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ABSTRACT 

A study  performed  under  Contract NAS2-3705  (NASA, OART-MAD, Ames Research 
Center ) ,   en t i t l ed   "S tudy   of   Main ta inabi l i ty   for   Long-Dura t ion  Manned Space 
F l i g h t , "   e v a l u a t e s   t h e   i n f l u e n c e   o f   m a i n t a i n a b i l i t y   i n   s u s t a i n i n g  a high level 
o f   r e l i ab i l i t y   t h roughou t   l ong- t e rm  mis s ions .  A 99% p r o b a b i l i t y   o f  crew. sur -  
vival is a b a s i c   c o n s t r a i n t   i n   t h e   a n a l y s i s .   S p a c e c r a f t  o f   four   representa-  
t ive  but   wide ly   vary ing   miss ions ,   one   Ear th-orb i ta l   and   one   in te rp lane tary  
e a c h   i n   t h e  mid-1970 and mid-1980 time pe r iods ,  are examined t o   t h e   r e p l a c e -  
ab.le  component level .   Detai led  maintenance  analyses   of   subsystems  and com- 
ponents ,   vehicle   configurat ion  opt imizat ions  performed  with a unique  computer 
program,  and s ta t is t ical  r e s u l t s  of several hundred  mission  s imulat ions are 
descr ibed  and  evaluated.  The e f f e c t s  o f   ha rdware   r e l i ab i l i t y  and f a i l u r e  
rates, sk i l l s ,   env i ronmen ta l   f ac to r s ,   mi s s ion   du ra t ions . and   r e supp ly   po ten -  
t i a l ,  and  var ious  resources  are c o n s i d e r e d   i n  many in t e r r e l a t ionsh ips .   Op t i -  
mum d i s t r i b u t i o n s  of redundant  and  spare items t o   b e   i n c l u d e d  on board  each 
s p a c e c r a f t   c o n f i g u r a t i o n   f o r   a s s u r i n g   m i s s i o n   s u c c e s s  are i d e n t i f i e d ,  and t h e i r  
imp l i ca t ions   a s  to opera t iona l   requi rements  and des ign   ph i lo soph ies   a r e   d i s -  
cussed .   Tables ,   char t s ,   and   graphs   summar iz ing   ana ly t ica l   resu l t s   and   d i sp lay-  
i n g   p a r a m e t r i c   s e n s i t i v i t i e s  are provided.   Gross   cost   es t imates   are   a lso  in-  
c l u d e d   t o   i n d i c a t e   t r e n d s  and p l a c e   t h e   r e s p e c t i v e   m i s s i o n s   i n   c o n t e x t  relative 
t o  each  other .  

The s t u d y   i n d i c a t e s   t h a t  no  attempt  should  be made t o   a p p l y  a s i n g l e  
maintenance  philosophy  to a l l  subsys t ems   un i l a t e ra l ly .   Ra the r ,   spec i f i c  main- 
tenance philosophies ~y subsys tem,   o r  by component where necessary   should   be  
used.  This w i l l  r e q u i r e   s t r o n g  management c o n t r o l  a t  a l l   l e v e l s  and  very 
close  design  integration  throughout  program  development.   If   an  on-board work- 
s h o p   c a p a b i l i t y   c a n   b e   j u s t i f i e d  by maintenance  requirements common t o   s e v e r a l  
subsystems, a s u b s t a n t i a l   r e d u c t i o n   i n   t h e   w e i g h t  of i n f l i gh t   suppor t   e l emen t s  
could   be   rea l ized .  Maximum commonality among components  should  be  exercised 
f o r   t h e  same reason.  Items requi r ing   on ly  a s i n g l e  spare t o   a c h i e v e  a d e s i r e d  
assurance  level   should  be  designed  for   s tandby  redundancy  where  possible .  
Accura t e ,   va l id ,  and de ta i l ed   des ign   da t a  on space  hardware is l a c k i n g   i n  many 
important  areas; this   should  be  developed  and  disseminated as soon  as   poss ib le  
for  future  programs.  Space  mission  planning  can  be  enhanced by employing 
complementary  optimization  and  mission  simulation  models  to  evaluate  parameters 
a f f ec t ing   t he   ma in ta inab i l i t y   and   ove ra l l   ope ra t ion   o f  manned veh ic l e s .  

Volume I summarizes r e s u l t s   o f   t h e   s t u d y  and d e s c r i b e s   v e r y   b r i e f l y  i t s  
approach  and  methods. Volume I1 d i s c u s s e s   t h e   s t u d y   i n   d e t a i l ,   i n c l u d i n g  
s o u r c e   m a t e r i a l   a n d   r a t i o n a l e ,   a n a l y t i c a l   e f f o r t ,  and  explanations of  proce- 
dures .  Volume I11 is a compilat ion of the  mater ia l   developed  during  the  course 
o f   t he   ana lys i s .  
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1.0 STUDY  OBJECTIVES 

Future  long-duration  manned  space  missions will require  a  drastic  improve- 
ment in spacecraft  capabilities  to  attain  satisfactory  probabilities of mission 
accomplishment.  Increases in reliabilities of parts  and  assemblies,  although 
mandatory, will not be sufficient in themselves  to  achieve  the  overall  levels 
of  assurance  that  are  sought. The,solution lies in the  inclusion of appropriate 
on-board  resources  to  augment or  maintain,  through  the  miss-ion,  the  high  relia- 
bility  level  that  a  spacecraft  initially  possesses.  Three  alt-ernatives  are 
available: (1) provide  redundancies, (2) perform  manual  fault  correction, or 
(3 )  incorporate  a  selective  combination  of  the  first  two.  Recognizing  that 
certain  redundancies will be necessary  to  accommodate  operational or remedial 
requirements,  it is evident  that  numerous  opportunities  also will exist  for 
using  crew  capabilities  effectively  to  perform  maintenance.  This  study  seeks 
to  determine  areas  of  such  utilization,  to  develop  an  optimum  approach  to  item 
( 3 ) ,  and  to  accomplish  the  following  objectives: 
a) Identify  subsystems  that  are  sensitive  to  maintenance  philosophy;  identify 

the  effect  of  inflight  maintenance  requirements on their  design,  operation, 
and  cost. 

b) Specify,  for  subsystems  and  the  overall  spacecraft  system,  vartations  or 
additions  that  are  needed  to  meet  various  levels  of  maintenance  require- 
ments. 

c) Determine  the  effect  that  requirements  for  inflight  maintenance  will  have 
on the  development  and  performance  of  crew  functions. 

d) Develop  maintainability  design  criteria  for  space  vehicles,  to be applied 
by  designers  of  future  systems. 

e) Recommend  maintenance  philosophies  for  various  types  of  space  missions. 
f) Identify  areas  warranting  additional  study  and  research on maintainability 

requirements  and  provisions. 

When  man embarks on a  long-duration,  unsupported  space  mission,  design  of 
the  vehicle  must  include  certain  characteristics  that  would  not  necessarily be 
needed in an  unmanned  spacecraft.  Chief  among  these  is  the  life  support/ 
environmental  control  system.  By  its  very  nature,  the  life  support  function 
involves  continuing,  periodic  manual  servicing  of  several  elements  for  which 
there  are  no known means  of  automation.  Thus,  some  degree  of  scheduled  mainte- 
nance  becomes  a  mandatory  requirement  during  a  long-term  manned  mission,  and 
must be planned  for  from  the  beginning.  With  on-board  maintenance  a  foregone 
conclusion,  the  following  objectives  also  become  important: (1) to determine 
the  extent  of  scheduled  maintenance  that  could be  expected, (2 )  to  determine 
the kinds of  activities  and  capabilities  that  would  be  involved,  and (3 )  to 
determine  the  relationships  of  scheduled  maintenance  to  any  unscheduled  restora- 
tion  actions  that  might be performed. It should be noted  that,  throughout  this 
report,  the  term  "maintenance"  generally  refers  to  the  unscheduled  variety  un- 
less  otherwise stated, or when the  meaning is obvious  from  the  context'. 
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2.0 CONCLUS  IONS  AND  RECOMMENDATIONS 

Many de ta i l ed   conc lus ions   can   be   de r ived   f rom  the   da t a   p re sen ted   i n  Volume 
I1 and  the   workshee ts   reproduced   in  Volume 111. T h i s   a p p l i e s   p a r t i c u l a r l y   t o  
q u a n t i t a t i v e   d a t a   a s s o c i a t e d   w i t h   t h e   s p e c i f i c   m i s s i o n s   a n d   s p a c e c r a f t   s e l e c t e d  
f o r   s t u d y ,   a n d   r e i t e r a t i o n   w o u l d   d e f e a t   t h e   p u r p o s e   o f   t h i s  summary. As a com- 
p romise ,   r ep resen ta t ive   da t a   o f  a s i n g l e   m i s s i o n  is r e v i e w e d   b r i e f l y   i n   S e c t i o n s  
4.0 and 5 .O t o   a c q u a i n t   t h e   r e a d e r   w i t h   t h e   k i n d   o f  material a v a i l a b l e   i n   t h e  
d e t a i l e d   r e p o r t .  The general   conclusions  given  below are t h e  most s i g n i f i c a n t ,  
and are capsul ized  ' f rom Volume 11. I n  a few cases these  would seem t o   b e   s e l f -  
evident   and  convent ional .  It is  poin ted   ou t ,   however ,   tha t   s tudy   resu l t s   have  
s t rong ly   suppor t ed  them  and  they are now f i r m   p r o p o s i t i o n s   r a t h e r   t h a n   i n t u i t i v e  
deduct ions.  The on ly   ma jo r   f ac to r   l ack ing  is  ac tua l   f l i gh t   expe r i ence   o f   su f -  
f i c i e n t   d u r a t i o n   t o   p r o v e  them  unequivocally. 

For  convenience,  an  abbreviated list o f   d e f i n i t i o n s  is given  below. 

C r e w  Surv iva l   (P robab i l i t y )   Assu rance   t ha t  no equipment-induced f a t a l i t y  
occurs   dur ing  a mission.   In   accordance  with 
t h e  work s t a t emen t ,   t h i s   s tudy   u sed  a f a c t o r  
of 99% p r o b a b i l i t y   o f   s a f e  crew r e t u r n  as a 
mandatory  requirement  before  any  other  mission 
assurances were considered.  

Degree  of  Maintenance 

Main ta inab i l i t y  

Maintenance 

A n  a rb i t r a ry   d iv i s ion   o f   t he   spec t rum  o f   pos -  
s ib le   concepts   for   per forming   unscheduled  main- 
tenance ,   increas ing   in   o rder   o f   complexi ty .  
Degree "0" i s  e s s e n t i a l l y   f u l l y   a u t o m a t e d ,  
Degree "1" i s  l i m i t e d   t o  s i m p l e  adjustments  and 
manual  switching,  Degree "2" p e r m i t s   f a u l t   i s o -  
l a t i o n  and  physical   replacement   with spares, 
Degree "3" expands  Degree "2" t o   i n c l u d e  on- 
board  repair   and more soph i s t i ca t ed   suppor t  
a c t i o n s .  

The qua l i ty   o f   spacecraf t   hardware   incorpora ted  
i n  i ts  bas i c   des ign   t o   pe rmi t   t he   pe r fo rmance   o f  
maintenance. 

Act ions   necessary   to   ensure   cont inued   proper  
opera t ion   of  a u n i t   ( s c h e d u l e d ) ,   o r   t o   r e s t o r e  
a f a u l t y   u n i t   t o  i t s  spec i f ied   opera t ing   condi -  
t i on   (unschedu led ) .   Gene ra l ly ,   t he  term "main- 
tenance"  as  used i n   t h i s   r e p o r t   r e f e r s   t o   t h e  
unscheduled   var ie ty ,   un less  i t s  meaning i s  ob- 
vious  f rom  the  context .  

3 



MARCEP Acronym f o r   " M a i n t a i n a b i l i t y   a n d   R e l i a b i l i t y  
Cost  Effectiveness  Program," a computerized op- 
t imizat ion  of   redundant   and  spare   components   to  
suppor t  a to t a l   veh ic l e   con f igu ra t ion ,   deve loped  
by The Boeing Company. 

Miss ion   Success   (Probabi l i ty )   Assurance   tha t  no equipment  function is l o s t  
t h a t  would preclude  complet ion  of  a l l  mission 
o b j e c t i v e s .   I n   t h i s   s t u d y ,  no p a r t i c u l a r   o b j e c -  
t ive  was s p e c i f i e d ;  a l l  miss ion   success   fac tors  
i nc lude  99% p r o b a b i l i t y   o f  crew s u r v i v a l   a s  a 
p r e r e q u i s i t e ,  and 99% p robab i l i t y   o f   mi s s ion  
success  was used as a da ta   base   for   compar ison .  

Th i s   s ec t ion   has   been   o rgan ized   i n to   gene ra l   and   spec i f i c   conc lus ions .  
Deta i led   s tudy   f ind ings   f rom  which   spec i f ic   conc lus ions  were drawn were r e f e r -  
enced i n   p a r e n t h e s e s ,   i n d i c a t i n g   t h e   s e c t i o n   o f  Volume I1 where  the  f indings 
are d i s c u s s e d   i n   d e t a i l .  Recommendations g i v e n   i n   S e c t i o n   2 . 3  are based ,   t o  a 
g r e a t   e x t e n t ,   o n   t h e   a r e a s   r e q u i r i n g   a d d i t i o n a l   t e c h n i c a l   r e s e a r c h  as repor ted  
i n   S e c t i o n  10.0 o f  Volume 11. 

2.1  GENERAL STUDY CONCLUSIONS 

Implementation  of many of  the  conclusions  and  recommendations w i l l  b e  a 
matter of  management concern.   For   instance,  i t  might  have  been  inferred  from 
some sources   that   subsystem  maintenance  concepts   can  be  developed  and  imple-  
mented  independently.  This is  n o t   t h e  case, as p o i n t e d   o u t   i n  I t e m  1). below. 
The pr inciple   of   developing  maintenance  concepts   for   each  subsystem,  and  imple-  
menting  them t o   a c h i e v e   a n   e f f e c t i v e   t o t a l   s p a c e c r a f t ,  w i l l  r e q u i r e   c l o s e r  con- 
t r o l  and  coordinat ion  between  subsystem  design  organizat ions  than  would  be 
r e q u i r e d   i f  a s i n g l e   a r b i t r a r y   c o n c e p t  were lev ied   on  a l l  systems. A second 
example i s  t h a t   o f  ccmponent  commonality,  and t h i s  is  where  configurat ion man- 
agement t akes  on  an  added  dimension.  There are a number of   subsystems  that  
could  be  designed  with a l a r g e r  number of common modules o r  components. 
Achievement  of  both  the  above  goals w i l l  r equ i r e   ve ry   i n t ens ive   i n t e r subsys t ems  
d i s c i p l i n e   a n d  w i l l  i nvo lve  a high  degree  of management cognizance  to  provide 
t h e   p o s i t i v e   d i r e c t i o n   t h a t  w i l l  be   necessary .  

1) Development  of Maintainability.  Concurrent-"w.ith  Hardware  Design---Because 
the   r equ i r emen t s   fo r   ma in ta inab i l i t y   on  a manned spacecraf t   form  par t   o f  
the  hardware  design cr i ter ia ,  i t  is necessa ry   t ha t   ma in ta inab i l i t y   cha rac -  
terist ics be   cons ide red   and   t he i r   qua l i t i e s   i nc luded   f rom  the  earliest 
phases  of  any  design  program  for a manned mission.  During  the  course  of 
t h i s   s t u d y ,  i t  became a p p a r e n t   t h a t  no one  maintenance  philosophy  could  be 
a p p l i e d   u n i l a t e r a l l y   t o  a l l  subsystems.   Specif ic   maintenance  phi losophies  
by subsystem,  or  by  component i f   n e c e s s a r y ,  w i l l  b e   f a r  more usefu l   dur ing  
des ign   o f   t he   spacec ra f t .  It w i l l  be   necessary  to   modify  the  maintenance 
phi losophies   accord ing   to   des ign   progress ,   and   to   gu ide   des ign   wi th   the  
p l anned   base l ine   ph i lo sophy .   In   p rac t i ce ,   t h i s   can   be   imp lemen ted   on ly  by 
a f l e x i b l e  and f u l l y   i n t e g r a t e d  team of  maintenance  and  design  engineers,  
w i th   dec i s ion  autonomy r e s t r i c t e d   t o   t h e   h i g h e s t   l e v e l   o f   e n g i n e e r i n g  
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management  (problem areas shodd  be   reso lved   th rough  mutua l   agreement  a t  
the   working  level wherever   poss ib le ) .  

Detailed  Subsystem  Study Required---The MARCEP and  maintenance  task  analy- 
sis s h e e t s   c o n t a i n e d   i n  Volume 111 i n d i c a t e   t h e   d e p t h   o f   d e t a i l   r e q u i r e d  
a t  t h e  component level to   pe r fo rm  th i s   s tudy .   Cons ide rab le   r e sea rch -was  
done t o   o b t a i n   t h e   d a t a   n e e d e d ,   b u t  i t  w a s  found  tha t  good d e t a i l e d   d a t a  
( i . e . ,   we igh t ,  volume, f a i l u r e  rate, e t c . )   u n f o r t u n a t e l y  was n o t   r e a d i l y  
ava i l ab le .   The re fo re ,  it is recommended t h a t   t h i s  area b e   s t u d i e d   f u r t h e r  
so a c c u r a t e   v a l i d   d a t a   c a n   b e  made a v a i l a b l e   t o   d e s i g n e r s   a n d   f u t u r e  re- 
search  and  study  programs. 

