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The primary purgose of t h e  NERVA nuclear rocket current ly  under development 
Once developed, i s  t o  demonstrate t h e  f e a s i b i l i t y  of nuclear rocket propulsion. 

it may have appl icat ion i n  missions such as a manned lunar  landing o r  space 
s t a t i o n  supply. Unfortunate1 , it i s  t o o  small f o r  manned in te rp lane tary  m i s -  
s ions.  This being t h e  case,& w a s  decided t o  examine a second-generation nu- 
c l ea r  rocket su i t ab le  f o r  mansd  interplanetary f l i g h t  i n  order t o  ge t  an idea 
of component cha rac t e r i s t i c s  and problem areas. This examination is, i n  
general, based on current technology and includes t h e  graphi te  reac tor  concept, 
a nozzle fabr ica ted  from Inconel X tubing, and conventional turbopump blading 
and bearings. Some of t h e  preliminary r e su l t s  of t h i s  examination are reporte  do 
herein. 4. R J ,  Lj-4-q 

The manned planetary mission on which the  study of a second-generation 
nuclear rocket system is  based is i l l u s t r a t e d  i n  f igure 1. 
r u l e s  for t h i s  mission were as follows; 

Some of t he  ground 

(1) Seven-man mission with four  men on Mars f o r  a 40-day s t a y  

( 2 )  Separate nuclear engines f o r  a l l  th ree  propulsion phases s t a r t i n g  with 
departure from Ear th ' s  o rb i t  

(3) Rnpty tanks and used engines je t t i soned  

( 4 )  Noncoplanar, e l l i p t i c  planetary o rb i t s  considered 

(5)  1979 Departure da te  

The component weights assumed were as follows: 

Earth r e tu rn  vehicle,  l b  . . . . . . . . . . . . . . . . . . . . . . . .  14,000 

Mars landing vehicle,  l b  . . . . . . . . . . . . . . . . . . . . . . . .  96,000 
Consumab l e  s , l b  /day . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 

Space vehic le  quar te rs  and radiat ion shield ( s o l a r  and nuclear),  l b  . . .  57,000 

The mission study involved an optimization of energy requirement, weight, 
t r i p  time, perihelion, and so  for th .  Much more d e t a i l  w i l l  be given i n  papers 
by M r .  R. W. Luidens. A summary of t h e  r e su l t s  obtained i s  presented i n  f i g -  
ure  2, which shows f i rs t -phase power requirement as a function of t r i p  time. 
The region of i n t e r e s t  includes power requirements ranging from about 4000 t o  
24,000 megawatts. The low end of t h i s  range will presumably be taken care  of by 
t h e  growth p o t e n t i a l  of t h e  NERVA engine, but t h e  high end w i l l  require  a new 
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engine development program. Inasmuch as 15,000 megawatts represents an order of 
magnitude increase i n  s i z e  over t h e  NERVA, it w a s  decided t h a t  t h i s  would be a 
good place t o  start t h e  examination. 
. 

The ef fec t  of some cycle parameters on t h e  performance of nuclear rockets 
i s  presented i n  f igure  3 as a p lo t  of engine s p e c i f i c  impulse against  rocket 
chamber pressure f o r  both t h e  "topping" and "hot-bleed" cycles. 
d i f f e r  pr inc ipa l ly  i n  t h e  source of t h e  turb ine  gas supply. For t h e  hot-bleed 
cycle, a small amount of hot gas is bled off at t h e  reac tor  exi t ,  blended with 
some cold gas t o  a temperature of about 2000' R, and then supplied t o  t h e  t u r -  
bine. The turb ine  i s  preferably a multistage u n i t  operating at a pressure r a t i o  
i n  t h e  range of 10 t o  20. For t h e  topping cycle t h e  propellant i s  partway 
heated i n  one or more of t h e  engine components (such as t h e  nozzle, core support, 
shield,  e t c . ) ;  most of it is then passed through t h e  turbine,  a f t e r  which it i s  
returned t o  t h e  cycle t o  be heated t o  t h e  ra ted  propellant temperature. The 
turb ine  f o r  t h i s  cycle is  one s tage and operates at a r e l a t i v e l y  low temperature 
and pressure r a t i o  (1.8 t o  2 .0 ) .  

