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

w . 

.. 
4 

a 

Funct ionjsystem Changes I 
Changes Implemented f o r  Apollo 11 Through Apollo 14 Missions - Concludec 

(LM-5 Through LM-8) 

Reaction c o n t r o l  I 
Descent propuls ion  

Ascent propuls ion I 

I Environmental c o n t r o l  : 

P r e s s u r i z a t i o n  

Water management 

Thermal c o n t r o l ,  
a c t i v e  

Regulator p r e s s u r e  upper warning l i m i t  in -  
c reased  from 205 t o  218 p s i a .  

Bypass l i n e  added around f u e l j h e l i u m  hea t  
exchanger f o r  p r e s s u r e  e q u a l i z a t i o n  i n  
case  of h e a t  exchanger f reezeup.  

Anti-slosh b a f f l e s  added t o  descent  propul- 
s i o n  tanks ;  p r o p e l l a n t  q u a n t i t y  gaging 
system modified t o  i n c r e a s e  accuracy a t  
low l e v e l s .  

In- l ine  o r i f i c e  added t o  l u n a r  dump v a l v e  
system and i n s t a l l a t i o n  of v a l v e  assembly 
reversed .  

Lightweight t h r u s t  chamber incorpora ted  
i n  engine assembly. 

3-ring added t o  f langed j o i n t s  between 
feed  l i n e s  and f i l l  and d r a i n  l i n e s ;  
Tef lon  used on o x i d i z e r  s i d e  and b u t y l  
rubber  on f u e l  s i d e .  

S u i t  water c o o l i n g  assembly added. 

Cabin temperature  v a l v e ,  r e g e n e r a t i v e  h e a t  
exchanger and c a b i n  a i r  r e c i r c u l a t i o n  
assembly d e l e t e d .  

Accumulator q u a n t i t y  i n d i c a t o r  i n  s u i t  
cool ing  assembly modified.  

Carbon d i o x i d e  sensor  l i n e  r e l o c a t e d  up- 
stream of  suit fans .  

Water and oxygen quick  d i s c o n n e c t s  changed 
t o  allow 5-degree misalignment.  

Descent s t a g e  h igh  p r e s s u r e  oxygen r e g u l a t o r  
p r e s s u r e  increased  from 950 to  990 ps ig .  

Redundant water r e g u l a t o r  added i n  secondary 
coolan t  loop.  

Spool in water tank select v a l v e  redesigned.  

Backup measurement added f o r  descent  s t a g e  
water tank  p r e s s u r e .  

~~ 

Muffler  added t o  water /g lycol  pump o u t l e t .  
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TABLE 4-V.- SUMMARY OF MAJOR CHANGES TO L U I M  MODULE - Continued 

Function/System Changes I 
Changes Implemented f o r  Auollo 15  Through Apollo 17 Miss ions  

S t r u c t u r e s  

Electrical  power 

Di sp lays  and c o n t r o l s  

React ion c o n t r o l  

Descent p r o p u l s i o n  

(Lx-io Through LM-12) - 

Lower m i d s e c t i o n  and lower l e f t  and r i g h t  
s i d e  c o n s o l e s  of a s c e n t  s t a g e  modif ied 
t o  c a r r y  an  a d d i t i o n a l  40 pounds of l u n a r  
samples  a t  each l o c a t i o n .  

Descent s t a g e  modif ied t o  a c c e p t  l a r g e r  
p r o p e l l a n t  t a n k s ,  one a d d i t i o n a l  oxygen 
t ank  and one a d d i t i o n a l  water t a n k .  

Quadrant I modif ied t o  a c c e p t  l u n a r  r o v i n g  
v e h i c l e .  

Quadrant  111 modif ied t o  a c c e p t  l u n a r  rov ing  
v e h i c l e  t o o l  p a l l e t .  

Descent s t a g e  b a t t e r i e s  r e l o c a t e d  t o  rear 
o u t r i g g e r .  

S i z e  o f  modular equipment stowage a s s e n b l y  
i n c r e a s e d .  

F i f t h  b a t t e r y  added t o  d e s c e n t  s t a g e .  

B a t t e r y  r e l a y  c o n t r o l  assembly added. 

Capac i ty  of d e s c e n t  b a t t e r i e s  i n c r e a s e d  
from 400 t o  415 ampere-hours. 

Caut ion and warning modif ied t o  p reven t  

Guards added over  s e v e r a l  d i s p l a y s  and 

s p u r i o u s  s i g n a l s .  

meters t o  preven t  g l a s s  breakage from 
i n t e r n a l  p r e s s u r e .  

Engine i s o l a t i o n  v a l v e s  d e l e t e d .  
-~ ~~ 

C a p a b i l i t y  added f o r  1200 pounds of add i -  

Thrus t  chamber changed from a b l a t i v e  s i l i -  

Ten-inch n o z z l e  e x t e n s i o n  added. 

P r o p e l l a n t  t ank  ba lance  l i n e s  d e l e t e d  and 

Ox id ize r  lunar dump v a l v e  changed t o  f u e l  

t i o n a l  p r o p e l l a n t .  

cone t o  a b l a t i v e  q u a r t z .  

t r i m  o r i f i c e s  added. 

t ype .  

v . 
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TABLE 4-V.- SUlCiARY OF MAJOR CHANGES TO LUNAR MODULE - Concluded 

Func t ion /Sys ten  I Changes 
~ ~~ 

Changes Implemented f o r  Apollo 1 5  Through Apollo 17 Miss ions  - Concluded 

Environmental  c o n t r o l  

Thermal c o n t r o l ,  
a c t i v e  

(LM-10 Through-LM-i2) 

A d d i t i o n a l  l i t h i u m  hydroxide c a n i s t e r s  provided 
f o r  extended s t a y .  

One descen t  s t a g e  oxygen t ank  added and 
p o r t a b l e  l i f e  s u p p o r t  system f i l l  p r e s s u r e  
i n c r e a s e d  t o  approximately 1400 p s i .  

One descen t  s t a g e  water t a n k  added. 

Heaters added t o  modular equipment stowage 

Manual shutoff v a l v e  added t o  d e s c e n t  s t a g e  

as senb l  y . 

c o o l a n t  l o o p  t o  a l l o w  i n c r e a s e d  b a t t e r y  
o p e r a t i n g  t empera tu res .  

I 

. 
4 
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4.5.4.2 Extended-Stay Lunar Modules The Apollo 15 through Apollo 17 mission lunar  modules 
were modified t o  support the program requirements f o r  g r e a t e r  science payload and a longer s t a y  
time, and t o  car ry  a lunar  roving vehic le  f o r  lunar  surface explorat ion.  These vehic le  changes 
are a l s o  shown in t a b l e  4-V. 

4.6 LUNAR MODULE SYSTPLS DEVELOPMENT AND PERFORMANCE 

4.6.1 Introduct ion 

S igni f icant  aspec ts  of  the  development and f l i g h t  performance of  the  lunar  module s y s t e m  

Complete descr ip t ions  of the lunar  module systems are given in references 
are presented in this sec t ion .  
general ly  included. 
4-15 through 4-23 and 4-45. 
cussed in more depth in individual  Apollo Experience Reports. 
erenced where appropriate .  

Brief systems descr ip t ions  are given where necessary but a r e  not 

The top ics  discussed in t h i s  sec t ion  have, in many cases ,  been dis-  
These and o ther  documents a r e  ref-  

4.6.2 S t ruc tures  

The s t r u c t u r e  of the lunar  m d u l e  was designed and manufactured t o  keep weight a t  a minimum. 
The design c e r t i f i c a t i o n  depended pr imari ly  on the  ground test program. Formal analyses were made 
t o  supplement the test program and t o  serve a8 a basel ine f o r  each mission. Testing a t  the  compo- 
nent l e v e l  was conducted when i t  was  impract ical  t o  impose the  required environment a t  the  vehic le  
l e v e l .  

S igni f icant  problem areas  encountered were shear panel fa t igue ,  panel thickness  c o n t r o l ,  
s t ress-corrosion cracking, machined s t r u t  tolerances,  and interchangeable p a r t s  s i m i l a r  i n  ap- 
pearance but s t r u c t u r a l l y  d i f f e r e n t .  

4.6.2.1 Shear panel fa t igue  and thickness  control . -  The descent s tage  primary s t r u c t u r e  was 
made up meinly of shear  panels ( f i g .  4-19) t h a t  were designed as diagonal tension f i e l d  beams. 
Under load,  t h i s  type of beam developed the required s t rength  a f t e r  the  shear  web had developed 
buckles. The shear  panel webs were chemically milled t o  provide a minimum-weight s t r u c t u r e .  
The minimum thickness of the  o r i g i n a l  panels was 0.006 inch with a tolerance of tO.002 inch. 
During dynamic t e s t i n g ,  fa t igue  cracks ( f i g .  4-19) were noticed a t  the t r a n s i t i o n  zone between 
t h e  shear  web and the per ipheral  r i v e t  land. 
minated a t  the r i v e t  land with a s m a l l  r ad ius  of curvature  t h a t  resu l ted  i n  a region of stress 
concentration. 
web. 
namic test environment caused high-stress  low-cycle fa t igue  a t  the  web/land in te rsec t ion .  
an in te r im modification on the  e a r l y  vehic les ,  a f i b e r g l a s s  frame was appl ied around the  periph- 
e r y  of each panel of the  shear panel as s h a m  in f i g u r e  4-19. 
t i o n  was heavy, a l l  shear panels in the descent s tage  were later redesigned t o  reduce weight. 

The diagonal tension buckles in t h e  shear  web ter- 

T h e  dynamic test da ta  indicated t h a t  the  buckles o s c i l l a t e d  i n  t h e  plane of  the  
Under static load, the stresses induced in the panel were not excessive; however, the  dy- 

As 

Because the f i b e r g l a s s  modifica- 

While a s o l u t i o n  t o  the shear  web f a t i g u e  problem was being developed, t h e  thickness of t h e  
chemically milled webs w a s  found to be under tolerance,  and small holes  were discovered i n  some 
of t h e  webs. 
and the f a c t  t h a t  the v a r i a t i o n  in thickness was duplicated by the  chemical mi l l ing  process. 
This problem w a s  aolved by mre rigorouo s e l e c t i o n  of the  o r i g i n a l  sheet  material and by c l o s e r  
f i n a l  inspectlone. 

4.6.2.2 

These defec ts  were a t t r i b u t e d  t o  inadequate cont ro l  of the o r i g i n a l  sheet  thickness  

S t r e s s  corrosion.- In November 1967, while t h e  LTA-3 a f t  equipment rack support 
struts were beingioad?X€%6rated €or s ta t ic  tests, cracks were discovered on the  ends of the  
s t r u t s  where the end f i t t i n g s  were mechanically attached. 
23 cracked struts in 264 par t8  inspected. These f a i l u r e s  were a t t r i b u t e d  t o  stresm corrosion 
caused by t h e  stresses induced when the end f i t t i n g e  were clamped. 
p r e c i p i t a t e d  a review of the  e n t i r e  s t r u c t u r e  f o r  p a r t s  suscept ib le  t o  stress corrosion i n  Jan- 
uary 1968. hi 8 r e s u l t  of t h e  review, a l l  aluminum f i t t i n g s  suscept ib le  t o  stress corrosion were 
i d e n t i f i e d  and inspected,  the  heat treatment w a s  changed from 707S-T6 t o  7075-T73. required shims 
were provided, and pro tec t ive  pa in t  was added t o  suscept ib le  f i t t i n g s  on a l l  unassembled vehicles .  
During the inspect ions,  many stress corrosion cracks were found, which indicated t h a t  t h e  problem 
w a s  chronic throughout the s t r u c t u r e .  In december 1968, an addi t iona l  review was conducted t o  
determine which s t ress-corrosion-sensi t ive f i t t i n g s  were s t r u c t u r a l l y  c r i t i c a l ;  t h a t  is, which 

Inves t iga t ion  of a l l  s t r u t s  revealed 

The l a r g e  number of  f a i l u r e s  

. 
b 
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Figure 4-19.- Lunar module desent stage structure. 
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p a r t ,  i f  cracked in t he  p red ic t ed  l o c a t i o n ,  would no t  meet t h e  r equ i r ed  f a c t o r  of  s a f e t y .  
proximately 40 c r i t i c a l  f i t t i n g s  were i d e n t i f i e d  and were r e -hea t - t r ea t ed ,  redesigned,  o r  modi- 
f i e d .  
and t o  prevent  any p o t e n t i a l  stress co r ros ion  cracking from clamp-on stresses. 
formation on t h e  problem of  s t r e s s -co r ros ion  cracking may be found i n  s e c t i o n  4.7 and in r e f e r -  
ence 4-59. 

Ap- 

Also, l i q u i d  shimming w a s  used t o  guarantee a p e r f e c t  match between the  c r i t i c a l  p a r t s  
Add i t iona l  in- 

4.6.2.3 I n t e r n a l l y  machined struts.- Sixteen o u t r i g g e r  s t r u t s  ( four  p e r  beam) provided t h e  
support  f o r  t he  luna r  module in the l u n a r  module adap te r  and f o r  t he  primary l and ing  gear  struts 
( f i g .  4-19). 
l e n g t h  and 3.5 inches in diameter .  
i n t e g r a l ,  tapered end f i t t i n g s .  
machined ove r  t h e  entire l e n g t h  wi th  a varying i n t e r n a l  diameter.  

The lower o u t r i g g e r  struts were s t r a i g h t  t u b u l a r  members approximately 53 inches in 
Each s t r u t  had a w a l l  t h i ckness  of 0.039 inch and had c losed ,  

The  struts were machined from b a r  s t o c k  and had t o  be bl ind-  

During t h e  s t a t i c  s t r u c t u r a l  test t o  v e r i f y  s t r u c t u r a l  adequacy of t h e  descent  s t a g e  f o r  t h e  
Apollo 15  l u n a r  module and those  of subsequent l una r  modules, a lower o u t r i g g e r  s t r u t  f a i l e d  be- 
cause a n  erroneously machined groove on t h e  i n t e r n a l  diameter  was not  discovered by in spec t ion .  
The  groove w a s  l oca t ed  a t  t h e  t r a n s i t i o n  from t h e  tube t o  the  end f i t t i n g .  
used a t  t h a t  t i m e  cons i s t ed  of a spo t  check of the w a l l  t h i ckness .  
d i s c r e p a n c i e s  but  was no t  capable  of d e t e c t i n g  l o c a l  d e f e c t s  such as grooves.  
methods were improved and approximately 25 s t r u c t u r a l  p a r t s  w i th  manufacturing d e f e c t s  were 
found . 

The inspec t ion  method 

The in spec t ion  
This  method d e t e c t e d  o v e r a l l  

4.6.2.4 P a r t s  i n t e rchangeab i l i t y . -  During the  in spec t ion  of  t h e  i n t e r n a l l y  machined s t r u t s ,  
p a r t s  similar in  appearance bu t  s t r u c t u r a l l y  d i f f e r e n t  were found t o  have been interchanged on 
t h e  v e h i c l e s .  Because of t he  emphasis on l u n a r  module weight r educ t ion ,  many p a r t s  were iden- 
t i c a l  except  f o r  a d i f f e r e n c e  in t h i ckness  of a few thousandths of an inch.  
was reviewed and approximately 2700 parts were i d e n t i f i e d  t h a t  could poss ib ly  be interchanged.  
Each p a r t  w a s  reviewed s t r u c t u r a l l y  t o  determine whether t h e  r equ i r ed  f a c t o r  of s a f e t y  would be 
maintained i f  t h e  p a r t  were interchanged. 
no t  provide adequate  s t r e n g t h .  These p a r t s  Were inspected on a l l  v e h i c l e s  t o  v e r i f y  t h a t  each 
p a r t  was i n s t a l l e d  3,n its proper l o c a t i o n .  

The e n t i r e  s t r u c t u r e  

Approximately 260 p a r t s  Were i d e n t i f i e d  t h a t  would 

4.6.2.5 F l i g h t  performance.- The adequacy of t h e  l u n a r  module s t r u c t u r e  t o  meet the  condi- 
These missions included two t i o n s  of  t h e  des ign  environment w a s  v e r i f i e d  on 12 Apollo missions. 

developmental  f l i g h t s  in which t e s t  a r t i c l e s  were flown (Apollo 4 and 6 ) ,  one unmanned l u n a r  mod- 
u l e  f l i g h t  (Apollo 51, and n ine  manned f l i g h t s  (Apollo 9 through 17) .  No problems a s soc ia t ed  
wi th  t h e  primary l u n a r  module s t r u c t u r e  occurred.  
t u r e  anomalies. T h e s e  anomalies and the c o r r e c t i v e  a c t i o n s  taken are s m a r i z e d  i n  r e f e r e n c e  
4-60 and are r e f l e c t e d  in appendix F. 

However, t h e r e  Were s e v e r a l  secondary s t r u c -  

4.6.3 Thermal Control  System 

The b G i c t h e r m a 1  c o n t r o l  philosophy was t o  make t h e  l u n a r  module a spaceborne thermos b o t t l e ;  
t h a t  is, t o  i s o l a t e  t he  i n t e r i o r  s t r u c t u r e  and equipment from the  e x t e r n a l  environment so t h a t  it 
m u l d  remain wi th in  accep tab le  temperature  l i m i t s  without t he  need of any power o r  moving mechan- 
i c a l  dev ices  such as h e a t e r s  o r  louvers .  
t r o l  c o a t i n g s  were used t o  i s o l a t e  s t r u c t u r e  and components from t h e  space environment and t o  
minimize the average internal temperature change. 

Mul t i l aye r  i n s u l a t i o n  b l anke t s  and e x t e r n a l  thermal  con- 

To r e a l i z e  the maxim b e n e f i t s  from i s o l a t i o n ,  i n t e r n a l  temperature g r a d i e n t s  had t o  be re- 
duced. Many components w i th in  t h e  cabin d i s s i p a t e d  hea t  and w e r e  no t  a c t i v e l y  cooled. 
ove rhea t ing  of these components. high-emittance coa t ings  were used over  l a r g e  p o r t i o n s  of t h e  
cab in  i n t e r i o r  t o  d i s t r i b u t e  t h e  heat more uniformly. 
t anks  was very  h igh  in r e l a t i o n  t o  t h e  h e a t  r e j e c t i o n  c a p a b i l i t y .  
a t u r e s  d i d  n o t  change as r a p i d l y  o r  as ex tens ive ly  as those  of  the s t r u c t u r e .  
c e p t a b l e  o p e r a t i n g  range was a l s o  more r e s t r i c t i v e  and great care was used in s e l e c t i n g  tank 
coa t ings .  Moderately low-emittance coa t ings  (E - 0.20 t o  0.30) on t h e  t ank  y i e lded  good r e s u l t s .  
Thus, t h e  tanka r a d i a t e d  p a r t  of t he  hea t  s t o r e d  in them t o  t h e  s t r u c t u r e  and p a r t  t o  t h e  compo- 
n e n t s  t o  compensate f o r  heat l o s s  through the i n s u l a t i o n  b l anke t ,  while  s t i l l  providing accep- 
t a b l e  p r o p e l l a n t  and water temperature.  The performance o f  t he  m u l t i l a y e r  i n s u l a t i o n  b l a n k e t s  
(thin s h e e t s  of p l a s t i c  coated on one s i d e  wi th  a microscopic l a y e r  of aluminum) was t h e r e f o r e  
extremely cr i t ical .  

To prevent  

The thermal mass of water and p r o p e l l a n t  
For  t h i s  reason,  t ank  temper- 

MDreover, the ac- 

. . 

. 
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Although mul t i layer  i n s u l a t i o n  had been used on small  p ieces  of  equipment, none had been 
used on a v e h i c l e  t h e  s i z e  of the  lunar  module and under condi t ions  r e q u i r i n g  such a high l e v e l  
of e f fec t iveness .  The r o l e  of  t h e  i n s u l a t i o n  w a s  t o  prevent  hea t  t r a n s f e r  i n t o  o r  o u t  of t h e  
vehic le  by thermal r a d i a t i o n .  
and, as such, should not  contac t  each o t h e r .  Therefore ,  means of  f a s t e n i n g  t h e  s h e e t s  t o  the  
s t r u c t u r e  without compacting them had t o  be devised.  
trapped between the  l a y e r s  would expand in the  vacuum of space and cause t h e  s h e e t s  t o  bal loon.  
The mul t i layer  i n s u l a t i o n  b lankets  were vented t o  space in order  t o  reduce blanket  i n t e r n a l  pres- 
s u r e ,  which w a s  necessary f o r  an extremely e f f e c t i v e  i n s u l a t i o n  system. 

The aluminized s h e e t s  w e r e  t o  se rve  as mul t ip le  r a d i a t i o n  s h i e l d s  

An a d d i t i o n a l  problem w a s  t h a t  any gases  

An extens ive  f a s t e n i n g  and vent ing test development e f f o r t  no t  only y ie lded  a l u n a r  module 
thermally similar t o  a thermos b o t t l e  ( the lunar  module average temperature decreased from 70' F 
t o  65' F during the  t rans lunar  coas t  per iod)  but  g r e a t l y  advanced t h e  knowledge of i n s u l a t i o n  
manufacturing and a p p l i c a t i o n  f o r  nonaerospace usage. Aluminum-coated Kapton used f o r  t h e  ml- 
t i l a y e r  i n s u l a t i o n  b lankets  had previously been a v a i l a b l e  only in 1-inch-wide s t r i p s  s i m i l a r  t o  
everyday p l a s t i c  adhesive tape;  now t h i s  r re te r ia l  can be obtained i n  continuous s h e e t s  5 f e e t  o r  
more in width. Thermal c o n t r o l  coa t ings  previously a v a i l a b l e  only in l abora tory  specimen sizes 
can now be found i n  ga l lon  q u a n t i t i e s .  

4.6.4 Landing Gear 

The landing o f  t h e  l u n a r  rmdule on t h e  sur face  of t h e  moon w a s  one of t h e  c r u c i a l  events  of 
During touchdown, the  l u n a r  module landing gear  brought t h e  v e h i c l e  t o  rest. an Apollo mission. 

prevented toppl ing,  absorbed the  landing impact energy, and l imi ted  t h e  loads  on t h e  l u n a r  mod- 
u l e  s t r u c t u r e .  

A landing gear  assembly, i n  the  deployed pos i t ion ,  is shown i n  f i g u r e  4-20. Energy absorp- 
t i o n  c a p a b i l i t y  w a s  provided by honeycomb c a r t r i d g e s  in t h e  s i n g l e  primary and two secondary 
s t r u t s .  The deployment t r u s s  served as a s t ructural-mechanical  assembly between t h e  landing 
gear  s t r u t s  and t h e  descent  s t a g e  s t r u c t u r e .  
p o s i t i o n  by a pyrotechnic  uplock device.  
t o  t h e  primary s t r u t  and descent  s t a g e  was severed, thus  al lowing the landing gear  t o  be deployed 
and locked by mechanisms on each s i d e  of  the  landing gear  assembly. 

Each landing gear  l e g  was r e t a i n e d  i n  t h e  stowed 
When t h e  device was  f i r e d ,  a t i t an ium s t r a p  a t tached  

The primary s t r u t ,  shown in f i g u r e  4-20 was a t tached  t o  t h e  l u n a r  module descent  s t a g e  out- 
r i g g e r  assembly and cons is ted  of a lower inner  cy l inder  t h a t  f i t t e d  i n t o  an upper o u t e r  cy l inder  
t o  provide compression s t r o k i n g  a t  touchdown. The footpad,  which was a t tached  t o  the lower end 
of  the  i n n e r  cy l inder  by a b a l l  j o i n t  f i t t i n g .  w a s  approximately 3 f e e t  i n  diameter and was de- 
s igned t o  support  t h e  l u n a r  module with a sur face  bear ing s t r e n g t h  of 1.0 pound p e r  square inch 
as w e l l  as t o  maintain s l i d i n g  c a p a b i l i t y  a f t e r  having impacted rocks o r  ledges  during touchdown. 
Attached t o  each of t h r e e  of  the  footpads was  a 68-inch probe designed t o  sense lunar  s u r f a c e  
proximity and t o  s i g n a l  the  Lunar Module P i l o t  so t h a t  he could i n i t i a t e  descent  engine shutdown. 
The secondary s t r u t s  ( f i g .  4-20) a l s o  had an inner and an o u t e r  cy l inder  and were capable  of  
both tens ion  and compression s t roking .  

During ground tests, the  landing gear  w a s  exposed t o  a l l  s i g n i f i c a n t  f l i g h t  environments, 
including v e h i c l e  drop tests under simulated lunar g r a v i t y  condi t ions.  The landing gear  touch- 
down performance r e s u l t s  may be summarized by consider ing two of t h e  mre important parameters:  
touchdown v e l o c i t i e s  and sur face  s lope a t  t h e  touchdown poin t .  I n  a l l  c a s e s ,  t h e  touchdown ve- 
l o c i t i e s  were wi th in  design l i m i t s ,  averaging approximately 3.5 f e e t  per  second v e r t i c a l  v e l o c i t y  
and approximately 2.0 feet per  second hor izonta l  ve loc i ty .  
were as high as 10 f e e t  per second v e r t i c a l  and 4 f e e t  per second hor izonta l .  
landings occurred on low s lopes ,  averaging approximately 5 t o  6 degrees.  
s lope  of  11 degrees occurred on Apollo 15. 

Spec i f ica t ion  touchdown v e l o c i t i e s  
Generally,  the  

The s t e e p e s t  touchdown 

Gear s t roking  i n  a l l  landings  vas minimal. The lunar  s o i l  absorbed an est imated 60 percent  
of  the  touchdown energy through footpad penet ra t ion  and s l i d i n g ,  r e s u l t i n g  i n  secondary s t r u t  
t ens ion  s t roking  of  about 4 inches.  
ins tances .  

A small amount of  primary s t r u t  s t r o k i n g  occurred i n  some 

The performance of  t h e  landing gear  was s a t i s f a c t o r y  and m e t  t h e  design requirements.  De- 
t a i l s  of  t h e  landing gear  performance may be found in reference  4-61. 
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Figure 4-20.- Landing gear. 



4- 71 

. ... - 

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

4.6.5.1 Batteries.- The bas ic  lunar  m d u l e  primary power requirements through Apollo 14 
were m e t  by two ascent  b a t t e r i e s  r a t e d  a t  296 ampere-hours each and by four  descent b a t t e r i e s  
r a t e d  a t  400 ampere-hours each. 
s ions  15  through 1 7 ,  the  descent s t a g e  b a t t e r i e s  were redesigned t o  d e l i v e r  415 ampere-hours each 
and f i v e  b a t t e r i e s  were i n s t a l l e d .  
f u l l y  charged. 
j u s t  p r i o r  t o  i n s t a l l a t i o n  i n t o  t h e  spacecraf t .  

With the increased lunar  s t a y  time requirements of Apollo mis- 

Both the ascent  and descent b a t t e r i e s  were de l ivered  dry and 
They were ac t iva ted  a t  the  launch s i t e  by adding potassium hydroxide e l e c t r o l y t e  

Each ascent  b a t t e r y  weighed 124 pounds and was approximately 5 by 8 by 36 inches.  The two 

I f  necessary, they a l s o  could have provided on-line support of 
b a t t e r i e s  normally provided power f o r  lunar  l i f t - o f f  and power f o r  rendezvous and docking wlth 
the  command and s e r v i c e  module. 
the descent b a t t e r i e s  i n  the event of  an abor t  durlng lunar descent. 
had f a i l e d ,  the  o t h e r  could have provided s u f f i c i e n t  power t o  accomplish s a f e  rendezvous and 
docking. 

I n  case  one ascent  b a t t e r y  

Each descent b a t t e r y  weighed 133 pounds and w a s  approximately 9 by 10  by 17 inches.  The 
descent b a t t e r i e s  provided s m a l l  heater loads  e a r l y  in the  mission, lunar  descent power, and 
lunar  sur face  s t a y  power. In terms of t o t a l  energy requirements f o r  both t h e  four- and f ive-  
bat tery-configurat ion n lss ions ,  t h e r e  w a s  an energy margin of approximately one b a t t e r y ;  however, 
i n  terms of the rate of energy withdrawal, one b a t t e r y  could, under emergency condi t ions ,  meet 
the  e n t i r e  lunar  module power demands. 
of t h e i r  spec i f ied  capaci ty  at t o t a l  spacecraf t  loads. 

Two b a t t e r i e s  could nominally supply power t o  t h e  l i m i t s  

The lunar  module e lec t roexplos ive  device power requirements were met by t h e  same pyrotechnic 
b a t t e r y  design used in the  conrmand module. 
u l e  power and environmental requirements. The b a t t e r y  weighed 3.5 pounds. was approximately 3 by 
3 by 6 inches,  and has a capaci ty  r a t i n g  of 0.75 ampere-hours. 
one on the  ascent  s tage  and one on the  descent s tage.  Each of the batteries could meet a l l  power 
requirements and the  c i r c u i t s  were designed 80 t h a t  redundant power was provided f o r  the  e lec t ro-  
explosive devices. 
with one exception. The lunar  module b a t t e r y  contained a test por t  t h a t  had been i n  t h e  o r i g i n a l  
design of the  command module b a t t e r y  but was  removed t o  allow terminal  guards t o  be i n s t a l l e d .  
The test por t  w a s  removed from the Apollo 16 and 1 7  lunar  module b a t t e r i e s  t o  allow complete in- 
te rchangeabi l i ty  with the command module b a t t e r i e s .  

However, the  b a t t e r y  was r e q u a l i f i e d  t o  the  lunar  mod- 

Two b a t t e r i e s  were i n s t a l l e d  - 

The  lunar  m d u l e  and conrnand module pyrotechnic b a t t e r i e s  were i d e n t i c a l .  

