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The des ign  of a  n u c l e a r  r o c k e t  engine encompasses a wide v a r i e t y  o f  

t e c h n o l o g i e s  and s c i e n t i f i c  d i s c i p l i n e s .  It i s  t h e  purpose of t h i s  

paper  t o  d e s c r i b e  a  t y p i c a l  n u c l e a r  r o c k e t  eng ine ,  d e f i n i n g  i t s  

c h a r a c t e r i s t i c s  so  t h a t  an a p p r e c i a t i o n  of t h e  o r e r - a l l  d e s i g n  pro- 

blem may b e  r : > a l i z e d .  To unders tand t h e  depth  of t h e  des ign  con- 

s i d e r a t i o n s  which must be examined, i t  i s  perhaps  b e s t  t o  assume a 

t y p i c a l  des ign  requirement  f o r  a  p o s s i b l e  sp-ace miss ion  a p p l i c a t i o n ,  

then  t o  examine p o s s i b l e  s o l u t i o n s  t o  t h a t  requirement  w i t h  a  view 

toward s e l e c t i o n  of preliminary des ign  c r i t e r i a  f o r  t h e  system and 

i t s  a s s o c i a t e d  components. Fol lowing t h i s  s e l e c t i o n ,  o p t i m i z a t i o n  

s t u d i e s  such a s  t h r s e  desc r ibed- l~r l -c l in  would d e l i n e a t e  t h e  i n i t i a l  

des ign  c r i t e r i a  of t h e  engine sys tem.  Subsequent a n a l y s e s ,  des ign  

s t u d i e s ,  exper iments .  and even development work may d i c t a t e  f u r t h e r  

re-examinat ion of and modifications t o  t h e  e ~ g i n e  c r i t e r i a .  It 

should be po in ted  ou t  h e r e  t h a t  i n  proceeding through t h e  d e s c r i p -  

t i o n  and d i s c u s s i o n s  of a  t y p i c a l  n u c l e a r  r o c k e t  eng ine ,  t h e  spe- 

c i f i c  v a l u e s  and parameters  of t h e  assumed eng ine  system and i t s  

components b e a r  no d i r e c t  r c * l a t l o n  t o  any e x i s t i n g  o r  planned nu- 

c l e a r  r o c k e t  eng ine .  These parameters  a r e  t o t a l l y  imaginary,  b u t  

a r e  perhaps  reasonab le  v a l u e s  f o r  such a  h y p o t h e t i c a l  sys tem.  

F i g u r e  1 i s  a  schematic dlagrarn of a  t y p l c a l  n u c l e a r  r o c k e t  eng ine  

which e ~ p l o y s  a  turbxoe b leed  cyc le  The englne system b a s i c a l l y  

c o n t a i n s  a  l iquid-hydrogen pump an a s s o c i a t e d  t u r b l n e  t o  d r i v e  t h e  

pump, a  r e g e ~ e r a t i v e l y  cooled n o z z l e ,  a  r e a c t o r  t h r u s t  chamber as -  

sembly. and t h e  n e c e s s a r y  r e a c t o r  aod t u r b l n e  paver c o n t r o l s .  The 

engine o p e r a t e s  i n  t h e  f ~ l l o * l n g  mhnner L lqn id  hydrogen f lowing  





from the  vehic le  propel lan t  tank is  boosted i n  pressure  and de l ivered  

t o  t h e  i n l e t  of the  cooling j acke t  of the  regenera t ive ly  cooled noz- 

z l e .  The p rope l l an t  flows through the  tubes of the  nozzle ,  cool ing  

them, and i s  then de l ivered  t o  an annular  r e f l e ~ t o r / ~ r e h e a t e r  which 

surrounds the  r e a c t o r  core.  A f t e r  cooling the  r e f l e ~ t o r / ~ r e h e a t e r ,  

t he  hydrogen flows i n  a  gaseous s t a t e  through the  t o p  s h i e l d  of t h e  

r e a c t o r  assembly, cont inues down through the  core, where it is heated 

- t o  a  temperature of perhaps 5000 R, then expands outward through the  

nozzle  t o  produce t h e  des i red  r e a c t i v e  t h r u s t .  A t  some convenient 

po in t  i n  the  r eac to r / t h rus t  chamber assembly, heated gases  a r e  with- 

drawn and ducted t o  t he  tu rb ine  i n l e t  where-they expand ac ros s  t h e  

tu rb ine  wheels t o  produce the power t o  d r ive  the  pump. Reac tor  con- 

t r o l  elements and a  t u rb ine  t h r o t t l e  valve a re  employed t o  balance 

the energy being produced b y - t h e  r e a c t o r  with the  energy.being car-  

r i e d  of f  by the  p rope l l an t ,  so t h a t  the  des i red  t h r u s t  and performance 

a r e  obtained from the  engine. 

There a r e  two fundamental d i f f e r ences  between nuclear  rocke t  engines 

of the  type j u s t  descr ibed ,  and conventional,  l i qu id -p rope l l an t  

rocket  engines.  F i r s t ,  i n  a  l i qu id -p rope l l an t  engine, the  energy 

r e l e a s e  i s  determined both by t h e  chemical r eac t ions  which occur be- 

tween the ox id i ze r  and the  f u e l ,  and by the  t o t a l  quan t i t y  of pro- 

p e l l a n t s  be ing  de l ivered  t o  the combustion chamber. Hence, f i r  any 

given propel lan t  de l ive ry  condi t ions ,  the energy r e l ease ,  and, hence, 

the  t o t a l  t h r u s t  c a p a b i l i t y  of -  t he  system, a r e  determined by the  t u r - .  

bopump power which i n  many ins tances  i s  self-limiting. In  a  nuc lea r  

engine, however, a s  pointed out  above, the power generat ion process  

i s  fundamentally independent from what may be going on i n  the  r e s t  

of t he  engine system and i s  normally cont ro l led  only by the  r e a c t o r  

cont ro l  elements. Thus, it i s  necessary t h a t  the p rope l l an t  ( o r  work- 

ing  f l u i d )  be de l ivered  t o  the t h r u s t  chamber i n  j u s t  t he  r i g h t  amount 

t o  ca r ry  off  t he  energy being produced i n  t he  r eac to r .  



The second fundamental d i f f e r e n c e  i n v o l v e s  t h e  environment produced 

by t h e  n u c l e a r  r e a c t o r .  T h i s  environment i s  comprised of very h i g h  

f l u x e s  of high-energy n e u t r o n s  and gamma r a y s  which i n t e r a c t  w i t h  

t h e  o t h e r  components of t h e  eng ine ,  t h e  p r o p e l l a n t ,  and t h e  r e s t  o f  

t h e  v e h i c l e  t o  produce induced h e a t i n g ,  r a d i a t i o n  damage, and com- 

ponent a c t i v a t i o n  problems. 