These cycles 

The performance obtained with t h e  topping cycle is represented by t h e  
dashed l i n e  ( f i g .  3); t h e  numbers on t h e  l i n e  indicate  t h e  turbine- inlet  tem- 
perature  requirement. Although chamber pressure has no e f fec t  on s p e c i f i c  i m -  
pulse f o r  t h e  topping cycle, t h e  turb ine- in le t  temperature requirement i s  a 
d i r e c t  function. For pressures l e s s  than or equal t o  500 pounds per  square inch 
absolute the turbine energy requirement can possibly be met by t h e  heat extracted 
from t h e  nozzle, core support, and shield.  For pressures grea te r  than 500 pounds 
per square inch absolute an addi t iona l  heat source is needed. Inasmuch as t h e  
only remaining source i s  t h e  reactor,  a two-pass reactor  w i l l  thus  be required. 
This g e t s  considerably more complicated than t h e  single-pass reactor .  

The performance obtained with t h e  hot-bleed cycle is  represented by t h e  two 

(The lower curve i s  
s o l i d  l ines .  The upper curve is f o r  an overa l l  turbopump ef f ic iency  of 50 per- 
cent, and the lower one is f o r  an e f f ic iency  of 30 percent. 
representative of current performances. ) 
t h e  percent tu rb ine  bleed required i f  t h e  turb ine  i s  operated a t  a pressure 
r a t i o  of 20. For t h e  hot-bleed cycle, s p e c i f i c  impulse is an inverse function 
of tu rb ine  bleed, which, i n  turn, is  a function of chamber pressure and turbo- 
pump efficiency. For every 1 percent of tu rb ine  bleed, t h e r e  is a loss of about 
4- points  of spec i f ic  impulse. 

The numbers on t h e  curves represent 

1 
2 

The information i n  f i g u r e  3 may be summed up as follows: 

(1) For t h e  topping cycle, it appears des i rab le  t o  keep chamber pressure 
low so as not t o  complicate t h e  reactor .  

( 2 )  For t h e  hot-bleed cycle, it appears des i rab le  t o  keep chamber pressure 
low and turbopump eff ic iency high s o  as t o  minimize s p e c i f i c  impulse losses .  

The effect  of cycle pressure on t h e  estimated weight and s i z e  of t h e  turbo- 
pump required f o r  a 15,000-megawatt engine is  presented i n  f i g u r e  4. 
much as turbopump weight is primarily a function of pump discharge pressure, 
t h i s  is t h e  var iable  against  which weight i s  plot ted.  The curve shown is based 
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on ex is t ing  technology and is appl icable  t o  both axial and cent r i fuga l  un i t s .  

&amination of t h e  curve reveals  t h a t  turbopump weight and s i z e  a r e  qu i t e  
s ens i t i ve  t o  pump discharge pressure.  
1000 pounds per  square inch absolute t h e  turbopump would weigh about 12,000 
pounds and would be 7 t o  10 feet  long. For a pump pressure of 3500 pounds per 
square inch t h e  weight would increase t o  about 42,000 pounds and t h e  length from 
10 t o  15 fee t .  It i s  estimated t h a t  turbopump weight could be reduced by half  
w i t h  t h e  development of advanced blading and bearings. If t h i s  is so, then it 
is  apparent t h a t  advanced technology becomes more and more des i rab le  as pump 
discharge pressure is increased. For example, a t  a discharge pressure of 3500 
pounds per square inch absolute, advanced technology would save about 20,000 
pounds, whereas at 1500 pounds per square inch absolute and less, t h e  savings 
would be l e s s  than 10,000 pounds. 

