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Analyt ical   Study of  Moderator Wall Cooling 

of Gaseous Nuclear  Rocket  Emines 

SUMMARY 

A n  ana ly t i ca l   s tudy  was conducted to   inves t iga te   cool ing   problems  in   h igh- thrus t  
cavi ty- type  gaseous  nuclear   rocket   engines   resul t ing from (a)   hea t   depos i t ion   wi th in  
the  inter ior   of   the   moderator-ref lector   surrounding  the  cavi ty  by neutrons  and gamma 
rays  and  (b)   heat   deposi t ion on the   sur face   o f   the   cav i ty  by f iss ion  f ragments ,   beta  
par t ic les ,   radiant   heat   t ransfer ,   and  convect ion.  The study  included  determination 
of   the  s ize   and  spacing  of   coolant   tube  passages  required  in   the wall of  the  moderator- 
re f lec tor   and   the   p ressure   d rop   of   the   coolan t   f lu id   in   these   passages .  A number of 
different   coolant   f low,   cycles  were considered. 

The r e s u l t s  of t he   s tudy   i nd ica t e   t ha t  more heat  w i l l  be deposi ted  in   the 
i n t e r i o r  of the  moderator  than on the   sur face  o f  t he   cav i ty ,   bu t   t ha t   t he   hea t  de- 
posi ted  on  the  surface  of   the  cavi ty  may be more d i f f i c u l t   t o  remove. Removal of  
the  energy  deposited  in  the  interior  of  the  moderator w i l l  r equi re   the   use   o f  a l a rge  
number of  small-diameter  coolant  passages. The major  causes  of  cavity  surface  heat-  
ing w i l l  be b e t a - p a r t i c l e  impingement and  thermal   radiat ion,   but   calculat ions  indi-  
ca t e   t ha t   hea t ing  by b e t a - p a r t i c l e  impingement can be reduced  by  the  use  of a mag- 
ne t i c   f i e ld   and   t ha t   hea t ing  by thermal  radiation  can be reduced by the  use of  seeds 
in   the   p rope l la .n t .  

I n  addi.tion t o  a descr ipt ion  of   the  moderator   cool ing  s tudy  in   the main body of 
the   repor t ,   th ree   addi t iona l   s tud ies   a re   descr ibed   in   the   appendices :   de te rmina t ion  
of the   fue l -conta inment   charac te r i s t ics  of  a gaseous  nuclear  rocket  in which no 
attempt is made to   separate   propel lant   and  fuel ;   determinat ion  of   the  effect   of   di f -  
f e r en t   p rope l l an t s  on the  specif ic   impulse of gaseous  nuclear  rockets;  and a descrip- 
t i o n  of a f ac i l i t y   concep t  which might be  employed fo r   t e s t ing   gaseous   nuc lea r   rocke t s .  
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CONCLUSIONS 

1. Beta-par t ic le   hea t ing   of   the   cav i ty   sur face   o f   h igh- thrus t   cav i ty- type  
gaseous  nuclear  rocket  engines w i l l  r e q u i r e   e i t h e r   t h e   u s e  o f  a magnet ic   f ie ld  
(approximately 1000 gauss  for  an  engine  having a thrus t - to-weight   ra t io   o f  20) t o  
reduce  the  heat ing  ra te   to   acceptable   values  o r  the   use   o f  a porous wall with  closely- 
spaced  pores   to   permit   the   heat   deposi ted  to   be  conducted  through  the wall ma te r i a l  
t o   t he   coo lan t   f l u id   pas s ing   t h rough   t he   po res .  

2. A uniformly  dis t r ibuted  seed w i l l  be requi red   in   h igh- thrus t   cav i ty- type  
gaseous  nuclear  rocket  engines  to  prevent  excessive  heating  of  the  cavity  surface by 
thermal   radiat ion  (seed  densi ty   on  the  order   of  1 percent  of  propellant mass dens i ty  
f o r  a.n engine  thrust- to-weight   ra t io   of  20 and a pressure   l eve l   o f  1000 atm; required 
seed   dens i ty   f rac t ion  i s  inverse ly   p ropor t iona l   to   p ressure) .  

3. Removal of heat  deposited  within  the  interior  of  the  moderator  of  gaseous 
nuclear  rocket  engines by  neutrons  and gamma rays will requi re   the   use  of a l a rge  
number of small-diameter   coolant   passages  (void  f ract ion  of   approximately 5 percent 
and 0.020 in . -dia   passages  for   an  engine  thrust- to-weight   ra t io   of  20 and a pressure 
l eve l   o f  1000 atrn; resul t ing  pressure  drop  of   approximately 10 a t m  is  inversely  pro-  
por t iona l   to   absolu te   p ressure) . .  

4. The following w i l l  be reduced  by  the  use  of  an  auxiliary  coolant  loop  and 
hea t   exchanger   to   t ransfer   hea t  from the   modera tor   to   the   p rope l lan t :  

a. P res su re   d i f f e rences   and   r e su l t an t   s t r e s ses   i n   t he  
moderator  caused  by  the  turbopump  cycle. 

b.  Neutron  absorption  caused  by  the  presence  of  hydrogen 
coolant  in  the  moderator.  

c .  Chemical attack  of  hydrogen on the  moderator wall. 

5 .  The f low  pat terns   within  the  cavi ty   of  a high-thrust   cavity-type  gaseous 
nuclear  rocket must be designed  so  that   the   temperature   difference  across   the boundary 
l a y e r  which governs  convect ive  heat   t ransfer   to   the wall is  minimized. 

INTRODUCTION 

It has  been known f o r  many years   tha t   the   l imi ta t ion   on   the   spec i f ic   impulse   o f  
a solid-core  nuclear  rocket imposed  by allowable m a x i m u m  mater ia l   temperatures   can be 
circumvented by employing the   nuc lear   fue l   in   gaseous  form. It is  t h e o r e t i c a l l y  
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possible   in   such  gaseous  nuclear   rocket   engines  t o  aJ&in rocket  exhaust  temperatures 
on  the  order   of  25,000 R which, in  conjunction  with  ' the  use  of  hydrogen  propellant,  
w i l l  lead t o  a s p e c i f i c  inipulse of  approximately 2500 s e c   f o r  a nozzle  efficiency  of 
80 percent .  It i s  a i s o   t h e o r e t i c a l l y   p o s s i b l e  e0 a t ta in   engine   th rus t - to-weight  
r a t i o s   s u b s t a n t i a l l y   g r e a t e r   t h a n   u n i t y   . i n   g a d o u s   n u c l e a r   r o c k e t s .  'phe primary  prob- 
lem  which  must  be  overcome before  gaseous  ntdlear  rockets become f e a s i b l e  is that of 
t r a n s f e r  of energy t o  the propellant  without  causing  an  unacceptable  loss  of  expen- 
s ive   nuc lea r   fue l ,   A t t empt s   t o   so lve4h i s  problem have l ead   t o   t he   fo rmula t ion  of 
many different  gaseous  nuclear  rocket  concepts.   For  the  present  purpose it is con- 
venien t   to   d iv ide   these   concepts   in to  two categories:   those  employing  cavi ty   reactors  
and  those  employing homogenous r eac to r s .  The cav i ty   r eac to r  employs a s i n g l e   c a v i t y  
for  the  high-temperature  gases  and i s  exemplified by the  coaxial-f low  reactor   of  
Ref. 1. The homogenous r eac to r  employs a l a rge  number o f   i nd iv idua l   cav i t i e s   w i th in  
the   reac tor   and  is  exemplified by the mu t i -un i t   vo r t ex   conf igu ra t ion   o f  Ref .  2. A 
t y p i c a l  homogenous r eac to r  may employ 10 ind iv idua l   cav i t i e s  and, f o r   t h e  same t o t a l  
cav i ty  volume, may have lo2 times as much cavi ty   sur face   a rea  as a cav i ty   r eac to r .  

.i 

Approximately 90 percent   o f   the   energy   c rea ted   in   bo th   cav i ty   and  homogenous 
r eac to r s  i s  depos i ted   in   the   gases   wi th in  the reactor,  while  the  remaining 10 percent 
i s  depos i t ed   i n   t he  walls o f  t h e  r eac to r .  This 10 percent   of  the energy i s  deposi ted 
both   on   the   sur face   o f   the   reac tor   cav i t ies   and   wi th in  the i n t e r i o r   o f  the moderator 
walls surrounding t h e  c a v i t i e s .   I n  a homogenous r eac to r ,   t he  enerQy deposi t ion  within 
the i n t e r i o r   o f  the moderator walls is approximately  uniform,  while i n  a c a v i t y  
reactor   the  energy  deposi t ion  within the  moderator walls i s  concentrated  near   the  sur-  
face  of  the  cavity.  The energy  deposited  on  the  surface  of t h e  walls pe r   un i t  area 
i s  much less f o r   t h e  homogenous reac tor   than  f o r  the  cavity  reactor  because  of the 
increased  surface  area o f  the  former.  Therefore, the  problem of  removing hea t  from 
both  the  interior  and  the  surface  of  the  moderator walls i s  g r e a t e r   f o r  a cav i ty   r e -  
a c t o r   t h a n   f o r  a homogenous reac tor .   For   th i s   reason ,   the   ana lys i s   o f   the   p resent  
repor t  was directed  towards  investigating  the  moderator  coolant  problems  of  cavity 
r eac to r s .  

The thrust-to-weight  ratio  of  both  solid-core  and  gaseous-core  nuclear  rocket 
engines i s  l imi ted  by the  rate at which heat can be removed  from t h e   s o l i d  walls of 
the engine  configuration.  Although many analyses  have  been  conducted t o   i n v e s t i g a t e  
heat t ransfer   ra tes   in   so l id-core   nuc lear   rocke t   engines ,  no s tud ie s  are ava i l ab le  
concerning heat t r a n s f e r  rates and   r e su l t i ng   l imi t a t ions  on  engine  thrust  for  gaseous 
nuclear  rocket  engines.   Therefore,  the  ana lys i s   desc r ibed   i n  the fol lowing  sect ions 
was in i t ia ted   to   ob ta in   in format ion   concern ing   l imi ta t ions   on   engine   th rus t   charac-  
t e r i s t i c s  which  might be caused  by  the  problem o f  moderator wall cool ing.  
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HEAT DEPOSITION RATES I N  MODERATOR WALL 

me loca t ion   o f  a modera tor - re f lec tor   in  a possible  gaseous  nuclear  rocket 
engine  configuration is shown i n   F i g .  1.. Alt'nough insuf f ic ien t   in format ion  is a v a i l -  
a b l e  from studies   of   var ious  gaseous  nuclear   rocket   concepts   to  f i x  the  dimensions 
and materials of   this   moderator ,  it is  convenient t o   a d o p t  a reference  configurat ion 
SO t h a t  a feeling may be developed   for   the   quant i ta t ive   va lues   o f   the  parameters 
which descr ibe   the   charac te r i s t ics   o f   the   engine .  The c h a r a c t e r i s t i c s   o f   t h i s   r e f e r -  
ence  engine  configuration  are shown in   F ig .   2 .  The t o t a l  e'ngine  weight  of 3OO,OOO l b  
was obtained by adding  weight  to  the  weight  of  the  moderator  to  al low  for  the  pres- 
sure shel l ,   the   exhaust   nozzle ,   the  turbopump  system,  and  any external   heat   exchanger  
required.  The ex i t  enthalpy  corresponding  to   the  specif ic   impulse  of  2500 sec was 
determined  such  that   the   exhaust   veloci ty   corresponding  to   the  specif ic   impulse was 
e q u a l   t o  80 percent of t he   exhaus t   ve loc i ty   r e su l t i ng  from conversion  of a l l  of   the 
propel lan t   energy   to   k ine t ic   energy .  The absolute  power l eve l   fo r   t he   r e f e rence  
engine  configuration was chosen to   p rovide  a thrust-to-weight  ratio  of  approximately 
20. 

Information from Ref. 3 on   the   energy   re lease   in   the  form of  neutrons, gamma 
rays,   f iss ion  f ragments ,   and  beta   par t ic les  due t o   f i s s i o n   o f  plutonium-239 is  given 
i n  Table I f o r   t i m e s   a f t e r   f i s s i o n  o f  5 and 100 sec ( i . e . ,  for f i ss ion   product  
res idence  t imes  in  a gaseous  nuclear  rocket  of 5 and 100 sec) .   Calcu la t ions  of t he  
energy  deposit ion  in  the  moderator wall from each  of  these  forms  of  energy  release 
and from thermal  radiation  and  convection from gases  heated by th i s   energy  is  given 
in   the  fol lowing  subsect ions.  A summary of   th i s   in format ion  i s  a l s o   g i v e n   i n  
Ta.ble 11. It should be  emphasized t h a t   t h e  resul ts  shown in  Table  I1 are   based  on 
specif ic   assumptions  of   engine  configurat ion  and  that   exact   determinat ion of t h e  
heat   deposi t ion  ra tes   requires   complete   specif icat ion  of   the  geometry  and  condi t ions 
within  the  engine.  

F i s s ion  Fragment Heating 

It can be seen from  Table I t h a t  most o f   t he   ene rgy   c r ea t ed   i n   t he   f i s s ion  
process   appears   in   the form of   f iss ion  f ragments .   According  to   the  formula  on  p .321 
of  Ref. 4, the  range  of a f i ss ion   f ragment   in  hydrogen a t  a pressure  of 500 atm and 
a temperature  of 10,000 R i s  a.pproximately  0.2  in.   Therefore,   direct   heating  of  the 
walls by fission  fragments  can  be  eliminated i f  a gas film containing no nuc lea r   fue l  
and  having a thickness   of  0.2 i n .  or greater   can be placed  between  the  region  con- 
ta ining  gaseous  nuclear   fuel   and  the wall of   the   cav i ty .  If any nuclear   fue l  were 
loca ted   l ess   than  one fission  fragment  distance from t h e   c a v i t y  wall, the  energy de- 
p o s i t e d   i n   t h e  wall would be r e l eased   i n  a ve ry   t h in   l aye r   nea r   t he  wall surface.  
It i s  assumed in   t h i s   r epor t   t ha t   t he   ene rgy   depos i t i on   on   t he   su r f ace  of t h e  wall 
by f iss ion  f ragments  i s  neg l ig ib l e .  It should be noted, however, t h a t   e n e r a   c r e a t e d  
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by fission  fragments  can  cause wall heat ing as a re su l t   o f   convec t ion   o r   r ad ia t ion  of 
energy from gas  heated by the  f iss ion  f ragments   (see  fol lowing  subsect ions) .  

Neutron  and Gamma Ray Heating 

Calcula t ions   to   de te rmine   the   a t tenuat ion   of   neut ron   and  gamma ray  energy by 
hydrogen gas a t  a pressure   o f  500 a t m  and a temperature o f  10,000 R i n d i c a t e   t h a t  a 
one - f t - th i ck   l aye r   o f   t h i s   gas  would a t t e n u a t e  less t han  one percent  of  the gamma ray 
energy  and  approximately 5 percent  of  the  energy Prom fast neutrons.  This  energy 
absorpt ion is  so small t h a t  it is assumed in   the   fo l lowing   ca lcu la t ions   tha . t  a l l  
energy  appearing  in   the form of neutrons  and gamma rays  w i l l  impinge  on the  wall of 
the   moderator-ref lector .  

The energy  flow  and  energy  deposition rate i n  a graphite  moderator due t o  
neutrons  and gamma rays is shown i n   F i g .  3 as a funct ion  of   the  dis tance from the   in -  
s ide  surface o f  the  moderator.  The curves shown i n   t h i s   f i g u r e  were obtained from 
Ref. 5 and  apply  to   the  case  of  a source  of  neutrons  and gamma rays  located  a long  the 
centcr l ine   o f  a cylinder  having a length   equal   to   the   cav i ty   d iameter .  The energy 
depos i ted   in  a given volume is  determined by the   d i f fe rence  between the  energy  flow 
enter ing  and  leaving  the volume. It can  be  seen from Fig.  3 t h a t   t h e  maximum energy 
deposi t ion  ra te   occurs  a t  the  inside  surface  of   the  moderator ,   and fa l l s  off  approxi- 
mately  exponentially  with  distance.  The a t t e n u a t i o n   f a c t o r   i n   t h i s  exponent  accord- 
i ng   t o   F ig .  3 is approximately 1.57 ft-l. Therefore,   for a neutron  and gamma ray 
f lux  approaching  the  inside  surface  of   the  moderator-ref lector  of 70,000 t o  78,000 
BTU/sec-ft2 (see  Table I ) ,  the  energy  deposi t ion  ra te   near   the  inside  surface of t he  
moderator would be from 110,000 t o  122,000  BTU/sec-ft3.  This  range  of  energy  deposi- 
t i o n   r a t e s  is shown i n   t h e  summary i n  Table 11. 

Cata from Ref. 5 showing the  var ia t ion  of   energy  f low due to   neutrons  and gamma 
rays with  dis tance  for   three  different   moderator  materials i s  g iven   in   F ig .  4. The 
energy  f low  in a hea.7-water  moderator fa l ls  o f f   i n i t i a l l y  a t  approximately  the same 
r a t e  as i n  a graphite  moderator  and,  therefore,   the  energy  deposit ion  rates would be 
approximately  the same as for a graphite  moderator,  However, the  energy  f low  in a 
beryllium-oxide  moderator  falls  off  approximately  twice as f a s t  as i n  a g raph i t e  
moderator.   Therefore,   the  energy  deposit ion  rate at the   ins ide   sur face  of a beryllium- 
oxide  modeyator-reflector would be approximately  twice  that  shown i n  Table I1 f o r  a 
graphi te   moderator-ref lector .  

