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mALYSIS OF LOW-TE&PEBATUIiE PFUCLEAR-PO- RAM-JET 

By Eldon W.  S m s  an2 Prank E. Rom 

The g ros s  weight and uranium investment of nuclear-powered, d i r e c t -  
a ir ,  s h i e l d l e s s ,  ram-jet; missiles are calcula . ted f o r  a l t i t u d e s  of  50,000 
t o  80,000 f e e t  and f l i g h t  Mach numbers of 2 .5  and 3.0.  The r e a c t o r  
e f f e c t i v e  w a l l  t empera ture  f o r  most of t h e  s t u d y  was taken  as 1800' R, 
which g ives  peak w a l l  t empera tures  of about  220O0 R .  

For  a pay l o a d  of  10,000 pounds ( i n c l ~ d i n g  guidance and c o n t r o l s  
w i t h  s h i e l d i n g ,  and f i x e d  equipment), E1lgh.t above 70,000 f e e t  was n o t  
f e a s i b l e  w i t h  a r e a c t o r  e f f e c t i v e  w a l l  temperature  of  1 8 0 0 ~  R. I n  
o r d e r  t o  ope ra t e  a t  80,000 f e e t  w i t h  a f l i g h t  Mach number of 3.0, an 
e f f e c t i v e  w a l l  t empera ture  o f  about  2 3 0 0 ~  R %as necessary .  

At 70,000 f e e t  and a f l i g h t  Mach number of 3 .0 ,  a uranium i n v e s t -  
ment of 8 1  pounds and a missile gross  weight  of 64,000 pounds were 
necessary .  

The r e a c t o r  ope ra t i ng  cond i t i ons  were va r i ed  t o  enable  s e l e c t i o n  
of  va lues  g iv ing  a good compromise b e t ~ e e n  I.ow uranium investment  and 
low g ros s  weight at  each a l t i t u d e  and f l i g h t  Mach number considered.  
The corresponding va lues  of r e a c  t ~ r  and missile ope ra t i ng  cond i t i ons  

l ~ h e  r e s u l t s  of t h i s  s t u d y  were presen ted  t o  t h e  S c i e n t i f i c  Advi- 
s o r y  Board a t  t h e  March 23, 1955 meet ing h e l d  a t  t h e  Rand Corporat ion,  
San ta  Monica, C a l i f o r n i a  by M r .  A. M. Rothrock of  IJACA Headquarters .  
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are p re sen t ed  i n  t h e  r e p o r t .  The s e n s i t i v i t y  of t h e  m i s s i l e  g ros s  
weight  and uranium investment t o  c r - i t i c a l  assumptions such  as l i f t - d r a g  
r a t i o ,  s t ruc ture- to-gross -weight  r a t i o ,  pay load ,  and r e a c t o r  e f f e c t i v e  
w a l l  t empera ture  was determined f o r  an a l t i t u d e  o f  50,000 f e e t  and 
f l i g h t  Mach number of  2.5.  The c h i e f  r e s u l t s  of t h e s e  c a l c u l a t i o n s  are 
t h a t  (1)  l i f t - d r a g  r a t i o s  as low as 3.5 cozlld b e  t o l e r a t e d ,  (2 )  
s t ruc ture- to-gross -weight  r a t i o  had r e l a t i v e l y  s m a l l  e f f e c t  on uranium 

$inves tment  and g ros s  weight ,  (3 )  doubl ing t h e  pay load  doubled t h e  g ros s  
weight  b u t  d id  n o t  app rec i ab ly  a f f e c t  uranium invegtment,  and (4 )  r e a c t o r  
e f f e c t i v e  wa,ll  t empera tures  below 1600° R gave e x c e s s i ~ r e  uranium i n v e s t -  
ments and g ros s  weights .  

A major problem i n  nuclear-powered f l i g h t  is  t h e  heavy s h i e l d  re- 
qu i r ed  f o r  crew p r o t e c t i o n .  Heavy s h i e l d s  r e q u i r e  high-gross-weight 
a i r p l a n e s  w i t h  r e a c t o r s  of  h igh  power p e r  u n i t  volume. A s h i e l d l e s s  
r e a c t o r  g r e a t l y  reduces  t h e s e  problems. However, i ts  u s e  is r e s t r i c t e d  
t o  remotely c o n t r o l l e d  a i r c r a f t  such  as guided missiles. The l o s s  of 
f i s s i o n a b l e  material a s s o c i a t e d  w i t h  t h e  u s e  of one-way guided missiles 
must b e  balanced a g a i n s t  t h e  complexi ty ,  c o s t ,  and d i f f i c u l t  ground 
handl ing  and maintenance of high-gross-weight,  man-carrying, nuc l ea r -  
powered a i r c r a f t .  

The nuclear-powered, d i r e c t - a i r  , r a m -  jet m i s s i l e ,  which i s  consid-  
e r ed  i n  r e f e r e n c e  1 and t h e  p r e s e n t  r e p o r t ,  was first s t u d i e d  i n  r e f e r -  
ence 2 .  Reference 2 shows t h a t  a beryllium-oxide-moderated, d i r e c t - a i r ,  
ram- je t  m i s s i l e  was feasible wi th  r e a c t o r  s u r f a c e  tempera tures  of 
3600° F; t h i s  r e s u l t  was 'based on a missile l i f t - t o - d r a g  r a t i o  es t imated  
a t  less than  1 . 5  from t h e  best d a t a  a v a i l a b l e  a t  t h a t  time. I n  t h e  
y e a r s  t h a t  fol lowed,  t h e  fund of aerodynamic and nuc l ea r  design d a t a  
g r e a t l y  i nc reased  s o  t h a t  bet ter  perfoxmance e s t ima te s  could b e  made. 
Reference 1, w i t h  t h e  u s e  of  t h i s  new d a t a ,  shows tha . t  nuclear-powered 
ram- je t  m i s s i l e s  a r e  f e a s i b l e  w i t h  e f f e c t i v e  w a l l  t empera tures  as low 
as 1800' R .  Th i s  large reduc t ion  i n  r e a c t o r  t empera ture  was made pos- 
s i b l e  c h i e f l y  because t h e  m i s s i l e  l - l f t - to -drag  r a t i o  was es t imated  a t  
about  5 .0  i n s t e a d  of less than  1 . 5  as i n  r e f e r e n c e  2.  