For example, f o r  a pump pressure of 

The e f f ec t s  of changes i n  chamber pressure on turbopump weight are con- 
s iderably influenced by t h e  cycle selected.  This can be i l l u s t r a t e d  with t h e  
a i d  of f i gu re  4,  which presents  p lo t s  of chamber pressure against  pump d is -  
charge pressure fo r  both t h e  hot-bleed and topping cycles. (It w i l l  be reca l led  
t h a t  t h e  topping cycle requires  higher pump pressures because t h e  turb ine  pres- 
sure  drop i s  i n  s e r i e s  with t h a t  of t h e  other components.) For an increase i n  
hot-bleed-cycle chamber pressure from 500 t o  1500 pounds per  square inch abso- 
lu te ,  t h e  turbopump weight would increase about 6000 pounds (from 12,000 t o  
18,000 l b ) ,  whereas a s imilar  change i n  topping-cycle chamber pressure would in- 
crease t h e  weight about 22,000 pounds (from 16,000 t o  38,000 l b ) .  Thus, from 
t h e  standpoint of turbopump weight, chamber pressures of t h e  order of 500 pounds 
per square inch absolute appear preferable.  

The va r i a t ion  of nozzle-throat heat f lux and tube-wall temperature with 
chmber pressure f o r  t h e  15,000-megawatt engine with Inconel X tubes and operat- 
ing at a chamber temperature of 4500' R is presented i n  f igure  5. It should be 
remembered that these  curves a r e  f o r  a ser ies  of optimum designs and a r e  not t h e  
performance of one design. The s igni f icant  i t e m  t o  note i n  t h i s  f i gu re  i s  t h a t  
as chamber pressure is  increased, wall temperature can be held t o  a desired 
value u n t i l  t h e  coolant passage chokes. After t h i s ,  t h e  heat-flux requirements 
cannot be m e t  on t h e  coolant side,  and a considerable increase i n  maximum w a l l  
temnerature is  encountered. For example, a wall temperature of 3500' R i s  in-  
dicated f o r  a chamber pressure of 1500 pounds per  square inch absolute.  This is 
far  i n  excess of current mater ia l  capabi l i t i es .  If t h e  m a x i m u m  wall temperature 
i s  l imited t o  t h e  current prac t ice  of 2000' R, then  t h e  chamber pressure is 
l imi ted  t o  about 700 pounds per square inch absolute. If it i s  assumed t h a t  
fu tu re  material improvements w i l l  permit a m a x i m u m  wall temperature of 2600° R, 
t h e  l imi t a t ion  can be extended t o  about 1000 pounds per square inch absolute. 
Ceramic coatings, ab la t ive  coatings, f i l m  cooling, and s o  for th ,  may permit 
higher pressures  if they  are required,  but considerable development w i l l  be re- 
quired i n  order t o  apply these  techniques. 

The eyfect of t h e  chamber pressure i n  t h e  15,000-megawatt engine on nozzle- 
t h roa t  tube-wall s t r a i n  i s  presented i n  f igure 6 f o r  t h e  same conditions as t h e  
lower tube-wall temperature curve i n  f igure  5. Two curves are shown, one f o r  
t h e  t angen t i a l  and one f o r  t h e  longi tudinal  s t r a i n .  The t angen t i a l  s t r a i n  i s  a 
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r e s u l t  of t h e  pressure difference and temperature gradient across t h e  hot w a l l -  
of t h e  tube ( see  sketch i n  f i g .  6 ) .  The longi tudinal  s t r a i n  is  a r e s u l t  of 
thermal s t resses  i n  t h e  hot w a l l  caused by t h e  difference i n  temperature between 
t h e  inner and outer nozzle walls. It can be seen t h a t  t h e  longi tudinal  s t r a i n  . 
far exceeds t h e  tangent ia l  s t ra in ;  however, both exceed t h e  e l a s t i c  l i m i t  ( f o r  
t h e  range considered) and thus  a r e  i n  t h e  region of p l a s t i c  deformation. Up t o  
about 700 pounds per  square inch, t h e  longi tudinal  s t r a i n  is constant with 
chamber pressure, because t h e  hot-wall temperature is  constant. Beyond t h i s ,  
t h e r e  is a rapid increase i n  longi tudinal  s t r a i n  because of t h e  rapidly in- 
creasing hot - w a l l  temperature. The value of longi tudinal  s t r a i n  (0.0165) in- 
dicated for pressures under 700 pounds per square inch absolute is t y p i c a l  of 
t h a t  encountered i n  t h e  Inconel X nozzles cur ren t ly  under development for 
NERVA. Thus f a r ,  none of these  nozzles has proved sat isfactory,  and it i s  
qui te  possible t h a t  nozzle technological improvement is required even if  low 
chamber pressures a r e  t o  be u t i l i z e d  i n  t h e  advanced nuclear rocket. 

