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PREFACE 

On May 25, 1961, this nation made a commitment: 
to land men on the Moon before the end of the decade. 
On July 20, 1969, the commitment was met. American 
astronauts left the following message on the lunar sur
face: "Here men from the planet Earth first set foot 
upon the Moon, July 1969 A.D. We came in peace for 
all mankind.11 

The achievement belongs to all mankind. �ut those 
that made it possible deserve our special thanks. 
First, there are three especially brave men -- Neil 
Armstrong, Mike Collins, and Buzz Aldrin. They were 
backed up by thousands of men and women in NASA, in 
other government agencies, in industry and in uni
versities, and in the Congress. All of them were 
dedicated to the cause of Apollo, and they proved that 
with skill and the desire to succeed-- above all, with 
dedication -- we as a nation can indeed meet the most 
difficult tasks we set for ourselves. 

�-L M{ � 
George M. Low 
Acting Administrator 
National Aeronautics and 

Space Administration 
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l .  S UMMARY 

The purpose of the Apol l o  l l  mi s s i on was to l and men on the l unar  s u rface and to 
return them s afe ly  to earth. The members of  the crew were Nei l A .  Armstrong , Commande r ;  
Mi chael  Col l i ns ,  Command Modul e P i l ot ;  and Edwi n E .  Al dri n ,  J r . , Lunar  Modu l e P i l ot .  

The  s pace vehi c l e was l aunched from Kennedy Space Cente r ,  F l ori da ,  a t  8 : 32 : 00 a . m .  
e . s . t . , J ul y  1 6 ,  1 969 , T h e  acti vi ti es duri ng earth orbi t checkout ,  trans l unar  i nj ecti on , 
transpos i ti o n  and dock i ng , s pacecraft ejec t i on , and tran s l unar coa s t  were s i m i l ar to 
those of the previ ous  m i ss i on ,  a l unar orb i t  rendezvous  f l i g h t .  On ly  one mi dcourse 
correct i on , performed at  a pproxi mately 27  hours g . e . t . , was requ i red duri ng tra n s l unar 
coa s t .  

T h e  spacecraft was i nserted i nto l unar  orb i t at approxi mately 7 6  hours g . e . t . , and 
the c i rcul ari zat i on maneuver was performed two revol uti ons l ater .  I n i ti al checkout of 
the l unar modul e sys tems was s at i s factory , and after a p l anned res t peri od , the Commander 
and Lunar Modul e Pi l ot entered the l unar  modu l e to prepare for des cen t .  

T h e  two s pacecraft were undecked a t  approxi mately  1 00 hours g . e . t . , fol l owed by 
separa ti on  of the command and servi ce modu l es from the l unar modu l e .  Descent orb i t  i n
s erti on was performed at  approxi mately  1 0 1 - l /2 hours g . e . t . , and powered des cent to the 
l unar  s urface began approxi mately 1 hour l ate r .  Operati on of the g ui dance and descent 
propu l s i on systems was nom i na l . The l u nar modu l e was maneuvered manua l l y to a l a nd i ng 
appro x i matel y 1 1 00 feet down range from the nomi nal l a nd i ng po i nt duri ng the  f i na l 
2 - l /2  m i nutes of descent . The spa cecraft l anded i n  the Sea of Tranqu i l i ty at 
1 02 : 45 : 40 g . e . t .  The l a nd i ng coord i nates were l at i tude 0°41 ' 1 5 " N and l ongi tude 23°26' E .  
Dur i ng t he f i rst  2 hours o n  the l unar s urface , the two crewmen performed a pos tl and i ng 
checkout of a l l l unar  modul e  sys tems . Afterward , they ate thei r fi rs t meal  on the moon 
and el ected to perform the  s urface operat i on s  earl i er than pl anned . 

Cons i derab l e t i me was del i berately  devoted to checkout and donn i ng of the back
mounted portab l e  l i fe s upport and oxygen purge sys tems.  The Commander egressed th rough 
the forward hatch and dep l oyed an equi pment mod u l e  i n  th e des cent s tage . A camera i n  
th i s  modu l e provi ded l i ve tel evi s i on coverage of  the Commande r des cendi ng  the l adde r to 
the s urface , wi th fi rs t  contact made at 1 09 : 24 : 1 5  g . e . t .  ( 9 : 56 : 1 5  p . m . e . s . t . , J u l y  20 , 
1 969).  The  Lunar Modu l e  P i l ot egressed s oon  thereafter ,  and both c rewmen used the i ni 
t i a l  peri od on the s u rface to become acc l i mated to the reduced g ravi ty and unfami l i ar 
s urface condi ti ons . A conti ngency s amp l e  was taken from the s urface , and the tel evi s i on 
camera was dep l oyed s o  th at mos t of the l unar  mod u l e  was i nc l uded i n  i ts vi ew fi e l d .  
The crew acti vated the s c i enti fi c experiments , wh i ch i nc l uded a s ol ar wi nd detector , a 
pas s i ve s ei smometer , and a l as er retrorefl ector.  The Lunar Modu l e Pi l ot eva l uated h i s  
abi l i ty to operate and move about and was ab l e  to trans l ate rapi d ly  and wi th confi dence . 
Forty-seven pounds of l unar s u rface materi al were col l ected to be returned for analys i s . 
The s u rface expl orati on was conc l uded i n  the a l l otted t i me of 2 - l /2 h ours , and the crew 
reentered the l unar modul e  at 1 1 1 - 1 /2 hours g . e . t . 

Ascent preparati on was conducted effi c i ently , and the as cent s tage l i fted off the 
s u rface at 1 24- l /4 hours g . e . t . A nomi nal  fi ri ng  of the ascent engi ne p l aced the veh i cl e  
i nto a 48- by 9 -mi l e  orbi t .  After a rendezvous seq uence s i mi l ar to th at of Apol l o  1 0 ,  
the two s pa cecraft were docked a t  1 28 hours g . e. t . Fo l l owi ng  trans fer of the crew , the 
ascent s tage was jetti soned , and the command and servi ce modu l es were prepared for trans 
earth i nj e cti on . 

The  return fl i gh t  s tarted wi th a 1 50- second fi ri ng of the servi ce propul s i on engi ne 
duri ng the 3 1 s t  l unar revol uti on at 1 35- l /2 h ours g,e,t . As i n  the trans l unar  fl i gh t , 
on ly  one mi dcourse correct i on was requ i red , and pas s i ve thermal control was exerc i s ed 



for mos t of the transearth coas t .  I nc l ement weather neces s i tated movi ng the l andi ng 
poi nt  2 1 5 mi l es down range . The  entry phase was norma l , and  the  command modu l e  l anded 
i n  the  P ac i fi c Ocean at  1 95- 1 /4 hours g . e . t .  The  l andi ng coordi nates , as determi ned 
from the onboard computer , were l at i tude 1 3° 1 9' N and l ongi tude 1 69°09 ' \�. 

After l andi ng , the crew donned b i o l ogi ca l  i s ol ati on garments. The crew was then 
retri eved by he l i copter and taken to the pri mary recovery s h i p ,  U . S . S .  Hornet . The  crew 
and the l unar  materi a l  s amp l es were p l aced i n  the Mobi l e  Quaranti ne Faci l i ty for t rans 
port to the Lunar  Recei vi ng Laboratory i n  Hous ton , Texas . The command modu l e  was taken 
aboard the U . S . S .  Hornet approxi mately 3 hours after l andi ng . 

W i th the comp l eti on  of the Apol l o  1 1  mi s s i on ,  the nati onal  obj ecti ve , l andi ng men 
on the moon and return i ng them s afel y  to earth before the end of the decade , h ad been 
accomp l i s hed . 

2. I NTRODUCT I ON 

The  Apol l o  1 1  mi s s i on was the 1 1 th i n  a s e ri es  of fl i gh ts u s i ng Apol l o  f l i gh t  h a rd
ware and was the fi rs t l unar  l andi ng mi s s i on of the Apol l o  P rogram . I t  was a l s o  the fi fth 
manned fl i gh t  of the command and s ervi ce modul es and the th i rd manned fl i gh t  of the l unar  
modul e .  The  purpose of the mi s s i on was to perform a manned l unar  l and i ng  and to return 
the  men safe l y  to eart h .  A h i s tory of the Apol l o  fl i gh ts i s  presented i n  appendi x A .  

Because o f  the excel l ent  performance o f  t h e  enti re s pacecra ft , only the sys tems per
formance that  s i gni fi cant ly  di ffered from that  of p revi ous mi s s i ons i s  reported . The  
ascent , des cent , and l andi ng porti ons of the  mi s s i on are reported i n  secti on 5 ,  and the  
l unar  s u rface acti vi t i es are reported in  s ecti on  1 1 .  

I n  th i s  report , a l l actua l  t i mes are gi ven as e l apsed time from range zero ( g . e . t . ) ,  
wh i ch i s  estab l i s hed a s  the i ntegral s econd befo re l i ft-off.  Range zero for thi s m i s s i on 
was 1 3:32:00 G . m . t . , J u l y  1 6 ,  1 969 . A l l refe rences to mi l eage di s tance a re i n  nauti ca l  
mi  1 es . 

3 .  t1 I SS I ON DESCRI PTI ON 

The Apo l l o  1 1  mi s s i on accompl i shed the bas i c  mi s s i on of the Apol l o  Program that 
i s ,  to l and two men on the l unar s urface and return them safe l y to earth . As a

'
part of 

thi s f i rst l unar l and i ng ,  three bas i c  experiment packages were dep l oyed , l unar materi a l  
samp l es were co l l ected , a nd s urface photographs were taken . Two of  the exper iments were 
a part of  the early Apo l l o  s c i enti fi c experiment package that was devel oped for depl oy
m�nt . on  the l unar �urface . The sequ�nce of events and the fl i gh t  p l an  of the Apol l o  1 1  
m1ss1on are s hown 1n tabl e 3- I and f1gure 3- 1 , respect i ve l y .  

The Apo l l o  1 1  s pace veh i c l e  was l a unched o n  J u l y  1 6 ,  1 969 , a t  8:32 a . m .  e . s . t . , a s  
pl anned . T h e  spacecra ft and t h e  S - I VB were i nserted i nto a 1 00 . 7 - by 99 . 2-mi l e  earth 
parki ng orb i t .  After a 2 - 1 / 2 - hour checkout peri od , the  spacecraft/S- IVB combi n a t i on was 
i nj ec ted i nto the trans l unar phase of the mi s s i on .  Trajec tory parameters a fter the 
trans l unar i nject ion  fi r i ng were near l y  perfect , wi th the vel oc i ty wi th i n  1 . 6 ft/sec of 
that p l a nned . On ly  one of the four opti ons for mi dcourse correcti ons duri ng the trans
l unar phase  was exerc i sed . Th i s  correc t i o n , wh i ch was  made wi th t he  servi ce propu l s i on 
system a t  approxi matel y 26- l /2 hours , provi ded a 20 . 9-ft/sec vel oc i ty change . Duri ng 
the rema i n i ng per i ods of free-atti tude fl i gh t , pas s i ve therma l control was used to 
mai nta i n  s pacecraft temperatures wi thin des i red l i mi ts . The Commander and Lunar Modu l e  
P i l ot trans ferred to the l unar modu l e  duri ng the trans l unar phase to make an i n i t i al 
i ns pect ion  and to prepare the l unar  mod u l e for a sys tems check  i n  l u nar orbi t .  

2 



The s pacecraft was i nserted i nto a 60- by 1 69 . 7 -mi l e  l unar orb i t a t  approx i mate l y  
76  hours . Four hours l ater ,  a l unar o rb i t  c i rc u l a r i zati on maneuver was performed to 
p l ace  the spacecraft i n  a 65 . 7- by 53 . 8-mi l e  orbi t .  'The  Lunar Modu l e P i l ot entered the 
l unar modu l e at  approxi mate l y  81  hours for the i ni t i a l  power-up  and sys tems c hecks . 
After the p l anned s l ee p  peri od was compl eted at 93- l /2 hours , the crew donned the i r  
s u i ts ,  tra ns ferred to the l unar modul e ,  and made fi nal p reparati ons  for descent t o  the 
l unar s urface . The l unar  modu l e  was undocked on t i me at approx i mately 1 00 hours . After 
the exter i or  of  the l unar mod u l e had been i ns pected from the command modu l e ,  a 
separat i on maneuver was performed wi th the  serv i ce modu l e reacti on control system . 

A descent orbi t inserti on maneuver wa s performed by the descent propul s i on system 
at 1 01 - l /2 hours . Trajectory parameters fol l ow i n g  th i s  maneuver were as pl anned , and 
powered descent i n i t i a ti on was on  t ime at  102 - 1 / 2  hours . The descent maneuver l a s ted 
approxi mate l y  1 2  mi nute s , w i th engi ne s h u tdown occurr i ng a l most  s i r.1u l taneous l y  wi th 
touchdown i n  the Sea of Tranqu i l i ty .  The coord i nates of tile actual  l and i ng poi n t  were 
l at i tude 0°4 1 ' 1 5 " 1 l  and l ongi tude 23°26' E., compa red wi th the p l anned l and i ng poi n t  of 
l at i tude 0°43 ' 53 "  i �  and l ongi tude 23°38' 5 1 " E .  Ti1ese coord i nates are referenced to 
Lunar Map ORG- I I -6(1 00 ) , f i rst edi t i on , dated DecemLer 1 967 . 

A 2- hour postl and i ng checkout was comp l e ted , fol l owed by a part i a l  power-down of  
the spacecraft .  A crew res t  peri od was p l anned to  precede the  extraveh i cu l ar act i vi ty 
for expl ora t i on of the l u nar s urface . However , the  crew e l ected to perform the extra
veh i cu l ar porti on of the m i s s i on pri or  to the s l eep per i od because they were not over ly  
t i red and  were adj usti ng eas i l y  to  t he  1 /6-g  envi ronme n t .  After t he  crew donned the i r  
porta b l e l i fe s upport systems and comp l eted the req u i red c heckouts , the Commander 
egressed at  a pprox imate l y  1 09 hours . Pr ior  to des cend i ng the l adder , the Commander de
p l oyed an  equ i pment  modu l e  i n  the descent  s tage . The tel ev i s i on camera l ocaterl i n  the 
equ i pment modu l e  operated sat i s factori l y  and prov i ded  l i ve tel evi s i on coverage of  the 
Commander ' s  des cent to the l unar surface . The Commander coll ec ted the conti ngency l unar 
materi a l  sampl es . Approx i ma te l y 20 mi nutes l a ter ,  the Lunar Modu l e  P i l ot egressed , and 
dua l  exp l orat i on of  the l unar  su rface began . 

Duri ng the expl o ra t i on peri od , the tel evi s i on camera was depl oyed , and the 
Ameri can f l ag was ra i s ed on the l unar s u rface . The s o l a r  wi nd exper iment a l so was 
depl oyed for l ater retri eva l . Both crewmen eva l uated the i r  mobi l i ty on the l u nar s u r
face ,  depl oyed the pa s s i ve se i sm i c and l a ser retrorefl ector experi ments , co l l ected 
appro x i mate l y  47 pounds of l unar materi a l , and obtai ned photograp h i c  documenta t i on of 
the i r  acti v i ti es a nd the cond i ti ons around them . The crewmen reentered the l u nar mod u l e 
after approx imate l y  2 hours 1 4  m i nutes of exp l orati on . 

After an 8-hour rest  peri od , the crew began preparat i ons  for a scent . L i ft-off from 
the l unar s urface occurred on t i me at 1 24:22 : 00 . 8 .  The  spacecraft was i ns e rted i n to a 
48 . 0- by 9 . 4-mi l e  orbi t ,  from wh i ch a rendezvous  sequence s i mi l ar to tha t for the 
prev i ous  m i s s i on was s uccessfu l l y  performed . 

Approximate l y  4- 1 /2 hou rs after l unar modu l e  ascen t ,  the command and servi ce mod
u l es comp l eted a dock i ng maneuver .  The ascent s tage wa s jetti sonect i n  l u nar orbi t ,  
and the command and serv i ce modu l es  were p repared for transearth i nject ion a t  
1 35- 1 /2 hours . 

The  acti vi t i es duri ng trans earth coast were s i mi l ar to those duri ng trans l unar  
fl i gh t .  The s e rv i ce modu l e  was s eparated from the command modu l e  1 5  mi nutes before 
reach i ng the entry i nterface a l ti tude of 400 000 feet .  After an automati c entry se
q uence and  l and i ng sys tem depl oyment , t he  command modu l e l a nded i n  the Paci f i c Ocean 
at  1 95- 1 /2 hours . The pos t l andi ng procedu res  that  i nvol ved the pri mary recovery s h i p 
U . S . S .  Hornet  i nc l uded precauti ons to avoi d back-contami nat i on by any l unar orga n i sms , 
and  the c rew and s amp l e s  were p l aced i n  q uaranti ne . 

3 



After reach i ng the NASA Manned Spacecraft Cente r ,  the s pacecraft , crew , and s ampl es 
entered the Lunar Rece i v i n g  Laboratory quaranti ne area for conti nuat ion  of  the post
l and i ng observati on and analyses . No evi dence of  abnormal  med i cal reac t i ons was ob
served , a nd the  crew and s pacecra ft were rel eased from quarant i ne on Aug u s t  10, 1 969 . 

4 

TABLE 3-I . - SEQUENCE OF EVENTS 

Event 

Range zero - 1 3 : 32 : 00 G . m .  t . ,  Ju l y  16, 1 969 

Lift-off 

S-IC outboard engine cut-off 

S-II engine ignition (command) 

Launch escape tower jettison 

S-II engine cut-off 

S-IVB engine ignition (command) 

S-IVB engine cut-off 

Transl unar injection maneuver 

Command and service modul e/S-IVB separation 

First docking 

Spacecraft ejection 

Separation maneuver (from S-IVB) 

First midcourse correction 

lunar orbit insertion 

Lunar orbit circul arization 

Undocking 

Separation maneuver (from l unar modul e) 

Descent orbit insertion 

Powered descent initiation 

lunar landing 

Egress (hatch opening) 

Ingress (hatch c l osing) 

Lunar 1 i ft-off 

Coelliptic sequence initiation 

Constant differential height maneuver 

Terminal phase initiation 

Docking 

Ascent stage jettison 

Separation maneuver (from ascent stage) 

Transearth injection maneuver 

Second midcourse correction 

Command modul e/service modul e  separation 

Entry interface 

landing 

aEngine ignition time. 

Time, 
hr : min : sec 

00 : 00 : 00 . 6  

00 : 02 : 41 . 7  

00 : 02 : 4 3 . 0  

00 : 03:1 7 . 9  

00 :09 : 08 . 3  

00 : 09 : 1 2 . 2  

00 : 1 1 : 39 . 3  
a 02 : 44 : 1 6 .  2 

03:1 7:04 . 6  

03 : 24 : 03 . 1  

04 : 1 6 : 59 . 1  
a

04:40:01 . 8  
a

26 :44 : 58 . 6  
a

75:49:50 . 4  
a 80 : 1 1  : 3 6  . 8 

1 00 : 1 2 : 00 
al 00 : 39 : 52 . 9  
a

l Ol : 36 : 1 4  
a

l 02:33:05 

1 02 : 45 : 39 . 9  

1 0 9 : 07 : 33 

1 1 1 : 39 : 1 3  
al24 : 22 : 00 . 8  
al 25:1 9:35 
al26 : 1 7 : 49 . 6  
a

l 27 : 03 : 51 .8 

1 28 : 03 : 00 

1 30 : 09:3 1 .2 
a

l 30:30:01 
al35 : 23 : 42.3 
al 50 : 29 : 57.4 

1 94 : 49 : 1 2 . 7  

1 95 : 03 : 0 5 . 7  

1 95:1 8 : 35 



Ground elapsed time 

... 0 us 

l 
CY I 

TAN 

CRO 

HSK 

us 

1 
CYI 

TAN 

CRO 

MSFN 

11 

lift-orr 

1 nsertion 

Systems checks 

Extend docking probe 

Prepare for translunar injection 
maneuver 

Translunar injection maneuver 

CSM/S-IllB separation 

Docking 

Spacecraft ejection 

Evasive maneuver 

TV IGDSI 

Initiate passive thermal control 

Day 
Night 

Ground elapsed time 

... 
II MSFN 

12 

22 

23 

24 

25 

( a) 0 to 25 hours . 

Terminate battery B charge 
16 hours charging time! 

Initiate battery A charge 

Terminate passive thermal control 

Fuel cell purge 

Fi gure 3 - 1 . - F l i ght p l an  act i v i t i es . 

T 
Eat 

t 
Sleep 

Eat 

1 

Day 
Night 

5 



6 

Ground elapsed time 

... 
26 MSFN Terminate battery A charge 

Midcourse correction maneuver 

Initiate battery A charge 
27 

Initiate passive thermal control 

28 Initiate cabin purge 

2'1 
Terminate battery A charge 

TV IGDS! 

31 
Terminate cabin purge 

I 
Eat 

l 

Terminate passive thermal control 
34 

(b) 
F i gu re 

Day 
Night 

26 to 

3-1 . -

Ground elapsed time 

... 
34 MSFN TV 

1 
35 

36 

37 

48 

52 

52 hour s . 

Conti nued . 

Fuel cell purge 

Initiate passive thermal control 

Initiate battery B charge 

Terminate battery B charge 

Fuel cell purge 

I 
Eat 

1 
T 

Sleep 

Eat 

z 

Day 
Night 



Ground elapsed time 

.. 
52 MSFN 

55 Terminate passive thermal control 
TV 

56 

57 

58 

59 

Commander and Lunar Module 
Pilot transfer to LM 

LM inspection 

Waste water dump 

Commander and Lunar Module 
Pilot transfer to CSM 

Initiate passive thermal control 

Eat 

1 

Day 
Night 

Ground elapsed time 

.. 
59 MSFN 

60 

71 

72 

75 

76 

( c) 52 to 7 6  hours . 

F i gure 3- 1  . - Conti nued . 

I 
Eat 

l 
T 

Sleep 

Fuel cell purge 

Eat 

l 
Terminate passive thermal control 

Prepare for lunar orbit insertion 

First I unar orbit insertion maneuver 

Day 
Night 

7 



8 

Lunar revolution count ICSMI + Ground elapsed time 

+ 76 

MSFN 

11 

78 

MSFN 

79 

80 

MSFN 

3 

l 81 

TV 

1 
Sewnd lunar orbit insertion 

maneuver 

Initiate battery A charge 

Eat 

(d ) 

Day 
Night 

Lunar revolution count ICSMl t Ground elapsed time t I 81 MSFN 

3 

83 

84 

MSFN 

85 

9 I 94 

10 

1 95 

76 to 95 hours . 

Fi gure 3- 1 . - Conti nued . 

Lunar Mcxfule Pilot transfers to LM 
and checks systems 

Lunar Mcxfule Pilot transfers to CSM 

Waste water dump 

Terminate battery A charge I 
Eat 

Fuel cell purge � 
Sleep 
1. 

I 
Eat 

1 

Day 
Night 



Lunar revolution count ICSMI + Ground elapsed time 

+95 

MSFN 

II 97 

Commander and Lunar Module Pilot 
transfer to lM 

LM systems checks 

Lunar Module Pilot transfers to 
CSM to don suit 

lunar revolution count ICSMI 
Day + Ground elapsed time 

Night +102 

14 

103 

MSFN MSFN 
ICSMI llMI 

Powered descent initiation 

lunar landing 

Postlanding activities 

Day 
Night 
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lunar revojution count ICSMI .. Ground elapsed time 

+ MSFN { 110 llMl 

18 

19 

20 

1 0  

1 12 

113 

114 

121 

122 

MSFN 
ICSMI 

MSFN 
ICSMJ 

lunar surface activities 

Terminate battery B charge 

Terminate extravehicular 
activities 

lunar photography 

Fuel cell purge 

Equipment jettison from LM 

I 
Eat 

ICSMI 1 

Eat 
llMJ 

1 
T 

Sleep 

{ 
Sleep 

t 
Eat 

ICSMI 1 

Day 

Niyht 

Lunar revolution count ICSMI + Ground elapsed time 

.. 122 MSFN MSFN 

24 

25 

26 

ICSMI ILMI 

123 

124 MSFN 
ICSMI 

125 

126 

127 

MSFN 

I 

1 
(f ) 1 1 0  to 1 27 hours . 

F i gure 3- 1 . - Conti nued . 

Fuel cell purge 

Lift-oil from lunar surface 
Orbit insertion 

Coelliptic sequence 
initiation maneuver 

Constant differential 
height maneuver 

T 
Eat 

llMJ 

1 

Day 
Night 



Lunar revolution count ICSMI 
Ground elapsed lime 

+ +127 I 26 
MSFN 

128 
27 

MSFN 
130 

28 

131 

MSFN 

29 1 I 133 

Terminal phase initiation 

First midcourse correction 

Second midcourse correction 

Docking 

Commander transfers to CSM 

Lunar Module Pilot transfers to CSM 

LM jeHison 

CSM separation maneuver 

I 
Eat 

l 

Day 
Night 

Lunar revolution couniiCSMI 
Ground elapsed lime 

+ +m I 29 + 30 

! 
MSFN 

135 

137 

138 

148 

149 
( g )  1 27 to 1 49 hour s . 

F i gure 3- 1 . - Conti nued . 

Fuel cell purge 

Transearth injection maneuver 

I nitiale passive thermal control 

I niliate baHery A charge 

Fuel cell purge 

I 
Eat 

Sleep 

i 
T 
Eat l 

Day 
Night 

1 1  



12 

Ground elapsed time 

.149 �\SFN 

151 

153 

154 

155 

TV 

l -156 

Terminate passive thermal control 

Waste water dump 

Midcourse correction maneuver 

I nitiate passive thermal control 

Terminate battery A charge 

Term1nate passive thermal control 

( h) 

I 
Eat 

1 

Day 

Night 

Ground elapsed time 

.156 MSFN 

159 

160 

171 

172 

175 

1 49 to 1 75 hours . 

F i gure 3- 1 . - Conti nued . 

1 nitiate passive thermal control 

I nitiate battery 8 charge 

Fuel cell purge 

Waste water dump 

I 
Eat 

1 
T 

Sleep t 
Eat 1 

Day 
Night 



Ground elap5ed time 

�175 MSFN 

176 

TV 

1 
178 

181 

182 

190 

I 
Eat 

l 
Terminate passive thermal control 

Initiate passive thermal control 

I 
Eat 

Terminate battery 8 charge 

Sleep 

f 
( i ) 

Day 

Night 

175 to 

F i gure 3- 1 . -

Ground elapsed time 

.. 190 MSFN 

191 

195 

196 

1 96 hours . 

Conc l uded . 

Terminate passive thermal control 

CMISM 5eparation 

Entry interface 

Landing 

I 
Eat 

1 

Day 

Night 
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4 .  P I LOTS' REPORT 

P re l aunch Acti vi t i es 

A l l prel aunch sys tems ope rati ons and checks were comp l eted on t i me and wi thout di f
fi cu l ty. Th e confi gurati on of the envi ronmenta l  control  sys tem i nc l uded operati on of the 
secondary g lycol l oop and provi ded comfortabl e  cockpi t temperature cond i t i ons . 

La unch 

L i ft- off occurred preci s el y  on t i me wi th i gn i t i on accompani ed by a l ow rumb l i ng noi s e  
and moderate vi brati on tha t  i ncreased s i gn i fi cantly at  the moment  of  ho l ddown re l ease . 
The v i b rati on  magn i tudes decreased appreci ab l y  a t  the t i me tower c l earance was veri fi ed. 
The yaw , pi tch , and ro l l  g u i danc e-program s eq uences occurred as expected . No unus ua l 
s ounds or vi b rati ons were noted duri ng pass age through the regi on of maxi mum dynami c 
pres s ure , a nd the ang l e  of attack  rema i ned near zero. The S- I C/S-11 s tagi ng s equence 
occurred smooth ly  and at  the expected t i me . 

The entfr� S-11 s tage fl i g h t  wa s rema rkab l y  smooth a nd q u i e t ,  a nd the l aunch escape 
tower and boos t  protect i ve cover were j etti soned normal l y .  The m i x ture-ra t i o  s h i ft of 
the J2  eng i ne i n  the S-11 s tage was accompa n i ed by a noti ceab l e  accel era t i on decrea s e . 
The S -11/S- I VB s tag i ng sequence occurred smooth l y  and  approximately a t  the pred i cted 
t ime . The S - I VB i nserti on trajectory was comp leted w i thout i nc i dent , and  the a utoma ti c 
g u i dance shutdown y i e l ded a n  i nsertion-orbi t ephemeri s ,  from the command modu l e  com
puter , of 1 02 . 1  by 1 03 . 9  m i l es .  Commun i ca t i ons between the crewmembers and the Manned 
Space F l i g h t  Network were exce l l ent  throughout a l l  l a unch s tages . 

Earth Orb i t  Coas t and Trans l un a r  I nj ecti on 

The i ns erti on check l i s t  was compl eted , and a s eri es of spacecraft sys tems checks 
d i s cl osed no abnormal i ti es .  Al l tests of the navi gati on equ i pment ,  i nc l udi ng a l i nements 
and d ri ft checks , were s at i s factory . The servi ce modu l e reacti on control th rus ters were 
fi red i n  the mi ni mum- i mpul s e  mode and were veri fi ed by tel emetry . 

No  abnorma l i ti es were noted duri ng preparati on for trans l unar  i nj ecti o n .  I n i t i ati on 
of trans l unar  i nj ecti on was accompan i ed by the proper onboard i ndi cati ons , and the S- I VB 
prope l l ant tanks  were repress uri z ed on s chedul e. 

The  S - I VB s tage rei gn i ted on t i me at 2:44 : 1 6  wi thout i gn i t i on or gu i dance trans i ents . 
An apparent 0 . 5° to 1 . 5° p i tch- atti tude error on the atti tude i ndi ca tors was not con
fi rmed by the command modu l e  computer ,  wh i ch i nd i cated that the atti tude and the atti tude 
rate d up l i cated the reference trajecto� preci s e l y .  ( See " Gu i dance , Nav i gati on , and Con
trol " i n  sect i on 8 . ) The gu i ded cut-off y i e l ded a vel oc i ty very c l os e  to that expected , 
as i nd i cated by the onboard computer. The  entry moni tor sys tem further  confi rmed th at  
the forward ve l oc i ty error for the trans l unar  i njecti on  maneuver was wi th i n 3.3 ft/sec . 

T ranspos i ti on and Doc k i ng 

The  di g i ta l  autopi l ot was used for the transpos i ti on maneuver s chedu l ed to beg i n 
20 s econds a fter spacecraft s eparati on from the S-I VB. The t ime del ay was to a l l ow the 
command and s ervi ce modu l es to d ri ft approximately 70 feet pri or to thrust i ng back towa rd 
the S- I VB .  The s eparat i on and the beg i nni ng of transpos i ti on were on ti me. To ass ure a 
pi tch up maneuver  for better vi s i b i l i ty through the hatch wi ndow , pi tch axi s control was 
reta i ned i n  a manual mode unt i l after a pi tchup rate of approx i mately 1 deg/sec was 
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attai ned . Control was then g i ven to  the di g i ta l  autopi l ot to conti nue the comb i ned 
p i tch/rol l maneuver . Howeve r ,  the  autopi l ot s topped p i tch i ng up at  thi s po i n t , and i t  
was neces s ary to rees tab l i s h manual  contro l . ( See  "Gu i dance , Nav i gat i on , and Contro l " 
i n  sect i on 8 for more d i scus s i on of  the  a utopi l ot . ) Th i s  contro l  cyc l e  was repeated 
several  t imes befo re the a u top i l ot conti nued the trans pos i ti on maneuver . Consequent l y ,  
addi t i ona l  t ime and reacti on control fuel ( 1 8  pounds above the p refl i gh t  nomi n a l ) were 
requ i red , a nd the spacecraft reached a maxi mum separati on d i s tance of  at  l east  1 00 fee t  
from t h e  S- I VB .  

T he s ubs eq uent c l os i ng maneuvers were made norma l l y  under d i g i ta l  autop i l ot control  
by  us i ng a 2-deg/sec  rate  and 0 . 5° deadband control mode . Contact  was made a t  an es t i 
mated 0 . 1  ft/sec , w i thout s i de vel oc i ty ,  but  w i th a smal l rol l m i s al i nement . Subsequent  
tunnel  i ns pecti on reveal ed a rol l  i ndex ang l e  of  2 . 0° and  a contact mark on  the drogue 
4 i nches l ong . Lunar modu l e  extracti on was norma l . 

Trans l unar  Coas t 

The S - I VB was targeted to achi e ve a trans l unar  i nj ecti on cut-off ve l oc i ty 6 . 5  ft/ sec  
i n  excess of  that  requ i red to  p l ace t he  s pacecraft on t he  des i red free- return traj e ctory .  
Th i s  overs peed was then cance l l ed by a s ervi ce p ropu l s i on correct i on  o f  20 ft/s ec a t  
2 3  mi nutes after s pacecraft eject i on . 

Two peri ods of ci s l unar mi dcours e  navi gati on , us i ng the  command modu l e computer p ro
gram ( P 23 ) , were p l anned and executed . The  fi rs t determi nati on , at 6 h ours , was pr imar
i l y to establ i s h the apparent hori zon a l t i tude for opti c a l  marks i n  the comp uter .  The  
fi rs t determi nati on was  begun  at  a d i s t ance of approxi matel y 30 000 m i l es ; wh i l e  the  
second determi nati on , at  24 hours , was  des i gned to es tab l i s h the opti cal  b i as errors 
accuratel y .  E xces s t i me and fuel were expended duri ng the  fi rs t peri od because of di f
fi cu l ty i n  l ocati ng the  s ubste l l ar po i nt of each s t a r .  G round-s upp l i ed g imba l  ang l es 
were used rather  th an  those from the onboard comp ute r .  Th i s  techni que was devi s ed be
cause computer  s ol uti ons are uncons trai ned about the opti cs s ha ft axi s ; there fore , the 
computer i s  unab l e  to predi ct  i f  the l unar  modu l e  s t ructure m i gh t  b l ock the l i ne of  s i gh t  
to the s tar. The g round- s upp l i ed ang l es p re vented the l unar  modu l e  s tructure from oc
cu l ti ng the s tar , b ut were not accurate i n  l ocat i n g  the p reci s e  s ubs tell a r  po i nt , as evi 
denced by the fac t  that  the s extant reti c l e  pattern was not para l l e l to the hori zon . 
Add i ti onal  maneuvers we re requ i red to achi eve a para l l el reti c l e  pattern near the poi nt  
of hori zon- star  s uperpos i ti on .  

The  s econd peri od o f  navi g ati on meas urements was l es s  di ffi cu l t ,  l a rg e l y  because 
the earth appeared much  sma l l er ,  and  tri m maneuvers to the s ub s te l l ar poi nt  cou l d  be 
made much more q u i c k l y  and economi cal l y .  

The  d i g i tal  autop i l ot was used  to i ni t i a te the pas s i ve thermal  control  mode a t  a 
pos i ti ve rol l rate of 0 . 3  deg /s ec, wi th the pos i ti ve l ongi tudi nal  a x i s  of the s pacecraft 
poi nted tqward the ecl i pt i c  �orth Pol e duri ng tran�l unar  coa s t .  (The ecl i pt i c South  Pol e 
was the di recti on used duri ng  transearth coas t . ) After the rol l rate h ad been estab
l i s hed , thrus ter fi ri ng was prevented by turn i ng  off a l l 1 6  swi tches for the s e rvi ce 
modu l e th rus ters . I n  genera l , th i s  method was h i g h l y  s ucces s fu l  i n  that  i t  mai ntai ned a 
s at i s factory spacecraft atti tude for l ong peri ods o f  ti me and a l l owed the crew to s l eep 
wi thout fear of ei ther enteri ng  g i mbal  l ock  or encounteri ng  unacceptab l e  thermal con
di t i ons . However ,  a procedural refi nement i n  the form of  a new computer routi ne i s  re-

q ui red to make the operati on foo l proof from an operator•s v i ewpoi n t . 1 On s e veral  occa
s i ons and for several  di fferent reas ons , an i ncorrect computer-entry p rocedure was used , 

1 Ed i tor•s note : A new routi ne ( routi ne 64 )  was avai l ab l e  for Apol l o  1 2 .  
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res u l t i ng i n  a s l i gh t  waste of reacti on control prope l l ants. Sat i s factory pl atform 
al i nements ( program P 5 2 , opt i on 3 ) us i ng the opti cs i n  the  res ol ved mode and medi um speed 
were poss i b l e  duri n g  rotati on at  0 . 3  deg/s ec. 

Lunar  Orb i t I ns erti on 

A 6 -mi n ute s ervi ce  propu l s i on maneuver was pe rformed , and the spacecraft was i ns erted 
i nto a 1 69. 9- by 60 . 9-mi l e  orb i t ,  as determi ned by the onboard computer .  Procedura l l y ,  
th i s fi ri ng  was the s ame a s  a l l the other s ervi ce propu l s i on maneuvers , except that i t  
was s ta rted by us i ng the bank  B prope l l ant  val ves i ns tead of the bank  A val ves. The 
s teeri ng  of the docked spacecraft was excepti ona l l y  smooth , and the contro l  of the app l i ed 
vel oc i ty change was extreme ly  accurate , as evi denced by the fact  that res i dua l s  were on ly  
D. 1 ft/sec  i n  a l l axes . 

The  c i rcul ari zat i on maneuver  was targeted for a 66- by 54-mi l e  orb i t ,  a ch ange from 
the 60-mi l e  c i rcu l ar  orb i t wh i ch h ad b een executed i n  previ ous l unar  fl i ghts . The fi ri ng 
was norma l l y  accompl i s h ed by us i ng the bank A prope l l ant  va l ves on ly , and the onboard 
s ol uti on  of the orb i t  was 66. 1 by 54. 4 mi l es.  The e l l i pti c i ty of thi s orb i t was s upposed 
to d i s appear  s l owly because of i rregu l ari t i es i n  the l unar gravi tati onal  fi e l d ,  s uch that  
the  command modu l e  wou l d be  i n  a 60-mi l e  c i rcu l ar orbi t at the t i me of rendezvous. How
eve r ,  the onboard est i mate of the orbi t duri ng the rendezvous was 6 3 , 2 by 56 . 8  mi l es ,  
i ndi cati ng that  the e l l i pt i c i ty decay rate was l es s  than expected . As a res u l t ,  the 
rendezvous maneuver s o l ut i ons di ffered from the prefl i ght  esti mates . 

Lunar  Mod u l e  Checkout 

Two entri es were made i nto the l unar modu l e  pri or to the fi nal  act i va ti on on the day 
of l andi n g .  T h e  fi rs t  entry w a s  made a t  approxi mately 5 7  hours g. e . t .  on the  day before 
l unar orb i t i ns erti on . Te l evi s i on and s t i l l  cameras were used to doc ument the h atch 
probe and drogue removal and the i n i ti a l entry i nto the l unar modu l e .  The command modu l e  
oxygen  hoses were used to prov i de c i rcu l ati on i n  the l unar modu l e cabi n. A l e i s ure ly  
i nspecti on peri od confi rmed the  prope r  pos i ti on i n g  of  a l l c i rcui t breaker and  swi tch s et
t i ngs and of a l l stowage i tems. Al l cameras were checked for prope r ope rati on. 

Des cent Preparati on 

Lunar modu l e . - The crew was awakened accord i ng to the fl i ght  pl an s chedu l e .  The 
l i qu i d  cool i n g  garments and b i omedi ca l  h arnes ses were donned . I n  ant i c i pat ion  of the 
donn i ng , these i tems had been uns towed and prepos i t i oned the eveni ng before . Fol l owi ng 
a hearty breakfas t ,  the Lunar Modu l e  P i l ot trans ferred i nto the l unar modu l e  to accomp
l i s h i ni ti al acti vati on before return i ng to the command modu l e for s u i t i ng. Th i s  s tag
gered s u i t i ng s equence s e rved to expedi te the fi nal  checkout and res u l ted i n  only two 
c rewmembers bei ng i n  the command modu l e  duri ng  each s u i ti ng operati on , 

The s equence of acti vi ti es was essenti a l ly the s ame as th at  devel oped for Apol l o  1 0 ,  
wi th on ly  mi nor refi nements. Numerous Manned Space F l i gh t  Network s i mu l ati ons and tra i n
i ng se s s i ons , i nc l udi ng s u i ted operati ons of th i s  mi s s i on ph as e ,  ensured the compl eti on 
of th i s  exerc i s e  wi th i n the a l l otted t i me. As i n  a l l previ ous entri es i nto the l unar 
modu l e ,  the  repress uri z at i on val ve prod uced a l oud "bang"  when it  was  pos i t i oned to CLOSE 
or AUTO and when the cab i n regu l a tor was off. Trans fer of power from the command modu l e  
to the l unar modul e and then el ectri cal  power sys tem acti vat i on were comp l eted on 
schedul e .  

The primary g lycol  l oop was acti vated approximate ly  30 mi nutes earl y ,  wi th a s l ow 
but i mmedi ate decrease i n  g lycol  temperature . The act i vat i on conti nued to progress  
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smooth ly  30 to 40 mi nutes ahead of  s chedul e .  Wi th the Commander enteri ng the l unar  mod
u l e earl y , the Lunar  Modul e P i l ot h ad more than twi ce the norma l l y  a l l otted time to don 
h i s p res s ure s u i t i n  the command modu l e. 

The e a rly  power- up of the l unar  modul e  computer and i nerti a l  meas urement uni t enab l ed 
the ground to ca l c u l a te the fi ne gyro torqu i ng angl es for a l i ni ng the l unar  modul e  p l at
form to the command  modu l e  p l atform before the l os s  of commun i cati ons  on the l unar  fa r 
s i d e .  Th i s  early a l i nemen t  added more than an  hour to the p l anned ti me ava i l ab l e  for 
a na l y z i ng the dri ft of the l unar modu l e  gu i dance sys tem. 

After s u i ti ng ,  the Lunar  Modu l e P i l ot entered the l unar  modu l e ,  the drogue a nd p robe 
were i ns ta l l ed ,  and the hatch was c l osed . Duri ng the ascent-battery checkout , the vari 
a t i ons i n  vol tage p roduced a not i ceab l e p i tch and i ntens i ty vari at ion  i n  the a l ready l oud  
noi s e  of the glycol pump . S ui t- l oop pres sure i ntegri ty and cab i n regu l a tor repres sur i 
z a t i on checks were accomp l i shed  wi thout d i ffi cu l ty .  Acti vati o n  of the abort gu i dance 
sys tem p roduced only one m i no r  anoma ly . An i l l umi nated porti on of one of the data read
out n umeri cs  fa i l ed ,  and thi s fa i l u re res u l ted i n  s ome amb i g u i ty i n  data reado u t .  ( See 
11E l ectrol umi nes cent Segment on  Di s p l ay I n operati ve11 i n  s ecti on 1 6 . )  

Fol l owi ng command modul e l andmark trac k i ng , the l unar  modul e  was maneuvered to ob
tai n s teerab l e  antenna acqu i s i ti on ,  and s tate vecto rs were upl i nked i nto the pri mary 
gu i dance computer . The l andi ng-gear dep l oyment was evi denced by a s l i gh t  jo l t to the 
spacecraft . The reacti on control  sys tem , the des cent p ropu l s i on sys tem , and the rendez
vous radar system were act i vated and checked out . Requ i red pressur i zati o n  was con
fi rmed both a ud i b ly  and by i ns trument readout .  

The  abort gu i dance sys tem ca l i b rat i on  was accompl i shed a t  the p repl anned s pacecraft 
atti tude . As the c ommand and s e rvi ce  modul es maneuvered both s pacecraft to the undock i ng 
atti tude , a fi na l  swi tch and  c i rc u i t b reaker confi gurati on  check was accompl i s hed , fol 
l owed by donni ng  of  he l mets and g l oves . 

Command modu l e . - Acti vi t i es after l unar  orb i t ci rcu l ari zat i on were routi ne , w i th the 
time be i ng used p ri mari l y  for photograph i ng the l unar  s u rfac e .  The acti vati on  of the 
l u nar modu l e i n  p reparat i on for descent was , from the vi ewpoi nt  of the Command Modul e  
P i l ot ,  a wel l -organi zed and fai rly l ei s urely pe ri od . During the abort g u i dance sys tem 
ca l i b rat i on , the c ommand modu l e was ma i ntai ned at a fi xed atti tude for s evera l  mi nutes 
wi thout fi r i ng thrus ters . I t  was easy to s tabi l i ze the s pacecraft wi th mi n imum- impu l s e  
control pri or t o  the requ i red peri od ; therefore , n o  thruster fi ri ngs were needed for a t  
l eas t 1 0  mi nutes . 

The p robe , drogue , and hatch a l l functi oned perfect ly ;  and the  operati ons of c l os i ng 
out the tunnel , prel oadi ng the probe , and cocki ng the l atches were done routi nel y .  Pre
vi ous p racti ce wi th i ns ta l l ati on  and  removal of the probe and drogue duri ng trans l unar  
coas t was most he l pful . 

Two peri ods of orbi ta l navi gat i on ( p rogram P22 )  were schedu l ed wi th the l unar  modu l e 
attached . The fi rs t ,  a t  83 hours , cons i s ted of fi ve marks on the Crater Kamp i n  the 
Foam i ng S ea. The techn i que  u sed was to approach the target area i n  an  i nerti a l  a tti tude 
hol d mode , wi th the X-axi s bei ng rough ly  hori zonta l to the target when the s pacecraft 
reac hed an  e l evat i on ang l e  of 35° from the targ e t ,  at  whi ch  poi nt  a pi tch-down of approx
i mately 0. 3 deg/s ec was beg un .  Th i s  tech n i q ue , wh i ch was neces s ary to as s u re a 
2- 1 / 2-mi nute mark peri od d i s tri b u ted evenly  near the zen i th ,  was performed wi thout 
di ffi cu l ty. 

The second navi gat i on exerc i s e  was perfo rmed on the fol l owi ng  day , shortly p ri or to 
separa t i on from the l unar modu l e .  A seri es  of fi ve marks was taken on a sma l l c rater on 
the i nner  north wal l of c rater 1 30 .  The  previ ous ly  descri bed tech n i que was used , except 
that two forward- fi ri ng thrus ters ( one yaw and one p i tch )  were i nh i b i ted to precl ude 
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thrus t i mp i ngement  on the depl oyed rendezvous -radar and s teerab l e antennas. The reduced 
pi tch a u thori ty doub l ed the t i me req u i red ( to approxi matel y  3 seconds when us i ng acce l 
erati on  command ) to ach i eve a 0 . 3-deg/sec p i tch -down rate. Becau s e  the Command t·1odu l e  
P i l ot was i n  the l ower equ i pment bay , where rate i ns trumentation  i s  not avai l ab l e ,  i t  
was neces s a ry i n  both cases to achi eve the pi tch rate by t i mi ng the durati on of 
acce l erat i on-command h a nd control l er i nputs . 

To p revent the two s pacecraft from s l i pp i ng and  hence upsett i ng the docked l unar  
modu l e p l a tform a l i nement ,  rol l thrus ter fi ri ngs were i nh i bi ted after the  probe p rel oad 
unti l the tunnel had been vented to approximately 1 ps i .  On ly  s i ng l e  rol l jet a uthori ty 
was used after the 1 - ps i poi nt  was reached and  unti l the tunnel  p ress ure became zero. 

Undocki ng and  S eparat i on 

Parti cu l a r  care was exerc i s ed i n  the operati on  of both s pacecraft th rough out the 
undocki ng  and separat ion  sequences to ens ure that  the l unar  modu l e gu i dance computer 
mai ntai ned an  accurate knowl edge of pos i t i on and vel oci ty. 

The undoc k i ng act i o n  i mparted a vel oc i ty of 0 . 4  ft/sec  to the l unar  modul e ,  as 
meas u red by the l unar modu l e primary gu i dance sys tem. The abort gui dance sys tem d i s 
agreed wi th the primary sys tem by a pp roxi mate ly  0 . 2  ft/sec , wh i ch i s  wel l wi th i n  the 
p refl i ght  l i mi t .  The vel oc i ty was nul l ed ,  s i nce the primary sys tem was ass umed to be 
correct. The c ommand modu l e undocki ng vel oci ty was ma i ntai ned unt i l the desi red i ns pec
t i on d i s tance of 40 feet was reached . At th i s  d i s tance , the command modu l e  ve l oc i ty was 
vi s ua l l y  nu l l ed wi th respect to the l unar  modu l e. 

A vi s ua l  i nspecti on  by the Command Mod u l e  P i l ot duri ng a l un a r  modu l e  360° yaw ma
neuver confi rmed p roper l andi ng-gear extens i on .  The l unar  modu l e mai ntai ned pos i t i on  
wi th res pect to  t he  command mod u l e at  rel at i ve rates bel i eved to  be  l es s  t han  0 .1  ft/sec. 
To enter the p l anned equi peri od separati on orb i t ,  the 2. 5- ft/sec radi a l ly downward sep
ara t i on maneuver was performed a t  approx imate l y  1 00-1 /2  hours w i t h  the command and 
s ervi ce modu l es. 

Lunar  Modu l e  Des cent 

The fi rs t opti ca l  a l i nemen t  of  the i nerti a l  p l atform , i n  prepara ti on for des cent 
orb i t  i ns erti on , was accompl i s hed s hort l y  after enteri ng darknes s and fol l owi ng separa
ti on .  The torq u i ng ang l es were a pproxi mately 0,3° , i ndi cati ng e i ther an  error i n  the 
docked a l i nement or pl atform d ri ft .  A rendezvous - radar l ock  was achi eved manua l l y ,  a nd 
the radar  bores i gh t  coi nc i ded wi th that of the crew opti ca l  s i gh t .  Radar  range was s ub
s ta n ti ated by  the  vhf  rangi ng i n  the command modu l e. 

Des cent orb i t i ns erti on . - The des cent orbi t i ns erti on maneuver was performed w i th 
the des cent eng i ne i n  the manual th rottl e confi g urati on . I g n i ti on at the mi n i mum
throttl e s etti ng was smooth , wi th no noi se  or s ens ati on of accel erati on. After 15 s ec
onds , the thrus t l evel was advanced to 40 percent , as p l anned . Throttl e response was 
smooth and free of  os c i l l ati ons . The gu i ded cut- off l eft res idua l s of l es s  than 1 ft/sec  
i n  each axi s .  The  X- a nd Z - ax i s  res i dual s were reduced to  zero by us i ng the  reacti on 
control system.  The computer-determi ned ephemeri s was 9 . 1  by 57. 2 mi l es ,  as compared 
wi th the pred i cted val ue of  8. 5 by 57. 2 mi l es .  The abort gui dance sys tem confi rmed that 
the magn i tude of  the maneuve r  was correct. An addi ti onal  eva l uati on was performed by 
us i ng the rendezvous rada r  to check the rel ati ve vel oc i ty between the two s pacecraft at 
6 and 7 mi nutes s ubsequent to the maneuver. These vel oc i ty val ues corresponded to the 
p redi cted data wi th i n  0 . 5  ft/ s e c .  

Al i nement a n d  navi gat i on checks . - J u st  pri or to powered des cent, the ang l e  between 
the l i ne of s i ght to the s un and a se l ected ax i s  of the i nerti al pl atform was compa red 
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wi th the onboard computer predi cti on of that  angl e ,  and thi s compari son p rov i ded a check  
on i nerti a l  p l atform dri ft . Th ree s uch  meas urements were a l l wi th i n  the  s pec i fi ed tol 
erance , but  the 0 . 08° spread betv1een them I'Jas  somewhat l arger than e xpected . 

V i s ua l  checks of  down-range  and c ros s - range  pos i t i o n  i ndi c a ted that i gn i t i on for the 
powered descent fi ri ng wou l d occ u r  at  approxi mately the correc t  l ocati on over the l unar  
s urface .  Based on meas urements of the l i ne-of- s i g h t  rate o f  l andmarks , the es t imates of 
a l t i tudes converged on a p redi c ted a l t i tude of 52 000 feet at  i gn i t i on .  These measure
ments were s l i g h t l y  degraded because of a 10° to 15° yaw b i as mai ntai ned  to i mp rove com
mun i cat i ons ma rg i ns .  

P owered des cent . - I g n i t i on  for powered des cent occurred on t i me a t  the mi n i mum 
thrus t l evel , a nd the eng i ne was a utomat i ca l ly  advanced to the fi xed-throttl e poi n t  (max
i mum thrus t )  after 26 s econds . Vi s ua l  pos i t i on checks i ndi cated the s pacecraft was 2 or 
3 seconds earl y over a known l andmark , but wi th l i ttl e c ros s - range error. A yaw maneuver 
to a faceup pos i ti on was i ni ti ated at  an  a l ti tude of  about 45 900 feet approxi mate ly  
4 mi nutes after i gni t i on . The l andi ng radar began  recei vi ng a l t i tude data  i mmedi a tely . 
The a l ti tude d i fference , as di s p l ayed from the radar and the computer , was app rox i mately 
2800 feet . 

At 5 mi nutes 16 seconds after i gn i t i on , the fi rs t  of a s eri es of comp uter a l a rms 
i ndi cated a computer overl oad cond i ti on. These  a l arms conti nued i ntermi ttently for more 
than 4 mi n utes , a nd a l though cont i nu at i on of  the trajectory was permis s i b l e , moni tori ng 
of the computer i nformati on d i s pl ay was occas i on a l ly  p rec l uded. ( See " Computer Al a rms 
Dt:ri ng Des cent "  i n  s ecti on 1 6 . ) 

Atti tude- thru s ter fi ri ngs were heard duri ng each maj or atti tude Qaneuver and  i nter
mi ttently at other t i mes . Thrust  reduct ion  of the descent propu l s i on sys tem occurred 
nearl y on t i me ( p l anned at  6 mi nutes  24 s econds after i gn i t i o n )  and contri buted to the  
predi c ti o n  tha t the  l and i ng wou l d probably  be down range  of the i ntended poi nt , i nasmuch 
as  the computer had not been corrected for the observed down-range error . 

The trans fer to the fi nal - approach-phase  p rogram ( P64 )  occurred a t  the p red i c ted 
time . After the pi tch maneuver and the radar antenna pos i ti o n  change , the control sys tem 
was trans ferred from the automat i c  to the atti tude hol d mode , and  c ontrol response c hecked 
i n  p i tch a nd  rol l .  Automati c control was res tored after the p i tch and yaw errors had 
been reduced to zero . 

After i t  became c l ear tha t  an  automat i c descent wou l d termi n a te i n  a boul der fi e l d 
s urroundi ng a l arge s harp- r immed crate r ,  manual  control was aga i n ass ume d ,  and the range 
was extended to avoi d the unsat i s factory l and i ng are a .  The rate-of-descent thrott l e 
contro l  mode ( program P66 ) was entered i n  the compu ter to reduce the a l ti tude rate s o  as 
to ma i nta i n s uffi c i en t  h e i g h t  for l and i ng-s i te s urvei l l ance. 

Both the down- range and the cross - range pos i ti ons were adj usted to permi t fi na l  
des cent i n  a sma l l ,  re l at i vely l evel area bounded by a bou l der  fi e l d to  the  north and  
by s i zab l e cra ters to  the  east  and s outh . Surface obs c u rati on caused by b l owi ng dust  
was apparent at  100 feet and  became i ncreas i ng l y  s evere as the  a l t i tude decreas e d .  Al 
though vi s ua l  determi nati on  of hori zonta l vel oci ty ,  atti tude , and a l t i tude rate were de
graded , c ues for thes e vari ab l es were adequate for l andi ng . Landi ng cond i t i ons are 
est ima ted to have been l or 2 ft/sec  l eft , 0 ft/sec forward , and 1 ft/sec down ; no evi 
dence of vehi c l e i ns tabi l i ty at  l andi ng was observed . 

Command Modu l e Sol o Acti vi t i es 

The Command Modu l e P i l ot cons o l i dated a l l known documentati on  requ i rements for a 
s i ng l e  vol ume , known as the Command Modu l e P i l ot So l o Book , whi ch  was very useful  and 
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took the p l ace of  a fl i gh t  p l a n ,  a rendezvous book , a n  updates book , a conti ngency extra
veh i cu l a r  checkl i s t ,  and so forth. Norma l ly , th i s  book was anchored to the Command Mod
u l e  P i l ot by a c l i p  attached to the end of h i s  h e l met  ti e-down s trap. The s l eep per i od 
was t i med to coi nci de wi th that of  the l una r modu l e  c rew so that rad i o  s i l ence cou l d  be 
observed . The Command Modu l e P i l ot had compl ete trus t i n  the vari ous systems experts on  
duty i n  the  Mi s s i on Control Center  and therefore was  abl e to s l eep sound l y . 

The method used for target  acqu i s i t i on ( p rogram P 2 2 )  wh i l e  the l unar  modu l e  was on 
the s u rfac e  vari ed  cons i derabl y  from the method used when the s pacecraft were docke d .  
T h e  opti cal  a l i nement s i ght  reti c l e  was p l aced on the hori zon i mage , and  t h e  res u l t i ng 
s pacecraft atti tude was mai nt a i ned manual ly a t  the orbi tal rate i n  the mi n i mum- i mp u l s e  
control mod e .  Once s tabi l i zed , the s p acecraft mai ntai ned th i s  atti tude l ong enough to 
a l l ow the Command Modu l e P i l ot to move to the l ower equ i pment b ay and take marks. He 
cou l d  a l so  move from the equ i pment  bay to the hatch w i ndow. i n  a few s econds to c ros s 
check t h e  a tt i tude. I n  g enera l , th i s  method of  opera t i on was s at i s factory .  

Desp i te the fac t that  the Command Modu l e P i l ot had  s everal uni n terrupted mi nutes  
each t i me he pas s ed over  the l unar  modul e ,  he  cou l d never  see  the s pa cecraft on the s ur
face . He was abl e  to s ca n  an  area of approx imately l sq uare mi l e  on each pas s , a nd 
g round est imates of l unar mod u l e pos i ti on vari ed by s evera l mi l es from pass  to pass . I t  
i s  doubtful that the Command Modu l e P i l ot was ever l ook i ng p reci se ly  a t  the l unar modu l e ;  
he more l i ke l y  was observi ng a n  adjacent a re a .  Al though i t  was not pos s i b l e  to as s ess  
the ab i l i ty to see the l unar  modul e from 60 mi l es ,  i t  was  apparent there were no fl as hes 
of  s pecu l a r  l i g h t  to attract the Command Modul e Pi l ot 1 s  attenti on. 

The vi s i b i l i ty through the s extant was good enough to a l l ow the Command Mod u l e P i l ot 
to acq u i re the  l unar modul e  ( i n  fl i gh t )  a t  di s tances of more than 1 00 mi l es .  However , 
the l unar modu l e  was l os t  i n  the sextant fi e l d of  vi ew j us t  pri or  to powered des cent i ni 
t i a t i on ( 120-mi l e  rang e )  and was not reg a i ned unti l after ascent i ns erti on ( at an  approx
i mate range of 250 mi l es ) ,  when i t  appeared as a b l i nk i ng l i ght  i n  the n i gh t  s ky. 

I n  genera l , more than  enough t ime was avai l ab l e to moni tor sys tems and perform a l l  
neces s a ry functi ons i n  a l ei s urely fas h i on ,  except d u ri ng the rendezvous phase. Duri ng 
that 3-hour peri od when h undreds of computer entri es , as wel l as n umerous marks and  other 
manual  operat i ons , were req u i red , the Command Modu l e P i l ot had l i ttl e t i me to devote to 
ana lyz i ng any off- nomi nal  rendezvous t rends as they deve l oped or to cope wi th any sys tems 
ma l functi ons. Fortunatel y , no add i ti onal  attenti on to thes e deta i l s  was requ i re d .  

Lunar  S urface O perat i ons 

Pos tl and i ng checkout . - The pos tl andi ng check l i s t was compl eted as p l anned . Venti ng  
of the des cent oxi di zer tanks was  begun a l mos t i mmedi ately.  When  the oxi di zer tank p res
s u re was  vented to between 40 and 50 p s i , fuel  was vented to the s ame press ure l evel . 
Apparently , the pres s ure i nd i cati ons recei ved on the g round were s omewhat  h i gher , and 
they i nc reased wi th t i me .  ( See 1 1 H i  gh Fuel I n terface P res s u re after Landi  ng11 i n  sec-
t i on 1 6 . )  At g round req ues t ,  the va l ves were reopened , and the tanks were vented to 
1 5  ps i .  

P l atform a l i nement and p reparat i on for early l i ft-off were compl eted on schedu l e 
wi thout s i g n i fi cant probl ems. The  mi s s i on t imer mal functi oned and di s p l ayed an  i mpos s i 
b l e number that cou l d  not be correl ated wi th any s pec i fi c fa i l u re t i me . After s everal 
uns ucces sful attempts to recyc l e thi s t i mer , i t  was turned off for 11 hours to cool . The 
timer was turned on for as cen t ,  and i t  operated properly and performed sat i s factori ly  for 
the rema i nder of the mi s s i on. ( See 11Mi s s i on T i mer  Stopped11 i n  s ecti on 16 . )  

Egres s preparati on. - The  crew had gi ven cons i derab l e  thoug h t  to the advantage of  
begi nn i ng the extravehi cu l a r  acti vi ty as soon as poss i b l e  a fter l and i ng i ns tead of  
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fol l owi ng the fl i ght  p l an s chedul e and h avi ng the s u rface operati ons between two res t 
peri ods . The i n i ti al res t  peri od was p l anned to a l l ow fl ex i b i l i ty i n  the event of un
expected d i ffi cul ty wi th pos t l andi ng  acti vi t i es .  These  di ffi cu l t i es di d not materi a l i ze .  
The crewmen  were not overly t i red , and no prob l em was expe ri enced i n  adjus ti ng  to the 
1/6-g  envi ronmen t .  Based on these facts , the dec i s i on was made at 104 : 40 : 00 to p roceed 
wi th the extraveh i cu l ar  acti v i ty p ri o r  to the fi rs t res t peri od . 

P repara t i on for extraveh i cu l ar acti vi ty began a t  106 : 11 : 00 . The e s t i mate of the 
prepa rati on t i me proved to be  opti mi s ti c . I n  s i mu l ati ons , 2 hours had been fou nd to be 
a reasonab l e  a l l ocati on ; however , everyth i ng h ad a l s o  been l ai d  out i n  an orderly manner 
i n  the cockp i t ,  and only those i tems i n vol ved i n  the extraveh i cu l ar  act i vi ty were p resen t .  
I n  actual  use , checkl i s ts ,  food packets , monocul ars ,  and other i tems i nterfered wi th an 
orderly  p reparati on . Al l thes e i tems req ui red some though t as  to thei r poss i b l e  i nter
ference or  use i n  the extravehi c u l ar  acti vi ty .  Th i s  i nterfe rence res u l ted i n  exceedi ng 
the t i me l i ne est i ma te by a cons i derab l e amount . Preparati on for egres s was conducted 
s l owly ,  careful l y ,  and de l i beratel y , and future mi s s i ons s hou l d be p l anned and conducted 
wi th the s ame ph i l os ophy. The extraveh i cu l ar  acti vi ty preparati on check l i s t  was adeq uate 
and was fol l owed c l ose ly . However ,  mi nor i tems that req u i red a dec i s i on i n  real t ime or  
that had not been cons i dered befo re fl i ght  req u i red more ti me than anti c i pated . 

An e l ectri c a l  connector on the cab l e  that connects the remote control uni t to the 
portab l e l i fe s upport sys tem gave s ome t ro ub l e  i n  mati ng . ( See "Mati ng of Remote Control 
Uni t to Portab l e  L i fe S upport Sys tem" i n  s ect ion  16. ) Thi s p robl em had been encountered 
occas i onal l y  wi th the s ame equi pment before fl i gh t .  At l eas t 10 mi nutes were req u i red 
i n  order to connect each uni t ,  and at one po i nt i t  was thought the connec ti on wou l d  not 
be s u ccess ful l y  comp l eted. 

Cons i derab l e  di ffi cu l ty was experi enced wi th voi ce commun i cati ons when the extra
vehi cu l ar  trans cei vers were used i ns i de the l unar  modu l e .  At ti mes , commun i cati ons be
tween the g round and the l unar  modu l e were good , but  at  other ti mes they were garb l ed 
for no obvi ous reas on . O uts i de the vehi c l e ,  no appreci abl e communi cat ions p rob l ems oc
curred. Upon i ngres s from the s urface , communi cati ons di ffi cu l ti es recu rre d ,  but  under 
di fferent  condi t i ons . That  i s , the voi ce dropouts to the ground were not repeatab l e  i n  
the s ame manner . 

Depress uri zati on of the l unar  modu l e was one aspect of the mi s s i on tha t  had never 
been c ompl ete ly perfo rmed on the g round. I n  the vari ous a l t i tude chamber tes ts of  the 
s pacecraft and the extraveh i cul ar mobi l i ty uni t ,  a c omp l ete set  of authenti c condi t i ons 
was never p res e n t .  The depres s uri zat ion of the l unar modul e through the bacteri a fi l ter 
took much l onger than had been anti ci pated . The i ndi cated cabi n p res s ure di d not go 
bel ow 0. 1 ps i , a nd s ome concern was experi enced i n  openi ng the forward h a tch  aga i ns t  th i s 
res i dual  pres s ure . The h atch appeared to bend on i ni ti al openi ng , and smal l parti c l es 
appeared to be b l own out  around the hatch when the sea l  was b roken. ( See " S l ow Cab i n  
Decompress i on"  i n  secti on 16. ) 

L u nar  modu l e egres s . - S i mu l ati on work i n  both the water i mmers i on fac i l i ty and the 
1/6-g envi ronment i n  an ai rpl ane was reas onab ly  accu rate i n  prepari ng the crew for l unar  
modu l e  eg ress . Body pos i ti oni ng and arc h i ng- the-bac k tech n i q ues were performed i n  ex i t
i ng the hatch , and no unexpec ted probl ems were experi enced . The forward p l atform was 
more than adequate to a l l ow changi ng the body pos i ti on from that used i n  egres s i ng the 
hatch to that req u i red for getti n g  on the l adder . The fi rs t  l adder step was somewhat  
di ffi cu l t to  see and requ i red cauti on and forethough t .  I n  genera l , the hatch , porch , 
and l adder operat i ons were not parti cu l arly d i ffi cu l t and  caused l i ttl e concern .  Oper
ati ons on the p l atform coul d be  performed wi thout l os i ng body ba l ance , and adequate ma
neuveri ng room was avai l ab l e .  

The i ni t i al operati on of the l u nar equ i pment conveyor i n  l oweri ng the camera was 
sat i s factory ,  b u t  after the s traps h ad become covered wi th l unar s u rface materi a l , a 

22 



prob l em arose i n  transporti n g  the equi pment back i nto the l unar  modu l e. Dus t  from th i s  
equ i pment  fe l l  back  onto the l ower crewmember  and i nto the cab i n and seemed to b i nd the 
conveyor  s o  that cons i derab l e force was requi red i n  order to operate the conveyor . Al 
ternati ves i n  trans porti ng equ i pment i nto the l unar  modu l e had  been s ugges ted before 
fl i g ht , and a l though no opportun i ty was avai l ab l e  to eval uate these techni ques , the a l 
ternati ves mi ght  have been a n  i mprovement over the conveyo r .  

S u rface expl orat i on . - Work i n  the l /6 - g  envi ronment  was a p l eas ant  experi ence. Ad
aptat i on to movement was not di ffi cu l t ,  and movement  s eemed to be natura l . Certa i n s pe
ci fi c  pecu l i ari t i es , s uch  as the effect  of the mass as compared to the l ac k  of  t racti on , 
can be ant i c i pated ; but  comp l ete fami l i ari zati on need not be purs ued , 

The mos t effec t i ve means of  wal k i ng s eemed to be the l ope that evol ved natural l y .  
The fac t  that both feet were occas i onal ly  off the g round a t  the s ame t i me , p l us the fact  
that  the  feet di d not retu rn to the  s u rface as rap i d ly  as on earth, requ i red s ome anti c
i pati on  before an  attempt to stop . Not i ceab l e res i s tance was p rovi ded by the s ui t ,  a l 
though movement was not d i ffi cu l t .  

O n  future fl ig hts , crewmembers may want to cons i der  knee l i ng i n  order to work wi th 
the i r hands . Getti ng to and from the kneel i ng pos i t i on wou l d  be  no p robl em , and  bei ng 
ab l e  to do more work wi th the hands wou l d  i nc rease prod ucti ve capab i l i ty .  

Photog raphy wi th  the  Hass e l b l ad cameras on the remote control uni t mounts p roduced 
no prob l ems . The fi rs t panorama was taken wh i l e  the  camera was hand-he l d ;  however ,  the 
camera was much eas i er to operate whi l e  on the mount . The hand l e on the camera was ad
eq uate , and few p i ctures were tri ggered i nadvertent l y .  

The so l ar  wi nd experi ment was eas i l y dep l oyed . As wi th the other operati ons i nvol v
i ng l u nar s u rface penetrati o n ,  i t  was pos s i b l e  to penetrate the l unar s u rface materi a l  
o n l y  approxi mately 4 or 5 i nches . The experi ment mount was not q u i te as s tab l e  as de
s i red , but i t  s tayed erect. 

The te l evi s i on sys tem p resented no di ffi cu l ty except that  the cord was conti nua l ly  
i n  the way . At fi rs t ,  the wh i te cord s howed up wel l ,  but  i t  soon became covered w i th 
dus t and was therefore more d i ffi cu l t to s ee .  The  cab l e had a " s et" from bei ng co i l ed 
around the ree l , and i t  woul d not l i e  comp l etely fl at  on the s u rfac e .  Even when i t  was 
fl at , however ,  a foo t  cou l d  s t i l l  s l i de under i t ,  and the Commander became entang l ed 
several  t i mes . (See "Te l evi s i on Cab l e Retai ned Co i l ed S h ape" i n  secti on 16 . ) 

Col l ect i ng  the bu l k s ampl e req u i red more t i me than ant i c i pated because  the modu l ar
equ i pment-s towage-assemb l y  tab l e  was in  deep s hadow , and co l l ect i ng  s amp l e s  i n  that  a rea 
was far l es s  des i rab l e than tak i ng those  in  the sun l i gh t .  I t  was a l so des i rab l e to take 
s ampl e s  as  far as  poss i b l e  from the exhaust  p l ume and p ro pe l l a nt  contami n ati on . An 
attempt was made to i nc l ude a h a rd rock i n  each s ampl e ,  and approxi mately 20 tri ps were 
requ i red to fi l l  the box .  As i n  s i mu l a ti ons , the d i ffi c u l ty of s coop i ng  up the materi a l  
w i thout throwi ng  i t  out  a s  t h e  scoop became free c reated s ome prob l em .  I t  ��as a l most  
i mpos s i b l e  to col l ect  a fu l l  scoop of materi a l , and  the  task  req u i red  approx ima te l y  
doub l e  the p l anned t i me .  

Several of the operat i ons wou l d  have been eas i er i n  s un l i ght . Al though i t  was pos
s i b l e  to see i n  the s hadows , t i me had to be a l l owed for dark adaptati on when wa l k i ng 
from the s un l i g h t  i nto the s hadow. On future mi s s i ons , a yaw maneuver j us t  pri or to 
l a nd i ng woul d be advantageous so that the des cent s tage work area wou l d be i n  s u n l i ght.  

The s c i ent i fi c experi ment package was eas i l y  depl oyed manua l ly , and s ome t ime  was 
s aved a s  a res u l t. The  package  was easy to manage , b ut fi ndi ng a l evel area was d i ffi 
cu l t .  A good hori zon  reference was not avai l ab l e ,  a nd i n  the l /6-g  envi ronment , phys i ca l  
cues were not as effecti ve a s  i n  a one- g envi ronment. Therefore , t h e  se l ecti on of  a 
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depl oyment s i te for the experi ments caused s ome p robl ems. The experiments were p l aced i n  
an area between s h a l l ow craters i n  s urface materi al  wh i ch h a d  the s ame cons i s tency as  the 
s urroundi ng area and whi ch  was expected to be  s tab l e .  Cons i derab l e effort was req u i red 
to change the s l ope  of one of the experi ments . I t  was not pos s i b l e  to l ower the equ i p
ment by merely forc i ng i t  down , and  i t  was neces s ary to move the experiment back  and 
forth to s crape away the exces s s u rface materi a l . 

No abnormal  condi ti ons were noted duri ng the l unar  modu l e i ns pecti on . The i ns u l a
ti on on the s econdary s truts had been damaged from the hea t ,  but  the pri mary s truts were 
on ly  s i nged or  covered wi th s oo t .  There was much l es s  damage than  on  the exampl es that  
had  been s een before fl i gh t .  

Obta i ni ng the core tube s amp l e  presented s ome di ffi cu l ty .  I t  was i mposs i bl e  to 
force the tube more than 4 or 5 i nches i nto the s urface materi a l , yet the materi a l  p ro
vi ded i ns uffi c i ent  res i s tance to h o l d  the extens i o n  h and l e i n  the upri g h t  pos i ti on .  S i nce 
the h a nd l e had to be  h e l d upri ght ,  both h ands coul d not be  used  on the h ammer .  I n  addi 
ti on , the res i s tance of the s u i t made i t  d i ffi cu l t to s teady the core tube and  swi ng  the 
hammer vli th any g reat force . The hammer  actua l l y  mi s s ed s everal t i mes . The amount  of 
force u sed was s uffi c i ent to make dents i n  the handl e ,  but  the core tube cou l d be dri ven 
on ly  to a depth of approximately 6 i nches . Extracti on offered l i tt l e or  vi rtua l l y  no  
res i s tance .  Two s amp l es were  take n .  I n s uffi ci ent t i me rema i ned to  take  the documented 
s amp l e ,  a l though as wi de a vari ety of roc ks as pos s i b l e was se l ected i n  the remai ni ng 
t ime . 

The performance of the extravehi cu l ar  mob i l i ty un i t was excel l ent .  Nei ther crewman  
fel t any thermal d i s comfort . The Commander u sed the mi n i mum cool i ng mode for mos t of 
the s urface operati on . The Lunar Modu l e P i l ot swi tched to the maximum di verter val ve 
pos i t i on i mmedi ately after s ub l i mator s ta rtup and opera ted a t  max i mum pos i ti on for 
42 mi n utes before swi tch i ng to the i ntermedi ate pos i t i on .  The Lunar  Modu l e P i l ot ' s  
swi tch remai ned i n  the i ntermed i ate pos i t i on for the du rati on of the extrave h i c u l ar  ac
ti vi ty .  The thermal effect of s hadowed areas i n  compari son  to s u n l i t  areas was not de
tectab l e  i ns i de the s u i t .  

The crewmen were kept phys i ca l l y  cool and comfortab l e ,  and the ease  o f  performi ng 
i n  the l /6-g  envi roment i ndi cated that tas ks requ i ri ng g reater phys i cal  exerti on may be 
undertaken on future fl i g h ts . The Commander experi enced s ome phys i ca l  exert i on wh i l e  
trans porti ng the s amp l e return contai ner  to the l unar  modu l e ,  b u t  h i s phys i ca l  l i mi t had  
not  been  approached . 

Lunar  modu l e i ngres s . - I ngress to the l unar  modu l e p roduced no prob l ems . The  capa
b i l i ty to do  a verti cal  j ump was used to an advantage i n  mak i ng the fi rs t  s tep up the 
l adder .  By doi ng a deep  k nee bend , then s pri ngi ng up the l adder , the Commander was ab l e  
to gu i de h i s  feet to the thi rd s tep . Movemen ts i n  the l /6-g  e nvi ronment were s l ow enough 
to a l l ow del i berate foot pl acement  after the j ump . The l adder was s omewhat s l i ppery from 
the powdery s u rface materi a l , but  not dangerous l y  s o .  

A s  p revi ous l y  s ta te d ,  mobi l i ty on  the p l atform was adequate for deve l opi ng  a l ternate 
methods of trans ferri ng equi pment from the s u rfac e .  The hatch  opened eas i ly ,  and the 
i ngress techni q ue deve l oped before fl i ght  was s ati s factory .  At a poi nt about ha l fway 
through the h a tc h , a concerted effort to arch  the back  was requ i red i n  order to keep the 
forward end of the portab l e  l i fe s upport sys tem l ow enough to c l ear the h atch . L i ttl e 
exerti on was associ ated wi th trans i ti on  to a s tandi ng pos i ti on .  

Because of the bu l k o f  the extravehi cu l ar  mobi l i ty uni t ,  cauti on h ad t o  b e  exerc i s ed 
to avo i d bumpi n g  i nto swi tches , c i rcu i t breakers , and other  contro l s whi l e  movi ng  around 
the coc kpi t .  One c i rcu i t breaker was i n  fact b roken as a res ul t of  contact  ( s ecti on 1 6 ) .  
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Equi pment  j etti son  was performed as p l anned , and the time taken befo re fl i g h t  i n  
determi n i ng the i tems not requ i red for l i ft-off was we l l  s pent .  Cons i derab l e  wei gh t  re
duct i o n  and i nc rease i n  s pace  was real i zed . Di s cardi ng the equi pment  through the hatch 
was not d i ffi cu l t ,  and only one i tem rema i ned on  the p l atform . The post- i ngress checkl i s t  
procedures were performed wi thout d i ffi cu l ty ;  the check l i s t  was we l l - p l anned and was fol 
lowed prec i s e l y . 

Lunar  res t peri od . - The res t peri od was a l mos t compl etely unsati s factory. The he l 
mets and gl oves were worn to rel i eve s ubcons ci ous anxi ety about a l os s  of cab i n p res s u re ,  
a nd they presented no p rob l em .  But  noi s e , l i ght i ng , a nd a l ower- than-des i red temperature 
were annoyi ng .  The s u i ts were u ncomfortab l y  cool , even w i th the waterfl ow di s connected.  
Oxyge n  fl ow was fi nal ly  cut off, and the he l mets were removed , but the noi se from the 
g lyco l  p umps was then  l oud  enough to i nterrupt s l eep . The wi ndow s hades d i d not com
p l etely b l ock  out l i g h t , and the  cabi n was i l l umi nated by a c ombi nati on of l i gh t  pas s i ng 
through the s h ades , warni ng l i ghts , a nd d i s p l ay l i gh t i ng .  The Commander res ted on the 
ascent eng i ne cover and was bothered by the  l i gh t  enteri ng th rough the tel escope . The 
Lunar Modul e P i l ot est ima ted that he s l ept fi tful l y  for perhaps 2 h ou rs ,  and the Commander 
di d not s l eep a t  al l ,  even though body pos i t i oni ng was not a prob l em .  Becaus e of  the re
duced gravi ty , the pos i ti ons on the fl oor and on the engi ne cover were both q u i te 
comfortab 1 e .  

Launch P reparati on  

A l i ni ng the p l atform before l i ft-off was compl i cated by the  l i mi ted n umber of  s tars 
avai l ab l e .  Because o f  s un and earth i nterfe rence , on ly  two detents e ffecti ve l y  remai ned 
from wh i ch to s e l ect s tars . Accu racy i s  greater for stars cl ose to the center of the 
fi e l d ,  b u t  none were avai l ab l e at th i s  l ocat i on .  A g ravi ty/one-s tar a l i nement was s uc 
ces s fu l l y  performed . A manual  averag i ng tech n i q ue was used  t o  s amp l e fi ve s ucces s i ve 
cursor  readi ngs and then fi ve sp i ral readi ngs . The res u l t was then ente red i nto the com
pute r .  Th i s  techn i q ue appea red to be eas i er than tak i ng and  then enteri ng fi ve sepa rate 
readi ngs .  Torq u i ng ang l es were c l os e  to 0 . 7° i n  a l l three axes and i nd i cated that the 

p l atform dri fted . 2 

After the a l i nement , the navi gat ion  p rogram was entered . I t  i s  recommended that  
future crews update the abort g u i dance sys tem wi th the pri mary gu i dance s tate vector at  
th i s  poi nt  and then  use  the  abort gu i dance sys tem to  determi ne the command modu l e l oca
ti on . The pr imary gu i dance sys tem cannot be used to determi ne the command modul e range 
and range rate , and the radar wi l l  not l oc k  on unti l the command modul e  is  wi th i n  a 
400-m i l e  range . As th i s  range i s  approached , the abort g u i dance sys tem provi des va l i d  
data . 

A col d- fi re reacti on  control sys tem check and an abort g u i dance sys tem cal i b rati on  
were  performed , a nd the ascent  pad was taken . Approxi mately 45 mi nutes p ri or to l i ft
off , another p l atform a l i nement was performed . The l andi ng-s i te a l i nement opti on a t  
i g ni t i on was used for l i ft-off. The torq u i ng a ng l es for th i s  al i nemen t  were approx i 
matel y 0 . 09 ° , 

I n  accordance wi th ground i ns tructi ons , the rendezvous radar was p l aced i n  the an
tenna SLEW pos i ti on wi th the ci rcui t b reakers off for as cent to avoi d recurrence of the 
a l arms e xperi enced duri ng  a descen t .  

Both crewmembers had forgotten to watc h  for t h e  sma l l  hel i um pres s ure decreas e  i n
di cati on tha t  the Apol l o  1 0  crew experi enced when the as cent tanks were pres s uri zed , a nd 

2Edi tor ' s  note : However , p l a tform dri ft was w i thi n s pec i fi cati on l i mi ts . 
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the crew i ni ti al ly be l i eved that  only one tank h ad been p ress uri zed. Th i s  overs i ght  was 
temporary , but i t  del ayed the crew veri fi cati on  of proper p res su r i zati on of both tanks . 

Ascent 

The  pyrotechni c noi ses at des cent s tage s eparati on were l oud , but ascent-eng i ne 
i g n i ti on  was i naudi b l e .  The yaw and p i tch maneuvers were smooth. The p i tch- and rol l 
atti tude l i mi t  cycl es were as expected and were not accompani ed by phys i ol og i cal  d i ffi 
c u l i ti es .  Both the pr imary and the abort g u i dance sys tems i ndi c a ted the as cent to be a 
dup l i cate of the p l anned traj ectory .  The gu i ded c u t-off y i e l ded res i dual s of l es s  than 
2 ft/sec ; and the i np l ane components were nu l l ed to wi th i n 0 . 1  ft/sec wi th th e react i on 
contro l  sys tem. Throughout  the trajectory ,  the g round track cou l d be  vi s ua l ly veri fi ed , 
a l though a p i tch atti tude confi rmati on by use  of the hori zon  i n  the overhead wi ndow was 
di ffi c ul t  because of  the hori zon l i gh t i n g  condi t i on . 