The p r e s e n t  s t u d y  r e p r e s e n t s  an ex tens ion  of  r e f e r e n c e  1 t o  d e t e r -  
mine t h e  f e a s i b i l i t y  of  t h e  nuclear-powered s h i e l d l e s s  ram j e t  as a 
h i g h - a l t  i t u d e  m i s s  i l e a  

DESCRIPTION OF CYCLE 

The h i g h - a l t i t u d e ,  nuclear-powered, s h i e l d l e s s ,  ram- je t  missile 
i n v e s t i g a t e d  is  shown i n  f i g u r e  1 and is  i d e n t i c a l  t o  t h a t  r e p o r t e d  i n  
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r e f e r e n c e  1. The nuclear-powered rajn jet combines t h e  convent iona l  
d i f f u s e r  and exhaust  nozz le  w i t h  a nuc l ea r  r e a c t o r  i n  p l a c e  o f  chemical 
f u e l  t o  supply  h e a t .  The d i f f u s e r  deceleslates t h e  f'ree-stream air be- 
f o r e  it e n t e r s  t h e  r e a c t o r  passages .  The air is heated i n  t h e  r e a c t o r  
by  c o n t a c t  w i t h  t h e  h o t  w a l l s  and then d ischarged  i n  a f u l l y  expanding 
nozz l e  t o  provide  t h r u s t .  The engine, c o n s i s t i n g  o f  d i f f i s e r ,  r e a c t o r ,  
and exhaus t  ~ o z z l e ,  makes up t h e  f u s e l a g e  t o  which t h e  r e q u i r e d  wing 
and t a i l  s u r f e c e s  are a t t a c h e d .  

The r e a c t o r  is moderated by  ber*yllium oxide.  A number o f  0.50- 
inch-inside-diameter  smooth passages a r e  prcvided through t h e  moderator 
f o r  d i r e c t - a i r  cool ing .  The uranium can be  assumed t o  be d i s t r 5 b u t e d  
through t h e  beryl l ium-oxide modezgato-r o r  concen-trated n e a r  t h e  s u r f a c e  
of  t h e  a i r - f l o w  passages .  The l e n g t h  and nuniber of passages are d e t e r -  
mined by t h e  hea- t - - t ransfer  and air-f low requi rements .  The r e a c t o r  has  
3-inch beryl l ium-oxide end r e f l e c t o r s ,  no s i d e  r e f l e c t o r s ,  and no 
s h i e l d i n g  inasmuch as t h e  missile is unmanned. 

PROCEDLrRE AND A S S W I O R S  

\ 
Calcu la t i ons  Irere made t o  determine t h e  best r e a c t o r  ~ n d  missile 

o p e r a t i n g  c o n d i t i o n s  f o r  low-temperature,  d i - r e c t - a i r ,  s h i e l d l e s s ,  ram- 
jet missiles ope ra t i ng  8% a l t i t u d e s  o f  50,000 t o  80,000 feet  and f l i g h t  
Mach numbers of 2 - 5  and 3 -0 .  The r e a c t o r  i n l e t - a i r  Mach number and 
r e a c t o r  f r ee - f low r a t i o  were s y s t e a % t i c a l l y  v a r i e d  t o  inc lude  va lues  
g iv ing  t h e  "best" combination of  low g o s s  weight  and low uranium in -  
vestment a t  each f l i g h t  cond i t i on .  The b e s t  va lues  3f gros s  weight and 
uranium investment and correspondj-ng r e a c t o r  and m i s s i l e  ope ra t i ng  con- 
d i t i o n s  were then p l o t t e d  as f u n c t i o n s  o f  a l t i t u d e  and f l i g h t  Mach 
number . 

The best ope ra t i ng  cond i t i on  is difficult t o  e s t a b l i s h .  An expend- 
able missile should be  low i n  c o s t  and use  a rni~inum amount of  uranium. 
A s  w i l l  b e  shorn later i n  t h e  s e c t i o n  T(ESI.%TS ARE DISCUSSION, t h e  oper- 
a t i n g  cond i t i on  g i v i n g  minimum uranium i s  n o t  always t h a t  g i v i n g  lowes t  
g ros s  weight and acco rd ing ly  n o t  t h e  lowest  i n  c o s t .  Frequent ly ,  a 
s l i g h t  i n c r e a s e  i n  uraniurn investment might reduce  t h e  g ros s  weight  
s u f f i c i e n t l y  t o  lower t h e  o v e r - a l l  c o s t .  

I n  t h i s  r e p o r t  t h e  .bes t  ope ra t i ng  cond i t i on  was taken as t h e  mini- 
mum uranium cond i t i on  u n l e s s  a s l i g h t  i nc rease  i n  uranium investment  
gave s u b s t a n t i a l  weight  sav ings .  I n  t h i s  e a s e  t h e  b e s t  ope ra t i ng  con- 
d i t i o n  was s e l e c t e d  q u i t e  a r b i t r a r i l y  b y  in spec t ion  o f  t h e  r e s u l t s  
s i n c e  a d e t a i l e d  c o s t  a n a l y s i s  was beyond t h e  scope of t h i s  r e p o r t .  

