
. 
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4.3.2.4 Block I1 spacecraf t . -  The conmaad and service modules used for all manned missions 
Although similar t o  t h e  Block I s p a c e c r a f t ,  a number o f  were of t he  Block IT design ( f i g .  4-5). 

changes were made as a result of  t h e  program d e f i n i t i o n  s tudy of  1964 and t h e  Apollo I f i r e  in 
1967. 
throughout the program as s t u d i e s  and ana lyses  progressed,  as hardware f a i l u r e s  occur red ,  and as 
new requirements developed. 
of expanded requirements  f o r  s c i e n t i f i c  d a t a  a c q u i s i t i o n  from l u n a r  o r b i t .  
c a t i o n s  were being implemented, t h e  i n v e s t i g a t i o n  accruing from the cryogenic  oxygen system f a i l -  
u r e  experienced on Apollo 13 d i c t a t e d  a d d i t i o n a l  changes. 
t a b l e  4-11. 

The major changes a r e  l i s t e d  in t a b l e  4-11. Design changes cont inued t o  take p l a c e  

Major w d i f i c a t i o n s  were made f o r  the f i n a l  t h r e e  missions because 
While these  modifi-  

These changes a r e  a l s o  sumnarized in 

4.3.2.5 Block I1 ground test program.- A cons ide rab le  number of ground tests were conducted 
in support  of  t he  Block I1 changes. The test program was no t  formulated a l l  a t  once b u t ,  r a t h e r ,  
was  developed o v e r  a per iod o f  s e v e r a l  yea r s  a s  t he  s p a c e c r a f t  design w a s  reevaluated.  
program embraced the o r i g i n a l  concept o f  minimizing f l i g h t  tests and maximizing ground tests. 

The t e s t  

4.4 COMMAND AND SERVICE WDULE SYSTEMS DEVELOPMENT AND PERFORMANCE 

4.4.1 In t roduc t ion  

S i g n i f i c a n t  a s p e c t s  of t h e  development and f l i g h t  performance of  i n d i v i d u a l  couunand and ser- 
v i c e  module s t r u c t u r e s  and systems are sunnnarized in t h i s  s e c t i o n .  
systems a r e  given where necessary but  are not  gene ra l ly  included. 
b o i l e r p l a t e  and Block I s p a c e c r a f t  systems are given in r e f e r e n c e s  4-1 through 4-12. 
Block I1 command and s e r v i c e  module is desc r ibed  in r e f e r e n c e  4-13, and subsequent changes a r e  
noted i n  r e f e r e n c e s  4-14 through 4-23. The t o p i c s  d i scussed ,  in some c a s e s ,  have been t r e a t e d  
in g r e a t e r  d e t a i l  i n  o t h e r  i n d i v i d u a l  r e p o r t s  and t h e s e  a r e  referenced where appropr i a t e .  

Brief  d e s c r i p t i o n s  of  t h e  
Complete d e s c r i p t i o n s  of  t h e  

The i n i t i a l  

4.4.2 S t r u c t u r e s  

The b o i l e r p l a t e  f l i g h t  test v e h i c l e s  were designed p r imar i ly  t o  demonstrate t h e  c a p a b i l i t y  
of t he  launch escape system and t o  o b t a i n  aerodynamic f l i g h t  d a t a .  
were t o  s u s t a i n  ground and f l i g h t  loading environments and to p resen t  a conf igu ra t ion  similar t o  
t h a t  of t h e  product ion f l i g h t  a r t i c l e s .  
t o  s u s t a i n  normal f l i g h t ,  e n t r y ,  and recovery load ings ,  and t o  provide p r o t e c t i o n  from meteoroids,  
r a d i a t i o n ,  and thermal extremes. 

Therefore ,  design requirements 

The Block I and Block I1 f l i g h t  s p a c e c r a f t  were designed 

Most of  t h e  problems encountered in t he  development and v e r i f i c a t i o n  of t he  s t r u c t u r e  were 
discovered i n  the  ground test program when the  s t r u c t u r e  f a i l e d  t o  meet s p e c i f i e d  c r i t e r i a ,  en- 
vironment,  o r  loads.  Each f a i l u r e  v a s  c a r e f u l l y  analyzed,  and the  s p e c i f i c  test c r i t e r i a  were 
reas ses sed .  In some c a s e s ,  t h e  reassessment revealed t h a t  t he  test cond i t ions  were t o o  seve re  
and should be changed t o  -re r e a l i s t i c  cond i t ions .  In o t h e r  c a s e s ,  s t r u c t u r a l  inadequacies  
t h a t  r equ i r ed  design changes were i d e n t i f i e d .  
were c e r t i f i e d  by a n a l y s i s .  
of load pa ths  and load d i s t r i b u t i o n .  
t i n u a l l y  du r ing  t h e  Apollo program. 
grams a s  w e l l  a s  s i g n i f i c a n t  problems encountered in t h e  test programs and t h e i r  r e s o l u t i o n s  a r e  
d i scussed  i n  r e fe rence  4-24. 

Some mod i f i ca t ions  were r e t e s t e d ,  whereas o t h e r s  
Many o f  t hese  s t r u c t u r a l  f a i l u r e s  were due t o  i n a c c u r a t e  p r e d i c t i o n s  

The c a p a b i l i t y  o f  s t r u c t u r a l  a n a l y s i s  methods improved con- 
The s t r u c t u r a l  a s p e c t s  of t he  ground and f l i g h t  test pro- 

On t he  Apollo 6 mission,  a l o c a l  s t r u c t u r a l  f a i l u r e  of t he  s p a c e c r a f t / l u n a r  m d u l e  adap te r  
occurred du r ing  f i r s t - s t a g e  boost ( r e f .  4-12). Approximately 2 minutes 1 3  seconds a f t e r  l i f t -  
o f f ,  abrupt  changes of s t r a i n ,  v i b r a t i o n ,  and a c c e l e r a t i o n  were ind ica t ed  by onboard instrumen- 
t a t i o n .  Photographs showed o b j e c t s  f a l l i n g  from the  a r e a  of t h e  adap te r ;  however, t h e  adap te r  
continued t o  s u s t a i n  the  r equ i r ed  loads .  
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I 

Function/system Changes 

Changes Resul t ing  From Program Def in i t i on  Study 

I . 

c 

A 

S t r u c t u r e s  and thermal 
p r o t e c t  i o n  

Mechanical systems 

Thermal c o n t r o l  

Environmental c o n t r o l  

I 

Forward tunnel s t r u c t u r e  changed t o  
accomodate docking mechanism and 
luna r  mdule/command module umbili- 
cals added 

Antenna protuberances removed from 
command module 

Parachute  attachment redesigned 

Command module/service module umbil- 
i c a l  r e loca ted  

Equipment rearranged i n  service module 
t o  provide  an empty bay i n  s e c t o r  I 
f o r  l a t e r  i n s t a l l a t i o n  of s c i e n t i f i c  
instrument  module 

Micrometeoroid protect ionsadded t o  
s e r v i c e  module 

Ext ravehicu lar  a c t i v i t y  p rov i s ions  
incorpora ted  

Boost p r o t e c t i v e  cover added 

Heat s h i e l d  a b l a t o r  th ickness  reduced 

Docking mechanism added 

Ea r th  landing  system c a p a b i l i t y  
improved 

Unit ized couch changed t o  fo ldab le  
type and impact a t t e n u a t i o n  system 
imp roved 

Changes incorpora ted  f o r  use of 
pas s ive  thermal con t r ol 

Radiator  s i z e  inc reased  

S e l e c t i v e  f l u i d  (water /g lycol )  f r e e z i n g  
and thawing used t o  accomodate v a r i a b l e  
hea t  l oads  and e x t e r n a l  environment 
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TABLE 4-11.- SUMMARY OF MAJOR CHANGES 
TO COMMAND AND SERVICE MODULE - Continued 

I I Funct ion/system Changes 

I 
Communications and 
i n s  t r umen t a t  i on 

I Guidance, naviga t ion  

Propuls ion I 

I Crew equipment 

VHF t r a n s  ce  i v e  r redesigned 

C-band t ransponder  de l e t ed  

HF recovery t r a n s c e i v e r  and antenna 
de le t ed  

E l e c t r o n i c s  packages he rme t i ca l ly  
sea l ed  wi th  b u i l t - i n  and swi tchable  
redundancy 

S m a l l e r ,  l i g h t e r ,  and more r e l i a b l e  
system used 

E l e c t r o n i c s  packages he rme t i ca l ly  
sea l ed  wi th  b u i l t - i n  and swi tchable  
redundancy 

New e n t r y  monitor system s c r o l l s  
incorpora ted  

F l i g h t  d i r e c t o r  a t t i t u d e  i n d i c a t o r  
redesigned 

Serv ice  module r e a c t i o n  c o n t r o l  system 
p r o p e l l a n t  s t o r a g e  capac i ty  increased  

S i z e  and th i ckness  of service propul- 
s i o n  t anks  reduced 
Service propuls ion  system main propel- 
l a n t  va lve  c o n t r o l  redesigned 

~~ 

R e l i a b i l i t y  of events  c o n t r o l l e r s  
imp r oved 

Motor swi tches ,  i n s t ead  of r e l a y s ,  used 
t o  a r m  pyrotechnic  bus 
Events c o n t r o l l e r s  added t o  accomodate 
luna r  module 

Rendezvous and docking a i d s  provided 

I 

/ 
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C r e w  s t a t i o n  

I Changes Implemented as a Resul t  of the  Apollo 13 Abort 

Cryogenic s t o r a g e  Oxygen tank redesigned 
I Third oxygen tank i n s t a l l e d  

I s o l a t i o n  va lve  i n s t a l l e d  between 
oxygen tanks 2 and 3 

Controls  and d i sp lays  added 

Electr ical  Lunar module descent  s t a g e  b a t t e r y  
added f o r  emergency power 

Fuel c e l l  r e a c t a n t  shutof f  va lves  
r e loca ted  

TABLE 4-11.- SUMMARY OF MAJOR CHANGES 
TO COMMAND AND SERVICE MODULE - Continued 

C r e w  equipment 

. - 

Contingency water s t o r a g e  system 
added 

I 
v 

I 

L 

Function/system Changes I 
Changes Following Apollo I F i r e  

Mechanical 

Environmental c o n t r o l  

E l e c t r i c a l  

~~ 

Uni t ized ,  quick-opening s i d e  ha tch  
incorpora ted  

Ear th  landing system modified t o  with- 
s t a n d  opening loads  r e s u l t i n g  from in-  
creased command module weight 

Upright ing system redesigned as a re- 
s u l t  of change i n  the  command module 
cen te r  of g r a v i t v  

Provis ions  made f o r  nitrogen/oxygen 
cabin atmosphere p r i o r  t o  launch 

Rapid cabin  r e p r e s s u r i z a t i o n  system 
added 

High p res su re  l i n e s  changed from alum- 
inum t o  s t a i n l e s s  steel ,  and j o i n t s  
welded i n s t e a d  of so ldered  

Wiring p r o t e c t i o n  added 

Harnesses re routed  

U s e  of nonflammable materials expanded 



4-18 

. . 
TABLE 4-11.- SUMMARY OF W O R  CHANGES 

TO COMMAND AND SERVICE MODULE - Concluded 

Function/system Changes I 
Changes Implemented f o r  Apollo 15 and Subsequent Missions 

S t r u c t u r a l  

Mechanical s y s  t e m s  

Cryogenic s t o r a g e  I 
Environmental c o n t r o l  I 
Communications and 
ins t rumenta t ion  

