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. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATHE TITLE O F  THIS PAPER i s  broad 
enough t o  encompass t h e  h i s t o r y  and - # <  

f u tu re  of  space t r anspor ta t i on .  To 
remain wi th in  the scope of t h i s  
sess ion ,  s e v e r a l  a r b i t r a r y  l i m i t a -  
t i o n s  must be made. W e  w i l l  attempt I 

I f  t o  t reat  only  requirements f o r  pro- 
pu ls ion  i n  space, t h a t  is ,  t h r u s t i n g  , : 
devices used i n  and beyond e a r t h  
o r b i t .  The t i m e  per iod  involved 
l ies i n  t h e  nex t  decade zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor so de- 
pending more upon fundingi than tech- I I 

nology. 
The paper w i l l  be div ided i n t o  I 

t h r e e  s e c t i o n s  which w i l l  t rea t  t h e  
fo l lowing quest ions.  First, where must 
the system operate? The environments 

have t o  operate are shown i n  Table I, , 
Some o f  t h e  systems under considera ion 
w i l l  see a l l  o f  these  environments 
dur ing a mission. The classical m i l i -  
t a r y  s p e c i f i c a t i o n s  f o r  sand, salt' 

I -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I t  

I 
, I  

% !  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 f  i n  which t h e  propuls ion system w i l l  
2 ,  

spray,  fungus, dus t ,  and -65OF tempera- 
t u r e s  obviously won't s u f f i c e  here.  

Secondly, what must t h e  system 
do? The performance and design para- ' 

meters l i s ted  on Table I1 w i l l  be dis- ; 
cussed genera l l y  i n  t h i s  sec t ion .  
Some of  t h e  parameters toward t h e  end : 
of  t h i s  l ist  can and do compromise t h e  
often-quoted h igh  performance o f  ad- 
vanced technology systems. I 

The t h i r d  ques t ion  we w i l l  attempt, 
t o  answer is: How might t h e  job be 
done? How can t h e  desired performance 
goa ls  be m e t  i n  t h e  environments which 
w i l l  be m e t ?  Severa l  missions w i l l  be 
used t o  i l l u s t r a t e  t h e  problems involved 
i n  answering t h e  "what  must be done?" 

. .  

quest ion  w i th in  t h e  "where must it be ~ ~ 

'done?" framework, The a d d i t i o n a l  pr 
Ward W. Wilcox & 

er t  H. Ro l l i ns ,  l e m s  of i n t e g r a t i n g  the propuls ion . --.i 
system i n t o  t h e  spacec ra f t  w i l l  also _be i 
noted i n  these i l l u s t r a t i o n s .  W e  w i l l  I 

i 

attempt, i n  t h i s  f i n a l  sec t i on ,  more t o  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA_1_1 1 *., 
raise quest ions  than to-provide answers-. 1 
The three presen ta t i ons  which follow 
t h i s  paper are oriented toward pro- 
v id ing the-answers. - __ __ ._ - - . . I 

' 



Before proceeding any f u r t h e r ,  we 
would l i ke  t o  make t w o  other comments. 
F i r s t ,  t h i s  paper does not  represent  a n  
of f i c ia l  NASA p o s i t i o n  or  p l a n  and pre- 
s e n t s  only  persona l  opinions and ob- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

serva t ions .  Secondly, we are prejudccee'd, 
mainly by exper ience, i n  t h e  d i rect ion--  
of chemical l i q u i d  rocket engines. 
While observat ions w i l l  be made on 
nuc lear ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsolid, electr ic, and hybrl-d pro- 
pu ls ion ,  the majority of the *talk- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=- and 
we suspec t  of the  propuls ion f o i - t h e  next  
decade -- w i l l  be on l i q u i d  rocket systems. 
Th is  pre jud i ce  is no t  completely o u t  of 
l i n e ,  however as shown i n  Figure 1, 
which compares t r i p  t i m e s  t o  nearby 
p lane ts .  C h e m i c a l  rockets w i l l  do t h e  
job w e l l  from Venus t o  J u p i t e r  and there 
are those who say  J u p i t e r ' s  mass can be 
used i n  a swingby mode t o  go anywhere 
beyond J u p i t e r  wi thout  pena l ty ,  

- -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI - _ _  - - - ?  

i 

OPERATIONAL ENVIRONMENTS 

VACUUM ENVIRONMENT-Spacecraft 
engines are t y p i c a l l y  considered t o  I 

opera te  i n  an abso lu te  vacuum and 
usua l l y  after long periods of vacuum 
soak. Although the  vacuum of space is 
uniform, the  thermal environment is not ,  
Because thermal r a d i a t i o n  from the sun 
fol lows s t ra igh t fo rward  r u l e s ,  average I 

values i n  the v i c i n i t y  of the spacecraft 
are r e a d i l y  determined. However, varia-i 
t i o n s  from the sunny side t o  the shaded 
side of the spacecraft are much g r e a t e r  
than the v a r i a t i o n  i n  average tempera- 
t u r e s  over m i l l i ons  of m i l e s  of d is tance ,  
F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 shows the genera l  v a r i a t i o n  of I 
temperature w i t h  d is tance  from t h e  sun 
over a 100 t o  1 band'of spacecraft '* 

absorp t iv i t y /emiss iv i ty  rat io. I n  the I 

Venus, Earth,  Mars neighborhood, average 
tempeFatures are q u i t e  warm (except i n  1 , . t  

shadow>of earth or moon) w h i l e  beyond 3 , - .  