Beta-  Particle  Heating 

Beta   par t ic les  from the   nuc lear   f i s s ion   process  would lose  approximately 25 per- 
cent  of the i r   energy   in   pass ing   th rough a one-ft-thick  layer  of  hydrogen a t  a pres- 
sure  of 500 atm and a temperature o f  10,000 R .  S ince   t he   be t a   pa r t i c l e s  would a l s o  
lo se  some o f  the i r   energy   in   pass ing   th rough  the   f ie1   reg ion ,  it has   been   a rb i t r a r i l y  
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assumed t h a t  50 percent   o f   the   energy   c rea ted   in   the  form o f   b e t a   p a r t i c l e s  would  be 
inc ident  on the   cav i ty  wall. "his energy would  be d e p o s i t e d   i n  a very t h i n   l a y e r   o n  
t h e   i n s i d e   s u r f a c e   o f   t h i s  wall (approximately  half  of  energy i n   d i s t a n c e  of 0.01 i n . ]  
r a the r   t han   be ing   depos i t ed   w i th in   t he   i n t e r io r  wall volume as i n   t h e   c a s e  of  neutron 
and gamma energy.  Therefore,   the  absolute  energy  deposited  on  the  surface of t h e  wall 
from b e t a   p a r t i c l e s  is from  approximately 6000 t o  16,000 BTU/sec-ft2 for   the   re fe rence  
engine  (see summary i n  Table 11). 

It will be shown i n  a fo l lowing   subsec t ion   tha t   sur face   hea t   depos i t ion   ra tes  
of the  magnitude which may be  caused by b e t a   p a r t i c l e  impingement w i l l  be  very d i f -  
f i c u l t   t o  remove by regenerat ive  cool ing.  One poss ib le  method of   reducing   be ta  par- 
t i c l e   h e a t i n g  of t he  wall is t o  employ a magnetic f i e l d   i n   t h e   c a v i t y   t o   c a u s e   t h e  
b e t a   p a r t i c l e s   t o   s p i r a l   a r o u n d   t h e   m a g n e t i c   f i e l d   l i n e s   u n t i l   t h e i r   e n e r g y  is l o s t  
by coll isions  with  hydrogen  and  fuel.   Ca.lculations which include  a l lowance  for   the 
r e l a t i v i s t i c  mass o f   t h e   b e t a   p a r t i c l e s   i n d i c a t e   t h a t   t h e   r a d i u s   o f   c u r v a t u r e   o f  a 
typ ica l   be ta   par t ic le   having   an   energy  of' 2 Mev i s  approximately 3 i n .   f o r  a magnetic 
f i e l d   s t r e n g t h  of 1000 gauss .   In   such a magnet ic   f ie ld ,   the   on ly   be ta   par t ic les  
which  have  any  chance o f   s t r i k i n g   t h e  wall would  be those which o r ig ina t ed  from fis-  
s ions  occurr ing  within two r a d i i  o r  approximately 6 in .   o f   t he  wall. For   the   re fe r -  
ence  engine  of  Fig. 2, approximately 27 percen t   o f   t he   cav i ty  volume i s  located  with- 
i n  6 in .   o f   t he   cav i ty  wall. However, t he   f r ac t ion   o f   t he   be t a   pa r t i c l e   ene rgy  
deposi ted  on  the wall would  be considerably less than  27 percent   for   th ree   reasons .  
F i r s t ,  a large  percentage  of   the  beta   par t ic les  would s p i r a l   i n  a path which would 
no t   i n t e r sec t   t he  wall. Second, t h e   b e t a   p a r t i c l e s  would lo se  a p o r t i o n   o f   t h e i r  
ener-7 in   pass ing   th rough  the   gases   wi th in   the   reac tor ,   and   hence   the i r   rad i i   o f  
curvature  would  be reduced.  Third, it may be poss ib le   to   des ign   the   gaseous   nuc lear  
rocke t   such   tha t   the   loca l   dens i ty   o f   nuc lear   fue l   wi th in  6 in .   o f   t he   cav i ty  walls 
is cons iderably   l ess   than   the   dens i ty   o f   the   nuc lear   fue l   in   the   cen ter   o f   the  
reac tor .   In   cons idera t ion   of   these   fac tors ,  it has  been  assumed t h a t  between  one 
and  four  percent  of  the  energy  created by t h e   b e t a   p a r t i c l e s  would  impinge  on t h e  
cav i ty  wall for  configurations  employing a magnetic f i e ld   w i th in   t he   cav i ty   hav ing  a 
strength  of  approximately 1000 gauss.  For the  reference  engine,   the  energy  deposi-  
t i o n  on the  wall surface would  be between 120 and 1200 BTU/sec-ft* (see  Table 11). 
More accurate  determination  of wall s u r f a c e   h e a t i w  by be ta   pa r t i c l e s   r equ i r e s  exam- 
ina t ion  of specif ic   gaseous  nuclear   rocket   configurat ions.  

Creation of a magnetic f ie ld   having  a s t rength   o f  1000 gauss would r equ i r e  
sha f t  power from the  turbopump  system  and  would r e s u l t   i n  added  weight due t o   f i e l d  
co i l s ,   an   e l ec t r i c   gene ra to r ,   and   changes   i n   t he  turbopump  system. It was assumed 
i n   c a l c u l a t i n g   t h e s e   p e n a l t i e s   t h a t   t h e   c o p p e r   c o i l s   c o u l d  be maintained a t  a tem- 
pera ture   o f  40 K by  hydrogen  cooling i n   o r d e r   t o  minimize t h e   e l e c t r i c a l   r e s i s t a n c e  
of  the  copper.   These  coils would probably be mounted ou t s ide   o f   t he   p re s su re   she l l  
surrounding  the  moderator i n   o r d e r   t o  minimize t h e   h e a t i n g   o f   t h e   c o i l s  by nuclear  
r ad ia t ion .  The c y l i n d r i c a l   r e g i o n   i n s i d e   o f   t h e   m a g n e t i c   f i e l d   c o i l s  was assumed t o  
have a diameter  of 15 ft and a length  of  15 ft. If t h e   t o t a l  weight  of  the  copper 
c o i l s  employed  were 500 lb,  approximately 250 kw o f   e l ec t r i ca l   ene rgy  would  be 
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r equ i r ed   t o   c r ea t e  a magnet ic   f ie ld   of  1000 gauss   i n s ide   t h i s   cy l ind r i ca l   r eg ion .  
The sha f t  power taken from the turbopump assembly t o   p r o v i d e   t h i s   e l e c t r i c  power 
would r ep resen t   l e s s   t han  0.1 percent   of   the  pump power for   the  reference  engine  and 
would require  almost no i n c r e a s e   i n  turbopump weight. However, a penalty  of  approxi- 
mately 2 lb/kw would have t o  be   pa id   to   p rovide   the   e lec t r ica l   genera tor   necessary  
to   conve r t   t he   sha f t  power t o   e l e c t r i c  power.  Thus, the   weight   o f   th i s   genera tor  
would be approximately 500 lb ,   and   the   to ta l   weight   assoc ia ted   wi th   c rea t ing  a mag- 
n e t i c   f i e l d  of 1000 gauss would be approximately 1000 l b .  It would be   des i r ab le   t o  
shape  the  magnet ic   f ie ld   to   provide a magne t i c   bo t t l e   w i th in   t he   cav i ty   i n   o rde r   t o  
prevent  heating  of  the  end walls as wel l  as hea t ing   of   the   cy l indr ica l  walls. A l -  
though  creation  of  such a shaped  magnetic f i e l d  would r e s u l t   i n  some i n c r e a s e   i n  
weight,   the  uncertainty  in  engine  configuration  does  not  warrant  inclusion of t he  re- 
quired  ref inement   in   the  procedure  for   es t imat ing  weight .   Therefore ,   the   es t imated 
weight  of 1000 lb  associated  with  minimizing w a l l  heat ing by b e t a   p a r t i c l e s  i s  
probably  of  the  correct  order  of  magnitude. 

Radiant Heat T rans fe r   t o  Wall 

Although  pure  hydrogen is  t r anspa ren t   t o   t he rma l   r ad ia t ion   i n   t he   v i s ib l e   po r t ion  
of  the  spectrum a t  low temperatures  (Refs.  6 and 7 ) ,  it can be seeded  with small par- 
t i c l e s   t o   cause   abso rp t ion  of thermal   radiat ion from hot   regions  in   the  reactor   be-  
fore   th i s   rad ia t ion   impinges  on the   cav i ty  wall. Calculations  of  the  opacity  of 
small pa r t i c l e s   u s ing   t he  Mie theory  are   reported  in   Ref .  8 and  measurements of   the  
opaci ty  of small pa r t i c l e s   a r e   r epor t ed   i n   Re f s .  9, 10, and 11. The t e s t s   r e p o r t e d  
i n  Ref. 11 employed  aerodynamic shear  to  break up par t ic le   agglomerates  which a r e  
be l ieved   to  have  been the  cause  of low measured p a r t i c l e   o p a c i t i e s   i n   t h e   t e s t s   r e -  
ported  in  Ref.  9 .  The measurements reported  in   Ref .  11 indica te   an   ex t inc t ion  
parameter, be , of  approximately 55,000 cm2/gm for   g raphi te   par t ic les   and   approxi -  
mately 8000 cm2/gm f o r   t u n g s t e n   p a r t i c l e s .  These  measured values   of   ext inct ion 
parameter  are  approximately 80 percent   of   the   theoret ical   values  from Ref. 8 f o r  a 
par t ic le   d iameter  o f  0 .1  microns  and a. wavelength  of 0 . 5 5  microns. It is  not  pos- 
s i b l e   t o  employ graphi te   pa . r t ic les   in  a. gaseous  nuclear  reactor  because of t he   r e -  
sul t ing  react ion  of   graphi te   and hydrogen a t  high  temperatures  (see  Ref. 12). There- 
fo re ,  it i s  necessary   to  employ a mater ia l   such as tungsten which w i l l  not   react   wi th 
the  propel lant .  

A s e r i e s   o f   c a l c u l a t i o n s  have  been made to  determine  the  thickness  of  hydrogen 
layer   ( seeded   wi th   tungs ten)   requi red   to   a t tenuate   inc ident   thermal   rad ia t ion  by a 
f a c t o r   o f  1000. The r e su l t s   o f   t hese   ca l cu la t ions ,  which a re   g iven   i n   F ig .  5 ,  were 
determined  on  the  basis  of a.n a t tenuat ion  parameter   of  8000 em2/@ (see  preceding 
paragraph), a pa r t i c l e   s eed  mass density  of one percent  of  the  hydrogen mass densi ty ,  
and  the  hydrogen  densi t ies   given  in  Refs. 6 and 7. It can be seen from Fig.  5 t h a t  
the  thickness  of  the  seeded  hydrogen  layer which w i l l  r e s u l t   i n  a r educ t ion   i n   t he r -  
m a l  ra.diation by a f a c t o r   o f  1000 f o r  a hydrogen  pressure  of 1000 atm is from 3 t o  
6 in .  

7 



Determinat ion  of   the  magni tude  of   the  thermal   radiant   energy  approaching  the 
seeded  hydrogen  layer   requires   detai led knowledge o f   t he   cond i t ions   ex i s t ing   w i th in  
the   reac tor   cav i ty .  For reac tor   conf igura t ions  similar t o   t h e   c o a x i a l   f l o w   r e a c t o r  
of Ref. 1, it i s  possible  that the  total   radiant   energy  approaching  the  seeded hydro- 
gen  layer   might   be  equal   to   the  energy  created  within  the  fuel   region by f i s s i o n  
fragments   and  beta   par t ic les .   This   radiant   energy would represent  approximately 
90 percen t   o f   t he   t o t a l   ene rgy   r e l eased  or approximately 900,000 EflU/sec-ft2 f o r   t h e  
reference  engine  of  Fig. 2. An alternate method o f   ca l cu la t ion  would  be t o  assume 
tha t   the   rad ian t   energy   inc ident  upon the  seeded  hydrogen  layer is equa l   t o   b l ack -  
body radiat ion  corresponding  to   the  desired  propel lant   temperatures .   For  a spec i f i c  
impulse  of 2500 sec,   the  required  average  propellant  temperature is  approximately 
22,000 R and  the  corresponding  black-body  radiation  intensity is  approximately 
112,000  BW/sec-ft . Attenuat ion  of   these  incident   radiant   energies  by a f a c t o r  of 
1000 would r e su l t   i n   hea t   depos i t i on   on   t he   su r f ace   o f   t he  wall o f  100 t o  900 
BTU/sec-ft2  (assuming a wall a b s o r p t i v i t y  of un i ty) .   Fur ther   reduct ions   in   thermal  
radiant   energy  incident  on the  wall can  obviously  be  attained by the   use   o f   th icker  
layers  of  seeded  gas o r  by a n   i n c r e a s e   i n   t h e   d e n s i t y   o f   t h e   p a r t i c l e   s e e d s .  It 
should be noted, however, t h a t  it is  ex t remely   impor tan t   tha t   th i s   par t ic le   seed  be 
uniformly  distributed  throughout  the  hydrogen  layer,   since  local  regions of  low seed 
dens i ty  would resu l t   in   ex t reme  loca l   overhea t ing   of   the   cav i ty  wall. 

2 

It i s  also  necessary  to   account  for r e - r ad ia t ion  from the   pa r t i c l e   s eeds   t o   t he  
wall as well  as t o  account   for   the   f rac t ion   of   inc ident   rad ian t   energy   pass ing   th rough 
the  seed  blanket .  If an   e f fec t ive   seed   rad ia t ing   tempera ture   o f  7000 R and a wall 
temperature  of 5000 R a r e  assumed, the  black-body  heat   t ransfer  rate t o   t h e  wall 
would be approximately 850 BTU/sec-ft 2 . 

The range  of  surface  heat  deposit ion rates for   the   re fe rence   engine  due t o   t h e r -  
mal radiat ion  noted  in   Table  I1 was s e t  a t  200 t o  2000 BTU/sec-ft2  on t h e   b a s i s  of 
the  discussion  in  the  preceding  paragraphs.  Refinement  of  these  estimates  requires 
c a l c u l a t i o n   o f   t h e   s p e c t r a l   h e a t   f l u x  for specif ied  temperature   dis t r ibut ions,   spec-  
t ral  seed   opac i t ies   and   spec t ra l  wall a b s o r p t i v i t i e s .  

Convective Heat Transfer   to  Wall 

The convec t ive   t ransfer   o f   hea t  from the   ho t   gases   wi th in   the   cav i ty   o f  a 
gaseous  nuclear  rocket  to  the walls o f   t he   cav i ty  is  determined by t h e   d e t a i l s   o f   t h e  
veloci ty   and  temperature   dis t r ibut ions  within  the  cavi ty .  It i s  assumed i n   t h e   f o l -  
lowing   ca lcu la t ions   tha t  a r e l a t ive ly   coo l   r eg ion   o f   gas   ex i s t s   be tween   t he   cav i ty  
walls and  the  very  hot  regions  within  the  cavity.  The corresponding  temperature  dis-  
t r i b u t i o n  is indica ted   in   F ig .  6. It is  assumed tha t   the   ve loc i ty   and   tempera ture  
boundary layers   a re   conf ined  t o  t h i s   r e g i o n   o f   r e l a t i v e l y   c o o l  gases near   the chamber 
wall. The h e a t   t r a n s f e r   t o   t h e  wall i s  then  determined by the   condi t ions  a t  the   ou t -  
s ide  edge of  the   boundary   l ayer   ind ica ted   in   F ig .  6. Th i s   r a t e   o f   hea t   t r ans fe r  i s  
governed by the  following  equation. 
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The nomenclature in   the  preceding  equat ion is  d e f i n e d   i n   t h e   L i s t  of Symbols. 

Typical  curves showing the   e f fec t   o f   gas   t empera ture   and   ve loc i ty   on   the   con-  
v e c t i v e   h e a t   t r a n s f e r   t o  a c a v i t y  wall determined‘  from Eq. (1) a r e  shown i n   F i g .  7. 
The Stanton number of  0.0012 employed i n   t h e   c a l c u l a t i o n s  is  t y p i c a l  of  those which 
are  encountered a t  moderate  Reynolds  numbers. Note t h a t   r e s u l t s   a r e  shown f o r  hydro- 
gen  temperatures  both  lower  and  higher  than  the assumed wall temperature of 5000 R. 
A range of values from -2000 t o  +3000 BTU/sec-ft2  has  been s e l e c t e d  from Fig.  7 f o r  
use  in  Table 11. The convec t ive   hea t   t ransfer  rate is  approximately  proportional  to 
hydrogen pressure   for   va lues   o ther   than   the   va lue   o f  500 atm used   i n   t he   ca l cu la t ion  
i n   F i g .  7.  