Crew s t a t i o n  

~~~ ~ 

S c i e n t i f i c  instrument  module i n s t a l l e d  

Ext ravehicu lar  handholds and r e s t r a i n t s  
i n s t a l l e d  

Experiment deployment 
t o  t h e  s e r v i c e  module 

Third hydrogen tank i n s t a l l e d  -1 
Components added t o  accomodate ex t r a -  
vehicu lar  a c t i v i t y  

S c i e n t i f i c  d a t a  system i n t e g r a t e d  wi th  
e x i s t i n g  te lemet ry  system 

Cont ro ls  and d i s p l a y s  added 

Addi t iona l  stowage provided 

i 
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A 

Extensive study of the  photography and other  evidence indicated t h a t  a l a r g e  area of the  
adapter  had l o s t  inner  facesheet from the  honeycomb sandwich panels. 
ing  from vibra t ion  were determined t o  be i n s u f f i c i e n t  t o  in i t ia te  such a f a i l u r e .  The inves t i -  
gat ion was then d i rec ted  toward determining the range of pressures  t h a t  could have been trapped 
i n  the Apollo 6 adapter  sandwich panels ,  and toward determining t h e  to le rance  of the  panels  t o  
withstand pressure with var ious degrees of flaws such as adhesive voids and facesheet  dents .  
degradation e f f e c t s  of moisture and heat  exposure on the  adhesive s t r e n g t h  were also studied and 
tes ted .  
panels could have caused the f a i l u r e ,  i f  a l a r g e  flaw exis ted.  
been caused by aerodynamic heat ing e f f e c t s  on air  and moisture trapped in the  panel. 

Loads and stresses r e s u l t -  

The 

These tests and analyses  led  t o  the conclusion t h a t  pressure internal t o  t h e  sandwich 
The preasure buildup would have 

The most probable cause of the f a i l u r e  was an abnormal s p l i c e  assembly, r e s u l t i n g  in a face- 
sheet  bond too weak for the i n t e r n a l  pressure achieved. 
v e r i f y  t h a t  d e f i c i e n t  assembly techniques had resu l ted  in abnormali t ies  along a panel s p l i c e  i n  
several  of the  adapters  t o  be used on subsequent f l i g h t s .  

Suf f ic ien t  information was  developed t o  

Before the  s p l i c e  abnormali t ies  were pinpointed, cor rec t ive  ac t ion  was taken t o  reduce pres- 
sure  buildup i n  the honeycomb panels and t o  reduce heat  degrading e f f e c t s  on t h e  adhesive. 
was done by d r i l l i n g  vent  holes  in the  inner facesheet and covering t h e  outer  qacesheet with 
cork. 
eliminated t o  allow more accurate  inspection. 

T h i s  

The adapters  having splice abnormali t ies  were repaired,  and an i n t e r n a l  s p l i c e  p l a t e  was 

4.4.3 Thermal Management Systems 

Management of temperatures within the l i m i t s  necessary f o r  proper spacecraf t  systems opera- 
t i o n  and human occupancy was accomplished by three  separa te  s y s t e m :  the  environmental cont ro l  
system, the  thermal cont ro l  system, and the thermal pro tec t ion  system. The environmental cont ro l  
system is discussed i n  sec t ion  4.4.9. 
heat  t o  r a d i a t o r s  located on the service module surface and a water b o i l e r  f o r  t h e  sublimation 
of water i n  the space environment. 
able  cabin thermal environment and t o  cool e l e c t r o n i c  equipment located within t h e  cabin. The 
thermal cont ro l  system regulated temperatures of t h e  s t r u c t u r e  and components ou ts ide  t h e  pres- 
sure  vesse l .  
and crew from the  en t ry  environment. 

It contained a water lglycol  flow system which t ransfer red  

These functioned as a thermodynamic u n i t  t o  maintain a habit- 

The thermal pro tec t ion  system consis ted of components which protected t h e  cabin 

Both a c t i v e  and passive means of temperature management were u t i l i z e d .  The a c t i v e  means 
consis ted pr imari ly  of the water jglycol  flow system and water b o i l e r  used f o r  environmental con- 
t r o l ,  as w e l l  as e l e c t r i c a l  hea te rs .  The passive means included: a b l a t i v e  materials t h a t  accom- 
modated high heat ing r a t e s ,  thermal control  coat ings,  insu la t ions ,  heat  s ink materials, and space- 
c r a f t  o r ien ta t ion .  

4.4.3.1 Thermal protect ion.-  The lunar  r e t u r n  t r a j e c t o r y  of the Apollo spacecraf t  resu l ted  
in an atmospheric en t ry  i n e r t i a l  v e l o c i t y  of over 36 000 f e e t  per  second. and t h i s  created an 
aerodynamic heat ing environment approximately four times as severe a s  t h a t  experienced by e i t h e r  
the  Mercury o r  Gemini spacecraf t .  
necess i ta ted  the i n s t a l l a t i o n  of a heat  sh ie ld  on the command module capable of  sus ta in ing ,  with- 
out excessive erosion,  the temperatures caused by the  high heat ing r a t e s  on the blunt  face  of the  
vehic le  while preventing excessive substructure  temperatures. The concept i n i t i a l l y  considered 
consis ted of a b l a t i v e  t i les  made from phenolic-nylon material bonded t o  a honeycomb-sandwich sub- 
s t r u c t u r e  made of aluminum. However, i n  April 1962, recovered heat s h i e l d s  from Mercury epace- 
c r a f t  were found t o  have experienced debonding of t i l e d  a b l a t i v e  material, and an a l t e r n a t i v e  
study was conducted of the a b l a t o r  insu la t ion  method being successful ly  demonstrated a t  t h a t  time 
on the Gemini spacecraf t .  The Gemini heat sh ie ld  consis ted of a f i b e r g l a s s  honeycomb core f i l l e d  
with an elastomeric  a b l a t o r .  
process, but t h i s  caused concern with respect  t o  q u a l i t y  assurance, and the composition of the  
ab la t ive  mater ia l  was modified so that it could be gunned i n  a mastic form i n t o  the honeycomb 
c e l l s .  
increased s a f e t y  provided by the higher-melting-point a l l o y  i n  t h e  event of a loca l ized  loss of 
ab la tor .  

The induced thermal environment r e s u l t i n g  from such an e n t r y  

I n i t i a l l y ,  the c e l l s  were f i l l e d  with the  a b l a t o r  by a tamping 

S t a i n l e s s  s t e e l  w a s  chosen f o r  the  substructure  In  preference t o  aluminum because of t h e  
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Unmanned f l i g h t s  provided test v e r i f i c a t i o n  of t h e  thermal p r o t e c t i o n  system f o r  ea r th -  
o r b i t a l  and luna r - r e tu rn  missions.  The measured d a t a  obtained from these  f l i g h t s  ( t a b l e  4 - 1 1 1 )  
and from the  f i r s t  two manned f l i g h t s  w e r e  used t o  c o r r e l a t e  t h e  a n a l y t i c a l  models used f o r  t h e  
r equ i r ed  c e r t i f i c a t i o n  a n a l y s i s .  

Table 4-IV is a summary of t he  a c t u a l  e n t r y  cond i t ions  f o r  t h e  Apollo 8 mission and t h e  

The 
Apollo 10 through 1 7  missions.  
was 1497 mi l e s  compared wi th  t h e  e s t a b l i s h e d  Block I1 design requirement o f  3500 mi l e s .  
s h o r t e r  downrange e n t r y  d i s t a n c e  r e s u l t e d  in a maximum i n t e g r a t e d  hea t  load of  2 8  000 Btu/sq f t ,  
which w a s  appreciably less than t h e  design requirement of 4 4  500 Btu/sq f t .  

A s  i nd ica t ed  in the  t a b l e ,  t he  maximum downrange e n t r y  d i s t a n c e  

4 . 4 . 3 . 2  Thermal con t ro l . -  The evo lu t ion  of t he  thermal c o n t r o l  system revealed t h a t  mis- 
sion o p e r a t i o n a l  c o n s t r a i n t s  could be used t o  minimize weight and power requirements.  
i n a l  concept w a s  t h a t  t he  s p a c e c r a f t  should be i n s e n s i t i v e  t o  a t t i t u d e  and p o s i t i o n  i n  space.  
However, unconstrained o p e r a t i o n a l  a t t i t u d e s  d i c t a t e d  system design f o r  t h e  worst-case mission 
environment,  which would then have involved the  use o f  such devices  a s  m u l t i p l e  coo l ing  loops  
and l a r g e  hea te r s .  
p e l l a n t  expendi tures .  
which made optimum use of the n a t u r a l  space environment t o  provide pass ive  temperature  c o n t r o l .  
The s p a c e c r a f t  l o n g i t u d i n a l  a x i s  w a s  a l igned  ~ - 1  t o  the  d i r e c t i o n  of  t h e  s o l a r  r a d i a t i o n  and 
t h e  s p a c e c r a f t  w a s  r o t a t e d  about t h i s  a x i s  a t  a nominal r a t e  of 3 r evo lu t ions  pe r  hour du r ing  
the  t r a n s l u n a r  and t r a n s e a r t h  coas t  phases;  the alignment and r o t a t i o n a l  ope ra t ions  were termed 
the pas s ive  thermal c o n t r o l  mode. Another pas s ive  thermal c o n t r o l  mode was used du r ing  s l e e p  
pe r iods  while  i n  l u n a r  o r b i t .  The colmnand and s e r v i c e  module w a s  held i n  an o r i e n t a t i o n  wi th  
s o l a r  r a d i a t i o n  impinging d i r e c t l y  on r e a c t i o n  c o n t r o l  system quad 8.  
system o x i d i z e r  sump tank ad jacen t  t o  quad B a c t e d  a s  a thermal sink.) U t i l i z a t i o n  of t h e s e  
modes permit ted t h e  d e f i n i t i o n  of a l a r g e  o p e r a t i o n a l  envelope i n  which the  s p a c e c r a f t  could 
func t ion  and was used i n  the  planning of each mission t o  d e f i n e  the  thermodynamically r e l a t e d  
c o n s t r a i n t s  on the  veh ic l e s .  The f l i g h t  p l an  f o r  a nominal mission placed the  v e h i c l e  i n  t h e  
c e n t e r  of  t he  design envelope i n  o r d e r  t o  maximize its c a p a b i l i t y  t o  accommodate mission con- 
t i ngenc ie s .  

The o r i g -  

The consequences would have been increased s p a c e c r a f t  weight and l a r g e r  pro- 
A f t e r  cons ide ra t ion  of a l l  a s p e c t s  of t h e  mission,  a plan was developed 

(The s e r v i c e  propuls ion 

During t h e  evo lu t ion  of  t h e  thermal c o n t r o l  design,  many tests were conducted t o  determine 
i n s u l a t i o n  performance and i n s t a l l a t i o n  techniques,  thermal c o n t r o l  c o a t i n g  p r o p e r t i e s ,  c o a t i n g  
a p p l i c a t i o n  p rocesses ,  thermal s h i e l d i n g  performance, and s h i e l d i n g  manufacturing techniques.  
Add i t iona l  tests were performed t o  determine the  environment t o  which these  m a t e r i a l s  would be 
exposed such as rocket  engine plume c h a r a c t e r i s t i c s  and aerodynamic hea t ing  rates. 
of  t h e s e  tests were used i n  the  development of  t he  thermal mathematical  models u t i l i z e d  t o  de- 
termine the  adequacy of each thermal c o n t r o l  design concept.  
i f y  t h e  many assumptions and engineer ing i d e a l i z a t i o n s  which were made i n  o rde r  t h a t  t h e  i n t e r -  
dependency of  t h e  s p a c e c r a f t  s t r u c t u r e  and systems could be adequately mathematically represented.  

The r e s u l t s  

It was necessary,  however, t o  ver- 

Fu l l - sca l e  thermal vacuum t e s t s  were performed t o  provide a means of  v e r i f y i n g  t h e  space- 
c r a f t  thermal c o n t r o l  system design and the  adequacy of the mathematical models used f o r  t h e m 1  
a n a l y s i s .  
chamber a t  t h e  Manned Spacecraf t  Center.  
combinations of hot and co ld  soaks i n  a d d i t i o n  t o  pas s ive  thermal c o n t r o l  r o l l i n g  modes wh i l e  
manned wi th  a l l  systems except  t h e  propuls ion system ope ra t ing .  
made i n  t h e  thermal ana lyses  were found t o  be conservat ive ( i . e . .  t he  measured maximum and min- 
im temperatures were w i t h i n  t h e  p red ic t ed  extremes). 

Two i n t e g r a t e d  connnand and s e r v i c e  m d u l e  prototypes were t e s t e d  i n  a thermal vacuum 
Both prototypes (SC-008 and 2TV-1) were exposed t o  

I n  gene ra l ,  t h e  assumptions 

N o  ee r ioue  problems o r  anomalies were as soc ia t ed  with t h e  thermal c o n t r o l  and thermal pro- 
The success  of t h e  systems can be  at- 

More d e t a i l e d  information on 

t e c t i o n  systems on the e a r t h - o r b i t a l  and luna r  missions.  
t r i b u t e d  to t h e  somewhat conse rva t ive  design philosophy t h a t  w a s  adopted and t o  t h e  r igo rous  
a n a l y t i c a l  and test c e r t i f i c a t i o n  requirements that were imposed. 
thermal p r o t e c t i o n  du r ing  launch and e n t r y  may be found i n  r e fe rences  4-25 and 4-26 .  
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TABLE 4-111.- FLIGHT VERIFICATION OF THE THERMAL PROTECTION SYSTEM 

Entry condi t ions  

I n e r t i a l  v e l o c i t y  at  e n t r y ,  f t l s e c  . . . . .  
Rela t ive  v e l o c i t y  a t  e n t r y ,  f t / s e c  . . . . .  
I n e r t i a l  f l igh t -pa th  angle  at e n t r y ,  deg . . 
Range flown, miles . . . . . . . . . . . . .  
Entry t i m e ,  sec . . . . . . . . . . . . . .  

2 Maximum h e a t i n g  rate, B t u l f t  /sec 

Total r e f e r e n c e  h e a t i n g  load ,  B t u l f t  

. . . . .  
. . .  2 

Mission 

AS-201 I As-202 

26 482 

25 318 

-8.60 

470 

674 

164 

6889 

28 512 

27 200 

-3.53 

2295 

1234 

83 

20 862 

~ 

AS-501 

36 545 

35 220 

-6.93 

1951 

1060 

425 

37 522 

As-502 

32 830 

31 530 

-5.85 

1935 

1140 

19 7 

27 824 

E 
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4.4.4 Mechanical Systems 

The major mechanical systems incorporated in t h e  connnand and s e r v i c e  modules are discussed 
in t h i s  subsection. 

4.4.4.1 Earth landing system.- The e a r t h  landing system cons is ted  of t h r e e  main parachutes ,  
two drogue parachutes, a forward heat sh ie ld  eeparat ion augmentation parachute, and r e l a t e d  elec-  
tromechanical and pyrotechnic ac tua t ion  components required t o  d e c e l e r a t e  and s t a b i l i z e  t h e  com- 
mand module t o  condi t ions t h a t  vere  s a f e  f o r  landing a f t e r  e i t h e r  a normal e n t r y  o r  a launch 
abor t .  
switches o r  by manual i n i t i a t i o n  of time-delay re lays ,  

The recovery eequence w a s  i n i t i a t e d  automatical ly  by the  c losure  of barometric pressure  

I n  addi t ion  t o  s t r i n g e n t  program requirements, several s p e c i f i c  t e c h n i c a l  problems, t h e  so- 
l u t i o n  of which required t h e  development of innovat ive methods and techniques, were encountered. 
The mst severe problem was a cont inua l  increase in conmtand module weight. 
su l ted  in a major program of redesign and r e q u a l i f i c a t i o n  of t h e  Block I1 e a r t h  landing system. 
The comand module weight increases  and c e r t a i n  program events  are depicted i n  f i g u r e  4-6. 

This  condi t ion  re- 

The f i r s t  t h r e e  Block I developmental aerial drop tests (s ingle  parachutes)  were conducted 
with a parachute constructed from l ightweight  uaterial and having a minimum of re inforc ing  tapes. 
Because major damage was sustained on two of the t h r e e  tests and because of the  f i r s t  announce- 
ment of a command module weight increase,  the  f i r s t  modif icat ion was  made t o  s t rengthen and t o  
improve the main-parachute design. 
members of the  parachute. These changes caused a s i g n i f i c a n t  increase  in parachute weight, and 
the a t tendant  bulk created new problems because l imi ted  stowage volume was ava i lab le .  Shor t ly  
a f t e r  the  start of mein-parachute-cluster tests, m d i f i c a t i o n s  had t o  be made t o  the  main para- 
chutes  t o  change t h e i r  opening c h a r a c t e r i s t i c s  t o  achieve more evenly balanced load shar ing among 
the t h r e e  parachutes, thereby reducing the peak opening loads. 

The i n i t i a l  changes increased the  s t r e n g t h  of  the  s t r u c t u r a l  

By the  time q u a l i f i c a t i o n  t e s t i n g  of the Block I e a r t h  landing system was completed, each 
system of the spacecraf t  had progressed t o  the point  t h a t  accura te  t o t a l  weight es t imates  were 
ava i lab le .  
s p e c i f i c a t i o n  value,  t h e  overweight condi t ion w a s  not  s u f f i c i e n t  t o  j u s t i f y  major design changes 
i n  the  e a r t h  landing system. 
a s  a minimum-change e f f o r t .  

Although the  maximum projected weight f o r  a Block I1 spacecraf t  was more than t h e  

Therefore, the Block I1 parachute q u a l i f i c a t i o n  program was  pursued 

During the months immediately following the Apollo I f i r e ,  numerous modif icat ions were made 
t o  the comand module. By mid-April 1967, weight estimates indica ted  t h a t  the  projected space- 
c r a f t  weight had increased t o  a va lue  g r e a t e r  than t h a t  a t  which the e a r t h  landing system could 
recover the  command m d u l e  with an acceptable  f a c t o r  of s a f e t y ,  The implemented so lu t ion  con- 
s i s t e d  of increasing the  s i z e  of the drogue parachutes and of providing the  e x i s t i n g  main para- 
chutes  with an a d d i t i o n a l  reef ing  s tage.  The two changes ensured an adequate f a c t o r  of s a f e t y  
f o r  the parachutes and the comand m d u l e  s t r u c t u r e  a t  the  projected recovery weight of 1 3  000 
pounds. Larger drogue parachutes on the  heavier  command w d u l e  reduced the  dynamic pressure a t  
drogue d isconnec t /p i lo t  mortar f i r e  t o  a l e v e l  near t h a t  obtained with the  smaller drogue para- 
chutes  on the  l i g h t e r  spacecraf t .  
the  ind iv idua l  and t o t a l  main-parachute loads t o  values  no grea ter  than the  design loads  f o r  an 
11 000-pound command module. 

The addi t iona l  reef ing  s tage  i n  the main parachutes  reduced 

I n  addi t ion  t o  resolving d i f f i c u l t  design problems, devis ing and optimizing component manu- 
f a c t u r i n g  and assembling techniques were a l s o  necessary t o  ensure t h a t  each p a r t  would func t ion  
properly once it  was assembled and i n s t a l l e d  on the spacecraf t .  None of the  previous space pro- 
grams required the high dens i ty  of parachute packfng to  s u i t  the  a l l o t t e d  volume t h a t  was neces- 
sa ry  in the Apollo program. This  requirement necess i ta ted  t h e  development of prec ise  techniques 
f o r  packing the parachutes a t  very high d e n s i t i e s  without i n f l i c t i n g  damage t o  t h e  parachute sys- 
tem during packing o r  deployment. Subs t i tu t ion  of steel cables  f o r  nylon risers in the  parachute 
system required the development of stowage techniques tha t  provided s a f e  deployment of the cable .  

Modifications o r  procedural changes were made severa l  t i m e s  in t h e  program because of poten- 
t i a l l y  hazardous condi t ions t h a t  were discovered during mission operat ions.  
sion, the  forward hea t  s h i e l d  j e t t i s o n i n g  system did not provide s u f f i c i e n t  energy t o  t h r u s t  t h e  
hea t  s h i e l d  through the  wake of a s t a b i l i z e d  command module. 

On the  AS-201 m i s -  

To ensure separa t ion ,  a convent ional  
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p i l o t  parachute  mortar assembly was mounted in the  forward hea t  s h i e l d  and was a c t i v a t e d  by the  
same s i g n a l  t h a t  i n i t i a t e d  the  forward hea t  s h i e l d  j e t t i s o n i n g  devices .  On Apollo 4, small burn 
h o l e s  were found in the  canopy of a recovered main parachute.  
were caused by o x i d i z e r  expel led from t h e  conmand module r e a c t i o n  c o n t r o l  system dur ing  descent .  
The cond i t ion  was  co r rec t ed  by c o n t r o l l i n g  t h e  r a t i o  of  f u e l  t o  o x i d i z e r  loaded on the  connnand 
m d u l e  t o  ensure t h a t  t h e  o x i d i z e r  would be depleted be fo re  t h e  f u e l .  
methylhydrazene) does not  degrade nylon, the excess  f u e l  cond i t ion  w a s  l a t e r  found t o  be hazard- 
ous as w e l l .  One of  t he  main parachutes  co l l apsed  du r ing  f i n a l  descen t  of t h e  Apollo 1 5  connrand 
module, 
in con tac t  v i t h  t h e  parachute  f a b r i c  riser. This  cond i t ion  was co r rec t ed  on t h e  f i n a l  two mis- 
s i o n s  by r e t a i n i n g  excess  p r o p e l l a n t s  aboard t h e  command module f o r  normal landings.  Also, t he  
p r o p e l l a n t s  were loaded so that there was a s l i g h t  excess  of  o x i d i z e r  t o  a l low f o r  t h e  low-alt i-  
tude a b o r t  p o s s i b i l i t y .  

I n v e s t i g a t i o n  showed t h a t  t h e  h o l e s  

Although t h e  f u e l  (mono- 

I n v e s t i g a t i o n  showed t h a t  t he  most probable  cause o f  t he  f a i l u r e  was  burning f u e l  coming 

These problems are discussed i n  g r e a t e r  d e t a i l  in re fe rences  4-27 and 
4-28. 

4.4.4.2 Docking mechanism.- The announcement t h a t  t he  luna r  l and ing  mission would be accom- 
p l i shed  by using the  luna r  o r b i t  rendezvous technique e s t a b l i s h e d  t h e  requirement f o r  a docking 
system t h a t  would provide f o r  j o i n i n g ,  s epa ra t ing ,  and r e j o i n i n g  two s p a c e c r a f t ,  as w e l l  a s  al- 
lov ing  i n t r a v e h i c u l a r  crew t r a n s f e r .  I n  add i t ion ,  t he  Apollo program schedules  r equ i r ed  t h a t  a 
docking system be s e l e c t e d  approximately 2 years be fo re  the  f i r s t  Gemini docking mission. 

Many design concepts were evaluated,  Including t h e  Gemini design which was r e j e c t e d  because 
of  i ts weight. 
ex t end ib le  systems. The type s e l e c t e d  was an impact system c o n s i s t i n g  of a probe mounted on the  
f o w a r d  end of t he  command module and a drogue i n s t a l l e d  on the  l u n a r  module. The conf igu ra t ion  
of  t he  Apollo docking system is  shown i n  f i g u r e  4-7. 

Types of t he  des igns  considered included both impact, o r  "fly-in," systems and 

Design of the Apollo docking system began In December 1963 and evolved through a r igo rous  
program of development tests, performance ana lyses ,  design s t u d i e s ,  and q u a l i f i c a t i o n  tests. Al- 
though many problems were encountered du r ing  the  development per iod,  most were r e l a t i v e l y  minor. 

Perhaps t h e  primary disadvantage of t h e  system w a s  t h a t  i t  blocked the  crew t r a n s f e r  t unne l  
and, t h e r e f o r e ,  had t o  be r emvab le .  
s i g n  and reduce the  weight of t he  system. 
by the  crew using a s p e c i a l  t o o l  o r  wrench. However, t o  meet a subsequent requirement t o  s impl i fy  
the  crewlhardware i n t e r f a c e ,  t h e  complexity of t h e  probe was increased by providing i n t e g r a l ,  low- 
f o r c e  a c t u a t i o n  dev ices ,  t hus  reducing t h e  number of manual tasks .  These changes were implemented 
