I flotation a.tti tude af'ter parachute 
releas e . Recovery proceeded rapidly and e fficiently . St andard Navy li fe 
vests were pas sed to the crew by recovery pers onnel . For eas e of donning 
and e gre s s , these are pre ferable to the standard underarm flotat ion equip­
ment . They would al s o  quite e ffe ctively keep E� un cons cious crewman ' s  
head out o f  the water.  
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9 . 0  BIOMEDICAL EVALUA'I'ION 

This section is  a summary of Apollo 1 3  medi cal findings , b as e d  on 
preliminary analys es of biomedi cal dat a .  From the me di cal point of  view , 
the first 2 days of  the Apollo 1 3  mission were completely routine . The 
biomedical dat a •rere excellent , and physiologi cal parameters remai ned 
within expecte d  range s . Dai ly  crew status reports indi cated that the 
crewmen were obtaining adequate s leep , no medi cati ons were t aken , and 
the radiation dos age was exactly as predicted.  

9 .1 BIOINSTRUMENTATION AND PHYSIOLOGICAL DATA 

The biomedical d.at a were excellent in quality during the period 
from launch to the oc currence of the inflight inci dent . Physiologi cal 
dat a for the remai nder of the mission were very s cant . The command 
module was completely powere d down , and this eliminated simult aneous 
biomedical monitoring capability . In the lunar module , only one ele ctro­
cardiogram s ignal. for one crewman at a time can be monitore d .  However ,  
even thes e medical da:ta were s acrifi ced t o  improve ai r-to-ground commun­
icat ions . 

Prior to the abort condition ,  physi ologi c:al parameters were well 
within expected ranges . Just prior to the incident , he art and respira­
tory rates of the crewmen were as follows . 

Crewman 

Commander 

Command Module Pilot 

Lunar Module Pilot 

Heart rate , 
b eats /min 

68  

65  

72 

Respiratory rate , 
breaths/min 

18 

15 

12 

At 5 5 : 54 : 54 ,  a telemetry dropout was ob served.  Immediately after 
the incident , crew heart rates range d  from 10 5 to 1 36 beats /min . These 
heart rates are v;•ell within normal limits and are indi cative of s tres s  
and an increas ed workload. 

During the entry phas e ,  biomedical dat a on the Command Module Pilot 
and Lunar Module Pilot were avai lab le . The Command Module Pilot ' s  heart 
rate range d  from 60 to 70 beat s /mi n .  The Lunar Module Pilot 's  heart rat e 
ranged from 100 to 125 beat s  /min , which in contras t to his b as al rate was 
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an indi c at i on of an inflight illness detect e d  after flight . The Commander 
had remove d his bioharness shortly aft er the emergency inci dent ; hence , 
no bi omedi cal data were avai lab le from him during the entry . 

9 .  2 INFLIGHT HISIDRY 

9 . 2 .1 Adaptation to Weightless ness 

The Commander and th e Command Module Pilot b oth reported a feeling 
of fullness in the head las ting for s everal hours on the first dey of 
the mi ssion . The Lunar Module Pilot reporte d  a s imi lar feeling and als o 
that he felt like he  was "hanging ups i de down . "  The Commander reported 
that all crewmen had re d eyes the first day of the mission . 

Upon awakening on the second dey of the mission , the Lunar Module 
Pilot complained of  a seve re headache . He took two aspiri n ,  ate break­
fast , and became immediately engage d in unrestrained physi c al activity . 
He then became naus eat e d ,  vomited once , and lay down for s everal hours . 
He then experienced no further naus ea.  The Lunar Module Pilot continued 
to t ake two aspirin eve ry  6 hours to prevent re currence of the headache . 
After the inflight inci dent , he took aspirin on only one occas i on .  

9 . 2 . 2 Cab in Environment 

The maj or me dical concern , re cogni zed imme di at ely after the ab ort 
decision , was the pos sibility of  carbon dioxide buildup i n  the lunar 
module atmosphere . Since the phys iologi cal effects of i ncreased carbon 
dioxide concentrat i on are well known an d  readily recogni zable with proper 
biomedi cal monitoring , the allowab le limit of carb on di oxide buildup was 
increased from the nominal 7 . 6  to l5mm Hg . The carb on di oxide level was 
above 7 . 6mm Hg for only a 4-hour period , an d  no adverse physiologi cal 
e ffe ct s or degradat i on in crew performance resulted from this elevated 
concentrat ion . Modified use of the li thium hydroxide cartridges ( s ec­
t ion 6 .  7 )  maintained the carbon di oxi de part i al pressure well below lmm 
Hg for the remainder of the flight . 

9 . 2 . 3  Sleep 

The crew reported s le eping well the firs t 2 days of the mission . 
They all s lept ab out 5-l/2 hours during the fi rst s le ep period .  During 
the second period , the Commander , Command Module Pilot , and Lunar Module 
Pilot s lept 5 ,  6 ,  and 9 hours , respective ly . The third s leep period was 
s cheduled for 61 hours , but the oxygen tank i nci dent at 56 hours pre­
cluded sleep by any of the crew unti l approximat ely 80 hours . 
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After the incident , the command module was us ed as s leeping quarters 
until the cabin temperature became too cold .  The crew then attempted to 
sleep in the lunar module or the docking tunnel, but the temperature in 
these areas also dropped too low for prolonge d ,  s ound s leep . In addi ti on , 
coolant pump nois e  from the lunar module and fre quent communications with 
the ground further hindered s le ep . The tot al  s leep obtained by e ach crew·­
man during the remai nder of the mis sion after the incident i s  estimated 
to have be en 11 ,, 12 , and 19 hours for the · Commander , Command Module Pilot , 
and Lunar Module Pi lot , respectively . 

9 . 2 . 4  Water 

Pre flight t esti ng of both command module and lunar module water s up­
plies reve aled no s igni fi cant contaminants . The ni ckel content from s am­
ples t aken at the comman d module h ot water port was 0 . 0 5  mg/1 . Elevated 
nickel concentrat i on has been a consistent finding in previous mi ssions 
and has been rQled acceptab le in vi ew of no detrimental effe cts on crew 
physiology . There was a sub stantial buildup in tot al b acteri al count 
from the time of final filling of the command module pot able water system 
until final preflight s ampling 24 hours prior to launch . This count was 
deeme d acceptable under the as sumption the firs t inflight chlorination 
would reduce the b ac:terial populat i on to sped fi cat i on levels . Preflight 
procedures will be reviewed to investigate methods of preventing growth 
of organisms in th e command module water system during the countdown 
phas e .  The inflight chlorinat i on s chedule was followed prior to the in­
cident , after which the potable water was not chlorinated again . 

The crew rat i oned water and us ed it sparingly after th e oxygen t ank 
inc i dent . Not more than 24 ounces of water vrere consumed by each crewman 
after the incident . The crew reported that the j uice b ags contained ab out 
20 percent gas , but that this amount was not enough to caus e any distres s .  

9 . 2 . 5  Food 

The flight menus were s imilar to thos e of prior Apollo mis s ions and 
were de signed to provi de approximat ely 2100 kilocalories per man per dey . 
The menus were :3eleeted on the b as is o f  crew preferences determined by 
preflight evaluat i on of repres entative flight foods . There were no mod­
i fications to the me nu as a re sult of the late crew change . New food 
items for this mis sion include d me atballs with s auce , cranberry-orange 
reli sh , chicken and rice s oup , pecans , natural orange j ui ce crys tals ,. 
peanut butter , and ,jelly . Mus tard and tomato cat s up were als o provide d 
for the s andwiches . 
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The crew followed the flight me nus prior to the inflight incident 
and mai ntained a complete log of  foods consume d. To conserve water dur­
ing the abort phas e , the crew consumed only those foods which di d not 
require water for rehydration .  The crew drank jui ce s  in preference to 
plain water to help maintain their e le ctrolyte b alance . 

The crew ' s  comments ab out the quality of the food were generally 
favorab le ,  but they reported that food packaging and stowage could be 
improved .  The crew e ncoun tered s ome di ffi culty in removing the meal 
package s from the lower equipment b8lf food container and in replacing 
s ome uneaten food items . Preflight briefings of fut ure crews should 
alleviate these di ffi cult i es . 

Syneresis , or s eparat i on of a liquid from a s oli d ,  occurred in s ome 
of the canned s andwich spre ads , parti cularly the ham s alad .  The free 
liquid es caped when the can was opened , and the s alad was too dry to 
spread . The crew commented on the pos itive pressure in the bre ad pack­
age s , whi ch was expect e d  since there was only a s light vacuum on these 
package s . Any additional vacuum would compress the bre ad to an unaccept­
ab le stat e , and i f  the packages were puncture d ,  the bread would become 
dry and hard. The crew recommended a ch ange whi ch has been implemented 
wherein Velcro p at ches will be attached to the bread , mus tard , and catsup 
packages . 

9 .  2 . 6  Radiati on 

The pers onal radi at i on dosimeters were inadvertently stowed in the 
pockets of the crewme n ' s  sui ts shortly aft er li ft -off . The Command Mod­
ule Pilot ' s  dosimeter was l.h"lstowed at 2 3  hours and was hung under the 
command and servi ce module optics for the remainder of the mi ssion . The 
final reading from this dos ime ter yielde d  a net integrated ( un corre cte d )  
dose of 410 mrad. The other two dos imeters yi elded net dos es of  2 9 0  and 
340 mrad. 

The Van Allen belt dos imeter registered a maximum skin dose rate of 
2 . 27 rad/hr and a maximum depth dos e rat e  of 1 . 35 rad/hr while as cending 
through the belt at about 3 hours . Dos e rates during des cending belt 
passage and total integrated dos es were not obt ained be caus e  of command 
module power-down and lat er , by the ab sence of high-bit-rate telemetry 
during the entry phas e .  

The crewmen were examined by total body gamma spectros copy 30 d8lfs 
before flight and 6 and 16 days aft er re cove ry . Analyses of the gamma 
spectrum dat a for e ach crewman revealed no induce d radi oactivity . How­
ever , the analys es did show a signifi cant de cre as e  in tot al body pot as sium 
( K4 0 ) for each crewman as compare d to preflight values . Tot al body pot as ­
sium values determined on the second postflight exami nat ion h ad returned 
to preflight values for each crewman . 
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The absorbed dose from i onizi ng radiation was approximately 250 mrad ,  
which i s  well below th e  threshold of dete ctable medi cal e ffects . The 
crew-absorbed dos e from the neut ron component of the SNAP-27 (part of ex­
periment package ) radiation cannot be determined quantitatively at this 
time . Preliminary evaluations indi cated that it was als o well below the 
threshold of dete ct able medical e ffe cts . 

. 9 . 2 . 7  Medi cations 

The crew attempted to us e the Afrin spray bottles but reported they 
were unable to obtain s uffi cient spray , as dis cus sed in s ection 14 . 3 . 3 .  
The crew also reported. that the thermometer i n  the medi cal kit did not 
regi ster within s c:ale . Postflight analysis of the medi cal kit has shown 
that the thermometer operates properly and a proce dural error resulted 
in the failure to obtai n  a correct oral temperature inflight . Medica­
t ions used by each o f  the crewmen are shown i n  the following t able : 

Crewman Medi cati on Time of use 

Commander 1 Aspirin Unknown 
1 Dexedrine 2 or 3 hours prior to 

entry 

Command Module PiJ"ot 1 Lomotil Aft er 98  hours 
2 Aspirin Unknown 
1 Dexedrine-Hyos cine 1 or 2 hours pri or to 

entry 

Lunar Module Pilot 2 Aspirin every Second mission day unti l 
6 hours the incident 

1 Dexedrine-Hyos cine 1 or 2 hours prior to 
entry 

9 . 2 . 8  Visual Phenomena 

The crew repo rt e d  se eing point flashes or streaks of light , as had 
been previous ly  obs erve d by the Apollo 11 and 12 crews . The crewmen 
were aware of these flashes only when relaxe d ,  in the dark , an d  with 
their eyes closed.. They described the flashes as "pi npoint novas , "  
"roman candles , "  and "similar to traces i n  a cloud ch amber . " More point 
flashes than s tre aks were ob serve d ,  and the color was always white . 
Estimates of the freqtle.ncy ranged from 4 flashes per hour to 2 flashes 
per minute . 
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9 . 3  PHYS ICAL EXAMINATIONS 

Pre flight phys i caJ. examinat i ons o f  bot h  the primary and b ackup crews 
were conduct ed 30 days pri or t o  launch , an d  examinat i ons of the primary 
crew only were conduct e d  15 and 5 days pri or to launch . The Lunar Module 
Pilot s uffered a s ore throat 18 days be fore launch , and throat swabs from 
aJ.l three crewme n were culture d on two occas i ons . Since the organism 
i de nt i fi ed was not cons i dered pathoge ni c and the crew showed no symptoms 
of i llness , no tre atment was nece s s ary .  

Eight days before fligh t ,  the primary Command Module Pilot was ex­
pos ed to rubella ( German re as le s ) by a merriber of the b ackup crew . The 
phys i c aJ. exami nat i on 5 day s before flight was normaJ. , but lab oratory 
studi es reveale d that the primary Command Module Pi lot h ad no immunity 
t o  rubell a .  Consequently , on the day pri or to launch the final de ci s i on 
was made to replace the primary Command Module Pilot with the backup Com­
mand Module Pi lot . A complete phys i c aJ. examinat i on had b een conducted on 
the backup Command Module Pilot 3 days before fli ght , an d  no sign i fi cant 
fi ndi ngs were pres ent in any preflight h i s tori es or exami nat i ons . 

Pos tflight phy s i cal e xami nat i ons were conduct ed imme di ately aft er 
re cove ry . Thes e  phys i caJ. exami nati ons were normal , aJ.though aJ.l crew­
men were extremely fat i gued and the Lunar Module Pilot had a urinary 
t ract infe ct i on . While standi ng during porti ons of his pos tflight phys i ­
cal examinat i on ,  t h e  Lunar Module P i lot had s everaJ. epis ode s of di zzines s , 
whi ch were att ribut e d  to fat i gue , the e ffe cts of weightles s nes s , and the 
urinary t ract i nfe ct i on . The Commande r ,  Command Module Pilot , and Lunar 
Module Pilot exhibited weight los ses of 14 , 11 ,  an d  6 . 5 pounds , respec­
t i vely . In th e fi naJ. 4 or 5 h ours o f  the flight , t he Lunar Module Pi lot 
drank cons i derab ly more water than di d the other crewmen an d  p os s ibly 
replenished his earli er body flui d los s es . 

The Command Module Pi lot had a s li gh t  i rri tat i on at the s ite of the 
s uperi or s e ns or on the upper che s t , but th e Commander and Lunar Module 
Pilot had no irritat i on at any s ens or s i te s . 
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10 . 0  MISSION SUPPORT PERFORM� 

10 . 1  FLIGHT CONTROL 

The operati onal support provided by the flight control team was s at­
is  factory and timely in  safe ly returning the Apollo 13 crew . Only the 
inflight problems which influenced flight control operation and their 
resultant e ffects on the flight plan are dis cussed . 

Prior to launch , the supercritical -helium pressure in the lunar 
module descent propulsi on system increased at an abnormally high rate . 
After cold soak and venting , the rise rate was cons idered acceptab le for 
launch . At 56 hottrs during the first entry into the lunar module , the 
rise rate and pressure were reported to be s atis factory ; therefore ,  a 
special venting procedure was not required. 

A master cauti on and warning alarm at 38 hours indi cated the hydro­
gen tank pressures were low . As a result , it was planned to use the 
cryogeni c tank fans more often than scheduled to provide a more even 
distribution of fluid and to st abilize heat and pres sure rise rates . 

The two tanks containing cryogenic oxygen ,, used  for fuel cell opera­
tion and crew breathing , experienced a problem at ab out 56 hours , as de­
s cribed in section 14 . 1 . 1  and reference l .  This condition resulted in 
the following flight control decisions : 

a.  Abort the primary mission and attempt a s afe return to earth as 
rapi dly as pos sible . 

b .  Shut down all command and service module systems t o  conserve 
consumables for entry . 

vers . 
c .  Use the lunar module for life support and any propuls ive maneu-

Powering down of the command and servi ce modules and powering up of 
the lunar module 11lere completed at 58 : 40 : 00 . The optimum plan for a 
s afe and qui ck re1�urn required an immediate descent engine firing to a 
free-return circwnlunar traj ectory , with a peri cynthion-plus -2-hour ma­
neuver ( trans earth in;jection )  to expedite the landing to about 142 : 30 : 00 .  
Two other midcourse corrections were performe d ,  the first using the de­
scent engine . Only essential li fe support , navigat i on ,  instrumentation ,  
and communi cation systems were operated t o  maximi ze electri cal power and 
cooling water margins . Detailed monitoring of all consumables was con­
tinuously maintained to as sess these margins , and the crew was always 
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advis e d  of thei r  cons umab les stat us . A pro cedure was developed on the 
ground and used by the crew to allow us e of command module lithium hy­
droxide cartridges for c arbon dioxide removal in the lunar module environ­
mental control system ( see section 6 . 8 ) , The pas s ive thermal control 
mode was estab lished us ing the lunar module reaction control system and 
was s atis factori ly maintained throughout trans e arth coast. 