To ga in  a  b e t t e r  a p p r e c i a t i o n  of t h e  t a s k s  c o n f r o n t i n g  t h e  n u c l e a r  

eng ine  d e s i g n e r ,  it i s  u s e f u l  t o  assume a  t y p i c a l  n u c l e a r  r o c k e t  

a p p l i c a t i o n  f o r  b-hich a  s e t  of h y p o t h e t i c a l  p ropu ls ion  requirements  

may be s p e c i f i e d .  F o r  t h e  purposes  of t h i s  paper ,  t h e  a p p l i c a t i o n  

w i l l  be  t h e  d e l i v e r y  of 100,000 pounds of payload t o  an o r b i t  about  

t h e  moon. 

S m p l e  t-ehicle performance and t r a j e c t o r y  c a l c u l a t i o n s  can s u g g e s t  

t h a t  a  S a t u r n  C-5 b o o s t e r  w i t h  a  s u i t a b l e ,  nuclear-powered second 

s t a g e  should be capable  of performing t h e  given miss ion ,  provided 

t h a t  t h e  n u c l e a r  engine can be employed i n  t h e  fo l lowing  manner. 

F l r s t ,  upon b o o s t e r - s t a g e  burnou t ,  t h e  n u c l e a r ,  second-stage engine 

w i l l  be s t a r t e d  and u t l l i z e d  t o  p rope l  t h e  second s t a g e  and i t s  pay- 

load  i n t o  a l o w - a l t i t u d e ,  e a r t h  o r b i t .  Then, a f t e r  a  s h o r t  hold  of 

approximately  15 minu tes  i n  t h e  e a r t h  pa rk ing  o r b i t ,  t h e  eng ine  w i l l  

be r e s t a r t e d  t o  p rope l  t h e  v e h i c l e  t o  ea r th -escape  v e l o c i t y .  F i n a l l y ,  

a f t e r  approximately  2-112 days:  t h e  engine w i l l  be r e s t a r t e d  aga in  

and used t o  d e c e l e r a t e  t h e  t e h i c l e  i n t o  a  l u n a r  o r b i t .  

The a ~ s m e d  b a s i c  des ign  requirements  of t h e  engine f o r  t h e  proposed 

operational mode a r e  given below: 

T h r u s t  600: 000 pounds (13,000 megw) 

S p e c i f i c  Impulse 850 seconds 



T o t a l  Opera t ing  Time 22 minutes  

Number of Opera t ing  Cycles  3 

T h r u s t  Vector  and R o l l  Cont ro l  1 0  pounds a t  5 degrees /sec  

Cons idera t ion  of p o s s i b l e  s o l u t i o n s  t o  t h e  f o r e g o i n g  p ropu ls ion  r e q u i r e -  

ments must s t a r t  w i t h  t h e  s p e c i f i c  impulse requ i rement .  To o b t a i n  an 

850-second engine s p e c i f i c  impulse means t h a t  t h e  average t empera tu re  

of t h e  gases  l e a v i n g  t h e  core  may have t o  be  of t h e  o r d e r  of 4800 R, 

depending on t h e  type of engine cyc le .  nozz le  c o n f i g u r a t i o n s ,  and aux- 

i l i a r y  t h r u s t  r equ i rements .  Assuming reasonab le  temperature  d i f f e r e n -  

t i a l s  t o  e f f e c t  t h e  energy t r a n s f e r  i n t o  t h e  hydrogen g a s ,  it is  ap- 

p a r e n t  t h a t  p o r t l o n s  of t h e  core  would have t o  o p e r a t e  a t  t empera tu res  

rang ing  t o  5000 R .  

~ h k  number of fue l -e lement  base  m a t e r i a l s  which might  be considered f o r  

opera t ion  a t  t h e s e  t empera tu res  i s  q u i t e  l i m i t e d .  . Graphi te ,  t h e ' r e -  

f r a c t o r y  m e t a l s ,  and c a r b i d e s  of m e t a l s  have been mentioned a s  

p o s s i b l e  fuel -e lement  base  m a t e r i a l s  i n  t h e  open l i t e r a t u r e .  

It h a s  been repor ted  t h a t  g r a p h i t e  e x h i b i t s  peak s t r e n g t h  a t  tempera- 

t u r e s  around 5000 R ;  i n  addition. w i t h  b o t h  i t s  r e l a t i v e l y  low a tomic  

weight  and neutron a b s o r p t i o n  c r o s s - s e c t i o n ,  it i s  g e n e r a l l y  cons idered  

one of t h e  b e t t e r  modera to rs .  With a p r o p e l l a n t  f l o w r a t e  requirement  

of a p p r o x ~ m a t e l y  700 1b:'sec: a s  determined by t h e  t h r u s t  and s p e c i f i c  
1 impulse requirements ,  and w i t h  reasonab le  assumptions f o r  r e a c t o r  so- 

l i d i t y  and o p e r a t ~ n g  p r e s s u r e s ,  t h e  r e q u i r e d  core  volume w i l l  probably  

be somewhat - in  e x c e s s  of 100 cub lc  f e e t .  The geometr ic  b u c k l i n g  of 

a core  of t h i s  s i z e  should be s u f f i c i e n t  t o  ensure  t h a t  t h e  core  con- 

figuration w i l l  be d i c t a t e d  by h e a t - t r a n s f e r  c o n s i d e r a t i o n s ,  and n o t  b y  

criticality considerations. Consequently,  d e s p i t e  t h e  l i m i t e d  uranium 



inves tment  c a p a b i l i t y  of g r a p h i t e ,  t h e  u t i l i z a t i o n  of a  graphi te-based 

core  would n o t  i n t r o d u c e  any meaningful s l z e  p e n a l t y  and, t h e r e f o r e ,  

should  be s u b s t a n t i a l l y  l i g h t e r  than a  r e f r a c t o r y  meta l  and/or m e t a l l i c  

carbide-based c o r e .  

Before  a  p r e l i m i n a r y  s e l e c t i o n  of t h e  fuel -e lement  base  m a t e r i a l  can b e  

made, i t  i s  necessa ry  t o  cons ider  t h e  t o t a l  o p e r a t i n g  t ime and number 

of operaz ing  c y c l e s  requ i red  f o r  t h e  r e f e r e n c e  miss ion .  The cumulative 

e f f e c t s  of corros ion, /eros ion of t h e  w a l l s  of t h e  coo lan t  passages  i n  

t h e  core  b y  t h e  p r o p e l l a n t ,  t h e  migra t ion  of fissionable and moderat ing 

m a t e r i a l  ou t  of t h e  f u e l  element/core s t r u c t u r e ,  t h e  b u i l d u p  of neu t ron  

po i sons  w i t h i n  t h e  core ,  o r  t h e  excess  r e a c t i r i t y  r e q u i r e d  f o r  each  

complete o p e r a t i n g  cyc le  can limit t h e  u s e f u l  o p e r a t i n g  l i f e  and t h e  

c o r e ' s  c a p a b i l i t y  of b e i n g  r e c y c l e d .  For t h e  purposes of t h i s  paper ,  

it w i l l  be assumed t h a t  a  graphi te-based core  has  t h e  c a p a b i l i t y  of 

mee t ing  t h e  t o t a l  o p e r a t i n g  t ime and number of c y c l e  requirements  
' 

s p e c i f i e d  f o r  t h e  r e f e r e n c e  miss ion .  