in 1967, a f t e r  t he  development test program and a f t e r  some of the  q u a l i f i c a t i o n  tests of t he  b a s i c  
probe assembly had been performed. The development and t e s t i n g  of t he  system a r e  descr ibed i n  
g r e a t e r  d e t a i l  i n  r e f e r e n c e  4-29. 

The o r i g i n a l  design philosophy had been t o  s impl i fy  the  de- 
This  required t h a t  a l l  f u n c t i o n s  be performed manually 

The docking system was used success fu l ly  on n ine  Apollo missions,  as planned. Docking sys- 
tem anomalies occurred only on t h e  Apollo 9 and Apollo 1 4  missions.  
d i f f i c u l t i e s  were encountered i n  undocking t h e  command module from t h e  luna r  module and i n  pre- 
p a r i n g  f o r  lunar-module-active docking. 
t i o n s  were r e l a t e d  and were inhe ren t  normal f e a t u r e s  of t he  docking probe. 
du re  was modified t o  preclude recurrence of t hese  d i f f i c u l t i e s .  On the  Apollo 14 mission,  six 
docking a t t empt s  were required t o  s u c c e s s f u l l y  achieve cap tu re  l a t c h  engagement du r ing  t h e  t r a n s -  
l u n a r  docking phase of  t he  f l i g h t .  Although the  docking system performed s u c c e s s f u l l y  f o r  t h e  
remainder of t h e  mission,  t h e  docking probe w a s  stowed in the  coonnand module a f t e r  l u n a r  o r b i t  
rendezvous and was re tu rned  wi th  t h e  command module so t h a t  a thorough i n v e s t i g a t i o n  could be 
conducted. The r e s u l t s  of  t h e  i n v e e t i g a t i o n  d i sc losed  two p o s s i b l e  causes  f o r  t h e  docking prob- 
l e m  - one r e l a t e d  t o  t h e  design and one a t t r i b u t e d  t o  fo re ign  m a t e r i a l  r e s t r i c t i n g  mechanical 
ope ra t ion .  Although a minor design modif icat ion was incorporated t o  preclude such a f a i l u r e  
mode f o r  f u t u r e  missions,  most evidence ind ica t ed  t h a t  fo re ign  m a t e r i a l  w a s  t h e  cause of t he  
Apollo 14 anomaly. 

During t h e  Apollo 9 mission,  

P o s t f l i g h t  ground t e s t i n g  demonstrated t h a t  both condi- 
The undocking proce- 

Add i t iona l  d e t a i l s  of  t hese  anomalies are given i n  r e fe rences  4-29 and 4-30. 

4.4.4.3 C r e w  s u p p o r t / r e s t r a i n t  and impact a t t e n u a t i o n  systems.- These systems cons i s t ed  of 
(1) a three-man couch assembly used t o  phys i ca l ly  support  t h e  crew, e s p e c i a l l y  du r ing  launch, en- 
t r y ,  and landing;  (2) a r e s t r a i n t  system wi th  a s i n g l e  buckle r e l e a s e ;  and (3) a shock a t t e n u a t i o n  
system t h a t  held the  couch i n  p o s i t i o n  throughout a mission but  allowed couch mvement i f  l and ing  
impact f o r c e s  exceeded a s a f e  l e v e l ,  The a t t e n u a t i o n  system was developed, p r i m a r i l y ,  t o  p r o t e c t  
t h e  crewmen in t h e  event  of a land landing.  
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The o r i g i n a l  design requirements f o r  the couch and r e s t r a i n t  system were based upon t h e  prem- 

The prototype couch designed according t o  this philosophy was  excessively mas- 
i s e  t h a t  the  crewman should be held as r i g i d l y  as poasible ,  t h e  then e x i s t i n g  philosophy of  human 
Impact pro tec t ion .  
s i v e  and impaired the crew's i n f l i g h t  mobil i ty .  
r i g i d  r e s t r a i n t  of the crewmgn within the  dece lera t ion  loads  spec i f ied  f o r  t h e  Apollo spacecraf t  
crew couch. The result was a change from the contoured couch concept used i n  Mercury a n d  Gemini 
t o  a universa l  couch that would f i t  a l l  crewmen within t h e  10th- t o  90th-percent i le  s i z e s .  
f i r s t  couch designed t o  the new requirements was flown on t h e  Apollo 7 mission. 

Subsequent t e s t i n g  reduced the  requirement f o r  

The 

The Block XI r e d e f i n i t i o n  of the  Apollo spacecraf t  emphasized t h e  requirements f o r  more work 
volume t o  allow an increase  in i n t r a v e h i c u l a r  mobil i ty  and an open c e n t e r  a is le  f o r  side-hatch 
ex t ravehicu lar  a c t i v i t y  by a su i ted  crewman wearing a por tab le  l i f e  support system. These re- 
quirements could not be m e t  without a major redesign of  t h e  uni t ized  couch. 
fo ldable  couch was developed and used f o r  a l l  manned missions a f t e r  Apollo 7. 

Therefore, a new 

During the Block XI r e d e f i n i t i o n ,  because the  l o c a t i o n  of the  launch pad and t h e  height  of 
the  launch vehic le  resu l ted  i n  a high p r o b a b i l i t y  of a land landing from a launch pad abor t  o r  a 
very low a l t i t u d e  abor t ,  the  crew couch vas made t o  provide crew pro tec t ion  f o r  land landing. 
Because the command module did not have f a c i l i t i e s  f o r  l i m i t i n g  the landing impact, a t t e n u a t o r s  
were required t o  support the crew couch during a l l  mission phases and t o  l i m i t  t h e  energy trans- 
mitted t o  the crewmen during landing impact. 
cyc l ic -s t ru t  a t t e n u a t o r  which used a unique concept of c y c l i c  deformation of metal t o  absorb 
energy. 
a separat ion d is tance  of less than the diameter of the r i n g  thereby causing the r i n g  t o  contin- 
u a l l y  deform a s  i t  r o l l e d .  
may be found i n  reference 4-31. 
s tanding of the dynamics of the couch and a t tenuat ion  systems. 
permitted refinement of the  i n i t i a l  Impact l o a d  t o  an acceptable  rate of  a c c e l e r a t i o n  f o r  crew 
tolerance.  

Development e f f o r t s  r e s u l t e d  I n  a double-acting, 

Energy absorpt ion w a s  accomplished by r o l l i n g  a r i n g  of metal between two sur faces  with 

More d e t a i l e d  information on the  design of t h e  a t t e n u a t i o n  system 
Several drop tests were performed t o  provide a b e t t e r  under- 

Data obtained from the  tests 

The fo ld ing ,  stowing, and reassembling of the couch i n  f l i g h t  were achieved without problems 
on a l l  missions except Apollo 9 and Apollo 16. 
c u l t y  i n  reassembling the center  body support of the  couch. 

During these missions,  the  crew had 80me  d i f f i -  

4.4.4.4 Uprighting system.- Early s t u d i e s  of the  command module showed t h a t  i t  had two 
s t a b l e  f l o t a t i o n  a t t i t u d e s :  s t a b l e  I (vehicle upright)  and s t a b l e  11 (vehicle  inver ted) .  The 
s t a b l e  I1 a t t i t u d e  could be a t t a i n e d  e i t h e r  by landing dynamics o r  by post landing aea dynamics. 
Allowing the command module t o  remain i n  the s t a b l e  I1 a t t i t u d e  fo r  mbre than s e v e r a l  minutes 
was undesirable  pr imar i ly  because t h e  postlanding v e n t i l a t i o n  system and t h e  l o c a t i o n  a i d s  were 
inopera t ive .  The command module could not be configured t o  be s e l f - r i g h t i n g  and st i l l  maintain 
an acceptable  aerodynamic l i f t - to -drag  r a t i o .  Therefore, a requirement was es tab l i shed  t o  pro- 
v ide  a means of  upright ing the  connnand module. 

The s e l e c t e d  design consis ted of th ree  i n f l a t a b l e  bags loca ted  on the  upper deck of the  c w -  
When use of t h e  system mand module, two a i r  compressors, and the  assoc ia ted  plumbing and v i r i n g .  

w a s  required,  a crewman I n i t i a t e d  i n f l a t i o n  of the bags by turn ing  on the  a i r  compressors. 
t h i s  a c t i o n ,  ambient a i r  was pumped through a series of valves  t o  each of the bags. 

I n  a d d i t i o n  t o  the o v e r a l l  weight increase,  a center-of-gravity s h i f t  r e s u l t e d  from the  
changes made t o  the command module a f t e r  the Apollo I f i r e .  
t e s t s  required by these changes showed t h a t  the upright ing c a p a b i l i t y  of the  Block I1 command mod- 
u le  w a s  marginal with the two Y-axis bags i n f l a t e d  (one on each s i d e  of the  upper deck as shown 
I n  f i g .  4-8). Moreover, a combination of  an i n f l a t e d  Y-axis bag and the Z-axis bag (on the  s i d e  
opposi te  the hatch)  r e s u l t e d  in a r o l l  of the  c o m n d  module about i t s  X-axis t o  a new s t a b l e  
pos i t ion  where upright ing d i d  not  occur. Development tests were conducted a t  the  Manned Space- 
c r a f t  Center t o  i n v e s t i g a t e  d i f f e r e n t  suspension systems f o r  t h e  bags and t o  i n v e s t i g a t e  t h e  a b i l -  
i t y  of a smaller  Z-axis bag t o  reduce the r o l l  problem and provide enough buoyancy t o  assure  up- 
r igh t ing .  Also, tests were perfonued t o  determine t h e  f e a s i b i l i t y  of two crewmen lowering t h e  
center  of grav i ty  by moving from the couches t o  the a f t  deck. A s  a r e s u l t  of these  tests, t h e  
upright ing system was redesigned t o  provide upright ing c a p a b i l i t y  with any two bags i n f l a t e d  af-  
ter  two crewmen had moved a f t .  

By 

Ful l -scale  performance d e f i n i t i o n  

The f i n a l  configurat ion was capable of upr ight ing  t h e  counnand 
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Figure 4-8 .- Command module uprighting system. 

I. 



i, 
4-29 

module in 5 minutes i f  both compressors and a l l  t h r e e  bags vere ope ra t ive .  
bag o r  compressor, 12  minutes w a s  t h e  maximum t e e  requ i r ed  f o r  up r igh t ing .  
up r igh t  t h e  conmand module i f  both a bag and a compressor f a i l e d .  

With e i t h e r  a f a i l e d  
The system could n o t  

The Block I1 s p a c e c r a f t  was m c h  less s t a b l e  du r ing  water l and ing  than  the  Block I space- 
c r a f t .  
f o r  t h e  Block I1 spacec ra f t .  
t i t u d e s  are p l o t t e d  on the  up r igh t ing  c a p a b i l i t y  curve shown in f i g u r e  4-9; a l s o  shown f o r  r e f -  
erence i s  t h e  c e n t e r  of g r a v i t y  of t h e  Block I comand module flown on the  Apollo 6 mission. 

T h i s  l a c k  of s t a b i l i t y  is a t t r i b u t e d  t o  the  h ighe r  center-of-gravi ty  l o c a t i o n s  a t  l and ing  
All t h e  Block I1 command module l and ing  c e n t e r s  o f  g r a v i t y  and a t -  

Five of t h e  Block I1 s p a c e c r a f t  went t o  t h e  s t a b l e  I1 a t t i t u d e  and were uprighted by t h r e e  
bags in approximately 5 minutes. The  Apollo 7 
c o m n d  module would have been prevented from upr igh t ing  i f  one of  t he  t h r e e  bags had f a i l e d .  
While t h e  v e h i c l e  w a s  i n  t he  s t a b l e  I1 a t t i t u d e ,  water seeped through a f a u l t y  ha t ch  va lve ,  and 
t h e  tunne l  was flooded wi th  approximately 400 pounds of  water. As can be seen i n  f i g u r e  4-9, 
t he  flooded tunne l  adve r se ly  a f f e c t e d  t h e  connuand module c e n t e r  of  g r a v i t y ;  however, because a l l  
t h r e e  bags i n f l a t e d ,  t h e  v e h i c l e  uprighted.  
spacec ra f t .  
is  given in r e f e r e n c e  4-32. 

No problems wi th  t h e  system were encountered. 

The ha tch  va lve  des ign  w a s  changed f o r  a l l  subsequent 
Add i t iona l  information on the  development and performance of t h e  up r igh t ing  system 

4.4.4.5 Side a c c e s s  hatch.- The o r i g i n a l  Apollo s p a c e c r a f t  s i d e  ha t ch  was configured as 
shown i n  f i g u r e  4-10. 
t h e  e a r t h ' s  atmosphere and an i n n e r  p re s su re  hatch sea l ed  t h e  cabin.  
t h e  ha t ches  maintained the  c o n t i n u i t y  of t he  s t r u c t u r e  f o r  p red ic t ed  loads ,  thereby reducing t h e  
v e h i c l e  weight. Although t h e  ha t ch  design f u l f i l l e d  t h e  program requirements  r e l a t i v e  t o  normal 
Ingress-egress  and emergency eg res s ,  t h e  ha t ches  were awkward t o  handle  i n  a one-g environment 
s i n c e  they were not  hinged. 
s p a c e c r a f t  p re s su r i zed .  
a s t r o u s  Apollo I f i r e .  

An o u t e r  a b l a t i v e  ha t ch  provided t h e m 1  p r o t e c t i o n  during e n t r y  through 
With t h i s  two-hatch design,  

I n  add i t ion ,  t h e r e  was no p rov i s ion  t o  open t h e  inne r  ha t ch  with t h e  
The t ragedy of  no t  having this requirement was demonstrated i n  t h e  d i s -  

I n  the  per iod fol lowing the f i r e ,  t h e  command module main ha t ch  was redesigned t o  provide 
Although much heav ie r  and the  s ingle-piece,  hinged, quick-opening ha tch  shown i n  f i g u r e  4-11. 

more complex, t h e  redesigned main ha tch  w a s  used without d i f f i c u l t y  on a l l  of t he  Apollo manned 
missions.  D e t a i l s  of t h e  design and development of  t he  ha t ch  a r e  given i n  r e f e r e n c e  4-33. 

4.4.4.6 Experiment deployment mechanisms.- To accommodate o r b i t a l  s c i e n c e  equipment on 
Apollo 15,  16 ,  and 17, one s e c t i o n  of t h e  s e r v i c e  module w s s  modified t o  a l low i n s t a l l a t i o n  of 
a s c i e n t i f i c  instrument  nodule. The modules for t h e  t h r e e  missions included a v a r i e t y  of equip- 
ment such as cameras and spectrometers .  Two of t h e  modules contained a deployable  s u b s a t e l l i t e .  
Deployment devices  were developed f o r  a l l  t h r e e  nodules  t o  m v e  c e r t a i n  in s t rumen t s  away from t h e  
contaminat ion cloud t h a t  surrounded t h e  s p a c e c r a f t  o r  t o  extend antennas.  
a r t i s t ' s  concept of the  s p a c e c r a f t  i n  l u n a r  o r b i t  as configured f o r  t h e  Apollo 15 and 16  missions.  
Figure 4-13 shows t h e  Apollo 1 7  spacec ra f t  con f igu ra t ion .  
t h e  deployment mechanisms du r ing  f l i g h t  are discussed i n  s e c t i o n  3.3. 

Figure 4-12 is an 

Problems experienced with s e v e r a l  of 

4.4.5 Cryogenic Storage System 

A mult iple- tank cryogenic f l u i d  s t o r a g e  system mounted in t h e  s e r v i c e  module provided gase- 
ous  oxygen and hydrogen t o  the  f u e l  c e l l  power gene ra t ion  system and metabol ic  oxygen t o  t h e  crew 
v i a  t h e  environmental  c o n t r o l  system. The system f o r  missions through Apollo 13 contained two 
oxygen t anks  and two hydrogen tanks.  This design provided f o r  a n  emergency r e t u r n  t o  e a r t h  i n  
the  event  of t h e  l o s s  of a hydrogen tank,  an oxygen tank,  o r  both.  For Apollo 15 ,  16 ,  and 17 ,  
a t h i r d  tank was added f o r  both hydrogen and oxygen s t o r a g e  t o  provide f o r  more ex tens ive  oper- 
a t i o n a l  requirements a s  w e l l  as t h e  contingency requirement.  
two hydrogen tanks,  bu t  a t h i r d  oxygen t ank  was added f o r  redundancy a f t e r  t h e  f a i l u r e  of t h e  
Apollo 1 3  system. 

The Apollo 1 4  system contained on ly  

The s t o r a g e  of cryogenic  hydrogen and oxygen r equ i r ed  j u d i c i o u s  s e l e c t i o n  of p re s su re  v e s s e l  
ma te r i a l s .  A m a t e r i a l s  s c reen ing  program l e d  t o  the  s e l e c t i o n  of type 5Al-2.5 t i n - t i t an ium a l l o y  
f o r  t h e  hydrogen s t o r a g e  and Inconel 718 a l l o y  f o r  t he  oxygen s torage.  
l e c t e d  because they had a t t r a c t i v e  combinations of weight,  s t r e n g t h ,  and d u c t i l i t y ,  and were com- 
p a t i b l e  ove r  t h e  o p e r a t i n g  temperature  ranges. 

These m a t e r i a l s  were se- 
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X-ray and alpha-ray 
Spectrometer door . 

Gamma-ray spectrometer 
(note 2) 

Mapping 7 
(note 1) 

Mass spectrometer 

(note 2, 1 

Notes 

1. Mapping camera extended and retracted on rai ls with 
linear ball bushing, driven by screw with ball nut. 
2. Gamma-ray spectrometer and mass spectrometer 
extended and retracted on spiral-wrapped steel tape 
booms, driven by dual tape reels. 
3 .  Experiments were protected from optical and 
thermal control surface degradation during firing of 
adjacent service module reaction control system 
firings by mechanically actuated covers. 

Figure 4-12.- ApoIlo 15 command and service module in 
lunar orbit configuration. 
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VHF Y a g i w  \ 
(note 2) 

HF dipole antenna 

Notes - 
1. HF dipole antenna extended and retracted as interleaving steel 
tapes, driven by dual tape reels. Combined length when extended 
was approximately 80 feet. 
2. VHF Yagi multiple element antenna extended once and locked 
as a rigid, spring-loaded, hinged assembly. Not retractable. 
Extended length 103.8 inches. 

Figure 4-13.- ApoIlo 17 command and service module with antennas 
extended for lunar sounder experiment. 
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Several titanium a l l o y  pressure vesse l  problems occurred in the  e a r l y  developmental stages. 
These were (1) overly l a r g e  gra in  s i z e  (which was eliminated by a vendor change) and (2) prema- 
t u r e  f a i l u r e  during proof-pressure t e s t i n g  caused by a phenomenon hown as creep. 
thickness of the pressure vesse l  allowed c e r t i f i c a t i o n  of t h e  vessel f o r  f l i g h t .  Other problems 
resulted from hydride formation on var ious welds, d i s s i m i l a r  metals jo in ing ,  and q u a l i t y  cont ro l  
o f  electron-beam welding. 
resolve the problem. 

Increased w a l l  

I n  all cases ,  a materials or process change was found t o  adequately 

Uniform deplet ion of the  tank content was necessary so t h a t ,  a t  any t i m e  during s mission, 
emergency q u a n t i t i e s  of f l u i d  were ava i lab le  in each tank. 
i n t e r n a l  heaters. 
perforated t o  reduce weight. 
over the  aluminum sphere. 

E q u a l  deple t ion  was maintained by 
The o r i g i n a l  design f o r  the hea ters  was a concentr ic  aluminum sphere t h a t  w a s  

The heater element was a high-resistance f i lm (e lec t rof i lm)  sprayed 

High heat  r a t e s  from emal l  areas can r e s u l t  in zones of f l u i d  adjacent  t o  the heater with 
s i g n i f i c a n t  temperature and dens i ty  gradients .  
mally s t r a t i f i e d  zones and, under some f l u i d  condi t ions,  s i g n i f i c a n t  pressure decays can r e s u l t .  
The p o t e n t i a l  problem of thermal s t r a t i f i c a t i o n  w a s  circumvented by the i n s t a l l a t i o n  of a fan  
and heater combination instead of using the coated aluminum spheres. In  t h i s  design, a f a n  w a s  
i n s t a l l e d  a t  each end of a perforated,  c y l i n d r i c a l  tube, and t h e  heater element w a s  brazed in a 
barberpole manner around the tube. As a r e s u l t  of the Apollo 1 3  f a i l u r e ,  however, t h e  fan motors 
were removed from the  tanks t o  reduce p o t e n t i a l  i g n i t i o n  sources ( f ig .  4-14). 
f igura t ion ,  heat  w a s  t ransfer red  by n a t u r a l  convective processes. 

Vehicle acce lera t ions  can suddenly mix these ther- 

In the  f i n a l  con- 

The method of insu la t ing  t h e  tanks was  developed through extensive ana lys i s  and was optimized 
Tests -re conducted on removable outer  s h e l l s  that =re clamped by a comprehensive test program. 

together ;  then the e n t i r e  assembly was  placed in a vacuum chamber. 
rapid modification of the test a r t i c l e .  
sh ie ld  w a s  required t o  achieve the  spec i f ied  thennal performance. 
vided an intermediate  cold boundary l a y e r  v i t h i n  the insu la t ion .  
quences of insu la t ion ,  and the hydrogen tank had 20 sequences. One sequence consis ted of s i x  
l ayers :  th ree  of aluminum f o i l  (each 0.0005 inch t h i c k ) ,  two of paper, and one of f iberg lass .  
A l l  of the tanks were vacuum jacketed. 
0.020 inch was  found t o  withstand the  buckling s t r e s s e s  brought about by the  1-atmosphere load. 

By f a r  t h e  most ser ious  f l i g h t  problem was the  one t h a t  occurred during the  Apollo 1 3  mis- 
s ion  when oxygen tank 2 f a i l e d  a t  almost 56 hours i n t o  the  mission and caused the  l o s s  of the 
e n t i r e  cryogenic oxygen system, An accident inves t iga t ion  board determined t h a t  two pro tec t ive  
tank hea ter  thennal w i t c h e s  f a i l e d  closed during an abnormal detanking procedure p r i o r  t o  f l i g h t .  
Subsequent fan motor wire insu la t ion  damage caused a f i r e  in one of the oxygen tanks and subse- 
quent 106s of the system. 
el iminat ion of the fan m t o r s ,  included reducing o r  e l iminat ing i n t e r n a l  materials with r e l a t i v e l y  
low burning poin ts  (such as magnesium oxide, s i l i c o n e  dioxide, and Teflon). 

T h i s  configurat ion permitted 
These tests l e d  t o  the  conclusion t h a t  a vapor-cooled 

The vapor-cooled sh ie ld  pro- 
The oxygen tank had e ight  se- 

A monocoque outer  s h e l l  was  se lec ted ,  and a thickness  of 

The changes made as a r e s u l t  of the inves t iga t ion ,  i n  addi t ion  t o  the 

The development of the cryogenic s torage system resu l ted  in s i g n i f i c a n t  technological devel- 
opments f o r  cyrogenic appl ica t ions ,  p a r t i c u l a r l y  i n  fabr ica t ion  and welding of pressure vesse l  
s h e l l s ,  metallurgy associated v i t h  t i tanium creep and hydride formation, appl ica t ion  of vapor- 
cooled s h i e l d s  in high-performance insu la t ion ,  and vacuum acquis i t ion  and re ten t ion .  
these advances are d i r e c t l y  appl icable  t o  o ther  required cryogenic developmental programs. 
d i t i o n a l l y ,  p r e f l i g h t  a n a l y t i c a l  p red ic t ions  and aubsequent c o r r e l a t i o n s  with f l i g h t  d a t a  have 
contr ibuted much information on heat t r a n s f e r  end s t r a t i f i c a t i o n  of cryogens a t  low-gravity 
levels .  
formance of t h i s  system. 

Most of 
Ad- 

Reference 4-34 provides more d e t a i l e d  information regarding the  development and per- 

4.4.6 E l e c t r i c a l  Power System 

The e l e c t r i c a l  power system consis ted of a f u e l  cel l  power generation system, a b a t t e r y  
power system, and a power conversion and d i s t r i b u t i o n  system. 
of each system is discussed. 

The development and performance 

4.4.6.1 Fuel cel ls . -  The f u e l  cells provided a l l  e l e c t r i c a l  power required by the  command 
and service module from launch t o  couuuand m d u l e  separat ion p r i o r  t o  ent ry ,  although b a t t e r i e s  
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were avai lab le  f o r  power augmentation such as might be required during eerv ice  propulsion engine 
f i r ings .  

Before the  s e l e c t i o n  of a powr system t o  aeet the requirements of the Apollo program, 