For t h e s e  c a l c u l a t i o n s  t h e  pay l o a d  ( i nc lud ing  guidsnce and con- 
t r o l s  w i t h  s h i e l d i n g ,  and f i x e d  equipment) w a s  assumed t o  be 10,000 
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pounds. I n  o rde r  t o  be  conse rva t ive ,  t h e  r e a c t o r  e f f e c t i v e  w a l l  t e m -  
p e r a t u r e  w a s  a s s igned  a va lue  of 1800° R .  The r e a c t o r  e f f e c t i v e  w a l l  
t empera ture  i s  def ined  as t h e  cons t an t  w a l l  t empera ture  which g ives  t h e  
same a i r - t empera tu re  r ise  as t h e  a c t u a l  r e a c t o r  v a r i a b l e  w a l l  tempera- 
t u r e .  Reference 1 shows t h a t ,  b y  va ry ing  t h e  f r ee - f low r a t i o  s i n u s o i -  
d a l l y  w i t h  a mean va lue  of 9.35, t h e  peak r e a c t o r  w a l l  t empera ture  would 
be about  400' R h ighe r  than  t h e  e f f e c t i v e  va lue .  The peak r e a c t o r  t e m -  
p e r a t u r e  was t h e r e f o r e  about  2200° R .  Th i s  calcul.at,ion assumed uniform 
uranium d i s t r i b u t i o n .  F u r t h e r  r educ t ion  i n  peak w a l l  t empera ture  can be 
expected b y  a more f avo rab l e  d i s t r i b u t i o n  o f  uranium. The r e a c t o r  
o u t l e t - a . i r  t empera ture  was  he ld  cons t an t  a t  t h e  choking va lue  minus 
90° R. Reference 1 i n d i c a t e s  t h a t  t h e  close-to-minimum ursnium i n v e s t -  
ment and low g ros s  weight  occxrred a f t  r e a c t o r  o u t l e t - a i r  t empera tures  
which w e r e  i n  t h e  r ange  of 30° t o  90' R less than  t h e  v a l u e  which caused 
choking. The v a l u e  o f  90° R was chosen f o r  t h e  p r e s e n t  s t u d y  i n  o r d e r  
t o  be conse rva t ive .  

The uranium- investment  c a l m  l a , t  ions  assumed t h a t  (1)  on ly  bery l l ium-  
oxide,  uranium 235, and void  are p r e s e n t  i n  t h e  r e a c t o r  core ;  (2)  t h e  
d i s t r i b u t i o n  o f  a l l  m a t e r i a . 1 ~  and vo ids  w i th in  t h e  r e a c t o r  is  uniform; 
(3)  t h e  3- inch- th ick  beryl l ium-oxide end r e f l e c t o r s  have t h e  same void  
f r a c t i o n  as t h e  core ;  (4') t h e  r e a c t o r  mean tempera ture  is 1800' R; and 
(5) no e x t r a  uranium i s  inc luded  f a r  c o n t r o l  o r  burn-up. 

The d e t a i l e d  method of c a l c u l a t i o n  Is t h e  same as t h a t  i n  
appendix B of  r e f e r e n c e  1. 

RESULTS DISCUSSION 

The uranium investment ,  m i s s i l e  g ros s  weight ,  a.nd o the r  o p e r a t i n g  
parameters  are p re sen t ed  i n  f i g u r e s  2 t o  5 and a r e  t a b u l a t e d  i n  table I 
f o r  t h e  fo l l owing  r ange  of  ope ra t i ng  cond i t i ons :  

F l i g h t  Mach number 

A l t i t u d e ,  f t  

Reac tor  e f f e c t i v e  w a l l  
t empera ture ,  OR 

Reac tor  o u t l e t  -air 
tempera ture ,  OR 

Pay l o a d ,  l b  

0 
Choke va lue  minus 90 Choke va lue  minus 90' 

10,000 

a ~ a l c u l a t i o n s  were a l s o  made f o r  an a l t i t u d e  of  80,000 ft and f l i g h t  
Mach number of 3.0. I n  order. t o  ob t a in  a r ea sonab le  missile a t  t h e s e  
c o n d i t i o n s ,  t h e  e f f e c t i v e  w a l l  t empera ture  must be  cons ide rab ly  
g r e a t e r  than  18000 R;  hence, r e s u l t s  f o r  t h i s  c a s e  a r e  d i s cus sed  b u t  
n o t  p r e sen t ed  i n  t h e  f i g u r e s .  

amlrumrn 



X f f e c t  o f  Reac tor  Operat ing Condit ions and F l i g h t  

Condi t ions on Rm-Je% Performance 

E f f e c t  of  r e a c t o r  f r ee - f low r a t i o  and i n l e t - a i r  Mach ntlmber on - 
uranium i n v e s t m e ~ t  a.nd g ros s  weigh*. - The uranium ~ n v e s t m e n t  and m i s -  ------ 
s i l e  gross  weight  are p l o t t e d  I n  f i g u r e  2 as f i n c t i o n s  o f  t h e  r e a c t o r  
-fkee-flow r a t i o  ( f ree- f low e r e a  d iv ided  Sy f r o n t a l  a r e a )  and r e a c t o r  
i n l e t - a i r  Mach number f o r  each ccmbinalfcn of  a l t i % u d c  and f1.i-ght .Mach 
number. I n  gene ra l ,  w i t h  i n c r e a s i n g  f r ee - f low r a t i o ,  t h e  g ros s  weight  
and r e a c t o r  diameter  decrease ,  g i v i n g  a n e t  decrease  i n  uranium inves t -  
ment, u n t i l  a p o i n t  is reached where R;Irther r educ t ion  i n  r e a c t o r  d i m -  
eter  causes  an i n c r e a s e  i n  uranium tnves'tment . The va lues  of  f r ee - f low 
r a t i o  and I n l e t - a i r  Mach number which gi-$e t h e  b e s t  combination of  low 
g ros s  weight  and low uranium investment  f o r  each f1Ligh-t eond l t i on  B a r e  

i nd i ca t ed  on t h e  f i g u r e .  