A maj or fli ght control func t i on ,  in addition to the moni toring of 
syst ems status and maintaining of consumable quanti ties above red-line 
values , was to determine the procedures to be used imme di at ely pri or t o  
and during entry . Aft er s atis factory proc edures were establi she d ,  they 
were verified in a s imulator pri or to advi s ing the crew. These proc edures 
called for first separating the servi ce module , remaining on lunar module 
environmental c ontrol and power as late as possible , coal i gning the two 
platforms , and s eparat ing the lunar module using tunnel pres s ure. The 
command module tunnel hat ch was installed and a leak check was performe d 
prior to lunar module undocking , whi ch occurred about l hour before entry. 
All spacecraft operat i ons were normal from undocking through landing , 
whi ch occurred very close t o  the estab lished t arget . 

10 . 2  NETWORK 

The Miss ion Control Center and the Manned Space Fli ght Network pro­
vided excellent support throughout this aborted mi s s i on .  Minor problems 
occurred at different sites around the network , but all were corrected 
with no consequence t o  flight control s upport . Moment ary data los s es 
oc curred seven di fferent times as a result of powe r amp li fi er faults , 
computer proces s or executive buffer depleti on , or wave gui de faults . On 
each occas ion,  dat a  lock-up was regained in j ust a few minutes . 

10 . 3  RECOVERY OPERATIONS 

The Department of Defense provided recovery s upport c ommensurat e  with 
mis s i on planning for Apollo 13 . Be c ause of the emergency whi ch resulted 
in premature terminat i on of the mi s s i on ,  additi onal s upport was provided 
by the Department of Defense and offers of as sistance were made by many 
foreign nations , inc luding England , France , Greec e ,  Spain , Germany , 
Uruguay , Brazil , Kenya , the Netherlands , Nat i onalist China , and the Soviet 
Union . As a result of this volunt ary s upport , a t otal of 21 ships and 
17 aircraft were avai lab le for supporting an Indi an Ocean landing , and 
51  ships and 21 ai rcraft for an Atlanti c  Ocean landing. In the Pac i fi c  
Ocean , there were 1 3  ships and 1 7  ai rcraft known t o  be avai lable over and 
above the forces des ignated for primary recovery s upport . 
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Support for the primary recovery area consisted of the prime recovery 
ship , USS Iwo Jima , five helicopters from the Iwo Jima , and two HC-130H 
res cue aircraft . Later , the experimental mine sweeper , USS Granville 
Hall , and two HC-130H aircraft were added to the end-of-mission array . 
One of the helicopters , des ignated "Recovery , "  c arried the flight sur­
geon , and was utilized for retrieval of the crew . Two of the helicopters , 
desi gnated "Swim 1" and "Swim 2 , " carried swimmers and the necess ary re­
covery equipment . A fourth heli copter ,  des i gnated "Photo" was used as 
a photographi c  plat form, and the fi fth helicopter , desi gnated "Relay , "  
served as a communi cat i ons relay ai rcraft . The four ai rcraft , des ignated 
"Samoa Res cue 1 ,  ;� , 3 ,  and 4 , "  were pos itioned to track the command mod­
ule after exit from blackout , as well as to provide parares cue capabi lity 
had the command module landed uprange or downrange of the target point . 
The USS Granville Hall was positi oned to provide support in the event 
that a const ant-g (baekup ) entry had to be flown . Tab le 10 . 3-I lists all 
the dedicated recovery forces for the Apollo 13 mis s i on .  

Landing are a 

Launch site 

LaWich abort 

Earth orbit 

Primary end-of-mission , 
Mid-Pacific earth 
orbital � and deep­
space secondary 

TABLE 10 . 3-I . - RECOVERY SUPPORT 

Support 
a 

Number Unit 

l LCU 

1 HH-3E 

2 HH-53C 

l 
2 

ATF 
SH-3 

Remarks 

Landing craft utility ( landing craft with command 
module retrieval capability ) - USS Paiute 

Helicopter with para.-rescue team staged from Patri ck 
AFB ,  Florida 

Helicopters capable of lifting the command mod·ule ; 
each with para-rescue team staged from Patrick AFB , 
Florida 

Helicopters staged f'rom Norfolk NAS , Virginia 

l 
3 

DD USS New 

2 

HC-130H Fixed wing aircraft ; one each staged from McCoy AFB ,  
Florida; Pease AFB , New Mexico ; and Lajes AFB ,  
Azores 

DD USS New 
2 HC-130H Fixed wing aircraft staged from Ascension 

l 
l 
8 
2 

LPH 
DD 
SH-3D 
HC-l30H 

USS Iwo Jima 
USS Benjamin Stoddert 
Helicopters staged from USS Iwo Jima 
Fixed wing aircraft staged from Hi ckam AFB , Hawaii 

"
'rotal ship support = 5 
Total aircraft s1..1pport 23 
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10 . 3 . 1  Command Module Location and Retrieval 

The Iwo Jima ' s  position was established accurately using a s atellite 
navigation system . A navigation fix was obtained at 1814 G .m . t . , 
April 17 , 1970 , and the position of the ship at spacecraft landing was 
dead-reckoned b ack t o  the time of landing and determined to be 21 degrees 
34 . 7  minutes s outh latitude and 165 degrees 2 3 . 2  minutes west longitude . 
At landing a radar range of  8000 yards and a visual bearing of 158 . 9  de­
grees east of north ( true heading ) were obtained from which the command 
module landing point was determined to be 21 degrees 38 minutes 24 s ec­
onds south latitude and 165 degrees 21 minutes 42  seconds west longitude . 
This position is j udged to be accurate to within 500 yards . 

The ship-bas ed aircraft were deployed relative to the Iwo Jima and 
were on station 20 minutes prior to landing . They departed station to 
commence recovery activities upon receiving notice of visual contact with 
the des cending command module . Figure 10 . 3-l depict an approximation of 
the recovery force pos itions j ust prior to the sighting of the command 
module . 

NASA-S-70-5835 
21"20' 

21 "40 
165'40' 

Swim 1 
..... 

18. 

L. I I Resc1e 4 • 

USS 11wo Jl�a � I Rescue 3• i3 I 
� 22 .. Rescue 1 I '  \ -

1 --'� T1et pomt � us1s Hall 
VI 24" 

t I "i'""' I 
172' 170' 168' 1 166' 164' 162' 

West longitude 
Recovery area deployment 

� 
Photo 

Swim 2 
....... 

U S S  .r; J1ma 

�!:,., 
Relay I 

e Land1r19 pomt 

J
arget pointe ' 

• Re
:
rieval po1nt 

16 5'35' 165'30 ' 165'25 ' 
WESt longitude 

Figure 10 . 3-1 . - Recovery support at earth landing . 

165 ' 1 5 ' 
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The first reported elect roni c contact by the recovery forces was 
through S-band contact by Samoa Res cue 4 .  A visual sighting report by 
the Recovery helic:opter was received and was followed shortly thereafter 
by aquis ition of the recovery beacon signal by the Recovery , Phot o ,  and 
Swim 1 helicopters . B'uel dump was noted and voi ce contact was made with 
the descending spacecraft , although no latitude and longitude data were 
received . The conrnand module landed at 1807 G . m . t .  and remained in the 
stable l flot at i on attitude . The flashing light was operating and the 
inflat i on of the uprighting system commenced about 10 minutes s ubsequent 
to  landing. 

After confi rming the integrity of the command module and the status 
of the crew , the Hecovery helicopter crew attempted to recover the main 
parachut es with grappling hooks and flotat i on gear prior to their sinking . 
Swim 1 and Swim 2 helicopters arrived on s cene and immedi ately proceeded 
with retrieval . Swim 2 deployed swimmers to provide flotation to the 
spacecraft , and Svim 1 deployed swimmers to retrieve the apex cover , whi ch 
was located upwind of the spacecraft . The fli ght crew was onboard the 
recovery heli copter 7 minutes after they had egressed the command module , 
and they arrived aboard Iwo Jima at 1853 G .m .  t .  

Command module retri eval took place at 21 degrees 39 . 1  minutes s outh 
latitude and 165 degrees 20 . 9  minutes west longitude at 1936 G . m . t .  One 
main parachute and the apex cover were retrieved by small boat and brought 
aboar d .  

The flight crew remained aboard the Iwo Jima overnight an d  were flown 
to Pago Pago , Samoa,  the following morning . A C-141 aircraft then took 
the crew to Hawaii , and following a ceremony ru1d an overnight stay ,  they 
were returned to  Houston .  

Upon arrival of the Iwo Jima i n  Hawaii ,  the command module was off­
loaded and taken to Hickam Air Force Base for deactivation .  Two and one 
half days later , the command module was flown to the manufacturer ' s  plant 
at Downey , Cali forni a aboard a C-133 aircraft . 

The following is  a chronologi cal listing of events during the recovery 
operat ions . 



10-6 

Event 

S-band contact by S amoa Rescue 4 

Visual contact by Swim 2 

. 

VHF recovery beacon contact by Recovery/Swim 1 

helicopters 

Voi ce contact by Recovery helicopter 

Visual contact by Rel�/Recovery helicopters / 

Iwo Jima 

Command module lande d ,  remained in stable I 

Swimmers deployed to retrieve main parachutes 

First swimmer deployed to command module 

Flotation collar inflated 

Life preserver unit delivered to lead swimmer 

Command module hatch opened 

Helicopter pi ckup of flight crew completed 

Recovery helicopter on board Iwo Jima 

Command module secured aboard Iwo Jima 

Flight crew departed Iwo Jima 

Flight crew arrival in Houston 

Iwo Jima arrival in Hawaii 

Safing of command module pyrotechnics completed 

Deactivation of the fuel and oxidi zer completed 

Command module delivered to Downey , California 

Time , 
G .m . t  • 

April 17 , 1970 

1801 

1802 

1803 

1803 

1807 

1809 

1816 

1824 

1831 

1832 

1842 

1853 

1936 

April 18 

1820 

April 20 

0330 

April 24 

1930 

Apri l  25 

0235 

April 26 

1928 

April 27 

1400 
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10 . 3 . 2  Postrecovery Inspecti on 

Although the standard format was followed during the deactivation 
and post recovery :lnspe�ction of the command module , it should be noted 
that extreme caution was t aken during thes e operat i ons to insure the 
integrity of the command module for post flight evaluation of the anomaly . 
After deactivation ,  the command module was secured and guarded .  

The following diflcrepancies were noted during the postrecovery 
inspection : 

a.  Some of the radioluminescent disks were broken . 

b .  The apex cover was broken on the extravehi cular handle side .  

c .  The docking ring was burned and broken . 

d .  The right--hand roll thruster was blistered . 

e .  A yellowish/tan film existed on the outside of the hatch win­
dow , left and right rendezvous windows , and the right-hand window . 

f.  The interior surfaces of the command module were very damp and 
cold , assumed to "be condens ation ; there was no pooling of water on the 
floor . 

g .  Water s a;mples could not be taken from the spacecraft tanks ( di s ­
cussed i n  secti on 5 . 8 ) . 

h .  The postland:Lng ventilation exhaust v:9.lve was open and the inlet 
valve was clos e d ;  the postlanding ventilation v-alve unlock handle was 
apparently j amme d  between the lock and unlock :pos itions ( secti on 14 . 1 . 2 ) .  

i .  There was more and deeper heat streaking in the area of the 
compress ion and shear pads than has been normally observed . 
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11 .. 1 ATMOSPHERIC ELECTRICAL PHE�OMENA 
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As a result of the elect ri cal disturbances experienced during the 
Apollo 12 launch , the value of further res earch in this area was recog­
nized and several experiments were performed pri or to and during the 
Apollo 13 launch to  study certain aspects of launch-phas e  electri cal phe­
nomena. The separate experiments cons isted of measurements of the atmos ­
pher i c  elect ri c  field , low-frequency and very-low-frequency radi o nois e ,  
the air/earth current dens ity , and the e lectri cal current flowing in  the 
earth ' s  surface , all of whi ch result from perturbati ons generated by the 
launch vehicle and its exhaust plume . The analysis of the Apollo 12 
lightning inci dent is reported in reference 3 .  

ll . L l  Elect ri c Field Measurements 

As shown in figures ll . l-1 and 11 . 1-2 , a network of nine calibrat e d  
electri c field meters was installed :in  the area to the north and west of 
the launch site . Seven of the fie ld meters were connected to multiple 
channel recorders .s o that any excurs i ons of the electri c field intens ity 
could be measured over a wide range of values . A special devi ce was op­
erated at site 5 ,  locat ed on the beach 4 miles northwest of the launch 
site . This device was inst alled to measure rapi d changes in the electri c  
field and was used , together with a sferics  detector , to sense the elect ro­
magnet i c  radiation generated by lightning or other s ign i ficant elect ri cal 
dis charges . 

Illustrative data from the field instruments during launch are shown 
in figure 11 . 1- 3 .  Very large perturbations o f  the normal electri c field 
were recorded on meters at sites l ,  2 ,  and 3 located near the launch 
tower . First , there was a rapi d increas e  in the positive di rect i on ,  
followed by a s lower negat ive decre as e . Dat a t aken at site 4 ,  however ,  
did not indi c ate any s ign i fi c ant variati ons in field intens ity . Excellent 
records at several sensitivity levels were obtaine d  at s ite T .  The field 
perturbati on immediat ely following launch rose to  a maximum of 1200 volts / 
meter in about 2 5  se conds . The direction of field change then reverse d ,  
and a negative peak o f  some 300 volts /meter was reached i n  about 115 s e c­
onds . Thereafter , the field gradually returned to the unperturbed value . 

At s ite 6 ,  the record was s imilar to that for s ite T with an init i al 
pos itive excurs i on followed by a s lower negat ive change . At this st ation ,  
howeve r ,  there were large fluctuations superimposed on the record , as 
shown in figure ll . l-3 (b ) .  These fluctuations could have been cause d  by 
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F i e ld D i stance F i eld D i stance 
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1 1360 6 1 3 1 0  
2 2 4 0 0  7 1 2 5 0  
3 4 9 2 0  8 2 6 0 0  

4 7 2 2 0  9 5 7 4 0  
5 23 7 0 0  

Figure 11. 1-l . - Fie ld met e r  location i n  the l aunch s it e  are a. 
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gravel and dust  stirred up by the exhaust of the launch vehicle engine . 
After launch , a Quantity of such debris was found near the surface of the 
field meter and its surrounding area . After the os cillati ons had subs i ded 
at T plus 40 sec onds , there was a large negati ve field of approximat ely 
minus 3000 volts /meter· whi ch prob ab ly resulted from the exhaust and steam 
clouds that tended t o  remain over site 6 .  

Because of access restri cti ons to sites 8 and 9 ,  the corresponding 
recorders were s t arted several hours prior to launch and unfortunately 
had stopped before lift-off .  However ,  substanti al pos itive and negative 
field perturbations found on the stationary part s of the records were 
great er than anything found on the moving port i on .  Comparis on of these 
records with those from sites 6 and 7 confirmed that the only large field 
perturbat ions were thos e accompanying launch . Consequently , the peak 
excursions of the records at sites 8 and 9 could be confi dently associ ated 
with the maximum fi eld perturb at ions occurring just after li ft-off . 
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Figure l l . l-3.- Ele ctri c al dis ch arge dat a  for the Apollo 13 laun ch. 
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No signifi cant perturba,ti on in the electri c fi eld was produced by 
the launch c loud at stations 4 or 5, although small-s cale fluctuat i ons, 
apparently resulting from vibrati ons, can be s een on the records of the 
fine weather field at both stat i ons . 

The field-change and s ferics detect ors at s ite 5 gave no indi cat i on 
of any lightning-like di s charge during launch, although sporadi c signals 
were later re corded during the aft ernoon of launch day . These s ignals 
probab ly came from lightning in a cold front ·which was stalled s ome di s ­
t ance t o  the northwest o f  the launch site and which passed over the 
launch site on Apri l 12. 

The ab ove fi eld met er records indi cate the launch of the Apollo 13 
vehi cle produced a significant s eparat i on of electrical charge which 

I 

I 

could poss ibly increase the hazard in an otherwise  marginal weather 
situati on . At the pres ent t ime the location and amount of the charge on 
the vehicle or eXhaust clouds or a combination thereof are not well under-­
stood . 
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It is known that the electrostatic potentials develop on jet air­
craft . These are caused by an engine charging current , which is balanced 
by a corona current loss from the aircraft . For. a conventional jet air­
craft , the equilibrium potential can approach a million volts.  For the 
Saturn V launch vehicle , the charging current may be larger than that of 
a jet aircraft , and therefore , the equilibrium potential for the Saturn 
vehicle might be on the order of a million volts or more. 
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11 . 1 . 2  Very-Low and Low-Frequency Radio Noi s e  

T o  monitor the lmv-frequency radio nois e ,  a broad-band antenna sys­
tem was used at site 7 to feed five receivers , tuned respectively to 
1 . 5  kHz , 6 kHz , 27 kHz , 51 kHz , and 120 kHz . 