Ef fec t iveness   o f   S tudy  Technique---The technique  of   using  both a mathe- 
matical model (MARCEP i n   t h i s   s t u d y )  and a general-purpose  system  simula- 
t i o n  model t o   e v a l u a t e   p a r a m e t e r s   t h a t   a f f e c t   m a i n t a i n a b i l i t y   o f   l o n g -  
du ra t ion  manned s p a c e   m i s s i o n s   p r o v i d e s   r e s u l t s   t h a t  complement each   o the r  
and   should   be   very   usefu l   for   p lanning   fu ture   space   miss ions .  

2.2 SPECIFIC STUDY CONCLUSIONS 

Some o f   t h e   s i g n i f i c a n t   c o n c l u s i o n s   l i s t e d   i n  Volume I1 a re   g iven   he re .  
For   the   miss ions   s tud ied :  

The scheduled  maintenance  workload i s  s ign i f i can t ,   va ry ing   f rom 1 1 4  t o  147  
man-minutes p e r  day  on the   ave rage ,   fo r   t he   fou r   mi s s ions   s tud ied .  The 
l i f e   s u p p o r t   s u b s y s t e m  is  a major   cont r ibu tor   to   the   workload ,   bu t   can   be  
improved  considerably bv r educ ing   t he  number and   f r equency   o f   t he   f i l t e r ,  
car t r idge,   and  wick  replacements ,   and  designing  for   quick  replacement   of  
t hese  items where i t  is necessary  (Sect ions  5 .2   and  6 .2) .  

The crew workload  imposed  by  unscheduled  maintenance  requirements is rela- 
t i v e l y  low and  does   no t   s ign i f icant ly   a f fec t   the   opera t ion   of   the   space-  
c r a f t .  No mission  required  unscheduled  maintenance  for  more than  20% of  
the  days  involved;  repair could b e  performed i n  less than 2 h o u r s   f o r  w e l l  
over  half   of  the  days  requiring  unscheduled  maintenance,  and  the mean 
d a i l y  repair t i m e  during  such  days w a s  under 1 hour.   Also,   one  of  each 
type  of  crew s k i l l  i s  suf f ic ien t   to   handle   the   unscheduled   main tenance  
workload,  and  the amount  of EVA required  for  unscheduled  maintenance i s  
neg l ig ib l e   (Sec t ions   5 .3   and   6 .3 ) .  

From t h e   s t a n d p o i n t   o f   t h e   r a t i o   o f   s p a r e s   w e i g h t   t o   t o t a l   s p a c e c r a f t  
we igh t ,   o rb i t a l   mi s s ions   shou ld   be   p l anned   fo r   t he   l onge r   r e supp ly   i n t e r -  
vals whenever   o ther   fac tors   permi t  a c h o i c e .   I n c r e a s e d   e f f i c i e n c y   i n   t h e  
use   o f   t he   spa res   p rov ided ,   i n  terms o f   p e r c e n t a g e s   o f   i n i t i a l   s p a r e s  
we igh t   ca r r i ed  on  board, w i l l  be   r ea l i zed  a t  the   longer   miss ion   dura t ions .  
It w a s  found  that   the  weight  which  must  be  added  to a b a s i c   s y s t e m   t o  
achieve  99% assurance   o f   miss ion   success   increases  by about 27 t o  30% 
when the   mi s s ion   du ra t ion  is doubled  (Sections  5.1,   5.3,  aIld 6 .3) .  

Increasing  the  mean-t imes- to-repair  (MTTR), o r   t h e   c o n f i d e n c e  level d e s i r e d  
f o r   r e p a i r ,   a b o v e   t h e   b a s e l i n e   s y s t e m   r e s u l t s   i n   s i g n i f i c a n t   i n c r e a s e s   i n  
the   weight   added   for   redundancies   and   spares   requi red   to  achieve des igna ted  
miss ion   assurances .  The s tudy   cons idered  99% c o n f i d e n c e   i n   t h e   r e p a i r  of 
s a f e t y - c r i t i c a l  items t o   b e  a real is t ic  l e v e l ,  and  endeavored t o  keep 
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r e p a i r  t i m e  estimates s l i g h t l y   p e s s i m i s t i c   s i n c e   r e d u c t i o n s   i n   r e p a i r  
times re su l t ed   i n   on ly   minor   we igh t  improvement  (Sections 5.1 and 6.1).  

Commonality of  components  and  equipment,  both  within  and  between  space- 
craf t   subsystems,   and  between  e lements  of the  spacecraf t ,   on-board  exper-  
iments ,   and   reent ry   vehic le ,  i s  one  of t h e  most  important  of a l l  design 
objec t ives .   Spares   requi rements   decrease   s ign i f icant ly ,   p rogram  cos ts  
are reduced,   and  t ra ining  can  be  consol idated when  a high  degree  of 
commonality i s  achieved  (Sect ions 7.1 and  7.2). 

Modularization  of  components i s  an e f f e c t i v e  way t o   r e d u c e   t h e   s p a r e s  
requirements  and  maintenance  workload. The g r e a t e r   t h e  commonality  of 
modules t h e  more e f f e c t i v e  i s  t h e   s p a r e s   u s a g e ,   p a r t i c u l a r l y   f o r   h i g h  
f a i l u r e  rate components  (Sections 5 .1  and  6.1).  

Subsystems  should  be  designed  for a Degree "2" maintenance  concept 
(remove  and rep lace)   whenever   p rac t icable .   This   concept   resu l t s   in   the  
most e f f i c i e n t   u s e   o f   s p a r e s ,  and the   l ea s t   we igh t   and   cos t .  As  common- 
a l i t y   o f  equipmen.t increases ,   the   concept  becomes  more advantageous.  
P a r t i c u l a r   e x c e p t i o n s   t o   t h i s   c o n c e p t   i n c l u d e   s t r u c t u r a l   p a r t s   a n d   l a r g e  
bulky items (Sec t ions  7 . 1  and 7 .2) .  

I f   on ly   one   spare   o f  an item i s  r e q u i r e d   t o   a c h i e v e   t h e   d e s i r e d   p r o b a b i l -  
i t y  of   assurance,  i t  probably  could  be  used  most   effect ively as a s tandby 
redundant item, whenever  system  design  permits  (Section  8.2).  

One o f   t h e   i n t e r e s t i n g   r e s u l t s  of t h i s   s t u d y  was t h e   v a l i d a t i o n   o f   a n  
o r ig ina l   p remise   t ha t   ma in tenance  w i l l  be   necessary   for   long-dura t ion  
manned space  missions.  Not only was i t  determined  that   maintenance w i l l  
be   necessary ,   bu t   tha t  i t  a l s o  w i l l  b e   d e s i r a b l e  and prac t ica l .   Main te-  
nance is necessary  because i t  i s  v i r t u a l l y   i m p o s s i b l e   t o   e l i m i n a t e  a l l  
main tenance   ac t iv i t ies .   Main tenance  is  d e s i r a b l e   b e c a u s e   s i g n i f i c a n t  
weight  and  cost   savings  can  be made through  maintenance i n  comparison 
w i t h   c o n v e n t i o n a l   f o m s  of  redundancy  €or  most  subsystems.  Maintenance 
i s  p r a c t i c a l   b e c a u s e   n o   f a c t o r s  were i d e n t i f i e d  which  precluded  the 
performance of the  maintenance  tasks   considered.   Sect ions 4.0 and  7.0, 
and the  appendix,  of Volume I1 conta in  detai ls  of the  comparison  between 
the  redundancy  and  maintenance  approaches  to  achieving  desired levels of 
r e l i a b i l i t y .  

2 .3  RECOMMENDATIONS 

2.3.1 APPLICATIONS 

1) Fur the r  Development  of  Study  Data---Further  evaluation  of  the  data  devel- 
oped  by t h e   a n a l y s i s   r u n s   c o n d u c t e d   i n   t h i s   s t u d y   s h o u l d   b e  made t o  
ident i fy   addi t iona l   per t inent   da ta   and   re la t ionships   no t   covered   wi th in  
the   scope   of   th i s   s tudy .   For   example ,  i t  is known t h a t   i n c r e a s e s   i n   r e p a i r  
confidence levels o r   i n  MTTR's r e s u . l t  i n   s i g n i f i c a n t   w e i g h t   i n c r e a s e s ;  
t h e   i d e n t i f i c a t i o n  of t h e   s p e c i f i c  components  causing  these  weight  in- 
creases could l e a d  t o   b e t t e r   d e f i n i t i o n  of   s tudy  areas   for   improving  the 
r e l i a b i l i t y  of s p e c i f i c  items. 
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Documenting  Subsystem Component Configurations-"A document should   be  com- 
p i l e d   t h a t  l ists  the  subsystem  components  and  equipment  of  each  spacecraft 
c o n f i g u r a t i o n   e v a l u a t e d   i n   t h i s   s t u d y ,   t o g e t h e r   w i t h   t h e   b a s i c  component 
da t a   such  as f a i l u r e  ra te ,  weight ,  e tc . ,  and   add i t iona l  component statistics 
de r ived   f rom  th i s   s tudy   such  as the   quant i ty   and   type   o f   redundancies   a l lo -  
ca ted ,  the expec ted   spa res   u t i l i za t ion ,   t he   expec ted   r epa i r   t a sk  t i m e ,  etc. 
The  development  of  such a document wi th   th i s   in format ion ,   o rganized   by   in -  
d i v i d u a l  component  and  combining the   r e su l t s   o f   bo th   manua l   ana lys i s   and  
computer  mechanization, was no t   a t t empted   du r ing   t h i s   s tudy .  However, a 
document o f   t h i s   t y p e ,   w i t h  a l l  i n fo rma t ion   r ead i ly   access ib l e ,   wou ld  serve 
as a b a s e l i n e   o r   g u i d e l i n e   t o   i n d u s t r y   f o r   f u t u r e   s p a c e c r a f t   s t u d i e s .  

Use of   Study  Analysis   Technique  on  Exis t ing Systems---The concept   of   using 
an  optimization  model  and a s i m u l a t i o n  model shou ld   be   app l i ed   t o   an   ex i s t -  
i n g   s p a c e c r a f t / m i s s i o n   o r   t o  a spacecraf t /miss ion   in   an   advanced  s t a t e  of  
development .   This   would  ut i l ize  a d a t a   b a s e   f o r   e x i s t i n g   e q u i p m e n t   o r   f o r  
equipment i n   a n  advanced s ta te  of  development,  which  should  be  broader  and 
more a c c u r a t e   t h a n   t h a t   u s e d   i n   t h i s   s t u d y .  The r e su l t s   o f   such   an   app l i -  
ca t ion   wou ld   fu r the r   va l ida t e   t he   t echn ique   and   y i e ld   r e su l t s   t ha t   cou ld  
be   u sed   i n   r e f in ing   ex i s t ing   mi s s ion   p l ann ing .  

Appl ica t ion  of  Computer  Models t o  Experiment  Proprams---The s tudy   ana lys i s  
technique  mentioned i n  I t e m  3) above   a l so   shou ld   be   app l i ed   t o   space   expe r i -  
ment  programs s o  tha t   the   main tenance   requi rements   for   exper iments   can   be  
more accu ra t e ly   de t e rmined   and   be   g iven   appropr i a t e   cons ide ra t ion   i n   t he  
bas i c   p l ann ing  o f  an  experiment  program.  Commonality  between  experiment  and 
subsystem  components  can  be  maximized  and  the  impact of  experiments  support  
on   overa l l   p rogram  requi rements   can   be   es tab l i shed   wi th  more prec is ion   and  
confidence . 

2 .3 .2  RESEARCH 

1)  Degree "3" Maintenance  Concept  Evaluation---The  concept  of  inflight  bench- 
level  maintenance  (Degree "3" main tenance)   should   be   s tud ied   in  more 
d e t a i l   t o   d e t e r m i n e   s p e c i f i c  workshop  equipment  and  weight  requirements, 
and   t rades   should   be  made to   de t e rmine   t he   e f f ec t   o f   Degree  "3" mainte- 
nance on crew maintenance  workload  and  on  possible  weight  savings.  

2)  Mission  Analysis  Optimization on  Costs---Cost a l g o r i t h m s   f o r   t h e   e f f e c t s  
of   adding   para l le l ,   s tandby,   and   spares   redundancies   should   be   deve loped .  
and a miss ion   ana lys i s   based  on op t imiza t ion   o f   do l l a r   cos t  a t  t h e  compo- 
nent  level should  be  conducted  and  compared  with  the  results  of a weight 
o p t i m i z a t i o n   f o r   t h e  same mission. 

3) Mockup of   L i fe   Suppor t  Subsystem---A r e p r e s e n t a t i v e   l i f e   s u p p o r t   s u b s y s -  
t e m  f o r  a t  least  a six-man crew should  be mocked  up i n   d e t a i l  and t r i a l  
i n s t a l l a t i o n s   w i t h i n  a typ ica l   spacec ra f t   cab in   conf igu ra t ion   shou ld   be  
made t o   d e t e r m i n e   t h e  optimum  placement  of t he   subsys t em  fo r   ope ra t ion  
and  maintenance.  This i s  cons idered   necessary   because   the   s tudy   ind ica ted  
t h a t   l i f e   s u p p o r t   s u b s y s t e m   p l a c e m e n t  is  a c r i t i c a l  f a c t o r   i n   s p a c e c r a f t  
i n t e r i o r   d e s i g n .  
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4 )  Additional  Study  and  Technology Research---A number of a reas  recommended 
f o r   a d d i t i o n a l   s t u d y   o r   t e c h n o l o g y   r e s e a r c h  are d i s c u s s e d   i n   d e t a i l   i n  
Section  10.0  of Volume 11. These  recommendations  generally  include 
designing  for  modularization  and  commonality  of  equipment;   investigation 
i n t o   t h e   t e c h n i q u e s   r e q u i r e d   t o   r e p a i r   l a r g e   a s s e m b l i e s   o r   s t r u c t u r e s   i n  
space ,  t o  minimize EVA o r   s p a c e s u i t   u s e  and t o  enhance  malfunction 
detect ion;   fur ther   development  of ana lys i s   me thodo logy ;   be t t e r   de f in i t i on  
of  the  space  environment;   and  determination of human pe r fo rmance   i n   t ha t  
environment.  Chapter 9.0 of t h i s  document  summarizes some of t h e  more 
s i g n i f i c a n t  items. 
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'3.0 STUDY  LIMITATIONS  AND METHODOLOGY 

Limi ta t ions   on   the   s tudy   scope ,   the  cr i ter ia  developed  and  used i n   t h e  
s tudy,   and  the  method  and  techniques  used  in   accomplishing  the  s tudy  are  sum- 
marized i n  the   fo l lowing   paragraphs .   S tudy   l imi ta t ions  are i d e n t i f i e d  as ground 
rules, assumptions,   and  def ini t ions.   Ground.rules  were provided by NASA i n   t h e  
contract   s ta tement   of   work.  The  assumptions were made by t h e   s t u d y  team when 
required,   and  approved by the .cont rac t   moni tor .  The d e f i n i t i o n   o f  terms i s  a 
fo rm  o f   l imi t a t ion   i n   t ha t  i t  p rov ides   cons t r a in t s  upon t h e   i n t e r p r e t a t i o n   o f  
c e r t a i n  words  and  phrases   used  f requent ly   in   the  s tudy.  Only t h e  key d e f i n i -  
t i o n s   h a v e   b e e n   i n c l u d e d   i n   t h i s  summary r epor t .   Fo r  a complete list see 
Volume 11. 

Criteria were developed f o r  maintenance  phi losophy,   re l iabi l i ty ,   and  suc-  
cess and fo r   de t e rmina t ion   o f   t he   ma in tenance   r equ i r emen t .   Var ious   c r i t e r i a  
were used i n  making   compar isons   o r   as   s tandards   in   deve loping   de ta i led   s tudy  
data.  These cr i ter ia  a r e  summarized i n   S e c t i o n  3.4 .  

Detailed desc r ip t ions   o f   t he  manner i n  which  the  s tudy was conducted,  and 
of the  techniques  used,  are summarized i n   S e c t i o n  3.5. 

3 .1  GROUND RULES 

The fol lowing  ground  rules  were e s t a b l i s h e d  by the   cus tomer   to   p rovide  
l i m i t a t i o n s  on the   scope   of   the   s tudy:  

Two l e v e l s  o f  technology w e r e  to   be  s tudied:   the  mid-1970's   level ,   and 
t h e  mid-1980's l e v e l .  

A t  l e a s t  two classes of  missions were to   be   s tud ied :   t he   Ea r th -o rb i t a l  m i s -  
s i o n ,  and the   i n t e rp l ane ta ry   mi s s ion .  

C r e w  s u r v i v a b i l i t y  of 0.99 o r   b e t t e r  w a s  t o   be   a s su red   fo r   each   mi s s ion  
considered.   This  was  a mandatory  requirement   within  the  overal l   context  
of   mission  success .  

C r e w  s i z e s   t o   b e   c o n s i d e r e d  were t o   f a l l   w i t h i n   t h e   r a n g e   o f  a minimum of  
s ix  men t o  a maximum of 30 men. 

