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Abs t r ac t  

Th i s  paper  r e p o r t s  an eva lua t ion  ok t h e  
performance p o t e n t i a l  of f i v e  nuc lea r  r o c k e t  
eng ines  f o r  f o u r  miss ion  c l a s s e s .  These 
eng ines  a re :  t h e  r e g e n e r a t i v e l y  cooled  gds- 
co re  nuc lea r  r o c k e t ;  t h e  l i g h t  bu lb  gas-core  
nuc lea r  r o c k e t ;  t h e  space - rad ia to r  cooled  gas- 
co re  nuc lea r  r o c k e t ;  t h e  f u s i o n  r o c k e t ;  and an 
advanced s o l i d - c o r e  nuc lea r  r o c k e t  which is in-  
c luded  f o r  comparison. The miss ions  cons idered  
a r e :  Ea r th - to -o rb i t  l aunch;  near -Ear th  space  
mis s ions ;  c l o s e - i n t e r p l a n e t a r y  mis s ions ;  and 
d i s t a n t  i n t e r p l a n e t a r y  miss ions .  For each  o f  
t h e s e  miss ions ,  t h e  c a p a b i l i t i e s  of each  r o c k e t  
engine  type  a r e  compared i n  terms of payload 
r a t i o  f o r  t h e  E a r t h  launch  miss ion  o r  by t h e  
i n i t i a l  v e h i c l e  mass i n  Ea r th  o r b i t  f o r  space  
mis s ions  (a measure o f  i n i t i a l  c o s t ) .  Other  
f a c t o r s  which might de te rmine  t h e  engine  choice  
a r e  d i scussed .  It is  shown t h a t  a 60 day 
manned round t r i p  t o  Mars i s  conce ivable .  

I. I n t r o d u c t i o n  

The r e l a t i v e l y  low s p e c i f i c  impulse Isp of 
chemica l  r o c k e t s  s e v e r e l y  r e s t r i c t s  miss ion  
c a p a b i l i t y .  For miss ions  more d i f f i c u l t  t han  
l u n a r  e x p l o r a t i o n  and one-way p l a n e t a r y  probes ,  
h i g h  p ropu l s ive  v e l o c i t y  requi rements  o r  A V ' s  
r e s u l t  i n  ex t remely  l a r g e  i n i t i a l  v e h i c l e  
masses a t  Ea r th .  These h igh  masses i n  t u r n  
imply t h e  need for l a r g e  and presumably expen- 
s i v e  v e h i c l e s  and launch  f a c i l i t i e s ,  and f o r  
ve ry  complex o p e r a t i o n s  such a s  o r b i t a l  assem- 
b l y ,  mu l t i - s t ag ing ,  e tc .  When a more ambi t ious  
program of  space  e x p l o r a t i o n  i s  cons idered ,  
t h e r e  is an ev iden t  need f o r  h ighe r  s p e c i f i c  
impulses  t o g e t h e r  w i th  moderate engine  weights .  

Sol id-core  nuc lea r  r o c k e t s  (SCNR) would 
develop  r e l a t i v e l y  h igh  t h r u s t s  a t  about  twice 
file s p e c i f i c  impulse of t h e  b e s t  chemica l  
r o c k e t s  (800 + s e c  a s  opposed t o  400 + s e c ) .  
Even t h i s  i n c r e a s e  i n  I sp  may be inadequa te  f o r  
v e r y  e n e r g e t i c ,  ve ry  h i g h  payload  miss ions ,  
p a r t l y  because  t h e  SCNR i s  cons ide rab ly  heav ie r  
i n  r e l a t i o n  t o  i t s  t h r u s t  Yhan i s  t h e  chemica l  
r o c k e t .  A t  t h e  oppos i t e  end of t h e  advanced- 
eng ine  spectrum, e l c c t r i c  r o c k e t s  can develop 
ex t remely  h igh  s p e c i f i c  impulse.  On t h e  o t h e r  
hand, t h e i r  ve ry  low t h r u s t  i m p l i e s  l ong  pro- 
p u l s i o n  t imes  and i n  inany cases ,  undes i r ab ly  
l o n g  miss ion  t imes .  

I n  t h i s  s tudy  we hJve  i n v e s t i g a t e d  t h e  per -  
formance of s e v e r a l  nuc led r  r o c k e t s  f o r  a 
v a r i e t y  of p o t e n t i a l l y  i n t c r e s t i n g  mis s ions .  
Inc luded  i n  t h e  s tudy  drc: 

1. An advanced so l id -co rp  nucleclr  r o c k r t  
(SCNR), 930 s e c  Isp ,  t h r u s t  t i l  c ,nqint* m , t s s  
r , i t i n  (r/M) ctr l O f l  Nwtrms/kq. 

2 .  Regpnrrdt ivr, ly r v m l e d  q.l\-r.r,rc. nLlr l rc l r  

r o c k e t s  (REGEN.GCNR), 1000 t o  3000 s e c  Isp,  
F/M of 1 4  t o  2 5  N/kg. 

3 .  Light  bu lb  gds-core nuc lea r  r o c k e t s  
(LBGCNR), 1 7 0 0  t o  2650 s e c  Isp, F/M of 10 t o  20 
N/kg . 

4. Space r a d i a t o r  c o o l e d  gas-core  nuc lea r  
r o c k e t s  (SRGCNR), 2600 t o  6500 s e c  Isp, F/M o f  
1 t o  3 NAg. 

5 .  Fusion r o c k e t s  [FUSION) up t o  200,000 
s e c  I sp ,  power t o  engine  mass r a t i o  (P/M, o r  
l/') OF 1 kW/kg. 

The purpose of t h i s  paper  i s  t o  de te rmine  
which engine  o f f e r s  t h e  b e s t  performance poten- 
t i a l  f o r  each  of f o u r  miss ion  c l a s s e s :  

1. Ear th - to -o rb i t  l aunch  

2 .  Near-Earth space  miss ions  

3. Close i n t e r p l a n e t a r y  miss ions  

4. D i s t a n t  i n t e r p l a n e t a r y  mis s ions .  

For Ea r th - to -o rb i t  l aunch  v e h i c l e s ,  payload 
r a t i o -  is i n v e r s e l y  r e l a t e d  t o  t o t a l  i n i t i a l  
mass (veh ic l e  i n i t i a l  mass t imes  t h e  number o f  
launches)  r e q u i r e d  t o  p u t  up a g iven  payload. 
I n i t i a l  mass is presumably a measure of v e h i c l e  
i n i t i a l  c o s t .  (Costs  p e r  u n i t  of payload, how- 
eve r ,  depend s i g n i f i c a n t l y  upon whether t h e  
v e h i c l e  i n  ques t ion  i s  r e u s a b l e  o r  n o t . )  

For t h e  o t h e r  t h r e e  miss ions ,  performance i s  
measured i n  terms of i n i t i a l  mass i n  Ea r th  
o r b i t  (IMEO) r e q u i r e d  t o  perform t h e  given m i s -  
s i o n  w i t h  t h e  t h r u s t  l e v e l  op t imized .  I n  addi- 
t i o n ,  f o r  r e u s a b l e  v e h i c l e s ,  p r o p e l l a n t  load- 
i n g s  a r e  p re sen ted  s i n c e  p r o p e l l a n t  and payload 
would have t o  be r ep len i shed  f o r  miss ions  sub- 
sequent  t o  t h e  f i r s t .  