MODERATOR COOLANT FLOW  CYCLES 

The cooling  ducts i n  the  moderator-ref lector   of  a gaseous  nuclear  rocket  engine 
must be posit ioned  so as t o  remove both  the  heat   deposi ted  on  the  internal   surface of 
the  moderator  and  thc  heat  deposited  within  the  interior  of  the  moderator.  Because 
the  heat  deposited  on  the  surface i s  a small. f r a c t i o n   o f   t h e   t o t a l   h e a t  which  must  be 
removed from the  moderator,   this  surface  heating i s  neglec ted   in   the   genera l   d i s -  
cussion  of  coolant  f low  cycles  in  the  following  subsections.  However, it i s  shown i n  
t h e   s e c t i o n   e n t i t l e d  DETAILS OF COOLANT FLOW  CHARACTERISTICS t h a t   t h e  problem  of r e -  
moving the  heat  deposited on the   i n t e rna l   su r f ace  may be more r e s t r i c t i v e   i n   t e r m s  of 
local   a l lowable  moderator   mater ia l   th icknesses   than  that  imposed by the  heat   deposi ted 
wi th in   the   in te r ior   o f   the   modera tor .  

Cycle w i t h  Inward  Coolant Flow 

Direct  Cooling  with  Propellant Flow 

The coolant   f low  cycle   usual ly   considered  for   appl ica . t ion  to   gaseous  nuclear  
rockets i s  shown i n  Fig.  8a and i n   F i g .  1. (The coolant  cycles shown i n   F i g s .   a b  
and  8c w i l l  be  discussed  in  following  subsections.  ) The  wavy duct  shape  within  the 
moderator shown i n   F i g .  8a ind ica t e s  a large number of  small-diameter  coolant  pas- 
sages.  A discussion  of   the  required  diameter   and  spacing  of   these  coolant   passages 
is g iven   i n   t he   s ec t ion   en t i t l ed  DETAILS OF COOLANT FLOW  CHARACTERISTICS. The 
s t r a igh t   duc t s  shown passing  through  the  moderator  in  Fig.  8a would be r e l a t i v e l y  
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large ducts   (on   the   o rder   o f  one in.   in  diameter)  and  hence,   because  of  their  small 
surface area, would  remove a very small por t ion  of  the   hea t   depos i t ed   i n   t he  modera- 
t o r  by neutron  and gamma in t e rac t ions .  Also, because of the  large  diameter  of these  
duc t s   r e l a t ive   t o   t he   d i ame te r  of the  coolant   passages,   the  volume fract ion  devoted 
t o   t h e s e   d u c t s   f o r  a given  pressure  drop would be much less t h a n   f o r   t h e   c o o l a n t  
passages. 

The r e l a t i v e   p r e s s u r e s   i n   d i f f e r e n t   p o r t i o n s   o f   t h e   c y c l e  shown i n   F i g s .  1 and 
8a are governed t o  a l a rge   ex ten t  by t h e   c h a r a c t e r i s t i c s   o f   t h e  thermodynamic cycle  
assoc ia ted   wi th   the  turbopump  system.  This  thermodynamic  cycle  has  been  analyzed 
using two d i f fe ren t   t echniques   for   ca lcu la t ing   the   tu rb ine   charac te r i s t ics :  a per- 
fect-gas  expansion  through  the  turbine  assuming a r a t i o   o f   s p e c i f i c   h e a t s   o f  1 .4  and 
a value of spec i f i c   hea t  at constant   pressure  of  4 .O BTU/lb-deg R; and a real-gas  
expansion  through  the  turbine  using  the  Mollier  diagram  in R e f .  13. In   bo th   ca lcu la-  
t ion  procedures it was assumed tha t :   the   tu rb ine   in le t   t empera ture  was 2200 R; t h e  
tu rb ine   e f f i c i ency  was 85 percent ;   the  pump e f f i c i ency  was 80 percent;   and  the pump 
cha rac t e r i s t i c s   cou ld  be ca l cu la t ed  from the  product   of   specif ic  volume and pump pres-  
su re   r i s e   u s ing  a hydrogen  density  of 4.43 l b / f t  3 . For  reference,   the  work required 
to   p rovide  a pump ex i t   p re s su re   o f  1000 atm is 769 BTU/lb. For the  reference  engine 
of  Fig. 2, t h e   r e s u l t i n g  pump power  would be  2.55 x 10 hp. 6 

The r e s u l t s   o f   c a l c u l a t i o n   o f   t h e  turbopump cyc le   cha rac t e r i s t i c s  are g iven   i n  
Fig.  9. The two d i f f e r e n t  methods o f  ca l cu la t ing   t u rb ine   cha rac t e r i s t i c s   g ive  
e s s e n t i a l l y   i d e n t i c a l   r e s u l t s  up t o  a turbine  exi t   pressure  of   approximately 600 atm. 
However, t he   t u rb ine   p re s su re   d rop   fo r   t u rb ine   ex i t   p re s su res   h ighe r   t han  600 atm as 
indica ted  by the   per fec t -gas   ca lcu la t ions  is  subs t an t i a l ly   g rea t e r   t han  that indica ted  
by the   rea l -gas   ca lcu la t ions .  It w i l l  be shown i n   t h e   s e c t i o n   e n t i t l e d  DETAILS OF 
COOLANT FLOW  CHARACTERISTICS that   the   heat   exchanger   pressure  drops  are   on  the  order  
of  one  percent  of  the  absolute  pressure.   Therefore,   the  differences  in  turbine  pres- 
sure   drop  resul t ing from  changes in   the  heat   exchanger   pressure  drop is r e l a t i v e l y  
small. A t  h igh  values   of   turbine  exi t   pressure,   the   effect   of   changes  in   the  charac-  
t e r i s t i c s   o f   t he   hea t   exchange r   l oca t ed  between the  pump and  the  turbine i s  much l e s s  
than  the  difference  between  the  resul ts   calculated  for  a perfect-gas  turbine  expansion 
and a real-gas  turbine  expansion. It should be pointed  out   that   the   Moll ier   d iagram 
from  Ref. 13 which was employed in   the   rea l -gas   expans ion   ca lcu la t ion  i s  based on an  
ex tens ive   ex t rapola t ion   of   ava i lab le  data and  hence may be s u b s t a n t i a l l y   i n   e r r o r .  
Additional  information  on  the  characterist ics  of  hydrogen a t  the   condi t ions  which 
might e x i s t  a t  the   en t r ance   t o   t he   t u rb ine  are badly  needed. 

The energy  flow  curves  given  in  Figs. 3 and 4 determine  the  variation  of  hydrogen 
coolant  temperature  with  distance from the  inside  surface  of   the  moderator .  An ex- 
ample of  such a var ia t ion  for   inward  coolant   f low is given by t h e   s o l i d   c u r v e   i n  
Fig.  10. For  values  of r -  r I  less than  0.6 f t ,  the  temperature   in   Fig.  6 is  propor- 
t i o n a l t o   t h e  energy  flow  curve  for a radius   of  5 f t  g i v e n   i n   F i g .  3. The tempera- 
t u r e s  a t  values   of  r - r l  grea te r   t han  0.6 f t  were ad jus ted  upward by approximately 
150 deg t o  account   for   the   t empera ture   d rop   in   the   tu rb ine   requi red   to   d r ive   the  
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pump. For   the assumed pressure  of  approximately 500 a t m  at values   of  X <  0.6 ft, 
the  pressure  drop  through  the  turbine  according  to   Fig.  9 would be  approximately 
130 atm. A discussion  of  methods of  avoiding  this  pressure  drop  within  the  moderator 
is  giver! in   the   fo l lowing   subsec t ion .  

Although  the  hydrogen  temperature  distribution i s  determined by the  energy 
deposi t ion due to   neutrons  and gamma rays ,   the   t empera ture   d i s t r ibu t ion   in   the  modera- 
t o r  is  determined  by a number of   d i f fe ren t   des ign   var iab les .  For instance,  it is  
p o s s i b l e   t o   o b t a i n  a moderator   temperaturz   dis t r ibut ion  such as that shown i n  Curve A 
of Fig. 10 i n  which the  difference  in  temperature  between  the  moderator  and  the  hydro- 
gen  coolant is  independent  of  distance  through  the  moderator.  Such a temperature 
d is t r ibu t ion   in   the   modera tor   could  be determined  by  proper   select ion  of   the  var ia t ion 
of coolant  passage  diameter  with  distance  through  the  moderator. It may a l s o  be . 

d e s i r a b l e   t o   s e l e c t  a. moderator   temperature   dis t r ibut ion  such as tha t   g iven  by  Curve B 
i n  Fig.  10. This curve  indicates  a high  moderator  temperature a t  a l l  posi t ions  with-  
i n  the   moderator-ref lector   and  resul ts   in   the maximum temperature  difference between 
the w a l l  of Lhe coolant  tubes  and t h e  hydrogen  coolant. Such a temperature   dis t r ibu-  
t i o n  would minimize the  required  pressure  drop  in   the  moderator   for  a given  diameter 
and  spacing  of  coolant  passages. 

Various  studies have indicated  that   beryl l ium  oxide,  which is a superior  
modera tor   mater ia l   to   g raphi te   for  small eng ine   s i ze s ,   l o ses   s t ruc tu ra l   s t r eng th  
above a temperature on the  order   of  3000 R .  It can be seen from Fig.  10 t h a t   t h e  
tempera ture   d i s t r ibu t ion   ind ica ted  by  Curve A would permit  use  of a beryllium  oxide 
moderator a t  dis tances  from the  inside  surface o f  t h e  moderator-ref lector   greater  
than  approximately 0.38 f t .  It i s  a l s o   d e s i r a b l e   t o  employ heavy water a.s a modera- 
t o r   f o r   r e g i o n s  i n  which the  temperature is  below t h a t  which would r e s u l t   i n   s i g n i f i -  
cant  decreases i n  heavy-water  density. If th is   t empera ture  i s  se l ec t ed  as 1000 R, 
it can be seen from F ig .  10 t h a t  it i s  permissible   to  employ heavy  water a t  values 
o f  r - r ,  greater  than  approximately 1 . 5  f t .  It is ve ry   des i r ab le   t o  employ heavy 
water   in  as l a rge  a porti.on o f  the  moderator as poss ib l e   s ince   s tud ie s  have indicated 
that  the  use  of  pure heavy water ( i f  it can be cooled   pmpcr ly)  i n  a l l  portions  of 
the  moderator would resu1.t i n  c r i t i c a l   f u e l   d e n s i t i e s  between l/3 and 1/10 of those 
requi red   for   g raphi te  or beryllium  oxide  moderators. 

Coohnt  tempera.ture  distributions i n  moderators  with  inward  coolant  flow are 
shown i n   F i g .  11 f o r  maxj-mum coolant  temperatures  of 5000 and 3000 R.  These  tempera- 
t u r e   d i s t r i b u t i o n s  were ca l cu la t ed  by neglecting  the  temperature  drop  through  the 
t u r b i n e   c i r c u i t .  It was assumed i n  constructing  the  curves t h a t  t h e  maximum permis- 
s ible   temperature  for the  heavy-water  portions  of  the  moderator was 1000 R and t h a t  
the maximum permissible  temperature  for  the Be0 port ions o f  the  moderator was 3000 R .  
I n   F ig .  11 portions  of  the  moderator composed of   g raphi te  are indicated by s o l i d  
curves,   the  portions composed of  Be0 by dashed  curves,   and  the  portions composed of 
hea.vy water by dash-dot-dash  curves. 
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The tempera tures   ind ica ted   in   F ig .  11 by the curves   cons t ruc ted   for  a single 
moderator material ( i .e . ,  Curve A f o r  maximum coolant  temperatures  of 5000 and 3000 R 
and Curve C f o r  a m a 3 r n u m  coolant  temperature  of 3000 R )  are d i r e c t l y   p r o p o r t i o n a l   t o  
the  corresponding  heat  f lows  in  Fig.  4. The curves  for  composite  moderators ( i  .e., 
those made up o f  two or more different   moderator  materials) were obtained  from  curves 
similar t o   t h o s e   i n   F i g .  4 with  the  exponential   heat  f low  decay  in  each  portion  of 
the  moderator  matched to   the  heat   f low  decay from adjacent   port ions  of   the   moderator .  
It can be seen from Fig.  11 t h a t   t h e  Be0 por t ion   of   the   modera tor   can   be   in i t ia ted  
a t  X = 0 f o r  a m a x i m u m  coolant  temperature  of 3000 R ( resu l t ing   f rom  an  assumed 
m a x i m u m  temperature  of  the Be0 portion  of 3000 R )  and a t  a value  of  X of 0.33 f't 
(10 cm) f o r  a m a x i m u m  coolant  temperature  of 5000 R .  The D20 port ions  of  a graphi te-  
D20 moderator may be i n i t i a t e d  a t  values  of X of  1.03 and 0.71 f t  (32 and 22 cm) f o r  
maximum coolant  temperatures  of 5000 and 3000 R, r e spec t ive ly .  The  minimum values  of 
X f o r  which D20 may be used are a l s o  lower when a Be0 l a y e r  i s  employed inside  of  
t h e  D20 l a y e r .  It can  be  seen from Fig.  11 tha t   t he   u se   o f  a composite  moderator 
should  permit  heavy water t o  be  employed i n  a large  f ract ion  of   the  moderator  volume. 

Partial Cooling  Using  Auxiliary  Coolant Loop 

Two problems which a re   i nhe ren t   i n   t he   cyc le  shown i n   F i g .  8a can be overcome 
by use  of  the  cycle shown in   F ig .   8b .   In   F ig .   8b  it i s  assumed t h a t   t h e   h e a t  de- 
pos i t ed   i n   t he   ou te r   po r t ion  o f  the  moderator-ref lector  is  removed by a n   a u x i l i a r y  
coolant  loop which is t h e n   u s e d   t o   t r a n s f e r   t h e   h e a t   t o   t h e  pump exi t   f low  using  the 
counterflow  heat  exchanger shown i n   t h i s   f i g u r e .  The power f o r   t h e  pump r e q u i r e d   i n  
the   auxi l ia ry   coolan t   loop  would be obtained from the   t u rb ine   i n   t he   p rope l l an t   c i r -  
c u i t .  According to   an   approximate   ana lys i s   in  Appendix I V ,  the   weight   associated 
w i t h  the   tubes   in  t h i s  counterflow  heat  exchanger would be approximately 17,000 1b 
if s t e e l  having a wall thickness  of  0.010 in.   can  be employed in   th i s   hea t   exchanger .  

The most important  advantage which w i l l  r e s u l t  from use  of   the  auxi l iary  coolant  
loop shown in  Fig.   8b i s  t h a t  most of  the  pressure  drop  within  the  moderator- 
r e f l e c t o r   r e s u l t i n g  from the  use  of  the  cycle shown in   F ig .  8a (see   F ig .  10) can be 
e l imina ted .   I f   the   coolan t   cyc le  shown i n   F i g .  8a i s  employed, it may be impossible 
to  support   the  moderator  structure  without  the  use  of  nonmoderator  materials which 
might have a subs t an t i a l   adve r se   e f f ec t  on r e q u i r e d   c r i t i c a l  mass. In   the  configura-  
t i o n  shown i n  Fig.  8b, the   p ressure   in   the   auxi l ia ry   coolan t   loop  would be ad jus t ed  
so as t o  minimize the   rad ia l   p ressure   g rad ien t   in   the   modera tor ,   thereby   caus ing  a 
high  pressure  difference  across  the walls of   the  tubes  in   the  counterf low  heat   ex-  
changer. However, a high  pressure  difference  in   this   heat   exchanger   can  probably be 
to le ra ted   because   o f   the   g rea te r   choice   o f   mater ia l s   ava j - lab le  when' neutron  absorp- 
t i o n  and  moderat ing  character is t i -cs   are   not   important .   For   instance,   an  a l lowable 
wall s t r e s s  o f  20,000 p s i   i n  a tube  having a wall thickness  of 0.010 in .   and a 
diameter of 0.1 i n .  would permit a pressure  difference  across   the  tube wall of 4000 
p s i  or 270 atm. 
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A second  advantage o f  the  cool ing  cycle  shown in   F ig .  8 b  i s  t h a t  it may be used 
to   e l iminate   the  presence  of   the  hydrogen  propel lant   in  a port ion  of   the  moderator  
region. The presence  of  hydrogen  coolant  in a moderator is  undesirable  because  of 
the   l a rge   absorp t ion   c ross   sec t ion   of   hydrogen   re la t ive   to   any   of   the   o ther  conven- 
t ional   moderator  materials. For  instance,   according  to  Ref.  1 4  it is  impossible   to  
a t t a i n   c r i t i c a l i t y   i n  a the rma l -neu t ron   cav i ty   r eac to r   fo r   any   fue l   dens i ty  o r  any 
r e a c t o r   s i z e  i f  l igh t   water  is employed as a modcrator-reflector.  The e f fec t   o f   the  
presence  of  hydrogen  coolant  on  macroscopic  moderator  absorption  coefficient is shown 
i n   F i g .  12 f o r  a graphite  moderator. The curves  for  zero  hydrogen  pressure  indicate 
the   abso rp t ion   cha rac t e r i s t i c s   o f   t he   g raph i t e   modera to r  employed. It can be seen 
tha t   f i l l ing   the   coolan t   passages   wi th   h igh-pressure   hydrogen   resu l t s  in s u b s t a n t i a l  
increases  in  macroscopic  absorption  cross  section. For ins tance ,   for  a temperature 
of 1000 R, a hydrogen  pressure  of 1000 atm, and a coolant  passage volume of  1/10 of  
t h e   t o t a l  volume, the  macroscopic   absorpt ion  cross   sect ion i s  increased by a f a c t o r  
of almost  four. The f r ac t iona l   i nc rease   i n   abso rp t ion   coe f f i c i en t  would be even 
g r e a t e r  i f  hydrogen  coolant were used t o   c o o l  a heavy-water  moderator  because  of  the 
low inherent   absorpt ion  coeff ic ient   of   pure  heavy water. Therefore,   in  the  configura- 
t i o n  shown i n   F i g .  8b, it would be d e s i r a b l e   t o  employ as the  coolant   f luid  hel ium, 
l i q u i d  heavy  water,  gaseous  heavy  water, or  gaseous  deuterium. Such a design would 
substant ia l ly   reduce  neutron  absorpt ion i n  a l l  par ts   of   the   msderator   inf luenced by 
th i s   aux i l i a ry   coo lan t  loop .  