The s e l e c t i o n  o f  t h e  type of engine cyc le  a f f e c t s  at tainment.  of t h e  per- 

formance requirements  i n  t h e  f o l l o w n g  way. I n  a  b leed  cyc le  (I!ig. I), 

a  smal l  p o r t i o n  of t h e  t o t a l  p r o p e l l a n t  f low i s  withdrawn from t h e  

r e a c t o r / t h r u s t  chamber assembly and mixed w i t h  unheated p r o p e l l a n t .  

T h i s  cooled mix ture  i s  u t i l i z e d  t o  d r i v e  t h e  t u r b l n e .  A f t e r  expanding 

a c r o s s  t h e  t u r b i n e ,  t h e s e  gases  may be ducted t o  a u x i l i a r y  exhaus t  noz- 

z l e s  where t h e y  produce additional t h r u s t .  The s p e c i f l c  impulse of t h e  

t u r b i n e - d r i v e  g a s e s ,  u t i l i z e d  i n  t h e  above manner, 1s s u b s t a n t i a l l y  

l e s s  t h a n  The s p e c i f i c  m p u l s e  of t h e  main exhaust  j e t  because  t h e  tur- 

b i n e  exhaust  temperature  1s much c o o l e r  than t h a t  of t h e  gases  l e a v i n g  

t h e  core  As a  consequencej t h e  e f f e c t i v e  s p e c l f i c  m p u l s e  of t h e  en- 

g ine  1s degraded by t h e  use  of b leed  gases  t o  supply t h e  t u r b o d r i v e  

power. The o v e r - a l l  performance l o s s  i s  q u l t e  m a l l ,  however, r ang ing  



from 2 t o  j percent  of t he  s p e c i f i c  impulse of the  main j e t ,  depending 

on the temperature of t he  bleed gases .  

In  a  topping cycle (I?ig. 2): a l l  of t he  propel lan t  flow is p a r t i a l l y  

heated i n  passlng through tbe annular  r e f l e ~ t o r / ~ r e h e a t e r  s ec t ion  of  

t h e  r e a c t o r  assembly. A t  t h i s  po in t ,  t he  p rope l l an t  flow i s  s p l i t .  

Most of the  propel lan t  i s  d i r ec t ed  t o  an expander t u rb ine .  The remain- 

i n g  propel lan t  t h a t  bypasses the tu rb ine  i s  ducted t o  t h e  r e a c t o r  core 

where i t  again jo ins  the f l u i d  t h a t  has been exhausted from the  tu rb ine  

a f t e r  supplying the r e q u i s i t e  tu rb lne  power. The combined s tream then 

flows through the  r e a c t o r  core i n  which a l l  the  p rope l l an t  i s  heated 

t o  f u l l  core e x i t  temperatures.  The turb ine  bypass flow al lows f o r  

more s t a b l e  engine operat ion and may be ad jus ted ,  a s  requi red ,  t o  con- 

t r o l  englne t h r u s t .  Thus i n  the topping cycle ,  t he  engine s u f f e r s  

no performance degradation because a  por t ion  of t he  working f l u i d  

was exhausted a t  a  lower temperature,  a s  i n  the  b leed  cycle .  

To meet the  assumed s p e c i f i c  impulse requirement @f 850 seconds, t h e  

engine des igner  has the choice 0.f : (1) f o r  a  t,opping cyc le ,  r e q u i r i n g  

a  core-ex l t  gas temperature of approximately 4600 R: and (2) f o r  a  

bleed cyc le .  u t i l i z i n g  turb lne  dr ive  gases  of around 1500 R, r equ i r ing  

a  core-ex i t  gas temperiture of 4800 R .  Therefore,  an important f a c t o r  

i n  t h e  selection of th'e englne cycle t o  be employed i s  t h e  c a p a b i l i t y  

of t he  r e a c t o r  core t o  operate .  f o r  t he  required number.of cyc les  and 

t o t a l  duration, a t  the  f u e l  element temperatures assoc ia ted  wi th  the  I 
co re-ex i t  gas temperatures mentioned above. 

Although the obvlous advantage of reduct ion of core-operat ing temperature 

i s  t o  be galned from the  use of a  topplng cyc le ,  it i s  accompanied by 

c e r t a i n  inherent  disadvantages from the  s tandpoin t  of subsystem 
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and component des ign  c o n s i d e r a t i o n s .  With regard  t o  t h e  r e f l e c t ~ r / ~ r e -  

h e a t e r ,  p r o v i s i o n  must be made t o  provide s u f f i c i e n t  h e a t i n g  t o  t h e  

hydrogen p r i o r  t o  i t s  i n t r o d u c t i o n  t o  t h e  t u r b i n e  t o  pe rmi t  r easonab le  

t u r b i n e  w e i g h t s .  The requ i red  ener-7 r e l e a s e  i n  t h e  p r e h e a t e r  can b e  

provided by l o a d i n g  t h i s  p o r t i o n  of t h e  r e a c t o r  assembly w i t h  f i s s i o n -  

a b l e  m a t e r i a l ;  t h i s  p r o r i s i o n ,  however, w i l l  a f f e c t  t h e  n e u t r o n i c s  and 

t h e  d i s t r i b u t i o n  of energy r e l e a s e  ~ i i t h l n  t h e  r e a c t o r .  I f  t h e  r e a c t o r  

des1g-n has  been I n i t i a l l y  s p e c i f i e d ,  i t  may n o t  be p o s s i b l e  t o  adop t  

such a  des ign  f e a t u r e .  