The effect  of chamber pressure on exhaust-nozzle length and weight f o r  t h e  
15,000-megawatt engine is  shown i n  f igure  7 for nozzle expansion r a t i o s  of 
25, 50, and 100. Included f o r  reference a r e  points  that indicate  t h e  lengths of 
t h e  NERVA (6 ft) and t h e  M - 1  (21 f ' t )  exhaust nozzles. 

Changes i n  nozzle weight and length with reductions i n  chamber pressure a r e  
r e l a t i v e l y  minor down t o  a pressure of about 1000 pounds per square inch abso- 
l u t e j  below t h i s  value, they  increase a t  a rap id ly  accelerat ing r a t e .  The rap id  
weight increase i s  a r e s u l t  of t h e  constant tube-wall thickness (0.0090 i n . ) ,  
which, in  turn,  i s  necessi ta ted by longi tudinal  s t r a i n  considerations. If fab- 
r i c a t i o n  techniques can be devised t o  a l l e v i a t e  t h e  longi tudinal  strain, appre- 
c iab le  weight reductions might be real ized at t h e  lower pressures. Even with 
current technology, however, t h e  nozzle weights a t  a chamber pressure of 
500 pounds per square inch absolute do not appear excessive when it i s  con- 
sidered that t h e  higher area r a t i o s  provide grea te r  impulse. 

O f  perhaps grea te r  s ignif icance is t h e  s i z e  of t h e  nozzle, because it not 
only a f fec ts  engine weight but influences in te rs tage  s t r u c t u r e  weight as well. 
A t  a chamber pressure of 500 pounds pe r  square inch absolute, a 2 5 : l  conven- 
t i o n a l  nozzle would be about 20 f e e t  long, whereas a 1OO:l nozzle would be about 
twice t h a t  or 40 f e e t  long. Thus, if low chamber pressures and high area r a t i o s  
a r e  t o  be employed, ser ious consideration should be given t o  unconventiond, 
folded, or multinozzle arrangements. 

A preliminary look at a graphi te  reac tor  f o r  a 15,000-megawatt engine in- 
dicated tha t  it would weigh about 12,000 pounds (excluding t h e  s h i e l d )  and t h a t  
t h e  weight would be e s s e n t i a l l y  unaffected by chamber pressure. The shape or 
volume of the reactor, however, probably would be a f fec ted  by pressure level ,  
with t h e  lower pressures requiring l a r g e r  diameters. Inasmuch as l a r g e r  d i -  
ameters w i l l  mean a la rger  and heavier shadow shield, it w a s  decided t o  t a k e  a 
quick look at  t h i s  component. This look indicated that t h e  weight of a shadow 
s h i e l d  f o r  a 15,000-megawatt engine w i l l  vary from about 5500 pounds at a cham- 
ber pressure of 1500 pounds per square inch absolute  t o  about 8000 pounds at a 
chamber pressure of 500 pounds per square inch absolute.  Inasmuch as t h e  change 
i n  sh ie ld  weight is  only 2500 pounds, t h i s  effect  is  considered t o  be i n s i g n i f i -  
cant. 
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. Another f ac to r  t o  consider is t h e  e f fec t  of diameter on reac tor  control la-  
b i l i t y .  As t h e  diameter becomes larger ,  it becomes increasingly d i f f i c u l t  t o  
cont ro l  t h e  reac tor  by means of a simple peripheral  rotating-drum cont ro l  sys- 
tem. One method of handling this s i tua t ion  would be t o  use s l i d ing  control  
rodes dispersed throughout t h e  core or  more complex " i s land  type" cont ro l  drums. 
Another method would be t o  operate at higher pressures thereby permitt ing 
smaller diameters. It is t o  be emphasized tha t  t hese  considerations plus many 
others  m u s t  be taken i n t o  account i n  t h e  optimization of t h e  reac tor  and propul- 
s ion system. 