N o  p r o v i s i o n s   f o r   a r t i f i c i a l   g r a v i t y  were t o   b e   c o n s i d e r e d   f o r  any mission.  

P r o v i s i o n s   f o r   e x t r a v e h i c u l a r   a c t i v i t y  and  remote  experiments w e r e  t o   b e  
i n c l u d e d   i n   t h e   s t u d y .  

Mission  goals  were t o   b e   r e t a i n e d   i r r e s p e c t i v e   o f  any  system  compromises 
tha t   migh t   be   i ncu r red   fo r   ma in ta inab i l i t y   pu rposes .  

D u r i n g   e x t r a v e h i c u l a r   a c t i v i t i e s ,  no   metabol ic   losses  were to   be  charged 
s o l e l y   t o   p r e s s u r e   s u i t   i n f l u e n c e .  The only   d i sadvantages   to   be   cons id-  
e red  were a l o s s  i n   r e a c h   c a p a b i l i t y   a n d   i n   t a c t i l e   s e n s a t i o n ,   a n d   t h e  
e f f e c t s   o f   t h e   s p a c e s u i t  mass. 

Mission  success  w a s  def ined  as the   p robab i l i t y   o f  a l l  equipment  functions 
o f   t h e   s p a c e c r a f t   b e i n g   a v a i l a b l e   f o r   t h e   r e q u i r e d  t i m e  du r ing   t he   mi s s ion ,  
provided crew s u r v i v a b i l i t y   r e q u i r e m e n t s  were f i r s t   s a t i s f i e d .  
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3 . 2  ASSUMPTIONS 

Proper   performance  of   the  maintenance  analysis   required that c e r t a i n  as- 
s u m p t i o n s   a n d   g u i d e l i n e s   b e   e s t a b l i s h e d   t o   e n s u r e   u n i f o r m i t y   o f   e f f o r t   a n d  re- 
duce   t he  number o f   v a r i a b l e s   t o  a manageable level. Some o f   t h e  more important  
assumptions  used i n   t h i s   s t u d y  are summarized  below: 

Unscheduled  maintenance  has  priority  over  scheduled  maintenance.  There- 
f o r e ,  i f  maintenance  resources   ( including crew s k i l l s )   b e i n g   u s e d   f o r  
scheduled  maintenance are required  for   unscheduled  maintenance,   the   sched-  
u l e d   t a s k s  w i l l  be   de layed   un t i l   comple t ion   of   the   unscheduled   task .  

The mean main tenance   repa i r  times i n c l u d e   t h e  time from  receipt   of  a f a u l t  
i nd ica t ion   t h rough   comple t ion   o f   t he   r epa i r   o r   r ep lacemen t   i nc lud ing  check- 
ou t ,   and   r e tu rn  of equipment   to   s torage .  They a l s o   i n c l u d e   t h e   e f f e c t s   o f  
o ther   assumpt ions   g iven   here  when a p p l i c a b l e .  Where EVA is requ i r ed ,   t he  
time ref lec ts   tha t   necessary   for   checkout   and   donning   the   spacesui t ,   egress  
and   i ng res s   t h rough   t he   a i r lock ,   and   do f f ing   and   s e rv i c ing   t he   spacesu i t .  
P a r t   o f   t h e  t i m e  r equ i r ed   fo r   p reb rea th ing   pu re   oxygen  is assumed t o   b e  
s imul taneous   wi th   donning   the   spacesui t .  

Spares w i l l  b e   s t o r e d   i n  a l o c a t i o n   r e a d i l y   a c c e s s i b l e   t o   t h e  crew. An 
inventory w i l l  be   kept   o f   the   spares   on   board   and   the i r   s torage   loca t ion   to  
f a c i l i t a t e   f i n d i n g   t h e   c o r r e c t   s p a r e  when needed;   and   where   appl icable ,   to  
a i d   i n   d e t e r m i n i n g  new spares   needed a t  resupply.  

The p r o b a b i l i t y  of dea th   dur ing   the   miss ion  i s  n o t   c o n s i d e r e d   i n   t h e  99% 
p r o b a b i l i t y   o f  crew su rv iva l ,   wh ich   has   been   e s t ab l i shed  as a mission 
requirement.  

Where f e a s i b l e ,  as an   exped iency   fo r   t he   s tudy ,  i t  was assumed t h a t   t h e  
on b o a r d   i n f l i g h t  test sys t em,   wh ich   i nc ludes   t he   d i sp l ay   pane l   i nd ica t ions ,  
would i s o l a t e  a f a i l u r e   t o   t h e   r e p l a c e a b l e  component level,  recognizing 
tha t   ce r t a in   des ign   p rob lems  may b e   i m p l i c i t   i n   s u c h   a n   a p p r o a c h .   T h i s  
was assumed t o   b e   g e n e r a l l y   t r u e   f o r   e l e c t r o n i c   e q u i p m e n t ,   i n   p a r t i c u l a r .  
Otherwise,  i t  was assumed t h a t  t es t  po in t s   wou ld   be   ava i l ab le  s o  a f a u l t  
c o u l d   b e   i s o l a t e d   t o   t h e   r e p l a c e a b l e  component th rough  the   use   o f  avail- 
able  maintenance  and test equipment. I t  w a s  a l s o  assumed t h a t   f a u l t   i s o -  
la t ion   could   be   per formed  wi thout   b reaking  e lectr ical  connec t ions   and   tha t  
a l l  components  and tes t  p o i n t s  would b e   a c c e s s i b l e   t o  a pressure-su i ted  
man where   t h i s  was requi red .  

Re l i ab i l i t y   f ac to r s   u sed   i n   ma themat i ca l   mechan iza t ion   o f   t he   mi s s ions   d id  
n o t   i n c l u d e  any  values   that   might   have  been  ass igned  to  crew performance 
due t o   u n c e r t a i n t i e s   i n   t h e   v a l i d i t y  of  such a q u a n t i f i c a t i o n .   I n   e f f e c t ,  
t h e r e f o r e ,   t h e   s t u d y  assumed t h a t   r e l i a b i l i t y   o f   t h e  crew equaled  1.0.  

Commonality 

3 . 3  DEFINITIONS OF TERMS AND ABBREVIATIONS 

The p r o v i s i o n   f o r   i d e n t i c a l   r e p l a c e a b l e  items 
w i t h i n  a subsystem  or  between  subsystems.  Such 
items would  perform similar, b u t   n o t   n e c e s s a r i l y  
i d e n t i c a l ,   f u n c t i o n s   a n d   b e   d i r e c t l y   i n t e r -  
changeable. 
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Crew  Survival  (Probability)  The  probability  that no  fatal  crew  incident, 
caused  by  equipment  failure,  occurs  during  the 
mission.  See  Section 3 . 4 .  

Criticality  Code 

Degree  of  Maintenance 

Maintainability 

Maintenance  Concept 

MARCEP 

An arbitrary  means  to  specify  the  relative  im- 
pact  of  a  component  failure.  Ranges  from  re- 
quirement  to  operate  continuously  for  safety, 
to  indefinite  deferral of repair. 

An arbitrary  indication  of  the  complexity  of 
unscheduled  maintenance  to be performed.  Varies 
from  Degree "0" with  maximum  built-in  automatic 
redundancy to Degree "3" with  maximum  repair. 
See  Section 3 . 4  for  more  detailed  definition. 

A  quality  of  hardware  design  and  installation 
that  permits  hardware  to be retained in  or re- 
stored  to a  specified  operational  condition, in 
accordance  with  predetermined  requirements. 

A plan  for  accomplishing  scheduled  and  unsched- 
uled  maintenance  developed  during  equipment  de- 
sign.  The  degree  of  maintenance  to  be  performed 
to be specified in the  general  plan  at  the  sys- 
tem,  subsystem, or component  level. 

Maintainability  and  Reliability  Cost  Effective- 
ness  Program. A Boeing-developed  optimization 
model  used  to  augment  basic  spacecraft  equip- 
ment  component  lists  with  spares  and  redundan- 
cies.  See  Section 3.5.2. 

Mission  Success  (Probability)  The  probability  that  no  loss of hardware  func- 
tion  occurs  that  precludes  completion  of  all  mis- 
sion  objectives,  with  a 99% probability  of  crew 
survival  being  prerequisite  to  any  degree  of  mis- 
sion success. 

Modularization 

MTTR 

The  design  of  large  assemblies  €or  easy  repair 
at  the  subassembly  level  through  the  use  of  plug- 
in  or bolt-on  packages,  to  reduce  the  overall 
weight of spares  required.  Commonality  between 
replaceable  packages  is  a  desirable  goal  of 
modularization. 

Mean-time-to-repair.  The  average  time  required 
to  restore  an item to its  original  operating 
condition  after  a  fault  has  been  detected. Also 
termed  "mean  repair  time" on data  sheets in 
Volume 111. 
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Parallel-Redundant Item 

Repair  Confidence 

Scheduled  Maintenance 

Spare Item 

Standby-Redundant I t e m  

Unscheduled  Maintenance 

A dup l i ca t e   un i t   no t   r equ i r ed   fo r   no rma l   capa -  
b i l i t y   p u r p o s e s ,   b u t   p r o v i d e d   i n   t h e   s y s t e m   t o  
enhance   overa l l   sys tem  in tegr i ty   by   opera t ing .  
c o n c u r r e n t l y   w i t h   t h e   b a s i c   u n i t .  

The p robab i l i t y   t ha t   an   unschedu led   ma in tenance  
t a s k  w i l l  be   accomplished  within a s p e c i f i e d  
per iod  of  t i m e .  

Ma in tenance   ac t iv i ty   t ha t   occu r s  on a r e g u l a r  
cyc le   tha t   can   be   an t ic ipa ted   and   p lanned   for  
p r i o r   t o   s y s t e m   o p e r a t i o n .  

A s e p a r a t e l y   s t o r e d   u n i t   a v a i l a b l e   f o r   e x c h a n g e  
and   rep lacement   o f   an   ident ica l   bas ic   un i t .  

Same as para l le l - redundant  i t e m ,  except  opera- 
t ion   occurs   on ly  when swi tched   in   (manual ly   o r  
au tomat ica l ly)  a t  t h e  t i m e  t h e   b a s i c   u n i t   f a i l s .  

A l l  main tenance   no t   c lass i f ied   as   scheduled;   in -  
c luding  replacement  of  components  due t o  random 
f a i l u r e s ;   r e p a i r   o f  damage  due t o  human e r r o r ,  
spacec ra f t   ope ra t ions ,   o r   me teo ro id  impac t ;  and 
ad jus tment   requi red   to  meet e s t a b l i s h e d   t o l e r -  
ances .  

3 . 4  STUDY CRITERIA 

To conduct   the   s tudy   in   an   o rganized   and   cons is ten t  manner f o r   a l l  of   the  
miss ions   s tud ied ,  i t  was n e c e s s a r y   t o   e s t a b l i s h  some cr i ter ia  and  procedural 
def in i t ions   to   be   used   th roughout   the   s tudy .   These  are summarized i n   t h e   f o l -  
lowing  paragraphs.  

3.4.1 MAINTENANCE CONCEPT 

The  primary  objective of t h i s   s t u d y  is t o   d e v e l o p   u s e f u l   g u i d e l i n e s   f o r  
eva lua t ing   t he   e f f ec t s   o f   d i f f e ren t   ma in tenance   concep t s   on   ove ra l l   m i s s ion  re- 
quirements.  The f ac to r s   cons ide red   i n   de t e rmin ing   p re fe r r ed   ma in tenance  con- 
cepts   for   each   miss ion  are grouped as fo l lows:  

1) Operat ional   and  performance  factors   including : 

0 Performance   cons t ra in ts   ( such  as minimum crew s u r v i v a l   p r o b a b i l i t y )  

0 Miss ion   dura t ion  

0 Resupp ly   i n t e rva l   ( fo r   nea r -Ea r th   mi s s ions )  

0 C r e w  s i z e  and   ava i l ab le   d i sc re t iona ry  t i m e  

0 Scheduled  mission  events  

0 F a u l t   i s o l a t i o n   t e c h n i q u e .  
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Resource o r   c o s t   f a c t o r s   i n c l u d i n g :  

0 D o l l a r   c o s t   p e n a l t i e s  

0 Miss ion   modu le   we igh t   pena l t i e s   ( and   t he   r e su l t an t   e f f ec t   on  number 
of   launches  and  launch  costs)  

0 Mission  module  volume  penalties 

0 C r e w  s k i l l   v a r i a t i o n s .  

Hardware  and  design  factors   including:  

0 Func t iona l   des ign   cons t r a in t s  

0 Component l i f e  and f a i l u r e  rate. 

The s e l e c t i o n   c r i t e r i o n   u s e d   t o   e v a l u a t e   a l t e r n a t i v e   m a i n t e n a n c e   c o n c e p t s  
w a s  p r imar i ly   t he   we igh t   r equ i r ed   t o   ach ieve  a d e s i r e d  level of   mission  success  
p robab i l i t y .   Th i s  s ter i le  c r i t e r i o n  w a s  tempered by t h e   q u a l i t a t i v e   e v a l u a t i o n  
o f   t h e   e f f e c t   o f  a maintenance  concept   on  other   mission  factors ,   including  cost ,  
crew s k i l l  and s k i l l   t r a i n i n g   r e q u i r e m e n t s ,  equipment  complexity,  and  expected 
des ign   l tmi t a t ions ,   t o   men t ion   on ly  a few. 

3 . 4 . 2  MAINTENANCE CONCEPT DEFINITIONS 

The va r ious   ma in tenance   concep t s   cons ide red   i n   t h i s   s tudy   fo r   co r rec t ing  
unscheduled  or  random d e f i c i e n c i e s  may b e   d e f i n e d   i n  terms of  the  degrees  of com- 
p lex i ty   o f   the   main tenance   ac t ion   and   the   k inds   and   quant i t ies  of r e s o u r c e s   t h a t  
would be   r equ i r ed   t o   r e s to re   t he   sys t em  a f t e r   f a i lu re .   These   concep t s   cove r  a 
w ide   r ange   o f   poss ib i l i t i e s  , varying  from a Degree "0" maintenance,   in   which no 
unscheduled  maintenance is contemplated s o  tha t   t he   des i r ed   p robab i l i t y   o f   suc -  
cess m u s t  be   achieved  by  bui l t - in   automatic   redundancy,   to  a Degree "3" mainte- 
nance i n  which maximum r e s t o r a t i o n   o f   f a i l e d  components  can  be  accomplished. It 
must be  remembered that   the   performance  of   scheduled  maintenance  has   been  es tab-  
l i shed   a s   an   accep ted   r equ i r emen t   fo r   t he   pu rposes  of  th i s   s tudy .   These   genera l  
concepts   for   unscheduled   main tenance   ac t iv i t ies   a re   def ined   as   fo l lows:  

The Degree "0" concep t   i nco rpora t e s   on ly   p rov i s ions   fo r   au tomat i c   r e s to ra -  
t i o n   o f   t h e   s y s t e m   a f t e r   f a i l u r e .  

The Degree "1" concept limits maintenance  to   adjustment   of   out-of- tolerance 
equipment,  and  manual  switching  to  activate  standby-redundant  elements. 
Some f a u l t   i s o l a t i o n   i n s t r u c t i o n s  and  simple  hand  tools are needed,  but no 
s p e c i a l  crew s k i l l s  are r e q u i r e d   f o r   t h i s   c o n c e p t .  

The Degree "2" concept   incorpora tes   p rovis ions   for   phys ica l ly   removing  
f a i l e d  components  and  replacing  with a good spare. F a u l t   i s o l a t i o n   e q u i p -  
men t ,   ma in tenance   i n s t ruc t ions ,   and   t oo l   k i t s  are r equ i r ed .  Also, t h e  
crew must   have  greater   knowledge  of   the  system  and  possess   greater   techni-  
cal  s k i l l s   t h a n   f o r   t h e  Degree "1" concept.  

The  Degree "3" maintenance   concept   a l lows   repa i rs   wi th in   the   func t iona l  
component  packages.  Such  repairs may be made wi th   t he   package   i n   p l ace   i n  
t h e   s y s t e m ,   o r  by  removing t h e   f a i l e d  component t o  a more convenient work 
l o c a t i o n .   C u t t i n g   a n d   j o i n i n g   p r o c e s s e s  are inc luded .   Soph i s t i ca t ed   f au l t  
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i so la t ion   equipment ,   .main tenance   ins t ruc t ions ,   and   too ls  are requ i r ed .  The 
crew m u s t  h a v e   h i g h l y   s p e c i a l i z e d   m a i n t e n a n c e   s k i l l s  i n  a d d i t i o n   t o   t h e i r  
capab i l i t i e s   fo r   pe r fo rming   p r imary   mi s s ion   ob jec t ives .  

All of   these   concepts  are f u r t h e r   d e f i n e d   b y   i d e n t i f i c a t i o n   o f   t h e  re- 
sources   (weight ,   volume,   manhours ,   e tc . )   expended  to   incorporate   maintenance 
provis ions  for   specif ic   subsystems  and  components .  