F o r  a  topp ing  t u r b i n e ,  t h e  back p r e s s u r e  on t h e  t u r b i n e  i s  e s s e n t i a l l y  

t h e  r e a c t o r  core  i n l e t  p r e s s u r e  S i n c e  t h e  c a p a b i l i t y  of t h e  t u r b i n e  

t o  d e l l ~ e r  s u f f i c i e n t  pox-er t o  dr1-i-e t h e  pump i s  dependent upon t h e  

t u r b i n e  p r e s s u r e  r a t l o :  t h e  a v a i l a b l e  t u r b i n e  horsepower i s  somewhat 

dependent upon t h e  pump d i scharge  p r e s s u r e .  Thus, a  topp ing  c y c l e  

demands a  more s t r i n g e n t  turbopump d e s i g n .  T y p i c a l  d i s c h a r g e  p r e s s u r e s  

f o r  a  topp ing  cyc le  englne might range a s  h i g h  a s  3000 p s i g ;  f o r  a  

compet i t ive  b leed  cyc le  englne,  however, t h e s e  p r e s s u r e s  might  be  o f  

t h e  o r d e r  of 2000 p s i g .  Although t h e  a d d i t i o n a l  head requ i rements  

a s s o c i a t e d  w i t h  t h e  topp lng  cycle  a r e  such t h a t  they do n o t  p r e c l u d e  

t h e  p o s s i b i l l t y  of des lgn based upon p r e s e n t  day technology,  t h e i r  

a t t a i n m e n t  w i l l  h o t  be r e a l i z e d  wi thou t  an accompanying i n c r e a s e  i n  

we igh t  over  a  turbopump deslgned f o r  use i n  a  b l e e d  c y c l e .  

As a  r e s u l t  of t h e  h i g h  pump d i scharge  p r e s s u r e ,  t h e  p r e s s u r e  s h e l l  

must a l s o  be  des lgned t o  accommodate h i g h e r  opera t ing  p r e s s u r e s .  I f  

t h e  p r e s s u r e  s h e l l  i s  exposed t o  t h e  f u l l  p r e s s u r e  o f  t h e  p r o p e l l a n t  

l e a v i n g  t h e  c o o l a n t  passages  i n  t h e  n o z z l e ,  t h e  r e q u i r e d  w a l l  t h i c k n e s s  

and welght  of t h e  s h e l l  may be excessive The u t i l i z a t i o n  of t u b u l a r  

"pass- through,"  runnlng t h e  f u l l  h e i g h t  of t h e  r e f l e ~ t o r / ~ r e h e a t e r ,  

can a l l k v i a t e  t h l s  problem, b u t  t h e  presence of t h e  r e q u i r e d  t u b e s  w i l l  



i n f l u e n c e  t h e  n e u t r o n i c s  i n  t h i s  a r e a  of t h e  r e a c t o r  and may complicate  

t h e  r e a c t o r  c o n t r o l  des ign  problem. There fore ,  t h e  s e l e c t i o n  of t h e  type 

of c y c l e  t o  be used i s  dependent upon a  j u d i c i o u s  ba lance  between t h e  

advantages  t o  be gained from t h e  s l i g h t l y  reduced core  o p e r a t i n g  temp- 

e r a t u r e s  and t h e  d i sadvan tages  from t h e  s t a n d p o i n t  of a d d i t i o n a l  

hardware weight  and p o s s i b l e  inc reased  complexity.  

To a c h i e r e  an optimum des ign ,  t h e  selection of t h e  cyc le  cannot  be con- 

s i d e r e d  independent ly  of a s p e c t s  of t h e  p ropu ls ion  system, e . g . ,  p rope l -  

l a n t  tankage: chamber p r e s s u r e .  n o z z l e  expansion r a t i o ,  r e a c t o r  t a n k  

d i s t a n c e ,  and s h i e l d  a t t e n u a t i o n  f a c t o r s .  For ,  a f t e r  a l l ,  t h e  eng ine  

d e s i g n e r ' s  goa l  i s  t o  a c h i e r e ,  c o n s i s t e n t  w i t h  r e l i a b i l i t y  requirements ,  

a  minimum 01-er-all  propulsion system weigh t ;  which i n c l u d e s  eng ine ,  tank-  

age,  and p r o p e l l a n t ,  t o  supply  t h e  r e q u l r e d  p ropu ls ive  energy.  Some of 

t h e  o t h e r  f a c t o r s  mentioned and how t h e y  may I n f l u e n c e  p ropu ls ion  system 

des ign  and t h e  r e s u l t s  of an optimization s t u d y  w i l l  be  considered i n  

t h e  f  011 owing paragraphs .  

The o p e r a t i o n  of a  n u c l e a r  r o c k e t  r e a c t o r  a t  power l e v e l s  t y p i f i e d  by 

t h e  assumed des ign  requirement, g e n e r a t e s  an extremely powerful  r a d i a -  

t i o n  f i e l d ,  comprising high-energy gamma r a y s  and n e u t r o n s ,  Leakage 
2 f l u x e s  of t h e  o r d e r  of 1016 gammas/sec em2 and 1015 neutrons/sec  an 

a r e  t o  be expec ted .  The e f f e c t s  of t h i s  r a d i a t i o n  on t h e  p ropu ls ion  

system i n c l u d e  induced h e a t i n g  of any m a t e r l a l  exposed t o  t h e  r a d i a t i o n  

and p o s s i b l e  r a d i a t i o n  damage. For  example, a  cub ic  i n c h  of s t e e l ,  

exposed t o  t h e s e  r a d i a t i o n s ,  would be heated t o  i t s  m e l t i n g  p o i n t  i n  

about  1 minute, i f  p r o v l s l o n s  were n o t  made t o  coo l  it. The u t i l i z a t i o n  

o f  shielding i n  a  n u c l e a r  r o c k e t  engine system a f f o r d s  a  means of meet- 

i n g  t h i s  design problem, b u t  i f  t o o  g r e a t  a  r e l i a n c e  i s  placed upon its 

u s e ,  s e r e r e  we3ght p e n a l t i e s  w l l l  r e s u l t  The two a r e a s  of t h e  propul-  

s i o n  system most I n  need of protection a r e  t h e  components and s t r u c t u r e  

l o c a t e d  c l o s e  t o  t h e  r e a c t o r ,  and t h e  p r o p e l l a n t  i n  t h e  v e h i c l e ' s  t a n k s .  



The p r o p e l l a n t  h e a t i n g  problem w i l l  be examined f i r s t ,  because  i t s  reso-  

l u t i o n  w i l l  then f i x  t h e  enx-ironment t o  which t h e  components of t h e  eng ine  

system w i l l  be exposed.  