Full  Cooling  Using  Auxiliary  Coolant Loop 

Advantages may be gained by removing a l l  of  the  heat  deposited  in  the  moderator 
by an  auxi l iary  coolant   loop as shown in   F ig .   8c   ra ther   than  a por t ion   o f   t h i s   hea t  
deposi t ion as indicated by  Fie;. 8b .  Such a configurat ion  cauld employ a "low- 
temperature"   heat   exchanger   to   t ransfer   heat   to   the pump-exit  flow,  but would require  
a "high-temperature"  hca.t  exchanger t o   t r a n s f e r  hea.t t o   t he   t u rb ine   ex i t   f l ow  and  
raise  the  temperature  of  the  propellant from the  turbine  exi t   temperature   (on  the 
order  of 2000 R )  t o   t he   des i r ed   cav i ty   i n j ec t ion   t empera tu re   (on   t he   o rde r  of 5000 R ) .  
This  high-temperature  heat  exchanger  could be made out   of   mater ia ls   such as graphi te ,  
tungsten,  t a n t a l u m ,  or hafn ium without  regard  to  the  neutron  absorption  characteris-  
t ics   of   these  mater ia . ls .   Al though  the  absolute   temperature   in   this   port ion of  the 
counterflow  heat  exchanger would be high,   the   pressure  difference  across   the walls 
of   th i s   por t ion   o f   the   hea t   exchanger  would be much l e s s   t h a n   t h a t   a c r o s s   t h e  low- 
temperature   heat   exchanger   used  to   t ransfer   energy  to   the pump-exit  flow. If wall 
mater ia l   th icknesses  on the   o rder  of 0.010 i n .  were allowable  in  the  high-temperature 
heat  exchanger,   the  weight  of  the  tubes  in  this  heat  exchanger would be of   the same 
order  as t h e  17,000 lb  estimated  for  the  low-temperature  heat  exchanger  in 
Appendix I V .  

The first advantage t o  be gained by using a f u l l  auxi l ia ry   coolan t  loop r a t h e r  
than a pa r t i a l   aux i l i a ry   coo lan t   l oop  i s  t h a t  hydrogen would be  removed  from a n  
additional  portion  of  the  moderator.   Although  the volume occupied by the  high- 
tempera.ture  portion  of  the  moderator is l e s s   t han   t ha t   occup ied  by the  low-temperature 
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port ion  of   the  moderator  (see Fig.  lo), and  the  macroscopic   absorpt ion  cross   sect ion 
i s  l e s s  (see Fig.  12), the   neutron flux and  hence  the  tendency  to  absorb  neutrons is 
greater near   the   sur face   o f   the   cav i ty   than   near   the   ou ts ide   por t ion   o f   the   modera tor .  

The second  advantage  resul t ing from t h e   u s e   o f t h e   c o n f i g u r a t i o n  shown i n  
Fig.  8c is  t h a t   t h e  problem  of  hydrogen  attack on g raph i t e  a t  high  temperatures would 
be  eliminated  from  the  moderator.   According  to Ref. 15, graph i t e   r eac t s   w i th  hydro- 
gen a t  temperatures  greater  than  approximately 2800 F (3260 R ) .  The use of helium 
as a f lu ' i d   i n   t he   aux i l i a ry   coo lan t   l oop  would r e su l t   i n   min imiz ing   chemica l   a t t ack  
on the  moderator   mater ia l .  

Cycle  with  Outward  Coolant Flow 

Duct configurat ions which w i l l  permit  cooling  of  the  moderator-reflector by 
passage  of  the  coolant  f luid from the   i n s ide   t o   t he   ou t s ide   o f   t he   modera to r  are 
shown i n   F i g .  13. The s t r a igh t   and  wavy duct  passages shown i n   F i g .  13 have the  
same s ignif icance as i n   F i g .  8. One reason  for   the  outward  f low  of   coolant   f luid is  
to  provide  the  lowest  temperatures  near  the  inside  edge of the   modera tor   in   o rder   to  
reduce  the  temperature o f  the  neutrons  in   the  fuel-containment   region.   This  is  de- 
s i r ab le   s ince  a decrease  in  neutron  temperature w i l l  u s u a l l y   r e s u l t   i n  a decrease   in  
t he   fue l   dens i ty   r equ i r ed   fo r   c r i t i ca l i t y .  

Temperature  distributions  determined  for  outward  coolant  passage  f low  are shown 
i n   F i g .  14 f o r  maximum coolant  temperatures  of 3000 and 5000 R. The temperature 
rise in   each  segment was made p ropor t iona l   t o   t he   hea t   depos i t i on   r a t e  shown i n  
Fig.  4 i n  a manner similar t o   t h a t   d e s c r i b e d   i n  a preceding  sect ion.  It can  be  seen 
from Fig.  14 t h a t  it is  poss ib l e   t o  employ  heavy water  near  the  inside  surface of t he  
moderator  for  distances up t o  0.15 and 0.26 f t  (4.6 and 8.0 cm) f o r  maximum coolant 
temperatures  of 5000 and 3000 R, r e spec t ive ly .  Such configurat ions may be superior  
to   those   ind ica ted   in   F ig .  11 because   o f   the   reduct ion   in   neut ron   tempera ture   in   the  
fuel  region  and  because  the  heavy-water  portion  of  the  moderator is  loca ted   c lose   t o  
t h e   f u e l   r e g i o n  where i ts  superior  neutron  moderating  and  absorption  properties have 
t h e   g r e a t e s t   e f f e c t .  However, the  f ract ion  of   the  moderator  which may be  heavy  water 
i s  much l e s s   f o r   t h e   t e m p e r a t u r e   d i s t r i b u t i o n s   i n   F i g .  14 than   for   the   t empera ture  
d i s t r i b u t i o n s   i n   F i g .  11. Deta i led   ana lyses   a re   requi red   to   de te rmine  which  of t hese  
configurations will r e s u l t   i n   t h e   l o w e s t   c r i t i c a l   f u e l  mass. 

Calculat ions  in  a preceding   sec t ion   ind ica te   tha t   the   t empera ture  on the   i n s ide  
surface  of  the  moderator would be r e q u i r e d   t o  have a value  approximately  equal  to 
the  gas  temperature  immediately  within  the  cavity  in  order  to  minimize  convective 
h e a t   t r a n s f e r  from t h e   c a v i t y   t o   t h e  wall. Under these  condi t ions,  a r e l a t i v e l y  
small amount of  heat  flow from th i s   i n s ide   su r f ace   t o   t he   coo lan t   duc t   nea res t   t o  
the   sur face  would be requi red   to   p rovide  a subs tan t ia l   t empera ture   g rad ien t   in   the  
moderator i n   t h i s   r e g i o n .  The extent  of  the  region  of  high  temperature between the  
innermost  coolant  duct  and  the  interface  between  the  moderator  and  cavity would be 
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very small r e l a t i v e   t o  a neutron  mean-free-path in   the  moderator   and would have a 
very small influence on the  temperature   of   the   neutrons  passing  through  this   port ion 
of  the  moderator.  

Cycle with Combined Inward  and Outward Coolant Flow 

The coolant  duct  configurations shown i n   F i g .  15 would permit  cooling o f  t h e  
ou te r   po r t ion  of the  moderator by  inward  coolant  f low  and  the  inner  portion of t h e  
moderator by outward  coolant  flow. The use  of  such  coolant  duct  configurations would 
permit   a t ta inment   of   coolant   temperature   dis t r ibut ions  such as those shown i n   F i g .  16. 
According t o   F i g .  16, the  heavy-water  portion of the  moderator  occupies a large f r ac -  
t i o n  of   the   ou ter  volume of   the  moderator  (at d i s t ances   g rea t e r   t han  0.88 and 0.36 f't 
(27 and 11 cm) f o r  maximum coolant  temperatures  of 5000 and 3000 R, r e spec t ive ly ) .  
Thus the  f ract ion  of   moderator  volume which may be made up of  heavy water is almost 
as g r e a t  as t h a t  shown in   F ig .  11. In  addi t ion,   the   outward  coolant   f low  near   the 
ins ide   por t ion  o f  the  moderator  permits  use  of a r e l a t ive ly   co ld   modera to r   i n   t h i s  
region  and  gives  r ise  t ,o  relatively  cold  neutron  temperatures  in  the  fuel-containment 
region.  Although  these  neutron  temperatures  are  not as low as those which  would 
r e s u l t  from the   coolan t   t empera ture   d i s t r ibu t ions  shown i n   F i g .  14, they  are   sub-  
s tan t ia l ly   lower   than   the   neut ron   tempera ture   d i s t r ibu t ion  which would r e s u l t  from 
the   coolan t   t empera ture   d i s t r ibu t ions  shown i n  Fig.  11. Thus the  coolant  configura- 
t i o n s  shown in   F ig .  1 5  r e t a i n  a major  portion  of  the  advantages  to be gained from 
the  configurat ions shown in   bo th   F igs .  8 and 13. It is a l s o   p o s s i b l e   t o   l i m i t   t h e  
m a x i m u m  temperatures  in  the  heavy-water  region  to somewhat l e s s   t han  1000 R, thereby 
reducing   the   f rac t ion  o f  the  moderator volume devoted   to  heavy water, but a t  t h e  same 
time  causing a greater   reduct ion  in   neutron  temperature .   Detai led  analyses  of t h e  
c r i t i ca l i ty   requi rements   o f   each   of   these   conf igura t ions   a re   requi red   to   de te rmine  
the   conf igura t ion  which will r e s u l t   i n   t h e   l o w e s t   r e q u i r e d   c r i t i c a l  mass. 

DETAILS OF COOLANT FLOW  CHARACTERISTICS 

Coolant Flow Within  Moderator  Interior 

Heat Conduction  Within  Moderator Wall 

The geometry o f  the  coolant  passages  within  the  moderator wall must be chosen 
t o  provide  an  acceptable  temperature  difference  between  the  point  within  the wall 
f u r t h e s t  from the  coolant  passages  and  points  located  on  the  surface of  the  coolant  
passages.   Estimates  of  this  temperature  difference  for a t r i angu la r   a r r ay   o f   coo lan t  
passages were cbtained from the   r e su l t s   o f   t he   ana lys i s  o f  Ref. 16 for   va lues   o f  
coolant  passage volume f r ac t ion ,  Vp , grea te r   t han  0.06. For  values  of Vp l e s s  
than 0.06, the   resu l t s   o f   Ref .  16 were extrapolated  using as a gu ide   t he   r e su l t s   o f  
an   ana lys i s   o f   t he   t empera tu re   d i s t r ibu t ion   i n  a uniformly-heated  c i rcular   cyl inder  
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with  heat  removal  through a duc t   l oca t ed   on   t he   cen te r l ine  of t he   cy l inde r .  In  t h e  
following  discussion it is  e i t h e r  assumed tha t   t he   t empera tu re   g rad ien t   I l l u s t r a t ed  
i n   F i g .  10 is  small compared to   t he   t empera tu re   g rad ien t  
the   coolan t  passages or it is  assumed that t h e   r e s u l t i n g  
can  be combined. It can be shown from Ref. 16 t h a t :  

requi red   to   conduct   hea t   to  
tempera ture   d i s t r ibu t ions  

In   eva lua t ing  Eq. (2) ,   the   fol lowing  value  of   graphi te   conduct ivi ty  from Table  42-11 
of  Ref. 1 5  was employed: 

k m  = 140 BT U = 3.24 X 10-3 
HR- F T ~  (z) SEC- F T ~  (z) BT U 

The r e s u l t s  of ev l u a t i n g  Eq. (2 )   u s ing  a heat   deposi t ion rate p e r   u n i t  volume, Q v ,  
of 10 5 BTU/sec-ft a re   g iven  by the  curves which are read from the   o rd ina te   on   the  
l e f t  s ide   o f   F ig .  17. It can  be  seen from t h i s   f i g u r e   t h a t  small values   of  Vp and 
large  values   of   coolant   passage  diameter   lead  to   extremely  high  indicated  values   of  
temperature   difference.  However, large values  of Vp and small values   of   coolant  
passage   d iameter   l ead   to   re la t ive ly  small va lues   o f   th i s   t empera ture   d i f fe rence ,  The 
permissible   heat   deposi t ion  ra te  is  a l s o  shown i n   F i g .  17 as a funct ion  of  Vp f o r   a n  
assumed permissible  value  of TwM-Tw o f  500 R. 

3 

Because of   the   l a rge  number o f   va r i ab le s  which are cons idered   in   the   ana lys i s   o f  
coolant  duct  geometries, a nominal   design  point   has   been  selected  in   order   to   provide 
a reference  for   choosing  representat ive numbers  from each   theore t ica l   curve .   This  
nominal  design i s  assumed t o  employ coolant  passages  having  diameters  of 0.02 i n .  
and a coolant  passage volume f r a c t i o n   o f  0.05. It i s  a l s o  assumed t h a t   t h e   h e a t  
depos i t i on   r a t e  i s  lo5 BTU/sec-f t3   (approximately  equal   to   that   of   the   reference 
engine of Fig.   2) .   For   the  design  point ,   the   temperature   difference  plot ted i n  
Fig.  17 is approximately 230 R. 

Curves  which  permit ca l cu la t ion  o f  t he   su r f ace   a r ea   o f   t he   i n t e rna l  walls o f  the 
coolant   passages  are   given  in   Fig.  18. This  information is  of  use  because  under some 
condi t ions it is  necessa ry   t o   p ro t ec t   t he  walls of  the  coolant  passages from  chemical 
a t t a c k  by the   p rope l l an t .  It can  be  seen from Fig.  18 that the  coolant  passage sur- 
face area is  approximately  120  times  the  surface area o f   t he   i n t e rna l   cav i ty   fo r   each  
foot  of  moderator  depth  for the nominal  design  point.  According  to  Table  42-11  of 
Ref. 15, graphi te  is  subjec t   to   hydrogen   a t tack  a t  temperatures  above  approximately 
3260 R. Also,   according  to  Fig.  10, the  moderator  temperature is above 3260 R f o r  
dis tances   less   than  approximately 0.3 f t  from t h e   i n t e r n a l  wall of  the  moderator.  
Therefore ,   the   in te rna l   tube   sur face  area which would have t o  be protected from 
hydrogen  attack would be  approximately 36 times t h e   i n t e r n a l   s u r f a c e  area of the 
moderator  cavity  for  the  nominal  design  point.  
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The ef fec t   o f   coolan t  passage volume f r ac t ion   on   t he  number of  coolant  passages 
pe r   un i t   su r f ace  area is shown i n   F i g .  19. It w i l l  be shown i n  a following  sub- 
sec t ion   tha t   the   requi red   s lope   o f   the   coolan t   passages ,  A d / A X  , f o r   t h e  nominal 
design  point is approximately 2.9. (The tern t'slopet' i s  used  although A,f/AX i s  
ac tua l ly   equa l   t o   t he   cosecan t   o f   t he  angle between  the  passage  center l ine  and  the 
cavi ty   sur face .  ) For this   condi t ion,   approximately 8100 coolant  passages would be 
required per square  foot  of  moderator  surface area or  approximately 56 coolant  pas- 
sages per  square  inch  of  moderator  surface area. 

Heat Transfer from Coolant  Passage Wall t o   P r o p e l l a n t  
". " . 

"""""_ Dif fe ren t i a l   Re la t ions  

The heat removed from t h e  wall of   the  coolant   passages  in   depth AX p e r   u n i t  
area A s  due to   t he   d i f f e rence  between the  temperature  of  the  coolant  passage wall 
and  the  average  local  temperature  of  the  propellant is given by the  following con- 
vent ional   equat ion  involving  the film c o e f f i c i e n t :  

The in t e rna l   su r f ace  area of  the  coolant  passage walls in   the  preceding  expression 
i s  : 

According t o   p .  168 of  Ref. 17, t he   f i lm   coe f f i c i en t  is  given by the  following 
equation: 

h = 0.023 - k Red0" Pr"3 
d 

The def in i t ion   o f   hea t   depos i t ion  rate pe r   un i t  volume i s  as follows: 

Q, = - AQ 
Ax 

Equations ( 4 )  through (7) have  been  combined using  the  expressions which def ine   the  
coolant  passage volume f r ac t ion ,  V p  , and  the number of   tubes   per   un i t   sur face   a rea ,  
N , to   y ie ld   the   fo l lowing   express ion  for Reynolds number within  the  coolant  passages.  
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Red = Q V  
0.0507. 