The 1 U M T  module b a t t e r i e s  performed above the spec i f ied  requirements when emergency power 
was needed during Apollo 1 3  a f t e r  the  l o s s  of comaand and service module f u e l  c e l l  power. How- 
ever ,  p o s t f l i g h t  ana lys i s  revealed t h a t  an unexplained cur ren t  spike occurred during t r a n s e a r t h  
coas t .  
crew. 
t e r i e s  created a shor t  c i r c u i t ,  i g n i t i n g  the  mixture of hydrogen and oxygen normally produced 
by a s i lver -z inc  ba t te ry .  
e l e c t r o l y t e  t o  space, thus causing t h e  "thump and snowflakes." 
mode could not  be reproduced and the  b a t t e r y  under quest ion continued t o  opera te  s a t i s f a c t o r i l y  
throughout the  miesion, a number of s i g n i f i c a n t  design changes was made t o  preclude the poss ib i l -  
i t y  of any f u t u r e  explosions. 

The spike w a s  assoc ia ted  with the occurrence of a "thump and snowflakes" reported by the  
The postulated cause w a s  t h a t  vent ing of potassium hydroxide by one of the  descent bat- 

The r e s u l t i n g  explosion blew the  b a t t e r y  cover of f  and vented the  
f l though t h i s  s p e c i f i c  f a i l u r e  

Another f l i g h t  problem occurred during t h e  t rans lunar  coas t  per iod of t h e  Apollo 14  mission. 
A lunar  m d u l e  ascent  b a t t e r y  ind ica ted  a lover-than-expected open c i r c u i t  vol tage (0.3-volt de- 
cay) ,  
ascent ,  l eav ing  the ascent  s t a g e  with no power source redundancy. Also, mission r u l e s  precluded 
making a lunar  landing with only one good ba t te ry .  
the  ground and in the  lunar  module, suppl ied the necessary confidence that t h e  b a t t e r y  would per- 
form the  required f l i g h t  funct ions.  
t e r y  were observed throughout the mission. 

Systems s p e c i a l i s t s  sere concerned t h a t  the b a t t e r y  might not  support l u n a r  descent or 

Real-time ascent  b a t t e r y  t e s t i n g ,  both on 

No di f fe rences  between t h e  test b a t t e r y  and the  f l i g h t  bat- 

. 
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Two s i g n i f i c a n t  b a t t e r y  problems occurred in connect ion wi th  the  Apollo 15 mission. 
cracked c e l l  ca ses  were found i n  two descent  b a t t e r i e s  being prepared f o r  i n s t a l l a t i o n  on t h e  
l u n a r  module (LM-lO), t h e  f i r s t  l u n a r  m d u l e  wi th  the  f ive -ba t t e ry  conf igu ra t ion  f o r  a l u n a r  sur-  
f a c e  s t a y  of  up t o  72 hours.  The cracks *re p r imar i ly  due t o  f a u l t y  assembly techniques.  
a d d i t i o n ,  it w a s  discovered t h a t  a bad batch of p l a s t i c  w a s  used in t h a t  product ion l o t  of  ba t -  
t e r i e s .  Although ex tens ive  a n a l y s i s ,  t e s t i n g ,  and mod i f i ca t ion  of f l i g h t  p r e p a r a t i o n  procedures 
allowed s u f f i c i e n t  confidence t o  f l y  t h e  M-10 b a t t e r y  des ign ,  d r a s t i c  s t r u c t u r a l  d e f i c i e n c i e s  
were pos tu l a t ed .  As a r e s u l t ,  even more ex tens ive  design changes were inco rpora t ed  than those  
fol lowing the i n c i d e n t  of Apollo 13. 

F i r s t ,  

I n  

The second problem, low b a t t e r y  capac i ty ,  became evident  a f t e r  the Apollo 15 mission du r ing  
ground t e s t i n g  of  s p a r e  l u n a r  module descent  b a t t e r i e s  t h a t  had been a c t i v a t e d  p r i o r  t o  f l i g h t .  
The cause o f  the low c a p a c i t y  w a s  a high percentage o f  z i n c  oxide in t h e  nega t ive  p l a t e s .  
provements were made in manufacturing process  c o n t r o l ,  acceptance test procedures ,  and i n s p e c t i o n  
and assembly techniques wi th  the  r e s u l t  t h a t  a ve ry  high degree of confidence in b a t t e r y  perform- 
ance was achieved.  
s t r a t e d  t h a t  t h e  c o r r e c t i v e  measures were success fu l .  

Im- 

Adequate performance of t h e  b a t t e r i e s  on t h e  last two Apollo missions demn- 

4.6 .5 .2  Power conversion and d i s t r i b u t i o n . -  The l u n a r  module power d i s t r i b u t i o n  system con- 
s i s t e d  of equipment t h a t  c o n t r o l l e d  and r egu la t ed  the  e l e c t r i c a l  power; t r ansmiss ion  l i n e s  t h a t  
rou ted  t h e  power from t h e  sources  t o  the  primary buses and from t h e  primary buses t o  secondary 
l o c a l  o r  remote buses;  d i s t r i b u t i o n  boxes t h a t  c o n t r o l l e d  t h e  switching and provided c i r c u i t  
p r o t e c t i o n ;  and conversion equipment such as i n v e r t e r s ,  conve r t e r s ,  b a t t e r y  cha rge r s ,  t r ans -  
formers ,  and r e c t i f i e r s .  

The system v o l t a g e  and power q u a l i t y  were among t h e  f i r s t  requiremenis def ined.  Standards 
were s e t  f o r  vo l t age ,  s t eady- s t a t e  vo l t age  r e g u l a t i o n  l i m i t s .  abnormal vo l t age  l i m i t s ,  and v o l t -  
age t r a n s i e n t s .  
t i o n s .  Add i t iona l  requirements were def ined such t h a t  w i r ing  f o r  redundant systems and c o n t r o l s  
was phys ica l ly  sepa ra t ed  and routed through s e p a r a t e  connectors ,  and c o n t r o l  c i r c u i t r y  was de- 
s igned t o  preclude t h e  switching o f  r e t u r n  power. 
problems s i m i l a r  t o  t h e  fol lowing experienced on Gemini f l i g h t s .  In one case ,  swi t ch ing  func- 
t i o n s  f o r  t h r e e  redundant i n v e r t e r s  were routed through the  same e l e c t r i c a l  connector .  When 
moisture  en te red  t h e  unsealed connector ,  t hese  f u n c t i o n s  were d i sab led ,  thereby causing complete 
l o s s  of a l t e rna t ing -cu r ren t  pa re r .  
t h r u s t e r  a c t i v i t y  be l i eved  t o  have been caused by a r e t u r n  power c i r c u i t  f a u l t i n g  t o  ground. 

Thus, a l l  u s e r s  o f  power could design and test t o  t h e  same e l e c t r i c a l  s p e c i f i c a -  

These a d d i t i o n a l  requirements were t o  preclude 

The  second problem was inadve r t en t  r e a c t i o n  c o n t r o l  system 

During tests of the p a r e r  d i s t r i b u t i o n  system t o  determine adequacy of  t he  c o n t r o l ,  protec-  
t i o n ,  and component s i r i n g .  the con tac to r s  used f o r  b a t t e r y  power were found t o  be undersized.  
The design r equ i r ed  switching a maximum of 1100 amperes (based on use wi th  f u e l  c e l l s ) ,  b u t  t h e  
b a t t e r f e s  were capable  of  d e l i v e r i n g  1700 amperes under s h o r t - c i r c u i t  cond i t ions .  Therefore ,  
the c o n t r a c t o r s  were redesigned.  When the  f i f t h  descent  b a t t e r y  was added la ter ,  no a d d i t i o n a l  
development tests were r equ i r ed .  

The f i r s t  f l i g h t  test of  t h e  electrical pover d i s t r i b u t i o n  system shoved unexpected i n v e r t e r  
ou tpu t  vo l t age  f l u c t u a t i o n s .  
motors c o n s t i t u t e d  t h e  on ly  i n v e r t e r  load.  
t h e  load turned o f f ,  t h e  i n v e r t e r .  while  t r y i n g  t o  maintain a r egu la t ed  vo l t age ,  produced an 
o s c i l l a t i n g  ou tpu t  t h a t  l a s t e d  100 mil l iseconds.  
on and o f f  s e v e r a l  times each second as requ i r ed .  
t i o n s  on the i n v e r t e r  ou tpu t  t h a t  were observed du r ing  f l i g h t .  
heav i ly  loaded in subsequent mtssione, t h e  f l u c t u a t i o n s  d i d  no t  occur.  

A review of  t he  f l i g h t  plan and d a t a  shoved that pu l s ing  gimbal 
When t h i s  same conf igu ra t ion  was  ground t e s t e d  wi th  

In f l i g h t ,  t h e  gimbal motors had been turned 
This  switching t h e r e f o r e  caused t h e  f luc tua -  

When t h e  i n v e r t e r s  were mre 

The l u n a r  m d u l e  power d i s t r i b u t i o n  system vas a l s o  used t o  provide power t o  t h e  couunand mod- 
u l e ,  w e n  though t h i s  was not a des ign  requirement.  Normally. du r ing  t h e  t r a n s l u n a r  phase of  t h e  
mission,  t h e  command module provided power t o  t h e  lunar module hea t ing  loads ;  however, du r ing  t h e  
f l i g h t  of  Apollo 13, power w a s  provided t o  the  conunand module from t h e  l u n a r  module. 

A more d e t a i l e d  d i s c u s s i o n  of  t he  b a t t e r y  system and t h e  power conversion and d i s t r i b u t i o n  
system may be found in re fe rences  4-36 and 4-62. 

0 
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4.6.6 Propulsion Systems 

4.6.6.1 Descent propuls ion system.- The propuls ion system f o r  t h e  lunar module descent  
s tage  was designed t o  d e o r b i t  the lunar module and t o  allow i t  t o  hover above t h e  l u n a r  sur face  
before  landing. To accomplish t h i s  maneuver, a propuls ion system was developed t h a t  used hyper- 
g o l i c  p r o p e l l a n t s  and a gimbaled, pressure-fed,  a b l a t i v e l y  cooled engine t h a t  was  capable of  be- 
ing t h r o t t l e d .  
percent  unsymmetrical dimethyl hydrazine and 50 percent  hydrazine (fuel) .  

The p r o p e l l a n t s  s e l e c t e d  -re ni t rogen  t e t r o x i d e  (oxid izer )  and a mixture of 50 

The development and q u a l i f i c a t i o n  of  the  descent  propuls ion system in support  of t h e  f i r s t  
lunar  landing mission covered a per iod of approximately 6 years ,  from August 1963 t o  Apr i l  1969. 
Included within t h i s  period were component-level and system-level developmental and q u a l i f i c a -  
t i o n  t e s t i n g .  I n  many cases, pre-production conf igura t ion  components were used i n  e a r l y  system- 
l e v e l  developmental t e s t i n g .  I n  t h e  developmental and q u a l i f i c a t i o n  t e s t i n g  of components and 
systems, extensive design-limit  tests, of f - l imi t  tests, and component malfunction tests were 
used t o  determine p o t e n t i a l  design d e f i c i e n c i e s  and t o  document opera t iona l  limits of t h e  sys- 
tem. Signi f icant  problems encountered during t h i s  t i m e  period are discussed.  

I n  the i n i t i a l  concept of  the  p r e s s u r i z a t i o n  system f o r  t h e  descent  propuls ion system, he- 
lium was t o  be s t o r e d  i n  two high-pressure tanks.  As t h e  design of  t h e  lunar module progressed, 
v e h i c l e  veight  became a c r i t i c a l  f a c t o r ;  t h e r e f o r e ,  a f e a s i b i l i t y  s tudy was i n i t i a t e d  e a r l y  i n  
1961 t o  eva lua te  t h e  use  of  a s u p e r c r i t i c a l  h e l i u m  s torage  tank i n  t h e  p r e s s u r i z a t i o n  system. 
The concept cons is ted  of s t o r i n g  helium a t  approximately minus 450' F i n  a thermally i n s u l a t e d  
pressure  vesse l .  Pressure i n  the  s torage  tank was allowed t o  rise because of a hea t  l e a k  I n t o  
t h e  tank (approximately 8 t o  10 Btu/hr).  As helium was  used from t h e  tank, a d d i t i o n a l  hea t  was 
provided t o  t h e  helium t o  maintain t h e  pressure.  The hea t ing  was accomplished by t h e  use of an 
e x t e r n a l  fuel-to-helium hea t  exchanger and a helium-to-helium heat  exchanger l o c a t e d  wi th in  t h e  
tank. 
condi t ions (approximately 40" F) before the h e l i u m  was suppl ied t o  the  pressure  r e g u l a t o r s  i n  
the p r e s s u r i z a t i o n  system. 

A second fuel-to-helium heat exchanger increased the  helium temperature t o  near  ambient 

By l a t e  1964. the SnalySiS and f e a s i b i l i t y  t e s t f n g  o f  the  s u p e r c r i t i c a l  helium system indi -  
ca ted  t h a t  it was o p e r a t i o n a l l y  f e a s i b l e  and t h a t  a weight saving o f  280 pounds could be r e a l i z e d  
by using the s u p e r c r i t i c a l  helium system rather than the  ambient s torage  system. 
the  descent propuls ion p r e s s u r i z a t i o n  system was redesigned t o  Incorporate  a s u p e r c r i t i c a l  helium 
s torage  tank. Because the pressure  in the s u p e r c r i t i c a l  s torage  tank increased wi th  t i m e .  a min- 
i m u m  required standby time of  131.5 hours from prelaunch topoff u n t i l  f i r s t  usage in t h e  nominal 
l u n a r  landing was  defined. 

Consequently, 

During design and development of  the  s u p e r c r i t i c a l  h e l i u m  p r e s s u r i z a t i o n  system, f r e e z i n g  
of  the  f u e l  i n  the  fuel-to-helium heat  exchanger w a s  found t o  occur during t h e  s t a r t  sequence 
under c e r t a i n  start condi t ions.  
amount of helium needed t o  br ing  t h e  propel lan t  tanks from pre-pressur iza t ion  l e v e l s  t o  r e g u l a t o r  
lockup pressure condi t ions ,  during which time no f u e l  was f lowing through t h e  f u e l  passages of 
the  heat exchanger. 
with no f u e l  flow. An ambient helium pre-pressurizat ion start b o t t l e  and an  electrical h e a t e r  
system were t h e  two main methods considered. 
start b o t t l e  was s e l e c t e d  f o r  o v e r a l l  s l m p l i c i t y  and r e l i a b i l i t y .  

The f r e e z i n g  condi t ion was caused by the  flow o f  a s u b s t a n t i a l  

A study was made of var ious  systems t o  a l l e v i a t e  t h e  flowing of  co ld  helium 

The use of  an ambient helium pre-pressur iza t ion  

I n  the i n i t i a l  fuel-to-helium heat utchanger configurat ion.  a nickel-chromium a l l o y  was  used 
i n  bonding t h e  s i d e  panels t o  the core.  
c i l i t y ,  one of  the  s i d e  panels  separated from t h e  core  and ruptured. This  rupture  r e s u l t e d  i n  
a gross  f u e l  l e a k  and subsequent f i r e .  
of t h e  r i g .  The heat exchanger had been subjected t o  cryogenic temperatures wi th  water in t h e  
f u e l  passages;  cryogenic temperatures caused f reez ing  of t h e  water t h a t  r e s u l t e d  i n  s t r u c t u r a l  
f a i l u r e  of t h e  nickel-chromium braze material. Subsequent exposure t o  system opera t ing  pressure  
a t  the  White Sands Test F a c i l i t y  resu l ted  in rupture  of t h e  s i d e  panels .  
mented t o  avoid t h i s  problem on subsequent vehic les .  
changed t o  a gold a l l o y  t o  increase  t h e  bonding s t r e n g t h ,  and water was el iminated from cold- 
flow t e s t i n g  of v e h i c l e s  when cryogenic helium was t o  be used in a system. 

During t h e  t e s t i n g  of LTA-5 a t  the  White Sands Test Fa- 

The cause of the  f a i l u r e  was t raced  t o  t h e  f a c t o r y  t e s t  

Two items were imple- 
The nickel-chromium braze mater ia l  was 

. 

t 
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The development of the helium pressure regulator  was plagued by problems. Amng these prob- 
lems were excessive ex terna l  and i n t e r n a l  helium leakage, cracking of the  main poppet during slam 
starts, and the  i n a b i l i t y  of the vendor t o  meet de l ivery  schedules. To ensure t h a t  an acceptable 
regula tor  was a v a i l a b l e  t o  meet f l i g h t  schedules, a second source vendor was  se lec ted  t o  develop 
a regula tor  i n  p a r a l l e l  v i t h  the  o r i g i n a l  vendor. 

In the  i n i t i a l  phases of engine design d e f i n i t i o n  and development, two d i f f e r e n t  t h r o t t l i n g  
concepts were considered. 
th rus t  w a s  t o  be used t o  maintain adequate combustion e f f ic iency .  Propel lant  flow v a r i a t i o n  w a s  
control led by t h r o t t l i n g  valves t h a t  used system f u e l  pressures  t o  ac tua te  t h e  hydraul ic  servo- 
cont ro l  valves. I n  the  o t h e r  concept, a s ing le  movable sleeve w a s  used t o  modulate the i n j e c t o r  
f u e l  and oxid izer  flow area. The i n j e c t o r  s leeve w a s  linked mechanically t o  two c a v i t a t i n g  flow 
cont ro l  valves  and an e l e c t r i c a l l y  driven t h r o t t l e  ac tua tor  assembly. 
t o r  t h r o t t l i n g  concept w a s  se lec ted  a f t e r  approximately 18 months of p a r a l l e l  development of the  
two concepts. 

In one concept, a fixed-area i n j e c t o r  with helium i n j e c t i o n  a t  reduced 

The variable-area in jec-  

The descent propulsion system f l i g h t  program consis ted of th ree  preliminary e a r t h  o r b i t a l  
and lunar  o r b i t a l  f l i g h t s ,  one aborted lunar landing,  and s i x  lunar  landings. 
successful ;  however, anomalies did occur during the f l i g h t  program t h a t  required modifications 
t o  procedures and hardware. 

A l l  f l i g h t s  were 

The s i g n i f i c a n t  anomalies are discussed. 

A premature descent engine shutdovn occurred on Apollo 5 when the  descent propulsion system 
w a s  f i r e d  f o r  the f i r s t  t i m e  i n  space. 
t h r u s t  monitor was  programmed t o  s top  t h e  engine i f  any three  consecutive 2-second accelerometer 
samples (taken a f t e r  the  engine was commanded on) Indicated an accumulated ve loc i ty  of less than 
45 centimeters per  second. 
l a n t  tanks i n i t i a l l y  a t  f u l l  operat ing pressure and with the  helium supply on l i n e .  
module f o r  t h i s  mission did not have an ambient-start helium storage tank,  and the s u p e r c r i t i c a l  
helium tank was i s o l a t e d  by t h e  three  explosive valves  t h a t  were f i r e d  automatical ly  by the  pyro- 
technic system 1.3 t0.3 seconds a f t e r  the  f i r s t  engine-on command. 
sures during the f i r s t  descent propulsion system start, which were normal f o r  t h i s  p a r t i c u l a r  
system configurat ion,  did not rise f a s t  enough t o  meet the thrust-time c r i t e r i o n  programmed i n t o  
the guidance computer. A l l  log ic  c i r c u i t s  t h a t  could cormnand engine cutoff  o r  i n h i b i t  an engine 
start were reevaluated t o  prevent an unnecessary engine shutdown on subsequent f l i g h t s .  

The ear ly  shutdown occurred because t h e  descent engine 

T h i s  c r i t e r i o n  was based on a nominal engine start with the  propel- 
The lunar  

Therefore, t h e  system pres- 

During the  f i r s t  35 seconds of  the f i r s t  descent engine f i r i n g  on Apollo 9, the regula tor  
o u t l e t  manifold pressure decreased from 235 t o  188 pounds per  square inch. whereas the pressure 
should have been maintained a t  247 pounds per square inch. The temperature d a t a  indicated t h a t  
the  internal heat  exchanger vas i n i t i a l l y  blocked. 
n i t i o n ,  t h e  blockage cleared and allowed the  regulator  o u t l e t  manifold pressure to  rise t o  the  
proper operatlnng leve l .  
servicing procedures could have entrapped air in the  pressur iza t ion  system, which then f roze  on 
contact  with the  cold helium flow in t h e  heat exchanger. T h i s  problem was  eliminated on la ter  
f l i g h t s  by uwdifying the  servicing procedures t o  preclude t h e  entrapment of air  in t h e  system. 

A t  approximately 35 seconds a f t e r  engine ig- 

An evaluat ion of t h i s  problem revealed t h a t  t h e  s u p e r c r i t i c a l  helium 

The pressure in the  Apollo 9 lunar  m d u l e  s u p e r c r i t i c a l  helium tank began decaying immedi- 
a t e l y  a f t e r  termination of the  f i r s t  descent engine f i r i n g ;  however, t h e  normal tank response 
is t o  increase i n  pressure.  
the pressure decay. 
during drop tests on LM-2.at t h e  Manned Spacecraft Center. 
the  brazing material. which w a s  t h i n  in the  f a i l e d  area. The leak  experienced during Apollo 9 
was probably caused by a defec t ive  braze that was internal t o  the  squib valve and could not be 
inspected. 
vehicles .  

An externa l  helium leak  w a s  suspected as the  umst l i k e l y  cause of 
This suspicion was amplified by f a i l u r e  of an i n t e r n a l l y  brazed squib valve 

The f a i l u r e  was  caused by a crack i n  

A redesigned valve that could be completely inspected vas used on all subsequent 

Two problems occurred on the  Apollo 11 lunar m d u l e ,  t h e  f i r s t  lunar  landing vehicle ,  t h a t  
required modifications t o  the  descent propulsion system of  subsequent vehic les .  
lem occurred a t  685 seconds i n t o  the  powered descent i n i t i a t i o n  f i r i n g .  
quant i ty  warning l i g h t  wae  t r iggered  in one of the  four  propel lant  tanks, Ind ica t ing  a shortage 
of propel lant .  Based on remaining calculated q u a n t i t i e s  and corrected propel lant  quant i ty  gag- 
ing system indicat ions,  the occurrence of the  propel lant  low-quantity warning w a s  discovered t o  

The f i r s t  prob- 
The propel lant  low- 

. 
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be premature by 36 seconds. 
sudden vehicle  maneuvers and by a t t i t u d e  changes. 
modules f o r  Apollo missions 14 through 17 t o  minimize t h e  s losh  in t h e  tanks. 

The e a r l y  varning was t h e  r e s u l t  of propel lan t  s losh ing  crea ted  by 
Slosh b a f f l e s  were incorporated on t h e  lunar 

Secondly, when t h e  propel lant  and t h e  s u p e r c r i t i c a l  helium tanks were vented after lunar  
Consequently, f u e l  w a s  trapped i n  t h e  f u e l  landing, t h e  fuel-to-helium heat  exchanger f roze.  

l i n e  between the  frozen heat  exchanger and the  engine shutoff valves. 
t h i s  sec t ion  of t h e  f u e l  l i n e  from engine heat  soakback increased t h e  pressure in t h i s  l i n e  t o  
an unsafe leve l .  
changer, by f a i l u r e  of the  line-bellows l inkage,  or by f a i l u r e  of the  seals In  the  prevalve. 
The exact cause of r e l i e f  w a s  not determined. 
modified t o  i s o l a t e  t h e  s u p e r c r i t i c a l  helium tank with the la tch ing  solenoid valves  during vent- 
ing of the  propel lant  tanks and t o  delay s u p e r c r i t i c a l  helium vent ing u n t i l  inrmediately before  
ascent from t h e  lunar  surface.  
bypass l i n e  around t h e  heat  exchanger w a s  incorporated as an added s a f e t y  fea ture  t o  r e l i e v e  
t h e  trapped f u e l  pressure i f  f reezing of the  heat  exchanger should occur. 

Subsequent hea t ing  of 

After  30 minutes, t h e  f u e l  pressure was re l ieved  by thawing of t h e  heat  ex- 

On subsequent f l i g h t s ,  the  vent ing procedure w a s  

On t h e  lunar  modules f o r  Apollo 13  and subsequent missions, a 

Because of the  requirement t o  increase the  f i r i n g  time of t h e  descent propulsion system t o  
accommodate the  increased lunar  landing payload, major modifications w e r e  made t o  the lunar  mod- 
u l e s  f o r  the Apollo 15, 1 6 ,  and 17 missions. The  two wst s i g n i f i c a n t  modif icat ions were an in- 
crease i n  the  volume of the  propel lant  tanks and t h e  use of new chamber material i n  t h e  descent 
engine. A s  a r e s u l t  of these changes, the hover t i m e  w a s  increased by approximately 100 seconds. 

Further  d e t a i l s  of the  development, t e s t i n g ,  and f l i g h t  performance of the  descent propul- 
s ion  system a r e  given in reference 4-63. 

4 . 6 . 6 . 2  
propulsive power f o r  launching the  ascent  s tage  of t h e  lunar  module from t h e  sur face  of  the moon 
i n t o  lunar  o r b i t  f o r  rendezvous with the  o r b i t i n g  cowand and serv ice  module. The ascent  engine 
w a s  a f ixed-thrust ,  r e s t a r t a b l e ,  bipropel lant  rocket engine t h a t  had an a b l a t i v e l y  cooled com- 
bust ion chamber, t h r o a t ,  and nozzle. Propel lant  flow t o  t h e  ascent  engine combustion chamber 
was cont ro l led  by a valve package assembly t h a t  was equipped v i t h  dual  passages f o r  the  f u e l  and 
the  oxidizer  and had two series-connected b a l l  valves in each flow path. 

Ascent propulsion system.- The ascent  propulsion system was designed t o  provide 

P 

Proven manufacturing techniques, design i n t e g r i t y ,  and ground-based t e s t i n g  were used i n  the  
The plan was  t o  test and evaluate  materials, compo- development of t h e  ascent  propulsion system. 

nents ,  and assemblies i n  progressively in tegra ted  configurat ions,  using var ious tes t  r i g s  and 
prototype s t r u c t u r a l  s imulators .  The mst s i g n i f i c a n t  tests conducted during t h e  development 
and q u a l i f i c a t i o n  of the  ascent propulsion system were accomplished by using propulsion system 
test vehicle  PA-1 a t  t h e  White Sands F a c i l i t y .  T h i s  test vehic le  Incorporated e s s e n t i a l l y  a l l  
of t h e  f l igh t -weight  components and func t iona l ly  dupl icated t h e  f l i g h t  ascent  propulsion system. 
The i n t e n t  of these tests w a s  t o  demonstrate t h a t  t h e  system could funct ion properly under a l l  
condi t ions t h a t  could be expected during a lunar  ascent. 

During the  development of the ascent propulsion system, leakage and func t iona l  f a i l u r e s  of 
the  helium solenoid valves  and t h e  helium pressure regula tors  occurred, which required a redesign 
of  each component; however, t h e  wst s i g n i f i c a n t  problem w a s  r e l a t e d  t o  t h e  ascent  engine. The 
o r i g i n a l  ascent  engine i n j e c t o r  experienced t h r u s t  chamber compatibi l i ty  problems and several  
cases of combustion i n s t a b i l i t y  when subjected t o  bomb tests. 
of the  i n j e c t o r  w a s  a l s o  high, which r e s u l t e d  i n  unacceptably long per iods t o  obtain the  hardware 
needed f o r  t e s t i n g  redesigns. Because of these problems and a pressing schedule, a backup ascent  
engine i n j e c t o r  program was i n i t i a t e d  v i t h  another contractor .  
merous modifications t o  the  i n j e c t o r  design and the f a b r i c a t i o n  procedures i n  an e f f o r t  t o  meet 
the  i n j e c t o r  completion schedule. 
I n j e c t o r  that paBsed a l l  tests v i t h  no reserva t ions  before  the  o r i g i n a l  cont rac tor ' s  t e s t i n g  was  
completed. 
assemble the  engine f o r  a l l  f l i g h t  vehic les  subsequent t o  the  Apollo 5 lunar  module. 

The t i m e  required f o r  f a b r i c a t i o n  

The o r i g i n a l  cont rac tor  made nu- 

Eowever, the  a l t e r n a t e  cont rac tor  a l ready had an acceptable 

Consequently, the  alternate cont rac tor  was  se lec ted  t o  f a b r i c a t e  t h e  i n j e c t o r  and 

The ascent  propulsion system performance was s a t i s f a c t o r y  throughout t h e  f l i g h t  program. 
The development and performance of t h e  ascent  propulsion system is discussed i n  g r e a t e r  d e t a i l  
i n  reference 4-64. 
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4.6.6.3 Reaction c o n t r o l  system.- The Apollo missions r equ i r ed  t h a t  t h e  lunar module main- 
t a i n  va r ious  a t t i t u d e s  wi th  r e spec t  t o  i t s  f l i g h t  pa th  and be a b l e  t o  maneuver in t h r e e  axes.  
Separat ion from the  conmand and s e r v i c e  module, docking wi th  the  command and s e r v i c e  module, and 
va r ious  t r a n s l a t i o n  maneuvers du r ing  the  luna r -o rb i t  rendezvous were r equ i r ed .  In a d d i t i o n ,  X- 
a x i s  l o n g i t u d i n a l  t r a n s l a t i o n  was r equ i r ed  t o  provide p r o p e l l a n t - s e t t l i n g  t h r u s t  f o r  t h e  descent  
and a scen t  propuls ion systems. To meet the o b j e c t i v e s ,  t he  luna r  module r e a c t i o n  c o n t r o l  system 
had two independent b i p r o p e l l a n t  systems. Each system provided the  v e h i c l e s  w i th  a t t i t u d e  con- 
t r o l  and X-axis t r a n s l a t i o n  when used independently.  When used toge the r ,  2- and Y-axis t r a n s l a -  
t i o n  could be obtained.  The two systems were i d e n t i c a l  in a l l  r e s p e c t s  o t h e r  than engine loca-  
t i o n s  and t h r u s t  vec to r s .  