For  a ' f i x e d  r e a c t o r  power l e v e l  and power d e n s i t y ,  t h e  temperature  r i s e  

of t h e  p r o p e l l a n t  e n t e r i n g  t h e  pumpt due t o  t h e  r a d i a t i o n  r e a c t i o n s  w i t h  

t h e  p r o p e l l a n t  i n  a  given t ank ,  1s a  f u n c t i o n  of t h e  spectrum of t h e  f l u x  

f i e l d ,  t h e  s h i e l d i n g  a t t enuaa ion  f a c t o r !  and t h e  r e a c t . o r - p r o p e l l a n t  t a n k  

s e p a r a t i o n  distance. The f l r s t  two f a c t o r s  a r e  a  f u n c t i o n  of b o t h  t h e  

s h i e l d  materials and t h e  composite s h i e l d  - t h i c k n e s s .  S i n c e  t h e  vapor  p r e s -  

s u r e  of l l q u l d  hydrogen i n c r e a s e s  w i t h  t empera tu re ,  i t  i s  d e s i r a b l e  t o  

minimize p r o p e l l a n t  h e a t i n g  so t h a t  t h e  t ank  p r e s s u r e  requirements ,  t o  

meet t h e  pump SEH requirements ,  a r e  n o t  e x c e s s i v e .  Obviously, p rope l -  

l a n t  h e a t i n g  may be minimized ~ f  t h e  t a n k s  a r e  l o c a t e d  a  s u f f i c i e n t  d i s -  

t a n c e  from t h e  r e a c t o r ,  b u t  t h i s  s o l u t i o n  l e a d s  t o  inc reased  t h r u s t  

s t r u c t u r e  and i n t e r s t a g e  weigh t s .  I f  a  s h i e l d  i s  employed, i n c r e a s e d  

s h i e l d  t h i c k n e s s  b-111 reduce r e a c t o r - t a n k  s e p a r a t i o n  d i s t a n c e s  f o r  a 

given a l l o w a b l e  h e a t  g e n e r a t . 1 0 ~ -  r a t e  i n  t h e  p r o p e l l a n t .  Theref o r e ,  t h e  

s o l u t i o n  to t h e  problem i n r o l ~ e s  e s t a b l i s h i n g  an optimum combination be-  

tween- the  pump 3TPSH requirements ,  a s  in f luenced  by t h e  des ign of a  pump's 

b o o s t s t a g e  o r  inducer ,  t h e  r e a c t o r - t a n k  s e p a r a t i o n  d i s t a n c e ,  and t h e  

r e a c t o r  s h i e l d  t h i c k n e s s .  The optimum combination of s h i e l d i n g  d i s t a n c e  

and a t t e n u a t i o n  f a c t o r  w i l l  be t h a t  combination where t h e  sum t o t a l  

we igh t s  of turbopump, p r o p e l l a n t  t ank ,  p r e s s n r l z a t i o n  g a s  and subsystem, 

s t a r t  t a n k ,  t h r u s t  and i n t e r s t a g e  s t r u c t u r e s ,  and composite ( t o p  and 

s i d e )  s h i e l d  y i e l d  a minimum. The optimum combination w i l l  be d i f f e r e n t  

depending upon t h e  miss ion o r -  a p p l i c a t i o n .  

As mentioned, t h e  r a d i a t i o n  environment a f f e c t s  t h e  components of t h e  

eng ine  system, both  by induced h e a t i n g  and by p o s s i b l e  r a d i a t i o n  damage. 

Some of t h e  components may opera te  satisfactorily I n  t h i s  environment,  



because they a re  adequately cooled by the propel lan t  flowing through 

them and because the ma te r i a l s  of which they a r e  f ab r i ca t ed  can t o l -  

e r a t e  r a t h e r  high in t eg ra t ed  rad ia t ion  doses.  Other components may 

s u f f e r  from self-absorption-induced asymmetrical heat ing,  which may 

cause d l s t o r t i o n  problems i n  close- tolerance machinery, and from 

d i f f e r e n t l a l  expansion of ma te r i a l s ,  brought on by d i f f e r e n t  thermal 

and nuc lear  r ad i a t ion  absorption c o e f f i c i e n t s ,  hbich can f r u s t r a t e  

the  designer's intention f o r  proper s t r u c t u r a l  operat ion and in-  

duced hea t  remom1 S t l l l  other  components may contain p a r t s ,  such 

a s  p l a s t i c s  and electronic elements, which a re  p a r t i c u l a r l y  xulner- 

ab le  t o  nuc lear  radiations. For the  so lu t ions  of these  problems, 

pro-nsions may be requlred f o r  u t l l i z a t l o n  of l o c a l  sh i e ld ing  and 

use of spec i a l  cool ing loops I n  the  case of o i l s ,  f o r  l u b r i c a t i n g  

bear ings  and geare;  and hydraul ic  f l u i d s ,  f o r  operating eer ro  systems 

and va lves ,  the designer  1 s  forced t o  consider the  use of propel lan t -  

cooled beariage and gears  and the u t i l i z a t i o n  of pneumatically- 

operated ac tua to re .  



S e l e c t i o n  of t h e  des ign p o i n t  chamber p r e s s u r e  and nozz le  expansion r a t i o  

f o r  a  n u c l e a r  r o c k e t  engine system i s  dependent n o t  on ly  upon t h e  a p p l i -  

c a t i o n  f o r  which t h e  system i s  in tended,  b u t  a l s o  upon t h e  maximum permis- 

s i b l e  p r e s s u r e  d rop  a c r o s s  t h e  r e a c t o r  c o r e  and t h e  nozz le  c o o l i n g  

requirements  When opt imizing t h e s e  two parameters  t o  ach ieve  a minimum 

propuls ion  system weight ,  one cannot be considered without s imul taneous ly  

cons ider ing  t h e  o t h e r .  For  space a p p l i c a t i o n s ,  %-here ambient p r e s s u r e  is,  

f o r  a l l  p r a c t i c a l  purposes,  ze ro ,  t h e  l a r g e r  t h e  expansion r a t i o ,  t h e  

h i g h e r  i s  t h e  s p e c i f i c  m p u l s e  a c h i e v a b l e .  For  a  g i r e n  chamber p r e s s u r e ,  

a s  expansion r a t i o  i s  inc reased  t h e  T-acuwn t h r u s t  c o e f f i c i e n t  and spe- 

c i f i c  impulse i n c r e a s e ,  bu t  t h e  nozz le  l e n g t h  and nozz le  e x i t  a r e a  a l s o  

i n c r e a s e .  Thus, an upper  lmi t  on expansion r a t i o  e x i s t s  from envelope 

l i m i t a t i o n s ,  

As h a s  been pointed o n t ,  t b e  p r e s s u r e  d rop  a c r o s s  t h e  core  i s  i n f l u e n c e d  

by t h e  o p e r a t l n g  chamber p r e s s u r e  I n  g e n e r a l ,  t h e  r e a c t o r  d e s i g n e r ' s  

problem of a c h i e r l n g  high power d e n s i t i e s  i s  a ided by o p e r a t i n g  a t  h i g h  

p r o p e l l a n t  p r e s s n r e s  Also .  an i n c r e a s e  i n  chamber p r e s s u r e ,  a s  one 

would s u s p e c t ,  w i l l  e f f e c t  a  decrease  i n  nozz le  dimensions and n o z z l e  - 

we1 g h t  However wi th  increasing chamber p r e s s u r e ,  o t h e r  component 

o p e r a t i n g  cond i t lono  become more severe ,  leading t o  inc reased  component 