Equation (8)  has  been  evaluated  and  plotted i n   F i g .  20 using  the  fol lowing  values   of  
hydrogen  properties  determined  for a representa t ive  gas temperature of 4000 R: 

C p  4.2 B T U / L B  OR 

p = 2.24 X  IO-^ LBISEC-FT 

Pr = 0.65 

k = 14.5 x BTU/SEC-FT-OR (12) 

For  the  nominal  design  point,  the  Reynolds number is  approximately 16,000. Maximum 
values  of Qv for a temperature  difference, TwM - TW , of  500 deg (see Fig.  17) are 
noted  in   Fig.  20 by c i r c u l a r  symbols. The c ross  symbols i n   F i g .  20 are   used  to   de-  
note a Reynolds number of 5000 which is  the  approximate minimum Reynolds number f o r  
which Eq. ( 6 )  i s  v a l i d  ( i . e .  , the  approximate minimum Reynolds number f o r   t u r b u l e n t  
f low).  

The heat  which i s  t r ans fe r r ed  from the  coolant  passage wall t o   t h e   p r o p e l l a n t  
i s  re la ted   to   the   p rope l lan t   f low as follows: 

AQ = W Cp AT, 
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where 

W = p V $ d 2 N  

The fo l lowing   express ion   for   the   s lope  of the  coolant  passages  can be obtained by 
combining  Eqs. (7 ) ,  (8), (13), (14), and   t he   de f in i t i on  of Reynolds number: 

The s lope o f  the  coolant  passages as determined  from Eq. ( 1 5 )  is p l o t t e d  in Fig.  21 
f o r   t h e  same condi t ions employed i n   F i g .  20. I n   a d d i t i o n ,  a value  of  aTc/AX of  
6000 R / f t  was se l ec t ed   on   t he   bas i s   o f   t he   r e su l t s  shown i n   F i g .  10. It can  be  seen 
from Fig.  21 that the  required  coolant   passage  s lope is approximately 2.9 for t he  
nominal  design  point  noted  in  preceding  paragraphs.  Both t h e  Reynolds number and 
the  slope of   the  coolant   passages are independent o f  t he   p re s su re   l eve l   o f   t he  
propel lan t .  

The veloci ty   within  the  coolant   passages may be determined from t h e   d e f i n i t i o n  
of  Reynolds number and  from Eq. (8) as follows: 

dl.5 p,5/6 1.25 
V =  Q V  

0.0507 p p 

Equation (16) i s  p lo t t ed   i n   F ig .   22 .  It can be seen from Fig.  22 t h a t   t h e   v e l o c i t y  
in   the   coolan t   passage  is approximately 320 f t / s e c   f o r   t h e  nominal  design  point 
noted  in  preceding  paragraphs. 

The dynamic pressure o f  the  f low  in   the  coolant   passages  can  be  obtained from 
the   ve loc i ty   g iven  by Eq. (16). 

Values b f  dynamic pressure  determined  from Eq. (17) are g iven   i n   F ig .  23. It can  be 
seen from Fig .   23   tha t   the  dynamic pressure is  approximately 0.57 atm for   the  nominal  
design  point   d iscussed i n  preceding  paragraphs. 
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According t o  p.  127' of  Ref. 17, 

Also,   according  to p.  l l 9  of  Ref. 17, fo r   t u rbu len t   f l ow  in  smooth pipes, 

Combining Eqs. ( l 5 ) ,  (17), (18), and (19) y i e l d s  

A P  d3 Pr7'3 
" 

AX - 0.00257 9 p p o . 5 0 ( T w - T c ) 3 * 5  

Equation  (20) i s  p l o t t e d   i n   F i g .  24 f o r   t h e  same condi t ions   no ted   in   F igs .  20 
through  23. It can be seen from Fig.  24 tha t   t he   p re s su re   g rad ien t   no rma l   t o   t he  
wall i s  approximately 25 atm/ft for   the  nominal   design  point   noted  in   preceding 
paragraphs.   Figs.  22, 23, and 24 were obtained on the   bas i s   o f  a hydrogen  pressure 
of  1000 atrn (dens i ty  at a temperature  of 4000 R of   0 .69  lb/f t3) .  It can be seen 
from Eqs. (16), (17), and  (20)   tha t   ve loc i ty ,  dynamic pressure,   and  pressure  gradient 
a r e  a l l  inverse ly   p ropor t iona l   to   dens i ty  ( o r  pressure a t  a given  value  of  temperature).  
Therefore ,   the   quant i t ies   given  in   Figs .  22, 23, and 24 a r e   i n v e r s e l y   p r o p o r t i o n a l   t o  
pressure f o r  values   of   pressure  other   than 1000 atrn. 

The moderator  pressure  gradient  for a value  of Q v  of  lo5 BTU/sec-ft3 is  given 
i n   F i g .  25 as a function D f  coolant  passage volume f r a c t i o n   f o r   t h r e e   d i f f e r e n t  
coolant   passage  diameters   and  for   three  different   values   of   temperature   difference 
between the  coolant  passage wall and  the  propel lant .  

As noted on Figs .  20 through 25, a l l  c a l c u l a t i o n s  were made on   the   bas i s   o f  a 
gas  temperature, Tc , of  4000 R .  The e f f ec t   o f   changes   i n   t h i s   gas   t empera tu re   on  
pressure  gradient  can be determined from  Eq. (20).  Assume that the  fol lowing  are  
f ixed :  d , Vp , Qv , Tw-Tc , Pr , and C p .  If the   a t t enua t ion   cons t an t   fo r   ene rgy  
deposi t ion by neutrons  and gamma rays i s  a l so   f i xed   ( s ee   F ig .  3),  

" TC AX 
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Also assume t h a t :  

If Eqs. (21) and (22) are substi tuted i n  Q. ( 2 0 ) ,  it can be shown t h a t  

Thus, if the  nominal  design  point  had  been  evaluated for a temperature o f  6000 R 
r a the r   t han  a temperature  of 4000 R, the   p ressure   g rad ien ts  would  have been 1.93 
times the   p re s su re   g rad ien t s   i nd ica t ed   i n   F igs .  24 and 25. 

"_""" In tegra ted   Resul t s  

It is  now o f   i n t e r e s t   t o   i n t e g r a t e   t h e   e x p r e s s i o n  for pressure  gradient   given 
by Eq.  (20)  t o  determine  the  pressure  drop  through a given  port ion  of   the  moderator-  
r e f l e c t o r   f o r   t h e   c a s e  o f  inward  coolant  flow (see Figs .  8, 10, and 11). It i s  
assumed tha t   t he   fo l lowing  are cons tan t   in   per forming   th i s   in tegra t ion :  d , N , 
Tw -Tc  , C p  , and Pr. It is also assumed tha t   t he   hea t   depos i t i on  rate,  Q v  , falls 
off   logari thmical ly   with  the  dis tance from the  surface  of  the  moderator (see Fig.  3 j .  

The loca l   hea t   depos i t i on  rate must  be e q u a l   t o   t h e  rate a t  which heat  i s  c a r r i e d  
away by the coolant .  If t h e  coo.hnt  flow rate and   spec i f ic   hea t   a re   cons tan t ,  if 
discont inui t ies   in   temperature   such as those due t o  t h e  turbopump cycle  (see Fig.  10) 
are neglected,  and i f  Tc = 0 when hea t  flux i s  zero,   then 

and 

A T c  /AX - 1  
" 

( Ar,/Ax ), eax 
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A sketch showing t h e   v a r i a t i o n  of  heat   deposi t ion rate and  temperature  with  distance 
through  the  moderator  according  to  these  assumptions is given on t h e   t o p  of Fig.  26. 
Also assume t h a t  

If Eqs. (24 )   t h rough   (28 )   a r e   subs t i t u t ed   i n  Eq.  (15) ,  it can be shown t h a t  

Since  the  slope  of  the  coolant  passage, Ad/AX , must  be grea te r   than   un i ty ,   the  
assumptions employed to  develop  the  preceding  equations are v a l i d   o n l y   f o r  a l i m i t e d  
dis tance  into  the  moderator .  If, f o r  example, ( A 1  / A x ) ,  , is  assumed t o  be 2 .9   ( the  
value  for   the nominal  design  condition),   the  l imiting  dimensionless  distance aX f o r  
which the   ana lys i s  is v a l i d  i s  1.25. However, a t  th i s   po in t   bo th   the   hea t   depos i t ion  
rate  and  the  temperature have fa l len   to   approximate ly  29 percent o f  t h e i r   v a l u e s  a t  
S ta t ion  1. 

Subs t i t u t ion  o f  Eqs. (24)  through (29) i n  Eq. (20)  y i e l d s  

Ap/Ax I 
( A p / A x ) ,  - e 2 Q X  

This  equation may be in t eg ra t ed   t o   ob ta in  

(dP/dx),  
P - P I  = 

I 

2 a  ( I -  F)  
The preceding  equation i s  p lo t t ed   i n   t he   l ower   po r t ion   o f   F ig .  26. If t h e  

at tenuat ion  parameter  a is  assumed t o  be 1 . 5  f t- l ,  the  pressure  drop  through  the 
moderator is always  less  than  one-third  of  the  pressure  gradient  (measured  in atm/ft) 
such as the  values  o f  p re s su re   g rad ien t   p lo t t ed   i n   F igs .  24 and  25.  Therefore,  the 
pressure  drop for t he  nominal design  point   d iscussed  in   preceding  sect ions is approxi- 
mately 8 atm. Values o f  pressure  drop  of  this  order  of  magnitude  can be obta ined   for  
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heat   deposi t ion rates cons iderably   g rea te r   than  lo5 BTU/sec-ft3 i f  the   coolan t  
passage volume f r a c t i o n  is inc reased   o r  i f  the  coolant  passage  diameter is  decreased 
from t h e  nominal  design  values. A d e t a i l e d   s t r u c t u r a l   a n a l y s i s  is  r e q u i r e d   t o   d e t e r -  
mine the  permissible  pressure  drop  within  the  moderator.  

_""" Effect  of Change-of " Coolant " F l u i d  " 

Although  hydrogen is  the  moderator   coolant   f luid  normally  considered  in   gaseous 
nuclear  rockets,  it nay  be  desirable   to  employ a l te rna t ive   coolan t   f lu ids   such  as 
deuterium, water, heavy  water,  helium,  methane,  and ammonia for   reasons  which are 
d i scussed   i n  Appendix I1 and   i n   t he   s ec t ion   en t i t l ed  MODERATOR COOLANT FLOW CYCLFS. 
Subs t i t u t ion  of a n   a l t e r n a t i v e   c o o l a n t   f o r  hydrogen  changes  only  the  heat  transfer 
charac te r i s t ics   wi th in   the   coolan t   passage ,   and   has  no e f f e c t  on heat  conduction 
within  the  moderator wall ( see   F igs .  17 through 19). The h e a t   t r a n s f e r  from t h e  
coolant  passage wall t o   t h e   p r o p e l l a n t  i s  governed  by the   p rope r t i e s  of the  coolant  
f lu id ,   the   hea t   depos i t ion   ra te   per   un i t  volume, Qv , the  diameter  of  the  coolant 
passage, d , the  temperature  difference  between  the wall and  the  coolant,  TW- TC , 
and  the  coolant  passage volume f rac t ion ,  Vp.  

Resul ts  from  Ref. 12 of   s tud ies   o f   the   p roper t ies   o f   var ious   coolan t   f lu ids   a re  
given  in   Table  111. Note t h a t   t h e   p r o p e r t i e s   f o r  hydrogen a r e   s l i g h t l y   d i f f e r e n t  
than  those  given by Eqs. ( 9 )  through (12) and which are  noted as the   re fe rence  
properties  of  hydrogen. The r a t io   o f   t he   dens i ty ,   spec i f i c   hea t ,   v i scos i ty ,   and  
Prandt l  number f o r  each  of   the  coolant   f luids   to   the  corresponding  reference  values  
f o r  hydrogen are a l s o  shown i n  Table 111. It should be noted   tha t  a l l  data shown 
are for  the  pure  gas  with no cor rec t ion   for   any   d i ssoc ia t ion  which may occur a t  t h e  
temperature  and  pressure  considered. 

The Reynolds number of  the  flow  within  the  moderator  coolant  passages is given 
by Eq. ( 8 )  in   the   p receding   sec t ion .  It can be seen by examination o f  Eq .  ( 8 )  t h a t  
a change i n   f l u i d   p r o p e r t i e s   f o r   f i x e d   v a l u e s   o f  Q v  , d , Vp , and T, - T, would 
r e s u l t   i n   t h e   f o l l o w i n g   e f f e c t  on  Reynolds number: 

The resu l t s   o f   eva lua t ing  Eq. ( 3 2 )  u s i n g   t h e   r a t i o s   o f   f l u i d   p r o p e r t i e s  from  Table I11 
are given  in   the  second column of  Table I V .  It can be seen from  Table I V  t h a t   t h e  
Reynolds number fo r   coo lan t   f l u ids   o the r   t han  hydrogen are grea te r   than   those   for  
hydrogen. The f ac to r s   no ted   i n   t h i s   t ab l e   can   be  employed with  the  Reynolds numbers 
noted  in   Fig.  20 to  determine  absolute  Reynolds numbers f o r  a wide va r i e ty   o f  
condi t ions.  

The procedure employed t o  determine  the  effect  of  changes i n   c o o l a n t   f l u i d  on 
passage  Reynolds number were a l s o  employed t o  determine  the  effect   of   changes  in  
c o o l a n t   f l u i d  on t h e  sxope  of  the  coolant  passages, A.d/AX , t h e   v e l o c i t y   i n   t h e  

23 



coolant  passages, V , t h e  dynamic p res su re   i n  the coolant  passages, q , and  the  pres- 
sure  gradient  within  the  coolant  passages,  AP/AX . These r e l a t i o n s  were obtained 
from Eqs. (15), (16), (17), and (20) and are g i v e n   i n   t h e  last fou r  columns o f  
Table I V .  Absolute   values   of   these  quant i t ies   can be obtained  by  applying  the  cor- 
r ec t ions  shown in   " ab le  I V  t o   t h e   c u r v e s  shown i n   F i g s .  21 through  25. 

Since  the  pressure  drop  across.  any port ion  of   the  moderator  is r e l a t e d   t o   t h e  
pressure  gradient   within  these passages, the   p re s su re   g rad ien t   r a t io s  shown i n   t h e  
last c o l m n  of  Table I V  a l s o   i n d i c a t e   t h e   d i f f e r e n c e   i n   p r e s s u r e   d r o p  when alterna- 
t i v e   c o o l a n t   f l u i d s  are subst i tuted  for   hydrogen.   Although  the  pressure  gradient  
and,   hence,   the   pressure  drop  are   greater  when a l t e r n a t i v e   c o o l a n t   f l u i d s  are employed, 
it may be  possible   to  change the  geometry  of   the  coolant   passages  in   order   to   minimize 
t h e  change in   p ressure   d rop   resu l t ing  from the   use   o f   a l te rna t ive   coolan t   f lu ids .   For  
instance,  i f  helium were employed r a t h e r   t h a n  hydrogen, the  tendency  to   neutron 
poisoning  in  the  moderator  and  the  tendency  toward  chemical  at tack  on  the  moderator 
walls would be  reduced.  Therefore, it would be   poss ib le   to  employ much l a rge r   coo lan t  
passage volume f rac t ions   and  smaller coolant  passage  diameters  using  helium as a cool- 
an t   f l u id   t han   t hose  which would be  chosen  using  hydrogen as a coo lan t   f l u id .  Accord- 
i n g   t o  Eq. ( 2 0 ) ,  e i t h e r  a reduct ion  in   coolant   passage  diameter   or   an  increase  in  
coolant  passage volume f r a c t i o n  would r e s u l t   i n  a subs t an t i a l   r educ t ion   i n   coo lan t  
passage  pressure  gradient normal t o   t h e  wall, thereby  compensating  for  the  change  in 
p rope r t i e s  between these  coolant f l u i d s .  

A s  noted  in  a preceding  paragraph,  the data i n  Table I11 and,  hence,  the data 
i n  Table IV,  were determined on the   bas i s   o f  no d i s soc ia t ion   o f   t he   coo lan t   f l u ids .  
According t o  Ref. 12, this   assumption is  v a l i d   f o r  a l l  o f   t he   coo lan t   f l u ids  shown 
except  methane. A t  4000 R, methane undergoes  considerable   dissociat ion which r e s u l t s  
i n   t he   fo rma t ion   o f   subs t an t i a l   f ac t ions   o f   so l id   g raph i t e .   Th i s   fo rma t ion  of s o l i d  
graphi te ,   and   the   resu l t ing   t endency   to   c log   coolan t   duc ts ,   could  be avoided  by  using 
a mixture  of  carbon  to  hydrogen  with a weight r a t i o   o f  0.73. The resu l t ing   mix ture  
would have p rope r t i e s  midway between those  for  hydrogen  and  those  for methane shown 
in  Tables  I11 and I V .  Use of  such a. mixture would el iminate   the  tendency  for   propel-  
l a n t   a t t a c k  on graphi te  a t  4500 R, b u t  would not  el iminate  this  tendency  for  tempera- 
t u re s   l e s s   t han   and   g rea t e r   t han  4500 R .  The r e l a t ive   va lues   o f   p rope r t i e s   fo r  
methane  and  hydrogen shown i n  Tables I11 and I V  a r e   va l id   fo r   t empera tu res  below 
2000 R where the   d i ssoc ia t ion   of  methane is small. 