Mars, temperatures are i n  the cryogenic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd 

range. While t h e  genera l  thermal and , 2  
vacuum environment in f luences  t h e  opera- 
t i o n  of a l l  system components, the great- 
est in f luence is- f e l t  by the propellant' ; 

, 
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storage system as w i l l  be discussed 
later. s to rage  temperature to le rance  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 

of three broad classes of p r o p e l l a n t s  
are shown i n  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2, def ined by 
temperature i n t o  earth storable 
'-(650-470°R), space storable (or m i l d  
cryogenic) ( 300-90°R) and the deep 
cryogenic , l i q u i d  hyd-rogen (50-25OR) . 
shape i n  Figure 2 may be modified by 
deliberate o r i e n t a t i o n  of  t h e  veh ic le  
and s e l e c t i v e  emiss i v i t y  con t ro l .  I n  ; 
the  deep space environment, t h e  location 
of t h e  sun r e l a t i v e  t o  f l i g h t  pa th  may 
be considered t o  be cons tan t  and tech-t 
niques such as shadow sh ie ld ing  may be 
considered. I n  a grav i ty-const ra ined , 
f l i g h t  pa th  o r b i t i n g  a p l a n e t  o r  
satel l i te,  t rade-o f fs  must be made 
a g a i n s t  t h e  c o n t r o l  requirements t o  
maintain cons tan t  solar o r i e n t a t i o n .  I n  
both cases, of course,  t h e  demands for 
thermal c o n t r o l  o f  t h e  t o ta l  veh ic le ,  
and communications, guidance sensing and 
solar power o r i e n t a t i o n  must also be 
censidered,  

i n  a vacuum environment are concerned 
w i t h  i n f luence of  propuls ion on t h e  space- 
c r a f t  i tself. Leakage or i n t e n t i o n a l  ; ~ 

vent ing can d i s t u r b  t h e  a t t i t u d e  of the' . 
vehic le .  Many s c i e n t i f i c  observat ions 
are obtained i n f e r e n t i a l l y  from minute 
dev ia t i ons  i n  t h e  observed l o c a t i o n  o f  1 
t h e  spacec ra f t ,  or from o c c u l t a t i o n  of 
t h e  s i g n a l  by a p lanet .  Any in f luence 
o f  leakage or propuls ion anomalies could 
make such observa t ions  use less  i f  known, 
or  lead t o  f a l s e  conclusions i f  unnoticed. 

The problems of  p rope l l an t  pos i t i ond  
ing  i n  a zero g r a v i t y  environment are 1 1  

w e l l  known, q u a l i t a t i v e l y  i f  not  ! 

' . quan t i t a t i ve l y .  Each- of the various- 1 

a c t i v e  or inacti ,ve dev ices used h a s  its; I 
own set of pros and cons. Again, a 
choice h a s  t o  be made based on trade 
o f f s  which may impact t h e  engine choice. 
Where possible,, the optkon of 

The t reatment  of a simple s p h e r i c a l ,  

I 

Other .considerat ions of  opera t ions  

L I  
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main propuls ion system a t  th ro t t led  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA01: 
idle-mode cond i t ions  should be made zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

, a v a i l a b l e  t o  the spacec ra f t  designer.  

' t '  

The products  of combustion or 

su r faces  and thus  disable guidance 
dev ices  or  degrade solar ce l l  operat ion.  .. 
I n  t h e  case of manned- spacec ra f t ,  a l l  , 

the effects of d ischarg ing t o x i c  or 
cor ros ive  chemicals i n t o  t h e  v i c i n i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

of a spacecraft i n  a vacuum are no t  y e t  
known. It i s  possible t h a t  some 1 

c r y s t a l l i n e  products  might be tracked 
i n t o  the cabin after an ex t raveh icu la r  
operat ion.  Earth storable and space 
storable l i q u i d  p rope l l an ts  and s o m e  
so l id  p r o p e l l a n t s  conta in  toxic and 
cor ros ive  elements,  w h i l e  the hydrogen- 
oxygen system has the least obnoxious 
end product-water, i n  t h e  form of ice. 
Those of you who have had t o  scrape 
i c y  windshields w i l l  appreciate t h a t  
d i f f i c u l t y  even i n  our  customary environ- 
ment . 

ATMOSPHERIC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAENVIRONMENT - While a 
"space" veh ic le  spends the major i t y  of 
i t s  l i f e  i n . a  vacuum, some of the  m o s t  
demanding cr i ter ia are provided by short 
exposures t o  atmosphere. All spacec ra f t  
endure an in terminable per iod  on the 
launch pad and a rough t r i p  on t h e  
launch veh ic le  before they l eave  earth. ; 
Some w i l l  again e n t e r  the e a r t h ' s  atmos-, 
phere,  whi le  o t h e r s  must cope wi th  e n t r y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
i n t o  p lane ta ry  atmospheres. 