Rendezvous 

At orbi tal i nsert i on ,  the primary gu i dance sys tem s howed an orbi t of 47 . 3  by 
9. 5 mi l es ,  as compared to the abort gu i dance sys tem s ol uti on of 46. 6 by 9. 5 m i l es. 
S i nce radar range- rate data were not avai l ab l e ,  the Manned Space F l i gh t  Network qu i ck ly  
confi rmed tha t the o rbi tal  i ns erti on was  s at i s factory .  

I n  the prefl i gh t  p l a nn i ng ,  s tars had  been chos en that wou l d  be i n  the fi el d of vi ew 
and that  woul d requ i re a mi ni mum amount of maneuveri ng  to get  through a l i nement and back  
i n  p l ane. Th i s  mai ntenance of a nearl y fi xed a tti tude wou l d permi t the  radar to be  
turned on  and  the  acqu i s i ti on  cond i t i ons to  be des i gnated s o  that  marks for  a coel l i pt i c 
s eq uence i n i ti at i on  s ol uti on woul d be i mmedi ately avai l ab l e .  Duri ng the s i mu l ati ons , 
these prese l ected s tars had not been correctly l ocated rel ati ve to the hori zon , and ti me 
and fuel were was ted i n  fi rs t maneuveri ng to these s ta rs , then fai l i ng to mark on them , 
and fi na l l y maneuveri ng to an a l ternate pa i r. Even wi th these p robl ems , the a l i nement 
was  fi n i s hed  approxi mately 28 mi nutes before the coel l i pt i c sequence i n i ti ati on ,  and i t  
was poss i bl e  to proceed wi th  radar l ock-on . 

Al l four s ou rces for the coel l i pt i c s equence i ni t i at i on  s ol ut i on agreed to wi thi n 
0. 2 ft/s ec , an accuracy that  had never b een obs e rved before. The Commander e l ected to 
use the p ri ma ry gu i dance s ol ut i on  wi thout any out-of- p l ane thrus t i ng. 

The coel l i pt i c s eq uence i ni ti a ti on maneuver was accomp l i s hed by us i ng the p l us Z 
thrus ters , and the radar l ock-on  was ma i n ta i ned throughout the fi ri ng. Conti nued nav i 
gati o n  tracki ng by both s pacecraft i ndi cated a p l ane- ch ange maneuver of approximately  
2. 5 ft/sec , but  the crew e l ected to  defer th i s  sma l l correcti on unti l termi n a l  phase  
i ni ti at i on. The sma l l out-of- p l ane vel oc i t i es that  exi s ted between the  spacecraft orb i ts 
i nd i cated a h i gh ly  accu rate l u nar s urface a l i nement. As a res u l t of the h i gher- than
expected e l l i pti c i ty of the command modu l e orb i t ,  backup chart so l ut i ons were not pos s i 
b l e for the fi rs t two rendezvous maneuvers , and the cons tant-d i fferenti a l  he i ght  maneuver 
had a h i gher-than-expected vert i c a l  component .  The computers i n  both s pacecraft agreed 
c l ose ly  on the maneuver  val ues , and the l unar  modu l e  pr imary gu i dance computer s o l uti on 
was executed by u s i ng the mi nus X thrusters . 

Duri ng the coel l i pt i c phas e ,  radar track i ng data were i nserted i nto the abort g u i d
ance sys tem to obta i n  an i ndependent i ntercept g ui dance so l uti on. The primary gu i dance 
s o l ut i on  was 6- 1 /2 mi nutes l ater than pl anned. However , the i ntercept trajectory was 
nomi na l , w i th only two sma l l m i dcourse correct i ons of 1 . 0 and 1 . 5  ft/sec . The l i ne-of
s i gh t  rates were l ow ,  and the p l anned braki ng s chedul e was used  to reach a s tati on
keepi ng pos i t i o n .  
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I n  the process of maneuveri ng the l un a r  mod ul e to the dock i ng atti tude , whi l e  a t  the 
same t i me avo i di ng d i rect  s un l i ght  i n  the forward wi ndows , the p l a tform i nadvertently 
reached g i mba l  l ock. The dock i ng was comp l eted by us i ng the abort gu i dance sys tem for 
atti tude control . 

Command Modu l e Docki ng 

P redocki ng act i v i t i es i n  the command modu l e  were normal  i n  a l l res pects , as  was 
doc k i ng up to the poi nt  of probe capture. After the Command Modu l e  P i l ot ascerta i ned 
that a s ucces s fu l  capture had occurred , as  i nd i cated by " barberpo l e" i nd i cators , the  
CMC- FREE swi tch pos i ti on was  used and one  retract  bott l e  fi red . A r ight  ya•tJ excurs i on 
of approxi mately 1 5° took p l ace i mmedi ately for 1 or  2 s econds . The Command Modu l e P i l ot 
went back  to the CMC-AUTO swi tch pos i ti on and made h a nd- contro l l er i nputs to reduce the 
ang l e between the two veh i c l es to zero. At dock i ng , thruster fi ri ngs occurred unexpect
ed l y  i n  the l unar  modu l e when the retract  mechani sm was actuated , and atti tude excurs i ons 
of up to 1 5° were obs erved. The l unar modu l e  was manual l y  real i ned . Wh i l e  thi s maneuver 
was i n  p rogress , a l l 1 2  doc k i ng l a tches fi red , and doc k i ng was comp l eted s ucces s fu l ly. 
( See  " Gu i dance , N avi ga t i o n ,  and  Contro l " i n  sect i on 8 . ) 

Fol l owi ng docki ng , the tunne l was c l eared , and the p robe and drogue were s towed i n  
the l unar  modu l e .  The i tems to be trans ferred to the command modu l e  were c l eaned by 
us i ng a vacu um brush  attach ed to the l u nar  modul e s u i t return hos e .  The s uc ti on was l ow ,  
and as a res ul t ,  the p rocess was rather  ted i ous . The s amp l e return contai ners and fi l m  
magaz i nes were p l aced i n  appropri ate b ags to comp l ete the trans fe r ,  and the l unar  modu l e 
was confi g u red for jett i s on accordi ng to the check l i s t  procedure . 

Transea rth I njecti on  

The t i me between doc k i ng and  transearth i nj ect i on was more than adequate to  c l ean 
a l l equ i pment contami nated wi th l unar  s urface materi a l  and to return i t  to the command 
modu l e for s towage so tha t  the neces s a ry prepa rati ons for transearth i nj ecti on cou l d be 
made. The transearth i nj e c t i on maneuve r ,  the l as t  servi ce p ropu l s i on eng i ne fi r i ng of 
the fl i gh t ,  was nomi nal . The on ly  di fference between the transearth maneuver  and p re
vi ous fi ri ngs was that wi thout the docked l unar  modu l e ,  the s tart trans i en t  was apparent. 

T ransearth Coas t 

Duri ng transearth coas t ,  fa i nt s pots or s c i nti l l ati ons of l i gh t  were obs erved wi th i n  
the command modu l e cab i n .  These phenomena became apparent a fter the Commander and the 

Lunar  Modu l e P i l ot became dark-adapted and re l axed . 3 

3Edi tor ' s note : The  source or  cause  of the l i ght  s c i nti l l a t i ons i s  as yet unknown . 
One  exp l anati on i nvol ves pri mary cosmi c rays wi th energ i es i n  the range of b i l l i ons  of 
e l ectron vol ts bombard i ng an  object i n  outer s pace. The  theory ass umes that  numerous 
heavy and h i gh-energy cosmi c parti c l es penetrate the command modu l e s tructu re , caus i ng 
heavy i oni zati o n  i ns i de the s pacecra ft . When l i berated e l ectrons recombi ne w i th i ons , 
photons i n  the vi s i b l e  porti on of the s pectrum are emi tted . I f  a s u ffi ci ent number of 
photons is  emi tted , a dark- adapted obs erver can detect the photons as a sma l l s pot or  a 
s t reak  of l i gh t .  Two s i mp l e  l aboratory experiments were conducted to s ubs tanti ate the 
theory , but no pos i t i ve res ul ts were obtai ned i n  a 5- ps i p res s u re envi ronment  becaus e a 
h i gh enough energy source was not avai l ab l e  to c reate the radi at ion  at  that press ure. 
Thi s l evel of rad i at ion  does not p resent a crew hazard . 
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On ly  one mi dcours e  correct i on ,  a reacti on control sys tem fi ri ng of 4 . 8  ft/ s ec , was 
requ i red d u ri ng transearth coast .  I n  genera l , the transe arth coast peri od was character
i zed  by a general rel axati on on  the part of  the c rew , w i th  p l enty of  ti me avai l ab l e  to 
s amp l e the exce l l ent  vari ety of food packe ts and to take photographs of the s h ri nk i ng  
moon and the g rowi ng earth . 

Entry 

Because of the presence of thunders torms i n  the pr imary recovery area ( 1 285 mi l es 
down range from the entry i nterface of 400 000 feet ) , the targeted l andi ng po i n t  was 
moved to a range of 1 500 mi l es from the entry i nterface . Thi s  change requ i red the  u se  
of  computer program P65  ( s ki p- up control  routi ne )  i n  the comp u ter , i n  addi t i o n  to those 
p rog rams used for the p l anned s horter range entry .  Th i s  change caused the c rew some 
apprehens i on because s uch  entri es h ad rare ly  b een p ract i ced i n  prefl i gh t  s i mu l at i ons . 
However , duri ng the entry , thes e parameters remai ned w i th i n acceptab l e  l i mi ts .  The entry 
was g ui ded automati ca l l y  and was nomi nal  i n  a l l respects . The fi rs t acce l era t i on p u l s e  
rea c hed  approxi mately 6 . 5g ,  a nd the s econd reached 6 , 0g .  

Recovery 

Upon l and i ng , the 1 8- knot  s urface wi nd fi l l ed the parachutes  and i mmed i ate l y  rotated 
the command modu l e i nto the apex down ( s tab l e I I )  fl otati on pos i t i on  pri or to parachute 
rel ease. Moderate wave- i nduced osci l l at i ons accel erated the upri g h ti ng s eq uence , wh i ch 
was comp l eted i n  l es s  than 8 mi nutes . No di ffi c u l t i es were encountered i n  compl et i ng the 
pos tl andi ng check l i s t . 

The b i ol ogi ca l  i so l a t i on g a rments were donned i ns i de the s pacecraft . Crew t rans fe r  
i nto the raft was fol l owed by h a tch  c l osure and by decontami nati on  o f  t h e  s pacecraft and 
crewmembers by means of germ i c i da l  s crubdown . 

He l i copter p i ckup was performed a s  p l anned , but  vi s i b i l i ty was s ubs tanti a l l y  de
g raded because of moi s tu re condensa t i o n  on  the b i ol og i ca l  i s ol at i on  garment facepl at e .  
T h e  he l i copter trans fe r  t o  the a i rcraft carri er  w a s  performed as  qu i ckly a s  cou l d be 
expected , but the temperatu re i ncrease i ns i de the  s u i t was uncomfortab l e . Transfe r  from 
the he l i copter i nto the mob i l e  quarant i ne fac i l i ty compl eted the voyage of Apol l o  1 1 .  
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5 .  LUNAR DESCENT AND ASCENT 

Descent Tra j ectory Log i c  

The l u nar descent traj ectory ,  s hown i n  fi gure 5- 1 , began  wi th a descent  orb i t i nser
t i on  maneuver targeted to p l ace  the spacecraft i nto a 60- by 8 . 2-mi l e  orb i t  wi th  the 
peri cynth i o n  l ongi tude  l oc a ted a pprox i matel y 260 m i l es u p  range from the l and i ng s i te .  
Powered descen t ,  s hown i n  fi gure 5-2 , was i n i t i a ted a t  peri cynthi on  and conti nued through  
l a ndi ng .  

The powered descent tra j ectory was des i gned wi th factors con s i d ered such a s  optimum 
prope l l an t  u sage , nav i ga ti on uncerta i nt i es , l a nd i ng -radar performance ,  terra i n  uncer
ta i nt i es , and  crew v i s i b i l i ty restr i c t i ons . The bas i c  premi se duri ng traj ectory des i gn 
was to ma i nta i n  near-optimum u se  of propel l ant  duri ng i n i t i a l  bra k i ng and  to pro v i d e  a 
standard f i na l  a pproac h  from wh i c h  the l and i ng area cou l d  be a s sessed and a des i ra b l e 
l and i ng l oca t ion  sel ected . The onboard g u i d ance capab i l i ty a l l owed the crew to red e s i g 
n a t e  the  des i red l and i ng pos i ti o n  i n  t h e  c omputer for automa t i c  execu t i on or , i f  l a te i n  
the trajectory , to take over manua l l y  a nd f ly  the l unar  modu l e  to the d e s i red poi n t . To 
prov i d e  these descent c haracter i s t i c s , compati b i l i ty between the a utoma t i c and manua l ly 
control l ed trajector i e s  was requ i red , a s  wel l a s  acc eptabl e fl y i ng qua l i ty u nder manual  
contro l . Becau s e  of gu i dance d i s pers ions , s i te-sel ect i on u ncerta i nt i es , v i s i b i l i ty 
restr i cti ons , a nd u ndefi ned surface  i rregu l ar i t i es , measures were ta ken to prov i de the 
crew adequa te fl ex i bi l i ty i n  the termi nal -approach techn i que , w i th the pri nc i pa l  l im i ta 
t i o n  bei ng descent propel l ant  quanti ty .  

The major phases  o f  powered descent are  the brak i ng phase (wh i c h  term i nates  a t  a n  
a l t i tude  o f  7700 feet ) , the  a pproach  o r  v i s i b i l i ty phase  ( to an  a l t i tude  of a pprox imatel y 
500 feet ) , a nd the fi na l  l a nd i ng pha s e .  Three separate computer programs , one for each 
pha s e ,  i n  the pr ima ry gu i da nce  system execute the  des i red traj ectory such  that  the var i 
o u s  pos i ti o n ,  vel oc i ty ,  acce l era t i on , a nd v i s i bi l i ty constra i nt s  are  sat i sf i ed .  These 
programs prov i d e  an au toma t i c  gu i da nce a nd control capabi l i ty for the l unar modu l e  from 
powered descent i ni t i a t i on to l and i ng .  The bra k i ng phase  program ( P63 ) i s  i n i t i a ted 
approx i ma tel y 40 mi nutes before the descent eng i ne i gn i t i on and control s the l u nar modu l e 
unt i l the f i nal  approach  phas e  program ( P 64 )  i s  au toma t i c a l l y  entered to prov i de proper 
traj ectory cond i t ions  and optimum l and i ng - s i te v i s i bi l i ty .  

I f  d e s i red , duri ng a nom i nal  descent , the crew may se l ect the ma nual  l a nd i ng pha s e  
program ( P 6 6 )  prior t o  compl et ion  o f  t h e  fi na l  a pproach  phas e  program ( P64 ) . I f  the 
manual  l a nd i ng phase program ( P66 ) i s  not entered , the au toma t i c  l a nd i ng phase program 
( P6 5 )  w i l l  be entered automa t i ca l l y when the t ime to go equ a l s 1 2  second s ( at an a l t i tude 
of approx imately 1 50 feet ) .  The au toma t i c  l a nd i ng phase  program ( P 6 5 )  i n i ti a tes  an  
automa ti c descent by nu l l i ng the hori zon ta l  vel oc i ty rel a t i ve to the s urface and ma i n
ta i n i ng the rate of descent a t  3 ft/ sec . The ma nual  l a ndi ng phase program ( P6 6 )  i s  
i n i t i a ted when the crew cha nges the pos i ti on  of the pri mary gu i dance mode contro l swi tch 
from au toma t i c  to atti tude-ho l d  a nd then actuates  the  rate-of-descent control swi tch .  
Spacecraft att i tude c ha nges are then contro l l ed manua l l y by the crew ; the descent eng i ne 
throttl e i s  u nder computer contro l ; and the Comma nder c a n  i ntroduce 1 -ft/ sec i ncrements  
i nto the descent rate  by u s i ng the  rate-of-descent swi tch .  

To a s sure proper opera t i o n  of the o nboard syst ems throug hou t the descent pha s e , 
max imum u s e  was made ( both  on  board and o n  the ground ) of  a l l  data , system responses , 
a nd cues , ba s ed on the s pacecraft pos i ti on wi th respect to the des i gna ted l unar features . 
The two onboard gu i dance sys tems prov i ded the crew wi th a conti nuou s check of se l ected 
nav i gati on parameters .  Compar i sons were made on the ground between data from each  of 
the onboard sys tems a nd comparab l e i nforma t i on deri ved from tra c k i ng data . A powered 
fl i ght  processor was u s ed to s imu l taneo u s l y  reduce  Doppl er tra c k i ng data from three or 
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more ground sta t i ons  a nd to c a l cu l a te the requ i red parameters . A f i l teri ng techn i que  
was u s ed to  compu te correct i on s  to  t he  Dopp l er track i ng data  a nd thereby defi ne an  accu 
rate veh i c l e sta te vector . The ground data were u sed a s  a vot i ng source i n  case  of a 
s l ow d i v ergence between the two onboard systems . 
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Preparat i on for Powered Descent 

FoTTowi ng the  fi r st  s l eep peri od in l unar orbi t ,  the crew entered a nd began act iva
t i on of the  l u nar modu l e .  ( See " Descent Prepara t i o n "  i n  sec t i on 4 . )  A l i s t i ng of the 
s i gn i f i ca n t  events for l unar modu l e  descent i s  presented i n  tabl e 5 - I . 

U ndoc k i ng was accompl i s hed on  schedu l e  j u s t  pr ior to acqu i s i t i o n  of s i gna l  o n  l u nar 
revol u t i o n  1 3 .  After the l u nar modu l e  i nspec t i on by t he Command Mod u l e P i l ot ,  a s epara
t i o n  maneuver was performed by the command and serv i ce modu l es ; 20 m i nutes l ater , the  
rendezvous-radar and vhf ra ng i ng outputs  were compared . The  two system s  agreed a nd i nd i 
ca ted a 0 . 7-m i l e  range . The i nerti a l  measurement u ni t was a l i ned opti c a l l y  for the f i rs t  
t i me , a nd the resu l t i ng gyro torqu i ng a ng l es were wel l wi th i n the p l a tform d r i f t  cr i teri a 
for a sat i sfactory primary system . Descent orbi t i ns ert ion  was performed on  t i me a pprox
i lila te l y  8 mi nutes  after t1anned Space F l i gh t  lietwork  l os s  of  s i gna l . Tab l e  5- I I  
co nta i ns the traj ectory i nforma t ion  on the  descent orbi t i nsert i on , a s  reported by the 
crew fol l owi ng a cqu i s i t i on of s i gnal  on  l u nar  revol ut i on  1 4 .  An i ncorrec t l y  l oaded tar
get vector cau s ed a rel a t i vel y l arge Z-ax i s  res idua l  for the a bort g u i da n c e  sys tem . Wi th  
t h i s exceptio n ,  t he  res i d ua l s were wel l wi th i n  the three-s i gma d i s pers i on ( ±0 . 6  ft/ s e c )  
pred i c ted before f l i gh t .  

Fol l owi ng descent orbi t i nserti on , rendezvous - radar d a ta were recorded by t h e  Lunar  
Modu l e P i l ot and were u s ed to  pred i c t  that the  peri cynth i on poi nt  wou l d  be a t  a n  a l t i tude 
of approx ima te l y  50 000 feet . I n i t i a l  c hec ks u s i ng the l a nd i ng po i nt des i gna tor capa
bi l i ty produced c l ose  agreemen t  by i nd i ca t i ng an  a l t i tude of 52 000 feet . Fol l owi ng 
descent orb i t i ns ert i on ,  the crew a l so reported that a sol ar s i ght i ng performed by u s i ng 
the a l i nement tel escope was wel l  wi thi n the powered descent i n i t i at ion  go/no-go cr i ter ion  
of  0 . 25 ° . The solar s i g ht i ng cons i s ted of acqu i r i ng the s un  through  the tel escope a nd 
compar i ng the actu a l  g i mba l angl e s  to those theoret i ca l l y  requ i red a nd computed by the 
onboard computer for th i s observati on . Th i s c hec k i s  a n  even more accurate i nd i ca t i on 
of p l a tform performance i f  the 0 . 07 °  b i a s  correc t i on for the tel e s cope rear detent pos i 
t i on i s  s ubtracted from the recorded data . 

The compari son of vel oc i ty res i dua l s between ground tra c k i ng d a ta a nd the onboa rd 
sys tem , a s  cal cu l a ted a l ong the earth-moon  l i ne-of- s i ght , prov i ded a n  add i t iona l  check  
on  the performa nce of  the pr imary g u i dance system . A 2-ft/sec res i dual  was recorded at  
acqu i s i ti on of s i g na l  and prov i ded conf i dence  that the onboard s ta te vector  wou l d  have 
a l t i tude and down- rang e  ve l oc i ty errors of sma l l magni tude a t  powered des cent i n i ti a
t i on . The Dopp l er res i du a l  was computed by compari ng the vel oc i ty measured a l ong the 
earth -moon l i ne-of-s i g ht by grou nd track i ng wi th the same vel oc i ty component computed by 
the pr imary sys tem . As the l u nar modul e  approached powered descent i ni t i a t i o n , the 
Doppl er res i dua l  began  to i ncreas e  i n  mag n i tude to a pprox i mate ly  1 3  ft/sec . Beca u s e  the 
earth-moo n  l i ne-of-s i ght  vector was a l mo s t  norma l to the  vel oc i ty vector at th i s po i nt ,  
the res i dua l  i nd i cated that t he pri mary system est imate of i ts state vector wa s a pprox i 
matel y  21 000 feet u p  range of the actua l  s ta te vector . Thi s  same error wa s a l so  re
fl ected i n  the rea l - t i me compar i sons made by u s i ng the  powered fl i ght  processor prev i o u s l y  
menti oned . Tabl e 5 - I I I  i s  a compa r i son  of  t h e  l a ti tude , l ong i tude , a nd a l t i tude between 
the bes t- est imate traj ectory s ta te vector a t  powered descent i n i t i a t i on , the operat i on a l  
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traj ec tory , a nd the prefl i ght  ca l cu l a ted traj ecto ry . The onboard s tate-vector errors a t  
powered descent i n i t i at ion  resul ted from a comb i nat ion  o f  the  fol l ow i ng cond i t i ons : 

1 .  Uncou p l ed thruster f i r i ngs duri ng the doc ked l andmark trac k i ng exerc i s e  

2 .  Unaccounted-for vel oc i ty accrued dur i ng u ndoc ki ng and su bsequent i ns pect ion  a nd 
s ta t i o n-keep i ng act i v i ty 

3 .  Descent orb i t  i nsert ion  res i du a l  

4 .  Propagated errors  i n  the l u nar potenti a l  fu nct ion  

5 .  Lu nar modu l e  venti ng 

Time , 
hr : mi n : sec 

1 02 : 1 7 : 1 7  
1 02 :  20 : 53 
1 02 : 24 : 40 
1 02 : 27 : 32 
1 02 : 3 2 : 55 
1 02 : 32 : 58 
1 02 : 33 : 05 
l 02 : 33 : 3 1  
1 02 : 36 : 57 
1 02 : 37 : 51 
1 02 : 37 : 59 
1 02 : 38 : 22 
1 02 : 38 : 45 
1 02 : 38 : 50 
1 02 : 38 : 50 
1 02 : 39 : 02 
1 02 : 39 : 3 1 
1 02 : 41 : 3 2 
1 02 : 41 : 37 
1 02 : 41 : 53 
1 02 : 42 : 03 
1 02 : 42 : 1 8 
1 02 : 42 : 1 9  
1 02 : 42 : 43 
1 02 : 42 : 58 
1 02 : 43 : 09 
1 02 : 43 : 1 3  
1 02 : 43 : 20 
1 02 : 43 : 22 
1 02 : 44 : 1 1  
1 02 : 44 : 21 
1 02 : 44 : 28 
1 02 : 44 : 59 
1 02 : 45 : 03 
1 02 : 45 : 40 
1 02 : 45 : 40 

TABLE 5 - I . - LUNAR DESCENT EVENT T IMES 

Acqu i s i t i on of  data 
Land i ng radar o n  

Event 

Abort g u i dance a l i nement to primary g u i da nce 
Yaw maneuver to obta i n  i mproved communi cati ons 
Al t i tude of 50 000 feet 
Propel l ant-settl i ng f i ri ng s tart 
Descent eng i ne i gn i t i on 
F i x ed thrott l e pos i t i on  ( c rew report)  
Faceup yaw maneuver in  process  
Land i ng-radar data good 
Faceup  maneuver comp l ete 
1 202 a l a rm ( computer determi ned ) 
Radar u pdates enabl ed 
A l ti tude l es s  than 30 000 feet ( i nh i b i t  X -ax i s  overr i de )  
Vel oc i ty l es s  than 2000 ft/ sec ( s tart l and i ng -radar vel oc i ty u pdate )  
1 202 a l arm 
Throttl e recovery 
Program P64 entered 
Land i ng-radar antenna to pos i ti o n  2 
Atti tude-ho l d ( ha nd l i ng qua l i ti es c hec k )  
Automat i c  gu i dance 
1 201  a l arm ( compu ter determi ned ) 
Land i ng-radar l ow sca l e ( l es s  than 2500 feet ) 
1 202 a l arm ( computer determ i ned ) 
1 202 a l arm ( compu ter determi ned ) 
Land i ng-po i nt redes i g na t i on 
Atti tude-ho l d  
Abort gu i dance atti tude  update 
Program P66 entered 
Land i ng-radar data not good 
Land i ng-radar data good 
Redl i ne l ow-l evel sensor l i ght  
Land i ng-radar data not good 
Land i ng-radar data good 
Land i ng 
Eng i ne off 
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TABLE 5- I I . - DESCENT ORB I T  I NSERTI ON 

MANEUVER RES I DUALS 

Ve l oc i ty res i dual , ft/ sec 
Ax i s  

Before tr imm i ng After tr irrrni ng 

X -0 . 1  0 . 0  

y - . 4  - . 4  

z - .  1 . 0  

TABLE 5- I I I . - POWERED  D ESCENT I N IT IAT ION  STATE V ECTORS 

Parameter Operat i ona l Bes t-estimate Primary gu i dance 
traj ectory traj ectory computer 

Lat i tude , deg 0 . 96 1 4 1 . 037 1 . 1 7  

Long i tude , deg 39 . 607 39 . 37 1  39 . 48 

A l t i tude ,  ft . 50 000 49 3 7 6  4 9  955 

Powered Descent 

The powered descent maneuver began wi th a 26-second thru st i ng  per i od a t  m i n i mum 
thro ttl e .  Immed i ately after i g n i t i on , S-band commun i ca t i on s  were i nterrupted momentari l y  
bu t were reestabl i s hed when the a n tenna wa s swi tc hed from the automat i c  to the s l ew pos i 
t i o n . The descent maneuver wa s i n i t i a ted i n  a facedown a tt i tude to perm i t the crew to 
ma ke t i me marks on sel ected l andmarks . A l and i ng po i nt des i gnator s i g ht i ng on the crater 
Maskel yne W was appro x i mate l y  3 seconds earl y ,  conf i rm i ng the s u spected down-ra nge error . 
Fol l owi ng  the l andmar k  s i g ht i ngs , a yaw maneuver to faceu p a tti tude wa s i ni t i a ted a t  a n  
i nd i c a ted al t i tude o f  a pprox imately 45  900 feet . T h e  maneuver too k  l onger than expected 
becau se of a n  i ncorrect setti ng of a rate d i s pl ay swi tch .  

Land i ng-radar l oc k -o n  occurred before the end of the yaw maneuver , wi th the space
craft rotati ng at  aRprox imately 4 deg/sec . The a l ti tude d i fference between tha t  ca l cu 
l ated by the onboa rd computer and tha t determ i ned by the l a nd i ng radar wa s a pprox imately 
2800 feet , wh i c h  agreed wi th the a l t i tude error s u spected from the Doppl er res i dual  com
pari son .  Radar a l t i tude u pda tes of the onboard compu ter were enabl ed at 1 02 : 38 : 4 5 , a nd 
the d i fferences  converged wi th i n 30 s econds . Vel oc i ty u pdates began  automat i ca l l y  
4 s econd s after t h e  a l t i tude update w a s  enabl ed . Two a l t i tude-d i fference trans i ents 
occurred dur i ng compu ter al arms and were a pparentl y a s soc i ated w i th i ncompl ete radar data 
readout o pera t i ons . ( See " Computer Al arms  Duri ng Descent" i n  sec t i on 1 6 . )  

The reduct i on  i n  throttl e setti ng wa s pred i c ted to occur 384 seconds after i gn i t i on ; 
a c tu a l  throttl e reduct i on  occurred a t  386 second s , wh i c h  i nd i ca ted nom i na l  performa nce 
of the descent eng i n e .  
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The f i rs t  of f i ve  computer a l arms occurred approx imately 5 mi nutes after i n i t i a t i on 
of the descen t .  Occurrences of the s e  a l arms a re i nd i ca ted i n  tab l e  5 - I  a nd are d i scussed 
i n  "Compu ter A l a rms Duri ng  Descent" i n  s ect i on 1 6 . A l though the a l arms  d i d  not degrade 
the performance of a ny pr i mary gu i dance  or  control fu ncti on , they d i d  i nterfere wi th a n  
ear l y  a s s es sment of the l a nd i ng a pproach by the  crew . 

Arr iva l  a t  h i g h  gate ( end of  bra k i ng pha s e )  a nd the  au toma t i c  swi tc h to the f i na l  
a pproach phase program ( P64 )  occurred a t  71 2g feet a t  a 1 25-ft/ sec descent rate . These 
val ues  are s l i g ht ly  l ower than pred i cted bu t are w i th i n accepta bl e bou ndar i es . At 
approx i ma te l y  5000 feet , t he Commander swi tched h i s  control mode from a utomat i c  to 
att i tude-ho l d  to check manu a l  control i n  a nt i c i pa ti o n  of the fi nal  descent . 

After the p i tchover a t  h i g h  gate , the l a nd i ng poi nt d es i gnator i nd i cated tha t the 
a pproach  path  wa s l ead i ng i nto a l arge cra ter . An  unp l a nned redes i gnat ion  was i ntroduced 
at  th i s t i me . To avo i d  the crater , the Comma nder agai n swi tched from a u toma t i c  to 
a tt i tude-hol d control and manua l l y  i ncrea s ed the fl i ght-path ang l e  by pi tch i ng to a 
near ly  vert i ca l  a tti tude for range extens i on .  Ma nual  control began a t  a n  a l t i tude of 
a pprox imately 600 feet . Ten seconds l ater , a t  a pprox imately 400 feet , the rate -of
descent mode wa s act i vated to control descent ve loc i ty .  I n  th i s  manner , the spacecraft 
wa s gu i ded a pprox imately 1 1 00 feet down range from the i n i t i a l  a i m  po i nt .  

F i gure 5-3 conta i ns h i s tor i es of a l t i tude compared wi th al ti tude rate from the pri 
mary a nd a bort gu i dance systems a nd from the Manned S pace  Fl i ght  Network  powered fl i ght  
processor . The  a l t i tude d i fference ex i st i ng between the  primary system and the Ma nned 
Space F l i ght  Network a t  powered descent i n i t i a t i o n  can  be observed i n  f i gure 5-3 . Al l 
three sources are  i n i ti a l i zed to the primary gu i dance s ta te vec tor a t  powered descent 
i n i t i a t i o n .  However , t h e  primary sys tem i s  upda ted by t h e  l andi ng radar , a nd t h e  a bort 
gu i dance system i s  not .  As i nd i cated in  f i gure 5-3 , the  a l ti tude read -outs from both 
sys tems gradua l ly d i verged so as to i nd i cate a l ower a l t i tude for the pr imary sys tem 
u nti l the a bort system was manua l l y  updated wi th a l t i tude data from the pr imary system . 

The powered fl i ght  processor data refl ect both the a l t i tude a nd down -range errors 
ex i st i ng i n  the pr imary system at  powered descent i n i t i a ti o n . The rad i a l v e l oc i ty error 
i s  d i rec t l y  proporti onal  to the down-range  pos i t i on error such  tha t  a 1 000-foot down
range error w i l l  cau s e  a 1 -ft/ s ec rad i a l  vel oc i ty error . Therefore , the 20 000-foot 
down-ra nge error ex i sti ng at powered descent i n i t i a t i on wa s a l so refl ected as a 20-ft/ sec 
rad i a l  vel oc i ty res idua l . I n  f igure 5-3 , th i s  error i s  a pparent i n  the a l t i tude reg i on 
near 27 000 fee t ,  where a n  error of approx imately 20 ft/ s ec i s  ev ident . The prima ry
sys tem a l t i tude error i n  ex i s tence a t  powered descent i n i t i a t i on ma n i fests i tse l f a t  
touc hdown when the powered fl i ght processor i nd i cates a l a nd i ng a l t i tude bel ow the l u nar  
surface . F i gure 5-4 conta i ns a s i m i l ar compa r i son of  l ateral  vel oc i ty from the three 
sourc e s .  Aga i n ,  the d i vergence noted i n  the fi na l  phases  i n  the a bort gu i dance sys tem 
data wa s cau sed by a l ack  of radar u pdates . 

F i gure 5-5  conta i ns a t i me h i s tory of spacecra ft p i tch a tt i tude recorded by the 
primary a nd a bort gu i dance systems . The sca l e i s  set  u p  so tha t a pi tch of 0° wou l d  
p l ace  the X-ax i s  of the s pacec raft vert i ca l  a t  the l and i ng s i te .  Two separa te des i g n a 
t i o n s  of t h e  l and i ng s i te a re ev i dent i n  t h e  pha se after ma nual  takeover . F i gure 5-6 
conta i ns compar i sons for the p i tch  a nd rol l a tti tudes  and i nd i cates  the l a teral correc
t i ons made in the f i na l  pha s e . 

F i gure 5 -7  i s  an enl arged photograph of the a rea  adj acent to the l un a r  l andi ng  s i te 
and s hows the fi na l  porti ons of t�e ground t rack to l andi n g .  Fi gure 5-8  i s  a n  area  
photograph , taken from a Lunar  Orb i ter fl i ght , s how i n g  the l andi ng-s i te e l l i pse  and  
the  g ro und track fl own to  the  l andi ng poi n t .  Fi gure 5 - 9  conta i ns a prel i mi nary attempt to 
recons truct the s urface terrai n v i ewed duri ng descent , based upon trajectory and radar 
d ata  and upon known s u rface featu res . The coordi n ates of  the l andi ng po i nt , as obta i ned  
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from the var iou s  real - t ime and postfl i g ht sources , are s hown i n  tabl e 5- I V . As s hown i n  
f i gure  5-10 , the actual  l and i ng po i nt was l at i tude 0°41 ' 1 5 " N and l ongi tude 23 °26 ' E ,  
compared wi th the targeted l and i ng po i nt of l at i tude 0°43 ' 53 "  N and l ong i tude 23°38 ' 51" E .  
I n  th i s report , f i gure 5-1 0 i s  the bas i c  reference map for the l ocat i on of the  l and i ng 
po i nt .  A s  noted , the  l and i ng po i nt d i spers i o n  was caused pr imar i l y  by errors i n  the on
board s tate vector pr i or to powered descent i ni t i a t i on . 

F i gure 5- l l i s  a t ime h i story of pert i nent veh i c l e control pa rameters dur i ng the  
ent i re descent pha s e .  Ev i dence o f  fuel s l o s h  wa s detected i n  the a tti tude -rate i nforma 
ti on fol l owi ng the  yaw maneuver . The s l o s h  effect i ncreas ed to the poi n t  where react i on 
contro l thru s ter f i r i ng s  were req u i red to damp the rate pri or to throttl e recovery . The 
dynami c  behav ior  at  th i s po i nt and throug h  the rema i nder of the descent wa s comparabl e 
to tha t observed i n  s i mu l a t i ons  and i nd i cates nom i nal  control system performance .  

Approx i ma te ly  9 5  pou nd s  of reacti on control propel l ant  were u s ed duri ng powered 
descent , as compared to the  pred i cted va l u e  of 40 pound s . P l ot s  of propel l a n t  consump
ti on  for the react ion  control and descent propu l s i o n  sys tems are s hown in  f i gu r e  5- 1 2 .  
The reacti on contro l propel l an t  consumpt i on whi l e  i n  the  manua l  descent control mode wa s 
51 pounds ,  approx i matel y 1- 1 / 2  times grea ter than  tha t  for the automati c mode . Thi s i n 
crease  i n  u sage rate i s  attri buted to the  req u irement  for g reater atti tude  and tra n s l a 
t i o n  maneuver i ng i n  the fi na l  s tages o f  descent . The descent propu l s i on system 
propel l ant u sage  was greater than pred i cted becau s e  of the add i ti onal  t ime requ i red for 
the l a nd i ng- s i te redes i g nat i o n . 
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TABLE 5- I V . - LUNAR LANDING COORDI NATESa 

Lati tud e ,  deg N Rad i u s  of 
Da ta source for so l u t i o n  ( b )  Long i tude , deg E l and i ng s i te 2 ,  

m i l e s  

Pri mary g u i da nce onboard vecto r  0 . 649 23 . 46 937 . 1 7  

Abort g u i dance onboard vector . 639 23 . 44 937 . 56 

Powered f l i g h t  pro cessor ( ba s ed on . 631  23 . 47 936 . 7 4  
4 - trac k sol u t i o n )  

Al i nement o p t i c a l  tel escope . 523 23 . 4 2  

Rendezvo u s  radar . 636 23 . 50 937 . 1 3  

Bes t - e s t i ma te trajectory accel er- . 647 23 . 505 937 . 1 4  
ometer reconstru c t i o n  

L u n a r  modul e  target . 691  23 . 7 2  937 . 05 

Photography . 647 or 23 . 505 or 
c0°4l  ' 51 "  c23°26 ' 00"  

aF o l l ow i ng t h e  Apol l o  10  m i s s i o n , a d i fference was noted ( from the l a ndmark tra c k 
i ng resu l ts )  between t h e  trajectory coord i na te system and the coord i nate system on t h e  
reference map .  I n  order to reference trajec tory v a l ues t o  t h e  1 : l OG ,uOO sca l e  Lunar 
Map ORB- I l - 6  ( 1 00) , da ted December 1 967 , correc t i o n  factors o f  +2 ' 25" in l at i tude a nd 
-4 ' 1 7 "  i n  l ong i tude must be appl i ed to the traj ectory val ues . 

bAl l l a t i tude v a l ues are corrected for the est ima ted o u t -of-pl ane pos i t i o n  error 
at powered descent i n i t i a t i o n . 

cThese coord i nate v a l u es are referenced to Lunar Ma p ORB- 1 1 -6 ( 1 00 )  a nd i nc l ude 
the correction fac tors . 
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Fi g ure 5-8 . - Area photog raph of  l andi ng - s i te e l l i ps e  s h ow i ng g round tra ck .  
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Land i ng Dynam i c s  

The l a nd i ng o n  the l u nar surfa ce occurred a t  1 02 : 45 : 39 . 9  wi th negl i g i bl e  forward 
vel oc i ty ,  approx imately 2 . 1  ft/ sec to the crew ' s l eft and 1 . 7 ft/ sec verti cal l y .  F i g
ure 5- 1 3  s hows the body-rate trans i ents wh i c h  i nd i cate tha t the ri ght  and the  forward 
l and i ng gear touched a l mo s t  s imu l taneou s l y ,  g i v i ng the  spacecraft a ro l l - l eft a nd a 
p i tc h-up  moti o n .  The l eft-d i rected l atera l vel oc i ty resu l ted i n  a s l i g ht yaw-r i g h t  tra n
s i en t  at  the  po i nt of touc hdown . These touc hdown cond i ti ons , obta i ned from att i tude  
rates a nd i ntegrat i on of accel erometer data , were veri f i ed qua l i tat i ve ly  by the  at-rest  
pos i t i ons  of the l unar surface sens i ng probes a nd by surface bu i l dup  arou nd the r i ms of 
the footpads . F i gure 1 1 - 1 7  ( i n  s ec ti on 1 1 )  s hows the probe boom nea r l y  verti cal  on  the  
i nboard s i de of the  m i nu s  Y footpad , i nd i ca t i ng a v e l oc i ty component i n  t he m i nu s  Y d i 
rec t i on . Bu i l t-up  l u nar mater i a l  can be seen outboard of the pad , wh i c h  al s o  i nd i cates 
a l a tera l vel oc i ty in  th i s  d i rect ion . The probe pos i t i on a nd l u na r  mater i a l  d i s tu rbance 
produced by the  m i nu s  Z gear a s s embly ( f i g .  1 1 - 1 7) i nd i cate a l ateral ve l oc i ty i n  the 
m i nu s  Y d i rect i o n .  F i gure 1 1 - 1 6  ( i n  sect ion  1 1 )  s hows i n  greater deta i l  t he su rface  
mater i a l  d i s tu rbance on  the m i nus  Y s i d e  of the mi nu s Z footpa d .  The p l u s  Y l a nd i ng gear 
a s s embly  s upports the conc l u s i on of a m i nu s  Y vel oc i ty because  the pro be was on  the  out
board s i de  a nd mater i a l  was p i l ed in  board of the pad . 
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Fi gure 5- 1 3 . - Spacecraft dynam i cs duri ng l unar touchdown . 
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The crew reported no s e ns a ti on of rockup ( pos tcontact i ns tabi l i ty )  duri ng the touch
down phase . A pos tfl i g h t  s im u l at i on of the l andi ng dynami cs i nd i cates  tha t  the max i mum 
rockup an g l e  was onl y approxi mate l y  2 ° , wh i ch i s  i nd i cat i ve of a s ta b l e  l andi ng . I n  the 
s i m u l a ti on , the maxi mum footpad penetrati on was 2 . 5  to 3 . 5  i nches , wi th an a s soc i a ted 
veh i c l e  s l i deout ( s k i ddi ng )  of 1 to 3 i nches . The l andi ng gear  s tru ts s troked l es s  than 
1 i nch , wh i ch represents abou t 10 percent of the energy absorpti on capabi l i ty of .  the l ow
l e ve l pr imary-s trut h oney comb ca rtri dge . Exami nati on of photographs i nd i cates ag reement 
w i th thi s  ana lyti ca l  conc l us i on .  

Pos tl and i ng Spacecraft Operati ons  

Immed i atel y  after l and i ng , the  l u nar modu l e  crew bega n a s i mu l a ted l a unch  countdown 
i n  prepara t i on for the pos s i bi l i ty of a conti ngency l i ft-off . Two probl ems arose dur i ng 
th i s  s i mu l a ted cou ntdown . F i rst , the m i s s i o n  t imer had stopped and cou l d  not be re
started ; therefore , the event  t imer wa s s ta rted by u s i ng a mark from the ground . Second , 
the  descent stage  fuel - hel i um heat exchanger froze , apparent ly  wi t h  fuel trapped between 
the hea t exc ha nger a nd the v a l ves , cau s i ng the pressure i n  the l i ne  to i ncrea s e .  ( See 
" M i s s i on Ti mer Stopped " and " H i g h  Fue l  I nterface  Pres sure After Land i ng "  i n  sect ion  1 6  
for fur ther d i sc u s s i o n  of these probl ems . )  

The  i nert i a l  mea surement u n i t was a l i ned three t i mes dur i ng th i s per i od by u s i ng 
eac h  of the  three ava i l ab l e l u nar surface a l i nement  opti ons . The a l i nements were sat i s 
factory , a nd t h e  resu l ts prov i ded conf i dence i n  t h e  techn i qu e .  T h e  s imu l a ted cou n tdown 
wa s termi nated at 1 04 - l / 2  hours , a nd a part i al power-down of the l unar modu l e  was 
i ni ti a ted . 

Duri ng the  l u nar surface s tay , the Command Modu l e P i l ot made several u n succes sful  
a ttempts to  l ocate the l u nar modu l e  throug h  the  sextant  by u s i ng s i g ht i ng coord i nates  
transmi tted from the grou nd . Est imates of  the  l and i ng coord i nates were obta i ned from 
the l u nar modu l e  compu ter , the l unar surface grav i ty a l i nement of the p l a tform , and the 
l im i ted i nterpreta ti on of the  geo l og i ca l  features duri ng descen t .  F i gu re 5 - 1 4  s hows the 
area s  that were trac ked a nd the times  of c l osest  a pproa c h  that were u sed for the s i g ht
i ng s .  The actual  l a nd i ng s i te ,  a s  determ i ned from fi l ms ta ken duri ng the descent , d i d  
not l i e near the center o f  the sextant f i e l d  o f  v i ew for any o f  the coord i nates u s ed ; 
t herefore , the a b i l i ty to acqu i re the l u nar modu l e  from a 60-m i l e  orbi t can  ne i ther be 
establ i s hed nor den i ed . The  Command Modu l e  P i l ot reported that o n l y  one g r i d  square 
cou l d  be scanned du r i ng a s i ng l e pa s s . 

Because of the  u nsuccessfu l attempts to s i g h t  the l unar modu l e  from the command 
modu l e ,  the dec i s i on was made to track  the command modu l e  from the l u nar modu l e  by u s i ng 
the  rendezvous  radar .  The command mod u l e wa s acqu i red a t  a 79 . 9-mi l e  range and a 
3236-ft/ sec c l os i ng rate , a nd l os s  of trac k occurred at  85 . 3  m i l es wi th a reced i ng range
rate of 3531  ft/ sec ( f i g .  5 - 1 5 ) . 

The i nert i a l  measurement u n i t was successfu l l y a l i ned two more times pr i or to l i ft
off , once  to obta i n  a dr i ft c heck  and  once  to  estab l i s h t he  proper i nert i a l  ori entati on  
for  l i ft-off . The dr ift  check  i nd i cated norma l sys tem opera t i o n , as  d i scu s s ed i n  " Gu i d
ance  a nd Control " i n  sec t i o n  9 .  An a bort g u i da nce system a l i nement wa s a l so performed 
pri or to l i ft-off ; however , a procedural  error cau sed an az imuth  mi sa l i nement , wh i c h 
res u l ted i n  the ou t- of- p l ane ve l oc i ty error di s cus sed i n  "Gu i dance and Contro l " i n  
s ecti on 9 .  
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F i g u re 5 - 1 4 . - Command modu l e s i ght i ng h i s tory duri ng l u nar s tay . 
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Ascent 

Prepara t i ons for a scent began after the end of the crew rest per i od a t  1 21 hours . 
The command modu l e  sta te vector  was upda ted from the ground , wi th coord i nates prov i d ed 
for cra ter 1 30 ,  a pl a nned l a ndmark . Th i s  cra ter was tracked by u s i ng the  comma nd modu l e  
sexta nt on  the revol u ti o n  pri or to l i ft-off to establ i s h the target orb i t  pl ane . Dur i ng 
th i s revo l u ti o n , the rendezvous radar wa s u sed to tra c k  the comma nd modu l e ,  a s  prev i o u s l y  
men t i o ned , a nd the l u nar surface nav i ga ti o n  program ( P 22 )  wa s exerc i sed t o  e sta b l i s h the 
l ocat ion  of the l u na r  modu l e re l at i ve to the orb i t  pl ane .  Crew act i vi t i e s  dur i ng the 
prepara ti on  for l aunch  were conducted a s  pl a nned , a nd l i ft-off occurred on t ime . 

The a s cent phase  wa s i n i ti a ted by a 1 0- s econd peri od of  verti ca l  r i s e ,  wh i ch a l l owed 
the a scent  s tage  to c l ea r  the descent s tage  a nd s urround i ng terra i n  obsta c l e s  safe l y  and 
prov i ded for ro tati on of the spacecraft to the correct l aunch  a z i mu th . The p i tc h -over 
maneuver to a 50° att i tude wi th  respect to the l oca l  verti c a l  bega n -when the a scent 
vel oc i ty reached 40 ft/sec . Powered ascent wa s targeted to pl ace  the spacecraft i n  a 
1 0- by 45-m i l e  orbi t to establ i s h the correct i n i t i a l  cond i t i on s  for the rendezvou s .  
F i gure 5- 1 6  s hows the p l a nned a scent  trajectory , a s  compared wi th the actual  a scent  
tra j ectory .  

The crew reported that the ascent wa s smooth , w i th norma l rea c t i on contro l  thrus ter  
act i v i ty .  The a scent  s tage  appeared to  "wa l l ow" or  traverse the att i tude deadbands , a s  
expec ted . F i gure 5 - 1 7 conta i n s a t ime h i s tory of se l ected contro l system parameters 
dur i ng the a scent ma neuver . A data dropou t occurred immed i a te l y  a fter l i ft-off a nd made 
accura te determ i na t i o n  of the f i re- i n -the-ho l e  forces  d i ff i cu l t .  The body rates recorded 
j u s t  pr i o r  to the data dropout were sma l l  ( l es s  than  5 deg/ sec ) but were i ncrea s i ng i n  
mag n i tude a t  the t i me of the dropout .  However , crew reports a nd a s soc i a ted dynam i c  
i nforma t i o n  dur i ng the data - l os s  peri od do not i nd i cate tha t a ny rates exceed ed the  ex 
pected ranges . 

The predom i nant d i sturba nce torque dur i ng a s c en t  was a bout the p i tch ax i s  a nd 
a ppears to have been caused by thrust  vector offset . F i gure 5- 1 8  co nta i n s an  expa nded 
v i ew of control sys tem parameters duri ng a se l ected per i od of the a scent phase . The 
d i g i ta l  a u topi l ot was des i gned to control  a bou t axes offset approx imately 45°  from the 
s pacecraft body axes and norma l l y  to fi re only p l u s  X thru sters duri ng powered ascent . 
There fore , down-fi r i ng thrusters 2 and 3 were u s ed a l most excl us i ve l y  dur i ng the ear l y  
phases  of t h e  a s cent a n d  were fi red a l terna tel y  t o  control t h e  p i tc h  d i s turbance torque . 
These j ets i nduced a rol l rate whi l e  counteract i ng the p i tch d i sturbance ; therefore , the 
accompany i ng ro l l  moti on contri buted to the wa l l owi ng sensa t i on reported by the crew . 
As the maneuver progress ed , the center of  gravi ty moved toward the thru st  vector , a nd 
the resu l ti ng p i tch d i sturbance torque and req u i red thru ster act i v i ty decreased unt i l 
a l mo s t  no d i sturbance was present .  Near the end of the maneuver , the center of grav i ty 
moved to the oppos i te s i de of the thru st  vector , a nd proper thruster ac t i v i ty to correct 
for t h i s oppos i te d i s tu rbance torque  can be observed i n  f igure 5- 1 7 .  

The crew reported that the vel oc i ty-to-be-ga i ned i nd i ca t i o n  i n  the abort g u i dance 
system d i ffered 50 to 1 00 ft/sec from the pri mary- system i nd i ca t i on near the end of the 
a scent maneuver . The reaso n for these d i fferences appears  to be unsync hron i zed d ata d i s 
pl ayed from the two systems ( sect i on 9 ) .  

Tabl e 5-V  conta i ns a compari son of  i ns ert ion  cond i t i ons between those cal c u l ated by 
var ious  onboard sources and the p l anned val ues . Sat i sfactory agreement i s  i nd i cated by 
a l l sources . The powered fl i g h t  proces sor was aga i n  u sed and i nd i cated performance wel l 
wi th i n the ranges expected for both systems . 
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TABLE 5-V . - I NS ERT I ON SUMMARY 

Source A l t i tude , ft Rad i al vel oc i ty ,  Down-range vel oc i ty ,  
ft/ sec ft/ sec 

Primary gu i dancea 60 602 33 5537 . 0  

Abort g u i da nce 60 01 9 30 5537 . 9  

Networ k  track i ng 6 1  249 3 5  5540 . 7  

Opera t i onal  trajectory 60 085 32  5536 . 6  

Reconstructed from accel erometers 60 337 33 5534 . 9  

Actu a l  ( best-est imate trajectory ) 60 300 32  5537 . 0  

Target va l uesb 60 000 32  5534 . 9  

aThe fo l l owi ng ve l oc i ty res i dua l s were ca l cu l ated by the primary g u i dance : 
X =  - 2 . 1 ft/ sec , Y = - 0 . 1 ft/ sec , Z = +1 . 8 ft/ sec . The orbi t resu l t i ng after res i du a l s 
were trimmed wa s a pocynth i on a l t i tude = 47 . 3  mi l es and per i cynth i o n  a l t i tude = 9 . 5  mi l es .  
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bA l so , cro s s -range d i spl acement of 1 . 7 mi l es was to be corrected . 
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F i gure 5- 1 6 . - Trajectory parameters for l unar  a s cent phas e .  



2 4  

. 8  2 0  5 0  "' ., "C - - - - _ \ _ _ _ _ _ _ _ _ _  _ 

� . 6  "' 1 6 
' 
'- Latitude 3 

� 
...J 

., "C 
.; 

.4  "C .� "' t:: 0 
...J 

1 2  

8 

4 

2 0  

1 0  

Longitude .-'" 

__ Actual 
--- Planned 

0 o ��--��--���--�J_��--��������� 1 2 4 :2 2  1 2 4 :2 3  1 2 4 :24 1 2 4 :25 1 2 4 :2 6  1 2 4 :2 7  1 2 4 :2 8  1 2 4 :29 
-----' 

1 24 :30 1 2 4 :31  

. j On 
E ngtne 4U Off - ,- On 
Engine JU Off �1_ On 
Engine 2U Off - On 
Engine lU Off __ .J 

Engine 40 Off --J,:_ 
Engrne JD Off �
Engtne zo orr - ;... 
Engine 1 D orr -

On 
On 
On 
On ! 1? 

0 

"' "' � 
� On "'6 Engine 4f orr -- On 'B _ 1 1  Engine JA Off ·--- O n  "' Engine 2A Off -- ·- on 

Engtne If orr 

Engine 4R Off -- -_ g� 
Engine JR Off - c on 
Engine 2l Off �- On 
Engine ll Off • 

! 12 

0 

"' 
� 
� 
� 
.c:: 
� - 1? 0.. 

ar 1 ?  '0 

"' '-" 
!!" 
e "' 
� -" 
� 
3: - I ?  ... 

>-

T i m e ,  hr:min 

( b )  Al ti tude , l ong i tude , and l at i tude . 

! � 
50 ! � �� g 

e .c:: 
;! 

"' ii: 
� 
� -.;; 
.c: 
� -50 "- � 

! 
�� 
0 "' 

! 50 
u 

3 "' 
g ! 
� �-"' � 2 >-

� 
3: ... 

>- -50 

Fi gure 5- 1 6 . - Conc l uded . 

25 

-25 

?5 

-25 

25 

-25 

--t·:r... 
-....:,..,.=-==-t�:- - - - - - - - - - - - - - - - - - - - - - - - - - -
---=----.=..--·-.. -- -= .""':'. "': ": -:. -: -:. -:. � -= "': -= "': "':' � -: � -= "": 

"': """:. -= --

--·- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
· 

·- Rol l  rJI!• 
_..,�\../'JVV\.IVVJv\J\J\./Vv"v'V\1\At ... II . ./\.J\_,, ! Rol l Jlt 1 lwlt' t'rror •G &'. , 

�-�, .. /''··-"./1/'•/.J\f·/·/·...' •. r . .f.J\"v\/1.-'1/\/'./\f,/\/·f//1 
J ..  -{Oil Jll t l 1 n!t' t'rror 1 A G S ·  : Asct>nl prof)t i l , ,on �\ Sit'r., Lqn 1 ! 1 on 
, . .  
,_ .. ----------------------

� �-�---------------------- ----------------------
• Y M. r dlt' -:.�r'-----------�---�� --...,..,,....------
• · T J:. Jlfdudt t'r.:..:ro;;;.r_;•G::;&;.;'•;...' -------------:,·'\� -� --------------- Yd •'• � 

I ?� ?? 00 I?� ?? lO 174 2300 !24 ZJJO 

( a )  1 24 : 22 : 00 to 1 24 : 23 : 30 .  

Fi g u re 5- 1 7 . - Spacecraft dynami cs duri ng ascent .  

57  



58 

Engine 4U 011 =:F &; 
Engine 3U 011 � On 
Engine 2U Off On 
Engine IU Off _r-

Enqine 4D Oil ____r- 8;: 
Engine 30 011 ____r-On 
Engine 20 011 _j On 
Engine 10 011 _j f 12 

;;; "' :! 
� 0 

� 
. � On �  Engone 4f 011 On � 12 Engine 3" 011 =J= On ex · 

Engine 2" 011 � On Engine IF 011 

Engine 4R 011 _r- 8:: 
Engine 311 011 =:F On Engine 21. 011 � On 
Engine ll 011 

. ____r-On 
Engone 4U Oil On 
Engine JU Off � On 
Engine 2U 011 �On En9ine IU Off _r-

Engine 40 011 ____r- 8;: 
Engine 3D 011 _jOn 
Engine 20 011 _j On 
Engine ID Oil ____r- ,f 12 

;;; "' 
:! 

� .. 0 

� On � Engine 4f 011 �On � 
En<Jine 3" 011 ____r- On "' -12 
E09ine 2" 011 .:}=On 
Engine If 011 

Engine 4R 011 _r-&; 
Engine 311 011 =:F On 
Engine 21. 011 � On 
Engine ll 011 

.r 12 
"' 
� 
� 0 

' � f 50  
.<: § -� -12 <>. 

e 
t 0 

' � 
� -50 ex 

! 12 
;;; "' � 
� 0 

� 
:> � � -12 

! 12 
"' 
� 
� 

0 .. 

' � .r 50 
.<: � � -12 

� e 
� 0 

� � 
� -50 

!' 12 
;;; 
� e 
t 
� :> i � -12 

,f 50 
i 
� 

� 0 

� i 
l >- -50 

( b )  

{ 50  
� 
� 
� 
� 0 

� i 
I >- -50 

1'5 

� B' .., 
.; 
-e 
.<: � 
<>. 

� - - - - - - - - - - - - - -- - - - --------------1'5F=-:.-:. -:.-.--- .- .---.-�.-.---.-.--- � =-

. 

,.. .... _ · r T -: -: , ..,. -: ..,. -:: ....,. -

! o " '"V""'!"'\r- -v-r,r-\r\N"\['.l\f..JJJ....J-..AJ .• .l\ 1; � � - � - T. � �......,.. ....... ,_,, ":,Jv\;'VvJ\1\Ivv \, 
-1'5 

1'5 

� B' .., 

� 
l 1 -.  Yaw attitude erro 

- ->-
-1'5 

1?4 ?4 JO 124 24-{)() 
Time. hr min - �ec 

1 24 : 23 : 30 to 1 24 : 25 : 00 .  

1'5 
� 
t 
�· 0 
.<: lt 
<>. 

-1'5 

25 
� 
f 
... 
� 
� ex 

·25 

1'5 

� 
f 
.. - 0 

� 
I 

>-

-25 

124 25·00 
Time. hr. m in :sec 

( c )  1 24 : 25 : 00 to 1 24 : 26 : 30 .  

Fi g ure 5- 1 7 . - Conti n ued . 



. _J On 
Engme 4U Off _J On 
Engine 3U Off 0<1 
Engine ZU Off _J On Engine IU Off __r-

Engine 40 Oil ___r gg 

� 12 
"' 
'! 
� 0 
-8 2 

zsr----------------=== 
� - -

� 50 f � 
!:? 

-25 ...... � _____ __,..., __________ _ 
:-.----- ----. -. .  -. .  -. �� �-�-�-�-�-�-·��----�---------

Engine 30 Oil ___r On 
Engine 20 Off ___r On 
Engine 10  Off ___r §' 12 

i §' 50 
z:: � � -12 

"' !:? "' 
� � � � 
� 2 
2 i 

_J On i 
Engine 4F 011 On � � -50 "" 
Engine 3A 011 =i= On "" -12 
Engine ZA Oil _J On 
Engine IF Off .§' 12 

v; "' 
� 

Engine 4R Off __r- g;: � .. 
Engine 3R Off =::f= 0<1 � 

::> Engine 1t Off 0<1 i fngme It Off ___r � -12 

Engine 4U Olf _J � 
Engine 3U Off _J On  
Enqine 2U Off _J On Engine IU Off __r-

Engine 40 ()If ___r gg 
Engine 30 Off ___r On 
Engine 20 Off _J On 
Engine 10 Off _j f 12 

"' "' 
� 
� � 
] On i  Engine 4f Off -' On � Engine 3A Off _j On "' -12 

Engine 2A Off :::}=On 
Engine IF Off 

Engine 4R Off __r- � 
Engine 3R Off ::::F On 
Engine 1t Off _r On 
Engine IL Off 

! 12  
"' 
� 
� 0 .. 

� i 
z:: � -12 

.§' 12 
"' 
'! 
� 0 
' i 
! -12 

f 50 

i 
!:? 

� .. 0 
� � � -50 

( d )  

{ 50  
� 
� 
t 0 
� � 
I · > -50 

25 --------

�---�---------.__ --------��·----�--------��--�Y�aw�r�at�e
-. - ·Yif¥1 attitude error IC&Nl 

-25 L--------- ------ -----------

124 26-30 1201 00 124 n lO 
Time. hr min.  sec 

1 24 : 26 : 30 to 1 24 : 28 : 00 .  

25 
� l 
� 0 
z:: 
.II 
ii: 

-25 

----------------- � 

,J'u,J_,_.r,_.,.,...,..,..__.. _______ �_ � :  
· . .  Pitch attitude error lAGS I I Pitch attitude error IG&NI - .  1 

·-- •.. . .  t . ..  .. .,--. 

� 25r-- · 
_
· -

_
- ---.o--

� I � 0 ·-"'-· ------------:-· �,; -
� W"\..,?'M'"'�: � I 
"" -25 · Roll atttlude error lAGS I Ascent proputston system cut -oil . .  · I  

� 
I' 0 �-
! -------

-25 

124 28.00 
Time. hr : min: sec 

124 ZQ OO 

I I 

124 2Q ?0 

( e )  1 24 : 28 : 00 to 1 24 : 29 : 20 .  

F i gure 5- 1 7 . - Conc l uded . 

5 9  



2 5 , ' 

-En
g
ine 20 causes minus pitch rate ' and plus roll rate 

"'§. -Engine 30 causes minus p1tch rate 

�g�f� __10nn: i ----- -��-�---•-nd_mi_nu_n_ol_l .a_<• ______ _ 

En
g
ine 1-on - 25 !  ..-------, 

3D 0ff � '---

��g�f� 1 On 25
1 

L_____r
i�g�f� _

JOn 

� I ! a � ���� 
I . 

Time, hr:min �sec 

Fi g ure 5- 1 8 . - Expanded t ime h i s tory of s pacecraft 
rates duri ng  ascent .  

Rendezvou s 

Immed i ate l y  after ascent  i n sert i on , the Commander began a p l atform a l i nement by 
u s i ng the l u nar modul e tel escope . Duri ng thi s t ime , the ground rel ayed the l unar modu l e 
s tate vector to the command modu l e  compu ter to p erm i t execut i on of nav i ga t i o n  u pd a te s  by 
u s i ng the sextant and the v hf rang i ng system . The l u nar modu l e  p l atform a l i nement too k 
l onger than  expected ; consequent l y ,  the coel l i pt i c  sequence i ni ti at i on program was entered 
i nto the compu ter a pprox imate ly  7 mi nutes l ater than p l anned . Th i s de l ay a l l owed l es s  
than the nomi nal  1 8  radar nav i gat ion  updates between i nsert ion  and the f i r s t  rendezvous 
maneuver . Al so , the f i r st  range-rate measurement for the bac kup so l ut ion  was m i s s ed ; how
ever , th i s l o s s  was not s i g n i f i cant  because  both  the l u nar modu l e  a nd the command mod u l e 
gu i dance sys tems performed norma l ly .  F i gure 5- 1 9 shows the a s cent and rendezvous  traj ec
tor i es and the i r rel at ions h i p i n  l u nar orbi t .  

Pri or to the coel l i pti c sequence i n i t i at ion , the  l u nar modu l e  out-of-pl ane  vel oc i ty 
wa s computed by the comma nd modu l e to be -1 . 0  ft/ sec , a va l ue sma l l enough  to be  deferred 
unt i l term i na l  phase i n i t i a t i on . The f i na l  l unar mod u l e sol u t i on for coel l i pt i c  sequence 
i n i ti a t i o n  was a 51 . 5-ft/ sec maneuver to be performed wi th the  Z-ax i s reac t i on control 
thru sters , w i th a p l anned i g n i t ion t ime of 1 25 : 1 9 : 34 . 7 .  

Fol l owi ng the coel l i pt i c  s equence i n i t i at i on maneuver , the consta nt d i fferent i al 
he i ght  program was ca l l ed up  i n  both spacecraft . Opera t i on of the gu i da nce  systems con
t i nued to  be  norma l , and succes sfu l nav i gat i on updates were obta i ned by u s i ng the sex
tant , the vhf rang i ng system , and the rendezvous radar . The Lu nar Modu l e  P i l ot reported 
that the backu p range-rate measurement at  36 mi nutes pri or  to the consta n t  d i fferent i a l  
h e i g h t  maneuver was outs i de the l i mi ts of the bac kup chart . Po stfl i gh t  traj ectory ana l y
s i s  h a s  s hown that  the off-nom i nal  comma nd modu l e  orbi t ( 62 by 56 m i l es )  caused the range
rate measurement to be approx imatel y 60 ft/sec bel ow nom i na l  a t  the  36-mi nute data po i nt .  
The command modu l e was near peri cynth i on and t he l u nar modu l e  was near a pocynth i on a t  the 
measurement po i nt .  These condi ti ons , wh i ch decrea s ed the l u nar modu l e  c l osure  rate to 
bel ow the nomi nal  val u e ,  are apparent i n  f i gure 5-20 , a rel a t i ve mot ion  p l o t  of the two 
s pacecraft between i n sert ion  and the constant d i fferent i a l  h e i g h t  maneuver . F i gure 5 -20 
wa s obtai ned by forward and bac kward i ntegra ti on of the  l a st  ava i l ab l e  l u nar modu l e  state 
vector pri or to l os s  of s i gna l  fo l l owi ng i nserti on and the f i na l  constant d i fferent i a l  
he i g ht  maneuver vector i ntegrated bac kward to the coe l l i pt i c  sequence i n i ti at i on poi n t .  
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The dynam i c rang e  of the bac kup  c harts has been i ncrea sed for fu ture l a nd i ng m i s s i ons . 
The  constant d i fferenti a l  h e i g ht  maneuver was accompl i s hed a t  the l unar modu l e pr i mary 
gu i dance computer t i me of  1 26 : 1 7 : 49 . 6 .  

The  constant d i fferent i a l  he i g ht maneuver was performed wi th a tota l vel oc i ty c hange 
of 1 9 . 9  ft/ sec . I n  a nom i na l  coel l i pti c fl i g h t  p l an  wi th a c i rcu l ar  target orb i t for the 
command modu l e ,  the ve l oc i ty c hange for th i s  maneuver wou l d  be zero . However , the e l l i p
t i c i ty of the  command modu l e  orb i t requ i red a real -t ime c hange i n  the rendezvo u s  p l an  
pr ior  to  l i ft-off to  i nc l ude a pprox imate ly  5 ft/ s ec ( app l i ed retrograde )  to  compensate 
for the change  i n  d i fferent i a l  he i gh t  upon arr i v i ng at  t h i s maneuver po i nt and approx i 
ma tely 1 1  ft/ sec ( app l i ed vert i ca l l y ) to ro tate the l i ne of ap s i des to the  correct angl e .  
Actual  execu t i on errors i n  a scent i nserti on  and coel l i pt i c s equence i ni t i a t i o n  resu l ted 
i n an add i t i ona l  vel oc i ty c hange  requ i rement  of approx imatel y 8 ft/ sec , wh i c h y i el ded the 
actual tota l of 1 9 . 9  ft/ sec . 

Fol l owi ng the consta nt d i fferenti al he i g ht  maneuver , the computers i n  both  s pa ce
craft were co nf i gured for  term i na l  pha se i n i ti at i on .  Nav i ga t i o n  u pdates were mad e ,  a nd 
severa l computer recycl es were performed to obta i n  an  ear l y  i nd i ca t i on of the maneuver 
t i m e .  The f i na l  computa t i on wa s i n i t i ated 1 2  m i nutes pr i or to the maneuver , as  pl anned . 
I g n i ti on  had been computed to occur a t  1 27 : 03 : 3 9 ,  or  6 m i nutes 39  seconds l ater than 
p l anned . 

Soon after the term i nal  phase  i n i t i a ti on maneuver , bot h  spacecraft pa s sed beh i nd 
the  moo n .  A t  the next acqu i s i ti on , the s pa cecraft were f lyi ng i n  forma t i on i n  prepara 
t i on for doc k i ng .  The  crew reported that  the rendezvous was nomi nal , w i t h  the vel oc i ty 
c ha ng e  for the fi rst mi dcourse ma neuver l es s  than  1 ft/s ec a nd for the second a pprox i 
matel y 1 . 5 ft/ sec . The  m i dcourse ma neuvers were performed by thru st i ng the body-ax i s  
components to zero , wh i l e  the  l u nar modu l e  pl u s  Z ax i s  rema i ned poi nted a t  the comma nd 
modu l e .  The  l i ne-of- s i g ht  rates were reported to be smal l ,  a nd the pl a nned bra k i ng wa s 
u sed for the a pproach to sta t i on k eepi ng . The  l unar  modu l e and command modu l e  ma neuver 
so l u t i ons are summar i zed i n  tabl es  5-V I  and 5 -V I I ,  respect i vel y .  

Du r i ng the dock i ng ma neuver , two u nexpected events occurred . I n  the a l i nement pro
cedure for dock i ng ,  the  l u nar modu l e  wa s maneuvered through the pl a tform g i mba l - l oc k  
att i tud e ,  a nd t h e  doc k i ng h a d  to b e  compl eted by u s i ng t h e  a bort g u i da nce  system for 
att i tud e control . The off- nom i na l  atti tude res u l ted from an  added rota t i o n  to avo i d  
sun l i g ht  i nterference i n  the forward wi ndows . The s u n  e l eva t i o n  wa s approx ima te l y  20° 
h i g her than p l a n ned because  the a ng l e for i n i t i a t i o n  of the termi nal  pha se  wa s reached 
a pprox i ma tel y 6 m i nutes l a te . 

The second unexpected event occurred a fter doc k i ng a nd cons i sted of rel at i ve veh i cl e 
a l i nement excurs i o ns of a s  much a s  1 5 ° fol l owi ng i n i t i a ti o n  of the retract sequenc e .  The 
proper doc k i ng sequence cons i s ts of ( 1 ) i n i t i al contact , ( 2 )  l u nar modu l e  p l us  X thru s t
i ng from i n i ti a l contact to capture l a tch ,  ( 3 )  swi tc h i ng of the comma nd modu l e  control 
from the automa t i c to the manual  mode , ( 4 )  re l at i ve mo t i ons to be damped to wi th i n  ±3° , 
and ( 5 )  i n i t i a ti o n  of retract  to ach i eve hard doc k i ng .  The Commander detected the rel a 
t i ve ly  l ow vel oc i ty at  i n i ti a l  contact and appl i ed pl u s  X thru s t i ng ;  however , t h e  thrust
i ng wa s conti nued u n t i l after the m i sa l i nement excurs i o n  had devel oped because the  
Comma nder had recei ved no i nd i cat i on of the capture event . The dynam i c s  were compl i ca ted 
further when the Command Modu l e  P i l ot a l so noti ced the excurs i ons  and revers ed the com
mand modu l e  control mode from manual  to au toma ti c .  At th i s  t ime , both t he l u nar modu l e  
and the command modu l e were i n  the mi n imum-deadband atti tude-ho l d  mod e ,  thereby cau s 1 ng 
cons i derabl e thrus ter f i r i ng unt i l the l unar modu l e  wa s p l aced i n  max i mum deadband . The 
spacecraft were stabi l i z ed by u s i ng manua l  control j u st pr ior  to a ch i ev i ng a successful  
hard dock . The i n i ti a l  observed mi sa l i nement excurs i o n  i s  cons i dered to  have been  caus ed 
by the conti nued l u nar modu l e  thru s t i ng fo l l owi ng ca pture becau s e  the  thru st  vector  does 
not pa ss  through  the center of grav i ty of  the command a nd serv i c e  modu l es .  
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The rendezvou s wa s successful  a nd was s i mi l ar to tha t for Apol l o  1 0 ,  w i th a l l g u i d 
a nce  a nd control systems opera ti ng sat i sfactori l y .  The Command Modu l e P i l ot reported 
that  the vhf rang i ng broke l oc k  approx i matel y 25 t i mes fo l l owi ng a scent i nserti on ; how
ever , l oc k-on was reestabl i s hed each  t i me , a nd nav i ga t i on updates were successfu l . The 
l unar modu l e react i on  control prope l l a nt  u sage was near ly  nom i nal . 
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- - - - - - - R endez vou s-radar trac k i n g  

· - · - · - · - Ground tra c k i n g  

Orbit of  command and serv ice 
modu l e s  (60 m i ) ,  

' ' ' ', 

1 L i ft-off 

' 

Event 

Earth 

2 L unar modu l e  i n sert i o n  
3 Coe l l i p t i c sequence i n i t i at i o n  
4 Con stant d i fferent i a l  h e i ght pha se 
5 Term i na l  phase i n i t i at i o n  
6 F i r st m i dcourse correct i o n  
7 S econd m i dcour se correct i o n  
8 Beg i nn i n g  of bra k i ng 
9 Beg i nn i ng o f  stat i on keep i ng 

1 0  Dock i ng 

T i m e  

1 2 4 :2 2 :0 0 . 8 
1 24 : 2 9 : 1 5 . 7 
1 2 5 :1 9 :35 . 0  
1 2  6 : 1 7  :4 9 . 6 
1 2 7 :0 3 :5 1 . 8  
1 2 7 :1 8 : 3 0 . 8  
1 2 7 : 3 3 : 3 0 . 8  
1 2 7 :36 :57 . 3  
1 2 7 :5 2 : 0 5 . 3  
1 2 8 : 0 3 :0 0 . 0  

F i gure 5- 1 9 . - Ascent  and  rendezvous trajectory .  
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T�eLE 5 - V I . - LU�AR �OOULE '�AIIEUVER SOLUTIONS 

Pri nary g u i dance .\bort f't.ddance Rea l - t i me nor.d nal Actual 

'-laneuiJ!?r Sol ut i on T i ··,e , V el oc i ty , T ime , Veloc i ty ,  T1 1;1e , Vel o c i ty ,  T i me ,  Ve l oc i ty , 
h r : n 1 i n : sec ft/s.ec h r : mi n : sec ft/sec ilr :"�i n :  sec ft/sec hr :mi n : sec ft/sec 

---

Coe l 1  i pt i c sequence 
· I n i  t1 al 1 1 5 : 1 9 : 15 . 48 4 9 . 4  pos i grade 5 1 . 6  pos l ;rade �a l  

1 2 5 : 1 ) :  14 . 70 51 J pos i g rade 1 15 : 1 9 : 15 52 . 9  pos i Jrade 1 25 : 1 9 : 15 . 7 south i n i t i a t i on 1 25 : 1 9 : 15 . 48 5 1 . 5  posigrdde . 1  d01m 

l l n i t J a 1  
8 . 1  retrograde 

1 1 6 :  1 7 :  46 ' 16 1 . 8  sovth 
5 . 1  retrograde 8 . 0  retr'ograde 

Cons tar. t di fferen u a l · 1 7 . 7  up ( a ) (a ) 1 26 : 1 7 : 4 1  1 26 : 1 7 : 50 1 .  7 south 
f•ei gh t 1 1 . 0 up 

1 8 . 1  up 
' 8 . 1  retr-ograde i F i na l  1 16 : 1 7 : 46 '  1 6  1 8 . 1  uP 

I I n i t l a l  
2 5 . 2  for1�ard 

1 } 7 : 01 : 1 6 .  1 1  1 .  9 r i gh t  
:er111 i na i  phase . 4 dOHTl 2 2 . 4  pos igrade 22.9 pasi grade 

i ni t i a ti or. 
b 1 17 : O J :  19 1 1 . 4  total 1 26 : 5 7 : 00 . 2 north 1 1 7 : 03 : 5< 1 . 4 no rth 

25 . 0  forwJrd 1 1 . 7  up 1 1 . 0  up 
r i n a l  1 1 7 : 0 3 : 3 1  60 2 . 0  r i g nt 

. 7 down ri rs t  mldc ou rse 0 . 0  forward 

correc t i on f i na l  i 1 l7 : 1 B : 10 . c  . 4  r i gh t ( a )  {a ) 1 17 : 1 2 :00 ( c )  ( c ) 
. 9 down 

� 

Second m i dcourse : fi  na 1 
0 . 1  forward 

co�·recti on 1 2 7 : 31 . 3·3 . �  1 . 2  r i gi-Jt ( a ]  (a 1 1 27 : 2 7 :00 ( c )  ( c )  
. 5 down 

3 Sol ut i on not obtai ned. 
bBody - a d s  reference frame ; a l l  other s o l u t 1 ons are for loca 1 4 v e r t i c a l  reference fra·ne . To c0111pare the primary gu1 dance s o l u t 1 o n  for tenm nal pnase 

i r d t i d t i on w i th the real - t i 11e nol'!" i na l  <!nd actua' �Jal ues , the fo l l o w i n g  compone n t s  are equ i �Ja l en t  to those l 1 s. ted but w1 th a corre c t 1 o n  to a loca l 4ver t l c a l  
reference frame · 2 2 . 7  po s i grade , l . S  nort� . a n d  1 0 . 6  up . 
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'Data (\ o t  a �Ja l l a b l e  because o f  ,:,oon occ u l ta t i on . 

TABLE 5-V I I . - COMMAND MODULE MAN EUVER SOLU T I ONSa 

Maneuver T i me , So l u ti o n , 
h r : m i n : s ec f t / s ec 

Coel l i p ti c sequence i n i t i a ti on 1 2 5 : 1 9 : 34 . 70 51 . 3  retrogra d e  
1 . 4 south 
0 up/down 

C o n s ta n t  d i fferen t i a l  h e i g h t 1 26 : 1 7 : 46 . 00 9 . 1  po s i grade 
2 . 4 north 

1 4 . 6  down 

Termi na 1 pha s e  i n i t i a t i on 
b

l 27 : 02 : 34 . 50 
c l 27 : 03 : 3 0 . 8  2 2 . 9  retrograde 

1 . 7 south 
1 1 . 9 down 

F i r s t  m i dcou r s e  correc t i o n  1 27 :  1 8 :  30 . 8  1 . 3 retrograde 
. 6  south 

Second m i dcou r s e  correcti o n  1 27 : 3 3 : 3 0 . 8  . 1 retrograde 
1 . 0 sou t h  

. 6  down 

aAl l sol u t i ons are i n  the l oc a l - ho r i zo ntal coord i na t e  frame . 
b

l n i t i a l  compu ted t i me of i g n i t i o n  u s i ng nom i nal  e l eva t i o n  angl e of 
208 . 3 ° for term i na l  phase i n i t i a t i o n .  

c F i na l  s o l u ti o n u s i ng l u na r  mod u l e t i me o f  i g n i t i o n .  



6 .  COI1HUN I CAT I ONS 

Performance of  a l l commun i ca t i ons  sys tems ( secti ons 8 ,  9 ,  1 0 ,  and 1 3 ) -- i ncl udi ng  
those of  the  command modu l e ,  l unar modu l e , porta bl e l i fe s upport sys tem , and Manned 
Space Fl i ght  Network -- was gene ra l l y  as expected . Th i s  secti on p resents  only those 
as pects of  commun i cati ons sys tems performance wh i c h  were un i que to the Apol l o  l l  fl i gh t .  
The performance of  these  sys tems was otherwi se con s i s tent wi th that o f  previ o us fl i ghts . 
The S-band commun i cati ons sys tem provi ded good-qua l i ty voi ce , as d i d  the vhf  l i nk  wi thi n 
i ts range capa b i l i ty .  The performance of  command modu l e and l unar  modu l e  up-da ta l i n ks 
was nomi n a l , and rea l - t i me and p l ayback te l emetry performance was exce l l ent . Col or  
te l ev i s i on p i ctures of h i gh qua l i ty were recei ved from the  command modu l e .  Good-qua l i ty 
b l ack-and-wh i te tel evi s i on p i cture s  were rece i ved and converted to standard format  duri ng  
l unar s u rface operati on s .  Exce l l ent-qua l i ty tra c k i n g  data were obta i ned for both the 
command and the l u nar modu l es . The recei ved up- l i nk and d01·m - l i n k s i gnal  powers corre
s ponded to p refl i gh t  predi c t i on s . Commun i cati ons  systems management , i ncl udi ng antenna 
swi tch i ng , wa s gene ra l l y  good . 

Two-way phase l ock wi th the command  modu l e S- band equ i pment was ma i ntai ned by the 
Merri tt  I s l and , Grand Bahama I s l and , Bermuda , and U . S . N . S .  Vanguard stati ons through  
orb i ta l  i n sert i on , except duri ng  S- I C/ S- I I  stagi n g , i nterstage j etti son , and  stat ion-to
s tat ion  handove rs . A compl ete l os s  o f  up- l i n k  l ock  and command capabi l i ty was encountered 
between 6 and 6 - l / 2  mi nutes a fte r ea rth l i ft-off beca use  the operator of the ground 
transmi tter at tl1e Grand Bahama I s l and s ta t i on termi nated transmi s s i on 30 seconds  e a rl y .  
Fu l l S- band communi cati ons capabi l i ty was res tored a t  the  schedu l ed handover ti me when 
the Be rmuda sta t i on es tabl i s hed  two-way phase  l ock . Duri ng  the Merri tt I s l and sta t i on 
coverage of the l a unch phase , PM and FM rece i vers were used to demodul ate the recei ved 
te l emetry data . ( Norma l l y ,  on l y  the PM data l i nk i s  used . ) The purpose of thi s con
fi gura t i on was to provi de add i t i ona l  data on the poss i b i l i ty of  i mp rovi ng  tel emetry 
covera ge ,  by us i ng the FM rece i ve r ,  duri ng  S- I C/S- I I  s ta g i n g  and i nterstage jetti son . 
There was no l o s s  of  data through the FM recei ver at s tag i n g .  On t he other hand , the 
s ame e vent caused a 9-second l os s  of data at  the PM recei ver output ( fi g .  6 - l ) .  Howe ve r ,  
the l os s  o f  data at  i n ters tage j etti son was a pp rox i mately  the s ame for bot h  types of 
rece i vers . 