we igh t s  and p o s s i b l e  increased complexity,  p a r t i c u l a r l y  n o z z l e  c o o l i n g  

and des ign  problems. Hence, t k e  upper l l m i t  on chamber p r e s s u r e  i s  

t h a t  p o l n t  where a  noticeable Increase  In  des1g-n complexity b e g i n s  o r  

where t h e  a l lowable  o p e r a t l n g  l l m l t s  in pressure  and a s s o c i a t e d  n o z z l e  

h e a t  t r a n s f e r  c o r d l t l o n s  begin t o  be exceeded The procedure f o r  o p t i -  

miz ing  chamber p r e s s u r e  and expansion r a t i o ,  t h e r e f o r e ,  w i l l  b e  one where 

a  judicious b a l a ~ c e  is obrained between minimizing core  o u t l e t  g a s  temper- 

a t u r e ,  whi le  meet lng t h e  reqn l red  spec1f1.c impulse;  minimizing o v e r - a l l  



propulsion system weight, remaining wi th in  the a l lowable  envelope limita- 

t i ons  f o r  the engine system; and s e l e c t i n g  an operat ing condi t ion  which 

w i l l  no t  impose undue hardships from the  s tandpoint  of ind iv idua l  compo- 

nent  design and complexity. 

The nozzle operat ing condit.ions introduce a  formidable design problem. 

The convective hea t  load ,  produced by the  very  h o t  hydrogen gases  expand- 

ing t o  supersonic v e l o c i t i e s ,  i s  aggravated by increased chamber pressure.  

Seve r i ty  of the  r e s u l t a n t  hea t  f l uxes  i s  depicted i n  Fig.  3. For compar- 

i son  purposes,  t y p i c a l  hea t  t r a n s f e r  r a t e s  f o r  l i q u i d  rocket  t h r u s t  

chambers us ing  conventional and high-perfomance chemical p rope l l an t s  are 

a l s o  presented. 

In add i t i on  t o  the  high con-crecti~e hea t  load,  the  nuc lear  rocke t  nozzle  

i s  subjected t o  thermal r a d i a t i o n  (from the  bot ton  of t he  core) and 

nuc lear  r a d i a t i o n  hea t  loads. The combined t h e m a l  loads w i l l  produce 

very  high,  gas-side wal l  tenperatures .  

I f  t h e  l i q u i d  hydrogen p rope l l an t  i s  used as a coolant  f o r  t h e  nozzle ,  

some extreme tenpera tnre  d i f f e r e n t i a l s  w i l l  be c rea ted ,  lead ing  t o  

severe t h e m a l  s t r e s s e s .  These s t r e s s e s  can be s o  high t h a t  p l a s t i c  flow 

and y i e l d i n g  of t he  metal wal l s  must occur t o  r e l i e v e  the  s t r e s s e s .  

These condit ions obviously tend t o  liait the  design l i f e  of t.he nozzle.  . 

The in s t runen ta t ion  system requi regents  f o r  a nuc le s r  rocke t  engine d i f -  

f e r  from those of a  chenics l  l i q u i d  p rope l l an t  rqcket engine in two 

r e spec t s .  F i r s t ,  b e c a ~ ~ s e  the  r e a c t o r  power and the  tllrbopump power must 

be independently con t ro l l ed ,  i t  i s  e s s e n t i a l  t h a t  r e l i a b l e  measurements 

be made of c r i t i c s 1  engine operat ing p a r m e t e r s  Second, the t ransducers  





and t ransmission systems, employed f o r  c o n t r o l l i n g  and monitoring engine 

opera t ion ,  must func t ion  r e l i a b l y  and accu ra t e ly  i n  in tense  nuc lea r  r a d i -  

a t i o n  f i e l d s .   heref fore, a d d i t i o n a l  e f f o r t  must be devoted toward the  

s p e c i f i c a t i o n  and u t i l i z a t i o n  of such items as thermocouples, p ressure  

s enso r s ,  s t r a i n  gages,  neutron det .ectors  , and instrumentat ion cabl ing  

which can perform i n  accordance wi th  requirements of minimum r a d i a t i o n  

sh i e ld ing  and cool ing.  I n  m a n y  ca ses ,  the requirements of t h e  t ransducer  

. a r e  more severe than those imposed by the  chemical rocke t  engine,  a n d . t h e  

need f o r  r e l i a b i l i t y ' i s  g r e a t e r  s i n c e  f a i l u r e  of a t ransducer  can cause 

engine shutdown or engine damage. 

The s i t u a t i o n  is  aggravated by the neutron-induced a c t i v a t i o n  of engine 

components, I n  the development and t e s t  phase of a nuc lear  engine pro- 

gram, t ransducer  r ep l aceaen t  i s  extremely d i f f i c u l t  and expensive s i n c e  

t h e  neutran-induced r a d i a t i o n  i n  t h e  components and the  t e s t  s tand  w i l l  

n o t  always permit  human access  t o  t he  engine t e s t  s tand .  Thus, many 

m a t e r i a l  and f a b r i c a t i o n  techniques must be modified in the  des ign  of. 

t ransducers  and cab le s  f o r  a nuclear  engine system. 

~ r & s i e n t  performance and cont.ro? a r e  important a r eas  i n  t he  des ign  of 

a nuc lea r  rocke t  engine. Thrus t  bui ldup r a t e  is l imi t ed  by t h e  maximum 

al lowable f l u x  r a t e  changes and core t,hermal r a t e  considerat ions.  

Turbopump performance - c h a r a c t e r i s t i c s ,  a s  we l l  as r e a c t o r  neut ronics ,  

gene ra l ly  inf luence  s e l e c t i o n  af s t a r t u p  t.echniques and r e q u i r e  consider- 

a t i o n  of a v a i l a b l e  t u rb ine  power and a a x i m  permiss ib le  t u rb ine  i n l e t  

temperature.  

Nuclear e n g i n e  s t a r t u p  may be d iv ided  i n t o  t h r e e  phases:- (1) r e a c t o r  

s t a r t u p ,  (2)  system chi l ldown,  and (3) t h r u s t  buildup. These phases w i l l  

be examined f o r  a t-vpical engine employing a bleed cycle  ( s ee  Fig.  4) .  
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At r eac to r  s t a r t ,  the r e a c t o r  con t ro l  elements a r e  simultaneously posi-  

t ioned with a programmed s i g n a l .  The s i g n a l  f i r s t  "steps" t he  elements 

t o  a predetermined s u p e r c r i t i c a l  pos i t i on  and then  llrampsll them a t  a 

given r e a c t i v i t y  r a t e .  Reactor  s t a r t u p  proceeds on an  "open loop" o r  

p reca l ib ra t ed  b a s i s  without  any measureient of r e a c t o r  power l eve l .  

b'hen r e a c t o r  power l e v e l  reaches approximately 0.1-percent of f u l l  power, 

it i s  assumed t o  f a l l  wi th in  the  cont ro l  range of t he  system power l e v e l  

nuc lear  instrumentat ion and closed loop f l u x  con t ro l  is i n i t i a t e d  t o  hold 

the  r e a c t o r  neutron f l u x  at t h i s  referenced l eve l .  