The thermal environment dur ing 
i atmospheric ope ra t i on  is t r a n s i e n t  I b u t  
~ 

can provide high peak h e a t  loads which j 

;Jc, are no t  on ly  a problem i n  p rope l l an t  
storage b u t  also i n  p r o t e c t i o n  of exterf- i 

reason, a l l  of t he  G e m i n i  engines 
(F igure 3) w e r e  faired i n t o  the e x t e r n a l  ~ 

s k i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the vehicle - i n te r face  area. 
As the e n t r y  demands are genera l l y  more\ 
severe  than launch, the Apollo Command ! 
Module employs bu r ied  engines, whi le  , 
i ts Serv ice  Module engines are!-dbsigned' 

prope l l an t  leakage can coat optical " -  

) 

I 

1 

I 

' 1  

. 

-- 
n a l  elements of the system. For th is  ! 

I 

' Ward W. Wilcox & 
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l j  

. - -  t o  take on ly  launch heat loads:-, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, I  
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d zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I n  add i t i on  t o  thermal pro tec t i on  

for atmospheric opera t ion ,  v i b r a t i o n  and 
a c c e l e r a t i o n  forces requ i re  design con- 
s ide ra t i on .  Aerodynamic bu f fe t i ng  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

high sound l e v e l s  combine t o  provide 
severe  v i b r a t i o n  spectra. Superimposed 
are the peak a c c e l e r a t i o n  loads dur ing 
launch and en t ry .  
t ha t  the s t r u c t u r a l  cri teria for t he -  
spacec ra f t  and its propuls ion components 
are drawn p r imar i l y  from t h e  short t i m e  
the spacec ra f t  passes through the atmos- 
phere. 

environmental cons idera t ions  given i n  
space propuls ion des ign are those requ i re3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA_ _ _  _. __ 
t o  opera te  on the earth's sur face ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 
the majo r i t y  of the development of a 
system is  conducted i n  tha t  environment. 
The thermal environment may be somewhat 
modified so as n o t  t o  require great 
compromise for  vacuum operat ion.  
e r a t i o n  fo rces  may be he ld  t o  l o w  l e v e l s  
and the system may be isolated from 
v ib ra t i on .  Thus, the vacuum and atmos- ' 
pher i c  environments prev ious ly  d iscussed __L 

provide t he .  s p e c i f i c a t i o n s  for the , - - ~ ,  

major i t y 'p f  design cr i ter ia  and ground 
' 

based s imulat ion of these extremes is , 

genera l l y  requ i red  dur ing development. 
Maintaining a good vacuum for  long 
dura t ion  f i r i n g s ,  even w i t h  modest t h r u s t  

Su f f i ce  it to  say 

SURFACE ENVIRONMENT - The earl iest 

! 

A c e e l ;  - -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 

r a t i n g s ,  is an expensive p r o p o s i t i o n . _ A ,  I' 

; Furthermore, it is hard t o  v i s u a l i z e  

1 tyjing up a h igh  vacuum f a c i l i t y  for 
3QQ-days t o  get a real ist ic vacuum soak. I 

I 
Another major impact zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof su r face  

opera t i on  on the  spacecraft propuls ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi ' 

, i  system f a l l s  i n  t h e  areas of contamina.2: , 
t i o n  and sa fe ty .  On the e a r t h ' s  s u r f a c  
"c lean room" opera t ions  are genera l l y  
accepted as necessary i fo r  p r o t e c t i o n  of 
the engine from the host i le  environment i 
i n  which man exi-sts, When cons idera t ion  1 

; :  
terrestr ia l  atmosphere and on su r faces  1 
where t h i s  type of laboratory t reatment  / 
is no t  a v a i l a b l e ,  a d d i t i o n a l  design cony I 

s t r a i n t s  w i l l  be necessary, e-_ saf e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-7 I 

? 

1 .  

l +  is  given t o  opera t ion  i n  an extra- 1 :  

- ---- - 
- .* 

~ _I I 

; i i  

1 )  

, I I  
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of a propuls ion system i n  the human 
environment is considered to  be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
performance-oriented requirement and I 

w i l l  be discussed later. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. ._ 

. - 
PERFORMANCE 

I n  answer t o  the quest ion,  What 
is  t h e  system requi red to  do?", a long 
l i s t  of  performance parameters has  been 
compiled. Thrust  l e v e l s  range from very '  
l o w  l e v e l s  f o r  a u x i l i a r y  app l i ca t ions  
such as a t t i t u d e  con t ro l ,  rendezvous, 
and docking, t o  t e n s  of thousands of  
pounds f o r  p lanetary  capture and landing 
of l a r g e  spacecra f t .  Thus, technology 
must be ava i l ab le  over the complete 
t h r u s t  spectrum as shown genera l l y  i n  

p r i n c i p a l  areas of app l i ca t i on  f o r  
var ious types of propuls ion, t h e  over- 
l a p  regions should be emphasized as being 
necessary and desirable. Only by having;/ 
these opt ions a v a i l a b l e  can the space- 
c r a f t  designer make real opt imizat ions,  

most common. parameter f o r  d iscuss ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof: 

impulse, or  the energy ava i l ab le  from , 

- -  
. - _ _  Figure 4. While t h i s  f i gu re  shows 2 

SPECIFIC IMPULSE AND DENSITY - The, , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

propuls ion performance is s p e c i f i c  ! I  

a pound of prope l lan t ,  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 shows i 
t he  v a r i a t i o n  of s p e c i f i c  impulse a n d ,  1 
bulk  dens i t y  w i t h  mixture r a t i o  for 
three classes of prope l l an ts ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs the  I 

h ighes t  performance, deep cryogenics,  I 

also have the lowest bu lk  dens i ty ,  
t hus  requ i r ing  g r e a t e r  tankage volume, 
Beyond t h e  range of t h e  chart l ies t h e  
nuc lea r  r e a c t o r  systems, with s p e c i f i c  
impulse abov 
of 4.4 #/ft .  On the other hand, t h e  I 