Coolant Flow Near Moderator  Surface 

The heat  flux which can be conducted awaj r  from the  inside  surface  of  the  moderator 
wall i s  propor t iona l   to   the   d i f fe rence  between t h e   c a v i t y  wall temperature, T,, , and 
the  temperature o f  the wall of  the  coolant  duct,  T, (see  Fig.  6 ) .  Thus 
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In   the   ca lcu la t ions   d i scussed   in   the   fo l lowing   paragraphs  it is  assumed that t h e  
in te rna l   conduct iv i ty   o f   the  wall material is given  by Eq. (3) .  The e f f ec t ive   t h i ck -  
ness  of  the  coolant  passage wall (X, i n  Eq. (33))  may be made t o  be very small i f  
Some form of t r ansp i r a t ion   coo l ing  is  employed ( i . e . ,  i f  the  average  dis tance from 
the  moderator  surface  to  the  nearest   pore of the  porous wall is extremely small). 
However, i n  some forms of gaseous  nuclear  rocket  engines it is d e s i r a b l e   t o   i n j e c t  
t h e   f l u i d  coming in to   t he   cav i ty   w i th  a v e l o c i t y  which is  much greater t h a n   t h a t  ob- 
ta inable   through  the  pores   associated  with  t ranspirat ion  cool ing.   Therefore ,  if 
t r ansp i r a t ion   coo l ing  is not employed, the   hea t  flux may be l imi t ed  by the  minimum 
permiss ib le   th ickness   o f   the   s t ruc tura l  wall. For the   fo l lowing   ca lcu la t ions  it is  
assumed t h a t   t h e  minimum thickness  of t h e  wall is  0.002 ft  (approximately 0.02 i n .  ). 

If the  moderator   cool ing  f luid  passes   radial ly   inward  through  the  moderator  
s t ruc ture   ( such  as ind ica t ed   i n   F ig .  8) ,  it is desirable  to  minimize  the  temperature 
difference between the  wall and  the   cool ing   f lu id   in   o rder   to  maximize the  tempera- 
t u re   o f   t he   p rope l l an t   i n j ec t ed   i n to   t he   cav i ty .  If the  corresponding  temperature 
d i f fe rence   in   th ickness  X w  i s  assumed t o  be 200 R, then  the maximum hea t   t ransfer   per  
un i t   a r ea   acco rd ing   t o  Eq. ( 33) is  equal   to :  

This   heat   f lux is equal t o  l e s s   t h a n  0.5 percent  of  the  heat  f low normal t o   t h e  wall 
due to  neutrons  and gamma rays.  The neutron a n d  gamma ray  energy  deposi ted  in  a 
thickness  of 0.002 f t  would be approximately 230 BTU/sec-ft2.  Therefore,  the t o t a l  
t empera ture   d i f fe rence   across   th i s   th ickness   o f  0.002 f t  would have t o  be somewhat 
g rea t e r   t han  200 R t o  pe rmi t   t r ans fe r   t o   t he  wall of  the  coolant  tube o f  both  the 
heat   deposi ted  on  the  internal   surface  of   the  cavi ty   (see  Table  11) and  the  heat 
deposited  immediately  inside  of  the  surface.  The ve loc i t i e s   i n   t he   coo lan t   t ube  or 
the  temperature  difference between the  coolant  tube wall and  the  coolant   f luid would 
have t o  be inc reased   r e l a t ive   t o   t he   va lues  which were calculated  for   neutron  and 
gamma hea t ing   a lone   t o   ob ta in   t he   add i t iona l   hea t   t r ans fe r   capac i ty   r equ i r ed  t o  r e -  
move the  heat   deposi ted on t h e   i n t e r n a l   c a v i t y   s u r f a c e .  

The h e a t   t r a n s f e r  rate from t h e   i n t e r n a l   c a v i t y  wall by conduction  given  by 
Eq. (34)  may be smaller than   the   hea t   depos i t ion  rate on  the  surface  of  the  moderator 
from various  sources  (see  Table 11). In  such  instances,  i t  may be necessary  to   ob-  
ta in   increased   cool ing  by e s t a b l i s h i n g  a larger   temperature   difference.   This   can be 
accomplished by duc t ing   the   coolan t   f lu id   to   thc   por t ion   o f   the   modera tor   near   the  
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cavi ty   sur face   before  it is employed to   cool   the  remaining  port ion  of   the  moderator  
s t ruc tu re   ( s ee   F igs .  13 and 15). I n  such  an  instance it might  be  possible t o  employ 
a temperature  difference  of 2000 R i n  a d is tance  equal t o   t h e   t h i c k n e s s  X w  . Under 
such  circumstances,  the  heat  removal rate accord ing   t o  Eq. (33) would be: 

= 3.24 x I C 3  (-) = 3240 BT U 
S E C - F T ~  (35)  

Such a heat  removal  rate by  conduction is  probably  suff ic ient   to   cause  removal   of  
the   hea t   depos i ted   on   the   in te rna l   cav i ty   sur face  i f  a magnetic f i e l d  is employed t o  
reduce  beta  particle  heating  (see  Table 11). An i nc rease   i n   coo lan t   ve loc i ty   o r  tem- 
perature  difference  between  the  moderator wall and   the   coolan t   f lu id  would  be requi red  
t o  cause   t ransfer   o f   th i s   energy   to   the   coolan t   f lu id .  A s  noted   in  a preceding  para- 
graph, if the   hea t   t r ans fe r  rate by conduction  given  by Eq. (35) is  i n s u f f i c i e n t   t o  
provide  acceptable wall cool ing,   the   only  remaining  solut ion i s  to   e f f ec t ive ly   r educe  
the  dis tance  over  which the   hea t  must  be  conducted,  possibly by t h e  employment  of 
t ranspi ra t ion   cool ing .  
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LIST OF SYMEOLS 

CP 

d 

f 

HEXIT 

HW 

I 

IO 

I S P  

k 

km 

e 

E x t i n c t i o n   c o e f f i c i e n t   f o r   t h e r m a l   r a d i a t i o n ,  cm- 

Surface area of i n t e r n a l  wall of  moderator-reflector,  ft2 

Surface  area o f  coolant   passages  in  wall thickness  X , ft 
Par t ic le   ex t inc t ion   parameter ,  ern2/- 

1 

2 

Ratio o f  thrust   to   thrust   calculated  assuming  complete   conversion 
of   thermal   energy  to   veloci ty   energy 

Spec i f ic   hea t  o f  coolant,  BTu/lb-deg R 

Diameter of  coolant  passage,  in.  o r  ft 

F r i c t i o n   f a c t o r   ( s e e  Eq. ( 19 ) )  

Acceleration due to   g rav i ty ,   32 .2   f t / sec  

F i lm  coef f ic ien t   ( see  Eqs.  ( 4 )  and ( 6 ) ) ,  BTU/sec-ft2-deg R 

2 

Enthalpy, B?U/lb 

Enthalpy  of  gases  passing  through  nozzle  of  gaseous  nuclear 
rocket,  BTU/lb 

Enthalpy  of   gases   injected  into  react ion chamber of  gaseous 
nuclear  rocket,  BTU/lb 

Thermal radiation  passing  through  seeded  hydrogen  layer, 
BTU/sec-ft 2 

Thermal radiation  incident  on  seeded  hydrogen  layer,  BTU/sec-ft 2 

Spec i f   i c  impulse,  sec 

Thermal conduct ivi ty   of   coolant ,  BTU/sec-ft -(deg R / f t )  2 

Thermal conduct ivi ty  of  moderator,  BW/hr-ft*-(  deg  R/in. ) o r  
BTU/sec-ft2-(  deg  R/ft ) 

Length  of  nozzle  passages  (see  Fig. 18), i n .  
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LIST OF SDUDLS (cont  ‘d) 

N 

P 

A P  

pH 

Pr 

9 

AQ 

(%)CONVECTION 

Q V  

r 

Red 

st 

T 

TC 

TGAS 

T W  

TWC 

Twh4 

M b e r  of coolant passages divided by surface area A S ,  f%’2 

Pressure, atm 

Pressure drop of coolan t   in   th ickness  A X ,  l b / f t  o r  atm 2 

Hjrdrogen pressure,  atm 

Prandt l  number, C p  p / k  

Dynamic pressure  of   propel lant   in   coolant   passages,   lb / f t2  
or atm 

Heat depos i t ion   in   modera tor   in   th ickness  A X  per   un i t  area, As, 
m / s e c - f t  2 

Heat f lux  through wall of   ins ide   sur face   o f   cav i ty  due t o  
thermal  conduction  (see Eq. (33)) ,  BmT/sec-ft 2 

Heat flux convected  to  wall from gases  within  cavity,  
( s ee  Eq.  (l)), EilW/sec-ft2 

Heat depos i t ion   ra te   in   modera tor - re f lec tor ,  BTU/sec-ft3 

Radial   d is tance from engine  center l ine,  ft  

Reynolds number based on diameter  of  coolant  passage, p V d  / p  

Stanton number ( s e e  EQ. ( 1) ) 

Temperature, dcg R 

Coolant  temperature,  deg R 

Temperature o f  hydrogen a t  outside  edge  of boundary l aye r  
wi th in   cav i ty   ( see   F ig .  6 ) ,  deg R 

Temperature o f  wall o f  coolant  passage, deg R 

Temperature o f  i n s ide  wall of   cav i ty  (see Fig. 6) ,  deg R 

M a x i m u m  temperature  of  moderator wall in   r eg ion  between coolant  
passages (see Fig.  17), deg R 
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LIST OF SYMEOLS (cont  'd )  

V 

VO 

VP 

W 

WF 

WH 

X 

AX 

2 

a 

Veloci ty  of propel lant   in   coolant   passages,  ft/sec 

Hydrogen v e l o c i t y  a t  outs ide edge of boundary layer, f t / s e c  

Moderator volume fraction--volume of coolant  passages  divided 
by to t a l   modera to r  volume 

Weight flow  of  propellant  divided  by  moderator area AS , 
lb / sec- f t2  

Fuel  flow,  lb/sec 

Hydrogen flow,  lb/sec 

Distance from inside  surface o f  cavi ty ,  ft 

Thickness  of  moderator wall i n  which heat   deposi t ion rate i s  
approximately  constant,  f t  

Thickness of seeded  hydrogen  layer, cm or i n .  

Distance  from  surface o f  moderator to   nearest   coolant   passage 
(see Fig.  6 ) ,  f t  

Dis tance   a long   f izz le r   rocke t   ( see   F ig .  27), a r b i t r a r y   u n i t s  

Attenuation  consta.nt   f3r  energy  deposit ion  (see Eq.  (24)), f t - l  

Coolant   viscosi ty ,  l b / s e c - f t  

Coola.nt density,  l b / f t  3 

Average dens i ty   o f   nuc lear   fue l ,   lb / f t  3 

Wdrogen  densi ty ,   lb / f t  3 

Average  hydrogen  density i n   f i z z l e r   r o c k e t ,   l b / f t 3  

Density of hydrogen a t  outs ide  edge of  boundary  layer  within 
ca.vi ty ,   lb / f t3  

Densi ty   of   seed material, l b / f t 3  
PS 
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Subscr ip ts  

( 1, 

( )Pe 

( !pi 

( )REF 

LIST OF fXMBOLS (cont  'd) 

Ins ide   sur face  of  moderator-ref lector  

Pump e x i t  

Pump i n l e t  

Quantit ies  determined from prope r t i e s  of hydrogen  given by 
Eqs. ( 9 )  through (12) 

Turbine  exi t  

Turb ine   in le t  
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APPENDIX I 

CHARACTERISTICS OF FIZZLFR R O W T  

One o f   t he  earliest proposed form o f  gaseous  nuclear  rocket  engine is  t h e   f i z z l e r  
rocket  (see  Refs.  4 and 18) i n  which t h e   r a t i o   o f   f u e l   d e n s i t y   t o   p r o p e l l a n t   d e n s i t y  
i s  independent o'f pos i t ion   wi th in   the   engine .  A s e r i e s  of ca l cu la t ions  was made t o  
determine  the fuel loss rate from  such a rocket  engine t o  provide a standard of com- 
par ison for more advanced  gaseous  nuclear  rocket  concepts. 

The v a r i a t i o n  o f  hydrogen  propert ies   with  dis tance  in  a f i zz l e r   nuc lea r   rocke t  
f o r  a hydrogen  pressure  of 500 a t m  is  g iven   i n   F ig .  3. The ca lcu la t ions  were made 
using a stepwise  procedure  in which the   en tha lpy  rise pe r   un i t   l eng th  was made pro- 
por t iona l   to   the   loca l   hydrogen   dens i ty   (equiva len t   to   assumpt ion   of   cons tan t   neut ron  
f lux)   us ing  a cons tan t   in te rva l   in   t empera ture   o f  1000 R and   an   in i t ia l   t empera ture  
of 4000 R .  The var ia t ions  of   hydrogen  enthalpy  and  densi ty   with  temperature  were  ob- 
t a i n e d  from Ref. 7. The distance  represented by the   ho r i zon ta l   s ca l e   i n   F ig .  27 i s  
p ropor t iona l   t o   t he  hydrogen  flow rate   and  inversely  proport ional   to   the  neutron  f lux 
within  the  engine.  

Values of  hydrogen  enthalpy  corresponding  to  values  of  hydrogen  specific  impulse 
of 1500 and 2500 sec  are  noted i n  the  upper   plot   of   Fig.  27.  These en tha lp i e s  were 
determined on the basis o f  a nozz le   th rus t   coef f ic ien t  3f 0.80 (def ined as t h e   a c t u a l  
th rus t   d iv ided  by t h e   t h r u s t   t h e o r e t i c a l l y   a t t a i n a b l e  by expansion  of  the  hydrogen 
through a per fec t   nozz le   to   zero   s ta t ic   p ressure)   and  by neglect ing  the  effect   of   the  
presence  of  the  nuclear  fuel on specif ic   impulse.  It can be seen from the  lower  plot  
i n   F i g .  27 that   the   average hydrogen densi ty  from Z = 0 t o  a n y   a x i a l   s t a t i o n  i s  
g rea t e r   t han   t he   l oca l  hydrogen densi ty .  The r a t i o  o f  these two d e n s i t i e s  i s  1 . 5 1  
and  2.06 for   dis tances   corresponding  to   enthalpies   associated  with  values  o f  s p e c i f i c  
impulse  of 1500 and 2500 sec ,   respec t ive ly .  These r a t i o s  were assumed t o  be inde- 
pendent  of  pressure a t  a. given  temperature  for  pressures  of 100 and 1000 atm i n  per -  
forming ca lcu la t ions   d i scussed  i n  a following  paragraph. 

The rat io   of   hydragen  f low  to   fuel   f low  in  a f i z z l e r   r o c k e t  is equal   to   the  
ra t io   o f   average   hydrogen   dens i ty   to   the   average   fue l   dens i ty   requi red   for   c r i t i ca l i ty .  
It was assumed that   the   average f u e l  d e n s i t y   f o r   c r i t i c a l i t y  was given by t h e   r e s u l t s  
of  Ref. 19 which  were calculated  on  the  basis  of  plutonium  fuel,  a neutron  temperature 
of  1500 K, and a homogenous beryllium  oxide  moderator  occupying  approximately 40 per- 
c e n t   o f   t h e   t o t a l   r e a c t o r  volume. The f u e l  was assumed t o  be uniformly  dis t r ibuted 
throughout  the  remaining  reactor volume and  the  reactor  was assumed t o  be c y l i n d r i c a l  
i n  shape w i t h  a l eng th   equa l   t o  i ts  diameter. The r e su l t i ng   r equ i r ed   ave rage   fue l  
d e n s i t i e s  i n  nonmoderator regions were 0.035, 0.011, and 0.003 l b / f t  3 f o r  r e a c t o r  
diameters  of 10, 20, and 5 0  ft, re spec t ive ly .  
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Ratios  of  hydrogen  f low  to fuel flow  determined  from  the  results shown i n  
Fig.  27 and   t he   c r i t i ca l i t y   r equ i r emen t s   o f  Ref. 19 are g iven   i n   F ig .  28. As noted 
i n  a preceding  paragraph,  the  values of specific  impulse  noted  on  the  curves were 
no t   co r rec t ed   fo r   t he   e f f ec t   o f   t he   p re sence   o f   t he   nuc lea r   fue l .  It can be seen 
from Fig.  28 t h a t   h i g h   v a l u e s   o f   t h e   r a t i o  o f  hydrogen  flow t o  fuel flow  can  be  ob- 
ta ined   on ly   for   very   l a rge   engines   opera t ing  a t  h igh   pressures .  As n o t e d   i n  a pre- 
ceding  paragraph,  these  relative  f low rates serve as a standard  of  comparison  for 
more advanced  gaseous  nuclear  rocket  concepts. 
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APPENDIX I1 

EFFECT OF CHOICE OF PROPELLANT ON SPECIFIC IMFULSE 
OF GASEOUS NUCLEAR ROCKETS 

The specif ic   impulse  of  a rocket  engine i s  a funct ion  of   the  enthalpy o f  t h e  
gases  passing  through  the  exhaust  nozzle  of  the  engine.   In a gascous  nuciear  rocket 
engine,  approximately 10 percent   of   the   total   energy  produced is  depos i t ed   i n   t he  
moderator walls (see  Table I and  corresponding  discussion  in   text) .  If the  propel-  
l a n t  is  employed to   cool   the  moderator  walls before it i s  in jec ted   in to   the   engine  
cavity,  then  approximately 10 percent   o f   the   p rope l lan t   en tha lpy   r i se   occurs   wi th in  
the  moderator walls and  the m a x i m u m  ex i t  enthalpy  can be no grea te r   than   ten   t imes  
the  enthalpy  corresponding  to   the maximum wall temperature. 