11. Symbols 

F t h r u s t ,  N 

g s t anda rd  v a l y  o f  g r a v i t y ,  

H/U hydrogen-to uranium-flow r a t e  r a t i o  

ISP S p e c i f i r  impulse,  s e c  

Me m d s s  o f  enqine ,  kg 

'is i n t e r s t d g e  s t r u c t u r e  mass, kg 

M j c t t l s o n  mass j e t t i s ~ i n e d ,  such a s  Mars 
l ande r ,  kg 

p r o p e l l a n t  mass, kg 

9 .80665 m/sec 

% 

1 



payload mass, kg n e g l c c t c d ,  it is d i i f i c u l t  t o  s e e  how t h i s  one 
c h a r a c t e r i s t i c  OF t h e  SCNR could be  r e c o n c i l e d  

Mpstr p r o p e l l , i n t - s t r u c t u r c  mass, kg wi th  t h e  m<inned, r e c o v e r a b l e ,  rap id- turnaround 
s t y l e  o f  o p e r a t i o n  envis ioned  i n  modern recov- 

t h r u s t - s t r u c t u r e  m d s s ,  kg e r a b l e  l d u n r l i  v e h i c l e  concepts .  Perhaps f o r  
tliese rca'sons rescent SCNK a p p l i c a t i o n  s t u d i e s  

m d s s  a t  beginning  01 inmcuvcr', l\g siicli o s  r e f e r e n c e  1 c o n s i d e r  on ly  h igh  o r b i t ,  
1 unar or i n t e r p l a n e t a r y  mission.. w i t h  o r b i t a l  

s p r c i f i c  m c i s s  of low- thrus t  s t a r t u p .  
w u p u l s i o n  system, I ~ d l t W  

Mpay 

M t  s 

Mo 

d 
- -  . -  

Ref ienera t ive lv  Cooled Gas-Core Nuclear  
v, h y p e r b o l i c  excess  v e l o c i t y ,  km/sec Rockets  [RCGEN.GCNR) 

AV p r o p u l s i v e  v e l o c i t y  increment ,  One way t o  avoid t h e  above mentioned l i m i t a -  
k d s e c  t i o n s  i s  t o  have t h e  f u e l  i n  t h e  form o f  a 

f i s s i o n i n g  plasma b a l l  which i s  a t  ex t remely  
h igh  tempera tures  and h e a t s  hydrogen p r i m a r i l y  
by r a d i a t i o n .  The plasma is  approximately 

means. A s m a l l  amount of  "seed" m a t e r i a l ,  

hydrogen 's  r a d i a t i v e  a b s o r p t i o n  p r o p e r t i e s .  

S u b s c r i p t s :  

i ith maneuver s e p a r a t e d  from t h e  hydrogen by hydrodynamic 

imax l a s t  maneuver e .g . ,  t u n g s t e n  powder, is added t o  improve t h e  

111. C h a r a c t e r i s t i c s  and Masses o f  
P r o s p e c t i v e  Nuclear Engines  

Before t a k i n g  up a d e t a i l e d  d i s c u s s i o n  of  
miss ions ,  t r a j e c t o r i e s ,  mass f r a c t i o n s ,  e tc . ,  
it is  a p p r o p r i a t e  t o  b r i e f l y  review t h e  p e r f o r -  
mance and o p e r a t i n g  c h a r a c t e r i s t i c s  used f o r  
t h e  advanced engine concepts  cons idered  i n  
t h i s  s t u d y .  

Sol id-Core Nuclear Rocket [SCNR) 

T h i s  is t h e  only  one of t h e  engines  t o  be 
d i s c u s s e d  t h a t  could be brought  to o p e r a t i o n a l  
s t a t u s  w i t h i n  a decade. It o p e r a t e s  on a f a -  
m i l i a r  p r i n c i p l e :  t h e  h e a t i n g  o f  hydrogen t o  
produce t h r u s t .  The h e a t i n g  i s  done by a 
r e a c t o r  c o n s t r u c t e d  of  s o l i d  fue1.element.s and 
s t r u c t u r e .  To keep t h e s e  p a r t s  from mel t ing ,  
t h e  r e a c t o r  tempera ture ,  and hence t h e  hydrogm 
tempera ture ,  i s  l i m i t e d  t o  v a l u e s  l e s s  than  
3300 K. Correspondingly,  t h e  maximum s p e c i f i c  
impulse a t t a i n a b l e  by t h i s  concept  i s  only  a 
l i t t l e  g r e a t e r  t h a n  900 seconds.  The NERVA 
program has  a l r e a d y  demonstrated t h a t  a v a l u e  
o f  a t  l e a s t  800 seconds can be a t t a i n e d  i n  
p r a c t i c e .  

Unfor tuna te ly ,  t h e  masses e s t i m a t e d  f o r  
such  engines  have i n c r e a s e d  s i g n i f i c a n t l y  dur- 
i n g  t h e  development process .  
i n  p d r t ,  s imply from an i n c r e a s e d  awareness  o f  
t h e  need t o  s h i e l d  c e r t a i n  v e h i c l e  and system 
e lements  a g a i n s t  n u c l e a r  r a d i a t i o n .  Neverthe- 
less, from e d r l y  e s t i m a t e s  a s  h igh  a s  L'160 
(kg mass p e r  Newton t h r u s t ) ,  SCNR s p e c i f i c  
masses hdve now i n c r e a s e d  t o  v a l u e s  approxi-  
mating 1/30 or 1/25. Tor t h e  purposes  o f  t h i s  
s t u d y  a n  improvement i n  technology has  been 
assumed: A sper*iCic impulse of  930 sec f o r  t h e  
SCNR w L i s  chosen d n d  tlie c-ngine mdss was assumed 
t n  IIP rcpresentcd by 

This has  resulted, 

- -  

Basic  r e s e a r c h  h a s  r e s u l t e d  i n  apparent  
p r o g r e s s  toward a demonstrat ion of  f e a s i b i l i t y .  
Labora tory  t es t s  a p p l i c a b l e  t o  t h i s  concept  
( r e f e r e n c e  2) i n d i c a t e  t h a t  t h e  n e c e s s a r y  types 
o f  f low p a t t e r n ,  uranium plasma confinement and 
s e p a r a t i o n ,  etc. can be achieved under condi- 
t i o n s  s u g g e s t i v e  of  a GCNR r e a c t o r .  The favor-  
a b l e  engine weight  and impulse c h a r a c t e r i s t i c s  
p r e d i c t e d  by t h a t  s t u d y  ( s e e  r e f e r e n c e  3) y i e l d  
good performance f o r  i n t e r p l a n e t a r y  miss ions  
( r e f e r e n c e  4) and a l s o  appear  promising f o r  
E a r t h  launch miss ions .  An advantage i n  t h i s  
a p p l i c a t i o n  i s  t h e  f a c t  t h a t  t h e  f i s s i o n  
fragment  i n v e n t o r y  i s  n o t  r e t a i n e d  i n  t h e  reac-  
t o r  a f t e r  shutdown. Thus, it would probably  
n o t  p r e s e n t  a major r a d i a t i o n  hazard  a f t e r  
shutdown. Unfor tuna te ly ,  it does d i s c h a r g e  a 
s m a l l  amount of p a r t l y - f i s s i o n e d  uranium (e.g., 
1 p e r c e n t  by mass of  t h e  hydrogen f low r a t e )  a t  
a l l  t i m e s  dur ing  engine o p e r a t i o n ,  and t h i s  i s  
e v i d e n t l y  an u n d e s i r a b l e  f e a t u r e  from t h e  
a tmospher ic -pol lu t ion  viewpoint  i f  an E a r t h  t o  
o r b i t  launch v e h i c l e  w i t h  l o w - a l t i t u d e  s t a r t u p  
i s  envis ioned .  

This  engine might a l s o  be u n d e s i r a b l e  f o r  
near -Ear th  and l u n a r  miss ions  s i n c e  it would 
t e n d . t o  contaminate  t h e  a r e a  w i t h  r a d i o a c t i v e  
was tes  due t o  t h e  l a r g e  numbers o f  such 
miss ions  t h a t  would be contemplated.  