No frame 
synchroni zation 
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F i gure 6- 1 . - Conc l uded . 

The  tel ev i s i on transmi s s i on attempted dur i ng  the f i r st  pass  over the Gol dstone 
stat i on was uns ucces s fu l  because of  a s ho rted patch cab l e i n  the g round s tat i on tel evi 
s i on equ i pment . A l so , the tra ck i ng coverage d u r i n g  th i s  p a s s  was l im i ted to approx i 
mate l y  3 mi n utes by terrai n  obstruc t i on s . Al l s ubs equent  transmi s s i ons  provi ded 
h i gh-qua l i ty tel evi s i on .  

The  U . S . N . S .  Redstone and  f1ercury and  the  Hawa i i  stati on p rovi ded adequate coverage 
of tran s l unar i nject i on . A l ate handover of the command modu l e and i n strument un i t  up 
l i n k s  from the U . S . N . S . Redstone to the U . S . N . S . Mercu ry and an  earl y  handover of both 
up  l i n k s  from t he U . S . N . S . t1ercury to the Hawa i i  s tati on were performed because  of 
comman d  compute r  probl ems at  the U . S . N . S . Mercury . Approxi ma te l y  58 seconds of  command 
modul e  data were l os t  duri ng  these handovers . T he  l o s s  of data duri n g  the  handover from 
t he U . S . N . S . Mercury to the Hawa i i stati on was caused by terra i n obstructi ons .  

Commun i cat i on s  between the command modul e  and the ground were l o st  dur i n g  a portion  
of  transpos i ti on and  doc k i n g  because the  crew fai l ed to  swi tch  omn i di rect i o n a l  a n tennas 
duri ng the p i tc h  maneuve r .  Two-way phase l ock  was rega i ned when the  c rew acq u i red the 
h i g h - ga i n  antenna i n  the narrow beamwi dth . The tel emetry data recorded on  board the 
spacecraft Duri n g  th i s  phase were s ubsequent l y  p l ayed bac k  to the gro un d .  Between 
3- 1 /2 and 4 hours , the down - l i nk vo i ce rece i ved at  the Mi s s i on Control  Center was 
d i s to rted by equi pment fa i l ures wi t hi n  the  Go l ds tone s tat i on . 

Duri ng  the fou rt h  l unar  orbi t revo l u t i on , l unar  modu l e  commun i cat i on s  equi pment  was 
act i vated for the f i rst t i me .  Good- qu a l i ty normal and backup  down -vo i ce and h i gh - and 
l ow-b i t- rate tel emetry were recei ved t hrough  the 2 1 0- foot antenna at Go l ds tone , C a l i for
n i a ,  wh i l e  the  spacecraft wa s transmi tt i ng  t h rough an omn i di recti onal  antenna . As 
expected , te l emetry decommuta t i on frame synchron i zat i on coul d not be ma i nta i ned i n  the 
h i g h- b i t-rate mode by u s i n g  the 85-foot antenna at  Gol ds tone for recept i on .  

Between acq u i s i ti on of the l unar  modu l e s i gna l  at  1 02 : 1 6 : 30 and the p i tch-down 
maneuver duri ng  powered descent , val i d  s teerab l e antenna a utotrack coul d  not be ach i eved , 
and rece i ved up- l i n k  and down - l i nk carri er  powers were 4 to 6 dec i be l s l es s  than nomi n a l . 
Co i nc i denta l l y ,  several l o sses  of phase l ock were experi enced ( fi g .  6 -2 ) .  Pr i or to the 
unschedu l ed yaw maneuver i n i t i a ted at  1 02 : 27 : 2 2 ,  the l i ne of s i q h t  from the l unar modu l e 
s teerab l e antenna to earth was obs tructed by a react ion  control thru s ter p l ume defl ecto r .  
( See " S teerab l e  Antenna  Acqu i s i ti on"  i n  sect i on 1 6 . ) Therefore , i n  th i s att i tude , the 
antenna was more s u scepti b l e  to i nc i denta l  phase and  amp l i tude modu l a t i o n  resu l ti ng from 
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mu l t i path e ffects off e i ther the l unar modu l e or the- l unar  s urface . The s harp l osses  of 
phase l ock  were probab ly  caused by the bu i l d up of osc i l l at i ons in  the steerab l e antenna  
mot i on a s  the frequenc i es of  the  i nc i dental  ampl i tude and phase modu l a t i on approached 
mul t i p l e s  of the  antenna  swi tch i ng frequency ( 50 hertz ) . Afte r the yaw maneuver , a uto
track wi th the correct s tee ra bl e antenna po i n ti ng  ang l e s  was not attempted unti l 
1 02 : 40 : 1 2 . Subseq uent ly , val i d  a utotrack was ma i nta i ned throughout l andi ng . 
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F i gure 6 - 2 . - Commun i cat i on s  systems performance ( down l i n k )  duri ng  fi nal  descent . 
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( d )  Tel emetry performance ( 85-foot antenna ) .  

Fi gure 6 -2 . - Conc l ude d .  

!02:51 

As s hown i n  fi gure 6- 2 ,  the performance of the dovm - l i n k  voi ce and tel emetry c hanne l s 
was consi stent wi th the recei ved carri er powe r .  The l ong  peri ods of l os s  of PCM synchro
n i zati on on  data recei ved at  t he  85-foot s ta t i on di s ti nct l y  i l l us trate the  advantage of  
schedu l i ng t he  descent maneuver dur i ng  coverage by a 2 1 0-foot antenna . 

Afte r l andi ng , the l unar  modu l e  steerab l e antenna was swi tched to the s l ew ( ma n ua l ) 
mode and was used for a l l commun i cat i ons duri ng  the l unar s urface s tay . A l so , the 
Manned Space F l i gh t  Network was confi gured to re l ay voi ce commu n i cations  between the 
two spacecraft . Th i s confi gurati on  provi ded good-qua l i ty voi ce whi l e  the  command modul e 
was transmi t t i n g  thro ugh the h i g h -ga i n antenna . However , the  l u nar modu l e  crewmen 
reported that the no i se a s soci ated wi th random keyi ng  of the vo i ce-operated amp l i fi er 
wi th i n  t he Manned Space Fl i ght Network rel ay confi gurat ion  was objecti onabl e when the 
command modu l e was transm i tt i ng  through an omn i d i recti onal  antenna . Thi s no i se was 
expected w ith  opera t i o n  on an omn i di recti onal  antenna , and the use of the two -way vo i ce 
rel ay th rough the Manned Space Fl i gh t  Network wa s di scont i n ued , as  pl an ned , a fter the 
noi se  was reported . Duri n g  the s ubsequent extrave h i cu l ar acti vi ty ,  a one-way vo i ce 
re 1 ay thro u gh the Manned Space Fl i ght  Network to the  command modu l e  vias  ut i l i  z e d .  

Pr imary coverage of the e xtraveh i cu l ar  act i v i ty wa s provi ded by t h e  2 1 0-foot antennas 
at Gol ds tone , Ca l i forni a ,  and Parke s , Austra l i a .  Backup covera ge was provi ded by the 
85- foot antennas  at Gol dstone , Ca l i forni a ,  and Honeys uc k l e Creek , Austral i a .  Vo i ce com
mun i cat ions  duri ng  th i s  period  we re sat i sfactory ; however ,  vo i ce-ope rated- re l ay operati ons 
caused breakup of the voi ce rece i ved at  the Ma nned Space F l i ght  Network s tati on s .  ( See 
" Network  Performance"  i n  sect i on 1 3  and " Vo i ce Breakup  Duri ng  Extraveh i cu l ar Acti v i ty"  
i n  secti on 1 6 . ) Thi s breakup was  pri mari l y  as soci ated wi th  the L unar Modu l e P i l ot .  
Throughout the l una r surface operat i on ,  an echo was heard on the ground 2 . 6  s econds a fter 
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the up- l i n k transmi s s i on s  because  the up- l i n k  voi ce wa s turned a ro und and transmi tted on  
the l unar modu l e S-band  down l i n k .  ( See the s ubsect i on of  sect i on 1 6  enti t l ed " Echo  
Dur i n g  Extrave h i cu l ar  Acti v i ty . " ) The  Parkes  rece i vi ng stati on was l a rgely used by the 
M i s s i on Contro l  Center as the pri mary rece i v i ng  sta t i on for rea l - t i me tel evi s i on trans
mi s s i ons . The tel emetry decommutati on system and  the PAM-to-PCM converter ma i nta i ned 
frame synchron i za t i on on t he l unar modu l e  tel emetry data and the portabl e- l i fe-s upport
sys tem status data , respect i vel y ,  throughout  the l unar s urface  act i v i t i es . 

An eva l uat i on of  data reco rded by the Honeys uck l e  s tat ion  duri ng l unar s u rface 
act i vi t i es was accompl i s hed to determi ne whether a stat i on wi th an 85-foot antenna coul d 
have supported th i s  mi s s i on phase  wi thout depl oymen t  of  the l unar modu l e  erectabl e anten
na . The res u l t s  of the  eva l uat i on were compared wi th those of a s i mi l ar eva l ua t i on 
recorded at  the Gol dstone s tat i on wh i ch used  the 2 1 0-foot antenna . A compari son of  s l ow
scan te l evi s i on s i gna l s recei ved at the two stat i on s  s hows that a l though there was a 
dec i bel d i fference i n  s i gn a l -to-no i se rat i os , there was no  apprec i ab l e d i fference i n  
p i cture qua l i ty .  The d i fferences i n  down- l i n k  vo i ce i nte l l i gi bi l i ty and tel emetry data 
qua l i ty were not s i gn i fi cant . There i s  no percept i bl e  d i fference in the qua l i ty of 
b i ome d i ca l  data recei ved at the 85- and 2 1 0 - foot stat i on s . P l aybac k  of  portab l e - l i fe
support- sys tem status data for the Lunar  Modu l e Pi l ot s hows that  frame synchron i zat i on 
was ma i nta i ned 88 and 1 00 percent of  the t i me for the s tat i ons  wi th  the  85- and  the 
2 1 0- foot antennas , res pecti ve l y .  Based o n  these compa ri sons ,  i t  i s  bel i eved that the 
ground s tat i on wi th the 85-foot antenna co u l d  have s upported the l unar su rface act i vi t i es 
w i t hout depl oyment of the e rectabl e antenna , wi th  s l i ght ly  degraded data . 

The performance of  the commun i ca t i on s  system duri ng the a s cent  and rendez vous phases  
was nom i na l  except for a 1 5 - second l o s s  of down - l i nk phase l ock  a t  a s cent engi ne  i gn i t i on 
The  data i nd i cate thi s l os s  can be attri buted to rap i d  phase  perturbat i on s  caus ed by 
tra n smi s s i on through the a s cent eng i ne pl ume . Duri ng  future Apo l l o  mi s s i ons , a wi der 
ca rri er track i ng l oop  bandwi dth  wi l l  be se l ected by the Manned Space F l i g ht Network sta
t i ons  prior  to powered ascen t .  Th i s  change wi l l  mi n i mi ze the poss i bi l i ty of l os s  of 
phase l oc k  because  of rap i d  phase perturbat i on s . 
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7 .  TRAJECTORY 

The  ana lys i s  of the trajectory from l i ft-off to s pacecra ft/S- I V B  separati o n  was 
based on  Marsha l l Space F l i gh t  Center resu l ts and Manned Space F l i g h t  Network  track i ng 
data . After separati on ,  the  actual  traj ectory i nformati on  was based on  the best-es t i ma te 
traj ectory generated a fter the fl i gh t  from Manned Space F l i g h t  Network track i ng and tel em
etry data . 

The  earth and moon  model s us ed for the traj ectory ana lys i s  are descri bed geome tr i 
ca l l y  a s  fol l ows : ( 1 ) The earth model  i s  a mod i f i ed s eventh-order expan s i o n  conta i n i ng 
geodeti c and  grav i tat i onal  constants representa t i ve of the F i s cher e l l i pso i d ,  and  ( 2 )  the 
moon model  i s  a spheri ca l  h armon i c  expans i on conta i n i ng the R2 poten t i a l  functi on , wh i ch 
i s  defi ned i n  reference 1 .  Tabl e 7- I defi nes  the traj ecto ry and maneuver pa rameters . 
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TABLE 7 - 1 . - DE F I N IT ION OF TRAJECTORY A N D  ORBI TAL PARAMETERS 

Parameter 

Geode t i c  l a t i tude 

Sel enogra p h i c  l a ti tude 

Longi tude 

Al ti tude 

Space - f i xe d  vel oc i ty 

Space - f i xed fl i ght-pa th ang l e  

Space-fi xed head i ng ang l e  

Apogee 

Peri gee 

Apocyn th i o n  

P e r i  cynth i o n  

Peri od 

I nc l i nation 

Longi tude of the ascend i ng 
node 

Defi n i tion 

Spacecraft pos i t i on measured north or south from the 
the equator o f  the earth to the l oca l -ve r t i c a l  
vecto r ,  deg 

Spacecraft pos i t i o n  measured north or south from the 
true l unar equato r i a l  pl ane to the l ocal -verti cal  
vector , deg 

Spacecraft pos i t i on measured e a s t  or wes t  from the 
prime meri d i an o f  the body to the l oca l -ve r t i c a l  
vector , deg 

Perpend i c u l ar d i s tance from the reference body to 
the poi nt o f  orbi t i n tersec t , ft or mi l e s ; al t i 
tude above the l unar s u r fa c e  i s  referenced to 
l an d i n g  s i te 2 

Mag n i tude of the i ne r t i a l  vel oc i ty vector refer
enced to the body-cen tered , i ne r t i a l  reference 
coord i na te sy s tem, ft/sec 

Fl i ght-path ang l e  measured po s i ti ve upward from the 
body -centered , l ocal -hori zon tal pl ane to the 
i nert i a l  vel oc i ty vec to r ,  deg 

Ang l e  o f  the proj ec t i on of the i ne r t i a l  vel oc i ty 
vector onto the l ocal  body-centered , hori zontal 
pl ane , measured pos i t i ve eastward from nor t h ,  deg 

Max i mum a l ti tude above the obl a te earth model , mi l es 

M i n i mum a l ti tude above the obl a te earth model , mi l e s 

Maximum a l t i tude above the moon model , referenced 
to l a nd i ng s i te 2, mi l e s 

14i n i mum a l t i tude above the moon model , referenced to 
l an d i ng s i te 2 ,  m i l e s 

T i me requi red for spacecraft to comp l ete 360° orbi t 
rota t i o n ,  m i n  

Acute angl e formed a t  the i n tersec t i o n  o f  the o rb i t  
p l a ne a nd the equator i a l  pl ane o f  the reference 
body , deg 

Longi tude where the orbi t pl ane c rosses the equ a 
tor i a l  pl ane o f  t h e  reference body from be l ow ,  
deg 



Launch Phase 

The l a u nch  trajectory was essenti al ly  nomi nal  a nd was appro x i ma te ly  i denti ca l  to 

that of Apo l l o  1 0 .  A maxi mum dynam i c  pres sure of 735  l b/ft2 wa s exper i enced . The  S- I C  
center and outboard eng i nes  and the S- I V B  eng i ne cut  o ff wi th i n 1 s econd of the pl a nned 
t i mes , and the S- I I  o utboard eng i ne cut off 3 s econds earl y .  At S - I V B  cut-off , the 
a l t i tude was h i g h  by 9 1 00 feet , the vel oci ty was l ow by 6 . 0  ft/ sec , and the fl i ght-pa th 
angl e was h i gh by 0 . 01 ° .  Al l of  these vari at i ons were wi th i n the expected d i s pers i ons . 

Earth Park i ng  Orb i t  

Ea rth pa rk i ng orbi t i nserti on  occurred a t  0 : 1 1 : 49 . 3 .  The park i ng orb i t wa s per
turbed by l ow- l evel hydrogen venti ng  of  the S - I V B  s tage unt i l 2 : 34 : 38 ,  the t i me of  S - I V B  
resta rt prepara ti o n .  

Tran s l unar  I n ject ion  

The  S - I VB was  rei gn i ted for the  trans l unar ej ecti on  maneuver a t  2 : 44 : 1 6 . 2 ,  or  wi th i n  
s econd of  the pred i cted t i me ,  and cut-off occurred at  2 : 50 : 03 . Al l parameters were 

nomi na l , as  s hown i n  fi gure 7 - 1 . 
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F i gu re 7- 1 . - Trajectory parameters duri ng trans l unar  i njecti on  fi r i ng .  
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Maneuver Ana l ys i s 

The parameters deri ved from the best-estimate tra j ectory for each spacecraft maneu
ver execu ted duri ng  the trans l un a r ,  l unar orbi t ,  and transearth coa s t  phases are pre
sented i n  tab l e  7 - I I .  Tab l es 7 - I I I  a nd 7 - I V  present  the res pecti ve  per i cynth i on and  
free-return co nd i ti ons a fter each trans l unar  maneuver . The free-return res u l ts i nd i cate 
cond i t i ons a t  entry i nterface p roduced by each maneuver , a s s um i ng no add i t i onal  orbi t 
pettu rbat i ons . Tab l es 7-V  and 7-V I present the respecti ve maneuver s ummari e s  for the 
l unar  orbi t and the transearth coas t  phases . 

Tran s l unar i nj ecti on . - The  per i cynth i on a l t i tude res u l ti ng from trans l unar  i nj ec t i o n  
wa s 896 . 3  mi l es ,  a s  compared wi th t h e  pref l i g ht  predi c t i on of 7 1 8 . 9  mi l es .  T h i s  a l ti 
tude d i fference i s  representa t i ve of  a 1 . 6-ft/ sec accuracy i n  the i nj ecti o n  maneuver . 
T he a s soci ated free- return condi t i ons s how an  earth capture of the s pacecraft . 

Separat i o n  a nd dock i ng . - The  command and  serv i c e  modu l es s epa ra ted from the  S- I V B  
and s ucces sfu l l y  comp l eted t h e  transpo s i t i on  a n d  dock i ng sequen c e .  T h e  spacecraft were 
ej ected from the S- I VB at 3 hours 1 7  mi n utes . The effec t  of the 0 . 7 - ft/sec ej ect ion  
maneuver was  a change i n  the  pred i cted peri cynth i on a l t i tude to  827 . 2  mi l es .  The sepa
rati on maneuver performed by the serv i ce propu l s i on system wa s executed prec i se ly  and on 
t i me .  The resul t i ng traj ectory condi ti ons i ndi cate a peri cyn th i on a l ti tude reduct i on to 
1 80 . 0  mi l es ,  as compared to the pl anned va l ue  of 1 67 . 7  m i l es .  The  d i fference i nd i cates 
a 0 . 24-ft/sec  execu ti on erro r .  

Trans l unar mi dcourse correcti on . - The computed m i dcourse correct i on for the  f i rst  
opt i on po i nt was on l y  1 7 . 1  ft/ sec . A rea l - t i me dec i s i on was made , therefore , to  de l ay 
the fi rst mi dcourse correcti on unti l the  second opti o n  po i nt a t  tra n s l unar i nj ec t i o n  p l us  
24 hours because of the sma l l i ncrease  to on ly  2 1 . 2  ft/ sec i n  the correct i ve vel oc i ty 
requ i red . The  fi rst and on ly  trans l unar  mi dcourse corre c t i on was i ni t i ated on t ime and 
res u l ted i n  a peri cynth i on a l t i tude of 6 1 . 5  mi l es ,  as  compared wi th the des i red va l ue of 
60 . 0  mi l es .  Two other opportun i t i e s  for mi dcourse  correcti on  were ava i l ab l e dur i ng the 
trans l unar phas e , but  t he vel oc i ty changes requ i red to sat i sfy p l anned peri cynth i o n  a l t i 
tude and noda l  pos i t i o n  targets were wel l bel ow the l evel s at  wh i ch norma l l u nar orbi t 
i ns erti on can  be retargeted . Therefore , no further tran s l unar mi dcourse correcti ons 
were req u i red . The trans l unar traj ectory was s i mi l a r  to that  of Apol l o  1 0 .  

Lunar orb i t  i n serti on  and c i rcu l ari zat ion . - The l unar orbi t i n serti on  and c i rcu l ar i 
zati on target i ng ph i l osophy for Apol l o  1 1  di ffered from that of Apol l o  1 0  i n  two ways . 
F i rs t ,  targeti ng for the l and i ng - s i te l a ti tude was b i a sed to account for the orb i t  
pl ane  regres s i on observed i n  Apol l o  1 0 ,  and s econd , the c i rcu l ar i za t i on maneuver was 
targeted for a nonc i rcu l ar  orbi t of 65 . 7  by 53 . 7  mi l es ,  a s  compa red wi th the 60-mi l e  
c i rcu l ar orbi t targeted for Apo l l o  1 0 . A d i scus s i on of these cons i derati ons i s  presented 
i n  " Lunar  Orb i t  Targeti ng"  i n  s ect ion  7 .  T he representati ve ground trac k of the s pace
craft duri ng the l u nar orbi t phase of the mi s s i on i s  s hown in fi gure 7 - 2 .  

T h e  sequence o f  events for l unar orbi t i ns ert ion  wa s i n i ti a ted o n  ti me , a n d  the  
orbi t ach i eved a s  1 69 . 7  by 60 . 0  mi l es .  The  fi ri ng dura t i o n  was 4 . 5  seconds l es s  than  
predi cted because  of h i gher- than-pred i cted thru s t .  ( See " Serv i ce Propu l s i on '' i n  sec
tion 8 . ) 
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The c i rcu l a ri za ti on maneuver  was i n i ti ated two revo l ut i ons l a ter  and ach i eved the 
des i red targ e t  orbi t to wi thi n 0 . 1 m i l e .  The s pacecra ft was pl aced i nto a 6 5 . 7 -by 
5 3 . 8-m i l e  orbi t ,  wi th peri cyn th i on a t  approx imately  80° W ,  as p l anned . The R2 orbi t 
pred i cti on mode l  predi cted a s pacecraft orb i t a t  1 26 hours ( revo l u ti on 1 3 ) of 59 . 9  by 
59 . 3  m i l e s . However , the orbi t d i d not ci rcu l ari ze duri ng th i s  peri od ( fi g .  7 - 3 ) . The 
effec ts of  the l unar potenti a l  were s uffi ci ent to cause th i s  pred i c t i o n  to be i n  error 
by approx imately 2 . 5 m i l es .  The actu a l  s pacecraft orb i t  a t  1 26 hours was 62 . 4  by 
56 . 6  m i l es .  

U ndock i ng and command modu l e  separat i on . - The l unar modu l e  was u ndocked from the 
command modu l e duri ng l unar revol ut ion  1 3  a t  approxi mate ly  1 00 hou rs . The command and 
s e rv i ce modu l es then pe rformed a th ree- i mpu l s e  separat i on s equence , wi th an actual  
fi ri ng t i me o f  9 s econds and a vel oc i ty change of  2 . 7  ft/ sec . As reported by the crew , 
the l unar  modu l e  t raj ectory perturbati ons  resu l ti ng from u ndock i ng and stat ion  keep i ng 
were not compensated for i n  the descent orb i t i ns ert i on maneuver one-ha l f  revo l ut i on 
l ater . These  errors di rect ly  affected the l u nar  modu l e  sta te-vector accuracy at  the 
i n i t i a t i on of powered descen t .  

Lunar  modu l e  descen t . - The  descent o rb i t  i n sert ion  maneuver was executed a t  
1 01 . 5 hour s , a n d  approx i mate l y  5 7  mi nutes l ater , t h e  powered descent s equence bega n .  
The deta i l ed trajectory ana lys i s  for the l unar  modu l e  descent phase  i s  presented i n  
" Descent Trajectory Log i c " i n  secti on 5 .  The traj ecto ry parameters and maneuver res u l ts 
a re presented i n  tab l es 7 - I I  and 7-V . 

Lunar  modul e  ascent and rendezvous . - The l unar modu l e ascent s tage  l i fted off the 
l unar  surface at  1 24 : 22 : 00 . 8  a fter stay i ng on the surface fo r 21 hours 36 . 35 mi nutes . 
The  l unar  orb i t i n sert ion  a nd rendezvous sequence were norma l . The termi nal  pha se  was 
compl eted by 1 28 hours . The detai l ed traj ecto ry a na lys i s  for ascent and rendezvous  i s  
presented i n  "Ascent" and " Rendezvo u s "  i n  sect i on 5 .  Tab l es 7 - I I  and 7 -V  present the 
traj ectory parameters and maneuver res u l ts for these phases . 

Trans ea rth i njecti on . - The transearth i nj ect ion  maneuver was i n i t i a ted o n  t ime and 
ach i eved a vel oci ty change of only 1 . 2 ft/ sec l es s  than pl anned . Th i s  ma neuver exceeded 
the real - t i me . p l anned dura t i on by 3 . 4 seconds because  of a s l i gh tl y  l ower- than-expected 
thru s t .  ( See " Serv i ce Propu l s i on "  i n  sect ion  8 . ) The transearth i nj ecti on wou l d  not 
have ach i eved acceptab l e  earth entry cond i ti ons . The resul ti ng peri gee a l ti tude sol u t i on 
was 69 . 4  mi l es ,  a s  compared wi th the nomi na l  val ue of 20 . 4  mi l es .  

Transearth mi dcourse correct i on . - At the f i fth  mi dcourse-correct i on opt i o n  poi nt , 
the f i rst and only transearth mi dcourse correcti on  of 4 . 8 ft/ sec was made wi th the reac
t i on control system , a nd the traj ecto ry was corrected to the pred i cted entry f l i g h t-pa th 
ang l e  of  - 6 . 51 ° .  
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TABLE 7- I I . - TRAJECTORY PARAMETERS 

Time , r-

a ti tuoe , l L�ngi tude , 

-
Refer- Al t i tude , 

Space - fixed Space-fixed Space-fi xed 
Event ence hr :mi n :  sec deg deg mi l es 

veloc i ty ,  fl i ght-path heading angl e ,  
body ft/sec ang l e ,  deg deg E of N 

Trans 1 unar phase 
- - - - -------

5-IVB second i gni tion Earth 2 : 44 : 1 6 . 2  5 . 03 s 1 72 . 55 E 1 0 5 . 8  2 5  562 0 . 02 57 . 78 

S-JVB second cut-off Earth 2 : 50 : 0 3 . 2  9 .  5 2  N 1 65 . 61 w 1 73 . 3  3 5  567 6. 91 59 . 93 

Transl unar i njection Earth 2 : 50 : 1 3 . 2  9 .  98 N 1 64 . 84 w 1 8 0 . 6  35 546 7 . 37 6 0 . 07 

Conmand module/S-IVB separation Earth 3 : 1 7 : 04 . 6  31 . 1 6  N 88 . 7 6  w 4 1 1 0 . 9  2 4  4 5 6 . 8  46 . 24 95 . 1 0  

Docking Earth 3 : 24 : 03 . 1  I 30. 1 8  N 81 . 7 1  w 5 31 7 . 6  2 2  662 . 5  44 . 94 99 . 57 

Spacecra ft/S- 1 VB separati on (ejecti on) Earth 4 : 1 6 : 59 . 1  23 . 1 8  N 6 7 . 70 w 3 506 . 5  1 6  060 . 8  62 . 01 1 1 0 . 90 

Separation maneuver 
Igni tion Earth 4 : 40 : 01 .8  21 . 1 6  N 68 . 4 6  w 1 6  620.8 14 680 . 0  6 4 . 3 0  1 1 3 . 73  

Cut-off Earth 4 : 4 0 : 04 . 7  21 . 1 6  N 68 . 46 w 1 6  627 . 3  1 4  663 . 0  64 . 25 1 1 3 .  74 

Fi rst midcourse correc t i on 
Igni tion Earth 26 : 44 : 58 . 7  5 .  9 9  N 1 1 . 1 6  w 1 0 9  4 7 5 . 3  5 025 . 0  77 . 05 1 20 . 88 

Cut-off Earth 2 6 : 4 5 :01 . 8  6 . 00 N 1 1  . 1 7  w 1 09 477 . 2  5 01 0 . 0  7 6 . 88 1 20 . 87 

Lunar orb i t  phase ---� -

Lunar orbi t i nsertion 
Igni t i on Moon 7 5 : 4 9 : 50 . 4  1 .  5 7  s 1 6 9 . 58 w 86 .7  8 250 . 0  - 9 . 99 -62 . 80 

Cut-off Moon 75 : 55 :4 8 . 0  . 1 6  N 1 67 . 1 3  E 60 . 1  5 479 . 0  - . 20 -66 . 89 

Lunar orbi t c i rcul a r i za t i on 
I g n i t i o n  Moon 80 : 1 1  : 3 6 . 8  . 02 s 1 70 . 09 E 61 . 8  5 477 . 3  - . 4 9  -66 . 55 

Cut-off Moon 80 : 1 1 : 5 3 . 5  . 02 s 1 69 . 1 6  E 61 . 6  5 338 . 3  . 32 - 66 . 77 

Undocking Moon 1 00 : 1 2 : 00 . 0  1 . 1 1  N 1 1 6 . 21 E 6 2 . 9  5 333 . 8  . 1 6  -89 . 1 3  

Separation 
I g n i t i o n  Moon 1 00 : 3 9 : 52 . 9  . 9 9  N 31 . 86 E 6 2 . 7  5 332 . 7  - . 1 3  - 1 06 . 89 

Cut-off Moon 1 00 : 4 0 : 01 . 9  1 . 05 N 31 . 4 1  E 62 . 5  5 332. 2 - . 1 6  - 1 06 . 90 

Descent orbi t i nsert i on 
Igni tion Moon 1 01 : 36 : 1 4 . 0  1 . 1 2  s 1 4 0 . 20 w 56 . 4  5 364 . 9  . 1 0  - 7 5 . 70 

Cut-off Moon 1 0 1 : 36 : 44 1 . 1 6  s 1 4 1 .88 w 57 . 8  5 284 . 9  - . 06 - 75 . 1 9  

Powered descent in it ia ti on Moon 1 0 2 : 3 3 : 05 1 . 02 N 39.39  E 6 . 4  5 564 . 9  . 03 - 1 04 . 23 

lunar orbi t engine cut-off Moon 1 24 : 2 9 : 1 5 . 7  . 73  N 1 2 . 99 E 1 0 . 0 5 537 . 9  . 28 - 1 08 . 1 5  

Coel l i ptic sequence i n i t i a tion 
Igni tion Moon 1 25 : 1 9 : 3 5 . 0  . 9 8  s 1 47 . 1 2  w 4 7 . 4  5 328 . 1  . 1 1  -77 . 98 

Cut-off !-loon 1 25 : 20 : 22 . 0  . 91 s 1 49 . 57 w 48 . 4  5 376 . 6  . 09 -76 . 98 

Termi na 1 phase i ni tiation 
Igni tion Moon 1 27 : 03 : 5 1 . 8  1 . 1 7  s 1 1 0 . 28 w 44 . 1  5 391 . 5  - . 1 6  -93 . 1 6  

Cut-off Moon 1 2 7 : 04 : 1 4 . 5  1 . 1 7  s 1 1 1 . 4 6  w 44 . 0  5 4 1 3 . 2  - . 03 -92 . 6 5  

Terminal phase fi na l i zation Moon 1 27 : 46 : 09 . 8  .80 N 1 1 8 . 6 1  E 7 . 6  5 339 . 7  . 4 2  -70.45 

Dock i ng Moon 1 28 : 03 : 00 . 0  1 . 1 8  N 6 7 . 31 E 60 . 6  5 341 . 5  . 1 6  -87 . 63 

Ascent stage jettison Moon 1 30 : 09 : 31 . 2  1 . 1 0  N 41 .85 E 61 . 6  5 335 . 9  . 1 5  -97 . 8 1  

Fi nal separation 
Ign i t i on Moon 1 30 : 30 : 01 . 0  . 08 N 20 . 1 9  w 62 . 7  5 330 . 1  - . 05 -52 . 86 

Cut-off Moon 1 30 : 30 : 08 . 1  . 1 9  N 20 . 58 w 62 . 7  5 326 . 9  - . 02 -52 . 73 

Transearth injection 
Igni tion Moon 1 35 : 23 : 4 2 . 3  . 1 6 s 1 64 . 02 E 5 2 . 4  . 5 376 . 0  - . 03 -62 . 77 

Cut-off Moon 1 35 : 26 : 1 3 . 7  . 50 N 1 54 . 02 E 58 . 1  8 589 . 0  5 . 1 3  -62 . 60 
-

Transearth coast phase 
-

Second mi dcourse correct! on 
Igni t i on Earth 1 50 : 2 9 : 5 7 . 4  1 3 . 1 6  s 37 . 79 w 1 69 087 . 2  4 075 . 0  -80 . 34 1 29 . 30 

Cut-off Earth 1 50 : 30 : 07 . 4  1 3 . 1  G S 3 7 . 83 w 1 69 080 . 6  4 074 . 0  -80. 4 1  1 29 . 30 

Conmand module/service module Earth 1 94 : 49 : 1 2 . 7  3 5 . 09 s 1 2 2 . 54 E 1 778 . 3  29 61 5 . 5  -35 . 26 6 9 . 27 

separation - ---
'-----
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TABLE 7- 1 1 1 . - TRANSLUNAR MAN EUVER SUMMARY 

Vel oc i ty Resul tant peri cynthion condi ti ons 

Maneuver System 
lgni  tion t i me ,  F i r i ng t i me , 

change , 
h r : mi n : sec sec 

ft/sec 
Al t i tude , V e l oc i ty ,  Lati tude , Long i tude , 

mi l es ft/sec deg deg 

Trans l unar i nj ection S- I VB 2 : 44 : 1 6 . 2  347 . 3  1 0  441 . 0  896 . 3  6640 
i 

0 . 1 1  s 1 74 . 1 3  w 
Command and servi ce Reaction control 3 : 1 7 : 04 . 6  7 . 1  

modul es/S- I VB separation 
. 7  827 . 2  6728 . 09 s 1 74 . 89 w 

Spacecraft/5- I VB  Serv i ce propu l s i o n  4 : 40 : 01 . 8  2 . 9  1 9 . 7  1 80 . 8  7972 . 1 8 N 1 75 . 97 E 
sepa ration 

F i rs t  mi dcourse correc- Serv i c e  propu l s i on 26 : 44 : 58 . 7  3 . 1  
tion 

I 
20 . 9  I 61 . 5  8334 . 1 7  N 1 73 . 57 E 

TABLE 7- I V . - FREE- RETURN CONDIT IONS FOR TRANSLUNAR MANEUVERS 

Entry i nterface cond i ti ons 

Vector descr i pt i on 
Vector t i me ,  

h r : m i n : sec Vel oc i ty ,  F l i ght-path ang l e ,  Lati tude , Long i tude , Arr i va l  t i me ,  
ft/sec deg deg deg h r : m i n : sec 

After trans l unar i njec t i on 2 : 50 : 03 . 0  3 6  076 - 64 . 06 1 .  93 N 66 . 40 E 1 62 : 1 2 : 04 

After command and servi ce 4 : 40 : 01 . 0  36 079 -67 . 43 . 1 9  s 98 . 05 E 1 60 : 32 : 27 
modu l es/S- I VB separa t i on 

After separa t i on maneuver 1 1 : 28 : 00 . 0  36 1 39 - 48 . 95 37 . 38 s 59 . 95 E 1 46 : 39 : 27 

After fi rst mi dcourse correcti o n  26 : 45 : 01 . 5  36 1 47 - 1 0 . 25 1 8 . 46 s 1 68 . 1 0  E 1 4 5 : 05 : 28 

Before l unar orbi t i ns ertion 70 : 48 : 00 36 1 47 - 9 . 84 1 7 . 89 s 1 69 . 01  E 1 4 5 : 04 : 32 

Arr i val t i me ,  
hr : mi n : sec 

7 5 : 0 5 : 2 1  

7 5 : 07 : 47 

7 5 : 3 9 : 30 

7 5 : 53 : 35 



-....J 
O"l TABLE 7 - V . - LUNAR ORB I T  MANEUVER SUMMARY 

' 
Vel oc i ty Resul tant orb i t  I 

Maneuver Sys tem I gn i t i on t i me .  F i ri ng t i me ,  change , h r : m i n : s ec sec Apocynthi on , Peri cynth i on ,  ft/ sec mi l es mi l es I 
Lunar orbi t i nsertion Serv i ce propul s i on 7 5 : 49 : 50 . 4  357 . 5  291 7 . 5  1 69 . 7  60 . 0  

Lunar orbi t c i rcul a r i zati on S e rv i ce propu l s i o n  80 : 1 1 : 36 . 8 1 6 . 8  1 58 . 8  66 . 1  54 . 5  

Command modu l e/ l u na r  mod- Serv i ce modu l e  react i o n  1 00 : 39 : 5 2 . 9  5 . 2  1 . 4 63 . 7  56 . 0  
u l e separa t i on control 

Desc e n t  o rbi t i ns er ti o n  Descent propu l s i on 1 01 : 36 : 1 4 . 0  3D . D  76 . 4  64 . 3  55 . 6  

Powered descent i ni ti at i o n  Descent propu l s i on 1 0 2 : 33 : 05 7 56 . 3  6930 58 . 5  7 . 8 

Lunar o rbi t i nsertion Ascent propu l s i on 1 24 : 2 2 : 00 . 8  434 . 9  6070 . 1  48 . 0  9 .4 

Coe l l i pt i c  s equence i n i t i a- Lunar modu l e  react i on 1 25 : 1 9 : 35 47 . 0  51 . 5  49 . 3  4 5 . 7  
t i on control 

Constant di fferenti al Lunar modu l e  reacti on 1 26 : 1 7 : 4 9 . 6  1 7 . 8 1 9 . 9  47 . 4  4 2 . 1  
hei ght control 

Termi n a l  phase i ni t i a t i o n  Lunar modu l e reacti on 1 27 : 03 : 51 . 8  22 . 7  25 . 3  61 . 7  4 3 . 7  
control 

Term i na l  phase fi nal i zati on Lunar modu l e  rea c t i o n  1 27 : 4 6 : 09 . 8 28 . 4  31 . 4  6 3 . 0  56 . 5  
control 

F i nal  s epara t i on Lunar modu l e reacti o n  1 30 : 30 : 01 . 0  7 . 2  2 . 2  62 . 7  54 . 0  
control 

'------ - --- -- ---------- -------------

TABLE 7-V I . - T RANSEARTH MANEUVER SUMMARY 

F i r i ng Vel o c i ty Res u l tant entry i nterface cond i t i ons 
I g n i t i on t i me ,  Event System h r : mi n : sec t i me ,  change , F l i ght-path V e l oc i ty ,  Lati tude , Long i tude , Arr i va l  t i me ,  s ec ft/sec angl e ,  deg f t/ s ec deg deg hr : mi n : sec 

Transea rth i nj ect i on Serv i ce propul s i on 1 35 : 23 : 42 . 3  1 51 . 4  3279 . 0  -0 . 70 36 1 95 4 . 29 N 1 80 . 1 5  E 1 95 : 05 : 57 

Second mi dcourse cor- Servi ce modu l e  1 50 : 2 9 :  57 . 4 1 1 . 2 4 . 8 - 6 . 46 36 1 94 3 . 1 7  s 1 71 . 99 E 1 95 : 03 : 08 
recti on react i o n  control 

---- --- -------- --



( a )  1 80 °  to go o W .  

(b) goo W t o  0 ° .  

F i g ure 7-2 . - Lunar g round track  fo r revo l uti ons 1 and 30 . 
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( c )  oo  to go o E .  

( d )  goo E to 1 80° . 

F i g u re 7 -2 . - Conc l ude d .  
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Command Modu l e E ntry 

The best-est imate traj ectory for the command modu l e duri ng entry was obta i ned from 
a d i g i ta l  pos tfl i ght  recons tructi o n .  The onboard tel emetry recorder was i nopera t i ve 
dur i ng entry ,  and , because  the spacecra ft experi enced commu n i c a t i ons  b l a c kout d u ri ng the 
f i r s t  porti on of entry , comp l ete tel emetry i nforma t i on was not recorded . An Aool l o  
range i ns t rumentati on ai rcraft recei ved a sma l l amount  of data s oon a fter th e entry 
i n te rface was reached and  agai n approxi mate l y  4 mi n utes i nto tl1e entry. These data , 
comb i ned  wi th the bes t-es t ima te trajectory ,  p roduced the pos tfl i gh t  data p resented i n  
th i s  report . Tab l e  7-VI I presents the actual  condi t i ons at  entr�' i nte rface . The 
fl i gh t- path ang l e  at entry \vas 0 . 03° s h a l l oi'Je r  than p redi cted at t�e l as t  mi dcou rs e  
correcti on , whi ch caus ed  a peak l oad fac to r  of  G. 56g t h a t  w a s  s l i ght ly  h i gh e r  th an 
p l an ned .  The spacecraft l anded i n  the P aci fi  c Ocean at  1 ong i tude 1 69 .  1 5° '·I and 
l a ti tude 1 3 . 30° ;J . 

TABLE 7 - V l l . - E NTRY TRAJECTORY PARAMETERS 

E n try i nterface ( 400 000-foot al ti tude ) :  

T i me , hr : m i n : se c  . . . . 

Geode t i c l a t i tud e ,  deg S 

Longi tude , deg E 

Al ti tude , mi l es . 

Space- fi xed ve l oc i ty ,  ft/sec 

Space-fi xed fl i g h t - p a th a ng l e ,  deg 

S pa ce - f i xed hea d i ng a n g l e ,  deg E o f  N 

Max i mum condi t i on s : 

Vel oc i ty ,  ft/sec 

Accel erati on , g . 

Drogue aepl oyme n t : 

Time , hr :mi n : sec 

Geode t i c  l a t i tude , deg S 
Recovery s h i p report 
Onboard gu i dance 
Targe t . . . . . . . 

Long i tude , deg W 
Recovery s h i p  report 
Onboard gui dance . .  
Target . . . . . .  . 

Servi ce Modul e  Entry 

1 95 : 03 : 05 . 7  

3 . 1 9  

1 7 1 ' 96 

6 5 . 8  

3 6  1 94 . 4  

-6 . 48 

5 0 . 1 8  

3 6  277 . 4  

6 . 51  

1 9 5 : 1 2 : 06 . 9  

1 3 . 2 5 
1 3 . 30 
1 3 . 32 

1 69 . 1 5  
1 69 . 1 5  
1 69 . 1 5  

The servi ce modu l e  entry was recorded o n  fi l m  by a i rcraft . Th i s  f i l m  shows the 
serv i ce modu l e  enteri ng  the a tmosphere of  the earth and d i s i ntegrat i ng near the command 
modu l e .  Accord i ng to prefl i ght  predi cti ons , the serv i c e  modu l e shou l d have s k i pped out 
of  the a tmos phere i nto a h i gh ly  el l i pt i ca l  o rbi t .  The Apol l o  1 1  crew observed the s erv
i ce modu l e approx i mately 5 mi nutes after sepa rati on  and i nd i cated that the react ion  con- · 
trol th rus t ers  were fi r i ng and that the modu l e was rotati ng . A mo re comp l ete d i scus s i o n  
o f  th i s anoma l y  i s  presented i n  " S ervi ce Modu l e  Entry" i n  secti o n  1 6 .  
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Lunar  Orb i t Targe t i ng 

The targeti ng ph i l osophy for the l u nar orbi t i ns erti on maneuver di ffered i n  two ways 
from that  of Apol l o  1 0 . F i rst , the  l andi ng- s i te l at i tude targeti ng was b i a s ed i n  an  
a ttempt to  account for  the  orbi t pl ane  regres s i on noted i n  Apo l l o  1 0 .  Dur i ng Apo l l o  1 0 ,  
the l unar  mod u l e pa s sed approximately 5 mi l es south  o f  the  l andi ng s i te o n  the  l ow
a l t i tude pass fo l l owi ng  descent orb i t i ns erti on . The  Apol l o  1 1  target b i a s  of - 0 . 37 °  i n  
l at i tude was based on  the Langl ey Research Center 1 3th-degree , 1 3th-order l u nar grav i ty 
model . Of al l gravi ty model s investi gated , th i s  one came the c l osest  to pred i c t i ng the 
orb i t i nc l i nati on  and l ong i tude of ascend i ng node rates observed from Apo l l o  1 0  data . 
D u r i ng the l u nar l and i ng p ha s e  i n  revol u t i o n  1 4 ,  the  l u nar modu l e  l at i tude was 0 . 078° 
north of the des i red l andi ng-s i te l a ti tude . A l arge part of th i s  error res u l ted because  
t he  targeted orbi t was not  ach i eved a t  l u nar  orbi t i ns erti on . The  di fferenc e  between 
the pred i cted and actual  val ues was approxi mately 0 . 05° , wh i ch represen ts the pred i ct i on 
error  from the 1 3th-degree , 1 3th-order model over 1 4  revo l ut i ons . Howev e r ,  the  amount of 
l unar modu l e  p l ane c hange req u i red duri ng  descent wa s redu ced from the 0 . 337 ° that  woul d  
have been req u i red for a l a ndi ng duri ng  Apo l l o  1 0  to 0 . 078° i n  Apol l o  1 1  by b i a s i ng the  
l u nar orbi t i nserti on targeti ng . A compar i son between Apo l l o  1 0  and 1 1  l a t i tude target
i ng res u l ts is presented i n  tabl e 7-V I I I .  

The second change from Apol l o  1 0  targeti ng was that the  c i rcu l ari zat ion  maneuver 
was targeted for a nonci rcul ar orbi t of 53 . 7  by 65 . 7  mi l es .  The  R2 l unar  poten t i a l  model  
pred i cted th i s  orbi t wou l d  decay to a 60-mi l e  c i rcul ar  orb i t a t  nom i nal  t i me for rendez
vou s , thereby conserv i n g  as cent stage propel l an ts . Al though the R2 model  i s  currently 
the best  for p redi cti ng i np l ane orbi tal el ements , i t  cannot pred i ct accurate ly  over l ong 
i nterval s .  Fi gure 7-3 shows ti1 at the R2 predi ct i ons , us i ng the revo l u t i on 3 vector , 
ma tched the observed al ti tudes for approxi mate l y  1 2  revol ut i ons . I t  shou l d  be noted that  
tile servi ce modul e  r2acti on-contro l - sys tem separa t i on maneuver in  l unar  o rb i t was taken 
i n to account  for both t, le ci rcu l ar i zati on ta rgeti ng and the R2 predi cti on . E s ti mates 
s how that i f  the sp acecraft had been pl aced i nto a nearl y ci rcu l ar o rbi t ,  as  i n  Apol l o  1 0 ,  
a degenerated orb i t of 55 . 7  by 67 . 3  mi l e s wou l d have resu l ted by the ti me of rende zvous . 
The vel oci ty pena l ty at t�1e cons tant  di ffe renti a l  h e i g h t  maneuver fo r the Apo l l o  1 0  
approach woul d have been at l eas t 2 3  ft/sec , as compared to the actual 8 ft/ sec  res u l t i ng 
from the executed  c i rcu l ar i zati on targeti ng scheme . A compari son between Apol l o  1 1  and 
Apo l l o  1 0  ci rcu l ari zati on res u l ts i s  presented i n  tabl e 7 - I X .  

TABL E 7 - V I I I . - LATI TUDE TARGE T I NG SUMMARY TABLE 7 - I X . - C I RCULAR I ZAT I O N  ALT I TUDE TARGE T I NG 

� 

La nd i ng - s i te l a t i t u de on the Orb i t a l t i tude , m i l e s 
l a nd i ng revol u t i on s , deg Al t i tude 

La t i tude 
Apo 1 1  o 1 0  Apo l l o  1 1  

Apo 1 1  o 1 0  Apo 1 1  o 1 1  

-- �-- - -- At c i rc u l a r i za t i o n : 

De s i red 0 .  691 0.  6 9 1  
D e s i red 6 0 . 0  by 60 . 0  53 . 7  by 6 5 . 7  

Ac tua 1 . 354 . 7 6 9  
A c  t u a  1 6 1 . 0  by 6 2 . 8  54 . 5 by 6 6 . 1  

E rror . 337 s . 078 N 
E r ror 1 . 0 by 2 . 8  . 8  by . 4  

A t  rendezvo u s : 

De s i red 60 . 0  by 60 . 0  6 0 . 0 by 60 . 0  1 
I 

Actua l 58 . 3  by 6 5 . 9  56 . 5  by 6 2 . 6  

E rror - 1 . 9  by 5 . 9  - 3 . 5  by 2 . 6  
� ----
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F i g ure 7- 3 . - Apocynth i on-peri cynth i on h i s tory .  

Lunar  Orb i t  Nav i gat ion  

The  prefl i gh t  p l a n  for  l u nar  orbi t navi gat i on , based on Apo l l o  8 and 10  pos tfl i g ht  
a na ly s es , was to  fi t track i ng  data  from two near- s i d e  l unar passes  wi th the  orb i t  pl a ne 
cons tra i ned to the l a test  one-pa ss  so l u t i on . For descent targeti ng , i t  was p l a n ned to 
u s e  the l and i ng - s i te coord i nates determ i ned from l andma rk s i g ht i ngs dur i ng revol u t i on 1 2  
i f  i t  a ppeared that the proper l andmark had been tracked . I f  not , the bes t-es t i mate pre
fl i gh t  coord i na tes from Lunar Orb i ter data and Apo l l o  1 0  s i ght i ngs  were to be used . I n  
addi ti o n ,  these coordi nates were to b e  adj us ted to account for a two- revol u t i on propaga
t i on of rad i a l  errors determi ned i n  revol ut ions  3 to 1 0 .  The pred i c ted wors t-ca s e  est i 
mate of  nav i ga t i o n  accuracy was approxi mate ly  3000 feet i n  both l at i tude and l ong i tude . 

Several unant i ci pated p robl ems severely  a ffected navi gati on accuracy . Fi rst , 
greate r  i ncon s i s tency and l arge !' e rrors '.'-/ere obs erved i n  the one -pass  orb i t  p l ane est i 
mates than had been observed on  any p re vi ous m i s s i on ( fi g .  7-4 ) . These errors were the 
res u l t of  a k nown defi c i ency i n  the R2 l unar  potent i a l  mode l . Th i s  cond i t i on s houl d not 
occur on future m i s s i on s  because  di fferent l unar  i ncl i nat ion  angl es  w i l l  be  fl own . 

A s econd prob l em ,  c l ose ly  re l ated to the fi rs t ,  was that t:1e t1·1o -revol ut ion  propaga
ti on errors for crosstrack , or  l at i tude , e rrors were extreme l y  i n cons i s tent . The  average 
p ropaga t ion  erro r based on fi ve s amp l es at  the end of revo l u ti on 1 0  was 2900 feet , but 
the unce rta i n ty i n  th i s  est i mate was ± 9000 fee t .  Con verse l y ,  the propagati on e rro rs for 
rad i a l  and down track , o r  l on g i tude , erro rs were wi th i n  expected l i mi ts .  No adj ustmen t  
was made for e i ther  l a ti tude or  l ong i tude p ropagati on e rrors because of the l a rge uncer
ta i n ty i n  the case of l ati tude and the sma l l correcti on ( 800 fee t )  req u i red i n  the case 
of l ong i tude . 

The coordi nates obta i ned from the l andmark track i ng duri n g  re vo l ut i on 1 2  devi ated 
from the bes t  p refl i ght  e s t i mate of the center of the l andi ng- s i te e l l i ps e  by 0 . 097 °  N ,  
0 . 0 1 47°  E ,  and  0 . 038 mi l e  bel ow .  These errors are attri bu ted  to the R2 pote nti a l  model 
defi c i en ci es .  The l arge d i ffe rence i n  l at i tude res u l ted from an e rror i n  the spacecra ft 
s tate - vecto r  e s t i mate of t:1 e  orb i t pl ane ; ti1ese we re the data used  to 3enerate the 
s i ght i ng  angl es . The d i ffe rence i n  l ong i t ude co u l d a l so h ave been caused by an e rror i n  
the est i ma ted s tate vector o r  by track i ng of the wrong l andma rk . 
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The  thi rd probl em area was the l arge number of  trajectory perturba ti ons  i n  revo l u 
t i o ns l l  to 1 3  because  of  u ncou p l ed atti tude maneuvers , s uch  as  hot-fi ri ng tests  of the 
l unar modu l e  thrus ters , u ndocki ng i mpul s e ,  stati on- keepi ng acti v i ty ,  sub l i mator operati on  
and pos s i b ly  tunnel  and cabi n venti ng . The net effect of  these perturbati ons was a s i z
a b l e down- range mi ss . 

A compari son  of  the  l unar  l andi ng po i nt coord i nates  generated from vari ous data 
sources i s  presented i n  tabl e 5- I V .  The di fference , or  mi s s  d i s tance , was 0 . 0444° S and 
0 . 2 1 99°  E ,  o r  approx i mately 4440 and 2 1  990 feet , respecti vel y .  The  m i s s  i n  l at i tude was 
caused by negl ect i ng the  two- revol ut ion  orb i t pl ane  propaga ti o n  error , and  the  m i s s  i n  
l on g i tude res u l ted from the trajectory perturbati ons duri ng revol ut i ons 1 1  to 1 3 .  

The  coord i nates u s ed for a scent targ eti ng  were the bes t  prefl i g ht  est i mate of 
l and i ng- s i te rad i us and  the  onboard-gu i dance es t i mate of l at i tude and l ong i tude a t  touch
down ( co rrected for i n i ti al s tate-vecto r  errors from g round track i ng ) . The  es t i ma ted 
errors i n  targeti ng coord i nates were a rad i u s  1 500 feet l e ss than desi red a nd a l ong i tude 
4400 feet to the  wes t .  
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F i g ure 7-4 . - Sel enograph i c  l a ti tude e s t i mates based on a one-pass  sol uti on 
u s i ng the R2 mode l . 
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8 .  P ERFORMANCE O F  T H E  COMMAND AND S E RV I CE MODULES 

The performance of  the command and servi ce modu l es i s  d i s cu s sed i n  th i s  secti on . 
The seq uent i a l , pyrotechn i c ,  therma l protect ion , ea rth l a ndi ng , power d i s tr i buti on , and 
emergency detect i on sys tems opera ted as  i ntended and  a re not d i s cus s ed further . Di s c rep
anc i es and anoma l i es a re genera l ly menti oned i n  th i s  secti on , but  a re d i s cus sed i n  g reater  
detai l i n  secti on 1 6 .  Descr i pti ve and h i s tori ca l  i nforma t ion  about the command and  s er
vi ce modu l es i s  g i ven i n  a ppend i x  B .  

Structural  and �-1echan i cal  Systems 

At earth l i ft-off , mea sured wi nds , bo th at the 60-foot l evel and i n  the reg i on of 
max i mum dynami c pressure , i nd i cated tr.at  stru ctura l l oads were we l l  bel ow the establ i s hed 
l i mi ts . Duri ng the fi rs t  s tage of fl i g h t ,  accel erat i ons measured i n  the command modu l e  
we re nomi nal  a nd s i mi l a r to those measured duri ng the Apol l o  1 0  m i s s i on .  The pred i c ted 
and cal cul ated spacecraft l oads ( l ) at  l i ft-off , ( 2 )  i n  the reg i on of max i mum dynami c 
pressure , ( 3 )  at  the end of f i rst- stage boos t ,  and ( 4 )  du ri ng stag i ng a re s hown i n  ta 
b l e  8- I .  

Command modu l e accel erometer da ta i nd i cate that s u s ta i ned l ow-frequency l ong i tud i na l  
osc i l l a t i ons were l im i ted to 0 . 1 5g dur i ng S- I C  boos t .  Struc tu ra l  l oads du r i ng S - I I  and 
S- I VB  boos t ,  tran s l unar i nject i on , both doc k i ng opera t i ons , a l l serv i ce propu l s i on ma
neuvers , and entry were we l l  wi th i n  des i g n  l im i ts .  

As wi th a l l other mecha n i ca l  systems , the doc k i ng sys tem performed a s  req u i red for 
both the tra n s l unar and the l u nar orb i t doc k i n g  events . The i nforma ti on g i ven i n  ta
bl e ·  8- I I  concern i ng the two doc k i ng operat i ons a t  contact is  based u pon c rew comments . 
The probe retrac t t ime fo r both events wa s between 6 and 8 seconds . Du r i ng the gas re
tract  phase of the l unar orb i t  doc k i ng ,  the crew detected a re l at i ve yaw m i sa l i nement 
that wa s est i ma ted to have been as much  as 1 5 ° .  ( See " Rendez vou s "  i n  s ect i ons 4 and  5 
for further d i scus s i on of the dock i ng sys tem . ) The unexpected veh i c l e mot i on s  were not 
prec i p i tated by the doc k i ng hardware and d i d  not prevent  accomp l i s hment of a succes sfu l  
ha rd doc k .  Computer s imu l at i ons of the l u nar orb i t  dock i ng event i nd i c a te that the ob
served veh i c l e  m i sa l i nements can be caused by l unar  modu l e  p l u s  X thrus t i ng after the 
comma nd modu l e  i s  p l aced i n  an att i tude- free control mode . ( See " G u i dance , Nav i ga t i on , 
and Control " i n t h i  s sect  i on . ) 
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TABLE 8 - I . - MAX I MUM SPACECRAFT LOADS DURI NG LAUNCH PHASE 

( a ) P red i c ted a n d  c a l cu l a ted s p a cecraft l oads 

L i f t - o f f  Max i mum qa End of f i rs t - s tage boo s t  : S t aq i ng 
I n terface Load ! Predi c tedd I Ca l c u l a ted a I Ca l c u l a ted a Pre d i c ted b I C a l c u l a t e da 1 Pre d i c tedc Ca l c u l a teda Predi ctede 

Launch escape 
sys tern/ comand 
modu l e  

Command mod u l e/ 
serv i ce mod u l e  

Serv i ce modu l e/ 
adapter 

Ad apter/ 
i n s trume n t  
u n i t 

Bend i n g  mome n t ,  i n - l b  

Ax i a l  force , l b  . .  . . 

Bend i ng momen t ,  i n - l b  . 

. .  

. .  

. . 

Ax i a l  force , l b  . . . . . .  

Bend i ng 1110111e n t ,  i n - 1 b . . . 
Ax i a l  force , l b  . . . . . .  

Bend i ng mome n t , i n - l b  . . . 
Ax i a l  force , l b  . . . . . .  

I 520 000 

f - 1 2  1 00 

680 000 
- 28 600 

) l 000 000 1 36 000 3 1 0  000 

- 1 1  000 -22 200 -24 000 

l 320 000 1 66 000 470 000 
I - 3 6  ooo -88 200 -88 000 

696 000 l 620 000 
- 1 9 3 300 - 200 000 

2 263 000 4 620 000 
-297 800 - 300 000 

1 1 0  000 

-34 600 

340 000 
-81 600 

2 000 000 
- 2 7 1  000 

2 600 000 
- 4 1 5 000 

1 7 3  000 

- 3 6  000 

590 000 
-89 600 

2 790 000 
- 296 000 

5 060 000 
- 4 4 1  000 

( b ) F l i g h t  cond i t i ons at max i mum qaq ( c ) Acce l er a t i o n s  a t  the end o f  the 

f i rs t - s taqe boo s t  

Cond i t i on Measured P red i c ted c 

F l i g h t  t i me ,  sec 89. 0 87 . 2  Acce l e ra t i on 

Ma c h  number 2 . 1  1 . 9  Long i tu d i na l ,  q 
Dy nami c p re s s u re , p s f  695 727 L a tera l , g 

Ang l e  of a t ta c k , deq . 1 .  4 3  1 .  66 

a Ca l cu l a ted from f l i g h t  d a t a .  
bP red i c ted Apol l o  1 1  l oa d s  based on wi nd - i nduced l aunch vehi c l e  bend i ng mome n t  mea sured r r i o r  to l au n c h . 
cPred i c ted Apo l l o  1 1  l oads based on measured w i nd s  a l of t . 
dP red i c ted Apo l l o  1 1  l oa d s  for B l o c k  I I  spacecraft des i gn veri f i c a t i o n  cond i t i ons . 
ePred i c ted Apol l o  1 1  l oads based on AS- 506 s t a t i c  tes t t h ru s t  decay data . 
fNeg a t i ve a x i a l  force i nd i cates compress i o n .  
gMea s u red ma x i mum q a  o 994 p s f - deq ; pred i c t ed max i mum q a  = 1 2 1 0  psf-deq . 

Measu red 

3 . 88 

. 06 

Pred i c tedd 

4 . 0  

. 05 

230 000 

5 000 

300 000 
1 1  000 

1 220 000 
3 4  000 

1 400 000 
51 000 

1 1 0  000 

8 000 

1 4 0  000 
1 9  000 

1 540 000 
60 000 

1 440 000 
90 000 I 



TABLE 8- I I . - TRANSLUNAR AND LUNAR ORB I T  CONTACT CONDI T I ONS  

Contact cond i t i ons  Trans  l unar  Lunar  orb i t  
dock i ng doc k i ng 

Ax i a l vel oc i ty ,  ft/ sec 0 . 1 to 0 . 2 0 . 1 

Latera l  ve l oc i ty ,  ft/sec 0 0 

Ang u l a r  vel oci ty ,  deg/sec  0 0 

Ang u l a r  a l i neme n t ,  deg 0 0 

M i s s  d i s tance , i n .  4 0 

E l ec tr i c a l  Power 

Batter i es . - The bus vol tages of the entry and pyrotechni c batteri es were ma i nta i ned 
at norma l l evel s ,  and battery charg i ng was nomi na l . Al l three entry batteri es conta i ned 
the cel l ophane separators ; whereas , onl y battery B u sed th i s type of separator for the 
Apol l o  1 0  m i ss i on .  The i mproved performance of the ce l l ophane separators i s  ev i dent from 
vol tage/current data , wh i c h  s how , at a 1 5-ampere l oad , that  the ce l l ophane-type batter i es 
ma i nta i n  an output 1 to 2 vo l ts h i gher  than  the Perm i an-type batteri es . 

The on ly  departure from expected performa nce occurred when battery A was p l aced on 
ma i n  bus A for the trans l unar m i dcou rs e correcti on . Du r i ng th i s  maneuver ,  the normal 
current su ppl i ed by each battery i s  between 4 and 8 amperes , bu t the  current from bat
tery A was  i n i t i a l l y 25  amperes and gradua l l y dec l i ned to  approx i mate l y  10  amperes j u s t  
pri or t o  removal  from t h e  ma i n  bus . Th i s  occu rrence can be exp l a i ned by cons i dera t i on of 
two condi ti ons : ( 1 )  Fuel  ce l l 1 on mai n bus A had  a l ower than average s k i n  tempera ture 
( 400° F ) , wh i ch caused i t  to del i ver  l es s  cu rrent than u su a l , and ( 2 ) battery A had been 
fu l l y  charged j u s t  pr i or to the maneuver . Both these cond i ti ons  comb i ned to res u l t  i n  
the h i gher- tha n-usua l  current  del i very by bat tery A .  Performance was norma l thereafte r . 
l ne tota l ba ttery capac i ty was ma i nta i ned cont i nuou s l y  above 1 03 A-h  u n t i l separa t i on of 
the command modu l e  from the serv i ce mod u l e .  

Fuel  ce l l s . - The fue l  ce l l s  a nd rad i ators performed sat i sfacto r i ly  dur i ng the pre
l a unch  and fl i gh t  phases . Al l three fuel  cel l s  were act i vated 68 hours pr ior  to l a unch , 
and after a 3 . 5- hour cond i t i on i ng l oad , they were p l aced on open-c i rcu i t  i n l i ne heater 
operat i on un t i l  3 hours p r i or to l au nch . After that t i me , the fue l  cel l s  prov i ded fu l l  
spacecraft power . 

Dur i ng the 1 95 hours of the m i s s i on ,  the fue l  cel l s  s upp l i ed approx i ma te l y  393 kWh 
of energy at an average s pacecraft current of 68 . 7  amperes ( 22 . 9  amperes per  fue l  cel l )  
�nd an average command modu l e  bus vol tage of 29 . 4  vol ts . The max i mum dev i a t i on from 
equal  l oad s ha r i ng between i nd i v i dua l  fue l  ce l l s  was an acceptab l e 4 . 5  amperes . 
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Al l therma l  parameters , i nc l ud i ng condenser exi t temperatu re , rema i ned w i t h i n  nor
mal operat i ng ranges a nd ag reed favorab ly  w i th pred i cted fl i g ht va l ues . The condenser 
ex i t  temperature on fuel  cel l 2 fl uctuated peri od i ca l l y  every 3 to 8 mi nutes throughout 
the fl i g h t .  Th i s  d i s turbance was s i mi l ar to  that noted on a l l other fl i ghts  and has been 
shown to have no effect on fuel ce l l  performance . 

C ryogen i c  Storage 

The cryogen i c  s torage system sat i sfactori l y  suppl i ed reac tants to the fue l  cel l s  and  
metabo l i c  oxygen to the envi ronmenta l control  sys tem . At l au nc h , the tota l oxygen quan
t i ty was  6 1 5 pounds  ( 79 pounds above the  m i n i mum red l i ne l i mi t ) ,  a nd the  hyd rogen quan
t i ty was 54 . 1  pounds  ( 1 . 0  pound a bove the m i n i mum redl i ne l i mi t ) . The  overa l l consumpt i on 
from the sys tem was nom i nal  dur i ng  the fl i g h t .  

O n e  heater i n  oxygen tan k  2 wa s d i scovered t o  be i noperat i ve . Records show that  i t  
had fa i l ed between the t i mes of the countdown demons tra t i on tes t and the actu a l  cou n t
down , a nd current measurements i nd i ca te that the e l ement had  an open ci rcu i t .  Th i s  anom
a ly i s  d i scussed i n  deta i l i n  s ec t i on 1 6 .  

Very-H i gh- Frequency Rang i ng 

The opera t i on of the vhf rang i ng sys tem was nom i na l  dur i ng descent and  from l un a r  
l i ft-off unt i l orb i ta l  i nse rti on . Fol l owi ng i nsert i on ,  sev era l track i ng dropouts were 
experi enced . These dropouts res u l ted from nega t i ve c i rcu i t marg i n s wh i ch were caused by 
the use  of the l u nar mod u l e  aft vhf  antenna i ns tead of the forward vhf  a ntenna . After 
the a ntennas were swi tched , vhf rang i ng operat ion  returned to norma l . A max i mum range 
of 246 m i l es was measured , and a compari son of the vhf rang i ng data wi th rendezvous - radar  
da ta and  the  predi cted traj ectory s howed cl ose agreement . 

I ns trumentat i on 

The i ns trumenta t i on sys tem -- i ncl ud i ng the data s torage equ i pment , the cen tra l t im
i ng equ i pment ,  and the  s i gna l  cond i t i on i ng equ i pment -- supported the  m i s s i on .  The data 
storage equi pment d i d  not operate dur i ng entry because  the c i rcu i t  breaker wa s open . The 
c i rcu i t  breaker that s u pp l i es ac  power to the recorder  a l so contro l s operati on of the 
5 - band  FM transmi tter . When the  te l ev i s i on camera and a ssoc i ated mon i tor were to be 
powered wi thout transmi tti ng to a ground s tati on , the ci rcu i t  breaker was opened to d i s 
ab l e  the S -band FM transmi tter . Th i s brea ker was i nadve rtentl y l eft open after the l as t  
te l ev i s i on transmi s s i on . 

At approximate ly  5 hours 20 m i nutes i n to a schedu l ed c ab i n oxygen enri c hment ( '' Low 
Oxyge n  F l ow Rate" i n  secti on 1 6 ) ,  the oxygen fl ow- rate transducer i nd i cated  a l ow oxygen 
fl ow rate . Compar i son of the  oxyg·en man i fo l d  pres sure , oxygen-f l ow-res tri ctor d i ffe ren
t i a l  pres s u res , a nd cryogen i c  oxygen va l ues i nd i cated tha t  the fl ow-ra te- transducer out
put ca l i brat i on had s h i fted downward . To compensa te for t he uncerta i nt i es assoc i ated 
w i th  the oxygen fl ow i nd i cati ons , cabi n enri chment procedu res were extended from 8 to 
9 hours . 
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Gu i dance , Nav i gat i on , a nd Contro l  

The command modu l e g u i d ance , navi gati on , and control  sys tem performance was s at i s 
fac tory throughout the m i s s i on .  Earth l a unch , earth orbi t ,  and tran s l unar  i nj ec t i on mon
i tori ng fu ncti ons were normal except that the c rew reported a 1 . 5 °  p i tch dev i a t i o n  from 
the expected fl i g ht d i rector atti tude i nd i cator read i ng du ri ng the  trans l u nar i nj ect i on 
maneuver . The procedure wa s des i gned for the crew to a l i ne the fl i g ht d i rector att i tude 
i nd i cator/orb i t-rate dr i ve el ectroni cs  as semb l y  at approx i mately 4 deg/m i n  wh i l e  the 
l a unch veh i c l e  ma i n ta i ned the l oca l  verti ca l . One error of  0 . 5 ° i s  a ttri buted to the 
movement of the S - I VB whi l e  the fl i g ht d i rector  att i tude i nd i cator and the orb i t- rate 
dri ve e l ec tron i c s were be i ng a l i ned . An add i t i ona l  0 . 2° error res u l ted from an error i n  
orbi t-ra te dr i ve e l ectron i cs i n i t i a l i za ti on . Furthermore , the read i ng accuracy of  the 
fl i g h t  d i rec to r atti tude i nd i cator i s  0 . 25 ° . An add i ti onal  s ource of error for the 
Apol l o  1 1  m i s s i on was a l ate trajectory mod i fi cat i on tha t c hanged the i g n i t i on att i tude 
by 0 . 4° .  The accumu l a t i on of errors from these four sources accou nts for the error re
ported by the crew . The present procedure i s  cons i dered adequate ; th erefore , no change 
is  bei ng p repared for l a ter m i s s i ons . 

Transpos i ti on a nd doc k i ng . - Two unexpec ted i nd i cat i ons  reported by the crew l ater 
proved to be the norma l  operat i on of the res pec t i v e  systems . The  1 80 °  p i tch transpos i 
t i o n  maneuver was to be performed au toma t i ca l l y  under d i g i ta l  autopi l ot control wi th a 
manua l ly i n i t i a ted angu l ar rate . The crew reported that  each  t ime the d i g i ta l  autop i l ot 
wa s act i va ted , i t  s topped the manua l l y  i ndu ced rate and mai nta i ned a constant att i tud e .  
T h e  cause  o f  the apparent d i s crepancy wa s procedura l ; a l though  th e d i g i ta l  autop i l ot was 
correct ly  i n i ti a l i zed for the maneuver , i n  each case , the rota t i ona l  hand c ontrol l er was 
moved out of detent pr i or to ena b l i ng of  the d i g i ta l  autopi l ot .  Norma l ly ,  when the out
of-detent s i gna l  i s  rece i ved by the compu ter , the  d i g i ta l  autop i l ot i s  swi tched from an  
automat i c  to  an atti tude-ho l d  func ti on unt i l i t  i s reenab l ed .  After four  a ttempts , the 
maneuver wa s i n i t i ated properly and proceeded accordi ng to p l a n . 

The other d i s crepancy concerned the entry moni tor sys tem ve l oci ty counter .  The crew 
reported b i a s i ng the counter to -1 00 ft/sec pr i or to separat i on ,  thru s t i ng forward unt i l 
the  counter i nd i ca ted 1 00 . 6 ,  then thru s t i ng aft unt i l the counter i nd i ca ted 1 00 . 5 .  After 
the transpos i t i on maneuver , the counter i nd i cated 99 . 1  rather than the expec ted 1 00 . 5 .  
The  cause of  th i s  apparent d i s c repancy was a l so procedura l . The transpos i ti on maneuver 
was made a t  an  average angu l ar ve l oc i ty of 1 . 75  deg/sec . The en try moni tor sys tem i s  
mounted a pprox imate ly  1 2  feet from the center of rotati on . The resu l t i ng centri peta l 
accel erati on i ntegrated over the t i me neces sary to move 1 80° y i e l d s  a 1 . 2- ft/sec ve l oc i ty 
cha nge and accounts for the error observed . The doc k i ng maneuver fo l l owi ng transpo s i t i on 
was norma l , wi th  on ly  sma l l trans i ents . 

I nert i a l  reference �s t�m a l i nements . - The i nert i a l  measurement u n i t was a l i ned as 
shown i n  tab l e 8- I I I .  Resu l ts were norma l and comparab l e to thos e of prev i ous  m i s s i ons . 

Trans l a ti on maneuvers . - A s ummary o f  perti nent pa rameters for each o f  the s e rv i ce 
p ropu l s i on maneuvers i s  conta i ned i n  tab l e  8- I V .  Al l maneu vers were a s  expecte d ,  w i th 
very sma l l res i dua l s .  Mon i tori ng o f  these maneuvers by the entry mon i tor  sys tem was 
exce l l en t , as  s h own i n  tab l e 8- V .  The ve l oc i ty i n i ti a l i z i ng the entry mon i tor ve l oc i ty 
counter  pr i or  to each fi ri ng i s  b i ased by the ve l oc i ty expected to be accrued duri ng 
th rus t ta i l - off .  When i n  contro l  of  a maneuve r ,  the entry mon i tor i s s ues a n  eng i ne-off 
d i s c re te s i g n a l  when the ve l oc i ty counter reaches zero i n  order to a vo i d  an  overburn , 
and  the b i a s  i nc l udes an  a l l owance for the pred i cted ta i l -off .  
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The crew was concerned about the du rat i on of the transearth i nj ecti on maneuve r .  
�Jhen the fi ri ng  appeared to b e  approxi ma te l y  3 s econds l onger  than anti ci pated , the crew 
i s s ued  a manual eng i ne-off command . F urther d i scuss i on o f  th i s  p robl em i s  con tai ned i n  
" Se rvi ce Propu l s i on "  i n  thi s secti on . The data i nd i cate that a compute r  engi ne-off d i s 
crete s i gnal  appeared s i mu l taneous ly  wi th actual  eng ine  s h u tdown . Therefore , the manual  
i np u t ,  whi ch i s  not i ns trumented , was  e i ther l ater than , or  s i mu l taneous wi th ,  the auto
mati c command . 

Atti tude control . - Al l atti tude control  functi ons were performed s a ti s fa c tor i l y  
throughout t h e  mi s s i o n .  T h e  pass i ve thermal control  rol l maneuver was u s e d  duri ng  tran s 
l unar  a n d  transearth coast .  

After entry i nto l unar  o rb i t and whi l e  s ti l l  i n  the docked conf i gurati on , the c rew 
reporte d  a tendency of the spacecraft to pos i t i o n  i tse l f a l ong the l oca l  vert i ca l  w i th  
the l unar  modu l e  pos i t i oned down . Th i s  effect was  apparently  a grav i ty grad i en t  torq ue , 
wh i ch can  be as  l arge as  0 . 86 ft- l b when the l ong i tudi na l  axi s of the veh i cl e  i s  or i ented  
45°  from the l oca l  verti ca l . A thrus ter duty cycl e of  once every 1 5  to  1 8  s e conds wou l d 
be  cons i s tent  wi th a d i s turbance torque  of th i s  magn i tude . 

Mi dcourse n av i ga ti on . - Mi dcourse nav i gati on u s i ng s tar/hori zon s i ght i ngs  was per
formed duri n g  the trans l unar and  transearth coas t phases . The fi rst two groups of s i ght
i ngs , at  43  600  mi l es and  a t  1 26 800 mi l es , were used  to  cal i bra te the  he i ght  of the 
hori zon fo r updati ng the comp uter .  Al though s everal p rocedural  p robl ems were encounte red  
duri ng  earl y attempts , the apparent hori zon a l ti tude was  determi ned to  be 35 k i l omete rs . 
Tabl e 8- V I  con ta i ns  a synops i s  of the n av i gati on  s i ghti ngs  performed . 

L andmark tracki ng . - Landmark track i ng  was pe rformed i n  l unar  o rbi t a s  i ndi cated i n  
tabl e 8-VI I .  The objecti ve o f  the s i ght i ngs  was to e l i mi nate part o f  the re l ati ve uncer
tai n ty be tween the l and i ng  s i te and the command modul e orb i t  and thus i mp rove the ac
c uracy of  des cent targeti n g .  The s i g h ti ngs  a l s o  p rovi ded an  i ndependent check on the 
overa l l targeti ng  s cheme . The p i tch techn i qu e  p rovi ded s pacecraft control whi l e  the 
s e xtant was i n  use . The l andmark trac k i ng  program was a l s o  used to. po i n t  the opti cs i n  
several  unsuccessfu l  attempts to l ocate and  track  the l un a r  modul e on the l unar  s urface . 
( See " Po s tl andi ng  Spacecraft Operati ons " i n  sect i on 5 . ) 

En�. - The entry was perfo rmed under automati c con tro l , as pl anned . No  tel emet ry 
data a re avai l ab l e fo r the peri od  du r i ng b l ackout ; however ,  a l l i nd i cati ons are that the 
system performed a s  i ntende d .  

The  onboard ca l cul at i ons for i nerti al  ve l oc i ty and  fl i ght-path ang l e  a t  the entry 
i nterface , wh i ch were 36 1 95 ft/sec  and - 6 . 488° , respecti ve l y , compare favorab ly  wi th the 
36 1 94-ft/s e c  and - 6 . 483° cal cul ati ons  dete rmi ned from track i n g .  Fi gure 1 3- 1  i n  sec
t i on 1 3  s hows a summary of l and i ng-po i n t  data . The onboard computer  i nd i cated a l andi ng 
at  l ongi tude 1 69 ° 9 '  W and  l at i tude 1 3° 1 8 '  N ,  or  1 . 6 9  m i l es from the des i red target  poi n t .  
Because no tel emetry n o r  radar w a s  avai l ab l e duri ng entry ,  a fi n al eval uati on of n avi ga
ti on accuracy cannot be obtai ned .  However ,  a s i mu l ated bes t-es t i mate trajectory shows a 
l andi n g  po i nt 1 . 03  mi l es from the target and confi rms the onboard sol u t i on .  I ndi cati ons 
are that the entry mon i tor sys tem performed as  i ntende d .  

I n e rti a l  measurement  un i t  perfo rmance . - P refl i gh t  performance of the i nert i a l  com
ponents i s  s ummari zed i n  tabl e 8-V I I I .  Th i s tabl e al so s hows the average val ue o f  the 
acce l erometer b i as meas urements and gyro nu l l b i as  dri ft measurements made i n  fl i ght  and 
the accompanyi ng updates . 
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The gyro dri ft compensa t i on updates were not a s  successfu l  as expected , p robab ly  be
cause  of the change i n  s i gn of the  compensat i on va l ues . Wi th the c hange in  the torqu i ng 
c u rrent , a b i a s d i fference apparent ly  occurred a s  a resu l t of res i du a l  magneti zat i on i n  
the torquer w i nd i ng .  The d i fference was sma l l ,  however , and h ad no effect  o n  the m i s s i on .  

F i g u re 8- 1 conta i ns a compa ri son o f  ve l oci ty mea sured by the i nert i a l  measurement 
un i t wi th  that from the l au nch  veh i c l e  g u i dance sys tem dur i ng ea rth a scent . These ve
l oc i ty d i fferences refl ect the errors i n  the i nert i a l  component compensa t i on va l ues . One 
set of  e rror te rms that wou l d  cau s e  these  ve l oc i ty errors i s  s hown i n  tab l e 8- I X .  The 
d i vergence between the two system s  i s  wel l w i th i n  the expected l i m i ts and i nd i cates ex
cel l ent performance , a l though  a momenta ry saturat i on of  the l aunch  veh i c l e  g u i dance sys
tem Y-ax i s  accel erometer caused an  i n i ti a l  5-ft/ sec error between the two systems . The 
rema i nder of the d i vergence i n  th i s  ax i s  was caused pr ima r i ly  by a m i sa l i nement dur i ng 
gyrocompass i ng of  the spacecra ft g u i dance system . The 60-ft/sec o� t-of-p l ane ve l oc i ty 
error a t  i ns ert ion  i s  equ i va l ent to a m i s a l i nement of 0 . 1 1 ° ;  th i s  i s  corroborated by the 
z-ax i s  gyro torq u i ng ang l e  c a l cu l ated dur i ng the i n i ti a l  opt i ca l  a l i nement i n  earth orb i t .  

Computer . - The computer performed a s  i ntended throug hout the m i s s i on .  A number of 
a l a rms occu rred , but a l l were cau sed by procedura l errors or  we re i ntended to  cau t i o n  the 
respec t i ve c rewman . 

Opti c s . - The sextant and the scann i ng te l escope performed norma l l y  throug hou t the  
m i s s i on .  After the coel l i pt i c  s equence maneuver ,  the  Command Modu l e  P i l ot reported tha t ,  
a fter se l ecti ng the rendezvous track i ng prog ram ( P20 ) , the opt i cs had  to be " zeroed" be
fore automat i c track i ng of the l unar  modu l e  wou l d  begi n .  Data i nd i c a te tha t the opt i cs  
mode swi tch was i n  the  COMPUTER pos i t i on when  the command modu l e  was set  up for the con
ti ngency mi rror- i mage coel l i pt i c  sequence maneuver .  I n  th i s maneuver program , the  serv i ce 
p ropu l s i on eng i ne g i mba l s are trimmed by th e compu ter throug h  the d i g i ta l - to-an a l og con
verter outputs of the opt i c s  coup l i ng data u n i ts . The same converters are used to d r i ve 
the sextant s haft and trunn i on when the opt i c s  are i n  C OMPUTER mode . The te l es cope i s  
mechan i ca l l y  l i nked to  the  s extant so  that i t  i s  opera ted when the sextant  i s  opera ted . 
To avo i d  dr i v i ng the opt i c s  wi th a g i mbal  dri ve s i gnal , or v i ce versa , the compu ter i ss ues  
d i screte s i g na l s  wh i c h  enabl e or d i sab l e  the  approp ri a te outpu t .  W i t h  the opti cs  dr ive  
d i s engaged , the trun� i on in  the  sextant wa s observe� ( duri ng prefl i g ht tes t i ng ) to d r i ft 
toward the pos i t i ve stop . The dri ft i s  cau sed by an  ant i bac k l a sh  s pr i ng . 