Ward W. Wilcox & lower s p e c i f i c  impulse earth s t o r a b l e s  , 
t Robert H, Roll ins, I 

compensate i n  terns of o v e r a l l . w e i g h t , ~  i , 

The 'space storables, which are rece iv ing  ; . 

a l o t  of a t t e n t i o n  these  days, f a l l  i n  I 
between on both scores, having reason- ! + 

:high . performance-and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ~ _I__-- _gOpd -bulk _._-__-__ +' 

; : i  

f i g u r e  shows, the  prope) lants  wi th  4 
' 1  

i 

, I  800 and a lower dens i t y  3 

1 have h ighes t  dens i t y  which t e n d s  to  

6 

density-, . ; ! I  



STORAGE TEMPERATURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe normal 
storage temperature range of severa l  
of these prope l l an ts  is  shown i n  Figure6, 
Without dwel l ing on each of the possible. 
combinations, it 'should be po in ted  o u t  
that  hydrogen is i n  a range by i tsel f ,  
s e v e r a l  of the  space storables have 
over lapping temperature ranges i n  t h e  
m i l d  cryogenic reg ion,  and t h a t  earth 
storables f r eeze  a t  r e l a t i v e l y  h igh  
temperatures. 

p rope l l an t  choices are better shown 
i n  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 which compares the volume 
of the t h r e e  classes of prope l l an t  on 
the basis of equal  p rope l l an t  weight, 
as would be the case where t h i s  stage 
s i z e  is  l i m i t e d  by an e x i s t i n g  launch 
veh ic le ,  It is obvious t h a t  t h e  hydrogen- 
oxygen stage imposes packaging re- 
s t r i c t i o n s  even i n  t h i s  simple arrange- 
ment. As w i l l  be shown l a t e r  the 
problem is more severe  i n  an  i n t e g r a t e d  I 

spacec ra f t  where propuls ion is i n t e r -  
mingled w i t h  other spacecraft components. 

CONTROLS - The effects of t h e  
engine c o n t r o l  or  du ty  cyc le  requi re-  
ments are f requent ly  far-reaching. One 
can a r r i v e  a t  a desired ve loc i t y  incre- 

The i n t e r r e l a t i o n s h i p s  of var ious ' 

ment by a series of pulsed f i r i n g s  
or  by a thrott leable s i n g l e  f i r i n g .  The 
optimum method depends on characteristics 
of t he  guidance and con t ro l  systems as 
w e l l  as on the f e a t u r e s  of the engine. 
B o t h  o v e r a l l  r e l i a b i l i t y  and optimum use  
of propellants are involved i n  the  trade- 
of f  s tud ies .  Usual ly engines which do ; 
n o t  depend on regenera t ive  cool ing,  a r e !  
called on t o  handle t h e  shor t  pulsed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

both pressure-fed non-regenerative and 1 

selected. N o  clear c u t  d iv id ing  l i n e  1 

e x i s t s  between the  pressure-fed and ' 
pump-fed engine regimes although t h e  1 

\ krend toward higher chamber pressu res  4 

t o  reduce engine size lowers t h e  t h r u s t  1 
l e v e l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the cross-over p o i n t  as tech- 

f i r i n g s ,  For longer  dura t ion  f i r i n g s  i 

pump-fed regenera t ive  engines may be i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

i 

' nologyiadvancss, 1 ,  - * -  * -- i 
S I  
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I G N I T I O N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Another consideration ' 

i n  choice of propulsion systems is the 
ease of ignit ion i n  vacuum. Such pro- ~ 

pellants as the earth storables, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN204- 
MMH, are hypergolic and do not need a 
separate ignit ion system, However, 
a f te r  a long soak i n  vacuum and when 
metal parts have become very cold, hard 
s t a r t s  have occurred w i t h  these pro- 
pellants. I n  some cases detonable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAinter- 
mediate compounds are formed which 
col lect  i n  the chamber and are t r iggeredf  
by the next engine f i r ing,  Even when , 
such compounds do not r e s u l t  from the 
ta i l -of f  of a previous f i r ing,  the I 

discharge of the first f e w  drops of 
propellants into vacuum can cause 
frozen par t ic les and/or ignit ion delays, 
M i n i m u m  volume between valve and thrusta 
chamber is highly desirable. Although a 

most propellant combinations under con- 
sideration are hypergolic under sea 
level conditions, the detai led chara-c4 ,- 

ter izat ion of vacuum ignit ion problems ' j 
I i i  

I .  i STERILIZATION - A general con- 
sideration for spacecraft propulsion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi i 

is the need for s te r i l i za t ion  beyond i 1 

; I  
any earth bound requirement for a l l  
spacecraft which have any chance of ' , , 

landing on a planet, Currently, the 
ongy acceptable method of s te r i l i za t ion  
is t ha t  shown i n  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ,  i.e., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 
heat cycles of 60 hrs,  each of 275O F 
and sterile storage thereafter, T e s t s  
of an earth storable bipropellant system; 
over th is  cycle have recently been 
successfully conducted, Obviously, i f  
you are t o  seal  the propellants i n t o ,  ; ! 
the i r  tanks and then ra ise the tempera- 

is  necessary and cryogenics are ruled--; __. - -. , 

out. This leaves only the earth 
storables or so l id  rocket motors, 
Efforts are currently underway t o  work I f 

steri le l iquids can be transferred t o  ; ; 

I 

requires thorough investigation. b t  

! ;  
I !  