Each engine was a pulse-modulated, radiat ion-cooled,  100-pound t h r u s t e r  n e a r l y  i d e n t i c a l  t o  
those used on the  s e r v i c e  module. Major engine components included i n l e t  f i l t e r s ,  two solenoid-  
operated p rope l l an t  i n j e c t i o n  va lves ,  an i n j e c t o r ,  and a nozzle  s k i r t .  The p r o p e l l a n t  and pres-  
s u r i z i n g  gas  s t o r a g e  components were grouped f o r  t h e  purpose of  s impl i fy ing  t h e  checkout and re-  
p a i r  procedures.  The system was i n s t a l l e d  in two bay a r e a s  and on fou r  o u t r i g g e r  booms. The 
tankage modules (helium, n i t rogen  t e t r o x i d e ,  and Aerozine-50) were i n s t a l l e d  on t h e  l e f t -  and 
right-hand s i d e s  of t h e  l u n a r  module d i r e c t l y  above the  a scen t  propuls ion system tanks.  The 
eng ines  were i n s t a l l e d  i n  c l u s t e r s  of fou r  on the  o u t r i g g e r s  which were l o c a t e d  around t h e  per- 
iphery of t h e  a scen t  s t a g e  a t  45' t o  t he  or thogonal  ( p i t c h  and r o l l )  axes. Two of  the  fou r  en- 
g i n e s  in each c l u s t e r  were fed  from each p r o p e l l a n t  supply.  

In a d d i t i o n  t o  the  two s e p a r a t e  systems, redundancy a l s o  extended t o  components w i th in  each 
system such as r e g u l a t o r s ,  check va lves ,  and exp los ive  p r e s s u r i z a t i o n  va lves .  C o m n d  and s e r -  
v i c e  module components t h a t  had a l r eady  been developed were used wherever poss ib l e .  Whenever 
such a component could not  be used d i r e c t l y  but  could be made usable  on t h e  l u n a r  module wi th  
minor modif icat ion,  a comon-technology approach w a s  followed. The manufacturer of t h e  command 
and service module p a r t  was given t h e  t a sk  of modifying his product t o  make i t  usab le  on t he  
luna r  module. S i g n i f i c a n t  c o s t  savings and increased r e l i a b i l i t y  r e s u l t e d .  

The environmental  c o n s t r a i n t s  f o r  t h e  l u n a r  module r e a c t i o n  c o n t r o l  system gene ra l ly  were 
less seve re  than those of t h e  s e r v i c e  module r e a c t i o n  c o n t r o l  system; t h e r e f o r e ,  t h e  experience 
gained wi th  the s e r v i c e  module components in the  a r e a s  of v i b r a t i o n ,  shock. thermal vacuum, pro- 
p e l l a n t  compa t ib i l i t y ,  and s u s c e p t i b i l i t y  t o  contamination could be app l i ed  d i r e c t l y  t o  t h e  l u n a r  
module design. Two s p e c i f i c  a r e a s  in which environmental  cond i t ions  d i f f e r e d  s i g n i f i c a n t l y  were 
the  v i b r a t i o n  and t h e  co ld  soaking of  t he  f o u r  l u n a r  module engine c l u s t e r s .  Also, because t h e  
l u n a r  m d u l e  p rope l l an t  tanks and t h e  helium tank were l a r g e r  than those o f  t h e  service module, 
t h e  v i b r a t i o n  test experience wi th  t h e  s e r v i c e  module tanks could not  be app l i ed  d i r e c t l y  t o  t h e  
l u n a r  module hardware. In t hese  in s t ances ,  t h e  components were sub jec t ed  t o  environmental  test- 
i n g  d i c t a t e d  s p e c i f i c a l l y  by t h e  l u n a r  module environments. 

The development and c e r t i f i c a t i o n  of  t he  lunar module r e a c t i o n  c o n t r o l  system cons i s t ed  of  
n ine  major ground test programs. ,A b r i e f  d i scuss ion  of s e v e r a l  of t h e  test programs fol lows.  

The pre-production system development t e s t  w a s  t h e  f i r s t  test in which t h e  proposed config-  
u r a t i o n  of the l u n a r  umdule r e a c t i o n  c o n t r o l  system w a s  hot  f i r e d .  
ob jec t ives .  r e s p e c t i v e l y ,  were t o  i n v e s t i g a t e  t h e  dynamic c h a r a c t e r i s t i c s  of t h e  propel lant-feed 
system and t o  evaluate p rope l l an t  manifold priming procedures and engine performance du r ing  
multi-engine f i r i n g s .  The test d i sc losed  higher-than-predicted f eed  p res su re  f l u c t u a t i o n s  dur- 
i ng  t h e  short-pulse  high-frequency f i r i n g s .  
system requirements helped t o  de f ine  t h e  i n t e r f a c e  between the  guidance system and t h e  r e a c t i o n  
c o n t r o l  system. 
second. 
e i i m i x e  h igh  transient p r e s s u r e s  during priming of t h e  p rope l l an t  manifolds.  
be accomplished a t  t ank  pad p res su res  ve r sus  nominal ope ra t ing  t ank  p res su res .  

The primary and secondary 

A s  a result, a complete r eeva lua t ion  of t h e  c o n t r o l  

The n e t  e f f e c t  was changing t h e  maximum pu l se  frequency from 25 t o  7 pu l ses  p e r  
test a l s o  r e s u l t e d  in modif icat ion-of  t he -p lanned- f l igh t - ac t iva t ion  procedure t o  

Priming would 

The product ion system development program o b j e c t i v e  w a s  t o  determine i f  t h e  system could 
meet fundamental des ign  requirements.  
t h a t  o f  t h e  r e a c t i o n  c o n t r o l  system on t h e  Apollo 5 l u n a r  module. 
t h e  c a p a b i l i t y  of the system design t o  meet fundamental requirements.  
teristics of  some components were d i s c l o s e d  which a l t e r e d  the planned system o p e r a t i o n a l  mode. 
An Outstanding example was the discovery t h a t  high f low rates o r  p re s su re  su rges  would cause t h e  
p rope l l an t  l a t c h i n g  valves t o  un la t ch  and s h i f t  p o s i t i o n .  Th i s  v a l v e  problem was resolved f o r  
f l i g h t  by r e q u i r i n g  the crew t o  a s c e r t a i n  c o r r e c t  va lve  p o s i t i o n s  du r ing  cri t ical  mission phases. 

A s  such, the test conf igu ra t ion  w a s  almost i d e n t i c a l  to  
The test program demonstrated 

However, s a l i e n t  charac- 
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be premature by 36 seconds. 
sudden vehic le  maneuvers and by a t t i t u d e  changes. 
modules f o r  Apollo missions 14 through 17 t o  minimize t h e  s losh i n  t h e  tanks. 

The e a r l y  warning was  t h e  r e s u l t  of propel lant  s losh ing  crea ted  by 
Slosh b a f f l e s  were incorporated on the  lunar  

Secondly, when the  propel lant  and the  s u p e r c r i t i c a l  helium tanks were vented a f t e r  lunar  
Consequently, f u e l  w a s  trapped i n  the f u e l  landing,  the fuel-to-helium heat exchanger f roze.  

l i n e  between the frozen heat exchanger and the  engine shutoff valves. 
t h i s  sec t ion  of the  f u e l  l i n e  from engine heat  soakback increased t h e  pressure i n  t h i s  l i n e  t o  
an unsafe l e v e l .  
changer, by f a i l u r e  of the line-bellows l inkage,  o r  by f a i l u r e  of t h e  s e a l s  i n  t h e  prevalve. 
The exact cause of relief w a s  not determined. 
modified t o  i s o l a t e  the  s u p e r c r i t i c a l  helium tank with the la tch ing  solenoid valves  during vent- 
ing of the  propel lant  tanks and t o  delay s u p e r c r i t i c a l  helium vent ing u n t i l  immediately before  
ascent from the lunar  surface.  On t h e  lunar  m d u l e s  f o r  Apollo 13  and subsequent missions, a 
bypass l i n e  around the  heat  exchanger was incorporated as an added safe ty  fea ture  t o  r e l i e v e  
the  trapped f u e l  pressure i f  f reezing of the heat  exchanger should occur. 

Subsequent heat ing of  

After  30 minutes, the  f u e l  pressure was re l ieved by thawing of t h e  hea t  ex- 

On subsequent f l i g h t s ,  the  vent ing procedure w a s  

Because of the requirement t o  increase the  f i r i n g  t i m e  of the  descent propulsion system t o  
accommodate the  increased lunar  landing payload, major modifications were made t o  the  lunar  mod- 
u l e s  f o r  the  Apollo 15 ,  16,  and 17 missions. The two wst s i g n i f i c a n t  modifications were an i n -  
crease i n  the volume of the  propel lant  tanks and the  use of new chamber material i n  the  descent 
engine. As a r e s u l t  of  these changes, the  hover t i m e  was increased by approximately 100 seconds. 

Further  d e t a i l s  of the  development, t e s t i n g ,  and f l i g h t  performance of the  descent propul- 
s ion  system are given i n  reference 4-63. 

4.6.6.2 Ascent propulsion system.- The ascent  propulsion system was  designed t o  provide 
propulsive power f o r  launching the ascent s tage  of the  lunar  module from t h e  surface of the  moon 
i n t o  lunar  o r b i t  f o r  rendezvous v i t h  the  o r b i t i n g  comnand and serv ice  module. The ascent  engine 
w a s  a f ixed-thrust ,  r e s t a r t a b l e ,  bipropel lant  rocket engine t h a t  had an ab la t ive ly  cooled com- 
bust ion chamber, t h r o a t ,  and nozzle. Propel lant  flow t o  the  ascent  engine combustion chamber 
was cont ro l led  by a valve package assembly t h a t  was equipped with dual passages f o r  the  f u e l  and 
t h e  oxidizer  and had two series-connected b a l l  valves i n  each flow path. 

Proven manufacturing techniques, design i n t e g r i t y ,  and ground-based t e s t i n g  were used i n  the  
The plan was  t o  test and evaluate  materials, compo- development of the  ascent  propulsion system. 

nents ,  and assemblies i n  progressively in tegra ted  configurat ions,  using var ious test r i g s  and 
prototype s t r u c t u r a l  s imulators .  The most s i g n i f i c a n t  tests conducted during t h e  development 
and q u a l i f i c a t i o n  of the  ascent  propulsion system were accomplished by using propulsion system 
test vehicle  PA-1 a t  the  White Sands F a c i l i t y .  This test vehic le  incorporated e s s e n t i a l l y  a l l  
of the  f l igh t -weight  components and func t iona l ly  dupl icated the  f l i g h t  ascent  propulsion system. 
The i n t e n t  of these tests was t o  demonstrate t h a t  the  system could funct ion properly under a l l  
conditions t h a t  could be expected during a lunar  ascent .  

During t h e  development oE the  ascent propulsion system, leakage and funct ional  f a i l u r e s  of 

The 
t h e  helium solenoid valves  and the  helium pressure regula tors  occurred, which required a redesign 
of each component; however, the  mst s i g n i f i c a n t  problem was r e l a t e d  t o  t h e  ascent  engine. 
o r i g i n a l  ascent  engine i n j e c t o r  experienced thrus t  chamber compatibi l i ty  problems and severa l  
cases  of combustion i n s t a b i l i t y  when subjected t o  bomb tests. 
of the  i n j e c t o r  was a l s o  high, which r e s u l t e d  i n  unacceptably long per iods t o  obtain the  hardware 
needed f o r  t e s t i n g  redesigns. Because of these problems and a pressing schedule. a backup ascent 
engine i n j e c t o r  program was i n i t i a t e d  v i t h  another contractor .  
merous modif icat ions t o  the  i n j e c t o r  design and the  fabr ica t ion  procedures I n  an e f f o r t  t o  meet 
the  i n j e c t o r  completion schedule. 
i n j e c t o r  t h a t  passed a l l  tests v i t h  no reservat ions before  t h e  o r i g i n a l  contractor 's  t e s t i n g  w a s  
completed. 
assemble the  engine f o r  a l l  f l i g h t  vehic les  subsequent t o  the Apollo 5 lunar  module. 

The time required f o r  fabr ica t ion  

The o r i g i n a l  cont rac tor  made nu- 

However, the  alternate cont rac tor  a l ready had an acceptable 

Consequently, t h e  a l t e r n a t e  contractor  was se lec ted  t o  f a b r i c a t e  t h e  i n j e c t o r  and 

The ascent  propulsion system performance was s a t i s f a c t o r y  throughout the  f l i g h t  program. 
The development and performance of the  ascent  propulsion system is discussed In grea ter  d e t a i l  
i n  reference 4-64. 



4-76 

4 . 6 . 6 . 3  React ion c o n t r o l  system.- The Apollo missions r equ i r ed  t h a t  t h e  luna r  m d u l e  main- 
t a i n  va r ious  a t t i t u d e s  wi th  r e spec t  t o  its f l i g h t  p a t h  and be a b l e  t o  maneuver i n  t h r e e  axes. 
Separat ion from t h e  command and s e r v i c e  m d u l e ,  docking wi th  t h e  command and s e r v i c e  module, and 
va r ious  t r a n s l a t i o n  maneuvers du r ing  t h e  luna r -o rb i t  rendezvous were r equ i r ed .  
a x i s  l o n g i t u d i n a l  t r a n s l a t i o n  w a s  r equ i r ed  t o  provide p r o p e l l a n t - s e t t l i n g  t h r u s t  f o r  t h e  descent  
and ascent  propuls ion systems. To meet the  o b j e c t i v e s ,  t he  l u n a r  m d u l e  r e a c t i o n  c o n t r o l  system 
had two independent b i p r o p e l l a n t  systems. 
t r o l  and X-axis t r a n s l a t i o n  when used independently.  When used toge the r ,  2- and Y-axis t r a n s l a -  
t i o n  could be obtained.  
t i o n s  and t h r u s t  vec to r s .  

I n  a d d i t i o n ,  X- 

Each system provided the  v e h i c l e s  with a t t i t u d e  con- 

The two systems were i d e n t i c a l  in a l l  r e s p e c t s  o t h e r  t han  engine loca-  

Each engine w a s  a pulse-modulated, radiat ion-cooled,  100-pound t h r u s t e r  n e a r l y  i d e n t i c a l  t o  
those used on t h e  s e r v i c e  m d u l e .  Major engine components included i n l e t  f i l t e r s ,  two solenoid-  
operated p r o p e l l a n t  i n j e c t i o n  va lves ,  an i n j e c t o r ,  and a nozzle  s k i r t .  The p r o p e l l a n t  and pres-  
s u r i z i n g  gas  s t o r a g e  components were grouped f o r  t h e  purpose of s impl i fy ing  the  checkout and re- 
p a i r  procedures.  The system w a s  i n s t a l l e d  in two bay areas and on f o u r  o u t r i g g e r  booms. The 
tankage modules (helium, n i t rogen  t e t r o x i d e ,  and Aerozine-50) were i n s t a l l e d  on t h e  l e f t -  and 
right-hand s i d e s  of t h e  l u n a r  w d u l e  d i r e c t l y  above the  a scen t  propuls ion system tanks.  
enginea were i n s t a l l e d  i n  c l u s t e r s  of fou r  on the  o u t r i g g e r s  which were loca ted  around t h e  per- 
iphery of t h e  a scen t  s t a g e  a t  45' t o  t h e  or thogonal  ( p i t c h  and r o l l )  axes .  Two o f  t h e  fou r  en- 
g i n e s  i n  each c l u s t e r  were f ed  from each p rope l l an t  supply.  

The 

In  a d d i t i o n  t o  t h e  two s e p a r a t e  systems, redundancy a l s o  extended t o  components w i th in  each 
system such a s  r e g u l a t o r s ,  check v a l v e s ,  and explosive p r e s s u r i z a t i o n  va lves .  Command and ser- 
v i c e  module components t h a t  had a l r eady  been developed were used wherever p o s s i b l e .  Whenever 
such a component could not be used d i r e c t l y  bu t  could be made usab le  on t h e  luna r  module wi th  
minor modif icat ion,  a common-technology approach w a s  followed. The manufacturer of  t h e  cormnand 
and service module part w a s  given t h e  t a s k  of modifying his product t o  make i t  usab le  on t h e  
luna r  module. S i g n i f i c a n t  c o s t  savings and increased r e l i a b i l i t y  r e s u l t e d .  

The environmental  c o n s t r a i n t s  f o r  t h e  luna r  module r e a c t i o n  c o n t r o l  system gene ra l ly  w e r e  
less seve re  than those of t h e  s e r v i c e  module r e a c t i o n  c o n t r o l  system; t h e r e f o r e ,  t h e  experience 
gained wi th  the s e r v i c e  module components i n  the a r e a s  of v i b r a t i o n ,  shock, thermal vacuum, pro- 
p e l l a n t  compa t ib i l i t y ,  and s u s c e p t i b i l i t y  t o  contamination could be app l i ed  d i r e c t l y  t o  t h e  l u n a r  
module design. Two s p e c i f i c  a r e a s  i n  which environmental  cond i t ions  d i f f e r e d  s i g n i f i c a n t l y  were 
t h e  v i b r a t i o n  and the c o l d  soaking of t h e  f o u r  luna r  module engine c l u s t e r s .  Also, because t h e  
l u n a r  m d u l e  p r o p e l l a n t  t anks  and t h e  helium tank were l a r g e r  than those of  t h e  s e r v i c e  module, 
t h e  v i b r a t i o n  test experience wi th  t h e  s e r v i c e  module tanks could no t  be app l i ed  d i r e c t l y  t o  t h e  
l u n a r  module hardware. I n  these  i n s t a n c e s ,  t he  couponenfa were sub jec t ed  t o  environmental  test- 
i n g  d i c t a t e d  s p e c i f i c a l l y  by the  l u n a r  m d u l e  environments. 

The deve lopwnt  and c e r t i f i c a t i o n  of  the lunar m d u l e  r e a c t i o n  c o n t r o l  system cons i s t ed  o f  
Dine major ground test programs. A b r i e f  d i scuss ion  of  s e v e r a l  of t h e  test programs fol lows.  

The pre-production system development test was t h e  f i r s t  test i n  which t h e  proposed config-  
u r a t i o n  of t h e  lunar w d u l e  r e a c t i o n  c o n t r o l  system was hot  f i r e d .  The primary and secondary 
o b j e c t i v e s ,  r e s p e c t i v e l y ,  were t o  i n v e s t i g a t e  the  dynamic c h a r a c t e r i s t i c s  of  t h e  propel lant-feed 
system and t o  e v a l u a t e  p r o p e l l a n t  manifold priming procedures and engine performance du r ing  
multi-engine f i r i n g s .  The test d i s c l o s e d  higher-than-predicted f eed  p res su re  f l u c t u a t i o n s  dur- 
ing t h e  short-pulse  high-frequency f i r i n g s .  
system requirement8 helped t o  d e f i n e  the  i n t e r f a c e  between the  guidance system and the  r e a c t i o n  
c o n t r o l  system. 
second. 
eliminate h igh  transient p r e s s u r e s  during priming of t he  p rope l l an t  manifolds.  
be accomplished a t  t ank  pod p r e s s u r e s  ve r sus  nominal ope ra t ing  tank p res su res .  

The product ion aystem development program o b j e c t i v e  w a s  t o  determine i f  t h e  system could 

Ae a result, a complete r eeva lua t ion  of t h e  c o n t r o l  

The net e f f e c t  vas changing t h e  maximun pu l se  frequency from 25 t o  7 p u l s e s  p e r  
The test a l s o  r e s u l t e d  i n  mod i f i ca t ion  of  t h e  planned f l i g h t - a c t i v a t i o n  procedure t o  

Priming would 

meet fundamental design requirements.  
t h a t  o f  t he  reaction c o n t r o l  system on t h e  Apollo 5 lunar module. 
t h e  c a p a b i l i t y  of the system des ign  t o  meet fundamental requirements.  
t e r i s t i c e  of  some components vere d i sc losed  which a l t e r e d  t h e  planned system o p e r a t i o n a l  node. 
An ou t s t and ing  example vas the discovery t h a t  high f low r a t e s  o r  p re s su re  su rges  would cause t h e  
p r o p e l l a n t  l a t c h i n g  valves t o  un la t ch  and s h i f t  p o s i t i o n .  Th i s  v a l v e  problem w a s  r e so lved  f o r  
f l i g h t  by r e q u i r i n g  t h a  crew t o  a s c e r t a i n  c o r r e c t  va lve  p o s i t i o n s  du r ing  c r i t i c a l  mission phases.  

As such, t h e  test conf igu ra t ion  was almost i d e n t i c a l  t o  
The test program d e m n s t r a t e d  

However, s a l i e n t  charac- a 
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Other component problems discovered were (1) t ransduce r  diaphragm i n c o m p a t i b i l i t y  w i th  p r o p e l l a n t  
combustion r e s i d u a l s  and (2) an inadequate  seal design i n  t h e  ground h a l f  of the p rope l l an t -  
s e r v i c i n g  quick-disconnect coupling. The contamination c o n t r o l  requirements  ( p a r t i c l e  s i z e ,  
sampling procedures,  etc.) and the  c l ean ing  procedures ( f lu sh ing  sequence, e t c . )  used f o r  t h e  
product ion system were no t  adequate t o  preclude numerous f a i l u r e s  of components because of par- 
t i c u l a t e  contamination. The test program provided va luab le  experience in helium and p r o p e l l a n t  
s e r v i c i n g  t h a t  was used in the  design of ground support  equipment a t  t h e  launch site. 

The t h i r d  system-level  test program, a design v e r i f i c a t i o n  test program, was broader  in 
scope than t h e  product ion system development program. 
system demonstrated,  bu t  o t h e r  f a c t o r s  such as manufacturing and checkout procedures ,  contamina- 
t i o n  c o n t r o l  techniques,  and p r o p e l l a n t  decontamination procedures  used on f l i g h t  systems were 
v e r i  f ie  d . 

Not only was accep tab le  o p e r a t i o n  of  the 

The s t r u c t u r a l  i n t e g r i t y  of  t h e  engine c l u s t e r  and v e h i c l e  mounting hardware was v e r i f i e d  
du r ing  t h e  product ion c l u s t e r  environmental  test program, 
mission-level  random and s i n u s o i d a l  v i b r a t i o n  l o a d s  t o  which i t  was sub jec t ed ,  with t h e  except ion 
of t h e  f a i l u r e  of a chamber p re s su re  t r ansduce r  bracket .  
t h e  bracket  assembly, which was r e t r o f i t t e d  on t h e  first f l i g h t  l u n a r  module. 

The c l u s t e r  design withstood a l l  t h e  

T h i s  f a i l u r e  r e s u l t e d  i n  a r edes ign  of 

The l u n a r  module product ion c l u s t e r  f i r i n g  test program o b j e c t i v e s  were (1) t o  e v a l u a t e  
f l i gh twor thy  l u n a r  nudule engine c l u s t e r  performance under s imulated a l t i t u d e  cond i t ions  and (2) 
t o  determine t h e  hea t - t r ans fe r  c h a r a c t e r i s t i c s  of t he  c l u s t e r  du r ing  s t eady- s t a t e  and pulse-mode 
duty cyc le s .  The f i r i n g  program cons i s t ed  of s i n g l e  and mult iengine f i r i n g s  t h a t  s imulated se- 
l e c t e d  p o r t i o n s  of expected mission duty cycles .  During the  low-temperature mission du ty  c y c l e  
p a r t  of t h e  program, t h e  combustion chamber of  an u p f i r i n g  engine was destroyed by an explosion 
due t o  an accumulation of n i t r a t e  compounds. 
a t t i t u d e  of the engine.  low engine temperatures ,  helium s a t u r a t i o n  of  t h e  p r o p e l l a n t s ,  sho r t -  
pu l se  f i r i n g s ,  and r e l a t i v e l y  high t e s t - c e l l  aub ien t  pressures .  
engine f a i l u r e  was  determined t o  be u n l i k e l y  when t h e  f l ange  temperature  w a s  maintained above 
120" F. The 
tests demonstrated t h a t ,  f o r  c e r t a i n  combinations of s h o r t  pu l se s ,  t h e  engine f l a n g e  cooled 
f a s t e r  than the h e a t e r s  could warm it, The ne t  r e s u l t  of t he  tests was es t ab l i shmen t  of  a s a f e  
engine ope ra t ing  regime t h a t  s a t i s f i e d  mission requirements.  

Con t r ibu t ing  f a c t o r s  were found t o  be t h e  u p f i r i n g  

For luna r  m d u l e  a p p l i c a t i o n ,  

Heater i n t e g r a t i o n  tests were performed fol lowing t h i s  r e q u a l i f i c a t i o n  program. 

Evaluat ion of t h e  in t e rconnec t  p rope l l an t  feed mode was accomplished du r ing  t h e  i n t e g r a t e d  
r e a c t i o n  c o n t r o l  system/ascent  propuls ion system PA-1 test program. 
sis demonstrated t h a t  n e i t h e r  t h e  r e a c t i o n  c o n t r o l  system nor t h e  a scen t  propuls ion system ex- 
per ienced any de t r imen ta l  e f f e c t s  du r ing  t h e  in t e rconnec t  feed ope ra t ion .  
however, i n d i c a t e  a p o t e n t i a l  problem wi th  a p res su re  rise of  t rapped p r o p e l l a n t s  i n  the  inlet 
manifolds.  Th i s  rise r e s u l t e d  from thermal soakback of a hot  engine.  Consequently, t he  Apollo 
malfunct ion procedures incorporated a pres su re  r e l i e f  procedure. 

The test program and analy- 

The test program d i d ,  

An in-house l u n a r  module r e a c t i o n  c o n t r o l  system test program w a s  conducted a t  t h e  Manned 
Spacecraf t  Center  (1) t o  d e f i n e  the  gene ra l  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of  t he  l u n a r  module re- 
a c t i o n  c o n t r o l  system under s imulated a l t i t u d e  cond i t ions  and (2) t o  o b t a i n  performance d a t a  on 
i n d i v i d u a l  subsystem components. Anomalies t h a t  were observed, i n v e s t i g a t e d ,  and resolved in- 
c luded p r o p e l l a n t  l a t c h  v a l v e  leakages,  p r e s s u r e  switch f a i l u r e s ,  and i n j e c t o r  coo l ing  below 
120" F. The p rope l l an t  l a t c h  v a l v e  leakage was  caused by p a r t i c u l a t e  contamination; system 
c l e a n l i n e s s  was emphasized. 
and f a i l e d  open. 
t h e  cause of a f a i l e d  open switch.  
The i n j e c t o r  cool ing problem was t r aced  t o  the  engine du ty  cycle .  

The p res su re  w i t c h  f a i l u r e s  could be of two types  - f a i l e d  closed 
Contamination of t h e  switch mechanism by semil iquid combustion products  was 

The des ign  de f i c i ency  was co r rec t ed  f o r  f l i g h t  hardware. 

The f i r s t  l u n a r  module f l i g h t ,  Apollo 5 ,  was conducted t o  v e r i f y  the  l u n a r  module a scen t  
and descent  propuls ion systems and t h e  a b o r t  s t a g i n g  f u n c t i o n  f o r  manned f l i g h t .  Because of 
problems wi th  the  guidance system, t h e  r e a c t i o n  c o n t r o l  system operated i n  s e v e r a l  o f f - l i m i t  
cond i t ions  and r e s u l t e d  i n  f a i l u r e s  i n  the  system. 
w a s  dep le t ed  t o  27 percen t ,  and t h a t  system w a s  i s o l a t e d  t o  conserve p rope l l an t .  
t i nued  a t  a r ap id  duty c y c l e  u n t i l  p r o p e l l a n t  d e p l e t i o n  5 minutes l a t e r ,  a t  which t i m e  helium 
s t a r t e d  l eak ing  through the  co l l apsed  system B f u e l  bladder.  S a t i s f a c t o r y  v e h i c l e  r a t e s  were 

Within 3.1 minutes,  t h e  system A p r o p e l l a n t  
System B con- 
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restored by the  sys tem B t h r u s t  reduction ( r e s u l t i n g  from propel lant  deplet ion)  and by the  iso- 
l a t i o n  of system A propel lant  tanks. 
helium-ingested f u e l ,  the  quad 4 upf i r ing  engine f a i l e d .  When system A was reac t iva ted ,  the  
system A main shutoff valve on the oxid izer  s i d e  inadvertent ly  closed. The ascent  propel lan t  
interconnect valves  were later opened, re turn ing  operat ion of the  engines t o  normal u n t i l  t h e  
interconnect valves  were closed. 
the  second ascent  engine f i r i n g  allowed the spacecraf t  t o  tumble. Each of these s p e c i f i c  re- 
ac t ion  cont ro l  system anomalies ( i . e . ,  the  bladder, the  engine, and the  oxid izer  main shutoff  
valve f a i l u r e s )  was dupl icated when a ground test system was exposed t o  s i m i l a r  duty-cycle and 
environmental condition8 a f t e r  the f l i g h t .  

While system B w a s  operat ing v i t h  two-phase oxid izer  and 

The deplet ion of all propel lant  during t h e  l a s t  minutes of 

Also during the  Apollo 5 lunar  module f l i g h t ,  the  upper l i m i t  of 190' F on the engine c l u s t e r  
w a s  exceeded on numerous occasions with no de le te r ious  e f f e c t s ;  the  Apollo 9 lunar  module a l s o  
exhibi ted t h i s  phenomenon. As a result ,  addi t iona l  vendor tests were conducted t o  def ine  a maxi- 
m m  temperature t o  which the  engine valves could be subjected without degradation of performance. 
The tests were terminated a t  375' F when no degradation i n  performance was  experienced. 
strumentation change ( increasing t h e  upper limit t o  260' F) was made t o  accommodate the  expected 
operat ing temperature o f  the  c l u s t e r s .  

An in- 

Extremely good r e l i a b i l i t y  of the lunar  module and serv ice  w d u l e  reac t ion  cont ro l  system 
engine i n j e c t o r  valves  w a s  demonstrated on f l i g h t s  through Apollo 14. 
leakage due t o  engine operat ion or malfunction was observed. A 25-pound weight saving was ac- 
complished by the  de le t ion  of the  valves  from the system f o r  a l l  l a t e r  f l i g h t s .  