Duri ng launch , a sudden onset of radio noi s e  was observed almost 
coincidently with the start of the electric field perturbation . This 
onset was very well marked on all but the 1 .  5 kHz channe l .  Following 
onset , the noi s e  levels at 120 and at 51 kHz tended to decrease slowly 
in intensity for some 20 s econds . However , the noise levels at 27 and 
at 6 kHz increas ed and reached their maxima after about 15 seconds . 
Furthermore , substanti al noi s e  at 1 . 5 kHz was first apparent at 5 sec­
onds after li ft-off and also peaked out in about 15  seconds . 

I f  the Sat urn V vehi cle is charged to a potenti al of several mi llion 
volts , corona dis charges wi ll be produced which , in turn , generate radio 
noise . The onset of these dis ch arges should occur very s oon after li ft­
off and reach a maximum when the launch vehi cle is sti ll close to the 
ground . Radio noise records strongly support this conclus ion . The sud­
den onset of the noi se probab ly corresponds closely to li ft-off . It is 
interesting that , at about 15 seconds after lift-off , the noise  became 
enhanced at the lower rather than the higher frequencies . This phenomenon 
implies that larger dis charges occur at these times . The most intens e 
dis charges would be expected to  occur soon after the launch vehi cle and 
its exhaust plume clear the launch tower . 

ll. l .  3 Measurement of Telluric Current 

The experiment to measure tellur i c  current cons isted of an e lect rode 
placed close to the launch site and two electrodes spaced approximat ely 
2500 feet from the b ase electrode at a 90-degree included angle ( shown 
in figure 11 . 1-2 ) .  The telluric current system failed to detect any launch 
effects . It was expected that the current would show an increas e unti l  
the veh icle exhaust plume broke effective elect ri cal contact with ground . 
The high density of metallic conductors in the ground near the launch s ite 
may have functioned as a short circui t , whi ch would have negated the de­
tect i on of any ch�mges in the current level .  

11 . 1 . 4  Measurement of the Air/Earth Current Dens ity 

Three b alloons containing instruments desi gned to measure the ai r/ 
earth current dens ity were launched : at 6 : 52 p .m .  on April 9 ,  1970 , and 
at 1 : 14 p .m .  and 1 : 52 p . m. on April 11 , 19 70 . The first two balloons 
provided the " fair weather" base for the experiment . At lift-off , the 
third balloon was about 12 . 2  miles s outheast of the launch site at an 
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altitude of 20 000 feet . Forty-five seconds after lift-off , the current 
density , which had been os cillating at a frequency of about 15 cycles 
per minute , showed a marked increase in amplitude . This variation in 
current was again observed when the b alloon reached an altitude between 
40 000 and 50 000 feet . The frequency of the observed current variation 
was also noted from the balloon released at 1 : 14 p .m. The cause of the 
oscillating current and the enhancement thereof are not yet understood.  

11 . 2  EARTH PHOTOGRAPHY APPLIED TO GEOSYNCHRONOUS SATELLITES 

The determination of the wind field in the atmosphere is one of the 
prime requirements for accurate long-range numeri cal weather predi ction . 
Wind fields are also the most di ffi cult to measure with the desi red s am­
ple dens ity ( as dis cussed in ref .  4 ) .  The output of the geosynchronous 
Advanced Technology Satellites I and III is now being used as a crude 
estimate of wind fields by comparing the trans lation of clouds between 
successive frames 20 minutes apart . This comparison does not define the 
wind field,  however , as a function of height above the surface , whi ch is 
an important restri ction to data application .  The ability to determine 
the height of cloud elements would add this dimens i on to the satellite 
wind field analysis . A capability to .determine cloud height has been 
demonstrated by use of stereographic photogrammetry on low altitude photo­
graphs taken from Apollo 6 ( re f .  5 ) .  This success suggests that cloud 
heights and therefore wind velocity m� also be determined by using data 
gathered from pairs of geosynchronous s at ellites located 10 to 20 degrees 
apart in longitude . Calculations indi cate , however ,  that stereos copic 
determination of cloud heights from geosynchronous altitudes would be 
marginal , at best , because of the small disparity angles involved 
( ref . 6 ) .  

To aid in a test of the feasibility of performing stereos copic de­
terminati·on of cloud height at synchronous altitudes , a series of earth­
centered photographs at 20-minute intervals , beginning soon after trans ­
lunar injection , were planned.  The photographs required for this test 
could only have been acquired from an Apollo lunar mis s i on .  A precise 
record of time of photography was required to reconstruct the geometry 
involved.  Eleven photographs were taken , and a precise time record was 
obtained.  The des cription of  the location of the spacecraft at the time 
of each photograph is given in table 11 . 2-I , along with the time of pho­
tography , the enlargement required on each frame for normali zation , and 
the distance between phot ographic points . The experiment was succes s ful , 
and all photographs are of excellent quality . To support the analysis 
of these photographs , aircraft reports , synopti c  weather charts and s at­
ellite photographs for the time of photography have been acquired . Un­
fortunately , Advanced Technology Satellite I was out of operation on 
the d� of photography . 
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TABIE 11 . 2-I . - EARTH WEATHER PHOTOGRAPHY 

Magazine L Mission elapsed Gmt Altitude Normalization Distance 

!'rome time hr :min :sec Latitude Longitude Earth radii enlargement apart 
hr:min :sec Mile (from center) req_uired mile 

13-60-8590 07'17'14 02 : ]0:46 28°3fi 'Na. l30°00 'Wa 34 900 6.076 1 .00000 
1473.5 

13-60-8591 07,39,47 02 : 52 : 49 28°25 'N 134°33 ' W  37 054 6 . 389 1.0617 

13-60-8592 08,42,07 0 3 : 55 :09 27°49 ' Na 147°30'W8 
4409.2 

43 180 7.280 1 . 2372 
1609 . 5  

13-60-8593 09 : 0 3 : 11 04:16:13 27°39 ' N  151 °39"tl 44 998 7.545 1.2893 
1982 . a  

13-60-8594 09 , 26 , 34 04 : ::9 : 36 27°24 ' N  156°35 ' W  4 7  098 7.850 1. 3495 
1848.0 

13-60-8595 09 : 47:10 0 5 : 00 : 12 27°14 ' Na 161 °00'Wa 48 920 8.116 1.4011 
2240 . 4 

13-60-8596 10 :08 : 39 0 5 : ;:1:41 27°04 'N !65°49 'W 49 876 8.255 1. 4291 
2202 . 6  

13-60-8597 10 : 30 : 59 05 : !14:01 26°54 ' N  1'(0°50'W 51 655 8.513 1.4800 

26°45 ' .tla. 
2275 . 5 

13-C0-8598 10 : 52 : 59 06 :06 :01 l75°5l'W 53 401 8. 767 1 . 5 301 
22Q6 . 8 

13-60-6599 11 :14 : 59 0 6 : 28 : 0 1  26°36 ' N  179°14 ' E  5 5  056 9 . 008 1 . 5715 
2436.6 

13-60-8600 11 : 37 : 19 06:50:21 26°27 ' N 174°09 ' E  5 6  728 9.251 l. 6254 

�osi tions are extrapolated. 

The 11 phot ographs have b een normali zed s o  that the earth is the 
same size in all frames . Frames 8 590 and 8591 have been further enlarged . 
By viewing these two frames under a stereoscope , pronounced apparent relief 
is seen in the cloud patterns . The reli ef is so pronounce d ,  in fact , that 
it cannot be attributed solely to height differences of clouds . It appears 
to result , in part , from the relative hori zontal motion in the cloud fields ; 
that is , clouds moving in the s ame direction as the spacecraft appear far­
ther away than those moving in the direction oppos ite that of the space­
craft . 

11 . 3  SEISMIC DETECTION OF THIRD STAGE LUNAR IMPACT 

In prior lunar missions , the third st age has been separated from the 
space craft with the intention of entering a solar orbit through a near­
mis s ,  or "slingshot , "  approach to the moon . For Apollo 13 , an opportunity 
was avai lable to gain further data on large-mass impact phenomena whi ch 
could be derived using the seismi c equipment deployed during Apollo 12 . 
The impact of the lunar module as cent stage during Apollo 12 pointed up 
cert ain unexplained seismologi cal events whi ch the S-IVB impact was ex­
pected to reproduce . 
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The S-IVB impacted the lunar surface at 8 : 09 : 41  p .m. e . s . t . , 
April 14 , 1970 , travelling at a speed of 5600 miles /hr .  Stage weight 
at the time of impact was 30 700 pounds . The collis ion occurred at a 
latitude of 2 . 4  degrees s outh and a longitude of 27 . 9  degrees west , which 
is approximately 74 miles west-northwest from the experiment station in­
stalled during Apollo 1 2 .  The energy release from the impact was equiv­
alent to an explosion of 7 . 7  tons of trinitrotoluene ( TNT ) . 

Seismi c signals were first recorded 28 . 4  seconds after impact and 
continued for over 4 hours . Some signals were s o  large that seismometer 
sens itivity had to be reduced by command from earth to keep the data on 
scale . Peak si gnal intens ity occurred 10 minutes after initial onset . 
The peak value was 8 times larger than that recorded from the Apollo 12 
ascent stage impact , which occurred at a range of 40 miles from the seis­
mic station and was equivalent to 1 ton of TNT . An expanding gas cloud , 
which presumably swept out over the lunar surface from the S-IVB impact 
point , was recorded by the lunar ionosphere detector deployed during 
Apollo 12 . Detection of this cloud began approximately 8 seconds before 
the first seismi c signal and lasted 70 seconds . 

The character of the signal from the S-IVB impact is identical to 
that of the as cent st age impact and those from natural events , presumed 
to be meteoroid impacts , which are being recorded at the rate of about 
one per day .  The S-IVB seismic energy is believed to have penetrated into 
the moon to a depth of from 20 to 40 kilometers . The initial signal was 
unusually clear and travelled t o  the seismi c station at a velocity of 
4 . 8  km/sec , which is near that predi ct ed from lab oratory measurements 
using Apollo 12 lunar rock samples .  This result implies that , to depths 
of at least 20 kilomet ers , the moon ' s  outer shell may be formed from the 
s ame cryst alline rock materi al as found at the surface . No evidence of 
a lower boundary to this materi al  has been found in the s eismic  signal , 
although it is clear the materi al is too dense to form the entire moon . 

An unexplained characteristic of the S-IVB impact is the rapid buildup 
from its beginning t o  the peak value . This initial stage of the signal 
cannot be explained s olely by the scattering of seismi c  waves in a rubb le­
type materi al ,  as was thought poss ible from the as cent stage impact data.  
Several alternat e  hypotheses are under study , but no firm conclusions have 
been reached . Signal s cattering , however , may explain the character of 
the later part of the signal . 

The fact that such precise targeting accuracy was possible for the 
S-IVB impact , with the resulting s eismi c signals so large , have greatly 
encouraged seismologists to study pos sible future S-IVB impacts . For 
ranges extended to 500 ki lometers , the data return could provide a means 
for determining moon structures to depths approaching 200 kilometers . 
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12 . 0  ASSESSMENT OF MISSION OBJECTIVES 

The four primary objectives ( see ref . 7 ) assigned to the Apollo 13 
miss ion were as follmvs : 

a .  Perform :selenologi cal inspection , survey , and sampling of  ma­
terials in a preselected region of the Fra Mauro formation .  

b .  Deploy and activate an Apollo lunar surface experiments package . 

c .  Further develop man ' s  capability to work in the lunar envi ronment . 

d .  Obtain photographs of candidate exploration sites . 

Thirteen detai led obj ectives , listed in table 12-I and des cribed in 
reference 8 ,  were derived from the four primary obj ectives . None of 
these objectives were ac complished because the missi on was aborted . In 

B 
c 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 

ALSEP III 

S-0 59 
S-080 
S-164 
S-170 
S-178 
S-184 
T-029 

TABLE 12-L - DETAILED OBJECTIVES AND EXPERIMENTS 

Description 

Television coverage 
Contingency sample collection 
Selected s ample collection 
Evaluation of landing accuracy techniques 
Photographs of candi date explorat i on sites 
Extravehi cular communication performance 
Lunar �l oi l mechnics 
Dim light phot ography 
Selenodeti c reference point updat e 
CSM orbit aJ. s cience photography 
Trans earth lunar photography 
EMU water consumpti on measurement 
Thermal coat ing degradation 

Apollo lunar surface experiments package 

Lunar fi eld geology 
Solar wind compos ition 
S-band transponder exercise 
Downlink bistat i c  radar obs ervati ons of the Moon 
Gegens chein from lunar orbit 
Lunar �lurface c lose-up photography 
Pilot describing function 

Completed 

No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

No 

No 
No 
No 
No 
No 
No 
Yes 
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addition to the spacecraft and lunar surface objectives , the following 
two launch vehicle secondary obj ectives were ass igne d :  

a .  Attempt to  impact the expended 8-IVB stage on the lunar surface 
within 350 km of the targeted impact point of 3 degrees south latitude 
and 30 degrees west longitude under nominal flight control conditi ons to 
excite the Apollo 12 seismometer . 

b .  Postflight determination of the actual time and location of 8-IVB 
impact to within 1 se cond.  

Both objectives were accomplished , and the results are documented in 
reference 2 .  The impact was successfully detected by the seismometer and 
is reported in greater detail in section 11 . 3 .  

Seven s cienti fi c experiments ,  in addition to those contained in the 
lunar surface experiment package , were also assigned as follows : 

a .  Lunar field geology (S-0 59 ) 

b .  Pilot describing function ( T-029 ) 

c .  Solar wind compositi on ( 8-0 80 ) 

d .  S-band transponder exercise ( S-16 4 )  

e .  Downlink bistatic radar observat i ons of the moon ( S-170 ) 

f .  Gegens chein observation from lunar orbit (S-178 ) 

g .  Lunar surface closeup photography (S-184 ) 

The pilot describing function experiment (T-029 ) was a success , in 
that dat a were obt ained during manually controlled spacecraft maneuvers 
which are available to the principle investigator . None of the other 
experiments was attempted.  
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13 . 0  LAUNCH VEHICLE SUMMARY 

The Apollo 13 space vehicle was launched from pad A of complex 39 , 
Kennedy Space Center ,  Florida. Except for the high-amplitude , low­
frequency os cillat i ons which resulted in premature cutoff of the S-II 
center engine , the b as i c  performance of the launch vehi cle was normal . 
Despite the anomaly , all launch vehi cle obj ectives were achieve d ,  as dis­
cussed in  reference 2 .  In  addition ,  the S-IVB lunar impact experiment 
was accomplished , as dis cussed in sect i on 11 . 3 .  

The vehicle •ras launched on an azimuth 90 degrees east of north , 
and a roll maneuver at 12 . 6  seconds placed the vehicle on a flight azi­
muth of 72 . 043 degrees east of north . Traj ectory parameters were clos e  
t o  nominal during S-IC and S-II boost unti l early shut down of the center 
engine . The premature cutoff caus ed cons iderable devi at ions from cert ai n  
nominal launch-vehi cle traj ectory parameters which were parti cularly evi ­
dent at S-II outboard engine cut off. Despite these devi ati ons , the guid­
ance system is deBigned to operate such that an effi cient boost is con­
ducted under engine-out conditions , and near-nominal traj ectory parameters 
were achieved at orbit al insertion and at trans lunar inj ection . Because 
of the reduced e ffective thrust , however ,  these respective events occurred 
44 . 07 and 13 . 56 seconds later than predi cted . After spacecraft ej ect i on ,  
variouB S-IVB attitude and propulsive maneuvers placed the vehi cle on a 
lunar impact t raj ectory very close to the des ired target ( sect i on 11 . 3 ) . 

Structural loads experienced during S-IC boost were well below desi gn 
values , with maximum lateral loads approximately 25  percent of the des i gn 
value . As a result of high amplitude longitudinal os cillations during 
S-II boost , the center engine experi enced a 132-se cond premature cutoff.  
At 330 . 6  seconds , the S-II cros sb eam os cillati ons reached a peak amplitude 
of ±33 . 7g � Corresponding center-engine chamber pres sure os cillat i ons of 
±225 psi ini t i atecl engine cutoff through the "thrust OK" switches . These 
responses were the highest measured amplitude for any S-II flight . Except 
for the unexpected high amplitude , oscillat i ons in this range are an in­
herent characteristic of the present S-II structure/propulsion configura­
tion and have been experienced on previous flights . Accelerat i on levels 
experienced at various vehi cle stat i ons during the period of peak os cil­
lations indicate that the vehi cle did not t ransmit the large magnitude 
os cillations to the spacecraft . Inst allat i on of an accumulator in the 
center-engine liquid oxygen line is being incorporat ed on future vehi cles 
to decouple the line from the crossbeam , and therefore suppress  any vibra­
tion amplitudes . Addition of a vibrat i on dete d i on system whi ch would 
monitor structural response in the 14-to-20 Hz range and initi ate engine 
cutoff i f  vibrations approach a dangerous level is als o under invest iga­
t i on as a backup . 
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The pilot describing function experiment ( T-029 ) was a succes s , in 
that data were obtained during manually controlled spacecraft maneuvers 
which are available to the principle inve stigat or .  None of the other 
experiments was attempted.  
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14 . 0  ANOMALY S��y 

This s ection contains a discussion of the s ignificant problems or 
dis crepancies noted during the Apollo 13 mission .  