3.4.3 SUCCESS CRITERIA 

The b a s i c   s u c c e s s  cri , teria u s e d   f o r   t h i s   s t u d y  were requi rements   for  99% 
p r o b a b i l i t y   o f  crew s u r v i v a l  and 99% p robab i l i t y   fo r   mi s s ion   success .  The 99% 
p r o b a b i l i t y   o f  crew s u r v i v a l  as a mandatory  requirement   within  overal l   mission 
s11ccess was i n i t i a l l y   e s t a b l i s h e d  as a s tudy   ground  ru le  by NASA. The space- 
c r a f t  components cons ide red   fo r   ca l cu la t ing   c r ew  su rv iva l   p robab i l i t y  were those  
"reasoned'.' t o  h e  Tecessarv   for  crew su rv iva l   ove r   t he   mi s s ion   du ra t ion .  The 
dura t ion   of   the   Ear th-orb i ta l   miss ions  was considered as the   i n t e rva l   be tween  
r e s u p p l i e s .  The du ra t ion   o f   t he   p l ane ta ry   mi s s ions  w a s  considered as the   in -  
terval b e t w e e n   s u c c e s s f u l   i n j e c t i o n   i n t o   t r a n s p l a n e t a r y   t r a j e c t o r y   a n d   t h e  
a r r i v a l   o f   t h e  ERV on the   Ea r th ' s   su r f ace .   Mis s ion   success  was def ined   as   the  
p robab i l i t y   o f  a l l  spacec ra f t   equ ipmen t   func t ions   be ing   ava i l ab le   fo r   t he  re- 
qu i r ed  time during  the  mission,   provided  crew  survival   requirements  were f i r s t  
m e t .  Examples of  some equipment   necessary  for   mission  success ,   but   not  crew 
s u r v i v a l ,  are exper iments ,   da ta  management hardware,   and  recreation  and exer- 
cise equipment. 

As r e q u i r e d ,  a 99% assurance  of  crew s u r v i v a l  w a s  m e t  i n  a l l  of   the  s tudy 
opt imiza t ions   and   s imula t ions .  A 99% assurance  of   mission  success  w a s  a l s o  m e t  
o r   exceeded   i n  a l l  of   the  analyses   even  though a s p e c i f i c   r e q u i r e m e n t   f o r   t h i s  
level of   success  was no t   l ev i ed .  

3.4.4 RELIABILlTY ASSESSMENT CRITERIA 

R e l i a b i l i t y  c r i te r ia  were of p r i m e  impor tance   to   the   conduct   o f   the   s tudy .  
Consequent ly ,   considerable   care  was exe rc i sed  by t h e   r e l i a b i l i t y   e x p e r t s  as- 
s i g n e d   t o   t h e   s t u d y   i n   s e l e c t i n g  component f a i l u r e  rates. 

S e l e c t i n g   s u i t a b l e   f a i l u r e  rates for   sys tem  components ,   in   genera l ,  would 
r equ i r e   cons ide ra t ion   o f   s eve ra l   i n f luenc ing   f ac to r s ,   i nc lud ing :  

1) Opera t ing   env i ronmen t   (v ib ra t ion ,   t he rma l ,   r ad ia t ion ,   e t c . ) ;  

2 )  Opera t ing   l oad   (pe rcen t   r a t e s ) ;  

3 )  S p e c i f i c  component (by   manufac tu re r ' s   pa r t   o r   spec i f i ca t ion  number) t h a t  
migh t   be   s e l ec t ed ,  as in f luenced  by d o l l a r   c o s t  and  development  schedule 
l i m i t a t i o n s .  

Fo r   t h i s   s tudy ,   however ,   t he   eng inee r ing   de f in i t i on   o f  components w a s  no t  
s u f f i c i e n t l y   d e t a i l e d   t o   a l l o w   p r e c i s e   a s s e s s m e n t   o f   t h e   e f f e c t s   o f   t h e s e   f a c -  
t o r s .   Fo r   t h i s   r ea son   mos t  component f a i l u r e  rates were s e l e c t e d  by the  fol low- 
ing  method. 

14 



F i r s t ,   t h e   f o l l o w i n g   b a s i c   a s s u m p t i o n s  were made: 

1) Procurement   constraints   based  on  cost   or   schedule   considerat ions  would  be 
t h e  same as c u r r e n t l y   e n c o u n t e r e d   i n  NASA programs.  Therefore,   part   and 
component f a i l u r e  rates would  be as good as, o r   b e t t e r   t h a n ,   m i l i t a r y  
s tandard .  

2) Hardware f o r   t h e  1975 miss ion   would   be   essent ia l ly   the  same as t h a t  now 
i n   e x i s t e n c e  o r  under  development i n  1967. 

3 )   Re l i ab i l i t y   g rowth   fo r 'mos t  component types  would  continue a t  t h e  same 
rate as   has   been  experienced  over   the  past  5 years .  

Nex t ,   f a i lu re  rates f o r   e a c h  component type  were found i n  several sources  
t o  e s t a b l i s h  a f e a s i b l e   r a n g e .  The sources   o f   t hese   da t a  w e r e  many and  var ied.  
The major   por t ion   o f   the   da ta   sources   used  were made ava i lab le   f rom The  Boeing 
Company, Aerospace   Rel iab i l i ty  Data Center .   This   da ta   cen ter   p rovides   suppor t  
t o   a l l  Aerospace Group programs  and  also  conducts  data  exchanges  with  other 
Boeing  divisions,   other  companies,   and  governmental   agencies.  

F i n a l l y ,   p o i n t   e s t i m a t e s   o f  component f a i l u r e  rates were s e l e c t e d   f o r   t h e  
two mission t i m e  periods,  1975  and  1985. The v a r i a t i o n s   i n   f a i l u r e  rates over  
the  range  found  for   each component type  were due t o   d i f f e r e n c e s   i n   t h e   f o l l o w -  
i n g   f a c t o r s :  

1) Complexity  of  functions  provided  and  parts  within  the  components; 

2) Loading o r  stress l e v e l   o f   t h e  component p a r t s ;  

3) I n h e r e n t   r e l i a b i l i t y   g r o w t h   p o t e n t i a l  and t h e  assumed date  of  procurement 
o r   u s e .  

The se l ec t ion   o f   po in t  estimates from t h i s   r a n g e  w a s  made on   t he   bas i s   o f  
analogies  to  comparable  equipment i n  known systems  and  judgment   re la t ive  to   the 
above  factors .  

3.5 STUDY METHODOLOGY 

3.5.1 GENERAL APPROACH 

Bas ica l ly ,   the   s tudy   used   miss ion   and   des ign   in format ion   prev ious ly   deve l -  
oped  elsewhere. Some des ign   modi f ica t ions  were performed,  but  only when i t  ap- 
pea red   t ha t   ava i l ab le   ex i s t ing   concep t s  would not   be   compat ib le   wi th   requi re -  
ments   of   selected  systems  (e .g . ,  electrical  power subsys t em,   s t ruc tu ra l   and  
sh ie ld ing   p rov i s ions ) .  Launch v e h i c l e  and  ground  support  aspects were consid- 
ered f o r   p a r a m e t r i c   c o s t   t r e n d s ,   b u t   t h e i r   d e t a i l e d   a n a l y s e s  were no t   w i th in  
the   scope   of   the   s tudy .  Two levels of  technology were assumed f o r   s t u d y   a p p l i -  
c a t i o n  s o  t h a t   t h e   e f f e c t s   o f   p o t e n t i a l  and an t i c ipa t ed   t echno log ica l  improve- 
ments  could  be  accommodated:  the  mid-1970's  and  the  mid-1980's.  Within  each 
time pe r iod ,  two. r ep resen ta t ive   mi s s ions  and a s s o c i a t e d   s p a c e c r a f t  were postu- 
l a t ed ,   one   Ea r th -o rb i t a l   and   one   i n t e rp l ane ta ry ,   t he reby   p rov id ing  a broad  base 
for   compara t ive   ana lys i s   o f   the   hardware   and   procedures   l ike ly   to   be   involved .  
Table 1 p r e s e n t s  a summary o f   t h e   m i s s i o n s   s e l e c t e d   f o r   t h i s   s t u d y .  
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Table 1: RESUME OF SELECTED MISSIONS 

O r b i t a l  
S i z e  Basis A l t i t u d e  Durat ion Mission Per iod  
C r e w  Conf igura t ion  

Mid- 
1970's  

Near-Earth 

-" 5 50 Mars /Venus 

n.mi. max . Orb i t  
200 5 yea r s  

Flyby  days 

1 
Douglas- I MOEU 

NAA 
Concept 

8 

- -~ 

Mid- 
1980's  

Earth-Moon 

Center L1 
n.mi. max. L i b r a t i o n  

173,000 5 yea r s  

Mars 460 days --- 
Landing approx. 

Douglas- 

Concept ; 
I M I S C D  

Resupply 
Per iod  _ _  

90-180 

P r e i n j   e c t i o n  
o r % i t   o n l y  

180-360 
days 

P r e i n j e c t i o n  
o r b i t   o n l y  

Subsys tems  of   the   se lec ted   spacecraf t   conf igura t ions  were broken down t o  
t h e i r   c o n s t i t u e n t  modules  and  components t o   e s t a b l i s h   t h e   m a i n t e n a n c e   l e v e l s  
necessary   for   ident i fy ing   main tenance   requi rements .  Each  of t he   fou r   mi s s ions  
involved  about  550 types  of  components  and  11,000 discrete u n i t s ,  and the   s tudy  
considered a t o t a l  of approximately 66,000 da ta   po in ts .   Subsys tem  var iab les  
t h a t  were e v a l u a t e d   i n c l u d e d   f a i l u r e  rates, ope ra t ing  times, weight,  volume, 
c o s t ,  mean r e p a i r  t i m e ,  maximum a l lowable   downt ime,   repa i rab i l i ty   fac tor ,   and  
c r i t i c a l i t y   f a c t o r .   A n t i c i p a t e d   s c h e d u l e d  and  unscheduled  maintenance  activi-  
t ies  were determined  for  the  selected  systems  and  components.   Design  and  opera- 
t i o n a l   r e q u i r e m e n t s   d i c t a t e d  by t h e s e   m a i n t e n a n c e   a c t i v i t i e s   a l s o  were def ined .  
Computer mechanization was u s e d   f o r   r e i t e r a t i o n s   o f   v a r i a b l e   m a i n t a i n a b i l i t y  
parameters  and  simulations  of  mission  events.  

3.5.2 COMPUTER MECHANIZATION TECHNIQUES 

A Boeing-developed  computer-programmed  model c a l l e d  MARCEP (Main ta inab i l i t y  
and R e l i a b i l i t y   C o s t   E f f e c t i v e n e s s  Program) was used t o   o p t i m i z e   p o s t u l a t e d  
s p a c e r r a f t   c o n f i g u r a t i o n s .  With a complete ,   s ingle- thread  system  provided,  
MAECEP first de te rmines   t he   r e l i ab i l i t y   o f   each  component  and  then  the  basic 
s y s t e m   r e l i a b i l i t y .  Each i t e m  is t h e n   c o n s i d e r e d   f o r   a d d i t i o n   t o   t h e   s y s t e m   i n  
one  of   three ways : parallel   redundancy,  standby  redundancy,  and  spares  redun- 
dancy.  The  method t o   b e   a p p l i e d   f o r  any given component is determined by re- 
p a i r a b i l i t y  and c r i t i c a l i t y   c o d e s   u s e d   t o   d e s c r i b e   t h e  component when i t  i s  p a r t  
o f   the   bas ic   sys tem.  Through many r e i t e r a t i o n s  of t h i s   p r o c e s s ,  a complete 
spacec ra f t   con f igu ra t ion  i s  s t r u c t u r e d ,   w i t h   t h e   l e a s t  amount of  added  "cost" 
( g e n e r a l l y   i n  terms o f   w e i g h t ) ,   t o   a c h i e v e   t h e   d e s i r e d   l e v e l   o f   o v e r a l l   r e l i a -  
b i l i t y   f o r   t h e   a s s i g n e d   m i s s i o n   d u r a t i o n   o r   r e s u p p l y   i n t e r v a l .  The u s e f u l  re- 
s u l t  of   this   program is  a printed  readout  of  the  components  added  to  the  system, 
shown wi th   t he i r   s equence   o f   add i t ion ,   t he  new s y s t e m   r e l i a b i l i t y ,  method  of 
a d d i t i o n   ( p a r a l l e l ,   s t a n d b y ,   o r   s p a r e )  , and  cumulative  system  "cost"  parameters. 
This   information is  then  grouped i n  numerous  ways f o r   a n a l y s i s   t o   d e t e r m i n e  
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problem areas, necessary   on-board   resources ,   sk i l l   and   t ra in ing   requi rements ,  
etc. The program  uses  Fortran I V  language,  which is operated  on by a Univac 
1108 d i g i t a l  computer. 

The opt imized   comple te   spacecraf t   conf igura t ion  w a s  next  used as a n   i n p u t  
t o  a miss ion   s imula t ion   model   to   de te rmine   the   e f fec ts   o f   main tenance  time, 
s p a r e s   w e i g h t ,   m i s s i o n   d u r a t i o n   o r   r e s u p p l y   i n t e r v a l ,   s y s t e m   r e l i a b i l i t y ,   a n d  
maintenance  resources  on  the,system. Random unscheduled   fa i lures  are s imulated 
through  the   dura t ion   of   the   miss ion .   Consequences   o f   the   fa i lures  are tabu- 
l a t e d ,   i n c l u d i n g  component i d e n t i f i c a t i o n ,   r e s o u r c e s   t o   a c c o m p l i s h   r e s t o r a t i o n  
t a sks ,   queu ing   ( i f   any ) ,  M'i'TR's and   va r i a t ions   t he reo f   abou t   t he i r  mean va lues ,  
number ot crewmen involved,  and EVA r e q u i r e m e n t s .   S t a c i s t i c s   f o r  a t o t a l  simu- 
l a t i o n   o f  100 c y c l e s   o f   t h e   s e l e c t e d   m i s s i o n   d u r a t i o n   o r   r e s u p p l y   i n t e r v a l  were 
t abu la t ed .  The s imula t ion  method  uses  the IBM General  Purpose  System  Simulation 
(GPSS) Model I11 language,  which is operated  on by an  I B M  7094 d i g i t a l  computer. 

3.5.3 RESOURCES 

For   t h i s   ana ly t i ca l   "pape r"   s tudy ,   t h ree   ma jo r   sou rces   o f   i n fo rma t ion  were 
u s e d :   r e f e r e n c e   m a t e r i a l   a v a i l a b l e   i n   p u b l i s h e d   l i t e r a t u r e ,  some of  which was 
n o t   i n   g e n e r a l   d i s t r i b u t i o n ;   p e r s o n a l   c o n t a c t   w i t h  NASA research   cen ters   and  
programs;  and  inhouse  cooraination.  Section  11.0 of Volume I1 l ists  a l l  pub- 
l i s h e d   r e f e r e n c e  material used   fo r   concep tua l   and   t echn ica l   pu rposes   i n   t h i s  
s tudy .  A number of  them are summarized b r i e f l y   i n  Volume 111. Some o f   t he  
p r i n c i p a l   r e f e r e n c e s  are : 

Ref. 1 

Ref. 2 

Ref.  48 

Ref. 81 

Ref.  86 

Ref. 88 

Report   on  Optimizat ion  of   the Manned Orbi ta l   Research  Laboratory 
MORL System  Concept, NASA-Langley, Contract  NAS1-3612, September  1964. 

Manned Mars and/or  Venus Flyby  Vehicle  Systems  Study, NASA-MSC, 
Contract  NAS9-3499, June  1965. 

Prototype  Life   Support   System  for   Space  Fl ights   of   Extended T i m e  
Pe r iods ,  NASA-Langley, Contract  NAS1-2934, 1963-1965. 

Summary Report  of  Reference  48, November 1966. 

Final  Report-"1ntegrate.d Manned Interplanetary  Spacecraf t   Concept  
D e f i n i t i o n  (IMISCD).,  NASA-Langley, Contract  NAS1-6774, January  1968. 

MARCEP-"Maintainability  and Rel iab i l i ty   Cos t   Ef fec t iveness   Program,  
paper   p resented  a t  Four th   Annual   Rel iab i l i ty   and   Main ta inabi l i ty  
Conference, Los Angeles,  July  1965; E.  P .   T ro t t ,  The Boeing Company. 