The mass o f  t h e  r e g e n e r a t i v e l y  cooled GCNR 
i s  based on equat ions  presented  i n  r e f e r e n c e  4 
(which i n  t u r n  updated t h o s e  OP r e f e r e n c e s  2 
and 3 ) .  These e q u a t i o n s  r e l a t e  engine  mass t o  
s p e c i f i c  impulse,  engine d iameter ,  hydrogen t o  
uranium f low r a t e  r . i t i o ,  c r i t i c a l  mass, and 
t h r u s t .  For  t h e  Rl:GI:N.GCNR's s t u d i e d  h e r e i n ,  
t h e  diameter  i s  3 . 6 6  m, t h e  c r i t i c a l  mass i s  
148 kg, t h e  f low r a t e  r a t i o  i s  100 and t h e  
s p e c i f i c  impulse is 2500 s e c s .  The engine mass 
[ r e f e r e n c e  11) becomes 
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R E G E N - G C N R .  'L'lic iihi ]in* d i i l c 3 m i i c . e 5  a% t l i , l  t tile 
l i g h t  b u l b  cmploys <I t r C i n s p ~ i r e n t  mrcliclnic,r I 
b a r r i e r  t o  s e p d r a t e  tlir urmium glasmd [rum t h e  
hydrogen and  lids ,I s n i t i l l  r.idiLi tur to  ~ ~ e n i o v ~ '  
e x c e s s  h e a t .  I t ,  t l iert*lor-c,  h.is ,111 thcs bcnc- 
f i t s  of t h e  RCCCN-CCNR, but  does no t  dischsirgc 
r a d i o a c t i v e  d c h r i s .  Thus, the LBGCNR dppedrs  
t o  be an a t t r a c t i v e  cand ida te  t o r  near -Edr th  
miss ions .  

The mass and s p e c i f i c  impulse of  t h e  LBGCNR 
a r e  g iven  i n  Table I a s  a €unc t ion  of  t h r u s t .  
These v a l u e s  a r e  from computations by United 
A i r c r a f t  Resedrch Labora to r i e s  based on a 
r a d i a t o r  mass of 135 kg/W and a chamber 
p r e s s u r e  of 1 0 0 0  atmospheres.  

TABLE I: LBGCNR DATA 

F- n 
22 240 
4 4  4 7 0  
8 8  9 5 0  

133 420 

222 370 
266 850 
3 1 1  320 
355 8 0 0  
400 270 
4 4 4  7 5 0  

1 7 7  900 

F- n I Me-kg 
133 370 I 14 050 

Me- kg; I s n - s e c  
3 6  280 3400 
45 590 4150 
68 210 4850 
82  830 5200 

1 2 0  060 5700 
1 3 6  680 5800 
157 300 5900 
1 7 5  920 6000 
194 530 6000 
213 150 6000 

1 0 1  440 5500 

222 370 
3 1 1  3 6 0  
4 0 0  360 
667 100 

1 3 3 4  200 
1 7 7 8  Y O 0  
2 668 YO0 
3 113 1 0 0  
3 557 900 

1 5  650 
1 7  200 
1 9  050 
23 1 2 5  
3 4  Lk75 
44 000 
83  000 

1 2 2  4 5 0  
2 0 4  075 
3 8 5  500 

1 9 0 5  
1990 
2050 
2180 
2355 
2425 
2530 
2570 
2605 

1 2635 

Space Rad ia to r  Cooled Gas-Core Nuclear 
Rockets  (SRGCNR) 

Fus ~ I I I I  RIII 1ki  t s  ( I ' U ~ ~ I ~ I I ~  ' 

T I I  tlic, I i i . s i<m r?Ickvt (rt-lc*rc*ncc 7) J fus ion  
Jut-L SIII'II ,is (I  niixt1n.c- 1 1 1  d e u t t r l u m  dnd helium-3 
i s  injc-ctr  d  inti^ cl i 'edction clldmber. A iew pcr -  
c r n t  01 tlic i n  jcct iad f u r l  undrrgoes f u s i o n  
r e d r t i o n s .  The onr'r'gy rttlcwsed h e a t s  t h e  un- 
redcted f u e l  t o  csxtrcmely h igh  t empera tu res  
where it i o n i z e s  t o  lorm p h s m d .  Magnetic 
f i e l d s  hold  t h e  p1,ism;l f u e l  away from t h e  reclc- 
t i o n  chamber w a l l s  and d i v e r t  some of it i n t o  ~1 
mixing chamber. Hydrogen p r o p e l l a n t  is i n j e c t c d  
i n t o  t h e  mixinf chamber where it is ion ized  dnd 
hea ted .  The the rma l  energy of t h e  p r o p e l l a n t  is 
conver ted  i n t o  d i r e c t r d  motion by a magnet ic  
nozz le  t o  produce t h r u s t .  Mixing wi th  a p rope l -  
l a n t  is r e q u i r e d  because t h e  e scap lng  fus ion -  
r e a c t i o n  p roduc t s  by themselves  would have a 
s p e c i f i c  impulse i n  t h e  range  of 200 000 sec, 
f a r  dbOVe t h e  op t ima l  v a l u e  f o r  most p l a n e t a r y  
miss ions .  By a d j u s t i n g  t h e  amount o f  hydrogen 
added, t h e  s p e c i f i c  impulse can be v a r i e d  a s  
d e s i r e d  throughout  t h e  miss ion .  

The s p e c i f i c  powerplan t  mass,&, h a s  been 
t aken  t o  be 1 kg/kW a s  e s t ima ted  i n  r e f e r e n c e  7 .  
This  r e f e r e n c e  assumes a r a d i a t o r  s p e c i f i c  mass 
o f  about  1 5  kghW a s  compared t o  t h e  1 3 5  kg/ Mw 
used h e r e i n  f o r  t h e  LBGCNR and SRGCNR. 

IV.  P ropu l s ive  V e l o c i t y  Increments  

The r e q u i r e d  p r o p e l l a n t  l oad ing  f o r  each  
s t a g e  may be e a s i l y  computed from t h e  chemical 
r o c k e t  equa t ion ,  i .e .  

(Mp)i = ( M o l i  ( 1  - exp(-AVi/Ispg) (3) 

The p ropu l s ive  v e l o c i t y  increment  or AV u l t i -  
mate ly  i s  ob ta ined  from t r a j e c t o r y  s imula t ions .  
For E a r t h - t o - o r b i t  l aunch  miss ions ,  t h e  launch- 
t r a j e c t o r y  code o f  r e f e r e n c e  8 was used. This  
comprises r e a l i s t i c  E a r t h  and atmosphere model% 
r e p r e s e n t a t i v e  v e h i c l e  aerodynamic coe f f i c i en t s ,  
and an a c c u r a t e  numer i ca l - in t eg ra t ion  package. 
Calcu lus  o f  v a r i a t i o n s  s t e e r i n g  l o g i c  i s  used 
above t h e  s e n s i b l e  atmosphere t o  maximize t h e  
payload  d e l i v e r e d .  

I d e a l  impuls ive  AV's  f o r  ou te r -p l ane t  m i s -  
s i o n s  were t aken  from r e f e r e n c e  9, a s t a n d a r d  
t r a j e c t o r y  d a t a  compi la t ion .  S i m i l a r  da t a  f o r  
Mars miss ions  were ob ta ined  from unpubl i shed  
Lewis da t a  which, l i k e  r e f e r e n c e  9, was gener- 
a t e d  by means of t h e  t r a j e c t o r y  program de- 
s c r i b e d  i n  r e f e r e n c e  10 .  Precomputed g r a v i t y  
l o s s  da t a  (c.f. r e f e r e n c e  11) was t a b u l a t e d  
and used by means of a t a b u l a r  lookup r o u t i n e  
t o  account  €or  AV p e n a l t i e s  f o r  f i n i t e  t h r u s t .  
This  pe rmi t s  t h e  op t imiza t ion  o f  t h r u s t  l e v e l  
w i thou t  r e - i n t e g r a t i n g  t h e  a c t u a l  t r a j e c t o r i e s .  

For t h e  f u s i o n  r o c k e t ,  an approximate low- 
t h r u s t  t r a j e c t o r y  computer code based on refer- 
ence  1 2  was used. I n  o rde r  t o  f a c i l i t a t e  com- 
p a r i s o n  w i t h  t h e  h ighe r  t h r u s t  sys tems,  a l l  
p l a n e t  p h y s i c a l  r m s t a n t s  arid c i r c u l a r / c o p l a n a r  
o r b i t  c l emrn t s  were chosen t o  match t h o s e  of 
r e f r r e n c e  9. 