14 . 1  COMMAND AND SERVICE MODULES 

14 . 1 . 1  Loss of Cryogenic Oxygen Tank 2 Pressure 

At approximately 55  hours 5 5  minutes into the Apollo 13 mission , 
the crew heard and felt the vi brat ions from a sharp "bang , "  coincident 
with a computer restart and a master alarm associated with a main-bus-B 
undervoltage condition . Within 20 seconds , the crew made an immediate 
veri fication of electrical-system parameters , which appeared normal . 
Howeve r ,  the crew reported the following barberpole indications from the 
s ervice module reaction control system :  

a .  Helium 1 on quads B and D 

b .  Helium 2 on quad D 

c .  Secondary propellant valves on quads A and C .  

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

The first indication of a problem in cryogenic oxygen tank 2 occurred 
when the quantity gage went to a full-scale reading at 46 hours 40 minutes . 
For the next 9 hours , system operation was nonnal . The next abnormal in­
dication occurred when the fans in cryogenic oxygen tank 2 were turned on 
at 5 5 : 5 3 : 20 .  Approximately 2 seconds after energizing the fan circuit , a 
short was indicated by the current trace from fuel cell 3 ,  which was sup­
plying power to  the oxygen tank 2 fans . Within s everal additional seconds , 
two other shorted conditions occurred .  

Electrical shorts in the f an  circuit ignited the wire insulation , 
causing pressure and temperature increases within oxygen tank 2 .  During 
the pressure rise period , the fuses opened in both fan circuits in cryo­
geni c oxygen t ank 2 .  A short-circuit conduction in the quantity gaging 
system cleared itself and then began an open-c:Lrcui t condition .  When 
the pressure reached the tank-2 relief-valve full-flow conditions of 
1008 ps:La ,  the pressure decreased for about 9 seconds , after whi ch time 
the relief valve probably reseat e d ,  causing another momentary pressure 
increase . Approximately 1/4 second after this momentary pressure in­
crease , a vibration disturbance was noted on the command module acceler­
ometers . 
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The next series of events occurred within a fract i on of a second 
between the accelerometer disturbances and a momentary loss of dat a .  
Burning o f  the wire insulat i on reached the electrical conduit leading 
from ins i de the tube to the external plug causing the tank line to burst 
because of overheating . The ruptured electrical conduit caused the vacuum 
j acket t o  over pressurize and , in turn , caused the blow-out plug in the 
vacuum j acket to rupture . Some mechani sm , possibly the burning of in­
sulation in bSlf 4 combined with the oxygen buildup in that bSlf , caused 
a rapi d pres sure rise which resulted in separation of the outer panel . 
Ground test s , however , have not s ubst antiated the burning of the Mylar 
insulation under the conditions whi ch probably existed j ust after the 
tank rupture . The panel separation shock closed the fuel cell 1 and 3 
oxygen reactant shut-off valves and several propellant and helium i s ola­
t i on valves in the reacti on control system . Data were lost for about 
1 . 8  seconds as the high-gain antenna switched from narrow beam to wide 
beam ,  because the panel , when separating , struck and damaged one of the 
antenna dishes . 

Following recovery of the dat a ,  the vehicle had experienced a trans­
lation change of about 0 . 4  ft /sec , primarily in a plane normal to b� 4 .  
The oxygen t ank 2 pres sure indication was at the lower limit of the read­
out . The oxygen tank 1 heaters were on , and the tank 1 pre s s ure was de­
caying rapidly . A main-bus -B undervoltage alarm and a computer restart 
als o  occurred at this time . 

Fuel cells 1 and 3 operated for about 2-1/2 minutes after the re­
actant valves closed. During this period , these fuel cells consumed the 
oxygen trapped in the plumbing , thereby reducing the pres sure below mini­
mum requirements and causing t ot al loss of fuel cell current and voltage 
output from the s e  two fuel cells . Because of the loss of performance by 
two of the three fuel cells and the s ubsequent load switching by the crew , 
numerous ass ociated master alarms occurred as expecte d .  

Temperature changes were noted i n  bays 3 and 4 of the service module 
in response to a high heat pulse or high pres sure surge . Fuel cell 2 was 
turned off about 2 hours later because of the loss of pressure from cryo­
genic oxygen tank 1 .  

The cryogenic oxygen t ank design will be changed to eliminate the 
mechanisms which could initi at e  burning within the tank and ultimately 
lead to a structural failure of the t ank or its components .  All electri­
cal wires will be stainless-steel sheathed and the quantity probe will be 
made from stainless steel instead of aluminum . The fill-line plumbing 
internal to the tank will be improved ,  and a means of warning the crew of 
an inadvertent closure of either the fuel cell hydrogen or oxygen valves 
will be provided. A third cryogeni c oxygen tank will be added to the 
s ervice module for s ubsequent Apollo mis si ons . The fuel cell oxygen 
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supply valve will "be redesigned to i solate polytetrafluoroethylene­
coated wires from the oxygen . Warning systems at the Mis si on Control 
Center will be modified to provide more immediate and visible warnings 
of anomalies in all systems . 

A more thoro�sh dis cus sion of this anomaly i s  presented in refer­
ence l .  

This anomaly i s  closed.  

14 . 1 . 2 Postlanding Vent Valve Malfunction 

During post landing activities , recovery personnel discovered that 
the post landing ventilation inlet valve was closed and the exhaust valve 
was open . 

The ventilati on valve is opened by first pulling the postlanding vent 
valve unlock handle . 1'he handle is  attached by a cable to  two pins which 
mechani cally lock the ventilation valves clos ed.  Once the handle is  pull­
e d ,  the postlanding vent fan switch is placed to either the high or low 
position . This operat i on opens both ventilat i on valves and actuates the 
postlanding blower . The recovery forces found the switch setting to be 
proper ,  but the vent valve unlock handle was partially out instead of 
completely out . 

The inlet valve locking pin was not in the full open position 
( fi g .  14-1 ) , a condition which would keep the valve in the closed pos i­
tion even though both the pin and slot were measured to be within design 
tolerances . 

A check of the operation of the valves with different pull pos itions 
of the handle from locked to full open requires about one inch of travel 
and was made with the following results : 

a .  With the handle extended only 1/4 inch or less from the valve 
locked position , both plungers remained locked.  

b .  With the handle extended from 5 /16 to 3/8  inch from the valve­
locked positi on , the exhaust valve opened but the inlet valve remained 
closed .  This condition dupli cates that of the posit i on of the handle and 
the operation of the valve found on the Apollo 13 spacecraft after flight . 

c .  When the handle was extended from 3/8 inch to full travel from 
the valve-locked position , both the inlet and and exhaust valves opened . 

Testing verified that appli cat ion of power to the valves while the 
locking pins are being released will prevent the pin from being pulled 
to the unlock position because the drive shaft torque binds the lock pin . 
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Figure 14-1 . - Post-landing vent valve lock . 
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The valve-lock mechanism rigging tolerances were found to be within speci­
ficat ions . When re as s emb led in the spacecraft , the malfunction was dupli ­
cated with only part i al t ravel of the handle . 

The venti lat i on system was des igned with two flexible control-cab le 
assemb lies linked to one handle , whi ch is  pulled to operate the two valves . 
An inherent characteri stic of this des i gn is  that one control cable will 
nearly always s li ghtly lag the other when the handle is pulled .  At full 
extens ion of the handle , the travel in each cable ass embly is  more than 
suffi cient to dis engage both plungers and allow both valves to operat e . 
Che ckout procedures prior to fli ght were found to be s atis factory . There 
was no evidence of mechani cal failure or malfunct i on nor were any out­
of-tolerance components found.  
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To guard against operat i onal problems of this type in the future , a 
c auti on note has been added in the Apollo Operat ions Handbook to actuat e 
the venti lat i on valve handle over its full travel before switching on the 
postlanding vent fan . 

This anomaly i s  clos e d .  

14 . 1 . 3  Shaft Fluctuati ons in the Zero Opti cs Mode 

Beginning at approximately 40 hours , fluctuati ons of as much as 
0 . 3  degree were observed in the computer readout of the opti cs shaft 
angle . The system had been powered up throughout the flight and had 
been in the zero optics  mode since the star /hori zon navigation s i ght ings 
at 31 hours . Crew observation of the manual readout subsequently con­
firmed that the fluctuati on was actually caused by motion of the shaft . 
The circums tances and time of oc currenc e were almost i denti cal to a s im­
i lar s ituat i on which oc curred during the Apollo 12 mi ss ion. 

A s impli fied s chemat i c  of the opti cs shaft servo loop mechani zati on 
is shown in figure 111-2 . In the zero opti cs mode , the s ine outputs of 

NASA-5 - 7 0 - 5 84 2  
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Figure 14-2 . - Zero opti c s  mode circuitry . 
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the half-speed and 16-speed res olvers are routed through a coarse /fine 
switching network to the mot or drive ampli fier and are used to null the 
system .  Rate feedback from the motor t achometer is routed to the drive 
amplifier through a compens ati on network whi ch removes any bias in the 
signal . When the zero opti cs mode is select e d ,  the coupling-data-unit 
c ounter and the computer register whi ch contains the shaft angle are 
zeroed for 15 seconds and then releas ed to follow the 16-speed res olver . 
The half-speed res olver , the fine /coars e switching network , and the tach­
ometer fee dback compens ation are used only in the zero optics mode . 

An investigat i on conducted after Apollo 12 di d not i dent i fy a defi ­
nite s ourc e  of the problem , since extreme corros i on from sea water aft er 
landing prevented meaningful examination of the mechani cal drive syst em 
and restrict ed testing to the power and servo assembly whi ch contains the 
maj or electronic components . No abnormal indi c at ions were found in the 
Apollo 12 system ; however , the failure symptoms were reproduced on a 
breadboard by breaking down the is olat i on across a trans former in the 
tachometer feedb ack compens ation network . Although depotting and testing 
of the actual trans former failed to  produce any evidence of malfuncti on ,  
this mechanism was c ons i dered a likely candi date for a random failure . 

The recurrence of the problem under almost i dentical circumst ances 
during Apollo 13 indi cates that the caus e is more likely gener i c  than 
random and that it is time or vacuum dependent . The susceptibility of 
the shaft axis  rather than the trunni on axi s  als o tends to absolve com­
ponents common to b oth axes , such as the electroni cs and the motor drive 
ampli fier . The shaft loop has been shown to be more sensitive than the 
trunnion to harmoni cs of the 800-hert z  reference voltages introduced into 
the forward loop ; however , because the level of the required null offset 
voltage is  well above that avai lable by induction , this mechanism is c on­
s i dered unlikely . 

The most likely candi date is the half-speed res olver , which is  use d  
only for the shaft axis and only to  provi de an unambiguous zero reference . 
The reference voltage is  applied to  the rotor through s lip rings 
( fi g .  14-3 ) ,  connected as shown in fi gure 14-4 . I f  any resistance is  
present in  the common ground path through the slip ring , a portion of  the 
reference voltage will appear acros s the quadrature winding and induce a 
finite output ( di fferent than zero ) .  Zero output is equivalent to zero 
degrees in shaft rotat i on .  

Simulated changes in s li p  ring impedance were made on the half-speed 
res olver in  the shaft loop ( fi g .  14-4 ) .  An impedance of 50 ohms produced 
an offset of approximately plus 0 . 5  degree in sextant shaft angle . The 
trunni on loop does not use this type of resolver or connecti on .  

Some evidence of sus ceptibility t o  vacuum was exhibited in this  
class  of  res olvers duri ng quali fi cat i on testing when vari ati ons of  approx­
imately 5 ohms were observed in the slip ring res ist ance during thermal 
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Figure 14-4 . - One-half speed res olver . 

vacuum testing . The tests were run with the units rotat i ng at l rpm , 
however , and the moment ary res istance changes di sappeared with the wiping 
act i on . 

The testing of the half-speed res olver with res istance in the low 
side of the s ine winding and the vacuum susceptibility exhibited during 
quali fi cat i on testing clos e ly dupli cat e the charact eristics of infli ght 
"zero opti cs " operation . The slip-ring me chanism is unique to the shaft ­
axis , since none o f  the other res olvers i n  the system us e s lip rings . 
This res olver is in the opt i cs head , whi ch is  vented to a vacuum . The 
rot ati on of the opti cs head in a normal operat i on would wipe the slip 
rings clean and explain the delay in the fluctuations for some hours aft er 
selecting zero opti cs . 
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Corre cti ve act i on to high re s i st ance on the brush /s lip rings of the 
res olver is not required s ince ac curate zeroing is unaffe cted and there 
is no e ffect in the operat i on of the syst em other than system readout 
when not in use . This condition can be expected t o  recur in future Apollo 
flight . Future crews will be brie fed on this s ituat ion . 

This anomaly i s  clos ed.  

14 . 1 . 4  High-Gain Antenna Acquisit ion Problem 

Prior to the televi s i on transmis s i on at approximately 55  hours , 
di ffi culty was experienced in obtaining high-gain ant enna acqui s it i on 
and tracking . The Command Module Pilot had manually adj usted the ant enna 
s ettings t o  plus 23 degrees in pitch and 267 degrees in yaw , as request ed 
by the ground 7 hours earlier . The most favorable settings for 5 5  hours 
were actually plus 5 degrees in pit ch and 237 degrees in yaw . The di f­
ference between these two set s  of angles pointed the antenna bore sight 
axis approximately 35 degrees away from the line of sight to the ground 
stat i on .  

When the transmis s i on was switched from the omnidirect ional antenna 
to the manual mode of the high-gain antenna , there was a 6 dB decrease in 
uplink s ignal st rength and a 17 dB decrease in downlink s i gnal strength . 
With the high-gain antenna in the wide beam mode and nearly boresighted , 
the uplink and downlink signal strengths should have been at least equal 
t o  the s i gnal strength obt ained with an omni directional antenna . A com­
pari s on of the wide- , medi urn- , and narrow-beam transmit and re ceive pat·· 
terns indi c ates the high-gain antenna mode was in a medium-beam , manual 
mode at the t ime of acquis it i on and remained in this c onfigurat ion unt il 
the reacquisition mode was s elected at 55 : 00 : 10 . 

Starting at 5 5 : 00 : 10 and continuing t o  55 : 00 : 40 ,  deep repetit ive 
trans i ents approximately every 5 seconds were noted on the phas e modula­
ted downlink carrier ( fig . 14-5 ) .  This type of s ignature can be caused 
by a malfunction which would shift the s c an-limit and s c an-limit-warning 
function line s , as illustrated in figure 14-5 . Thes e  function lines 
would have to shi ft s uch that they are both posit ioned between the antenna 
manual s ettings and the true line of s i ght to earth . Als o ,  the antenna 
would have to be operat ing in the aut o-reacquis it i on mode to provide the se 
signatures . The antenna functions which caus ed the cyclic infli ght RF 
s ignatures resulting from a shi ft in the functi on lines can be explained 
with the aid of figures 14-5 and 14-6 , with the letters A ,  B ,  C ,  and D 
corres ponding to event s during the cycle . Starting at approximately 
55 :00 : 10 ,  the antenna was switched from manual t o  aut o reacqui sit ion with 
the beamwidth switch in the me dium-beam pos ition . From point A to the 
s can limit funct i on line j ust prior to point B ,  the antenna acquired the 
earth in wide beam. When the antenna reached the s c an limit funct i on 
line , the antenna control logi c would switch the system to the manual 
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Fi gure 14-5 . - Shift in s c an-limit , s c an-limit-warning illustrated.  
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mode and drive b ack toward the manual setti ngs until the s c an limit warn­
ing funct i on line at point C was reached , thereby maintaining wide-beam 
operat i on .  When the antenna reaches the s c an limit warning functi on line , 
the system would automat i c ally switch to the medium-beam mode and con­
tinue to drive in the manual mode until the manual setting error was 
nulled out at point A .  The antenna would then swit ch to the auto-t rack 
mode and repeat the cycle . The most import ant fe ature of this cycle is 
that the antenna moves at the manual s c an rate between points B and D ,  
which i s  c onfirmed by the rapid changes in the downlink sign al strength . 

System testing with a simi lar antenna and electroni cs box showed RF 
signatures comparab le to thos e observed in fli ght . This  cons istency was 
accomplished by plac ing the t arget ins ide the scan limits and the manual 
setting outside the s c an  limits . These two pos it i ons were separated ap­
proximat ely 3 5  degrees , which matched the actual angular separation ex­
perienced . Under these conditions , the antenna cy cled between the target 
and the manual setting wh ile operating in the auto-re acquis it i on mode and 
produced the cycli c RF s i gnature . Since the infli ght los s of s ignal to 
earth was not near the s c an limit , the failure mechani sm would be a shift 
in the s c an-limit functi on line . 