The s t u d y   i n   R e f e r e n c e  86 is c u r r e n t l y   i n  work a t  Boeing,  and  close 
coord ina t ion  was maintained  to   apply  information  being  developed  there   to   the 
Mars l and ing   mi s s ion   o f   t h i s   s tudy .   O the r   i nhouse   coord ina t ion   i nc luded  con- 
su l t a t ion   w i th   t echn ica l   s t a f f   expe r t s   on   va r ious   subsys t ems ;   deve lopmen t   o f  
r e l i a b i l i t y ,   c o s t ,   a n d  human factors   data;   and  mathematical  services i n  con- 
ducting  the  computer  programs. Numerous con tac t s  were made wi th  NASA o f f i c e s  
to   acqui re   spec ia l ized   subsys tem  and   per formance   in format ion ,   espec ia l ly   in   the  
a r e a s   o f   l i f e   s u p p o r t ,   i s o t o p i c  power generat ion,   and  c is lunar   environments .  
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Figure 1: MAINTENANCE  CONCEPTCOMPARISON - Total Spacecraft 
Added Weight vs Probability of Assurance 



4.0 MAINTENANCE CONCEPT COMPARISONS 

The  baseline  maintenance  concept  used  for  the  four  missions  studied  was  pri- 
marily  Degree "2 , l l  with  deviations  to  Degrees "0  , l l  "1 , ' I  and "3" for  specific 
items  that  did  not  lend  themselves  to  Degree "2" maintenance.  It  was  felt  that 
this  approach  would  yield a first  approximation  to  the  optimum  maintenance  con- 
cept.  To  substantiate  this, a  Degree "0" maintenance  concept  was  generated  for 
the  1975  Mars/Venus  flyby  missPon  and  evaluated.  The  required  probabilities 
of  assurance  for  the  Degree "0" maintenance  concept  are  achieved  in  almost  all 
cases  by  using  built-in  parallel  (continuously  operating)  and  standby  (automati- 
cally  switched)  redundancies  instead  of  spares.  Therefore,  essentially  no  un- 
scheduled  maintenance  is  required  to  correct  component  failures.  It  should  be 
noted  that  the  Degree "0" concept  does  not  apply  to  scheduled  maintenance  activ- 
ities,  because  it  was  found  to  be  impractical  to  eliminate  this  maintenance. 
The  concept  of  fixed  redundancies  for  some  components  (such  as  structure,  duct- 
ing,  etc.)  was  found  to  be  illogical  within  the  constraints  of  the  mathematical 
model  used  for  optimization.  Therefore,  the  Degree "0" concept  does  include 
some  spares  and  maintenance  kits  for  selected  items,  but  for  most  components, 
fixed  parallel  or  standby  redundancies  were  allowed  with  relatively  low  penalties 
for  automatic  switching.  Similarly,  for  the  Degree "2" concept,  due to  various 
criticality  factors  it  is  illogical  to  spare  every  component  that  might  fail, 
and,  therefore,  a  small  number  of  fixed  redundancies  together  with  automatic 
switching  when  required  are  included  in  the  added  weight  for  the  Degree "2" con- 
cept  when  manual  restoration  appeared  unfeasible. 

The  effects  of  Degrees "0" and "2" maintenance  concepts  were  also  evaluated 
at  the  subsystem  level.  Again,  this  comparison  was  made  for  the  1975  Mars/Venus 
flyby  mission  only;  however,  the  trends  found  are  considered  representative  of 
other  missions  as  well.  The  detailed  maintenance  concept  comparison  by  subsys- 
tem  is  found  in  the  appendix  to  Volume  11. 

4.1 WEIGHT  COMPARISON OF MAINTENANCE  CONCEPTS 

The  first  comparison  of  the  Degrees "0" and "2" maintenance  concepts  was 
made  at  the  total  spacecraft  level.  Comparison  at  this  level  showed  that  less 
weight  was  added  under a  Degree "2" concept  to  achieve 99% assurance  of  mission 
success  than  was  added  for  the  Degree "0" concept.  However,  the  weight  added  to 
achieve  mission  success  for  the  Degree "0" concept  appeared  completely  unreason- 
able.  This  resulted  from  including  backup  probes  for  the  experiments  subsystem. 
The  number  of  probes  carried  to  achieve 99%  assurance of  success  was  excessive 
even  though  the  probability  improvement  was  calculated  by a spares  formula.  Re- 
su1t.s  of  the  comparison  are  shown in  Figure 1. The  broken  line  curve  labeled 
B shows  the  excessive  weight  of  probes  added  to  achieve 99% assurance  of  suc- 
cess.  Because  this  approach  was  unfairly  biased,  the  maintenance  concept  for 
the  experiments  subsystem  was  redefined.  Increments  of  parallel  redundancy  were 
allowed  to  be  added  to  the  probe  internal  mechanisms  and  to  the  on-board  experi- 
ment  packages.  The  weight  increments  were  very  small  in  comparison  to  the  basic 
weight  of  the  probes  and  experiment  packages;  however,  the  probability  increase 
gained  by  one  increment  addition  to a probe  was  equivalent  to  that  gained  by 
launching  two  duplicate  probes  to  accomplish  one  mission.  This  was  considered 
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to be optimistic,  but  certainly  fair  for  the  comparison.  The  results  of  the 
redefined  Degree "0" concept are  shown  as  broken  line  curve "A" in  Figure 1. 

A s  expected,  the  Degree "2" maintenance  concept  showed  significantly  less 
weight  added  to  achieve  a 99% assurance of mission  success. The  numerical  weight 
difference  between  the  two  concepts  was  over 5600 kg at the 99% mission  success 
points. 

4.2  COST  COMPARISON  OF  MAINTENANCE  CONCEPTS 

For  mission  planning  purposes,  one  of  the  principal  factors  in  selection  of 
a  maintenance  concept will be  dollar  cost,  assuming  achievement  of  the  same 
assurance  level.  To  determine  the  cost  impact  of  the  Degrees "0" and "2"  
maintenance  concepts,  a  relative  cost  comparison  was  made.  The  final  configu- 
rations  of  the  spacecraft  under  each  of  the  maintenance  concepts  were  inputs  to 
the  costing  effort,  along  with  assessments  of  requirements  for  additional  de- 
sign, crew  training,  technical  data  development,  automated  fault  isolation,  and 
numerous  other  factors  affected  by  the  maintenance  concept.  The  summary  of  the 
costing  is  shown in  Table 2. The  equivalent  dollar  cost  associated  with  the 
1.000 relative  cost  shown  for  the  Degree "2" concept  is 3198 million  dollars. 
Certain  assumptions made in  the  costing,  as  well  as  elimination  of  some  factors, 
were  necessary  for  the  study  and  are  indicated  in  Sections 9.1 and 9.4 of 
Volume 11. Other  costing  information  for  specific  missions  is  provided  in  the 
subsystems  descriptions  given  in  Volume  111. It is  evident  from  examination  of 
the  costing  table  that  the  Degree "2" maintenance  concept  is  desirable  from  a 
cost  viewpoint  as well as from  a  weight  viewpoint. It should be noted  that  a 
relative  cost  factor of 0.001 is  roughly  equivalent  to  3.2  million  dollars,  and 
the  total  difference  of  0.149  between  the  two  concepts  represents  approximately 
477 million  dollars.  This  figure  does  not  include  ancillary  increases  such as 
booster  requirements  to  accommodate  the  additional  weight  incurred  by  the De- 
gree "0" concept. 
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Table 2 :  COMPARISON OF RELATIVE COSTS FOR DEGREE "0" AND "2" 
MAINTENANCE---1975  MARS/VENUS FLYBY MISSION 

Degree "0" Maintenance  Concept  Degree "2" Maintenance  Concept 

Subsystems 
Life  Support  
Communications 
Crew System 

Data Management 
E l e c t r i c a l  Power 
Extravehicular  Activity 

Inf   l igh  t Test 
Maintenance Equipment 
Propulsion 

Navigation & Guidance 
S t a b i l i t y  & Control 
S t ruc ture  

AGE 

Test and  Demonstration 

Software 
Computer Programming 
Training Equipment 
Simulation Equipment 

Training 
Technical Data 

Launch Si te   Support  

Tota l  

Dev.  Hdwe. 

0.172 0.006 
0.230 0.005 
0.019 0.002 

0.040 0 .010 
0 .050  0.007 
0.043 0.005 

0.136 

0 .038 
0 022 
0.087 

0.101 
0.097 

Negligible 
0.002 
0.003 

Negligible 
Negligible 

0.037 

0 .002  Negligible 
0 .001  Negligible 

0.004 

0.008 
0.007 
0.008 

Op'n. Tota l  

0.178 
0.235 
0.021 

0.050 
0.057 
0.048 

0.002 
0,001 
0.140 

0.046 
0.029 
0.095 

0.005 0.106 

0.097 

Dev . 

0.148 
0.198 
0.017 

0.035 
0.043 
0.037 

0.001 
0.001 
0.117 

0.032 
0.019 
0.075 

0.087 

0.097 

Hdwe. Op'n. 

0 :004 
0.004 
0.001 

0.005 
0.004 
0.002 

Negligible 
Negligible 

0.003 

0.008 
0.006 
0.008 

Negligible Negl igible   Negl igible  
Negligible 0.002  0.002 
Negligible 0.003 0.003 

Negligible Negligible  Negligible 
Negligible Negligible  Negligible 

0.002  0.039 0.037 

Tota l  

0 152 
0.202 
0.018 

0.040 
0.047 
0,039 

0.001 
0.001 
0.120 

0.040 
0.025 
0.083, 

0.004 0.091 

0.097 

Negligible  Negligible 
Negligible 0.002 
Negligible 0.003 

Negligible  Negligible 
Negligible  Negligible 

0.002 0.039 

1.080 0.062 0.007  1.149  0.949  0.045 0.006 1.000 
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5.0 EFFECTS OF M I S S   I O N  PARAMETERS AND  MAINTENANCE 
ON SPACE  PROGRAMS 

A number of: d i f f e ren t   mi s s ions   desc r ibed  i n  o t h e r   s t u d i e s  w e r e  eva lua ted  
f o r   m i s s i o n   c o n c e p t s ,   g o a l s ,   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 ,   p e r s o n n e l   a n d   h a r d -  
ware requi rements ,   and   depth   o f   de ta i led   in format ion   to   es tab l i sh   representa-  
t ive and   workab le   base l ine   mi s s ions   t ha t   cou ld   be   , ana lyzed   i n   t h i s   s tudy ,  
Volume I11 o f   t h i s   r e p o r t   p r e s e n t s  a de ta i led   d5scuss ion   of   the   miss ions  se- 
l ec t ed ,   spacec ra f t   con f igu ra t ion   ana lyses   and   s e l ec t ions ,   and   t he   spacec ra f t  
subsystem  analyses,  It is n e c e s s a r y   t o  review this   information  and  examine 
t h e  MARCEP da ta .   shee ts   and   main tenance   t ask   ana lys i s   shee ts   (a l so   conta ined  
i n  Volume 111) t o   a p p r e c i a t e   f u l l y   t h e   d e p t h  of data t h a t  w a s  used as a back- 
ground f o r   t h e   s t u d y   a n a l y s e s .  

A t  the   sys tem  leve l ,   the   e f fec t   o f   varv ing   major   miss ion/sys tem  parameters  
w a s  investigated.   These  parameters  included  mission  duration,  weight,   volume, 
mean r e p a i r  time, and   requi red   l eve l  of repa i r   conf idence .   In   eva lua t ing   the  
e f f e c t s  of t h e  mean r e p a i r  t i m e ,  g r o s s   e r r o r s   i n   t h e   e s t i m a t i o n   o f   r e p a i r  times 
were assumed  and appl ied  as f a c t o r s   t o   t h e   b a s e l i n e   r e p a i r  times. The r e s u l t s  
o f   i nves t iga t ing   t he   sys t em- leve l   e f f ec t s   o f   pa rame t r i c   va r i a t ions   a r e  pre-  
s e n t e d   i n   S e c t i o n  5 .1  f o r  a r ep resen ta t ive   i n t e rp l ane ta ry   mi s s ion .  

Scheduled   main tenance   ac t iv i ty  w i l l  have  an  effect  on mission  requirements.  
In   par t icu lar ,   scheduled   main tenance  w i l l  a f f e c t  crew workload  and the   we igh t  
of  expendables  required t o  conduct  the  mission.  These  aspects  of  scheduled 
main tenance   a re   d i scussed   in   Sec t ion  5.2.  

The e f f e c t s  of  unscheduled  maintenance on overa l l   miss ion   requi rements  
were evaluated  by  conduct ing a series of   s imulat ions  where  the  mission w a s  
examined  under  simulated real t i m e  condi t ions .  In t h e   s i m u l a t i o n s ,   f a i l u r e s  
were a l lowed   t o   occu r  randomly  and s t a t i s t i c s  on queuing,  resource  expendi- 
t u r e s ,  and  maintenance t i m e  (which was also  determined  randomly) were recorded. 
The r e s u l t s   o f   t h e s e   i n v e s t i g a t i o n s   a r e   p r e s e n t e d  i n  Sec t ion  5.3. 

S k i l l   r e q u i r e m e n t s   t o   b e   p r o v i d e d   w i t h i n   t h e   f l i g h t  crew to  accomplish 
both  scheduled  and  unscheduled  maintenance  were  also  evaluated  for a l l  t h e  
missions.  The impact  of  spacecraft   maintenance on crew s k i l l   d i s t r i b u t i o n  
and  use i s  d i s c u s s e d   i n   S e c t i o n  5 . 4 .  

The cha r t s   i nc luded   he re  were p repa red   fo r   t he  1975 Mars/Venus f lyby  
mission.  These  charts are t y p i c a l  of t h e   k i n d   o f   i n f o r m a t i o n   a v a i l a b l e   i n  
Volume I1 f o r  a l l  of   the   miss ions   cons idered   dur ing   the   s tudy .  

5 . 1  EFFECTS OF VARYING SELECTED MISSION/SYSTEM PARAMETERS 

Figure  2 i l l u s t r a t e s  growth i n   t o t a l  weight  of  components,  added  as 
para l le l   redundant ,   s tandby-redundant ,  o r  spare items t o  a complete, basic, 
nonredundant   spacecraf t   in  t h e  most e f f e c t i v e  manner t o   a c h i e v e  a desired  prob-  
a b i l i t y   o f   a s s u r a n c e .  An i n v e r t e d   l o g  scale has   been  used  a long  the  ordinate  
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t o   p r o v i d e   b e t t e r   v i s i b i l i t y  a t  t h e   h i g h e r   v a l u e s  of i n t e r e s t .   S i n c e  99% 
probab i l i t y   o f  crew s u r v i v a l  is  a mandatory  requirement,  components  contribu- 
t i n g   t o   t h i s  are cons ide red   f i r s t   i n   t he   op t imiza t ion   p rog ram.   Af t e r   99% 
has  been  reached,  the  program is  opened up t o   i n c l u d e   a l l   r e m a i n i n g  items, 
causing a l o w e r   p r o b a b i l i t y   o f   m i s s i o n   s u c c e s s   i n i t i a l l y   u n t i l   p r o p e r  compo- 
n e n t s  are again  added t o   a c h i e v e  the d e s i r e d   r e l i a b i l i t y  level. A t  least 
99%  assurance  of crew s u r v i v a l   t h u s  is  a lways   imp l i c i t   i n  a l l  por t ions   o f  
the  mission  success   curves .  The curve   g roups   have   been   separa ted   for   c la r i ty  
by repea t ing   the   weight  scale a l o n g   t h e   a b s c i s s a .   F o r   a n   i n i t i a l   s p a c e c r a f t  
nonredundant  weight  ofY45, 824 ki lograms,  i t  can  be  seen  that   approximately 
3900 kilograms  of  additional  redundant  and  spare items w i l l  be  needed on 
boa rd   t o   ensu re  99% p robab i l i t y   o f   mi s s ion   success   fo r  a  550-day mission. 

F igure  3 shows t h e   d i s t r i b u t i o n  by  subsystem  of  the  total   weight  added 
t o   a c h i e v e  99% p r o b a b i l i t y  of mission  success .   These  weights ,   represented by 
the   c ros s -ha tched   ba r s ,  are compared w i t h   i n i t i a l   w e i g h t s   o f   t h e   r e s p e c t i v e  
subsystems as indica ted   by   the   so l id   bars .   For  a d e t a i l e d   d i s c u s s i o n  of 
some o f   t he   imp l i ca t ions  and  reasons  involved  here ,  see S e c t i o n   6 . 1   i n  Volume 
11. Othe r   cha r t s   a l so  were gene ra t ed   t o   eva lua te   s ens i t i v i ty   o f   we igh t s  and 
p robab i l i t i e s   t o   va r ious   l eve l s   o f   r epa i r   con f idence  and t o   d i f f e r e n t  MTTR's 
(mean-time-to-repair) . 

5.2 EFFECTS OF SCHEDULED MAINTENANCE ON OVERALL MISSION REQUIREMENTS 

Tab3.e 3 summarizes t h e  man-minutes required  to   perform  planned  maintenance 
t a s k s  a t  1-, 3-, 7-, 21-, 30- and  90-day in t e rva l s   fo r   each   subsys t em.  The 
column  of average man-minutes p e r  day is t h e  sum of a l l  task-times  performed 
on the   respec t ive   subsys tem,   d i s t r ibu ted   th roughout   the   miss ion   dura t ion   as  a 
s t a t i s t i ca l   r e f e rence   t o   gage   r e l a t ive   impac t   o f   subsys t em  work loads .  It can 
b e   s e e n   t h a t   t h e  crew syscem  and l i f e   suppor t   subsys t em  f a r   ou twe igh  a l l  o t h e r s  
combined. A similar breakdown a l so   has   been   cha r t ed   aga ins t   sk i l l   r equ i r emen t s ,  
Total  scheduled  maintenance  workload  averages  about  2.5  hours  per  day  through- 
out   the   miss ion .  

Expendables were hand-ca lcu la ted   for  a six-man flyby  mission.  These are 
summarized  by  subsystem,  as a func t ion   of   miss ion   dura t ion ,   in   F igure  4.  Tota l  
expendables   for  a 550-day mission amount t o  about 7500 kilograms  (16,500  lb).  