Although  hydrogen i s  the  propel lant   usual ly   considered  for   use  in   gaseous  nuclear  
rockets,  it i s  pointed  out   in  Ref. 20 tha t   a l te rna te   p rope l lan ts   such  as water, meth- 
ane,  and ammonia a re   des i rab le   because   they  are more easi ly   s tored  than  hydrogen.  
However, these   a l te rna te   p rope l lan ts   absorb   l ess   energy  a t  a given  temperature  th&n 
hydrogen,  and  hence  provide  lower  specific  impulse  capabilities  than is  provided by 
hydrogen. 

Quant i ta t ive  information  on  the  specif ic   impulse  capabi l i t ies   of   gaseous  nuclear  
rocke ts   us ing   d i f fe ren t   p rope l lan ts  is presented  in   Table  V. It was assumed i n  con- 
s t ruct ing  Table  V t h a t   t h e  maximum permissible  temperature  of  the  propellant as it i s  
in jec ted   in to   the   engine   cav i ty  i s  5300 R. The en tha lp i e s  which c o r r e s p o n d   t o   t h i s  
temperature were obtained from Ref. 12 and  are  shown in  the  second column i n   t h i s  
t a b l e .  The ex i t   en tha lpy  was then assumed t o  be ten  t imes  the  enthalpy  corresponding 
t o  a temperature  of 5300 R.  The specific  impulse shown i n   t h e  las t  column o f  Table V 
was determined from a ve loc i ty   equa l   t o  80 percent   of   the   theoret ical   veloci ty  ob- 
t a inab le  by conversion of the  energy  associated  with  the  exi t   enthalpy  to   kinet ic  
energy ( C N  = 0.80). It  can  be  seen  from th i s   t ab l e   t ha t   t he   spec i f i c   impu l se   o f  
gaseous  nuclear  rockets  employing  water, ammonia, and  methane a r e  lower  than  those 
employing  hydrogen,  but  considerably  higher  than  the  values  of  specific  impulse ob- 
ta inable   using  sol id-core  nuclear   rockets .   Also shown i n  Table V is  t h e   s p e c i f i c  
impulse  capabi l i ty  o f  an  engine which  employs a propel lant  which i s  50 percent by 
weight  hydrogen  and 50 percent by weight  water. 

It has  been  suggested  in  Refs. 20 and 21 tha t   t he   spec i f i c   impu l se   l imi t a t ion  
of  gaseous  nuclear  rockets shown i n  Table V can be circumvented by the  use  of  space 
radiators .   Al though  space  radiators  would r e s u l t   i n  a decrease   in   over -a l l   engine  
thrust- to-weight   ra t io ,   th is   decrease may be acceptable i f  high-temperature low- 
weight  radiators  can be developed. The e f fec t   o f   rad ia tor   t empera ture   for  a f ixed 
rad ia tor   spec i f ic   weight  on the   th rus t - to-weight   ra t io   charac te r i s t ics  of gaseous 
nuclear  rocket  engines is  shown i n   F i g .  29. A l l  configurations  considered were 
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assumed t o  have t h e  same power leve l   wi th in   the   bas ic   engine .   Therefore ,   the   th rus t -  
to-weight  ratio  of  the  engine  employing water and having a specific  impulse  of 1200 
sec is more than   tw ice   t ha t  of the  engine  employing  hydrogen  and  having a s p e c i f i c  
impulse o f  2500 sec   ( s ince  power level f o r  a g i v e n   t h r u s t  is  p r o p o r t i o n a l   t o   s p e c i f i c  
impulse). It can  be  seen from Fig.  29 that a low t empera tu re   i n   t he   space   r ad ia to r  
r e su l t s   i n   s ign i f i can t   dec reases   i n   eng ine   t h rus t - to -we igh t   r a t io ,   bu t   h igh   va lues  of 
radiator   temperature  resu l t  i n   r e l a t i v e l y  l i t t l e  decrease  in   engine  thrust- to-weight  
rat is . 

The radiator   temperatures  now envis ioned   for   nuc lear   e lec t r ic  power suppl ies  
(on  the   o rder  of 2000 R )  have  been  chosen  on t h e   b a s i s  o f  cons idera t ion   of   cyc le  
e f f i c i ency  as well as r a d i a t o r   s t r u c t u r a l  material c h a r a c t e r i s t i c s .  With r e g a r d   t o  
the  requirements  for  shielding  against   meteoroid damage, it should be no ted   t ha t  a 
space   rad ia tor  employed with a gaseous  nuclear  rocket would be r equ i r ed   t o   ope ra t e  
f o r  a time  measured in   minutes  o r  hours  whereas a space   rad ia tor  employed with a 
nuc lea r   e l ec t r i c  power supply would be r equ i r ed   t o   ope ra t e   fo r  months o r  yea r s .  For 
both o f  these  reasons it i s  expec ted   t ha t   t he   r ad ia to r s  employed with a gaseous nu- 
c lear   rocke t   should  be cons iderably   l igh ter   than   those  employed with a nuclear   e lec-  
t r i c  power supply   for   the  same r a d i a t o r  power. Also, it should  be  noted  that   approxi- 
mately 90 percent of the   energy   c rea ted   in  a n u c l e a r   e l e c t r i c  power supply must  be 
r e j e c t e d   i n  a space  radiator,   while a maximum of  approximately 10 percent must  be 
r e j e c t e d   i n  a gaseous  nuclear  rocket.  

The values o f  specific  impulse shown i n   F i g .  29 were ca l cu la t ed   on   t he   bas i s  
tha t   the   energy   depos i ted   in   the  wall was 10 p e r c e n t   o f   t h e   t o t a l   e n e r g y   r e l e a s e   i n  
the  f iss ion  process .   Al though  this   assumption is  probably  reasonably  accurate   for  
propellant  temperatures  corresponding  to  moderate  values  of  specific  impulse,  it is  
probably  an  opt imist ic   assumption  for   high  values  of specif ic   impulse.  For high 
values  of  specific  impulse,   the  propellant  temperatures will be so h i g h   t h a t   l a r g e  
amounts  of  energy w i l l  b e   t r ans fe r r ed   t o   t he  wall by thermal   rad ia t ion .  The r e s u l t -  
i n g  l imitat ion  on  specif ic   impulse was not   cons idered   in   cons t ruc t ing   the   curves  
shown i n   F i g .  29. 
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APPENDIX I11 

FACILITY CONCEPT FOR  TESTING  GASEOUS  NUCLEAR ROCKETS 

A sketch showing t h e   c h a r a c t e r i s t i c s   o f  a f a c i l i t y  which could be employed f o r  
t e s t i n g  a gaseous  nuclear  rocket  engine is g i v e n   i n  Fig. 30. It is  assumed i n   F i g .  30 
tha t   water  from an  upper pond at a temperature of approximately 70 F is  mixed with 
the  exhaust  flow from the  gaseous  nuclear   rocket   to   provide a mixture  temperature  of 
approximately 170 F before   th i s   mix ture  is  c a r r i e d   t o  a lower pond. Following a t e s t  
of the  gaseous  nuclear  rocket  engine,  the water in   t he   l ower  pond would be pumped 
back to   t he   uppe r  pond through a duct which contained a separa tor   for  removing fis- 
sion  products  and  any  unburned  nuclear  fuel.  The lower pond might or might  not be 
covered.  Calculations have i n d i c a t e d   t h a t  a l l  gaseous  f iss ion  products  would be 
so luble   in   the   coolan t  water. 

m e  mass and volume flow rates shown i n   F i g .  30 were ca l cu la t ed  f o r  a propel lant  
flow of 1 lb/sec  and a specif ic   impulse of 2500 see ( t h i s  specific  impulse is assumed 
t o  be a t ta inable   wi th  a l l  propel lants   using  auxi l iary  cool ing  to   s imulate   the  effect  
of a space   r ad ia to r   i n  a f l i g h t   e n g i n e ) .  If hydrogen propel lant  were al lowed  to  pass 
into  the  lower pond, t h e   r e s u l t i n g   l a r g e  volume flow would require  a large  enclosed 
volume i n   t h e  downstream pond assembly in   order   to   prevent   escape  of   hydrogen  gas  
(which  might  contain  f ission  products)  to  the  atmosphere.   Alternately,   injection o f  
approximately 8 lb/sec o f  oxygen with  the hydrogen  exhaust to   permit   s toichiometr ic  
combustion of  the  hydrogen would el iminate  a l l  gaseous  exhaust  and would s impl i fy   the  
construct ion o f  the  lower pond. 

The use of  e i t h e r  wa.ter or ammonia. as   p rope l lan ts  would eliminate  the  need for 
oxygen i n j e c t i o n  (ammonia is extremely  soluble   in   water)  arid s implify  the  construc-  
t i on   o f  a f a c i l i t y  employed t o   t e s t  gaseous  nuclear  rockets. The volume of   gases  
produced from gaseous  nuc1ea.r  rocket t e s t s  employing  methane as a propel lant  would 
be approximately  equal t o  t he  volume of  liquid  produced.  Although  the methane ex- 
haust  products  could be burned  with oxygen t o  form water  and CO?, t h e   s o l u b i l i t y  of 
CO i n  water is s o  low as t o   n e c e s s i t a t e  much g r e a t e r  water flow  than  otherwise re- 
q u i r e d   t o   i n s u r e   t h a t  a l l  o f   t he  C02 gases would  be d i s so lved   i n   wa te r .   I n  tests 
using  methane, it i s  probably more p r a c t i c a l   t o  make provis ions f o r  containing  the 
volume of methane exhaust  gases  produced  ( this volume is  approximately 1 3  percent of 
t h e  volume of   exhaust   gases   in   tes ts   using  hydrogen as a propellant  without oxygen 
i n j e c t i o n ) .  

2 

The abso lu te   quan t i ty  of coolant   required f o r  a given test  i s  p ropor t iona l   t o   t he  
thrus t   l eve l   o f   the   engine   and   the   dura t ion  o f  t h e   t e s t .  If a water   f low  equal   to  
2000 times  the  propellant  f low i s  assumed (see  Fig.  30) ,  the   quant i ty   of   water   required 
f o r  a one-minute t e s t   o f   t he   r e f e rence   eng ine   o f   F ig .  2 would be lo3 ac re - f ee t .  
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APPENDIX IV 

APPROXIMATE  WEIGHT OF L o W - " P E B A T I T R F :  
AUXILIARY  HFAT EXCHANGE3 

It is shown i n   t h e   t e x t   t h a t   t h e   u s e   o f   a n   a u x i l i a r y   c o o l a n t  loop (see   F igs .  8, 
13, and 15)  i n  a gaseous  nuclear  rocket  engine may be  extremely  desirable.  O f  par- 
t i c u l a r  'importance is the  low-temperature  auxiliary  coolant  loop which  would be em- 
ployed t o   t r a n s f e r   h e a t   t o   t h e   p r o p e l l a n t  between the  pump e x i t   a n d   t h e   t u r b i n e   i n l e t .  
The tubes   in   th i s   hea t   exchanger   could  employ t h e  same materials as t h e   t u r b i n e .  
The power which would be  t ransferred  through  this   heat   exchanger  would _be determined 
by the  turbine  inlet   temperature ,   the  maximum tempera ture   a t ta ined  by the   p rope l lan t  
i n  cool ing  the wall, and   t he   f r ac t ion   o f   t he   t o t a l   ene rgy   r e l ease  which is deposited 
i n   t h e  wall. For a turb ine   in le t   t empera ture   o f  2200 R and a m a x i m u m  propel lant  tem- 
perature  within  the  moderator  of 5000 R, approximately 44 percent  of  the  energy  de- 
posited  in  the  moderator would  be r equ i r ed   t o  pass through  the  low-temperature 
auxi l iary  heat   exchanger .  If the  heat   deposi ted  in   the  moderator  i s  10 percent   o f  
t he   t o t a l   hea t   r e l ease ,   t he   ene rgy   t r ans fe r   i n   t h i s   hea t   exchange r  would be 4 .4  per- 
cent of the   to ta l   energy   re leased .  For the  reference  engine o f  Fig.  2, t h e   r e s u l t i n g  
power t ransfer   in   the   hea t   exchanger  would be 2.07 x lo7 BTLJ/sec (2.18 x 10 megw) . 4 

The hea t   t ransfer   ra te   th rough  the  walls of   th i s   hea t   exchanger  is  given by 
the  following: 

Temperature  Difference 
Heat  Flow Across Wall 

= (Thermal  Conductivity) (Wall Thickness) 

If t h i s   r e l a t i o n  is evaluated from the  following: 

(Thermal  Conductivity) = 15 BTU/hr-ft - (  deg R / f t )  = 
2 

4.16 x 10-3  BTU/sec-ft2-(  deg R / f t  ) 

(Temperature  Difference) = 100 R 

(Wall Thickness) = 0.010 i n .  = 8.33 x f t  

Then, 

(Heat Flow Per Unit  Area) = 500 BTU/sec-ft 2 

The required  area  within  the  coolant   tubes  obtained by d i v i d i n g   t h e   t o t a l  power 
t ransfer red   in   the   hea t   exchanger  by the   hea t   t r ans fe r   pe r   un i t   a r ea  is 41,400 f t  , 2 
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and  the volume o f   me ta l   i n   t hese   t ubes  is  34.5 f t3 .  If t h e   d e n s i t y   o f   t h i s   m e t a l  is 
assumed t o  be 500 lb/f t3 ,   the   weight   of   the   tubes  in   the  heat   exchanger  would be 
17,200  lb .  It can  be shown t h a t   t h i s  weight i s  propor t iona l   to   the   square  of t h e  
wall th ickness   and   t o   t he   r ec ip roca l  of  the  temperature  difference  across  the wall. 

39 



TABU I 

ENERGY  RELEASE RJE TO FISSION OF PLUToNTU"239 

h t a  from Ref. 3 

Absolute  Energy 
Release,  Mev/fission 

Fract ion  of  
Energy  Release 

100 sec 
After 

Fiss ion 

0.031 

0.047 

0.890 

0.032 

1.000 

Absolute  Energy  Release, 
BTU/sec-ft , fo r   To ta l  Energy 

Release  of 10 BTU/sec 
per  Square  Foot  of 
Cavity  Surface Area 

2 
6 

5 sec  After 100 sec After 
Fiss ion Fiss ion 

- 
32, ooo 31, ooo 

38, ooo 47, 000 

917,000 890, ooo 

13, ooo 32, ooo 

1,000,000 1,000,000 



TABLE I1 

SUMMARY OF CALCULATIONS  OF MODERATOR HEATING FOR REFERENCE ENGINE 

See Fig. 2 for  Description  of  Reference Engine 

Phenomena 

Fission Fragment 
Impingement 

Neutron  and Gamma Heating 

Beta Particle Impingement 

Source  of 
Information 

Text 

Text,  Fig. 3 

Text 

Volume Heat Deposition 
Rate  Immediately Inside 

Surface o f  Moderator, , BTU/sec-ft 3 

110,000 t o  122,000 

Thermal Radiation 1 Text,  Fig. 5 1 " 

Convection from Gases 
Within  Cavity 

Text, Fig. 7 

Surface  Heating 
Rate, BTU/sec-ft2 

0 

" 

+6000 t o  +16,ooo 

+120 t o  +1200 
(no  magnetic f ie ld)  

(w$th  magnetic f i e l d )  

+200 t o  +2000 

-2000 to +3000 



TABLE I11 

COMPARISON OF PROPERTIES OF VARIOUS MODERATOR COOLANT FLUIDS 

Data  from Ref. 12 

Pressure = 1000 atm Temperature = 4000 R 

Spec i f  i c  
Heat Prandt 1 

Number 
Pr 

0.65 

0.665 

0.667 

0.689 

0.699 

0.635 

0.669 

Viscosity 

Lb/sec-ft 
P 

2.24 x 10-5 

2.32 x 10-5 

3.20 x 10-5 

5.01 x 10-5 

5.17 x 10- 5 

5.13 x 10-5 

3.56 x 

c p / c p R E F  '/'REF 

1 .0  1 4 .2  1 H 1 0.69 
2Re f 

1.0 1.0 1.0 

0.985 1.0.36 1.023 I I 0.690 

1.026 1 .429  

2.237 

2.308 

0.514 

0.166 8.941 I 0.698 

9.939 I 0.712 0.170 

2.290 

1.589 1.029 7.961 1.440 

* see  text  



COMPARISON OF COOLAITC FLOW CHARACTERISTICS FOR VARIOUS 
MODEXATOR COOLA.NT F L U I D 3  

Flow Characteristics Apply t o  Moderator with Same 

d ,  Vp, T, - T, , AT, /AX and Q, 

&l 

I_ H2Ref 
1.0 1.0 1.0 1.0 1.0 

R2 

3.873  3.691 4.468 1.343 3.421 D2° 

D2 

1.077 , 1.060 1.014 1 I 1.053 0.994 
d 

1.502 1.104 

4.020 3.722 4.684 1.345 3  -623 
2 

H O  

3 - 317 3 239 1.805 

He 

* See Text 

3.926 3.853 2.070 1.192 2.187 CH4 * 

6.022 6.118 3.084 1.082 1.602 

I 



TABLE V 

SPECIFIC IMPUSE O B T A I W  FROM GASEOUS NUCLEAR ROCKETS 
USING DIFFERENT PROPELLANTS 

No Space Radiator 

cN = 0.80 

20,000 

10,000 

6700 

4600 

12,300 

HEXIT = 10 Hw 
BTU/lb Is, , sec 

200,000 2500 

100,000  1800 

67, ooo 1450 

46, ooo 1200 

123, ooo 1960 
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LOCATION OF MODERATOR-REFLECTOR IN POSSl8LE GASEOUS  NUCLEAR 
ROCKET  ENGINE  CONFIGURATION 

PRESSURE SHELL 

P m 

TURBINE J 
MODERATOR-REFLECTOR 

7 NOZZLE 

REPRESENTS FLOW PASSING 

IN MODERATOR 
THROUGH COOLANT  DUCTS 



Figure 2 

REFERENCE GASEOUS NUCLEAR  ROCKET 
ENGINE  CONFIGURATION  EMPLOYED IN ANALYSES 

GRAPHITE  MODERATOR 2.5 FT f GRAPHITE  MODERATOR 

Cavi ty   su r f ace   a r ea  . . . . . . . . . . . . . . . 
Cavity volume . . . . . . . . . . . . . . . . . . 
Moderator volume . . . . . . . . . . . . . . . . 
Moderator  density . . . . . . . . . . . . . . . . 
Moderator  weight , . . . . . . . . . . . . . . . 
Total  engine  weight . . . . . . . . . . . . . . . 
Unit power . . . . . . . . . . . . . . . . . . . 
Tota l  power . . . . . . . . . . . . . . . . . . . 
Specific  impulse . . . . . . . . . . . . . . . . 
Exi t   en tha lpy   car responding   to   spec i f ic   impulse  . 
Propellant  f low . . . . . . . . . . . . . . . . . 
Thrust . . . . . . . . . . . . . . . . . . , . . 
Thrust/(  engine  weight ) . . . . , . . . . . . . . 