Elements in the s c an-limit and s c an-limit-warning cir cuit were 
shorted and opened to determine the effect on the s c an-limit shift . The 
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Fi gure 14-6 . - Recorded signal strengths during 
high-·gain antenna operation . 
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results of this test shifted the s c an-limit funct i ons but di d not produce 
the neces s ary change in the scan-limi t s lope . Consequently , a failure in 
the electroni c box is  ruled out . 

The only component i dent i fied with a failure mode that would produce 
a shift in the scan-limit functi ons and a shi ft change is the C-axis in� 
duct ion potenti ometer located in the antenna .  Thi s  potenti ometer i s  use d  
t o  provide a voltage proporti onal to the C-axi s angular orientation and 
cons ists of three separate coi ls , each with symmetri cal winding on oppo­
site sides of the rotor or stator . These coils include the primary wind­
ing on the stat or , the compens at i on or bias winding on the stator , and 
the linear output winding located on the rotor . The b i as  winding is used 
to shi ft the normal ±70 degrees line ar output to a new linear output over 
the range of from minus 10 t o  plus 130 degrees . 

The voltages for the C-axi s i nduction potenti ometer and the A-axis 
funct i on generator ,  als o locat ed in the antenna ,  add together in the 
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electroni c box and trigger the antenna logi c to produce the s can�limit 
functi ons when the voltage sum reaches a threshold value . Under normal 
operating conditions , the threshold voltage is reached when the C-axis 
angular travel is between 95 and 115 degrees . 

The failure mode of the C-axis induction potenti omet er is a short 
in the st at or excitation winding . Shorting one half of the stat or ' s  
primary winding t o  ground would produce a great er slope in the curve 
showing the inducti on potenti ometer trans format i on ratio versus angular 
trave l .  This slope increas e would produce nonlinear effects because the 
magnetic  flux is concentrated in one-half of the primary winding . Fur­
ther analys is is in progress to establish the parti cular failure and what 
might have caus ed the condition .  

A test will be performed at the launch s ite on future space craft to 
preclude launching with either a bad C-axis or A-axis generator .  

An anomaly report will b e  published when the analysis is complete . 

This anomaly is open . 

14 . 1 . 5  Entry Monitor System 0 . 0 5g Light Malfunction 

The entry monitor system 0 .0 5g. light di d not illuminate within 3 
seconds after an 0 . 0 5g condition was sens ed by the guidance system . The 
crew started the system manually as pres cribed by switching to the back­
up position .  

The entry monitor system is des igned to start automati cally when 
0 . 05g is sensed by the system accelerometer . When this sens ing occurs , 
the 0 .05g light sh ould come on , the s croll should begin to drive , and the 
lrange-to-go counter should begin to count down . The crew reported the 
light failure but were unable to veri fy whether or not the s croll or 
counter responded before the swit ch was manually changed to the backup 
mode . 

The fai lure had to be in the light , in the 0 . 0 5g s ens ing mechani sm , 
or in the mode swit ch , mode switching could als o have been premature . 

An enlarged photograph of the s croll was examined in detail to de­
termine if the scroll started prope rly . Whi le no abnormal indicati ons 
were observed , the interpretation of these dat a i s  not conclusive . 

A complete functional test was performed and the flight prob lem 
could not be dupli cated.  The sys t em was cold s oaked for 7 hours at 
30° F .  While the system was slowly warming up , continuous functi onal 
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tests were being performed to determine if thermal gradients could have 
caused the problem . The system operated normally throughout all tests . 

Following verifi cat i on of the light and sensing c i rcui t , the mode 
switch was examined in detai l .  Tests were performed t o  determine con­
t act resist ance , and the switch was examined by X-ray for conductive 
contaminants and by dis section for nonconductive contaminants . No evi­
dence of any switch prob lems was indicat e d .  

The extens ive testing and analyses and the cons ist ency with whi ch 
the postflight test dat a  repeated preflight acceptance test results in­
dicate the problem was most likely caused either by the Command Module 
Pilot responding t oo Quickly to the 0 .05g light not coming on or by an 
intermittent hardware failure that cleared itself during entry . 

Base d  on thes e findings , a change is  not warrante d  to  exi sting pro­
cedures or hardware on future flights . 

This anomaly i s  closed .  

14 . 1 . 6 Gas Leak in Apex Cover Jettis on System 

During postflight inspecti on ,  it was dis c overed that propellant gas 
had leaked from the guss et-4 breech ass embly , which is  a part of the apex 
cover jettison system ( fi g .  14-7 ) .  A hole was burned through the alum­
inum guss et cover plate ( fi g .  14-8 ) ,  and the fiberglass pi lot parachute 
mortar cover on the parachute s i de of the gusset was charred but not 
penetrated .  The leakage occurred at the breech-plenum interface 
( fi g .  14-9 ) .  The breech and plenum are bolte d  male and female parts 
whi ch are sealed with a large 0-ring backed up with a Teflon ring , as 
shown in figure 14-·7 . During operat i on ,  the breech pressure reaches 
approximately 14 000 psi and the gas temperature exceeds 2000° F .  The 
0-ring and b ackup ring were burned through and the metal parts were 
eroded by the hot gas at the leak path . The system is completely re­
dundant in that either thruster system will effect apex cover j ettis on . 
No evidence of gas leakage existed on the previ ous firings of 56 units . 

The pos sible eauses of the gas leakage include : 

a .  Out o f  tolerance parts - Measurement o f  the failed parts indi­
cate acceptable dimens ions of the metal part s . 

b .  Damaged 0-·rings - The 21 000-psi stati c proof-pressure test was 
success ful . 

c .  Gap in b ackup ring - The installat i on proce dure speci fi es the 
b ackup ring may be trimmed on ass embly to meet installat i on reQuirements , 
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Figure 14-7 . - Apex cover j ettison system. 

but does not specify any dimens ional control over the scarf j oint . 
Since the gap porti on was burned aw� ,  a gap in the backup ring could 
have caused the problem . 

Material and dimens ional controls and improvement of assembly pro� 
cedures will minimi ze the possibility of gas leakage without necess itat­
ing a design change . However , to  protect against the poss ibility of 
leaking gas with the existing design ,  a thermal barrier of polyimide 
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Fi gure l�--8 . -:  Damage from apex j ettison thruster . 
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Figure 14-9 . - Plenum s ide of breech-plenum interface . 
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sheet ( fi g .  14-10 ) will be applied to the interior of the breech plenum 
area on :future spacecraft . The prot ecti on provi ded by the polyimi de has 
been proof-tested by firing the as sembly with out the 0-ring , s imulating 
a worst-case  condition.  

This anomaly is  closed .  

NASA-S-70-5 8 5 0  
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Fi gure 14-10 . - Tunnel guss et protecti on . 

14 . 1 . 7  Reacti on Control Is olat i on Valve Fai lure 

During postflight decontaminat i on of the command module react i on 
control system , the system l fuel i solat i on valve was found open when 
it should have b een closed. All other propellant is olat i on valves were 
in the clos ed posi t i on .  The subs equent failure investigati on revealed 
that the lead from the fuel valve closing coil was wired to an unus e d  
pin o n  a terminal board instead of to  the proper pin . X-rays o f  the 
terminal b oard and clos eout phot ographs indicate the miswiring occurred 
during init i al installation .  

The miswired valve ( fi g .  14-ll ) pas s ed the funct ional checks during 
buildup and checkout becaus e ,  even with the clos ing coi l  lead completely 
dis connect e d ,  the valve can be clos ed through an inductive coupling with 
the oxidizer-valve clos ing coi l .  That is , a reverse-polarity voltage can 
be generated in the oxidi zer valve opening coil through a "transformer" 



NASA-S-70-5851 

I 
I 
I 
I 
I 
I 
I_ _  

C lose 
valves 

Oxidizer 

28 V de power 

Open 
va lves 

I Current flowing in the c lose co i l  of the 

I oxid izer valve induces reverse voltage 
in the open co i l .  The induced voltage 

I is cou p led to the open c o i l  of the fuel I 1 valve and causes the fuel va lve to c lose . 

I I 
I I 
1 I _ _ 

- - - -, 
C lose I 

I 
I 
I 
I 
I 
I 
I 

_ _ _ _ _ I 
Fuel 

Open circu i t  as a result 
of m i swir ing to wrong pin 

Fi gure 14-11 . - Is olat i on valve circuit . 

14-17 

action . This voltage is  applied to the fuel valve opening coil where it 
induces a magnetic field flux that closes the fuel valve . Hith 28 volts 
or more on the space craft bus , this phenomenon was cons istently repeat ­
able . lvith 24 to 28 volts on the bus , the valve would occas i onally clos e ,  
and with less than 2 4  volts , the valve would not close . Since preflight 
testing is  accomplished at 28  volts , the functi onal tests di d not di s­
close the miswi ring . During the mi s s i on ,  the voltage was such th at the 
valve did not close ·when commanded and therefore was found open aft er th e 
fli ght . 

Certain c omponents are wired into the spac e c r aft Wlrlng harnes s by 
inserting crimped ,  pinned ends of the wiring i nto terminal b oards of the 
spacecraft harnes s .  In many c ases , this wi ring i s  part of clos eout in­
st allati ons and ci rcuit veri fi cat i on can only be accompli shed through 
functi onal checks of the component . Thi s  anomaly has point ed out the 
fact that circuits veri fied in this manner must be analyzed to determine 
if functi onal checks provi de an adequate veri fi cat i on . All ci rcuits 
have been analyzed with the result that the servi ce module and command 
module reacti on control system propellant is olat i on valves are the only 
components whi ch require additional testing . Res i stance checks will be 
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performed on all future spacecraft to prove that the i s olat i on valves 
are properly wired.  

This anomaly is clos ed. 

14 . 1 . 8  Potable Wat er Quantity Fluctuati ons 

The potable wat er quantity meas urement fluctuated briefly on two 
occas i ons during the mi s s i on .  At ab out 2 3  hours , the reading de creased 
from 98 to 79 percent for ab out 5 minut es and then returned to a normal 
reading of approximately 102 percent . Another fluctuation was noted at 
ab out 37 hours , at wh i ch time the reading decreased from its upper limit 
to 83 . 5  percent . The reading then returned to the upper limit in a period 
of 7 seconds . 

Prefli ght fluctuati ons of from 2 to 6 percent near the full level 
were obse rved once during the count down demonstrat i on test , and a pos ­
sible earlier fluctuat i on of about 4 percent at the half-full level was 
noted during the flight readines s test . 

This transducer has operated errat i c ally on two previous mi s s i ons . 
Testing after Apollo 8 traced the failure during th at mis s i on to moi sture 
contamination within the trans ducer·. Simi lar fluctuati ons noted during 
Apollo 12 were traced to a minute quantity of undetermined contamination 
on the surface of the resi stance wafe r .  Characteristi cally , the signal 
level decreased fi rst to indi c at e  an increase in the res ist ance but re­
turned to more normal readings as the wafer cleaned itsel f .  Di s ass embly 
of the Apollo 13 transducer and wat er t ank di d not produce evidence of 
either c ontaminat i on or corros ion . The spacecraft wiring whi ch could 
have produced the problem was checked and no intermittents were found . 

The measurement is  not essent i al for flight s afety or mi s s i on suc­
cess . The potable water t ank is  continually refi lled with fuel cell pro­
duct water , and when the potable wat er t ank is full , fuel cell product 
water is automat i c ally diverted to the waste water tank , whi ch is peri od­
ic ally dumped overboard . Water from the potable water tank is used mainly 
for drinking and food reconstitut i on .  Since fuel cell water generation 
rates c an be computed from power generati on levels and s in ce potable 
water us age rates can be  estimated with reas onab le accuracy , the quantity 
of water in the potable water tank can be determined with ac ceptable 
accuracy without the quant ity measurement . 

This anomaly is closed.  
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During launch the suit pressure trans ducer reading remained cons ist­
ent with cab in pres sure until 00 :02 : 45 ,  then suddenly dropped from 6 . 7  
t o  5 . 7  psia coincidentally with S-II engine igniti on ( fi g .  14-12 ) .  The 
difference between the two measurements decreas e d  to only 0 . 2  by 1-1/2 
hours , when the cabin reached its nominal regulated pres sure of 5 . 0 ps i a .  
For this shirts leeve mode , the suit an d  cab in pres sure readings should 
be nearly equal . During normal vari at ions in the command module cabin 
pressure , the suit pressure measurement responded sluggi shly and indi cated 
as much as 1 ps i low . Subsequently , the measurement output decayed and 
remained in the 4 . 1  to 4 . 3  ps ia range for a cabin pressure of 5 .0 ps ia 
unti l  system deact ivat i on at about 59 hours ( fig .  14-12 ) .  
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Figure 14-12 . - Suit and cabin pressure . 
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During periods when the lunar module and the command module cab ins 
were interconnecte d ,  the lunar module and command module cabin press ure 
readings were approximately equal , verifying the operat i on of the command 
module cab in pres sure tran s ducers . 
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Figure 14-12 . - Concluded . 

The suit measurement indi c ated correctly during the brief instru­
ment at i on power-up periods at 102 and 123 hours . However , just pri or to 
entry , the suit indi c at i on was approximat ely 0 . 3  ps i lower than cabin 
pressure but increased to 7. 7 ps ia when the catl in pres sure was reading 
13 . 9  psia j ust prior to landing . 

This trans ducer  als o  beh aved erratically on Apollo 12 . Post flight 
analys is  of both the Apollo 12 and Apollo 13 transducers determined the 
cause to be internal contami nation from electroles s nickel plating 
part i cles . 

The trans duc�"!r is a variab le reluctance inst rument actuated by 
differential pressure applied acros s a twisted Bourdon tube . The hous ing , 
including the cavity containing the Bourdon tube and the variable reluc ­
tance elements , is ni ckel plated.  The Bourdon tube-vari able reluctance 
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assembly and the sens e  port fitt i ng are s oldered in plac e .  Inspect i on 
of the fai led units indi cates that th e flaking occurs adj acent t o  the 
s older . 

The most probable cause of the problem i s  poor plating adhes i on to 
the aluminum bas e metal . Di fferent i al expans i on between the s older and 
the aluminum may cause the plating to  crack . Moisture from the environ­
mental control system suit loop could then penetrate the plating , corrode 
the aluminum base met al and cause the plat ing to peel and flake . The 
nickel flakes could then enter the air gap of the vari ab le reluctance 
elements and affect the measurement . 

Inspect i on als o  reve aled that both the cabin and suit loop press ure 
trans ducers contained various cont aminants i denti fied as s older flux , 
glass beads ( 0 . 0 4  mm di ameter ) ,  and fibers from the wipers used in the 
trans ducer manufacture r ' s  clean room ; all of which could potenti ally 
affect the transducer operation . 

To as sure that one of the pres sure transducers is  operative , th e 
Apollo 14 cabin pressure trans ducer will be di s as s emb le d ,  the plating 
will be inspected and the instrument will be cleane d ,  reass emb led and 
inst alled . 

For Apollo 15 and subsequent , the suit and cabin pres sure  trans ducers 
will be di sass embled and cleaned . The plat ing will be inspected for 
cracking or flaking and the units will be reassembled. The suit pressure 
trans ducers will be reass embled with out s oldering . 

Thi s anomaly is closed.  

14 . 1 . 10 Gas Leak in Electri cal Circuit Interrupter 

During postfli ght i nspe ct i on of the command module , propellant gas 
was noted to have es caped from the left-hand electrical circuit inter­
rupter , mounted in the lower equipment bay , and depos ited s oot on adj a­
cent equipment . The right-hand ci rcuit interrupt er showed no evidence 
of a gas leakage . The removed breech , showing the displaced 0-ring and 
crushed attenuator b lock , is shown in figure 14-13 . 

The two interrupt ers open the electri cal ci rcuits ab out 30 mi lli ­
se conds before the wires are sever ed by the c ommand module /s ervi ce module 
umbili cal guilloti ne .  As i llustrated in the fi gure , a cam fork i s  moved 
by a piston , wh i ch is operated by propellant gas from redundant cart ri dges , 
to functi on a lift plate . Mot i on of thi s  plate di s c onnects the male and 
female porti ons of elect ri cal c onnectors located , respectively , in the 
lift plate and in the b ase  plate of the inte rrupt er.  At the c omplet ion 
of the stroke , the fork i s  brought to  rest by impacting and crushing an 
aluminum block mounted on the interrupter hous ing . 
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The wors e-cas e tolerance bui ldup is when the fork contacts the 
attenuator block and the piston 0-ring is 0 .0 75 inch from entering the 
chamfer in the breech as s emb ly . The 0-ring enters this  chamfer when 
the block has been crushed ab out 94 percent , at whi ch point an 0-ring 
di splacement and accompanying gas escape could be expected.  The factors 
whi ch affect the degree of attenuator crushing are generally uncontrol­
lable within narrow limits and include : 

a .  Sliding fricti on of the many electrical contact pins , the 
several camming and fork-to-plate surfaces , and the piston 

b .  Forces exerted by the springs , whi ch hold the li ft and base 
plates together in the as s embled position 

c .  Propellant gas pressure and the s imultaneous increas e  of pres­
sure in the two bree ches and the plenum 

d .  Simult aneous oc currence o f  the elect ri cal firing s ignals t o  
the two c artridges 

e .  Physical properties of the attenuator block . 