var ious nuclear ,  chemical, and solar energy devices -re considered. The f u e l  cell system was 
se lec ted  because of its favorable developmental s t a t u s ,  r e l a t i v e l y  l i g h t  e i g h t ,  and grea t  op- 
e r a t i o n a l  f l e x i b i l i t y .  Following the tielection of f u e l  cells f o r  the primary p w e r  generat ion 
system, the  mission electrical energy requirements *re defined and mpecified as 575 kilowatt- 
hours of  energy from three  f u e l  cells a t  a minimum rate of 563 watts per  hour apd a maximum rate 
of 1420 w a t t s  per hour per f u e l  cell. 

The system contained three f u e l  cell mdules ,  each having four  d i s t i n c t  sect ions:  an energy 
conversion sec t ion  (the bas ic  ce l l  a tack) ,  a reac tan t  cont ro l  sect ion,  a thermal cont ro l  and 
water removal sec t ion ,  and the  required instrumentation. 
The f u e l  c e l l s  consumed hydrogen and oxygen from t h e  cryogenic s torage  system and produced elec- 
t r i c a l  energy, water, and heat. The electrical energy was  produced a t  a nominal 28 v o l t s  dc and 
was d i s t r i b u t e d ,  conditioned, and used throughout the  conmand and serv ice  module. The Water waa 
s tored  i n  tanks in t h e  comand m d u l e  aqd_.uged-_for dr inking and cooling. The heat produced by 
t h e  f u e l  cells was re jec ted  by means of r a d i a t o r s  around t h e  upper p a r t  of the  service mdule .  

Figure 4-15 shows one of the modules. 

The a v a i l a b l e  f u e l  cel l  technology a t  the beginning of the  program was  laadequate t o  fabr i -  
c a t e  an operable system that would be r e l i a b l e  under the  expected mission conditions. 
s i g n i f i c a n t  problems encountered in the  development of the f l i g h t  system are discussed. 

The more 

An e a r l y  developmental problem was leakage of e l e c t r o l y t e  a t  the periphery of the u n i t  c e l l  
( f ig .  4-16). The e l e c t r o l y t e  is  highly concentrated potassium hydroxide, a very corrosive solu- 
t i o n  that i s  d i f f i c u l t  t o  contain. The use of Teflon as a seal material and the  incorporation 
of design improvements eliminated the leakage problem. 

The two ha l f  c e l l s  (e lectrodes)  t h a t  formed the s ing le-ce l l  assembly ( f ig .  4-16) were com- 
posed of dual-porosity s in te red  n icke l  formed from nickel  powder t h a t  was pressed i n t o  sheets. 
The  liquid-electrolyte/gas-reactant i n t e r f a c e  waa maintained within the  s in te red  niclrel by means 
of a control led 10.5-psi pressure d i f f e r e n t i a l  between t h e  e l e c t r o l y t e  and the  reac tan t  compart- 
ments. I f  e i t h e r  t h e  hydrogen o r  oxygen gas pressure was more than 2.5 p s i  below or 1 5  p s i  above 
the e l e c t r o l y t e  pressure,  a breakdown of the l iqu id /gas  i n t e r f a c e  was possible. I n  the  e a r l y  de- 
s ign  s tages ,  many e l e c t r o l y t e  leaks  developed that allowed potassium hydroxide t o  e n t e r  the gas- 
reactant  c a v i t i e s .  As a r e s u l t ,  individual  c e l l s  f a i l e d  t o  maintain an e l e c t r i c a l  load. The 
manufacturing procedure was changed t o  obtain a -re uniform porosi ty  of  the  n icke l  e lec t rodes ,  
thus increasing the  bubble pressure and decreasing s u s c e p t i b i l i t y  t o  flooding. Also, a coat ing 
of lithium-impregnated n icke l  oxide was  added t o  the  e l e c t r o l y t e  s i d e  t o  i n h i b i t  oxidation. 
modest improvements helped, but the fundamental problem of  ground test cell f looding caused by 
gas pressure imbalance remained throughout the program. 
minimized by improved ground support equipment, better gas d i s t r i b u t i o n  systems, improved test 
procedures, and -re c a r e f u l  handling. 

These 

"his ground test opera t iona l  defect  was 

The f u e l  c e l l  showed signs of internal shor t ing  during q u a l i f i c a t i o n  tes t ing .  The cause 
was the  formation of n icke l  dendri tes  between the electrodes due t o  electrochemical react ion.  
The reac t ion  rate was found t o  be dependent upon temperature and time. 
procedures Were changed t o  minimize f u e l  cel l  operat ion during cel l  buildup and launch checkout. 
The problem did not  recur  a f t e r  thls change. 

Therefore, operat ional  

An accumulator was provided as p a r t  of the water/glycol coolant system t o  maintain a constant 
coolant pressure without regard t o  the volumetric changes due t o  coolant  temperature var ia t ions .  
T h i s  pressure was cont ro l led  by a f l e x i b l e  bladder that imposed a regulated ni t rogen blanket pres- 
sure on t h e  coolant  system. During ground tests using b o i l e r p l a t e  spacecraf t  14, thermal expan- 
s ion  of t h e  water /glycol  extended the accumulator bladder t o  its dimensional l i m i t ,  causing t h e  
coolant pressure t o  increase. 
problems were encountered thereaf te r .  

A l a r g e r  accumulator was added t o  production f u e l  c e l l s  and no 

The e l e c t r o l y t e ,  80 percent potassium hydroxide, w a s  a porous s o l i d  a t  ambient temperature. 
Therefore, small q u a n t i t i e s  of reac tan t  gases could permeate the  e l e c t r o l y t e  as i t  dr ied  and hard- 
ened during shutdown of the  f u e l  cell .  The e a r l y  method of shutdown depressurizat ion w a s  t o  open 
the reactant-gas purge valves  and thereby rap id ly  reduce c e l l  pressure. When the  c e l l s  were rap- 
i d l y  depressurized, the  expansion of the trapped gases could break the  bond between the  e lec t rode  
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and the  s o l i d i f i e d  potassium hydroxide. 
a bubble between the e l e c t r o l y t e  and the  electrode. 
caused a decrease i n  performance. 
the c e l l  reactant  gases eliminated t h e  bubbles, because the  trapped gases could d i f f u s e  out 
slowly from the  s o l i d i f y i n g  e lec t ro ly te .  

On restart of the  c e l l ,  the  trapped reac tan t  gas formed 
T h i s  reduced the a c t i v e  e lec t rode  area and 

Careful adherence t o  a control led,  slow repressur iza t ion  of 

During acceptance tests, severa l  of the water/glycol pumps tended t o  s t i c k  on i n i t i a l  f u e l  
c e l l  s t a r t .  Examination of f a i l e d  pumps shoved that, during a f i n a l  flush-and-dryout procedure 
before  s torage,  a reaidue was l e f t  on the  shaf t .  Therefore, the  s h a f t  could not  r o t a t e  because 
the pump had a low (4 inch-ounce) s t a r t i n g  torque. 
the  residue would d isso lve  and the f a i l u r e  did not occur during operation. 
dryout procedure was adopted and the residue problems ended. 

After  the water/glycol pumps were started, 
A new rinse-and- 

Two reactant  purge por t s ,  one f o r  hydrogen and one f o r  oxygen, were provided on each f u e l  
c e l l  t o  allow purging of impur i t ies  (nonreactant gases) t h a t  accumulated i n  i n t e r n a l  c e l l  reac- 
t a n t  cav i t ies .  During t e s t i n g  with airframe 008, water vapor condensed and f roze  a t  the  purge 
opening under extreme thermal condi t ions,  preventing f u r t h e r  hydrogen purging. To c o r r e c t  the  
condition, two hea ters ,  connected e l e c t r i c a l l y  in p a r a l l e l  f o r  redundancy, were added t o  subse- 
quent f l i g h t  vehicles .  The hea ters  were ac t iva ted  20 minutes before a f u e l  c e l l  hydrogen purge 
and turned off  10 minutes a f t e r  the purge was terminated. 

Only one f u e l  c e l l  problem w a s  encountered during the  Block I comand and serv ice  m d u l e  
f l i g h t s .  
be caused by inadequate r a d i a t o r  coolant loop servicing,  which permitted gas bubbles t o  remain 
in the syeten and caused the  coolant pump t o  cavi ta te .  Improved servicing and checkout proce- 
dures corrected the problem. 

Cooling system temperature excursions observed during t h e  AS-202 mission were found t o  

Condenser e x i t  temperature problems were experienced on most of the e a r l y  Block I1 f l i g h t s  
through Apollo 10. 
f u e l  c e l l  hydrogen loop; the condenser e x i t  temperature determined the  pos i t ion  o f  a secondary 
coolant loop bypass valve and y.6, therefore ,  a prime determinant of the  thermal condi t ion of the  
f u e l  c e l l .  The combination of coolant ,  corrosion I i W b i t o r s ,  and aluminum plumbing caused t h e  
formation of a ge la t inous  product over long dormant periods. The formation of  t h i s  product i n  
the coolant loop on Apollo 7 and 9 af fec ted  secondary loop bypass valve performance. 
procedures vere revised to  service the coolant  system a t  the  Kennedy Space Center as la te  as 
possible  p r i o r  t o  launch and t o  sample the coolant loop f lu id .  The r a d i a t o r s  Yere hand-vibrated 
and flushed i f  any of the coolant samples were  questionable. The f u e l  cells f o r  Apollo 11 and 
subsequent spacecraf t  uere r e t r o f i t t e d  with Block I bypass valves  which were s h a m  by tests t o  
be less suscept ib le  t o  contamination than the improved Block I1 valves. 

The f u e l  cel l  condenser served as a means of cont ro l l ing  the humidity of the 

Servicing 

Another condenser e x i t  temperature problem was  observed on the Apollo 1 0  mission. The con- 
denser e x i t  temperature o s c i l l a t e d  wel l  out  of the normal cont ro l  band during lunar  o r b i t  and 
caused repeated caut ion and warning system alarms. Inves t iga t ion  showed (1) t h a t  the  f u e l  c e l l  
thermal cont ro l  system was marginally s t a b l e  under c e r t a i n  condi t ions of high loads and low ra- 
d i a t o r  temperatures such as those experienced during lunar  o r b i t  dark-side passes and (2) t h a t  
thermal o s c i l l a t i o n s  could be induced if tbe system w a s  adequately "shocked." 
in ground tests by a l t e r n a t e l y  stopping-and s t a r t i n g  the coolant pump while i n  the  proper f u e l  
cell  operat ing conditions. Analysis determined t h a t  the  shock, o r  t r i g g e r ,  f o r  the  i n f l i g h t  os- 
c i l l a t i o n s  was the  r e s u l t  of water slugging out of the condenser in l a r g e  subcooled q u a n t i t i e s  
rather than in the  uniformly s ized  drople t s  that had alvays been observed i n  ground operations. 
Although nothing could be done t o  prevent t h i s  zero-gravity phenomenon from recur r ing  (which it 
did,  several times), procedure8 uera developed t o  s top the  o s c i l l a t i o n s  when they occurred, and 
the circumstances necessary t o  develop o s c i l l a t i o n s  -re c a r e f u l l y  avoided whenever possible. 
Temperature o s c i l l a t i o n s  uere not observed on f l i g h t s  a f t e r  Apollo 10. 

This was simulated 

The ingest ion of hydrogen goe i n t o  th drinking va=aused discomfort t o  the-crevmen u n t i l  
a hydrogen gan separator  w a s  developed and added t o  the dr inking water system. T h i s  device re- 
wved a muff ic imt  amount of hydrogen from the water so that it w a 8  no longer a ser ious  problem 
t o  the crewmen. 
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The f u e l  cel l  proved t o  be a r e l i a b l e  and v e r s a t i l e  electrical power generation device in 
the  Apollo program. 
t i o n  and in the  space environment, and met all e l e c t r i c a l  demands imposed on it. When problems 
did occur, the  redundancy of the f u e l  cells prevented ca tas t rophic  r e s u l t s ,  and t h e  extreme op- 
e r a t i o n a l  f l e x i b i l i t y  of the  system usual ly  permitted operat ion in modes t h a t  obviated o r  mini- 
mized the  l ikel ihood of recur ren t  f a i l u r e s .  Additional information on the f u e l  cel l  power gen- 
e r a t i o n  system is contained in reference 4-35. 

The f u e l  c e l l  operated s a t i s f a c t o r i l y  during spacecraf t launch/boost vibra-  

4.4.6.2 Batteries.- As s t a t e d  previously, b a t t e r i e s  were used t o  augment the f u e l  c e l l 8  
during periods of U g h  cur ren t  demand. 
loads  t h a t  had t o  be i s o l a t e d  from the  main buses, (2) t o  supply electrical power after j e t t i -  
soning of t h e  serv ice  module, and (3) t o  provide power f o r  pyrotechnic devices. 

Bat tery power was ale0 used (1) t o  supply l o r r l c v e l  

The ba t te ry  complement on manned missions through t h e  Apollo 1 3  mission consis ted of f i v e  

The remaining two (pyro- 
s i lver -oxidefz inc  b a t t e r i e s  located in t h e  consnand module. 
b a t t e r i e s )  were ra ted  a t  40 ampere-hours each and uere rechargeable. 
technic  b a t t e r i e s )  were each capable of supplying approximately 2 ampere-hwrs of energy. 
spec i f ied  capabi l i ty  was 0.75 ampere-hour.) 
t e m  f a i l u r e ,  an auxi l ia ry  b a t t e r y  having a capaci ty  of 400 ampere-hours vas i n s t a l l e d  i n  the ser- 
v i c e  module f o r  the Apollo 14 and subsequent missions. This b a t t e r y  could have provided 1 2  k i lo-  
watt-hours of emergency energy and could have been connected t o  the  comnand module main busee 
through the d i s t r i b u t i o n  system f o r  f u e l  c e l l  2. 

Three of these  (entry-and-postlandig 

(The 
A s  a r e s u l t  of the  A p o l l o  13  cryogenic oxygen sys- 

The requirements es tab l i shed  f o r  the  Ape110 couanand and service module b a t t e r i e s  were w e l l  
wl thin the  e x i s t i n g  s t a t e  of the art f o r  b a t t e r i e s ;  hence, no unique problems were i d e n t i f i e d  u r  
experienced during b a t t e r y  development and q u a l i f i c a t i o n  during short-time unmanned f l i g h t s .  

The only s i g n i f i c a n t  b a t t e r y  problems on the operat ional  f l i g h t s  r e s u l t e d  from t h e  use of a 
r e l a t i v e l y  new type of nonabsorbent separator  (Permion 307) in the  cumnand module entry-and-post- 
landing b a t t e r i e s  and from f a i l u r e  t o  v e r i f y  the  e f fec t iveness  of t h e  battery-charging system f o r  
those b a t t e r i e s .  These two f a c t o r s  j o i n t l y  resu l ted  i n  severe undervoltage on t h e  command module 
main buses a t  command modulelservice module separat ion during t h e  Apollo 7 mission. 
so lu t ion  of these problems f o r  the  f l i g h t  of Apollo 11 was achieved by rever t ing  t o  the  or igin-  
a l l y  used absorbent cellophane separator  material and by r a i s i n g  the output  vol tage of the com- 
mand module b a t t e r y  charger. 
Apollo 6 f l i g h t  ( there  was  i n s u f f i c i e n t  d a t a  t o  prove a ba t te ry  f a i l u r e ) ,  no c o m n d  and serv ice  
module b a t t e r y  f a i l u r e  occurred i n  any f l i g h t .  
on ba t te ry  performance. 

The f i n a l  

With the  possible  exception of an a u x i l i a r y  b a t t e r y  i n  t h e  unmanned 

Reference 4-36 contains  mre deta i led  information 

4.4.6.3 Power conversion and d is t r ibu t ion . -  Two systems f o r  p e r  conversion and d is t r ibu-  
The f i r s t  was used i n  the  launch escape 

The design philosophy f o r  t h i s  
Thus, the design was  q u i t e  

t i o n  were designed and flown during the  Apollo program. 
vehic le  test program conducted a t  the  White Sands Missile Range. 
system was based upon re turn ing  performance d a t a  f o r  e v a l u a t l m .  
simple and NASA f a c i l i t i e s  were used f o r  fabr ica t ion .  The second w a s  the opera t iona l  system . 
used on the manned Apollo f l i g h t s .  Since high r e l i a b i l i t y  w a s  required t o  assure  crev safe ty ,  
t h i s  system was more complex and was fabr ica ted  by t h e  conmand and serv ice  module contractor .  

a. System f o r  e a r l y  development f l i g h t s :  Off-the-shelf hardware components t h a t  had been 
This qual i f ied  on previous space programs were used in the launch escape vehic le  test program. 

assured e a r l y  de l ivery  and l o w  cos t  as well as giving a high probabi l i ty  t h a t  these assemblies 
would pass t h e  Apollo environmental q u a l i f i c a t i o n  tests a f t e r  having been i n s t a l l e d  i n  higher 
l e v e l  assemblies. As an example, the relays, connectors, wire, cur ren t  shunts, and fuses  were 
qua l i f ied  in the Mercury program. The fuse holders  were qua l i f ied  in  the X-15 a i r c r a f t  program. 

A l l  loads were protected by fuses  except those t h a t  were e s s e n t i a l  t o  the  primary mission 
object ives .  The philosophy was t h a t ,  i f  a load vas of secondary importance and could shor t  c i r -  
c u i t ,  a fuse  should be in the l i n e  t o  r e m v e  the shorted load from the bus, tbereby allowing the  
o ther  loads t o  operate  properly. 
could cause the l o s s  of the primary mission objec t ives  and, thus, i t  did not matter  whether the 
load was fused o r  not. Also, s ince r e l i a b i l i t y  ana lys i s  showed that a fuee would be oae mre 
series element t h a t  could f a i l ,  the  loads of primary importance were not fused. In addi t ion  t o  
the hardware s e l e c t i o n  and c i r c u i t  design considerat ions,  redundancy and f a i l - s a f e  techniques e r e  
used, good wiring prac t ives  were followed, and good q u a l i t y  cont ro l  vas  maintained. No f l i g h t  
f a i l u r e s  occurred in t h i s  system. 

I f  the  load was of primary importance, however, a shor t  c i r c u i t  
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b. Opera t iona l  system: The o p e r a t i o n a l  system used on the  manned Apollo f l i g h t s  took 
longer  t o  des ign  because,  w i th  the  manned mission requirement,  a s t r i c t e r  design philosophy w a s  
followed t o  a s s u r e  crew s a f e t y .  

Although a g r e a t  d e a l  of t he  r equ i r ed  system r e l i a b i l i t y  w a s  achieved through t h e  des ign  
i t s e l f ,  performance w a s  enhanced by ex tens ive  t e s t i n g  of i n d i v i d a u l  components, s e p a r a t e  asseue 
b l i e s ,  the t o t a l  d i s t r i b u t i o n  system, and the  entire veh ic l e .  I n  a d d i t i o n  t o  e v a l u a t i o n  and de- 
s i g n  proof tests, a random product ion sample of each component was sub jec t ed  t o  a series of  elec- 
t r i c a l ,  mechanical, and environmental  tests be fo re  c e r t i f y i n g  t h a t  p a r t  f o r  f l i g h t .  F i n a l l y ,  
va r ious  s e l e c t e d  parameters  of  each component o r  assembly were measured du r ing  acceptance test- 
i n g  be fo re  i n s t a l l a t i o n  of  the components i n t o  h ighe r  level assemblies.  

The d i r ec t - cu r ren t  d i s t r i b u t i o n ,  designed around two i s o l a t e d  main buses,  received power 
from any combination of  t h r e e  f u e l  cells and/or t h r e e  command module b a t t e r i e s .  
were connected t o  each but?, nonredundant cr i t ical  loads  were connected t o  bo th  buses  through iso- 
l a t i o n  diodes,  and n o n c r i t i c a l  l o a d s  were connected t o  e i t h e r  bus as r equ i r ed  t o  equa l i ze  t h e  
loads.  This conf igu ra t ion  p reva i l ed  u n t i l  the  Apollo 13 f a i l u r e  h igh l igh ted  the need f o r  t he  
a d d i t i o n a l  b a t t e r y  t h a t  was i n s t a l l e d  in t he  s e r v i c e  module f o r  t he  Apollo 14 through 17  missions,  

Redundant l o a d s  

Based on t h e  experience of  t he  Mercury and Gemini programs, wherein it was demonstrated t h a t  
many of t h e  i n f l i g h t  t a s k s  d id  not need t o  be automated, a u t o n a t i c  func t ions  in t he  e l e c t r i c a l  
power system were kept  t o  a minimum. The only func t ions  t h a t  e r e  automated were those which had 
t o  be i n i t i a t e d  f a s t e r  than a crewman could react. For in s t ance ,  t h e  power system was designed 
t o  connect t he  cormnand module b a t t e r i e s  t o  the  buses au tomat i ca l ly  i n  the  event  of a pad abor t .  

The a l t e rna t ing -cu r ren t  d i s t r i b u t i o n  system contained c i r c u i t r y  t o  disconnect  a bus from i ts  
source au tomat i ca l ly  i f  t he  vo l t age  became too  high. 
ment, e s p e c i a l l y  semiconductor devices ,  can be damaged by in s t an taneous  excess ive  vol tage.  The 
a l t e rna t ing -cu r ren t  s enso r  and a s soc ia t ed  c i r c u i t r y  t h e r e f o r e  monitored each a l t e r n a t i n g - c u r r e n t  
bus f o r  vo l t age  and c u r r e n t .  I f  t he  vo l t age  became too  low o r  t he  c u r r e n t  t oo  g r e a t ,  t he  senso r  
s igna led  t h e  crew, n o t i f y i n g  them of the need f o r  ac t ion .  
high vo l t age ,  t h e  c i r c u i t  au tomat i ca l ly  removed the  a f f e c t e d  bus from the i n v e r t e r  and s igna led  
t h e  crew regarding the changeover. 

This was necessary because e l e c t r i c a l  equip- 

I f  t he  c i r c u i t  sensed an abnormally 

P 
D i s t r i b u t i o n  of a l t e r n a t i n g  c u r r e n t  was achieved through a system similar t o  t h a t  of  t h e  

d i r ec t - cu r ren t  system. Three s ta t ic  dc-to-ac three-phase i n v e r t e r s  provided a l t e rna t ing -cu r ren t  
f o r  t he  v e h i c l e ,  each phase f u r n i s h i n g  115-volts at 400 her t z .  
was capable  of providing 1250 volt-amperes of power, more power than was r equ i r ed  f o r  t he  e n t i r e  
veh ic l e ,  t h r e e  were i n s t a l l e d  f o r  increased r e l i a b i l i t y .  During normal ope ra t ion ,  two i n v e r t e r s  
suppl ied power while  t he  t h i r d  i n v e r t e r  remained on standby. 

Although each o f  t he  i n v e r t e r s  

A l t e r n a t i n g  and d i r e c t  c u r r e n t  were used t o  provide power t o  t h e  b a t t e r y  cha rge r  used t o  
charge t h e  t h r e e  cormnand module entry-and-postlanding b a t t e r i e s .  
pwer  €or  emergencies and f o r  recovery a i d s  a f t e r  landing,  t h e  b a t t e r i e s  were recharged as soon 
a s  p o s s i b l e  a f t e r  each use. 

To provide maximum r e se rve  

Fuses,  c i r c u i t  breakers ,  and senso r s  were a l l  used so that f a u l t y  loads  could be removed from 
t h e  bus and t h e  sou rces  p ro tec t ed  from downstream f a i l u r e s .  
manded t h a t  f a i l u r e s  not be allowed t o  propagate t o  o t h e r  areas and that the  sources  and buses 
be protected.  

Kission success  and crew s a f e t y  de- 

The e l e c t r i c a l  power d i s t r i b u t i o n  system performed s a t i s f a c t o r i l y  throughout t he  f l i g h t  pro- 
gram. Further information may be obtained from re fe rence  4-37. 