No engine i n j e c t o r  valve 

During system pressur iza t ion  on the  Apollo 16 lunar  module, system A regula tor  o u t l e t  pres- 
The leakage pers i s ted  throughout sure  continued t o  rise a f t e r  reaching nominal lockup pressure. 

the  mission a f t e r  pressurizat ion.  
square inch, the system A interconnect valves were opened t o  t r a n s f e r  propel lant  t o  the  ascent  
propulsion system. 
f i c i e n t  b l o w d m  c a p a b i l i t y  exis ted.  
per square inch, a t  which point the r e l i e f  valve operated. Subsequently, per iodic  pressure re- 
l i e f  occurred. Pos t f l igh t  ana lys i s  and tests showed t h a t  t h e  most l i k e l y  cause of the malfunc- 
t i o n  was  contamination caused by a set of unique events; s p e c i f i c a l l y ,  numerous replacements of 
components involving brazing downstream of the regulator ,  and subsequently subject ing the regu- 
l a t o r  t o  reverse  flow conditions. 

The design, development, and performance of the  lunar  module reac t ion  cont ro l  system are 

When the regulator  output pressure reached 209 pounds per  

To permit mission continuation, t h i s  operat ion was repeated twice u n t i l  suf- 
The pressure i n  system A eventual ly  increased t o  237 pounds 

discussed f u r t h e r  in reference 4-65. 

4.6.7 Guidance, Navigation, and Control System 

The lunar module guidance, navigat ion,  and cont ro l  system performed t h e  necessary descent 
and ascent  navigation, generated guidance comnands i n  t h e  form of th rus t - leve l  and a t t i t u d e  com- 
mands, and cont ro l led  vehic le  a t t i t u d e .  

Navigation for descent t o  the  lunar  surface waa the continuous process of es t imat ing and 
updating the vehic le ' s  pos i t ion  and ve loc i ty  components in the  reference coordinate  system (de- 
termining the state vector)  at given times using landing radar  and accelerometer data .  
lunar  landing guidance equations ca lcu la ted  thrus t - leve l  and a t t i t u d e  commands based upon t h e  
updated state vector .  
system. 

The 

The thrus t - leve l  and a t t i t u d e  conxnands were then executed by t h e  cont ro l  

The recent  manewer required tha t  the guidance, navigation, and c o n t r o l  system be i n i t i a l i z e d  
with t h e  o r b i t  i n s e r t i o n  parameters necessary for rendezvous with t h e  command and serv ice  mdule .  
The ascent engine had no t h r u s t  d i r e c t i o n  cont ro l  c a p a b i l i t y  and could not be t h r o t t l e d .  
f o r e ,  t h e  guidance system cont ro l led  the  t h r u s t  vec tor  by generating a t t i t u d e  comnands t o  c o n t r o l  
t h e  d i r e c t i o n  of  the vehic le  by use of the  reac t ion  cont ro l  system. 
vim achieved, engine t h r u s t  w a s  terminated. 

There- 

When the  i n s e r t i o n  v e l o c i t y  

. 

t 
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The guidance, navigat ion,  and cont ro l  system o r i g i n a l l y  consis ted of a guidance and naviga- 
t i o n  system and a s t a b i l i z a t i o n  and cont ro l  system ( re f .  4-66). The s t a b i l i z a t i o n  and c o n t r o l  
system contained an abort  guidance sys ten  which w a s  t o  be used i f  the primary guidance and  nav- 
i g a t i o n  system f a i l e d .  Late  in 1964, a design review of  guidance and cont ro l  requirements re- 
su l ted  in the i n t e g r a t i o n  of the guidance, navigat ion,  and c o n t r o l  funct ions.  
the c a p a b i l i t i e s  of the abor t  guidance system were expanded and a general-purpose computer was 
added t o  the system. 

A t  the  same t i m e ,  

Figure 4-21 is a func t iona l  diagram of both the  primary guidance and navigat ion system and 
the  abor t  guidance system, and the  i n t e r f a c e s  of each with the  cont ro l  e l e c t r o n i c s  system. The 
primary system was e s s e n t i a l l y  the same as t h a t  in t h e  command and s e r v i c e  module. 
can t  d i f fe rences  between the two s y s t e m  were: 

The s i g n i f i -  

a. The lunar  module o p t i c a l  system included a periscope-type te lescope with a 60-degree 
f i e l d  of view between mechanical stops. Six deten ts  a l loved a f u l l  360-degree viewing capabi l i ty .  

b. The lunar  module primary system included computer programs required f o r  the  descent  and 
ascent  phases and the cont ro l  laws used i n  the d i g i t a l  au topi lo t .  

,c. 

The abor t  guidance system assumed cont ro l  of the lunar  m d u l e  i f  the primary system f a i l e d  
T h i s  system could guide the lunar  module t o  a s a f e  lunar  o r b i t  and 

The landing radar  and rendezvous radar  a r e  p a r t  of the  lunar  module primary system. 

a t  any t i m e  i n  the mission. 
execute rendezvous c o m n d s .  
t r o n i c s ,  and a da ta  e n t r y  and d isp lay  assembly. 

The abor t  guidance system cons is ted  of an abor t  sensor ,  abor t  e lec-  

The abort  sensor assembly vas r i g i d l y  munted  t o  t h e  vehic le  and contained t h r e e  rate in te -  
g r a t i n g  gyros and t h r e e  pendulous accelerometers. These inertial sensing u n i t s  provided a t t i t u d e  
and v e l o c i t y  da ta  t o  the abor t  e l e c t r o n i c s  assembly which was a general-purpose computer. Oper- 
a t i n g  bn the  a t t i t u d e  and v e l o c i t y  da ta  from the inertial sensors ,  the  computer generated guid- 
ance comands and engine on-off colsnands that were sen t  t o  the  cont ro l  e l e c t r o n i c s  system. The 
abor t  guidance system was i n i t i a l i z e d  with, and per iodica l ly  real igned t o ,  t h e  primary guidance 
system. 

The cont ro l  e l e c t r o n i c s  system consis ted of the  a t t i t u d e  and t r a n s l a t i o n  c o n t r o l  assembly; 
the  descent engine c o n t r o l  assembly; descent engine gimbal d r i v e  ac tua tors ;  rate gyro assemblies; 
r o t a t i o n ,  t r a n s l a t i o n ,  and t h r o t t l e  hand c o n t r o l s ;  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 ;  and var- 
ious o t h e r  cont ro l  assemblies. 
propuls ive devices;  t h a t  is, the 16  a t t i t u d e  c o n t r o l  t h r u s t e r s ,  the gimbaled and t h r o t t l e a b l e  
descent engine, and the ascent  engine. 

The cont ro l  e l e c t r o n i c s  provided the i n t e r f a c e  which drove the 

The development and t e s t i n g  of the pr inary  guidance and navigat ion system w a s  e s s e n t i a l l y  
the same as t h a t  discussed in sec t ion  4.4.0. 
landing radar  and rendezvous radar  and the  a u t o p i l o t  i n t e r f a c e  with t h e  engine. The types of 
t e s t i n g  performed during the  cont ro l  e l e c t r o n i c s  development program were design f e a s i b i l i t y ,  
design v e r i f i c a t i o n ,  and q u a l i f i c a t i o n .  
t a b l e  4-VI. The types of t e s t i n g  performed during t h e  abort  guidance system test program were 
design f e a s i b i l i t y  design v e r i f i c a t i o n ,  and design proof t o  q u a l i f i c a t i o n  limits. A f u l l  mis- 
s ion  engineering s imulat ion was  performed t o  v e r i f y  the compat ib i l i ty  between the  hardware and 
computer eoftware. A de- 
t a i l e d  d iscuss ion  of the development and t e s t i n g  of the  abor t  guidance system is given i n  re f -  
erence 4-67. 

The only d i f fe rences  were the  i n t e r f a c e s  with t h e  

The s i g n i f i c a n t  problems encountered are l i s t e d  i n  

The s i g n i f i c a n t  problems encountered a r e  sumnarized i n  t a b l e  4411. 

Performance of the primary and abor t  guidance systems throughout the  Apollo f l i g h t s  was ex- 
c e l l e n t .  During 
t h e  unmanned Apollo 5 mission, t h e  f i r s t  scheduled maneuver was terminated e a r l y  and t h e  subse- 
quent maneuvers had t o  be performed by using the backup cont ro l  e l e c t r o n i c s  system. The a c t u a l  
t h r u s t  buildup p r o f i l e  was d i f f e r e n t  from the p r o f i l e  s tored  i n  the computer. The computer de- 
t e c t e d  a d i f fe rence  i n  t h r u s t  levels and automatical ly  shut  the engine down. 

No f a i l u r e s  required the  use of a backup system i n  any of the manned f l i g h t s .  
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Gimbal dr ive  ac tua tor  

TABLE 4-V1.- CONTROL ELECTRONICS DEVELOPMENT PROBLEMS 

Brake f a i l e d  t o  engage and the  
ac tua tor  would coast. 

~~ 

Equipment 

Att i tude and t r a n s l a t i o n  
cont ro l  asaembly 

Thrus t / t rans la t ion  con- 
t r o l l e r  assembly and 
a t t i t u d e  c o n t r o l l e r  
assembly 

Problem 

Solder cracks were caused by ex- 
panding urethane f i l l e r .  

Svi tch adjustment changed. 

Equipment 

Correct ive a c t i o n  

The j o i n t  was made s t ronger  
by making i t  a reflowed 
convex s o l d e r  j o i n t .  

T h e  switch adjustment pm- 
cedures were revised. 

The w t o r  w a s  redesigned t o  
include contact  drag  
pr inc ip le .  

TABLE 4411.-  ABORT GUIDANCE SlSTM DEVELOPMENT PROBLEMS 

Abort eensor assembly 

Abort sensor assembly 
mounting f e e t  

GY 1-0 

Abort e l e c t r o n i c s  
assembly 

A b o r t  e l e c t r m i c s  
assembly 

A b o r t  e l e c t r o n i c s  
assembly 

Data ent ry  d isp lay  
assembly 

Data en t ry  d isp lay  
assembly 

Problem 

Single-point temperature sensor 
f o r  thermal control .  

Fatigue and v i b r a t i o n  f a i l u r e s .  

Asymmetrical s c a l e  f a c t o r  

Excessively rap id  f a l l  time of 
read and vrite pulse. 

Penetrat ion of u a t r i x  board s p l i t  
pin wire  wrap. 

Solder reacted with gold in com- 
ponent leads causing so lder  t o  
become b r i t t l e  and crack. 

Cracks and bonding separat ion of 
electroluminescent segmente. 

Pushbutton was binding. 

b r r e c t i v e  a c t i o n  

N i n e  redesigns of beryllium 
block. 

Two redesigns of m u n t i n g  
f e e t .  

Redesign of pulse  torque 
loop. 

Redesign f o r  slower f a l l  
time. 

Change of  manufacturing 
procedures. 

Component l e a d s  =re pre- 
tinned t o  prevent so lder  
from coming i n t o  contact  
with gold. 

Better screening procedures. 

Incorporation of test and 
screening procedures. 
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The most s i g n i f i c a n t  f a i l u r e  in the  primary guidance system was the  occurrence of f i v e  com- 
puter  alarms during the  Apollo 11 lunar  module descent. The alarms indica ted  t o  the  crew t h a t  
the computer program w a s  being c a l l e d  upon t o  perform too many tasks  and t h a t  some t asks  would 
not  be executed. The problem w a s  avoided on subsequent f l i g h t s  by not requi r ing  the  computer 
t o  process rendezvous radar data,  which is not needed during descent. The computer workload w a s  
thus re l ieved ,  and no f u r t h e r  alarms of t h i s  type were experienced. 

The most s i g n i f i c a n t  f a i l u r e  in the  abort  guidance system occurred on Apollo 14. A f a i l u r e  
of the &volt  parer  supply i n  the abort  e l e c t r o n i c s  assembly caused the  system t o  switch t o  the  
standby mode, making it  unusable. Fortunately. the  f a i l u r e  occurred a f t e r  rendezvous w a s  com- 
p l e t e  and the  system w a s  no longer  needed. 
cause the  lunar  module hardware could not be returned t o  e a r t h .  

The cause of t h e  f a i l u r e  could not be determined be- 

The most s i g n i f i c a n t  f a i l u r e  in the cont ro l  e l e c t r o n i c s  system occurred during the unmanned 
Apollo 5 mission. Excessive t h r u s t e r  a c t i v i t y  occurred during the u l lage  maneuver p r i o r  t o  the  
l a s t  ascent  engine maneuver. The cause of the problem was a cont ro l  system i n s t a b i l i t y  f o r  the  
l i g h t  ascent  s t a g e  configurat ion and was corrected by a minor design change in the  pulse-ratio- 
modulator e lectronics .*  

The performance of t h e  guidance and navigat ion systems was evaluated by s tudying the descent 
and ascent  t r a j e c t o r i e s .  
ance system, the  abor t  guidance system, and radar  t racking.  System performance was evaluated by 
comparing the v e l o c i t y  curves. Each gyro and accelerometer could be the source of small but 
unique e r r o r s  in the  v e l o c i t y  da ta .  The alignment accuracy of the platform was a l s o  a source of 
e r r o r .  By methodically varying the  e r r o r  sources, the  v e l o c i t y  curves could be made t o  f i t  each 
o ther .  The e r r o r  sources  were var ied  u n t i l  t h e  bes t  curve f i t  was obtained,  and t h a t  set of er- 
r o r  sources w a s  considered t o  be the  most probable. 
and time-of-touchdown were accurately known and, of course,  the v e l o c i t y  r e l a t i v e  t o  the  lunar  
sur face  approached zero a t  touchdown. Velocity r e l a t i v e  t o  the sur face  a t  i g n i t i o n  w a s  not so 
w e l l  known and contr ibuted t o  v e l o c i t y  e r r o r .  
f i n a l  v e l o c i t y  was  not  zero. 

A set of ve loc i ty  curves w a s  generated using d a t a  from the primary guid- 

For the  descent a n a l y s i s ,  time-of-ignition 

The ascent  ana lys i s  is much the  same except t h a t  

A summary of the  s i g n i f i c a n t  e r r o r  sources f o r  the  f i r s t  f i v e  lunar  landing missions is pre- 
sented i n  t a b l e  4-VIII. The only s i g n i f i c a n t  e r r o r  sources observed in the  primary guidance sys- 
t e m  were accelerometer b i a s e s  and platform alignment. 
s t a b l e  platform.) Both e r r o r  sources caused e r r o r s  t h a t  were less than t h a t  expected. In prep- 
a r a t i o n  f o r  ascent .  the  platform alignment technique used one star and the  grav i ty  vec tor .  Con- 
sequent ly ,  the expected e r r o r  was d i f f e r e n t  f o r  each axis as shown. I f  the  grav i ty  vec tor  w a s  
not v e r t i c a l  becau8e of l o c a l  g r a v i t y  excursions,  the alignment accuracy was af fec ted .  
v a r i a t i o n s  a t  the  Apollo 15 landing site caused a misalignment of about 2 a r c  minutes, the  l a r g e s t  
alignment e r r o r  of any Apollo mission. I f  the Apollo 1 5  misalignment were not included, the  
average and s tandard devia t ion  values  f o r  ascent  i n  t a b l e  4-VIII would be h a l f  as la rge .  Analy- 
sis of d a t a  from t h e  abor t  guidance system precludes i s o l a t i o n  t o  a s i n g l e  e r r o r  source. Er rors  
along the  spacecraf t  t h r u s t  axis (X-axis) may be caused by accelerometer b i a s  o r  s c a l e  f a c t o r  
e r r o r s ,  whereas e r r o r s  perpendicular  t o  t h e  t h r u s t  axis may be caused by accelerometer b i a s  or 
misalignment errors. 
lunar  landing missions. Actual and expected u n c e r t a i n t i e s  are almost the same. 

(The accelerometers were mounted on t h e  

Gravity 

Table 4-VIII a l s o  s m u a r i z e s  abort  guidance system performance during t h e  

4.6.8 Environmental Control 

The lunar  w d u l e  environmental c o n t r o l  system w a s  made up of four  main subsystems which per- 
formed the following funct ions:  atmosphere r e v i t a l i z a t i o n .  oxygen supply and cabin pressure con- 
t r o l ,  water management, and heat t ranspor t .  
ab le8  usage, cabin leakage, and changes 88 a result of experience. 

System performance is discussed,  including consum- 

T h  modular concept was necessary because of t h e  weight and volume c o n s t r a i n t s ,  but  use of 
When equipment was modified o r  changed, the c e r t i f i -  t h i s  concept l e d  t o  a number of  problems. 

c a t i o n  t e s t i n g  program w a s  modified accordingly. 
b a s i c  package t o  be subjected t o  a n d e r  of d i f f e r e n t  q u a l i f i c a t i o n  tests, were required in 
many ins tances  t o  q u a l i f y  the  revised equipment. 
e f f o r t s  wau demonstrated by tests, but  a g r e a t  nunber of tests and a considerable  amount of t i m e  
were required.  

mary guidance system was se lec ted  subsequant t o  the  f i r s t  ascent engine f i r i n g .  

Requal i f ica t ion  tests, which caused the same 

The interdependence of packaging and func t iona l  

*This problem was  no t  r e l a t e d  t o  the  excessive t h r u s t e r  a c t i v i t y  that occurred when the  pr i -  

. 

? 
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Expected 
error Source 

TABLE 4-VI1I.- SYSTPl PERFORMANCE DURIIIG DESCENT MID ASCENT 

Average Standard 
deviation error 

Primary Guidance 

Descent: 
Accelerometer bias, pg 
Misalignment, arc sec 

Ascent: 
Accelerometer bias, pg 
%isalignment, arc sec 

200 
210 

500 
X - 148 
Y = 57 
Z = 88 

Abort Guidance 

Descent : 
X (scale factor + bias), pg 
Y (misalignment + bias), Ug 
Z (misalignment + bias), pg 

Ascent: 
X (scale factor + bias), U g  
Y (misalignment + bias), U g  
Z (misalignment + bias), U g 

40 
70 
7 0  

50 
70 
70 

-6 .5  
-20 

10.8 
-52 

-6 8 
-24 
-80 

-102 
-31 
-32 

32.7 
107 

119.1 
1 04 

43 
87 
97 

70 
80 
69 

a The star plus gravity alignment technique results in a different 
expected error for each axis. 

f 
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The environmental cont ro l  system design concept of modularized subassemblies l e d  t o  an e a r l y  
decis ion t o  perform c e r t i f i c a t i o n  t e s t i n g  a t  the module l e v e l  f o r  examining and v e r i f y i n g  a l l  
possible  component i n t e r a c t i o n s  during dynamic tes t ing .  Because of a s t i p u l a t i o n  t h a t  any f i e l d  
f a i l u r e  of a s i n g l e  component would require  replacement of the  complete module o r  lowest replace- 
a b l e  element, it was reasonable t o  assume t h a t  c e r t i f i c a t i o n  should be performed a t  the  same ve- 
hicle replacement l e v e l  of assembly. Component-level tests were pr imari ly  used t o  v e r i f y  design 
and t o  e s t a b l i s h  performance curves, and subsystem-level tests were performed t o  i d e n t i f y  compo- 
nent i n t e r a c t i o n  and to v e r i f y  that system design performance requirements were met .  

Two sets of f l i g h t  hardware vere subjected to q u a l i f i c a t i o n  t e s t i n g .  One set of hardware 
was t e s t e d  t o  design-limit c e r t i f i c a t i o n  l e v e l s  consis t ing of mission-design extreme enviroa- 
ments, and one set vas subjected t o  two normal mission l e v e l  environment tests p lus  ground-based 
environment tests. Design changes r e s u l t i n g  from component f a i l u r e s  during i n i t i a l  c e r t i f i c a -  
t i o n  t e s t i n g ,  p lus  component addi t ions  and redesign imposed by changes in system requirements, 
were responsible  f o r  incorporat ing a d e l t a  q u a l i f i c a t i o n  program following t h e  i n i t i a l  logic-  
group q u a l i f i c a t i o n  program. 

To c e r t i f y  the l i f e  support sec t ion  of the environmental cont ro l  system, a complete test 
f a c i l i t y  w a s  b u i l t  at the  prime c m t r a c t o r ' s  site. 
vacuum chamber, a vacuum system, a d a t a  system and a l i f e  support sec t ion  o f  the  environmental 
cont ro l  system, which w a s  i n s t a l l e d  in the simulated lunar  module cabin of the  vacuum chamber. 
Using the s imulator ,  the environmental c o n t r o l  system manrating was accomplished in two s teps .  
The f i r s t  s t e p  (Phase I) used some pre-production hardware t h a t  d i f f e r e d  from production hardware 
only in physical layout .  Tbe second s t e p  (Phase 11) used production hardware t h a t  w a s  modified 
t o  provide instrumentation poin ts  necessary f o r  gather ing parametric data. 

The man-rating test f a c i l i t y  consis ted of  a 

To ensure compatibi l i ty  between all subsystems during vehic le  exposure t o  expected enviroa- 
merits, the  LTA-8 vehic le  was i n s t a l l e d  i n  a s p e c i a l  thermal-vacuum chamber in which s i x  manned 
tests were conducted a t  design-xtreme metabolic and thermal loads t o  v e r i f y  f l i g h t w r t h i n e s s .  
The s i g n i f i c a n t  hardvare problems encountered during development and t e s t i n g  a r e  discussed i n  
d e t a i l  i n  reference 4-60. 

Some f l i g h t  problems E r e  encountered in the environmental cont ro l  system, although none en- 

A muffler w a s  added to  t h e  o u t l e t  of t h e  glycol  
dangered thv crewmen. 
c u i t  flow, t h e  glycol  pumps, and the cabin fane. 
pumps t o  reduce the noise  t o  an acceptable level. 

One of the more annoying problem was  the  noise  produced by t h e  s u i t  c i r -  

Erratic carbon dioxide sensor readings on the lunar  modules f o r  the Apollo 10,  11, and 1 2  
missions and creu repor t s  of  water enter ing the  pressure garment assemblies prompted two revi- 
sions t o  t h e  s u i t  c i r c u i t  assembly. . 

routed from a point  upstream t o  a point  downstream of the  carbon dioxide sensor  and cfew oxygen 
d i l i c a l a .  Also, a r e s t r i c t o r  was added to the l i t h i -  hydroxide c a r t r i d g e s  t o  l i m i t  t h e  flow 
in the  s u i t  c i r c u i t  and thus reduce the speed of the  gas-driven vater separa tors ,  which did not 
remove vater e f f e c t i v e l y  a t  high speeds. 

A e e n ~ e  l i n e  from the water separator  dra in  tank was re- 

*sc changes were incorporated f o r  Apollo 13. 

The Apollo 11 crew, the f i r s t  to  s leep  fa the  lunar module, found t h a t  s leeping on t h e  f l o o r  
vas uncomfortable and cold. Consequently, harmpocka were provided on a l l  subsequent vehicles .  

I n t e r n a l  leakage through an oxygen shutoff valve from t h e  oxygen cont ro l  module i n t o  one of  

A s i m i l a r  
t h e  ascent  s tage  oxygen tanka w a s  experienced on Apollo 13. 
aged O-ring, a d  new checkout procedures and hand-selected O-rings were incorporated. 
O-ring problem occurred later in the Apollo program during bench checkout of t h e  vater cont ro l  
module valves. 
problem which s e e m s  t o  be inherent  fa t h e  m l t i v a l v e  manifold desilpl. 

The problem w a s  i d e n t i f i e d  as a d e  

Again, hand e l e c t i n g  the O-rings and nev i n s t a l l a t i o n  p r o c e h r e s  solved t h e  

Although no f r e e  water was reported in t h e  suit c i r c u i t ,  the water separator  epeed remained 
high on Apollo 14. 
subsequent vehic les  t o  increase the  system pressure drop and thereby decrease the  flow. 
change w a s  accompliahed by reconfiguring the s u i t  c i r c u i t  assembly valves  when t h e  crev w a s  
s u i t e d  without helmets and gloves. 
ou t  before  the Apollo 15 mission. 
c i r c u i t  d i f f e r e n t i a l  pressure (high water &parator  speeds and whis t l ing  noises) when the  hoses 

Consequently, a procedural change was i n s t i t u t e d  on the Apollo 15 vehic le  and 
This 

However, m o t h e r  problem was encountered in the  ground check- 
The requirement f o r  unsuited rest per iods r e s u l t e d  i n  low suit 

. 
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were disconnected from the s u i t s .  
garment assembly pressure  drops were designed f o r  t h e  oxygen umbil icals .  
sembly dryout procedure was  a l s o  developed t o  remove p e r s p i r a t i o n  from the  s u i t s  a f t e r  use. 

Therefore, stowage brackets  with o r i f i c e s  s imulat ing pressure  
A pressure  garment as- 

Most redundant components included in the  environmental cont ro l  system were used f o r  var ious  
reasons a t  some time during the Apollo f l i g h t s .  However, the  redundant coolant  loop and redun- 
dant water regula tors  were never needed because the primary systems performed s a t i s f a c t o r i l y .  

4.6.9 Displays and Controls 

The d isp lays  and c o n t r o l s  were the  i n t e r f a c e  betveen the crewmen and t h e  lunar module. Con- 
t r o l s  were provided f o r  manual operat ion of all systems, f o r  making adjustments ,  and f o r  se lec-  
t i o n  of a l t e r n a t e  opera t ing  modes. To permit easy observat ion o r  c o n t r o l ,  p r a c t i c a l l y  a l l  d i s -  
p lays  and cont ro ls  were located within reach on d isp lay  panels .  There were 160 c i r c u i t  breakers ,  
144 toggle  switches,  16 ro ta ry  switches,  and o t h e r  cont ro l  equipment. D i g i t a l  vol tmeters ,  servo- 
meters, and two- and three-posi t ion f l a g s  displayed information such as t i m e ,  a l t i t u d e ,  range, 
pressure,  and temperature. 

About halfway through the Apollo progran, a f t e r  severa l  broken o r  ac tua ted  c i r c u i t  breakers  
had been found, f i lms made of  crew a c t i v i t i e s  within the  spacecraf t  showed t h a t  these  condi t ions 
were o f t e n  caused by crewmen inadver ten t ly  bmping t h e  c i r c u i t  breakers .  
bumper guards were w d i f i e d  t o  b e t t e r  p r o t e c t  the breakers  and wicket-type guards were i n s t a l l e d  
over c r i t i c a l  switches. O t h e r  inadequacies encountered during t h e  development program included 
f a i l u r e  of e l e c t r o n i c  p a r t s ,  improper 6iZing of mechanical p a r t s ,  breaking of g l a s s ,  f a i l u r e  o f  
so lder  j o i n t s ,  and f a i l u r e s  due t o  contamination. Several f a i l u r e s  a l s o  occurred during f l i g h t ;  
however, the  systems were so designed t h a t  the f a i l u r e s  d i d  not present  a dangerous s i t u a t i o n .  

Consequently, t h e  

Tvo items t h a t  were not adequately developed were the  c i r c u i t  breakers  and the d i g i t a l  
timers. Hermetically sealed c i r c u i t  breakers  vere spec i f ied ;  however. t h e  manufacturer was  un- 
ab le  t o  q u a l i f y  t h i s  type of breaker because of assembly problems. 
involved the process of  f i t t i n g  the  major c i r c u i t  breaker assembly (containing a pushbutton, 
br idge contac ts .  and a b i m e t a l l i c  element) i n t o  a hermetical ly  sealed can. 
contained the  contac ts  t h a t  mated with t h e  inner  br idge contac ts .  a s p e c i f i c  contac t  pressure  
was d i f f i c u l t  t o  ob ta in  when the tvo p a r t s  were assembled and sealed v i t h  so lder .  Fa i lures  re- 
s u l t i n g  from the  lower contact  pressure included contact  c h a t t e r ,  high contact  r e s i s t a n c e  i n  dry  
c i r c u i t  t e s t i n g ,  and high vol tage  drop. Development was discont inued and t h e  q u a l i f i e d  command- 
module-type breakers  (not hermetical ly  sealed)  were used. The o r i g i n a l  d i g i t a l  timers of modu- 
l a r  "cordwood" cons t ruc t ion ,  had numerous problems. I n  t h i s  type of cons t ruc t ion ,  e l e c t r i c a l  
components ( r e s i s t o r s ,  capac i tors ,  diodes,  e t c . )  were soldered between two pr in ted  c i r c u i t  
boards and the void between the boards was f i l l e d  with a p o t t i n g  compound. The d i f f e r e n t i a l  ex- 
pansion between the  p o t t i n g  compound and the  c i r c u i t  boards caused the  so lder  j o i n t s  t o  crack 
and thus break e l e c t r i c a l  contact .  The u n i t s  
were a l s o  suscept ib le  t o  e l e c t r i c a l  noise. 
a new manufacturer w a s  required. 

One of the  assembly problems 

Because t h e  can case 

Rework of  u n i t s  could not  c o r r e c t  t h e  problem. 
Eventually, a complete redesign and repackaging by 

The altitude/range/range-rate meter g l a s s  f a c e  was discovered t o  be broken during t h e  
Apollo 15 f l i g h t .  
g l a s s  s t r e n g t h  and stress. Spacecraft meters with similar g l a s s  appl ica t ions  had s h i e l d s  and 
doublers  i n s t a l l e d  f o r  subsequent f l i g h t s .  

Newly developed information on stress corrosion was  appl ied i n  a review of  

A mre d e t a i l e d  d iscuss ion  of t h e  lunar  m d u l e  dieplays and c o n t r o l s  is  given i n  re ference  
4-69. 

4.6.10 Comunications System 

The lunar  module comunica t ions  system provided the voice  l i n k  between the  lunar  module and 
t h e  e a r t h ;  between the  lunar module and the command module; and, by means of a r e l a y  funct ion,  
between the e a r t h  and the  crewmen on the  lunar  surface.  The system also provided the  capabi l -  
i t i es  f o r :  

a .  Ranging between the  e a r t h  and the  lunar  module 
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b. 

c. 

d. Transmitting t e l e v i s i o n  t o  the  e a r t h  

e. Voice intercommunication between crewmen 

Ranging between the command module and the lunar  module 

Transmitting instrumentat ion da ta  t o  the e a r t h  

f .  Up-linking d i g i t a l  cormnands from the e a r t h  

The comunicat ions system was composed of VHF and S-band equipment. The VHF por t ion  was 
selected f o r  shor t  ranges (between the lunar  module and the  conanand mdule ,  and re lay  between 
the lunar  module and extravehicular  crewmen); and the S-band port ion was  se lec ted  f o r  deep-space 
communications. 