A reg i s ter i n  the computer trac ks trunn i on pos i t i on bu t i s  not l a rge enough to pro 
v i de an unambi guous  va l u e  for t h e  fu l l  range of a l l owa b l e  tru nn i on angl e s .  Therefore , 
the reg i s ter i s  b i ased to prov i de unamb i gu ou s  readouts for the norma l l y  u sed range of  
- 1 0° to +64 . 7° .  I n  th i s  case , the trunn i on dr i fted beyond 64 . 7 ° ,  the reg i ster overfl owed , 
and the computer l os t  track  of actu a l  tru n n i on pos i t i on .  Wh en the au toma t i c  opt i cs  pos i 
t i on i ng rou t i ne wa s entered after se l ect i on of the  rendezvous trac k i ng program ( P20 ) , the 
computer dri ve commands , based on the i nva l i d  counter contents , drove the trunn i on to the 
pos i t i ve stop . Zero i ng the sys tem rees tab l i s hed synchron i za t i on and proper opera ti o n . 

Entry mon i tor system . - Opera t i on of the entry mon i tor system was norma l , a l though  
one segment on the  el ec tro l um i nescent numeri cal  d i s p l ay for t he ve l oc i ty counter  fa i l ed 
to operate dur i ng the m i s s i on .  ( See " Loss  of  E l ectrol umi nescent Segment i n  Entry Mon i tor 
Sys tem" i n  sect i on 1 6 . ) 
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\0 
0 

TABLE 8- 1 1 1 . - P LATFORM AL 1 N EMENT SUMMARY 

Program Gyro torqu i ng a ng l e ,  Star ang l e  Gyro dri ft ,  mERU Time , opti on Star u sed deg di fference , h r : mi n ( a ) X y z 
deg X y z 

0 : 48 3 30 Men ken t ,  37 Nunki +0 . 01 8  +0 . 033 +0 . 1 52 0 . 01 - - - - - -

5 : 3 5  3 1 7  Rego r ,  34 Atri a - . 1 72 - .  D50 - . D6D . 02 +2 . 4  +D. 7 - 0 . 8 

5 : 3 9  3 1 7  Regor , 34 Atri a - . 1 7 1  - . 052 � . D55 . 02 +2 . 4  + . 7 - . 8  
9 : 36 l 30 Menkent ,  32 Al phecca +1 . 00 5  - . 368 - . 737 .01  - - -- - -

24 : 1 4  3 36 Vega , 37 Nunki - . 49 3  - . 1 9 1  - . D24 . 00 +2 . 3  + . 9  - . 1  
53 : DD 3 1 0  Mi rfa k ,  1 6  Procyon + . 1 D3 + . 366 - . 004 . 01 - 1 . 1  - 1 . 4  . D  
57 : 26 3 31 Arctu rus , 35 Ras a l hague +. 1 1 1  + .  1 28 + . 01 4  . 0 1  - 1 . 7  - 1 . 9  - . 2  
7 3 : 08 3 40 Al ta i r ,  45 Foma l ha u t  + . 285 + . 281 - . 006 . 0 1  - 1 . 2  - 1 . 2  . 0  

73 : 33 1 6 Acama r ,  42 Peacoc k - . 423 + . 508 + . 1 1 1  . 01 - - -- --
79 : 1 0  3 33 Antares , 41 Dab i h  + . 1 00 + . 1 59 + . 044 .02 - 1 . 2  - 1 . 9  + . 5  
8 1  :05 3 37 Nun ki , 44 Eni f + . 046 + . 051 - . 028 . 02 - 1 . 6  - 1 . 8  - 1  . 0  
96 : 55 l 4 Achernar ,  34 Atr i a  + . 1 70 + .  342 - . 023 . 00 - . 7  - 1 . 5  - . 1  

1 01 : 1 5  3 1 Al phera tz , 6 Acamar + . D84 + . 1 24 - . 01 0  . 0 1  - 1 . 3  - 1 . 9  - . 2  
1 03 :00 3 l D  Mi rfa k ,  1 2  Ri gel  + . 032 + . 009 + . 001  . 02 - 1 . 2  - . 3  . D  
1 D7 : 30 3 43 Deneb , 44 En i f  + . 057 + . 1 66 - . D22 . 0 1  - . 8  -2 . 4  - . 3  
1 1 2 : 52 l 33 Antares , 41 Dab i h  + . D57 + . 2 1 3  - . D81 . 00 -- - - - -
1 21 : 1 5  3 25 Acrux , 42 Peacock + . 1 65 + . 1 86 - . D39 . 00 - 1 . 3  - 1 . 5  - . 3 
1 24 : 41 3 + . 064 + . 1 00 + . 021  - 1 . 2  - 1 . 9  + . 4  
1 34 : 34 3 1 Al phera tz , 1 1  Al debaran + . 1 66 + . 21 2  - . 0 1 9  . Dl - 1 . 1 - 1 . 4  - .  1 
1 3 6 : 51 1 1 Al pheratz , 43 Deneb + . 469 - . 2 1 7  + . 383 . 02 -- -- - -
1 49 : 1 9  3 1 4  Canop u s , 1 6  Procyon + . 26 5  + . 268 + . Dl 2  . 01 - 1 . 5  - 1 . 5  + .  1 
1 7 1  : 1 6  3 + . 445 + . 451  + . 006 . 01 - 1 . 4  - 1 . 4  . 0  

1 92 : 1 2  l 2 Di phda , 4 Achernar -1 . 1 66 - .  690 + . 456 . OD - - -- - -

1 93 : 3 5  3 1 Al pheratz , 45 Foma l haut + . 0 1 6  - . 040 - .  010 . Dl - . 8 +1 . 9  - . 5  

a , i nd i cates preferred ; 3 i nd i c a tes RE FSMMAT . 

Comments 

Check s ta r  34 Atr i a  

Not torqued 

Check s ta r  33 Antares 

I 

Check s ta r  33 Antares I 

I 
Check star 7 Menkar 

Check star 1 A l pheratz 

Check s ta r  11 Al deba ran 
C heck s ta r  1 2  R i g e l  
Check s ta r s  1 0  Mi rfa k ,  1 Al pheratz , 

45 Foma l haut , 3 N a v i  
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TAB L E  8- I V . - MAN EUVER SUMMARY 

Pa rameter 
Serv i ce p ropu l s i on maneuver 

( a )  
F i rs t mi dcourse Lunar o rb i t  L u n a r  o rb i t 

Separa t i on 
correc t i on i ns e r t i o n  c i rc u l a r i z a t i o n  

T i me :  
I gn i t i on ,  h r : m i n : sec . . . . .  I 4 : 40 : 01 . 72 26 : 44 : 58 . 64 7 5 : 49 : 50 . 3 7 80 :. 1 1 : 36 . 7 5 
Cut- off , h r :m i n : s ec . . . . . . 4 : 40 : 04 . 65 2 6 : 4 5 : 0 1 . 77 75 : 55 : 4 7 . 90 80 : l l  : 53 .  63 
Dura t i o n , sec . . . . . . . . .  2 . 93 3 . 1 3  35 7 . 53 1 6 . 88 

V e l oc i ty ( a c t u a l /des i red ) ,  
f t/ sec : 
X - ax i s component . . . . . . .  - 9 . 76/- 9 . 74 - 1 4 .  1 9 I - 1 4 .  68 +32 7 . 1 2/+32 7 . 09 + 9 2 .  53/+92 . 5 1  
Y-ax i s  component . . . . . . .  +1 4 . 94/+1 4 . 86 + 1 3 . 1 7/+ 1 3 . 1 4 +2361 . 28/+2361 . 29 +1 1 8 . 1 8/ + 1 1 8 . 52 
Z - ax i s  component . . . . . . . +8. 56/+8 . 74 + 7 . 56/+7 . 66 + 1 681 . 85/+1 681 . 79 +5 1 . 6 1 / +5 1 . 93 

V e l oc i ty re s i d u a l  a fter t r i m-
m i ng ,  ft/ sec : 
X - ax i s  component . . . . . . .  0 . 0  +0 . 3  -0 . 1  +0 . 3  
Y - ax i s  component . . . . . . .  . 0  . 0  . 0  . 0  
Z-ax i s  component . . . . . . .  - .  1 + . 5  + . 1 - .  1 
E n t ry mo n i to r  sys tem . . . . .  - . 3  - . 5  + . 5  - . 7  

E ng i ne g i mb � l  pos i t i on ,  deg : I I n i t i a l  
P i tc h  . . . . . . . . . . .  · +0 . 93 +0 . 97 +0 . 9 7  + 1  . 65 
Yaw . . . . . . . . . . . . .  - . 1 5  - . 1 5  - .  1 5  - . 69 

l�ax i mum excu rs i o n  
P i tch . . . . . . . . . . . .  + . 40 + . 30 + . 30 + . 31 
Yaw . . . . . . . . . . . . .  - . 46 - . 4 2  - . 38 - . 33 

S teady - s ta te 
P i tch . . . . . . . . . . . .  +1  . 1 5  + 1 . 1 5  +1 . 23 + 1 . 90 
Yaw . . . . . . . . . . . . .  - . 06 - . 02 - . 06 - . 32 

C u t-off 
P i tc h  . . . . . . . . . . . · +1 . 28 + 1 . 1 9  +2 . 03 +1 . 8 1  
Y a w  . . . . . . . . . . . . .  - . 1 9 - . 1 9  - . 57 - . 44 

r�ax i mum ra te excu rs i o n ,  deg/ sec : 

P i tc h  . . . . . . . . . . . . .  -0 . 08 + 0 .  1 2  +0 . 0 7  - 0 . 04 

Yaw . . . . . . . . . . . · · · + . 21 + . 1 6  + .  1 4  - . 20 

Ro l l  . . . . . . . . . . . . .  - . 1 4 - .  21  - . 1 8 - . 1 3  

Max i mum a tt i tude error , deg : 
P i tch . . . . . . . . . . . . .  Neg1 g b 1 e  Negl i g i b l e  0 . 2  - 0 . 3  
Yaw . . . . . . . . . . . . . .  Neg l g b l e -0 . 1  . 2 + . 2  
Ro l l  . . . . . . . . . . . . .  Neg l g b l e  - . 3  - 5 . 0  +2 . 6  

-

a
Vel oc i t i es a re i n  ea rth- or moo n-centered i n ert i a l  coord i na tes ; ve l oc i ty re s i du a l s  are i n  body coord i nates . 

b
s a tu ra ted . 

Transea rth 
i nj ec t i o n  

1 35 : 2 3 : 42 . 2 8 
1 35 : 26 : 1 3 . 69 

1 5 1 . 4 1  

+93 2 .  7 7/+932 . 74 
- 2556 . 06/- 2555 . 81 
- 1 83 5 . 66/ - 1 834 . 60 

- ----

0 . 0  
+ . 7  
+ . 1 

- 2 . 7  

-0 . 55 
+ . 69 

- 1 . 73 
+ 1 . 55 

- . 1 2  
+ . 48 

- . 33 
- . 94 

b
+ l . OO 

b
- l .  00 

b 
- 1 . 00 

- 0 . 4  
+ . 5  

+ 5 . 0  

i 



TAB L E  8-V . - ENTRY MON I TOR S Y ST EM V E LOC I TY SUMMARY 

Tota l vel oc i ty to be Vel oc i ty set i nto P l a n ned Actual  Correc ted e n try 

Maneuver g a i ned a l ong X - ax i s  entry mon i tor res i du a l , res i du a l , mon i tor error , 
m i n u s  res i dua l , sy s t em cou nte r ,  ft/ s e c  f t/ s ec f t/ s ec 

ft/ s ec f t / s ec ( a ) 

Separati on 1 9 . 8  1 5 . 2  - 4 . 6 - 4 . 0  +0 . 6  

F i r s t  m i dcourse 20 . 9  1 6 . 8  - 4 . 1  - 3 . 8  + . 3  
c o r recti on 

L u n a r  o rb i t  2 9 1 7 . 4  29 1 0 . 8  - 6 . 6  - 6 . 8  - . 2  
i n s er t i on 

Lunar orb i t 1 59 . 3  1 53 .  1 - 6 . 2 - 5 . 2 + 1 . 0  
c i  rc u 1  a r i  zati  on 

Trans e a r th 3283 . 2  3 2 6 2 . 5  - 20 . 7  - 1 7 . 9  + 2 . 8  
i nj ec t i o n  

Second m i dcou rse 4 . 7  4 . 8  + .  1 + . 2  + . 1  
c o r re c t i on 

aA correc t i on fa c to r  of 0 . 2  ft/sec wa s a p p l i ed i n  order to determ i ne the correc ted erro r .  

TABLE 8-VI . - M I DCOURSE NAV I GAT I ON 

T i me ,  D i s ta n c e  
Group Set/ma r k s  S ta r  Hori zon 

h r : m i n f rom earth , Rema r k s  
mi l e s 

l l / 4 2 D i phda E a r t h  nea r 6 : 3 6 43 600 The o pt i c s  c a l i b ra t i on was d e t e rm i n ed 
as - 0 . 00 3 ° ; i t  was not e nte red . 

a
2/ 3 40 Al ta i r  E a r t h  f a r  - - - - D i f f i cu l ty w a s  encountered i n  l oc a t i ng 

the s ta r  bec a u s e  of procedu ra l 
probl ems . 

3 / 6  4 5  Foma l h a u t  E a r t h  n e a r  - - - -

4 / 3  2 D i phda E a r t h  n e a r  8 : 08 - - S i g h t i ng s  were mi s a l i ned up to 50° i n  
the mea s u rement p l a n e ;  the m i s a l i ne-
ment resu l ted from i mp roper i ns t ruc-
t i o n s  f rom the g rou n d .  

2 l / 3  1 A l p heratz E a r t h  near 2 4 : 20 1 2 6 800 The op t i c s  cal i bra t i on was z e ro and 
wa s therefore n o t  ente red . The 
au toma t i c  maneuver compu ted on 
boa rd d i d  not c on s i de r  t he l u n a r  
modu l e ;  there fore , d i f f i cu l ty i n  
l oc a t i ng the f i r s t  s t a r  was e n -
countered as t h e  op t i cs were po i n ted 
a t  the l u nar modu l e .  The g round-
comp uted maneuver was u s e d , a n d  the 
s i g h t i ng s  p roceeded s a t i s facto r i l y . 

2 / 3  2 D i phda E a r t h  n e a r  - - - -

3/ 4 45 Foma l hau t Earth f a r  2 5 : 20 - -

3T he f i rs t s i g ht i ng o n  s ta r  4 0  was rejected ; i t  had the wrong h o r i z o n . 
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TABLE 8-VI I . - LANDMARK TRACK I NG 

T i me ,  Landmark Number of  Opt i cs mode 
h r : mi n : sec  i dent i fi cat ion  marks 

82 : 43 : 00 Al  ( a l ti tude 5 Sextant , manual  -- re s ol ved 
l andmark ) 

98 : 49 : 00 1 30 5 Sextant , manua l  - reso l ved 

1 04 : 39 : 00 1 30 5 Sextant , manual  -- res o l ved 

1 22 : 24 : 00 1 30 5 Sextant , manua l  -- reso l ved 

TABLE 8-VI I ! . - C�ANO MODULE INERTIAL COMPONENT PREFLIGHT HISTORY 

Error 
Sample Standard No . of Coun tdown Fl i g h t  F l i gh t  average F1 i g ht average 

mean devi a t i on samp 1 es value l oad before update after update 

Accel erometers 

X-ax f s :  

Sc a l e  factor error, ppm . 35 46 50 40 

B i a s , cm;sec2 - .  23 . 07 - . 25 - .  26 - 0 . 2 6  -0 . 26 

Y-ax l s :  

Sca l e  factor error, ppm -22 56 -98 -80 

B i a s ,  cm;sec2 
- . 05 . 1 1  . 04 a 

- .  13 +. 08 + . 08 

Z-axf s :  

Scale factor error, ppm -43 50 8 - 1 01 -30 

B i as ,  cmjsec2 
. 20 . 1 4  8 . 1 5  

b . 1 4  . 00 + . 0 1  

Gyroscopes 

X-ax f s :  

Nu l l  b i a s  d r i f t ,  mERU - 1 . 2  1 . 7  0 . 4  c 
- 1 . 8  +2 . 4  - 1 . 2  

Acc e l era t i on d r i ft , spi n reference 
a x f s ,  mERU/9 - 5 . 4  3 . 8  - 3 . 3  - 6 . 0  

Acc e l er a t i on d r i f t ,  i nput axis , 
mERU/9 1 3 . 7  3 .  9 1 4 . 4  1 5 . 0  

X-ax f s :  

Nul l b i a s  d r i f t ,  mfRU - 1 . 5  1 . 1 - 2 . 4  d - . 6  + .  7 -1 . 4  

Acc e l e ra t i on dri ft , spi n reference 
a x i s ,  mERU/9 1 . 7 2 . 0  8 1 . 3 3 .  0 

Accel era ti on dri f t ,  i nput ax i s ,  
mERU/9 7 . 1  5 .  6 1 4  9 . 0  5 . 0  

Z-ax i s :  

Nu l l  b i a s  dri ft,  mERU - .  9 1 . 6 - 2 . 3  e - .  2 - .  6 - 0 . 1 

Accelera t i on d r i ft , s p i n  reference 
axi s ,  mERU/9 8. 4 6 . 6  8 20. 4 5 . 0  

Accel era t i o n  d r i ft , i nput ax i s ,  
mERU/g . 8  6 . 4  - 4 . 7  1 . 0  

0Updated to +0 .08 a t  31 hours . 
bUpdated to +0 . 02 at 31 hours . 
cUpda ted to +0 . 44 at 31 hours . 
dUpdated to +0. 26 at 31 hours . 
•updated to - 0 . 3 1  at 31 hours . 
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TABLE 8 - I X . - I NERTIAL SUB SYSTEM ERRORS DUR I NG LAUNCH 

Erro r  term 
Uncompe n s a ted 

error 

Offset vel oc i ty ,  ft/sec 4 . 2  

B i as , cm/s ec
2

: 

X - a x i s  
a 

- . 046 

Y-ax i s  
a 

. 1 50 

Z-a x i s  
a 

. 00 1  

Nu l l  b i a s  dri ft , mERU : 

X - a x i s  

Y- ax i s  

Z - a x i s 

Accel era t i on 

X - a x i s 

Y-a x i s 

Z-ax i s  

Accel erat i on 
mERU/g : 

Y-ax i s  

Accel era t i on 

X -a x i s  

Y - a x i s  

Z -a x i s  

Uncorre l a ted 
X - a x i s ,  a rc 

Uncorrel a ted 
Y-ax i s , arc 

dri f t ,  i nput a x i s ,  mERU/g : 

dri ft , s p i n  reference a x i s ,  

d ri f t ,  output a x i s ,  mERU/g : 

p l a tform mi sa l i nement abou t 
sec 

p l a tform m i sa l i nement abou t 
sec 

a
2 . 4  
a 

. 7  
a 

- . 8 

- 6 . 8  

2 . 0  

- . 7  

- 8 . 0  

- 2 . 3  

. 8  

- 3 . 0  

the 
- 1 3  

the 
- 2 6  

a
Averaged f o r  enti re fl i g h t .  

72 
64 

Y ·axis component 

X -axis component 

-sr-----�Z�-:ax�is�com::po�n�en�t -7--�-�============== 
-16o 80 160 240 -

320 400 480 560 640 720 
Time, sec 

Fi gure 8- 1 . - Vel oci ty compari son between 
i ns trument  uni t and spacecraft gui dan ce 
duri ng ascent .  
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Reacti on Control 

Servi ce modu l e . - Performance o f  the servi ce modu l e  reacti on control sys tem was norma l 
throughout  the m i s s i on .  The tota l propel l an t  consumed pri or to the command modu l e/servi ce 
modu l e separati on was 560 pounds , 30 pounds l es s  than pred i cte d .  Duri ng a l l m i s s i on 
phases , the sys tem press ures and tempera tures rema i ned wel l wi th i n  the i r normal  operat i ng 
ranges . 

At the t ime the command and serv i ce mod u l e s  separa ted from the S - I VB , the c rew re
ported that the prope l l ant i so l ati on va l ve i nd i cators for quad B i nd i ca ted the " barber
po l e" pos i t i on .  Thi s i nd i ca t i on corres ponds to a t  l ea s t  one pr imary and one  s econdary 
va l ve bei ng i n  the c l osed pos i ti on .  Twenty to 30 seconds after  c l osure , the crew re
opened the va l ves accord i ng to the checkl i s t  p rocedu res , and no further prob l ems were 
experi enced . ( See " I nd i cated C l osure of Propel l ant  I so l ati on V a l ves "  i n  sec t i on 1 6 . ) 

Command modul e . - After command modu l e/ serv i ce modu l e  separa t i on , the c rew reported 
that the m i nus -yaw eng i ne i n  sys tem 1 wa s not respondi ng p roperly to f i ri ng commands 
through  the au toma t i c  co i l s .  Postfl i ght  data confi rm that thi s eng i ne produced l ow ,  bu t 
detec tab l e ,  th rus t  when the au tomat i c co i l s  were act i va ted . A l s o ,  the res ponse to d i rect 
co i l commands was norma l , whi c h  i nd i cates tha t ,  mechani c a l ly , the two va l ves were opera 
t i ng properly and that one of the two va l ves wa s opera t i ng when the au toma t i c  co i l s  were 
energ i zed .  Pos tfl i g ht tes ts confi rmed that an i ntermi ttent c i rcu i t  ex i s ted on a termi nal  
boa rd i n  the va l ve e l ectron i c s .  ( " Fa i l u re of Au tomat i c  Co i l i n  One Thru s ter" i n  sec
t i on 1 6  conta i n s a di scuss i on of th i s  anoma l y . ) 

Al l mea sured sys tem press u re s  and temperatu res were normal throug hout the m i s s i on ,  
and except for the probl em wi th the yaw eng i ne ,  both systems operated a s  expected dur i ng 
entry .  Approx ima tely  1 mi nute after command modu l e/ s erv i ce modu l e  separati on ,  sys tem 2 
was d i sab l ed , and sys tem l was u sed for entry contro l , a s  p l anned . Forty-one pounds of 
prope l l a nt were u sed duri ng entry .  

Serv i ce Propu l s i on 

Serv i ce propu l s i on sys tem performance was sat i sfactory duri ng each of the f i ve ma
neuvers , wi th a tota l f i ri ng t i me of 531 . 9  s econds . The actual  i g n i t i on t i mes  and fi ri ng 
d u rat i ons  are l i s ted i n  tabl e 8- I V . The l ongest eng i ne fi ri ng wa s for 357 . 5  seconds dur
i ng the l u nar orbi t i ns ert i on maneuve r .  The fourth and f i fth serv i ce propu l s i on f i ri ng s  
were preceded by a p l u s - X  reacti on control trans l at i on to effect propel l ant settl i ng ,  a nd 
a l l  f i ri ngs were conducted under automat i c contro l . 

The s teady- s tate performance dur i ng a l l fi r i ngs  wa s sat i s factory .  The s teady- s tate 
pressure data i nd i cate essent i a l l y  nom i nal  performance ; however , the gagi ng  sys tem data 
i nd i cate a mi xtu re ra t i o  of  l . 5 5 rather than the expected ra ti o of 1 . 60 to 1 . 6 1 . 

The eng i ne tran s i ent performance duri ng a l l  s ta rts and shutdowns wa s sat i sfactory .  
The c hamber pres sure overs hoot duri ng the start o f  the spac ec raft separa t i on maneuver 
from the S - I V B  was approx ima te l y  1 20 p s i a ,  wh i c h  corres ponds to the upper speci f i c a ti on 
l im i t  for s tarts requ i r i ng on ly  one bank  of prope l l ant  va l ves . On su bsequent f i ri ng s ,  
the c hamber pres sure overs hoots were a l l l es s  than 1 20 p s i a .  Dur i ng the  separa t i on 
fi ri ng , mi nor osc i l l at i ons  i n  the measured chamber pressure were observed , beg i nn i ng 
appro x i mate ly  1 . 5 seconds after the i n i t i a l  f i ri ng s i g na l . However , the magni tude of 
the osc i l l at i ons wa s l e ss th an 30 ps i  ( peak- to-pea k ) , and by approx i matel y 2 . 2  seconds 
after i gn i ti on ,  the chamber pres sure data i nd i cated norma l s teady- s tate operat i on .  
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The hel i um pressur i zat i on sys tem functi oned norma l l y throu g hout the m i s s i on . A l l 
system tempera tures were m a i ntai ned wi th i n  t he i r redl i ne l im i ts wi thout heater  opera t i on . 

The p rope l l ant  u t i l i zat i on and gag i ng system operated s at i s fa c tori l y  t hroughout the  
m i s s i on .  The  mode se l ect i on swi tch for  the gag i ng sys tem was set  i n  the  normal  pos i t i on 
for a l l serv i ce propu l s i on f i r i ng s ; as  a res u l t ,  onl y the primary sys tem data were used . 
The prope l l ant u t i l i zat i on va l ve was i n  the  NORMAL pos i t i on duri ng the  separat i on and  
f i rst mi dcours e fi ri ngs  and for  the fi rst 76  seconds of the l unar  orb i t  i nsert i on f i r i ng .  
At that t i me , the va l ve was moved to the I NCREAS E  pos i ti on and rema i ned there throug h  the 
fi rst 1 22 seconds of the transearth i nject i on fi r{ng . The v a l v e  p os i t i on was moved to 
NORMAL for approx i ma tely  9 seconds and then to DECREASE for mos t  of the rema i nder of  the  
transearth i nj ect i on f i ri ng . 

F i gure 8-2 shows the i nd i ca ted p ropel l ant  unba l ance , a s  compu ted from the data . The  
i nd i ca ted u nbal ance h i s tory shou l d  refl ect the unba l a nce h i story d i sp l ayed i n  the cab i n ,  
w i th i n  the accuracy of the tel emetry sys tem . As expected , based upon prev i ous  fl i g hts , 
the i nd i ca ted unbal ance fol l owi ng the  s tart of the l u nar orb i t  i ns ert i on f i r i ng s h owed 
decrease readi ngs . The i n i ti a l  decrease read i ngs were cau sed pr i ma r i l y  by the  ox i d i zer 
l eve l  i n  the  s ump ta nk  exceed i ng the max imum g ag ea b l e  h e i g h t .  Th i s  cond i ti on occurs be
cause  ox i d i zer i s  transferred from the s torage tan k  to the  s ump tank  as a resu l t  of he
l i um absorpti on from the s ump ta nk u l l ag e .  Th i s  p henomenon , i n  comb i na t i on wi t h  a known 
s torage tank oxi di zer gag i ng e rror ,  i s  known to caus e both the  i n i ti a l decreas e readi ngs 
and a step i n crea s e  i n  the  unbal ance a t  cros s over .  The crewmen were bri efed on  thes e con
d i t i ons pr i or to f l i g h t  an d ,  therefore , expected both the i ni ti a l decreas e  readi ngs and a 
step i ncrease of 1 50 to  200 pounds at  cros sover .  When the  unbal ance started  to  i ncrease 
( approach  zero ) pr i or to cros s over , the c rew , i n  ant i c i pat i on of the i nc rease , p roperl y 
i nterpreted the unbal ance meter movement  as an  i nd i ca t i on of a l ow m i xture rat i o  and 
moved the propel l a nt u ti l i zat i on va l ve to the I NCREASE pos i ti on .  As shown i n  f i gu re 8- 2 ,  
the unbal ance then started to decrea se  i n  res ponse to the  va l ve change , and a t  cros sover , 
the  expected s tep i ncrease occu rred . At the end of the fi r i ng ,  the crew reported that  
the  u nba l ance was a 50-pou nd i ncrea se ,  whi c h  agrees wel l wi th  the  tel emetered data  shown 
i n  f i g ure 8- 2 .  Th i s  early recogn i t i on of a l ower m i xtu re rat i o  and the movement of t he 
propel l ant ut i l i zat i on va l ve to the I NCREASE pos i t i on dur i ng l u nar  orb i t i nsert i on re
s u l ted i n  a h i g her-than-pred i c ted average thru s t  for th e f i ri ng and i n  � dura ti on of 4 . 5  seconds l es s  than pred i c ted . 

The durat i on of the f i r i ng , a s  determ i ned by M i s s i on Contro l , wa s decreased to re
fl ect the h i g her thru s t  l eve l  experi enced on the l unar orb i t  i nsert i on fi ri ng . Howeve r ,  
dur i ng the transearth i nj ec t i on fi ri ng ,  t h e  propel l a nt ut i l i zat i on val ve was cyc l ed from 
the NORMAL to the DECREAS E pos i ti on twi c e .  T h i s  transfer resu l ted i n  l e s s  than  the ex
pected th rus t  and consequent l y  res u l ted i n  an  overburn of 3 . 4  seconds beyond the reca l 
cu l a ted transearth i nject i on fi r i ng p red i ct i on .  

Prel im i nary ca l cu l at i ons , wh i c h  were ba sed on -the tel emetered gag i ng data and the 
pred i c ted effects of propel l ant  uti l i za t i on va l ve pos i t i on ,  yi e l ded m i xture rat i os for 
the NORMAL v a l ve pos i t i on of approx i mate ly  l . 55 ,  compared to an expected range of l . 60 
to l . 6 1 .  Les s - than-expected m i xture rati os  were a l so  experi enced duri ng the  Apol l o  9 
and 1 0  m i s s i ons , and s uffi c i ent prefl i gh t  ana l yses  were made pri or to the Apol l o  l l  m i s 
s i on t o  veri fy that the prope l l ant  u ti l i zat i on and gag i ng sys tem wa s capabl e o f  correct i ng 
for m i xture - rat i o s h i fts of the mag n i tudes exper i enced . The reason for the l es s - than
expected m i x tu re ra t i os duri ng the l a s t  three fl i gh ts i s  s ti l l  u nder  i nves t i g at i on . 

An abnormal decay i n  the secondary ( sys tem B )  n i trogen  p ressure was observed duri ng 
the l unar  orb i t i nserti on servi ce propu l s i on fi r i ng , wh i c h i nd i cated a l ea k  i n  the sys tem 
that  operates the eng i ne upper b i p rope l l an t  va l ve bank . No further l eakage was i nd i cated 
duri ng the remai nder of  the m i s s i on .  ( Th i s  anoma ly  i s  d i s cus sed i n  g reater deta i l i n  
" Servi ce Propu l s i on N i trogen Leak"  i n  sect i on 1 6 . ) 
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Fi gu re 8- 2 . - Servi ce propu l s i on prope l l ant  unba l ance . 

Envi ronmenta l C ontrol Sys tem 

The envi ronmental  control sys tem performed sat i sfactori ly throughout  the m i s s i on and 
p rov i ded a comfortabl e envi ronment for the crew and adequate th ermal control of  spacecraft 
equ i pmen t .  

Oxygen di s tr i bu t i on . - The cab i n pressure s tab i l i zed at  4 . 7  p s i a  pr i or  to trans l unar  
i nj ecti on and returned to  that  va l ue after  i n i t i a l  l u nar modu l e  pres suri zati on . Howeve r ,  
two ma s ter a l arms i nd i cati ng h i gh oxygen fl ow occurred duri ng l unar  modu l e  press uri za t i on 
when the oxygen fl ow rate wa s decreas i ng .  Th i s  cond i t i on wa s a l s o  experi en ced duri ng 
ground testi ng . Postfl i gh t  ana l ys i s  h a s  s h own tha t  th i s  cond i ti on was caused  by a ma l 
functi on o f  the oxygen f l ow rate transduce r .  ( See " Oxygen F l ow r1as ter Al arms"  i n  
sect i on 1 6 . )  

Part i c u l ate backcontam i nati on control . - The comma nd modu l e  oxygen sys tems were u sed 
fo r part i cu l a te l u nar s u rfa ce backcontamllrlat i on control from fi nal  command modu l e  dock i ng 
u nt i l earth l and i ng .  At approx i mately 1 28 hours , the oxygen fl ow rate was adju sted to an  
i ndi ca ted read i ng of  approx imately 0 . 6  l b/ h r  to  establ i s h a pos i t i ve d i ffe renti a l  pres sure 
between the two spacec raft ; th i s  adju stment caused the ca b i n  pres sure to i ncrease  to a bou t 
5 . 4 ps i a .  The oxygen purge  was termi nated a t  1 30 hours 9 m i nutes fol l owi ng the  command 
modu l e  tunnel  hatch l eak  chec k .  
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Therma l control . - The pr ima ry cool ant system prov i ded adequa te thermal control fo r 
crew comfort- and for the spacecraft equ i pment throug hout the m i s s i on .  The secondary 
cool ant system was act i vated on ly  duri ng redundant component c hec ks and the earth entry 
c h i l l down . The evaporators we re not act i vated duri ng l u nar orb i t  coast because the 
rad i a tors prov i ded adequa te temperature control . 

At 1 05 hours 1 9  mi nutes , the  primary evapora tor out l et  temperatu re had dropped to 
3 1 . 5° F .  Norma l l y ,  the temperature i s  ma i nta i ned a bove 42° F by the g lyco l temperatu re 
control val ve duri ng c o l d temperatu re excu rs i on s  of  the rad i a to r .  ( Th i s d i screpancy i s  
d i scus sed i n  " G l ycol  Temperature Control Val ve"  i n  secti on 1 6 . ) 

Water management . - Gas i n  the spacecra ft potabl e  wa ter has been a probl em o n  a l l 
manned Apol l o  fl i g hts . On the Apol l o  1 1  mi s s i on ,  a two-membrane water/gas  separator was 
i n s ta l l ed on  both the wa ter gun and the  ou t l e t  at the food prepara t i on u n i t .  The sep
arators a l l ow on l y  gas  to pass  through  one membrane i nto the cabi n atmosphere , whi l e  the  
second membrane passes  on ly  gas-free water to the ou t l e t  port for  crew consump ti on . The 
crew i nd i ca ted that  performance of the separators  was sat i sfactory .  Water i n  t he food 
bags  and from the water p i sto l  was nearly free of gas . Two i nterface pro b l ems  were ex
peri enced duri ng u s e  of the separators . There i s  no pos i t i ve l oc k  between the water 
p i s to l  and the i n l et port of  t he separator ; thus , occas i ona l ly , the separator wou l d  not 
rema i n  i n  p l ace wh i l e  the water p i s to l  was be i ng u sed to fi l l  a food bag . Al so , the crew 
commen ted that s ome provi s i on for pos i ti vely reta i n i ng the  food bag to t he separa tor out
l et port wou l d be h i g hl y  des i ra b l e .  For future spacecraft , a rede s i gn of the separa tor  
wi l l  prov i de pos i ti ve l oc k i ng between the  wa ter p i stol  a nd  the i n l et port of  t he  separa
tor . Al s o ,  a c hange h a s  been made i n  the  separator outl et probe to prov i de an  imp roved 
i nterface wi th the food bag . 

Crew Stat i on 

The d i sp l ays  and contro l s were adequate except that the mi s s i on c l oc k i n  the l ower 
equ i pment  bay ran s l ow ,  by l es s  than 1 0  seconds over a 24- hour peri od , as reported by the 
crew . The  mi s s i on c l ocks have a h i s tory of  s l ow operat i on , wh i c h  has been attri buted to 
e l ectromagneti c i nterference . I n  addi t i on . the  g l a s s  face was found to be crac ked . Th i s  
probl em h a s  a l so been experi enced i n  the pa st  and i s  ca used by s tress  i ntroduced i n  the 
g l a s s  dur i ng the  a s semb ly  process .  

The l u nar  modu l e  c l ock i s  i denti ca l  to the command modu l e  c l oc k .  Becau se of the 
l u nar  modu l e  c l oc k  prob l em di scussed i n  "Mi s s i on T imer Stopped " i n  secti on 1 6 ,  a n  
i mproved -des i g n  t i mer i s  be i ng procured and  w i l l  be i ncorporated i n  fu ture command 
modu l es . 

Cons umab l es  

The p red i ct i ons for cons umabl es u sage i mp roved from mi s s i on to  mi s s i on s uch  that fo r 
the Apo l l o  1 1  mi s s i on , a l l the command and servi ce modu l e consumab l e quanti ti es were 
wi thi n 1 0  percen t  of the prefl i ght  esti mates . 

Servi ce propu l s i on propel l an t . - The serv i ce propul s i on p rope l l ant  us age was wi th i n  
5 percent  of the pre fl i gh t  est i mate for the mi s s i on . The  de vi ati ons \�h i ch were expe
ri enced h ave been attri buted to the vari ati ons i n  f i ri n g  t i mes . ( See " Serv i ce Propul s i on "  
i n  th i s  secti on . ) I n  tab l e  8 - X ,  the l oadi ngs were cal cul ated from gag i n g  sys tem readi n gs 
and  measured dens i ti es pri or  to l i ft-off .  
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Rea c t i on contro l propel l ant . - Reac t i on control system propel l ant  usage pred i ct i o n s  
and fl i ght  data agreed t o  wi th i n 5 percent .  

Serv i ce modu l e :  The react ion  contro l system propel l a nt  usage for the serv i ce modu l e  
wa s h i gher than expec ted dur i ng  transpo s i t i on and doc k i ng and duri ng the i n i ti a l  set  of 
nav i ga t i on s i ght i ngs . Th i s  h i gher usage wa s ba l anced by eff i c i ent  ma neuveri ng of  the 
comma nd a nd serv i ce modul es dur i ng the rendezvou s sequence , i n  wh i c h  the propel l ant  con
s umpt i on wa s l es s  than  pred i c ted . The  usages l i s ted in  ta bl e 8-X I  were ca l cul a ted from 
tel emetered hel i um ta nk  pressure data by u s i ng the rel ati onsh i p  between pres sure , vol ume , 
a nd temperature . 

Comma nd modu l e :  The rea c t i on control sys tem propel l ant u sages for the comma nd mod
u l e ( s hown i n  ·tabl e 8-X I )  were ca l cu l a ted from pres sure , vo l ume ,  a nd tempera ture 
rel a t i onsh i ps . 

Cryogen i c s . - The o xygen and hydrogen usages were wi th i n  5 percent of  those pred i c ted . 
Th i s  dev i a t i on v1a s caused by the l os s  of  a n  oxygen tank  heater el ement  and by a reduced 
reac t i on control system heater duty cyc l e .  Usages l i s ted i n  tabl e 8-X I I  are ba sed on  
the  el ectr i ca l  power produced by the  fuel cel l s .  

Wa ter . - Pred i cti ons  concern i ng the amount  of  wa ter consumed i n  the command and serv
i ce modu l es are not genera ted for eac h  mi s s i on because· the  system has a n  i n i t i a l  charge 
of pota bl e wa ter at l i ft-off , a nd add i t i onal  wa ter i s  genera ted i n  the fuel cel l s  i n  ex
cess  of the dema nd . A l so , some water i s  dumped overboard , and some i s  cons umed . The 
wa ter quanti t i es l oaded , consumed , produced , a nd expel l ed duri ng the Apo l l o  1 1  mi s s i on 
are s hown i n  ta bl e 8-X I I I .  

TABLE  8-X . - SIRV I C E  PROPULS I ON PROPELLANT USAGE · 

Actua l  u sage , 1 b  Prefl i g ht 
Cond i t i ons p l anned 

Fuel  Ox i d i zer  Total u sage , l b  

Loaded : 
I n  tanks 1 5  633 24 967 
In l i nes 79 1 24 

Tota l 1 5  7 1 2  25 091 40 803 40 803 

Consumed 1 3  754 2 1  985 35 739 36 296 

Rema i n i ng at  command 1 958 3 1 06 5 064 4 507 
modul e/serv i ce modu l e  
separa t i on 
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TABL E  8- X I . - REACT ION  CONTROL SYSTEM PROPELLANT USAGE 

( a )  Serv i ce modu l e  

Actua 1 u sage , l b  Prefl i ght  
Cond i t i on p l anned 

Fuel  Oxi d i zer Total u sage , l b  

Loaded : 
Quad A 1 1 0  225 - - - -

Quad B 1 1 0 225  - - - -

Quad C 1 1 0  225 - - - -

Quad D 1 1 0  225  - - - -

Tota l 440 900 1 340 1 342  

Consumed 1 91 369 560 590 

Rema i n i ng at command 249 53 1  780 752  
modu l e/serv i ce modu l e  
separat i on 

( b )  Command modu l e  

Actua l  u s ag e ,  l b  Prefl i g ht 
Cond i ti on p l a nned 

Fuel  Ox i d i zer Tota 1 u sage , l b  

Loaded : 
Sys tem A 44 . 8  78 . 4  - - - -

Sys tem B 44 . 4  78 . 3  - - - -

Tota l 89 . 2  1 56 . 7  245 . 9  245 . 0  

Consumed : 
Sys tem A 1 5 . 0  26 . 8  - - - -
Sys tem B . 0  . 0  - - - -
Total 1 5 . 0  26 . 8  40 . 8  39 . 3  

Rema i n i ng at  ma i n  para-
chute dep l oyment : 
Sys tem A 30 . 8  5 1 . 6  - - - -
Sys tem B 44 . 4  78 . 3  - - - -
Tota l 7 5 . 2  1 29 . 9  205 . 1  205 . 7  
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TABLE 8- X I I . - CRYOGEN I CS USAGE 

Hydrogen u sage , l b  Oxygen u sage , l b  
Cond i t i on 

Actua 1 P l anned Ac tua l Pl anned 

Ava i l a b l e  at  l i ft-off : 
Tan k  1 27 . 3  - - 300 . 5  - -
Tan k  2 26 . 8  - - 3 1 4 . 5  - -
Tota l 54 . 1  56 . 4  6 1 5 . 0  634 . 7  

Consumed : 
Tank  1 1 7 . 5  - - 1 74 . 0  - -

Tank 2 1 7 . 4  - - 1 80 . 0  - -
Tota l 34 . 9  36 . 6  354 . 0  3 7 1  . l 

Rema i n i ng a t  command modu l e/ 
serv i ce modu l e separa t i on : 
Tank  l 9 . 8  - - 1 26 . 5 - -
Tank  2 9 . 4  - - 1 34 . 5 - -

Tota l 1 9 . 2  1 9 . 8  26 1 . 0  263 . 6  

TABLE  8-X I I I . - WATER USAGE 

Cond i t i on Quant i ty ,  l b  

Loaded : 
Pota bl e water tank  3 1 . 7  
Wa s te wa ter tank 28 

Produced i n  fl i g ht : 
Fuel  ce l l s  3 1 5 
L i th i um hyd rox i de ,  metabol i c  Not appl i c ab l e  

Dumped overboard ( i nc l ud i ng u r i ne )  325 . 7  

Evapora ted pri or to command modu l e/servi ce  modu l e  separat i on 8 . 7  

Rema i n i ng a t  command modu l e/serv i ce modu l e  separa t i on : 
Potab l e  wa ter tank  36 . 8  
Water was te tank 43 . 5  
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9 .  PERFORMANCE OF THE LUNAR MODULE 

A d i scus s i on of the l unar  modu l e systems performance i s  presented i n  t h i s secti on . 
The  s i g n i fi cant probl ems are  d i scussed i n  deta i l  i n  sect i on 1 6 . Descri pti ve and  h i stori 
ca l  i nformati on a bout  the l unar  modul e i s  pre sented i n  append i x  B .  

Structural and Mechan i cal  Systems 

No s tructural  i nst rumentat i on was i n stal l ed on the l unar modul e ;  con sequent l y ,  the 
structural  performance eva l uat i on was based on l unar  modul e gu i dance and contro l  data , 
cab i n pre s s ure data , command modu l e accel era t i on data , photographs , and anal yt i ca l  
resu l t s .  

Based o n  meas u red  command modul e acce l e ra t i on s  and  on s imul at i ons  u s i ng meas ured 
wi nd data , the l unar  modu l e  l oa ds a re i nferred to have been wi th i n structura l l i mi t s  
dur i n g  the  S- I C ,  S- I I ,  and  S- I V B  l aunch phase  fi ri ngs  and duri ng the  S- I VB trans l unar  
i nj ect ion  maneuvers . The l oads  duri n g  both doc k i n gs were a l so  w ith i n structural  l i mi ts . 
Command modu l e  acce l e rometer data show mi n i ma l  structural  exc i tati on duri ng  the  s e rv i ce 
propu l s i o n  maneuvers , wh i c h  i nd i cated that the l unar  mo du l e  l oa ds were we l l  wi th i n 
structural l i m i t s . 

T he structural l oadi ng  envi ronment  duri ng  l unar l and i ng  was eva l uated from moti on 
p i cture fi l m ,  st i l l  photo graphs , postfl i ght l and i ng s i mu l a t i on s , and  crew comments . The  
mot i o n  p i cture fi l m  from the o n board camera s howed no  evi dence of structural  o s c i l l at i on s  
duri n g  l andi ng , and crew comments a gree wi th th i s a s se s sment . Fl i ght  data from the 
�u i dance and p ropul s i o n  systems were used i n  conduct i ng  the s imul at ions  of the l an d i ng . 
{ See  " Land i ng  Dynami cs '' i n  secti on 5 . )  T he s i mu l at i ons  and photographs i nd i cate that 
the l andi ng- gear- s trut stro k i ng  was very sma l l  and that  the externa l  l oads  deve l oped 
duri n g  l a ndi n g  were wel l wi t h i n  des i gn va l ues . 

Therma l Contro l  

The l unar  modul e i nternal temperatu re s  a t  t h e  end of  the t ra n s l unar fl i g ht were 
nomi nal  a nd wi th i n  3° F of  the l aunch  temperatures . Duri ng  the acti ve peri ods , tempera 
ture respon se  was norma l , and a l l antenna temperature s  were wi th i n acceptabl e l im i t s . 

The  crew i n spected the descent stage thermal  s h i el d i n g  a fter the l unar  l an d i n g  and  
observed no s i gn i fi cant  dama ge .  

E l ectri ca l  Power 

The el ectri c a l  power  system performed sat i sfactori l y .  The  de bus vol tage was 
ma i nta i ned a bove 28 . 8  vol t s  throughout the fl i ght . The  maxi mum o bserved l oad was 
81 amperes duri ng  powered descent i n i t i at i on .  Both i n verters performed a s  expected . 

The kno b on the a scent-engi ne-arm c i rcui t breaker was broken , pro ba b l y  by the a ft 
edge o f  the oxygen purge system h i tti n g  the bre a ker  duri n g  preparat i ons  for extraveh i c 
ul a r  a ct i vi ty .  I n  any event , t h i s c i rcu i t  breaker was c l o sed wi t ho ut d i ffi cu l ty when 
requ i red pri or to ascent . ( See " Broken C i rcu i t Breaker Knob "  i n  sect i on  1 6 . ) 
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At stagi ng , t he descent batteri es  had suppl i ed 1 055 A-h  of  a nomi na l  tota l capac i ty 
o f  1 600 A- h .  The di fference i n  l oa d  s ha ri ng  at  stagi n g  was 2 A-h  on batte ri es  1 a nd 2 and 
23  A-h  on batteri es  3 and  4 ;  both of  these val ues are acceptabl e .  

At  l u nar modul e  j etti son , the two a s cent batteri es had del i vered 336 A - h  of  a nomi nal  
tota l capac i ty of 592 A-h .  The a s cent batteri es conti nued to supply power for a tota l 
o f  680 A-h a t  28 V de or  h i gher . 

Communi ca t i on s  Equ i pment 

T he o vera l l perfo rmance o f  the S-band steerab l e a ntenna was sat i sfactory .  However ,  
some d i ffi cu l t i es were experi enced duri ng  descent o f  the l unar  modul e .  Pri or  to the 
schedu l ed 1 80° yaw maneuver , the s i gna l  strength dropped bel ow the track i n g  l evel , a nd  
t he antenna broke l ock  severa l t i me s .  After t he maneuver was compl eted , n ew l oo k  ang l es 
were set , a nd the antenna acqu i red the up- l i nk s i gn a l  and  tracked norma l ly  unt i l  l and i ng .  
The most pro ba b l e  cause  o f  the probl em was a comb i na t i on o f  veh i c l e bl ockage and mul t i 
path  refl ecti ons  from the l unar s u rface , a s  d i scussed i n  " Steera b l e Antenna Acqu i s i ti on "  
i n  sect i on  1 6 .  

Duri n g  the enti re extra vehi cu l ar  act i v i ty ,  the l unar  modu l e  rel ay provi ded good 
vo i ce and extravehi cul ar  mobi l i ty uni t data . Occa s i ona l  breakup  of  the Lunar  Modu l e  
P i l ot ' s  vo i ce occurred i n  the ext raveh i cu l a r  commu n i c a t i o n s  sys tem re l ay mode . The most  
probab l e cause  wa s that  the sensi ti v i ty of  the  vo i ce-operated rel ay of  the Comma nder ' s  
aud i o center i n  t he l unar  modu l e  was i nadve rtentl y set a t  l es s  than  the max i mum spec i fied . 
( Th i s anoma l y  i s  di scus sed i n  " Vo i ce Breakup Duri ng  Extraveh i cu l ar  Act i vi ty" i n  sec-
t i on 1 6 . ) A l so , duri ng  the extraveh i cu l a r  act i v i ty ,  the Manned Space F l i ght Network 
recei ved an i ntermi ttent echo of the up-l i n k t ransmi s s i on s . T h i s echo was most l i ke ly  
caused  by s i gnal  coupl i ng between the  headset and mi cro phone . ( A  deta i l ed d i scus s i on 
o f  th i s anoma l y  i s  gi ven i n  " Ec h o  Duri ng  Extrave h i cul a r  Act i v i ty"  i n  secti on 1 6 . ) After 
crew i ngress  i nto the l unar  modu l e ,  the vo i ce l i n k was 1 o st  when the portabl e l i fe 
support system antennas were stowed ; however ,  the data from the extraveh i cu l a r  mobi l i ty 
un i t  rema i ned acceptabl e .  

Tel evi s i on transm i s s i on was good duri ng  the ent i re extraveh i cu l ar  act i vi ty ,  both  
from the descent stage stowage un i t  and  from the tri pod on the  l unar su rface . The  
s i gnal -to-no i se rat i o s  of the  tel evi s i on l i nk were good . The  tel evi s i on was turned off 
a fter 5 hours 4 mi nutes o f  cont i n uous  operat i on . 

Lunar  modu l e  vo i ce and data commun i cat i on s  were normal duri ng the l i ft-off from the 
l unar  surfa c e .  The steera b l e  antenna ma i nta i ned l ock  and t racked t hroughout the a scent . 
Up- l i n k s i gna l  strength rema i ned stabl e a t  approx i mate l y  -88 dBm . 

I n st rumentat i on 

The performance o f  the opera t i ona l i n strumentat i on was sati sfactory ,  wi t h  the 
excepti on o f  the data stora ge el ectron i c a s semb l y  (onboard vo i ce recorder ) .  When the 
tape wa s pl ayed , no t i m i n g  s i gnal  was evi dent , and the voi ce was weak and u n readabl e ,  
wi th  a 400- hertz hum and  a wi deband no i se backgro und . ( For fu rther d i s c u s s i on o f  th i s 
anoma l y , see " On board Recorder Fa i l u re "  i n  sect i on 1 6 . )  
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Gui dance and Control 

Power-up i ni ti a l i zat i on . - The gu i dance and contro l  system power-up sequence was 
nomi nal  except that the crew reported an i n i t i a l  d i ffi cul ty i n  a l i n i ng the a bo rt gu i dance 
system . T he a bort gu i dance sys tem i s  a l i ned i n  fl i ght  by transferri ng the i nerti a l  
measurement  u n i t g imbal  a ngl es from t h e  pri mary gu i dance system , and  from these a ng l es 
e stabl i s h i ng a di rect i o n  cos i ne matri x .  P r i o r  t o  the fi rst  a l i nement a fter act i vati on , 
t he pr i mary sy stem coupl i ng data u n i t s  and the a bort system g imbal angl e reg i sters mu st 
be zeroed to ensure that the ang l es accuratel y refl ect the p l atform atti tude . Fa i l u re 
to zero coul d cause the symptoms reported . Another pos s i bl e cause  o f  the d i ffi cu l ty i s  
an  i ncorrect sett i ng of the orbi tal  rate dr ive  e l ectron i c s  mode swi tch . I f  th i s swi tch  
i s  set  i n  the  ORB I TAL RATE pos i ti on ,  even though the o rbi tal  rate dri ve un i t  i s  powered 
down , the p i tch atti tude d i spl ayed on the fl i ght  d i rector atti tude i nd i cator wi l l  be 
offset by an amount  correspondi ng to the orbi tal  rate dr i ve res·o l ver . No data are 
avai l a bl e for the a l i nement  attemp t ,  and  no pert i nent i n fo rma t i on i s  contai ned i n  the 
data before and a fter the occurrence . Because o f  the s ucces s o f  al l s ub sequent a l i nement 
attempts , hardware and software mal functi o n s  are unl i kel y ,  and  a procedural  d i screpancy 
i s  the most probabl e cause of  the di ffi cu l ty .  

Atti tude reference s�stem a l i neme nts . - Pert i nent data concern i ng  each  o f  the 
i nerti al  meas urement  uni t a l i nements are contai ned i n  tabl e 9- I .  The f i r s t  a l i nement 
wa s performed befo re u ndocki ng , and the command modu l e  pl atform was u sed a s  a reference 
i n  correct i ng for the n�a s u red 2 . 05°  mi s a l i nement  of the docki ng i nterface . After 
undoc k i ng , the a l i nement  opt i ca l  tel escope was u sed to real i ne the pl atform to the  s ame 
re ference , and  a mi sal i nement equ i val ent to the gyro torqu i ng ang l es s hown i n  tabl e 9- I 
was ca l cu l a ted . T hese angl es  were wel l wi th i n the go/no-go l im i t s  establ i s hed prefl i ght . 

TABLE 9- I . - LUNAR MODULE PLATFORM A L I NEMENT SUMMARY 

Al i nement mode 
Star angl e Gyro torq u i ng ang l e ,  deg 

T i me ,  Type o f  Tel escope Star d i fference , h r : m i n  a 1 i nement Opt i on Techn i que detent used 
( a )  ( b )  deg X - a x i  s 

-

1 00 : 1 5  P52 3 NA Front Acrux 0 . 03 - 0 . 292 
- - Antares 

1 03 : 01 P57 3 1 NA NA . 1 5  . 005 

1 03 : 47 P57 3 2 Left rear Ri ge l  . 09 - .  1 67 
R i g h t  rear Na v i  

1 04 : 1 6  P57 4 3 L e ft rear R i g e l  . 08 . 228 
- - - -

1 22 : 1 7  P57 3 3 R i ght rear C a pe l l a  . 07 - .  699 
- - - -

1 2 3 : 49 P57 4 3 Left front Mi rfak . 1 1  . 089 
R i g h t  rear Capel l a  

1 24 : 51 P52 3 NA Front R i gel 0 - . 006 
Front Acrux 

- �  

a
3 i nd i ca tes reference s tabl e member ma t r i x  ( R E FSMMAT ) ;  4 i nd i cates 1 and i ng s i t e .  

b
l i ndi cates REFSMMAT pl us  g ;  2 i ndi cates t wo  bod i es ; 3 i ndi cates one body p l u s  g .  
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Y - a x i s Z-ax i s  

0 . 289 - 0 . 094 

- . 1 05 - .  225 

. 1 86 . 014  

- . 025 - . 284 

. 695 - . 628 

. 067 - . 041 

. 064 . 1 37 

Gyro d r i ft , mERU 

X - a x i  s Y - a x i s  Z - a x i  s 

- - - - - -

- - - - - -

4 . 5  - : . o  0 . 4  

- - - - - -

2 . 6  - 2 . 6  -2 . 3  

- 4 . 9  - 3 . 2  - 2 . 0  

. 4  - 2 . 8  8 . 1  



After the descent orb i t  i nsert i on maneuver , a n  al i nement c heck was performed by 
mak i ng three tel e s cope s i ghti ngs on the sun . A compari son was made between the actual  
p i tch ang l e  req ui red for the sun  ma rks and the  angl e ca l cu l ated by the  onboard computer . 
The resu l t s were wel l wi thi n the a l l owabl e tol erance and aga i n  i ndi cated  a proper l y  func
t i on i ng  pl atform . 

The i nerti a l  measurement un i t  was al i ned fi ve t i mes whi l e  on  the l unar  s urface . A l l 
t hree a l i nement opti ons were used success ful l y  and are l i s ted a s  fo l l ows : ( 1 ) an a l i ne
ment  u s i n9 a gravi ty vector cal cu l ated by the onboard acce l eromete rs and  a p restored 
a z i muth , ( 2 ) an a l i nement us i ng the two vecto rs o btai ned from two di fferent sta r s i ght i ngs , 
and ( 3 ) an  a l i nement u s i ng  the cal cul ated gravi ty vector and a s i ngl e star s i ghti n g  to 
determ i ne an a z i muth . 

The Lunar t�odul e Pi l ot reported that the opt i ca l  s i ght i ngs a s soc i ated w ith  these 
a l i nements were based on a techni que in whi ch the a verage of fi ve success i ve s i ght i ngs 
was cal cu l ated by hand and then i n serted i nto the compute r .  An analys i s  of these 
succes s i ve s i ghti ngs i ndi cated that the random s i ghti n g  error was sma l l  and that the o n l y  
s i gn i fi cant trend observed i n  the success i ve s i ghti ngs w a s  l unar  rate . 

The p l a tform rema i ned i ne rt i a l  duri ng  the 1 7 . 5 - hour  per i od between the th i rd and 
fourth a l i nements .  Because  both of  these a l i nements were to the same ori entat i on ,  i t  i s  
pos s i bl e to make a n  est imate o f  gyro dri ft wh i l e  on t he l unar  s urface . Dri ft was 
c a l cu l a ted from three sources : the gyro to rq u i ng angl es  or mi sa l i nement , i nd i cated a t  
the second a l i nement ; the gi mbal angl e change hi story i n  compar i son t o  that p redi cted 
from l unar  rate ; and the compari son of the actua l  grav i ty track i ng  h i story of  the onboard 
acce l erometers wi th tha t predi c ted from l unar rate . The resul t s  from the a l i nements 
( tabl e 9- I I ) i nd i cate excel l ent agreement for the gra n u l a ri ty of  the data used . 

TABLE  9- I I . - LUNAR SURFACE GYRO DR I FT COMPAR I SON 

Gyro dri ft , deg 

Ax i s  Computer output  ( program P57 ) Gi mbal angl e change Computed from gravi ty 

X 0 . 699  0 . 707 0 . 41 3  

y - . 696 - . 73 - . 76 

z . 628 . 623 1 . 00 

The abort gu i dance system was a l i ned to the pri mary system at l ea s t  n i ne t i mes 
duri ng  the mi s s i o n  ( tabl e 9- I I I ) . The a l i nement accuracy , as  determi ned by the E u l er  
ang l e di fferences between the pri mary and a bort systems for the  e i ght  a l i nements ava i l 
a bl e  on tel emetry , wa s wi th i n spec i fi cat ion  tol erances . I n  addi ti on , the abort gu i dance 
system wa s i ndependently a l i ned three t imes  on the l unar s urface by u s i n g  gravi ty , as 
determi ned by the abort system accel erometers , and by u s i n g  an az i muth deri ved from an 
externa l source . The resu l t i ng E u l er angl es  are s hown i n  tabl e 9- I V .  A val i d  compa ri son 
fo l l owi n g  the fi rst al i nement cannot be made beca use the a bort gui dance system az i muth 
wa s not updated . Primary g u i dance a l i nements  fo l l owi ng  the second a l i nement  were i ncom
pat i bl e  wi th the abort gu i dance system becau se the i nert i a l  mea s u rement  un i t  was not 
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a l i ned to the l oca l  verti cal . A compari son of the E u l er angl es for the th i rd a l i nement 
i nd i cated an  a z i muth  error of 0 . 08° . Thi s e rror resu l ted from an i ncorrect az i muth val ue 
rece i ved from the ground and l oaded manua l l y  i n  the a bort gui dance system . The res u l t i ng 
0 . 08° a z i muth erro r  caused an  o u t-of-pl ane vel oc i ty d i fference between the pri mary and 
abort sys tems a t  i ns e rti on . ( See "Ascent" i n  s e c t i on 5 . ) 

TABLE 9- I I I . - GU I DANCE SYSTEM A L I NEMENT COMPARI SON 

I nd i cated d i fference , g i mbal 
T i me ,  mi nus  a bort el ectron i c s , deg  

hr : mi n : sec  
X-axi s Y-ax i s Z-ax i s 

Lunar s urface 

1 02 : 52 : 01 - 0 . 0081 0 . 0066 0 . 0004 

1 03 : 1 5 : 29 - .  01 61  - .  0271  . 0004 

1 03 : 50 : 29 - . 0063 - .  001 5 . 0028 

1 22 : 36 : 00 - . 01 66 - . 0025 . 0028 

1 22 : 53 : 00 - . 01 52 - . 0071 - . 001 2 

1 22 : 54 : 30 - .  0071 - .  01 01 - . 001 2 

I nfl i ght 

1 00 : 56 : 20 - 0 . 001 9 -0 . 0037 0 . 0067 

1 26 : 1 1 : 56 - . 0369  . 01 04 - . 0468 

TABLE  9- I V . - LUNAR SURFACE AL I N EMENT COMPARI SON 

Ang l e  Abort gu i dance Pr imary gu i dance D i fference 

Yaw , deg . 1 3 . 3 1 94 1 3 . 2275  0 . 091 9 

P i tch , deg 4 . 4041 4 . 4055 - . 00 1 4 

Rol l , deg . 5001 . 46 1 4 . 0387 

Trans l a t i on maneuvers . - Al l trans l ati on maneuvers were perfo rmed under the pri mary 
gui dance system contro l , w i th  the a bort gu i dance system opera t i n g  i n  a mon i tor mode . 
S i gn i fi cant parameters a re con ta i ned  i n  tabl e 9 - V .  The dynami c response  o f  the s pacecraft 
was n omi na l  duri n g  descent  a nd a s cent eng i ne maneuvers , a l though the e ffect of fuel  s l osh  
duri n g  powered descent was greate r than expected , based on p refl i ght  s i mu l ati on s .  Sl osh  
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osc i l l a t i ons became noti cea b l e after the 1 80° yaw maneuver and gradu a l l y  i nc reased to 
the extent that thruster fi r i ngs  were requ i red for dampi ng ( fi g .  5 - 1 1 i n  sect i on  5 ) . The 
effect remai ned not i cea bl e and  s i gn i f i cant unt i l  a fter the end of the bra k i n g  phase , when 
the engi ne wa s throttl ed down to begi n rate-of-descent contro l . The s l o s h  response has 
been reproduced postfl i ght by mak i n g  s l i ght var i a t i on s  i n  the s l o s h  model dampi n g  rati o .  

Cond i t i o n  

Time 

I g n i t i o n ,b h r : mi n : sec . 

Cut - o f f , b h r : mi n : sec . 
Dura t i o n , sec . . . . . .  . 

Velocity (desi red/actua l ) ,  ft/sec: 
X-ax 1s component . 
Y-ax i s  component . . 
Z - a x 1 s  component . . . . . . .  . 
Coordinate system . . . .  . 

Velocity residual after t r i mm i n g ,  
ft/sec : 

X-axi s com!'JOnent . . . . . .  . 
Y - a x i s  component . . . . . .  . 
Z-axi s component . . . .  . 

Gimbal drive actuator, i n . :  
I n i t i a l  

Pi tch . . . . . . . 
Rol l . . . . . . . 

Max i mum excursion 
P i tc h  . . . . . .  . 
Roll . . . . . .  . 

Steady state 
P i tc h  . . . . . . . . .  . 
Rol l . . . . . . . . .  . 

Maximum rate excursion . deg/sec : 
Pi tch . . . . . . . . . . . .  . 
Rol l  . . . . . . . . . . . .  . 
Yaw . • . • • . • • • . . • . .  

Maxi mum a t t i tude excurs i o n ,  deg : 
P i tc h  . . . . . . . . .  . 
Rol l . . . . . . . . 
Yaw . . . . . . . . . • . . . .  

Descent orbi t 
i nsertfon 

(·PGNCS/OPS) 

c l Ol : 36 : 1 4  

1 01 : 36 : 44 
30 . 0  

- 7 5 . 8/ ( d )  
0 /  ( d )  

9 . 8/ ( d )  
Local vert i ca 1 

co 
- . 4  

0 

( d )  

( d )  

( d )  

--

TABLE 9-V. - LUNAR MODULE foiANEUVER SU'foltiRYa 

Maneuver 

Powered descent 
i n i t i at ion 
( PGNCS/OPS ) 

1 02 : 33 : 05 . 01 

1 02 : 4 5 : 4 1 . 40 
756 . 39 

6775 (tota l )  

NA 

. 43 
- . 02 

. 03 
- . 28 

. 59 
- . 28 

. 8  
- . 8  
- . 6  

1 . 2 
- 1 . 6  
- 2 . 4  

Ascent 
( PGNCS/APS) 

� �  - - ��--- -- -

1 24 : 2 2 : 00 . 79 

1 24 : 2 9 : 1 5 . 67 
434 .88 

971 . 27/971 . 32 
. 22/ . 1 8  

5550. 05/5551 . 57 
Stable p l a t form 

. 4  
-1 . 0  

1 . 4  

NA 

- 1 6 . 2  
1 . 8 
2 . 0  

3 . 2  
- 2 . 0  
- 2 . 0  

- - - �------ �--

Coel l i pt i c  se-
quence i n i t i a tion 

(PGNCS/RCS) 
f------- � 

cl 2 5 :  1 9 : 35 

1 25 : 20 : 22 
4 7 . 0  

51 . 5/ fd )  
l .  0 /  d )  

0 /  ( d )  
Local vert i ca 1 

- . 2  
. 7 

- . 1  

NA 

( d ) 

( d ) 

--
3Rendezvous maneuvers after term ina 1 phase i ni t i at ion are d i s c u s sed in section 5, based on crew reports . 
bl gn i tion and cut-off times are those commanded by the compu ter. 
c Reported by crew. 
dNo data ava i l abl e .  

Constant- Termi nal phase 
d i ffere n t i a l  height i n i ti a t ion 

( PGNCS/RCS ) ( PGNCS/RCS)  -
1 26 : 1 7 : 4 9 . 6  1 27 : 03 : 51 . 8  

1 26 : 1 8 : 29. 2 1 27 : 04 : 1 4 . 5  
1 7 . 8  22 . 7  

2 . 04/ 2 . 05 -20 . 70/-20 . 62 
1 8 . 99/1 8 . 85 -1 3 . 81 / -1 4 . 1 0  

6 . 6/6 . 1 7  -4 . 1 9/ - 4 . 93 
Earth-centered Eart h-centered 

inertial i ne r t i a l  

. 1  - . 2  
- . 1  0 

0 - . 1 

MA NA 

- . 8 1 . 2 
- . 6 . . 8  
• .  2 - .  2 

-1 . 6  - . 4  
. 8  - . 4 

· . 4  . 8  

The a s cent maneuver was nomi na l , wi th the crew reporti ng the wal l owi n g  tendency 
i nherent i n  the control techn i que u sed . As s hown i n  ta bl e 9-V , the ve l oc i ty at  i nsert i on 
was 2 ft/ sec h i gher than pl anned . Th i s h i gher vel o c i ty has  been attri buted to a d i ffer
ence i n  t he p red i cted and actual  ta i l -off cha racteri s t i c s  of  the engi ne . 

T he a bort gu i dance system , a s  stated , was used to mon i tor  a l l pr imary gu i dance 
system maneuvers . Performance was excel l ent  except for some i so l ated procedura l  pro b l ems . 
T he a z i muth  mi sal i nement whi ch  was i nse rted i nto the abort gu i dance system pri or to 
l i ft-off and whi ch  contri buted to the out-of- pl a ne e rror a t  i n serti on i s  d i scus sed i n  
"Att i tude Reference System Al i nements " i n  t h i s sect i on . D u ri n g  the ascent fi r i n g , t he 
a bo rt gu i dance system vel oc i ty to be gai ned was u sed to compare wi th  and  to mon i tor the 
pri mary system ve l oc i ty to be ga i ned . The crew reported that near the end of  the i n ser
t i on maneuver , the pri mary and a bort system d i spl ays d i ffered by 50 to 1 00 ft/sec . A 
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s im i l a r compari son of  the reported parameter d i ffe rences has  been made pos tfl i g ht  and i s  
s hown i n  fi gure 9- l .  As i ndi cated , the ve l oc i ty di fference was as l arge as 39 ft/sec  and 
was caused by l ack o f  t ime synchron i za t i on between the two s e ts of  data . The cal cu l ati ons 
are made and di s p l ayed i ndependently by the two computers , wh i ch have outp u ts tha t  a re 
not synchron i zed . Therefore , the t ime at  wh i ch a g i ven vel oc i ty i s  va l i d  coul d vary a s  
much a s  4 seconds between the two sys tems . Both sys tems a ppear t o  have opera ted 
properl y .  

1«l0 � --- ---

� Abort guidillct 
system dlt• loss 

' 

� f- - ---- -� 
1200 

J(XXJ 

I- -- --
Pnmary gu1dance �ystem -

--

400 1--- --- -

200 1--- -- -- -

- -

� 
t--- -

-- --

- -

� 

-- --

f- - - -

� 
-- -

� 

1----

[' _ . - Aborl guidance system 

--- - � 
' 

0 JO JO «> _50 
Time, hr:min:sec 

" , f';, 
10 

Fi g ure 9- l . - Compa ri son  of  primary g u i dance and abort g u i dance sys tem 
ve l oc i t i es duri ng fi n a l  as cent phase . 

The abort g u i dance sys tem performed sat i sfactori ly duri ng moni tori ng of rendezvous 
maneuvers , a l though res i dua l s  a fter the term i na l  phase  i n i ti at ion  maneuver were somewh at  
l arge .  The  d i fferences were caused  by a 23- s econd- l a te i n i ti a t i on of the maneu ver and  
by re l a ti vely l arge a tt i tude excurs i ons i nduced because of  the  i ncorrect se l ecti on of  
wi de deadband in  the  primary sys tem . The  desi red vel oc i ty vector in  the  abort  gu i dance 
sys tem i s  chosen for a nom i n a l  t ime of  rendezvous . I f  the termi na l  phase i n i ti a ti on 
maneuver i s  begun at a t ime other than nomi na l  and i f  the abort sys tem i s  not re targeted , 
the maneuver d i recti on and mag n i tude wi l l  not be correct . 
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Att i t ude contro l . - The di g i ta l  autopi l ot was the primary source o f  atti tude contro l  
duri ng the mi s s i on ,  a n d  i t  performed a s  des i gned . One procedu ral  di screpancy occurred 
duri ng the 1 80° yaw maneuver a fter the start of powered descent . T he yaw maneu ve r  was 
performed manua l l y by us i ng the proport iona l  rate output of the rota t i onal  hand contro l 
l er .  Because a l ow rate sca l e was erroneo u s l y  se l ected for d i s pl ay ,  the maneuver was 
begun and  parti al l y  compl eted at  l es s  tha n the des i red rate o f  1 0  deg/sec . Con ti n u i n g  
the maneuve r  o n  t h e  l ow rate sca l e woul d have del ayed l and i ng-radar acqu i s i t i on . After 
the prob l em was recogn i zed , the h i g h  rate sca l e was se l ected , and the maneuver was com
pl e ted a s  pl a nned . The a bort gu i dance system was used j u s t  pri or  to the second dock i n g . 
Performance was a s  expected ; however , some di ffi cu l ty was exper i e nced duri ng  the dock i ng . 
(See " Rendezvo u s "  i n  secti on 5 . ) 

Pri mary gu i dance , nav i�a�j��� and contro l  system perfo rmance . - The i nert i al mea su re
men t  un i t  was repl aced 1 2  days before l aunch , and the new un i t exh i bi ted excel l ent 
performance throughout the mi s s i on . Tabl e 9-V I  conta i n s the prefl i ght  h i s tory of  the 
i nert i a l  components for the i nerti a l  measu rement un i t .  The acce l e rometer b i a s  h i story 
i s  s hown i n  tabl e 9-V I I .  An accel erometer b i a s  update was performed pri o r  to undocki ng , 
wi th the resu l t s a s  s hown i n  tab l e  9-V I I .  

TABLE 9 -V I . - LUNAR MOQULE I NERTIAL COMPONENT PREFL I GHT H I STORY 

Error 

X - ax i s :  
S c a l e  factor error , ppm 

B i a s ,  cm/sec
2 

Y-ax i s :  
Sca l e  factor error , ppm 

B i a s , cm/sec
2 

Z - ax i s :  
Sca l e  factor error , ppm 

B i a s ,  cm/sec
2 

X - a x i s :  
Nul l  b i a s  dr i f t , mERU 

Accel era t i on dri ft , s p i n reference 
a x i s ,  mERU/g 

Acc e l era t i on dr i f t ,  i n put a x i s ,  
mERU/g 

Y - a x i s :  
Nu l l  b i a s  d r i f t , mERU 

Accel era t i on dri f t ,  s p i n  reference 
a x i s ,  mERU/g 

Acc el era t i on d r i f t , i nput ax i s ,  
mERU/g 

Z - a x i s :  
Nu l l  b i a s  d r i ft , mERU 

Accel era t i o n  d r i f t , s p i n  reference 
a x i s ,  mERU/g 

Acc e l e r a t i o n  d r i ft , i np u t  ax i s ,  
mERU/9 

Samp l e S ta n d a rd 
mean dev i a t i o n  

Accel erometers 

- 1 55 l l l  

. 60 . 0 9  

- 1 1 56 1 1  

. 08 . 04 

-549 7 2  

. 1 4  . 1 2  

Gyroscopes 

- 1  . 5 1 . 4  

5 .  7 0 

1 2 . 8  3 . 5  

3 . 0 1 . 6 

-4 . u  1 . 4  

- 2 . 3  6 . 1  

4 . 1  . 6  

-4 . 7  . 4  

-9 . 3  7 . 7  

Numbe r o f  _
_ 
l_Countdown 

sampl es v a l u e  

4 - 2 37 

4 . 70 

2 - 1 1 64 

2 . 05 

2 -600 

2 . 2 2 

3 -1 . 3 

2 5 .  7 

2 1 5 . 2  

3 1 . 3  

2 - 3 . 1  

2 2 . 0  

3 3 . 5  

2 -4 . 4  

2 - 3 . 8  . .  - - - �.....__------� ---- - - �-

F l i g h t  
l oad 

--
-270 

. 66 

- 1 1 50 

. 1 0  

-620 

. 20 

- 1 . 6 

6 . 0  

1 0 . 0  

3 . 8  

- 5 . 0  

3 . 0  

4 , 4  

- 5 . 0  

-3 . 0  
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TABLE  9-VI I . - ACCELEROMETER B IAS FL I GHT H I STORY 

Bi a s , em/ sec 2 

Condi t i o n  
X-ax i s Y-axi s Z-axi s 

Fl i ght l oad 0 . 66 0 . 1 0  0 . 20 

Updated val ue . 66 . 04 . 03 

Fl i ght  a verage befo re update . 63 . 04 . 03 

Fl i ght avera ge after update . 67 . 07 - .  0 1  

Vi s i bi l i ty in  orbi t and on the l unar su rface thro ugh  the a l i nement o pti cal  tel escope 
was a s  expected . Because o f  the rel at i ve pos i ti on of  the earth , the sun , a nd the refl ec
t i o n s  o ff the l unar  s urface , onl y the l eft and ri ght rear  tel escope detent pos i t i ons  were 
usabl e after touchdown . Star recogn i ti on and  vi s i bi l i ty through  these detents  pro ved to 
be adequate . T he sun angl e had changed by the t ime of l i ft-off , and on ly  the ri ght rear  
detent was  usab l e .  Th i s detent pro ved s uffi c i ent for the  a l i nements made j ust pri o r  to 
l i ft-off . ( See "Ascent"  i n  secti on 5 . )  

The l unar modu l e  gui dance computer performed as  de s i gned , except for a n umber of  
unexpected a l a rms . The  fi rst a l arm occurred  duri ng the p ower-up sequence when the  d i sp l ay 
keyboard c i rcu i t  breaker was c l osed , and  a 520 a l a rm ( RADAR RUPT ) , whi ch  was not  expected 
at  th i s  t i me ,  was generated . Thi s a l a rm ,  whi c h  ha s been reproduced  on the ground , was 
caused by a random sett i n g  of  l ogi c gates duri ng  the turn-on sequence . T he 520 a l a rm has 
a l ow probabi l i ty of occurrence and i s  nei ther a bnormal  nor i n d i cati ve of  a mal funct i on .  

T he Execut i ve overfl ow a l arms that occurred duri ng  descent ( " Powered Descent "  i n  
secti o n  5 )  are now known to be normal  for the exi s ti ng s i tuat ion  and are i nd i cati ve of  
the  proper performance of  the  gu i dance computer .  These  al a rms are d i scus sed i n  
"Computer Al arms  Duri n g  Descent" i n  secti on 1 6 .  

Abort gui dance system performance . - Except for procedura l  errors whi ch degraded 
performance to s ome extent , a l l requ i red funct i on s  were sat i s facto ry .  E i ght  known state
vector transfers from the pri mary system were performed . The resu l ti ng  pos i t i on and 
vel oc i ty d i fferences for three of the trans fers are s hown i n  tab l e 9-V I I I .  Wi th the 
except ion  of one i ncorrect d i ffe rence caused by an i ncorrect K-factor used to t i me
sync h ron i ze the system , a l l state-vector updates were accompl i s hed  wi thout d i ffi cu l ty .  

TABLE 9-VI I I . - ABORT GU I DANCE STATE-VECTOR UPDATES  

T ime , /\bart mi nus  pri mary gu i dance 

hr : mi n : sec Pos i t i on , ft Ve l oci ty ,  ft/ sec  
� - - -

1 22 : 3 1 : 02 - 1 37 . 6  0 . 05 

1 24 : 09 : 1 2  - 1 77 . 6  - . 1 5  

1 26 :  1 0 : 1 4  - 301 . 3  - 2 . 01 

1 1 0  



T he prefl i ght i nert i a l  component test  h i story i s  s hown i n  tabl e 9- I X .  The i nfl i gh t  
cal i brati on resu l ts were not recorded ; however ,  j u s t  pri or t o  the i nfl i ght ca l i brat i on 
( befo re l os s  of  data ) ,  the accel erometer b i a ses  were cal cu l ated from vel oc i ty data and 
known computer compensat i on s . T he s h i ft between the prei nsta l l at i on cal i brati on data and 
the fl i ght  mea s u rements i s  shown i n  tabl e 9 -X . (The capabi l i ty est i mate l i mi ts a re based 
on current three- s i gma capabi l i ty e st ima tes wi th expected measurement e rrors i nc l uded . )  

TABLE  9 - I X . - ABORT GU I DANCE PRE I NSTALLAT ION  CAL I BRAT ION  DATA 

( a )  Accel erometer b i a s  

Sampl e Standard Number Fi na 1 ca 1 i - Fl i ght  compens a -
Axi s mean , devi a t i on , of bra t i o n  val ue , t i on va l ue , 

JJ 9  JJ 9  s ampl es ]Jg JJ 9  
X -53 42  1 5  1 0 
y -22  9 1 5  - 1 7 -23 . 7  
z -79 22 1 5  -66 -71 . 2  

( b )  Accel erometer sca l e factor 

Standa rd Number F i na l  c a l i - Fl i g ht compensa-
Ax i s  devi at i on , o f  bra t i on va l ue , t i o n  val u e ,  

ppm samp l e s  ppm ppm 

X 1 4  9 -430 -463 . 5  
y 28 9 324 299 . 5  
z 1 2  9 1 483 1 453 . 4  

( c )  Gyro s ca l e  fac tor 

Sampl e S tandard Number F i na l  cal i - F l i ght  l oad  
Ax i s  mea n , devi a t i on , of bra t i on va l u e ,  val ue , 

deg/hr  deg/hr sampl es deg/hr  deg/h r  

X - 1 048 - 1 0  1 5  - 1 048 - 1 048 
y -300 -47 1 5  -285 -285 
z 3456 1 6  1 5  3443 3443 

1 1 1  



Ax i s  

X 

y 

z 

Ax i s  

X 
<----- - --- --

1 1 2  

TABLE 9 - I X . - ABORT GU I DANC E PRE I N STALLAT ION  CAL I BRAT ION DATA - Concl uded 

( d )  Gyro fi xed dri ft 

Sampl e Standard Number F i nal  ca l i - Fl i ght  l oad 
mea n ,  dev i a ti o n ,  of bra t i o n  val ue , va l ue , 

ppm ppm sampl es ppm ppm 

0 . 33 0 . 05 1 5  0 . 27 0 . 27 

. 04 . 05 1 5  . 03 . 03 

. 5 1  . 07 1 5  . 4 1  . 4 1  

( e )  Gyro s p i n  ax i s  mass unbal ance 

Samp l e Standard Number F i nal  c a l i - F l i g h t  l oad 
mean , dev i a t i on , o f  bra t i on va l ue ,  va l u e ,  

deg/hr/g deg/ hr/g sampl es deg/hr/g deg/hr/ g  

-0 . 67 0 . 1 2  1 5  -0 . 6 5  -0 . 6 5  

TABLE 9-X . - ACCELEROMETER STA B I L I T Y  

( a )  Prei nsta l l ati on and  fl i ght  measurements 

Acce l e rometer bi as , P 9 
Acce l erometer Prei nsta l l ati on Free fa 1 1  48-day Capabi  1 i ty cal i brat i on 

( J une 6 ,  1 96 9 )  ( J u l y  20 , 1 96 9 )  s h i ft e s t i ma te 

X -ax i s 1 -65 -66 1 85 
Y-ax i s  - 1 7  -4 1  -24  1 85 

Z -ax i s -66 -84 - 1 8 1 85 



TABLE  9-X . - ACC ELEROMETER STAB I L ITY  - Concl uded 

( b )  I nfl i ght  measurements 

Accel erometer b i a s , �g  

Acce l erometer Ca pabi l i ty Before descent After ascent Sh i ft e s t i mate 

x-ax i s  - 34 -62 -28 60 

Y -ax i s - 2 7  - 3 1  - 4  60 

Z-axi s - 41 -62  -2 1  60  

When  te l emetered data  were regai ned a fter the  i nf l i ght c a l i brat i on and after powered 
ascent , exce l l ent  acce l erometer s tab i l i ty was i ndi cated as  s hown i n  tab l e  9-X . ( T he 
capabi l i ty est ima te l i mi ts are based upon current three - s i gma capab i l i ty esti ma tes wi th 
expected measureme nt errors i nc l uded . )  I nfl i ght  ca l i brat i on data on the gyros were 
reported , a nd two l unar  su rface  gyro cal i bra t i ons  were performed wi th the res u l ts shown 
i n  tab l e  9 -X I . The degree of stabi l i ty of the i n s truments was wel l wi th i n the expected 
va l ue s . 