E f f e c t  of  a l t i t c d e  and f l i g h t  Mach nunibe-r on uranium 5.nvest;ment - 
and g ros s  weight .  - The ura$:-u~ i n v e s t m e 2  and missile g ros s  welght  are 
p l o t t e d  i n  f i g u r e  3 as PdnctFons of  a l t i t u d e  and f l i g h t  Yach number us-  
i n g  t h e  bes t -ope ra t i ng -po tn t  va lues  o f  r e a c t o r  fYee-flow r a t i o  awnd re- 
a c t o r  i n l e t - a i r  Mach nuaber (from f i g .  2 )  a t  each f l i g h t  condi-tion. 
For  a f l i g h t  Mach nuniber of 2 .5 ,  t h e  u r a n P m  investment i n c r e a s e s  from 
30 pounds t o  222 pounds and t h e  g ros s  weight  b c r e a s e s  from 32,000 t o  
82,000 poxnds as t h e  a.l t , i tude i s  -increased fron;! 50,000 t o  70,000 feet .  
At a f l i g h t  Nsch number o f  3 ,0 ,  t h e  uraoium investment i n c r e a s e s  from 
35 t o  8 1  pounds and t h e  g ros s  weight  i n c r e a s e s  from 313,000 t o  64,000 
pounds as t h e  a l t i t u d e  Is increased  .from 60,000 t o  70,000 feet .  

For  an a l t i t u d e  of 80,000 feet ,  it -was h p o s s i b l e  t o  ob ta in  a 
r ea sonab le  missile w i t h  a. x e a c t o r  e f f e c t i v e  mll  tempera ture  of  1800° R. 
Because of  t h e  dec reas ing  air d e n s i t y  w i t h  i nc reas fng  a l t i t u d e ,  the 
weight  of t h e  r e a c t o r  p e r  pound of a-ir f l o w  i n c r e a s e s .  I n  o rde r  t o  
keep t h e  nisst le g ros s  weight  r ea sonab le ,  t h e  r e a c t o r  weight  pe r  u n l t  
of  a ir  f low must be reduced. Th i s  can be done by  inc reas ing  t h e  f r e e -  
f low r a t l o  o r  by i n c r e a s i n g  the air  d e n s i t y .  Increasfng  t h e  fPee-flow 
r a . t i o  t o  va lues  neces sa ry  f o r  r ea sonab le  g ros s  weight g ives  excess ive  
uracium investments  . The air d e n s i t y  can be increased  by i n c r e a s i n g  
t h e  f l i g h t  Mach number, UnforturateXyy ilzcreasing t h e  f l i g h t  speed 
decreases  t h e  t h r u s t  pe r  u n l t  air f l ~ w  s u f f i c i e o t l y  t o  c&use exces s ive  
i n c r e a s e s  i n  g ros s  weight . The only  way t o  ob t a in  a reasonable  ram- jet 
m i s s i l e  a t  80,000 f e e t  i s  t o  i n c r e a s e  t h e  r e a c t o r  e f f e c t i v e  -wall t e m -  
p e r a t u r e .  C a . l c u l a t i o ~ ~ s  i n d i c a t e  that an e f f e c t i v e  w a l l  t empera ture  of  
about  2300' R i s  r equ i r ed  f o r  ope ra t i on  a t  an a l t i t u d e  of 86,000 f e e t  
w i t h  a f l i g h t  Mach number of 3 .Q; the  uranium investment and g ros s  
weight  a t  t h i s  cond i t i on  a r e  1 6 1  pounds and 76,000 pounds, r e s p e c t i v e l y .  
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E f f e c t  of  a l t i t u d e  and f l i g h t  Mach number on r e a c t o r  and m i s s i l e  
parameters .  - The b e s t  va lues  of r e a c t o r  f r ee - f low r a t i o ,  r e a c t o r  diam- 
e t e r ,  r e a c t o r  l e n g t h ,  t h r u s t  p e r  pound o f  air, t h r u s t  minus body d rag  
p e r  pound of  a ir ,  t h r u s t  minus body d rag  p e r  pound of  r e a c t o r ,  air f low,  
r e a c t o r  heat r e l e a s e ,  s t r u c t u r e  (wing, t a i l ,  and body s h e l l )  t o  g r o s s  
weight  r a t i o ,  and m i s s i l e  l i f t - t o - d r a g  r a t i o  are p l o t t e d  i n  f i g u r e  4 as 
f u n c t i o n s  of a l t i t u d e  and f l i g h t  Mach n u ~ b e r .  For convenience, best 
va lues  of  t h e s e  parameters ,  as w e l l  as o t h e r s ,  a r e  a l s o  given i n  table I 
f o r  t h e  range  o f  f l i g h t  cond i t i ons  s t u d i e d .  

E f f e c t  of  a l t i t u d e  and f l i g h t  Mach number on miss i le -weight  break-  
down. - The miss i le -weight  breakdown as a func t ion  o f  a l t i t u d e  and - 
f l i g h t  Mach number is shown i n  f i g u r e  5 .  The component weights  consid-  
e r ed  are (1) r e a c t o r ,  (2)  missile body s h e l l ,  (3) wing and t a i l  s u r -  
f a c e s ,  and (4) pay load  ( i nc lud ing  guidance and c o n t r o l s  w i t h  s h i e l d i n g ,  
and f i xed  equipment) . The ass igned  pay l o a d  was 10,000 pounds. The 
a c t u a l  component weights  are given i n  t a b l e  I for" a l l  t h e  f l i g h t  con- 
d i t i o n s  cons idered .  

E f f e c t  o f  Assumptions on Ram-Jet Performance 

A d d i t i o n a l  c a l c u l a t i o n s  were made t o  show t h e  e f f e c t s  o f  a i r p l a n e  
l i f t - t o - d r a g  r a t i o ,  structupe-to-gross-weight r a t i o ,  pay  load ,  and re- 
a c t o r  e f f e c t i v e  w a l l  t empera ture  on uranium investment and missile g r o s s  
weight .  These parameters  were independent ly  va r i ed  over  a r ange  of  
va lues  f o r  an a l t i t u d e  of 50,000 f e e t  and a f l i g h t  Mach number of  2.5 
( r e f e r e n c e  f l i g h t  c o n d i t i o n ) .  The r e s u l t s  are presen ted  i n  f i g u r e s  6 
t o  9.  The r e f e r e n c e  va lue  o f  t h e  p a r t i c u l a r  parameter  be ing  cons idered  
is i n d i c a t e d  on t h e  corresponding f i g u r e .  