4.4.7 Propuls ion Systems 

The comnand and a e r v i c e  module propuls ion systems cons i s t ed  of the s e r v i c e  propuls ion system, 
ueed f o r  m j o r  v e l o c i t y  changes, and two s e p a r a t e  r e a c t i o n  c o n t r o l  systems, one in the comand 
nudule and one in the  s e r v i c e  module. 
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4.4.7.1 Service propulsion system.- Early requirements f o r  the wrvice ldodule included ver- 
n i e r  and main propulsion systems f o r  a d i r e c t  lunar  landing p r o f i l e .  
was t o  cons is t  of severa l  i d e n t i c a l  sol id-propel lant  motors which would provide t h r u s t  f o r  t rans-  
lunar  abort  and lunar  ascent. 
minal descent. These requirements were changed ear ly  in 1962 t o  spec i fy  a s i n g l e  eervice m d u l e  
engine. 
could include s i n g l e  o r  m l t i p l e  t h r u s t  chambers. The eervice propulsion system was t o  be capa- 
b l e  of providing f o r  abor t  a f t e r  j e t t i s o n  of t h e  launch escape system, f o r  launch from t h e  lunar 
sur face ,  and f o r  midcourse cor rec t ions  during e a r t h  re turn .  

The main propulsion system 

A eeparate  w d u l e  was t o  be designed that would provide f o r  ter- 

Earth-storable l i q u i d  hypergolic propel lan ts  were t o  be used by the new eystem, which 

When the lunar  o r b i t  rendezvous mode was se lec ted  over the d i r e c t  lunar  landing mode i n  
Ju ly  1962, the serv ice  propulsion system requirements were reduced t o  provide f o r  midcourse cor- 
rec t ions ,  lunar-orbit i n s e r t i o n ,  and t ransear th  i n j e c t i o n .  The  f i n a l  se rv ice  propulsion system 
design had a s i n g l e  pressure-fed-liquid rocket engine which used ni t rogen t e t r o x i d e  a6 the  oxi- 
d i z e r  and hydrazine (Aerozine-50) as the f u e l .  
in the serv ice  module. The tank pressurant  gas was helium, which w a e  eupplied from two b o t t l e s  
loca ted  i n  the  center  bay of the serv ice  module. 
f o r  the helium supply system were mounted on a panel in one of the  serv ice  module bays. A pro- 
p e l l a n t  u t i l i z a t i o n  and gaging system was used t o  maintain the cor rec t  oxidizer- to-fuel  r a t i o  
f o r  the  engine. 

The propel lan ts  were s tored  in four tanks located 

I s o l a t i o n  valves ,  check valves .  and regula tors  

I n  the e a r l y  stages of system development, materials and processes were invest igated.  Mate- 
r ia l -proper t ies  research w a s  conducted t o  determine t h e  e m i s s i v i t i e s  of nozzle and nozzle-coating 
mater ia ls .  Tube brazing and weld techniques were improved by means of propellant-metal compati- 
b i l i t y  s t u d i e s  and b r a z i n g e l d i n g  meta l lurg ica l  inves t iga t ions .  
rials were selected af ter  the completion of  labora tory  tests t h a t  l imi ted  t h e  materials list be- 
f o r e  t h r u s t  chamber t e s t i n g .  Laboratory s t u d i e s  were conducted on 42 p o t e n t i a l  t h r u s t  chamber 
mater ia l  samples; t h e  s t u d i e s  included high-temperature vacuum t e s t s  and thermal- and s t ruc tura l -  
p roper t ies  inves t iga t ions .  Seal materials f o r  propel lan t  equipment were se lec ted  a f t e r  inves t i -  
gat ion of elastomer and pseudoelastomer compounds t o  screen f o r  propel lan t  compat ibi l i ty ,  maell, 
creep, r e s i l i e n c e ,  and o ther  seal proper t ies .  

Thrust chamber a b l a t i v e  mate- 

Zero-gravity propel lant  motion problems were invest igated by means of t h e o r e t i c a l  and exper- 
imental research in f l u i d  mechanics. 
techniques f o r  e a r t h  simulation of zero-gravity e f f e c t s  on t h e  propel lant  and an improvement i n  
the  understanding of fundamental phenomena. 

The goals  of t h i s  research were new modeling and sca l ing  

The complete propulsion system w a s  subjected t o  a test program using heavyweight test r i g s  
and a f l ight- type system at  the White Sands Test F a c i l i t y .  
condi t ions and explored the  f u l l  range of  p o t e n t i a l  system use. 
marily through simulated a l t i t u d e  t e s t i n g  a t  t h e  Arnold Engineering Development Center. 

These tests were conducted a t  ambient 
The engine was q u a l i f i e d  pr i -  

Throughout the engine development and q u a l i f i c a t i o n  phase, many configurat ion changes oc- 
curred as a r e s u l t  of knowledge gained in the  test programs. One of the more s i g n i f i c a n t  changes 
resu l ted  i n  the  incorporat ion of a baf f led  i n j e c t o r  t o  reduce the r i s k  of combustion i n s t a b i l i t y .  

Q u a l i f i -  I n f l i g h t  t e s t i n g  w a s  the  f i n a l  phase of the  serv ice  propulsion system development. 
ca t ion  of the  system under a l l  space-operational condi t ions was  attempted during the  ground test 
program, 
vented complete demonstration of system performance. 
used conservat ively in the e a r l y  f l i g h t s .  
operat ing modes and system demands were increased. 

However. the imprac t icabi l i ty  of simulating a l l  space condi t ions i n  ground tests pre- 
Thus, t h e  serv ice  propulsion system was 

As the  f l i g h t  program progressed, t h e  complexity of 

Several notable  problems were encountered during the  f l i g h t  program. F i r s t ,  t h e  propel lant  
gaging system, while operat ing as designed, was  not matched t o  the system in a manner t h a t  allowed 
a d i r e c t  reading of a c t u a l  propel lan ts  without cor rec t ion  throughout the  mission. T h i s  required 
i n t e r p r e t a t i o n  of  indicated q u a n t i t i e s  by system s p e c i a l i s t s  and was a source of  crew i r r i t a t i o n  
on severa l  missions. 
during propel lant  loading resu l ted  in unusual start t r a n s i e n t s  on the  Apollo 8 mission. Improved 
engine bleed provisions were incorporated on l a t e r  spacecraf t .  I n  another  case,  t h e  engines were 
re-or i f iced t o  e l iminate  unbalance between the  propel lant  flow rates. P r i o r  t o  t h e  re -or i f ic ing .  
the  propel lant  u t i l i z a t i o n  valve was used t o  cor rec t  the  unbalance. These and o ther  problems 
noted during the  operat ional  phase of the program are discussed i n  more d e t a i l  i n  reference 4-38. 

Secondly, incomplete bleeding of gas trapped in the  engine and feedl ines  
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The most s i g n i f i c a n t  lesson t h a t  was  learned from the service propulsion system development 
program was  the  need t o  f i r s t  develop bas ic  technology f o r  propulsion systems before i n i t i a t i n g  
fu l l - sca le  hardware designs. Besides the an t ic ipa ted  technica l  problem such as engine perform- 
ance and combustion i n s t a b i l i t y ,  schedule delays were experienced during hardware development, 
and these delays genera l ly  =re associated with the  high r e l i a b i l i t y  requirements of the Apollo 
program and the lack  of experience with the propel lan ts  and t h e i r  e f f e c t s  on materials. 

4.4.7.2 
t o  include a t t i t u d e  cont ro l ,  s t a b i l i z a t i o n ,  propel lant  s e t t l i n g  f o r  the aforementioned v e r n i e r  
propulsion system, and minor ve loc i ty  correct ions.  
sure  fed,  and was t o  use s t o r a b l e  hypergolic propel lants .  When these requirements were changed 
t o  d e l e t e  the v e r n i e r  propulsion system, a requirement w a s  added t o  provide (1) u l l a g e  maneuvers 
(propel lant  s e t t l i n g )  f o r  the serv ice  propulsion system and (2) a deorb i t  c a p a b i l i t y  t o  back up 
t h a t  of the  serv ice  propulsion system. The redundant system concept was a l s o  expanded such t h a t  
the  command module reac t ion  cont ro l  system consis ted of two independent systems and t h e  service 
module reac t ion  cont ro l  system consis ted of four independent systems, each having a four-engine 
c l u s t e r  (quad). 

Reaction c o n t r o l  systems.- I n i t i a l l y ,  the  reac t ion  cont ro l  system c a p a b i l i t i e s  were 

The system was  t o  be pulse modulated and pres- 

The b a s i c  design of the  conrmand and serv ice  m d u l e  react ion cont ro l  systems was not changed 
appreciably from the o r i g i n a l  concepts. 
cont ro l  system w a s  t o  increase t h e  propel lant  s torage capaci ty  of the Block I1 system by adding 
one addi t iona l  f u e l  tank and one addi t iona l  ox id izer  tank t o  each quad assembly. 

The only major change t o  the  serv ice  module reac t ion  

In each serv ice  module reac t ion  cont ro l  system assembly. high-pressure (4150 psia)  helium 

After  being regulated t o  the  desired working pressure 
was s tored  in a spher ica l  t i tanium a l l o y  tank. 
t r o l l e d  i s o l a t i o n  valves  t o  regulators .  
(181 p s i a ) ,  the helium passed through check valves  and i n t o  t h e  gas s i d e  of t h e  propel lant  tanks. 
Pressure r e l i e f  valves  were provided between t h e  check valves  and the  propel lant  tanks t o  prevent 
overpreseurizat ion of the  tanks. The propel lant  forced from the  propel lant  tanks by the collaps- 
ing bladders flowed through solenoid-controlled i s o l a t i o n  valves and in- l ine  f i l t e r  assemblies 
i n t o  the engine assemblies. 
tion-cooled, 100-pound thrus t  u n i t .  The serv ice  module reac t ion  cont ro l  system a l s o  included 
heater  assemblies and cont ro ls  t o  maintain s a f e  operat ing temperatures i n  the  systems, many ac- 
cess  p o r t s  f o r  checkout and serv ic ing ,  and an instrumentation system, including a propel lant  
quant i ty  gaging system, t o  monitor system performance. 

The h e l i u m  f l a r e d  through two-way solenoid-con- 

Each of  the four  engines on each quad was  a pulse-modulated, radia- 

The cownand module reac t ion  cont ro l  system vas similar t o  the service module system with the 
tollowing excepriuns. 
viding en t ry  control .  
r a t h e r  than solenoid valves. 
f o r  i s o l a t i n g  the helium supply. 
i s o l a t i o n  valves  were i n s t a l l e d  in t h e  propel lant  feedl ines  between the tanks and t h e  solenoid- 
type propel lant  i s o l a t i o n  valves. 
module reac t ion  cont ro l  system a l s o  had provis ions f o r  interconnect ing the  two redundant systems. 
AdditionaIly, the propel lan ts  and t h e  pressurizing gas could be dumped rap id ly  in case of an 
abort .  

IT had two r a t h e r  than faur  independent assemblies. each capable of pm- 
The system a l s o  had pyrotechnic, normally closed, helium i s o l a t i o n  valves  

These valves  were opened j u s t  before en t ry  and no provis ion was  made 
To provide sea l ing  of the  system before we, burst-disk-type 

The l imi ted- l i fe  engines were a b l a t i v e l y  cooled. The comand 

Although none of the components were off-the-shelf items, most of them vere  s t a t e  of  the  a r t .  
For these, t h e  development program w a s  r a t h e r  s t ra ightforward and usual ly  consis ted of  (1) tests 
of pre-prototype hardware t o  def ine the design, (2) a design v e r i f i c a t i o n  test of prototype hard- 
ware t o  v e r i f y  design adequacy, and (3) q u a l i f i c a t i o n  tests t o  demonstrate the  adequacy of  produc- 
t ion hardvare. 

I n  addi t ion  t o  the camponent tests, a considerable number of s y s t e w l e v e l  tests was conducted. 
Several of the syatem-level tests cons t i tu ted  a par t  of the formal c e r t i f i c a t i o n .  
l e v e l  evaluat ions included system performance demonstration t e s t s ,  v i b r a t i o n  tolerance demonstra- 
t i o n  tests, and thermal vacuum tests. 
contained in reference 4-39. 

The system- 

A deta i led  discussion of the system-level test program ie 

. 
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A c e r t i f i c a t i o n  and q u a l i f i c a t i o n  test program was conducted f o r  each component in the  c o l p  
mand and service module reac t ion  cont ro l  system. 
c a p a b i l i t y  t o  withstand exposure t o  temperature, vacuum, v ibra t ion ,  shock, propel lan ts ,  and ac- 
c e l e r a t i o n  condi t ions,  and demonstrations of opera t iona l  c a p a b i l i t y  such as func t iona l  cycl ing,  
proof pressure tests, leakage tests, and pressure-drop tests. Tests were a lso  conducted t o  d e w  
o n s t r a t e  tolerance t o  p a r t i c u l a t e  contamination and t o  determine the quant i ty  of contaminants 
generated. Additionally, se lec ted  components were t e s t e d  under condi t ions t h a t  were mre severe 
than those expected during f l i g h t ,  including v ibra t ion  t o  1.5 times the normal q u a l i f i c a t i o n  
l e v e l s  and pressur iza t ion  t o  the component burs t  point. A number of problems encountered during 
these tests necess i ta ted  modifications or imposed operat ional  l imi ta t ions .  

These tests included a demonstration of the 

Tro hardware f a i l u r e s  occurred during f l i g h t  missions in the  serv ice  module reac t ion  cont ro l  

Because many of these f a i l u r e s  
system and f i v e  in the  cormrand module reac t ion  cont ro l  system. 
type f a i l u r e s ,  a l l  on t h e  cormrand m d u l e  reac t ion  cont ro l  system. 
occurred on e a r l y  missions t h a t  were flown a t  the same t i m e  t h a t  the q u a l i f i c a t i o n  and system- 
l e v e l  ground tests were being conducted, the f a i l u r e s  yere not unique t o  f l i g h t  experience. 
f a i l u r e s  experienced only  in f l i g h t  are discussed in the  following paragraphs. 

There were also f i v e  e l e c t r i c a l -  

Those 

Apollo 7 p o s t f l i g h t  tests revealed that the  command w d u l e  reac t ion  c o n t r o l  system propel lant  
i s o l a t i o n  valves would not  l a t c h  in the closed posi t ion.  
closed a t  the  time of system ac t iva t ion ,  the  valve bellows were damaged t o  the  point of causing 
t h e  f a i l u r e .  The Corrective ac t ion  was  t o  open the  i s o l a t i o n  valve before the systems were ac- 
t iva ted. 

The tests showed t h a t  if the valve was  

During Apollo 9 and severa l  subsequent missions, ~ o m e  of the serv ice  module reac t ion  c o n t r o l  
system propel lant  i s o l a t i o n  valves  inadvertent ly  closed during separat ion of the spacecraf t  from 
t h e  S-IVB launch vehic le  stage. 
s u f f i c i e n t  t o  cause the  valve t o  c lose but did not damage the valve. The valves  were simply re- 
opened and no f u r t h e r  cor rec t ive  ac t ion  was required. 

Inves t iga t ive  t e s t i n g  revealed t h a t  t h e  pyrotechnic shock was 

Another f l i g h t  f a i l u r e  involved the  i n t e r f a c e  between the reac t ion  cont ro l  system and t h e  

T h e e  holes -re caused by raw oxidizer  which was expelled 

(The f i r i n g  was accomplished a f t e r  the  main parachutes were de- 
On the Apollo 7 mission, the deplet ion f i r i n g  was  not accomplished and the excess pro- 

For the  Apollo 8 mission, t h e  cwmand w d u l e  reac t ion  c o n t r o l  ws- 

parachute system. As discussed previously, small holes  were found i n  the canopy of a recovered 
main parachute on an e a r l y  f l i g h t .  
from the  colnnand module reac t ion  cont ro l  system a f t e r  the  f u e l  was expended during the  propel lant  
deplet ion f i r i n g  a f t e r  entry. 
ployed.) 
p e l l a n t s  were l e f t  on ImarX. 
t e m  w a s  loaded with an excess of f u e l  so t h a t ,  during t h e  deple t ion  f i r i n g ,  the oxidizer  uuuld 
be expended before  the f u e l ;  the f i r i n g  was s a t i s f a c t o r i l y  accomplished. On the  Apollo 1 5  mis- 
sion, severa l  riser l i n e s  on one of the main parachutes f a i l e d .  Inves t iga t ive  t e s t i n g  demon- 
s t r a t e d  t h a t  burning f u e l  from the deplet ion f i r i n g  caused t h e  parachute f a i l u r e .  
the  Apollo 16 and Apollo 17 conmud modules were landed with the  excess propel lan ts  on board. 

Consequently, 

The lest cor rec t ive  a c t i o n  brought about a hazardous s i t u a t i o n  that occurred during post- 
f l i g h t  deservicing of the Apollo 16 co-nd module. 
p rope l lan ts  were l e f t  on board. 
s ions  were a l s o  used f o r  the  Apollo 16 conumnd m d u l e ,  which had about 200 pounds of res idua l  
propel lan ts  on board. 
t o  oxid izer  resu l ted  in an explosion that destroyed the  deservicing cart. 
deservicing procedures and ground support equipment were changed so that the f u e l  and oxid izer  
were put in separa te  conta iners  and neutral izat ion.was accomplished a t  a rewte site. 

On previous f l i g h t s ,  e s s e n t i a l l y  no r e s i d u a l  
Eowever, the deservicing procedures used on these earlier mis- 

During the off loading of the oxidizer ,  an incor rec t  r a t i o  of n e u t r a l i z e r  
After Apollo 16, the 

I n  re t rospec t ,  c e r t a i n  problem areas =re common t o  many of the  component development ef- 
f o r t s .  Recornendations t o  minimize the  impact of the  problems on fu ture  programs are as follows. 

The initial component funct ion design spec i f ica t ions  of ten  were more s t r ingent  than was nec- 
In some cases, the  s p e c i f i c a t i o n  requirements essary  because a c t u a l  requirements were not  known. 

were the  projected l i m i t s  of the  state of the art a t  the  an t ic ipa ted  time of use. As t h e  require-  
ments vere defined -re f u l l y ,  there was hesitancy t o  re lax  the  spec i f ica t ions ,  which might have 
resu l ted  in some unnecessary and, perhaps, u n f r u i t f u l  e f f o r t s .  An in tens ive  e f f o r t  should be made 
t o  def ine requirements accurately as e a r l y  as possible. 
become evident ,  the s p e c i f i c a t i o n  should be relaxed i f  cost o r  schedule savings can be real ized.  

Also, as a re laxa t ion  in requirements 
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A lack  of compat ibi l i ty  of the system and its components with the  propel lan ts  was a recog- 
nized problem e a r l y  in the  Apollo program. 
problem w a s  the  unavai lab i l i ty  of e las tomeric  mater ia ls  t h a t  were compatible with propel lan ts  
under long-duration exposure. A problem t h a t  was not recognized u n t i l  considerably l a t e r  in the  
program involved the incompatibi l i ty  of the system and components with the f l u s h  f l u i d s  (or  com- 
b ina t ions  of f lush  f l u i d s )  and propel lants ,  A t  such tie t h a t  compat ibi l i ty  of a system and its 
components with f l u i d s  is es tab l i shed ,  a l l  f l u i d s  and mixtures of f l u i d s  that might be introduced 
i n t o  the  system should a l s o  be establ ished.  P a r t i c u l a r  a t t e n t i o n  should be given t o  determining 
the  s p e c i f i c  f l u i d s  t h a t  might be used during manufacturing and checkout of the system and i ts  
components when the materials a r e  selected.  Provisions f o r  adequate drying of systems should be 
made and v e r i f i e d  i f  f l u i d  mixing cannot be to le ra ted .  

The  major de te r ren t  t o  e f f i c i e n t  reso lu t ion  of the  

Cleanl iness  cont ro l  was a problem because of the many small o r i f i c e s  and the  c lose  to le rances  

To minimize the  problem, filters were added t o  pro tec t  
of  moving par t s .  Assembling a c lean  system was d i f f i c u l t ,  and the need f o r  component removal and 
replacement f u r t h e r  increased the probelm. 
components t h a t  had an unusually high f a i l u r e  rate because of contamination. On f u t u r e  programs, 
a l l  components should be designed t o  be as i n s e n s i t i v e  t o  contamination as possible. Addition- 
a l l y ,  such components should be protected by i n t e g r a l  f i l t e r s .  A f u r t h e r  recommendation is t h a t ,  
i f  f l u i d s  are reverse-flowed through any component during a f lushing o r  f i l l i n g  operat ion,  both 
the  i n l e t  and o u t l e t  p o r t s  on the component should be protected against  contamination. 
q u a n t i t i e s  of contaminants are expected, f i l t e r s  should a l s o  be provided a t  the f l u i d  source. 

I f  l a r g e  

A considerable number of unnecessary and c o s t l y  s i t u a t i o n s  occurred during the  development 
and q u a l i f i c a t i o n  tests, because the production of components w a s  =ll underway before the test 
programs were completed, p a r t i c u l a r l y  during the system-level t e s t s .  Correct ive a c t i o n  f o r  prob- 
lems t h a t  ex is ted  during these program almost always involved the r e t r o f i t  of production u n i t s  
and the modification of completed systems. Some problems were to le ra ted  because of the  extensive 
vehicle  rework t h a t  would be required f o r  cor rec t ive  measures. These shortcomings were compen- 
sated f o r  by e i t h e r  t o l e r a t i n g  higher r e j e c t i o n  rates o r  modifying operat ing procedures. 
l imi ted  changes were made t o  the systems as a r e s u l t  of these l a t e  tests. Consequently, t h e  
t e s t  results did l i t t l e  f o r  the development of more r e l i a b l e  systems but, r a t h e r ,  were usefu l  in 
i n s t i l l i n g  confidence in equipment o r  def ining operat ing cons t ra in ts .  A f u r t h e r  recommendation, 
therefore ,  is t h a t  extensive e f f o r t s  be made to i n t e g r a t e  the test program schedules with the  
master production schedules. 
time t o  implement the production hardware changes d i c t a t e d  by the t e s t  program. 

Only 

Spec i f ica l ly ,  the  o v e r a l l  schedule should be adjusted t o  provide 

4.4.8 Guidance, Navigation, and Control System 

The funct ions of the  guidance, navigation, and cont ro l  system may be divided as follows: 

a. Navigation is the  process of determining spacecraf t  pos i t ion  and ve loc i ty  a t  a given 
time in a bas ic  reference coordinate system. The pos i t ion  and ve loc i ty  da ta  f o r  a given t i m e  
are re fer red  t o  as a state vector. 

b. Guidance and cont ro l  a r e  the funct ions t h a t  furnish comnands t o  the engines t o  change o r  
cor rec t  vehic le  t r a j e c t o r y  and t o  cont ro l  vehic le  a t t i t u d e .  
i c a l l y  in some modes and by the  crew in other  modes. 

The engines are control led automat- 

The two bas ic  system configurat ions were refer red  t o  as Block I and Block 11. 
system w a s  designed when the comaand and serv ice  modules were t o  be landed on t h e  moon. 