During the  chi l ldokn phase, the temperatures of the  f eed l ines  and por- 

t i o n s  of the  nozzle cool ing tubes a r e  reduced t o  t h e i r  normal opera t ing  

temperatures so t h a t  the system impedance to the  flow of a cryogenic 

f l u i d  does not  remain excessive.  The chilldown phase is  i n i t i a t e d  by 

opening the  main p rope l l an t  valve and programing a r e a c t o r  power increase .  

Ch i l l dom flow is  procuced p r imar i ly  frorn tank pressure  and v a r i e s - a s  t h e  

system pressure  drop changes. Reactor power i s  increased dur ing  c h i l l -  

down t o  provide some core and r e f l e c t o r  hea t ing  p r i o r  t o  t h e  t h r u s t  

buildup phase. This a c t i o n  tends t o  increase  the  i n i t i a l  t h r u s t  bui ldup 

r a t e  by providing higher  temperature t u rb ine  i n l e t  gases.. 

The primary requirement of the t h r u s t  buildup phase i s  t o  i nc rease  engine 

t h r u s t  t o  r a t e d  l e v e l  i n  nrinimm time and i n  a r e l i a b l e  and p r e d i c t a b l e  

manner. ' lBootstrap" i s  s t a r t e d  i n  l e s s  than 10 seconds a f t e r  i n i t i a t i o n  

of chilldown by opening the tu rb ine  t h r o t t l e  va lve ,  wi th  simultaneous 

con t ro l l ed  increase  of r e a c t o r  pocer,  This a c t i o n  permits  a p o r t i o n  of 

t h e - t h r u s t  chamber gases t o  f l o x  through the  turb ine  and'produce torque 

f o r  turbopump acce l e ra t ion ,  As the turb ine  speed increases ,  pump flow- 

r a t e  increases  xhich ceuses the cha,mber pressure t o  r i s e  and, i n  t u r n ,  



causes increased tu rb ine  speed. When the  chamber pressure  and chamber 

temperature reach a predetermined va lue ,  closed loop con t ro l  of t he  tur- 

bine t h r o t t l e  is  i n i t i a t e d  and t h r u s t  buildup continues t o  t he  maximum 

design r e a c t o r  power l eve l .  

Considerat ion must be given t o  ensuring t h a t  t he  r e a c t o r  elements do n o t  

reach excessive temperatures during the  t r a n s i e n t  buildup s tage .  I n  addi- 

t i o n ,  t he  p o s s i b i l i t y  of pump s t a l l  must be avoided; t h i s  can occur as a 

r e s u l t  of excessive system impedance, a s  prev ious ly  mentioned, brought 

about i n  the  f e e d l i n e s  and nozzle cool ing tubes ,  r e s u l t i n g  from two-phase 

flow dur ing  the  i n i t i a l  c h i l l d o m  period. Coupled wi th  cons idera t ions  

given t o  the  poss ib l e  de l e t e r ious  e f f e c t  on components, the  s t a r t u p  pro- 

cedure should u t i l i z e  the  propel lan t  so  t h a t  degradat ion in p rope l l an t  

performance during t h i s  per iod does not severe ly  reduce over-al l  veh ic l e  

- performance . 

w i n e  shutdown con t r ibu te s  problems s i m i l a r  t o  those  encountered dur ing  

s t a r t u p .  A procedure must be devised whereby the  amount of p r o p e l l a n t  

consumed during the  shutdown phase i s  n o t  excessive.  A programmed reduc- 

t i o n  of chamber pressure  and temperature must be e f f ec t ed  while  maintain- 

ing  a s t a b l e  opera t ing  regime. Coupled k-ith the  s t a b l e  engine performance 

requi red  during shutdown, compat ib i l i ty  of r e a c t o r  neut ronics  wi th  turbo- . 

pump c h a r a c t e r i s t i c s  i s  a l s o  necessary t o  prevent  t he  r e a c t o r  from exper- 

ienc ing  excessive temperatures.  The problems assoc ia ted  wi th  engine 

r e s t a r t  a r e  s i m i l a r  t o  the  i n i t i a l  s t a r t ,  wi th  t h e  add i t i ona l  considera- 

t i o n  of a wider range of poss ib le  core i n i t i a l  temperatures,  f u e l  dep le t ion ,  

f i s s i o n  product poisoning,  and requi red  p rope l l an t  tank p re s su r i za t ion .  



S i m p l i f i e d  a n a l o g  o r  dynamic d l g i t a l  models  a r e  u s u a l l y  employed i n  t h e  

a n a l y s e s  r e q u i r e d  f o r  t h e  s o l u t i o n  o f  t h e  problems ment ioned above .  I n  

g e n e r a l ,  t h e  c r i t e r i a  o f  minimum s t a r t u p  and s h u t d o ~ i n  t lme ,  r e p r o d u c i b l e  

t h r u s t  t r a n s i e n t s ,  and mlnlmum ueage  o f  p r o p e l l a n t  i n  a  low-performance 

s t a t e  a r e  t h e  g u i d e s  I n  t h e  ~ e l e c t l o n  o f  t h e  c o n t r o l  sys t ems  f o r  t h e  . 

s t a r t u p  and shutdo%n p h a s e s  of  e n g l n e  ~ p e r a t ~ i o n ,  

A f t e r - c o o l i n g  o f  t h e  e n g l n e  v l l l  be n e c e s s a r y  t o  m a i n t a m  a maximum 

a l l o w a b l e  c o r e  t e m p e r a t u r e  d u r i n g  t h e  c o a s t  p e r i o d  because  h e a t  gene ra -  

t i o n  f o l l o ~ l n g  s h u t d o ~ n  o c c u r s  a s  t h e  r e s u l t  o f  f i e e l o n  p r o d u c t  i nven-  

t o r y  which  h a s  been  b u i l t  u p  I n  t h e  c o r e .  Because t h e  amount o f  c o o l i n g  

r e q u i r e d  i s  a  f u n c t l o n  of  t h e  p a s t  run  h l s t o r j -  c l o s e d  l o o p  c o n t r o l  o f  

a f t e r - c o o l i n g  p r o p e l l a n t  f l o w  k i l l  b e  n e c e e s a q -  A f t e r - c o o l i n g  i s  accom- 

p l l s h e d  %-itti hydrogen p r o p e l l a n t  and t h e  p r o c e d ~ r e  t o  be  fo l lowed  m u s t  

r e s u l t  i n  a judicious comprornlse bet*een m a . l r t a l n i n g  t e m p e r a t u r e s  s u f f i -  

c l e n t l y  low t o  p r e v e n t  c o r e  o r  e n g i n e  sys t em damage, and minimizing t o t a l  

a f t e r - c o o l i n g  u s a g e .  