E f f e c t  of  a i r p l a n e  l i f t - t o - d r a g  r a t i o  on g ros s  weight  and uranium 
investment .  - Uranium investment and m i s s i l e  g ros s  weight  are p l o t t e d  
i n  f i g u r e  6 as a f u n c t i o n  o f  a i r p l a n e  l i f t - t o - d r a g  r a t i o  f o r  t h e  ref- 
e rence  f l i g h t  cond i t i on .  A r educ t ion  i n  l i f t - t o - d r a g  r a t i o  from t h e  
r e f e r e n c e  v a l u e  of  5 . 2 1 t o  a v a l u e  of  4 .0  g ives  no a p p r e c i a b l e  change 
i n  uranium investment  b u t  i n c r e a s e s  t h e  g r o s s  weight  from 32,000 t o  
65,000 pounds. If t h e  l i f t - t o - d r a g  r a t i o  were as low as 3 .5 ,  t h e  g r o s s  
weight  would b e  about  190,000 pounds and t h e  uranium investment  about  
75 pounds. The i n c r e a s e  i n  uranium investment a t  t h e  l a r g e r  va lues  of  
l i f t - t o - d r a g  r a t i o  r e s u l t s  from t h e  r e a c t o r  diameter  dec reas ing  below 
t h e  v a l u e  g i v i n g  minimum uranium investment .  

E f f e c t  of  s t ruc ture- to-gross -weight  r a t i o  on g ros s  weight  and 
uranium investment - Uranium investmerlt and g ros s  weight  are p l o t t e d  
i n  f i g u r e  7 as a f u n c t i o n  o f  s t ruc ture- to-gross -weight  r a t i o  f o r  t h e  
r e f e r e n c e  f l i g h t  cond i t i on .  The s t r u c t u r e  weight  is  t h e  sum of  t h e  
wing- and t a i l - s u r f a c e  weights  and t h e  m i s s i l e  body-shel l  weight .  The 
r e f e r e n c e  va lue  is 0.135 a t  t h e  r e f e r e n c e  f l i g h t  cond i t i on  ( f i g .  4 ) .  
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A 50-percent  i n c r e a s e  i n  s t ruc ture- to-gross -weight  r a t i o  t o  about  0 .20  
g ives  no a .ppreciable  change i n  uranium investment and an i nc rease  i n  
g ros s  weight  from 32,000 t o  40,000 pounds. 

E f f e c t  of  pay load  on gross  weight and r ~ r a n i u n  investment.  - Uranium 
investment and g r o s s  weight  are p l o t t e d  i n  " f ~ g ~ r e  8 as a Pdnction o f  pay - - 

l oad .  The r e f e r e n c e  pay load  ( i nc lud ing  guidance and c o n t r o l s  w i t h  
s h i e l d i n g ,  and f i x e d  equipment) is  10,000 pounds ( f i g .  5).  The curve  
shows t h a t  g ros s  weight is, f o r  a l l  p r a c t i c a l  purposesr  d i r e c t l y  propor-  
t i o n a l  t o  pay load;  i n c r e a s i n g  t h e  pay load  from 10,000 t o  20,000 pounds 
( f i g .  8) i n c r e a s e s  t h e  g ros s  weight  from a-bout 32,000 t o  63,800 pounds. 

A t  a pay load  of 10,000 pounds, t h e  r e a c t o r  diameter  is s l i g h t l y  less 
than t h a t  g i v i n g  minimum uranium investment .  Hence, a.n i n c r e a s e  i n  pay 
load  (which i n c r e a s e s  r e a c t o r  d iameter )  causes  a s l i g h t  r educ t ion  i n  
uranium investment ,  wh i l e  a dec rease  i n  pay load  (from 10,000 l b )  causes  
an i n c r e a s e  i n  uranium investment . 

E f f e c t  of  r e a c t o r  average w a l l  temperature  on g ros s  weight  and - 
uranium investment .  - 'Uranium investment  and g ros s  weight are p l o t t e d  i n  
f i g u r e  9 as a func t ion  of  r e a c t o r  e f f e c t i v e  w a l l  temperature  f o r  t h e  
r e f e r e n c e  f l i g h t  c o n d i t i o n .  The r e f e r e n c e  va lue  o f  e f f e c t i v e  w a l l  t e m -  
p e r a t u r e  is 1800' R ,  where a r e a c t o r  f ree- f low r a t i o  of 0.45 and r e a c t o r  
i n l e t - a i r  Mach nurnber of 0.30 gave t h e  b e s t  comb-ination of  low g ros s  
weight  and low uranium investment ( f i g .  2 ( a ) ) .  S i m i l a r l y ,  t h e  va lues  
of r e a c t o r  f r ee - f low r a t i o  and i n l e t - a i r  Mach number used a t  o t h e r  
va lues  of  e f f e c t i v e  w a l l  t e n p e r a t u r e  ( t a b u l a t e d  j-n f i g .  9) are n e i t h e r  
f o r  minimum uranium o r  minim~m g ros s  weight,  b u t  a good combination o f  
bo th .  Consequently,  e i t h e r  curve i n  f i g u r e  9 could b e  s h i f t e d  t o  show 
an improvement, b u t  a t  t h e  expense of t h e  o t h e r .  F igure  9 shows t h a t  a 
dec rease  i n  r e a c t o r  e fTec t ive  w a l l  t empera ture  from 1800' t o  1600' R re- 
s u l t s  i n  an i n c r e a s e  i n  gross  weight  from 32,000 pounds t o  80,000 pounds 
w i t h  corresponding inc rease  i n  uranium investment from 33 t o  57 pounds. 
A f u r t h e r  r educ t ion  i n  w a l l  t empera ture  g ives  p r o h i b i t f v e  i n c r e a s e s  i n  
gross  weight  and uranium investment .  

E f f e c t  of  s t a i n l e s s  s t e e l  i n  r e a c t o r ,  sLde r e f l e c t i o n ,  and non- -- 
uniform power d i s t r i b u t i o n .  - These e f f e c t s ,  considered i n  d e t a i l  i n  ref- 
e rence  1, a r e  b r i e f l y  summarized. 