achieve the system r e l i a b i l i t y  required by t h i s  plan, spare u n i t s  were t o  be c a r r i e d  on board, 
and i n f l i g h t  maintenance was  t o  be performed. However, inherent  problems ex is ted  in t h i s  concept 
t h a t  were never r e a l l y  solved, such as moisture g e t t i n g  i n t o  e l e c t r i c a l  connectors during change- 
out. The adoption of the lunar  o r b i t  rendezvous plan provided a l o g i c a l  t i m e  t o  change t o  the  
Block 11 configurat ion which, because of redundant paths, negated the  i n f l i g h t  maintenance re- 
quirement and thereby avoided the connector problem. The Block 11 system was smaller, l i g h t e r ,  
and more r e l i a b l e  than the Block I design. Another advantage w a s  that the  primary guidance sys- 
tems for  the connnand module and the lunar  module could be near ly  a l ike.  The Block I system w a e  
flown on unmanned missions only. Therefore, t h i s  discussion per ta ins  pr imari ly  t o  the  Block I1 
system. 

The Block I 
To 

X 

i 
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The Block I1 conf igu ra t ion  has a primary and secondary guidance and c o n t r o l  system as i l l u s -  
t r a t e d  in f i g u r e  4-17. 
t he  primary method of  nav iga t ion  w a s  t o  use d a t a  t r ansmi t t ed  from the  Mission Control  Center,  
and t h e  onboard system served as a backup. 
no s i n g l e  f a i l u r e  would cause t o t a l  l o s s  of any funct ion.  

Although nav iga t ion  could be performed on board wi th  the p r h r y  system, 

The redundancy of t he  Block 11 system assured t h a t  

The primary guidance, nav iga t ion ,  and c o n t r o l  system cons i s t ed  o f  inertial, o p t i c a l ,  and 
computer systems. 
upon which t h r e e  accelerometers  vere m u n t e d ,  one f o r  each or thogonal  axis. 
t i o n  of  t he  s p a c e c r a f t  about t h e  p l a t fo rm was  de t ec t ed  by-the gyros and measured by r e s o l v e r s  
b u i l t  i n t o  the  gimbals. A t t i t u d e  information could t h u s  be cont inuously s e n t  t o  t h e  computer. 
The t h r e e  i n t e g r a t i n g  accelerometers  de t ec t ed  t r a n s l a t i o n a l  a c c e l e r a t i o n  of  t h e  s p a c e c r a f t  and 
provided continuous v e l o c i t y  information t o  t h e  computer. 
the e l e c t r o n i c s  and power s u p p l i e s  required by the guidance and c o n t r o l  system. 

The inertial system provided a three-gimbal gy roscop ica l ly  a t a b i l i z e d  p l a t fo rm 
Any r o t a t i o n a l  mo- 

The inertial system a l s o  contained 

The o p t i c a l  system cons i s t ed  of a s e x t a n t ,  a t e l e scope ,  and a s soc ia t ed  e l e c t r o n i c s .  Op t i ca l  
s i g h t i n g s  were made on c e l e s t i a l  bodies  and on e a r t h  o r  l u n a r  landmarks t o  a c c u r a t e l y  determine 
i n e r t i a l  pos i t i on .  When an o p t i c a l  s i g h t i n g  was made, a s e t  of  d a t a  c o n s i s t i n g  of t i m e ,  space- 
c r a f t  a t t i t u d e ,  and o p t i c s  po in t ing  ang le s  w a s  recorded by t h e  computer. 
s i g h t i n g s ,  nav iga t ion  d a t a  were obtained t o  so lve  t h e  nav iga t ion  equat ions.  

By t ak ing  success ive  

The computer system received inpu t  d a t a  from t h e  i n e r t i a l  and o p t i c a l  systems and manual 
c o m n d s  from t h e  crew through a hand c o n t r o l l e r .  
nav iga t ion  equa t ions ,  generated on-off commands t o  t h e  16  a t t i t u d e  t h r u s t e r s  and t h e  main engine,  
generated s t e e r i n g  commands t o  the engine gimbal a c t u a t o r s ,  and generated appropr i a t e  c o n t r o l  and 
d i s p l a y  da ta .  The computer contained a d i g i t a l  a u t o p i l o t  t o  c o n t r o l  t he  v e h i c l e  du r ing  a l l  f l i g h t  
phases. Three types  of a t t i t u d e  c o n t r o l  were a v a i l a b l e :  automatic  maneuvering t o  any d e s i r e d  at- 
t i t u d e ,  maintenance of  a d e s i r e d  a t t i t u d e  within s e l e c t a b l e  l i m i t s ,  and manual c o n t r o l  by t h e  crew 
through t h e  use of r o t a t i o n  and t ranslat ion-hand c o n t r o l l e r s .  During t h r u s t i n g  maneuvers, t h e  
a u t o p i l o t  au tomat i ca l ly  generated commands t o  the  engine gimbal a c t u a t o r s  t o  keep t h e  t h r u s t  vec- 
tor al igned wi th  the  c e n t e r  of g r a v i t y  of the epacec ra f t .  Engine i g n i t i o n  and cu to f f  comands 
were i s sued  t o  achieve the  des i r ed  v e l o c i t y  changes f o r  that maneuver. During e a r t h  e n t r y ,  the 
system au tomat i ca l ly  performed e n t r y  nav iga t ion  and guided t h e  s p a c e c r a f t  t o  a s a f e  l and ing  by 
c o n t r o l l i n g  v e h i c l e  a t t i t u d e  t o  achieve the des i r ed  aerodynamic l i f t  vec to r .  

Operat ing on these  i n p u t s ,  t h e  system solved 

The secondary system cons i s t ed  of  a t t i t u d e  c o n t r o l ,  a t t i t u d e  r e fe rence ,  and t h r u s t  vec to r  
c o n t r o l  systems, and the  r equ i r ed  d i s p l a y s  and con t ro l s .  The a t t i t u d e  c o n t r o l  system received 
manual commands from two r o t a t i o n  and two t r a n s l a t i o n  hand c o n t r o l l e r s ,  and d a t a  from two body- 
mounted r a t e  and a t t i t u d e  gyro packages. Operat ing on these  inpu t s ,  t h i s  system generated on-off 
commands t o  the  16  a t t i t u d e  t h r u s t e r s  t o  maintain t h e  des i r ed  a t t i t u d e  and perform the  des i r ed  
maneuvers. The a t t i t u d e  r e fe rence  system provided d i sp lay  i n f o r n a t i o n  and maintained an i n e r t i a l  
a t t i t u d e  reference.  It could be a l igned  t o  t h e  primary guidance system iner t ia l  p l a t fo rm o r  t o  
i t s  own c o n t r o l  panel  thumbwheel s e t t i n g s .  To ta l  a t t i t u d e ,  a t t i t u d e  e r r o r s ,  and s p a c e c r a f t  a t -  
t i t u d e  r a t e  were d i sp layed  on e i t h e r  one of two f l i g h t  d i r e c t o r  a t t i t u d e  i n d i c a t o r s .  
v e c t o r  c o n t r o l  assembly provided two backup modes of c o n t r o l l i n g  the  engine gimbal a c t u a t o r s  dur- 
i ng  t h r u s t i n g  maneuvers i f  t he  primary system f a i l e d .  
provided. 
gimbal a c t u a t o r s .  Had a f a i l u r e  occurred in t he  primary system a u t o p i l o t ,  s e rvo  system, o r  actua-  
t o r ,  t h e  crew could have switched t o  t h e  secondary guidance system, servo system, and ac tua to r .  

The design and development of t he  primary guidance, navigat ion,  and c o n t r o l  system evolved 
from e r r o r  ana lyses  performed on e a r l y  m i s s i l e  t r a j e c t o r i e s .  
t e m  concept w a s  thought t o  be adequate t o  accomplish t h e  Apollo program. Er ro r  ana lyses  de t e r -  
mined t h a t  moderate e r r o r s  in the  inertial instruments  (gyros and accelerometers)  could be t o l e r -  
a t e d  because of t he  i n f l i g h t  realignment c a p a b i l i t y  of  t h e  inertial system. The P o l a r i s  system 
was t h e r e f o r e  modified and repackaged as necessary.  The mod i f i ca t ions  provided (1) i n f l i g h t  
alignment c a p a b i l i t y ,  (2) a general  purpose computer, (3) mode s e l e c t i o n  by t h e  crewmen, and (4) 
i n f l i g h t  maintenance c a p a b i l i t y  (later d e l e t e d ) .  
and of three-gimbal ve r sus  four-gimbal systems be fo re  t h e  f i n a l  conf igu ra t ion  w a s  determined. 

The t h r u s t  

An automatic mode and a manual mode were 
Command i n p u t s  were routed t o  one of two servo systems which pos i t i oned  the  redundant 

The P o l a r i s  i n e r t i a l  guidance sys- 

S tud ie s  were made of strapdown guidance systems 

The computer was developed through t h r e e  conf igu ra t ions :  t he  f i r s t  was p r imar i ly  f o r  r e sea rch  
and development, the second f o r  unmanned f l i g h t ,  and t h e  t h i r d  f o r  manned f l i g h t .  The sof tware 
was changed as requ i r ed  t o  meet s p e c i f i c  requirements.  
be a g r e a t  asset l a t e  in the  program. 

The f l e x i b i l i t y  of t he  sof tware proved t o  
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The o p t i c a l  system, a t  one t i m e .  Included a pap and d a t a  viewer and a s tar- t rackerfhorizon-  
The map and data viewer w a s  Intended to d isp lay  information such as f l i g h t  photometer assembly. 

plan da ta ,  checkl i s t s ,  and maps on rolls of f i lm t h a t  could be projected.  
l e t e d  because of cos t  and schedule implications. 
was intended t o  t rack  celestial bodies automatical ly  and t o  a i d  in t rack ing  lunar and e a r t h  land- 
marks. This assembly was  de le ted  because of cost and schedule impacts, and a rate-aided t racking  
rout ine t h a t  used computer software and e x i s t i n g  o p t i c s  equipment w a s  ruba t i tu ted .  

The viewer vae de- 
The star-tracker/horizon-photometer assembly 

The test program consis ted of four  bas ic  phases: development, q u a l i f i c a t i o n ,  acceptance, and 
Pinc t iona l ,  enviroruneutal, and evaluat ion tests were performed on ma- i n s t a l l a t i o n  and checkout. 

t e r ia l ,  p a r t s ,  and componente during the development test phase. Environmental and performance 
evaluat ion tests were performed on production p a r t s ,  assemblies, subsystems, and systems durlng 
t h e  q u a l i f i c a t i o n  test phase. I n  general ,  systems were t e s t e d  t o  nominal misslon l e v e l s ,  whereas 
subsystems and below were tested t o  t h e  stress l e v e l  fo r  c r i t i c a l  environments. Acceptance tests 
and i n s t a l l a t i o n  tests t o  spec i f ied  limits were conducted t o  v e r i f y  acceptable  systems perform- 
ance. 

The perfonnance of the Block I and Block I1 primary and secondary systems was exce l len t .  
The anomalies t h a t  did occur were of a minor nature  and most were circumvented by workaround pro- 
cedures. 

The most s i g n i f i c a n t  anomaly t h a t  occurred in the primary system was i n  t h e  i n e r t i a l  mystem. 
A voltage t r a n s i e n t  occurred when a set of re lay  coPtacts  was  t r a n s f e r r i n g  a vol tage.  The t ran-  
s i e n t  was electromagnet ical ly  coupled t o  o ther  wiring within t h e  e l e c t r o n i c s  package and r e s u l t e d  
i n  an erroneous ind ica t ion  t o  the computer t h a t  the inertial a t t i t u d e  reference had been l o s t .  
The crew reestabl ished the  i n e r t i a l  reference by taking s t a r  s igh t ings .  

The most s i g n i f i c a n t  anomaly t h a t  occurred in the  secondary system was i n  the redundant en- 
gine gimbal a c t u a t o r  assembly. An open gimbal rate feedback c i r c u i t  caused unexpected o s c i l l a t i o n  
of the engine gimbal. 
w a s  performing pre igni t ion  checks which v e r i f y  the primary and secondary servo systems. 

The o s c i l l a t i o n  was detected in the  redundant servo sys t em while the  p i l o t  

A good indica t ion  of system performance of the i n e r t i a l  and o p t i c a l  systems w a s  ava i lab le  
Realignment of the iner t ia l  platform was performed per iodica l ly  during 

The realignment w a s  accom- 
from realignment da ta .  
each f l i g h t  t o  cor rec t  f o r  the  very small d r i f t  rate of the gyros. 
pl ished by s ight ing  on two known stars using the  sextant .  The computer compared the  measured 
angle  between the  stars t o  the known value and displayed a s t a r  angle d i f fe rence  t o  t h e  crew. 
The star angle d i f fe rence  w a s  an ind ica t ion  of s igh t ing  e r r o r  (instrument e r r o r  p lus  operator  
e r r o r ) .  The l a r g e s t  
value was  0.016 degree, and the  1-sigma value f o r  e ight  lunar  missions (Apollo 1 3  excluded*) was 
0.011 degree. This compared wel l  with the e r r o r  ana lys i s  value of 0.012 degree f o r  the  two-star 
alignment procedure. 

A 1-sigma value s ight ing  e r r o r  had been computed f o r  each lunar  mtssion. 

From the s ight ing  da ta ,  t h e  computer ca lcu la ted  the  small angular pos i t ion  e r r o r s  of t h e  
platform caused by the sma l l  gyro d r i f t  rates. 
a 1-sigma d r i f t  rate of the  carmaand module system was  0.00765 degree per  hour. 
pared w e l l  wi th  the s p e c i f i c a t i o n  va lue  of 0.030 degree per  hour. 
(erroneous ve loc i ty  output when no input acce lera t ion  is  appl ied)  were equal ly  small. 
age b i a s  e r r o r  f o r  the Block I1 command m d u l e  system was 0.00239 f o o t  per second per  second. 

For e ight  lunar  missions (Apollo 1 3  excluded*), 
This value COP 

Accelerometer b i a s  e r r o r s  
The aver- 

The  performance of the d i g i t a l  au topi lo t  during a l l  t h r u s t i n g  manewers of the Apollo pm- 
gram was exce l len t .  The d i g i t a l  a u t o p i l o t  guided t h e  vehic le  during t h r u s t  maneuvers t o  achieve 
a targeted velocity-to-be-gained. T h e  res idua l  velocity-to-be-gained a f t e r  engine cutoff  was an 
ind ica t ion  of o v e r a l l  system performance. Residuals were caused by accelerometer errors, gyro 
e r r o r s ,  computational e r r o r s ,  o r  engine t h r u s t  errors. 
Block I1 system was 4.4 f e e t  per second. 
propel lant ,  which caused a maaentary low-thrust condition. 
were on the  order  of  0.3 foot  per second or less. 

The worst-case v e l o c i t y  res idua l  of the  
This was a t t r i b u t e d  t o  helium ingest ion in t h e  engine 

Typical ly ,  t h e  ve loc i ty  res idua ls  

*Because of operat ional  cons t ra in ts ,  normal realignment procedures could not be followed. 
Consequently, the  inaccuracies  =re la rger  than would normally be expected and the d a t a  were ex- 
cluded from the ca lcu la t ion  of the  1-sigma values. 
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The performance of  the computer w a s  f lawless .  Perhaps the most s i g n i f i c a n t  accomplishment 
during Apollo p e r t a i n i n g  t o  guidance, navigat ion,  and c o n t r o l  was  t h e  demonstration of t h e  versa-  
t i l i t y  and a d a p t a b i l i t y  of t h e  computer software.  For ins tance ,  the  crews gained a d d i t i o n a l  con- 
f idence  in t h e  d i g i t a l  a u t o p i l o t  with each mission. During t h e  last mission. a s p e c i a l  sof tware 
procedure was used in l u n a r  o r b i t  t o  maintain prec ise  spacecraf t  po in t ing  a t t i t u d e s ,  d e s p i t e  hav- 
i n g  normally used a t t i t u d e  t h r u s t e r s  turned o f f .  The  only c o n s i s t e n t  method of i n i t i a t i n g  t h e  
passive thermal c o n t r o l  mode was t o  use a software rout ine ,  which was  modified s l i g h t l y  t o  ac- 
complish s p e c i a l  r e s u l t s .  
t i m e  and again t o  accomplish s p e c i a l  j o b s  and l i g h t e n  crew tasks.  
complish these  changes would not  have been feas ib le .  

Workaround procedures,  c a l l e d  e rasable  memory programs, were used 
Hardware modif icat ion t o  ac- 

As s t a t e d  earlier, t h e  Mission Control  Center provided t h e  primary navigat ion mode. 
the  onboard computer and the  s e x t a n t  and te lescope d id  provide onboard naviga t ion  c a p a b i l i t y .  Cis- 
lunar  navigat ion ( t o  and f r o n  t h e  mon) w a s  demonstrated, p a r t i c u l a r l y  during t h e  Apollo 8 and 10  
missions. Star-horizon o p t i c a l  s i g h t i n g s  were made using t h e  e a r t h  and moon horizons,  P o s t f l i g h t  
ana lys i s  of these  d a t a  v e r i f i e d  the  crew's c a p a b i l i t y  t o  naviga te  t o  the  moon, compute the  lunar-  
o r b i t - i n s e r t i o n  maneuver, and place  the  v e h i c l e  in a s a f e  lunar  o r b i t .  The same navigat ion tech- 
nique was used t o  d e w n s t r a t e  t h e  crew's c a p a b i l i t y  t o  r e t u r n  t o  e a r t h  and t o  accomplish a s a f e  
e a r t h  landing. 

However, 

In  lunar  o r b i t ,  the  intended navigat ion technique was t o  use the  te lescope t o  t r a c k  known o r  
unknown landmarks. In p r a c t i c e ,  t h e  sex tan t ,  which w a s  a more accura te  instrument,  was normally 
used because a computer rout ine  c a l l e d  rate-aided o p t i c s  was avai lab le .  This rout ine  made t h e  
sex tan t  t racking  task  pUch easier. 
i g a t i o n  technique demonstrated t h e  c a p a b i l i t y  t o  successfu l ly  compute a t r a n s e a r t h  i n j e c t i o n  ma- 
neuver. 

P o s t f l i g h t  a n a l y s i s  of d a t a  from t h e  landmark t racking  nav- 

For d e t a i l e d  d iscuss ions  of  the  development and performance of guidance, navigat ion and con- 
t r o l  systems, see references  4-40 through 4-49. 

4.4.9 Environmental Control  System 

The t h r e e  major func t ions  of t h e  environmental c o n t r o l  system were atmospheric c o n t r o l ,  ther-  
m a l  cont ro l ,  and water management. 
these  funct ions.  

Six systems opera t ing  in conjunct ion with each o t h e r  provided 

a. The oxygen system c o n t r o l l e d  t h e  oxygen flow wi th in  the  conmiand module, s t o r e d  a reserve 
supply of oxygen f o r  use during e n t r y  and energencies ,  regulated the  pressure  appl ied t o  compo- 
nents  of t h e  oxygen system and pressure  s u i t  c i r c u i t ,  cont ro l led  cabin pressure,  c o n t r o l l e d  pres- 
s u r e  in t h e  water tanks and water lg lycol  r e s e r v o i r ,  and provided f o r  purging of the  pressure  s u i t  
c i r c u i t .  

b. The pressure  s u i t  c i r c u i t  s y s t e m  provided the  crew with a cont inuously condi t ioned atmos- 
phere. With t h i s  system, s u i t  gas c i r c u l a t i o n ,  pressure,  and temperature were automatical ly  con- 
t r o l l e d ,  and d e b r i s ,  excess  moisture,  odors,  and carbon d ioxide  were removed from both t h e  s u i t  
and cabin gases. 

C .  The water system suppl ied water for  dr inking,  food r e c o n s t i t u t i o n ,  and evaporat ive cool- 
ing.  Water produced by t h e  f u e l  c e l l s  was pumped i n t o  a potable  water s torage  tank. Waste water 
(pr imar i ly  p e r s p i r a t i o n  condensed by the  s u i t  heat exchanger) was s tored  i n  a waste water tank 
and d i s t r i b u t e d  through t h e  c o n t r o l  va lves  of  the water /glycol  evaporators.  Waste water could 
be augmented by excess potab le  water f o r  evaporat ive cooling. 
ceeded t h e  usage rate, water was dumped overboard. 

I f  the  water production rate ex- 

d. The water /glycol  s y s t e m  provided cool ing f o r  t h e  pressure  s u i t  c i r c u i t ,  t h e  potab le  water  
chiller, and the s p a c e c r a f t  equipment munted  on coldpla tes .  
t h e  cabin atmosphere. 
and e thylene  g lycol  through primary and secondary coolant  loops. 
t r a n s p o r t  f l u i d  was cont ro l led  either by r a d i a t o r s  o r  by g lycol  evaporators.  

The system a l s o  heated and cooled 
Temperature c o n t r o l  was obtained by the c i r c u l a t i o n  of a mixture of  water  

The temperature of t h e  heat-  r 
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e. The waste menagement dump system provided f o r  dumping u r i n e  and excess  water overboard 
and vent ing t h e  waste s t o r a g e  compartment. 

f .  The post landing v e n t i l a t i o n  system provided a means of c i r c u l a t i n g  ambient a i r  through 
the  comnand module cabin a f t e r  landing. 

To provide the high degree of r e l i a b i l i t y  required f o r  lunar missions,  t h e  system w a s  de- 
signed with redundant components, backup systems, and a l t e r n a t e  modes of operat ion.  For example, 
p a r a l l e l  system r e g u l a t o r s  and r e l i e f  va lves  were contained i n  a s i n g l e  housing and had i s o l a t i o n  
s e l e c t o r  valves.  
The primary coolant  system contained redundant pumps, and a eecondary coolan t  system with radia-  
t o r s ,  evaporator ,  and cabin and s u i t  hea t  exchangers was provided. However, 8ome e l e c t r o n i c  con+ 
ponents were not  se rv iced  by t h e  secondary loop. Also, t h e  secondary r a d i a t o r s  could not  r e j e c t  
s u f f i c i e n t  heat f o r  a normal mission and were t h e r e f o r e  considered a contingency eystun. 

Sui t  compressors, condensate pumps, and cabin  fans  had s e p a r a t e  backup uni t s .  

Major changes t o  t h e  environmental  c o n t r o l  system during t h e  development program included 
the  redesign of the  co ldpla tes ,  c o n t r o l  of the  g lycol  evaporator,  and the  -composition of t h e  
cabin gas  during p r e f l i g h t  operat ions.  More d e t a i l e d  information is given i n  re ferences  4-50, 
4-51, and 4-52. 

The most s i g n i f i c a n t  change t o  the  Block I1 environmental c o n t r o l  system w a s  t h e  addi t ion  
of hardware f o r  ex t ravehicu lar  a c t i v i t y  from the  conunand module. 
purge system was added t o  supply s u i t  pressure,  b rea thable  a t m s p h e r e ,  and thermal c o n t r o l  t o  
t h e  ex t ravehicu lar  crewman i n  the  event of an emergency. For normal opera t ion ,  the  epacecraf t  
s u i t  c i r c u i t  system regulated the  upstream pressure  through a 25-foot umbi l ica l  hose t o  an o r i -  
f i c e  assembly a t tached  t o  t h e  ex t ravehicu lar  crewman's pressure  s u i t .  Flow was regulated by a 
s u i t  o u t l e t  relief va lve  which c o n t r o l l e d  s u i t  p ressure  a t  3.75 ps ia .  The o ther  two crewmen 
were supported by t h e  spacecraf t  p ressure  s u i t  c i r c u i t  while t h e  cabin was  depressurized,  

With t h e  except ion of t h e  Apollo 13 oxygen source f a i l u r e ,  t h e  oxygen system operated satis- 
f a c t o r i l y  throughout t h e  e n t i r e  f l i g h t  program. 
ta ined  a t  nominal va lues  of 6 and 5 p s i a ,  respec t ive ly ,  and a l l  scheduled cabin r e p r e s s u r i z a t i o n s  
were accomplished wfthout inc ident .  No emergency pressure  regula t ion  was required.  I n f l i g h t  
cabin leakage var ied  from about 0.10 pound p e r  hour t o  0.02 pound per  hour with improvement noted 
i n  t h e  la ter  vehicles .  

A 10-pound-per-hour oxygen 

Cabin pressure  r e l i e f  and regula t ion  were main- 

The pressure  s u i t  c i r c u i t  system a l s o  genera l ly  performed acceptably and m e t  mission require-  
ments. 
s u i t e d  opera t ion  w a s  eventua l ly  l imi ted  t o  the  launch and lunar module j e t t i s o n  events.  