V.  Vehic le  Mass 

V e l i i i ~ l r ~  mass is cLilculLi t c s t l  by suiiuniiig thc 
masses r e q u i r e d  f o r  each  maneuver. As prev i -  
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o u s l y  mentioned, p r ~ ~ p c ~ l l a n t  i n i i s s  is uiilc.ulii1rtl 
-from rq i ta t inn  ( 3 ) .  Tlic~ i n i t i a l  i i t i i s s  L ' o i *  t l iv 
next  maneuver is t h e n  

The f i n a l  maneuver w q u i r e s  t h a t  t h e  i n i t  t a l  
mass e q u a l  

Mpay + Me (5) 

(7) 

For Mars and major p l a n e t  miss ions ,  

M j e t t i s o n  = 150 000 kg (9) 

For t h e  miss ions  s t u d i e d  h e r e i n  t h e r e  a r e  
u s u a l l y  two payloads,  one l e f t  a t  t h e  d e s t i n a -  
t i o n  which i s  c a l l e d  M j e t t i s o n  and one re turned  
t o  E a r t h  c o n s i s t i n g  o f  a command module, crew, 
e t c .  c a l l e d  %ay. 

V I .  Ear th- to-Orbi t  Launch 

Launch c o s t s  have been an item of major 
concern s i n c e  t h e  e a r l i e s t  days of  t h e  space 
program. Cost r e d u c t i o n  p r i n c i p l e s  y i e l d  o n l y  
incrementa l  improvements i n  c o s t  e f f e c t i v e n e s s  
a s  l o n g  a s  t h e  launch  v e h i c l e  is d i s c a r d e d  
a f t e r  each use.  I n  order  t o  reduce  launch 
c o s t s  t o  r e a l l y  a t t r a c t i v e  l e v e l s ;  e - g . ,  less 
than  $400 p e r  k i logram i n  o r b i t ,  a f u l l y  reus-  
a b l e  system, " the space s h u t t l e "  concept ,  is 
under i n t e n s i v e  s t u d y  a t  t h i s  t i m e .  As pres-  
e n t l y  conceived,  it c o n s i s t s  of  two chemical  
r o c k e t - p r o p e l l e d  a i r p l a n e - l i k e  s t a g e s .  

Unfor tuna te ly ,  t h e  low Isp o f  chemical  
engines  combined w i t h  t h e  c o n s i d e r a b l e  mass of  
r e e n t r y  s t r u c t u r e  r e s u l t  i n  an uncomfortably 
s m a l l  payload r a t i o ,  e .g . ,  about  1 p e r c e n t  o f  
i n i l i . i l  m a s .  An a l t e r n a t i v e  approach which 
could be cons idered  f o r  a l a t e r  o p e r a t i o n a l  
d a t e  bnuld involve  t h e  use o f  advanced n u c l e a r  
~ngi11c.s .  B y  t d h i n g  advantage o€ t h e  presumed 
Itigli s p e c i f i c  impulse and other, f a v o r a b l e  char- 
a r t c , r i s t i c s  of (e .g . )  t h e  LBGCNR, it is poss i -  
ble  i n  p r i n c i p l e  t o  achieve  e x c e l l e n t  payload 
i d t i n s  and t o  do it w i t h  a s i n g l e  s t=tge vehicle .  
N i i b  l a t t e r  concept ,  i l l u s t r a t e d  i n  f i g u r e  2 ,  
ha5 apparent  advantages  i n  te rms  of  o p e r a t i o n a l  
s i m p l i c i t y  and a presumably lower i n i t i a l  c o s t .  

A p a r a m e t r i c  s t u d y  of  t h i s  p o s s i b i l i t y  is 
p r e s e n t e d  i n  f i g u r e  3 where burnout  mass (ex- 
c l u d i n g  t h e  n u c l e a r  engine)  is p l o t t e d  < igdins t  
t h e  n u c l e a r  e n g i n e ' s  s p e c i f i c  impulse and  spe- 
c i I i c  m a s s  (mass p e r  u n i t  t h r u s t )  ior a t y p i c r i l  
Edrth s u r f d c e  t o  low c i r c u l a r  p a r k i n %  o r b i t  
l aunch  miss ion .  I n  a l l  c a s e s ,  t h e  n u c l e a r  
engine  t h r u s t  l e v e l  i s  opt imized,  nnd is gcner- 
a l l y  only s l i g h t l y  g r e a t e r  tllan tlie vehic.Lc*'s 
i n i t i a l  gross weight .  
mass parameter  i n c l u d e s  structure,  o t h e r  dcod 
mass, dnd payload.  (Typica l  s t r u c t u r e  p l u s  
dead mass f r a c t i o n s  f o r  chemical  s h u t t l c  

Note t h a t  t h e  burnout  

v t ~ l i i < - l r ~ s  i i i - [ a  iiiclioiitc!d I)y t l t c a  h~ii.izoitL.11 hlilri 
,111 tlti, l ' i y , i i i v * . )  '1'11~.  piiyti~irtl i s  t l i c r l  t h c a  di1'- 
I ' ~ ~ i ~ ~ i i c t -  I i i * t w c ~ . i i  tlie s t r - u c t t i r i i l  mass l'r*;lct i w i  

;iiicI L l i c b  Iiiii-riout t ract  ion shown  ori the figure. 

r s p  iirid spc-ci l ' ie  mass  of  0.02  kg/Nc*wton would 
y i e l d  i i  0 . 3 0  burnout  mass f r a c t i o n .  Assuming il 
0.25 dead mass f r a c t i o n ,  a comfor tab le  5 per-  
c e n t  payload f r a c t i o n  remains.  

,l'a!r c*x;lnlJJIl ' ,  i i  1iypothc.ti.cal engine  f J f  l t l l J0  See 

Unfor tuna tc ly ,  even t h e  advanced SCNR (030 
s e c  Isp)  would rfquir*e a s p e c i f i c  mass nf 0.005 
(less than  I ia l f  t l i e  p r e s e n t l y  e s t i m a t e d  va lue ,  
c . i .  equat ion  (1)) b e f o r e  it could d e l i v e r  any 
payload a t  il1.1. l'u d e l i v e r  a 5 p e r c e n t  payload 
r a t i o ,  it w u u l d  have t o  be e s s e n t i a l l y  mass- 
less. The out look  f o r  t h e  GCNR t y p e  o f  engine  
i s  c o n s i d e r a b l y  better. Based on t h e  most 
o p t i m i s t i c  combination of  p r e s e n t  e s t i m a t e s  o f  
Isp and engine  specific mass, payload r a t i o s  of  
1 5  p e r c e n t  may be o b t a i n a b l e .  Hence, it is 
concluded p r o v i s i o n a l l y  [pending more r e f i n e d  
s t r u c t u r e  and engine  mass a n a l y s e s )  t h a t ' t h e  
LBGCNR i s  an a t t r a c t i v e  c a n d i d a t e  f o r  th i s  
mission.  

V I I .  Near-Earth Missions 

Lunar F e r r y  

The Lunar F e r r y  miss ion  and i t s  a s s o c i a t e d  
v e h i c l e  a r e  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  f i g -  
ure 4. I n  t h i s  mission,  t h e  r e u s a b l e  n u c l e a r  
r o c k e t  s tage,which is i n i t i a l l y  i n  a park ing  
o r b i t  about  Ear th ,  f o l l o w s  a minimum energy 
t r a n s f e r  t r a j e c t o r y  t o  d e l i v e r  v a r i o u s  amounts 
of payload i n t o  a l u n a r  o r b i t .  The v e h i c l e  
t h e n  r e t u r n s  w i t h  a 50 000 kg payload (crew, 
command module, etc.) on a min imum energy 
t r a n s f e r  t o  E a r t h  and i n t o  t h e  o r i g i n a l  park- 
i n g  o r b i t .  There it would be r e f u e l e d ,  p i c k  
up another  l u n a r  payload,  and d e p a r t  f o r  l u n a r  
o r b i t .  The c a p a b i l i t y  t o  d e l i v e r  l a r g e  pay- 
l o a d s  t o  t h e  moon w i l l  be  a n e c e s s i t y  i f  and 
when permanent l u n a r  b a s e s  o r  c o l o n i e s  a r e  
formed. 