When r e a c t o r  power d e c r e a s e s  s u f f i c i e n t l y ,  a  eequence c o n t r o l l e r  c l o s e s  

t h e  main p r o p e l l a n t  x-alx-e and subsequen t  c o a l i n g  l e  s a p p l i e d  by t h e  - 

a f t e r - h e a t  v a l v e .  a r r a n g e d  t o  c o n t r o l  f l o *  I n  p a r a l l e l  w i t h  t h e  main 

p r o p e l l a n t  r a l v e  A f t e r - h e a t  c o o l a n t  i s  s u p p l i e d  by  t h e  b y p a s s  valve 

u n t i l  c o o l a n t  requirements a r e  s o  low t h a t  t h e  bypass  v a l v e  c a n n o t  

m a i n t a i n  s t a b l e  c o n t r o l  When t h ~ ?  rnlnirnm va lue  1s r e a c h e d ,  t h e  v a l v e  

w l l l  remaln i n  a  f i x e d  p s i t i c o  and t t e  e n g l a e  w i t 1  b e  ove r -coo led .  

Sequence  c o n t r o l  wlil t h e n  open and c l o s e  t h e  -calve a f t e r  s u i t a b l e  per- 

i o d s  u n t i l  p o t e r  g e n e r d t l o ~  1 s  aD lo%- t h a t  t he rma l  r a d i a t i o n  a l o n e  can 

c o o l  t h e  r e a c t o r .  ' t h r u s t  chamber a s sembly ,  



The des ign  of a  n u c l e a r  r o c k e t  eng ine ,  a s  f o r  many o t h e r  space r e h i c l e  

des ign t a s k s ,  i s  n o t  a  s t ra ight . forward problem. As was p r e v i o u s l y  men- 

t i o n e d ,  t h e  s e l e c t i o n  of engine o p e r a t i n g  c o n d i t i o n s  i s  dependent upon 

t h e  a p p l i c a t i o n  f o r  which t h e  engine and v e h i c l e  a r e  in tended .  

To op t imize  t h e  engine system, in format ion  about  t h e  o v e r - a l l  v e h i c l e  

must be known. H o w e ~ e r :  t h e  v e h i c l e  d e s i g n e r  must know something abou t  

t h e  engine system 'before op t imiza t ion  of t h e  v e h i c l e  system can proceed.  

It i s  t h e r e f o r e  obvious t h a t  t h e  two must be i n  c l o s e  l i a i s o n .  Based 

upon a  p a r t i c u l a r  a p p l i c a t i o n :  t h e  r e h l c l e  d e s i g n e r  w i l l  make c e r t a i n  

assumptions  regard ing  t h e  engine and i t s  performance c h a r a c t e r i s t i c s .  

T h i s  e n a b l e s  t h e  v e h i c l e  d e s i g n e r  t o  conduct a  f i r s t - o r d e r  t r a j e c t o r y  

and optimization program. Rough approximat ions  of v e h i c l e  g r o s s  we igh t ,  

eng ine  t h r u s t ,  and d u r a t i o n  a r e  e e t a b l ~ s t e d  a s  a  r e s u l t  o f  t h i s  i n i t i a l  

s t u d y  . 

The engine system d e s i g n e r  w i l l  then  use  t h e s e  r e s u l t s  a s  i n p u t  t o  h i s  

s t u d i e s ,  which permit  him t o  e s t a b l i s h  optimum c o n d i t i o n s  r e s u l t i n g  i n  

a  minimum propuls ion  system weigh t ,  which i n c l u d e s  engine,  tankage,  and 

p r o p e l l a n t ,  t o  s a t i s f y  t h e  miss ion  requ i rements .  These r e s u l t s , - i n  

t u r n ,  a r e  f e e  back t o  t h e  v e h i c l e  system c o n t r a c t o r ,  who s u b s t i t u t e s  

t h i s  r e f i n e d  engine informat ion f o r  h i s  i n i t i a l  assumptions .  The pro- 

I cedure c o n t i r u e s  i n  t h i s  manner u n t i l  b o t h  t h e  v e h i c l e  system c o n t r a c t o r  

and t h e  e-ngine system c o n t r a c t o r  converge upon a  s e t  o f  answers  t h a t  
I 

i s  compatible w i t h  t h e  requirements  of b o t h  ( s e e  F i g .  5.) 

~. - - 

A s a f e t y  system must be incorpora ted  i n t o  t h e  engine des ign  t o  e n s u r e  
I 

protection a g a i n s t  mal func t ion  both  on t h e  ground and i n  f l i g h t .  A 

P complete system would inc lude  surveillance: d e c i s i o n ,  and a c t i o n .  Sen- 

s o r s  and m o n i t o r i ~ g  systems f o r  sur-cei l lance would be used i n  c o n j u n c t i o n  
1 





with the  proper a c t i o n  system, depending upon the exist ing s i tua t ion .  

1 For example, i f  a reactor  control  system malfunction occurs on the . launch 

I pad,  a remotely removable reactor  poison must be provided; i twst be 

I capable of preventing reactor  c r i t i c a l i t y  in the event t h a t  ef fec t iveness  

I of a l l  reactor  control  elements .is removed. A ' reactor  fragmentation 

system, which reduces the core t o  s u b c r i t i c a l  masses i n  e i t h e r  water or  

l i q u i d  hydrogen, might be required i n  the event of accidental  flooding 

by l iqu id  hydrogen or impact i n  close,  off-shore waters, as a r e s u l t  of 

a guidance f a i l u r e .  F ina l ly ,  a reactor  pulver iza t ion system may be nec- 

essary,  t o  accomplish complete d ispersa l  i n  the  event of a malfunction 

over inhabited areas where fragmentation would r e s u l t  in personnel 

hazards. 

/ 
It has not  been possible,  within the const ra in ts  of a paper of reason- 

able length and secur i ty  considerations, t o  develop i n  d e t a i l  a l l  of t h e  

design considerations f o r  nuclear rocket  engines. In addi t ion  td the  

design requirements, a s  s t a t e d  or implied in the foregoing discussion,  

other f a c e t s  e x i s t  which influence the  solut ions  t o  the design problem, 

e.g. ,  provisions f o r  remote handling and disassembly, remote replacement 

of c r i t i c a l  components, checkout and-monitoring, and trouble shooting a t  

the t e s t  or launch stand. ~ h e s e  problems must be solved in .a p r a c t i c a l  

way. It is  hoped, however, t h a t  s u f f i c i e n t  mater ia l  has been presented 

here in  t o  give the reader some appreciat ion of the  designer 's  job. 
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