9 1  

1 1  

t u r e  t o  275OF, a l o w  vapor pressure I 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-1 1 

I '  
1 I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 7  

out acceptable techniques by which 

steri le spacecraft. ! ,  

! I  
! 

i i '  
1 
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SAFETY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIdeally, one would prefer 
t o  use propellants w h i c h  would be tanked 
days or  weeks before a launch, checked 
out and forgotten. This never seems to  
be the case, By the i r  nature, pro- 
pel lants are f i r e  hazards and could 
explode or  detonate, Most of the oxidi- 
zers are toxic t o  humans and hazardous zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' I  

t o  plants, Fuels such as diborane are 
~ y ~ ~ ~ ~ ~ ~ i ~  -- khat i8 t h  
spontaneously i n  a i r ,  and the fuel 
oxidizer combinations are usually 

venting have t o  be handled carefully 
and mechanics w i l l  fee l  uncomfortable 
working on spacecraft containing loaded 
propellant systems. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 

I n  addition t o  these problems, for 
any propellants requiring storage a t  
l o w  temperatures, insulation is a I 

problem because the type of insulation 
w h i c h  works best i n  the vacuum of space , 
is v i r tua l ly  useless i n  an atmospheric 
environment. Therefore, a separate I 

approach t o  ground-hold insulation or ' ' 

special methods of topping off or re- : 

countdowns and holds are required. The ' :  tradeoff between system complexity ! '  

prior t o  launch and prior t o  operation 
i n  space frequently influences choice i 
of al ternate systems. I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t 

. -  

? 

hypergolic, Obviously leakage and -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. 

* 

fr igerating propellants during launch : !  

I n  our discussion so fa r  the matteri '  
of cost has been disregarded. This is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj i 
a factor which in f luences a l l  aspects ' ! * 

1 '  

directly. One way t o  look a t  cost is- : i 
demonstrated by Figure 9, which shows ; 1 
a transportation cost i n  dol lars per I i 

i f  
pound vs, t o t a l  velocity, I n  other 
words these costs are those necessary :' 

1 Ward W. Wilcox & t o  deliver a spacecraft propulsion 
system t o  the point of use. Obviously, Robert H. Rollins, I 
the greater the delivery expense pr ior  . 
t o  use the more just i f ied are e f fo r ts  
t o  improve performance and reduce weight. 
The upper curve shown represents a one-! I 
t i m e  use including operations 

i 

of system choice, d i rect ly  and in- ) I  

- 
8 i 1 \ I t : ,  9 
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w h i l e  the l o w e r  curve zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA___ -- represents - _, 

recurring costs only. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FUTURE M I S S I O N  REQUIREMENTS 

Up t o  t h i s  point i n  the presenta- 
t ion  we have been able t o  l ist and dis- ' 

cuss environmental and performance 
parameters that  w i l l  af fect  the specif i-  
cations for  future spacecraft develop- 
ment. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA val id recommendation may be 
made that  environmental cri teria for 
the several operating regimes discussed 
should be prepared and approved by the 
user agencies t o  assist future develop- 
ment planning. Many studies have been 
conducted which have considered per- 
formance tradeoffs for  speci f ic  missions, 
ut i l i z ing  state of a r t  performance 
factors, but which have no t  necessarily 
used consistent and completely defined 
environmental cr i ter ia. It shouldni'_t_ 
be too d i f f i cu l t  t o  arr ive a t  a com- 
pendium of acceptable parameters. 

Propulsion system performance 

but th is is a more d i f f i cu l t  task. ! 

i Evolving technology wh ich  produces new 1 
propulsion concepts and improves on 
exist ing ones is probably more dis- 
ruptive t o  cri teria s tab i l i t y  than the i 

definit ion. Secondly, there is no 
choice i n  the select ion of environment ' 
when a mission goal is selected, w h i l e  
a w i d e  gamut of performance factors mas? 
be considered i n  the select ion of an zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

1 1  

I 

may be put in to  cr i ter ia form also, I 

' I  
> 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-L -i 

- --- 
, I  

improvement expected i n  environment ' ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

optimum system. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 ;  
As an attempt t o  put the mission 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj 

spectrum i n  focus, it has been the 
custom of the O f f i c e  of Space Sciences 
to project future needs for unmanned 
exploration over a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 year period. A 
l ist  of some of the missions of in terest ,  
along w i t h  pert inent parameters is given' 
i n  Tables I11 and IV.  Table I11 lists i 

gives some possible synchronous 
equatorial orbi t  missions. 