5 .3  EFFECTS OF UNSCHEDULED MAINTENANCE ON OVERALL MISSION REQUIREMENTS 

Using  the  optimized  configuration  developed as indicated  above,  100 Mars/ 
Venus f lyby  missions  involving random f a i l u r e s  were s imula ted  on  a second com- 
puter  program.  This  provided a b r o a d   s t a t i s t i c a l   b a s e  on possible   unscheduled 
ma in tenance   ac t iv i t i e s ,   f o r   de t e rmin ing   t he   e f f ec t s   o f   ma in tenance  t i m e ,  spa res  
weight ,   miss ion   dura t ion ,   sys tem  re l iab i l i ty ,   and   main tenance   resources   on   the  
mission.   Unscheduled  maintenance  act ivl t ies   according  to   subsystem are shown 
i n   T a b l e  4. It can   be   seen   here   tha t   the   da ta  management subsystem  incurred 
t h e   l a r g e s t   p r o p o r t i o n   o f   f a i l u r e s   ( 4 3 % )  and the   h ighes t   f requency   (a  mean of 
10.62  days  between f a i l u r e s ) .  However, ave rage   r e s to ra t ion  t i m e  of 105  minutes 
p e r   f a i l u r e  was w e l l  below  most other  subsystems.  Averaged  throughout a  550- 
day mission,   the   unscheduled  maintenance  load  amounted  to   s l ight ly  more than  

*includes  17  568  kilograms  of  experiments 

24 

I 



T 18, OOO 

MISSION VEHICLE 
INITIAL WEIGHT 
28,256 kg 

I N l T l A L  WEIGHT [IIIIIIIIADDED WEIGHT - 550 DAYS 

Figure 3: SUBSYSTEM INCREMENTAL  WEIGHTS - 
1975 Mars /Venus Flyby Mission 



Subsystem 

Crew System 

Data Management 

Electrical Power 

Tab le  3: SUBSYSTEM SCHEDULED MAINTENANCE REQUIREMENTS--- 
1975 MARS/VENUS n Y B Y  MISSION 

Man"inutes/Maintenance  Interval   (Days)  
1 3 7 30 " ~~ 

- 21"~ - "- - 

- - - - - - 
360  40  40 

110 

300 

E x t r a v e h i c u l a r  

Experiments 

I n f l i g h t  Test System 10 
N 
Q) Life   Suppor t   Sys tem 10 1 5  60 

P r o p u l s i o n  

Reentry  System 

S t r u c t u r e  
- - - 

Tot a1 Man-minut es 20 15  420 

Average  Man-minutes/Day 20 5  60 

30 

30 

30 

30  335 2 60 

480 

360 

- - - 
30 15 45 830 

1 .4   51 .5  9.2  

Average , M a n -  
Minutes /Day 

53.2 

1 . 2  

10.0 

0.3 

0.3 

11.0 

39.1 

16.0 

4.0 

12.0 
- 

147 .1  - 

NOTE: Scheduled   main tenance   requi red  a t  i n t e r v a l s   g r e a t e r   t h a n   9 0   d a y s   a n d  a t  t h e   r e s u p p l y  
p e r i o d s  are n o t  shown i n  the   above  summary as t h e s e   t a s k s   m u s t   b e   d o n e  a t  a b o u t   t h e  
time i n d i c a t e d   a n d   c a n n o t   r e a l i s t i c a l l y   b e   a p p o r t i o n e d   o v e r  a number of days.  



Table 4: SUBSYSTEM UNSCHEDULED MAINTENANCE REQUIREMENTS--- 
1975 MARS/VENUS FLYBY MISSION 

Subsystem 

Life  Support 

Communications 

Crew System 

Data Management 

Electrical Power 

Extravehicular  Activity 

Experiments 

I n f l i g h t  Test 

Maintenance  Equipment 

Propulsion 

Earth  Reentry  System 

S t a b i l i t y  and Control 

S t ruc ture  

Navigation and Guidance 

N 
4 

Totals  

Percent of 
Total  System 

Fai lures  

12.88 

3.76 

0.14 

44.26 

4.15 

0.27 

0.69 

11.94 

0.05 

8.12 

0.26 

6.05 

0.27 

7,16 

100.00 

Percent of 
Total  System 
Repair Time 

11.73 

6.92 

0.06 

29.58 

5.20 

0.33 

2.48 

6.16 

0.06 

12.86 

0.72 

6.61 

0.72 

16-3 7 

100.00 

Mean Days 
Between 

Fa i lures  

36.52 

122.12  

3437.50 

10.62 

113.64 

1774.19 

679.01 

39.40 

11,000.00 

57.89 

1833.33 

77.79 

1774.19 

65.71 

Average 
MinfFail. 

143 

2 82 

69 

10 5 

19 8 

188 

562 

81  

175 

249 

442 

172 

429 

364 - 
4.69  Average 161 Average 

Average 
Min/Day 

3.92 

2.31 

0.02 

9.89 

1.74 

0.11 

0.83 

2.06 

0.02 

4.30 

0.24 

2.21 

0.24 

5.54 

33.43 

- 

NOTE: The above da ta  i s  based on one  hundred 550-day simulation  runs,  which is the  equivalent  of 
150 years  of operation. 
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0.5  hour .   Coupl ing  this   with  the  scheduled  maintenance  load  noted  previously 
r e s u l t s  i n  a very modera te   average   to ta l   requi rement  ( 3  hours   pe r   day )   fo r  
maintenance  out   of   the  144  manhours per   day   ava i lab le   f rom a six-man crew. 
The o ther   miss ions   s tud ied   had   approximate ly   the  same requirements.  

F igure  5 shows the   cumula t ive   p robab i l i t y   o f   spa res   u sage  by weight ,   over  
100 mis s ion   s imula t ions   o f   t he  550-day mission.  The max imum usage was found t o  
b e  850  kilograms,  or  21.8% of t h e   t o t a l   r e s o u r c e s   c a r r i e d  on  board. The curve 
i n d i c a t e s   t h a t   t h e r e  is 100% p r o b a b i l i t y   t h a t   n o t  more than  850 kilograms w i l l  
be  used  during a mis s ion .   S imi l a r ly ,   t he re  is a 95% p r o b a b i l i t y   t h a t   n o  more 
than  590  kilograms w i l l  be  used,  and  approximately 67% p r o b a b i l i t y   t h a t   t h e  
mean of  312  kilograms,  or 8% of i n i t i a l l y   a l l o c a t e d   w e i g h t ,  w i l l  n o t   b e  ex- 
ceeded. Of course ,  a l l  s p a r e s   m u s t   b e   s t o c k e d   f o r   t h e   t r i p   s i n c e   t h e   n e c e s s i t y  
t o   u s e  any  given  component  cannot  be  predicted.  Optimization  of  spares  weight 
by e l imina t ing   dup l i ca t ion   be tween   t hose   fo r  crew surv iva l   and   addi t iona l   iden-  
t i c a l  items f o r   m i s s i o n   s u c c e s s ,   o r  by canniba l iz ing   unused   or  removed compo- 
nen t s ,  was n o t   a t t e m p t e d   i n   t h i s   s t u d y .  A s  a p r a c t i c a l   c o n s i d e r a t i o n ,   t h e  la t -  
ter  p r a c t i c e  may n o t   b e   d e s i r a b l e  anyway because   o f   poss ib l e   unce r t a in ty   i n  
r e s u l t i n g   r e l i a b i l i t i e s .  

5 .4  EFFECTS OF MAINTENANCE ON CREW SKILL REQUIREMENTS 

Ski l l   requirements   to   accomplish  necessary  scheduled  maintenance  during 
the  1975 Mars/Venus f lyby  mission were determined in   t he   cou r se   o f   t he   ma in te -  
nance  analysis .   Table  5 summarizes   required  scheduled  maintenance  by  ski l l   and 
m a i n t e n a n c e   i n t e r v a l ,   i n d i c a t i n g   t h e   t o t a l  man-minutes required.   Scheduled 
maintenance  requirements  given  in  Tables 3 and 5 are n o t   i n d i c a t e d  beyond 90 
days  s ince i t  is f e l t   t h a t   t h e   m a i n t e n a n c e   a c t i o n s   o c c u r r i n g  beyond 90 days 
are of  an  overhaul  nature  and  cannot  be  averaged  out  over  the  entire  mission. 
Special   mission  planning must  be  accomplished  to  accommodate such  act ions.  

The mission  simulation  program  mentioned  in  Section  5.2  also was used t o  
ident i fy   expec ted   sk i l l   usage   for   unscheduled   main tenance   dur ing   the   1975 
Mars/Venus f lyby  mission.  The r e s u l t s   a r e   g i v e n   i n   T a b l e  6 ,  where i t  can  be 
seen   t ha t   t he   ave rage   da i ly  demands  on any  one s k i l l   a r e  minimal. The h ighes t  
demands a r e   r e q u i r e d   o f   t h e   e l e c t r i c a l / e l e c t r o n i c   a n d   m e c h a n i c a l   s k i l l s ,   w i t h  
20.2  and  10.9  minuteslday  average  workload,  respectively.  However, the   aver -  
a g e   s k i l l   u s e  time f o r  any d i s c r e t e   t a s k   t a k e n  a t  random i s  186  minutes ;   th i s  
f i g u r e   c o n s i d e r s   b o t h   i n t e r i o r  and e x t e r i o r   t a s k s .  The average  daily  workload 
i s  c a l c u l a t e d  by d i v i d i n g   t h e   a v e r a g e   s k i l l   u s e  time by  the mean time between 
s k i l l   u s a g e s .  When Tables  4 and 6 a r e  compared, d i f fe rences   in   the   accumula ted  
averages  can  be  noted.  These  occur when  two ( o r  more) s k i l l s  are a p p l i e d   t o  
a t a s k   s i m u l t a n e o u s l y ,   r e s u l t i n g   i n  a t o t a l   s k i l l   u s e  t i m e  t ha t   exceeds   t he  
e lapsed  time fo r   accompl i sh ing   t he   t a sk .  

I n   g e n e r a l ,  i t  can   be   s ta ted   tha t   one   o f   each   pr imary   sk i l l   should   be   suf -  
f i c i e n t   t o  accommodate a l l   s c h e d u l e d  and  unscheduled  maintenance  tasks  that 
can  be  expected  during a 550-day in t e rp l ane ta ry   mi s s ion ,   and   t ha t  no i n o r d i n a t e  
load  w i l l  be   p laced  on  any p a r t i c u l a r   s k i l l .  
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Table 5: SCHEDULED MAINTENANCE CREW SKILL REQUIREMENTS - 1975 MARS/vENuS FLYBY MISSION 

S k i l l  

Communications 

E l e c t r i c a l / E l e c t r o n i c  

Guidance d Navigat ion 

L i fe   Suppor t  

Mechanical 

S t r u c t u r e s  

T o t a l  Man-Minutes 

Average  Man"inutes/Day 

Man"inutes/Maintenance  Interval  (Days) 
- 1 - 3 21 30 90 - - - - 

10 

10 15 

- - 
20 15 

20 5.0 

- / 

240 

180 

420 

60.0 

Total Man- 
MfnuteslDav 

80 0.9 
300 390 24.3 

60 0.7 
30 215 240  60.6 

610 60 46.7 

420 - 
30 1545 8 30 
- - - 14.0 

1 . 4  51.5 9.2 147.1 

NOTE: Schedu led   ma in tenance   r equ i r ed   a t   i n t e rva l s   g rea t e r   t han  90 days is  n o t  shown i n  t h e  
above summary a s   t h e s e   t a s k s  must be  done a t  about   the  time indica ted   and   cannot  
r e a l i s t i c a l l y   b e   a p p o r t i o n e d   o v e r  a number of days.  



Crew  Skill 

Life  Support  Systems 

Electrical/Electronic 

Mechanical 

Structures 

Communications 

Guidance  and  Control 

Medical 

Scientist-Experiments 

Table 6 :  UNSCHEDULED  MAINTENANCE CREW,SKILL REQUIR3"S"- 
1975  MARS/VENUS J?LYBY MISSION 

% of Total 
Repair  Time 

8.7 

45.4 

24.4 

7 . 9  

6.5 

5 . 4  

0 . 6  

1.1 

Mean  Days 
Between  Skill  Use 

36.8 

7.5 

31.1 

74.9 

57 .O 

76.1 

27,500.0 

524.0 

Average 
Min.  /Skill  Use 

142 

152 

338 

2 60 

164 

180 

7 70 

4 80 
- 

Average Min. /Day 

3.9 

20.2 

10.9 

2.9 

5 .0  

2 . 4  

0.03 

0 .92  
- 

Totals 100.0 4.26 Average 186 Average 44.8 

NOTE: The  above  data is based on one  hundred  550-day  simulation  runs,  which is. the  equivalent of 
150  years. of operation. 



6.0 GUIDELINES FOR SELECTING SUBSYSTEM  MAINTENANCE CONCEPTS 

Ear ly  i n  t h e   s t u d y  it became evident   that   the   only  mea.ningfu1  general ized 
main tenance   concept   for  a long-durat ion manned space  mission  can  be  expressed 
i n  a s i n g l e   s t a t e m e n t :  i t  is i n e v i t a b l e   t h a t  on-board  maintenance,  both  sched- 
uled  and  unscheduled, w i l l  be  performed  by  the crew and  must  be  planned  for 
from the   incept ion   of   the   p rogram.  All f u r t h e r   d i s c u s s i o n   s h o u l d   b e   d i r e c t e d  
a t  the  scope  of   maintenance  that .  w i l l  b e   r e q u i r e d  by var ious  e lements   of  a 
spacecraf t .   Thus,  two subs id i a ry   ph i lo soph ies  on the   degree  of maintenance 
that   should  be  performed w e r e  examined  during  the  s tudy  analysis :  

1) Maintenance  act ions by t h e  crew w e r e  pe rmi t t ed   wheneve r   ove ra l l   r e l i ab i l -  
i t y  of the   spacecraf t   and   leve l   o f   miss ion   assurance   could   be   enhanced  
thereby.  

2) Maintenance  actions  by  the  crew were r e s t r i c t e d   t o   t h e   b a r e s t   e s s e n t i a l s ,  
and  system  redundancy was i n c o r p o r a t e d   t o   t h e  maximum e x t e n t   p o s s i b l e ,  
cons i s t en t   w i th   l og ica l   des ign   concep t s .  

Most  of t he   s tudy   e f fo r t   cen te red   a round  I t e m  1, where i t  was found  tha t  
var ious  maintenance  concepts  emerged  depending  upon  the  select ion  cr i ter ia .  
These  included  operat ional   and  performance  factors ,   resource  or   cost   factors ,  
and  hardware  and  design  factors.  The concepts were d e f i n e d   i n  terms of  main- 
tenance  act ion  complexi ty   and  kinds  and  quant i t ies   of   res torat ion  resources .  
The four   degrees   o f   main tenance   thus   ident i f ied  were a p p l i e d   a s   a p p r o p r i a t e   t o  
the   severa l   subsys tems  ana lyzed .  Also ,  i t  was decided  that   the   most   meaningful  
s e l e c t i o n   c r i t e r i o n   s h o u l d   b e   o n e   i n   w h i c h  a f ixed   p robab i l i t y   o f   success   ( e .g . ,  
99% p r o b a b i l i t y  of crew s u r v i v a l )  would be  achieved a t  a minimum cos t   pena l ty .  
The general   s tudy  approach  a l lowed  the  cost   penal ty   to   be  measured  in   the  form 
of d o l l a r   c o s t ,   w e i g h t ,   o r  crew manhours ,   or   combinat ions  of   these.   For   the 
most par t ,   the   parameter   o f   weight  was u s e d   s i n c e   t h i s   b o r e   d i r e c t l y  on opera- 
t i o n a l   f e a s i b i l i t y   a n d   l o g i s t i c   c h a r a c t e r i s t i c s .   S e c t i o n  7 .0  i n  Volume I1 d i s -  
cusses   in   de ta i l   the   main tenance   concepts   der ived   for   each   of   the   subsys tems  of  
each   pos tu la ted   conf igura t ion .  No meaningfu l   overa l l   s ta tement   o f   p r inc ip les  
can b e  made s ince   the   concepts   vary   f rom  zero   scheduled   main tenance   (e .g . ,  ele- 
ments of the   communica t ions   subsys tem)   to   s ign i f icant   requi rements   for   the   l i fe  
suppor t   subsys tem,   and   charac te r i s t ics   o f   the   subsys tems  vary   rad ica l ly .  

F igures  6 through 9 summarize the  maintenance  concepts   suggested  for   each 
subsystem i n  each   of   the   miss ions   s tud ied .  The  recommended concept is noted by 
heavy  l ines   and   the  le t ter  " R . "  Where t h e r e  are e x c e p t i o n s   t o   t h e  recommended 
concept ,   these  are shown under   the   appropr ia te   degree  of maintenance by a b r i e f  
no ta t ion .   I f   fu r the r   s tudy   needs   t o   be   done ,   t he   no ta t ion  "FS" is  shown. A s  
shown i n   F i g u r e  6 ,  t h e  communications and  s t ruc tu re   subsys t ems   a r e   t he   on ly  ex- 
c e p t i o n s   t o   t h e  recommendatiorl o r  Degree "2" rnaintenance  for   the 1975 near-Earth 
orb i t   miss ion .   Degree  "1" is  recommended for   the  former  because  of   the low num- 
b e r   o f   s p a r e s   r e q u i r e d   t o   a c h i e v e   t h e   d e s i r e d   r e l i a b i l i t y .   I f   o n l y   o n e   o r  two 
spa res  are requ i r ed ,  i t  i s  u s u a l l y   p r a c t i c a l   t o  wire them in to   t he   sys t em.  
S ince   redundant   o r   rep laceable   s t ruc ture  i s  not  a log ica l   main tenance   approach ,  
Degree "3" ( r e p a i r )   h a s   b e e n   s e l e c t e d   f o r   t h e  l a t te r  subsystem.  Evaluation  of 
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the 1985 L1 Libration  Center  mission  subsystems  (Figure 7) resulted  in  the  same 
recommendations  for  essentially  the same  reasons,  although  there  were  some  indi- 
vidual  differences in subsystem  characteristics. For  example,  the  allowable 
downtime  for  the  receiverldecoder  used in 1975  was  assumed  to be greater for the 
1985  system,  and  that,  together  with  improved  reliability,  permitted  this  item 
to  be  spared  instead of parallel-redundant. 