During the  e a r l y  phases of the program, the method of providing voice, data ,  and ranging 
funct ions went through severa l  i t e r a t i o n s  as a result of changes in mission requirements. 
instance,  the VHF system f i r s t  included one receiver  and one t ransmi t te r ,  then iwo rece ivers  and 
three  t ransmi t te rs ,  and f i n a l l y  two receivers  and two t ransmit ters .  
p a i r s  ( t ransce ivers )  were combined i n t o  a s ingle  uni t  along with a diplexer  assembly t h a t  allowed 
simultaneous use of a s ing le  antenna f o r  two separate  frequencies. The channel A t ransce iver  
operated on a frequency of 296.8 megahertz; channel B operated on 259.7 megahertz. The cont ro l  
panel configurat ion allowed the s e l e c t i o n  of any combination of t ransmi t te rs  o r  rece ivers  t o  give 
simplex o r  duplex operation. A range tone t r a n s f e r  assembly w a s  added t o  provide turnaround of 
ranging tones received from the comand module. 
s i s t e d  of two i n f l i g h t  antennas located on opposite s ides  of  t h e  spacecraf t  and a lunar  surface 
antenna on a mast t h a t  was cranked up and down from ins ide  t h e  crew compartment. 

For 

Both t ransmi t te r / rece iver  

The antenna system for the  VHF equipment con- 

The S-band system consis ted of a t ransce iver  containing t w o  i d e n t i c a l  phase-locked rece ivers ,  
tyo phase modulators with d r i v e r  and m l t i p l i e r ,  and one frequency mdula tor .  
t i n g  frequencies yere 2282.5 megahertz f o r  transmission and 2101.8 megahertz f o r  reception. 
nominal power output  w a s  0.75 w a t t  in a low-power mode. 
the  t ransce iver  was increased t o  18.6 w a t t s .  
t o  use a t rave l ing  wave tube. 
type tube was incorporated i n t o  the design. 
acteristics and very l imi ted  l i f e  *re experienced with the  amplitron tubes. 

The S-band opera- 
The 

I n  the  high-power mode, the  output of 
The o r i g i n a l  concept f o r  power ampl i f ica t ion  was 

However, because of weight and power l i m i t a t i o n s ,  an amplitron- 
During e a r l y  development, unstable  operat ing char- 

Three types of S-band antennas were used. A s t e e r a b l e  antenna with a 26-inch-diameter para- 
b o l i c  d i s h  automatical ly  tracked the incoming s igna l  t o  maintain an antenna pos i t ion  t h a t  pointed 
the  d ish  c e n t e r l i n e  toward the  ear th .  The antenna, operated e i t h e r  nvlnually o r  automatical ly ,  
provided a coverage of 174' in azimuth and 330' i n  e levat ion.  
recept ion while the lunar  module was  in lunar  o r b i t ,  during descent, a f t e r  landing, and during 
ascent  from the lunar  surface. The second type was an omnidirectional antenna. Two were used 
(one on t h e  f r o n t  and one on the rear of the ascent  s tage)  t o  provide the  required coverage. 
These antennas uere used before  a c t i v a t i o n  of the  s t e e r a b l e  antenna and as i t s  backup i n  case 
of a f a i l u r e .  
gold mesh parabol ic  r e f l e c t o r ,  an aiming device, and a t r ipod.  The antenna, folded and c a r r i e d  
in the descent s tage ,  was erected by the crewmen on the  lunar  surface and used f o r  t e l e v i s i o n  
transmission. For Apollo 15, 16, and 17 ,  t h e  lunar  comunicat ions re lay  u n i t  (sec. 4.9) mounted 
on the lunar  roving vehic le  was avai lab le  f o r  lunar  surface te lev is ion ,  and t h e  e rec tab le  antenna 
was not  needed. 

It was used f o r  t ransmiss im and 

The t h i r d  type of S-band antenna was erec tab le  and consis ted of a 10-foot-diameter 

Th remainder of the system consis ted of a s igna l  processor assembly, a d i g i t a l  up-link as- 
sembly, and 4 pulse-code-modulatioa and timing e l e c t r o n i c s  assembly. 
b ly  provided signal modulation, mixing, m d e  switching, keying, and relay. An audio center  f o r  
each crewman provided ind iv idua l  se lec t ion ,  i so la t ion ,  and amplif icat ion of  audio s i g n a l s  received 
and t ransmit ted by the  comunicat ions system. 
ca t ions  between crewmen. The d i g i t a l  u p l i n k  assembly received an up-link 70-kilohertz subcar r ie r  
from t h e  S-band t ransceiver ,  demodulated and decoded t h e  up-link conrmands on t h i s  subcar r ie r  and 
appl ied theae comnands t o  the lunar  module guidance computer. 
backup u p l i n k  voice op the  same subcarr ier .  
assembly received instrumentat ion information from throughout t h e  spacecraf t  and processed t h i s  
i n t o  4 data b i t  stream which w a s  placed on a subcar r ie r  in the  s igna l  processor assembly and 
t ransmit ted t o  e a r t h  by the S-band equipment. 

The signal processor assem- 

N s o  included was the  c a p a b i l i t y  f o r  intercommuni- 

It a l s o  provided c a p a b i l i t y  f o r  
The pulse-code-modulation and t h i n g  e l e c t r o n i c s  



. 
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One of the major design changes in the lunar  module communications system, which a f f e c t e d  
three  d i f f e r e n t  u n i t s ,  resu l ted  from an unpredictable  condi t ion i n  t h e  a f t  equipment bay. 
was o r i g i n a l l y  assumed t h a t  the  equipment bay, where the  cormrmnications system u n i t s  were mounted, 
would be a t  a vacuum when i n  space. Because of the  slow vent rate of t h e  thermal blankets  and 
unavoidable cabin leakage, however, t h i s  area maintained a small pressure t h a t  caused a corona 
condi t ion ins ide  the  uni t s .  T h i s  condi t ion i s  an e l e c t r i c a l  a rc ing  caused by ion iza t ion  of t h e  
p a r t i a l  a i r  pressure around high-voltage components. The  corona resu l ted  in degradation (and, 
sometimes, complete l o s s )  of t ransmit ted signals. This condi t ion ex is ted  t o  var ious degrees i n  
the  S-band t ransceiver ,  the S-band power amplif ier ,  and the VHF transceiver .  Several modifica- 
t i o n s  were attempted, including increased insu la t ion  and the  use of var ious types of p o t t i n g  
mater ia ls .  T h e  use of Teflon b a f f l e s  between high-voltage p a r t s  ins ide  the t ransmi t te r  was 
successful  in the VHF por t ion  of the  system, but the  only so lu t ion  t h a t  proved e f f e c t i v e  on the 
S-band t ransce iver  and power ampl i f ie r  w a s  t o  put them in a sealed pressurized case. 

It 

Developmental problems t h a t  were discovered during t h e  extensive t e s t i n g  program included 
cracked so lder  j o i n t s  i n  the s t e e r a b l e  antenna; extensive wire breakage i n  the  signal processor 
assembly cable;  r e l a y  r e l i a b i l i t y  problems in the VHF t ransce iver ;  in tegra ted  c i r c u i t  and t ran-  
s i s t o r  contamination problems in the d i g i t a l  up-link assembly, t h e  VHF t ransce iver ,  and the 
s t e e r a b l e  antenna; and s t r u c t u r a l  v i b r a t i o n  f a i l u r e s  in the s igna l  processor assembly and steer- 
a b l e  antenna. 

F l igh t  performance of the communications system was  very good. Various improper switch con- 
f i g u r a t i o n s  caused the VHF voice l i n k  between the lunar  module and caminand module t o  be in te r -  
rupted temporarily during t h e  Apollo 10, 12, and 15 missions. 
configurat ion was i d e n t i f i e d ,  the  voice l i n k  wa8 res tored.  

A s  soon as t h e  improper switch 

Because the  VHF ranging requirement was added t o  t h e  system la te  in the  development program, 
c e r t a i n  l i m i t a t i o n s  were imposed on the  system t o  keep design modif icat ions t o  a minimum. 
l i m i t a t i o n ,  a time-sharing of voice and ranging tones,  resu l ted  i n  a c e r t a i n  amount of voice d i s -  
t o r t i o n  during ranging operat ion.  
ranging acquis i t ion .  
prevent f l i g h t  problems because of these l imi ta t ions .  

Two major problems were encountered i n  the  f l i g h t  performance of the s t e e r a b l e  antenna. 
Several times during Apollo 14, the antenna d ish  experienced divergent  o s c i l l a t i o n s .  
few seconds, t h e  movement became too grea t  f o r  the  antenna t o  remain locked on the up-link s ig-  
nal .  
Apollo 10, 11, 12, and 15 missions showed t h a t  a s imi la r  condi t ion had ex is ted ,  but t o  a nuch 
l e s s e r  degree. 
nal, m l t i p a t h  r e f l e c t i o n s  from the  lunar  surface,  transmission of unwanted signals from t h e  
ear th ,  and in te r fe rence  from other  systems on the  spacecraf t .  
the  exact cause of the  problem. With the  exception of these auto-track l o s s e s ,  the t racking 
performance was exce l len t  during a l l  vehic le  maneuvers. 
was experienced on Apollo 16. 
with a locking pin t h a t  was e l e c t r i c a l l y  re leased during antenna ac t iva t ion .  
did not re lease  in the yaw axis and the  antenna could not be used t o  t r a c k  automatically. 

One 

Also, it  w a s  necessary t o  preclude all conversation during 
Pref l igh t  b r i e f i n g s  and laboratory demonstrations f o r  each crew helped t o  

I 

After  a 

Data from the  Communications were then l o s t  and the  reacquis i t ion  procedure was  required. 

Many poss ib le  causes vere invest igated,  including vehic le  blockage of the  s ig-  

No conclusion was reached about 

The second s t e e r a b l e  antenna problem 

The locking p in  
The mechanical d r i v e  mechanism was designed t o  be held i n  place 

Additional information on the  design, development, and performance of the  lunar  module COIF 
m n i c a t i o n s  system is contained i n  references 4-55, 4-56, and 4-70 through 4-73. 

4.6.11 Radar Systems 

Two unique and independent radar  systems provided guidance and navigation information t o  
the  guidance and cont ro l  system during the  lunar  landing and rendezvous phases of t h e  Apollo 
missions. 

The landing radar  system consis ted of an antenna assembly and an e l e c t r o n i c  assembly which 
shared t h e  processing of ve loc i ty  sensor and altimeter d a t a  t o  measure lunar  module v e l o c i t y  and 
range r e l a t i v e  t o  the  lunar  surface.  The Doppler p r i n c i p l e  was used f o r  ve loc i ty  determination; 
propagation time delay was used f o r  s l a n t  range determination. To measure ve loc i ty ,  t h r e e  beams 
of continuous microwave energy *re transmit ted t o  and r e f l e c t e d  from the lunar  surface. The 

, 
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Doppler s h i f t s  along these beams were ext rac ted  by the  v e l o c i t y  sensor .  
ta ined from a s i n g l e  beam of  continuous microwave energy which was frequency-modulated by a 
l i n e a r  sawtooth waveform. 
made i n  the  a l t i m e t e r  por t ion  of the  radar .  

The rendezvous radar ,  loca ted  on the  lunar  module ascent  s t a g e ,  cons is ted  of an antenna as- 
An a c t i v e  transponder w a s  i n s t a l l e d  i n  t h e  command and ser- 

The radar  was a continuous-wave type, which operated i n  a beacon mode and acquired 

The s l a n t  range w a s  ob- 

Comparison of the r e t u r n  s i g n a l  with the t ransmit ted modulation was 

sembly and an e l e c t r o n i c s  assembly. 
v i c e  module. 
and t racked the  transponder a t  ranges up t o  400 miles. 
range-rate ,  angle ,  and angle-rate  d a t a  r e l a t i v e  t o  the transponder. Range d a t a  were der ived 
from the propagation delay of  tones modulated on the t ransmit ted c a r r i e r  of the radar  which was, 
i n  tu rn ,  received,  f i l t e r e d .  remodulated, and re t ransmi t ted  by. the transponder and then received 
back a t  the  radar. Range rate was  determined from the  two-way Doppler s h i f t  of the  c a r r i e r  f re -  
quency. 
amplitude comparison technique. 

The radar  provided prec is ion  range, 

Angle t racking  of the  transponder in azimuth and e leva t ion  was accomplished using an 

The landing and rendezvous radar  systems were the f i r s t  a l l - s o l i d - s t a t e  radars  t o  be de- 
signed f o r  and flown in space. Sophis t icated s i g n a l  processing techniques were used i n  the  ren- 
dezvous radar  and transponder which minimized weight, s i z e ,  and power requirements. (The radar  
and transponder m e t  a l l  the  es tab l i shed  performance requirements at  the  400-mile range with only 
300 m i l l i w a t t s  of rad ia ted  X-band power.) The unique requirements f o r  environment, r e l i a b i l i t y ,  
s i z e ,  and weight l e d  t o  the s e l e c t i o n  of "cordwood" cons t ruc t ion  (a mult i layer  c i r c u i t  board de- 
s ign) .  However, t h i s  cons t ruc t ion  technique resu l ted  i n  a number of development problems. Two 
s i g n i f i c a n t  problems were not  i d e n t i f i e d  unt i l  a f t e r  production was i n i t i a t e d ,  and extensive re- 
placement of e l e c t r o n i c  assemblies was  required.  These problems were (1) open c i r c u i t s  i n  in-  
t e r l a y e r  columns of the  rendezvous radar  m l t i l a y e r  c i r c u i t  boards a t  hot  and cold temperature 
extremes and (2) cracked so lder  j o i n t s  i n  the landing radar  as a r e s u l t  of stress exerted on 
so lder  j o i n t s  during thermal cycl ing.  

Operational evaluat ion tests s imulat ing lunar  mission phases were performed t o  f u l l y  eval- 
ua te  performance of the  radars  before  the  f i r s t  lunar  mission. 
i n  the following paragraphs. 

These tests are discussed b r i e f l y  

Rendezvous radar  f l i g h t  t e s t i n g  was conducted t o  v e r i f y  the c a p a b i l i t y  of the  radar  to  meet 
Apollo mission perfonnance requirements. 
ing,  ranging, and v e l o c i t y  loops of the  rendezvous radar  operated properly during a simulated 
lunar  s tay .  
aga ins t  an instrumented ground-based lunar module radar  at t h e  White Sands Missile Range. The 
tests simulated s e v e r a l  o r i e n t a t i o n s  along each of  the probable lunar  module rendezvous and lunar- 
o r b i t  t r a j e c t o r i e s  and demonstrated t h a t  the rendezvous radar  performed within the  required ac- 
curacy range a t  d i s tances  representa t ive  of the design range. 
radar l t ransponder  l i n k  was evaluated a t  the  maximum range during the  Apollo 7 mission. 
condi t ions simulated the  lunar  s t a y  phase of a lunar  mission by acquir ing and t racking  the  or-  
b i t i n g  command and s e r v i c e  module transponder with a ground-based radar  t o  v e r i f y  t h a t  the  t rack-  
ing ,  ranging, and v e l o c i t y  loops of the rendezvous radar  and the t racking  loops of the  t rans-  
ponder functioned properly a t  the  extreme l i m i t s  o f  t h e i r  c a p a b i l i t i e s .  The rendezvous radar  
was a c t i v a t e d  f o r  the f i r s t  t i m e  In the  space environment during the  Apollo 9 mission. 
curacy of the rendezvous radar  and the  techniques f o r  using i t  were v e r i f i e d  by performing en 
a c t i v e  command mdule / lunar  module rendezvous in e a r t h  o r b i t .  

The ob jec t ive  of the tests was t o  v e r i f y  t h a t  t h e  t rack-  

A jet  a i r c r a f t  and a he l icopter  were used t o  f l y  the  radar  transponder, t e s t i n g  i t  

The performance of the  rendezvous 
The test 

The ac- 

Landing radar  f l i g h t  t e s t i n g  was a l s o  conducted. The objec t ives  of t h i s  t e s t i n g  were t o  
(1) evalua te  the performance of the landing radar  under dynamic f l i g h t  condi t ions,  (2) v e r i f y  
the  landing radar  mathematical model, (3) evaluate  the  combined performance of the  landing radar  
and the lunar  module guidance computer, (4) v e r i f y  the adequacy of  the landing radar  to  meet 
mission requirements, and ( 5 )  def ine  the  c o n s t r a i n t s  o r  necessary design changes. The tests 
were conducted (within the  c a p a b i l i t i e s  of the  test a i r c r a f t )  under f l i g h t  condi t ions t h a t  slm- 
ula ted  each of the probable lunar-descent t r a j e c t o r i e s .  

Radfo-frequency view f a c t o r  t e s t i n g  w a s  perfonned on the  ground on a lunar  module mockup t o  
determine i f  any f a l s e  lock-on e f f e c t s  would be caused by Doppler r e t u r n s  from lunar  module s t ruc-  
t u r a l  v i b r a t i o n s  during descent engine f i r i n g s .  
l e g s ,  engine s k i r t ,  and bottom s t r u c t u r e .  
landing radar  performance had occurred. 
rect the  problem. 

The areas inves t iga ted  were the  lunar  module 
The t e s t  results indica ted  t h a t  some degradation of 

For t h i s  reason, the  following changes were made t o  cor- 

, 

c 
\ 
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a. The frequency response of t h e  p r e a m p l i f i e r  was changed t o  dec rease  t h e  l and ing  r a d a r  
s e n s i t i v i t y  t o  low-frequency v i b r a t i o n s  e x h i b i t e d  by t h e  l u n a r  module s t r u c t u r e .  

b. The antenna was r o t a t e d  t o  prevent  t h e  l and ing  r a d a r  beam from impinging on t h e  l u n a r  
module l e g  s t r u c t u r e .  

C. A b a f f l e  w a s  I n s t a l l e d  t o  s h i e l d  t h e  r a d a r  beams from descen t  eng ine  b e l l  r e f l e c t i o n s .  

To test t h e  l u n a r  m d u l e  l and ing  r a d a r  i n  a space environment wi th  t h e  descen t  eng ine  f i r i n g ,  
s p e c i a l  i n s t rumen ta t ion  w a s  i n s t a l l e d  on t h e  Apollo 9 l u n a r  module t o  measure t h e  s i g n a l s  in t h e  
v e l o c i t y  and a l t i m e t e r  p r e a m p l i f i e r  ou tpu t s .  Following i g n i t i o n  of t h e  d e s c e n t  engine,  spu r ious  
s i g n a l s  appeared which were a t t r i b u t e d  t o  f l a k i n g  of t h e  Mylar thermal  b l anke t .  The problem was 
co r rec t ed  by r e p l a c i n g  the  Mylar thermal  b l anke t  w i th  an  a b l a t i v e  p a i n t  on a p o r t i o n  o f  t h e  dc- 
s c e n t  stage.  

Mission performance f o r  t h e  l u n a r  m d u l e  rendezvous and l and ing  r a d a r  systems was s a t i s f a c -  

The rendezvous r ada r  acquired t h e  s e r v i c e  module t r a n s -  
t o r y  on a l l  l u n a r  Apollo missions.  
from t h e  po in t  of lock-on t o  touchdown. 
ponder a t  an average range of 130 miles .  

Ve loc i ty  and range d a t a  were provided by t h e  l and ing  r a d a r  

Addit ional  information on t h e  development, t e s t i n g ,  and f l i g h t  performance of t h e  l and ing  
and rendezvous r a d a r  systems is contained i n  r e f e r e n c e  4-74. 

4.6.12 Ins t rumen ta t ion  System 

The l u n a r  m d u l e  in s t rumen ta t ion  system provided t h e  measurements necessa ry  t o  a s c e r t a i n  
whether t he  v e h i c l e  systems were ope ra t ing  properly.  
temperature,  v o l t a g e ,  q u a n t i t y ,  and d i s c r e t e  (switch c l o s u r e )  measurements t h a t  were displayed 
t o  t h e  crew on meters and t r ansmi t t ed  t o  t h e  ground over  t h e  c o m u n i c a t i o n s  l i n k .  The i n s t r u -  
mentation system a l s o  provided onboard vo ice  r eco rd ing  and c a u t i o n  and warning monitor ing of 
parameters c r i t i c a l  f o r  crew s a f e t y .  The equipment r equ i r ed  t o  accomplish t h e s e  f u n c t i o n s  in -  
cluded t r ansduce r s  ( senso r s ) ,  a s i g n a l  cond i t ion ing  e l e c t r o n i c s  assembly, t h e  pu l se  code modu- 
l a t i o n  and t iming e l e c t r o n i c s  assembly mentioned i n  s e c t i o n  4.6.10, a d a t a  s t o r a g e  e l e c t r o n i c s  
assembly (voice r e c o r d e r ) ,  and a c a u t i o n  and warning e l e c t r o n i c s  assembly. 

These measurements cons i s t ed  of p re s su re ,  

I n  developing the  hardware, a primary requirement w a s  no t  t o  i n t e r f e r e  v l t h  t h e  system be- 
i ng  m n i t o r e d .  Th i s  requirement d i d  n o t  have much e f f e c t  on measurement of phys i ca l  parameters  
(such as p res su re ,  temperature ,  and q u a n t i t y )  because a sea l ed  probe compatible  wi th  t h e  moni- 
t o red  substance was g e n e r a l l y  a v a i l a b l e .  However, m n i t o r i n g  e l e c t r i c a l  parameters  p re sen ted  a 
problem. A f a i l u r e  in t he  measuring c i r c u i t  could cause the  measured c i r c u i t  t o  become comple- 
t e l y  inope ra t ive  o r  could a c t i v a t e  a c i r c u i t  t h a t  was  not  supposed t o  be opera t ing .  To prevent  
t h e s e  problems, l a r g e  r e s i s t o r s  and t r ans fo rmers  were used i n  t h e  i n t e r f a c e  c i r c u i t s  so t h a t  no 
in s t rumen ta t ion  system f a i l u r e  could cause an unwanted v o l t a g e  o r  produce a s h o r t  c i r c u i t  i n  t h e  
measured c i r c u i t .  

Various test programs were conducted t o  e r a d i c a t e  weak components. Temperature and v ib ra -  
t i o n  tests appeared t o  be t h e  most e f f e c t i v e .  Expansion from temperature  changes and f l e x i n g  
from v i b r a t i o n  caused weak s o l d e r  j o i n t s ,  t h i n  i n s u l a t i o n ,  and weak components t o  f a i l  du r ing  
t h e s e  tests r a t h e r  than later dur ing  l u n a r  module ope ra t ion .  Th i s  technique was  f a i r l y  success-  
f u l ,  bu t  f a i l u r e s  still occurred on the  veh ic l e .  One i n t e r e s t i n g  po in t  w a s  t h a t  a l l  of t h e s e  
f a i l u r e s  occurred b e f o r e  2000 hours  of ope ra t ion ,  whereas s e v e r a l  u n i t s  accrued 6000 hours  of 
ope ra t ing  time b e f o r e  f l i g h t  and never experienced a d d i t i o n a l  f a i l u r e s .  

The e a r l y  d e c i s i o n  t o  r e q u i r e  a high-accuracy system meant t h a t  t h e  e n t i r e  system had t o  be 
optimized. However, two h i g h l y  a c c u r a t e  items that were a l r e a d y  a v a i l a b l e  were (1) t h e  s i g n a l  
cond i t ione r s  t h a t  ampl i f i ed  t h e  small e l e c t r i c a l  s i g n a l  from t h e  t r a n s d u c e r s  t o  a s t anda rd  0- t o  
5-volt  dc level, and (2) t h e  pu l se  code modulation dev ices  t h a t  converted t h e  0- t o  5-volt  dc  
analog signal to  an  e igh t -b i t  word. 

The cau t ion  and warning e l e c t r o n i c s  assembly was designed so t h a t  c r i t i ca l  measurements 
could be monitored au tomat i ca l ly ,  r e l e a s i n g  t h e  crew f o r  o t h e r  t a sks .  P res su re ,  temperature ,  
and q u a n t i t y  l e v e l s  wre determined by the  o t h e r  subsystems and, i f  t h e  measurements exceeded 
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predetermined l e v e l s ,  t h e  caut ion and warning e l e c t r o n i c s  assembly i n i t i a t e d  a master alarm tone 
and a l i g h t  ident i fy ing  the a f fec ted  system. 
e c c e n t r i c i t i e s  were not a l l  known, and many erroneous nuisance alarms were generated during nor- 
lnal operat ions.  For ins tance ,  an alarm might be generated when a system w a s  turned on. 
though only a shor t  time elapsed ( l e s s  than a second) before the system reached a normal opera- 
t i n g  range, the caut ion and warning e l e c t r o n i c s  assembly would immediately d e t e c t  an out-of- 
tolerance system. 
during switching t o  d i f f e r e n t  modes of operat ion.  
by placing time delays i n  the caut ion and warning e l e c t r o n i c s  assembly c i r c u i t s ,  which allowed 
the systems t o  reach o r  re turn  t o  t h e i r  normal operat ing l e v e l s  i n  a reasonable t i m e .  
nuisance alarms could not be eliminated without a grea t  dea l  of expense. 
system a c t  i v a t  ions. 

When these l e v e l s  were es tab l i shed ,  the system 

Even 

Alarns a l s o  were generated when o ther  systems momentarily exceeded safe l i m i t s  
Most of these nuisance alanns were corrected 

A few 
These occurred during 

Although a few meaeurement problems and nuisance master alarms were experienced, the  o v e r a l l  
instrumentat ion system m e t  a l l  requirements. 

A mare d e t a i l e d  technica l  discussion of t h e  lunar  module instrumentation system is given i n  
reference 4-75. 

4.7 ADDITIONAL SPACECRAFT DEVELOPMENT CONSIDERATIONS 

4.7.1 Introduct ion 

Aspects of spacecraf t  systems development and performance which could not be conveniently 
discussed within the context of a s p e c i f i c  spacecraf t  module are included here. 

4.7.2 E l e c t r i c a l  Wiring System 

The e l e c t r i c a l  wir ing system included the interconnecting wir ing between the  var ious system 
components, the associated e l e c t r i c a l  connectors and termination devices ,  and the required elec-  
t r i c a l  harness support and pro tec t ive  hardware such as harness clamps and t u b h g .  
w e r e  es tab l i shed  as a system t o  (1) provide management cont ro l  over the  types of hardware selec- 
ted and the  processes and procedures t o  be used, (2) f a c i l i t a t e  understanding and ass i s tance  i n  
the reso lu t ion  of  problems, and (3) provide management cont ro l  f o r  i n i t i a t i n g  o r  a s s i s t i n g  in t h e  
development of new hardvare o r  technology whenever necessary. 

These items 

The design requirements f o r  the command module and lunar  module wiring and connecting de- 
v i c e s  were e s s e n t i a l l y  the  same. The v i r i n g  insu la t ion  was se lec ted  t o  withstand test vol tages  
up t o  1500 v o l t s  dc; the conductors were se lec ted  t o  conduct ra ted  cur ren ts  a t  temperatures up 
to 500° F without s i g n i f i c a n t  degradation of insu la t ion  c h a r a c t e r i s t i c s .  Extruded Teflon insul-  
a t i o n  with a w a l l  th ickness  o f  15 mils was used f o r  t h e  Block I command module wiring t o  provide 
pro tec t ion  aga ins t  abrasion and damage during the f a b r i c a t i o n  and i n s t a l l a t i o n  of  harnesses. 
This type of insu la t ion  had been used successful ly  on many a i r c r a f t .  Because of the  emphasis on 
weight reduct ion,  the Teflon wir ing i n s u l a t i o n  f o r  the  Block I1 vehic les  w a s  changed t o  a 7-mil 
w a l l  th ickness ,  and a 1 / 2 1 n i l  polyamide dispers ion coat  was added f o r  addi t iona l  abrasion protec- 
t ion .  
110 000 f e e t  of wiring ueighing near ly  1350 pounds w a s  used in the Block I1 command and serv ice  
module. 

This change resu l ted  i n  a weight saving of approximately 500 pounds. Approximetely 

The  smallest wire used w a s  24 gage, and most of the conductors were nickel-plated copper 

Approximately 75 000 f e e t  of  wire w i g h i n g  near ly  750 pounds w a s  used i n  the  lunar  module. 
The wiring wa8 s i lver -p la ted  copper except f o r  some of the minimum-size wire (26 gage), which 
uaa copper-chromium-conetantan. The t h i n r a l l  insu la t ion  (7 mils)  consis ted of a tape-wrap con- 
s t r u c t i o n  which was covered with a 1 /2-mi l  dispers ion coat  of Teflon. 
a l a y e r  of polyamide bonded t o  one or more l a y e r s  of  Teflon. 
conductor I n  one d i r e c t i o n  with a 50-percent overlap;  a second tape  w a s  wrapped i n  the opposi te  
d i r e c t i o n ,  a lso  with a 50-percent overlap. These l a y e r s  were bonded together  by a heat  s i n t e r -  
ing process and then covered with the Teflon dispers ion coat .  The dispers ion coa t  sealed t h e  
exposed edges of the  tape and provided a chemically resistant b a r r i e r  to the  polyamide, which 

The tape w a s  made up o f  
One tape w a s  wrapped around t h e  

, 
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degraded when exposed t o  lunar  module engine fue ls .  
r e s i s t a n c e  and a smooth outer  surface f o r  better environmental sea l ing  in the  gronunet wire seals 
of connectors. 