The performance of f o u r  o f  t h e  n u c l e a r  
r o c k e t  concepts  was measured f o r  t h i s  miss ion .  
The f u s i o n  r o c k e t  was e l i m i n a t e d  because i t s  
low t h r u s t  l e v e l s  r e s u l t  i n  e x c e s s i v e  mission 
t imes .  The r e s u l t s  a r e  shown i n  f i g u r e  5 .  The 

SCNR r e q u i r e s  t h e  h i g h e s t  IMEO f o r  t h i s  m i s s i o n  
The CBGCNR and REGEN-GCNR each o f f e r  a poten- 
t i a l  20  p e r c e n t  r e d u c t i o n  i n  IMEO over  t h a t  of 
t h e  SCNR. 
engines  a r e  very  s i m i l a r  i n  performance;  t h e  
mdjor d i f f e r e n c e  betwccn them is  t h e  method o f  
s e p a r a t i n g  t h e  hydrogen from t h e  uranium plasma. 
Thei r  s p e c i f i c  impulscs  m c  about  t h e  same7 a s  
.ii-e t h e i r  m.t<ses. 

The r e a d e r  may r e c a l l  t h a t  t h e s e  two 

The SKGCNR requi rc , s  (ibiiut 15 p e r c e n t  l e < s  
IMEO t h a n  t lw LBGCNR ciricl RrCF.N.GCNR, and about  
35 p e r c e n t  less t h i n  t l w  SCNR. 

S i n c e  t h i s  ve l i i t - l r  w i l l  be reused ,  it may be 
more me~ningl ' i i l  t o  crimp,irr t h e  p ~ ~ ' f n r m a n c e  of 
t h c  f o u r  roc1,ots , 1 1 1  t l t v  IJ.isis 1 1 1  p r o p e l l t i n t  
loddiny.  This is w l i d t  wtwld have t o  be r e p l e n -  
i s h e d  a f t e r  each m i s h i i r n .  The d i i f e r e n r e s  are 
d r a m a t i r .  'J'Itc SRCCNR i m l u i r e s  only  2 5  pcrcc'iit 
01 t h e  p i~npi~l1 , in t  0 1  t l ic S C N R  and 60 p e r c e n t  of 
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t h a t  of t h e  LIIGCNR ,ind l<CI;CN.I;CNl<. %e pro- 
p e l l a n t  requiremcn ts s t i 'ungly deLvrminrd 
by t h e  Isp OP t h c  engine  dnd tliis moic' tlim 
compensates f o r  t h e  incrc,isc. i n  riigincs mass UT 
t h e  SRCCNR due tu  tile SpdcC' rddidLIJ1.. 

The REGEN.GCNR and SRGCNR r d r l i a t i v c  emis= 
s i o n s  might be o f  concern f o r -  near-l :drth S ~ O L ' C  

miss ions .  Although t h e  h igh  j e t  v e l o c i t y  o f  
t h e  p a r t i c l e s  should  a l low them t o  escape  
E a r t h ' s  g r a v i t y ,  t h e  phys ic s  o f  t h e  s i t u a t i o n  
a r e  n o t  w e l l  de f ined .  Therefore ,  f o r  a l a r g e  
number 01 miss ions  such d s  contemplated €UK* d 
space  t u g  o r  l u n a r  f e r r y ,  t h e s e  emis s ions  
might be of concern .  The LBGCNR, which r e t a ins  
t h e  f i s s i o n  p roduc t s ,  might t hen  emerge a s  t h e  
most l i k e l y  cand ida te  f o r  t h i s  miss ion .  A sen- 
s i t i v i t y  s tudy  of IMEO f o r  500 000 kg o f  pay- 
load  t o  s p e c i f i c  impulse l e v e l  of t h e  LBGCNR is  
shown i n  f i g u r e  7 .  This  s t u d y  assumed t h a t  t h e  
t h r u s t  and mass v a l u e s  i n  Table I remained con- 
s t a n t  w h i l e  t h e  s p e c i f i c  impulse  inc reased  o r  
decreased  by 50 p e r c e n t  from t h e  base  va lues  
shown. The t h r u s t  l e v e l  f o r  t h e  miss ion  was 
then  r eop t imized .  The v a l u e  of s p e c i f i c  i m -  
p u l s e  f o r  t h e  base  c a s e  was 2240 s e c .  As can 
be seen  from t h e  f i g u r e ,  go ing  t o  3060 sec 
r e s u l t s  i n  an IMEO r e d u c t i o n  o f  about 7 p e r c e n t  
wh i l e  dropping  t o  1000 sec r e s u l t s  i n  an IMEO 
i n c r e a s e  of 40 pe rcen t .  

S l i n g s h o t  

The second qea r -Ea r th  mis s ion  s t u d i e d  i s  t h e  
" s l ingsho t " ,  which is e s s e n t i a l l y  an advanced 
ve rq ion  oE t h e  "space tug".  Th i s  miss ion  and 
i t s  a s s o c i a t e d  v e h i c l e  are i l l u s t r a t e d  schemat- 
i c a l l y  i n  f i g u r e  8. The v e h i c l e  is i n i t i a l l y  
i n  an  E a r t h  pa rk ing  o r b i t ,  t hen  boos t s  ou t  of  
o r b i t  t o  a g iven  h y p e r b o l i c  excess  v e l o c i t y , .  
V a ,  and s e p a r a t e s ,  w i t h  a 500 000 kg payload 
con t inu ing  a l o n g  t h e  i n i t i a l  pa th .  
r o c k e t  t h e n  r e t r o f i r e s ,  r e t u r n i n g  t o  low Ear th  
o r b i t  where an a d d i t i o n a l  impulse p l a c e s  t h e  
v e h i c l e  w i t h  a 50 000 kg payload  back i n t o  a 
c i r c u l a r  pa rk ing  o r b i t .  
gous t o  t h e  r e u s a b l e  launch  v e h i c l e ;  t h e  
" s l i n g s h o t "  i s  ready  t o  boos t  ano the r  payload 
a s  soon a s  it h a s  been r e f u e l e d .  

The nuc lea r  

Th i s  miss ion  i s  ana lo-  

The same f o u r  eng ines  a r e  s t u d i e d  f o r  t h i s  
miss ion  a s  f o r  t h e  lunar  f e r r y .  The r e s u l t s  
a r e  shown i n  f i g u r e  9. The SCNR aga in  r e q u i r e s  
t h e  h i g h e s t  IMEO. The LBCCNR and REGEN.GCNR 
performance cu rves  were i n d i s t i n g u i s h a b l e  and 
have been p l o t t e d  t o g e t h e r .  The SRGCNR agdin  
shows t h e  b e s t  performance. A t  a V, riF 5.5  
k d s e c  (about t h e  requi rement  f o r  a E a r t h  de- 
p a r t u r e  maneuver f o r  a 300 day Mars round t r i p )  
t h e  SRGCNR r e q u i r e s  93 p e r c e n t  as much I F E O  o s  
t h e  LBGCNR and 70 p e r c e n t  a s  much a s  t h e  SCNR. 
The sav ings  of 7 and 30 percent ,  r e s p e c t i v c l y ,  
i n c r e a s e  w i t h  i n c r e a s i n g  V, s i n c e  p r o p e l l a n t  
l o a d i n g  i n c r e a s e s  and t h e  h ighe r  Isp of  t h e  
SRGCNR proves  more b c n c f i c i a l .  As i n  the l u n a r  
f e r r y  miss ion ,  t h e  d i f l e r e n c e s  i n  te rms  of  pro-  
p e l l a n t  l oad ing  r equ i r emen t s  i s  cons ide rab ly  
l a r g e r  w i th  t h e  gd5 c o r e s  having  a 3 o r  4 t o  1 
advantage  over t h e  s o l i d  co re  r o c k e t  a t  h igh  
e n e r g i e s .  