In  general,  Degree "2" maintenance  is  recommended  for  subsystems of the 
interplanetary  configurations,  given in Figures 8 and 9. The  communications 
and  structure  subsystems  again  are  exceptions  for  the  same  reasons  given  above; 
however, in the  1985  mission,  the  laser  assembly is the  principal  maintenance- 
significant  component  and  requires  periodic  replacement  due  to  its  limited  life- 
time. Because  the  nuclear  power  supply  has a variety  of  component  types,  main- 
tenance  concept  recommendations  cover  the  full  range  from  parallel  redundancy 
(Degree "0") for the fuel  block, to  repair  (Degree "3") for  radiators  and  tub- 
ing. The  type  of  component  thus  becomes  determinant on the  concept  to be fol- 
lowed. Since  elements  of EVA equipment in general can be  maintained  by  repair 
action,  this  concept  was  recommended  for  both  missions.  The  stable  platform 
in the  navigation  and  guidance  subsystem  constitutes  the  major  maintenance 
problem  due  to  platform  alignment  requirements.  Tentatively,  it  is  recommended 
that  one  level  of  standby  redundancy  be  provided,  with  the  basic  unit  designed 
for  replacement  and  backed  up by the  necessary  spares. 
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7.0 MA I NTENANCE PH I LOSOPHY AND DES I GN PRECEPTS 
COMMON TO ALL MISS IONS 

7.1  GENERAL  DISCUSSION 

The main tenance   ph i losophy  se lec ted   for  a m i s s i o n   s i g n i f i c a n t l y   a f f e c t s  
t h e   a p p r o a c h   t a k e n   i n   t h e   b a s i c   d e s i g n   o f   t h e   s p a c e c r a f t .   I f  a concept  of  no 
maintenance is assumed,   then   the   spacecraf t   mus t   inc lude   para l le l   o r   s tandby - 
redundant   components ,   wi th   au tomat ic   o r   remote ly   cont ro l led   swi tchover   capabi l -  
i t y   f o r  a l l  s p a c e c r a f t   f u n c t i o n s   t h a t   m u s t   o p e r a t e   f o r   t h e   d u r a t i o n   o f   t h e  m i s -  
s i o n .   F o r   l o n g i d u r a t i o n   m i s s i o n s   t h i s   c a n   r e s u l t   i n   a n   e x c e s s i v e l y  complex  and 
heavy  configuration. 

I n   g e n e r a l ,   s e l e c t i n g  a main tenance   ph i losophy  requi res   cons idera t ion   of  
severa l   fac tors .   These   inc lude :  

0 Knowledge  of mi s s ion   ob jec t ives .  

0 M i s s i o n   e f f e c t s  on system/subsystem  design. 

0 Mission demands  on  crew t i m e .  

0 Techn ica l   capab i l i t i e s   o f   t he  crew to  provide  maintenance. 

e F e a s i b l e   l e v e l  of  maintenance  action  and  associated demands  on packaging 
concepts .  

0 An estimate o f   t he   i nhe ren t   r e l i ab i l i t y   o f   t he   subsys t em  ha rdware   ( f a i lu re  
r a t e s  and u s e f u l   l i f e )  and  configurat ion.  

e Safe ty   imp l i ca t ions   a s soc ia t ed   w i th   a l t e rna te   ma in tenance   ph i lo soph ies  
t h a t   a r e   c o n s i d e r e d .  

0 An est imate   of   equipment   a l lowable  downtimes  and  repair / res torat ion times 
( r e p a i r  t i m e  d i s t r i b u t i o n s  and  mathematical  models used  to   evaluate   prob-  
a b i l i t y  of no sys t em  f a i lu re  due to   exceeding  the  a l lowable  downtime).  

The  optimum maintenance  philosophy  for a s t a t e d   m i s s i o n  w i l l  be  based on 
t h e  most e f f ec t ive   b l end   o f   t he  parameters tha t   measure   the   in f luence  of t h e s e  
f ac to r s .   Sec t ion  6.0 ind ica tes   the   main tenance   ph i losophies   o r   concepts   tha t  
were though t   t o   be   mos t   e f f ec t ive   fo r   t he   subsys t ems   o f   t he   mi s s ions   s e l ec t ed  
f o r   t h i s   s t u d y .   S e c t i o n  7 . 2 ,  which  follows,  summarizes  those  maintenance  phi- 
l o s o p h i e s   t h a t  were found t o   b e  common t o  a l l  the   miss ions   s tud ied .  

7.2 MAINTENANCE PHILOSOPHY COMMON TO ALL MISSIONS 

1)   Plan  maintenance  on a  remove-and -replace  (Degree "2") basis  whenever 
p r a c t i c a b l e .  Component packaging  must  be a t  a level t h a t  w i l l  f a c i l i t a t e  
t h i s   c o n c e p t .  Use s p e c i a l   m a i n t e n a n c e   k i t s   o n l y   f o r   r e p a i r s   o f   l a r g e ,  
bulky items for   which a remove-and-replace  concept may n o t   b e   d e s i r a b l e ;  
e . g . ,   s t r u c t u r a l   p a r t s ,  p lumbing,   ducts ,   large  tanks,   e tc .  

2 )  With r e l a t i v e l y  few exceptions,  an  on-board  bench  repair  (Degree "3") 
maintenance   capabi l i ty  i s  no t   j u s t i f i ed .   Excep t ions   mus t   be   eva lua ted  

39 



5) 

4 )  

individual ly .   because  most   unscheduled  maintenance  requirements  are insuf -  
f i c i e n t   t o   w a r r a n t   s u c h  a c a p a b i l i t y .  Component replacement   requir ing EVA, 
i n  which t h e  removed assembl ies  are returned  to   the  bench  where  Degree "3" 
maintenance  can  be  performed i n  a s h i r t s l e e v e   e n v i r o n m e n t ;   o r   s i t u a t i o n s  
where  the  experiments  subsystem  requires  an  on-board  workshop  and  other 
subsystems  can  be  designed  to   take  advantage  of  i t s  a v a i l a b i l i t y ,  may b e  
considered  for   Degree "3" maintenance. 

Use scheduled  maintenance  only when o t h e r  means  of . a t t a i n i n g   d e s i r e d  
assurance  levels are t o o   c o s t l y   i n  terms of   weight   (spares ,   expendables) ,  
crew t i m e ,  c o s t ,   a n d   r e l i a b i l i t y   o f   a f f e c t e d   s y s t e m s .  

When only  one  spare  of  an i t e m  is  requ i r ed   t o   ach ieve   t he  d e s i r e d  l e v e l  of 
assurance,   consider  making  the  spare  standby-redundant s o  i t  can  be 
swi tched   in to   the   sys tem when t h e  main i t e m  f a i l s .   T h i s  w i l l  e l imina te  
a remove-and-replace  maintenance  action. 

Give unscheduled  maintenance  precedence  over  scheduled  maintenance; i . e . ,  
unscheduled  maintenance  has f i r s t   p r i o r i t y   o v e r   m a i n t e n a n c e   r e s o u r c e s  
inc luding  crew ski l ls ,   except   where  unscheduled  maintenance  of   nonsafety 
c r i t i c a l  items l o g i c a l l y  is preempted  by  scheduled  maintenance  of  safety 
c r i t i ca l  items. 

Make a v a i l a b l c   f u l l y   d e t a i l e d   p r o c e d u r e s   f o r   a l l   s c h e d u l e d  and  expected 
unscheduled  maintenance  functions.  

Provide   adequate   spares   to   ensure   the   requi red   p robabi l i ty   o f  crew su rv i -  
v a l  and  mission  success .  

7 . 3  DESIGN PRECEPTS COMMON TO ALL MISSIONS 

These   p r inc ip les  augment the   assumpt ions   g iven   in   Sec t ion  7.2. 

P l ace  Emphasis  on  Design  of Life   Support  Subsystem---The l i f e   s u p p o r t  
subsystem,  which  included l i f e   s u p p o r t  and   env i ronmen ta l   con t ro l   i n   t h i s  
s tudy ,  i s  the  major  source  of  scheduled  and  unscheduled  maintenance work- 
l o a d .   I n   a d d i t i o n ,  i t  requires   an  extended  per iod  of   t ra ining  to   develop 
the   necessa ry   ope ra t ion   and   ma in tenance   sk i l l .   Spacec ra f t   i n t e r io r   des ign  
should  be  planned  about a l i f e   s u p p o r t   s u b s y s t e m   c o n f i g u r a t i o n  and l o c a t i o n  
tha t   . op t imizes   ope ra t ion  and  maintenance. 

Modularize  High  Failure  Items---Equipment  should  be  modularized  whenever i t  
can  be  broken down i n  a number  of ident ica l   modules .  The g r e a t e r   t h e  num- 
be r  of i den t i ca l   modu les ,   t he  more e f f e c t i v e  i s  the   u se   o f   spa res ,  and i n i -  
t i a l   s p a r e s   w e i g h t   p r o v i d e d   f o r  a mission is reduced  considerably.  

Design  for Commonality  of Spacecraf t  Components---Achieve  commonality  of 
components,   within  and  between  subsystems,  whenever  possible.   Spares re- 
qu i r emen t s   dec rease   s ign i f i can t ly  when a high  degree  of  commonality  can  be 
at ta ined.   For   example,   e lectronic   subsystems  could  s tandardize  on a smal l  
v a r i e t y  of ampl i f ie r   modules   tha t  would be   r ep laceab le  and common between 
the  subsystems. 

~~ ~ 

Design  for  Commonality  of  Experiment  and S p a c e c r a f t - - - I n  planning 
experiment  programs  and  identifying  the  equipment  required,   use items t h a t  
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are  common  with  spacecraft  system  equipment  wherever  possible.  Better  use 
of  equipment,  less  cost,  and  fewer  spares  to  support  the  spacecraft  and 
experiments will result. 

Spare  Heavy  Noncritical  Items  Only  at  Resupply---For.some  large  items  of 
equipment;.where the  probability  of  failure  is  quite  remote,  only  one 
spare  is  necessary  to  achieve  the  desired  assurance  of  mission  success. 
If resupply is available  and  failure  of  the item can be tolerated for  a 
number  of  days  by  using an alternate  mode  of  operation,  the  practicabil- 
ity of  not providing  a  s.pare  initially  should be considered. If the  item 
fails,  a  spare  can be brought  up  at  the next resupply. 
Minimize EVA---In  the  interest  of  reducing EVA, place  high-failure-rate 
and  long-maintenance-time  items  within  the  pressure hull whenever  practi- 
cal. 
Reduce  Hazards  to  Personnel  during  EVA---Design  equipment  mounted  on  exte- 
rior  surfaces  to  withstand  an  inadvertent  impact,  and  minimize  hazards  to 
a  pressure-suited man, by  such  means  as  eliminating  unprotected  sharp  sur- 
faces  and  making  surfaces  easily  visible  under all lighting  conditions. 

Design  Airlock  for  at  least Two Men---It  is  assumed  that  EVA will  require 
two  workers  for  maximum  safety  (the  "buddy"  system).  Accordingly,  design 
airlocks  for  a  minimum  of  two  spacesuited  men  and  arrange  for  the  doors 
to  interlock  (permitting  only  one  to  open  at  a  time)  unless  the  cabin 
pressure  is  dumped. 
Incorporate  Safety  Measures---Provide  protection  for all switches  and  con- 
trols  against  inadvertent  activation. Plan all  maintenance  tasks  that 
could  possibly  cause  loss  of  cabin  pressure,  and  design  the  equipment, so 
that  functions  can be performed  by  spacesuited  personnel;  for  example,  air- 
lock  interior seal replacement. Also, consider  compartmented  design  to  re- 
duce  the  possibility  of  catastrophic  failure  throughout  the  spacecraft. 

Develop  Alternate  Design  of  Fane1  Display  Indicators---When  designing 
fault  indication  and  status  displays , consider  electromechanical  flags  and 
solid-state  lights  as well as a  fault  matrix  display,  as  alternatives to a 
conventional  display  with  tndicator  lamps.  The  replacement  of  bulbs  takes 
only  a  short  time,  but  failures  must  first  be  detected,  and  frequent  re- 
placement  can be  a  major  nuisance. 

Identify  Fasteners  Selectively---Limit  fasteners  for  all  items  that  can be 
maintained  to  a  few  common  types  and sizes, to minimize  tool  requirements. 
Fasteners  for  items  requiring  removal  by  a  spacesuited man should be as 
large  as  practical  and  few  in  number. 
Limit  Electrical  Connections---No  EVA  repair of connectors  or  plugs  should 
be planned. For  interior  electrical  connections  wire-wrap  or  crimp  (one 
or  the  other)  connections  should be used  to  permit  inflight  repair  without 
soldering. 

~- " 
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8.0 COST ANALYSIS 

8.1 BACKGROUND DATA AND ESTIMATING  TECHNIQUES 

A decision  was  made  early  in  the  study  to  conduct  the  analysis  initially 
with  weight as the  major  influence..on  configuration  optimization.  However, 
dollar  cost as  a potential  trade  parameter was  borne in mind  at  all  times  in 
the  event  a  decision  required  this as  a basis.  Also,'  cos't  elements  became  impor- 
tant  when  dealing  with  multiple  launches  for  a  given"sing1e  mission.  As  it 
turned out,  the study  team  could  find no case  where  cost  as  an  independent 
parameter  was  influential in selecting a maintenance  concept  or'  revising  a  con- 
figuration  approach;  design  requirements  and  associated  reliability,factors  were 
the  overriding  considerations, 

Cost  factors  are  of  interest,  however,  in  the  analysis  of  contending  main- 
tenance  philosophies,  and  in  gross  comparisons  of  differing  missions. For this 
study,  because  of  the  uncertainty  of  costs  for  systems 20 years hence. a  method 
was used.where the  relative  cost  number  for  a  baseline  spacecraft  flight  config- 
uration  totaled  to 1.000. This  permitted  comparison  of  systems arid concepts  on 
an  absolute  basis,  within  the  context  of  current  economics,  on  the  assumption 
that  hardware  and  program  cost  relationships  do  not  vary  significantly  with  time 
regardless  of  the  external  financial  environment. 

8.1.1 COST  ANALYSIS  APPROACH 

In estimating  costs  for  the  various  missions,  two  baselines  were  set  up: 
one  for  the  mission  vehicle  and  the  other  for  the  total  program.  These  base- 
lines  were  initiated  using  Douglas  MORL  and  Boeing MOL cost  information  data  as 
guides,  realizing  that  the  basic  values  would  change  as  the  study  effort  pro- 
gressed.  As  the  system  configurations  were  developed  and  more  cost  information 
became  available,  these  cost  figures  were  updated  using  detailed  information 
from  several  data  resources. By  ground rule, and  because  primary  interest 
centered  in  the  mission  vehicle  hardware,  emphasis  of  the  costing  effort  was 
placed  on  the  mission  vehicle.  However,  software,  launch  site  support,  boosters, 
and  other  costing  elements  were  estimated  to  obtain  total  program  costs.  The 
basic  aspect  of  the  costing  effort  was  to  develop  relative  cost  numbers for each 
subsystem so that  their  total  for  the  mission  vehicle  would  equal 1.000. In 
addition to deriving  relative  cost  numbers  on  the  specific  configurations,  total 
system  program  cost  tables  were  developed  for  each  program  to  show  predicted 
costing  trends  between  programs  and  for  major  program  elements. 

8.1.2 DERIVATTON OF RELATIVE  COSTS 

Relative  costs  are  merely  decimal  proportions  of  an  overall  cost  unit. In 
this  case, the  mission  vehicle  was  selected  as  the  most  meaningful  unit  article 
in the  study  to be evaluated,  and  relative  costs  were  broken  down  into  various 
elements in such a manner  that  their  summation  would  be 1.000 for  the  total 
mission  vehicle.  Relative  cost  numbers  were  derived  from  a  combination  of  param- 
eters  and  detail  estimating  techniques,  using  direct  application of experience, 
extrapolation  of  historical  data,  detailed  estimates  of  comparable  systems,  and 
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other  sources  of  similar  information.  These  values  are  expressed  as  a  relation- 
ship  to  dollars  or  manhours  against weight,  size,  time, etc.,  to form  a  coordi- 
nate system  within  which  the  relationship  is  expressed as a median  line,  or  a 
set  of  limits.  This  approach  was  used in estimating  the  total  systems  cost  as 
well  as  a  check  point  for  verifying  the  total  mission  vehicle  cost. 