This  coat ing provided a d d i t i o n a l  abrasion 

The connecting devices used on both the  command module and lunar module were similar with a 
few exceptions. Most of  the round connectors were of the  bayonnet locking type, and ind iv idua l  
environmental i n t e r f a c i a l  seals e r e  incorporated f o r  each connector contact. A one-piece sili- 
cone rubber s e a l  was used a t  t h e  wire-entry end of the  connector t o  prevent contaminants from 
enter ing the  connector and causing shor t  c i r c u i t s  between contac ts  o r  wiring. A s  an added pre- 
caut ion,  a s i l i c o n e  pot t ing  material was used in the lunar  uodule connectors f o r  addi t iona l  en- 
vironmental sea l ing  a t  the wire-entry end. 
the  cabin pressure bulkheads. 
pin t o  prevent leakage of cabin pressure through t h e  conqector. 

Some hermetical ly  sealed connectors wre required a t  
Mast of  these were rectangular  and had a g l a s s  seal around each 

Connecting devices o ther  than the  aforementioned connectors were a l s o  used f o r  interconnect- 
ing wiring between system components. 
terminal boards and crimp-type wire spl ices .  The modular terminal board was  bas ica l ly  a small 
rectangular  block incorporat ing e ight  socket contac ts  t h a t  could be bussed together  i n  var ious 
combinations. A mating pin was crimped onto a wire, and t h e  pin was then inser ted  i n t o  the ap- 
propr ia te  socket. The modular terminal  board a l s o  had one-piece s i l i c o n e  rubber grommets t h a t  
provided an environmental s e a l  f o r  each wire, s imi la r  t o  the  wire grommet seal used on the  com- 
mand module and lunar  module connectors. 

For maximum wiring r e l i a b i l i t y ,  an e a r l y  command m d u l e  ground r u l e  prohibi ted the  use of 

On the conmaand module, these devices consis ted of modular 

wire s p l i c e s ;  however, approximately 250 crimp s p l i c e s  were eventual ly  used. 
problems were encountered. 

No s i g n i f i c a n t  

The modular terminal board was not  used on the lunar  module; however, both the  solder-type 
and crimp-type wire s p l i c e s  were used, 
s p l i c e s ,  but t h i s  number w a s  f i n a l l y  reduced t o  approxinrately 1500. Generally, the  so lder  s p l i c e  
was used f o r  bench operat ions and the crimp s p l i c e  f o r  rework o r  vehic le  i n s t a l l a t i o n s .  

The e a r l y  developmental vehic les  had more than 4000 

Wiring harnesses and connecting devices do not general ly  appear t o  be f r a g i l e  o r  e a s i l y  dam- 
aged; however, discrepancies  o f t e n  occurred during f a b r i c a t i o n  and i n s t a l l a t i o n .  The number of 
discrepancies  had t o  be reduced t o  zero during the  las t  s tages  of checkout before launch of the 
spacecraf t .  To help el iminate  these discrepancies ,  s p e c i f i c  fabr ica t ion .  processing, handling, 
i n s t a l l a t i o n ,  and checkout techniques were developed. Fabricat ion and processing techniques in- 
cluded d a i l y  c a l i b r a t i o n  o f  splice-crimping t o o l s ,  and the  development of p o t t i n g  and environ- 
mental sea l ing  techniques, three-dimensional harness too l ing  boards, s p e c i a l  harness handling 
f i x t u r e s ,  and s p e c i a l  p ro tec t ive  enclosures f o r  unnated connectors. Protect ion f o r  harnesses 
a f t e r  i n s t a l l a t i o n  i n  a vehicle  included the  use of s p e c i a l  tubing and wire  rout ing t rays ,  chafe  
guards a t  sharp corners ,  and adherence t o  s p e c i f i c  c r i t e r i a  f o r  harness support and clamping. 
For checkout of wire  harnesses, procedures were developed t o  make automated e l e c t r i c a l  measure- 
ments, which included conductor cont inui ty ,  conductor res i s tance ,  and insu la t ion  d i e l e c t r i c  
s t rength.  These measurements were made on the too l ing  board and again a f t e r  i n s t a l l a t i o n  i n  the 
vehic le  t o  v e r i f y  t h e  i n t e g r i t y  of the wiring in every harness. 

Several s i g n i f i c a n t  wiring problems occurred during the  Apollo program. R a d i a l  cracking of 
the polyamide d ispers ion  coat ing on the command module wire insu la t ion  was determined t o  have re- 
su l ted  from an incomplete curing of t h i s  coating. 
adequacy of  the cure, and a l a r g e  w u n t  of unsa t i s fac tory  wire had t o  be removed from s tock  and 
from severa l  spacecraf t  t o  e l iminate  the  problem. 

A chemical test was developed t o  ensure t h e  

A s  a r e s u l t  of the  Apollo I f i r e ,  numerous changes were made i n  the kinds,  amounts, and tem- 
A maximum allowable tem- perature  l i m i t a t i o n s  of materials t h a t  could be used in the  spacecraf t .  

perature  l i m i t  of 400" F was establ ished f o r  wiring insulat ion.  
was not exceeded, an evaluat ion w a s  made of al l  system c i r c u i t r y  t o  determine t h e  adequacy of 
t h e  related c i r c u i t  breakers under worst-case shor t -c i rcu i t  conditions. A s  a r e s u l t  of t h i s  
evaluat ion,  a number of wire and c i r c u i t  breaker s i z e s  were changed t o  maintain w i r e f c i r c u l t  
breaker compatibility. 

To ensure t h a t  t h i s  l i m i t a t i o n  
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Two problems occurred wi th  t h e  l u n a r  module wir ing.  F i r s t ,  because t h e  vendor had changed 
t h e  amount of carbon i n  t h e  black-colored wi re  i n s u l a t i o n ,  t he  r e s i s t a n c e  of the i n s u l a t i o n  w a s  
decreased from more than 100 megohms t o  as low as 5 megohms. Under c e r t a i n  c o n d i t i o n s ,  t h i s  
change could have a f f e c t e d  in s t rumen ta t ion  measurements o r  given a false c a u t i o n  and warning 
s i g n a l .  
a f a i l u r e  would not a f f e c t  crew s a f e t y  o r  mission success ,  t h e  method of checking i n s u l a t i o n  re- 
s i s t a n c e  i n  acceptance t e s t i n g  w a s  changed from s p o t  checking t o  100-percent t e s t i n g .  As a re- 
s u l t  of t h e  change, a l a r g e  amount of u n s a t i s f a c t o r y  wi r ing  w a s  l o c a t e d  and r e tu rned  to  t h e  vendor.  
The second problem concerned t h e  use of small-gage wire. A l a r g e  amount of s i lver-plated-copper  
26-gage wi re  was used, mainly f o r  i n s t rumen ta t ion  purposes ,  on t h e  f i r s t  t h r e e  l u n a r  module de- 
velopment veh ic l e s .  Because of handl ing problems and t h e  cons ide rab le  rework t h a t  was r e q u i r e d ,  
breakage of t h i s  wire became a s i g n i f i c a n t  problem. To a l l e v i a t e  t h e  problem, 22-gage wire w a s  
s p e c i f i e d  as t h e  s m a l l e s t  wire f o r  u se  on c o n t r o l  and d i s p l a y  pane l s  of subsequent veh ic l e s .  For 
t h e  ba l ance  of t he  26-gage wire a p p l i c a t i o n s ,  t h e  wi re  material was changed t o  a copper-chromium- 
cons t an tan  high-strength a l l o y .  Wire breakage, a l though n o t  completely e l imina ted ,  was reduced 
t o  a more accep tab le  l e v e l .  

Although a c r i t i c a l  review of t h e  c i r c u i t s  where t h i s  w i r ing  was used determined t h a t  

A cons ide rab le  number of problems wi th  connectors  on bo th  t h e  command module and l u n a r  mod- 
u l e  was caused mainly by ben t  p i n s ,  r eces sed  c o n t a c t s ,  and damaged environmental  seals. To 
combat t h e s e  problems, more e f f e c t i v e  procedures  were developed f o r  assembly and handl ing,  pro- 
tective f e a t u r e s  were incorporated,  and a d d i t i o n a l  i n s p e c t i o n  p o i n t s  were used du r ing  f a b r i c a t i o n  
and i n s t a l l a t i o n .  
i n  t r a i n i n g  and t h e  i n t r o d u c t i o n  of a q u a l i t y  awareness program. 
s t a n t i a l  r educ t ion  o f  d i sc repanc ie s .  

S p e c i f i c  improvements a l s o  r e s u l t e d  from more ex tens ive  use of p i c t o r i a l  a i d s  
The o v e r a l l  r e s u l t  was a sub- 

I n  t h e  e a r l y  l u n a r  module v e h i c l e s ,  wire s p l i c e s  became a cons ide rab le  problem, mainly be- 
cause of t h e  f a i l u r e  of many s o l d e r  s p l i c e s  du r ing  q u a l i f i c a t i o n .  
of t h e  f a u l t y  s p l i c e s  was contained in ha rnesses  a l r e a d y  i n s t a l l e d  on the  spacec ra f t .  Fau l ty  
s p l i c e s  were caused by underheat ing,  which o f t e n  produced cold s o l d e r  j o i n t s ,  o r  ove rhea t ing ,  
which caused wicking of excess ive  s o l d e r  i n t o  the wire and r e s u l t e d  i n  i n s u f f i c i e n t  s o l d e r  t o  
adequately hold t h e  wires toge the r .  Development of t h e  aforementioned f a b r i c a t i o n  techniques 
and more exac t ing  i n s p e c t i o n  criteria v i r t u a l l y  e l imina ted  t h e  problem on later veh ic l e s .  

Unfo r tuna te ly ,  a l a r g e  number 

The use  of modular t e rmina l  boards became a problem on e a r l y  Block I1 comnand m d u l e s .  The 
dimensional  t o l e r a n c e s  between many of the d e t a i l e d  p a r t s  t h a t  made up t h e  modular t e rmina l  board 
were excessive.  An ou t -o f - to l e rance  cond i t ion  accumulated from p a r t s  t h a t  were, i n d i v i d u a l l y ,  
w i t h i n  accep tab le  l i m i t s .  This d e f i c i e n c y  w a s  n o t  noted i n  time to  preclude i n s t a l l a t i o n  of de- 
f e c t i v e  boards on s e v e r a l  s p a c e c r a f t ,  I n  many cases, t h e  out-of- tolerance c o n d i t i o n  r e s u l t e d  i n  
i n t e r m i t t e n t  c o n t a c t  o r  no c o n t a c t  between an  i n s e r t e d  p i n  and t h e  mating socke t  c o n t a c t .  
c r i t i c a l  e v a l a t i o n  of t h e  c i r c u i t s  f o r  which t h e  modular t e rmina l  boards were used r evea led  t h a t ,  
i n  some cases, a f a i l u r e  could a f f e c t  crew s a f e t y  or mission success .  Consequently, a number of 
modular t e rmina l  boards were removed and replaced wi th  components of known q u a l i t y .  
a l ies  are known t o  have been caused by f a u l t y  modular t e rmina l  boards,  bu t  because of c r i te r ia  
e s t a b l i s h e d  f o r  c i r c u i t  eva lua t ion ,  crew s a f e t y  o r  mission success  was  no t  jeopardized.  

A 

Seve ra l  anom- 

A more complete d i s c u s s i o n  of t h e  electrical  wi r ing  system is given i n  r e f e r e n c e  4-76. 

4 .7 .3  Pyrotechnic  Devices 

The most s i g n i f i c a n t  d e c i s i o n s  concerning pyrotechnic  dev ices  were made ve ry  e a r l y  in t h e  
Apollo s p a c e c r a f t  program. These d e c i s i o n s  were (1) t o  develop a s i n g l e ,  s t anda rd ,  s epa rab le  
e l e c t r o e x p l o s i v e  dev ice  as a mall, coanwn-use item f o r  i n i t i a t i o n  of a l l  pyrotechnic  f u n c t i o n s  
and (2) t o  u s e  b o o s t e r  m d u l e s  i n t o  which t h e  s t anda rd  e l e c t r o e x p l o s i v e  dev ice  would be i n s t a l l e d  
and s e a l e d  t o  p rov ide  bo th  general-  and special-purpose c a r t r i d g e  assemblies  f o r  a wide v a r i e t y  
o f  py ro techn ic  func t ions .  

I n i t i a l l y ,  t h e  s t a n d a r d  e l e c t r o e x p l o s i v e  device,  designated as t h e  Apollo s t anda rd  i n i t i a t o r ,  
provided dual-br idgavire  c i r c u i t s  f o r  redundancy. La te r ,  as t h e  s p a c e c r a f t  pyrotechnic  system 
des igns  matured, one b r idgewi re  was  found t o  be adequate.  
were inco rpora t ed ,  and the r e s u l t i n g  conf igu ra t ion  w a s  r edes igna ted  as t h e  s ingle-br idgewire  
Apollo s t anda rd  i n i t i a t o r .  
f a c t u r e d  and used without  any known f a i l u r e s  a t t r i b u t a b l e  t o  t h e  device;  about 9000 s ing le -  
b r idgwi rc  Apollo s t anda rd  initiators were also used in t h e  Apollo s p a c e c r a f t  program wi th  e q u a l l y  
s u c c e s s f u l  results. 

Other h igh ly  s i g n i f i c a n t  improvements 

About 25 000 dual-br idgewire  Apollo s t anda rd  i n i t i a t o r s  were manu- 
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By t h e  end of t h e  Apollo program, pyrotechnic  systems and dev ices  performed a v i d e  v a r i e t y  
Typical  func t ions  and t h e  devices  used t o  accomplish them a r e  desc r ibed  of c r i t i c a l  funct ions.  

i n  r e fe rence  4-77. 

In  gene ra l ,  a s e r i a l - q u a l i f i c a t i o n  test program was followed f o r  each pyrotechnic  system; 
t h a t  i s ,  t h e  components were q u a l i f i e d  f i r s t ,  the  devices  nex t ,  then the  assemblies ,  and f i n a l l y ,  
t h e  complete func t iona l  system. 

Addit ional  information on Apollo pyrotechnics  experience may be found in r e f e r e n c e  4-77. 

4.7.4 Sequencing System 

The spacec ra f t  sequencing system is  the  system t h a t  provided t h e  automatic  t iming and con- 
t r o l  of t h e  pyrotechnic  devices  used t o  s e p a r a t e  spacec ra f t  s t a g e s ,  f i r e  mortars f o r  deploying 
parachutes ,  f i r e  pyrotechnic  p rope l l an t  va lves ,  and perform mission abor t s .  

The func t ion  performed by the  sequencing system on t h e  AS-101 and AS-102 f l i g h t s  (bo i l e r -  
p l a t e s  1 3  and 15) was t o  i n i t i a t e  j e t t i s o n i n g  of the launch escape tower. 
f o r  these e a r l y  r e sea rch  and development f l i g h t s  u t i l i z e d  uo to r  switches f o r  t he  pyrotechnic  
f i r i n g  output  c i r c u i t s  and s o l i d - s t a t e  c i r c u i t r y  f o r  t h e  t iming and con t ro l .  
chosen f o r  output  devices  because of t h e i r  i n s e n s i t i v i t y  t o  v i b r a t i o n  and N g h  pover switching 
c a p a b i l i t y .  
and low power requirements.  

The sequencing system 

Motor s v i t c h e s  were 

S o l i d - s t a t e  c o n t r o l  devices  were chosen because of t h e i r  -11 volume, l i g h t  weight 

F a i l u r e s  occurred during the e a r l y  p r e f l i g h t  t e s t i n g  of t h e  s o l i d - s t a t e  sequencer t h a t  re- 
s u l t e d  I n  premature operat ion.  Consequently, a r e l a y  was  added t o  apply power t o  the  sequencer 
only when the  launch escape tower was t o  be j e t t i s o n e d .  Because of t h e  t e s t  f a i l u r e s  and numer- 
ous s ingle-point  f a i l u r e s ,  t he  s o l i d - s t a t e  sequencer was redesigned t o  e l imina te  t h e  s ing le -  
po in t  f a i l u r e  modes, and the s o l i d - s t a t e  l o g i c  was replaced wi th  r e l a y  l o g i c .  Relays were a l s o  
used i n  p l a c e  of motor switches because of problems experienced wi th  motor switches du r ing  the r -  
mal t e s t i n g .  The redesigned sequencer was used on t h e  PA-1, A-001, and A 4 0 2  f l i g h t s  (bo i l e r -  
p l a t e s  6 ,  12 ,  and 23) launched from the  White Sands Miss i l e  Range t o  test the  s p a c e c r a f t  a b o r t  
and parachute  systems. T h e  sequencing system (redundant A and B systems) for t hese  f l i g h t s  con- 
s i s t e d  of  a mission Sequencer, an a b o r t  backup timer, two e a r t h  l and ing  sequence c o n t r o l l e r s  
(used t o  sequence parachute  deployment), two tower sequencers,  and f o u r  s i l v e r - z i n c  b a t t e r i e s  
(two pyrotechnic  and two l o g i c  b a t t e r i e s ) .  

During a des ign  review of t h e  ope ra t iona l  sequencing system, s ing le -po in t  f a i l u r e  modes were 
found t o  e x i s t  i n  t h e  e a r t h  landing sequence c o n t r o l l e r s  being b u i l t  by the  parachute  c o n t r a c t o r .  
Because e l imina t ing  t h e s e  f a i l u r e  modes would seve re ly  impact c o s t  and schedule ,  a des ign  change 
was implemented so t h a t  pyrotechnic  power would no t  be app l i ed  t o  the  e a r t h  l and ing  sequence con- 
t r o l l e r s  u n t i l  t he  t i m e  f o r  j e t t i s o n i n g  of  the forward hea t  sh i e ld .  
t h e  A-003, PA-2, and A-004 f l i g h t s  ( b o i l e r p l a t e s  22 and 23A and a i r f r ame  002). 

This  design was flown on 

The sequencing system f o r  Block I and Block I1 command and s e r v i c e  modules cons i s t ed  of 
two redundant systems wl th  two master event sequence c o n t r o l l e r s ,  two s e r v i c e  module j e t t i s o n  
c o n t r o l l e r s ,  two r e a c t i o n  c o n t r o l  system c o n t r o l l e r s ,  two e a r t h  l and ing  sequence c o n t r o l l e r s ,  
and a pyrotechnic  c o n t i n u i t y  v e r i f i c a t i o n  box. The system w a s  powered by two 3/4-ampere-hour 
s i l ve r - z inc  b a t t e r i e s  f o r  pyrotechnic  func t ions ,  and two 40-ampere-hour s i l v e r - z i n c  e n t r y  bat-  
t e r i e s  supp l i ed  power f o r  l o g i c  and bus 1 and 3 of t he  emergency d e t e c t i o n  system. 
t r y  b a t t e r y  powered emergency d e t e c t i o n  system bus 2. 
cussed in s e c t i o n  4.7.6.) 

A t h i r d  en- 
(The emergency d e t e c t i o n  system is d i s -  

During checkout of a i r f r ame  009 f o r  t he  AS-201 f l i g h t ,  a main parachute  deploy r e l a y  con tac t  
i n  the  e a r t h  l and ing  sequence c o n t r o l l e r  welded closed due t o  an overload. Because of t h i s  f a i l -  
u re ,  t he  pyrotechnic  s imula to r  and the  sequencing system c i r c u i t r y  were modified t o  prevent  over- 
loading. For t h i s  modif icat ion,  s e r i e s  r e l a y s  were added t o  t h e  pyrotechnic  c o n t i n u i t y  v e r i f i -  
c a t i o n  box t o  e l i m i n a t e  the  e a r t h  landing sequence c o n t r o l l e r  s ingle-point  f a i l u r e  modes and t o  
do away wi th  the need t o  delay powering of t he  e a r t h  l and ing  sequence c o n t r o l l e r  pyrotechnic  bus. 
The new design was flown on a l l  subsequent spacec ra f t .  



During t h e  AS-201 f l i g h t ,  a spare wire  t h a t  went through the  command and serv ice  module um- 
b i l i c a l  without being deadfaced, shorted during entry. 
c i r c u i t  breaker of the sequencing system; the shor t  opened the  c i r c u i t  breaker and removed power 
from sequencing system B. Although the remaining system A successful ly  performed the  required 
e a r t h  landing and postlanding funct ions,  t h i s  event indicated the  requirement t o  have separa te  
and i s o l a t e d  systems f o r  redundancy. 

This wire w a s  connected t o  the arming 

Two lunar  docking event c o n t r o l l e r s  and two lunar  uodule/adapter separat ion c o n t r o l l e r s  were 
added t o  the  Block 11 system t o  perform the lunar  mission functions. 
system c o n t r o l l e r  was redesigned t o  f i t  in the a f t  compartment t o  allow a c c e s s i b i l i t y  t o  the con- 
t r o l l e r  v i thout  removing the a f t  heat  sh ie ld  on the Block 11 comand module. Because of t h e  
smaller volume ava i lab le ,  the  redundant c i r c u i t s  were put i n t o  one c o n t r o l l e r  box r a t h e r  than 
having two separa te  boxes. 

Also, the  reac t ion  cont ro l  

Another change t o  the sequent ia l  events  cont ro l  system was made because the mission require- 
ments spec i f ied  t h a t  the lunar  module crewmen should be able  t o  dock with the  cormnand and serv ice  
module without ass i s tance  from the Couunand Module P i l o t .  For t h i s  operat ion,  the pyrotechnic bus 
had t o  remain armed from the  time of undocking u n t i l  redocking a f t e r  lunar  module ascent  from 
t h e  moon. 
ac t iva ted  pos i t ion ,  motor switches, r a t h e r  than relays,  vere  used t o  arm the pyrotechnic bus. 

Therefore, t o  save b a t t e r y  power and s t i l l  have the panel toggle  switch remain i n  the 

In reviewing the sequencing system before the Apollo 11 mission, two single-point f a i l u r e  
modes were i d e n t i f i e d  t h a t  could have caused a mission abort. Tvo emergency de tec t ion  system 
abort  signals were passed through the same e l e c t r i c a l  connector, and two booster-engine cutoff  
c o m n d s  went through another s ing le  connector on the  master events sequence c o n t r o l l e r .  Al- 
though a change had been made on the  Block I connnand and serv ice  module t o  e l iminate  these f a i l -  
ure  nudes, t h e  change had not  been c a r r i e d  over t o  the  Block I1 command and serv ice  module. The 
cor rec t ive  ac t ion  w a s  t o  sa fe ty-wire  t h e  connectors on the  Apollo 11 and 1 2  spacecraf t ;  on sub- 
sequent spacecraf t ,  the funct ions were routed through separa te  connectors. 

A review of crew s a f e t y  switching funct ions (explosive device and engine f i r i n g  funct ions)  
on the  lunar  uudulc i d e n t i f i e d  four single-point f a i l u r e  sources in the engine f i r i n g  c i r c u i t r y  
that could have inadver ten t ly  shut down the descent engine: (1) a re lay  in the  s t a b i l i z a t i o n  and 
c o n t r o l  assembly, (2) the  engine s top pushbutton switches, (3) the abort  s tage  pushbutton switch, 
and (4) t h e  engine arm toggle  switch. Also, the plus-X t r a n s l a t i o n  pushbutton switch was a 
single-point f a i l u r e  source f o r  f i r i n g  the reac t ion  cont ro l  system engines. 
t i a l  f a i l u r e  sources were eliminated by wiring the s v i t c h  contac ts  in series. 

A l l  of these poten- 

After  t h e  p o s t f l i g h t  inves t iga t ion  of the problems encountered v f t h  the  docking system dur- 
ing t h e  Apollo 14 mission, a reconmended backup method of docking was provided f o r  Apollo 15 and 
subsequent f l i g h t s .  A cab le  was connected t o  the lunar  docking events  c o n t r o l l e r  ground support 
equipment connector in the  c o d  module, which would allow power t o  be appl ied t o  t h e  docking 
probe r e t r a c t  mechanism. Thus, the  probe could be re t rac ted  and docking would be possible ,  even 
i f  t h e  capture  l a t c h e s  on the docking probe d id  not work. 

An emergency cable  also was made f o r  the lunar  module t h a t  would apply parer  d i r e c t l y  to  
the  ascent engine valves  i f  the  engine f a i l e d  t o  start by e i t h e r  the automatic o r  the  manual f i r -  
ing pathe. This cable  could also apply power t o  the  explosive devices  box through the  ground 
support equipment connectpr i f  the explosive devices b a t t e r i e s  or arming re lays  f a i l e d .  Unlike 
t h e  cormand and s e r v i c e  module, normal switching of other  spacecraf t  b a t t e r i e s  t o  the  explosive 
devices  bus could not  be accomplished. 

Additional sequencing system funct ions =re used f o r  the  J -ser iea  missions t o  j e t t i s o n  t h e  
s c i e n t i f i c  instrument module bay door, t o  launch the s u b s a t e l l i t e ,  and t o  j e t t i s o n  the high- 
frequency antennas. 
t i p l e  operat ions d u l e  box. 

Tbe  re lays  f o r  performing these funct ions were incorporated i n t o  the mul- 

Reference 4-78 gives  a more d e t a i l e d  technica l  discussion of t h e  sequencing system. 

. 
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4.7.5 Optical  and V i s u a l  Aids 

Optical  and v i s u a l  a i d s  were developed t o  enable the Apollo crewmen t o  rendezvous and dock 
and t o  increase  the  prec is ion  of lunar  landings. 

The rendezvous and docking a i d s  were required t o  f u r n i s h  t h e  fol lowing v i s u a l  cues t o  t h e  
crewmen. 

a. 

b. 

c. Range and range-rate information from a minimum dis tance  of 200 f e e t  

d. 

Visual a c q u i s i t i o n  and gross  a t t i t u d e  determination a t  a minimum dis tance  of 1000 f e e t  

Indication of r e l a t i v e  a t t i t u d e  and alignment from a minimum dis tance  of  200 f e e t  

Ind ica t ion  o f  f i n e  alignment from a d is tance  of approximately 50 f e e t  t o  the  precontact  
alignment pos i t ion  

Devices were incorporated i n  the cormand and s e r v i c e  module and in the  l u n a r  m d u l e  t o  meet 
these requirements. Tracking and running l i g h t s  were provided f o r  v i s u a l  a c q u i s i t i o n  and t rack-  
ing ,  and o p t i c a l  a i d s  were provided f o r  spacecraf t  alignment. 

The primary docking a i d  was the cramran o p t i c a l  alignment s i g h t ,  a co l l imator  device t h a t  
consis ted of a lamp with an i n t e n s i t y  cont ro l ,  a r e t i c l e ,  a barrel-shaped housing and mounting 
t rack ,  a combiner g l a s s ,  and a power receptac le .  
degree graduations i n  a 10-degree segment of the c i r c u l a r  combiner g l a s s  and an e leva t ion  s c a l e  
of minus 10 degrees t o  plus  31.5 degrees. 
i n f i n i t y  so t h a t  the r e t i c l e  image appeared t o  be superimposed on the  docking t a r g e t  loca ted  on 
the o t h e r  spacecraf t .  

The r e t i c l e  had v e r t i c a l  and hor izonta l  10- 

The crewman o p t i c a l  alignment s i g h t  was focused a t  

The lunar  module vas o r i g i n a l l y  planned t o  be the a c t i v e  vehic le  during docking a f t e r  ascent  
from the  lunar  surface.  I n  the f i r s t  lunar  module design, t h e  forward hatch was a l s o  t o  be the 
docking por t .  
cause the  forward hatch was v i s i b l e  t o  the  lunar  module crewmen, who could d i r e c t l y  observe t h e  
docking operat ion.  However, during lunar  module development, the forward hatch w a s  enlarged and 
the shape was changed. The overhead hatch, not d i r e c t l y  v i s i b l e  t o  e i t h e r  of the lunar  module 
crewmen, became the  docklng port. 

No a u x i l i a r y  alignment devices were t o  be provided aboard the lunar  module be- 

T h i s  necess i ta ted  t h e  addi t ion  of an alignment device. 

For a command-module-active docking, a docking t a r g e t  mounted on the  lunar  module provided 
p i t c h ,  yaw, and r o l l  alignment. 
was  i n s t a l l e d  i n  the right-hand rendezvous window of t h e  comnand module. 

For a lunar-wdule-act ive docking opera t ion ,  a docking t a r g e t  

During the  t ranspos i t ion  and docking phase of an Apollo mission, the connuand and s e r v i c e  
module separated from the spacecraf t / lunar  module adapter  and S-IVB, t r a n s l a t e d  forward 100 t o  
150 f e e t ,  p i tched 180 degrees, r o l l e d  60 degrees, and t r a n s l a t e d  toward the lunar module f o r  
docking. 
t o  l i g h t  the lunar  module. 
service module. 

I f  the  t r a n s l a t i o n  and docking had t o  be accomplished in the  dark, i t  was necessary 
T h i s  was accomplished using a s p o t l i g h t  munted on the  corrrmand and 

Both e l e c t r o n i c  and v i s u a l  a ide  were provided f o r  the lunar  rendezvous and docking phase of  
a mission. Range and range-rate d a t a  were provided by the rendezvous radar  previously discussed 
i n  s e c t i o n  4.6.11. 
v i s u a l  t racking  from the comand module and a f lash ing  rendezvous beacon on the  s i d e  of t h e  ser- 
vice module permitted v isua l  t racking  from the  lunar  module. The lunar  uodule crewmen performed 
a gross  a t t i t u d e  determination at  a d is tance  of approximately 2000 f e e t  a f t e r  command and ser- 
v i c e  module a c q u i s i t i o n .  
e x t e r i o r .  