Based upon an analys is of the interrupt er desi gn , its locati on , 
and its relationship to  adjacent equipment , it is  concluded that gas 
will not escape prior to the completion of the deadfacing fun cti on and 
that , should such escape oc cur , the gas will not adversely affect any 
other components . Therefore , no hardware modi fi cati on is neces s ary . 

This anomaly is  clos ed. 

14 . 2  LUNAR MODULE 

14 . 2 . 1  Abnormal Supercritical Helium Pres sure Rise 

During the initial cold-s oak period following loading of supercrit­
ic al helium during the Apollo 13 countdown demonstration test , the helium 
exhibited a pres sure rise rate approximately three times gre at er than ex­
pect e d .  A preflight test was devised to  determine the pres s ure-rise  rate 
that would exist at the time of des cent engine firing for lunar des cent . 
The predi cted tank conditions at that time would be approximately 900 ps i a  
pres sure an d  48 pounds of helium. Normal procedures were not us ed t o  
reach 900 p s i a  becaus e 100 hours would have been requi red an d  the launch 
s chedule would h ave been impact ed ; therefore , the pres sure was rai s e d  t o  
900 ps i a  by flowing warm helium through the t ank heat exchanger . The sub­
sequent pres sure rise rate was abnormally high at 14 . 9  ps i /hour . The ab ­
normality of this rate was confi rmed by repeat ing the test on two other 
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helium t anks , one at the manufacturer ' s  plant and the other at the Manned 
Spacecraft Center.  The results indi cated pressure rise rates of 8 . 8  and 
8 . 7  ps i /h our , respectively . 

The heat-leak test during the countdown demonst rati on indi cated a 
normal rise rate of 7 . 9  ps i /hour at 640 ps ia , whereas the speci al test 
showed an abnormal rise rate of 14 .9  ps i /hour above 900 ps i a .  At s ome 
helium temperature equivalent to  a pressure between 640 and 900 ps i a ,  the 
rise-rate characteristics  would increase in the :manner exhibited during 
the countdown demonst ration test . Extrapolat ing these  results to the 
flight conditi ons , it was determined that the helium tank was fully cap­
able of supporting a lunar landing timeline , and the decis i on was made to 
proceed with the flight us ing the existing tank . 

The prelaunch-standby ri se  rate was a normal 7 . 8  ps i /hour . During 
fli ght , the zero-g ri s e  rate of 7 ps i /hour was s li ghtly higher than ex­
pected , but st ill satis factory . Following the fi rst des cent engine fi r­
ing at 61-1/2 hours , the rise rate increased to 10 . 5  ps i /hour , rather 
than returning to its normal value , as shown in figure 1 4-14 . After the 
second firing at 79-l/ 2  hours , the ri se  rate again increased , this time 
to approximately 33 ps i /h our unti l  ab out 109 hours , when the helium-t ank 
burst dis c  ruptured at 19 37 ps ia , as it should have and vented the remain­
ing helium overb oard .  

The helium tank is  a double-walled titanium pres sure vess e l ,  with 
17 3 layers of alumini zed Mylar insulat i on between the two shells . The 
annular regi on is  evacuat ed to a level of 10

-7 t orr during the manufac­
turing proces s .  

The most likely caus e of the anomaly is  a tank-insulation degrada­
tion whi ch would result in increas ed heat conducti on to the heli urn. The 
insulating charact eristics of the annular vacuum in tank was most likely 
degraded by the introducti on of a cont aminant (prob ab ly hydrogen ) in ex­
tremely small concentrat i ons ( approximat ely 10

-6 pounds ) .  Thes e contam­
inants when vapori zed can exponenti ally increase  the thermal conductivi ty 
in proporti on to thei r vapor pres sure , as indi cat ed by special tests . 
While loading helium into the tank , the contaminants would freeze upon 
the inner shell . In the frozen stat e , the pressur e  of the contaminant is  
too low to  signi fi cantly affect the thermal conductivity . However , the 
flow check wh i ch preceded the cold-soak operation would vapori ze the c on­
taminants in the vi cinity of the heat exchanger lines whi ch pass through 
the annulus . The subsequent increase  in thermal conductivity could cause 
the abnormally high pressure-ri s e  rate ob served during the cold s oak . 
These  vapors would slowly condense on the cold ( 10 °  R )  inner wall , re­
sulting in the pressure rise rate draping to the nominal level , as was 
observed. The rise rate would remain normal unti l  the helium temperature 
increas ed above the vaporiz at i on temperature of the contaminant . 
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Figure 14-14 . - Inflight profile of  supercriti cal 
helium tank pressure . 

A s creening test was devised for all future flight tanks to supple­
ment normal helium t ank testing . The purpose of this test is to deter­
mine the pressure rise  rate for a wide range of helium temperatures from 
approximat ely 9° to 123° R .  For a perfect t ank , the st eady-state . rise  
rate sh ould remain at appr oximately 8 ps i /hour over the entire range of 
temperatures . The Apollo 14 , 15 , and 16 t anks have been sub j e cted to the 
screening test , and e ach exhib it the s ame phenomena observed duri ng 
Apollo 13 , but to  a les ser degree . For new t anks , the manufacturer wi ll 
periodi cally analyze the gas es removed from the vacuum j acket during pump 
down for pos s ib le contaminants . The pres sure i n  the j acket wi ll be mea­
sured 2 or 3 weeks after pumpdown to verify vacuum integrity . 

Thi s  anomaly is  clos e d .  
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14 . 2 . 2  Abnormal Des cent St age Noi se  

At 97  hours 14  minutes , the crew reported a thumping noise and snow­
flakes venting from quadrant 4 of the lunar module des cent st age ( fi g .  14-l�i ) . 
All four des cent batteries experienced current trans ients at 97 : 13 : 5 3  for 
about 2 seconds , with corresponding drops in de bus voltage ( fig . 14-16 ) .  
Als o ,  the water glycol pressur e  different i al for the heat transport sys-
tem decreased momentarily , indi cating th at the glycol pump momentarily 
slowed down . 

NASA-S-70-5857 

Figure 14-15 . - Des cent stage battery location .  
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The thumping noise  occurred at ab out the s ame time as the current 
spikes . The current spikes show that a moment ary short circuit existed 
in the Lunar-Module-Pilot s i de of the de electri cal system , whi ch includes 
descent batteri es l and 2 ( fi g .  14-16 ) .  The current surge was not of 
suffi ci ent duration either to open the balance-load cros s -t i e  ci rcuit 
breakers , to di splay a reverse  current indi cation ,  or to trip a battery­
off relay as a result of an overcurrent condition . 

The dat a show that des cent batt ery 2 experi enced at least a 60-ampere 
current surge . This condi tion could have been a reverse current into  the 
battery , since the instrumentation system does not indi cate the di rection 
of current . Immediately after the current surges , battery l current re­
turned to its original value wh ile battery 2 provi ded ab out 80 percent of 
the total current load . Aft er sustaining a surge load , the battery termi ­
nal voltage normally increases for a short period of time . Since batt ery 2 
experienced the highest surge , it should have temporari ly as sumed the most 
load . Within 10 minut es all batteries were properly sharing the current 
load , and no subsequent abnormal performance was observe d .  At 99 : 51 : 09 ,  
battery 2 gave an indi cation of a battery malfunction , di s cussed in more 
detail i n  the next secti on . 

Evi dence indi cates that battery 2 may have experi enced an electri cal 
fault of some type . The most probab le condi tion is electrolyte leaking 
from one or more cells and bridging the high-voltage or low-voltage ter­
minal to the battery case  ( fi g .  14-17 ) .  This bri dging res ults in water 
electrolys i s  and subBequent igniti on of the hydrogen and oxygen so gener­
ated . The accompanying "explosi on "  would then blow off or rupture the 
Beal of the battery lid and cause both a thump and venting of the free 
liqui ds in the battery case , resulting in "snowflakes . "  

Postflight tes t:3 have shown the following : 

a.  Electrolyte can leak past the Teflon retention s creens installed 
in each cell to prevent leakage . 

b .  The des cent battery cells contain an excessive amount of free 
electrolyte . 

c .  The potting does not adhere to the battery case , consequently , 
any free electrolyte can readily penetrate the interface between the 
potting and the case and bri dge between the terminals and case . 

d .  Once an ele etrolyt e bri dge is formed , electrolys is  will produce 
hydrogen and oxygen gas . 

e .  A bridge at the positive terminal can produce a current surge of 
as much as 150 amperes . 
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For Apollo 14 and subs equent mis s ions , the des cent batteries wi ll be 
modi fied to minimi ze the haz ards as sociated with electrolyte leakage . 

NASA-S-70-5859 
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Fi gure 14-17 . - Des c ent b attery terminal configurat i on .  

Cel l  

The b attery pott ing wi ll be  improved to prevent electrolyte bri dging 
between the batt ery terminals and case . These improvements include coat­
ing the ins i de of the battery case  with epoxy paint before the battery is 
ass emb led and changing the potti ng material used at the ends of the case 
to a material whi ch has better adhes i on characterist i cs . Als o , the cell 
chimneys wi ll be mani folded together and to the case vent-valve with 
plastic  tubing . 

In addition , tests are being performed to determine i f  the quantity 
of free electrolyt e in each cell can be reduce d .  Preliminary results in­
di c at e  a reducti on of from 360 to 340 cc per cell is poss ib le . 
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The des i gns of  other Apollo batteries have been reevaluated , and all 
are cons i dered s afe except the lunar module as cent batteri es and the lunar 
surface drill b attery . The as cent batteries and a new battery t o  be in­
st alle d in subs equent servi ce modules will receive the same corrective 
act i on applied to the des cent b attery . The lunar surface drill battery , 
which previ ously was unpotted , will be potted. 

This anomaly i s  closed.  

14 . 2 . 3  Des cent Battery 2 Malfunction Li ght On 

The battery malfunction li ght illuminated at ab out 100 hours with a 
corresponding master alarm . The malfunct i on ,  is olated to battery 2 ,  could 
have been caus ed by an overcurrent , a reverse-current condit ion , an over­
temperature condit i on ,  or pos s ibly an erroneous indi c ation . The logi c 
�or thes e malfuncti on conditions is  shown in fi gure 14-1 8 .  
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Fi gure 1 4-18 . - Battery 2 malfunction circuit . 

A battery overcurrent can be  ruled out becaus e automat i c  removal of 
the battery from the bus would have occurred . 
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A reverse-current conditi on can be ruled out because , if the battery 
is removed from and reapplied to  the bus , the reverse-current circuit has 
a built-in delay of about 5 seconds before the reverse-current relay is 
again activated to illuminat e  the light . Battery power was removed from 
and replaced on the bus in flight , and the light immediately illuminated 
again when the battery was reconnected.  

An over-temperature condition can be ruled out because , after the 
battery was replaced on the bus , the light remained illuminated for a 
brie f  peri od and then began flickering intermittently . A fli ckering 
light cannot be c aused by the temperature sens ing switch becaus e of a 
temperature hysteres is of approximately 20° F in the switch . The water 
glycol loop temperature als o  indi c ated that the battery temperature was 
normal . 

Either a short between the temperature switch wires to  ground or a 
contaminat i on in the auxili ary relay would actuate the light . The shorted 
condition could have resulted from electrolyte shorting within the b attery 
case  ass oc i ated with the current surges discussed  in the previ ous sect i on .  
Contamination o f  the auxili ary relay has occurred i n  the past , and relays 
already packaged were not retrofitted s ince a false over-temperature indi ­
cat i on can be i denti fied as it was here . 

Corrective acti on is  being taken to prevent electrolyte shorts as ­
s ociated with the previously dis cussed b attery anomaly whi ch should elim­
inate this type of sens or problem in future spacecraft . No further cor­
rective acti on to eliminat e  contaminat i on in the auxili ary relay is re­
quired. 

This anomaly is  closed .  

14 . 2 . 4  Ascent Oxygen Tank 2 Shutoff Valve Leak 

During the flight , the pressure in the as cent stage oxygen tank 2 
increased,  indi cating a reverse leakage through the shutoff valve from 
the oxygen mani fold ( fi g .  14-19 ) into the t ank . The leak rate , with a 
maximum di fferenti al press ure  of 193 ps i ,  varied from about 0 . 22 lb/hr 
( 7 0  000 s cc /h r )  to zero when the tank pres sure reached mani fold press ure . 
Allowable leakage for the valve in either direct i on is 360 sec/h r .  Pre­
flight test data indi cate a revers e  leakage of 360 s c c /hr and no exces­
sive leaking in the forward direction . 

The internal portion of three valves of this type had been replaced 
previ ous ly on the spacecraft because of excessive leakage through the 
ascent oxygen tank 1 shutoff valve . In one valve , a rolled 0-ring 
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( fi g .  14-20 ) caus ed the leakage . When the valve is  installed , the for­
ward 0-ring c an  be rolled and damage d when it pas ses the mani fold port . 
In the other two valves , the cause was not i dent i fied and was as sumed to 
be c ontamination .  

The product ion tolerances of the valve and bore were examined to 
determine i f  a tolerance bui ldup problem existed.  The manufacturer ' s  
speci fi cation to  whi ch the valve was designed requires that the 0-ring 
be sub j e cted to a compres s i on of between 0 . 0115 and 0 . 0225 inch , whereas 
the 0-ring supplier recommends between 0 . 011 and 0 .0 17 inch . The added 



14-34 

NASA-5-70-5862 

0-ring could have been 
damaged during installation 
by chamfered ea\Jelllo.. 

H igh pressure fr01m l�.li.l�\ ,,\ 
oxygen tank 

Figure 14-20 . - Ascent stage tank shutoff valve . 

c ompress ion allowed in the valve des ign would aggravate the tendancy for 
the 0-ring to  roll during valve as semb ly . 

Leak tests previous ly performe d on the valve were inadequate , in 
that only reverse leakage at high pres sure was determined.  For future 
vehi cles , forward and reverse leakage at both high and low pres sures 
will be measured to detect any defective valves . 

This anomaly is  clos e d .  

14 . 2 . 5  Cracked Window Shade 

The left-hand window shade showed three large separat i ons when it 
was first placed in the stowed pos ition during fli ght ( fi g .  14-21 ) .  A 
Beta Cloth backing is st it ched to the inner surface of  the Aclar shade . 
The cracks propagated from the sewing stit ch holes on the periphery of 
the shade . About l/8-inch-long cracks ext ended from ab out 80 percent 
of the stitch holes in a di rection parallel with the curl axis of the 
shade . 
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F igure 14-2 1 . - Cracked left-hand w indow shade . 
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Cracking as a result of Aclar embrittlement has occurred before , 
therefore , the Apollo 13  shades were examined prior to fli ght . Since 
no cracks were found , the sh ades were approved for flight . 

The Aclar supplier has developed a heat ing and quenching process 
to provide material with an elongation in exces s of 25 percent , as com­
pared to elongati ons of from 6 to 12 percent for the fai led shades . 
Shades for future vehicles will be  fabri cated from this  more ductile 
material . The Aclar will be reinforced with MYlar tape be fore the Beta 
Cloth backing is stitched to the shade . The modi fi ed shades have been 
requali fied for the next flight . 

This anomaly is clos e d .  

14 . 3  GOVERNMENT FURNISHED EQUIPMENT 

14 . 3 . 1  Loos e Lens Bumper On Lunar Module 16-mm Camera 

For launch ,  the 16-mm camera is  mounted to point th rough the Lunar 
Module Pilot ' s  window with the 10-mm lens and bumper att ached. At the 
time of infli ght lunar module inspection , the bumper was found to have 
separated from the c amera lens . The bumper was replaced and remained 
attached for the remainder of the flight . Loos eness  has been experi­
enced during previ ous lens /bumper as semblies . 

To prevent recurrence of the problem ,  the mating surface of the 
bumper wi ll be swaged for future mis s i ons s o  as to provi de an interfer­
ence fit with the internal surface threads of the 10-mm lens as s embly . 

This  anomaly i s  clos e d .  

14 . 3 . 2  Failure of the Interval Timer Set Knob 

The onboard interval time r ,  which has two timing ranges ( 0  t o  6 and 
0 t o  60 minutes ) ,  is  stowe d in the command module for crew use in timing 
such routine functions as fuel cell purges , cryogeni c system fan cycles , 
and s o  forth . A tone advis es the crew when the set time period has 
elapsed. Prior t o  55  hours , the time-period set knob c ame off in  a crew­
man ' s  hand be caus e of a loos ened set screw .  The s et s crew had been se­
cured with a spec i al gripping compound .  Postflight examination of other 
fli ght timers indi cated that this compound apparently does not provide 
a strong enough retention force for this appli cat i on . Therefore , the 
knobs  on timers for future flights will be secured to the shaft with a 
roll pin . 