I n  t h e  event  t h a t  s t a i n l e s s - s t e e l  t ubes ,  w i t h  an i n s i d e  diameter  o f  
0.50 inch  and a w a l l  t h i c k n e s s  up t o  0.010 inch ,  are i n s e r t e d  i n  t h e  
beryl l ium-oxide moderator t o  con ta in  %he f i s s i o n a b l e  m a t e r i a l s ,  an i n -  
c r e a s e  i n  uranium investment is r e q u i r e d .  At t h e  r e f e r e n c e  f l i g h t  con- 
d i t i o n ,  t h e  uranium investment would i nc rease  from 30  pounds ( f i g .  3) 
w i t h  no  s ta - in less  s teel  i n  t h e  r e a c t o r  t o  160 pounds w i t h  0.010-inch- 
w a l l  s t a i n l e s s - s t e e l  t ubes  i n  t h e  r e a c t o r .  



Reactor  s i d e  r e f l e c t i o n  is  n o t  cons idered  f o r  t h e  p r e s e n t  a p p l i c a -  
t i o n .  Ac tua l ly ,  r e f e r e n c e  1 shows t h a t  t h e  a d d i t i o n  of  s i d e  r e f l e c t o r  
( i n  t h e  c a s e  o f  a f i x e d - s i z e  m i s s i l e  w i t h  r e a c t o r - p l u s - r e f l e c t o r  diam- 
eter,  a ir  flow, and r e a c t o r  i n l e t - a i r  Mach number and hence o v e r - a l l  
f r ee - f low r a t i o  he ld  c o n s t a n t )  r e s u l t s  i n  a n e t  i n c r e a s e  i n  uranium i n -  
vestment .  That  is,  t h e  i n c r e a s e  i n  f ree- f low r a t i o  of  t h e  c o r e  a lone ,  
as s i d e  r e f l e c t o r  is added, t ends  t o  i n c r e a s e  t h e  uranium investment  
wh i l e  r e f l e c t o r  s av ings  tend  t o  decrease  t h e  investment .  The n e t  r e -  
s u l t  is t h a t  uranium investment i nc reases  about  ZC pe rcen t  b y  t h e  addi -  
t i o n  o f  a 3- inch  s i d e  r e f l e c t o r .  

The e f f e c t  of  nonuniform power d i s t r i b u t i o n  is t o  i n c r e a s e  t h e  d i f -  
f e r e n c e  between t h e  r e a c t o r  e f f e c t i v e  wa2.1 temperature  and t h e  a l l owab le  
peak tempera ture  i n  t h e  c e n t e r  of t h e  r e a c t o r .  Th i s  tempera ture  d i f -  
f e r e n c e  may be reduced by  a s u i t a b l e  r a d i a l  v a r i a t i o n  of  f ree- f low r a t i o  
( h e a t - t r a n s f e r  s u r f a c e  a r e a ) .  For example, i n  r e f e r e n c e  1 it is  shown 
t h a t  f o r  a given r e a c t o r  con f igu ra t i on  and average w a l l  t empera ture  o f  
2200' R ,  t h e  peak tempera ture  of' -the c e n t e r  -Lube was 4 1 0 0 ~  3. w i t h  un i -  
form f r ee - f low v a r i a t i o n .  By u s i n g  a s i .n !~so ida l  f ree- f low v a r i a t i o n  
(wi th  an average  v a l u e  of 0.35 and w i t h  a maximum v a l u e  of 0.65 at  cen- 
ter of  r e a c t o r ) ,  t h e  peak tempel-atnre f o r  t h e  samc o v e r - a l l  f r ee - f low 
r a t i o  was reduced t o  26@0° R .  T h i s  400" d i f f e r e n c e  between peak tem- 
p e r a t u r e  and r e a c t o r  e f f e c t i v e  w 8 l i  t e i p e r a t u r e  would roughly  l i m i t  t h e  
la t te r  t o  a va lue  of 2 0 0 0 ~  R ( f i g ,  9)  i f  s t a i n l e s s  s teel  were r e q u i r e d  
i n  t h e  r e a c t o r .  The peak w a l l  t empera ture  could a l s o  be reduced by  us-  
i n g  a more f a v o r a b l e  uranium distribu",.on a t  t h e  expense of greater 
uranium investment;  t h i s  c a l z u l a t i o n  was beyond t h e  scope of  t h e  p r e s e n t  
r e p o r t .  

The c a l c u l a t e d  uranium investments  are f o r  t h e  c l e a n  h o t  co re .  If  
a r e a c t o r  l i f e  o f  6  hours  is assumed, an i n i t i a l  excess  r e a c t i v i t y  o f  
0.014 must be  b u i l t  i n t o  t h e  r e a c t o r  t o  coun te rac t  t h e  poison bu i ld -up  
and f u e l  burn-up i n  t h i s  p e r i o d .  Th i s  r e q u i r e s  an i n c r e a s e  i n  uranium 
concen t r a t i on  o f  about  8  p e r c e n t .  Therefore ,  t h e  uranium investments  
shown i n  t h e  f i g u r e s  he re in  should be  i-ncrnased b y  about  8  t o  1 0  p e r -  
c e n t  t o  account  f o r  po i son ing ,  f u e l  burn-up, and c o n t r o l .  

Uranium investment ,  g r o s s  weight ,  and corresponding r e a c t o r  opera-  
t i n g  c o n d i t i o n s  are c a l c u l a t e d  f o r  a h i g h - a l t i t u d e ,  low-temperature,  
nuclear-powered, ram- je t  m i s s i l e .  S t u d i e s  are made f o r  a l t i t u d e s  o f  
50,000 t o  80,000 f e e t ,  f l i g h t  Mach numbers of  2.5 and 3.0, a r e a c t o r  
e f f e c t i v e  w a l l  t empera ture  o f  1800° R, and an ass igned  pay l o a d  of  
lO ,OOO pounds . 
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C a l c u l a t i o n s  t o  determine t h e  e f f e c t  of  r e a c t o r  ope ra t i ng  condi-  
t i o n s  and f l i g h t  cond i t i ons  on ram-jet performance i n d i c a t e  t h a t  

(1) The r e a c t o r  o p e r a t i n g  cond i t i ons  g i v i n g  t h e  "best"  combination 
of  low g ros s  weight  and low uranium investment a t  va r ious  f l i g h t  condi- 
t i o n s  are as fo l lows :  

(2 )  For  an a l t i t u d e  of 80,000 feet and a f l i g h t  Mach number of 3.0, 
t h e  r e a c t o r  e f f e c t i v e  w a l l  temperature  must be increased  t o  a t  Leas t  
2300' R t o  ob ta in  a m i s s i l e  w i t h  r ea sonab le  g ros s  weight  and uranium 
investment .  