sur ized  cabin opera t ions  were handled rout ine ly ,  and no emergency s u i t  c i r c u i t  condi t ions  were 
encountered. 
elements on a nominal 72 mn-hour r o t a t i o n ,  w a s  s a t i s f a c t o r y .  Carbon dioxide p a r t i a l  p ressure  
seldom rose  above an indicated 3 t o r r .  
t i o n  was noted during s o l o  crewman operat ion on one lunar  f l i g h t .  
incorporated t o  prevent  recurrence of t h e  problem. 

As confidence was gained i n  the dependabi l i ty  of  the  spacecraf t  cab in  environment, f u l l y  
Depres- 

Carbon dioxide r e m v a l ,  obtained by a l t e r n a t e l y  rep lac ing  t h e  l i t h i u m  hydroxide 

Some excessive element swel l ing  due t o  moisture  absorp- 
Procedures were subsequently 

Water se rv ic ing  of the  s i n t e r e d ,  porous metal p l a t e  i n  t h e  s u i t  heat  exchanger proved t o  be 
a major system problem. Gas breakthrough and/or degraded flow rate l e d  t o  ex tens ive  ground test- 
ing t o  b e t t e r  understand the  physical  phenomena involved and t o  develop an adequate wet t ing tech- 
nique. 
loop condi t ions ,  and no evidence of gas breakthrough o r  flow degradat ion was  observed during a 
mission. 

Humidity c o n t r o l  and water removal were s a t i s f a c t o r y  under t h e  fl ight-imposed coolan t  

The water system proved t o  be a source of  both p o s i t i v e  and negat ive crew reac t ion .  On t h e  
p lus  s i d e ,  the  hot  water provided f o r  food r e c o n s t i t u t i o n  was g r e a t l y  appreciated and was noted 
as a considerable  improvement over t h e  cold food a v a i l a b l e  on e a r l i e r  spacecraf t .  On t h e  minus 
s i d e ,  gas in t h e  potab le  water caused problems in f i l l i n g  the  food and water bags and i n  t h e  d i -  
g e s t i v e  processes  of ind iv idua l  crewmen. The gas cons is ted  of hydrogen from the  hydrogen-saturated 
f u e l  cel l  water and oxygen (used t o  p r e s s u r i z e  the  water tanks)  permeating through the  tank blad- 
ders .  To remove the  oxygen, 
a gas separa tor  c a r t r i d g e  assembly t h a t  used hydrophobic and hyrophyl l ic  membranes was added f o r  
attachment t o  t h e  water  supply por t s .  

A s i lver-pal ladium tube separa tor  was i n s t a l l e d  t o  remove hydrogen. 

This membrane assembly met wfth only  l imi ted  success.  
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Additional crew problems occurred during t h e  d a i l y  water s t e r i l i z a t i o n  procedures when sep- 
a r a t e  chlor ine and buf fer  so lu t ions  -re in jec ted  i n t o  a port in the  water system. 
the por t  was noted during the  Apollo 15 mission and breakage of the bags containing the . so lu t ions  
increased during the la ter  missions. 

Leakage a t  

Revised assembly methods eliminated the  por t  leakage. 

The water/glycol coolant  system provided adequate thermal cont ro l  in s p i t e  of severa l  hard- 
ware f a i l u r e s .  
matic control .  
were reserviced by the crew. 
re loca t ion  of the wetness sensors  and trimming of the surrounding sponges, provided s a t i s f a c t o r y  
uni t s .  
vas l imi ted  t o  launch and en t ry  per iods only. 
ical  heat  r e j e c t i o n  in the  range of 4000 t o  5000 Btu/hr. 

Bui l t - in  manual operat ing mdes Yere successful ly  used t o  replace the normal auto- 
Early g lycol  evaporators shoved tendencies to dry out  under low heat  l o a d s  and 

Subsequent umdifications, which included the previously mentioned 

After the r a d i a t o r  system demonstrated acceptable  heat  re jec t ion ,  evaporator operat ion 
The rad ia tor  and flov-control system provided typ- 

Noiee from the  cabin fans  w a s  considered object ionable  by the crews, and use of the fans  
w a s  discontinued un the later f l i g h t s  except t o  remove lunar dust from the cabin environment. 

During the  A p l l o  16 mission, the automatic c o n t r o l l e r  f o r  the cormnand module water/glycol 
temperature cont ro l  f a i l e d .  
by the crew. 

Manual posi t ioning of the mixing valve vas successful ly  accomplished 

The addi t ion  of lunar  o r b i t a l  science experiments t o  the  later spacecraf t  r equ i r ed  holding 
a t t i t u d e s  during experiment operat ion i n  lunar o r b i t  which resul ted in undesirable rad ia t ion  
environments f o r  the space radiators .  Also, operat ion of the glycol evaporators was undesirable 
because of possible  contamination of  t h e  experiment lenses  and f i e l d s  of view, and because of t h e  
propuloive reac t ion  of the vehicle. Therefore, during each lunar  o r b i t ,  spacecraf t  temperatures 
c y c l i c a l l y  rose t o  l e v e l s  from 70. t o  85' F rather than being control led t o  50" F, maximum, a s  
intended by design. 

On e a r l y  f l i g h t s ,  checks of  redundant components were performed each night  during the  mis- 
sion. On later f l i g h t s ,  the secondary coolant loop and oxygen regulator  checks were performed 
in e a r t h  o r b i t  and a secondary coolant loop check was performed j u s t  before  lunar  o r b i t  inser-  
t ion .  Nightly checks were eliminated. No redundant component f a i l u r e  was detected by an in- 
f l i g h t  check. The only redundant component t h a t  may have f a i l e d  during the  Apollo missions w a s  
a main oxygen regula tor  i s o l a t i o n  valve which f a i l e d  closed due to  shearing of the  ac tua t ion  
handle pivot  pin. The f a i l u r e ,  however, w a s  believed t o  have a c t u a l l y  occurred a f t e r  the f l i g h t .  

An area of  deviat ion from the intended procedure was the use of the  glycol  evaporator only 

T h i s  resu l ted  in higher cabin temperatures during c e r t a i n  f ixed a t t i t u d e s  and excessive 
i n  e a r t h  o r b i t  u n t i l  the  r a d i a t o r s  cooled down from the launch heating, and during chilldown f o r  
entry. 
temperature cycl ing t h a t  ranged from 45' t o  85' F during lunar  o r b i t .  A s  a r e s u l t ,  condensation 
occurred on cold surfaces  a f t e r  the higher temperatures of  the cycles because the dew point tern- 
pera ture  is d i r e c t l y  related t o  the coolant  temperature. 

O t h e r  minor devia t ions  from designed operat ing modes were (1) use of the  carbon dioxide ab- 
sorber  elements f o r  =re than 72 man-hours and ( 2 )  use of the coolant temperature cont ro l  valve 
in manual mde. a t  a higher temperature than the nornal automatic 45' F, t o  increase cabin ten+ 
pera ture  and crew comfort. T h i s  ac t ion  vas taken because of a t t i t u d e  h o l d s  in t ransear th  coas t  
which prevented axposure of the r a d i a t o r s  and s i d e  s t r u c t u r e s  t o  the sun and resu l ted  in lower 
o v e r a l l  tenperaturee. 

When ground thermal vacuum tests indicated t h a t  in te rmi t ten t ,  automatic overboard r e l i e f  of 
excess vatex might result in dump n o d e  freeze-up, a manual method of dumping was developed and 
used succeaaful ly  in  f l i g h t .  On la ter  missions, half  of the redundant r e l i e f  valve wa8 remved,  
and the m ~ n d  m t h c d  was simplif ied by dumping d i r e c t l y  through the normal water dump nozzle. 

During eevmral of  the later dssiow, urine vas stored f o r  medical experiments and dunped 
overboard only once a day. 
u l a r  in - l ine  system f i l t e r .  
veloped and used succeseful ly  f o r  dumping s tored  ur ine  on subsequent f l i g h t s .  

Crystals which formed i n  the s tored  f l u i d  caused plugging of  t h e  reg- 
A apec ia l  high-capacity, open-cell polyurethane core f i l t e r  was de- 
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4.4.10 Displays and Controls 

The  displays and cont ro ls  system served as the  interconnect ing l i n k  between the  crew and t h e  
spacecraf t .  
(known as the  caut ion and warning system) were also a p a r t  of t h e  system. The system contained 
toggle  switches, event ind ica tors ,  e l e c t r i c a l  meters, panel assenbl ies  (some of which had elec-  
troluminescent l i g h t i n g  overlays) ,  ro ta ry  mwitches, pushbutton switches, d i g i t a l  timers (mission 
timrs and event t imers) ,  and severa l  other types of cont ro l  and ind ica t ing  devices. The types 
and numbers of devices var ied from mission t o  mission because of d i f f e r e n t  mission requirements. 

The i n t e r i o r  and e x t e r i o r  l i g h t i n g  devices and the  malfunction de tec t ion  devices 

Many problems became evident  during t h e  system developmental phase and much t e s t i n g  and eval- 
uat ion was required t o  produce the f l i g h t - q u a l i f f e d  components f o r  f i n a l  vehic le  i n s t a l l a t i o n .  
With only a few exceptions, i d e n t i c a l  components were used in the Block I and Block I1 vehicles .  

One of the problems encountered during the  development phase vas the  unsuccessful use of a 
hermetical ly  sealed snap-action w i t c h  uni t  i n  conjunction with an unsealed mechanical toggle  ac- 
tua tor .  The toggle switch was pressure-sensi t ive and functioned e r r a t i c a l l y .  The toggle  switch 
f i n a l l y  used on Block I1 vehic les  w a s  a completely hermetically sealed u n i t .  
ancies  vas encountered during the development of the hermetical ly  sealed switch. 
e x t r a  pieces  and p a r t s  were found ins ide  the switch, poor welds were observed, and inverted con- 
t a c t  but tons on i n t e r n a l  terminal pos ts  were found. In s p i t e  of the  poor p r e f l i g h t  record, only 
one swftch of t h i s  type f a i l e d  i n  f l i g h t .  

A number of discrep- 
For example, 

Other items with which problems were encountered during t h e  development and test phases were 
e l e c t r i c a l  ind ica t ing  meters, event ind ica tors ,  i n t e r i o r  f loodl ights ,  mission t i m e r s ,  and poten- 
tiometers. The e l e c t r i c a l  ind ica t ing  meters and the event ind ica tors  contained i n t e r n a l  contam- 
inants which caused the movements t o  bind excessively. The i n t e r i o r  f l o o d l i g h t s  had severa l  de- 
velopment problems, some of which were not solved u n t i l  a f t e r  the  t h i r d  manned f l i g h t .  The use 
of s t a r t i n g  diodes t h a t  were of better q u a l i t y  and operated a t  higher vol tages  corrected the  con- 
d i t i o n  t h a t  caused the e a r l i e r  lamp f a i l u r e s .  
use procedure. Res t r ic ted  use of the secondary lamps i n  t h e  dim mode v a s t l y  extended t h e  l i f e  of 
those lamps. 
ference i n  expansion r a t e s  between i n t e r n a l  components and t h e  pot t ing  compound. A redesign of 
the timer reduced the so lder  j o i n t  problem. In addi t ion,  the  g l a s s  faces  of some timers cracked. 
This condi t ion was corrected by a design change t o  t h e  case seal which had been s t r e s s i n g  the  
glass. The mission timer problems s t a r t e d  v l t h  Apollo 7 and continued sporadical ly  u n t i l  the  re- 
designed u n i t  vas introduced on the  Apollo 14 mission. The potentiometer problem w a s  i s o l a t e d  t o  
a s h a f t  t h a t  was being deformed under load and breaking o r  overr iding an i n t e r n a l  s top,  as wel l  
as giving e r r a t i c  res i s tance  readings. The cor rec t ive  ac t ion  w a s  t o  i n s t a l l  a bearing .support 
and an ex terna l  s top f o r  the shaf t  and t o  require  a c a l i b r a t i o n  curve wlth each potentiometer de- 
l i v e r e d  by t h e  vendor. 

Another cor rec t ive  ac t ion  was a change in the  lamp- 

The Block I1 mission timer had a so lder  j o i n t  breakage problem because of  the  d i f -  

Because of the  thorough development and test program, the  f l i g h t  d i sp lays  and c o n t r o l  system 
problems were minimal. 
ac t ions  taken are a s  follows. On the Apollo 15 mission, a shorted f i l t e r  capac i tor  t r ipped a 
c i r c u i t  breaker which made some of the lower equipment bay l i g h t s  and t h e  guidance and navigat ion 
display keyboard unusable. 
of t h i s  problem. 
f l i g h t .  
mechanical wear and f r i c t i o n .  

Some examples of the  problems encountered during f l i g h t  and cor rec t ive  

I n s t a l l a t i o n  of a fuse in t h e  offending c i r c u i t  prevented recurrence 
There were severa l  instances  of poor p e r f o m n c e  of  the  event timer during 

E r r a t i c  timing and obscuring of the timer numerals by pa in t  p a r t i c l e s  resu l ted  from 

. 

4 

L 

Very few changes were made in the d isp lays  and cont ro ls  system during t h e  f l i g h t  program ex- 
cept  t o  accommodate changes made i n  other  systems. These -re usual ly  t h e  addi t ion  of items such 
as switches, c i r c u i t  breakers ,  o r  meters. However, following the  oxygen tank f a i l u r e  on t h e  
Apollo 13  mission, severa l  changes were made. F i r s t ,  the  oxygen tank fan  and t h e m s t a t  cont ro ls  
were removed and two switches were added t o  connect the  a u x i l i a r y  b a t t e r y  power supply t o  the  
d i s t r i b u t i o n  system and a c t i v a t e  an i s o l a t i o n  valve between oxygen tanks 2 and 3. 
reac tan t  valves  I n  the  hydrogen and oxygen l i n e s  of a l l  tanks were coupled t o  the  caut ion and 
warning system as well as t o  the event indicators .  
t o  ind ica te  when e i t h e r  valve was closed r a t h e r  than t o  ind ica te  when both were closed. Addi- 
t i o n a l  information on the development and performance of t h e  cont ro ls  and d isp lays  is  given i n  
reference 4-53. 

Secondly, t h e  

F ina l ly ,  the  ind ica tor  c i r c u i t r y  was changed 
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4.4.11 Communications System 

The communications system included t h e  equipment required f o r  vo ice  comunica t ions ,  d a t a  op- 
e r a t i o n s ,  t rack ing  and ranging, and onboard t e l e v i s i o n  transmission. The system included both 
VHF and S-band equipment t o  accommodate the  var ious  r a d i o  frequencies  used i n  air-to-ground t rans-  
missions. 

Voice comunica t ions  included spacecraf t  in te rcoanunica t ions  between crewmen, h a r d l i n e  two- 
way voice  communications with the Launch Control  Center through t h e  s e r v i c e  module umbil ical  dur- 
ing the  prelaunch per iod,  i n f l i g h t  two-way voice  communications with t h e  Manned Space F l i g h t  N e t -  
work ( l a t e r  designated t h e  Space F l i g h t  Tracking and Data Network) by VHF/AM and S-band systems, 
and post landing wice communications v i t h  recovery sh ips  and a i r c r a f t .  

Data opera t ions  included t ime-correlated voice tape recording of  f l i g h t  crew comments and 
observat ions;  S-band t ransmission of real-time o r  s t o r e d  te lemetry da ta ;  and S-band recept ion  of 
updata (guidance and navigat ion da ta ,  t iming da ta ,  and real-time commands) from the Space F l i g h t  
Tracking and Data Network. 

A s  with o t h e r  systems, t h e  communications system had a major design change poin t  t h a t  divided 
Although c e r t a i n  func t iona l  design changes were t h e  development program i n t o  Blocks I and 11. 

made f o r  t h e  Block 11 conrmunications system, the  bas ic  change w a s  from a mechanical s tandpoint .  
Inf l igh t - rep laceable  modular-type equipment was replaced with sea led  u n i t s  t h a t  had b u i l t - i n  and 
switchable  redundancy where required t o  meet program objec t ives .  The Block I and Block I1 com- 
munications systems d i f f e r e d  in t h r e e  major aspects .  

Equipment t h a t  was n o t  considered necessary t o  t h e  lunar  landing mission vas d e l e t e d  a. 
from the  Block I1 spacecraf t .  

b. 

c. 

Def ic ienc ies  t h a t  were noted i n  the  Block I design were cor rec ted  i n  t h e  Block 11 design. 

Nev equipment w a s  added t o  t h e  Block I1 system because of  the  requirement f o r  combined 
lunar  mdule /comand and s e r v i c e  module operat ions.  

The d e l e t e d  equipment cons is ted  of a VHF/FM t r a n s m i t t e r  and a C-band transponder.  Functions 
In  addi t ion ,  o f  t h i s  equipment (data  t ransmission and ranging) were absorbed by S-band equipment. 

a high-frequency t r a n s c e i v e r  and antenna were also remved from t h e  program. 

E l e c t r i c a l  wir ing problems were experienced during t h e  Mercury 9 f l i g h t  wherein contaminants 

However, 
(va te r ,  u r ine ,  sweat, e tc . )  migrated t o  exposed e l e c t r i c a l  t e rmina ls  i n  the  zero-g environment. 
These problems l e d  t o  t h e  dec is ion  to s e a l  a l l  Apollo e l e c t r i c a l  wir ing and connectors.  
t h e  Block I Apollo hardware was a l ready  designed and was  being b u i l t  in accordance with t h e  in- 
f l i g h t  maintenance concept. This meant that many module-to-black-box connectors  and many s e l f -  
mating black-box-to-spacecraft connectors  were required.  The at tempt  t o  rmke connectors  and mod- 
u l e s  humidity proof was lengthy,  sometimes f u t i l e ,  and p r a c t i c a l l y  e l iminated any p o s s i b i l i t y  of  
i n f l i g h t  maintenance. The Block 11 des ign  change involved repacking the  crew compartment equip- 
ment i n t o  completely s e a l e d  u n i t s  and incorporat ing b u i l t - i n  and switchable  redundancy, a s  w e l l  
aa backup undea, t o  achieve t h e  des i red  r e l i a b i l i t y  and t o  s a t i s f y  the  lunar  rendezvous mission 
requirements.  

The development of the  ind iv idua l  equipment parameters was based on the t o t a l  communications 
system requirements.  The i n t e r f a c e  parameters def ined in t h e  equipment s p e c i f i c a t i o n s  were v a l i -  
dated and v e r i f i e d  in labora tory  system t e s t a  conducted by t h e  major subcontractor  as p a r t  of the  
ground test program. Further  labora tory  t e s t a  were performed a t  the Manned Spacecraf t  Center t o  
v e r i f y  o v e r a l l  system compat ib i l i ty  with t h e  Space F l ight  Tracking and Data Network and the  l u n a r  
module. &lowever, development and q u a l i f i c a t i o n  were performed on the b a s i s  o f  ind iv idua l  equip- 
ment tests. 

F l i g h t  t e a t s  wre performed t o  ensure tha t  t h e  system would meet t h e  requirements o f  space 
operat ions.  
e a r t h - o r b i t a l  f l i g h t s .  The manned ear th-orb i ta l  f l i g h t s ,  toge ther  with support ing labora tory  
evaluat ion,  q u a l i f i e d  the  system f o r  t h e  lunar  mission operat ions.  

Unmenned f l i g h t s  q u a l i f i e d  the por t ion  of  t h e  system that was requi red  f o r  manned 
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The major problem area in the design, development, and production of the  comunica t ions  nys- 
The high gain antenna was t h e  pacing item of  com- t e m  hardware was the S-band high gain antenna. 

m n i c a t i o n s  equipment and underwent extensive redesign t o  c o r r e c t  f o r  major d e f i c i e n c i e s  and 
f a i l u r e s  experienced during i t e  development and qua l i f ica t ion .  
not be flown on the  Apollo 7 mission as o r i g i n a l l y  planned, and it was necessary t o  waive t h e  
q u a l i f i c a t i o n  requirement and i n s t a l l  the  antenna assembly at  t h e  launch s i te  t o  permit i ts use 
on t h e  Apollo 8 mission. bwever ,  operat ion during the Apollo 8 mission was  considered matie- 
factory.  
erence f o r  evaluat ing high gain antenna performance during subsequent missions. 

A s  a r e s u l t ,  the  antenna could 

Data obtained during t h i s  mission were valuable  i n  developing procedures and as a re f -  

The equipment malfunctions that -re experienced throughout the program are mentioned here, 
and addi t iona l  d e t a i l s  may be obtained from the mission repor t s  referenced. 

Apollo 9: On one occasion, the update l i n k  vould not accept comande u n t i l  the  decoder l o g i c  
was reset by cycl ing the spacecraf t  uptelemetry w i t c h  from the  NORMAL t o  OFF t o  NORMAL positions 
( re f .  4-15). 

Apollo 12: Problem experienced during the Apollo 12 mission were poor VEF voice q u a l i t y  
during lunar  module ascent  and rendezvous and an occasional decrease in S-band signal s t rength  
when operating through the high gain antenna. These problems are discussed i n  reference 4-18. 

Apollo 13: D i f f i c u l t y  was experienced in obtaining high gain antenna acquis i t ion  and subse- 
quent t racking (ref .  4-19). 

Apollo 14: Comunications eystem problem were (1) poor VHF performance for voice and raag- 
lug during lunar  m d u l e  ascent  and rendezvous and (2) the high ga in  antenna f a i l u r e  t o  acquire  
and t rack  properly a t  var ious times during the mission ( re f .  4-20). 

Apollo 16: On two occasions, the  update l i n k  did not accept commands u n t i l  the  decoder l o g i c  
was  rese t .  A 
second problem was t h a t ,  on one occaeion, the  high gain antenna f a i l e d  t o  opera te  properly i n  the 
reacquisitionlnarrorbeamwidth mode u n t i l  the  l o g i c  had been reset by momentary s e l e c t i o n  of the  
manual mode by the crew (ref .  4-22). 

This condi t ion w a s  the same as that experienced on Apollo 9 ( refs .  4-15 and 4-22).  

Information obtained during the miesione was fed back i n t o  the opera t iona l  procedures and 
t h e  ground test program. 
changed. 
introduced p r i o r  t o  the  Apollo 15 mission, V ~ B  inst rumental  in i d e n t i f y i n g  an antenna glmbal 
radio-frequency ro ta ry  j o i n t  design def ic iency that was not dhtected during development o r  ac- 
ceptance tes t ing .  

The high gain antenna was t h e  major area in which ground tests were 
A s p e c i a l  system-level high gain antenna thermal/functional acceptance screening teet, 

A s  the  result of f l i g h t  experience, changes were incorporated in the  areas of crew-adjustable 
cont ro ls  f o r  VHF squelch and f o r  microphone placement. Training simulator f i d e l i t y  was improved 
and the crews were briefed and t ra ined  t o  recognize and cor rec t  id iosyncras ies  and problems pre- 
viously experienced in f l i g h t .  The area of antenna management vas improved by t h e  incorporat ion 
of high gain antenna gimbal angle  and mode w i t c h  telemetry, updating procedures, and developing 
a look-angle display f o r  determining optimum up-link command times. 
ule conununications system I s  discussed f u r t h e r  in references 4-54, 4-55, and 4-56. 

The comand and serv ice  mod- 