This anomaly is clos ed.  
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14 . 3 . 3  Imprope r Nasal Spray Operation 

When att empt s were made to us e the two nas al spray bottles in the 
command module medi cal kit , no medi cation could be obtained from one 
bottle and only t·wo or three sprays could be obt ained from the other . 
On previous flight s , there had been a tendency for the spray to be re­
leased too fast , therefore a pi ece of cotton was inserted in the 9-cc 
bottle to hold the 3 cc of medi cati on . Chamber tests and ambient shelf­
life tests have indi cated that this ch ange was satis factory . Those tests 
have als o shown th at , for best results , the b ottle should be squeezed 
where the cotton is  located.  Post fli ght examination of the one returned 
bottle demonstrated s atis factory operat i on under normal gravity . The 
returned bottle sti ll contained 2 . 5  cc of medi cati on after five or s ix 
test sprays . 

Medical kits for future fli ghts wi ll include nose drops packaged 
the s ame as the eye drops . This packaging has been s atis factory on pre­
vi ous flight for eye drops . 

This anomaly is closed.  
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15 . 0  CONCLUSIONS 

The Apollo 13 mis s i on was the first in the Program reqUlnng an 
emergency abort , with the Gemini VIII mis s i on the only pri or case in  
manned spaceflight where a flight was terminated early . The excellent 
performance of the lunar module syst ems in a backup capacity and the 
training of both the flight crew and ground support pers onnel resulted 
in the safe and e fficient return of the crew . The following conclus i ons 
are drawn from the informati on contained in this report . 

a .  The mis s i on was aborted because of the t ot al loss of primary 
oxygen in the service module . This loss resulted from an incompatibility 
between swit ch desi gn and preflight procedures , a condit i on whi ch , when 
comb ined with an abnormal preflight detanking procedure , caus ed an in­
flight shorting and a rapi d oxi dati on within one of two redundant storage 
tanks . The oxi dat i on then result e d  in a los s of pressure integrity in 
the related tank and eventually in  the remaining tank .  

b .  The concept of a backup crew was proven for the first time when 
3 days prior to flight the backup Command Module Pi lot was substituted 
for his prime-crew counterpart , who w as expos ed and sus ceptible to 
rubella ( German measles ) . 

c .  The per formance of lunar module systems demonstrated an emer­
gency operat ional capab ility . Lunar module systems supported the crew 
for a period approximat ely twice thei r  intended des ign li fetime . 

d .  The e ffectiveness  of preflight crew training , especi ally in con­
junction with ground pers onnel , was reflect ed :in the ski ll and prec i s i on 
with which the crew responded t o  the emergency . 

e .  Although the mis s ion was not a complete success , a lunar flyby 
mission , including three planned experiments ( lightning phenomena, earth 
photography , and S-IVB lunar impact ) , was completed and informati on whi ch 
would have otherwise  been unavail able , regarding the long-term backup 
capability of the lunar module , was derive d .  
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APPENDIX A - VEHICLE DESCRIPTIONS 

The configurat i on of the Apollo 13 spacecraft and launch vehi cle 
was nearly i dentical to that of Apollo 12 , and the spacecraft /launch 
vehi cle adapte r  and launch es cape system underwent no changes . The few 
changes to  the command and servi ce modules and the lunar module are di s ­
cussed i n  the following paragraphs . A di s cus s i on of the changes to  the 
Apollo lunar surface experiments package and a li sting of the spacecraft 
mas s propert i es are also pres ented.  

A . l  COMMAND AND SERVICE MODULES 

The structure in the forward end of the docking tunnel was rein­
forced to  accommodate the expe cted higher parachut e  loads due to  the in­
creased wei ght of the command module . In the sequential system the timi nil 
signal whi ch dis ab les the roll engines during service module separat i on 
was changed from a 5 . 5- to  a 2-s econd interval , and a cutoff time of 
25 seconds was incorporated for the trans lation engines instead of allow­
ing them to fire unti l  the propellant was depleted. These timing changes 
were instituted to minimi ze the e ffects of fuel s losh and to improve 
servi ce-module separat i on charact eristics . The stripline units in  the 
high-gain antenna were changed to an improved deBign . A detachab le fi lter 
was provided for installing over the c abin heat exchanger exhaus t to as sist  
in  collection of  free lunar dust after crew tranB fer from the lunar module . 
An extra urine fi lter , in addition to the primary and backup units , was 
stowed and could be used to  reduce the pos s ibi lity of a clogged urine trans ­
fer line . Als o include d was a lunar topographi c camera , which could be 
inst alled in the conunand module hat ch window for high res olution photog­
raphy of the lunar surface from orbit .  The camera provided a 4 .  5-inch 
film format and had an 18-inch focal length and image -moti on compens ation .  
The phot ographs would yi eld a res olution of approximately 12 feet and 
would include a 15-mi le square area on the surface for each frame expos ed . 

A . 2  LUNAR MODULE 

The thickness of the outer-skin shi elding for the forward hat ch was 
increased from O . QQ .4 to  0 . 010 inch to  improve the res istance to the tear­
ing that was not ed on Apollo 12 . The D-ring handle on the modulari zed 
equipment storage as s emb ly was changed to  a looped cab le to simpli fy the 
deployment operat i on .  The thermal insulation for the landing gear was 
modi fied to reduce the tot al ins ulat i on weight by 27 . 2  pounds . Both a 
color and a b lack-ru1d-white televi s i on camera were include d for increased 
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rel iability of televis ion coverage on the lunar surface . The primary 
guidance programs were modi fi ed to permit reentry into the automat i c  and 
attitude hold modes of operat i on after manual control was exerci s e d ;  this 
change was incorporated to  provi de improved final des cent capabi lity in 
the event of obs curat i on from lunar dust . The event timer was modi fied 
so that after it count ed down to  zero , it would count up aut omat i c ally 
and thus reduce crew workload during cri t i c al events . The des cent pro­
puls ion system was changed t o  include a bypass line around the fuel/helium 
heat exchanger such that i f  the heat exchanger should free ze during vent­
ing , press ures would equali ze on b oth s ides of the heat exchanger . The 
sens ing point for the wat er separator drain t ank was changed from the 
locat ion of the carbon dioxi de sens or to a point upst ream of the suit 
fans , thus eliminat i ng mi grat i on of water to the carb on di oxi de sens or 
and improving its operat i on .  A removab le flow limiter was added to the 
inlet for the primary lith ium hydroxi de cartri dge to reduce the wat er 
separat or speed and to minimi ze the pos s ib i lity of condens ed water in 
the suit . A dust filter was incorporat ed at the inlet of the cabin fan 
to reduce the amount of free lunar dust in  the cabi n .  Redesigne d water/ 
glyc ol and OXYgen di sconnects having redundant s e als were installed to 
improve reli ab ility and to permit up to 5 degrees of connector mis align­
ment . To decreas e the pos s ib ility of lunar dust cont ami nation , a brush 
was added for cle aning the suits before ingress , the bristles on the 
vacuum brush were changed from Teflon to Nylon , and a cover was added to 
the lunar sample tote b ag .  

The extravehi cular mob ility unit underwent several modi fi cati ons to  
improve lunar surface capability . S cuff pat ches were added to  the pres­
sure garment as sembly to prevent wear of the thermal/meteoroid garment 
caused by chaffing of the lunar boots . A devi ce was added in  the neck 
area of the pres sure suit to provi de drinking water to the crewmen during 
extravehi cular act ivity . A center eyeshade was installed at the top of 
the extravehi cular vi s or ass embly to  reduce incoming glare and to  ai d in 
dark adapt ati on when entering shadow . Abras ion cover gloves were included 
to be used over the ext ravehi cular gloves t o  reduce wear and heat conduc­
t ion during core drilling operati ons . The electri cal connnector on the 
remote control uni t for the port able li fe support sys tem was redes igned 
to permit e asier engagement . The manufacturing te chni que for the regu­
lator in the oxygen purge system was modi fi ed to  minimi ze  the pos sibi lity 
of gas leakage . 

A . 3 EXPERIMENT EQUIPMENT 

The Apollo lunar surface experiment package stowed for Apollo 13 
was s imi lar to that for Apollo 12 . However ,  the s olar wind spectromet er , 
magnetomete r ,  and suprathermal i on detector , included on Apollo 12 , were 
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deleted from Apollo 13 . A heat flow experiment and a charged parti cle 
environment dete ct or were adde d for Apollo 13 . The cold-cathode i on gage 
experiment deployed during Apollo 12 was s igni fi c antly modi fi e d  for 
Apollo 13 . 

The Apollo l1mar surface experiments 
packages as shown in fi gures A-1 and A-2 . 
module s cienti fi c equj.pment bay .  

NASA-S-70-5864 

package cons is ted of two sub­
These were stowed in the lunar 

Fi gure A-·1 . - Experiment subpackage number l .  

A . 3 . 1  Heat Flow Experiment 

The heat flmr experiment was designed to measure the thermal gradient 
of the upper 3 meters of the lunar crust and the thermal conduct i vi ty of 
the lunar surface materi als . Lunar heat flow calculati ons could be based 
on the measurements . 

The experiment cons isted of an electroni cs package and two sens or 
probes whi ch were to be placed in bore holes , predrilled by the crew us i ng 
the Apollo lunar surface dri ll . At each end of the probe was a gradient 
heat sensor with heater coil , a ring sens or 10 centimeters from each end , 
and four thermocouples in the probe cable . The probe cons isted of two 
55-centimeter sect i ons j oined at a 2-inch spacing with a flexib le spring . 
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NASA-S-70-58&5 

Structure/thermal subsystem components 

Figure A-2 . - Experiment subpackage number 2 .  

A . 3 . 2  Charged Parti cle Lunar Environment Experiment 

The charged parti cle lunar environment experiment was des igned t o  
measure the energy o f  protons and elect rons i n  the energy range o f  4 0  to 
70 electron volt s . The experiment consisted of two detector/analyzer 
packages , each oriented for minimum exposure to the eclyst i c  path of the 
sun , one for the east-west plane and one for the north-south plane . Each 
of the detector packages had six part i cle energy detectors . A complete 
measurement of all energy ranges would be made every 19 - 4  seconds . 

A . 3 . 3  Cold Cathode Gage Experiment 

The cold cathode gage experiment was des igned to measure the dens ity 
of the lunar atmosphere by s ens ing the parti cle density immedi ately around 
its deployed pos iti on .  An elect ri cal current would be  produce d  in the 
gage proportional to part i cle dens ity . Pressure of the ambient atmosphere 
could be calculat e d ,  based on the measurements of the dens ity of the 
neutral atoms . 

The experiment consi sted of an elect ronics package with sunshield 
and reflector ,  to shade the thermal plate from the direct sunlight , and 
a sensor package with aperture and dust cove r .  
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A . 4  LAUNCH VEHICLE 

Spray foam was us ed exclusively as insulat i on in  the S-II stage t o  
reduce weight . A fourth battery was installed in the instrument uni t  t o  
extend the tracking capab ility to lunar di stance in support o f  the S-IVB 
lunar impact experiment . Telemetry meas urements in the inertial plat form 
were added and ,  in some cases , were relocated to provi de a more complete 
analysis of plat form vibrat i ons . Four wires were added to the dist ributor 
in the emergency detect i on sys tem , located in the instrument unit , to 
provi de automat i c  ground command capab i lity at spacecraft separat i on in 
the event of a contingency s eparat i on .  

A . 5  MASS PROPERTIES 

Spacecraft mass properties for the Apollo 12 mi s s i on are summarized 
in tab le A-I . These data repres ent the conditi ons as determined from 
pos t fli ght analyses of expendab le loadings and usage during the flight . 
Variat ions in spacecraft mas s propert i es are determined for each s i gni f­
icant mi ss ion phase from li ft-off through landing .  Expendables us age is  
based on report ed real-time and postflight data as pres ented i n  oth er 
sect i ons of this report . The weights and centers of gravity of the in­
divi dual command and servi ce modules and of the lunar module ascent and 
des cent stages were measured pri or t o  flight , and the inert i a  values were 
calculated . All changes incorporated after the actual weighing were mon­
itore d ,  and the spacecraft mass properties were updat e d .  
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TABLE A-I . - MASS PROPERTIES 

Center of gravity, in, M:>ment ot inert ia, slug-t't2 Product of inertia, 
Event Weigh t ,  slug-rt2 

1b 
X y z 'xx Iyy 1zz IXY 'xz 'yz 

L i f't -off 110 252 . 4  84 7 . 4  2 . 4  3 . 7  67 646 1 175 539 1 178 016 2906 8 047 3711 

Earth orbit insertion 101 261 . 2  80 7 . 4  2 .6 4 . 1  6 6  770 718 686 721 213 5157 ll 945 3688 

'l'ransposi tion and docking a 

CommWld & service module s 63 720.3 934.5 4 .0 6 . 5  3 3  995 76 4&> 79 123 -1746 -126 3221 
Lunar module 33 499.1 1237.0 -0.1 0.0 22 457 24 654 25 255 -434 95 235 

Total docked 97 219 .4 1038.7 2 .6 4 . 3  56 736 534 890 538 009 -8142 -9376 3585 

First mid c ourse correction 
Ignition 97 081 . 5  1038 . 9  2 . 6  4 . 2  5 6  629 534 493 537 635 -8192 -9305 3620 
Cutoff 96 851 . 1  1039 . 0 2 . 6  4 . 2  5 6  508 534 139 537 380 -8189 -9282 3587 

Cryo�venic oxygen tank 
i n c i :tent 

Before 96 646.9 1039 . 2  2 . 6  4 . 2  5 6  321 533 499 536 766 -8239 -9244 3636 
Ai'ter 96 038.7 1040 .7  3.0 3.9 57 248 533 927 5 37 251 -8269 -8993 -3709 

Second mi dcourse correction 
Ignition 95 959 . 9  378 .8 4 . 9  0.1 57 205 516 443 521 180 11617 2659 3286 
Cutoff 95 647.1 379 . 4 5 .0 0 .1 57 006 513 919 518 700 11553 2651 3285 

Transearth inject i on  b 

Ignition 95 424 . 0  379.7 5 .0 0 . 7  5 6  &>6 512 837 517 560 11370 2495 3255 
Cutoff 87 456 .o 398 . 4  5 . 5  0 . 8  5 1  778 431 285 437 119 9443 2222 3249 

Third midcourse correction b 
Ignition 87 325 . 3  398.7 5 .5 0.8 51 681 430 123 435 930 9244 2048 3215 
Cutoff 87 263.3 398 . 9  5 .5 0 . 8  5 1  642 429 353 435 169 9227 2045 3215 

Fourth midcourse correct ion b 

Ignition 87 132.1 399 . 1  5 . 5  o . 8  51 553 428 322 434 105 9069 1911 3191 
Cutoff 87 101.5 399 . 2  5 . 6  0 . 8  5 1  538 428 219 433 990 9065 1910 3192 

Conmand & service module 

separation b 

Before 87 057 . 3  399 . 3  5 . 6  0 . 8  5 1  517 428 065 433 819 9058 1909 3194 
After (command module I 37 109.7 251 . 5  2 . 2  -0 . 3  24 048 92 418 93 809 2362 -989 9 
lunar module ) 

Col!l!land module /+unar 

module separation a 

Before 
b 

37 014 .6 252 .9 1 . 9  -0.6 23 926 93 993 95 514 2188 -963 -35 
After ( command module ) 12 367.6 1039 . 9  0 . 3  6 .1 5 815 5 258 4 636 31 -409 20 

Entry 12 361 . 4  1039 . 9  0 . 3  6 .0 5 812 5 254 4 635 31 -407 21 

Drogue deployment 11 869 .4 1038.7 0 . 3  6 . 0  5 727 5 002 4 405 33 -382 24 

Main parachute deployment ll 579.8 1038.6 0 . 5  5 . 3 5 590 4 812 4 346 27 -319 41 

Landing ll 1 32 . 9  1036 . 6  0 . 5  5 . 2  5 526 4 531 4 046 25 -328 42 

�unar module was docked to the command module from initial docking until just prior to entry . 
b

Mass properties are referenced to the coordinate system of the lunar module ,  which provided spacec raft dynamic 
control during these phases . 



B-1 

APPENDIX B - SPACECRAFT HISTORIES 

The history of command and service module ( CSM 109 ) operations at 
the manufacturer ' s  faci lity , Downey , Cali forni a ,  is  shown in figure B-1 , 
and the operations at Kennedy Space Center , Flori da , in figure B-2 . 

The history of the lunar module ( LM-7 ) at the manufacturer ' s  facil­
ity , Bethpage , Nev York , is shown in figure B-3 , and the operat i ons at 
Kennedy Space Center , Flori da , in figure B-4 . 

N A S A - 5 - 7 0 - 5 8 66 

1 9 6 8  1 9 6 9  

March Apr i l  May June 

• I n d i v idual  and com b i ned 
systems checkout 

Ill I ntegrated systems test 

Modif i cations and retest • 
F inal  instal lation and checkout Il l I 

We i ght  and ba lance I 
Prepare for sh i pment and sh i p . 

Figure B-1. - Che ckout flow for command ru1d servi ce modules 
at contract or ' s faci lity . 
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NASA-S -70-586 7 

1 9 69 1 9 7 0  

August I September j -October I November I December January I February I March I Apr i l  

N ote : 

•• • • • • ••• Spacecraft operation and checkout 

• •  S pacecraft/ launch veh ic le  assembly 

I I • Systems tests on pad 

Prope l lant load ing and leak tests -
Countdown demonstration test . 