Ca l cu l a t i ons  t o  determine t h e  s e n s i t i v i t y  of  performance t o  b a s i c  
assumptions f o r  an  a l t i t u d e  of 50,000 feet and a f l i g h t  Ylch number of  
2.5 i n d i c a t e  t h a t  

(1)  A dec rease  i.n l i f t - t o - d r a g  r a t i o  *om 5.21 t o  4 .0  had l i t t l e  
e f f e c t  on uranium investment ; t h e  corresponding g ros s  weight  increased  
from 32,000 t o  65,000 pounds. The lowes t  t o l e r a b l e  v a l u e  o f  l i f t - t o -  
d r a g  r a t i o  was about  3 .5 .  

(2 )  An i n c r e a s e  i n  s t ruc ture- to-gross -weight  r a t i o  o f  50 pe rcen t  
had no a p p r e c i a b l e  e f f e c t  on uraaium investment  and increased  the g ros s  
weight  from 32,000 t o  40,000 pounds. 

(3) An i n c r e a s e  i n  pay load  from 10,000 t o  20,000 pounds had a 
n e g l i g i b l e  e f f e c t  on uranium investment ,  The g r o s s  weight ,  which was 
approximately p r o p o r t i o n a l  t o  pay load ,  increased  from 32,000 t o  63,000 
pounds. 
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(4) Lowering the  reac tor  e f f ec t i ve  w a l l  temperature from 1800' t o  
1600' R increased t he  uranium investment by about 75 percent and t he  
gross weight by 150 percent. A fu r ther  reduction in  w a l l  temperature 
gave a proh ib i t ive  increase in  uranium investment and gross weight. 

Lewis F l igh t  Propulsion Laboratory 
National Advisory Corni t tee  fo r  Aeronautics 

Cleveland, Ohio, Ju ly  22, 1955 

REFERENCES 

1. Rom, Frank E.: Analysis of a Nuclear-Powered Ram-Jet Missi le.  NACA 
RM E54E07, 1954. 

2 .  S t a r r ,  Bollay, Rice, and Waite: Feas ib i l i t y  of Ruclear Powered 
Rockets and Ram-Jet's. NA-47-15, North Am. Aviation, Inc . ,  1947. 



TABiE I. - REACTOR AND MISSILE Ol?ERATING COIQIITTOKS GlWIil "BEST" CObIBINAT~ON OF LOW GROSS 

bTIGRT AND LOW URANIUM T~T~ESWIVT AT EACH P-T~TI'TiiQE -LW FLIGET YACH NUMBER 

Assumptions : Reactor  e f  fec t5ve  w a l l  temperature, 1 8 0 0 ~  R 
Reactor  o u t l e t - a i r  temperature ,  chcke va lue  minus 903 R 
Pay load ,  10,003 l b  
D i f f u s e r  p ressure  recoqely,  0.825 ( a t  f l i g h t  Kach number = 2.5) 
D i f f u s e r  p ressure  recovery,  C.675 (at f l i g h t  Nach number = 3.0)  
Wozzle v e l o c i t y  coef Y ~ c l e n t ,  3.97 
Beryllium-oxide moderator 
N9 s t a i n l e s s  s t e e l  i n  r e a c t u r  -ore  

------ --- 
F l i g h t  Mach number 2 '5 
A l t i t u d e ,  f t  50,003 
Reactor  f ree-f low r a t f . 0  4 5  
Rea.ctor e f f e c t i v e  wa..Ll t e ~ . p e r a t u ~ e :  % 1800 
Reactor  i n l e t - a i r  temperature ,  OR 883 
Reactor  outl-at-aj.r  temperature ,  % iC67 
Rea.ctor i n l e t - a i r  Mach number .30 
Reactor  o u t l e t - a i r  Mach number .565 
Reactor  p r e s s c r e  r a t i o  -763 
Length-diameter r a t i o  ( d i f ~ ~ s e r )  2.78 
Length-diameter r a t i o  (body c e n t e r  s e c t i o n )  2 .00  
Le~gth-d iamete r  r a t i o  (nozz le )  1 .29 
~ h r u s t / l b  a i r  14.9 
Thrust  minus body drag/ lb  a i r  
Length-diameter r a t i o  ( tubes )  
Thrus t  minus body drag/lb r e a c t o r  

1 8i:: 
.I99 

Gross weight,  1b 
Ai r  flow, lb / sec  1 32 >it? 
Wing surfa.ce a.rea, s q  f t  i 165 
Wing span ( inc lud ing  body), f t  1 25.7 
Body t o t a l  l e n g t h ,  f t  37.1. 
Reactor  h e a t  r e l e a s e ,  Btu/sec 59,000 
L i f t - d r a g  r a t l o  (0-?er-31.1) 5 .21 
S t r u c t u r e  (wing p l u s  body s h e l i )  t o  g r o s s  

weight r e t i o  .131 
Reactor  diameter ,  I't 6 .ll 
Rea,ctor l eng th ,  f t  4 -31 
Uranium investment,  l b  29.9 
Weight breakdown : 

Wing and t a i l ,  1b  1280 
Body s h e l l ,  l b  2.310 
Reactor ,  l h  1'7,910 
Pay load,  l b  - 

60,000 70,000 

1 ROO 1800 
8FJ 883 

1527 1467 
.231 .50 

.543 .565 

.74E .759 
2.53 1.99 
2.00 2.00 

.92 .30 
16.4 14.9 

79 
.187 

077 

44.3 ' 55.8 
77,OOC 1130,000 

5.83 6.32 

.I71 .223 
8.12 T3.0 

1 4 - 1 7  3.29 
4 6 - 2 1  222 

3180 9060 
4610 9300 

27,610 54,040 
10,000 10,000 
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0.45; reactcr  i 

"Best" operat,-.'-us condition: 
reactor free-flow ra t io ,  

.52; reactor i n l e t - a i r  
ch number 0.28. 