4.4.12 Instrumentation System 

The instrumentation system of t h e  command and serv ice  modules consis ted of da ta  a c q u i s i t i o n  
and s torage components and c e n t r a l  timing equipment. Transducers and s igna l  condi t ioners  were 
located throughout the spacecraf t ,  each in the proxin i ty  of  the parameter t o  be measured. 
t y p i c a l  manned spacecraf t ,  about 125 parameters uere measured by t h i s  system, which in te r faced  
with a l l  o t h e r  systems. Sensors were provided t o  measure pressure, temperature, quant i ty ,  flow, 
a t t i t u d e ,  a t t i t u d e  change rate, vol tage,  cur ren t ,  frequency, radio power, vibra t ion ,  s t r a i n ,  
acous t ic  noise  leve l ,  acce le ra t ion ,  heat  sh ie ld  char ,  ab la t ion  and heat f l u x ,  nuclear  p a r t i c l e  
f l u x ,  biomedical parameters, and t o  perform gas ana lys i s  of the  spacecraf t  atmosphere. 
were d i f f e r e n t  measurements f o r  each spacecraf t  because the  mission objec t ives  =re d i f f e r e n t  f o r  
each f l i g h t  and instrumentat ion emphasis changed as experience was  gained. 

On a 

There 

The d a t a  s torage 
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equipment was a magnetic t ape  r eco rde r  l a r g e  enough t o  hold a l l  d a t a  generated by the  s p a c e c r a f t  
while ou t  of  communications with a ground s t a t i o n .  Th i s  cond i t ion  occurred when t h e  d i r e c t  l i n e  
between the  s p a c e c r a f t  and ground s t a t i o n  w a s  occluded by a po r t ion  of  t he  e a r t h  o r  moon. The 
c e n t r a l  t iming equipment provided t iming s i g n a l s  t o  o t h e r  systems, i nc lud ing  elapsed t i m e  from 
launch, t o  t h e  t e l eme t ry  system. 

In some c a s e s ,  i n s t rumen ta t ion  hardware was  i n t e g r a t e d  with o t h e r  systems and de l ive red  t o  
the  prime c o n t r a c t o r  a l r eady  i n s t a l l e d .  
t a t i o n  system, p e r  se, and are n o t  included in t h i s  d i scuss ion .  

Such items were not  considered a p a r t  of t he  instrumen- 

The f i r s t  s t a g e  i n  t h e  in s t rumen ta t ion  development process  w a s  t h e  e s t ab l i shmen t  of measure- 
ment requirements.  An i n s t rumen ta t ion  equipment l i s t  was then compiled and procurement a c t i v i t y  
w a s  undertaken t o  o b t a i n  the  items on t h e  equipment list. As t h e  hardware was developed, i t  was 
sub jec t ed  t o  t e s t i n g  t h a t  provided assurance t h a t  the hardware (1) could perform i n  the o p e r a t i o n a l  
environment t o  which it would be sub jec t ed ,  (2) could conform t o  the accuracy requirements of Its 
s p e c i f i c a t i o n ,  and (3) could reasonably be expected t o  last a s  long as necessary.  Design proof 
t e s t s ,  q u a l i f i c a t i o n  tests, o f f - l i m i t s  tests t o  d e s t r u c t i o n ,  and accuracy determinat ion were per- 
formed on each type of measurement device.  A f t e r  passing these  t e s t s ,  t he  hardware was sub jec t ed  
t o  acceptance t e s t i n g ,  p r e - i n s t a l l a t i o n  t e s t i n g ,  t e s t i n g  a f t e r  i n s t a l l a t i o n  on the  s p a c e c r a f t ,  
and system checkout. 

Because of  t he  ex tens ive  t e s t i n g .  n e a r l y  a l l  t he  fol lowing d e f i c i e n c i e s  were discovered e a r l y  
i n  t h e  program. 

a. 

b. Mechanical damage by personnel working i n  the s p a c e c r a f t  

c. S u s c e p t i b i l i t y  of  some instruments  t o  radio-frequency i n t e r f e r e n c e  

d. C a l i b r a t i o n  changes 

e. I n s t a b i l i t y  of ou tpu t  

The  h igh  rate of r e j e c t i o n  was found t o  be caused by a d i f f e r e n c e  between the  acceptance 

A r a t h e r  high rate of  r e j e c t i o n  at p r e - i n s t a l l a t i o n  in spec t ion  

test procedure used a t  t h e  vendor 's  p l a n t  be fo re  shipment and t h e  p r e - i n s t a l l a t i o n  test procedures 
performed a t  the  prime c o n t r a c t o r ' s  p l an t .  
i nc lud ing  t h e  f a i l / p a s s  criteria. The mechanical danage problem was  solved by providing apprppri-  
a t e  p recau t iona ry  i n s t r u c t i o n s  t o  t h e  manufacturing an& checkout personnel.  
i n t e r f e r e n c e  was reduced t o  an accep tab le  l e v e l  by changing t h e  e l e c t r i c a l  grounding techniques.  
C a l i b r a t i o n  s h i f t s  and i n s t a b i l i t y  of output  were both t r aced  t o  o s c i l l a t i o n s  of  t h e  s c a l i n g  am- 
p l i f i e r s  and r e g u l a t o r s  w i th in  the  s i g n a l  cond i t ione r s  and were el iminated by the  a d d i t i o n  of 
small  shunt capac i to r s .  

Th i s  w a s  solved by making the  two procedures i d e n t i c a l ,  

S u s c e p t i b i l i t y  t o  

The t ape  r eco rde r  used f o r  d a t a  s t o r a g e  w a s  i n i t i a l l y  designed and b u i l t  t o  t he  requirements 
of t h e  r e fe rence  luna r  mission; t he  r eco rde r  had t o  be modified f o r  t he  ea r th -o rb i t a l  missions 
and t h e  luna r -o rb i t a l  s c i ence  missions.  The f i r s t  m d i f i c a t i o n ,  t o  meet t h e  requirements o f  t h e  
e a r t h - o r b i t d  missions, cons i s t ed  o f  s t r eng then ing  t h e  t r anspor t  mechanism t o  extend i t s  speci-  
f i e d  l i f e  from 14 t o  200 hours. The second m d i f i c a t i o n ,  f o r  t he  l u n a r - o r b i t a l  s c i ence  missions,  
added a d i g i t a l  channel f o r  mission s c i e n t i f i c  d a t a  and doubled t h e  recording t ime capaci ty .  

The c e n t r a l  t iming equipment was  modified t o  provide a serial t i n e  code output  f o r  t he  scien-  
t i f i c  experiment hardware and d a t a  system, i n  a d d i t i o n  t o  the  o r i g i n a l  p a r a l l e l  output .  

Very few f l i g h t  f a i l u r e s  occurred.  From Apollo 7 through Apollo 17, t h e r e  were t h r e e  c a s e s  
in which the measurement hardware produced no ou tpu t ,  t h r e e  c a s e s  of  no i sy  ou tpu t s  from which 
d a t a  could be der ived by averaging,  and t h r e e  cases  in which the  ou tpu t  was s l i g h t l y  o u t  of  t o l -  
erance.  
flown on t h e  11 spacec ra f t .  

These n i n e  cases  r ep resen t  on ly  about 0.6 percent  of the ins t rumen ta t ion  system hardware 

b 

1 
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The data storage equipment operated thousands of hours without data loss except for a few 
minutes during the entry of the Apollo 10 command module and about a half minute during transearth 
coast of the Apollo 15 command and service module. 
mation of the tape recorder case due to the pressure increase of entry; strengthening the case 
corrected this condition for later flights. 
to the tape leader material, which had transferred to the first few feet of the magnetic tape. 
This problem was corrected for later missions by carefully wiping the first few feet of the tape 
and leader material before installing the magnetic tape. 

The Apollo 10 data loss was caused by defor- 

The half-minute loss of data on Apollo 15 was traced 

Several recomendations for instrumentation systems may be made from the experience derived 

Attempts to 

In nearly all measurements, an overall accuracy of plus or minus 5 percent will suffice. 

from the Apollo program. 
tually needed makes it possible to instrument for almost any operational parameter. 
provide large numbers of exotic measurements at unattainable accuracies merely waste time and 
money. 
A workable ground rule for establishing the number of measurements is that one measurement at each 
point in each system where a change of physical state occurs is necessary and sufficient. 
hardware redundancy is not as effective in protecting against instrumentation hardware failures 
as is a matrix of measurements whereby data missing due to hardware failures can be derived from 
other measurements. Flexibility to change measurements by deletion, addition, and substitution 
should be built in from the beginning. 

A realistic approach to measurement requirements and to the accuracy ac- 

Simple 

The development and performance of the command and service module operational instrumentation 
system is discussed in greater detail in reference 4-57. 

4.5 LUNAR MODULE DEVELOPMENT PROGRAM 

4.5.1 Introduction 

The decision to utilize a lunar rendezvous mission technique was made in July 1962, and the 
contract for the design and development of the lunar module was awarded four months later. 
lunar module was unique in that it was the first manned spacecraft which was specifically de- 
signed for operation totally outside of the earth's environment. 
spacecraft was designed to (1) land two astronauts on the moon from lunar orbit, (2) support lunar 
surface exploration and the deployment of scientific experiments, and (3) return the astronauts 
and lunar samples to the command and service modulepin lunar orbit. 

The 

Based on the mission plan, the 

No parallel equivalent to the command module Block I and Block I1 development philosophy ex- 
isted in the lunar module development, although the lunar module was reconfigured in the late 
stages of the Apollo program to accommodate an extended lunar stay capability. 
mand module development program, the lunar module development program emphasized ground tests and 
minimized unmanned flight development tests. As planned, LM-1 was the sole unmanned lunar module 
which was flight tested with operative systems. In all, only three production lunar modules were 
flight tested prior to the Apollo 11 lunar landing mission (see sections 2.3 and 2.4) and there 
were no active boilerplate flight items in the program. The general configuration of the lunar 
module is shown in figure 4-18. 

Unlike the com- 

4.5.2 Test Articles and Ground Test Program 

The lunar module development program utilized a series of ground test vehicles for estab- 
lishing the production configuration and man-rating the flight vehicles. 
development complexity, the types of vehicles employed were mockups (M series), test modules 
(TM series), and lunar module test articles (LTA series). 
module configuration was simulated; however, in other instances, only the area of test interest 
was simulated. 
ground test programs that they supported. 

In increasing order of 

In some instances, the total lunar 

The following paragraphs identify the test articles and indicate the types of 

4.5.2.1 
velopment program. 
the ascent stage cabin configuration requirements. 

Mockups.- Five lunar module mockups were constructed during the course of the de- 
A wooden mockup, designated M-1. was constructed for the purpose of studying 

M-3 was an ascent and descent stage external 
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Figure 4-18.- Lunar module configuration for initial lunar landing. 
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configurat ion a r t i c l e .  
t e r f a c e  and f o r  f a c i l i t y  v e r i f i c a t i o n .  
engine compartment requirements. 
ment i n s t a l l a t i o n .  
posed a f t e r  the Apollo I f i r e .  

It was used f o r  v e r i f i c a t i o n  of the spacecraf t / launch vehic le  adapter  in- 
The M-4 mockup w a s  constructed t o  study the  descent s t a g e  

M-5 was  a mockup f o r  t h e  evaluat ion of the spacecraf t  equip- 
Mockup M-6 w a s  developed t o  support new f lamnabi l i ty  test requirements lm- 

4.5.2.2 Test Models.- Sixteen test models were used in t h e  lunar module development program. 
Nost of t h e  test w d e l s  were spec ia l ized  f o r  s p e c i f i c  inves t iga t ions  and were not complete ascent  
and descent s tage  configurat ione.  These m d e l s  Ere  used f o r  such th ings  as crew v i s a b i l i t y  and 
mobil i ty  s tud ies  (TM-1) , rad io  frequency tests (TM-3) , pyrotechnic s t u d i e s  of ascent/descent 
s tage  separat ion (Ri-4). l ightweight  descent s tage  landing s t u d i e s  and stowage reviews (TM-5), 
rendezvous radar  antenna tests (TM-6 and TM-7), landing radar  tests (TM-8). r e a c t i o n  cont ro l  sys- 
t e m  plume Impingement tests (TM-9), b a t t e r y  i n s t a l l a t i o n  t h e m 1  tests (TH-13), docking tunnel 
tests (TM-14), descent s tage  thermal tests (TM-15 and TM-17). and descent s t a g e s  s t r u c t u r a l  tests 
(TM-16). 

4.5.2.3 Lunar Module Test Articles.- Eight lunar  module test a r t i c l e s  were constructed. The 
LTA-B a r t i c l e  was used so le ly  t o  provide b a l l a s t ,  i n  the form of t h e  lunar  module configurat ion,  
f o r  the  Apollo 8 mission. 
e l e c t r i c a l  and e lec t ronic  systems and t o  v e r i f y  the checkout procedures which were developed f o r  
f l i g h t  spacecraf t .  
t h e  same cont ro l led  process a s  a production f l i g h t  vehicle .  
i n  p a r a l l e l  with the LM-1 unmanned f l i g h t  vehic le ,  but had an e a r l i e r  forward hatch configurat ion.  
Test a r t i c l e  LTA-2 was f i r s t  used t o  test the  response t o  t h e  launch vehic le  v i b r a t i o n  environ- 
ment. It was la ter  refurbished and uaed as payload b a l l a s t  f o r  the Awl10 6 launch vehicle .  
LTA-3 was a s t a t i c  and dynamic s t r u c t u r a l  test article. Designed in p a r a l l e l  v i t h  LM-3, the  
LTA-3 test a r t i c l e  w a s  a product of the  so-called super weight improvement program which was Im- 
plemented f o r  LM-3 and subsequent vehic les  t o  decrease and cont ro l  the  growing lunar  module 
weight. The LTA-5 test bed was a complete descent s tage and was used f o r  descent s tage  propul- 
s ion  t e s t i n g  a t  the White Sands Test F a c i l i t y .  
Space Environment Simulation Laboratory a t  the  Manned Spacecraft Center (sec. 11.4). T h i s  test 
a r t i c l e  was e s s e n t i a l l y  t h e  same as the LM-1 spacecraf t .  
use by the  command and serv ice  module prime cont rac tor ,  LTA-10 w a s  l a te r  used on the  unmanned 
Apollo 4 mission a s  instrumented b a l l a s t  f o r  the launch vehicle .  
ported t h e  extended lunar  s t a y  requirements f o r  the  Apollo 15, 1 6  and 1 7  missions, and was used 
a s  a drop test vehic le  i n  conjunction with the t e s t i n g  of the  lunar  roving vehic le .  

The LTA-1 test a r t i c l e  was used f o r  ground t e s t i n g  t h e  lunar  module 

Like all of the LTA series, LTA-1 was constructed,  inspected. and t e s t e d  by 
Also, t h i s  test a r t i c l e  was designed 

Man-rating t e s t i n g  was performed on LTA-8 in the 

Or ig ina l ly  b u i l t  as a test a r t i c l e  f o r  

The LTA-11 test vehic le  sup- 

4.5.3 Unmanned Fl ight  T e s t  Program 

The Apollo 5 mission featured the  unmanned f l i g h t  t e s t i n g  of t h e  f i r s t  production lunar  mod- 
u l e ,  designated LM-1. 
programming c a p a b i l i t y  t o  operate  the  ac t ive  onboard systems. 
a "sister ship" t o  LM-1, but had opt iona l  manned/unmanned f l i g h t  capabi l i ty .  
t o  be used as the  f i r s t  manned lunar  module on Apollo 8, i t  w a s  diver ted t o  support the  ground 
test program i n  the  Manned Spacecraft Center's vibro-acoustic test f a c i l i t y  a f t e r  Apollo 8 be- 
came the  command-and-serviceiodule lunar  o r b i t a l  mission. 

A s  an unmanned veHicle, LM-1 had both automatic and remote-controlled 
The LM-2 vehic le  was produced as 

Or ig ina l ly  intended 

4.5.4 Uanned Vehicles 

The lunar  module development program was continued during t h e  production of the  f l i g h t  space- 
c r a f t  by the  cont inual  updating of  f l i g h t  hardware t o  r e f l e c t  changes ind ica ted  from mission ex- 
perience and new program requirements. The mst program-effective s i n g l e  s t e p  was  t h e  aforemen- 
tioned super weight improvement program. This program enployed some of t h e  most sophis t ica ted  
engineering design and manufacturing techniques used t o  date i n  the production of manned space- 
c r a f t  . 

4.5.4.1 Apollo 9 through Apollo 14 Lunar %dules.- The  vehic les  used i n  t h e  Apollo 9 and 
Apollo 10 missions were developed f o r  we in e a r t h  o r b i t  and lunar  o r b i t  and, as such, had nu- 
merous d i f fe rences  from the lunar  landing spacecraf t .  Table 4-V ind ica tes  the  major d i f fe rences .  

? 
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TABLE 4-V.- SUMMARY OF MAJOR CHANGES TO LUNAR MODULE 

Changes Implemented f o r  Apollo 9 and Apollo 1 0  Missions 

S t r u c t u r e s  

Thermal c o n t r o l ,  
pass ive  

Pyrotechnics  

E l e c t r i c a l  power 

Instrument  ion  

Communications 

Radar systems 

(LM-3 and LM-4) 

Doublers added t o  upper deck of descent  s t a g e .  

Apollo l u n a r  s u r f a c e  experiment package and 
modular equipment stowage assembly mass 
s imulated.  

Descent b a t t e r y  suppor t  s t r u c t u r e  modified 
t o  mount two b a t t e r i e s  i n  quadrant  I and 
two b a t t e r i e s  i n  quadrant  I V .  

Emergency d e t e c t i o n  r e l a y  box support  s t r u c -  
t u r e  modified t o  mount one box on a s c e n t  
s t a g e  and one box on descent  s tage .  

gear  l e g  assembl ies .  
Crushable honeycomb i n s e r t s  added t o  landing  

~~ ~~~ 

I n s u l a t i o n  l i g h t e n e d  by reducing number of 

Window shade m a t e r i a l  thermal c a p a b i l i t y  

l a y e r s  of i n s u l a t i o n  i n  b l a n k e t s .  

increased  from 200' t o  300" F. 

Elec t ro-explos ive  devices  b a t t e r i e s  and r e l a y  
boxes r e l o c a t e d ,  one mounted on a s c e n t  s t a g e  
and one mounted on descent  s t a g e .  

t h r e e  t o  two (LM-4). 
Number of c i r c u i t  i n t e r r u p t e r s  reduced from 

~ ~~ ~ 

Four descent  s t a g e  b a t t e r i e s  r e l o c a t e d .  

Descent e l e c t r i c a l  c o n t r o l  assembly modified 
t o  a l low command module t o  power a s c e n t  
s t a g e  alone.  

~~ 

Development f l i g h t  ins t rumenta t ion  d e l e t e d  
(Apollo 1 0  o n l y ) .  

D i g i t a l  u p l i n k  assembly added t o  r e p l a c e  
d i g i t a l  command assembly. 

Ranging tone  t r a n s f e r  assembly added f o r  
command and s e r v i c e  module/lunar module 
VHF ranging.  

Landing r a d a r  modified f o r  e a r t h  o r b i t a l  
mission and l u n a r  o r b i t a l  miss ion ,  per  
r e s p e c t i v e  f l i g h t s .  

. 

. 

J 
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TABLE 4-V.- SUMMARY OF MAJOR CHANGES TO LUNAR MODULE - Continued 

Function/System Changes 

Changes Implemented f o r  Apollo 9 and Apollo 1 0  Miss ions  - Concluded 
(LM-3 and LM-4) 

S t r u c  t u r e  s 

Ascent eng ine  a r m  assembly modif ied t o  a l l o w  
unmanned a b o r t  guidance system f i r i n g .  

Alignment o p t i c a l  t e l e s c o p e  weight reduced.  

React ion c o n t r o l  system t h r u s t e r - o n  time w a s  
i n c r e a s e d  f o r  a g iven  i n p u t  s i g n a l .  

Helium e x p l o s i v e  v a l v e  r e i n f o r c e d  by adding 
an  e x t e r n a l  b r a z e .  

Guidance and c o n t r o l  

I 

I Descent p ropu l s ion  

L 
Ascent p r o p u l s i o n  

Environmen t a l  coil t r o l  

P 

Changes Implemented f o r  Apollo 11 Through Apollo 14  Missions 
(LM-5 Through LN-8) 

Rough combustion c u t o f f  assembly d e l e t e d .  

P r o p e l l a n t  t a n k  s u p p o r t  cone i n s t a l l a t i o n  
changed from r i v e t s  t o  b o l t s .  

Relief v a l v e s  modif ied t o  gold b r a z e  w i t h  
notched poppet s t e p .  

S u i t  c i r c u i t  assembly changed from t i t a n i u m  
t o  aluminum f o r  b e t t e r  f a n  o p e r a t i o n .  

Primary sub l ima to r  f e e d l i n e  s o l e n o i d  v a l v e  
d e l e t e d  i n  water management system. 

P r o v i s i o n s  added f o r  s c i e n t i f i c  equipment 
package. 

Modular equipment stowage assembly added i n  
quadran t  I V  of d e s c e n t  s t a g e .  

Docking s t r u c t u r e ,  d e s c e n t  s t a g e  s h e a r  webs 
and base  h e a t  shie1.d modif ied as  p a r t  of 
weight r e d u c t i o n  program. 

ment t r a n s p o r t e r  (LM-8 o n l y ) .  

removed and l e n g t h  o f  remaining p robes  in -  
c r eased .  

Quadrant I V  modif ied t o  s u p p o r t  modular equip-  

Forward l a n d i n g  g e a r  s u r f a c e  s e n s i n g  probe 
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TABLE 4-V.- SUMMARY OF MAJOR CHANGES TO LUNAR MODULE - Continued 

Function/System Changes I 
Changes Implemented f o r  Apollo 11 Through Apollo 14 Missions - Continued 

(LM-5 Through LM-8) 

Thermal c o n t r o l ,  
passive 

E l e c t r i c a l  power 

Instrumentat ion 

Communications 

Radar 

Guidance and con t ro l  

Descent s t a g e  base hea t  s h i e l d  changed 
from Kapton t o  Rel-F t o  prevent landing 
r ada r  i n t e r f e rence .  

One l aye r  each of n i cke l  f o i l  and Inconel  
f o i l  added t o  landing gear  s t r u t s .  

Landing gear  i n s u l a t i o n  reduced f o r  weight 
savings of 27 .2  pounds. 

Thickness of forward hatch ou te r  sh i e ld ing  
increased .  

Descent s t age  b a t t e r i e s  modified by adding 
p o t t i n g  i n s u l a t i o n  ac ross  top  of ce l l s  
and providing an  overboard vent  manifold 
f o r  ce l l  vent  va lves .  Manifold vent  va lve  
and core  vent  va lve  added t o  c o n t r o l  d i f -  
f e r e n t i a l  p ressure  across ce l l  cores  (LM-8). 

Ascent propuls ion system helium tanks t e m -  
pe ra tu re  measurements de l e t ed  and redundant 
pressure  measurements added. Temperature 
measurements added t o  ascent  s t a g e  water 
l i n e s  and descent  propuls ion system engine 
b a l l  valves .  

Ext ravehicu lar  a c t i v i t y  antenna and S-band 

Telev is ion  camera stowed on modular equip- 

e r e c t a b l e  antenna added. 

ment stowage assembly. 

C r e w  c o n t r o l  added t o  break lock and search  
f o r  main b e a m  of landing r ada r ;  c i r c u i t r y  
provided t o  prevent computer s t rob ing  pulse  
from appearing as two pulses .  

Override switch added t o  rendezvous radar  f o r  
primary o r  secondary gyro select; h e a t e r s  
added t o  gyro assemblies.  

Primary guidance and naviga t ion  c o n t r o l  func- 
t i o n  t o  descent  engine gimbal d r i v e  ac- 
t u a t o r s  changed from brake t o  cons tan t  
damping. 

Primary guidance program changed t o  a l low re- 
t u r n  t o  automatic c o n t r o l  f o r  landing i n  
the  event  t h a t  dus t  obscured v i s i b i l i t y .  

Ascent engine arming assembly removed from 
c o n t r o l  e l ec t ron ic s .  