Command and serv ice modules 
Countdown . 

del ivered to Kennedy S pace Center Launch ... 
on June 2 5 ,  1 9 69 . 

Figure B-2 . - Command and servi ce module che ckout 
history at Kennedy Space Center . 

NASA-S-70-5868 

September 

1968 1 9 6 9  
December January 

··· ·--· 1 11 1  Component installation and testing 

- Leak checks and functional tests 

Rework and verification tests 

June 

Final instal lation ­
Weight and balance I 

Final inspection . 
Prepare for shi pment and s h i p  I 

Figure B-3 . - Checkout flow for lunar module at 
contractor ' s  facility . 
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October 

1969 1 9 7 0  

N ovember December JantJary F cbrtJary March Apri l 

EqtJipment instal lation and retest 

II Landing gear instal lation 

I I lnst,l l l  in  spacecraft/ l.111nch veh i c le adapter 

• •• System ver i f ication tests 

• 
· - Final  pad rework and retest 

1• • Load· prope l lants 

Countdown demonstration test •1 
Countdown . 

Note: Lunar module del i vered to 
Kennedy S pace Center LatJncilT 
on June 2 7 ,  1969 . 

Figure B-4 . - Lemar module checkout h i s t ory at 

i\enne d.Y Space Cent e r .  

f l-3 
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APPENDIX C - POSTFLIGHT TESTING 

The command module arrived at the contract o:r ' s fac i li ty in Dmmey , 
Cali forni a ,  on Apri l 27 , 1970 , after reacti on control system deacti vat i on 
and pyrotechni c s afing :Ln Hawai i .  Pos t flight te�3ting and inspect i on of 
the command module for evaluati on of the infli ght performance and inves ­
ti gat i on of the flight :Lrregulari ties were conduct ed at the contractor ' s  
and vendors ' facilities i n  ac cordance with approved Apollo Spacecraft 
Hardware Ut ili zat i on Requests ( ASHUR ' s ) . The tests performed as a result 
of inflight prob lems are des crib ed in table C-I and di s cus sed in the ap­
propriate systems performance secti ons of th is report . Tests being con­
ducted for other purposes in accordance with other ASHUR ' s  and the bas i c  
contract are not i ncluded .  

ASHUR 

lJ900[ 

lJ9(106 

l09Dlt. 

lJSI020 

lJ902l 

109015 

TABlE C-I . - POSTFLI GHT TESTING SUMMARY 

To determine contaminates present 
or damage i nc:rrred in 900 ps i 
system 

To determine contaminates preser:': 
in resi dual oxyg•�n in surge tanK 
Slid repres suriza�:.on package 

To investigate t!".e failure o f  the 
postlanding ventilation valve t o  
cycle open 

l\:; determine the cause of failure 
ot the suit Fressure tr�1.11sducer 

To determine the cause o f  fail:.rre 
;;;f the potable '<later tra.ns:iucer 

To investigate the cause for opt i c s  
coupling display unit indications 
of optics movemt?nt. durlr.g the 
zero optics mode 

To investigate the failure of the 
O.O)g indication dur ing entry 

Tests perfonned 

Environmental Cant rol 

An&ly'l.e the oxygen filters 
uostream of restrictors and 
check valves for contaminates .  
Perforre. acceptance test of 
oxygen ir: air regulator 

W ithdraw sample and analyze f'or 
contaminates 

Determine position of inlet valve 
mechanical safety p i n .  At.tempt 
to operate valve , ther: remove 
for failure analys i s  

Perform calibration c h e c k ,  dis­
assembly, and failure ana'..y s i s  

Remove , d i s asset.�ble , and per-­
form failw-e analy s i s  

Juidance and Navigatior: 

Performance che:;l-. of zero optics 
mode operation 

Verify the 0 . 05 g  entry r:.on itor 
system c i rcuit. , check the ,�on­
ne:;tors , lamt:-. and wiring 

Hes ults 

1\c :- i gr.:. f i cant d : fference 
!'rom t.i"le a:.aly: Ls rer­
fonned ac · ·,ad:.r,6 

Not complete 

Not comp.l.ete 

:.rot complete 

Unable to perform tests on 
opt i cal uni t due t.o salt 
·o�ater cor.trutination 
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APPENDIX D - DATA AVAILABILITY 

Tables D-I and D-II are summari es of the dat a made avai lable for 
systems performance analyses and anomaly investigati ons . Table D-I lists 
the dat a from the command and s ervi ce modules , and t able D-II , for the 
lunar module . For additional informat i on regarding data avai lability , 
the status listing of all mi s s i on dat a in the Central Metri c Data Fi le , 
building 12 , MSC , should be consulted .  

TABLE D-I . - COMMAND AND SERVICE MODULE DATA AVAILABILITY 

--
Time , hr :min 

Range 
Bandpas s 

Computers 0 1  granh i>r ��:h .;pecial :.::.pee! al plots Bi levels plots station "Words records rec•Jr<..b !•r'o)!"'T3ffi::; From To or tabs or tabs 
·-- - - - - - - --

00 : 00 00 : 12 MILA X X X X X X ., 00 : 02 00 : 14 BDA X X X 00 : 04 04 : 44 MSFN X X 00 : 07 00 : 1B VAN X X X 00 : 14 00 : 28 CYI X ! X X X 01 : 31 0 1 : 33 GDS X X X X 01 : 33 0 1 : 45 MILA X X X ·' I 
0 1 : 48 01 : 59 CYI X X X A I 02 : 25 02 : 34 CRO X X X ,( 02 : 34 02 : 4 5  HAW X 02 : 43 02 : 50 HAW X X X X 02 : 49 1 3 : 59 GDS X X X X :.. X 04 : 44 0 8 : 35 MSFN X X X 
0 8 : 35 12 : 49 MSFN X X X 12 : 49 16 : 44 MSFN X X X 
1 3 : 18 17 : 12 HS:<: X X X X 16 : 44 20 : 37 MSFN X X X 
l7 : 15 2 5 : 00 MAD X X X X X 20 : 37 27 :01 MSFN X X X 24 : 53 37 : 42 GDS X X X X X 27 :01  40 : 55 MSFN X X X 
37 : 33 42 : 47 HSK X X X X ;, 40 : 55 44 : 38 MSFN X X X 
44 : 38 52 : 37 l.fSFN X X X 
50 : 21 58 : 39 GDS X X X X X ' X 
52 : 37 58 : 39 MSFN X X X 

101 : 53 101 : 58 GDS X X 
123:03 123 : 12 GDS X X 
140 : 12 141 : 08 HSK X X 
140 : 1 5  142 : 39 �1SFN X X X 
140 : 48 141 : 50 GWM X X 
141 :26 142:14 CRO X 
142 : 12 142 : 38 CRO X X X 
142 : 36 142 :44 ARIA X X X 
142 : 40 142 : 58 ARIA X X X 
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TABLE D-II . - LUNAR MODULE DATA AVAILABILITY - Concluded 

Time , hr :ndn 
Range 

Bandpass Computer O ' graph Brush 
Special 

Special plots Bilevels plots 
From To 

station 
or tabs words records records 

or tabs 
programs 

5 7 : 57 5 8 : 0 5  GDS X X X 
57 : 57 60 : 36 MSFN X X X 
58 : 12 59 : 12 GDS X X X 
60 : 36 64 : 50 MSFN X X X 
61 : 10 62 : 10 GDS X X X X X X X 
64 : 52 6 8 : 26 MSFN X X 
65 :07 6 6 : 07 HSK X 
6 8 : 26 72 : 24 MSFN X X 
72 : 32 7 7 : 0 3  MSFN X X 
77 : 0 3  &l : 29 MSFN X X X 
7 8 : 47 79 : 47 GDS X X X X X X X 
80 : 29 96 : 29 MSFN X X 
9 3 : 30 9 3 : 40 MAD X X 
94 : 56 95 :05 MAD X 
96 : 29 100 : 33 MSFN X X 
97 : 11 97 : 18 MAD X X X 
91 : 12 97 : 18 ACN X 
';)') : 24 99 : 57 GDS X X X X 
99 : 50 100:24 GDS X X 

100 : 33 10 4 : 57 MSFN X X 
101 : 00 101:07 GDS X 
104 : 19 105 : 19 GDS X X X 
104 : 57 108 : 36 MSFN X X X 
105 : 15 105 : 53 GDS X X X X X 
108 : 36 112 : 35 MSFN X X 
108 : 52 109 :06 GDS X 
109 : 12 109 : 25 GDS X X X 
112 : 35 120 : 28 MSFN X X 
117 : 33 120 : 34 MAD X X 
102 : 28 136 : 52 MSFN X X X 
1 33 : 46 134:39 GDS X 
134 : 20 135 : 20 HSK X 
136 : 30 136 : 50 HSK X 
136 : 52 138 : 3" MSFN X X X 
137 : 14 138 : 14 HSK X X X X X X 
138: 34 142 : 38 MSFN X X X 
141 : 25 141 : 35 CRO X 
141 : 28 141 : 32 GWM X X X X X X 
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APPENDIX E - MISSION REPORT SUPPLEMENTS 

Table E-I contains a listing of all supplemental reports that are 
or will be published for the Apollo 7 through Apollo 13 mission reports . 
Als o indicated in the t able is  the present st atus of each report not 
published or the publication date for thos e whi ch have been complete d .  
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TABLE E-I . - MISSION REPORT SUPPLEMENTS 

Supplement 
Title Publi cati on 

number date/status 

Apollo 7 

1 Traj e ct ory Rec onstructi on and Analysi s  May 1969 
2 Communi cat i on System Performance June 1969 
3 Guidance , Navigat i on ,  and Control System November 1969 

Performance Analysi s  
4 Reacti on Control System Performance August 1969 
5 Cancelled 
6 Entry Postflight Analysis De cember 1969 

Apollo 8 

1 Traj e ctory Reconstructi on and Analysi s  December 1969 
2 Guidance , Navigat i on ,  and Control System November 1969 

Performance Analysis 
3 Performance of Command and Service Module March 1970 

Reaction Control System 
4 Servi ce Propulsi on System Final Flight September 1970 

Evaluati on 
6 Analysis of Apollo 8 Photography and December 1969 

Visual Observat i ons 
7 Entry Post flight Analysis December 1969 

Apollo 9 

1 Traj ectory Reconstructi on and Analysis November 1969 
2 Command and Service Module Gui dance , Navi- November 1969 

gat i on , and Control System Performance 
3 Lunar Module Abort Guidance System Perform- November 1969 

ance Analysis 
4 Performance of Command and Servi ce Module April 1970 

Reacti on Control System 
5 Servi ce Propuls i on System Final Flight De cember 1969 

Evaluati on 
6 Performance of Lunar Module Reaction Control Final review 

System 
7 Ascent Propulsi on System Final Flight December 1969 

Evaluat i on 
8 Descent Propuls i on System Final Flight September 1970 

Evaluat ion 
9 Cancelled 

10 Stroking Test Analysis December 1969 
11 Communi cat i ons System Performance De cember 1969 
12 Entry Post flight Analysis December 1969 



TABLE E·-I . - MISSION REPORT SUPPLEMEN'�S - Continued 

Supplement 
number Title 

Apollo 10 

1 Traj e ct ory Reconstruction and Analys is 
2 Guidanee , Navigat i on ,  and Control System 

Performance Analysi s  
3 Performance of Command and Service Module 

Reacti on Control System 
4 Servi ce Propulsi on System Final Flight 

Evaluat i on 
5 Performance of Lunar Module Reacti on Control 

System 
6 Ascent Propuls i on System Final Flight 

Evaluati on 
7 Des cent Propulsi on System Final Flight 

Evaluat i on 
8 Cancelled 
9 Analysis  of Apollo 10 Photography and Visual 

Observat i ons 
10 Entry Post flight Analysis 
11 Communi cat i ons System Performance 

Apollo 11 

1 Traj e ctory Reconstruction and Analys is 
2 Guidance , Navigation ,  and Control System 

Performance Analysis 
3 Performance of Command and Servi ce Module 

Reacti on Control System 
4 Servi ce Propulsi on System Final Flight 

Evalu.at i on 
5 Performance of Lunar Module Reacti on Control 

System 
6 Ascent Propulsi on System Final Flight 

Evaluat i on 
7 Des cent Propulsi on System Final Flight 

Evaluati on 
8 Cancelled 
9 Apollo 11 Preliminary Science Report 

10 Communi cations System Performance 
11 Entry Post flight Analysis 

I 
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Publication 
date /status 

March 19 70 
December 19 69 

Final review 

September 1970 

Final review 

January 1970 

January 1970 

In publicat i on 

December 1969 
De cember 1969 

May 1970 
September 1970 

Review 

Review 

Review 

September 1970 

September 1970 

December 1969 
January 1970 
April 19 70 
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Supplement 
number 

l 
2 

3 

4 

5 

6 
7 

l 

2 

I 3 

TABLE E-I . - MISSION REPORT SUPPLEMENTS - Concluded 

Title 

Apollo 12 

truction Trajectory Re cons 
rigat 
' Ana 
tlsio 

and Analys is 
Guidance , Na"l ion , and Control System 

PerformancE. lysis 
Service Propl n System Final Flight 

Evaluat ion 
Ascent Propul _s ian System Final Flight 

Evaluation 
Des cent Propl tlsio n System Final Flight 

Evaluat ion 
Apollo 12 Pre 
Landing Site 

limi 
Sele 

Guidance, Na"l· ·igat 
, Ana 
tlsio 

PerformancE. 
Des cent Propl 

Evaluation 
Entry Postfli .ght 

nary Science Report 
ction Processes 

Apollo 13 

ion , and Control System 
lys is 
n System Final Flight 

Analysis 

Publication 
date/status 

September 1970 
September 1970 

Preparation 

Preparation 

Preparation 

July 1970 
Final review 

Review 

Preparation 

Cancelled 
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APOLLO SPACECRAFT FLIGHT HISTORY 

( Continued from inside front cove r )  

Mi ssion SJ2acecraft Description Launch dat e Launch site 

Apollo 4 SC-017 Supercircular Nov. 9 ,  1967 Kennedy Space 
LTA-lOR entry at lunar Center , Fla . 

return velocity 

Apollo 5 LM-1 First lilllar Jan. 22, 1968 Cape Kennedy , 
module flight Fla. 

Apollo 6 SC-020 Verification of April 4, 1968 Kennedy Space 
LTA-2R clos ed-loop Center , Fla . 

emergency detection 
system 

Apollo 7 CSM 101 First manned flight ; Oct . 11 , 1968 Cape Kennedy, 
earth-orbital Fla. 

Apollo 8 CSM 103 First manned lunar Dec. 21 , 1968 Kennedy Space 
orbital flight ; first 
manned Saturn V lannch 

Apollo 9 CSM 104 First manned lunar Mar. 3 ,  1969 Kennedy Space 
LM-3 module flight ; earth Center , Fla. 

orbit rendezvous ; EVA 

Apollo 10 CSM 106 First lunar orbit Mey 18, 1969 Kennedy Space 
LM-4 rendezvous ; low pass Center , Fla. 

over lunar surface 

Apollo 11 CSM 107 First lillla.r landing July 16 , 1969 Kennedy Space 
LM-5 Center , Fla. 

Apollo 12 CSM 108 Second lunar landing Nov. 14 , 1969 Kennedy Space 
LM-6 Center,  Fla. 

Apollo 13 CSM 109 Abort ed during trans- April 11 , 1970 Kennedy Space I LM-7 lunar flight because Center , Fla. 
of cryogenic oxygen loss 
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M I SS I ON REPORT QU EST I ONNA I RE 

Mi s s ion Reports are prepared as an overall sumrnary of specific Apollo fli gnt 
re sult s ,  with supplemental reports and s eparate anomaly report s providing toe 
engineering detail in s e lected areas . Hou1d you kindly complete tilis one-page 
que sti onnaire so that our evaluat ion and reporting servi c e  t o  our readership might 
be improved . 
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5 .  R E G A R D I N G  R E P O R T  S U P P L E M E N T S ,  Y O U : 

0 U S E  T H O S E  Y O U  R E C E I V C 0 D O  N O T  R E C E I V E  A '� y ' 8U T WO U L D  L I K E T O  0 J O  'J O T  t>.; E E L'  T ..; E M  

6 .  D O  Y O U  W I S H TO C O N T I NU E  R E C E I V I N G M I S S I O N R E P O R T S '  

0 Y E S  0 N O  

7 .  F U R T H E R  S U G G E S T I O N S  O R  C O M 'v1 E N T S :  

N AM E  O R G A N I Z A T I O N  A D D R E S S  

Please fold thi s form i n  half' with the addre s s  on the out s ide, staple , and �Jai l 
the form to me . Thank you for taking the time to complete this form. 

Donald D .  Arabian, Clliel' 
Tc :.:t D.Lvi sion 

MSC Fo rm 8 8 4  ( M a y  7 0 )  NASA - M SC 
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