Ward W. Wilcox & 
H, Rollins, I 

unmanned planetary probes and Table IV / i o  
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The most obvious conclusion from 
the tables is that  a l l  of these payloads 
are w i t h i n  the capabil ity of current  
launch vehicles. Another is that  there zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

is a w i d e  variat ion i n  t r i p  time and 
propulsion system weight requirement. 
I n  many cases a l l  three classes of pro- 
pulsion as discussed ear l ie r  could be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA$ 

considered for a given job, This allows 
the mission planner and the spacecraft 
designer the maximum f lex ib i l i ty  i n  
trading off the various rest ra in ts  and 
at t r ibutes of h i s  system. It is expected 
tha t  each new requirement w i l l  use 
exist ing systems as a baseline for  com- 
parison of advantages of proposed 
improvements, I n  order t o  make techni- 
ca l ly  sound decisions it is important 
that  the improved technology be demon- 
strated i n  a working breadboard system ' -  

w i t h  rea l i s t i c  operating conditions, 
While there is l i t t l e  dispute over 

the previous discussion, we now bore \ - .  
in to  the never-never land of future 
planning. The fu tu re  misions to -be  dis- 

the future, and a l l  attempts t o  def ine 1 

with emotional pleas and frustrat ion. 
This paper makes a del iberate attempt 
t o  show that  many choices ex i s t ,  but 
does not echo any of the pleas 
presented by advisory groups, academies, 

cussed are j u s t  that  -- they l ie  i n  ! 

---I when that  fu ture may be, S e e m  t o  end -- 

I 
, 

---+ 

ad hoc working groups, or annonymous 1 
prophets , ' I  

propulsion requirements which can , I  

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-7 

PLANETARY MISSIONS - A s  an extreme ' 
example of the var iety of spacecraft ! 

ex is t  i n  a single mission, a Manned 1 

Venus-Mars Flyby Mission w i t h  sampling 
' 

of the Martian surface w i l l  be discussed. 
1 

j i  packed w i t h  orb i ters  and landers for , 

both Mars and Venus. I n  addition t o  
a l l  of t h i s  equipment is the propulsion 1 
module which i n j e c t s  the spacecraft on i 

i ts interplanetary voyager, This u n i t  
might require anywhere from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50,000 lbs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

t o  200,000 lbs, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof thrust  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto j ect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI the- 1 - i  

I 

Figure 10 shows a 4 man spacecraft 

' !  

/ 
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spacecraft out zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof i ts e l l i p t i ca l  
assembly orb i t  and might j u s t  as w e l l  
be considered part of the launch vehicle 
for purposes of t h i s  discussion, The 
chances are tha t  l i qu id  hydrogen would zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 

be used i n  t h i s  application, e i ther  i n  , 

a nuclear or a chemical rocket stage, 
due t o  the relat ively short storage I 

times required and the high performance 
available. 

During the long voyage t o  the first 
planet of in terest  there w i l l  be many 
requirements for at t i tude changes t o  
allow sc ien t i f i c  observations and trans- 
mission of data back to  earth. I n  
addition several course corrections may. 
be needed, Because of the variety of , '  

corrections t o  be applied mul t i p le  
locations of re lat ively small thrusters 
are required similar t o  the arrangement , 
shown i n  Figure 3, Total impulse and 
t h r u s t  requirements for these auxiliary&. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

propulsion functions are such that  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtT: 
wide range of e lec t r i ca l  as well as 
chemical systems may be considered.\' j 

The major events i n  the t r i p  
trajectory are shown i n  Figure 11. ! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I Total t r i p  time, according t o  the - _I- 

studies of North American Aviation .--A 
; reference 1, are of the order of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 ~ 

days , 

planet, Venus, the spacecraft requires ._- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

maneuvering propulsion t o  allow scien--: 
t i f i c  observations w i t h  a variety of 
instruments, Several probes are de- 
ployed, both t o  orb i t  the planet and 
t o  descend t o  the surface. The orbi ter  

t o  separate from the flyby t ra jectory"  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' i  

and decelerate to an orbit ing stat ion. : 
1 Additional burns for o rb i t  t r i m  or 

plane change may be expected. Such an : 
orb i ter  might look a good deal l ike 
the i l l us t ra t ion  of Figure 1 2  although 
t h i s  specif ic design is for an unmanned 
application. 
the propellant tanks are packaged 
wi th in  an insulated shell which prwidea I 

I 
I n  the v ic in i ty of the first 

prober requires propulsive maneuvers i 

Here you can see tha t  

? 
> I  

. _  " . . . -  _ _  _ _  

d 
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the .ground zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhold environment on the 
launch pad, I n  th is  concept the 
tanks are f i l l ed  w i t h  cryogenic pro- 
pel lants before mating t o  the launch 
vehicle, kept refr igerated u n t i l  
launch and kept sealed (unvented) u n t i  
used, Obviously the demands on tech- 
nology w i l l  be high, as previously zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- ; < 

discussed, i n  areas of insulation and 1 

thermal management,, I n  the case of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa I 
large manned spacecraft, f i l l i ng  the ' 

i t  
tanks j u s t  prior t o  deployment is 
possible, although a new s e t  of prob- 
lems would be introduced. 1 1  

A t  the planet Mars, orbi ter  
probes are again deployed and a Mars . 
surface sample return probe has been 

and rendezvous w i t h  the spacecraft, 
bearing samples of Martian so i l ,  This, 
type of operation has been studied 
i n  de ta i l  i n  Reference 1 and w i l l  be 
used here to i l l us t ra te  propulsion 

1 .  