.40 .42 .44 .46 .48 .50 .52 
Reactor free-flow r a t i o  

( a )  Alt.itude, 50,000 i'eet; f l i g h t  (by Altitude, 60,000 f e e t j  
Mach number, 2.5. f l i g h t  Mach number, 2.5. 

Figure 2 .  - Uranlu~  irxvestment and missile gross weight as  function 
of reactor  free-flow r a t i o  m d  reactor i n l e t - a i r  Mach number. 
Reactor ou t le t -a i r  temperature, choke value minus 900; reactor 
effect ive wall temperature, 1.800' R; pay load, 10,000 pounds; 
no s ta in less  s toel  i n  reactor .  
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OmBest"operating condition: 
reactor free-fldw ratio, 
0.50; reactor inlet-air 
Mach number, 0.28. 

100 

Reactor free-flow ratio 

WBest" operating condition: 

. reactor free-flow ratio, 
0.57; reactor inlet-air 
Mach number,. 0.30. 

(c) Altitude, 70,000 feet; (d) Altitude, 60,000 feet; 
flight Mach number, 2.5. ' flight Mach number, 3.0. 

Figure 2. - Continued. Uranium investment and missile gross weight 
as function of reactor free-flow ratio and reactor inlet-air Mach 
number. Reactor outlet-air temperature, choke value minus 90°; 
reactor effective wall temperature, 1800~ Rj pay load, 10,000 
pounds; no stainless steel in reactor. 
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Reactor free-flow ratio 

(e) Altitude, 70,000 feet; flight Mach number, 3.0. 

Figure 2. - Concluded. Uranium investment and missile 
gross weight as function of reactor free-flow ratio 
and reactor inlet-air Mach number. Reactor outlet- 
air temperature, choke value minus 90°i reactor 
effective wall temperature, 1800° Rj pay load, 10,000 
pounds; no stainless steel in reactor. 
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Figure 3. - Uranium investment and missile 
gross weight as function of altitude and 
flight Mach number for values of reactor 
free-flow ratio and reactor inlet-air Mach 
number giving "best" combination of low 
gross weight and low uranium investment. 
Reactor outlet-air temperature, choke value 
minus 90°; reactor effective wall tempera- 
ture, 18000 Rj pay load, 10,000 pounds; no 
stainless steel in reactor. 



Altitude, ft 

Figure 4. - Ram-jet missile operating conditions as function of altitude and flight Mach number for values of 
reactor free-flow ratko and reactor inlet-air Mach number giving "best" combination of low gross weight and low 
uranium investment. Reactor outlet-air temperature, choke value minus 90°; reactor effective wall temperature, 
18000 Rj pay load, 10,000 pounds; no stainless steel in reactor. 
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(a) Flight Nach number, 3.0. 

50 60 70x10~ 
Altitude, ft 

(b) Flight &ch number, 2.5. 

Figure 5. - Ram-jet missile-weight breakdown 
as function of altitude and flight Mach num- 
ber for values of reactor free-flow ratio 
and reactor inlet-air Mach number giving 
"best" combination of low gross weight and 
low uranium investment. Reactor outlet-air 
temperature, choke value minus SO0; reactor 
effective wall temperature, 1800~ R; pay 
load, 10,000 p~~ndsj no stainless steel in 
reactor. 
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3 4 5 6 
Lift-to-drag ratio 

Figure 6. - Uranium investment and missile gross ' 

weight as function of airplane lift-to-drag ratio 
for an altitude of 50,000 feet and flight Mach 
number of 2.5. Reactor free-flow ratio, 0.45; 
reactor inlet-air Mach number, 0.30; reactor 
outlet-air temperature, choke value minus 90°j 
reactor effective wall temperature, 1800' RJ 
pay load, 10,000 pounds; no stainless steel 
in reactor. 
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Structure-to-gross-weight ratio 

Figure 7. - Uranium investment and missile gross weight as function of 
structure-to-gross-weight ratio for an altitude of 50,000 feet and flight 
Mach number of 2,5. Reactor free-flow ratio, 0.45; reactor inlet-air 
Mach number, 0.30; reaxtor outlet-air temperature, choke value minus 90 j 
reactor effective wall temperature, 1800° R j  pay load, 10,000 pounds; no 
stainless steel in reactor. 
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0 Reference value 
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Pay load, 1% 

Figure 8. - Uranfum investment and missile gross 
weight as function of pay load f o r  an a l t i t ude  
of 50,000 f e e t  and f l i g h t  Mach number of 2.5. 
Reactor free-flow ra t io ,  0.451 reactor in le t -  
a i r  Mach number, 0 v 3 0 j  reactor out let-air  tem- 

-. 
perature, choke value minus 90°; reactor effec- 
t i v e  wall temperature, 1 8 0 0 ~  R j  no s ta in less  
s t e e l  i n  reactor. 
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60 

Figure 9. - Uranium investment and missile gross weight as function of 
reactor effective wall temperature for an altitude of 50,000 feet and 
flight Mach number of 2.5. Reactor free-flow ratio and reactor inlet-air 
Mach number varied to give "best" combination of low uranium investment 
and low gross weight at each value of wall temperature; reactor outlet-air 
temperature, choke value minus 90°j pay load, 10,000 pounds; no stainless 
steel in reactor. 
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Reactor effective Reactor free- Reactor inlet- 
wall temperature, flow ratio air Mach 

OR number 

1600 0.50 0.30 
1700 .47 .30 
1800 .45 .30 
2000 .42 .28 
2200 .39 .28 

0 Reference value 
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