VIII. M'inned I n t r r p l a n e t a r v  Miss ions  

A typicLil  r ecove rab le  manned i n t e r p l d n e t a r y  

V c L l i i c l i -  ib h l i o w n  i i i  ligurca 111. Mdnncd ir1tc.r.- 
p l m c t . i i ~ y  t r , i p s  , I IY& 1 1 1  two major t ypcs :  nedr 

(.Tupiter dnd beycJnd). 

Mdrs  Mission 

p tdncts (cXL'llllJ lili(*L] 1JY Md1.S) ; d n d  l d t  p l a n e t s  

F a s t  Miss ions .  Tor L d s t  miss ions  t o  Mars, 
t h e  v e h i c l e  i s  assumed t o  s t a r t  i n  d 600 km 
c i r c u l a r  Ea r th  pa rk ing  o r b i t ,  proceed t o  Mars, 
e n t e r  a 0 .9  e c c e n t r i c i t y  pd rk ing  o r b i t  w i t h  
p e r i a p s i s  a t  1.1 p l a n c t  r a d i i  and  then  r e t u r n  
to Ea r th  w i t h  J 50 000 kg payload (command 
module, crew, e t c . )  p l u s  a r e e n t r y  v e h i c l e  and 
no mass is j e t t i s o n e d  a t  Mars. The r e e n t r y  
v e h i c l e  employs a tmospher ic  b rak ing  wi th  no 
l i m i t  on e n t r y  v e l o c i t y  ( a c t u a l  v e l o c i t i e s  t u r n  
o u t  t o  be between 2 and 3 times t h e  c i r c u l a r  
v e l o c i t y  i n  E a r t h  o r b i t ) .  

Th i s  miss ion  is c a l l e d  a "cour i e r "  and i n  
some r e s p e c t s  resembles the c i rcumlunar  f l i g h t  
of Apollo 8. As shown i n  f i g u r e  11, three 
eng ines  a r e  cand ida te s  f o r  t h i s  type o f  mission, 
t h e  t h r e e  gas  co re  nuc lea r  r o c k e t s .  This  m i s -  
s i o n  r e q u i r e s  between 60 and 200 days round 
t r i p  t r a v e l  t ime.  The SRGCNR can do t h e  t r i p  
i n  60 days f o r  an IMEO of 2 m i l l i o n  kg. 
"Skylab" program w i l l  hope fu l ly  have demon- 
s t r a t e d  by t h e  time an  SRGCNR can be b u i l t ,  
t h a t  man can s t a y  i n  space  f o r  p e r i o d s  of t h i s  
du ra t ion .  

The 

By i n c r e a s i n g  t r a v e l  t i m e ,  IMEO can be re- 
duced d rama t i ca l ly .  A t  80 days,  f o r  example, 
an IMEO o f  on ly  1 m i l l i o n  kg is r e q u i r e d .  For 
t h e  rest o f  t h i s  d i s c u s s i o n  on Mars t r i p s  it is  
assumed t h a t  t h e  80 day f a s t  t r i p  would be o f  
prime i n t e r e s t  s i n c e  it has  on ly  h a l f  t h e  IMEO 
of t h e  60 day t r i p  y e t  does  no t  assume any 
a p p r e c i a b l e  ex tens ion  of space  t ime over t h e  
Skylab  program. 

The emiss ion  of r a d i o a c t i v e  was te  of t h e  
SRGCNR is  no t  thought  t o  be s i g n i f i c a n t  f o r  a 
mis s ion  of t h i s  n a t u r e  s i n c e  t h e r e  would n o t  
be a s  many r e p e t i t i o n s .  The h i g h  I,p of t h e  
SRGCNR a t  t h e  same t ime a s  having  h i g h  t h r u s t  
c a p a b i l i t y  (compared t o  e l e c t r i c  o r  even f u s i o n  
r o c k e t s )  make it a c l e a r  cho ice  f o r  t h i s  m i s -  
s i o n .  The s h o r t e s t  t r a v e l  t i m e  t h a t  e i t h e r  of 
t h e  o t h e r  GCNR's can do t h e  mis s ion  i n  is about  
100 days and even then  r e q u i r e  6 times a s  much 
IMEO a s  t h e  SRGCNR. 

Convent iona l  MdrS Miss ions .  Most s t u d i e s  of 
Mars round t r i p  miss ions  have cons idered  t r i p  
t imes  of 1 yea r  and longer  (e.g. ,  r e f e r e n c e  13). 
These miss ions  have much lower AV 
r equ i r emen t s  t han  t h e  f a s t  ones;  t h u s ,  t h e y  can 
be more ambi t ious  i n  t r r m s  of l a r g e  payloads ,  
r e u s a b l e  v e h i c l e s ,  e tc . ,  and s t i l l  r e s u l t  i n  
r easonab le  IMEO's. 

These "Scicnce/Cxploration" miss ions  a l s o  
s tmt  i n  low Ear th  o r b i t  dnd proceed  t o  a 0.9 
e c c e n t r i c i t y  pa rk ing  o r b i t  a t  Mars. The t r , ins-  
f e r  times m d  ang les  a r e  much longe r ,  however, 
t han  t h o s e  rrir t h e  c o u r i r r  mi s s ions .  The 
v e h i c l c  rcmdins i n  Marticin o r b i t  Cor 40 days.  
A pdylodd t i 1  150 000 kg is l e E t  which might 
hove been used t o  go down t o  t h e  s u r f a c ? ,  b u i l d  
,in r ivbi t ing t ibservatory,  v t c .  The v e h i c l e  t h e n  
r e t u r n s  t u  C m t h  w i t h  a p,iylodd of 100 000 kg 

5 



d n d  r e e n t e r s  t h e  in i t i .11  p.ii*king whit ihiii:; 

p r u p u l s i v c  brdking.  

A 1 1  f i v e  01- t h c  n w l ( ~ . i r  ivicl\ct Lylys iii 

tliis pdpei w e r c j  stuilic.cl l o?  Lhis missioi1. As 
p r e v i o u s l y  mentioned, c-ven t h r  930 sec IslJ 
SCNR m.iy not  be s u f f i c i c i i t  l c i i -  Iiigli eii('i'gy, ' 
high  payload miss ions .  This  was the mse for 
t h i s  miss ion .  I n  o r d e r  t o  bving  tlic IMEO T o r  
SCNR t r i p s  i n t o  t h e  1 t o  2 m i l l i o n  I,g rdngc,  
i t  was n e c e s s a r y  t o  reduce  t h e  E a r t h  r e t u r n  
payload t o  50 000 kg and r e e n t e r  atmospher- 
i c a l l y  (not  e n t e r  i n t o  t h e  i n i t i a l  park ing  
o r b i t ) .  Thus, t h i s  v e h i c l e  i s  n o t  recovered .  

The r e s u l t s  of  t h e  s t u d y  a r e  a l s o  shjwn i n  
f i g u r e  11. Even w i t h  an e a s i e r  missinn p r o f i l e  
t h c  SCNR s t i l l  r e q u i r e s  t h e  h i g h e s t  IMEO. The 
LBGCNR and R€GEN.GCNR a g a i n  y i e l d  almost  iden- 
t i c a l  r e s u l t s .  A 500 day mission r e q u i r e s  
about  1 m i l l i o n  kg LMEO. The t r i p  t i m e  cm be 
reduced t o  1 year  f o r  an i n c r e a s e  i n  IMEO t o  
about  1 . 6  m i l l i o n  kg. 

The SRGCNR appears  t o  o f f e r  s i g n i f i c a n t  sav- 
i n g s  i n  terms of  IMEO o r  t r i p  time and, i n  
a d d i t i o n ,  a f l a t t e n i n g  o f  t h e  curve .  A t  500 
days t h e  SRGCNR r e q u i r e s  o n l y  60 p e r r e n t  a s  
much IMEO a s  t h e  LBGCNR. On t h e  o t h e r  hand, 
f o r  a 1 m i l l i o n  kg IMEO,  t h e  SRGCNR can do t h e  
miss ion  i n  280 days o r  a r e d u c t i o n  of  45 per -  
c e n t  i n  miss ion  t i m e .  