TABLE 9- X I . - GYRO CAL I BRAT ION COMPARI SON 

Gyro dri ft , deg/h r  
Ca l i brat i on 

X-ax i s Y-axi s Z-ax i s 

Prei ns ta l l at i on ( J une 2 ,  1 96 9 )  0 . 2 7  0 . 03 0 . 4 1 

F i na l  earth pre l aunch ( J une 28 , 1 968 )  . 1 0  - .  1 3  . 35 

I nfl i ght ( J u l y  20 , 1 96 9 )  . 33 - . 07 . 38 

F i rst  l unar  s urface ( J u l y  2 1 , 1 96 9 )  . 34 - . 08 . 47 

Second l u nar s urface ( J u l y  2 1 , 1 969 ) . 4 1  - . 04 . 50 

The on ly  hardware di screpancy reported i n  the abort gu i dance sys tem was the fai l u re 
of  an  e l ectrol umi nescent segment i n  one di g i t of the data entry and d i spl ay a s sembly .  
(Th i s fa i l ure i s  d i scussed i n  " E l ectro l umi nescent Segment on Di sp l ay I noperati ve"  i n  
secti on 1 6 .  ) 
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React ion  Contro l  

T h e  performance of  the reacti on contro l  system was s at i sfactory .  The sys tem pre s 
s ur i zati on sequence wa s nomi na l , a n d  the regul a tors ma i nta i ned acceptabl e outl e t  pres sures 
( between 1 78 and 1 84 p s i a )  t hro ughout the mi s s i on .  

The c rew reported thrus t chamber a s semb l y  warn i ng fl ags  for three engi ne pa i rs .  
The A2 and A4 fl ags occurre d  s i mu l taneo u s l y  duri ng  l unar modul e sta t i on -keep i n g  p r i o r  
t o  des cent  orb i t  i n serti on . The 8 4  fl ag  a ppea red s hortly therea fter a n d  a l so  twi ce 
j ust  befo re powered descent i n i t i at i on . The crew bel i eved that these fl ags were accom
pani ed by mas ter a l a rms . The fl ags  were reset by cycl i n g of the caut i on and  warn i n g  
e l ectron i cs c i rcu i t breaker . ( See " React i on Control System Warni ng Fl a g s "  i n  sec t i on 1 6  
for further di scuss i on of  these warni ng  fl ags . ) 

T he chamber p ressure swi tch i n  react i on control engi ne B l D fa i l ed i n  the c l osed 
mode approxi mately 8 . 5  mi nutes after powered descent i n i t i ati o n .  The swi tch rema i ned 
c l o sed for 2 mi n utes 53  seconds , then opened and functi oned properl y for the rema i nder 
of  the mi s s i on . The fa i l u re mode i s  bel i eved to be the s ame as  that on the Apol l o  9 and 
1 0  mi s s i on s , that i s ,  p a rt i cu l a te contami nat i on or  prope l l ant  res i due hol d i ng the swi tch 
cl o sed . The on ly  potent i a l  consequence of  the fai l ure wou l d  have been the i nabi l i ty to 
detect an engi ne  fa i l ed i n  the off mode . 

A master a l arm was noted a t  1 26 : 44 : 00 ,  when seven consecuti ve pu l ses  were commanded 
on  eng ine  A2A wi thout a pres sure swi tch response . Further di scus s i on of  th i s  d i screpancy 
i s  g i ven  i n  "Thrust C hamber Pressure Swi tches "  i n  sec t i on 1 6 .  

Thermal characteri s t i cs were sat i sfactory ,  and  a l l  tempera tures were wi t h i n  predi cted 
va l ues . The maxi m�m quad temperature wa s 2 32° F on  quad 1 subsequent to touchdown . The 
fuel tan k  temperatures ran ged from 68° to 7 1 ° F .  

Propel l ant  usage , based o n  the propel l ant  quanti ty mea su r i ng  devi ce , was 31 9 poun ds , 
compa red wi th a predi cted val ue o f  253  pounds and  the total propel l ant l oad of  549 pounds . 
Approxi ma tely 57  o f  the 66 po unds i n  exce s s  of  the pred i ct i o n s  were used duri ng  powered 
descent . Fi gures  9-2  and  9-3  i nc l ude total and i ndi vi dual  system propel l an t  cons umpt ion  
profi l es .  
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Fi gure 9-3 . - Tota l  propel l ant cons umpt ion . 

Duri ng  powered a s cent , the react ion  contro l  system was used i n  t he a s cent i nter
connect mode . The react i on  contro l  system used approx i ma te l y  69  pounds of  p ropel l ant  
from the a s cent propu l s i on tanks . 

Descent Propu l s i on 

The descent propu l s i on system ope ra t i on wa s sati sfactory for the descent orb i t  
i n sert i on and descent maneuve rs . The eng i ne trans i ents and throttl e respon se were 
norma 1 .  

I nf l i ght performa nce . - The descent orb i t  i n serti o n  maneuve r  l a sted 30 second s ; the 
res u l t i n g  vel oc i ty chan ge wa s 76 . 4  ft/sec . The engi ne was started at  t he mi n i mum 
t h rottl e sett i ng  of 1 3 . 0  percent of ful l thrust  and , a fter a pprox i mate l y  1 5  seconds , wa s 
thrott l ed to 40-percent thrust  for the rema i nder o f  the fi ri ng . 

The durati on of the powered descent fi r i ng  was 756 . 3  second s ,  correspond i ng  to a 
vel oc i ty change of a pp rox imate l y  6775 ft/ sec . The engi ne was at  the mi n i mum throttl e 
sett i n g  ( 1 3  percent ) at  the begi nn i ng  of  the fi ri n g  an d ,  a fter appro x i mate l y  26 seconds , 
was advanced to ful l t hrottl e .  There was approxi mat� l y  a 4 5 - second data dropout duri ng  
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th i s peri od , but crew reports i nd i cated that the thrott l e-up  cond i t i ons  were apparentl y 
normal . F i g ure 9-4 presents descent propu l si on system pres sures and thrott l e sett i ngs 
as  a funct i on of t i me .  T he data have been smoothed and do not refl ect the data dropout 
and thrott l e fl uctuati ons  j ust  before touchdown . 
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Fi gure 9-4 . - Descent propu l s i on system performance . 



Duri ng the powered descent maneuve r ,  the ox i d i zer  i nterface press u re appeared to 
o sc i l l ate as much as 67  p s i  peak to pea k .  The pre s s u re conti nued to osc i l l a te through
out  the  f i ri ng , a l though over  a sma l l er range ( fi g .  9-5 ) ; the o sc i l l at i on s  were most 
prom i nent at  a pproxi mate l y  50-percent thro tt l e .  The fact  that o sc i l l at i ons  of th i s 
magn i tu de were not observed i n  the c hamber pres s u re or  the fue l  i nterface  press u re 
mea surements i nd i cates that  they were not rea l . Engi ne performance was not a ffected . 
Osci l l a t i ons  of  th i s  type have been o bserved at  the Whi te Sands Test Fac i l i ty on s i mi l ar 
p re s s u re mea surement i ns ta l l at i ons  on numerous  engi nes . The h i gh-magn i tude pre ssure 
o sc i l l at i o n s  observed duri n g  the Whi te Sands Tes t Fac i l i ty tests  were ampl i fi cat i on s  o f  
m u c h  l ower pres sure osc i l l at i ons  i n  t he system . T h e  phenomenon has  been demonst ra ted 
i n  ground tests where sma l l actual  osc i l l at i ons  were ampl i fi ed by cavi ty resonance o f  a 
press ure transducer assembl y conta i n i ng a tee wi th  the t ransducer on one l eg o f  the tee 
and a cap on another l eg .  T h i s a s sembly i s  s i mi l ar to the i nterface pre s sure t ran sducer 
i n stal l at i o n . The resonance cond i t i ons  wi l l  vary wi th the amount of  hel i um trapped i n  
the tee and wi th the thro tt l e  sett i n g .  
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F i gure 9-5 . - Ox i di zer i nterface press ure and chamber p ress ure o s ci l l ati on s .  
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?ystem pressur i zat i o n . - The ox i d i zer tank u l l age press u re decayed from 1 58 to 95 ps i a 
dur i n g  t he per i o d  from l i ft-off to the fi rst act i va t i on of the system at  approx i mate ly  
83 hours . Duri ng  th i s peri od , t he  fuel tank  u l l age press u re decayed from 1 63 to 1 39 p s i a .  
These decays , whi ch resu l ted from hel i um absorpt ion  i nto the p ropel l ants , were wi thi n the 
expected range . 

The meas ured pressure profi l e  i n  the s u percri t i ca l  hel i um tank  was normal . The 
prefl i ght  and i nfl i gh t  pressure ri se  rates were 8 . 3  and 6 . 4 p s i / hr , res pect i vel y .  

Dur i ng  prope l l an t  ven t i ng  after l and i ng , the fuel i nterface p ressure i ncreased 
rapi d l y  to an off- sca l e read i n g .  The fuel l i ne had frozen dur ing  venti ng  of  the s uper
cr i t i ca l  hel i um ,  t ra pp i n g  fuel between the preva l ve and the hel i um heat exchange r ; and 
th i s fue l , when heated from eng i ne  soakbac k , caused the pre s sure ri s e .  ( See '' H i g h Fuel 
I nterface After Landi ng "  i n  sect ion  1 6  for further d i scus s i on of  th i s probl em . ) 

Gagi ng �tern perfo rmance . - Dur i ng  the descent orbi t i nsert i o n  maneuver and the 
early port i on of  powered descent , t he two oxi d i zer propel l ant gages i ndi cated off- s cal e 
( greater than the maximum 95- percent i nd i cat i o n ) ,  a s  expected . The fuel p robes , however , 
i nd i cated a ppro x i matel y 94 . 5  percent i n stead of  readi ng  off-sca l e .  The propel l an t  l oaded 
was equ i va l ent  to approx imatel y 97 . 3  a nd 96 . 4  percent fo r ox i d i zer and fuel , respect i vel y .  
An i ni ti a l l ow fuel readi n g  had a l so  occurred o n  the Apol l o  1 0  m i s s i on .  As the fi r i ng 
conti nued , the p ropel l ant  gages began to i nd i cate con s umpt ion  correctly . T he tank 1 and 
tank  2 fuel  probe meas urements agreed throu g hout  the fi ri ng .  The tank 1 and  tank 2 
ox i di zer  pro be measurements agreed i ni ti al l y ,  bu t mi dway through the fi ri ng , they began 
to di verge unti l the d i fference was a pproxi matel y 3 percent . For the rema i nder o f  the 
fi ri ng ,  the di fference remai ned constant . The d i vergence was probably cau sed by ox i d i zer 
fl owi ng from tank 2 to tank 1 t hrou gh the p ro pel l ant  cro s sover l i ne  as  a resu l t  of an 
offset i n  the spacecraft center of gravi ty .  

T he l ow- l evel l i ght came on  a t  1 02 : 44 : 30 . 4 ,  wh i c h  i nd i cated that approx imately 
1 1 6  seconds of tota l fi ri ng  t i me rema i ned , based on the sensor  l ocat i on . The propel l ant
rema i n i ng t ime l i ne  from the l ow- l evel l i ght  i nd i cat i on to the cal cu l ated propel l an t  
depl et i on i s  a s  fo l l ows . 

Pro pe l l ant  
l ow- l eve l 
l i ght on 

1 1 6 

Eng i ne 
cut-off 

45  

F i ri ng  t i me rema i ni ng , sec 

L a nd i ng 
go/no-go 
dec i s i on 
poi nt  

20 

Ca l c ul ated 
prope l l ant 
dep l eti on 

0 

T he i nd i cated  t i me of 45  seconds to propel l ant  depl e t i o n  compa re s  favorably  wi th  the 
postfl i gh t  ca l cu l a ted val ue of 50 seconds to ox i di zer tank  2 depl eti on . The 5- second 
d i fference i s  wi th i n the measurement accuracy of  the system . T he l ow-l evel s i gnal  was 
tr i ggered by the poi nt  sensor i n  e i ther ox i di zer tank 2 or fuel tank 2 .  
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Ascent Propu l s i on 

The a s cent propul s i on system was fi red for 435  s econds from l una r l i ft-off to  orbi t 
i nserti on . Al l a spects of system performance were nom i na l . 

The regu l a tor outl et  pre ssure , whi ch  was 1 84 p s i a  duri ng  the fi ri n g , retu rned to  
the n omi na l l ockup  val ue of  1 88 . 5  ps i a  after eng i ne cut-off .  Tabl e 9 -X I I presents a 
compari s on of the actua l  and p redi cted perfo rmance . Based on  eng ine  fl ow rate data , the 
engi n e  mi xture rat i o  was e s t i ma ted to be 1 . 595 . The es t ima ted usab l e p rope l l ant  rema i n i ng 
at  engi ne s hutdown was 1 74 pounds of oxi d i zer and 1 21 pounds of  fuel ; these quanti t i e s  
are equ i va l ent t o  25 seconds  of addi ti onal  fi r i n g  t i me t o  oxi di zer depl eti on . 

TABLE 9 - XI I . - STEADY-STATE PERFORMANCE 

1 0  seconds a fter i gn i tion 400 seconds after i gni t i on 

Pa rameter Predi cted Measured Pred i cted 
( a ) ( b ) ( a ) 

Reg u l a tor ou t l et pressure , p s i a  1 84 1 84 . 5 1 84 

O x i d i zer bul k  temperature , ° F  7 0  70 . 4  70 

Fuel bul k temperature , O F  7 0  71 . 0  70 

Ox i d i zer i nterface pressure , ps i a  1 70 . 6 1 70 . 0  1 6 9 . 6  

Fuel i nterface pressure , p s i a  1 70 .4 1 6 9 . 3  1 69 . 5  

Eng i ne c hamber pres sure , ps i a  1 22 . 6  1 22 1 22 . 5  

M i xtu1·e ratio 1 . 604 -- 1 . 595 

Thru s t ,  l b  3464 - - 3439 

Spec i fi c  i mpul s e ,  sec 309 . 4  - - 308 . 8  

aPrefl i g ht pred i ct i on based on acceptance test data and a ssumi ng nom i nal sys tem performance . 
bActual fl i ght data w i th known bi ases removed . 

Measured 
( b ) 

1 84 

7 0 . 4  

7 1 . 0  

1 69 . 5  

1 68 . 8  

1 22 

- -
--
--

After ascent propu l s i on system cut-off and duri n g  l unar orbi t ,  the fuel  and i n te r
face pre s s u re s  i ncreased from the i r  respect i ve fl ow pre s s u res  to l ockup and then con 
t i nued to i nc rease  to approx imately 3 . 6  ps i for fuel and 1 1  to 1 2  p s i  for ox i d i z e r .  
L o s s  of s i gna l  occurred a pproxi matel y  39  mi nutes  after eng i ne s hutdown as  t h e  veh i cl e  
wen t  beh i nd the moon . Pres sure ri ses i n  the  sys tem were observed duri ng both the 
Apol l o  9 and the Apol l o  1 0  mi s s i ons . Thi s i ni ti a l p res sure ri s e  after s h utdown was 
caused by a n umber of contr i buti ng  factors , such  a s  regu l ato r l ockup , heati ng of  the 
u l l age  gas , and  vapori zat i on from the rema i n i ng prope l l ants . 

At reacqu i s i ti on o f  s i gna l  (a pprox imate l y  1 hour 29 mi nutes after s hutdown ) , d rops 
o f  appro x i ma te l y  6 and 3 . 6  ps i  had occurred i n  the ox i d i zer and fuel pre s s u re s , res pec
t i ve l y .  Thereafter ,  the  pressure rema i ned at  a constant l evel  fo r the 4 . 5  hours that  
the data were mon i tored . Th i s  behav i o r  rul es  out  l ea kage as  a cause o f  the press u re 
drops . T he a pparent pres sure drops  h ad no effect on a s cent propu l s i on sys tem performance 
and were probably  caused by a combi nat i on of  u l l age gas coo l i ng ,  pre s su re t ransduce r 
dri ft a s  a resu l t of eng i ne heat s oa k bac k , a nd i n strumentat i on reso l ut i on .  At tempera
tures h i gher than  200° F ,  the  accuracy of  the p ressure transducer degrades to ±4 percent 
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( • 1 0  p s i a )  rather than the norma l ± 2  percent .  A permanent s hi ft may a l s o  occur  a t  h i gh 
temperatures . Thermal  ana lys i s  i nd i cates that the peak soakback temperatures were 
200° to 235° F .  E rrors wh i ch may be attri buted to  vari ous s ou rces i nc l ude a tran sducer  
s h i ft of  4 percent ( equ i va l ent to ± 1 0 p s i ) ,  a p u l se-code-modu l a t i o n  reso l ut i on o f  
2 counts (equ i va l ent to 2 p s i ) ,  and  a 1 -p s i  u l l age pressure change wh i ch i s  effec t i ve 
on ly  on  the oxi d i zer s i de .  

Envi ronmenta l Control System 

T he envi ronmenta l  contro l  system i n  the l unar  modu l e suppo rted a l l  l u nar  ope rati ons  
s at i s fa ctori l y ,  wi th on l y  the fo l l owi ng m i nor excepti ons . 

Rout i ne water/g lyco l  samp l i ng duri ng pre l aunch act i v i ti es s howed the presence o f  
l arge numbers of crysta l s  whi c h  were i dent i f i ed as  benzathi azyl d i s u l fi de .  These crysta l s  
were p rec i p i tated from a corros i on i nh i b i tor i n  the f l u i d .  The envi ronmenta l  contro l  
system was fl u s hed and fi l tered repeated l y ,  but  the crys tal l i za t i on  conti nue d .  The fl u i d 
was then repl aced wi th  one conta i n i ng a prev i ou s l y  omi tted addi t i ve ( sodi um s u l f i te ) , and 
the amount  of  crysta l l i za t i o n  decreased . A spacecra ft pump package was ru n on a bench 
ri g w i th the fl u i d  conta i n i ng crystal s ,  and the pump performance was s hown to  be unaf
fected , even for l ong durat i ons . Duri n g  the test , the fi l ter  i n  the test package p l ug ged , 
and the bypass  val ve opened . Pump d i sas sembl y re vea l ed no deteri o ra t i on . I t  was then 
demons trated that the crysta l s ,  whi l e  presenti ng an  undes i rabl e contami nati on , were not 
h a rmfu l to env i ronmenta l contro l  system operati on . The fl i ght performance of  the heat 
trans port sect i on was nomi na l . The i nves t i gat i on revea l ed that recent l y the corro s i on 
i nh i bi tor formu l at i on was s l i ght ly  modi fi ed . For future s pacecraft , water/ g l yco l wi th 
the ori gi nal  corros i on i nh i b i tor  formu l ati on wi l l  be u sed . 

Depressur i zati on of the l unar  modu l e cab i n  through the bacteri a fi l ter  duri ng the 
ext ravehi cu l ar act i vi ty requ i red more t i me than predi cted . The data i nd i cate that the 
cab i n  pre s su re tra nsducer readi ng  was h i gh at  the l ow end of  i ts range ; consequen tl y ,  
the crew cou l d have opened the hatch s ooner i f  the t rue pressure had been known . 

Du ri ng the s l eep peri od on the l unar s urface , the crew reported that they were too 
co l d  to s l eep . Ana lys i s  of  the cond i ti ons  experi enced i ndi cated that  once the crewmen 
were i n  a co l d  cond i t i on , there was not enough heat avai l ab l e i n  the envi ronmenta l  contro l  
system t o  return them to a comfortab l e cond i t i on .  Ground  tes ts have i nd i cated  that i n  
addi t i on to the requ i red procedu ra l changes wh i ch are des i gned to mai ntai n heat i n  the 
s u i t ci rcu i t ,  b l ankets wi l l  be provi ded and the crew wi l l  s l eep i n  h ammocks . 

Shortly after l unar  modu l e as cent , the crewmen reported that the carbon di oxi de 
i ndi cator was errati c ;  therefore , they swi tched to the seconda ry cartri dge . The crewmen 
had a l so  sel ected the secondary water separator because  one crewman had reported water 
i n  h i s s u i t .  Eva l uati on o f  the errati c carbon di oxi de readi ngs i ndi cated that the 
carbon d i oxi de sensor had ma l functi oned , and the c i rcu i t breaker was pu l l ed .  Errat i c  
o perati on i n  the past  has been caused by free water i n  the opti ca l  secti on o f  the sen s o r .  
Further di scus s i on o f  both the errat i c carbon d i ox i de readi ngs a n d  the water i n  the 
crewman ' s  s u i t i s  contai ned i n  " I ndi cati on of  Hi gh Carbon Di ox i de Parti a l  P re s s u re "  and 
"Water  i n  One Sui t "  i n  sect i on 1 6 .  

Radar 

Performance of  the rendezvous and l andi ng radars was s ati s factory ,  and antenna 
temperatures were a l ways wi th i n norma l l i m i ts .  Range and vel oc i ty were acqui red by the 
l andi ng  radar at  s l ant  ranges of approxi mate ly  44 000 and 28 000 feet , respecti ve ly .  
The tracker was l ost  bri efl y a t  a l ti tudes of 240 and 7 5  feet ; t hese l o sses were expected 
and  are a ttri buted to zero-Doppl er effects a s s oc i ated wi th manua l  maneuveri ng . 
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C rew Stati on 

Di spl ays and control s . - The di s pl ays and contro l s supported the m i s s i on sat i sfac
tori l y ,  except that the mi s s i on t imer sto pped duri ng  the descen t .  After be i n g  deenergi zed 
for l l  hours , the t i mer was started aga i n and operated prope r l y  thro ughout the remai nder 
o f  the mi s s i on .  The mos t p robabl e cause  of th i s  fa i l u re was a crac ked sol der j o i n t .  
Thi s anoma l y  i s  d i s cu s s ed i n  greater deta i l  i n  " t1i s s i on T ime r  Stopped " i n  sect i on 1 6 .  

Crew prov i s i ons . - The  C ommander and Lunar r�odu l e  P i l ot were provi ded wi th commun i c a 
t i on s  carr i e r  adapter eartubes (wi th mol ded earpi eces ) for u se i n  the l unar  modu l e  cabi n .  
T he purpose o f  these earphone adapters was to i ncrease the audi o l evel  to the ear ; use  
of  the adapters i s  a ccordi ng  to crewman preference . The Lunar t1odu l e  P i l o t  u sed  the 
adapters throughout the l unar modu l e  descent a nd l a nd i ng phase , but a fter l and i ng , he  
found the mol ded earpi eces uncomfortabl e and removed them .  The  Commander  d id  not u se  
adapters because h i s prefl i gh t  experi ence i nd i cated that  audi o vol ume l eve l s  were 
adequate . The Apol l o  1 0  Lunar  Modul e P i l ot had u s ed the adapters duri ng  h i s  ent i re 
l unar  modu l e operati onal  peri od and had reported no d i s comfort . The Apol l o  1 2  crewmembe rs 
were a l s o  provi ded adapte rs for opti onal  u se . 

T he crew commen ted that  the i nfl i gh t  covera l l garments wou l d  be more uti l i tari an i f  
they were patterned a fter the s tandard one-p i ece s ummer fl y i n g  s u i t .  More pockets wi th 
a better method of c l o sure , preferab ly  z i ppers , were recommended and wi l l  be provi ded 
for eval uat i on by future crews . 

T he c rew reported that the  l unar  modu l e  wi ndows fogged re peated ly  whi l e  the sun
s hades were i n s ta l l ed .  T hey transferred two o f  the command modu l e ti ss�e d i s pensers to 
the l unar modu l e  and  used the ti s sues to c l ean the w i ndows i n stead of u s i ng the wi ndow 
heaters for defoggi ng . T i s s ue  d i spensers are bei ng  added to the l u nar mod u l e  stowage 
l i s t .  

Consumab l es 

On the Apo l l o  1 1  mi s s i on , the actual u sage of  only three con sumabl e s  devi ated by as 
much as 1 0  percent from the prefl i ght predi cti ons . These consumabl es were the descent  
stage oxygen , a s cent  s tage oxygen , and react ion  contro l  sys tem propel l an t .  The actual  
o xygen requi rements  were l es s  than predi cted because the l eakage rate was l ower than 
expected . The actual  react i on con trol propel l ant  requ i rement  was greater than predi cted 
because o f  the i ncreased hover t i me duri ng  the descen t phase . 

The el ectri ca l  power sys tem consumab les  u sage was wi th i n  5 percent of  predi cted 
fl i ght requ i rements . The u sage of  current  from the descent stage batteri es  was approx
i mately 8 percent l es s  than predi cted , and the u s age of  current from the as cent stage 
batteri es  was approxi mately 3 percent more than predi cted . The devi ati ons  appear to 
have res u l ted from unce rtai nti es  i n  the pred i cted usage for react i on control heater 
duty cycl es . E l ectri ca l  power cons umpt i on i s  di s cussed fu rther i n  " E l ectri cal Power" i n  
thi s secti o n .  

Descent  propu l s i o n  sys tem propel l ant . - The h i gher-than-predi cted propel l ant  usage 
by the descent propu l s i on system was caused by the maneuveri ng  to avoi d a l arge crater 
duri ng  the fi nal  stages of descent . Unti l that t i me , propel l ant usage had been nomi na l . 
Al l owance for manual hover and l andi ng- po i nt redes i gnati on was i n  the pre fl i ght  budget 
but  was not cons i dered part of  the nomi nal  us age . 
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The descent propu l s i on system prope l l an t  l oadi ng quanti ti e s  g i ven i n  tab l e 9 - X I I I  
were ca l cul ated from readi ngs and measured dens i ti e s  pri or to l i ft-off.  

TABLE 9- X I I I . - DESCENT PROPULS ION  PROPELLANT USAGE 

Cond i t i on 
Fuel  

Loaded 6975 

Consumed 
Nomi na l  - -
Redesi gnat i on - -

Marg i n for manual  hover - -
Tota l 6724 

Rema i n i ng a t  eng i n e  cut-off 
Tanks 2 1 6  
t�a n i fo l d 35  
Tota l 2 5 1  

Actual u sage , 

Oxi di zer 

1 1  209 

- -

- -
- -

1 0  690 

458 
6 1  

5 1 9 
� � 

l b  Prefl i gh t  
pl anned 

Total usage , 1 b 

1 8  1 84 1 8  1 84 

- - 1 7  01 0 
- - 1 03 
- - 1 1 4  

1 7  4 1 4 1 7  227 

- - - -
- - - -

770 957 

Ascent propu l s i on system prope l l an t . - The actual  ascent propu l s i on sys tem prope l l ant  
u sage was wi thi n 5 percen t  of the prefl i ght  predi cti ons . The l oadi ngs g i ven i n  
tabl e 9 - X I V  were determi ned from measured  dens i t i es  pri or to l i ft-off and  from we i ghts  
o f  offl oaded prope l l ants . A port i on of  the  prope l l ants was  used  by the reacti on  contro l 
sys tem duri ng  a s ce n t  s tage operati ons . 

TABLE 9 - XI V . - ASCENT PROPULS ION P ROPELLANT USAGE 

Actua l us age , l b  Prefl i gh t  
Cond i ti on p l anned 

Fuel  Oxi di zer Total usage , l b  

Loaded  2020 32 1 8  5238 5238 

Con s umed 
By a scent propul s i on sys - 1 833 2934 - - - -

tern pri or  to  a s cent  
s tage je tti son  

By reacti on contro l system 23  46 -- - -
Total 1 856 2 980 4836 4966 

Remai n i ng at  as cent s tage 1 64 238 402 272  
jetti s on 
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Reacti on contro l  sys tem pro�l l an t . - The i ncreased hover t i me for l unar  l andi n g  
res u l ted i n  a devi ati on of over 1 0  percent  i n  the reacti on control sys tem prope l l an t  
u sage , as compared wi th the prefl i ght  predi c t i ons . Prope l l ant  cons umpti on ( s hown i n  
tabl e 9-XV ) was ca l cu l a ted from tel emetered hel i um tank p ress u re h i s to ries  by u s i ng the 
re l at i ons h i ps between p ress u re ,  vol ume , and tempera tu re . The mi xture rati o was a s s umed 
to be 1 . 94 for the ca l cu l ati ons . 

TABLE 9-XV . - LUNAR MODUL E REACT ION  CONTROL SYSTEM PROPELLANT USAGE 

Actual  u sage , l b  Prefl i ght 
Cond i ti on p l anned 

Fue l  Oxi d i zer  Tota l u sage , l b  

Loaded 
Sys tem A 1 08 209 - - --
System B 1 08 209 -- --
Total 2 1 6 4 1 8 634 633 

Cons umed 
Sys tem A 46 90 - - - -
Sys tem B 62  1 21 - - - -
Total 1 08 2 1 1 3 1 9 253  

Rema i n i ng at  l unar  modu l e  
j etti son 

System A 62  1 1 9  -- - -
Sys tem B 46 88 - - - -
Total 1 08 207 3 1 5 380 

Oxygen . - The actual  o xygen usage was l ower than the prefl i ght  pred i ct i ons because 
the oxygen l e ak rate from the cab i n was l es s  than the speci fi cati on  val ue . The actua l 
rate was 0 . 05 l b/hr , as compared wi th the spec i fi cat ion  rate of  0 . 2  l b/hr .  I n  
tabl e 9-XV I , the actual  q uanti t i es l oa ded and  cons umed a re based  on tel emetered data . 

Wate r . - The actual  water us age was wi th i n 1 0  percent of  the p refl i gh t  pred i ct i on s . 
I n  tab l e  9-XV I I ,  the actual  q uanti t i es l oaded and cons umed a re based on tel emetered 
data . 
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TABLE 9-XVI . - OXYGEN USAGE 

Actual Prefl i ght  
Condi t i o n  u sage , p l anned 

l b  usage , l b  

Loaded ( a t  l i ft-off)  
Descent stage 48 . 2  48 . 2  
Ascent s tage 

Tank  1 2 . 5  2 . 4  
Tank  2 2 . 5  2 . 4  
Tota l 5 . 0  4 . 8  

Cons umed 
Descent stage 1 7 . 2  2 1 . 7  
Ascent s tage 

Tank 1 1 . 0 1 . 5 
Tank 2 . 1 0 
To tal 1 . 1 1 . 5 

Rema i n i ng  i n  descent stage at l unar  1 i ft-off 31 . 0  26 . 5  

Rema i ni ng at  ascent s ta ge jetti son 
Tank 1 1 . 5 . 9 
Tank 2 2 . 4  2 . 4  
Total 3 . 9  3 . 3  

TABLE 9 -XV I I . - LUNAR MODULE WATER  USAGE 

Actual Prefl i gh t  
Condi t i on usage , pl anned 

l b  usage , l b  

Loaded ( at l i ft-off)  
Des cent sta ge 2 1 7 . 5  2 1 7 . 5  
Ascent s tage 

Tan k  1 42 . 4  42 . 4  
Ta nk  2 42 . 4  42 . 4  
Total 84 . 8  84 . 8  

Cons umed 
Descent stage 1 47 . 0  1 58 . 6  
Ascent s tage 

Tank 1 1 9 . 2  1 7 . 3  
Tank 2 1 8 . 1 1 7 . 3  
Total 37 . 3  34 . 6  

Rema i n i ng i n  des cent stage a t  l unar 1 i ft-o ff 70 . 5  58 . 9  

Remai n i ng  at  ascent s tage j etti s on 
Tank 1 23 . 2  25 . 1  
Tank  2 24 . 3  25 . 1  
Tota l 47 . 5  50 . 2  
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1 0 .  P ERFORMANCE OF THE EXTRAVEH I CULAR MOB I L I TY UN I T  

Performance o f  the extraveh i cu l ar-mob i l i ty-un i t was excel l ent  throughout both i nt ra 
veh i cu l a r  a nd extraveh i cu l a r  l unar  s urface o pe rati ons . Crew mobi l i ty was good duri ng 
extravehi cu l ar acti vi ty ,  and  an analys i s  of i n fl i gh t  cool i ng sys tem data s hows good 
corre l ati on w i th ground data . The crew rema i ned comfo rtab l e  th roughout the mos t  s tren 
uous s urface op� rat i on s .  Because o f  the l ower-than-expected  metabo l i c  rates , oxygen 
and  \·later consumpt ion  was be l ow p red i cted  l e vel s thro ughout  the extraveh i cu l ar  acti vi t i es . 

The press u re garment as sembl i es ,  i ncl udi ng hel met and i n traveh i c u l a r  g l oves , were 
worn du ri ng l aunch . The pressure garment  assemb l i es of the Commander and Lunar Modu l e  
P i l o t had been reconfi gured wi th new arm beari ngs  wh i ch contri buted to the re l a t i ve ly  
unrestr i c ted mob i l i ty demonstrated duri ng l u nar s urface operat i ons . 

The Command Modu l e  P i l ot ' s  pressure garment a s semb l y  d i d not f i t i n  the l ower 
a bdomen and c rotch a reas ; the i nco rrect fi t was cau sed by the uri ne col l ect ion  and trans 
fer a s sembly fl ange . Pressure po i nts res u l ted from i ns u ffi c i en t  s i ze i n  the pres s u re 
garment as semb l y . On  future fl i ghts , f i t  checks wi l l  be perfo rmed wi th the crewma n 
wea ri ng the u ri ne col l ec t i on and transfer a s sembl y ,  the fecal  conta i nment  system , and  
the l i qu i d  cool i ng ga rment ,  as  appl i c abl e .  I n  add i t i o n , t he f i t  check wi l l  i nc l ude a 
pos i t i on s i mul a t i ng that  wh i ch the crewma n experi ences duri ng the cou ntdown . 

Al l three pressure garment as sembl i es and the l i qu i d  coo l i ng garments fo r the 
Commander and Lunar Modu l e  P i l ot were donned at approx i matel y 97 hours  in  preparat ion  
for the l una r l an d i ng a nd  l una r su rface opera t i ons . Donn i ng was accompl i s hed norma l l y  
wi th  the crewmen hel pi ng each other , as  requ i red . The su i t  i ntegri ty check pri or  t o  un
dock i ng was comp l eted succes sfu l l y ,  wi th su i t  pressures decay i ng a pprox imately  0 . 1  p s i . 

Wri s t l ets and comfo rt g l oves were ta ken aboard for opt i onal use  by the Comma nder and 
Lunar  Modu l e  P i l ot du r i ng the l u nar  stay . Because of the qu i ck adapt i on  to the l / 6-g en
v i ronment ,  the l i ght l oads  handl ed on th i s  m i s s i on , a nd the short dura t i on of  the l unar 
s urface act i v i ty ,  both crewmen el ected to omi t the use  of the protect i ve wri st l ets and 
comfo rt g l oves . Wi thout  the p rotect i on o f  the wri st l ets , the Lunar Modu l e  P i l ot ' s  wri sts  
were rubbed by t he wri st ri ngs , and the gra s p  capab i l i ty of the Comma nder wa s reduced 
somewha t wi thou t the comfo rt g l oves . 

After attachment of the l unar  modu l e  res tra i nt ,  a pressure po i nt devel oped on  the 
i n step of the Lunar  Modu l e  P i l ot ' s  ri ght foo t  because  the res t ra i nt tended to pul l h i m  
forwa rd a n d  out  board rather than s tra i ght  down . Howeve r ,  h e  compensated by movi ng h i s  
r i g ht  foot fo rward and o u t  board ; th i s  foot then took the maj ori ty of  the l oad . After 
a s ses sment of  the Apo l l o  1 2  m i s s i on , a determ i nat i on i s  to be made of  whether correct i ve 
act i on i s  requ i red . 

Extraveh i cu l ar act i v i ty preparati ons proceeded smooth ly . Howeve r ,  more t i me was 
req u i red than p l anned fo r compl et i ng the uns towage of equ i pment and performi ng other 
mi nor tasks  not norma l l y  emph a s i zed in  trai n i ng exerci ses . 

The oxygen - pu rge- system chec kout was performed s uccessfu l l y .  Du ri ng pre-egress  
act i v i t i es , the  crewmembers encountered di ffi cu l ty in  mati ng the remote-control - u n i t 
connector and  were requ i red to spend approx ima te ly  1 0  m i nutes i n  mat i ng each connec tor . 
Each t i me the crewman thoug ht the connector was a l i ned , the  l o ck l ever caused the con
nector  to l ean  to one s i de and di sengage . ( Thi s prob l em i s  d i s cu s sed further i n  
"Ma t i ng o f  Remote Contro l  Uni t to Po rtabl e L i fe Support System" i n  sec t i o n  1 6 . ) 

Another di ffi cul ty was the b u l k of the porta b l e  l i fe s upport sys tem . One c i rc u i t 
b reaker was broken , and  the p os i ti ons of  two c i rcui t brea kers were changed when the 
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crewmembe rs acc i denta l ly  bumped them wi th  thei r portabl e l i fe s upport systems as they 
performed the p re-egress  act i v i t i es . 

Wh i l e  wai ti ng for the cab i n  to depres suri ze , the  members of  the crew were comfo rt
a bl e ,  even thoug h the i nl et temperatu re o f  the l i qu i d  cool i ng garment reached approx i 
mate ly  90° F pri or to subl imator startu p .  No therma l changes were noted at egres s .  
The  porta b l e  l i fe support system and oxygen purge system were worn qu i te comfo rta bl y ,  
and the  ba ck-suppo rted ma s s  was not obj ect i o nabl e i n  the  l / 6-g env i ronment . 

Analys i s  o f  the extraveh i cu l a r  acti v i ty data s hows a good correl ati on  wi th data from 
prev i ous  tra i n i ng conducted i n  the  Space Envi ronmenta l S i mu l a t i on Laboratory fa c i l i ty .  
As expected , the feedwater p res sure duri ng the mi s s i o n  was s l i g ht ly  h i g her than that i n
d i cated duri ng s i mu l a t i ons . The d i f ference resu l ts from the l u nar grav i tat i onal  effect 
on  the head of  water at  the s u bl i mator and transducer ,  the  h i g h  po i nt i n  the sys tem . 
The  on ly  other d i scern i b l e  di fferences were i n  tempe rature readouts , wh i ch genera l l y  i n
di cated better pe rformance (more coo l i ng ) than expected . Comfort i n  the l i qu i d  cool i ng 
g a rment was a l ways adequate , a l t houg h the data i nd i cate a much  h i g her temperature fo r 
the  Commander ' s  g arment than  for the Lunar  Modu l e  P i l ot ' s  garment . T h i s  observa t i on 
corre l ates wi th  pre v i ou s  s i mu l at i on experi ence whi ch  s hows that the Commander had a 
strong preference for a wa rmer body temperatu re than  that des i red by the Lunar  Modu l e  
P i l ot .  T h i s  parameter i s  contro l l ed by each  crewman to meet h i s  comfort requ i rements .  
Operati on  of the  extraveh i cu l a r  mob i l i ty u n i t  whi l e  i n  the extraveh i cu l a r mode was u n 
eventfu l . The  on ly  change neces sary t o  t h e  control setti ng s  fo r t h e  portabl e l i fe sup
port  system was  that o f  the d i verter val ves , wh i ch bot h  crewmen changed at thei r opt i o n  
for comfort . 

Because  o f  the l ower- than-expected metabol i c  rates for the Lunar  Modu l e  P i l o t and 
espec i a l ly  for the Commande r ,  the  actu a l  oxygen and feedwater quanti t ie s  consumed were 
l ower than predi cted . Consumab l es data are s hown i n  tabl e 1 0- I . 

TABL E  1 0- I . - APOLLO l l  CONSUMABLE$  DATA 

Commander  L u nar  Modu l e  P i l ot 
Cond i t i on  

Actu a l  Predi c ted Actu a l  

Metabol i c  rate , Btu/hr  800 1 360 l l  00 

T i me , mi n 1 91 1 60 1 86 

Oxygen , l b 
Loaded l .  26 l .  26 l .  26 

Consumeda . 54 . 68 . 60 
Rema i n i ng . 7 2 . 58 . 66 

Feedwa te r ,  l b  
Loaded 8 . 6  8 . 5 8 . 6  

Consumedb 2 . 9  5 . 4  4 . 4  
Rema i n i ng 5 . 7  3 .  l 4 . 2  

aApprox i mately 0 . 06 pound was req u i red for the s u i t  i nteg ri ty check . 
bApp roxi mately  0 . 6  pound was requ i red for startup and as  trapped water .  

1 26 

Predi cted 

1 265  

1 60 

l . 26 

. 63 

. 63 

8 . 5  

5 .  l 
3 . 4  



TABL E  1 0- I . - APOLLO 1 1  CONSUMABLE$ DATA - Conc l u ded 

Commander Lunar  Modu l e  P i l ot 
Cond i t i on 

Actual  P redi cted Actual  Pred i cted 

Power , Wh 

I n i ti a l  chargee 2 70 270 270 270 
Consumed 1 33 1 30 1 3 5 1 30 
Rema i n i ng 1 37 1 40 1 3 5 1 40 

cMi n i mum pre l aunch  charge . 

Crewman mobi l i ty and ba l ance i n  the extraveh i cul a r  mob i l i ty u n i t  were suffi c i ent to 
a l l ow stab l e movement duri ng performance of l u nar  surfa ce tasks . The Lunar  Modu l e  P i l ot 
demonstrated the capabi l i ty to wal k ,  run , change d i recti on wh i l e  ru nn i ng ,  and sto p  move
ment wi thout  d i ff i cu l ty .  He reported a tendency to t i p  backwa rds i n  the soft sand a nd 
noted that he had to be carefu l to compensate for the di fferent l ocat i on of the center 
of mass . The crewmen knel t down and contacted the l u nar surface wh i l e  ret rievi ng objects . 
The c rew s ta ted that getti ng down on one or both knees to ret ri eve samp l es and a l l ow 
c l oser i nspec t i on of the l u nar su rface s hou l d  be a normal  operat i ng mode . Addi t i onal  
wa i s t  mobi l i ty wou l d  improve the ab i l i ty to get c l oser to the l u nar s u rface and , i n  
addi t i on , wou l d  i ncrease downward v i s i b i l i ty .  

Each  crewman ra i s ed h i s extraveh i cu l ar v i so r  assembly to var ious  pos i t i ons  through
out the extraveh i c u l a r  act i v i ty and  noted a back  refl ect i on of h i s  face  from the  v i s or .  
T he  ref l ect ion  wa s greatest wi th t he  s un  s h i n i ng approx i mately 90 °  from t he front of  
the vi sor assembl y .  W i th t h i s refl ecti o n ,  i t  was d i ffi cu l t  to  see i nto s haded a rea s . 
I n  addi t i on , the conti nuous movement from s un l i ght  i nto shadow and back i nto s un l i ght  
req u i red extra t i me because  of the neces sary wa i t  for  ada ptat i on to  changes i n  l i ght 
i ntens i ty .  Use  of the bl i nders on the v i sor a s sembly  cou l d  have a l l evi ated the refl ec
t i o n  and  adaptat i on prob l em to some extent . 
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1 1 .  THE LUNAR SURFACE 

Prefl i ght p l ann i ng fo r the Apo l l o  1 1  mi s s i o n  i nc l uded a l u nar s u rface stay of  ap
pro x i mate ly  22 hours , i nc l u di ng 2 hours 40 mi nutes that were al l o tted to extraveh i c u l ar  
acti v i t i es .  

After l and i ng , the crew performed a l unar  modu l e  checkout to a s certa i n l aunch  
capab i l i ty and  p ho tog raphed the  l and i ng area from the l u nar  modu l e .  Then , fo l l ow i ng an  
extens i ve checkout of the  extraveh i cu l ar  mob i l i ty un i t ,  t he  crewmen l eft the l u nar  
modu l e  to accomp l i s h the  fo l l owi ng act i vi ti e s :  

1 .  I n specti on  of the l u nar modu l e  exter ior  

2 .  Co l l ecti on  o f  a conti ngency s amp l e ,  a bu l k s amp l e ,  and documented s ampl es  of 
l u nar  su rface materi a l s 

3 .  Eva l u a t i o n  o f  the phys i ca l  c haracteri s t i c s  of the l unar  s urface and i ts effects 
on  extraveh i cu l ar act i v i ty 

4 .  Depl oyment o f  the s o l a r  w i n d  compo s i ti on experiment and , at  the end of  the 
extravehi cu l ar acti v i t i es , retri eval  of the exper i ment  fo r return to earth 

5 .  Depl oyment o f  the ear l y  Apol l o  s c i enti f i c experiments package ,  cons i st i ng of 
the pas s i ve se i smi c exper iment and the l a ser rang i ng retrorefl ector 

Throughout  the extravehi cu l a r act i v i t i es , the crewmen made deta i l ed observa t i ons  
and took  photographs to document thei r act i v i tes and the l u nar  surface characteri s t i cs . 
A tel evi s i on camera provi ded real -t ime coverage of crew extraveh i cu l ar acti vi t i es . Al 
though the crewmen were operat i ng i n  a new envi ronment ,  they were abl e to compl ete the 
acti vi t i es at a rate very c l ose to that p red i cted befo re f l i ght  ( tab l e 1 1 - I ) .  

Except for a porti on  of  the p l anned documented s amp l e co l l ect i o n  not comp l eted , 
the l unar  su rface a cti v i ti es were total l y  successfu l , a nd a l l object ives were accom
p l i s hed . As had been a nt i c i pated pri or  to fl i g ht , t here was i nsu ffi c i en�  t i me for exact 
performance of the documented s amp l e col l ecti on . Two core s amp l es and several l oose  
rock  s amp l es were col l ected and returne d .  There was  a l so i nsuffi c i ent t i me to  fi l l  the 
envi ronmental  and gas ana l ys i s  s ampl e conta i ners , whi ch  were a part of the documented 
s ampl i ng .  

M i nor equi pment ma l funct i ons and operati onal  d i screpanc i es occurred  du ri ng the 
extraveh i cu l a r  act i v i ty ,  but none prevented accompl i shment of the respecti ve tas ks . 
Conversel y ,  severa l opera t i ons  were enhanced , and equ i pment perfo rmance i ncreased be
cause of unexpected i nfl uences of  the l u nar envi ronment . 

The p l anned t i me l i ne of major  s u rface acti v i t i es compared wi th  the actua l t i me 
requ i red i s  s hown i n  tab l e 1 1 - I .  Tabl e 1 1 - I l i s ts the events sequenti a l l y ,  as  presented 
i n  the Lunar Su rface Operat i ons Pl an , a nd al so i nc l udes severa l maj or unp l anned acti v
i ti es .  C rew rest  peri ods , system checks , s pontaneous o bservat i ons , and u n schedu l ed 
eva l u a ti ons not necessari l y  rel ated to the task  bei ng accompl i shed are not l i s ted as 
separa te act i v i t i es bu t are i nc l uded i n  the appropri ate t i mes . 

Du ri ng depl oyment o f  the te l ev i s i on camera , several acti v i t i es were accompl i s hed , 
i nc l udi ng some that were unp l anned . The time l i ne p rov i ded a mi n i mum amount  of t i me 
for the Commande r to ( 1 ) remove the thermal  b l anket on  the equ i pment  compartment , 
( 2 )  change the camera l ens , ( 3 )  remove the tri pod and camera from the compartment , and 
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TABLE 1 1 - I . - COMPARATI VE T I MES FOR PLANNED LUNAR SURFACE EVENTS 

Event 

F i nal  prepara t i o n  for egress 

Commander e g re s s  to s u r face 

Commander envi ronmental fami l 
i ar i za t i o n  

Conti ngency samp l e  col l ec t i o n  

P rel i mi n a ry s pacecra ft checks 

Lunar Modul e P i l ot egress to 
surface 

Commander photography and ob
s erva t i on 

Te l evi s i on camera depl oyment 
( par t i a l ) 

Lunar Modul e P i l ot envi ron
mental  fami l i ari zati on 

Te l ev i s i on camera deployment ( compl e te ) 

Sol a r  wi nd compos i t i on experi 
ment depl oyment 

Bul k  sampl e and extraveh i c u l a r  
mobi l i ty u n i t  eva l uati on 
( comp l ete ) 

Lunar modu l e  i ns pect i o n  by 
Lunar Modu l e  P i l ot 

Lunar modu l e  i nspection by 
Commander 

Experiment package offl oadi ng 

Experime n t  package dep l oy
ment 

Documented sampl e col l ec t i o n  

Lunar Modu l e  P i l o t  i n g ress 

Transfer of s amp l e  return 
conta i ner 

Commander i ng re s s  

P l anned t i me ,  
mi n : s ec 

1 0 : 00 

1 0 : 00 

5 : 00 

4 : 30 

6 : 30 

7 : 00 

0 : 00 

4 : 00 

6 : 00 

7 : 00 

4 : 00 

1 4 : 30 

1 4 : 00 

1 5 : 30 

7 : 00 

9 : 00 

34 : 00 

4 : 00 

1 4 : 00 

9 : 30 

Actual t i me , 
mi n : sec 

20 : 4 5  

8 : 00 

2 : 05 

3 : 36 

6 : 35 

7 : 00 

2 : 40 

4 : 50 

1 5 : 00 

1 1 : 50 

6 : 20 

1 8 : 45 

1 8 : 1 5  

1 7 : 1 0  

5 : 20 

1 3 : 00 

1 7 : 50 

4 : 00 

9 : 00 

6 : 1 4 

D i fference , 
mi n : sec 

+ 1 0 : 45 

- 2 : 00 

- 2 : 55 

- 0 . 54 

+0 : 05 

0 : 00 

+2 : 40 

+0 : 50 

+9 : 00 

+4 : 50 

+ 2 : 20 

+4 : 1 5  

+4 : 1 5  

+ l  : 40 

- 1  : 40 

+4 : 00 

- 1 6 : 1 0  

0 : 00 

- 5 : 00 

- 3 : 1 6  

Rema rks 

Appro x i mately 8 min 30 sec from 
cab i n  pres s ure readi ng of 
0 . 2  p s i a  unt i l  hatch o peni ng 

Out of sequence wi th p l a nned 
t i me l i ne 

O u t  of sequence 

Appro x i mately 2 m i n  10 s ec for 
porta b l e  l i fe support system 
checks 

Depl oyment i nterrupted for ac
t i v i ty wi th p l aque 

I ncl udes a s s i s t i ng Comma nder 
wi th p l aque and tel ev i s i on 
camera depl oyment 

I ncl udes photography of s o l a r  
compos i t i on experime n t  a n d  
comme n t s  on l unar s u rface 
characteri s t i c s  

I n c l udes c l o s eup camera photo
graphs 

From door open to door c l osed 

F rom sel ecti on of si te to com
p l e t i on of photog ra phy ;  
troubl e l evel i ng the equ i p
men t  

P a rt i a l ly compl eted 

I n c l udes cabi n  repressuri za
t i on 
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( 4 )  move the tri pod-mounted camera to a remote l ocat i o n .  Th i s  t i me a l so i nc l uded a few 
mi nutes fo r ( 1 ) v i ewi ng se l ected l u nar features , ( 2 )  pos i t i o n i ng the camera to cover the 
s ubsequent s urface acti v i t i es , and  ( 3 )  retu rn i ng to the compartment .  

Throughout  the extraveh i cu l a r  act i v i ty ,  both crewmen made observat i ons  and eva l ua
t i ons  o f  the  l u nar envi ronment , i nc l udi ng l i g hti ng and su rface features as  wel l  a s  other 
characteri s t i c s  of s c i enti f i c or  opera t i ona l  i nterest . Duri ng the extrave h i c u l a r  a c ti v i ty ,  
the s u n  ang l e  ranged from 1 4 . 5° t o  1 6° .  Most  o f  the o bserva t io n s  and eva l u a t i ons  wi l l  
p rov i de va l uab l e i nfo rma t i o n  for future equ i pment  des i gn ,  crew t ra i n i ng ,  and f l i g ht 
p l ann i ng . 

The eva l u a t i o n  o f  l unar s urface experi ments i s  conta i ned i n  the fol l owi ng paragraphs .  
P ho tog rap h i c resu l ts ,  i nc l ud i ng those rel ated to speci fi c experi ments , a re d i s cu s s ed both 
i n  the appropri ate sec t i o ns and i n  a general descri pt ion  of l unar surface photography . 
( See " So l ar  Wi nd  Compos i ti on Experiment" i n  thi s secti on . Defi n i t i ons of  s ome s c i enti fi c 
terms used i n  th i s  secti on are conta i ned i n  appendi x  C . )  

L unar Geol ogy Experiment 

Summary . - The Apo l l o  1 1  s pa cecra ft l anded i n  the sou thwe s tern part of Mare Tranqu i l 
l i tati s a t  l at i tude 0°4 1 ' 1 5 " N and l ong i tude 23 ° 26 ' E ( f i g .  1 1 - l ) ,  a pprox imatel y 20 k i l o 
meters sou thwest  of the crater Sabi ne D .  Th i s  part of Mare Tranqu i l l i tat i s  i s  c ro s sed 
by rel at i vel y fa i nt ,  but  d i s t i nc t , north-northwest-trend i ng rays ( br i g ht ,  wh i t i s h l i ne s )  
a s soc i a ted w ith  the crater Theoph i l u s ,  wh i ch l i es  320 k i l ometers to the southea s t  
( ref . 2 ) . The l and i ng s i te i s  approx i ma te l y  2 5  k i l ometers southea s t  o f  Su rveyor V and 
68 k i l ometers southwest of  the i mpac t  cra ter formed by Ranger V I I I .  A fa i rl y  promi nent 
north-northeast-trend i ng ray l i es 1 5  k i l ometers west  of  the l andi ng s i te .  T h i s ray may 
be rel ated to Al fraganus ,  1 60 k i l ometers to the sou thwest , or to Tycho , appro x i mate l y 
1 500 k i l ometers to the southwes t .  The l and i ng s i te l i es between major rays , but may 
conta i n  rare fragments deri ved from Theoph i l u s ,  Al fraganu s ,  Tyc ho , or other d i stant 
craters . 
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About  400 meters east  of  the l and i ng po i nt i s  a s ha rp-r immed ray crater ,  a pprox i 
mate l y  1 80 meters i n  d i ameter and 30 meters deep , wh i ch was unoffi c i a l l y  named Wes t  
Crate r .  West Crater i s  s u rrounded by a b l ocky ejecta (materi a l  ej ected from crater)  apron  
that  extends al most  symmetri cal l y  outward approx i mately 250  meters from the  r im  cres t .  
Bl ocks  a s  l arge a s  5 meters i n  di ameter ex i s t  from o n  the r im  to a s  far  away from the r im  
a s  approx i mately 1 50 meters , as wel l a s  in  the  i nteri o r  of  the c ra ter . Rays of  b l o c ky 
ej ecta , wi th many fragments 0 . 5 to 2 meters acros s ,  extend beyond the ej ecta apro n  west 
o f  the l and i ng  po i nt .  The  l unar  modul e l anded between these rays i n  a path that i s  rel a
t i ve ly  free o f  extremel y  coa rs e  b l ocks . 

At the l andi ng s i te ,  the l unar  s urface cons i sts  o f  fragmental debri s rang i ng i n  s i ze 
from part i cl es too fi ne to be reso l ved by the naked eye to bl ocks 0 . 8  meter i n  d i ameter .  
Th i s  debri s forms a l ayer that i s  cal l ed the  l u nar  regol i t h .  At the s urface , the rego l i th 
( debri s l ayer)  i s  porous  and weak ly  coherent . I t  g rades downward i nto  a s i mi l a r ,  but mo re 
dense ly  packed , s u bstrate . The bul k cf the rego l i th cons i sts of fi ne parti c l es , but ma ny 
smal l rock fragments were encountered i n  the s u bsurface as  wel l a s  on  the s u rface . 

I n  the v i c i n i ty of the l unar  modul e ,  the mare su rface has  numerou s  sma l l craters 
rang i ng i n  d i ameter from a few cent i meters to s everal  tens of meters . J u s t  southwest  of  
the l unar modu l e  i s  a doubl e c rater 1 2  meters l ong , 6 meters w i de , a nd 1 meter deep , w ith  
a subdued ra i s ed r im .  Approx i mately 50 meters east  o f  the  l u na r modu l e  i s  a steep-wa l l ed ,  
but  sha l l ow ,  crater 33 meters i n  d i ameter and 4 meters deep wh i c h  was v i s i ted by the Com
mander near the end of the extraveh i cu l a r  peri o d .  

Al l of  t h e  c raters i n  t h e  i mmedi ate vi c i n i ty of  t h e  l u nar  modu l e  have r ims , wa l l s ,  
and f loors o f  rel at i vel y fi ne-gra i ned materi a l , wi th s cattered  coarser fragments that 
o ccur i n  about the same abundance as on  the i ntercrater a reas . These c raters are up to 
a meter deep and , because o f  the l ack  o f  bl ocky ej ecta , appear to have been excavated 
enti re ly  i n  the rego l i th .  

At the 33-meter-di ameter crater east  of the  l una r modul e ,  the wa l l s  and r im  have 
the same texture a s  the rego l i th el sewhere ; however ,  a p i l e  of  bl ocks  was observed on the 
fl oor  of the c ra te r .  The crater fl oor may l i e c l o s e  to the base  of  the rego l i th .  Sev
era l  craters of about the same s i ze -- wi th  steep wal l s  and s ha l l ow ,  fl at  fl oors or 
f loors wi th central humps -- occur  i n  the a rea around the l andi ng s i t e .  From the depths 
of  these c raters , the th i ckness  of  the rego l i th i s  es t i ma ted to ra nge from 3 to 6 meters . 

Coarse fragments are scattered i n  the v i c i n i ty of the l unar modu l e  i n  a bout the same 
abundance as  at the Surveyor I l a ndi ng s i te i n  the Ocean of Storms at  l at i tude 2 °24 . 6 '  S 
and l ong i tude 48° 1 8 '  W .  T h e  coars e  fragments are d i st i nc tl y  more abundant t h a n  at  the 
other Su rveyor l a nd i ng s i tes  on the ma ri a ,  i nc l ud i ng the l andi ng s i te of  Surveyo r V north
west  of  the l unar  modul e .  The Su rveyor I l and i ng s i te was near a fre s h  bl ocky-rim  cra ter 
but beyond the apron of coarse b l ocky ej ecta , a s  was the Apol l o  1 1  s i te .  I t  may be i n
ferred that many rock  fragmen ts i n  the i mmedi a te v i c i n i ty o f  the s pacecraft , a t  both the 
Surveyor I a nd the Apo l l o  1 1  l and i ng  s i tes , were deri ved from the nea rby b l ocky- rim  crate r .  
Fragments deri ved from Wes t Crater may have come from depths a s  great as  3 0  meters beneath 
the mare s u rface and may be d i rect samp l e s  o f  the bedrock  from wh i ch the l ocal rego l i th 
was deri ved . 

Rock fragments at the Apol l o  1 1  l a ndi ng s i te have a w ide  va r i ety o f  s hape s , and  mos t  
a re embedded t o  vary i ng degrees i n  the fi ne matri x o f  the regol i th .  Most  of the  rocks  
are rou nded or  pa rti a l ly rou nded on  the i r  upper surfaces , b ut  angu l a r  fragments of  i rreg 
u l ar s hape a re a l so abundant . A few rocks  are recta ngu l ar s l abs wi th a fa i nt p l a ty 
( para l l e l fractu res ) structure . Many of the rou nded rocks , when co l l e cted , were fou nd 
to be fl a t  o r  o f  i rregu l ar angu l ar s hape on the bottom . The exposed part of  one unusua l  
roc k ,  wh i ch was not  co l l ected , was descri bed by the  Comma nder as  resembl i ng an au tomob i l e  
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d i stri butor cap . When thi s rock was d i s l odged , the scu l ptured " cap"  was found  to be the 
top of a much b i gger roc k ,  the  buri ed part of whi c h  wa s l arger i n  l ateral d i mens i ons  and 
angu l ar i n  form . 

The evi dence suggests that processes  of  ero s i on are tak i ng p l ace on  the l unar sur
face  and that th i s  eros i on i s  l eadi ng to the gradual round i ng of  the exposed s urfaces 
of  rocks . Several processes may be  i nvo l ved . On  some rounded rock surfaces , the  i ndi 
v i dual  c l asts ( fragmented materi a l ) and gra i ns that  compo se the rocks and the  g l a s sy 
l i n i ngs  o f  p i ts on the surfaces have been l eft i n  ra i s ed rel i ef by genera l weari ng away 
or ab l a t i on of the surface . Thi s 
d i fferent i a l  eros i on i s  mos t prom-
i nent i n  mi crobrec c i a  ( roc ks con
s i s t i ng of sma l l s harp fragments 
embedded i n  a fi ne-gra i ned ma tri x ) . 
fhe abl a t i on may be  caused pri mar
i l y by sma l l  parti c l es bombard i ng 
the c;urface . 

Some crysta l l i ne rocks of me
d i um g ra i n s i ze have rounded s ur
faces that have been produced by 
the peel i ng of  c l osely  s paced 
exfol i a t i on ( th i n ,  concentri c 
fl a kes ) s he l l s .  The  observed 
" d i stri butor cap"  form may have 
devel oped by exfo l i at i o n  or by 
spa l l i ng of the free surfaces of 
the rock as a res ul t of  one or more 
energeti c impac ts on the top 
s urface . 

Mi nute p i ts from a frac ti on 
of a mi l l imeter to approx imate l y  
2 mi l l i meters i n  d i ameter and from 
a fracti on of a mi l l imeter to 
1 mi l l i meter deep occur on the 
rounded surfaces of most  roc k s . 
As descri bed i n  " Geo l og i c  P hotog 
raphy and Mappi ng Proc edu res " i n  
thi s s ec t i o n ,  many of these pi ts 
are l i ned wi th g l a s s . The pi ts are 
present on a s pec imen of mi crobrec
c i a  wh i ch has  been tentat i ve ly  
i denti fi ed i n  p hotogra phs taken on 
the l unar s urface  and for wh i ch  a 
prel im i nary ori entati on of  the roc k 
a t  the t ime of  col l ect ion  has  been 
obta i ned . ( An examp l e i s  
fi g .  1 1 - 2 . )  The  p i ts , whi c h  are 
found pr imari ly  on the upper s i de 
of the s pec i men , c l ear ly  have been 
produced by a process a c ti ng o n  
t h e  exposed s urface . T h e  p i ts do 
not resembl e i mpact cra ters pro
duced i n  the l aboratory ( a t  col 
l i s i on vel oc i t i es of  7 km/ s ec and 
be l ow ) , and the i r  or i g i n i s  yet to 
be  expl a i ned . 
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Re i o n a l  eo l o  i c  sett i n . - Mare Tranqu i l l i ta t i s has  an  i rregu l ar form ( refs . 3 
and  4 . Two characteri s t i c s  su ggest  that the  mare materi a l  i s  rel a t i ve l y  thi n :  ( 1 ) a n  
unusua l  r i dge r i ng , n amed Lamont , l oc a ted i n  the sou thwest  part of t h e  ma re , may be 
l oca l i z ed over the sha l l owly buri ed rim of a premare crater ; and ( 2 )  no l arge pos i t i ve 
g rav i ty anoma l y ,  l i ke those over the deep mare - fi l l ed c i rcu l ar bas i ns ,  i s  assoc i ated wi th  
Mare Tranqu i l l i tati s ( ref . 5 ) .  

The  sou thern part of t�are Tranqui l l i ta ti s i s  crossed by re l at i ve l y  fa i nt but  d i s ti nct  
no rth- northwes t-trend i ng rays and promi nent secondary craters a s soc i ated wi th the c rater 
Theoph i l u s .  Approx i matel y 1 5  k i l ometers west of the  l andi ng s i te i s  a fa i rl y  promi nent 
north-northeast-trend i ng ray . The  ray may be rel a ted to e i ther of the cra ters Al fraganus 
or  Tycho l ocated 1 60 and  1 500 k i l ometers , respect i vel y ,  to the southwest . 

A h i l l  of  h i g h l and - l i ke materi a l  p rotrudes above the mare su rface 52 k i l ometers 
east-southeast  of the l andi ng s i te .  Th i s  structure suggests that the ma re mater i a l  i s  
very th i n  i n  th i s  reg i o n ,  perhaps  no more than a few hundred meters th i c k .  

Locati on o f  the l and i ng s i te from transmi tt�ol og i c  data . - The l andi ng s i te wa s 
tenta t i v e l y  i dent i f i ed duri ng the l unar  s urface s tay on  the ba s i s of observat ions  trans
m i t ted by the  crew . The  Commander reported avoi d i ng a b l o c ky crater the  s i ze of a foot
bal l fi e l d duri ng l a nd i ng and observed a h i l l that he e st ima ted to be from 0 . 5  to 1 m i l e  
west  of  the l u nar  modu l e .  The  l u nar modu l e was t i l ted 4 . 5 ° E ( ba c kwa rd ) on  the l u nar  
surfa ce . 

Duri ng the fi rs t pass  of the command and servi ce modu l es a fter l unar modu l e  l a ndi ng 
( approx i ma te ly  1 to 1 . 5 hours a fter l andi ng ) , the fi rs t  of  s evera l di fferent l and i nq - s i te 
l ocati ons , computed from the onboa rd computer and from track i ng data , was transmi tted to 
the Command Modu l e  Pi l o t  for vi s ua l  sea rch . ( See secti on 5 . ) The  fi rst  s uch  es t i ma te 
of the l andi ng s i te was northwe s t  of the p l anned l a nd i ng e l l i pse . The on ly  s i te near 
th i s  computed l ocation  tha t  cou l d  h a ve matched the reported descri pti on was nea r North 
Crater at  the northwe s t  bounda ry of the l andi ng e l l i ps e .  Howe ver , th i s  reg i on d i d not 
match the des cri pti on very c l ose ly . Late r ,  computed es timates i nd i cated that the l and i ng 
s i te was cons i derab ly  sou th of the earl i er determi n a ti on , and the a reas  near Wes t  C rater 
mos t  c l ose ly  fi t the descri pt i on . These data were transmi tted to the  Command Modu l e  
P i l ot on the l as t  pas s  before l u nar modu l e  l i ft- off , b u t  the Command t1odu l e  Pi l ot ' s  a c
t i vi ti es a t  th i s  t ime d i d not  penn i t vi s u a l  search . The l ocati on j u s t  wes t  of \-Jes t C ra ter 
was confi rmed by rendezvous - radar track i ng of the  command mod u l e  by the l unar modu l e  nea r 
the end of the l unar  s tay peri od and by the des cent photog raphy . 

The crater that was avoi ded duri ng l and i ng wa s reported by the crew to be su rrounded 
by ej ecta conta i n i ng b l ocks  up to 5 meters i n  d i ameter and wh i ch extended 1 00 to 200 me
ters from the crater r im , i nd i cat i ng a re l at i vely fres h ,  s harp-r immed ray crater .  The  
on ly  cra ter i n  the  1 00- to  200-meter s i ze range that  meets the descri pt ion  and i s  i n  the  
v i c i n i ty i nd i cated by the radar i s  West  Crater near the southwest edge of the p l anned 
l a ndi ng e l l i ps e .  A descri pti on  by the Commander o f  a doub l e crater approx imatel y  6 to 
1 2  meters i n  s i ze and south of the l u nar modu l e  s hadow , p l u s  the i dent i f i cat i o n  of West 
Crater , the h i l l  to the wes t ,  and the 2 1 - to 24-meter crater reported beh i nd the l u nar  
modu l e ,  formed a un ique  pattern from wh i c h  the l and i ng s i te was  determ i ned to  wi th i n  
approx imatel y  8 meters . The  2 1 - to 24-meter crater has  been s i nce i denti f i ed by photom
etry as  be i ng 33 meters i n  di ameter . The returned sequence- camera descent photography 
confi rmed the l andi ng poi nt l ocat i o n .  The  pos i ti on  corresponds to coord i nates l at i tude 
0°4 1 ' 1 5 " N and l ong i tude 23° 26 ' 0 " E on fi gure 5- 1 0  ( i n  sect i on 5 ) .  

Geol ogy from transm i t ted da ta . - The su rface of the mare near the l and i ng s i te i s  
unus u a l l y  rough  and of g reater geo l og i c  i nterest  tha n expected befo re fl i g ht . Te l ev i s i o n  
p i c tu res  i ndi cated a greater abundance o f  coarse fragmental  debri s than a t  any o f  the 
fou r  Su rveyor l andi ng s i tes on the mari a except tha t of Su rveyor I ( re f .  6 ) . It i s  
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l i ke l y  that the observed fragments and the samp l es returned to ea rth had been deri ved 
from vary i ng depths beneath the or i g i nal  mare su rface and have had w ide ly  di fferent h i s 
tori es of exposure on  t h e  l unar  su rface . 

The major  topograph i c features  i n  the l andi ng area  a re l a rge craters a few hundred 
meters across , four of  whi ch are broad subdued featu res . The f i fth l arge cra ter i s  West 
Crater l ocated 400 meters eas t  of  the l andi ng po i nt .  Near the l u nar modu l e ,  the s urface 
i s  pocked by numerous  sma l l  craters and strewn wi th fragmenta l debri s ,  part of wh i ch may 
have  been generated duri ng the i mpact format i o n  of West Crater . 

Among the smal l er craters , both sharp , ra i sed-r im  craters and rel a t i v e l y  s u bdued 
cra ters are common .  They range i n  s i ze from a few centi meters to 20 meters . A s l i g htl y 
s u bdued , ra i sed-r im  c rater  ( t he reported 2 1 - to 24-meter crater)  33 meters i n  d i ameter 
and 4 meters deep occurs approx i mate l y  50 meters east  of  the l u nar modu l e ,  and a doubl e 
c rater ( the reported doubl et  crater )  approx i mate l y  1 2  meters l ong and 6 meters w ide  l i es 
1 0  meters west  of  the l u nar modu l e at a 260° a z i muth  ( f i g .  5-8 ) . 

The wal l s  and fl oors of most of  the c raters are smooth and u n i nterru pted by e i ther 
outcrops  or  consp i cuous  strati fi cati o n . Rocks  present i n  the 33-meter crater a re l arger 
than any of  those seen on the  su rface i n  the v i c i n i ty of the l u nar modu l e .  The  bul k of 
the s u rface l ayer cons i sts of  fi ne-gra i ned parti c l es  wh i ch tended to adhere to the crew
men ' s  boots and s u i ts , as wel l  as to equ i pment , and wh i ch was mo l ded i nto smooth  forms 
i n  the  footpri nts . 

The  rego l i th i s  weak  and  rel at i ve ly  eas i l y  trenched to depths of  severa l  centimeters . 
At an a l t i tude of  approx imately 30 meters pri or  to l and i ng ,  the crewmen observed dus t 
mov i ng away from the center of the descent propul s i o n  bl a s t .  The l u nar modu l e  footpad s 
penetrated to a max i mum depth of 7 or 8 cent imeters . The  crewmen ' s  boots l eft pri nts 
g enera l l y  from 3 mi l l i meters to 2 or 3 centi meters deep ( f i g .  1 1 - 3 ) . Su rface materi a l  

F i gure l l - 3 . - Surface characteri s t i c s  
around footpri nts . 

wa s eas i l y d i s l odged when k i c ked . The 
fl agpo l e and dri ve tubes were pressed i nto 
the s urface to a depth of  approx ima tel y 
1 2  centime ters . At that depth , the rego l i th 
was not suffi c i entl y strong to hol d  the core 
tubes  upri ght . A hammer wa s u s ed to dri ve 
the core tubes to depths of 1 5  to 20 centi 
meters . I n  p l aces , duri ng scoop i ng o pera
t i ons , rocks  were encountered i n  the 
subsurface . 

The crewmen ' s  boot treads were sharp l y  
preserved ,  a n d  ang l es as  l arge as  70° were 
mai ntai ned i n  the footpri nt wa l l s  ( f i g .  l l -4 ) .  
The s urface d i stu rbed by wal k i ng tended to 
break  i nto s l abs , cracki ng outward approx i 
mate ly  1 2  to 1 5  centi meters from the edges 
of the foo tpri nts .  

The f i nest  part i cl e s o f  the surface  had 
some adhes i on to  boots , gl oves , su i ts ,  hand
tool s ,  and rocks  on the l unar  su rface . On  
repeated conta c t ,  the coati ng on  the boots 
th i ckened to the po i nt that the col or  of the  
boots was comp l ete ly  obscured . When  the  
fi ne parti c l es  were brushed off the su i ts ,  
a s ta i n  rema i ned . 



Duri ng the tel ev i s i on pano
rama , the Commander po i nted out 
s everal rocks wes t  of  the tel e
v i s i on  camera , one of wh i c h  was 
tabu l ar and standi ng on edge , 
p rotrud i ng 30 centimeters above 
the su rface . Strewn f i el ds  of 
angu l a r  bl oc ks , many more than 
0 . 5  meter l ong , occur north and 
west  of  the  l unar  modu l e .  I n  
general , the rocks  tended to be 
rou nded on top and fl a t  or angu
l ar on the bottom . The cohes i ve 
s trength of  roc k  fragments var
i ed ,  and i n  some cases  the crew 
had d i ffi cu l ty i n  d i s t i ngu i s h 
i ng agg regates , o r  c l ods of  fi ne 
debri s ,  from rocks . 

Geo l ogi c photography and 
mappi ng procedures . - Tel evi s i on 
and photogra ph i c . coverage of the  
l u nar s urface act i v i t i es const i 
tute most of the  fundamental  
data for the l u nar geo l ogy ex
periment and compl ement i nfor
mation  reported by the crew . 
( Refer to " Photography" i n  th i s  
sect ion  fo r a d i scu s s i on of  
l u nar su rface photography . )  

F i gure l l -4 . - Footpri nt i n  s urface mater i a l . P hotogra ph i c  documentat i o n  
of  t h e  l u nar s urface was a c 
q u i red wi th a 1 6-mi l l i meter s e 

quence camera , a c l o seu p  stereoscop i c camera , a n d  two 70-mi l l imeter st i l l  cameras (one 
wi th an 80-mi l l i meter l ens and the other wi th  a 60-mi l l i me ter l ens ) .  The  camera wi th 
the 50-mi l l i meter l ens  was i ntended pr imar i l y  fo r gatheri ng geo l og i c  data , and a trans
parent p l ate conta i n i ng a fi ve-by-fi ve matr i x  of  crosses  wa s mounted i n  front of the  
f i l m  p l ane to  def i ne the  coord i nate system fo r the opt i ca l  geomet ry .  

Photograph i c  procedures p l a nned for the l u nar  geol ogy exper i ment  for u se wi th the 
70-mi l l i meter Hasse l b l ad and the 50-mi l l i meter l ens were the panorama survey ,  the  s ampl e 
a rea  s urvey , and the s i ng l e  sampl e s urvey .  

The panorama survey con s i sts  of 1 2  p i ctu res taken a t  i nterva l s  of 30° i n  a z i muth a nd 
a i med a t  the hori zon wi th the l ens  focu s ed at  22 . 5  meters . The resu l t i ng p i c tu res , when 
matched together as  a mo sa i c ,  form a cont i nuous  350° vi ew of the l and i ng s i te f rom wh i ch 
rel at i ve a z i muth  ang l es can be measured between featu res of i ntere s t .  The Commander took 
a part i a l  panorama from the foot  of the l adder i mmed i a te l y  a fter he stepped to the l u nar 
su rface ( f i g .  1 1 - 5 ( a ) ) .  Al so ,  three panoramas were taken from the vertexes of an  i mag
i na ry tri ang l e  surround i ng the l u nar mod u l e ( for  exampl e ,  f i g s . l l - 5 ( b )  and l l - 5 ( c ) ) .  

The samp l e area s urvey cons i s ts of  fi ve or  more p i c tu res ta ken o f  an  area 4 to 
6 meters from the camera . The  f i rst  p i cture was taken approx imatel y down s u n ,  a nd the 
s ucceed i ng three or more p i ctu res  were taken cross  sun , wi th pa ra l l el camera axes at 
i nterva l s of  1 to 2 meters . 
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( a )  

( b ) 

( c )  

F i g u re 1 1 - 5 . - Panoram i c v i ews . 
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Fi gure l l - 5 . - Panorami c vi ews . 
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The s i ng l e  sampl e s urvey was des i gned to record structures that  were parti cul ar ly  
s i gn i f i cant to  the  crew . The  area  was photographed from a di s tance of l . 6  meters . As  
wi th  the sampl e area  s urvey , the  f i rst  p i c ture wa s taken  approximate l y  down sun , a nd the  
next  two were taken c ro s s  s un . 

Geol ogi c  s tudy from photographs . - The  l unar  geol ogy experi ment i ncl udes a deta i l ed 
study and  c ompari son of photog raphs of the  roc k  sampl es i n  the Lunar  Recei v i ng Laboratory 
wi th photographs taken on  the  l u nar  su rface . The method of study i nvol ves drawi ng s  of 
geol og i c s ketch maps of  faces that show fea tures of the roc k  unobscured by dust and de
ta i l ed des c ri p t i on s  of the morpho l og i c  ( rel a t i ng to former structure ) , structura l , and 
textural features of  the rock , together wi t h  i nterpretat i o n  of the a s soci a ted geol og i c  
features . The  photog raphs and geol og i c  s ketches const i tute a permanent record o f  the 
appearance of the specimens before s ubsequent destruct i ve l abora tory wo rk . 

A smal l roc k  2 by 4 by 6 centimeters , wh i c h  was co l l ected i n  the cont i ngency sampl e ,  
has  been tenta t i vely  l ocated on  the l unar  s urface photographs . P hotographs  of the rock 
s how a fresh-appeari ng ves i cu l a r  (wi th  sma l l c av i t i es resu l t i ng from vapor i za t i o n  i n  a 
mol ten mas s )  l ava , s im i l ar i n  ves i cu l ar i ty ,  texture , a nd crysta l l i n i ty to many terres-
tr i a l  bas a l ts ( f i g . 1 1 - 2 ) . 

· 

The t h i rd l arge s t  roc k  i n  the conti ngency sampl e was col l ected wi th i n  2 meters of 
the l unar  modul e .  The rock has  an  ovoi d  s hape , tapered at  one end , wi th  a broad l y  
rou nded top a n d  nearly fl a t  bottom (f i g .  1 1 - 6 ) . T h i s rock  i s  approx imatel y 5 . 5  cent i 
meters l ong , 2 to 3 cent imeters wide , and 1 . 5 t o  2 centime ters th i ck .  Pa rts o f  the top 
and s i de s  of the rock a re covered wi th  f i ne dust , bu t the bottom and l ower s i des i nd i cate 
a very fi ne-grai ned c l ast i c roc k  conta i ni ng scattered s ubrounded roc k  fragments up to 
5 m i l l i meters i n  d i ameter . The rou nded o vo i d  s hape of the top and s i des of th i s spec i men 
i s  i rregu l a r  i n  detai l .  I n  the central part of  the rock , a broad depres s i on i s  formed by 
many coal esc i ng sha l l ow i rregul ar cav i t i e s  and rou nd p i ts . Adj acent to the centra l  part , 
toward the tapered front end , rou nd deep p i ts a re a bunda nt and so  c l osel y spaced that  
some p i t s  i ntersect others and  i nd i cate more than one  g enera t i o n  of p i tt i ng .  Th� bottom 
of the roc k  i s  mar ked by two p a ral l el fl at  surfaces sepa rated by an i rregu l ar l ong i tu d i nal 
s carp approx ima te l y  0 . 5  to 1 mi l l i meter h i gh .  A few smal l cav i t i es are present ,  but  no 
round p i ts of the type found on  the top appear on  the bottom of the roc k . An  i rregu l ar 
fracture pattern occurs on  the bottom of the roc k .  The fractures are s hort , di sconti nuou s ,  
and l arge l y  f i l l ed wi th dus t .  O n  the top o f  the roc k  near the tapered end , a set  of s hort 
fracture s  3 to 9 m i l l i meters l ong i s  l a rgel y dust  f i l l ed and does not appea r to penetrate 
far i nto the rock . O n  a few s i des  and corners , there are s hort cu rved fractures wh i ch 
may be exfo l i at i on features . T h i s rock i s  a brecc i a  of smal l subang u l a r  l i t h i c  fragments 
i n  a very f i ne-gra i ned matri x .  The roc k  resembl e s  the ma teri a l  of the surface l ayer a s  
photographed by the s tereoscopi c cl oseup camera , except t h a t  th i s  specimen i s  i ndu rated . 
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F i gure 1 1 - 6 . - Deta i l ed v i ew of l una r rock .  

Photometr i c  eva l uat ion . - The general pho tometri c chara cter i s t i c s  of the s urface were 
not not i ceab ly  d i fferent from those  observed at the Surveyor l and i ng s i tes . See " Photo g 
raphy "  i n  th i s  secti on for a more deta i l ed eva l uati on of t h e  photography duri ng l unar  
orb i t a nd surface operat i ons . The  a l bedo of  the l u nar  s u rface decreased s i gn i f i cant ly  
when the s urface was d i sturbed or covered wi th a s pray of fi ne-grai ned mater i a l  k i c ked 
up by the crew . At l ow phase  ang l es , the refl ectance of the f i ne-gra i ned ma ter i a l  was 
i ncreased noti ceabl y ,  espec i al l y  where i t  was compressed smooth ly  by the crewmen 1 s  boots . 
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Su rface t raverse  and sampl i ng l ogs . - The tel ev i s i o n  p i ctures and l unar  s u rface photo 
graphs were used t o  prepare a map of  t h e  l o cat i ons  of  surface feature s , empl aced i nstru 
ments , and s ampl es ( f i g .  l l -7 ) . T h e  most  d i stant  s i ngl e travers e  wa s made to the 
33-meter-di ameter c rater east of the l u nar modu l e .  
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F i gu re 1 1 - 7 . - D i agram of l u na r surface  ac t i v i ty areas . 

The conti ngency sampl e wa s taken i n  v i ew of the sequence camera j u s t  outs i d e  quad I V  
of  t he l u nar modu l e .  Two scoopfu l s fi l l ed the sampl e bag wi th  approx imately 1 . 03 k i l o 
grams of surface ma ter i al . The  areas where the sampl es were obta i ned have been accu ra te ly  
l ocated on a frame ( f i g . 1 1 -8 )  of t he  sequence f i l m  taken from the l u nar modu l e  wi ndow . 
Bo th scoopfu l s i nc l uded smal l roc k  fragments ( f i g s . 1 1 - 9 and 1 1 - 1 0 ) v i s i bl e  on  the s ur
face from the l u nar  mod u l e wi ndows pr i o r  to sampl i ng .  
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F i gure 1 1 -8 . - Loca t i on of  two 
conti ngency s ampl e s coops . 

F i gure 1 1 -9 . - Rocks co l l ected dur i ng  
fi rs t con ti ngency s amp l e  s coop . 
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F i gure 1 1 - 1 0 . - Roc k  col l ected duri ng  
s econd cont i ngency sampl e s coop . 