I ,  

1 
proposed which would separate, land zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

_ !  

problems only. ; 

Figure 13 shows a Martian watching 
the aerobraker probe approach, land 
and take zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoff w i t h  i ts samples, As you I 

can imagine th is  re tu rn  probe is a t  the 
fa r  end of the cost VSe delta V curve 
that  we discussed previously and the 8 

best of everything we know is needed 
t o  be able t o  perform the mission a t  
a l l .  Looking f i r s t  a t  the l e f t  side I 
of the i l l us t ra t ion  we see the aero- 
braker configuration, Very signif icant 
reductions i n  propulsive requirements i 
can be ! 
atmosphere t o  slow down the probe, , 
However, the saucer-like shape of the 1 
imposes packaging l i m i t s  on the space- j 

craf t .  I n  a specif ic configuration i 
studied for a manned Mars lander, it zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj 
was not possible t o  package the hydro- i 
gen for an H-0 system'within the aero- i 
she l l  because of diameter rest r ic t ions j 
of the launch vehicle (Saturn V) . I n  I 
t h i s  case the Flox-methane propellant i 

achieved by using the th in  

optimum aerodynamic configuration 1 
I 

cornbination was chosen. The f ina l  
- " -  ~~ r 1_ . " X  I -  . , - .  ~ I 
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landing is accomplished by means of 
throt t leable l iquid rocket engines 
similar t o  those used on Surveyor. 
Consideration has also been given t o  
parachute deceleration w h i c h  would 
decrease propulsion requirements. 

I n  order t o  take off from Mars 
and catch the f leeing flyby spacecraft, 
the sample return probe shown required 
three stages with excellent mass frac- 
t ions and high speci f ic  impulse, I n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

t h i s  example, the take-off stage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the 
three stage return vehicle would 
require speci f ic  impulse above 400 
i n  a 1000 pound t h r u s t  u n i t  using 

packaging i n  the lander and storable 
both enroute t o  Mars and on the surface 
of Mars, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA schematic arrangement of 
the three stage launch vehicle rest ing ' 

on the landing stage is shown i n  
Figure 14, Even i n  t h i s  schematic, the 
packaging problems are apparent and 
a l l  the plumbing, wiring, controls, 
etc. are not shown. I n  order t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe 

aSle t o  s tore m i l d  cryogenics for  1 

the mission duration everything i n  
the package would have t o  be exposed 
t o  vacuum and a long cold soak, During I 
descent through the Mars atmosphere j zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 4  

the ascent stages have t o  be protected; , <  

i l  from entry heating, 
th is  probe i n  the t h i n  Martian atmos- i 

hours, l i m i t e d  by the requirements of ! I 1  1 
catching the flyby vehicle, To accom- 1 j 
pl ish the job described here, there 
are several areas of technology which 
need more attention. For these very. 
small high performance engines, l o w  
capacity, high pressure turbomachines 
w i l l  be required and the ab i l i t y  to 
maintain throat dimensions w i l l  be 
taxed severely. Contemplation of the 

propellants w h i c h  are dense for good ! 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I '  

Stay time of 

phere might be of the order of two 1 1  

* 

1 
I 

I 
, 

1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i I j i  1 

Ward W. Wilcox , 
;I*':, , >  L i ' I  



checkout of t h i s  miniature three 
stage launch vehicle i n  the t i m e  
available might provide interesting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
simplif ications applicable t o  earth 
launch vehicles, 

LUNAR MISSIONS - I f  the sophis- 
t icated planetary missions discussed ' 

above appear t o  be too far  i n  the 
future for  consideration a t  t h i s  t i m e ,  1 1 
we can contemplate expansion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  lunar 
surf ace operat ions , 
sion of lunar operations, it is c lear  
that  a less expensive transportation 
system t o  the moon w i l l  be required, 
Most o'f the serious proposals include zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

a cryogenic lunar landing stage 
(Figure 15) similar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto those or ig inal ly 
proposed for the Apollo direct landing i 
missions. The t rans i t  t i m e  is no # 

longer a serious barr ier  t o  the storage ; 
of l i q u i d  hydrogen and the lack of 
atmospheric entry heating completes j 

the case for the use of oxygen-or ' !  

fluorine-hydrogen systems i n  t h i s  
application. 

Advanced versions of a lunar 
ascent stage w i l l  probably be required 
i f  the lunar o rb i t  rendezvous scheme 
continues t o  be used for crew re turn,  
Long surface storage times would favor 

To support expan- 

earth or space storable systems as the 
crew capacity of the stage is increased, 

On the surface of the moon a choice 
ex is ts  between "a i r "  and ground trans- 1 
portation, It appears t h a t  a society 
that  depends on rapid point-to-point 
transportation on earth won't be ! 

sat is f ied w i t h  some of the surface i 
devices proposed for lunar exploration,; 
Concepts for a Lunar Flying U n i t  hav 
been under study for some time, The 
ear l ies t  version would be a simple 
one or  two man platform (Figure 16) 
using throt t leable earth storable I 

engines, perhaps very similar to the 
cur ren t  Surveyor system. The current 
propellant choice which is dictated 
by expected earth storable bipropellanta 
residual i n  the ear ly lunar module tanks 
w i l l  probably evolve t o  the simpler 

Ward W, Wilcox zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6t 
Robert H. Rollins, IJ 



monopropellants once a reasonable re- 
supply service from earth is operational, 
The storability of hydrazine and the 
ease of handling a single propellant 
during refueling and servicing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I operations make it attractive, , I  

If the imagination is stretched zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' ' 

to encompass propellant manufacture on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

the moon, a hydrogen-oxygen-nitrogen , 1 1  

mixed gas system could be considered 
for more advanced hoppers. The authors I 

don't feel qualified to discuss the , I  

probabilities for development of 
magnetic platforms or space coupes 
for lunar applications anytime in the ; 
future, in spite of Dick Tracy's 
success. 