The f u s i o n  r o c k e t  appears  promising a t  long  
t r i p  t imes ,  e x c e l l i n g  t h e  o t h e r  f o u r  engines .  
A r o c k e t  of  t h i s  n a t u r e  p r o p e l s  f o r a  s i g n i f i -  
c a n t  p o r t i o n  of t h e  t r i p  and, t h u s ,  can fo l low 
more optimum f l i g h t  p a t h s .  

With d e c r e a s i n g  t r i p  t i m e ,  t h e  long  propul-  
s i o n  times of  t h e  f u s i o n  r o c k e t  f o r c e  it t o  
p r o p e s s i v e l y  h i g h e r  t h r u s t  and lower s p e c i f i c  
impulse. This i n r r e o s e s  p r o p e l l a n t  mass and 
powt-rpl dn t f r a c t i r m  r e s u l t i n g  i n  a c r o s s o v e r  
k t w e e n  t i l ( -  SRGCNR dnd f u s i o n  r o c k e t  curves  a t  
about  1 yedr- miss ion  t i m e .  

H.rsed rin t h e  r e s u l t s  i l l u s t r a t e d  h e r e i n ,  it 
would dppedr t h a t  SRGCNR w o u l d  be t h e  b e s t  can- 
dida t e  f o r  t h e s e  Science/Explora t i o n  miss iuns  
t o  M a s .  T r i p  t i m c B s  a r e  r e l a t i v e l y  shor t  and 
p o t e n t i a l  mass w v i n g s  of  t h e  f u s i o n  r o c h e t  do 
n o t  appear  t o  be d e c i s i v e l y  l a r g e .  The s t o r y  
could  be changed, however, i f  t h e  f u s i o n  r o c k e t  
had a s p e c i f i c  powerplant  mass 01 0 . 5  l\q/kW 
i n s t e a d  of  1.0. T h i s  would s h i f t  t h e  Lusion 
r o c k e t  curve  down and t o  t h e  l c , f t ,  r e s u l t i n g  i n  
h igher  mass s a v i n g s  and reduced mission times. 
I t  should be p o i n t e d  o u t  t h a t  t h e  e q u i v a l e n t  
s p e c i f i c  powerplant  mass o r &  of t h e  SRGCNR is 
about  .01 t o  .1 kg/kW, b u t  i t  s u f f e r s  somewhat 
i n  n o t  be ing  a b l e  t o  achieve  t h e  h igh  Isp of 
t h e  Eusion r o c k e t .  

The uranium requi rements  f o r  t h e  c o u r i e r  and 
Sc ience /Explora t ion  miss ions  m e  shown i n  
f i g u r e  1 2  f o r  hydrogen t o  uranium flow r d t e  
r a t i o s  of  100 and 200 f o r  t h e  SRCCNR and  f o r  a 
ur.inium m a s s  t o  t l i r u s t  rd t io  01 .ftft8 hg/N l c n .  
t h e  SCMt. The LBGCNR f u e l  requi rements  a r e  
very  s m a l l  s i n c e  no f u e l  i s  l o s t  and i s  
determined by burnup r a t e  and r e u s e s .  As a n  
example, a 400 000 Newton t h r u s t  cngiiiv cun- 

til i i is : i O o i i ~ .  1 1 ' 1  I,:.: 1 1 1 '  i i i , l i i i i i i i i t .  '1111(, :,li;il>c~ (11 

tli<.sr* I . I I I ' V ~ * S  i s  11 i i .  slini(' i is tlirisc: l'or 1i%0 iriid 
tin' i ~ c ~ 1 . 1 L  i v i .  iit,igriiLtrd(*s d r ' v  i t b o u t  t h e  same 
;I I S , ! .  '1'11(* I ~ i ~ i r ~ J ~ ~ l l ; i i i t  i'c.quirtcmt.nts can be 
c;i lcuLa tcd by mu1 t i p l y i n g  t h e  uranium r e q u i r c -  
mcnts I J Y  t l i c .  HA! r a t i n .  This  p r o p e l l a n t  
reqi i i .rcvwii  ts is impor tan t  s i n c e  t h v  Scienc:c:/ 
Kxplorcltirin v e l i i c l c s  a r e  r e u s a b l e .  The 80 day 
SRGCNR Cour ie r  reyu'res about  $35~106 worth 
ol' 1 ~ 2 3 5  (3500 kg x $lUit/kg) when 11/11 = 200. 
Although il cirnsideroble  sum, t h i s  i n  percc'ritogt' 
terms, tloc~s n o t  r e p r c s c n t  il major c o s t  i n c r e -  
ment when coin Jrod (c* .g . )  t u  il dircsct c o s t  C J ~ '  

about  $220x10!' Lor 1ilunr.h o p e r a t i o n  a l o n e  ( l o 6  
kg IMEO x about  $220/kg i n  o r b i t ) .  

The optimum t l i r u s t  l e v e l s  f o r  LBGCNR's ant1 
SRGCNR's a r e  shown i n  f igure ,  13. Thc, LBGCNR 
t h r u s t  l e v e l s  a r e  about  5 times t h n s r  o f  tlie 
SRGCNR. . S i n c e  t h e  I, l e v e l  is abrlut 1/2 t i i i l t  
of  t h e  SRGCNR, t h e  LBECNR r e a c t o r  ~ J ~ W C T  is 2 . 5  
times t h a t  of t h e  SRGCNR. It appears  t h a t  one 
SRGCNR r e a c t o r  could be used t o  perform a 
l a r g e  p o r t i o n  of  t h e  miss ions  whereas t h e  
optimum t h r u s t  l e v e l  changes more r a p i d l y  wi th  
mission t i m e  f o r  t h e  LBGCNR. 

This p o i n t  is demonstrated more c l e a r l y  i n  
f i g u r e  14 where it can be seen t h a t  f o r  t h e  80 
day Cour ie r  and 400 day Sc ience /Explora t ion  
miss ions ,  IMEO i s  f a i r l y  i n s e n s i t i v e  t o  t h e  
t h r u s t  l eve l  o f  t h e  SRGCNR over  q u i t e  a l o n g  
range .  
bo th  miss ions  w i t h  e s s e n t i a l l y  t h e  same IMEO 
a s  t h e  optimum t h r u s t  engine (180 000/80 days,  
130 000/400 days) .  Thus it is conce ivable  
t h a t  a s tandard-des ign  SRGCNR m i g h t  be u s a b l e  
f o r  a l a r g e  v a r i e t y  of space  miss ions .  

S i n c e  t h e  IMEO appears  t o  be r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  t h r u s t  l e v e l ,  and s i n c e  
t h e r e  i s  only  a 2 t o  1 v a r i a t i o n  i n  optimum F 
f o r  t h e  LBGCNR ( f i g .  13) ,  perhaps  a f i x e d - s i z e  
LBGCNR would a l s o  have mult i -mission c a p a b i l i t y .  

A 150 000 Newton engine would perform 

The SRGCNF;discussed s o  far opera ted  a t  a 
chamber p r e s s u r e  o f  1000 atm. If t h e  chamber 
p r e s s u r e  is increased  t o  2000 atm, t h e  
a c h i e v a b l e  s p e c i f i c  impulse i n c r e a s e s  by 
approximately 1000 sec a t  a t h r u s t  l e v e l  of  
50 000 Newtons to 500 s e c  a t  500 000 Newtons. 
If t h e  chamber p r e s s u r e  i s  decreased t o  500 atm 
t h e  I s p  d e c r e a s e s  by 1000 sec a t  50 000 Newtons 
t o  600 s e c  a t  500 000 Newtons. The engine mass 
does not  change s i g n i f i c a n t l y  a t  50 000 Newtons 
and is 2 10  000 k g  a t  500 000 Newtons. The 
e f f e c t  o f  a c h i e v a b l e  s p e c i f i c  impulse i s  shown 
i n  f i g u r e  15. High Isp is f o r  a chambep p r e s -  
s u r e  of  2000 atm, Nominal f o r  1000 atm. ( t a b l e  
11) and Low f o r  500 atm. 