The  Commander pus hed the handl e of  the 
scoop apparatus 1 5  to 20 centimeters i nto 
the su rface near the a rea of the fi rst scoo p .  
Col l ecti on  o f  the bu l k  samp l e i ncl uded 1 7  o r  
1 8  s coopfu l s taken i n  fu l l  v i ew of  the tel e 
v i s i on camera and a t  l ea s t  f i ve scoopfu l s 
taken wi th i n  the f i e l d of v i ew o f  the 
sequence camera . 

The two core-tube sampl es  were ta ken i n  
the v i c i n i ty of  t he so l a r  wi nd compos i t i o n  
experi ment . T h e  fi rst core l ocat ion  wa s doc
umented by the tel evi s i o n  camera and by two 
i ndi v i dual  Hasse l b l a d  photographs . The  sec
ond core-tube l ocat i on , as  reported by the 
crew , was  in  the v i c i n i ty of  the sol ar  wi nd 
compo s i t i on  exper iment . 

Approx i mately 20 sel ec ted , but unphoto
graphed , grab  sampl es ( approx i ma te ly  6 k i l o 
g rams ) were col l ected i n  the fi nal  mi nutes of  
the extraveh i cu l a r  acti v i ty .  These  spec imens 
were col l ected i n  a reg i o n  1 0  to 1 5  meters 
south of  the l u nar modu l e  and near the east  
r im  of the  l a rge dou bl e crate r .  

T h e  s i tes  o f  three o f  t h e  conti ngency 
sampl e rocks have been l ocated , a nd the  
l ocat i o ns of two rocks  have been tentat i vely 
i dent i f i ed by compa ri ng the s hapes and  s i zes 
s hown i n  the l unar modul e wi ndow and su rfa ce 
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photographs wi th p hotograph s  taken of the  spec imens at  the  Lunar  Recei v i ng Labora to ry .  
Ev i dence for the i dent i f i cati on  and  ori entat i o n  of rock  A ( f i g .  1 1 -9 )  was obta i ned from 
the presence of a s addl e - s haped notch on i ts exposed s i de . Roc k  C (f i g .  1 1 - 1 0 )  wa s 
characteri zed by the p i tl i ke depre s s i on v i s i bl e  on  the p hotographs . Roc k  B ( f i g .  l l - 9 )  
i s  appro x i mate l y  2 centimeters w i de and a t  th i s  t i me has  not been correl ated wi t h  the 
spec imens  i n  the Lunar  Recei v i ng Laboratory .  Du ri ng bu l k  sampl i ng ,  rock fragments were 
co l l ected primar i l y  on  the northeast  r im  of the l arge doubl e crater southwest of the  
l u nar modu l e .  

P ho tographs  taken of the  documented s amp l e l ocal i ty ( south  of the pl u s  Z footpad ) 
before and a fter the extra ve h i cu l a r  act i v i ty were exami ned for ev i dence of rocks  that 
m i g h t  have been i nc l u ded i n  the  sampl e .  F i gures  1 1 - l l  and 1 1 - 1 2  i l l u strate that three 
rather l arge rocks  ( u p  to severa l  tens of cent imeters ) were removed from the i r  respect i ve 
pos i t i on s  shown o n  the p hotog raph s  ta ken before the extraveh i cu l a r  a ct i v i ty .  A c l oser  
v i ew of these  three rocks  was obtai ned duri ng the  extraveh i cu l ar act i v i ty ( f i g .  l l - 1 3 ) .  

F i g u re 1 1 - 1 1 . - P hotograph taken befo re 
extraveh i cu l ar  acti v i ty ,  s how i ng 
rocks  col l ected ( fi g .  1 1 - 9 ) . 
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Fi gure 1 1 - 1 2 . - P hotogra ph  of area 
s hown i n  f i gure 1 1 - 1 1 a fter extra
veh i c u l ar act i v i ty .  



F i gure l l - 1 3 . - P hotograph of  area shown i n  f i g u res  l l - l l  and l l - 1 2 ,  taken 
duri ng extraveh i cu l a r  act i v i ty .  

Geo l ogi c handtool s . - The  geo l og i c  handtoo l s i nc l uded the conti ngency sampl e conta i ne r ,  
a s coop , a h ammer , a n  extens i on handl e ,  two core tubes , tongs , two l arge s ampl e bags , a 
we i gh i ng sca l e ,  two samp l e return conta i ners , and  the g nomo n .  Al so  i nc l uded were sma l l 
s amp l e bag s  numbered for u s e  i n  documentat ion . Al l h andtool s were u sed except the gnomon . 
The  c rew reported that , i n  genera l , the handtool s worked wel l .  

The  l a rge  scoop a ttached to the extens i on hand l e wa s u sed pr imar i l y  du ri ng bu l k  
s ampl i ng to col l ec t  roc k s  and fi ne-gra i ned materi a l . The  l arge scoop wa s u sed approx i 
mate l y  22 t i mes i n  col l ecti ng the  bu l k  sampl e .  As expected from l /6-g  s i mu l at ions , some 
l una r materi a l  tended to fal l out of  the scoop at  the end of a scoopi ng mot i on . 

The h amme r  was used to d ri ve the core tubes , wh i ch were a ttached to the extens i on 
h and l e .  B l ows hard enoug h  to dent the top of  the exten s i on hand l e cou l d  be s truc k .  The 
extens i on hand l e was a ttached to the l arge s coop for tak i ng bu l k  samp l es and was a ttached 
to the core tubes for tak i ng core s amp l es .  

Two core tubes were dri ven , and each  col l ected a sat i sfac tory sampl e .  Each tu be had 
an i nterna l l y  tapered b i t that compres sed the s amp l e  2 . 2 : 1  i ns i de the  tube . One core 
tube contai ned 1 0  centi meters of  samp l e ,  a nd the  other co ntai ned 1 3  centimeters of  sampl e .  
The  tubes were d i ffi cu l t to dri ve deeper than approx i ma tel y 20 centi meters . T h i s d i f
f i cu l ty may have been parti a l l y  caused by the i ncrea s i ng dens i ty o f  the fi ne-gra i ned 
mater i a l  wi th  depth or by other mechan i cal  c ha racteri s t i c s  of the l u nar regol i th .  The  
d i ffi c u l ty of  penetra t i o n  was a l so a funct i o n  of the tapered b i t ,  wh i ch caused greater 
res i stance w i t h  i ncreased penetra t i o n .  One tube was d i ffi cu l t  to attach to the  extens i on 
handl e .  When th i s  tube was detached from the exten s i o n  hand l e ,  the butt end of  the  tube 
unscrewed and was l ost  on  the l unar  surfac e .  The  tubes were opened after the fl i g h t , and  
the  s p l i t  l i ners i ns i de bot h  tubes  were fou nd to  be offset at  the b i t end . The  Tefl o n  
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core fo l l ower i n  one tube was or i g i nal l y  i ns erted u p s i de down , a nd the fol l ower i n  the 
other tube was i nserted wi thout the expans i on spri ng wh i ch  ho l ds the fol l ower s nug l y  
aga i nst the i ns i de o f  the spl i t  tube . 

The tongs were u sed to p i c k  up the documented s ampl es  and to r i g ht the c l o seup  
stereoscop i c  camera when i t  fel l over  on  the  l u na r s urface . One of the l arge sampl e bags 
wa s u sed for stowage of do cumented sampl es . The other l arge bag , the wei g h  bag , was 
u sed fo r stowage of bul k sampl es . The wei g h i ng sca l e was u sed on ly  a s  a hook to s u s pend 
the bul k samp l e bag from the l u nar modul e  duri ng the col l ect i on of bul k s ampl es . 

Lunar  So i l  Mech an i c s  Exper iment 

The l u nar s urface a t  the Apol l o  l l  l a nd i ng s i te was s im i l a r  i n  a ppeara nce , behav i o r ,  
and mec han i ca l  properti es to the surface observed at  the Su rveyor mari a l a nd i ng s i tes . 
Al though the l u nar surface materi a l  d i ffers con s i derab l y  i n  compo s i ti o n  and i n  range of 
parti c l e shapes from a terres tri a l  so i l  of the same pa rt i c l e s i ze d i s tr i bu t i on , i t  does 
not appear to d i ffer s i g n i f i cant ly  i n  i ts eng i neeri ng behav i or . 

A vari ety of data was obtai ned through  deta i l ed c rew observat ions , p hotogra phy , 
tel emetered dynami c  da ta , and exami nat ion  of the returned l unar  su rface materi a l  and  roc k  
s amp l es . Th i s i nformat i on permi tted a prel im i nary a s se s sment o f  the phys i ca l  a n d  mechan
i cal properti es  of the l unar surface materi a l s .  S i mu l a t i ons based on  cu rrent data a re 
p l anned to ga i n  further i ns i g ht i nto the phy s i c a l  characteri st i c s  a nd mechan i ca l  behav i or 
of l u na r su rface ma teri a l s .  

Observed character i s t i cs . - The phy s i c a l  chara c teri s t i c s  of l unar s urface mater i a l s 
were fi rst i nd i ca ted duri ng the l u nar  modu l e  descent . At that t i me ,  the c rew not i ced a 
transparent s heet of du st  resembl i ng a th i n l ayer of ground fog that moved rad i a l l y  out
ward and cau sed a gradua l  decrease i n  v i s i b i l i ty .  

I n spect ion  of the area bel ow the descent stage after l and i ng revea l ed no ev i dence 
of an ero s i on crater and l i ttl e change  i n  the apparent topography . The s urfa ce i mmedi 
atel y u nderneath the eng i ne s k i r t  had a s i nged a ppearance and wa s sl i ghtl y etched 
( fi g .  l l - 1 4 ) . The surfa ce appea rance i nd i cated that the descent eng i ne had caus ed a 
scu l pturi ng effect tha t entended ou tward from the eng i ne .  V i s i bl e  streaks of eroded 
ma teri a l  extended to a max imum d i s tance of approx i matel y l meter beyond the eng i ne s k i r t .  

Duri ng a s cent , no v i s i bl e  s i gns  o f  surface ero s i on were observed . T he i n su l a t i on 
bl own off the descent stage genera l ly  moved o u twa rd on extended fl i ght  pa ths  i n  a manner 
s im i l ar to that of the eroded s urface parti cl es dur i ng descent , a l though the crew re
ported that the i nsu l a t i o n  was , i n  some cases , bl own fo r several mi l e s .  

The l andi ng gea r footpads penetrated the l u nar su rface  2 to 8 centi meters , and there 
was no d i scern i bl e  throwout from the footpads . F i gu res  l l - 1 5  to l l - 1 8  s how the footpad s 
of the pl u s  Y ,  mi nus  Z ,  and m i nus  Y s truts . T he same photographs  s how the postl andi ng 
cond i t i on of the l u nar contact probes , wh i ch had dug i nto and were dragged through the 
l u nar s urface , as we l l  as  some surface bul l doz i ng cau sed by the mi nus  Z footpad i n  the 
d i rec t i o n  of the l eft l ateral mot i on du r i ng l and i ng . The bear i ng pressure on each  
footpad was  l or  2 p s i . 

The  upper centi meters of l unar  surface mater i a l  i n  the v i c i n i ty of the l and i ng s i te 
are characteri zed by a brown i sh , medi um-gray , s l i g htly cohes i ve g ranu l ar materi al that 
i s  l arge ly  compo sed of  bul ky grai n s  i n  the s i ze range of s i l t  to fi ne sand . Angu l ar to 
s u brounded rock fragments up to 1 meter i n  di ame ter are d i s tri buted throughout  the area . 
Some of these fragments were observed to l i e on the surface , son1e were parti al l y  buri ed , 
and others were bare l y  exposed . 
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F i g ure 1 1 - 1 4 . - Lunar  s urface under 
descent s tage eng i ne .  

Fi gure 1 1 - 1 6 . - I n teracti on o f  the mi nus 
Z footpad wi th l unar s u rface . 

Fi gure 1 1 - 1 5 . - I n tera cti on of the 
� l us  Y footpad and conta c t  p robe 
wi th l unar  s urface . 

Fi g ure 1 1 - 1 7 . - I n terac ti on of the 
mi nus Y footpad and contact probe 
wi th l unar  s urface . 
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F i g ure 1 1 - 1 8 . - Soi l di s turbance i n  the 
m i nus  Y footpad are a .  

• 

The l unar s urface i s  re l ati ve l y  s oft to 
depths of 5 to 20 centimeters . The s urface 
can be eas i l y  s cooped , offers l ow res i s tance 
to  penetrati on , and  prov i des  s l i g h t  l a tera l  
s upport for s ta ffs , pol es , and core tubes . 
Benea th thi s re l ati ve ly  soft s urface , re
s i s tance to penetra t i on i nc reases  con s i der
ab ly . The ava i l ab l e  data i ndi cate tha t thi s 
i nc rease i s  caused by an i ncrease  i n  the 
dens i ty of  materi a l  at the s urface rather 
than by the p resence of  roc k  fragments or  
bedroc k .  

Natural  c l ods o f  fi ne-gra i ned ma teri a l  
crumbl ed under the crewmen ' s  boots . T h e  be
havi or of the c l ods , wh i l e  not fu l ly under
s tood , i nd i ca tes cementati on  or  natura l 
cohes i on be tween the gra i ns (or  both ) . I n  
n i trogen , returned l unar  s urface samp l es were 
a l so found to cohere to s o�e extent after 
tei ng senarated , a l thounh to a l esser  deo ree 
tha n  obs�rved on the l u�ar s urface i n  th� 
vacuum envi ronme n t .  

T h e  l unar  surface ma ter i a l  w a s  l oose , powdery , a n d  fi ne-gra i ned and exh i b i ted ad
hes i ve c haracteri s t i c s . As a resu l t ,  the mater i a l  tended to st i ck  to any object wi th 
wh i ch i t  came in  contac t , i nc l ud i ng the crewmen ' s  boots and su i t s , the te l ev i s i on cab l e ,  
and the l unar equ i pment conveyor .  Dur i ng operati on of the l u nar equi pment conveyor , the 
powder adher i ng to it was carri ed i nto the spacecra ft cab i n .  Al so , suffi c i ent fi ne
g ra i ned materi al col l ected on the equ i pment conveyor to cause  b i nd i ng .  

The th i n  l ayer of materi a l  adheri ng to the crewmen ' s  boot s o l e s  caused a tendency 
to s l i p  on the l adder duri ng i ngress . S im i l arly , the powdery coati ng of the rocks on the 
l unar  s urface caused s ome s l i pp i ng .  ( See secti on 4 . ) A fi ne dus t confi ned betl'leen two 
re l at i ve l y  h ard s urfaces , s uch as  a boot so l e and  a l adder runn or a rock s urface , wou l d  
be expected to produce a tendency to s l i p .  Howe ve r ,  the l unar s urface provi ded adequate 
beari ng s treng th for s tandi n(l , wa l k i ng ,  l op i ng , or j u�ri nf! and s uffi c i ent  tracti on for 
s tarti ng , turn i ng ,  or s toppi ng . 

Smal l ,  fresh  crater wa l l s  hav i ng s l ope angl es  of up  to 1 5° cou l d  be read i l y  nego
t i a ted by the crew . Go i ng stra i ght  down or up  wa s found to be preferabl e to travers i ng 
these s l opes s i deways . The footi ng was not secure because  the varyi ng th i c kne s ses  of 
u n stabl e l ayer materi al tended to s l i de i n  a n  unpred i ctabl e fa s h i on . 

The mater i a l  on  the r ims and wa l l s  of l a rger s i ze craters , w i th wa l l  s l opes ra ng i ng 
up  to 35° , appeared to be more compact  and stabl e than  that on the sma l l er cra ters . 

Exami nat i o n  of l unar mater i a l sampl es . - Prel im i nary observa t i ons were made of the 
genera l  appearance , s truc ture , texture , col or , grai n-s i ze d i s tri but ion , cons i stency , 
compactness , and mechan i ca l  beha v i o r  of the f i ne-gra i ned mate r i a l  samp l ed by the core 
tubes and col l ected duri ng the cont i ngency , bu l k ,  a nd documented s ampl i ngs . These i n
vest igat ions  are reported i n  greater deta i l  i n  other reports . 
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Exam i na t i o n  of Lunar  Sampl es  

A total of 22 k i l ograms of l unar mater i al wa s returned by the  Apol l o  1 1  crew ; 
1 1  k i l ograms were rock  fragments more t ha n  l cent imeter i n  di ameter ,  and 1 1  k i l ograms 
were smal l er parti c u l a t e  materi a l . Because the  creMnan fi l l ed the documented sampl e 
conta i ner  by p i c k i ng up  se l ected rocks  wi th tong s , the conta i ner hel d a va ri ety of l arge 
rocks  ( total  wei ght , 6 . 0  k i l ograms ) .  The to tal bu l k s ampl e we i ghed 1 4 . 6  k i l ograms . 

T h e  returned l unar  materi a l  may be d i v i ded i nto the fol l owi ng four g roups : 

1 .  Type A :  fi ne-gra i ned  crysta l l i ne i gneous rock conta i n i ng ves i cl es ( cav i t i es ) 

2 .  Type B :  medi um-g ra i ned vuggy ( smal l cavi ty )  c rysta l l i ne i g neous rock 

3 .  Type C :  brecc i a ( rock  cons i s t i ng of sharp fragments i mbedded i n  a f i ne-gra i ned 
matri x )  made of sma l l fragments of gray rock s  and f i ne mater i a l  

4 .  Type 0 :  fi nes  (mi xtu res of  very smal l parti c l es of vari ous  s i zes ) 

The maj or  fi nd i ngs of a prel imi na ry exami nat i on of  the  l u na r sampl es  are as  fol l ows : 

1 .  Based on  the fabri c and m i nera l ogy , the roc k s  can  be d i vi ded i nto two groups : 
( a )  fi ne- and medi um-gra i ned crysta l l i ne rocks  of i g neou s ori g i n , probab ly  o r i g i nal l y  
depo s i ted a s  l ava fl ows , then d i smembered and redepos i ted as  impact  debri s and ( b )  brec
c i as of  comp l ex h i story .  

2 .  The crys ta l l i ne roc k s  a re di fferent  fro� any terres tri a l  rock and from mete
ori tes , as s hown by the bul k chem i s try stud i es and by ana lyses  of mi nera l  concentrat i o n  
i n  a spec i fi ed a rea . 

3 .  E ros i on h as occurred o n  the l unar  s urface , a s  i nd i cated by the roundi ng o n  �os t 
rocks  a nd by the ev i dence of exposure to a process  wh i ch g i ve s  the  roc k s  a su rface ap
pearance s i mi l ar to sandbl a s ted rocks . No evi dence ex i s ts of  ero s i on by s urface water .  

4 .  The proba b l e  presence o f  the a s se�b l age i ron- troi l i te- i l men i te and the absence 
o f  any hydrated phase  suggest that the  crysta l l i ne rocks  were formed under extremel y  l ow 
pa rt i a l  p res sures  of oxygen , wate r ,  a nd s u l fur ( i n  the ra nge of  those i n  equ i l i br i um 
wi th mos t  meteori tes ) .  

5 .  The absence of secondary hydrated mi nera l s  s ugges ts tha t  there has  been no s ur
face water at Tranqu i l i ty Base at any t i me s i nce t he rocks  were exposed . 

6 .  Evi dence o f  s hock or  impact  metamorph i sm i s  common i n  the rocks a n d  fi nes . 

7 .  Al l the rocks di s p l ay g l a s s - l i ned s urface p i ts wh i ch may have been caused by 
the impact  of s�a l l pa rti c l es . 

8 .  The fi ne mate ri a l  a n d  the brecci a con ta i n  l a rge amounts of  a l l nob l e  gases wi th 
e l emental  and i sotop i c  abundances that a l most  certa i nl y  were deri ved from the sol a r  wi nd .  
The fact that  i nteri or s ampl es  of the brecc i as conta i n  these gases  impl i es that  the  
b recc i a s  were formed at the  l u nar  surface from mate r i a l  prev i ou s l y  exposed to the sol a r  
wi nd . 

9 .  The 4°K;40Ar meas uremen ts on i g neous rock i ndi cate that  those rocks  crys ta l 
l i zed 3 to 4 b i l l i on years ago . Cosmi c - ray-produced nucl i des i nd i cate that the  rocks  
have  been  wi th i n  1 meter of the  s u rface for peri ods of 20 to 1 60 mi l l i o n  years . 
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1 0 .  The l evel o f  i nd i g enous  vol ati l i zabl e or pyro l yz a bl e (or  bot h )  organ i c materi al 
appears to be extremel y  l ow ( cons i derabl y l es s  than 1 ppm ) . 

1 1 . The  chemi ca l  anal yses of 23 l u na r s ampl es s how that  a l l roc ks and f i nes  are 
genera l ly  s im i l a r c hemi cal l y .  

1 2 . The e l emental consti tuents o f  l u nar sampl es  are the same a s  those fou n d  i n  
terrestri a l  i gneou s roc ks and meteori tes . Hmvever ,  several s i g n i fi cant d i fferences i n  
compo s i ti on occu r :  ( a )  Some refractory el ements  ( su c h  a s  t i tani um and z i rcon i um )  are 
notably enri ched , and ( b )  the al kal i s  a nd some vo l at i l e  e l ements are depl eted . 

1 3 .  E l ements  that  are enri ched i n  i ron meteori tes ( t hat  i s ,  n i c ke l , cobal t ,  a nd 
the p l at i num gro u p )  ei ther were not observed o r  were l ow i n  abundance . 

1 4 .  T he chemi ca l  anal ys i s of the  f i ne materi a l  i s  i n  excel l ent  agreement wi th  the  
res u l ts of the  a l pha-backscatteri ng measu rement at  the  Su rveyor V s i te .  

1 5 . Of 1 2  ra di oact ive  spec i e s  i dent i f i ed , two were cosmogen i c  rad i o nu c l i des  of 

s hort ha l f l i fe ( 52Mn wh i ch has a ha l f l i fe of 5 . 7  days and 48v wh i ch has a ha l f l i fe 
o f  1 6 . 1  days ) .  

1 6 .  Uran i um and  thor i um concentrat ions  were near the typ i ca l  val ues for terrestri a l  
basal ts ; however , the potas s i um-to-uran i um ra ti o determ i ned for l u nar su rface mater i al i s  
much  l ower than such  va l ues determi ned for ei ther terres tri a l  rocks or meteor i tes . 

1 7 .  The  observed h i g h  concentrati on of  26Al i s  con s i stent wi th  a l ong-cosmi c - ray 
expos ure age i nferred from the rare -gas anal ys i s .  

1 8 . To date , no ev i dence of  b i o l ogi cal  ma ter i a l  has  been fou nd i n  the sampl es . 

1 9 .  T he l u nar su rface materi a l  at  the l u nar modu l e  l and i ng s i te i s  predomi nant ly  
f i ne g ra i ned , granu l ar ,  s l i g ht ly  cohes i v e ,  and  i ncompres s i bl e .  The  hardness  i nc reases  
cons i derably at  a depth  of  6 i nches . The  so i l  i s  s i mi l a r i n  appearance and behav i or to  
the so i l at the  Su rveyor l and i ng s i tes . 

Pass i v e  Se i smi c Experiment 

The earl y Apo l l o  sc i ent i f i c  experi ment package se i smometer system met the req u i re
ments of the exper iment fo r the fi rst 2 weeks of  i ts opera t i on . No s i g n i f i cant i nstru
mental  def i c i enc i es were encou ntered , des p i te the fac t that max i mum operati ng temperatu res  
exceeded tho s e  p l anned for the i ns trument by a s  much as  50°  F .  

Ana l ys i s  o f  ca l i bra t i on  pu l ses and s i gnal s rece i ved from v ari ous crew act i v i t i e s  i n
d i c a ted that a l l four s e i smometers were opera ti ng properl y .  I nstrument response  curves 
deri ved from cal i bra t i o n  pu l ses a re shown i n  fi gure l l - 1 9 .  

Duri ng the fi rs t l u nar day , data 1vere acq ui red a t  l l  : 40 : 39 p . m .  e . s . t . , J ul y  20 , 
1 969 , and transm i s s i on was s topped by command from M i s s i on Control Center a t  06 : 58 : 46 a . m .  
e . s . t . , Aug u s t  3 ,  1 969 , when the predi c ted rate of so l ar panel  output power drop occurred 
at l unar  suns e t .  Thi s  o u tput  power drop occurred approx i ma tely  4 hours 40 m i nutes before 
the s unset  ti me predi c ted for a fl a t  s urface , i nd i ca ti n11 a n  effec ti ve s l ope of 2 ° 20 ' up
wa rd to the wes t at th e dep l oyment  s i te .  
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F i gure l l - 1 9 . - Response from pas s i ve 
s e i sm i c  experiment . 

Except for the occas i ona l  occurrence 
of  trans i ent s i g na l s ,  the bac kground s e i s 
m i c  s i gna l  l evel  on the l ong-per iod  
verti ca l - component s e i smometer i s  be l ow 
sys tem no i se ;  tha t i s , bel ow 0 . 3  m i l l i 
m i c ron over the per iod  range from l to 
1 0  s econds ( fi gs . l l - 2 1  and l l -22 ) . Th i s 
l evel i s  between 1 00 and 1 0  000 t i mes  
l es s  than the average background l evel s 
observed on  ea rth i n  the norma l peri od 
range for mi crose i sms (6 to 8 seconds ) . 

Conti nuous background moti ons of 
rel at i ve ly  l a rge  amp l i tude ( 1 0  to 30 mi l 
l i mi c rons  peak to peak ) were observed on 
the reco rds from both ho ri zonta l -

Se i sm i c  bac kground no i se . - A h i stogram 
of se i smi c backgrou nd l evel  recorded by the 
s hort-per i od s e i smometer i s  s hown i n  f i g 
u re l l - 20 . Immed i ately after turn-o n ,  the 
h i g h -amp l i tude s i gna l  was produced i n  pa rt 
by c rew act i v i t i es a nd i n  part by a s i gnal  
genera ted wi th i n  the l u na r modu l e ,  presum
ably by venti ng processes . The l evel s 
decreased s tead i l y  u nt i l  the ba ckground 
s i gna l  had d i sappea red comp l etely by J u l y  29 , 
1 969 (8 days a fter turn-on ) . Thu s , the con
t i nuous s e i sm i c  background s i gnal  near 
l hertz i s  l es s  than 0 . 3  m i l l i m i cron , wh i c h 
corres ponds to sys tem no i se .  Max i mum s i gna l  
l evel s of l . 2  mi c rons  at frequenc i es of  7 to 
8 hertz were observed dur i ng the peri od when 
the crewmen were on  t he s urface . 
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F i g ure l l - 20 . - S i g na l - l evel h i s to ry from 
s hort-peri od Z -axi s se i smometer . 

component se i smome ters . The amp l i tude of thes e moti ons decrea sed be l ow the l evel  of the 
54- s econd os c i l l a t i on for a 2- to 3-day i nterva l centered near l u nar noon when the  rate 
of change of external  tempera ture wi th time wou l d  be  at a mi n imum .  The s i g na l s  were of 
l ow frequency (wi th a peri od of approx imate l y  20 s econds to 2 mi nutes ) . I t  i s  a s s umed 
tha t  these s i g na l s  corres pond to ti l ti ng of the i ns truments . The ti l ti ng i s  caused by 
a comb i nat ion  of thermal  d i s torti ons of the meta l pa l l et  wh i ch serves as  the i ns trumen t  
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F i gure 1 1 - 21 . - D i agram s howi ng types of 
no i se tran s i ents  observed on  the  
s e i sm i c and t i da l  outputs  from the  
l ong-peri od s e i smometers . 
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F i gu re 1 1 - 22 . - H i s togram of l o ng - per iod  
no i se tra ns i ents . 

base  and  a rock i ng mo ti on of the pa l l et pro
duced by therma l  effects i n  the l unar  s urface 
materi a l . Howeve r ,  the hori zontal com ponent 
of  true l unar  s e i sm i c  background  l eve l a t  
s horter peri ods ( l e s s  than

-
1 0  seconds ) a l so 

appears to be l es s  than 0 . 3  mi l l im i cron . 

Near s e i sm i c  events . - Four types of h i oh
frequency s i g na l s p roduced by l oca l  sources



(wi thi n 1 0  to 20 k i l ometers of the s e i smi c 
experiment package ) h ave been tentat i ve l y  
i denti fi e d .  S i g na l s o f  the fi rs t type , those 
p roduced by crew act i v i ti es , were prom i nent 
on  the s hort-peri od s e i smometer from i n i ti a l 
turn-on unti l l u nar modu l e  ascen t .  Such 
s i gnal s  were parti cu l ar ly  l a rg e  when the 
crewmen were i n  p hy s i cal  conta c t  wi th the 
l unar  modu l e .  The s i gna l  produced when the 
Commander as cended the l adder to reenter 
the l unar  modu l e  i s  shown i n  fi g ure 1 1 - 2 3 .  
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F i gure l l -23 . - Sei smometer response wh i l e  
Commander was a s cend i ng l adde r .  

The predom i nant  frequency o f  a l l of the 
s i gna l s  produced by crew act i v i ti es i s  7 . 2  to 
7 . 3  hertz . The spectrum of the s i gn a l  pro
duced by the Commander on the l unar mod u l e 
i adde r ,  s hown i n  fi g u re l l - 2 3 , conta i ns th i s  
�rom i nent pea k .  Th i s  frequency i s  approx i 

mate l y  equa l  to the fundamental  resonant mode of vi bra t i o n  of the l u nar modu l e  s truc ture . 
For compari son , the spectrum of the s i gna l  genera ted when one of the portab l e  l i fe s up
port sys tems . wh i ch we i ghed 75  pounds . s truc k  the ground after bei ng ejected from the 
l unar  mod u l e  i s  shown i n  fi g u re l l - 24 .  The spectrum aga i n  s hows the 7 . 2-hertz peak ; how
eve r ,  the two peaks a t  1 1 . 3  and  1 2 . 3  hertz wou l d  be dom i nant  i f  the spectrum were cor
rected for i ns trument res pon s e .  The s i gna l  a t  7 . 2  hertz was presumably g enerated because 

1 50 



the portab l e l i fe support system s truc k  
the l u nar modu l e  porc h and  the  l adder as  
it  fel l  to  the  surface . 

The 7 . 2- hertz peak  i s  s h i fted to 
8 . 0  hertz i n  the spectra of  s i gna l s  gen
era ted after departure of  the l u nar  mod
u l e ascent stage . I t  i s  expected that 
resonances i n  the rema i n i ng des cent s tage 
s tructure s h i fted to h i gher  frequenc i es 
when the mass  of  the ascent stage was 
removed . 

Some of  the s i gna l s  observed had the  
s ame characteri s t i cs that  l a nds l i des have 
on  earth . The s i gnal s h ave emergent  on
sets and l a st  up  to 7 mi nutes for the 
l argest  tra i ns . Low frequenc i es ( l / 1 0  to 
l / 1 5 hertz ) assoc i ated wi th  the l arges t 
of  these tra i ns a re a l so  observed on  the 
seismograms from the l ong-peri od  verti cal 
component se i smomete r .  A s  s hown i n  
fi gure 1 1 - 2 5 ,  the events a s soci a ted wi th 
the s e  s i gna l s b egan on Ju ly  25 , 1 969  ( 2  days 
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F i g ure 1 1 - 24 . - Sei smometer response from 
fi rst portabl e l i fe s u pport system 
i mpact i ng l u nar  s urface . 

before l unar  noon ) , s ubs i ded  duri ng the l unar noon peri od , and cont i n ued  a fter l unar  noon 
wi th more frequent  and much  sma l l er events . The acti v i ty i s  be l i eved to be  rel a ted i n  
some way to therma l  e ffec ts . t1ore than 200 o f  these eve n ts were i de n ti fi e d .  

700 

300 600 

-300 

: l u nar surface temperature 

J uly + August 
Time, days 

F i g u re 1 1 -25 . - Lunar  s u rface temperature and  sei smometer output s i g na l s .  
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H i gh -frequency s i gnal s from an undetermi ned source were observed . These  s i g na l s 
began wi th l arge ampl i tudes on  the short-peri od sei smometer and  gradua l l y  decreased over 
a peri od of 8 days unti l they d i s appeared comp l etely on  J u l y  30,  1 969 . Duri ng the  fi nal  
s tages of th i s  act i v i ty ,  the s i gna l s became repeti t i ve ,  wi th nearly i denti cal  s tructure 
from tra i n  to trai n .  As menti oned p revi ous l y ,  the  predomi nant frequency of  these  s i gnal s 
was approximate l y  7 . 2  hertz before the l unar  mo du l e  ascent  and 8 . 0  hertz after the l unar  
modu l e  ascen t .  The  compl ete d i sappearance of  these  s i gnal s and  t he i r near ly  i denti ca l  
form have  l ed to  the  tentati ve  concl u s i on that  they were pro duced by the  l u na r modu l e 
i tse l f ,  presumab ly  by venti ng proces ses . 

Some of the observed h i g h - frequency s i gnal s may have been from nearby meteoro i d i m
pacts . An anal ys i s  i s  bei ng made of several h i gh - frequency s i gna l s wh i c h  may correspond 
to meteoro i d  i mpacts at  ranges  of a few k i l ometers or l es s  from the pas s i ve se i smi c ex
peri ment package . Substanti ve remarks on  these events cannot be made unt i l spectra of  
the  s i gna l s are computed . 

D i stant se i smi c events . - Duri ng the peri od J u l y  22 to 24 , 1 969 , three of the re
corded s i gnal s appear to be su rface waves , that i s ,  sei smi c  waves wh i c h  travel al ong 
the s urface of  the moon in contrast  to bo dy waves whi ch wou l d  travel  throug h  the  i nteri or  
of  the moon . Body waves ( compres s i onal  and shear waves ) produced by a g i ven  sei smi c 
source normal l y  travel at h i gher  vel oc i ti es than su rface waves and , hence , are observed 
on  the record before the s urface waves . No body waves  were observed for d i stant se i sm i c 
events . The wave tra i ns  beg i n wi th s hort-peri od osc i l l at ions  ( 2  to 4 seconds ) wh i ch 
gradual l y  i nc rease i n  peri od to 1 6  to 1 8  seconds when the tra i n  d i s persed . 

A wave tra i n  h av i ng s imi l ar c haracteri s t i c s  has  been observed on the  l ong-peri od 
verti ca l  channel i n  assoc i at i on wi th  a seri es  of  di screte pu l ses  on the s hort-peri od 
verti ca l  channel . I n  th i s ca s e ,  the l ong-peri od wave tra i n  obs erved on the record i s  
s i mp l y  the summat i o n  of tran s i ents correspondi ng to these pul ses and , hence , i s  of i n
strumental ori g i n .  A d i spers i o n  of th i s  type i s  common ly  observed on earth i n  vari ous  
types of su rface waves . The  di spers i o n , or  gradual  tra nsfo rmat i o n  of  an  i n i t i a l impu l s i ve 
sou rce to an extended o s c i l l atory tra i n  of waves , i s  produced by propagat ion  through  a 
wave gu i de of  some type . The  events observed appear on ly  on  the  hori zontal - component 
se i smometers . Such hori zonta l l y  pol ari zed waves , when observed on  earth , wou l d  be cal l ed 
Love waves . On earth , s urface waves wh i ch  have a vert i cal  component of mot i o n  ( Rayl e i g h  
waves ) are u sua l ly  the most p romi nent waves on  a record from a d i stant event . Several 
pos s i b i l i t i e s are presently under study to expl a i n  these waves . 

E ngi neeri ng eva l uati on . - From acqu i s i t ion  of i n i t i a l data to turn-off , the pas s i ve 
se i sm i c  exper iment package operated for 3 1 9 hours 1 8  mi nutes . The  power and data sub
systems performed extremel y  we l l , part i c u l arl y  i n  v i ew of the  abnormal ly  h i g h  operati ng 
tempera tures . The  output of  the sol ar  cel l array was wi th i n  l to 2 watts of the expected 
val ue and was a l ways h i gher  than the 27-watt mi n i mum des i g n  s pec i f i cat ion . 

Approx i mately 99 . 8  percent of the data from the pas s i ve sei smi c experiment pa ckage 
are preserved on  tape . Several occurrences of data dropout were determi ned to be caus ed 
by a sou rce other than the se i smi c experiment sys tem . The pas s i ve se i sm i c  experiment 
s howed good response i n  detecti o n  of the crewmen ' s  footsteps , the  portabl e l i fe support 
system ej ecti on from the l unar modu l e ,  a nd the movements by the crew i n  the l unar  modu l e 
pri or  to l i ft-off .  

Data from the dust and thermal rad i a t i on engi neeri ng measurement were obtai ned con
ti nuo u s l y  except for bri ef turn-off peri ods a s soc i ated wi t h  power/ thermal ma nagement . 
N i ne h undred and s i xteen commands were transmi tte d and accepted by the pa s s i ve sei smi c 
experiment package . Mos t  of these commands were used to l evel  the equ i pment , thereby 
correcti ng for the therma l di s torti ons of the suppo rti ng rr ima ry structu re . 
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The down- l i n k s i gnal  s trength rece i ved from the pas s i ve sei smi c  experiment package 
agrees wi th the predi ct i ons . For the 30- foot antenna s ,  the  strength ranged from - 1 35 to 
- 1 39 dBm , and  for the 85-foot antennas , the strength  ranged from - 1 25  to - 1 27 dBm . 

Normal  operat ion  was i n i t i a ted on  the second l unar day by command from M i s s i on Con
trol Center at  1 : 00 a . m .  e . s . t . , August  1 9 ,  1 969 , approx imately 20 hours after sunri se  
a t  Tranqu i l i ty Base . Transm i s s i on s topped at 6 : 08 a . m .  e . s . t . , September 1 ,  1 96 9 ,  wi th 
the l os s  of  so l ar  panel output power at  l unar s unset . T he l o ss of tra nsmi s s i on was d i s 
appo i nti ng ;  however , at  the t i me of  the l o s s , the pas s i ve se i smi c experiment pac kage had 
exceeded the des i g n  obj ect i ves . 

Data rece i ved , i nc l ud i ng s e i smometer measu rements , were cons i stent wi th those re
corded at  correspond i ng s un  el evati on ang l es on the fi rs t l unar  day . O perat ion  cont i nued 
unt i l the data system did  not respond to a transmi tted command at  3 : 50 a . m .  e . s . t . , 
Augu s t  25 , 1 969 ( a pprox imately noon of the second l u nar day ) . No comma nd wa s accepted 
by the pas s i ve s e i smi c  experiment package a fter that t ime , des p i te repeated attempts 
under a wi de vari ety of condi t i ons . The i n i t i a l i mpact of the l o s s  of command capabi l i ty 
was the i na b i l i ty to rel evel the  l ong-per iod se i smi c sensors . As a resu l t ,  al l three 
axes became so u nbal anced tha t the data were mean i ngl es s ; however ,  mean i ngful data con
t i nued to be rece i ved from the short-period  se i smi c senso r .  

Va l i d  s ho rt-peri od s e i sm i c  sensor a nd tel emetry data cont i nued to b e  recei ved and 
recorded duri ng the rema i nder of  the second l u nar  day . Component tempera tures and power 
l evel s conti nued to be nomi nal  and corresponded to va l ues  recorded at the s ame sun  ang l es 
on  the f i rs t l unar day . The pas s i ve se i smi c exper iment was automat i cal l y  swi tched to the 
standby mode of  opera t i o n  when the power dropped at  s unset . 

Down- l i n k transm i s s i o n  was acq u i red duri ng the th i rd l u nar day at 5 : 27 p . m .  e . s . t . , 
September 1 6 ,  1 969 . Transm i s s i on stopped at  6 : 3 1 a . m .  e . s . t . , October 1 ,  1 969 , w i th  the 
l o s s  of power at l u na r s unset . Effo rts to restore command commu n i cat i ons  were u n succes s 
fu l . The  pas s i ve se i sm i c  experiment rema i ned i n  t h e  standby mode o f  opera t i on , w i th  no 
se i sm i c  data output . Data from the dust and thermal  rad i a t ion  eng i neeri ng measurement 
went  off sca l e  l ow at 1 0 : 00 p . m .  e . s . t . , September 1 6 ,  1 969 , and rema i ned off s ca l e 
throughout the day . The  down- l i n k s i gnal  s trength , component temperatures , a nd power 
l evel s cont i nued to be nomi nal  and corresponded to va l ues  recorded a t  the  s ame s u n  ang l es  
on prev i ous  days . 

E ngi neeri ng concl us i ons . - Tentat i ve concl u s i ons  based on a prel i mi nary analys i s  of 
data obta i ned duri ng the fi rst  recordi ng peri od ( J u l y  21 to August  3)  are a s  fo l l ows : 

1 .  The  s e i sm i c  bac kground s i gna l  on  the moon i s  l e s s  than the thresho l d  sens i t i v i ty 
of  the i n strument ( 0 . 3  m i l l im i c ron ) .  Se i smometers a re abl e to opera te on  the l u nar  sur
face a t  1 0  to 1 00 t imes h i gher  sens i ti v i ty than i s  poss i bl e  o n  earth . 

2 .  Al l owi ng for the di ffe rence i n  s i ze between the earth and the moo n ,  the occur
rence of se i sm i c  events (moonquakes  or  i mpacts ) on the moon i s  much l es s  frequent than 
the occu rrence of earthqu a kes  on the ea rth . 

3 .  Des p i te the puzzl i ng features  of the pos s i bl e  s urface wave tra i n s ,  a n  attempt i s  
be i ng made to fi nd l una r model s compati b l e wi th the data . 

4 .  E ro s i onal  processes  correspond i ng to l ands l ides  a l ong cra te r  wal l s  may be oper
a t i ve wi th i n  one o r  more re l at i ve ly  young  craters l ocated wi th i n  a few k i l ometers of the 
pas s i ve s e i sm i c  experi ment package . 
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Laser  Rang i ng Retrorefl ector Exper iment 

T h e  l a ser rang i ng retrorefl ector was depl oyed approx i matel y 1 4  meters south- southwes t  
o f  t h e  l unar  modu l e  i n  a rel at i ve ly  smooth area ( fi g .  l l - 26 ) . T h e  bubbl e was not pre
c i se ly  i n  the center of  the l evel i ng dev i ce ,  but  was between the center and  the  i nnermost 
di v i s i on i n  the southwest  d i rect ion . T h i s  m i sa l i nemen t  i ndi cated an off- l evel condi t ion  
of l es s  than 30  m i nutes of arc . The s hadow l i ne s  and sun  compass  marki ngs were c l early 
v i s i bl e ,  and  the crew reported that these devi ces s howed that the  a l i nement was  preci s e .  

On  August  l ,  1 969 , t h e  L i ck Observatory obtai ned refl ected s i gnal s from the l aser 
rang i ng ret rorefl ecto r .  The s i gnal  conti nued to appear fo r the rema i nder of the n i g ht . 
Between 5 and 8 J/pu l s e  were transmi tted at  6943 angstroms . When the 1 20- i nc h  tel es cope 
was u sed , each returned s i gna l  conta i ned , on the average , more than  one photoel ectro n ,  
a va l ue  t h a t  i nd i c ated t h a t  the  condi t i on of t h e  retrorefl ector o n  t h e  s u rface was 
ent i re l y  sati sfactory .  

On  August  20 , 1 96 9 ,  the McDona l d Observatory obtai ned refl ected s i gna l s from the 
retrorefl ecto r .  The round-tri p s i gna l  t i me was fou nd to be  2 . 4959631 1 ( +: 0 . 00000003 ) s ec
onds , a n  u ncertai nty equ i va l ent to a d i stance vari a t i o n  of 4 . 5  meters . 

Fi g ure l l - 26 . - Laser rang i ng 
retrorefl e c tor dep l oyed .  

The L i c k  Observatory and McDona l d  Observ
a tory observat i ons , made a few days before 
l unar  s unset  and a few days a fter l unar  s un
ri se , s h ow tha t  the thermal  des i gn of the 
retrorefl ector permi ts operat ion  duri ng s un
i l l um i n a ted peri ods and tha t  the retrorefl ec
tor s urvi ved the l unar  n i g h t  s ati s fac tori l y .  
The observa ti ons a l s o  i ndi cate that  n o  seri ous 
deg radati on of opti cal  performance occurred 
as  a res u l t of  f l a ked i ns u l at ion , debri s ,  
dus t , or  rocket exhaus t products wh i ch s ca t
tered duri ng the l unar  modu l e l i ft-off . 

The sc i enti fi c objecti ves of the l aser  
rang i ng retrorefl ec tor experimen t -- s tud ies  
of gravi tati on , rel a ti vi ty ,  and  earth and  
l unar phys i cs -- can  be ach i e ved on ly  by s uc
cess fu l ly  moni tori ng the changes i n  the d i s 
tances from s tati ons o n  earth t o  the l as e r  
b eam refl ector on t h e  moon wi th an  uncertai n ty 
of approx i mately 1 5  centimeters over a per i od 
of many years . The McDona l d  Observa tory i s  
bei ng i ns trumented to make dai l y  observati ons 
wi th th i s  accuracy ,  and i t  i s  expected that  
s evera l other  s tati ons capab l e of th i s  rang
i ng preci s i on wi l l  be estab l i s hed .  

Sol ar Wi nd Compo s i t i on Experiment 

The sol ar  wi nd compo s i t i o n  experiment was des i gned to measure the a bu ndance and  the 

i sotop i c  compo s i t i ons of the nobl e gases i n  the sol ar wi nd ( 3He , 4He , 20Ne , 2 1 Ne , 
2 2Ne , 

36Ar , a nd  38Ar ) .  The experi ment con s i sted of a speci a l ly  prepared a l umi num fo i l  w i t h  an  
effecti ve area of 0 . 4  square meter ( fi g .  l l - 2 7 ) , The  experiment was  depl oyed approxi 
mate l y  6 meters from the l unar  modu l e .  The s taff of the experiment penetrated 1 3 . 5  cent
i me ters i nto the s u rface . 
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Fi g ure 1 1 - 27 . - So l ar w i n d  compos i ti on 
experi ment dep l oyed . 

When exposed to the s o l a r  wi nd a t  the 
l unar  s urface , s o l a r  wi nd parti c l es wh i ch a r
ri ved wi th ve l oc i t i es of a few hundred k i l o 
meters p e r  second penetrated the fo i l  t o  a 
depth of  severa l m i l l i onths of  a centimeter 
and became fi rml y  trapped . The fo i l  was re
tri eved after a 77-m i n ute exposure to the 
l unar envi ronment .  The return un i t  was p l aced 
i nto a s pec i a l  Tefl on bag and returned to 
earth i n  the l unar s ampl e return conta i ner .  
A porti on of  the  fo i l  was  cut  out ,  p l a ced i n
to a meta l g a s ket vacuum conta i ner , and  heat  
s teri l i zed a t  1 25° C for 39 hours . The evo l v
i ng a toms were then ana l yzed i n  s tat i ca l ly 
opera ted mas s  s pectrome ters , and the abso l u te 
and i sotopi c quanti ti es  of the parti c l e s  were 
determ i ned . 

Photography 

Duri ng the mi s s i on , a l l  n i ne of the 
70-m i l l imeter  and a l l  1 3  of the 1 6-mi l l i meter  
fi l m  magaz i nes  carri ed on board the s pa cecraft 
were exposed . Approx i ma te l y  90 percent  of  the 
photograph i c  objecti ves were accompl i s hed , i n
c l ud i ng a pprox i mately 85 percent of the re
ques ted l unar photography and a pprox imate l y  
46 percent of t h e  target-of-opportun i ty 
photog raphy . 

Photograph i c  objecti ves . - The l unar s u r
face photogra ph i c  objecti ves were as  fol l ows : 

1 .  Long-d i s tance coverage from the com
mand modu l e  

2 .  Lunar mappi ng photography from orb i t 

3 .  Photography of the l anded l unar 
mod u l e  l ocat ion  

4 .  Sequence pho tography duri ng descen t ,  l unar s tay , and ascent  

5 .  S ti l l  p hotog rap h s  through the  l unar mod u l e wi ndow 

6 .  S ti l l  photographs on the l unar  s urface 

7 .  Cl oseup s tereoscopi c photography 

Fi l m  des cri pt ion  and  process i ng . - Spec i a l  care was taken i n  the s e l ection , prepara
ti on , ca l i brati on , and  process i ng of the fi l m  to max im i ze  returned i nformati on . The 
types of fi l m  i nc l uded and exposed a re l i s ted i n  tab l e  1 1 - I I .  
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TABLE 1 1 - I I . - F I LM TYPES  USED  

ASA Resol ut ion , l i nes/mm 
F i l m  type F i l m  s i ze ,  mm Magaz i nes speed H i g h  Low 

contrast  contrast 

S0-368 , col or  1 6  5 64 80 35 
70 2 
35  1 

S0- 1 68 ,  col o r  1 6  8 ( a ) 63 32 
70 2 

3400 , b l ack  70 5 40 1 70 70  
and  wh i te 

a Exposed and devel oped at  ASA 1 000 for i nteri or  photography and  ASA 1 60 for 
l unar  su rface photography . 

P hotograph i c  resu l ts . - Lunar  photography from the command modu l e  cons i sted ma i nl y  
o f  photographs o f  spec i f i ed targets of  opportun i ty ,  together wi th  a s hort s tri p of  ver
ti ca l  s ti l l  photography from approx i mately 1 70° to 1 20° E l ong i tud e .  Mos t  of  the other 
70-mi l l i meter command modu l e  photography was of the l unar  s urface featu res se l ected by 
the crew . 

The 1 6 -mi l l i meter sequence camera photography was genera l ly  excel l ent . The  des cent 
fi l m  was u sed to detef!ll i ne the  l ocat ion  of the l anded l unar  modu l e .  One sequence of 
1 6 -mi l l i meter coverage taken from t he l u nar  modu l e  w i n dow s hows the l u nar s u rface change 
from a l i ght  to a dark co l or wherever the crew wa l ked . 

The  quant i ty and qua l i ty of st i l l  p hotographs  ta ken through  the l u nar  modu l e  wi ndow 
and on the l unar s urfa ce were very good . On some sequences , to ensure good photography , 
the crew vari ed the exposures one stop i n  ei ther di recti on  from the exposure i ndi cated . 
The  s t i l l  photography on  the s urface i nd i cates that  the  l and i ng- s i te l ocat i on determ i ned  
by u se  of the  1 6-mi l l i meter descent fi l m  i s  co rrect . 

The  c l oseup stereoscop i c  photography pro v i des  good-qua l i ty i magery of 1 7  a rea s ,  
each  3 by 3 i nches . These  areas i nc l uded vari ou s roc k s , some ground surface cracks , and 
rocks wh i ch appear to have been parti al ly  mel ted or  sp l a ttered wi th mo l ten g l a s s . 

P hotoJLraph i c  l i ght i ng and col o r  e ffects . - When the l u nar  s u rface wa s v i ewed from the 
command modul e wi ndow , the col or was reported to vary wi th the v i ewi ng angl e .  A h i g h  sun 
ang l e  caused the s u rface to appear brown , and a l ow sun  ang l e  caused the su rface to ap
pear s l a te gray . From the command modu l e ,  d i st i nct co l or vari ati ons were seen i n  the 
mari a ,  a nd these vari a t i ons are very p ronounced on  the processed fi l m .  Accordi ng to the  
crew , the 1 6-mi l l i meter p hotograph s  are more representati ve of the true surface col or  
than are the  70-mi l l i meter p hotographs .  However ,  pri nts from both fi l m  types have s hown 
t i nts of green and other s hades wh i ch are not rea l i s t i c .  Underexposure contri butes to 
the green t i n t ,  and the pri nti ng p rocess can i ncrease th i s  effect . Each  genera t i o n  away 
from the ori g i nal  copy wi l l  cau s e  a fu rther i ncrease i n  t h i s ti nti ng .  On the ori g i nal  
fi l m ,  the green i s h  ti nt i n  the dark , or  underexposed , a reas  i s  a funct i o n  of spacecraft 
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wi ndow transmi s s i on c haracteri s t i cs and  l ow s un  ang l es . For Apo l l o  1 2 ,  the  master fi l m  
cop i es wi l l  be co l o r  corrected , wh i ch s hou l d great ly  m i n i m i z e  unrea l i s t i c t i nt i ng . 

A 1 6-mi l l i meter fi l m  sequence from the l u nar  modu l e  wi ndow shows crew act i v i t i es i n  
both g ray and l i ght-brown areas . As the  crewmen moved , the gray area , wh i c h  i s  apparent ly  
softe r ,  deeper materi a l , turned a l most b l ack . The  crewmen ' s  feet v i s i b l y  sank  i n  th i s  
g ray materi a l  as  they k i cked moderate quanti ti e s . The  l i g ht-brown a rea d i d  not apprec i 
a b l y  change col or  wi th  the  c rewmen ' s  movement . 

The  co l or p i ctures  i n  wh i ch the  fi ne-gra i ned parts of the l u na r su rface  appea r g ray 
a re proper ly  exposed , wh i l e  those p i c t ures i n  wh i ch the  l u nar surface i s  l i g ht  brown to 
l i g ht  tan a re genera l l y  overexposed . The  roc k s  appea r l i g ht  g ray to brown i s h  g ray i n  
p i c tu re s  that a re properly exposed for the roc k s  and vary from l i ght  ta n to a n  off wh i te 
where overexposed . The  crew reported that fi ne-grai ned l unar  materi a l  and  rocks  appea red 
to be gray to dark gray . These materi a l s appea red s l i gh t l y  brown i s h  g ray when observed 
near a zero phase  angl e .  Sma l l brown i s h , tan , and go l den refl ecti ons were observed on 
rock  surfaces . 

The targets and assoc i ated exposure va l ues  for each  frame of the l una r s u rface fi l m  
magaz i ne s  were carefu l l y  p l anned before fl i g h t .  Nea r l y  a l l o f  the p hotographs were taken  
at  the recommended exposure sett i ngs . 

P refl i gh t  s i mu l a t i ons  and t ra i n i ng photography i ndi cated that at  s hu tter speeds of  
1 / 1 25 s econd or  l onge r ,  a s u i ted crewma n cou l d  i nduce excess i ve image mot i on duri ng ex
pos u re . A s h utter speed o f  l / 250 s econd was therefore chosen to  reduce the unwa n ted 
mot i on to an  acceptab l e l evel . Co rrespond i ng f-stops were then determi ned wh i ch wou l d  
provi de correct exposure under predi cted l u nar  l i ght i ng condi t i ons . At the comp l et i on 
of  the  tra i n i ng program , the  crew was prof i c i ent at photogra ph i ng d i fferent subj ects 
under vary i ng l i g hti ng cond i ti ons . 

To s imp l i fy camera ope rati ons , f-stops of 5 . 6  and 1 1  were chosen fo r exposu res i n  
the cros s- sun  and down -sun  di recti ons , res pecti ve l y . T h i s exposure i n formation  wa s p ro
v i ded on  dec a l s a ttached to the fi l m  magaz i nes and was u sed s uccessfu l l y .  

The crewmen chose exposures  for unusua l  l i gh t i ng condi t i ons . For examp l e ,  the 
photographs  of the Lunar Modu l e  P i l ot descend i ng the l adder were taken at  an  f- stop  of 
5 . 6  and a speed of  1 /60 second , and the  best photograph  of the l andi ng- l eg p l aque was 
taken at  an exposure of 5 . 6  and a speed of 1 / 30 s econd . When a h i g h depth of fi e l d  wa s 
requ i red , exposures were made wi th  sma l l er apertures and correspond i ng l y  s l ower s hutter 
speeds to ma i nta i n  equ i va l ent exposure va l ues . The  crewmen u s ua l l y  steadi ed the camera 
agai nst  the remote-contro l - un i t brackets on  the i r s u i ts dur i ng these s l ower s peed 
exposures . 

A prel im i nary ana l ys i s of a l l l u nar surface exposures i nd i cates that the nomi na l  
s hutter speed of l / 250 s econd appears to be  a good compromi se between depth  of  fi e l d and 
crew- i nduced image mot ion . In  those s pec i fi c  i n stances where a s l ower s hutter s peed wa s 
requ i red , e i ther because  of depth -of-fi e l d o r  l i g hti ng cons idera t i ons , the crew wa s ab l e 
to mi n i m i ze i mage moti on by steadyi ng the camera . However ,  the se l ecti on  of the 
l / 250-second s peed wi l l  be reeva l uated for conti nued general photography . F i gures 1 1 -3 ,  
1 1 - 4 ,  and  1 1 - 1 8  are representat i ve of l u nar surface photog raphy . 
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1 2 .  B I OMED I CAL EVALUATI ON 

Th i s sect i o n  i s  a s ummary of the Apo l l o  1 1  q uarant i ne procedures and med i ca l  fi nd
i ngs , based upon a pre l i mi nary ana lys i s  of b i omed i cal  data . More comprehens i ve eva l ua
t i ons wi l l  be publ i shed i n  separa te med i ca l  reports . 

The th ree crewmen accumu l ated 585 man-hours of s pace fl i ght expe ri ence duri ng the 
l unar  l andi ng mi s s i on ,  i nc l udi ng 2 hours 1 4  mi nutes and 1 hour 42 mi nutes on the l unar  
s urface for  the  Commander and the  Lunar  Modu l e  P i l ot ,  respecti ve l y . 

The crew ' s hea l th and  pe rformance were exce l l ent  throughout the fl i g h t  and the 
1 8- day pos tfl i gh t  quarant i ne peri od . No s i gn i fi cant phys i ol og i ca l  changes were observed 
a fter t h i s mi s s i on ,  as  has been the case  on  a l l previ ous mi s s i ons , and no effec ts attri b 
u tab l e t o  l unar  s u rface exposure h ave been observed . 

B i o i nstrumentati on and Phys i o l og i ca l  Data 

The b i omed i ca l  data were of  very good qua l i ty .  O n ly  two mi nor probl ems occurred , 
both l ate i n  the fl i gh t .  Data from the Command Mod u l e  P i l ot ' s i mpedance pneumogram 
became u nreadab l e ,  and the Lunar  Modu l e  P i l ot ' s  e l ectrocard i ogram s i gnal  degraded because  
of dry i ng of the e l ectrode paste u nder the  sensors . The Lunar  Modu l e P i l ot repl aced the 
e l ectrocard i ogram l eads  i n  h i s  b i o i n s trumentati on harness  wi th the s pare set from the 
med i ca l  k i t ,  a nd proper readi ngs were res to red . No  attempt was made to correct the Com
mand Modu l e  P i l ot ' s res p i rati on s i gna l , becau s e  of entry preparati ons . Phys i o l og i ca l  
parameters were a l ways wi th i n  expected ranges , a nd s l eep data were obtai ned o n  a l l three 
crewmen duri ng mos t  of the mi s s i on .  

The average hea rt rates duri ng the ent i re mi s s i on were 7 1 , 60 , a nd 67 beats/mi n for 
the Commander , Command Modul e  P i l ot ,  and Lunar  Modu l e  P i l ot ,  respecti ve l y .  Duri ng the 
powered descent and ascent phases , the only data p l anned to be avai l abl e were the Com
mander ' s  heart rates , wh i ch ranged from 1 00 to 1 50 beats/m i n duri ng descent and from 
68 to 1 20 beats/mi n duri ng ascent , as s hown i n  f i gures 1 2- l  and  1 2- 2 , respecti ve l y .  
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F i gure 1 2- l . - Heart rates of the Commande r  duri ng l unar  descen t .  
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F i gure 1 2-2 . - Heart rates of the Commander duri ng a s cen t .  

P l ots of heart rates duri ng l unar  s urface expl ora t i o n  a re shown i n  f i gure 1 2- 3 .  The 
ave rage heart rates were 1 1 0 beats/mi n for the Commander and 88 bea ts/mi n for the Lunar 
Modu l e P i l ot .  The  i ncrease in  the Commander ' s  heart rate duri ng the l a st  phases  of th i s  
act i v i ty i s  i nd i cati ve of an i ncreased workl oad and body heat  s torage . The metabol i c  
p roduct ion  o f  each crewman duri ng the extraveh i c u l a r  act i v i ty i s  reported i n  ; ' Ex trave
h i cu l a r  Acti v i ty" i n  th i s  sect i on .  
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( a )  Commander . 

F i gure 1 2-3 . - Heart rates duri ng extraveh i cul a r  acti v i t i es . 
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··- Envi ronmental familiarization: depl!7f television cable 
- Depi(Yj solar wind experiment 

Flag and President's message 
Evaluation or extravehicular mobil ity unit 

Lunar module inspection 
E xperiment package depl(7fment 

Documented sample collection; recovery of solar wind experiment 
Terminate extravehicular activity, ingress, and transfer sample return containers 

Time, hr :min 

( b )  Lunar Modu l e  P i l ot . 

F i gure 1 2- 3 . - Conc l uded . 

Medi cal  Observati ons 

Assist and monitor Commander • 

Adapta t i on to w_�i ght l es sness . - The Commander reported that he  fel t l es s  zero-g 
effects , s uch as ful l ness of the head , than he had experi enced on  h i s  prev i ous f l i g h t .  
A l l three crewmen commen ted th at  the l ac k  o f  a gravi tat iona l  p u l l caused a puffi ness  
underneath t he i r  eyes , and th i s  cond i ti on caused them to squ i nt somewha t .  Howeve r ,  none 
fel t i l l  effects assoc i ated wi th th i s  puffi ness . I n  don n i ng and  doffi ng the s u i ts ,  the  
crewmen had no fee l i ng of tumb l i ng or the d i sori entat i on wh i ch has  been descri bed by the 
Apo 1 1  o 9 crew . 

Duri ng the fi rs t 2 days of the fl i gh t , the Command Modu l e  P i l ot reported that ha l f  
a mea l  was more than enough to sat i sfy h i s  hunger , but  h i s  appet i te s ubsequen t ly  returned . 

Med i cati ons . - The Commander and the Lunar Modu l e P i l ot each took one Lomoti l tab l et 
pr ior  to the s l eep per i od to retard bowe l movements before the l u nar modu l e act i v i ty .  
The  Commander and Lunar Modu l e  P i l ot each carri ed extra Lomot i l  tab l ets i nto the  l u nar 
modu l e ,  but  d i d  not take them . At 4 hours before entry and aga i n after sp l ashdown , the 
three crewmen each took anti nausea tab l e ts conta i n i ng 0 . 3  mi l l i gram of Hyos c i ne and 
5 . 0  mi l l i grams of Dexedri n e .  The crewmen a l so  took asp i ri n  tab l e ts , but the  number of 
tab l ets per i nd i v i dua l  was not recorded . The Lunar Modu l e  P i l ot reca l l ed that  he had 
ta ken two asp i ri n tab l ets a l most  every n i gh t  to a i d  h i s  s l eep . 

S l eep . - I t  i s  i nteres ti ng to note that the  crewmen ' s  s ubj ecti ve  es t i mates of amoun t  
of s l eep were l es s  t h a n  those based upon tel emetered b i omed i ca l  data , as  shown i n  
tab l e  1 2- I .  By e i ther count , the crewmen s l ept  wel l i n  the command modu l e . The s i mu l tan
eous s l eep peri ods dur i ng the tra n s l unar coast  were carefu l l y  mon i tored , and the crew 
arri ved on the l unar s urface we l l  rested . Therefore , i t  was not necessary to wa i t  unt i l 
after the fi rs t p l anned 4-hour s l eep  peri od before conduct i ng the extraveh i cu l ar act i v i ty .  
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The crewmen d i d  not s l eep we l l i n  the l unar  modu l e  fo l l owi ng the l unar  s urface act i vi ty .  
( See " Lunar  Surface Operati ons"  i n  sect i on 4 . ) However , the crewmen s l ep t  wel l duri nn 
a l l three transea rth s l eep peri ods . 

TABLE 1 2- I . - E ST I MATED S L E E P  DURAT IONS 

E s t i mated amo u n t  of s l eep , h r : mi n  

T i me of 
T e l eme t ry C rew report 

c rew repor. t , 
h r : m i n Comma nd Modul e L u n a r  Modu l e  Comma n d  Modu l e  L u n a r  Mo du l e  

Comma nder Comma nder 
P i l ot P i  l o t P i l o t P i l o t 

2 3 : 00 1 0 : 25 1 0 : 1 0 8 : 30 7 : 00 7 : 00 5 : 30 

48 : 1 5  9 : 40 1 0 : 1 0  9 : 1 5  8 : 00 9 : 00 8 : 00 

7 1 : 24 9 : 35 ( a ) 9 : 20 7 : 30 7 : 30 6 : 30 

9 5 : 2 5 6 : 30 6 : 30 5 : 30 6 : 30 6 : 30 5 : 30 

Tota l 36 : 1 0  -- 3 2 : 35 2 9 : 00 30 : 00 2 5 : 30 

a
N o  data a v a i l ab l e .  

Radi at i on . - The persona l radi ati on dos i meters were read a t  approx i mately 1 2-hour  
i nterva l s ,  as p l anned . The tota l i ntegra ted , but  uncorrected , doses  were 0 . 25 ,  0 . 26 ,  
and 0 . 28 rad for the Commander , Command Modu l e  P i l ot ,  and Lunar  Modu l e  P i l ot ,  respec
t i ve ly . The Van Al l en be l t dos imeter i ndi cated tota l i ntegrated doses of 0 . 1 1  rad for 
the s k i n  read i ng and 0 . 08 rad for the depth read i ng duri ng the enti re mi s s i o n .  Thus , 
the tota l dose for each crewman i s  est imated to have been l e ss than 0 . 2  rad , wh i ch i s  
wel l be l ow the med ica l ly s i g n i f i cant  l eve l . Resu l ts of the radi ochem i ca l  a s says  of feces 
and  ur i ne and  an ana l ys i s  of the onboard nuc l ear  emu l s i on dos i meters wi l l  be presented i n  
a separate med i cal  report . 

The crewmen were exam i ned w i th a tota l  body gamma-rad i oact i v i ty counter on August  1 0 ,  
1 969 , after rel ease from quarant i n e .  No i nduced radi oacti v i ty was detected , based on 
cri t i ca l  measurements and an i nteg rat i on of the tota l -body gamma spectrum . The exami na
ti on for natural  rad ioact i v i ty reveal ed the l eve l s of potas s i um- 40 and ces i um- 1 37 to be 
w i th i n  the norma l range . 

I nfl i��t exerci�. - The p l anned exerc i s e  program i nc l uded i sometri c and  i s oton i c 
exerc i ses  and the use  of an  exerc i ser . As i n  prev i ous Apol l o  mi s s i ons , a ca l i brated 
exerc i se prog ram was not p l anned . The i nfl i g ht  exerc i ser  was used primari l y  for crew 
re l axati on . Duri ng transea rth coa s t ,  the Lunar  Modu l e  P i l ot exerc i sed v i gorou s l y  for two 
1 0-mi nute peri ods . H i s  heart rate reached 1 70 and 1 77 beats/m i n ,  and the parti a l  pres
sure  of carbon d i ox ide  i ncreased a pprox i mate ly  0 . 6  mm  Hg  duri ng these  peri ods .  The heart 
rates and  the carbon d i ox i de read i ngs  rap i d ly  returned to norma l l eve l s when exerc i s e  
cea sed . 

��ac�k�. - Severa l prob l ems concern i ng drug  packag i ng devel oped duri ng the 
fl i g h t .  Al l the medi cat i ons i n  tab l et and caps u l e form were pac kaged i n  i nd i v i dua l l y  
sea l ed pl a st i c or foi l conta i ners . When the med i ca l  k i t  wa s uns towed i n  the command mod
u l e ,  the pac kages were b l own up  l i ke ba l l oons because  the a i r  had not been s uffi c i ent ly  
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evacuated dur i ng packag i ng .  Th i s ba l l ooni ng i ncreased the vol ume of the medi ca l - k i t  con
tents after the k i t  was opened and thus p revented restowage  unti l a fl ap  was cut away 
f rom the k i t .  Venti ng  o f  each o f  the pl a st i c o r  foi l contai ners wi l l  b e  accomp l i s hed for 
future fl i ghts  and shou l d  p revent th i s  prob l em from recurri ng . The Afri n nas a l  s pray bub
b l ed out  when the cap  was removed and was therefore unusab l e .  The u se  of cotton in  the 
spray bo ttl e i s  expected to resol ve thi s probl em on fu ture fl i g h ts .  

Wa ter . - The e i g h t  i nfl i g ht  ch l ori nat i ons of the command modu l e water sys tem were 
accomp l i s hed norma l ly  and es senti a l ly  as  s chedu l ed .  Ana lys i s  o f  the potabl e water sam
p l es obta i ned approx i ma te ly  30 hours a fter the l as t  i nfl i gh t  ch l or i nat i on showed a free
ch l ori ne res i dua l  of 0 . 8  mi l l i g ram from the dri nk i ng d i s penser port and 0 . 05 mi l l i gram 
f rom the hot-water port . The i od i ne l eve l  i n  the l unar modu l e  tanks , based on  prefl i gh t  
s ampl i ng ,  was adequate for bacteri a l  protecti on throughout the fl i gh t .  

C hemi cal  a n d  m i c rob i o l og i ca l  a na lyses o f  the p refl i gh t  water s amp l es  for both spa ce
craft s howed no  s i gn i fi cant contam i nants . Tests for co l i form and  anaerob i c  bacteri a ,  as  
wel l as for yeas ts and mol ds , were negati ve duri ng the pos tfl i g ht  water ana l ys i s ,  wh i ch 
was del ayed because of quarant i ne restr i ct i o ns . 

A new gas/water s eparator was used  wi th sat i sfactory res u l ts . The pa l a ta b i l i ty of 
the dri n k i ng water was g rea tly i mproved over tha t of previ ous  fl i g h ts becau s e  of the 
absence of gas bubbl es , wh i ch can cause  gastro i n test i nal  d i s comfort . 

Food . - The food s upply for the command modu l e  i nc l uded rehydra tab l e  foods and bev
erages , wet- packed foods , foods conta i ned in s poon-bowl packages , dri ed fru i t ,  a nd bread . 
The new food i tems for thi s mi s s i on were candy s t i ck s  and j e l l i ed fru i t  candy ; ham , 
ch i cken , and tuna  s a l ad spreads packaged i n  l i g htwe i ght  a l umi num , easy-open cans ; and  
cheddar  cheese s prEad and frankfurters packaged i n  fl exi b l e fo i l  as  wet-packed foods . 
A new pantry-type food sys tem a l l owed rea l - t i me se l ect i on of food i tems based upon i nd i 
v i dua l  p reference  and appeti te . Four mea l peri ods on  the l unar s urface were schedu l ed ,  
and extra opti ona l  i tems were i nc l uded wi th  the normal mea l packages . 

P r i o r  to fl i gh t ,  each crewman eva l ua ted the ava i l ab l e food i tems and s e l ected h i s  
f l i gh t  menus . The  menus  prov i ded approxi mate l y  2300 k i l ocal ori es per man per day and 
i nc l uded 1 g ram of ca l ci um ,  0 . 5 g ram of phos phorus , and 80 g rams of prote i n .  The crew
men were we l l  s a t i s f i e d  wi th the qua l i ty and vari ety of the f l i gh t  foods . They reported 
that thei r food i nta ke met the i r a ppeti te and energy requ i rements . 

The p reparati on  and  eat i ng o f  sandwi ches p re sented no prob l ems . The  on l y  cri t i c i sms 
of the food sys tem were that the coffee was not parti c u l arly good and that the frui t
f l avored beverages tas ted too sweet . The new gas/water separa to r  was effecti ve i n  reduc
i ng the amount of gas  i n  the  water and g reat ly  i mp roved the tas te of the rehydratabl e 
foods . 

Extrave h i cu l ar  Acti v i ty 

The i ntegrated rates of B tu producti on and the accumu l a ted Btu  product ion  duri ng the 
i nterv a l s of p l anned act i v i t i es are l i s ted i n  tab l e 1 2- I I .  The  actual average metabo l i c  
p roducti on per hour was e s t i mated to be 900 Btu for the Commander and 1 200 Btu for the 
Lunar Modu l e  P i l ot .  These va l ues are l es s  than the prefl i g ht  e s t i mates  o f  1 350 and 
1 275 Btu for the respecti ve crewmen . 
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TAB LE 1 2 - I I . - METABOLIC RATES DURING LUNAR SURFACE EXPLORAT I ON
a 

Starti ng Dura t i on , Rate , 
E s t i mated Cumul a t i ve 

Event ti me ,  mi n Btu/hr 
work , work , 

h r : m i n  B t u  Btu 

Conmander 

I n i t i a l  extravehi cu l ar activi ty 1 09 : 1 3  1 1  900 1 65 1 65 

Envi ronment�l fami l i ari zation 1 09 : 2 4  3 80D 40 205 

Photography 1 09 : 27 7 875 1 02 307 

Con t i n gency samp l e  col lec t i on 1 09 : 34 5 675 56 363 

Moni tori ng and photography of Lunar Module P i l ot 1 09 : 39 4 850 57 420 

Tel evi s i on camera depl oyment on surface 1 09 : 43 23 750 288 708 

U . S .  f l a g  depl oyment and Presi dent ' s  message 1 1 0 : 06 1 2  825 1 65 873 

B u l k sample col l ec t i on 1 1 0 : 1 8  23 850 326 1 1 99 

Lunar mod u l e  i n s pection 1 1 0 : 41 1 8  6 75 203 1 402 

Experiment package dep l oyment 1 1 0 : 59 1 2  775 1 55 1 55 7  

Documented samp l e  col lecti on 1 1 1 : 1 1  1 9  1 250 396 1 953 

Transfer of sampl e  return contai ners 1 1 1 : 30 7 1 450 1 69 2 1 22 

Extravehi cul a r  acti vi ty termi n at i on 1 1 1 : 37 2 1 400 48 21 70 

TOTAL 1 46 2 1 70 

Lunar Module P i l ot 

As s i s tance and moni toring of Conmander 1 09 : 1 3  26 1 2 00 520 520 

I n i ti a l  extravehi cul ar acti v i ty 1 D9 : 39 5 1 950 1 6 3  683 

Envi ronmental fami l i ari za t i o n ;  tel evi s i on 109 : 44 1 4  1 200 280 963 
cab l e  depl oyment 

Sol ar wi nd experi ment dep l oyment 1 09 : 58 6 1 2 75 1 28 1 09 1  

U . S .  f l a g  depl oyment and Pres i dent ' s  message 1 1 0 : 04 1 4  1 350 3 1 5  1 406 

Eval uati on of extravehi cul ar mob i l i ty uni t 1 1 0 : 1 8 1 6  850 227 1 6 33 

Lunar mod u l e  i nspecti on 1 1 0 : 34 1 9  875 277 1 9 1 0  

Experi ment package depl oymen t  1 1 0 : 53 1 8  1 200 360 2270 

Documented samp l e  col lection ; recovery of 1 1 1 : 1 1  1 2  1 450 290 2560 
s o l a r  w i n d  expe r i ment 

Extraveh i cul ar act i v i ty termi n a t i on , i ngre s s , 1 1 1  : 23 1 4  1 650 385 2945 
and transfe r  of sample return con tai ners 

Ass i s tance and mon i toring of Commander 1 1 1  : 37 2 1 1 00 37 2982 

TOTAL 1 46 2982 

a
Val ues are from the i ntegrat i on of three i ndependent determ i na t i ons of metabol i c  rate based on heart 

rate , decay of oxygen s upply pressure , and l i qui d cool i n g  garment the rmodynami c s .  
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Phys i ca l  Exami nati ons 

Comprehens i ve medi ca l  eva l uati ons were conducted on each crewman a t  29 , 1 5 ,  and 
5 days pri or to the day of l aunch . Br i ef phys i ca l  exami nati ons were then conducted each 
day unt i l l aunch . 

The pos tfl i gh t  medi ca l  eva l uat i on i nc l uded the fol l owi ng : m i crob i o l ogy s tudi es , 
b l ood s tud i es , p hys i ca l  exami nati ons , orthos tati c to l erance tests , exerci s e  res ponse  
tests , and ches t X- rays . 

The recovery-day exami nati on  revea l ed that a l l  th ree crewmen were i n  good hea l th 
and appeared to be wel l rested . They s howed n o  fever and had l os t  no more than  the 
expected amount of body we i gh t .  Each  crewman h a d  taken ant imo t i on s i c knes s medi cati on 
4 hours pri or to entry and agai n a fter l andi ng , and no seas i ckness  or adverse symptoms 
were experi enced . 

Data from ches t X- rays and el ectrocard i ograms were wi th i n normal  l i m i ts . The  on ly  
pos i t i ve fi ndi ngs were sma l l papu l es beneath the  axi l l a ry sensors on both the  Commander 
and the L unar  Modu l e P i l ot .  The Commander had a mi l d  s erou s oti ti s med i a  of the r i qht  
ear , b u t  cou l d  c l ear h i s  ears  wi thout d i ffi cu l ty .  No treatment was  neces sary . 

The orthostat i c  to l erance tes t s howed s i g n i fi cant i ncreas es i n  the i mmed i ate pos t
fl i g h t  heart- rate responses , but these i ncreases  were l es s  than the changes seen i n  pre
v i ous  Apol l o  crewmembers . I n  sp i te of th i s  apparent i mprovement , the return to prefl i ght  
va l ues was  s l ower than  had  been observed for previ ous Apol l o  crewmembers . The reasons 
for th i s  s l ower recovery are not c l ear at  thi s t i me ,  but  in  genera l , these crewmembers 
exh i b i ted l es s  decrement i n  oxygen consump t i on and work performed than was observed i n  
exerc i se  res ponse tests after previ ous Apol l o  fl i gh ts .  

Fol l owup eva l uat ions  were conducted dai ly  duri ng  the quaran ti ne peri od i n  the Lunar 
Rece i v i ng Laboratory ,  and the i mmunohema to l ogy and mi crob i o l ogy analyses  reveal ed no 
changes  attri bu tabl e to exposure to the l unar  s urface materi a l . 

Lunar Contami nat ion  and Quarant i ne 

The two fundamental  respons i b i l i t i e s of the l unar  samp l e prog ram were to preserve 
the i n teg ri ty of the returned l unar s ampl es  i n  the ori g i na l  or nea r-or i g i na l  s tate and 
to make practi ca l  prov i s i ons  to protect the earth from poss i bl e  contami nati on by l unar  
s ubstances th at mi ght  be i nfect i ous , tox i c ,  or  otherwi se  harmfu l to  man ,  a n i ma l s ,  or 
p l ants . 

The Pub l i c  Laws and Federal Reg u l a t i ons concerni ng contami nation  control for l unar
samp l e- return mi s s i ons are descri bed i n  reference 7 .  An i nteragency ag reement betwee n 
the N a t i onal Aeronauti cs and Space Admi n i s trat i on ;  the Depa rtment of Agri cu l ture ; the  
Depa rtment of Heal th , Educat i on , and Wel fare ; the Depa rtment of  the I nter i or ; a nd the 
Nat i onal  Academy of Sci ences ( re f .  8) confi rmed the exi st i ng arrangements for the pro
tect i on of the earth and defi ned the I n teragency Commi ttee on Back Contami nat i on . The 
quaranti ne schemes for manned l unar  mi s s i ons were estab l i s hed by the I n teragency Com
mi ttee on Back  Contami nat i on  ( ref . 9 ) . 

The p l anned 21 -day crew q uaranti ne represen ted the peri od requ i red i n  order to pre
c l ude the devel opment  of i n fecti ous di sease  cond i t i ons tha t coul d generate vol a t i l e  ep i 
demi c events . I n  addi t i on , early s i gns  of l atent i nfecti ous d i seases wi th l onger 
i ncubati on �eri ods wou l d  probab ly  be detected through extens i ve med i cal  and c l i n i ca l  
patho l og i cal  exami nati ons . Howeve r ,  to  prov i de addi t i onal  a s surance tha t  no  i nfecti ous 

1 64 



d i sease of l unar  ori g i n  i s  present i n  the Apol l o  1 1  crewmembers , a n  extens i ve epi demi o
l og i ca l  program wi l l  conti n ue for 1 year after the i r  rel ease from quarant i ne . 

L unar  exposu re . - A l though each crewman attempted to c l ean  h i mse l f and the equ i pment 
before i ng res s , a fa i rly l arge amount  of  dus t and g ra i ns of l unar  surface  materi a l  was 
b roug h t  i nto the cab i n .  When the crewmen removed thei r he l me ts , they noti ced a d i st i nct , 
pungent odor emanati ng from the l unar  materi a l . The texture of the dus t was l i ke pow
dered g raph i te ,  and both c rewmen were very d i rty after they removed the i r  he lmets , over
s hoe s , and g l oves . The crewmen c l eaned the i r  hands and  faces wi th t i s sues  and wi th 
towel s  that  had been soaked i n  hot water . The Comma nder removed h i s l i qu i d  cool i ng gar
ment i n  o rder to c l ean  h i s  body . One g ra i n  of ma teri a l  got i nto the Commander ' s  eye , 
but  was eas i ly removed and caused no prob l em .  The dus tl i ke materi a l  cou l d  not be removed 
comp l e te ly  from beneath the c rewmen ' s  fi ngerna i l s .  

The cab i n  c l ean i ng procedure i nvo l ved the u se  of  a vacuum-b ru s h  dev i ce and pos i ti ve 
a i r  pres sure from the s u i t supp ly  hoses to b l ow remote pa rti c l es i nto the a tmosphere for 
co l l ect i on i n  the l i th i um hydrox i de f i l ters i n  the envi ronmental control system . 

The concern that parti c l es rema i ni ng i n  the l unar  modu l e  wou l d f loat  i n  the cab i n  
atmos phere at  zero-g a fter as cent caused the crew to rema i n h e l meted to prevent contam i 
nat i on o f  the eyes  and respi ratory sys tem . Howeve r ,  fl oati ng parti c l es were not a p rob
l em .  The cabi n a n d  equ i pment were further c l eaned wi th the va cuum brush . The equ i pment 
from the surface and the p ress ure garment as s emb l i es were p l aced i n  bags  for transfer  to 
the  command modu l e .  Before tra nsfer to the command modu l e ,  the s pacecraft sys tems were 
confi g u red to cause  a pos i ti ve gas fl ow from the command modu l e through the hatch  dump/ 
re l i ef va l ve i n  the l unar  modu l e .  

Duri ng the return to earth , the i nteri or  of the command modu l e  was c l eaned a t  24-hour 
i n terva l s  by us i ng the vacuum brush  and towel s .  I n  add i t i on ,  the c i rcu l a t i on of the cab i n  
atmos phere through the l i th i um hydroxi de fi l ters conti nued to remove traces o f  p a rti cu
l ate materi a l . 