. . . . . . . . . . . . . 471 f t 2  

. . . . . . . . . . . . . 785 r t 3  

. . . . . . . . . . . . . 1860 f t  3 

. . . . . . . . . . . . 100 l b / f t 3  

. . . . . . . . . . . . 186,000 l b  

. . . . . . . . . . . . 300,000 l b  

10 6 BTU/sec-ft2 o f  c a v i t y   s u r f a c e  

. 4.71 x 10 8 BTU/sec = 496,000 mw 

. . . . . . . . . . . . . 2500  sec 

. . . . . . . . . . 200,000 BTU/lb 

. . . . . . . . . . . 2350 lb / sec  

. . . . . . . . . . 5.88 x lo6 l b  

. . . . . . . . . . . . . . . 19.6 
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Figure 3 

ENERGY FLOW AND ENERGY  DEPOSITION  RATE 
IN GRAPHITE  MODERATOR  -REFLECTOR 
DUE TO NEUTRONS  AND  GAMMA RAYS 

DATA OBTAINED  FROM REF. 5 
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.... - . . . . . . . . . 

Figure 4 

EFFECT OF  MODERATOR MATERIAL ON VARIATION 
ENERGY FLOW DUE  TO NEUTRONS AND  GAMMA  RAYS 

WITH DISTANCE  THROUGH  MODERATOR 
DATA  OBTAINED FROM REF. 5 

MODERATOR 

CAVITY 

I .  

DISTANCE  FROM  INSIDE SURFACE OF MODERATOR, X - F T  



THICKNESS OF SEEDED  HYDROGEN  LAYER 
ACQUIRED TO ATTENUATE  RADIANT  ENERGY 

T o   M A K E  I / l o = l O - 3 ,  b,p,X,= 6.91; THEREFORE X s  = 6.91/beps 

be ASSUMED  TO BE 8,000 CM2/GM ( S E E   T E X T )  

SEED  DENSITY,  ps , ASSUMED TO BE 1 %  OF HYDROGEN  DENSITY 

HYDROGEN  DENSITY FROM REF. 7 

200 500 1000 
HYDROGEN PRESSURE - ATM 
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Figure 6 
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TEMPERATURE DISTRIBUTION  ASSUMED 
NEAR MODERATOR SURFACE 

COOLANT FLUID 

\ 
BOUNDARY  LAYER 

T~~~ 

INSIDE SURFACE OF C A V I T Y  
(MODERATOR  WALL  SURFACE)  

C O O L A N T   P A S S A G E  
W A L L   T H I C K N E S S ,  X W  r / / A  

~~ 

CISTANCE FROM CENTERLINE OF C A V I T Y  
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EFFECT OF  GAS TEMPERATURE AND VELOCITY 
ON CONVECTIVE  HEAT  TRANSFER TO CAVITY WALL 

CAVITY  WALL  TEMPERATURE,  TwC 5000 R 

HYDROGEN PRESSURE = 5 0 0  ATM 

STANTON hrUMBER, St  0.0012 

(v 

LL 
I- 

I 
0 
W 
cn 

3 
I- 

\ 
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-J 
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a 
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I- 
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cn z 
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4000 

3 0 0 G  

2000 
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0 

- I O 0 0  

-2000 

-3000 

-4000 

I 
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L 
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3000 4000 5000 6000 7000 

T E M P E R A T U R E  OF HYDROGEN AT OUTSIDE EDGE 
OF BOUNDARY L A Y E R ,   T G A S - D E G  R 
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Figure 8 

MODERATOR  COOLANT  FLOW  DIAGRAMS  WITH INWARD COOLANT FLOW 

a - DIRECT  COOLING WITH PROPELLANT FLOW 

b - PARTIAL  COOLING  USING  AUXILIARY  COOLANT  LOOP 
LOW-TEMPERATURE 

c - F U L L  COOLING USING  AUXILIARY  COOLANT  LOOP COUNTERFLOW 
HEAT  EXCHANGER 

HIGH  -TEMPERATURE  PORTION 

LOW -TEMPERATURE 
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Figure 9 

EFFECT OF TURBINE EXIT PRESSURE 
ON REQUIRED TURBINE PRESSURE  DROP 

- - PUMP  TURBINE 

LL 
TURBINE  INLET  TEMPERATURE, T T ~  2200  R 

- 0  500 I O 0 0  I500 2000 
TURBINE  EXIT PRESSURE, P T ~  - ATM 
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Figure 10 

TYPICAL TEMPERATURE AND  PRESSURE DISTRIBUTIONS 
IN GRAPHITE MODERATOR - REFLECTOR 

CALCULATED  FROM  HEAT FLOW CURVES  IN FIG. 3 
FOR NEUTRON  AND  GAMMA RAYS  AND FOR r l  5 FT 

IL 

c3 
W 
D 
I 

W 
IL 
3 
L 

a 
IL ~ 

W 
Q 

- 0  0.5 1.0 1.5 2.0 

DISTANCE  FROM  INSIDE SURFACE OF MODERATOR-REFLECTOR, X - F T  
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Figure 11 

TYPICAL COOLANT  TEMPERATURE  DISTRIBUTIONS IN MODERATOR 
WITH INWARD  COOLANT  FLOW 

~~ " " . . . 

LOCAL MODERATOR 
T, MAX = 5000 R MATERIAL 

CURVE 
RANGE  OF X ,  FT 

TcMAX = 3000 R 

I -A  0 - 2.50 I 0 -t 2.50 C . .  
4 

B 
C 

0.71 - 2.50 1.03 - 2.50 
0 - 0.7 I 0 - I .OO 

D20 . . .. 

C 
C 

0 -e 0.33 - 
Be 0 0 - 2.50 0.33 - 2.50 
- . 

C 0 - 0.33 + 

Be 0 
0.69 -+ 2.50 b o  

0 - 0.36  0.33 - 0.69 
0.36 --t 2.50 

SYMBOL 0 INDICATES INTERFACE  BETWEEN  DIFFERENT  MODERATOR  REGIONS 
MAXIMUM  COOLANT  TEMPERATIJRE = 5000 R 

5000 

4000 

3000 

L1: 2000 
(3 
W 
n 

I O 0 0  

5 3000 
cr 
W a 
E 
W 
I- 

t- 5 2000 
J 
0 
0 
W 

1000 

0 
0 0.5 I .o I .5 2.0 

DISTANCE  FROM  INSIDE SURFACE OF MODERATOR, X-FT 
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Figure 12 

EFFECT OF MODERATOR TEMPERATURE 
AND  PRESENCE OF HYDROGEN COOLANT 

ON ' MACROSCOPIC  MODERATOR ABSORPTION COEFFICIENT 

MODERATOR MATERIAL-   GRAPHITE 

PH  HYDROGEN  PRESSURE,  ATM 

vp I COOLANT  DUCT  VOLUME 
VOLUME OF GRAPHITE + COOLANT  DUCTING 

L 

z 
b- 
0 
v w cn 

I- 
n 
LT s: 
m 
a 
0 

a - 
0 
0 cn 
0 
LT 
V a 
I 

2 

 IO-^ 

5 

2 

 IO-^ 

5 

300 5 6 0  lobo 3000 5000 I0,OOO 

MODERATOR  TEMPERATURE -DEG R 
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MODERATOR  COOLANT  FLOW  DIAGRAMS  WITH OUTWARD COOLANT FLOW 

a - DIRECT  COOLING  WITH  PROPELLANT  FLOW 

b -  FULL COOLING  USING  AUXILIARY  COOLANT  LOOP 
COUNTERFLOW 
HEAT EXCHANGER 
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Figure 14 

TYPICAL  COOLANT  TEMPERATURE  DISTRIBUTIONS  IN MODERATOR 
WITH OUTWARD  COOLANT  FLOW 

0 0.5 I .o I .5 2 .o 
DISTANCE FROM INSIDE  SURFhCE OF MOGERATOR, X - F T  
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Figure 15 

MODERATOR  COOLANT FLOW DIAGRAMS WITH  COMBINATION 
OF INWARD  AND  OUTWARD  COOLANT  FLOW 

a - DIRECT  COOLING WITH PROPELLANT FLOW 

b - FULL COOLING  USING  AUXILIARY  COOLANT  LOOP 
COUNTERFLOW 
HEAT  EXCHANGER 

- 
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Figure 16 

TYPICAL  COOLANT  TEMPERATURE  DISTRIBUTIONS IN MODERATOR 
WITH COMBINATION OF INWARD AND  OUTWARD  COOLANT FLOW 

SYMBOL 0 INDICATES INTERFACE  BETWEEN  DIFFERENT  MODERATOR  REGIONS 

LOCAL MCIDERATOR RANGE OF X ,  FT  

MATERIAL TC = 3 0 0 0 R  TC = 5 0 0 0 R  
MAX - MAX 

B e 0  ." . . 
0 - 0.18 0 - 0 . 3 6  

C 0.18 - 0.88  - 

5000  

4000 

300 0 

2000 
(3 
W 
0 
I 1000 

c 

MAXIMUM  COOLANT  TEMPERATURE I 5000 R 

DISTANCE  FROM INSIDE SURFACE OF MODERATOR,X-FT 
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Figure 17 

EFFECT OF  COOLANT  PASSAGE  VOLUME  FRACTION  ON  TEMPERATURE 

lo4 

5 

2 

DIFFERENCE WITHIN GRAPHITE MODERATOR 

RELATION FOR TEMPERATURE  DIFFERENCE  DETERMINED FROM  REF. 16 FOR A 
TRIANGULAR ARRAY OF COOLANT  PASSAGES 
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Figure 18 

EFFECT  OF  COOLANT PASSAGE  VOLUME  FRACTION ON INTERNAL 
SURFACE  AREA  OF  COOLANT  PASSAGES 

VALUES OF O v  ON DASHED CURVES  DETERMINED FROM FIG. 17 FOR TwM-Tw = 500 R 
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Figure 19 

EFFECT OF COOLANT PASSAGE  VOLUME  FRACTION ON NUMBER 
OF  COOLANT PASSAGES PER UNIT SURFACE  AREA 

SECTION A-A 

+""I N =  NUMBER OF PASSAGES - "P 

A S  d 2  (s) 
N 

COOLANT  PASSAGE VOLUME FRACTION, Vp 
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Figure 20 

EFFECT OF HEAT  DEPOSITION  RATE  IN  MODERATOR  ON  REYNOLDS 
NUMBER IN COOLANT  PASSAGES 

TEMPERATURE DIFFERENCE, Tw-Tc = 200 R 

HYDROGEN  TEMPERATURE,  TC 4000 R 

HYDROGEN PROPERTIES  GIVEN IN  TEXT 

REYNOLDS NUMBER INDEPENDENT  OF GAS  PRESSURE 

X INDICATES  REYNOLDS  NUMBER OF 5000 
0 INDICATES TwM- TW = 500 DEG R (SEE FIG. 17) 
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Figure 21 

EFFECT OF HEAT DEPOSITION  RATE  IN MODERATOR ON  SLOPE 
OF COOLANT PASSAGES 

TEMPERATURE  DIFFERENCE, Tw -Tc E 200 R 

COOLANT  TEMPERATURE  GRADIENT,  ATc/AX 6000 R/FT  

HYDROGEN  TEMPERATURE, Tc = 4000 2 
HYDROGEN  PROPERTIES  GIVEN  IN  TEXT 

PASSAGE  SLOPE  INDEPENDENT OF GAS  PRESSURE 

X INDICATES  REYNOLDS  NUMBER OF 5000 

0 INDICATES Tw - T W  = 500 DEG R (SEE  FIG. 17) 
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Figure 22 

EFFECT OF  HEAT  DEPOSITION  RATE IN MODERATOR  ON VELOCITY 
IN COOLANT  PASSAGES 

TEMPERATURE  DIFFERENCE, Tw-Tc  = 200 R 

COOLANT  TEMPERATURE  GRADIENT,  hTc/hX = 6000 R/FT 

HYDROGEN TEMPERATURE, Tc = 4000 R 

HYDROGEN PROPERTIES  GIVEN  IN  TEXT 

PRESSURE = 1000 ATM  (VELOCITY  INVERSELY  PROPORTIONAL  TO  PRESSURE) 

X INDICATES  REYNOLDS  NUMBER  OF 5000 

0 INDICATES  TwM-Tw = 500 DEG R  (SEE FIG. 17) 

dl.5 p,5/6 
V =  EO. (16) 

0.0507 p p 

IO 

5 

2 

I o4 

5 
V 
w 
v, 
\ 

LL 
I - 2  

l o 3  

k 5  

s 
> 
0 

W 
> 2  

IO2 

5 

2 

IO ' 
I o4 2 5 2 5 105 106 

HEAT  DEPOSITION  RATE PER UNIT  VOLUME, Qv  - BTU /SEC-FT3  

66 

I 



HEAT DEPOSITION HATE PER UNIT VOLUME, C v  - BTU / S E C -  F T 3  
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Figure 24 

EFFECT  OF  HEAT  DEPOSITION  RATE  IN MODERATOR ON PRESSURE 
GRADIENT IN COOLANT  PASSAGES 

COOLANT TEMPERATURE  GRADIENT, AT /AX = 6000 RIFT 

TEMPERATURE DIFFERENCE, TW-Tc = 200 R 

HYDROGEN TEMPERATURE,  TC 4000 R 

HYDROGEN PROPERTIES  GIVEN  IN  TEXT 

PRESSURE = 1000 ATM  (PRESSURE  GRADIENT  INVERSELY PROPORTIONAL TO PRESSURE) 

X INDICATES  REYNOLDS NUMBER OF 5000 
0 INDICATES Tw,-Tw 5 0 0  DEG R (SEE  FIG. 17) 
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Figure 25 

EFFECT OF COOLANT  PASSAGE  VOLUfdE FRACTION ON 
PRESSURE GRADIENT IN COOLANT  PASSAGES 

HEAT  DEPOSITION  RATE, Q v  = I O 5  B T U / S E C -  F T 3  

COOLANT TEMPERATURE GRADIENT, ATc/AX 6000 R / F T  
HYDROGEN TEMPERATURE, TC = 4000 R 

HYDROGEN PROPERTIES GIVEN IN TEXT 
PRESSURE = 1000 ATM (PRESSURE  GRADIENT  INVERSELY  PROPORTIONAL TO PRESSURE) 

AT  TW - Tc 

X INDICATES  REYNOLDS NUMBER OF 5000 
0 INDICATES TwM-Tw 5 0 0  DEG R (SEE FIG, 17) 
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Figure 26 

INTEGRATION OF EXPRESSION FOR MODERATOR PRESSURE DROP 
INWARD COOLANT  FLOW 
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VARIATION OF HYDROGEN  PROPERTIES WITH DISTANCE 
IN FIZZLER NUCLEAR ROCKET 

PH 1 500 ATM 

FIZZLER ROCKET DEFINED SUCH THAT  RATIO OF FUEL  DENSITY  TO 
PROPELLANT  DENSITY (HYDROGEN DENSITY) IS INDEPENDENT OF POSITION 
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Figure 28 

RATIO OF HYDROGEN  FLOW TO FUEL FLOW 
IN  FIZZLER NUCLEAR ROCKET 

FUEL DENSITIES FOR NUCLEAR CRITICALITY FROM REF. 19 

SPECIFIC IMPULSE (NEGLECTING EFFECT OF FUEL DENSITY) 
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Figure 29 

EFFECT OF SPACE RADIATORS ON SPECIFIC IMPULSE AND 
OVERALL  THRUST-TO-WEIGHT RATIO OF HYDROGEN  AND 

WATER ROCKETS 
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PRINCIPLE OF OPERATION OF FACILITY FOR TESTING GASEOUS NUCLEAR ROCKETS 
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