The e f € e c t  o f  Isp is  s m a l l  f o r  t h e  400 day 
Science/Cxplorat ion mission and s t r o n g  f o r  t h e  
much h igher  energy 80 day Cour ie r  miss ion .  For 
t h e  500 i i t m  engine 80 day miss ion  a 40 p e r c e n t  
i n c r e a s e  i l l  IMEO is shown whi le  - t h e  2000 atm 
enginc  d e c r e a s e s  t h c  IMCO by 20  p e r c e n t .  

M d  ior Pl i inet  Missions 

The l a s t  c l a s s  o f  miss ions  s t u d i e d  a r e  t r i p s  
to t h e  m.ijor p l a n e t s  . J u p i t c ~ .  S a t u r n ,  and 
U1,anus. 
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A p e c u l i i r r i t y  o f  ina-jor pl,iiic>t round t i * i p s ,  
a s  d i s c u s s r d  in ~ ( - I ' v I ~ ( - I I ~ T  C I ,  is t h a t  fcvis ibl(* 
t r i p s  € o r  re1; i t  i.vt* Ly Ii igh thi-list roc l ic t s  su(.li 
its t l l r J S C  ilisr:iissc-tl I i c ' ~ . ( . i i l  (i~sclus i.vi, o r  L I I k '  
f u s i ( i n  r o c k e t )  U C * < > L I I ,  t1111y a t  t l iscrctc .  
i n t c , r v a l s  (it' 1 2  t c j  I 3  i n o i i t l i s .  Tl ius ,  ct !~ ,  

t h e s e  r u c l u ~ t s ,  inissirins d u  n o t  e x i s t  ;It t i m i a s  
in te~*mi, i l i .~tc ,  t o  t l i v  dii til poi.tits shown i n  
f igui-c~ 1 6  w l i  ich ti i ivi'  b i v r i  cwnnected w i t h  
s t r ; i i g l i t  l ines t o  i d c n t i f y  t h e  r o c k e t  t y p e  
;lnd i n d i c a t e  t r e n d s .  

Consider, f i r s t  t h e  ,Tupiter miss ions  shown 
i n  f i g u r e  1 6 ( a ) .  For t h e s e  miss ions  t h e r e  a r e  
,lgCiin two modes: Cour ie r  (no payload t o  
p l a n e t ,  50 OLIO kg biick t o  Ear th  and atmospher- 
i c  r e e n t r y )  and Sc ience /Explora t ion  (150 000 
kg t o  p l a n e t ,  100  000 kg t o  E a r t h ,  200 day 
s t a y  t i m e .  i n  Q . 5  e c c e n t r i c i t y  p a r k i n g  o r b i t  
w i t h  per ic ips i s  <it 1.1 p l a n e t  r a d i i ,  and 
recovery  . i i i t t i  Iuw E a r t h  o r b i t ) .  

The Couri(,r.  mode r e q u i r e s  1.67 y e a r s  and a n  
IMEO of 350 000 kg for t h e  SRGCNR and 840 000 
kg f o r  t h e  LBGCNR. The f u s i o n  r o c k e t  which is 
sliown by t h e  long-shor t - shor t  dashed curve  
g i v e s  cont inuous  performance b u t  cannot  per -  
form i l  1 .67 year  t r i p  t o  J u p i t e r .  

The next  o p p o r t u n i t y  f o r  h igh  t h r u s t  
r o c k e t s  o c c u r s  a t  2.8 years .  The IMEO 
i n c r e d s e s  over  t h a t  a t  1.67 y e a r s  a s  a r e s u l t  
of s w i t c h i n g  Erom Cour ie r  t o  Science/Explora- 
t i o n  t y p e  t r i p s .  A t  t h i s  t r i p  t ime,  f u s i o n  
rir id LXCNR I M E O ' s  a r e  a t  about  1 .4  m i l l i o n  kg 
whi le  t h e  SRGCNR r e q u i r e s  750 000 kg o r  about  
54 p e r c e n t  a s  much. 

Going t o  longer  t r i p  t i m e ,  t h e  IMEO f o r  t h e  
f u s i o n  r o c k e t s  drops r a p i d l y  and f o r  t r i p s  
beyond 4 . 3  y e a r s  outperforms t h e  o t h e r  two 
r o c k e t s .  A s  miss ions  become d i f f i c u l t  and 
t r i p  t imes  longer ,  t h e  p r a c t i c a l l y  unl imi ted  
Isp c a p a b i l i t y  o f  f u s i o n  r o c k e t s  makes them 
i n c r e a s i n g l y  a t t r a c t i v e .  

Thus i n  f i g u r e  16(b)  it can be seen t h a t ,  
f u s i o n  r o c k e t s  a lways outper form LBGCNR's f o r  
S a t u r n  miss ions  and o f f e r s  s l i g h t  improvement 
over  SRGCNR's beyond 4.8 y e a r s .  

For miss ions  t o  Uranus ( f i g . l 6 ( c ) )  t h e  
f u s i o n  r o c k e t  outperforms both  G C N R ' s  f o r  
Sc ience /Explora t ion  miss ions .  Even so ,  t h e  
performance g a i n s  of  t h e  FUSION r o c k e t  a r e  
n o t  d e c i s i v e l y  l a r g e  f o r  t h e  miss ions  con- 
s i d e r e d  h e r e .  By e x t r a p o l a t i n g  t h e  t r e n d s  
shown i n  f i g u r e s  1 6 ( a ) ,  (b) ,  and (c),  t h e  
f u s i o n  r o c k e t  appears  t o  be t h e  b e s t  candidate, 
f o r  very  liigh AV, v e r y  long  t ime miss ions  such 
B S  Neptune and P l u t o  round t r i p s  and S o l a r  
System escape.  These miss ions  were n o t  con- 
s i d e r e d  h e r e .  

I X .  Concluding Remarks 

For t h e  f i v e  n u c l e a r  r o c k e t s  s t u d i e d  here-  
i n  t h e  space- rad ia tor -cooled  gas-core  r o c k e t  
appears  t o  a lways r e q u i r e  t h r  l c a s t  IMI:O f n r  
t h e  miss ions  s t u d i e d  i f  e x c e s s i v e  t r i p  times 
a r e  r u k d  o u t .  Other  e c o l % i c a l  r e s t r u c t i o n s  
may make t h e  l i g h t - b u l b  gas-core  nuclc,ar 
r o c k e t  t h e  choice  Tor t h e  near-Earth miss ions  

s i i i c ' i -  i I t1tti.s I I I J L  i . i i i i  t riirliriactive wds tcs .  

A sLgiii.l'Lv:iiit ( . l , i ss  8 1 1 '  I IOW i d s t  t r i p s  t o  
P l , i t ~ h  l i i i s  ! J l ' 1 . 1 1  l i i , i i l i o * l - < l  I u I I ( , I , ( .  l'or m i s h i i i n  
Liiiic.s iis 1 . r ~  iih H I 1  ( I . rys ,  ii1i.innc.d rtJunrl t r i p s  
ci i i i  I>(* ~1~winipl  islic*rl i o r ,  unly 1 m i l l i o n  k g  
Tl\n:O. T I I  u d d i t i o n ,  should t r i p  t imes  be of 
p r i i n c ?  i.iiipurtmcc, 611 day d u r a t i o n  round t r i p s  
t o  Mar's appear  feclsib1.1. f o r  a 2 m i l l i o n  kg 
tMI:O. 

A l J  oI t l i c .  gas-core and f u s i o n  concepts  
c,xamincd promise a p p r e c i a b l y  b e t t e r  p e r f o r -  
mance than  t h e  s o l i d - c o r e  engine .  However, 
s e l e c t i o n  o f  a p r e f e r r e d  concept  must awai t  
cont inued  work t o  e s t a b l i s h  t h e  f e a s i b i l i t y  
of  t h e  concepts  and b e t t e r  d e f i n i t i o n  o f  
engine  c h a r a c t e r i s t i c s ,  fol lowed by cons idera-  
t i o n  o f  development and o p e r a t i o n a l  c o s t s .  
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