A high-intensi ty  t racking  l i g h t  on the lunar  module ascent  s t a g e  permitted 

This  w a s  achieved by viewing the running l i g h t s  on the s e r v i c e  module 

The rendezvous and docking a i d s  performed w e l l  dur ing Apollo missions 9 through 17. How- 
ever ,  during t h e  Apollo 9 lunar-module-active rendezvous and docking, r e f l e c t e d  l i g h t  caused the 
l u n a r  module crewman o p t i c a l  alignment s i g h t  r e t i c l e  image t o  wash out  ( r e f .  4-15). The problem 
w a s  solved by removing the  i n t e r n a l  n e u t r a l  dens i ty  f i l t e r  i n  t h e  alignment s i g h t  and rep lac ing  
i t  with an ex terna l  removable f i l t e r .  
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A landing point  designator  cons is t ing  of sca les  etched on the  inner  and outer  panes of the 
Connnander's window i n  the lunar  module wae used i n  conjunction with hand c o n t r o l l e r  inputs  t o  
the guidance and navigat ion system t o  redesignate  the computer-stored landing point .  
over in the  landing sequence, the Commander could see whether o r  not preselected landmarks w e r e  
i n  the  proper re la t ionship  t o  the window marks, and thus estimate the  d i r e c t i o n  and magnitude of 
t h e  cor rec t ion  required t o  e f f e c t  a landing in the  des i red  area. The c a p a b i l i t y  t o  manually re- 
designate  the  landing point  a l s o  permitted the Cormnander t o  avoid an unexpected obs tac le  i f  neces- 
sa ry ,  thus increasing the margin of sa fe ty .  
t h e  landing sequence t o  conserve propel lant .  

After  pi tch-  

Redesignations were made as e a r l y  as possible  during 

4.7.6 Emergency Detection System 

The emergency de tec t ion  system sensed launch vehicle  emergency condi t ions.  Parameters sensed 
included angular rates, guidance platform f a i l u r e ,  engine t h r u s t ,  s tage  separa t ion ,  and angle  of 
a t tack .  
determining the  necess i ty  f o r  abort  ac t ion  from l i f t - o f f  through separat ion from the S-IVB s t a g e ;  
however, provis ions were a l s o  made f o r  i n i t i a t i o n  of abor t  automatical ly  during f i r s t - s t a g e  boost 
in the event of extremely t ime-cr i t ica l  emergencies. Concurrent with abor t  i n i t i a t i o n ,  the ac- 
t i v e  engines of  the launch vehic le  would have been shut  down t o  insure s a f e  separat ion of  t h e  
spacecraf t  from t h e  launch vehicle .  I n  addi t ion ,  the crew could have been requested by ground 
personnel t o  manually i n i t i a t e  an abort  independently of the  sensing parameters of t h e  emergency 
de tec t ion  system. Signals  or ig ina t ing  from e i t h e r  the  Launch Control Cen te r  o r  the  Mission Con- 
t r o l  Center would have i l luminated an abort  l i g h t  in t h e  crew s t a t i o n  t o  i n d i c a t e  a requested 
abort .  
crew s e l e c t i o n  of the automatic mode p r i o r  t o  launch followed by automatic enabling i n  two s t e p s  
a t  l i f t - o f f .  
por t  equipment and ( 2 )  the  separat ion of the instrument u n i t  umbilical. 

Displays of emergency condi t ions would have provided t h e  crew with the  information f o r  

The  technique se lec ted  f o r  enabling the automatic abor t  system f o r  f l i g h t  provided f o r  

The two f i n a l  inputs  were (1) the c o m i t  command from launch vehic le  ground sup- 

The f i r s t  two Saturn V f l i g h t s  (unmanned) qua l i f ied  the  emergency de tec t ion  system f o r  u s e  

The Apollo 6 spacecraf t  was flown with the  automatic 
with the  l a r g e  launch vehicle .  
c a p a b i l i t y  disabled on the  Apollo 4 f l i g h t .  
abor t  c a p a b i l i t y  enabled. 

The system was s a t i s f a c t o r i l y  t e s t e d  with the automatic abor t  

Crit ical  ana lys i s  of Saturn V malfunctions in the  high-dynamic-pressure region i n  mid-1967 
l e d  t o  a recornendation t h a t  the Saturn guidance platform be backed up during f i r s t - s t a g e  f l i g h t  
t o  ensure a s a f e  abor t  from platform f a i l u r e s .  Two approaches considered were: 

a. 

b. 

In tegra t ion  of the launch vehic le  r a t e  gyro output 

Implementation of a spacecraf t  guidance system i n t e r f a c e  t o  the launch vehic le  f l i g h t  
c o n t r o l  computer 

The lat ter approach had been shelved earlier because of the  an t ic ipa ted  d i f f i c u l t y  of  f i l -  
t e r i n g  the e f f e c t s  of vehic le  dynamics; however, addi t iona l  s tud ies  indicated t h a t  t h e  approach 
was feas ib le .  NASA management t h e r e a f t e r  approved t h e  implementation of spacecraf t  guidance t o  
the time of e a r t h  o r b i t  f o r  the  Apollo 10 mission and through t rans lunar  i n j e c t i o n  f o r  Apollo 11 
and subsequent missions. 

The emergency de tec t ion  system performed aa designed on a l l  manned missions. 

4.7.7 Development F l igh t  Instrumentation 

Development f l i g h t  instrumentation systems were used t o  acquire  spacecraf t  f l i g h t  performance 
d a t a  during the development phase of  the Apollo program. 
vehicles;  hovever, only 18 systems were a c t u a l l y  flown on missions. The remaining seven were 
used in ground test vehic les  o r  were reassigned f o r  use a s  spares  because of  program changes. 
I n  severa l  appl ica t ions ,  p a r t i a l  development f l i g h t  instrumentation systems augmented the opera- 
t i o n a l  instrumentat ion s y s t e m  discussed in sec t ions  4.4.12 and 4.6.12. High r e l i a b i l i t y  and 
f l e x i b i l i t y  of use character ized the development f l i g h t  instrumentation systems. Some of the  
major f a c t o r s  in obtaining these b e n e f i t s  are discussed. 

Complete systems were furnished f o r  25 

I 

I 
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The peak environmental test levels used in qualification testing were founded on values above 
the maximum design limits; that is, the levels exceeded any level expected in any vehicle area 
that might contain development flight instrumentation equipment. 
tween the development flight Instrumentation and operational instrumentation qualification phil- 
osophy. 
level, whereas the operational instrumentation system components were tailored for specific en- 
vironmental zones within the vehicles. 
flight instrumentation to ensure that most equipment could be used in any part of a vehicle with- 
out requiring different or additional qualification testing. 
permitted general flexibility in mounting equipment but also simplified procedures, procurement, 
and paperwork. 

This was a major difference be- 

Most development flight instrumentation components were qualified at a single maximum 

The standardized concept was used on the development 

The use of this concept not only 

Flexibility in accomodating variations in quantity and types of measurements was obtained 
by using a building-block approach. 
craft, a maximum degree of standardization was used for component inputJoutput characteristics 
and test procedures, and programmable signal conditioning units were used. Measurement changes 
were sometimes implemented on flight vehicles within a matter of hours following a new require- 
ment. Some small systems were designed, qualified, and installed within a period of 3 months. 

A system was designed that was basically common to all space- 

The control, power wiring, and calibration functions of the development flight instrumenta- 
Because of this independence, tjon systems were generally independent of other onboard systems. 

development flight instrumentation modifications (particularly late ones) could be implemented 
with little or no impact on the vehicle operational systems. Also, the development flight instru- 
mentation could be checked out without disturbing other systems. Unscheduled vehicle downtime 
was frequently used for additional testing of the development flight instrumentation because of 
its overall independence of operation. The instrumentation could be quickly energized and checked 
wfth its own support equipment. 
was easily dovetailed into the vehicle master test plans and provided a convenient means for sched- 
ule optimization during the vehicle test operations at the prime contractor plants. 

Consequently, testing of the development flight instrumentation 

' Further details of the design, development and uge of the development flight instrumentation 
are given in reference 4-79. 

4.7.8 Fracture Control 

Stress-corrosion cracking can occur in certain metal alloys when they are simultaneously 
exposed to a corrosive environment and an appreciable, continuous, tensile stress. A number of 
structural failures due to stress-corrosion cracking occurred during ground testing of Apollo 
hardware. Problems encountered with lunar module structural components are discussed in sec- 
tion 4.6.2 and in reference 4-59. 

The problem of stress-corrosion cracking in pressure vessels is especially serious because 
it can result in catastrophic failure of the vessel and damage to hardware near the vessel. In 
1965, several titanium pressure vessels containing the propellant nitrogen tetroxide failed in 
pressure-hold tests. 
(Methanol is substituted for the propellant Aerozine-SO for test purposes.) 
launch escape system steel rocket motor cases failed during acceptance tests. 
occurred even vith rigorous control of materials and fabrication processes. 
that crack-like flaws had started and grown under test conditions. or that flaws Were in exist- 
a c e  under actual use conditions and had grown. 

In late 1966, two titanium pressure vessels containing methanol failed. 
In early 1967, two 
These failures 

Investigation showed 

The concepts of linear-elastic fracture mechanics were used in late 1966 to examine the re- 
lationship betveen potential flaw sizes in a pressure vessel and the subsequent crack growth pos- 
sible with different fluids and environments. This examination shoved that the sensitivity of 
a flawed material to existing Apollo pressure vessel environments varied greatly. 
%bite" nitrogen tetroxide were particularly aggressive to titanium. 
to be very aggressive to certain types of steel. 

Methanol and 
Untreated water was found 

By the end of 1967, a program was in effect to eliminate compatibility-related failures. 
As a result, three fluids were restricted from use - methanol, "vhite" nitrogen tetroxide, and 
trichloromonofluoromethane. 
sure vessels was controlled so that the "compatibility threshold" would not be exceeded for any 
environment to which the vessels would be subjected, 
number of pressure cycles, the temperature during pressurization, and the fluids used. 

In addition to the restricted use of fluids, the use of Apollo pres- 

This was accomplished by controlling the 
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D e t a i l s  concerning the problems experienced, the appl ica t ion  of f r a c t u r e  mechanics c r i t e r i a ,  
and a descr ip t ion  of the cont ro l  program f o r  Apollo pressure v e s s e l s  are presented in reference 
4-81. 

4.8 LUNAR SURFACE M)BILITY 

4.8.1 Modular Equipment Transporter  

To obta in  the maxlmm possible  r e t u r n  of data and samples before the lunar  roving vehicle  
became opera t iona l ,  an Inter im n u b i l i t y  device ca l led  the modular equipment t ranspor te r  was de- 
veloped. The modular equipment t r a n s p o r t e r ,  shown i n  f i g u r e  4-22, was  a two-wheeled tubular-  
aluminum c a r t  which could be folded f o r  stowage i n  the modular equipment stowage assembly of the  
lunar  module descent s tage .  Although the  unloaded t ranspor te r  weighed only 30 pounds, i t  w a s  
capable of carrying 360 pounds; however, the a c t u a l  load was much l i g h t e r .  
l i m i t  t o  which the  tires were designed (-70' F) required t h e  use of a s p e c i a l  synthe t ic  rubber 
f o r  both tires and tubes. 

The l o w  temperature 

The t ranspor te r  was used only on the Apollo 14 mission and i t  permitted t h e  range of the  
lunar  surface t raverse  t o  be increased beyond t h a t  of the previous lunar  landing missions. The 
device w a s  designed t o  be pulled behind a crewman and it could car ry  var ious items of equipment 
f o r  lunar  surface explorat ion a s  w e l l  as lunar  samples. The items of equipment included cameras, 
geological  sampling t o o l s  and bags, and a portable  uagnetometer experiment. The t ranspor te r  a l s o  
served as a mobile workbench. 

Since constant gripping of the  pul l ing handle aga ins t  the s u i t  pressure would have t i r e d  the  
hand and arm muscles of the crewmen, the handle was designed t o  permit cont ro l  of the t ranspor te r  
without requi r ing  constant gripping. The base of the  t r i a n g l e  w a s  
long enough f o r  i n s e r t i o n  of the hand but the dimension perpendicular t o  the  base was s h o r t e r  
than the width of the hand. 
pressure f o r  pu l l ing  and r o t a t i o n a l  control .  

A t r i a n g u l a r  shape was used. 

Rotation of the hand toward the  s h o r t e r  dimension appl ied s u f f i c i e n t  

The t r y p o r t e r  w a s  s t a b l e ,  e a s i l y  pul led,  and proved t o  be very advantageous f o r  both ex- 

The i n s t a b i l i t y  w a s  easy t o  
t ravehicu lar  a c t i v i t i e s  on the  Apollo 14 mission. 
evidence any i n s t a b i l i t y  and, then, only because of  rough t e r r a i n .  
cont ro l  by hand motion. 

Only at maximum speeds did t h e  t ranspor te r  

4.8.2 Lunar Roving Vehicle 

The lunar roving vehicle  ( f i g .  4-23), used f o r  the t h r e e  extended-stay lunar  missions, w a s  
a four-wheeled manually-controlled, electrically-powered vehicle  t h a t  c a r r i e d  the  crew and t h e i r  
science equipment over the lunar  surface.  
s i b l e  by t h i s  vehic le  permitted t h e  crew t o  t r a v e l  much greater d is tances  than on previous lunar  
landing missions. The vehicle  was designed t o  car ry  the two crewmen and a science payload a t  
a maximum v e l o c i t y  of approximately 16 kilometers per  hour on a smooth, l e v e l  sur face ,  and a t  
reduced v e l o c i t i e s  on s lopes up t o  25 degrees. It could be operated by e i t h e r  crewman from a 
cont ro l  and d isp lay  console located on the  vehic le  center l ine .  
mately 10 f e e t  long, 7 f e e t  wide and 45 inches high. The chass i s  w a s  hinged such t h a t  the  for-  
ward and a f t  sec t ions  folded back over the center  port ion,  and each wheel suspension system ro- 
t a t e d  so t h a t  the folded vehic le  w u l d  f i t  in quadrant I of t h e  lunar module descent s tage  f o r  
t ranspor t  t o  the -on. 
1600 pounds, of which 450 pounds was the weight of t h e  vehic le  i t s e l f  and the remainder w a s  t h e  
weight o f  the  crewmen, tools, comunlcat ions equipment, and the  science payload. 

The increased n u b i l i t y  and ease of t r a v e l  made pos- 

The deployed vehic le  was approxi- 

The gross  operat ional  weight ranged from approximately 1530 pounds t o  

The wheels had open-utesh tires with chevron t read  covering 50 percent  of t h e  sur face  contact  
A separa te  t r a c t i o n  d r i v e  cons is t ing  of a harmonic-drive reduct ion u n i t ,  d r i v e  motor, and area. 

brake assembly was provided f o r  each wheel. 
decoupled from t h e  t r a c t i o n  dr ive ,  allowing any wheel t o  "free-wheel.'' 
t i o n  d r i v e  t ransmit ted pulses  t o  a navigation s i g n a l  processing u n i t .  
duced the  motor s p e d  and allowed continuous appl ica t ion  o f  torque t o  the wheels a t  a l l  speeds 

A decoupling mechanism permitted each wheel t o  be 
An odometer on each t rac-  

The harmonic d r i v e  re- 

, 
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without requi r ing  gear s h i f t i n g .  
u l a t i o n  from the dr ive  c o n t r o l l e r  e l e c t r o n i c  package. 
monitoring and the temperatures were displayed on t h e  cont ro l  and d isp lay  panel. 

Speed cont ro l  f o r  the  motors was furnished by pulse-width mod- 
The motors were instrumented f o r  thermal 

Steer ing was  accomplished by two e l e c t r i c a l l y  driven rack and pinion assemblies with each 
assembly s t e e r i n g  a p a i r  of wheels. 
s u l t e d  in a minimum turning rad ius  of 122 inches. 
c o n t r o l l e r  l e f t  o r  r i g h t  from the n e u t r a l  pos i t ion .  
t r i c  motors, and through a servo system, provided a s t e e r i n g  angle  proport ional  to  the  pos i t ion  
of the  hand cont ro l le r .  The f r o n t  and rear s t e e r i n g  assemblies were e l e c t r i c a l l y  and mechanically 
independent of each o ther .  
and the wheels centered and locked so t h a t  operat ions could continue by using t h e  remaining a c t i v e  
s t e e r i n g  assembly. 

Simultaneous uae of  both f r o n t  and rear wheel s t e e r i n g  re- 
Steer ing was cont ro l led  by m v i n g  t h e  hand 
This operat ion energized the  separa te  elec- 

In the  event of a malfunction, s t e e r i n g  l inkages could be disengaged 

Speed cont ro l  was maintained by the hand c o n t r o l l e r .  Forward movement proport ionately in- 
creased the forward speed. To opera te  the  vehicle  i n  reverse ,  t h e  hand c o n t r o l l e r  vas pivoted 
rearward. Elowever, before  changing forward o r  reverse d i r e c t i o n s ,  the vehic le  had t o  be brought 
t o  a f u l l - s t o p  -fore a commanded d i rec t ion  change could be made. Braking was i n i t i a t e d  i n  ei- 
t h e r  forward o r  reverse by pivot ing the hand c o n t r o l l e r  rearward about the  brake pivot  point .  
Each wheel was braked by conventional brake shoes dr iven by t h e  mechanical r o t a t i o n  of a cam i n  
response t o  the  hand cont ro l le r .  

. 

The vehic le  was powered by two 36-volt s i lver -z inc  b a t t e r i e s ,  each having a capaci ty  of 
120 ampere-hours. During lunar  surface operat ions,  both b a t t e r i e s  were normally used simultane- 
ously on an approximate equal load bas is .  The b a t t e r i e s  were located on the  forward chass i s  and 
were enclosed by a thermal blanket and dust  covers. 
vol tage,  output  cur ren t ,  and remaining ampere-hours by means of d i sp lays  on t h e  cont ro l  and dis-  
play panel. 
could be switched t o  the remaining bat tery.  

The b a t t e r i e s  were monitored f o r  temperature, 

The c i r c u i t r y  was designed so t h a t  i f  one ba t te ry  f a i l e d ,  the e n t i r e  e l e c t r i c a l  load 

The cont ro l  and d isp lay  console was separated i n t o  two main func t iona l  p a r t s :  navigation 
on the  upper p a r t  and monitoring cont ro ls  on the  lower p a r t .  Navigation d isp lays  included p i t c h ,  
r o l f ,  speed, heading, t o t a l  dis tance t raveled,  a s  w e l l  as the range and bear ing back t o  t h e  lunar  
module. 
r o t a t i o n  counters ,  and range and bearing were computed from these inputs .  
r e c t i o n a l  gyro vas accomplished by re lay ing  p i t c h ,  r o l l ,  and sun angle readings t o  e a r t h  where 
an i n i t i a l  heading angle was calculated.  
switch u n t i l  the  heading ind ica tor  read t h e  same as t h e  ca lcu la ted  value. 

Heading was obtained from a sun-aligned d i r e c t i o n a l  gyro, speed and dis tance from wheel 
Alignment of t h e  di-  

The gyro w a s  then adjusted by slewing with the torquing 

Thermal cont ro l  devices were incorporated i n t o  the vehic le  t o  maintain temperature s e n s i t i v e  
components within the necessary temperature limits. 
surface f in i shes .  mult i layer  insu la t ion ,  space r a d i a t o r s ,  surface mirrors, thermal s t r a p s ,  and 
f u s i b l e  mass heat  s inks.  
w a s  to s t o r e  energy during operat ion and t o  t r a n s f e r  energy t o  deep space while the  vehicle  w a s  
parked between extravehicular  a c t i v i t i e s .  
s igna l  processing u n i t ,  on the dr ive  cont ro l  e lec t ronics ,  and on the  two b a t t e r i e s .  

The thermal devices consis ted of  spec ia l  

The bas ic  concept of thermal cont ro l  f o r  the forward chass i s  components 

The space r a d i a t o r s  were munted on the top of  the  

The  mission performance of the  lunar  roving vehic les  used on the  Apollo 15, 16 and 17 mis- 
s ions  was exce l len t .  
da ta  re turn .  
minor problems encountered during lunar  surface operat ions are discussed i n  t h e  following para- 
graphs. 

The vehicles  s i g n i f i c a n t l y  increased the c a p a b i l i t y  t o  explore and enhanced 
Performance da ta  f o r  the three  vehicles  are given i n  t a b l e  4-IX. Several of  t h e  

4.8.2.1 Apollo 15.- After  lunar  module ascent .  the  video signal vas l o s t  from t h e  lunar  sur- 
face t e l e v i s i o n  camera munted on the lunar  roving vehicle .  
showed t h a t  the  loss had probably been caused by opening of  the  a u x i l i a r y  power c i r c u i t  breaker 
under combined e l e c t r i c a l  and thermal loads. 
c i r c u i t  breaker capaci ty  was  increased from 7.5 t o  10 amperes, and a switch was  added so t h a t  
t h e  c i r c u i t  breaker could be bypassed a t  the  end of the  f i n a l  extravehicular  a c t i v i t y ,  preventing 
l o s s  of  power a f t e r  lunar  m d u l e  ascent .  
performance are given i n  reference 4-21. 

P o s t f l i g h t  ana lys i s  and ground tests 

For the  Apollo 16 and 17 missions, t h e  a u x i l i a r y  

Further  d e t a i l s  of  the Apollo 15 lunar  roving vehic le  
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TABLE 4-IX.-  LUNAR ROVING VEHICLE P E R F O W I C E  

Values 

Drive time, hr:min . . . . . . . . .  
Surface distance traveled, km . . .  
Extravehicular activity dura- 
tion, hr:min . . . . . . . . . . .  

Average speed, km/hr . . . . . . . .  
Energy rate, A-h/km (lunar roving 
vehicle only) . . . . . . . . . .  

Ampere-hours consumed ( 2 4 2  avail- 
able) . . . . . . . . . . . . . .  

Navigation closure error, km . . . .  
Number of navigation updates . . . .  
kaximum range from lunar mod- 

ule, lau . . . . . . . . . . . . .  
Longest extravehicular activity 
traverse, kn . . . . . . . . . . .  

Apollo 15 

03 : 0 2  

27 .9  

L8 : 35 

9.2 

a 

1.9 

52.0 

0.1 

1 

- 4 . 4  

12.5 

Apollo 16 

0 3 : 2 6  

26.7 

20: 1 4  

7 . 7  

2.1 

88.7  

0 

0 

~ 4 . 6  

11.4 

Apollo 17 

04 : 29 

33.8  

2 2 ~ 0 4  

7 . 6  

1 .64  

7 3 . 4  

0 

0 

-7 .3  

1 8 . 9  

%es not include standup extravehicular activity time of 33 minutes 

bMap distance measured radially. 
7 seconds. 

I 
I 

- - -__ ____ - .. _ _ _  .. . .  - . . . . . . . . . .  
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4 . 8 . 2 . 2  

a .  

b. Meters gave anomalous indicat ions.  

c .  A rear fender extension was l o s t .  

The rear  s t e e r i n g  was inoperat ive a f t e r  initial pcraerup of t h e  vehic le .  

Apollo 16.- The s i g n i f i c a n t  problems t h a t  occurred during t h e  Apollo 16 mission were: 

The rear s t e e r i n g  w a s  temporarily l o s t .  

However, t h e  next 
No c o r r e c t i v e  a c t i o n  time the  vehic le  w a s  dr iven,  both f r o n t  and rear s t e e r i n g  were operat ive.  

was  taken because the problem could not be I so la ted  and the vehic le  design and t e s t i n g  were con- 
s idered adequate. 

Anomalous e l e c t r i c a l  system meter indica t ions  were noted a t  i n i t i a l  powerup of the vehic le  
No s i n g l e  cause could be postulated and during the second and t h i r d  extravehicular  a c t i v i t i e s .  

t o  explain a l l  of t h e  indicat ions.  
t i o n  was taken f o r  t h e  Apollo 1 7  lunar  roving vehicle .  

Since t h e  cause could not be determined, no cor rec t ive  ac- 

On the  second t raverse ,  the  a t t i t u d e  ind ica tor  p i t c h  scale f e l l  o f f  but t h e  needle could 
st i l l  be used t o  es t imate  p i t c h  a t t i t u d e s .  
of d r i v e  power from a p a i r  of wheels and a r e s u l t a n t  l o s s  of navigation displays.  
c leared when the normal switch configurat ion was restored.  

Also, incor rec t  matching of switches caused r e m v a l  
T h i s  problem 

The r i g h t  rear fender extension was knocked of f  during the second t raverse .  As a r e s u l t ,  
a grea t  dea l  of  dust w a s  thrown over the top of the vehicle .  showering the  crew and t h e  vehic le  
during the remainder of the lunar surface a c t i v i t i e s .  
of adding fender  extension s tops  t o  each fender. Additional d e t a i l s  of mission performance are 
given i n  reference 4-22.  

Corrective ac t ion  f o r  Apollo 17 consis ted 

4 . 8 . 2 . 3  
higher than predicted.  
t i a l l y  t o  a b ias  in the  b a t t e r y  temperature meter. 
f i r s t  extravehicular  a c t i v i t y ,  temperatures f o r  the  remainder of  the lunar  sur face  operat ions were 
about as predicted. 

Apollo-17.- A t  i n i t i a l  powerup, the lunar  roving vehic le  b a t t e r y  temperatures were 
T h i s  was  p a r t i a l l y  due t o  the  t rans lunar  a t t i t u d e  p r o f i l e  flown and par- 

Following adequate b a t t e r y  cooldown a f t e r  the 

The s i g n i f i c a n t  problems t h a t  occurred during the  mission were: 

a.  The b a t t e r y  2 temperature ind ica t ion  was  off-scale  low.  

b. The r i g h t  rear fender extension w a s  broken o f f .  

The of f -sca le  b a t t e r y  2 temperature ind ica t ion  w a s  noted a t  the  beginning of  the  t h i r d  ex- 
t ravehicu lar  a c t i v i t y  and the  condition continued f o r  the  remainder of the  lunar  surface opera- 
t ions .  
noted on ground t e s t i n g  of two o ther  b a t t e r i e s .  

The awst probable cause was a shorted thermistor  i n  the  ba t te ry .  The same condi t ion was 

The r i g h t  rear fender  extension was acc identa l ly  knocked o f f  a t  the lunar  module s i t e  during 
the f i r s t  extravehicular  a c t i v i t y .  
but the extension was l o s t  a f t e r  about an hour's dr iving.  P r i o r  t o  the second extravehicular  
a c t i v i t y ,  a temporary fender was  successful ly  improvised from maps and clamped i n t o  pos i t ion .  
Further  d e t a i l s  on the performance of the  Apollo 17 lunar  roving vehic le  are given in reference 
4-23. 

The fender extension w a s  replaced and taped i n t o  pos i t ion ,  

4.9 LUNAR SURFACE COMMU?JICATIONS 

4.9.1 Introduct ion 

The lunar  surface communications system, as flown on the find th ree  missions, consis ted of  
(1) a n  extravehicular  communications u n i t  in each of  the two lunar  surface crewmen's backpacks, 
(2) a lunar  communications r e l a y  u n i t  on the  lunar roving vehic le ,  and (3) a ground-commanded 
te lev is ion  assembly on the  lunar  roving vehicle .  



E a r l i e r  system configurat ions were l e s s  complex. I n  the  i n i t i a l  concept, the extravehicular  
and lunar  module communications s y s t e m  were t o  support a s i n g l e  extravehicular  crewman with the  
second crewman remaining i n  t h e  lunar  module connected to  the  lunar  module communications system. 
Hcuever. as the r e s u l t  of the decis ion t o  perform a two-man extravehicular  a c t i v i t y ,  a new extra-  
vehicular  communications system w a s  developed, without modification t o  the lunar  module ,  wherein 
t h e  Lunar Module P i l o t ' s  voice and telemetry data  were combined with the Cormnander's voice and 
telemetry da ta  and t ransmit ted as a composite s igna l  t o  the  lunar  module. 
w a s  then relayed t o  the ear th .  

The composite s i g n a l  

The development of the lunar  roving vehic le  meant t h a t  the crew would have the c a p a b i l i t y  
of going beyond the range of r e l i a b l e  radio communications i f  t h e  e x i s t i n g  comunicat ions sys- 
t e m  were used. 
vehic le  t h a t  operated independently of the lunar  uodule. 

Therefore, a l u n a r  communications re lay  uni t  w a s  provided on the  lunar  roving 

Televis ion camera equipment used t o  provide l i v e  coverage of lunar  surface extravehicular  
a c t i v i t y  underwent severa l  changes during the Apollo program. On the  Apollo 11 mission, a black- 
and-white slow-scan camera was mounted i n  the lunar  module descent s tage and was energized from 
the  lunar  module cabin t o  obtain coverage of the Commander descending the ladder  and stepping 
onto the lunar  surface.  Subsequently, t h i s  camera was mounted on a t r ipod t o  monitor the  extra-  
vehicular  a c t i v i t i e s .  On Apollo 1 2  and subsequent missions, t h e  black-and-white camera w a s  re- 
placed with a color  camera modified f o r  operat ion on the lunar  surface.  
15, a ground-commanded color  t e l e v i s i o n  camera was mounted on the  lunar  roving vehicle .  
lunar-comunicat ions r e l a y  u n i t  t ransmit ted the video s i g n a l  t o  the  e a r t h  and received commands 
from the e a r t h  f o r  cont ro l  of camera point ing and l i g h t  s e t t i n g s .  

Beginning with Apollo 
The 

4 . 9 . 2  Extravehicular Comunications Unit 

On the Apollo 11, 12, and 1 4  missions, the  extravehicular  comunicat ions u n i t s  t ransmit ted 
voice and telemetry data  from the  crew t o  the lunar  module i n  VHF ranges. The s i g n a l  was re- 
t ransmit ted t o  e a r t h  through the lunar  module S-band communications l i n k  as shown i n  f i g u r e  4-24. 
Conversely, voice comunicat ions from e a r t h  were received by the lunar  module on t h e  S-band 
equipment and retransmit ted t o  t h e  crew on the VHF equipment. 
t ransmi t te rs  i n  the  extravehicular  communications u n i t s  l imi ted  lunar  explorat ion t r a v e l  t o  l i n e -  
of-s ight  d i s tances  ( l e s s  than 2 . 5  miles from the  lunar  nodule). 

The small power output  of t h e  

The extravehicular  communications u n i t  WBS required t o  f i t  i n t o  a 5-cubic-inch volume t h a t  
was  ava i lab le  i n  the  portable  l i f e  support system. 
the  u n i t  was important. 
ce ivers ,  and s i g n a l  processors; but the triplexer, which allowed a s i n g l e  antenna t o  be used on 
three  frequencies by three devices a t  one time, required extensive design e f f o r t  t o  f i t  the  uni t  
within the ava i lab le  space. 