Recovery_procedu res . - The recovery p rocedu res  were successfu l ly  conduc ted wi th no 
compromi ses of the p l anned quaranti ne tech n i ques . The t i me s  of the maj or pos t l and i ng 
events a re l i s ted i n  " Recovery Opera ti on s "  i n  secti on  1 3 .  

After the command modu l e  was upri ghted , four b i o l og i ca l  i so l a t i o n  garments and the 
decontami nati on gear were l owered to one of two l i fe ra fts . One of the four swi mmers 
donned a b i o l og i ca l  i so l a t i on garme n t .  The s econd l i fe raft was then moved to the space
craft .  The p rotected swi mmer reti red wi th the second l i feraft to the ori g i na l  upwi nd 
pos i ti on .  The hatch was opened , the crew ' s  b i ol og i ca l  i so l at i on garments were i n serted 
i nto the comma nd modu l e ,  and the hatch was c l osed . 

After donni ng the b i ol og i cal  i so l at i on garments , the crew egressed . The protected 
swi mmer s p rayed the upper deck and hatch areas wi th Betad i ne ,  a wa ter- sol ub l e  i od i ne 
s o l u t i on , as  p l a nned i n  the q ua ranti ne procedure . After the fou r men and the l i feraft 
were wi ped w i th a sol u t i on of sod i um hypoch l ori te , the three swi mme rs returned to the 
v i c i n i ty of the spacecraft to s tand by du ri ng the he l i copter p i c kup  of the fl i g htcrew . 

The crewmen were b rought up  i n to the he l i copter wi thout i nc i dent and rema i ned i n  
the aft compartment .  As expected , a moderate amount of water was present  on the fl oor 
after retri eva l , a nd the water was wi ped up  wi th towe l s .  The he l i copter crewmen we re 
a l s o  protected from pos s i bl e contami nati on . 

The hel i copte r  was moved to the Mob i l e  Quaranti ne Fa ci l i ty on the l ower deck of the 
recove ry ves sel . The crewmen wal ked acros s the deck , entered the Mob i l e  Quaranti ne Fac i l 
i ty ,  and removed the i r  b i o l og i ca l  i so l at i on garme n ts . The descent s teps and the deck 
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a rea between the he l i copte r and the Mob i l e  Quarant i ne Faci l i ty were s prayed wi th g l utara l 
dehyde so l u t i on , wh i ch was mopped u p  a fter a 30-m i nute contact t i me .  

After the c rewmen had been p i cked up , the protected swi mmer s crubbed the upper deck 
a round the pos t l andi ng vents , the hatch area , and  the fl ota ti on col l ar near the hatc h  
wi th Betad i ne .  T h e  rema i n i n g  Betadi ne was empt ied  i nto t h e  bottom of the recovery raft . 
The swimmer removed h i s  b i ol og i cal  i s ol ati on garment and pl aced i t  i n  the Betad i ne i n  
the l i feraft . The di s i nfe ctant s prayers were d i smantl ed and s unk . After a 30-mi nute 
contact t i me , the l i feraft and remai n i ng equ i pment were s un k . 

Fo l l ow i ng egress of the fl i gh tcrew and a recovery surgeon from the he l i copter ,  the 
hatch  of the he l i copter was c l osed and  the veh i cl e  was towed to the f l i g h t  deck for 
decontami n a ti on  wi th forma l dehyde . 

The crew became uncomfortably warm whi l e  they were encl osed i n  the b i o l og i c a l  i so l a 
t i on garments i n  t he  env i ronment ( 90° F )  of the  he l i copter cab i n . On  two of the  garments , 
the v i sor fogged up because of the i mproper fi t of the nose and mouth cup . To a l l ev i a te 
th i s  d i s comfort on fu ture mi s s i ons , con s i dera ti on  i s  bei ng g i ven  to ( 1 )  repl ac i ng the 
p resent b i o l og i ca l  i so l ati on garment wi th a l i g htwe i ght  covera l l , s i mi l ar to whi teroom 
c l oth i ng , wi th resp i rator mas k ,  cap , g l oves , and booti es and ( 2 )  u s i ng a l i qu i d  cool i ng 
garment under the b i ol og i ca l  i sol a t i o n  garment . 

The command modu l e  was taken aboard the U . S . S .  Hornet approx i mately 3 hours after 
l and i ng and was a ttached to the Mobi l e  Quarant i ne Fac i l i ty through  a fl ex i b l e  tun nel . 
The  remova l of  l unar  s u rface s amp l e s ,  f i l m ,  data tape , and med i ca l  s ampl es  wen t we l l ,  
w i th one e xcept i o n .  Two of the med i cal  s amp l e conta i ners l eaked wi t h i n  the i nner b i ol ogi 
c a l  i so l a t i o n  conta i ne r .  Correct i ve mea s u res  were prompt ly  execu ted , a n d  the quaranti ne 
procedure was not v i o l ated . 

Transfer of the Mob i l e  Quaranti ne Faci l i ty from the recovery s h i p to a C- 1 4 1 a i r
c raft  and from the a i rcraft to the lunar  Rece i v i ng labora tory at  the NASA Manned Space
c raft  Center was accomp l i shed wi thout any quest i on of a quarant i ne v i o l a ti on .  The � 
transfer of the l unar  s urface samp l es and the command  modu l e  i n to the lunar Rece i v i ng 
laboratory was a l so a ccompl i s hed as  pl anned . 

Quara nti ne . - A tota l of  20 persons on  the medi cal  s upport teams were exposed , 
d i rectly o r  i nd i rectl y ,  to l u nar materi a l  for peri ods rang i ng from 5 to 1 8  days . Da i ly 
med i ca l  observati ons and peri odi c l aboratory exami nati ons showed no s i gns  or symptoms of 
i nfecti ous di sease  rel ated to l unar  exposure . 

No mi crobi a l  g rowth was observed from the pr i me l unar  s amp l es after 1 56 hours of 
i ncubati on on a l l types of d i fferent i al medi a .  No m i c ro-organ i sms wh i ch cou l d be attri b
uted to an  extraterres tri a l  source were recovered from the crewmen or the spacecraft . 

None of the 24 mi ce i nj ec ted i ntraperi tonea l l y wi th l unar mater i a l  showed v i s i b l e  
shock  react i on fo l l ow i n g  i nj ect i on , and  a l l rema i ned a l i ve and hea l thy duri ng the fi rs t 
1 0  days of a 50-day toxi c i ty tes t .  Duri ng  the fi rst  7 days of tes t i ng o f  the pri me l unar  
samp l es i n  germ- free mi ce , a l l fi nd i ng s  were cons i s tent wi th the deci s i on to  rel ease  the  
crew from quarant i ne .  

Samp l es from the crewmen were i nj ected i nto t i s s ue  cu l tures , s uck l i ng mi ce , myco
p l asma medi a ,  and 6 - and 1 0-day-o l d  embryonated eggs . There was no evi dence of v i ra l  
rep l i cati on i n  a ny of the hos t sys tems at  the e n d  o f  2 weeks . Duri ng t h e  fi rst 8 days 
of  tes t i n g  the l unar  materi a l , a l l f i ndi ng s were compati b l e  wi th crew rel ease from 
quaranti ne . 
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No  s i g n i fi cant trends were noted i n  any b i ochemi cal , i mmunol og i cal , or hematol og i ca l  
parameters i n  ei ther t h e  fl i ghtcrew or t h e  med i cal  s upport p ersonne l . 

The personnel i n  q ua ranti ne and i n  the Crew Recept ion  Area of the Lunar  Recei v i ng 
Laboratory were approved for re l ease from quaranti ne on August  1 0 ,  1 96 9 .  Fol l owi ng decon
tami nat i on wi th forma l dehyde , the i nteri or of the command modu l e  and the g round s e rv i c i ng 
equi pment ut i l i zed i n  the decontam i nat i on procedures were approved for re l ease  from quar
ant i ne on Augus t 1 0 ,  1 969 . The s amp l es of l unar  materi a l  and other i tems s tored i n  the 
b i ol og i ca l  i so l at i on conta i ners in  the Lunar  Rece i vi ng  Laboratory were rel eased to pri n
c i pa l  sc i ent i f i c  i nves t i gators in  September 1 969 . 
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1 3 .  ni SS ION  SUPPORT PERFOR�1ANCE 

Fl i ght  Control 

P refl i ght s i mul ati ons provi ded adequate fl i gh t  control tra i n i n g  for a l l mi s s i on 
phases . A l s o ,  the fl i gh t  contro l l ers on the des cent team suppl emen ted th i s  tra i n i n g  by 
conduct i ng descent s i mu l ati ons wi th the Apo l l o  1 2  c rew . I n terfaces between M i s s i on 
Control  teammembers and the fl i gh tcrew \·Jere effect i ve , and no maj or operat i onal  p robl ems 
were encountered . The two-way fl ow of i n fo rmati on be tween the fl i ghtc rew and the fl i gh t  
control l ers was effecti ve .  The overl oad i ng of the l una r modul e gu i dance computer duri ng  
powered des cent was asses sed accura te l y ,  and the  i nforma ti on p rovi ded to  the  fl i gh tc rew 
penni tted cont i n uat i on of des cen t .  

The fl i gh t  control response to those probl ems i denti fi ed duri ng  the mi s s i on was 
based on real - ti me data . Secti ons 8 ,  9 ,  and 16 shou l d be con su l ted for the pos tfl i gh t  
ana lyses  of these prob l ems . Three of the more perti nent rea l - t i me deci s i ons are d i s 
cussed  i n  the fol l ow i n g  paragraphs . 

At acq ui s i ti on of s i gn a l  after l unar  orbi t i n serti on , data showed that  the i ndi cated 
tank [3 n i trogen press ure v1as approx imate ly  300 ps i  l ower than expected and tha t  the 
pressu;-e had s tarted to decrease at  80 seconds i nto the maneuve r .  ( See " Servi ce Pro
pu l s i on N i trogen Leak "  i n  sec t i on 1 6 . ) To  conse rve n i trogen and  to  maxi mi ze sys tem 
re l i ab i l i ty for transea rth i nj ecti on , i t  was recommended tha t the c i rcu l ari zati on 
maneuver be  performed , us i ng tan k  A on ly . No fu rther  l eak was apparent , and both tanks  
were used norma l l y  for transearth i nj ecti on . 

F i ve computer  p rogram a l a rms occurred between 5 and 10 mi nutes after i n i ti at i on of 
powe red des cent .  These a l arms are symptoms o f  poss i b l e  computer ove rl oadi n g .  However ,  
i t  had been dec i de d  before fl i g h t  that ba i l out-type a l a rms s uch as these wou l d  not 
prevent conti n uati on of the fl i g h t ,  even though the a l a rms cou l d  cause vi o l a ti ons  of 
other mi s s i on rul es , s uch  as ve l oc i ty di fferences . The a l arms did not occur conti n u a l l y ,  
and proper computer navi gat ion  functi ons were bei ng performed ; th erefore , a dec i s i on 
was gi ven to conti n ue the descent . 

Duri ng the crew res t peri od on the l unar s urface , two check l i s t  changes were recom
mended , based on the events of the previ ous 20 hours : ( 1 ) the rendezvous radar woul d 
rema i n  off duri ng  the as cent fi r i n g  and ( 2 )  the MODE-SELECT swi tch wou l d  not be p l aced 
i n  the PRI MARY GU I DANCE pos i ti on ,  thus prevent i ng the compute r  from gene rati ng  a l t i tu de 
and a l ti tude rate for the tel emetry d i s p l ay .  Th e reason for these changes was to prevent 
computer overl oad duri ng  ascen t ,  as had occurred duri ng descen t .  

Manned Space F l i g ht  Network Performance 

The  Mi ss i on Control Cen ter and the Manned Space Fl i ght  Network were p l aced on mi s s i on 
s tatus  on Ju ly  7 ,  1969 , and s uppo rted the l unar l and i ng  mi s s i on sat i sfactori l y .  Hardwa re , 
communi cati ons , and computer  s upport i n  the M i s s i on Control Cente r was excel l en t . No 
maj o r  data l os se s  were attri buted  to these  systems , and the few fa i l u res th at d i d  occur 
had mi n i ma l  i mpact on s upport ope ra ti ons . Ai r-to-ground commun i cat i ons were genera l l y  
good duri ng  the mi s s i on ;  howeve r ,  a n umber o f  s i gn i fi cant prob l ems were expe r i enced a s  a 
res ul t of p rocedura l  errors . 

The s upport prov i ded by the rea l - ti me computer compl ex was genera l l y  excel l ent , and  
only one major prob l em was  experi enced . Duri ng tran s l unar coas t ,  a prob l em i n  updati ng 
di gi ta l - to-te l evi s i on di sp l ays by the use of the pri mary computer  res u l ted in  the l os s  of 
a l l rea l - t i me te l evi s i on di s p l ays for approx i ma te l y  an h our . The p rob l em was i s ol ated to 
the i nterface between the computer and the d i spl ay equ i pment .  
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F i g u re 13- 1 depi cts the U . S . S .  Hornet and  a ssoc i a ted a i rc raft pos i ti on s  at the t i me 
of command modu l e  l andi ng  a t  195 : 18 : 35 ( 16 : 50 G . m . t . ) . The command modu l e  l anded at  a 
poi nt c a l c u l a ted by recovery forces to be  l at i tude 1 3 ° 19 ' N and l ong i tude 169°9 ' W .  
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Operati ons by the communi cat i ons proces sors were excel l ent , and th e fev1 prob l ems that  
d i d  occur caused on ly  mi nor l osses  of mi s s i on data . 

A i r- to-ground vo i ce commu n i ca t i on s  were g enera l l y  good , a l t hou g h  a number of  ground 
probl ems caused temporary l os s  or degradat ion  of commu n i cat i ons . Shortly a fter l and i ng 
on  the l unar  s urface , the  crew compl a i ned a bout  the no i se l evel on  the S -band vo i ce u p  
l i n ked from t h e  Gol d s tone stati on . Thi s probl em occurred whi l e  the  Gol ds tone stati on was 
confi gured i n  the Ma nned Space F l i ght  Network rel ay mode . The source of the no i se was 
i so l a ted to a brea k i ng of  squel c h  control  caused by h i g h  no i se on the command modu l e  down 
l i n k bei ng  s ubsequentl y  up l i n ked to the l unar modu l e  by way of the rel ay mode . The 
noi s e  was e l i m i nated by d i sab l i ng the rel ay mod e .  On severa l occa s i on s  duri ng the  m i s 
s i on ,  s pa cecraft voi ce  o n  the  Goddard conference l oop was degraded by t h e  vo i ce -opera ted 
ga i n -adj u s t  ampl i fi ers . I n  mos t  cases , the probl em was c l eared by d i sab l i ng the ampl i 
fi er u n i t a t  the  remote s i te .  

Command ope ra ti ons were good th roughout  the mi s s i on .  O f  the approxi matel y 3450 exe 
cut ion  commands transmi tted duri ng the mi s s i on ,  on ly  24 were rejected by remote -s i te 
command computers , and 2 1  were l os t  for unknown reasons . Approxi ma te ly  450 command l oads  
were generated and s ucces sfu l ly trans fe rred to the Manned Space F l i gh t  Network s tat i ons , 
and 58 of these were up  l i nked to the s pacecra ft . 

Both C- and  S-band tracki ng s upport were good . Loss of trac k i ng coverage was 
e xperi enced duri ng  tran s l unar i nj ect i on when the U . S . N . S .  t1ercury was unabl e to provi de 
h i gh- speed traj ectory data because  of a temporary p rob l em i n  the centra l data proces s o r .  
Some s tat i ons a l s o  experi enced temporary S -band power amp l i fi e r  fa i l ures duri ng  the 
m i s s i on .  

The Manned Space Fl i gh t  Network s upport of the s c i ent i fi c exper iment  package was 
good . A few h a rdware and  procedural  probl ems were encountered ; howeve r ,  the on l y  s i gn i fi 
cant  data l os s  occurred when the S-band parametri c ampl i fi er a t  the Canary I s l and s t at i on 
fa i l ed on ly  seconds before the l unar modu l e  ascen t .  Consequent l y ,  a l l se i smi c package 
data were l os t  duri ng th i s  phase , s i nce no backup s tati ons were ava i l ab l e  for s u pport . 

Tel evi s i on s upport prov i ded by 11a nneC: Space Fl i g h t  Uetlvork and Jet  Propu l s i on Lab
oratory faci l i t i es ,  part i cu l arl y that prov i d eJ by the 2 1 0- foot s tat i ons a t  Parkes and 
Gol d s tone , was good throughout the Di s s i o n .  

Recovery Operat i ons 

The Depa rtment  of Defense p rovi ded recovery support commensurate wi th the probab i l i ty 
of l andi ng  wi thi n a speci fi ed area and wi th any speci a l  prob l ems associ ated wi th s uch a 
l andi ng . Recovery force depl oyment  was near ly  i dent i cal  to that for Apol l o  8 and 10 . 

Support for the pri ma ry l and i ng area i n  the Paci fi c Ocean was prov i ded by the U . S . S .  
Hornet . Ai r s upport cons i s ted of four  SH-3D hel i copters from the U . S . S .  Hornet , three 
E- l C  a i rcra ft ,  th ree Apol l o  range i n s trumentat i on a i rcraft , and two HC- 1 30 rescue a i r
craft s taged from H i ckam Ai r Force Base , Hawai i .  Two of the E- 1 8  ai rcraft were des i gnated 
as 11 A i r Cos s , "  a nd the thi rd iJas a commun i cat i ons rel ay a i rcraft . Two of the SH-3C hel i 
copters carri ed the sHi mmers and the requ i reci recovery equ i pnen t .  The t h i rd SH-3D 
hel i copter was u sed as  a photographi c p l atform , and the fourth , wh i ch carr i ed the decon
tam i nat i o n  swimmer and the fl i ght  surgeon , was u s ee: for crew retri eva l . 
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The command modu l e i mmedi ately went  to the s tab l e  I I  ( apex down)  fl otati on atti tude 
after l andi n g .  The upr i ght ing  sys tem returned the s pacecra ft to t h e  s tab l e I atti tude 
7 mi nutes  40 s econds l ater .  One or 2 quarts  of water entered the spacecraft wh i l e  i t  
was i n  the stab l e  I I  posi ti on .  The swi mmers were depl oyed to i ns ta l l the fl ota t i on co l 
l ar ;  the decon tami nati on swi mmer then pas sed the bi o l og i cal  i so l a ti on garments to the 
fl i gh tcrew , as s i s ted the crew i nto the l i feraft , and decontam i nated the exteri or  s u rface 
of the command modu l e .  ( See " Lunar  Contam i nati on and  Quara n ti ne" i n  s ecti on  1 2 . ) After 
the command modu l e  hatch  was c l osed and decontam i nated , the f l i g h tcrew and decontam i nat i on  
swimmer washed each  other wi th t he  decontami nate s o l ut i on pri o r  to be i ng taken aboard the 
recovery he l i copte r .  The crew a rri ved on bo�rd the U . S . S .  Hornet at 1 7 : 53 G . m . t .  and 
entered the t1ob i l e  Quaran ti ne Faci l i ty 5 m i n u tes  l n ter . The fi rst  l unar  s ampl es to be  
returned were fl own to Johnston I s l and , p l aced aboard a C - 1 4 1  a i rcraft , and fl own to 
Hous ton . Approx i mately 6- 1/2  hours l ater , the second sampl e  s h i pmen t was fl own from the 
U . S . S .  Hornet di rect ly  to H i ckam Ai r Force Base , llawa i i ,  and p l aced aboard a range 
i n s trumentat i on a i rcraft for transfe r  to Hous ton . 

The command modu l e  and  Mobi l e  Quaranti ne Faci l i ty were offl oaded i n  Hawa i i on 
J u l y  27 , 1969 . The Mob i l e  Quaranti ne Faci l i ty was l oaded aboa rd a C - 1 4 1  a i rcraft and  
fl own to Hous ton , Texas , where a bri ef  ce remony was  he l d .  The fl i ghtcrew a rr i ved a t  the 
Lunar  Rece i v i ng Labora tory at  10 : 00 G . m . t .  on J u l y  28 , 1969 . 

The command modu l e  was taken to Ford I s l and for deacti vati on . Upon comp l et i on of 
deacti vat ion , the command modu l e was s h i pped to H i ckam Ai r Force Bas e , Hawai i ,  and f l own 
on a C- 1 33 a i rcraft to Hous ton . A pos trecovery i ns pecti on showed no s i gn i fi cant d i s 
crepanc i es  i n  the spacecraft . 

Tabl e 1 3- I  i s  a ch rono l ogi c a l  l i s t i n g  of events duri ng the recovery and q u a ran ti ne  
operati ons . 

TABLE 13- I . - RECOVERY AND QUARAN T I N E  EVE NTS 

Event 

J u l y  24 , 1 969 

V i s u a l  contact by a i rcraft 

Radar contact by U . S . S .  Hornet 

vhf voi ce and recovery-beacon contact 

Command modu l e  l andi ng  ( 195 : 18 : 35 g . e . t . )  

F l otati on co l l ar i n fl ated  

Command modul e  h a tch open 

C rew egress i n  b i ol og i ca l  i s ol a t i on garments 

C rew aboard U . S . S .  Hornet 

T i me , G . m .  t .  

16 : 39 

1 6 : 40 

16 : 46 

1 6 : 50 

1 7 : 04 

1 7 : 2 1  

1 7 : 29 

1 7 : 53 
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TABLE  1 3- l . - RECOV E RY AN D QUARANT I N E  E VENTS - Conti nued 

Event 

J u l y  24 , 1 969 - Cont i nued 

C rew i n  Mobi l e  Quarant i ne  Faci l i ty 

Command modu l e l i fted from wate r 

Command modu l e  secured to t·1ob i l e  Quaranti ne Faci l i ty 
trans fer tunne 1 

Command modu l e  h atch reopened 

Samp l e return con ta i ners 1 and 2 removed from command 
modu l e  

Samp l e  re turn con ta i ner 1 removed from Mobi l e  
Quaranti ne Faci l i ty 

J u l y  25 , 1 96S 

Samp l e return conta i ner 2 removed from Mob i l e  
Quaran ti ne Fac i l i ty 

Sampl e return conta i ne r  2 and fi l m  l aunched to 
Johnston I s l and 

Samp l e re turn conta i ne r  1 ,  fi l m ,  and b i o l og i ca l  
samp l es l a unched t o  H i ckam Ai r Force Base , Hawa i i  

Samp l e  return conta i ne r  2 and fi l m  a rr i ved i n  Hous ton 

Samp l e  return conta i ne r  1 ,  fi l m ,  and b i o l og i ca l  
samp l es  arri ved i n  Hous ton 

T i me ,  G . 111 . t .  

1 7 : 58 

19 : 50 

19 : 58 

20 : 0 5  

22 : 00 

23 : 32 

00 : 0 5  

05 : 1 5 

1 1 : 45 

1 6 : 1 5  

23 : 1 3 

1------------------ ·-------------L-------l 
J u l y  26 , 1 969 

Command modu l e decontam i n a ted and h a tch s ecured 

Mob i l e  Quarant i ne Faci l i ty secured  

03 : 00 

04 : 35 



TABLE 1 3- I . - RECOVERY AND QUARAN T I N E  EVENTS - Con c l uded 

E vent 

J u l y  27 , 1 969 

Mob i l e  Quaran ti ne Fac i l i ty and command modu l e  
offl oaded 

Safi n g  of  command modu l e  pyrotechn i cs comp l eted 

J u l y  28 , 1 969 

Mobi l e  Quaran ti ne Faci l i ty arri ved at  Houston 

F l i ghtcrew i n  Lunar Rece i vi ng Laborato ry 

Command modu l e  del i vered to 

J u l y  30 , 1 969 

Lunar Recei v i ng Laboratory 

T i me , G . m . t .  

00 : 1 5 

02 : 05 

06 : 00 

10 : 00 

23 : 1 7  
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1 4 . ASSESSMENT OF  M I SS I ON OBJE CT I VES  

The s i ng l e  pri mary mi s s i on obj ecti ve for the  Apo l l o  1 1  mi s s i on ( a s def i ned  i n  the 
NASA Headquarters document OMSF M-D MA 500- 1 1  ( SE 0 1 0 -000- l ) ent i tl ed "Apo l l o  F l i g ht  
Mi s s i on Ass i g nments " and prepared Ju ly  1 1 ,  1 96 9 )  was  to  perform a manned l unar  l and
i ng and  return safe ly  to earth . I n  add i t i on to the s i ng l e pr imary object i ve , 1 1  s ec 
ondary obj ect i ves were del i nea ted from the  fol l owi ng two genera l categor i es : 

1 .  To perform se l enol o g i c a l  i nspect i on and sampl i ng 

2 .  To obta i n  data to assess  the capab i l i ty and l imi tati ons of a man and h i s 
equ i pment i n  the l unar  env i ronment 

The 1 1  s econdary objecti ves are l i s ted i n  tab l e  1 4- I  and a re des cri bed i n  deta i l i n  
NASA Manned Spacecraft Cente r document  SPD  9 - R-038 ( ent i t l e d  "M i s s i on Req u i rements , 
SA- 506/CSM- 1 07/U1-5 , G Type t� i s s i on Lunar Landi ng , "  Apri l 1 7 ,  1 969 ) . 

The fol l owi n g  expe riments were a s s i gned to the Apo l l o  1 1  mi s s i on : 

1 .  Pass i ve s e i smi c exper iment ( S -031 ) 

2 .  Lunar  fi e l d geol ogy ( S -059)  

3 .  Laser rang i ng retrore fl ector ( S -078) 

4 .  Sol ar  wi nd compos i t i on ( S -080) 

5 .  Cosmi c ray detect i on ( S -1 5 1 ) 

The s i ng l e pri mary obj ecti ve was met .  Al l secondary obj ecti ves and experi men ts 
e xcept for the fo l l owi ng we re fu l ly s at i s fi e d :  

1 .  O bj e ct i ve G :  l ocat i on o f  the l anded l unar  modu l e 

2 .  Expe r i ment S -059 : l unar  fi e l c geol ogy 

These two i tems were not comp l e te l y  s ati s f i ed i n  the manner p l anned before fl i ght . A 
d i s cus s i on of the def i c i en c i es appears i n  the fol l owi ng paragraphs . A ful l assessment 
of the Apol l o  1 1  deta i l ed objecti ves and experi ments wi l l  be pre s ented in sepa rate 
reports . 
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Obj ect i ves : 

A 

B 

c 

D 

E 

F 

G 

H 

I 

L 

t·1 

Experiments : 

S-031  

S-059 

S-078 

S-080 

s- 1 5 1 

T-029 

TABL E  1 4 - I . - DETA I LED  OBJECT I VES AND EXPERI MENTS 

Descri pti on 

Conti ngency samp l e  col l ect ion  

Lunar s urface extrave h i cu l ar opera t i on s  

Lunar  s urface operat i ons wi th extrave h i cu l ar 
mobi l i ty un i t  

Land i ng effects on l unar  modu l e  

Lunar  s urface c haracteri st i cs  

B u l k s amp l e  col l ect i on 

Locat i on of the l anded l unar  modu l e  

Lunar  envi ronment  vi s i bi l i ty 

Assessment of contam i nati on by l unar  materi a l  

Tel evi s i on cove rage 

Photograph i c  coverage 

Pass i ve se i sm i c  experiment 

Lunar fi e l d  geol ogy 

Laser rang i ng re trore fl ector experiment 

Sol ar wi nd compos i t i on 

Cosmi c ray detect ion  

P i l o t des cri pti on 

Locat ion  of the Landed Lunar �1odu l e 

Comp l eted 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Part i a l  

Yes 

Yes 

Yes 

Yes 

Yes 

Part i a l  

Yes 

Yes 

Yes 

Yes  

It  was  p l anned to make a near-rea l - t ime determ i nati on of the l ocati on of the l anded 
l unar  modu l e ,  based on crew observati ons . Observati ons by the l unar  modu l e  crew duri ng 
descent and after l and i ng were to prov i de i nformat i on for l ocat i ng the l an d i ng po i nt by 
us i ng onboard maps . I n  addi t i on , th i s  i n format i on was to be transmi tted to the Command 
Modu l e P i l ot ,  who was to use  the sextant i n  an a ttempt to l ocate the l anded l unar  modul e .  
Furthermore , i f  i t  were not poss i bl e  fo r the Command Modul e P i l ot to resol ve the l unar  
modu l e i n  the s extant , he  was  to  track  a nearby l andmark that had a known l ocat ion  re l a
ti ve to the  l anded l unar  modu l e ( as  determ i ned by the l unar  modu l e crew or  the g round 
team ) . 
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Th i s  ne ar-rea l -t i me determi nati on o f  the l anded l unar  modu l e  l ocat i on by the l unar  
modu l e  crew was  not  accomp l i shed because the c rew ' s  attenti on was  confi ned to the  cab i n  
duri ng mos t  o f  the vi s i bi l i ty phase o f  the de scen t .  Consequent ly , thei r obse rvati ons  
of the l un a r  features  dur ing  de scent we re not s u ffi c i en t  to a l l ow them to j udge the i r  
pos i t i on .  The crew ' s  obse rvati on of the l arge c rater near  the  l andi ng po i n t d i d  p rovi de 
an i mportant c l ue to the i r l ocati on , but th i s  c l ue was not s u ffi c i ent to l ocate the 
l andi ng po i nt wi th confi dence . 

On  seve ra l o rb i ta l  passes , the Command Modu l e  Pi l ot used the sextant i n  an attempt 
to l ocate the l un a r  modu l e .  H i s obse rvat i ons were di rected t o  areas  where ground 
data i ndi cated the l un a r  modu l e  cou l d  h ave l ande d .  These attempts to l ocate the l unar  
modu l e were unsucce s s fu l , and i t  i s  doubtfu l that  the  Command Modu l e P i l o t ' s  observati ons 
we re eve r  d i re cted to the a rea whe re the l un ar modu l e was actua l ly l ocated . 

Near  the end of  the l u nar s u rface s tay , the l ocat i on of  the l anded l unar  modu l e was 
dete rmi ned from the l u nar  modu l e  rendezvou s - radar track i ng data ( confi rmed pos tfl i gh t  
by us i ng descent photograph i c  data ) . Howeve r ,  the Command Modu l e P i l ot ' s  act i v i t i es 
d i d  not permi t h i s  attempti ng anothe r trac k i ng pass  a fter the l unar  modu l e  l ocat i on had 
been dete rmi ned accurate l y .  

Lunar  F i e l d Geol ogy 

Fo r the Apol l o  l l  mi s s i on , the documented samp l e  col l e cti on ( Expe ri me n t  S -059 , 
l un a r  fi e l d  geol ogy) was ass i gned the l owes t  pr i o r i ty of  any of  the s c i ent i f i c  objec
ti ves and  was  p l anned as  one  of  the  l a st acti vi t i es duri ng t he  extraveh i cu l ar  acti v i ty 
peri od . Two core-tube s ampl e s  we re col l ected as  pl anned , and approxi mate ly  1 5  pounds 
of  addi t i onal  l u nar  s ampl es we re obt a i ned as  part of th i s  object i ve .  Howeve r ,  t i me 
cons trai nts on the e xtraveh i cu l ar  acti vi ty precl uded col l ecti on of  these samp l e s  wi th 
the deg ree of documentat ion  ori g i na l l y  p l anne d .  

I n  addi ti on , there was not s uffi ci ent t i me to a l l ow the co l l ect i on o f  a l un a r  
envi ronment samp l e  or a gas  analys i s  s ampl e i n  the  two speci a l  conta i ners  provi ded .  
Al though these samp l e s  were not obtai ned i n  the i r  speci a l  conta i ners , i t  wa s poss i b l e  
to obtai n the des i red res u l ts by u s i ng other s amp l e s conta i ned i n  t he reg u l ar sampl e 
ret u rn contai ners . 
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1 5 .  LAUNCH VEH I CLE  S UMMARY 

The traj ectory parameters of the AS-506 l aunch veh i c l e  from l aunch to t ran s l unar  
i nject i on we re al l c l os e to  the  expected val ues . The  veh i c l e  was l aunched on an 
a z imuth 90° east  of north . A rol l maneuver wa s i n i t i ated at 1 3 . 2  seconds i n  orde r to 
p l a ce the veh i c l e  on the p l anned fl i gh t  az i muth of 7 2 . 058° east of nort h .  

Fol l owi ng l unar  modu l e ej ecti on , the S - I VB/ i ns trument uni t maneuve red t o  a s l i ng 
s hot att i tude that was fi xed rel a t i ve t o  the l oc a l  hor i zonta l . The ret rog rade vel oc i ty 
nece s s a ry to perform the l unar  s l i ngshot maneuve r was accomp l i shed  by a l i qu i d  oxygen 
dump , an auxi l i ary p ropu l s i on sys tem fi ri ng , and l i q u i d  hydrogen vent i n g .  The c l osest  
approach  of  the veh i c l e to  the l unar  s u rface wa s 1 825 mi l e s at 78 : 42 : 00 . A fl i g ht  
eva l uat i on repo rt conta i n i ng add i t i onal  data  on the  l aunch veh i c l e  perfo rmance has  been 
pub l i shed by the NASA Mars ha l l Space Fl i gh t  Cente r  ( enti tl ed " S aturn V L a unch Veh i cl e  
Fl i g ht  Eva l uat i on Report AS-506 , Apol l o  1 1  Mi s s i on , " Re port MPR-SAT - FE - 69-9 , Sept . 20 , 
1 969 ) . 
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1 6 .  ANOMALY SUMMARY 

Th i s  secti on con ta i ns a d i s cuss i on of the s i gn i f i cant  probl ems or d i screpanc i es  
noted duri ng the  Apol l o  l l  mi s s i on .  

Command and Serv i ce Modu l es 

Servi ce yyopu l s i on n i troge� l eak . - Duri ng the l unar orb i t  i nsert i on f i r i ng , the 
gaseous n i trogen i n  the redundant serv i ce propu l s i on eng i ne actua t i on sys tem decayed 
from 2307 to 1 883 ps i a  ( fi g .  1 6- 1 ) , wh i ch i nd i cated a l eak  downs tream of the i nj ector 
preva l ve .  The norma l press ure decay as  experi enced by the primary sys tem i s  approx ima te l y  
5 0  ps i a  for each fi ri ng . O n l y  one sys tem was affected , a n d  no performance degrada t i on 
res u l ted . Th i s  actua t i on sys tem was used  duri ng the transearth i nject i on f i r i ng , and no 
l ea kage was detecte d .  
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F i gure 1 6- l . - N i trogen pressure duri ng i ni t i a l l unar orbi t i nserti on fi ri ng . 

The  fuel  and oxi di zer va l ves are control l ed by actuators dri ven by n i trogen pressure . 
F i gure 1 6- 2  i s  representa t i ve of both n i trogen control sys tems . When power i s  appl i ed 
to the s e rv i ce propu l s i on sys tem i n  preparat i on for a maneuver , the i njector preva l ve i s  
opene d ;  however ,  pres sure i s  not app l i ed to the ac tua tors , because the so l enoi d control 
va l ves are c l osed . When the eng i ne i s  commanded on , the so l enoi d control va l ves  are 
opened , pressure i s  app l i ed to the actuator , and the rack on the actuator s haft dri ves a 
p i n i on gear to open the fuel and ox i d i zer va l ves . When the eng i ne i s  co1nmanded off , the 
s o l eno i d control va l ve vents the actuator  and c l oses the fuel  and ox i di zer va l ves . 
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F i gure 1 6- 2 . - Control for serv i ce propu l s i on prope l l ants . 

The mos t probab l e  cause  of the pro b l em was contam i n a t i on of one of the components 
downs tream of the i nj ector preva l ve ,  wh i ch i s o l a tes the n i trogen s upp ly  duri ng nonfi ri ng 
peri ods . The i njector p reva l ve was not cons i dered a prob l em source because i t  was 
opened 2 m i nutes  before i gn i t i on , and no l eakage occurred duri ng that  peri od .  The 
pos s i b i l i ty that the reg u l ator and rel i ef val ve were l eak i ng was a l s o  e l i mi nated beca use  
p ress ure was app l i ed to these  components when the preva l ve was  opened . 

The s o l enoi d control va l ves have a h i s tory of l eakage , wh i ch has  occurred e i ther 
because  of i mproper i nternal  a i rgap adj u s tmen t  or  because of seal  damage caused by con
tami n a t i on . The a i rgap adj u s tment cou l d  not  have caused the l ea kage , because  an  i mproper 
a i rgap w i th the preva l ves  open wou l d  have caused the l eak  to rema i n  cons ta n t .  Both of 
the so l enoi d contro l  va l ves i n  the l ea k i ng sys tem had been found to be contami nated be
fore f l i g h t  and  were removed from the sys tem , rebu i l t ,  and s ucces s fu l ly retes ted duri ng  
the  a cceptance tes t  cyc l e .  

I t  i s  concl uded that  the l eakage was due to a contam i nat i on- i ndu ced fai l ure of a 
s o l eno i d  contro l  va l ve .  The source of contami nat ion  i s  unknown ; however ,  the contam i na 
t i on w a s  apparen t ly  removed from t h e  sea l i ng s urface duri ng the val ve c l os ure for the 
f i rst  l unar  orb i t  i nsert i on maneuver ( fi g .  1 6 - 2 ) . The s u spected s ou rce i s  a contam i nated 
fac i l i ty man i fo l d  at the vendor ' s  p l ant . Al though an i nves t i g a t i on of the pri or  fa i l ure 
i ndi cated that the fl i g h t  va l ve was not contam i n a ted , the fac i l i ty man i fo l d i s  s ti l l  con
s i dered a pos s i b l e  source of the contami nants . 
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Spacecraft for Apol l o  1 2  and  s ubsequent m i s s i on s  have i ntegra l f i l ters i ns ta l l ed ,  
and the fac i l i ty man i fo l ds  are control l ed more c l os el y ;  therefore , n o  further c orrecti ve 
acti on was taken . 

Thi s anoma ly i s  c l osed . 

�r��i c  heater fa i l ure . - The performance of the a utoma t i c pres sure control  sys tem 
i ndi cated that one of the two hea ter e l ements i n  oxygen tan k  2 was i nopera t i ve .  Data 
s h owi ng  heater currents for pre l aunch checkout veri f i ed tha t  b oth heater e l ements were 
operat i ona l  through the countdown demons tra t i on tes t .  H owever , the readi ngs recorded for 
c u rrent dur i ng the tank press uri zati on i n  the l aunch countdown s howed that  one heater i n  
oxygen tank 2 had fa i l ed .  Th i s  i nformat i on  was not made known to proper channel s for 
d i spos i t i on pri o r  to the fl i g h t  because no  s pec i f i cat i on l im i ts were ca l l ed out i n  the 
tes t  procedure . 

Manufacturi ng records for a l l B l oc k  I I  oxygen tanks s h owed that  there have been no  
therma l -swi tch nor e l ectri ca l - cont i n u i ty fa i l ures  i n  the program ; two fa i l u res  occurred 
duri ng the i n s u l a t i on  res i s tance tests . One fa i l ure was attri buted to moi s ture in  the 
connector .  After th i s  un i t h ad  been dr i ed , i t pas sed a l l a cceptance tests . The other 
fa i l ure was i denti f i ed  in  the heater a s semb l y  befo re i t  was i ns ta l l ed in  a tank .  Th i s  
fa i l ure , wh i ch was a l s o  a n  i ns u l at i on prob l em ,  wou l d  not r 1 ave prevented the heater from 
func t i on i ng norma l ly .  

The  cause of the fl i g h t  fa i l ure was probab ly  a n  i ntermi ttent contact o n  a termi n a l  
board i n  the heater c i rcui t .  The 1 6-jage wi r i ng a t  the  board h a s  exh i b i ted i ntermi t
tenc i es severa l t imes  in  the pas t .  Th i s  b oard i s  the s ame type of  termi n a l  board  that 
was found to be the cause  of the con tro l eng i ne p rob l em on  Apol l o  1 1 .  ( See 11 F a i l ure of  
Automa t i c Co i l i n  O�e  Thruster 11 i n  th i s  sec t i on . ) S i nce the oxygen tank  heaters are 
redundant , no mi s s i on constra i nts were crea ted other than a requ i rement for more frequent 
quant i ty ba l anc i n g .  

The l a unch-s i te tes t  requ i rements were changed to s pec i fy the amperage l eve l neces
s a ry to veri fy that  both tank heaters were operati onal . Add i ti ona l l y ,  a l l l aunch-s i te 
p rocedures were rev i ewed to determ i ne whether s pec i f i cat i on l im i ts are req u i red i n  other 
areas . 

Th i s anoma ly i s  c l osed . 

Fa i l ure of automa t i c coi l i n  one thruster . - The mi nus -yaw eng i ne i n  command modu l e 
reacti on  control sys tem 1 produced l ow and erra t i c thru s t  i n  res ponse to f i r i ng commands 
through the automa t i c c o i l s  of  the eng i ne val ves . The spacecraft rates ver i fi ed that  
the  eng i ne perfo rmed norma l ly when  fi red by us i ng the d i rect co i l s .  

E l ectri cal  conti nu i ty through a t  l eas t one of the para l l el automat i c coi l s  i n  the 
eng i ne was evi denced by the fact that the s tab i l i za t i on and control  sys tem dri ver s i gna l s  
were norma l . Th i s  behav i o r ,  a l ong w i th the fact  that  a t  l east  s ome thrus t was produced , 
i ndi cates that one of the two val ves was work i ng norma l l y .  

A t  the l au nc h  s i te ,  another enq i ne u nderg o i ng c heckou t h ad fa i l ed to respond to 
commands dur i ng the va l ve s i gnature tests . The probl em was i s ol a ted to a fau l ty term i 
na l  boa rd connector . The fau l ty term i na l  board was repl aced , and the systems  were re
tes ted s a ti sfactori l y .  Bec ause  of  th i s  i nc i dent and  because  of  the  prev i ou s  h i s tory of  
probl ems wi th termi nal  boards , these connectors were pr ime  suspec ts when eng i ne probl ems 
occurred . 

Pos tfl i g h t  tes ts s h owed that  two p i ns i n  the termi na l  board ( fi g .  1 6 - 3 )  were l oose 
and caused i nterm i ttent  cont i n u i ty to the au toma t i c coi l s  of the eng i ne va l ve .  Th i s  type 
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F i gure 1 6 - 3 . - Termi na l  board s chemati c for 
mi nus-yaw eng i ne , command modu l e  react i on 
contro l  sys tem 1 .  

of fa i l ure has  been noted previ ou s l y  on ter
m i n a l  boards manufa ctured pri or to Novem
ber 1 96 7 .  The fau l ty board was manufactured 
i n  1 966 . 

The i ntermi ttent contact was caused by 
i mproper c l i p  pos i t i on re l at i ve to the bus 
bar  counterbore . The i mproper pos i ti on i ng 
res u l ted i n  l os s  of some s i de force and pre
c l uded proper contact p res s u re aga i nst  the 
bus bar . A des i gn ch ange was made to the 
base  gas ket to ensu re tha t the bus b a r  was 
correct ly  pos i t i oned . 

Pre-November 1 967  termi na l  b oards were 
l ocated from i n sta l l ati on records , and i t  
was determi ned that none were i n  c i rc u i ts 
wh i ch wou 1 d  j eopard i ze crew s a fety .  No  
act i on was  taken  for  Apol l o  1 2 .  

Th i s  anoma ly  i s  c l osed . 

Loss of e l ectro l umi nescent s egment i n  
the entry mon i tor  sys tem . - An e l ectro l um i 
nes cent s egment  o n  the numer i c d i s pl ay o f  
the entry mon i tor  sys tem ve l oc i ty counter 

wou l d  not  i l l um i nate . The s egment i s  i ndependent ly  swi tched through a l og i c network 
that  act i vates a s i l i con-contro l l ed recti f i er  to bypass  the l i ght  when i t  i s  not 
i l l um i nated . The power source i s  1 1 5  vol ts , 400 h ertz . 

Four cases of s i mi l ar ma l functi ons have been recorded . One case i n vol ved a s egment 
that wou l d  not i l l umi nate , and three cases  i nvo l ved s egments  that wou l d  not turn off .  
I n  each case , the cause was i dent i f i ed a s  mi s routi ng of  l og i c  w i res i n  the c i rcu i t  con
trol l i ng the rect i fi ers . The mi s routi ng bent the w i res across termi na l  s tri ps conta i n i ng 
s harp w i re ends . These s harp ends punctured the i n s u l a ti on and caused s h orts to g round 
or  to +4 vol ts , turn i ng the s egment off or on , respect i ve l y .  

A rework o f  the a ffected c i rc u i ts took p l ace i n  the p rocess o f  so l der i ng cr imp 
joi nts that had been i nvol ved i n  an Apol l o  7 anoma l y .  An i ns pecti on to detect mi s 
routi ng  was conducted a t  thi s  t i me ; howeve r ,  because o f  potti ng re stri c t i ons , the i n 
s pect i on was l imi ted . A number  o f  other fa i l ure mechan i sms exi s t  i n  c i rcu i t  e l ements 
and l eads ; h oweve r ,  there is  no assoc i a ted fai l ure h i s tory .  A gener i c or des i gn p rob l em 
i s  cons i dered un l i ke l y  because of the number of  sat i s fac tory act i vat i ons s u sta i ned to 
date . 

The prefl i ght  checkout program was exami ned to i denti fy poss i b i l i ti es for i mp rove
ment in ass ur i ng proper operat i on of a l l  s egments  throughout a l l opera t i n g  condi t i ons . 

Th i s  anoma l y  i s  c l osed .  

�en fl ow master a l arms . - Dur i ng the i n i ti a l  l unar modu l e  pres s ur i zat i on , two 
mas ter a l arms were a ct i vated when the oxygen f l ow ra te was decreas i ng from fu l l  s ca l e .  
The s ame condi t i on had been obs erved s everal  t ime s  duri ng a l t i tude chamber  tests and  
duri ng s ubsequent troub l eshooti ng . The cause of the prob l em cou l d not be i denti f i e d  
before l a unch , b u t  the on l y  consequence o f  t h e  a l arms was t h e  n u i sance factor . 
F i gure 1 6- 4  s h ows the bas i c  e l ements of the oxygen fl ow sens i ng  c i rcui t .  Note i n  
f i g ure 1 6- 4  that ,  for a mas ter a l arm to occur , rel ay K l  mus t h o l d  i n  for 1 6  seconds , 
a fter wh i ch t ime re l ays K2 and K3 w i l l  c l os e , act i va t i ng a mas te r a l arm .  
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T he capac i to r  s hown i n  fi gure 1 6-4  i s  
actua l l y  a part o f  a n  e l ectromagnet i c  i nter
ference f i l ter a nd i s  requ i red to prevent 
fl uctuati on  of the ampl i fi er output to the 
vol tage detector . W i thout the capac i tor , a 
s l ow change i n  fl ow rate i n  the v i c i n i ty of 
the thresho l d vol tage of rel ay Kl wi l l  cau se 
rel ay Kl to open and c l ose  conti nuou s l y  
(c ha tter ) . Rel ay K 2  h a s  a s l ower dropout 
t i me than rel ay Kl ; therefore , i f  rel ay Kl i s  
chatteri ng , rel ay K2 may not be affected , so  
that the 1 6-second t i me del ay conti nues to  
t i me out . Consequentl y ,  master  a l a rms  can  be 
i ni ti ated wi thout  resett i ng o f  the 1 6 -second 
t i mer . 

The fi l ter capac i tor was open  duri ng 
F i gure 1 6 -4 . - Oxygen  fl ow sens i ng  c i rcu i t .  postfl i ght  tests , a nd the ma s ter a l arms were 

dup l i cated wi th s l ow ,  decreas i ng fl ow rates . 
There has  been no prev i ous  fa i l ure h i story 

of these  meta l i zed Myl ar  capac i tors a s soc i a ted w i t h  the fl ow s ensors . No correcti ve 
act i o n  was requi red . 

T h i s  anomal y  i s  c l osed . 

I nd i c ated c l osure of �opel l ant  i s ol ati on va l ves . - The propel l ant  i s o l a t i on val ves 
on quad  B of the servi ce modu l e  reacti on control sys tem c l os ed dur i ng command and s ervi ce 
modul e  s epara t i on from the S - I VB . A s i mi l ar prob l em was encountered  on the Apo l l o  9 
mi ss i on .  Tes ts after Apol l o  9 i nd i cated that a va l ve w i th norm a l  magnet i c l atch forces 
wou l d  c l ose at shock l eve l s  as  l ow as 87g wi th an 1 1 -mi l l i second durati on ; howeve r ,  w i th 
durati ons i n  the expected range of 0 . 2  to 0 . 5  m i l l i second , s hock  l eve l s  as  h i gh as  670g 
wou l d  not c l ose the va l ves . The expected shock range is l 80g to 260g . 

Two val ves  hav i ng the nomi n a l  l atch i ng force of 7 pounds were se l ected for s hock 
test i ng . I t  was found that s h ocks of 80g for 1 0  m i l l i seconds to s hocks of l OOg for 
1 mi l l i second  wou l d  c l os e  the v a l ves . The l atch i ng forces for the va l ves were reduced to 
5 pounds , and the va l ves were shock  tes ted agai n .  The s hock  requ i red to c l ose the va l ves 
at  th i s  reduced l atch i ng force was 54g for 1 0  mi l l i s econds and 75g for 1 mi l l i s econd . 
After comp l e ti on of the s hock testi ng , the va l ves were exami ned and tes ted , and  no degra
dati on was note d .  H i gher shock l eve l s  may have been experi enced i n  fl i g h t ,  and  further 
tes ts w i l l  be conducted . 

A revi ew of the checkout procedures i nd i cates that the l a tch i ng force can be degraded 
on ly  if i mproper procedures are i mp l emented ,  s uch  as the app l i ca t i on of reverse current 
or ac  to the c i rcu i t .  A speci a l  tes t  on Apo l l o  1 2  i ndi cated that the va l ve l atch i ng 
force was not  deg raded . 

Because there was no va l ve degradati on when the va l ve was s hocked c l osed and because 
the crew check l i s t conta i ned precauti onary i n forma ti on concern i ng these va l ves , no further 
acti on was necess a ry .  

Th i s anoma ly  i s  c l os e d .  

Od�r i n  docki ng tunne l . - An odor s i mi l ar to b urned wi re i ns u l ati on was de tected i n  
the tunnel  when the hatch was f i r s t  opened . N o  e v i dence of d i s co l orat i on nor i nd i cat i ons  
of overheati ng of the e l ectri c a l  c i rc u i t s  cou l d  be found when the c i rcu i ts were exami ned 
by the crew duri ng the fl i g h t .  Severa l o ther sources of  the odor were i nves ti gated , 
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i n c l udi ng burned part i c l es from tower j et ti son , outgas s i ng of  a s i l i cone l ubri cant  u sed 
on the hatch sea l , and  outgas s i ng of other components u sed i n  the tunnel  a rea . Odors 
from these sources were reproduced for the  c rew to compare wi th the odors detected 
duri ng f l i g h t .  The crew s tated that the odor from a s amp l e  o f  t h e  dock i ng h at ch ab l a tor  
was s i m i l ar to that  detected i n  fl i g h t .  Apparentl y ,  remova l of the outer i n s u l at i on 
( TG - 1 5000 ) from the hatch of Apo l l o  1 1  ( and of s ubsequent space craft ) res u l ted i n  h i gher 
ab l ator temperatures and , therefore , a l a rger amount  of outgass i ng odor than on prev i ous 
f l i ghts . 

Th i s  anomal y  i s  c l osed . 

Low oxygen f l ow rat�. - Short l y  after l au n ch , the  oxygen f l ow rate i nd i cati on was at  
the  l ower l i mi t of the i ns trumen tati on rather than  at  the  nomi nal  metabo l i c  rate of 
0 . 3  l b/hr . A l so , duri ng water separator cycl i c  accumul ator cycl es , the  f l ow rate 
i nd i cati on was l es s  than the expected ful l meas u rement  output of 1 . 0 l b/ h r .  

Ana lys i s  of assoc i ated d a t a  i ndi cated t h a t  the oxygen f l ow w a s  norma l , b u t  that the 
i nd i cated f l ow rate was negati ve ly  b i ased  by approx i mate ly  1 . 5 l b/ h r .  Pos tfl i g ht  tests 
of the transducer confi rmed th i s  b i as , and the cause  was assoc i a ted wi th a change  i n  the 
heater wi ndi ng  res i stance wi th i n the fl ow sensor bri dge ( fi g .  1 6-5 ) . The res i s tance of 
the heater had i ncreas ed from 1 000 to 1 600 ohms , therefore chang i ng the temperature of 
the hot wi re e l ement that supp l i es the reference vol tage for the ba l ance of the bri dge . 
Further tes t i ng to determi ne the cause  of the res i s tance c hange was not practi c a l  because 
of the  mi nute s i ze of the potted res i s ti ve e l ement .  Depotti ng of the e l ement  wou l d  de-
s troy avai l a b  1 e evi dence of  the cause  of fa i 1 u re .  Norma l ly ,  heater res i s tance changes 
occur early i n  the 1 00-hour burn- i n  peri od duri ng wh i ch heater s tabi l i ty i s  ach i eve d .  

Oxygen 
flow 

l Sensor probe 

A des i g n  prob l em was not  i ndi cated ; 
therefore , no act i on was taken . 

Th i s anoma l y  i s  c l osed . 

Forward heat s h i e l d  mortar l anyard 
Heating element unti ed . - Duri ng pos tf l i ght  exami nat i on  of 

the Apo l l o  1 1  s pacecraft , a n  apparent i n
s ta l l a t i on error was found on the mortar  
umb i l i ca l  l a nyard of the forward heat s h i el d .  

ro telemetry and That i s ,  a l l but  one of the t i e-wrap knots 
onboard display were unt i ed .  Th i s  seri es  of knots s ecures  

the ti e-wraps  around the e l ectri ca l  bund l e ,  
and i ts funct i on i s  to b reak  the wraps duri ng 
heat s h i e l d  j ett i son . 

F i gure 1 6-S . - Oxygen fl ow s ensor . The knots s hou l d  be two c l os e l y  t i ed 
ha l f- h i tches that s ecure the t i e-wrap to the 

l anyard ( fi g .  1 6 -6 ) . Exami nat i o n  of the Apo l l o  1 0  l anyard i nd i cated that these knots 
were not two ha l f- h i tches but a c l ove h i tch ( fi g .  1 6 -6 ) . Spacecraft 1 1 0 and 1 1 1  were 
exami ned , and i t  was found that a c l ove h i tch  was erroneous l y  used on these vehi c l es a l s o .  

After t h e  l a nyard breaks  t h e  t i e-wraps , i f  t h e  fragment o f  ti e-wrap p u l l s  o u t  o f  
t h e  knot , t h e  c l ove h i tch knot c a n  unt i e ,  thus  l engtheni ng the l anyard .  Leng then i ng th i s  
l anyard a s  the  umb i l i ca l  cab l e  pays out can a l l ow trans fer of some l oadi ng i nto the umb i l 
i ca l  d i s connect fi tt i ngs . Shou l d  a s u ffi c i ent  l oad  be transferred to the d i s connect f i t
t i ng to cause  s hearpi ns to fa i l , the mortar umb i l i ca l  of the forward heat s h i e l d  cou l d  be  
d i sconnected pri or  to  the mortar fi ri ng . Thi s d i s connect i on wou l d  prevent  dep l oyment  of 
the forward heat s h i e l d  s epara t i on-augmenta t i on parachute , and there wou l d  be a pos s i 
b i l i ty o f  forward h eat  s h i e l d  recontact wi th  the  command modu l e .  Exami nat i on of the 
forward heat s h i e l d  recovered from Apo l l o  1 0  con fi rmed that the mortar had fi red and 
that  the parachute was proper ly  dep l oyed . 
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( a ) Proper . ( b ) Improper . 

F i gure 1 6 -6 . - T i e-wraps on  l anyards .  

A step-by-s tep procedure for correct l anyard knot tyi ng and  i ns ta l l at i o n  \'la s 
devel oped for spacecraft 1 1 2 .  Apo l l o  1 2  and 1 3  were reworked accord i ngl y .  

Th i s anoma ly  i s  c l osed . 

§ly_co l  tempera ture control va l ve . - Duri ng l unar orb i t opera t i ons , the g lycol  temper
a ture control va l ve d i d  not control the evaporator i n l e t  temperature . The temperature o f  
t h e  water/g lyco l  enteri ng the evaporator i s  norma l l y  mai n ta i ned above 4 2 °  F by t h e  g ly
c o l  temperature control va l ve , wh i ch m i xes hot  \•later/ g l ycol  w i th w,a ter/g l ycol return i ng 
from the radi ators ( fi g .  1 6-7 ) . As the rad i a tor  out l et  temperature decrea ses , the tem
perature contro l va l ve  opens to a l l ow more hot g l ycol to m i x  wi th  the co l d f l u i d  return
i ng from t he  rad i ator .  Th i s  procedure i s  fol l owed to  mai nta i n  t he  evaporator i nl et 
temperature a t  42° to 48° F .  The contro l v a l ve starts to c l ose  a s  the rad i ato r  out l et 
temperature i ncreases and c l oses  comp l e te l y a t  evaporator i nl et temperatures a bove 48° F .  
I f  the  automati c temperature control system fa i l s , manual  opera t i on of the temperature 
control  va l ve i s  ava i l abl e by deacti vati ng the automa t i c mod e .  Th i s deacti v at i on i s  
accomp l i s hed by pos i t i on i ng the g lycol evaporator temperatu re i nl et swi tch  from AUTO to 
�1ANUAL , wh i ch removes power from the con tro 1 c i rcu i t .  
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F i g u re 1 6-7 . - Pr imary water/g l ycol  
cool ant  l oo p .  

Two probl ems occu rred on  Apo l l o  1 1  dur
i ng l u nar orbi t operati ons . F i rs t ,  as the 
temperature of the wate r/g lycol  return i ng 
from the rad i a tors i ncreased , the temperature 
contro l va l ve d i d not c l ose  fas t  enough ; 
thus , an early  r i se  was produced i n  evapo
rator outl et  temperature . Second , the 
evaporator out l et  temperature d ecrea s ed to 
3 1 ° F dur i ng revol ut i on 1 5  as  the radi ato r  
outl et  temperature was rap i d l y  decreas i ng 
( fi g .  1 6 -8 ) . F i g u re 1 6 - 8  a l s o  s hows non;•al 
operat i on of the  val ve and con trol sy s tem 
after the prob l em . Both anoma l i es d i s 
appeared at  approx imately the t ime dur i ng 
revol u t i on 1 5  that the g l ycol evaporator  
temperature i n l et swi tch  was  cycl ed by the 
crew . The temperature control val ve and  re
l ated contro l  sys tem conti nued to operate s a t
i s facto ri l y  for the rellla i r,der of the mi s s i o n .  
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The control val ve was removed from the spacecra ft , d i s a s semb l ed , a nd i ns pected . A 
bear i ng wi th i n  the va l ve gear tra i n  was found to have i ts reta i ne r  d i sengaged from the 
race so  tha t  the reta i ner i nterfered wi th the worm gear travel  ( fi g . 1 6- 9 ) . 

The va l ve gear  tra i n  i s  dr i ven  i n to mech an i ca l  s to ps and i s  sta l l ed when the va l ve 
i s  commanded fu l l  open or c l osed . Ana lys i s  of the fa i l ed bea ri ng and the gear tra i n  de
s i gn i nd i cates tha t  h i gh s tat i c thru s t  l oads ( 74 pounds ) app l i ed to the beari ng  when the 
gear tra i n i s  s ta l l ed caused the fai l ure . The bea ri ng i s  rated for 20  pounds of s tat i c 
thru s t .  

T h e  capabi l i ty to set  t h e  va l ve manua l l y  at  a pos i t i on t h a t  wi l l  ma i ntai n  t h e  nor
mal temperature range of  the sys tem p re c l udes the neces s i ty of  a redes i gn .  

Th i s anoma l y  i s  c l ose d .  

Servi ce modu l e  entry . - The s ervi ce  modu l e  j etti soni ng s equence was des i g ned wi th 
the i ntenti on that the s ervi ce modu l e ,  upon be i ng j e tti soned on a l unar  return fl i g h t , 
wou l d  enter the a tmos phere of the earth to between 300 and 400 thousand feet  of a l ti tude 
and then s k i p out i nto a h i gh ly e l l i pt i ca l  earth orb i t .  Thus , the ri s k  of recontact  
wi th the  command modu l e duri ng entry wou l d  be e l im i na ted . However , on the  Apo l l o  8 ,  1 0 ,  
and 1 1  m i ss i ons , the s e rvi ce modu l e  di d not  s k i p  out  a s  expected . 

Track i ng data obta i ned by C-band rada r on the Apol l o  1 1  m i s s i on i nd i ca ted that the 
separat i on vel oci ty was much l es s  tha n tha t  expecte d .  Duri ng the Apo l l o  1 1  m i s s i on ,  the 
servi ce modu l e  was seen by the crew a pp rox i ma te ly  5 mi n u tes a fter i t  had been jett i soned ; 
th i s  s i ght i ng cou l d not have occurred i f  the servi ce modu l e  had fo l l owed i ts expected 
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Fi g u re 1 6-9 . - Temperatu re control va l ve .  

traj ectory .  ( The crew noted a t  the time of 
the s i ght i ng tha t  the reacti on contro l  sys tem 
thrus ters were s ti l l  fi ri ng . )  Photographs 
obta i ned from a i rcraft showed the servi ce 
modu l e  enteri ng the a tmosphere of  the ea rth 
and  di s i n teg rat i ng near the co�mand modu l e .  

The servi ce modu l e  jetti soni ng s equence 
requ i red tha t  the four negati ve-X- trans l a t ion  
reacti on control sys tem eng i nes  commence 
thrus ti ng at s eparat i on and conti nue u n ti l 
p ropel l an t  depl eti o n .  Two s econds after 
separati on , four reacti on contro l  sys tem 
rol l eng i nes fi red for 5- 1 / 2  seconds to sp i n 
s tabi l i ze the servi ce modu l e  about i ts 
X-ax i s .  A mi n i mum separa ti on ve l oc i ty of 
approximately  300 ft/sec  shou l d have been 
obta i ned for a s tab l e  servi ce modu l e ,  a nd  
th i s  s eparat i o n  vel oc i ty i s  more than  s u f
fi c i en t  to cause the s ervi ce modu l e  to s k i p  
out .  The separati on vel oci ty for the 
Apol l o  1 0  mi s s i on was approxima te l y  60 ft/ 
sec ( 30 ft/sec l es s  than the mi n i umum ve
l oc i ty requ i red for s k i p  out . ) 

Hardwa re fa i l ure res u l ti ng i n  fa i l ure 
of one reacti on contro l sys tem eng i ne or i n  
early termi nati on of thrus ti ng i s  h i g h l y  
un l i ke ly  because  o f  the redundancy i n  the 
control ci rcu i ts and the cons i s tency i n  
s uccess i ve m i s s i ons  of the occurrence o f  the 
fa i l u re of the serv i ce modu l e to s k i p  o u t .  
Ana lys i s  o f  prope l l an t  s l oshi ng shows , how

e ve r ,  tha t the s e rvi ce modu l e  can become uns ta b l e ,  wh i ch res u l ts i n  l ow net s epara t ion  
ve l oc i ti es .  P i c tori a l  representa ti on of  the  s l osh i ng i s  shown in  fi g u re 1 6- 1 0 .  The 
ana lyses  i ndi c a te that  ti p-off moments app l i ed to the s e rvi ce modu l e  at j e tti son  cause  
the  s p i n vector to  precess about the  servi ce modu l e  X-axi s .  The  precess i o n  exci tes 
l ongi tudi na l  s l os h i ng of the prope l l ants i n  the tanks . I n i ti a l  propel l an t  l ocat i ons  are 
s h own i n  heavy s hadi ng i n  fi g ure 1 6- 1 0 .  When the s p i n  vector p recesses to the other s i de 
o f  the X-axi s ,  the propel l ants are d ri ven to the other ends of the tan ks , as  shown i n  
l i g h t  shadi ng . The s l os h i ng then causes the s p i n  vec tor  to approach a pos i ti on norm a l  
to the s e rvi ce modu l e  X-ax i s .  The s l os h i ng e ffects c a n  c a u s e  a reducti on i n  separa t i on 
vel oc i ty ,  and duri ng the 300- second thrus ti ng peri od , the s ervi ce  modu l e  atti tude can be 
reversed 1 80 ° . Thi s condi t ion  i ntroduces a remote poss i bi l i ty of recontact  between the 
servi ce modu l e  and the command modu l e .  

Ana l ys i s  s howed tha t  the optimum separat ion  ve l oc i ty for a range o f  prope l l an t  l oads 
can be obtai ned by res tri c ti ng the ro l l  thrus ti ng to a peri od of 2 seconds and the X-ax i s 
thrus ti ng to a peri od of  25 s e conds . Therefore , beg i nn i ng wi th the Apo l l o  1 3  mi s s i on , 
the servi ce modu l e  j e tti son  contro l l er was modi fi ed to g i ve the fol l owi ng jetti son  
sequenc e .  
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F i gure 1 6- 1 0 . - P rope l l ant  s l os h i ng 
e ffects . 

Time a fter 
s eparat i on , 

s ec 

0 

2 

4 

25  

Event 

Four negat i ve-X- tran s l a t i o n  
j e ts on 

Four rol l j e ts on 

Four  rol l j e ts off 

Four neg a ti ve- X- trans l ati on 
j e ts off 

Th i s  anoma ly  i s  c l osed . 

Lunar Modu l e  

M i s s i on timer s topped . - The c rew re
ported s hortly a fter l unar  l and i ng tha t  the 
mi s s i on timer had s toppe d .  They cou l d  n o t  
res tart  the c l ock a t  that t i me , a n d  the 
power to the timer  wa s turned off to a l l ow 
the ti mer to cool . E l even hours l ater , the 
timer was res tarted and functi oned norma l ly  
for  the  rema i nder of the  m i s s i on .  

Based on the characteri s ti c  beha v i o r  
of the m i s s i on t i mer  a n d  the s im i l ari ty to 
p revi ous timer fa i l u res , the mos t probab l e  
cause of the fai l u re was a cra cked s ol der  
j o i n t .  The  reason for the  c racked s o l der 
j o i n t  was the cordwood cons tructi on ; that 

i s ,  e l ectri ca l components ( res i s tors , capac i tors , d i odes , e tc . ) were s o l dered between two 
c i rcu i t boards , and the vo i d  between the boards was fi l l ed wi th potti ng compound 
( fi g .  1 6- 1 1 ) .  The d i ffe renti a l  expans i on between the potti ng compound and  the component 
l eads caused the s o l der  j o i n ts to crack  and  b reak  e l ectri cal  conta c t .  Pres umab l y , the 
1 1 - hour  peri od the timer was off a l l owed the timer to cool s u ffi c i ently  for the cra cked 
j oi nt  to make e l ectri cal  conta c t ,  and the ti mer then opera ted norma l l y .  

There was no  practi ca l s o l ut i on t o  the pro b l em for u n i ts tha t  were i n s ta l l ed for 
the Apol l o  1 2  m i s s i on .  However ,  to decrease the probab i l i ty of fai l ure , a s c reeni ng pro
cedure ( vi brati on and therma l  tes t  and 50 hours of  operati on ) has been us ed to s e l ect  
t i mers for veh i c l e  i ns ta l l a ti on .  The  Apo l l o  1 1  t imer was  exposed to vi b ra ti on and  therma l 
tes ts and to 36 hours of opera ti on pri or  to i ns ta l l a ti o n .  

New m i s s i on t imers and eve n t  ti mers that wi l l  b e  mechan i ca l l y  and e l ectri ca l l y  i n ter
chang eab l e  wi th present  t ime rs a re be i ng deve l oped . These  new t imers wi l l  use i ntegra ted 
c i rc u i ts wel ded on pri nted c i rcu i t boards i ns tead of the cordwood cons truct ion  and  wi l l  
i nc l ude des i g n  changes a s soc i ated wi th the other timer probl ems s u ch  as cracked g l a s s  
a n d  e l ectromagneti c i nterference s us cepti b i l i ty .  The new ti mers wi l l  be i ncorpora ted 
i nto the s pacecraft when qua l i fi cati on tes t i ng i s  comp l ete . 

Th i s  anomal y  i s  c l ose d .  
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F i gu re 1 6- 1 1 . - Typi c a l  modu l ar 
cons tru c ti on . 
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Engine valves 

F i gu re 1 6- 1 2 . - Supercri t i ca l  he l i um fl ow 
for descent propu l s i on sys tem . 

H i gh fuel  i nte rface pre s s u re after 
l andi n g . - Duri ng  s i mu l taneous venti n g  of  the 
descent propel l ant  and s upercri t i c a l  h e l i um 
tanks , fue l  i n  the fue l /he l i um heat  exchanger 
was frozen by the h e l i um fl owi ng th rough the 
heat  exchanger .  Subsequent heat s oakback  
from the descent enq i ne caused expans i on of  
the fuel trapped i n  the secti on of  l i ne be
tween  the heat  exchanger and  the engi ne 
s hutoff val ve ( fi g .  1 6- 1 2 ) . The res u l t was a 
p ress u re ri s e  i n  th i s secti on of l i ne .  The 
h i g hest  pressure i n  the l i ne was proba b l y  i n  
the range o f  700 to 800 p s i a .  ( The i nter
face pressure transducer range i s  0 to 
300 ps i a . )  The wea k po i nt in  the system i s  
the bel l ows l i nk s , wh i ch y i e l d a t  pressures  
greater than 650  p s i a  and fai l a t  a pprox i 
mate ly  800 to 900 ps i a .  Fa i l ure of . the l i n ks 
wou l d  a l l ow the bel l ows to expand and rel i eve 
the pressure wi thout externa l  l ea ka g e .  The 
heat exchanger , wh i ch i s  l oc a ted i n  the en
g i ne compartment , thawed wi th i n a pprox i ma te ly  
0 . 5  hour and a l l owed the l i ne pres sure to 
decay . 

On fu ture mi s s i on s , the sol eno i d  va l ve 
( fi g .  1 6- 1 2 ) w i l l  be  c l osed pr ior  to fuel  
vent i ng and opened some time pr i or to l i ft
off . Th i s procedure wi l l  prevent freez i ng 
of fue l  i n  the heat exc ha ng er a nd wi l l  a l l ow 
the supercri ti ca l  hel i um tank  to vent l ater . 
The hel i um pressure  ri se  rate after l a nd i ng 
i s  approx i mately 3 to 4 p s i / h r  and  const i 
tutes no constra i nt to presentl y p l anned m i s 
s i on s . Appropr i ate c hanges wi l l  b e  made  to 
operat i onal  procedures . 

Th i s a noma l y  i s  c l osed . 

I ndi cati on of  h i gh carbon di oxi de par
ti a l  pres sure . - Short l y  after the l unar  mod
u l e as cent , the crew reported that the carbon 
d i ox i de parti a l  press ure i ndi c a ti on was h i g h  
a n d  errati c .  The seconda ry l i th i um hydrox i de 
cani s ter was se l ected , wi th no effe c t  on the 
i nd i cati on . The pr imary cani s ter  was then 
resel ected , and a cau t ion and warn i ng a l a rm  
was act i vated . 

Pri or  to extraveh i cu l ar acti vi ty ,  the 
envi ronmental  control sys tem h ad been de
acti vate d .  Th i s  deact ivat ion  s topped the 
water s eparator and a l l owed the condens a te 
that  had co l l ected i n  the s epara tor to dra i n  

i nto a tank ( fi g .  1 6- 1 3 ) .  The dra i n  tan k  conta i ned a honeycomb materi a l  des i g ned to re
tai n the condensate . I f  the amount  of conden s a te exceeded the effecti ve s u rface of the 
honeycomb , water  cou l d  have l eaked through the vent l i ne and i nto the sys tem j us t  up  
s t1·eam of  the  s ensor .  ( Before the  sensor became errati c ,  t he  Commander had  noted water 
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i n  h i s  s u i t . ) Free wa ter i n  the opti c a l  secti on of  the sensor wi l l  cause erra t i c per
formance .  The ca rbon d i ox i de content i s  s ensed by meas uri ng the l i g h t  transm i s s i on 
across a s tream of s u i t- l oop gas . Any l i qu i d  i n  the e l ement a ffec ts the l i g ht  tra nsm i s 
s i on a n d  thus g i ves i mproper rea d i ngs . To pre c l ude wa ter bei ng i n troduced i n to the 
s ensor  from the dra i n  ta nk , the vent l i ne was re l ocated to an ex i s ti ng boss ups tream o f  
the fans , e ffect i ve on  Apo l l o  1 3  ( fig .  1 6- 1 3 ) .  

Thi s  anomal y  i s  c l osed .  

To water system 

Selector v-alve--· 

Lunar - c::=:::::..==::b MOOule P�l�;s _ c====;-;==:l 

--�-;�-- -- - - - - veni iA.polto 1 1  
'1 1 r!movecl for Apollo 1 3 �  
I I  I I 
I I I I  
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I f - - - - - - Venl 
I I  !Apollo ll1 , , t l  I I  
I I  
I I  
"'= = = = = = = = = ==-=-=-=c= + 

F i gure 1 6- 1 3 . - S i mp l i fi ed s u i t- l oop s ch emati c .  

Commander's sui! 

l1fh1um 
h�cfroxtde can1ster 

S teerab l e  antenna acqui s i ti on . - When the s teerab l e  a n tenna was s e l ected a fter acqu i 
s i ti on on revo l uti on 1 4 ,  d i ffi cu l ty was encountered i n  ma i nta i n i ng communi cati ons . The 
down- l i nk s i gn a l  s trength was l ower than predi c ted and  severa l times decreased to the 
l eve l at wh i ch l oc k  was l os t .  Howeve r ,  the nomi na l  performance of  the s teerab l e  a n tenna 
before and  a fter the t ime in  ques ti on i nd i ca ted that the a n tenna h a rdwa re opera ted 
properly .  

For the poi nti ng ang l es used , errors were d i scovered i n  the antenna coverage re
s tri ct i on di ag ram i n  the Spacecra ft Opera ti ona l Data Book . I n  addi t i on , the d i ag ram 
fa i l ed to i nc l ude the th rus ter p l ume defl ectors , wh i ch were added to the l unar modu l e  a t  
the l a un ch s i te .  F igure 1 6- 1 4  s h ows the correct b l ockage d i agram and  t h e  d i agram t h a t  was 
used i n  the Spacecraft Operati onal  Da ta Book pri o r  to fl i gh t .  The po i nti ng ang l es of the 
antenna  were i n  an  area of  b l ockage or  s uffi c i ent ly  c l os e  to b l oc kage to affect the cover
age pa ttern . As the antenna bores i gh t  approaches the veh i c l e  s truc tu re , the on-bores i gh t  
ga i n  i s  reduced , the s e l ecti vi ty to i ncomi ng s i gna l s  i s  reduced , and s i de l obe i nterfer
ence i s  i ncreased . Furthermore , a prefl i ght  ana l ys i s  showed that the mu l ti path s i gna l , or  
ref l ected ray { fi g .  1 6- 1 5 ) , from the  l unar  s urface to the veh i c l e  fl i ght  traj ectory 1'/0u l d  
be s uffi c i en t  to cause some of the antenna track i ng l os ses . A l so , the reduct ion  i n  an
tenna s e l ect i vi ty caused by veh i c l e  b l ockage i ncreases  the p robab i l i ty of  mu l ti path i nter
ferences i n  the antenna track i ng ci rcu i ts .  I n  conc l us i on ,  both the veh i c l e  b l ockage and 
the mu l ti path s i gna l s  p robab ly  contr i b u ted to the reduced measured s i gna l . 
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F i g u re 1 6- 1 4 . - Coverage res tri c t i ons 
for S- band  s teerabl e  a n ten n a .  

Multipa1h 
Jrerlected I rom 

For future mi s s i ons , the correct veh i 
c l e  b l oc kage and mu l t i path  condi t i ons wi l l  
b e  determi ned for t he predi cted fl i gh t  tra
jectory . Operat i onal  meas ures can be em
p l oyed to reduce the probab i l i ty of the 
recurrence of th i s  probl em by se l ect i ng  
veh i c l e  att i tudes that ori ent the  antenna 
away from veh i c l e  b l ockages and by s e l ecti ng  
vehi c l e att i tude ho l d w i th the antenna track 
mode sw i tc h  i n  the SLEW or MANUAL pos i ti on 
throug hout  the t i me peri ods when th i s  prob l em 
may occur . 

Th i s  anoma l y  i s  c l osed . 

Co§l�ter�l arms duri_129_ descent . - F i ve 
computer prog ram a l a rms occurred duri ng 
descent pr i or to the l ow-gate phase of the 
traj ectory .  The performance of g u i dance and 
control functi ons was not affected . 

The a l arms were of the Execu ti ve over
f l ow type , wh i ch s i gn i fy that "the g u i dance 
computer cannot a ccomp l i s h a l l of the data 
process i ng requested i n  a computat i on cyc l e .  
The a l arms i nd i cated that  �ore than 1 0  per
cent of the comp u ta t i on capaci ty of the com
puter was preempted by unexpected counter 
i n terrupts of the type generated by the 
coup l i ng data u n i ts wh i ch i nterface wi th the 
rende zvou s - radar s haft and  trunn i on 
resol vers ( fi g . 1 6- 1 6 ) . 

- -

F i gu re 1 6- 1 5 . - Examp l e of m u l t i pa th .  
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F i gu re 1 6- 1 6. - I n terfaces from rendezvous
radar a n tenna  to primary g u i dance 
sys tem . 

The  computer i s  organi zed s uch  that 
i nput/output i nterfaces a re s ervi ced by a 
centra l  proces sor  on a t ime-s hared bas i s  w i th 
other p roces s i ng functi ons . H i gh- freq uency 
data s uch as accel erometer and  coupl i ng data 
u n i t i nputs a re process ed as counter i nter
rupts , wh i ch are as s i gned the h i ghes t pri ori ty 
i n  the ti me-s hari ng s eq uence . Whenever one 
of thes e pu l se i nputs i s  recei ved ,  a ny l ower 
pr i ori ty computa ti on tas k bei ng performed by 
th e compute r  i s  temporari ly s us pended or i n
terrupted for 1 1 . 72 mi croseconds wh i l e  the 
pul s e  i s  proces s ed ;  the n ,  control  i s  retu rned 
to the E xecuti ve program for res umpti on of 
routi ne operati ons . 

The  E xecuti ve program i s  the j ob
s chedu l i ng and j ob-supervi s i ng routi ne wh i ch 
a l l ocates the  requ i red eras ab l e  memory s tor
age for each j ob request  and dec i des wh i ch 
j ob i s  g i ven contro l  of the  centra l  process or .  

T h e  Executi ve program s chedul es the vari ous repeti t i ve routi nes o r  j obs ( s uch  as S e rvi cer , 
the navi gat i on  and gu i dance j ob wh i ch i s  done every 2 s econds ) on an open-l oop bas i s  w i th 
res pect  to wheth e r  the j ob s chedu l ed on the previ ous cyc l e  was comp l ete d .  Shou l d  the 
comp l et i on of  a j ob be s l owed because h i gh- frequency counter i nterrupts u s urp excess i ve 
centra l  proces s or time , the  Executi ve p rogram wi l l  s chedu l e the s ame j ob aga i n and re
s erve another  memory s torage a rea for i ts us e .  When the  Executi ve program i s  requ es ted 
to s chedu l e  a job and a l l l ocati ons a re as s i gned , a program a l arm i s  d i s p l ayed and a 
s oftware res tart i s  i ni ti ated . A revi ew of the j obs th at  can  run duri ng  descent l ed to 
the conc l us i on that  mu l ti pl e  s c hedu l i ng of the  s ame j ob p roduced the p rogram a l arms . 
The  cause  for the mu l t i p l e  s c hedu l i ng of  jobs h as been i denti fi ed by ana lys es and  s i mu l a
t i ons to be pri ma ri ly  counter i nterrupts from the rendez vous- radar  cou p l i ng data u n i t .  

The  i nterrupts duri n g  the  powered des cent res u l ted from the confi gurati on o f  the 
rendezvous- radar/coup l i ng data u n i t/computer  i nterface . A s c hemati c of the i nterface i s  
s h own i n  fi g u re 1 6- 1 6 .  When the  rendezvous- radar mode swi tch i s  i n  the AUTO or SLHJ 
pos i ti on ,  the  exc i tati on  for the rada r  s h a ft and trunn i on res o l vers i s  s upp l i ed by a 
2B- vo l t ,  BOO-hertz s i gn a l  from the atti tude and  trans l ati on  control a s s emb l y .  When  the 
swi tch is i n  the LGC pos i ti on ,  the pos i t i on i ng of  the radar  antenna i s  contro l l ed by the 
gu i dance computer , and the res o l ver e xc i tati on i s  s uppl i ed by a 2B- vol t ,  BOO-he rtz s ou rce 
i n  the pri ma ry gu i dance and navi gati on contro l  sys tem . The outpu t s i gna l s  of the  s h aft 
and trunni on res ol vers i nterface wi th th e coupl i ng data u n i ts , regardl ess of  the exci 
tati on s ou rce . The  atti tude and trans l ati on control a s sembl y  vol tage i s  l oc ked i n  fre
quency wi th the pri mary gu i dance and navi gati on contro l  sys tem vol tage th rough control 
( by the pr imary gu i dance and navi gati on control  sys tem) of the PCM and t i mi ng el ectroni cs 
frequency , but i t  i s  not l ocked i n  phas e .  When a mode swi tch is not i n  LGC , the atti tude 
and trans l at i on control  as s emb l y  vol tage is the source for the res o l ver  output s i gna l s 
to the coup l i ng data u n i ts ,  wh i l e  the pri mary gui dance and navi gati on  control  sys tem 
800- hertz vol tage i s  u sed as a refe rence vol tage i n  the ana l og-to-d i g i ta l  convers i on 
port i o n  of the coup l i ng data u n i t .  Any di ffe rence i n  ph ase  or  amp l i tude between the 
two 800-h ertz vol tages w i l l  cause  the coupl i ng data u n i t to recogn i ze  a change  i n  s h a ft 
or trunn i on pos i ti on ,  and  the coupl i ng data un i t  wi l l  " s l ew" ( d i g i ta l l y ) . The " s l ewi ng " 
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of  the data un i t res u l ts i n  the unde s i rabl e and conti nuous  transmi s s i on o f  pu l ses  rep
resent i ng i n cremental  angu l ar c hanges to the computer . The  max i mum rate for the p u l ses  
i s  6 . 4  kpps , a nd the pu l ses are processed a s  counter i nterrupts . E a c h  pu l se recei ved 
by the compu ter requ i res  one memory cyc l e t i me ( 1 1  . 7  m i c roseconds )  to process . I f  a max i 
mum of 1 2 . 8  kpps i s  rece i v ed ( two radar cou p l i ng data un i ts ) ,  1 5  percent of the  ava i l abl e 
compu ter t ime wi l l  be spent  i n  proces s i ng the radar i nterrupts . ( The  computer normal l y  
opera tes a t  approx i ma tely  90 percent of capac i ty dur i ng the  pea k a c ti v i ty of powered de
scent . ) When the capa c i ty of the compu ter i s  exceeded , some repet i t i ve ly  s chedu l ed rou 
t i nes vJi l l  not be comp l eted pri or to the  s tart  of the next computat ion  cyc l e .  The 
computer then g enerates  a software restart  and d i sp l ays an Exec u t i ve overfl o�r a l arm .  