EARTH ORBIT MISSIONS - The area of 1 
earth orbital operations is often 
passed over in discussions of advanced ! 
propulsion requirements. A simile 
may be drawn between this neglect and 

the relative importance of supersonic 
or hypersonic transport aircraft to - ; 
urban transportation problems, The 
question of "how can it be done" is I 

well answered by existing technology, ; 
Interest in providing answers to "how 
can it be done better" is less evident.! 

from the flatness of the cost curve 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 ,  

At least part of this apathy stems 8 ,  

(Figure 9) in this area. l i  

stations, will require system total 

1 1  

/ I  
instrumented deep space probes, The I '  r 

Future missions of long duration ' 1 
in earth orbit, especially large manned j 

impulses the same order as the smaller ! 

additional complexities of resupplying 1 1 
these auxiliary propulsion systems ' 8 i 

given expendable systems. In fact, i ,  
! Ward W, Wilcox & the back door to rocket system re- 

usability is open in the earth orbital $ ' .  H- Rollins, I3 
I !  

systems such as the Apollo Applications: 
S-IVB Laboratory (Figure 17) uniformly i 1 
considers state of art earth storable 1 
liquid rocket systems like zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthose in usel 1 

i s  

1 '  
require consideration not normally , i  

I 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 ,  

area, Planning for near term large c l  

' 16 ~ 
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on the Apollo spacecraft. These 

systems, by and large, are not designed 
for refueling and rely on limited cycle 
life expulsion devices for propellant 
feed, 

There will be many requirements 

for improved propulsion capabilities 
for the large orbital stations as their 

complexity increases (Figure 18). 

Other possible manned orbital operations 
lie in the area of assembly of separate- 

ly launched payloads for escape missions------' 
repair or retrieval of existing space- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI '  

craft, and rescue missions, In each 
of these areas, small maneuverable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
extravehicular propulsion systems 
are necessary. The state of art has 

moved from oxygen gas jets used on . I  I 
Gemini to the Hydrazine Hand-Held i 

The family of maneuvering units f ,  

Maneuvering Unit shown in Figure 19. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(AMU, RMU, MMU) under development in a 

connection with the MOL project is 
the next step. Proposals for space I 

1 tugs or tractors lie in the future, 
In smaller orbital spacecraft, 

long life systems for the simple t 

propulsion requirements will be required' 
to match the state of art improvements 
in the other satellite subsystems. The' 
long time storability of monopropellant' i 

I '  hydrazine makes it a very attractive 

candidate for near term developments. ! 

Electrically based systems will become-] 1 
more attractive as advanced power I 1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: I  

sources evolve. j j  

i j  
, I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' i  

! i  
) I <  

SUMMARY 

In summary, it is obvious that the 
void of space is full of interesting 
things to do. In the main we have the 
propulsion capability to do these 
things, or at least a basis of tech- 
nology which gives us confidence 
they can be done. 
to the hard choices of specific pieces 
of hardware required to do well defined 
jobs in a specific way, a lot of work 

When it comes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdown 

Ward W, Wilcox di ,- 

Robert H. Rollins, 
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remains t o  be bone. It w i l l  require 
careful analysis and good engineering 
judgement t o  pick a winner from a l l  
the possible modes of propulsion. While 
such selections are tough jobs, they zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

not impossible jobs and can be handled 
i n  a straightforward manner. Trying t 
establ ish a rea l ly  complete technology, 
base without duplication or waste, 
seems t o  be a more elusive act iv i ty.  
U n t i l  the t i m e  comes for select ion 
of speci f ic  propulsion u n i t s ,  however, 
the ef fo r t  t o  improve the level of 
knowledge i n  propulsion is an invest- 
ment which w i l l  pay off handsomely in ! 

the future. 

Ward W. Wilcox & 

Robert H. Rollins zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 
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Table I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Space Propulsion Environment 
Table 11 - Propulsion Performance Parameters 
Table SSI - Unmanned Planetary Missions 
‘,Table IV - Synchronous Equatorial Orbit Missions 
Fig. 1 - Trip Time for Planetary Orbit Missions 
Fig, 2 ‘--Thermal Spectrum for Spacecraft Propulsion 

Fig, 3 - Gemini Spacecraft Propulsion 
Fig. 4 - Space Propulsion Performance Spectrum 
Fig. 5 - Performance Characteristics of Some 

Typical Propellant Combinations 

Fig. 6 - Comparison of Propellant Liquid Ranges 
Fig. 7 - Stage Volume Comparison 
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Fig. 8 - Spacecraft Sterilization 
;Fig, 9 - Mission Transportation Cost zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 

Fig, 10 - Planetary Flyby Spacecraft 
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Fig, 11 -,Typical Trajectory Profile 

Fig, 12- Mars Orbiter Spacecraft 

Fig, 13 - Mars Surface Sample Return 
Mission Profile 

Fig, 14 - Mars Surface Sample Return 
Fig. 15 - Lunar Logistics Vehicle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAConcept 

Fig. 16 - Lunar Flying Unit zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
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Fig, 17 - Orbital Workshop 
Fig. 18 - Orbital Configuration * 

Fig, 19 - Hydrazine Hand-Held Maneuved$ng - 
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