Therefore, minimizing the  physical  s i z e  of 
Standard miniatur izat ion techniques served f o r  the t ransmi t te rs ,  re- 

The extravehicular  conmunications u n i t s  were used on the  s i x  Apollo lunar  landing missions, 
and the u n i t s  operated s a t i s f a c t o r i l y .  
f i c a t i o n  of the  crewmen, and the  accuracy of telemetry data transmission allowed precise  monitor- 
ing  of  l i f e  support functions. 

The q u a l i t y  of  the  voice transmission permitted ident i -  

4.9 .3  Lunar  Comunications Relay Unit 

The lunar  comunicat ions r e l a y  u n i t  was developed f o r  the Apollo 15, 16,  and 1 7  missions. 
The u n i t  w a e  made up of four  major components: an e lec t ronics  assembly t h a t  contained rad io  
t r a n s m i t t e r s  and rece ivers ,  a ba t te ry .  a low-gain antenna, and a high-gain antenna. 
ment was s t a n d  in the lunar  module u n t i l  the  lunar  roving vehic le  w a s  deployed. The  crew then 
i n s t a l l e d  t h e  system on the lunar  roving vehicle .  
inches in s i z e  and veighed 54 pounds. Power f o r  the e lec t ronics  assembly was supplied by a 29- 
v o l t  b a t t e r y  t h a t  w a s  i n s t a l l e d  by a crewman. 
lunar  roving vehic le  b a t t e r i e s  as an alternate power source. The low-gain and high-gain anten- 
nae vere i n s t a l l e d  on the lunar roving vehic le  and connected t o  the e l e c t r o n i c s  assembly by the  
crew. 
h i c l e  w a s  in omtion. 
lunar roving vehic le  was stopped so that te lev is ion  s i g n a l s  could be t ransmit ted to ear th .  
system c a p a b i l i t i e s  are shorn in f i g u r e  4-25. 

T h i s  equip- 

The e l e c t r o n i c s  assembly w a s  22 by 16 by 6 

However, provis ions were a l s o  made t o  use t h e  

The low-gain antenna w a s  used f o r  e a r t h  voice/data  transmission when the lunar  roving ve- 
The high-gain antenna w a s  accurately pointed t o  e a r t h  manually whe6 the  

The 
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The system development problems were primari ly  assoc ia ted  with t h e  requirements f o r  minimum 

Independent operat ion meant t h a t  t h e  system had 
I n  t h e  event  of lunar rov- 

weight and power consumption, high r e l i a b i l i t y ,  independent operat ion,  ease o f  system i n s t a l l a -  
t i o n ,  and cont ro l  by a pressure-suited crewman, 
t o  supply its own power and maintain its proper thermal environment. 
ing vehic le  f a i l u r e ,  the  system a lso  had t o  opera te  while being hand-carried by a crewman. 

The r e l i a b i l i t y  of the lunar communications r e l a y  u n i t  eystem was evidenced by the f a c t  t h a t  
no f a i l u r e s  occurred during the  prelaunch t e s t i n g  nor during the lunar missions. 
used f o r  approximately 6 hours on each of t h e  t h r e e  extravehicular  a c t i v i t i e s  of  each mission. 
The q u a l i t y  of the t ransmit ted voice and da ta  was exce l len t .  
dependent on the  ava i lab le  t racking coverage of the  e a r t h  s t a t i o n s .  S ta t ions  with 85-foot-diam- 
eter antennas were loca ted  geographically t o  provide 24-hour recept ion,  and t h e  s i g n a l  s t r e n g t h  
received by these s t a t i o n s  resu l ted  i n  a r e l a t i v e l y  good t e l e v i s i o n  p i c t u r e ,  although some noise  
w a s  evident. 
l e v e l  and provided exce l len t  p i c t u r e  qua l i ty .  

The  system was 

The received t e l e v i s i o n  q u a l i t y  w a s  

Reception with 210-foot-antenna s t a t i o n s ,  when a v a i l a b l e ,  increased the  signal 

4.9.4 Television Camera Systems 

Experience during t h e  e a r l y  Apollo missions showed t h a t  an inord ina te  amount of crew t i m e  
was being spent i n  ad jus t ing  and point ing the t e l e v i s i o n  camera, and t h a t  usefu l  coverage was  
ava i lab le  only within a small area on the  lunar  surface f o r  each s e t t i n g  of t h e  camera. (Cover- 
age w a s  l imi ted  by the  100-foot length of the cable  which connected the  camera t o  t h e  lunar  mod- 
ule.) With the  planned addi t ion  of the  lunar  roving vehic le  on t h e  Apollo 15 mission, t h e  capa- 
b i l i t y  f o r  remote cont ro l  of the t e l e v i s i o n  camera from t h e  Mission Control Center was incorpo- 
r a t e d  and changes were made i n  the  camera which would a l s o  provide the  c a p a b i l i t y  f o r  optimum 
publ ic  a f f a i r s  and s c i e n t i f i c  operat ions coverage. 

The o v e r a l l  ground commanded t e l e v i s i o n  assembly consis ted of  a co lor  t e l e v i s i o n  camera and 
a t e l e v i s i o n  cont ro l  un i t .  The t e l e v i s i o n  camera with its pos i t ion ing  assembly. w a s  connected 
t o  the  lunar  communications r e l a y  uni t  by a cable  which c a r r i e d  ground comands to  the  t e l e v i s i o n  
cont ro l  u n i t  and returned the  t e l e v i s i o n  p i c t u r e s  t o  t h e  lunar  connnunications r e l a y  u n i t  for 
transmission t o  ear th .  
sequent ia l  co lor  wheel. 
even i f  the camera was pointed d i r e c t l y  a t  the  sun. 
permitted operat ion over an extremely wide range of scene br ightness  levels. 
approximately 1 3  pounds, required 11.5 wat t s  of power, and was  4 inches high, 6.5 inches wide, 
and 16.5 inches long (Including a 6 t o  1 zoom lens) .  
l i g h t  cont ro l ,  l e n s  zoom, and l e n s  iris pos i t ion  were capable of being remotely cont ro l led  by 
ground command with manual overr ide provisions f o r  crew operat ion.  

The t e l e v i s i o n  camera used a s i l i c o n  i n t e n s i f i e r  t a r g e t  tube and a f i e l d  
Use of the s i l i c o n  i n t e n s i f i e r  t a r g e t  tube provided freedom from burn, 

Also, t h e  camera's automatic l i g h t  c o n t r o l  
The camera weighed 

Camera azimith,  e leva t ion ,  power, automatic 

Experience with the  ground control led t e l e v i s i o n  assembly on t h e  Apollo 15 mission revealed 
a much g r e a t e r  problem with f l y i n g  dust from the  lunar  roving vehic le  than had been an t ic ipa ted .  
Crispness of the  t e l e v i s i o n  p i c t u r e  was  badly degraded, p a r t i c u l a r l y  when sunl ight  impinged di- 
r e c t l y  on the dusty camera lens .  
with a brush t h a t  w a s  used t o  c lean the  lens  a t  the beginning of  each science s t a t i o n  s top.  I n  
addi t ion ,  a l e n s  hood was at tached t o  the  f r o n t  of the  camera t o  reduce t h e  e f f e c t  of the  sun- 
l i g h t  on the lens .  Resolution and c l a r i t y  of the  p i c t u r e  were s u f f i c i e n t  t o  assist t h e  geolo- 
g i s t s  in guiding the crewmen a n d ,  i n  some cases. p i c t u r e  d e t a i l  was  good enough t o  allow f l i g h t  
c o n t r o l l e r s  t o  assist the  crews during t h e  extravehicular  a c t i v i t i e s .  

On the  Apollo 15 mission, t h e  e leva t ion  mechanism of  the  ground cont ro l led  t e l e v i s i o n  as- 

The e n t i r e  c lu tch  assembly w a s  redesigned p r i o r  t o  the  Apollo 1 6  mission using a metal- 

For the  Apollo 16 and 17 missions, t h e  crews were furnished 

sembly f a i l e d  because of high temperatures. 
d i sc .  
to-metal c lu tch .  

The f a i l u r e  occurred i n  a p l a s t i c  clutch-facing 

On the  Apollo 17 mission, the camera tr ipod and cabl ing which had been used t o  connect t h e  
ground cont ro l led  t e l e v i s i o n  assembly camera t o  the lunar module t o  save weight were omitted and 
t e l e v i s i o n  s i g n a l s  were sen t  t o  e a r t h  only through the  lunar  comnunications r e l a y  u n i t  while t h e  
camera was mounted on the  lunar  roving vehicle. 

Additional informetion on the  Apollo t e l e v i s i o n  system is  contained i n  reference 4-81. 
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4.10 FLIGHT CREW SYSTEMS AND EQUIPMENT 

Two major hardware areas - the  extravehicular  mobil i ty  u n i t  and t h e  crew s t a t i o n  configura- 
t i o n  and equipment - a r e  described i n  t h i s  sec t ion .  
s u i t s ,  the  Apollo extravehicular  mobil i ty  u n i t  w a s  an anthropomorphic miniature  spacecraf t  capa- 
b l e  of providing the  crewman with l i f e  support and mobility. The uni t  served a s  a l i fe -sus ta in-  
ing pressure v e s s e l  during lunar  exploratons and t ransear th  extravehicular  a c t i v i t i e s  and a s  a 
backup t o  t h e  comand module pressure system. 
ment f o r  both the command module and the lunar  nodule changed constant ly  throughout the  Apollo 
program because of expanded mission objec t ives ,  f l i g h t  experience, cor rec t ion  of design def i -  
c ienc ies ,  new i n t e r f a c e  requirements, and crew recomendations. These changes as they r e l a t e  
t o  program development are discussed. 

Similar  t o  t h e  Mercury and Gemini space 

The crew s t a t i o n  configurat ion and the crew equip- 

- 

4.10.1 Extravehicular Mobility Unit 

- The extravehicular  mobil i ty  u n i t  ( f i g .  4-26) was comprised of t w o  main subsystems: (1) the  
pressure garment assembly and its accessories  and ( 2 )  the  portable  l i f e  support system. Emer- 
gency oxygen and water-cooling systems were provided i n  case of portable  l i f e  support system 
f a i l u r e .  The subsystems and some of the  accessor ies  of the extravehicular  mobil i ty  u n i t  a r e  
shown in f i g u r e  4-27. 

4.l6.1.1 Pressure garment assembly.- The pressure garment assembly w a s  a man-shaped pres- 
sure  vesse l  which enclosed and i s o l a t e d  the crewman from the  space environment. In addi t ion  t o  
providing pro tec t ion  against  the vacuum and temperature extremes of space, the  extravehicular  
s u i t  permitted the crewman t o  w v e  about f r e e l y  on the  lunar  surface and perform usefu l  work. 
Such mobil i ty  requirements as crawlfng through the  small hatch of the  lunar  module, climbing the  
lunar  module ladder ,  walking over rough terrain, and dr iv ing  the  lunar  roving vehicle  were met. 

The  pressure garment assembly designed to s a t i s f y  these requirements was a mult i layered,  
custom-fitted, f l e x i b l e  garment ( f ig .  4-28). Progressing from the  crewman's sk in  outward, his 
lunar  a t t i r e  consis ted o f :  

a. A liquid-cooled garment (a separate underwear garment containing small tubing through 
which cool water was c i rcu la ted  t o  t r a n s f e r  metabolic heat from the  body) 

b. 

c .  

The bladder l a y e r  included convoluted j o i n t s  a t  t h e  ankles, knees, th ighs ,  wais t ,  shoulders, 

A comfort l i n e r  of lightweight nylon f a b r i c  

A gas-tight l a y e r  of Neoprene-coated nylon ac t ing  as a bladder 

elbewe,* and neck. 
rubber compound t h a t  gave the s u i t  i ts bending capabi l i ty .  
f a b r i c  restraint l a y e r  that prevented the s u i t  from ballooning excessively and caused t h e  s u i t  
t o  assume the anthropomorphic shape. 
ing, carbon dioxide removal, and maintaining tho helmet v i s o r  i n  a fog-free condition. 

The pressure garment assembly w a s  covered with a series of conformal material layers  t o  re- 

These bellows-type j o i n t  sec t ions  were molded of a special latex and n a t u r a l  
Gas-containing elements had a nylon 

T h e  e n t i r e  s u i t  w a s  v e n t i l a t e d  with oxygen f o r  body cool- 

duce the  heat flow i n t o  and out  of  the suit. 
l a y e r  and w a s  r e f e r r e d  t o  as an " integrated thermal micrometeoroid garment." 
of seven separa te  l a y e r s  of  aluminized p l a s t i c  f i lm separated by very t h i n  Dacron material. 
space, a vacuum between the l a y e r s  eliminated heat  t r a n s f e r  by convection. 
not  e f f e c t i v e l y  contact  each o ther ,  heat flow by conduction was very small. 
a t i o n  was reduced by the r e f l e c t i v e  aluminum surfaces .  

The cover a l s o  acted as a micrometeoroid pro tec t ion  
The  cover consis ted 

In 
s ince  the  l a y e r s  d i d  

H e a t  flow by radi-  

The crewman wore an almost unbreakable p l a s t i c  helmet that had t h e  appearance of a f i s h  bowl. 
Special  v i s o r s  covered the  helmet to reduce t h e  a m u n t  of l i g h t  and hea t  that reached t h e  head. 
The crewman's gloves were custom molded t o  provide the bes t  f i n g e r  t a c t i l i t y .  

. . 
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Figure 4-26.- Lunar surface extravehicular mobility unit supporting astronaut activity. 
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Other items used in conjunction with the pressure s u i t ,  depending on the s p e c i f i c  s i t u a t i o n ,  
consis ted o f :  

a. Constant wear garment 

b. Fecal  containment system 

c. Comnunications carrier 

d. Bioinstrumentation 

e. 

f .  Lunar extravehicular  v i s o r  assembly 

g. Lunar boots 

h. Purge valve 

Urine c o l l e c t i o n  and t r a n s f e r  assembly 

Several of these items are included i n  f i g u r e  4-27. 

The s u i t  and its r e l a t e d  equipment were t e s t e d  in r i g i d  test programs t o  demonstrate t h e i r  
performance. Basic development t e s t i n g  w a s  conducted t o  determine the  u l t imate  c a p a b i l i t y  of t h e  
equipment. In te r face  t e s t i n g  was conducted t o  v e r i f y  t h e  limits of  the  compatibi l i ty  of each 
i t e m  with t h e  meting equipment. Environmental t e s t i n g  demonstrated system performance during and 
a f t e r  exposure t o  a l l  the environmental condi t ions in which t h e  s u i t  was designed t o  operate. 
Another form of t e s t i n g ,  cycle  q u a l i f i c a t i o n ,  was  undertaken t o  e s t a b l i s h  t h e  wearabi l i ty  o r  use- 
f u l  l i f e .  

Several s i g n i f i c a n t  problems were revealed that required changes t o  t h e  i n i t i a l  s u i t  config- 
ura t ion  as a r e s u l t  of t h e  t e s t i n g  and a c t u a l  f l i g h t  experience. In cycle  t e s t i n g ,  a p a r t i c u l a r  
movement used f o r  picking up rocks from t h e  lunar  surface loaded a r e s t r a i n t  l i n e  of the  s u i t  t o  
a much higher l e v e l  than an t ic ipa ted .  
induced loadg. T h i s  redesign required new cable  swages, s t i t c h i n g  techniques, and cord termina- 
t ions.  
The cause of  the degradation was determined t o  be an i n s u f f i c i e n t  quant i ty  of  an ingredient  t h a t  
r e t a r d s  aging and oxidation. a change w a s  made in the  formulation of the material and, as a re- 
sult, much of the q u a l i f i c a t i o n  t e s t i n g  had t o  be repeated. 

The e n t i r e  l i n e  of r e s t r a i n t  was redesigned to  take the  

Field t e s t i n g  of t r a i n i n g  s u i t s  revealed d e t e r i o r a t i o n  of one of the  rubberized components. 

With the  introduct ion of the lunar  roving vehicle ,  a new requirement w a s  imposed on the  pres- 
sure  garment assembly: the crewmen had to  sit in a normal dr iv ing  pos i t ion .  
designed i n t o  the s u i t  to  meet this need. 
on the back of the s u i t  had t o  be relocated.  A d i f f e r e n t  type of z ipper  was used because the  or- 
i g i n a l  configurat ion could not seal r e l i a b l y  i n  t h e  new appl ica t ion .  
need t o  improve some of the zipper  manufacturing equipment was i d e n t i f i e d  and X-ray inspect ion of 
each zipper  w a s  performed. 
e i g h t  d i f f e r e n t  dimensional c r i t e r i a .  The de ta i led  inspect ion,  although very tedious,  eliminated 
the p o s s i b i l i t y  of  using p o t e n t i a l l y  defec t ive  units. 

A w a i s t  j o i n t  w a s  
Another change w a s  t h a t  t h e  v e r t i c a l  entrance zipper  

As t e s t t n g  progressed, t h e  

Each zipper  had approximately 700 t e e t h ,  each of which had t o  meet 

4.10.1.2 Por tab le  l i f e  support system.- The  portable  l i f e  support system ( f i g .  4-29)  w a s  
a self-contained uni t  t h a t  cont ro l led  the  environment within t h e  space suit during extravehic- 
ular activities on the lunar  surface.  
nected t o  the s u i t  by m b i l i c a l s .  
and G e m i n i )  environmental cont ro l  system technology, but the  Apollo u n i t  was the  f i r s t  t r u l y  
portable ,  self-contained l i f e  support system t o  be used in t h e  space program. 

The unit was  worn as a backpack ( f i g .  4-26)  and was con- 
System development was based on previous spacecraf t  (Mercury 

Five subsystems made up the por tab le  l i f e  support system: a primarp oxygen subsystem, an 
oxygen v e n t i l a t i n g  c i r c u i t ,  a water t ranspor t  loop, a feedwater loop, and a comnunications sys- 
t em.  
sure  garment assembly. 
assembly and the por tab le  l i f e  support system. 
and contaminants by i n t e r a c t i o n  with l i th ium hydroxide and ac t iva ted  charcoal  and removed excess 
water en ter ing  the oxygen flow (mainly from the CreVman's  r e s p i r a t i o n  and persp i ra t ion)  by use 

The primary oxygen subsystem supplied oxygen f o r  breathing and pressur iza t ion  of the  pres- 
The oxygen v e n t i l a t i n g  c i r c u i t  cooled oxygen through the pressure garment 

I n  doing so, the  c i r c u i t  removed carbon dioxide 

b 
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Figure 4-29. - Portable life support system and oxygen purge system. 
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o f  a water  s epa ra to r .  
garment t o  cool  t he  crewman by removing metabol ic  hea t  and any hea t  l eak ing  i n t o  the  s u i t  from 
the  e x t e r n a l  environment. 
bladder  r e s e r v o i r s ,  t o  a h e a t - r e j e c t i n g  porous p l a t e  subl imator ,  a s e l f - r e g u l a t i n g  h e a t  exchanger. 
The communications system provided primary and backup dua l  vo ice  t r ansmiss ion  and r ecep t ion ,  t e l -  
emetry t r ansmiss ion  of  phys io log ica l  and p o r t a b l e  l i f e  support  system performance d a t a ,  and an 
aud ib le  warning s i g n a l .  

The water  t r a n s p o r t  loop c i r c u l a t e d  cool  water  through t h e  l iquid-cooled 

The feedwater  loop supp l i ed  expendable wa te r ,  s t o r e d  i n  a rubber- 

A remote c o n t r o l  u n i t ,  a t t ached  t o  t h e  s u i t  c h e s t  a r e a ,  contained t h e  p o r t a b l e  l i f e  support  
system water  pump and f a n  switches,  a fou r -pos i t i on  communications mode s e l e c t o r  switch,  dua l  
r a d i o  volume c o n t r o l s ,  a push-to-talk switch,  an oxygen q u a n t i t y  gage, f i v e  warning i n d i c a t o r s ,  
t he  mounting f o r  an oxygen purge system a c t u a t o r ,  and b racke t s  f o r  mounting cameras. 
a b l e  l i f e  support  system could be recharged from expendables c a r r i e d  on board t h e  l u n a r  module. 
The expendables were oxygen, wa te r ,  b a t t e r i e s ,  and lithium hydroxide c a r t r i d g e s .  When f u l l y  
charged, t he  p o r t a b l e  l i f e  support  system, c o n t r o l  u n i t ,  and oxygen purge system weighed 135 
e a r t h  pounds. 

Each po r t -  

The p o r t a b l e  l i f e  support  system was o r i g i n a l l y  designed f o r  4 hours of use a t  a metabolic 
r a t e  of 930 B tu lh r .  The system designed t o  meet those requirements  used on ly  gas  v e n t i l a t i o n  
f o r  cool ing.  Ex t r aveh icu la r  a c t i v i t y  experience from t h e  Genini program showed t h a t  the meta- 
b o l i c  r a t e s  were h ighe r  than expected and t h a t  gas  cool ing w a s  inadequate .  The po r t ab le  l i f e  
support  system was redesigned t o  provide l i q u i d  cool ing through a l iquid-cooled garment ( f i g .  
4-27) t o  handle the  h ighe r  metabolic r a t e s .  

The l i qu id -coo l ing  design w a s  used du r ing  all Apollo e x t r a v e h i c u l a r  a c t i v i t i e s  and proved t o  
The p o r t a b l e  l i f e  support  system was f l i g h t  t e s t e d  on t h e  Apollo 9 mis- be extremely success fu l .  

s i o n  and, f o r  t he  f i rs t  t i m e ,  a man's l i f e  was sus t a ined  by a completely p o r t a b l e  environmental 
c o n t r o l  system. Based on the  success  of  t he  Apollo 9 mission,  t he  dec i s ion  was made t o  perform 
ex t r aveh icu la r  a c t i v i t i e s  o u t s i d e  t h e  s p a c e c r a f t  w i th  two crewmen on t h e  l u n a r  su r face .  Origi-  
n a l l y .  one crewman w a s  t o  remain i n  t h e  s p a c e c r a f t  while  t h e  o t h e r  c o l l e c t e d  l u n a r  samples. 
change i n  requirements n e c e s s i t a t e d  r ep lac ing  t h e  comnunications system i n  t h e  p o r t a b l e  l i f e  sup- 
p o r t  system wi th  a u n i t  t h a t  would al low the  t r ansmiss ion  of vo ice  and t e l eme t ry  d a t a  from both 
crewmen simultaneously.  The Apollo 9 p o r t a b l e  l i f e  support  system conf igu ra t ion  d i d  no t  have 
t h i s  c a p a b i l i t y .  The a d d i t i o n  o f  t he  e x t r a v e h i c u l a r  comunica t ions  system was t he  only major 
change between the  p o r t a b l e  l i f e  support  system used on the  Apollo 9 mission and t h a t  used on 
the  Apollo 11 mission. 

The 

The system, as used on the Apollo 11, 1 2 ,  and 14 missions,  was capable  of  providing l i f e  sup- 
p o r t  f o r  4 hours and could be recharged from t h e  l u n a r  module t o  support  t w o  two-man extravehic-  
u l a r  a c t i v i t y  per iods.  
e x t r a v e h i c u l a r  a c t i v i t y  pe r iods  of  7 hours du ra t ion  each f o r  the Apollo 15 ,  1 6 ,  and 17 missions.  
I n  a d d i t i o n  t o  i n c r e a s i n g  t h e  consumables c a p a b i l i t y ,  t h e  p o r t a b l e  l i f e  support  system water d i -  
v e r t e r  va lve  ( temperature  c o n t r o l l e r )  was changed so t h a t  t he  crewmen would n o t  be excess ive ly  
cooled during low-ac t iv i ty  per iods.  

The p o r t a b l e  l i f e  support  system w a s  changed t o  accommodate t h r e e  two-man 

4.10.1.3 Oxygen purge system.- Three emergency oxygen systems were developed du r ing  t h e  
Apollo program. The f i r s t  and second conf igu ra t ions ,  c a l l e d  the  emergency oxygen system, were 
extremely simple and performed i d e n t i c a l  func t ions .  Both u n i t s  provided f o r  5 minutes of emer- 
gency f low a t  a rate of  2 pounds per hour. 

The mission requirements  were reviewed and r ev i sed  in mid-1967 t o  provide a d d i t i o n a l  emer- 
gency oxygen and t o  permit e x t r a v e h i c u l a r  excursions t o  d i s t a n c e s  from the  l u n a r  module t h a t  were 
g r e a t e r  t han  p rev ious ly  planned. The oxygen purge system ( f i g .  4-29) designed f o r  t h e  new r e q u i r e  
m n t s ,  performed t h e  same func t ion  as t h e  emergency oxygen system; however, t h e  oxygen purge sys- 
t e m  provided a minimum of 30 minutes of  f low a t  a rate of  8 pounds p e r  hour ( f o r  increased meta- 
b o l i c  h e a t  r e j e c t i o n )  and permit ted t h e  ex tens ion  of t he  s a f e  e x t r a v e h i c u l a r  a c t i v i t y  range. The 
rate of  f low was  determined by a purge va lve  loca ted  on the  p re s su re  garment assembly. A f u l l -  
open va lve  p o s i t i o n  c r e a t e d  an 8-pound-per-hour d e l i b e r a t e  "leak" i n  t h e  system; a second va lve  
s e t t i n g  c r e a t e d  a 4-pound-per-hour flow t h a t  could be used t o  conserve oxygen and t o  provide a t  
least 1 hour of emergency "get back" c a p a b i l i t y  when t h e  buddy secondary l i f e  support  system 
wan used t o  provide t h e  ma jo r i ty  o f  h e a t  removal. 

f i  
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The o r i g i n a l  oxygen purge system, as flown on the  Apollo 9 mission, incorporated a hea ter  t o  
preheat the gas introduced t o  the  regula tor  and t o  maintain the  temperature of the  gas del ivered 
t o  the s u i t  above 30" F. Subsequent t e s t i n g  indicated t h a t  flow, pressure regula t ion ,  and ther-  
m a l  comfort could be maintained without the  oxygen purge system heater .  Therefore, t h e  hea ter  
w a s  deleted f o r  Apollo 11 and subsequent missions. 
w a s  t h e  addi t ion  of hardware required f o r  "helmet mounting" the  system f o r  t r a n s e a r t h  extrave- 
h icu lar  a c t i v i t i e s .  

4.10.1.4 

The only o t h e r  oxygen purge system change 
~ ~~ ~ 

Buddy secondary l i f e  support system.- The buddy secondary l i f e  support system 
( f i g .  4-30) w a s  designed as a n  emergency system t o  permit a crewman whose por tab le  l i f e  support 
system was not cool ing properly t o  share  the  cooling system of his companion's por tab le  l i f e  
support eystem. The addi t ion  of t h e  buddy secondary l i f e  support system allowed t h e  crewmen t o  
t r a v e l  f a r t h e r  from the  lunar  module-during extravehicular  a c t i v i t i e s  than they otherwise could 
have. A 
connector divided the  cooling water of one por tab le  l i f e  support system between both crewmen. 
I f  the  oxygen purge system had  been required f o r  use, t h e  buddy secondary l i f e  support system 
would a t  l e a s t  have doubled the  t+ allowed f o r  r e t u r n  t o  t h e  lunar module because t h e  oxygen 
purge system would not  have been needed f o r  cooling and could have suppl ied oxygen a t  a slower 
r a t e .  

The system was made up of two hoses protected by a s ingle  thermal i n s u l a t i o n  cover. 

~- ~ 

4.10.1.5 Transearth extravehicular  system.- The requirements f o r  the  extravehicular  mobil- 
i t y  u n i t  were d i f f e r e n t  f o r  non-lunar-surface extravehicular  a c t i v i t y  operat ions;  consequently. 
changes were made t o  t h e  u n i t  for - theseopCra t ions .  

The t ransear th  extravehicular  system was designed and configured f o r  operat ion In zero grav- 
i t y  i n  f r e e  space. 
a constant-vear garment, a ur ine c o l l e c t i o n  and t r a n s f e r  assembly, bioinstrumentat ion,  an oxygen 
purge system, and a purge valve. These  items were used during t h e  Apollo 15,  16, and 17 missions 
when f i l m  magazines were retri 
ments f o r  the system included modifying the command module and suit oxygen and e l e c t r i c a l  sub- 
systems. 

, 

The system included a command module suit, an extravehicular  v i s o r ,  gloves, 

s c i e n t i f i c  instrument module bay. Special  require-  

The conrmand module modifications included the following provis ion.  

a.  A gaseous oxygen supply through an d i l i c a l  

b. An electrical  cable  t h a t  tr&erred-conmunications and s p e c i a l  warnings (low vent i la -  
t i o n  oxygen flow and low s u i t  pressure)  

c. A braided in te r locking  t e t h e r  designed i n t o  the  umbil ical  as a r e s t r a i n i n g  device and 
at tached t o  the  vehic le  and t o  the cr-en f o r  s a f e t y  

The s u i t  modifications included t h e  following. 

a. Addition of a pressure cont ro l  valve t h a t  regulated t h e  suit pressure in conjunction 
with the  umbilical oxygen supply 

b. Remounting of the.secondary oxygen system (one of the  oxygen purge systems re ta ined  from 
lunar  surface operat ion)  

During development of the system, cooling from an open-loop oxygen system w a s  determined t o  
be s u f f i c i e n t  because of t h e  l o w  metabolic rates required. 

4.10.2 Crew S ta t ion  Configuration and Equipment 

The crew s t a t i o n  included such items as d isp lays ,  controls .  supports, r e s t r a i n t s ,  and stow- 
The s p e c i f i c  items considered as crew equipment were a l s o  extremely diverse .  age areas .  T h i s  

equipment consis ted of such items as f l i g h t  garments, accessories ,  medical  and bioinstrumenta- 
t i o n  components, surv iva l  equipment, and docking a ids .  
where in this repor t ;  therefore ,  t h e  discussion here is l imi ted  t o  only general aspec ts .  

Many of these items are discussed else- 