The  mean i ng l e s s  coun ter i nterrupts from the rendezvous - radar coupl i ng data u n i t wi l l  
not be  processed  by the Lumi nary l B  program used  on future mi s s i ons . When the radar i s  
not  powered u p  o r  the mode swi tch i s  not i n  the LGC pos i ti on ,  the data u n i ts wi l l  be 
zeroed , and counter  i nterrupts wi l l  not be generated by the radar coupl i ng data u n i t s .  
A n  addi t i ona l  change wi l l  permi t the crew t o  mon i tor  the descent  wi thout requ i ri ng as 
much compute r  t i me as was requ i red i n  Lum i n ary l A .  

Th i s  anoma ly i s  c l osed . 

5 l ow cab i n  dec�mpress i on . - The decompres s i on of the cab i n  pri or to extraveh i cu l ar 
act i v i ty requ i red l onger than h a d  been ant i c i pated . I n  ana l ys i s  of the s er i ou snes s of 
th i s  p rob l em ,  i t  was determi ned that  the  crew cannot damage the h a tch by try i n g  to open 
i t  premature l y .  Stat i c  tes ts s h ow that  a h andl e force of 78 pounds at  0 . 25 p s i d and 
1 1 8  pounds a t  0 . 35 ps i d  i s  requ i red to perm i t  a i rfl ow pas t  the sea l . The h atch def l ected 
on ly  i n  the reg i on of the handl e .  A handl e pu l l  of  300 pounds at 2 ps i d  d i d  not damage 
e i ther the hand l e or the hatc h .  I n  add i ti on , neutral  buoyancy tes ts s h owed that  s u i ted 
s ubjects i n  a 1 /6-g  envi ronment cou l d  p u l l a maxi mum of 1 02 pounds . 

On Apol l o  1 2  and  s ubsequent veh i c l e s , the bacteri a fi l ter was not to be used ; thus , 
the ti me for decompres s i on was reduced from approxi mately 5 mi nutes to l es s  than 2 m i nutes . 
The a l ti tude ch amber tes t  for Apo l l o  1 3  i n c l uded a parti a l  cab i n vent p rocedure that  
veri f ied  s ati sfactory va l ve assembly opera t i on wi thout  the bacteri a fi l te r  i n s ta l l ed .  

Th i s  anoma ly i s  c l osed .  

E l ectrol umi nescent s�1ent on dj spl ay i noperati ve . - An e l e ctro l umi nescent segmen t  
o n  the n umeri c di sp l ay of the abort g u i dance sys tem data entry a n d  di s p l ay a s sembly  was 
reported i noperat i ve .  The affected d i g i t  i s  s h own i n  f i g u re 1 6- 1 7 .  Wi th th i s  s egment 
i noperati ve , i t  v1a s  impos s i b l e  to d i fferen ti a te he tv,een the numera l s 3 and 9 .  The c rew 
was s ti l l  ab l e  to use  the parti cu l ar di g i t ;  however ,  there was s ome amb i g u i ty on the 
reado u t .  

E a c h  segment on  t h e  d i sp l ay i s  swi tched i ndependent l y  through  a l og i c  network that 
act i vates a s i l i con-control l ed rect i f i er p l aced in  ser i es wi th  the  segments . I n  t h i s 
respec t ,  the control c i rcu i t  i s  d i fferent from that  u sed i n  the  entry mon i tor sy stem 
ve l oc i ty cou nter , a l thoug h both u n i ts are made by the same manufacture r .  ( See 11 Loss  o f  
E l ectro l umi nescent Segment i n  Entry t·1on i tor Sys tem" i n  th i s s ec t i on . )  T h e  power source  
i s  1 1 5  vol ts , 400  hertz , a nd can  be var i ed for i ntens i ty contro l . 
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Fi g u re 1 6- 1 7 . - I noperati ve s egment  i n  one 
d i g i t of  the data entry and di s p l ay 
a s s emb ly .  

One s i mi l ar fai . l ure occurred o n  a del ta 
q ua l i fi ca ti on un i t .  The cause  \vas  a fau l ty 
epoxy process  wh i ch  resu l ted i n  a c racked and 
open e l ectrode in  the l i g h t-emi tti ng e l emen t .  
C i rc u i t ana lys i s  s h ows severa l  component  and 
wi ri ng fa i l u res  that cou l d  accoun t for the 
fai l ure ; however ,  there i s  no  h i s tory of 
these types of fa i l ure . The number of s at i s 
factory act i vat i ons of a l l the segments does 
not i ndi cate the ex i s tence of a generi c prob
l em .  T o  ensure proper opera ti on under a l l 
condi t i ons , for fu ture mi s s i ons a pre l aunch 
tes t  wi l l  act i vate a l l segments ; then , the 
i n tens i ty wi l l  be va ri ed th rough the fu l l  
range wh i l e  the di s p l ay i s  observed for 
fau l ts .  

Th i s  a noma l y  i s  c l o sed . 

Vo i ce breakup dur i ng extravehi cu l ar 
a c t i�. - Vo i ce-opera ted rel ay opera t i on 
dur i ng extravehi cu l ar acti v i ty cau s ed brea k 
u p  o f  vo i ce recei ved b y  t h e  Ma nned Space 
F l i gh t  Netwo r k .  Thi s brea ku p wa s a s soc i a ted 
wi t h  both crewmen , bu t pr ima r i l y  wi th the 
Lunar Modu l e  P i l o t .  

I n  ground tests , the cond i t i on s  exper i 
enced duri ng the extravehi cu l ar act i v i ty were 
dup l i cated by decrea s i ng the sens i t i v i ty of 
the l u nar modu l e  down- l i n k vo i ce-operated 
key i ng contro l from 9 (max imum ) to 8 ,  a de-
crease  of approx imate l y  7 dec i bel s .  Du ri ng 

chamber  tes ts , l unar modu l e  keyi ng by the extraveh i cu l ar commun i cat i ons sys tem was demon
s trated when the sens i ti vi ty contro l  was set at 9 .  The crew i ndi cated th at the pre
extraveh i c u l a r  acti vi ty adj ustment s houl d have  been  set  in  accordance wi th the  on board 
check l i s t (maxi mum i ncrease ) .  The crewmen a l so veri fi ed that they d i d  not experi ence any 
voi ce b reakup from each o ther or from the Manned Space F l i gh t  Network , whi ch i ndi cated 
th a t  the breakup  was probab ly  caused by marg i na l  key i ng of the voi ce-operated key i n g 
c i rcui ts of the l unar modu l e  down- l i nk  re l ay .  

Voi ce tapes of the Apol l o  1 1  crew ob tai ned duri ng  a l t i tude ch amber tes ts were used 
i n  an attempt to dup l i cate the probl em by s i mu l a t i ng vo i ce modu l a t i on characteri s ti cs 
and l e ve l s  be i ng fed i n to the l unar  modu l e  commu n i cat i on s  sys tem duri ng the extraveh i cu
l a r  act i vi ty .  These voi ce tapes modu l ated a s i g n a l  generator that was  rece i ved by  and 
rel ayed through a breadboard ( mockup )  of the l unar  modu l e  commun i ca t i ons sys tem . No  
d i s cern i b l e  b reakup of  the  re l ayed voi ce occurred wi th the  s ens i t i v i ty contro l  set  a t  9 .  

A l l ana lys i s  and l aboratory tes t i n g  to date i ndi cates that  the voi ce b reakup exper i 
enced duri ng the extraveh i cu l a r act i vi ty was not an i nh e rent  sys tem des i gn prob l em .  
Tes t i ng h a s  s h own that any voi ce th at wi l l  key the extraveh i cu l a r commun i cati ons sys tem 
w i l l  a l so key the l unar modu l e  re l ay i f  the sens i ti v i ty control i s  set  a t  9 .  

The mos t  probab l e cau s e  of the probl em i s  an  i nadvertent l ow setti ng of the Com
ma nder ' s  sens i t i v i ty control . Dur i ng extravehi cu l ar act i v i ty ,  both crewmen u se  the Com
mander ' s  l u nar modu l e  vo i ce-operated c i rcu i t when ta l k i ng to the grou nd . Other l es s  
l i ke l y  cau ses a r e  degraded modu l at i on  from t h e  extraveh i cu l ar commu n i ca ti ons sys tem o r  
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degrada ti on  of the l unar modu l e  c i rcu i t  ga i n  between the vhf  rece i ver and the Commander ' s  
ampl i f i e r .  Howeve r ,  no known previ ou s fa i l ures have res u l ted i n  degraded extraveh i cu l ar  
commu n i cat ions  modu l a t i o n  l eve l s or  degraded l unar mod u l e key i n!J performance . 

T h i s  anoma l y  i s  c l osed . 

Echo  duri ng e xtrave h i cu l ar a ct i v i�. - A vo i ce turnaround (echo ) was heard dur i n g  
extrave h i cu l a r  acti v i ty .  At that  t ime , the l unar modu l e  was opera t i ng i n  a rel ay mode . 
Up- l i nk vo i ce from the S -band was proces sed and  retransmi tted to the two extraveh i cu l ar 
crewmen by means of the  l unar  modu l e  vhf transmi tter . Crew voi ce and  data were rece i ved 
by the l unar modu l e  vhf recei ver and re l ayed to the earth by means  of the l unar modu l e  
S-band transmi tter ( fi g .  1 6- 1 8) . The echo , wh i ch was dupl i cated i n  the l aboratory , 
resu l ted from mechan i ca l  a cous t i ca l  coup l i ng betv.Jeen the commu n i cati ons carri er earp hone 
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Fi g ure 1 6- 1 8 . - Commun i cati ons rel ays duri ng extraveh i c u l ar acti vi ty .  



and m i crophone ( fi g .  1 6- 1 9 ) . The crewmen i nd i ca ted tha t  the i r  vol ume control s were set  
a t  max imum during  the ex traveh i cu l a r act i v i ty .  Th i s  setti ng wou l d  prov i d e  a l eve l  of  
approx imate ly  +1 6 dBm i nto each  crewma n ' s  earphones . I s ol a t i on between earphones and 
m i c rophones , exc l u s i ve of a i rpath coupl i ng ,  i s  approx i ma te l y  48 dec i bel s .  Therefore , 
a t  the mi c rophone outpu t ,  the g round v o i c e  s i g na l  wou l d  appear a t  a l evel  of  a pprox imate l y  
- 3 2  dBm .  I f  i t  i s  as sumed tha t extrave h i cu l ar commu n i c a ti ons  keyi ng wa s enabl ed , th i s 
s i gna l  wou l d  be  proces s ed and transmi tted by the extraveh i c u l ar commu n i c a t i ons  system and 
wou l d  prov i de a l evel of approx i ma te l y  - 1 2  dBm a t  the outpu t of the l u nar modul e  vhf re 
cei ver . I f  the l u nar mod u l e  re l ay wa s enabl ed , thi s s i gna l  wou l d  be ampl i fi ed and rel ayed 
to earth by means of the S - ba nd at a nom i na l  ou tpu t  l evel . 

When the l u nar modu l e  vo i ce -operated 
keyi ng c i rc u i t  i s  properly  adju sted , a ny s i g 
nal  that keys the  extraveh i cu l ar commu n i ca-

. ti ons system wi l l  a l so  key the  l u nar modu l e  
rel ay .  There a re i nd i cat i ons that  the  l u na r  
modu l e  v o i c e-opera ted key i ng sens i ti v i ty was 
set be l ow max i mum , as ev id enced by the re
l ayed voi ce  breakup exper i enced by the Lunar  
Modu l e  P i l ot .  ( See "Vo i ce Brea kup Dur i ng 
Extra vehi c u l ar Ac ti v i ty "  i n  th i s  sec t i on . )  
Therefore , i t  wou l d  ha ve been poss i b l e  for 
the extraveh i cu l a r  commu n i ca t i ons system to 

/ - --- Microphone have been keyed by brea th i ng or by s u i t  a i r-

Earpl·ece wo·th __./· ........:.'!--1��=:;:::�� boom f l ow wi thou t thi s bac kgrou nd noi se bei ng re-
- l ayed by t he l u nar  modu l e .  However , the 

microphone and _ _  / up- l i n k turnaround voi ce cou l d  h ave prov ided  
earphone drivers / the add i ti ona l  l u nar-modu l e- rece i ved a ud i o  molded i n  / 

F i g ure 1 6- 1 9 . - Commun i ca t i ons carr i e r .  

s i gna l  l evel  to operate t h e  voi ce-operated 
key i ng  c i rc u i ts , wh i ch wou l d have permi tted 
the s i gna l  to be returned to earth . The c rew 
i nd i c a ted tha t the vo i ce-operated key i ng c i r 
cu i ts i n  the ex traveh i c ul ar commu n i c a ti ons 
sys tem were a ct i vated by su i t  a i rfl ow for 
some pos i ti on s  of  the head i n  the h e l me t .  

Both voi ce-operated keyi ng  c i rc u i ts were a l so keyed b y  bumpi ng or  rubbi ng of  the c ommu n i 
cat i ons carri er  a ga i n s t  the he l met . The random echo probl em i s  i n heren t i n  the commu n i 
cati ons system desi gn , a nd there does not a ppear to be  any practi c a l  way to e l i mi na te 
random voi ce-operated key i ng or to s i gn i f i cant ly  reduce the acou s t i c a l  coup l i ng i n  the 
commu n i cat ion s  c arri er . 

A procedure to i nh i b i t the remoti ng  of down- l i nk  vo ice  d ur i n g  per i od s  of  up - l i n k 
vo i ce transm i s s i on s  wi l l  be  accompl i s hed to e l i m i na te the echo . The capsu l e  commu n i ca 
tor ' s  consol e wi l l  be mod i fi ed to a l l ow capsu l e-commun i ca tor s i mp l ex opera t i on ( u p  l i n k  
on l y , down l i n k  d i sab l ed )  dur i ng u p - l i n k transm i s s i ons a s  a backup  mode  o f  opera ti on i f  
the echo becomes objec t i ona b l e .  However , the grou nd sys tem wi l l  s t i l l  h a v e  the e c h o  of 
the capsu l e  commun icator when the s i mp l ex mode i s  u sed . 

Th i s  anoma l y  i s  c l osed . 

Onboa rd recorder fa i l ure . - The d a ta storage e l ec tron i cs  a s semb l y  d i d  not record 
proper ly  i n  f l i gh t .  Postfl i gh t  pl ayback of the tape reveal ed tha t  the reference tone 
was recorded proper ly ;  however ,  the vo i ce s i gnal  wa s l ow and recorded w i th a 400-hertz 
tone and  s trong bac kground noi s e .  Occ a s i ona l l y ,  the vo i c e  l eve l  wa s norma l for s hort 
peri ods .  I n  add i ti on ,  on ly  the 4 . 6- k i l ohertz timi ng  s i gna l wa s recorded . Th i s  s i g n a l  
s hou l d  h ave swi tched between 4 . 2  a nd 4 . 6  k i l ohertz i n  order t o  record t h e  t i mi ng code . 
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Duri ng pos tfl i g ht  tests , the recorder functi oned properly for the f i rst  2 hours of 
operati on . Then , the voi ce channel  fai l ed and  recorded no voi ce or  backg round noi se ,  
a l though ti mi ng and reference tones were recorded proper l y .  Th i s fai l ure does not dupl i 
cate the f l i g ht resu l ts ,  wh i ch i nd i cated that the fai l ure di d not  e xi s t  i n  f l i gh t .  

Tests wi th  the recorder i ns ta l l ed i n  a l unar  modu l e were performed t o  determi ne the 
vehi c l e  w i r i ng fa i l ures  that cou l d  cause  the s i gn a l s found on the f l i gh t  tap e .  An open 
c i rcui t i n  both th e  t imi ng s i gna l  return l i ne and the v o i ce s i gn a l  l i ne wou l d dup l i cate 
the p robl em . S im i l ar broken w i res were found i n  LTA-8 dur i ng therma l /vacuum tests . The 
mos t probab l e cause of the fa i l ure was two b roken wi res ( 26 gage ) i n  the veh i c l e  harness  
to  the recorder.  For Apol l o  1 2  to  1 5 ,  the wi re h arnes s at  the recorder connector w i l l  
be wrapped wi th  tape to s t i ffen the connector and provi de protect i on aga i ns t  f l exure 
damage .  For Apo l l o  1 6  and subsequent mi s s i ons , a s heet-metal  cover wi l l  be added to 
prote c t  the harnes s .  

Pre f l i gh t  data from the l aunch - s i te checkout procedure s how that both the t im i ng 
i nputs and the i n terna l l y  generated reference frequency were not wi thi n  s pec i f i ca t i on 
tol erances , wh i c h  may be i nd i ca t i ve of a prefl i g ht prob l em w i th  the sys tem . The procedure 
d i d  not  spec i fy accepta b l e l i mi t s  but  has now been corrected . 

Th i s  anomal y  i s  c l osed . 

Broken ci rcu i t  brea ker knob . - The crew reported after the comp l et ion  of extrave h i cu
l ar act i v i ty that the knob on the eng i ne arm c i rcu i t  breaker was broken and that  two 
other c i rcu i t brea kers were c l os e d .  The eng i ne arm c i rc u i t breaker was successfu l l y  
c l osed when requ i red for as cen t , but  l os s  o f  the knob wou l d not a l l ow manual  open i ng of 
the b reake r .  

T h e  most probab l e  cause o f  t h e  damage was i mpact  w i th  t h e  oxygen purge sys tem (aft 
edge ) duri ng prepara t i on for extraveh i cu l ar  act i v i t i es ; such  an  i mpact was demons trated 
i n  s i mu l a t i on s  i n  a l unar modu l e .  C i rcu i t  breaker guards wi l l  be i ns ta l l ed on Apol l o  1 2  
and s ubsequent veh i c l es to prevent the oxygen purge sys tem from i mpact i ng w i th the c i rcu i t  
breakers . 

Th i s  anoma l y  i s  c l osed . 

Thrust  chamber pressure swi tches . - The swi tch used to mon i tor  the quad  2 aft- f i r i ng 
eng ine  (A2A) exh i b i ted s l ow response to j e t  dri ver commands duri ng mos t of  t he m i s s i on .  
Duri ng an  1 8-mi nute peri od j u s t  pri or to term i na l  phase i n i t i at ion , t he swi tch  fai l ed to 
respond to seven consecut i ve mi n i mum- i mpu l se  commands . Th i s fa i l ure resu l ted  i n  a master 
a l arm and a thru s te r  warn i ng f l ag , both of whi ch were reset  by the crew . The  e ng i ne oper
ated norma l l y ,  and the swi tch fai l ure had no  effect on the m i s s i on .  The crew di d not 
attemp t  any i nves t i gat i ve p rocedures to determi ne whether the eng i ne had actua l l y  fa i l ed .  
A secti on drawi ng o f  the swi tch i s  shown i n  fi g u re 1 6- 20 .  
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Fi g u re 1 6- 20 . - Chamber p re s s u re swi tch . 

Th i s  fa i l u re was the fi rs t of i ts type to be observed i n  fl i gh t  or  i n  ground tes ti ng . 
The  swi tch c l os i ng respons e ( t i me of jet  dri ver ON command to swi tch c l os u re )  appeared 
to i n crease from an average of approx imately 1 5  to 20  mi l l i seconds duri ng s ta t i on keepi ng 
to 25  to 30 mi l l i seconds at  the t i me of fa i l u re .  Normal swi tch c l os i ng response i s  1 0  to 
1 2  mi l l i s econds , based  on ground tes t res u l ts .  The c l os i ng res ponse rem a i ned at the 
25- to 3D-mi l l i s econd l eve l  fol l owi ng the fai l ure , and the swi tch con ti nued to fa i l  to 
respond to s ome mi n imum- impu l se commands . The swi tch openi ng t i me ( ti me from j e t  dri ver 
OFF  command to swi tch open i ng )  appeared to be norma l through out the mi s s i on .  I n  v i ew of 
these res u l ts ,  the mos t p robabl e cause of the swi tch fai l u re was parti cu l a te con tami na
ti on in  the  i n l e t  pass age of the swi tch . Con tami nat ion  i n  thi s area wou l d  redu ce the 
fl ow rate of ch amber gases i n to the di aphragm cav i ty ,  thereby reduc i ng the swi tch c l os i ng 
response .  Howeve r ,  the contami nati on wou l d  n ot neces s ari ly  affect  swi tch open i ng res ponse 
because norma l chamber press ure tai l off requ i res approxi mate l y  30 to 40 mi l l i seconds i n  
order to decrease from approx i ma te l y  30 p s i a to the norma l swi tch open i ng p res s u re of 
approxi mately 4 ps i a .  The 30- to 40-mi l l i second t ime wou l d  probab ly  be s u ffi ci ent to 
a l l ow the gases i n  the d i aph ragm cav i ty to ven t  s uch that  the swi tch wou l d  open norma l l y .  
The crews for future mi s s i ons  wi l l  b e  b r i e fed to recog n i ze and handl e s i mi l ar s i tuati ons . 

Th i s  anoma ly  i s  c l ose d .  

Water i n  one s u i t . - Afte r the l unar  modu l e  ach i eved orb i t ,  water ( es t imated to be 
tab l es poon fu l ) began to enter the Commander ' s  s u i t i n  s purts at  approx i mately 1 -mi nute 

i n terva l s .  The Commander i mmedi a te ly  s e l ected the secondary water separator , and the 
spu rts s topped a fter 1 5  to 20 mi nutes . The spurts ente red the s u i t through the s u i t  
h a l f- ven t  duct  when the crewmen were not wear ing  the i r  h e l mets . The press ures i n  a l l 
l i q u i d sys tems that i nterface wi th the  s u i t l oop were norma l , wh i ch i ndi cated no  l eakage . 
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The pos s i b l e  sources of  free water i n  the s u i t l oop are the water  separator dra i n 
tan k , a n  i noperati ve water separator , l oc a l  con densati on i n  the s u i t l oop , and  l eakage 
th rough the water s eparator s e l e ctor va l ve ( f i g . 1 6- 1 3 ) . An eva l uat i on of each of  these 
pos s i b l e  sot.trces i nd i cated that l eakage  th rough the water  separator  se l ector va l ve was 
the mos t p robab l e  s ou rce of the free water . 

The  f l apper-type va l ve i s  l ocated i n  a Y -duc t arrangement  and  i s  used  to s e l ect  one 
of two water separators . Leakage of th i s  va l ve wou l d  a l l ow free water to pass  th rough 
the i d l e  water s epara tor and s ub s equent ly  enter the s u i t h os e .  Th i s  l eakage wou l d  mos t 
probab ly  resu l t  from a mi s a l i neme n t  and b i nd i ng i n  the s l ot of  the se l ector va l ve actua
ti on l i n kage ( fi g .  1 6- 2 1 ) .  
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F i g u re 1 6- 2 1 . - Water s epara tor s e l ector 
va l ve .  

The  a l l owabl e a c tuat ion  force after 
l i nkage r i gg i ng wa s 1 5  pounds .  The u s u a l  
actua t i on forces  have been 7 t o  8 pound s , 
but  1 2 . 5  pounds were requ i red on  the  Apol 
l o  1 1  m i s s i o n .  The  a l l owabl e a c tua t i on 
force has  been l owered to 1 0  pound s , and i n
spect ions  for l i nkage b i nd i ng have been i n
corporated i nto procedures a t  the factory 
and the  l aunch  s i te . 

Th i s anomal y  i s  c l osed .  

Reacti o n  control system warn i ng fl ags . 
The crew reported thrus t  c hamber a s s embl y 
I•Jarni ng fl ag s for three eng i ne pa i rs .  Quad 2 
and quad 4 warn i ng fl ags  for system A occurred 
s imul taneou s l y  duri ng l u nar modu l e  s ta t i on 
keep i ng pr ior  to descent orb i t i nsert i o n .  The  
quad 4 fl ag for system B appeared shortly 
thereafter and a l so twi c e  j u s t  before powered 
descent i ni ti at i on . The crew bel i eved these 
fl ags  were accompan i ed by mas ter a l arms . The  
fl ags were reset by cycl i ng o f  the caut i on 
a nd warn i ng el ectro n i c s  c i rcu i t  breaker . Suf
f i c i ent  data are not ava i l ab l e to confi rm any 
of the reported condi ti ons . 

One of the fol l owi ng may have caused 
the fl ag  i nd i cat i ons : 

1 .  The  thrust  c hamber pres sure swi tch 
may have fa i l ed to respond to thru s ter 
f i r i ng s . 

2 .  F i r i ng of oppo s i ng thru s ters may 
have caused a thru st-chamber-on fa i l ure  i nd i 
cat i on . 

3 .  Erro neous cau t i o n  a nd warn i ng system or d i sp l ay f l ag operat i o n  may have occurred . 

The  f i r s t  two pos s i bl e  causes  are u nl i ke l y  because  s i mu l taneou s mul t i p l e fa i l ures  
wou l d  have to  occur and  s u bsequent ly  be corrected . The  th i rd pos s i b l e  cause  is  the mos t  
l i ke l y to have occurred where a s i ng l e -po i nt  fai l ure ex i sted . Ten o f  the 1 6  eng i ne 

r 

pres sure swi tch outputs are cond i ti oned by the 1 0  buffers i n  one modu l e i n  the  s i gna l  
cond i ti oner e l ectro n i c s  a s semb ly  ( fi g .  1 6- 22 ) . T h i s modu l e i s  suppl i ed wi th  +28 V de 
through  one wi r e .  I n  add i t i on , t h e  modul e conta i ns a n  o s c i l l a tor that prov i des  an  
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Fi g u re 1 6-22 . - Reacti on con tro l sys tem m a l functi on- detecti on c i rcui ts . 

2A 

flag 

ac vol tage to each of  the 1 0  buffers . I f  e i ther the +28 V de i s  i nterrupted or the 
osc i l l a tor  fa i l s ,  none of the 1 0  buffers wi l l  respo nd to pres sure swi tch c l osures . I f  
engi nes mon i tored by these buffers are then commanded on , the correspond i ng warn i ng 
fl ags  wi l l  a ppear , a nd a ma s ter a l arm wi l l  occur . 

I f  pl u s  X trans l a t i on  were commanded ( fi g .  1 6- 23 ) , the down-f i r i ng eng i nes  i n  
quad s 2 and 4 of sys tem A cou l d  f i re , a nd 
fl ags  2A and 4A wou l d  appea r .  A subs equ ent 
m i nu s  X rotat i o n  cou l d  f i re the forward
f i r i ng thruster i n  quad 4 of system B and 
the aft-f i r i ng thruster i n  quad 2 of sys -
tem A ,  a nd fl a g  48  wou l d  a ppear . The aft
f i r i ng engi ne i n  quad 2 of system A (A2A ) i s  
not mon i tored by one of the 1 0  buffers pos
tu l a ted a s  h av i ng fa i l ed .  The fa i l ure , then , 
coul d  have c l eared i tsel f .  The response  of  
the ·  vehi cl e to  thruster f i ri ng s  wou l d  have 
been norma l u nd er these  cond i t i ons . There 
i s  no h i story of s im i l ar fa i l ures e i ther at 
package or  mod u l e l evel  i n  the s i gna l cond i 
t i oner e l ectron i c s  assembly .  No correct i v e  
act i on  wa s ta ken . 

Th i s anoma l y  i s  c l o sed . 

f} System A ¥ System 8 +X 

2 up 

4 down 

F i g u re 1 6- 23 . - Reacti on control 
sys tem geome try . 
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Governme n t- Fu rn i s hed Equ i pment  

Te l ev i s i on cabl e retai ned coi l ed s hape . - The  cab l e for the l u nar s urface te l ev i s i on 
camera retai ned i ts coi l ed s hape after be i ng depl oyed on  the  l unar  s urface . Loops  
res u l ti ng from the coi l s  represented a potenti a l  tri pp i ng  hazard to  the crew . 

Al l the c hanges that have been i nves t i g ated rel a t i ve to c hanges  i n  cab l e  materi a l  
a n d  i n  s towage a n d  depl oyment  hardware have i nd i cated on ly  mi n ima l  i mprovemen t  i n  depl oyed 
cab l e form , together wi th a wei g ht pena l ty for the change . No hardware changes are 
p l anned . 

T h i s anoma ly  i s  c l osed . 

l�at i ng of remote contro l u n i t to portabl e l i fe support  sys tem . - Du ri ng p reparati on  
for  extraveh i c u l a r  acti v i ty ,  the crew experi enced con s i derab l e  d i ffi cu l ty i n  mati ng the  
e l ectri ca l  connectors from the remote contro l un i t to  the portab l e l i fe s u pport sys tem . 
For ro tat i ona l po l ar i zati on  a l i nement , i t  was neces sary to grasp  the  cab l e  i ns u l ati on  
because the  coupl i ng l oc k  ri ng  was free for un l im i ted rotati on o n  the  connector s h e l l ( fi g .  1 6- 24 ) . 

Flangell female hal f Male half mountell on 
mountell on portable cable to remote control 

l i fe support system u n it 

, Pol arization ,- Coupl i ng-lock r i n g  
' mating keys \ 

F i g u re 1 6- 24 . - Connector between remote 
control un i t and portab l e  l i fe s up
port sys tern . 

For futu re mi s s i ons , the  mal e h a l f of 
the connector h a s  been rep l aced wi t h  one 
that  h a s  a coupl i ng l oc k  ri ng wi t h  a pos i t i ve  
rotat i ona l pos i t i on wi th  the  connector s h e l l 
and that can  be g ras ped for fi rm a l i nement 
of the two h a l ves . The ri ng i s  then rotated 
90° i n  order to c ap tu re and l oc k  the two 
h a l ves . I n  addi ti o n , eas i e r  i nsert i o n  has  
been  attai ned wi th coni ca l -ti pped contact 
p i ns i n  p l ace  of hemi spheri c a l -t i pped p i n s . 

Th i s  anoma l y  i s  c l osed . 

D iffi c u l ty i n  c l os i ng s amp l e return con
tai ners . - T he force req u i red to c l os e  the  
samp l e  return conta i ners was  much  h i g her  than  
expected . Th i s  h i gh c l os i ng force , tog e ther  
wi th t he  i ns tabi l i ty of  the  descent s tage 
work tab l e and the  l ac k  of adequate retent ion  
provi s i ons , made c l o s i ng of  the conta i ners 
very d i ffi cu l t .  

Because of the type of contai ne r  sea l , the force requ i red t o  c l os e  the  cover  
reduces wi th each c l os ure . The crew had  extens i ve  trai n i ng wi th a s amp l e  return con
ta i ner wh i ch  had  been opened and c l osed  many t i mes , resu l ti ng i n  c l os i ng forces l ower 
than the maxi mum l i mi t of 32 pounds . 

The  contai ner u sed for the f l i g h t  had not b een exerci sed , as  had  the conta i ner used  
for  tra i n i ng .  I n  addi ti on , the c l ean i ng p rocedures used  by the contractor before del i very 
removed a l l l ubri cant  from the l a tch l i nkage s l i di ng s urfaces . Tests wi th s i mi l ar con
tai ners have s h own that the c l eani ng p rocedure caused an i ncrease i n  the c l os i ng force 
of as much as  24 pounds . 

A techn i que for burn i s h i ng on the l ubri cant  after c l ean i ng h as been i ncorporated . 
As a res u l t ,  conta i ners now be i ng del i vered requ i re c l os i ng forces no g re a ter  than 
25  pounds . Overcenter l oc k i ng mechan i sms for reta i n i ng t he con ta i ners on the  work tab l e 
wi l l  be  i nsta l l ed on  a mockup tab l e  and wi l l  be eva l u ated for pos s i bl e  i ncorporati on  on  
Apo l l o  1 3  and s ubsequent mi s s i ons . 

Th i s anoma ly  i s  c l os ed .  
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1 7 . CONCLUS I ONS 

The Apol l o  1 1  mi s s i on ,  wh i ch i nc l uded a manned l u nar  l andi ng  and l u nar  su rface ex
p l orat i on , was conduc ted wi th  s k i l l , prec i s i o n , and re l at i ve ease . The excel l ent  per
formance of the spacecraft i n  the precedi ng four fl i g hts  and the  thoroug h p l ann i ng i n  a l l 
aspects of the  program perm i tted the safe and effi c i ent execu t i on of th i s  mi s s i o n .  The 
fol l owi ng concl u s i on s  are drawn from the i nformat i on con ta i ned i n  th i s  report . 

1 .  The effecti veness  of prefl i g ht  tra i n i ng was refl ected i n  the s k i l l  and prec i s i on 
wi th whi ch  the crew execu ted the l unar l a nd i ng .  Manua l  control  whi l e  maneuveri ng to the 
des i red l and i ng po i nt was sat i s factori l y  exerc i sed . 

2 .  The p l anned techn i ques  i nvol ved i n  the g u i dance , navi gat i on , and  contro l  of the 
descent trajectory we re good . Performance of the l and i ng  rada r met a l l expectati ons i n  
prov i d i ng the i nforma ti on requ i red for descent . 

3 .  The  extrave h i cu l ar  mobi l i ty u n i ts were adequatel y des i gned to ena b l e the crew 
to conduct  the p l anned acti v i t i es .  Adaptat ion  to the l / 6-g  envi ronment was re l a t i ve l y  
q u i c k , a n d  mob i l i ty on t h e  l unar  su rface was easy . 

4 .  The two-man pre l aunch  checkout and countdown for ascent from the l u nar s u rfa ce 
were we l l  p l anned and execu ted . 

5 .  The  t i me- l i ne act i v i t i es for a l l p hases  of the  l unar  l andi ng mi s s i on were wel l 
w i th i n  the crew ' s  capabi l i ty to perform the requ i red tasks . 

6 .  The quarant ine  opera t i on from spacecra ft l and i ng u nt i l  re l ease  o f  the crew , 
s pacecraft , and l u nar samp l e s  from t he Lunar Recei v i ng La boratory wa s accomp l i shed suc
ces sfu l l y  and wi thout any v i ol at i on of the quaranti ne . 

7 .  No mi cro-organ i sms from an  extra terres tri a l  sou rce were recovered from ei ther 
the crew or  the spacecraft . 

8 .  The hardwa re prob l ems experi enced on  the  Apol l o  1 1  mi s s i on ,  a s  on prev i ous  
manned mi s s i on s , were of  a natu re that  di d not  undu l y  hamper the  crew or  resu l t i n  the 
compromi se  of safe ty or mi s s i on obj ec t i ve s . 

9 .  The 1 1 i s s i on Control Center and the Manned Space F l i g ht Network proved to be 
adequate for contro l l i ng a nd mon i tori ng a l l phases of the fl i g h t , i nc l ud i ng the des cent , 
s u rface act i v i ty ,  and a s cent phases  of the mi s s i o n .  
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APPEND I X  A 

APOLLO SPACECRAFT FL I GHT H I STORY 

·--

Mi s s i on Spacecraft Descri pt ion  Launch  date Launch s i te 

PA- l  BP-6 F i rst  pad abort Nov . 7 ,  1 963 Wh i te Sa nds 
Mi s s i l e  Range , 
N .  Mex . 

A-001 BP- 1 2 Tra nson i c  a bort May 1 3 , 1 964 Whi te Sands 
M i s s i l e  Range , 
N .  Mex . 

AS- 1 0 1  BP- 1 3 Nomi nal  l a unch and May 28 , 1 964 Cape Kennedy , 
ex i t  envi ronmen t  F l a . 

AS- 1 02 BP- 1 5 Nom i na l  l a unch  a nd Sept . 1 8 ,  1 964 Cape Kennedy , 
exi t  envi ronment  F l a .  

A-002 BP-23 Max i mum dynami c Dec . 8 ,  1 964 Wh i te Sa nds  
pres sure a bort M i s s i l e  Range , 

N .  Mex . 

AS- 1 03 BP- 1 6 M i c rometeoroi d  Feb . 1 6 ,  1 965 Cape Kennedy , 
exper i ment  F l a .  

A-003 BP-22 Low-a l t i tude a bort May 1 9 , 1 965 Wh i te Sands 
( p l a nned h i gh- M i ss i l e  Range , 
a l t i tude a bort ) N .  Mex . 

AS- 1 04 BP-26 M i c rometeoro i d  May 2 5 ,  1 965 Cape Kennedy , 
experi ment and F l a .  
serv i ce modu l e  
RCS  1 aunch  

PA-2  BP-23A Second pad a bort June 29 , 1 965 Wh i te Sands  
M i s s i l e  Range , 
N .  Mex . 

AS- 1 05 BP-9A M i c rometeoro i d  J u l y  30 , 1 965 Cape Kennedy , 
expe r i ment  and F l a .  
serv i ce mod u l e 
RCS l aunch  
env i ronmen t  

A-004 SC-002 Power-on tumbl i ng Jan . 20 , 1 966 Wh i te Sa nd s 
boundary a bort M i s s i l e  Range , 

N .  Mex . 

AS-201  SC-009 Superc i rc u l ar  Feb .  26 , 1 966 Cape Kennedy , 
entry wi th h i gh F l a .  
hea t  rate 
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APOLLO  SPACECRAFT FL I GHT H I STORY - Concl uded 

M i s s i on Spacecraft Descr i p t i on Launch  date Launch s i te 

AS-202 SC-01 1 Superc i rcu l ar Aug .  2 5 ,  1 966 Cape Kennedy , 
entry wi th  h i gh F l a .  
hea t l oa d  

Apo l l o  4 SC-01 7 Superc i rc u l a r  Nov . 9 ,  1 967 Kennedy Space 
LTA- l OR entry at l unar Center , F l a .  

return ve l oc i ty 

Apol l o  5 LM- 1  F i rs t  l u nar  Jan . 2 2 ,  1 968 Cape Kennedy , 
modu l e fl i gh t  F l a .  

Apol l o  6 SC-020 Veri f i ca t i o n  of Apr i l  4 ,  1 968 Kennedy Space 
LTA-2R c l osed - l oop Center ,  F l a .  

emergency detec -
t i on system 

Apo 1 1  o 7 CSM 1 01 F i r s t  manned Oct . 1 1 , 1 968 Cape Kennedy , 
fl i g h t ;  earth F l a .  
orbi ta l 

Apo l l o  8 C SM 1 03 F i rs t  ma nned l unar Dec . 2 1  , 1 968 Kennedy Space 
orbi t fl i gh t ; Center , F l a .  
f i rst manned 
Saturn V l aunch  

Apol l o  9 CSM 1 04 F i r st  manned l unar Mar .  3 ,  1 969  Kennedy Space 
LM- 3 modu l e  fl i g h t ;  Center , F l a .  

earth orb i t ren-
dezvous ; extra-
veh i cu l ar 
act i v i ty 

Apol l o  1 0  C SM 1 06 F i r st  l unar orb i t May 1 8 ,  1 969  Kennedy Space  
LM-4 rendezvous ;  l ow Center , F l a .  

pass  over l unar 
surface 

Apol l o  1 1  CSM 1 07 F i r s t  l u nar J u ly  1 6 , 1 969 Kennedy Space 
LM- 5  l and i ng Center , F l a .  
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APPEND I X  B 

VEH ICLE  DESC R I PT I ONS 

The Apol l o  l l  s pace vehi c l e conta i ned few changes from the Apol l o  1 0  confi gurat i on . 
The l aunch  e s cape system and the spacecra ft/ l aunch vehi c l e adapter were i denti ca l  to 
those for Apol l o  1 0 .  The few mi nor changes to the command and  serv i ce modu l es ,  the  l u nar 
modul e ,  and  the Saturn V l aunch  veh i c l e  a re d i scussed i n  the fol l ow i n g  paragraphs . A 
descri pt i on  of  the extraveh i cu l a r  mob i l i ty u n i t  and the l unar  su rface exper iment equ i p
ment and a l i s t i ng of spacecraft mass  propert i es are al so  presented . 

Command and Serv i ce Modu l es 

The i ns ul a t i on i n  the a rea of  the command modu l e  forward hatch was mod i f i ed to pre
vent the fl a k i ng whi ch  occurred duri ng the Apo l l o  1 0  l u nar  modu l e  pres s u r i z a ti o n . The 
feedback c i rcu i t  i n  the h i gh-ga i n  antenna was s l i ghtly changed to reduce servo d i ther . 
I n  the Apol l o  1 0  command modu l e ,  one of the three entry batteri es was mod i f i ed to make 
use  of cel l o phane separators . The fl i ght resu l ts proved thi s cel l o phane separator to 
be s uperi o r  to the Perm ion -type separators previ o u s l y  u sed , a nd the Apo l l o  1 1  command 
mod u l e had the cel l ophane s eparators on  a l l  three entry batteri es . The battery chargers 
were modi fi ed to produce a h i gher charg i ng capa c i ty .  The s econdary bypas s  va l ves for the 
fuel cel l cool ant l oop  were changed from an ang l e-cone seat des i gn ( b l oc k  I I )  to a s i ng l e
angl e seat  des i gn ( b l ock I )  to reduce the pos s i b i l i ty of part i cu l a te contam i nat i on . As 
a repl acement for the water/gas  separat i on bag , wh i ch proved i neffect i ve dur i ng Apol l o  1 0 , 
a n  i n- l i ne dua l -membrane separa t i on devi ce was added to both the water gun and the food 
preparat i o n  u n i t .  

Lunar  Modu l e  

Structural changes . - The most s i gn i fi cant  s tructura l change to the l unar  modu l e  was 
the added prov i s i ons  fo r the func t i ona l  earl y Apol l o  s c i enti f i c exper i ments package and 
the modul a r  equ i pment s towage a s sembly ,  both of wh i ch housed the exper iments and tool s 
u s ed dur i ng the l unar s urface act i v i ti es .  Another cha nge wa s the add i t i on of  the rea c t i o n  
contro l  system pl ume defl ectors . 

Changes to the l andi ng gear i nc l uded ( 1 ) removi ng the l unar  surface sens i ng probe 
on  the pl us Z gear and l engthen i ng the rema i n i ng probes and ( 2 )  i nc rea s i ng the s l i d i ng 
c l earance of the l andi ng gear struts to permi t fu l l  s troke a t  extreme temperature 
cond i t i ons . 

Therma l changes . - A change from Kapton to Kel -F  wa s made to the descent stage base  
heat  s h i el d  to  prec l ude the pos s i bi l i ty of i nterference w i th the  l a nd i ng radar .  A l so , 
i ns u l at i on  wa s added to the l andi ng gear and the probes to accommodate the req u i rement  
for  descent eng i ne f i ri ng  unt i l touchdown . 

Commu n i cati ons systems changes . - The maj or mod i f i cati ons to the commu n i cat ions  sys
tems i nc l uded the addi t i on of  an  extraveh i cu l a r  act i v i ty antenna to the l unar  modu l e  for 
l u nar  commun i cat i ons between the crew and the l unar modu l e  and the addi t i on of  an  S-band  
erectab l e antenna to  the  l unar  mod u l e  to permi t commu n i cat i ons  through the  l u nar  modu l e  
commu n i cati ons system ( fi g .  1 6- 1 6 )  wh i l e  the crew was o n  the surfac e .  A tel evi s i on 
camera s i m i l ar to that  u sed on the Apo l l o  9 mi s s i on wa s stowed i n  the descent s tage to 
prov i de tel ev i s i on coverage of the l unar s urface act i v i ti es . 
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G u i dance and  control system changes . - The maj or d i fference i n  the gu i dance and con
trol system was the redes i gn of the g i mbal  dri ve actuator to a cons tant damp i ng  system 
rather than a brake . The actuator  was rede s i gned a s  a resu l t of the brake  fa i l i ng i n  
both the d i sengaged and  the engaged pos i ti ons . Th i s change a l so requi red mod i fi c at i on of 
the descent eng i ne contro l  a s s embly  and  the phase-co rrecti n g  network to e l imi nate the 
poss i b i l i ty of i nadvertent  cauti o n  and warn i ng a l arms. The exter i o r  track i ng  l i ght had 
i mp rovemen ts i n  the fl a s h  head and  i n  the pul se-formi ng  netwo r k .  The pus hbuttons for the 
data entry and d i s p l ay a s sembly  were rewi red to prec l ude the erroneous cauti on and warn
i ng a l a rms that occurred on  the Apol l o  1 0  fl i ght .  The gu i dance and navi ga ti on opt ics  
sys tem was  mod i fi ed by the  add i t ion  of  Tefl on  l oc k i ng ri ngs  to the sextant and  to  the 
s cann i ng tel escope to prevent the rota t i o n  of  eye guards  under zero-g cond i ti on s . The 
del et ion  of unmanned control capabi l i ty permi tted removal of the a scent engi ne a i mi ng 
a s s embl y .  

Ascent propu l s i on system changes . - The i nj ector fi l ter  for the ascent p ropul s i o n  
sys tem was mod i fi ed because  the fi ne mes h  i n  the ori g i na l  fi l te r  caused a change i n  the 
mi xture rati o .  An add i t i ona l  change was the i ncorporat i o n  of a l i ghtwe i ght thrust  
chamber . 

Envi ronmental control sys tem changes . - I n  the envi ronmental  control system , a s u i t 
cool i ng a s sembly  a nd water hose umbi l i ca l s  were added to the a i r revi ta l i zat ion  secti on 
to p rovi de addi ti ona l  crew cool i ng capabi l i ty .  As a res u l t ,  the cab in  a i r rec i rcu l at ion  
a s s embly ,  the  cab i n  temperature control val ve , and the  regenerati ve heat exchanger were 
de l eted . Al s o ,  a redundant water regu l ator  was added to the s econdary cool ant  l oop i n  
the water management  secti on . I n  the envi ronmental  control system rel ay box i n  the oxy
gen and  cabi n p res sure control secti on , a pre s sure transducer was repl aced by a s u i t 
pres sure swi tch to i mprove rel i ab i l i ty .  

Radar changes . - The l andi ng-radar e l ectroni cs a s sembl y  was reconf i g ured to protect 
aga i ns t  a computer s trobi n g  pu l se  that was p rovi d i ng what appeared to be two pu l ses  to 
the radar . Another modi fi cat ion  perm i tted the crew to break tracker l ock  and to s tart a 
search for the ma i n  beam in the even t the radar pu l se l oc ked onto the s tructure 6r onto 
a s i de l obe .  The l unar  refl ecti vi ty attenuat ion  characteri s t i c s  were u pdated i n  the radar  
el ectroni cs to  account for the  updated Surveyor data and  for l and i ng -radar fl i g h t  tests . 
For correl at ion  between the Manned Space F l i ght  Network  and the i nerti a l  meas u rement  un i t  
o f  the pr ima ry gu i dance sys tem , a l og i c  change perm i tted the l a tera l vel oc i ty to be an 
output s i gnal  of  the l andi ng  radar . A further des i gn c hange was made to prevent the l and
ing radar  from accepti ng noi se  s p i kes a s  a p u l s e  in  the vel oc i ty b i a s  error s i gna l  tra i n .  

The rendezvous- radar des i gn changes i nc l uded a new sel f-test s egment to p rov i de l ow
temperature stabi l i ty wi th the l ow- frequ ency and  mi d-frequency compos i te s i gna l . I n  
add i ti on ,  heaters were added t o  the gyro a s s embly and the cabl e wrap t o  accommodate the 
l un ar-stay temperature requ i rements . A manua l  voti ng  overri de swi tch permi tted the crew 
to se l ect e i ther the pri mary or the s econdary gyro i nputs . 

D i spl ay and control change s . - A c i rcui t breaker was added for the a bort e l ectroni cs 
assemb l y  to protect the de bus , and another c i rcui t breaker was added to accommodate the 
tra n s fer  of the u ti l i ty l i ght to the de  bus to provi de redundant l i ght . 

The c i rcui t  breaker for the envi ronmenta l control sys tem s u i t and cabi n repre s s ur i za
ti on functi on was del eted i n  conj uncti on wi th the mod i fi ca t i on of the s u i t  cool i ng a s sem
b l y .  I n  addi t ion , a l ow l evel cauti on  a n d  warn i ng i nd i cati on on  t h e  secondary water/ 
g lycol a ccumu l ator has  been provi ded . 

Changes to the cauti on and warn i ng e l ectron i cs a s sembly  i nc l uded the i nh i b i ti on o f  
the l and i ng-radar temperature a l arm a n d  the p reventi on of a master al arm duri ng  i nverter 
s e l ecti on and master a l a rm swi tch i ng .  
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Mas ter  a l arm funct i o n s  wh i ch were e l im i nated i nc l ude the descent hel i um regu l ator 
warn i ng  pri or  to pressur i za t i on w i th the descent eng i ne contro l a s sembl y ;  the react ion
con tro l - sys tem thru s t-chamber-assembl y warn i ng wi th q uad  c i rcu i t  breakers open ; the 
rendezvous -radar cau t i o n  when the mode se l ect swi tch i s  pl aced i n  the AUTO-TRACK pos i 
t i o n ;  a nd the react ion-control -system quad temperature a l arm .  Caut ion  and warn i ng 
funct ions  wh i c h  were del eted i nc l ude the l and i ng-radar ve l oc i ty "da ta no good " warni ng 
and the descent pro pel l a nt l ow-l evel quanti ty warn i ng ,  wh i ch was changed to a l ow- l evel 
quant i ty i nd i cat ion  l i ght  o nl y .  

A further change i nc l uded the added c a pa b i l i ty of resetti ng the  a bort el ectro n i c s  
a s s embl y cau t i on and warni ng channe l  w i th the wa ter quant i ty test swi tch . A mod i fi ca 
t i on wa s made to the eng i ne-stop-swi tch l atch i ng mecha n i sm to ensure pos i t i ve l atch i ng 
of  the swi tch .  

C rew prov i s i on changes . - The wa ste management system was changed to a one- l a rge  
a nd fi ve-smal l u r i ne conta i ner confi gura t i on . Add i t i onal  s towage  i nc l uded prov i s ions  
for a second Hassel bl ad camera , for two portab l e l i fe su pport systems a nd remote  control 
u n i t s , for two pa i rs of l u nar overshoes , a nd for a feedwater col l ect i on bag .  The Com
mander had an a t t i tude-contro l l er-a s s emb l y  l oc k  mec ha n i sm a dded . 

Extraveh i cu l a r  �1ob i l i ty U n i t 

The extraveh i cu l ar mobi l i ty u n i t prov i de s  l i fe s upport i n  a pres sur i zed or  u npre s 
sur i zed c ab i n a n d  up  t o  4 hours o f  extraveh i cu l ar a ct i v i ty l i fe s upport . 

I n  i ts extraveh i cu l a r  confi gura t i o n , the extraveh i cu l a r  mobi l i ty u n i t was a c l osed
c i rc u i t  pressure vessel  that envel oped the crewma n . The env i ronment  i ns i de the pres sure 
ves sel co n s i s ted of 1 00-percent oxygen a t  a nom i nal  pres sure of  3 . 75 ps i a . The oxygen 
was provi ded a t  a fl ow rate of 6 c ub i c feet per m i nute . The extraveh i cu l ar  l i fe s upport 
equ i pment  conf i g u ra t i o n  i s  s hown i n  fi gure B - 1 . 

L iqu i d  coo l i ng garment . - The crewmen wore the l i qu i d  cool i ng garment  whi l e  i n  the 
l unar modul e a nd duri ng a ll extraveh i cu l ar act i v i ty .  T he garment prov i ded cool i ng dur i ng 
extraveh i cu l a r  a nd i ntraveh i cu l a r  a ct i vi ty by a bsorb i ng body heat and  by transferr i ng 
exces s i ve heat to the s u bl i ma tor  i n  the portabl e l i fe s u pport sys tem . The l i qu i d  cool i ng 
garment was a one-pi ece ,  l ong-s l eeved , i ntegra ted s toc k i ng u ndergarment of  nett i ng mate
r i a l . I t  cons i sted of an  i nner l i ner of  nyl o n  c h i ffon to fac i l i ta te donn i ng and a n  outer 
l ayer of  nyl o n  Spandex i nto wh i c h  a network of  Tygon tubi ng  was woven . Cool ed wa ter , 
s uppl i ed from the portab l e l i fe support system or from the envi ronmental  control sys tem , 
wa s pumped through  the tubi ng . 

Press ure garment a s sembly. - The pressure garment a s s embl y wa s the bas i c  pressure 
vess el of the extraveh i cu l ar mobi l i ty u ni t .  Th i s  a s semb l y  wou l d  have prov i ded a mob i l e  
l i fe su pport c hamber i f  cab i n pressure h ad been l ost  becau s e  of  l ea k s  or  puncture of the 
veh i cl e .  The pressure garment a s s embly con s i sted of a hel met , a torso a nd l i mb s u i t ,  
i ntrave h i cu l ar act i v i ty g l oves , a nd var iou s  contro l s a nd i ns trumenta t i o n  to prov i de the 
crewman wi th  a contro l l ed envi ronment . 

Torso a nd l i mb su i t . - The torso a nd l i mb s u i t  was a fl ex i bl e  pres sure garment that 
encompas sed the enti re body except the head a nd hands . It had fou r  gas connectors , a 
mu l t i pl e  water receptacl e ,  a nd el ectr i ca l  connec tor , a nd a u r i ne  transfer connector . 
The connectors had pos i t i ve l oc k i ng devi ces and  cou l d be connected a nd d i sconne c ted 
wi thout a s s i s ta nc e  from another crewma n .  The  gas  connectors compri sed a n  oxygen i nl et 
a nd o u tl et connector o n  eac h  s i de of  the s u i t  front  torso . Each oxygen i nl et connector 
had an i ntegral vent i l a t i o n  d i verter va l ve . The mu l t i pl e  water receptac l e ,  mou nted o n  
t h e  su i t  torso , s erved a s  t h e  i nterface  between t h e  envi ronmental control system water 
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s upp l y and  the water connec tors for the l i q u i d cool i ng garment  and ti1e porta bl e l i fe 
s upport system . The e l ectr i cal  connector , when mated wi th the vehi c l e or  wi th the  
e l ectri ca l  umb i l i ca l  of  the portabl e l i fe s upport  system , provi ded a commu n i cat i ons , 
i ns trumentati on , and power i nterface  to the pres sure garment a s sembl y .  The ur i ne 
transfer  connector Has used to trans fer uri ne from the uri ne col l ec t i on transfer 
a s semb l y  to the was te management  system . 

The ur i ne tra nsfer connector on  the s u i t r i ght  l eg permi tted dump i ng  of the ur i ne 
co l l ect ion  bag wi thout depressur i z i ng the  pressure garment a s s embl y .  A pres sure rel i ef 
val ve on  the s u i t s l eeve , near the wri st  r i ng ,  vented the s u i t i n  the event of  overpres
s u r i za t i on . T he  val ve opened at  approx i ma te l y 4 . 6  ps i g  a nd reseated a t  4 . 3  p s i g .  I f  the 
va l ve d i d  not ope n ,  i t  cou l d  have been manua l l y  overri dden . A pres sure gage on  the  other 
s l eeve i nd i ca ted s u i t pres sure . 

He l met . - The he l met wa s a Lexan ( po l ycarbonate ) she l l wi th  a bubb l e - type v i sor , a 
ven t pad a s sembl y ,  and  a hel met-a ttach i ng r i ng .  The vent pad a s semb ly  permi tted a con
s ta n t  fl ow of oxygen over the  i nner front s urface of the  hel met . T he hel met d i d  not turn  
i ndependently of the torso and l i mb s u i t ;  howeve r ,  the crewman cou l d  turn  h i s  head  w i t h i n  
the he l me t  nec k-r i ng a rea . The  hel met had prov i s i ons  on  eac h  s i de for mou n t i ng a n  extra 
veh i c u l ar  v i sor a s s embl y .  

Commun i ca t i on s  carri er . - The commu n i cat i ons carr i er was a polyurethane foam headpi ece 
wi t h  two i ndependent earphones and m i crophones wh i c h  were connected to the s u i t 2 1 - p i n 
commun i cat ions  e l ectr i ca l  connector . The commu n i cat ions  carr i er cou l d  be worn wi th  o r  
wi thout  the he l met  dur i ng  i ntraveh i cu l ar  operat i ons . I t  wa s wor n  wi th the hel met dur i ng 
extrave h i cu l a r  opera t i ons . 

I n tegrated therma l m i c rometeoro i d  garment . - The i ntegra ted thermal m i c rometeoro i d  
garment , whi ch was worn over the pressure garment a s sembl y ,  protec ted the c rewman from 
harmful radi a ti o n , heat transfer , a nd mi crometeoro i d act i vi ty .  The i ntegrated thermal 
m i crometeoro i d  garment wa s a one-p i ec e ,  form-fi tti ng mu l ti l ayered garment  that  wa s l aced 
over the pressure garment a s semb l y  and rema i ned w i th i t .  The extraveh i cu l ar  a c ti v i ty 
v i sor as sembl y ,  g l oves , and boots  were donned separatel y .  From the outer l ayer i n ,  the 
i ntegra ted therma l mi crometeoro i d  garment cons i s ted of a protec t i ve cover , a 
mi crometeoro i d - sh i el d i ng l ayer , a therma l -barr i er b l anket  (mul t i pl e  l ayers of  a l um i n i zed 
Myl ar ) , a nd a protect i ve l i ne r .  A z i pper o n  the i ntegra ted therma l  mi crometeoro i d  gar
ment  permi tted connec t i on or d i sconnect i o n  of umbi l i ca l  hoses . For extrave h i c u l a r  a c t i v 
i ty ,  the pressure  garment a s s embly g l oves were repl aced wi th t h e  extrave h i cu l ar ac t i vi ty 
gl oves . The extrave h i cu l ar act i v i ty g l oves were made of  the same materi a l a s  the  i ntegra
ted therma l m i crometeoro i d  garment to permi t handl i ng of  i ntense ly  hot or col d objects  
outs i de the  ca b i n and for protect i on aga i n st  l u nar tempera tures . T he extraveh i cu l ar ac
t i v i ty boots were worn over the pres sure garment a s semb ly  boots . T hey were made of the 
same ma ter i a l  a s  the i ntegrated therma l m i c rome teoro i d  garment .  The so l es  had add i t i onal  
i ns u l a t i on for protect i on aga i n st  i ntense  temperatures .  

Extraveh i cu l ar a c t i vj ty v i sor a s sembly . - The extraveh i cu l ar a c ti v i ty v i sor a s semb l y  
prov i ded protect i on aga i ns t  so l ar hea t ,  s pace  part i c l es ,  and rad i at i on a n d  he l ped to 
ma i nta i n  therma l bal ance . The  two p i votal v i sors of the extrave h i cu l ar act i v i ty v i sor 
a s semb l y  cou l d  be a ttac h ed to a p i vo t  mount i ng on  the pressure garment a s semb l y  he l met . 
The  l i ght ly  t i nted ( i nner ) v i sor reduced fogg i ng i n  the he l met . The outer v i sor had a 
vacuum-depo s i ted gol d -fi l m  refl ect i ve surface , wh i ch prov i ded protec ti on  aga i n st  sol ar 
rad i at i on and s pace part i c l es . The extrave h i cu l ar act i v i ty v i sor a s semb l y  wa s he l d s nug 
to the pressure garment a s sembl y  he l met by a tab-and - strap arrangement that  a l l owed the 
v i sors to be rotated a pprox i ma te l y  90° up  or  down , as  des i red . 
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Portab l e l i fe s upport sys tem . - The portab l e l i fe s upport system ( fi g .  B -2 ) conta i ned 
the expenda b l e ma ter i a l s and the commun i cati ons and tel emetry equ i pment  req u i red for 
extrave h i c u l a r  opera ti on . The system s uppl i ed oxygen to the pressure garment a s semb l y  
a nd cool i ng wa ter to the l i q u i d  cool i ng garment a n d  removed so l i d  and gas contami nants  
from return i ng oxygen . The s u i ted crewma n  wore the portabl e l i fe support  system , a ttached 
wi th a harnes s ,  on  h i s  back . The tota l sys tem conta i ned an oxygen vent i l a t i ng c i rc u i t ,  
water feed a nd l i qu i d transport l oops , a pri ma ry oxygen suppl y ,  a ma i n  power supply ,  
commun i ca t i on s  sys tems , d i sp l ays a nd rel ated sensors , swi tches , a nd contro l s .  A cover 
encompa s sed the a s sembl ed u n i t ,  a nd the top of the porta b l e l i fe s upport system supported 
the oxygen purge system . 

Remote control u n i t . - The remote control u n i t was a d i sp l ay a nd control u n i t ,  c hest
mounted for easy access . The control s and d i s pl ays con s i s ted of a fan swi tch ,  pump 
swi tch , space- s u i t commu n i ca t i on-mode swi tch ,  vol ume contro l , oxygen quanti ty i nd i cator , 
a nd oxygen purge system a ctuator . 

Oxygen purge sys tem . - The oxygen purge system provi ded oxygen and press ure control 
for certa i n  extraveh i cu l ar emergenc i es a nd was mounted on top of  the por ta bl e l i fe s upport 
system . The system was se l f-conta i ned , i ndependent ly  powered , and nonrechargea bl e .  I t  
wa s capabl e o f  30 mi nutes  of regu l ated ( 3 . 7  ± 0 . 3  ps i d )  oxygen fl ow a t  8 l b/ hr to prevent  
excess i ve carbon d i ox i de bu i l dup  a nd to  prov i de l i mi ted cool i ng .  The system cons i s ted of  
two i nterconnected spheri ca l  2 -pound oxygen bottl es , a n  a u toma t i c  temperature control 
modu l e ,  a pres sure regu l ator a s s embl y ,  a ba ttery , oxygen connectors , and the necessary 
checkout i ns trumenta t i on . The oxygen purge system prov i ded the ha rd mount  for the 
vhf a n tenna . 

Exper iment Equ i pment 

So l ar wi nd com os i ti on . - The purpose  of the so l ar w ind  compo s i t i on experiment was to 
determ i ne the e l emen ta an i sotop i c  compo s i t i on of nobl e ga ses and other se l ected e l ements  
present in  the sol ar wi nd . Th i s  objec ti ve was to be accompl i s hed by trappi ng parti c l es of  
the sol ar  wi nd on a s heet of a l umi num fo i l  exposed on the  l u nar surface . 

Phys i ca l l y ,  the expe r i ment cons i sted of a meta l l i c tel escop i ng po l e  a pproxi matel y 
l . 5  i nches  i n  d i ameter and appro x i ma te l y  1 6  i nches  i n  l ength when col l apsed . When ex
tended , the pol e  wa s approx i ma te ly  5 feet l ong . I n  the s towed pos i t i o n , the fo i l  was 
enc l osed i n  one end of the tubi ng and  ro l l ed up  on a spr i ng-dri ven rol l er .  On l y the fo i l  
port i on wa s recovered a t  the end of the l unar exposure per i od . The fo i l  was rol l ed on 
the spri ng-dri ven rol l er and s towed i n  the sampl e return conta i ner for return to earth . 

Laser rangi ng retrp_r:�_fl _e_c;_t_or . - The l a ser ra ng i ng retrorefl ec tor exper iment  ( fi g .  B - 3 )  
wa s a retrorefl ector array o f  fused s i l i ca cubes . A fol d i ng s upport  s truc ture wa s u sed 
for a i mi ng and a l i ni ng the array toward eart� . The purpose of the expe r i ment  was to re
fl ect l a ser rang i ng beams from earth to the i r  po i nt of ori g i n  for prec i se measurement of 
earth-moon d i s tances , the center of the l unar  ma s s  mot i o n , and the l u nar rad i u s ; for earth 
geophys i ca l  i nforma t i on ;  and for devel opment of space commu n i cati on techno l ogy . 

Earth sta t i ons  tha t can beam l a sers to the exper i ment i ncl ude the McDona l d  Observa tory 
a t  Fort Davi s ,  Texa s ;  the L i c k  Observatory a t  Moun t  Hami l ton , Ca l i forni a ;  and  the Cata l i na 
Sta t i on of the Un i vers i ty of Ar i zona . Sc i enti s ts i n  other countr i es a l so p l an to bounce 
l a ser beams off the retrorefl ector . 

Pas s i ve se i smi c experiment package . - The pas s i ve se i sm i c  expe r i ment ( fi g .  B -4 ) con
s i s ted of three l ong-per i od s e i smometers and one s hort-peri od vert i c a l  s e i smometer for 
measur i ng meteoro i d  i mpacts  and moonquakes and for ga theri ng i nforma t i on on  the l unar 
i nteri or ( for examp l e ,  whether a l u nar core a nd ma ntl e exi s t ) . The pa s s i ve se i sm i c  ex
per i ment  package had four bas i c  subsystems : the s tructure/therma l s ubsystem to prov ide  
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shoc k ,  v i brati o n ,  and thermal protec t i on ; the e l ectr i ca l  power s ubsys tem to generate 
34 to 46 wa tts by so l ar  panel  array ; the data s ubsystem to rece i ve a nd decode Manned 
Space F l i gh t  Network  up- l i nk commands  and down- l i nk experi ment  data and  to hand l e power 
swi tch i n g  ta sks ; and  the pa s s i ve se i smi c experi ment s ubsystem to measure l unar se i smi c 
act i v i ty wi th l ong-per i od and s hort-per i od se i smometers wh i c h  cou l d  detect i nert i a l  mass  
d i s p l a cement . Al so  i nc l uded i n  the  package were 1 5 -watt rad i o i so tope heaters to  ma i nta i n  
the e l ectro n i c  package a t  a m i m i mum o f  60° F dur i ng the l unar n i ght . 

A s o l ar  panel  array of  2520 so l ar  ce l l s  prov i ded appro x i ma te l y  40 watts to operate 
the i ns trument and the e l ectro n i c  components , i nc l ud i ng the tel emetry data subsys tem . 
Sc i en t i fi c  and  engi neer i ng data were to be tel emetered down l i n k  whi l e  ground commands  
i n i t i a ted from the M i s s i on Control  Center at  the NASA Manned Spacecraft Center were to  
be transmi tted up  l i nk by u s i ng Manned Space F l i ght  Network remote s i tes . 

Lunar fi e l d geol ogy . - The pri mary a i m  of the Apol l o  l unar fi e l d geol ogy exper i ment 
wa s to co l l ect l unar sampl e s . The tool s descri bed i n  the fol l owi ng paragraphs and s hown 
i n  fi gure B-5  were provi ded for th i s  purpose . 

A ca l i brated Has se l bl ad camera and a gnomon were to be u s ed to obta i n  the geometri c  
data requ i red to reconstruct the geol ogy o f  the s i te i n  the form of geol og i c  ma ps and to 
recover the ori enta t i o n  of the sampl es  for ero s i on and rad i a t i on  s tud i es . The sampl e 
bag s  a nd camera frame numbers were prov ided to a i d  i n  i denti fyi ng the sampl es  a nd rel at
i ng them to the crew ' s  descri pt ion . 

Core tubes , i n  conj unc t i on wi th hammers , were to prov i de sampl es  i n  wh i c h  tl1e s tra 
t i graphy of  the uppermos t  porti on of  the rego l i th wou l d be preserveJ for return to earth . 
A samp l e  scoop was provi ded for co l l ect i ng parti cu l a te materi a l  a nd i nd i v i dua l  roc k frag
ments  and for d i g g i ng  s ha l l ow trenches for i ns pect i o n  of the  regol i th .  The  tongs were 
prov i ded for co l l ect i ng rock fragments a nd for retr i ev i ng too l s tha t mi ght have been 
dropped . Lunar  envi ronment and gas a na l ys i s  sampl e s  were to be co l l ected , sea l ed i n  
s pec i a l  conta i ners , and  returned for ana lys i s .  

Launch Veh i c l e  

Launch veh i c l e AS-506 was the s i xth i n  the Apo l l o - Sa turn V seri e s  and wa s the fourth 
manned Apo l l o -Sa turn V veh i c l e .  The AS-506 l aunch  veh i c l e was confi gured the same as the 
AS-505 l aunch  vehi c l e used for the Apol l o  1 0  mi s s i on , except for the d i fferences descri bed 
i n  the fol l owi ng  paragraphs . 

I n  the S - I C  s tage , the preva l ve accumu l ator  bottl es  were removed from the control 
pressure system , and vari ou s  components of the research and devel opment i ns trumenta t i on 
system were removed or  mod i fi ed .  I n  the S - I I  s tage , the components of the research a nd 
devel opment  i ns trumentati on  system were removed , a nd excess  wel d  doubl ers were removed 
from the l i qu i d-oxygen-ta n k  aft bul khead . 

I n  the S- IVB  s tage , fi ve add i t i ona l  mea surements were used to defi ne the l ow-frequency 
v i bra t i on that had occurred d ur i ng  the Apol l o  1 0  mi s s i on . I n  the propu l s i on system , a 
l i ner wa s added to the l i qu i d  hydrogen feed duc t ,  a n  oxygen/hydrogen i nj ector  wa s c ha nged , 
the shutoff va l ve on the pneuma t i c power contro l modu l e  wa s mod i fi ed by the add i t i on of a 
b l ock po i nt ,  a nd a new confi gura t i on of the co l d hel i um s h utoff and dump val ves a nd a 
pneuma t i c  shutoff val ve so l eno i d  were i ns ta l l ed .  

I n  the i ns trument  u n i t ,  the FM/FM tel emetry system was mod i f ied  to accommodate the 
f i ve added S- I V B  s tructura l v i bra t i on meas urements . Tee secti ons , c l amps , a nd therma l 
swi tch setti ngs  were mi no r  mod i fi ca t i ons  i n  the envi ronmenta l control system . The fl i gh t  
program wa s changed to accommodate t h e  requ i rements of the Apo l l o  1 1  mi s s i o n .  
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Mas s  Properti es 

Spacecraft ma s s  propert i e s  for the Apol l o  1 1  m i s s i on are  summa r i zed i n  tabl e B- I .  
These data represent the cond i t i ons a s  determi ned from pos tfl i ght  ana lyses of expenda bl e 
l oad i ngs a nd usage dur i ng the f l i gh t .  Var i a t i ons i n  s pacecraft  ma s s  properti es  are de
termi ned for  each s i gn i f i cant  m i s s i on phase from l i ft-off through l a nd i ng .  Expendab l es  
u sage i s  bas ed on reported rea l - t i me and postfl i ght  data , a s  presen ted i n  other sec t i ons 
of  th i s report . The we i ghts  and centers of grav i ty of the i nd i v i du a l  command and serv i c e  
modu l es  a n d  of the l unar modu l e  a scent a n d  descent stages were measured pr i or to f l i gh t ,  
and the i nert i a l  va l ues  were ca l cu l a ted . A l l changes  i ncorporated after the a c tua l we i gh
i ng were mo n i tored , a nd the s pacecraft ma ss  propert ies  were upda ted . 
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TABLE B- 1 . - AASS PROP£RTI ES 

s 1 ug- f t2 Product of i nerti a ,  

Wei ght , 
Center of gra v i ty ,  i n .  Moment o f  i nerti'a ,  s l ug - f t2 

Event l b  
X

A 
Y

A 
Z

A 1 xx l yy 
1zz I xv 

! xz I yz 

L i ft-off 109 666 . 6  847 . 0  2 . 4  3 . 9  6 7  960 1 1 64 828 1 1 67 323 2586 8 956 3335 

Earth orb i t  i nsertion 1 00 756 . 4  807 . 2  2 . 6  4 . 1  6 7  1 08 7 1 3  1 36 7 1 5  672 4745 1 1  341 331 8 

Transpo s i t i on and doc k i ng 
CoiTJT\and and ser•ice 63 473 . 0  934 . 0  4 . 0  6 . 5  3 4  445 76 781 7 9  530 - 1 78g - 1 26 3 1 4 8  

roodu l e s  
L u n a r  roodul  e 33 2g4 . 5 1 236 . 2  . 2  . 1  2 2  29g 24 826 24 g66 -508 27 37 

Tot a 1 docked 96 767 . 5  1 038 . 0  2 .  7 4 . 3  5 7  006 532 2 1 9  534 g8] - 7672 -9  240 3300 

Separat i on maneuver 96 566 . 6  1 038 . 1  2 .  7 4 .  3 56 902 531 9 1 8  5 3 4  766 -7670 _g 2 1 9  3270 

F irst  mi dcourse correc tion 
Igni t i on 96 41 8 . 2  1 038 . 3  2 .  7 4 .  2 56 770 531 482 534 354 - 7 7 1 1  -9  1 70 3305 
Cut-off 96 204 . 2  1 038 . 4  2 .  7 4 . 2  56 667 531 1 48 534 1 1 3  -7709 -9  1 4 7  3274 

Lunar orb i t  i nsertion 
I gn i t i o n  96 061 . 6  1 038 . 6  2 .  7 4 .  2 56 564 530 636 533 61 3 -7785 -9  063 331 0  
Cu t-off 72  037 . 6  1 079 . 1  1 . 7 2 . 9  4 4  1 1 7  4 1 2  855 419 920 -5737 -5  1 66 382 

C i rcul ari  za t i  on 
I gn i t ion 72  01 9 . 9  1 07 9 . 2  1 . 8 2 .  9 44 1 02 4 1 2  733 4 1 9  798 -5745 - 5  1 60 386 
Cut-off 70 905 . 9  1 081 . 5  1 . 6  2 . 9  43  539 407 341 413 864 - 5403 - 5  208 3 1 6  

Sepa r a t i on 70 760 . 3  1 082 . 4  1 . 8 2 . 8  44 762 407 599 4 1 4  1 72 -5040 -5  404 286 

Dock i n9 
Conmand and serv i ce 

roodu 1 es 36 847 . 4  943 . 6  2 .8 5 . 5  2 0  747 57 1 8 1  63 687 -2094 833 321 
Ascent stage 5 738 . 0  1 1 68 . 3  4 .  9 - 2 . 4  3 369 2 347 2 873 - 1 2g 54 -354 

Total after docking 
Ascent s tage manned 42 585 . 4  973 . 9  3 . 1  4 . 5  24 1 89 1 1 3  707 1 20 677 - 1 720 -1  01 8 -50 
Ascent stage unmanned 42 563 . 0  972 . 6  2 .  9 4 .  5 24 081 1 1 0  884 1 1 7 804 -21 63 -81 1 -28 

Total after ascent stage 37 1 00 . 5  94 3 . 9  2 .  9 5 . 4  2 0  807 56 919  63 4 1 7  -2003 730 305 
jetti son 

Transearth i nj ec t l on 
Igni t i on 36 965 . 7  943 . 8  3 . 0  5 .  3 20 681 56 775  63 303 -1 979 709 336 
Cut-off 26 792 . 7  961 .4  - . 1  6 . 8  1 5  495 49 843 51 454 -824 1 80 -232 

Corrmand and service 
modu 1 e  separation 

Before 26 656 . 5  961 . 6  . 0  6 .  7 1 5  406 49 739 51 338 -854 228 -200 
After 

Service roodul e 1 4  549 . 1  896 . 1  . 1  7 .  2 g 1 4 3  1 4  540 1 6  6 1 6  -837 885 -1 53 
CoiTJT\dnd roodu 1 e 1 2  1 07 . 4  1 040 . 4  - .  2 6 . 0  6 260 5 470 4 995 55 -403 -47 

Entry 1 2  095 . 5  1 040 . 5  - . 2  5 .  9 6 253 5 463 4 994 55 -400 -47 

Drogue dep 1 oymen t 1 1  603 . 7  1 039 . 2  - . 2 5 .  9 6 066 5 1 33 4 6go 56 - 375 -48 

Ma i n  parachute 1 1  3 1 8 . 9  1 0 39 . 1  - . 1  5 .  2 5 933 4 947 4 631 50 - 3 1 2  -28 
deployment 

Landing 1 0  87 3 . 0  1 0 37 . 1  - . 1 5 . 1  5 866 4 670 4 336 45 -322 -27 

Lunar roodul e 

Lunar roodul  e at  launch 33 297 . 2  1 8 5 . 7  0 .  2 0 . 2  2 2  304 25 01 9 25 018 228 454 77 

Separation 33 683 . 5  1 86 . 5  . 2 . 7 23 658 26 065 25 922 225 705 7 3  

Descent orbi t i nsertion 
lgni t i on 33 669 . 6  1 86 . 5  . 2  . 8  2 3  649 26 045 25 899 224 704 7 1  
Cut-off 33 401 . 6  1 86 . 5  . 2  . 8  2 3  480 25 978 25 871 224 704 71 

Lunar land i ng 1 6  1 53 . 2  2 1 3 . 5  . 4  1 . 6  1 2  582 1 3  867 16 204 1 82 555 74 

Lunar 1 i ft-off 10 776 . 6  24 3 . 5  . 2  2 .  9 6 808 3 475 5 971 20 2 1 4  4 5  

Orb i t  i nsert ion 5 928 . 6  255 . 3  .4  5 . 3  3 457 3 082 2 273 1 7  1 35 43 

Coel l i pt i c  sequence 5 881 . 5  255 . 0  . 4  5 .  3 3 437 3 069 2 246 1 7  1 37 44 
i n i t ia t i on 

Docking 5 738 . 0  254 . 4  . 4  5 . 4  3
. 
369 3 044 2 1 67 1 8  1 4 1  50 

Jetti son 5 462 . 5  255 . 0  . 1  3 . 1  3 226 3 039 2 216  28 1 1 9  35 
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Oxygen p u rge 
sys !em actuator 

Vol ume control 

Oxygen purge system ,' ,,, 

I ntegral thermal 
and meteoroi�.--·  

garment --

U r i n e  collection and tran sfer 
connector, biomedical i n jector' 

dosimeter access flap and 
donn i ng l anyard pocket 

. - ·  Extraveh icular 
visor assembly 

. - Remote control u n it 

\ E idravehicular glove 

'- Util ity pocket 

Fi gure B- 1 . - Extraveh i cu l ar  mobi l i ty un i t . 

pressure  _ _ - - 

gage - - -

Water and oxygen 
control valves - - - - - - -

Portable l i fe support system 

Fi gure B-2 . - Portab l e l i fe s upport sys tem . 

Actuat ing  cable 
!stowed post l tonl  

Water and oxygen 
q u anti!; Ind icator 

!be h i n d  flapl 

Thermal meteoroid 
cover 
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Passive sei s m i c  expe r i m ent , 

Ante n n a  cable ', 

East --

- - Anten na 

' ' 

•
• ··

··' Astronaut handle 

•••• ·Solar panel 

' '
·,, Carry handle 

'B racket 

F i gure B-4 . - Pas s i ve s e i smi c exper iment pack
age dep l oyed confi gura t i on s howi ng  dust  
detecto r geometry .  

Fi gure B -5 . - Geol og i c s ampl i ng handtool s .  
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APPENDI X  C 

GLOSSARY 

The fol l owi ng  terms are u sed i n  sect i on  1 1 . 

a bl a t i on remova l ;  wea r i ng away 

a l bedo ra t i o  of  l i g ht  refl ected to l i gh t  i nc i dent on a s urface 

ba sa l t genera l l y ,  a ny f i ne-gra i ned dark-col ored i gneous roc k 

brecc i a  see m i crobrecc i a  

c l a s t  roc k composed o f  fra gmenta l mater i a l  o f  s pec i fi ed types 

d i abase f i ne-gra i ned , i gneous rock  of the compos i ti o n  of  a gabbro , but hav i ng  
l at h - s ha ped pl ag i oc l ase  crys ta l s encl o sed who l l y  or in  part  i n  l ater 
formed a ug i te 

ejecta ma ter i a l thrown out  (a s  from a vol cano ) 
euhedral  havi ng crysta l s whose growth has  not been i nterfered wi th  

exfol i a t i on process  of brea k i ng l oose  th i n  concentri c s he l l s  or  fl a ke s  from a rock 
s urface 

fe l d spar  a ny of a group  of wh i te ,  nearl y wh i te ,  fl e sh-red , bl u i s h ,  or  gree n i s h  
m i nera l s  tha t a re a l umi num s i l i cates wi th  pota s s i um ,  sod i um ,  ca l c i um ,  
or bar i um 

fe l d spath i c  perta i n i ng to fe l ds pa r  

gabbro med i um- or coarse-gr a i ned ba s i c  i gneous roc k , formi ng i ntrus i ve bod i es  of 
med i um or l arge s i ze a nd cons i st i ng c h i efl y of pl ag i oc l a s e  a nd pyrozene 

ga l  u n i t of accel era t i o n  equ i va l ent to  l cm/sec
2 

gnomon i ns trument u sed for s i ze and col or compa r i son  w i th known standards 

i gneous formed by sol i d i f i c a t i on from a mo l ten or parti a l l y  mol ten sta te 

i ndura t i on harden i ng 

l i th i c  s tone l i ke 

m i cro brecc i a  rock cons i s t i ng o f  sma l l sharp fragmen ts embedded i n  any f i ne-gra i ned 
ma tr i x  

morpho l og i c  s tudy o f  form a nd s tructure i n  phys i ca l  geography 

o l i v i ne m i nera l ; a magnes i um - i ron s i l i ca te common ly  found i n  ba s i c  i gneous roc ks 

per i do t i tes any of a group of gra n i to i d  i gneous rocks  composed of o l i v i ne and u s ua l l y  
o ther ferromagnes i an mi nera l s ,  but wi th l i ttl e o r  no fe l dspar  

21 6 



pl a g i oc l ase  tr ic l i n i c  fel ds par  

p l a ty cons i st i ng  of pl a tes  or  fl a ky l ayers 

pyroxene fami l y  of i mportant  rock-formi ng  s i l i cates 

pyroxen i te s  i gneous rock , free from ol i vi ne ,  compos ed essent i a l l y  o f  pyroxene 

ray any of the br i gh t ,  wh i ti s h l i ne s  seen on  the moon a nd a ppear i ng  to rad i a te 
from l unar craters 

rego l i th surface so i l 

terra earth 

ves i c l e sma l l cav i ty i n  a mi neral or roc k ,  ord i nari l y  produced by expans i on of 
vapor i n  the mo l ten ma ss  

NASA-Langley, 1971 - 30 2 1  7 