Parametric  information  was  developed  by  cross-plotting  subsystem  character- 
istics.  These  cross-plots  included  cost  versus  weight  and  cost  versus  mandays  in 
orbit,  among  others. In this manner, trends  could  be  detected  that  would  pro- 
vide  a  range of  values  applicable tQ the  studies.  Estimates  then  were  made  for 
what  could be called a "basic"  mission  vehicle,  using  charts  of  the  parametric 
historical  data so far evolved.  The  "basic1'  mission  vehicle  is  that  which  is 
singlelthread  without  redundancies  or  spares,  but  otherwise  is  operationally 
complete.  Using  the  optimized  data  developed  by  MARCEP  for  the  Degree "2" 
maintenance  concept,  the  complete  mission  vehicle  was  estimated,  and  relative 
cost  numbers  were  developed  for  each  subsystem  such  that  they  totaled  to 1.000. 
Having  established  relative  cost  numbers  for  the  subsystems,  each  subsystem  then 
was  further  broken  down  to  determine  relative  cost  values  at  the  component  level. 
Since  relative  costs  were  carried  out  to  the  third  decimal  place,  items  that 
contributed  substantially  less  than  1/1000  of  the  total  mission  vehicle  costs 
were  listed  as  negligible in,the cost  tabulations,  although  their  dollar  costs 
in  some  cases  were  included  in  the  overall  dollar  figures. 

By  equating  the  factor  of 1.000 for  the  mission  vehicle  to  the  cost  shown 
for  that  vehicle  in  the  program  cost  table,  current  dollar  estimates  of  subsid- 
iary  elements  expressed  in  terms  of  relative  cost  numbers  can  be  determined. 

8.1.3 COST  COMPOSITION 

Elements  of  cost  for a total  manned  space  program  as  defined  for  this  study 
include  the  mission  vehicle,  the  reentry  vehicle,  a  logistics module(s) for  the 
orbital  missions,  tankers  for  the  planetary  missions,  launch  vehicles  as  required 
to  initiate  the  operational  mission,  and  initial  operations  costs.  For  the  orbi- 
tal  missions,  a  5-year  resupply  capability  was  postulated,  with  costs  being 
apportioned  against  the  reentry  vehicle,  the  logistics  module,  launch  vehicles 
at  the  stated  normal  intervals,  and  operations.  Resupply  for  a  normal  1975  near- 
Earth  orbital  mission  was  considered  to be on a 90-day  basis,  while  resupply 
for  the  1985 L1 Libration  Center  mission  was  considered  to  be  on  a  180-day  basis. 
Since  the  study  was  not  intended  to  develop a complete  mission  analysis, no 
attempt  was  made  to  include  certain  cost  categories.  These  were  capital  invest- 
ments  such  as new tracking  stations;  development  costs  of  launch  vehicles,  pro- 
pulsion  modules,  and  tankers;  all  costs  associated  with  the  experiments,  that 
were  not  defined  in  detail  for  this study; assembly  and  docking  units  used  for 
mating  purposes,  that were not a part of the  basic  mission  vehicle;  fuels,  in- 
cluding  nuclear  sources,  and  gases;  the  planetary  lander ( M E M ) ;  the  initial 
recovery  task force; and  personnel  and  staffing  costs,  including  the  flight  crew, 
except €or Instructor  training  time  allocated  to  the  mission  vehicle. 

Mission  vehicle  costs  include  the  total  costs  to  develop  the  hardware,  one 
operational  set  of  hardware,  and  all  launch  site  support  operations,  before 
integration  with  the  launch  vehicle.  These in turn  are  broken  down  in  terms  of 
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a  flight  configuration  mission  module.  Also  included are aerospace  ground 
equipment  for  direct  support  of  the  flight  configuration;  a  small  amount  of  test 
demonstration  activities;  software,  such  as  computer  programming  and  training; 
and  launch  site  support  for  prelaunch  activities. 

Table 7 summarizes  total  systems  costs in  millions  of  dollars  for  all  four 
missions  considered  during  the  study.  Because  the Degree "2" maintenance  con- 
cept  was  the  clear  choice in the  majority  of  cases  during  analysis  of  subsystem 
requirements,  cost  estimate  emphasis  was  placed on configuration  hardware  and 
functions  incorporating  that  concept  in  the  missions. The costs  shown in the 
table  reflect  this  approach.  Each  of  the  orbital  missions is further  subdivided 
into  totals  for  initial  implementation  of  the  mission,  plus  totals  for 5 years 
of  orbital  operation  at  given  basic  resupply  intervals. It should  be  noted 
that  the  relationship  between  the  missions  is  shown  here in terms  of dollars,  but 
relative  cost  factors  of 1.000 apply  only  to  the  mission  vehicle  for  each  specif- 
ic  mission. 

8.2 1975 MARS/VENUS FLYBY  MISSION 

In analyzing  the  configuration  for  this  mission,  a  relative  cost  number  of 
1.000 was  established  for  the  total  flight  configuration  (mission  vehicle)  in 
the  Degree "2" maintenance  concept  mode.  This  relates  to  the  mission  vehicle 
dollar  cost  estimated  to  be  approximately 3.2 billion  dollars,  within  a  total 
program  cost  estimate  of 8.5 billion  dollars.  The  total  program  cost  includes 
major  entries  of  mission  vehicle,  reentry  vehicle,  tankers  and  launch  vehicles. 
For  the  Degree "0" concept, the  total  relative  cost  number  was  determined  to  be 
1.149  for  the  flight  configuration,  or  an  increase  of 1 4 . 9 % .  Table .2 in Section 
4 .2  shows  the  relative  cost  factors  for  both  degrees  of  maintenance,  broken  down 
by subsystem,  support  hardware,  support  software,  test  demonstration  and  launch 
site  support;  these  are  further  segregated  across  the  table  bv  categories  of 
development,  hardware,  and  operation.  Each 0.1 of a  percentage  point  is  equiva- 
lent  to 3.2 million  dollars,  since  the  entire  tabulation  is  related  to  the  mis- 
sion  vehicle of the Degree "2" maintenance  concept. 
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Table  7:  TOTAL  SYSTEMS  COSTS  (MILLIONS) 

Mission  Vehicle 

Reentry  Vehicle 

Logistics  Module 

Launch  Vehicles 

Operations 

Tankers 

Propulsion  Modules 

Totals 

Earth  Orbital  Missions  Planetary  Missions 

1975-90D  Resupply  1985-180D  Resupply 

Initial 

2,752 

1,762 

304 

454 

827 
"" 

"" 

6,099 

Resupply 

20 

905 

153 

620 

1,191 
"" 

"" 

2,889 

Initial 

2,759 

1,762 

319 

454 

829 
"" 

"" 

6,123 

Resupply 

16 

472 

86 

310 

1,125 
"" 

- "" 

2,009 

1975  Mars  Flyby 

3,198 

2,145 
"" 

1,374 

L,578 

218 
"" 

8,513 

1985  Mars  Landing 

3,438 

2,047 
"" 

1,796 

2,013 

145 

142 

9,581 



9.0 AREAS REQUIRING  ADDITIONAL  STUDY OR TECHNICAL  RESEARCH 

As  a  part  of  the  analysis  conducted  in  this  study  it  was  necessary  to  chan- 
nel the  effort  into  certain  areas  to  stay  within  budgetary  time  and  cost  con- 
straints.  Consequently,  several  areas  of  interest  were  uncovered  that  could 
not  be  adequately  covered in this  study.  Those  areas  requiring  additional  study 
or  technical  research  have  been  summarized  from  Volume I1 and  are  categorized 
into  four  major  headings:  hardware  design,  methodology  development,  space  data 
and  environment,  and  maintenance  procedures  and  techniques. 

9.1 HARDWARE  DESIGN 

9.1.1 LIFE  SUPPORT  SYSTEM  PACKAGING  CONFIGURATIONS 

The  life  support  system  imposes  the  greatest  unscheduled  and  scheduled 
maintenance  workload  on  the  spacecraft  crew.  Optimum  design,  packaging,  and 
layout  of  this  system  within  the  spacecraft  are  necessary  to  reduce  this  work- 
load.  A  major  effort  is  required  in  additional  study  and  research  to  achieve 
this  reduction. 

9.1.2  COMMONALITY  OF  SPACECRAFT  COMPONENTS 

Maximum  commonality  of  spacecraft  components,  within  and  between  subsys- 
tems,  was  an  effective  means  of  reducing  on-board  spares  requirements  and 
maintenance  workload.  Additional  study  is  required  to  make  a  detailed  investi- 
gation of  the  components  used  in a space  mission  and  to  determine  what  compo- 
nents  can  be  designed  realistically  for  common  use. 

9.1.3  COMMONALITY OF EXPERIMENT  COMPONENTS 

Equipment  used  for  experiments  should  be  considered  not  only  for  intra- 
experiment  commonality,  but  also  for  commonality  with  components  in  other 
subsystems  of  the  mission  vehicle.  This  would  provide  an  additional  source of  
spares,  allow  more  effective  use  of  the  spares  provisioned  on  board,  permit  a 
reduction  in  total  spares  requirements,  and,  under  certain  circumstances, 
strengthen  justification  for  an  onboard  workshop  to  support  the  performance  of 
Degree  "3"  (repair)  maintenance. 

9.1.4  MODULARIZATION 

Modularization  of  relatively  high  failure  rate  equipment  was  an  effective 
way  to  reduce  spares  weight  requirements.  Additional  research  is  required  to 
identify  the  most  effective  technique  of  modularizing  different  types  of  equip- 
ment  to  obtain  the  maximum  benefits  to  the  spares  concept. 

9.1.5  EXTERNAL  LSS  PLUG-IN  RECEPTACLES 

The  feasibility  of  providing  external  plug-in  receptacles  that  could  be 
used  to  operate  spacesuits  from  the  spacecraft  life  support  system  instead  of 

47 



the  backpack  should be investigated.  This  could  extend  the  length  of  time  an 
astronaut  could be extravehicular,  and  save  weight of expendables  that  are 
otherwise  lost  during  backpack  operation. 

9.1.6 STRUCTURE LEAK DETECTION AND REPAIR 

Structural  repair  was  assumed  for  both  mission  time  periods,  but  it  is  not 
clear  what  methods,  techniques,  and  tools  will  be  required  to  accomplish  it. It 
is  recommended  that  the  general  field  of  structural  repair  be  reviewed  and  the 
most  promising  methods  of  repair  be  investigated  in  detail. 

9.1.7  FILAMENT  WOUND  TANKs 

The  use  of  filament  wound  storage  tanks  for  fluid  was  assumed  for  the  1985 
mission  at  a  considerable  saving  in  weight.  This  technology  should  be  researched 
further so the  benefits  can  be  used  as  soon  as  possible. 

9.1.8 TANK  REPAIR 

The  failure  modes  of  various  types  and  sizes  of  tanks  should  be  identified 
and  the  possibility  of  repair  assessed  considering  the  failure  mode,  type  of 
material,  pressure,  and  tank  contents. 

9.1.9  EMERGENCY  ELECTRICAL  POWER  SOURCE 

The  use  of an isotope  fuel  may  make  possible  the  generation  of  emergency 
electrical  power  by  incorporating  thermocouples in the  fuel  block  or  in  the 
block  shield.  The  power  generated  would  be  low  level,  but  adequate  to  provide 
minimum  lighting  and  control  power  until  the  main  power  system  is  restored  to 
operation. 

9.1.10  RADIATION  SHIELDING  FROM  EXPENDABLES 

Considerable  radiation  shielding  weight  could  be  saved  by  judicious  place- 
ment  of  spares,  food,  other  expendables,  and  waste  products.  A  study  should  be 
made  to  determine  practical  methods  of  storing  these  items  to  obtain  maximum 
shielding  benefits  while  permitting  access  for  eacy  removal  and/or  storage. 

9.1.11  REFURBISHMENT OF REENTRY  VEHICLES 

A  long-duration  mission  with  periodic  resupply  requires  the  use  of  several 
reentry  vehicles.  The  total  cost  of  the  mission  could  be  reduced  substantially 
if  the  command  module were designed  €or  refurbishment  and  subsequent  reuse. 

9.2  METHODOLOGY  DEVELOPMENT 

The  area  of  space  mission  analysis  and  optimization  has  many  deficient 
areas  that  could be improved  with  additional  research  and  study.  Refined  mis- 
sion  planning  requires  determination of definitive  and  valid  optimization  cri- 
teria,  development  of  a  better  data  base  to  enable  accurate  total  mission  plan- 
ning,  construction of more  versatile  mission  risk  and  probability  models,  and 
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availability  of  better  optimization  techniques.  The  MARCEP  technique  used in 
this  study is one of  the  most  advanced  optimization  models  available,  but  it  has 
several  soft  areas  where  improvements  would  extend  the  model's  usefulness. 

9.3 SPACF: DATA AND ENVIRONMENT 

9.3.1 EFFECTS OF SPACE  ENVIRONMENT  ON  EQUIPMENT 

The  long-term  effects  of  space  environment  factors on the  life  and  opera- 
tion of spacecraft  equipment  need  to  be  defined.  Self life  of spares  stored  in 
this  environment  should  also be investigated;  the  need  for  rotation  or  recycl- 
ing  during  resupply  due  ,to  radiation  dosage  may be a  factor. 

9.3.2 HUMAN  PERFORMANCE  IN  SPACE  ENVIRONMENT 

There is a  need  for  further  quantification of human  performance  in  the 
space  environment.  Until  this  is  done,  all  design  criteria  and  mission  planning 
will  be  based  on  limited  data  that  is  insufficient  to  safely  perform  the 
mission  goals. 

9 .3 .3  SPACECRAFT  LEAKAGE  RATES 

The  spacecraft  leakage  rate  assumed  in  this  study  was 2.0 pounds  per  day. 
Boeing  studies  indicate  this  is  overly  optimistic  and 5.0 pounds  per  day  would 
be  more  realistic.  Additional  research  is  required  in  this  area  to  establish 
and  validate  a  realistic  leakage  rate  for  various  spacecraft  structure 
configurations. 

9 . 4  MAINTENANCE  PROCEDURES  AND  TECHNIQUES 

9 . 4 . 1  ANTICIPATORY  MALFUNCTION  DETECTION 

The  use  of  anticipatory  malfunction  detection,  such as electrical noise, 
thermal,  and  sonic,  monitoring  should  be  evaluated  as  a  means  of  delaying  sched- 
uled  maintenance  until  a  wearout  failure  is  imminent,  and to anticipate  random 
failures so that  repair  tasks  may  be  scheduled  into  the  daily  workload. 

9.4.2 BUILT-IN  TEST  EQUIPMENT 

Built-in  test  equipment  (BITE)  provides  a means of  sensing  faults  and  indi- 
cating  the  condition  of  the  equipment  being  monitored.  Trade  studies  should  be 
conducted  to  evaluate  the  use  of  the  BITE  concept as opposed  to  the  use  of  ex- 
ternal  test  equipment,  which  implies  the  need  for  crew  skills  and  training in 
operation of the  latter. 

9.4.3 MAINTENANCE  TECHNIQUES  AND  SPARES  CONCEPTS  FOR  LARGE  ASSEMBLIES 

Large  assemblies  such  as  radiators,  tanks,  powered  locomotion  devices,  etc., 
were assumed  to be repaired  by  special  maintenance  or  repair  kits,  using  average 
weights  and  volumes  for  lack  of  more  definitive  information.  Additional  study 
is  required to determine  the  best  techniques  for  handling  these  maintenance 
requirements. 
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9.4 .4  HANDLING LARGE EQUIPMENT 

Handling  large  items of equipment  that  require  two men and  coordination of 
their  actions  could  present  problems  in a zero-g  environment  and  should be 
researched. 

9.4 .5  REPAIR  OF LARGE EQUIPMENT 

Investigation  is  needed in repair  of  space  radiators,  large  tanks,  antennas, 
solar  cells,  and  similar  large  items  where  use  of  a  total  remove-and-replace 
concept  is  not  practical.  The  use  of  equipment  such  as  electron-beam  welders, 
fusion  joining  processes,  and  other  possible  techniques  should be evaluated. 

9 . 4 . 6  SPACECRAFT  HAZARDS  TO  EXTRAVEHICULAR  MOVEMENT 

Solar  arrays,  antennas,  external  experiments,  and  experiment  booms  may 
present a hazard  to  EVA  and  rendezvous  and  docking  maneuvers.  The  magnitude  of 
these  hazards  should  be  assessed  and  procedures  and  equipment  should  be  de- 
veloped  to  minimize  the  hazards. 

9 .4 .7  HANDLING  FLUIDS  IN  ZERO-G  ENVIRONMENT 

Procedures  and  techniques  need  to  be  established  and  evaluated  under  actual 
space  flight  conditions  for  handling  fluids  in  a  zero-g  environment  during 
servicing  and  maintenance  activities. 

9 . 4 . 8  DEGREE "3" (REMOVE  AND  REPAIR)  MAINTENANCE 

This  concept  should  be  studied  in  more  detail  to  determine  specifically 
when it  may be economical  and  what  workshop  facilities  and  crew  skills  are  re- 
quired.  For  some  of  the  subsystems  it  might  be  possible  to  justify  a  limited 
bench-level  repair  capability,  but  this  needs  to  be  studied  more  thoroughly. 
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