The va r i a t ion  of t h e  sum of t h e  weights of t h e  reactor ,  t h e  nozzle, and t h e  
turbopump with chamber pressure f o r  t h e  15,000-megawatt engine i s  presented i n  
f igure  8 f o r  t h e  t h r e e  nozzle expansion ratios previously considered. 
weight of t h e  sh i e ld  i s  not included.)  It should be recognized t h a t  although 
these  three components are t h e  p r inc ipa l  const i tuents  of a nuclear rocket, items 
such as t h e  in t e r s t age  s t ruc tu re  and impulse t rade-offs  associated with cycle 
and nozzle se l ec t ion  could a l s o  influence the se lec t ion  of t h e  optimum chamber 
pressure.  For both cycles and t h e  nozzle area r a t i o s  considered, t h e  m i n i m u m  
combined reactor,  nozzle, and turbopump weights occur a t  about 500 pounds per  
square inch absolute  chamber pressure. Variations i n  chamber pressure from 
about 300 t o  1000 pounds per square inch absolute, however, do not have an 
appreciable e f f ec t  on t h e  combined weights because of t h e  compensating e f f e c t s  
of t h e  turbopump and t h e  nozzle. 
cycle are a r e s u l t  of t h e  higher pump pressures t h a t  t h i s  cycle requires .  For 
t h e  range of chamber pressures considered (500 t o  1500 ps i a )  t he  difference i n  
weight is not t o o  grea t  and is  more than compensated f o r  by t h e  higher spec i f i c  
impulse obtained. 

(The 

The higher weights required f o r  -the topping 

This preliminary study of some of t h e  var iables  and components of a 15,000- 
megawatt nuclear rocket engine su i t ab le  f o r  a possible  manned Mars mission has 
indicated t h a t  t h e  se lec t ion  of t h e  cycle and t h e  engine design chamber pressure 
w i l l  probably not be determined by engine weight considerations ( i f  t h e  chamber 
pressure fa l l s  i n  t h e  range of 300 t o  1000 psia) ,  but more probably by reac tor  
cont ro l  and nozzle heat transfer,  s t ress -s t ra in ,  and s i z e  considerations.  The 
se lec t ion  of t h e  optimum cycle and design pressure i s  qu i t e  a complex problem 
with many i n t e r r e l a t e d  var iab les  t h a t  undoubtedly w i l l  be  influenced by techno- 
log ica l  developments of t h e  future .  This being t h e  case, it i s  des i rab le  t h a t  
a continuing and more de ta i led  study be pursued. 
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VARIATION OF ENGINE SPECIFIC IMPULSE WITH 
CHAMBER PRESSURE 
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VARIATION OF NOZZLE-THROAT HEAT FLUX AND 
TUBE-WALL TEMPERATURE WITH CHAMBER PRESSURE 
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Figure 5 
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VARIATION OF NOZZLE LENGTH AND WEIGHT 
WITH CHAMBER PRESSURE 
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CHAMBER PRESSURE 
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